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Abstract

The first aim of this project was to explore the feasibility of using water as a 

solvent for azomethine ylide and nitrile oxide 1,3-dipolar cycloaddition reactions and 

to synthesise heterocycles incorporating masked fimctionalities. The second theme 

of the project investigated the synthesis of oxetanes and pentaerythritol oligomers for 

applications within the explosives industry. The first chapter describes the use of 

aqueous media for cycloaddition reactions. The use of azomethine ylides and nitrile 

oxides as 1,3-dipoles in organic and aqueous media are also discussed. The second 

chapter reviews current synthetic methods and applications of oxetanes as polymeric 

binders with a brief overview of the use of solid phase supports in organic synthesis.

The results and discussion is presented in chapters three to six. Azomethine 

ylide 1,3-dipolar cycloadditions in aqueous media were investigated and are 

discussed in chapter three. Contrary to a previous report, exclusive endo 

diastereoselectivity was observed in water for reactions between maleimides and 

ylides generated from acyclic a-amino esters. This was attributed to enforced 

hydrophobic interactions between the reactants. In contrast, cyclic a-amino esters 

favoured Michael addition in water alone with yield enhancements in biphasic media 

suggesting that this reaction was catalysed at the solvent interface. Investigations 

into intermolecular and intramolecular nitrile oxide 1,3-dipolar cycloadditions in 

aqueous media are discussed in chapters four and five. The first successful 

generation and subsequent reaction of nitrile oxides has been achieved using sodium 

hypochlorite in water alone. A wide variety of isoxazolines were synthesised using 

hydrophobic/hydrophilic substrates and in many cases the use of volatile organic 

solvents was eliminated. In chapter six, the results of our investigations into oxetane 

synthesis are described. The primary objective of synthesising a 6w-hydroxyl- 

protected oxetane was achieved using solid support in high yield. Furthermore, the 

results of our investigations into the synthesis of pentaerythritol oligomers are 

presented. The final chapter describes the experimental methods employed.
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Stereochemical Notation

The stereochemistry of compounds follows the conventions of Maehr, where 

a bold type bond represents a bond that faces the observer relative to the plane of the 

page. Conversely, a dash type bond denotes a bond facing away from the observer 

relative to the plane of the page. Straight lines are used to represent 

diastereoisomeric compounds, bold and dashed wedges denote homochiral 

compounds.

Racemic Homochiral

Vll
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Chapter 1

1.1. Diels-Alder Reactions In Aqueons Media

1.1.1. Water and The Hydrophobic Effect

In living organisms water is the medium in which biochemical and inorganic 

reactions naturally occur. Organic media is the solvent of choice for most organic 

transformations although Diels and Alder first demonstrated that aqueous media 

could be used as a solvent for Diels-Alder reactions.^ In the early 1980s Breslow and 

Rideout highlighted the advantages of using water as a solvent in contrast to organic 

media for Diels-Alder reactions in terms of rate enhancements and stereoselectivity.^ 

Since then, further research and development into other areas of organic synthesis 

using aqueous media has been achieved.^’"̂ The use of organic solvents can be 

problematic in terms of volatility, toxicity and safety. Consequently, the use of water 

rather than traditional organic solvents has become of increasing importance both 

environmentally and economically in industry.

Polar compounds such as ammonium salts and alcohols readily dissolve in 

water due to the negative partial Gibbs free energy created as a result of hydrogen 

bonding between the solute and water molecules. When dissolving hydrophobic 

compounds in water, the water molecules are forced to reorientate themselves around 

the hydrophobic substrate to form solvation shells known as clathrates.^’̂ ’'' This 

phenomenon has been termed hydrophobic hydratation and although an enthapically 

favourable process, the tendency for the water molecules to arrange themselves in a 

more ordered manner {i.e. a large decrease in entropy) results in a positive partial 

Gibbs free energy.^’̂ ’̂  However, overall there is a net gain in entropy due to the high 

cohesive energy density of water (22,000 atm) which enforces the aggregation of 

these hydrophobic species between themselves.* Entropically this process is 

favourable as it minimises the interfacial area between solvent and the apolar solute. 

This effect is also known as the hydrophobic effect and is also observed naturally 

in the formation of membranes, protein folding and during the binding of substrates

1



to enzymes. Other influencing factors that also have an effect on these 

thermodynamic parameters include the coalescence of solvent co-spheres, surface 

area of the hydrophobic molecules, the presence of salts, the addition of surface- 

active agents (surfactants) and temperature.^’̂ ’*

1.1.2. Rate Enhancements, Use of Salts and Stereoselectivity

Breslow and Rideout demonstrated in 1980 that enhanced reaction rates are 

observed when reacting cyclopentadiene with buten-2-one in aqueous solvents 

(Scheme 1.1.1 and Table 1.1.1).^

O Endo Exo

Solvent, 20 C

COMe

COMe

Scheme 1.1.1

Although no endo/exo selectivities were reported,^ a 700-fold increase in reaction 

rate was observed when water was used as the solvent compared to using 2,4,4- 

trimethylpentane. Interestingly, despite the high polarity of methanol only a twelve

fold rate increase was observed using methanol as a solvent in comparison to 2,4,4- 

trimethylpentane (Table 1.1.1).

Solvent Rate (10" k2 (JVT* s '))
2, 4 ,4-trimethylpentane 5.94

MeOH 75.5
H2O 4400

4.86 M LiCl (aq.) 10800
4.86M(NH2)3^CCr(aq.) 4300

Table 1.1.1

It was rationalised that the higher rates of reaction observed when using water was 

due to the hydrophobic effect. The use of hydrophilic salts in water for the reaction 

outlined in Scheme 1.1.1 were also investigated and reported (Table l.I .l) .  Aqueous 

lithium chloride (4.86 M) clearly increased the rate of reaction by over two-fold



compared to when using water alone. It was rationalised that the lithium chloride 

acted as a ‘salting out’ agent and enhanced the hydrophobic effect by lowering the 

solubility of the hydrophobic substrates in water. In contrast, when aqueous 

guanidinium chloride was used as a ‘salting in’ agent {i.e. raising the solubility of 

hydrophobic species in water^) a notable decrease in rate was observed (Table 1.1.1).

Ramamurthy et al. have also investigated the influence of salts on the 

photochemical dimérisation of styrene (Scheme 1.1.2 and Table 1.1.2).*® 

Interestingly, no dimérisation products were observed when benzene was used as the 

solvent although the use of water afforded the isomers (3 and 4) albeit in low yield 

and this was rationalised to be due to the hydrophobic effect.

hv, 24 h

so lvent

Ph Ph

Ph
Ph

Ph
Ph

Ph
Ph

Scheme 1.1.2

Solvent % Yield
3 4

Benzene 0 0
Water 12 10

4.86 M LiCl (aq.) 25 17
4.86M(NH2)3'^CCr(aq.) 8 6

Table 1.1.2

Ramamurthy reported that the use of aqueous lithium chloride (4.86 M) as a ‘salting 

out’ agent enhanced the hydrophobic effect and increased the yield for the 

dimérisation products (3 and 4). Conversely, the use of the aqueous guanidinium 

chloride (4.86 M) as a ‘salting in’ agent lowered the yield of the isomers (3 and 4).*®

Saksena et al. highlighted more recently that the use of water as a solvent can 

also be advantageous in terms of simplifying purification procedures.** The Diels- 

Alder adduct 5 was utilised in the synthesis of novel azole antifungal agent 6



(Scheme 1.1.3). Milder conditions could be used when the reaction was performed 

in aqueous media, which exclusively afforded the Diels-Alder adduct 5 in 65% yield. 

In contrast, the use of conventional so lv en tsh ad  previously led to the formation of 

other side products and this created isolation difficulties of adduct 5. In addition, 

these impurities were also reported to generate the retro Diels-Alder adduct 7 during 

hydrogenation conditions, in preference to the reduced cycloadduct 8 in a low 5-10% 

yield.'^

"Im purities"

X

Y

Pt/Hî
" im purities"

X

V

C 0 2 M e re tro -O ie is-A id e r , 5-10%

Y

o r g a n ic  s o lv e n t ,  1 2 0  C

C O j M e

COjMe

H2O, 2 2 - 4 5 ° C  
 *»
s o n ic a te ,  2 4  h , 65%

X

Y

/ T
o

M u itistep /
0

Y

Scheme 1.1.3.

Pt/Hî
100%

X

Y

8

X = H, Y =  Ci 
X = F, Y = F 
X -  Ci, Y = Ci

Rate studies on the effect of solvents have been carried out by Engberts 

(Scheme 1.1.1) who suggested that the association of two species associated in water 

that led to a transition state should be described as enforced hydrophobic 

interactionsP This term was made to distinguish those interactions between the 

individual reactant species and solvent and interactions between the transition state 

and solvent. Engberts stated that the negative activation volume normally associated 

with Diels-Alder reactions is even more negative when using water as a solvent (as 

opposed to organic solvents) and this is attributed to the high cohesive energy density



of w a t e r . E n g b e r t s  also investigated the effect of solvents on the intramolecular 

Diels-Alder reaction shown in Scheme 1.1.4.^^ Again due to the enforced 

hydrophobic interactions, higher reaction rates were observed (100-fold increase) 

using water as a solvent compared to when using 1-propanol.

Solvent, 25 °C

Scheme 1.1.4

When more hydrophobic dienophiles were selected (Scheme 1.1.5), a 1000- 

fold increase in the rate constant was observed in water as opposed to propan-l-ol. 

In addition to enforced hydrophobic interactions, Engberts suggested that the overall 

reduction in surface area during the progression of transition state to product also 

contributed to the driving force of the reaction.

w
Solvent, 25 °C

O
R = H 
R = OH Endo  10
R = OCH3

Scheme 1.1.5

Enforced hydrophobic interactions in aqueous media are also used to 

rationalise the higher endo diastereoselectivity observed in Diels-Alder reactions as a 

result of a more compact transition state.^^’̂ ’̂̂  ̂ Studies by Breslow et al}^ for the 

reaction between cyclopentadiene and methyl vinyl ketone (Scheme 1.1.1, Table 

1.1.3) reported an endo selectivity approximately 5.5 times higher using water rather 

than cyclopentadiene as a solvent. Similarly when using ethanol as a solvent, a 

three-fold decrease in selectivity for the endo isomer was observed. Interestingly, 

the use of aqueous lithium chloride (4.86 M) solution resulted in a higher endolexo 

ratio in contrast to using water alone. The increase in endo selectivity was 

rationalised to be due to enhancement of the hydrophobic effect favouring a more 

compact transition state. Evidence to support this theory was demonstrated by the



use of guanidinium chloride where a decrease in endo selectivity was observed in 

comparison to using water alone.

Solvent Endo!Exo Ratio (1/2)
H2O 25
Eton 8.5

Cyclopentadiene 4
4.86 M LiCl (aq.) 28

4.86M(NH2)3̂ CCr (aq.) 22

Table 1.1.3

There are several other reactions where the use of water as solvent has to led 

to increased rate enhancements and selectivity in comparison to organic solvents. 

For example, the hydrophobic effect was used to rationalise the observed two-fold 

increase in rate for the synthesis of 11b and 12b (Scheme 1.1.6) when changing the 

solvent from benzene to water. In addition, the ratio of epimers generated (llb/12b) 

increased from 0.85 to 1.3. Interestingly, in the absence of solvent the ratio of

epimers and yield observed were comparable to when using water. 17

OMe OMe
CH(OHO

solvent, r.L,

5 - 288 h

R = H, Et

COzR

1 2 a ;  R  = H 
1 2 b ;  R  = Et

Scheme 1.1.6

1.1.3. Cyclodextrins and Aqueous Lewis Acids

The use of cyclodextrins in aqueous media was another method of promoting 

the Diels-Alder reaction between cyclopentadiene and methyl vinyl ketone (Scheme 

1.1.1) in aqueous media.^ When aqueous 10 mM P-cyclodextrin (internal cavity size 

of 7.5 Â)*  ̂ was used as solvent, an approximate 2.5-fold increase in rate was 

observed compared to using pure water alone. Conversely, the use of aqueous 10 

mM a-cyclodextrin (internal cavity size of 6.5 Â)^* as a solvent resulted in an



approximate four-fold decrease in reaction rate in contrast to aqueous 10 mM P- 

cyclodextrin. This suggested that once the cyclopentadiene was bound into the cavity 

of the a-cyclodextrin, the small cavity size resulted in the lack of binding of the 

dienophile/^ Although P-cyclodextrin has a large cavity to accommodate both 

cyclopentadiene and methyl vinyl ketone, when this was used in the reaction between 

anthracene-9-carbinol and A-ethylmaleimide (Scheme 1.1.7), a two-fold decrease in 

reaction rate was observed for the formation of 13 compared to the observed rate in 

water (Table 1.1.4)/^ This can be rationalised by considering the size of the diene 

which is too large to enter the internal cavity of the cyclodextrin. Therefore, whilst 

cyclodextrins are powerful ‘additives’ for some reactions they are unsuitable for 

larger substrates.

CH2OH

Solvent, 45 °C  ►
HOCH2

13

Scheme 1.1.7

Solvent Rate (10  ̂k2 (JVT* s ‘))
H2O

lOmM p-cyclodextrin
22600
13800

Table 1.1.4

The use of aqueous compatible Lewis acids have been reported in the 

literature and have resulted in rate enhancements for aqueous Diels-Alder

reactions. In 1996, Engberts investigated the effect of transition metal nitrates as 

Lewis acid catalysts for the Diels-Alder reaction between cyclopentadiene and 3-

pheny 1-1 -(2-pyridyl)-2-propen-1 -ones 14 and 15 (Scheme 1.1.8). 19



endo

1 4  ( R =  N O 2 ) 

1 5 ( R  =  H)

M(N03)2 
H 2 O  o r  M e C N ,  2 5  ° C

 /  M =  C o ,  Ni, C u ,  Zn

1 6 a  (R  — N O 2 ) 

1 7 a  (R  =  H)

R

R

1 6 b ( R = N 0 2 )  

1 7 b  (R  =  H)

Scheme 1.1.8

The reaction between cyclopentadiene and dienophile 14 was found to accelerate the 

formation of 16a and 16b in water alone by 287-fold in contrast to using acetonitrile 

and this was again rationalised to be due to the hydrophobic effect. The use of 

copper nitrate as Lewis acid catalyst in aqueous media for the synthesis of 17a and 

17b enhanced the rate of reaction by approximately 2.4-fold compared to using 

acetonitrile as solvent. Other metal nitrates (Table 1.1.5) at constant ionic strength (2 

M KNO3) were reported to be not as effective as copper nitrate in aqueous solvents. 

The differences in rate constants (Table 1.1.5) observed for the different metal 

nitrates were suggested to follow the rate constants for binding and catalytic 

activities of the Irving-Williams order which stated “Co^^< Ni^^ < Cu^^> Zn^^

Lewis Acid Cation (10 mM (aq.)) Reaction Rate (k% (M"̂  s'*)) 
Between 15 & Cp

Water only 1.1
8.4 X 10'̂

Nî + 9.5x10'^
2.6

1.2 X 10*

Table 1.1.5

The effect of aqueous Lewis acids on endolexo selectivity was also explored 

for the synthesis of 17a and 17b (Scheme 1.1.8, Table 1.1.6). Engberts reported 

higher endo selectivities in aqueous solvents compared to using acetonitrile (Table 

1.1.5) although in the presence of copper nitrate as Lewis acid catalyst the endo 

selectivity was increased. Interestingly, the endolexo ratio was the same regardless

8



of the solvent used in the presence of copper nitrate (Table 1.1.6). In addition, the 

use of other water tolerant Lewis acids resulted in slightly lower endolexo

selectivities 19

Lewis Acid Cation (10 mM (aq.)) EndolExo Ratio 
(17a/17b)

Water only 84:16
Acetonitrile only 67:33

Acetonitrile + 94:6
Cô ^ 87:13

86:14
93:7

Zn̂ + 86:14

Table 1.1.6

Engberts suggested that the use of the transition metal nitrates were limited to 

bidentate dienophiles as similar analogues (18 and 19) lacking a nearby chelation site 

(Figure 1.1.1) were found to reduce the reaction rate by ca 1000-fold in contrast to 

using dienophiles 14 and 15.̂ ^

18 19

Figure 1.1.1

1.1.4. Aqueous Surfactant Media

Surfactants are another means of promoting aqueous cycloaddition reactions. 

They are extensively used in soaps and detergents and can also influence or catalyse 

a reaction in aqueous media, either by acting as a solubilising agent or by orientating 

reacting species to achieve certain regioselectivities or enantioselectivities.^^’̂ ’̂̂ "̂’̂  ̂

One advantage is that they can be recycled and examples of the types of surfactant 

that have been predominantly used in cycloaddition reactions include the anionic 

surfactant sodium dodecylsulphate (SDS) and cationic surfactant cetyl 

trimethylammonium bromide (CTAB).^^’̂ ^



A surfactant consists of two main functionalities, a hydrophilic head group 

and hydrophobic tail. The head group is the charged part of the molecule and the 

hydrophobic moiety usually consists of a long hydrophobic, /?-alkyl carbon tail. At 

low concentrations, surfactants disperse and ionise as salts do when dissolved water. 

The hydrophobic moieties have a natural tendency to repel water and so increasing 

the concentration of surfactant results in an aggregation effect where the hydrophilic 

moieties stay in the aqueous exterior and hydrophobic tails are attracted to each other 

by favourable Van der Waals interactions to form a central hydrophobic core. These 

structures are known as micelles and the point at which they first form is known as 

the critical micelle concentration (cmc).^^’̂  ̂For example, the cmc of SDS is 8.6 mM 

in water at 40 °C, and for CTAB the cmc is 0.92 mM in water at 25 At the cmc 

it has been rationalised that the formation of these micelles can be attributed to the 

hydrophobic effect due to the surrounding water molecules forming a more 

structured hydrogen-bonded network i.e an entropy driven process. '̂^^’̂  ̂ The 

structure of micelles has been extensively discussed and studied^ '̂ '̂ but the most 

widely accepted model is that proposed by Hartley in the 1930s.^  ̂ A schematic 

representation of Hartley’s proposed spherical micelle in water is illustrated in Figure

1 . 1 .2 .

Gouy-Chapm an Layer:
- contains counterions
- region upto a  few tiundred A° aw ay from S tern  layer

H ydrophilic  H ead: C an be 
anionic, cationic, non-ionic

C o u n te r  Ions

H y d ro p h o b ic  T ail: Chain 
length betw een  8 an d  IO C

A Q U E O U S  E X T E R I O R

Stem  Layer:
- contains hydrophilic h ea d  group region
- few A° in width Micellar Core:

- contains hydrophobic tail group region
- inner d iam eter 8 - 28 A°

Figure 1.1.2. Schematic Representation of The Hartley Model

For ionic surfactants in aqueous media, the Stem layer consists of hydrophilic 

head groups that adsorb the bulk of the counter ions {ca 70%).^^ The strong attraction

10



that exists between the hydrophilic head groups and their counter ions is not 

disrupted during micelle formation. By comparison, the Gouy-Chapman layer 

contains the remaining unbound counter ions and these are localised around the 

micelle but can also freely move in solution. The hydrophobic core has been 

suggested to consist of an inner core and an outer core, the latter of which contains 

the first four methylene groups.^^ In organic media, these surfactant molecules can 

orientate themselves to create reverse micelles which have the hydrophilic head 

groups that form the central core (hence can trap water), and the hydrophobic 

moieties present on the outside that favourably interact with the apolar solvent.^^

Micellar aggregates are not static entities and are known to exist in a dynamic 

equilibrium with their monomeric species.^" ’̂̂  ̂ The temperature at which micelles 

are formed is known as the Krafft point. Above this temperature the solubility of a 

surfactant is increased thus raising the cmc.^^’̂  ̂ Increasing the concentration of a 

surfactant above the cmc changes the shape of the these micelles from spherical to 

larger ellipsoidal, rod like structures.^^’̂  ̂Other physicochemical factors such as pH, 

the presence of salts and altering the chemical structure of the surfactant can also 

alter the cmc.^^’̂ ’̂̂ ^

Several reports of their use in synthesis where advantages in terms of yield, 

enhanced reaction rates and selectivity have been noted. For example, shorter

reaction times have been reported by Singh et al.^^ using CTAB as a micellar 

catalyst for the reaction shown in Scheme 1.1.9.

1.37 mM CTAB aq., r.t, 3 hn

O

or
PhMe, reflux, 10 -12 h

n = 0 -4  
R = H, CHg 
R = H, CH3

10 (n = 0, R = R' = H)
20 (n = 0, R = H, R' = CH3 )
21 (n =2, R = R' =H)
22 (n = 2, R = CH3 , R* = H)
23 (n = 4, R = R' = H)

Scheme 1.1.9

II



When aqueous CTAB was used as the solvent Singh reported that the formation of 

cycloadduct 10 occurred in much higher yield than in toluene in terms of reaction 

yield (Table 1.1.7)?^ Milder conditions were also employed in aqueous media as the 

reaction was carried out at room temperature whereas in toluene the reaction mixture 

was heated at reflux temperature?^ No yields were reported for the use of water as a 

solvent alone although as mentioned previously, Engberts observed rate 

enhancements of 1000-fold for the synthesis of cycloadduct 10 using water compared 

to propan-l-ol (Scheme 1.1.5)?^

Cycloadduct Yield (%)
Toluene CTAB (aq.)

10 50 68
20 0 86
21 53 75
22 40 46
23 62 76

Table 1.1.7

As indicated in Table 1.1.7, the use of micellar media generally results in higher 

yields for the endo adducts (10, 20-23). Interestingly, for cycloadduct 20 no product 

formation was observed in organic solvents whereas in aqueous media it was 

generated in excellent yield (Table 1.1.7). Singh et al. rationalised these results by 

suggesting that the site of catalysis may be within the micellar core.^^ As no 

comparable results were reported using water alone it is difficult to agree with this 

assumption. It is more likely that the hydrophobic effect was the rationale for the 

reduction in reaction time. Purification procedures were also simplified when using 

aqueous solvent as the products could be isolated by filtration and recrystallised 

compared to using toluene as solvent where flash chromatography was required to 

remove the starting material.

Rate studies for the reaction between cyclopentadiene and acrylonitrile 24 

(Scheme 1.1.10) reported a decrease in rate when using either SDS (50 mM) or 

CTAB (20 mM) in aqueous media compared to when using water alone.^^ It was 

suggested that the rate of reaction within the micellar species was less than that in the 

micellar media due the absence of enforced hydrophobic interactions.^^ Another
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rationale could be due to the preferential binding of the micellar aggregates to one 

type of reactant species, especially at concentrations well above the cmc.

.CN
Solvent, 25-30 °C

NC'
CN

24 25

Scheme 1.1.10

Grieco et al. and other researchers have investigated the fundamental 

principles of surfactant aggregation by incorporating hydrophilic moieties to the 

reactant species (Scheme 1.1.11). Enhanced rates, yields and selectivities have been 

reported when using water {c.f. Scheme 1.1.6).^^’̂ ’̂̂® However, when sodium salts 

were incorporated into the diene, the formation of micellar aggregates were 

suggested to account for the increase in reaction rate and selectivity.^^ In addition, 

the use of sodium salts of the diene, in aqueous solvents, increased the epimer ratio 

(26a/26b) when raising the concentration of the diene (Table 1.1.8).^^

OMe
CHO

E H

solvent, r.t,

5 - 288 h

C02Na

OMe CHi

26a

OMe CHi

26b

Scheme 1.1.11

Diene Concentration 
(M)

Epimer
Ratio

Reaction 
Time (h)

Yield of 26a and 26b
(%)

0.1 0.9 120 46
1.0 2.0 8 83
2.0 3.0 5 100

Table 1.1.8

Surfactants can also be used to control the regioselectivity of photochemical 

cycloaddition reactions in aqueous media by preorientating the reactant 

substrates."^^’"̂* For example, the photodimérisation of a substituted cyclohexenone in
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cyclohexane resulted in the formation of dimers 27 and 28 in a regioisomeric ratio of 

4:1 (Scheme 1.1.12) respectively. In contrast, when the reaction was carried out 

using aqueous SDS (at the cmc) a reversal in regioselectivity was observed in favour 

of dimer 28. The regioselectivity was rationalised as due to the micellar media 

orientating the carbonyl oxygen of the reactant species at the interface of the

micelle.41

hy
solvent, r.t.

27 28

A : C yclohexane, 27/28 ratio: 4:1 
B : 8 . 6  mM SDS (aq.), 27/28 ratio: 1:19

Scheme 1.1.12

The use of aqueous CTAB (0.02 M) and SDS (0.02 M) solutions have also 

been explored by Breslow et al. for the reaction between cyclopentadiene and methyl 

acrylate (Scheme 1.1.13).^^ The surfactants were used at concentrations well above 

the cmc and no effects on endolexo selectivity {endolexo ratio of ca 9) were reported 

compared to the use of water although the use of aqueous SDS resulted in ca 15% 

increase in reaction rate.’ 

o
SDS or CTAB (aq.)

15

Endo

20 °C

CO2R

1 (R = Me)

29 (R = (CH2 )gCH3 )

Exo

2^ ^ Z Z -C 02R

2 (R = Me)

30 (R = (CH2 )gCH3 )

Scheme 1.1.13

However, recent investigations by Hailes and Diego Castro reported that the use of 

CTAB at the cmc significantly increased the endolexo ratio for 1/2 to 18 in contrast 

to Breslow’s observed endolexo ratio of 8.8 when aqueous CTAB (0.02 M) was
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used."̂  ̂ It was rationalised that difference in the shape of the surfactant aggregates 

may have accounted for the conflicting selectivities/^ Hailes and Diego Castro also 

observed that altering the pH of the aqueous medium influenced the yield and 

stereoselectivity for the reaction between cyclopentadiene and nonyl acrylate 

(Scheme 1.1.13)/^ A higher endo selectivity for cycloadduct 29 was observed in at 

pH 3 compared to when using neutral conditions (Table 1.1.9). This was rationalised 

to be due to the protonation of the acrylate carbonyl oxygen which could stabilise the 

formation of micellar aggregates and hence preorientate the dienophile."^  ̂ Evidence 

for this rationale was demonstrated when the reaction was carried out at pH 1 where 

a decrease in yield and endo selectivity was observed, suggesting that the aggregate 

complex (containing the protonated nonyl acrylate and the cyclopentadiene) was 

disrupted.

The use of aqueous CTAB (at the cmc) was also explored at different pH and 

the highest yields and endolexo ratios for endo 29 and exo 30 were measured at pH 1 

in contrast to pH 3, 5 and 7 (Table 1.1.9). It was rationalised that at low pH, the 

formation of mixed aggregates incorporating CTAB molecules and the protonated 

nonyl acrylate molecules could account for the increase in yield and endo selectivity. 

Interestingly at pH 9, the endolexo ratio and yields for the cycloadducts (29 and 30) 

were comparable to that at pH 1 (Table 1.1.9). This result was suggested to be due to 

either polarisation of the cyclopentadiene and/or counter ion exchange between the 

bromide ion and hydroxide ion, which could influence the hydrophobic effect and 

alter the shape of the aggregate."^^

Solvent & Conditions 29/30 Yield 
(%)

endolexo
ratio

1 mM CTAB, pH 1, 72 h 30 1.5
1 mM CTAB, pH 3, 72 h 72 2.3
1 mM CTAB, pH 5, 72 h 72 1.8
1 mM CTAB, pH 7, 72 h 78 1.8
1 mM CTAB, pH 9, 72 h 74 2.0

Table 1.1.9

The use of aqueous SDS (at the cmc) as a solvent was also investigated at different 

pHs although no significant changes in yield and selectivity were reported. This was
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attributed to preferential counter ion exchange between the sodium ions and the 

protic medium as opposed to protonation of the carbonyl oxygen of the acrylate/^

A limited number of examples also exist where the use of aqueous 

homochiral reagents have been explored as a method of inducing enantioselectivity 

for Diels-Alder reactions/^’"̂"̂ In 1998, Hailes and Diego Castro explored the effect of 

using homochiral surfactant 31 derived from (*S)-leucine (Figure 1.1.3) on the endo 

enantioselectivity of the reaction between nonyl acrylate and cyclopentadiene 

(Scheme 1.1.14) in water.

/ (CHzhsCHs

Figure 1.1.3

o Endo (R)

W OC9H19 31 (aq.), 20 °C

C9H19O2C

32

Exo (R)

C02C9Ĥ 9

34

Endo (S)

CO2C9H-19

33

Exo (S)

CO2C9H19

35

Scheme 1.1.14

At the cmc (0.054 mM), the presence of surfactant 31 resulted in enantiomeric 

excesses (e.e) of 10% in favour of the R isomer (32 and 34). Increasing the 

surfactant concentration above the cmc enhanced the overall yield of the Diels-Alder 

adducts and slightly increased the enantioselectivity to 12% in favour of the R- 

isomer (Table 1.1.10). The increase in yield was rationalised as due to micellar 

catalysis and evidence in support of this was gained when the surfactant (31) 

concentration was lowered below the cmc (0.015 mM), which significantly reduced
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the R cycloadduct yield (Table 1.1.10). The use of acidic surfactant media (at the 

cmc, pH 3) was also investigated and resulted in an e.e of 13% for the R enantiomer 

although the yield decreased to 29%. Interestingly, the addition of aqueous lithium 

chloride (4.86 M) to the chiral surfactant solution (at the cmc) at pH 3 increased the 

overall yield of the Diels-Alder adducts and additionally enhanced the e.e for the R 

isomer to 15%. The higher yield and enantioselectivity observed using lithium 

chloride was rationalised to be due to micellar shrinkage (a result of increasing the 

hydrophobic effect) and this was assumed to enhance preorientational effects.^^’

Solvent & Conditions 32 and 34 

Yield (%)

endolexo
ratio

e.e (R) 
(%)

0.027 mM 31(aq.) 55 2.1 10
0.054 mM 31 (aq.) 72 2.1 12
0.015 mM 31 (aq.) 43 2.0 7
0.027 mM 31 (aq.), pH 3 29 2.1 13
0.027 mM 31 (aq.), pH 3,4.86 M LiCl (aq.) 75 2.2 15

Table 1.1.10

1.1.5 Conclusions:

Investigations into aqueous Diels-Alder reactions over the last twenty years 

have demonstrated that the use of water as a solvent has the potential to simplify 

purification procedures, increase reaction rates and can alter the stereochemical 

outcome of a reaction. The use of water tolerant additives for example, salts, Lewis 

acids, cyclodextrins and surfactants have been demonstrated to also influence the 

regio- and diastereoselectivity of an aqueous Diels-Alder reaction. In addition, an 

increasing number of examples exist where chiral catalysts are used in aqueous 

media to enhance enantioselectvities.'^^ '^ However, little precedent exists for other 

types of aqueous cycloaddition reactions especially in the area of 1,3-dipolar 

cycloaddition reactions. Thus, the primary aim of this project is to investigate the 

use of aqueous media as a solvent for 1,3-dipolar cycloaddition reactions to generate 

heterocycles incorporating nitrogen and oxygen. In addition, we wish to explore 

how the use of water as a solvent and water tolerant additives can influence product 

selectivity, purification procedures and reaction times.
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1.2. Use of Azomethine Ylides as 1,3-Dipoles

This section discusses previous investigations into the use of a-amino 

esters/nitriles in generating 1,3-dipoles for 1,3-dipolar cycloaddition reactions with 

particular emphasis on reactions between azomethine ylides and A^-substituted 

maleimides.

1.2.1. Structure, Function & Generation

Azomethine ylides are analogous to the dienes used in Diels-Alder reactions

except the 4tc electrons are distributed over three atoms instead of four and the

general structure is given below in Figure 1.2.1
R

f ' T
R, R', X, Y = H, a lkyl , aryl, a lk en y l .

EW G = GOGH, C O O R  (R= alkyl, aryl ),  ON

Figure 1.2.1

They are a class of 1,3-dipole that readily react with a wide range of substituted 

alkenes and acetylenes (dipolarophiles) to generate five-membered heterocycles 

incorporating nitrogen (Scheme 1.2.1).
H

H. , ,E W G
^EWG /  so lvent

T -Ï ' /
-►

EWG = COOR (R= alkyl, aryl), ON stereochem istry retained

Scheme 1.2.1

Azomethine ylides react in situ with dipolarophiles in a concerted, stereospecific 

manner."^  ̂ The synthetic potential of azomethine ylides has been widely applied in 

the construction of many biologically active heterocyclic compounds for example, 

Acromelic acid A and Eserethiol (Figure 1.2.2).'^ ’̂̂ ’̂'*̂
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HOzC

HN
H H EtO

r i S " ' "CO2H
H

Acrom elic acid A

Figure 1.2.2

Eserethiole

Previous methods of ylide generation have included the stereospecific 

thermal conrotatory or photochemical disrotatory ring opening of aziridines bearing 

electron withdrawing groups (Scheme 1.2.2)/ '̂^ '̂^^

Ar r
MeOzC ^N^COzMe 

O9 C CO^Me /  \ _ _  I. J.

Ar

Me02C C02Me H CO2 M0

36

Ar Ar

Me02C

H C02M6 Me02C C02Me
37

Scheme 1.2.2

H H 
40

>100 °C
no dipolarophile

,N ^^C 02lVle

Me02C H 

41

The stereochemistry of the ylide generated using this route is dependant on the 

stereochemistry of the aziridine, the steric interactions of the attached substituents 

and whether thermal or photochemical energy is applied/^'^^'^^ Huisgen et al. carried 

out kinetic studies to provide evidence for the stereospecific ring opening of 

aziridines by monitoring product formation from the reaction between aziridines 36 

and 37 with tetracyanoethylene (Scheme 1.2.3). Under thermal or photochemical 

conditions only a single 1,3-dipolar cycloadduct 38 or 39 was observed (no yields 

reported).^® Interestingly, the kinetic studies also indicated that in the absence of the 

dipolarophile, at high temperatures the azomethine ylides 40 and 41 were in 

equilibrium (Scheme 1.2.2).^®

19



Ar

M e 0 2 a y N  H NC pN  > 100^ 0

H- -CO,Me NC CN so lven t . g o ^ ^ e

36 38

H, N NC ON >100 °C .Nt
so lven t h A  / .H

IVIeOzC COglVIe NC CN
IVIe02(f C02M6 

37 39

Scheme 1.2.3

Azomethine ylides have alternatively been prepared in situ by the 

condensation reaction between a carbonyl group and a-amino compounds (amino 

acids, esters and nitriles) as shown in Scheme 1

(i) 1,2-Proton Migration

R "R "'C =0 R ' \  HK K u = u  f  K"'\ M

L '
R', R", = alkyl, aryl, alkenyl, benzyl

(ii) Deprotonation

R"R'"C=0 -  -N
R .^ /x ^ O R ' ,0

O R'

R', R", R'" = alkyl, aryl, alkenyl, benzyl

(ill) Decarboxylation

K 1 , A , .  «

R', R", R= H, alkyl, aryl, alkenyl, benzyl

Scheme 1.2.4
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Experimental evidence suggested that the mechanism of ylide formation is dependant 

on the chemical structure of the a-amino compound in terms of the electron 

withdrawing group and on the number of Æ-substituents/ '̂^ '̂^" '̂^  ̂ For primary N- 

substituted a-amino esters or nitriles, Grigg et al. proposed that the mechanism of 

azomethine ylide formation involved imine generation, followed by a 1,2 proton 

migration from the a-position onto the nitrogen atom (Equation (i). Scheme 1.2.4)/^' 

53,54,55 case of secondary ^-substituted amino esters or nitriles, it was thought

that imine formation is followed by deprotonation at the a-position to afford the 1,3- 

dipole (Equation (ii). Scheme 1.2.4). For ^-substituted a-amino acids, imine 

formation is also followed by subsequent decarboxylation to generate the 

destabilised ylide (Equation (iii). Scheme 1.2.4).̂ '̂̂ "*'̂ '̂̂ ^

1,2.2 Molecular Orbital Interactions & Regioselectivity

Studies by Sustman have categorised the reactivity of 1,3-dipoles into three 

classes (Figure 1.2.3) and azomethine ylides were classed as type 11.̂ ^

ENERGY

LUMO

Dipole Dipolarophile

HOMO

Type I

Dipole Dipolarophile

X '

Type II

Figure 1.2.3

Dipole Dipolarophile

Type

In terms of frontier orbitals for type II 1,3-dipoles, favourable orbital overlap can 

occur between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO) frontier of either the dipole or dipolarophile. 

During the transition state, the type of HOMO-LUMO interactions that can occur 

between dipole and dipolarophile is dependant on the interacting frontier orbitals 

having similar orbital coefficient sizes. Electron donating groups attached to the 

dipolarophile increase the HOMO and LUMO energy levels compared to electron 

withdrawing groups which lower these orbital energy levels.^^’̂  ̂ For type I dipoles
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favourable orbital overlap occurs between the HOMO of the 1,3-dipole and the 

LUMO of the dipolarophile. For Type III dipoles, favourable orbital interactions 

occur between the HOMO of the dipolarophile and the LUMO of the 1,3- 

dipole.” '**’

Theoretical calculations by Houk et al. in the 1970s have been used to 

rationalise or predict regioselectivity in 1,3-dipolar cycloaddition reactions.^^’̂  ̂ The 

steric and electronic effects of the substituents present on the ylide and on the 

dipolarophile can also be used to quantitatively rationalise the stereochemical 

outcome of this reaction.^^’̂  ̂ As in the Diels-Alder reaction, the origin of endo 

selectivity can also be rationalised by consideration of secondary orbital interactions 

leading to a more stabilised and compact transitions state.^^

Extensive studies by Grigg et al investigated the steric effects of substituents 

on the stereochemistry of ylide formation and their subsequent intramolecular 1,3- 

dipolar cycloaddition r e a c t i o n s . F o r  example, exclusive anti selectivity for 

endo 42 and exo 43 reported for the intramolecular 1,3-dipolar cycloaddition using 

the ylide generated in situ from the aldehyde moiety of dipolarophile 44 (Scheme 

1.2.5).

H

C H O

4 4 ( R  = H)
5 0  (R  = C O zM e)

P h M e, re f lu x  , 2 4  h

(R  = H, 8 0 %  y ie ld )
(R  =  C O zM e, 8 6 %  y ie ld ) anti exo 4 3anti endo 4 2

5 1 /5 2  = 4 .6 :1 anti exo 5 2

Scheme 1.2.5

Grigg rationalised the observed anti selectivity by suggesting that the steric 

repulsions (Figure 1.2.4) between the aryl substituent and methyl ester group of syn 

carbinolamine 46 were far greater compared to those between the aryl substituent 

and methylene group of anti carbinolamine 45.^  ̂ Consequently, during the imine 

generating step (Figure 1.2.4) the formation of syn imine 47 was considered less 

favourable than anti imine 48 and the latter was envisaged to spontaneously 

deprotonate to afford the anti 1,3-dipole 49. The observed exo selectivity for the 1,3-
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dipolar cycloadduct 43 was also most likely due to the minimal steric repulsions 

encountered during formation of the exo transition state relative to that present 

during the formation of the endo transition state.^^ Interestingly, the incorporation of 

a methyl ester group at the olefin terminus of dipolarophile 50 was reported to 

sterically hinder the formation of the exo transition state due to both methyl ester 

moieties existing in the same plane. Consequently, the anti endo 51 and anti exo 52 

were afforded in an endo!exo ratio of 4.6:1 in 86% overall yield (Scheme 1.2.5).^^

N \ . C 02Me

anti carbinolam ine 45

^N^CO^Me 

anti imine 48

N<_C02Me

anti 1,3-Dipole 49

^N^CO^Me

s y n  carbinolam ine 46

R

C02M8

s y n  imine 47

+ 1: 'fk
No^C02Me

sy n  1,3-dipole

Figure 1.2.4

Tsuge et a l also investigated the steric effects of substituents on ylide 

formation and their subsequent 1,3-dipolar cycloaddition with TV-substituted 

maleimides (Scheme 1.2.6).^^ For example, exclusive formation of the anti endo 

53a and anti exo 54a (Table 1.2.1, entry 1) was observed for the reaction between N- 

^-tolylmaleimide and the 1,3-dipole generated from TV-phenylglycine methyl ester 55 

and benzaldehyde.

23



PhCHO + R'NHCHgEWG
PhMe, reflux,
Dean-Stark

55 (R* = Ph, EWG = COgMe) 
60 (R‘ = Me, EWG = CN)
70 (R' = H, EWG = COgMe)

N+
ArCH ‘CHEWG

A/-substituted 
maieimlde added in 
situ

[wH
R"—N N—R'

Ar

Anti-Endo

f\\H

R"—N N—R’R"—N N—R'

^ Ar 

Syn-EndoAnti-Exo

R"- N—R'

Ar

Syn-Exo

53a
61b
71c

54a
62b

63b
69c

64b

a - R’ = Ph, EWG -  C02Me, R" = p-toiyi 
b - R' = Me, EWG = CN, R" = p-tolyl 
c - R' = H, EWG = C02M e, R" = p-tolyl

Scheme 1.2.6

R R ’ R ” EWG Products Isomeric 

Ratio 

(%  Yield)

Anti:
Syn

Endo:
Exo

1 Ph Ph Ph COzMe 53a, 54a 35:42 100:0 45:53

2 Ph Me Ph CN 61b, 62b, 63b, 64b 12:12:16:9 49:51 57: 43

3 Ph H Me COzMe 69c 100 0:100 100:0

4* Ph H Me C02Me 69c, 71c 100 67:33 100:0
(4* - 10% acidified acetonitrile used as solvent)

Table 1.2.1

The anti selectivity was rationalised by comparing the steric repulsions that existed 

in the hypothetical anti ylides (56 and 57) with syn ylides (58 and 59), as shown in 

Figure 1.2.5. The most stable conformation is anti ylide 56 as the steric repulsion 

between attached substituents is minimised. By comparison, the formation of syn 

ylide 58 is unfavourable since steric hindrance exists between the #-aryl substituent 

and the relatively bulky methyl ester moiety. Similarly, the syn ylide 59 

conformation is unfavourable due to the repulsions that exist between the methyl

ester and the A -̂aryl group. 52
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Anti 56

COglVIe 

Anti 57

H

Syn 58

o
COglVIe 

Syn 59

Figure 1.2.5

Tsuge ei al. further explored the steric effect of substituents on 1,3-dipole 

formation for the reaction between vV-p-tolylmaleimide and the ylide generated from 

a-amino nitrile 60 and benzaldehyde (Scheme 1.2.6). In this reaction, four 

diastereoisomers (61b, 62b, 63b and 64b) were afforded with partial endo selectivity 

(Table 1.2.1, entry 2). The syn and anti product distribution was suggested to be due 

to the relatively small size o f the nitrile group which minimised steric repulsion 

between the nitrile group and the A^-substituents in ylides 65, 66, 67 and 68 (Figure

1.2 .6 ). 52

- N- CH3 - N-CH - N-CH3

Anti 65 Anti 66 Syn 67

Figure 1.2.6

Syn 68

Tsuge also reported exclusive formation of syn endo 69c for the reaction between N- 

methylmaleimide and the ylide generated from benzaldehyde and glycine methyl 

ester 70 (entry 3, Table 1.2.1). In this case, the syn selectivity was thought to be due 

to hydrogen bonding between the amino and carbonyl moiety o f the syn 1,3-dipole 

(Figure 1.2.7) which provided further stabilisation.^^ Evidence for this rationalisation 

was achieved by repeating the same reaction in 10% acidic acetonitrile solvent which 

disrupted the hydrogen bonding to afford the syn endo 69c and anti endo 71c in a

syn/anti ratio of 67:33 (entry 4, Table 1.2.1). 52
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H -  - O

O M e
H H 

Syn

Figure 1.2.7

The endo/exo selectivities observed for azomethine ylide 1,3-dipolar 

cycloaddition reactions with maleimides can be rationalised by considering the 

approach o f the ylide towards the dipolarophile/^ In the endo transition state (Figure 

1.2.8), steric repulsions between the R'-substituent (ylide) and the R"-substituent 

(dipolarophile) influence endo/exo selectivity in addition to secondary orbital 

overlap.^" For example, the exclusive endo selectivity observed in the formation of 

anti endo 69c and syn endo 71c was suggested to be due to the minimum repulsion 

between the N-methyl group (dipolarophile) and the //-hydrogen substituent 

(d ipole).Increasing the substituent size (R' and R") using a phenyl group sterically 

hindered the endo approach of the ylide towards the dipolarophile and consequently 

endo 53a and exo 54a were afforded in an endo/exo ratio of 45:53 (Table 1.2.2, entry 

1). The exo transition state (Figure 1.2.8) although less compact in contrast, the 

presence o f four near-eclipsed repulsions has been suggested to favour the formation 

of the endo isomer.^^

EWG

Endo Transition State Exo Transition State

R, R', R" = H, alkyl, aryl, alkenyl.
X, Y = H, alkyl, aryl, alkenyl, cyclic 
EWG = COOH, CN, Ester

Figure 1.2.8

Grigg et al. have more recently explored the use o f homochiral azomethine 

ylides and metal salts with homochiral dipolarophiles as a method o f controlling 

azomethine ylide 1,3-dipolar cycloadditions in terms of regioselectivity and 

e n a n t i o s e l e c t i v i t y . ^ F o r  example, the chiral azomethine ylide generated from a-
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amino ester 72 and phenylglyoxal was reacted with iV-methylmaleimide to 

exclusively afford the homochiral endo cycloadduct 73 in 78% yield (Scheme

0

WPh H

MeCN, reflux, 78%

72

COPh

e n d o 73

Scheme 1.2.7

Grigg suggested that the cycloadduct 73 was synthesised from anti ylide 74 via a 1,5- 

proton shift o f imine 75 (Figure 1.2.9). It was rationalised that the 1,5-proton shift 

was energetically more favourable than the deprotonation of imine 74 to afford ylide 

75 due to racémisation in the case of the latter (Figure 1.2.9).^'

1,5-proton shift 
then H*"

Ph Ph

imine 75 anti 74

Figure 1.2.9

The anti selectivity was rationalised to be due to the strain between the carbonyl 

groups (Scheme 1.2.8) which inhibited the formation of imine 76.^'’̂  ̂ The endo 

selectivity was not rationalised by Grigg although presumably this was due to 

secondary orbital overlap and the minimal steric repulsions encountered during 

formation of the endo transition state.
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PhCOCHO

NH

anti 74

PhCOCHO
- H j O

dep ro tona tion

COPh"

H

im ine 76 anti 75

Scheme 1.2.8

Further evidence in support o f the proposed involvement o f the 1,5-protropic shift 

was explored using orr/zo-methoxybenzaldehyde (Scheme 1.2.9). The use of this 

aldehyde prevented 1,5-proton migration and favoured the formation o f anti ylide 77 

via deprotonation (Scheme 1.2.9). Consequently, the subsequent reaction with N- 

methylmaleimide afforded the anti endo 78 and anti exo 79 as a racemic mixture in 

an endo/exo ratio o f 1.2:1 in 80% yield.^'^^

O
H

OMe

OBnPhMe, reflux

anti 77

in situ, 80% A "
(o-MeO)Ar H

endo  78, exo 79 
(endolexo  = 1 .2 / 1 )

Scheme 1.2.9

Grigg et al. also explored the Lewis acid catalysed 1,3-dipolar cycloaddition 

between homochiral menthyl acrylate and metallo-azomethine ylides generated from 

arylidene imines and silver (I) acetate (Scheme 1.2.10).^’’̂ ’̂̂"̂ Silver (I) acetate was
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specifically used to regioselectively generate the 1,3-dipoles (80 and 81) via 

complexation to the carbonyl group of the dipole and the iminium nitrogen.

A lR"^ N 'COsMe

in  s i t u

H3C

A gO A c, M eCN, 25  ®C

'OMe1 e q .b a s e

CO2R

COoMe

h o m o ch ira l

e n d o  82  (R= m en th yl, R' =, R" = Me) 

e n d o  83 (R= m en th yl, R' =, R" = pyridinyl)

Scheme 1.2.10

y lid e  80 (R’ =, R " = Me) 

y lid e  81 (R' =, R" = pyridindyl)

The presence of base was suggested to catalyse 1,3-dipole formation as the pKa of 

arylidine imines generated from a-amino esters were previously reported to be in the 

range of 17-19.5.^^ In the presence of triethylamine, the homochiral endo 82 was the 

only isomer afforded from the reaction between metallo-azomethine ylide 80 and 

menthyl acrylate although in low yield (entry 1, Table 1.2.2). Increasing the base 

strength was reported to increase the yield of cycloadduct 82 and also reduce the 

reaction time without racémisation (entries 2-4, Table 1.2.2).̂ "̂

Imine Base Time
(h)

Product Yield
(%)

1 21 NEta(pKa= 10.8) 8 82 36
2 21 DBU (pKa= 12.0) 2 82 74
3 21 'Butyl-tetraraethyl guanidine (pKa=14.3) 1 82 75
4 22 NEt3 24 83 51
5 22 DBU 6 83 76
6 22 'Butyl-tetramethyl guanidine 0.5 83 78

(DUL) -  l,8-diazabicyclot5.4.0Jundec-7-ene)

Table 1.2.2

Similar observations were reported for the reaction between metallo-azomethine 

ylide 81 and menthyl acrylate (entries 4, 5, 6, Table 1.2.2). It was rationalised that 

the metallo-azomethine cycloaddition with menthyl acrylate was sufficiently slow to 

mediate imine hydrolysis by the presence of metal ions and trace amounts of water.̂ "  ̂

Grigg noted that in the absence of menthyl chloride, hydrolysis of the imine was
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observed although the methods used to determine or quantify imine hydrolysis were 

not reported. Grigg also observed that the metallo-azomethine ylide cycloaddition 

reactions using methyl acrylate were ca 7-14 times faster in terms of reaction time 

compared to using menthyl acrylate although no specific examples were reported.^"  ̂

The absolute stereochemistry of endo 83 was determined by X-ray crystallography 

and subsequently an endo transition state model was proposed for the reaction 

between metallo-ylide 81 and menthyl acrylate where the isopropyl group sterically 

hindered the si-face approach of the 1,3-dipole (Figure 1.2.10). '̂^

OMe

p ro p o se d  e n d o  -  tran sition  
sta te

83

Figure 1.2.10

1.2.3. Reactions in Aqueous Media

There is little precedent for the use of aqueous media to generate azomethine 

ylides due to the concerns associated with imine hydrolysis.^^’̂ ’̂̂ '̂ ’̂  ̂ However, work 

by Grieco et al. has shown that iminium salts can be synthesised in water and 

subsequently react with dienophiles such as cyclopentadiene with no imine 

hydrolysis.^^’̂  ̂Consequently, Lubineau explored the use of aqueous solvents for the

1,3-dipolar cycloaddition between #-ethylmaleimide and the ylide generated from N- 

methyl glycine methyl ester (dehydrochlorinated with base) and aqueous

formaldehyde (Scheme 1.2.11).68
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H.HCI.N. .COaMe
C H jO  (37%  a q .)  

N Etg, s o l v e n t
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O H C02M e

Et— N

E n d o  8 4 a

GHz'

O H f O z M e
kH

E t - N

E x o  8 4 b

Scheme 1.2.11

'C H CO zM e

M -eth yl m a ie im ld e  
a d d e d  in  s i t u

O ^ N . ^ O  / N ^ ^ c O z M e

COzMe 
8 5  8 6

Lubineau highlighted that changing the aqueous solvent could influence product 

distribution.^* For example, the formation of endo 84a and exo 84b was observed in 

an endo/exo ratio of 48:51 in aqueous toluene at 110 °C (entry 1, Table 1.2.3). In 

contrast, the use of polar solvents such as aqueous methanol afforded the Michael 

adduct 85 and oxazolidine 8 6  in comparable yields (entry 2, Table 1.2.3) in addition 

to the 1,3-dipolar cycloadducts.^*

Reaction Conditions Yielc (%)
84a 84b 85 8 6

1 Toluene, 2 h, H O T 45 51 0 0

2 MeOH (25% aq.), 21 h, 40 T 25 32 12 3

3 DMF (25% aq.), 6 h, 40 T 34 35 0 0

4 THF (25% aq.), 24 h, 40 T 31 53 0 6

5 THF (25% aq.), 6 h, 80 T 36 55 0 0

6 Water, 2 h, 40 T 18 15 32 3

Table 1.2.3

The formation of 86 was suggested to occur via a 1,3-dipolar cycloaddition reaction 

between formaldehyde and the azomethine ylide generated from formaldehyde and 

A^-methyl glycine methyl ester. Oxazolidine 86 was suggested to cyclorevert at high 

temperatures hence the formation of 86 was not observed in refluxing toluene or in
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tetrahydrofuran at 80 °C. Lubineau reported that the use of protic solvents could 

suppress the retro 1,3-dipolar cycloaddition of 8 6  although no rationale was given.^^ 

When using aqueous dimethylformamide or tetrahydrofuran as solvent no Michael 

addition adducts were afforded (entries 3-5, Table 1.2.3), highlighting the importance 

of using protic solvents in order to increase the nucleophilicity of A^-methyl glycine 

methyl ester. Interestingly, the use of water alone did not suppress the formation of 

endo 84a and exo 84b although the Michael adduct 85 and oxazolidine 8 6  were also 

afforded (entry 6, Table 1.2.3).^^

Lubineau also investigated the product distribution for the 1,3-dipolar 

cycloaddition between Wethylmaleimide and the decarboxylated azomethine ylide 

generated from phenylglyoxal and #-methyl glycine (Scheme 1.2.12).

-CO2H
P h C O C H O , s o l v e n t

4 0  ° C  - r e flu x , 6  - 2 4  h

D e c a r b o x y la te d  y l id e

0  H COPh 
?\\H

Et— N

E n d o  8 7 a

O H PO Ph  
kH

Et— N

A f-ethyl m a ie im ld e  
a d d e d  in  s i t u

COPh

COPh N----

E x o  8 7 b  8 8

Scheme 1.2.12

8 9

An endo/exo ratio of 5:2 was observed for endo 87a and exo 87b using anhydrous 

toluene as solvent (entry 1, Table 1.2.4). The endo isomer was generally preferred 

due to minimal steric interactions between the 1,3-dipole and dipolarophile during 

the formation of the transition state.^* Using the same solvent at 40 °C, a decrease in 

yield and endo selectivity was observed for endo 87a and exo 87b although the low 

temperature favoured the formation of oxazolidine 88 via a 1,3-dipolar cycloaddition 

between phenylglyoxal and the decarboxylated ylide (entry 2, Table 1.2.4).^*
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Exclusive formation of the Michael adduct 89 was observed in water (entry 3, Table 

1.2.4) and this was suggested to be due to the high polarity of water increasing the 

nucleophilicity of #-methyl glycine. Interestingly, under the same conditions but 

using methanol as solvent no Michael adduct was afforded and endo 87a and exo 

87b were reported to be produced in an approximate 1:1 ratio (entry 4, Table

1.2.4).68

Reaction Conditions Yield (%)
87a 87b 88 89

1 Toluene, 6 h, Dean-Stark 51 19 0 0

2 Toluene, 24 h, 40 °C 37 30 17 0

3 Water, 10 h, 40 °C 0 0 0 73

4 MeOH, 10 h, 40 T 34 38 0 0

Table 1.2.4

1.2.5. Conclusions & Project Aims

The generation of azomethine ylides via the condensation reaction between a- 

amino compounds with aldehydes provides an elegant “one-pot” method of 

preparing synthetically useful nitrogen containing heterocycles. The stereochemistry 

of the azomethine ylide 1,3-dipolar cycloaddition with dipolarophiles has been 

discussed and is generally dependant on the steric effects of the substituents attached 

to both the ylide and dipolarophile.

Lubineau investigated the feasibility of using water as a solvent for 

azomethine ylide 1,3-dipolar cycloaddition reactions and observed that product 

distributions could be influenced by (i) the type of ylide generated and (ii) on the 

type of solvent used.^^ Since Lubineau’s publication in 1995, this new aqueous 

methodology has not been further explored. The effect of aqueous soluble additives 

is known to influence stereoselectivity, reaction rates and enhance yields in Diels- 

Alder reactions carried out in aqueous solvent (section 1.1). Consequently, one of the 

initial aims of this project was to explore the effect of additives such as surfactant 

media, inorganic salts and bases for azomethine ylide 1,3-dipolar cycloaddition 

reactions. In addition, a number of substrates were selected to explore solubility 

effects on product distribution and stereoselectivity.

33



1.3. Use of Nitrile Oxides as 1,3-Dipoles

This section discusses the use of nitrile oxides as 1,3-dipoles in organic 

media and highlights the recent advances made in the area of stereoselectivity when 

using allylic alcohols and ethers as dipolarophiles. The use of aqueous media as a 

solvent for nitrile oxide 1,3-dipolar cycloaddition reactions will also be addressed.

1.3.1. Introduction, Structure & Function

The general structure of a nitrile oxide is illustrated in Scheme 1.3.1. First 

discovered by Howard in the 1800s they behave electronically like azomethine ylides 

and are classed as a type II 1,3-dipole in accordance with Sustmann’s classification 

system (see section 1.2.2).^^ General methods of preparation are w i d e s p r e a d , ^  

but the most common method is by halogénation of an aldoxime using N- 

bromo/chlorosuccinimide with subsequent dehydrohalogenation by an organic base 

(Scheme 1.3.1).^^

(i) (ii) +
RCH=NOH -----------------------RCCI=NOH---------------------------R----- = N  — O'

(i) 'H a lo g e n a t in g  s p e c i e s '  in  s o lv e n t ,  0 ° C  (ii) O r g a n ic  B a s e  

R = H, a lk y l, a lk e n y l, ary l, b e n z y l.

Scheme 1.3.1

Unlike azomethine ylides nitrile oxides can be isolated if the R-substituents contains 

electron donating groups and ‘bulky’ groups such 2,4,6-trimethoxybenzonitrile oxide 

or triphenylmethyl nitrile oxide.^^ Sterically unhindered alkyl nitrile oxides and 

benzonitrile oxides are susceptible to dimérisation which generates furoxans as 

shown in Scheme 1.3.2.^  ̂ For example, in the absence of dipolarophile the half-life 

of formonitrile and benzonitrile oxide is less than an hour whereas 2,4,6- 

trimethylbenzonitrile oxide is much more stable and is relatively resistant to 

dimérisation.^^
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„   solvent, r.t. ^
R— = N - 0  ----------------- £► V y  R = H, alkyl, aryl

R R 

Scheme 1.3.2

Nitrile oxides react with dipolarophiles to generate five membered 

heterocycles known as isoxazolines 90 (Scheme 1.3.3). These synthetically useful 

compounds can be further modified under mild reduction conditions by 

hydrogenation followed by hydrolysis to afford P-hydroxyketones 91 or by using 

sodium borohydride to generate y-amino-alcohols 92 (Scheme 1.3.3).^^

R _ = N ^ _ 0- + >
R'

R = H, alkyl, alkenyl, aryl, benzyl. H ydrc^^ationH2O

N O
90

R'

Mild
Reduction

NH2 OH 

92

Scheme 1.3.3

Isoxazoline moieties are also found in a number of natural products such as Acivicin 

and Aureothionin, as shown in Figure 1.3.1.^^’̂"̂
OH

MeO

: OMe

HO Br

OMe Cl

N— O

NH3+

A u r e o th io n in  

- s p o n g e  m e ta b o l i t e  fro m  

A p l y s i n a  t h i o n a

A civicin ^ '*

' a n t i- tu m o u r  d r u g  fr o m  

S t r e p t o m y c e s  s v i c e u s

Figure 1.3.1

Frontier molecular orbital theory can be used to rationalise the 

regioselectivity of addition of nitrile oxides to monosubstituted alkenes.^*’̂  ̂ Upon
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initial inspection, the reaction between the nitrile oxide 93 and methyl acrylate 

(Scheme 1.3.4) could generate a mixture of 5-substituted 94 and 4-substituted 

isoxazolines 95.

R'-

93, R' =H

5-substituted 4-substituted

O

OMeOMe

R'

94, R' = H

Scheme 1.3.4

However, reaction selectivities are generally observed in favour of the 5-subtituted 

isoxazoline (entry 1, Table 1.3.1). The use of electron deficient dipolarophiles 

and/or the presence of electron donating groups on the dipolarophile can moderately 

increase 4-substituted isoxazoline selectivity (entries 2, 3 and 4, Table 1.3.1).^^’̂  ̂ In 

addition to steric effects, whether the 5-substituted or 4-substituted isoxazoline is the 

preferred regioisomer depends on the interacting orbitals having similar orbital 

coefficients.^^

Nitrile Oxide 5-substituted: 
4-substituted 

Yield ratio (%)
1 HCNO 100:0
2 MeCNO 95:5
3 PhCNO 96:4
4 2,4,6-(CH3)3PhCNO 94:7

Table 1.3.1

The oxygen atom of the nitrile oxide has the highest orbital coefficient on the 

HOMO whereas the carbon atom of the 1,3-dipole has the highest coefficient on the 

LUMO.^*’̂  ̂ For monosubstituted alkenes containing an electron-withdrawing group 

the largest orbital coefficients are found both in the HOMO and LUMO on the 

terminal alkene carbon.^*’̂  ̂ However, for monosubstituted alkenes containing an 

electron donating group the larger orbital coefficients are found in the LUMO of the 

carbon attached to the R"-substituent and in the HOM O on the terminal alkene 

carbon. For example, in the case of allylic alcohols or ethers the dominant orbital 

interactions are normally HOMOdipoie-LUMOdipoiarophiie controlled leading to the
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exclusive formation of the 5-substituted isoxazoline^^ although the additional 

generation of the 4-substituted isoxazoline has also been reported (see Section 1.3.5).

1.3.2. Use of Allylic Alcohols and Ethers As Dipolarophiles

The regio- and diastereoselective outcome of nitrile oxide 1,3-dipolar 

cycloadditions has been widely investigated and rationalised in organic media with 

the advent of FMO theory in 1973 and in terms of steric interactions. 

Molecular modelling and ab initio calculations by Houk et al. have predicted with 

experimental evidence, the stereochemical outcome of nitrile oxide 1,3-dipolar 

cycloaddition reactions using chiral allylic alcohols and ethers as dipolarophiles 

(Scheme 1.3.5).^^

OR"
eryth ro  threo

R'

R = Ph, p-N02-Ph  
R' = Me, Ph 
R" = H, Me

Scheme 1.3.5

Six staggered transition states are theoretically possible (three threo and three 

erythro) although MM2 and ab initio calculations have shown that the two transition 

states illustrated in Figure 1.3.2 lead to the most favourable products.
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Houk transition state model 
in = inside, out = outside

H///^ 
H
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P '
R " 0 ^  H
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OR

R'
e/yf/iro transition state t/?reo transition state

R" = alkyl, benzyl, silyl, H 
R' = alkyl. Me

Figure 1.3.2

The erythro transition state was determined to be of the lowest energy and inereasing 

the size of the R"-group has been reported to also favour this isomer/^ Using the 

‘Houk Model’ (Figure 1.3.2) for allylic alcohols the hydroxyl moiety occupies the 

outside position due to increased hydrogen bonding between the nitrile oxide oxygen 

and the hydroxyl group.^  ̂ This results in an increased preference for the threo 

isomer. The alkyl group adopts the anti configuration to minimise steric hindrance. 

The latter applies also to allyl ethers although the alkoxy group prefers to adopt the 

inside configuration which leads to an increased preference for the erythro isomer.^^ 

In this position the alkoxy group is electron donating as a result of favourable orbital 

interactions stabilising the transition state. For example, changing the alkyl group 

from phenyl to /-butyl increased the erythroithreo ratio from 64:36 (entry 1, Table 

1.3.2) to greater than 95:5 (entry 2, Table 1.3.2).

R R' R" Solvent Ratio
Erythro:Threo

1 /7-N02PH Ph Me Ether 67:33
2 p-NOiPh /-Bu Me Ether >95:5
3 Ph Me H Ether 40:60
4'' Ph Me H DMF 60:40

Table 1.3.2
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The opposite effect would have been observed if the alkoxy moiety was in the anti 

position due to vr-orbital interactions making this group electron withdrawing/^ 

Investigations by Houk et al. reported that in the case of allylic alcohols, 

diastereoselectivity is solvent dependant. When using ether as the solvent the threo 

isomer was the dominant isomer (entry 3, Table 1.3.2). However, when using DMF 

as solvent the erythro product was dominant (entry 4, Table 1.3.2).^^ It was 

rationalised that polar solvents could disrupt the hydrogen bonding that existed in the 

threo transition state leading to the preference for the erythro product.

1.3.3. Diastereoselectivity

The structural linearity of the nitrile oxide means that it is difficult to 

incorporate chiral auxiliaries to attain diastereoselective control. Hence the 

attachment of auxiliaries to the dipolarophile has been the usual method of 

generating optically enriched isoxazolines.^^ Kanesma et al. has also extensively 

investigated the use of metal ions as an alternative method of controlling 

diastereoselectivity and c a t a l y s i s . K a n e s m a  reported that the formation of 

metal chelated complexes using magnesium alkoxide dipolarophiles improved the 

rate and diastereoselectivity for the reaction between benzyl hydroximonyl chloride

and a variety of allylic alcohols (Scheme 1.3.6). 82

EtMgBr, DCM

- 30 °C, r.t.

^  ^ — = N — O ' + EtMgCI

^  ^ — = N — o'liiiMgCI

OH

Solvent, r.t

N - 0  N -Q .

a/ '  -
OH

96, syn

Scheme 1.3.6

OH 

97, anti
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Magnesium containing Grignard reagents were reported to give good 

diastereoselectivities compared to other organometallic reagents for example, diethyl 

zinc and «-butyl lithium. When using diethyl zinc and «-butyllithium small 

differences in syn!anti selectivities were observed (entries 3 and 4, Table 1.3.3). 

However, the use of two equivalents of ethyl magnesium bromide afforded 

isoxazolines 96 and 97 in a 95:5 diastereomeric ratio as well reducing the reaction 

time (entry 2, Table 1.3.3).*  ̂ Kanesma also observed that changing the solvent from 

dichloromethane to tetrahydrofuran (THF) lowered the syn/anti diastereoselectivity 

for isoxazolines 96 and 97 to 60:40 (entry 5, Table 1.3.3). It was rationalised that co

ordination of THF molecules to the magnesium bound 1,3-dipole could inhibit 

complexation to the dipolarophile.*^

Reaction Conditions Yield
(%)

Syn:Anti
(96:97)

1 1 eq. EtMgBr, (ii) leq. NEtg, -30 °C, DCM, 19 h. 40 67:33

2 2 eq. EtMgBr, -30 °C, DCM, 41 h. 75 95:5

3 2 eq. Et2Zn, -30 °C, DCM, 71 h. 79 77:23

4 2 eq. «-BuLi, -30 °C, DCM, 86 h. 54 75:25

5 2 eq. EtMgBr, -30 °C, THF, 5.5 h. 66 60:40

Table 1.3.3

Kanesma et a l also utilised Grignard reagents to control the regioselectivity 

of nitrile oxide additions to allylic alcohols (Scheme 1.3.7).*^ Improved reaction 

rates and regioselectivities were again observed using magnesium chelation. When 

but-2-en-ol was used as the dipolarophile in the presence of the Grignard reagent, 

isoxazoline 98 was produced almost exclusively compared to an observed ratio of 

46:54 for the formation of isoxazolines 98 and 99 respectively in the absence of the 

Grignard reagent. Poor regioselectivity was also reported using cinnamyl alcohol as 

the dipolarophile to afford adducts 100 and 101 in a ratio of 20:80 using non- 

Grignard conditions. However, the use of ethyl magnesium bromide completely 

reversed the regioselectivity to favour 100 almost exclusively. In both cases a 

second equivalent of Grignard reagent was required to improve the yields and 

reaction times by almost 2-fold.*^
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EtMgBr, DCM 
- 30 °C, r.t.

N - 0

4-substituted

Ar

Ar

OH

98, R = Me 
100, R= Ph

99, R = Me 
101, R = Ph

Scheme 1.3.7

1.3.4. Intramolecular Cycloadditions In Biphasic Media

In 1982 Lee demonstrated that aqueous sodium hypochlorite could be used as 

a chlorinating agent and as a base to generate the isoxazoline 102 in 90% yield from 

aldoxime 103 using an aqueous biphasic solvent system (Scheme 1.3.8)7® 

Interestingly, a catalytic amount of triethylamine was used in the reaction although 

no rationale was given for its selection as an additional base.

11% NaOCI (aq), cat. NEt^

103

0 °C - r.t., DCM, 2 h, 90%

Scheme 1.3.8

Since Lee’s publication further reports describe the use of sodium 

hypochlorite for natural products synthesis.^"^’*̂ ’̂ ’̂*̂  For example, Shing et al. 

reported the use of aqueous sodium hypochlorite in the synthesis of isoxazoline- 

substituted tetrahydropyrans (Scheme 1.3.9).*'  ̂ The treatment of aldoxime 104 with 

aqueous sodium hypochlorite and a catalytic amount of triethylamine using 

dichloromethane as the solvent afforded isoxazoline 105 in 86% yield. Shing 

rationalised the regio-selectivity for the formation of isoxazoline 105 by molecular 

modelling calculations, which indicated that maximum orbital overlap between the 

nitrile oxide and dipolarophile could only be achieved via the transition state 106.^^
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104

O—N11% NaOCI (aq), ca t  NEtj •mo
0 °C - r.t, DCM

106

in situ  8 6 %

105

Scheme 1.3.9

Lygo et al. also used aqueous sodium hypochlorite in the synthesis 

isoxazoline 107 from aldoxime 108, a precursor of (+)-Gabosine E 109 (Scheme 

1.3.10).*^ Dichloromethane was selected as the co-solvent for the intramolecular 

cycloaddition reaction and resulted in the exclusive formation of isoxazoline 107 in 

60% yield.*''
,0H

PTHF

OBz

108

N - 0
THFÔ

NaOCI (aq).

DCM, r.t, 60% OBz

107

3 steps

Scheme 1.3.10

(+)-Gaboslne E

1.3.5. Inter molecular Reactions in Aqueous Media

More recently attention has focussed on the use of water to accelerate 1,3- 

dipolar cycloaddition reactions using nitrile oxides. Interestingly, kinetic studies by 

Hegarty et reported that the use of pure water could act as base and as a solvent 

for the generation of p-nitrobenzonitrile oxide 110 from the corresponding 

chlorinated oxime (Scheme 1.3.12). A two-fold increase in the second order rate
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constant was observed for the reaction between the nitrile oxide 110 with ethyl 

acrylate using water as a solvent compared to using aqueous 1,4-dioxane (50% aq.) 

as solvent although no yields were reported. The observed rate enhancement may 

have been due to the enforced hydrophobic interactions between the 1,3-dipole and 

dipolarophile leading to the formation the oxazoline transition state.^^

20 °C, HgO
or

1,4-dioxane (50% aq.)

02N - ^ — = N - O

110

O 'N
NO2

in situ

(no yield reported)

Scheme 1.3.12

Rohloff et al. has also investigated the synthesis of Acivicin analogues using 

water as solvent and observed the formation of 5-substituted and 4-substituted 

isoxazolines for the reaction between bromonitrile oxide and dipolarophiles 1 1 1 a,

112b and 113c (Scheme 1.3.13 and Table 1.3.4).89

1 1 1 a
1 1 2 b
113c

= N
OH

HgO, 20 °C, K2 CO3  

pH 3 - 5
5-substituted isomer

114a
116b
118c

4-substituted isomer
115a
117b
119c

a - R = H, R' = OH 
b - R = H, R' = NH3 CI 
c - R = Me, R’ = NH3 CI

Scheme 1.3.13

43



Dipolarophile R R' Yield
(%)

Products 5-substituted : 4- 
substituted 
isomer ratio

1 1 1 1 a H OH 90 114a, 115a 91:9
2 1 1 2 b H NH3CI 76 116b,117b 98:2

3 113c Me NH3CI 80 118c, 119c 98:2

Table 1.3.4

Rohloff observed that all the reactants were completely soluble in water and 

generated an acidic medium due to the presence of the nitrile oxide. Consequently, 

the major advantage of using an aqueous homogenous solution was that the by

products formed due to bromonitrile oxide oligomerisation were insoluble in water 

hence were easily removed by filtration.*^ Interestingly, the reaction between 

bromonitrile oxide and allylic alcohol 114c afforded the 5-substituted isomer 115c 

and the 4-substituted isomer 116c using water as a solvent (entry 3, Table 1.3.4). As 

previously mentioned, the use of allylic alcohols as dipolarophiles generally afford 

the 5-substituted isomer exclusively.^^ Rohloff did not investigate the product 

distributions for the comparative reactions in organic solvents hence it was difficult 

to interpret the observed results fully. The reaction between bromonitrile oxide and 

the dipolarophiles incorporating ammonium salts (112b and 113c) were reported to 

be more selective towards the 5-substituted isoxazolines (116b and 118c) compared 

to using allylic alcohol (entries 1 and 2, Table 1.3.4).*^

Shiraishi et al. investigated the effect of solvent on the second order rate 

constants for the reaction between 2,6-dichlorobenzonitrile oxide and 2,4- 

dimethylbenzoquinone in aqueous ethanol mixtures (Scheme 1.3.14).^® Interestingly, 

the nitrile oxide 120 was not prepared in situ using an aqueous solvent. Shiraishi 

reacted the precursor aldoxime with A-bromosuccinimide and triethylamine in DMF 

to afford the nitrile oxide 120 although no yield was reported.^® For the 1,3-dipolar 

cycloaddition reaction, the use of chloroform as the solvent resulted in a ca four-fold 

decrease in rate for the 1,3-dipolar cycloaddition reaction compared to using n- 

hexane as the solvent.^^ For the same reaction in 40% aqueous ethanol solution, an 

approximate fourteen-fold increase was observed compared to using «-hexane. An 

increase in the amount of water to 50% aqueous ethanol resulted in the precipitation
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of cycloadduct 121 without the need for further purifications although rate studies 

were not investigated for this solvent mixture. The hydrophobic effect was suggested 

by Shiraishi to play a role in the rate enhancement in aqueous media.^^

 =N "-0- +

O

120

Solvent, 20

121 no yield reported

Scheme 1.3.14

Second order rate studies by Engberts et a l also reported the effects of 

solvent for the reaction between benzonitrile oxide and a variety of dipolarophiles 

(Scheme 1.3.15).^^ Interestingly, the nitrile oxide was generated in situ using aqueous 

sodium hypochlorite in dichloromethane followed by the addition of the 

dipolarophile in an excess of solvent to generate the isoxazolines (122a-122d). Using 

aqueous solvents, rate enhancements as high as three-fold were reported for the 1,3- 

dipolar cycloaddition between benzonitrile oxide and cyclopentene compared to 

using «-hexane as solvent. Interestingly, the use of ethanol as solvent did not 

accelerate the reaction compared to using «-hexane and this highlighted that solvent 

polarity was not a key parameter in accelerating the rate.^* Other protic solvents such 

as trifluoroethanol did not produce the same rate enhancing effects as water 

suggesting that the rate enhancements were also due to the hydrophobic effect in

water.91

Ar — O'  Dipolarophiles a - d

O  O

Solvent, r.t. ^

122a-d

Scheme 1.3.15

For the reaction between methyl vinyl ketone or 2,3-dihydrofuran with 

benzonitrile oxide, the use of aqueous SDS was found to accelerate the rate of
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cycloaddition with increasing surfactant concentrations well above the cmc until a 

concentration of 100 mM.^* The higher concentration of surfactant required for 

catalysis was suggested to be due to the dipolarophile binding more strongly than the

1,3-dipole to the surface of the micellar aggregates at low concentrations.^*

Electron rich dipolarophiles such as 2,3-dihydrofuran were found to increase 

the reaction rate even further by a ca ten-fold in an aqueous solvent (>99% aq.) than 

in «-hexane. However, the use of an electron deficient dipolarophile such as N- 

methylmaleimide resulted in a ca 30% decrease in rate using aqueous media as the 

solvent compared to using «-hexane and a ca 50% decrease in rate was reported 

using dichloromethane.^* When using aqueous ethanol as a solvent, it was also 

reported that increasing the mole fraction of water resulted in higher reaction rates 

regardless of dipolarophile used. At concentrations of higher than 90% aqueous, the 

rate decreased. Engberts suggested that this was due to an increase in the formation 

of ethanol solvent cospheres resulting in an increase of reactant solubility. The net 

result was a diminution of the hydrophobic effect and hence lower rates were 

observed.^* Overall, the results reported by Engberts were rationalised in terms of the 

hydrophobic effect as well as hydrogen-bonding interactions with the FMOs of 

dipole and dipolarophile. Hydrogen bonding can lower FMO energy levels^^’̂  ̂ and 

the extent of reduction is far greater for electron deficient dipolarophiles that can 

hydrogen bond than for electron rich dipolarophiles that are poor hydrogen bond 

acceptors. Hence it was rationalised by Engberts that larger FMO energy differences 

were created using electron deficient dipolarophiles and this would account for the 

slower rates observed than for electron rich dipolarophiles.^*

1.3.6. Conclusions & Project Aims

Though Engberts had observed rate enhancements in aqueous media for 

benzonitrile oxide 1,3-dipolar cycloadditions together with electron rich and electron 

poor there are still limited studies exploring the potential enhancements in yields and 

selectivities in water based media. In addition to investigating azomethine ylide 1,3- 

dipolar cycloaddition reactions in aqueous media, the aims of this project were to 

explore intramolecular and intermolecular nitrile oxide 1,3-dipolar formation and
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cycloaddition reactions in aqueous media. Heterocycles incorporating nitrogen and 

oxygen were selected as synthetic targets incorporating moieties for further 

functionalisation. The feasibility of using pure water as a solvent was explored 

throughout this study to assess the effect on product formation compared to using 

organic solvents.
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Chapter 2

In this chapter, the synthesis of oxetanes is reviewed with particular emphasis 

on their applications as binders in the polymer industry. The second part of this 

chapter focuses on the use of solid supports in organic synthesis with reference to the 

synthesis of oligomers in addition to key relevant synthetic transformations.

2.1.1. Polymeric Binders

Polymeric binders are compounds that are combined with highly energetic 

compounds such as nitrocellulose (NC) or 1,3,5-trinitro 1,3,5-triazine (RDX) to 

generate polymer bound explosives, which are less sensitive to detonation compared 

to RDX and NC themselves.^"^’̂ ’̂̂ ’̂̂  ̂ In addition, since NC is a fibrous material and 

RDX is a crystalline solid the use of energetic binders has been required to alter the 

mechanical properties of an explosive in order to improve handling, performance and 

behaviour.^"  ̂ The main required properties of a polymer bound explosive are that 

they are of high energy, high density, exhibit ‘rubber like’ characteristics and that 

they are thermally stable. One of the early binders used included hydroxy-terminated 

butadiene which was not an energetic material.^"  ̂ However, problems such as the 

increased amount of high explosive required and/or initial energy input for 

detonation were noted. "̂  ̂ In terms of handling and performance, energetic binders 

such as those highlighted in Figure 2.1.1 are now being investigated for use in 

polymer bound explosives.^"^’̂ ^̂ ’̂ ^̂

Glycidyl Azide Polymer

HO OH

NO;

Nitrated Polybutadiene

NO2

Energetic Polyurethane

Figure 2.1.1
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The ^/^-substituted oxetanes 123 and 124 (Figure 2.1.2) have been previously used to 

generate the energetic oxetanes 125 and 126 respectively for use in the propellant 

and explosives industry (synthesis discussed in Section 2.1.2). These compounds are 

also highly energetic and sensitive to mild shock although when polymerised are far 

less sensitive to detonation in comparison to oxetanes 125 and 126.̂ '̂̂ '̂̂ '̂̂ '̂̂ ^

3,3-t}/s(hydroxymethyl) oxetane 123 3,3,>(hydroxymethyl) methyl oxetane 124

02N 0 ^ \ / ^ 0 N 0 2  \ / ^ 0 N 0 2

3,3-b/s(nitratom ethyl) oxetane 125 3,3-(nitratomethyl) methyl oxetan e 126

Figure 2.1.2

The polymerisation of oxetanes is usually achieved by using boron 

trifluoroetherate and butane-1,4-diol to generate a Lewis acid initiator species (127). 

This initiator is then used to generate an oxonium species (128) which is susceptible 

to nucleophilic attack to form alcohol 129 (Scheme 2.1.1).*® ’̂̂ ^̂ ’̂ ®'̂  This 

homopolymérisation method has generated compounds of relatively high molecular 

weight (4000 -  7000) and is known as the Active Chain End mechanism (ACE).
102,103,104
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BPgOEtz 35 °C

Lewis Acid Iniator 

EtgO* 'BF3 0 (CH2)4 0 H 

127

O in situ

-EtgO
P— H 

BF30(CH2)40H

128

o

0-f-H

129

Scheme 2.1.1

The formation of crown ethers such as crown 130 was often observed as side 

products of the polymerisation process due to an intramolecular nucleophilic ring 

closure (Scheme 2.1.2)/^"^ Nonetheless, this protocol has been utilised in the 

explosives industry to generate energetic polymeric binders from 3,3- 

/>z5(nitratomethyl) oxetane (125) and 3,3-(nitratomethyl) methyl oxetane (126).

H - ( ^ ( C H 2 ) 3 0 ( C H 2 ) 3 0 ( C H 2 ) 3 ^ o K ^
BF3.0 Et2 C 3o —'

130

Scheme 2.1.2

Manser et al. in 1984 were granted a patent for the polymerization of 

energetic ô/5-functionalised oxetanes (125 and 126) using 3 -nitratomethyl-3 -methyl 

oxetane (126), boron trifluoroetherate as a Lewis acid catalyst and 1,4-butanediol as 

an in itia to r.H ow ever, no control in polymer length {i.e. molecular weight) was 

achieved and in addition, cyclic crown ethers were produced via an intramolecular 

oxetane ring opening although the ring sizes of the ethers generated were not 

reported. In the early 1990s Desai et al. further improved this methodology by the 

incremental addition of the monomer 126 to a solution containing an equimolar
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amount of 126 and Lewis acid which resulted in the formation of polymer 131 in 

92% yield (Scheme 2.1.3).^^^ It was reported that the degree of polymerisation as 

well as the impurities formed were dependant on the rate of monomer addition, 

temperature and reaction time.^^  ̂ The use of this procedure prevented the formation 

of crown ethers although precise molecular weight control was still a problem (2200 

to 15000)/^^

\ ^ 0 N02
\  /ONO2 {  }
^ ^ ^ 0 N 0 2  > 1 2 7  \  B F 3 0 ( C H 2 ) 4 0 H  q

2 0  °C, ether ^  /  ^ added over 16 h m s/fu

126

O N O 9

4 h, 20 °C

92% yield 0 H + ^
'  n

131 (2200 -15000  mwt)

Scheme 2.1.3

Oxetane polymerisation using ACE with controlled monomer addition is 

currently the preferred industrial method. To the best of our knowledge, no other 

alternative procedures have been developed to improve molecular weight control 

and/or to eliminate the formation side products. In addition, the polymerisation of 

other functionalised oxetanes such as 3 , 3 j(nitratomethyl) oxetane (125) can be 

problematic as the syntheses of the oxetane monomers themselves are non-trivial 

(see section 2.1.2) and costly. Consequently, alternative methods of synthesising

3,3-6z^(hydroxymethyl) oxetane 123 need to be explored.

2.1.2. Oxetane Synthesis

Oxetanes are generally prepared by either one of the following methods (i) 

hetero \2tz+2k\ photochemical cycloaddition between an alkene and carbonyl source 

to afford oxetane 132 or (ii) by an intramolecular cyclisation of a monoactivated 1,3- 

diol to afford oxetane 133 (Scheme 2.1.4).^® ’̂̂ ^̂ ’̂ ®̂
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A hv

o x  OH

r A A , .
B ase, Solvent R ’  ► R"

132

133
0

X = Good Leaving Group 
R = alkyl, aryl

Scheme 2.1.4

The oxetane functionality is interestingly present in a wide array of biologically 

active compounds (134,135,136) as illustrated in Figure

Cl.

O '
rill

OH

T o NH2

N

Anf/'-fungal Triazole 134 Antiviral Agent 135

OH
AcO,

Ph NH O

OAc
Ph' OBz

OH
OH

Taxol Derivative 136 

Figure 2.1.3

The synthesis of 3,3-6/j(hydroxymethyl) oxetane (123) as previously 

mentioned is non-trivial since the formation of side products have often been 

r e p o r t e d . F o r  example, one procedure reported in the literature involved the 

treatment of pentaerythritol 137 with thionyl chloride in pyridine to afford a mixture 

of chlorinated products (138,139,140 and 141) as shown in Scheme 2.1
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OH OH H O ^\y^O H

6
1 3 9

OH OH KOH/EtOH c i " " % / ^ O H
1 2 0 ° C ,  1 4 h  ^  Cl Cl r e f lu x ,  6 h ,  8 0 %

OH OH 140

1 3 7

Cl OH C I ^ ^ \ / ^ C I

Cl Cl

1 4 1

Cl Cl

Scheme 2.1.5

This mixture was then reacted with potassium hydroxide in ethanol and afforded a 

mixture of èw-substituted oxetanes (Scheme 2.1.5), which were purified by 

distillation in an overall yield of 80% (no yield distribution reported)^ 

Alternative reaction conditions have also been reported in the literature for the 

synthesis of oxetane 123 although the applications of such methods in industry 

and/or literature has received little attention.**^ For example, the treatment of 

pentaerythritol (137) with sodium metal and diethylcarbonate followed by heating to 

230 °C resulted in the formation of oxetane 123 in 60% yield (Scheme 2.1.6).^^^

OH OH

Na, (CH3 CH2 0 )2 C0  H O ^ ^ \ / ^ O H
1 1 0 O C . 2 3 0 O C  "  < ( >  1 2 3  (6 0 %  y ie ld )

O
OH OH

Scheme 2.1.6

Oxetanes are synthetically useful compounds as they can readily be further 

fimctionalised. For example, the activation of oxetane 124 to form the corresponding 

nitrate esters 142 and 143 can be achieved by several chemical methods. 

Golding et al. reported that the use of one equivalents of dinitrogen pentoxide 

(Scheme 2.1.7) afforded the oxetane nitrate ester 142 as the sole product (no yields
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given). Interestingly, it was also observed that the use of dinitrogen pentoxide in 

excess and at slightly higher temperatures for prolonged reaction times could ring 

open the oxetane 124 to afford the nitrate ester 143 (Scheme 2.1.7, no yields 

stated)."»'""

N2 O5 , 1 eq.

- 5 °C, 45 min

OH

124

ONO2  142

0

N2 O5 , > 2  eq.

0 - 1 0 ° C ,  28 h

ONO2

143

ONO2 ONO2

Scheme 2.1.7

2.2.2 Conclusions & Aims of Project

Polymers generated using oxetanes are currently being investigated as 

potential propellants/explosives within industry as they possess the ideal physical 

properties required for use as energetic binders.""^’"̂  However, the high overall cost as 

well and the handling issues associated with synthesising the energetic bis- 

functionalised oxetanes 125 and 126 has limited their use in industry. Consequently, 

the primary aim of this aspect of the project is to explore an alternative approach for 

the synthesis of the Z>/5-functionalised oxetane 123 and related analogues. The 

synthesis of smaller oligomeric structures based on pentaerythritol will be explored 

using pentaerythritol itself via a protection strategy as opposed to the use of oxetanes 

as polymerisation subunits. In both cases, the use of a solid phase approach will also 

be investigated as an attractive alternative to current methods of synthesis. The 

synthesis of such oligomeric units of pentaerythritol was envisaged to lead to the 

synthesis of oligomers with defined molecular weight and such compounds could 

have potential use as co-polymers and/or plasticisers.
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2.2 Use o f Solid Supports In O rganic Synthesis

Since the Nobel Prize winning work of Merrifield in 1963 the use of solid 

supports has received widespread attention across the field of organic synthesis in 

particular in the area of polypeptide and ribonucleotide s y n t h e s i s . F i g u r e  

2.2.1 illustrates the general design of a solid support which consist of four 

components, (i) a polymer backbone, (ii) spacer-linker moiety, (iii) functional group 

and (iv) the attached molecule. The polymer backbone usually consists of 

polystyrene molecules cross-linked with divinyl benzene and linker is the anchoring 

species to which the molecule participating in the reaction is attached.

FUNCTIONAL 
GROUP

ATTACHED
MOLECULE

LINKER

POLYMERIC RESIN

1. ADD SECOND MOLECULE

2. CLEAVE

FUNCTIONAL 
GROUPLINKER SYNTHESISED COMPOUND

Figure 2.2.1

Figure 2.2.2 shows the original Merrifield resin which consisted of benzyl chloride 

moieties that acted as the linker.'^' Polymeric resins are typically 80-200 pm in 

diameter and can swell in size depending on solvent type for example, Merrifield 

resins swell in polar solvents such as dimethylformamide, acetonitrile and 

dichloromethane. In contrast, apolar solvents such as hexane, ether, and THF can 

shrink the resin. The main purpose of ‘resin swelling’ is to allow the reactant species 

to diffuse into the resin pores so that they can be chemically attached to the linker. 

However, the use of the original Merrifield resin (144) can be problematic in terms 

of substrate solubility hence various modified Merrifield resins have since been 

designed for a specific type of reaction such as the TentaGel™ or Rink amide/ester 

resins (Figure 2.2.2).*^^’*̂'̂  For example, the TentaGel™ resin consists of cross-
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linked polystyrene incorporating polyethylene glycol moieties (typically 3 kDa in 

size) as the linker (Figure 2.2.2).*^  ̂ This resin was designed to mimic the effect of an 

‘ether like’ solvent and consequently has been greatly used in the area of 

combinatorial chemistry.

0 - 0 ^ Cl

Merrifield Resin 144 TentaGel^"'" Resin

OMe

OH OMe 

Rink Ester Resin

OMe

NH2 OMe 

Rink Amide Resin

Figure 2.2.2

The functional group terminus can either act as an activated species to assist 

in the addition of molecules or as a protecting group. For example, a trityl linker has 

been used in the protection of an alcohol, which can be subsequently cleaved using 

mild acid conditions (Scheme 2.2.1).’̂ ^

Pyridine
ROM

50% TFA, DCM
ROM

R = alkyl, alkenyl, aryl, benzyl

Scheme 2.2.1

Although numerous examples of linkers have been reported in the literature, linkers 

are generally either acid labile, base labile, photolabile and traceless linkers also have 

been reported as described in the following selected examples.

(i) Acid Labile: These linkers can be cleaved using acidic reagents such as 

trifluoroacetic acid or hydrofluoric acid.‘̂  ̂ Marzinik and Felder utilised the Rink
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amide resin 145 to synthesise a library of nitrogen eontaining heterocycles that were 

to be screened as potential drug candidates (Scheme 2.2.2).
O

Of
CHO

H
N LiOH, DME, r.t., 16h

98%

145

CH3
HN^NHz

DMA, 100 °C, 16h

146

N- N

147

20% TFA, DCM, r.t 
15 min, 56% yield HgN 
over 2  step s q

Scheme 2.2.2

N "  N

148

The a,(3-unsaturated ketone 146 was synthesised on solid support via an aldol 

condensation reaction in 98% yield and subsequent reaction of 146 with a Michael 

nucleophile generated the polymer bound pyrimidine 147. This was then cleaved in 

20% TFA solution to afford the pyrimidine 148 in an overall yield of 56% for the 

latter two s t e p s . I t  was highlighted that the major advantage of using the solid 

phase approach was the ability to ‘split and mix’ compounds, which diversified the 

range of products synthesised.

(ii) Base Labile: This class usually applies to linkers containing ester/amide 

end groups. An interesting example by Kurth et al. reported the combinatorial 

synthesis of polyisoxazolines using the polymer bound 3-butenyl benzoate resin 149 

shown in Scheme 2.2.3.'^^ The 1,3-dipolar cycloaddition reaction between resin 149 

and 1 -nitro-4-(phenylselene) afforded the polymer bound isoxazoline 150 in 44% 

yield and the selenide functionality was then eliminated using sodium periodate as an 

oxidizing reagent to generate the olefin 151. The dipolarophile 151 was then reacted 

further and the procedure repeated to generate the polymer bound tri-isoxazoline 152 

with subsequent cleavage using sodium methoxide as base to afford the tri- 

isoxazoline 153 in 18% overall yield.
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step (A)

SePh

PhN=C=0, NEt3

reflux, CeHe, 4d, 
44%

0 - N

150

,S eP h

Step (B) 

Nal04, THF 

reflux, 15 h
O -N

151

152

(i) (A +B) then

PhN=C=0, r.t.
(iii) Step (B)

NaOMe, r.t, 2h 

THF;MeOH (4:1)

153 18% overall

Scheme 2.2.3

(iii) Photolabile: These interesting linkers contain groups that can be 

photolytically cleaved under neutral conditions. Typically, linkers containing nitro 

groups are often used.'^^ For example, Nicolau et al. investigated the synthesis of 

dodecasaccaharide 154, a biologically active molecule (Figure 2.2.3) using the 

photolabile linker 155 (Scheme 2.2.4).
OTBDPS

OBn OBz I

OBn OBz I

OBn OBz I 
I BnO-\ ^ \  ,0

Figure 2.2.3

B nO -
BnO -

Dodecasaccharide 154
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OH BzO

BzC

O TBDPS 

OBz

OH
(I) n -B ujP , DIAD, /PfzNEt^THF 

26 °C, 6 h .  100%

(ii) HF-Py, THF, 25°C , 16 h

O2N
OH

B z O -
BzO

OBz

157

O TBD PS

OBz

(i) DMTST, 4 A ° MS, 26 °C, 
DCM, 12 h,

(ii) EtjN, THF, 26 °C , 1 h. 
90% o v er 2 s te p s

O TB D PS

BnO-

HO-
OBz 

BzO —  
B z O -

OBz

169

OBn

BzO

BnO
S Ph

OBz

160

(I) DMTST, 4 A ° MS, 25 °C, 
DCM, 12 h. 78%

(Me2N)2C=0

OTBD PS

OBn
I  B n O '

OBz B zO -

O2N
h v , THF, 26 °C , 20 h. 63%

O TB D PS

OBn
BnO-

,OHB zO —
BnO-

OBz 
B zO —  

B z O -OBz

OBz

162

OH m uitistep

154
(10% overaii)

Scheme 2.2.4

Nicolau reported that the use of the solid phase resin 155 was advantageous in terms 

of flexibility for the synthesis of ‘block’ oligosaccaharides whilst retaining 

stereochemistry as well as being high yielding. The resin (155) was used to attach 

the glucose molecule 156 using Mitsunobu reaction conditions to afford the polymer 

bound sugar 157 in 100% y i e l d . O n  cleavage of the silyl group, the resulting 

alcohol was reacted with the protected glucose 158 using 

(dimethylthio)methylsulfonium triflate (DMTST) and subsequent Fmoc removal 

using triethylamine afforded the disaccharide 159 in 90% yield. Treatment of resin 

159 with the protected glucose 160, DMTST and tetramethyl urea produced the 

polymer bound trisaccharide 161 in 78% yield. Exposure of resin 161 to photolytic
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conditions afforded the tri saccharide 162 in 63% yield overall and this trisaccharide 

was subsequently used to synthesise the dodecasaccaharide 154.’̂ ^

(iv) Traceless Linkers: Under cleavage conditions these linkers create new 

carbon-hydrogen or carbon-carbon bonds . Showai t er  and Boehm investigated the 

synthesis of benzofurans using a silyl linker and observed that the solid phase 

approach was far more efficient than the equivalent solution phase reaction (Scheme

2.2.5) in terms o f overall reaction yield (57% using solid phase, 40% using solution 

p h a s e ) . T h e  key stages o f this synthesis involved cleavage of the methoxymethyl 

ether group of the resin 163 using 5% trifluoroacetic acid followed by treatment of 

the resulting alcohol with tert-huXy\ a-bromoketone and Hiinigs base. This afforded 

the diketone 164, which was then reacted with DBU to produce the benzofuran 165 

via an intramolecular cyclisation. The benzofuran 166 was subsequently selectively 

cleaved from the resin achieved using TBAF in 57% yield overall.

(i) 5% TFA, DCM, 0 °C

(/-Pr)2 NEt, NMP, 80°C /-Pr i-Pr

O
163 164

DBU, NMP, 80 °C

OCH3
O CH3

" ^ C 0 C(CH3)3
■o

166, 57% yield

TBAF, DMF, 65 °C

Scheme 2.2.5

V - C 0 C ( C H 3 ) 3
o

165

(v) Cydative Cleavage: Here the substrate attached to the linker is involved 

in the cleavage strategy via an intramolecular cyclisation. An interesting example 

by Nicolau et al. (Scheme 2.2.6) utilised an Emmons-Homer strategy in the synthesis 

of the cyclic esters 167a and 1 6 7 b . The polymer bound ketophosphates 168 and
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169 were subjected to basic conditions to afford the cyclic esters 167a and 167b in 

58% and 67% yield respectively with high ElZ ratios (>9:1 for both esters). 

Nicolaou reported that the use o f solid supports lead to high product purity and 

simplified purification procedures in comparison to the equivalent solution phase

reaction. 130

MeO.
Multisjep

Me

168 n = 7

K2CO3 1 CgHe 
18-Crown, 65 °C

169 n= 9

Scheme 2.2.6

167a n=7, 58% 
167b n=9, 97% 

E/Z> 9:1

2.3. Conclusions

Solid phase resins are highly versatile tools in organic synthesis and present 

many advantages in comparison to traditional solution phase chemistry in that the 

products isolated can be of high purity due to simplified work-up procedures, they 

are recyclable and often high yielding hence lowering overall synthetic cost. In 

addition, the ‘split and mix’ approach o f synthesising oligomeric structures on solid 

support as demonstrated by Nicolau and Kurth diversify the types o f structures 

synthesised leading to large libraries o f compounds. It is acknowledged that there 

are many types o f linkers currently available in the literature. Due to the enormity o f  

this area only a select few have been discussed.

As mentioned previously, the first aim o f this aspect o f the project was to 

investigate the feasibility o f using a solid phase cyclative cleavage approach to 

synthesising the Zi/5-substituted oxetane 123 as a precursor monomer using the 

commercially available tosyl l i n k e r ' ^ 170 (Scheme 2.3.1).
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Scheme 2.3.1

It was envisaged that a protection strategy may be required if the solubility of 

pentaerythritol (136) was problematic. The second aim of this project explores the 

feasibility of using solution and solid phase chemistry to synthesise small oligomeric 

alcohols 171 and 172 (Figure 2.3.1) from pentaerythritol (Chapter 6 for results and 

discussion) in order to investigate whether compounds of defined molecular weight 

can be synthesised as in the examples demonstrated by Kurt and Nicolau.

OH OH

OH O

OH HO

HO

OH OH

O O OH

OH

OH OH 

171

OH OH

172

Figure 2.3.1
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Chapter 3

3. Azomethine Ylide 1,3-Dipolar Cycloaddition 

Reactions In Aqueous Media

Previous work by Lubineau et al. observed the formation of four products 

when using water in the 1,3-dipolar cycloaddition reaction between N- 

ethylmaleimide and the azomethine ylide generated from 7V-methyl glycine ester and 

aqueous formaldehyde (Section 1.2.3, Scheme 1.2.8).^* Lubineau also highlighted 

that the presence of water did not appear to inhibit ylide generation in terms of 

iminium hydrolysis or by hydration of formaldehyde.^^ In addition, Grieco et al. 

have previously demonstrated the generation of iminium salts in water for 

subsequent use as dienophiles in Diels-Alder reactions (Scheme 3).̂ ^̂

CH3NH2.HCI -
82%

CH3N+H Cl

H H 

Scheme 3

in situ      N

\

The azomethine ylide 1,3-dipolar cycloaddition was therefore considered to 

be a viable starting point for our investigations. We were interested in exploring 

other reaction parameters in this three-component reaction such as the influence of 

aqueous soluble surfactants, salts and the effects of using reactants with limited 

aqueous solubility.

3.1. Use of Acyclic a-Amino Esters

The 1,3-dipolar cycloaddition between A-ethylmaleimide and the ylide 

generated from A-methyl glycine methyl ester and aqueous formaldehyde was
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initially carried out in HPLC grade water at 40 °C using Lubineau’s reported 

experimental conditions (Scheme 3.1.1).^^

O H C02M e 
1 \ H

+ ^ N ^ C O ,M e  ----- N ik” !™!"------^^V ;-C 02M e
\  /  ^  4 0  °C  - r e f lu x , 2  h - 4 8  h i f  -  Q — '

Endo 84a 86

Scheme 3.1.1

The endo isomer 84a was generated albeit in 3% yield (entry 1, Table 3.1.1) and the 

stereochemistry was assigned using Lubineau’s previous literature data.^* No other 

products were isolated with only jV-ethylmaleimide and 7V-methyl glycine methyl 

ester recovered by flash chromatography. In contrast, Lubineau et al. had reported 

the formation of endo 84a, exo 84b, the oxazolidine 86 and the Michael adduct 85 

under the same reaction conditions {c.f. entry 1, Table 1.3.5). It was difficult to 

explain the variation in experimental results although the source of water, the origin 

and/or the purity of the commercially available reagents that Lubineau used may 

have differed. The use of deionised water did not influence product yield or 

selectivity (entry 2, Table 3.1.1) and was subsequently used as the aqueous solvent 

for all reactions. In our hands, the exclusive endo selectivity was rationalised to be 

due to the enforced hydrophobic interactions between the reactants leading to a more 

compact transition state as generally observed for Diels-Alder reactions carried out 

in water. In addition, the endo selectivity may have been due to the minimal steric 

interactions encountered during the formation of the endo transition state compared 

to the exo transition state (Figure 3.1.1).^^ Tsuge et al. used a similar rationale to 

explain the endo selectivity for the reaction between the /V-tolylmaleimide and the 

azomethine ylide generated from /V-methyl glycine ethyl ester and paraformaldehyde 

under anhydrous conditions.
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Entry Reaction Conditions

a-
Amino
Ester
(Eg.)

% Yield

84a 86

1

2

3

4

5

6

7

8

9

10 

11

HPLC grade H2 O, 40 °C, 0.5 eq. Et^N, 2 h.

H2 O, 40  °C, 0.5 eq. EtgN, 2 h.

T oluene (9% aq.), 40 °C, 0.5 eq. EtgN, 2 h. 

T oluene (9% aq.), reflux, 0.5 eq. EtgN, 2 h.

H2 O, reflux, 1.1 eq. EtgN, 2 h.

H 2 O, reflux, 1.1 eq. EtgN, 24 h.

H2 O, reflux, 1.1 eq. Ef^N, I h.

H2 O, ultrasound, 1.1 eq. N aH C 0 3 , I h.

H2 O, 800 W m icrow ave, 1.1 eq. NaH C O ], 120 s. 

H2 O, reflux, 3 eq. Et^N, 2 h.

H2 O, reflux, 4 eq. Et]N, 2 h.

3

3

9 

26

10 

10 

10 

10 

10 

10 

10

16

Table 3.1.1

Endo Transition State

/ /  C O jM e

Exo Transltion State 

Figure 3.1.1

The reaction was then carried out in aqueous toluene (9% aq.) at 40 °C in 

order to explore the effect of an organic solvent on product yield and distribution. 

As determined by NMR, endo 84a and oxazolidine 86 were afforded in a product 

ratio of ca 1:2 in 25% overall yield (entry 3, Table 3.1.1). No other products were 

isolated and only A^-ethylmaleimide and A-methyl glycine methyl ester was 

recovered by flash chromatography. As mentioned previously (Section 1.2.5), the 

formation of oxazolidine 86 occurred via a 1,3-dipolar cycloaddition between the 

azomethine ylide and formaldehyde.^^ The selectivity for oxazolidine 86 was 

rationalised by considering that A-ethylmaleimide would preferentially exist in the 

toluene phase whereas the azomethine ylide was more likely to exist in the aqueous
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phase with formaldehyde due to its ionic nature. This reaction may have been 

catalysed at the toluene/water solvent interface as in contrast no oxazolidine 

formation was observed at 40 °C using water alone {c.f. entry 1, Table 3.1.1). No 

comparative reaction was carried out by Lubineau et al. although he suggested that 

oxazolidine 86 could readily undergo a thermal retro 1,3-dipolar cycloaddition. 

This was in agreement with the observation that heating the reaction mixture 

exclusively afforded endo 84a in 26% yield and again no other products were 

isolated except for A^-ethylmaleimide and #-methyl glycine methyl ester (entry 4, 

Table 3.1.1). By comparison, Lubineau observed the formation of exo 84a and endo 

84b in yields of 48% and 51% {c.f. entry 1, Table 1.2.3).^^ The differences between 

our experimental results as previously mentioned were difficult to rationalise 

although again this may have been due to the source and/or the purity of the reagents 

used by Lubineau et al.

Various parameters were subsequently explored in an attempt to improve the 

reaction yield of endo 84a in water and to observe any changes in product 

distribution. Heating the reaction mixture at reflux temperature improved the yield 

obtained for endo 84a to 10% (entry 5, Table 3.1.1) although no other products were 

isolated except for starting materials. The use of extended or shorter reaction times 

had no effect on the yield of endo 84a or on the product distribution (entries 6 and 7, 

Table 3.1.1) and only starting material was isolated in each case. The results of our 

initial investigations suggested that either 1,3-dipole formation was rate limiting 

and/or the 1,3-dipolar cycloadduct could readily undergo a retro 1,3-dipolar 

cycloaddition in aqueous media. In the case of the latter, the isolated endo 84a was 

observed to be resistant to degradation when heated in water at reflux temperature 

for two days (Scheme 3.1.2).

E n d o  8 4 a

COaMe
“\H

H,0

r e f lu x , 4 8  h , 10 0 %

Scheme 3.1.2

C O oM e

E n d o  8 4 a

Further attempts were made to improve the product yield and/or product 

distribution by the use of microwave radiation. This has been widely used in the
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literature as a method of increasing reaction rates and product yield. When the 

reaction was heated using a microwave oven (800W) the reaction time was reduced 

to two minutes in contrast to the two hours required under standard conditions (entry 

8, Table 3.1.1). However, no further improvements in yield were observed again 

suggesting that azomethine ylide formation was rate limiting. It was also envisaged 

that the reaction could be promoted by ultrasound which can accelerate Diels-Alder 

reactions due to the high internal pressures created by the “rapid growth and sudden 

collapse of bubbles within the liquid medium”. A c c o r d i n g l y ,  sonication of the 

reaction reduced the reaction time compared to standard conditions although the 

yield of endo 84a remained unchanged (entry 9, Table 3.1.1). With a view that 

azomethine ylide generation may have been rate limiting, increasing the number of 

equivalents of the a-amino ester may have improved the endo 84a yield and/or 

product distribution by raising the concentration of the azomethine ylide. However, 

the use of three or four equivalents of a-amino ester did not improve the yield for 

endo 84a or influence product distribution (entries 10 and 11, Table 3.1.1) and again 

only starting material was recovered.

Upon initial inspection of the mechanism for azomethine ylide generation, 

the excess of water present in the reaction mixture could have resulted in iminium 

hydrolysis and driving of the reaction equilibrium towards the starting materials 

(Scheme 3.1.1). However, Grieco et al. has reported the formation of iminium 

hydrochloride salts in water using aqueous formaldehyde and hydrochloride salts of 

primary a-amino esters.

-NEtg.HC^
H.HCI

O

o o

Carbinolamine 174 Iminium Ion 173 Azomethine Ylide

Scheme 3.1.1
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Grigg et al. suggested that for secondary a-amino esters the generation of the 

iminium ion 173 from the carbinolamine 174 was followed by rapid deprotonation to 

afford the azomethine ylide (Scheme 3 . 3 . Bot h imine and iminium 

hydrolysis are known to be base catalysed^^* and it was subsequently proposed that 

the increase in basicity of the aqueous medium upon initial generation of iminium 

172 may have lowered the iminium 173 concentration subsequently inhibiting 

azomethine ylide formation. Using two equivalents of triethylamine (relative to the 

a-amino ester hydrochloride) the yield of endo 84a decreased to 3% with no other 

products isolated except for starting materials (entry 1, Table 3.1.2). Further 

evidence in support of base catalysed iminium hydrolysis was realised by the use of 

two equivalents of potassium carbonate or sodium hydrogencarbonate which also 

lowered the yield observed for endo 84a (entries 2 and 3, Table 3.1.2).

EN TR Y Reaction Conditions

Metal Chloride 

Concentration 

(M )

%

Yield

84a

1 H2O, reflux, 2 eq. NEtg, 2 h. 0.5 3

2 H2O, reflux, 2 eq. NaHCOg, 2 h. 0.5 4

3 H2O, reflux, 2 eq. K 2CO3, 2 h. 0.5 4

4 H2O, reflux, 1 eq. NaHCOg, 2 h. 0.5 2 0

5 H2O, reflux, 1 eq. K2CO3, 2 h. 0.5 2 0

6 H2O, 4.86 M  LiCl, reflux, 1 eq. NEt3, 2 h. 4.86 2 0

7 H2O, 4.86 M  LiCl, reflux, 1 eq. NaHC0 3 , 2 h. 5.36 2 0

Note: equivalents relative to a-amino ester hydrochloride

Table 3.1.2

Another factor that may have reduced the endo 84a yield was the presence of 

the triethylamine hydrochloride by-product {ca 0.5 M). It was hypothesised that this 

salt may have acted as a ‘salting in’ reagent {c.f. guanidine hydrochloride^^), 

reducing the enforced hydrophobic interactions between the azomethine ylide and 

dipolarophile subsequently lowering the endo 84a yield. Consequently the effect of 

inorganic salts was explored using sodium hydrogencarbonate or potassium 

carbonate as alternative bases. The yield of endo 84a improved to 20% in 

comparison to using triethylamine (entries 4 and 5, Table 3.1.2) although no other 

products were isolated except for A-ethylmaleimide and A-methyl glycine methyl
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ester. This also highlighted that that the generation of sodium chloride or potassium 

chloride by-product may have lowered reactant solubility (‘salting out’) by 

increasing the enforced hydrophobic interactions between reactants. Further 

evidence was established by the addition of lithium chloride (4.86 M) in the presence 

of triethylamine. The yield of endo 84a (entry 6, Table 3.1.2) was improved in 

contrast to using triethylamine alone although the yield was the same as using 

sodium hydrogencarbonate. Interestingly, no further yield increases were observed 

for endo 84a when lithium chloride (4.86 M) was used in the presence of sodium 

hydrogencarbonate (entry 7, Table 3.1.2). This suggested that ca 0.5 M salt 

concentration was sufficient to maximise the enforced hydrophobic interactions 

between the reactants.

The anionic (SDS) and cationic (CTAB) surfactants were used to investigate 

the effect of substrate solubilisation and/or pre-orientation on yield and product 

distribution. It was hypothesised that in micellar media, the zwitterionic azomethine 

ylide and/or a-amino ester could electrostatically interact favourably with the 

surfactant head groups or the counter-ions present in the Stem layer. Consequently, 

this was envisaged to bring the ylide into closer proximity to the dipolarophile that 

was likely to reside either in the bulk aqueous phase or within the micellar core.

A q u e o u s  E x t e r io r

N H

Q  C o u n ter  ion

A n io n ic  or  C a tio n ic  H ead  G roup

Figure 3.1.1
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The surfactants were used at concentrations slightly higher than the cmc in order to 

minimise surfactant aggregate disruption at high temperature and in the presence of 

electrolytes.^^’̂ ’̂̂  ̂ In contrast to using water alone, the use of aqueous SDS (lOmM) 

had no effect on the yield obtained for endo 84a or on the product distribution (entry 

1, Table 3.1.3). However, increasing the concentration of SDS (90 mM) resulted in 

a moderate improvement in yield compared to using 10 mM SDS (entry 2, Table 

3.1.3).

ENTRY Reaction Conditions % Yield

84a

1 2 mM CTAB (aq.), reflux, 1 eq. EtgN, 2 h. 5

2 10 mM SDS (aq.), reflux, 1 eq. EtgN, 2 h. 10

3 90 mM SDS (aq.), reflux, 1 eq. EtgN, 2 h. 16
Note; equivalents relative to a-amino ester hydrochloride

Table 3.1.3

It was proposed that raising the SDS concentration may have increased the 

SDS surfactant aggregate half-life (ti/2) which is known to exist in a dynamic 

equilibrium with their monomers.^^ Alternatively, at higher SDS concentrations the 

dipolarophile may have been more readily accommodated within a micellar core due 

to changes in aggregate structure from being spherical to larger and more rod- 

like.^^’̂  ̂ In contrast, when the reaction was performed in aqueous CTAB solution 

(2mM) the yield of endo 84a significantly decreased to 3% (entry 3, Table 3.1.3). It 

was inferred that in the presence of the a-amino ester or 1,3-dipole the CTAB 

aggregate half-life (ti/2) was significantly higher compared to using SDS. 

Presumably this was due to the greater electrostatic interactions that may have been 

encountered between the CTAB cationic head groups and the delocalised charge of 

the azomethine ylide.

The effect of using a more hydrophobic dipolarophile on the product yield 

and distribution was then explored by the selection of A-benzylmaleimide. It was 

envisaged that the presence of the benzyl group could also favour the exo 

diastereoisomer due to the greater steric repulsions encountered between the benzyl
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moiety and the jV-methyl substituent of the azomethine ylide during formation of the 

endo transition state (Figure 3.1.2)/^

/ — \  0

qV  CO zM e

E n d o  T ransition  S ta te  E xo  T ransition  S ta te

Figure 3.1.4

Despite our predictions exclusive endo selectivity was again observed for the 

formation of endo 175 using water as a solvent and triethylamine as base (Scheme 

3.1.2, entry 1, Table 3.1.4).

COgMe
CH2O (aq.) 

b a se ,  so lv en t

40 °C - reflux, 2 h

O H COglVIe

Endo  175

Scheme 3.1.2

ENTRY Reaction Conditions % Yield

175 86

1 HiO, reflux, 1 eq. EtiN, 2 h. 12 -

2 H2O, 800 W microwave, 1 eq. NaHCO ,̂ 120 s. 12 -

3 H2O, ultrasound, leq. NaHCO], 1 h. 12 -

4 Toluene (9% aq.), 40 °C, 1 eq. Et̂ N, 2 h. 10 16

5 Toluene (9% aq.), reflux, 1 eq. Et]N, 2 h. 24 -

6 H2O, reflux, 1 eq. NaHCOj, 2 h. 21 -

7 H2O, reflux, 1 eq. K2CO3, 2 h. 21 -

8 4.86 M LiCl (aq.), reflux, 1 eq. NaHCOj, 2 h. 20 -

9 2 mM CTAB (aq.), reflux, 1 eq. Et]N, 2 h. 5 -

10 90 mM SDS (aq.), reflux, 1 eq. Et_iN, 2 h. 12 -

Note: equivalents relative to a-amino ester hydrochloride

Table 3.1.4
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No other products were isolated and only A^-benzylmaleimide and A^-methyl glycine 

methyl ester was recovered by flash chromatography. The exclusive endo selectivity 

in water may have been due to the enforced hydrophobic interactions between the 

ylide and dipolarophile leading to the formation of a more compact transition state. 

In addition, this also highlighted that the limited solubility of the dipolarophile in 

water was not inhibiting the 1,3-dipolar cycloaddition. This suggested that 

azomethine ylide generation could have been rate limiting as previously observed.

Reaction times were reduced although no improvements in yield compared to 

when using standard conditions were obtained when sonication or microwave 

radiation was applied to the reaction (entries 2 and 3, Table 3.1.4). Using aqueous 

toluene (9% aq.) at 40 °C, oxazolidine 86 was formed together with endo 175 in 26% 

overall yield in a product ratio of 5:8 (entry 4, Table 3.1.4). This again inferred that 

oxazolidine 86 generation may have been catalysed at the solvent interface {c.f. entry 

3, Table 3.1.1). As expected, oxazolidine (86) formation was inhibited when the 

reaction was carried out in aqueous toluene at 110 subsequently improving the 

yield of endo 175 to 24% (entry 5, Table 3.1.4). No other products were isolated 

except for starting material. The effect of using sodium hydrogencarbonate and 

potassium carbonate was then investigated as a method of improving product yield. 

Again higher yields for endo 175 were observed compared to using triethylamine 

(entries 6 and 7, Table 3.1.4) and only starting material was recovered by flash 

chromatography. This provided further evidence that the ‘salting out’ of reactants 

upon in situ formation of sodium or potassium chloride ions could have enhanced the 

enforced hydrophobic interactions between reactants. In addition, the optimal salt 

concentration for this reaction was considered to be ca 0.5 M as the addition of 

lithium chloride (4.86 M) in the presence of sodium hydrogencarbonate did not 

increase the product yield or distribution compared to using sodium 

hydrogencarbonate alone (entry 8, Table 3.1.4).

The effect of solubilising the reactants using surfactants was also explored to 

compare and contrast the differences between A-ethylmaleimide and N- 

benzylmaleimide in terms of product yield and/or distribution. However, regardless 

of surfactant used there were no significant differences in yield between the two 

dipolarophiles. In aqueous SDS (90 mM) only a marginal increase in yield was
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observed for endo 175 and no other products were isolated compared to using water 

alone (entry 9, Table 3.1.4). As in the case of using A-ethylmaleimide, the use of 

aqueous CTAB (2 mM) decreased the yield of endo 175 in contrast to using standard 

conditions (entry 10, Table 3.1.4). Both results supported earlier suggestions that the 

solubility of the dipolarophile was not inhibiting the 1,3-dipolar cycloaddition.

As the hydrophobicity of the dipolarophile was not considered to inhibit the

1,3-dipolar cycloaddition the effect of using a more hydrophobic a-amino ester was 

then explored. It was proposed that the non-ionic aggregation of a-amino esters with 

a medium length alkyl chain could increase the enforced hydrophobic interactions 

between the reactants, subsequently improving the yield of the endo diastereoisomer 

whilst maintaining product selectivity. Accordingly, the synthesis of A-methyl 

glycine pentyl ester was explored by the direct estérification of A-methyl glycine 

vrith pentan-l-ol using dicyclohexylcarbodiimide (DCC) and 4-dimethylamino- 

pyridine (DMA?) as a base catalyst (Scheme 3.1.3).^^^ No urea by-product was 

afforded presumably due to the poor solubility of A-methyl glycine in most organic 

solvents. No other products were isolated and only starting material was recovered. 

Similarly, the use of benzene sulfonic acid in refluxing t o l uene( Scheme 3.1.3) as 

an alternative estérification method also proved ineffective whilst attempting to 

synthesise a-amino ester 176 presumably A-protonation.

D C C , D M A P , s o l v e n t r . t ,  4 8 h  / /  \ 11

  / rHO O R  ^  - Q -

A rS O gH , P h M e , D e a n -S ta r k , 4 8  h

1 7 6

Scheme 3.1.3

Using an alternative strategy (Scheme 3.1.4), the synthesis of A- 

^butoxycarbonyl-A-methyl glycine pentyl ester 177 was carried out in 82% yield 

using the commercially available A-^boc-A-methyl glycine and pentyl bromide under 

basic conditions. 7er/-butoxycarbonyl (Boc) protection of A-methyl glycine was 

considered necessary in order to improve the solubility of the amino acid and to 

avoid the generation of A-alkylation products with pentyl bromide.
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o N C O 2 H N aH , D M F, r . t ,  1 h t h e n  a d d  

O  7 0  ° C , 3 6  h , 82%

° Y ' ^ o
O 1 7 7

10 0 %  T F A , D C M , r . t ,  1 h  

98%

I g
O'

1 7 6

Scheme 3.1.4

Spectral analysis (^H NMR) of the ^boc-protected pentyl ester 177 indicated that the 

compound existed as rotational isomers in deuterated chloroform. For example, two 

singlets corresponding to the tert-h\xXy\ group at 1.40 ppm and 1.44 ppm were 

observable in deuterated toluene at 31 OK. Evidence to suggest that these peaks were 

due to rotational isomers was provided when the NMR sample was heated to 333K 

within the NMR spectrometer where the coalescence of NMR peaks was observed. 

The Boc-group of pentyl ester 177 was subsequently cleaved using trifluoroacetic 

(TFA) acid^^* followed by removal of the TFA salt by treatment with saturated 

sodium hydrogencarbonate solution to afford the A-methyl glycine pentyl ester 176 

in 98% yield (Scheme 3.1.5). The a-amino ester 176 was then reacted with 

formaldehyde to generate the azomethine ylide that was reacted with either N- 

ethylmaleimide or A-benzylmaleimide (Scheme 3.1.5).

r C H 2 O  (a q .)  
s o l v e n t

4 0  0  - r e f lu x , 2  m in  - 2  h

\\H

R-N N—

E x c l u s iv e  E n d o

1 7 8  R =  E t

1 7 9  R  =  C H gA r

Scheme 3.1.5

Regardless of the dipolarophile used, exclusive endo selectivity was again 

observed in water although in lower yields than when using A-methyl glycine methyl 

ester (entry 1, Table 3.1.5). No other products were isolated and again the low endo
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yield inferred that azomethine ylide generation was rate limiting. In addition, the 

pentyl ester moiety may have sterically hindered the approach of the azomethine 

ylide during the formation of the endo transition state. Evidence to suggest this was 

achieved when the reaction was performed in aqueous toluene (9% aq.). Only 

slightly higher yields were observed for endo diastereoisomers 178 and 179 in 

contrast to when using water alone (entry 2, Table 3.1.5).

ENTRY Reaction Conditions % Yield

178 179

1 H2O, reflux, 2 h. 4 5

2 Toluene (9% aq.), reflux, 2 h. 7 7

3 H2O, 800 W  microwave, 120 s. 4 5

4 H2O, ultrasound, 1 h. 4 5

5 90 mM SDS (aq.), reflux, 2 h. 4 5

6 H2O, reflux, 2 h, 4.86 M  LiCl. 4 5

Table 3.1.5

Reaction times were reduced using sonication or microwave radiation 

although no improvements in yield were again observed (entries 3 and 4, Table

3.1.5). The use of SDS surfactant media as a solubilising agent had no influence on 

the yield of the endo diastereoisomers 178 and 179 (entry 5, Table 3.1.5). As 

previously observed with A-benzylmaleimide, this suggested that limited solubility 

of the reactants in water did not inhibit the 1,3-dipolar cycloaddition. As no salts 

were generated in the reaction medium, the effect of lithium chloride as a ‘salting 

out’ reagent was subsequently explored. However, this also had no effect (entry 6, 

Table 3.1.5) and it was rationalised that the non-ionic or ionic aggregation of the a- 

amino ester 176 and the 1,3-dipole could have raised the enforced hydrophobic 

interactions between the azomethine ylide and dipolarophile to a maximum.
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3.1.2. Conclusions

The results of our initial work with azomethine ylides derived from A^-methyl 

glycine methyl alkyl ester contradict those observed by Lubineau et a l and the 

differences between experimental results are difficult to rationalise. In our hands, 

the exclusive endo selectivity observed in aqueous media was rationalised to be due 

to the enforced hydrophobic interactions which led to the formation of the endo 

transition state. From our attempts to explore the parameters affecting the yield of 

endo 84a and oxazolidine 86, the following trends were apparent;

• Increasing the hydrophobicity of the starting material (dipolarophile or a- 

amino ester) had a negligible effect on the yield.

• The basicity of the iminium ion generated in water may have catalysed 

iminium hydrolysis hence inhibiting azomethine ylide formation.

• The presence of electrolytes in the reaction mixture clearly influenced the 

reaction yield by acting as a ‘salting in’ (triethylamine hydrochloride) or as a 

‘salting out’ reagent (inorganic salts).

• The use of SDS as a method of solubilising the reactants had little or no 

effect in improving the yield or altering product distribution. The use of 

CTAB significantly lowered the yield of the endo isomer (84a and 175)

• The use of microwave radiation or ultrasound both reduced reaction times 

although the yield of the endo isomers was not improved.

• Oxazolidine formation was suppressed when using water alone or at high 

temperature and was favoured in biphasic solvents at low temperature. This 

suggested that this reaction was catalysed at the solvent interface.

No Michael addition products were observed in any of our reactions. It was 

rationalised that the A-methyl glycine methyl ester may have been insufficiently 

nucleophilic towards the A-substituted maleimides. Consequently, it was envisaged 

that increasing the nucleophilicity of the a-amino ester using cyclic a-amino esters 

derived from proline could favour the Michael addition reaction. They were also 

expected to generate more sterically challenging azomethine ylides that could affect 

the endo!exo selectivity.
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3.2. Use of Cyclic a-Amino Esters

The reaction between A^-ethylmaleimide, 2-proline methyl ester and 

formaldehyde was initially carried in water to explore the effect on product yield and 

selectivity (Scheme 3.2.1). Under these conditions, the 1,3-dipolar cycloaddition 

was completely inhibited which suggested that azomethine ylide generation from L- 

proline methyl ester was rate limiting. However, our initial hypothesis was 

confirmed with the formation of the Michael diastereoisomers (180a and 180b) as an 

inseparable 1:1 mixture in 24% overall yield (entry 1, Table 3.2.1). Only N- 

ethylmaleimide and proline methyl ester were recovered by flash chromatography.

H.HCI C H 2 O  (a q .)  
N aH C O a, s o l v e n t  ^  

r e flu x , 2  m in  - 1 8  h

1 8 0 b

5 0 : 5 0  d i a s t e r e o i s o m e r

Scheme 3.2.1

ENTRY Reaction Conditions %  Yield

180a and 180b

1 H2O, reflux, 1 eq. NaHCOs, 2 h. 24

2 Toluene (9% aq.), reflux, 1 eq. Et]N, 2 h. 9

3 10 mM CTAB (aq.), reflux, 1 eq. Et]N, 2 h. 24

4 90 mM SDS (aq.), reflux, 1 eq. Et]N, 2 h. 23

5 H2O, reflux, 1 eq. NaHCOg, 18 h. 24

6 H2O, 800 W microwave, leq. NaHCOg, 120 s. 30

7 H 2O, sonication, 1 eq. NaHCOs, 1 h. 30

Table 3.2.1

No 1,3-dipolar cycloadducts were observed when the reaction was performed 

in aqueous toluene (9% aq.) providing further evidence for the rationale that
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azomethine ylide generation was rate limiting in water. In this case, the Michael 

diastereoisomers (180a and 180b) were isolated as a 1:1 diastereoisomeric mixture 

albeit in 9% yield (entry 2, Table 3.2.1). The lower yield observed in contrast to 

using water alone may have been due to the reduction in either the enforced 

hydrophobic interactions between reactants or the polarity of the solvent. A number 

of examples exist where water has been used to promote the Michael addition 

r e a c t i o n s . L u b i n e a u  et al. reported the formation of Michael addition 

products for the reactions between nitroalkanes and unsaturated a,P-carbonyl 

compounds in aqueous m e d i a . N o  product formation was observed when the 

reaction was performed in dichloromethane or toluene. Consequently, Lubineau 

suggested that the Michael addition reactions occurred in aqueous media due to the 

enforced hydrophobic interactions between the reactants.

The limited solubility of the reactants in water could have also accounted for 

the low yield observed for the Michael diastereoisomers (180a and 180b). 

Consequently, surfactants were selected as a method of solubilising the reactants 

although little improvement in yield was observed for the Michael products (180a 

and 180b) regardless of whether the reaction was carried out in aqueous CTAB or 

SDS (entries 3 and 4, Table 3.2.1). Extended reaction times were also explored in an 

attempt to improve the yield of the Michael diastereoisomers (180a and 180b) and to 

promote the 1,3-dipolar cycloaddition. However, heating the reaction for eighteen 

hours in water only marginally increased the yield of the Michael adducts 180a and 

180b (entry 5, Table 3.2.1). No 1,3-dipolar cycloaddition products were isolated and 

only starting material were recovered. The use of ultrasound and microwave 

radiation reduced reaction times (entries 6 and 7, Table 3.2.1) whilst marginally 

improving the yield of the Michael adducts (180a and 180b) compared to using 

standard conditions. The moderately low yields obtained for the Michael 

diastereoisomers in water alone also suggested that the presence of formaldehyde 

may have lowered the enforced hydrophobic interactions between the reactants. 

Formaldehyde can disrupt the hydrogen-bonding network between the water 

molecules.^*’̂ "̂  ̂ Consequently the reaction was then explored in the absence of 

formaldehyde and in different aqueous media (Scheme 3.2.2).
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H.HCI
N a H C O ], s o l v e n t

r e f lu x , 1 8  h

1 8 0 a  a n d  1 8 0 b

5 0 :5 0  d ia s t e r e o i s o m e r ic  
m ix tu r e

Scheme 3.2.2

The use of water alone with an extended reaction time only moderately improved the 

yield of the Michael diastereoisomers (180a and 180b) to 35% (entry 1, Table 3.2.2). 

In our hands, this result suggested that the enforced hydrophobic interactions 

between the reactants had a negligible effect on product yield and inferred that 

solvent polarity may have been more influential.

Entry Reaction Conditions %  Yield

180a and 180b

1 H2O, reflux, 1 eq. NaHCOs, 18 h. 35

2 Anhydrous dichloromethane, reflux, 1 eq. EtgN, 18 h. 0

3 Toluene (anhydrous), reflux, 1 eq. EtgN, 18 h. 0
4 Dichloromethane, reflux, 1 eq. EtgN, 18 h. 60

5 Toluene (95% aq.), reflux, 1 eq. NaHCOs, 18 h. 60

6 Toluene (50% aq.), reflux, 1 eq. NaHCO] 18 h. 85

Table 3.2.2

When the reaction was performed in anhydrous toluene or dichloromethane 

no Michael products (180a and 180b) were isolated (entries 2 and 3, Table 3.2.2) 

and only starting material was recovered. In contrast, the use of commercially 

available dichloromethane improved the yield observed for the Michael products 

(180a and 180b) to 60% (entry 4, Table 3.2.2). These results confirmed that the 

presence of water was essential for this reaction in terms of solvent polarity. 

However, the use of 95% aqueous toluene increased the Michael diastereoisomers 

yield by ca two-fold compared to using water alone (entry 5, Table 3.2.2). It was
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speculated that the reaction may have been catalysed at the solvent interface and 

consequently it was hypothesised that increasing the solvent interfacial area could 

improve the yield of the Michael products (180a and 180b). Evidence in support of 

this rationale was established when 50% aqueous toluene was used as the solvent. 

This increased the yield of the Michael diastereoisomers (180a and 180b) by ca 2.5- 

fold in contrast to using water alone (entry 6, Table 3.2.2).

Increasing the hydrophobicity of the cyclic a-amino ester \ia  the 

incorporation of a pentyl ester was envisaged to facilitate the Michael addition 

reaction across the biphasic solvent interface. Proline pentyl ester (181) was 

subsequently synthesised using Z-proline, pentan-l-ol and benzene sulfonic acid in 

toluene with the azeotropic removal of water (Scheme 323)}'^^ Upon reaction 

completion, the pentyl ester 181 was isolated as the free amine in 76% yield by the 

in situ addition of sodium hydrogencarbonate. The optical rotation of pentyl ester 

181 indicated that racémisation had occurred presumably due to the addition of 

excess sodium hydrogencarbonate.

^  1 . 1 .1  e q .  A rS O aH , P h M e
.N  u    . . D e a n -S ta r k , 2 4  h

O C' 2 . 5  e q .  N aH C O a, r . t ,  8  h , 
76% .

1 8 1

Scheme 3.2.3

The Michael addition reaction between proline pentyl ester and N- 

ethylmaleimide (Scheme 3.2.4) afforded the Michael diastereoisomers (182a and 

182b) in 24% yield using water as solvent (entry 1, Table 3.2.3) and again only 

starting material was isolated. The yield observed for Michael adducts (182a and 

182b) was slightly lower in comparison to using proline methyl ester in water alone 

(c.f. entry 1, Table 3.2.2). This suggested that the limited solubility of the Michael 

nucleophile 181 may have inhibited this reaction. In addition, the greater steric 

hindrance on approach of Michael nucleophile 181 towards W-ethylmaleimide in 

contrast to using proline methyl ester may have also accounted for the low product 

yield.
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N. s o l v e n t  r e f lu x , 1 8  h

1 8 2 a  a n d  1 8 2  b  

5 0 :5 0  d i a s t e r e o i s o m e r

Scheme 3.2.4

The use of surfactant media was then explored in an attempt to support the 

rationale that the limited reactant solubility in water was not inhibiting this reaction. 

When the reaction was performed in either aqueous SDS (90mM) or CTAB (lOmM) 

no changes in yield were observed for the Michael diastereoisomers 182a and 182b 

(entries 2 and 3, Table 3.2.3). As previously mentioned, this again suggested that 

Michael nucleophile 180 sterically hindered the formation of the Michael products.

Entry Reaction Conditions % Yield

182a and 182b

1 H2O, reflux, 18 h. 24

2 10 mM CTAB (aq.), reflux, 18 h. 26

3 90 mM SDS (aq.), reflux, 18 h. 26

4 Toluene (anhydrous), reflux, 18 h 0

5 Dichloromethane (anhydrous), reflux, 18 h. 0

6 Toluene (9% aq.), reflux, 18 h. 5

7 Toluene (50% aq.), reflux, 18 h. 53

8 Toluene (95% aq.), reflux, 18 h. 43

Table 3.2.3

The reaction between A-ethylmaleimide and cyclic a-amino ester 180 was 

then carried out in different aqueous biphasic solvents to further explore whether the 

Michael addition reaction could have been catalysed at the solvent interface. As in 

the case of using proline methyl ester {c.f. entry 2, Table 3.2.1), no Michael addition 

was observed when the reaction was performed in either anhydrous toluene or
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dichloromethane (entries 4 and 5, Table 3.2.3). The use of 9% aqueous toluene 

favoured the Michael addition confirming that the presence o f a polar solvent was 

also essential for this reaction (entry 3, Table 3.2.3). This was clearly apparent from 

an analysis o f the relationship between Michael product yield and the water content 

present in the biphasic solvent (Graph 3.2.1).

% Y ie ld  (1 8 0 a  a n d  
1 8 0 b )

% Y ie ld  (1 8 2 a  a n d  
1 8 2 b )0) 70

20  4 0  60  80  100

% W a te r  In T o lu e n e

Graph 3.2.1

The use o f 50% aqueous toluene as solvent again improved the Michael 

products (182a and 182b) yield by ca 2-fold compared to using water alone (entry 7, 

Table 3.2.3, Graph 3.2.1). This confirmed earlier predictions that this reaction may 

have been catalysed at the solvent interface. Interestingly, the yield obtained for the 

Michael products (182a and 182b) using 95% aqueous toluene only marginally 

decreased by 10% compared to using 50% aqueous toluene (entry 8 , Table 3.2.3). 

These results suggested the pentyl ester moiety of a-amino ester 181 may have 

catalysed the reaction across the solvent interface since in contrast, the yield 

obtained for Michael products (180a and 180b) decreased by ca 30% when 

changing from 50% to 95% aqueous toluene (Graph 3.2.1).

It was envisaged that the use o f an alternative carbonyl source with cyclic a- 

amino esters could influence the 1,3-dipolar cycloaddition in terms of the stability 

and formation of the azomethine ylide. Consequently, benzaldehyde was selected to 

produce a more stabilised 1,3-dipole due to conjugation and also to favour ylide 

formation by increasing the acidity of the a-proton adjacent to the methyl ester 

group. In addition, a more sterically challenging ylide compared to those previously
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generated could favour the formation o f the exo diastereoisomer. Upon initial 

inspection, the reaction between benzaldehyde and proline methyl ester could afford 

the syn and anti conformations o f the azomethine ylide (Scheme 3.2.5).

C H O  H H C I

0 </H
O M eO M e

AntiSyn

Scheme 3.2.5

The anti ylide was considered the favoured conformer due to the greater steric 

repulsions between the benzyl moiety and methyl ester than between the methine 

proton and the methyl ester o f the anti conformer (Scheme 3.2.5). In the case o f the 

latter, there is additional stabilisation due to the presence o f hydrogen bonding.^  ̂

Consequently, the anti ylide was envisaged to react with A^-ethylmaleimide to afford 

both anti endo and anti exo isomers (Figure 3.2.1).

O M e

A n t i  E x o

O M e

A n t i  E n d o

Figure 3.2.1

The reaction between A^-ethylmaleimide and the ylide generated from proline 

methyl ester and benzaldehyde was initially carried out in water (Scheme 3.2.6). 

Interestingly, only two products were afforded which were the Michael 

diastereoisomers (180a and 180b) in 11% yield (1:1 ratio) and the anti endo 183 

albeit in 4% yield (entry 1, Table 3.2.4). As previously observed, the rationale for 

the exclusive endo selectivity may have been due to the enforced hydrophobic 

interactions between the azomethine ylide and dipolarophile.
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1 8 0 a  a n d  1 8 0 b  

5 0 :5 0  d i a s t e r e o i s o m e r

H.HCI
. N ^ , C Ü 2 M e  0

b a s e ,  s o l v e n t  

r e f lu x , 2  m in  - 4 8  h

o

1 8 3

^ q  o

1 8 4

A n t i  E n d o A n t i  E x o

Scheme 3.2.6

Entry Solvent

% Yield

180a
&

180b
183 184

1 H2O, reflux, 1 eq. NaHCOg, 3 h. 11 4 0
2 Toluene, reflux, 1 eq. EtgN, 3 h. 3 33 25

3 H2O, reflux, 1 eq. NaHCOg, 48 h. 7 4 2
4 H2O, 800 W microwave, 1 eq. NaHCOg, 120 s 9 4 3

5 4.86 M  LiCl (aq.), reflux, 1 eq. NaHCOg, 48 h. 10 4 0

6 90 mM SDS (aq.), reflux, 1 eq. NaHCOs, 3 h. 11 4 0
7 2 mM CTAB (aq.), reflux, 1 eq. NaHCOg, 3 h. 12 4 0

Table 3.2.4

The stereochemistry of the anti endo structure was initially difficult to 

assign using and NMR, However, the structure for the endo isomer was 

confirmed using NMR spectral data obtained for related analogues synthesised by 

Joucla et and by X-ray crystallography (Figure 3.2.2).
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Figure 3.2.2

The reaction was then carried out in toluene to explore whether reaction via 

the exo transition state was sterically too hindered. Under these conditions, both anti 

endo 183 and anti exo 184 were afforded in a yield ratio of 33:25 with the additional 

formation of Michael adducts 180a and 180b in 3% yield (entry 2, Table 3.2.4). 

This result provided further evidence that the enforced hydrophobic interactions 

between the reactants may have contributed to the exclusive endo selectivity in 

water. As previously observed, the formation o f the Michael diastereoisomers were 

rationalised to be due to the presence of water in the toluene.

Extended reaction times were also used in an attempt to improve the yield of 

anti endo 183 in water and to observe changes in product distribution. A slight 

decrease in yield was observed for anti endo 183 and the Michael diastereoisomers 

(180a and 180b) although the anti exo 184 was additionally formed in 2% yield 

(entry 3, table 3.2.4). Interestingly, the use o f microwave radiation also afforded the 

anti exo 184 with no change in yield for anti endo 183 and the Michael adducts 180a 

and 180b (entries 4, Table 3.2.4). It was rationalised that prolonged heating at high 

temperatures may have sufficiently disrupted the hydrogen bonding between the 

water molecules and therefore lowered the enforced hydrophobic interactions
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between the reactants. Consequently, the effect of increasing the enforced 

hydrophobic interactions was explored by the addition of lithium chloride (4.86 M) 

followed by heating at reflux temperature (48 hours). This disfavoured the 

formation of anti exo 184 (entry 5, Table 3.2.4). To ensure that the low yield 

observed for endo 183 was not due to the limited solubility of the reactants, aqueous 

SDS and CTAB were subsequently explored. In addition, it was hypothesised that 

increasing reactant solubility could favour the formation of anti exo 184. Using SDS 

(90 mM), no changes in product distribution were observed (entry 6, Table 3.2.4) 

compared to when the reaction was performed in water alone. Interestingly, the use 

of CTAB (2mM) did not inhibit the formation of anti endo 183 (entry 7, Table 3.2.4) 

as previously observed for the reactions between Æ-substituted maleimides and the 

ylide derived from A^-methyl glycine methyl ester and formaldehyde. It was 

rationalised that preferential ji-stacking between the ylides derived from 

benzaldehyde may have been more favourable than the electrostatic interactions 

between the surfactant head groups and/or Stem layer.

3.2.2. Conclusions

Azomethine ylide 1,3-dipolar cycloaddition reactions in aqueous media 

generally resulted in poor yields of cycloadducts. In our hands, the rationale for 

these observations was due to the rate-limiting formation of the azomethine ylides in 

the presence of water. Exclusive mdo  selectivity was observed in aqueous media 

using 1,3-dipoles generated from cyclic a-amino esters and benzaldehyde although 

competing Michael addition products were also formed. In general, enforced 

hydrophobic interactions between reactants were suggested to account for the 

exclusive endo selectivity in water. In aqueous media, a-cyclic amino esters acted as 

good Michael nucleophiles when reacted with A^-ethylmaleimide. Improved reaction 

yields were obtained in biphasic media suggesting that the reaction was catalysed at 

the solvent interface. For cyclic a-amino esters, the use of surfactant media had no 

significant influence on product yield or distribution suggesting that the solubility of 

the reactants did not inhibit the reaction. Finally, reaction times were considerably 

reduced by the use of microwave radiation or ultrasound although these methods had 

no significantly effect on the yield or product distribution for the Michael addition or
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the 1,3-dipolar cycloaddition. Duc to the poor yield conversions observed for 

azomethine ylide 1,3-dipolar cycloaddition reactions in aqueous media, alternative

1,3-dipoles were then investigated as a method of synthesising heterocycles in 

aqueous media that could be further functionalised.
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Chapter 4

4.1. Intermolecular Nitrile Oxide 1,3-Dipolar 

Cycloaddition Reactions

Hegarty et al. in 1978 first reported the generation of aromatic nitrile oxides 

from aromatic hydroxamoyl chlorides using water and demonstrated that they could 

also be reacted with simple dipolarophiles in water alone.** This provided evidence 

that the generation of nitrile oxides in water was a viable method for the construction 

of nitrogen and oxygen containing heterocycles. We wished to construct isoxazolines 

to act as potential building blocks for applications within the explosives industry due 

to their high versatility {c.f. Scheme 1.3.3). In contrast to Hegarty’s methodology, it 

was considered that aqueous sodium hypochlorite was a more convenient ‘one-pot’ 

method of generating nitrile oxides from aldoximes and is most frequently used in 

biphasic solvents.*" ’̂*̂ ’*̂ ’*̂  Commercially available sodium hypochlorite contains c.a 

11% chlorine and generally consists of a mixture of chlorinating species that are in 

equilibrium with each other (Scheme 4.1).

(i) 2 NaOH (aq.) + Clg (aq.) : NaOCI (aq.) + NaCI (aq.)

(ii) 3 NaOCI (aq.) ,  ■- NaCIOg (aq.) + 2 NaCI (aq.)

Scheme 4.1

The use of a mixed solvent system was considered logical in terms of the 

limited aqueous solubility of the reactants. To the best of our knowledge, only 

Engberts has claimed to use sodium hypochlorite in water alone to generate nitrile 

oxides that were then reacted with simple dipolarophiles {c.f. Scheme 1.3.15). 

However, upon detailed inspection of Engberts’ methodology it was apparent that the 

nitrile oxide was generated in dichloromethane prior to the in situ addition of the 

dipolarophile which was added with a large dilution of water.^^ Interestingly, 

Engberts described this medium as ‘pure water’ although essentially this was a 

mixed solvent, although predominantly aqueous. We wanted to explore whether
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mixed solvent systems were required to generate nitrile oxides using sodium 

hypochlorite, and for its subsequent 1,3-dipolar cycloaddition with dipolarophiles 

that had limited aqueous solubility. Our other aims of the investigation included the 

effect of enforced hydrophobic interactions and the influence of additives on the 

reaction yield, regio- and diastereoselectivity of the nitrile oxide 1,3-dipolar 

cycloaddition.

4.1.1 Use of Water & The Effect of Additives

Mesitonitrile oxide was selected as our initial 1,3-dipole due to its high 

stability and hence ease of isolation without the risk of dimérisation to form fiiroxans 

(Scheme 1.3.1).^^ Accordingly, the aldoxime^"^  ̂185 was prepared in 95% yield using 

hydroxylamine hydrochloride under basic conditions (Scheme 4.1.1). '̂^  ̂ Despite the 

limited solubility of the aldoxime 185 in water, the generation of nitrile oxide 186 

was achieved in 97% yield using sodium hypochlorite when the reaction was 

performed in either water or in aqueous dichloromethane (Method A or B, Scheme 

4.1.1.).

H I H
2.5 eq. NaOCIQ NHgOH.HCI, NaOH

EtOH/HgO (5:1) 0 °C - r.t., 18 h,
r.t., 8  h, 9 7 % solvent

185 186

A- DCM (97%) 
B - HgO (97%)

Scheme 4.1.1

The clear advantage of using water was that the nitrile oxidê "̂ * (186) also had limited 

solubility in water and could be purified by filtration to yield the nitrile oxide (186) 

without the further need for extraction procedures. To the best of our knowledge to 

date, this is the first reported example of generating a nitrile oxide using sodium 

hypochlorite in water alone. The usual method of generating nitrile oxides is through 

halogénation of the carbon moiety of the oxime (c./Scheme 1.3.1).^^ Alternative 

mechanisms have also been proposed when using sodium hypochlorite in mixed 

solvents (Figure 4.1.1).̂ "^  ̂ For example, base abstraction of the hydroxyl proton from 

aldoxime 185 affords the nitrone 185a which is then A-chlorinated to produce the N-
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chloro-nitrone 185b. In basic media, this species is subsequently dehydrochlorinated 

to afford nitrile oxide 186.^^^

o
CGI Cl—Cl

185 185a

185b 186

Figure 4.1.1

The electron deficient maleimides were then selected as dipolarophiles in 

order to explore the infiuence of water as a solvent (c./Chapter 3) and also the effect 

of using substrates with limited aqueous solubility. When the reaction between N- 

ethylmaleimide and mesitonitrile oxide was carried out in water (Scheme 4.1.2), 

isoxazoline 187 was afforded in 97% yield (entry 1, Table 4.1.1).

solvent, r.t, 18 h

186

Scheme 4.1.2

H 0

N—N\ C RH 0

187 - R = Me
188 -R  = Ph

Entry Solvent R Time (h) Product Yield (%)

187 188

1 Water Me 18 97 -

2 DCM Me 18 92 -

3 Water Ph 18 - 94

4 DCM Ph 18 - 94

5 Water Ph 6 - 72

6 DCM Ph 6 - 70

Table 4.1.1
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A marginally lower yield was observed for isoxazoline 187 when dichloromethane 

was used although this may have been reflected in the purification method used 

(entry 2, Table 4.1.1). Indeed, the main benefit of using water was in simplifying the 

purification procedure since the product (187) was easily isolated by filtration. In 

addition, eliminating the requirement of volatile organic carcinogens (VOCs) was 

considered advantageous. The use of #-benzylmaleimide revealed that the limited 

solubility of the dipolarophile in water did not inhibit this reaction as isoxazoline 188 

was afforded in excellent yield (entry 3, Table 4.1.1) and was again accessed directly 

by filtration. No difference in yield was observed for isoxazoline 188 when 

dichloromethane was used (entry 4, Table 4.1.1). It was rationalised that the nitrile 

oxide 1,3-dipolar cycloadditions observed in water occurred due to the enforced 

hydrophobic interactions between the reactants. Reaction times were then reduced to 

investigate whether the reaction proceeded faster in water than in dichloromethane 

due to the potential hydrogen bonding between the nitrile oxide and bulk aqueous 

phase which could lower the energy gap between HOMOi,3.dipoie-LUMOdipoiarophiie.̂  ̂

However, when the reaction was performed in water or dichloromethane no 

significant differences in isoxazoline 188 yield were observed after six hours 

(entries 5 and 6, Table 4.1.1). Rate studies on this reaction would have provided a 

more detailed analysis although these early indications revealed little differences in 

the rate of reaction.

Non-ionic aggregation effects of allylic ethers incorporating long chain 

hydrophobic and hydrophilic moieties were then investigated. Accordingly, 1- 

propenyloxy-tetradecane 189 and 2- {2'-[2"-(2'"-propenyl-ethoxy)-ethoxy] -ethoxy} - 

e t h a n o l 190 were selected as appropriate dipolarophiles (Figure 4.1.2).

Figure 4.1.2

The synthesis of 1 -propenyloxy-tetradecane 189 was readily achieved in 72% yield 

using tetradecane-l-ol and 3-propenyl bromide under basic conditions (Scheme 

4.1.3).
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, \ NaH, DMF, r.t., 2 h then add , .

 ̂ ’ \ 2  CH2 =CHCH2 Br, 60 °C , 18h , 72% ^ 1 2

189

Scheme 4.1.3

An excess of 2-{2'-[2"-(ethoxy)-ethoxy]-ethoxy}-ethanol (191) was used in high 

dilution in order to selectively synthesise 2-{2 '-[2"-(2"'-propenyl-ethoxy)-ethoxy]- 

ethoxy}-ethanol 190̂ ^® under basic conditions in 58% yield (Scheme 4.1.4). No 

other products were isolated except for starting material by flash column 

chromatography.

Yl_l 0.25 eq. NaH, MeCN, r.t, 2 h
O

192

193
194

. then add 0.25 eq. CH2 =CHCH2 Br, 
reflux, 18 h, 58%

191 190

Scheme 4.1.4

The allylic ethers were then subsequently used as dipolarophiles for the 

intermolecular cycloaddition reaction outlined in Scheme 4.1.5.

l l T ^  so lv en t, r .t. 18 h

186

192 R =

193 R = HO'

194 R =

Scheme 4.1.5

The use of propenyloxy-tetradecane 189 resulted in the synthesis of 

isoxazoline 192 in 97% yield regardless of the solvent used (entries 1 and 2, Table 

4.1.2). Although it was envisaged that at certain concentrations (above the cmc) the
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dipolarophile (189) could form non-ionic aggregates, this had no effect on the 

reaction outcome. This again highlighted that the limited solubility of the 

dipolarophile in water did not inhibit the nitrile oxide 1,3-dipolar cycloaddition.

Entry Solvent Time (h)

% Product Yield

192 193 194

1 DCM 18 97 - -

2 Water 18 97 - -

3 DCM 18 - 98 97
4 Water 18 - 0 0

5 Water 168 - 0 0

6 90 mM SDS (aq.) 18 - 0 0

7 150mMSDS (aq.) 18 - 0 0

8 10 mM Triton B (aq.) 18 - 0 -

9 15 mM CTAB (aq.) 18 - 0 -

Table 4.1.2

Isoxazoline 193 was also afforded in 98% yield from the reaction between 2- 

{2'-[2"-(2"'-propenyl-ethoxy)-ethoxy]-ethoxy}-ethanol (190) and mesitonitrile oxide 

in dichloromethane (entry 3, Table 4.1.2). In contrast, no 1,3-dipolar cycloaddition 

was observed when the reaction was performed in water despite the high aqueous 

solubility of the allylic ether (entry 4, Table 4.1.2). Only starting material was 

recoverable by filtration and solvent extraction. The use of extended reaction times 

had no influence on this nitrile oxide 1,3-dipolar cycloaddition in water (entry 5, 

Table 4.1.2). Compared to the use of the hydrophobic dipolarophile 189 it was 

rationalised that the aggregation of the ethylene glycol moieties could have formed a 

‘reverse micellar-like’ structure, shielding the dipolarophile away from the nitrile 

oxide (Figure 4.1.3).
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HYDROPHOBIC CO RE

Figure 4.1.3

The effect of additives was then investigated as a method of disrupting the 

dipolarophile aggregates. However, the use of aqueous SDS (90 mM and 150 mM) 

did not afford isoxazoline 193 which suggested that the limited solubility o f the 

nitrile oxide was not an issue (entries 6 and 7, Table 4.1.2). Similar results were 

observed when using either aqueous CTAB (15 mM) or benzyl trimethylammonium 

hydroxide (entries 8 and 9, Table 4.1.2). The use of the commercially available 2- 

propenyloxy-ethanol was then envisaged to be of insufficient length to shield the 

alkene moiety away from the approaching 1,3-dipole. However, again no nitrile 

oxide 1,3-dipolar cycloaddition was observed in water (entry 4, Table 4.1.2) and 

again only starting material was recovered. The use o f extended reaction times or the 

presence of additives (90 mM, 150 mM SDS) also did not generate isoxazoline 194 

(entries 5,6 and 7, Table 4.1.2). In contrast, isoxazoline 194 was afforded in 97% 

yield when the reaction was performed in dichloromethane (entry 3, Table 4.1.1).

Due to the complete inhibition o f the nitrile oxide 1,3-dipolar cycloaddition 

in water using dipolarophiles incorporating polyethylene glycol moieties (PEG), 

alternative substrates with limited aqueous solubility that could hydrogen bond with 

the bulk aqueous phase were investigated. In addition to influencing product yield, 

propenyl-3-pentaduorobenzene was selected as it was considered that the aromatic 

ring could also favour formation of the 4-substituted isoxazoline due to Ti-stacking 

between the aromatic moieties o f the nitrile oxide and dipolarophile (Figure 4.1.4).
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F

4-su b stitued isoxazoline

Figure 4.1.4

Benzonitrile oxide 195 was then used as the 1,3-dipole to minimise steric 

interactions. Accordingly, the treatment o f benzaldoxime 195a with aqueous sodium 

hypochlorite was followed by the in situ addition of propenyl-3-pentafluorobenzene 

196. However, only the 5-substituted isoxazoline 197 was afforded in 92% yield 

(Method B, Scheme 4.1.6).

195a

2.5 eq . NaOCI, 0 °C, 2 h / /  \   +

195

196

in situ , r . t ,  18 h

A - 95%  a q . DCM (92% ) 
B - HgO (92% ) 197

Scheme 4.1.6

No difference in yield was observed when the reaction was performed in aqueous 

dichloromethane (Method A, Scheme 4.1.6). However, the main advantage of using 

water as the solvent was again the ease o f purification due to the precipitation of 

isoxazoline 197 in water. In terms of substrate solubility, propenyl-3- 

pentafiuorobenzene had limited aqueous solubility although benzaldoxime 195 

appeared to be completely soluble within the basic aqueous medium. This again 

suggested that the aqueous solubility o f the reactants was not inhibiting this reaction 

and provided further evidence that the PEG-groups were shielding the double bond 

away from the 1,3-dipole (c.f. Figure 4.1.5). Mesitonitrile oxide (186) was then used
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to explore the effect of increasing the steric hindrance of the nitrile oxide on the 

reaction with propenyl-3 -pentafluorobenzene 196. Similar results were observed to 

when using benzonitrile oxide 195 although a slightly higher yield was obtained for 

the formation of isoxazoline 198 in water compared to when using dichloromethane 

(Methods A and B, Scheme 4.1.7). The small variation in yield was again attributed 

to be due to the differences in purification techniques {c.f. Scheme 4.1.2).

s o lv e n t ,  r.t., 18 h

A - DCM (88%) 
B -H jO  (94%)

Scheme 4.1.7

O—N

F

198

An aromatic nitro-group was then incorporated into the dipolarophile in order 

to generate isoxazolines that were energetic material analogues in order to explore 

any effects of using water on the reaction. Accordingly, the synthesis of 1- 

propenyloxy-2-nitro-benzene*^^ 199 was achieved in 52% yield using 3-propenyl 

bromide and o-nitrophenol under basic conditions (Scheme 4.1.8).

OH NaH, DMF, r.t., 2 h, then

Kjn CH2 =CHCH2 Br, 60 °C, 
^  1 8 h , 52% NO2 

199

-+N
. 0"

solvent, r.t., 18 h

200

Scheme 4.1.8
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The dipolarophile (199) was subsequently reacted with mesitonitrile oxide (186) to 

generate isoxazoline 200 using dichloromethane in 96% yield (entry 1, Table 4.1.2). 

Interestingly, no nitrile oxide 1,3-dipolar cycloaddition was observed when the 

reaction was carried out in water (entry 2, Table 4.1.2). The use of extended reaction 

times again did not afford isoxazoline 200 (entry 3, Table 4.1.2) and only starting 

material was recoverable by filtration. It was rationalised that an electrostatic 

attraction may have occurred between the dipolarophile (199) and the nitrile oxide in 

organic solvents, which was disrupted in the presence of water due to hydrogen 

bonding.

Entry Solvent Time

(h)

% Yield 

200

1 DCM 18 96

2 Water 18 0

3 Water 72 0

4 15 mM CTAB (aq.) 18 0

5 10 mM SDS (aq.) 18 0

6 90 mM SDS (aq.) 18 40

7 500 mM SDS (aq.) 18 74

Table 4.1.2

It was envisaged that the use of surfactant media could disrupt the hydrogen bonding 

network and subsequently incorporate the reacting species into close proximity to 

each other within the head group region of the micellar aggregate (Figure 4.1.5).

97



A q u e o u s  E x te r io r

o
.0 ,0-

6 +

Q  S o d iu m  ion

A nion ic  H ead  G ro u p

Figure 4.1.5

The use o f aqueous CTAB (15mM) or SDS (20 mM) did not afford the isoxazoline 

200 (entries 4 and 5, Table 4.1.2). It was rationalised that the surfactant aggregate 

t,/2-life may have been insufficient to catalyse this reaction. Consequently, the 

surfactant (SDS) concentration was raised (90 mM) and this resulted in the formation 

of isoxazoline in a moderate 40% yield (entry 6, Table 4.1.2). Upon increasing the 

SDS concentration even further (500 mM), the yield of isoxazoline (200) increased 

further to 74% (entry 7, Table 4.1.2).

To assess whether the nitro-group was forming an electrostatic complex and 

the influence o f an electron rich aromatic ring, alternative side groups were 

investigated. Accordingly, l-propenyloxymethyl-2,4-dimethoxy-benzene 201 was 

then selected and synthesised in 69% yield using 2,6-dimethoxybenzyl alcohol and 

3-propenyl bromide under basic conditions (Scheme 4.1.9). Despite the extremely 

limited solubility of l-propenyloxymethyl-2,4-dimethoxy-benzene 201 in water, only 

the 5-substituted isoxazoline 202 was afforded in 90% yield after solvent extraction 

using ethyl acetate (Method A, Scheme 4.1.9). When the reaction was performed in 

dichloromethane, a similar yield (Method B, Scheme 4.1.9) was observed.
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O M e O M e

OH 
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NaH, DMF, r.t., 2 h then

CH2=CHCH2Br, 60 °C, 
18 h, 69%

O 
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201

.+N'
-O ' solvent, r.t., 18 h

A- DCM (91%)
B - H2 O (90%)

OMe

Ô -N
OMe

202

Scheme 4.1.9

Having explored several parameters when performing the intermolecular 

nitrile oxide 1,3-dipolar cycloaddition in aqueous media the effect of enforced 

hydrophobic interactions on the diastereoselectivity and regioselectivity of the 

reactions was investigated. Accordingly, several dipolarophiles were prepared 

incorporating hydrophobic, hydrophobic and sterically ‘bulky’ moieties (Figure

4.1.6).

2 0 3 2 0 4

2 0 5

Figure 4.1.6

Cinnamyl ethers possessing hydrophobic and hydrophilic moieties were as 

initially explored since the non-ionic aggregation of the dipolarophile could 

preorientate the dipolarophile moiety. Cinnamyl dodecyl ether 203 was prepared
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from dodecyl alcohol and cinnamyl bromide in 63% yield under basic conditions 

(Scheme 4.1.10). The diethylene glycol derived cinnamyl ether 204 was afforded in 

41% yield using cinnamyl bromide and diethylene glycol under basic conditions 

(Scheme 4.1.10). A high dilution of solvent and excess of ethylene glycol was again 

used to prevent disubstitution from occurring.

NaH, DMF, r.t., 2  h, th en

6 0 ° C , 1 8 h ,  63%

, 0 .  NaH, DMF, r.t., 2  h . th e n
HO OH -----------------------------------------

6 0  °C , 18 h , 41%

Scheme 4.1.10

For the reaction between mesitonitrile oxide and cinnamyl dodecyl ether 203 

no reaction was observed when the reaction was performed in either water or in 

dichloromethane (Methods A and B, Scheme 4.1.11). The use of extended reaction 

times (Methods C and D, Scheme 4.1.11) did not result in isoxazoline formation and 

only starting material was recovered. The use of surfactant media as a method of 

solubilising the reactants also had no effect (Methods E and F, Scheme 4.1.11). This 

suggested that the limited solubility of the reactants was not inhibiting this reaction.

OR

.0 '
N +

s o lv e n t . r.L, 1 8 h  ^ RO

- DCM  
-HzO
- 1 6 8  h , DCM  
- 1 6 8  h , H2O
- 9 0  mM  a q . S D S
- 1 5  mM  a q . C T A B

Scheme 4.1.11
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Similar results were also observed when the diethylene glycol derived 

cinnamyl ether 204 was used as the dipolarophile under the same conditions and 

again only starting material was recovered. Whilst a micellar aggregation could 

account for the lack of reaction with dipolarophile 204 (as for the formation of 

isoxazoline 193), it was less clear why the cinnamyl dodecyl ether 203 would not act 

as a dipolarophile other than steric effects and coiling of the methylene chain. In 

electronic terms, both cinnamyl ethers are suitable dipolarophiles as Kanesma et al 

observed for the reaction between cinnamyl alcohol and benzonitrile oxide {c.f. 

Scheme 1.3.7).^^ The complete inhibition of isoxazoline formation may have been 

due to the bulkiness of the mesitonitrile oxide. However, no cycloaddition was 

observed when the reaction was carried out using benzonitrile oxide (Scheme 

4.1.12).

2 .5  e g .  NaOCI, 0  °C , 2  h /  \  f j ^ % ' '^ '^ ^ ^ 0 ( C H 2 ) i iC H 3'OH
H2O

1 9 5 a  195

in  s i t u ,  r.t., 18  h 

^  H2O

O — N

Scheme 4.1.12

The influence of water on the diastereoselectivity of the nitrile oxide 1,3- 

dipolar cycloaddition was then explored as it was envisaged that hydrophobic 

packing of the dipolarophile due to non-ionic aggregation could affect the 

diastereoisomeric ratio by preorientational effects. Accordingly, the synthesis of 1- 

(l-methyl-propenyloxy)-dodecane 205 was achieved in 78% yield under basic 

conditions (Scheme 4.1.13). When 1 -( 1 -methyl-propenyloxy)-dodecane (205) was 

reacted with mesitonitrile oxide in dichloromethane, the erythro 207a and threo 207b 

cycloadducts were both afforded in an excellent 95% yield in an erythroithreo ratio 

of 60:40 (Method A, Scheme 4.1.13).

101



NaH, DMF, r.t., 2  h th en

CH z'C H C H jB r, 60 °C, 
18 h , 78%

CH3

2 05

s o lv e n t , r .t ,  1 8  h

A -D C M  (95% )
B - H2O (95% )
C - 9 0  mM aq . S D S  (95% )
D - 1 5  mM aq . CTAB (95% )

orythro

threo
2 0 7 b

D Ia s te r e o s io m e r ic  ratio  2 0 7 a /2 0 7 b ; 60 :4 0

Scheme 4.1.13

The diastereoisomers were separable by and NMR (proton-proton correlation 

and by beteronuclear multiple quantum coherence [HMQC]) spectroscopy although 

the stereochemistry of the two products could not be assigned. However using the 

Houk model/^ the Qrythro (207a) product was rationalised to be the favoured isomer. 

The observed ratio was comparable to results observed by Houk et a l for the 

reaction between /7-nitrobenzonitrile oxide and 3-phenyl-2-methoxy-but-1 -ene where 

an erythroithreo ratio of 64:36 was reported {c.f. Section 1.3.2, Scheme 1.3.5).^^ 

Interestingly, the same yield and diastereoisomeric ratio was observed for 

isoxazolines 207a and 207b when using water, aqueous SDS (90mM) and aqueous 

CTAB (15 mM) solution (Methods B, C and D, Scheme 4.1.13). Although no 

differences between the use of water or dichloromethane were observed in terms of 

yield and diastereoselectivity the main advantage of using water was again the ease 

of product isolation.

The use of 1 -( 1 -methyl-propenyloxy)-ethoxy-2-ethoxymethyl(triphenyl) 

ether 206 was then explored as a method of incorporating a PEG functionality into 

the isoxazoline. Removal of the trityl group was considered not to be appropriate 

since from earlier experiments the 1,3-dipolar cycloaddition would not proceed in 

aqueous media {c.f Scheme 4.1.2). Accordingly, diethylene glycol was mono

protected using trityl chloride and triethylamine in high dilution to afford 2-(2'- 

trityloxy-ethoxy)-ethanol^^^ 208 in 71% yield (Scheme 4.1.14). The alcohol (208) 

was then activated using methane sulfonyl chloride under basic conditions to afford
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the corresponding m e s y l a t e 209 in 96% yield (Scheme 4.1.14). This trityl 

protected mesylate (209) was then reacted with 1 -methyl-propenyl alcohol under 

basic conditions to generate the dipolarophile, 1 -( 1 -methyl-propenyloxy)-ethoxy-2 - 

ethoxymethyl(triphenyl) ether 206 in a moderate 43% yield. However, no 1,3- 

dipolar cycloaddition was observed when the reaction was performed in water or 

dichloromethane (Methods A and B, Scheme 4.1.14).

(Ph)3CCI, EtgN, DCM, 

r.t.. 5 h, 71%

M eSO jC I. EtjN , DCM, 

r.t., 5  h , 96%

•Ao
1. CH2=CHCH(CH3>0H, 1 e q . 
NaH, DMF, r.t., 2  h.

2. ( 2 0 9 ) ,6 0 ° C ,  1 8 h ,  43%

CH3 H

s o lv e n t ,  r . t ,  1 8  h

A -D C M  
B-H2O 
C - H2O, 7 2  h

Jl.■77-

Scheme 4.1.14

A similar result was observed when the reaction was carried out in dichloromethane 

(Method B, Scheme 4.1.14), which suggested that the limited solubility of the 

dipolarophile was not inhibiting this reaction. In each case only starting material was 

recovered from the reaction and the use of extended reaction times had no influence 

on the outcome of this reaction (Method C, Scheme 4.1.14). These observations 

were difficult to rationalise in terms of steric hindrance due to the presence of the 

trityl group, as this was not considered to be close enough to the olefin moiety.

103



4.1.2. Conclusions

In summary, we have demonstrated the first reported examples of nitrile 

oxide 1,3-dipolar cycloadditions in water alone using dipolarophiles with limited 

aqueous solubility. Enforced hydrophobic interactions between the reactants in 

aqueous media were rationalised to account for isoxazoline formation. In general, no 

notable differences were observed between using dichloromethane and aqueous 

solvents in terms of product yield and selectivity. However, the commercial 

advantages of using water as a solvent were highlighted by the ease of purification 

and that water is non-toxic and cheap. This was considered extremely useful in 

terms of avoiding the use of chlorinated organic solvents or VOCs. Interestingly, the 

attachment of PEG-groups to the dipolarophile completely inhibited the nitrile oxide

1,3-dipolar cycloaddition. This was proposed to be due to the formation of non-ionic 

aggregates, which may have shielded the olefin moiety away from the nitrile oxide. 

In contrast, using dipolarophiles incorporating aromatic functionalities that could 

hydrogen bond with the bulk aqueous phase did not inhibit the cycloaddition except 

for the use of l-propenyloxy-2-nitro-benzene 199. In the case of the latter, this can 

be rationalised by the electrostatic interaction between the nitro-group and the nitrile 

oxide which was disrupted in water. The use of surfactant media (SDS) was observed 

to favour isoxazoline formation presumably due to the favourable electrostatic 

interactions between the nitro-group and the head groups and/or counter-ions of the 

Stem layer. Increasing concentration of surfactant resulted in higher yields of the 5- 

substituted isoxazoline 200 which suggested that the cycloaddition reaction may also 

have occurred within the outer hydrophobic layer of the surfactant aggregate.

Our investigations into regio- and diastereoselectivity were not successful 

with long alkyl/glycol achiral dipolarophiles although the synthesis of isoxazoline 

(207a) and (207b) was achieved in water with diastereoselectivities comparable to 

those reported in the literature. The incorporation of bulkier side groups e.g. a 

phenyl substituent or a trityl end group resulted in the complete suppression of the 

nitrile oxide cycloaddition. We proposed that these results were most likely due to 

the steric interference of these groups. Further work in this area could investigate the 

use of smaller achiral allylic ethers and unhindered nitrile oxides. Having
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established that water can be used as a solvent for intermolecular nitrile oxide 1,3- 

dipolar cycloaddition reactions, investigations into asymmetric syntheses could also 

be explored in homochiral aqueous micellar media.

4.2. Sequential Diels-Alder-Nitrile Oxide 1,3- 

Dipolar Cycloaddition Reactions

There have been a number of reports of Diels-Alder reactions being carried 

out in aqueous media in particular using cyclopentadiene.^’̂ ’̂̂ ’̂"̂  ̂ Intermolecular 

Diels-Alder reactions between furans and A-substituted maleimides have not been 

carried out in aqueous solvents and as these compounds readily cyclorevert we 

envisaged that these cycloadducts could be trapped via an intermolecular nitrile 

oxide 1,3-dipolar cycloaddition reaction. It was proposed that the use of water could 

be advantageous in terms of product purification and the elimination of VOCs. The 

reaction between A-benzylmaleimide and fiiran was initially explored as outlined in 

Scheme 4.2.1. When one equivalent of each was reacted in water or 

dichloromethane, endo diastereoisomer 210 was exclusively afforded in 50% yield 

(Methods A and B, Scheme 4.2.1) as determined by NMR spectroscopy.

S o lv e n t, r.t., 18 h

O
Ov. ,0

+ A - l e q .  fu ran , DCM, (50% )
\  /  B - l e q .  furan , H2 O, (50% )

C - l e q .  furan , HgO, 168  h (50% ) 
D - 4 e q . furan , H jO , (92% )
E - 4 e q . furan , DCM, (92%)

Scheme 4.2.1

2 1 0  E n d o  S e le c t iv ity

Earlier literature reports using A-unsubstituted maleimides and furan have observed 

the additional formation of the exo diastereoisomer in ether. In aqueous solvents, 

the endo selectivity may have been enhanced by enforced hydrophobic interactions 

in addition to secondary orbital overlap between the reacting species during 

formation of the endo transition state. We were initially unable to purify endo 210 as
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this compound readily cycloreverted to starting material during flash 

chromatography and recrystallisation methods. Extended reaction times did not 

improve the yield of endo 210 (Method C, Scheme 4.2.1) although the use of four 

equivalents of furan increased the yield to 92% (Method D and E, Scheme 4.2.1). 

The endo diastereoisomer (210) was then used as a dipolarophile in an 

intermolecular nitrile oxide 1,3-dipolar cycloaddition. The subsequent reaction with 

mesitonitrile oxide (186) was initially carried out in water affording the 1,3-dipolar 

cycloadduct 211 in 86% yield (Method B, Scheme 4.2.2).

— ^  ^ —C =N —O'

186 210

r.t., 18 h, solvent.

A - DC M (86%) 
B - HgO (86%)

211

Scheme 4.2.2

Isoxazoline 211 could readily be isolated by filtration and it was observed that the 

extremely limited solubility of nitrile oxide 186 and endo 210 in water did not inhibit 

the reaction. It was important to note that the synthesis of isoxazoline 211 was 

achieved in four steps overall from 2,4,6-trimethyl benzaldehyde with all steps 

carried out in aqueous media. A similar yield was observed when the reaction was 

performed in dichloromethane (Method A, Scheme 4.2.2). However, the advantage 

of using water as previously observed was again in terms of product isolation and 

such methodology could have potential in aqueous solution combinatorial chemistry 

using a range of analogues derived from either the nitrile oxide, dienophile and/or 

diene.

The stereochemistry of isoxazoline 211 was confirmed using Nuclear 

Overhauser Effect (nOe) experiments (Table 4.1.2) and by the use of MMX™ 

molecular modelling (Figure 4.2.1). Positive nOe signals were observed between H- 

4 and H-3 and H-4a and this confirmed the identity of the endo Diels-Alder adduct 

210. Similarly, irradiation of H-3 resulted in postive NoE signals for H-4 and H-8a. 

Positive nOe signals were produced by H-3 and H-4a when H-4 was irradiated.
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Since no nOe signals were observed between protons H-7a and H-8a or H-4a and H- 

3 this suggested that the conformation o f the isoxazoline was as illustrated in Figure 

4.2.1.

Entry Proton Irradiated Protons % NoE
Observing NoE (Positive)

1 H-8a H-3 2
H-8 1

2 H-3 H-8a 2
H-4 I

3 H-4 H-4a 2
H-3 1

Table 4.2.1

H-4

r  4

4 a N

O

H-4a

H-8 a
H-3

Figure 4.2.1. MMX Molecular Model of Cycloadduct 211

vV-ethylmaleimide was then investigated as a dienophile to further explore 

any changes product distribution (Scheme 4.2.3).

Ù S o lv e n t ,  r.t., 18 h

2 1 2  E n d o  S e le c t iv i ty

Scheme 4.2.3
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When an equimolar amount of each reactant was used a 50% yield was observed 

again for the endo diastereoisomer 212 in water (entry 1, Table 4.2.2). It was 

observed that in the presence of fiiran, #-ethylmaleimide was soluble in water 

whereas endo 212 was not and this simplified purification of the product by 

filtration.

Entry Conditions Time % Yield 
212

1 1 eq. fiiran. Water ISh 50
2 1 eq. fiiran, DCM 18h 50
3 2 eq. fiiran. Water 18h 50
4 1 eq. fiiran, Water 168 h 54
5 1 eq. fiiran, Ytterbium trifiate (10 mol. %), Water 18h 51
6 1 eq. fiiran. Copper Nitrate (10 mol. %), Water 18h 53
7 1 eq. fiiran, 4.86 M LiCl (aq.) 18h 51
8 1 eq. fiiran, 4.86 M GnCl (aq.) 18h 50
9 1 eq. fiiran, 90 mM SDS (aq.) 18h 50
10 1 eq. fiiran, 20 mM CTAB (aq.) 18h 51

Table 4.2.2

When the reaction was performed in dichloromethane no yield increase or 

exo product formation was observed (entry 2, Table 4.2.2). Increasing the number of 

equivalents of fiiran used in the reaction did not increase the yield of endo 212 (entry 

3, Table 4.2.2) although the use of extended reaction times marginally increased the 

yield to 54% (entry 4, Table 4.2.2). No changes in product selectivity or yield were 

observed when yttrium trifiate or copper nitrate were used as aqueous compatible 

Lewis acids (entries 5 and 6, Table 4.2.2). The effect of a range of additives 

including inorganic salts and surfactants also did not alter the reaction selectivity or 

yield (entries 7, 8, 9 and 10, Table 4.2.2). The Diels-Alder adduct 212 was then 

reacted with mesitonitrile oxide to afford isoxazoline 213 in 90% yield regardless of 

solvent used (Methods A and B, Scheme 4.2.4). The stereochemistry of the 

isoxazoline 213 was assigned using the previous NMR data for the benzyl 

derivative (210).
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C E N -0 '
r.t, 18 h, solvent.

A - DCM (90%) 
B - H2 O (90%)

Scheme 4.2.4

213

The reaction highlighted that the sequential Diels-Alder reaction appeared to 

successfully proceed using a variety of dienophile/dipolarophile analogues with 

differing aqueous solubility. Dimethylfuran was then used as a diene in order to 

explore substituent effects on the nitrile oxide cycloaddition reaction. For the Diels- 

Alder reaction between dimethylfuran and A-ethylmaleimide, endo 214 was 

exclusively formed in 96% yield in water (Method A, Scheme 4.2.5).

w  //
Solvent, r.t., 18 h

A - DCM (96%) 
B - HgO (96%)

^  \  214 Endo Selectivity
R"

I H o

C - D C M  
D - H2O %

Solvent, r.t, 18 h

Scheme 4.2.5

The endo diastereoisomer (214) again precipitated out of solution simplifying 

purification procedures. When the reaction was performed in dichloromethane under 

the same conditions, no changes in yield of product selectivity were observed 

(Method B, Scheme 4.2.5). Interestingly, the high yield obtained for endo 214 was 

achieved using only one equivalent of each reactant. In comparison, the lower yield 

obtained for endo 212 using the same reaction stoichiometry was presumably due to 

the more reactive diene (dimethylfuran). For the 1,3-dipolar cycloaddition between
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endo 214 and mesitonitrile oxide, no isoxazoline formation was observed regardless 

of solvent used (Methods C and D, Scheme 4.2.5). This was considered to be due to 

the approach of the nitrile oxide, which may have been hindered at the lower face as 

well as the topside of the bridgehead oxygen.

4.2.2. Future Work & Conclusions

We have observed the first reported sequential Diels-Alder, nitrile oxide 1,3- 

dipolar cycloaddition reactions in water alone. In the examples used with the 

electron deficient maleimides and furan, endo diastereoselectivity was observed 

throughout regardless of solvent used. These Diels-Alder adducts could have 

potential applications as monomers for novel polymer synthesis via a ruthenium 

catalysed ring-opening metathesis polymerisation (ROMP, Scheme 4.2.6). The 

ruthenium catalysts have been reportedly used in aqueous media for a number of 

ROMP r e a c t i o n s ^ a n d  this could be used to synthesise a library of novel 

polymers for further functionalisation.

R', R ", R ' = alkyl, alkoxy, aryl, aryl

Scheme 4.2.6

The syntheses of isoxazolines 211 and 213 were achieved readily over four 

steps from 2,4,6-trimethyl benzaldehyde and aqueous solvents were used in each 

synthetic step. The main advantages of using water were the ease of isolation of the 

products via filtration and the elimination of using VOCs. Future work could 

investigate the combinatorial synthesis of these isoxazolines via the use of alternative 

nitrile oxides, dipolarophiles, dienophiles and dienes. Upon further functionalisation 

these compounds could also be used to generate novel energetic materials that 

possess high nitrogen and oxygen content, high density and are highly crystalline.
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Chapter 5

5. Intramolecular Nitrile Oxide 1,3-Dipolar 

Cycloaddition Reactions In Aqueous Media

Having investigated intermolecular nitrile oxide 1,3-dipolar cycloadditions in 

aqueous media, we wished to explore the feasibility of using water as a solvent for 

intramolecular nitrile oxide cycloadditions under similar reaction conditions. To the 

best of our knowledge, no literature to date has reported the use of water alone for 

such reactions possibly due to concerns over limited solubility of the starting 

material. We also wanted to investigate whether yield enhancements could be 

observed in water alone compared to using mixed/organic solvents and whether 

reaction selectivities could be influenced by the use of surfactants. Furthermore, if 

additives were found to have notable effects the use of homochiral surfactants would 

be explored for potential chiral induction. A further consideration for our 

intramolecular investigations was to construct small molecules with the potential to 

act as building blocks for energetic materials i.e. possessing nitrogen and oxygen 

heteroatoms and the incorporation of aromatic moieties such as the compounds 

outlined in Scheme 5. These compounds could generate materials that are highly 

crystalline and highly functionalised due to the presence of the isoxazoline ring 

(Scheme 5).

X = N or O

(i) Hz, Pd-C (ii) HgO

Scheme 5
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5.1. Synthesis of a Benzopyran-based Isoxazoline

Our initial studies investigated the synthesis of isoxazoline 215 from the 

precursor nitrile oxide 216 (Figure 5.1.1) via the use of sodium hypochlorite in 

aqueous media.

N—Q

*
.OH

215 216

Figure 5.1.1

From our previous observations using cinnamyl dodecyl ether 203 {c.f. Scheme 

4.1.11) where nitrile oxide 1,3-dipolar cycloaddition was not observed we were 

concerned that the cycloaddition may have been low yielding. However, for the 

intramolecular 1,3-dipolar cycloaddition the close proximity between the 1,3-dipole 

and the attached dipolarophile moiety should favour the reaction. Accordingly, the 

cinnamyl ether^^  ̂ 217 was synthesised in 71% yield from the reaction between 

salicaldehyde and cinnamyl bromide under basic conditions (Scheme 5.1.1). The 

next step involved the synthesis of the nitrile oxide precursor 216 and this was 

readily achieved in 97% yield using hydroxylamine hydrochloride under basic 

conditions.
H H

O NaH, DMF. r.t, 2 h

'OH Cinnamyl bromide 
70 °C, 18 h, 71%

0

217

NH2 OH.HCI, NaOH
 >

EtOH/HzO (4:1) 
r.t, 8  h, 97%

.OH

216

Scheme 5.1.1
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Dichloromethane was initially selected as a solvent for the nitrile oxide 1,3- 

dipolar cycloaddition (Scheme 5.1.2) although the aldoxime 216 was observed to 

have extremely poor solubility in this solvent. Upon the addition of aqueous sodium 

hypochlorite to the heterogeneous solution, no reaction was observed and only 

starting material was recovered by filtration and solvent extraction (entry 1, Table

5.1.1). The use of extended reaction times had no influence on the outcome of this 

reaction (entry 2, Table 5.1.1). These results again suggested that the limited 

solubility of the oxime or the presence of water may have inhibited this reaction as 

no other intermediates {i.e. the chlorinated oxime or nitrile oxide) were isolated. In 

addition, the E-substituents of the dipolarophile could have also sterically hindered 

this reaction.

..OH

O

2.5 eq. NaOCI (aq) 

5°C - r.t, so lv e n t

n - Q

216 215

Scheme 5.1.2

Entry Conditions Time (h) % Yield 
215

1 DCM (95:5) 18 0

2 DCM (95:5) 72 0

3 Water/THF (3:7) 18 90

4 Water 18 25

5 Water 72 90

6 Water/THF (1:1) 18 60

7 Water/THF (1:9) 18 91

8 Water/THF (9:1) 18 33

9 90 mM SDS (aq.) 18 24

10 10 mM CTAB (aq.) 18 24

Table 5.1.1
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The oxime was found to be relatively insoluble in a number of organic solvents apart 

from THF in which it was sparingly soluble. Consequently, the addition of sodium 

hypochlorite to aldoxime 216 in THF resulted in the formation of isoxazoline 215 in 

90% yield (entry 3, Table 5.1.1). Interestingly, when the reaction was performed in 

water alone the isoxazoline (215) was afforded in a low 24% yield (entry 4, Table

5.1.1). Only starting material was recovered and no nitrile oxide or chlorinated 

intermediates was isolated. This inferred that the inhibition of the reaction in aqueous 

dichloromethane may have been due to poor solvation. Extending the reaction time 

in water subsequently increased the yield to 90% (entry 5, Table 5.1.1). These 

results again suggested that the solubility of the oxime was limiting the formation of 

the nitrile oxide intermediate. As previously observed for intermolecular nitrile oxide 

cycloadditions, the main benefit of using water alone compared to using mixed 

solvents was that the product could be purified by filtration.

It was hypothesised that in aqueous mixed solvents the reaction may have 

been catalysed at the solvent interface and subsequently aqueous THF containing 

different mole fractions of water were explored as mixed solvents. However, the use 

of 50% aqueous THF resulted in a decrease in yield for isoxazoline (entry 6, Table

5.1.1). Further evidence in support of the rationale that the limited solubility of the 

oxime was inhibiting this reaction was provided when 10% and 30% aqueous THF 

was used. In these cases, the yield observed for isoxazoline 215 remained unchanged 

compared to using 50% aqueous THF (entries 7 and 8, Table 5.1.1). The use of 90% 

aqueous THF in contrast, significantly reduced the isoxazoline 215 yield which 

confirmed our earlier hypothesis. Aqueous surfactant media was (SDS and CTAB) 

also used at concentrations well above the cmc in an attempt to solubilise aldoxime 

216. However, the aldoxime (216) still had limited solubility in surfactant media and 

subsequently no reduction in reaction time was observed compared to using water 

alone (entries 9 and 10, Table 5.1.1). Again, starting material only was recovered 

and no other intermediates including the nitrile oxide and chlorinated aldoximes were 

isolated.

To ensure that the presence of water was not decelerating this reaction the use 

of Grundmann’s method^^ was explored under anhydrous conditions. No products or 

intermediates were observed when aldoxime 216 was treated with N-
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bromosuccinimide (NBS) and triethylamine as base in anhydrous DMF (Method A, 

Scheme 5.1.3). However, isoxazoline 215 was afforded in 24% yield by altering the 

solvent to aqueous ethanol (50% aq.) and the base to sodium hydroxide (Method B, 

Scheme 5.1.3). Overall, the outcome of this reaction appeared to be an balance 

between starting material and intermediate solubilities and the enforced aggregation 

of the reacting functionalities.

H
,,0H

N Method A
N"Q

O Method B

216 215

Method A: 5 eq. NBS, NEtg, DMF, 0 °C - r.t., 18 h (no reaction) 
Method B: 5 eq. NBS, 5 eq. NaOH, EtOH (aq.), 0 °C - r.t., 18 h (24%)

Scheme 5.1.3

5.2. Synthesis of a Quinoline-based Isoxazoline

Having established that water alone could be used as a solvent for aqueous 

intramolecular nitrile oxide 1,3-dipolar cycloaddition, we then selected the quinoline- 

based isoxazoline 218 as a target compound (Scheme 5.1.4). The incorporation of an 

amino moiety was envisaged to allow for further functionalisation and would assess 

how a small structural change could alter the parameters required when the reaction 

was performed in aqueous biphasic solvents or in water alone. In addition, we were 

interested to explore whether A-chlorination or A-deprotonation could occur in the 

basic medium and to see how this would affect isoxazoline formation in terms of 

reactant solubility. The precursor benzyl alcohol 219 was a key intermediate for the 

synthesis of isoxazoline 218.

O H

218 219

Scheme 5.1.4

115



The precursor (219) could be constructed via the addition of the anion of amine 220 

to cinnamyl bromide. Protection of the alcohol moiety was considered necessary to 

avoid 0-alkylation under the basic reaction conditions. Accordingly, 2-amino benzyl 

alcohol 221 was silyl protected in 90% yield using ^gr^-butyldimethylsilyl chloride to 

afford the silyl ether^^  ̂220 (Scheme 5.1.5).

OH TBDIVIS-CI, NEt3, PCM ^

NH2  r.t., 1 8 h ,  90%

221 220

1.1 e q . NaH.DM F, r .t ,  3  h

70® C , 1 8 -3 6  h, 10%  2 2 2

Scheme 5.1.5

This was reacted with cinnamyl bromide under basic conditions to give 

approximately 10% of the desired secondary amine 222 as determined by NMR 

spectroscopy. However, this product was found to be inseparable from the starting 

material and further alkylation products by flash chromatography and subsequently 

an alternative strategy was employed. Substituted amines can also be synthesised via 

an imino-reduction p r o c e s s a n d  subsequently this strategy was explored for 

the synthesis of alcohol 219. The protection of the 2-amino benzyl alcohol (221) 

upon initial inspection did not seem necessary although Zamboni et al. had reported 

the synthesis of imine 223 using this protected alcohol (221). Accordingly, the 

synthesis of i m i n e 223 was achieved in 97% yield using cinnamyl aldehyde and 

amine 221 with the azeotropic removal of water (Scheme 5.1.6).*^^ In our hands, 

purification procedures were simplified using the silyl protected alcohol as imine 223 

existed as a crystalline solid. Interestingly, Zamboni et al. reported that this 

compound existed as an oil.
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a '^O TB D M S_____________________ ^

NH2  PhM e, D ean -S tark , 97%

220

ccOTBDMS
22 3

N aBH aC N, pH 2  (HCI aq .), 
M eOH, r.t. 10  h, 96%

N aB H 4 , M eOH,

r .t ,  6  h, 97%

OTBDMS

222

TBAF, THF

r .t ,  10  h, 90%

OH

2 1 9

M n 02 , DCM

r .t ,  18 h

25%

2 2 4

20%

Scheme 5.1.6

We were initially concerned about the reduction of the conjugated imine 223 and the 

possible reduction or isomérisation of the double bond. However, the use of sodium 

borohydride readily afforded the secondary amine 222 in 97% yield (Scheme 

5.1.6).^^^ Subsequent deprotection of the TBDMS protecting group was achieved 

using tetrabutylammonium fluoride (TBAF) to afford the benzyl alcohol 219 in 90% 

yield (Scheme 5.1.6).^^^ A number of reports also exist for the reduction of imines to 

amines using sodium cyanoborohydride under acidified conditions without imine 

hydrolysis. Consequently, treatment of the TBDMS protected alcohol 223 with 

sodium cyanoborohydride under acidic conditions (pH 2) simultaneously removed 

the silyl protecting group and reduced the imine moiety to afford the amino alcohol 

219 in an excellent 96% yield (Scheme 5.1.6).

The oxidation of the or^Ao-substituted benzylic alcohol (219) proved to be 

problematic using manganese (IV) o x i d e , a s  the undesirable cinnamyl aldehyde 

was also produced in addition to the aldehyde (224) possibly via an allylic oxidation 

mechanism. The reaction was monitored by TLC analysis using 0.5 equivalents of 

oxidising agent. However, cinnamyl aldehyde and aldehyde (224) were both 

immediately afforded and were inseparable by flash chromatography and by
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distillation. Alternative oxidising agents were also used including pyridinium 

chlorochromate (PCC) and pyridinium dichromate In both cases,

product formation was observable by TLC although the complete removal of PCC or 

PDC was very difficult to achieve by filtration, flash chromatography and by 

distillation (Scheme 5.1.7).

OH

219

A: CAN, DCM, r.t. 18  h ^

 / /  *
B: NaOCI, N jO , reflux, 18 h

or
C: PDC o r  PC C , DCM, r .t ,  2  - 1 8  h

Scheme 5.1.7

2 2 4  (in se p a r a b le )

Alternative mild oxidising agents including cerium ammonium nitrate (CAN) and 

sodium hypochlorite (in water) were also used although the formation of oxidised 

materials were observed and only starting material was recovered in each case.*^^’̂ ^̂  

The use of silver carbonate bound to Celite™ (Fetizon reagent) was then explored. 

The use of this oxidising agent has been previously used by Fetizon et al. to 

selectively oxidise secondary alcohols.^^^’̂ ®̂ The subsequent treatment of alcohol 

219 resulted in a very clean oxidation to afford the aldehyde 224 in 95% yield 

(Scheme 5.1.8).
H

'OH

219

Ag2 C0 3 /Celite, PhMe 

Dean-Stark, 18 h, 95%

224

NHjOH.HCI, NaOH, 18 h »
EtOH/HjO (4:1), r.t 97%

.OH

225

2.5 eq. NaOCI (aq). 

5 °C - r.t., solvent.

218

Scheme 5.1.8
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This solid phase reagent had a distinct advantage in terms of purification since the 

insoluble impurities (unreacted silver carbonate, Celite^^, elemental silver and silver 

oxide) of the reaction were simply removed by filtration and the solvent removed 

under reduced pressure. The secondary amino benzaldehyde 224 was then reacted 

with hydroxylamine hydrochloride under basic conditions to afford the aldoxime 225 

in 97% yield (Scheme 5.1.8).^^^ With the nitrile oxide precursor (225) synthesised 

we then explored the intramolecular 1,3-dipolar cycloaddition in aqueous media. 

The aldoxime 212 was completely soluble in dichloromethane and upon the addition 

of aqueous sodium hypochlorite isoxazoline 218 was afforded in 90% yield (entry 1, 

Table 5.2.1).

Entry Solvent Time (h) %  Yield 

218

1 DCM (10% aq.) 18 90

2 Water 18 40

4 Water 48 92

5 90 mM SDS (aq.) 18 40

6 20 mM CTAB (aq.) 18 38

Table 5.2.1

A significantly lower yield was observed for the formation of isoxazoline 218 when 

the intramolecular 1,3-dipolar cycloaddition was performed in water alone (entry 2, 

Table 5.2.1) and only starting material (225) was recovered. Both the aldoxime 225 

and the isoxazoline 218 had limited solubility in water and no intermediate products 

such as the chlorinated aldoxime or nitrile oxide were isolated from the reaction 

mixture. This again inferred that the solubility of the oxime in water may have 

inhibited the rate of chlorination and subsequently the nitrile oxide formation. The 

use of extended reaction times significantly increased the yield of isoxazoline 218 

compared to using standard conditions (entry 3, Table 5.2.1). As previously 

observed, the main advantage of using water was the ease of purification by 

filtration. Interestingly, isoxazoline 218 was generated more readily in contrast to 

the formation of isoxazoline 215 in water {c.f. entry 4, Table 5.1.1). This suggested 

that the presence of the amino functionality may have influenced the solubility of
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aldoxime 225 and the corresponding intermediates. The use of SDS (90 mM) or 

CTAB (20 mM) was explored as a method of increasing the solubility of the oxime 

in water although no differences in yield were obtained in contrast to using water 

alone (entries 5 and 6, Table 5.2.1).

5.3. Incorporation Of An Amide Functionality

We were also interested in generating isoxazoline 226 as an alternative, 

fimctionalised building block and to also explore the influences of conformational 

restrictions due to the presence of the amide group. In addition, we wanted to 

investigate whether the choice of solvent could affect the cycloaddition and 

subsequently the aldoxime 227 was selected as the nitrile oxide precursor (Scheme

5.3.1).
OH

n — Q

' l l l l l

22 6

NH»

22 7

Scheme 5.3.1

Heaney et al. have previously attempted to use this oxime for an intramolecular 

nitrone 1,3-dipolar c y c l o a d d i t i o n . In this example no 1,3-dipolar cycloaddition 

was observed and Heaney suggested that this may have been due to the poor 

reactivity of the cinnamyl group. Consequently, we considered that the use of a 

nitrile oxide could sufficiently reduce the difference in HOMOi^-dipoie- 

LUMOdipoiarophiie energy levels in contrast to using a nitrone and hence favour the 1,3- 

dipolar cycloaddition.

The procedure Heaney used to synthesise oxime 227 involved the initial 

formation of the amide 228 from the reaction between 2-amino benzyl alcohol (221) 

and cinnamoyl chloride using sodium hydrogen c a r b o n a t e . H o w e v e r ,  Heaney 

reported only a 40% yield for this step and we envisaged that this could have been 

due to the estérification of the benzylic hydroxyl. We hypothesised that the 

protected amino alcohol 220 synthesised previously could lead to a higher yield than
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Heaney had reported. As predicted, the reaction between cinnamoyl chloride and the 

protected amino alcohol 220 under basic conditions afforded the hydroxyl-protected 

amide 229 in 90% yield (Scheme 5.3.2). Deprotection of the TBDMS-group was 

readily achieved to afford benzyl alcohol 228 in 92% yield, 75% yield overall in 3 

steps (Scheme 5.3.2). Following the protocol reported by Heaney, subsequent 

oxidation of this alcohol using PCC led to a low yield (5%) of the corresponding 

aldehyde 230,^^  ̂ Interestingly, Heaney et al. reported the formation of this aldehyde 

in 68% yie l d , a l though  we encountered isolation difficulties of the aldehyde 230 

from the reduced chromium complex. However, the use of manganese (IV) oxide 

afforded the desired aldehyde 230 in a higher 85% y i e l d . S u b s e q u e n t  treatment of 

the aldehyde 230 with hydroxylamine hydrochloride under basic conditions afforded

the oxime 231 in near quantitative yield (Scheme 5.3,2). 158

OTBDMS C in n a m o y l  C h lo r id e  

N E ta , D C M ,r .t ., 1 0  h , 9 0 %

220

NHz

OTBDMS

2 2 9

T B A F , T H F

r . t ,  1 0  h , 92 %

.0

:

2 3 0

N H gO H .H C I, N a O H , ^  

E tO H /H gO  (4 :1 ) , r . t ,  1 0  h , 97 %

M n 0 2 ,  T H F

r . t ,  1 8  h , 85%

OH
N

H
N

2 3 1

OH

2 .5  e q .  N aO C I

H gO , 5 ° C ,  r . t ,  1 8  h , 94%

2 3 2 a  ( £ ) ,  2 3 2 b  (Z) 

1:1  r a t io

Scheme 5.3.2

A  - D C M  (1 0 %  a q .) .  94 %  
B  - P h M e  (1 0 %  a q .)  92 %
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When aqueous sodium hypochlorite was added to oxime 231 in water alone it 

was clearly observable from ‘H NMR spectral analysis that no intramolecular nitrile 

oxide 1,3-dipolar cycloaddition had occurred since the olefin protons of the 

cinnamoyl moiety were still present. However, the oxime proton (CH=N) observable 

at 8.23 ppm in the starting material had completely disappeared. Aldoxime 231 was 

observed to be completely soluble in dichloromethane although in contrast the 

product (232a and 232b) had limited solubility in a number of deuterated organic 

solvents in addition to deteurated water and this resulted in broad NMR peaks in 

the aromatic region (7-7.9 ppm). Mass spectrometry initially suggested that the 

nitrile oxide had formed, although detailed inspection of the ‘̂ C NMR spectrum 

revealed that two isomers were present in this product. In addition, four key signals 

at 155.0, 156.7, 157.3 and 159.3 ppm were observed in this spectrum and therefore 

we proposed that the new compound to be oxime 232a and 232b existing as a 

mixture of E and Z-substituted isomers (Scheme 5.3.2) in a 1:1 ratio as determined 

by 'H NMR spectroscopy. The formation of the oxime (232a and 232b) could occur 

initially by A-deprotonation followed by nucleophilic attack of the carbonyl moiety 

of the amide to the carbon atom of the nitrile oxide (Figure 5.3.1).

Figure 5.3.1

To the best of our knowledge no similar structures have been previously 

reported in the literature. The formation of this oxime (232a and 232b) was 

observed in similar yield when using dichloromethane, toluene and water alone. In 

each case, the material precipitated out of solution and the ElZ ratios of the oxime 

(147) were observed to be the same regardless of solvent used.

The incorporation of a benzyl moiety onto the nitrogen atom of the amide 

could inhibit the addition pathway for the generation of the ElZ oximes (232a and
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232b). Initially, the benzyl group was introduced prior to the synthesis of the amide 

as formation of the amide could sterically hinder the incorporation of the benzyl 

group or require strong basic conditions. Consequently, the benzyl i m i n e 233 was 

formed in 98% yield from the condensation reaction between 2-amino benzyl alcohol 

and benzaldehyde (Scheme 5.3.3).^^^

cc,OH P h C H O , P h M e

N H 2  D e a n - S t a r k ,  2 4  h , 98% CC,OH

”' ~ 0

N a B H 4 , E tO H

r e f lu x ,  1 0  h , 92%

2 3 3

cc,c
2 3 4

T B D M S -C I, N E t3 , D C M  OTBDMS C in n a m o y l  C h lo r id e

II r .t., 1 8  h , 8 7 %

2 3 5

N E t 3 ,D C M , r .t., 1 0  h , 50%

TBDMSO'

2 3 6

2M  HCI (a q .)
-►

HO'r . t ,  6  h , 95%

2 3 7

r . t ,  1 8  h , 40%
H

2 3 8

NH2OH

E tO H /H -

H.HCI, N a O H , / /  

O  (5 :1 ) , r . t ,  h

N '  H

Scheme 5.3.3

The subsequent reduction of imine 233 using sodium borohydride afforded the 

benzylamine^^^ 234 in 92% yield (Scheme 5.3.3). This reaction required heating at 

reflux temperature in order to solvate the imine. The hydroxyl moiety was then 

protected to avoid competing estérification occurring at this terminus. This was 

achieved by treatment of benzylamine 234 with ter^butyldimethylsilyl chloride 

under basic conditions, which afforded the silyl ether 235 in 87% yield (Scheme 

5.3.3).*^  ̂ The acylation reaction between the silyl ether 235 and cinnamoyl chloride 

was then carried out and resulted in the formation of amide 236 in 50% yield. The
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moderate yield observed was presumably due to steric hindrance of the benzyl group 

and the or/Ao-TBDMS ether. Interestingly, the deprotection of the TBDMS ether did 

not occur in the presence of TBAF after an extended period of time (24 Strong 

acidic conditions (2 M HCI aq.) were then used to afford the benzyl alcohol 237 in 

95% yield (Scheme 5.3.3)""

Oxidation of the benzyl alcohol 237 using manganese (IV) oxide proved to be 

problematic and the aldehyde 238 was afforded in a moderate 40% yield. 

Unfortunately, the treatment of aldehyde (238) with hydroxylamine hydrochloride 

under basic conditions could not be achieved and only starting material was 

recovered by solvent extraction (Scheme 5.3.3). In contrast, analogues synthesised 

by Heaney et al. where a V-methyl substituent was used in place of our V-benzyl 

readily afforded the corresponding oxime in 76% yield using pyridine in anhydrous 

ethanol. Consequently, it was rationalised that access to the aldehyde moiety may 

have been hindered due to the presence of both the benzyl group and the cinnamyl 

group (Figure 5.3.2). Due to time constraints this was not explored further.

s t e r i c  h in d r a n c e  
- e i t h e r  fr o m  c in n a m y i  m o ie t y  o r  
b y  b e n z y i  g r o u p

Figure 5.3.2

5.4. .S/5-isoxazoline Synthesis

With a view to explore further the use of water for nitrile oxide 1,3-dipolar 

cycloadditions we then investigated the synthesis of structures containing multiple 

isoxazoline functionalities (Figure 5.4.1) via an intermolecular and/or intramolecular 

process.

124



Figure 5.4.1

Complexation between the ethylene glycol moieties and sodium ions present within 

the aqueous solvent was envisaged to lead to the formation of dimers, trimers, and n- 

mers via a 1,3-dipolar cycloaddition (Figure 5.4.1). These isoxazoline containing 

macrocycles could have applications within the propellants and explosive industry 

due to the diversity of the isoxazoline ring. It was also hypothesised that the 

presence of additives and/or alternative cations could also lead to alternative template 

effects in aqueous solvents.

The synthesis of the cyclisation precursor was achieved by initial activation 

of commercial available 2-allyloxy ethanol using mesyl chloride under basic 

conditions to afford methanesulfonic acid 2-propenyloxy-ethyl ester 239 in 95% 

yield (Scheme 5.4.1).’^̂  The treatment of salicaldehyde with sodium hydride 

followed by the addition of methanesulfonic acid 2-allyloxy-ethyl ester 239 afforded 

the substituted benzaldehyde 240 in 75% yield (Scheme 5.4.1). This aldehyde (240) 

was then reacted with hydroxylamine hydrochloride in the presence of base to afford 

the benzaldehyde oxime 241 in an excellent 97% yield (Scheme 5.4.1).^^*

n  Ms-CI, NEtsÔH
DCM, r .t ,  18 h, 95%

H

239

S a lic a ld e h y d e , DMF, NaH, r.t., 2h  

2 3 9 , 7 0  °C , 18 h, 75%

240

NHgOH.HCI, NaOH

EtOH/HzO (4:1), r.t., 10 h, 97%

241

Scheme 5.4.1
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The oxime 241 was observed to have limited aqueous solubility although 

upon the addition of sodium hypochlorite the resulting solution was homogenous. 

Upon stirring a white precipitate was generated, and collection by filtration and 

solvent extraction of the filtrate did not afford any starting material or mono- 

intramolecular cyclisation products. Structural characterisation of this material using 

FAB mass spectrometry, and NMR spectrometry revealed that the cyclic 

dimers 242a and 242b were formed (Scheme 5.4.2). FAB mass spectrometry clearly 

indicated a peak at 460 corresponding the molecular ion (242a and 242b) plus 

sodium and the yield of dimer isolated was near quantitative (entry 1, Table 5.4.1).

241

2 .5  eq . NaOCI (aq .)

HgO, 5°C  to  r .t ,  18  h, 97%

N— q

O — N

N— Q

O— N

242a 2 4 2 b

Scheme 5.5.2

Further use of and NMR spectroscopy confirmed the presence of two 

diastereoisomers (242a and 242b). Interestingly, each major carbon peak was 

accompanied by a minor carbon signal although it was difficult to quantify the 

diastereoisomeric ratio using the NMR spectra due to band broadening. The 

cyclic dimers were determined to be in a ratio of 4:1 by HPLC and this was 

reproducible. However, any product that did not dissolve in the HPLC solvent 

mixture (95:5 chloroform/dichloromethane) was filtered prior to injection onto the 

column. This may have significantly affected the diastereoisomeric ratio, as it was 

difficult to rationalise the observed stereoselectivity in terms of steric or electronic 

effects. In addition, it was difficult to separate the two diastereoisomers (242a and

126



242b) using a semi-preparatory column due to band broadening and attempts at 

optimising the HPLC solvent system proved to be unsuccessful.

Entry Solvent Time

(h)

% Yield 
(242a & 242b)

Diastereoisomeric
Ratio

1 DCM (10% aq.) 18 95 4:1

2 10 mM CTAB (aq.) 18 95 4:1

3 90 mM SDS (aq.) 18 97 4:1

4 10 mM Triton B (aq.) 18 96 4:1

5 H2 O 6 96 4:1

6 DCM (10% aq.) 6 97 4:1

Table 5.4.1

As proposed earlier, the generation of the diastereoisomeric cycloadducts (242a and 

242b) occurred via a tandem intermolecular-intramolecular nitrile oxide 1,3-dipolar 

cycloaddition. Template effects due to the presence of sodium ions in solution were 

rationalised to account for the exclusive dimer formation. It was thought that the 

use of additives or mixed reaction solvents could lead to alternative ring sizes or 

different diastereoisomeric ratios. However, the same yield and diastereoisomeric 

ratio (4:1) was observed when the reaction was carried out in aqueous 

dichloromethane (entry 1, Table 5.4.1). The use of surfactant media (SDS or CTAB) 

and benzyl trimethylammonium hydroxide (Triton B) also had no influence on 

product yield or stereoselectivity (entries 2, 3 and 4, Table 5.4.1).

Reaction times were also reduced although no differences in yield were 

observed between using a mixed solvent and water alone (entries 5 and 6, Table

5.1.1). However, the use of even shorter reaction times or rate studies during the 

course of this 1,3-dipolar cycloaddition would have revealed whether this reaction 

was faster in mixed solvents or in water alone. During the course of our studies it 

was apparent that in 1975, Garanti et al. had investigated the effect of chain length 

on the intramolecular nitrile oxide cycloaddition reaction using methylene linkers 

related to aldoxime 241.^^  ̂ Interestingly, Garanti used nitrogen dioxide to generate 

the nitrile oxide from the corresponding oxime in ether and observed different

product distributions depending on the aliphatic chain length (Scheme 5.4.2). 175
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When the precursor nitrile oxide 243 (n=4) was used, uncharacterised resinous 

material was mainly generated along with aldoxime 243 and the dimer 245 which 

was isolated in a low 19% y i e l d / T h e  uncharacterised resinous material were 

presumably polymerisation products or unreacted nitrile oxide.

ÔH

n
2 4 3  ( n = 3, 4)

NO 2  (g), 0  °C  - reflu x
-►

48  h, a n h y d ro u s  e th er

2 4 4  (n = 3 ,1 3 % ) + u n c h a r a c te r ise d  m aterial

2 4 5  (n = 4, 19%) + u n c h a r a c te r ise d  m aterial

Scheme 5.4.2

The dimers 242a and 242b were analogous in structure to isoxazoline 245 

{i.e. n=4) and in our hands no resinous material was isolated. Grundmann’s 

methodology^^ was subsequently employed in order to assess whether sodium ions 

were involved in the cycloaddition process via a template effect. Consequently, the 

treatment of aldoxime with NBS and triethylamine in DMF afforded the 

cycloadducts in a significantly lower yield (10%) but with the same observed 

diastereoselectivity (Scheme 5.4.3). Interestingly, aldoxime 241 was recovered 

along with a resinous material although this material could not be characterised using 

NMR spectroscopy or mass spectrometry. This suggested that the presence of 

sodium ions were not entirely essential for dimer formation although they improve 

the efficiency of the reaction significantly by bringing the nitrile oxide and 

dipolarophile into closer proximity for the intramolecular 1,3-dipolar cycloaddition. 

This material was likely to be polymeric and the use of gel permeation 

chromatography would have provided a molecular weight range although this 

technique was not available.

5  eq . N B S, 5  eq . N E t;, DMF 

0 °C  - r.t., 48  h, 10%

Scheme 5.4.3

N— 0.

O—N
2 4 2 a  an d  2 4 2 b  (4:1)
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The use of different metal cations was also investigated in the presence of 

sodium hypochlorite to investigate any competing template effects that could 

potentially lead to alternative ring sizes. However, in each case only the dimers 

(242a and 242b) were afforded in the same diastereoisomeric ratio (4:1) and yield 

(entries 1, 2 and 3, Table 5.4.2).

Entry Conditions Time

(h)

% Yield 

(242a and 242b)

1 2.5 eq. NaOCI, 20 eq. LiCl (aq.) 48 95

2 2.5 eq. NaOCI, 20 eq. KCl (aq.) 48 97

3 2.5 eq. NaOCI, 20 eq. CUSO4 (aq.) 48 97

Table 5.4.2

As the presence of alternative inorganic salts could not compete with the sodium ions 

present within the solvent, the use of alternative halogenating reagents and inorganic 

bases (e.g. LiOH, KOH, CS2 CO3 ) would have provided more insight.

5.5. Future Work & Conclusions

In general, intramolecular nitrile oxide 1,3-dipolar cycloaddition reactions 

can be carried out in water alone although in many cases longer reaction times 

appear to be required compared to when using mixed organic solvents. This was 

rationalised to be due to the limited solubility of the oxime in water. However, the 

major advantage of using water was that the cycloaddition products generally 

precipitated out of solution and hence simplified the purification procedures. In 

aqueous mixed solvents, the enforced hydrophobic interactions between the 1,3- 

dipole and dipolarophile may also have an influence on the observed cycloaddition 

reactions in water. These cycloadditions readily proceeded in excellent yields 

independent of substrate solubility or the presence of ̂ -substituted alkenes. The use 

of additives including surfactants appeared to have little effect on the reaction 

outcome and therefore it was not appropriate to explore the use of chiral surfactants 

for potential asymmetric inductions.

129



The novel synthesis of oximes 232a and 232b was achieved using aqueous 

sodium hypochlorite in mixed solvents regardless of solvent used. To date, no similar 

cycloaddition reactions have been reported in the literature using sodium 

hypochlorite in mixed solvents and in water alone. We have also performed the 

first tandem intramolecular-intermolecular nitrile oxide cycloaddition in aqueous 

solvents and generated a new class of potential ionophores. The presence of sodium 

ions was rationalised to play a role in driving the intramolecular cyclisation process 

although the use of additional organic salts did not alter the ring size formed. Future 

work in this area could include the use of an alternative chlorinating agent, 

hypochlorous acid and an inorganic base (containing various size cations) and this 

would provide an alternative approach in an attempt to synthesise a variety of 

ionophores without metal counter ions. A longer glycol chain containing a terminal 

olefin could alternatively be incorporated to investigate the limitations of this 

reaction (Scheme 5.5.1). In addition, the incorporation of nitrogen could also be 

investigated as a method of introducing further functionality into these rings.

HOCI (aq.), MOH

H2O, 5**C to r.t.,

M = alkali metal, transition metal 
X = oxygen, nitrogen

Scheme 5.5.1
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Chapter 6

6. Investigations Into Solid Phase Ether 

Synthesis

In this chapter the results from our investigations into the use of solid 

supports for oxetane synthesis are discussed. As previously described in Chapter 2, 

oxetanes are generally synthesised using a (i) photochemical cycloaddition or by (ii) 

mono-activation of a 1,3-diol followed by treatment with base. For industrial 

applications in the area of polymeric binders, attention was focused on the synthesis 

of bis-hydroxy\ protected oxetanes and also the synthesis of structurally defined 

oligomers based on pentaerythritol using a solid phase iterative approach.

6.1 Oxetane Synthesis

A solid phase approach was initially used in an attempt to synthesise 3,3-bis- 

hydroxy oxetane 123, a required target molecule for polymerisation by our industrial 

sponsors (c.f. Chapter 2). This methodology was envisaged to improve the overall 

yield and to simplify purification of the oxetane 123 compared to previous literature 

methods (c.f. Scheme 2.1.5̂ "̂̂ ’̂ *̂ ’̂ ^̂  and Scheme 2.1.6^^^). To the best of our 

knowledge, no other literature precedence exists for the formation of bis- 

ftmctionalised oxetanes or for their chain extension using solid supports. The 

cyclisation of pentaerythritol was initially explored directly on the polymer 

supported tosyl resin since it was hypothesised that only one hydroxyl

group per pentaerythritol molecule would react with the tosyl linker of resin 170. 

However, for the attachment of pentaerythritol 137 to the resin 170, the alcohol (137) 

was observed to have extremely low solubility in a wide range of polar solvents 

including pyridine, DMF and dimethylsulfoxide (DMSO) at room temperature 

although partial solvation was achieved in DMF at higher temperatures (60 °C). 

Consequently, no reaction was observed when pentaerythritol was reacted with the 

polymer bound tosyl resin 170 in pyridine (Scheme 6.1.1) as determined by
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elemental analysis and by mass balance (determination of % chlorine compared to 

sulfur).

O H  O H

o O l -  X  o O - r - V »
O H  O H  \O H  O H  

1 7 0  1 3 7
O H

Scheme 6.1.1

The protection of two hydroxyl groups on pentaerythritol using mild reaction 

conditions was then envisaged to alleviate solubility problems. Consequently, 

TBDMS-Cl was selected and the reaction carried out at room temperature and at high 

dilution to promote the solvation of pentaerythritol in order to favour di-TBDMS 

protection. Accordingly, only the di-protected diol 246 and the tri-protected diol 247 

were afforded in 30% and 20% yields respectively following the portion-wise 

addition o f TBDMS-Cl to pentaerythritol 137 (2 eq. per mole o f pentaerythritol) in 

the presence of triethylamine (Scheme 6.1.2).

y - ( -  ... y ~
HO— — OH 2 eq. TBDMS-Cl, HO— v , — O' X "  HO— — O'

H O — — O H  2 eq. NEtg, DMF, ho— — o /  o— — o /
6 0 ° C ,2 4 h  > f  / K

137 246 (30%) 247(20%)

Scheme 6.1.2

In an attempt to increase the reaction yield and selectivity in favour o f the di

protected alcohol 246 the reaction conditions were modified (Scheme 6.1.2). The 

procedure involved the partial dissolution o f the starting alcohol with triethylamine at 

60 °C, cooling the reaction mixture to room temperature followed by the immediate 

addition of one equivalent of TBDMS-Cl (Scheme 6.1.3). The temperature of the 

reaction mixture was then raised to 60 °C (24 h) and this coupled with the order of 

reagent addition, was deemed critical to minimise the precipitation of pentaerythritol.
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which could have affected product distribution. The second addition of TBDMS-Cl 

(one equivalent) was carried out at room temperature since the mono-protected 

alcohol 248 was envisaged to be the major product formed in situ and would have 

increased solubility in comparison to pentaerythritol (137) in DMF. After twenty- 

four hours stirring at room temperature the di-protected alcohol 246 was afforded in 

61% yield and surprisingly no other products other than pentaerythritol were 

recovered (Scheme 6.1.3).

HO

HO> c :
OH

OH

1 eg . TBDMS-Cl,
1 eq. NEta, DMF, 
60 °C, 24 h

HO

HO

y
— — o , .  

248 {in situ)

1 e q .  TBDMS-Cl. h o

1 e q .  NEta, DMF, ho
r.t, 24 h

3 c :
A

f

«
246 (61%)

Scheme 6.1.3

The use of benzyl bromide was also investigated as alternative protecting 

r e a g e n t .T h e  protocol used for the TBDMS-Cl protection was similarly followed 

for the benzylation of pentaerythritol (137) using overall 0.50 equivalents of sodium 

hydride and 0.50 equivalents of benzyl bromide with a large dilution of DMF 

(Scheme 6.1.4). However, no dibenzyl-protected products were observed and only 

the tri-protected ether 249 and the tetra-substituted e t h e r 250 were afforded in 40% 

and 10% yields respectively (Scheme 6.2.4). The increased reactivity of benzyl 

bromide in contrast to using TBDMS-Cl was rationalised to account for the observed 

product distribution. Nonetheless, the tri-protected alcohol 249 was envisaged to be 

useful in terms of synthesising pentaerythritol oligomers (see section 6.2).
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Scheme 6.1.4

Having successfully synthesised di-protected alcohol 246 the next step 

involved mono-activation using tosyl chloride and triethylamine in DCM (Scheme 

6.1.5). These conditions were employed in order to optimise the reaction conditions 

in solution prior to attachment of the diol 246 to the polymer supported tosyl linker

(170). Unfortunately, the use of these conditions was not successful in activating the 

diol (246) and inferred that the presence of DCM solvent may have inhibited the 

reaction due to excess dilution of the reactants. Consequently, the reaction was 

performed in pyridine as base and as a solvent to afford the tosylate 251 in 71% yield 

(Scheme 6 .1.3).'''*

——,  y ^ —0 \  0 .5  e q .  T s -C I ,  P y , H O — \  / — O  \
R e f lu x ,  6  h  ^

—C \—o / ^  o, o— —o< u. u—' ’—u /
_  0 .5  e q .  T s -C I ,  P y , V  ^ S i /

R e f lu x ,  1 8  h , 7 1 %  /  \  ^

H O — ^ " — 0 ,
' S i -

/ \

2 4 6

K O * B u , T H F , r . t . ,  T B D M S O ^ D ! » i ^ " ^ O T B D M S
2  fi, 8 3 %

2 5 1

Scheme 6.1.5

The final step of the reaction involved an intramolecular nucleophilic 

substitution to synthesise the è/5-hydroxyl protected oxetane 252 via the use of 

sodium hydride as base in THF. Following an aqueous work up, the hz5-hydroxyl
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protected oxetane 252 was observable by NMR of the crude product. However, it 

was difficult to isolate the product by flash chromatography. Changing the base to 

potassium ^cr/-butoxide proved more effective in generating the oxetane 252, which 

was isolated in a good 83% yield by flash chromatography. When the oxetane (252) 

was characterised by FAB mass spectrometry no molecular ion peak corresponding 

to the molecular weight of the compound was found. Presumably this was due to 

fragmentation and ring opening to form fragments such as (MH^-2TBDMS) as 

shown in Figure 6.1.1.

Figure 6.1.1

Having established the synthesis o f the />A-hydroxyl protected oxetane 252 using 

solution phase chemistry the attachment o f the di-TBDMS protected diol (246) to the 

polymer bound tosyl linker 170 was then investigated. When the reaction was 

carried out using pyridine, a yield of 40% was observed for the formation o f polymer 

bound tosylate 253 when using one equivalent of 6A-TBDMS protected diol 246 

(Scheme 6.1.6).

q y > i - c, —  .
\ = /  II P y , R e f lu x , 6 h , 97%  \ = /  ^---------------- \  \

°  I O — Si

1 7 1  2 5 3  0

M e r h o d  B: 1 e q .  2 4 6  - 40%  J

5  e q .  K O *Bu, T H F , T B D M SO  OT BD M S

r .t., 2  h , 96%

Scheme 6.1.6

The extent of loading on the resin 253 was determined by mass balance and by 

elemental analysis (% chlorine remaining relative to sulfur). Inereasing the number 

of equivalents of alcohol to 2.5 increased the yield o f resin 253 to near quantitative
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yield as determined by elemental analysis. The major advantage of using the resin

(171) as an alcohol activator was that the order of addition and control of reaction 

stoichiometry was not required for mono-activation unlike the comparative solution 

phase reaction (Scheme 6.1.5). Treatment of the polymer bound tosylate (253) with 

potassium /‘erZ-butoxide afforded the oxetane 252 in 96% yield. The overall yield 

for the synthesis of oxetane (252) from pentaerythritol using the solid phase 

approach was ca 60% and this was more efficient than our solution phase method 

(36% overall yield). The main advantage of using the solid phase approach was in 

terms of simplifying the purification in contrast to using our solution phase method 

and other reported literature procedures {c.f. Scheme 2.1.5 and 2.1.6^^°’̂ *̂ ’̂ *̂ ). Any 

unreacted reagents or impurities were removed by washing the resin with solvent and 

the by-products from the cyclisation cleavage step were removed by filtration under 

reduced pressure (resin) and by solvent extraction (to remove unreacted base). The 

main disadvantage of using solid support was that only small quantities of this 

material could be prepared due to low loading of the tosyl linker {ca. 1.1-1.8 mmol/g 

resin) and this could prove problematic in terms of industrial scale up.

6.2. Investigations Into Oligomer Synthesis

Having established that the use of solid support was a feasible and efficient 

method of generating oxetane structures we then wished investigated the use of the 

di-TBDMS protected diol to generate libraries of pentaerythritol oligomers using a 

sequential procedure. For example, the trimer 254 could be further fimctionalised to 

potentially generate the energetic oligomer 255 (Figure 6.2.1).

\ k  Y
^Si Si^ O2NO ONO2

jO g j S h ^   K  0 2 N 0 - \ ^ 0  o4 w -ON02
O -jy -O ' ^  1 /  0 2 N 0 - ^  r ^ 0 N 0 2

254 255 (energetic oligom er)

Scheme 6.2.1
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These trimers could also be re-attached to the tosyl resin and subsequently elongated 

in an iterative process to generate longer oligomers i.e the molecular weight could be 

controlled unlike the conventional use of Lewis acid cationic ring o p e n i n g t o  form 

polymeric structures of specific mass.

Our investigations were carried out both in solution and using the polymer 

bound tosyl resin in order to compare and contrast results. Activation of the silyl- 

protected diol 246 was readily achieved using mesyl chloride and triethylamine in 

DCM and this afforded the di-mesylate 256 in 90% yield (Scheme 6.2.2).^^^ It was 

proposed that the formation of the trimer 254 could be carried out by treatment of the 

monosodium salt of diol 246 with di-mesylate 256 in DMF. However, both the 

nucleophile and electrophile were sterically hindered and subsequently when 

synthesis of the ether 254 was attempted no reaction was observed and only starting 

material was recovered by flash chromatography.

V °  \ /

/  r.t, 24 h, 90% Ct yO—
/ \

247 256

DMF; no reaction  
1.2 eq. 246, Acetonltrile: no reaction
1 eq. NaH, 24 h, 60 THF: no reaction254

so lven t / /  THF/DMF (1:1) - no reaction
THF/DMF (5:1) - no reaction

Scheme 6.2.2

Since the diol 246 can effectively act as a nucleophile as observed with the 

attachment of alcohol 246 to the resin (171), the dimesylate 256 may have been too 

sterically hindered. Despite these concerns, previous work by Gash et al. and more 

recently by Dale et al. have reported the synthesis of similar analogues. For 

example. Gash synthesised 256a from the reaction between tosylate 256b and 

alcohol 256c under basic conditions in 65% yield (Scheme 6.2.3).^^^
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K HOHO OO

)ase , 65% /—O

256b 256c 256a

Scheme 6.2.3

The reaction may have also been inhibited by stabilisation of the nucleophile 

(246) with the neighbouring hydroxyl group (Figure 6.2.1).

Si

Figure 6.2.1

Solvent effects were initially investigated although no products were isolated when 

acetonltrile, THF and THF/DMF (1:1, 5:1) were used as solvents for the reaction 

(Scheme 6.2.4) and only starting material was recovered. It was rationalised that the 

second hydroxyl group of diol 246 could have stabilised the anion (using sodium 

hydride) and this may have been problematic in terms of reducing the 

nucleophilicity. Consequently, the mono-protection of the diol 246 was carried out 

using triphenylmethyl chloride under basic conditions (Scheme 6.2.4). The resulting 

tri-protected alcohol 257 was afforded in a good 85% yield and was then treated with 

base and reacted with the dimesylate 256 (Scheme 6.2.4). However, the desired 

polyether 258 was not afforded presumably due to considerable steric hindrance of 

both nucleophile and electrophile and again only starting material was isolated by 

flash chromatography.
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Scheme 6.2.4

Nonetheless the reaction on solid support was still attempted (Scheme 6.2.5), the 

polymer bound alcohol 253 was converted to the mesylate 259 using mesyl chloride 

and triethylamine in 88% yield as calculated by mass balance and confirmed by the 

disappearance of the hydroxyl infrared (IR) signal originally observed in polymer 

bound alcohol 253. This again suggested that alcohols 246 and 253 are both good 

nucleophile precursors although no desirable products were formed when the 

synthesis of the ether 258 was attempted and only starting material was isolated. It 

was concluded that the alcohol 246 was a suitable nucleophile for use with non- 

sterically challenged electrophiles. However, the electrophile 256 was considered to 

be sterically hindering Sn2 attack by the bulky nucleophile 246. Although the 

electrophilic groups of di-mesylate 256 are attached to a primary carbon, the 13- 

carbon is a tertiary centre and there is strong evidence to suggest that this can cause 

significant steric hindrance. For example, the Sn2 attack of an ethoxide ion with 

trimethylethyl bromide is 4.2 x 10'  ̂slower than that with ethyl bromide.
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Scheme 6.2.5

It was thought that the choice o f protecting groups (TBDMS) may have 

hindered this reaction and subsequently the reaction between the tri-benzyl protected 

alcohol 249 and the corresponding electrophile analogue were explored. In the case 

of the latter, activation of tri-benzyl protected alcohol 249 using mesyl chloride 

under basic conditions afforded the mesylate 260 in 85% yield (Scheme 6.2.6). The 

mesylate 260 was then used as an electrophile with the sodium salt o f tri-benzyl 

protected alcohol 249 although no products were isolated and again only starting 

material was recovered (Scheme 6.2.6). Unfortunately, the desired ether 261 was not 

isolated and only yielded starting material.

HO

O

249

0 2.5 eq. Ms-CI
1 eq. NEt3 , DMF,

r.t., 24 h, 85%

260

1.2 eq. 249, DMF 
1 eq. NaH, 24 h, r.t

then 1 eq. 261, 24 K,'60 "C

:> co o

o

Scheme 6.2.6

261
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Despite the problems of steric hindrance we decided to proceed with the 

reaction using solid phase support to investigate whether the tosyl resin could be 

utilised as an electrophile to generate the polymer supported tosylate 262 and to 

attempt to synthesise the dimer 261. The tosylation o f the tri-benzyl protected 

alcohol 249 on the resin readily proceeded to afford the tosylate 262 in 91% yield as 

determined by elemental analysis (Scheme 6.2.7). However, the treatment of alcohol 

249 with sodium hydride and tosylate 262 did not afford the desired ether 261 and 

only starting material was recovered. This again confirmed that benzyl protected 

alcohol 249 acted as a good nucleophile with less hindered electrophiles but not with 

its activated derivatives 260 and 262.

o
-Cl

o
171

0 ^ 1 -
2.5 eq. 249

Py, Reflux, 6  h, 8 8 %

262

1.2 eq. 249, DMF 
1 eq. NaH, 24 h, 60"C

%  261

Scheme 6.2.7

6.3. Future Work & Conclusions

Due to time constraints we were unable to investigate the use of solid 

supports any further in this project although the successful synthesis o f /iw-hydroxyl 

protected oxetane 252 had been achieved using both solution and solid phase 

technology. In our hands the protection of pentaerythritol was deemed essential in 

order to overcome solubility problems and to prevent the formation o f side products. 

The use of solid phase synthesis provided a more efficient method o f generating his- 

functionalised oxetanes compared with similar methods in the literature in terms of 

higher yield and product selectivity. For industrial applications, the use o f the tosyl 

linker was considered advantageous in terms of simplifying purification procedures 

and reducing overall reaction time and cost. Our investigations into the synthesis of 

dimer and trimer oligomers revealed that the reaction between electrophiles and 

nucleophiles based on pentaerythritol were inhibited due to steric hindrance.
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However, the pentaerythritol derivatives were good nucleophiles as they reacted with 

small electrophiles such as mesyl chloride and tosyl chloride. Reactions that 

proceeded via a SnI mechanism were also compatible with the pentaerythritol- 

derived nucleophiles as demonstrated using trityl chloride, a relatively hindered 

tertiary halide. Future work could investigate the use of ethylene glycol spacers to 

reduce the steric interactions between electrophiles and nucleophiles derived from 

pentaerythritol.

Future work could also explore the oxetane 252 as potential precursor 

monomer for oligomer synthesis. For example, the oligomer 263 could readily be 

ring opened by nitration using nitrogen pentoxide^^*’̂ ^̂  to afford the nitrated 

oligomer 264 based on pentaerythritol (Scheme 6.3.1).

HO OH __ K, ^2 .5 e q  N2 O5 , DCM, 10"C ' ^ I 3
ONO2 ONO2  

0 0 0
263 264

Scheme 6.3.1

The oxetane 252 could be deprotected using TBAF to afford the Z^w-hydroxy oxetane 

123 which could then be attached to a di-isopropylaryl silyl linker (Scheme 

6.3.2).^*^’̂ ^̂  Subsequent oligomer formation could occur by using the electrophiles 

265 derived from the oxetane itself. The silyl linker would be usefiil as cleavage 

conditions are relatively involve the use of TBAF which would prevent ring opening 

from occuring.^^^ Typical reaction conditions would involve the attachment of the 

oxetane 123 to the resin using base to generate the polymer bound alcohol 266.̂ *̂ 

The synthesis of the polymer bound electrophile 267 could be achieved using mesyl 

chloride and triethylamine and subsequent reactions with the alcohol moiety of bis- 

hydroxy oxetane 123 would generate the trimer 268. Subsequent additions of 

electrophile 219 or nucleophile 123 could therefore longer oligomers of a specific 

molecular weight.
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Scheme 6.3.2

Another approach could investigate the feasibility of incorporating a 

diethylamine spacer between two oxetane molecules as shown in Scheme 6.3.3. This 

spacer would be advantageous as it could provide additional sites for further 

functionalisation (Figure 6.3.1).

0 Ï

ON02 ON02 ON02 ON02

Figure 6.3.1

If the hydroxyl group of polymer supported oxetane 266 were oxidised the polymer 

aldehyde 269 would be afforded. The use of diethylamine could then be used to 

generate the polymer bound imine 270.
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The unreacted amino terminus of imine 270 provides the point of attachment o f a 

second aldehyde (269). The resulting polymer bound imine 271 could then be 

reduced using a mild reducing reagent such as sodium borohydride to afford the 

desired polymer bound oligomer 272. Mild acid cleavage at this stage would afford 

the oligomer 273 and the process could be reiterated to generate oligomers of  

specific molecular weight.
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Chapter 7

7. General Procedures

Chemicals were purchased from the Aldrich Chemical Company Ltd or from 

Lancaster Chemicals Ltd and were used as received. Unless otherwise stated, water 

refers to the use of deionised water. Solvents were purchased from BDH Ltd apart 

from anhydrous dimethylformamide (Aldrich) and were used as received. 

Anhydrous reaction solvents were HPLC grade and were distilled over potassium 

hydroxide (pyridine), calcium hydride (DCM), phosphorous pentoxide (acetonitrile) 

or sodium with benzophenone (THF). All anhydrous reactions were performed 

under nitrogen. Ether refers to diethyl ether, petroleum ether refers to light 

petroleum boiling in the range of 40-60 °C. Ethanol refers to absolute ethanol 

(>99.7%) and was used as received. Polymer bound tosyl resin (170) was purchased 

from Argonaut technologies and the scavenging capacity was certified by Volhard 

titration assay (1.34 mmol/g). Before use, the resin was washed with DCM (3 x 10 

ml/g), ether (3 x 10 ml/g) and finally swollen with DCM (3 x 10 ml/g). Resin 

loading calculations were based relative to sulfur content and by mass balance.

*H NMR experiments were carried out using a Bruker instrument at 300 MHz 

or 500 MHz and at 400 MHz on a Varian AX-400 instrument. ^̂ C NMR experiments 

were performed at 75 MHz or 125 MHz using a Bruker instrument and at 100 MHz 

on a Varian AX-400 instrument. Residual protic solvent was taken as the internal 

standard using deuterated chloroform (Ôh 7.24) unless otherwise stated. Mass 

spectrometry (El, FAB) was performed either at the University College London mass 

spectrometry service or at the London School of Pharmacy using an Autospec Q, VG 

7070, VG 7070B instrument (El) or a ZAB-SE instrument (FAB). High resolution 

accurate mass spectrometry (FAB) was performed at the London School of 

Pharmacy. Elemental analyses were carried out at the University College London 

microanalytical service. Infrared spectra (IR) were recorded on a Perkin Elmer 983 

G or FT-IR 1605 spectrometer using potassium bromide discs or as thin films using 

sodium chloride plates. Melting points were determined using a Gallenkamp
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melting point apparatus and are uncorrected. HPLC analyses were performed using a 

Gilson M3 03 instrument using a HiChrom normal phase semi-preparatory column 

and a UV-visible detector.

Analytical thin layer chromatography was performed on precoated aluminium 

or glass backed plates (Merck Kieselgel 60 F254). TLC plates were visualized using 

UV (254 nm) and solutions of vanillin [vanillin (2.4 g), concentrated H2 SO 4  (2.5 ml), 

ethanol (100ml)], phosphomolybdic acid hydrate [phosphomolybdic acid hydrate 

(2.5g), concentrated H2 SO4  (2 ml), ethanol (10 ml), water (40 ml)] and potassium 

permanganate [KMn04 (3.0 g), Na2C03 (15 g), water (100 ml)]. All solutions were 

stored in the dark.
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7.1. Azomethine Ylide 1,3-Dipolar 

Cycloaddition Reactions In Aqueous Media

7.1.1, Use of Acyclic a-Amino Esters

5-Ethyl-2-methyl-4,6-dioxo-octahydro-pyrrolo[3a,6a]pyrrole-l-carboxylic acid 

methyl ester {Endo 84a)^*

Me02C ü H 'q

Experiment 7.1.1. To a solution of sarcosine methyl ester hydrochloride (7.89 

mmol, 1.10 g) in HPLC grade water (12 ml) was added triethylamine (7.89 mmol, 

1.10 ml). Aqueous formaldehyde (52.9 mmol, 5.30 ml, 37 wt. %) and N- 

ethylmaleimide (3.60 mmol, 0.90 g) were then added and the reaction mixture was 

heated at 40 °C for 2 h. On cooling, the crude product was extracted into ethyl 

acetate (3 x 40 ml), the combined organic extracts were washed with water (3 x 30 

ml) and dried over anhydrous magnesium sulfate. The solvent was removed in 

vacuo and flash chromatography of the crude product (1:1 petroleum ether:diethyl 

ether) afforded the title compound (84a) as a yellow oil (26 mg, 3%).

Vmax (neat)Zcm-  ̂2954(s), 1702 (s), 1695(s), 1443(s), 1402(s), 1349(s).

ÔH (300 MHz; CDCI3) 1.09 (3H, t, J7 .3  Hz, ^-CHzCTfg), 2.29 (3H, s, ZV-C//3), 3.05 

(2H, m, N-CH2-CW) 3.25 (2H, m, 3a-H, 6a-H), 3.48 (2H, q, J7 .3  Hz, AZ-C//2CH3), 

3.68 (3H, s, OC//3), 3.82 (IH, s, H-1).

ÔC (75 MHz; CDCI3) 13.32 (A^-CHz^), 34.60 (ZV-CH2CH3), 37.31 (A-CH3), 44.96 

(C-3a), 49.24 (C-6a), 52.00 (OCH3), 55.66 (C-3), 67.61 (C-1), 171.07 (CO2CH3), 

177.58 and 179.21 (2 x C=0).

m/z (El) 240 (IVT - C11H16N2O4, 4%), 181 (C9Hi3N202% 100), 116 (C7H9N02^  17), 

82 (100), 55 (CH2N(Me)C^ 15).
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Experiment 7.1.2. The procedure described in experiment 7.1.1 was repeated 

however deionised water (12 ml) was used as the solvent. Flash chromatography of 

the crude product (1:1 petroleum ether/diethyl ether) afforded the title compound 

(84a) as a yellow oil (25 mg, 3% yield).

Experiment 7.1.3. The procedure described in experiment 7.1.1 was repeated 

however toluene was used as the solvent (12 ml) and the reaction heated at reflux 

temperature for 2 h. Flash chromatography of the crude product (1:1 petroleum 

ether/diethyl ether) afforded the title compound (84a) as a yellow oil (0.22 g, 26% 

yield).

Experiment 7.1.4. To a solution of sarcosine methyl ester hydrochloride (7.89 

mmol, 1.10 g) in water (16 ml), triethylamine (7.89 mmol, 1.10 ml) was added. 

Aqueous formaldehyde (17.2 mmol, 1.48 ml, 37 wt. %) and A-ethylmaleimide (7.19 

mmol, 0.90 g) were then added and the reaction mixture was heated at reflux 

temperature for 2 h. On cooling, the crude product was extracted into ethyl acetate 

(3 X 40 ml), the combined organic extracts were washed with water (3 x  30 ml) and 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo and 

flash chromatography of the crude product (1:1 petroleum ether/diethyl ether) 

afforded the title compound (84a) as a yellow oil (0.17 g, 10%).

Experiment 7.1.5. The procedure described in experiment 7.1.4 was repeated 

however the reaction mixture was heated at reflux temperature for 1 h. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.17 g, 10% yield).

Experiment 7.1.6. The procedure described in experiment 7.1.4 was repeated 

however the reaction mixture was heated at reflux temperature for 24 h. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.18 g, 10% yield).

Experiment 7.1.7. The procedure described in experiment 7.1.4 was repeated

except the reaction mixture was sonicated at room temperature for 2 h. Flash
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chromatography o f the crude product (1:1 petroleum ether/diethyl ether) afforded the

title compound (84a) as a yellow oil (0.18 g, 10% yield).

Experiment 7.1.8. The procedure described in experiment 7.1.4 was repeated 

however the reaction mixture was heated in a microwave (800 W) for 120 s. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.17 g, 10% yield).

Experiment 7.1.9. The procedure described in experiment 7.1.4 was repeated 

however 3 equivalents of sarcosine methyl ester hydrochloride (23.7 mmol, 3.30 g) 

and 3 equivalents of triethylamine (23.7 mmol, 3.30 ml) were used. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.18 g, 10% yield).

Experiment 7.1.10. The procedure described in experiment 7.1.4 was repeated 

however 4 equivalents of sarcosine methyl ester hydrochloride (31.6 mmol, 4.40 g) 

and 4 equivalents of triethylamine (31.6 mmol, 4.40 ml) were used. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.17 g, 10% yield).

Experiment 7.1.11. To deionised water (10 ml) was added 5-ethyl-2-methyl-4,6- 

dioxo-octahydro-pyrrolo [3,4-c] pyrrole-1 -carboxylic acid methyl ester (0.10 g, 0.42 

mmol) 84a and the reaction mixture was then heated at reflux temperature for 48 h. 

On cooling, the product was extracted into ethyl acetate ( 3 x 1 5  ml), the combined 

organic extracts dried over anhydrous magnesium sulfate and the solvent removed in 

vacuo to afford the title compound (84a) as a yellow oil (0.10 g, 100% yield).

Experiment 7.1.12. The procedure described in experiment 7.1.4 was repeated 

with triethylamine (15.8 mmol, 2.10 ml) as the base. Flash chromatography of the 

crude product (1:1 petroleum ether/diethyl ether) afforded the title compound (84a) 

as a yellow oil (51 mg, 3% yield).

Experiment 7.1.13. The procedure described in experiment 7.1.4 was repeated

with sodium hydrogen carbonate (15.8 mmol, 1.33 g) as the base. Flash
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chromatography o f the crude product (1:1 petroleum ether/diethyl ether) afforded the

title compound (84a) as a yellow oil (69 mg, 4% yield).

Experiment 7.1.14. The procedure described in experiment 7.1.4 was repeated 

with potassium carbonate (15.8 mmol, 1.09 g) as the base. Flash chromatography of 

the crude product (1:1 petroleum ether/diethyl ether) afforded the title compound 

(84a) as a yellow oil (69 mg, 4% yield).

Experiment 7.1.15. The procedure described in experiment 7.1.4 was repeated 

with sodium hydrogen carbonate (7.89 mmol, 0.66 g) as the base. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.35 g, 20% yield).

Experiment 7.1.16. The procedure described in experiment 7.1.4 was repeated 

with potassium carbonate (7.89 mmol, 0.55 g) as the base. Flash chromatography of 

the crude product (1:1 petroleum ether/diethyl ether) afforded the title compound 

(84a) as a yellow oil (0.34 g, 20% yield).

Experiment 7.1.17. The procedure described in experiment 7.1.4 was repeated 

with aqueous lithium chloride (4.86 M, 16 ml) as the solvent and sodium hydrogen 

carbonate (7.89 mmol, 0.66 g) as the base. Flash chromatography of the crude 

product (1:1 petroleum ether/diethyl ether) afforded the title compound (84a) as a 

yellow oil (0.33 g, 20% yield).

Experiment 7.1.18. The procedure described in experiment 7.1.4 was repeated 

with aqueous lithium chloride (4.86 M, 16 ml) as the solvent and triethylamine (7.89 

mmol, 1.10 ml) as the base. Flash chromatography of the crude product (1:1 

petroleum ether/diethyl ether) afforded the title compound (84a) as a yellow oil (0.35 

g, 20% yield).

Experiment 7.1.19. The procedure described in experiment 7.1.4 was repeated 

with aqueous cetyl trimethylammonium bromide (2 mM, 16 ml) as the solvent. The 

reaction mixture was stirred and heated at reflux temperature for 2 h. On cooling, the 

crude product was extracted into ether (3 x 40 ml), the combined organic extracts
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were washed with water (3 x 30 ml) and dried over anhydrous magnesium sulfate. 

The solvent was removed in vacuo and flash chromatography of the crude product 

(1:1 petroleum ether/diethyl ether) afforded the title compound (84a) as a yellow oil 

(80 mg, 5% yield).

Experiment 7.1.20. The procedure described in experiment 7.1.19 was repeated 

with aqueous sodium dodecyl sulfate (10 mM, 16 ml) as the solvent. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

title compound (84a) as a yellow oil (0.17 g, 10% yield).

Experiment 7.1.21. The procedure described in experiment 7.1.19 was repeated 

except aqueous sodium dodecyl sulfate (90 mM, 16 ml) was used as the solvent. 

Flash chromatography of the crude product (1:1 petroleum ether/diethyl ether) 

afforded the title compound (84a) as a yellow oil (0.27 g, 16% yield).

l-methylpyrrolidine-5-carboxylate^* (86)

O. /CH3
o

To a solution of sarcosine methyl ester chloride (7.89 mmol, 1.12 g) in toluene (16 

ml) was added triethylamine (7.89 mmol, 1.10 ml). Aqueous formaldehyde (52.9 

mmol, 5.30 ml, 37 wt. %) and A-ethylmaleimide (3.60 mmol, 0.90 g) were added to 

the solution and the reaction mixture was heated at 40 °C for 2 h. On cooling, the 

crude product was then extracted into ethyl acetate (3 x 40 ml), the combined organic 

extracts were washed with water (3 x 30 ml) and dried over anhydrous magnesium 

sulfate. The solvent was removed in vacuo and flash chromatography of the crude 

product (1:1 petroleum ether/diethyl ether) afforded the title compound 86 (0.10 g, 

16%) and 84a (78 mg, 9%) as an inseparable pale yellow oil.

Vmax (neat)/cm‘  ̂ 1702(s), 1443(s), 1402(s), 1349(s).
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ÔH (500 MHz; CDCI3) 2.41 (3H, s, N-CH3), 3.69 (3H, s, CHCO2C//3), 3.80 (2H, d, J  

8.0 Hz, C^CHC02M e), 4.11 (IH, t, J8 .0  Hz, CHCO2MQ), 4.18 (IH, d, J5 .0  Hz, N- 

CUHO), 4.39 (IH, d, y  5.0 Hz, N-CHHO).

ÔC (125 MHz; CDCI3) 42.01 (#-Me), 52.72 (CO2Œ 3), 66.94 ( Œ 2COCH3), 67.72 

(CHCO2CH3), 89.11 (#CH20CH2), 172.47 (CO2CH3). 

m/z (FAB) 146 ([M+H]^ C6H11NO3, 11%).

5-Benzyl-2-methyl-4,6-dioxo-octahydro-pyrrolo[3a,6a]pyrrole-l-carboxylic acid 

methyl ester {Endo 175)

Me02C □ H

Experiment 7.1.22. To a solution of sarcosine methyl ester hydrochloride (7.89 

mmol, 1.10 g) in water (10 ml) was added triethylamine (7.89 mmol, 1.10 ml). 

Aqueous formaldehyde (17.2 mmol, 1.48 ml, 37 wt. %) and A-benzylmaleimide 

(7.19 mmol, 1.35 g) were then added and the reaction mixture was heated at reflux 

temperature for 2 h. On cooling, the crude product was extracted into ethyl acetate 

(3 X 40 ml), the combined organic extracts were washed with water (3 x 30 ml) and 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo and 

flash chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the 

title compound (175) as colourless crystals (0.26 g, 12%), m.p. 72 -74 °C.

Vmax (KBr)/cm'* 2957(s), 2844(s), 1705(br), 1605(s), 143l(s), 1400(s).

ÔH (500 MHz; CDCI3) 2.33 (3H, s, N-CH{), 3.11 (2H, s, H-3) 3.30 (2H, m, H-3a,H- 

6a), 3.69 (3H, s, OC//3), 3.89 (IH, s, H-1), 4.61 (2H, s, CT^Ph), 7.19 (5H, m, Ax-H). 

ÔC (125 MHz; CDCI3) 37.25 (A -Œ 3), 43.13 (CH2Ar) 45.03 (C-3a), 49.32 (C-6a), 

52.02 (OCH3), 55.70 (C-3), 67.66 (C-1), 128.24, 128.77, 129.03, and 135.88 (Ar-Q, 

170.97 (COCH3), 177.42 and 178.90 (C=0).

m/z (FAB) 303 ([M+H]^ C16H19N2O4, 55%), 243 (100), 154 (12), 107 (15).

HRMS (FAB) C16H19N2O4 [M+H]^ requires 303.1345, found 303.1355.
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Experiment 7.1.23. The procedure described in experiment 7.1.22 was repeated 

however the reaction mixture was heated in a microwave (800 W) for 2 min. Flash 

chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the title 

compound (175) as colourless crystals (0.26 g, 12% yield).

Experiment 7.1.24. The procedure described in experiment 7.1.22 was repeated 

however the reaction mixture was sonicated at room temperature for 1 h. Flash 

chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the title 

compound (175) as colourless crystals (0.26 g, 12% yield).

Experiment 7.1.25. The procedure described in experiment 7.1.22 was repeated 

however toluene (16 ml) was used as the solvent and the reaction mixture heated at 

40 °C for 2 h. Flash chromatography of the crude product (1:1 hexane/ethyl acetate) 

afforded the title compound 175 (0.17 g, 10%) and 86 (0.21 g, 16%) as an 

inseparable pale yellow oil.

Experiment 7.1.26. The procedure described in experiment 7.1.22 was repeated 

with toluene (16 ml) as the solvent. Flash chromatography of the crude product (1:1 

hexane/ethyl acetate) afforded the title compound (175) as colourless crystals (0.52 g, 

24%).

Experiment 7.1.27. The procedure described in experiment 7.1.22 was repeated 

with sodium hydrogen carbonate (7.89 mmol, 0.66 g) as the base. Flash 

chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the title 

compound as colourless crystals (0.46g, 21% yield).

Experiment 7.1.28. The procedure described in experiment 7.1.22 was repeated 

with potassium carbonate (7.89 mmol, 0.66 g) as the base. Flash chromatography of 

the crude product (1:1 hexane/ethyl acetate) afforded the title compound as 

colourless crystals (0.45 g, 21% yield).

Experiment 7.1.29. The procedure described in experiment 7.1.27 was repeated

however lithium chloride (4.86 M, 16 ml) was used as the solvent. Flash
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chromatography o f the crude product (1:1 hexane/ethyl acetate) afforded the title

compound as colourless crystals (0.43 g, 20% yield).

Experiment 7.1.30. The procedure described in experiment 7.1.22 was repeated 

with cetyl trimethylammonium bromide (2 mM, 15 ml) as the solvent. On cooling, 

the crude product was extracted into ether (3 x 40 ml), the combined organic extracts 

were washed with water (3 x 30 ml) and dried over anhydrous magnesium sulfate. 

Flash chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the 

title compound as colourless crystals (0.11 g, 5% yield).

Experiment 7.1.31. The procedure described in experiment 7.1.22 was repeated 

however sodium dodecyl sulfate (90 mM, 16 ml) was used as the solvent. On 

cooling, the crude product was extracted into ether (3 x 40 ml), the combined organic 

extracts were washed with water (3 x 30 ml) and dried over anhydrous magnesium 

sulfate. Flash chromatography of the crude product (1:1 hexane/ethyl acetate) 

afforded the title compound as colourless crystals (0.25 g, 12% yield).

7V-^Butoxycarbonyl-A^-methyl glycine pentyl ester (177)

O

o

To anhydrous dimethylformamide (70 ml) and #-^butoxycarbonyl-#-methyl glycine 

(14.0 mmol, 2.65 g) was added sodium hydride (12.7 mmol, 0.51 g, 60 wt. % 

dispersion in mineral oil). The reaction mixture was stirred at room temperature for 

2 h followed by the addition of 1-bromopentane (10.6 mmol, 1.52 ml) and the 

reaction mixture was heated at 70 °C for 24 h. On cooling, water (50 ml) was added 

to the mixture and the crude product extracted into ethyl acetate (3 x 100 ml). The 

combined organic extracts were washed with water (3 x 100 ml), saturated brine 

solution (3 X 100 ml), water (3 x 100 ml) and dried over anhydrous magnesium 

sulfate. The solvent was evaporated in vacuo and flash chromatography (1:1 

hexane/ethyl acetate) yielded the title compound (177) as a pale yellow oil (2.25 g, 

82% yield).
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Vmax (neat)/cm’* 2931(s), 1751(s), 1706(s), 1456(m), 1389(m).

ÔH (500 MHz; CDCI3, 333K) 0.81 (3H, m, CYiiCHi), 1.35 (4H, m, C //2C//2CH3) 

1.47 (9H, s, (3 X C(C//3)3), 1.65 (2H, m, 0 CH2C ^ ) ,  2.94 (3H, s, N-CH^), 3.82 (2H, 

s, N-CH2C=0 ), 4.09 (2H, m, OCH2).

ÔH (500 MHz; CDCI3, 300K) 0.81 (6H, m, 2 x CH2C7/3), 1.35 (8H, m, 2 x 

C ^ C ^ C H 3) 1.40 (9H, s, (3 x C (C ^ )3), 1.44 (9H, s, (3 x CiCH^)^), 1.57 (2H, m, 

OCH2C7/2), 1.60 (2H, m, OCH2C//2), 2.88 (3H, s, N-CH^), 2.90 (3H, s, N-CH^X 3.86 

(2H, s, N-CH2C=0), 3.94 (2H, s, N-CH2C=0), 4.17 (4H, m, 2 x OCH2).

ÔC (125 MHz; CDCI3) 14.34 (CH2Œ 3), 22.68, 28.39, 28.66 and 28.73, 35.96 (N- 

CH3), 51.50 (#-CH2C=0 ), 65.56 (CH2O), 80.49 (C(CH3)3), 169.23 and 170.44 (N- 

CH2C=0).

m/z (FAB) 260 ([MfH]^, C13H26NO4, 8%), 204 (45), 160 (100).

HRMS (FAB) C13H26NO4 [MfH]"^ requires 260.1862, found 260.1850.

A-methyl-glycine pentyl ester (176)

/V-*Butoxycarbonyl-A-methyl glycine pentyl ester 177 (3.00 mmol, 0.78 g) was 

added to a solution of trifluoroacetic acid (7.50 ml) in dichloromethane (15 ml). The 

reaction mixture was stirred at room temperature (1 h) and was then washed with 

potassium carbonate solution (3 x 25 ml, 30 % v/v in water) and the crude product 

was extracted using dichloromethane (3 x 25 ml). The combined organic extracts 

were washed with saturated brine (2 x 30 ml), saturated sodium hydrogen carbonate 

solution (2 X 25 ml), water (1 x 25 ml) and dried over anhydrous magnesium sulfate. 

The solvent was removed in vacuo to yield the title compound (176) as a pale yellow 

oil (0.47 g, 98% yield).

Vmax (neat)/ cm’* 3427(w), 2959(s), 2867(s), 1747(m), 1681(m), 1465(m).

ÔH (300 MHz; CDCI3) 0.85 (3H, m, CH2% ) ,  1.24 (4H, m, (07/2)2) 1.50 (2H, m, 

OCH2C//2), 2.55 (3H, s, A-CH3), 2.90 (IH, br-s, N-H), 3.49 (2H, s, C ^ C = 0 ), 4.10 

(2H, t,J7 .0  Hz, OC//2CH2).
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ÔC (75MHz; CDCI3) 14.27 (CH2CH3), 22.62 ( Œ 2CH3), 28.24, 28.46, 34.36 (N- 

CH3), 50.47 (#-CH2C=0 ), 66.47 (OCH2CH2), 168.77 (C=0). 

m/z (FAB) 160 ([A/+H]\ CgHi8N02 , 35%), 117 (30), 109 (100).

HRMS (FAB) C8H18NO2 [M+H]^ requires 160.1338, found 160.1350.

5-Ethyl-2-methyl-4,6-dioxo-octahydro-pyrrolo[3a,6a]pyrrole-l-carboxylic acid 

pentyl ester (178)

— N 6a

Experiment 7.1.32 To a solution of A-methyl glycine pentyl ester 176 (2.01 

mmol, 0.32 g) in water (10 ml) was added aqueous formaldehyde (5.80 mmol, 37 wt. 

%, 0.47 ml) and A-ethylmaleimide (2.30 mmol, 0.29 g). The reaction mixture was 

then heated at reflux for 2 h. On cooling, the crude product was extracted using ethyl 

acetate (3 x 40 ml) and the combined organic extracts washed with water (2 x 20 ml), 

saturated brine solution (2 x 20 ml) and dried over anhydrous magnesium sulfate. 

The solvent was removed in vacuo and flash chromatography of the crude product 

(3:1 hexane/ethyl acetate) afforded the title compound 178 as a yellow oil (24 mg.

Vmax (neat, cm'^) 2934(s), 1704(br), 1452(s), 1412(s).

ÔH (300 MHz; CDCI3) 0.85 (3H, m, H-5'), 1.10 (3H, t, J 7 .4  Hz, N-CH2-CH3), 1.26 

(4H, m, H-4', H-3'), 1.58 (2H, m, H-2'), 2.30 (3H, s, A-CH3), 3.08 (IH, m, 2 x H-3), 

3.25 (2H, m, H-3a, H-6a), 3.50 (2H, q, J 7.4 Hz, N-CH2CU3I 3.82 (IH, s, H-1), 4.07 

(2H, t, J  6.7 Hz, H-1).

ÔC (75MHz; CDCI3) 12.95 (#-CH2CH3), 13.92 (C-5'), 22.23 (C-4'), 28.05 (C-3'), 

28.30 (C-2 '), 34.18 (A-CH2CH3), 36.91 (A-CH3), 44.58 (C-3a), 48.79 (C-6a), 55.26 

(C-3), 65.03 (C-1'), 67.33 (C-1), 170.24 (CO2CH2), 177.31 and 178.84 (2 x C=0). 

m/z (FAB) 297 ([M +Hf, C15H25N2O4, 75%), 281 (45), 181 (15).

HRMS (FAB) C15H25N2O4 [M+HŸ requires 297.1814, found 297.1823.
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Experiment 7.1.33. The procedure described in experiment 7.1.32 was repeated 

with toluene (16 ml) as the solvent. Flash chromatography of the crude product (3:1 

hexane/ethyl acetate) afforded the title compound (178) as a yellow oil (42 mg, 7%).

Experiment 7.1.34. The procedure described in experiment 7.1.32 was repeated 

however the reaction mixture was heated in a microwave (800 W) for 2 min. Flash 

chromatography of the crude product (3:1 hexane/ethyl acetate) afforded the title 

compound (178) as a yellow oil (24 mg, 4% yield).

Experiment 7.1.35. The procedure described in experiment 7.1.32 was repeated 

however the reaction mixture was sonicated at room temperature for 1 h. Flash 

chromatography of the crude product (3:1 hexane/ethyl acetate) afforded the title 

compound (178) as a yellow oil (25 mg, 4%).

Experiment 7.1.36. The procedure described in experiment 7.1.32 was repeated 

with sodium dodecyl sulfate (90 mM, 16 ml) as the solvent. On cooling, the crude 

product was extracted into ether (3 x 20 ml), the combined organic extracts were 

washed with water (3 x 20 ml) and dried over anhydrous magnesium sulfate. Flash 

chromatography of the crude product (3:1 hexane/ethyl acetate) afforded the title 

compound (178) as a yellow oil (25 mg, 4%).

Experiment 7.1.37. The procedure described in experiment 7.1.32 was repeated 

however lithium chloride (4.86 M, 16 ml) was used as the solvent. Flash 

chromatography of the crude product (3:1 hexane/ethyl acetate) afforded the title 

compound (178) as a yellow oil (24 mg, 4%).

5-Benzyl-2-methyl-4,6-dioxo-octahydro-pyrrolo[3a,6a]pyrrole-l-carboxylic 

acid pentyl ester (179)

— N
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Experiment 7.1.38. To a solution of A^-methyl glycine pentyl ester (2.01 mmol, 0.32 

g) in (10 ml) was added aqueous formaldehyde (5.80 mmol, 37 wt. %, 0.47 ml) and 

A^-benzylmaleimide (2.30 mmol, 0.43 g). The reaction mixture was then heated at 

reflux temperature (2 h). On cooling, the crude product was extracted using ethyl 

acetate (3 x 40 ml) and the combined organic extracts washed with water (2 x 20 ml), 

saturated brine solution (2 x 20 ml) and dried over anhydrous magnesium sulfate. 

The solvent was removed in vacuo and flash chromatography of the crude product 

(4:1 hexane/ethyl acetate) afforded the title compound (179) as a yellow oil (36 mg, 

5%).

(neat, cm ')  2942(g), 2833(g), 1715(br), 1620 (g), 1422(g), 1404(g), 1323(g).

5h (300 MHz; CDCb) 0.87 (3H, m, H-5'), 1.30 (4H, m, H-4', H-3'), 1.58 (2H, m, H- 

2'), 2.36 (3H, g, Af-CHj), 3.13 (IH, ra, H-3), 3.25 (2H, m, H-3a, H-6a), 3.50 (2H, q, J

7.4 Hz, W-CftCHa), 3.86 (IH, g, H-1), 4.07 (2H, t , 76.7 Hz, I'-H), 4.57 (2H, g, CHi- 

Ar), 7.18 (5H, m, Ai-H).

ÔC (75MHz; CDCI3) 13.92 (C-5'), 22.22 (C-4'), 28.04 (C-3'), 28.30 (C-2'), 36.84 (N- 

Œ 3), 42.70 (CHzPh), 44.64 (C-3a), 48.86 (C-6a), 55.28 (C-3), 65.06 (C-1'), 67.35 

(C-1), 127.84, 128.28, 128.63, 135.45, 170.15 (CO2CH2), 177.17 and 178.64 (2 x 

C=0).

m/z (FAB) 359 ([MfH]^, C20H27N2O4, 33%), 243 (100), 153 (15).

HRMS (FAB) C20H27N2O4 [M+H]^ requires 359.1971, found 359.1974.

Experiment 7.1.39. The procedure described in experiment 7.1.38 was repeated 

with toluene (16 ml) as the solvent. Flash chromatography of the crude product (4:1 

hexane/ethyl acetate) afforded the title compound (179) as a yellow oil (51 mg, 7%).

Experiment 7.1.40. The procedure described in experiment 7.1.38 was repeated 

however the reaction mixture was heated in a microwave (800 W) for 2 min. Flash 

chromatography of the crude product (4:1 hexane/ethyl acetate) afforded the title 

compound (179) as a yellow oil (36 mg, 5% yield).

Experiment 7.1.41. The procedure described in experiment 7.1.38 was repeated

however the reaction mixture was sonicated at room temperature for 1 h. Flash
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chromatography o f the crude product (4:1 hexane/ethyl acetate) afforded the title

compound (179) as a yellow oil (37 mg, 5%).

Experiment 7.1.42. The procedure described in experiment 7.1.38 was repeated 

with sodium dodecyl sulfate (90 mM, 16 ml) as the solvent. On cooling, the crude 

product was extracted into ether (3 x 20 ml), the combined organic extracts were 

washed with water (3 x 20 ml) and dried over anhydrous magnesium sulfate. Flash 

chromatography of the crude product (4:1 hexane/ethyl acetate) afforded the title 

compound (179) as a yellow oil (35 mg, 5%).

Experiment 7.1.43. The procedure described in experiment 7.1.38 was repeated 

however lithium chloride (4.86 M, 16 ml) was used as the solvent. Flash 

chromatography of the crude product (4:1 hexane/ethyl acetate) afforded the title 

compound (179) as a yellow oil (34 mg, 5%).

7.1.2. Use of Cyclic a-Amino Esters

1’-Ethyl-2’,5’-dioxo[13’lbipyrrolidinyl-2-carboxylic acid methyl ester (180a and 

180b)
.0

Experiment 7.1.44. To a solution of proline methyl ester hydrochloride (4.00 mmol, 

0.66 g) in water (16 ml) was added sodium hydrogen carbonate (4.00 mmol, 0.34 g). 

Formaldehyde (9.00 mmol, 0.27 ml, 37 wt. % aq.) and A^-ethylmaleimide (0.89 g, 

7.19 mmol) were then added and the reaction mixture heated at reflux for 2 h. On 

cooling, the crude product was extracted into ethyl acetate (2 x 20 ml) and the 

combined organic extracts were washed with water (2 x 25 ml), saturated brine 

solution (2 X 20 ml) and then dried over anhydrous magnesium sulfate. The solvent
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was removed in vacuo and flash chromatography of the crude product (1:1 hexane/

ethyl acetate) afforded the diastereoisomeric mixture (1:1) title compound (180a and

180b) as a yellow oil (0.24 g, 24%).

Diastereoisomer 1:

Vmax (neat)/cm‘̂  2960(m), 2880(m), 1701 (hr), 1440(m), 1404(m), 1351(m).

ÔH (300 MHz; CDCI3) 1.09 (3H, t, J  7.4 Hz, N-CH2CH3), 1.80-1.90 (3H, m, H-4, 

HH-3% 2.19 (IH, m, H//-3), 2.48 (IH, m, HR-5% 2.62 (IH, dd, J  18.5 and 5.3 Hz, 

Mf-4'), 2.92 (IH, dd, J  18.5 and 9.2 Hz, H77-4'), 3.04 (IH, m, H77-5), 3.48 (2H, q, J

7.4 Hz, /V-C//2CH3), 3.67 (3H, s, OCH3), 4.11 (IH, dd, J5 .3  and 9.2 Hz, H-3'), 4.14 

(IH, m, H-2).

ÔC (75 MHz; CDCI3) 13.56 (/V-CH2Œ 3), 23.74, 29.62, 33.90, 34.47, 48.12, 52.41,

57.88, 63.20, 174.64, 175.18, and 178.02 (3 x C=0).

m/z (FAB) 255 ([M+H]\ C12H19N2O4, 32%), 195 (100), 136 (47), 121 (20).

HRMS (FAB) C12H19N2O4 [M+H]^ requires 255.1345, found 255.1340.

Isomers separated using proton-proton correlation.

Diastereoisomer 2:

ÔH (300 MHz; CDCI3) 1.09 (3H, t, J  7.4 Hz, A-CH2C//3), 1.80-1.90 (3H, m, HH-4, 

Mf-3), 2.19 (IH, m, H77-3), 2.48 (IH, m, /m -5), 2.62 (IH, m, MI-4'), 2.79 (IH, m, 

HM5), 2.92 (IH, m, HM4'), 3.48 (2H, q, J7 .4  Hz, N-CHiCYl/), 3.66 (3H, s, OCH3),

3.92 (IH, dd, J3 .3  and 13.4 Hz, 3'-H), 4.14 (IH, m, H-2).

ÔC (75MHz; CDCI3) 13.28 (#-CH2CH3), 23.68, 30.49 (N -Œ 2CH3), 33.90, 34.13, 

48.02, 52.41, 57.88, 62.62, 174.63, 174.97, 176.49 (3 x C=0).

Experiment 7.1.45. The procedure described in experiment 7.1.44 was repeated 

with toluene (16 ml) as the solvent and triethylamine (4.00 mmol, 0.56 ml) as the 

base. Flash chromatography of the crude product (1:1 hexane/ethyl acetate) afforded 

the diastereoisomeric mixture (1:1) title compound (180a and 180b) as a yellow oil 

(90 mg, 9%).

Experiment 7.1.46. The procedure described in experiment 7.1.44 was repeated

with cetyl trimethylammonium bromide (10 mM, 16 ml) was used as the solvent and

triethylamine (4.00 mmol, 0.56 ml) as the base. On cooling, the crude product was
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extracted into ether (3 x 20 ml), the combined organic extracts were washed with 

water (3 x 10 ml) and dried over anhydrous magnesium sulfate. Flash 

chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the 

diastereoisomeric mixture (1:1) title compound (180a and 180b) as a yellow oil (0.24 

g,24%).

Experiment 7.1.47. The procedure described in experiment 7.1.44 was repeated 

with sodium dodecyl sulfate (90 mM, 16 ml) was used as the solvent and 

triethylamine (4.00 mmol, 0.56 ml) as the base.* On cooling, the crude product was 

extracted into ether (3 x 10 ml), the combined organic extracts were washed with 

water (3 x 20 ml) and dried over anhydrous magnesium sulfate. Flash 

chromatography of the crude product (1:1 hexane/ethyl acetate) afforded the 

diastereoisomeric mixture (1:1) title compound (180a and 180b) as a yellow oil 

(0.23g, 23% yield).

Experiment 7.1.48. The procedure described in experiment 7.1.44 was repeated 

however the reaction mixture was stirred for 18 h. Flash chromatography of the 

crude product (1:1 hexane/ethyl acetate) afforded the diastereoisomeric mixture (1:1) 

title compound (180a and 180b) as a yellow oil (0.24 g, 24% yield).

Experiment 7.1.49. The procedure described in experiment 7.1.44 was repeated 

however the reaction mixture was sonicated at room temperature for 1 h. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

diastereoisomeric mixture (1:1) title compound (180a and 180b) as a yellow oil (0.33 

g, 30% yield).

Experiment 7.1.50. The procedure described in experiment 7.1.44 was repeated 

however the reaction mixture was heated in a microwave (800 W) for 2 min. Flash 

chromatography of the crude product (1:1 petroleum ether/diethyl ether) afforded the 

diastereoisomeric mixture (1:1) title compound (180a and 180b) as a yellow oil (0.33 

g, 30% yield).

Experiment 7.1.51. To a solution of proline methyl ester hydrochloride (4.00

mmol, 0.66 g) in water (16 ml) was added sodium hydrogen carbonate (4.00 mmol,
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0.34 g) and Æ-ethylmaleimide (4.00 mmol, 0.50 g) and the reaction mixture heated at 

reflux temperature for 18 h. On cooling, the crude product was extracted into ethyl 

acetate (2 x 20 ml) and the combined organic extracts were washed with water (2 x 

25 ml), saturated brine solution (2 x 20 ml) and then dried over anhydrous 

magnesium sulfate. The solvent was removed in vacuo and flash chromatography of 

the crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture 

(1:1) title compound (180a and 180b) as a yellow oil (0.35 g, 35%).

Experiment 7.1.52. The procedure described in experiment 7.1.51 was repeated 

with dichloromethane (16 ml) as the solvent and triethylamine as the base (4.00 

mmol, 0.56 ml). Flash chromatography of the crude product (1:1 hexane/ethyl 

acetate) yielded the diastereoisomeric mixture (1:1) title compound (180a and 180b) 

as a yellow oil (0.60 g, 60%).

Experiment 7.1.53. The procedure described in experiment 7.1.51 was repeated 

with water/toluene (95% (aq.), 16 ml) as the solvent. Flash chromatography of the 

crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture (1:1) 

title compound (180a and 180b) as a yellow oil (0.60 g, 60%).

Experiment 7.1.54. The procedure described in experiment 7.1.51 was repeated 

with water/toluene (50% (aq.), 16 ml) as the solvent. Flash chromatography of the 

crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture (1:1) 

title compound (180a and 180b) as a yellow oil (0.85 g, 85%).

Pyrrolidine-2-carboxylic acid pentyl ester (181)

4 3

To a solution of T-proline (60.0 mmol, 6.91 g) in anhydrous toluene (150 ml) was 

added benzene sulfonic acid (60.0 mmol, 9.49 g) and pentan-l-ol (60.0 mmol, 6.50 

ml). The reaction mixture was stirred and heated at reflux with the azeotopic 

removal of water for 24 h. On cooling, sodium hydrogen carbonate (75.0 mmol, 6.30
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g) was cautiously added to the reaction mixture with stirring at room temperature for 

8 h. The precipitate was then filtered and the organic layer was washed with 

saturated sodium hydrogen carbonate solution (3 x 50 ml), saturated brine solution (3 

X 50 ml) and water (2 x 50 ml). The organic extract was dried over anhydrous 

magnesium sulfate and the solvent was removed in vacuo to yield the title compound 

181 as a racemic colourless oil (7.55 g, 68%)

Vmax (neat)/cm‘  ̂3344(w), 1735(s), 1461(m), 1205(s).

ÔH (300 MHz; CDCI3) 0.86 (3H, t, J6 .7  Hz, H3-5'), 1.30 (4H, m, HH-4', HH-3'), 1.58 

(2H, m, HH-2'), 1.68 (3H, m, H-4, HR-3), 1.98 (IH, br-s, iV-H), 2.02 (IH, m, RH-3), 

2.85 (IH, m, CHR-N), 3.05 (IH, m, CRH-N), 3.70 (IH, dd, J5 .4  and 8.4 Hz, H-2), 

4.03 (2H, t, y  6.8 Hz, H-1').

ÔC (75 MHz; CDCI3) 14.27 (C-5'), 22.64 (C-4'), 25.87 (C-3'), 28.39, 28.70, 30.70,

47.40 (C-5), 60.23 (C-2), 65.45 (C-1'), 175.92 (C=0). 

m/z (FAB) 186 ([M+H]\ C10H19NO2, <5%).

l ’-Ethyl-2’,5’-dioxo[l,3'lbipyrrolidinyl-2-carboxylic acid methyl ester (182a and 

182b)

4

5"

Experiment 7.1.55. To a solution of proline pentyl ester (2.00 mmol, 0.37 g) in 

water (16 ml) was added A-ethylmaleimide (2.00 mmol, 0.25 g). The reaction 

mixture was then heated at reflux for 18 h. On cooling, the crude product was 

extracted into ethyl acetate (2 x 20 ml) and the combined organic extracts were 

washed with water (2 x 25 ml), saturated brine solution (2 x 20 ml) and then dried 

over anhydrous magnesium sulfate. The solvent was removed in vacuo and flash
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chromatography of the crude product (1:1 hexane/ethyl acetate) yielded the

diastereoisomeric mixture (1:1) title compound (182a and 182b) as a yellow oil (0.15

g,24%).

Diastereoisomer 1:

Vmax (neat)/ cm'^ 2960(m), 2880(m), 1701 (hr), 1440(m), 1404(m), 1351(m).

ÔH (300 MHz; CDCI3) 0.89 (3H, t, J  6.5 Hz, H-5"), 1.09 (3H, t, J  7.4 Hz, N- 

CH2C7/3), 1.29 (4H, m, H-4", H-3"), 1.62 (2H, m, H-2'), 1.89 (3H, m, H-4, HR-3),

2.18 (IH, m, HR-3), 2.52 (IH, m, ÆI-5), 2.66 (IH, dd, J  18.5 and 9.1 Hz, HR-A% 

2.88 (IH, dd, J  18.5 and 5.3 Hz, H//-4'), 3.02 (IH, m, CH/7-5), 3.48 (2H, q, J 1 Â  Hz, 

/V-C7/2CH3), 4.12 (IH, dd,J9.2 and 5.3 Hz, H-3'), 4.17 (3H, m, H-1", H-2).

ÔC (75MHz; CDCI3) 13.58 (#-CH2CH3), 14.38 (C-5"), 22.69 (C-4"), 23.76, 28.41,

28.69, 29.61, 33.86, 34.56, 47.88, 57.91, 63.32, 65.34, 174.37, 175.30 and 177.87 (3 

X C=0).

m/z (FAB) 311 ([M+H]^ C16H27N2O4, 32%), 195 (100), 147 (22).

HRMS (FAB) C16H27N2O4 [M+H]^ requires 311.1971, found 311.1978.

Isomers separated by using proton-proton.

Diastereoisomer 2:

ÔH (300 MHz; CDCI3) 0.89 (3H, t, J  6.5 Hz, H-5"), 1.09 (3H, t, J  7.4 Hz, N- 

CH2C//3), 1.29 (4H, m, H-4", H-3"), 1.62 (2H, m, H-2'), 1.89 (3H, m, H-4, HR-3),

2.18 (IH, m, HR-3), 2.52 (IH, m, /ffl-5), 2.66 (IH, m, M i-4'), 2.88 (IH, m, H/7-4'),

3.02 (IH, m, CHM5), 3.48 (2H, q, J  7.4 Hz, N-CH2CR/), 3.86 (IH, dd, J  3.2 and

13.2 Hz, H-3'), 4.05 (2H, t, J7 .8  Hz, H-1"), 4.12 (IH, m, H-2).

ÔC (75MHz; CDCI3) 13.37 (A-CH2CH3), 14.38 (C-5"), 22.69, 23.72, 28.36, 28.67, 

30.54, 34.06, 34.15, 52.89, 59.86, 62.58, 65.47, 174.49, 175.10 and 176.61 (3 x 

C=0).

Experiment 7.1.56. The procedure described in experiment 7.1.55 was repeated 

with cetyl trimethylammonium bromide (10 mM, 16 ml) as the solvent. Flash 

chromatography of the crude product (1:1 hexane/ethyl acetate) yielded the 

diastereoisomeric mixture (1:1) title compound (182a and 182b) as a yellow oil (0.16 

g, 26%).
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Experiment 7.1.57. The procedure described in experiment 7.1.55 was repeated 

with sodium dodecyl sulfate (90 mM, 16 ml) as the solvent. Flash chromatography 

of the crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture 

(1:1) title compound (182a and 182b) as a yellow oil (0.16 g, 26%).

Experiment 7.1.58. The procedure described in experiment 7.1.55 was repeated 

with water/toluene (9% (aq.), 16 ml) as the solvent. Flash chromatography of the 

crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture (1:1) 

title compound (182a and 182b) as a yellow oil (31 mg, 5%).

Experiment 7.1.59. The procedure described in experiment 7.1.55 was repeated 

with water/toluene (50% (aq.), 16 ml) as the solvent. Flash chromatography of the 

crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture (1:1) 

title compound (182a and 182b) as a yellow oil (0.33 g, 53%).

Experiment 7.1.60. The procedure described in experiment 7.1.55 was repeated 

with water/toluene (95 % (aq.), 16 ml) as the solvent. Flash chromatography of the 

crude product (1:1 hexane/ethyl acetate) yielded the diastereoisomeric mixture (1:1) 

title compound (182a and 182b) as a yellow oil (0.27 g, 24%).

2-Ethyl-l,3-dioxo-4-phenyl-octahydro-pyrrolo[3a,8b]pyrrolizine-8a-carboxylic 

acid methyl ester {endo 183)

0

Experiment 7.1.61. To a solution of proline methyl ester hydrochloride (7.89 mmol,

1.35 g) in water (16 ml), sodium hydrogen carbonate (7.89 mmol, 0.66 g) was added. 

Benzaldehyde (18.3 mmol, 1.95 ml) and 7V-ethylmaleimide (7.19 mmol, 0.89 g) were 

then added and the reaction mixture was heated at reflux for 3 h. On cooling, the
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crude product was extracted into ethyl acetate (3 x 20 ml) and the combined organic 

extracts were washed with water (2 x 25 ml), saturated brine solution (2 x 20 ml) and 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo and 

flash chromatography (2:1 hexane/ethyl acetate) yielded the title compound as 

colourless crystals (98 mg, 4%), m.p. 132-135 and the diastereoisomeric mixture 

(1:1) as a yellow oil (0.20 g, 11%).

Vmax (neat)/cm'^ 2960(m), 2880(m), 1701 (hr), 1610(s), 1440(m), 1404(m), 1351(m). 

ÔH (300 MHz; CDCI3) 1.08 (3H, t, J7 .3  Hz, 2.13 (3H, m, H-7, M I-8),

2.33 (IH, m, HM 8), 2.55 (IH, m, M I-6), 2.72 (IH, m, HM 6), 3.32 (2H, t, J7 .3  N- 

C//2CH3), 3.34 (IH, d, J7 .6  Hz, H-8b), 3.38 (IH, dd, J7 .6  and 8.6 Hz, H-3a), 3.65 

(3H, s, OCM), 4.30 (IH, d, J 8.6 Hz, H-4), 7.14 (2H, dd, J  1.7 and 7.7 Hz, o-Ai-H), 

7.21 (3H, m, m-Ai-H, p-Ax-H).

ÔC (75 MHz; CDCI3) 13.49 (7V-CH2C//3), 26.93, 28.00, 34.15 (7V-CH2CM), 41.91, 

47.70, 52.43, 56.02, 61.82, 77.86, 128.17, 128.54, 128.69, 136.85, 174.18, 175.67 

and 175.91 (3 x C=0).

m/z (FAB) 343 ([M+H]^ C19H23N2O4, 45%), 283 (100), 184 (20).

HRMS (FAB) C19H23N2O4 [M+H]^ requires 343.1658, found 343.1640.

See appendix 9 for crystal structural data.

Experiment 7.1.62. The procedure described in experiment 7.1.61 was repeated 

with aqueous lithium chloride (4.86 M, 15 ml) as the solvent. The reaction mixture 

was heated to reflux temperature for 2 h. Flash chromatography of the crude product 

(2:1 hexane/ethyl acetate) afforded the title compound 183 as colourless crystals 

(0.10 g, 4%) and the diastereoisomeric mixture (1:1) 180a and 180b as a yellow oil

(0.18 g, 10%).

Experiment 7.1.63. The procedure described in experiment 7.1.61 was repeated 

with sodium dodecyl sulfate (90 mM, 16 ml) as the solvent. On cooling, the crude 

product was extracted into ether (3 x 30 ml), the combined organic extracts were 

washed with water (3 x 30 ml) and dried over anhydrous magnesium sulfate. Flash 

chromatography of the crude product (2:1 hexane/ethyl acetate) afforded title
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compound 183 as colourless crystals (98 mg, 4%) and the diastereoisomeric mixture 

(1:1) 180a and 180b as a yellow oil (0.21 g, 11%).

Experiment 7.1.64. The procedure described in experiment 7.1.61 was repeated 

with cetyl trimethylammonium bromide (10 mM, 16 ml) as the solvent. On cooling, 

the crude product was extracted into ether (3 x 40 ml), the combined organic extracts 

were washed with water (3 x 30 ml) and dried over anhydrous magnesium sulfate. 

Flash chromatography of the crude product (2:1 hexane/ethyl acetate) afforded the 

title compound 183 as colourless crystals (0.10 g, 4%) and the diastereoisomeric 

mixture (1:1) 180a and 180b as a yellow oil (0.21 g, 12%).

2-Ethyl-13-dioxo-4-phenyl-octahydro-pyrroIo[3a,8b]pyrrolizine-8a-carboxylic 

acid methyl ester {exo 184)

8 ^ 0  O

Experiment 7.1.65. To a solution of proline methyl ester hydrochloride (7.89 mmol,

1.35 g), toluene (16 ml), triethylamine (7.89 mmol, 1.10 ml) was added. 

Benzaldehyde (18.3 mmol, 1.95 ml) and #-ethylmaleimide (7.19 mmol, 0.89 g) was 

then added and the reaction mixture was then heated at reflux temperature for 3 h. 

On cooling, the crude product was extracted into ethyl acetate (3 x 20 ml) and the 

combined organic extracts were washed with water (2 x 25 ml), saturated brine 

solution (2 X 20 ml) and dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo and flash chromatography (2:1 hexane/ethyl acetate) yielded the 

title compound 184 as colourless crystals (0.61 g, 25%), m.p. 121-123 °C and the 

diastereoisomeric mixture (1:1) 180a and 180b as a pale yellow oil (33 mg, 3%) and 

endo 183 as colourless crystals (0.81 g, 33%).
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ÔH (300 MHz; CDCI3) 1.08 (3H, t, J7 .3  Hz, N-CU2CH3), 2.13 (3H, m, H-7, //H-8),

2.33 (IH, m, H/f-8), 2.55 (IH, m, HH-6), 2.78 (IH, m, H77-6), 3.32 (2H, m, N- 

C//2CH3), 3.44 (IH, m, H-8b), 3.74 (3H, s, OCH3), 3.89 (IH, t, /9 .3  Hz, H-3a), 4.90 

(IH, d, J  9.3 Hz, H-4), 7.22 (3H, m, m-Ar-H, p-Ar-H), 7.52 (2H, d, J  7.4 Hz, o-Ar- 

H).

ÔC (75 MHz; CDCI3) 13.40 (N-CH2CH3), 29.64, 30.59, 34.15 (AT-CHiCTTg), 41.91, 

48.12, 52.90, 57.74, 62.72, 78.55, 128.69, 128.90, 129.04, 137.19, 174.88 (CO2CH2), 

176.38 and 176.54 (2 x C=0 ).

Experiment 7.1.66. The procedure described in experiment 7.1.61 was repeated 

however the reaction mixture was heated in water (16 ml) at reflux for 48 h. Flash 

chromatography of the crude product (2:1 hexane/ethyl acetate) yielded the title 

compound 184 as colourless crystals (49 mg, 2%), the diastereoisomeric mixture 

(1:1) 180a and 180b as a pale yellow oil (0.13 g, 7%) and endo 183 as colourless 

crystals (98 mg, 4%).

Experiment 7.1.67. The procedure described in experiment 7.1.66 was repeated 

however the reaction mixture was heated in a microwave (800 W) for 2 min. Flash 

chromatography of the crude product (2:1 hexane/ethyl acetate) afforded the title 

compound 184 as colourless crystals (74 mg, 3%), the diastereoisomeric mixture 

(1:1) 180a and 180b as a pale yellow oil (0.16 g, 9%) and endo 183 as colourless 

crystals (99 mg, 4%).
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7.2. Nitrile Oxide 1,3-Dipolar Cycloaddition 

Reactions In Aqueous Media

7,2.1. Intermolecular Nitrile Oxide 1,3-Dipolar 

Cycloadditions

2,4,6-Trimethyl benzaldoxime^"*  ̂(185)

2,4,6-Trimethyl benzaldehyde (67.5 mmol, 10.0 g), sodium hydroxide (0.337 mol, 

13.5 g) and hydroxylamine hydrochloride (0.105 mol, 7.33 g) were added to an 

aqueous solution of ethanol (100 ml, 80% v/v). The reaction mixture was then 

heated at reflux for 6 h. On cooling, the crude product was extracted into ethyl 

acetate (2 x 150 ml) and the combined organic extracts dried over anhydrous 

magnesium sulfate. The solvent was removed in vacuo and the crude product was 

recrystallised from ethanol (3 x 100 ml) to yield the title compound 185 as yellow 

crystals (10.7 g, 97%), m.p. 145-147 °C.

v„.x(KBr)/cm‘' 3248(br), 1607(m), 1460(s), 1377(m), 1306(w).

Sh (300 MHz; CDCI3) 1.87 (IH, br-s, CH=AfOH), 2.33 (3H, s,p-Ai-CHi), 2.42 (6H, 

s, 2 X 0 -A1 -CH2), 6.98 (2H, s, 2 x m-Ai-H), 8.46 (IH, s, CH=NOH).

ÔC (75 MHz; CDCI3) 20.93 (2 x o-Ar-Œs), 21.51 (p-Ar-Œs), 128.51, 129.73,

137.92, 139.30, 150.30 (CH=AOH).

m/z (FAB) 164 ([M+HŸ, C10H14NO, 100%), 146 (17).
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2,4, 6-Trimethylbenzoiiitrile oxidê "** (186)

Experiment 7.2.1. To a solution of 2,4,6-trimethyl benzaldoxime 185 (1.00 

mmol, 0.16 g) in dichloromethane (15 ml), aqueous sodium hypochlorite was added 

(11 % CI2 content, 2.50 mmol, 1.62 ml) at 5 °C (10 min). The reaction mixture was 

stirred at room temperature (18 h) followed by the addition of water (30 ml). The 

organic layer was separated and the crude product extracted from the aqueous layer 

using dichloromethane (15 ml). The combined organic extracts were dried over 

anhydrous magnesium sulfate and the solvent was removed in vacuo. The crude 

product was recrystallised from ethanol ( 4 x 5  ml) to afford the title compound 186 

as colourless crystals (156 mg, 97%), m.p. 106-108 °C (lit m.p, 111.5-112 °C from 

methanol).

Experiment 7.2.2. To a solution of 2,4,6-trimethyl benzaldoxime 185 (30.0 

mmol, 4.92 g) in water (50 ml), aqueous sodium hypochlorite was added (11 % CI2 

content, 2.50 mmol, 19.4 ml) at 5 (10 min). The reaction mixture was stirred at

room temperature (18 h) followed by the addition of water (30 ml). The solvent was 

removed by filtration under reduced pressure and the crude product was 

recrystallised from ethanol (4 x 50 ml) to afford the title compound as colourless 

crystals (4.68 g, 97%).

v„„(KBr)/cm-‘ 2291(br), 1460(s), 1377(m), 1306(w).

Sh (300 MHz; CDCI3) 2.30 (3H, s,p-Ai-CH}), 2.42 (6H, s, 2 x o-Ar-CT/s), 6.91 (2H, 

s, 2 X m-Ai-H).

ÔC (75 MHz; CDCI3) 21.13 (2 x 0 -A1 -CR3), 21.81 (p-Ar-CHg), 111.34 (CNO),

128.72, 129.08, 141.34, 142.06.

nt/z (FAB) 162 ([M+H]^ C10H12NO, 100%), 145 (26).
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5-Ethyl-3-(2’,4’,6’-trimethyl-phenyl)-3a,6a-dihydro-pyrrolo[3a,6-a]isoxazoIe-4,6-

dione (187)

Experiment 7.2.3. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (2.00 

mmol, 0.32 g) in dichloromethane (15 ml) was added A^-ethylmaleimide (2.00 mmol, 

0.25 g). The reaction mixture was stirred at room temperature for 18 h followed by 

the addition of water (30 ml). The organic layer was separated and the crude product 

extracted from the aqueous layer using dichloromethane (15 ml). The combined 

organic extracts were dried over anhydrous magnesium sulfate and the solvent was 

removed in vacuo. The crude product was recrystallised from ethanol ( 3 x 1 0  ml) to 

afford the title compound 187 as colourless crystals (0.53 g, 92%) m.p. 114-116 °C.

V m « ( K B r ) / c m '  1695(br), 1604(m), 1312(m), 1211(s).

Sh (300 MHz; CDCI3) 1.14 (3H, t, J7 .3  Hz, 2.10 (6H, s, 2 x o-Ar-CHs),

2.24 (3H, s,p-Ai-CHi), 3.54 (2H, q, J 7.2 Hz, A-CT^CH;), 4.51 (IH, d, J9 .5  Hz, H- 

3a), 5.45 (IH, d, J9 .5  Hz, H-6a), 6.85 (2H, s, Ar-H).

Sc (75 MHz; CDCI3) 13.13 (JV-CHzCH)), 20.18 (2 x o-Ar-CHs), 21.58 (p-M-CK,),

34.92 (A-CH2CH3), 58.42 (C-3a), 79.68 (C-6a), 122.96, 129.30, 137.06, 140.26, 

153.72 (C=AO), 170.63 and 172.77 (2 x O O ). 

m/z (FAB) 287 ([M+H]^ C,6Hi9N203. 62%), 164 (100).

HRMS (FAB) C16H19N2O3 [AH-H]+ requires 287.1396, found for 287.1409.

Experiment 7.2.4. The experiment was repeated as for 7.2.3 with water (15 ml) 

as the solvent. The precipitate formed was isolated by filtration under reduced 

pressure to afford the title compound 187 (0.55 g, 97%).
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5-Benzyl-3-(2',4’,6'-trimethylphenyl)-3a,6a-dihydro-pyrroIo[3a,6a]isoxazole-4,6-

dione (188)

Experiment 7.2.5. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (2.06 

mmol, 0.33 g) in dichloromethane (15 ml) was added A^-benzylmaleimide (2.06 

mmol, 0.39 g). The reaction mixture was stirred at room temperature for 18 h. The 

solvent was removed in vacuo and the crude product was recrystallised from ethanol 

(4 X 50 ml) to afford the title compound 188 as colourless crystals (0.65 g, 94%), 

m.p. 126-128 °C.

v„„(KBr)/cm‘' 1659(br), 1589(m), 1492(s), 1327(m), 1281(m).

Sh (300 MHz; CDCI3) 1.91 (6H, s, 2 x o-Ar-Cft), 2.24 (3H, s,p-Ai-CHi), 4.50 (IH, 

d, J  9.5 Hz, H-3a), 4.60 (IH, d, J  13.9 Hz, CHHAr), 4.70 (IH, d, J  13.9 Hz, 

CHHAr), 5.45 (IH, d, J9 .5  Hz, H-6a), 6.82 (2H, s, 2 x H-3'), 7.27 (3H, m, Ar-H),

7.36 (2H, m, Ai-H).

ÔC (75 MHz; CDCI3) 19.87 (2 x o-Ar-CHg), 21.51 {p-Ax-CR^), 43.53 (CHi-Ar),

58.41 (C-3a), 79.70 (C-6a), 122.82, 128.86, 129.18, 129.71, 134.87, 137.12, 140.19, 

153.55 (C=AO, 170.32 and 172.50 (C=0 ). 

m/z (FAB) 349 ([M+H]+. C21H21N2O3. 100%), 186 (15). 154 (23).

HRMS (FAB) C21H21N2O3 [M+H]^ requires 349.1552, found 349.1559.

Experiment 7.2.6. The experiment was repeated as for 7.2.5 with water (15 ml) 

as the solvent. The precipitate formed was isolated by filtration under reduced 

pressure and the solvent removed in vacuo to afford the title compound 188 (0.65 g, 

94%).

Experiment 7.2.7. The experiment was repeated as for 7.2.5 however the reaction 

mixture was stirred at room temperature for 6 h. The precipitate formed was
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isolated by filtration under reduced pressure to afford the title compound 188 (0.49 g, 

70%).

Experiment 7.2.8. The experiment was repeated as for 7.2.5 with water (15 ml) 

as the solvent and the reaction mixture was stirred at room temperature for 6 h. The 

precipitate formed was isolated by filtration under reduced pressure and the solvent 

removed in vacuo to afford the title compound 188 (0.50 g, 72%).

1-Propenyloxy tetradecane(189)

3 b  H

3 a  H  3

To anhydrous dimethylformamide (40 ml), sodium hydride (32.0 mmol, 1.27 g, 60 

wt. % in mineral oil), (40.0 mmol, 4.26 ml) was added 1-tetradecanol (30.0 mmol, 

6.43 g) and the reaction mixture was stirred at room temperature for 2 h. Propenyl 

bromide (30.0 mmol, 2.60 ml) was added and the reaction mixture heated to 60 °C 

for 18 h. On cooling, water was added and the crude product extracted into ethyl 

acetate (3 x 50 ml). The combined organic extracts were washed with saturated 

brine solution (3 x 50 ml), water (3 x 50ml) and dried over anhydrous magnesium 

sulfate. The solvent was removed in vacuo and flash chromatography of the crude 

product (2:1 hexane/dichloromethane) afforded the title compound 189 as a 

colourless oil (5.49 g, 72% yield).

Vmax (neat)/cm’  ̂2860(s), 1650(m), 1459(m), 1108(m), 921(w).

ÔH (300 MHz; CDCI3) 0.81 (3H, t, J7 .6  Hz, C-14% 1.17-1.24 (22H, m, H-3' - H-13'), 

1.56 (2H, m, H-2'), 3.39 (2H, t, J6 .7  Hz, H-T), 3.94 (2H, dt, J5 .6  and 1.4 Hz, H-1), 

5.12 (IH, dd, J  8.8 and 1.7 Hz, H-3a), 5.26 (IH, dd, J  17.2 and 1.7 Hz, H-3b), 5.85 

(IH, m, H-2).

ÔC (75 MHz; CDCI3) 14.50 (C-14’), 23.10 (C-13'), 26.60, 29.78, 29.92, 30.02, 30.08,

30.09 and 30.18 (10 x C, C-3' -  C-12'), 32.34 (C-2'), 70.91, 72.18, 116.99 (C-3), 

135.49 (C-2).
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m/z (FAB) 253 C17H33O, 27%), 111 (15), 97 (45), 83 (62), 69 (80), 57

(100), 41 (100), 29 (25).

2-{2’-[2"-(2’”-Propenyl-ethoxy)-ethoxy]-ethoxy}-ethanol*^'*(190)

3b H

To anhydrous acetonitrile (200 ml) and sodium hydride (30.0 mmol, 1.23 g, 60 wt. % 

in mineral oil), 2-{2'-[2"-(ethoxy)-ethoxy]-ethoxy}-ethanol (0.12 mol, 20.7 ml) was 

cautiously added and the reaction mixture was stirred at room temperature for 2 h. 

Propenyl bromide (30.0 mmol, 2.60 ml) was then added and the reaction mixture 

heated at reflux temperature for 18 h. On cooling the solvent was removed in vacuo 

and flash chromatography of the crude product (8:1 dichloromethane/hexane to 9:1 

ethyl acetate/acetone) afforded the title compound 190 as a colourless oil (4.07 g, 

58% yield).

Vmax (neat)/cm'^ 3442(br), 2890 (s), 1650(m), 1457(m), 1350(m), 1294(m).

ÔH (300 MHz; CDCI3) 2.73 (IH, br-s, OH), 3.50-3.62 (16H, m, 8 x CH2O), 3.89 (2H, 

dt, J8 .5  and 1.3 Hz, -CHCH2O), 5.09 (IH, dd, J8 .5  and 1.3 Hz, H-3a), 5.16 (IH, 

dd, J  17.3 and 1.3 Hz, H-3b), 5.80 (IH, m, H-2a).

ÔC (75 MHz; CDCI3) 61.94, 69.68, 69.74, 70.49, 70.83, 70.91, 70.93, 72.59, 73.15, 

117.64 (CH=CH2), 134.97 (CH=CH2).

m/z (FAB) 257 ([M+Na]^ CnH2205Na 35%), 234 (M \ C11H22O5, 100), 129 (42). 

5-Tetradecyloxymethyl-3-(2’’,4”,6’’-trimethylphenyl)isoxazoline (192)
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Experiment 7.2.9. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (0.50 

mmol, 0.08 g) in dichloromethane (5 ml) was added 1-propenyloxy tetradecane (0.50 

mmol, 0.12 g). The reaction mixture was stirred at room temperature for 18 h. The 

solvent was removed in vacuo and the crude product was recrystallised from ethanol 

(4 X 50 ml) to afford the title compound 192 as colourless crystals (0.20 g, 97%), 

m.p. 162-164 °C.

v„„(KBr)/cm-' 2970 (br), 1698(s), 1612(m), 1474(s), 1381(m), 1335(m).

Sh (300 MHz; CDCI3) 0.81 (3H, t, J  7.6 Hz, C-14'), 1.19 (22H, m, H-2' -  H-13'),

1.51 (2H, m, H-2'), 2.18 (6H, s, 2 x o-M-CHi), 2.22 (3H, s,p-Aï-CHi), 3.07 (IH, dd, 

J  17.4 and 7.5 Hz, //H-4), 3.12 (IH, dd, J  17.4 and 10.7 Hz, H//-4), 3.46 (2H, t, J6.1  

Hz, H-1'), 3.55 (2H, dd, J4 .5  and 2.5 Hz, C //2O), 4.80 (IH, m, H-5), 6.52 (2H, s, 2 x 

H-3").

Sc (75 MHz; CDCI3) 14.49 (C-14'), 20.07 (2 x o-Ar-CH3), 21.43 (p-Ar-CH3), 23.08, 

26.52,29.75,29.89,30.01 and 30.06 (11 xC , C-3' - C-13'), 32.32 (C-2'), 41.51 (C-4), 

72.06,72.43,79.46 (C-5), 126.79,128.81,137.10,139.04,157.52 (C=N). 

m/z (FAB) 416 ([M+H]^ C27H46NO2, 90%), 220 (28), 188 (100), 158 (56), 119 (56), 

105 (27).

HRMS (FAB) C27H46NO2 [M+H]^ requires 416.3529, found for 416.3548.

Experiment 7.2.10. Experiment was repeated as for 7.2.9 however, water (15 ml) 

used as the solvent. The solvent was removed under reduced pressure and the crude 

product was recrystallised from ethanol (4 x 50 ml) to afford the title compound as 

colourless crystals (0.20 g, 97%).

5a-Methoxy-(2-(2’-[2’’-(2’”-propenyl-ethoxy)-ethoxy]-ethoxy}-ethanol)-3a- 

(2’ ’ ” ,4* ' ” ,6” ”-trimethylphenyl)isoxazoline (193)
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Experiment 7.2.11. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (0.50 

mmol, 0.08 g) in dichloromethane (5 ml) was added 2-{2'-[2”-(2"'-propenyl-ethoxy)- 

ethoxy]-ethoxy}-ethanol 190 (0.50 mmol, 0.12 g). The reaction mixture was stirred 

at room temperature for 18 h followed by the addition of water (20 ml). The organic 

layer was separated and the crude product extracted from the aqueous layer using 

dichloromethane (15 ml). The combined organic extracts were dried over anhydrous 

magnesium sulfate and the solvent was removed in vacuo to afford the title 

compound 193 as a colourless oil (0.20 g, 98%).

Vmax (neat)/cm'^ 3500(br), 2874(s), 1650(m), 1457(m), 1344(m), 1291(m).

ÔH (300 MHz; CDCI3) 2.18 (6H, s, 2 x o-Ar-C/Zs), 2.22 (3H, s,p-Ar-C/Zs), 3.06 (IH, 

dd, J  17.3 and 7.6 Hz, HZZ-4a), 3.14 (IH, dd, J  17.3 and 10.3 Hz, ZZH-4a), 3.62-3.68 

(18H, m, 9 X CZZ2O), 4.84 (IH, m, H-5a), 6.84 (2H, s, 2 x m-Ax-H).

ÔC (75 MHz; CDCI3) 20.04 (2 x o-Ar-CH3), 21.40 (p-Ax-CR^), 41.49 (C-4a), 69.80, 

70.66, 70.94, 70.97, 71.49, 72.64 and 73.00 (9 x C, C-1 - C-2'", CH2O), 79.45 (C-5a),

126.69, 128.80, 136.93, 139.03, 157.62 (C=#0).

w/z (FAB) 418 ([M+Naf, C2iH3306Na, 27%), 188 (35), 158 (70), 131 (100), 119 

(76), 105 (90).

HRMS (FAB) C2iH3306Na [AZ+Na]  ̂requires 418.2206, found 418.2206. 

5a-Methoxy ethanol-3a-(2 ’ ’ ,4 ” ,6 ” -trimethy Ipheny l)isoxazoline ( 194)

Experiment 7.2.12. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (0.50 

mmol, 0.08 g) in dichloromethane (5 ml) was added 3-propenyloxy-ethanol (0.50 

mmol, 0.06 g). The reaction mixture was stirred at room temperature for 18 h 

followed by the addition of water (20 ml). The organic layer was separated and the 

crude product extracted from the aqueous layer using dichloromethane (15 ml). The 

combined organic extracts were dried over anhydrous magnesium sulfate and the
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solvent was removed in vacuo to afford the title compound 194 as a colourless oil 

(0.13 g, 97%).

Vmax (neat)/cm'^ 3470(br), 2888(s), 1658(m), 1459(m), 1344(m).

ÔH (300 MHz; CDCI3) 2.19 (6H, s, 2 x o-A r-C^), 2.23 (3H, s, p-Ar-C/fs), 3.06 (IH, 

dd, J  17.5 and 7.5 Hz, H//-4a), 3.04 (IH, dd, J  17.5 and 10.5 Hz, Ml-4a), 3.63-3.73 

(6, m, 3 X C//2O), 4.85 (IH, m, H-5a), 6.86 (2H, s, 2 x  m-Ai-H).

ÔC (75 MHz; CDCI3) 20.03 (2 x o-Ar-CH3), 21.41 {p-Ar-CR^\ 41.42 (C-4a), 62.10, 

72.65, 73.45, 79.43 (C-5a), 128.80, 129.11, 136.90, 139.14, 157.71 (C=AO). 

m/z (FAB) 286 ([M+Na]^ C^HaiNOsNa, 47%), 264 ([M+H]*, CisHzzNOs.lOO), 188 

(26), 158 (20).

HRMS (FAB) C15H22NO3 requires 264.1600 found 264.1582.

5-Pentafluorophenylmethyl-3-phenylisoxazoiine (197)

Experiment 7.2.13. To a solution of benzaldoxime (0.45 mmol, 72 mg) in 

dichloromethane (5 ml) was added aqueous sodium hypochlorite (11% CI2 content, 

2.50 mmol, 1.62 ml) at 5 °C and the reaction mixture was stirred for 30 min. 

Propenyl-3-pentafluorobenzene (0.45 mmol, 68.9 pml) was then added and the 

reaction mixture stirred at room temperature for 18 h. Water (30 ml) was added, the 

organic layer was separated and the crude product was extracted from the aqueous 

layer using dichloromethane (2 x 10 ml), the combined organic extracts were dried 

over anhydrous magnesium sulfate and the solvent was removed in vacuo. The crude 

product was then recrystallised from ethanol (4 x 50 ml) to afford the title compound 

197 as colourless crystals (135 mg, 92%), m.p. 51-54 °C.

Vmax (KBr)/cm'^ 1612(m), 1504(s), 1455(s), 1381(m), 1326(m).
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ÔH (300 MHz; CDCI3) 3.00 (IH, dd, J  13.9 and 6.0 Hz, Ar-CMi), 3.07 (IH, dd, J

16.7 and 6.7 Hz, HRA), 3.14 (IH, dd, J  13.9 and 7.4 Hz, Ar-CHT^, 3.42 (IH, dd, J

16.7 and 10.1 Hz, H//-4), 4.96 (IH, m, H-5), 7.43 (3H, m, 2 x o-Ai-H, /?-Ar-//), 7.65 

(2H, m, 2 X m-Ar-//).

ÔC (75 MHz; CDCI3) 28.43 (CHzAr), 40.29 (C-4), 79.36 (C-5), 127.12, 129.36, 

129.42, 130.72, 156.72 (C=AO).

nt/z (FAB) 328 ([M+H]^ C16H11F5NO, 100%), 188 (23), 154 (47), 136 (52).

HRMS (FAB) C16H11F5NO [M+H]"  ̂requires 328.0761, found 328.0771.

Experiment 7.2.14. The procedure was repeated as for 7.2.13 however water (5 

ml) used as the solvent. The precipitate formed was isolated by filtration under the 

reduced pressure and the solvent removed in vacuo to afford the title compound 197 

as colourless crystals (135 mg, 92%).

5-Pentafluorophenylmethyl-3-trimethylphenylisoxazolme (198)

Experiment 7.2.15. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (0.46 

mmol, 75 mg) in dichloromethane (5 ml) was added propenyl-3-pentafluorobenzene 

(0.46 mmol, 70.5 pml) and the reaction mixture was stirred at room temperature (18

h). Water (30 ml) was added, the organic layer was separated and the crude product 

was extracted from the aqueous layer using dichloromethane (2 x 10 ml), the 

combined organic extracts were then dried over anhydrous magnesium sulfate and 

the solvent was removed in vacuo. The crude product was recrystallised fi"om ethanol 

( 4 x 2  ml) to afford the title compound 198 as colourless crystals (149 mg, 88%), 

m.p. 87-89 °C.

Experiment 7.2.16. The procedure was repeated as for 7.2.15 with water (5 ml) as 

the solvent. The precipitate was isolated by filtration under the reduced pressure, the
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solvent removed in vacuo and the crude product was recrystallised from ethanol (4 x 

2 ml) to afford the title compound 198 as colourless crystals (156 mg, 94%).

Vmax (KBr)/cm‘  ̂ 1610(m), 1507(s), 1449(s), 1366(m), 1315(m).

ÔH (300 MHz; CDCI3) 3.00 (IH, dd, J  17.4 and 6.3 Hz, Mf-4), 3.10 (IH, dd, J  14.0 

and 6.5 Hz, Ar-C7/H), 3.18 (IH, dd, J  14.0 and 7.4 Hz, Ar-CH//), 3.28 (IH, dd, J

17.4 and 10.2 Hz, H7/-4), 4.91 (IH, m, H-5), 6.98 (2H, m, 2 x m-Ar-H).

ÔC (100 MHz; CDCI3) 19.64 (2 x o-A r-Œ 3, 21.06 (p-A r-Œ 3, 28.10 (CHzAr), 43.78

(C-4), 78.04 (C-5), 125.75, 128.55, 136.46, 138.99, 156.99 (C=#0).

m/z (FAB) 370 ([M+HŸ, C19H17F5NO, 100%), 188 (26), 154 (25), 136 (27).

HRMS (FAB) C19H17F5NO [MfH]^ requires 370.1230, found 370.1217.

l-Propenyloxy-2'-nitrobenzene^^^ (199)

2' ^  NO,

H 3a

To anhydrous dimethylformamide (50 ml) and sodium hydride (32.0 mmol, 1.23 g, 

60 wt. % in mineral oil), 2-nitrophenol (30.0 mmol, 4.17 g) was cautiously added and 

the reaction mixture was stirred at room temperature for 2 h. Propenyl bromide (29.7 

mmol, 2.57 ml) was then added and the reaction mixture was heated at 60 °C for 18 

h. On cooling, water was added and the crude product extracted into ethyl acetate (3 

X 50 ml). The combined organic extracts were washed with saturated brine solution 

(3 X 50 ml), water (2 x 50ml) and dried over anhydrous magnesium sulfate. The 

solvent was removed in vacuo and the crude product was recrystallised from ethanol 

(5 X 20 ml) to afford the title compound 199 as orange crystals (2.76 g, 52%), m.p. 

108-110 T .

Vmax(KBr)/cm'* 1713(s), 1597(s), 1443(w), 1366(m), 1296(m), 1250(m).

ÔH (300 MHz; CDCI3) 4.82 (2H, d, J5 .8  Hz, H-1), 5.23 (IH, dd, J  10.5 and 1.7 Hz, 

H-3a), 5.36 (IH, dd, J  17.4 and 1.7 Hz, H-3b), 6.02 (IH, m, H-2), 7.47 (IH, m, H-6'), 

7.59 (2H, m, H-4', H-5'), 7.92 (IH, d, J  8.5 Hz, H-3').
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ÔC (75 MHz; CDCI3) 66.54 (C-1), 118.89, 118.96, 129.47, 130.43, 132.46, 132.66,

152.70(0-1'), 166.96 (C-2').

m/z (FAB) 179 (M+, C9H9NO3, <5%), 133 (22).

4-(2'-Nitrophenoxy)-l'-(2",4",6"-trimethylphenyl)-butan-l-one o-methyl-oxime 

(200)

N— O

Experiment 7.2.17. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (0.16 

mmol, 26 mg) in dichloromethane (5 ml) was added l-propenyloxy-2'-nitrobenzene 

199 (0.16 mmol, 29 mg) and the reaction mixture was stirred at room temperature for 

18 h. The solvent was removed in vacuo and the crude product was recrystallised 

from ethanol ( 4 x 5  ml) to afford the title compound 200 as pale orange crystals (55 

mg, 96%), m.p. 141-143 °C.

v„„(KBr)/cm '‘ 1690(s), 1497(m), 1396(s), 1312(s), 1165(m).

ÔH (300 MHz; CDCI3) 2.12 (6H, s, 2 x o-Ac-CH^), 2.24 (3H, s,p-Ai-CHi), 2.90 (IH, 

dd, J  17.6 and 7.3 Hz, H//-4a), 3.14 (IH, dd, J  17.6 and 10.8 Hz, //H-4a), 4.45 (2H, 

d, J5 .4  Hz, H-4), 4.97 (IH, m, H-3), 6.87 (2H, s, 2 x w-Ar-//), 7.42 (IH, dd, J7 .6  

and 6.5 Hz, H-4’), 7.52 (IH, ddd, J8 .0 , 6.5 and 1.4 Hz, H-5’), 7.63 (IH, d, J8 .0  Hz, 

H-6’), 7.88 (IH, d, J1.6  Hz, H-3’).

ÔC (75 MHz; CDCI3) 20.08 (2 x o-Ar-CHg), 21.47 (p-Ar-CHs), 41.62 (C-2), 66.27 

(C-4), 77.67 (C-3), 119.47, 126.14, 128.85, 130.27, 130.70, 132.87, 136.89, 139.24, 

152.30 (C-1’), 157.43 (C=AO), 167.35 (C-2’).

m/z (FAB) 356 (M+, C20H24N2O, <2%), 218 (10), 202 (100), 144 (29), 120 (34). 

Analytical calculated for C20H24N2O: C, 67.40%; H, 6.79; N, 7.86; Found C, 

67.52%; H, 7.02; N, 7.81.

Experiment 7.2.18. The procedure was repeated as for 7.2.17 with aqueous sodium 

dodecyl sulfate (90 mM, 5 ml) as the solvent. The precipitate was removed by
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filtration under reduced pressure and the crude product was recrystallised from 

ethanol ( 3 x 2  ml) to afford the title compound 200 as pale orange crystals (23 mg, 

40%).

Experiment 7.2.19. The procedure was repeated as for 7.2.17 with aqueous 

sodium dodecyl sulfate (500 mM, 5 ml) as the solvent. The precipitate was removed 

by filtration under reduced pressure and the crude product was recrystallised fi*om 

ethanol ( 3 x 2  ml) to afford the title compound 200 as pale orange crystals (42 mg, 

74%).

l-PropenyIoxymethyl-2',4'-dimethoxy-benzene (201)

MeO.. 2 ' ^ ^  4 ' OMe

To anhydrous dimethylformamide (50 ml) and sodium hydride (32.0 mmol, 1.27 g, 

60 wt. % in mineral oil), 2,4-methoxybenzyl alcohol (29.7 mmol, 5.00 g) was 

cautiously added and the reaction mixture was stirred at room temperature for 2 h 

Propenyl bromide (29.7 mmol, 2.57 ml) was then added and the reaction mixture was 

heated at 70 °C for 18 h. On cooling, water was added and the crude product 

extracted into ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with saturated brine solution (3 x 50 ml), water (2 x 50ml) and dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo and flash 

chromatography of the crude product (3:1 hexane/ether) afforded the title compound 

201 as a colourless oil (4.26 g, 69%).

Vmax (neat)/cm‘  ̂ 1617(m), 1590(m), 1508(w), 1290(w), 1210(m), 1157(s).

ÔH (300 MHz; CDCI3) 4.03 (3H, s, OCH3), 4.06 (3H, s, O C ^), 4.31 (2H, dt, J  5.6 

and 1.4 Hz, H-1), 4.75 (2H, s, Ar-C7^0), 5.41 (IH, dd, J  10.4 and 1.7 Hz, H-3a),

5.52 (IH, dd, J  17.1 and 1.7 Hz, H-3b), 6.23 (IH, m, H-2), 6.71 (IH, s, H-3'), 6.74 

(IH, d, J7 .8  Hz, H-5'), 7.52 (IH, d, J7 .8  Hz, H-6').
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ÔC (75 MHz; CDCI3) 55.76 (OCH3), 55.80 (OCH3), 67.16, 71.54, 98.83, 104.30,

117.20, 119.53, 130.75, 135.59, 158.89, 160.99.

m/z (FAB) 208 (M^, C12H16O3, 25%), 151 (100), 55 (25).

HRMS (FAB) C12H16O3 [MŸ requires 208.1099; found 208.1105.

5-(2',4'-Dimethoxybenzyloxymethyl)-3-(2",4",6"-trimethyI-phenyl)isoxazoline

(202)

Experiment 7,2.20. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (0.50 

mmol, 0.08 g) in water (10 ml) was added l-propenyloxymethyl-2’,4'-dimethoxy- 

benzene 201 (0.50 mmol, 0.10 g) was added. The reaction mixture was stirred at 

room temperature (18 h) followed by the addition of ethyl acetate (10 ml). The 

organic layer was separated, the crude product extracted from the aqueous layer 

using ethyl acetate (2 x 10 ml) and the combined organic extracts were dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo to afford the title 

compound 202 as a colourless oil (166 mg, 90%).

Vmax (neat)/cm'* 1640 (s), 1589(m), 1504(w), 1459(m).

ÔH (300 MHz; CDCI3) 2.17 (6H, s, 2 x o-Ax-CH/), 2.24 (3H, %p-Ai-CH/), 3.12 (IH, 

dd, J  17.5 and 7.2 Hz, Mf-4), 3.19 (IH, dd, J  17.5 and 10.5 Hz, H/7-4), 3.57 (IH, dd, 

J  10.4 and 5.7 Hz, C7/HOCH2Ar), 3.65 (IH, dd, J  10.4 and 6.5 Hz, CHM)CH2Ar), 

3.77 (3H, s, OC//3), 3.78 (3H, s, OC//3), 4.03 (IH, m, H-5), 4.56 (2H, s, A r - ^ O ) ,

6.36 (IH, s, H-3'), 6.38 (IH, d, J7 .8  Hz, H-5'), 6.85 (2H, s, 2 x m-Ai-H), 7.23 (IH, d, 

J7 .8  Hz, H-6').

ÔC (75 MHz; CDCI3) 19.99 (2 x o-Ar-CH3), 21.41 (p-Ai-CR/). 41.87 (C-4), 55.77, 

55.80, 68.58, 71.09, 79.38 (C-5), 98.93, 104.46, 119.15, 126.81, 128.79, 131.14,

137.03,138.99, 157.58 (C=A), 159.06, 161.22.
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m/z (FAB) 392 ([M+Na]^, C22H27N04Na, 10%), 370 ([MfH]^ C22H2gN04 ,17), 188 

(26), 151 (100).

HRMS (FAB) C22H2?N04Na [Af+Na]^ requires 392.1838, found 392.1827.

Experiment 7.2.21. The procedure was repeated as for 7.2.22 however 

dichloromethane (15 ml) was used as the solvent. The organic layer was washed 

with water (3 x 50 ml) and then dried over anhydrous magnesium sulfate. The 

solvent was removed in vacuo to afford the title compound 202 as a colourless oil 

(168 mg, 91%).

3-Dodecyloxy-3-£'-propenylbenzene (203)

To anhydrous dimethylformamide (50 ml) and sodium hydride (22.0 mmol, 0.84 g, 

60 wt. % in mineral oil), cinnamyl alcohol (21.7 mmol, 2.91 g) was added and the 

reaction mixture was then stirred at room temperature for 1 h. 1 -Bromododecane 

(22.0 mmol, 5.28 ml) was then added and the reaction mixture was heated at 60 °C 

for 18 h. On cooling, water was added and the crude product extracted into ethyl 

acetate (3 x 50 ml). The combined organic extracts were washed with saturated 

brine solution (3 x 50 ml), water (2 x 50ml) and dried over anhydrous magnesium 

sulfate. The solvent was removed in vacuo and flash chromatography of the crude 

product (4:1 hexane/ether) afforded the title compound 203 as a pale yellow oil 

(4.13g, 63%).

Vmax (neat)/cm'^ 2895(m), 1738(s), 1453(m), 1364(m), 1259(m).

ÔH (300 MHz; CDCI3) 0.83 (3H, t, J  6.3 Hz, H-12'), 1.20-1.23 (20H, m, H-3’ -  H- 

11’), 1.55 (2H, m, H-2’), 3.43 (2H, t, J6 .7  Hz, H-1’), 4.09 (2H, dd, J5 .9  and 1.7 Hz, 

H-3), 6.26 (IH, dt, J  16.0 and 5.9 Hz, H-2), 6.57 (IH, d, J  16.0 Hz, H-1), 7.27 (3H, 

m, 2 X m-Ai-H, p-ki-H ), 7.60 (2H, m, 2 x o-Ax-H).
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5c (75 MHz; CDCI3) 14.46 (C-12’), 23.06 (C-11’), 26.61 (C-1 O'), 29.72 (C-9'), 29.90,

29.99, 30.02, 30.05, 30.21 and 32.30 (7 x C, C-3' -  C-1 O'), 70.98 (C-1'), 71.77 (C-3),

126.85,126.95,127.93,128.89, 132.43, 137.27. 

w/z (FAB) 301 ([M-H]^ C21H340, 100%), 154 (21), 149 (43).

HRMS (FAB) C21H33O [M-H]'" requires 301.2531, found for 301.2520.

2-[Phenyl-l”£'-propenyloxy)-ethoxy]-ethanol (204)

To anhydrous dimethylformamide (250 ml), sodium hydride (80.0 mmol, 3.06 g, 60 

wt. % in mineral oil) and diethylene glycol (0.12 mol, 11.5 ml) were cautiously 

added and the reaction mixture was stirred at room temperature for 2 h. Cinnamyl 

bromide (75.5 mmol, 10.0 g), in dimethylformamide (10 ml), was then added and the 

reaction mixture was heated at 60 °C for 18 h. On cooling, water was added and the 

crude product extracted into ethyl acetate (3 x 50 ml). The combined organic 

extracts were washed with saturated brine solution (3 x 50 ml), water (2 x 50 ml) and 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo and 

flash chromatography of the crude product (100% hexane to 1:1 hexane/ethyl 

acetate) afforded the title compound 203 as a yellow oil (6.87 g, 41%).

Vmax (neat)/cm'^ 3442br, 1667s, 1493m, 1434m, 1354m.

ÔH (300 MHz; CDCI3) 2.54 (IH, br-s, OH), 3.80 (6H, m, H-2, H-1', H-2'), 4.05 (2H, 

m, H-1), 4.31 (2H, dd, J6 .0  and 1.2 Hz, H-1"), 6.42 (IH, dt, J  15.9 and 6.0 Hz, H- 

2"), 6.69 (IH, d, J  15.9 Hz, H-3"), 7.27-7.60 (5H, m, Ax-H).

ÔC (75 MHz; CDCI3) 62.24, 69.88, 70.75, 71.88, 72.87, 126.08 , 126.64, 128.17,

128.89, 133.15, 145.93.

m/z (FAB) 245 (([M+Na]\ Ci3HigO3Na40%), 222 (M^ C13H18O3, 60), 221 ([M-H]\ 

C13H17O3, 100), 160 (35).

HRMS (FAB) C13H17O3 [M-H]^ requires 221.1178; Found for 221.1189.
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l-(l-Methyl-propenyloxy)-dodecane (205)

3b |_j CH

To anhydrous dimethylformamide (50 ml) and sodium hydride (22.0 mmol, 0.84 g, 

60 wt. % in mineral oil), 1 -methyl-propenyl alcohol (21.7 mmol, 2.91 g) was 

cautiously added and the reaction mixture stirred at room temperature for 1 h. 1- 

Bromododecane (40.0 mmol, 9.61 ml) was then added and the reaction mixture was 

heated at 60 for 18 h. On cooling, water was added and the crude product 

extracted into ethyl acetate (3 x 50 ml). The combined organic extracts were 

washed with saturated brine solution (3 x 50 ml), water (2 x 50ml) and dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo and flash 

chromatography of the crude product (100% hexane to 1:1 hexane/ether) afforded the 

title compound 205 as a colourless oil (4.06 g, 78%).

Vmax (neat)/cm‘  ̂ 2890(m), 1753(m), 1647(m), 1463(s), 1370(m), 1310(m), 1140(m). 

ÔH (300 MHz; CDCI3) 0.83 (3H, t, J  7.0 Hz, C-12'), 1.18 (3H, d, J  6.6 Hz, 

CH(C^)O), 1.21-1.30 (18H, m, H-3' - H-IT) 1.50 (2H, m, H-2'), 3.23 (IH, m, HR- 

T), 3.38 (IH, m, H77-1'), 3.73 (IH, m, H-1), 5.04 (IH, dd, J  10.3 and 1.4 Hz, H-3a),

5.09 (IH, dd, J  16.0 and 1.4 Hz, H-3b), 5.71 (IH, m, H-2).

6c (75 MHz; CDCI3) 14.54 (C-12'), 21.67, 23.05, 26.62, 29.72, 29.89, 29.99, 30.01,

30.04 and 30.36 (9 x C, OCHCH3, C-11' -  C-3'), 32.30 (C-2'), 68.82 (C-1'), 77.12 

(CHCH3), 115.55 (C-3), 141.19 (C-2).

tn/z (FAB) 240 (M+, C16H32O, 45%), 185 (12), 71 (41), 55 (100), 43 (36).

HRMS (FAB) C16H33O [M+HŸ requires 241.2531, found 241.2540.

185



5-(Dodecyloxy-6-ethyl)-3-(2”,4’*,6”-trimethylphenyI)isoxazoline (207a and 207b)

10' 12'

CH
3"

Experiment 7.2.22. To a solution of 2,4,6-trimethylbenzonnitrile oxide 186 (1.00 

mmol, 0.16 g) in dichloromethane (10 ml) was added l-(l-methyl-propenyloxy)- 

dodecane 205 (1.00 mmol, 0.24 g). The reaction mixture was stirred at room 

temperature for 18 h followed by the addition of water (30 ml). The organic layer 

was separated and the crude product extracted from the aqueous layer using 

dichloromethane ( 2 x 1 5  ml). The combined organic extracts were then dried over 

anhydrous magnesium sulfate, the solvent removed in vacuo and the crude product 

was recrystallised from ethanol to afford the title compound (207a and 207b) as 

colourless crystals (206/207 ratio of 2:3 as determined by NMR, 0.38 g, 95%), 

m.p. (163-165 °C).

Diastereosisomers distinguished by proton-proton correlation and by HMQC Dept45 

correlation.

Diastereoisomer 1 (erythro 207a)

Vmax (neat)/cm'^ 2890(m), 1604(m), 1427(m), 1381(m), 1335(s).

ÔH (300 MHz; CDCI3) 0.82 (3H, t, J  6.3 Hz, C-12’), 1.21 (3H, d, J  6.3 Hz, O 

CHC//3), 1.24 (18H, m, 18H, m, H-3’ - H-11’), 1.53 (2H, m, H-2’), 2.24 (6H, s, 2 x o- 

A r-C ^), 2.27 (3H, s,j?-A r-C^), 3.03 (2H, m, H-4), 3.47 (IH, m, H/7-1’) 3.56 (2H, 

m, 77H-1’, C//(CH3)0), 4.58 (IH, m, H-5), 6.75 (2H, s, 2 x m-Ai-H).

ÔC (75 MHz; CDCI3) 14.47 (C-12’), 20.05, 21.39, 23.08, 26.67, 29.99 and 30.57 (C- 

11’ -  C-3’, 2 X o-Ar-CH3,/?-Ar-CH3, CH(CH3)0 and CH(CH3)0), 32.34 (C-2’), 40.22 

(C-4), 70.01, 75.98, 77.71 and 84.19 (C-5), 127.05, 128.79, 136.93, 138.84, 157.44 

(C=N).

m/z (F.A.B) 424 ([M+Na]^ C26H43N02Na,100%), 402 ([M+H]^ C26H44NO2, 50), 

176 (90).

HRMS (FAB) C26H44NO2 [M+H]"  ̂requires 402.3372, found 402.3361.
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Diastereoisomer 2 (threo 207b)

ÔH (300 MHz; CDCI3) 0.82 (3H, t, /6 .3  Hz, C-12'), 1.21 (3H, d, J6 .3  Hz, OCHC//3),

1.24 (18H, m, 18H, m, H-3' - H-11'), 1.53 (2H, m, H-2'), 2.24 (6H, s, 2 x o-Ar-CJ%),

2.27 (3H, s, P-AT-CH3I  3.15 (IH, dd, J  18.2 and 10.3 Hz, i/H-4), 3.15 (IH, dd, J

18.2 and 7.9 Hz, H/7-4), 3.47 (IH, m, H77-1') 3.56 (2H, m, H R -\\ C//(CH3)0 ), 4.74 

(IH, m, H-5), 6.75 (2H, s, 2 x m-Ax-H).

ÔC (75 MHz; CDCI3) 14.47 (C-12'), 20.05, 21.39, 23.08, 26.67, 29.99 and 30.57 (C- 

1 1 '- C-3', 2 X o-Ar-CH3, p-Ai-CR^, CH(CH3)0 and CH(CH3)0 ), 32.34 (C-2'),40.56 

(C-4), 70.01, 75.89, 77.71 and 83.20 (C-5), 127.05, 128.79, 136.93, 138.84, 157.44 

(C=N).

Experiment 7.2.23. The procedure was repeated as for 7.2.22 with water (10 ml) as 

the solvent. The precipitate was removed by filtration under reduced pressure to 

afford the title compound (207a and 207b) colourless crystals (diastereomeric 

mixture 2:3, 0.39 g, 95%).

Experiment 7.2.24. The procedure was repeated as for 7.2.22 however aqueous 

sodium dodecyl sulfate (90 mM, 10 ml) was used as the solvent. The precipitate 

formed was removed by filtration under reduced pressure to afford the title 

compound (207a and 207b) as colourless crystals (diastereomeric mixture 2:3, 0.38 

g, 95%).

Experiment 7.3.25. The procedure was repeated as for 7.2.22 with cetyl 

trimethylammonium bromide (15 mM, 10 ml) as the solvent. The precipitate formed 

was filtered under reduced pressure to afford the title compound (207a and 207b) as 

colourless crystals (diastereomeric mixture 2:3, 0.38 g, 95%).

2-(2’-T rityIoxyethoxy)ethanol'^^ (208)

187



To anhydrous dichloromethane (250 ml), triphenylmethyl chloride (10.0 mmol, 2.79 

g,) and diethylene glycol (40.0 mmol, 2.20 ml) were added. Triethylamine (10.0 

mmol, 1.39 ml) was then slowly added and the reaction mixture was stirred at room 

temperature for 6 h. Water was added to the reaction mixture (50 ml) and the crude 

product extracted into dichloromethane (3 x 30 ml). The combined organic extracts 

were washed with saturated brine solution (3 x 50 ml), water (2 x 50 ml) and dried 

over anhydrous magnesium sulfate. The solvent was removed in vacuo and flash 

chromatography of the crude product (100% hexane to 1:1 hexane/ethyl acetate) 

afforded the title compound (208) as colourless crystals (2.47 g, 71% yield), m.p. 

117-120 ""C (lit. m.p, 116-116.5 °C, ethanol).

Vmax(KBr)/cm'^ 3620 (br), 1447(s), 1384(m), 1229(m).

ÔH (300 MHz; CDCI3) 2.02 (IH, s, br-s, OH), 3.21 (2H, t, J4 .9  Hz, H-2'), 3.55 (2H, 

t, y 4.2 Hz, H-2), 3.61 (2H, t, J4 .9  Hz, H-1'), 3.75 (2H, m, CT^OH), 7.28 (9H, m, 6 x 

m-Ai-H, 3 X p-Aj-H), 7.42 (6H, m, 6 x o-Ai-H).

ÔC (75 MHz; CDCI3) 62.29, 63.78, 71.03, 72.68, 87.12 (C-1"), 127.38, 128.17, 

129.10, 144.45.

m/z (FAB) 371 ([M+Na]+, C23H2403Na, 10%), 348 (M*, <2%), 243 (100), 105 (22).

Methanesulfonic acid 2-(2'-trityloxyethoxy)ethyl ester'^  ̂(209)

To a vessel fitted with a reflux condenser, anhydrous dichloromethane (15 ml), 

methanesulfonyl chloride (5.00 mmol, 0.23 ml) and 2-(2'-Trityloxy-ethoxy)-ethanol 

(4.00 mmol, 1.39 g) were added. Triethylamine (5.00 mmol, 0.70 ml) was then 

added and the reaction mixture was stirred at room temperature for 3 h. The 

precipitate formed was filtered and water (10 ml) was then added to the filtrate. The 

crude product was extracted into dichloromethane (2 x 10 ml) and the combined 

organic extracts were washed with saturated sodium hydrogen carbonate solution (2
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X 50 ml), saturated brine solution (3 x 50 ml), water (2 x 50ml) and then dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo and the crude was 

product recrystallised from ethanol (3 x 10 ml) to afford the title compound as 

colourless crystals (1.64 g, 96% yield), m.p. 64-66 °C (lit. m.p., 67.5 °C from ethyl 

acetate, hexane).

v„„(KBr)/cm '‘ 1447(g), 1384(m), 1334(g), 1229(m), 1145(g).

8h (300 MHz; CDClj) 3.21 (2H, t, J5 .1  Hz, H-2'), 3.55 (3H, g, CHzOSOzC/fg), 3.62 

(2H, t, 75.1 Hz, H-1'), 3.71 (2H, m, H-2), 4.31 (2H, m, H-1), 7.26 (9H, m, 6 x m-Ar- 

//, 3 X /?-Ar-//), 7.41 (6H, m, 6 x o-Ai-H).

ÔC (75 MHz; CDCI3) 38.16 (SO3CH3), 63.71, 69.53, 69.75, 71.21 (C-1), 87.13 (C- 

1"), 127.46, 128.22, 129.16, 144.37.

w/z (FAB) 426 (M^, C24H26O5S, <1%), 243 (66), 183 (20), 165 (38).

l-(l-methyl-propenyloxy)-ethoxy-2’-ethoxymethyl(triphenyl) ether (206)

CH3

O 1 2 ^  3b

To anhydrous dimethylformamide (50 ml), sodium hydride (10.0 mmol, 0.38 g, 60 

wt. % in mineral oil) and 1 -methylpropenyl alcohol (10.0 mmol, 0.72 g) were 

cautiously added. The reaction mixture was stirred at room temperature for 2 h and 

methanesulfonic acid 2-(2'-trityloxyethoxy)ethyl ester 209 (3.00 mmol, 1.28 g) was 

then added and the reaction mixture was heated at 60 °C for 18 h. On cooling, water 

was added and the crude product extracted into ethyl acetate (3 x 50 ml). The 

combined organic extracts were washed with saturated sodium hydrogen carbonate 

solution (3 X 50 ml), saturated brine solution (3 x 50 ml), water (2 x 50ml) and dried 

over anhydrous magnesium sulfate. The solvent was removed in vacuo and flash 

chromatography of the crude product (1:1 hexane/ether) afforded the title compound 

206 as a colourless oil (0.52 g, 43%).
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v„a,(KBr)/cm'‘ 1652(m), 1463(g), 1384(m), 1230(m).

ÔH (300 MHz; CDCI3) 1.17 (3H, d, J  6.4 Hz, C%), 3.18 (2H, t, J  5.2 Hz, 

C % 0 C(Ph)3), 3.45 (IH, m, Mi-1'), 3.56 (IH, m, H/f-1’), 3.61 (4H, m, H-2', H-1"), 

3.82 (IH, m, H-1), 5.04 (IH, dd, J  10.2 and 1.6 Hz, H-3b), 5.11 (IH, dd, J  15.9 and

1.6 Hz, H-3a), 5.67 (IH, m, H-2), 7.21 (9H, m, 6 x m-Ai-H, 3 x p-Ai-H), 7.40 (6H, 

m, 6 X o-Ar-77).

5c (75 MHz; CDCI3) 21.68 (CH3), 60.64, 63.80, 68.03, 71.10, 71.33, 86.96 

(CH20C(Ph)3), 116.08 (C-3), 127.27,128.30,129.15, 140.78 (C-2), 144.60. 

m/z (FAB) 425 ([M+Na]*, C2?H3o03Na, 12%), 401 ([M-H]+, C27H29O3, 6), 243 (100). 

HRMS (FAB) C2?H3o03Na [M+Na]* requires 425.2093, found 425.2086.

7.2.2. Sequential Diels-Alder-l,3-DipoIar Cycloaddition 

Reaction In Aqueous Media

4-Benzyl-lO-oxa-4-aza-tricydo  [5.2.1.0^’̂ ] dec-8-ene-3,5-dione {endo 210)

0
y /
3 \

4N
- V

7= H 0
H

Experiment 7.2.26, To a solution of A^-benzylmaleimide (4.00 mmol, 0.50 g) in 

water (10 ml) was added furan (16.0 mmol, 1.16 ml). The reaction mixture was 

stirred at room temperature for 18 h. The precipitate formed in solution was filtered 

under reduced pressure to yield the title compound 210 as colourless crystals (0.94g, 

92%), m.p. 72-74 °C.

v„„(KBr)/cm '‘ 1696(g), 1667(g), 1475(g), 1450(m).

ÔH (300 MHz; CDCI3) 3.44 (2H, m, H-2, H-6), 4.48 (2H, CH2-M), 5.22 (2H, m, H-1, 

H-7), 6.07 (2H, s, H-8, H-9), 7.23 (5H, m, Ar-H).

ÔC (75 MHz; CDCI3) 42.66 (C-2, C-6), 46.28 (CHz-Ar), 79.91 (C-1, C-7), 128.39,

128.85, 129.40, 134.62 (C-9, C-8), 135.85, 174.92 (C-3, C -5).

m/z (FAB) 256 (C15H14O3N, [M+UŸ, 2%), 188 (21), 134 (100), 110 (39), 91 (17).
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Experiment 7.2.27. The procedure was repeated as for 7.2.26 with 

dichloromethane (10 ml) used as the solvent. The organic layer was washed with 

water (3 x 50 ml) and dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo to afford the title compound 210 (0.94 g, 92%).

Experiment 7.2.28. The procedure was repeated as for 7.2.26 however one 

equivalent of furan was used (4.00 mmol, 0.29 ml). The precipitate, formed in 

solution, was filtered under reduced pressure to yield the title compound 210 as 

colourless crystals (0.51 g, 50%).

Experiment 7.2.29. The procedure was repeated as for 7.2.28 with 

dichloromethane (10 ml) used as the solvent. The organic layer was washed with 

water (3 x 50 ml) and dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo to afford the title compound 210 as colourless crystals (0.51 g, 

50%).

Experiment 7.2.30. The procedure was repeated as for 7.2.28 however the 

reaction mixture was stirred at room temperature for 7 days. The precipitate formed 

was isolated by filtration under reduced pressure to afford the title compound 210 

(0.52 g, 50%).

Isoxazoline (211)

Î! N

o

Experiment 7.2.31. To a solution of 2,4,6-trimethylbenzonitrile oxide (1.00 

mmol, 0.16 g) in dichloromethane (5 ml) was added 4-benzyl-10-oxa-4-aza- 

tricyclo[5.2.1.0^'^]dec-8-ene-3,5-dione 210 (1.00 mmol, 0.26 g). The reaction 

mixture was stirred at room temperature for 18 h followed by the addition of water 

(30 ml). The organic layer was separated and the crude product extracted from the

191



aqueous layer using dichloromethane (15 ml). The combined organic extracts were 

dried over anhydrous magnesium sulfate and the solvent was removed in vacuo. The 

crude product was recrystallised from ethanol ( 4 x 5  ml) to afford the isoxazoline 211 

as colourless crystals (0.36 g, 86%) m.p. 107-109 ”C.

v„„(KBr)/cm-‘ I698(s), 1638(m), 1469(s), 1350(s).

5h (300 MHz; CDCI3) 1.99 (6H, s, 2 x o-Ar-Cft), 2.23 (3H, s,p-Ai-CHi), 3.13 (IH, 

d, J8 .2  Hz, H-8a), 3.34 (IH, dd, J9 .4  and 5.9 Hz, H-7a), 3.44 (IH, dd, J 9.4 and 6.6 

Hz, H-4a), 4.34 (IH, d, J8 .2  Hz, H-3), 4.51 (IH, d, J  13.7 Hz, C/ffilAr), 4.61 (IH, d, 

J 5 .9  Hz, H-8), 4.63 (IH, d, J  13.7 Hz, CHT/Ar), 5.07 (IH, d, J 6.6 Hz, H-4), 6.84 

(2H, s, 2 X H-3'), 7.32 (3H, m, 2 x m-Ar-H,/?-Ar-H), 7.40 (2H, m, 2 x o-Ai-H). 

Postive nOe signals observed: 3.13 (H-3, 2%; H-8, 1%); 4.34 (H-8a, 2%; H-4, 1%);

5.07 (H-4a, 2%; H-3, 1%).

ÔC (75 MHz; CDCI3) 20.29 (2 x o-Ar-CHs), 21.47 (p-Ar-CHs), 42.98 (CHz-Ar), 

47.88 (C-7a), 49.45 (C-4a), 58.64 (C-8a), 79.10 (C-3), 81.82 (C-8), 84.44 (C-4),

124.26, 129.11, 129.22, 129.47, 129.59, 135.66, 137.41, 139.67, 154.97 (C=AO),

173.54 and 173.89 (C=0).

m/z (FAB) 417 ([M+H]^ C25H25N2O4, 100%), 387 (10), 154 (22).

HRMS (FAB) C25H25N2O4 [M+H]^ requires 417.1814, found 417.1815.

Experiment 7.2.33. The procedure was repeated as for 7.2.32 however water (5 

ml) was used as the solvent. The solvent was removed by filtration under reduced 

pressure and the crude product was recrystallised using ethanol to afford the title 

compound 211 as colourless crystals (0.36 g, 86%).

4-Ethyl-10-oxa-4-aza-tricyclo[5.2.1.0^’̂ ]dec-8-ene-3,5-dione {endo 212)

9  , ^ 2
10O^

3 '
6 4 N '
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Experiment 7.2.34. To a solution of A^-ethylmaleimide (4.00 mmol, 0.50 g), in 

water (10 ml) was added furan (4.00 mmol, 0.29 ml). The reaction mixture was 

stirred at room temperature for 18 h. The precipitate, formed in solution, was filtered 

under reduced pressure to yield the title compound 212 as colourless crystals (0.39 g, 

50%), m.p 62-64 °C.

Vmax(KBr)/cm-  ̂ 1697(br), 1475(s), 1350(s), 1227(s).

ÔH (300 MHz; CDCI3) 1.01 (3H, t, J7 .2  Hz, A^-CHiC^s), 3.37 (2H, q, /  7.2 Hz, N- 

C /72CH3), 3.50 (2H, m, H-2, H-6), 5.28 (2H, m, H-1, H-7), 6.38 (2H, s, H-8, H-9). 

0c(75 MHz; CDCI3) 13.07 ( # - % % ) ,  33.82 (Æ-CH2CH3), 46.30 (C-2, C-6), 79.83 

(C-1, C-7), 134.73 (C-9, C-8), 175.23 (C=0). 

m/z (FAB) 194 ([M+H]^ C10H11NO3, 16%), 137 (19), 126 (100).

Experiment 7.2.35. The procedure was repeated as for 7.2.34 however two 

equivalents of furan were used (8.00 mmol, 0.56 ml). The precipitate, formed in 

solution, was filtered under reduced pressure to yield the title compound 212 as 

colourless crystals (0.39 g, 50%).

Experiment 7.2.36. The procedure was repeated as for 7.2.34 with dichloromethane 

(10 ml) as the solvent. The reaction mixture was stirred at room temperature for 18 

h. The organic layer was washed with water (3 x 50 ml) and then dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo to afford the title 

compound 212 as colourless crystals (0.39 g, 50%).

Experiment 7.2.37. The procedure was repeated as for 7.2.34 however the reaction 

mixture was stirred at room temperature for 7 days. The precipitate formed was 

isolated by filtration under reduced pressure to afford the title compound 212 as 

colourless crystals (0.42 g, 54%).

Experiment 7.2.38. The procedure was repeated as for 7.2.34 however copper 

nitrate was added in catalytic quantity (10 mol %). The crude product was extracted 

into dichloromethane (2 x 20 ml), and the combined organic extracts were washed 

with water and then dried over anhydrous magnesium sulfate. The solvent was
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removed in vacuo to yield the title compound 212 as colourless crystals (0.41 g, 

53%).

Experiment 7.2.39. The procedure was repeated as for 7.2.38 however ytterbium 

triflate was added in catalytic quantity (10 mol.%). The crude product was extracted 

into dichloromethane (2 x 20 ml), and the combined organic extracts were washed 

with water and then dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo to yield the title compound 212 as colourless crystals (0.40 g, 

51%).

Experiment 7.2.40. The procedure was repeated as for 7.2.34 with aqueous lithium 

chloride as the solvent (4.86 M, 10 ml). The precipitate, formed in solution, was 

filtered under reduced pressure to yield the title compound 212 as colourless crystals 

(0.40 g, 51%).

Experiment 7.2.41. The procedure was repeated as for 7.2.34 with aqueous 

guanidine hydrochloride as the solvent (4.86 M, 10 ml). The precipitate, formed in 

solution, was filtered under reduced pressure to yield the title compound 212 as 

colourless crystals (0.39 g, 50%).

Experiment 7.2.42. The procedure was repeated as for 7.2.34 with aqueous SDS as 

the solvent (90 mM, 10 ml). The precipitate, formed in solution, was filtered under 

reduced pressure to yield the title compound 212 as colourless crystals (0.39 g, 50%).

Experiment 7.2.43. The procedure was repeated as for 7.2.34 with aqueous CTAB 

as the solvent (20 mM, 10 ml). The precipitate, formed in solution, was filtered 

under reduced pressure to yield the title compound 212 as colourless crystals (0.40 g, 

51%).
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Isoxazoline (213)

Experiment 7,2.44. To a solution of 2,4,6-trimethylbenzonitrile oxide 186 (1.00 

mmol, 0.16 g) in dichloromethane (5 ml) was added 4-ethyl-10-oxa-4-aza- 

tricyclo[5.2.1.0^’̂ ]dec-8-ene-3,5-dione 212 (0.98 mmol, 0.19 g). The reaction 

mixture was stirred at room temperature for 18 h followed by the addition of water 

(30 ml). The organic layer was separated and the crude product extracted from the 

aqueous layer using dichloromethane (15 ml). The combined organic extracts were 

dried over anhydrous magnesium sulfate and the solvent was removed in vacuo. The 

crude product was recrystallised from ethanol ( 4 x 5  ml) to afford isoxazoline 213 

as colourless crystals (0.32 g, 90%), m.p. 94-96 °C.

Vmax(KBr)/cm'^ 1702(br), 1645(m), 1475(s), 1350(s), 1227(s).

ÔH (300 MHz; CDCI3) 1.13 (3H, t, J7.2 Hz, N-CR2CH3), 1.99 (6H, s, 2 x o-A r-C^),

2.23 (3H, s,/?-Ar-C//3), 3.34 (IH, dd, J9.4 and 5.9 Hz, H-7a), 3.51 (IH, q, J7.2 Hz, 

A-CH2CH3), 3.67 (IH, d, J  8.2 Hz, H-8a), 4.69 (IH, d, J  5.8 Hz, H-8), 4.78 (IH, d, J

8.2 Hz, H-3), 5.13 (IH, d, J6.3 Hz, H-4), 6.88 (2H, s, 2 x H-3').
ÔC (75 MHz; CDCI3) 13.14 (A ^-C H i^), 20.31 (2 x o-A r-Œ 3), 21.42 {p-Ai-CRi), 

34.25 (Æ-CH2CH3), 48.07 (C-7a), 49.77 (C-4a), 58.96 (C-8a), 78.89 (C-3), 81.96 (C-

3), 84.22 (C-8), 124.90, 129.36, 137.47, 139.74, 155.09 {C=NO\ 173.68 and 174.22 

(C=0).

m/z (FAB) 355 ([M+H]  ̂C20H23N2O4 , 100%), 325 (8 ), 199 (6 ).
HRMS (FAB) C20H23N2O4 [M+H]^ requires 355.1658, found 355.1670.

Experiment 7.2.45. The procedure was repeated as for 7.2.44 with water (5 ml) as 

the solvent. The solvent was removed by filtration under reduced pressure and the 

crude product was recrystallised using ethanol to afford the title compound as 

colourless crystals (0.32 g, 90%).
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Experiment 7.2.46. To a 8

solution of A^-ethylmaleimide 

(4.00 mmol, 0.50 g) in water

(10 ml) was added furan (4.00 mmol, 0.29 ml). The reaction mixture was stirred at 

room temperature for 18 h. The precipitate, formed in solution, was filtered under 

reduced pressure to yield the title compound as colourless crystals (0.43g, 42%). The 

remaining crude product was extracted into dichloromethane (2 x 20 ml) and the 

combined organic extracts dried over anhydrous magnesium sulfate. The solvent 

was removed in vacuo to yield the title compound 213 as colourless crystals (0.85g, 

96%), m.p. 114-117 T .

Vmai(KBr)/cm'^ 1698(s), 1664(s), 1475(s), 1450(m), 1390(s).

ÔH (300 MHz; CDCI3) 1.00 (3H, t, J 7 .2  Hz, N-CUjCHi), 1.75 (6H, s, 2 x C-C//3),

3.15 (2H, s, H-2, H-6), 3.33 (2H, q, J7 .2  Hz, # - % C H 3), 6.17 (2H, s, H-8, H-9).

6c (75 MHz; CDCI3) 13.01 (#-CH2CH3), 19.04 (C-CH3) 33.67 (AA-Œ2CH3), 53.75

(C-2, C-6), 88.28 (C-1, C-7), 138.31 (C-9, C-8), 175.48 (2 x C=0)

m/z (FAB) 222 (M+H]^ C12H16NO3, 21%), 154 (20). 136 (25), 126 (100).

HRMS (FAB) C12H16NO3 [M+UŸ requires 222.1130; found 222.1141.

Experiment 7.2.47. The procedure was repeated as for 7.2.46 with 

dichloromethane (10 ml) used as the solvent. The organic layer was washed with 

water (3 x 50 ml) and dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo to afford the title compound 213 as colourless crystals (0.85 g, 

96%).
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7.3. Intramolecular Nitrile Oxide 1,3-Dipolar 

Cycloaddition Reactions

2-(3'-phenyl-2'£’-propenyloxy) benzaldehyde*^^ (217)

To anhydrous dimethylformamide (50 ml) and sodium hydride (45.0 mmol, 1.78 g, 

60 wt. % in mineral oil) was cautiously added salicaldehyde (40.0 mmol, 4.26 ml). 

The reaction mixture was stirred at room temperature for 2 h and then cinnamyl 

bromide (40.0 mmol, 5.92 g) in anhydrous dimethylformamide (10 ml) was added. 

Stirring was continued and the temperature was raised to 70 °C for 18 h. On cooling, 

water was added and the crude product extracted into ethyl acetate (3 x 50 ml). The 

combined organic extracts were washed with brine (3 x 50 ml), water (2 x 50ml) and 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo and the 

product recrystallised from ethanol ( 3 x 1 0  ml) to afford the title compound 217 as 

colourless crystals (6.76 g, 71% yield), m.p. 53-54 °C (lit. m.p, 51 °C from ethanol).

Vmax(KBr)/cm'‘ 1692(s), 1458(s), 1376(s), 1293(w), 1188(w).

ÔH (300 MHz; CDCI3) 4.75 (2H, dd, J5 .7  and 1.2 Hz, C//2O), 6.35 (IH, ddd, J  16.0,

5.7 and 1.2 Hz, C-2'), 6.65 (IH, d, J  16.0 Hz, HC=C//-Ph), 7.01 (2H, m, H-3, H-5),

7.24 (3H, m, 2 X /w-//-Ar, p-H-Ai), 7.37 (2H, m, 2 x o-H-Ax\ 7.47 (IH, m, H-4), 

7.77 (IH, m, H-6), 10.49 (IH, s, CM)).

ÔC (75 MHz; CDCI3) 69.55 (CH2O), 113.32 (C-3), 121.33, 123.83, 127.03 (C-2'), 

127.50, 128.59, 128.92, 129.10, 133.95, 136.31, 136.49 (C-3'), 161.41 (C-2), 187.20 

(CHO).

nt/z (El) 238 (N f. C16H14O2, 20%), 117 (100), 91 (23), 39 (23).
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2-(3'-Phenyl-2£'-propenyloxy) benzaldehyde oxime (216)

2-(3'-Phenyl-2'£’-propenyloxy) benzaldehyde 217 (25.2 mmol, 6.00 g), sodium 

hydroxide (125 mmol, 5.00 g) and hydroxylamine hydrochloride (39.4 mmol, 2.74 g) 

were added to a solution of aqueous ethanol (80% aq., 50 ml) and the reaction 

mixture stirred at room temperature for 8 h. On cooling, the crude product was 

extracted into ethyl acetate (3 x 25 ml) and the combined organic extracts dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo and the crude 

product recrystallised from ethanol (3 x 10 ml) to afford title compound 216 as 

yellow crystals (6.18 g, 97%), m.p. 104-106 °C.

v„„(KBr)/cm-‘ 3293(w), 1593(w), 1458(s), 1377(s), 1293(w), 1236(m).

5h (300 MHz; CDCI3) 4.67 (2H, dd, J5 .7  and 1.2 Hz, CH2O), 6.32 (IH, ddd, J  16.0, 

5.7, and 1.2 Hz, =C/7CH20), 6.66 (IH, d, J  16.0 Hz, HC=CH-Ph), 6.91 (2H, m, H-3, 

H-5), 7.20 (IH, m, H-4), 7.25 (3H, m, 2 x m-//-Ar, p-H-Ai), 7.36 (2H, m, 2 x o-H- 

Ar), 7.77 (IH, m, H-6), 8.52 (IH, s, HC=N-OU).

ÔC (75 MHz; CDCI3) 69.63 ( Œ 2O), 113.08 (C-3), 121.52, 124.53, 127.01 (C-2’), 

127.21, 128.39, 128.72, 129.01, 131.55 and 133.60, 136.74 (C-3’), 147.03 (C-2),

157.15 (HC=N-0)

m/z (El) 253 (M+, C16H15NO2, 3%), 236 (CiôHhNO^ 10), 117 (C9H /,  100), 91 (50), 

39 (21).

HRMS (FAB) C16H16NO2 [M+UŸ requires 254.1181, found 254.1170.

Analytical calculated for C16H15NO2: C, 75.07%; H, 5.97; N, 5.53; Found; C, 

75.09%; H, 5.90; N, 5.42.
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5a,9a-benzopyrano[3a,9b]-3-phenylisoxazoline (215)

1 N - q  .H 2

Experiment 7.3.1. To a solution of 2-(3'-Phenyl-2E'-propenyloxy)-benzaidehyde 

oxime 216 (1.00 mmol, 0.253 g) in tetrahydrofuran (15 ml) was added aqueous 

sodium hypochlorite (11% CI2 content, 2.50 mmol, 1.62 ml) at 5 °C followed by 

stirring for 10 min. The reaction mixture was then stirred at room temperature for 18 

h followed by the addition of water (30 ml). The organic layer was separated and the 

crude product extracted from the aqueous layer using dichloromethane (15 ml). The 

combined organic extracts were washed with water (3 x 15 ml) and dried over 

anhydrous magnesium sulfate. The solvent was then removed in vacuo and the crude 

product was purified by precipitation with cold ether ( 4 x 5  ml) to afford the title 

compound 215 as colourless crystals (0.23 g, 91%), m.p. 80-82 °C.

Vmax (KBr)/cm‘‘ 1649(s), 1607(s,) 1500(s), 1465(m).

ÔH (300 MHz; CDCI3) 3.82 (IH, ddd, J  12.6, 12.3 and 5.8 Hz, H-3a), 4.15 (IH, dd, J  

12.3 and 10.5 Hz, CMfO), 4.50 (IH, dd, J  10.5 and 5.8 Hz, CHM)) 5.15 (IH, d, J

12.6 Hz, H-3), 6.85 (IH, d, 78.4 Hz, H-6), 6.91 (IH, dd, J7 .7  and 7.3 Hz, H-8) 7.24 

(IH, ddd, y  8.4, 7.3 and 1.6 Hz, H-7), 7.34 (5H, m, 5 x //-Ph) 7.76 (IH, dd, 77.7 and

1.6 Hz, H-9).

ÔC (75 MHz; CDCI3) 53.34 (C-3a), 69.47 (C-4), 86.15 (C-3), 113.60, 117.85, 122.34,

125.98, 127.04, 129.31, 129.34, 132.94, 137.69, 153.74 (C-5a), 156.01 (C=N-0). 

w/z (FAB) 252 ([M+H]^ C16H14NO2, 100%).

HRMS (FAB) C16H14NO2 [M+H]^ requires 252.1025, found 252.1015.

Experiment 7.3.2. The procedure was repeated as for 7.3.1 with water (15 ml) as the 

solvent. The precipitate formed was isolated by filtration under reduced pressure and 

the crude product was washed with cold ether ( 2 x 5  ml) to afford the title compound 

215 (63 mg, 25%).
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Experiment 7.3.3. The procedure was repeated as for 7.3.2 however the reaction 

mixture was stirred at room temperature for 72 h. The precipitate formed was 

isolated by filtration under reduced pressure and the crude product was washed with 

cold ether ( 4 x 5  ml) to afford the title compound 215 (0.22 g, 90%).

Experiment 7.3.4. The procedure was repeated as for 7.3.1 with

water/tetrahydrofuran (10 % aq.) as the solvent. The precipitate formed was isolated 

by filtration under reduced pressure and the crude product was washed with cold 

ether ( 4 x 5  ml) to afford the title compound 215 (80 mg, 33%).

Experiment 7.3.5. The procedure was repeated as for 7.3.1 with

water/tetrahydrofiiran (50 % aq.) as the solvent. The precipitate formed was isolated 

by filtration under reduced pressure and the crude product was washed with cold 

ether ( 4 x 5  ml) to afford the title compound 215 (0.15 g, 60%).

Experiment 7.3.6. The procedure was repeated as for 7.3.1 with

water/tetrahydrofuran (70 % aq.) as the solvent. The precipitate formed was isolated 

by filtration under reduced pressure and the crude product was washed with cold 

ether ( 4 x 5  ml) to afford the title compound 215 (0.22 g, 90%).

Experiment 7.3.7. The procedure was repeated as for 7.3.1 however aqueous 

cetyl trimethyl ammonium bromide (90 mM, 15 ml) was used as the solvent. The 

precipitate formed was isolated by filtration under reduced pressure and the crude 

product was washed with cold ether ( 4 x 5  ml) to afford the title compound 215 (60 

mg, 24%).

Experiment 7.3.8. The procedure was repeated as for 7.3.1 however aqueous 

sodium dodecyl sulfate (90mM, 15 ml) was used as solvent. The precipitate formed 

was isolated by filtration under reduced pressure and the crude product was washed 

with cold ether ( 4 x 5  ml) to afford the title compound (60 mg, 24%).

Experiment 7.3.9. To a solution of 2-(3’-Phenyl-2£7-propenyloxy)-benzaldehyde 

oxime 216 (3.00 mmol, 0.76 g) in aqueous ethanol (1:1 v/v, 15 ml) was added N- 

bromosuccinimide (15.0 mmol, 2.67 g) at 5 °C. Sodium hydroxide was then added
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(15.0 mmol, 0.59 g) and the reaction mixture was stirred at room temperature for 18 

h. The crude product extracted using ethyl acetate (3 x 25 ml) and the combined 

organic extracts were dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo and precipitation with cold ether (5 ml) afforded the title 

compound as colourless crystals (0.18 g, 24%).

2-(/^r/-Butyldimethylsilanyloxymethyl)phenyl-l-amine*^^ (220)

To anhydrous dichloromethane (50 ml) was added 2-aminobenzyl alcohol (33.2 

mmol, 4.10 g) and /erf-butyldimethylsilyl chloride (33.2 mmol, 5.00 g). 

Triethylamine (33.2 mmol, 4.60 ml) was then cautiously added and the reaction 

mixture was stirred at room temperature for 18 h. On addition of water (50 ml), the 

organic layer was separated, washed with brine (2 x 50 ml), water (3 x 50 ml) and 

then dried over anhydrous magnesium sulfate. The solvent was removed in vacuo to 

afford the title compound 220 as a yellow oil (7.08 g, 90%).

v™ax(neat)/cm‘  ̂3373(w), 1620(s), 1499(s), 1462(s), 1389(s), 1296(s), 1256(s).

ÔH (300 MHz; CDCI3) -0.02 (6H, s, 2 x CT^-Si), 0.83 (9H, s, 3 x C ^C -Si), 4.09 

(2H, br-s, N //2) 4.76 (2H, s, C //2O), 6.55 (2H, m, H-4, H-6), 6.86 (IH, m, H-5), 6.87 

(IH, m, H-3).

ÔC (75 MHz; CDCI3) -4.83 (2 x CH3-Si), 18.66 (CH3C-S1), 26.28 (3 x Œ 3C-Si), 

65.33 (CH2O), 116.11, 118.26 and 125.63, 128.86 and 129.11, 146.70 (C-1). 

m/z (FAB) 237 (M", Ci3H23NOSi, 45%), 180 (70), 73 (100).
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2-(^er/-Butyldimethylsilanyloxymethyl)-phenyl-l-(3'-phenyl-2'£'-propenyIidene)-

imine'“ (223)

4

5

To a solution of 2-(/gr^-Butyldimethylsilanyloxymethyl)phenyl-l-amine 220 (23.3 

mmol, 5.50 g) in anhydrous toluene (150 ml) was added cinnamyl aldehyde (20.0 

mmol, 2.52 ml). The reaction mixture was heated to reflux temperature for 18 h with 

the azeotropic removal of water. The solvent was then removed in vacuo and the 

crude product precipitated by cooling in ice (overnight). The title compound 223 was 

recrystallised from ethanol (3 x 25 ml) as yellow crystals in quantitative yield (6.81 

g, 97%), m.p. 162-164 °C.

v„,j(KBr)/cm-' 1582(s), 1712(s), 1450(s), 1373(w), 1250(s), 1072(s).

ÔH (300 MHz; CDCI3) 0.10 (6H, s, 2 x Cft-Si), 0.89 (9H, s, 3 x CHjC-Si), 4.83 (2H, 

s, CH2O), 6.88 (IH, m, H-2’), 7.13 (2H, m, H-6, H-3'), 7.22 (2H, m, 7/-Ph, H-5, H-4), 

7.36 (3H, m, 2 X m-Ar-H, /?-Ar-H), 7.50 (3H, m, 2 x o-Ar-/7, H-3), 8.12 (IH, m, 

//C=N).

ÔC (75 MHz; CDCI3) -4.83 (2 x CHsSi), 18.83 (CHgCSi), 26.28 (3 x CHgCSi), 61.68 

(CH2O), 117.54, 126.23, 126.96, 128.18, 129.89, 129.30, 129.50, 129.53, 135.36,

136.07 and 144.10, 149.66 (C-1), 161.85 (CH=7V). 

m/z (FAB) 353 ([M+Uf, CiiHsoONSi, 26%), 294 (55), 220 (100).

HRMS (FAB) CzzHaoONSi [AH-H]+ requires 352.2097, found 352.2108.

Analytical calculated for C22H3oNOSi: C, 75.16%; H, 8.31; N, 3.98; Found: C, 

74.85%; H, 8.18; N, 3.98.
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2-(/er^-ButyldimethylsilanyIoxymethyl)-phenyl]-l-7V-(3'-phenylprop-2'£'-enyl)- 

phenylamine (222)

4
5

To a solution of sodium borohydride (1.00 mmol, 40 mg) in methanol (10 ml) was 

added imine 223 (0.15 mmol, 53 mg). The reaction mixture was stirred at room 

temperature for 6 h and the solvent removed in vacuo. On addition of water (10 ml), 

the crude product was extracted into ethyl acetate ( 3 x 5  ml) and the combined 

organic extracts washed with saturated brine ( 3 x 1 0  ml), water ( 3 x 1 0  ml) and then 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo to 

afford the title compound 222 as a yellow oil (51 mg, 97%).

V m „ ( K B r ) / c m ‘ ‘ 3332(w), 1605(m), 1504(m), 1442(m), 1312(m), 972(s).

Sh (300 MHz; CDCI3) 0,01 (6H, s, 2 x CH3S1), 0.84 (9H, s, 3 x CH3CS1), 3.91 (2H, 

dd, y  5.6 and 1.0 Hz, CH2N). 4.65 (2H, s, CH2O), 5.10 (IH, br-s, N-H) 6.32 (IH, dt, J

15.9 and 5.6 Hz, H-2'), 6.54 (IH, d, J  15.9 Hz, H-3’), 6.60 (2H, m, H-4, H-6), 6.98 

(IH, dd, J7 .3  and 1.1 Hz, H-3), 7.15 (H, m, H-5), 7.29 (5H, m, Ar-/f).

ÔC (75 MHz; CDCI3) -4.83 (2 x CHs-Si), 18.57 (CHgC-Si), 26.28 (3 x CHgCSi),

46.09 (CH2AO, 65.86 (CHzOSi), 111.08, 116.89, 125.34, 126.15, 126.73, 127.59, 

128.71, 128.91, 129.46, 131.82, 137.48, 148.00 (C-1).

m/z (FAB) 352 ([M-H]\ CziHsoNOSi, 21%), 220 (45), 117 (100).

HRMS (FAB) C22H3oNOSi [M-H]'" requires 352.2097, found 352.2108.

2-(3'-Phenylprop-2'£'-enylammo)-phenylmethanol (219)

2 N 1 ' 3' Ti ^
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Method A: To a solution of tertiary butyl ammonium fluoride (IM solution in 

tetrahydrofuran, 4.00 mmol, 4.00 ml) in tetrahydrofuran (10 ml) was added 2-{tert- 

butyldimethylsilanyloxymethyl)-phenyl] -1 -N-{3 '-phenyl-prop-2'E-enyl)-phenylamine 

222 (2.96 mmol, 1.00 g). The reaction mixture was stirred at room temperature for 

10 h and the solvent removed in vacuo. On addition of water (10 ml), the crude 

product was extracted into ethyl acetate (3 x 20 ml) and the combined organic 

extracts were washed with saturated brine (3 x 20 ml), water (3 x 20 ml) and then 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo and 

flash chromatography (2:1 ethyl acetate/hexane) of the crude product afforded the 

title compound 219 as yellow crystals (0.64 g, 90%), m.p. 124-126 °C.

v„„(KBr)/cm-‘ 3500(br), 1651(s), 1574(m), 1512(m), 1389(w), 1319(w), 1157(m). 

ÔH (500 MHz; CDCI3) 3.90 (2H, dd, J5 .8  and 1.6 Hz, CH2AO, 4.60 (2H, s, C%OH),

6.28 (IH, dt, J  15.9 and 5.8 Hz, H-2'), 6.55 (IH, d, J  15.9 Hz, H-3’), 6.60 (IH, ddd, J  

8.1, 7.4 and 1.3 Hz, H-5), 6.65 (IH, d, J8.1 Hz, H-3), 6.99 (IH, dd, J 7.4 and 1.3 Hz, 

H-6), 7.15 (2H, m, H-4,/>-Ar-//), 7.23 (2H, m, 2 x m-Ai-H), 7.29 (2H, m, 2 x o-Ar- 

H).

ÔC (125 MHz; CDCI3) 45.73 ( Œ 2-AO, 64.80 ( Œ 2OH), 111.05, 116.70, 124.46, 

126.32 and 127.00, 127.46 (C-2'), 128.52, 129.09 and 129.66, 131.43 (C-3'), 136.87,

147.30 (C-2).

m/z (El) 239 (M+, CisHnON, 15%), 220 (16), 117(100), 91 (30).

HRMS (FAB) CieHnON [M]+requires 239.1310 found 239.1300.

Analytical calculated for CiôHnON: C, 80.30%; H, 7.16; N, 5.85; Found: C, 80.08%; 

H, 7.09; N, 5.69.

Method B: To a solution of sodium cyanoborohydride (4.44 mmol, 0.28 g) in 

aqueous acidic methanol (HCl, pH 2, 10 ml) was added 2-{tert-

butyldimethylsilanyloxymethyl)-phenyl-1 -(3 '-phenyl-2'E-propenylidene)-imine 223 

(2.96 mmol, l.OOg). The reaction mixture was stirred at room temperature for 10 h 

and the solvent removed in vacuo. On addition of water (10 ml), the crude product 

was extracted into ethyl acetate (3 x 20 ml), washed with saturated brine (3 x 20 ml), 

water (3 x 20 ml) and the combined organic extracts were then dried over anhydrous 

magnesium sulphate. The solvent was removed in vacuo and flash chromatography

204



(2:1 ethyl acetate/hexane) of the crude product afforded the title compound 219 as

yellow crystals (0.68 g, 96%)

2-(3*-Phenyl-prop-2’£'-enylamino)-beiizaldehyde (224)

Method A: To a solution of 2-(3'-phenyl-propen-2'£'-ylamino)-phenylmethanol 219 

(4.40 mmol, 1.05 g) in anhydrous toluene (50 ml) was added silver 

carbonate/Celite™ (1.80 mmol/g; 4.40mmol, 4.88 g). The reaction mixture was 

heated to reflux temperature for 18 h with the azeotropic removal of water. The 

insoluble material present was filtered and the resultant filtrate evaporated in vacuo. 

The crude product was purified by flash chromatography (1:1 hexane/ethyl acetate) 

to afford the title compound 224 as a yellow oil (0.99 g, 95%).

Vmax/cm'̂  3332(w), 1689(s), 1651(s), 1574(m), 1512(m).

ÔH (300 MHz; CDCI3) 3.98 (2H, dd, /5 .7  and 1.3 Hz, CH2N) 6.23 (IH, dt, /1 6 .0  and

5.7 Hz, H-2'), 6.50 (IH, d, J  16.0 Hz, H-3'), 6.63 (2H, m, H-3, H-5), 7.20 (IH, m, H-

4), 7.30 (5H, Ph-//), 7.40 (IH, dd, J7 .0  and 1.5 Hz, H-6), 8.64 (IH, br-s, N-H), 9.80 

(IH, s, CHO).

ÔC (75 MHz; CDCI3) 44.94 (CH2 /V), 111.62, 115.59, 119,08, 126.13 and 126.79,

128.01 (C-2'), 128.95, 132.08 (C-3'), 136.20, 137.06 and 137.10, 151.00 (C-2), 

194.41 (CHO).

m/z (APCI+) 237 (MT, C16H15ON, 15%), 134 (14), 117 (100).

HRMS (FAB) C16H15ON [M^] requires 237.1154, found 237.1144.

Analytical calculated for C16H15ON: C, 80.98; H, 6.37; N, 5.90; Found: C, 80.78; H, 

6.24; N, 5.70.

Method B: To a solution of 2-(3'-phenyl-propen-2'E-ylamino)-phenylmethanol 219 

(5.43 mmol, 1.30 g) in anhydrous dichloromethane (50 ml) was added manganese
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(IV) oxide (85% activated, 20.0 mmol, 1.74 g). The reaction mixture was stirred at 

room temperature for 18 h and the insoluble residue was filtered. The solvent was 

then removed in vacuo. The crude product was purified by flash chromatography 

(1:1 hexane:ethyl acetate) to afford the title compound 224 as a yellow oil (0.23 g, 

25%) and cinnamyl aldehyde (0.12 g, 20%).

2-(3’-Phenyl-prop-2*£'-enyIammo)-beiizaldehyde oxime (225)

2 N I f  ^

2-(3'-phenyl-propen-2'Æ-ylamino)-benzaldehyde 224 (1.72 mmol, 0.41 g), sodium 

hydroxide (2.60 mmol, 0.10 g) and hydroxylamine hydrochloride (4.88 mmol, 0.48 

g) was added to an aqueous solution of ethanol (80 % aq., 10 ml). The reaction 

mixture was stirred at room temperature for 18 h and then diluted with water (10 ml). 

The crude product was extracted into ethyl acetate (3 x 25 ml) and the combined 

organic extracts washed with saturated brine (3 x 20 ml), water (3 x 20 ml) and then 

dried over anhydrous magnesium sulfate. The solvent was removed in vacuo to yield 

the title compound 225 as a yellow oil (0.42 g, 97%).

Vmax (neat)Zcm'^ 1616(m), 1575(m), 1520(m), 1456(m), 1325(m), 1197(m).

ÔH (300 MHz; CDCI3) 4.02 (2H, t, J5 .3  Hz, % N ) ,  6.26 (IH, dt, J  16.0 and 5.3 Hz, 

H-2'), 6.65 (IH, d, J  16.0 Hz, H-3'), 6.68 (2H, m, H-3, H-5), 7.01 (IH, br-s, CH=V- 

OH), 7.11 (IH, m, H-4), 7.20-7.40 (6H, m, Ph-iT, H-6), 8.23 (IH, CH=N-OY{).

ÔC (75 MHz; CDCI3) 45.62 (CHzV), 110.98, 114.57, 115.92, 126.74, and 126.96 (C- 

Ar), 127.89 (C-2'), 128.93, 131.27, 131.78, 133.21, 137.25, 147.57 (C=V-OH), 

154.74 (C-2).

m/z (El) 252 ((IVT, C16H16N2O, 25%), 235 (90), 131 (32), 117 (100), 91 (50), 57 (32) 

HRMS (FAB) C16H17N2O [M+UŸ requires 253.1341, found 253.1350.
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3-pheny 1-isoxazolo [3-a,9b] quinoline (218)

 ̂ N -0 H 2

Experiment 7.3.10. To a solution of 2-(3'-phenyl-propen-2’£'-ylamino)- 

benzaldehyde oxime 225 (0.24 mmol, 60 mg) in dichloromethane (5.85 ml) was 

added aqueous sodium hypochlorite (11% CI2 content, 1.00 mmol, 0.65 ml) at 5 °C. 

The reaction mixture was stirred at room temperature for 18 h followed by the 

addition of water (10 ml). The organic layer was separated and the crude product 

extracted from the aqueous layer using dichloromethane ( 2 x 1 0  ml). The combined 

organic extracts were washed with water (2 x 10 ml) and then dried over anhydrous 

magnesium sulfate. The solvent was removed in vacuo and the crude product was 

purified by precipitation with cold ether ( 4 x 5  ml) to aflbrd the title compound 218 

as yellow crystals (54 mg, 90%), m.p. 110-112 °C.

(KBr)/cm‘‘ 3470(w), 1642(s), 1612(s) 1497(s), 1458(m).

ÔH (300 MHz; CDCb) 3.31 (IH, dd, J  12.5 and 10.8 Hz, CHHN), 3.48 (IH, dd, J

10.8 and 5.8 Hz, CH7ÏN), 3.62 (IH, ddd, J  12.5, 12.2 and 5.8 Hz, H-3a), 4.06 (IH, 

br-s, N-H), 5.22 (IH, d, J  12.2 Hz, H-3), 6.48 (IH, d, 78.4 Hz, H-6), 6.60 (IH, dd, J

7.8 and 7.3 Hz, H-8), 7.05 (IH, ddd, J  8.4, 7.3 and 1.3 Hz, H-7), 7.29 (5H, m, Ph-H),

7.54 (IH, dd, 77.8 and 1.2 Hz, H-9).

be (75 MHz; CDCI3) 45.96 (C-3a), 54.72 (C-4), 87.15 (C-3), 111.33, 115.53, 119.09, 

126.39, 127.08, 129.07,129.23,132.33 and 138.51, 146.29 (C=N-0), 155.89 (C-5a). 

m/z (FAB) 251 ([M+H]\ CwHijNzO, 100%), 233 (16), 117 (20).

HRMS (FAB) C16H15N2O [M+H]'" requires 251.1184, found 251.1175.

Experiment 7.3.11. The procedure was repeated as for 7.3.10 however water (5 

ml) was used as the solvent. The precipitate formed was isolated by filtration under 

reduced pressure and the crude product was washed with cold ether ( 4 x 5  ml) to 

afford the title compound 218 (24 mg, 40%).
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Experiment 7.3.12. The procedure was repeated as for 7.3.10 with water (5 ml) as 

the solvent however the reaction mixture was stirred for 48 h. The precipitate 

formed was isolated by filtration under reduced pressure and the crude product was 

washed with cold ether ( 4 x 5  ml) to afford the title compound 215 (55 mg, 92%).

Experiment 7.3.13. The procedure was repeated as for 7.3.11 with aqueous sodium 

dodecyl sulfate (90mM, 5 ml) as solvent. The precipitate formed was isolated by 

filtration under reduced pressure and the crude product was washed with cold ether 

( 4 x 5  ml) to afford the title compound (24 mg, 40%).

Experiment 7.3.14. The procedure was repeated as for 7.3.11 with aqueous cetyl 

trimethyl ammonium bromide (90 mM, 5 ml) as the solvent. The precipitate formed 

was isolated by filtration under reduced pressure and the crude product was washed 

with cold ether ( 4 x 5  ml) to afford the title compound 215 (23 mg, 38%).

A^-[2-(7>rt-butyIdimethylsilanyloxy-methyl)-phenyl]-3'£'-phenylacrylamide

(229)

:ct Y

To a solution of 2-amino benzyl ether 220 (16.3 mmol, 3.86 g) in ether (50 ml), 

cinnamoyl chloride (16.3 mmol, 2.7 Ig) was added. The reaction mixture was cooled 

to 0 and triethylamine was added dropwise (16.3 mmol, 2.28 ml) followed by 

stirring at room temperature for 10 h. The triethylamine hydrochloride precipitate 

was filtered and the filtrate washed with saturated brine (2 x 50 ml), water (2 x 50 

ml) and then the organic extract was dried over anhydrous magnesium sulfate. The 

solvent was removed in vacuo and the crude product recrystallised from ethanol (2 x 

5 ml) to afford the title compound 229 was as colourless crystals (5.38 g, 90%), m.p. 

111-113
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Vmax(KBr)/cm'^ 1652(s).

ÔH (300 MHz; CDCI3) 0.00 (6H, s, 2x 0.86 (9H, s, ( % ) 3CSi), 4.70 (2H, s,

CH2O), 6.40 (IH, d, J  16.0 Hz, H-2’), 6.98 (2H, m, Ai-H), 7.25 (4H, m. H, Ar-77), 

7.42 (2H, m, Ar-//), 7.62 (IH, d, J  16.0 Hz, H-3'), 8.25 (IH, d, J7 .1  Hz, H-3), 9.10 

(IH, br-s, N-H).

ÔC (75 MHz; CDCI3) -4.56 ( Œ 3SO, 18.60 (CH3C-S1), 26.27 ( (Œ 3)3C-Si), 66.10 

( Œ 2O), 122.06, 124.08, 128.25, 128.30, 129.25, 129.32, 130.28 (3 x Ar-Q, 135.14, 

138.62, 142.10, 164.21 (AHC=0).

m/z (El) 367 (M \ C22H29NO2S1, 3%), 310 (50), 131 (100), 103 (27).

HRMS (FAB) C22H29N02SiNa [M+Na]^ requires 390.1865, found 390.1850.

A-(2-Hydroxymethyl-phenyl)-3'£'-phenylacrylamide*^* (230)

OH

1 NH

To a solution of tetrabutylammonium fluoride (25.0 mmol, IM in THF, 25.0 ml) in 

tetrahydrofuran (40 ml) was added A-[2-(rer/-butyldimethylsilanyloxy-methyl)- 

phenyl]-3'E-phenylacrylamide 229 (14.0 mmol, 5.14 g). The reaction mixture was 

stirred at room temperature for 10 h. On addition of water (40 ml), the crude product 

was extracted into ethyl acetate (3 x 20 ml) and the combined organic extracts 

washed with water (3 x 40 ml), saturated brine solution (3 x 40 ml) and then dried 

over anhydrous magnesium sulfate. The solvent was removed in vacuo and the 

crude product was recrystallised from «-hexane (3 x 50 ml) to afford the title 

compound 228 as white crystals (3.26 g, 92%), m.p. 116-118 °C (lit. m.p. 118-119 

°C, ether/light petroleum).
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v„.,(KBr)/cm'‘ 3250(br), 3450(w), 1660(s).

5h (300 MHz; DMSO) 4.50 (2H, d, 7  5.1 Hz, CH2O), 5.30 (IH, t, J5 .1  Hz, OH), 

6.90 (IH, d, J  16.0 Hz, H-2’), 7.18 (2H, m, Ai-H) 7.39 (4H, m, Ai-H), 7.60 (IH, d, J  

16.0 Hz, H-3'), 7.74 (3H, m, Ar-//).

ÔC (75 MHz; DMSO) 60.43 (CH2OH), 122.49, 124.11, 125.14, 127.41, 127.81,

129.27, 129.35, 130.16, 134.93, 135.04, 135.69, 140.63, 164.12 (iVHC=0). 

nt/z (El) 253 (M^, C16H15NO2, 10%), 162 (33), 131 (100), 103 (48), 77 (32).

A^-(2-Formyl-phenyl)-3'£'-phenylacryIamide^^* (230)

1 NH

Method A: To a solution of A^-(2-hydroxymethyl-phenyl)-3'/^-phenylacrylamide 228 

(3.16 mmol, 0.80 g) in anhydrous dichloromethane (30 ml) was added pyridinium 

chlorochromate (3.30 mmol, 0.76 g). The reaction mixture was stirred at room 

temperature for 18 h. The solvent was removed in vacuo and the crude product was 

purified by flash chromatography (4:1 chloroform/hexane) to afford the title 

compound 230 as white crystals (0.04 g, 5%), m.p. 96-98 °C (lit. m.p. 93-95 °C, 

ether/light petroleum).

Vmax(KBr)/cm'  ̂3400(w), 1690(s), 1652(s).

ÔH (300 MHz; CDCI3) 6.55 (IH, d, J  15.7 Hz, H-2'), 7.11 (IH, m, H-6), 7.25-7.54 

(8H, m, At-H), 7.66 (IH, d, J  15.7 Hz, H-3'), 8.73 (IH, d, J8 .3  Hz, H-3), 9.79 (IH, s, 

C //0), 11.25 (IH, br-s, N-H).

ÔC (75 MHz; CDCI3) 120.04, 121.39 and 121.59, 122.92 (C-3'), 128.10, 128.85, 

130.12 (C-2'), 134.44, 136.10, 136.22, 141.19 and 142.80, 164.90 (AHC=0), 195.66 

(CHO).

nt/z (FAB) 252 ([M+H]^ Ci6Hi4N02% 100%), 234 (22).
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Method B: To a solution of (£)-A^-(2-hydroxymethyl-phenyl)-3-phenyl-acrylamide 

(3.16 mmol, 0.80 g) in anhydrous tetrahydrofuran (30 ml) was added manganese (IV) 

oxide (8.00 mmol, 0.82 g, 85% activated). The reaction mixture was stirred at room 

temperature for 18 h. The insoluble residue was filtered and the filtrate evaporated in 

vacuo. The crude product was recrystallised using ethyl acetate ( 3 x 1 0  ml) to afford 

the title compound 230 as white crystals (0.67 g, 85%).

A^-[2-(Hydroxyimmo-methyl)-phenyl]-3'£'-phenylacrylamide*^* (231)

1 NH

V-(2-Formyl-phenyl)-3'.E-phenylacrylamide 230 (1.83 mmol, 0.46 g), sodium 

hydroxide (9.16 mmol, 0.37 g) and hydroxylamine hydrochloride (2.20 mmol, 0.15 

g) was added to an aqueous solution of ethanol (80 % aq., 15 ml). The reaction 

mixture was stirred at room temperature for 10 h. Water (10 ml) was then added and 

the crude product extracted into ethyl acetate (3 x 25 ml), the combined organic 

extracts were washed with saturated brine (3 x 50 ml), water (3 x 50 ml) and dried 

over anhydrous magnesium sulfate. The solvent was removed in vacuo and the crude 

product was recrystallised using ethanol ( 3 x 4  ml) to yield the title compound 231 as 

yellow crystals (0.47 g, 97%), m.p. 120-122 °C (lit. m.p. 121-122 °C, ether/light 

petroleum).

Vmax(KBr)/cm'  ̂3400(w), 1660(s), 1652(s).

0h( 300 MHz; CDCI3) 6.43 (IH, d, J  15.7 Hz, H-2’), 7.08 (IH, m, H-6), 7.18 (5H, m, 

Ai-H), 7.31 (IH, m, Ar-//), 7.39 (IH, m, Ai-H), 7.62 (IH, d, J  15.7 Hz, H-3’), 8.20 

(IH, s, CR=N-OH), 8.74 (IH, d, J  8.4 Hz, H-3), 8.81 (IH, br-s, N-H) 

ÔC (75 MHz; CDCI3) 119.16, 120.83, 122.25, 123.82, 128.37, 129.122, 130.32, 

131.15, 132.42, 134.95 and 138.35, 142.59, 153.57 (CH=V), 165.58 (VHC=0).
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m/z (FAB) 267 ([M+H]^ C16H15N2O2, 15%), 242 (30), 131 (100), 115 (17). 

l ’£'-Phenyl-l,6-benzoxazm-7-one oxime (232a and 232b)

1 N 3'

Experiment 7.3.14. To a solution of A-[2-(hydroxyimino-methyl)-phenyl]-3'E- 

phenylacrylamide 231 (1.00 mmol, 0.253 g) in dichloromethane (15 ml) was added 

aqueous sodium hypochlorite (11% CI2 content, 2.50 mmol, 1.62 ml) at 5 °C. The 

reaction mixture was stirred at room temperature for 18 h followed by the addition of 

water (30 ml). The organic layer was separated and the crude product extracted from 

the aqueous layer using dichloromethane (15 ml). The combined organic extracts 

were washed with saturated brine (2 x 20 ml), water (3 x 25 ml) and then dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo. The crude 

product was purified by precipitation with cold hexane ( 4 x 5  ml) to afford the title 

compounds 232a and 232b in a 1:1 ratio as inseparable yellow crystals (0.25 g, 

94%), m.p. 157-159 °C.

Vmax(KBr)/cm‘  ̂3450(br), 1654(s), 1620(s).

Isomer 1

ÔH (400 MHz; CDCI3) 6.74 (IH, d, J  16.1 Hz, H-T), 7.38 (3H, m, 2 x o-Ai-H, p-Ar-

H), 7.58 (3H, m, 2 X m-Ai-H, H-4), 7.80 (IH, m, H-3), 7.86 (IH, d, J  16.1 Hz, H-2'), 

8.22 (IH, dd, J  7.9 and 1.3 Hz, H-2), 8.49 (IH, d, J  8.0 Hz, H-5). 

Isomer 2

ÔH (400 MHz; CDCI3) 6.74 (IH, d, J  16.1 Hz, H-T), 7.38 (3H, m, 2 x o-Ar-77,p-Ar- 

//), 7.58 (3H, m, 2 X m-Ai-H, H-3), 7.60 (IH, dd, J l . l  and 6.7 Hz, H-4), 7.82 (IH, d,

716.1 Hz, H-2'), 8.18 (IH, dd,77.7 and 1.5 Hz, H-5), 8.50 (IH, d, 78.0 Hz, H-T). 

Isomers 1 and 2

ÔC (100 MHz; CDCI3) 112.69, 116.99, 118.81, 124.25, 124.57, 126.89, 127.91,

127.99, 128.18, 128.51, 128.63, 128.70, 128.78, 128.84, 128.99, 129.03, 129.08,
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130.32, 132.47, 132.53, 134.61, 136.57, 142.03, 147.10, 155.03 (C-3'), 156.72 (C-3'),

157.31 (C-7), 159.33 (C-7).

m/z (FAB) 265 ([M+Hj^CigHuNzOi, 12%), 250 (66), 242 (29), 131 (100).

HRMS (FAB) C16H13N2O2 [M+H]^requires 265.0977, found for 265.0982.

Experiment 7.3.15. The procedure was repeated as for 7.3.14 with water (15 ml) 

as the solvent. The precipitate formed was isolated by filtration under reduced 

pressure and the crude product was washed with hexane ( 2 x 5  ml) to afford the title 

compound 232a and 232b in a 1:1 ratio as yellow crystals (0.25 g, 94%).

Experiment 7.3.16. The procedure was repeated as for 7.3.14 with toluene (15 ml) 

as solvent. The precipitate formed was isolated by filtration under reduced pressure 

and the crude product was washed with cold hexane ( 3 x 5  ml) to afford the title 

compound 232a and 232b in a 1:1 ratio as yellow crystals (0.24 g, 92%).

l-(Benzylidene-amino)-phenylmethanol^^^ (233)

To a solution of 2-aminobenzyl alcohol (20.0 mmol, 2.46 g), in toluene (50 ml) was 

added benzaldehyde (20.0 mmol, 2.12 g). The solution was heated at reflux 

temperature with the azeotropic removal of water for 24 h. The solvent was then 

removed in vacuo and the crude product recrystallised from ethanol (3 x 75 ml) to 

afford the title compound 233 as colourless crystals (4.13 g, 98%), m.p. °C (lit. -  

°C).

Vn,ax(KBr)/cm'  ̂3443(w), 1692(m), 1652(s).

ÔH (300 MHz; CDCI3) 4.07 (IH, br-s, 07/), 4.92 (IH, d, J  14.7 Hz, C7/H0H), 5.10 

(IH, d, J  14.7 Hz, CH7/OH), 5.58 (IH, s, HC=N), 6.69 (IH, d, J  8.1 Hz, H-6), 6.86 

(IH, dd, J7 .2  and 7.2 Hz, H-4), 6.96 (IH, d ,J7 .2  Hz, H-3), 7.10 (IH, dd, J8 .1  and

7.2 Hz, H-5), 7.38 (3H, m, 2 x o-Ar-//, p-Ax-H), 7.57 (2H, m, m-Ai-H).
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ÔC (75 MHz; CDCI3) 68.15 (CH2OH), 85.70 (HC=Af), 117.92, 120.24, 122.65,

125.43, 126.96,127.87,129.08,129.50,139.64, 142.09 (C-1).

m/z (FAB) 211 (M+, C,4Hi3NO, 100%), 194 (36), 135 (35), 105 (45), 77 (50).

l-Benzylaminophenylmethanol'^^ (234)

To a solution of 2-(benzylidene-aminophenyl)-methanol 233 (18.0 mmol, 3.80 g) in 

methanol (25 ml), sodium borohydride (20.0 mmol, 0.75 g) was added. The reaction 

mixture was stirred and heated at reflux temperature for 10 h. The solvent was 

removed in vacuo and water (20 ml) was added to the crude product. The product 

was extracted into ethyl acetate (3 x 25 ml) and the combined organic extracts 

washed with brine (2 x 20 ml) and dried over anhydrous magnesium sulfate. The 

solvent was removed in vacuo and the crude product recrystallised using ethanol (3 x 

20 ml) to afford the title compound 234 as yellow crystals (3.53 g, 92%), m.p. 55-56 

°C (lit. 55 °C, diethyl ether, petroleum ether)

Vn,ax(KBr)/cm'^ 3470(br), 3443(w), 1734(m), 1652(s), 1619(s), 1489(m), 1448(m).

ÔH (300 MHz; CDCI3) 4.28 (2H, s, C/^N), 4.58 (2H, s, CH2OU), 6.57 (2H, m, H-4, 

H-6), 6.97 (IH, d, J  7.4 Hz, H-3), 7.08 (IH, ddd, J  7.9, 7.4 and 1.5 Hz, H-5), 7.27 

(5H, m, Ai-H).

ÔC (75 MHz; CDCI3) 48.18 (CH2N), 65.24 (CH2O), 111.45 (C-6), 117.10, 124.79, 

127.52, 127.74, 129.02, 129.47 and 130.06,139.84,146.63 (C-1). 

m/z (FAB) 214 ([M+H]+, CmHisNO, 70%), 136 (25), 124 (10).
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2-(/e/‘/-butyldimethylsilanyloxy)-benzylamme (235)

6 H

To anhydrous dichloromethane (50 ml) was added (2-benzylaminophenyl)-methanol 

234 (16.4 mmol, 3.50 g) and ^err-butyldimethylsilyl chloride (16.4 mmol, 2.48 g). 

Triethylamine (20.0 mmol, 2.78 ml) was cautiously added and the reaction mixture 

was stirred at room temperature for 18 h. On addition of water (50 ml), the organic 

layer was separated, washed with brine (2 x 50ml), water (3 x 50 ml) and then dried 

over anhydrous magnesium sulfate. The solvent was removed in vacuo and flash 

chromatography of the crude product afforded the title compound 235 as a yellow oil 

(4.67 g, 87%).

Vmax(neat)/cm’  ̂3443(hr), 1738(m), 1652(s), 1619(s), 1491(m), 1453(m).

ÔH (300 MHz; CDCI3) 0.00 (6H, s, 2 x CTfgSi), 0.81 (9H, s, 3 x CT^CSi), 4.35 (2H, s, 

C //2N), 4.70 (2H, s, CH2O), 5.25 (IH, s, N-H), 6.67 (2H, m, H-4, H-6), 7.02 (IH, d, 

J7 .4  Hz, H-3), 7.14 (IH, dd, J7 .9  and 7.2 Hz, H-5), 7.37 (5H, m, Ax-H).

ÔC (75 MHz; CDCI3) -3.84 (2 x Œ 3S1), 17.11 (CH3CSi), 24.75 (3 x Œ 3C SO , 46.84 

(CH2AO, 64.43 (CH2O), 109.54 (C-6), 115.41, 123.72, 126.03, 126.53, 127.28,

127.43, 127.49, 127.95 and 138.50, 146.63 (C-1).

m/z (FAB) 327 ([M+H]\ C22H29NOS1, 85%), 270 (16), 194 (100), 131 (100).

HRMS (FAB) C22H29NOSi [MŸ requires 327.2108, found 327.2018.
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A^-[2-(/er^-butyldimethylsiIanyloxy-methyl)-phenyl]-A^-phenyl-3'£'-

phenylacrylamide (236)

To a solution of 2-(/er/-butyldimethylsiIanyloxy)-benzylamine 235 (12.2 mmol, 4.00 

g) in ether (50 ml), cinnamoyl chloride (12.2 mmol, 2.03 g) was added. The reaction 

mixture was cooled to 0 °C and triethylamine was added drop wise (15.0 mmol, 2.10 

ml) followed by stirring at room temperature for 10 h. The triethylamine 

hydrochloride precipitate was filtered and the resultant filtrate washed with saturated 

brine (2 x 50 ml) and water (2 x 50 ml). The organic extract was then dried over 

anhydrous magnesium sulfate and the solvent removed in vacuo. The crude product 

was purified by flash chromatography (1:1 dichloromethane/hexane) to afford the 

title compound 236 as a colourless oil (2.79 g, 50%).

Vmax(neat)/cm'^ 3450(w), 1654(s).

ÔH (300 MHz; CDCI3) 0.01 (6H, s, 2 x C //3-SO, 0.89 (9H, s, 3 x C^C-Si), 4.30 (IH, 

d, J  13.9 Hz, CH//N), 4.50 (IH, d, J  13.9 Hz, C//HN), 4.63 (2H, d, J  14.0 Hz, 

CHM)), 5.33 (2H, d, J  14.0 Hz, CHM)), 6.19 (IH, J  15.6 Hz, H-2') 6.91 (2H, m, H- 

5, H-6), 6.89 (IH, d, J7 .8  Hz, H-6), 7.31 (IH, m, H-4), 7.33 (lOH, m, Psx-H), 7.45 

(IH, m, H-5), 7.65 (IH, d ,/7 .5  Hz, H-3), 7.80 (IH, d ,J  15.6 Hz, H-3').

ÔC (75 MHz; CDCI3) -  4.67 (2 x CH3-Si), 18.70 (CH3C-SÏ), 26.28 (3 x Œ 3C-S1), 
53.13 ( Œ 2-AO, 61.46 (CH2O), 118.46, 127.98, 128.29, 128.34, 128.61, 128.81,

128.99, 129.09, 129.73, 129.81, 129.95, 135.48, 137.81, 138.96, 139.87, 143.27 (C-

1), 166.31 (AHC=0).
m/z (FAB) 458 ([M+H]^ C29H36N02S1, 5%), 326 (12), 194 (22), 131 (100).

HRMS (FAB) C29H36N02S1 [M+UŸ requires 458.2515, found 458.2535.
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A^-[2-hydroxymethyI-phenyl]-A^-phenyl-3'£'-phenylacrylamide (237)

To a solution of tetrabutylammonium fluoride (1 M in THF, 10.0 mmol, 10 ml) in 

tetrahydrofiiran (10 ml) was added A^-[2-(/er/-butyldimethylsilanyloxy-methyl)- 

pheny 1]-#-pheny 1-3'.E-phenylacrylamide 236 (5.00 mmol, 2.29 g). The reaction 

mixture was stirred at room temperature for 6 h and the solvent removed in vacuo. 

On addition of water (20 ml), the crude product was extracted into ethyl acetate (3 x 

20 ml). The combined organic extracts were washed with saturated brine (3 x 20 

ml), water (3 x 20 ml) and then dried over anhydrous magnesium sulphate. The 

solvent was removed in vacuo to afford the title compound 237 as a colourless oil 

(1.63 g, 95%).

Vmax(neat)/cm‘  ̂3500(br), 1658(s).

ÔH (300 MHz; CDCI3) 2.34 (IH, br-s, OH), 4.43 (IH, d, J  14.3 Hz, CUHN), 4.52 

(IH, d, J  14.3 Hz, CMiN), 4.89 (2H, d, J  14.0 Hz CH//0), 5.20 (2H, d, J  14.0 Hz, 

CHM)), 6.25 (IH, J  15.6 Hz, H-2'), 7.03 (2H, m, H-6), 7.33 (IIH , m, Ax-H, H-4), 

7.45 (IH, m, H-5), 7.68 (IH, d, J7 .6  Hz, H-3), 7.83 (IH, d, J  15.6 Hz, H-3')

ÔC (75 MHz; CDCI3) 53.42 (CRi-N), 61.02 (Œ 2O ), 118.46, 128.12, 128.30, 128.87, 

129.07, 129.10, 129.32, 129.69, 129.92, 130.09, 130.75, 135.35, 137.47, 139.39 and 

139.65 (C-2% C-3'), 143.53 (C -1), 166.52 (NHC=0 ). 

m/z (FAB) 344 ([M+H]^ C23H22NO2, 41%), 326 (10), 196 (30), 131 (100).

HRMS (FAB) C23H22NO2 [M+UŸ requires 344.1651, found 344.1661.
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A^-[2-Formyl-phenyl]-A^-phenyl-3'£'-phenylacrylamide (238)

To a solution of A^-[2-hydroxymethyl-phenyl]-//-phenyl-3'Æ^-phenylacrylamide 237 

(4.00 mmol, 1.37 g) in anhydrous dichloromethane (30 ml) was added manganese 

(IV) oxide (85% activated, 15.0 mmol, 1.31 g). The reaction mixture was stirred at 

room temperature for 18 h followed by filtration of insoluble material. The resultant 

filtrate was concentrated by removal of solvent in vacuo. The crude product was 

purified by flash chromatography using ethyl acetate ( 3 x 5  ml) to afford the title 

compound 238 as a colourless oil (0.55 g, 40%).

Vmax(neat)/cm‘  ̂ 1690(s), 1652(s).

ÔH (300 MHz; CDCI3) 5.01 (2H, s, C/^N), 6.03 (IH, d, J  15.5 Hz, H-2'), 7.19 (IIH , 

m, 10 X Ar-//, H-6), 7.48 (IH, m, H-4), 7.57 (IH, m, H-5), 7.73 (IH, J  15.5 Hz, H- 

3'), 7.89 (IH, d, J7 .7  Hz, H-3), 9.65 (IH, s, CM)).

ÔC (75 MHz; CDCI3) 54.10 (CH2-N), 113.08, 117.64, 127.95, 128.06, 128.65, 

128.96, 129.29, 129.53, 129.93, 130.19, 133.72, 134.74, 135.25, 135.97, 143.72, 

144.04, 164.91 (NHC=0), 188.98 (CHO).

m/z (FAB) 342 ([M+H]\ C23H20NO2, 5%), 326 (<5), 208 (15), 131 (100).

HRMS (FAB) C23H20NO2 [ M m f  requires 342.1495, found 342.1503.

Methanesulfonic acid 2-propenyloxy-ethyl ester (239)
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To anhydrous dichloromethane (50 ml) was added 2-propenyloxyethylene glycol 

(60.0 mmol, 6.40 ml) and methanesulfonyl chloride (60.0 mmol, 4.64 ml). 

Triethylamine (60.0 mmol, 8.34 ml) was then cautiously added dropwise and the 

reaction mixture was stirred at room temperature for 18 h. The triethylamine 

hydrochloride precipitate was removed by filtration water (50 ml) was then added o 

the filtrate. The organic layer was separated and washed with saturated sodium 

bicarbonate solution (3 x 100 ml), saturated brine (2 x 50ml), water (3 x 100 ml) and 

then dried over anhydrous magnesium sulfate. The solvent was removed in vacuo to 

afford the title compound 239 as a yellow oil (10.26 g, 95%).

Vmax (neat)/cm‘  ̂ 1649(m), 1457(m), 1418(m), 1353(s), 1175(s).

.ÔH (300 MHz; CDCI3) 3.03 (3H, s, SO3C//3), 3.65 (2H, t, J  4.6 Hz, 

C//2CH2OSO2CH3), 3.99 (2H, dd, J5 .6  and 1.4 Hz, C//20CH=), 4.32 (2H, t, J 4 .6  

Hz, C7T2O3SCH3), 5.22 (2H, dd, J  10.4 and 1.5 Hz CH/7=CH), 5.24 (IH, dd, J  17.1 

and 1.5 Hz, C//H=CH), 5.87 (IH, ddd, J  17.1, 10.4 and 5.6 Hz, C//=CH2).

ÔC (75 MHz; CDCI3) 38.07 (-SO3CH3), 68.15 ( Œ 2CH2O3SCH3), 69.53(Œ20CH=), 

72.57(Œ203SCH3), 118.01 (CH2=CH), 134.41 (CH=CH2). 

w/z (FAB) 181 ([M+UŸ, C6H,304S, 100%), 123 (85), 85 (50).

HRMS (FAB) C6H13O4S [M+H]^ requires 181.0535, found 181.0544.

2-(2'-propenyIoxyethoxy)-benzaldehyde (240)

To anhydrous dimethylformamide (50 ml) and sodium hydride (40.0 mmol, 1.60 g, 

60 wt. % in mineral oil) was added salicaldehyde (mmol, ml) and the reaction 

mixture was stirred at room temperature for 2 h. Methanesulfonic acid 2-allyloxy- 

ethyl ester 239 (40.0 mmol, 7.24 g) was then added the reaction heated at 70 °C for 

18 h. On cooling, water was added and the crude product extracted into ethyl acetate 

(3 X 50 ml). The combined organic extracts were washed with saturated sodium 

hydrogen carbonate, saturated brine (3 x 50 ml), water (2 x 50ml) and then dried over
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anhydrous magnesium sulfate. The solvent was removed in vacuo and the crude

product purified by flash chromatography (2:1 hexane/ethyl acetate) to afford the

title compound 240 as a pale yellow oil (6.18 g, 75% yield).

Vmax(neat)/cm'  ̂ 1683(s), 1599(s), 1485(s), 1455(s), 1396(s), 1287(s), 1244(s).

ÔH (300 MHz; CDCI3) 3.65 (2H, t, J4 .9  Hz, 2 x H-2'), 3.99 (2H, d t,J5 .3  and 1.3 Hz, 

C /720CH=), 4.32 (2H, t, J 4 .9  Hz, H-1'), 5.22 (2H, dd, J  10.4 and 1.3 CH//=CH),

5.24 (IH, dd, J  17.2 and 1.3 Hz, Ci7H=CH), 5.87 (IH, ddd, J  17.1, 10.4 and 5.3 Hz, 

C//=CH2), 6.98 (2H, m, H-4, H-6), 7.53 (IH, m, H-5), 7.76 (IH, dd, J  7.7 and 1.7 

Hz, H-3), 10.53 (IH, s, CHO).

ÔC (75 MHz; CDCI3) 68.71 (C-2', Œ 20CH=), 72.83 (C-1'), 113.27 (C-6), 117.78 

(CH2=CH), 121.39 (C-2), 125.63 (C-4), 128.70 (C-5), 134.77 (CH=CH2), 136.19 (C- 

3), 161.67 (C-1), 190.13 (CHO).

tn/z (FAB) 207 ([M+H]\ Ci2Hi503, 25%), 149 (20, 69 (60), 55 (95), 41 (100)

HRMS (FAB) C12H15O3 [M+H]^ requires 207.1021, found 207.1030.

2-(2'-propenyloxy-ethoxy)-benzaldehyde oxime (241)

2-(2'-propenyloxy-ethoxy)-benzaldehyde 240 (25.0 mmol, 5.15 g), sodium hydroxide 

(80.0 mmol, 3.20 g) and hydroxylamine hydrochloride (80.0 mmol, 5.65 g) was 

added to an aqueous solution of ethanol (80 % aq., 100 ml). The reaction mixture 

was stirred at room temperature for 10 h and then diluted with water (10 ml). The 

crude product was extracted into ethyl acetate (3 x 25 ml) and the combined organic 

extracts washed with saturated brine (3 x 50 ml), water (3 x 50 ml) and dried over 

anhydrous magnesium sulfate. The solvent was removed in vacuo to yield the title 

compound 241 as a yellow oil (6.43 g, 97%).

220



Vmax(neat)/cm'^ 3351(w), 1490(m), 1453(m), 1296(s), 1251(m)

ÔH (300 MHz; CDCI3) 3.82 (2H, t, J4 .8  Hz, 2 x H-2'), 4.09 (2H, dt, 75.3 and 1.4 Hz, 

C//20CH=), 4.32 (2H, t, J4 .8  Hz, H-1'), 5.22 (2H, dd, J  1.3 and 10.3 CH//=CH),

5.24 (IH, dd, J  17.2 and 1.3 Hz, C//H=CH), 5.87 (IH, ddd, J  17.2, 10.3 and 5.3 Hz, 

C//=CH2), 6.98 (2H, m, H-3, H-5), 7.31 (IH, m, H-4), 7.71 (IH, dd, J  7.7 and 1.7 

Hz, H-6), 7.74 {N-OH), 8.53 (IH, s, CH=N-0).

ÔC (75 MHz; CDCI3) 68.64 (C-2'), 68.95 (CH20CH=) 72.80 (C-1'), 112.99 (C-3), 

117.78 (CH=CH2), 121.55 (C-1), 126.87 (C-5), 127.70 (C-4), 131.53 (C-6), 134.89 

(CH=CH2), 146.94 (CH=#-OH), 157.32 (C-2). 

m/z (FAB) 222 ([M+HŸ, C12H16NO3, 32%), 206 (12), 41 (100)

HRMS (FAB) C12H16NO3 [M+H]^ requires 222.1130, found 207.1140.

Di-isoxazoline (242a and 242b)

o  10^ 11

0 - N

Experiment 7.3.17. To a solution of 2-(2'-propenyloxy-ethoxy)-benzaldehyde 

oxime 241 (0.25 mmol, 53 mg) in water (5 ml) was added aqueous sodium 

hypochlorite (11% CI2 content, 1.00 mmol, 0.65 ml) at 5 °C. The reaction mixture 

was stirred at room temperature for 18 h and the white precipitate formed was then 

filtered. The precipitate was dried in vacuo to afford the title compounds 242a and 

242b as colourless crystals (53 mg, 97%) in a diastereoisomeric ratio of 4:1 as 

determined by normal phase HPLC [95:5, chloroform/dichloromethane, flow rate: 

0.5 ml/min; Minor Diastereoisomer (19.25 min). Major Diastereoisomer (25.77min)].

Major Diastereoisomer

v„„/cm ‘‘ 1649(s), 1607(s,) 1490(m), 1449(m), 1296(g), 1251(m).

Sh (500 MHz; CDCI3) 3.44 (2H, dd, J  17.6 and 7.9 Hz, 2 x HH-T), 3.58 (2H, dd, J  

17.6 and 10.5 Hz, 2 x H77-7), 3.67 (2H, m, 2 x 77H-9), 3.73 (2H, m, 2 x H7/-9), 3.86
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(2H, m, 2 X iïH-10), 3.95 (2H, m, 2 x H//-10), 4.10 (2H, m, 2 x i/H-11), 4.20 (2H, 

m, 2 X H/f-11), 4.79 (2H, m, 2 x H-8), 6.86 (2H, d, J  8.5 Hz, 2 x H-2), 6.95 (2H, dd, 

y  7.7 and 7.4 Hz, 2 x H-4), 7.33 (2H, ddd, J  8.5, 7.4 and 1.5 Hz, 2 x H-3), 7.78 (2H, 

dd, J7 .7  and 1.5 Hz, 2 x H-5).

ÔC (125 MHz; CDCI3) 40.69 (2 x C-7), 67.69 (2 x C-11), 69.88 (2 x C-10), 72.21 (2 x 

C-9), 79.47 (2 X C-8), 111.81 (2 x C-2), 118.86 (2 x C-6), 121.02 (2 x C-4), 129.44 

(2 X C-5), 131.28 (2 x C-3), 156.26 (2 x C-1), 156.54 (2 x C=NO).

Carbons assigned using C-H correlation.

m/z (FAB) 461 ([M+Na]^, C24H2gN206Na 80%), 439 {[M+HŸ, C24H29N2O6, 32), 217 

(26), 176 (45), 146 (20).

HRMS (FAB) C24H29N2O6 [M+H]* requires 439.1869, found 439.1850.

Minor Diastereoisomer:

ÔH (500 MHz; CDCI3) 3.46 (2H, dd, J  17.5 and 7.9 Hz, 2 x HH-7), 3.63 (2H, dd, J

17.5 and 10.5 Hz, 2 x HH-7), 3.67 (2H, m, 2 x HH-9), 3.73 (2H, m, 2 x HH-9), 3.89 

(2H, m, 2 X 77H-10), 3.91 (2H, m, 2 x H//-10), 4.07 (2H, m, 2 x H R-U), 4.20 (2H, 

m, 2 X HH-l 1), 4.79 (2H, m, 2 x H-8), 6.83 (2H, d, J  8.5 Hz, 2 x H-2), 6.91 (2H, dd, 

J7 .7  and 7.4 Hz, 2 x H-4), 7.31 (2H, ddd, J  8.5, 7.4 and 1.5 Hz, 2 x H-3), 7.82 (2H, 

dd, J7 .7  and 1.5 Hz, 2 x H-5).

ÔC (125 MHz; CDCI3) 40.13 (2 x C-7), 67.19 (2 x C-11), 69.80 (2 x C-10), 71.50 (2 x 

C-9), 79.42 (2 X C-8), 111.98 (2 x C-2), 118.78 (2 x C-6), 121.02 (2 x C-4), 129.31 

(2 X C-5), 131.25 (2 X C-3), 156.21 (2 x C-1), 156.46 (2 x C=NO).

Carbons assigned using C-H correlation.

Experiment 7.3.18. The procedure was repeated as for 7.3.17 with 

dichloromethane (5 ml) as the solvent. The solvent was removed in vacuo and the 

crude product was washed with cold ether ( 4 x 1  ml) to afford the title compounds 

242a and 242b as colourless crystals (52 mg, 95%) in a diastereoisomeric ratio of 

4:1.

Experiment 7.3.19. The procedure was repeated as for 7.3.17 with aqueous CTAB 

(15 mM, 5 ml) as the solvent. The white precipitate formed was then filtered and
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dried in vacuo to afford the title compounds 242a and 242b as colourless crystals (52 

mg, 95%) in a diastereoisomeric ratio of 4:1.

Experiment 7.3.20. The procedure was repeated as for 7.3.17 with aqueous SDS 

(90 mM, 5 ml) as the solvent. The white precipitate formed was then filtered and 

dried in vacuo to afford the title compounds 242a and 242b as colourless crystals (53 

mg, 97%) in a diastereoisomeric ratio of 4:1.

Experiment 7.3.21. The procedure was repeated as for 7.3.17 however aqueous 

benzyl trimethylammonium hydroxide (10 mM, 5 ml) as the solvent. The white 

precipitate formed was then filtered and dried in vacuo to afford the title compounds 

242a and 242b as colourless crystals (52 mg, 95%) in a diastereoisomeric ratio of 

4:1.

Experiment 7.3.22. The procedure was repeated as for 7.3.17 however the reaction 

was stirred at room temperature for 6 h. The white precipitate formed was then 

filtered and dried in vacuo to afford the title compounds 242a and 242b as colourless 

crystals (52 mg, 95%) in a diastereoisomeric ratio of 4:1.

Experiment 7.3.23. The procedure was repeated as for 7.3.18 however the reaction 

mixture was stirred for 6 h. The solvent was removed in vacuo and the crude product 

was washed with cold ether ( 4 x 1  ml) to afford the title compounds 242a and 242b 

as colourless crystals (53 mg, 97%) in a diastereoisomeric ratio of 4:1.

Experiment 7.3.24. To a solution of 2-(2-propenyloxy-ethoxy)-benzaldehyde 

oxime 241 (4.00 mmol, 0.88 g) in anhydrous dimethylformamide (10 ml), N- 

bromosuccinimide (16.0 mmol, 2.88 g) was added at 5 °C. Sodium hydroxide was 

then added (16.0 mmol, 0.64 g) and the reaction mixture was stirred at room 

temperature for 18 h. The crude product extracted using ethyl acetate ( 3 x 1 0  ml) and 

the combined organic extracts were washed with saturated brine (3 x 30 ml), water (3 

X 30 ml) and then dried over anhydrous magnesium sulfate. The solvent was 

removed in vacuo and precipitation with cold ether (15 ml) afforded uncharacterised 

resinous material as a yellow oil and the title compounds 242a and 242b as 

colourless crystals (0.18 g, 10%) in a diastereoisomeric ratio of 4:1.
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Experiment 7.3.25. The procedure was repeated as for 7.3.17 however lithium 

chloride (5.00 mmol, 0.21 g) was added and the reaction mixture stirred at room 

temperature for 48 h. The precipitate formed was washed with water (3 x 10 ml), 

filtered and dried in vacuo to afford the title compounds 242a and 242b as colourless 

crystals (52 mg, 95%) in a diastereoisomeric ratio of 4:1.

Experiment 7.3.26. The procedure was repeated as for 7.3.25 however potassium 

chloride (5.00 mmol, g) was added. The precipitate formed was washed vdth water 

( 3 x 1 0  ml), filtered and dried in vacuo to afford the title compounds 242a and 242b 

as colourless crystals (53 mg, 97%) in a diastereoisomeric ratio of 4:1.

Experiment 7.3.27. The procedure was repeated as for 7.3.25 however copper 

sulfate (5.00 mmol, g) was added. The precipitate formed was washed with water (3 

X 10 ml), filtered and dried in vacuo to afford the title compounds 242a and 242b as 

a white solid (53 mg, 97%) in a diastereoisomeric ratio of 4:1.
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7.4. Investigations Into Solid & Solution Phase 

Ether Synthesis

7.4.1. Oxetane Synthesis

2,2-5/s-(/er/-butyldimethylsilanyIoxymethyl)-propane-l,3-diol (246)

„o4

To an anhydrous solution of dimethylformamide (100 ml), triethylamine (50.0 mmol, 

6.95 ml) and pentaerythritol (50.0 mmol, 8.41 g) was added and the temperature of 

the reaction mixture was raised to 60 °C. Once the alcohol had completely dissolved 

in solution the reaction mixture was cooled to room temperature followed by the 

addition of /er^butyldimethylsilyl chloride (50.0 mmol, 15.1 g). The reaction 

mixture was then heated to 60 °C for 18 h. The reaction mixture was again cooled to 

room temperature followed by second addition /er/-butyldimethylsilyl chloride (50.0 

mmol, 7.54 g) and triethylamine (50.0 mmol, 6.95 ml). Stirring was continued at 

room temperature for 8 h followed by the addition of water (60 ml). The crude 

product was extracted into ethyl acetate (3 x 75 ml) and combined organic extracts 

washed with brine (3 x 50 ml), water (3 x 50 ml) and dried over anhydrous 

magnesium sulfate. The solvent was removed in vacuo and flash chromatography of 

the crude product (2:1 hexane/ethyl acetate) afforded the title compound 246 as 

colourless crystals (11.1 g, 61%), m.p. 58-60 ^C.

Vmax (KBr)/cm‘  ̂ 3450(br), 1458(m), 1380(m), 1253(m).

ÔH (300 MHz; CDCI3) 0.00 (12H, s, 4 x C ^-S i), 0.82 (18H, s, 2 x € (07/3)3), 3.39 

(2H, br-s, 2 x OH), 3.57 (4H, s, 2 x C/6-OSi), 3.61 (4H, 2 x C7/2OH).
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ÔC (75 MHz; CDCI3) -4.82 (CH3S1), 18.47 (SiC(CH3)3), 26.17 (SiC(CH3)3), 45.55 

(C-2), 64.39 (CHzOSi), 65.96 (CH2OH).

m/z (FAB) 387 ([M+Na], Ci7H4o04Si2Na, 6%), 365 ([M+RŸ, C17H41O4S12, 100), 233 

(30), 147 (42), 133 (46), 115 (48).

HRMS (FAB) Ci7H4i04Si2 [M+H]^ requires 365.2543, found 365.2534.

2,2-5w-(/er/-butyldimethylsilanyIoxymethyl)-3-[(dimethyl-ethyl)-dimethyl- 

silanyoxy]-propan-l-ol (247)

HO-lV'"
P 3

—Si Si—

' À -

To an anhydrous solution of dimethylformamide (100 ml), triethylamine (100 mmol, 

13.9 ml) and pentaerythritol (50.0 mmol, 8.41 g) was added and the temperature of 

the reaction mixture was raised to 60 °C followed by the addition of tert- 

butyldimethyl silyl chloride (100 mmol, 7.54 g). Stirring was continued at room 

temperature (8 h) followed by the addition of water (60 ml). The crude product was 

extracted into ethyl acetate (3 x 100 ml) and combined organic extracts were washed 

with saturated brine (3 x 100 ml), water (3 x 100 ml) and dried over anhydrous 

magnesium sulfate. The solvent was removed in vacuo and flash chromatography of 

the crude product (2:1 hexane/ethyl acetate) afforded the title compound 247 as 

colourless crystals (14.3 g, 30%) and 2,2-Z>/5-(/e/‘/-butyldimethylsilanyloxymethyl)- 

propane-l,3-diol 246 as colourless crystals (7.28 g, 20%).

Vmax (KBr)/cm’  ̂3500(br), 1512(m), 1465(m), 1381(w), 1258(m)

ÔH (300 MHz; CDCI3) 0.00 (18H, s, 6 x C ^-S i), 0.82 (27H, s, 3 x € (07/3)3), 3.39 

(2H, br-s, 077), 3.55 (6H, s, 3 x CTfz-OSi), 3.62 (2H, s, C772ÜH).

ÔC (75 MHz; CDCI3) -4.87 (CH3Si), 18.58 (SiC(CH3)3), 26.17 (SiC(CH3)3), 46.32 

(C-2), 63.32 (CH20Si), 66.82 (CH2OH).

nt/z (FAB) 479 ([M+H]^ C23Hs504Si3, 74%), 421 (40), 315 (60), 207 (100).

HRMS (FAB) C23H5504Si3 [M+H]^ requires 479.3408, found 479.3430
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l,3-5is-benzyloxy-2,2-A«-benzyIoxymethyl-propane*^*(249)

To an anhydrous solution of dimethylformamide (200 ml) and sodium hydride (50.0 

mmol, 4.00 g, 60 wt. % in mineral oil) was added pentaerythritol (50.0 mmol, 8.41 g) 

and the temperature stirred at room temperature for 4 h. Benzyl bromide (50.0 

mmol, 8.56 g) was then added and the reaction mixture heated at 60 for 18 h. The 

reaction mixture was cooled to room temperature followed by the second addition of 

benzyl bromide (50.0 mmol, 8.56 g) and the reaction mixture was heated at 60 °C for 

18. Water was added (100 ml) and the crude product was extracted into ethyl acetate 

(3 X 75 ml) and combined organic extracts washed with water (3 x 50 ml), brine (3 x 

50 ml) and dried over anhydrous magnesium sulfate. The solvent was removed in 

vacuo and flash chromatography of the crude product (3:2 hexane/ethyl acetate) 

afforded the title compound 249 as a colourless oil (4.96 g, 10%) and 3-Benzyloxy-2,

2-bis-benzyloxymethyl-propan-l-ol 250 as a colourless oil (16.24 g, 40%).

Vmax (KBr)/cm‘  ̂ 1496(m), 1454(s), 1364(s), 1205(m).

ÔH (300 MHz; CDCI3) 2.59 (8H, s, C ( % 0 )4), 4.48 (8H, s, 4 x % A r ) ,  7.28 (20H, 

m, Ar-//).

8c (75 MHz; CDCI3) 45.55 (C-2), 71.38, 74.24, 127.81, 128.05, 128.94, 139.68. 

m/z (FAB) 497 ([M+H]^ C33H37O4, 34%), 225 (48), 180 (100).

3-Benzyioxy-2,2-A/s-benzyloxymethyl-propan-l-ol (250)

OH

227



Vm ax(KBr)/cm ‘  ̂ 3502(br), 1719(w), 1496(m), 1454(s), 1364(s), 1205(m).

ÔH (300 MHz; CDCI3) 2.33 (IH, br-s, OH), 3.51 (6H, s, 3 x C/^OCHzAr), 3.71 (2H, 

s, C//2OH), 4.42 (6H, 3 X % A r ) ,  7.26 (15H, m, 15 x Ax-H).

ÔC (75 MHz; CDCI3) 45.55 (C-2), 66.50 ( Œ 2OH), 71.33, 73.96, 127.83, 127.94, 

128.74, 138.78.

m/z (FAB) 407 ([M+H]^ C26H31O4, 15%), 233 (36), 181 (100).

HRMS (FAB) C26H31O4 [M+UŸ requires 407.2222, found 407.2202.

T oluene-4-sulfonic acid 2’-(^^r^-butyIdimethylsilanyloxymethyl)-3*-

(dimethylethyl)-dimethylsilanyloxy)-2’-hydroxymethyl-propyl ester (251)

S i -
O

o
\
S i -

H O - .

To an anhydrous solution of pyridine (5 ml) was added 2,2-bis-{tert- 

butyldimethylsilanyloxymethyl)-propane-l,3-diol 246 (0.53 mmol, 0.16 g) and 

toluene-4-sulfonyl chloride (0.26 mmol, 49 mg). The reaction mixture was heated at 

reflux temperature for 6 h. On cooling, a second portion of toluene-4-sulfonyl 

chloride (0.27 mmol, 51 mg), in pyridine (2 ml) was added and the reaction mixture 

was heated at reflux temperature for 18 h. The crude product was extracted into 

ethyl acetate ( 3 x 5  ml) and combined organic extracts washed saturated sodium 

carbonate solution (3 x 10 ml), saturated brine ( 3 x 1 0  ml), with water (3 x 10 ml) 

and then dried over anhydrous magnesium sulfate. The solvent was removed in 

vacuo and flash chromatography of the crude product (100% ethyl acetate) afforded 

the title compound 251 as a colourless oil (0.17 g, 71%).

v„„(KBr)/cm '‘ 3500(br), 1612(g), 1512(m), 1380(w), 1257(m), 1041(s).

8 h  (300 MHz; CDCI3) 0.00 (12H, s, 4 x C%Si), 0.81 (18H, s, 2 x C(C%)3), 2.43 

(3H, s,p-Ai-CHi), 2.47 (IH, br-s, OH), 3.51 (2H, s, C%OH), 3.65 (4H, s, C%OSi),
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4.07 (2H, s, CT/zOSOzAr-CH]), 7.35 (2H, d, J  8.4 Hz, 2 x H-2), 7.79 (2H, d, J  8.4 

Hz, H-3).

ÔC (75 MHz; CDCI3) -  5.39 (CH3S1), 18.44 (SiC(CH3)3), 22.02 (p-Ar-C^), 26.17 (6 

X Si-C(CH3)3), 45.80 (C-2'), 63.80, 63.83, 128.34, 130.34, 132.93, 145.43 (C-4). 

m/z (FAB) 519 ([M+H]\ C24H470gSSi2, 15%), 207 (25), 147 (100), 115 (60).

HRMS (FAB) C24H470gSSi2 [M+H]^ requires 519.2632, found 519.2610.

Polymer Bound Alcohol (253)

o
/O

- S i
\

- A

Method A: To an anhydrous solution of pyridine (10 ml) was added polymer bound 

toluene-4-sulfonyl chloride 171 (2.00 mmol, 1.50 g) and 2^2-his-{terl-

butyldimethylsilanyloxymethyl)-propane-1,3-diol 246 (2.00 mmol, 0.73 g). The 

reaction mixture was heated at reflux temperature for 6 h. On cooling, the crude 

resin was washed with dichloromethane (3 x 50 ml), 80% aqueous acetonitrile (3 x 

50 ml), 50% aqueous acetonitrile (3 x 50 ml), 30% aqueous acetonitrile (3 x 50 ml) 

and acetonitrile (3 x 50 ml). The solvent was removed in vacuo over 24 h to afford 

the title compound 253 as a yellow solid (1.79 g, 60%).

Vma%(KBr)/cm ' 3480(w), 1620(s), 138I(w), 1186(w), 1033(w)

Found C: 61.67%; H: 7.60; Cl: 1.92; S: 4.79.

Method B: The procedure was repeated as for Method A however 2.5 equivalents of

2,2-6A-(rer/-butyldimethylsilanyloxymethyl)-propane-l,3-diol 246 (5.00 mmol, 0.69 

g) was added. The solvent was removed in vacuo over 24 h to afford the title 

compound 253 as a yellow solid (2.19 g, 99%).

Found C: 64.05%; H: 6.21; Cl: 0; S: 3.75.
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2 ,2-5«-(te#*^-butyldimethylsilyoxymethyl)-oxetane (252)

:sî  _si: 
O O'

Experiment 7.4.1. To an anhydrous solution of tetrahydrofiiran (10 ml) and 

potassium ^er/-butoxide (0.25 mmol, 0.28 g) was added polymer bound alcohol 253 

(0.25 mmol, 0.25 g). The reaction mixture was stirred at room temperature for 3 h 

and then the resin was removed by filtration. Water was added to the filtrate and the 

crude product extracted into ethyl acetate (3 x 10 ml). The combined organic 

extracts were washed with water (2 x 10 ml) and dried over anhydrous magnesium 

sulfate. The solvent was removed in vacuo to afford the title compound 252 as a 

yellow oil (83 mg, 96%).

Vmax(KBr)/cm'^ 1466(s), 1351(s), 1257(s), 1180(s), 1103(s).

ÔH (300 MHz; CDCI3) 0.00 (12H, s, 4 x % -S i) ,  0.81 (18H, s, 2 x € ( % ) ] ) ,  3.92 

(4H, s, H-1), 4.31 (2H, d, J6 .2  Hz, H//-3), 4.46 (2H, d, J6 .2  Hz, MI-3).

ÔC (75 MHz; CDCI3) -5.17 (CH3-Si), 14.49 (Si-C(CH3)3), 23.10 (Si-C(CH3)3), 45.90

(C-2), 65.36 (C-1), 76.03 (C-3).

m/z (FAB) 119 ([MH-(TBDMS)2]% C5H11O3, 56%).

Experiment 7.4.2. To an anhydrous solution of tetrahydrofiiran (5 ml) and sodium 

hydride (0.75 mmol, 30 mg, 60 wt. %) was added toluene-4-sulfonic acid ester 251 

(0.25 mmol, 80 mg). The reaction mixture was then stirred at room temperature for 

3 h followed by the addition of water ((10 ml). The crude product was extracted into 

ethyl acetate (3 x 10 ml) and the combined organic extracts washed with saturated 

brine solution (2 x 10 ml), water (3 xlO ml) and then dried over anhydrous 

magnesium sulfate. The solvent was removed in vacuo and flash chromatography of 

the crude product (1:1 hexane/ethyl acetate) afforded title compound 252 as a yellow 

oil (72 mg, 83%).

230



7.4.2. Investigations Into Oligomer Synthesis

Methanesulfonic acid 2-(t^rt-butyIdimethylsilanyloxyniethyl)-3-dimethyl-ethyI)- 

diniethyI-silanyloxy]-2*sulfoxymethy!-propyI ester (256)

To an anhydrous solution of dichloromethane (50 ml) was added 2,2-bis-(tert- 

butyldimethylsilanyloxymethyl)-propane-1,3-diol 246 (1.37 mmol, 0.50 g) and 

methanesulfonyl chloride (3.43 mmol, 0.27 ml). Triethylamine (mmol, ml) was 

cautiously added and the reaction mixture was stirred at room temperature for 4 h. 

The insoluble precipitate formed was removed by filtration and water was added to 

the filtrate (10 ml). The organic extract was washed with saturated sodium hydrogen 

carbonate solution (3 x 20 ml), saturated brine solution (3 x 50 ml), water (3 x 50 ml) 

and then dried over anhydrous magnesium sulfate. The solvent was removed in 

vacuo and the crude product recrystallised using ethanol ( 3 x 5  ml) to afford the title 

compound 256 as colourless crystals (0.64 g, 90%).

Vmax(KBr)/cm'^ 1612(s), 1488(s), 1365(m), 1304(m), 1257(m), 1018(s).

ÔH (300 MHz; CDCI3) 0.00 (12H, s, 4 x C ^-S i), 0.81 (18H, s, 2 x 2.96

(6H, s, 2 X S-C/73), 3.55 (4H, s, C ^-O Si), 4.14 (4H, 2 x C//2OSO2CH3).

ÔC (75 MHz; CDCI3) -5.34 (4 x CH3-Si), 18.58 (2 x Si-C(CH3)3), 26.18 (2 x Si- 

C(CH3)3), 37.41 (S-C//3), 46.25 (C-2), 60.18 (2 x CH20S1), 67.75 (2 x 

Œ 2OSO2CH3).

m/z (FAB) 521 ([M+H]\ Ci9H450gS2Si2, 24%), 223 (100), 195 (37) .

HRMS (FAB) Ci9H450gS2Si2 [M+H]^ requires 521.2094, found 521.2106.
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2*-(/^/t-butyIdimethylsilanyloxymethyl)-3’-(dimethylethyl)-dimethylsilanyloxy)- 

2’>hydroxymethyl-tripphenylmethyoxy-propyl ester (251)

S i -
HO

Si—

To an anhydrous solution of dichloromethane (15 ml) was added 2,2-bis-(tert- 

butyldimethylsilanyloxymethyl)-propane-1,3-diol 246 (1.37 mmol, 0.50 g) and 

triphenylmethyl chloride (1.37 mmol, 0.38 g). Triethylamine (1.40 mmol, 0.19 ml) 

in dichloromethane (5 ml) was then added drop wise and the reaction mixture was 

stirred at room temperature for 8 h. Water was added (20 ml), the organic layer 

separated and the crude product extracted into dichloromethane (2 x 10 ml). The 

combined organic extracts washed with saturated sodium hydrogen carbonate 

solution (3 X 10 ml), saturated brine (3 x 10 ml) water (3 x 10 ml) and dried over 

anhydrous magnesium sulfate. The solvent was then removed in vacuo and flash 

chromatography of the crude product (4:1 hexane/ethyl acetate) afforded the title 

compound 257 as a colourless oil (0.61 g, 85%).

v„ai(KBr)/cm'‘ 3450(br), 1458(m), 1380(m), 1253(m).

8h  (300 MHz; CDCb) 0.00 (12H, s, 4 x C/b-Si), 0.81 (18H, s, 2 x C(C%)3), 2.77 

(IH, t, J  6.0 Hz, OH), 3.14 (2H, s, CH20C(Ar)3), 3.65 (4H, m, 2 x CHzOSi), 3.67 

(2H, d, y  6.0 Hz, C%OH), 7.27 (9H, m, 6 x m-Ar-H, 3 x p-At-H), 7.42 (6H, d, J  7.1 

Hz, 6 X o-Ar-H).

ÔC (75 MHz; CDCI3) -5.29 (4 x CHg-Si), 18.53 (2 x Si-C(CH3)3), 26.25 (2 x Si- 

C(Œ3)3), 46.23 (C-2), 63.45, 63.96, 66.69 (CH2OH), 87.00 (CH20C(Ar)3), 127.35, 

128.14, 129.15 and 144.37 (CH20C(Ar)3).

m/z (FAB) 629 ([M+Na]^, C36H5404Si2Na, 24%), 223 (100), 195 (37).

HRMS (FAB) C36H5404Si2Na [M+Na]^ requires 629.3458, found 629.3472.
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Polymer bound toIyI-4-sulfonic acid ester (259)

o \ \
/

— Si

To an anhydrous solution o f pyridine (5 ml) was added polymer bound alcohol 253 

(1.00 mmol, 1.10 g). Methanesulfonyl chloride (2.50 mmol, 0.19 ml) was then 

cautiously added and the reaction mixture stirred at room temperature for 18 h. The 

crude resin was washed with dichloromethane (3 x 50 ml), 80% aqueous acetonitrile 

(3 X 50 ml), 50% aqueous acetonitrile (3 x 50 ml), 30% aqueous acetonitrile (3 x 50 

ml) and acetonitrile (3 x 50 ml). The solvent was removed in vacuo over 24 h to 

afford the title compound 259 as a yellow solid (1.16 g, 99%).

v„,,(KBr)/cm ‘ 1690(br), I496(m), 1396(m), 131 l(m), 1164(s), 1018(s).

Found C: 65.48%; H: 7.80; Cl; 0; S: 5.24.

Methanesulfonic acid 3-benzyloxy-2,2-A«-benzyloxymethyI-propyl ester (260)

//
X

To an anhydrous solution o f dichloromethane (10 ml) was added 3-Benzyloxy-2,2- 

6f9-benzyloxymethyl-propan-1 -ol 250 (1.35 mmol, 0.50 g) and methane sulfonyl 

chloride (1.70 mmol, 0.13 ml) was added. Triethylamine (1.70 mmol, 0.24 ml) was 

then cautiously added and the he reaction mixture was stirred at room temperature 

for 18 h. The insoluble precipitate formed was then filtered and the filtrate washed 

with saturated sodium hydrogen carbonate solution (3 x 10 ml), saturated brine
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solution ( 3 x 1 0  ml), water ( 3 x 1 0  ml) and dried over anhydrous magnesium sulfate. 

The solvent was removed in vacuo and to afford the title compound 260 as a pale 

yellow oil (0.63 g, 97%).

Vmax(KBr)/cm' 1620(g), 1496(m), 1458(g), 1388(g), 1249(m), 1080(g).

ÔH (300 MHz; CDCb) 3.07 (3H, s, CH2OSO2C //3) 3.43 (6H, g, CiCHjO)^), 4.24 (2H, 

s, C //2OSO2CH3), 4.41 (6H, g, 3 X CH2Ar), 7.26 (15H, m, Ar-H).

ÔC (75 MHz; CDCI3) 38.10 (CH2OSO2CH3), 48.18 (C-2 ), 70.48, 71.33, 73.96, 

127.83, 127.94, 128.74, 138.78.

nt/z (FAB) 485 ([M +H]\ C27H38O6S, 5%), 242 (100), 181 (20).

Polymer bound toIyl-4-suIfonic acid 3-benzyIoxy-2,2-6/5-benzyloxymethyI- 

propyl ester (262)

To an anhydrous solution of pyridine (10 ml) was added polymer bound toluene-4- 

sulfonyl chloride 171 (0.40 mmol, 0.30 g), 3-benzyloxy-2,2-6A-benzyloxymethyl- 

propan-l-ol 250 (1.00 mmol, 0.41 g) and the reaction mixture was heated at reflux 

temperature for 6 h. On cooling, the crude resin was washed was washed with 

dichloromethane (3 x 50 ml), 80% aqueous acetonitrile (3 x 50 ml), 50% aqueous 

acetonitrile (3 x 50 ml), 30% aqueous acetonitrile (3 x 50 ml) and acetonitrile (3 x 50 

ml). The solvent was removed in vacuo over 24 h to afford the title compound 262 as 

a yellow solid (0.43 g, 88%).

Vmax(KBr)/cm' 1658(g), 1458(m), 1388(g), 1334(g), 1250(m), 1203(m), 1080(g).

Found C: 72.67%; H: 6.78; Cl: 0.58; S: 4.87.
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9. Appendix

9. Crystal Data & Structure Refinement for E n d o  183

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group

C ]9 H 2 2 N 2 O 4

342.39 

293(2) K  

0.71073 Â  

m onoclin ic 

P2/C
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U nit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range fo r data collection 

Index ranges 

Reflections collected 

Independent reflections 

Refinement method 

Data/restraints/parameters  

Goodness-of-fit on 

Final R  indices [I> 2 c (I)]

R  indices (all data)

Extinction coefficient 

Largest d iff. peak and hole

a = 12.480(2) A alpha = 90 deg. 

b = 6.5880(10) A beta = 102.39(3) deg 

c = 21.805 (4) A gamma = 90 deg. 

1751.0(5) A^

4

1.299 mg/m'^

0.092 mm'*

728

0.68 X 0.62 X 0.54 mm 

2.80 to 25.05 deg.

0^<14; 0^<7;-25<l<25 

3206

3058 [R(int) = 0.0306]

Full-matrix least-squares on

3056/0/227

1.005

Ri = 0.0714, wR2 = 0.1899 

Ri = 0.1040, wR2 = 0.2321 

0.020(4)

0.496 and-0.466 A
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Table 2: Atomic coordinates (x lOA"̂ ) and equivalent isotropic displacement 

parameters (Â^ x 10^) for Endo 183. U (eq) is defined as one third of the trace of the 

orthogonalized Uij tensor.

X y z U(eq)
0(1) 6611(3) 8338(5) 3710(1) 84(1)
0(2) 5834(2) 10238(4) 4322(1) 65(1)
0(3) 5961(3) 4098(4) 5678(1) 74(1)
0(4) 7235(3) 9640(5) 6826(1) 84(1)
N(I) 7902(2) 7738(4) 5111(1) 47(1)
N(2) 6735(3) 6582(5) 6354(1) 76(1)
C(l) 6299(5) 9860(9) 3225(2) 106(2)
C(2) 6337(3) 8755(5) 4250(2) 48(1)
C(3) 6793(2) 7199(5) 4774(1) 43(1)
C(4) 6990(3) 5129(5) 4506(2) 58(1)
C(5) 8163(3) 5299(6) 4387(2) 70(1)
C(6) 8649(3) 7273(6) 4703(2) 63(1)
C(7) 7856(2) 9637(5) 5438(2) 45(1)
C(8) 8871(3) 10077(5) 5942(2) 48(1)
C(9) 9545(3) 8532(6) 6232(2) 68(1)
C(10) 10446(4) 8985(8) 6710(2) 84(1)
C(ll) 10676(3) 10940(8) 6900(2) 75(1)
C(12) 10012(3) 12484(7) 6609(2) 67(1)
C(13) 9123(3) 12047(6) 6128(2) 55(1)
C(14) 6765(3) 9337(5) 5681(2) 45(1)
C(15) 6955(3) 8636(6) 6353(2) 59(1)
C(16) 6266(3) 5833(5) 5767(2) 56(1)
C(17) 6164(3) 7541(4) 5298(1) 43(1)
C(18) 7101(8) 5216(10) 6967(4) 148(4)
C(19) 6168(8) 5270(13) 7167(4) 181(4)

Table 3: Bond lengths [Â] for Endo 183.

0(1)-C(2) 1.324 (4)
0(1)-C(1) 1.449 (5)
0(2)-C(2) 1.190 (4)
0(3)-C(16) 1.207 (4)
0(4)-C(15) 1.212(4)
N(l)-C(7) 1.448 (4)
N(l)-C(6) 1.452 (4)
N(l)-C(3) 1.464 (4)
N(2)-C(16) 1.379 (4)
N(2)-C(15) 1.381(5)
N(2)-C(18) 1.596 (9)
C(2)-C(3) 1.549 (4)
C(3)-C(4) 1.525 (4)
C(3)-C(17) 1.535 (4)
C(4)-C(5) 1.544 (6)
C(5)-C(6) 1.534 (6)
C(7)-C(8) 1.516(4)

241



C(7)-C(14) 1.576 (4)
C(8)-C(13) 1.376 (5)
C(8)-C(9) 1.383 (5)
C(9)-C(10) 1.392 (6)
C(10)-C(ll) 1.365 (7)
C(ll)-C(12) 1.378 (6)
C(12)-C(13) 1.384 (5)
C(14)-C(15) 1.507 (5)
C(14)-C(17) 1.545 (4)
C(16)-C(17) 1.507 (5)
C(18)-C(19) 1.329(11)

Table 4: Bond angles [deg] for Endo  183

C(2)-0(1)-C(l) 115.2 (3)
C(7)-N(l)-C(6) 125.6 (3)
C(7)-N(l)-C(3) 108.9 (2)
C(6)-N(l)-C(3) 107.7 (3)
C(16)-N(2)-C(15) 113.2 (3)
C(16)-N(2)-C(18) 124.3 (4)
C(15)-N(2)-C(18) 122.2 (4)
0(2)-C(2)-0(l) 122.1 (3)
0(2)-C(2)-C(3) 124.5 (3)
0(1)-C(2)-C(3) 113.3 (3)
N(l)-C(3)-C(4) 101.3 (3)
N(l)-C(3)-C(17) 99.8 (2)
C(4)-C(3)-C(17) 124.6 (3)
N(l)-C(3)-C(2) 111.6 (3)
C(4)-C(3)-C(2) 111.8(3)
C(17)-C(3)-C(2) 106.6 (2)
C(3)-C(4)-C(5) 103.7 (3)
C(6)-C(S)-C(4) 106.4 (3)
N(l)-C(6)-C(5) 102.2 (3)
N(l)-C(7)-C(8) 114.1(3)
N(l)-C(7)-C(14) 100.7 (2)
C(8)-C(7)-C(14) 115.4 (3)
C(13)-C(8)-C(9) 118.8(3)
C(13)-C(8)-C(7) 119.8(3)
C(9)-C(8)-C(7) 121.4 (3)
C(8)-C(9)-C(10) 119.9 (4)
C(ll)-C(10)-C(9) 120.8 (4)
C(10)-C(ll)-C(12) 119.4 (4)
C(13)-C(12)-C(ll) 120.0 (4)
C(8)-C(13)-C(12) 121.0 (4)
C(15)-C(14)-C(17) 104.3 (3)
C(15)-C(14)-C(7) 113.4 (3)
C(17)-C(14)-C(7) 105.6 (2)
0(4)-C(15)-N(2) 123.7 (3)
0(4)-C(15)-C(14) 128.1 (3)
N(2)-C(15)-C(14) 108.2 (3)
0(3)-C(16)-N(2) 123.0 (3)
0(3)-C(16)-C(17) 128.3 (3)
N(2)-C(16)-C(17) 108.6 (3)
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C(16)-C(17)-C(3)
C(16)-C(17)-C(14)
C(3)-C(17)-C(14)
C(19)-C(18)-N(2)

114.4 (3)
104.2 (3)
104.3 (2)
98.4 (8)

Symmetry transformations used to generate equivalent atom.

Table 4. Anisotropic displacement parameters (Â^ x 10^) for 1

The anisotropic displacement factor exponent takes the form: -2tî  [ h  ̂a*^ U11 + 

+ 2 h k a * b * U 1 2 ]

U ll U22 U33 U23 U13 U12
0(1) 109(2) 100(2) 45(1) 6(1) 18(1) 50(2)
0(2) 78(2) 56(2) 61(2) 7(1) 16(1) 23(1)
0(3) 100(2) 46(2) 71(2) -3(1) 4(2) -20(1)
0(4) 114(2) 86(2) 54(2) -25(2) 23(2) -41(2)
N(I) 38(1) 50(2) 51(2) -5(1) 5(1) 6(1)
N(2) 119(3) 59(2) 45(2) 1(2) 9(2) -34(2)
C (l) 138(5) 128(5) 51(2) 23(3) 21(3) 55(4)
C(2) 42(2) 53(2) 46(2) -6(2) 2(1) 5(2)
C(3) 41(2) 42(2) 43(2) -5(1) 4(1) 5(1)
C(4) 64(2) 47(2) 62(2) -11(2) 10(2) 10(2)
C(5) 69(2) 72(3) 71(2) -14(2) 19(2) 24(2)
C(6) 48(2) 80(3) 61(2) -3(2) 15(2) 14(2)
C(7) 42(2) 44(2) 47(2) 1(1) 5(1) 0(1)
C(8) 42(2) 50(2) 48(2) 3(1) 3(1) -3(1)
C(9) 65(2) 58(2) 71(2) 5(2) -11(2) 4(2)
C(10) 69(3) 90(3) 78(3) 9(3) -19(2) 11(2)
C (ll) 54(2) 102(4) 62(2) -5(2) -8(2) -11(2)
C(12) 60(2) 75(3) 62(2) -11(2) 6(2) -16(2)
C(13) 50(2) 58(2) 55(2) 0(2) 8(2) -6(2)
C(14) 45(2) 39(2) 50(2) -6(1) 9(1) 0(1)
C(15) 69(2) 62(2) 48(2) -13(2) 16(2) -21(2)
C(16) 65(2) 46(2) 54(2) -6(2) 7(2) -9(2)
C(I7) 43(2) 38(2) 47(2) -5(1) 6(1) -1(1)
C(18) 244(10) 93(4) 140(6) -44(4) 117(7) -80(6)
C(19) 218(11) 138(7) 154(8) -28(6) -32(8) 29(7)
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Table 5. Hydrogen coordinates (x 10 ) and isotropic displacement parameters 

(Â  ̂X 10 )̂ for 1.

X y z U(eq)

H(1A) 6522(5) 9451(9) 2848(2) 80
H(1B) 5518(5) 10041(9) 3138(2) 80
H(1C) 6652(5) 11116(9) 3373(2) 80
H(4A) 6467(3) 4867(5) 4122(2) 80
H(4B) 6947(3) 4067(5) 4801(2) 80
H(5A) 8143(3) 5338(6) 3944(2) 80
H(5B) 8602(3) 4163(6) 4566(2) 80
H(6A) 9385(3) 7086(6) 4940(2) 80
H(6B) 8641(3) 8331(6) 4399(2) 80
H(7A) 7754(2) 10724(5) 5138(2) 80
H(9A) 9390(3) 7152(6) 6101(2) 80
H(IOA) 10917(4) 7912(8) 6908(2) 80
H(llA) 11295(3) 11238(8) 7232(2) 80
H(12A) 10166(3) 13862(7) 6743(2) 80
H(13A) 8673(3) 13131(6) 5920(2) 80
H(14A) 6323(3) 10543(5) 5619(2) 80
H(17A) 5409(3) 7861(4) 5127(1) 80
H(18A) 7692(8) 5831(10) 7264(4) 80
H(18B) 7321(8) 3878(10) 6870(4) 80
H(19A) 6306(8) 4474(13) 7544(4) 80
H(19B) 5958(8) 6619(13) 7259(4) 80
H(19C) 5586(8) 4658(13) 6863(4) 80
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