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Abstract 

S T E R E O S E L E C T I V E S Y N T H E S I S O F F U R O F U R A N S 

ANNE JACQUELINE DALENQON 

Ph.D. - December 2002 

The 2,6-diaryl-3,7-dioxabicyclo[3,3,0]octanes (or furofurans) belong to the lignan 

family of natural products. Lignans represent very attractive synthetic targets owing to 

their large range of biological properties including anticancer, antiviral and 

immunosuppressant activities. There is considerable stmctural variation in this ser ies in 

both the nature and the stereochemistry of the aryl substituents. S ince activity is 

dependent on stereochemistry, synthetic routes, which can provide controlled but 

tuneable a c c e s s to one particular c lass , are very attractive. In this respect, we have 

been interested in developing efficient ways to synthesise the furofuran skeleton. 

B a s e d on previous wori< in our group, the first synthesis of a natural endo-endo 

furofuran, Epiasarinin, has been achieved via a five step strategy. It included a Darzens 

condensation followed by a thermal rearrangement of vinyl epoxide to cis dihydrofuran, 

a Lewis acid promoted cyclisation of a dihydrofuryl alcohol and a reduction of a 

glycosidic bond. 

Variations of this methodology afforded the selective synthesis of all the possible 

stereochemical combinations. An asymmetric version of the thermal rearrangement 

h a s been explored and improvement of this step via different activation methods 

considered. 

Another aim of this thesis w a s to extend this existing method to generate aza 

analogues. Two strategies have been explored. Generation of furopyrroles can be 

achieved via the thermal rearrangement of vinyl aziridines or via the acid catalysed 

cyclisation of dihydrofuryl amines. 

In conclusion, this short and selective synthetic route leads to a large range of natural 

or unnatural furofurans and the extension to their a z a analogues was also explored. 
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Chapter 1 - General Introduction 

2,6-Diaryl 3,7-dioxabicyclo[3,3,0]octanes, more often called furofurans belong to the 
lignan family of natural products. They are extracted from a divei^e range of plants and 
present a wide range of biological activities. Therefore, they have become main 
synthetic targets for several research groups. Previous work in our group has explored 
strategies for the constnjction of the furofuran skeleton. 

This first chapter will introduce the lignans, their isolation and biological properties. 

Previous syntheses of the most common natural furofurans will be also reported in the 

s a m e chapter. Then, it will focus on the work done during this P h D project. T h e first 

goal of these studies w a s to use the existing method for the synthesis of natural 

furofurans such a s Epiasarinin (1) and to improve it to produce the lignan skeleton. 

Figure 1.1; this wori^ is described respectively in Chapter 2 and 3. Attempts to improve 

this methodology by different activation methods and by asymmetric induction with 

chiral auxiliaries are presented in Chapter 4. Chapter 5 of this thesis will d iscuss the 

extension of this methodology to generate unnatural a z a analogues (furopyrroles). 

Figure 1.1. Finally, all the experimental procedures and data of the synthesised 

products is given in Chapter 6. 

Furofuran: Epiasarinin (1) Furopyrrole 

Figure 1.1 

1.1. Origins of lignans 

in this section, our interest will be on lignans in general, describing their isolation from 

natural sources and the classification in the family. Then the focus will be on the 

furofuran spec ies and their diversity. 
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1.1.1. I s o l a t i o n o f l i g n a n s 

Lignans are widespread in nature. They have been detected in over seventy different 

families of plants from the gymnosperme coniferales to the angiosperme magnoliales 

and myrtales.^ They have been extracted from roots, rhizomes, resin, woods, barks, 

leaves, flowers, fmits or s e e d s . 

1 .1 .2. S t r u c t u r e s 

T h e term 'lignan' has been use to describe two kinds of skeleton: the lignans (3, 4), 

which have a p-p link generating during the phenolic oxidative coupling of derivated 

cinnamyl alcohol (2) (see Section 1.2. and 1.3.2) and the neolignans (5, 6), which don't 

contain this p-p bond, S c h e m e 1.1.^'^ 

(2) 

phenolic 
oxidative 
coupling 

Lignans 

a' p" 

(5) Neoiignans 

OMe 

(6) 

S c h e m e 1.1 
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Within the lignan family, members can be classified into different groups according to 
their structure, Figure 1.2. They can be substituted linear chains such a s the dibenzyl-
butanes or -butanediols, monocyclic (for example, the tetrahydrofurans or dibenzyl 
butyrolactones), bicyclic, including the furofurans with their exocyclic aromatic rings or 
with the aromatic group inserted such as the tetralins, naphthalenes and 
dibenzocyclooctadienes. Figure 1 .2 .^^ A s furofurans are one of the main subdivision 
of the lignans, this thesis will concentrate solely on this c lass from now on. 

Ar 

dibenzylbutandiol 

Ar 

tetrahydrofuran dibenzyl birty rolactone furofuran 

tetralin naphthalene dibenzocyclooctadiene 

Figure 1.2 

Furofurans, 2,6-diaryl-3,7-dioxabicyclo[3,3,0]octanes in systematic nomenclature, 

represent one of the main groups of lignans. Structurally, the bicyclic skeleton is always 

c/s-fused with two aromatic substituents at the 2 and 6 positions. T h e s e aromatic 

groups can be mono-, di- or tri-substituted with hydroxy (phenol), methoxy, 3-4-

methylenedioxy (sesamyl) groups or glucose at all positions. 

The two aryl groups can be identical which leads to a symmetrical structure such a s 

Epiasarinin or different to give a unsymmetrical compound such a s Praderin (7) or 

Kobusin (8), Figure 1.3. Also, e a c h aryl group can be endo or exo relative to the 

hydrogens at the cis fused ring junction. Consequently, three kinds of skeleton are 

observed: the endo-endo (Epiasarinin) which is the least thennodynamically stable, the 

endo-exo (Praderin) and the exo-exo (Kobusin), thermodynamically the most favoured. 
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Epiasarinin (1) 
endo-endo 

OMe 

Praderin (7) 
endo-exo 

H 

MeO 
OMe 

Kobusin (8) 
exo-exo 

Figure 1.3 

1.1.3. B i o s y n t h e s i s 

The biosynthesis of the furofurans has been extensively investigated and is presumed 

to involve an oxidative coupling between two molecules of substituted cinnamyl alcohol 

(9). An enzymatic reduction with NADPH leads to the furofuran (10), diarylbutanediol 

(11) and tetrahydrofuran (12) skeletons, S c h e m e 1.2.*^ The enzyme active site in the 

oxidation would define the product stereochemistry. An auxiliary oxidant or oxidase are 

required to afford this coupling. 

H-Enz 
NADP 

Enz-H 

NADP-H 

1 eq NADPH 2 eq NADPH 

(11) 

S c h e m e 1.2 
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Evidence for this mechanism was obtained from biomimetic oxidations. Phenolic 
oxidations have been reported using either isolated enzymes or inorganic reagents. For 
instance, chloroperoxidase oxidises coniferyl alcohol (13) to a mixture of furofuran, 
pinoresinol (14) and neolignan, dehydrodiconlferyl alcohol (15), Scheme 1.3. 

OMe 

MeO 

HO 

MeO 

chloroperoxidase 

CHjOH 

Pinoresinol (14) 
+ 

OMe 

Coniferyl 
alcohol (13) H O H X 

CH„OH 

dehydrodiconiferyl 
alcohol (15) 

Scheme 1.3 

In a similar fashion, the phenolic coupling of synapyl alcohol (16) in presence of 
laccase leads to syringaresinol (17), Scheme 1.4.̂  

OMe 

CH,OH 

laccase 

MeO 

Synapyl alcohol (16) 

MeO 

OMe 

OMe 

Syringaresinol (17) 

Scheme 1.4 

Evidence for the radical process was obtained by using inorganic initiators; for 
example, iron chloride in oxygen atmosphere was able to couple femlic acid (18) to 
give the dilactone (19). This can then be converted to generate the main lignan 
structures. Scheme 1.5.̂  



OMe 

COOH 
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Ferulic acid (18) 

FeCIs, O2 

OH OH 

DBAL-H 

OMe i. TsCI 

ii. LAN MeO 

Scheme 1.5 

1.2. Biological properties of natural furofurans 

Lignans have been extracted from various plants which have been used in traditional 
medicines. The biological activity of these plants can be attributed to the presence of 
lignans. These can include anti-tumor, anti-viral, anti-oxidant activities.̂  

As this project focuses on furofurans, more details of the activities of this class will be 
discussed. For example, Syringaresinol (17), Pinoresinol (14) and their analogues are 
reported to be cyclic adenosine monophosphate phosphodiesterase (AMP) inhibitors, 
Figure 1.4.̂  Kobusin (8), Fargesin (20), Sesamin (21) and Asarinin (22) inhibit the 
insect larval growth and can therefore enhance the toxicity of insecticides. Fargesin 
was reported to be a platelet activating factor (PAF) antagonist.̂  
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OMe 

R = H, T ^ Ri = R2=H, 
Pinoresinol (14) o2n^^\ Syringaresinol (17) 

OMe ^ ° OMe 
R, Ri, R2 = H or Me or glucose 

MeO 

0 ^ 

OMe 

Kobusin (8) 
exo-exo 
Fargesin (20) 
endo-exo 

Sesamin (21) 
exo-exo 
Asarinin (22) 
endo-exo 
Epiasarinin (1) 
endo-endo 

Figure 1.4 

1.3. Previous syntheses of furofurans 

1.3.1. Introduction 

Furofurans possess a wide range of biological properties and therefore represent 
attractive synthetic targets. There have been a number of synthetic approaches; this 
section will review the published strategies using as a classification, the ring-
disconnection of the retrosyntheses of the lignan. Two key stereochemical issues are 
involved in the furofuran synthesis namely establishment of the 1,5-ring junction 
stereochemistry and the 2,6-diaryl configuration. Four kinds of disconnection have 
been reported, Scheme 1.6. Some syntheses first generate acyclic precursors (23) and 
reach the furofuran core by a double cyclisation. Others build the stereochemistry in 
the preparation of monocyclic intermediates such as butyrolactones (26), 
tetrahydrofurans (25) or dihydrofurans (24) and finally generate the second furan ring. 
Throughout this review, comments on the selectivity and the control of the aryl groups 
configuration will be made. 
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( /® 
H>")—(•'•H / \ 

0 
(23) 

0 ^ X ^ H . . Q . . H 

0 
0 

R R 

(25) 

u 

O 

R R 

H „ , \ _ / . H H 

(26) 

Scheme 1.6 

1.3.2. Double cyciisation 

The first target of this approach is the synthesis of a precursor affording both of the 
furan rings in a single step. This strategy consists on the synthesis of an acyclic system 
in which the configuration is set to lead only to a c/s-fused ring. This method can be 
divided into two subsections, the symmetrical precursors described in the next section 
and the unsymmetrical systems reviewed in Section 1.3.2.2. 

1.3.2.1. Symmetrical approaches 

The first syntheses in this category can be considered to be biomimetic, based on the 
oxidative coupling of cinnamyl alcohol derivatives and have already been reviewed in 
Section 1.1.3. A typical example of this strategy is the oxidative coupling of coniferyl 
alcohol (13) with silver oxide in dichloromethane:water (1:1) affording Pinoresinol (14).^ 
Interestingly, when the same reaction was performed in anhydrous conditions, the 
exclusive formation of dehydrodiconiferyl alcohol (15) was observed, Scheme 1.7. 



OMe 

CH^OH 

(13) 

AgjO 

dry CH2CI2 
or MejCO 

Ag,0 

CH2Cl2:H20 
(1:1) 

HOH2C 
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OMe 

(15) 
CH2OH OMe 

OMe 

Scheme 1.7 

In a related approach, p ketoesters (27) were homocoupled using various inorganic 
oxidants such as iodine, bromine or potassium persulfate, to give diketodiesters (28), 
Scheme 1.8.̂ '̂  Reduction of these followed by an acid treatment led to two different 
diaryl furofurans depending on the stereochemistry of the starting diketodiester. From 
the meso material, only the 2,4-diaryl furofuran was isolated; whilst with the DL-
compound, the 2,6-diaryl furofuran was generated as the only product. 

Ar 

K2S2O8 (58%) 
O or Ar 

: GOOEt 

(27) 

Ar^ 

1. NaH 
2. 12(95%) 
or Br2 (80%) 

Ar 

(28) meso 

^ C O O E t 
H 

B n O - - ^ / 

(A) 1. DIBAL-H 
2. MeS02GI. Py 

(16%) 
or 

(B) 1. LAH 
2. MeSOzCI. Py 

(78%) 

^^ALcOOEt 

^ ^ Y ^ C O O E t 

(28) D,L 

(A) 1. DIBAL-H 
2. HOI, MeOH 

(40%) 
or 

(B) 1. LAH 
2. MeS02CI, Py 

(78%) 

Scheme 1.8 

10 
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The p-ketoester homocoupling example shows the importance of controlling the 
stereochemistry of the precursor. The meso compound will favourably c/s-ring fuse to 
afford the 2,4 diaryl furofuran, instead of generating a ^rans-fused lignan which requires 
more energy due to the strain of this type of 5,5 bicyclic system. 

In an altemative symmetrical approach to symmetrical furofurans reported by 

Suginome, et a/., the key step involved the photolysis of a hypoiodide intermediate. 

Scheme 1.9.® Starting from the cis fused bicyclic bis p-ketoester (29), readily prepared 

from condensation of p ketoglutarate with glyoxal,̂ ° followed by introduction of the aryl 

substituents using pyridine and aryl lead triacetate, conversion to the key lactol (30) 

was achieved by successive decarboxylation, Baeyer Villiger oxidation and lactone 

reduction. Treatment of the lactol (30) with mercury (I) oxide and iodine gave the 

expected hypoiodite intermediate which on irradiation undenvent ring fragmentation to 

give the acyclic iodofonnate (31). Reduction with NaBH4 was accompanied by 

cyclisation to synthesise the desired furofuran (21). 

MeOOC COOMe 

(90%) 

M e O O c J l COOMe 

COOMe M e O O C 

NaOMe 
(>90%) 

ROH, DMAP 
(58 - 72%) 

Py 

ArPb(0Ac)3 
(17-79%) R O O C 

C O O R Hj, Pd-C or 

1. HgO, I2 
2. hv 

(87-100%) 

Ar= < 

R = CgHgCHz- or CH2=CHCH2-

Pd(0Ac)2 or 
AcOH, HCI, H2O 
(59%) 

, OHCO 
1 ^ V - A r 

OGHO 

NaBH^ 

(28-51%) 

1. MCPBA 
(55 - 90%) 

2. DIBAL-H 
(44 - 95%) 

Scheme 1.9 
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Chapter 1 - General Introduction 

The stereochemistry of the obtained furofuran is set by the condensation of 
ketoglutarate with glyoxal which leads only to a cis fused bicyclic system. Also, the aryl 
substitution occurs only on the exo face. The stereochemistry of the ester is not 
important as it is lost by the generation of an enolate in basic conditions. An interesting 
extension of this work would have been to use an optically pure bis |3-ketoester, as this 
should lead to a single enantiomer of the furofuran. 

As the furofurans have some interesting biological properties, an enantioselective route 
is of interest. Corey, et al. recently published the total synthesis of (-)-Wodeshiol (35)." 
The asymmetric induction was achieved through the use of a proline derived chiral 
catalyst during the reduction of the ketone (32) to the corresponding alcohol (33), 
Scheme 1.10. After palladium mediated homocoupling reaction, the directed bis 

epoxidation of the two exo methylene groups occun-ed with high diastereoselectivity (dr 
= 14:1). The diepoxydialcohol (34) was then treated with pyridinium p-toluenesulfonate 
to give (-)-Wodeshiol (35). 

Ar 

(32) 

Br \ 

catecholborane 
(y=78%, ee=88%) 

Ph 

OH 

Ar 

(33) 

Br 

1. 'BuLi 
2. BUgSnH 

(y=84%) 

OH 

Ar 
SnBu, 

Pd(PPh3)„ 
CuCI, CuCl j 

(y=82%, ee=99%) 

PPTS 

(61%) 

OH 

Ar Ar 

OH 

Ar" O ' 
(-)-Wodeshiol (35) 

cat. VO(acac)2 
•BuOOH 

(y=56%, dr=14:1) 

Ar •CO' 
Scheme 1.10 

This short synthesis of (-)-Wodeshiol was achieved with an excellent stereocontrol. 
However, owing to the acid mediated nature of the final cyclisation, such an approach 
is limited to producing only the exo-exo symmetrical skeleton. 
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Chapter 1 - General Introduction 

By definition, all these dimerisation approaches to acyclic precursors lead to 
symmetrical lignans. Others strategies have been developed to generate 
unsymmetrical acyclic intemiediates and will be discussed in the next section. 

1.3.2.2. Unsymmetrical approaches 

Ohmizu and Iwasaki, et al. reported a method, which allows the syntheses of natural 
and unnatural lignans using substituted succinic anhydrides and y- butylactones as key 
intermediates. Scheme 1.11.̂ '̂̂ ^ The succinic anhydride derivatives were generated 
through the Michael addition of a trimethylsilyl cyanohydrin to dimethyl maleate, 
followed by the selective reduction of the resultant ketone (36) formed after cleavage of 
the silyl protecting group. Hydrogenation of the ketone (36) catalysed by Pd/C 
produced the trans alcohol (37) whereas the reduction with zinc borohydride generated 
the cis alcohol (38). Alcohol protection, ester hydrolysis and dehydration afforded the 
desired anhydrides (39) and (40) respectively. 

OTBS 

1. LDA 
2 COOMe 

( 
COOMe 

3.TBAF 

(85%) 

COOMe 

COOMe 
(36) 

O 
A r = < ] | 

O 

P = T B S 

H2, Pd/C 

(88%) Ar 

(75%) 

i^COOMe 

COOMe 
(37) 

OH 
I H 

^ A ^ C O O M e 

COOMe 

(38) (40) 

Scheme 1.11 
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The key lactone was obtained by aldol condensation of an aldehyde with the cyclic 
anhydride (39) or (40), Scheme 1.12. When the aldol reaction was carried out with 
LDA, no selectivity was observed. Starting either with the c/s or the trans protected 
alcohols (39 and 40), KHMDS led selectively to the syn adducts (respectively 41 and 
42), which after rean-angement, gave the trans aryl lactones (respectively 44 and 45) 
and the anti adduct (43) was obtained by using NaHMDS in THF at -100 "C and 
rearranged to the c/s aryl lactone (46). The difference of selectivity was attributed to a 
potassium chelated twist boat transition state stabilising the syn adduct when KHMDS 
was used. 

o 

(40) 

Ar'CHO 
KHMDS 

OP 

(syn) (41) 

y=81% 
dr= 70:11 

I o 
HOOC 

Ar* 
(trans) (44) 

(39) O 

Ar'CHO 
KHMDS 

Ar'CHO 
NaHMDS 

Ar' - O 
(syn) (42) 

Ar'- O . 

(anti) (43) 

y= 82% 
dr= 95:5 

y= 57% 
dr= 81:19 

HOOC 
Ar* 

(frans) (45) 

HOOC 

(C(S)(46) 

P= T B S Ar = < I 
O 

MeO 
Ar'= II 

MeO 

Scheme 1.12 

After deprotection of the alcohol, the lactonisation led to the bislactone furofuran, 
Scheme 1.13a. For the exo-exo and exo-endo bislactone (respectively 47 and 48), the 
cyclisation was realised in acetic acid in respectively 84% and 80% yields. 
Carbodiimide activation was required to achieve the cyclisation of the endo-endo 

skeleton (49) whilst avoiding the epimerisation which occurs on attempted acid 
catalysed lactonisation. 
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OP 

Ar o 
HOOC 

Ar' 

(trans) (44) 

1. TBAF 
2. AcOH 

(84%) 
Ar"- "o O 

(exo-exo) (47) 

HOOC 

{trans) (45) 

0 1 .TBAF 0 ^ 
2. AcOH 

0 H" 
(80%) 

-. Ar"-
Ar" O ' ^o 

(endo-exo) (48) 

1 .TBAF 

2. AcOH 

HOOC 
1. TBAF 
2. EDCI 

(endo-endo) (49) 

(c/s) (46) 

O 
Ar= < ] | 

O 

MeO, 

P= T B S 

EDCI = . ,N=C=N' 
I 

.HCI 

Scheme 1.13a 

With this method, Ohmizu and Iwasaki could generate all the stereochemical 
combinations of bislactone furofurans, symmetrical and unsymmetrical. They have 
reported the synthesis of Fargesin (20).̂ ® Starting from the unsymmetrical endo-exo 

skeleton (48) by reduction of the lactone to the tetraol (50), selective mesylation in 
basic conditions promoted the cyclisation. Scheme 1.13b. Although, the 
stereochemistry was retained during these two steps, the yields were only moderate. 
Surprisingly, no attempts to generate an endo-endo furofuran, the less 
thennodynamically stable system have been reported using this methodology. 

H O . HO 

(endo-exo) (48) 

O 
A r = < J 

o 

Ar" ^ O H OH 

(50) 

MsCI, Py 

(51%) 
A r - ^o' 
(endo-exo) (20) 

Scheme 1.13b 
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Ohmizu and Iwasaki have subsequently improved their strategy and achieved the total 
synthesis of (+)-Fargesin.^' Michael addition using the chiral unsaturated ester (51) 
occured with a high diastereoselectivity (y=94%, de=93%). The aldol reaction led only 
to the anti adduct with the methoxy group presumed to be playing an important role in 
stabilising a chair transition state. After functional group interconversion, treatment as 
before gave (+)-Fargesin (20) as a single enantiomer in an overall yield of 26%. 

1. LDA 
^ B S 2. HMPA TBSO CN O 

A r ^CN 3.(S)-(51) 

(y= 92%, de= 93%) 

Ar^'Y^^ MeOH 

^COOMe (y=78%) 

Nal04 TBSO.V^H OMe 
aq. H2SO4 

o 

1; LDA 
2. Ar-CHO 

Q H OMe 

3. TBAF, AcOH 

(y= 84%, de>99%) 

NaBH^ 

(86%) 

OH^ OMe 

LAH 

(75%) 

H 9^ HO HO Ar 

OH OH 

MsCI, Py 

(66%) 
Ar'* o 

(+)-Fargesin 

(51) = 

•"COOMe 

O 
Ar < J! 

O 
Ar" 

MeO 

MeO 

Scheme 1.14 

The (+)-Fargesin synthesis illustrates the versatility of the Ohmizu and Iwasaki process. 

The method is diverse enough to synthesise all the stereochemical combinations of 

bislactone furofurans and generate endo-exo and exo-exo furofurans with good 

diastereocontrol at each stage. Application to the production of an endo-endo system 

remains to be demonstrated. 
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Most of the strategies using acyclic precursors lead to exo-exo bicycles; this is mainly 
due to the formation of the two rings simultaneously in acidic conditions and 
thermodynamically controlled. Some other groups worthed on different approaches, 
producing first functionalised heterocycles and then inducing the second cyclisation. 
With this method, the stereochemistry set during the fomiation of the first heterocycle 
can influence the second ring formation and therefore give access to all the 
diastereoisomers of the furofurans. The next sections will describe attempts to use this 
approach by a number of different research groups; some basing their strategy on y-
butyrolactones as in the following section, others on tetrahydrofurans or dihydrofurans. 

1.3.3. Heterocyclic key intermediates 

1.3.3.1. From functionaiised y-butyrolactones 

Y-Butyrolactones have been used as key intemriediates to synthesise furofurans. As will 

be shown in the following examples, these intermediates can control the 

stereochemistry in the formation of the second ring. These furofuranones may then be 

converted to the target furofuran. 

In a similar fashion to Ohmizu and Iwasaki,̂ '̂̂ ® Whiting, ef al. generated aryl 
butyrolactone trans-{S2) through the condensation of an aldehyde with succinic 
anhydride in presence of zinc chloride and followed by an in situ reanrangement. 
Scheme 1.15.̂ '̂̂ ® In this approach, the acid was then reduced to the alcohol (53), and 
then transformed into the mixed acetal (54). Treatment of this lactone-acetal (54) with 
TMSOTf and triethylamine induced to an intramolecular aldol reaction. The cyclisation 
afforded an exo (55) and endo (56) mixture with a (1:1.4) ratio of only cis ring-fused 
products. The endo-exo furofuranone (56) was then treated with LAH to give the diol 
(57) which was transfomied into furofuran (Asarinin 22) by treatment with acid. 
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ArCHO 
ZnCl2. EtjN 

0 : = = , j j ^ . . A r EtjN 

(53) 

75%. 1 
cis:trans 2:3) \ 

ArCH(CI)OMe 

O 
A r = < I 

O 

/ o c = ^ / ° ^ A r \ 0 ^ ° N « . Ar BH,.DMS 

COOHi 

(C/S) 

0 ^ : ^ j ^ , . A r 

MeO / 

^'(54) 

(frans) (52) 

TMSOTf \ \ / 

^ MeO / 

(y=47%. 1 ' ^ , ( 7 ) ^ , 
dr 1:1.4) \Ar - / 

(55) 

+ H 

(56) 

EtjN 

Ar 

O . ^ ^ O ^ ,Ar 1.LAH 
2. HCI, MeOH 

(62%) 

Asarinin (22) 

Scheme 1.15 

The key step in Whiting's methodology is the intramolecular aldol reaction which sets 
the ring in a c/s-fused configuration albeit with only moderate diastereoselectivity at the 

position thus leading to a mixture of endo and exo aryl substituents. In contrast to 
other procedures in which epimerisation of the and stereocentres occurs in acidic 
treatment, in this case, the configuration was retained during the cyclisation to yield the 
endo-exo furofuran in moderate yield (62%). 

In an alternative approach. Brown, et a/, based his synthesis on an intramolecular CH 
insertion of a diazolactone catalysed by rtiodium acetate to produce a furofuranone. 
Scheme 1.16.̂ '̂̂ ° The frans lactone (58) was prepared by a Baeyer Villiger oxidation of 
a cyclobutanone (57) obtained by a [2+2] olefin keteneiminium salt cycloaddltion (ds 
1:12), followed by isomer separation by flash chromatography. Direct diazo transfer 
failed and led instead to the frans azide and consequently, the diazolactone (59) was 
prepared by condensation with trifluoroethyl trifluoroacetate followed by decartjonyl 
diazo transfer with p-nitrobenzene sulphonyl azide. The CH insertion led to a 
furofuranone (60) with a c/s fused ring junction and an endo stereoconfiguration of the 
aryl group. The conversion of the furofuranone to the furofuran (Fargesin 20) was 
carried out with a LAH reduction followed by mesylation with in situ cyclisation as 
previously described by Ohmizu and Iwasaki. 
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•̂ f̂ O Ar 
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. Q / azide.EtsN 

(y=43%, cis:trans1:12) Q'-' Ar" (71%) 

(57) 

Rh2(OAc)4 

1. LAH 

2. MsCI, Py 

. -Ar O . . .^O^^. .Ar 

Ar'* o' 
Fargesin (20) 

Ar' 
(59) 

O 
Ar= < J 

O MeO-

Scheme 1.16 

The key step in Brown's method is the intramolecular CH insertion. During this step, the 
stereochemistry of the ring junction is controlled by the configuration of the C 

substltuent of the lactone as the insertion will only lead to a cis fused system. Although 
both riiodium acetate and themial initiator were viable method for the CH insertion, the 
catalytic process afforded a cleaner reaction. Interestingly, in both cases, the endo 
configuration at the position was detected. No comments on this selectivity have 
been done. 

1.3.3.2. From functionalised tetrahydrofurans (THF) 

Functionalised tetrahydrofurans (THFs) already have the first ring of the lignan set up 
so the challenge is more to synthesise these precursors with the appropriate 
substituents, than to cyclise them into the furofuran. 

For example, THF systems can be generated by radical cyclisation as suggested by 
Roy, et al}^'^ After isolating bromoester (61), the cyclisation was induced by a radical 
initiator (AIBN). The trans substituted exo methylene THF (62) was produced 
exclusively in 80% yield. Scheme 1.17. This frans configuration is attributed to an 
envelope like transition state and sets the first aryl group in an exo position in the final 
furofuran." Functional group interconvertion led to the monoprotected diol (63). Swem 
oxidation then afforded the mixture of diastereomeric aldehydes with the trans product 
(64) being epimerised into c/s-(65) under basic conditions. After deprotection of the 
alcohol, the cis THF (65) cyclised to give the hemiacetal (66) precursor of the 
furofurans. 
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Ar ' 
, C O O E t 

NBS 
. O ^ A r 

HO' 
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..Ar 

X 
Br COOEt 

BUgSnH 
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(80%) 

(61) 
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0 = -
T B S O 
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MeONa, MeOH | 

(100%) 

TBAF 

(76%) 

DMSO 
EtjN 

transxis 2:1 

Scheme 1.17 

The radical cyciisation is a key step in the building of the stereochemistry of the future 
furofuran. This strategy was the basis of Roy's subsequent works on the radical 
cyciisation of the epoxide (69) using titanium (III) as initiator. Scheme 1.18.̂ "'̂ ^ The key 
intennediate was prepared by alkylation of the alcohol (67) with the bromide (68). 
Radical cyciisation of the epoxide (69) afforded Sesamin (21) in 93% yield. With this 
cyciisation process, only the most thermodynamically stable furofuran (exo-exo) was 
generated. As the aryl group in the previous THF intennediate (65) is in a trans 

configuration to the silyl ether, the firet aryl group (at C®) is once again set in the exo 
position in the final furofuran. Conceming the second aryl substituent (at C^), it can 
theoretically adopt both configurations but only the exo one was detected. This strategy 
is an elegant and short route to unsymmetrical exo-exo furofurans. 

Ar 
OH 

(67) 

Ar 

1. NaH 

(78%) 
(68) 

O 
< II 
o 

(69) 

1. Cp2TiCI 

2. \, 

(93%) 

Scheme 1.18 
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In a different approach, Knight, et al. generated highly functionalised THFs (71) via an 
Ireland Claisen rearrangement of macrolactone (70), Scheme 1.19.^ This 
rean-angement sets the stereochemistry of the furofuran through the configuration of 
the transition state (chair like with aryl group in equatorial position) so the two 
substituents used to generate the second ring are in a syn relationship thus directing 
the ring to a c/s-fused configuration. Also, the aryl group is in a frans position, which 
results in an exo substitution pattern in the final product. The intramolecular alkylation 
led only to the thennodynamic product, the exo-exo furofuran (Sesamin 21). No endo-
exo lignan was presumably generated due to the acid treatment during the last 
cyclisation. Starting this synthesis with a chiral propargylic alcohol should give only one 
enantiomer of the furofuran. 

Ar 

HO 

5 steps 

O T B S Ar 

LDA, THF, 
O TMSCI 

O ' 

MeOH, CH2N2 

(86%) 

1. AC2O, Py 
(95%) 

2. OSO4 , NalO^, 
Et20, H2O 

3. NaBH^, Eton 

(70) 

MeO 

1.LAH,THF 
(93%) 

2. (C0CI)2. DMSO, 
DOM, EtgN 

3. ArMgCI 
(2 steps 53%) 

PPTs. DOM 

(3 steps 36%) 

O—v;-

Ar = < 

Scheme 1.19 

An alternative route to substituted THFs is by hydrogenation of functionalised furans, 
and this strategy has been developed by Ye and Chen, al.^ The Diels Alder reaction 
between oxazole and butynediacetate afforded a trisubstituted furan (72) in excellent 
yield, Scheme 1.20. Subsequent conversion to the diaryldiol (74) allowed the direct 
intramolecular alkylation after the key hydrogenation of the furan (73). Due to the 
hydrogenolation process, this route only affords a c/s-fused ring and once again, the 
intramolecular alkylation under acidic conditions gives only the exo-exo 
diastereoisomer. 

21 



Ph 

Ar 

\\ 

80 atm 

Pd/C 10% 

(45%) 

AcO OAc / N ^ A r 
\ / U 1 .K0H, MeOH(89%) 

Chapter 1 - General Introduction 

, 0 . 

(89%) AcO .Q^^ 2. (HCrO,)2{Py)4Co(ll) 
,72̂  (65%) 
* ' 3.ArMgBr (95%) 

' O v ..Ar 
HCI, MeOH 

H-) ("H 
(86%) 

Ar 

] ^ O H 
OH (73) 

A r = < ° Y Y 

Scheme 1.20 

A chiral approach involving THF intennediates has been reported by Ogasawara.^^The 

strategy was based on a selective Heck reaction between dioxepin and a chiral Z-

iodoalkene leading to an inseparable mixture of alkene isomers of trans substituted 

dioxepins (75), Scheme 1.21. Selective acid treatment led to different trisubstituted 

THFs (76, 77). The titanium complex affords the synthesis of 2-3 anti 3-4 syn THFs 

(76) whereas the TBSOTf generates the 2-3 syn 3-4 anti THFs (77). This can be 

rationalised by the chelation of the titanium and the non-chelation of the silyl triflate 

generating different transition intemiediates during the reanrangement. Then the 

aldehydes (76 and 77) were reduced with sodium borohydride to the con-esponding 

alcohols (78 and 79). 

+ other trans 
diastereoisomers 

Pd2(dba)3 Q 
Ar + 

, 0 (o-toOaP O 
E/Z{7S) 

(/-Pr)2TiCl2 TBSOTf 

NaBH NaBH 

H O — H 

£ ( 4 : 1 ) 5 1 % 
Z(1:1) 12% O - R 

(79) 
£(4:1)35% 
Z(1:1)9% 

Scheme 1.21 
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Finally, oxidation with osmium tetraoxide converted the alkenes (78) and (79) to the 
con'esponding aldehydes (80) and (82), Scheme 1.22. In the case of the 3,4 syn THF 
(80), the cyclic hemiacetal (81) was fomied directly. Treatment of the hemiacetal (81) 
with the aryl Grignard reagent followed by acidic treatment afforded the aryl substitution 
in an exo position and achieved the synthesis of (+)-Sesamin (21).̂ ® Concerning the 
3,4 anti THF (82), the epimerisation of the was realised in basic conditions to reach 
the acetal intemiediate (83). Its treatment with trimethylsilyl chloride and imidazole 
followed by the aryl Grignard reagent afforded (-)-Asarlnin (22). 

( £ only) (78) 

1. ArMgBr 

2. PPTS 

(y 54%, 
ee= 62%) 

OSO4 
NMO 

OH 

(+)-Sesamin (21) 

( E only) (79) 

(64%) 

OSO4, 

NMO 
NalO^ 

O OH 

(83) 

Ar^ O 
V ^ MeONa 

•CHO -

H O - ^ ^ 
MeOH 

(82) 
1. TMSCI, im 
2. TMSBr, ArMgBr 

A r v ^ O 

HO CHO 

H ' )—( • •H 
(y=66%,ee=61%) / \ 

O Ar 

(-)-Asarinin (22) 

VR 

Scheme 1.22 

The Heck reaction is the key step of this strategy, as the double bond is oxidised later, 

the configuration of the alkene is not important. However, a good selectivity in fomiing 

dioxepin (only the trans one) was determined. If (£)-iodoalkene was used in place of 

(Z)-iodoalkene, a complex mixture of cis/trans dioxepin and E/Z alkene was obtained. 
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1.3.3.3. From functionalised dihydrofurans 

In a related strategy to that employed by Whiting, dihydrofurans, structurally close 

to THFs and butyrolactones have also been used as key intennediates in the 

syntheses of furofurans by the Steel group.^" The cis dihydrofuran precursor (85) was 

generated by a selective themial rean-angement of a vinylepoxide (84), Scheme 1.23. 

After reduction of the ester (85) to the corresponding alcohol (86), the in situ 

preparation of the mixed acetal in the presence of a Lewis acid led to the furofurans (87 
and 88) skeleton by cyclisation of the second furan ring. 
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-20 °C 

(81%) 
endo-endo (88) 

Ar = 
MeO 

Scheme 1.23 

The cis dihydrofuran sets the endo configuration of the first aryl group. Only a cis fused 

ring can be generated so the configuration of the is set by the one. During the 

Lewis acid catalysed cyclisation, both the exo and endo configurations of the second 

aryl group could be obtained by controlling the temperature of the reaction. This 

strategy was demonstrated to be viable for a variety of substituents although only 

moderate yields were recorded for some of them. More details on this strategy will be 

given further on in this thesis. 
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1.4. Aims of the project 

This project was based on previous work within the Steel group (see previous section). 

The first targets were to adapt the existing nfiethodology to the stereoselective 

synthesis of a natural endo-endo furofuran, Epiasarinin (1) and all the 

stereocombinations of furofurans. This work will be described respectively in Chapter 2 

and 3. Chapter 4 will discuss attempts to enhance this methodology through the 

activation of the themial rean-angement by Lewis acid catalysis and approach to an 

asymmetric version. To extend this strategy to unnatural aza analogues, the studies on 

furopyrroles are described in Chapter 5. Finally, all the experimental procedures and 

data of the synthesised products will be given in Chapter 6. 
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Chapter 2 - Synthesis of Epiasarinin 

2.1 Introduction 

Since the biological activities of lignans have been reported, natural furofurans have 

become synthetic targets for many groups. As discussed in the previous chapter, the 

two main challenges in the synthesis of furofurans are the control of the 

stereochemistry at the ring junction and the configuration of the aryl substituents. The 

aim of this project was to develop simple methodology which generated selectively all 

the combinations of stereocentres, allowing access to all the lignans. The principal aim 

is to synthesise the natural furofuran, Epiasarinin (1). 

Our research group has been worthing on the synthesis of furofurans for a number of 

years, using a thermal rearrangement as a key step. The results obtained previously 

will be presented in the next section, then the aims of this thesis will be described. 

2.1.1. Previous woric in our group 

As reported previously, our group had developed a strategy for the synthesis of 

furofurans based on two key reactions. The first consisted of the themial 

rearrangement of a vinyl epoxide (84) to a cis dihydrofuran ester which is reduced to 

the corresponding alcohol (86). The second was the Lewis acid mediated cyclisation of 

the cis dihydrofuryl alcohol (86) to give either furofuran (88) or (89), Scheme 2.1 .̂ ^ The 

themnal rearrangement selectively leads to the cis dihydrofuran (85) and sets the aryl 

group at the position in an endo configuration. In the Lewis acid cyclisation, the 

selectivity has been shown to be temperature dependant and can selectively give 

either endo or exo aryl substitution at the position, with cis fused rings in each case. 

These two key steps will be described with more detail in the appropriate sections. 

ArCH(0Me)2 
1. Autoclave or Sealed tube O ^ P h jMSOTf 

0 (y=85%, c«.fra/js9:1) 7 ^ 
p , ^ ; j ^ C O O E t ^ ^ C H . O H - 2 0 ° C " , 

2. LiAIH^ O^^zOH (81%) A r - ^ o ' 

'̂̂ ^ (86) endo^ndoiBS) 

ArCH(0Me)2 „ ^ O TMSOTf MeO... ,^0 p , 

H-)—(•• •H 
fi ^ -20 X tort / \ 

MeC^ 
endo-exo (87) 

Scheme 2.1 
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To synthesise natural lignans, the reduction of the glycosidic bond is required. In a 
limited approach, the reduction was studied on a model system, the endo-endo-
diphenyl furofuryl acetal (89). Attempts with triethylsilane and boron trifluoride diethyl 
ether complex led to the corresponding diphenyl furofuran (90) with retention of 
stereochemistry, in 6 1 % yield, Scheme 2.2. 

MeO 

(89) 

EtgSlH 
B F , . O E t , 

(61%) 

Scheme 2.2 

2.1.2. Synthetic challenge 

As the established methodology leads to endo-endo furofurans and no synthesis of a 

natural endo-endo lignan has been reported, the first aim was to synthesise a natural 

lignan using this approach. Syntheses of Sesamin (21) (exo-exo) and Asarinin (22) 

(endo-exo) have been largely explored (see section 1.3), so Epiasarinin (1), the endo-

endo diastereoisomer of Sesamin and Asarinin seemed an appropriate target. Figure 

2.1. Biological activities have been found for these diastereoisomers: Asarinin, 

Sesamin and the target molecule Epiasarinin were extracted from the plant Asiasarum 

heterotmpoides var. mandshuhcum which has been used in traditional Chinese 

medicine as an anti-tussive, expectorant and anodyne. These three diastereoisomers 

are also reported to inhibit A® desaturase, which catalyses the transfomriation of 

dihomo-7-linolenic acid to arachidonic acid.^^ Asarinin has also anti-tumour promotion 

and anti-allergic activity." 

Epiasarinin (1) 
(endo-endo) 

Asarinin (22) 
(endo-exo) 

Sesamin (21) 
(exo-exo) 

Figure 2.1 
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f-BuOOH NaH 

NaOH.MeOH Q (EtO)3P(0)CH,COOEt 
„^ / -<5:5 /CHO ^ K K ^ C H O ^ j ^ Y ^ ^ ^ C O O E t 

(V=86%, P h ^ ^ " - (y=79%, P h ^ ^ ^ ^ V U ^ (y=86%, 
syn.anti 1:6.5) only trans alkene) 

Scheme 2.4 

2.2.2. Extension to Epiasarinin synthesis and limitations of the first route 

The two step route described previously seemed a good approach to the required ethyl 

4,5-epoxy-5-sesamyl-pent-2-enoate (94). As the sesamyl analogue of cinnamaldehyde 

is not commercially available, it needed to be synthesised. A Wittig reaction with 

fomnylmethylene triphenylphosphorane (Ph3P=CHCHO) and piperonal would give the 

desired aldehyde (95) directly. Scheme 2.5. Since piperonal should be more reactive 

than the conjugated aldehyde product, the fonnation of side-products by polymerisation 

should be limited. 

o ° COOEt O - ^ ^ . - ' - W - ^ i - C H O 

(94) 

(95) piperonal 

Scheme 2.5 

Attempts to perform the Wittig reaction with piperonal in refluxing toluene led to a 

mixture of three compounds. Analysis of the ^H NMR spectrum showed three singlets 

around 6 ppm, an area characteristic of the CH2 of the sesamyl group, and one singlet 

and two doublets between 9 and 10 ppm confirming that the crude mixture contained 

three aldehydes. GC-MS analysis established that the obtained products were 

piperonal (m/z 150), the desired monoadduct of the Wittig (95) (m/z 176) and the 

diadduct (96) (m/z 202) in a ratio 5:4:1, Scheme 2.6. Other attempts of this reaction in 

benzene at reflux gave a mixture of the same three products in a 1:2.7:1.3 ratio. As the 

conversion and the selectivity of this reaction were not good, this route was 

abandoned. 
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CHO 

Zl^lZZ monoadductOS) diadduct(96) 

Scheme 2.6 

As the selectivity of the Wittig reaction was low, a more efficient synthesis consists of a 

Wittig reaction with carbethoxy triphenyl phosphorane (Ph3P=CHC00Et) and piperonal 

followed by a reduction of the ester to the con-esponding aldehyde. Scheme 2.7. 

^ _ ^ C H O re^uc ion . ^ ^ ^ c O O e ^ S = > ( " l ^ " " " 

/oT» PhoPCHCOOEt O - ^ ^ (95) (97) ^ "̂3! 

Scheme 2.7 

The Wittig reaction of piperonal with carboethoxy triphenyl phosphorane afforded a 

single stereoisomer (97) in a good yield (88%), Scheme 2.8. The product was identified 

as the trans alkene from the coupling constant between the two ethylenic protons (7.59 

and 6.26 ppm, J=15.9 Hz). The reduction of the ester (97) with DIBAL-H (1 equivalent) 

was expected to generate the conresponding aldehyde (96) directly. Unfortunately, 

treatment of the ester (97) gave a mixture of starting material (97) and alcohol (98) in a 

1:1 ratio, and no trace of aldehyde (96) was detected. As it is frequently easier to 

selectively oxidise an alcohol to an aldehyde, than to selectively reduce the 

corresponding ester, a two step method based on reduction of the ester (97) to the 

alcohol (98) followed by its oxidation was considered. Therefore, the use of 2.5 

equivalents of DIBAL-H led to the alcohol (98) in 80% yield, which was then oxidised 

with Mn02 to give the desired aldehyde (96) in 95% yield. The structure was confinmed 

by a characteristic aldehyde signal at 9.64 ppm in the ^H NMR spectrum. 

PhH, reflux 60 h . {VA ratio) (98) 

(88%, frans only) DIBAL-H 2.5 eq ^^^ ' '< :^CH20H 

(80%) \ ^ 0 2 , (95%) 

Ar= ( Y Y A r ^ ^ ^ ° 
O " ^ ^ (96) 

Scheme 2.8 
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Following the procedure previously established in the group, the epoxidation of the 
unsaturated aldehyde (96) was attempted with f-butyl hydroperoxide by the addition of 
NaOH (IM) to buffer the reaction at pH 10.5.^'^* No desired epoxide (99) was 
detected; however, GC-MS of the coide mixture was showed a molecular ion at 224 
indicative of the opening of the epoxide by methanol, the reaction solvent. Scheme 2.9. 

Ar ' 
X H O 

f-BuOOH 
NaOH. MeOH 

(96) 

Ar^ 

Ar 
J K S ^ C H O 

MeOH 
OMe 

Ar 

OH 
CHO or Ar 

CHO 

OH OMe 

(99) M = 224 

Scheme 2.9 

An alternative strategy would involve the epoxidation of the allylic alcohol (98) followed 

by oxidation to the corresponding aldehyde, Scheme 2.10. 

CHO 

(99) 

< i 

CH2OH 

(100) 

o 
^ < 1! 

CHjOH 

(98) 
Scheme 2.10 

Initial epoxidations of allylic alcohol (98) were attempted with m-CPBA, Scheme 2.11. 

At first, m-CPBA was used in DCM but no epoxide was obtained. GC-MS of the crude 

product showed for many GC peaks fragmentation in MS with the typical chlorine 

isotope pattern (^*CI:"CI in 3:1 ratio) and the characteristic peaks of m-chlorobenzoyi 

cation CIC6H4CO* at 139 and 141. Presumably, the epoxide undenwent ring-opening 

via a nucleophilic attack of m-chlorobenzoic acid. 
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Ar 
DCM, rt, 20 h 

(98) 
O 

A r = < Jl 
O 

(100) J 

o 
u 

CICeH^COO- C I C e H ^ - ^ O 
1>-

Ar 
CHjOH 

OH 

CIC6H4C(0)*m/z = 139 and 141 

Scheme 2.11 

To avoid this problem, the acid needs to be trapped, one way of isolating it from the 

generated epoxide is by keeping it in the aqueous layer of a biphasic reaction. 

Fringuelli, et a/, reported a serie of epoxidation of allylic alcohol using m-CPBA, 

aqueous sodium bicariaonate and a phase transfer catalyst. Scheme 2.12.^ 

geraniol 

X H j O H 

m-CPBA. PTC 
aq. NaHCOg, 

DCM, rt, 20 h 

(80-90%) 

CH^OH 

PTC = Me^NOH 
BU4NOH 
(cetyl)Me3N0H 

Scheme 2.12 

Following Fringuelli procedure, a solution of aqueous sodium bicarbonate and a phase 

transfer catalyst, tetrabutylammonium bromide, were added to the reaction mixture 

containing the allylic alcohol (98). However, no epoxide (100) was generated under 

these conditions. 

Assuming that the epoxide ring-opened in presence of acid, neutral epoxidising 

reagents such as dioxiranes were then attempted. Dioxiranes are largely used for 

epoxidation and are prepared from ketones and Oxone®, a commercially available 

triple salt containing KHSO5, the oxidant. As the isolation of the dioxirane is difficult, it is 

more convenient to prepare it in-sltu. Yang, et al. reported the efficient epoxidation of 

olefins with methyl trifluoromethyl dioxirane, generated in-situ, and significant examples 

are shown in Scheme 2.13.^^ 
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(30 min, 99%) 

Ph Ph 
(80 min, 99%) 

Ph 
^.<^COOMe (120 min, 97%) 

Scheme 2.13 

Using Yang's procedure to generate dioxiranes,^'' no epoxide (100) was isolated. GC-

MS data of the cmde product mixture showed a molecular ion at 306. Therefore, the 

epoxide was suspected to be opened by water (solvent system) during the reaction to 

give a triol which then reacted with trifluoroacetone to give the trifluoroacetals (101, 
102,103) (/n/z=306), Scheme 2.14. 

Ar ' 

CF3COCH3 

'C^-'OM / < J ^ C H 2 0 H 

(98) 

CF3COCH3 

MeCN. H2O 

0 ^ 0 

Ar ' 

or/and 
Ar ' 

OH 

(101) M= 306 

Ar = 

(100) 
OH 

Ar 

H2O 
OH 

(102) M= 306 

Ar 

O or/and 0 
Ar 

C F , CHjOH 

(103) M= 306 

CHjOH 

OH 

Scheme 2.14 

Magnesium monoperoxyphthalate (MMPP), a neutral oxidant has been used by 

Brougham, et al. with a phase transfer catalyst in the epoxidation of cyclohexene, 

limonene and cholesterol with yields of 80 to 90%, Scheme 2.15. Following this 

procedure initially at room temperature, no reaction with the allyilic alcohol (98) was 

observed and after heating at 50 °C, only decomposition products were detected. 
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MMPP 
Me(0ct)3NCI 

H2O, CHCI3 
25 X , 7 h 
(85%) 

MMPP 
Me(0ct)3NCI 

H2O. CHCI3 
50 °C. 4.5 h 
(80%) 

MMPP 
Me(Oct)3NCI 

H2O, CHCI3 
50 " C , 4 h 
(88%) 

Scheme 2.15 

Considering our system, the allylic alcohol should be an easy material to epoxidise, but 

all the attempts were unsuccessful. Presumably, the sesamyl group was involved in the 

opening of the epoxide. The electron rich substituents on the aryl ring may help the 

breaking of the carbon-oxygen bond of the epoxide, Scheme 2.16. 

Nu' 

Scheme 2.16 

Having experienced difficulties in epoxidising the unsaturated aldehyde and alcohol, 

other routes were then sought. One possibility was the epoxidation of an aryl diene. To 

investigate this strategy, ethyl p-methoxyphenyl propan-2,4-dienoate (104) was chosen 

as a model system (product already synthetised in our group). Precedents of selective 

epoxidations of dienes have been reported. For instance, Nemoto, et a/, reported 

the epoxidation of different substituted hex-2,4-dienes with m-CPBA, Scheme 2.17. 

m-CPBA, DCM 

R = OMe, O 

Scheme 2.17 
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Following Nemoto's procedure, a mixture of products was obtained with m-CPBA but 
no monoepoxide (105) was isolated. By GC-MS of the crude material, it was observed 
that some of the products contained chlorine (characteristic isotopic pattem in a ratio of 
3:1 and characteristic peaks at 139 and 141 of m-chlorobenzoyi) which implied that the 
m-chlorobenzoic acid reacted with the generated epoxide (105), Scheme 2.18 . To 
avoid this attack, attempts to scavenge the acid with solid potassium carbonate 
resulted in a complete inhibition of the reaction. 

MeO 
(104) 

OEt 
fivCPBA 

MeO 

O 

M e O ' ' ^ ^ 

(105) 

m-CIC^HeCOO-

m-CIC^HgCOOH 

n MS 

m/z= 139, 141 

Scheme 2.18 

Neutral epoxidising reagents were also used in selective epoxidations of dienes. Ley, 

et al. succeeded in the epoxidation of several hex-2,4-dieneones with DMDO 

(dimethyldioxirane). Scheme 2.19."^ '*̂  

DMDO, acetone 

DCM, 0 °C 

R= Me, Et. Ph 

Scheme 2.19 
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However, no reaction was observed when DMDO prepared in-situ with Oxone® and 
acetone was used on the model system (104). Direct epoxidation of alkenes was 
abandoned after these failures and an alternative procedure was then developed to by­
pass these problems affording the target vinyl epoxide in a single step. 

2.2.3. Direct synthesis of vinyl epoxides via Darzens condensation 

An altemative route to synthesise vinyl epoxides was required. Koppel, et a/, published 

the synthesis of phenyl vinyl epoxide (107) via a Darzens condensation of an aldehyde 

with bromocrotonate (106)."*̂  Starting with benzaldehyde, methyl bromocrotonate and 

potassium f-butoxide in f-butanol, phenyl vinyl epoxide (107) was obtained as a mixture 

of synianti isomers in a 3:7 ratio in 70% yield, Scheme 2.20. 

0 PhCHO, f-BuOK, O O 
B r ^ / ^ ^ ' s . ^ / ^ Ph 

O f-BuOH, O °C 

(106) syn(107) anfa(107) 
y=70% 
syn:anti 3:7 

Scheme 2.20 

As the Darzens condensation seemed to be a promising strategy, reaction with 

piperonal was attempted. Scheme 2.21. The ^H NMR spectrum showed a large amount 

of starting materials but also showed a small amount of expected vinyl epoxide (108), 
approximately 15% (several singlets for the sesamyl CH2 at 6 ppm and two doublet of 

doublets for the C^ ethylenic protons between 6 and 7 ppm). The very low conversion 

was attributed to the insolubility of potassium f-butoxide and the viscosity of ^butanol at 

room temperature. Also, to be sure that the sesamyl group wasn't responsible for this 

low reactivity, the following study of this reaction was perfonned on a model system, 

using benzaldehyde instead of piperonal. Although, increasing the temperature of the 

reaction improved the homogeneity of the mixture, no significant change in the 

conversion rate was observed. These results suggested that Koppel used a cosolvent 

to perfomri this reaction. With this in mind, different base and solvent systems were 

then explored. 
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ArCHO, f-BuOK, O n ^ O ?\ 

(106) sy/7(108) a/7f/(108) 

Ar^ 

Scheme 2.21 

By choosing a stronger base, LDA and canning out the reaction in THF at -78 °C, the 

conversion was improved to 23%. However, the product (107) couldn't be isolated from 

the large amount of residual starting materials, so the composition of the mixtures was 

determined by NMR of the cmde product with particular attention being paid to the 

peal<s of the ethylenic protons (C^) of the bromocrotonate and the vinyl epoxide. As 

some by-products were detected during this reaction and a competitive process could 

be a Cannizaro reaction generating benzyl alcohol and benzoic acid, the order of the 

addition of the starting materials could be caicial. It was found that adding the base to a 

mixture of aldehyde and bromocrotonate reduced the amount of by-products. Also, 

increasing the number of equivalents of base improved the conversion. Attributing the 

low conversion to a problem of reaction kinetics, the reaction was performed at higher 

temperatures -40, -20 and 0 °C. Finally, a complete conversion was observed when 2 

equivalents of LDA were added to a mixture of 1.2 equivalent of benzaldehyde and 1 

equivalent of bromocrotonate at 0 °C and phenyl vinyl epoxide (107) could be obtained 

in 50% yield after flash chromatography, Scheme 2.22. 

PhCHO, 
LDA. 

syn(107) anft(107) 
° THF, 0 ° C 5 4 ^ 2 ' - 4 - 2 

(y=50%) 

Scheme 2.22 

Subsequently, this method was extrapolated to piperonal and wori<ed well on small 

scale (1.5 mmol of bromocrotonate). Scheme 2.23. However, when the reaction was 

scaled up (6 mmol), the bromocrotonate wasn't entirely consumed and mainly 

decomposition products were obtained. The Darzens condensation on piperonal was 

successfully realised by modification of the conditions, at -20 °C with 4 equivalents of 

piperonal ensuring all the bromocrotonate (17 mmol) reacted. During the aqueous woric 

up, the excess piperonal was removed by treating with sodium bisulphite to give the 
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corresponding water soluble salt. Finally, the desired epoxide (108) was obtained after 
purification by flash chromatography in 70% yield in a syn.anti mixture of 3:4. Only the 
trans configuration was obsen/ed for the alkene (J2-3syn=15.8 Hz and J2-3an6=15.6 Hz). 
The two isomers couldn't be separated by flash chromatography but were isolated by 
preparative HPLC to be fully characterised. The syn and anti compounds were 
distinguished by the coupling constant between the two protons at the C* and 

positions (J4-5syn=4 Hz, J4-5anf/=1.5 Hz). 

ArCHO, 
LDA, 

O T H F , - 2 0 ° C 5 4 ^ 2 4 ^ 2 
syn (108) an//(108) 

y=70% 
P—rr'''̂ ^*!^!^ synianti 3:4 

Ar= < J 
O 

Scheme 2.23 

With the vinyl epoxide (108) in hand, we could now try to convert it into the 

con-esponding dihydrofuran by a themial rearrangement, the first key step of our 

strategy. 

2.3. Thermal rearrangement 

2.3.1. Introduction 

Small rings are frequently used as precursors of bigger cyclic systems. Thenmal 

rean-angements of vinyl-cyclopropanes (Z=CH2), -epoxides (Z=0) and -^aziridines 

(Z=NH) to the corresponding five-membered rings have been widely studied in the last 

two decades. Three mechanisms have been proposed for the conversion of the three-

to the five-membered ring systems. Scheme 2.24.'" The first mechanism (A) is a 

concerted 2a-2ji reorganisation into the five-membered ring. In the second (B), a 

heterolytic fission of the three-membered ring gives an ylid type intennediate (109), 

which cyclises to the five-membered ring. In the third mechanism (C), hemolytic fission 

and the subsequent recombination of the diradical (110) leads to the five-membered 

ring. In all these mechanisms, the driving force is the release of the strain from a three-

to a five-membered ring. The precise pathway followed depends on the atom (Z) and 

on the configuration and the chemical properties of the substituents R and R'. 
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R 

R' 
(A) 

R ^ > ^ ^ R -

(109) 

R R-

(110) 

R' 

(B) 

(C) 

Z= CH2, O, NR 

Scheme 2.24 

The vinyl epoxide rearrangement is generally believed to involve a 4n electron 

conrotatory opening of the epoxide to afford an ylid species followed by a 671 electron 

disrotatory closure.** The thermal rearrangement shows some diastereoselectivity and 

leads preferentially to the c/s dihydrofuran. Eberbach, ef a/, presumed that the ylid 

transition state (111) of the frans dihydrofuran is less favoured due to more steric 

hindrance than the one (112) which leads to the c/s structure, Scheme 2.25."® '"̂  

471 electron 
conrotatory 
opening 

R' 

(111) 

(112) 

minor 

67t electron 
disrotatory 
closure 

major 

^ R ' 

frans isomer 

•R' 

c/s isomer 

Scheme 2.25 
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In the process of the thermal rearrangement, racemisation of the epoxide occurs 
reflecting the planar geometry of the ylid transition state.'*^"^ In support of this 
mechanism, Crawford, et al. reported that racemisation of the chiral deuterium vinyl 
epoxide (113) occurs six times faster than the disrotatory ring closure, Scheme 2.26."® 
Therefore, the stereochemistry of the epoxide doesn't need to be controlled so all our 
experiments would start with a mixture of syn and anti epoxides. 

H ^ = 

(113) 

o . = 

H + 

o 

Scheme 2.26 

2.3.2. Thermal rearrangement of vinyl epoxide in the s y n t h e s i s of l ignans 

The vinyl epoxide-dihydrofuran rearrangement is a key step in Steel's strategy to 

generate the furofuran skeleton.^^ Starting with a solution of the phenyl vinyl epoxide 

(84) in toluene, the rearrangement was carried out either in sealed tubes at 200 °C for 

18 hours, or in autoclave at 205 °C for 8 hours (at a measured pressure of 30 bar). The 

thennal rearrangement yielded a mixture of cis and frans dihydrofurans (85) in a 9:1 

ratio in a 70 to 85% yield, Scheme 2.27. 

. C O O E t 

(84) 

Autoclave or 
Sealed tube 

PhCHg, 200 °C 
(y=70-85% 
cis:trans 9:1) 

^ C O O E t • COOEt 

Cis (85) trans (85) 

Scheme 2.27 

42 



Chapter 2 - Synthesis of Epiasarinin 

To utilise this strategy to synthesise Epiasarinin, the rearrangement of sesamyl vinyl 
epoxide (108) was required. Initial attempts under the same conditions as described for 
the phenyl vinyl epoxide (84) (Scheme 2.27) led only to decomposition. Given that the 
electron-donating group on the aryl substituent can help the reaction by stabilising the 
benzylic carbocation of the ylid intermediate (115), Scheme 2.28, lower temperatures 
might be sufficient and reduce decomposition patterns. 

Autoclave or . 0 . ,Ar ^ O - v ^ A r 

(108) 

Ar = 

COOMe 

COOMe 

cts (114) 

< 
+ O 

COOMe 

ttBns (114) 

COOMe 

Scheme 2.28 

Following this idea, the reaction was then attempted at lower temperatures and 

followed by NMR in sealed NMR tubes, using Da-toluene as solvent. Starting at 120 

°C, the temperature was increased with no reaction being observed until 180 °C. At this 

temperature, consumption of the vinyl epoxide (108) was complete after 18 hours. 

However, the NMR spectrum of the cmde mixture was too complicated to allow 

identification of the dihydrofuryl esters (114) peaks. Suspecting that the problem could 

have been an acid-catalysed decomposition of the starting materials or products on the 

surface of the reaction vessels, the tube was then treated with base (sodium 

bicarbonate) or silylated (mixture of fc/s-(trimethylsilyl)-acetamide and pyridine). 

Unfortunately, no improvement was noticed. In all cases, the crude products were 

complex mixtures which proved to be inseparable by a variety of chromatography 

techniques (flash chromatography, preparative TLC, preparative LC). 
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To avoid decomposition, the reaction was then repeated for a shorter time (12 hours) at 
180 °C in an untreated tube. After purification by flash chromatography, a mixture of 
two products was collected in a 65% yield. The GC-MS (CI, NH3) showed for both 
products, a molecular peak at 266 (=M,NH4*). These could conrespond to the molecular 
peak plus ammonium of starting epoxides (108) or generated dihydrofurans (114). As 
the fragmentation pattem was different to the one of starting vinyl epoxides (108), it 
was proposed that the two compounds were the expected dihydrofurans (114). 
In order to provide sufficient material to permit isolation and characterisation of the 
products, the reaction was repeated in a nornial sealed tube (50 mL). After several 
attempts, the crude mixture was successfully purified by flash chromatography to afford 
two fractions. One contained a pure dihydrofuryl isomer (114) (10% yield) and the 
NMR indicated a frans configuration (C*'H, 5.74 ppm, doublet, J^A trans=7A Hz). The 
other fraction was a mixture of the cis dihydrofuryl isomer (114) (C*H, 5.57 ppm, 
doublet, J3^c/s=11-2 Hz) and some starting material (estimated yield by Ĥ NMR of 
dihydrofuran 35%), Figure 2.2. Even if this method gave the expected compounds, it 
was not reproducible so other conditions were attempted. 

J=11.2Hz 

cis(U4) 

2 qV COOMe 

trans {AU) 

7.4 Hz 

Figure 2.2 

2.3.3. F l a s h V a c u u m Pyro lys is 

As the vinyl epoxide-dihydrofuran rean-angement in a sealed tube was not reproducible 

and the yields were low, another method needed to be developed. Thennal 

rean-angements have also been canied out using flash vacuum pyrolysis (FVP), 

Scheme 2.29. This method allows higher temperatures but for a much shorter time so it 

avoids decomposition of either the starting materials or products. Eberijach, et al. 

reported results with short-time pyrolysis but does not give comprehensive 

experimental description."*^"® A solution of starting material in benzene seemed to be 

introduced under a nitrogen flow in a glass tube which was heated at around 300 °C. 

The product was trapped in a flask cooled to -20 °C. 
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Scheme 2.29 

As our apparatus was different to the one used by Eberbach, the method was first 

attempted on a model system, the phenyl vinyl epoxide (84), which was easily 

converted to the corresponding dihydrofuran under sealed tube conditions. 

The starting material needs to be volatilised into the reaction column through the FVP 

oven under vacuum and the use of a Kugeirohr oven (KR) seemed a good idea to have 

an horizontal set-up. Figure 2.3. Finally, the product is collected in the flasks cooled in 

a dry ice bath. There are several parameters which effect the efficiency of the FVP 

reaction: 

o the temperature T1 of the Kugeirohr oven 

• the temperature T2 of FVP oven 

• the pressure P 

• the mass w of packing with glass wool. 

Vac Line 

-78''C 

Figure 2.3 
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Initially, to better understand the importance of these various factors, experiments were 
undertaken using integration of the Ĥ NMR signals to calculate different ratios: 

• trans/cis ratio = Ha frans/Ha as 

• conversion rate = (Ha frans+Ha c/s) / (Ha frans+Ha c;s+Ha) 

• degradation rate = Hdeg / (Hb+Hd^) 

It was easy to calculate the conversion rate and the ratio cis:trans from the integration 

of characteristic peaks (H„ and Hg) of the spectra. Table 2.1. It was harder to estimate 

the amount of decomposition as the degradation products were not identified and the 

integration not attributed to a definite number of protons. Therefore, it was decided to 

use the integration of the area 9.6-9.4 ppm as a reference. 

Table 2.1 

proton chemical shift in ppm 
(300 MHz) 

Hdeg 9.6-9.4 

6.82 

Ha c/s 6.72 

Ha trans 6.57 

Hb 5.06 

Ph 
,0 

COOEt 

H„ 

H a . . . , ^ O ^ P h 

Hb CX)OEt 

On the basis that it was more easily reproducible, the initial study was conducted 

without column packing and the pressure used being the lowest obtainable. Using 55 

mg of starting phenyl vinyl epoxide (84) (0.25 mmol), the effect of the temperatures T1 

and T2 was explored. Table 2.2. 

Table 2.2 

p T1 T2 trans .cis conversion degradation 
(mbar) ( X ) ( X ) (mmol) (85) (%) (%) 

0.02 87.5 400 0.25 1:8 54 5 
0.04 100 400 0.25 1:10 50 1 
0.02 100 450 0.25 1:7 88 6 
0.02 100 475 0.25 1:6 88 8 
0.01 100 475 1 1:6 97 12 
0.04 100 500 0.25 1:4 100 30 
0.04 >250* 500 1.5 1:9 50 5 

Use of a heat gun instead of Kugelrohr oven, Figure 2.4 
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By increasing the FVP oven temperature (T2), the conversion improved up to 100%. 
However, the percentage of degradation also increased and the cls:trans selectivity 
was slightly reduced. As it is harder to remove the starting vinyl epoxides from the 
generated dihydrofurans than to purify the product from the degradation compounds, 
high temperature (475 °C) was preferred. When the reaction was scaled up, the 
conversion and the degradation both increased but the selectivity was maintained. A 
slow evaporation of the starting epoxide with the KR oven at 100 °C led to a better 
conversion than a fast introduction with the heat gun. This is probably due to the 
concentration of material in the FVP column and the reduction of the collisions with the 
column walls which induce the rean-angement. 

Having identified the optimum conditions for the rearrangement of phenyl vinyl epoxide 

(84), extrapolation to the sesamyl analogue (108) was then attempted. However, the 

sesamyl vinyl epoxide required significantly higher temperature to be volatilised from 

the Kugelrohr oven to the FVP. The temperature of the KR oven (T1) was increased to 

150 "C to compensate for this and hence; decomposition of the starting material was 

observed. In order to minimise the contact time at high temperature, a heat gun was 

used to volatilise the starting vinyl epoxide (108) rapidly into the FVP column. A 

Kugelrohr rotor was used to homogenise the heat which limited the initial 

decomposition. Figure 2.4. Due to the use of the rotation, the product was trapped by 

cooling the column with dry ice. As the apparatus was under vacuum, silicone grease 

was used at each glass joint except the one heated at high temperature for which a 

special high temperature grease (Rocol anti-seize compound J166®) was utilised. 

heat gun 

T2 

FVP 

Vac Line 

KR motor 

Figure 2.4 
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Ultimately, the optimum conditions for this rearrangement were found to be an FVP 
oven temperature of 500 °C and a pressure of approximately 0.04 mbar. The maximum 
loading of the sesamyl vinyl epoxide (108) permissible without significant 
decomposition during the volatilisation was 550 mg. Following this procedure, the 
rean-angement afforded a crude mixture of cis:trans sesamyl dihydrofurans (114) in an 
8:1 ratio which were separated by flash chromatography to give the pure cis 
dihydrofuryl ester in 66% yield, and the corresponding pure trans dihydrofuran in 8% 
yield. The NMR spectra were identical to the previous ones obtained with sealed tubes. 
With a robust method to generate the cis sesamyl dihydrofuran (114), the focus 
returned to the total synthesis of Epiasarinin. 

2.4. Reduct ion of the ester to the a lcohol 

In order to perfomn the Lewis acid catalysed cyclisation, it was necessary to reduce the 

ester to the corresponding alcohol. The phenyl analogue (85) has previously been 

reduced with lithium aluminium hydride in ether at 0 °C with complete conversion. 

Scheme 2.30.^^ The resulting product (86) was not stable enough to allow a complete 

characterisation and was used immediately without further purification. 

LAH o LAH 0 

Cr"' iV'̂  (V*' (V'' 
COOEt ° CHjOH COOMe ° ^ CH^OH 

(85) (86) (114) (92) 

Ar= < 1 
O 

Scheme 2.30 

An attempt to repeat the reduction of the sesamyl ester (114) under the same 

conditions was unsuccessful and led to decomposition products. After some 

optimisation, reduction of the sesamyl methyl ester (114) led to the con-esponding 

alcohol (92) with quantitative conversion; in order to avoid decomposition of the 

product, it was achieved at a lower temperature (-40 °C). The disappearance of the 

methyl peak (3.30 ppm) in the ^H NMR spectra confirmed the total consumption of the 

ester. The alcohol could only be stored for a couple of hours at -20 °C under argon 

without significant decomposition. Because of this low stability, the sesamyl 

dihydrofuryl alcohol (92) could not be fully characterised. 
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2.5. L e w i s acid ca ta lysed cycl isat ion 
2.5.1. Introduction 

The second key step in the strategy to synthesise furofurans is a Lewis acid mediated 

cyclisation. The principles behind this strategy involve the generation of the silyl ether 

(116) generated from the dihydrofuryl alcohol and the methyl oxonium (117). Similar 

methyl oxonium intemiediates have been produced by treatment of dimethyl acetal with 

FSOsH.^" In theory, this oxonium intennediate (117) could also be fomried in-situ from 

the aldehyde dimethyl acetal and trimethylsilyl triflate (TMSOTf) and liberating 

trimethylsilyl methoxide. Scheme 2.31. After adding the silyl ether, the mixed acetal 

(118) would be generated. Loss of trimethylsilyl methoxide would give the acyclic 

oxonium cation (119), which would cyclise to the cyclic oxonium intennediate (120). 

The c/s-ring fusion should be favoured over the trans as it is less strain. The final 

oxonium cation would be then quenched with a nucleophile. 

CH20SiMe3 
( 1 1 6 ) 

Ar ' -OMe 

( 1 1 7 ) 

ArCH(0Me)2, TMSOTf, DCM 

Ar ^iMe, MeOSiMe3 

( 1 1 8 ) ( 1 1 9 ) ( 1 2 0 ) 

Scheme 2.31 

As in the previous chapter, the furofuryl skeletons will be labelled by their configuration 

at the C^, and C® positions using 'endo' and 'exo' relating to the bridgehead protons at 

the ring fusion. Figure 2.5. The stereochemistry at the C" position will be specified 

individually and will not be part of the nomenclature. 
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endo-endo 

R0.„ RO.„ 

endo-exo exo-endo 

Figure 2.5 

Previous studies in the group have attempted to isolate the silyl ether (116) but it 

appeared to be unsuccessful. It was then tried to generate it in-situ from the 

dihydrofuryl alcohol (86) and 1.1 equivalents of TMSOTf and make it react with 

cartjonyle species. Scheme 2.32,.^* The study revealed that the aldehyde needs to be 

activated as the dimethyl acetal for any reaction to occur. As expected, the cyclisation 

led only to cis ring fusion. The methanol liberated from the dimethyl acetal acted as a 

nucleophile and quenched the oxonium intermediate on the less hindered face, setting 

the glycosidic bond at the position in an exo configuration. Control of the reaction 

temperature leads selectively to either the endo-endo or endo-exo furofuran. 

R0.„, 

A r - ' 

endo-exo (88) 

Ar = 

ArCH(0Me)2, 
TMSOTf 

-40 "C to RT 
thermodynamic 

MeO 

ArCH(OMe)2, RQ 
TMSOTf 

^ H 
CH^OH -40 X 

kinetic 

(86) 

Ar 

endo-endo (87) 

Scheme 2.32 

A mechanism was proposed to explain this selectivity, Scheme 2.33. It consists of a 

chain of equilibrium which leads selectively to either one or the other diastereoisomer 

depending on the temperature employed. It was assumed that the oxonium 

intermediate (119) would adopt preferably an E configuration. The endo oxonium 

intermediate (121) is presumed be more favoured than the exo one (123), due to steric 

hindrance. The second oxonium intermediate (120) would have the bicyclic structure 

and the exo configuration of the intennediate (124) would be more favoured than the 

corresponding endo stnjcture (122). 
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O , O 
P h A r 

^ O ^ X H 
H 

H 

MeOH 
(122) endo-endo (87) 

(123) MeOH 

Thermodynamic 

H 

O 

HAr 

(124) 

Ph 

Ph 

M e O . Y y - P h 

= H..U .̂H 

endo-exo (88) 

Scheme 2.33 

It was subsequently observed that only the intennediates with electron-donating aryl 

groups (p-methoxyphenyl, sesamyl) were able to form the exo configuration, other aryl 

groups (phenyl, p-bromophenyl and methyl) led to the endo-endo structure even at 

room temperature. Scheme 2.34.^* 

O ArCH(0Me)2, M e O . „ ^ ° v ^ P h M e O . - , ^ ° v ^ P h 
^ Q ^ P h TMSOTf H. 

^ C H , O H . Ar^ 
2 thermodynamic ^ 

Ar = endo-endo endo-exo 

XT 0% 68% 

M e O " ^ 

0% 38% 

(Y 57% 0% 

27% 0% 

28% 0% 

Scheme 2.34 

51 



Chapter 2 - Synthesis of Epiasarinin 

These results imply that the endo-exo intermediate derives from the endo-endo 
furofuryl structure and that the endo-exo compound needs an activated substituent on 
the aryl group to reopen the furofuran skeleton and epimerise. Different mechanisms 
are suggested for this epimerisation to occur, Scheme 2.35. The opening can occur at 
the oxonium (120) stage (A) or with the furofuryl acetal (87) by the liberation of the 
methoxide (B1) or by breaking the cariaon C® - oxygen bond (B2). These results also 
indicate that there is no equilibrium between species (121) and (123). 

endo-endo (87) 

Ph y^+° 

MeO H MeO H 

A r - " 

M e O . . , ^ ° y « P h 

endo-exo (88) 

Ar = Ar"'= ^ f^J 

Scheme 2.35 

2.5.2. R e s u l t s for Epiasar in in 

As Epiasarinin is an endo-endo furofuran substituted with electron-donating aryl 

groups, the cyclisation needs to be performed under kinetic conditions at low 

temperature. Scheme 2.36. The appropriate acetal for the synthesis of Epiasarinin is 

the piperonal dimethyl acetal which is not commercially available. The preparation of 

this acetal (121) and the Lewis acid promoted cyclisation will be discussed in the next 

section. 
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Ar ArCH0(121) o 

TMSOTf 
H 

-40 °C ' C H , O H 
O kinetic ^ 

enclo-endo(91) (92) 

Scheme 2.36 

2.5.2.1. S y n t h e s i s of piperonal aceta ls 

Based on Dutton's worî , the dimethyl acetal was first selected. Piperonal dimethyl 

acetal (121) was previously obtained from piperonal, methanol and trimethyl 

orthoformate in the presence of cerium trichloride heptahydrate. Scheme 2.37.*^ " In 

this protocol, the cerium salt is an acid catalyst and trimethyl orthoformate acts as a 

dehydrating agent. After following this procedure, the TLC of the crude reaction mixture 

showed a complete conversion. Surprisingly, the crude mixture after aqueous work-up 

contained a lot of piperonal. The reaction was also attempted with p-toluenesulfonic 

acid (p-TsOH) as acid catalyst but the conversion was only 30% after work-up. 

CHO MeOH 
OMe 

OMe 
HC(OMe)3 
CeCla.yHjO ^ ^ (121) 

Scheme 2.37 

In all the cases the reaction seemed complete by TLC before the aqueous wori<-up, 

this suggests that the problem might have been the low stability of the acetal in water. 

Consequently, a non aqueous treatment was needed which also removed residual 

aldehyde. As the piperonal-bisulfite complex has a low solubility in organic solvents, 

the aldehyde can be scavenged by the sodium bisulfite. Therefore, a solution of 

piperonal in methanol was stirred with p-TsOH and trimethyl orthoformate overnight at 

room temperature under argon then solid sodium bisulfite was added. The mixture was 

filtered through a Celite® plug and ether was used to rinse through. After concentration 

of the washings, the piperonal dimethyl acetal (121) containing less than 1% of 

aldehyde was obtained in a 94% yield and stored under argon in the dari<. The 

structure of the acetal was confimied by the singlet at 5.28 ppm conresponding to the 

CH(OMe)2in the^H NMR spectra. 
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In view of the initial problem with the dimethyl acetal (121), the synthesis of a more 
stable acetal was then sought. As the cyclic acetals are usually more stable than the 
corresponding acyclic ones, the preparation of the piperonyl acetal derived from 
ethylene glycol was attempted. This acetal (122) was obtained by mixing piperonal and 
ethylene glycol with p-TsOH and trimethylorthoformate in DOM. After flash 
chromatography, the piperonal acetal (122) was obtained in 56% yield and 99% purity 
by G C and stored under argon in the daric. The Ĥ NMR confirmed the presence of the 
acetal by the singlet at 5.71 ppm. 

^O-,,^''-^^^,^^^^^ (CH2OH), 
Q - J ^ v ^ HC(0Me)3 

p-TsOH 

Scheme 2.38 

2.5.2.2. C y c l D s a t i o n 

With the required acetals in hand, attention could then be focused on the Lewis acid 

promoted cyclisation. As a model study, the cyclisation was first attempted with 

commercially available p-methoxybenzaldehyde dimethyl acetal (123), Scheme 2.39. 

Considering that the sesamyl alcohol (92) was less stable than the phenyl analogue, 

the cyclisation was perfomied at lower temperature -40 °C. The excess acetal 

hydrolysed during aqueous work-up to aldehyde was scavenged with sodium bisulfite. 

The Ĥ NMR of the purified product showed only one singlet for each methyl group 

(3.83 arid 3.15 ppm) anci by GC-MS, the molecular peak con-esponds to the mass of 

the expected compound {m/z 370). The furofuryl acetal (124) was obtained as a single 

diastereoisomer in a 53% yield after purification by flash chromatography. The endo-

endo configuration was assumed by comparison with the phenyl furofuryl analogues 

(87 and 88) as ^H NMR spectmm showed the characteristic pattem of two doublets and 

a singlet for respectively the C^, C^ and C* hydrogens. 

/ O - v ^ A r Ar'CH(0Me)2 (123), M e O - . ^ ^ v ^ A r . _ 

TMSOTf ^ .̂.WTH <^XJ 
CHjOH -40 X A f ^ O ' ^ Ar-= | f ^ ^ 

(92) endo-endo (124) M e O " ^ ^ 

Scheme 2.39 
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Having established that the sesamyl dihydrofuryl alcohol (92) was a valid substrate for 
the cyclisation, the more stable cyclic piperonal acetal (122) was the first tested on a 
model system, the phenyl dihydrofuryl alcohol (86), Scheme 2.40. Following the same 
procedure, the reaction was quenched with methanol and after aqueous treatment, the 
2-phenyl-6-sesamyl furofuryl acetal was collected. The crude mixture NMR 
spectrum confirmed that the endo-endo furofuran (125) was formed as it contained the 
characteristic pattern of two doublets and a singlet for the C ,̂ and hydrogens. 
The GC-MS analysis indicated that the furofuran was the 2-hydroxyethyl acetal (m/z 
370) instead of the methyl acetal {m/z 340), which was found to be one of the minor 
products. Purification of the mixture was unsuccessful affording only decomposition 
products. As the 2-hydroxyethyl furofuryl acetal (125) appeared harder to purify, 
attention was then tumed to the use of the dimethyl acetal. 

Nevertheless, this result confirmed that the bicyclic oxonium intermediate (120) was 

quenched in-situ by the alcohol released from the acetal. Therefore, it was decided to 

always quench the reaction with the same alcohol from which the acetal was fomried to 

avoid mixtures of acetals. 

TMSOTf , 

-40 °C 
kinetic CH.OH 

(92) (122) endo-endo (125) 

Scheme 2.40 

With the piperonal dimethyl acetal, following an identical procedure to above, the 

cyclisation ̂ a s attempted^ with the sesamyl dihydrofuryl alcohol (92), Scheme 2.41 

affording after flash chromatography purification, the disesamyl furofuryl methyl acetal 

(91) in 55% yield. As expected the furofuryl acetal (91) was obtained as a single 

diastereoisomer (one singlet for the methoxy signal by NMR); the endo-endo 

stereochemistry was attributed by the two doublets, one singlet pattern of the C ,̂ 

and C hydrogens. 

O ^ ArCH(0Me)2 (121) MeO 

\_y^ H 
CH,OH ; 4 0 X 

l(inetic O 
(92) endo-endo (91) 

Scheme 2.41 
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2.6. Acetal reduction 
2.6.1. Introduction 

Completion of the synthesis of Epiasarinin required the reduction of the f urofuryl methyl 

acetal to the furofuran. The glycosidic bond has already been reduced on a diphenyi 

furofuryl model system. In this protocol, triethylsilane and boron trifluoride diethylether 

complex were added to a solution of the endo-endo methyl acetal (89) in DCM at 0 °C 

then the mixture was warmed to room temperature and stirred for two days, Scheme 

2.42.^^ The con'esponding furofuran (90) was obtained in 6 1 % yield after flash 

chromatography. ^̂ C NMR analysis of the product showed only 7 different peaks, 

confinning a symmetrical staicture and that the stereochemistry of the 2,6-diphenyl 

substitution was retained during the reduction process. 

EtgSiH 
BFa.OEt^ 

(61%) 

Scheme 2.42 

2.6.2. Adaptation to Epiasarinin 

Following the Dutton procedure, the reduction was attempted on the disesamyl methyl 

acetal (91) with the addition of the reagents at 0 "C thenstirring at rooni temperature 

for two days. Disappointingly, only decomposition was observed. To reduce the 

degradation, the reduction was then attempted for a shorter time (4 hours). Two 

furofuryl diastereoisomers were obtained. The NMR revealed four main signals 

between 2.5 and 5.5 ppm indicating that a symmetrical furofuran was produced and six 

signals in the same area for a product which seemed corresponding to an 

unsymmetrical furofuran. Comparison of spectra of these two compounds with the 

reported data for Asarinin (22)̂ '̂̂ ^ and Sesamin (21)® '̂̂  confirmed that these two 

diastereoisomers of Epiasarinin (1) has been obtained in a 1:3 ratio, Scheme 2.43. This 

meant that epimerisation at C^ and/or C^ had occurred during the reduction. 

56 



Chapter 2 - Synthesis of Epiasarinin 

EtgSiH 
B F 3 . 0 E t 2 

Epiasannin (1) Asarinin (22) Sesamin (21) 

Scheme 2.43 

To improve this reduction and minimise the epimerisation, different variables can be 

modified: 

• the reaction temperature 

• the reaction time 

• the Lewis acid 

• the reducing reagent 

Therefore, the reduction was tried with triethylsilane at different temperatures and for 

different lengths of time, Table 2.3. All the ratios of the obtained mixtures were 

determined by NMR, by integration of the C H singlet of the acetal and the C^H/C®H 

doublets of the furofurans. It appeared that with triethylsiiane and BF3*OEt2 mixtures 

were always obtained. The best conditions with this pair of reagents are either -40 °C 

for 15h or -20 °C for 4h as the results are very similar. The furofuryl diastereoisomers 

(1, 22, 21) are acid sensitive so to avoid decomposition, triethylamine was required in 

the column eluent. Following this protocol, careful flash chromatography afforded the 

recovery of starting acetal and the isolation of pure samples of (±)-Epiasarinin (1) and 

(±)-Asarinin (22). Analytical data for (±)-Asarinin (22) were identical to those reported in 

literature.®^'^ As expected, the N M R spectra of (±)-Epiasarinin (1) contained ten 

signals proving the symmetrical stnjcture and the X-ray crystal structure confimned the 

endo-endo configuration of the disesamyl furofuran, Figure 2.6. 

Epiasarinin (1) 

Ci28 

0(17i 

O C(13lH 

6 % 

0,3) C ( i 2 f t r ^ ^ n n 9 , 

Figure 2.6 
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As the reduction with triethyl silane and BFa'OEta always led to mixtures, other 
conditions were sought to improve this reduction step. Consequently, reactions with 
different Lewis acid (e.g. titanium tetrachloride and scandium triflate) were attempted. A 
dark coloration suggested that the oxonium ions were fonned but the use of these 
Lewis acids led only to decomposition or recovery of starting material, Table 2.3. 
DI6AL-H is both a reducing reagent and a Lewis acid and has been explored in the 
reductive cleavage of acetal.^ Consequently, DIBAL-H was studied in this 
transformation. However addition of DIBAL-H to the solution of acetal procured a dark 
pink coloration, but no reduction was observed, Table 2.3. 

An alternative method to compete against the epimerisation would involve the use of a 

faster reducing reagent. Therefore trichlorosilane and BF3>OEt2 were used to reduce 

the methyl acetal. No epimerisation was obsen/ed with this pair of reagents but 

decomposition also occurred. The separation of some of these degradation products 

from Epiasarinin by flash chromatography proved not to be possible and this method 

was explored no further. 

Table 2.3 

MeO. AT /^ \^^Ar /^N«)»*Ar 
H - \ — ( - H + H-0—LH + —(-H 

fit-
Epiasarinin (1) /\sarinin (22) 

A T - " 

Sesamin(21) 

temperature time %(91) %(1) %(22) %(21) %decomp 

0to20°C 48h 0 0 0 0 100 
-78 to 20 "C 4h 0 0 20 60 20 

EtgSiH -78 X 4h 100 0 0 0 0 
BF3.Et20 -40 "C 4h 90 10 0 0 0 

15h 10 67 23 0 0 
-20 "C 4h 11 68 21 0 0 
-10 °C 5h 0 3 25 47 25 
OX 5h 0 0 3 6 91 

EtgSiH -40 X 5h 0 0 0 0 100 
7104 -78 X 5h 0 0 0 0 100 

EtgSiH -40 X 5h 100 0 0 0 0 
Sc(0Tf)4 -20 X 5h 100 0 0 0 0 

DIBAL-H • ^ X 5h 100 0 0 0 0 
-20 X 5h 100 0 0 0 0 

-40 X 4h 0 25 0 0 75 
QaSiH -40 X 1h 0 50 0 0 50 

BFa-EtjO -78 X 4h 0 50 0 0 50 
-78 X 1h 25 40 0 0 35 
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In conclusion, changing either the Lewis acid or the reducing reagent did not improve 
the reduction process. Therefore, reduction with triethylsilane (10 equivalents) and 
BF3»OEt2 (1.1 equivalent) gave the optimum results in term of purification and yield. 
The loss of the stereochemistry in this process will be explained in the next section. 

2.6.3. Rationalisation of the epimerisation 

The difficulty with the reduction of the acetal was the competitive epimerisation and 

decomposition reaction. The reduction needed to be faster than the epimerisation. 

Epimerisation did not happen with the diphenyi furofuran (90) but was observed for the 

disesamyl furofuran (1). The main difference between these two compounds is the 

electron donating substituent on the aryl groups of the Epiasarinin precursor. The 

oxygen at the para position can donate electrons through the aromatic group which 

leads to the opening of the bicycle and the loss of stereochemistry, Scheme 2.44. Two 

structures can be subject to the epimerisation: the oxonium intermediate (125) and the 

final product (1). 

EtgSiH BFs.OEt^ 

or/and 

BFj.OEtj 

u or/and H 

EtaSiH 

Scheme 2.44 
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Pelter and Ward reported a degree of epimerisation and rearrangement of some 
furofurans when treated with triethyl silane and BF3*OEt2. "'^^ For example, the exo-
exo diacetal (126) was reduced with this system and led to a mixture of three 
diastereoisomers, the exo-exo (127) and the two exo-endo (128 and 129), Scheme 
2.45. The authors presumed that the epimerisation happened during the reduction at 
the oxonium stage." ®® 

M e O . Y ° y . A r ^^sSiH / O y - A r / ^ y - A r f^°V^'' 

H-.A—/.-H H — l -H + H--^—l-H + H- \— l -H 

(126) (127)36.4% (128)18.4% (129)17.4% 

AT 

MeO 
Ar' = 

MeO 

Scheme 2.45 

To check that the final product was not also a substrate for the epimerisation, pure 

Epiasarinin (1) was exposed to BF3'OEt2 at -20 "C for three hours. The NMR 

showed a mixture of the three diastereoisomers, Epiasarinin (1), Asarinin (22) and 

Sesamin (21) in respectively 3%, 40% and 57%. This result proved that epimerisation 

can occur due to the instability of these furofurans to acidic conditions. Therefore, this 

reduction needs to be perfomied with careful control of the conditions and the 

purification by flash chromatography requires basic eluehts to neutralise acidic 

residues on the silica. 
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2.7. Conclusions 

Epiasarinin (1) was obtained via a five step route in an overall yield of 20%, Scheme 

2.46. This synthesis is the first reported of a natural endo-endo furofuran.^® Starting 

with the Darzens condensation of methyl bromocrotonate (106) and piperonal, the 

sesamyl vinyl epoxide (108) was then themrially reanranged to the sesamyl dihydrofuryl 

ester (114) by flash vacuum pyrolysis. After reduction of the ester, the alcohol (92) was 

combined with piperonal dimethyl acetal (121) at low temperature in the Lewis acid 

mediated cyclisation. This selectively generated the endo-endo disesamyl furofuryl 

methyl acetal (91). Finally, reduction of the methyl acetal gave Epiasarinin (1). 

XOOMe 

(106) 

LiAIH^ 

EtjO, -40 °C 
y=100% 

Ar= T| 

ArCHO. LDA, 
THF, -20 -C 

syn:anti 3:4 
y=70% 

-COOMe 

(108) 

ArCH(0Me)2, MeO 
TMSOTf, 

^ H 
CH,OH DCM, -40 X ^ 

' y=55% 

(92) 

Flasli Vacuum 
Pyrolysis 

cis:trans 8 
y=75% 

COOMe 

Ar ^*3SiH. 
'̂ ^ BF3.OEU, 

DCM, -40 °C 
y=70% 

Epiasarinin (1) 

Scheme 2.46 

Although the electron-donating group on Epiasarinin represented a significant 

challenge, the synthesis is a reproducible method,^which is applicable to a range of 

different aryl groups. 
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Chapter 3 - Extension to all the furofuryl diastereoisomers 

3.1. Introduction 

Having demonstrated that the strategy involving a Lewis acid promoted cyclisation 

provides efficient access to both endo-endo and endo-exo furofurans. Scheme 3.1, the 

second aim of this project was to synthesise all the diastereoisomers of the lignans.^°'^^ 

R O . . , ^ ^ ° v ^ P h ArCH(0Me)2, ArCH(0Me)2, ^ O ^ 

H . . u ^ ^ " ^ ^ 
-40 °C to R T A f . . » \ / -tv ^luni X -40 °C 

O thermodynamic CH^OH ^jpetic ^ ' 

endo-exo 

Ar = 

endo-endo 

Scheme 3.1 

As in the previous chapters, furofurans will be described with exo and endo relating to 

the bridgehead hydrogens at the ring fusion, Figure 3.1. The first configuration always 

refers to the aryl group at the position, originating from the dihydrofuran stnjcture 

and the second corresponds to the substitution, derived from the aldehyde acetal. 

Throughout the chapter, all structures correspond to racemic mixtures and have been 

drawn with the hydrogens at the ring fusion in an a position even when this represents 

enantiomeric series. 

endo-endo endo-exo exo-endo 

,..Ph 

Figure 3.1 

Based upon the assumption that the Lewis acid mediated cyclisation will occur with the 

same selectivity with all dihydrofuryl alcohol isomers, the 2-exo furofurans require the 

first aryl group (C^) to be in an exo position, that is derived from a trans dihydrofuryl 

template. Scheme 3.2. Therefore synthesis of 2-exo furofurans required an efficient 

access to this latter isomeric series and this is described in the next section. 
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MeO 

CH„OH 
exo-endo (130) 

Ar= [I 
MeO' 

trans (86) 

COOEt 

frans (85) 

MeO.„ 

exo-exo (131) 

Scheme 3.2 

3.2. Synthesis of the trans dihydrofuryl ester 

As the frans dihydrofuryl ester (85) is the minor product of the thermal rean-angement 

(maximum yield 10%), a more efficient route needed to be developed. During the 

studies of direct amidation of the cis ester (85) with an amine in refluxing toluene (see 

section 5.4.2.1), it was observed that a slow epimerisation of the cis dihydrofuryl ester 

occurs. Scheme 3.3. By NMR analysis, the two isomers can be distinguished by the 

coupling constant between the two hydrogens at the C^ and C position ( C H cis: 5.76 

ppm, d, J=11 Hz; C H trans: 5.84 ppm, d, J=7.5 Hz) 

COOEt 
cis (85) 

PhCH,NH, 

Toluene COOEt 
trans (85) 

Scheme 3.3 

Exploiting this observation, a range of different bases were tried including triethylamine, 

diisopropylethylamine, sodium ethoxide and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) 

(4 equivalents). It appeared that the reaction with these amines was very slow even in 

refluxing toluene and needed two to four weeks to convert all the cis ester into the trans 

isomer. With prolonged reaction time, decomposition products were observed and 

altemative conditions were sought, Table 3.1. 
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Table 3.1 

base J CO time (day) yield (%) cis:trans degrad {%) 

NEta 85 14 65 1:6.2 18 
/-PrzNEt 110 28 48 1:4.5 36 

DBU 80 10 55 1:4.2 28 
DBU cat 110 0.5 91 1:19 <5 
EtONa 20 1 80 1:9 5 

Since the process is a simple equilibration, catalytic amounts of the base should be 

enough for this transformation. Consequently, the epimerisation was attempted with 20 

mol% DBU in refluxing toluene. Pleasantly, after 15 hours, the cis ester had been 

converted into the trans ester (crude ratio cis:trans 1:19) without any significant 

degradation. After flash chromatography, the trans ester (85) was obtained in a 91% 

yield. A similar rate of epimerisation could be obtained with sodium ethoxide (4 

equivalents in ethanol) but it required freshly prepared reagent and gave a lower 

cis:trans selectivity. 

A mechanism for this epimerisation was proposed to proceed via the con-esponding 

enolate with reprotonation giving the less hindered trans isomer. Scheme 3.4. To 

confirm this supposition, attempts to trap the enolate (132) were considered. The first 

reaction tried was between the enolate (132) and an alkyi iodide. This alkylatlon, if 

successful, would also be interesting as a means to add a substituent at the 

bridgehead of the bicydic skeleton after reduction of the ester (133) and cyclisation. 

However, a complication due to competing y alkylation, which would lead to the 

fomiatibn of the esters (134) could lead to the potential formation of four alkylated 

products, Scheme 3.4. The enolate was generated at -78 °C with LDA, an alkyI iodide 

(methyl or butyl) was added and the mixture then stin-ed at -20 "C. The caide mixtures 

for both butyl and methyl iodide reactions were analysed by GC-MS, and found to 

contain at least twelve products, none of which had a mass matching with the expected 

isomers. 
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0-Ph Base 

COOEt 

cis (85) (132) 

Rl 

COOEt 

2 diastereoisomers 
(134) 

X T ' - * 
Ph 

COOEt 

Ph 

COOEt 

frans (85) 

2 diastereoisomers 
(133) 

Scheme 3.4 

To check that the deprotonation had occured, the cis ester (85) was treated with LDA 

at -78 X and quenched after one hour with acetic acid. This reaction should lead to 

only three possible isomers, the cis and frans ester (85) and the conjugated ester 

(135), Scheme 3.5. Unfortunately, it also gave an intractable mixture of compounds 

and no definitive conclusions could be made. 

0-Ph Base 

COOEt 

cis (85) 

AcOH 

(132) 

COOEt 

(85) 
COOEt 

(135) 

Scheme 3.5 

Attempts to trap the enolate as the ketene silylacetal were then explored.®^ The order 

of the addition of the reagents is important as a Claisen condensation can compete 

with the trapping of the enolate. Scheme 3.6. LDA was prepared at -60 °C then 

trimethylsilyl chloride was added followed by the cis ester (85). This gave a complex 

mixture which did not contain any product with the expected mass by GC-MS. 
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Subsequently, a mixture of trimethylsilyl chloride and the cis este (85) was added to 
LDA at -78 °C. After one hour, the TLC analysis showed a new product and only a 
trace of starting material. The reaction mixture was then quenched with aqueous 
ammonium chloride. In the ^H NMR spectrum of the crude product, the peak of C^H 
disappeared, but the splitting patterns of C^H, C^H and C H remained unchanged. As 
the NMR could not precisely confirm that the silyl enolate (136) was present, the crude 
mixture was subjected to a GC analysis, which revealed a multitude of compounds. 
These results could be due to the instability of the product or decomposition in the GC. 
No further analysis was obtained on this mixture. 

Ph Base 

COOEt 

cis (85) (132) 

MegSiCI 

^^OSIMe j 

EtO 

(136) 

Scheme 3.6 

In conclusion, trapping the enolate (132) proved to be harder than it was initially 

expected. In addition to reactions such as the Claisen condensation, fragmentation of 

the dihydrofuryl ester (85) can occur. Scheme 3.7. A way to trap the ketene silyl acetal 

(136) would involve the evaporation of the reaction solvent without aqueous work-up 

but this has not been tried.^^ Altemative attempts with weaker bases than LDA such as 

a tertiary amine would periiaps avoid competitive processes but no more time was 

spent on this study. 

•Ph Base 

COOEt 

cis (85) 
'0;:" '0;:" 

EtO / 
EtO 

(132) 

^ P h 

OHC 

OHC 

Ph 

COOEt 

Ph 

COOEt 

Scheme 3.7 
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3.3. Lewis Acid catalysed cyclisation 

3.3.1. Introduction 

With the trans isomer readily prepared, attention was turned to the cyclisation. As has 

been discussed in section 2.5., the stereochemistry of the furofuran is established 

during the cyclisation. Scheme 3.8.^^ The bicyclic ring structure requires a c/s-ring 

fusion, so the configuration is controlled by the stereochemistry. When an 

electron donating aryl acetal was used during the acid mediated cyclisation, the 

substituent can be, depending on the temperature, selectively endo or exo compared to 

the proton at the cis ring junction. The nucleophilic attack of methanol at C appears to 

occur on the less hindered face of the bicyclic oxonium ion, leading to the exo 

configuration at the C* position. 

R O - , ^ O ^ P h ArCH(OMe)2. ArCH(OMe)2. pQ ^ O ^ ^ p . 

„.,Lr„ j-^o- ẑ !2!L_ HXTH 
} -40°CtoRT ^ ^ 0 ° C 

thermodynamic CH.OH kinetic Ar" Ar O 

endo-exo 

Ar = 

endo-endo 

Scheme 3.8 

3.3.2. Reduction of the trans dihydrofuryl ester 

To accomplish the cyclisation, the trans dihydrofuryl alcohol (86) needs to be 

generated. Previously, the reductions of the cis esters were performed with lithium 

aluminium hydride (LAH) at 0 "C for the phenyl dihydrofuryl ester (85) and at -40 "C for 

the sesamyl analogue (92), Scheme s.g.̂ o.̂ i-̂ s The two generated alcohols were not 

stable enough to be purified and were used immediately in the next step. 
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LAH o o o 

^ ^ v ^ P h E t ,0 ^ 1_V^' E t , 0 

^ C O O E t CHjOH ^COOMe "^^ °^ C H p H 
c/s(85) c/s(86) c/s(114) c/s(92) 

Ar = 

Scheme 3.9 

Following this protocol, the reduction of the trans dihydrofuryl ester (86) was 

undertaken at -40 °C and afforded the con-esponding alcohol in 75% yield, Scheme 

3.10. The NMR spectrum did not show the signals of the ethyl ester (quartet at 4.22 

ppm and triplet at 1.29 ppm) and the broad peak of an alcohol could be observed in the 

multiplet at 3.70 ppm. Once again the alcohol was not stable enough to be fully 

characterised and was used without further purification in the Lewis acid cyclisation. 

.Ph Et^O \ ^ P h 

COOEt ^co/.T CH,OH (75%) 
trans (85) trans (86) 

Scheme 3.10 

3.3.3. Kinet ic cyc l isat ion 

With the frans dihydrofuryl alcohol (86) availabler the cyclisation was immediately 

attempted under the kinetic conditions, at low temperature. Addition of the trBns 

dihydrofuryl alcohol (86) to a mixture of p-methoxybenzaldehyde dimethyl acetal (123) 

and trimethylsilyl triflate at -40 °C gave the kinetic product, the exo-endo furofuryl 

acetal (130) as a single diastereoisomer. After purification, the furofuryl acetal (130) 

was obtained in 53% yield. It was fully characterised, with a NOESY experiment 

confirming the exo-endo stereochemistry. Scheme 2.11. As expected, the C methoxy 

substituent was found in an exo configuration. 
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^ O / t ^ 0 ArCH(OMe),(123), R O . . , ^ 0 

exo-endo (130) 

N O E S Y correlations 

Scheme 2.11 

3.3.4. Thermodynamic cyc l isat ion 

The cyclisation was then attempted with p-methoxybenzaldehyde dimethyl acetal (123) 

and trimethyl silyl triflate under the themiodynamic conditions described by Dutton.®°®^ 

The reaction mixture was stirred at -20 °C overnight then wanned to room temperature 

for one hour and quenched with methanol (30 minutes at RT). It resulted in a mixture of 

three diastereoisomers in a ratio of 5:4:1 in a 65% yield after flash chromatography. 

The major compound was identified as the exo-endo isomer (130) by comparison with 

the NMR spectra of the kinetic product (130) previously obtained. A second 

purification allowed isolation of the two other diastereoisomers which were then fully 

characterised. The NOESY experiments revealed that both of the diastereoisomers 

have the exo-exo configuration and were different in their stereochemistry at the 

position, Scheme 3.12. The ratio exo:endo acetal (131:137) (4:1) could then be 

detennined by the integration of the signals of the and hydrogens (131 5.07 

ppm, 4.86 ppm; 137 4.90, 5.44). 

ArCH(OMe)2(123). RO...^^^„.Ph R O . „ ^ ° N . . . . P h 
TMSOTf 

CH,OH - • O t o R T 
themiodynamic 

trans (86) 

Ar= II 
MeO' 

exo-endo exo-exo exo-exo 
exo acetal (131) enolo acetal (137) 

MeO o Ph O Ph 

H - ) ( ' • • H - * - ^ ] ^ H -

Ar'' O 'H Ar" 

NOESY con-elations 

Scheme 3.12 
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The cyclisation to lead to the thermodynamic furofuran was then attempted under 
differing conditions, Table 3.2. Prolonged time at -20 "C led to similar isomeric 
mixtures. When the reaction was stin-ed for a longer time at room temperature, less of 
the kinetic product (130) was found. This suggests that the epimerisation is much 
slower with the trans dihydrofuryl system than with the cis. This can be explained by 
the fact that the cis system goes from a very unfavourable skeleton to a much more 
stable one. The difference in energy between the exo-endo and exo-exo is less 
important than that between endoendo and endo-exo so the epimerisation is slower. 
The ratio between the exo and endo acetal (131:137) seems to be similar whatever the 
conditions (4:1). This mixture can be explained as the exo face contains the two aryl 
groups, more hindered and the selectivity between the two faces is reduced. Finally, 
using the conditions of entry 4 in Table 3.2, the exo-exo furofurans were obtained as a 
mixture of 2:1 exo:endo acetal in a 45% yield after purification. 

Table 3.2 

time at time at time in kinetic thermo thermo 
entry -20 °C 20 °C MeOH (%) exo (%) endo (%) 

1 15h 1 h 0.5 h 47.2 42 10.8 
2 1 h 1 h 0.5 h 46.1 43.5 10.4 
3 15h 2 h 0.1 h 49.3 35.5 11.2 
4 16h 3 h 3h 19.2 64.3 16.5 

3.3.5. Summary 

In summary, a cis dihydrofuryl ester (85), after reduction and Lewis acid mediated 

cyclisation with an electron donating aryl acetal, affords either the endo-endo and 

endo-exo furofuryl acetals (87 and 88), Scheme 3.13.̂ °'®^ The cis dihydrofuryl ester 

(85) can also be epimerised under basic conditions to the trans template. This isomer 

can be reduced, then used in the Lewis acid promoted cyclisation to generate the exo-

endo furofuryl acetal (130) under kinetic conditions and the exo-exo skeleton (131 and 

137) under the thennodynamic conditions. 

The initial aim to synthesise all the diastereomeric furofuryl skeletons was achieved 

and the reduction of the glycosidic bond to give the furofurans was then considered 

and is described in the next section. 
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PIS 

-40°C 

Ph i LAH 

COOEt iiArCH(0Me)2 
TMSOTf 

cis (85) 

base 

MeO-, 

-40''Ctort A r " 

-40°C 

iLAH 

iiArCH(0Me)2 
tmns (85) TMSOTf 

M e O . . , / ° \ . . 

M e O . „ / O v . , . P h MeO«^ '^s^ , . ,Ph 

H-)—O-H + H'i— I ' -H 

Scheme 3.13 

3.4. Reduct ion of glycosidoc bond 

3.4.1. Attempt of reduction 

Following the procedure optimised for the synthesis of Epiasarinin (Section 2.6.2.), the 

endo-endo furofuryl acetal (87) was reduced with triethyl silane and BF3«OEt2 at -40 "C, 

Scheme 3.14. After four hours, T L C analysis indicated that the reaction was complete. 

After quenching the reaction with aqueous sodium bicarbonate, NMR analysis of the 

resulting crude mixture confirmed the absence of the methyl peak of the acetal and 

GC-MS indicated that the crude product contained a single furofuryi diastereoisomer 

{m/z 296). However, NOESY experiments revealed that the aryl and the phenyl groups 

were not on the same face of the skeleton, indicating that epimerisation had occurred 

during the reduction. As previously discussed in Section 2.6.3., electron donating aryl 

groups such as p-methoxyphenyl can help the epimerisation process. The NOESY 

correlations indicated that the aryl group was exo and the phenyl endo compared to the 

hydrogens at bridgehead confimning that it was the stereocentre that had epimerlsed 

during the reaction leading, thus to the endo-exo furofuran (139). 
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O, 
EtgSiH, BFg OEt j 

-40 "C, 4 h 

EtjSiH, B F , OEt , 

-40 °C, 4 h 

conv 100% 

Scheme 3.14 

The reduction of the endo-exo furofuryl acetal (88) was then considered. As the p-

methoxyphenyl group is already in an exo position, even if epimerisation occurs, this 

reaction should still afford the endo-exo furofuran (139). Following the same procedure 

as previously, a single diastereoisomer was obtained. Scheme 3.15. The NMR data of 

this product fitted with that of the product (139) obtained previously starting with the 

endo-endo skeleton. This confimied that epimerisation in the first case occurred 

through the p-methoxyphenyl assistance, at the position. 

MeO.„ 
EtgSiH, BFj-OEtj 

-40 °C, 4 h 

conv 100% 

MeO 

Scheme 3.15 

Using the same conditions as previously, the reduction of the exo-endo and exo-exo 

furofuryl acetals (130, 131 and 137) was then performed, Scheme 3.16. Surprisingly, 

the results were similar with both starting materials, leading to a mixture of two 

diastereoisomers. This reduction was repeated at different temperatures (0, -20, -40 

°C) for a reaction time between 1 and 16 hours with either the exo-endo starting 
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material (130) or the exo-exo acetals (131 and 137). In all cases, a mixture of the two 
diastereoisomers was obtained. The two products were separated by flash 
chromatography and pure samples characterised. The NOESY experiments 
distinguished the exo-endo furofuran (140) from the exo-exo diastereoisomer (141). 

Ar- } conv100% ) 

(130) (140) 1:2.8 (141) 

M e O . „ / 0 K „ . P h M e O ^ ° s . . . . P h r " ° \ . « Ph ^ ° \ . . Ph 
EtjSiH, 

conv100% A r " ^ ^ 

(140) 1:2.8 (141) 

Ph H.. . o , Ph 

Ar 
MeO 

NOESY correlations 

Scheme 3.16 

The ratio of the two products was detennined by NMR analysis, with the integrations 

of two exo-endo doublets for C®H and C^H at 4.81 and 4.45 ppm and two exo-exo 

signals, a doublet for (C^H) at 4.70 ppm and a multiplet relating to the two exo protons 

in C" and position between 4.25 and 4.15 ppm (300 MHz NMR). Even under 

different conditions, the ratio was constant within the error limits of integration, at 1:2.8 

exo-endo (140).exo-exo (141). This indicated that the reaction led to a thermodynamic 

mixture in all the cases. 

If epimerisation occurs after reduction of the acetal bond, a reaction at a low 

temperature and for a short time should afford only kinetics products. A low conversion 

of material was expected under these conditions. As previously, a basic inverse 

quench would be used to minimise epimerisation during the work-up. Consequently, 

the reduction was attempted at -78 °C for one minute and rapidly poured at -78 °C into 

aqueous sodium bicartDonate. Under these conditions, reduction of the exo-endo 
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furofuryl acetal (130) gave solely the exo-endo furofuran (140) albeit with some 

recovered starting material (86% conversion), Scheme 3.17. 

MeO.„ . . .Ph 
EtaSiH, BFg-OEtj 

-78 "C, 1 min 

conv 86% 

Ar 

. . .Ph 

(140) 

Ar: 
MeO 

Scheme 3.17 

Following the successful procedure described in the previous section, the reduction of 

the exo-exo acetate (131 and 137) in a similar fashion, quenched after 1.25 minutes 

afforded complete conversion. However, some epimerisation took place affording a 

mixture of exo-exo and exo-endo acetate (141:140) in 82:18 ratio. Scheme 3.18. 

^ / l e O . „ ^ ° ^ , . . P h M e O ^ ° N ^ . . . P h 

H - ) — ( - H + H 

A r -

^ % . . P h ( ^ ° \ . . . P h 

(131) 2:1 (137) 

Ar = 

conv 100% (141) 

Ar ' 

82:18 (140) 

Scheme 3.18 

The reduction was then attempted with the endo-endo furofuryl acetal (87), Scheme 

3.19. It gave a 40:60 mixture of two diastereoisomers, one of which could be identify as 

the endo-exo furofuran (139) by comparison with pure samples isolated before. After 

separation by flash chromatography, the second compound was analysed and 

confirmed as the endo-endo furofuran (138) by a NOESY experiment. 
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Ph ^ ° y = . P h 

(138) 40:60 (139) 

Scheme 3.19 

Finally, when the endo-exo furofuryl acetal (88) was reduced at -78 °C for one minute, 

Scheme 3.20. A lower conversion was observed (36%) and the reduction products 

were obtained in a mixture of endo-exo and endo-endo diastereoisomers (139 and 

138) in a ratio of 92:8. 

MeO.„ 
EtgSiH, B F j OEtj 

-78 °C, 1 min 

conv 36% 

Ar= X ^ ' ^ 

Scheme 3.20 

3.4.2. Epimerisat ion during the reduction 

Although all the 6-p-methoxyphenyl-2-phenyl-furofuran diastereoisomers could be 

synthesised, epimerisation was a major competitive reaction during the reduction step. 

Different mechanisms can be proposed to explain the epimerisation which can occur 

before and/or after the reduction of the acetal bond. Scheme 3.21. The p-

methoxyphenyl group can participate in the loss of methoxide to generate the oxonium 

intermediate (143). The loss of the methoxide can also be promoted by the oxygen of 

the furofuryl skeleton, forming the bicyclic intennediate (142). This oxonium ion can 

then undergo reversible fragmentation promoted by the electron donating group 
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providing a second route to the intermediate (143). On fonning this intermediate (143), 
the stereochemistry at the C° position is lost. Alternatively, epimerisation can occur 
after reduction, catalysed by the Lewis acid, as was demonstrated with Epiasarinin, 
Section 2.6.3. Again, this is promoted by electron donating aryl groups promoting 
fragmentation and forming the monocyclic intermediate (145), with the loss of the 
stereochemistry at the position. As evidence supporting this proposed mechanism, 
the kinetic crude product of the endo-exo acetal reduction contained trace amounts of 
endo-endo furofuran, which would come from a kinetically controlled cyclisation of the 
intemriediate (143). Since similar intemriediates were involved in the Lewis acid 
promoted cyclisation, it is believed that this provides evidence that epimerisation 
processes via the intemiediate (143). 

\ _ r BF3-0Etg W . H 

2-endo (87) 
2-exo(130) 

BFoOEt 

Ar= I 
MeO^ 

Ar= + 
MeO 

EUSiH 

EUSiH 

2-endo 139 
2-exo (141) 

BFa-OEtj 

BFg-OEtj 

0 
2-endo (138) 
2-exo (140) 

Scheme 3.21 

All the furofuryl diastereomers were synthesised but the selectivity and the yield of the 

reduction step were moderate. To improve the strategy, a new route was attempted 

and the results are presented in the next section. 
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3.4.3. New strategy to the endo-endo furofurans 

As the reduction of the endo-endo furofuryl acetal (87) was not efficient (73% 

conversion, endo-endo.endo-exo 2:3), a new strategy was sought. Previous studies in 

the group had showed that no endo-exo product was obtained during the Lewis acid 

mediated cyclisation at room temperature when the aryl groups were not substituted 

with an electron donating group, Scheme 3.22.̂ ^ 

0-Ph 
RCH(0Me)2, 
TMSOTf 

CH,OH , -^0°CtoRT 
2 thermodynamic 

R = Me, Ph, A-Br-CgH. 

Scheme 3.22 

These results also support the idea that the endo-exo products resulted from 

epimerisation during the cyclisation promoted by the electron donating aryl group. 

Therefore, if the furofuryl acetal is built with the electron donating aryl group at the 

position and the phenyl at the position, selectivity during the reduction step might be 

improved. Consequently, the studies were then focused on the synthesis of this 

altemative starting material. Logically, the retrosynthesis of this was inspired by the 

Epiasarinin synthesis and consisted of a Oarzens condensation followed by thermal 

rean-angement and Lewis acid promoted cyclisation, Scheme 3.23.^^ 

Lewis acid 

promoted 
cyclisation 

Thermal 

^ R Rearrangement 

(143) R = COOEt 
(144) R= CHjOH 

(145) 

Ar = 
MeO 

-COOMe 

Darzens 
Condensation 

ArCHO 

X O O M e 

(106) 

Scheme 3.23 
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Following the protocol optimised for the synthesis of Epiasarinin, the Darzens 
condensation was perfomied with the p-methoxybenzaldehyde to generate the 
con-esponding vinyl epoxide (145) in 56% yield, Scheme 3.24. Thennal rean-angement 
of this compound by flash vacuum pyrolysis afforded the cis dihydrofuryl ester (143) in 
67% yield. The reduction of the ester was carried out with lithium aluminium hydride 
and gave the con-esponding alcohol (144) in 83% yield. However, in contrast to the 
Epiasarinin synthesis, the Lewis acid cyclisation at -40 °C with benzaldehyde dimethyl 
acetal and trimethylsilyl triflate led to a mixture of diastereoisomers. Subsequently, the 
reaction was repeated at -80 X for one hour. Although conversion was low, the 
selectivity was good and a small amount of expected furofuryl acetal (142) was 
collected after flash chromatography (23% yield). The endo-endo stereochemistry was 
confimied by NOESY experiment. 

ArCHO, LDA, n FVP. 500°C (^'^v-Ar 
B ^ \ . . - ^ C O O M e : ^ . ^ X l / ^ C O O M e 

T H F . - 2 0 ' ' C y=67% ^ C O O M e 

(106) (145) (143) 

O PhCH(OMe)2. M e O . , , ^ 0 , 

E t , O . - 4 0 - C ^CH,OH ^ D C I ^ i / a X ^ ^ ^ ^ 
y=83% y - 2 3 % U 

(144) (142) 
MeO 

Scheme 3.24 

Epimerisation also occurred during the Lewis acid promoted cyclisation of the alcohol 

(144). This indicates that the electron donating group at the position can also 

activate the opening of the skeleton and therefore induce epimerisation. Different 

mechanisms can explain this epimerisation. Scheme 3.25. After the formation of the 

oxonium (146), cyclisation can afford the cyclic intemriediate (147). In each case, the p-

methoxyphenyl group can stabilise these oxonium intemiediates (146 and 147) leading 

to the cation (148) and loss of the stereochemical information at the position. Three 

products can be obtained after methanol quenching, the two furofuryl acetate (142 and 

151) but also aldehyde (150). Altematively, epimerisation can occur after generating 

the acetal. Again, this is promoted by electron donating aryl group promoting 

fragmentation and forming carboxylate intermediate (152) and thus losing the 

stereochemistry at the position. 
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MeOH 
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Scheme 3.25 

During the cyclisation of Epiasarinin's precursor (92) at -40 "C, the only 

diastereoisomer detected was endo-endo furofuryl acetal (91). In contrast, the 

cyclisation of the p-methoxyphenyl dlhydrofuryl alcohol (144) led to a mixture of 

diastereoisomers. Epimerisation could be limited by working at - 78°C but the mass 

balance was low. This might be due to the fpnnation of the aldehyde (150), which was 

then scavenged by sodium bisulfite during the wori<-up. No attempt was perfomied 

without this treatment to prove this hypothesis. 

The amount of the collected endo-endo furofuryl acetal (142) was not sufficient to 

attempt the reduction step. Due to a lack of time, no other material could be 

synthesised for this studies. 
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3.4.4. Summary on the reduction step 

The target of synthesising the four diastereoisomeric furofurans was achieved even 

though the reduction step was more challenging than expected. In previous studies, the 

diphenyl furofuran was obtained without any epimerisation as it did not contain an 

electron donating substituent to activate this process. With the disesamyl analogue, the 

reduction was slower and more selective than the reaction with the p-methoxyphenyi-

phenyl furofuryl acetal allowing the synthesis of Epiasarinin. By comparison with the 

sesamyl system, the p-methoxyphenyl substituent increased the rate of epimerisation 

both in the formation of the furofuryl acetal and the reduction of the acetal bond. 

Although the sesamyl group contains two electron donating groups, the cyclic acetal 

locks the structure. Therefore, the oxygen lone pairs of the acetal are at an angle to the 

aromatic ring. In comparison, the p-methoxy group can adopt a conformation such that 

a lone pair is optimally aligned for overiap with the aromatic n system. This favours the 

resonance with the intemiediates which facilitate the epimerisation. 

3.5. C o n c l u s i o n 

With the optimised strategy, the four diastereoisomeric furofurans could be synthesised 

in five or six steps. The Darzens condensation afforded the vinyl epoxide (84) which 

was thermally rearranged into the cis dihydrofuryl ester (85), Scheme 3.26. After 

reduction of the ester to the con-esponding alcohol (86), the Lewis acid mediated 

cyclisation can lead selectively to the endo-endo or endo-exo furofuryl acetal 

(respectively 87 and 88). Epimerisation of the cis dihydrofuryl ester (85) to the trans 

template was performed under basic conditions and reduction of the ester and Lewis 

acid promoted cyclisation afford the exo-endo or exo-exo furofuryl acetal (respectively 

130 and 131+137). Reduction of the glycosidic bond under appropriate conditions for 

each acetal leads to the con-esponding furofuran. Scheme 3.26. 
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Scheme 3.26 

As electron donating groups favour epimerisation, modification of the aryl groups can 

be an efficient way to synthesise a target molecule with the appropriate 

stereochemistry. If no electron donating group is required on the final product and an 

exo configuration is required an electron donating aryl group can be used during the 

sequence and converted to the desired group later. For example, an exo configuration 

can be obtained with a 4-hydroxybenzaldehyde dimethyl acetal (152); the phenol (153) 

can be then transformed into a phenyl group by reduction of the phosphorus 

intemriediate (154)^ or alkyi substituted by transmetallation from the triflate equivalent 

(155), Scheme 3.27. 
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Scheme 3.27 

Altematively, if the target molecule contains an electron donating group in the endo 

position, the synthesis can be realised with an aryl group which would not favour the 

epimerisation and would be amenable to the target substitution easily. For example, an 

acetate or silyl substituted aryl group should limit the epimerisation and can be 

transformed to the phenol (158) by hydrolysis of the acetate (156) or oxidation on the 

silyl group (157), Scheme 3.28.^^'^ 

(EtO^Sj 

TMSOTf 
^ 0 "C 

MeO... 

CHoOH 

kinetic 

AcO 

TMSOTf 
-40 "C 
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M e O ^ . , ^ ° v ^ R 

MeO... 
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Scheme 3.28 
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By controlling the epimerisation process, the two previous strategies can be the future 
tools to synthesise any furofurans selectively. Considering the potential of these 
methodologies, optimisation of these steps should be considered for a future project. 
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4.1. Introduction 

One of the main steps in the strategy to synthesise furofurans is the thermal 
rean-angement of the vinyl epoxide to the corresponding dihydrofuran. This reaction 
has been one of the interests of our research group for some years. To date all work 
has focussed on chemical efficiency and Ijeen canied out with racemic mixtures. 
Development of an asymmetric version was one of the goals of the project, as this 
would allow the synthesis of enantiopure furofurans. As mentioned previously, Section 
2.3.1., loss of the epoxide stereochemistry occurs during this rearrangement, Scheme 
4.1. Therefore, enantioselectivity cannot be introduced via a chiral epoxide and 
requires an external chiral source. 

471 electron 
conrotatory 
opening 

R' 

" S t " ' 
(111) 

(112) 

minor 

67t electron 
disrotatory 
closure 

major 

trans isomer 

'R' 

CIS isomer 

Scheme 4.1 

To induce asymmetry during the rearrangement, the group's strategy was to use the 
carboxylate functionality of readily prepared vinyl epoxide ester (84) to generate chiral 
vinyl epoxide amides. The first studies were perfomied with chiral oxazolidinones using 
sealed tube method. For example, the thermal rearrangement was realised with the 
phenyl oxazolidinone (159) leading to four dihydrofuryl diastereoisomers (160,161,162 
and 163), Scheme 4.2.̂ ^ It was found that the overall ratio cis:trans was unchanged 
(9:1) and the diasteroisomeric excess was 20% and 27% in the trans and the cis series 
respectively. When the rean-angement was undertaken with the other enantiomer of the 
oxazolidinone, the ratio between dihydrofuryl diastereoisomers was unchanged. This 
result indicates that the diastereoselectivity is due only to the chiral auxiliary and is 
independent of the epoxide configuration. 
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Y V 
° Ph 

/ < i ^ - < ^ A . A CariusTube (160)57% 161 33% 

j—J Toluene, 
Ph* 180 "C. 12h 

(159) 

Ph ^ Ph 

(162) 6% (163) 4% 

Scheme 4.2 

As the diastereoselectivity is low with the oxazolidinines, alternative chiral auxiliaries 
were explored. Chiral pyrrolidines readily synthesised in our group°° seemed 
appropriate as they lock the rotation of the carbon-nitrogen bond. In a similar fashion to 
the reaction with the oxazolidinone species, the rearrangement was perfomried in 
sealed tubes with these asymmetric vinyl epoxides (164), but afforded only 
decomposed material, Scheme 4.3.°® 

CariusTube ^ ^ O 4 
or autoclave 

—X—-
/ Toluene, 

R 180-200 X. o >Ph R O Ph _ 
(1643) R = Me. ^2-20 h i Y { y 
(164b) R = Ph ' " ^ N ^ ^ V - O 

0 4 O / 

Scheme 4.3 
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4.2. Asymmetric rearrangement by flash vacuum pyrolysis 

As the preparation of enantiomerically pure dihydrofuran would be interesting in tlie 
synthesis of furofurans, an asymmetric version of the rearrangement was one of our 
aims. When the rean^ngement of the sesamyl vinyl epoxide (108) had been optimised 
by flash vacuum pyrolysis (FVP), this method was considered to perform the 
asymmetric version of the thermal rearrangement as it reduced the amount of 
decomposition, compared to sealed tubes. 

As a model study and given that the oxazolidinone route was fully characterised, the 
first attempt was with this substrate. Using an FVP oven at a temperature of 500 °C 
and a pressure of 0.04 mbar, the chiral epoxide (159) was volatilised with a heat gun, 
however the mass balance was only 67% as the heat gun is inefficient to volatilise all 
the starting material. By comparison with the ""H NMR data of the diastereoisomerically 
pure dihydrofurans, it was confirmed that the crude mixture contained the four 
diastereoisomers. The ratio was calculated by the integration of the signals of the 
proton at the C position (6.07, 6.00, 5.98, 5.84 ppm). The rato of the different 
diastereoisomers (160:161:162:163) was 50:36:8:6, giving a diastereomeric excess of 
16% and 14% for the cis and the tmns series respectively. Scheme 4.4. 

° Ph ° ph 

X A FVP (160)50% 

) — ' 500 "C 
p^f 0.04 mbar 

(161) 36% 

(159) \j K ly K 
Y V Y V 

° pĥ  ° Ph 

(162) 8% (163) 6% 

Scheme 4.4 
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Despite the failure to enhance the diastereoselectivity using FVP, the rean-angement of 
the chiral pyrolidine (164b) was considered. Therefore, a sample of this vinyl epoxide 
was rean'anged by FVP using the same conditions described above. The NMR 
spectra of the cmde mixture indicated that all the starting material was consumed but a 
low mass balance was obtained due to a low volatility of the starting epoxide (43%). 
Characteristic signals of the dihydrofuran template were detected (6.53 and 6.67 ppm, t, 
C^H; 5.54 and 5.31 ppm, d, C^H; 5.02 and 4.74 ppm, t, C^H) and confinmed that the 
rean-angement had occun-ed. The two major signals corresponded to the cis isomers 
(165), this was shown by the coupling constant which was 10.5 Hz. The two minor 
compounds were the trans isomers (165) considering the lower value of the coupling 
constant (J=7.2 Hz). The ratio couldn't be detemriined directly by NMR or GC because 
the peaks are overiapping. HPLC analysis (Hypersil ODS, 5 ^m, 25 cm, gradient for 25 
min from MeCNiHzO (10:90) to MeCNtHzO (90:10) then for 5 min to MeCN (100), 1 
mUmin) was then used to calculate the ratio between the four diastereoisomers: 
54:34:7:5, giving a diastereomeric excess of 23% and 16% for the cis and the trans 
series respectively, Scheme 4.5. Unfortunately, diastereoisomerically pure products 
were not obtained and due to a matter of time, no further characterisation could be 
done. 

.o./ '^ Ph 

O Ph 
,0 Ph 

O. .Ph Ph 

Ph N N fc. c/s (165) (54:34) 

^°;L„ Ph Ph Ph 0.04 mbar 
(164b) 

trans (165) (7:5) 

Scheme 4.5 

In conclusion, the thennal rean-angement can be realised in an asymmetric fashion. 
The FVP was a mild method to undertake this reaction as for both of the chiral systems 
it was successful. The diastereoselectivity is relatively low but improvement may be 
achieved by changing the substitution on the chiral auxiliary (Nbutyl is bigger than 
phenyl). The chiral pyrolidine derivative is promising. Syntheses of each 
diastereoisomeric product need to be performed to be able to identify the products 
obtained with the rearrangement with the FVP. 
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Improvement of diastereoselectivity might be obtained by changing the shape of the 
auxiliary. Suppressing the C-N bond rotation of the oxazolidinone intermediates by 
using a chiral pyrrolidine was the first attempt to improve the selectivity of the 
rean-angement. Figure 4.1. If the rotation of the C^-C^ bond is also limited, the 
diastereoselectivity should be improved. Chiral oxazolines should reduce this rotation 
as nitrogen and oxygen have similar volume and electronic effects, Figure 4.1. By their 
electron withdrawing effect oxazolines should activate the rean-angement as a amide. 
This strategy can be explored in future. 

oxazolidinone pyrrolidine 

Ph 

Ph 

C-N bond rotation 
no effect 

oxazoline 

K 

/ 
C1-C2 bond rotation 
limited effect 

Figure 4.1 

4.3. Activation of the rearrangement by Lewis acids 

4.3.1. Introduction 

Although the thermal rearrangement of the vinyl epoxides to dihydrofurans proceed 
efficiently using either FVP or an autoclave system, considering the difficulty of scaling 
up under these conditions, other ways to realise this reaction were considered. The 
hypothetical rTTechariisfrrfdr^the feari'angement involves formation-of the oxonium 
cation followed by a carbon-carbon bond cleavage to lead to a stabilised carbanion. 
Equation A Scheme 4.6. Consequently, to facilitate the rean^angement, electron density 
needs to be withdrawn towards the ester. Therefore, a Lewis acid chelated to the ester 
could activate the process and penult the vinyl epoxide to rean-ange at temperatures 
which would only require traditional equipment. Route B Scheme 4.6. However, a 
competitive reaction can also occur in these conditions as the Lewis acid can 
coordinate to the epoxide favouring its opening, Equation C Scheme 4.6. 
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Scheme 4.6 

To favour coordination to the carbonyl over the epoxide, a bidentate Lewis acid should 
be used with additional chelation by the ester functionality. Similar approaches have 
been reported, for example, an oxazolidinone amide coordinates a Lewis acid between 
the two cartDonyls generating a six membered ring. By this method, Evans activated 
Diels-Alder reactions. Synthesis A Scheme 4.7.̂ ° With a similar concept, Shipman 
used an ethylene glycol ester forming a seven membered ring when the Lewis acid 
was bound to the carbonyl and the free alcohol. Synthesis B Scheme 4.7.̂ '̂̂ ^ 

(A) 

O 

< T T > 

R' CI CI R-

2+ 
2SbF, 

R =H, Me 
R' = f-Bu, Ph 

(B) 

EtOOC 

EtAICIj, 
DCM, -78 °C 

O OH' 
EtOOC 

y>95% 
ee>98% 

,AI- OH 

y=98% 
75:25 

major (S) 

minor (R) 

K coo . 

major OH 

^ O ' 
COOEt 

minor 
OH 

Scheme 4.7 
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Inspired by these two methods, the generation of the oxazolidinone amide, 2-
hydroxyethyl-ester and -amide vinyl epoxide derivatives (R=H 166, 167 and 168) was 
undertaken, Figure 4.2. The choice of these compounds was also based on the 
potential of inducing asymmetry if the reanangement is successful as chiral 
oxazolidinones and amino alcohol are commercially available (R^H), Figure 4.2. 

Ph^M'^ '^^^^^N O P h ' ^ N l ' ' ' " ^ ^ ^ 0 OH Ph^M'-'^^^^i-^NH OH 

y y y 
R R R 

(166), R = H (167), R = H (168), R = H 
(159a). R = Me 
(159b), R = Ph 

Figure 4.2 

4.3.2. Preparation of the vinyl epoxide substrates 

As the vinyl epoxide ester (84) was easily generated, this was the starting material for 

all the activated vinyl epoxides. Based on previous results in the group, hydrolysis of 

the ester to the acid (169) followed by esterification or amidation seemed an 

appropriate route. Scheme 4.8. 

Ph^^<i'-^coR - P h * ' < J - ^ c o o ' ^ p h < ^ < l - ^ C O O E t 

II 
R = -0(CH2)20H, -NH(CH2)20H, "^N^O 

Scheme 4.8 

Following Button's procedure, the hydrolysis of the ester (84) was performed with 

lithium hydroxide in methanohwater (3:1) at room temperature.̂ ® After aqueous work­

up, the acid (169) was obtained in 83% yield. Scheme 4.9. Comparison with the 

previous data confirmed the acid structure. 
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(83%) (169) 

Scheme 4.9 

The amidation and esterification reaction were undertaken under similar conditions. To 
activate the acid, treatment with pivaloyi chloride and triethylamine at -20 C afforded 
in-situ the mixed anhydride (170), Scheme 4.10. Then either oxazolidinone, ethylene 
glycol or ethanolamine was added to the mixture with lithium chloride and led to the 
con-esponding vinyl epoxides (166, 167 or 168). All of these compounds showed the 
characteristic pattern of a vinyl epoxide by NMR, the doublet and doublet of doublet 
for the protons respectively at and C* position between 3 and 4 ppm and the doublet 
of doublet of C^H between 6 and 7 ppm. Yields for the coupling reaction were between 
34 and 47%. 

Ph 

t-BuCOCI, 
O EtaN. 

- < J . ^ < = ^ C O O H 
-20 °C 
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Ph 

O 0 

O 
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LiCI 
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(166) , R = oxazolidinone, y=35% 

(167) , R = -0(CH2)20H. y=47% 

(168) , R = -NH(CH2)20H. y=34% 

Scheme 4.10 

4.3.3. Strategy 

To screen several Lewis acids with the chosen substrates, a combinatorial approach 
seemed appropriate. The use of a GreenHouse parallel synthesiser^*^ allowed 24 
different reactions to be carried out at the same time, but for an efficient process, a 
reliable analytical method was also required. Therefore, both starting materials and 
products needed to be synthesised and analysed before starting the combinatorial 
approach. For convenience, the analyses should allow rapid throughput of samples, so 
GC, HPLC and NMR were investigated as all these instmments have an autosampler. 
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To generate products, standard flash vacuum pyrolysis seemed to be the obvious 
method. Consequently, the freshly prepared oxazolidinone amide and 2-hydroxyethyl 
ester vinyl epoxide (166 and 167) were volatilised and rean-anged in the FVP oven. In 
both cases, the cis dihydrofuran was obtained as the major compound. Scheme 4.11. 
Cisitrans ratio for oxazolidinone derivative (171) (raf/o=11:1) was calculated from the 
integration of the signal of the proton at C position in the 'H NMR spectra (6.11 ppm , 

<rans=6.6 Hz and 5.82 ppm , Ja-ic/s =117 Hz). Similariy, for 2-hydroxyethyl derivative 
(172), cis:trans ratio (8.8:1) was calculated from the integration of the signal of the 
proton at C" position in the Ĥ NMR spectra (5.85 ppm , J3-4 /rans—7.34 Hz and 5.78 ppm , 
J3^c«=11.1 Hz). 

O O / ° N ^ P h o O Ph 

0.04 mbar O ^— 6 

(166) c/s(171) 11:1 frans(171) 

FVP 
. 0 Ph O Ph 

Ph- \ L / ^ - 0 OH „^ ^~\^0 O H + n OH 

^ F V J Y v J 0.04 mbar O ^— 6 

(167) c/s(172) 8.8:1 frans (172) 

Scheme 4.11 

With both the starting material and the products in hand, a general analytical method 

was sought. By GC, the hydroxyethyl ester had broad peaks for both starting material 

and product and they were overiapping. However, HPLC analyses using an RP18 

reverse phase column could separate starting material from product, these were not 

used as the hydroxyethyl derivatives required a different method than the 

oxazolidinone compounds. In ""H NMR, the distinction between starting material and 

product was clear in each case and did not require any change of set-up between the 

two different species. Therefore, analyses of the reaction mixtures were perfomried by 

Ĥ NMR. 
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4.3.4. Rearrangements 

Having synthesised the starting materials and developed an analytical method, the 

combinatorial screening was followed. As a triflate counter ion should be less reactive 

towards the epoxide than halide ions, triflate derivatives were chosen where possible. 

Twelve Lewis acids were selected and used in catalytic amounts (10 mol%). Table 4.1. 

The first attempt was realised at room temperature with the oxazolidinone and ethylene 

glycol derivatives in CDCI3 to allow samples to be submitted directly for NMR 

analysis. The reactions were stirred for 15 hours before being treated with aqueous 

sodium bicarbonate and filtered through a hydrophobic frit directly into NMR tubes. For 

most of the reactions with both epoxides, the starting material was recovered, although 

some contained a small amount of degradation products and a few were completely 

decomposed. In none of the reactions was any evidence of the derived dihydrofuran 

observed. 

Table 4.1 

Cu(OTf)2 Zn(OTf)2 Sc(0Tf)3 Sm(OTf)3 Bu2B0Tf B F s ' O E t z 

SnCU ZnClz MgBr2 Ti(0/-Pr)4 TiCU Ti(0/-Pr)2Cl2 

As most of the reactions left the starting material unchanged, higher temperatures were 

then considered. Therefore, the next set of reactions was canied out in refluxing 

acetonitrile as it afforded a homogeneous system. Three Lewis acids were not used 

again, Bu2BOTf and BF3«OEt2 decomposed the materials at room temperature already 

and SnCU precipitated during the preparation. After 16 hours of heating, the mixtures 

were treated with aqueous sodium bicarî onate and concentrated in a Genevac® 

vacuum centrifuge. After adding water and D chloroform, the solutions were filtered 

through a hydrophobic frit into NMR tubes. Once again, only starting materials and/or 

degradation products were detected. 

4.3.5. Activation by the aryl group 

As the phenyl vinyl epoxide did not rearrange under the previous conditions, it was 

thought that an electron donating aryl group might help the rean-angement by a better 

stabilisation of the cartDOcafion, Scheme 4.12. This aryl group can also activate the 

opening of the epoxide, but attempts were still made to undertake the vinyl epoxide-

dihydrofuran rearrangement. 
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Scheme 4.12 

OR 

The chosen electron donating group was sesamyl as the vinyl epoxide ester (108) has 
been synthesised previously. To prepare the corresponding oxazolidinone amide and 
2-hydroxyethyl ester, hydrolysis of the methyl ester (108) then coupling reaction 
activated by pivaloyi chloride seemed the appropriate strategy as it was successful with 
the phenyl analogues, Scheme 4.13. 

Ar 
4 - < I > ^ C 0 R 

R = -0(CH2)20H, -NH(CH2)20H, 

O 

.COOH 

Ar = 

,COOMe 

Scheme 4.13 

Following the previous procedure, hydrolysis of the methyl ester (108) was attempted 

with lithium hydroxide but only decomposition was observed. Scheme 4.14. To avoid 

degradation during the work up, the acid (173) was extracted continuously during the 

acidification at 0 °C, but this was not successful. Other conditions (LiOH/H202," 

TMSOK^^ Nal/TMSCr*'̂ ®) were attempted but the results were similar. 

98 



COOMe 

Chapter 4 - Improvement of the Thermal Rearrangement 

,0 
hydrolysis 

LiOH.HjO or 
LiOH.HjO, H2O2 or 
TMSOK or 
Nal, TMSCI 

COOH 

Scheme 4.14 

This hydrolysis was certainly difficult because of the electron donating effect of the 
sesamyl group, which probably favoured a nucleophilic attack on the epoxide. This has 
already been discussed in the synthesis of epoxide, section 2.2.2.. Milder conditions 
are required and one possibility is the use of enzymes, for example RLE, even though 
no enzymatic hydrolysis was attempted. 

4.3.6. Conclusions 

The Lewis acid activation seemed a good method to generate the dihydrofuran with 
more convenient equipment. Unfortunately, no evidence of the rearrangement 
occuning was detected. Other Lewis acids can be used, e.g. cationic d/soxazoline 
cupper chloride used by Evans in the previous example, Scheme 4.7 and higher boiling 
solvents can be explored (toluene, xylene). 

With this modified method, the mixture would be stirred for a long time at reflux. As it is 
mentioned for the sesamyl vinyl epoxide-dihydrofuryl reanrangement (Section 2.3.3.), 
some starting material and/or products are not stable at high temperature, so this 
method might not be appropriate, therefore other activating methods were sought. 

4.4. Activation by microwave irradiation 

4.4.1. Introduction 

For the last decade, microwave in-adiation has often been used to perfonn thermal 
rearrangements. The substrate is heated directly as opposed to the reaction vessel, 
which implies that the temperature is homogeneous and less decomposition occurs. 
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To cause heat by microwave irradiation, the mixture needs to contain dipolar molecules 
which are sensitive to an external electric field. The microwave frequency needs to be 
low enough so the molecule has time to respond to the electric field but high enough to 
make it desynchronised with the extemal field. Therefore, the phase difference causes 
energy by molecular frictions and collisions. This phenomenon is helped when the 
mixture contains ions which will move under the influence of the electric field and will 
increase the collision rate.̂ ^ 

By increasing the temperature, sealed vessels can be pressurised. This helps thermal 
reactions such as Diels Alder or dipolar cycloadditions. For example, an intramolecular 
hetero-Diels Alder reaction was performed both in a sealed tube at 110 °C for 24 hours 
(y=94% selectivity 1:4) and in a microwave oven, power 650 W for 14 minutes (y=70%, 
selectivity 1:2.2), Scheme 4.15.̂ '̂̂ ^ 

N C ^ ^ N y To\uene . ^ 

Sealed Tube, 110 oC, 24 h, y = 94% selectivity 1:4 

Microwave, 650W, 6+8 min, y = 70% selectivity 1:2.2 

Scheme 4.15 

4.4.2. Application to tlie vinylepoxide-dihydrofuryl rearrangement 

As microwave irradiation gives good results in the activation of thermal reactions like 
cycloadditions, this process was considered for the activation of the themial 
rean-angement of the vinyl epoxide (84) to the dihydrofuran (85), Scheme 4.16. The 
microwave apparatus used measured simultaneously the temperature and the 
pressure as the reaction vessels are sealed. These two parameters are the key factors 
of the thennal rean-angement. 

microwave 
XOOEt 

O.. ^Ph 

inradiation COOEt 

(84) (85) 

Scheme 4.16 
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In a first attempt, a mixture of the vinyl epoxide (84) in toluene was irradiated in the 
microwave at a power of 300 W and a maximal temperature of 200 "C. The GC of the 
crude mixture just showed the starting material. As it took over 7 minutes to reach the 
maximum temperature and the generated pressure was only 45 psi, toluene was not 
thought to be the best solvent. 

Choosing a solvent with a higher dipolar moment, reaction in DMSO was consequently 

attempted. In this case, a temperature of 200 °C was reached after three minutes and 

the pressure increased to 150 psi. The cmde mixture was black and the GC analysis 

confinned total decomposition. 

Since the reaction did not worî  in DMSO, another solvent system was required. Ionic 
liquids have been reported to increase the rate of collisions and so the heat. A catalytic 
amount of these is often added to traditional solvent in microwave experiments. For 
example, the Diets Alder reaction between the ethyl acrylate and the 2,3-
dimethylbutadiene, traditionally needs to be in refluxing toluene or xylene for 18 to 24 
hours to generate the cycloadduct (175) in a yield between 9 and 90%, Scheme 4.17. If 
the reaction is activated by a Lewis acid such as aluminium chloride, it yields in 5 hours 
to the cycloadduct in 73% yield. Using a catalytic amount of ionic liquid (174) in toluene, 
the reaction was performed in 5 minutes (P=100 W and T=200 °C) in 80% yield.̂ ° 

< ^ C O O M e 
(174) 

toluene 
microwave 
5 min, y=80% 

COOMe 

(175) 

To compare: 
reflux. 18-24 h. y=9-90% 
AICI3 cat. 5 h. y=73% 

Scheme 4.17 
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Therefore, a mixture of toluene and ionic liquid was then considered to cany out the 
studied thermal rean-angement. As 1-butyl-3-methyl-imidazolium hexafluorophosphate 
was available from another research group, this was used as ionic liquid and added in 
a catalytic amount in toluene. Using this system, the reaction mixture was heated 
between 190 and 230 °C at a pressure between 70 and 130 psi for ten minutes. The 
crude mixture contained mainly starting material with trace of decomposition. When the 
reaction was attempted with the same mixture for 5 minutes with a maximum 
temperature set at 250 °C, the pressure was between 160 and 230 psi and the 
temperature reached 265 °C. Despite these harsh conditions, starting material was 
collected and no product was detected by GC analysis. As the microwave equipment 
was available only for a week-trial, no further attempts were made to achieve the 
rean-angement with microwave activation. 

4.4.3. Conclusion on tlie microwave irradiation study 

Disappointingly, even when the microwave in-adiation generated a high temperature 
and pressure, no rearrangement occurred. As all the parameters were not explored, 
further investigation of this methodology may yet prove fruitful. The concentration of the 
solution, the amount of solution in the vessel and the power of the microwave oven 
were unchanged during the few experiments attempted and these might be good 
factors to look at in future. 

4.5. Conclusions on the improvement of the thermal rearrangement 

In general, the activation of the rearrangement of the vinyl epoxide was not successful. 
The electron-donating aryl group on the vinyl epoxides can help the rean-angement 
activated with Lewis acids. The preparation of these starting materials needs to be 
improved pertiaps by perfomiing the ester hydrolysis via an enzymatic way. 
Concerning the microwave in°adiation, only few experiments have been realised and 
there are still different parameters not yet explored such as the concentration and the 
power of the oven. 

Similariy, the studies on the rean-angement of chiral vinyl epoxides have not been 
finished but results seem promising when it is undertaken by flash vacuum pyrolysis. 
Final dihydrofurans need to be synthesised to identify the products generated during 
the thennal rearrangement. 
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Chapter 5 - Synthesis of fumpyrroles 

5.1. introduction 

The strategy used to generate furofurans provides a short route which leads to all 
possible diastereoisomers. It would be interesting to extend this method to the 
synthesis of aza analogues, furopyrroles, Figure 5.1. No naturally occuring furopyrroles 
are known. Only oxidised furopyrroles such as B or C have been synthesised, but no 
preparation of furopyrrole with minimal oxidation as A have been reported. Considering 
that biological properties have been reported for most furofuran lignans and that a large 
number of biologically active compounds contains nitrogen heterocycles, it would be of 
interest to produce furopyrroles and test their biological activities. 

Furofuran 

Furopyrrole A 

A " 
I 
R 

Furopyrrole B 

Ar 

R 

Furopyrrole C 

Figure 5.1 

5.2. Strategies 

Using the furofuran strategy, the nitrogen of the furopyn-ole can be introduced into the 
bicyclic compound in two ways, Scheme 5.1. This may be achieved by a thennal 
rean-angement of a vinyl aziridine (179) to give a 2-pyn-olidine (177), (Route A) or by 
the acid mediated cyclisation of a dihydrofuryl amine (182) and an aldehyde (Route B). 
The amine (182) can be obtained from the dihydrofuryl ester (85) by amidation followed 
by reduction of the amide (181). 
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COOMe 

vinyl aziridine (179) 

Route (B) 

CH,NHR COOEt 

Furopyrrole (180) dihydrofuryl amine 
(181) R" = CONHR 
(182) R" = CHjNHR 

(85) 

Scheme 5.1 

5.3. Vinyl aziridine - 2-pyrrolidine rearrangement 

5.3.1. Introduction 

Only a few examples of the rearrangement of vinyl aziridines to 2-pyrrolidines are 

reported in the literature. The mechanism has been studied by two different groups and 

is assumed to be similar to the rean-angement of vinyl epoxides to dihydrofurans 

described in section 2.3.®̂ '®̂  It is generally believed to involve a 4n electron conrotatory 

opening of the aziridine affording an iminium ion, followed by a 671 electron disrotatory 

closure, Scheme 5.2. The thermal rean-angement shows some diastereoselectivity and 

leads preferentially to the cis 2-pyn-olidine. It is presumed that the transition state 

leading to the trans 2-pyrrolidine is less favoured due to more steric hindrance than the 

one which leads to the cis structure. 
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4n electron 
conrotatory 
opening 

R H R. 

>" - ) 

minor 

671 electron 
disrotatory 
closure 

major 

R" 

^ R -

frans Isomer 

c<s isomer 

Scheme 5.2 

Hudlicky used this rearrangement in the synthesis of natural products, Scheme 5.3.®^*' 
This thennal reaction was the l<ey step in the synthesis of Platinecine, 
Dihydroxyheliotridane, Retronecine and Heliotridicine, Scheme 5.3. 

FVP 
480°C H COOMe H COOMe 

N-'^^'N^i^ COOMe 

(Cleavage C-C only) 

X= O. OH, OTBDMS 

Platinecine Dihydroxytieliotridane Retronecine Heliotridicine 

Scheme 5.3 

During these studies, Hudlicky also observed some by-products (184 and 185); These 

were attributed to the competitive cleavage of the carbon-nitrogen bond, Scheme 5.4. 

The bicyclic product (184) was obtained directly by attack of the carbanion on the 

nitrogen and the second compound (185) was obtained by deprotonation a to the 

nitrogen. 
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cleavage 
c-c 

FVP 

COOEt 550-C 
10-6mmHg 

C-N 

COOEt 

COOEt 

COOEt 
I 
% -r 

COOEt 

(183)45% 

COOEt 

(184) 10% 

^ COOEt 

(185) 45% 

Scheme 5.4 

To avoid the carbon-nitrogen cleavage, Borel implied that the cation (186) obtained by 
the conrotatory opening needs to be stabilised and so favour the cleavage of the 
carbon-carbon bond. For this reason, Borel used a phenyl group at the position so 
that a benzylic carbocation (187) was generated. Scheme 5.5.®^ 

I 
R" 

f) J ) 
Ph"'^ R" Ph-^+ R' 

(186) (187) 

Scheme 5.5 

Preliminary studies in the group had explored the rean-angement of the vinyl aziridine 
(190), Scheme 5.6.®^ The aziridine was generated via the opening of the con^esponding 
epoxide with sodium azide followed by in-situ reduction and aziridine fonnation with 
triphenylphosphine and acetic acid, and protection with a benzoyl group. Scheme 5.6. 
The protection of the aziridine with a benzyl chloride was unsuccessful. 
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PPh„ MeCN 

AcOH 
46% 

CH„Ph 

PhCHjCI, 
NEtg, -10 °C 
DCM 

COOEt 

(189) 

H 
I 

,COOEt 

(188) 

COPh 

PhCOCI, NEtj 
-10 °C, DCM 
73% 

COOEt 

(190) 

Scheme 5.6 

In this previous study, the vinyl aziridine-pyn-olidine rean-angement was attempted with 
the protected aziridine (190) under different conditions, such as refluxing benzene or 
heating in toluene in a sealed tube, both with silylated or untreated glass tubes, but 
never by flash vacuum pyrolysis (FVP).^* Either the starting material was partly 
recovered or it just resulted in decomposition, Scheme 5.7. This might be due to amide 
tautomerisation which would reduce the reactivity of the aziridine and the participation 
of the nitrogen in the cariDon-cartJon cleavage. As mentioned previously, it is important 
to stabilise the carisanion generated by the iminium intennediate which was not 
possible in this case. 

thermal 

Ph ̂ r<X.-~5^ COOEt rearrangement 

(190) 

decomposition 

COOEt 

no C-C cleavage possible 
but C-N cleavage favoured 

Scheme 5.7 
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5.3.2. Aza Darzens condensation 

5.3.2.1. Introduction 

Given the problems reported in the synthesis of the vinyl aziridines, alternative 
strategies were then considered. As the Darzens condensation afforded the vinyl 
epoxide directly from the aldehyde, it seemed reasonable to attempt the same reaction 
starting with an imine. Scheme 5.8. 

At 
vinyl epoxide 

Darzens 
condensation + Br.^^,,.<:^COOMe 

Ar = Ph, 

Ph 
COOEt 

vinyl aziridine 

Aza Darzens 
condensation 

Ph 

J + Br , . .^^ , ,^COOMe 

Scheme 5.8 

Sulfonium compounds are known to generate epoxides or aziridines from the 
corresponding aldehyde or imine. Synthesis of vinyl aziridine have been reported by 
Dai starting with an imine and 4-bromodimethylsulfonium crotonate (191), Scheme 
5 g 86,87 ||.̂  ggp^ pggg g ĵjgyl jĵ jĵ g yggjj gp,(j jf̂ g gpyl group was phenyl or p-

methyl-, p-methoxy-, p-chloro- or p-nitro-phenyl. The reported yields were between 35 

and 50%. 

(191) 

K2CO3 
MeCN 

(35-50%) 

Ts 
I 
N 

COOMe 

R = H, Me, MeO, CI, NO, 

Scheme 5.9 
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5.3.2.2. Preparation of the imine 

Two imines were selected for the aza Darzens reaction, /S/-benzyl benzylimine and N-

tosyl benzylimine (192). The Darzens condensation should be easier with the /V-tosyl 
imine than with the A/-benzyl one, since the sulfone (193) stabilises the anion 
generated by the nucleophilic attack of the bromocrotonate anion, Scheme 5.10. 
However, the tosyl amide might reduce the reactivity of the aziridine during the thennal 
rearrangement as obsen/ed previously with benzoyl aziridine (190). It would be 
interesting to study these two systems. 

Ph 
J O 

(192) 

Brv,^^--i^COOMe 

+ base 

Tol = p-MeCgH^ 

Ph 
COOMd 

Br (193) 

? 

O 
Ph COOMd 

Br 

Ph 

N 

J ) 
+ base 

(195) 

PhCH,. 

Ph ^s^^ COOMe 

Br 

Ph 

Ts 
I 

(194) 

Ph 

CH,Ph 

*^<IiU^COOEt 
(196) 

Scheme 5.10 

The /S/-benzyl benzylimine (195) should have the opposite behaviour to the tosyl as it is 
an electron donating group. The advantage of the A/-benzyl substitution is that 
cleavage of this protecting group is facile (e.g.hydrogenation). The AZ-benzyl 
benzylimine was prepared from benzaldehyde and benzylamine in chlorofomi, Scheme 
5.11. After concentration of the chlorofomi, the imine (195) was obtained in 95% yield. 
The Ĥ NMR spectmm showed a peak at 8.42 ppm for the CH=N and the IR spectmm 
had a band at 1643 cm"̂  characteristic of the C=N bond. 

PhCHO + PhCH,NH, 
CHCI3, rt 

(95%) Ph 

N 

J 

(195) 

^Ph 

Scheme 5.11 
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A/-tosyl benzylimine (192) was prepared following Jennings' procedure.^ This involved 
adding a solution of titanium tetrachloride in DCM to a mixture of benzaldehyde, 
triethylamine and p-toluene sulfonamide at 0 °C, Scheme 5.13. The crude product was 
recrystallised from petrol:toluene (4:1) and pure A/-tosyl imine (192) was obtained in 
78% yield. As previously for the AZ-benzyl imine (195), the NMR (singlet at 9.03 
ppm) and IR (band 1597 cm"̂ ) confirmed the imine functionality. The electron 
withdrawing tosyl group influenced the spectra as it shifted the proton to higher field 
and decreased the IR stretching frequency value. 

= \ NEt3, TiCI, 
PhCHO+ H ,N-S—^ )) ^ N " U ~ ^ / / 

" DCM.O°C j j O 
Ph' 

(78%) (192) 

Scheme 5.13 

5.3.2.3. Aza Darzens condensation 

Following the procedure established to obtain the sesamyl vinyl epoxide, LDA was 
added to a solution of /S/-benzyl benzylimine (195) and bromocrotonate (106) in THF at 
-20 "C. No reaction was observed at this temperature so the mixture was warmed to 
room temperature. The colour of the solution changed indicating that the deprotonation 
of the bromocrotonate occurred, however no vinyl aziridine (196) was formed and the 
starting materials were recovered. The carbon of the imine is less electrophllic than that 
of the aldehyde, hence the reaction requires more forcing conditions (e.g. higher 
temperature). Altematively to increase the electrophilicity of the carbon, electron 
density needs to be withdrawn from the nitrogen. One way to do this is by adding a 
Lewis acid to the reaction mixture. Figure 5.2. 

' ' ' ~ ^ N : - * Z n C I , P ^ - ^ N " ^ ^ ' 

Ph' Pti 

Figure 5.2 
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No reaction was observed after two days when LDA was added to a mixture of N-
benzyl benzylimine (195), bromocrotonate (106) and zinc chloride. No change of colour 
was observed suggesting that deprotonation had not occured. Thinking that the zinc 
chloride may have inhibited the deprotonation, the order of addition was reversed. 
Addition of LDA afforded the expected colour change indicative of deprotonation and 
then the Lewis acid was added. However, this attempt led only to an insoluble 
polymeric material. The polymerisation could be due to incomplete deprotonation which 
could then lead to different type of condensation. Scheme 5.14. The bromocrotonate 
cartDanion might also be instable generating a reactive cariaene. Even though different 
bases or Lewis acids could be explored, no further attempt was made. 

Br COOMe Base 

H (106) 

polymer 

,COOMe 

0:-»- ZnClj 
Br COOMe 

(106) 

MeO OZnCI 
Brv. . . ^ ^ C O O M e 

MeOOC.^ ^Br Base MeOOC^ -i?v<-,Br 

H H H 

MeOOC 

Scheme 5.14 

As mentioned in Section 5.3.2.2, the W-tosyl benzylimine (192) should react faster with 
the crotonate ion than the /V-benzyl benzylimine (195) because of the electron 
withdrawing effect of the sulfone group increases the electrophilicity of the imine. The 
aza Darzens condensation was attempted by addition of LDA to a solution of imine 
(192) and crotonate (106) at room temperature. After purification by flash 
chromatography, a pure product was obtained in a 17% yield; elemental analysis was 
consistent with the molecular formula (C19H19NO4S) but the DEPT analysis showed the 
presence of a CH2 (54.9 ppm) in the molecule which did not fit with the expected 
aziridine (194) structure. Ultimately, an X-ray crystal structure detemiination revealed 
that this 'aza Darzens' reaction led to the 3-pyn-olidine (197), Scheme 5.15. 
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Ts 

Ph J 
+ Br^,^^.x-5>s^ COOMe 

(106) 

LDA 

Ts 
I 

COOMe 
(197) 

LDA 

Ph 

Ts 
I 

^ K j U ^ C O O M e 

(194) 

Scheme 5.15 

One of the proposed mechanisms which leads to this pynrolidine involves the attack of 
the carijanion followed by a hydrogen shift and cyclisation with the loss of bromide, 
Scheme 5.16. Another proposed mechanism is the fomriation of the expected 
vinylaziridine (194), its rean-angement to the 2-pyrrolidine (198) and the hydrogen shift 
to the 3-pyrrolidine (197). 

Brx,̂ ^X'-̂ >v^ COOMe LDA COOMe """̂ "-N 

Hydrogen 

COOMe COOMe COOMe 

B'^ \ . x ' - ' - ^5s^ COOMe + jj 

P h ^ 

Ts 

\ shift 
COOMe 

(197) 

Hydrogen 

COOMe 

(194) 

rean'angement 

Ts 
I 

-N , ^Ph 

COOMe 

(198) 

Scheme 5.16 
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Synthesis of vinyl aziridine (194) has been reported by Dai starting with tosyl 
benzylimine (192) and the 4-bromodimethylsulfonium crotonate (191).®® As the 
sulfonium carries a positive charge, it might stabilise the carbanion at the C position 
and avoid the generation of 3-pyrrolidine, Scheme 5.17. 

B r ; s COOMe 

(191) 

base 

Ts 

(192) 

+ base 
COOEt 

(194) 

, COOMe 

Scheme 5.17 

To synthesise the vinyl aziridine, the sulfide analogue of the bromocrotonate was first 

prepared following Nordlander's procedure*® and the aza Darzens reaction was then 

attempted under Dai's conditions. Scheme 5.18. Once again, 3-pyrrolidine (197) was 

generated in a 25% yield. 

(106) 

MejS 
dry acetone K2CO3 

MeCN 

Br-
I N' 

' S v ^ ^ - ^ C O O M e + Jl 

(191) (192) 
K2CO3 
MeCN 

Ts 
I 

, COOMe 

(194) 

Ts 

COOMe 

(197) 

Scheme 5.18 
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5.3.3. Conclusion 

In our hands, the aza Darzens condensation did not provide a viable route to vinyl 
aziridines (194 and 196) but instead led to the fonnation of an isomeric 3-pyn'olidine 
(197). Other methods can be used to obtain the expected vinyl aziridine, for instance 
via the amino alcohols (199 and 200) which can be prepared from the con-esponding 
epoxide (84), Route A Scheme 5.19. Another way to prepare a vinyl aziridine can be by 
a Wittig reaction on aldehyde (201).^° This can result from the attack on an imine by a 
cartDene generated from a diazoester followed by ester reduction to the corresponding 
aldehyde (201), Route B Scheme 5.19. The aziridine method was not pursued any 
further and the focus was turned to the acid mediated cyclisation of the dihydrofuryl 
amine. The results on this route are presented in the next section. 

Route (A) 

PPh, 

Ph 
COOEt 

Route (B) 

R 
I 

,N 
Wittig 

,COOEt 

R-. NH 

Ph 
COOEt 

DEAD 
+ (199) RNH, 

OH 

Ph 
COOEt 

•^N-R (200) 

XOOEt 

(84) 

1. N=N= 
COOMe 

Ph ̂ T<j^CHO 2. Reduction 

(201) 

PhCH=NR 

Scheme 5.19 

5.4. CycDisation of the dihydrofuryl amine 

5.4.1. Introduction 

The second strategy consisted of the acid catalysed cyclisation of a dihydrofuryl amine 
to lead to the furopyrrole (180) skeleton. As the dihydrofuryl ester (85) synthesis was 
previously studied, this compound seemed a good starting point for the generation of 
the corresponding amine. The retrosynthesis consists of the amidation of the ester (85) 
followed by the reduction of the amide (181) to the corresponding amine (182). 
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Furopyrrole (180) 

CH2NHR 

dihydrofuryl 
amine (182) 

^CONHR 

dihydrofuryl 
amide (181) 

O. ^Ph 

COOEt 

dihydrofuryl 
ester (85) 

Scheme 5.20 

5.4.2. Generation of dihydrofuryi amines 

5.4.2.1. Amidation from the ester 

The synthesis of the dihydrofuryl amides (181) was first attempted directly from the 
ester. As the amides are more stable than their con-esponding esters, an equilibrium 
between the two species should thennodynamically lead to the amide. Therefore, the 
first conditions used were stining the dihydrofuryl ester (85) with benzylamine in 
refluxing toluene. Scheme 5.21. It was observed by NMR that a new product was 
obtained and after purification by fiash chromatography, it was determined to be the 
trans dihydrofuryl ester (85). The GC-MS showed two peaks with the same molecular 
weight, the NMR revealed that the two compounds had the same pattern but the 
coupling constants between the two hydrogen at the and positions were different 
( Ja^ c/s= 11 Hz and Ja^ fr8ns= 7.5 Hz). To increase the nucleophilicity of the ethoxide, 
Scandium(lll) triflate was added and 4 A molecular sieves were used to trap the 
generated ethanol. Unfortunately, only a slow epimerisation at the position of the 
starting cis ester (85) was observed. 

'COOEt 

Cis (85) 

PhCH2NH2 

X — 
toluene, reflux 

PhCH2NH2 

toluene, reflux 

CONHCH,Ph 

' COOEt 
trans (85) 

Scheme 5.21 
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Another reported approach is the generation of the lithium aluminium amide (202) from 
lithium aluminium hydride and the amine, followed by the addition of the ester to 
produce the expected amide. Scheme 5.22.*''̂ ^ Solladi6-Cavallo used this approach in 
the synthesis of hydroxyamides, example A Scheme 5.22. Preparation of the lithium 
aluminium amide (202) was perfomried in anhydrous ether or THF at room temperature 
with four to five equivalents of various amines (Pr, /-Pr, t-Bu, PhCH2) for one equivalent 
of LiAIH4. Then, the ethyl 2-hydroxy-propanoate was added slowly to the generated 
complex (202). The yields of the amidation were excellent (81-100%). In some cases, 
reduction of the ester was observed as a minor competitive reaction. Following the 
same protocol, Leduc, converted the 16 ethyl esters of a dendrimer to the 
corresponding n-butyl amides, example B Scheme 5.22. 

OH 

4 RNH2 COOEt OH 
(A) LiAIH, *^ LiAI(NHR), ^ I 

THF, RT - ^ C O N H R 

R= Pr, /-Pr, f-Bu, PhCH '2 

4 BUNH2 DEND-COOEt 
(B) LiAIH. l-iAI(NHBu)4 ^ DEND-CONHBu 

THF, RT 

DEND = Dendrimer 

Scheme 5.22 

Following this procedure, use of benzylamine and the c/s dihydrofuryl ester (85) led to 

an intractable mixture of products. Scheme 5.23. Consequently, this method was also 

abandoned and attention was turned to a multistep strategy described in the next 

section. 

LiAIH^ 

4 PhCHjNHj 

O Ph LiAKNHCH^Ph), O Ph 

\ X — ^ — -

^COOEt ^CONHCHjPh 
(85) 

Scheme 5.23 

118 



Chapter 5 - Synthesis of furopyrroles 

5.4.2.2. HydroDysis of the ester 

With the failure of methods to achieve direct conversion of the ester to the amide, a 

multistep approach was then followed via hydrolysis to the acid and subsequent amide 

bond formation. The hydrolysis of the dihydrofuryl ester (85) was achieved with lithium 

hydroxide in methanol:water (3:1) according to the method of Yamaguchi, Scheme 

5.24.^ The addition of the base was done at 0 "C and, after allowing to warm to room 

temperature, the reaction mixture was stin-ed for three hours. The methanol was 

removed in vacuo and the unreacted ester was extracted into ether. After an acid-base 

extraction, the dihydrofuryl acid (203) was collected in 90% yield. The acid functionality 

was confinned by the characteristic bands in IR spectrum (3450 cm"^ (OH), 1736 cm"^ 

(C=0)). Epimerisation at the centre occun-ed during the basic hydrolysis as the 

coupling constant between the protons at the and con-esponded to a trans 

configuration ( J 3 ^ = 7.2 Hz). The generated acid (203) was not stable and could not be 

fully characterised. Consequently, it was subsequently used in the next step without 

further purification. 

O Ph LIOH.H2O / ^ x ^ P t i 

Q : — - I T 
^ C O O E t MeOHiH^O ' C O O H 

(3:1) 
(85) (90%) (203) 

Scheme 5.24 

5.4.2.3. Amidatoon from the ac id 

Different methods can be used to transform an acid to an amide, for example the acid 

can be activated with coupling reagents or as the acid chloride or mixed anhydride. The 

first methods attempted with the dihydrofuran system were through the formation of the 

corresponding acid chloride. Both thionyl and oxalyl chlorides were tried but only 

decomposition was observed. Scheme 5.25. 

Ph SOCIjOr 

••COOH (C0CI)2 

Ph 

COCI 

RNH, 

CONHR 

Scheme 5.25 
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Similar to the chloride acid strategy, carbonyldiimidazole (ImidzCO) has been also 

utilised to generate amides, Scheme 5.26. When this method was applied to the 

dihydrofuryl acid, only decomposition was observed. 

, 0 . ^Ph ImidjCO 

X ' 
" C O O H 

+ CO2 + Imid 

RNH, 

LiCI 
Imid 

CONHR 

Scheme 5.26 

There are many peptide coupling strategies available in literature and a large number 

of these were explored. The amidation was tried with various coupling reagents, Figure 

5.3. With dicyclohexylcartjodiimide (DCC) and dimethylaminopyridine (DMAP), no 

reaction occun-ed. PyBOP*® and HATU^® in the presence of diisopropylethylamine 

(DIPEA) were then attempted following respectively Coste and Albericio's procedures 

but it resulted in a complete decomposition of the material. 

D C C N 
PyBOP 

NMe, 

N 
HATU 

Figure 5.3 

Another way to activate an acid is by forming a mixed anhydride. Therefore, the acid 

(203) was combined with triethylamine and trimethylacetyl chloride (pivaloyi chloride, t-

BuCOCI) at - 2 0 °C under argon. Scheme 5.27. After two hours, n-butylamlne and one 

equivalent of lithium chloride were added and the resulting mixture was warmed to 

room temperature and stinted overnight. After aqueous work-up, the cmde product 

contained both the expected butyl amide (204) and some pivalamide (205). The 

pivalamide by-product (205) was removed by Kugelrohr distillation (T=125 °C and 

P=0.2 mbar) and the residual product was purified by flash chromatography giving the 

required dihydrofuryl amide (204) in 64% yield. Elemental analysis was consistent with 

the molecular fomiula and the IR spectrum contained the expected characteristic 

bands of an amide (3291 cm"^ (NH); 1645 cm \ 1553 cm"" (CONH)). 
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f-BuCOCI 
EtgN, 

COOH -20 °C 

(203) 

O Ph BuNH, 

LiCI 

. 0 . ^Ph 
+ NBuCONHBu 

CONHBu 

(204) (205) 

Scheme 5.27 

As the activation method seemed successful but led also to the pivalamide (205) and 

therefore reduced yield, other mixed anhydrides were tried. As the selectivity was not 

good with pivaloyi chloride, the larger diphenylacetyl anhydride was fonned under the 

same conditions with diphenylacetyl chloride, Scheme 5.28. The selectivity was worse 

with only 35% yield and the diphenylacetamide (206) was harder to remove from the 

mixture. 

PhjCHCOCI 
Ph Et,N, 

COOH 

(203) 

-20 °C 
' I f 

Ph 

Ph 

O 

BuNH, 

LiCI 0: Ph 

+ Ph2CHCONHR 

CONHBu 

(204) (206) 

Scheme 5.28 

Then, ethyl chlorofonnate (CICOOEt) and triethylamine were used at room 

temperature, Scheme 5.29. With this activation, the amine attack should be more 

favoured on the ester than on the carbonate. The conversion was not complete 

(approximately 70%) and only a small amount of product was collected after 

purification by flash chromatography (yield 20%). This method was not further 

optimised. 

^Ph CICOOEt 

COOH EtjN 
O J 

RNH, 
+ Eton + C O , 

CONHR 

Scheme 5.29 
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Similarly, dimethylsulfamoyi chloride (Me2NS02CI) was reported to activate carboxylic 
acids for the preparation of esters and amides, Scheme 5.30.^°° Different amines {t-
butylamine, piperidine) were coupled with various acids (cyclohexylcarboxylic acid, 
benzoic acid, crotonic acid, 3-phenyl propanoic acid) in excellent yield (92-97%). 

BujNMe 
MezMSOjCI 

RCOOH + R'R"NH * - RCONR'R" 
DMAP, MeCN 

92-97% 

R=CeHi2 R'= f-Bu, R " = H 

R'.R" = (CH2)5 

Scheme 5.30 

Following this precedent, a solution of n-butylamine, N,N-dimethylethylamine and 

DMAP in acetonitrile was added to a solution of dihydrofuryl acid (203) and 

dimethylsulfamoyi chloride in acetonitrile at 45 "C, Scheme 5.31. The resulting mixture 

was stin-ed for three hours at this temperature before being quenched with water. The 

NMR spectrum of the cmde product did not show any amide (204) and this route 

was also abandoned. 

Me/JSOjCI 
DMAP 

COOH MeCN, 45 °C 
0^11-NMe. 

BuNH 

CONHBu 

Scheme 5.31 

At this stage, it was accepted that pivaloyi chloride represented the optimum coupling 

reagent and no further modifications were explored. Under the same conditions used 

previously, different amides were synthesised from ammonia (gas), ethylamine, 

isopropylamine, butylamine, benzylamine and allylamine, Scheme 5.32. 
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LiOH.H20 

(85) 

COOEt MeOHrHjO 
(3:1) 

90% 

f-BuCOCI 
EtaN. 

COOH -20 X 

(203) 

R yield 

(207) H 58% 
(208) Et 58% 
(209) I-Pt 40% 
(204) n-Bu 64% 
(210) CHjPh 70% 
(211) allyl 47% 

RNHj 
LiCI 

(+ f-BuCONHR) 

• CONHR 

Scheme 5.32 

In all cases, the trans configuration of the amide was obtained and confimned by the X-

ray crystal structures of the AZ-ethyl and /V-butyl dihydrofuryl amide. Figure 5.4. 

Trans (208) 
NI8l^<kjo(7) R= Et 

cnoA) 

C(15A) 
Trans (204) 
R= Bu 

CONHR 

CI12A) 

CI13A) 

C(14A 

Figure 5.4 

Given the very rapid epimerisation that occurs during the hydrolysis of the cis 

dihydrofuryl ester (85), only trans amides can be synthesised with this route. Therefore, 

another method was needed to generate the cis amide. Logically, it was thought that 

this could be achieved through thermal rearrangement of a vinyl epoxide containing an 

amide instead of an ester. Scheme 5.33. The desired vinyl epoxide amide could be 

prepared from the ester (84) by a similar sequence to that described above, via 

hydrolysis with lithium hydroxide followed by amidation activated by pivaloyi chloride. 
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'CONHR 

CIS dihydrofuryl amide vinyl epoxide amide vinyl epoxide ester 

Scheme 5.33 

The hydrolysis of the ester (84) was performed with lithium hydroxide in methanol and 

water at room temperature. Scheme 5.34. This procedure led to the expected acid 

(169) in 83% yield identified by comparison with the data already reported in the 

group.°° The acid was not further purified and was used immediately in the next step. 

LiOH.HjO 
COOEt 

MeOH:H20 (3:1) 
(83%) 

Scheme 5.34 

COOH 

The amidation with butyl and allyl amines was then achieved by activation with the 

pivaloyi chloride to form the mixed anhydride in situ, Scheme 5.35. After purification by 

flash chromatography, the A/-butyl and A/-allyl vinyl epoxide amides (212 and 213) were 

obtained in 78% and 65% yields respectively. The structures were confirmed by the IR 

spectra showing characteristic peaks of an amide at 1661 cm'^ for the butyl amide 

(212) and 1669 cm'^ for the allyl amide (213). 

t-BuCOCI, 

.COOH ^*3N. , 

-20 °C 
(169) 

UCI o 
* - ^ X ^ ^ x - ^ i ^ C O N H R 

RNHj 
(212) R=n-Bu.y=78% 
(213) R= allyl, y=65% 

Scheme 5.35 

With these amides in hand, the rean'angement of the vinyl epoxide amides (212 and 

213) was carried out in the FVP apparatus at 500 °C (cf. reaction with esters). Scheme 

5.36. After purification by flash chromatography, the con-esponding /V-butyl and A/-allyl 

cis dihydrofuryl amides (204 and 211) were obtained in 7 1 % and 63% yields 

respectively. The cis configuration was confimied by the coupling constant (J3-4=11-1 

Hz for both compounds) calculated with the C^H doublet (5.82 ppm for butyl amide 

(204) 5.77 ppm for allyl amide (211)) in the NMR spectra. 
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Flash Vacuum 
Pyrolysis / N^*^^ 

X O N H R 

oSmbar ^^ONHR 

(212) R= n-Bu cis (204) R= n-Bu, y=71% 
(213) R= allyl c/s (211) R= allyl, y=63% 

Scheme 5.36 

5.4.2.4. Reduct ion of the dihydrofuryl amides to the amines 

Following the precedents established in the ester series, the reduction of the trans N-

butyl dihydrofuryl amide (204) to the con-esponding amine (216) was attempted with 

lithium aluminium hydride (LAH) in ether at - 2 0 °C. The reaction was followed by TLC 

and by NMR of small quenched samples. No reduction was noticed at this temperature 

so the reaction was warmed to room temperature. The reaction also seemed slow at 20 

°C and was then heated to reflux. The speed of the reaction increased but was not 

complete even after five days. The reduction was then achieved with LAH in refluxing 

THF and was completed after two days, Scheme 5.37. The trans A/-butyl dihydrofuryl 

amine (216) was obtained in a 92% yield after purification by flash chromatography. 

The IR spectra showed a broad peak at 3328 cm'^ of the NH and no peaks at 1645 and 

1553 cm'^ confirming the reduction of the cariaonyl group. 

/ O v ^ P h LAH, THF. \ _ Y 

^ - m N H R reflux, 48 h " C K N H R 

(207) R= H (214) R= H, decomp 
(208) R= Et (215) R= Et. y=74% 
(204) R= n-Bu (216) R= n-Bu, y=92% 
(211) R= allyl (217) R= allyl, y=85% 

Scheme 5.37 

Following the optimised procedure, the reduction of the frans A/-ethyl and W-allyl 

dihydrofuryl amide (208 and 211) gave the frans W-ethyl amine (215) in 85% yield and 

the frans A/-allyl amine (217) in a 74% yield. Surprisingly, the reduction of the primary 

amide (207) led only to decomposed material. The temperature was then decreased to 

avoid this degradation but decomposition still occured. An alternative strategy for the 

primary amine could involve the deprotection of the con-esponding A/-allyl amine (217) 

with Wilkinson's catalyst. Scheme 5.38. 
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Following a successful procedure used previously in our group, the deprotection was 
attempted but only starting material was detected by NMR. Attempts to distil off the 
generated ailyl alcohol which is thought to poison the rhodium catalyst failed to give the 
expected primary amine (214) and only the starting allyl amine (217) was recovered. 

O Ph 

(217) 

(Ph3P)3RhCI 

X ' 
MeCNiHjO 
(4:1), reflux 

' " ' . ^ N H , 

(214) 

Scheme 5.38 

5.4.3. Attempts of direct cyc l isat ion 

With different traris secondary dihydrofuryl amines in hand, attention was turned to the 

cyclisation which should lead to the furopyn-ole skeleton (218). In a similar fashion to 

the furofuran, the furopyrrole can be obtained by the formation of the iminium salt (220) 

followed by the cyclisation and quenching of the oxonium ion (219), Scheme 5.39. 

MeO 

H MeOH 

(218) (219) (220) 

ArCH(0Me)2 

TMSOTf CHjNHBu 

(216) 

Scheme 5.39 

In the optimised cyclisation to the furofuran, the dihydrofuryl alcohol was added to a 

mixture of dimethyl acetal and trimethylsilyl triflate (TMSOTf). Following the same 

procedure, the dihydrofuryl amine (216) was added to p-methoxybenzaldehyde 

dimethyl acetal and TMSOTf at -20 °C and stirred overnight, Scheme 5.40. Like the 

reaction with the alcohol, changes of colour during the process were noticed. However, 

after methanol quench and aqueous treatment, the crude mixture was analysed by 

NMR from which no conclusions could be made. Consequently the mixture was 

analysed by GC-MS, but no signals showed a mass matching the molecular ion for the 

expected product. Under these conditions, only decomposition products were obtained. 
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MeO^ ^O, 

CH^NHBu 2. MeOH 

MeO 

(216) (221) 

Scheme 5.40 

As degradation occured, milder conditions were then explored. The first system 

considered was the use of p-methoxybenzaldehyde and acetic acid. The acetic acid 

should catalyse the formation of the iminium salt and help in the cyclisation. With this 

protocol, only starting material (216) and some degradation products were recovered, 

Scheme 5.41. Thinking that the acetic acid used was perhaps not appropriate in this 

reaction as it may have contained some water which would quench the reaction, other 

anhydrous acids such as pyridinium p-toluene sulfonate (PPTS) and (-)-camphor 

sulphonic acid (CSA) were then explored. Disappointingly, no improvement was 

obsen/ed with these acids and only starting material was recovered. 

^ 1.p-MeOC,H.CHO 

^ 
CHjNHBu 2. MeOH 

MeO 

(216) Acid = AcOH, PPTS, CSA (221) 

Scheme 5.41 

The problem seemed to be the formation of the iminium salt (220), to check this 

hypothesis, a simple reductive amination was attempted. This reaction was followed by 

NMR and so was performed in CDCI3 with p-bromobenzaldehyde, which has 

characteristic aromatic peaks in an area removed from the rest of the peaks. Following 

a successful procedure in the group, bromobenzaldehyde followed by acetic acid was 

added to the butyl dihydrofuryl amine at room temperature. Scheme 5.42. As no 

reaction seemed to occur after a few hours, the reaction was then heated at 50 °C. 
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After 35 hours, a solid appeared in the reaction mixture and the NMR analysis of the 
solution showed new peaks, in particular, a multiplet at 7.5 ppm which could 
correspond to new aromatics and two doublets between 6.5 and 6.3 ppm. Thinking the 
iminium salt (220) was fonned, sodium borohydride was added to generate the tertiary 
amine (222). Unfortunately, sodium borohydride reduced the excess aldehyde but did 
not give the expected amine (222). This was detennined by the GC-MS analysis as no 
product had the required mass. 

p-BrCeH^CHO 
AcOH 

CHjNHBu 

(216) (220) 

NaBH4 

(222) 

Scheme 5.42 

The fonnation of the iminium intermediate seemed to be the problem in this reaction. In 

the furofuran series, the aldehyde needed to be activated as an acetal for the 

cyclisation to occur. By analogy, EschenmSser salts which are aza analogues of 

acetals, might be more efficient than aldehydes. Consequently, butyl dihydrofuryl 

amine (216) was stin-ed with the EschenmGser salt (223) in CDCI3 to allow the reaction 

to be followed by NMR, Scheme 5.43. After two hours, the characteristic signals of 

the ethylenic protons of the dihydrofuran disappeared whereas new peaks appeared in 

the 3-5.5 ppm area. After a methanol quench and an aqueous treatment, the crude 

mixture contained three main compounds by GC. Unfortunately, GC-MS analysis 

revealed that the expected furopyn-ole was not present in the cmde mixture as none of 

the components had the required mass of the furopyrrole quenched either with 

methanol (224) {m/z 275) or with dimethylamine (225) from the EschenmOser salt {m/z 

288). The three main compounds were not identified {m/z 239, 311, 329). 

MeO 

1. CH2=N'^Me2, i" (223) H 

• CHoNHBu 2. MeOH 

(216) 

Ph Mejfi 

(224) (225) 

Scheme 5.43 
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5.4.4. Activation olF the amine 

As all the attempts of direct cyclisation to furopyrrole skeleton failed, an alternative 

method was sought. In the previous cases, the problem seemed to be the fonnation of 

the iminium salt (220). To avoid this difficulty, the generation of amide (227) from the 

dihydrofuryl amine (216) was considered. Scheme 5.44. This amide would then be 

reduced by DIBAL-H to form /n situ the intermediate (226) and subsequently the 

cyclisation should occur. 

MeOH Ar 

Bu 
Al—/-Pr 

DIBAL-H 

(218) 
(-Pr 

(226) 

Ar \ 

O Bu 

(227) 

Amidation 

CH2NHBU 

(216) 

Scheme 5.44 

Amide (227) was generated from the corresponding dihydrofuryl amine (216) and p-

methoxybenzoyl chloride in the presence of triethylamine and dimethylaminopyridine 

(DMAP), Scheme 5.45. The reaction mixture was stirred overnight at room temperature 

and after aqueous wori<-up and purification by flash chromatography, this led to the 

expected amide (227) in 69 % yield. The GC-MS confirmed the formation of the amide 

(m/z 365) but the NMR showed only broad peaks at room temperature. When the 

sample was wanned to 55 °C the peaks were still broad. A simplified spectmm of the 

two rotamers was obtained at -55 °C and the characterisation of the amide could then 

be achieved. 
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' O ^ »Ph 
ArCOCI, DMAP, 

Ar ; 
CH2NHBU EtjN. DCM \ 

rt, 17 h, (69%) J / 

(216) (227) 

Ar= II 
MeO 

Scheme 5.45 

The next step of this strategy was the reduction of the amide (227) with DIBAL-H, 

Scheme 5.46. This was perfomried by the addition of DIBAL-H to the amide at -40 "C, 

then the mixture was wanned to room temperature and stinred overnight. By TLC 

analysis, the starting amide (227) seemed to be completely consumed and new 

products appeared. Consequently, the reaction was quenched with methanol and 

wori<ed-up. This reduction led to a complex mixture of products in which only one minor 

compound could be identified. This was the tertiary amine (228) {m/z 351), confirming 

that the reduction to the tertiary amide (227) had occurred. 

.Ph 

I T ' 1. DIBAL-H 

Ar i 
^ 1 ^ ^ 2. MeOH 

O Bu 

(227) (221) 

1. DIBAL-H 

2. MeOH 
Ar 

= fY 

—N 

Bu 

(228) 

Ar 
MeO 

Scheme 5.46 

130 



Chapter 5 - Synthesis of furopyrroles 

5.5. C o n c l u s i o n s 

The synthesis of furopynroles proved more difficult than their analogues, the furofurans. 

The nitrogen changed the reactivity of some products which led to unsuccessful steps. 

Even though the aza Darzens condensation generated an interesting product, the 3-

pyn-olldine (197) which can be exploited later, it did not give access to the expected 

vinyl aziridines (194 and 196), Scheme 5.47. In future, if these compounds could be 

synthesised by a different route, they can then be subject to the themrial rearrangement 

to hopefully lead to the 2-pyrolidines. Then after the reduction of the ester, the 

cyclisation from the pyrrolidine alcohol, could be attempted. 

N' 
, R 

(192) R=Ts 
(195) R=CH2Ph 

COOMe 

(106) 

if R=Ts 

LDA 

COOMe 

aza Daizens (194) R=Ts 
condensation (196) R=CH2Ph 

thermal 
rearrangement 

I s 

COOMe 

(197) 

OH 

Ph 
NHR 

or 
NHR 

^ R -
R' = COOMe 
R- = CHjOH 

Ph 
OH 

acid mediated 

cyclisation 

COOMe 

COOMe 

Scheme 5.47 

In the second strategy to furopyn^ole studied, various dihydrofuryl amines were 

successfully synthesised by hydrolysis of the ester (85), amidation of the acid and 

reduction of the amide. Scheme 5.48. Epimerisation of the c/s ester occun-ed during the 

hydrolysis step affording only trarjs amides. Therefore, to avoid this problem step, the 

cis amides were synthetised via thermal rearrangement of vinyl epoxide amides 

generated from the corresponding ester (84). Reduction of the amide was successfully 

achieved with LAH with the exception of the primary amide. Attempts to perfomn the 

acid mediated cyclisation directly proved to be unsuccessful in all cases. 
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COOEt 
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L L I O H 
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0̂ ^ 
(207) 
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R= H. 
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LAH, THF, . 0 Ph 

reflux, 48 h "CH^NHR 

(214) R= H, decomp 
(215) R= Et, y=74% 
(216) R=n-Bu, y=92% 
(217) R= allyl. y=85% 

(84) 

2. f-BuCOCI 
EtgN. RNH2 

X O N H R 

(212) R=n-Bu.y=78% 
(213) R= allyl. y=65% 

acid promoted 
cyclisation 

MeO 

(221) 

FVP 

500 °C 

, 0 . ^Ph 

•CONHR 
or: 

c*s (204) R=n-Bu.y=71% 
cis (211) R= allyl, y=63% 

Scheme 5.48 

During the acid promoted cyclisation of the amine to the furopyrrole, the iminium 

intermediate (220) fomiation was presumed to be the difficult step (Scheme 5.42). As 

the imine should be easier to form, attempts to generate the primary amine (214) were 

perfomied. Even though the reduction of the primary amide and the deprotection of the 

allyl group with Wilkinson's catalyst did not give the expected amine, other attempts 

should be considered in future. As the deprotection of the allyl group was attempted on 

small scale only, the distillation of the allyl alcohol during the reaction was inefficient so 

a bigger scale deprotection should wori< better. The primary amine can also be 

obtained by reduction of the benzyl amide and deprotection by hydrogenation. Scheme 

5.49. 

O . ^ P h (Ph3P)3RhCI 

CH,NH. 
MeCN:H,0 

'2"" '2 (4:1), reflux 

P*i Hydrogenation 

O Ph 

• CH2NH2 

O . ^Ph Reduction 

N H C K P h 

Ph 

NHCH,Ph 

Scheme 5.49 
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The strategy using the activation by the amide seemed promising as the tertiary amine 
(228) was detected confirming that the reduction occun-ed. Scheme 5.50. Optimisation 
needs to be realised by varying the temperature, the reaction time and trying different 
reducing reagents such as lithium aluminium hydride. 

/ O ^ P h 1. hydrolysis / ^ ^ P H 
ArCOCI, base 

COOEt 2. amidation 
3. reduction 

cis (85) 

CHjNHR 

frans (216) R=Bu 

reduction 
DIBAL-H, 

Ar. 
-N 

(228) traces R=Bu 

Scheme 5.50 

O R 

(227) R=Bu 

reduction 
LAH ? ? ? 

(218) 
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Chapter 6 - Experimental 

6 . 1 . I n t r o d u c t i o n 

All the used solvents were dry and stored under nitrogen. Petrol was distilled and the 

collected fractions corresponded to a boiling point of 40-60 °C. THF and ether were 

distilled over sodium and benzophenone; benzene and dichloromethane over calcium 

hydride; toluene over sodium; methanol and ethanol over magnesium alkoxide. All the 

sensitive reactions were flushed with nitrogen or argon and perfonned in dried 

glassware. The amines (diisopropylamine, triethylamine...) were distilled over 

potassium hydroxide under nitrogen. m-CPBA was purified by washing in DCM with a 

solution of phosphate buffer at pH 7.5, the organic phase dried over MgS04 and 

concentrated at RT. 

Degassing Carius' tubes and sealed NMR tubes consisted of freezing, evacuating, 

sealing and warming up at room temperature. This cycle was repeated 3 or 4 times and 

the pressure checked with a manometer. 

The reactions were followed by GC (Peri<in Elmer 8410) or TLC (nonnal phase) which 

were revealed by UV (254 nm) and dipped in solution of phosphomolybdic acid (PMA) 

or KMn04. Flash chromatography was performed with normal phase silica (Kieselger 

300-400 mesh silica). HPLC analyses were perfonned with a Varian 9010. 

The NMR solvent was CDCI3 unless otherwise stated. As tetramethylsilane was not 

used, residuel CHCI3 was taken as reference for NMR 8(^H)=7.26 ppm and 

NMR 8(^^C)=77.0 ppm; all the chemical shifts were recorded in ppm and the coupling 

constant in Hz. NMR spectra were obtained on a Varian Oxford 200 (^H at 199.975 

MHz; ^^C at 50.289 MHz), Varian Oxford 300 ('H at 299.908 MHz; '^C at 75.412 MHz), 

Varian VXR 400 (^H at 399.968 MHz; " C at 100.572 MHz). Varian Inova 500 (^H at 

499.907 MHz; ^^C at 125.701 MHz) or Bruker AMX 250 (^H at 250.133 MHz; ^^C at 

62.896 MHz). 

Low resolution mass spectra were recorded by GC-MS using a Hewlett Packard 5890 

serie II gas chromatograph connected to a VG mass trio 1000. Electrospray analyses 

were performed with Micromass LCT 

Melting points were determined using Gallenkamp melting point apparatus and were 

unconrected. IR spectra were recorded on a Pertain Elmer FT-IR 1720X spectrometer 

using KBr discs. 
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6.2. S y n t h e s i s o f v i ny l - epox ide a n d ^ z i r i d i m e 

6 .2 .1 . M u l t i s t e p s t ra teg ies 

Ethyl 3-(3'.4'methyleneclioxvDhenvl)-pmD-2-enoate (97) 

<XJ —" <x 
A solution of carbethoxy triphenyl phosphorane (30 g, 84 mmol) in benzene (5 mL) was 

added to a solution of piperonal (7.2 g, 48 mmol) under N2. The reaction mixture was 

then heated under reflux for 60 hours. The mixture was then concentrated and the 

residue suspended in etherpetrol (1:1). Filtration through a bed of silica and Celite 

removed the insoluble phosphoms by-products and afforded the title ester (97) (9.3 g, 

y=88%). 

C12H12O4; %C 65.35, %H 5.49 (th 65.45, 5.49); mp 68-70 "C (lit 63-69 "C); u,„ax (cm ') 

1709 (CO), 1603 (CH=CH), 1174; 5H (300 MHz) 7.59 (1 H, d, J= 15.9 Hz, Ar-CH); 7.03 

(1 H, s, aromatic); 7.00 (1 H, d, J= 7.8 Hz, aromatic); 6.80 (1 H. d, J= 7.8 Hz, aromatic); 

6.26 (1 H, d, J= 15.9 Hz, CHCOOEt); 6.00 (2 H, s, H acetal); 4.25 (2 H, q, J= 7.2 Hz, 

COOCH2CH3); 1.32 (3 H, t, J= 7.2 Hz, COOCH2CH3); 8c (63 MHz) 167.2 (CO); 149.5, 

148.3, 144.2, 128.9, 124.3, 116.2 (aromatics); 108.5 (CHCOOEt); 106.4 (ArCH); 101.5 

(OCH2O); 60.3 (COOCH2CH3); 14.3 (COOCH2CH3); MS (El) 220 (100%) (M* ), 175 

(90%), 148 (55%), 145 (70%), 89 (57%) 

3-(3'. 4 'methvlenedioxvDhenvn-proD-2-en-1-ol (98) 

< 1 J ^ < i 
O - " ^ (97) O - (98) 

A solution of DIBAL-H 1M in hexanes (106 mL, 106 mmol) was added slowly to a 

solution of the ester (97) (9 g, 41 mmol) in THF (150 mL) under argon and the resultant 

mixture was stin-ed at - 8 0 °C for 4 hours. The reaction was quenched with MeOH (30 

mL) at - 8 0 °C, stirred for 1 hour then water (14 mL) was added. Celite was added and 

the reulting granular solid was washed through a celite plug with ethyl acetate. The 

solvent was then removed und reduced pressure to yield the alcohol (98) (5.80g, 

y=80%). 
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C10H10O3; %C 67.44, %H 5.69 (th 67.41, 5.66 ); Mp=77 -79 °C (lit 75-79 "C); (cm ' ) 
3400-3300 (OH); 5H (300 MHz) 6.93 (1 H, s, aromatic); 6.82 (1 H, d, J= 6.9 Hz, 
aromatic); 6.75 (1 H, d, J= 6.9 Hz, aromatic); 6.52 (1 H; d, J= 15.6 Hz, ArCH); 6.20 (1 
H, dt, J= 5.7. 15.6 Hz, CHCH2OH); 5.95 (2 H, s. H acetal); 4.29 (2 H, d, J= 5.7 Hz, 
CH2OH); 1.46 (1 H, broad s, CH2OH); 5c (63 MHz) 148.0, 147.3, 131.1, 130.9, 126.7, 
121.1 (aromatics); 108.3 (CHCH2OH), 105.7 (ArCH); 101.4 (OCH2O); 63.7 (CH2OH); 
MS (El) m/z 178 (100%) (M* ), 135 (95%), 122 (78%). 91 (88%), 77 (65%) 

3-(3'.4'methvler)edioxvphenvl)-DroD-2-enal (96) 

<1J " <J 
(98) (96) 

Manganese dioxide 90% (325 mg, 3.4 mmol) was added slowly to the solution of the 

vinylic alcohol (98) (100 mg, 0.56 mmol) in DCM (7.5 mL). The reaction mixture was 

stirred for 24 houre at rt, filtered through a celite plug and washed with DCM. The 

solvent was removed under reduced presuure to yield the aldehyde (96) (94 mg, 

y=95%). 

CioHsOg; %C 68.20, %H 4.59 (th 68.18, 4.58); Mp=84.7-85.8 X (lit 83-86.5 "C); Umax 

(cm ') 1666 (CO); 1600 (CH=); 6H (200 MHz): 9.64 (1 H, d, J= 7.6 Hz, CHO); 7.38 (1 H, 

d, J= 15.6 Hz, ArCH); 7.2-6.8 (3 H, m, aromatics); 6.56 (1 H, dd, J= 7.5, 15.6 Hz, 

CHCHO); 6.05 (2 H, s, OCH2O); 5c (63 MHz):193.5 (CO); 152.5, 150.5, 148.5, 128.5, 

126.8, 125.2 (aromatics); 108.7 (ArCH); 106.7 (CHCHO); 101.8 (OCH2O); MS (El) m/z 

176 (100%) (M* ), 147 (60%), 89 (60%), 63 (41%). 

3-(3'.4'methvlenedioxvphenvl)-2.4-epoxv-DroDanal (99) 

<1 J —- ( I T 
(96) (99) 

A solution of the a, p unsaturated aldehyde (96) (85 mg. 0.5 mmol) in methanol (3 mL) 

was added dropwise to a solution of f-BuOOH 70% aq (80 laL. 0.6 mmol) in methanol (4 

mL) and the pH was maintained at 10.5 by the addition of 1N NaOH solution. The reaction 

138 



Chapter 6 - Experimental 

mixture was stirred at rt for 7 Inours and the pH was l<ept at pH 10.5 in adding NaOH. The 
reaction was quenched with sat. NazSOa solution (2 mL) and DCM (5 mL) was added. 
The layers were separated, the aqueous layer was extracted with DCM ( 3 x 5 mL) and 
the combined organic layers washed with sat. NaHCOa solution (5 mL) and brine ( 2 x 5 
mL), dried (MgS04) and concentrated. No epoxide (99) was recovered. 

3-(3'.4'methvlenedioxvDhenvl)-2.3-eDoxv-DroDan-1-ol (100) 

(98) (100) 

Attempted method 1: With m-CPBA: 

m-CPBA (205 mg, 1.19 mmol) was added slowly to a solution of the alcohol (98) (70.5 

mg, 0.4 mmol) in DCM (8 mL) under argon and the resultant mixture was stin-ed at rt 

for 20 hours. The reaction was quenched with sat. NaaSOa solution (5 mL) and the 

layers were separated. The aqueous layer was extracted with DCM ( 3 x 5 mL) and the 

combined organic layers washed with sat. NaHCOa solution (5 mL) and brine ( 2 x 5 

mL), dried (MgS04) and concentrated. No epoxide (100) was recovered. 

Attempted method 2: with m-CPBA in biphasic conditions: 

m-CPBA (200 mg, 1.1 mmol) was added slowly to a solution of the alcohol (98) (100 

mg, 0.56 mmol), TBABr (18 mg, 0.056 mmol) in DCM (3 mL) and sat. NaHCOg solution 

(5 mL) and the resultant mixture was stirred at rt for 20 hours. The reaction was 

quenched with sat. NaaSOs solution (5 mL) and the layers were separated. The 

aqueous layer was extracted with DCM ( 3 x 5 mL) and the combined organic layers 

washed with sat. NaHCOa solution (5 mL) and brine ( 2 x 5 mL), dried (MgS04) and 

concentrated. No epoxide (100) was recovered. 
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(98) (100) 

Attempted method 3: with methyl trifluoromethyl dioxirane: 

A mixture of oxone (1.23 g, 2.1 mmol) and NaHCOs (260 mg, 3.1 mmol) was added 

slowly to a solution of alcohol (98) (75 mg, 0.42 mmol), trifluoroacetone (0.4 mL) and a 

4.10"* M solution of Na2EDTA in water (2 mL) in CH3CN (3 mL) and the resultant 

mixture was stin-ed at rt for 24 hours. The reaction was quenched with water (5 mL) 

and the layers were separated. The aqueous layer was extracted with ether ( 3 x 5 mL) 

and the combined organic layers washed with brine ( 3 x 5 mL), dried (MgS04) and 

concentrated. No epoxide (100) was recovered. 

Attempted method 4: with MMPP: 

A solution of MMPP (166 mg, 0.34 mmol) and TBABr (11 mg, 0.034 mmol) in water (3 

mL) was added slowly to a solution of the alcohol (98) (60 mg, 0.34 mmol) in 

chloroform (4 mL) and the resultant mixture was stirred at 50 °C for 16 hours. The 

reaction was quenched with a 5% aqueous solution of NaOH and the layers are 

separated. The aqueous layer was extracted with chlorofomi ( 3 x 5 mL) and the 

combined organic layers washed with sat. aq. NaHCOa (5 mL) and brine ( 2 x 5 mL), 

dried (MgS04) and concentrated. No epoxide (100) was recovered. 

Ethyl 5-(Dara-methoxvphenyl)-4.5-epoxv-pent-2-enoate (105) 

.0 5 

(105) 

Attempted method 1: m-CPBA. 

m-CPBA (90-370 mg, 0.5-2.1 mmol) was added slowly to a solution of the diene (104) 

(100 mg, 0.43 mmol) in DCM (5 mL) under argon and the resultant mixture was stin-ed 

at rt, 0 or - 2 0 °C for 4 hours or 3 days depending on the temperature. The reaction was 
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quenched with sat. Na2S03 solution (5 mL) and the layers were separated. The 
aqueous layer was extracted with DCM ( 3 x 5 mL) and the combined organic layers 
washed with sat. NaHCOs solution (5 mL) and brine ( 2 x 5 mL), dried (MgS04) and 
concentrated. A mixture of starting material, monoepoxide and diepoxide was obtained. 

Attempted method 2: DMDO. 

A solution of NaHCOs (160 mg, 1.9 mmol) in water (3 mL) followed by a solution of 

DMDO (240 mg, 0.77 mmol) in Na2EDTA (4.10"^ M aq, 6 mL) was added slowly to a 

solution of the diene (104) (100 mg, 0.43 mmol) in acetone (3 mL) and the resultant 

mixture was stirred at RT for 60 hours. The reaction was quenched with concentrated 

HCI until pH=2 and after adding 5 mL of ethyl acetate the layers were separated. The 

aqueous layer was extracted with DCM ( 3 x 5 mL) and the combined organic layers 

washed with sat. NaHC03 solution (10 mL) and brine ( 2 x 1 0 mL), dried (MgS04) and 

concentrated. A mixture of starting material, monoepoxide and diepoxide was obtained. 

6.2.2. Darzens condensat ion 

General procedure A 

LDA (34 mmol, 2 eq) {generated by the addition of a 1.6M solution of n-BuLi in 

hexanes (23.4 mL, 37.4 mmol, 2.2 eq) to a solution of diisopropylamine (4.75 mL, 34 

mmol, 2eq) in THF (40 mL) at - 2 0 °C under N2} was added dropwise to a stirred 

solution of aldehyde (68 mmol) and methyl 4-bromocrotonate (106) (2 mL, 17 mmol) in 

THF (60 mL) under N2 at - 2 0 °C. Typically, the transfer lasted 1 hour for 20 mmol of 

crotonate. The reaction was stin-ed for 2 hours at - 2 0 "C and then quenched with sat. 

NH4CI solution (40 mL). The layers were separated and the aqueous layer extracted 

with ether (3 x 20 mL). The combined organic layers were then washed with sat. 

NaHSOs solution (prepared from 40 g of NaHS03 solid), sat. NaHC03 solution (20 mL) 

and brine (3 x 30 mL), dried (MgS04) and concentrated. 

141 



Ctiapter 6 - Experimental 

Methyl 5-(3'.4'methvlenedioxvphenvl)-4.5-epoxv-pent-2-enoate (108) 

O 
Br / + < T T 

(106) 

syn (108) 

anb(108) 

Following general procedure A. LDA (34 mmol) {generated from n-BuLi 1.6M (23.4 mL, 

37.4 mmol) and diisopropylamine (4.75 mL, 34 mmol) in THF (40 mL) } was added 

dropwise to a stin-ed solution of piperonal (10.2 g, 68 mmol) and methyl 4-

bromocrotonate (106) (2 mL, 17 mmol) in THF (60 mL) under N2 at - 2 0 "C.After 

treatment, purification by flash chromatography (etherpetrol 1:3) afforded the title ester 

(108) as a 3:4 mixture of syn and anf/epoxides (2.95 g, y=70%). The syn and the ariti 

epoxide were separated by prep. HPLC (hypersil semi-prep., 21.4 mm; 70% MeOH, 

30% H2O; 30 mg/mL) 

Syn epoxide (108): Umax (cm ' ) 2992 (epoxide), 2781 (OCH2O); 1719 (a,p unsaturated 

COOR); 1179 (COOCH3); 6H (500 MHz): 6.80-6.73 (3 H, m, aromatics); 6.47 (1 H, dd, 

J= 8, 15.8 Hz, C^H); 6.19 (1 H, d, J= 15.8 Hz, C^H); 5.97 (2 H, s, OCH2O); 4.26 (1 H, d, 
J= 4 Hz, C^H); 3.71 (1 H. dd, J= 4.0, 8.0 Hz. C^H); 3.69 (3 H. s, C^H); 6c (125 MHz): 

165.6 (C); 147.8, 147.5 (aromatics); 141.4 (C^); 127.6 (aromatic); 126.3 (C^); 119.9, 

108.3, 106.7 (aromatics); 101.2 (OCH2O); 59.4 (C^); 58.0 {C); 51.7 (OCH3); m/z (El) 

248 (12%) (M*); 135 (100%); m/z (CI, NH3) 266 (20%) (MNH/) ; 252 (80%); 233 

(100%); HRMS (ES) found (MNa*) 271.0593 (calc. 271.0582) 

/ \nf/epoxide (108): Umax (cm ' ) 2992 (epoxide), 2781 (OCH2O); 1719 (a,p unsaturated 

COOR); 1179 (COOCH3); 6H (500 MHz): 6.82-6.71 (3 H - 2 H, broad s, aromatics + 1 

H, dd, J= 6.7, 15.6 Hz, C^H); 6. 70 (1 H, s, aromatics); 6.17 (1 H, d, J= 15.6 Hz, C^H); 

5.96 (2 H, s, OCH2O); 3.76 (3 H, s, C^H); 3.75 (1 H. d, J= 1.8 Hz, C5H); 3.35 (1 H, dd, 
J= 1.8, 6.7 Hz, C*H); 5c (125 MHz): 166.0 (C); 148.1, 147.9 (aromatics); 143.8 (C^); 

129.8 (aromatic); 123.4 (C^); 119.7. 108.4, 105.3 (aromatics); 101.2 (OCH2O); 61.1 

(C^); 60.4 {Cy, 51.8 (OCH3); m/z (El) 248 (12%) (M*); 135 (100%); m/z (CI, NH3) 266 

(20%) (MNH/) ; 252 (80%); 233 (100%); HRMS (ES) found (MNa*) 271.0593 (calc. 

271.0582) 

142 



Chapter 6 - Experimental 

Methyl 5-(p-methoxvDhenvl)-4.5-epoxv-pent-2-enoate (145) 

/ \ ^CHO 

(106) M e O " ' ^ ^ M e O ' ' ^ ^ (145) 

Following general procedure A, LDA (34 mmol) {generated by n-BuLi 1.6M (23.4 mL, 

37.4 mmol) and dlisopropylamine (4.75 mL, 34 mmol) in THF (40 mL) } was added to a 

solution of p-methoxybenzaldehyde (8.26 mL, 68 mmol) and methyl 4-bromocrotonate 

(106) (2 mL, 17 mmol) in THF (60 mL) under N2 a t - 2 0 °C. After treatment, purification 

by flash chromatography (etherpetrol 1:3) afforded the title ester as 1:2 ratio mixture of 

syn and anf/epoxides (145) (2.21 g, y=56%). The syn and the anf/epoxide (145) were 

separated by prep. HPLC (hypersil semi-prep., 21.4 mm; 70% MeOH, 30% H2O; 30 

mg/mL). The trans epoxide (145) decomposed during this purification, 

syn epoxide (145): u^ax 2999, 2953, 2837 (CH aromatics); 1723 (CO); 6H (500 MHz): 

7.25 (2H, d. 8.5 Hz, aromatics); 6.89 (2H, d, 8.5 Hz, aromatics); 6.47 (1H, dd, 8.0,15.8 

Hz, C'H); 6.19 (1H, d, 15.8 Hz, C=^H); 4.29 (1H, d, 4.2 Hz, C^H); 3.81 (3H, s, OCH3 ar); 

3.73 (1H, dd, 4.2, 8.0, C) ; 3.67 (3H, s, COOCH3); 5c (125 MHz): 165.6 (C^); 159.5 
(aromatics); 141.6 (C^); 127.6 (aromatics); 126.1 (C^); 125.8, 113.8 (aromatics); 59.3 

(C); 58.0 (C); 55.3 (OCH3 Ar); 51.7 (COOCH3); m/z (ES) 257.1 (MNa*), 491.2 
(2MNa*); HRMS (ES) found (MNa*) 257.0808 (calc. 257.0790) 

6.2.3. Aza -Darzens condensat ion 

6.2.3.1. Preparation of the imines 

N-benzvl benzvlimine (195) 

PhCHO + PhCHjNH^ 
J Ph 
(195) 

Benzylamine (6.6 mL, 60.4 mmol) was added dropwise to a solution of distilled 

benzaldehyde (5 mL, 57 mmol) in chlorofomi (50 mL). The addition was exothermic so 

it was done in a water bath at RT. The reaction mixture was stirred for 3 hours at rt. 

Then MgS04 was added, after filtration and concentration, a white solid was obtained 

and was analysed as the imine (195) (10.6 g, y=95%). 
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Umax 1643 (CH=N); 5H (300 MHz) 8.42 (1H, s, CH=N); 8.0-7.0 (10H, m, aromatics); 4.86 
(2H, s, N-CH2); 5c (75 MHz) 161.8 (CH=N); 139.2, 136.0, 130.6, 128.5, 128.4, 128.1, 
127.8, 126.9 (aromatics); 64.9 (PhCHjN); m/z (El) 195 (55%) (M*); 118 (7%) 
(PhCHNCHz*); 104 (6%) (PhCHN*); 91 (100%) (C7H7*); 77 (10%) (CeHg*); 65 (41%) 
(C5H5*); 51 (14%); (C4H3*); 39 (7%) (C3H3"); myz (CI, NH3): 196 (100%) MH* 

N-tosvl benzylimine (192) 

O 

PhCHO. H , N - S ^ ) f l ^ ^ 
o — 

(192) 

A solution of titanium tetrachloride (0.7 mL, 6.3 mmol) in DCM was added dropwise at 

0 °C under N2 to a solution of benzaldehyde (1.2 mL, 11.4 mmol), p-toluene 

sulfonamide (1.95 g, 11.4 mmol) and distilled triethylamine (0.73 mL, 35 mmol) in 

DCM. The reaction mixture was stin-ed for 30 min at 0 °C under N2 and filtered through 

a celite plug then washed with DCM. The DCM removed, the residue was diluted in 

ether, refluxed for 5 min and filtered. The filtrate was kept and the solid was again 

diluted in ether, refluxed for 5 min and filtered. The 2 etherate filtrates were then 

concentrated to give a yellow solid. Recrystallisation in petrohtoluene (4:1) afforded the 

imine (192) (2.03 g, y=78%). 

mp= 95 °C (lit 91-93); u^ax 1597 (CH=N); 1157 (SO2); 5H (200 MHz): 9.03 (1H, s, 

CH=N); 8.0-7.2 (10H, M, aromatics); 2.44 (3H, s, PhCH3); 5c (63 MHz): 170.1 (CH=N); 

144.6, 134.9, 132.3, 131.3, 129.8. 129.1, 128.1 (aromatics); 21.6 (CH3); m/z (El) 259 

(17%) (M*); 155 (43%) (CH3X6H4SO2*); 91 (100%) (C7H7I; 77 (19%) (CeHg*); 65 

(28%) (C5H5*); 51 (16%) (C4H3*) 
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5-Dhenvl-4.5-benzvlaziridine-Dent-2-enoate (196) 

Chapter 6 - Experimental 

^,CH,Ph 

Ph J 
(195) 

COOMe 
Ph 

CH,Ph 

(196) 

Attempted method: 

LDA was prepared by adding n-BuLi 1.6M (1.38 mL, 2.2 mmol) to a solution of 

diisopropylamine (280 ^^L, 2.0 mmol) in THF (8 mL) at - 2 0 °C under N2 and stirring this 

mixture for 20 min. LDA was transferred dropwise to a solution of imine (195) (390 mg, 

2.0 mmol) and methyl-4-bromocrotonate (106) (120 nL, 1 mmol) in THF (8 mL) under 

N2 at - 2 0 °C. The reaction was stirred for 1 hour at - 2 0 °C then 2 hours at rt, was 

quenched with sat. NH4CI solution (10 mL) and layers were separated. The aqueous 

layer was extracted with ether ( 3 x 1 0 mL) and the combined organic layers washed 

with sat. NaHCOs solution (10 mL) and brine (3 x 10 mL), dried (MgS04) and 

concentrated. No expected aziridine (196) was obtained. 

5-Dhenvl-4,5-tosvlaziridine-Dent-2-enoate (194) 

Ts 

Ph 

1̂  

J 
(192) 

+ Br,̂ ^̂ x̂-̂ >5̂  COOMe 

(106) 

LDA 

Ph 

Ts 
I 

^ . k J , . . - * ^ COOMe 

(194) 

LDA 

Ts 

COOMe 
(197) 

Attempted method: 

LDA was prepared by adding n-BuLi 1.6M (1.38 mL, 2.2 mmol) to a solution of 

diisopropylamine (280 DL, 2.0 mmol) in THF (8 mL) at - 2 0 °C under N2 and stining this 

mixture for 20 min. LDA was transfered dropwise to a solution of tosyl imine (192) (518 

mg, 2.0 mmol) and methyl-4-bromocrotonate (106) (120 OL, 1 mmol) in THF (12 mL) 

under N2 at - 2 0 °C. The reaction was stirred for 1 hour at - 2 0 °C then 2 hours at rt, 
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was quenched with sat. NH4CI solution (10 mL) and layers were separated. The 
aqueous layer was extracted with ether ( 3 x 1 0 mL) and the combined organic layers 
washed with sat. NaHCOs solution (10 mL) and brine ( 3 x 1 0 mL), dried (MgS04) and 
concentrated. Flash chromatography were performed twice (petrol:ethylacetate 4:1 to 
1:1 and petrohether 2:3) to afford the 3-pyn-olidine (197) (57 mg, y=17%) but no vinyl 
aziridine (194). 

C19H19NO4S; % C 63.71, %H 5.54, %N 3.92 (th 63.85, 5.36, 3.92); Umax(cm-^) 1723 (a,p 

insaturated COOR); 1340 (SO2N); 1163 (SO2); 5H (200 MHz) 7.5-7 (9 H, m, aromatics); 

6.81(1 H, ddd, J= 1.8. 2.1, 2.4 Hz, C=CH); 5.76 (1 H. ddd. J= 1.8. 2.4, 5.7 Hz, CHPh); 

4.50 (1 H, dt, J= 2.4, 17.1 Hz, CH2); 4.35 (1 H, ddd, J= 2.1 , 5.7, 17.1 Hz; CH2); 3.61 (3 

H, s, COOCH3); 2.40 (3 H. s, PhCHa); 6c (63 MHz) 162.2 (COOCH3); 135.5 (CH=C); 

143.3. 139.3, 135.7, 129.4, 128.3, 128.0. 127.7, 127.1 (aromatics); 68.9 (PhCH); 54.9 

(CH2); 51.8 (COOCH3); 21.4 (PhCH3); m/z (El) 357 (7%) (M*); 280 (56%) (M-CeHg); 

202 (100%) (M-CH3C6H4SO2); 170 (51%); 155 (41%) (CH3C6H4SO2*); 91 (78%) (C7H7*) 

6.2.4. Funct ional group interconversion 

6.2.4.1. Hydrolysis of the ester 

5-Dhenvl-4.5-eDoxv-pent-2-enoic acid (169) 

;ooEt 

(94) (169) 

A solution of LiOH.H20 (250 mg, 6 mmol) in water (3 mL) was added at 0 "C to a 

solution of methyl ester (84) (800 mg. 3.67 mmol) in methanol (10 mL). The reaction 

mixture was stirred at rt for 2 hours. The methanol was removed and the residue was 

treated with a saturated solution of citric acid in water until pH 3 at 0 °C then extracted 

with ether. The combined organic layers were washed with brine, dried (MgS04) and 

concentrated. The residue was purified by flash chromatography (etherpetrol 1:1) to 

give the acid (169) (580 mg. y=83%). 

mp=84.5-89 °C; On,ax (cm ' ) 3100 (OH); 1701 (a,p unsaturated COOH); 1655 (CH=CH 

conjugated to CO); 1286 (epoxide); 5H (200 MHz) 7.45-7.20 (5 H. m, aromatics); 6.95 

(1 H. dd. J= 6.8, 15.8 Hz, C^H); 6.20 (1 H, d, J= 15.8 Hz. C^H); 3.86 (1 H. d, 1.6Hz, 

C'H); 3.51 (1 H, dd, J= 1.6. 6.8 Hz. C H ) ; 5C (63 MHz) 171.0 (C'); 146.4 (C'); 135.8, 

128.7, 128.6, 125.5 (aromatics); 123.1 (C^); 61.2 (C^); 60.3 {C^) 
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5-(3'. 4'methyleneclioxyphenvl)-4.5-epoxv-Dent-2-enoic acid 

< o X j ^ — < o : r 
(108) (173) 

Attempted method 1: 

A solution of LiOH.H20 (17 mg, 0.4 mmol) in water (2.5 mL) was added slowly at 0 °C 

to a solution of the ester (108) (80 mg, 0.32 mmol) in methanol (5 mL) and the resultant 

mixture was stirred at rt for 2 hours. The methanol was removed and the residue was 

treated with a saturated solution of citric acid in water until pH 3 at 0 °C then extracted 

with ether. The combined organic layers were washed with brine, dried (MgS04) and 

concentrated. No acid was collected. 

Attempted method 2: 

A solution of LiOH.H20 (22 mg, 0.52 mmol) in THF:H20 (5:1) (5 mL) was added slowly 

at 0 X to a solution of the ester (108) (100 mg, 0.40 mmol) in THF:H20 (5:1) (4 mL) 

and the resultant mixture was stirred at rt for 20 hours. The reaction was quenched with 

a solution of HCI and acidified to pH 3 at 0 °C, the layers separated and the aqueous 

layer extracted with ether continuously. The combined organic layers (~20 mL) were 

washed with sat. aq. NaHCOs (10 mL) and brine (2 x 10 mL), dried (MgS04) and 

concentrated. No acid was collected. 

Attempted method 3: 

A solution of LiOH.HzO (33.6 mg. 0.8 mmol) in THF:H20 (3:1) (5 mL) was added slowly 

at 0 °C to a solution of the ester (108) (100 mg, 0.4 mmol) and H202 27% (200 mg, 1.6 

mmol) in THF:H20 (3:1) (5 mL) and the resultant mixture was stin-ed at rt for 20 hours. 

The reaction was quenched with Na2S03 1.5M (1 ml) and the layers separated. The 

organic layer was washed with sat. NaHCOa solution (5 mL) and brine ( 2 x 5 mL), dried 

(MgS04) and concentrated to give back the starting material. The aqueous layer was 

acidified with I N HCI to pH 2, was extracted with ether ( 3 x 5 mL) and the combined 

organic layers washed with sat. aq. NaHCOa (5 mL) and brine ( 2 x 5 mL), dried 

(MgS04) and concentrated. No acid was collected. 
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Attempted method 4: 

TMSCI (95.5 mg, 0.9 mmol) was added slowly to a well-stirred solution of ester (108) 

(110 mg, 0.45 mmol) and Nal (132 mg, 0.9 mmol) in CH3CN (5 mL) and the resultant 

mixture was heated under reflux for 40 hours. The reaction was quenched with water 

and the layers separated. The aqueous layer was extracted with ether ( 3 x 5 mL) and 

the combined organic layers washed with sat. aq. sodium thiosulphate (5 mL) and brine 

( 2 x 5 mL), dried (MgS04) and concentrated. No acid was collected. 

Attempted method 5: 

TMSOK 90% (56.44 mg, 0.4 mmol) was added at rt under N2 to a solution of methyl 

ester (108) (lOOmg. 0.4 mmol) in ether (5 mL) and the resultant mixture was stirred at 

rt for 48 hours. The reaction was acidified with HCI to pH 3, the layers separated and 

the aqueous layer continuously extracted with ether. The combined organic layers (~15 

mL) were washed with sat. aq. NaHCOs (5 mL) and brine ( 2 x 5 mL), dried (MgS04) 

and concentrated. No acid was collected. 

6.2.4.2. Coupl ing react ions 

General procedure B: 

Triethylamine (300 ̂ L, 2 mmol, 4 eq) was slowly added to a solution of acid (95 mg, 

0.5 mmol, 1 eq) in THF (5 mL) at - 3 0 °C under argon. Then, pivaloyi chloride (62 ^L, 

0.5 mmol, 1 eq) was added dropwise to the mixture at - 3 0 "C under argon. The 

reaction mixture was stin-ed for 3 hours under argon, and warnied up to - 2 0 °C before 

adding lithium chloride (21 mg, 0.5 mmol, 1 eq) and the amine or alcohol (0.6 mmol, 

1.2 eq). The reaction mixture was then wanned up to rt and stin-ed for 12 hours. Then, 

it was quenched with sat. NaHCOs solution (3 mL), water (5 mL) and ether (5 mL) were 

added before separation of the layers. The aqueous layer was extracted with ether (3 x 

5 mL) and the combined organic layers washed with brine ( 3 x 5 mL), dried (MgS04) 

and concentrated. The residue was purified by Kugelrohr distillation (typically P=0.2-1 

mbar; T=100-180 °C, the distillate contained the pivalamide) or by flash 

chromatography (typically etherpetrol 2:1) to afford the expected product in a yield 

between 30 and 80%. 
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N-oxazolidinone 5-phenyl-4,5-epoxy-pent-2-enamide 

4 2 ^ 

6 7 

COOH 

(169) (166) 

Following general procedure B, from a solution of vinyl epoxide acid (169) (475 mg, 2.5 

mmol) in THF (25 mL) and pivalyl chloride (307 ^L, 2.5 mmol), triethylamine (1.4 mL, 

10 mmol), lithium chloride (106 mg, 2.5 mmol) and oxazolidinone (220 mg, 2.5 mmol) 

yielded after recrystalisation in ethyl acetate the desired amide (166) (229 mg, 35%). 

mp=139-141 °C; u^ax (cm"") 1773 (CO); 1683 (a,p unsaturated CO);1635 (CH=CH 

conjugated to CO); 1362 (COOR from a lactone); 5H (300 MHz) 7.53 (1 H, d, J= 15.5 

Hz, C^H); 7.35-7.10 (5 H, m, aromatics); 6.84 (1 H, dd, J= 7.5, 15.5, C'H); 4.36 (2 H, t, 

J= 7.5 Hz, C^H); 4.00 (2 H, t, J= 7.5 Hz, C^H); 3.80 (1 H, s, C^H); 3.49 (1 H, d, J= 7.5 

Hz, C H ) ; 8C (100 MHz) 164.1 (C^); 153.3 ( C ) ; 145.6 (C^); 135.9, 128.7, 128.6, 125.5 

(aromatics); 122.8 (C'); 62.1 (C'); 61.0 ( C ) ; 60.9 (C'); 42.6 (C^); m/z (El) 259 (0.4%) 

(M* ); 172 (16%) (M-oxazolidinone); 153 (100%); 77 (44%) (CeHg*) 

2-hvdroxvethvl 5-phenvl-4,5-epoxV'Pent-2-enoate (167) 

.COOH HO OH ^ ^ ? ^ JL 
+ \ _ J ^ P h i ^ ^ J ^ M ^ O OH 

4 2 \ _ _ / 

(169) (167) ® ^ 

Following general procedure B, from a solution of anti vinyl epoxide acid (169) (950 

mg, 5 mmol) in THF (20 mL), triethylamine (2.8 mL, 20 mmol), pivaloyi chloride (610 

nL, 5 mmol), lithium chloride (215 mg, 5 mmol, 1 eq) and ethylene glycol (1.4 mL, 25 

mmol, 5 eq) yielded after flash chromatography (etherpetrol 2:1) the expected 2-

hydroxyethyl ester (167) (550 mg, y=47%). 

Umax (cm ') 3083 (OH); 1719 (C=0); 5H (300 MHz) 7.38-7.28 (5 H, m, aromatics); 6.87 

(1 H, dd, J= 6.9, 15.9 Hz, C^H); 6.23 (1 H, d, J= 15.9 Hz, C^H); 4.33-4.30 (2 H, m, 

CH2CH2); 3.90-3.86 (2 H, m, CH^Chb); 3.84 (1 H, d, J= 1.8 Hz, C^H); 3.48 (1 H, dd, J= 

1.8, 6.9 Hz, C'H); m/z (ES) 235.1 (MH*); 257.1 (MNa*); 491.2 (2MNa*) 
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N-2-hvdroxvethvl 5-Dhenvl-4.5-eDOxv-Dent-2-enamide (168) 

,COOH 4 r. O 

\ H-N OH ^ 9 i 

(169) (168) ® ^ 

Following general procedure 6, from a solution of anf/vinyl epoxide acid (169) (500 

mg. 2.63 mmol) in THF (15 mL). triethylamine (1.4 mL. 10 mmol), pivaloyi chloride (340 

[iL, 2.7A mmol). lithium chloride (110 mg. 2.62 mmol) and ethanolamine (530 ^L, 12.5 

mmol, 4.7 eq) yielded after distillation with a KQgelrohr (P=0.6 mbar. T=125 "C) the 

expected A/-(2-hydroxyethyl) amide (168) (211 mg, y=34%). 

mp=98-101 °C; o^ax (cm ' ) 3296 (NH); 3061 (OH); 2934, 2875 (CH, aromatics); 1665 

(C=0);1629 (CH=CH conjugated to CO); 5H (500 MHz) 7.28-7.18 (5 H, m, aromatics); 

6.70 (1 H, dd. J= 6.3, 15.3 Hz, C^H); 6.41 (1 H, broad t, J= 5.1 Hz, NH); 6.12 (1 H. d, 

J= 15.3, C^H); 3.72 (1 H, d, J= 1.7 Hz, C^H); 3.66 (2 H, t, J= 4.8 Hz, C^H); 3.43-3.37 (3 

H, m, C^H, C^H); 6c (125 MHz) 165.8 ( C ) ; 140.0 ( C ) ; 136.1, 128.6 (aromatics); 125.6 

(C^); 125.5 (aromatic); 61.9 (C®); 61.3 (C^); 60.7 (C*); 42.4 (C^); m/z (ES) 234.1 (MH*); 

256.1 (MNa*); 489.2 (2MNa*); HRMS (ES) found (MNa*) 256.0967 (calc 256.0950) 

N-n-butvl 5-phenvl-4.5-epoxv-Dent-2-enamide (212) 

COOH 
+ n-BuNH 

O 

6 8 

4 2 H 7 9 
(169) (212) 

Following general procedure B, from a solution of vinyl epoxide acid (169) (440 mg, 

2.31 mmol, 1 eq) in THF (20 mL), triethylamine (1.4 mL, 9.2 mmol, 4 eq), pivaloyi 

chloride (300 ^iL, 2.31 mmol, 1 eq), lithium chloride (100 mg. 2.31 mmol, 1 eq) and n-

butylamine (270 jiL, 2.77 mmol, 1.2 eq) yielded after flash chromatography 

(etherpetrol 3:1) the expected A/-butyl amide (212) (441 mg, y=78%). Pure samples of 

the syn and anf/epoxides could be obtained by a second chromatography (etherpetrol 

2:1). 

Syn epoxide (212): mp=107-110 °C; U m a x 3 2 8 6 , 3086 (NH); 2958, 2931, 2871 (CH, 

aromatics), 1667, 1629 (CONH); 5H (400 MHz): 7.35-7.28 (5H, m, aromatics); 6.36 (1H, 

dd, 7.9, 15.3 Hz, C ^ , 6.12(1H, dd, 0.7. 15.3 Hz. C=^H); 5.42 (1H. broad s. NH); 4.32 

(1H, d, 4.3 Hz, C^H); 3.76 (1H, ddd, 0.7, 4.7, 7.9 Hz, C H ) ; 3.28-3.22 (2H, m, C^H); 
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1.50-1.42 (2H, m, C'H); 1.36-1.26 (2H, m, C«H); 0.90 (3H, t, 7.3 Hz, C^H); 6c (100 
MHz): 164.2 (C'O); 136.4 (C^); 134.0 (aromatic); 129.3 (C^); 128.3, 128.1, 126.4 
(aromatics); 59.5 (C*); 58.1 ( C ) ; 39.3 (C^); 31.5 (C^); 20.0 (C^); 13.7 (C^); m/z (ES) 

268.2 (MNa*); 513.3 (2MNa*); HRMS (ES) found (MNa*) 268.1319 (calc. 268.1313) 

Anti epoxide (212): C15H19NO2; %C 73.39, %H 7.83, %N 5.67 (th 73.44, 7.81, 5.71); 

mp=121-122 °C; Omax3230, 3060 (NH); 2955, 2930, 2872 (CH, aromatics), 1661, 1627 

(CONH); 6H (400 iVIHz): 7.36-7.25 (5H, m, aromatics); 6.76 (1 H, dd, J= 6.5, 15.2 Hz, 

C'H); 6.14 (1 H, d, J= 15.2 Hz, C^H); 5.71 (1 H, broad s, NH); 3.79 (1 H, d, J= 1.8 Hz, 

C ^ ; 3.46 (1 H, dd, J=1.8, 6.6 Hz, C H ) ; 3.36-3.31 (2 H, m, C^H); 1.58-1.48 (2 H, m, 

C'H); 1.41-1.31 (2 H, m, C«H); 0.93 (3 H, t, J= 7.3 Hz, C'H); 8c (100 MHz): 164.6 (C^); 

139.3 (C= )̂; 136.2, 128.6, 128.5 (aromatics); 126.0 (C^); 125.4 (aromatics); 61.2 (C'); 

60.7 ( C ) ; 39.4 (C^); 31.6 (C^); 20.0 (C^); 13.7 (C^); m/z (ES) 268.2 (MNa*); 513.3 

(2MNa*) 

N-allvl 5-DhenYl-4.5-epoxv-pent-2-enamide (213) 

COOH 

4 2 H 

(169) (213) 

Following general procedure B, from a solution of an^'vinyl epoxide acid (169) (623 

mg, 3.28 mmol) in THF (25 mL), triethylamine (2.2 mL, 14.5 mmol), pivaloyi chloride 

(430 nL, 3.31 mmol), lithium chloride (143 mg, 2.30 mmol) and allylamine in THF (300 

^L, 4.0 mmol, 1.2 eq) yielded after distillation with a Kugelrohr (P=1 mbar, T=110 "C) 

and flash chromatography (etherpetrol 2:1) the expected anti /V-allyl amide (213) (488 

mg, y=65%). 

C14H15NO2; %C 73.50, %H 6.64, %N 6.04 (th 73.34, 6.59, 6.11); mp= 105-106 °C; u^ax 

(cm-^) 3226 (NH); 2953, 2923, 2853 (CH, aromatics); 1663, 1560 (CONH); 8H (300 

MHz): 7.36-7.28 (5 H, m, aromatics); 6.80 (1 H, dd, J= 6.6, 15.3 Hz, C^H); 617 (1 H, dd, 

J= 0.6, 15.3 Hz, C 'H); 5.94-5.78 (1 H, m, C^H); 5.78-5.66 (1 H, s broad, NH); 5.25-5.13 

(2 H, m, C^H); 4.00-3.94 (2 H, m, C^H); 3.80 (1 H, d, J= 1.8 Hz, C^H); 3.47 (1 H, ddd, 

J = 0.6, 1.8, 6.6 Hz, C H ) ; 5C (50 MHz): 164.5 ( C ) ; 139.8 (C'); 136.2 (C^); 133.8 (C^); 

128.6, 125.6, 125.5, 116.7 (aromatics); 101.8 (C'); 61.3 (C^); 60.7(C''); 42.05 (C^); m/z 

(ES) 284.1 (MNa*), 481.2 (2MNa*) 
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6.3. S y n t h e s i s of dihydrofuryi-ester and - a m i d e 

6.3.1. Sea led Tube 

4-(3'. 4'methvlenedioxvDhenvl)-3-carbomethoxv-3.4-dihvdrofuran (114) 

< i 

COOMe 

(108) 

COOMe 

cjs(114) 

COOMe 

frans 114) 

Method 1: NMR tube 

A solution of a,p unsaturated epoxide (108) (28.7 mg, 0.115mmol) in Da-toluene (0.7 

mL) was introduced into a strong NMR tube. After degassing the solution, the tube was 

sealed under vacuum and heated at the chosen temperature until the starting material 

was no more detected by NMR. The toluene was removed and the residue was purified 

by flash chromatography (petrol:ether 2:1) to obtain a mixture of the trans and cis 

dihydrofuran (114) (18 mg, y=65%). Characterisation is given in Section 6.3.2. 

Method 2: Carius' tube 

A solution of the a,p unsaturated epoxide (108) (880 mg) in toluene (21.5 mL) 

(concentration 40 mg/mL # 1 6 . 1 M) were introduced in a 50 mL Carius' tube. After 

degassing the solution, the tube was sealed under vacuum and heated at 180 °C. After 

12 hours, the solvent was removed and the residue purified by flash chromatography 

(petrol:ether 2:1) to give the cis isomer (114) (pure, 86 mg, y=10%) and the trans 

isomer (74) (308 mg, in mixture with some starting material, estimated to 35% of 

dihydrofuran by NMR). Characterisation is given in Section 6.3.2. 
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6.3.2. F l a s h vacuum pyrolys is 

4-phenvl-3-carboethoxv-3,4-dihvdrofuran (85) 

T1 

0= 

KR 

T2 Vac Line 
P . 

FVP — / — 

-7B°C 

A sample of the vinyl epoxide (~200 mg) was placed in a 10 mL flask and attached to 

the flash vacuum pyrolysis apparatus (FVP) as indicated in the schematic above. 

Silicone grease was used at each glass joint as the apparatus was under vacuum (P^ 

0.04 mbar) and the oven heated to 475 °C. When the apparatus had stabilised at these 

conditions the sample was heated in a Kugelrohr oven (KR) at 100 °C. The cmde 

material collected in the cold trap was then analysed, indicating 12% of degradation, 

97% of conversion and a cis:trans ratio of 6 :1 . These products were not isolated. 

General procedure C 

o 

heat gun 

Vac Line 
P . 

FVP KR nnotor 

A sample of the vinyl epoxide was placed in a 10 mL rb flask and attached to the FVP 

apparatus as indicated in the schematic above. Silicone grease was used at each glass 

joint except the one heated at high temperature for which a special high temperature 

grease (Rocol anti-seize compound J166®) was utilised. The apparatus was then 

evacuated to s 0.04 mbar and the oven heated to 500 °C in average. When the 

apparatus had stabilised at these conditions the sample was heated directly with a heat 

gun. The crude material collected in the cold trap was then purified by flash 

chromatography. 
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4-(3'. 4'methvlenedioxvphenvl)-3-carbomethoxv-3,4-dihvdrofuran (114) 

o 
< J o 

COOMe 

(108) 
2 3 COOMe 

6 6 
cjs{114) 

3 'COOMe 
5 6 

trans 

Method 3: FVP 

Following general procedure C, the vinylepoxide (108) was rean-anged at 500 "C, 0.04 

mbar in 500 mg batches affording a crude mixture of cis and trans dihydrofurans in a 

8:1 ratio. After flash chromatography (etherpetrol 3:7), the pure c/s dihydrofuran (114) 

(66%) and a small amount of the trans isomer (114) (-8%) were obtained. 

Cis dihydrofuran (114): C13H12O5; %C 62.80, %H 4.85 (th 62.90%, 4.87%); u^ax (cm'^) 

1733 (COOR); 1250; 6H (300 MHz): 6.82-6.76 (3 H, m, aromatics); 6.68 (1 H, t, 2.25 

Hz, C'H); 5.94 (2 H, s, OCH2O); 5.67 (1 H, d, J= 11.1 Hz, C H ) ; 5.04 (1 H. t, J= 2.25 

Hz, C^H); 4.06 (1 H, dt, J= 2.25, 11.1 Hz, C^'H); 3.30 (3 H, s, C^H); 5c (125 MHz): 171.5 

(C^); 148.8 (C^); 147.4, 147.3, 131.0, 120.0, 107.8, 106.9 5 (aromatics); 101.0 

(OCH2O); 99.3 (C^); 84.3 ( C ) ; 53.4 (C^); 51.6 (C^); m/z (El) 248 (28.6%) (M*); 159 

(100%); m/z (CI, NH3) 266 (40%) (MNH/) ; 249 (100%) (MH*). 

Trans isomer (114): 5H (300 MHz) 6.86-6.62 (3 H, m, aromatics); 6.52 (1 H, t, J= 2.2 

Hz, C'H); 5.94 (2 H, s, OCH2O); 5.72 (1 H, d, J= 7.5 Hz, C H ) ; 5.03 (1 H, t, J= 2.2 Hz, 

C^H); 3.80 (3 H, s, C^H); 3.42 (1 H, dt, J= 2.2, 7.5 Hz, C'H); m/z (El) 248 (43%) (M* ); 

159 (100%); m/z (CI, NH3) 266 (40%) (MNH/ ) ; 249 (100%) (MH*) 

Cis 4-(D-mettioxvDtienvl)-3-carbomettioxv-3.4-dilivdrofuran (143) 

MeO 

COOMe 

(145) 

OMe 

2 3 ' C O O M e 
5 6 

cis (143) 

Following general procedure C, the vinyl epoxide (145) (1.31 g) was rean-anged at 500 

°C, 0.04 mbar in 200 mg batches affording a crude mixture of cis and trans 
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dihydrofurans in a 8:1 ratio. After flash chromatography (etherpetrol 3:7), the c;s 
template (143) (883 mg, y=67%) was obtained. 

cis dihydrofuryl ester (143): Umax (cm"") 3001, 2951, 2838 (CH aromatics); 1731 (CO); 

8H (300 MHz): 7.24 (2 H, d, J= 8.6 Hz, aromatics); 6.85 (2 H, d, J= 8.6 Hz, aromatics); 

6.75 (1 H, t, J= 2.0 Hz, C^H); 5.72 (1 H, d, J= 11.2 Hz, C H ) ; 5.03 (1 H, t, J= 2.5 Hz, 

C=^H); 4.06 (1 H, dt, J= 2.2, 11.2 Hz, C^H); 3.79 (3 H, s, OCH3); 3.21 (3 H, s, C^H); 5c 

(75 MHz): 171.7 (C^); 159.3 (aromatics); 148.9 (C^); 129.2, 127.6, 113.3 (aromatics); 

99.1 (C^); 84.2 (C'); 55.2 (C'); 53.4 (OCH3); 51.5(C'); m/z (ES) 257.1; HRMS (ES) 

found (MNa*) 257.0774 (calc. 257.0790) 

4-Dt}envl-3-N-(5'-(S)-Dtienvl-oxazolidinone)-carboxamide-3.4-dihvdrofuran 

17 K o UK Y V Y V 
O 0 9 (160) (161) 

P h - ^ v l - ' ^ ^ ^ N ' ^ O ^ 

(159) 

Y U 
° Ph 

(163) 

Following general procedure C, the vinyl epoxide amide (159) (15 mg) was rean-anged 

at 500 °C, 0.04 mbar affording a cmde mixture of dihydrofurans (m=10 mg, conversion 

67%). The ratio between the diastereoisomers was detemined by ^H NMR 

(160:161:162:163 (50:36:8:6)) 
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4-Dhenvl-3-N-(2'.5'-diDhenvl-DYrrolidine)-carboxamide-3.4-dihvdrofuran 

. o . / ^ ' Ph .0 Ph Q 
O Ph " Pti Ph 

(164b) 

500 °C 
0.04 mbar 

(rans (165) 

Following general procedure C, the vinyl epoxide amide (164b) (35 mg) was 

rearranged at 500 °C, 0.04 mbar affording a crude mixture of dihydrofurans (m=15 mg, 

conversion 43%). The ratio between the diastereoisomers (165 c /s (54:34); 165 trans 

(7:5)) was detemined by HPLC (Hypersil ODS, 5 \xm, 25 cm, gradient for 25 min from 

MeCN:H20 (10:90) to MeCN:H20 (90:10) then for 5 min to MeCN (100), 1 mUmin). 

4-Dhenvl-3-N-oxazolidinone-carboxvamide-3,4-dihvdrofuran 

frans (171) (166) c/s (171) 

Following general procedure C, oxazolidinone vinyl epoxide amide (166) (20 mg) was 

rearranged at 500 °C and 0.05 mbar. The cis:trans ratio of the crude product was 11:1. 

Filtration on silica afforded the c/s dihydrofuran (171) (14 mg, y=70%). 

6H (300 MHz): 7.32-7.22 (5 H, m, aromatics); 6.68 (1 H, t, J= 2.4 Hz, C^H); 5.82 (1 H, d. 

J= 11.7 Hz, C H ) ; 5.28 (1 H, dt, J= 2.4, 11.7 Hz, C^H); 5.00 (1 H, t, J= 2.4 Hz. C^H); 

4.14-4.02 (1 H, m.CHzCHz); 3.63-3.57 (2 H, m,CH2CH2); 3.05-2.95 (1 H, m.ChbCHz); 

m/z (El) 259.1 (8%) (M*); 172 (100%) (M-oxazolidinone); 144 (31%); 115 (94%) (M-

(oxazolidinone+CO)); 77 (10%) (CgHs*) 
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4-Dtienvl-3-(2-tivdroxY-carboett)oxv)-3.4-dilivdrofuran (172) 

P h - ^ ^ i ^ - ^ ^ O OH 0 OH 

(167) c/s (172) frans(172) 

Following general procedure C, 2-hydroxyethyl vinyl epoxide ester (167) (20 mg) was 

rean-anged at 500 °C and 0.04 mbar. The cisitrans ratio of the cmde product was 8.8:1. 

Filtration on silica afforded the cis dihydrofuran (172) (12 mg, y=60%). 

5H (300 MHz): 7.37-7.34 (5 H, m, aromatics); 6.72 (1 H, t, J= 2.1 Hz, C'H); 5.77 (1 H, d, 

J= 11.1 Hz, C^H); 5.08 (1 H, t, J= 2.1 Hz, C^H); 4.13 (1 H, dt, J= 2.1, 11.1 Hz, C H 

3.75-3.71 (2 H, m,CH2CH2); 3.37-3.17 (2 H, m,CH2Cid2) 

Cis 4-Dtienvl-3-N-n-butvl-carboxvamide-3.4-dihvdrofuran 

(212) cis (204) 

Following general procedure C, A/-(/7-butyl) vinyl epoxide amide (212) (550 mg) was 

rearranged at 500 °C and 0.04 mbar in 100-150 mg batches. The cis.trans ratio of the 

crude product was 8.6:1 and after flash chromatography, cis A/-(/7-butyl) dihydrofuryl 

amide (204) (250 mg, y=45%) was obtained. 

Umax (cm'^) 3301 (NH); 3075, 2984 (CH, aromatics); 1652 (CONH); 5H (300 MHz): 7.32-

7.28 (5 H, m, aromatics); 6.79 (1 H, t, J= 2.3 Hz, C^H); 5.82 (1 H, d, J= 11.1 Hz, C H ) ; 

5.50 (1 H, broad s, NH); 5.06 (1 H, t, J= 2.7 Hz, C^H); 3.96 (1 H, dt, J= 2.1, 11.1 Hz, 

C'H); 2.85-2.75 (2 H, m, C^H); 1.20-1.00 (4 H, m, C^H, C^H); 0.79 (3 H, t, 6.7 Hz, C'H); 
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Cis 4-Dhenvl-3-N-n-allvl-carboxvamide-3.4-dihvdrx)furan 

Ph 
^ X : 2 ^ ^ 5 ^ C O N H a l l y l 

O 
(213) c/s(211) 

Following general procedure C, /S/-allyl vinyl epoxide amide (488 mg) was rearranged at 

500 °C and 0.05 mbar. Due to difficulty to volatilise the starting material, only 370 mg of 

product was collected and the crude product contained a mixture of cis and trans 

product in a 9:1 ratio. After flash chromatography, starting vinyl epoxide (90 mg) was 

recovered and cis A/-allyl dihydrofuryl amide (190 mg, y=47.5%) were obtained. 

mp= 78-81 °C (lit); u^ax (cm ' ) 3303 (NH); 2927 (CH, aromatics) 1643 (CONH); 5H (300 

MHz): 7.28-7.20 (5 H, m, aromatics); 6.75 (1 H, dd, J= 1.8, 2.7 Hz, C^H); 5.77 (1 H, d, 

J= 11.1 Hz, C H ) ; 5.55 (1 H, broad s, NH); 5.35-5.22 (2 H, m, C^H); 5.02 (1 H, t, J= 2.7 

Hz, C'H); 4 .92^.81 (2 H, m, C'H); 3.93 (1 H, dt, J= 1.8, 11.1 Hz, C^H); 3.44 (2 H, t, J= 

5.7 Hz, C^H); 6c (75 MHz): 169.5 (C^); 149.9 (C'); 136.6 (aromatic); 133.7 (C^); 128.0, 

127.9, 126.0 (aromatics); 116.4 (C^); 100.1 (C^); 85.2 ( C ) ; 55.0 (C^*); 41.8 (C^); m/z 

(ES) 252.0 (MNa*), 481.1 (2MNa*); HRMS (ES) found 252.0997 (calc 252.1000) 

6.3.3. L e w i s ac id activation 

Ph O Ph 

(166) c/s(171) 11:1 frans(171) 

.Ph Ph 

p . -^ t - ^o OH .QTl OH^QT 

(^87) c/s(172) 8.8:1 frans (172) 

All the solutions were prepared in the appropriate solvent (CDCI3 or MeCN) under 

nitrogen. When the product was not completely soluble, the solution was left 1 min in a 

ultrasound bath. If it was still not soluble, a drop of THF or MeCN or CDCI3 was added. 
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Preparation of vinyl epoxide solutions 

solvent 

SA oxazolidinone (166) 143 mg, 0.55 mmol 11 mL 
SB ethylene glycol (172) 130 mg, 0.55 mmol 11 mL 

Preparation of Lewis acid solutions 

solvent 

S I Cu(0Tf)2 18 mg, 0.05 mmol 1 mL 

S2 Zn(0Tf)2 18 mg, 0.05 mmol 1 mL 

S3 Sc(0Tf)3 25 mg, 0.05 mmol 1 mL 

S4 Sm(OTf)3 30 mg, 0.05 mmol 1 mL 

S5 BuzBOTf (1 M) 50 nL, 0.05 mmol 1 mL 

S6 BF3.0Et2 13 [iL, 0.1 mmol 2 mL 

S7 SnCl4 12 ^L, 0.1 mmol 2 m L 

S8 ZnClz (1 M) 50 ^iL, 0.05 mmol 1 mL 

S9 MgBr2 9 mg, 0.05 mmol 1 mL 

S10 Ti(0/-Pr)4 22 ^L, 0.075 mmol 1.5 mL 

S11 TiCU 8 nL, 0.075 mmol 1.5 mL 

S12 Ti(0/-Pr)2Cl2 0 . 5 m L o f S 1 0 + OmL 

0 . 5 m L o f S11 

Using a GreenHouse parallel synthetiser™, in each of the 24 reaction vials, was added 

1 mL of the vinylepoxide solution (SA or SB) and 0.1 mL of Lewis acid solution (SI or 

S2 or . . . S I2) . The reaction was stin-ed for 15 hours at room temperature for CDCU or 

at reflux for acetonitrile before being quenched with aqueous sodium bicarbonate. 

When CDCI3 was the solvent, the solutions were filtered through a hydrophobic frit 

directly into NMR tubes. Only starting material and decomposition were recovered. 

When acetonitrile was the solvent, the solutions were concentrated in a Genevac® 

vacuum centrifuge. After adding water and CDCI3, the solutions were filtered through a 

hydrophobic frit into NMR tubes. Only starting material and decomposition were 

recovered. 
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6.3.4. Microwave irradiatlion 

4-Dhenvl-3-carboethoxy-3.4-dihvdrofuran (85) 

^ P h 

' C O O E t 
(84) (85) 

In the appropriate vessel, was poured a solution of vinylepoxide (109 mg, 0.50 mmol) 

in toluene or DMSO (4 mL). When ionic liquid (approximately 0.1 M) was used, 1-butyl-

3-methyl-imidazolium hexafluorophosphate (96 mg, 0.34 mmol) was added to the 

solution in toluene). The vessel was then sealed and inradiated. No expected 

dihydrofuran was obtained. 

6.3.5. Epimerisat ion 

Trans 4-Dhenvl-3-carboethoxv-3,4-dihvdrofuran (85) 

COOEt COOE 

c/s (85) trans (85) 

DBU (80 )iL, 0.53 mmol) was added to a solution of c/s dihydrofuryl ester (85) (660 mg, 

2.57 mmol) in toluene (10 mL) under nitrogen at room temperature. The resulting 

mixture was heated under reflux for 15 hours. After allowing to cool to room 

temperature, HCI 1M was added, causing an emulsion. The solution was the filtered 

throufh a celite plug. The organic layer was washed with brine, dried over MgS04 and 

concentrated. After purification by flash chromatography (etherpetrol 1:3), was 

obtained the trans dihydrofuryl ester (85) (510 mg, y=91%) 

8H (300 MHz): 7.41-7.34 (5 H, m, aromatics); 6.55 (1 H, t, J= 2.4 Hz, C^H); 5.84 (1 H, d, 

J= 7.5 Hz, C*H); 5.05 (1 H, t, J= 2.7 Hz, C'H); 4.22 (2 H, q, J= 7.2 Hz, C'H); 3.73 (1 H, 

dt, J= 2.4, 7.5 Hz, C^'H); 1.29 (3 H, t, J= 7.2 Hz, C^H) 
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Attempts to trap the enolate (132): 

EtO 

(132) 

Method 1: with butyl iodide 

LDA {generated by the addition of n-BuLi 1.6M (0.7 mL, 1.1 mmol) to a solution of 

diisopropylamine (140 ^L, 1 mmol) in THF (3 mL) at - 7 8 °C} was added to a solution of 

dihydrofuryl ester (85) (109 mg, 0.5 mmol) in THF (1 mL) at - 7 8 "C. The mixture was 

stirred for 30 min before wanning to - 2 0 °C. Then a solution of n-Bul (85 jxL, 0.75 

mmol) in THF (1 mL) was slowly added and the reaction mixture was stirred for 18 

hours before being quenched with sat. NH4CI solution (3 mL). After separation, the 

aqueous layer was extracted with ether ( 3 x 2 mL) and the combined organic layers 

washed with brine ( 3 x 3 mL), dried over MgS04 and concentrated. Bui excess was 

removed by Kugelrohr distillation. The cmde product contained only decomposition. 

Method 2: with methyl iodide 

LDA {generated by the addition of n-BuLi 1.6M (0.7 mL, 1.1 mmol) to a solution of 

diisopropylamine (140 ^iL, 1 mmol) in THF (3 mL) at - 7 8 °C} was added to a solution of 

dihydrofuryl ester (85) (109 mg, 0.5 mmol) in THF (1 mL) at - 7 8 "C. The mixture was 

stin-ed for 30 min before wanning to - 2 0 °C. Then a solution of Mel (85 nL, 0.75 mmol) 

in THF (1 mL) was slowly added and the reaction mixture was stinted for 18 hours 

before being quenched with sat. NH4CI solution (3 mL). After separation, the aqueous 

layer was extracted with ether ( 3 x 2 mL) and the combined organic layers washed with 

brine ( 3 x 3 mL), dried over MgS04 and concentrated. The cmde product contained 

only decomposition. 
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Method 3: with acetic acid 

LDA {generated by the addition of n-BuLi 1.6M (0.7 mL, 1.1 mmol) to a solution of 

diisopropylamine (140 j^L, 1 mmol) in THF (3 mL) at - 7 8 °C} was added to a solution of 

dihydrofuryl ester (85) (109 mg, 0.5 mmol) in THF (1 mL) at - 7 8 "C. The mixture was 

stirred for 1 hour before being quenched with acetic acid (0.5 mL) and then water (3 

mL). After separation, the aqueous layer was extracted with ether ( 3 x 2 mL) and the 

combined organic layers washed with brine ( 3 x 3 mL), dried over MgS04 and 

concentrated. The crude product contained only decomposition. 

Method 4: with trimethylsilyl chloride (TMSCI) 

TMSCI (280 |xL, 2.19 mmol) was added to a solution of LDA {generated by the addition 

of n-BuLi 1.6M (1.6 mL, 2.42 mmol) to a solution of diisopropylamine (320 ^L, 2.19 

mmol) in THF (3 mL) at - 6 0 °C}. Then, a solution of dihydrofuryl ester (85) (160 mg, 

0.74 mmol) in THF (1 mL) was added at - 6 0 "C. The mixture was stirred for 1 hour 

before being quenched with sat. NH4CI solution (3 mL). After separation, the aqueous 

layer was extracted with ether ( 3 x 2 mL) and the combined organic layers washed with 

brine ( 3 x 3 mL), dried over MgS04 and concentrated. The cnjde product contained 

only decomposition. 

Method 5: with TMSCI (different order) 

A solution of dihydrofuryl ester (85) (100 mg, 0.46 mmol) and TMSCI (140 ^L, 1.09 

mmol) in THF (5 mL) was added at - 7 8 °C to a solution of LDA {generated by the 

addition of n-BuLi 1.6M (0.8 mL, 1.21 mmol) to a solution of diisopropylamine (150 ^iL, 

1.02 mmol) in THF (3 mL) at - 7 8 °C}. The mixture was stinted for 1 hour and a new 

product was observed on TLC plate and in NMR spectra. The reaction was then 

quenched with sat. NH4CI solution (5 mL). After separation, the aqueous layer was 

extracted with ether ( 3 x 5 mL) and the combined organic layers washed with brine (3 x 

7 mL), dried over MgS04 and concentrated. The cmde product contained only 

decomposition. 
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6.3.6. Funct ional group interconversion 

6.3.6.1. Hydrolysis of the ester 

Trans 4-Dhenvl-3-carboxv-3.4-dihvdrofuran (85) 

0 Ph , 

u — - iXs 
^ C O O E t 2 3 COOH 

(85) (203) 

A solution of LiOH.H20 (225 mg, 5.36 mmol) in water (3 mL) was added at 0 °C to a 

solution of methyl ester (58) (505 mg, 2.32 mmol) in methanol (10 mL). The reaction 

mixture was stirred at RT for 2 hours. The methanol was removed in vacuo and ether 

and water were added. After separation, the organic layer was kept to recycle the ester 

and the aqueous layer was acidified with HCI (1M) to pH 2 at 0 °C then extracted with 

ether. The combined organic layers were washed with brine, dried (MgS04) and 

concentrated. The trans dihydrofuryl acid (430 mg, y=98%) was too unstable to obtain 

all the analytical data and was used in the next step without further purification. 

umax(cm-^) 3032 (OH); 1731 (COOH); 8H (300 MHz): 7.40-7.30 (5 H, m, aromatics); 

6.58 (1 H. t, J= 2.7 Hz, C'H); 5.84 (1 H, d, J= 7.2 Hz, C^H); 5.08 (1 H, t, J= 2.7 Hz, 

C^H); 3.79 (1 H, dt, J= 2.7, 7.2 Hz, C^H); 5c (75 MHz): 178.5 (C^O); 147.6 (C'); 141.1, 

128.7, 128.2, 125.3 (aromatics); 97.7 (C^); 83.8 ( C ) ; 55.9 (C^) 

6.3.6.2. Amidation 

General procedure D: 

Triethylamine (300 ̂ L, 2 mmol, 4 eq) was slowly added to a solution of acid (95 mg, 

0.5 mmol, 1 eq) in THF (5 mL) at - 3 0 °C under argon. Then, pivaloyi chloride (62 jxL, 

0.5 mmol, 1 eq) was added dropwise to the mixture at - 3 0 °C under argon. The 

reaction mixture was stirred for 3 hours under argon, and warmed up to - 2 0 °C before 

adding lithium chloride (21 mg, 0.5 mmol, 1 eq) and the amine (0.6 mmol, 1.2 eq). The 

reaction mixture was then warmed up to rt and stinted for 12 hours. Then, it was 

quenched with sat. NaHC03 solution (3 mL), water (5 mL) and ether (5 mL) were 

added before separation of the layers. The aqueous layer was extracted with ether (3 x 

5 mL) and the combined organic layers washed with brine ( 3 x 5 mL), dried (MgS04) 
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and concentrated. The residue was distilled with a Kugelrohr (P=0.2-0.8 mbar; T=100-
180 "C), the distillate contained the pivalamide and the residue was the expected 
amide (yield 30-80%). 

Trans 4-Dhenvl-3-carboxamide-3.4-dihvdrofuran (207) 

o-̂ ^ — 0-̂  
COOH CONHj 

(203) (207) 

Following general procedure D, from a solution of dihydrofuryl acid (203) (171 mg, 0.9 

mmol) in THF (5 mL), triethylamine (540 i^L, 3.6 mmol), pivaloyi chloride (150 )iL, 1.2 

mmol), lithium chloride (40 mg, 0.9 mmol) and ammonia gas (approximately 5 mL) 

yielded after distillation with a Kugelrohr (P=0.04 mbar, T=100 "C) the expected 

primary amide (207) (99 mg, y=58%). 

mp= 147-149 °C; u^ax (cm"') 3331, 3157 (NH); 2921, 2853 (CH, aromatics) 1659.1633 

(CONH). 1461; 5H (300 MHz): 7.39-7.30 (5 H. m, aromatics); 6.69 (1 H, dd, J= 2.2, 2.6 

Hz, C'H); 5.73 (1 H, d. J= 6.6 Hz, C H ) ; 5.7 (2 H, broad s, NH); 5.02 (1 H, t, J= 2.6 Hz, 

C^H); 3.60 (1 H, dt, J= 2.2, 6.6 Hz. C^H); 5c (100 MHz): 177.6 (C*); 141.6 (C'); 128.8, 

128.1, 126.6, 125.4 (aromatics); 99.5 (C^); 83.6 (C^); 52.5 (C^); m/z (ES) 212.1 (MNa*), 

401.1 (2MNa*); HRMS (ES) found 212.0706 (calc. 212.0682) 

Trans 4-phenvl-3-N-n-ethvl-carboxvamide-3.4-dihvdrofuran (208) 

Ph 

{Y- _ 
— ^ 2 3 

COOH 
O 

(203) (208) 

Following general procedure D, from a solution of frans dihydrofuryl acid (203) (95 mg, 

0.5 mmol) in THF (5 mL). triethylamine (300 ^iL, 2 mmol). pivaloyi chloride (62 |LIL, 0.5 

mmol), lithium chloride (21 mg, 0.5 mmol) and ethylamine 2M in THF (300 \iL, 0.6 

mmol) yielded after distillation with a Kugelrohr (P=0.2 mbar, T=100 X ) the expected 

frans A/-ethyl amide (208) (63 mg. y=58%). 
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mp= 87-89 °C; u^ax (cm'') 3272 (NH); 3083, 2975, 2923 (CH aromatics), 1641 (CONH); 
5H (300 MHz): 7.39-7.36 (5 H, m. aromatics); 6.68 (1 H, t, J= 2.4 Hz, C'H); 5.72 (1 H, s 
broad, NH); 5.68 (1 H, d. J= 6.4 Hz, C H ) ; 4.97 (1 H, t, J= 2.4 Hz, C^H); 3.55 (1 H, dt, 
J= 2.4, 6.4 Hz, C^H); 3.38-3.30 (2 H, m, C^H); 1.16 (3 H, t, J= 7.6 Hz, C^H); 8c (100 
MHz): 172.5 (C*); 149.2 ( C ) ; 136.1, 128.9, 128.2, 125.4 (aromatics); 98.3 (C^); 86.1 
( C ) ; 58.3 ( C ) ; 34.8 (C«); 15.1 (C^) ; m/z (El) 217 (30%) (M" ); 172 (97%) (M-EtNH2' ); 
145 (100%); m/z (CI, NH3): 218 (100%) (MH*); m/z (ES) 240.1 (MNa*); 457.2 (2MNa*); 
HRMS (ES) found (MNa*) 240.0993 (calc. 240.1000). 

Trans 4-phenvl-3-N-n-isoproovi-carboxvamide-3.4-dihvdrofuran (209) 

O Ph 1 ^ ^ ^ ^ ^ ir —-
' C O O H fl 6 

O 
7 

(203) (209) 

Following general procedure D, from a solution of dihydrofuryl acid (203) (250 mg, 1.3 

mmol) in THF (10 mL), triethylamine (780 ^L, 5.2 mmol), pivaloyi chloride (165 ^L, 1.3 

mmol), lithium chloride (70 mg, 1.3 mmol) and /-propylamine (137 yL, 1.56 mmol) 

yielded after distillation with a Kugelrohr (P=0.2 mbar, T=125 °C) the expected trans N-

isopropyl amide (209) (120 mg, y=40%). 

Umax (cm ' ) 3296 (NH); 1647, 1542 (CONH); 5H (300 MHz): 7.4-7.3 (5 H, m, aromatics); 

6.65 (1 H, t, J= 2.4 Hz, C'H); 5.59 (2 H. s broad, NH + d, J= 6.3 Hz, C^H); 4.87 (1 H, t, 

J= 2.4 Hz. C^H); 4.02 (1 H, pseudo octuplet, J= 6.6 Hz, C^H); 3.44 (1 H, dt. J= 2.4. 6.6 

Hz, C^H); 1.06 (6 H. d, J= 6.6 Hz, C''H); 8c (50 MHz): 172.4 (C^); 148.8 (C^) ; 128.6, 

128.0, 127.9, 125.2 (aromatics); 98.1 (C^); 85.9 (C^); 58.1 (C^); 41.6 (C^); 22.7 (C^); 

m/z (El) 231 (13%) (M*); 172 (24%) (M-Z-PrNHa*); 145 (100%); m/z (CI, NH3): 232 

(100%) (MH*); (ES) 254.1 (MNa*). 485.1 (2MNa*); HRMS (ES) found (MNa*) 254.1153 

(calc. 254.1157). 
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Trans 4-phenvl-3-N-n-butvl-carboxvamide-3.4-dihYdrofuran (204) 

(203) 

Ph 

COOH 

Following general procedure D, from a solution of dihydrofuryl acid (950 mg, 5 mmol) in 

THF (40 mL), triethylamine (3 mL, 20 mmol), pivaloyi chloride (0.62 mL, 5 mmol), 

lithium chloride (210 mg, 5 mmol) and n-butylamine (0.55 mL, 6 mmol, 1.2 eq) yielded 

after distillation with a KQgelrohr (P=0.2 mbar, T=125 °C) the expected frans A/-(n-butyl) 

amide (760 mg, y=64%). 

C15H19NO2; %C 73.15, %H 7.67, %N 5.67 (th 73.44, 7.81, 5.71); mp= 57-60 °C; 

(cm"") 3291 (NH); 1645, 1553 (CONH); 8H (300 MHz): 7.4-7.3 (5 H, m, aromatics); 6.68 

(1 H, t, J= 2.4 Hz, C'H); 5.72 (1 H, s broad, NH); 5.68 (1 H, d, J= 6.6 Hz, C H ) ; 4.97 (1 

H, t, J= 2.4 Hz, C^H); 3.55 (1 H, dt, J= 2.4. 6.6 Hz, C^H); 3.30 (2 H, q, J= 7.2 Hz, C^H); 

I. 51 (2 H. quint, J= 7.2 Hz, C'H); 1.35 (2 H, hex, J= 7.2 Hz, C«H); 0.93 (3 H, t, J= 7.2 

Hz, C®H); 6c (62.5 MHz): 172.3 (C^); 148.9 (C'); 141.7,128.6, 127.9,125.2 (aromatics); 

98.1 (C^); 85.9 ( C ) ; 58.0 (C^); 39.4 (C^); 31.6 (C^); 20.0 (C^); 13.7(C*); m/z (El) 245 

(12%) (M*); 172 (33%) (M-n-BuNHz*); 145 (100%); m/z (CI, NH3): 246 (71%) (MH*); 

HRMS (ES) found (MNa*) 268.1308 (calc. 268.1313). 

Trans 4-Dhenvl-3-N-benzvl-carboxvamide-3.4-dihvdrofuran (210) 

' C O O H II 6 
(203) (210) O 

Following general procedure D, from a solution of dihydrofuryl acid (203) (185 mg, 0.97 

mmol) in THF (10 mL), triethylamine (600 ^L, 4 mmol), pivaloyi chloride (124 ^L, 1 

mmol), lithium chloride (42 mg, 1 mmol) and benzylamine (131 ^L, 1.2 mmol) yielded 

after distillation with a Kugelrohr (P=0.8 mbar, T=180 "C) the expected trans W-benzyl 

amide (210) (196 mg, y=70%). 

Umax (cm ' ) 3297 (NH); 1650, 1537 (CONH); 8H (200 MHz): 7.4-7.3 (10 H, m, 

aromatics); 6.68 (1 H, t, J= 2.4 Hz, C'H); 6.05 (1 H, broad s, NH); 5.74 (1 H, d, J= 6.4 

Hz, C H ) ; 4.98 (1 H, t, J= 2.4 Hz, C'^H); 4.49 (2 H, d, J= 5.6 Hz, C^H); 3.62 (1 H, dt, J= 

2.4, 6.4 Hz. C^H); 6c (62.5 MHz): 172.3 (C*); 149.1 (C'); 141.6, 137.9, 128.8. 128.7, 

166 



Chapter 6 - Experimental 

128.0. 127.8, 127.7, 125.2 (aromatics); 97.9 (C^); 85.9 {Cy, 58.0 (C^); 43.8 (C^); m/z 
(ES) 302.1 (MNa*), 581.2 (2MNa*) (%); HRMS (ES) found 302.1173 (calc. 302.1157). 

Trans 4-Dhenvl-3-N-allvl-carboxvamide-3.4-dihvdrofuran (211) 

,0^ ^Ph 

COOH 
(203) 

Following general procedure D, from a solution of dihydrofuryl acid (203) (209 mg, 1.1 

mmol) in THF (10 mL), triethylamine (660 ^iL, 4.4 mmol), pivaloyi chloride (140 \sL, 1.1 

mmol), lithium chloride (46 mg, 1.1 mmol) and allylamine (100 ^L, 1.32 mmol) was 

obtained after distillation with a Kugelrohr (P=0.4 mbar, T=125 "C) the expected trans 

A/-allyl amide (211) (117 mg, y=47%). 

omax (cm ' ) 3297 (NH); 1643, 1547 (CONH); 5H (200 MHz): 7.4-7.3 (5 H, m, aromatics); 

6.68 (1 H, t, J= 2.4 Hz, C^H); 6.0-5.75 (2 H, m, C^H, NH); 5.71 (1 H, d, J= 6.4 Hz, C^H); 

5.23-5.12 (2 H, m, C^H); 4.98 (1 H, t, J= 2.4 Hz, C^Hb); 3.92 (2 H, dt, J= 1.4, 5.8 Hz, 

C^H); 3.59 (1 H, dt, J= 2.4, 6.4 Hz, C^H); 5c (62.5 MHz): 172.2 (C*); 148.9 (C'); 141.6 

(aromatic); 133.9 (C^); 128.6, 128.0,125.1 (aromatics); 116.6 (C^); 97.9 (C^); 85.8 (C*); 

57.9 (C'); 42.0 (C^); m/z (El) 229 (38%) (M* ); 172 (94%) (M-allylNHa* ); 145 (100%); 77 

(42%) (CeHs*) 

6.4. Synthesis of dihydrofuryl alcohols and amines 

6.4.1. Reduction of esters 

General procedure E 

A solution of ester (1 eq) in ether was introduced slowly to a suspension of LiAIH4 (2.5 

eq) in ether at - 4 0 °C under argon. The reaction mixture was stin-ed 3 hours at - 4 0 °C 

under argon and quenched with distilled water (38 ^L/mmol of LiAIH4), NaOH 3N (38 

l iUmmol of LiAIH4) and finally water (114 i^Ummol of LiAIH4) before being filtered 

through a celite plug and concentrated. The generated alcohol was unstable and was 

used without further purification (storage at -20 °C under argon for a couple of hours 

only). 
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3-hvdroxvrriethvl-4-(3'.4'-rriethvleneclioxvDherivl)-3.4-dihvdmfuran (92) 

COOMe ^ ^ CH2OH 

(92) 

Following procedure E, ester (114) (400 mg, 1.61 mmol) in ether (10 mL) was reduced 

by LiAIH4 (150 mg, 3.95 mmol) in ether (10 mL) a t - 4 0 °C under argon. After treatment, 

the title alcohol (92) (347 mg, y=98%) was unstable and was used without further 

purification (storage at -20 °C under argon for a couple of hours only). 

Cis alcohol: 5H (300 MHz): 6.9-6.8 (3 H; m; aromatics); 6.57 (1 H, dd, J= 1.5, 2.7 Hz, 

C'H); 5.97 (2 H, s, OCH2O); 5.54 (1 H, d. J= 9.45 Hz, C H ) ; 4.99 (1 H, t, J= 2.7 Hz, 

C 'H ) ; 3.40-3.18 (3 H, m, C'H+C'H); 5C (62.5 MHz): 147.9 (C^); 147.2, 147.0, 131.1, 

119.6, 108.2, 106.9 (aromatics); 101.5(C'); 101.1 (OCH2O); 84.6 (C) ; 62.6 (C"), 48.7 

(C^) 

Trans 3-hvdroxvmethvl-4-Dhenvl-3.4-dihvdrofuran (92) 

COOEt ^ ^ CH^OH 

(85) (86) 

Following general procedure E, a solution of trans dihydrofuryl ester (85) (250 mg, 1.15 

mmol) in ether (10 mL) was reduced by LiAIH4 (112.5 mg, 3 mmol) in ether (10 mL) at -

40 "C under argon. After treatment, the title alcohol (86) (151 mg, y=75%) was 

unstable and was used without further purification. 

5H (250 MHz): 7.37-7.32 (5 H, m, aromatics); 6.59 (1 H, t, J= 2.6 Hz, C^H); 5.37 (1 H, d, 

J= 6.1 Hz, C*H); 4.87 (1 H, t, J= 2.6 Hz, C^'H); 3.73-3.70 (3 H, m, C^H + OH); 3.15-3.07 

(1 H, m, C^H); 5c (62.5 MHz): 147.5 (C^); 142.6. 128.6, 127.8, 125.3 (aromatics); 99.0 

(C'); 85.0 (C) ; 64.9 (C*); 54.1 (C') 
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Trans 3-hvdroxvmethvl-4-p-methoxvphenvl-3.4-dihvdrofuran (143) 

OMe ,^?^v^OMe 

COOMe CH„OH 
(143) (144) 

Following general procedure E, a solution of cis dihydrofuryl ester (143) (290 mg, 1.24 

mmol) in ether (15 mL) was reduced by LiAIH4 (186 mg, 5 mmol) in ether (15 mL) at -

40 °C under argon. After treatment, the title alcohol (144) (212 mg, y=83%) was 

unstable and was used without further purification. 

5H (300 MHz): 7.32-7.29 (2 H, m, aromatlcs); 6.92-6.90 (2 H, m, aromatics); 6.58 (1 H, 

dd, J= 1.5, 3.0 Hz, C'H); 5.58 (1 H, d, J= 9.3 Hz, C^H); 4.98 (1 H, t, J= 2.4 Hz, C^H); 

3.80 (3 H, s, OCH3); 3.35-3.14 (3 H, m, C '̂H + C^H); 5c (75 MHz): 158.9 (aromatics); 

146.8 (C^); 128.4, 127.3, 113.6 (aromatics); 101.5 (C^); 84.2 (C) ; 62.6(C^); 55.1 

(OCH3); 48.3 {C^) 

6.4.2. Reduction of amides 

General procedure F 

A solution of amide (1 eq) in THF was slowly added to a suspension of LiAIH4 (3 eq) in 

THF at - 4 0 "C under argon. The resulting mixture was then wanned at reflux for 48 

hours before being quenched with water (38 \iUmmo\ of LiAIH4), NaOH 3M (38 

jaUmmol of LiAIH4) and water (114 ^lUmmol of LiAIH4) at 0 °C. The solution was then 

filtered on a celite bed, which was rinsed by ether before being concentrated. 

Trans 3-N-ethvlaminomethvl-4-pher)vl-3,4-dihvdrofuran (215) 

CONHEt 2 3 
(208) (215) 

Following general procedure F, to a suspension of LiAIH4 (7 mg, 0.19 mmol) in THF (2 

mL) was added the trans A/-ethylamide (208) (14 mg, 0.06 mmol). After flash 

chromatography (etherpetrol 2:1), was obtained the corresponding amine (215) (11 

mg, y=85%). 
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Umax (cm ') 3387 (NH); 2963, 2928, 2809 (CH, aromatics); 8H (200 MHz): 7.36-7.32 (5 
H. m, aromatics); 6.52 (1 H, t, J= 2.2 Hz, C^H); 5.24 (1 H, d, J= 6.2 Hz. C^H); 4.95 (1 H, 
t, J= 2.2 Hz, C^H); 3.10-3.00 (1 H, m, C^H); 2.76 (2 H, d, J= 6.4 Hz, C^H); 2.67 (2 H, q, 
J= 7.2 Hz, C^H); 1.11 (3 H, t. J= 7.2 Hz. C'H); 6c (50 MHz): 146.2 (C^); 128.3, 127.6, 
126.8, 125.4 (aromatics); 101.6 (C=̂ ); 86.2 (C) ; 54.1 (C'); 51.9 (C'); 44.2 (C^); 15.3 (C^) 

Trans 3-N-butvlaminomethvl-4-Dhenvl-3.4-dihvdrDfuran (216) 

Ph 1 .Ph 

CONHBu 2 3 ' . ^ \ ^ 

(204) (216) 

Following general procedure F, to a suspension of LiAIH4 (185 mg, 4.9 mmol) in THF 

(15 mL) was added the trans A/-(/7-butyl) amide (204) (400 mg, 1.63 mmol). After flash 

chromatography (etherpetrol 2:1), was obtained the corresponding amine (216) (350 

mg, y=93%). 

Umax (cm ' ) 3328 (NH); 2956, 2929, 2871 (CH, aromatics), 1453; 8H (300 MHz): 7.43-

7.29 (5 H, m, aromatics); 6.51 (1 H, t, J= 2.4 Hz, C^H); 5.24 (1 H, d, J= 6.3 Hz, C^H); 

4.94 (1 H, t, J= 2.4 Hz, C^H); 3.04 (1 H, qt, J= 2.4, 6.3 Hz, C^H); 2.75 (2 H, d, J= 6.0 

Hz, C^H); 2.61 (2 H, t, J= 6.9 Hz, C^H); 1.5-1.2 (4 H, m, C^H, C^H); 0.91 (3 H, t, J= 7.5 

Hz, C^H); 8c (62.5 MHz): 146.2 (C^); 142.6, 128.5,127.7, 125.4 (aromatics); 101.4 (C^); 

86.2 (C) ; 54.1 (C*); 51.6 (C'); 49.5 (C^); 31.8 (C^); 20.3 ( O ; 13.9 (C^); m/z (GCMS 

El): 231 (0.13%) (M*); 86 (100%) (BuNHCHa*); 77 (7.4%) (CeHg*) 

Trans 3-N-allvlaminomethvl-4-Dhenvl-3.4-dihvdrofuran (217) 

r ^ 7 H 
CONHallyl ^ 3 ' - ^ 

(211) (217) 

Following general procedure F, to a suspension of LiAIH4 (28 mg, 0.75 mmol) in THF (2 

mL) was added the trans AZ-allylamide (211) (57 mg, 0.25 mmol). After flash 

chromatography (etherpetrol 2:1), was obtained the corresponding amine (217) (40 

mg, y=74%). 
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Umax (cm-^) 3378 (NH); 2924 (CH, aromatics); 5H (300 MHz): 7.36-7.27 (5 H, m, 
aromatics); 6.52 (1 H, t, J= 2.4 Hz, C^H); 5.97-5.82 (1 H, m, C^H); 5.27 (1 H, d, J= 6.3 
Hz, C H ) ; 5.21-5.08 (2 H. m, C*H); 4.93 (1 H, t. J= 2.4 Hz. C^H); 3.27 (2 H, dd, J= 1.2. 
6 Hz. C^H); 3.1-3.0 (1 H. m, C'H); 2.76 (2 H. d, J= 6 Hz. C'H); 6c (100 MHz): 146.2 
(C^); 142.8 (aromatic); 136.8 (C^); 128.5, 127.6, 125.4 (aromatics); 115.9 (C^); 101.4 
(C^); 86.2 {Cy, 53.5 (C^); 52.4 (C®); 51.9 (C'); m/z (ES) 216.1 (MH*), 431.3 (2MH*); 
HRMS (ES) found (MH*) 216.1389 (calc. 216.1388) 

Trans 3-amir)omethvl-4-Dhenvl-3.4-dihvdrofuran (214) 

-1'. n^". 
CONHj 2 3 2 

(207) (214) 

Following general procedure F, to a suspension of LiAIH4 (105 mg, 2.76 mmol) in THF 

(4 mL) was added the frans primary amide (207) (169 mg, 0.73 mmol). Only 

decomposition material was recovered. 

6.4.3. Deprotection of allyD amine 

Trans 3-aminomethvl-4-DhenYl-3.4-dihvdrofuran (214) 

/ O Ph (Ph3P)3RhCI 

€y NH ^ M 
(217) (214) 

Wilkinson's catalyst ((Ph3P)3RhCI, 0.5 mg, 0.5%) was added to a solution of allyl amine 

(217) (23 mg, 0.11 mmol) in acetonitrile:water 4:1 (0.8 mL:0.2 mL). The resulting 

mixture was heated at reflux and some solvent was added in continuous for 8 hours. 

Water and ether were then added. The organic layer was washed with brine, dried 

(MgS04) and concentrated. Only starting material (21 mg) was recovered. 
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6.5. Synthesis of furo-furan or -pyrrole 
6.5.1. Preparation of acetals 

Pioeronal diniethvl acetal (121) 

CHO 

<̂ TT — - ("XX̂ "̂' 
O " ^ ^ (121) 

Trimethyl orthoformate (4 mL, 80.0 mmol) was added to a solution of piperonal (4 g, 

26.67 mmol), p-toluene sulfonic acid (500 mg, 2.63 mmol) and methanol (3 mL, 74.15 

mmol) at room temperature under argon. The mixture was stirred for 15 hours before 

adding solid sodium bisulfite (12 g, 115.38 mmol). The mixture was stirred for 45 min 

and filtered on a celite bed which was washed with ether. After concentration in vacuo, 

was obtained the expected acetal (121) (4.93 g, y=94%). 

5H (300 MHz): 6.95-6.77 (3 H, m, aromatics); 5.95 (2 H, s, OCH2O); 5.28 (1 H, s, 

ArCH); 3.31 (6 H, m. OCH3) 

Pioeronai 1.2-ethvl acetal (122) 

_ X H O 

Trimethyl orthofomiate (2.8 mL, 56.0 mmol) was added to a solution of piperonal (4 g, 

26.67 mmol), p-toluene sulfonic acid (500 mg, 2.63 mmol) and ethylene glycol (1.5 mL, 

27.27 mmol) at room temperature under argon. The mixture was stirred for 5 hours. 

After Kugelrohr distillation (125 X , 0.1 mbar), was obtained the expected acetal (122) 

(2.91 g, y=56%). 

5H (300 MHz): 6.97-6.93 (2 H, m, aromatics); 6.80 (1 H, d, J= 8.1 Hz, aromatic); 5.96 (2 

H, s, OCH2O); 5.71 (1 H, s, ArCH); 4.12-4.00 (4 H, m, CHgCHa); 5c (62.5 MHz): 148.3, 

147.7, 131.8, 120.5, 107.9, 106.7 (aromatics); 103.6 (ArCH); 101.1 (OCH2O); 65.2 

(CH2CH2) 
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6.5.2. Lewis acid promoted cyclisation from alcohol 

4-exo-methoxv-2-endo-(3'. 4 '-methvlenedioxvDtienvl)-6-endo-p-methoxvDhenvl-3.7-

dioxa-bicvclof3.3.01octane (91) 

MeO 

(123) 

CH,OH 

MgO 

^ ^ ^ C H ( O M e ) , 

endo-endo(124) 

A solution of alcohol (92) (81 mg, 0.37 mmol) in DCM (5 mL) was slowly added to a 

solution of acetal (123) (137 ^L . 0.55 mmol) and TMSOTf (425 ^iL, 0.41 mmol) in DCM 

(10 mL) at - 4 0 °C under argon. The resulting solution (dark purple) was stirred for 17 

hours at - 4 0 °C, under argon, before being quenched with methanol (2 mL) and then 

sat. NaHCOs solution (15 mL). The aqueous layer was extracted with ether (3 x 10 

mL). The combined organic layers were washed with sat. NaHSOs solution ( 5 x 1 5 mL), 

to scavenge any piperonal, and with brine (3 x 15 mL), dried over MgS04 and 

concentrated. The pure endo methyl furofuran (124) (73 mg, 53%) was obtained after 

flash chromatography (petrol:ether 7:3). 

omax (cm-1) 2928, 1513, 1489, 1248. 5H (500 MHz): 7.31 (2 H, d, J= 8.5 Hz, aromatics); 

6.94-6.92 (3 H, m, aromatics);8.84 (2 H, broad s, aromatics); 5.97 (2 H, s, OCH2O); 

5.25 (1 H, d, J= 6 Hz, C^H); 4.87 (1 H. d, J= 6.5 Hz, C^H); 4.49 (1 H, s, C H ) ; 3.83 (3 H, 

s, OCH3 Ar); 3.73 (1 H, dd, J= 1.5, 6.5 Hz, C H W ; 3.51-3.48 (1 H, m, C^Hexo); 3.15 (3 

H, s, C^H), 3.14-2.95 (2 H, m, C^H, C^H). 5c (125 MHz): 158.8, 147.7, 146.8, 132.2, 

130.6, 127.3, 119.8, 113.7, 108.2, 107.3 (aromatics); 105.3 (C) ; 101.0 (OCH2O); 82.7 

(C®); 81.5 (C^); 68.7 (C^); 56.0 ( C ) ; 55.2 (OCH3 Ar); 54.3 (OCH3); 48.1 (C^). m/z (El) 

370 (27%) (M*) 
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4-exo-methoxv-2-endo. 6-endo-bis(3'. 4 '-methvlenedioxYDhenvl)-3.7-dioxa-
bicvclof3.3.01octane (91) 

CH(OMe), 

CHjOH 

(92) (121) 

MeO.„ 
9 

A solution of alcohol (92) (347 mg, 1.58 mmol) in DCM (10 mL) was slowly added to a 

solution of acetal (121) (800 mg, 4.08 mmol) and TMSOTf (425 ^L, 2.38 mmol) in DCM 

(20 mL) at - 4 0 °C under argon. The resulting solution (dark purple) was stinted for 17 

hours at - 4 0 "C, under argon, before being quenched with methanol (2 mL) and then 

sat. NaHCOs solution (15 mL). The aqueous layer was extracted with ether ( 3 x 1 5 

mL). The combined organic layers were washed with sat. NaHSOa solution ( 5 x 1 5 mL), 

to scavenge any piperonal, and with brine (3 x 15 mL), dried over MgS04 and 

concentrated. The pure endo methyl furofuran (91) (333.7 mg, 55%) was obtained after 

flash chromatography (petrohether 7:3). 

Umax (cm ' ) 2894, 1 503, 1489, 1444, 1239, 1098, 1063, 1037; 8H (300 MHz): 6.91-6.82 

(6 H, m, aromatics); 5.98 (2 H, s, OCH2O); 5.97 (2 H, s, OCH2O); 5.25 (1 H, d, J= 6 Hz, 

C^H); 4.82 (1 H, d, J= 5.7 Hz, C^H); 4.53 (1 H, s, C^H); 3.71 (1 H, d, J= 8.4 Hz, 

C'He«to); 3.50-3.44 (1 H, m, CHxo) ; 3.17 (3 H, s, C^H), 3.15-3.09 (2 H, m, C^H, C*H). 

8c (125 MHz): 147.7, 147.6. 146.8, 146.7. 132.7, 132.4, 120.0, 119.5, 108.5, 108.4, 

107.6, 107.1 (aromatics); 105.5 ( C ) ; 101.2 (OCH2O); 82.9 (C^); 81.7 (C^); 68.9 (C^); 

56.3 (C^); 54.6 (C®); 48.3 (C^); m/z (El) 384 (32%) (M*); 203 (42%); 178 (99%); 84 

(100%); m/z (CI, CH4) 385 (MH*); 353; 307; 135; 57 (100%); HRMS (ES): found (MNa*) 

407.1139 (calc. 407.1107) 
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4-exo-methoxv-2-exo-Dhenvl-6-endo-D-methoxvphenvl-3.7-dioxa-bicvclof3.3. Oloctane 

am 

q,..p. 
CHjOH 

frans (86) (123) 

CHCOMe), 

MeO 

exo-endo (130) 

A solution of frans alcohol (86) (96 mg, 0.51 mmol) in DCM (7 mL) was added to a 

mixture of p-methoxybenzaldehyde dimethyl acetal (123) (220 ^L, 1.30 mmol) and 

TMSOTf (110 ^L, 0.60 mmol) in DCM (13 mL) at - 4 0 X . The resulting mixture was 

stirred for 4 hours at - 4 0 °C before being quenched with methanol and then sat. 

NaHCOs solution (15 mL). The aqueous layer was extracted with ether ( 3 x 1 5 mL). 

The combined organic layers were washed with sat. NaHSOs solution ( 5 x 1 5 mL), to 

scavenge any anisaldehyde and with brine (3 x 15 mL), dried over MgS04 and 

concentrated. Purification by flash chromatography (etherpetrol:triethylamine 25:75:1), 

afforded the expected exo-endo furofuryl acetal (130) (88 mg, y=53%). 

"max (cm-^) 2955. 2927. 2854 (CH aromatics); 5H (500 MHz): 7.43-7.32 (7 H, m, 

aromatics); 6.93 (2 H. d. J= 9 Hz, aromatics); 4.95 (1 H, d, J= 7.3 Hz, C^H); 4.90 (1 H. 

d. J= 5.6 Hz. C^H); 4.37 (1 H. d, J= 1.8. C H ) ; 4.16 (1 H. d. J= 9.2 Hz. C^HerHto); 3.86-

3.82 (4 H, m. OCH3 Ar + C % « ) ; 3.17-3.08 (5 H. m, C®H + C^H +C^H); 6c (500 MHz): 

158.9, 142.5, 130.2, 128.5, 127.6, 127.5, 126.4, 113.7 (aromatics); 108.0 (0^, 88.1 

(C^); 82.0 (C^); 71.6 (C^); 56.3 (C) ; 55.4 (C^); 55.2 (OCH3 Ar); 52.6 (C^); m/z (El)= 326 

(8%) (M* ), 192 (100%); m/z (ES)= 348.9 (MNa*), 674.9 (2MNa*); HRMS (ES) found 

(MNa") 349.1397 (calc. 349.1416) 
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4-methoxv-2-exo-Dhenvl-6-exo-D-methoxvDhenYl-3.7-dioxa-bicvclof3.3.01octane 

MeO 

CH,OH M e O - ^ V ^ 

CH(OMe), 

frans (86) 

MeO 
exo-exo (131) 

(123) 

MeO ..,Ph 

exo-exo (137) 

A solution Of frans alcohol (105, 0.60 mmol) in DCM (7 mL) was added to a mixture of 

p-methoxybenzaldehyde dimethyl acetal (240 ^L, 1.42 mmol) and TMSOTf (120 nL, 

0.65 mmol) in DCM (13 mL). The resulting mixture was stirred for 16 hours at - 2 0 X 

then for 3 hours at room temperature before being quenched by methanol, stimed for 3 

more hours.and then treated with sat. NaHCOs solution (15 mL). The aqueous layer 

was extracted with ether ( 3 x 1 5 mL). The combined organic layers were washed with 

sat. NaHSOs solution ( 5 x 1 5 mL), to scavenge any anisaldehyde and with brine ( 3 x 1 5 

mL), dried over MgS04 and concentrated. Purification by flash chromatography 

(ether:petrohtriethylamine 25:75:1) afforded a mixture of exo:endo acetal in a 2:1 mtio 

(88 mg, y=45%). 

4-exo-methoxv-2-exo-phenYl-6-exo-D-methoxYphenYl-3.7-dioxa-bicvclof3.3. Oloctane 

(131). On,ax (cm-^) 2955, 2835 (CH aromatics); 5H (500 MHz): 7.42-7.29 (7 H, m. 

aromatics); 6.91 (2 H, d, J= 8.5 Hz, aromatics); 5.09 (1 H, s, C H ) ; 5.07 (1 H, d, J= 6.4 

Hz, C'H); 4.86 (1 H, d, J= 7.5, C«H); 4.27 (1 H, dd, J= 6.0. 9.0, C'H«xo); 4.05 (1 H, dd, 

J= 2.6, 9.1 Hz, C^Hendo); 3.81 (3 H, s, OCH3 Ar); 3.40 (3 H, s, C^H); 3.26-3.20 (1 H, m. 

C^H); 2.99 (1 H. t, J= 6.0 Hz, C^H); 6c (500 MHz): 159.3, 142.4, 133.4, 128.56, 127.7, 

127.2, 126.5, 114.0 (aromatics); 108.3 (C^); 88.4 (C^); 83.2 (C^); 72.6 (C^); 61.2 (C) ; 

55.3 (OCH3 Ar); 55.2 (C^); 53.0 (C^); m/z (ES)= 348.9 (MNa*), 674.9 (2MNa*); HRMS 

(ES) found (MNa*) 349.1407 (calc. 349.1416) 
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4-endo-methoxv-2-exo-phenvl-6-exo-p-methoxvDhenvl-3.7-dioxa-bicvclof3.3. Oloctane 

(137): Umax (cm-^) 2955, 2835 (CH aromatics); 8H (500 MHz): 7.38-7.26 (7 H, m, 

aromatics); 6.89 (2 H, d, J= 8.5 Hz, aromatics); 5.44 (1 H, d, J= 4 Hz, C^H); 5.30 (1 H, 

d, J= 5.8 Hz, C'H); 4.90 (1 H, d, J= 7.3, C'H); 4.06 (1 H, dd, J= 6.7, 8.9 Hz, C'Hexo); 

3.95 (1 H, dd, J= 4.3, 8.9 Hz, C^He,o); 3.80 (3 H, s, OCH3 Ar); 3.51 (3 H, s, C®H); 3.41-

3.39 (1 H, m, C*H); 3.15-3.00 (1 H, m, C^H); 8c (500 MHz): 158.8, 137.7, 134.4, 129.3, 

128.6, 128.0, 127.2, 126.1 (aromatics); 104.7 (C) ; 83.1 (C^); 79.0 (C^); 70.2 (C*); 58.1 

(C*); 55.7 (C^); 55.3 (OCH3 Ar); 55.1 (C^); m/z (ES)= 348.9 (MNa*), 674.9 (2MNa*); 

HRMS (ES) found (MNa*) 349.1449 (calc. 349.1416) 

4-exo-methoxv-2-endo-p-methoxvDhenvl-6-^ndo-phenvl-3.7-dioxa-biCYCIof3.3. Oloctane 

(1421 

OMe 

+ PhCH(0Me)2 

CHjOH 

(144) 

MeO.., 

OMe 

A solution of cis alcohol (144) (24 mg, 0.12 mmol) in DCM (1.5 mL) was added to a 

mixture of benzaldehyde dimethyl acetal (45 ^L. 0.30 mmol) and TMSOTf (35 ^L. 0.19 

mmol) in DCM (1.5 mL). The resulting mixture was stirred for 1 hour at - 7 8 °C before 

being quenched with methanol and then sat. NaHCOs solution (5 mL). The aqueous 

layer was extracted with ether ( 3 x 5 mL). The combined organic layers were washed 

with sat. NaHSOa solution ( 5 x 5 mL), to scavenge any benzaldehyde and with brine (3 

X 5 mL), dried over MgS04 and concentrated. Purification by flash chromatography 

(ether:petrol:triethylamine 25:75:1) afforded the expected furofuryl acetal (142) (9 mg, 

y=23%). 

Umax (cm-^) 2927 (CH aromatics); 8H (500 MHz): 7.41-7.23 (7 H, m, aromatics); 6.94 (2 

H, d, J= 8.7, aromatics); 5.31 (1 H, d, J= 5.4 Hz, C'H); 4.93 (1 H, d, J= 5.8 Hz, C^H); 

4.48 (1 H, s, C H ) ; 3.83 (3 H, s, OCH3 Ar); 3.72 (1 H, d, J= 10.0 Hz, C^Hendo); 3.51-3.46 

(1 H, m, CHxo) ; 3.19-3.06 (5 H, m, C'H, C^H, C^H); 8c (125 MHz): 158.9,138.6, 130.3, 

128.3, 127.8, 127.3, 126.0, 113.8 (aromatics); 105.3 ( C ) ; 82.9 (C^); 81.4 ( C ) ; 68.8 

(C^); 56.1 (C*); 55.3 (OCH3 Ar); 54.3(C'); 48.1 (C^); m/z (ES) 349.1; HRMS (ES) found 

(MNa*) 349.1407 (calc. 349.1416) 
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6.5.3. Cyclisation from amine 

4-methoxv-2-exo-Dhenvl-6-arvl-3. oxa-7-aza-blcYClof3.3. Oloctane (218) 

.0^ ^Ph 

'CH^NHBu 

(216) (218) 

Method 1: p-methoxybenzaldehyde dimethyl acetal + TMSOTf 

A solution of trans butyl amine (216) (80 mg, 0.35 mmol) in DCM (1.5 mL) was added 

to a mixture of p-methoxybenzaldehyde dimethyl acetal (135 ^L, 0.70 mmol) and 

TMSOTf (70 ^L, 0.38 mmol) in DCM (1.5 mL). The resulting mixture was st i red for 16 

hours at - 2 0 °C before being quenched with methanol (1 mL) and then sat. NaHCOa 

solution (5 mL). The aqueous layer was extracted with ether ( 3 x 5 mL). The combined 

organic layers were washed with sat. NaHSOa solution ( 5 x 5 mL), to scavenge any 

anisaldehyde and with brine ( 3 x 5 mL), dried over MgS04 and concentrated. The 

crude mixture did not contain the expected furopyn^ole. 

Method 2: p-methoxybenzaldehyde + acetic acid 

p-Methoxybenzaldehyde (175 jxL, 1.42 mmol) was added to a solution of trans butyl 

amine (216) (165 mg, 0.71 mmol) in DCM (5 mL) at room temperature, under argon. 

After 2 hours, acetic acid (10 jiL) was added and the resulting mixture was stirred for 

15 hours before being quenched with methanol and then sat. NaHCOs solution (5 mL). 

The aqueous layer was extracted with ether ( 3 x 5 mL). The combined organic layers 

were washed with sat. NaHSOs solution ( 5 x 5 mL), to scavenge any anisaldehyde and 

with brine ( 3 x 1 5 mL), dried over MgS04 and concentrated. Only starting materials and 

decomposition products were recovered. 
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CHjNHBu 

(216) (218) 

Method 3: benzaldehyde + PPTS 

Benzaldehyde (140 fxL, 1.34 mmol) was added to a solution of frans butyl amine (216) 

(155 mg, 0.67 mmol) and pyridinium p-toluene sulphonate (PPTS) (17 mg, 0.07 mmol) 

in CDCI3 (2.5 mL) at room temperature, under argon. The resulting mixture was stin-ed 

for 15 hours before being quenched with methanol and then sat. NaHCOs solution (5 

mL). The aqueous layer was extracted with ether ( 3 x 5 mL). The combined organic 

layers were washed with sat. NaHSOs solution ( 5 x 5 mL), to scavenge any 

benzaldehyde and with brine ( 3 x 1 5 mL), dried over MgS04 and concentrated. Only 

starting materials and decomposition products were recovered. 

Method 4: benzaldehyde + CSA 

Benzaldehyde (140 ^L, 1.34 mmol) was added to a solution of frans butyl amine (216) 

(155 mg, 0.67 mmol) and (-)-camphor sulphonic acid (CSA) (16 mg, 0.07 mmol) in 

CDCI3 (2.5 mL) at room temperature, under argon. The resulting mixture was stinred for 

15 hours before being quenched with methanoland then sat. NaHC03 solution (5 mL). 

The aqueous layer was extracted with ether ( 3 x 5 mL). The combined organic layers 

were washed with sat. NaHSOa solution ( 5 x 5 mL). to scavenge any benzaldehyde 

and with brine ( 3 x 1 5 mL), dried over MgS04 and concentrated. Only starting materials 

and decomposition products were recovered. 

Method 5: reductive amination p-bromobenzaldehyde + NaBH4 

Acetic acid (14 nL, 0.5 mmol) was added to a solution of frans butyl amine (216) (58 

mg, 0.25 mmol) and p-bromobenzaldehyde (93 \iL, 0.50 mmol) in CDCI3 (2.5 mL) at 

room temperature, under argon. The resulting mixture was stin-ed for 35 hours at 60 

"C. Then a solution of NaBH4 (35 mg, 1 mmol) in CDCI3 (0.5 mL) was added. The 

resulting mixture was stirred for 2 hours at room temperature before being quenched. 

After aqueous treatment, p- bromobenzyl alcohol was recovered but no tertiary amine. 

179 



Chapter 6 - Experimental 

, 0 , ^Ph 

CH^NHBu 

(216) (218) 

Method 6: with Eschenmoser salt 

A solution of trans butyl amine (216) (40 mg, 0.17 mmol) In CDCI3 (1 mL) was added to 

a suspension of EschenmSser salt (CH2NMe2,l 34 mg, 0.18 mmol) in CDCI3 (2 mL) at 

room temperature under argon. The resulting mixture was stin-ed for 30 min before 

being quenched by methanol. After aqueous work-up, the crude mixture (48 mg) 

contained mainly 3 major compounds, none of which were not the expected 

furopyrrole. 

6.5.4. Activation of the amine 

4-Dhenvl-3-N-butvl. N-D-methoxvbenzovl-aminomethvl-3.4-dihvdrofuran (227) 

^Ph MeO 

CHjNHBu 

(216) (227) 

A solution of p-methoxybenzoyi chloride (60 mg, 0.34 mmol) and DMAP (3 mg, 0.03 

mmol) in DCM (2 mL) was slowly added to a mixture of butyl amine (60 mg, 0.26 mmol) 

and triethylamine (180 ^iL, 1.2 mmol) in DCM (3 mL) under argon at room temperature. 

The resulting mixture was stin-ed for 18 hours before being treated with HCI (1M) (3 

mL). The aqueous layer was extracted with ether ( 3 x 3 mL). The combined organic 

layer washed with sat. NaHCOa solution ( 2 x 3 mL) and brine (2x3 mL) dried (MgS04^ 

and concentrated. After flash chromatography (etherpetrol 1:2), was obtained the 

expected amide (65 mg, y=69%). At - 5 5 °C, the NMR spectra con-esponded to the two 

rotamers called A and B in the interpretation. 
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Umax (cm-^) 2957, 2931 (CH. aromatic); 1627, 1608 (CON); 1251; 5H (500 MHz, -55 X ) : 
Rotamer A: 7.27-7.15 (5 H, m, aromatic); 7.14 (2 H, d, J= 8.5 Hz, aromatics); 6.78 (2 H, 
d, J= 8.5 Hz, aromatics); 6.46 (1 H, broad s, C^H); 5.29 (1 H, broad d, J= 6.4 Hz, C H ) ; 
4.90^ .76 (1 H, m. C^H); 3.73 (3 H, s, OCH3); 3.7-3.0 (5 H, m, C^H, C^H and C^H); 
1.52-1.08 (2 H, m. C^H); 0.96-0.92 (2 H, m, C'H); 0.66-0.64 (3 H, m, C'H); Rotamer B: 
7.27-7.15 (5 H, m, aromatics); 7.05 (2 H, d, J= 7.5 Hz, aromatics); 6.84 (2 H, d, J= 7.5 
Hz, aromatics); 6.36 (1 H, broad s, C'H); 5.29 (1 H, broad d, J= 6.4 Hz, C H ) ; 4.90-4.76 
(1 H, m, C^H); 3.77 (3 H, s, OCH3); 3.7-3.0 (5 H, m, C^H, C^H and C^H); 1.52-1.08 (2 
H, m, C^H); 0.82-0.77 (3 H, m, C®H); 0.74-0.70 (2 H, m, C^H); 6c (125 MHz, -55 X ) : 
172.4(COA); 171.8 (CO B); 159.8 (C' A+B); 146.6, 146.2, 141.6, 141.3, 132.0, 128.7, 
128.6, 128.5, 128.3, 128.1, 128.0, 127.8, 125.4, 124.6,113.4, 113.3 (aromatics A+B); 
101.3 (C^ A); 100.2 (C^ B); 85.9 ( C A); 84.8 ( C B); 55.5 (OCH3 B); 55.3 (OCH3 A); 
53.1, 50.4, 50.0, 49.4, 48.4, 44.4 (C', C ^ C^ A+B); 30.3 (C^ A); 29.1 (C^ B); 20.0 (C^ B), 
19.4 (C* A); 14.1 (C ' B); 13.8 (C^ A); m/z (ES) 388.2 (MNa*), 753.4 (2MNa*); HRMS 
(ES) found (MNa*) 388.1890 (calc. 388.1889) 

4-methoxY-2-exo-phenYl-6-p-methoxvphenvl-3. oxa-7-aza-biCYClof3.3. Oloctane (221) 

O Bu 
(227) 

1. DIBAL-H 
X — 

2. MeOH 

1. DIBAL-H 

2. MeOH 

Ar 
MeO 

(228) 

DIBAL-H (1M) (120 ^L, 0.12 mmol) was slowly added to a solution of tertiary amide 

(227) (10 mg, 0.03 mmol) in THF (1 mL) under argon. The mixture was stirred at rt for 3 

hours before being quenched by methanol. After aqueous treatment (NaHCOs and 

brine), the crude product did not contain any furopyrrole (221) but a trace of tertiary 

amine (228) was detected. 
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6.6. Giycosidic bond reduction 

2-endo. 6-endo-bis(3', 4 '-methylenedioxvphenvl) 3.7-dioxa-bicvclof3.3. Oloctane (1) 

MeO .„ 

Triethylsilane (220 nL, 2.6 mmol) was slowly added to a solution of acetal (91) (100 

mg, 0.26 mmol), in DCM (6 mL) at - 4 0 "C under argon. BF3*OEt2 (50 ^L, 0.275 mmol), 

was then added under the same conditions and the colour of the solution turned to dark 

red. The resulting solution was stirred for 15 hours at - 4 0 °C under argon before being 

poured into a saturated solution of sodium bicarbonate. The aqueous layer was 

extracted with ether ( 3 x 5 mL) and the combined organic layers were washed with 

brine ( 3 x 5 mL), dried (MgS04) and concentrated. The residue was purified by flash 

chromatography (ether:petrol:triethylamine 25:75:1) to afford Epiasarinin (25 mg, 

y=27%) and Asarinin (3 mg, y=3.3%) and a mixture of the two diastereoisomers and 

starting material (37 mg, 40%) which could be recycled. 

Eoiasarinin (1) mp = 140-142 °C; C joHiaOe; %C 67.60, %H 5.13 (th 67.79, 5.12%) Umax 

(cm ' ) 2922, 1460, 1376, 1253; 8H (500 MHz): 6.89 (2 H, s, aromatics); 6.82 (4 H, s, 

aromatics); 5.97 (4 H, s, OCH2O); 4.87 (2 H, d, J= 5.04 Hz, C^H, C^H); 3.72 (2 H, d, J= 

9.7 Hz, C H e ^ i o , C^Hemyo); 3.52 (2 H, pseudo dd, J= 6.85, 9.45 Hz, C H e x o , C^Hexo); 3.13 

(2 H, m, C'H, C^H); 8c (125 MHz): 147.6.146.7,132.1, 119.5, 108.1, 107.1 (aromatics); 

100.9 (OCH2O); 84.1 (C^ C^); 68.7 (C^ C^); 49.5 (C \ C^); m/z (ES*): 377.1 (MNa*); 

731 (M2Na*) 

Asarinin (22) Umax (cm ' ) 2922, 1460, 1376, 1253; 8H (500 MHz): 6.86-6.78 (6 H, m, 

aromatics); 5.96 (2 H, s. OCH2O); 5.95 (2 H. s, OCH2O); 4.83 (1 H, d, J= 5.15 Hz, 

C'H); 4.39 (1 H, d, J= 6.86 Hz, C'H); 4.09 (1 H, d, J= 9.3 Hz, CHendo); 3.83-3.80 (2 H, 

m, C'Hexo. C U m * o ) ; 3.31-3.29 (2 H, m, C'H, C^Hexo); 2.88-2.83 (1 H, m, C^H); 8c (125 

MHz):147.9, 147.6, 147.2, 146.5, 135.0, 132.2, 119.6, 118.7, 108.5, 106.5, 106.4 

(aromatics); 101.0, 100.9 (OCH2O); 87.6 (C^); 82.0 (C^); 70.9 (C^); 69.7 (C^); 54.6 ( C ) ; 

50.1 (C') 
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Method G 

Triethylsilane (10 eq) was slowly added to a solution of acetal (1 eq), In DCM at -78 "C 

under argon. BFs'OEtz (1.7 eq) was then added at -78 °C and the colour of the solution 

turned to dark red. The resulting solution was stin-ed for 1 min at -78 °C under argon 

before being poured into a saturated solution of sodium bicarbonate. The resulting 

mixture was filtered through a hydrophobic frit and concentrated. 

Method H 

Triethylsilane (10 eq) was slowly added to a solution of acetal (1 eq), in DCM at -20 °C 

under argon. BFa'OEtz (1.7 eq) was then added at -20 °C and the resulting solution 

was stin-ed for 4 hours at -20 °C under argon before being poured into a saturated 

solution of sodium bicarbonate. The resulting mixture was filtered through a 

hydrophobic frit and concentrated. 

2-endo-Dhenvl-6-endo-D-methoxvDhenvl-3.7-dioxa-bicvclor3.3.01octane (138) 

MeO 

MeO.„ 

Following method G, from endo-endo acetal ( 8 7 ) (22 mg, 0.07 mmol), EtsSiH (60 |iL, 

0.70 mmol) and BFa'OEtz (20 ^L, 0.12 mmol), was a mixture of furofuran ( 1 3 8 ) : ( 1 3 9 ) 

(40:60) and was purified by flash chromatography (ether:petrol:triethylamine 25:75:1) to 

afford the expected endo-endo furofuran ( 1 3 8 ) (5 mg, 24%). 

( 1 3 8 ) : Umax (cm-') 2958, 2931, 2855, 1513, 1248; 5H (500 MHz): 7.40-7.29 (7 H, m. 

aromatics); 6.92 (2 H, d, J= 9 Hz, aromatics); 4.97 (1 H, d, J= 5.7 Hz, C^H); 4.93 (1 H, 

d, J= 5.9 Hz, C®H); 3.83 (3 H, s, OCH3 Ar); 3.13 (1 H, dd, J= 2.3, 9.6 Hz, C^He„do); 3.67 

(1 H, dd, J= 2.2, 9.4 Hz, C^Henoo); 3.55 (1 H, dd, J= 7.3, 9.6 Hz, C^Hexo); 3.53 (1 H, dd, 

J= 7.3, 9.4 Hz, C%xo) ; 3.29-3.08 (2 H, m, C ' H , C^H) ; 6C (125 MHz): 138.9, 130.6, 

128.6, 128.3, 127.6, 126.3, 113.7 (aromatics); 84.3 (C^); 84.0 (C^) ; 68.85 ( C * ) ; 68.75 

( O ; 55.3 (OCH3); 49.6 (C^) ; 49.5 (C^) ; m/z (ESJ. 319.1 (MNa*); 731 (2MNa*); HRMS 

(ES) found (MNa*) 319.1317 (calc. 319.1310) 
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2-enclo-Dhenvl-6-exo-D-methoxvDhenvl-3.7-dioxa-bicvclof3.3. Oloctane (139) 

MeO 

MeO.., 

MeO (139) 

Following method H, from endo-exo acetal (88) (12 mg, 0.04 mmol), EtaSiH (30 \ ± , 

0.35 mmol) and BF3»OEt2 (10 ^L, 0.06 mmol) afforded after purification by flash 

chromatography (etherpetrol:triethylamine 25:75:1) the expected endo-exo furofuran 

( 1 3 9 ) (9 mg, 83%). 

( 1 3 9 ) : un,ax (cm-^) 2957, 2871. 2835, 1513, 1248, 1055; 8H (500 MHz): 7.38-7.29 (7 H, 

m, aromatlcs); 6.90 (2 H. d, J= 9 Hz, aromatics); 4.93 (1 H, d, J= 5.9 Hz, C'H); 4.44 (1 

H, d, J= 7.25 Hz. C^H); 4.13 (1 H, d, J= 9.5 Hz, CHe^do); 3.88-3.80 (2 H, m, C H x o , 

CHexo); 3.81 (3 H. s, OCH3 Ar); 3.42-3.38 (1 H, m, C'H); 3.26 (1 H, d, J= 9 Hz, 

C^Hendo); 2.95-2.90 (1 H, m, C*H); 6c (125 MHz): 158.3, 138.4, 133.1, 128.6, 127.5, 

127.1, 125.6, 113.9 (aromatics); 87.5 (C®); 82.2 {C"); 70.9 (C''); 69.7 (C^); 55.3 (OCH3); 

54.5 (C^); 50.1 (C^); m/z (ES*): 319.1 (MNa*); 731 (2MNaO; HRMS (ES) found (MNa*) 

319.1296 (calc. 319.1310) 

2-exo-Dhenvl-6-endo-D-methoxvDhenvl-3.7-dioxa-bicvclof3.3. Oloctane (140) 

MeO 

MeO.„ 

(130) MeO (140) 

Following method G, from exo-endo acetal ( 1 3 0 ) (6 mg, 0.02 mmol), EtaSiH (15 ^L, 

0.18 mmol) and BFa-OEta (5 jaL, 0.03 mmol), was obtained a mixture of starting 

material and exo-endo furofuran ( 1 4 0 ) (conversion 86%) 

Following method H, from exo-endo acetal ( 1 3 0 ) (25 mg, 0.08 mmol), EtsSiH (65 \iL, 

0.77 mmol) and BF3»OEt2 (15 ̂ iL, 0.08 mmol), was obtained a mixture of exo-endo:exo-

exo furofurans ( 1 4 0 : 1 4 1 ) (1:2.8). 
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( 1 4 0 ) : Omax (cm ') 2961. 2928, 2872, 1455, 1190; 8H (500 MHz CDCIs+CeDe): 7.32-7.19 
(7 H, m. aromatics); 6.83 (2 H, d, J= 8.7 Hz, aromatics); 4.67 (1 H, d. J= 5.9 Hz, C^H); 
4.44 (1 H, d, J= 6.8 Hz, C'H); 4.03 (1 H, d, J= 9.4 Hz, C^Henco); 3.78 (1 H, t, J= 8.8 Hz, 
CHexo); 3.64 (1 H, dd, J= 6.2, 9.4 Hz, C'Hexo); 3.57 (3 H, s , OCH3 Ar); 3.38-3.30 (1 H, 
m, C^Hendo); 3.10-3.03 (2 H, m, C^H); 2.73-2.68 (1 H, m, C^H); 6c (125 MHz): 158.6, 
141.3, 130.4, 128.6, 127.8, 126.7, 126.0, 113.7 (aromatics); 87.7 (C^- 82.0 (C^); 71.1, 
69.8 (C^ C*); 55.2 (OCH3); 54.7 (C^); 50.2 (C*); m/z {ESJ. 319.1 (MNa*); 731 (2MNa*); 
HRMS (ES) found (MNa*) 319.1322 (calc. 319.1310) 

2-exo-Dhenvl-6-exo-p-methoxvphenvl-3.7-dioxa-bicvclof3.3. Oloctane (141) 

MeO ...Ph 

MeO (131+137) MeO (141) MeO (140) 

Following method G, from exo-exo acetal ( 1 3 1 + 1 3 7 ) (3 mg, 0.01 mmol), EtaSiH (10 ^iL, 

0.11 mmol) and BF3«OEt2 (5 ^iL, 0.03 mmol), was obtained a mixture of exo-endoiexo-

exo furofurans ( 1 4 0 : 1 4 1 ) (18:82). (conversion 100%) 

Following method H, from exo-exo acetal ( 1 3 1 + 1 3 7 ) (76 mg, 0.23 mmol), EtaSiH (200 

^L, 2.37 mmol) and BF3»OEt2 (75 ^iL, 0.41 mmol), was obtained a mixture of exo-

endo.exo-exo furofurans ( 1 4 0 : 1 4 1 ) (1:2.8). 

( 1 4 1 ) : Umax (cm-') 2957, 2929, 2855, 1512, 1247, 1033; 6H (500 MHz): 7.37-7.27 (7 H, 

m, aromatics); 6.89 (2 H, d. 8.8 Hz, aromatics); 4.83 (1 H, d, J= 4.9 Hz. C^H); 4.77 (1 

H, d. J= 4.9 Hz. C^H); 3.80 (3 H, s, OCH3 Ar); 4.29-4.24 (2 H, m, C*Hemio, C^Hendo); 

3.93-3.89 (2 H, m. CHexo, C H x o ) ; 3.16-3.07 (2 H, m. C^H. C*H); 6c (125 MHz): 159.2. 

141.2. 133.0, 128.6, 127.6, 127.4,125.9,113.9 (aromatics); 85.9 (C^); 85.6 (C^); 71.85, 

71.80 (C^ C'); 55.3 (OCH3); 54.4. 54.2(C^ C'); m/z (ES*): 319.1 (MNa*); 731 (2MNa*); 

HRMS (ES) found (MNa*) 319.1306 (calc. 319.1310) 
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Appendix 1 

Crystalline structure of the Epiasarinin (1) 

0!29) 

0(19) 

Epiasarinin (1) 
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Table 1. Crystal data and structure refinement for Epiasarinin (1). 

Identification code 

Empirical fomiula 

Fomiula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 28.99° 

Absorption correction 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on 

Final R indices [l>2sigma(l)] 

R indices (all data) 

Largest diff. peak and hole 

02srv003 

C20H18O6 

354.34 

120(2) K 

0.71073 A 

Monoclinic 

P2(1)/n 

a = 8.214(3) A a=90°. 

b = 7.461 (2) A p= 97.00(1)°. 

c = 26.311(6) A y=90°. 

1600.4(8) 

4 
3 

1.471 mg/m 

0.109 mm-̂  

744 

0.14x0.28x0.38 mm^ 

1.56 to 28.99°. 

.10<=h<=11, -10<=k<=10, -35<=l<=35 

18666 

4228 [R(int) = 0.0341] 

99.6 % 

None 

Full-matrix least-squares on F^ 

4228 / 0 /307 

1.097 

R1 =0.0448, wR2 = 0.1129 

R1 =0.0540. wR2 = 0.1196 

0.399 and -0.259 e.A-^ 
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Table 2. Atomic coordinates (x lo") and equivalent isotropic displacement parameters (A x̂ 
10 )̂ for Epiasarinin (1). U(eq) is defined as one third of the trace of the orthogonalized u' 

tensor. 

X y z U(eq) 

C(1) 4605(1) 9749(2) 2737(1) 16(1) 

C(2) 5879(1) 8989(2) 3168(1) 16(1) 

0(3) 6905(1) 7828(1) 2914(1) 19(1) 

C(4) 7167(2) 8744(2) 2451(1) 18(1) 

C(5) 5537(1) 9672(2) 2254(1) 16(1) 

C(6) 4351(1) 8579(2) 1869(1) 17(1) 

0(7) 3492(1) 7430(1) 2179(1) 20(1) 

C(8) 3089(2) 8564(2) 2585(1) 18(1) 

C(11) 5175(1) 7992(2) 3590(1) 17(1) 

C(12) 5111(2) 6104(2) 3591(1) 20(1) 

C(13) 4382(2) 5313(2) 3980(1) 20(1) 

C(14) 3722(2) 6294(2) 4352(1) 21(1) 

C(15) 3771(2) 8139(2) 4360(1) 24(1) 

C(16) 4525(2) 8971(2) 3971(1) 22(1) 

0(17) 4170(1) 3508(1) 4062(1) 32(1) 

C(18) 3301(2) 3381(2) 4501(1) 25(1) 

0(19) 3072(1) 5159(1) 4691(1) 31(1) 

C(21) 5088(2) 7497(2) 1468(1) 18(1) 

C(22) 4776(2) 5648(2) 1414(1) 19(1) 

C(23) 5418(2) 4783(2) 1019(1) 20(1) 

C(24) 6326(2) 5672(2) 685(1) 21(1) 

0(25) 6672(2) 7469(2) 735(1) 25(1) 

0(26) 6027(2) 8374(2) 1135(1) 23(1) 

0(27) 5268(1) 3001(1) 887(1) 30(1) 

0(28) 6236(2) 2762(2) 473(1) 27(1) 

0(29) 6764(1) 4492(1) 319(1) 27(1) 
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Table 3. Bond lengths [A] and angles ["] for Epiasarinin (1) . 

Ctiapter 7 - Appendix 

C(1)-C(8) 1.5395(17) C(21)-C(26) 1.3993(17) 

C(1)-C(2) 1.5543(16) C(21)-C(22) 1.4075(18) 

C(1)-C(5) 1.5622(17) C(22)-C(23) 1.3802(17) 

C(1)-H(1) 1.007(15) C(22)-H(22) 0.949(18) 

C(2)-0(3) 1.4302(14) C(23)-0(27) 1.3760(16) 

C(2)-C(11) 1.5094(16) C(23)-C(24) 1.3885(18) 

C(2)-H(2) 0.964(16) C(24)-C(25) 1.374(2) 

0(3)-C(4) 1.4359(15) C(24)-0(29) 1.3838(15) 

C(4)-C(5) 1.5402(17) C(25)-C(26) 1.4074(19) 

C(4)-H(41) 0.978(17) C(25)-H(25) 0.957(17) 

C(4)-H(42) 0.967(17) C(26)-H(26) 0.92(2) 

C(5)-C(6) 1.5488(16) 0(27)-C(28) 1.4349(17) 

C(5)-H(5) 0.995(17) C(28)-0(29) 1.4357(18) 

C(6)-0(7) 1.4273(14) C(28)-H(281) 0.990(18) 

C(6)-C(21) 1.5118(17) C(28)-H(282) 0.970(18) 

C(6)-H(6) 0.982(16) C(8)-C(1)-C(2) 115.53(10) 

0(7)-C(8) 1.4334(14) C(8)-C(1)-C(5) 103.26(9) 

C(8)-H(81) 0.974(16) C(2)-C(1)-C(5) 103.16(9) 

C(8)-H(82) 0.991(17) C(8)-C(1)-H(1) 110.5(8) 

C(11)-C(16) 1.3967(17) C(2)-C(1)-H(1) 111.2(8) 

C(11)-C(12) 1.4100(17) C(5)-C(1)-H(1) 112.8(8) 

C(12)-C(13) 1.3796(17) 0(3)-C(2)-C(11) 110.23(10) 

C(12)-H(12) 0.969(17) 0(3)-C(2)-C(1) 105.18(9) 

C(13)-0(17) 1.3781(16) C(11)-C(2)-C(1) 115.67(10) 

C(13)-C(14) 1.3846(18) 0(3)-C(2)-H(2) 107.8(9) 

C(14)-C(15) 1.3770(19) C(11)-C(2)-H(2) 109.7(9) 

C(14)-0(19) 1.3830(16) C(1)-C(2)-H(2) 107.9(9) 

C(15)-C(16) 1.4053(18) C(2)-0(3)-C(4) 105.43(9) 

C(15)-H(15) 0.935(17) 0(3)-C(4)-C(5) 106.61(9) 

C(16)-H(16) 0.926(17) 0(3)-C(4)-H(41) 110.6(10) 

0(17)-C(18) 1.4333(17) C(5)-C(4)-H(41) 109.6(10) 

C(18)-0(19) 1.4384(18) 0(3)-C(4)-H(42) 106.8(10) 

C(18)-H(181) 1.000(19) C(5)-C(4)-H(42) 114.5(10) 

C(18)-H(182) 0.937(18) H(41)-C(4)-H(42) 108.6(13) 
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C(4)-C(5)-C(6) 

C(4)-C(5)-C(1) 

C(6)-C(5)-C(1) 

C(4)-C(5)-H(5) 

C(6)-C(5)-H(5) 

C(1)-C(5)-H(5) 

0(7)-C(6)-C(21) 

0(7)-C(6)-C(5) 

C(21)-C(6)-C(5) 

0(7)-C(6)-H(6) 

C(21)-C(6)-H(6) 

C(5)-C(6)-H(6) 

C(6)-0(7)-C(8) 

0(7)-C(8K(1) 

0(7)-C(8)-H(81) 

C(1)-C(8)-H(81) 

0(7)-C(8)-H(82) 

C(1)-C(8)-H(82) 

H(81)-C(8)-H(82) 

C(16K(11)-C(12) 

C(16)-C(11)-C(2) 

C(12)-C(11)-C(2) 

C(13)-C(12)-C(11) 

C(13)-C(12)-H(12) 

C(11)-C(12)-H(12) 

0(17)-C(13)-C(12) 

0(17)-C(13)-C(14) 

C(12)-C(13)-C(14) 

C(15)-C(14)-0(19) 

C(15)-C(14)-C(13) 

0(19)-C(14)-C(13) 

C(14)-C(15)-C(16) 

C(14)-C(15)-H(15) 

C(16)-C(15)-H(15) 

C(11)-C(16)-C(15) 

C(11)-C(16)-H(16) 

115.78(10) 

103.56(9) 

102.67(9) 

110.6(9) 

110.8(9) 

113.0(9) 

110.20(10) 

104.98(9) 

117.64(10) 

108.4(9) 

107.6(9) 

107.7(9) 

104.27(9) 

106.21(9) 

109.7(9) 

110.6(9) 

107.4(10) 

114.5(10) 

108.3(13) 

120.30(11) 

118.93(11) 

120.72(11) 

116.57(11) 

121.3(10) 

122.2(10) 

127.44(11) 

109.77(11) 

122.79(12) 

127.92(12) 

121.76(12) 

110.32(12) 

116.40(12) 

122.2(11) 

121.4(11) 

122.17(12) 

117.9(10) 

C(15)-C(16)-H(16) 

C(13)-0(17)-C(18) 

0(17)-C(18)-0(19) 

0(17)-C(18)-H(181) 

0(19)-C(18)-H(181) 

0(17)-C(18)-H(182) 

0(19)-C(18)-H(182) 

H(181)-C(18)-H(182) 

C(14)-0(19)-C(18) 

C(26)-C(21)-C(22) 

C(26)-C(21)-C(6) 

C(22)-C(21)-C(6) 

C(23)-C(22)-C(21) 

C(23)-C(22)-H(22) 

C(21)-C(22)-H(22) 

0(27)-C(23)-C(22) 

0(27)-C(23)-C(24) 

C(22)-C(23)-C(24) 

C(25)-C(24)-0(29) 

C(25)-C(24)-C(23) 

0(29)-C(24)-C(23) 

C(24)-C(25)-C(26) 

C(24)-C(25)-H(25) 

C(26)-C(25)-H(25) 

C(21)-C(26)-C(25) 

C(21)-C(26)-H(26) 

C(25)-C(26)-H(26) 

C(23)-0(27)-C(28) 

0(27)-C(28)-0(29) 

0(27)-C(28)-H(281) 

0(29)-C(28)-H(281) 

0(27)-C(28)-H(282) 

0(29)-C(28)-H(282) 

H(281)-C(28)-H(282) 

C(24)-0(29)-C(28) 

119.9(10) 

106.00(10) 

108.54(11) 

107.9(10) 

109.7(10) 

110.1(11) 

108.7(11) 

111.8(15) 

105.29(10) 

120.11(12) 

119.07(11) 

120.75(11) 

116.97(11) 

121.6(11) 

121.5(11) 

127.66(12) 

109.87(11) 

122.46(12) 

128.21(12) 

121.80(12) 

109.99(12) 

116.53(12) 

122.0(11) 

121.5(11) 

122.10(13) 

119.0(11) 

118.9(11) 

105.71(10) 

108.48(11) 

106.8(10) 

110.1(10) 

108.5(11) 

110.9(11) 

112.0(15) 

105.20(10) 
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Table 4. Anisotropic displacement parameters (A^x 10 )̂ for Epiasarinin (1) . The anisotropic 

displacement factor exponent takes the form: -2p^[h^a*^U^V...+ 2hka*b*U^^] 

u" 
33 

u u" u " u " 

C(1) 15(1) 13(1) 19(1) -1(1) 2(1) 1(1) 

C(2) 16(1) 14(1) 18(1) -1(1) 2(1) 2(1) 

0(3) 20(1) 19(1) 20(1) 3(1) 6(1) 7(1) 

C(4) 17(1) 18(1) 19(1) 2(1) 3(1) 1(1) 
C(5) 16(1) 12(1) 19(1) 1(1) 1(1) -1(1) 
C(6) 17(1) 16(1) 18(1) 1(1) 2(1) -3(1) 

0(7) 21(1) 19(1) 22(1) -4(1) 8(1) -7(1) 

C(8) 16(1) 19(1) 20(1) -3(1) 3(1) -1(1) 

C(11) 17(1) 17(1) 18(1) 1(1) 2(1) 2(1) 

C(12) 22(1) 18(1) 20(1) -1(1) 4(1) 2(1) 

C(13) 22(1) 15(1) 22(1) 1(1) 2(1) 1(1) 
C(14) 22(1) 24(1) 19(1) 3(1) 4(1) 2(1) 

C(15) 30(1) 23(1) 21(1) -3(1) 9(1) 4(1) 

C(16) 26(1) 16(1) 23(1) -1(1) 6(1) 2(1) 

0(17) 47(1) 16(1) 38(1) 3(1) 21(1) 0(1) 

C(18) 31(1) 24(1) 21(1) 4(1) 3(1) -3(1) 

0(19) 43(1) 25(1) 29(1) 5(1) 19(1) 2(1) 

C(21) 17(1) 20(1) 17(1) 1(1) 0(1) -2(1) 
C(22) 19(1) 19(1) 18(1) 1(1) 4(1) -2(1) 

C(23) 21(1) 19(1) 20(1) -2(1) 1(1) 1(1) 

C(24) 20(1) 28(1) 14(1) 0(1) 2(1) 3(1) 

C(25) 27(1) 29(1) 21(1) 3(1) 7(1) -1(1) 

C(26) 27(1) 21(1) 22(1) 1(1) 5(1) -5(1) 

0(27) 39(1) 21(1) 33(1) -6(1) 15(1) -1(1) 
C(28) 33(1) 28(1) 20(1) -4(1) 4(1) 5(1) 

0(29) 32(1) 31(1) 21(1) -3(1) 8(1) 3(1) 
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2 ^ _ 3 . Table 5. Hydrogen coordinates (x 10 ) and isotropic displacement parameters (A x 10 ) for 

Epiasarinin (1) . 

X y z U(eq) 

H(1) 4261(17) 11000(20) 2819(5) 14(3) 

H(2) 6544(18) 9970(20) 3311(6) 15(3) 

H(41) 8030(20) 9640(20) 2519(6) 23(4) 

H(42) 7520(20) 7850(20) 2221(6) 24(4) 

H(5) 5743(19) 10880(20) 2113(6) 22(4) 

H(6) 3560(18) 9420(20) 1689(6) 16(4) 

H(81) 2140(19) 9300(20) 2464(6) 18(4) 

H(82) 2790(20) 7780(20) 2863(6) 26(4) 

H(12) 5580(20) 5390(20) 3338(6) 24(4) 

H(15) 3350(20) 8810(20) 4614(7) 29(4) 

H(16) 4600(20) 10210(20) 3960(6) 22(4) 

H(181) 2210(20) 2820(20) 4389(7) 31(4) 

H(182) 3910(20) 2710(20) 4758(7) 30(4) 

H(22) 4150(20) 5030(20) 1636(7) 30(4) 

H(25) 7300(20) 8080(20) 506(7) 29(4) 

H(26) 6220(20) 9590(30) 1175(7) 36(5) 

H(281) 7200(20) 2030(20) 608(7) 32(5) 

H(282) 5570(20) 2170(20) 193(7) 33(5) 

193 



ctiapter 7 - Appendix 

Appendix 2 

Crystalline structure of the pyrrolidine (197) 

Ts 

COOMe 

Pyrrolidine (197) 
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Table 1. Crystal data and structure refinement for Pyrrolidine (197) . 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Orystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Orystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 26.00° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-frt on F^ 

Final R indices [l>2sigma(l)] 

R indices (all data) 

Largest diff. peak and hole 

00srv344 

O19H19NO4S 

357.41 

110.0(2) K 

0.71073 A 

Triclinic 

P-1 

a = 5.8932(4) A a= 87.502(3)° 

b = 9.2189(7) A P= 89.201 (3)° 

0 = 16.199(1) A 7 = 77.553(3)° 

858.57(11) A"* 

2 

1.383 mg/m^ 

0.212 mm-̂  

376 

0.38x0.16x0.08 mm^ 

2.26 to 26.00°. 

^<=h<=7, -11 <=k<=11, -19<=l<=19 

8583 

3371 [R(int) = 0.0839] 

99.9 % 

None 

0.9832 and 0.9236 

Full-matrix least-squares on F^ 

3371 70 /302 

1.005 

R1 =0.0563, wR2 = 0.1170 

R1 =0.1054, wR2 = 0.1323 

0.297 and -0.374 e.A-' 
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Table 2. Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters 
(A^x 10^) for pyrrolidine (197 ) . U(eq) is defined as one third of the trace of the 
orthogonalized u'' tensor. 

Atom X y z U(eq) 

S(1) 12439(1) 5079(1) 2436(1) 17(1) 

0(1) 14254(4) 5859(2) 2558(1) 24(1) 

0(2) 12985(4) 3504(2) 2322(1) 23(1) 

0(3) 5262(4) 7404(2) 5145(1) 22(1) 

0(4) 8511(4) 8320(2) 5194(1) 28(1) 

N(1) 10770(4) 5321(3) 3240(2) 15(1) 

C(1) 10303(5) 6720(3) 3710(2) 16(1) 

C(2) 8336(5) 6435(3) 4263(2) 17(1) 

C(3) 7633(6) 5210(3) 4090(2) 18(1) 

C(4) 9041(6) 4394(4) 3411(2) 19(1) 

C(5) 9637(5) 8145(3) 3181(2) 16(1) 

C(6) 11040(6) 9175(3) 3145(2) 22(1) 

C(7) 10422(7) 10477(4) 2653(2) 28(1) 

C(8) 8387(6) 10765(4) 2210(2) 29(1) 

C(9) 6954(6) 9760(4) 2249(2) 26(1) 

C(10) 7559(6) 8448(4) 2734(2) 20(1) 

C(11) 7424(5) 7496(3) 4909(2) 19(1) 

C(12) 4264(7) 8353(4) 5804(2) 27(1) 

C(13) 10839(6) 5914(3) 1562(2) 20(1) 

C(14) 9063(6) 5329(4) 1257(2) 25(1) 

C(15) 7733(7) 6050(5) 603(2) 32(1) 

C(16) 8195(7) 7344(4) 232(2) 34(1) 

C(17) 10025(7) 7877(4) 525(2) 34(1) 

C(18) 11339(7) 7200(4) 1190(2) 27(1) 

C(19) 6717(10) 8128(6) -478(3) 51(1) 
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Table 3. Bond lengths [A] and angles [°] for pyrrolidine ( 197 ) . 

S(1')-0(1) 1.432(2) C(1)-C(2) 1.515(4) C(8)-C(9) 1.381(5) 

S(1)-0(2) 1.437(2) C(1)-C(5) 1.517(4) C(9)-C(10) 1.394(4) 

S(1)-N(1) 1.615(2) C(2)-C(3) 1.326(4) C(13)-C(14) 1.383(5) 

S(1)-C(13) 1.766(3) C(2)-C(11) 1.479(4) C(13)-C(18) 1.392(5) 

0(3)-C(11) 1.344(4) C(3)-C(4) 1.497(4) C(14)-C(15) 1.383(5) 

0(3)-C(12) 1.447(4) C(5)-C(6) 1.386(4) C(15)-C(16) 1.390(6) 

0(4)-C(11) 1.204(4) C(5)-C(10) 1.401(4) C(16)-C(17) 1.376(5) 

N(1)-C(4) 1.480(4) C(6)-C(7) 1.394(5) C(16)-C(19) 1.513(5) 

N(1)-C(1) 1.498(4) C(7)-C(8) 1.377(5) C(17)-C(18) 1.382(5) 

0(1)-S(1)-0(2) 120.39(13) C(10)-C(5)-C(1) 120.1(3) 

0(1)-S(1)-N(1) 107.00(13) C(5)-C(6)-C(7) 120.5(3) 

0(2)-S(1)-N(1) 105.84(13) C(8)-C(7)-C(6) 120.2(3) 

0(1)-S(1)-C(13) 107.57(15) C(7)-C(8)-C(9) 120.0(3) 

0(2)-S(1)-C(13) 106.80(14) C(8)-C(9)-C(10) 120.4(3) 

N(1)-S(1)-C(13) 108.86(14) C(9)-C(10)-C(5) 119.8(3) 

C(11)-0(3)-C(12) 115.7(3) 0(4)-C(11)-0(3) 124.6(3) 

C(4)-N(1)-C(1) 113.0(2) 0(4)-C(11)-C(2) 123.8(3) 

C(4)-N(1)-S(1) 121.1(2) 0(3)-C(11)-C(2) 111.7(3) 

C(1)-N(1)-S(1) 123.28(19) C(14)-C(13)-C(18) 119.8(3) 

N(1)-C(1)-C(2) 99.6(2) C(14)-C(13)-S(1) 120.8(3) 

N(1)-C(1)-C(5) 115.0(2) C(18)-C(13)-S(1) 119.3(3) 

C(2)-C(1)-C(5) 112.9(2) C(13)-C(14)-C(15) 120.0(4) 

C(3)-C(2)-C(11) 127.7(3) C(14)-C(15)-C(16) 120.8(4) 

C(3)-C(2)-C(1) 113.2(3) C(17)-C(16)-C(15) 118.2(3) 

C(11)-C(2)-C(1) 119.1(3) C(17)-C(16)-C(19) 121.5(4) 

C(2)-C(3)-C(4) 112.0(3) C(15)-C(16)-C(19) 120.3(4) 

N(1)-C(4)-C(3) 101.6(2) C(16)-C(17)-C(18) 122.0(4) 

C(6)-C(5)-C(10) 119.1(3) C(17)-C(18)-C(13) 119.0(4) 

C(6)-C(5)-C(1) 120.9(3) 
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Table 4. Anisotropic displacement parameters (A x̂ 10 )̂ for pyrrolidine (197 ) . The 
anisotropic displacement factor exponent takes the fonn: -27t^[h^a*^u"+...+2hka*b*U^^] 

Atom 22 
u 

23 
u 

S(1) 15(1) 15(1) 21(1) 0(1) 0(1) -2(1) 

0(1) 15(1) 30(1) 27(1) -3(1) 1(1) -6(1) 

0(2) 28(1) 14(1) 24(1) 1(1) 2(1) 3(1) 

0(3) 23(1) 22(1) 23(1) -7(1) 7(1) -6(1) 

0(4) 26(1) 30(1) 29(1) -8(1) 0(1) -11(1) 

N(1) 16(1) 13(1) 17(1) 0(1) 1(1) -5(1) 

C(1) 15(2) 17(2) 17(2) -2(1) -7(1) -5(1) 

C(2) 15(2) 16(2) 17(2) 3(1) 1(1) 1(1) 

C(3) 19(2) 18(2) 16(2) 5(1) -1(1) -3(1) 

C(4) 21(2) 17(2) 20(2) 0(1) -2(1) -6(1) 

C(5) 17(2) 13(2) 19(2) -2(1) 3(1) ^(1) 
C(6) 21(2) 19(2) 27(2) -8(1) 3(2) -7(1) 

C(7) 32(2) 18(2) 38(2) -7(2) 13(2) -11(2) 

C(8) 35(2) 14(2) 33(2) 4(2) 10(2) 2(2) 

C(9) 25(2) 22(2) 30(2) 2(2) 2(2) 0(2) 

C(10) 19(2) 17(2) 23(2) 3(1) 2(1) -5(1) 

C(11) 20(2) 21(2) 15(2) 2(1) -3(1) -5(1) 

C(12) 32(2) 22(2) 25(2) ^(2) 8(2) 0(2) 

C(13) 23(2) 15(2) 20(2) ^(1) 2(1) 2(1) 

C(14) 26(2) 26(2) 25(2) -3(2) 3(2) -11(2) 

C(15) 26(2) 46(2) 23(2) -7(2) -5(2) -5(2) 

C(16) 43(2) 29(2) 19(2) ^(2) -2(2) 14(2) 

C(17) 52(3) 17(2) 28(2) 3(2) -5(2) 1(2) 

C(18) 34(2) 22(2) 25(2) 0(2) -6(2) -7(2) 

C(19) 67(4) 47(3) 24(2) -5(2) -21(2) 20(3) 
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Table 5. Hydrogen coordinates (x 10 )̂ and isotropic displacement parameters (A^x 10^) for 
pyrrolidine (197). 

Atom X y z U(eq) 

H(1) 11610(50) 6760(30) 4000(19) 17(8) 

H(3) 6310(60) 4820(40) 4370(20) 39(10) 

H(41) 8090(60) 4360(30) 2950(20) 24(9) 

H(42) 9850(50) 3390(30) 3557(18) 15(8) 

H(6) 12520(50) 8920(30) 3491(18) 12(7) 

H(7) 11410(50) 11120(30) 2630(18) 12(8) 

H(8) 7990(60) 11570(40) 1860(20) 35(10) 

H(9) 5520(50) 9900(30) 1943(18) 10(8) 

H(10) 6570(50) 7750(30) 2772(17) 9(7) 

H(121) 4650(60) 9280(40) 5760(20) 34(10) 

H(122) 2590(70) 8470(40) 5780(20) 40(11) 

H(123) 5010(70) 7950(40) 6340(20) 49(12) 

H(14) 8710(60) 4460(40) 1490(20) 33(10) 

H(15) 6700(60) 5570(40) 440(20) 28(10) 

H(17) 10340(70) 8850(50) 280(30) 69(14) 

H(18) 12450(60) 7570(40) 1410(20) 34(11) 

H(191) 6540(80) 7400(50) -890(30) 76(16) 

H(192) 4870(80) 8530(50) -290(30) 70(14) 

H(193) 7070(120) 8880(80) -680(40) 140(30) 
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0(1)-S(1)-N(1)-C(4) -165.8(2) C(7)-C(8)-C(9)-C(10) -0.3(5) 

0(2)-S(1)-N(1)-C(4) -36.2(3) C(8)-C(9)-C(10)-C(5) -0.2(5) 

C(13)-S(1)-N(1)-C(4) 78.3(3) C(6)-C(5)-C(10)-C(9) 1.2(5) 

0(1)-S(1)-N(1)-C(1) 33.7(3) C(1)-C(5)-C(10)-C(9) 179.9(3) 

0(2)-S(1)-N(1)-C(1) 163.2(2) C(12)-0(3)-C(11)-0(4) -1.8(4) 

C(13)-S(1)-N(1)-C(1) -82.3(3) C(12)-0(3)-C(11)-C(2) 177.2(3) 

C(4)-N(1)-C(1)-C(2) 7.5(3) C(3)-C(2)-C(11)-0(4) 157.6(3) 

S(1)-N(1)-C(1)-C(2) 169.44(19) C(1)-C(2)-C(11)-0(4) -22.5(4) 

C(4)-N(1)-C(1^C(5) -113.5(3) C(3)-C(2)-C(11)-0(3) -21.3(4) 

S(1)-N(1)-C(1)-C(5) 48.5(3) C(1)-C(2)-C(11)-0(3) 158.5(2) 

N(1)-C(1)-C(2)-C(3) -5.8(3) 0(1)-S(1)-C(13)-C(14) 175.4(2) 

C(5)-C(1)-C(2)-C(3) 116.6(3) 0(2)-S(1)-C(13)-C(14) 44.9(3) 

N(1)-C(1)-C(2)-C(11) 174.3(2) N(1)-S(1)-C(13)-C(14) -69.0(3) 

C(5)-C(1)-C(2)-C(11) -63.2(3) 0(1)-S(1)-C(13)-C(18) -6.2(3) 

C(11)-C(2)-C(3)-C(4) -177.9(3) 0(2)-S(1)-C(13)-C(18) -136.7(3) 

C(1)-C(2)-C(3)-C(4) 2.3(4) N(1)-S(1)-C(13)-C(18) 109.4(3) 

C(1)-N(1)-C(4)-C(3) -6.4(3) C(18)-C(13)-C(14)-C(15) -2.4(5) 

S(1)-N(1)-C(4)-C(3) -168.9(2) S(1)-C(13)-C(14)-C(15) 176.0(3) 

C(2)-C(3)-C(4)-N(1) 2.5(3) C(13)-C(14)-C(15)-C(16) 1.7(5) 

N(1)-C(1)-C(5)-C(6) -116.2(3) C(14)-C(15)-C(16)-C(17) 0.8(5) 

C(2)-C(1)-C(5)-C(6) 130.4(3) C(14)-C(15)-C(16)-C(19) -179.6(3) 

N(1)-C(1)-C(5)-C(10) 65.0(4) C(15)-C(16)-C(17)-C(18) -2.5(5) 

C(2)-C(1)-C(5)-C(10) -48.4(4) C(19)-C(16)-C(17)-C(18) 177.8(4) 

C(10)-C(5)-C(6)-C(7) -1.7(5) C(16)-C(17)-C(18)-C(13) 1.8(5) 

C(1)-C(5)-C(6)-C(7) 179.5(3) C(14)-C(13)-C(18)-C(17) 0.7(5) 

C(5)-C(6)-C(7)-C(8) 1.2(5) S(1)-C(13)-C(18)-C(17) -177.7(3) 

C(6)-C(7)-C(8)-C(9) -0.2(5) 
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Apendix 3 

Crystalline structure of the ethyl dihydrofuryl amide (208) 

CONHEt 

amide (208) 
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Table 1. Crystal data and structure refinement for ethyl amide (208). 

Identification code 

Empirical fomiula 

Fonnula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(OOO) 

Crystal size 

Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 30.00" 
Absorption correction 

Refinement method 
Data / restraints / parameters 

Goodness-of-fit on 

Final R indices [l>2sigma(l)] 
R indices (all data) 

Largest diff. peak and hole 

02srv004 

C13H15NO2 

217.26 
120(2) K 

0.71073 A 
Orthorhombic 

P2(1)2(1)2(1) 

a = 4.9108(5) A a= 90°. 

b = 11.4042(13) A p=90°. 

c = 20.862(3) A Y= 90°. 

1168.4(2) A' 
4 

1.235 mgtrn 

0.083 mm-̂  
464 

0.53x0.12x0.11 mm^ 

1.95 to 30.00°. 

^<=h<=6, -16<=k<=16, -29<=l<=29 

16386 

1993 [R(int) = 0.0447] 

100.0 % 

None 

Full-matrix least-squares on F̂  

1993/0/205 

1.035 
R1 = 0.0344, wR2 = 0.0891 
R1 = 0.0462, wR2 = 0.0945 

0.182 and-0.173 e.A-' 

202 



Chapter 7 - Appendix 

Table 2. Atomic coordinates (x lo") and equivalent isotropic displacement parameters ( A \ 
10^) for ethyl amide (208). U(eq) is defined as one third of the trace of the orthogonalized 

tensor. 

X y z U(eq) 

0(1) 447(3) 3357(1) 3372(1) 49(1) 

C(2) 1638(4) 2469(2) 3029(1) 45(1) 

C(3) 3126(4) 2800(2) 2539(1) 41(1) 

C(4) 3064(3) 4117(1) 2486(1) 32(1) 

C(5) 1259(3) 4460(1) 3069(1) 34(1) 

C(6) 1851(3) 4510(1) 1849(1) 31(1) 

0(7) -638(2) 4535(1) 1759(1) 41(1) 

N(8) 3665(3) 4800(1) 1402(1) 33(1) 

C(9) 2953(4) 5110(2) 743(1) 40(1) 

C(10) 3840(6) 6327(2) 567(1) 57(1) 

C(11) 2682(3) 5218(1) 3551(1) 31(1) 
C(12) 1967(4) 6390(1) 3616(1) 35(1) 

C(13) 3341(4) 7107(2) 4045(1) 41(1) 

C(14) 5442(4) 6663(2) 4407(1) 46(1) 

C(15) 6178(4) 5500(2) 4343(1) 47(1) 

C(16) 4813(3) 4774(2) 3917(1) 38(1) 
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Table 3. Bond lengths [A] and angles [°] for ethyl amide (208). 

0(1)-C(2) 1.371(2) C(3)-C(2)-H(2) 129.8(13) 

0(1)-C(5) 1.463(2) 0(1)-C(2)-H(2) 114.7(13) 
C(2)-C(3) 1.311(3) C(2)-C(3)-C(4) 109.47(15) 

C(2)-H(2) 0.98(2) C(2)-C(3)-H(3) 126.1(12) 

C(3)-C(4) 1.507(2) C(4)-C(3)-H(3) 124.3(13) 

C(3)-H(3) 0.96(2) C(3)-C(4)-C(6) 111.46(13) 

C(4)-C(6) 1.523(2) C(3)-C(4)-C(5) 101.80(14) 

C(4)-C(5) 1.555(2) C(6)-C(4)-C(5) 112.68(13) 

C(4)-H(4) 1.00(2) C(3)-C(4)-H(4) 110.4(10) 

C(5)-C(11) 1.499(2) C(6)-C(4)-H(4) 108.3(11) 

C(5)-H(5) 1.00(2) C(5)-C(4)-H(4) 112.1(11) 

C(6)-0(7) 1.2372(18) 0(1)-C(5)-C(11) 109.49(13) 

C(6)-N(8) 1.332(2) 0(1)-C(5)-C(4) 106.07(13) 

N(8)-C(9) 1.461(2) C(11)-C(5)-C(4) 113.85(13) 

N(8)-H(8) 0.86(2) 0(1)-C(5)-H(5) 105.3(11) 
C(9)-C(10) 1.500(3) C(11)-C(5)-H(5) 111.8(11) 

C(9)-H(91) 0.95(2) C(4)-C(5)-H(5) 109.8(11) 

C(9)-H(92) 0.976(19) 0(7)-C(6)-N(8) 123.27(15) 

C(10)-H(101) 1.01(3) 0(7)-C(6)-C(4) 121.73(15) 

C(10)-H(102) 0.99(2) N(8)-C(6)-C(4) 114.99(13) 
C(10)-H(103) 0.99(3) C(6)-N(8)-C(9) 123.98(13) 

C(11)-C(12) 1.388(2) C(6)-N(8)-H(8) 118.8(13) 
C(11)-C(16) 1.391(2) C(9)-N(8)-H(8) 117.2(13) 

C(12)-C(13) 1.388(2) N(8)-C(9)-C(10) 112.65(16) 
C(12)-H(12) 0.960(19) N(8)-C(9)-H(91) 107.2(13) 
C(13)-C(14) 1.375(3) C(10)-C(9)-H(91) 112.3(13) 
C(13)-H(13) 0.95(2) N(8)-C(9)-H(92) 108.1(11) 

C(14)-C(15) 1.381(3) C(10)-C(9)-H(92) 111.6(11) 

C(14)-H(14) 0.95(2) H(91)-C(9)-H(92) 104.5(18) 
C(15)-C(16) 1.387(3) C(9)-C(10)-H(101) 110.8(14) 

C(15)-H(15) 0.95(2) C(9)-C(10)-H(102) 110.4(13) 

C(16)-H(16) 0.98(2) H(101)-C(10)-H(102) 107.1(18) 
C(2)-0(1)-C(5) 107.09(13) C(9)-C(10)-H(103) 109.5(14) 

C(3)-C(2)-0(1) 115.55(16) H(101)-C(10)-H(103) 112(2) 
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H(102)-C(10)-H(103) 107(2) C(13)-C(14)-C(15) 119.83(17) 

C(12)-C(11)-C(16) 119.13(15) C(13)-C(14)-H(14) 118.9(15) 

C(12)-C(11)-C(5) 120.20(14) C(15)-C(14)-H(14) 121.3(15) 

C(16)-C(11)-C(5) 120.60(15) C(14)-C(15)-C(16) 120.57(17) 

C(13)-C(12)-C(11) 120.49(16) C(14)-C(15)-H(15) 120.9(13) 

C(13)-C(12)-H(12) 121.4(11) C(16)-C(15)-H(15) 118.5(13) 

C(11)-C(12)-H(12) 118.1(11) C(15)-C(16)-C(11) 119.87(17) 

C(14)-C(13)-C(12) 120.12(17) C(15)-C(16)-H(16) 119.8(12) 

C(14)-C(13)-H(13) 124.2(13) C(11)-C(16)-H(16) 120.3(12) 

C(12)-C(13)-H(13) 115.7(14) 

Table 4. Anisotropic displacement parameters (A^x 10 )̂ for ethyl amide (208). The 

anisotropic displacement factor exponent takes the fomri: -2p [̂h^a*^U^^ + ... + 2hka*b*U^^ 

22 

u 
33 

u 
23 

u u" 

0(1) 47(1) 43(1) 57(1) -8(1) 19(1) -16(1) 

C(2) 47(1) 39(1) 48(1) -6(1) -4(1) -3(1) 
C(3) 41(1) 42(1) 39(1) -5(1) -5(1) 11(1) 

C(4) 23(1) 42(1) 32(1) -6(1) 1(1) -1(1) 

C(5) 27(1) 40(1) 36(1) -6(1) 4(1) -4(1) 
C(6) 24(1) 32(1) 37(1) -6(1) -3(1) 2(1) 

0(7) 23(1) 54(1) 46(1) -2(1) -4(1) 2(1) 

N(8) 23(1) 42(1) 35(1) -1(1) -5(1) 0(1) 
C(9) 34(1) 49(1) 36(1) 1(1) -6(1) -1(1) 
C(10) 78(2) 46(1) 47(1) 5(1) -4(1) -1(1) 
C(11) 27(1) 40(1) 26(1) 0(1) 4(1) -5(1) 

C(12) 36(1) 39(1) 29(1) 3(1) 1(1) -3(1) 
C(13) 51(1) 40(1) 33(1) -4(1) 9(1) -10(1) 

C(14) 45(1) 63(1) 31(1) -10(1) 3(1) -15(1) 

C(15) 35(1) 76(1) 30(1) 1(1) -3(1) 1(1) 
C(16) 34(1) 48(1) 34(1) 2(1) 2(1) 5(1) 
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Table 5. Hydrogen coordinates (x lo") and isotropic displacement parameters (A^x 10^) for 
ethyl amide (208). 

X y z U(eq) 

H(2) 1200(50) 1678(19) 3180(9) 54(6) 

H(3) 4180(50) 2296(18) 2267(10) 50(5) 

H(4) 4950(40) 4445(15) 2520(9) 36(5) 

H(5) -470(40) 4825(16) 2915(9) 38(5) 

H(8) 5370(50) 4784(17) 1498(9) 41(5) 

H(91) 1040(50) 5005(18) 699(10) 54(6) 

H(92) 3750(40) 4524(17) 458(9) 44(5) 

H(101) 2840(60) 6930(20) 832(11) 71(7) 

H(102) 3420(50) 6491(19) 111(10) 58(6) 

H(103) 5830(60) 6390(20) 617(11) 71(8) 

H(12) 500(40) 6684(16) 3358(8) 39(5) 

H(13) 2690(50) 7890(20) 4077(9) 50(5) 

H(14) 6390(50) 7170(20) 4689(10) 64(7) 

H(15) 7690(50) 5191(17) 4571(9) 46(5) 

H(16) 5290(50) 3945(19) 3891(9) 49(5) 
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Table 6. Torsion angles [°] for ethyl amide (208). 

C(12)-C(11)-C(5)-C(4) 109.15(16) 

C(11)-C(5)-C(4)-C(6) -121.55(15) 

C(5)-C(4)-C(6)-N(8) 147.34(14) 

C(4)-C(6)-N(8)-C(9) 174.97(15) 

C(6)-N(8)-C(9)-C(10) 119.8(2) 

Table 7. Hydrogen bonds for ethyl amide (208) [A and "]. 

D-H...A d(D-H) d(H...A) d(D...A) <(DHA) 

N(8)-H(8)...0(7)#1 0.86(2) 2.05(2) 2.9106(18) 173.0(19) 

Symmetry transfomiations used to generate equivalent atoms: #1 x+1 ,y,z 
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Appendix 4 

Crystalline structure of the butyl dihydrofuryl amide (204) 

0(2A) f '̂2A)i 

COM 

CI6A), 

rCI4A) 
C(7A)^N(1A) 

C(10A) CI16A) 

C(15A) 

C(12A) 

C(13A) 

CI14A 

'CONHBu 

amide (204) 

208 



Chapter 7 - Appendix 

Table 1. Crystal data and stmcture refinement for butyl amide (204). 

Identification code 

Empirical fomiula 

Fomiula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 
F(OOO) 

Crystal size 

Theta range for data collection 
Index ranges 
Reflections collected 
Independent reflections 
Completeness to theta = 29.00° 
Absorption correction 
Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on 

Final R indices [l>2sigma(l)] 

R indices (all data) 

Extinction coefficient 

Largest diff. peak and hole 

01srv037 

C15H19NO2 

245.31 
100(2) K 

0.71073 A 
Monoclinic 

P2(1) 

a = 9.754(1) A a=90°. 

b= 11.486(1) A p= 90.73(1)°. 

0 = 24.184(5) A y=90°. 

2709.2(7) A^ 
8 

1.203 mg/rn 

0.079 mm-̂  

1056 

0.41 X 0.33 X 0.15 mm^ 

0.84 to 28.99°. 
.13<=h<=12, -15<=k<=15, -32<=l<=32 
21518 

7508 [R(int) = 0.0616] 
99.4 % 
None 
. and . 

Full-matrix least-squares on F̂  

7508 / 1 /649 

1.099 

R1 =0.0617. wR2 = 0.1459 
R1 = 0.0821. wR2 = 0.1605 
0 

0.469 and -0.275 e.A-^ 
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2 Table 2. Atomic coordinates (x lo") and equivalent isotropic displacement parameters (A x 

10^) for butyl amide (204). U(eq) is defined as one third of the trace of the orthogonalized 

U tensor. 

X y z U(eq) 

0(1A) 10573(3) 1177(3) 5321(1) 22(1) 

0(2A) 9952(2) 3215(3) 4324(1) 23(1) 

N(1A) 7653(3) 3283(3) 4167(1) 21(1) 

C(2A) 10350(4) 462(3) 4874(2) 21(1) 

C(3A) 9263(4) 704(4) 4565(2) 24(1) 

C(4A) 8570(4) 1791(3) 4792(1) 19(1) 

C(5A) 9398(4) 1965(3) 5346(1) 18(1) 

C(6A) 8784(4) 2825(3) 4404(1) 18(1) 

C(7A) 7736(4) 4291(4) 3795(2) 23(1) 

C(8A) 8159(4) 3969(4) 3215(2) 32(1) 

C(9A) 7080(6) 3268(4) 2892(2) 43(1) 

C(10A) 5824(5) 3961(6) 2718(2) 50(1) 

C(11A) 8553(4) 1698(3) 5854(1) 19(1) 

C(12A) 8581(4) 603(3) 6106(1) 19(1) 

C(13A) 7732(4) 391(3) 6557(2) 21(1) 

C(14A) 6868(4) 1243(4) 6753(2) 23(1) 

C(15A) 6834(4) 2340(4) 6506(2) 27(1) 

C(16A) 7684(4) 2559(4) 6057(2) 24(1) 

0(1 B) 4443(3) 8796(2) -336(1) 20(1) 

0(2B) 4990(2) 6844(2) 687(1) 19(1) 

N(1B) 7267(3) 6766(3) 875(1) 17(1) 

C(2B) 4721(4) 9558(3) 89(2) 21(1) 

C(3B) 5837(4) 9319(3) 391(1) 20(1) 

C(4B) 6441(4) 8183(3) 190(1) 18(1) 

C(5B) 5599(4) 7991(3) -359(1) 17(1) 

C(6B) 6178(3) 7205(3) 609(1) 15(1) 

C(7B) 7122(4) 5829(3) 1287(2) 19(1) 

C(8B) 8430(3) 5686(3) 1634(1) 19(1) 

C(9B) 8772(3) 6719(3) 2008(1) 21(1) 
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C(10B) 10152(4) 6575(4) 2311(2) 28(1) 

C(11B) 6431(4) 8217(3) -873(2) 18(1) 

C(12B) 7366(4) 7364(4) -1041(2) 25(1) 

C(13B) 8188(4) 7548(4) -1498(2) 29(1) 

C(14B) 8081(4) 8577(4) -1801(2) 26(1) 

C(15B) 7151(4) 9422(4) -1642(2) 25(1) 

C(16B) 6331(4) 9253(3) -1172(2) 19(1) 

0(1 C) -654(2) 5676(2) -323(1) 18(1) 

0(2C) -22(2) 7623(2) 729(1) 18(1) 

N(1C) 2271(3) 7699(3) 859(1) 17(1) 

C(2C) -419(4) 4910(3) 105(2) 20(1) 

C(3C) 676(4) 5134(3) 422(2) 20(1) 

C(4C) 1346(3) 6250(3) 218(1) 16(1) 

C(5C) 511(3) 6466(3) -332(1) 16(1) 

C(6C) 1152(3) 7251(3) 625(1) 15(1) 

C(7C) 2189(4) 8678(3) 1249(2) 19(1) 

C(8C) 3521(3) 8838(3) 1571(1) 19(1) 

C(9C) 3865(3) 7859(3) 1971(1) 20(1) 

C(10C) 5230(4) 8054(4) 2273(2) 27(1) 

C(11C) 1345(4) 6286(3) -846(1) 17(1) 

C(12C) 2317(4) 7126(4) -985(2) 23(1) 

C(13C) 3154(4) 6989(4) -1442(2) 28(1) 

C(14C) 3030(4) 5995(4) -1765(2) 26(1) 

C(15C) 2073(4) 5148(4) -1631(2) 24(1) 

C(16C) 1238(4) 5284(3) -1170(2) 19(1) 

0(1 D) 5728(3) 4382(2) 5382(1) 22(1) 

0(2D) 4966(3) 2442(3) 4264(1) 23(1) 

N(1D) 2642(3) 2424(3) 4212(1) 19(1) 

C(2D) 5574(4) 5124(3) 4941(2) 20(1) 

C(3D) 4521(4) 4925(3) 4612(2) 21(1) 

C(4D) 3753(4) 3861(3) 4810(1) 18(1) 

C(5D) 4566(4) 3576(3) 5358(1) 18(1) 

C(6D) 3843(3) 2858(3) 4399(1) 17(1) 

C(7D) 2580(4) 1481(3) 3809(1) 20(1) 

C(8D) 2822(4) 1887(3) 3221(2) 28(1) 

C(9D) 2808(4) 880(4) 2802(2) 31(1) 
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C(10D) 1420(5) 286(5) 2747(2) 43(1) 

C(11D) 3692(3) 3712(3) 5872(1) 19(1) 

C(12D) 3718(4) 4721(4) 6190(2) 23(1) 

C(13D) 2848(4) 4816(4) 6645(2) 28(1) 

C(14D) 1959(4) 3906(4) 6781(2) 28(1) 

C(15D) 1940(4) 2896(4) 6459(2) 31(1) 

C(16D) 2806(4) 2812(4) 6010(2) 26(1) 

Table 3. Bond lengths [A] and angles [°] for butyl amide (204). 

0(1A)-C(2A) 1.373(5) N(1B)-C(7B) 1.475(5) 

0(1A)-C(5A) 1.462(4) C(2B)-C(3B) 1.332(5) 

0(2A)-C(6A) 1.241(4) C(3B)-C(4B) 1.515(6) 

N(1A)-C(6A) 1.343(4) C(4B)-C(6B) 1.536(5) 

N(1A)-C(7A) 1.470(5) C(4B)-C(5B) 1.567(5) 

C(2A)-C(3A) 1.319(5) C(5B)-C(11B) 1.516(5) 

C(3A)-C(4A) 1.526(6) C(7B)-C(8B) 1.527(5) 

C(4A)-C(6A) 1.531(5) C(8B)-C(9B) 1.526(5) 

C(4A)-C(5A) 1.568(5) C(9B)-C(10B) 1.533(5) 

C(5A)-C(11A) 1.520(5) C(11B)-C(16B) 1.396(5) 

C(7A)-C(8A) 1.513(5) C(11B)-C(12B) 1.403(5) 

C(8A)-C(9A) 1.530(6) C(12B)-C(13B) 1.390(6) 

C(9A)-C(10A) 1.516(7) C(13B)-C(14B) 1.394(6) 

C(11A)-C(16A) 1.396(5) C(14B)-C(15B) 1.386(6) 

C(11A)-C(12A) 1.398(5) C(15B)-C(16B) 1.412(5) 

C(12A)-C(13A) 1.398(5) 0(1C)-C(2C) 1.375(5) 

C(13A)-C(14A) 1.379(6) 0(1C)-C(5C) 1.454(4) 

C(14A)-C(15A) 1.394(6) 0(2C)-C(6C) 1.251(4) 

C(15A)-C(16A) 1.399(6) N(1C)-C(6C) 1.327(4) 

0(1B)-C(2B) 1.374(5) N(1C)-C(7C) 1.469(5) 

0(1B)-C(5B) 1.460(4) C(2C)-C(3C) 1.331(5) 

0(2B)-C(6B) 1.247(4) C(3C)-C(4C) 1.523(5) 

N(1B)-C(6B) 1.334(4) C(4C)-C(6C) 1.526(5) 
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C(4C)-C(5C) 1.570(5) C(6A)-C(4A)-C(5A) 110.6(3) 

C(5C)-C(11C) 1.508(5) 0(1A)-C(5A)-C(11A) 110.0(3) 

C(7C)-C(8C) 1.518(4) 0(1A)-C(5A)-C(4A) 106.3(3) 

C(8C)-C(9C) 1.518(5) C(11A)-C(5A)-C(4A) 112.6(3) 

C(9C)-C(10C) 1.526(5) 0(2A)-C(6A)-N(1A) 122.9(3) 

C(11C)-C(16C) 1.396(5) 0(2A)-C(6A)-C(4A) 120.5(3) 

C(11C)-C(12C) 1.396(5) N(1A)-C(6A)-C(4A) 116.6(3) 

C(12C)-C(13C) 1.392(6) N(1A)-C(7A)-C(8A) 113.2(4) 

C(13C)-C(14C) 1.388(6) C(7A)-C(8A)-C(9A) 114.0(4) 

C(14C)-C(15C) 1.389(6) C(10A)-C(9A)-C(8A) 114.4(4) 

C(15C)-C(16C) 1.398(5) C(16A)-C(11A)-C(12A) 119.6(3) 

0(1D)-C(2D) 1.373(4) C(16A)-C(11A)-C(5A) 118.6(3) 

0(1D)-C(5D) 1.464(4) C(12A)-C(11A)-C(5A) 121.8(3) 

0(2D)-C(6D) 1.242(4) C(13A)-C(12A)-C(11A) 119.2(3) 

N(1D)-C(6D) 1.346(4) C(14A)-C(13A)-C(12A) 121.0(4) 

N(1D)-C(7D) 1.457(5) C(13A)-C(14A)-C(15A) 120.3(4) 

C(2D)-C(3D) 1.310(5) C(14A)-C(15A)-C(16A) 119.0(4) 

C(3D)-C(4D) 1.514(5) C(11A)-C(16A)-C(15A) 120.9(4) 

C(4D)-C(6D) 1.527(5) C(2B)-0(1B)-C(5B) 106.7(3) 

C(4D)-C(5D) 1.570(5) C(6B)-N(1B)-C(7B) 121.3(3) 

C(5D)-C(11D) 1.524(5) C(3B)-C(2B)-0(1B) 115.5(4) 

C(7D)-C(8D) 1.518(5) C(2B)-C(3B)-C(4B) 108.7(3) 

C(8D)-C(9D) 1.538(5) C(3B)-C(4B)-C(6B) 110.5(3) 

C(9D)-C(10D) 1.520(6) C(3B)-C(4B)-C(5B) 101.0(3) 

C(11D)-C(16D) 1.390(5) C(6B)-C(4B)-C(5B) 111.4(3) 

C(11D)-C(12D) 1.392(6) 0(1B)-C(5B)-C(11B) 110.2(3) 

C(12D)-C(13D) 1.403(6) 0(1B)-C(5B)-C(4B) 106.0(3) 

C(13D)-C(14D) 1.399(6) C(11B)-C(5B)-C(4B) 113.0(3) 

C(14D)-C(15D) 1.396(6) 0(2B)-C(6B)-N(1B) 122.5(3) 

C(15D)-C(16D) 1.388(6) 0(2B)-C(6B)-C(4B) 120.4(3) 

C(2A)-0(1A)-C(5A) 106.7(3) N(1B)-C(6B)-C(4B) 117.1(3) 

C(6A)-N(1A)-C(7A) 121.2(3) N(1B)-C(7B)-C(8B) 111.3(3) 

C(3A)-C(2A)-0(1A) 116.0(4) C(9B)-C(8B)-C(7B) 114.7(3) 

C(2A)-C(3A)-C(4A) 109.0(3) C(8B)-C(9B)-C(10B) 112.6(3) 

C(3A)-C(4A)-C(6A) 110.4(3) C(16B)-C(11B)-C(12B) 119.1(3) 

C(3A)-C(4A)-C(5A) 100.7(3) C(16B)-C(11B)-C(5B) 122.5(3) 
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C(12B)-C(11B)-C(5B) 118.4(3) 

C(13B)-C(12B)-C(11B) 120.6(4) 

C(12B)-C(13B)-C(14B) 120.4(4) 

C(15B)-C(14B)-C(13B) 119.6(4) 

C(14B)-C(15B)-C(16B) 120.4(4) 

C(11B)-C(16B)-C(15B) 119.9(4) 

C(2C)-0(1 C)-C(5C) 106.7(3) 

C(6C)-N(1C)-C(7C) 121.3(3) 
C(3C)-C(2C)-0(1 C) 115.8(3) 

C(2C)-C(3C)-C(4C) 108.7(3) 
C(3C)-C(4C)-C(6C) 111.6(3) 

C(3C)-C(4C)-C(5C) 100.8(3) 

C(6C)-C(4C)-C(5C) 111.1(3) 
0(1C)-C(5C)-C(11C) 110.9(3) 

0(1C)-C(5C)-C(4C) 106.6(3) 
C(11 C)-C(5C)-C(4C) 113.4(3) 

0(2C)-C(6C)-N(1C) 122.1(3) 
0(2C)-C(6C)-C(4C) 120.5(3) 
N(1C)-C(6C)-C(4C) 117.4(3) 

N(1C)-C(7C)-C(8C) 111.6(3) 
C(9C)-C(8C)-C(7C) 114.7(3) 

C(8C)-C(9C)-C(10C) 112.4(3) 

C(16C)-C(11C)-C(12C) 118.7(3) 

C(16C)-C(11C)-C(5C) 122.6(3) 

C(12C)-C(11C)-C(5C) 118.6(3) 
C(13C)-C(12C)-C(11C) 121.3(4) 
C(14C)-C(13C)-C(12C) 119.5(4) 
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C(13C)-C(14C)-C(15C) 119.9(4) 
C(14C)-C(15C)-C(16C) 
C(11C)-C(16C)-C(15C) 
C(2D)-0(1D)-C(5D) 

C(6D)-N(1D)-C(7D) 

C(3D)-C(2D)-0(1D) 

C(2D)-C(3D)-C(4D) 
C(3D)-C(4D)-C(6D) 

C(3D)-C(4D)-C(5D) 

C(6D)-C(4D)-C(5D) 

0(1D)-C(5D)-C(11D) 

0(1D)-C(5D)-C(4D) 
C(11D)-C(5D)-C(4D) 

0(2D)-C(6D)-N(1D) 

0(2D)-C(6D)-C(4D) 
N(1D)-C(6D)-C(4D) 

N(1D)-C(7D)-C(8D) 
C(7D)-C(8D)-C(9D) 
C(10D)-C(9D)-C(8D) 
C(16D)-C(11D)-C(12D) 

C(16D)-C(11D)-C(5D) 
C(12D)-C(11D)-C(5D) 

C(11D)-C(12D)-C(13D) 
C(14D)-C(13D)-C(12D) 

C(15D)-C(14D)-C(13D) 

C(16D)-C(15D)-C(14D) 
C(15D)-C(16D)-C(11D) 

120.5(4) 
120.0(4) 
106.5(3) 
121.9(3) 
116.2(3) 
109.6(3) 
111.8(3) 
100.9(3) 
111.1(3) 
110.1(3) 
106.5(3) 
112.7(3) 
122.4(3) 
121.3(3) 
116.2(3) 
113.1(3) 
112.8(3) 
113.2(4) 
119.6(3) 
118.4(3) 
122.0(3) 
119.4(4) 
120.6(4) 
119.6(4) 
119.3(4) 
121.5(4) 
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Table 4. Anisotropic displacement parameters (A^x 10 )̂ for butyl amide (204). The 
anisotropic displacement factor exponent takes the fomn: -2p [̂hV^U^^ + ... + 2hka*b*U^^ 

22 

u u" u" u" 

0(1A) 19(1) 28(2) 18(1) -2(1) -2(1) 0(1) 

0(2A) 13(1) 28(2) 29(1) 5(1) 0(1) -3(1) 
N(1A) 16(1) 29(2) 19(1) 2(1) -2(1) -3(1) 

C(2A) 24(2) 17(2) 23(2) 0(1) 2(1) 1(1) 
C(3A) 30(2) 22(2) 20(2) -2(2) 2(2) -8(2) 

C(4A) 17(2) 22(2) 17(2) 2(1) ^(1) -3(1) 

C(5A) 18(2) 20(2) 15(2) -1(1) -1(1) -2(1) 

C(6A) 18(2) 20(2) 15(2) -1(1) 3(1) -1(1) 
C(7A) 23(2) 26(2) 20(2) 4(2) -4(1) -1(2) 

C(8A) 35(2) 35(2) 26(2) 5(2) 5(2) 5(2) 

C(9A) 70(3) 36(2) 23(2) -4(2) -6(2) 1(2) 

C(10A) 49(3) 64(4) 38(2) 5(2) -3(2) -14(3) 

C(11A) 18(2) 21(2) 17(2) -3(1) -2(1) 3(1) 

C(12A) 21(2) 19(2) 16(2) -2(1) -2(1) 0(1) 

C(13A) 25(2) 19(2) 18(2) -1(1) -4(1) -1(1) 
C(14A) 27(2) 25(2) 18(2) -1(2) 1(1) -1(2) 

C(16A) 30(2) 26(2) 24(2) -8(2) -1(2) 12(2) 

C(16A) 30(2) 20(2) 23(2) 1(2) -4(2) 6(2) 

0(1 B) 18(1) 20(1) 23(1) -1(1) -5(1) 0(1) 

0(2B) 15(1) 15(1) 25(1) 2(1) -1(1) 0(1) 

N(1B) 14(1) 19(2) 18(1) 4(1) -1(1) ^(1) 
C(2B) 30(2) 15(2) 18(2) -1(1) 4(1) ^(2) 

C(3B) 31(2) 16(2) 14(2) 0(1) 0(1) -9(2) 

C(4B) 17(2) 20(2) 17(2) 1(1) 0(1) •4(1) 

C(5B) 18(2) 13(2) 19(2) 2(1) -5(1) -1(1) 
C(6B) 16(2) 15(2) 15(2) -1(1) -2(1) -1(1) 
C(7B) 19(2) 16(2) 21(2) 4(1) -4(1) -2(1) 

C(8B) 17(1) 19(2) 19(2) 0(1) -3(1) 1(1) 
C(9B) 19(2) 25(2) 18(2) -2(1) -3(1) 6(1) 

C(10B) 21(2) 38(2) 25(2) 0(2) -8(1) -1(2) 
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C(11B) 19(2) 16(2) 19(2) 0(1) -7(1) -3(1) 

C(12B) 33(2) 17(2) 24(2) -2(2) -4(2) 8(2) 

C(13B) 34(2) 27(2) 25(2) -6(2) -1(2) 8(2) 

C(14B) 25(2) 33(2) 18(2) -2(2) 0(1) 6(2) 

C(15B) 28(2) 24(2) 21(2) 4(2) -6(1) -1(2) 

C(16B) 18(2) 16(2) 24(2) 1(1) -4(1) -1(1) 

0(1 C) 17(1) 20(1) 18(1) 0(1) -4(1) ^(1) 

0(2C) 14(1) 18(1) 23(1) -5(1) 1(1) 1(1) 

N(1C) 13(1) 19(2) 19(1) -4(1) -2(1) 0(1) 

C(2C) 24(2) 15(2) 21(2) 0(1) 3(1) 1(1) 

C(3C) 23(2) 15(2) 21(2) -1(1) -2(1) 6(1) 

C(4C) 13(1) 20(2) 14(1) -1(1) -4(1) 1(1) 

C(5C) 13(1) 17(2) 18(2) 0(1) -1(1) -2(1) 

C(6C) 17(2) 14(2) 14(1) -1(1) 0(1) -1(1) 

C(7C) 20(2) 16(2) 19(2) -4(1) -3(1) 0(1) 

C(8C) 22(2) 17(2) 17(2) -1(1) -3(1) -5(1) 

C(9C) 22(2) 22(2) 17(2) 1(1) -4(1) -5(1) 

C(10C) 20(2) 38(2) 22(2) 3(2) -4(1) -1(2) 

C(11C) 18(2) 19(2) 15(2) 3(1) -4(1) -1(1) 

C(12C) 28(2) 22(2) 19(2) -2(2) -3(1) -9(2) 

C(13C) 29(2) 33(2) 21(2) 2(2) 1(2) -11(2) 

C(14C) 30(2) 33(2) 14(2) 1(2) 2(2) -1(2) 

C(15C) 30(2) 20(2) 22(2) -5(2) 2(2) 1(2) 

C(16C) 22(2) 17(2) 20(2) 1(1) -1(1) -2(1) 

0(1 D) 16(1) 25(1) 24(1) 2(1) -4(1) ^(1) 

0(2D) 15(1) 26(1) 28(1) -7(1) 2(1) -1(1) 

N(1D) 16(1) 23(2) 18(1) -4(1) 0(1) -2(1) 

C(2D) 22(2) 17(2) 22(2) 1(1) 2(1) 0(1) 

C(3D) 27(2) 18(2) 18(2) -1(1) 0(1) 3(1) 

C(4D) 17(2) 21(2) 16(2) -4(1) -2(1) 2(1) 

C(5D) 18(2) 18(2) 18(2) 0(1) -2(1) -1(1) 

C(6D) 16(2) 19(2) 16(2) 1(1) -1(1) -1(1) 

C(7D) 20(2) 21(2) 19(2) -1(1) -2(1) 0(1) 

C(8D) 42(2) 23(2) 18(2) -2(1) 1(2) -5(2) 

C(9D) 42(2) 29(2) 23(2) -7(2) 5(2) -5(2) 

C(10D) 49(3) 46(3) 33(2) -13(2) 4(2) -11(2) 

216 



Chapter 7 - Appendix 

C(11D) 16(2) 24(2) 17(2) 0(1) -3(1) 0(1) 

C(12D) 22(2) 23(2) 23(2) -1(2) -4(1) -1(2) 

C(13D) 33(2) 30(2) 19(2) ^(2) -7(2) 4(2) 

C(14D) 27(2) 40(2) 17(2) 2(2) 2(2) 2(2) 

C(15D) 31(2) 37(2) 23(2) -2(2) 4(2) -13(2) 

C(16D) 33(2) 24(2) 21(2) -4(2) 2(2) -7(2) 

4 2 

Table 5. Hydrogen coordinates (x 10 ) and isotropic displacement parameters (A x 
butyl amide (204). 

X y z U(eq) 

H(1A) 6848 2975 4237 25 

H(2A) 10942 -170 4792 26 

H(3A) 8962 274 4251 28 

H(4A) 7575 1651 4862 24 

H(5A) 9736 2786 5367 23 

H(7A1) 8398 4859 3951 30 

H(7A2) 6827 4674 3775 30 

H(8A1) 9013 3505 3238 42 

H(8A2) 8363 4691 3007 42 

H(9A1) 7504 2939 2557 56 

H(9A2) 6782 2609 3126 56 

H(10A) 5180 3455 2517 75 

H(10B) 6103 4604 2478 75 

H(10C) 5380 4275 3047 75 

H(12A) 9174 11 5975 22 

H(13A) 7748 -352 6729 25 

H(14A) 6291 1080 7057 28 

H(15A) 6245 2929 6644 32 

H(16A) 7668 3305 5887 29 

H(1B) 8088 7041 803 21 
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H(2B) 4154 10212 162 25 

H(3B) 6197 9785 683 24 

H(4B) 7442 8263 114 23 

H(5B) 5245 7174 -369 22 

H(7B1) 6911 5088 1096 25 

H(7B2) 6346 6014 1532 25 

H(8B1) 8332 4983 1867 24 

H(8B2) 9209 5552 1384 24 

H(9B1) 8041 6808 2286 27 

H(9B2) 8791 7437 1782 27 

H(10D) 10325 7258 2544 42 

H(10E) 10883 6504 2038 42 

H(10F) 10133 5875 2542 42 

H(12B) 7439 6657 -839 30 

H(13B) 8829 6969 -1604 34 

H(14B) 8635 8696 -2116 31 

H(15B) 7073 10123 -1848 29 

H(16B) 5707 9841 -1062 23 

H(1C) 3078 7407 778 20 

H(2C) -1002 4264 171 24 

H(3C) 989 4672 724 24 

H(4C) 2339 6124 140 20 

H(5C) 161 7284 -330 20 

H(7C1) 1432 8537 1510 24 

H(7C2) 1978 9401 1042 24 

H(8C1) 3469 9575 1782 24 

H(8C2) 4279 8916 1305 24 

H(9C1) 3908 7117 1764 27 

H(9C2) 3126 7791 2246 27 

H(10G) 5408 7403 2525 40 

H(10H) 5188 8781 2484 40 

H(10l) 5969 8104 2003 40 

H(12C) 2407 7805 -763 27 

H(13C) 3802 7573 -1533 33 

H(14C) 3604 5891 -2076 31 

H(15C) 1983 4473 -1856 28 
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H(16C) 596 4695 -1078 23 

H(1D) 1872 2717 4337 22 

H(2D) 6196 5745 4877 24 

H(3D) 4278 5381 4298 25 

H(4D) 2776 4056 4890 23 

H(5D) 4919 2760 5340 23 

H(7D1) 1666 1109 3827 26 

H(7D2) 3275 886 3909 26 

H(8D1) 3719 2288 3206 36 

H(8D2) 2104 2457 3115 36 

H(9D1) 3066 1187 2435 41 

H(9D2) 3508 300 2914 41 

H(10J) 1480 -348 2477 64 

H(10K) 725 848 2624 64 

H(10L) 1163 -33 3107 64 

H(12D) 4324 5339 6100 27 

H(13D) 2858 5507 6861 33 

H(14D) 1379 3972 7092 33 

H(15D) 1337 2275 6547 37 

H(16D) 2790 2126 5791 31 
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Table 6. Torsion angles [°] for butyl amide (204). 

C(3A)-C(4A)-C(6A)-N(1A) 116.7(4) 

C(4A)-C(6A)-N(1A)-C(7A) 178.9(3) 

C(6A)-N(1A)-C(7A)-C(8A) 79.9(4) 

N(1A)-C(7A)-C(8A)-C(9A) 68.7(4) 

C(7A)-C(8A)-C(9A)-C(1 OA) 71.2(5) 

C(3B)-C(4B)-C(6B)-N(1B) -112.7(4) 

C(4B)-C(6B)-N(1B)-C(7B) 179.6(3) 

C(6B)-N(1B)-C(7B)-C(8B) -165.7(3) 

N(1B)-C(7B)-C(8B)-C(9B) 66.3(4) 

C(7B)-C(8B)-C(9B)-C(1 OB) -175.2(3) 

C(3C)-C(4C)-C(6C)-N(1 C) 116.9(3) 

C(4C)-C(6C)-N(1C)-C(7C) 178.9(3) 

C(6C)-N(1 C)-C(7C)-C(8C) 165.4(3) 

N(1C)-C(7C)-C(8C)-C(9C) -67.3(4) 

C(7C)-C(8C)-C(9C)-C(1 OC) 178.6(3) 

C(3D)-C(4D)-C(6D)-N(1D) -123.6(3) 

C(4D)-C(6D)-N(1D)-C(7D) 178.7(3) 

C(6D)-N(1D)-C(7D)-C(8D) -78.8(4) 

N(1D)-C(7D)-C(8D)-C(9D) 177.9(3) 

C(7D)-C(8D)-C(9D)-C(1 OD) 65.0(5) 

Table 7. Hydrogen bonds for butyl amide (204) [A and °]. 

D-H.„A d(D-H) d(H...A) d(D...A) <(DHA) 

N(1A)-H(1A)...0(2D) 0.88 1.94 2.806(4) 169.2 

N(1B)-H(1B)...0(2C)#1 0.88 1.97 2.848(4) 173.6 

N(1C)-H(1C)...0(2B) 0.88 1.99 2.864(4) 172.5 

N(1D)-H(1D)...0(2A)#2 0.88 1.96 2.793(4) 157.9 

Symmetry transformations used to generate equivalent atoms: #1 x+1 ,y,z #2 x-1 ,y,z 
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