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Abstract

The importance of weak non-covalent interactions and the key roles that they play in

biological processes has lead to a dramatic increase in interest in the field of supramolecular

catalysis.
This thesis describes an investigation into the effect that various recognition processes have on

both the rate of, and stereo- and/or regiochemical outcome of a variety of chemical reactions.

Initially, the effect that the association of two reactant molecules A and B to form a

psewdointramolecular complex [A*B] was fully investigated. We demonstrate that this AB

methodology can be used to not only achieve rate enhancements but also to effect significant

regiochemical control of an inherently non-regioselective 1,3-dipolar cycloaddition reaction.
A natural extension to this methodology was to employ a symmetrical cofactor C, that was

capable of binding to two complementary reactant molecules A and B, to promote the
formation of the /xsMedointramolecular complex [A*B*CJ. Here, the rational design and

subsequent reaction kinetics of various ABC-systems are described. It is shown that through
the careful design of ABC-systems, significant rate enhancements can be achieved for the

recognition-mediated processes over their bimolecular counterparts. It is also shown that, in
some cases, the cofactor C can be used catalytically, hence providing the opportunity to design

systems capable of achieving catalytic turnover.

Finally, an investigation into a self-replicating system based on the Diels-Alder reaction is

presented. Here the design features, and hence, rational design of such systems is discussed in
detail and the subsequent synthesis presented. It is shown through a series of carefully chosen
control experiments that the reocognition-mediated Diels-Alder reaction presented here

proceeds via an autocatalytic mechanism. Also, the effect that small structural changes in the

recognition partners have on the efficiency of the autocatalytic pathway is demonstrated.



1. Introduction

1.1 Molecular recognition
Molecular recognition is a general term that is used to describe the interactions between
molecules through weak non-covalent interaction1-1"51 such as hydrogen-bonding, 7t-7t stacking,
electrostatic and van der Waals forces. Over the past thirty years or so, the universal

importance of these interactions and the key roles that they play in many fundamental

biological processes has been realised, and as a direct consequence, the area of host-guest or

supramolecular chemistry has been expanding rapidly. There has been growing interest in the
use of molecular recognition for self-assembling systems16"111 specific substrate binding,
stereo- and regiochemical control of chemical reactions and chemical catalysis. It is the latter
two of these functions that will form the focus of this introduction.

1.2 Enzymes
1.2.1 Discovery of enzymes
Until the 19th century, it was believed that processes such as the souring of milk and the
fermentation of sugar to alcohol could only take place through the action of a living organism.
In 1833, the active agent breaking down the sugar was partially isolated and called diatase

(now known as amylase), this and other active preparations were given the name ferments. In

1878, Kuhne proposed that ferments should be referred to as enzymes, which comes from the
Greek word enzume meaning in yeast. In 1897, Eduard Buchner reported the observation that
extracts of yeast containing no living cells were able to carry out the fermentation of sugar to
alcohol and carbon dioxide. He proposed that a species named 'zymase', found in yeast cells
was responsible for this fermentation. Shortly after this observation, Embden and Meyerhof
elucidated the biochemical pathway involved in the fermentation process, and finally, in 1926
the crystallisation of the enzyme urease (Scheme 1) from Jack beans by Sumner proved that a
chemical substance was the cause of this biological catalysis. This discovery lead to the
evolution of the field of biochemistry and the field of enzymatic catalysis was born.

Jack bean

11 + H20 —Urease ^ Cq2 + 2 NH3
H2N NH2

Scheme 1 Chemical breakdown of urea catalysed by the enzyme urease.
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1.2.2 Enzyme function

Enzymes are capable of achieving remarkable selectivities and catalytic efficiencies under

very mild conditions, and therefore, the imitation of enzymes is a constant source of

inspiration for the chemist and biochemist. This inspiration is fuelled both by academic

curiosity, and the prospect that the rational design and synthetic preparation of artificial

catalysts, based on enzymes, could lead to new efficient and lucrative industrial processes. As

many as 21 different hypotheses[12] have been proposed in an attempt to rationalise the
selectivities and catalytic efficiencies that are achieved by enzymes, however, it is generally

accepted that enzymes bind their substrates selectively, and thus stabilise, the transition state

for a particular reaction or transformation[13], thereby lowering the activation barrier for this
chemical reaction (Figure 1) - a theory that was first proposed by Pauling[14] over 50 years

Figure 1 Schematic representation of energy profiles for both enzyme-catalysed and uncatalysed
reactions of a substrate S.

It is clear from Figure 1 that for catalysis to occur AGTs must be greater than AGEs- In other

words, the enzyme must stabilise the transition state of the reaction more than it stabilises the

ground state of the substrate[15]. This binding process brings the reacting functionalities on the

enzyme and substrate into close proximity, and it is thought that this proximity of the reacting

groups makes an important contribution to the efficiency of enzyme catalysis (see
Section 1.3.2).
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An experimental characteristic of enzyme-catalysed reactions, is that they follow saturation or

Michaelis-Menten kinetics[16] (Scheme 2). In this model, the first step in the

enzyme-catalysed reaction, is the bringing together of the substrate, S, and the enzyme, E, to
form the complex [E*S]. The enzyme holds the substrate within its active site via a

combination of weak non-covalent interactions. The reaction then proceeds, forming the

enzyme product complex, [E*P], which then dissociates to release the product and the free

enzyme (Scheme 1.2).

k| k2 (kcat) fast
E + S E»S > E»P E + products

k_

Scheme 2 Michaelis-Menten kinetics for an enzyme-catalysed reaction.

It is through the formation of the [E«S] complex that enzymatic reactions attain their high
level of specificity. It has been proposed that upon formation of the complex [E»S], mutual
interactions are induced leading to a conformational change in the enzyme itself (and possibly
of the substrate). The resulting correct alignment of the groups required for catalysis alters
the enzyme from a catalytically inactive to a catalytically active conformation. This theory is
more commonly known as the induced fit hypothesis117'18].

1.3 Intramolecularity
As outlined in Section 1.2.2, it is thought that the proximity of the catalytic and reactive

groups on the enzyme and the substrate respectively, make an important contribution to

enzyme catalysis. An analogy to this is thought to be the efficiency of intramolecular
reactions in which the reactants are linked together covalently, compared with the analogous
intermolecular reaction between similar reagents. This analogy is attractive for two reasons

(i) huge rate enhancements sometimes occur when an intermolecular reaction is converted into
an analogous intramolecular reaction and (ii) an enzyme reacting with its bound substrate,
resembles an intramolecular organic process. In short, both enzyme-substrate complexes, and
intramolecular systems hold their reactive groups in close proximity, albeit the former is via
non-covalent interactions and the latter through covalent bonds.

3



1.3.1 Effective molarities

Rate enhancements observed for intramolecular reactions are quantified using 'effective
molarities' (EM), sometimes referred to as an 'effective concentration'. EM is the

hypothetical concentration of one of the reactants in the intermolecular reaction required to

make the intermolecular reaction proceed at the same rate or to the same extent as the
intramolecular reaction (Equation 1).

EM =

kuni (s )

kbi (ATs"1)

Equation 1 Equation relating effective molarity to the forward rates of a unimolecular (kum) and a
bimolecular (&bi) reaction.

A comprehensive review of EM values compiled by Kirby[19] shows that they can range from

very small (<0.3 M) to very large (>1010 M).

1.3.2 What is the source of intramolecular and enzymatic reactivity enhancements?

Despite numerous studies, many of which will be reviewed in this section, the source of the
vast variations that are observed in measured EM values is not clear. This section will attempt

to follow the arguments that have been thrown into the arena concerning the source of
observed rate enhancements for intramolecular reactions over the past thirty years.

A pioneering study by Bruice et al[20] revealed the maximum rate enhancement that could be
observed for an intramolecular reaction over its bimolecular counterpart, in the absence of
conformational strain. In this study, the efficiencies of intramolecular carboxyl group

nucleophilic catalysis, of the hydrolysis of the esters in Table 1 were determined.
As these reactions involve an initial ring closure (cyclic anhydride formation) followed by a

hydrolytic scission (Scheme 3), it was expected that the overall process should be very

sensitive to factors such as proximity and geometry of the reactive functionalities, and hence,
in each case, varying degrees of proximity and fixed geometry were studied.

R / COOC6H4Br(p) S|0w r _ H20 R /—COOH
X _ , ^ + OC6H4Br ► X + HOC6H4Br

1R ^COO R 1R ^—COO

Scheme 3 Mechanism of intramolecular carboxyl group nucleophilic catalysis of the hydrolysis of esters.
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Table 1 The relative rates of reaction of cyclic anhydride formation for a) a standard intermolccular
reaction and ((b) to (h) a series of intramolecular systems.

/—COOC6H4Br

^—COO-

cCOOC6H4Br

COO

Et /—COOC6H4Br

Et \—COO-

COO

Ph /—COOC6H4Br

Plfx—COO-

APi\/—COOC6H4Br
PPr ^COO~

Vel

CH3COO + CH3COOC6H4Br 1.0 IWV1

1.0 x 103 S"1

3.6 x103 s"1

1.8 x10s s"1

i COOC6H4Br 5 12.3 x 10 s"

2.7x105 s"1

1.3 x 106 s"1

COOC6H4Br
~ 8.0 x 107 s"1

From this study, they proposed that, in the absence of strain, the rates for formation of cyclic

anhydrides could be increased by a factor of 108M.
From the results presented in Table 1 and subsequent investigations between 1956 and 1960,
Bruice and Pandit[20~22] concluded that the "results point to the tremendous enhancement of

o

rate that an enzyme could achieve (10 ) by fixing the reacting species in a steric conformation

closely resembling the transition state for the reaction" and that "in the enzymatic and
intramolecular reactions considerable loss of translational entropy must accompany the

bringing together of reactants - if the bond undergoing scission is held in the proper orientation
to the catalytic group(s), then an additional advantage is gained over the bimolecular reaction".
At this time, the explanation for the enhanced effective molarities, and hence rate

5



enhancements, observed for intramolecular in terms of proximity effects was widely accepted
and is used as a standard discussion in numerous text books123"251.

Around the same period, Koshland[26] and Jencks1271 proposed that holding two reactants in

proximity would result in a maximum rate enhancement of only 55 M. This figure was based
on the assumption that if A and B are the size of water molecules, and substrate A is dissolved
in neat B, then the observed /wwedo-first-order rate constant (&0bs) could only be 55.5 times

greater than k0bs when B is at 1.0 M. In order to account for EM's exceeding 55 M, Koshland

proposed'281 that, "fast intramolecularity arises from severe angular dependence of organic

reactions", a phenomenon he termed 'orbital steering'. He proposed that the misalignment of
two reactant groups by as little as 10°, in comparison to their ideal orientation, causes a

decrease in the rate of the subsequent reaction, in the order of 104. He also hypothesised that
since there is a high probability of this misalignment occurring when the reactants are

colliding at random, as is the case in an intermolecular reaction, that the rates of these
intermolecular reactions would be considerably lower than their intramolecular counterparts.
The theory of orbital steering was attacked by Bruice1291, on the grounds that it requires

unreasonably large force constants, although the theory was upheld by two separate130' 311
theoretical studies. Jencks, on the other hand, proposed1241 that rate enhancements higher than
55 M were due to the close proximity of reactants in an intramolecular system, squeezing out

solvent from between reacting atoms, and therefore due to steric desolvation of the reactive

groups. Jencks in conjunction with Page132'331 later reversed his position and concluded that
"the contributions of translational and (overall) rotational entropy to reaction rates and

equilibria in solution are larger than has generally been believed and (we) support the view
that enzymes carry out a large fraction of their extraordinary rate accelerations by virtue of
their ability to utilise substrate-binding forces, to act as an 'entropy trap'. It is useful at this

stage to take a closer look at the differences in entropic contributions between intra- and
intermolecular reactions.

In an intermolecular reaction, two or more molecules associate to make one molecule, causing
an increase in order in the transition state and a subsequent loss of three degrees of

translational, and up to three degrees of rotational freedom for a non-linear molecule

containing n atoms. In addition to this, 3/2-6 degrees of freedom exist to describe the internal
vibrations of a molecule. In comparison, in an intramolecular reaction in which the reactants

are already bound to one another, there is little loss in entropy in going from the ground state

to the transition state. This is also the case in enzyme catalysis, where the reactants are bound
within the active site of the enzyme. Translational and rotational entropies can be evaluated

6



with considerable confidence both theoretically and experimentally in the gas phase[34]. The
translational entropy is normally about 120-150 JK^mol"1 for a standard state of 1 M, and the
total loss of translational and rotational entropy for a standard state of 1 M at 298 K for a

gas-phase bimolecular association reaction is about -220 JK"'mor1[35]. However

low-frequency vibrations in the product or the transition state often compensate for this loss.
As a result of this, for many reactions having 'tight' transition states or covalently bonded

products, the change in internal entropy is predicted to be about +50 JK^mol"1 so that the total

entropy change is predicted to be about -170 JK^mol"1. Since these large losses in entropy can

be avoided in intramolecular or enzymatic reactions the maximum rate enhancement for these
reactions based purely on entropic factors can be calculated to be in the region of 108 M

(Table 2).

Table 2 Estimates of the maximum entropy advantage from spatial approximation of reactants. Data
taken from ref'35'

'Loose' transition state 'Tight' transition state
or product or product

AS (J K"1 mol"1) -40 -150

Effective Molarity (M) 102 108

It should be noted that in the relatively rare situation of a bimolecular reaction having a very

'loose' transition state or product, then association will be less entropically unfavourable,
since the entropy of the low-frequency vibrations in the 'loose' complex will counterbalance
the large loss of translational and rotational entropy. For these systems, rate enhancements for
the analogous intramolecular reaction are in the order of just 10 M (Table 2).
Not everyone embraced this entropic argument; in the mid 1980's Menger[36] introduced what
he termed the 'spatiotemporal theory'. This postulate stated that "the rate of reaction between
functionalities A and B is proportional to the time that A and B reside within a critical
distance". This theory goes some way to quantifying proximity, and hence, can be thought of
as a refinement of the proximity theory first proposed by Bruice[20]. It was proposed that
intramolecular reactions occur at enzyme-like rates when van der Waals contact distances (too
small to accommodate intervening solvent) are imposed for finite times upon reactive groups

i.e. intramolecular reactivity is a function of both time and distance. He further added that, "if

7



two reactive groups are held such that a water molecule can situate itself between them, the

groups are not in proximity". Since the water molecule is 3 A in diameter, distances less than
3 A are generally involved in very fast intramolecular rates.

Finally, Bruice and Lightstone[37'38] put forward a proposal for the efficiency of intramolecular
reactions based on what they call Near Attack Conformations (NAC's). This theoretical

computational study was centred on the carboxyl group nucleophilic catalysis of the

hydrolysis of esters in Table 1. They define a NAC as a genuine ground state conformation
with reaction centres properly aligned for reaction and at ~3 A separation, where bond making
and breaking have not been initiated and the carbonyl carbon remains sp2 hybridised

(Figure 2).

F37 301
Figure 2 The geometry of a NAC ' for intramolecular carboxylate anion interaction with a carbonyl

ester.

Using computational methods between 10,000 and 40,000 unique conformations of each
monoester were generated. Using the energy of these conformations and a weighted
Boltzmann distribution, the mole fraction (P) of the conformations present as NACs for each
ester (Table 1) were calculated. A plot of log P vs the log of the experimental relative rate

constants (k[e1) for anhydride formation revealed a linear free energy relationship between the

logio of the fraction of conformations present as NACs and AG* (Figure 3).

Further, logio (kie1), was found to be linearly correlated to AH and not AS, from which they
concluded that the observed rate differences for these reaction was a result of enthalpic and
not entropic contributions. In summary, it was concluded that the greater the mole fraction of
reactant conformations that are present as NACs, the greater the rate constant for that
reaction.
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Figure 3 Log of the relative rate constants (kTd) for the anhydride formation from mono-p-bromophenyl
esters vs. the log of the probability (P) for NAC formation of each monophenyl ester (Table 1).
Taken from ref[37'381.

It is apparent from this discussion that although a huge amount of time, thought and effort has
been devoted to defining the source of enzymatic and intramolecular rate accelerations, the
true nature of these accelerations is yet to be truly rationalised. With the present level of

understanding, the organic chemist or biochemist can only hope, to mimic the specificity and
rate accelerations achieved by enzymes, through a combination of rational design and,

unfortunately, trial and error. In the following sections some of the more successful attempts
at enzyme mimics will be presented, and more importantly, the possible reasons for their
failure will be discussed.

1.4 Synthetic supramolecular catalysis

Although there has been a recent upsurge in the number of supramolecular arrays and more

specifically, rationally designed enzyme mimics that have been reported in the literature[39 43],
very few of these synthetic systems achieve any significant rate accelerations. As a result of
which, this field of science is yet to produce, or even be close to producing, a new industrial

catalytic process, that utilises molecular recognition. However, we must bear in mind that

enzymes have had millions of years to evolve into the sophisticated 3-dimensional structures
of today. This time has allowed them to optimise their activities, whereas the area of

supramolecular chemistry is still in its infancy.
Whilst a number of natural approaches to enzyme mimics have been adopted[44], this
introduction will only be concerned with wholly synthetic supramolecular catalysis. One of
the major advantages of synthetic enzyme mimics is the possibility of constructing "artificial"

.-Sio

log kg as = 7.48 + 0.94 log P
R2 = 0.915
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enzymes for which there are no natural counterparts, and thus, the possibility of performing
innumerable reactions, that at present are beyond the reach of current methodology. These
'artificial enzymes' may also provide mechanistic insight into the elementary steps of catalysis
and effect reactions that reveal factors contributing to enzymatic catalysis.
This area supramolecular catalysis will be split into two categories (1) synthetic hosts that bind

single substrates and react with them and (2) synthetic hosts that bind two or more substrates,
which can then react with each other. Following is a brief account of some of the more

successful approaches to the realisation of synthetic enzyme mimics. In particular the

problems faced in the design of these systems will be highlighted and discussed.

1.4.1 Binding of single substrates
1.4.1.1 Macrocyclic polyethers (Crown ethers)

Early work[45'46] conducted in the area of supramolecular catalysis has demonstrated the

catalytic cleavage of activated esters, via the non-covalent recognition between modified

macrocyclic polyethers (crown ethers) and ammonium cation substrates. An example of this

recognition process, was presented by Lehn and co-workers[47], who designed and synthesised
the macrocyclic host 1, fitted with side chains bearing thiol groups, which served to accelerate
the ester cleavage of a p-nitrophenol (PNP) substrate 2 (Figure 4).

1

Figure 4 Schematic representation of Lehn's1471 macrocyclic polyether receptor 1 bound to
glycine-glycine p-nitrophenol ester salt 2, to affect trans esterification.
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The subsequent ester cleavage of the dipeptide substrate 2 (glycine-glycine p-nitrophenol
ester salt) (Figure 4) was accelerated by an impressive 15,000-fold over the uncatalysed
intermolecular reaction i.e. in the absence of 1 (spontaneous solvolysis). Both reactions were

performed in a mixture of CH2Cl2/Me0H/H20 (97.9:2.0:0.1) at pH = 7.0. This acceleration
was attributed to the complexation of the ester substrate 2 within the cavity of the modified
crown ether 1, which served to hold the substrate 2 in close proximity to the thiol catalytic

group.

They reported that the reaction displayed saturation kinetics, which changed to second order
kinetics when excess KBr was added to the solution. The addition of KBr serves to inhibit the

catalyst by displacing the ammonium cation by K+. The macrocyclic catalyst also displayed a

high level of chiral discrimination and was found to react with the L-ester substrate

approximately 50-90 times faster than with the D-ester substrate, under identical reaction

conditions, hence resulting in kinetic resolution when starting from the racemic DL-ester.
Whilst some of the rate accelerations observed for this system were impressive, subsequent

deacylation of the acyl catalyst intermediate formed, as a result of the ester hydrolysis was not

observed. Therefore turnover was not observed within this system, and hence, true catalysis
was not achieved.

This example serves to highlight one of the major problems faced in the rational design of

enzymes mimics. This problem being product inhibition, and hence, lack of turnover. In this
case turnover is not achieved due to the modification of the catalyst during the process. In
later examples we shall see that this is not the only way in which product inhibition may

occur. We must also bear in mind that these systems utilise activated esters, a luxury that
nature does not have. This type of enzyme mimic was originally designed to model the

catalytic activity of the digestive enzyme chymotrypsin, which, in fact, is not an esterase. Its

primary function is to hydrolyse amides, which are far less reactive than p-nitrophenyl esters.

Therefore, whilst these systems show that it is possible to use synthetic Host-Guest binding to

effect rate accelerations, the catalysis that has been demonstrated in natural enzymatic

reagents[48], is yet to be realised in abiotic systems (ie. chemical catalysts that may perform the
same overall processes as enzymes, without following the detailed pathway by which the

enzymes actually realise them).

1.4.1.2 Cyclodextrins
A second class of macrocycles that have been used extensively in the design of enzyme
mimics is that of cyclodextrins 3[49 52] (Figure 5).
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Structure of a-cyclodextrin 3, and its simplified schematic representation.

Cyclodextrins are readily available, stable, water soluble cyclic oligomers of a-D-glucose, and
are one of the most popular basic building blocks for enzyme mimics. Their central

hydrophobic cavity is lined with CH groups and glycosidic oxygen atoms, and can be utilised

unmodified a-cyclodextrin in an attempt to catalyse the nucleophilic hydrolysis of a PNP ester

4, using the secondary hydroxyl group situated on the upper rim of the cyclodextrin

(Scheme 4). It was found that the rate of the hydrolysis was catalysed by a factor of only 4.4
in the presence of 3, when compared to the reaction in the absence of 3. The source of this

relatively modest acceleration was found to be via general base catalysis as opposed to

nucleophilic displacement by the cyclodextrin host 3 (Scheme 4). It should be noted,

however, that one advantage of this mechanism is that the catalytic group is unchanged and

immediately available for further reaction. Therefore, at least one criterion of catalysis is
fulfilled. In light of this it is unfortunate, although not unexpected, that due to the strong

binding of the acid product 5, within the hydrophobic cavity of the cyclodextrin 3, catalytic
turnover is not observed.

for the binding of hydrophobic guests, provided they are of the correct size[53].
Unmodified cyclodextrins themselves, can be used as enzyme mimics. Komiyama[54] used

H

Ck .OH

ROH

[541
Scheme 4 Komiyama's general base catalysed ester hydrolysis.
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It was proposed that the general base catalysis that is observed here is due to the hydrophobic

binding of the substrate 4, which results in the ester functionality being held too far away from
the hydroxyl catalytic group on the cyclodextrin host 3. As a result of which, base catalysis

competes with the desired nucleophilic substitution. It has however, been shown155-581 that
/n-substituted aryl acetates undergo an intracomplex acyl transfer reaction when bound within
3 (Scheme 5). The subsequent acyl transfer reaction was accelerated by a factor of 10 over

the bimolecular reaction ie in the absence of 3.

Scheme 5 Cyclodextrin mediated catalysis of the acyl transfer reaction of a PNP-ester.

Molecular mechanics calculations suggested1591 that this rather modest rate acceleration was

due to the bound substrate being pulled partly out of the cyclodextrin cavity, upon the
formation of the tetrahedral intermediate.

Breslow et al proposed1601 that by using a modified substrate that retains as much binding
within the cyclodextrin cavity as possible on proceeding from bound substrate to bound
tetrahedral intermediate, further enhancements should be observed. In order to investigate this
idea they designed and synthesised a family of substrates based on ferrocene (Figure 6).

Figure 6 Breslow's ferrocene based ester substrates160'.

In the case of substrate 6, the subsequent hydrolysis reaction was accelerated 140,000-fold
over the bimolecular reaction in the absence of 3. The use of substrate 7 resulted in an even

larger enhancement with a 750,000-fold rate acceleration over the bimolecular reaction.

Despite the expected observation of product inhibition, this example provides evidence for the

importance of binding of the transition state.
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As exemplified by the two cyclodextrin-based systems discussed here, catalysis is not

observed for two reasons (i) the cyclodextrin catalyst is acylated in the process and (ii) the

product remains bound, and hence, product inhibition is observed. These problems are usually
circumvented by using an excess of the cyclodextrin, therefore rate enhancements are

observed, but without turnover.

A solution to the problem of product inhibition, in the case of cyclodextrin enzyme mimics,
was presented by Breslow and co-workers[61'62]. They designed and synthesised a cyclodextrin
dimer 8, for double binding of a ditopic substrate 9, in which the linker in the dimer carries a

rigidly held catalytic group, such that it is positioned in close proximity to the reactive

functionality of a bound substrate. Their previous work[63 65] indicated that various

cyclodextrin dimers can exhibit very strong binding of suitable ditopic substrates, that can

occupy both cyclodextrin cavities, and that, once the substrate is cleaved by the catalytic

group, the products bind much more weakly. In this manner, product inhibition was not

expected to be a problem. The hydrophobic binding of the ditopic guest within the bidentate

ligand serves to hold the ester functionality directly above the metal-bound, activated water

molecule (Scheme 6), and hence, was expected to accelerate the subsequent hydrolysis
reaction.

Scheme 6 Breslow'scatalytic ester hydrolysis system'6""' based on hydrophobic binding within a modified
cyclodextrin 8.
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In order to measure the rate of the bimolecular hydrolysis of 9, the reaction was studied in

H20 in the absence of CuCl2 and the cyclodextrin host 8. In the presence of the cyclodextrin
dimer 8 and CuCl2, the subsequent hydrolysis of substrate 9 was accelerated by a factor of 105
over the analogous bimolecular reaction when performed under identical conditions. When an

excess of the substrate 9 was employed, at least 50 turnovers were observed, hence this system

represents true catalysis. In order to assess the effect that the double binding of the guest was

having on the rate of the hydrolysis, they also studied the hydrolysis of ester 12 (Figure 7) in
the presence of cyclodextrin 8 and CuCl2. Ester 12 is only capable of binding to one

cyclodextrin unit of the dimer.

12

Figure 7 Ester used to assess the effect that the double binding of the guest was having on the rate of
r^91

their hydrolysis in Breslow's system (Scheme 6).

They found that the hydrolysis of ester 12 showed only a 7-fold rate enhancement in

comparison to the bimolecular reaction, proving that the double binding of the substrate is

necessary to hold the ester functionality in close proximity to the bound metal catalytic group.

1.4.2 Cyclophanes
Diederich and co-workers have developed a pyruvate oxidase mimic based around a

cyclophane host. In an initial study1665 they designed and sythesised the thiazolio-cyclophane
13 (Figure 8), which contains a binding site of the correct size to fit one benzene or

naphthalene based substrate within its cavity.
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15 16

Diederich's pyruvate oxidase mimic based around cyclophane 13.

In order to assess the extent of the bimolecular reaction, the oxidation was performed in basic
methanolic solution in the presence of either 17 or 18 (Figure 9) as opposed to the cyclophane
host 13. These simple thiazolium salts provide the necessary functionality to promote

reaction, but lack a cavity within which to bind the aromatic substrate.

Figure 9 Simple thiazolium salts used to assess the bimolecular rate of the oxidation of 15.

It was found that, under analogous conditions to those employed for the bimolecular control

reaction, the presence of the receptor 13 accelerated the oxidation of the aromatic aldehyde 15

by 75-fold and 460-fold, in comparison in comparison to 17 and 18 respectively. Thereby

providing an efficient one-pot synthesis of aromatic esters from aldehydes under mild
conditions. The proposed mechanism for the esterification is shown in Scheme 7.
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Scheme 7 Proposed mechanistic pathway for the oxidation of 15, within Diederich's cyclophane
system.

The bound aromatic aldehyde reacts to give the active aldehyde 20, which is subsequently

oxidised, via transfer of a hydride equivalent to the added flavin cofactor 14, forming an
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acylthiazolium intermediate 21 (Scheme 7). This intermediate reacts rapidly with the solvent
to afford methyl ester 16, while the thiazolium ylide 19 is regenerated. The resultant

dihydroflavin 22 is reoxidised electrochemically, thereby completing the catalytic cycle.

Although this system effects reasonable rate enhancements, CPK modelling studies indicated
that the active aldehyde 20 intermediate encapsulated in the cavity was not readily accessible
for intermolecular oxidation by an external flavin molecule. They therefore, designed and

synthesised cyclophane 24[67] (Scheme 8) with the flavin moiety covalently attached to the

catalytic receptor to aid the efficient trapping of the active aldehyde by the oxidising agent. It
was thought that this methodology would enhance the rate of the subsequent reaction and help
to prevent side reactions.

Me Me

24

15

CHO MeOH COOMe

16

Scheme 8 DiederictTs'67' cyclophane pyruvate oxidase enzyme mimic.

This was indeed the case, in basic methanolic solutions the presence of the cyclophane

receptor 24, resulted in a further 20-fold rate acceleration over the previously reported system

(Scheme 7). It was concluded from this, that the intermolecular electron transfer from the

activated aldehyde form of 20 to flavin 14 (Scheme 7) in their original system was rate

determining for proximity reasons. Therefore by enabling this step to proceed

intramolecularly, receptor 24 enhances the reaction rate. Catalytic turnover in this system is
achieved by electrochemical regeneration of the flavin, with a calculated turnover number of

approximately 100. This impressive system not only represents one of the highest turnover
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numbers for an enzyme mimic reported to date, but also one of the few systems that can

operate on a genuinely preparative scale.

1.4.3 Binding of two or more substrates
It is accepted that one of the critical functions of enzymatic catalysis is the binding, and hence,

bringing together of two reactive functionalities within the active site of the enzyme, which
facilitates their reaction to form the products. The emulation of this feature of enzymatic

catalysis presents a challenging goal for the synthetic chemist. In these systems not only must

a suitable receptor be designed, such that it can simultaneously bind two or more substrates,
but these substrates must also be held in specific reactive conformation with respect to each
other. An additional challenge presented with these types of systems, is the avoidance of

product inhibition, which, as can be seen from the examples presented in Section 1.4.1, can be
a major undertaking. As outlined in Section 1.2.2, enzymes catalyse reactions by binding, and

thus, stabilising the transition-state for a given chemical transformation. It follows that if a

simple synthetic system binds the transition state more efficiently than it binds the ground

state, then it will also bind the product, to at least the same level of efficiency if not better.
Therefore catalytic turnover will not be observed within these systems unless some kind of

geometry-modifying event can be incorporated to come into effect after the host catalysed step

has occurred.

Sanders and co-workers[68] designed and synthesised a series of porphyrin trimers (Scheme 9)
that were capable of binding di- and tripyridyl systems very strongly, and substituted
monomeric pyridines sufficiently to accelerate and control the stereochemical outcome of the
Diels-Alder reaction between suitable guests bound within the cavity. Modelling studies

suggested that the binding of the substrates held them in close proximity to each other, and

hence, it was expected that the subsequent Diels-Alder reactions would be accelerated. It was
also expected that the unfavourable entropy of activation of the chemical transformation
would be reduced or compensated for by the favourable enthalpy of binding.
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Scheme 9 Porphyrin trimers designed by Sanders and co-workers'68^ which have been shown to accelerate
and control the stereochemical outcome of the Diels-Alder reaction between 25 and 26.

At 30 °C in the absence of any host, the reaction between 25 and 26 was found to be

reasonably unselective affording a 2:1 mixture of products in favour of the exo-28
stereoisomer. When the reaction between 25 and 26 was performed in the presence of the
smaller Zn3l trimer 29, complete endo-21 selectivity was observed with a corresponding rate

acceleration of 500-fold over the analogous bimolecular process. In contrast to this result,
when the reaction between 25 and 26 was performed under identical conditions, but in the

presence of the larger, more flexible Zn32 trimer 30, a complete reversal of the
stereoselectivities were observed. Within this host the reaction was completely exo-28

selective, and a 1500-fold rate acceleration was measured for its formation, over the

bimolecular control reaction in the absence of any host. This reversal of the selectivities
obtained for the Diels-Alder reaction within the cavities of the porphyrin hosts was attributed
to the relative flexibilities of the hosts. Although neither of the hosts have the ideal geometry
to bind the exo cycloadduct, it was proposed that the larger Zn32 trimer 30, was able to adapt
its geometry to fit the demands of the exo pathway. Whereas at 30 °C, the more rigidly held
Zn3l trimer was not capable of this conformational flexibility and hence, selectivity binds the
endo-21 cycloadduct. It should be noted that at 60 °C, the smaller trimer Zn3l 29 becomes
more flexible and loses its stereoselectivity, with a 1:1 ratio of the endo-21 and the exo-28
stereoisomers being formed. Whilst these systems represent good levels of rate accelerations
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and temperature-dependent stereocontrol, product inhibition was observed, as expected, and
hence catalytic turnover was not realised.
An important lesson to be learned from this system is that a certain degree of host flexibility
can be beneficial. Efficient binding within these systems relies upon maximising the
favourable enthalpic effect between host and guest whilst keeping the entropic cost at a

minimum. Due to the entropic cost associated with freezing rotors in chemical systems many

of the systems that have been reported in the literature possess a high level of structural

rigidity. However, it is expected that enzymes themselves undergo some level of
conformational change upon complexation with a substrate, so as to correctly align the group

necessary to promote reaction. Therefore, it is possible that the design of more flexible hosts
could lead to an improvement in activity and specificity of some enzyme mimics.

Dougherty et al have demonstrated169- 70] that enhanced transition state binding can be achieved
for an SN2 reaction, and as a result of which significant rate accelerations are achieved. The
water soluble host 31 (Figure 10) was designed which binds positively charged hydrophobic

guests relatively well. It was therefore proposed that host 31 will act as a catalyst for reactions
that involve positively charged transition states, such as the alkylation of the quinoline type

compound 32 to the corresponding A-methyl-quinolinium 33 using methyl iodide.

Figure 10 Catalysis of a direct alkylation reaction via substrate binding within the cavity of host 31.

The alkylation reaction was found to be 80 times faster in the presence of 31 than in the
absence of 31, and it was shown that the transition state is bound almost as tightly as the

product 33 under the conditions employed (pH 9 in H2O).
To further establish that the host 31 is essential for catalysis, a competitive inhibitor 34

(Figure 11) was added to the reaction mixture. In the presence of 34 the catalysis (kcal) of the

subsequent alkylation of 32 was suppressed to an extent that is directly related to the amount
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of host occupied by the inhibitor. It was also noted that, no catalysis is seen if the host is

replaced with the non-macrocyclic structure 35 (Figure 11).

Figure 11 Control compounds used to assess the effect that substrate binding has on the rate of alkylation
reactions within macrocycle 31 (Figure 10).

This system is relatively unique as it does not rely on proximity effects, as highlighted in

previous examples. Here, both the catalysed and the uncatalysed alkylations are bimolecular

Sn2 reactions. The majority of the rate enhancement observed here is a result of the higher

affinity of the host for positively charged substrates. As a result of this the host will

preferentially bind, and thus, stabilise the transition state leading to the product, therefore

resulting in the subsequent catalysis of the reaction. Therefore, although the rate enhancement
observed here is not particularly large, it is significant considering the lack of any entropic
contribution.

More recently, Rebek et al reported[71] that the self-complementary multi-ring structure of 36

(Figure 12) exists as a hydrogen-bonded dimer in organic solvents. They refer to this dimer
as a "hydroxy softball" as the 16 hydrogen-bonds that hold the dimer together are like stitches

along the seam of a softball.

Figure 12 Self-complementary molecule 36 associates to form a 1:1 dimeric capsule 37 colloquially
known as the "hydroxy softball".

The dynamic properties of hydrogen bonds, cause the hydroxy softball to form and dissipate,
on the time scale of milliseconds, and hence, provide a temporary receptacle for smaller
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complementary molecules. It was proposed[72'73] that the encapsulation of two reactant

molecules within 37 should promote their reaction. To test this hypothesis they studied the
Diels-Alder reaction between a thiophene dioxide derivative 39 and p-benzoquinone 38

(Scheme 10). It was expected that at high temperatures the loss of SO2 from the Diels-Alder

cycloadduct 43 would result in the expulsion of the cycloadduct from within the capsule 42,
and hence, result in the observation of catalytic turnover. Turnover has been achieved in this
manner by Hilvert et al, who demonstrated[74] the catalysis of a Diels-Alder reaction via

antibodies, and subsequent turnover through the expulsion of SO2.
It was found that the bimolecular reaction between 38 and 39 in the absence of capsule 37,

proceeded to only 10 % and 17 % completion over 2 and 4 days respectively. The analogous
reaction between 38 and 39 in the presence of 10 mol% of capsule 37, proceeded to 55 % and
75 % conversion after 2 and 4 days respectively. Also, turnover is achieved within this

system, although it is not due to the expulsion of SO2 from the Diels-Alder product. The

proposed mechanism for the catalytic cycle is shown in Scheme 10.

SOo
38

43 42 38

Scheme 10 Rebek's172' catalysis of a Diels-Alder reaction via encapsulation within a self-assembling
capsule.

The resting state of the capsule contains two quinones 40, one of which is occasionally

displaced by the thiophene dioxide 39 to give the reactive complex 41. A moderately
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enhanced cycloaddition reaction (accelerated 10-fold) ensues, followed by displacement of the
adduct 42 by two molecules of benzoquinone 40. Hence, it is the higher affinity of capsule 37
for benzoquinone 38 and not the extrusion of S02 that forces turnover within this system. For
further examples of molecular capsules used for promoting reactions the reader is directed to

papers by Cram'751 and Warmuth[76].

This section is by no means an exhaustive account of the supramolecular catalysts that have
been reported to date. For a more complete overview of this area, the reader is directed to a

number of excellent reviews'77"801 in this field. Instead this section is designed to outline some

of the major difficulties that are faced in the rational design of enzyme mimics/supramolecular

catalysts. It is apparent that product inhibition presents a particular problem, due to the
enhanced binding of the product as well as the substrate and/or transition state. It is clear that
to be able to rationally design successful catalysts, more needs to be known about the exact

mechanisms that intramolecular reactions and enzymes use to achieve such significant rate
accelerations and in many cases, specificities. Without this knowledge, the design of
successful enzyme mimics will remain to rely to some extent on 'lady luck'.

1.5 Template-directed control and acceleration of chemical reactions
As opposed to utilising the encapsulation of a substrate within a cavity provided by a host
molecule to achieve control and acceleration of chemical reactions (as discussed above), more

recently attention has turned to the design of template-directed reactions. There are a number
of distinct advantages to utilising a template that can selectively bind reactant molecules, and

hence, catalyse product formation. The most obvious advantage is that the choice of

substrate(s) is not governed by size, as is the case for many macrocyclic hosts, where the

substrate(s) cannot be larger than the macrocyclic cavity. Secondly, in the template directed

approach, directional binding such as hydrogen-bonding interactions can be employed, and

hence, a higher degree of control over the position of the reactive functionalities with respect

to each other can be exhibited. In the previous macrocyclic examples either non- or weakly
directional binding interactions, such as hydrophobic interactions, have been utilised, resulting
in considerable uncertainty in the position of the substrate in the receptor. Additionally, the

synthetic modification of macrocyclic hosts in order to incorporate larger substrates and/or to
alter the orientation of the substrate(s) within the cavity has proved to be both time-consuming
and synthetically challenging. Due to these factors, the progression towards template directed
reactions has received much attention'8'1.
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An example of a template directed reaction was presented by Kelly and co-workers[82]. They

prepared reaction template 44, which was designed to bind two substrates simultaneously via 6

hydrogen-bonding interactions, to afford the pre-reactive ternary complex [44*45*46]

(Figure 13).

44

45 46

T821
Figure 13 Schematic representation of Kelly's ternary complex.

They studied the Sn2 alkylation of amine 45 and alkyl bromide 46 in the presence of template
44. It was found that at 25 °C in CDCI3 that the presence of template 44 resulted in a 12-fold
acceleration of the subsequent Sn2 reaction over the analogous bimolecular reaction between
45 and 46 in the absence of 44. Although they could not unequivocally prove that turnover
was occurring, they suggested that this was the case, based on two observations

(i) examination of the !H NMR spectra of non-1:1 ratios of host and guest did not show the

appearance of the bound and the unbound species in solution, and hence, exchange is rapid on

the NMR time scale and (ii) the product precipitates out of solution as its hydrobromide salt.

They propose that the disappointing rate enhancement observed here is due to the inability of
the host to bind the transition state effectively, which in terms of enzyme mimicry is a major

problem, as enzymes generally effect their impressive rate accelerations by binding, and thus

stabilising, the transition state for the given transformation.
In an alternative approach, Hamilton and co-workers[83] designed a barbiturate receptor 47
(Scheme 11) with an appended thiol that was capable of binding activated ester 48. The

binding environment displayed here is based on the strong hexa-hydrogen-bonding

complementarity that exists between barbiturates and two 2,6-diamidopyridine units linked

through an isophthalate spacer[84].
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Scheme 11 Hamilton's barbiturate receptor 47, which is capable of accelerating an acyl transfer reaction in
the presence of activated ester 48.

Molecular mechanics calculations on [47-48] showed a minimum energy conformation, in
o

which the thiol catalytic group is directed into the cavity positioned at approximately 3.5 A
from the ester carbonyl on the substrate 48. Hence, it was expected that the binding of the
substrate would result in significant rate accelerations of the subsequent thiolysis reaction due
to the enforced proximity of the ester and the catalytic thiol functionality. The reaction
between 49 (Figure 14) and substrate 48 was considered to be a suitable model to measure

the rate of the bimolecular thiolysis reaction.

Figure 14 Control compounds 49 and 50 used to assess the effect that hydrogen-bonding within receptor
47 (Scheme 11) has on the subsequent thiolysis reaction.

It was found that the recognition-mediated reaction between 47 and 48 (receptor 47 was used
in excess) resulted in a 104-fold rate enhancement over the analogous bimolecular reaction.
To further probe the effect that the specific binding of the substrate was having on the rate of
this reaction receptor 47 was replaced with receptor 50, which only posssess 3

hydrogen-bonding sites (Figure 14) and the subsequent rate of thiolysis under identical
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reaction conditions was measured. In this case only an 8-fold rate enhancement was observed
over the bimolecular reaction, indicating that all 6 directional hydrogen-bonding interactions
are required to hold the substrate in the correct orientation with respect to the thiol catalytic

group to promote reaction. This example is one of a series of exoreceptors of this type that
Hamilton and co-workers[85"88] have designed and synthesised.

1.6 AB-mediated reactions

Work within the Philp group has also focused upon the association of two reagents A and B by

complementary hydrogen-bonding interactions to promote chemical reactions (Scheme 12).
In this approach, the location of complementary recognition sites on two reagents, A and B

(Scheme 12) permits the association of A and B through these complementary recognition

sites, to form a reactive binary complex [A*B] prior to reaction.

go
Bimolecular

Reaction Product
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Scheme 12 Schematic representation of an AB-mediated reaction pathway.

Within the [A*B] complex, the chemical reaction between A and B can be considered to be

psuedointramolecular as opposed to intermolecular. Thus, one effect of the formation of the

binary complex is to shift some of the potentially unfavourable entropic cost of organising the

reagents at the transition state to a favourable binding event early in the reaction sequence,

and hence, we might expect such reactive complexes to effect significant rate

accelerations119'32'33'89"921 compared to the simple bimolecular reaction (see Section 1.3 for a

discussion of entropic advantage). Additionally, the preorganisation[93] of the reactive

partners could potentially permit the control of the stereo- and/or regiochemical outcome of
the reaction, through the specific orientation and alignment of the reagents prior to reaction.

Therefore, a reaction which exploits the formation of a reactive [A*B] complex might be

engineered to afford a structurally different product (P') to that obtained when the reaction
between A and B proceeds via a simple bimolecular pathway to form product (P).
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Using this approach, Booth and Philp[94] designed a potential AB-system based on the

1,3-dipolar cycloaddition reaction between an azide (dipole) 51 and a maleimide

(dipolarophile) 52 (Scheme 13). Molecular mechanics calculations had indicated that the two

hydrogen-bonding interactions between the attached amidopyridine and carboxylic

recognition sites would serve to pre-associate the reactive groups in a favourable orientation

[51*52] for the subsequent cycloaddition reaction to occur.

o

52 [51*52] 53

{ |

Scheme 13 Schematic representation of the recognition-mediated 1,3-dipolar cycloaddition reaction
between 51 and 52 via an AB-mediated reaction pathway.

In order to assess the effect that the recognition process has on the rate of this reaction, it was

necessary to measure the extent of the bimolecular reaction. The reaction between

A-ethylmaleimide 54 and azide 51 (Scheme 14) was deemed an appropriate model for this

purpose as whilst A-ethylamaleimide 54 is sterically and electronically very similar to

dipolarophile 52, it lacks any hydrogen-bonding sites, and hence, recognition cannot occur in
this system. This renders the AB-mediated reaction pathway inactive.

51 54 55

Scheme 14 Model system designed to measure the bimolecular reaction rate of the 1,3-dipolar
cycloaddition reaction.
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Optimum reaction conditions were found to be at a concentration of 50 mM with respect to all

reagents in solution, in CDCI3 at 50 °C. Under these conditions it was found that the

recognition-mediated reaction between 51 and 52 (solid squares, Figure 15) was considerably
faster than the corresponding bimolecular reaction between 51 and 54 (open squares,

Figure 15).

Time / h

Figure 15 Concentration-time profile for the recognition-mediated reaction between 51 and 52 (solid
squares) and the bimolecular control reaction between 51 and 54 (open squares) performed in
CDCI3 at 50° C at a concentration of 50 mM with respect to all reagents. Solid lines represent
the best fit of the appropriate kinetic model to the experimental data. Data taken from ref 94.

Using standard thermodynamic relationships, the thermodynamic and kinetic EM for the

recognition process were calculated to be 1.07 M and 2.16 M respectively. Determination of
the kinetic and thermodynamic EM's (kEM and tEM respectively) allows the origin of the
observed rate enhancement to be attributed to either transition state stabilisation or product
stabilisation.

The kEM is a direct comparison of the forward rate of the recognition-mediated process (kf)
and the forward rate of the corresponding uncatalysed bimolecular reaction (kuf)

(Equation 2).
kf -1

kEM = = —V— = M
kuf Ms

Equation 2 Kinetic effective molarity (kEM) expressed in M and where kf and kuf represent the forward
rate of the AB-mediated and bimolecular reaction, respectively.
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The kEM therefore represents transition state stabilisation, and if this is the dominating effect
within an AB-mediated reaction then A and B are said to be preorganised to react with one

another.

On the other hand, the tEM is a direct comparison of the equilibrium constants of the

recognition-mediated reaction (AAb) and the corresponding uncatalysed bimolecular reaction

(ATbi) (Equation 3)

tEM =

K,AB
K,Bi K uf

s-'xs1
s"1 x /W1s~1

= M

Equation 3 Calculation of the thermodynamic effective molarity (tEM), where KAB and KBi represent the
equilibrium constant of the AB-mediated and bimolecular reaction, respectively. kf, kr and kuj,
kur represent the forward and backward rates constant associated with the recognition-mediated
and bimolecular reactions, respectively.

If the tEM is the dominating effect within an AB-mediated reaction then A and B are said to

be predisposed to react with one another. If the reaction is reversible the tEM gives an

indication of the stabilisation of the product ground state that is brought about by the

recognition event.

Therefore, in terms of the system depicted in Scheme 13, the dominating effect is the kEM,
and hence, the majority of the observed rate acceleration is due to the preorganisation of the
reactants in the transition state.

An example of an AB-mediated reaction that exploits the stabilisation of the ground state of
the product to both accelerate and control the stereochemical outcome of a Diels-Alder
reaction was presented by Philp and Bennes[95].

Scheme 15 Bimolecular Diels-Alder reaction between furan 56 and maleimide 57. Keq represents the
equilibrium constant for the reaction.
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It was found that in the absence of recognition, the reaction between furan 56 and maleimide
57 (Scheme 15) in CDC13 at 50 °C, was extremely unfavourable with <1 % product
formation after 15 hours. This result is not surprising as 2-phenylfuran derivatives are

notoriously poor dienes in Diels-Alder reactions as a direct result of their high level of

7t-conjugation which is destroyed by the formation of the Diels-Alder product. As a result of
this the equilibrium lies to the left favouring the starting materials (Keq = 0.18 AT1). It should
be noted that only the exo product 58 was formed.
In comparison to this, when the reactants are slightly modified to incorporate 2 hydrogen

bonding sites (Scheme 16), the rate of the Diels-Alder reaction between 59 and 60 resulted in
a 7-fold rate enhancement (curve (b), Figure 16) in comparison to the analogous bimolecular
reaction (curve (a), Figure 16). Again only one product was formed, this being the exo

cycloadduct 61.

Scheme 16 Recognition-mediated Diels-Alder reaction between furan 59 and maleimide 60. Keq represents
the equilibrium constant for the reaction-

Time / sec

Figure 16 Concentration-time profiles for the Diels-Alder reactions between (a) 56 and 57 and (b) 59 and
60. Both reactions were performed at 100 mM in CDC13 at 50 °C. Data taken from ref 95.
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An X-ray crystal structure of the exo cycloadduct 61 revealed that the two hydrogen-bonding
interactions between the amidopyridine and the carboxylic acid remain in the product, which
serves to stabilise the product ground state. The role of these interactions in stabilizing the

cycloadduct 61 was demonstrated by the disruption of the intramolecular hydrogen-bonds by

preparing a solution of 61 in DMSO. Under these conditions the retro Diels-Alder reaction to

afford the starting diene 59 and dienophile 60 was found to be rapid. The stabilization of the

ground state product 61 was calculated to be 11.8 kJ mol1, with respect to 58, as a direct
result of the two intramolecular hydrogen bonds in cycloadduct 61. Therefore, the

recognition sites change both the position of the equilibrium in this cycloaddition as well as
the rate at which that equilibrium position is reached.

1.7 Self-replicating systems

A final type of template-directed reaction is the autocatalytic or self-replicating reaction
mechanism. A self-replicating system is quite simply, a chemical system where the product of
the given chemical transformation is capable of templating, and catalysing its own formation.
An elegant example of this process in Nature is the replication of DNA. In 1953 Watson and
Crick elucidated the structure of the DNA double helix, which lead to the realisation that its

replication involved a templated synthesis, in which one strand of DNA acts as a template for
the formation of the second strand. This process represents molecular self-replication, which
in its most basic form can be described as an autocatalytic process where the product of the

given chemical transformation is capable of templating, and thus, catalysing its own

formation. In the case of DNA the product serves as a specific catalyst for its own formation,
so is in itself error-checking. For the synthetic and industrial chemist, these types of systems

represent the ultimate synthetic machine, as they are able to produce a large number of perfect

copies of themselves from one single molecule. From a more academic viewpoint, the area of

self-replicating systems possesses many of the characteristic features of evolution at the
molecular level i.e. sigmoidal growth, reciprocity and even mutation. It is generally accepted
that at some crucial point in prebiotic evolution, molecular systems must have evolved that
were capable of replicating196' 97] themselves, and hence, capable of passing on structural and

protogenic information. Therefore, due to a mixture of academic curiosity and industrial

application this area of science has been rapidly expanding over the past 15 years[81].
Almost all of these synthetic systems are based upon the minimal model (Scheme 17), where
the reaction can proceed via one of three channels. The first channel consists of the formation
of the template T via the uncatalysed bimolecular reaction between the starting materials A
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and B. Here kuncat represents the second order rate constant associated with the formation of
the template T. The second possible channel is the AB-mediated pathway, (for an example of
an AB-mediated reaction refer to Chapter 2). Building blocks, A and B, possessing

complementary recognition-sites associate, forming the pre-reactive complex [A#B], with an

associated equilibrium constant Kbc■ If this binding event holds the reactive functionalities in
the correct orientation in the duplex [A*B] to facilitate the reaction we may expect to see

some rate accelerations associated with this. Although, facilitation and/or acceleration of the
chemical process may occur, this channel does not exhibit autocatalysis, as the recognition
motif employed in the pre-reactive complex [A*B] is retained in the product, and as a result,
turnover cannot be achieved. The third and final channel is the autocatalytic cycle. Here due
to the self-complementary nature of the product template T, A and B bind reversibly to T, via
their complementary recognition sites, forming the ternary complex [A#B*T]. This associative

process is characterised by the equilibrium constant KTc■ The ternary complex holds the
reactive groups A and B in the correct orientation to facilitate their reaction to form the

product duplex [T*T], Subsequent dissociation of the duplex [T*T] returns two free template
molecules in solution, and hence, provides two template molecules to begin the cycle. This

process will then continue until all of the starting materials A and B have been consumed.

Uncatalysed Bimolecular
Reaction

Q i—i ^

AB Complex Reaction

KTC

T

A

[A*B*T]

Autocatalytic Reaction

Scheme 17 Schematic representation of an autocatalytic cycle.
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As a result of this autocatalytic cycle, exponential growth of the formation of the product

template (T) should, ideally, be observed until the concentration of A and B is decreased to

such a level that the rate of formation of the template is diminished.
As a consequence of this cycle, autocatalytic self-replicating systems give rise to a

characteristic sigmoidal curve for their concentration-time rate profiles of template formation

(Figure 17).

Figure 17 Rate profile of the product formation displayed by an autocatalytic self-replicating system, with
respect to time.

Here the initial lag period corresponds to the uncatalysed bimolecular reaction to form

template T. Once there is sufficient T in solution to effect the autocatalytic cycle, exponential

growth is observed. This exponential growth tails off once the concentration of starting
materials falls below a critical level.

1.7.1 Natural product based self-replicating systems

An obvious starting point for the design of self-replicating systems was the use of natural

systems containing nucleic acid components198"1011 an example of which was presented by von

Kiedrowski11021. In this case, the system depicted in Figure 18 was designed and synthesised.
Here the condensation of the two trinuceotides 62 and 63, which is promoted by the activation
of the free hydroxyl group of 63 to give 64 via the addition of l-(3-dimethylaminopropyl)-

3-ethylcarbodiimide (CDI), leads to the formation of a hexameric product 65 possessing a

palindromic sequence within the product duplex. This product 65, has the base sequence

5'-CCGCGG-3' and is capable of templating its own formation by binding to the two

complementary starting oligomers 62 and 64 via strong cytosine-guanine base pairing. This

binding process promotes the formation of the ternary complex [62*64*65], within which the
reactive functionalities of 62 and 64 are held in close proximity in a pswedointramolecular

fashion, hence facilitating their reaction. It should be noted that the 5' terminus of 64 is
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protected as its methyl ester and the 3' terminus of 62 is protected with an ort/zo-chlorophenyl

group, which prevents the linear oligomerisation of the template 65.
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Figure 18 Von Kiedrowski's'102' self-replicating system based upon the condensation of two
trinucleotides 62 and 64, to form complementary template 65.

However, the rate of product formation was found to be extremely slow, with only 12 % of 65
observed after a period of 4 days. Additionally, as can be clearly seen from the rate profile

35



depicted in Figure 20, sigmoidal character was not observed. It was proposed that the

apparent lack of activity and autocatalytic behaviour displayed by this system was due to a

combination of the following factors. Firstly, the CDI activated hydroxyl functionality on 64
is rapidly hydrolysed under the conditions employed, even though in an attempt to circumvent

this, a 17-fold excess of CDI had been employed. Secondly, and probably more importantly,
there are a number of opportunities for non-productive binding to exist within this system. For
instance the two starting oligomers 62 and 64 have complementary base sequences, and hence
can associate to form an unproductive dimer [62*64], which would inhibit the initial
bimolecular reaction to afford the template 65 necessary for autocatalysis. Additionally, there
is no bias for the template 65 to associate with the activated 64 rather than the unactivated 63

oligomer, the latter association resulting in a non-productive ternary complex [62*63*65].

Furthermore, this reaction mixture gave rise to the unwanted side product 66 of
5-CCGGCC-5' sequence (Figure 19) which resulted from the self-condensation between two

molecules of compound 64. This compound is also capable of non-productive modes of

binding between itself and further building block molecules.

or cr

5'-CCG-0-P-0-P-0-GCC-3'
II II
o o

66

Figure 19 The self-condensation product 66.

Finally, it was proposed that the product duplex [T*T] was unlikely to dissociate as a result of
which the free templates are not available to complete the catalytic cycle.
In spite of these factors, the addition of varying molar equivalents of the preformed template
65 to the reaction between 62 and 64 gave rise to an increase in the initial rate of formation of

template (Figure 20), although the overall percentage conversion of starting materials to the

product template was not dramatically increased. This simple experiment indicates that the

template does indeed template its own formation, albeit not very efficiently.
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Figure 20 Time course of template 65 production in reaction mixtures containing different initial
concentrations of template. Circles = 0 mM, squares = 0.2 mM (1 eq.), diamonds = 0.4 mM
(2 eq.) and triangles = 0.8 mM (4 eq.). Data taken from ref 105.

For further examples of natural product based self-replicating systems the reader is referred to

a number of excellent papers published in this area[106109].

1.7.2 Synthetic Self-Replicating Systems
One of the first synthetic based self-replicating systems to appear in the literature was

developed by Rebek and co-workers[1 7'108] based on the hydrogen-bonding recognition of
adenine derivative 68 and Kemp's triacid imide 67 (Scheme 18).

oc6f5

nh2

nV^n( J, \\
N

Q ^NH2

nh2

n/n
<X ,N- N''

V
68

Scheme 18 Condensation reaction between 67 and 68 to afford amide 69 which is of the correct geometry
to template its own formation.
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The covalent bond forming step in this system is the simple aminolysis between the naphthoyl
active ester 67 and the adenosine derivative 68 to give the amide product 69. This product
was found to be of the correct geometry to template its own formation (Figure 21), and hence,
enable the self-replicating cycle to operate.

Figure 21 Termolecular complex [67*68*691 proposed by Rebek, to allow the self-replicating cycle to
operate to form product 69.

Rebek reported that, although the catalytic efficiency within the termolecular complex was too

low to observe exponential growth of the template, the autocatalytic nature of the reaction was

evident from the rate acceleration caused by seeding the reaction with T. Upon the addition of
0.2 and 0.5 equivalents of T to the reaction between 67 and 68 rate enhancements of 43 % and
73 % respectively were observed (Figure 22).

Figure 22 Rate of production of template 69 (a) using a non-binding control compound, (b) using a
competitive binding compound, (c) with only the building blocks, (d) with 0.2 eq. of added
template 69, e) with 0.5 eq. of added template 69. Data taken from ref 107.

1 0 20 30 40

Time (mln)
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To further confirm that the observed rate enhancement was due to autocatalysis they

performed a series of control reactions. They found performing the reaction under identical
conditions to those employed previously, but in the presence of the A-methylated template 70

(Figure 23), that product formation was greatly reduced, showing that the recognition process

was essential for catalysis to be observed. In comparison to this control the

recognition-mediated process resulted in a 10-fold acceleration.

It should be noted that the exact nature of the observed rate acceleration in this system has

been the focus of considerable controversy110 "111]. It has been proposed that the observed rate

enhancements shown for this system are due to the recognition-mediated aminolysis

proceeding via an AB-mediated reaction pathway. The orientation of the reactive
functionalities of 67 and 68 within this system is such that a high energy ds-amide would be
the initial product. However this would immediately isomerise to the trans-amide 69, which

explains the apparent turnover of the template 69 that was initially attributed to the reaction

proceeding via the autocatalytic channel.
In an attempt to eliminate the competing AB-mediated reaction pathway Rebek and
co-workers[112] replaced the naphthyl spacer unit of the Kemp's triacid imide 67 with a longer

biphenyl spacer to afford 71 (Figure 24).

Figure 23 /V-Methylated imide 70.

O

Figure 24 Modified building block 71, rendering the AB-mediated reaction pathway inactive.
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It was proposed that this longer spacer would hold the reactive functionalities in the

AB-complex too far apart for a reaction to occur, hence rendering the AB-pathway inactive.
This was indeed the case, upon analysis of this system, a sigmoidal rate profile was observed
for the formation of the amide product from 68 and 71 (open squares, Figure 25). In

comparison to this, second order kinetics were observed for the corresponding methylated
control reaction (open circles, Figure 25).

Time (Min)

Figure 25 Rate of formation of template 69. Open squares represent the recognition-mediated reaction
and the open circles represent the control reaction. Data taken from ref 112.

More recently, Wang and Sutherland reported11131 a self-replicating system based upon the
Diels-Alder reaction between diene 73 and dienophile 72 (Figure 26).

74

Figure 26 Wang and Sutherland's11131 self-replicating system based upon the Diels-Alder reaction between
72 and 73. Dashed lines represent hydrogen-bonding interactions.
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The binding sites utilised here were selected on the basis of work by Kelly[82] (as discussed in
Section 1.5, Figure 13) and serve to promote the formation of the reactive ternary complex

[72*73*74] via 6 hydrogen-bonding interactions.
To assess the effect that the recognition process was having on the outcome of this reaction the
bimolecular between 72 and 75 (Figure 27) was studied under identical reaction conditions to

the recognition-mediated process. Here, diene 75 lacks 2 of the 3 hydrogen-bonding sites

necessary to form the pre-reactive ternary complex.

ojuo
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Figure 27 Control compounds 72 and 75 employed by Wang and Sutherland to assess the bimolecular
outcome of the Diels-Alder.

It was found at both 23 and 40 °C in CD2C12 the reaction between 72 and 75 was very slow,
but could be followed by ]H NMR spectroscopy. The product of this reaction was assumed
from the NMR data to have erado-stereochemistry, although no attempt was made to separate

the diastereoisomeric products, and hence, a mixture of ercdo-diastereoisomers was assumed.
In comparison at 40 °C in CD2C12 the reaction between 72 and 73 was relatively rapid to form

product 74, but more importantly the rate profile for this reaction clearly displays sigmoidal
character (curve (a), Figure 28). They state that the corresponding control reaction displayed

simple second order characteristics. The autocatalytic nature of this system was further
confirmed by repeating the reaction between 72 and 73 in the presence of 0.05 and 0.1

equivalents of preformed product template 74 (Figure 28).
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Figure 28 Rate profiles obtained for the reaction of 72 and 73 at 40°C in CD2CI2 with (a) 0% added
template 74 at t = 0, (b) 5% added template and (c) 10% added template. Data taken from ref
113

It is apparent from the data shown in Figure 28 that the addition of template 74 resulted in the
loss of the observed initial lag period (curves (b) and (c), Figure 28) thereby proving that the
initial lag-period was indeed due to the bimolecular formation of the template 74.

1.8 Aims and objectives
The initial aim of this research was to investigate the effect that various molecular recognition

processes have on both the rate of, and stereochemical and/or regiochemical outcome of a

variety of chemical reactions.

Firstly, AB-methodology was to be utilised to investigate the control and acceleration of an

inherently non-regioselective reaction. This investigation will involve:

• The identification of a suitable covalent bond forming reaction for this study
• The rational design of a potential AB-system based upon this reaction utilising

molecular mechanics calculations

• The design of a suitable bimolecular control reaction for comparative purposes

• The subsequent synthesis of the desired building blocks
• The full kinetic analysis of the reactivity and regiochemical outcome of the

AB-mediated reaction employing 'H NMR spectroscopic techniques

This methodology was then to be extended further to incorporate the possibility of achieving

catalytic turnover as well as significant rate accelerations within a recognition-mediated

system. Upon product formation it was hoped that the cofactor will be released back into
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solution, and hence, available to participate in further reaction cycles. This was to be
achieved via the use of a symmetrical cofactor that would be capable of binding to two

separate building blocks with appropriately attached reactive functionalities. Such systems

are referred to as ABC-mediated reactions and this study was to involve:

• The rational design of a suitable cofactor, and subsequent building blocks, containing

complementary recognition sites to assemble an ABC complex, and an appropriate
bimolecular control reaction using molecular mechanics calculations

• The subsequent synthesis of the desired building blocks and cofactors
• The study of the exchange properties and adherence to Curtin-Hammett conditions of

all possible complexes that may be formed in solution, employing both Fast Atom
Bombardment Spectroscopy (FABMS) and 'H NMR spectroscopic techniques

• The determination of the stoichiometry of the complexes via *H NMR spectroscopic

techniques
• The full kinetic analysis of all of the systems including the kinetic simulation and

fitting of the experimental data
• The investigation of the potential of using the cofactor catalytically
• The structural refinement of the design of the ABC-mediated reaction systems to

incorporate a wide variety of chemical reactions
• The use of ABC-methodology to influence the stereochemical outcome of a chemical

reaction.

Finally, the rational design of a potential self-replicating system based upon the Diels-Alder
reaction was to be investigated. This study was to involve:

• The rational design of a potential self-replicating system and corresponding
bimolecular control system based upon the Diels-Alder reaction utilising molecular
mechanics calculations

• The subsequent synthesis of the desired building blocks
• The full kinetic analysis of the self-replicating and control systems employing

!H NMR spectroscopic techniques including full kinetic simulation and fitting of the

experimental data
• The design of various control experiments to prove the self-replicating nature of the

system
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• The investigation of the effect that small structural changes within the system have on

the outcome of the reaction.
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2. AB-Mediated 1,3-Dipolar Cycloaddition Reaction

2.1 AB-mediated reactions

In the introduction to this thesis, AB-mediated reactions were discussed (Section 1.6) and

some of the rate accelerations that can be achieved using this methodology were outlined. An
AB-mediated reaction pathway operates through the location of complementary recognition
sites on each of two reagents, A and B (Figure 29) permitting their mutual association to

form a binary complex, [A*B], prior to reaction.

Bimolecular AB Mediated
Reaction Product Reaction Product

Figure 29 Schematic representation of an AB-mediated reaction pathway.

Within the [A*B] complex, the chemical reaction between A and B can be considered to be

psewdointramolecular as opposed to intermolecular. Thus, one effect of the formation of the

binary complex prior to reaction, is to shift some of the unfavourable entropic cost of

organising the reagents at the transition state to a favourable binding event early in the
reaction sequence. Hence, it may be expected that such reactive complexes could effect

riO 19 11 1f\ 80 On Q91

significant rate accelerations compared to the simple uncatalysed bimolecular
reaction (see Section 1.3 for a discussion of entropic advantage). Additionally,

preorganisation[93] of the reactive partners could permit a degree of control over the
stereo- and/or regiochemical outcome of the reaction, through more specific orientation and

alignment of the reagents prior to reaction. Therefore, a reaction which exploits the
formation of a reactive [A*B] complex might be engineered to afford a structurally different

product, P', to that obtained when the reaction between A and B proceeds via a simple
bimolecular pathway to form product, P.
It should be noted that these recognition-mediated effects will manifest themselves only when
the reaction in question is under kinetic control, and the relative stabilisation of one transition
state over the another will serve to accelerate the formation of one product preferentially.

Throughout this chapter, in order to distinguish between transition state effects and ground
state effects, the description accelerated will be used when the rate of a reaction is enhanced
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by the lowering of the energy of the transition state by a recognition event. The description

facilitated will be used when the extent of reaction is enhanced by the lowering of the energy

of the ground state of the product by a recognition event.

Initially we became interested in designing an AB-mediated system that could control the

regiochemical outcome of an inherently non-regioselective reaction via the specific binding of
A and B. For this purpose the 1,3-dipolar cycloaddition reaction between an azide

(1,3-dipole) and an unsymmetrical alkyne (dipolarophile) was chosen. These reactions are not

only classically unregioselective, but also extremely useful synthetically'1141. This reaction is
of particular use for the preparation'1151 of five-membered heterocyclic rings in natural product

syntheses, especially given the wide variety of 1,3-dipoles'1161 and dipolarophiles that are

readily available. Before discussing the design of an AB-mediated system in detail,
consideration will be given to the origin of the regioselectivities typically observed in

1,3-dipolar cycloaddition reactions.

2.2 Origin of the regioseletivities observed in the 1,3-dipolar cycloaddition reaction
Work'117'1181 by Huisgen and co-workers in the early 1960's led to the elucidation of

mechanisms, patterns of reactivities and selectivities in 1,3-dipolar cycloaddition reactions.

1,3-dipoles are usually represented as possessing closed shell electronic structures

(Scheme 19), with the 1,3 nomenclature signifying the tendency of these species to react with
alkenes or alkynes at atoms 1 and 3.
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Scheme 19 General mechanism for a 1,3-dipolar cycloaddition using an alkene as the dipolarophile.

The regioselectivities observed in 1,3-dipolar cycloaddition reactions are controlled,

primarily, by the magnitude of the atomic orbital coefficients and the symmetry of the orbitals
concerned. The atoms in each component with the largest coefficients react'1191, but these
may vary between the HOMO and the LUMO of any given compound. For example, the
reaction between phenyl azide, 77, and hex-l-ene, 78, gives mainly

l-phenyl-5-butyltriazoline, 79, and is LUMO(dipole)-HOMO(dipolarophile) controlled.

Conversely, when methyl acrylate, 80, is used as the dipolarophile, the observed product is

1-phenyl-4-carboxymethyl triazoline 8[120] (Scheme 20), and the reaction proceeds via
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HOMO(dipole)-LUMO(dipolarophile) control. This reversal of regioselectivity is as a result
of lowering the energy of the Frontier Molecular Orbitals (FMOs) of the dipolarophile by the
electron withdrawing ester functionality on 80, which in turn causes a change in the relative

magnitudes of the orbital coefficients[12I].

+-„N
n'N'

77

78
-K
N' NPh

(a) LUMO (dipole) - HOMO (dipolarophile)

+-,N
Ph^N'N'

77

^^C02Me
80 N' NPh

C02Me
81

1,4-product

(b) HOMO (dipole) - LUMO (dipolarophile)

Scheme 20 An example of the difference in regioselectivities that are observed in 1,3-dipolar
cycloaddition reactions, by the variation of the dipolarophile.

Using FMO theory, Sustmann'122'123] has classified 1,3-dipoles and their relative reactivities
into three main types, depending on whether the dominant interaction is between:

(a) the dipole (HOMO) and the dipolarophile (LUMO).

(b) the dipole (LUMO) and the dipolarophile (HOMO),
or

(c) both of the interactions stated above are of equal significance.

For example, the regioselectivities and relative reactivities of the 1,3-dipolar cycloaddition
reaction between phenyl azide 77, the 1,3-dipole, and substituted derivatives of styrene, the

dipolarophile, can be predicted using FMO energies estimated by perturbation theory. The
results from this study by Houk and co-workers'1241 are summarised in Figure 30, where

electron-rich, conjugated and electron-poor substituents are denoted by Z, C and X

respectively.
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Figure 30 Frontier Molecular Orbital energies for the 1,3-dipolar cycloaddition reaction between phenyl
azide 77 and various substituted styrenes.

Here, the smallest energy gap is between phenyl azide and styrene bearing an electron-poor
substituent (7.8 eV, Figure 30), which results in the reaction being controlled by the
interaction between the dipole-LUMO and dipolarophile-HOMO giving the orientation shown
in Figure 31.

■N

+ N •Q N

ji) x-Ph

X, C

LUMO HOMO

PH

1,5-product

Figure 31 Observed regiochemical outcome for the reaction between phenyl azide with electron-poor and
conjugating dipolarophiles.

2.3 Regioselectivities of 1,3-dipolar cycloaddition reactions involving alkynes
When an alkyne is used as the dipolarophile regioselectivities of the corresponding

1,3-dipolar cycloaddition reaction are generally low, and hence, for the reaction between an
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unsymmetrical alkyne and an azide, two regioisomers of the resulting triazole product will be
formed in an approximately 1:1 ratio (Scheme 21).

Ar^ >N + R1-CEC-R2N

Ar- N " N
-N^ ArN N

82 83

R1 R^

1

Scheme 21 The general 1,3-dipolar cycloaddition reaction between an unsymmetrical alkyne 83 and an
azide 82 to afford an approximate 1:1 ratio of the two triazole products.

This lack of regioselectivity is a direct result of the low-lying unoccupied molecular orbitals
of the C-C triple bond, which leads[125] to the reaction proceeding by both dipole-HOMO and

dipole-LUMO interactions.
With this in mind, the possibility of improvement of the inherently poor regioselectivity of

dipolar cycloadditions involving an unsymmetrical alkyne by employing AB-methodology is

very attractive.

2.4 Recent progress using molecular recognition to influence the regiochemical outcome
of 1,3-dipolar cycloaddition reactions
One of the first, and one of the most elegant recognition-mediated systems that has been used
to accelerate the regiospecific outcome of a 1,3-dipolar cycloaddition reaction, was presented

by Mock and co-workers[126' 127]. In an initial communication, they reported[128] the
remarkable capacity of cucurbitril 88 (Figure 32) to encapsulate ammonium cations within its
hollow core.

H3N^^ H3N

H3NX^f^,N^-NH3 + XN-X SH,
84

+

+ N
H,tr ^ 'N;

N=N

86 87

85
■N

Scheme 22 1,3-Dipolar cycloaddition reaction between alkyne 84 and azide 85, which proceeded to give
two regioisomeric products, 86 and 87.

This encapsulation involved a mixture of hydrogen bonding and electrostatic interactions
between the ammonium cation and the six carbonyl groups situated on both the upper and
lower ring of 88. By attaching a substituent (R) to the ammonium cation, of a correct size to
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fit inside the cavity of 88, it was found that upon binding the ammonium cation, R could enter

the interior of 88. This process is driven by the hydrophobic effect.

Subsequently, Mock and co-workers proceeded to investigate the cycloaddition reaction
between 84 and 85 (Scheme 22). In the absence of 88 the reaction proceeded very slowly in

aqueous formic acid (ko = 1.16 x 1(T6 Af's"1). However, when the reaction was performed
under identical conditions, but in the presence of a catalytic amount of 88, the rate of the
reaction was accelerated by a factor of 5.5 x 105 over the rate of the uncatalysed
intermolecular 1,3-dipolar cycloaddition reaction. More interestingly, in the presence of 88
the cycloaddition reaction proceeded in a regioselective manner to give only one regioisomer,
86. This regioselectivity was attributed to the binding event within the curcubitril 88,

orientating the dipole and the dipolarophile within the cavity such as to promote the formation
of 92 over that of 91 (Figure 32).

regiochemical outcome of a 1,3-dipolar cycloaddition reaction between a nitrile oxide 89 and
a terminal alkene 90 was reversed. Under standard conditions, nitrile oxide cycloaddition
reactions with alkenes afford almost exclusively the 5-substituted isoxazoline product 92

(Scheme 23).

[882- 84*85]

Figure 32 Orientation of the dipole 85 and dipolarophile 84 in the cavity of curcubitril 88 to promote the
formation of only one, of the possible two, regioisomeric products.

Using a similar approach, Easton and co-workers[129] presented a system whereby the

> C=N-0
+ —

o
o

89

>
4-Substituted-91 5-Substituted-92

Major Product
90

Scheme 23 1,3-Dipolar cycloaddition reaction between alkene 90 and nitrile oxide 89, which proceeds to
afford the 5-substituted isoxazoline product 92 almost exclusively.
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Their results demonstrated that by tethering the dipolarophile 90 to cyclodextrin 3, to form

acrylamide 93, that the 4-substituted product could be formed exclusively from the reaction of
93 with nitrile oxide 89 (Scheme 24).

= 93

C=N-0 89

[H.G]

Where 11

HO OH

Scheme 24 Alignment of the dipole 89 and the dipolarophile 93 in the host-guest complex [H»G] to favour
the formation of the 4-substituted cycloaddition product 94.

This reversal of selectivity was attributed to the inclusion of the hydrophobic aromatic moiety
of dipole 89 within the annulus of the modified cyclodextrin 93, thus holding the two reactive
functionalities in the correct alignment to favour the formation of the 4-substituted
isoxazoline product 94.
Previous work[130' 131] within this group has also focused on 1,3-dipolar cycloaddition
reactions. Booth et al[132] used AB-methodology to accelerate the 1,3-dipolar cycloaddition
reaction between azide 96 and maleimide 97 (Scheme 25).

o

N N
H

96

O

>
O HO

97

O

[96-97] 98

Scheme 25 AB-mediated 1,3-dipolar cycloaddition reaction between an azide 96 and a maleimide 97.
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Here, hydrogen-bonding interactions were employed between an amidopyridine unit 96 and a

carboxylic acid 97 to form the intramolecular complex [96*97],
In order to assess the extent of the effect that the recognition process within this system was

having on the rate of this reaction, control compounds 99 and 100 were employed

(Figure 33). Here the two hydrogen-bonding sites evident in 96 and 97, have been blocked,
and hence, 99 and 100 are unable to associate to form the reactive binary [A*B] complex that
is required for the reaction to follow the psewdointramolecular pathway.

o

n' "n

ch3

99

Figure 33 Control compounds 99 and 100 used to assess the extent of the bimolecular 1,3-dipolar
cycloaddition reaction.

When the recognition-mediated and bimolecular control reactions were studied under
identical conditions it was found that the rate of product formation for the AB-mediated
reaction between 96 and 97 (closed circles, Figure 34) was considerably faster than that of
the bimolecular reaction between 99 and 100 (open circles, Figure 34), resulting in an

effective molarity (EM) of 3.9 M.
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Figure 34 Concentration-time profile showing the extent of the triazoline product formation for the
recognition-mediated reaction between 96 and 97 (closed circles) against the bimolecular
control reaction between 99 and 100 (open circles). Data taken from ref 132.
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This system proved that it is indeed possible to use AB-mediated reaction pathways to effect

significant rate accelerations. However, due to the symmetrical nature of the maleimide

dipolarophile 97 used, any effect that a recognition process may potentially have on the

regiochemical outcome of such a reaction could not be evaluated. Therefore our attention

was turned to the design of an AB-mediated reaction that could exploit the specific orientation
of the starting reagents via non-covalent recognition processes, within an [A*B] complex, to
effect regiochemical control over the outcome of the reaction.

2.5 Designing an AB-mediated reaction
In the design of an AB-mediated reaction one must consider two major components, the

recognition motifs and the covalent bond forming reaction. The covalent bond forming
reaction chosen for this study was the 1,3-dipolar cycloaddition reaction between an azide and
an unsymmetrical alkyne because of the inherently non-regioselective nature of this reaction

(Section 2.2). We shall now, therefore, consider the recognition sites.
The recognition sites that are attached to A and B must be complementary, and their
association to form complex [A*B] must orientate the reactive functionalities A and B in such
a manner that not only is the reaction accelerated, but that the formation of one cycloadduct

product is favoured over the other.
Since Pedersen11331 first reported crown ethers in 1967, they have been the subject of intense
chemical study, and their ability to bind alkali metals and other cations selectively has been
well documented in the literature[134'135]. These complexes are formed via ion-dipole
interactions between the electronegative oxygen atoms of the crown ether ring and a metal
cation. The stability and structure of the resultant complexes depends, primarily, upon how
well the cation fits within the cavity of the crown ether ring, and thus, is often described as the
'best fit' principle. If the cation is of the correct size to fit inside the cavity, as is the case

o .

with benzo-15-crown-5 (B15C5) 101 (cavity diameter 1.7-2.2 A) and a sodium cation, Na

(diameter 1.94 A), then a 1:1 complex is formed[136] (Figure 35).

101

Figure 35 1:1 complex formed upon the addition of one equivalent of Na+ to one equivalent of B15C5
101 in solution.
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In addition to complexes formed from the alkali metals such as potassium and sodium, B15C5
101 is also capable of forming stable 1:1 complexes with ammonium cations. This

complexation is via a three-point interaction, which consists of a mixture of electrostatic
interactions (25 %) and hydrogen bonding (75 %)[137].
The ability of B15C5 101 to form stable 1:1 complexes in the presence of ammonium cations
therefore makes these recognition motifs attractive targets for use in AB-methodology. One

particular advantage of utilising this recognition motif is the relative ease in which
ammonium salts may be introduced into organic compounds.

2.5.1 Design of a potential AB-system for a 1,3-dipolar cycloaddition reaction'l38J
Taking into consideration the design features outlined in Section 2.5, and with the aid of
molecular mechanics calculations, the potential AB-system shown in Figure 36 was

designed. This system utilises the complementary recognition between a B15C5 ether ring
and an ammonium cation, to promote a 1,3-dipolar cycloaddition reaction between an azide
102 and an unsymmetrical alkyne 103[138].

Figure 36 Potential AB-system based on the 1,3-dipolar cycloaddition reaction between azide 102
(dipole) and alkyne 103 (dipolarophile) to afford two regioisomeric products, 104 and 105.

This reaction can proceed to potentially form two regioisomeric products, these being the

1,4- and the 1,5-substituted triazoles, 104 and 105 respectively. It should be noted that

54



throughout this Chapter that the 1,4 and 1,5 descriptors will be used to describe the

regioisomers formed in the cycloaddition reactions as shown in Figure 36. The 1,4

regioisomer is defined as the isomer that bears the CFBOAr substituent at position 4 relative
to the substituent on N at position 1. The 1,5 regioisomer is defined as the isomer that bears
the CH2OAr substituent at position 5 relative to the substituent on N at position 1.
It is predicted that the mutual recognition between the ammonium cation on 103 and the
crown ether cavity on 102 should permit the formation of the AB-complex [102*103]

(Figure 37).

Figure 37 Representation of the lowest energy conformation of the [102*103] complex formed via the
non-covalent association of 102 and 103 through their mutual recognition sites. Carbon atoms
are shown in green, hydrogen in grey, nitrogen in blue and the alkyne functionality in yellow.

Molecular mechanics calculations demonstrated (Figure 37) that the lowest energy

conformation of complex [102*103] holds the azide dipole (nitrogen atoms shown in blue)
and the alkyne dipolarophile (triple bond shown in yellow) in very close proximity and in the
correct orientation to facilitate the reaction. Therefore, it is expected that the rate of the

cycloaddition reaction between 102 and 103 would be accelerated by the formation of the

[102*103] complex through the mechanism discussed in Section 2.1.
More importantly, it was possible to predict the likely regiochemical outcome of the reaction
between 102 and 103 from the molecular mechanics calculations. Firstly, we shall consider
the orientation of the 1,4-substituted triazole 104. It is clear from the lowest energy

conformation of this product (Figure 38), that the ammonium cation and crown ether

recognition functionalities on the two reactive partners 103 and 102 are in close proximity,
and hence, capable of forming an AB-complex [102*103]. As a result of the late, product-like
transition states of cycloaddition reactions it is possible to use the conformation of the product
of these reactions as a good measure of the relative positions of the starting materials as they
enter the transition state. Therefore it is expected that the formation of the 1,4-triazole 104
will be via the AB-mechanistic pathway described previously.
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Ammonium cation

Figure 38 Representation of the lowest energy conformation of the 1,4-substituted triazole product 104,
obtained from the cycloaddition reaction between 102 and 103. Showing the possibility of
three hydrogen-bonding interactions between the ammonium cation and the crown ether ring.
Carbon atoms are shown in green, hydrogen in grey, oxygen in red and nitrogen in blue.

In contrast to this, it is apparent from the lowest energy structure of the 1,5-substituted
triazole 105 (Figure 39), that the crown ether cavity and the ammonium cation are too far

apart to form the AB-complex [102*103], and hence, formation of this cycloadduct should

only be via the uncatalysed bimolecular channel.

Crown ether cavity

Ammonium cation

Figure 39 Representation of the lowest energy conformation of the 1,5-substituted triazole product 105,
obtained from the cycloaddition reaction between 102 and 103. Carbon atoms are shown in
green, hydrogen in grey, oxygen in red and nitrogen in blue.
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Therefore, by the selective stabilisation of the transition state leading to the 1,4-triazole 104, it
is expected that this regioisomer will be the major product of the cycloaddition reaction
between 102 and 103, providing it proceeds via the AB-mediated reaction pathway as

predicted from molecular mechanics calculations (Figure 38).

2.5.2 The bimolecular control reaction

In order to make effective comparisons between the recognition-mediated and intermolecular
reaction channels, it was necessary to identify a suitable control system. The control system
must be as structurally and electronically similar as possible to the potential AB-system

(Figure 36), but without the ability to form the reactive AB-complex. For this purpose the

system depicted in Scheme 26 was chosen. Here the crown ether moiety on the azide has
been replaced, with the electronically similar 1,2-dimethoxy functionality to give azide 106,
and hence, molecular recognition is not possible within this system, forcing the reaction to

proceed exclusively via the uncatalysed bimolecular reaction pathway.

Scheme 26 Non recognition-mediated cycloaddition reaction between 106 and 103 to measure the rate and
regiochemical outcome of the bimolecular reaction.

2.6 Preparation of the dipole and dipolarophile compounds 102 and 103
2.6.1 Synthesis of recognition dipole 102
The preparation of the target azide dipole 102 was achieved in 6 steps (Scheme 27) from the

commercially available compound 3,4-dihydroxybenzoic acid 112. 3,4-Dihydroxybenzoic
acid 112 was esterified under standard conditions to the corresponding ester 113 in good

57



yield. Tetraethylene glycol bistosylate 111 was prepared via treatment of tetraethylene glycol
109 with p-toluenesulfonyl chloride 110 in a NaOH/THF solution'1391. 4-Carboxymethyl
B15C5 114, was then prepared by the reaction of ester 113 and tetraethylene glycol

bistosylate 111 under basic conditions via a template-directed route[I40]. This method uses an

excess of sodium iodide to ensure the formation of the desired [1+1] macrocycle, as opposed
to the [2+2] macrocycle and higher order polymerisation products. The ester 114 was then
reduced11411 using lithium aluminium hydride to the corresponding alcohol 115. Chlorination
of alcohol 115 using thionyl chloride afforded the desired chloride 116 in good yield after

tritruation at -78 °C from a solvent mixture of petroleum ether and diethyl ether (10:1). The

target compound, 4'-azidomethyl B15C5 102 was prepared directly by the reaction of

4'-chloromethyl B15C5 116 and sodium azide in refluxing acetone.
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Scheme 27 Preparation of azide dipole 102.
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2.6.2 Synthesis of Recognition Dipolarophile 103

Dipolarophile, 103 was initially synthesised by the route shown in Scheme 28[142].

V
o

CI

Et3N, CH2CI2
0°C to rt, 1h

117

,NHBoc

122 94%

Y
° HI04.2H20, l2

reflux, 17 h

118 94%

,NH,CI~

'Pr2EtN, CH2CI2

(B0C)20, rt, 18 h

2M HCI, Et20

5 °C, 10 mins

121 54%

119 35%

15% NaOH

EtOH, reflux
18 h

120

HO

123

OTs

124

K2C03, 18C6, CH3CN
reflux, 48 h

y°A\ //
125 94%

,NHBoc
O
J 125

Pd(PPh3)4, Cul, PPh3
Et3N/reflux, 24 h

H3N
CF3C02

103 39%

BocHN

126 42%

CF3C02H, Anisole

rt, 2 h

Scheme 28 Original synthesis of alkyne dipolarophile 103.

Acetyl chloride was added to a solution of benzylamine 117 and triethylamine at - 78 °C to

afford the acetamide protected amine 118, in an excellent yield, after recrystallisation.
Acetamide 118 was then iodinated using periodic acid in a mixture of water, acetic acid and

sulphuric acid to afford 120. In order to directly iodinate an aromatic ring, an oxidising agent

such as periodic acid is required to convert iodine into a more powerful electrophile. The use
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of a iodine-periodic acid mixture was originally reported by Suzuki[143] in 1966 and has since
been employed to iodinate aromatics deactivated towards electrophilic aromatic substitution.
The poor yield obtained in this step was due to a mixture of ortho and para substituted

products being formed, which proved very difficult to separate using standard laboratory

techniques. The acetamide protecting group was subsequently cleaved using sodium

hydroxide in ethanol to yield the intermediate amine 120, which was converted directly to the
stable hydrochloride salt 121, by the slow addition of 2M HC1 to the intermediate 120 which
was dissolved in diethyl ether. The hydrochloride salt 121 was then protected as its

carbamate by first adding /V,iV-diisopropylethylamine to generate the free amine in situ,
followed by the slow addition of di-tert-butyldicarbonate. This afforded the BOC protected
amine 122 in excellent yield after purification using flash column chromatography. The BOC

group is used extensively for amine protection[144] and was chosen as it is not hydrolysed
under basic conditions and is inert to many other nucleophilic reagents. Iodide 122 was then

coupled with alkyne 125 using a procedure originally reported11451 by Bumagin and co¬

workers to afford the desired alkyue 126. It should be noted thai the di opwise addition of the

alkyne is crucial to minimise the oxidative dimerisation of the alkynes as a competitive
reaction11461. The BOC protecting group was removed using 5 % trifluoroacetic acid (TFA)
and anisole to afford the desired alkyne dipolarophile 103 in 39 % yield. Anisole is essential
in this reaction as it scavenges the tert-butyl cation liberated, and hence, prevents

alkylation11461.
The overall synthetic pathway as shown in Scheme 28 was found to be both time consuming
and low yielding over all steps, and hence, an alternative route was investigated.

Bromobenzylamine hydrochloride 127 is a commercially available compound and although

palladium catalysed coupling reactions are most facile when an iodine substituent is used,
there are many examples in the literature of Heck and similar reactions involving aryl
bromides1148'1491. It was therefore possible to synthesise the desired alkyne dipolarophile 103
via the more direct route as shown in Scheme 29.
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Scheme 29 Synthesis of recognition dipolarophile 103.

Preparation of the target alkyne dipolarophile 103 was readily achieved in 3 steps starting
from the commercially available compound 4-bromobenzylamine hydrochloride salt 127. The
bromo hydrochloride salt 127 was first protected as its carbamate by the addition of

AyV-diisopropylethylamine to generate the free amine in situ, followed by the slow addition
of di-terf-butyldicarbonate to afford the BOC protected amine 128 in 92 % yield after

purification. The aryl bromide 128 was then coupled to the alkyne 125 using an analogous
method to that previously employed in the preparation of 103 (Scheme 28) i.e. and aryl

palladium coupling reaction. Simple deprotection of the BOC protecting group using
trifluoroacetic acid (TFA) was achieved to afford the desired alkyne dipolarophile 103 in
41 % yield after recrystallisation. The desired dipolarophile 103 can therefore be prepared in

just four facile steps utilising the synthetic scheme above (Scheme 29) as opposed to seven

steps that were employed in the original synthetic route (Scheme 28), thereby providing a

more efficient and higher yielding synthetic route to this compound.

2.6.3 Synthesis of control dipole 106
Control azide 106 was synthesised in an analogous manner to the recognition azide 102,

starting from commercially available 3,4-dimethoxybenzyl alcohol 129 (Scheme 30).

MeO.

Y^i
Meo-^^OH

socio MeO

chci3 MeO'
rt, 5 h

129 130 86%

Scheme 30 Synthesis of control dipole 106.

NaNo MeO

Acetone

reflux, 16 h
MeO

106 94%
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Neat alcohol 129 was chlorinated using thionyl chloride to afford chloride 130 in 86 % yield
after flash column chromatography. The desired azide 106 was prepared directly by the
reaction of chloride 130 and sodium azide in excellent yield.

2.7 Assignment of regiochemistry of the 1,4- and 1,5-triazole cycloadducts
In order to be able to confidently and unambiguously assign the !H NMR resonances arising
from the 1,4-104 and 1,5-105 substituted triazole products in subsequent kinetic experiments,
it was first necessary to prepare and isolate pure samples of each of the two possible isomers.
Due to the difficulty in purifying organic salts using standard laboratory methods, an

alternative model compound was sought to replace the alkyne dipolarophile 103 for the

purpose of characterisation only. The replacement of the ammonium cation with a CF3
substituent was considered to be a suitable substitute for this purpose as both substituents have
similar Hammett parameters'150' 151J. There is a wide variation in the measurement of the
ammonium Hammett substituent ranging from op = 0.4 to 0.66 which gives an average for the

benzylammonium group as being <TP - 0.53. In comparison, the CF3 subsituent has a Hammett
substituent value crp = 0.54[150'151]. Hence, dipolarophile 131 (Figure 40) was chosen as a

suitable model compound.

Figure 40 Model compound chosen to replace dipolarophile 131 for the synthesis and isolation of the 1,4-
and 1,5-substituted triazole products 133 and 134 from the cycloaddition reaction between 103
and 102.

2.8 Preparation of model alkyne dipolarophile 131
The model alkyne dipolarophile 131 was synthesised in one step from the commercially
available compound 4-iodobenzotrifluoride 132 (Scheme 31) using an analogous method to

that previously described (Scheme 29) for the palladium catalysed coupling between an

alkyne and an aryl halide.

132 reflux, 24 h 131 66%

Scheme 31 Synthesis of model alkyne dipolarophile 131 for the purpose of 'H NMR spectral assignment of
the 1,4- and 1,5-substituted triazole products of the 1,3-dipolar cycloaddition reaction between
102 and 103.
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2.8.1 Preparation of the model 1,4- and 1,5-substituted triazole products 133 and 134
The triazoline products 133 and 134 were synthesised in one step from the reaction between
azide 106 and alkyne 131 (Scheme 32). 3-(4-Trifluoromethylphenyl)prop-2-yn-l-(4'-tert-

butylphenyl)ether 131 was added to a solution of 3,4-dimethoxybenzyl azide 106 in toluene

(2 ml) and heated to reflux for 2 days. After this time two products were clearly observed by
TLC. Subsequent work-up and purification via column chromatography afforded the 1,4-133
and the 1,5-134 triazole regioisomers as colourless solids with yields of 28 % and 48 %

respectively (Scheme 32).

MeO' F,C

106
Toluene 1,4-133 28%

reflux, 2 d

O
\ //~CF3

131

Scheme 32 Preparation of the 1,4- and 1,5-substituted triazole products, 133 and 134 respectively, via the
reaction between azide 106 and alkyne 131.

The exact regiochemistry of 133 and 134 was unambiguously assigned using gradient nOe

experiments.

1,4-133 1,5-134

Scheme 33 Dashed arrows represent the observed nOes for the 1,4- and 1,5-substituted triazole
cycloadduct products, 133 and 134 respectively.
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These assignments were further confirmed by COSY, {'H-^C} Heteronuclear Multiple Bond
Correlation (HMBC) and {1H-13C} C-H Correlation (HMQC) experiments. The !H NMR

spectra obtained for the 1,5-134 ((a), Figure 41) and the 1,4-133 ((b), Figure 41) are shown
in Figure 41.
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Figure 41 500 MHz 'H NMR spectra recorded in CD3CN at 90 °C of (a) the 1,5-triazole regioisomeric
product 134 and (b) the 1,4-triazole regioisomeric product 133.

The assignment of the regiochemistry by nOe studies allowed the isomer ratios between 104
and 105 to be calculated using 500 MHz *H NMR spectroscopy through the deconvolution of
the CH2-N resonances for the 1,4-substituted product (centred on 85.60) against the C//2-N

resonance for the 1,5-substituted product (centred on 8 5.46). The progress of the

recognition-mediated, and the control reactions could be assessed by the deconvolution of the
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C//2-N resonances for the 1,4- and the 1,5- regioisomers against the CH2-N resonances for the

respective starting azides.

2.9 Determining optimum reaction conditions for the potential AB-mediated

cycloaddition reaction.
For the efficient operation of an AB-mediated reaction pathway, it is essential that the rate of
the bimolecular background reaction is at a minimum. Therefore, following the successful

preparation of all of the required compounds, 102, 103, and 106 to investigate the dipolar

cycloaddition reactions, it was necessary to find optimum reaction conditions under which to

study the most efficient operation of the AB-mediated reaction pathway. Firstly, the effect of
solvent polarity on the rate of reaction was evaluated. In polar solvents, such as acetonitrile,
no reaction was seen to occur, even under relatively extreme conditions of 67 hours at 90 °C.

As the percentage of a non-polar solvent such as 1,1,2,2-tetrachloroethane (TCE) was

increased, the rate of the reaction also increased (Table 3). This effect is presumably due to

the stabilisation offered to the reactive 1,3-dipole by the polar solvent, thus when the

percentage of polar solvent is decreased the 1,3-dipole becomes less stable, and hence, more
reactive. It should be noted here that TCE was the non-polar solvent of choice due to its

relatively high boiling point, thus enabling the reaction to be followed at elevated

temperatures. Unfortunately, as a result of the relative insolubility of dipolarophile 103 in

TCE, it was found that it was not possible to study these reactions in solvent mixtures

containing less than 25 % acetonitrile[152].
From the results shown in Table 3 it was concluded that the optimum conditions under which
to best study the recognition mediated 1,3-dipolar cycloaddition reaction was at a

concentration of 50 mM with respect to both the dipole 102 and the dipolarophile 103, at a

temperature of 90 °C in 87.5 TCE / 12.5 % CD3CN over a period of 67 hours. It was not

possible to perform the reaction at higher starting concentrations of reagents due to the limited

solubility of alkyne dipolarophile 103.
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Table 3 Extent of reaction completion of the 1,3-dipolar cycloaddition reactions between 102 and 103
in a variety of solvent mixtures

Solvent

Reaction3 drTCE %b CD3CN%C Isomer ratiod 1,4:1,5 % Completion1

102 +103 0 100 —
0

102 +103 50 50 —
0

102 +103 75 25 90:10 10

102 + 103 87.5 12.5 97:3 30

All reactions were carried out in a thermostated heating block. In each case, the starting concentration
of each reactant was 50 mM and the reactions were carried out for 67 hours at 90 °C.

b
D2-l,l,2,2-tetrachloroethane (99.8 % atom D)
D-acetonitrile (99.8 % atom D)
Determined by deconvolution of the respective product C/72N resonances in the 400 MHz 'H NMR
spectrum
Determined by deconvolution of the respective product C7/2N resonance in the 400 MHz *H NMR
spectrum with respect to the C//2N resonance of the starting azide.

2.10 Kinetic Analysis

Having identified optimum reaction conditions for the study of the recognition-mediated

1,3-dipolar cycloaddition reaction, it was first necessary to measure the extent, and the

regiochemical outcome of the bimolecular control reaction between 103 and 106 under the

proposed conditions. After a period of 67 hours it was found that the extent of completion for
the bimolecular reaction was only 12 % (6 mM total product concentration). (All product
concentrations described in this section were determined as described in Section 2.8.1), The

ratio of regioisomers obtained was 3:2 in favour of the 1,4-product 107 (Figure 42),

demonstrating that, as expected, the outcome of the non recognition-mediated reaction is

reasonably non-regioselective. In contrast to this, when the recognition-mediated reaction
between 102 and 103 was performed under identical reaction conditions, the extent of
reaction was found to be 30 % (15 mM total product concentration). Furthermore, the ratio of

regioisomers was 97:3 in favour of the 1,4-product 104 (Figure 42).
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Figure 42 Product concentrations determined for the reactions between 102 and 103
(Recognition-mediated shown as light bars) and 103 and 106 (Control shown as dark bars).
The product concentrations were determined by deconvolution of the respective product CH2N
resonances in the 400 MHz 'H NMR spectrum with respect to the C/72N resonance of the
starting azide.

Unfortunately, as a result of the high reaction temperature required, it was not possible to

monitor the course of the reaction via 'H NMR spectroscopy, and hence, rate constants for the

recognition-mediated and bimolecular control reactions could not be accurately determined.

Disappointingly, this system gave only a modest rate enhancement (2.5-fold), giving a 30 %

yield of total product after 67 hours for the recognition-mediated reaction, compared with
12 % yield of total products for the control reaction. It is proposed that this poor rate

acceleration could be due to the strong ion pair association between the trifluoroacetate anion
and the ammonium cation inhibiting the reaction mixture. It was hoped that this issue could
be addressed and resolved by the use of an alternative counterion, for example,

hexafluorophosphate.

2.11 Assessing alternative counterions
It was thought that by replacing the trifluoroacetate ion with a counterion that lacked any

ability to hydrogen bond with the ammonium cation, that the rate enhancement observed for
the recognition-mediated reaction between 102 and 103 could be maximised. For this purpose

the desired alkyne dipolarophile 136 was prepared using potassium hexafluorophosphate as

the counterion (Scheme 34).
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PF6 H3N^^^ ^O-O^
136 65%

Scheme 34 Synthesis of alkyne dipolarophile 136, utilising potassium hexafluorophosphate as the
counterion.

Ether 126 (prepared as described in Scheme 29) was added to a solution of 1M HC1 in ethanol
and left to stir for one hour at -10 °C and then for a further 30 minutes at room temperature.

This reaction afforded the intermediate ammonium chloride salt 135, which was used without

further purification. Intermediate 135 was then treated with potassium hexafluorophosphate
in methanol and left to stir overnight under an inert atmosphere to afford the target

hexafluorophosphate salt 136 in good yield after purification.

Unfortunately, dipolarophile 136 was found to be only sparingly soluble in the solvent
mixture (87.5:12.5 TCE:CD3CN) as used previously, and hence, could not be used to directly
assess the effect that the type of counterion has on the efficiency of the AB-mediated reaction

pathway. However, dipolarophile 137, containing a mixture of the trifluoroacetate and

hexafluorophosphate counterions, which could be prepared by a simple partial ion-exchange
extraction (Scheme 35), was sufficiently soluble to permit a qualitative assessment of the
effect of the counter-ion.

PF6~

Scheme 35 Preparation of mixed counterion alkyne dipolarophile 137, to assess the effect that the
counterion has on the efficiency of the AB-mediated pathway.

The ratio of the counterions was estimated using negative ion MALDI-TOF mass

spectrometry and found to be approximately 1:1.

KPF6, MeOH

rt, 16 h

— \_ /—\ / CF3CO2H Dc -11 +

MeOH/)—(— PF6 H3N
OF3CO2

136 rt'2h 137
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Accordingly, the reaction between 102 and 137 was performed under identical conditions to

those employed previously (Section 2.9) and both the progress and regiochemical outcome of
the reaction were calculated. Once more, in this case a high degree of regioselectivity was

observed (Figure 43), with a product ratio of 9:1 in favour of the 1,4-substituted triazole for
the recognition-mediated reaction in comparison to a product ratio of 3:2 in favour of the
1,4-substituted triazole, for the control reaction.

Figure 43 Product concentrations determined for the reactions between 102 and 137
(Recognition-mediated shown as light bars) and 106 and 137 (Control shown as dark bars).
The product concentrations were determined by deconvolution of the respective product C//2N
resonances in the 400 MHz *H NMR spectrum with respect to the C/72N resonance of the
starting azide.

It is also apparent from the data depicted in Figure 43 that significantly more product was
formed during the recognition-mediated reaction (52 %, 26 mM total product concentration)

involving the mixed counterion dipolarophile 137, than the reaction involving dipolarophile

103, with TFA as its counterion (30 %, 15 mM total product concentration). However,

although the recognition-mediated reaction between 102 and 137 was still significantly more

selective than the control reaction, the rate enhancement with respect to the control reaction
calculated in this case to be 2.4-fold, was very similar to that observed with dipolarophile 103

(2.5-fold). It was therefore concluded that, while the counterion has a significant effect on the

reactivity of the alkyne dipolarophile, it has little effect on the efficiency of the [A*B]

complex pathway.

2.12 Limitations in the design of the AB-system
It is clear that, with the relatively unreactive dipoles and dipolarophiles that have been
discussed in this chapter, that any advantage that may be gained by rendering the
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cycloaddition reaction pseudo'mtxamolecu 1ar through the formation of a reactive [A*B]

complex, is offset by the high reaction temperatures that are required for product formation.

High temperatures entropically disfavour the formation of the reactive [A*B] complex, and
thus, decrease the overall efficiency of the AB-mediated pathway. A second disadvantage of

performing such a reaction at elevated temperatures is that it was not possible to follow the
course of the reaction via 'H NMR spectroscopy, and hence, more instructive rate constants

could not be extracted from the data obtained. To overcome these problems it was proposed
that the use of a more reactive dipolarophile would enable the reaction to be performed at a

lower temperature. As discussed in Section 2.2 it is possible to alter the reactivity of

1,3-dipolar cycloaddition reactions by changing the attached substituents ie by fine tuning the
electronic properties of the system. In this case, it was thought that by attaching an electron

withdrawing group to alkyne 103, that the reactivity of the overall system would be

sufficiently increased such that the temperature at which the reaction may be studied could be
decreased. For this purpose, alkyne 138 was chosen as a target molecule (Figure 44).

CF3COO
138

Figure 44 Structure of an alternative, potentially more reactive, alkyne dipolarophile 138.

2.12.1 Attempted synthesis of alkyne dipolarophile 138

Initially, it was thought that the desired alkyne could be prepared by a simple palladium

catalysed coupling reaction between bromide 128 and commercially available propiolic acid
139 (Scheme 36).

This acid could then be converted to the corresponding ester 141 under standard conditions,
and finally the BOC protecting group could be removed as described previously.
Bromide 128 was prepared as described previously (Scheme 29). Unfortunately the

subsequent palladium coupling step between bromide 128 and propiolic acid 139, which was

performed in an analogous manner to those shown in Schemes 29 and 31 did not afford the
desired product. After two days it was found that both the bromide 128 and acid 139 had
been consumed and after purification via chromatography on silica gel a yellow solid was

isolated. 300 MHz !H NMR spectroscropy and electrospray mass spectrometry indicated this

compound to be the diyne 142. A proposed mechanism for the formation of diyne 142 is
shown in Scheme 37.
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Br
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chci3, rt, 16 h
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Et3N, reflux, 2 d
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OMe

CF3COO
138

cf3co2h

Anisole, rt, 2h BocHN

O
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OMe

H2S04 (cat)

MeOH

141

Scheme 36 Attempted synthesis of the activated dipolarophile 138, by the palladium catalysed coupling
reaction between aryl bromide 128 and propiolic acid 139.

This result is not particularly surprising as there is literature precedent[153] for the oxidative

coupling reaction of terminal alkynes existing as a competing reaction in palladium catalysed
reactions between terminal alkynes and aryl halides.

Br

128
NHBoc [Pd(PhCN)2CI2], Cu(OAc)2, BocHN

PPh3, 'Pr2NH, DMF, reflux, 2 d 142

Cu-
NHBoc

[O]

OAc

Scheme 37 Proposed mechanism for the formation of diyne 142.

To prevent the decarboxylation of the desired product, and hence, the subsequent formation of

diyne 142, methyl propiolate 143 was used in the palladium catalysed coupling reaction in

place of propiolic acid 139 (Scheme 38). In this case, without a hydroxyl proton to abstract
the decarboxylation step cannot occur, thus preventing the formation of a diyne via the
mechanism described in Scheme 37.
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Br—ft \\ I43 .OMe . . ,\=/ NHBoc [Pd(PhCN)2CI2], Cul, PPh3 BocHN OMe

128 Et3N, DMF, reflux, 2 d 141

Scheme 38 Attempted preparation of the activated alkyne dipolarophile 141, by the palladium catalysed
coupling reaction between aryl bromide 128 and methyl propiolate 143.

However, it was found that under all reaction conditions employed that only starting

compounds 128 and 143 could be isolated. Any attempts to force the reaction to proceed by

increasing the reaction temperature and/or reaction time, were unsuccessful and resulted only
in the isolation of the starting compounds 128 and 143. This result although disappointing,
was again not particularly surprising as it is documented[153] that alkynes which possess

electron withdrawing groups are poor substrates for palladium catalysed coupling reactions
with halides.

Therefore, due to the problems encountered when attempting to couple directly an activated

alkyne to an aryl bromide, an alternative method was sought. Tsuji et al[i54] have reported the
facile synthesis of acetylenecarboxylates 145, 146, by the oxidative carbonylation of terminal

acetylenes 144, catalysed by palladium chloride under mild reaction conditions (Scheme 39).

CO/q\, PdOI2, O1JOI2 O

NaOAc, MeOH, rt, 1 h OMe
144

R = Ph 145
= PhOCH2 146

Scheme 39 Preparation of acetylenecarboxylates by the oxidative carbonylation of terminal acetylenes
Taken from ref 154.

Such reactions were performed under 1 atm of carbon monoxide at room temperature to

afford the corresponding acetylenecarboxylates in moderate yields ranging from 58-74 %.
This type of reaction therefore offered an attractive route for the synthesis of the desired
activated alkyne 138. Initially a model reaction was performed using commercially available

phenylacetylene 147 to verify the viability of the literature method (Scheme 40).
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PdCI2, CuCI2, NaOAc V—'J QMe

147 rt'12 h 145 74 %

Scheme 40 Oxidative carbonylation of phenyl acetylene 147 to afford the corresponding methyl ester 145.

Phenyl acetylene 147 was added to a degassed solution of PdCl2, CuCb and NaOAc in
methanol. Subsequently CO gas was bubbled through the reaction mixture for one hour
before leaving to stir under an atmosphere of CO(g) for 12 hours. After purification by
column chromatography this procedure afforded the desired methyl ester 145 in an excellent
74 % yield.

Having successfully used the oxidative carbonylation method to synthesise methyl ester 145
from phenyl acetylene 147, this synthetic procedure was employed for the preparation of the

target alkyne 138 (Scheme 41). Acetylene 149 was prepared by the palladium catalysed cross

coupling reaction between aryl bromide 128 and trimethylsilyl (TMS) acetylene 148 in good

yield after purification. The TMS protecting group was then removed under basic conditions
to afford the desired terminal alkyne 150 (required for the oxidative carbonylation step) as a

pale yellow solid in 93 % yield. Alkyne 150 was subjected to identical reaction conditions to

those previously described for the oxidative carbonylation of phenylacetylene 141

(Scheme 40). It was found that at reaction times varying from 1 to 24 hours none of the
desired product 141 was observed, and only starting alkyne 150 could be isolated from the
reaction mixtures.

,NHBoc

—TMS

148

Pd(PhCN)CI2, PPh3 x—' NHBoc K2C03, rt, 1 h
Br Cu(OAc)2, 'Pr2NH
128 reflux 7h 149 67% 150 93%

CO(g), MeOH

PdCI2, CuCI2, NaOAc
rt, 1 to 24 h

Scheme 41 Attempted synthesis of the desired activated alkyne 138 using the oxidative carbonylation
method first reported by Tsuji et a/'1541.

CF3COO
138 141
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Unfortunately, all of the synthetic routes described for the preparation of the potentially more

reactive dipolarophile 138 were unsuccessful, and hence, it was not possible to undertake and

study the 1,3-dipolar cycloaddition reaction at lower reaction temperatures. As a result of this
no further work was performed into this area.

2.13 Conclusions

In conclusion, it has been demonstrated that [A*B] complex methodology may be applied in a

logical manner to control the regiochemical outcome of a normally unregioselective

1,3-dipolar cycloaddition reaction. The recognition-mediated reaction between 102 and 103
shows a high level of regio-control, better than 30:1, in favour of the 1,4-triazole product. In

fact, from molecular mechanics calculations it was predicted that the 1,4 104 isomer would
indeed be the major product of the AB-mediated reaction, due to its ability to form the pre-

reactive complex [A*B], The rate acceleration achieved by the recognition-mediated process

is, however, very modest, and it is thought that this may be due, in part, to the advantage that
is gained by the formation of the [A*B] complex being offset by the high reaction

temperatures required. Unfortunately attempts to prepare the more reactive dipolarophile
138, to overcome this limitation, as presented in this chapter, were unsuccessful.

2.14 Future Work

As discussed throughout this Chapter, one of the major disadvantages of the 1,3-dipolar

cycloaddition reaction used here is the high temperatures required for product formation. As
a direct result of this, any advantage that may be gained by rendering the cycloaddition
reaction psewdointramolecular through the formation of a reactive [A*B] complex, is

diminished, as these high temperatures entropically disfavour the formation of the reactive

[A*B] complex. It was thought that this problem could be circumvented through the use of a
more reactive dipolarophile 138. Unfortunately, the subsequent preparation of this

dipolarophile proved unsuccessful.
A second approach that could be used to enhance the efficiency of the reaction within the

complex [A*B], is to increase the strength of the recognition process used to preassociate A
and B. In this case the interaction that was employed was that between an ammonium cation
and a B15C5 ether ring. This association could be improved, quite simply, by utilising the

recognition process between B18C6 and ammonium as opposed to that of B15C5 and an

ammonium cation. Due to its larger ring cavity and increased conformational flexibility,
B18C6 is known to form considerably stronger 1:1 complexes with ammonium cations than
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B15C5 101. Therefore, future work to be performed in this area will include replacing dipole
102 with dipole 151 (Figure 45).

O 1
151

Figure 45 Alternative dipole that could be used to study the AB-mediated 1,3-dipolar cycloaddition
reaction.
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3. ABC-Mediated Cycloaddition Reactions

3.1 What is an ABC System?

AB-methodology was discussed in detail in Chapter 2 and some of the systems that have
been designed and synthesised to exploit the increase in reactivity and selectively that can be
achieved via promoting AB-mediated reactions were presented. AB methodology relies on the
use of recognition sites located on the two reactive partners that allow the formation of a

reactive complex [A*B] in which the reaction becomes psewrfointramolecular. As it can be
seen from the results presented (Chapter 2), this approach has been very successful both in
terms of rate accelerations and regio- and/or stereochemical control of the reactions studied.

However, one of the major disadvantages of this type of system is that it is not catalytic, and

hence, to be of more use synthetically, catalytic turnover would be desirable. We therefore
turned our attentions to designing and developing a system, which also possessed mutual

recognition sites to allow the formation of a /xsracfointramolecular complex, but now with the

option of the catalysis being 'switched off by the removal of one of these sites. In theory this
should enable catalytic turnover to be demonstrated. We term the methodology that we have

developed the ABC-mediated reaction pathway (Scheme 42).

P>BQ kuc

A*B*C

Kacb.

JL

Uncatalysed
Reaction Channel

B
Catalytic
Channel

00 Kcd

P'C

Scheme 42 Schematic representation of an ABC-mediated reaction pathway.

In this case, as opposed to simply locating complementary recognition sites on the reactive

partners A and B, a cofactor C, which is capable of forming the 1:1:1 complex [A*B#C], is

used, allowing the reagents to assemble in a reactive complex. The formation of this complex
renders the reaction between A and B effectively pseudomtramolecu\ar, and hence, on the
basis of both entropic advantage and enforced proximity (see Section 1.3.2) of the two
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reactive functionalities, we might expect to observe a significant rate acceleration for the

product formation of the chosen reaction. Additionally, by holding the reactive
functionalities in a specific orientation with respect to one another we might expect to see

some stereo- and/or regiochemical control over these reactions. In contrast to AB

methodology, ABC-mediated reactions also have the possibility of catalytic turnover.

However, after the completion of the bond forming reaction, two situations present

themselves (i) the cofactor remains bound to the product, in which case product inhibition is
observed and the cofactor needs to be used stoichiometrically or (ii) once one reaction cycle is

complete the cofactor is released back into solution and catalytic turnover is achieved.
Another potentially advantageous feature of ABC-mediated reactions over AB-mediated
reactions is the simplification of the synthetic procedures leading to the required starting
materials via the use of a symmetrical cofactor, and hence, identical recognition sites on the
two reactive partners A and B.

3.2 Natural coenzymes

Coenzymes are commonly used in nature in the acceleration of chemical transformations.

Coenzymes are effective as catalysts as they stabilize normally reactive intermediates or

prevent their formation. Coenzymes are used in stoichiometric amounts, and hence, they are

not strictly catalysts but are often involved in catalysis by acting as transfer agents. They

generally work by binding tightly to a free enzyme, thus yielding a binary complex, which
then goes on to catalyse a reaction. It should be noted, however, that separately neither the

coenzyme nor the free enzyme would catalyse the reaction in question.
An example of a natural coenzyme is pyridoxal phosphate (PLP) 152 (Scheme 43), which is a

derivative of vitamin B6, used by all living organisms to degrade and interconvert amino
acids[155]. The pyridine ring of PLP can act as an electron sink and stabilize carbanions. A
schematic representation of the degradation of amino acids by PLP is depicted in Scheme 43.

Here, imine 154 is formed via the condensation of PLP 152 with amino acid 153, which

readily undergoes decarboxylation to form the delocalised carbanion 155. Protonation of

carbanion 155 and subsequent hydrolysis affords an a-aldehyde derivative 158 of the original
amine 153 and pyridoxamine phosphate (PMP) 157.
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Scheme 43 Degradation of an amino acid 153 by PLP 152 to form an a-aldehyde 158 and PMP 157.

3.3 Designing an ABC-mediated reaction
3.3.1 Design criteria
In the design of a successful ABC-mediated reaction there are two main components to

consider, these being (i) the recognition sites, and hence, a suitable cofactor and (ii) the
reactive sites/bond forming reaction.

Firstly, we shall consider the recognition sites. Cofactor C, must bear two identical

recognition sites, which are complementary to those on the reactive partners A and B, and

hence, may assemble A and B in a reactive 1:1:1 complex [A*B*C] (Scheme 42).
The ability of crown ethers to selectively bind to alkali metal cations, under the best-fit

principle was discussed in Chapter 2. Their ability to form stable 1:1 complexes was also
discussed. It follows from this discussion that if the cation used is too large to fit inside the

cavity, as is the case with B15C5 101 (cavity diameter 1.7-2.2 A) and K+ (diameter 2.6 A)
then a 2:1 sandwich complex is formed[156] (Figure 46). The ability of crown ethers to form
this 2:1 sandwich complex makes them an attractive target for ABC-methodology.

Figure 46 X-Ray crystal structure'1561 of 2:1 sandwich complex between B15C5 101 and K+.
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Secondly, one must consider the covalent bond forming reaction. Previous work in this

group[157] has focused on using the reaction between 4'-amino B15C5 159 and

4'-formyl B15C5 160 to form the biscrown imine 161 in an ABC-mediated reaction

(Figure 47). In this case K+ was used as the cofactor C, to promote the formation of the

prereactive complex [159*160*C].

Reactive [A»B»C] Complex Imine Product

Figure 47 ABC-mediated Reaction pathway for imine formation.

In order to assess the effect, if any, that this recognition process had on the outcome of this
imine formation reaction, a suitable control system was chosen to assess the rate of the

uncatalysed bimolecular reaction. In this case, the reaction between 159 and 160 was

performed in the absence of the potassium cation, therefore removing the possibility of the
formation of the reactive 1:1:1 complex [A*B-C].

3.3.2 Results for the imine based system
A series of test experiments were undertaken to find optimum reaction conditions for the
formation of imine 161. Initially, potassium hexafluorophosphate (KPF6) was used as the

potassium source required for the formation of the reactive [A*B*C] complex. Unfortunately,
it was found that, at temperatures varying from 40 to 55 °C, no reaction was observed
between 159 and 160 in the presence of KPF6 after a period of 19 hours. Imine formation
reactions are normally carried out under acidic conditions, and hence, it was proposed that the
addition of an acid catalyst would promote the formation of the imine product. Optimum
reaction conditions were therefore determined to be at a concentration of 25 mM with respect

to 159, 160 and KPF6 with the addition of 1 mol% para-toluenesulfonic acid (PTSA) at 25 °C
in CD3CN. The course of the reaction was followed by 400 MHz *H NMR spectroscopy and
the product concentration (filled diamonds, Figure 48) was calculated by deconvolution of an

appropriate resonance arising from the starting material against the resonance arising from the
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product imine proton. Additionally, a control experiment between aldehyde 160 and amine
159 in the absence of the K+ cofactor was performed, under the optimal reaction conditions
described above (open triangles, Figure 48).
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Figure 48 Concentration-time profile for the recognition-mediated (closed diamonds) imine reaction
between 159, 160 and KPF6 and the non recognition-mediated (open triangles) between 159,
160 in the absence of KPF6. Data taken from ref 157.

Upon the addition of 1 mol% PTSA to the reaction between 159 and 160, it was found that
the reaction reached 88 % completion after a period of 3.0 hours in the presence of the K+
cofactor, compared with only 22 % completion for the bimolecular control reaction between
159 and 160 in the absence of K+ as a cofactor, after the same period of time (Figure 48).
These preliminary results indicate that it is indeed possible to use ABC-methodology to

accelerate the rate of a chemical reaction, and were used as a basis for further study for the
work presented in the remainder of this section.

3.4 Seeking an alternative cofactor

Although the system outlined in Section 3.3.1 showed a significant rate enhancement for the

recognition-mediated reaction (filled diamonds, Figure 48) when compared to the analogous
bimolecular reaction (open triangles, Figure 48), the need to add an external catalyst is
undesirable if this type of system is to be of any real use synthetically, due to the potential
cost of catalytic reagents. To address this issue an alternative source of the cofactor, C was

sought, that could provide both the cation required for the association process within the
crown ether cavity to occur and also the acid catalyst needed to promote the reaction.
Ammonium tetrafluoroborate (NH4BF4) was identified as being a possible candidate, due to

the dissociation of NH4BF4, in solution, to give ammonia, and more importantly, HBF4
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(Scheme 44), which could then act as the acid catalyst. It should be noted that, NH4BF4 will

only be suitable for this purpose, if the equilibrium is such that there is always a sufficient
amount of the NH4BF4 in solution, to act as the source of the NH4+ cofactor required to form
the reactive complex [AvB-C],

NH4BF4 , NH3 + HBF4

Scheme 44 Equilibrium established when ammonium tetraflouroborate is in solution.

Ammonium cations bind to crown ether cavities via a mixture of electrostatic (25 %) and

hydrogen-bonding interactions (75 %)^137^. In the case of primary ammonium cations, the

stability of these complexes follows in the sequence B18C6>B15C5>B12C4. In the presence

of B15C5 101 a primary ammonium cation has been shown[158] to form a stable 2:1 sandwich

complex [159-160'NH4+], and hence, is an ideal cofactor for use in an ABC-mediated
reaction. Molecular mechanics calculations performed on this system served to confirm that
the lowest energy coconformation is indeed that of the 2:1 sandwich complex (Figure 49).
More interestingly, this coconformation holds the reactive functionalities, such that the lone

pair of the amine 159 is orientated at an attack angle of 107° with respect to the carbonyl
centre of the aldehyde 160. X-ray crystallographic studies performed by Burgi and Dunitz[159]
of stable species containing a nucleophile and a carbonyl group, have shown that the optimal
attack angle of the nucleophile with respect to the carbonyl centre is between 105° and 110°.
Hence, by preorganising the reactive functionalities at this optimal angle with respect to each
other within the ABC complex [159*160*NH4+], we should expect to observe significant rate
accelerations.

Figure 49 Molecular mechanics calculations showing the lowest energy conformation of the complex
formed between 159, 160 and NH4+ and the optimal 107° attack angle of the amine lone pair
(yellow) on the carbonyl centre (carbon shown in green and oxygen shown in red).
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Again, it is essential to choose a suitable set of control reactions to measure the background
bimolecular rate of the imine reaction. This time, due to the fact that NH4BF4 is being used as

both the source of the cofactor C and as an acid catalyst, it is not possible to simply perform
the reaction in the absence of this cofactor to serve as a control. This would not account for

any observed rate accelerations being due to acid catalysis. As a result of this

3,4-dimethoxyaminobenzene 162 and 3,4-dimethoxybenzaldehyde 163 (Figure 50) were

chosen to measure the bimolecular rate of the reaction, as these compounds lack the crown

ether recognition sites, but possess similar electronic properties. Using these control

compounds it will also be possible to assess the effect that the association of the ammonium
cation by the crown ether ring has on the rate of reaction due to the change in nucleophilicity
and electrophilicity of the amine and carbonyl centres respectively, upon complexation of the
ammonium cation.

O
163

Figure 50 Control compounds 162 and 163 used to measure the rate of the bimolecular imine reaction.

3.4.1 Preparation of recognition building blocks 159 and 160
Both 4'-formyl B15C5 160 and 4'-amino B15C5 159 are commercially available, but as a

result of their high cost they were synthesised using the methods described below. 4'-Formyl
B15C5 160 was synthesised via the template directed'1601 reaction between commercially
available 3,4-dihydroxybenzaldehyde 112, and tetraethyleneglycol bistosylate 111

(Scheme 45). This method uses an excess of sodium iodide to ensure the formation of the

desired [1+1] macrocycle, as opposed to the [2+2] macrocycle and other polymerisation

products. It should be noted that the template effect does not result in 100 % conversion to

the [1+1] macrocycle, as, although three equivalents of sodium iodide are used, this salt is

only sparingly soluble in the organic solvent.

MeO.

MeO' "NH2

162
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Scheme 45 Synthesis of 4-formyl B15C5 164.

4-Amino B15C5 159 was synthesised in two steps starting from B15C5 101 (Scheme 46).

Firstly, B15C5 101 was nitrated using a procedure reported by Ungaro[161], affording the
nitrocrown 165 in 88 % yield. Subsequent reduction of the nitrocrown 165 was achieved by
treatment with H2 andl0% palladium on carbon to afford the aminocrown 159 in 63 % yield.
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Scheme 46 Synthesis of 4'-amino B15C5 159.

3.4.2 Preparation of dimethoxy control compounds 162 and 163

3,4-Dimethoxyaminobenzene 162 was synthesised in two steps starting from veratrole 166

(Scheme 47). Nitration of veratrole 166 was achieved using analogous methods to those

employed in the synthesis outlined in Scheme 46, to afford the desired nitro compound 167 in
84 %. Subsequent reduction of 167 with sodium borohydride and 5% Pd/C to afford the

target amine 162 in 87 % yield.
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Scheme 47 Synthesis of 3,4-dimethoxyaminobenzene 162.

3,4-Dimethoxybenzaldehyde 163 is a commercially available compound, and was determined
to be of sufficient purity, by 300 MHz *H NMR spectroscopy, for further use.

3.4.3 Synthesis of the imine products 161 and 168

Synthesis of the biscrown imine 161 was achieved by heating 4'-amino B15C5 159 and

4'-formyl B15C5 160 to reflux in ethanol for a period of 24 hours (Scheme 48). After this

time, the reaction mixture was allowed to cool to room temperature, and the crude imine

precipitated from solution. Subsequent recrystallisation of the crude material from ethanol
afforded the pure biscrown imine 161 as a pale yellow solid.

o
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o O^^nh2
159 (° oEthanol \

O " 1
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160 °

Scheme 48 Synthesis of the biscrown imine product, 161.

Synthesis of the control dimethoxy imine 168 was achieved by heating

3,4-dimethoxyaminobenzene 162 and 3,4-dimethoxybenzaldehyde 163 to reflux in ethanol for
a period of 24 hours (Scheme 49). Again the pure imine 168 was obtained as a yellow solid
after recrystallisation from ethanol.
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Scheme 49 Synthesis of the dimethoxy control imine product, 168.

3.5 Curtin-Hammett/Winstein Holness Kinetics[l62 164]

It should be noted that in order for the ABC-mediated approach to be successful, it is essential
that the various complexes that can be formed between the crown ether and the ammonium
cation in solution are in fast exchange (Scheme 50).

NH,

O

O

-O

O

O

Scheme 50 Bis-crown complexes that may be present in solution, displaying Curtin-Hammett type
behaviour.

If this condition is met, then Curtin-Hammett type kinetics[162"164] will operate (Scheme 50),
and there will always be enough of the reactive complex [159*160*NH4+] present in solution
for the reaction to occur. This behaviour obviates any requirement that the reactive complex,
in this case [159*160*NH4+], to be the dominant species in solution.

kA
Pa A B f=> K =k1/k1

Scheme 51 Generalised scheme to represent the rate of interconversion of A and B and subsequent
reaction to products.
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In the system shown in Scheme 51 A and B, which could be conformers or isomers of a

molecule, react to form products PA and Pb respectively. For the system to be operating under
Curtin-Hammett/Winstein-Holness conditions, A and B must be in rapid equilibrium and the
rate of their interconversion must be faster than the corresponding rates of product formation

(path (b) in Figure 51). In this situation, K» kA, kB, and the product ratio [Pa]/[Pb] is
defined as K(kA/kB). As A and B are interconverting faster than the rate of product formation,
K = [A]/[B], In this case, the product from the lowest energy transition state will be preferred.
In the opposite situation, the equilibrium between A and B is slow compared with the rate of

product formation (path (a) Figure 51). In this situation, A will only produce PA, whilst B will

give only PB, and hence, the product ratios will depend on the amounts of A and B present in
solution i.e. K[A]/[B].

(a)

Pb

Reaction Coordinate

Figure 51 Energy diagram representing the Curtin-Hammett principle.

Therefore, before the kinetics of this system were studied in depth, it was essential to establish

(a) the existence of the 2:1 complexes between the crown ethers 159 and 160 and the
ammonium cation and (b) that these complexes were in fast exchange under the proposed
reaction conditions. As a result of previous successes by Yamada et a/[165] in using Fast Atom
Bombardment Spectroscopy (FABMS) in observing crown ethencation complexes, this

technique was employed here. A solution of 159:160:NH4BF4 in a 1:1:1 stoichiometry in
non-deuterated CH3CN was thus analysed via FABMS. Unfortunately, only one peak at

m/z 562 was observed which corresponds to the imine product 161. It was thought that this
was due to the reaction being catalysed by the slightly acidic benzyl alcohol matrix, and

hence, the procedure was repeated using the inert 2-nitrophenyl octyl ether matrix. Using this
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matrix the imine product formation was much slower, and it was possible to observe a peak at

m/z 597 corresponding to the mixed biscrown complex [159*160*NH4+] (Figure 52). In
addition to this complex the two homo biscrown complexes [1592#NH4+], [1602*NH4+] were
also observed.

Figure 52 FABMS evidence for 1:1:1 complex formation for a solution of 159, 160 and NH,BF4 in
acetonitrile.

In order for the Curtin-Hammett principle to be effective in this system, the existence of the

complex alone is not sufficient. We must also demonstrate that the three complexes

[1592-NH4+], [1602*NH4+] and [159-160'NH4+] that have been shown to exist by FABMS are

in fast exchange. Accordingly, 500 MHz *H NMR spectroscopy was employed to assess

whether these complexes are undergoing fast exchange and also to further confirm the

presence of the biscrown complexes in solution. In this study 0.5 and 1.0 molar equivalents
ofNH4BF4 were added to a 25 mM solution of 159 and 160 in CD3CN and the corresponding

spectra recorded at 0 °C (It was necessary to perform the study at this low temperature to

prevent the formation of the imine product 161, see Section 3.6). It was found that, in both

cases, the addition of NH4BF4 resulted in significant changes in the chemical shifts of the six
aromatic proton resonances on compounds 159 and 160 (H1 through H6, Figure 53).

Significantly, at a concentration of 1.0 molar equivalents ofNH4+, the observed chemical shift

changes for the resonances arising from protons H1 through to H6 (Figure 53) are upfield.
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Figure 53 Partial 500 MHz 'HNMR spectra of 159,160 and varying stoichiometrics of nh4bf4 recorded
at 0 °C in CD3CN showing chemical shift changes for protons H1 through to H6 upon the
introduction of (a) no nh4bf4 (b) 0.5 eq. NH4BF4 and (c) 1.0 eq. nh4bf4.

Normally, an electrophilic species would cause a downfield chemical shift of these

resonances, as a result of the deshielding effect. As it can be seen from the recorded spectra

(Figure 53) at all concentrations of NHL*4" the observed chemical shifts are upfield, showing
that there is an observed shielding of the benzylic protons. This strongly suggests that the
benzene rings are stacked parallel to one another in a sandwich type coconformation, which
would lead to an overall shielding effect of the aromatic protons by the 7t electron clouds of
the benzene rings and further substantiates the evidence obtained from the FABMS study

(Figure 52). More importantly, it is evident that when only 0.5 equivalents of NH4BF4 is

present separate resonance peaks are not observed corresponding to the bound and the
unbound species, although they must both be present in solution. We can therefore conclude
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from this that all of the species present in solution are in fast exchange, and hence, the system

will operate according to Curtin-Hammett conditions.

3.6 Kinetic Results

It was first necessary to determine optimum reaction conditions for the operation of the
ABC-mediated reaction pathway. For the efficient operation of an ABC-mediated reaction

pathway, it is essential that the rate of the competing bimolecular background reaction is at a

minimum. This can be achieved by fine-tuning both the temperature and the concentration at

which the reaction is performed. It is also necessary to ensure that the recognition-mediated
and the non recognition-mediated reactions proceed at a rate at which accurate data can be
recorded. As a result of the previous[157] success of using CD3CN as a solvent medium for the
imine formation reaction (see Section 3.3.2), this solvent was again employed. It was found
that at 25 mill the reaction between 159 and 160 in CD3CN in the presence of NH4BF4 was

extremely fast, and at temperatures varying from 10 to 27 °C accurate kinetic data could not

be collected. However, when the reaction was performed at 0 °C the reaction proceeded at a

rate at which accurate data could be recorded. Optimum reaction conditions were therefore
determined to be at a concentration of 25 mM, with respect to 159, 160 and NH4BF4, at a

temperature of 0 °C in CD3CN. The course of the reaction was followed by 500 MHz
JH NMR spectroscopy over a period of 9 hours and the product concentration (curve (a),

Figure 54) calculated by deconvolution of the peak arising from the resonance from the

aldehyde proton centred on 8 9.79 against the peak arising from the imine proton in the

product 161 centred on 8 8.34. In order to assess the effect, if any, that the recognition

process has on the outcome of the reaction, the rate of the bimolecular control reaction
between 162 and 163 in the presence of NH4BF4 was measured under identical reaction
conditions. Again the product concentration was determined via deconvolution of the
resonances arisng from the starting aldehyde 163 proton centred on 8 9.79 against the

resonance arising from the imine proton of the product 168 centred on 8 8.48 (curve (b),

Figure 54).
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Figure 54 Concentration-time profile for (a) the recognition-mediated reaction between 159, 160 and
NH4BF4 and (b) the non recognition-mediated reaction between 162, 163 and NH4BF4. Both
reactions were performed at a concentration of 25 mM with respect to all reagents in solution,
in CD3CN at 0 °C (note 0.025 M corresponds to 100 % conversion to product).

It is clear that the recognition-mediated reaction between 159 and 160 in the presence of

NH4BF4 (filled squares, Figure 54) proceeds at a significantly faster rate than the analogous
control reaction between 162 and 163 in the presence of NH4BF4 (open squares, Figure 54)
when performed under identical reaction conditions. This result suggests that the recognition

process to form the pre-reactive p^ewJointramolecular complex [159#160*NH4+] does indeed
allow the reaction to proceed via the proposed ABC-mediated reaction pathway, and hence,
results in the observed rate accelerations.

To accurately assess the effect that the addition of NH4BF4 was having on the rate of the
imine formation reaction due to the changes in electrophilicity and nucleophilicity caused by
its complexation by the crown ether cavities of 160 and 159 respectively, cross control

experiments between 160 and 162 (open circles, Figure 55) and 159 and 163 (closed circles,

Figure 55) were performed under the optimal conditions described previously.
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Figure 55 Concentration-time profile for the reactions between (a) 159 and 160 (b) 160 and 162 (c) 159
and 163 and (d) the non recognition-mediated reaction between 162 and 163. All reactions
were performed in the presence of 1 eq. of NH4BF4, at a concentration of 25 mM with respect
to all reagents in solution, in CD3CN at 0 °C (note 0.025 M corresponds to 100 % conversion
to product).

It is apparent that when the reaction is performed in the presence of formyl crown 160

(open circles, Figure 55) that a rate enhancement is observed when compared to the
bimolecular reaction (open squares, Figure 55). This result is not surprising as the

complexation of the ammonium cation within the crown ether cavity of 160 will have an

electron withdrawing effect, and hence, will render the carbonyl centre more electrophilic

favouring the nucleophilic attack of the amine 162. The rate of the reaction between 159 and
163 (closed circles, Figure 55) is almost identical to that of the bimolecular control reaction,

although it may be expected that this reaction would actually be hindered by the binding of
NHV", due to a decrease in the nucleophilicity of the amine 159.
It should at this point be noted that there is a possible alternative pathway for the

recognition-mediated formation of the imine 161. Upon close inspection of the data for the

recognition-mediated reaction presented in Figure 55, it is apparent that this reaction

undergoes an initial lag period (curve (a), Figure 55). This lag period is clearly visible in

Figure 56, which shows the recorded data for the first 100 mins of the recognition-mediated
reaction (curve (a), Figure 56) and the non recognition-mediated reaction (curve (b),

Figure 56).
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Figure 56 Concentration-time profile for the first 100 minutes of the reactions between (a) 159 and 160
(b) 162 and 163. Both reactions were performed in the presence of 1.0 equivalent of NH4BF4,
at a concentration of 25 mM with respect to all reagents in solution, in CD3CN at 0 °C (note
0.025 M corresponds to 100 % conversion to products).

As discussed in Section 1.7, sigmoidal shaped curves of this type are indicative of systems
that are operating via a self-replicating mechanism. For these systems, the initial lag period
observed in the concentration-time profiles is attributed to the formation of the template T via
an uncatalysed bimolecular reaction pathway. Once there is enough T in solution to effect the

autocatalytic cycle (Scheme 52) exponential growth is observed.

Scheme 52 Possible autocatalytic mechanism for the formation of imine product 161 from the reaction
between 159 and 160.
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One method of proving that a system is operating via a self-replicating mechanism is to dope
the reaction with preformed product template T, as this will result in the disappearance of the
observed initial lag period for these systems. Accordingly, the reaction between 159 and 160
was performed at 0 °C in CD3CN in the presence of one equivalent of NH4BF4 and 30 mol %
of preformed product template 161 (closed circles, Figure 57).

0 100 200 300 400 500

Time / mins

Figure 57 Concentration-time profile for the reactions between (a) 159 and 160, (b) 159, 160 and
30 mol% 161 (c) the non recognition-mediated reaction between 162 and 163. All reactions
were performed in the presence of 1.0 equivalent of NH4BF4, at a concentration of 25 mM with
respect to all reagents in solution, in CD3CN at 0 °C (note 0.025 M corresponds to 100 %
conversion to product).

It is apparent from the results presented in Figure 57, that although the addition of preformed

product template 161 does result in the loss of the initial lag period (closed circles,

Figure 57), it also appears to considerably reduce the efficiency of the recognition process.

The most likely explanation for this reduction in efficiency is that the recognition-mediated
reaction between 159 and 160 is proceeding via the initially proposed ABC-mediated

pathway, therefore the addition of the preformed product 161 competes for the ammonium
cation cofactor, and hinders the formation of the pre-reactive ABC-complex [159*160*NH4+].
The FABMS and 500 MHz !H NMR evidence also strongly suggests (Figure 52) that a 2:1
sandwich complex is formed between 159, 160 and NH4BF4, under the proposed reaction
conditions which would allow the reaction to proceed via the ABC-mediated reaction

pathway.
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3.7 Improving the efficiency of the recognition-mediated process

Although the recognition-mediated reaction does show a rate enhancement over all
bimolecular control reactions, it was thought that the efficiency of this system could be

improved by decreasing the concentration of NH4BF4, and hence, HBF4 present in the
reaction mixture. This should serve to decrease the overall rate of the imine formation

reaction, but more importantly will decrease the rate of the competing bimolecular

background reaction. In Section 3.3.2 it was shown that only 1 mol% of the acid catalyst
PTSA was necessary to promote the reaction. Accordingly, the reaction between 159 and 160
was performed in the presence of 0.5 equivalents NH4BF4 and 0.5 equivalents of KBF4,
otherwise under identical conditions to those employed previously. K+ has very similar

binding properties as NHU+ in the presence of B15C5, and has been shown in numerous

studies[166 168] to form stable 2:1 complexes complexes with B15C5 101. Therefore, by using
this mixture of tetrafluoroborate salts, there is still one equivalent of cofactor available to

promote the formation of the pre-reactive complex [159*160*C], but potentially only half the
concentration of the acid catalyst HBF4 present. Under these conditions a further rate

enhancement was observed for the recognition-mediated process (closed squares, Figure 58)
over the analogous bimolecular reaction (open squares, Figure 58) resulting in a 10-fold
increase in the overall product formation after 15 hours.
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Figure 58 Concentration-time profile for the reactions between (a) 159 and 160 (b) the non
recognition-mediated reaction between 162 and 163. Both reactions were performed in the
presence of 0.5 eq. of NH4BF4 and 0.5 equivalents of KBF4 at a concentration of 25 mM with
respect to both the amines and the aldehydes, in CD3CN at 0 °C (note 0.025 M corresponds to
100 % conversion to product).

This evidence provides strong evidence that the dissociation of NH4BF4 to afford HBF4 is the
source of the acid catalyst required to promote the reaction. In fact, in the absence of NH4BF4
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and in the presence of one equivalent of KBF4, no reaction occurs between 159 and 160 at a

concentration of 25 mM with respect to all reagents in solution at temperature of 0 °C in

CD3CN.

Once more in order to assess the effect that the binding of the cofactor within each of the
crown ether cavities of 159 and 160 is having on the rate of the subsequent imine formation
reaction cross control experiments between 159, 163 and 160, 162 were performed. Both
cross control reactions were performed at a concentration of 25 mM with respect to the

starting reagents in CD3CN at a temperature of 0 °C and in the presence of 12.5 mM NH4BF4
and 12.5 mM KBF4. The results obtained from this study are shown in Figure 59.
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Figure 59 Concentration-time profile for the reactions between (a) 159 and 160 (b) 160 and 162 (c) the
non recognition-mediated reaction between 162 and 163 and (d) 159 and 163. All reactions
were performed in the presence of 0.5 equivalents of NH4BF4 and 0.5 equivalents KBF4 at a
concentration of 25 mM with respect to all reagents in solution, in CD3CN at 0 °C (note
0.025 M corresponds to 100 % conversion to products).

As expected a rate enhancement is observed for the cross control reaction between 160 and
162 (open circles, Figure 59) over the bimolecular control reaction between 162 and 163

(open squares, Figure 59) under identical conditions. This enhancement is attributed to an

increase of the relative electrophilicity of the carbonyl centre of 160 due to the electron

withdrawing effect of the bound cation. Conversely, a slight decrease in the rate of product
formation is observed for the cross control reaction between 159 and 163 (open triangles,

Figure 59) in comparison to the bimolecular control reaction (open squares, Figure 59). This
decrease in the rate of imine formation observed for the reaction between 159 and 163 is

attributed to a decrease in the nucleophilicity of the amine functionality of 159 as a result of
the electron withdrawing effect of the cation bound within the crown ether cavity. It is

interesting to note that no initial lag period is observed in the time course data for either cross

95



control experiment. This observation rules out the possibility of the lag period observed for
the reaction between 159 and 160 being due in some way to the binding of the ammonium
cation within the crown ether cavities of 159 and 160.

3.8 Seeking an alternative covalent bond forming reaction
There is one major disadvantage in using an imine reaction for the investigation of

ABC-methodology. This being that it is a reversible process (Scheme 53). The reaction

produces water which can then participate in the backward reaction, and as a result of this, the

acidity of the solution will fluctuate making it impossible to accurately assess the extent of the
forward reaction. One solution to this problem would be to use a non-aqueous buffer
solution. This in itself presents another problem, in that, most non-aqueous buffers are

alkaline cation based, and thus, are not practical for use within this system as they would

compete for the binding sites within the crown ether cavities.
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Scheme 53 General mechanism of an acid catalysed imine formation reaction between an aldehyde 169
and a primary amine 170.

In order to address this problem an alternative covalent bond forming reaction was chosen to

study the proposed ABC-mediated reaction process in more detail.

3.8.1 ABC-mediated acceleration of a mixed aldol reaction11691

The mixed aldol reaction was identified as a potential candidate to address the problems that
were encountered with the imine system above. The mixed aldol condensation is the acid or

base catalysed reaction between a ketone 171 and an aldehyde 172, one of which must have a

a-hydrogen atom relative to the carbonyl centre. These react to give a (3-hydroxy ketone

which readily undergoes dehydration to give an a-(3-unsaturated ketone 173 (Scheme 54).

96



In the example shown in Scheme 54, the possibility of the base-catalysed dehydration of the
aldol product to afford the a-(3-unsaturated ketone 173, displaces the equilibrium of the
reaction over to the right, favouring product formation1'70)
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Scheme 54 Mechanism of the base-catalysed mixed aldol condensation reaction between a ketone 171 and
an aldehyde 172 to form a-P-unsaturated ketone 173.

Therefore, we identified the base-catalysed aldol reaction between 4'-formyl B15C5 160 and

4-acetyl B15C5 174 to afford the a-p-unsaturated ketone 175 (Scheme 55) as a suitable
covalent bond forming reaction for an ABC-mediated reaction, as in this case, the reverse

reaction should be minimal. The presence of K+ as a cofactor in this system should promote

the formation of the reactive ABC complex [160*174*K+], and thus, the formation of the

product via the proposed ABC-mediated reaction pathway (Scheme 55).

160
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H

O 0
chi

O

[160* 174*K+]

o
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Scheme 55 Mechanism for the ABC-mediated aldol reaction between 160 and 174 in the presence of K+.

Molecular mechanics calculations were performed on this system to measure the attack angle
of the deprotonated ketone on the aldehyde. These calculations show that the lowest energy
conformation of the 1:1:1 complex between 160, 174 and K+ orients the enol lone pair (shown
in yellow) at an angle of 107° with respect to the carbonyl centre (Figure 60). Again, it is

expected that the preorganisation of the reactive groups in this optimal coconformation,
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should result in the observation of significant rate accelerations for the recognition-mediated

process over the corresponding bimolecular reaction.

Figure 60 Molecular mechanics calculations showing the lowest energy conformation of the complex
formed between 160, 174 and K+ and the optimal 107° attack angle of the enolate nucleophile
(yellow) on the carbonyl centre (carbon shown in green and oxygen shown in red).

As the aldol condensation reaction can be either acid or based catalysed, it was thought that

by performing the reactions in metal methoxide solutions, the use of external catalyst can be

avoided, as these solutions will not only provide the metal cation cofactor C required for ABC

complex formation, but its counterion, MeO", will act as a basic catalyst. Once again it is
essential to assess the extent of the bimolecular reaction, and hence, the effect that the

molecular recognition process has on the rate of the reaction. For this purpose, two separate

control experiments were identified. The first being the reaction between

3,4-dimethoxybenzaldehyde 163 and 3,4-dimethoxy acetophenone 176 (Figure 61) in the

appropriate metal methoxide solution as recognition cannot occur in this system in the
absence of the crown ether moiety, thus rendering the ABC-mediated reaction pathway
inactive. These control compounds also have similar electronic properties to their crown
ether counterparts.

Figure 61 Dimethoxy control compounds used to measure the bimolecular rate of the imine reaction.

The second control system that can be utilised is the variation of the size of the metal cation

(cofactor) used. As discussed earlier (Section 2.5), Na+ (diameter 1.94 A) is of the correct

size to fit snugly inside the cavity of one B15C5 (cavity diameter 1.7-2.2 A), and hence, will
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preferably form the stable 1:1 complex as opposed to the reactive 2:1 complex [A*B*C]. On
the otherhand Li+ (diameter 1.36 A) is too small to form a significantly stable 1:1 or 2:1

complex with B15C5. Therefore, it is expected that due to the inability of sodium and lithium
cations to form bis crown 2:1 sandwich complexes [A'B'C], that the reaction between 160 and
174 in the presence of either Li+ or Na+ will proceed via the uncatalysed bimolecular reaction

pathway.

3.8.2 Synthesis of the recognition building blocks.

4'-Acetyl B15C5 174, was initially synthesised from B15C5 101 in 5% yield using a mixture
of polyphosphorip acid (PPA) and acetic acid, a method reported by Reinhoudt et a/[171]. As a

result of the high viscosity of PPA it proved extremely difficult to keep the mixture constantly

stirring and resulted in the need for high reaction temperatures. Overall, the reaction was low

yielding and difficult to handle, and as a result of this an alternative method was investigated.
Eaton's[172] reagent is a mixture of phosphorous pentoxide and methane sulfonic acid, and is

commonly used with acetic acid as an acylating agent[173]. It has several advantages over

PPA, in that, it is easy to handle and readily dissolves organic compounds. Accordingly, a

mixture of acetic acid (1.1 eq.) and B15C5 101 (1.0 eq.) were dissolved in 9.5 equivalents of
Eaton's reagent and the resultant reaction mixture was stirred overnight at room temperature.

After crystallisation from hot hexane the pure product 174 was obtained in 58 % yield

(Scheme 56).

101 174 58%

Scheme 56 Synthesis of 4'-acetyl B15C5,174.

4'-Formyl B15C5, 160 was synthesised as described previously (Scheme 45). The control

compounds, 3,4-dimethoxy acetophenone 176, and 3,4-dimethoxybenzaldehyde 163, are

commercially available and were used as received.
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3.9 Proof of the operation of Curtin-Hammett type kinetics1162164]
Before a full kinetic analysis was performed on this system, it was first necessary to prove

that it would operate under Curtin-Hammett conditions under the proposed reaction
conditions. To prove the existence of the biscrown species, a 1:1:1 solution of 160:174:KBF4
in methanol was analysed via FABMS; the results of which are shown in Figure 62. It is

apparent from this study that the biscrown complexes [1602*K+], [1742*K+] as well as the
reactive complex [160*174*K+] do indeed exist. However, this study does not provide any

information regarding their exchange properties.

Figure 62 FABMS evidence for 1:1:1 complex formation for a solution of 160, 174 and KBF4 in
methanol.

In order to determine if the complexes that have been shown to be present in solution by the
FABMS study (Figure 62) are in fast exchange, 400 MHz 'H NMR spectroscopy was

employed in an analogous manner to the imine system discussed previously (Section 3.5).

Accordingly, the chemical shifts of the resonances arising from H1 through to H6 were

observed (Figure 63) upon the addition of 0.5 and 1.0 molar equivalents of KBF4 to a 1:1
solution of 160 and 174 in CD3OD.

It is apparent from the results obtained (Figure 63) that as the amount of K+ present in
solution is increased, an upfield chemical shift is observed for all of the resonances arising
from protons H1 to H6. This upfield shift is indicative of the presence of a 2:1 sandwich

complex, but more importantly, separate resonances were not observed corresponding to the
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bound and the unbound species. Therefore, it can be concluded that all of the species present

in solution are in fast exchange, and hence, the system will operate under Curtin-Hammett
conditions.

0 eq. KBF4

0.5 eq. KBF4

7.7

(C)

7.6 .5 7 .*4 7.3 7.2 7.1 7.0 \ 6.9

1.0 eq. KBF4

7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9

PPm

-o^ V1

cT\ V
o

'°x^ H'

174

Figure 63 400 MHz *H NMR spectra recorded in CD3OD at 50 °C, showing chemical shift changes for
resonances arising from protons H1 through to H6 upon the introduction of (a) no KBF4 (b)
0.5 eq. KBF4 and (c) 1.0 eq. KBF4.

It was also necessary to prove via FABMS and !H NMR spectroscopic analysis that 2:1
sandwich complexes [160*174*M+] are not formed between 160 and 174 in the presence of
Na+ or Li+, as these cations are required to assess the rate of the bimolecular aldol reaction.
In the case of LiBF4 the results from the FABMS experiments were as expected (Figure 64).

Upon the addition of 1.0 molar equivalent of LiBF4 to a 1:1 solution of 160 and 174 in
methanol, no peak at m/z 613 was observed corresponding to the bis 2:1 sandwich complex
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[160-174-Li+] but peaks at rn/z 303 and 317 were observed corresponding to the 1:1

complexes [160*Li+] and [174*Li+] respectively (Figure 64).

Figure 64 FABMS evidence for 1:1 complex formation for a solution of 160,174 and LiBF4 in methanol.

In contrast to this, upon the addition of 1.0 molar equivalent of NaBF4 to a 1:1 solution of 160
and 174 in methanol, a negligible peak was observed at tn/z 629 corresponding to the bis 2:1
sandwich complex [160*174*Na+](Figure 65). Peaks at m/z 319 and 333 were also observed

corresponding to the 1:1 complexes [160*Na+] and [174*Na+] respectively (Figure 65).
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Figure 65 FABMS evidence for 1:1 and 2:1 complex formation for a solution of 160, 174 and NaBF4 in
methanol.

This result was not entirely unexpected, as bis crown 2:1 complexes between B15C5 101 and
Na+ have been reported'174' previously, in particular, Yamada[l65] relates the relative
abundancies of the 2:1 complexes to the cation radius, with the stability of such complexes

decreasing in the order K+>Na+>Li+, showing 2:1 complexes formed even for lithium and
B15C5 101 (Figure 66). In this study they used both Cf and SCN" as counterions.
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Figure 66 Relative abundancies of 2:1 complexes for B15C5 101 complexes against cation radii. Data
taken from ref 165.
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Although no !H NMR spectroscopic evidence was observed to support the presence of the
biscrown complex [160*174*Na+], it was decided that due to the observation of a small peak

corresponding to the biscrown complex [160*174*Na+] in the FABMS study, that this system

could not be used to measure the bimolecular reaction rate, as it would be possible for product
formation to be via ABC-mediated reaction pathway.

Having established by FABMS analysis the absence of the reactive biscrown ABC complex
between 160, 174 and Li+, 400 MHz !H NMR spectroscopy was employed to further
substantiate this finding. Upon the addition of one equivalent of Li+ in the form of LiBF4 to a

1:1 solution of 160 and 174 in CD3OD, a downfield chemical shift was observed (Figure 67)
for the resonances arising from all protons H1 through to H6 (Figure 67). This downfield
shift is indicative of the Li+ being bound within the cavity of one of the crown ether rings in a

1:1 conformation, and is consistent with the deshielding effect of the electrophilic cation upon

the aromatic protons.

h2 h6

(ppm)

Figure 67 Partial 400 MHz 'H NMR spectra recorded in CD3OD at 50 °C, showing chemical shift
changes for protons H1 through to H6 upon the introduction of (a) no LiBF4 and (b) 1.0 eq.
LiBF4.

3.10 Kinetic studies

A series of experiments were performed to assess the effect that the recognition process has
on the rate of the base-catalysed reaction between 160 and 174. As discussed in Section 3.6
for the efficient operation of an ABC-mediated reaction pathway, it is essential that the rate of
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the competing uncatalysed bimolecular reaction is kept at a minimum. Therefore, optimum
reaction conditions for the operation of the ABC-mediated reaction pathway were determined
to be at a concentration of 25 mM with respect to 160, 174 and KOMe, at a temperature of
50 °C in CD3OD. The course of the reaction was followed by 400 MHz !H NMR

spectroscopy and the product concentration (curve (a), Figure 68) was calculated by the

comparison of the deconvoluted area of the aldehyde proton resonance arising from 160,
centered on S 9.76, with respect to an aromatic proton resonance arising from the product

centred on <5"7.81. Additionally, control experiments were performed between the dimethoxy
controls 163 and 176 in the presence of LiOMe and KOMe (curves (c) and (d) respectively,

Figure 68) as well as between 160 and 174 (curve (b), Figure 68) in the presence of LiOMe.
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Figure 68 Concentration-time profiles for the reaction between (a) 160 and 174 in the presence of
1 equivalent of KOMe, (b) the reaction between 160 and 174 in the presence of 1.0 equivalent
of LiOMe, (c) the reaction between 163 and 176 in the presence of 1.0 equivalent of LiOMe
and (d) the reaction between 163 and 176 in the presence of 1 equivalent of KOMe. All
reactions were carried out in d4-methanol at 50 °C at individual reagent concentrations of
25 mM.

It is clear that the reaction between 160 and 174 in KOMe (curve (a), Figure 68) proceeds at a

far higher rate than any of the control reactions. However, it is also apparent that the reaction
between 160 and 174 in the presence of LiOMe also displays a noticeable rate enhancement

(curve (b), Figure 68). This enhancement is attributed to the fact that the binding of Li+ by
the crown ether cavity breaks the Li-OMe ion pair, and hence, renders the methoxide ion
more basic. As this is a base catalysed reaction this will result in an increase in the reaction
rate for this system as shown by the experimental results. This phenomenon and its synthetic

applications is well documented'1751 and is generally referred to as the 'naked anion effect'.

105



In order to test this hypothesis, additional cross control experiments were performed between
160 and 176 (curve (b) Figure 69) and 174 and 163 (curve (c) Figure 69) both in KOMe
solutions. Both of these reactions were performed under the optimal reaction conditions
described previously, and the results from this study are shown in Figure 69.
The cross control experiments between 160 + 176 and 174 + 163 (curves (b) and (c),

respectively) serve to mimic the effect that the binding of K+ within each cavity of the crown

ether ring has on the rate of the reaction, without the possibility of forming the reactive ABC

complex [160*174*K+].
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Figure 69 Concentration-time profiles for the reactions between (a) 160 and 174, (b) between 160 and
176, (c) 163 and 174 and (d) 163 and 176. All reactions were carried out in CD3OD at 50 °C
in the presence of KOMe at individual reagent concentrations of 25 mM.

It is clear from the results presented in Figure 69 that the aldol reactions in which one crown

ether is present (curves (b) and (c), Figure 69), proceed at rates that are significantly higher
than the dimethoxy control reaction between 163 and 176 (curve (d), Figure 69). It is also

apparent, that the reaction between 160 and 176 (curve (b), Figure 69) proceeds at a faster
rate than the reaction between 163 and 174 (curve (c), Figure 69), a result that we have
attributed to the enhanced electrophilicity of 160 when bound to K+ due to the electron

withdrawing effect of this cation. Although it is clear from these experiments that the
reaction is fastest when a crown ether ring is present on both the nucleophile 174 and

electrophile 160, thus facilitating the formation of the reactive [160*174*K+] complex, it is
not possible from this data to ascertain whether the rate enhancement observed is simply the
sum of the increase in basicity and electrophilicity, as a result of the binding of the metal
cation.
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In order to confidently determine whether the observed rate enhancement is, in fact, simply an

additive effect, we performed further control reactions involving 18C6 analogues of the

aldehyde 175 and acetophenone 176 (Figure 70).

o > r O
o o o

o cr — YH ko o-^^-CH3
o O

175 176

Figure 70 Control compounds, 4-formyl B18C6 175 and 4-acetyl B16C6 176.

3.11 Preparation of 18C6 analogues 175 and 176

Pentaethylenegylcol bistosylate 178 was prepared by a simple tosylation of the corresponding
alcohol 177. The subsequent template directed reaction between 178 and 3,4-dihydroxy

benzaldehyde 112, afforded the target aldehyde 179 in 27 % yield (Scheme 57).

O TsCI, aq NaOH
HO OH THF, reflux, 1 d Tso 'OTs

177 178 94%

HO

HcA -H
/° 112 O

o K2C03, Nal, THF, reflux, 3 d
O. J O

179 27%

Scheme 57 Synthesis of 4-formyl B18C6 179.

4'-Acetyl B18C6 181 was prepared in one step starting from commercially available
B18C6180 (Scheme 58), in an analogous method to those previously described

(Section 3.8.2) for the synthesis of its B15C5 101 counterpart.
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Scheme 58 Synthesis of 4'-acetyl B18C6 181.

It is well documented11761 that B18C6 180 forms stable 1:1 complexes with potassium cations
as opposed to 2:1 complexes due to its larger ring cavity diameter (2.6-3.2 A) and increased
conformational flexibility over its B15C5 101 counterpart. Therefore, if the rate enhancement
observed in the reaction between 160 and 174 is simply an additive result of increased

basicity and electrophilicity arising from cation complexation, then the reaction involving 179
and 181 should, in principle, exhibit a very similar enhancement.

Accordingly, the reaction between 179 and 181 was performed at a concentration of 25 mM in

CD3OD at 50 °C. In this case two equivalents of the potassium cation are required to mimic
the effect that the binding of the electron withdrawing K+ has on both the electrophilic and

nucleophilic centers on 181 and 179 respectively, as well as on the increased basicity of the
methoxide counterion due to this complexation. The second equivalent of K+ was provided
via the addition of one equivalent of KBF4 to the reaction mixture. The reaction was

therefore performed in presence of 25 mM KOMe and 25 mM KBF4 and the course of the
reaction followed by 400 MHz 'H NMR spectroscopy with the product concentration
determined as before. It is apparent from the results presented in Figure 71, that although this
reaction does proceed at an enhanced rate (curve (b), Figure 71) with respect to the

dimethoxy control (curve (c), Figure 71), it is clear that this enhancement (curve (b),

Figure 71) is not the same order of magnitude as that observed for the recognition-mediated
reaction between 160 and 174 (curve (a), Figure 71) under identical conditions.
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Figure 71 Concentration-time profiles for the reaction between (a) 160 and 174 in the presence of
KOMe, (b) the reaction between 179 and 181 in the presence of 1 equivalent of KOMe and 1.0
equivalent of KBF4 and (c) the reaction between 163 and 176 in the presence of 1.0 equivalent
of KOMe. All reactions were carried out in d4-methanol at 50 °C at individual reagent
concentrations of 25 mM.

Hence, it may be concluded that the majority of the rate enhancement observed in the reaction
between 160 and 174 is indeed the result of the formation of the reactive complex

[160*174*K+] within the rapidly equilibrating manifold of bis(crown) complexes present in
solution.

3.11.1 Summary
This section has demonstrated the use of an imine formation reaction and a mixed aldol

condensation reaction to exploit the Curtin-Hammett principle, as applied to supramolecular

assemblies, to achieve significant rate enhancements of chemical reactions via an ABC
mediated reaction pathway. However, it is apparent that whilst in each case the addition of
the appropriate cofactor does result in enhanced reactivity, they must be used in
stoichiometric amounts. This is due to the strong complexation of the cations used here by
the biscrown products. As a result of this complexation the cofactors remain bound within the
cavities of the products and catalytic turnover cannot be observed. As outlined in Section 3.1,
for this methodology to be of use practically, it is desirable for the cofactor to be used in

catalytic amounts. For this to be achieved it is necessary to design a system whereby the
cofactor is released upon product formation, so that it can re-enter the ABC-mediated reaction

cycle. Aside from the observation of catalytic turnover it is also necessary to demonstrate that

ABC-methodology can be applied to a wide variety of systems and chemical reactions.

Subsequently, our attentions turned to the design of an ABC system to exploit the more

synthetically useful 1,3-dipolar cycloaddition reactions, with a view to developing this system
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to achieve catalytic turnover. 1,3-Dipolar cycloaddition reactions are discussed in detail in
Section 2.2.

3.12 Design of an ABC-system for a 1,3-dipolar cycloaddition reaction

Again, it is first necessary to identify suitable reactive functionalities and recognition sites,
that will enable the 1,3-dipolar cycloaddition reaction to proceed via the ABC-mediated

pathway. In this initial study, for the purpose of simplification, the 1,3-dipolar cycloaddition
reaction between symmetrica] maleimide 183 (dipolarophile) and an azide 182 (dipole) was
chosen study to avoid any of the regiochemical concerns outlined in Section 2.2. Therefore
the formation of only one cycloadduct product 184 is possible (Scheme 59).

183 ° 184

Scheme 59 1,3-Dipolar cycloaddition reaction between azide 182 and a symmetrical maleimide 183 to
give a triazoline product 184.

1 2
It was first necessary to choose suitable recognition motifs (i.e. R and R ) that would be

capable of binding to a symmetrical cofactor to promote the formation of the pre-reactive

complex [A*B»C]. The recognition process between amidopyridines and carboxylic acids has
been well documented'1™815. In particular, Hamilton and co-workers[1821 have studied the
interaction between the diamide receptor 185, and various dicarboxylic acid substrates 186,
187 and 188 (Figure 72).

185

n = 1, Glutaric Acid 186
n = 2, Adipic Acid 187
n = 6, Sebacic Acid 188

Figure 72 A diamide receptor 185 capable of recognising dicarboxylic acids via the hydrogen bond
association of an amidopyridine with a dicarboxylic acid.
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They found that the strongest complexes were formed with glutaric 186 and adipic 187 acids
due to their length and steric complementarity with the receptor 185. In fact, the addition of
solid adipic acid 187 to a CDCI3 solution of the diamide substrate 185 led to the rapid
dissolution of the normally insoluble substrate, to form a complex with an association
constant in excess of 105 AT1. 'H NMR spectroscopic studies showed this complex to be of
1:1 stoichiometry. On the other hand, whilst the overly long sebacic acid 188 was found to

form a 1:1 complex with the receptor 185, it had a reduced affinity, with a measured
association constant of 103 AT1. More recently, Goswami et a/[l83] have designed and

synthesised a molecular cleft 189, based on a derivative of a Troger's base, that is capable of

binding dicarboxylic acids (Figure 73).

They found that this host was capable of binding glutaric acid 186, with an association
constant of 1000 AT1 in CDCI3 (though it was necessary to add 2 % d6-DMSO to aid the
dissolution of the relatively insoluble glutaric acid).
Work within our group has also employed similar interactions, and hence, by utilising the

hydrogen bonding interactions between a diacid and azide 190 and maleimide 191, the
formation of the pre-reactive complex [190»191*C] should be promoted allowing the reaction
to proceed via the ABC-mediated reaction pathway (Scheme 60).

A
N N

186

Figure 73 Molecular cleft capable of binding to dicarboxylic acids'1831.
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Scheme 60 ABC-mediated 1,3-dipolar cycloaddition reaction between azide 190, maleimide 191 and a
diacid cofactor C to form triazoline 192.

Again it is expected that by preorganising the reactive partners in this pseudointramolecular
reactive conformation, that a significant rate acceleration will be observed.
Molecular mechanics calculations indicated that glutaric acid 186 would be a suitable diacid
cofactor to promote the formation of the reactive [190*191*C] complex, due to its size and

length complementarity within the cavity provided by the cycloadduct product 192 and its

ability to hold the respective reactive functionalities in close proximity within the complex

[190*191*186] ((a) and (b), Figure 74). These calculations suggest that there are two possible
coconformations that the complex [190*191*186] can adopt.
In the first coconformation, glutaric acid 186 is extended ((a) Figure 74), allowing the
formation of four hydrogen-bonding interactions (dashed lines) with bond lengths and bond

angles varying from 1.80 to 1.93 A (average = 1.87 A) and 152 to 175° (average = 162°),

respectively. The distances between the two reacting atomic orbitals of 190 and 191 in this
case are 2.92 and 3.10 A. In the second possible conformation, glutaric acid 186 adopts a

bent conformation ((b), Figure 74), a process that is most likely driven by the extra

stabilisation afforded from the n-n stacking of the amidopyridine aromatics. Again, this

conformation allows four hydrogen-bonding interactions (dashed lines) with bond lengths and
bond angles varying from 1.81 to 1.89 A (average = 1.84 A) and 169 to 179° (average = 171°),

respectively. Here the distances between the two reacting atomic orbitals of 190 and 191 in
this case are 2.73 and 3.03 A. Coconformation (b) is approximately 30 kJmol"1 lower in

energy than coconformation (a), although both of these conformations hold the atomic orbitals
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of the starting dipole 190 and dipolarophile 191 in a favourable orientation with respect to

each other to promote their reaction.

Figure 74 Representation of the two lowest energy conformations of the ABC complex [190-191 -186].
Showing glutaric acid 186 adopting (a) an extended confromation and (b) a 'bent'
confomation. The possibility of four hydrogen-bonding interactions (dashed lines) and the
molecular orbital overlap of the dipole 190 and the dipolarphile 191 (solid lines) to facilitate
the formation of the triazoline product 192 are also shown.

3.12.1 Preparation of the azide dipole 190
Three equivalents of 2-amino-6-picoline 194 in pre-dried CH2CI2 were added dropwise to

neat 3-(chloromethyl)benzoyl chloride 193 at 0 °C, and the resulting reaction mixture left to
stir at room temperature for 16 hours. After this time, the solvent was removed in vacuo and
the resulting solid residue purified via silica gel column chromatography to afford the pure

product in an almost quantitative yield (Scheme 61). Chloride 195 was then converted into
the target azide using standard nucleophilic displacement by an azide anion, to afford the pure

product 190 in excellent yield without further purification.

Scheme 61 Synthesis of azide dipole 190.

Xi
190
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3.12.2 Synthesis of the maleimide dipolarophile 191
Maleimide 191 was synthesised via the five step synthetic route shown in Scheme 62. The
amino group of 4-(aminomethyl) benzoic acid 196 was first protected using benzyl
chloroformate 197[184] under basic conditions to give the corresponding benzyl carbamate 198
in 79 % yield after recrystallisation from acetone/water. The acid functionality was then
converted to the corresponding benzoyl chloride 199, by treatment with neat thionyl chloride.
It should be noted that when this reaction was performed on quantities of the starting acid 198
above ~1 g, the percentage yield was greatly reduced. After purification via silica gel flash
column chromatography the desired benzoyl chloride 199 was obtained in 65 % yield. A

simple condensation reaction between the benzoyl chloride 199 and 2-amino-6-picoline 194,
under mild conditions, afforded compound 200 in 90 % yield after purification via silica gel
column chromatography. Deprotection of 200 was achieved using HBr in AcOH to afford the
free amine 201 in 78 % yield after neutralisation with NaOH without the need for further

purification. Condensation of the free amine 201 with maleic anhydride 202 in acetic acid
afforded the target maleimide dipolarophile 191 in a 47 % yield after purification via silica gel
column chromatography.
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Scheme 62 Synthesis of maleimide dipolarophile, 191.
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3.12.3 Synthesis of the cycloadduct product 192
Maleimide 191 and azide 190 were dissolved in the minimum amount of CHCI3 required for

dissolution, and subsequently heated to reflux until the reaction was deemed to be complete

by TLC analysis. After purification via column chromatography the triazoline cycloadduct

product 192 was obtained in a moderate yield (Scheme 63).

190 3

o

N N
H

191
o

CHCI3, reflux, 2 d

192 47%

Scheme 63 Synthesis of triazoline cycloadduct 192.

It is interesting to note that a significant amount (34 %) of the corresponding enamine product
203 (Scheme 64) was formed during this reaction. It is believed that the formation of the
enamine may be promoted either by the slightly acidic silica gel used for the purification of
the triazoline product 192 or by trace impurities of HC1 in the CHCI3 solvent used, resulting
in the acid catalysed ring opening of the triazoline product (Scheme 64).

Ft

J

192

R H
I ,N 17 ,N

N " N +H+ N+ " N -N2

0^N-^0 -H+ O^m-^i
J

Where R :

+cr
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N N
H

R-N CI

o^N-^o
J

H

R-N H

0^n^O

203 34%

Scheme 64 Proposed mechanism for the acid catalysed decomposition of the triazoline cycloadduct 192 to
the corresponding enamine 203.
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3.13 Kinetic Analysis
In order to assess the effect, if any, that the recognition process has on the rate of this

1,3-dipolar cycloaddition reaction, it was necessary to perform a suitable control reaction to

measure the rate of the bimolecular cycloaddition reaction. In this case it was possible to

perform the reaction in the absence of the diacid cofactor 186, hence preventing the formation
of the reactive ABC-complex. As this control system results in the removal of acid from the

reaction, it was also necessary to perform the reaction between 190 and 191 in the presence of
two equivalents of a suitable acid, to ensure that any observed rate accelerations were not a

direct result of acid catalysis.
For the operation of the ABC-mediated pathway to be at its most efficient for this system, two

factors must be considered. The first is the strength of the four hydrogen-bonding interactions
that are necessary for the formation of the pre-reactive complex [190-191-C]. The strength of
these hydrogen bonds will decrease as the reaction temperature is increased, and hence, it is

necessary to perform the reaction at the minimum temperature required for the 1,3-dipolar

cycloaddition reaction to proceed, to maximise these interactions within the complex

[190-191-C]. The second factor for consideration is the rate of the competing bimolecular

background reaction. It is necessary to keep this to a minimum, so that any effect that the

recognition process may be having on the rate of the reaction may be observed. The rate of
the bimolecular reaction will be affected both by starting reagent concentration and reaction

temperature. The concentration at which the reaction was performed was controlled by the
limited solubility of the glutaric acid cofactor 186. At concentrations greater than 20 mM,
186 was found to precipitate out of solution, and at concentrations below 20 mM the progress

of the reaction was found to be too slow to allow the collection of accurate data. With regard
to reaction temperature, it was found at a starting concentration of 20 mM with respect to all

reagents in solution, that at temperatures below 50 °C that the course of the reaction was slow
which made the collection of accurate kinetic data difficult. Therefore, optimum conditions
for the reaction between dipole 190, dipolarophile 191 and glutaric acid 186 were determined

to be at a concentration of 20 mM with respect to all reagents, at a temperature of 50 °C in

CDCI3. The course of the reaction was followed by 500 MHz 'H NMR spectroscopy over a

period of 19 hours. The first and last recorded *H NMR spectra are shown in Figure 75.
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Figure 75 Partial 500 MHz !H NMR spectra of the reaction between 190 and 191 recorded in CDC13 at
50 °C at (a) t = 0 and (b) t = 19 h, showing the emergence of product peaks corresponding to
the triazoline cycloadduct product 192.

The product concentrations (curves (a) through to (c) Figure 76) determined via
deconvolution of the resonance peak arising from the CH2 of the maleimide starting material
191 centred on £4.72 against the resonance peak arising form the CH2of the maleimide in the
triazoline product 192 centred on £4.69 are shown in Figure 76.
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Figure 76 Concentration-time profile and bar chart representation for the recognition-mediated reaction
between 190 and 191 in the presence of (a) glutaric acid, 186 (b) no cofactor and (c) 2 eq.
acetic acid.
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It is clear from the results presented in Figure 76, that the presence of the glutaric acid
cofactor 186 results in a two-fold rate acceleration (curve (a), Figure 76) over the analogous
bimolecular reaction (curve (b), Figure 76). Reassuringly, the addition of two equivalents of
acetic acid (curve (c), Figure 76) did not result in an observed rate acceleration, ruling out the

possibility of the rate enhancement being due to simple acid catalysis.
It follows from this study that it should be possible to use other diacid cofactors (Figure 77)
to attain similar, or potentially, better levels of rate acceleration, depending on how the
different cofactors orientate the two reactive functionalities with respect to one another within
the pre-reactive ABC-complex. The commercially available diacid cofactors shown in

Figure 77 were chosen to test this hypothesis, and were all used as received.

Figure 77 Series of diacid cofactors used in ABC-mediated reaction between 190 and 191.

Again optimum reaction conditions of 20 mM concentration with respect to 190, 191 and the

appropriate diacid cofactor were employed so that the results obtained could be directly

compared with those from the original system (Figure 76), which utilises glutaric acid 186 as

the cofactor. The progress of the reaction was followed by 500 MHz *H NMR spectroscopy

and the product concentrations determined via deconvolution of the appropriate peaks arising
from the starting materials and the product. The results from this study are shown in

Figure 78.

Figure 78 Concentration-time profile and bar chart representation for the recognition-mediated reaction
between 190 and 191 in the presence of (a) glutaric acid 186, (b) hexaflouroglutaric acid 206,
(c) (1R, 3S)-(+)-camphoric acid 205, (d) 3,3-tetramethyleneglutaric acid 204 and (e) no
cofactor.
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It is apparent form the results presented in Figure 78 that whilst all of the diacid cofactors do
show a rate enhancement (curves (b) to (d), Figure 78) when compared with the bimolecular
reaction (curve (e), Figure 78), this enhancement is not as large as in the case of glutaric
acid 186 (curve (a), Figure 78).
With the aid of molecular mechanics calculations it was possible to rationalise the relative
inefficiencies of cofactors 204 through 206 in terms of their molecular structure and binding

properties within the complex [190-191 -C]. In the case of (1R, 3S)-(+) camphoric acid 205
and 3,3-tetramethyleneglutaric acid 204, which were the least efficient of the cofactors used,
these cofactors only have limited conformational flexibility when compared with the more

efficient glutaric acid 186. The result of this more rigid structure is that they cannot adapt
their orientation within the pre-reactive complexes [190*191*204] and [190*191*205], to form

optimal hydrogen bonding interactions with the amidopyridine recognition sites. A second
common feature of these cofactors is the geminal non-hydrogen substituents in the middle of
the chain linking the two carboxylic acids - two fluorine atoms in the case of 206 and two

methyl groups in the case of 204 and 205. It is apparent from the lowest energy

coconformations, an example of which is shown in Figure 79, that the presence of these
substituents results in considerable steric crowding within the complex [192*205].

Figure 79 Molecular model showing unfavourable steric interactions between the triazoline cycloadduct
product 192 and (1R, 3S)-(+)-camphoric acid 205, hydrogen bonding interactions are shown
by the dashed lines.

It is therefore proposed that a combination of the reduction of the strength of the

hydrogen-bonding interactions, due to a decrease in complementarity between the recognition
sites and the increased steric crowding within the complexes [190*191*204], [190*191*205]
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and [190191-206] destabilise these complexes, and hence, reduces the efficiency of the
reaction within the [A-B-C] complex by destabilising the transition state leading to the
triazoline product 192.
In comparison, molecular mechanics calculations for the interaction between 190 and 191 and

glutaric acid 186 (Figure 74), indicate the existence of four virtually linear hydrogen-bonding
interactions which hold the cofactor within the complex without inducing any steric

crowding.

3.14 Optimising the design of the Cofactor
There are a number of disadvantages associated with the cofactors used so far. Firstly, as

discussed in Section 3.13, the formation of the pre-reactive complex [190-191-C] relies upon

four hydrogen-bonding interactions, between the diacid cofactors and the amidopyridine

moiety of the two reactants 190 and 191. As the strength of these hydrogen bonds will
decrease with increasing temperature, it would be desirable to perform this reaction at a lower

temperature, thereby increasing the strength of the hydrogen-bonding interactions and

ultimately the efficiency of the reaction within the complex [190-191-C]. Unfortunately, the

high reaction temperature of 50 °C that has been used thus far is necessary to promote

1,3-dipolar cycloaddition reaction between the relatively unreactive 190 and 191
functionalities. However, this relative inactivity could be offset by an increase in the
concentration at which the reaction is performed. Unfortunately, due to the limited solubility
of the diacids used here, this was not possible using these cofactors. A second disadvantage
related to the limited solubility of the cofactors used so far is that the stoichiometrics of the

complexes could not be determined via 'H NMR spectroscopic studies. Therefore, attention
was turned to the design of an alternative diacid cofactor, with enhanced solubility properties.
With the aid of molecular mechanics calculations cofactor 207 was designed (Figure 80).
The backbone of this alternative cofactor 207 is based on glutaric acid 186, as 186 was found
to be the most efficient cofactor of those previously tested. However, the new cofactor 207
now contains a bulky aryl-re/t-butyl solubilising group. It was important to ensure that this

bulky group would not come into close proximity with the cycloadduct product, as this would
cause considerable steric crowding within the pre-reactive complex [190-191-207], which
would cause a decrease in the efficiency of the ABC-mediated reaction pathway, as was

demonstrated by the results shown in Figure 78.
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Figure 80 Lowest energy representation of the cycloadduct product 192 of the cycloaddition reaction
between 190 and 191, bound to the diacid cofactor 207 (hydrogen bonding interactions arc
depicted by dashed lines).

Molecular mechanics calculations performed on the complex [192*207], clearly show

(Figure 80) that the new cofactor 207 is capable of forming four linear hydrogen-bonding
interactions within 192, and is also held in such a manner as to direct the bulky solubilising

group on 207 away from the cycloadduct product 192. It is therefore expected that the

presence of the cofactor 207, should promote the 1,3-dipolar cycloaddition reaction between
190 and 191 through the ABC-mediated reaction pathway.

3.14.1 Synthesis of the alternative diacid cofactor 207
It was initially thought that the proposed diacid cofactor 207 could be synthesised from

diethyl 3-hydroxyglutarate as shown in Scheme 65. In each case, diethyl 3-hydroxyglutarate
208 was added to a pre-dried solution of either base A, B, or C in the appropriate solvent

(Scheme 65), and the resulting reaction mixture left to stir for one hour under an inert

atmospshere. After this time, neat 4-terf-butylbenzyl chloride 209 was added dropwise via

syringe, and the reaction mixtures left to stir for 16 hours at room temperature. After this

time, TLC analysis indicated that in each case all of the starting ester 208 had been consumed.

Unfortunately, in all cases none of the desired coupled product 210 was obtained. It was
found that upon purification via silica gel column chromatography, a colourless oil was
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obtained that appeared to be a single product by TLC analysis. 300 MHz *H NMR

spectroscopic analysis suggested that this was a polymeric compound and not the desired

product. It was thought that the product may have been degrading on the slightly acidic silica

gel column, and hence, the purification process was repeated using neutral alumina. This

purification procedure again afforded the same colourless oil as identified by !H NMR

spectroscopic analysis.

208 209 210 207

Base A = Na, EtOH
Base B = NaH, THF
Base C = K2C03, B18C6, Acetone

Scheme 65 Proposed synthesis of diacid cofactor 207.

Attentions were therefore turned to an alternative route utilising the Mitsunobu reaction

(Scheme 66). The Mitsunobu reaction is commonly used for the synthesis of A-alkyl
maleimides from a wide variety of alcohols[185], but it can also be utilised for the coupling of
two alcohol moieties to form an ether analogue.

(i) DEAD, PPh3, THF EtOzC
rt, 1 h

Et02C C02Et
OH (ii) Reflux, 14 h

\ /==\
208 / A V

211

Scheme 66 Attempted synthesis of the ester 210 via a mitsunobu reaction.

Diethylazodicarboxylate (DEAD) was added dropwise to a solution of diethyl

3-hydroxyglutarate 208 and triphenylphosphine in THF, whilst maintaining a temperature of
between 0-25 °C. Upon the completion of the addition, the reaction mixture was then allowed
to stir at room temperature for one hour. After this time, fe/7-butylbenzyl alcohol 211 was

added and the resulting mixture left to stir at room temperature for a further 12 hours. After
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this time, the solvent was removed in vacuo to afford the crude product as a yellow oil which
was purified via column chromatography. Unfortunately, after purification a colourless oil
was obtained, the 300 MHz *H NMR recorded spectra of which suggested that it was again a

polymeric material. Any attempts to modify this reaction via changing the order of addition
and/or the equivalents of the reagents used as well as the reaction temperature resulted in the
same colourless oil being isolated.
The desired diacid 207 was eventually successfully synthesised via the method shown in
Scheme 67.

cu Cl
(i) [CH3(CH2)3]4N(HS04) cr

50 % Aq KOH, CH2CI2
-15 C, 15 mins

(ii) CI

CI-)—=N 212
CI

rt, 30 mins

Et02C
BF3.Et20, rt, 3 h

CH2CI2 , cyclohexane

E102C' "CQ2Et
OH

208

C02Et

211 213 84% 210 45%

H02C
(i) 1M KOH, EtOH

rt, 16 h

(ii) 1M HCI

Scheme 67 Synthesis of diacid cofactor 207.

4-fcrt-Butylbenzyl alcohol 211 was converted to the corresponding trichloroacetimidate 213
via a base-catalysed condensation with trichloroacetonitrile 2121186' 1871 to afford the desired

product 213 in 84 % yield after purification via silica gel flash column chromatography. The
imidate 213 was then converted to the corresponding ether 210 via a Lewis acid catalysed
reaction'1881 with diethyl 3-hydroxyglutarate 208 in 45 % yield after purification via column

chromatography. The diester 210 was then hydrolysed to the desired diacid 207 using
standard conditions, to afford a colourless solid in 93 % yield after recrystallisation from

hexane/CH2Cl2 to remove the monoester impurity.
The new diacid cofactor 207 was found to have vastly improved solubility properties over the
diacids used previously ie 186, 204, 205 and 206. 207 was found to dissolve in CDCI3 up to

concentrations of 250 mM, without the aid of heating. With this new more soluble cofactor it
was possible to probe the reaction conditions to find optimum conditions for the operation of
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the ABC mediated reaction pathway. However, it was first necessary to assess the effect that
the new cofactor 207 has on the rate of this reaction under the standard conditions used

previously i.e. at a concentration of 20 mM with respect to all reagents in solution, at a

temperature of 50 °C in CDCI3. Again, the course of the reaction was followed using
500 MHz 'h NMR spectroscopy and the product concentrations determined via
deconvolution of the resonance peak arising from the CH2 of the maleimide starting material
191 centred on £4.72 against the resonance arising from the analgous CH2 in the triazoline

product 192 centred on £4.69. The results of this study are shown in Figure 81 (Experiment

(b), Figure 81) against the results from the bimolecular control reaction (Experiment (c),

Figure 81) performed under identical reaction conditions, but in the absence of cofactor 207.
It is apparent from the results presented in Figure 81, that the reaction between 190 and 191
in the presence of the new tert-butyl cofactor 207 (Experiment (b), Figure 81) and in the

presence of the glutaric acid cofactor 186 (Experiment (a), Figure 81) proceed at an almost
identical rates. By comparison of the initial rates (dashed lines, Figure 81) of the reactions it
can be concluded that the both recognition-mediated reactions result in a 2.4-fold rate

acceleration over the analogous bimolecular reaction.
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Figure 81 Concentration-time profile for the recognition mediated reaction between 190 and 191 in the
presence of (a) glutaric acid 186, (b) t-butyl cofactor 207, (c) no cofactor. Dashed lines
represent the initial rates of the respective reactions used to calculate the rate enhancements
observed.

However, the opportunity now exists to increase the concentration at which the reaction is

performed, which should result in the increase in the overall reactivity of the 1,3-dipolar

cycloaddition reaction between 190 and 191. This will allow the temperature at which the
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reaction is performed to be decreased, whilst maintaining a high enough level of reactivity for
the collection of accurate data.

3.14.2 Determining the Stoichiometry of the Complexes between 192 and 207.

Previously, it was not possible to reliably determine the stoichiometry of the complexes
formed between 192 and the appropriate cofactor C by *H NMR spectroscopic studies, due to

the limited solubility of the diacid cofactors used. Now with this more soluble cofactor 207 it
was possible to perform these studies. Complex stoichiometries may be determined by

performing a continuous variation study, more commonly known as a Job plot[189]. This
method involves preparing a series of mixed host (H) and guest (G) solutions of a constant

total concentration [H]t + [G]t, but with variable ratios [G]t/[H]t. These solutions are then

analysed via 'H NMR spectroscopy (or by any other analytical method i.e. absorption

spectroscopy etc) and the change in chemical shift (A8) for any of the resonance peaks arising

from H or G for each solution are plotted as a function of the mole fraction /L
i.e. [G]t/([G]t + [H]t). The presence of an extreme maximum or minimum is indicative of a

strong interaction between the components affording a complex of composition H„Gm. The
value of /L at the extreme (/extr) is related to the complexation stoichiometry according to

Equation 4.

m/n = fextr ! (1 ~ fextr)

Equation 4 Equation relating complex stoichiometry to a measured value at the extreme (/extr) of a plot of
chemical shift change (AS) vs mole fraction (fextr).

Therefore, for example, if there is a maximum at /extr = 0.5 then mln = 1, and the complex can

be of 1:1, 2:2 or of higher stoichiometry. It is important to note that this method only gives
the empirical ratio of the stoichiometric coefficients. The sharpness of the extreme, and

therefore, the precision of the method depends on the complexation strength, and hence, it is

necessary to use a sufficiently high total concentration to observe a well defined peak. It was
due to this required high concentration that it was not possible to obtain an accurate set of data
in the case of the association of glutaric acid 186 by this method, as this cofactor is only
soluble up to a concentration of 20 mM in CHCI3. It is not possible to perform this study

using building blocks 190 and 191 as they will undergo the 1,3-dipolar cycloaddition reaction,
therefore it was necessary to choose a suitable model compound for this study. This

compound must possess the necessary amidopyridine recognition site to allow the
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complexation of the diacid cofactor 207, and have similar electronic properties to 190 and
191, but without the ability to undergo the 1,3-dipolar cycloaddition reaction. Benzamide 214

(Figure 82) was chosen for this purpose as the aromatic substituent constant, for its aromatic

protons H (Gp = 0.00) is in the same order of magnitude as both the 3-furyl substituent

(aP = 0.06) and the azide substituent (aP = 0.08).

214

[2142«207]

Figure 82 Model compound, benzamide 214 and tert-butyl diacid cofactor 207 used for the
stoichiometric Job plot study.

Benzamide 214 was prepared in two steps starting from commercially available benzoic acid
215 (Scheme 68). Benzoic acid 215 was converted to the corresponding acid chloride by

refluxing 215 in neat thionyl chloride. The desired chloride 216 was obtained in 82 % yield
after purification by flash column chromatography. Three equivalents of 2-amino-6-picoline
194 were added dropwise to the neat chloride 216, to afford the desired benzamide 214 in

high yield after purification by column chromatography.

215 216 82% 214 91%

Scheme 68 Synthesis of model compound benzamide 214 for the study of the stoichiometry of the
complex between 192 and diacid 207.

Accordingly, a series of solutions of 192 (H) and 207 (G) were prepared with an overall
constant concentration of 100 mM in CDCI3, and the corresponding spectra recorded via
500 MHz *H NMR spectroscopy. Chemical shifts are concentration dependant, and hence, it
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was also necessary to measure the chemical shifts of the free guest (207) and free host (192)
i.e. without interaction, at each value of fL, and subtract these values from the observed values

for complexed [H]t + [G]t. This experiment was performed at temperatures of 27 °C and

50 °C, the results of which are shown in Figure 83.

Figure 83 Job plots for 192 and 207 at a total concentration of 100 mM recorded at 25 degrees
(diamonds) and 50 degrees (squares).

It is apparent that at 27 °C (shaded diamonds, Figure 83) there is a maximum at

approximately fL - 0.42, which corresponds to an average complex stoichiometry of 1.4:1. In

contrast to this, at 50 °C (shaded circles, Figure 83) there is a maximum at approximately

/L= 0.37, which corresponds to an average complex stoichiometry of 1.7:1. As all of the

complexes that are present in solution are in fast exchange a time-averaged spectra will be

observed, and hence, the observed maxima in each case is actually an average stoichiometry
of the complexes present. Surprisingly, at 50 °C there appears to be a higher proportion of the

2:1 complex present (/extr = 0.37) than at 25 °C (/extr = 0.42), although at a lower temperature
the reverse situation is expected due to the increasing strength of hydrogen-bonding
interactions at lower temperatures. Although this study is not quantitative, it does strongly

suggest that there are both the 2:1 [190*191*207], and the 1:1 [190*207], [191*207], complexes

present in solution.
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3.15 Defining a kinetic model
In order to generate more informative estimates of the rate constants for the

recognition-mediated reaction between 190 and 191 in the presence of 207, and the
bimolecular reaction between 190 and 191 in the absence of 207, it was necessary to define
kinetic models that describe the chemical pathways leading to the products in each case.

Firstly, the bimolecular reaction between 190 and 191 is considered. The kinetic model

depicted in Figure 84 takes into account the irreversible formation of the triazoline

cycloadduct 192, as a result of the 1,3-dipolar cycloaddition reaction between dipole 190 and

dipolarophile 191.

k|
Dipole (190) + Dipolarophile (191) Triazoline-192

Figure 84 Kinetic model used to describe the bimolecular reaction between dipole 190 and dipolarophile
191 to afford triazoline 192. k\ represents the forward rate constant.

This model was entered into a kinetic simulation and fitting programme SIMFIT[190] which
allows the bimolecular kinetic model to be simulated and fitted to the experimentally
observed data. This simulation gave a good fit (solid line, Figure 85) to the experimentally
determined rate profiles (open squares, Figure 85) and enabled the rate constant k\ presented
in Figure 85 to be extracted.
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Figure 85 Concentration-time profile for the bimolecular 1,3-dipolar cycloaddition reaction between 190
and 191 performed at a concentration of 20 mM with respect to all reagents, in CDC13 at a
temperature of 50 °C. The open squares correspond to the experimentally determined data and
the solid line to the best fit of the experimental data to the appropriate kinetic model. kx
represents the forward rate constant generated from the simulation and fitting of the kinetic
model (Figure 84) of the bimolecular reaction.
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Having established the rate of the bimolecular reaction between 190 and 191 it was necessary

to define a kinetic model to take into account all the pathways leading to product formation
for the recognition-mediated reaction between 190 and 191 in the presence of 207. The
derived model is shown in Figure 86.

190 + 191

190 + 207

191 +207

191 + [190*207]

190+ [191*207]

191 + [191*207]

190+ [190*207]

[190*191*207]

190 + [191*192]

191 + [190*192]

192 + 207

ko

k3

k2

k3

k2

k3

k2

k3

k2

k3

k2

k3

k4

ko

k3

k2

k3

k5

kr

192

[190*207]

[191*207]

[191*190*207]

[190*191*207]

[191*191*207]

[190*190*207]

192

[192*207]

[192*207]

:±r [192*207]

Where 190 = Dipole
191 = Dipolarophile
192 = Triazoline product
207 = Cofactor

l y Bimolecular Reaction

I % 1:1 Complex Formation

I % 2:1 Complex Formation

Pseudo-Intramolecular
Reaction

l Reaction with complex

I y Binding of Cofactor within
the Product

Figure 86 The kinetic model used to describe the chemical behaviour of the recognition-mediated
1,3-dipolar cycloaddition reaction between the dipole 190 and the dipolarophile 191. kt and k4
represent the forward rate constants for the bimolecular and recognition-mediated formation of
192, respectively. K2 and K3 represent the association and dissociation constant associated with
the all the 1:1 complexes that may be formed, respectively. K5 and K6 represent the
association and dissociation constant associated with the binding of the cofactor within the
product 192, respectively.
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In order to enter this kinetic model into the SIMFIT programme the measurement of the
association constants for the 1:1 complexes associated to the binding of 190 or 191 to 207 and
also the binding of the cofactor 207 to the triazoline product 192 i.e. [192-207], was required.
An estimated value of Ka = 50 M~x was attributed to the 1:1 complexes, a value obtained from
an analogous binding study outlined in Section 4.17.1, The association constant for the

complex [192*207] was calculated by a 500 MHz 'H NMR spectroscopy titration method (for
full experimental details, refer to Section 5.5) at 50 °C in CDCI3. The chemical shift changes
of an aromatic proton of the host 192 were recorded over a range of concentrations of added

guest 207, and the resulting data fitted using a non-linear curve fitting programme11911. This

study gave an estimated value for the association between 192 and 207 to be

Ka = 750 ± 40 M1 (Figure 87).

Guest Concentration / mM

Figure 87 The titration curve obtained for the binding constant determination between 192 and 207. The
open squares represent the experimentally determined chemical shifts and the solid line
represents the best fit. Data was collected at 50 °C, in CDC13 via 500 MHz *H NMR
spectroscopy.

It is interesting to note that based on the approximation of the association constant of the 1:1

complexes [190*207] and [191*207] of Ka = 50 AT1, that a much larger value, in the region of
2500 AT1 would be expected for the Ka of the complex [192*207], The measured Ka for this

complex of only 750 Mx suggests that the cofactor is bound more weakly to the product than
it is to the two starting reagents, and hence, catalytic turnover may well be achievable within
this system.

Having measured the corresponding association constants it was possible to fit the

experimentally determined data to the kinetic model described in Figure 88 using the SIMFIT

programme. This simulation gave a good fit (solid line, Figure 88) to the experimentally
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determined rate profiles (open shapes, Figure 88) and enabled the rate constant k4 presented
in Figure 88 to be extracted.

Triazoline-192

£4 (s"1) 4.34 x 10~5

Figure 88 Concentration-time profile for the bimolecular 1,3-dipolar cycloaddition reaction between 190
and 191 in the presence of 207 performed at a concentration of 20 mM with respect to all
reagents, in CDCI3 at a temperature of 50 °C. The closed squares correspond to the
experimentally determined data and the solid line to the best fit of the experimental data to the
appropriate kinetic model. K4 represents the forward rate constant generated from the
simulation and fitting of the kinetic model (Figure 86) of the psewcfointramolecular reaction.

It is possible to determine the kinetic effective molarity (kEM) for this system by direct

comparison of the calculated rates of the bimolecular and pseMdointramolecular 1,3-dipolar

cycloaddition reactions according to Equation 2. The kEM represents the degree of
transition state stabilisation that is afforded by the recognition process. If the kEM > 1 the

process is considered to be efficient and conversely if kEM < 1 the process is considered to be
inefficient.

k4 -1
kEM = = —V— = M

/c, W s

Equation 2 Kinetic effective molarity (kEM) expressed in M and where k4 and kj represent the forward
rate of the AB-mediated and bimolecular reaction, respectively.

From substituting the calculated values of k\ and k4 into Equation 2 a value of 310 mM was

obtained for the kEM. This low value of the kEM suggests that the operation of the

recognition-mediated pathway is inefficient, although at the starting concentrations employed
here a rate enhancement is still observed. This relative inefficiency of the

recognition-mediated reaction is most likely a result of the large entropic cost associated with
the preoraganisation of the three starting reagents to form the pre-reactive complex

Time /mins

131



[190191-207]. This entropic cost will manifest itself as an increase in the activation barrier
of the subsequent reaction. Therefore for a kEM > 1 to be observed for this system, the
transition-state stabilisation afforded by the recognition process must be greater than the
increase in the activation barrier to the reaction (Figure 89). Within this system, under the
reaction conditions employed so far this is clearly not the case.

Bimolecular control
Reaction

Recognition-mediated
Reaction

190+191

190+191

192

[190-191-C]

If a{ag*) > AGabc then kEM > 1

If A(AG*) < AGabc then kEM >1

192

Figure 89 Schematic representation of a thermodynamic profile for a bimolecular reaction and an
ABC-mediated reaction. The zero energy point is set at the energy of the uncomplexed
reactants.

3.16 Optimisation of the efficiency of the ABC-mediated reaction

Having shown that the reaction between 190 and 191 in the presence of the new tert-butyl
cofactor 207 results in an almost identical rate of reaction to the analogous reaction in the

presence of glutaric acid 186, attention was turned to the investigation of the reaction
conditions employed i.e. by the variation of the temperature and/or the concentration. As
discussed earlier, it is expected that at lower reaction temperatures we might expect to see a

further enhancement in the rate accelerations observed for the recognition-mediated reactions
and a subsequent increase in the calculated kEM's for the systems. This hypothesis is based

upon the expected increase in the strength of the hydrogen-bonding interactions, and hence,
an increase in the stability/strength of the reactive complex [190-191-207] at these lower
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temperatures. Accordingly, the reaction between 190 and 191 was studied at concentrations
of 100 mM and 50 mM in CDCI3, with respect to all reagents in solution at temperatures

varying between 27 and 50 °C. The course of the reactions were followed by 500 MHz

*H NMR spectroscopy over a period of 19 hours, and the product concentrations were again
determined via deconvolution of appropriate resonance(s) arising from the product against

appropriate resonance(s) arising from the starting materials. Firstly, we shall consider the

results obtained when the reaction was performed at a temperature of 50 °C, at starting
concentrations with respect to 190, 191 and 207 of 50 and 100 mM.
It is more instructive in this case to present the results in terms of reaction percentage

completion rather than product concentration, due to the variation of the reagents starting
concentration.
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Figure 90 Reaction percentage completion-time profiles for the recognition-mediated (closed squares)
and the non-recognition-mediated (open squares) reactions between 190 and 191 in CDC13 at
50 °C. Reactions performed at starting concentrations of (a) 100 mM and (b) 50 mM. The
dashed lines correspond to the initial rates of reaction.

It is clear from the results presented in Figure 90 that at starting concentrations of both 50 and
100 mM that the background bimolecular reaction rate is relatively fast when compared with
the analogous recognition-mediated reactions at the same concentration. It can be concluded
that at a concentration of 100 mM, by comparison of the initial rates of reaction (dashed lines,

(a) Figure 90) that the presence of the cofactor 207 results in a modest 1.8-fold rate

enhancement over the analogous bimolecular reaction rate at this concentration (closed and

open squares respectively, (a) Figure 90). Conversely, at a starting concentration of 50 mM a

2.6-fold rate acceleration is observed for the recognition-mediated reaction over the
bimolecular reaction (closed and open squares respectively, (b) Figure 90). Note that a

concentration of 20 mM with respect to 190, 191 and 207, a 2.4-fold rate acceleration was
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observed for the recognition-mediated process over the bimolecular reaction (curves (b) and

(c) respectively, Figure 81). From these initial observations it can be concluded that there are

two opposing factors that influence the rate enhancements achieved through the operation of
the ABC-mediated reaction pathway. On the one hand the increase of the starting reactant

concentrations results in a significant increase in the rate of the bimolecular reactions relative
to the respective recognition-mediated reactions. This causes a decrease in the rate

enhancement achieved. A situation that is exemplified by the decrease in the rate

enhancement achieved by the recognition process when a starting concentration of 100 mM is

employed compared with the rate enhancements observed at 20 and 50 mM. On the other

hand, the higher starting reagent concentrations results in an increased probability of the
formation of the pre-reactive complex [190*191*207]. As a result of this further rate

enhancements would be expected. This situation is illustrated by the improved rate

enhancements observed at a reagent starting concentration of 50 mM. It can therefore be
concluded that at a starting concentration of 50 mM that the background bimolecular reaction
is sufficiently slow and the concentration of the pre-reactive complex [190*191*207] present
in solution high enough to result in further rate enhancements for the ABC-mediated reaction

pathway.
It is again possible to extract rate constants for the bimolecular and recognition-mediated
reactions using the kinetic models described in Figure 84 and Figure 86 respectively. Firstly
the 1,3-dipolar cycloaddition reaction between 190 and 191 performed at a concentration of
100 mM will be considered (Figure 91).
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Figure 91 Concentration-time profile for the bimolecular 1,3-dipolar cycloaddition reaction between 190
and 191 (open squares) and the recognition-mediated reaction between 190 and 191 in the
presence of 207 (closed squares). Both reactions were performed at a concentration of
100 mM with respect to all reagents, in CDC13 at a temperature of 50 °C. The symbols
correspond to experimentally determined data and the solid lines to the best fit of the
experimental data to the appropriate kinetic model. k\ and k4 represent the forward rate
constant of the bimolecular and recognition-mediated reactions respectively.
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Using the SIMFIT programme a good fit (solid lines, Figure 91) to the experimentally
determined rate profiles was obtained (shapes, Figure 91). This allowed the rate constants

corresponding to the bimolecular k\ and the psewdointramolecular &4 reactions shown in

Figure 91 to be extracted.

By direct comparison of these calculated rate constants, in accordance with Equation 2, a

kEM of 360 mM was obtained for this system. This value again suggests that the transition
state stabilisation afforded by the recognition process is still not sufficient to overcome the

subsequent increase in the activation barrier to reaction brought about by their

preorganisation to form [190-191-207],
For comparative purposes, the experimental data obtained for the recognition-mediated and
bimolecular reactions at a starting concentration of 50 mM was fitted to the kinetic models
discussed previously. This simulation and fitting gave an excellent fit (solid lines, Figure 92)
to the experimental data and accordingly the rate constants depicted in Figure 92 were

extracted.
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Figure 92 Concentration-time profile for the bimolecular 1,3-dipolar cycloaddition reaction between 190
and 191 (open squares) and the recognition-mediated reaction between 190 and 191 in the
presence of 207 (closed squares). Both reactions were performed at a concentration of 50 mM
with respect to all reagents, in CDC13 at a temperature of 50 °C. The symbols correspond to
experimentally determined data and the solid lines to the best fit of the experimental data to the
appropriate kinetic model. k\ and k4 represent the forward rate constant of the bimolecular and
recognition-mediated reactions respectively.

These calculated values for the rate constants correspond to a kEM of 560 mM for this

system. Although this value shows that at a starting concentration of 50 mM that the system

is operating more efficiently than at 20 or 100 mM, it is apparent that any transition state

stabilisation is still not sufficient to overcome the increase in activation barrier to the reaction.

This result is however encouraging and it was therefore expected that a further decrease in the
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reaction temperature will not only facilitate the formation of the ABC-complex, via the
enhancement of the hydrogen-bonding interactions that hold the complex together, but will
also decrease the rate of the bimolecular background reaction, the combined result of which
should be an enhancement of the observed rate accelerations and efficiency within the system.

Accordingly, the reaction between 190 and 191 in the presence and absence of the diacid
cofactor 207 was performed at 40 °C to assess the effect that a decrease in temperature has on

the efficiency of this system. The results from this study are shown in Figure 93.
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Figure 93 Reaction percentage completion-time profiles for the recognition-mediated (closed squares)
and the non-recognition-mediated (open squares) reactions between 190 and 191 in CDCI3 at
40 °C. Reactions performed at starting concentrations of (a) 100 mM and (b) 50 mM. The
dashed lines correspond to the initial rates of reaction.

It is immediately apparent that the 10 °C decrease in reaction temperature has a dramatic
effect on the rate of both the recognition-mediated reaction between 190, 191 in the presence

of 207 and the bimolecular reaction between 190 and 191, at starting concentrations of both
100 and 50 mM. More importantly, the decrease in reaction temperature also serves to

enhance the rate accelerations observed for the recognition-mediated reactions. At a starting
concentration of 100 mM, the presence of the tert-butyl cofactor 207 now results in a 4.8-fold
rate acceleration when compared to the rate of the bimolecular reaction at the same

concentration (closed and open squares respectively, (a) Figure 93). At 50 °C, the analogous
reaction only afforded a 1.8-fold rate acceleration over the bimolecular reaction acceleration

((a) Figure 90). Also, at a starting concentration of 50 mM, the presence of the tert-butyl
cofactor 207 results in a 3.7-fold rate acceleration (curves (b) and (c) respectively, (b)

Figure 93) in comparison to only a 2.6-fold acceleration for the same reaction at 50 °C ((b)

Figure 90). This increase in the observed rate acceleration at both concentrations is attributed
to the increased efficiency of the ABC-mediated 1,3-dipolar cycloaddition reaction between
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190 and 191 due to the formation of a stronger/more stable pre-reactive complex

[190*191*207] through enhanced hydrogen-bonding interactions. It is also interesting to note,

that at 40 °C the reaction between 190, 191 in the presence of 207 at a starting concentration
of 100 mM results in a higher rate acceleration than the analogous reaction at a starting
concentration of 50 mM. This is a reversal of the result obtained for the identical reactions at

50 °C, where the reaction between 190, 191 and 207 was most efficient at a starting
concentration of 50 mM. Although we would expect the background bimolecular rate of the

cycloaddition reaction to be higher at elevated starting concentrations, as is demonstrated by
the results obtained in the study at 50 °C (Figure 90), this effect is offset by a combination of

(i) the increased probability of the formation of the pre-reactive complex [190-191-207] at

higher concentrations and (ii) the increase in the strength of the hydrogen-bonding
interactions within this complex at the lower reaction temperature. As before the

experimental data for was fitted to the kinetic models described previously (Figure 84 and

Figure 86) the results of which are shown in Figure 94.
It was therefore expected that a further reduction in the reaction temperature that this effect
would further enhance the rate accelerations observed.

Accordingly, the reactions were again repeated at starting concentrations of 50 mM and
100 mM concentrations with respect to all reagents in solution, but now at a reaction

temperature of 27 °C. The progress of the reactions and the product concentrations were

analysed as described above. The results obtained from this study are shown in Figure 95.
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Figure 94 Concentration-time profiles for the bimolecular 1,3-dipolar cycloaddition reaction between 190
and 191 (open squares) and the recognition-mediated reaction between 190 and 191 in the
presence of 207 (closed squares). All reactions were performed at a temperature of 40 °C in
CDC13 at a starting reagent concentration of (a) 100 mM and (b) 50 mM. The symbols
correspond to experimentally determined data and the solid lines to the best fit of the
experimental data to the appropriate kinetic model. k\ and k4 represent the forward rate
constant of the bimolecular and recognition-mediated reactions respectively.

As predicted the reduction of the reaction temperature resulted in a further enhancement of
the rate accelerations observed for the recognition-mediated reaction between 190 and 191 in
the presence of 207, at a concentration of 50 mM. At this concentration a 4.3-fold rate

acceleration was observed ((b), Figure 95) for the recognition-mediated over the bimolecular

reaction, in comparison to a 3.7-fold rate enhancement recorded for the analogous

recognition-mediated reaction performed at 40 °C. However, when the reaction is performed
at a starting concentration of 100 mM a slight decrease in the rate enhancement is observed
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(4.2-fold, (a), Figure 95) in comparison to the results obtained for this concentration at 40 °C

(4.8-fold).
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Figure 95 Concentration-time profiles for the recognition-mediated (closed squares) and the non-
recognition-mediated (open squares) reactions between 190 and 191 in CDC13 at 27 °C.
Reactions performed at starting concentrations of (a) 100 mM and (b) 50 mM. The dashed
lines correspond to the initial rates of reaction.

Once more it is proposed that these results are due to a mixture of an increase in the strength
of the hydrogen-bonding interactions that serve to form the pre-reactive complex

[190*191*207], which serves to increase the efficiency of the system and an increase in the
rate of the bimolecular reaction at elevated concentrations which serves to decrease the

apparent efficiency of the ABC-mediated reaction pathway.
In order to gain further insight into the effect that the decrease in the reaction temperature and

varying concentrations has on the efficiency of the system the experimental data was again
fitted to the kinetic models described in Figure 84 and Figure 86. The resultant rate

constants derived from this fitting process are shown in Figure 96.

139



200 400 600 800 1000
Time / mins

Triazoline-192

(M'V1) 4.96 x 10 6

kA (s"1) 9.99 x 10"6

g

C
o

TO
i-
4-^

c
0)
o
c
o
o
4-»

o
D
■O
o

CL

(a)

0.014—1

(b)

0.0025n

Triazoline-192

*1 (M'V1) 3.10 x 10
-6

£4 (S1) 4.16 x 10
-6

0.0020:

0.0015^

0.0010:

0.0005-

200 400 600 800 1000
Time / mins

Figure 96 Concentration-time profiles for the bimolecular 1,3-dipolar cycloaddition reaction between 190
and 191 (open squares) and the recognition-mediated reaction between 190 and 191 in the
presence of 207 (closed squares). All reactions were performed at a temperature of 27 °C in
CDCI3 at a starting reagent concentration of (a) 100 mM and (b) 50 mM. The symbols
correspond to experimentally determined data and the solid lines to the best fit of the
experimental data to the appropriate kinetic model, ki and k4 represent the forward rate
constant of the bimolecular and recognition-mediated reactions respectively.

These calculated values of the rate constants were once again converted to more meaningful
kEM's. It was found that at concentrations of 100 mM and 50 mM that the EM values were

2.0 M and 1.4 M respectively. These values indicate that the operation of the ABC-mediated
reaction pathway at this temperature is far more efficient than at the higher temperatures
studied previously. As discussed in Section 3.15 when kEM > 1 the system is considered to

be efficient. In this case the increased strength of the four hydrogen-bonding interactions

brought about by a decrease in the reaction temperature is enough to offset the high entropic
cost of preorganising the three reagents to form the pre-reactive complex [190* 191-207].
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Having significantly improved the efficiency of the operation of the ABC-mediated reaction

pathway for this 1,3-dipolar cycloaddition reaction attentions turned to the study of the

catalytic properties of this system.

3.17 Achieving Catalytic Turnover
So far throughout this chapter it has been shown that ABC-methodology can be successfully

applied to a wide variety of chemical reactions and systems to effect, in some cases,

significant rate enhancements over the respective bimolecular control reactions. However,
one of the initial aims of this methodology was to demonstrate catalytic turnover, an objective
that is yet to be realised. For catalytic turnover to be achieved it is essential that upon the

completion of one reaction cycle that the cofactor is released back into solution, so that it can
re-enter the ABC-mediated reaction pathway. It is proposed that due to the relatively low
association constant of 750 AT1 obtained for the product-cofactor complex [192*207] that this

may be possible within this system. In order to test this hypothesis the ABC-mediated
reaction between 190 and 191 in the presence of less than stoichiometric amounts of the
cofactor 207 was studied. As the system was found to operate at its most efficient when a

reaction temperature of 27 °C was employed, this temperature was chosen for the study.

Accordingly, the reaction between 190 and 191 was performed at a concentration of 50 mM
with respect to 190 and 191 in CDC13 at a temperature of 27 °C in the presence of 0.5 molar

equivalents of 207. The product concentration was determined as before, and the results
from this study are shown in Figure 97.
It is apparent from the data shown in Figure 97 that the rates of 1,3-dipolar reaction between
190 and 191 in the presence of 1 equivalent and 0.5 equivalents of cofactor 207 are almost
identical. It can therefore be concluded from this study that upon formation of the triazoline

product 192 that the diacid cofactor 207 is bound only weakly within the cavity provided by
this product, and hence can be released back into solution, to complete the catalytic cycle.
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Figure 97 Concentration-time profile for the recognition-mediated reactions between 190 and 191 in the
presence of 1.0 eq. and 0.5 eq. of 207 (closed and open squares, respectively) and the
corresponding uncatalysed bimolecular reaction between 190 and 191 (open triangles). All
reactions were performed at a concentration of 50 mM with respect to 190 and 191 in CDC13 at
27 °C.

In summary, this section has demonstrated the acceleration of a 1,3-dipolar cycloaddition
reaction through the application of an ABC-mediated reaction pathway. It has been shown
that the efficiency, and hence, enhancements observed for this reaction can be improved via
the refinement of the reaction conditions. Subsequently it was shown that a reduction in the
reaction temperature results in an increase in the efficiency of the ABC-mediated reaction

pathway due to the increased stability of the pre-reactive complex [190-191/207]. The ability
of the system to operate catalytically was also demonstrated through the use of only 0.5 molar

equivalents of the cofactor. It was found that the subsequent reaction proceeded at an almost
identical rate in the presence of 0.5 and 1.0 equivalents of the diacid cofactor 207. It should
be noted that whilst the rate accelerations that have been observed throughout this section are

modest, at best a 4.8-fold, the large entropic cost of non-covalently tethering three separate

reagents must be taken into account. Although the hydrogen-bonding interactions that
mediate the complex formation, will to some extent, compensate for this entropic cost through
low frequency vibrations, it will still be considerable.

3.18 Using ABC-methodology to control the stereochemical outcome of a Diels-Alder

cycloaddition reaction

Having established that ABC-methodology can be applied to a variety of chemical reactions,
attentions were subsequently turned to the study of a more stereochemically interesting
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reaction. It was hoped that the ABC-methodology could be applied to influence the
steroechemcial outcome of such a reaction. For this purpose the Diels-Alder reaction was

chosen.

3.18.1 The Diels-Alder reaction

Since the Diels-Alder reaction was first reported by Diels and Alder[192], it has been one of the
most frequently employed synthetic methods for the construction of six-membered and

polycyclic ring systems'-193,194-1. It is, therefore a reaction of great importance as a method for
the preparation of natural products and of physiologically active molecules1193, 194]. It is of

particular use in this area due to the "simultaneous" formation of two bonds with the
introduction of up to four new asymmetric centres, as well as being high yielding under mild
reaction conditions. It is generally accepted that this reaction proceeds via a concerted

mechanism, although a few examples of stepwise[195], biradical[196] and ionic[197] mechanisms
have been reported in the literature.

3.18.2 Stereo- and Regioselectivities observed in the Diels-Alder reaction.
The approach of the diene and dienophile in a Diels-Alder reaction is always suprafacial ie
the new bonds are formed on the same side of the 7t-bond, and hence, any stereochemistry

present in the starting materials will be retained in the product. It is a result of the orientation
of the diene and dienophile with respect to one another that leads to the formation of the
observed endo and exo cycloadduct products.
Due to the synthetic importance of the Diels-Alder reaction, there has been increasing interest
in the development of artificial methods to increase the rate and selectivities observed in this
reaction[198]. In particular, the development of artificial enzyme-like catalysts for the
Diels-Alder and other pericyclic reactions has been the subject of much recent study[199 203].
This is owing to the fact that one of the critical features for the success of these catalysts is
their ability to selectively bind and stabilise the transition state of the reaction[204]. The

uncomplicated mechanism and the possibility of using specific binding to overcome the

entropic demands of their ordered transition state makes the Diels-Alder reaction an attractive

target for this methodology. An example of this approach was presented by Sanders et al[205].
They found that it was possible to accelerate the hetero-Diels-Alder reaction between

pyridylbutadiene 217 and 3-nitrosopyridine 218 by a variety of metalloporphyrin trimers

(Scheme 69). They found that in the presence of the trimer 220 that the subsequent

cycloaddition reaction to afford 219 was accelerated by 1030-fold relative to the control
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reaction in the absence of the trimer. They also report that this host-guest complex has an

association constant of 2.3 x 108 in CH2CI2.

Scheme 69 Prophyrin trime used12051 to acclerate the hetero Diels-Alder reaction between 217 and 218.

In addition they have rearranged the product 219 to the 1,2-disubstuted pyrrole
221[206] (Scheme 70) and hope to induce this change within the porphyrin trimer in the hope of

observing catalytic turnover.

■J6
219 221

Scheme 70 Rearrangement of Diels-Alder product 219 to a 1,2-disubstituted pyrrole 221.

Work within these laboratories'207'2081 has also focused on controlling the stereochemical
outcome of the Diels-Alder cycloaddition via the use of molecular recognition (Scheme 71).
It was proposed that the hydrogen bonding interaction between maleimide (diene) 191 and
furan (dienophile) 223 to form the pre-reactive duplex [191*223] would not only faciltate the

subsequent cycloaddition reaction, but also control the approach of the diene and the

dieneophile in proceeding to the respective transition states. Molecular mechanics
calculations suggested that this recognition process would serve to favour the formation of the
endo cycloadduct 224.
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Scheme 71 Recognition-mediated reaction between diene 223 and dienophile 191.

In order to assess the effect that the recognition process was having on the outcome of the
Diels-Alder reaction, the bimolecular reaction between 226 and 223 was also measured

(Scheme 72).

co2h

226 223

Scheme 72 Bimolecular Diels-Alder reaction between diene 223 and dienophile 226.

It was reported that the bimolecular reaction between 223 and 226, in CHCI3 at 50 °C afforded
a mixture of stereoisomers of 7:1 in favour of the endo-221 cycloadduct. In contrast to this,
under identical conditions, the recognition-mediated reaction between 191 and 223 afforded a

mixture of stereoisomers of approximately 6000:1 in favour of the endo-224 cycloadduct.
The resulting thermodynamic and kinetic effective molarities (tEM and kEM respectively)
were calculated to be 10.3 M and 63 mM, which indicates that the stabilisation of the ground

state of the endo-224 cycloadduct was the dominating factor governing the outcome of the
AB-mediated reaction.
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To assess the effect that ABC-methodology has on the stereochemical outcome of a

Diels-Alder reaction, the system shown in Scheme 73 was studied. This system is based on

the recognition between an amidopyridine and a dicarboxylic acid, in an analogous manner to

the system successfully employed to accelerate the rate of the 1,3-dipolar cycloaddition
reaction outlined in the previous section.

Here, the Diels-Alder reaction between a 3-aryl furan (diene) 229 and maleimide (dienophile)
191 can proceed to afford the endo-23\ and/or the exo-230 cyloadduct products.
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Scheme 73 ABC-mediated Diels Alder reaction between diene 229 and dienophile 191.

3.19 Preparation of the furan diene 229
The desired furan diene 229 was synthesised in 4 steps starting from the commercially
available 4-iodo benzoyl chloride 232 (Scheme 74).

o

232

A
w //

N NH2
01 194

rt, 18 h
CH2CI2

i) BuLi, THF, -78 °C

ii) BOMe3
Br -30 °C - rt, 3 h

O

N N
H

234

233 87%

A
B(OH)2

235 54%

Pd(PPh3)4, LiCI

aq NaH0O3, EtOH
90 °C, 15 h 229 76%

Scheme 74 Preparation of furan diene 229.
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The reaction of benzoyl chloride 232 with commercially available 2-amino-6-picoline
afforded 194 in 87 % yield after purification via column chromatography. The desired furan
229 was prepared via the palladium catalysed Suzuki coupling reaction between aryl iodide
233 and boronic acid 235 in good yield after purification via column chromatography.
Maleimide 191 was prepared as described previously (Scheme 62).

3.19.1 Preparation of the endo-231 and exo-230 cycloadducts
In order to be able to accurately assign the resonances arising from the product protons for the
exo-230 and endo-231 cycloadducts in subsequent kinetic studies, it was necessary to isolate
and fully characterise these stereoisomers. Accordingly, one equivalent of furan 229 and one

equivalent of maleimide, 191 were heated to reflux for two days in the minimum volume of

CHCI3 required for dissolution of the corresponding starting reagents (Scheme 73). After this

time, the reaction mixture was allowed to cool to room temperature, which caused a mixture
of the corresponding stereoisomers products to precipitate out of solution. These mixtures
were recrystallised from MeOH/Ch^Ch in an attempt to obtain the pure exo-230 and endo-
231 stereoisomers. Unfortunately, it was only possible to obtain the exo cycloadduct, 230 as a

single stereoisomer.
The stereochemistry of this isomer was confirmed by standard 'H NMR and 2-D NMR

spectroscopic studies. Careful consideration of the structure of each isomer suggested that the
main difference in the 'H NMR spectrum would lie in the 3Jh,h coupling between the protons

H14/H15 and H16/H17 (Figure 98).

Figure 98 Numbering diagram for the Diels-Alder cycloadduct. Although the numbering of the
7-oxanorbornene derivative system represented in Figure 98 is arbitrary, it will be employed
throughout this chapter.

The Karplus[209] relationship suggests that the 3Jh,h coupling between the protons H14/H15 and
H16/H17 should be very small for the exo isomer, as the molecular mechanics calculations for
this isomer show that the dihedral angle is approximately 78°, hence Jhm-his ~ 0.

Conversely, the dihedral dihedral angle is smaller for the endo isomer (39°), and hence, due
to the Karplus relationship 3Jhi4,his» 0 (Figure 99).
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Therefore we should expect to observe a singlet for the resonance arising from H14 and H17
for the exo cycloadduct whereas two doublets, one from each proton, should be observed for
the resonances arising from these protons for the endo cycloadduct. Additionally, the
dihedral angle between the H15 and H16 is approximately the same for both cycloadducts and
as a result the coupling constant should be common for both isomers.

H14

Endo

Cycloadduct

Dihedral angle

h16-h17|
|_|14_|_j 15 r 39.1°

Exo

Cycloadduct

Dihedral angle
.,16 i_i17,

79.7°
h16-h17l
h14-h15J

Figure 99 Dihedral angle determination in the endo and exo structures, respectively. For clarity, the aryl
substituent has been omitted.

Indeed as can be clearly seen from the recorded spectra shown in Figure 100, this

cycloadduct can be identified as the exo cycloadduct due to the characteristic singlet

corrsesponding to the resonance arising from H14 and a doublet with 3Jh,h - 1-7 Hz

corresponding to the resonance arising from H17, centred on 8 5.69 and 5 5.28 respectively.
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Figure 100 Partial 500 MHz H NMR spectra of ejco-230 recorded in CDCf at 27 °C, showing the
characteristic resonances arising from the protons of the 7-oxanorbornene ring system
(Figure 98).
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3.20 Kinetic Studies

Due to the previous success of using glutaric acid 186 as the required cofactor to mediate the
ABC reaction pathway, preliminary studies were performed on the system shown in Scheme
73 using this cofactor. Optimum conditions for the reaction between diene 229, dienophile
191 and glutaric acid 186 were determined to be at a concentration of 20 mM with respect to

all reagents, at a temperature of 50 °C in CDCI3. The course of the reaction was followed by
500 MHz !H NMR spectroscopy over a period of 18 hours, and the product concentrations

(closed circles, Figure 101) were determined via deconvolution of the resonances arising

from H14 and H17 centred on £5.69 / 8 5.28 and £5.59-5.58 / £5.41-5.39 for the exo-230 and

endo-231 cycloadducts respectively. In order to assess the effect, if any, that the recognition

process has on the outcome of the Diels-Alder reaction under these conditions, the
bimolecular reaction between 191 and 229 was also studied under identical conditions (open

circles, Figure 101).
It is apparent from the comparison of the initial rates of reaction (dashed lines, Figure 101)
that the recognition-mediated process (closed circles, Figure 101) effects a modest 2.3-fold
rate enhancement of the Diels-Alder reaction over the analogous bimolecular reaction (open

circles, Figure 101).
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Figure 101 Reaction percentage completion-time profiles of the recognition-mediated (closed circles) and
the non-recognition-mediated (open circles) Diels-Alder reactions between 191 and 229 in the
presence of and absence of cofactor 186, respectively. Both reactions were performed at
starting concentrations of 20 mM with respect to all reagents in solution in CDCI3 at a
temperature of 50 °C. Dashed lines correspond to the initial rates of reaction used to calculate
rate enhancement.

However, a more interesting picture arises when the ratio of the stereoisomers exo-230 and
endo-231 are considered (Figure 102).
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Figure 102 Reaction percentage completion-time profiles for (a) the non-recognition-mediated (open
shapes) and (b) the recognition-mediated (closed shapes) Diels-Alder reactions between 191
and 229 in the presence of and absence of cofactor 186, respectively. In both cases the square
markers correspond to exo-230 and the triangle markers to endo-231. Both reactions were
performed at starting concentrations of 20 mM with respect to all reagents in solution in CDCI3
at a temperature of 50 °C.

It is evident that after 18 hours the stereoisomer ratio evo-230:endo-231 is approximately 1:1
for the bimolecular Diels-Alder reaction between 191 and 229 (open squares and triangles

respectively, (a) Figure 102). Conversely, after the same period of time in the

recognition-mediated reaction the formation of exo-230 (closed squares, (b) Figure 102) is
enhanced by 80 % (corresponds to 3.6-fold by comparison of initial rates) in comparison to

the bimolecular formation of exo-230, whereas the recognition-mediated formation of
endo-231 is actually suppressed by 4 % in comparison to its bimolecular formation.

3.20.1 Defining a kinetic model
As before, in order to calculate the rate constants associated with the recognition-mediated
reaction between 191 and 229 in the presence of 186, and the bimolecular reaction between
191 and 229, it was necessary to define kinetic models that describe the chemical pathways

leading to the products in each case. Firstly, the bimolecular process will be considered. The
kinetic model shown in Figure 103, takes into account the reversible formation of both the
exo-230 and endo-231 cycloadducts, as a result of the Diels-Alder reaction between diene 229
and dienophile 191.
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Diene (229) + Dienophile (191)
fri

k2

Exo- 230

^3
Diene (229) + Dienophile (191) *" Endo- 231

k4

Figure 103 Kinetic model used to describe the bimolecular reaction between diene 229 and dienophile
191. k\ and k3, represent the forward rate constants and k2 and k4 represent the backward rate
constants for the formation of exo-230 and endo-231.

This model was entered into the SIMFIT programme which allowed the bimolecular kinetic
model to be simulated and fitted to the experimentally observed data. This simulation gave an

excellent fit (solid line, Figure 104) to the experimentally determined rate profiles (open

shapes, Figure 104) and enabled the rate constants presented in Table 4 to be extracted.
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Figure 104 Concentration-time profile for the bimolecular Diels-Alder reaction between 191 and 229 in
the absence of 186, showing the formation of exo-230 (open squares) and the endo-231 (open
triangles). The reaction was performed at starting concentration of 20 raM with respect to 191
and 229 in CDC13 at a temperature of 50 °C. Solid lines correspond to best fit of the
experimental data to the appropriate kinetic model.

Table 4 Kinetic parameters generated from the simulation and fitting of the bimolecular reaction model
of the Diels-Alder reaction between 191 and 229.

Exo-230

kx (AT1 s"1) 2.25 x 10"4

k-2 (s'1) 2.67 x 10"7

Keq 842.70

Endo-231

^3 (Afl s"1) 2.15 x 10"4

k4 (s"1) 1.93 x 10"6

111.40
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Where 229 = Diene
191 = Dienophile
230 = Exo
231 = Endo
186 = Cofactor

exo-230

endo-231

[230*186]

[231*186]

[191*229*186]

[191*229*186]

[191*191*186]

[229*229*186]
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I Bimolecular Reaction

dj) 1:1 Complex Formation

l % 2:1 Complex Formation

"=> Pseudo-Intramolecular
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l y Binding of the cofactor within
the Product

l Reaction with complex

Figure 105 The kinetic model used to describe the chemical behaviour of the recognition-mediated
Diels-Alder reaction between the diene 229 and the dienophile 191. kj through to k4 represent
the forward rate constants for the bimolecular formation of exo-230 and endo-231. k7 through
to k/o represent the forward rate constants for the recognition-mediated formation of exo-230
and endo-231 respectively. K5 and K6 represent the association and dissociation constant
associated with the all the 1:1 complexes that may be formed, respectively. Kn and KI2
represent the association and dissociation constant associated with the binding of the cofactor
within the products, respectively.
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In order to generate rate constants for the recognition-mediated Diels-Alder reaction between
191 and 229 in the presence of 186, the kinetic model depicted in Figure 105 was employed.
This model was entered into the SIMFIT programme which allowed the /wewdointramolecular
kinetic model (Figure 105) to be simulated and fitted to the experimentally observed data.
This simulation gave an excellent fit (solid line, Figure 106) to the experimentally determined
rate profiles (open shapes, Figure 106) enabling the rate constants presented in Table 5 to be
extracted.

Time / mins

Figure 106 Concentration-time profile for the recognition-mediated Diels-Alder reaction between 191 and
229 in the presence of 186, showing the formation of exo-230 (closed squares) and the
endo-231 (closed triangles). The reaction was performed at starting concentration of 20 mM
with respect to 191 and 229 in CDC13 at a temperature of 50 °C. Solid lines correspond to best
fit of the experimental data to the appropriate kinetic model.

Table 5 Kinetic parameters generated from the simulation and fitting of the recognition-mediated
reaction model of the Diels-Alder reaction between 191 and 229.

Exo-230 Endo-231

k7 (s"1) 1.24 x 10"4 k9 (s"1) 6.30 x 10~5

00 6.30 x 10~6 *io (s"1) 1.32 x 10~5

Keq 19.68 Keq 4.77

From these calculated rate constants, values of 560 miH and 290 mM were calculated for the

kEM's corresponding to the formation of exo-230 and endo-231 cycloadduct products. These
values suggest that recognition process to form the pre-reaactive complex [191-229-186]
orientates the reacting atomic orbitals of the diene 229 and dienophile 191 such that the
formation of exo-230 is favoured. In other the words the transition state of exo-230 is
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stabilised, and the diene 229 and dienophile 191 are preorganised to react with one another to
form exo-230 from the recognition-mediated Diels-Alder reaction between 191 and 229.

Conversely, values of 232 mM and 428 mM were calculated for the tEM's corresponding to

the formation of exo-230 and endo-231 respectively. These values suggest that the endo

cycloadduct ground state is more stable than the exo cycloadduct ground state, a result that is
not unexpected as endo-231 is able to remain bound to the diacid cofactor 186

((i) Figure 107), whereas this binding interaction is not possible for the linear exo cycloadduct
230 ((ii) Figure 107).

(0

Figure 107 Representations of the lowest energy conformations of the (i) endo-231 bound to glutaric acid
186 to form complex [231-186] showing the possibility of four hydrogen-bonding interactions
(dashed lines) and (ii) exo-230.
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It should be noted that both the kEM and tEM have values of less than 1.0 M. As discussed in

Section 1.6 in the case of the kEM this relative inefficiency is a result of the large entopic cost
associated with the preorganisation of the three starting reagents to form the pre-reactive

complex [191*229*186] causing an increase in the activation barrier for the

recognition-mediated reaction that is larger than the stabilisation afforded in the transition
state and ground state respectively.

3.21 Optimisation of the conditions for the operation of the ABC-mediated Diels-Alder
reaction between 191 and 229.

It was found that when the reaction temperature and reagent concentration was decreased and
increased respectively, for the ABC-mediated 1,3-dipolar cycloaddition reaction

(Section 3.16) that the efficiency of the recognition-mediated reaction could be significantly
enhanced. In order to investigate the effect that this would have on the bimolecular
Diels-Alder reaction between 191 and 229 and the recognition-mediated reaction between 191
and 229 in the presence of the tert-butyl cofactor 207 both reactions were performed at a

concentration of 50 mM with respect to all reagents in solution at a temperature of 27 °C.

Firstly, the bimolecular control reaction between 191 and 229 will be considered.
As expected, the ratio of exo-230:endo-231 products (open squares:open triangles

respectively, Figure 108) from the bimolecular reaction was found to be approximately 1:1
under these conditions.

Time / mins

Figure 108 Concentration-time profile for the bimolecular Diels-Alder reaction between 191 and 229
showing the formation of exo-230 (open squares) and the endo-231 (open triangles). The
reaction was performed at starting concentration of 50 mM with respect to 191 and 229 in
CDC13 at a temperature of 27 °C. Solid lines correspond to best fit of the experimental data to
the appropriate kinetic model.
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As before, in order to obtain more instructive values of the rate constants for the bimolecular

and reaction the experimentally determined data was fitted to the kinetic model depicted in

Figure 103. In this case a good fit was obtained to the experimental data (solid lines,

Figure 108), which allowed the rate constants presented in Table 6 to be determined.

Table 6 Kinetic parameters generated from the simulation and fitting of the bimolecular control reaction
of the Diels-Alder reaction between 191 and 229.

Exo-230 Endo-231

k\ (AfV1) 5.17 x 10"5 k3 (ATV1) 6.39 x 10"5

k-2 (s"1) 1.54 x 1CT8 k4 (s"1) 6.69 x 10~6

Keq 3.40 x 103 Keq 9.55

Conversely, when the recognition-mediated reaction between 191 and 229 in the presence of
207 was performed under identical reaction conditions, the product ratio was found to be 2:1
in favour of the exo-230 stereoisomer (Figure 109).

Time / mins

Figure 109 Concentration-time profile for the recognition-mediated Diels-Alder reaction between 191 and
229 in the presence of 207, showing the formation of exo-230 (closed squares) and the
endo-231 (closed triangles). The reaction was performed at starting concentration of 50 mM
with respect to 191 and 229 in CDCI3 at a temperature of 27 °C. Solid lines correspond to best
fit of the experimental data to the appropriate kinetic model.

Once more, the experimentally determined data was fitted to the kinetic model depicted in

Figure 105 (solid lines, Figure 109) allowing the rate constants presented in Table 7 to be
determined.
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Table 7 Kinetic parameters generated from the simulation and fitting of the recognition-mediated
reaction model of the Diels-Alder reaction between 191 and 229.

Exo-230 Endo-231

k7 (s"1) 5.55 x 1(T5 k9 (s"1) 2.56 x 10"5

h (s"1) 2.22 x 10"5 kw (s_1) 2.17 x 10"5

Keq 2.50 Keq 1.18

By comparison of the forward rate constants, values of 1.07 M and 0.40 M were calculated for
the kEM's corresponding to the formation of exo-230 and endo-231 cycloadduct products.
These values suggest that recognition process to form the pre-reactive complex [191'229*207]
orientates the reacting atomic orbitals of the diene 229 and dienophile 191 such that the
formation of exo-230 is favoured. In other the words the transition state of exo-230 is

stabilised, and the diene 229 and dienophile 191 are preorganised to react with one another to
form exo-230 to a larger extent than endo-231 from the recognition-mediated Diels-Alder
reaction between 191 and 229. It is also interesting to note that the kEM for the formation of
exo-230 is now >1.0 M which reflects the significant increase in the efficiency of the
ABC-mediated reaction pathway at this lower reaction temperature and mirrors the results
obtained for the ABC-mediated 1,3-dipolar cycloaddition reaction (Section 3.16). This result

suggests that the increased strength of the four hydrogen-bonding interactions brought about

by a decrease in the reaction temperature is enough to offset the high entropic cost of

preorganising the three reagents to form the pre-reactive complex [191,229*207].

Conversely, comparison of the equilibrium constants for the recognition-mediated and
bimolecular reactions afforded values of 7.35 x 10"4 and 0.12 corresponding to the tEM for the
formation of exo-230 and endo-22>\. These values suggest that the ground state of endo-231
is stabilised to a larger extent than that of exo-231. Although the endo product ground state is
stabilised to a greater extent than that of exo-221 the associated tEM is still less than one,

indicating that this stabilisation is not enough to offset any entropic disadvantage associated
with the preorganisation of the reagents. It is therefore the preorganisation of the reagents

within the complex [191*229-207] that is the dominating effect in determining the
stereochemical outcome of this reaction, which by comparison of the kEM's for the exo and
endo procducts favours the formation of exo-230.
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3.21.1 Summary
In summary this section has demonstrated that the observed exo selectivity for the

recognition-mediated Diels-Alder reaction between 191 and 229 in the presence of 186 or 207
is due to the respective diacid cofactor C pre-organising the diene 229 and dienophile 191 in
such a manner that the largest proportion of reactive coconformations favour the formation of
this cycloadduct. It has also been shown that a reduction in the reaction temperature results in
an increase in the efficiency of the ABC-mediated reaction pathway due to the increased

stability of the pre-reactive complex [191'229-C].

3.22 Overall conclusions

This Chapter has outlined the rational design of a series of systems that are able to achieve

significant rate accelerations, and where appropriate, stereoselectivities through the operation
of an ABC-mediated reaction pathway.

Firstly, an imine formation reaction between an amine 159 and an aldehyde 160 was shown to

be significantly accelerated in the presence of a cationic cofactor, although it was not possible
to prove beyond doubt if this acceleration was due to the operation of an ABC-mediated
reaction pathway or an autocatalytic cycle. In an extension of the use of a cationic cofactor to
mediate an ABC-mediated reaction pathway, an aldol condensation reaction between two

derivatised crown ethers, aldehyde 160 and a ketone 174 was studied. In the presence of one

equivalent of potassium the subsequent reaction was found to be significantly accelerated, and

through a series of control experiments, this rate enhancement was attributed unequivocally to

the operation of an ABC-mediated reaction pathway.
This methodology was then applied to a 1,3-dipolar cycloaddition between an azide 190 and a

maleimide 191 utilising the recognition process between two amidopyridines and a

dicarboxylic acid. It was again shown that via the operation of an ABC-mediated reaction

pathway that rate enhancements for the recognition-mediated reactions over the analogous
bimolecular reactions could be achieved. The subsequent redesign of the diacid cofactor

employed in this system allowed the reaction conditions to be refined. Through this
refinement it was demonstrated that the efficiency of the reaction within the ABC-complex
could be significantly improved via the reduction of the reaction temperature. A result that
was attributed to the increased stability of the complex [190-191-C] due to an increase in the

strength of the hydrogen bonding interactions that held it together. This increased efficiency
was confirmed through the calculated kinetic effective molarity for the system at this

temperature of 2.0 M. At higher temperatures the kEM's were calculated to be < 1 M

indicating that the cost of preorganising the reagents in the complex [190-191*C] was greater
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than the transition state stabilisation brought about by the recognition process. Through the

comparison of the Ka for the complex [product-cofactor] with the Ka of the 1:1 complexes

(750 and 42 AT1 respectively) it was predicted that turnover could be achieved in this system,

due to the weaker binding of the cofactor to the product than to the two starting reagents.

This was indeed proved to be the case by performing the reaction in the presence of only 0.5

equivalents of the cofactor. Under these conditions the rate of the resulting 1,3-dipolar

cycloaddition reaction was found to be enhanced to the same extent as the reaction in the

presence of 1.0 equivalent of the same diacid cofactor.

Finally, it was demonstrated that the ABC-methodology could be extended to the more

stereochemically interesting Diels-Alder reaction. In the absence of a cofactor it was shown
that the reaction between a diene 229 and dienophile 191 gave an approximate 1:1 ratio of the
endo:exo products. Conversely, under identical reaction conditions this reaction was shown
to be exo selective.

Overall it has been shown that ABC-methodology can be applied to a wide variety of
reactions and systems to effect significant rate accelerations and product stereoselectivities.
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4. Self-Replicating Systems

4.1 Designing a potential self-replicating system?
From the discussion of self-replicating systems in Section 1.7, it is apparent that very small
differences in the overall structure of the starting materials, and hence, the template formed,
can have a profound effect upon the operation and efficiency of a self-replicating system.

Within this research group'2101, a successful minimal self-replicating system, based upon the

1,3-dipolar cycloaddition reaction between nitrone 236 (dipole) and maleimide 97

(dipolarophile), (Scheme 75) has been designed and developed.

o
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CDCI3

-Ph

RO2C Q

R = H, 237
R = Me, 238

10C

C02R
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R = Me, 240

Scheme 75 Minimal self-replicating system developed by Philp and Allen'[210]

The reaction between 236 and 97 can lead to the formation of two isomeric templates T, the
trans- and the czs-isoxazolidines, 237 and 239 respectively. Molecular mechanics calculations

suggested that the trans template 237 should be of the correct geometry to promote the
formation of products via the ternary complex [97*236*237], and hence, through an

autocatalytic mechanism. These calculations also suggested that the trans template would

promote its own formation over that of the cis product 239, and hence, should result in the
transfer of stereochemical information. On the other hand, these calculations suggested that
the cis template 239 is not of the correct geometry to template the reaction leading to the
formation of either, a direct copy of itself, or of the trans steroisomer 237 through the ternary

complex [97-236\239].
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In the design of this successful replicating system, it was necessary to ensure that the

competing AB-mediated reaction cannot occur, a feature that was exemplified by a potential

self-replicating system designed by Rebek et a/[107-108] discussed in Section 1.7.2. The

suppression of this reaction pathway for the system depicted in Scheme 75 was achieved via
the incorporation of a phenyl spacer unit between the recognition and reactive sites on 236.
This spacer unit ensures that the reacting atomic orbitals of the dipole 236 and dipolarophile
97 are held too far apart, with respect to each other, for the subsequent cycloaddition reaction
to occur within the AB complex [97*236],
In order to assess the effect that the recognition process has on the outcome of this reaction the
reaction between 236 and model compound 100 was used as a measure of the bimolecular
reaction. Here the hydrogen-bonding site between the pyridine nitrogen of 236 and the

hydroxyl proton of 97 has been blocked preventing the formation of the ternary complex.

They found that at a concentration of 25 mM with respect to 100 and 236 in CDCI3 at a

temperature of 10 °C that the bimolecular control reaction results in a 4:1 mixture of the
stereoisomers in favour of the Trcms-isoxazolidine 238 after a reaction time of 17 hours (lines,

Figure 110).
In contrast to this, the recognition-mediated reaction between 97 and 236, which is capable of

forming the potentially catalytic ternary complexes [97*236*237] and [97*236*239] via

complementary hydrogen-bonding interactions, was found to proceed at a significantly faster
rate than the corresponding bimolecular reaction under identical conditions (shapes,

Figure 110).
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Figure 110 Concentration-time profile for the reaction between nitrone 236 and malemide 97 (trans isomer
represented as filled circles, cis isomer as open circles) and for the bimolecular reaction (trans
isomer as a solid line, cis isomer as a dashed line). Data taken from reference 210.

More importantly a sigmoidal shaped curve, indicative of autocatalysis, was observed for the
formation of the fra/zs-isoxazolidine cycloadduct 237 (filled circles, Figure 110), whereas a
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curve indicative of a second order bimolecular process was observed for the formation of the

corresponding czs-isoxazolidine cycloadduct 239 (open circles, Figure 110).
The observation of a sigmoidal rate profile alone is not sufficient proof of the operation of a

self-replicating mechanism. It is also necessary to perform a series of control experiments.
One method of proving that a system is operating via the proposed autocatalytic cycle is to

dope the reaction with preformed product template, T. This will result in the disappearance of
the observed initial lag period if a self-replicating mechanism is operating, as the bimolecular
formation of T is no longer required. Accordingly, 40 mol % of the preformed
trans-isoxazolidine template 237 was added to a starting mixture of 97 and 236 and the

progress of the corresponding reaction followed under identical conditions to those employed

previously. It is clear from the recorded concentration-time profile (Figure 111), that the
addition of preformed template 237 not only resulted in the loss of the initial lag period, but
also further enhanced the rate of formation of 237. It should also be noted that the rate of

formation of the cA-isoxazolidine cycloadduct 239, remained unchanged, indicating that

cross-catalysis does not occur within this system. This result provides strong evidence for the

autocatalytic nature of the formation of the trans isoxazolidine cycloadduct 237 from the

starting reagents 97 and 236.

Time / min

Figure 111 Concentration-time profile for the reaction between nitrone 236 and maleimide 97 (trans
isomer represented as a solid line and cis isomer as a dashed line) and for the reaction between
97 and 236 doped with 40 mol % of template 237 (trans isomer represented as filled circles, cis
isomer as open circles). Data taken from ref 210.

4.1.1 Designing a self-replicating system based upon thermodynamic control
It is evident from the system outlined above that it is indeed possible to utilise a minimal

self-replicating cycle for the successful transfer of stereochemical data. It is also apparent that

although the autocatalytic cycle did result in the selective amplification of one of the
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diastereoisomers (trans), the other diastereoisomer (cis) is still present in solution as result of
the system operating under kinetic control. It would therefore be desirable to design a

self-replicating system that operates under thermodynamic control, through the use of a

reversible reaction. In theory, by using a reversible reaction, if one of the diastereoisomeric

templates that is formed is not of the correct geometry to catalyse its own formation, it will

undergo the reverse process back to the original starting materials, which can then react to

form the diastereoisomeric product of the correct geometry for self-replication to take place.

Hence, over time, the system should be self 'error-checking', and should give only one

diastereoisomeric product. The success of this methodology will depend on the influence that
the recognition process has on the equilibrium of the system. If the recognition process alters
the equilibrium such that the formation of one of the diastereoisomers is favoured in

preference to the other, over time, only this diastereoisomer will be formed in preference to its

counterpart.

There are two ways that chemical equilbria can be altered through the use of a recognition

process, these being (i) stabilisation of the product ground state and (ii) stabilisation of the
transition state leading to the product.

Firstly, the effect that stabilizing the product ground state through a recognition event will be
considered. If one diastereoisomeric product is energetically more stable than the other due to

the persistence of any stabilising non-covalent interactions, then its formation will be favoured
over its counterpart, but more importantly its reaction equilibrium will be shifted to the right to
favour the product, limiting the reverse reaction. In this case, the reactants are said to be

predisposed to react with one another to give one particular diastereoisomer over the other.
The overall effect of this selective product stabilisation would be that more of the

non-recognition mediated product of the reaction will undergo the reverse reaction to starting

materials, and hence, over time only one diastereoisomeric product will be formed. This being
the product stabilized diastereoisomer. An example of the recognition-mediated control and
acceleration of a Diels-Alder reaction through selective product stabilisation was presented in
Section 1.6 (Scheme 16).

Now, the effect that selective transition state stabilisation has on the chemical equlibria of a
reversible reaction will be considered. If the recognition process is such that only one of the
diasteroisomers is of the correct geometry to form the prereactive ternary complex that it is

necessary for self-replication, then the transition state of this complex will be stabilized in

comparison to the transition state of the other diastereoiosmer that is not capable of catalysing
its own formation. As a direct result of this stabilisation, the activation barrier to reaction

leading to this transition state will be decreased relative to that of the other diastereoisomer.
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The overall effect of this selective transition state stabilisation is that the forward rate of the

recognition-mediated reaction (&f) will be faster than that of the non-recognition mediated
reaction. If the rate of the analogous reverse reactions is unchanged the equilibria of the

recognition-mediated process will be shifted to the right to favour product formation.
In both of these cases, the net result is that the reaction equlibria for the formation of one of
the diastereoisomers lies further to the right i.e. with product formation than that of the other.

Hence, over time, this diastereoisomer will be formed at the expense of the other.
To assess whether stereochemical information could indeed be induced in this manner,

attentions turned to the design of a potential self-replicating system based upon a reversible
reaction.

4.2 Design features of a self-replicating system
In the design of a self-replicating system there are three major components to consider, these

being

(1) The recognition motifs

(2) The reactive functionalities, and hence, the covalent bond forming reaction
and

(3) The spacer unit between the reactive functionalities and the recognition motifs

With these features in mind, and with the aid of molecular mechanics calculations, the system

depicted in Scheme 76, based upon the reversible [4tt + 2tc] Diels-Alder cycloaddition
reaction between furan 229 and maleimide 97.

o

o

97

Scheme 76 Diels-Alder reaction between dicnc 229 and dicnophilc 97 to afford two possible stereoisomers,
exo-241 and endo-242.
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4.2.1 The recognition motifs
The recognition motif chosen here is the extensively studied hydrogen bonding interaction
between an amidopyridine unit and a carboxylic acid (for an overview of this recognition

motif, see Section 3.12). This particular motif was chosen to mimic, as closely as possible,
the recognition process used previously in our laboratories in the successful self-replicating

system outlined above.

4.2.2 The covalent bond forming reaction
In order to ensure that the system operates under thermodynamic control a reversible covalent
bond forming reaction is required. It is important that the reaction used for this study is not

only mechanistically simple but also well understood (for a more detailed discussion of the
Diels-Alder reaction, see Section 3.18.2) to ensure that an accurate kinetic model for the

system can be derived. For these reasons, the [47t + 2n] Diels-Alder cycloaddition reaction
was identified as the candidate reaction, since it is both reversible and mechanistically well
understood.

4.2.3 The spacer unit
It is important that the spacer unit is of a sufficient length to ensure that the corresponding

reacting atomic orbitals of the diene 229 and the dienophile 97 are too far apart for the
Diels-Alder reaction to occur if the reagents adopt an AB-type coconformation. This will

prevent the formation of the cycloadduct products occurring via the faster AB-mediated
reaction pathway (for a full overview of AB-mediated reactions, see Chapter 2), which in turn

should favour the formation of the products via the autocatalytic cycle (Scheme 17). As a

result of previous success in the use of a phenyl spacer unit for this purpose molecular
mechanics calculations were employed to ascertain if this unit would be suitable for the

system outlined in Figure 112. Accordingly, a set of low energy conformations were

generated for the AB-complex [97*229] (Figure 112) via a Monte Carlo conformational

search, and the resulting structures were subsequently minimised using the AMBER*
forcefield. Conformations whose energies were more than 50 kJ from the global minimum
were rejected during the search and the subsequent set of conformations were sorted on the
basis of energy. The distances (Figure 112) between the atomic orbitals of the diene 229 and
the dienophile 97 (di and d2) were determined for conformations whose energies were within
15 kJ of the minimum energy conformation. This data was used to generate a scatter plot

(Figure 112) in which the locations of individual conformations are plotted as a function of
these two distances. It is clear from this data that the distances between the atomic orbitals of
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the diene 229 and the dienophile 97 (di and d2) range from 4.5 to 8.3 A, and hence, are held
too far apart for the Diels-Alder reaction to occur within the AB-complex [97-229], This

assumption is based on Menger's^36] proposal that "if two groups are held such that a water

molecule can situate itself between them, the groups are not in proximity". Since the water

molecule is 3 A in diameter, it is proposed that when the appropriate reacting atomic orbitals
are held at distances less than 3 A that they are within proximity to react.

Figure 112 Lowest energy representation of the AB-complex [97-229] and scatter plot showing the
distances between the reaction atomic orbitals on diene 229 and dienophile 97 (dj and d2)
present in the twelve lowest energy conformations of the complex [97-229],

4.4 A theoretical study of the proposed self-replicating system

The Diels-Alder reaction between 97 and 229 can form two possible stereoisomeric products,
these being the exo-241 and endo-242 cycloadducts (Scheme 76). Molecular mechanics
calculations performed on the cycloadducts suggest that only the exo-241 template is of the
correct geometry to replicate itself (Figure 113).
It is apparent from the minimised energy structure depicted in Figure 113, that due to the
linear nature of the exo-241 stereoisomer, the formation of the ternary complex [97-229-241]
via four hydrogen-bonding interactions (horizontal dashed lines, Figure 113), holds the

starting diene 229 and dienophile 97 in a favourable conformation with respect to one another
to promote their reaction.

166



Figure 113 Representation of the lowest energy conformation of the exo-241 template T in the ternary
complex [97-229-T] to facilitate the formation of the exo product. The possibility of four
hydrogen-bonding interactions (dashed lines) and the molecular orbital overlap of the diene 97
and the dienophile 97 (solid lines) are illustrated.

Conversely, the energy minimised structure of the ternary complex [97*229*242] based on

endo-242 as the template, clearly shows (Figure 114) that the diene and the dienophile are not

held in a favourable orientation with respect to one another to promote their reaction

(Figure 114). Here, the atomic orbitals of the starting diene 229 and dienophile 97 are held at

a distance of greater than 5 A apart, and hence, the Diels-Alder reaction cannot occur within
this complex.

Figure 114 Representation of the lowest energy conformation of the endo cycloadduct 242 in the ternary
complex [97-229-242]. Showing the possibility of four hydrogen-bonding interactions (dashed
lines). Here the molecular orbitals of the diene 229 and dienophile 97 are too far apart to
undergo reaction to form the endo cycloadduct, and hence, the endo product is not capable of
templating its own formation.
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As a result of the molecular modelling, it is proposed that the formation of the exo-241
stereoisomer will proceed via an autocatalytic cycle (Scheme 77), whilst the formation of the
endo-242 stereoisomer will proceed bimolecularly. If this hypothesis is correct, an increase in
the amount of the exo-241 product formed at the expense of the endo-242, should be observed
over time.

Diene (229) + Dienophile (97)

Scheme 77 Proposed autocatalytic cycle for the formation of the exo-241 cycloadduct product from the
Diels-Alder reaction between 97 and 229. (Horizontal and vertical dashed lines represent
hydrogen-bonding interactions and atomic orbital overlap, respectively).

4.5 Designing a bimolecular control system
In order to assess the effect, if any, that recognition processes have on the outcome of the
Diels-Alder reaction between 97 and 229, it was first necessary to design a suitable control

system to measure the bimolecular outcome of the reaction. This system must mimic the
electronic properties of the potential self-replicating system as closely as possible, but without
the possibility of forming the ternary complex [97-229-T] (Scheme 78). With these factors in
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mind, control compounds 100 and 243 were designed and synthesised. Here, the

amidopyridine NH recognition site on 229 has been methylated, hence blocking this

hydrogen-bonding site. The second hydrogen-bonding interaction between the aromatic

nitrogen of 229 and the hydroxyl of acid 97 has also been blocked by conversion of the acid
into the corresponding methyl ester 100. It is therefore possible to block both recognition sites

by effecting only slight changes to the original recognition diene 229 and dienophile 97.

Scheme 78 Control system designed to measure the outcome of the bimolecular Diels-Alder reaction
between diene 243 and dienophile 100.

4.5.1 Preparation of dienophiles 97 and 100

Recognition dienophile, maleimide 97 was synthesised in one step from glycine 246

(Scheme 79). Glycine 246 was added to one equivalent of maleic anhydride 202 in analytical

grade (AR) acetic acid and the resulting reaction mixture left to stir at room temperature

overnight to form the maleamic acid intermediate 247. After this time the resulting reaction
mixture was heated to reflux to promote cyclisation to maleimide 97. After purification by

recrystallisation from CH2CI2 /hexane the desired maleimide 97 was obtained in a modest
41 % yield.
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The control dienophile 100 was subsequently prepared in one step from the acid 97

(Scheme 79). Maleimide 97 was alkylated with methyl iodide using cesium carbonate as the

required base. After purification by flash column chromatography, this method afforded the
desired product 100 in 63 % yield.

4.5.2 Preparation of recognition diene 229 and control diene 243
The recognition diene, furan 229 was synthesised as described previously (Section 3.19).
Control diene 243 was synthesised in three steps starting from commercially available

2-amino-6-picoline 194 (Scheme 80).

N NH?

194

NaOMe, MeOH

O
18 h, rt

H^H
N N

246

A
235 b(oh)2

Pd(PPh3)4, LiCI
aq NaHC03, EtOH

90 °C, 15 h

(i) NaBH4

(ii) 1M KOH

O

N

ch3

248 87%

n nh

ch3
247 89%

ch2ci2, rt, 18 h

O

CI

232

Scheme 80 Synthesis of control diene 243.
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Primary amine 194 was treated with sodium methoxide and para-formaldehyde in methanol
to afford the intermediate imine 246. This was subsequently reduced using sodium

borohydride in situ, to afford the iV-methyl derivative 247 in good yield after purification.
The desired furan diene 243 was prepared using the palladium catalysed Suzuki coupling
reaction between aryl iodide 248 and boronic acid 235 via an analogous route to that

employed for the synthesis of the recognition furan 229.

4.5.3 Preparation of the etido-242, 245 and exo-241, 244 cycloadducts
In order to be able to accurately assign the resonances arising from the product protons for the
exo and endo cycloadducts in subsequent kinetic studies, it was necessary to isolate and fully
characterise these stereoisomers. This was achieved through a series of small scale reactions

(Scheme 81).

co2r1

R = H, 229
R = Me, 243

CHCI3
R/R' = Me, exo-244

reflux, 2 d

C02R1

R = H, 97
R = Me, 100

C02R1

R/R1 = Me, endo-245

Scheme 81 Synthesis of exo and endo cycloadduct products for full *H NMR spectroscopic analysis.

One equivalent of the appropriate furan, 229 or 243 (R = H or Me, respectively) and one

equivalent of the appropriate maleimide, 97 or 100 (R = H or Me, respectively) were heated to
reflux for two days in the minimum volume of CHC13 required for dissolution of the

corresponding starting reagents. After this time, the reaction mixture was allowed to cool to
room temperature, which caused a mixture of the corresponding stereoisomeric products to

precipitate out of solution. These mixtures were recrystallised from MeOH/CH2Cl2 in an

attempt to obtain the pure exo and endo stereoisomers. Unfortunately, in both cases, it was

only possible to obtain the exo cycloadducts, 241 and 244, as single stereoisomers.

171



4.6 }H NMR spectroscopic assignment of the exo and endo cycloadduct products
The exo and endo fused ring skeletal structures formed as a result of Diels-Alder reaction are

more formally known as oxabicyclo[2.2.1]heptenes, and the arbitrary numbering that will be
used throughout this chapter for these skeletal protons is shown in Figure 115.

9
U-\ CO2Rc N—^

PH3 {

Figure 115 The numbering system used for the oxabicyclo[2.2.1]heptene skeletal structures.

It was possible to assign the exo and endo stereoisomers using 500 MHz *H NMR

spectroscopy. In the case of the exo isomer, considering only the protons attached to the
3 7fused ring skeletal structure (ie H through H ), molecular mechanics calculations show that

the dihedral angle between H6 and H4 is approximately 78°. Therefore, from the Karplus

relationship, it can be deduced that the 3/h,h coupling constant between H6 and H4 will be
very small (see Section 3.19.1 for dihedral angle calculations, Figure 98). Therefore, one
would expect to observe an apparent singlet for the resonance arising from H6. This is indeed
the case for the exo cycloadduct products 241 and 244 (Figure 116).

hod

ppm

Figure 116 Partial 500 MHz *H NMR spectra of exo-241 recorded in DMSO at 31 °C showing the
oxabicyclo[2.2.1]heptene skeletal protons that are characteristic of the exo cycloadduct.
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The full assignment of all the resonances arising from the exo stereoisomers was further
confirmed via COSY, {'H-^C} Heteronuclear Multiple Bond Correlation (HMBC) and

{'H-^C} Correlation (HMQC) experiments.
In contrast to this situation, the much smaller dihedral angle of 39° between H6 and H4 in the
endo stereoisomers, results in a much larger Jh,h coupling constant between these protons as

result of which the observation of a multiplet is expected for the resonance arising from H6,
for the endo products.

4.7 Optimisation of reaction conditions to promote the autocatalytic cycle
For a self-replicating cycle to operate efficiently, it is important that the extent of the

competing bimolecular reaction is at a minimum. This can be achieved by the variation of the

reagent concentration and/or reaction temperature for the Diels-Alder reaction between 97 and
229. It was found that the concentration at which the reaction could be performed was

governed by the limited solubility of the exo-241 and endo-242 cycloadduct products. At

starting concentrations higher than 5 mM with respect to 97 and 229, the respective

cycloadduct products were found to precipitate out of solution. The reaction was therefore
studied over a range of temperatures at a starting concentration of 5 mM. At temperatures
lower than 50 °C, the reaction was found to be very slow, as a result of which, the collection
of accurate data at such low concentrations of product formation was found to be problematic
due to difficulties measuring the areas of such small resonance signals by deconvolution

techniques. As a consequence of these two factors, optimum reaction conditions for the
Diels-Alder reaction were determined to be at a concentration of 5 mM with respect to 97 and

229, at a temperature of 50 °C in CDCI3.

4.8 A study of the bimolecular reaction between diene 243 and dienophile 100
In order to assess the effect that the recognition process has on the outcome of this
Diels-Alder reaction, it was first necessary to assess the stereochemical outcome and extent of
the bimolecular reaction. The reaction between diene 243 and dienophile 100 (Scheme 78)
was deemed suitable for this purpose as discussed in Section 4.5. Accordingly, the reaction
between 243 and 100 was performed under the optimal conditions outlined above and the
course of the subsequent reaction followed by 500 MHz LH NMR spectroscopy. The product
concentrations of the exo-244 and endo-245 stereoisomers (closed triangles and squares

respectively, Figure 117) were calculated by comparison of the deconvoluted area of an

appropriate resonance arising from the starting materials with respect to an appropriate
resonance arising from each of the product stereoisomers. Under these conditions, after a
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period of 50 hours, the reaction was found to be 31 % complete with a product ratio of 3.6:1
in favour of the exo-244 stereoisomer (Figure 117).

Time / mins

Figure 117 Concentration-time profile for the bimolecular Diels-Alder reaction between 100 and 243,
performed at a starting concentration of 5 mM with respect to both 100 and 243, at 50 °C in
CDC13. The closed triangles and squares represent the formation of exo-244 and endo-245
respectively, and the solid lines correspond to the best fit of the experimental data to the
appropriate kinetic model.

4.9 Defining a kinetic model for the bimolecular Diels-Alder reaction
In order to generate estimations of the rate constants for the bimolecular reaction, it was

necessary to define a kinetic model that describes the chemical pathways that lead to the
observed formation of products. This kinetic model is shown in Figure 118, and takes into
account the reversible formation of both the exo-244 and endo-245 cycloadducts, as a result of
the Diels-Alder reaction between diene 243 and dienophile 100.

k|
Diene (243) + Dienophile (100) « * Exo-244

k2

^3
Diene (243) + Dienophile (100) « Endo-245

k4

Figure 118 Kinetic model used to describe the bimolecular reaction between diene 243 and dienophile
100. k\ and £3, represent the forward rate constants and k2 and kA represent the backward rate
constants for the formation of exo-244 and endo-245.
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This model was entered into a kinetic simulation and fitting program SIMFIT which allowed
the bimolecular kinetic model to be simulated and fitted to the experimentally observed data.
This simulation gave good fits (solid lines, Figure 117) to the experimentally determined rate

profiles (closed symbols, Figure 117) and enabled the rate constants presented in Table 8 to

be extracted.

Table 8 Kinetic parameters generated from the simulation and fitting of the bimolecular reaction model
of the reaction between 100 and 243.

Exo-244 Endo-245

kx (AfV1) 9.94 x 10"5 k3 (AfV1) 7.50 x 10"5

k2 (s4) 2.11 x 10"6 k4 (s"1) 1.52 x 10"5

Kexo (M-1) 47.11 Kendo(Afl) 4.93

4.10 Investigation of the kinetics of the recognition-mediated Diels-Alder reaction
between 97 and 229

Having analysed the bimolecular Diels-Alder reaction fully, attention turned to the

investigation of the recognition-mediated reaction between diene 229 and dienophile 97

(Scheme 76), which can potentially proceed via an autocatalytic cycle. This reaction was

studied under identical reaction conditions as those employed for the bimolecular control
reaction outlined above, namely, 5 mM with respect to 97 and 229 in CDCI3 at a temperature

of 50 °C over a period of 50 hours. The first and the last 500 MHz *H NMR recorded spectra

for this reaction are depicted in Figure 118, which show clearly the emergence of new
resonances corresponding to the formation of exo-241 and endo-242.
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500 MHz'll NMR spectra of the reaction between 97 and 229 recorded in CDC13 at 50 °C at
t = 0 and t = 50 h, showing the emergence of product peaks corresponding to the exo-241 and
endo-242 cycloadduct products.

As before, the course of the reaction was followed by 500 MHz !H NMR spectroscopy, and
the product concentrations (curve (a) and (b), Figure 119) were calculated by the comparison
of the deconvoluted area of an appropriate resonance arising from the starting materials with

respect to an appropriated resonance arising from the exo-241 and endo-242 cycloadduct

products.
After a period of 50 hours, the reaction between 97 and 229 was found to be 48 % complete
with a product ratio of 6.8:1 in favour of the exo-241 stereoisomer (open triangles,

Figure 119).
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Time / mins

Figure 119 Concentration-time profile for the recognition-mediated Diels-Alder reaction between 97 and
229, performed at a starting concentration of 5 mM with respect to both 97 and 229, at 50 °C in
CDCI3. Showing the formation of (a) exo-241 and (b) endo-242. The solid lines correspond to
the best fit of the experimental data to the appropriate kinetic model. Note 0.005 M
corresponds to 100 % conversion.

More importantly, it is apparent from the expanded time course profile showing just the first
17 hours of the reaction (Figure 120), that the formation of the exo-241 cycloadduct does
result in the observation of an initial lag period. After this time, the rate of formation of
exo-241 increases more rapidly, resulting in the observation of a sigmoidal shaped curve in
the time course data. As discussed earlier (Section 1.7) this is indicative of its formation

being via an autocataytic mechanism.
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Figure 120 Concentration-time profile for the first 17 hours of the recognition-mediated Diels-Alder
reaction between 97 and 229, performed at a starting concentration of 5 mM with respect to
both 97 and 229, at 50 °C in CDCI3. Representing the formation of (a) exo-241 and
(b) endo-242. Note 0.005 M corresponds to 100 % conversion. Dashed lines demonstrate the
increase in the concentration of exo-241 after the initial lage period and decrease in the
concentration of endo-242 after the same period.
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It is more instructive to compare the ratio of the exo:endo cycloadducts formed from the

recognition-mediated process ((a), Figure 121) with that of the bimolecular control reaction

((b), Figure 121).

(a) (b)
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Figure 121 Concentration-time profiles showing the ratio of the exo:endo cycloadducts formed
(represented by triangles and squares, respectively) for (i) the recognition-mediated
Diels-Alder reaction between 97 and 229 and (ii) the bimolecular Diels Alder reaction between
100 and 243. Both reactions were performed at a starting concentration of 5 mM with respect
to all reagents in solution, at 50 °C in CDC13. Note 0.005 M corresponds to 100 %
conversion.

It is clear from the data shown in Figure 121 that the recognition process has a dramatic
effect on the stereochemical outcome of the reaction. It is apparent that the rate of formation
of the endo cycloadduct is almost identical for the recognition-mediated ((a), open squares,

Figure 121) and the bimolecular pathway ((b), filled squares, Figure 121). As a result of this
it can be concluded that the formation of endo-242 from the recognition-mediated reaction
between 97 and 229 proceeds via the bimolecular reaction pathway. This result is in

agreement with the prediction made from the molecular mechanics calculations that show

(Figure 114) that the endo-242 cycloadduct is not capable of templating its own formation,
and hence, its formation can only proceed via the bimolecular reaction channel. It is also

apparent that after approximately 28 hours the concentration of endo-242 present in solution

begins to decrease, and hence, it is expected that over time only exo-241 would be present.

Conversely, the formation of the exo cycloadducts 241 and 244 corresponding to the

recognition and bimolecular reaction pathways respectively, have almost identical rates of
formation for the first 5 hours, after which time there is a significant increase in the rate of
formation of exo-241 ((a) open triangles, Figure 121) in comparison to that of exo-244 ((b)
filled triangles, Figure 121). This indicates that for the first 5 hours, the recognition-mediated
Diels-Alder reaction between 97 and 229 is proceeding via the bimolecular reaction pathway,
after which time there is enough of the ejco-241 cycloadduct (T) present in solution to act as a
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template for its own formation, allowing the autocatalytic cycle to operate. It is also

interesting to note that the exo-241 template acts as a selfish catalyst, in that it only promotes

its own formation and not that of the endo-242 cycloadduct, i.e. it is incapable of cross

catalysis.

4.11 Demonstrating the operation of a self-replicating system

4.11.1 Doping experiment
As discussed previously (Section 1.7), it is the characteristic sigmoidal shaped rate profile of

any given reaction that is indicative of the system operating via a self-replicating mechanism.
This profile can be broken down into three stages. The first is the initial lag period which is a

direct result of the formation of the product template T being via the uncatalysed bimolecular
channel. Once there is enough T present in solution to template its own formation,

exponential growth of T is observed, which is the second distinct stage of the curve. Finally,
this growth tails off as the concentration of the starting materials available for reaction
decreases. It follows that if the formation of the exo-241 cycloadduct is via this

self-replicating mechanism that the addition of preformed template T, ie exo-241, should
eradicate the initial lag period that is observed, as the bimolecular formation of T is no longer

required. Accordingly, the reaction between 97 and 229 with the addition of 20 mol% of
exo-241 was performed under the optimal conditions used previously (Figure 122).

Time / mins

Figure 122 Concentration-time profiles for the recognition-mediated Diels-Alder reaction between 97 and
229, performed at a starting concentration of 5 mM with respect to both 97 and 229, at 50 °C in
CDC13. Showing formation of (a) exo-241 in the presence of 20 mol% preformed template
(b) exo-241 (c) endo-242 in the presence of 20 mol% preformed template 241 and (d)
endo-242.

179



The results of this experiment suggest that the initial lag period is lost (curve (a), Figure 122)
for the formation of exo-241 providing further evidence that its formation is via the proposed

self-replicating mechanism. The formation of endo-242 remained relatively unchanged by the
addition of the exo template, which further demonstrates that the exo template 241 only

catalyses its own formation.

4.11.2 Competition experiment
An alternative means of demonstrating the autocatalytic nature of a system can be achieved

by exploiting the fact that for the operation of the self-replicating cycle, it is essential that the

ternary complex ([A*B#T]) can be formed via a molecular recognition process. In this case

this recognition process is achieved through the four hydrogen-bonding interactions between
the amidopyridine unit of 229 and carboxylic acid functionality of 97. Without this

recognition process the self-replicating cycle would be rendered inactive, as shown through
the control reaction between 100 and 243, where these hydrogen-bonding sites are blocked. It
is therefore possible to use this feature of the autocatalytic cycle to provide further evidence
for the self-replicating nature of this system by performing the reaction between 97 and 229 in
the presence of a competitive binder. In this case, three equivalents (15 mM) of benzoic acid
249 was added to the starting reaction mixture of 97 and 229, as this can compete with the
maleimide 97 (dienophile) for binding to the amidopyridine recognition site on 229.
Otherwise, the reaction was performed under the optimal conditions described previously.
The results from this study are shown in Figure 123.

Time / mins

Figure 123 Concentration-time profiles for the recognition-mediated Diels-Alder reaction between 97 and
229, performed at a starting concentration of 5 mM with respect to both 97 and 229, at 50 °C in
CDC13. Showing formation of (a) exo-241 (b) exo-241 in the presence of benzoic acid (c)
endo-242 in the presence of benzoic acid and (d) endo-242.
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It is apparent from the data presented in Figure 123 that the addition of an excess of the

competitive binder 249 has very little effect on the rate of formation of the endo-242

cycloadduct (filled squares, Figure 123) compared with its rate of formation in the absence of
249 (open squares, Figure 123). This result strongly suggests that the formation of endo-242
does not rely on a recognition event and is in fact via a bimolecular reaction pathway. This is
consistent with all previous theoretical and experimental data collected for this cycloaddduct.
In contrast to this, it is apparent that the presence of the competitive binder results in a

decrease in the rate of formation of exo-241 (filled triangles, Figure 123) in comparison to its
formation via the recognition-mediated reaction in the absence of benzoic acid 249 (open

triangles, Figure 123). This decrease in the reactivity of the self-replicating system can

therefore be attributed to a decrease in the concentration of the pre-reactive ternary complex

[97-229-241] due to the amidopyridine unit of 229 and the template 241 being involved in

non-productive hydrogen-bonding interactions with the competitive binder 249. This result
further confirms the hypothesis that the formation of exo-241 is via a self-replicating pathway.

4.12 Defining a kinetic model for the recognition-mediated Diels-Alder reaction
A number of the examples of self-replicating systems that have been reported in the literature
have displayed high levels of product inhibition due to a strong association within the product

duplex [T*T] (see Section 1.7 for examples). This hinders the dissociation of the template

duplex [T*T] to give free T, as a result of which the free templates are not available to

participate further in the autocatlytic cycle. Consequently efficient turnover is not achieved.
To account for such systems von Kiedrowski[103' 211] and later Orgel[212' 213] formulated the

square root law, which is an empirical relationship (Equation 5) used to describe

self-replicating behaviour in minimal systems.

d[T]
= kx [A].[B].[T] + k2 [A], [B]

dl

Equation 5 The rate equation used by von Kiedrowski to best describe behaviour within a minimal
self-replicating system. k\ = rate constant associated with the autocatalytic cycle. k2 = rate
constant of the uncatalysed bimolecular reaction. T = replicator concentration and p = order of
rate of auto-catalysis with respect to the replicator concentration.

The reaction order (p) was determined experimentally by von Kiedrowski and was found to

be 0.48, which was approximated to 0.5. The relationship is thus referred to as the Square
Root Law and implies that when p = 0.5, product inhibition exists within the system.
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Consequently, a replicating system is at its most efficient when the rate of the uncatalysed
reaction is at a minimum and the rate of the catalysed reaction is at a maximum i.e. k.2 and k]
are small and large respectively, in Equation 5. Therefore, for example, if a self-replicating

system is suffering from product inhibition, it follows that the addition of 4 equivalents of

preformed template T at the start of the reaction should, according to the square root

approximation, lead to a 2-fold increase in the rate of reaction, and likewise the addition of
nine equivalents of preformed template should lead to a 3-fold increase in the rate of reaction.
It is apparent from the data presented in Figure 122, that the addition of 20 mol% (i.e. 0.2 eq.)
of the preformed template, exo-241, results in only a very slight rate enhancement (open

circles, Figure 122) over the analogous recognition-mediated reaction in the absence of

preformed template (open triangles, Figure 122). This result is consistent with the square

root law, and strongly suggests that product inhibition occurs within this system, as a result of
which the efficiency of the self-replicating cycle is diminished.

4,12.1 Fitting the experimental data to the kinetic model

Using the square root approximation the experimental data obtained for a self-replicating

system can be fitted to the very simple model described in Figure 124.

k\
A + B T

k-2
A + B + pJ - (1 + p) T

Figure 124 Square root equation used to fit experimentally determined rate data for minimal
self-replicating sytems. Where A and B correspond to the starting reagents, T to the
subsequent reaction product, p, kx and k2 correspond to the autocatalytic order, the bimolecular
rate and the autocatalytic rate constants, respectively.

Here p represents the autocatalytic rate constant, and is a direct measure of the efficiency of
the autocatalytic cycle. For a system that is operating to its maximum capacity i.e. at its most

efficient a value of one is expected for p. On the other hand if the autocatalytic cycle suffers
from product inhibition a value close to 0.5 is expected for p.
In order to show that the formation of exo-241 does not follow either an AB-mediated or a

bimolecular kinetic pathway, the experimentally measured data was fitted according to the

square root approximation as shown in Figure 124.

Using this relationship it was possible to fit the experimental data to the kinetic model shown
in Figure 125 using only four variable parameters ks through to kg, which represent the
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formation of exo-241 and endo-242 within the reactive ternary complexes [97-229-241] and

[97-229'242] respectively.

100+ 243

100 + 243

97 + 229 + pexo-241

97 + 229 + pendo-242

/c2

^3

k4

%

k-6

exo- 244

endo- 245

(1 + p) exo-241

(1 + p) endo-242

I Bimolecular Reaction

Recognition-mediated
Reaction

Figure 125 Kinetic model used to describe the recognition-mediated reaction between diene 229 and
dienophile 97. k\ and k3, represent the forward rate constants and k2 and k4 represent the
backward rate constants for the formation of exo-241 and endo-242.

As before this model was entered into the simulation and fitting package SIMFIT which

provided a good fit (solid lines, Figure 126) of the kinetic model to the experimentally
determined rate profiles (open shapes, Figure 126) when the autocatalytic rate constant, p was

set to 0.74. This value is half way between the expected value for an autocataltic system

operating efficiently (p = 1.0) and a system operating from product inhibition (p = 0.5), and
therefore suggests that a certain degree of product inhibition is experienced within this

system.
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Figure 126 Concentration-time profile for the recognition-mediated Diels-Alder reaction between 97 and
229, performed at a starting concentration of 5 mM with respect to both 97 and 229, at 50 °C in
CDC13. Representing the formation of (a) exo-241 and (b) endo-242. The solid lines
correspond to the best fit of the experimental data to the appropriate kinetic model. Note
0.005 M corresponds to 100 % conversion.

It is also possible to determine the number of autocatalytic cycles, e, that are generated by the

template 241 for the formation of exo-241 by the direct comparison of the calculated

autocatalytic and bimolecular forward rates of reaction (k\ and ks respectively) according to

Equation 6.

8 = ( £5 / &i )

Equation 6 Equation used to calculate the number of autocatalytic cycles, £, that a self-replicating system
undergoes, where k5 and k] correspond to the forward rate constants of the self-replicating and
bimolecular reactions respectively.

From the rate constants presented in Table 9 a value of -290 is obtained for 8, which
indicates that after 50 hours the formation of the exo-241 template is as a result of

approximately 290 autocatalytic cycles.
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Table 9 Kinetic parameters generated from the simulation and fitting of the bimolecular and
self-replicating models to the rate profiles in Figure 121. Ks and k, represent the forward rate
constant of the self-replicating system and bimolecular reaction, respectively. According to
Equation 6 the number of autocatalytic cycles generated by the template 241 can be
calculated.

MM"1) k-f (A/TV1)

exo-241 2.88 x 10"2 9.94 x 10"5 Catalytic Cycles = 290

In comparison to these results a value of 5000 for £ was calculated for the nitrone-based

self-replicating system discussed in Section 4.1. Values of £ around 500 have been obtained
for the peptide-based systems of Ghadiri[2l4], and the Diels-Alder based system ofWang and

Sutherland1113], discussed in Section 1.7.2, has an £ value of around 104, depending on the
reaction temperature.

4.13 Theoretical study of the product duplex [T*T]

Although the association constant of the exo product duplex [T*T] could not be measured by
*H NMR dilution methods due to the limited solubility of exo-241 in CDCI3 (only up to

3 mM), it was possible using molecular mechanics calculations to obtain a qualitative measure

of the stability of the duplex [241*241], The product duplex [241*241] was minimised using
the AMBER* forcefield which provided the minimised energy structure shown in

Figure 127. This representation of [241*241] shows that the two templates are associated via
four hydrogen-bonding interactions (dashed lines in Figure 127) between the amidopyridine
and carboxylic acid functionalities.

Figure 127 Representation of one of the lowest energy conformations of the exo product duplex
[241*241], showing four hydrogen-bonding interactions (dashed lines).
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Interestingly, the lowest energy conformation of the exo product duplex [241*241] found

through a Monte Carlo conformational search shows a different picture (Figure 128). Here,
one end of the duplex is associated via two hydrogen-bonding interactions between the

hydroxyl proton and maleimide carbonyl of one template with the pyridine N and amide

carbonyl of the other template, respectively. At the opposite end of the duplex, two

hydrogen-bonding interactions exist between the amide NH and pyridine N of one template
with the bridgehead oxygen and hydroxyl proton of the other template, respectively. This
conformation was found to have approximately the same energy as the corresponding duplex

[241*241] (Figure 127) that would be formed as a result of the autocatalytic cycle. More

importantly, both of these conformations are held together by four non-strained

hydrogen-bonding interactions, as a result of which it is expected that the product duplex

[241*241] will be relatively stable, hence-resulting in a certain degree of product inhibition.
This prediction is substantiated by the value of 0.74 obtained for the autocatalytic rate

constant, p, in the previous section.

Figure 128 Representation of one of the lowest energy conformations of the exo product duplex
[241*241], showing four hydrogen-bonding interactions (dashed lines).

On the other hand, molecular mechanics calculations performed on the endo-242 product

duplex [242*242] show (Figure 129) that although four hydrogen-bonding interactions are

still possible within this complex, overall the system is more strained, and therefore, of higher

energy. This observation is in agreement with the molecular mechanics calculations

performed on the endo ternary complex [97*229*242] (Section 4.4) which show that the
Diel-Alder reaction is not possible within this complex.
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Figure 129 Representation of the lowest energy conformation of the endo product duplex [242*242],
showing four hydrogen-bonding interactions (dashed lines).

4.14 Effect of the oligomethylene chain length on the self-replicating system

Clearly, within this system, for the self-replicating cycle to be operating at its most efficient, it
is crucial that the reacting atomic orbitals of diene 229 and dienophile 97 are not only held in
close proximity, but also in a favourable coconformation with respect to each other to

promote their reaction. It follows that it may be possible to enhance the efficiency of the
reaction within the autocatalytic cycle by imposing small structural changes to the reactants,

which have the potential to alter the positions of the reacting atomic orbitals with respect to

one another. Taking this into consideration, attentions subsequently turned to the study of the
effect that the length of the oligomethylene chain of the maleimidc dienophile has on the

efficiency of the Diels-Alder reaction within this system. It is expected that an increase in

length of this chain will have a significant effect on the mechanisms by which the exo-241
and endo-242 stereoisomers are formed. Accordingly, dienophiles 52 and 250 were designed
and synthesised to conduct this study (Scheme 82).

187



Scheme 82 Dienophiles 52 and 250 employed to assess the effect that the length of the oligomethylene
chain has on the efficiency of the Diels-Alder reaction between 229 and the appropriate
dienophile.

In order to assess the effect, if any, that the increase of the oligomethylene chain has on the
outcome of the recognition-mediated reaction, it was also necessary to perform suitable
bimolecular control reactions. Accordingly, the corresponding methyl ester dienophiles 57
and 255 depicted in Scheme 83 were utilised. As before all possible hydrogen-bonding sites
within these systems are blocked.

o
Jl COoMe

f>A
O

n= 2, 57
n = 3, 255

Scheme 83 Bimolecular Diels-Alder reactions between diene 243 and dienophiles 57 or 255 to afford the
corresponding endo and exo cycloadduct products.

It should however, be noted that, the introduction of additional rotors into the system will
result in an associated unfavourable entropic cost, due to the higher level of preorganisation

necessary to preassociate the starting diene 229 and the corresponding dienophiles 52 or 250.
It has been calculated'321 that each additional rotor that is introduced into a
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pseuJo-intramolecular reaction costs between 13-21 entropy units. Consequently, for a

further rate enhancement to be observed for the recognition-mediated Diels-Alder reactions
between 229 and 52 or 250, it is necessary that the corresponding reactions within the

preassociated complexes are significantly improved as a result of the increase in the

oligomethylene chain lengths.

4.15 Synthesis of the recognition and control dienophiles

Maleimides 52 and 250 were prepared from (3-alanine 260 and y-butyric acid 261,

respectively (Scheme 84) employing the synthetic procedure outlined in Section 4.5.1,

H02C^ fjNH2

n = 2, 260
n = 3, 261

HaMe02C n

n = 2, 57 42 %
n = 3, 255 58 %

O ,0. O

202

AcOH, rt, 18 h

Cs2C03, Mel, DMSO

rt, 14 h

H02CA fjN
H

O C02H

n = 2, 262
n = 3, 263

reflux
8 h

ho2c

n= 2, 52 42 %
n = 3, 250 58 %

Scheme 84 Preparation of recognition maleimides 52 and 250 and control maleimides 57 and 255, with
varying oligomethylene chain lengths.

In order to measure the bimolecular outcome of the subsequent Diels-Alder reactions the

corresponding methyl esters 57 and 255 were prepared via direct alkylation of acids 52 and
250 (Scheme 84).

4.16 Increasing the methylene chain linker by one unit
4.16.1 Theoretical study
Molecular mechanics calculations performed on this system suggest that it may be possible
for the Diels-Alder reaction between 229 and 52 to proceed via both the AB-mediated and

autocatalytic reaction pathways. Firstly, we shall consider the autocatalytic reaction within
the ternary complex [52*229*251], It is apparent from the lowest energy conformation
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(Figure 130) that the respective reacting atomic orbitals of 52 and 229 are held in reasonably
close proximity (di and d2 are equal to 3.98 and 3.45 A respectively), by four

hydrogen-bonding interactions, and are held such that the promotion of the exo cycloadduct is

expected.

Figure 130 Representation of the lowest energy conformation of the exo cycloadduct in the ternary
complex [52-229-251]. Showing the possibility of four hydrogen-bonding interactions (dashed
lines).

In comparison, molecular mechanics performed on the endo template show that, as before, the
Diels-Alder reaction is not possible within the ternary complex [52*229*253].

Conversely, it is clear from the lowest energy conformation of the AB-complex [52*229]

(Figure 131) that the recognition process also holds the reacting atomic orbitals of 52 and 229
in reasonably close proximity (di and d2 are equal to 4.24 and 3.76 A respectively), and

hence, will promote their reaction. Within this complex it is expected that the formation of
both the exo-251 and endo-253 cycloadduct products is possible.

Figure 131 Representation of the lowest energy conformation of the AB complex [52*229], hydrogen
bonding interactions are shown by dashed lines.
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It is therefore proposed from consideration of the results obtained in this theoretical study that
the Diels-Alder reaction between 52 and 229 will proceed via a mixture of the AB-mediated
and autocatalytic reaction pathways, although it may be expected that the former, faster

process, will dominate.

4.16.2 Experimental kinetic study
In order to test the above hypothesis the recognition-mediated and bimolecular control
Diels-Alder reactions between diene 229 and dienophile 52 and diene 243 and dienophile 57

respectively, were performed under the optimal conditions described previously, ie at a

concentration of 5 mM with respect to all reagents in solution, in CDCI3 at a temperature of
50 °C. Once more, the course of the reactions were followed by 500 MHz 'H NMR

spectroscopy and the product concentrations determined by deconvolution of an appropriate

resonance(s) arising from the product against an appropriate resonance(s) arising from the

starting reagents. The results from this study are shown in Figure 132.
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Figure 132 Concentration-time profiles for the (a) the bimolecular control reaction between 57 and 243
showing the formation of exo-256 (solid triangles) and endo-258 (solid squares) and for (b) the
recognition-mediated Diels-Alder reaction between 52 and 229 showing the formation of
exo-251 (open triangles) and endo-253 (open squares). Both reactions were performed at a
starting concentration of 5 mM with respect to all reagents in solution, at 50 °C in CDC13.

It is clear that for the recognition-mediated Diels-Alder reaction between 52 and 229, that no
initial lag period is observed for the formation of either exo-251 or endo-253 ((b), Figure

132). This suggests that the introduction of only one extra methylene unit is enough to

significantly decrease the efficiency of the autocatalytic cycle. More interestingly, the
enhanced exo selectivity for the recognition-mediated reaction that was observed for the

original system, where n = 1, is completed eradicated. A stereoisomeric ratio of 3.8:1 in
favour of exo-251 is observed for both the recognition-mediated and non-recognition
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mediated reactions. Despite this loss of stereoselectivity, the overall rate of product formation
for the recognition-mediated Diels-Alder reaction between 52 and 229 is enhanced slightly
over the overall rate of product formation of the analogous bimolecular reaction between 57
and 243. As a result of the observed overall rate enhancement and loss of stereoselectivity, it
is proposed that the recognition-mediated reaction proceeds via a mixture of the AB-mediated
and autocatalytic reaction pathways. This mixture of reaction pathways would result in the
overall rate enhancement observed due to the /wewr/ointramolecular nature of the reaction. It
would also result in the observed loss of stereoselectivity over the bimolecular process that is

observed, due to the exo selectivity that is enforced by the autocatalytic cycle being cancelled
out by the formation of endo-253 through the AB-mediated reaction pathway, hence no net

gain of either stereoisomer is observed.
As a consequence of this reaction proceeding via a mixture of two pathways it was not

possible to fit the experimentally determined data for the recognition-mediated reaction
between 52 and 229 to a suitable kinetic model. Attentions therefore turned to the study of
the Diels-Alder reaction reaction between 229 and 250, with the oligiomethylene chain
extended further by one unit.

4.17 Increasing the methylene chain linker by two units
4.17.1 Theoretical study
Molecular mechanics calculations suggest that the recognition-mediated Diels-Alder reaction
between 229 and 250 will proceed solely via an AB-mediated reaction pathway. The

oligomethylene chain in 250 is now of a sufficient length to hold the reacting atomic orbitals
of 229 and 250 in close proximity (di and d2 are equal to 2.84 and 3.03 A respectively),
within the complex [229*250] (Figure 133).

Figure 133 Representation of the lowest energy conformation of the AB complex [229*250], hydrogen
bonding interactions are shown by dashed lines.
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Interestingly, the recognition process within the complex [229*250] holds the diene 229 and

dienophile 250 in an orientation that will favour the formation of endo-254 as opposed to

exo-252. This should result in the complete reversal of the stereoselectivities observed thus
far. Molecular mechanics calculations also suggest that these two hydrogen-bonding
interactions may persist in the endo cycloadduct product (di and d2 are equal to 1.87 and
1.89 A respectively), thereby stabilising the product and further facilitating its formation

(Figure 134).

Figure 134 Representation of the lowest energy conformation of the endo product 254, showing the
persistence of two hydrogen-bonding interactions (dashed lines).

Accordingly, the recognition-mediated and bimolecular control Diels-Alder reactions between
diene 229 and dienophile 250 and diene 243 and dienophile 255 respectively, were performed
under the optimal conditions described previously and the product concentrations determined

by deconvolution of the appropriate resonances. The results from this study are outlined in

Figure 135.
It is immediately apparent that the endo cycloadduct 254 is now the major product of the

recognition-mediated reaction between 229 and 250 (open squares, Figure 135). This is a

complete reversal of the stereoselectivities observed for the corresponding bimolecular
reaction between 243 and 255 (closed shapes, Figure 135) and verifies the results from the
molecular mechanics calculations performed on this system, which suggested that the

recognition-mediated reaction between 229 and 250 would proceed via an AB-mediated

pathway. By comparison of the initial rates of reaction, the exo'.endo stereoisomeric ratios for
the recognition-mediated and bimolecular reactions can be calculated. For the bimolecular
reaction between 243 and 255 the stereoisomeric ratio is 2.5:1 in favour of exo-251.

Conversely, for the recognition-mediated reaction between 229 and 250 the stereisomeric
ratio is 6.1:1 in favour of endo-254. By comparison of the initial rates (dashed lines,
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Figure 135) of the reactions for the recognition-mediated and bimolecular formation of endo-
254 and endo-259 respectively, it can be concluded that the recognition-mediated reaction
results in a 15-fold rate acceleration over the analogous bimolecular reaction.
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Figure 135 Concentration-time profiles for the (a) the bimolecular control reaction between 243 and 255
showing the formation of exo-257 (solid triangles) and endo-259 (solid squares) and for (b) the
recognition-mediated Diels-Alder reaction between 229 and 250 showing the formation of
exo-252 (open triangles) and endo-254 (open squares). Both reactions were performed at a
starting concentration of 5 mM with respect to all reagents in solution, at 50 °C in CDCI3. The
solid lines correspond to the best fit of the experimental data to the appropriate kinetic model.

In order to generate more informative estimations of the rate constants for the

recognition-mediated reaction between 229 and 250 and the bimolecular reaction between 243
and 255 it was necessary to define kinetic models that describe the chemical pathways leading
to the products in each case. Firstly, the bimolecular reaction between 243 and 255 is
considered. The kinetic model depicted in Figure 136 was derived, and takes into account the
reversible formation of both the exo-251 and endo-259 cycloadducts, as a result of the
Diels-Alder reaction between diene 243 and dienophile 255.

Diene (243) + Dienophile (255) Exo-257

Diene (243) + Dienophile (255) Endo-259

Figure 136 Kinetic model used to describe the bimolecular reaction between diene 243 and dienophile
255. k\ and k3, represent the forward rate constants and k2 and k4 represent the backward rate
constants for the formation of exo-251 and endo-259.
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This model was entered into the SIMFIT program, which allowed the bimolecular kinetic
model to be simulated and fitted to the experimentally observed data. This simulation gave an

excellent fit (solid line, Figure 135) to the experimentally determined rate profiles (closed

shapes, Figure 135) and enabled the rate constants presented in Table 10 to be extracted.

Table 10 Kinetic parameters generated from the simulation and fitting of the bimolecular reaction
kinetic model of the reaction between 243 and 255.

Exo-251

k\ (AfV1) 1.04 x 10~4

k2 (s"1) 1.88 x 10"6

Keq (M"1) 55.32

Endo-259

k3 (ATV1) 4.94 x 10"5

k4 (s"1) 7.13 x 10"6

Keq (AT1) 6.93

In order to obtain rate constants for the recognition-mediated process, so that it can be directly

compared to the bimolecular reaction, the kinetic model described in Figure 137 was derived
to generate estimates for the recognition-mediated reaction within the AB complex [229*250].
This model takes into account the reversible formation of both the exo-252 and endo-254

cycloadducts, as a result of the bimolecular Diels-Alder reaction between diene 243 and

dienophile 255 and the recognition-mediated reaction between 229 and 250.

Diene (243) + Dienophile (255)

Diene (243) + Dienophile (255)

Diene (229) + Dienophile (250)

[229*250]

[229*250]

k2

^3

Ka

Kd

^5

^6

^7

Endo-259

Exo-257

[229*250]

Endo-252

Exo254

"=>

■=4>

>=>

Bimolecular Reaction

Template Duplex

Pseudo-Intramolecular
Reaction

Figure 137 The kinetic model used to describe the chemical behaviour of the recognition-mediated
Diels Alder reaction between the diene 229 and the dienophile 250. k,, k2 and k3, k4 represent
the forward and backward rate constants in the bimolecular pathways for the endo and exo
cycloadducts, respectively. k5, k6 and k7, ks represent the forward and backward rate constants
in the recognition-mediated channels for the endo and exo cycloadducts, respectively. Ka and
Ktl represent the association and dissociation constant associated with the duplex, respectively.
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In order to enter this kinetic model into the SIMFIT program it was necessary to provide an

estimation of the association constant for the binding of 229 to 250 within the complex

[229*250], It is not possible to measure the binding of 229 to 250 directly, as they would

undergo the Diels-Alder cycloaddition reaction, and thus prevent the collection of accurate
data. It was therefore necessary to choose suitable model compounds that possess both the

amidopyridine and carboxylic recognition sites, but without either the diene or dienophile that
are required for the Diels-Alder reaction to occur. For this purpose the model system shown
in Figure 138 was chosen. Benzamide 214 has a Hammett value for its aromatic protons

(gp = 0.00), which is the same order of magnitude as that for the para-substituted furan

derivative of diene 229 (gp = 0.02) and hence, may be used as suitable model compound in

replace of diene 229. Benzamide 214 was prepared as described previously (Section 3.14.2),
The association constant was calculated by a 500 MHz 'H NMR spectroscopy titration

method (for full experimental details, refer to Chapter 5) at 50 °C in CDCI3. The chemical
shift changes of protons HVH1 were recorded over a range of concentrations and the resulting
data fitted using a non-linear curve fitting programme. This study gave an estimated value for
the association between 229 and 250 to be Ka = 42 AT1 (Figure 138).
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[214*250]

Figure 138 The titration curve obtained for the binding constant determination between 214 and 250. The
open squares represent the experimentally determined chemical shifts and the solid line
represents the best fit. Data was collected at 50 °C, in CDCI3 using 500 MHz 'H NMR
spectroscopy.

Having measured the association constant it was possible to fit the experimentally determined
data to the kinetic model described in Figure 137 using the SIMFIT program which again

gave an excellent fit (solid line, Figure 139) to the experimentally determined rate profiles

(open shapes, Figure 139). This enabled the rate constants presented in Table 11 to be
extracted.
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Table 11 Kinetic parameters generated from the simulation and fitting of the recognition mediated
kinetic model of the reaction between 229 and 250.

Exo-252 Endo-254

k5 (s"1) 4.39 x 10"7 k7 (s"1) 1.55 x 10"5

h (M-V1) 2.75 x 10"6 1.09 x 10"5

^eq (M~l) 0.16 Keq (M"1) 1.42

It is possible to determine empirically the rate accelerations and selectivities observed for the

recognition-mediated Diels-Alder reaction between 229 and 250 using the forward and
backward rate constants for the bimolecular and recognition-mediated reactions outlined in
Tables 10 and 11 respectively. Firstly, the thermodynamic and kinetic EM's (tEM and kEM

respectively) will be considered and can be calculated according to Equations 2 and 3

respectively.
As discussed in Section 1.6 the kEM is a direct comparison of the forward rate of the

recognition-mediated process (&f) and the forward rate of the corresponding uncatalysed
bimolecular reaction (kuf) (Equation 2) and represents transition state stabilisation.

kf s-i
kEM = = —2—- = M

kuf /Us

Equation 2 Kinetic effective molarity (kEM) expressed in M and where kf and kuf represent the forward
rate of the AB-mediated and bimolecular reaction, respectively.

Conversely, the tEM is a direct comparison of the equilibrium constants of the

recognition-mediated reaction (KAb) and the corresponding uncatalysed bimolecular reaction

(Kbi) (Equation 3) and represents product ground state stabilisation.

AB s xs
tEM = —— = x = — —— = M

KBi kr kuf s x AT s

Equation 3 Calculation of the thermodynamic effective molarity (tEM), where KAB and KBi represent the
equilibrium constant of the AB-mediated and bimolecular reaction, respectively, kf, kr and kuf,
kur represent the forward and backward rates constant associated with the recognition-mediated
and bimolecular reactions, respectively.
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Values of 230 mM and 350 mM were calculated for the kEM and tEM respectively

corresponding to the formation of endo-254 from the recognition-mediated Diels-Alder
reaction between 229 and 250. Conversely, values of 4.2 mM and 2.89 mM were calculated
for the kEM and tEM respectively corresponding to the formation of exo-252 from the

recognition-mediated Diels-Alder reaction between 229 and 250. It is clear from these values
that the recognition-mediated formation of endo-254 is more favourable than the

recognition-mediated formation of exo-252 both kinetically and thermodynamically. It is also

apparent however, that all values of the kEM's and tEMs are less than one. As discussed in
Section 3.15 values of kEM and tEM's for a system are indicative of the efficiency of the
reaction within a system. If the respective EM is greater than 1, the system is considered to be

operating efficiently, conversely if the respective EM is less than 1 the system is considered to

be operating inefficiently. Therefore in this case, the system is not operating efficiently.
There are a number of possible reasons for this relative inefficiency, which can be elucidated
via conversion of the calculated rate constants for the bimolecular and recognition reactions
into energetic profiles i.e. by consideration of the relative energies of the ground states and the
transition states for both the recognition-mediated and bimolecular processes. Accordingly,
the rate constants generated by the fitting of the appropriate kinetic models to the experimental
data can be converted into energies using standard thermodynamic relationships.
The Gibbs equation (Equation 7) and the Eyring equation (Equation 8) can be utilised to

calculate the relative free energies of the products and transition states, respectively.

AG = -RT In Keq
The Gibbs equation used to calculate the ground state energies in Figure 140 relative to the
ground state of the reactants (zero energy point). AG represents the free energy of the
cycloadduct ground states, T the reaction temperature in Kelvin (K) and R the gas constant
in Jmof K" ; Keq represents the equilibrium constant of the Diels-Alder cycloaddition
proceeding via either the bimolecular or recognition-mediated processes.

AG* =-RTln(kh/kbT)

The Eyring equation used to calculate the transition state free energies in Figure 140 relative
to the ground state of the reactants (zero energy point). Where T represents the reaction
temperature in Kelvin (K); k, h and kb represent the forward rate of the reaction in question,
the Planck and Boltzmann constants, respectively.

Using these relationships the energetic profiles illustrated in Figure 140 could be derived.

Equation 7

Equation 8

198
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Reaction

Recognition-mediated
Reaction

exo + 104.0 —

— +106.0 endo

-10.8—

243+255

— -5.20
endo-259

exo-257 [229*250]

+ 108.6 exo

+ 98.8 endo

— - 5.08
exo-252

-11.25
endo-254

Figure 140 Thermodynamic profile for the bimolecular reaction between 243 and 255 and the
recognition-mediated reaction between 229 and 250. The zero energy point is set at the energy
of the uncomplexed reactants. All energy values are expressed in kJmof'.

Firstly, the relative energy of the product ground states is considered. It is evident from the
calculated energetic profiles that endo-254 (recognition-mediated reaction product) is

approximately 6 kJmof1 more stable in energy than endo-259 (bimolecular reaction product)

(Figure 141). This result substantiates the predictions made from the molecular mechanics
calculations performed on endo-254 (Figure 134), which suggest the persistence of two
intramolecular hydrogen-bonds were possible within this product. These intramolecular

hydrogen-bonding interactions will serve to stabilise the endo-254 product ground state,

which in turn, will facilitate its formation.

* .< + 106.0 endo-259

7.20 KJmof

+ 98.8 endo-254

229 + 250 /
0 — i-
243 + 255

10.0 —

[229*250]

\ \ endo-259
- 5.20

- 6.05 KJmol -1

- — - 11.25
endo-254

Figure 141 Thermodynamic profile for the bimolecular reaction between 243 and 255 and the
recognition-mediated reaction between 229 and 250 to give endo-259 and endo-254
respectively. The zero energy point is set at the energy of the uncomplexed reactants. All
energy values are expressed in kJmof1.
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Conversely, exo-252 (recogntion-mediated product) is actually destabilised by 4.8 kJmol"1
relative to the product of the bimolecular process exo-257 (Figure 142). This suggests that
the formation of exo-252 is thermodynamically disfavoured for the recognition-mediated

process relative to the bimolecular process.

— + 108.6 exo-252

+ 4.8 KJmol -1

—+ 104.0 exo-257

229 + 250

243 + 255

- 10.0 —

[229*250]

■ exo-252
5.08

+ 5.0 KJmol -1

10.8
exo-257

Figure 142 Thermodynamic profile for the bimolecular reaction between 243 and 255 and the
recognition-mediated reaction between 229 and 250 to give exo-257 and exo-252 respectively.
The zero energy point is set at the energy of the uncomplexed reactants. All energy values are
expressed in kJmof1.

This relative stabilisation of the endo-254 product ground state and relative destabilisation of
the exo-252 product ground state demonstrates that the recognition-mediated Diels-Alder
reaction between 229 and 250 is predisposed towards the formation of endo-254. Conversely,
for the analogous bimolecular reaction between 243 and 255, it is the exo-251 ground state

product that is the most stable, indicating that the reaction is predisposed towards the
formation of exo-251

It should be noted that a value of less than 1 M was calculated for the tEM's for both the

formation of exo-252 and endo-254 which suggests that the recognition mediated reaction is

operating inefficiently. This relative inefficiency of the recognition-mediated Diels-Alder
reaction is a direct result of the ground state stabilisation afforded by the recognition process,

in both cases, being insufficient to offset the increase in activation barrier of 10 klmol"1
brought about by the en tropic cost of the formation of the AB-complex [229*250].

Considering the transition state energies, it is clear that the transition state leading to the
formation of endo-254 (recognition-mediated reaction product) is stabilised by approximately
7 kJmol"1, over the transition state leading to the formation of endo-259 (bimolecular reaction

product) (Figure 141). This suggests that within the recognition-mediated reaction between
229 and 250 that the reactants are preorganised to afford endo-254. Unfortunately, this
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stabilisation again is not sufficient to offset the increase in the activation barrier of 10 kJmol"1
brought about by the formation of the duplex [229*250]. As a direct result of this the
activation energy of reaction for the recognition process is actually increased by 2.8 kJmol"1
for the formation of endo-254, which is exemplified by the value of 350 mM calculated for
the kEM associated with this process. Additionally, the transition state of the recognition

process leading to exo-252 is destabilised by approximately 5 kJmol"1, over the transition state

of the bimolecular process leading to the formation of exo-257. This relative destabilisation
of the transition state leading to exo-252 results in a large overall increase of 14.0 kJmol"1 of
the activation barrier leading to its formation, which is demonstrated by the extremely low
value of 4.2 mM calculated for the kEM associated with this process.

Overall, it can therefore be concluded that the endo selectivity and the rate enhancement
observed for the recognition-mediated formation of endo-254 over the corresponding
bimolecular process to afford endo-259 is due to a mixture of transition state stabilisation and

product ground state stabilisation i.e. the reactants are preorganised in the transition state and

predisposed towards the formation of endo-254. Also the low tEM and kEM values
calculated for the reactions within this system are due to the extra stabilisation afforded by the

recognition process in both the transition state and the product ground state being insufficient
to overcome the increase in the activation barrier of reaction incurred by the formation of the

pre-reactive complex [229*250],

4.18 Conclusions

In conclusion, this chapter has described the rational design and synthesis of a molecular

system capable of promoting the Diels-Alder reaction between a diene 229 and dienophile 97
via an autocatalytic mechanism. The subsequent detailed kinetic investigations and modelling
undertaken on this system have demonstrated that the rate enhancements observed for the
formation of exo-241 are due to the operation of a recognition-mediated pathway via a

catalytic ternary complex [229*250*250]. It was also shown that after 50 hours the formation
of exo-241, which is the product of the self-replicating cycle, is as a result of 290 cycles.
It has also been shown that increasing the length of the oligomethylene chain on the

dipolarophile 97 has a profound effect on the reactivity and stereoselectivities observed for
this reaction.

It was shown that by increasing the length of the methylene chain linker by just one unit, that
the recognition-mediated reaction and the bimolecular reaction exhibit identical exo:endo
ratios. It was rationalized that this loss of stereoselectivity for the recognition-mediated
reaction was due to the formation of the products via a mixture of self-replicating and
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AB-mediated reaction pathways. These pathways favour the formation of exo and endo
stereoisomers respectively, and hence, will cancel each other out.

Furthermore, it was shown that when the methylene chain linker was extended to three units
that a complete reversal of stereoselectivities was observed for the recognition-mediated
reaction between 229 and 250, with the reaction being was endo selective. It was rationalized

through molecular mechanics calculations that this reversal of observed stereoselectivities
was due to the operation of the AB-mediated reaction pathway, as the methylene linker is now
of sufficient length to enable the reaction to occur within the complex [229*250]. The

recognition-mediated reaction between 229 and 250 was also shown to effect a 15-fold rate

enhancement over the analogous bimolecular reaction between 243 and 255.
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5. Experimental Section

5.1 General Procedures

Chemicals and solvents were purchased from either Acros, Aldrich, Avocado or Fluka and
were used as received unless otherwise stated. Tetrahydrofuran (THF) was dried by refluxing
with sodium-benzophenone under an N2 atmosphere and collected by distillation. Toluene and

o

xylene were distilled over sodium under N2 and stored over 4 A molecular sieves. Hexane and
dichloromethane (CH2CI2) were dried by heating under reflux over calcium hydride and
distilled under N2. DMF was distilled from calcium hydride under reduced pressure and

o

stored over 4A molecular sieves. Thin-layer chromatography (TLC) was performed on

aluminium plates coated with Merck Kieselgel 60 F254. Developed plates were air dried and
scrutinised under a UV lamp (366 nm), and where necessary, stained with iodine or KMn04
to aid identification. Melting points were determined using an Electrothermal 9200 melting

point apparatus and are uncorrected. Infra-red (IR) spectra were recorded as KBr discs or thin
films using a Perkin-Elmer Paragon spectrometer. Column chromatography was performed

using Kieselgel 60 (0.040-0.063 mm mesh, Merck 9385). Microanalyses (CHN) were carried
out at the University of London, the University of Birmingham or the University of St.
Andrews. Chemicals and samples used prior to kinetic experiments were weighted using a

Sartorius scale (MCI Analytic AC 120S) with an accuracy of ±0.1 mg.

5.2 NMR Spectroscopy
'H Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker AC300

(300 MHz), Bruker AMX400 (400 MHz), Bruker DRX500 (500 MHz), Bruker Avance 300

(300 MHz) or a Varian Gemini 2000 (300 MHz) spectrometer using the deuterated solvent as
the lock and the residual solvent as the internal reference in all cases. 13C NMR spectra using
the PENDANT sequence were recorded on either a Bruker AC300 (75.5 MHz) spectrometer
or a Bruker Avance 300 (75.5 MHz) spectrometer. All other 13C spectra were recorded on a

Varian Gemini 2000 (75.5 MHz) spectrometer using composite pulse ]H decoupling. All

coupling constants are quoted to the nearest 0.1 Hz.

5.3 Mass Spectrometry
Electron impact mass spectrometry (EIMS) and high-resolution mass spectrometry (HRMS)
were carried out on either a VG PROSPEC or a VG AUTOSPEC mass spectrometer.

Electrospray mass spectrometry (ESMS) was recorded on a VG PLATFORM mass

spectrometer. Chemical Ionisation Mass Spectrometry (CIMS) was carried out on a VG
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Prospec instrument. Matrix assisted laser desorption ionisation time-of-flight (MALDI-tof)

spectra were recorded on either a Kratos Kompact Maldi III or a Micromass Tof Spec 2E

spectrometer. A nitrogen laser (337 nm, 85 kW peak laser power, 4 ns pulse width) was used
to desorb the sample ions. The instrument was operated in a negative linear time-of-flight

mode, and results from 50 laser shots were signal averaged to give one spectrum. The matrix
used was a suspension of cobalt in a methanol/glycerol mixture and was applied to the plate

surface in lpL aliquots and allowed to dry before deposition of the analyte solution onto the
matrix.

5.4 Kinetic Measurements

All stock solutions were prepared by dissolving the appropriate amount of a given reagent in

the appropriate deuterated solvent using a 2 ml (2 ml ± 0.02 ml accuracy) volumetric flask.

Subsequent experimental samples were obtained by mixing a fixed amount of appropriate
stock solutions using a 500 pL Hamilton gas tight syringe in a Wilmad 528pp NMR tube,
which was then fitted with a polyethylene pressure cap to minimise solvent evaporation. All
stock solutions were pre-equilibrated at the appropriate reaction temperature for one hour

prior to mixing. The reaction mixtures were monitored immediately by 500 MHz !H NMR

spectroscopy over a set period of time. In each case the probe is pre-equilibrated at the

appropriate temperature. The extent of reaction was determined using the deconvolution tool
available in ID WINNMR. Kinetic simulation and fitting of the resultant data to the

appropriate kinetic models was accomplished using the SIMFIT program[190].

5.5 Association Constant Determinations12151

Binding constants were determined using the ]H NMR titration method on either a 400 or 500
MHz spectrometer at the appropriate temperature. All stock solutions and samples were made

up in (10 ml) volumetric flasks (±0.02 ml), by dissolving the appropriate compounds in

CDCI3 and the samples were equilibrated one hour at the appropriate temperature before the
'H NMR spectrum was recorded.
When using the 1H NMR titration method, samples were prepared in which the host
concentration remained constant at 20 mM and the guest concentration was varied from 100
mM to 1.0 mM and the chemical shift changes were noted for the diagnostic protons. The
variation of this chemical shift with respect to guest concentration was monitored and the

binding constant, Ka, was determined from this data by fitting to Equation 9 using the
non-linear curve-fitting program.
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=^+rrk+«»+c,-V(K„+«o + 50)2-4H„G.
2G0

Equation 9 Calculation of the dissociation constant, where <5>oto is the chemical shift recorded, at
concentration Go, of the protons associated with the guest molecule; H0 is the concentration of
the host molecule, and dJis the maximum change in the chemical shift of the bound species.

Hence the value of the association constant, Ka, was obtained from the best-fit value of Kd

extracted from Equation 10.

Kd =—'

Ka

Equation 10 Calculation of the association constant, Ka, from the dissociation constant, Kd.

5.5 Molecular Mechanics Calculations

All molecular mechanics calculations were carried out using the AMBER* forcefield as

implemented in either the Macromodel12161 (Version 5.0) or Maestro programs together with
the GB/SA solvation model[217] for CHCI3. All calculations were performed on a Silicon

Graphics 02 workstation. Initially, each molecule was energy-minimised using a conjugate

gradient (PRCG). Conformational searching was carried out using depending on the size of
the molecule a 1000 to 2000 step Monte Carlo simulation and all conformations generated
within 50 kJmol"1 of the global minimum were minimised. The sets of conformations

generated by these searches were then filtered appropriately using the analysis tools available
in Macromodel. The data thus generated were exported to KaleidaGraph 3.51 for visualisation

purposes.

5.6 Synthetic Procedures

4 -Azidomethylbenzo-15-crown-5 102

Sodium azide (0.24 g, 3.7 mmol) was added to a solution of
4 -chloromethylbenzo-15-crown-5 116 (0.74 g, 2.3 mmol) dissolved in acetone (40 ml). The

resulting reaction mixture was heated to reflux for 20 hours under an inert atmosphere. The

organic phase was washed with H2O (2 x 50 ml), 2M HC1 (25 ml) and dried (MgSCE). The
solvent was removed in vacuo affording 4-azidomethylbenzo-15-crown-5 102 as a cream
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solid (0.51 g, 42 %) mp 56.0-57.5 °C; Found; C, 55.63; H, 6.49; N, 12.99; cald for

C15H21N3O5: C, 55.73; H, 6.50; N, 13.00; vraax (KBr) /cm"1 2104s (N3), 1605 and 1590 (Ar,

C=C); Sh (300 MHz, CDC13) 6.84-6.82 (3H, m, Ar), 4.24 (2H, s, CH2), 4.16-4.11 (4H, m),

3.92-3.89 (4H, m), 3.77-3.75 (8H, m); <5fc (75 MHz, CDC13); 149.3 (C, 2 x quat, Ar), 128.4 (C,

quat, Ar), 121.5 (CH, Ar), 114.1 (CH, Ar), 113.9 (CH, Ar), 71.2 (2 x CH2), 70.8 (2 x CH2),
70.6 (2 x CH2), 69.6 (CH2), 69.1 (CH2), 54.8 (CH2-N3); m/z (EI) 323 (M+, 50%), 149 (100).

3-(4-Benzylammonium)prop-2-yn-l-(4'-terf-butylphenyl)ether trifluoroacetate 103

CF3COO

A-Boc^l—aminobenzylprop-2-yn-l-(4'-tert-butylphenyl)ether 126 (0.80 g, 2.0 mmol) in
anisole (0.22 ml, 2.0 mmol) was dissolved in a mixture of CH2Cl2/trifluoroacetic acid

(30 ml : 0.5 ml or 5 % w/v) and stirred at room temperature for 17 hours under an inert

atmosphere. The solvent was removed in vacuo, at room temperature, affording the crude

product as a yellow oil. The product was purified via crystallisation at -15 °C

(2:1 ether:hexane, v/v) affording 3-(4-benzylammonium)prop-2-yn-l-(4'-tert-

butylphenyl)ether trifluoroacetate 103 as a cream solid (0.34 g, 41 %) mp 131.5-134 °C;

Found; C, 64.69; H, 5.82; N, 3.36; cald for C22H24N03F3: C, 64.86; H, 5.90; N, 3.44; vmax

(KBr)/cm_1 3492b (NH3+), 3121w (alkyne), 1695 (COO ), 1608,1582 and 1514 (Ar, C=C);

<Sh (300 MHz, CDCI3) 8.13 (3H, bs, NH3+), 7.43-7.35 (4H, m, Ar), 7.38-7.35 (2H, m, Ar),

6.97-6.94 (2H, m, Ar), 4.92 (2H, s, CH2), 4.07 (2H, s, CH2), 1.28 (9H, s, 'Bu); & (75 MHz,

CDCI3) 156.5 (C, quat, Ar), 145.2 (C, quat, Ar), 141.6 (C, quat, Ar), 135.0 (CH, Ar),130.4

(CH, Ar), 127.4 (CH, Ar), 123.6 (C, quat, Ar), 115.4 (CH, Ar), 86.7 (C, quat, C=C), 86.5 (C,

quat, C=C), 57.2 (CH2), 43.8 (CH2), 34.8 (C, quat, 'Bu), 31.8 (3 x CH3, 'Bu); m/z (CI) 294

([M+ - CF3COO"], 89 %), 277 (24), 221 (100); m/z (MALDI) 112 (CF3COO\ 82 %), 97

(CF3CO", 100), 69 (CF3\ 31); (HRMS) 294.1858 (M+ C20H24NO requires 294.1855).
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3,4-Dimethoxybenzyl azide 106
MeO

MeO

Sodium azide (0.63 g, 9.6 mmol) was added to a solution of 3,4-dimethoxybenzyl chloride
130 (1.00 g, 6.0 mmol) dissolved in acetone (50 ml). The resulting reaction mixture was

heated to reflux for 20 hours under an inert atmosphere. After cooling to room temperature,

the organic phase was washed with H2O (2 x 50 ml), 2M HC1 (25 ml) and dried (MgS04).
The solvent was removed in vacuo affording 3,4-dimethoxybenzyl azide 106 as a pale yellow
oil (1.09 g, 94 %); Found; C, 55.87; H, 5.82; N, 21.75; cald for C9H11N3O2: C, 55.96; H, 5.70;

N, 13.00; vmax (KBr)/cm"' 2110s (N3), 1608 and 1583 (Ar, C=C); 4 (300 MHz, CDC13)

6.86-6.81 (3H, m, Ar), 4.26 (2H, CH2), 3.88 (3H, s, CH3), 3.89 (3H, s, CH3); <5b (75 MHz,

CDCI3) 149.2 (C, quat, Ar), 149.1 (C, quat, Ar), 127.8 (C, quat, Ar), 120.8 (CH, Ar), 111.3

(CH, Ar), 111.1 (CH, Ar), 55.9 (CH3), 55.8 (CH3), 54.8 (CH2); mlz (EI) 193 (M+, 59 %), 165

(92), 151 (98), 95 (61), 79 (63); (HRMS) 193.0851 (M+ C9HnN302 requires 193.0840).

General procedure for the bistosylate compounds 111 and 17812'8'

The appropriate ethylene glycol dissolved in THF (-80 ml) was added to a solution of sodium

hydroxide (2.8 eq.) in H20 (-70 ml). The stirred mixture was then cooled to -5 °C before

p-toluenesulfonyl chloride (2.0 eq.) in THF (-70 ml) was added dropwise over 2 hours.
After this time, the reaction mixture was allowed to warm to room temperature and stirred for
a further 15 hours, before being poured onto a beaker of iced water (100 ml). The desired

product was isolated by solvent extraction with toluene (2 x 150 ml). The organic phases
were combined and dried (MgSOzO. The solvent was removed in vacuo affording the

appropriate ethylene glycol bistosylate.

Tetraethylene glycol bistosylate 111

The general procedure outlined above was followed using tetraethylene glycol 109 (20.0 g,

100 mmol), sodium hydroxide (11.20 g, 280 mmol) and p-toluenesulfonyl chloride (38.2 g,

200 mmol) to afford tetraethylene glycol bistosylate 111 as a colourless oil (49.20 g, 98 %);

Sh (300 MHz, CDCI3) 7.73 (4H, m, Ar), 7.28 (4H, m, Ar), 4.15 (8H, m, CH2), 3.55 (8H, m,

TsO OTs
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CH2), 2.45 (6H, s, 2 X CH3); <5fc (75 MHz, CDC13) 144.9 (2 x quat, Ar), 133.0 (2 x quat, Ar),
129.9 (4 x CH, Ar), 128.1 (4 x CH, Ar), 72.5 (CH2), 70.8 (CH2), 70.7 (CH2), 70.6 (CH2), 70.5

(CH2), 70.4 (CH2), 69.4 (CH2), 68.7 (CH2), 21.7 (2 x CH3, Ar); m/z (CI) 525 ([M + Na]+, 18

%), 503 (100), 349 (64), 331 (32), 287 (31), 243 (43). (HRMS) 569.1497 ([M + Na]+
C22H3o09S2Na requires 569.1491).

Pentaethylene glycol bistosylate 178

The general procedure outlined above was followed using pentaethylene glycol 177 (5.00 g,

21.0 mmol) dissolved in THF (50 ml), sodium hydroxide (2.35 g, 58.7 mmol) in H20 (35 ml)
and p-toluenesulfonyl chloride (7.97 g, 42.0 mmol) in THF (40 ml) to afford pentaethylene

glycol bistosylate 178 as a colourless oil (10.78 g, 94 %); <5^ (300 MHz, CDC13) 7.79-7.76

(4H, m, Ar), 7.34-7.31 (4H, m, Ar), 4.15-4.12 (4H, m, 2 x CH2), 3.68-3.56 (16H, m, 8 x CH2),

2.43 (6H, s, 2 x CH3); Sc (75 MHz, CDC13) 144.9 (2 x quat, Ar), 133.0 (2 x quat, Ar), 129.9

(4 x CH, Ar), 128.0 (4 x CH, Ar), 72.5 (2 x CH2), 70.6 (2 x CH2), 70.5 (2 x CH2), 69.3

(2 x CH2), 68.7 (2 x CH2), 21.7 (2 x CH3, Ar); ni/z (ES) 546 ([M + Na]+, 100%), 415 (20);

(HRMS) 597.3216 ([M + Na]+C24H340,oS2Na requires 597.3210).

3,4-Dihydroxymethylbenzoate 113

A solution of 3,4-dihydroxybenzoic acid 112 (19.90 g, 130 mmol) in methanol containing

aqueous 2M H2S04 (2 ml, cat.) was heated to reflux for 3 days. After this time, the reaction
was cooled to room temperature and the solvent was removed in vacuo affording the crude

product as a brown solid. The crude product was purified via flash column chromatography

(Si02; 11:1 hexane:EtOAc) affording 3,4-dihydroxy methylbenzoate 113 as a colourless

powder (18.88 g, 87 %) mp 136.1-137.0 °C, (lit.[219] 135.0-136.0 °C); 4 (300 Hz, CDC13)
7.50 (1H, d, 4Jh,h 2.0, Ar), 7.45 (1H, dd, 3Jh,h 8.3, 4Jh,h 1-8, Ar), 6.90 (1H, d, Ar, 3Jh,h 8.3),
3.80 (3H, s, CH3); Sc (75 MHz, CDC13); 167.6 (C, quat, C=0), 150.0 (C, quat, Ar), 145.2 (C,

quat, Ar), 123.8 (CH, Ar), 123.3 (C, quat, Ar), 117.1 (CH, Ar), 115.9 (CH, Ar), 52.5 (CH3);

TsO OTs

O
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m/z (EI) 168 (M+, 49 %), 137 (100), 109 (25); (HRMS) 196.1926 (M+ Ci0Hi2O4 requires

196.1999).

4 -Carboxymethylbenzo-15-crown-5 114

3,4-Dihydroxymethylbenzoate 113 (10.00 g, 60.0 mmol) dissolved in CH3CN (200 ml) was

heated to 60 °C under an inert atmosphere for 20 minutes. After this time, sodium iodide

(27.00 g, 180.0 mmol) and potassium carbonate (24.80 g, 180.0 mmol) were added,

successively. Tetraethylene glycol bistosylate 111 (27.00 g, 60.0 mmol) dissolved in CH3CN
was then added dropwise and the resulting reaction mixture heated to reflux for 3 days. After
this time, the reaction mixture was cooled to room temperature and filtered under vacuum.
The inorganic residue was washed thoroughly with CH3CN. The solvent was removed in

vacuo, and the resulting residue redissolved in CHC13 (100 ml) washed with H2O (50 ml),

aqueous 2M HC1 (50 ml) and dried (MgS04). The solvent was removed in vacuo affording
the crude product as a brown viscous oil which was crystallised once from n-pentane to afford

4-carboxymethylbenzo-15-crown-5 114 as a colourless solid (8.66 g, 44 %)

mp 55.0-56.3 °C; (lit[220] 55.0-56.0 °C); iw (KBrVcm1 1712 (COOCH3), 1599 and 1520

(Ar, C=C); Sh (300 MHz, CDC13) 7.63 (1H, dd, aJh,h 2.0,3JH,H 8.4, Ar), 7.52 (1H, d, 4/„,w 2.0,

Ar), 6.84 (1H, d, 3Jh,h 8.4, Ar), 4.17-4.15 (4H, m, 2 x CH2), 3.92-3.89 (4H, m, 2 x CH2), 3.86

(3H, s, CH3), 3.75 (8H, s, 4 x CH2); 6C (75 MHz, CDC13) 166.9 (C, quat, C=0), 153.1 (C,

quat, Ar), 148.4 (C, quat, Ar), 123.9 (CH, Ar), 122.8 (C, quat, Ar), 114.4 (CH, Ar), 112.0

(CH, Ar), 71.2 (CH2), 70.4 (CH2), 70.3 (CH2), 69.4 (CH2), 69.3 (CH2), 69.0 (CH2), 68.6

(CH2), 52.0 (CH2), 52.0 (3H, CH3); in/z (EI) 326 (M+, 47%), 194 (100), 179 (31), 163 (90), 45

(32); (HRMS) 326.3456 (M+ Ci6H2207 requires 326.3417).
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4-Carboxymethylbenzo-15-crown-5 114 (5.00 g, 1.6 mmol) in anhydrous THF (15 ml) was
added dropwise to a vigorously stirred slurry of lithium aluminium hydride (1.22 g, 31.1

mmol) in anhydrous THF (50 ml), whilst under an inert atmosphere. After the addition was

complete, ethyl acetate (100 ml), H20 (100 ml) and aqueous 1M HC1 were added slowly. The

aqueous phase was then extracted with ethyl acetate (2 x 100 ml) and the combined organic

layers dried (MgSCE). The solvent was removed in vacuo affording the crude product as a

yellow oil, which was purified by column chromatography (Si02; 1:1 hexane:CH2Cl2)

affording 4 -hydroxymethylbenzo-15-crown-5 115 as a colourless solid (2.58 g, 58 %)

mp 46.0-47.0 °C (lit[221] 45.0-47.0 °C); Sh (300 MHz, CDC13) 6.90-6.80 (3H, m, Ar), 4.59

(2H, s, CH2), 4.14-4.11 (4H, m, 2 x CH2), 3.91-3.88 (4H, m, 2 x CH2), 3.75 (8H, s, 4 x CH2);

Sc (75 MHz, CDC13) 149.8 (C, quat, Ar), 149.4 (C, quat, Ar), 134.3 (C, quat, Ar), 119.2 (CH,

Ar), 113.8 (CH, Ar), 112.9 (CH, Ar), 71.0 (2 x CH2), 70.5 (2 x CH2), 69.6 (2 x CH2), 69.1

(CH2), 68.8 (CH2), 65.2 (CH2-OH); m/z (EI) 298 (M+, 50%), 166 (56), 137 (53), 55 (55), 43

(100). (HRMS) 298.1416 (M+C15H2206 requires 298.1422).

4 -Chloromethylbenzo-15-crown-5 116

Triethylamine (1.28 ml, 9.2 mmol) was added to 4 -hydroxymethylbenzo-15-crown-5 115

(2.50 g, 8.4 mmol) in CH2C12 (40 ml) and the resulting mixture was cooled to -5 °C. Thionyl
chloride (0.92 ml, 12.6 mmol) in anhydrous CH2C12 (15 ml) was added dropwise under an

inert atmosphere, and the resulting reaction mixture was stirred at -5 °C for 45 minutes before

stirring at room temperature for a further 3 hours. The reaction mixture was washed with H20

(100 ml), saturated aqueous NaHC03 (100 ml), aqueous 2M HC1 (100 ml) and H20 (2 x 100

ml) and dried over MgSC>4. The solvent was removed in vacuo affording the crude product as
a colourless oil which was purified via crystallisation (50:5 petroleum ether/diethyl ether) at

-15 °C to afford 4-chloromethylbenzo-15-crown-5 116 as a colourless solid (1.70 g, 72 %)
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mp 62.0-64.0 °C (lit.[220] 60.0-61.0 °C); 4 (300 MHz, CDC13) 6.91-6.79 (3H, m, Ar), 4.53

(2H, s, CH2), 4.16-4.10 (4H, m, 2 x CH2), 3.92-3.88 (4H, m, 2 x CH2), 3.75 (8H, s, 4 x CH2);

Sc (75 MHz, CDC13) 149.4 (C, quat, Ar), 149.2 (C, quat, Ar), 130.5 (C, quat, Ar), 121.7 (CH,

Ar), 114.4 (CH, Ar), 113.7 (CH, Ar), 71.5 (2 x CH2), 70.4 (2 x CH2), 69.5 (2 x CH2), 69.1

(CH2), 68.7 (CH2) 46.6 (CH2-C1); m/z (EI) 316 (M+, 28%), 149 (100); (HRMS) 339.0975

([M + Na]+ Ci5H2105NaCl requires 339.0986).

N- Benzylacetamide 118

Acetyl chloride (15.21 g, 195.0 mmol) was added dropwise to a solution of benzylamine 117

(13.91 g, 130.0 mmol) and triethylamine (20.0 ml, 143.0 mmol) in dry CH2C12 at 0 °C under
an atmosphere of dry nitrogen. The resulting reaction mixture was left to stir for 30 minutes
at this temperature after which time, the organic phase was extracted with ether (2 x 100 ml),
washed with water (1 x 50 ml), aqueous NaHC03 (1 x 100 ml), water (1 x 50 ml) and dried
over MgSCE. The solvent was removed in vacuo affording the crude product as a pale yellow
solid which was purified via recrystallisation from hexane/ethyl acetate to afford

TV-benzylacetamide 118 as a fine colourless powder (18.65 g, 94 %) mp 61.2-63.0 °C

(lit[222] 54.0-55.0 °C); & (300 MHz, CDC13) 7.36-7.24 (5H, m, Ar), 5.94 (1H, bs, NH), 4.41

(2H, d, 3Jh,h 5.9, CH2), 2.01 (3H, s, CH3); <5fc (75 MHz, CDC13) 169.9 (C, quat, C=0), 138.2

(C, quat, Ar), 128.7 (2 x CH, Ar), 127.8 (2 x CH, Ar), 127.5 (CH, Ar), 43.7 (CH2), 23.2

(CH3); m/z (EI) 149 (M+, 92 %), 106 (100), 91 (57), 77 (52), 43 (71); (HRMS) 149.1813

(M+C9HnNO requires 149.1898).

4-Iodo-iV-benzylacetamide 119

A-Benzylacetamide 118 (8.00 g, 53.7 mmol) was dissolved into a solution of sulfuric
acid:water:acetic acid (120 ml, 9.8:40:200). To this solution iodine (5.40 g, 21.4 mmol) and

periodic acid (2.40 g, 10.7 mmol) were added, and the resulting reaction mixture heated at

75 °C for 17 hours. The organic layer was extracted into CH2C12 and washed with water (2 x
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50 ml). The combined organic phases were then washed with sodium disulfate (2 x 100 ml),
sodium bicarbonate (2 x 50 ml), water (1 x 100 ml) and dried (MgS04). The solvent was
removed in vacuo to afford the crude product as a yellow oil which was purified via

crystallisation from hexane/EtOAc to afford 4-iodo-A-benzylacetamide 119 as a colourless
solid (5.20 g, 35 %) mp 119.0-121.0 °C, (lit[223]l 19.0-120.0 °C); 8r (300 MHz, CDC13)
7.36-7.24 (4H, m, Ar), 5.84 (1H, b s, NH), 4.36 (2H, d, 3JH,H 5.9, CH2), 2.02 (3H, s);

<5fc (75 MHz, CDC13); 170.1 (C, quat, Ar), 138.0 (C, quat, Ar), 137.8 (2 x CH), 129.8 (2 x CH,

Ar), 92.9 (C, quat, Ar), 43.2 (CH2), 23.2 (CH3); m/z (CIMS) 276 (M+, 100%), 217 (19), 181

(20); (HRMS) 275.0823 (M+ C9H10INOrequires 275.0863).

4-Iodobenzylamine hydrochloride 121

A solution of 4-iodo-Ar-benzylacetimide 119 (5.20 g, 19.0 mmol) dissolved in solution of
NaOH (40 ml, 15 % w/v in ethanol) and heated to reflux for 15 hours. The resulting reaction

mixture was cooled diluted with CH2C12 (50 ml) and washed with water (2 x 100 ml). The

combined organic extracts were then dried (MgS04) and the solvent removed in vacuo

affording the intermediate amine as a dark yellow oil. The amine was redissolved in ether

(40 ml) and cooled to 5 °C before 2M HC1 (2 ml) was added dropwise and the resulting

reaction mixture stirred for 5 minutes. The resulting precipitate was collected by filtration
and washed with ether affording 4-iodobenzylamine hydrochloride 121 as a cream powder

(5.10 g, 54 %). This product was used without further purification.

Ar-Boc-4-iodobenzylamine 122

A,A-Diisopropylethylamine (0.46 g, 3.2 mmol) was added to a suspension of crude

4-iodobenzylamine hydrochloride 121 (0.89 g, 3.2 mmol) in CH2C12 (10 ml) and the resulting
mixture stirred under an inert atmosphere for 15 minutes. After this time,

di-ter/-butyldicarbonate (0.71 g, 3.2 mmol) was added dropwise as a solution in CH2C12

(10 ml) and the resulting reaction mixture left to stir at room temperature for 18 hours. After
this time, the solvent was removed in vacuo affording the crude product as a yellow oil. This
residual oil was purified via flash column chromatography (Si02; CHC13) to afford

NHBoc
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A-Boc-4-iodobenzylamine 122 as a pale yellow solid (0.87 g, 94 %) mp 83.0-84.7 °C;

(300 MHz, CDC13) 7.65-7.63 (2H, m, Ar), 7.04-7.01 (2H, m, Ar), 4.85 (1H, bs, NH),

4.25-4.24 (2H, m, CH2), 1.44 (9H, s, 'Bu); & (75 MHz, CDC13) 156.8 (C, quat, C=0), 138.0

(C, quat, C-I), 137.8 (2 x CH, Ar), 129.8 (2 x CH, Ar), 121.3 (C, quat, Ar), 78.3 (C, quat,

'Bu), 44.2 (CH2), 28.4 (3 x CH3, lBu); m/z (EI) 333 (M+, 10%), 276 (100), 106 (38), 57 (94);

(HRMS) 333.1588 (M+C12H,6IN02requires 333.1654).

Prop-3-yn-l-yl-(4-te/t-butylphenyl) ether 125

Potassium carbonate (5.28 g, 38.2 mmol) and benzo-18-crown-6 (0.34 g, 1.43 mmol) were
added to a solution of propargyl toluenesulfonate 124 (5.00 g, 25.5 mmol) and 4-tert-butyl

phenol 123 (3.80 g, 25.5 mmol) in acetonitrile (70 ml). The resulting reaction mixture was

heated to reflux for 2 days, after which time it was cooled, washed with water (50 ml) and
extracted with CH2C12 (3 x 50 ml). The combined organic phases were then dried (MgSO^
and the solvent removed in vacuo to afford the crude product as a pale yellow oil. This
residual oil was purified via flash column chromatography (Si02; 4:1 hexane:CH2Cl2) to

afford prop-3-yn-l-yl(4-terr-butylphenyl) ether 125 as a clear viscous oil (5.06 g, 94 %).

Found; C, 76.32; H, 8.15; calcd for C,3H,60: C, 76.56; H, 8.57); Sn (300 MHz, CDC13)

7.35-7.32 (2H, d, 3Jh,h 8.8, Ar), 6.95-6.92 (2H, d, 3Jh,h 8.8, Ar), 4.68 (2H, m, CH2), 2.58-2.56

(1H, m, C=C-H), 1.32 (9H, s, rBu); Sc (75 MHz, CDCI3) 155.8 (C, quat, Ar), 144.3 (C, quat,

Ar), 126.3 (2 x CH, Ar), 114.4 (2 x CH, Ar), 78.9 (C, terminal, C=C), 75.4 (C, quat, C=C),
55.9 (CH2), 34.2 (C, quat, (Bu), 31.5 (3 x CH3, lBu); m/z (EI) 188 (M+, 29 %), 173 (100), 91

(27), 39 (32); (HRMS) 188.1201 (M+C,3Hi60requires 188.1205).

A'r-Boc-4-Aminobenzylprop-2-yn-l-(4'-tert-butylphenyl)ether 126

A solution of 4-iodo-A-Boc-benzylamine 122 (2.00 g, 7.0 mmol) in DMF/Et3N (30 ml, 5:1)
was degassed for 20 minutes by passing a constant stream of nitrogen through the reaction
vessel. Tetrakis(triphenylphosphine) Palladium (0) (0.40 g, 0.3 mmol), copper iodide (0.20 g,

1.0 mmol, 0.15 eq) and triphenylphosphine (0.09 g, 0.3 mmol) were added successively to the

constantly stirred solution. The resulting reaction mixture was left to stir for 30 minutes at
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room temperature before prop-3-yn-l-(4-terr-butylphenyl) ether 125 was added dropwise via

syringe over a period of 1 hour. The mixture was then heated to reflux for 50 hours after
which time it was cooled to room temperature and filtering through a short pad of Celite @.
The reaction was then quenched with H20 (100 ml) and washed with aqueous 2M HC1

(125 ml) before being extracted with CH2CI2 (2 x 100 ml) and washed with H20 (2 x 100 ml).
The organic extracts were then dried (MgSOzt) and the solvent removed in vacuo affording the
crude product as a brown oil. This residual oil was purified via column chromatography

(Si02; 11:1 hexane:ethyl acetate) affording A-Boc-4-Aminobenzylprop-2-yn-l-

(4'-tert-butylphenyl)ether 126 as a pale yellow solid (1.11 g, 42 %) mp 104.0-106.5 °C;

Found; C, 76.37; H, 7.81; N, 3.29; cald for C25H3iN03: C, 76.30; H, 7.94; N, 3.56;

vmax (KBr)/cm~' 3334 and 3328 (CONH), 1578, 1549 and 1515 (Ar, C=C); Sh (300 MHz,

CDCI3) 7.42-7.39 (2H, m, Ar), 7.35-7.31 (2H, m, Ar), 7.23-7.20 (2H, m, Ar), 6.99-6.94 (2H,

m, Ar), 4.88 (2H, s, CH2), 4.83 (1H, m, NH), 4.31-4.29 (2H, m, CH2), 1.45 (9H, s, 'Bu), 1.30

(9H, s, 'Bu); <5b (75 MHz, CDC13) 155.6 (C, quat, C=0), 144.2 (C, quat, Ar), 138.1 (C, quat,

Ar), 137.5 (C, quat, Ar), 132.1 (2 x CH, Ar), 127.3 (2 x CH, Ar), 126.3 (2 x CH, Ar), 121.3

(C, quat, Ar), 114.4 (2 x CH, Ar), 86.7 (C, quat, C=C), 84.2 (C, quat, C=C), 56.7 (CH2), 56.6

(CH2), 44.4 (C, quat, lBu), 34.1 (C, quat, 'Bu), 31.5 (3 x CH3, 'Bu), 28.4 (3 x CH3, lBu);
m/z (CI) 411 ([M+ + NH4], 88 %), 355 (63), 263 (100), 207 (50), 146 (34).

iV-Boc-4-bromobenzylamine 128

A,A-Diisopropylethylamine (3.91 ml, 24.7 mmol) was added to a suspension of

4-bromobenzylamine hydrochloride 127 (5.00 g, 22.5 mmol) in CHC13 (100 ml) and stirred
for 10 minutes under an inert atmosphere. After this time, di-tert-butyldicarbonate (4.90 g,

22.5 mmol) in CHC13 (25 ml) was added dropwise, and the resulting reaction mixture was

stirred at room temperature for 18 hours. After this time, the solvent was removed in vacuo

and the crude product was purified by column chromatography (Si02; CHC13) to afford

A-boc-4-bromobenzylamine 128 as a white solid (5.92 g, 92 %) mp 83.0-84.0 °C

(lit[224] 84.0-85.0 °C); Found; C, 50.52; H, 5.67; N, 4.94; cald for C9HnN3: C, 50.35; H, 5.59;

N, 4.96); vw (KBr)/cm"' 3325 and 3300 (CONH), 1682 (C=0), 1538 (C=C), 798s (C-Br);

Sh (300 MHz, CDCI3) 7.45-7.42 (2H, m, Ar), 7.14 (2H, d, 3Jh,h 8.5, Ar), 4.87 (1H, b s, NH),

4.26-4.24 (2H, m, CH2), 1.45 (9H, s, 'Bu); & (75 MHz, CDC13) 155.8 (C, quat, C=0), 138.1

(C, quat, Ar), 131.6 (2 x CH, Ar), 129.3 (2 x CH, Ar), 121.2 (C, quat, Ar), 44.0 (CH2), 28.4
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(3 x CH3, 'Bu), 27.3 (C, quat, fBu); m/z (EI) 286 (M+, 3%), 247 (29), 186 (61), 106 (100), 58

(31).

3,4-Dimethoxybenzyl chloride 130

3,4-Dimethoxybenzyl alcohol 129 (8.25 g, 50.0 mmol) and triethylamine (7.7 ml, 55.0 mmol)
were dissolved in dichloromethane (100 ml) before freshly distilled thionyl chloride (5.45 ml,
75.0 mmol) was added dropwise via syringe under an inert atmosphere. The reaction

temperature was maintained between -5 °C and 0 °C throughout the addition (ice/acetone

bath). The reaction mixture was then left to stir for 30 minutes at 0 °C, and then for a further

3 hours at room temperature. After this time, the reaction mixture was washed with water

(50 ml), 2M HC1 (50 ml), saturated aqueous NaHC03 (50 ml) again with water (25 ml) and
dried (MgSO,*). The solvent was removed in vacuo, affording the crude product as a brown oil
which was triturated with petroleum ether (bp 80-100 °C) and diethyl ether at -78 °C. The

resulting colourless precipitate was filtered and washed with n-pentane, affording

3,4-dimethoxybenzyl chloride 130 as a colourless powder (9.33 g, 86 %) mp 49.0-51.0 °C

(Ht[222] 51 oC). ^ (300 CDCl3) 6.94.6.90 (2H, m, Ar), 6.83-6.80 (1H, m, Ar), 4.56

(2H, s, CH2), 3.89 (3H, s, CH3), 3.87 (3H, s, CH3); & (75 MHz, CDC13) 149.2 (C, quat, Ar),
149.1 (C, quat, Ar), 130.0 (C, quat, Ar), 121.2 (CH, Ar), 111.7 (CH, Ar), 111.1 (CH, Ar),
56.0 (CH3), 55.9 (CH3), 46.8 (CH2-C1); m/z (EI) 186 (M+, 21%), 151 (100), 107 (12);

(HRMS) 186.0443 (M+ C9H,i02C1 requires 186.0448).

3-(4-Trifluoromethyl)phenylprop-2-yn-l-(4-ferf-butyl phenyl) ether 131

4-Iodobenzotrifluoride 132 (2.72 g 10.0 mmol) was dissolved in freshly distilled

diisopropylamine (80 ml) and degassed by passing a stream of dry nitrogen gas through the
solution for 20 minutes. Palladium(II) bistriphenylphosphine dichloride (0.42 g, 0.6 mmol),

copper(II) acetate (0.11 g, 0.6 mmol) and triphenylphosphine (0.16 g, 0.6 mmol) were added

successively to the constantly stirred solution and the mixture stirred for 2 minutes. After this

time, prop-2-yn-l-(4-tert-butylphenyl) ether 125 (3.65 g, 24.0 mmol) was added dropwise via
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syringe over 20 minutes and the resulting reaction mixture was heated to reflux for 14 hours.
After this time, the mixture was cooled and filtered through a short pad of Celite@. The solid
residue was washed with CH2CI2 and the filtrate collected and solvent removed in vacuo. The

residue was redissolved in CH2CI2 (40 ml), washed with water (15 ml) and dried over MgS04.

The solvent was removed in vacuo and the crude product purified via flash column

chromatography (SiC^; 8:1 hexaneiCH^Cb) affording 3-(4-trifluoromethyl)phenylprop-2-yn-

l-(4-tertbutylphenyl) ether 131 as a colourless solid (1.23 g, 37 %) mp 88.5-90.1 °C;

Sh (300 MHz, CDCI3) 7.61-7.50 (4H, m, Ar), 7.49-7.30 (2H, m, Ar), 7.02-6.93 (2H, m, Ar),

4.90 (2H, s, CH2), 1.41 (9H, s, (Bu); & (75 MHz, CDC13) 155.5 (2 x C, quat, Ar) 144.4

(2 x C, quat, Ar), 132.1 (2 x CH, Ar), 126.4 (2 x CH, Ar), 125.3 (2 x CH, Ar), 125.2-125.1

(CF3), 114.5 (2 x CH, Ar), 86.8 (C, quat, C=C), 85.6 (C, quat, C=C), 56.6 (CH2), 34.2

(C, quat, fBu), 31.5 (3 x CH3, (Bu); m/z (EI) 332 (M+, 9 %), 263 (75), 253 (100); (HRMS)
332.3589 (M+ C20H19F3O requires 332.3595).

l-(4-Benzyl-15-crown-5)-4-[methyl(4'-tert-butylphenyl)ether]-5-

(benzylammoniumtrifluoroacetate) 1,2,3 triazole 133 and l-(4-Benzyl-15-crown-5)-5-

[methyl(4' -tert-butylphenyl)ether] -4- (benzylammoniumtrifluoroacetate) 1,2,3 triazole

4-Triflouromethylbenzylprop-2-yn-l-(4'-tert-butylphenyl)ether 131 (0.16 g, 0.5 mmol) and

3.4-dimethoxy azide 106 (0.08 g, 0.5 mmol) were dissolved in toluene (2.0 ml) and heated to

reflux for 2 days under an inert atmosphere. After this time, the reaction was cooled to room

temperature and the solvent was removed in vacuo. Two regioisomers formed were separated
via column chromatography (SiC>2; 3:1 hexane:ethyl acetate) affording the pure 1,4-133 and

1.5-134 cycloadduct products as colourless solids (74 mg, 28 % and 36 mg 14 %

respectively).

l-(4-Benzyl-15-crown-5)-4-[methyl(4'-tert-butylphenyl)ether]-5-

(benzylammoniumtrifluoroacetate) 1,2,3 triazole 133

134
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l-(4-Benzyl-15-crown-5)-4-[methyl(4'-tert-butylphenyl)ether]-5-

(benzylammoniumtrifluoroacetate) 1,2,3 triazole 133 was isolated as a colourless solid

(0.074 g, 28 %) mp 192.0-194.0 °C; & (300 MHz, CD3CN/TCE) 7.75 (2H, d, 3Jh,h 8.1,

H10), 7.51 (2H, d, 3Jh,h 8.1, H9), 7.29-7.26 (2H, m, H19 and H17), 6.84-6.81 (3H, m, H20
and H5), 6.78 (1H, d, 3Jh,h 8.1, H2), 6.54 (1H, dd, 3JHM 8.1, 2Jh,h 2.0, HI), 5.46 (CH2-N),
5.01 (CH2-0), 3.73 (CH3), 3.59 (CH3), 1.25 (3 x CH3, 'Bu); (125 MHz, CD3CN/TCE)

156.9 (C, quat, C15), 150.2 (C, quat, C3 or C4), 150.1 (C, quat, C3 or C4), 145.0 (C, quat,

C18), 142.9 (C, quat, C14), 136.7 (C, quat, CI), 131.9 (C, quat, C8), 131.6 (2 x CH, C9 and

C13), 128.8 (C, quat, C6), 127.2 (2 x CH, C17 and C19), 126.2 (2 x CH, C10 and C12), 125.4

(CF3, ^cf 270.1), 121.1 (CH, CI), 115.6 (2 x CH, C16 and C20), 112.8 (CH, C2), 112.3 (CH,

C5), 62.2 (CH2-0), 56.4 (CH3), 56.2 (CH3), 53.0 (CH2-N), 34.7 (C, quat, 'Bu), 31.7 (3 x CH3,

'Bu); m/z (ES) 548 ([M + Na]+, 100%); (HRMS) 548.2119 ([M + Na]+ C29H30N3O3F3Na

requires 548.2137).

l-(4-Benzyl-15-crown-5)-5-[methyl(4'-tert-butylphenyl)ether]-4-

(benzylammoniumtrifluoroacetate) 1,2,3 triazole 134

l-(4-Benzyl-15-crown-5)-5-[methyl(4'-tert-butylphenyl)ether]-4-

(benzylammoniumtrifluoroacetate) 1,2,3 triazole 134 was isolated as a colourless solid (0.036

g 14 %) mp 176.0-177.0 °C; 4 (300 MHz, CD3CN/TCE) 7.89-7.86 (2H, d, 3Jh,h 8.3, H9 and

H13), 7.74 (2H, d, 3Jh,h 8.3, H10 and H12), 7.35-7.30 (2H, m, H17 and H19), 6.83-6.80 (5H,

m, H16, H20, H2, HI, H5), 5.60 (CH2-N), 5.15 (CH2-0), 3.74 (CH3), 3.56 (CH3), 1.27

(3 x CH3, 'Bu); Sc (75 MHz, CD3CN/TCE) 156.5 (C, quat, CI5), 150.3 (2 x C, quat, C3 and

C4), 146.4 (C, quat, C14), 145.7 (C, quat, C18), 135.9 (C, quat, C8), 130.8 (C, quat, CI),
130.4 (C, quat, 3JCF 32.1), 129.0 (2 x CH, C9), 128.5 (C, quat, C6), 127.4 (2 x CH, C17 and

C19), 126.8 (CH, C10), 126.7 (CH, C12), 125.5 (CF3, '/cf 269.6), 121.4 (CH, C5), 115.5

(2 x CH, C16 and C20), 112.9 (CH, C2), 112.8 (CH, C5), 59.1 (CH2-0), 56.4 (CH3), 56.2

18
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(CH3), 53.3 (CH2-N), 34.8 (C, quat, 'Bu), 31.7 (3 x CH3, 'Bu); m/z (ES) 548 ([M + Na]+,
100%); (HRMS) 548.2146 ([M + Na]+ C29H3oN303F3Na requires 548.2137).

3-(4-Benzylammonium)prop-2-yn-l-(4'-terf-butylphenyl)ether chloride 135

A-Boc-4-aminobenzylprop-2-yn-l-(4'-tert-butylphenyl)ether 126 (0.25 g, 0.6 mmol) was

added to a solution of 3M HC1 in ethanol, and left to stir for 1 hour at -10 °C. The resulting
reaction mixture was then allowed to warm to room temperature and stirred for a further 30
minutes. After this time, the solvent was removed in vacuo yielding 3-(4-benzylamine

hydrochloride)prop-2-yn-l-(4'-tert-butylphenyl)ether 135 as a colourless solid which was

used without further purification, m/z (CI) 294 ([M+ - CI], 49%), 221 (100), 128 (67).

3-(4-benzylammonium)prop-2-yn-l-(4'-fert-butylphenyl)ether hexaflourophoshate 136

Potassium hexaflourophosphate (0.41 g, 2.2 mmol) was added to a solution of

3-(4-benzylammonium)prop-2-yn-l-(4'-tert-butylphenyl)ether chloride 135 (0.18 g,

56.8 mmol) in methanol (30 ml) and the resulting reaction mixture left to stir at room

temperature overnight under an inert atmosphere. After this time, the solvent was removed in
vacuo and the resultant oily residue redissolved in water and nitromethane (20 ml, 1:1 v/v)
and left to stir for 30 minutes at room temperature. The organic phase was isolated and
washed with water (2 x 50 ml) and dried (MgSCU). The solvent was removed in vacuo

affording the crude product as a pale yellow solid which was purified via recrystallisation
from CH2Cl2:hexane to afford 3-(4-benzylammonium)prop-2-yn-l-(4'-ter/-butylphenyl)ether

hexaflourophoshate 136 as a colourless solid (0.16 g, 65 %) mp decomposes > 220 °C;
Found; C, 54.76; H, 5.40; N, 3.12; cald for C20H24NOPF6: C, 54.72; H, 5.51; N, 3.20);

Sh (300 MHz, CDC13) 7.51-7.48 (6H, m, Ar), 6.98-6.94 (2H, m, Ar), 4.93 (2H, s, CH2), 4.11

(2H, s, CH2), 2.88 (3H, bs, NH3+), 1.29 (9H, s, 'Bu); Sc (75 MHz, CDC13) 156.4 (C, quat, Ar),

145.0 (C, quat, Ar), 142.2 (C, quat, Ar), 132.6 (2 x CH, Ar), 128.2 (CH, Ar), 127.4 (2 x CH,

Ar), 121.5 (C, quat, Ar), 115.3 (2 x CH, Ar), 87.1 (C, quat, C^C), 85.3 (C, quat, C=C), 57.2

(CHrO), 44.4 (CH2- NH3+), 34.7 (C, quat, 'Bu), 28.5 (3 x CH3, 'Bu); m/z (CI) 294
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([M+ - PF6 ], 19%), 277 (16), 221 (100), 144 (43), 128 (59); m/z (MALDI) 144 (PF6\ 49%);

(HRMS) 294.1858 (M+C2oH24NO requires 294.1855).

(4-{4-[4-(tert-Butoxycarbonylamino-methyl)-phenyl]-buta-l,3-diynyl}-benzyl)-carbamic
acid tert-butyl ester 142

A-Boc-4-bromobenzylamine 128 (0.25 g, 0.9 mmol) was added to a solution of freshly
distilled diisopropylamine (20 ml) and degassed by passing a constant stream of nitrogen

through the reaction vessel for 30 minutes. After this time, copper (II) acetate (0.01 g, 0.04

mmol), triphenylaphosphine (0.02 g, 0.1 mmol) and dichlorois(benzonitrile) Palladium (II)

(0.02 g, 0.04 mmol) were added successively and the resulting reaction mixture degassed for a
further 20 minutes. The solution was then heated to reflux for 30 minutes, after which,

propiolic acid (0.12 ml, 1.9 mmol) was added dropwise and the resulting reaction mixture
heated to reflux for 48 hours. After this time, the mixture was cooled and filtered through a

short pad of Celite@ to remove the palladium impurities. The solid residue was washed with

CH2C12 and the filtrate collected and solvent removed in vacuo. The residue was redissolved

in CH2C12 (40 ml), washed with water (15 ml) and dried (MgSOzt). The solvent was removed
in vacuo and the crude product purified via flash column chromatography

(Si02;3:l hexane:EtOAc) affording (4-{4-[4-(tert-Butoxycarbonylamino-methyl)-phenyl]-

buta-l,3-diynyl}-benzyl)-carbamic acid tert-butyl ester 142 as a pale yellow solid

(0.13 g, 54 %) mp 156.0-157.0 °C; 4 (300 MHz, CDC13) 7.47 (4H, d, 3JHM 8.1, Ar), 7.24

(4H, d, 3Jh,h, 8.1, Ar), 4.95-4.92 (2H, m, 2 x NH), 4.31 (4H, d, 3Jh,h 5.5, 2 x CH2), 1.45 (18H,

s, rBu); 4 (75 MHz, CDC13) 156.9 (2 x C, quat, C=0), 139.3 (2 x C, quat, Ar), 131.9 (4 x CH,

Ar), 127.5 (4 x CH, Ar), 122.3 (2 x C, quat, Ar), 89.3 (2 x C, quat, C=C), 79.8 (2 x C, quat,

C=C), 44.5 (2 x CH2), 29.8 (2 x C, quat, 'Bu), 28.5 (6 x CH3, rBu); m/z (ES) 460 (M+, 100 %),
413 (58), 403 (13); (HRMS) 460.5642 (M+C28H32N204 requires 460.5648).

Phenylacetylene methylcarboxylate 145

A solution of palladium chloride (0.02 g, 0.1 mmol), copper(I) chloride (0.53 g, 3.9 mmol)
and sodium acetate (0.32 g, 3.9 mmol) in methanol (20 ml) was degassed for 30 minutes by
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passing a constant stream of dry nitrogen through the reaction vessel. After this time

phenylacetylene 147 the system was placed under an inert atmosphere of CO. The resulting
reaction mixture left to stir at room temperature for 15 hours. After this time the palladium
solids were removed by suction filtration, and the residues washed thoroughly with CH2CI2.
The filtrate was evaporated under reduced pressure and the residual black oil taken up in

CH2CI2 (50 ml), washed with an aqueous 5 % HC1 solution (60 ml), water (2 x 50 ml) and
dried (MgSCU). The solvent was removed in vacuo to afford the crude product as a brown oil
which was purified via column chromatography (SiC>2, 6:1 hexane:EtOAc) to afford

phenylacetylene methylcarboxylate 145 as a colourless oil (0.23 g, 74 %); ^1 (300 MHz,

CDCI3) 7.59-7.56 (2H, m, Ar), 7.44-7.34 (3H, m, Ar), 3.83 (3H, s, CH3); <5fc (75 MHz, CDC13)
154.4 (C, quat, C=0), 133.0 (2 x CH, Ar), 130.6 (CH, Ar), 128.6 (2 x CH, Ar), 86.5 (C, quat,

C=C), 80.4 (C, quat, C=C), 29.7 (CH3); m/z (EI) 160 (M+, 11 %), 129 (100), 102 (49), 75

(82), 51 (64), 41 (66); (HRMS) 160.1705 (M+Ci0H8O2 requires 160.1693).

A-Boc-4'(trimethylsilyl) ethynyl benzylamine 149

A solution of A-boc-4-bromobenzylamine 128 (1.00 g, 3.5 mmol) in freshly distilled

diisopropylamine (10 ml) was degassed by passing a constant stream of dry nitrogen through
the reaction vessel. To this solution dichlorobis(benzonitrile)palladium(II) (0.12 g,

0.2 mmol), triphenylphosphine and copper(II)acetate (0.03 g, 0.2 mmol) were added

successively, and the resulting reaction mixture was degassed for a further 10 minutes. After
this time, the solution was heated to reflux for 30 minutes and then degassed for a further 10
minutes. The reaction mixture was then allowed to cool to room temperature before

(trimethylsilyl)acetylene was added dropwise via syringe over a period of 1 hour. The
reaction mixture was then heated to reflux for a further 7 hours. Upon cooling, the palladium
solids were removed by suction filtration, and the residues washed thoroughly with CH2CI2.
The filtrate was evaporated under reduced pressure and the residual black oil was taken up in

CH2CI2 (50 ml), washed with an aqueous 5 % HC1 solution (60 ml), water (2 x 50 ml) and
dried (MgS04). The solvent was removed in vacuo to afford the crude product as a brown oil
which was purified via column chromatography (Si02, 10:1:1 v/v hexaneU^CUEtOAc) to
afford A-Boc-4'(trimethylsilyl) ethynyl benzylamine 149 as a pale yellow solid (0.57 g, 67 %)

mp 98.0-100.2 °C; 6H (300 MHz, CDC13) 7.42 (2H, d, 3Jh,h 8.5, Ar), 7.20 (2H, d, 3JHM 8.1,

Ar), 4.85 (1H, bs, NH), 4.29 (2H, d, 3Jh,h 8.5, CH2), 1.45 (9H, s, 'Bu), 0.24 (18 H, s, 6 x CH3);
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Sc (75 MHz, CDCI3) 155.9 (C, quat, C=0), 139.4 (C, quat, Ar), 132.2 (2 x CH, Ar), 127.3

(2 x CH, Ar), 122.1 (C, quat, Ar), 105.0 (C, quat, C=C), 94.3 (C, quat, C=C), 44.6 (CH2), 28.6

(3 x CH3, 'Bu), -0.1 (6 x CH3, TMS); m/z (EI) 303 (M+, 2 %), 246 (62), 202 (53), 171 (49),

150 (48), 115 (38), 73 (54), 57 (99), 43 (100); (HRMS) 303.4734 (M+Ci7H25N02Si requires
303.4714).

iV-Boc-4 ethynyl benzylamine 150

Anhydrous potassium carbonate (1.82 g, 13.2 mmol) was added to a solution of
A-boc 4 -(trimethylsilyl)ethynl benzylamine 149 (1.00 g, 3.3 mmol) in methanol/CH2Cl2

(30 ml, v:v 1:1) and the resulting reaction mixture stirred at room temperature for 1 hour. The
reaction was then quenched with water (50 ml) and the organic phase extracted with hexane

(3 x 50 ml). The combined organic extracts were then dried (MgSCU) and the solvent
removed in vacuo to afford A-Boc-4'ethynyl benzylamine 150, as a pale yellow solid (0.71 g,

93 %) mp 88.2-90.0 °C; & (300 MHz, CDC13) 7.45 (2H, d, 3Jh,h 8.5, Ar), 7.23 (2H, d, 3Jh,h
8.1, Ar), 4.88 (1H, bs, NH), 3.06 (2H, s, CH2), 1.45 (9H, s, 'Bu); Sc (75 MHz, CDC13) 156.0

(C, quat, C=0), 139.9 (C, quat, Ar), 132.3 (CH, Ar), 131.6 (CH, Ar), 129.1 (CH, Ar), 127.3

(CH, Ar), 121.0 (C, quat, Ar), 83.5 (C, quat, C=C), 77.3 (CH, C=CH), 44.3 (CH2), 28.4

(3 x CH3, 'Bu); m/z (EI) 230 (M+, 9 %), 174 (60), 130 (53), 115 (33), 57 (100), 41 (49);

(HRMS) 231.2914 (M+C14H17N02 requires 231.2903).

4-Aminobenzo-15-crown-5 159

To a solution of 4'-nitrobenzo-15-crown-5 165 (3.13 g, 0.01 mol) in ethanol (200 ml) was

added a catalytic amount of 10 mol% palladium on carbon whilst under an inert atmosphere.

Hydrogen was then passed into the reaction mixture and the resulting solution left to stir at
room temperature for 4 days. After this time the reaction mixture was filtered through a short

pad of Celite@, the filtrate collected and the solvent removed in vacuo, affording the crude

product as a viscous brown oil. Trituration of the residue with hexane/ethyl acetate afforded
4 -aminobenzo-15-crown-5 159 as a brown solid (0.94 g, 33 %) mp 73.2-75.0 °C

BocHN
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(lit.[161] 73.0-74.0 °C); Su (300 MHz, CDC13) 6.73 (1H, d, Ar, 3JH_H 8.4), 6.27 (1H, d,aJh,h 2.7,

Ar), 6.20 (1H, dd, 3JH_H 8.4, 4Jh,h 2.7, Ar), 4.08-4.04 (4H, m), 3.90-3.84 (4H, m), 3.75-3.72

(8H, m), 3.56 (2H, bs, NH2); & (75 MHz, CDC13) 150.7 (C, quat, Ar), 142.1 (C, quat, Ar),
141.5 (C, quat, Ar), 117.6 (CH, Ar), 107.4 (CH, Ar), 102.9 (CH, Ar), 71.0 (2 x CH2), 70.8

(2 x CH2), 70.5 (CH2), 70.0 (CH2), 69.6 (CH2), 68.7 (CH2); (EI) 283 (M+, 100 %), 151 (64),

95 (61); (HRMS) 283.1419 (M+Ci4H21N05 requires 283.1416).

General procedure for the synthesis of4 -fortnylbenzo crown ethers 164 and 175

3,4-Dihydroxybenzaldehyde 112 was dissolved in CH3CN and heated to 60°C under inert

atmosphere, after which sodium iodide (4.0 eq.) and potassium carbonate (3.0 eq.) were added
to the constantly stirred solution. The appropriate ethylene bistosylate (1.0 eq.) dissolved in

CH3CN was then added dropwise and the resulting reaction mixture heated to reflux for 3

days. After this time, the reaction mixture was filtered under vacuum and the inorganic
residue washed with CH3CN. The solvent was then removed in vacuo, and the resulting

residue redissolved in CHCI3 (100 ml) before being washed with H20 (50 ml) and aqueous

2M HC1 (50 ml). The organic layers were then combined, dried (MgS04) and the solvent
removed in vacuo, affording the appropriate crude product as a brown viscous oil. These oils
were then purified via crystallisation from n-pcntane.

4 -Formylbenzo-15-crown-5 164

The general procedure outlined above was followed using 3,4-dihydroxybenzaldehyde 112

(10.00 g, 79.4 mmol) dissolved in CH3CN (200 ml), sodium iodide (47.64 g, 317.0 mmol),

potassium carbonate (32.90 g, 238.0 mmol) and tetraethylene bistosylate 111 (39.80 g,

79.4 mmol) dissolved in CH3CN (150 ml) affording 4-formylbenzo-15-crown-5 164 as a

colourless solid (5.40 g, 23 %) mp 79.4-81.0 °C (lit.[222] 78.0-81.0 °C); Found: C, 61.02;

H, 6.90; cald for Ci5H2o06 C, 60.81; H, 6.81; vmax (KBr)/cm_1 1690 (C=0), 1599, 1587 and

1511 (Ar, C=C); 4 (300 MHz, CDC13) 9.82 (1H, CHO), 7.41 (1H, dd, 3Jh,h 8.3, aJh,h 1-8,

Ar), 7.35 (1H, d, *JHiH 1.8, Ar), 6.91 (1H, d, 3Jh,h 8.3, Ar), 4.18-4.14 (4H, m, 2 x CH2),
3.92-3.87 (4H, m, 2 x CH2), 3.74 (8H, s, 4 x CH2); Sc (75 MHz, CDCI3) 191.0 (CHO), 154.6

222



(C, quat, Ar), 149.4 (C, quat, Ar), 130.2 (C, quat, Ar), 127.0 (CH, Ar), 111.9 (CH, Ar), 111.1

(CH, Ar), 71.2 (2 x CH2), 70.3 (CH2), 70.2 (CH2), 69.3 (CH2), 69.2 (CH2), 68.7 (CH2), 68.6

(CH2); m/z (EI) 296 (M+, 41 %), 164 (100), 149 (51), 45 (41).

4 -Formylbenzo-18-crown-6 175

r<>^

The general procedure outlined above was followed using 3,4-dihydroxybenzaldehyde 112

(2.08 g, 16.5 mmol) dissolved in CH3CN (100 ml), sodium iodide (9.89 g, 65.9 mmol),

potassium carbonate (6.82 g, 54.9 mmol) and pentaethylene bistosylate 178 (9.00 g,

16.5 mmol) dissolved in CH3CN (100 ml) affording 4-formylbenzo-18-crown-6 175 as a

colourless solid (1.51 g, 27 %) mp 72.0-74.0 °C (lit.[222] 72.0-73.0 °C); & (300 MHz, CDC13)
9.82 (1H, s, CHO), 7.42 (1H, dd, 3JHM 8.1, 4JHM 1.8, Ar), 7.38 (1H, d, Ar, 4JH,H 1.8), 6.95

(1H, d, 3Jh,h 8.1, Ar), 4.24-4.19 (4H, m, 2 x CH2), 3.97-3.91 (4H, m, 2 x CH2), 3.78-3.68

(12H, m, 6 x CH2); Sc (75 MHz, CDC13); 191.1 (CH, C=0), 154.6 (C, quat, Ar), 149.4

(C, quat, Ar), 130.3 (C, quat, Ar), 127.0 (CH, Ar), 112.1 (CH, Ar), 111.2 (CH, Ar), 71.1

(CH2), 71.9 (CH2), 70.9 (CH2), 70.8 (CH2), 70.7 (CH2), 70.7 (CH2), 69.5 (CH2), 69.4 (CH2),

69.1 (CH2), 69.0 (CH2); m/z (EI) 340 (M+, 49%), 164 (82), 149 (68), 43 (100), 32 (49);

(HRMS) 340.1517 (M+C17H2407 requires 340.1522).

4-Amino-l,2-dimethoxybenzene 162

A slurry of 5 % palladium on carbon (2.90 g, 1.4 mmol) in methanol (50 ml) was degassed by

passing a stream of dry nitrogen through the solution for 30 minutes. To this solution sodium

borohydride (12.40 g, 330.0 mmol) in water (40 ml) was added dropwise to the stirred
solution under an inert atmosphere. 4-Nitro-l,2-dimethoxybenzene 167 (10.00 g, 55.0 mmol)
in methanol (600 ml) was then added dropwise and the resulting reaction mixture stirred at

room temperature for 2 hours. After this time, the solution was filtered through a short pad of

Celite@, the filtrate collected and the solvent removed in vacuo. The resulting residue was

redissolved in ether and washed with AM aqueous NaOH (400 ml) and dried (CaCl2). The
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solvent was then removed in vacuo to afford 4-amino-l,2-dimethoxybenzene 162 as a pale

pink solid (7.27 g, 87 %) mp 89.0-90.0 °C; 4 (300 MHz, CDC13) 6.82 (1H, d, 3Jh,h 8.2, Ar),
6.43 (1H, d, 4Jh,h 2.9, Ar), 6.35 (1H, dd, 4JHM 2.9,3Jh,h 8.2, Ar), 3.94 (3H, s, CH3), 3.91 (3H,

s, CH3), 3.53 (2H, bs, NH2); Sc (75 MHz, CDC13) 150.2 (C, quat, Ar), 142.6 (C, quat, Ar),
141.0 (C, quat, Ar), 113.5 (CH, Ar), 106.8 (CH, Ar), 101.1 (CH, Ar), 57.0 (CH3), 56.1 (CH3);

m/z (EI) 153 (M+, 100 %), 138 (85), 110 (36); (HRMS) 153.0789 (M+ C8HnN02 requires

153.0786).

Bis-crown imine 161

4-Aminobenzo-15-crown-5 159 (100 mg, 0.3 mmol) and 4-formylbenzo-15-crown-5 160

(105 mg, 0.3 mmol) were dissolved in ethanol (5 ml) and the resultant reaction mixture heated
to reflux for 2 days. After this time, the mixture was allowed to cool to room and the resulting

precipitate isolated via filtration under reduced pressure to give the crude product as a yellow
solid. This was purified via recrystallisation from ethanol to afford 161 as a pale yellow solid

(0.12 g, 61 %) mp 149.0-152.0 °C; 4 (300 MHz, CDC13) 8.34 (1H, s, imine), 7.55-7.53 (1H,

m, Ar), 7.28 (1H, d, 4JHM 1.8, Ar), 6.90-6.85 (1H, m, Ar), 6.82-6.80 (1H, m, Ar), 6.78-6.77

(1H, m, Ar), 6.75-6.74 (1H, m, Ar) 4.24-4.13 (4H, m), 3.95-3.90 (4H, m), 3.77-3.76 (8H, m);

Sc (75 MHz, CDC13) 158.3 (CH, imine), 151.9 (C, quat, Ar), 149.5 (C, quat, Ar), 149.3

(C, quat, Ar), 147.4 (C, quat, Ar), 146.0 (C, quat, Ar), 129.7 (C, quat, Ar), 124.3 (CH, Ar),
114.6 (CH, Ar), 112.6 (CH, Ar), 112.5 (CH, Ar), 111.2 (CH, Ar), 107.7 (CH, Ar), 71.1 (CH2),

71.1 (CH2), 71.0 (CH2), 71.0 (CH2), 70.5 (CH2), 70.4 (CH2), 70.3 (CH2), 70.2 (CH2), 69.6

(CH2), 69.5 (CH2), 69.4 (CH2), 69.3 (CH2), 69.2 (CH2), 68.8 (2 x CH2), 68.6 (CH2); m/z (ES)

562 (M+, 100 %).

224



4 -Nitrobenzo-15-crown-5 165

no2

Concentrated nitric acid (12 ml) was added dropwise to a solution of benzo-15-crown-5 101

(3.48 g, 13.0 mmol) in a mixture of chloroform (40 ml) and acetic acid (35 ml) and the

resulting reaction mixture was left to stir at room temperature for 18 hours. After this time
the solution was neutralised with saturated sodium carbonate and the organic phase separated.
The aqueous layer was then extracted with chloroform and the combined organic extracts

washed with H2O (150 ml), dilute hydrochloric acid (100 ml) and dried (MgS04). The
solvent was removed in vacuo to afford the crude product as yellow solid, which was purified
via recrystallisation from ethanol to afford 4-nitrobenzo-15-crown-5 165 as a pale yellow

solid (3.59 g, 88 %) mp 84.0-86.0 °C (lit.[161] 84.0-85.0 °C); & (300 MHz, CDC13) 7.89 (1H,

dd, 3JH,H 8.9, aJHiH 2.7, Ar), 7.72 (1H, d, *J„iH 2.7, Ar), 6.87 (1H, d, 3Jh,h 8.9, Ar), 4.22-4.19

(4H, m), 3.95-3.91 (4H, m), 3.77-3.74 (8H, m); 5C (75 MHz, CDC13) 154.8 (C, quat, Ar),

148.8 (C, quat, Ar), 141.6 (C, quat, Ar), 118.1 (CH, Ar), 111.7 (CH, Ar), 108.7 (CH, Ar),
71.2 (CH2), 70.7 (CH2), 70.3 (CH2), 70.2 (CH2), 69.3 (CH2), 69.1 (CH2), 69.0 (CH2), 68.9

(CH2); m/z (EI) 313 (M+, 43 %), 181 (100); (HRMS) 313.1162 (M+ C14H19NO7 requires

313.1153).

l,2-Dimethoxy-4-nitrobenzene 167

Nitric acid (4.60 g, 70.0 mmol) as a solution in acetic acid (45 ml) was added dropwise to a

stirred solution of veratrole 166 (10.00 g, 70.0 mmol) in a mixture of acetic acid (45 ml) and
nitric acid (4.60 g, 70.0 mmol). After the addition was complete, the resulting reaction
mixture was allowed to stir at room temperature for 30 minutes and then at 60 °C for a further
15 minutes. After this time the solution was cooled to room temperature before the addition
of iced water (100 ml) to afford a yellow precipitate. The precipitate was filtered under
reduced pressure and washed with water, affording l,2-dimethoxy-4-nitrobenzene 167 as a

yellow solid (11.20 g, 84 %) mp 81.0-82.0 °C; 4 (300 MHz, CDC13) 7.91 (1H, dd, 3JHM 8.9,
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%iH 2.4, Ar), 7.74 (1H, d, 4JH>H 2.4, Ar), 6.90 (1H, d, 3JH,H 8.9, Ar), 3.98 (3H, s, CH3), 3.96

(3H, s, CH3); Sc (75 MHz, CDC13) 154.8 (C, quat, Ar), 149.2 (C, quat, Ar), 141.8 (C, quat,

Ar), 118.1 (CH, Ar), 110.2 (CH, Ar), 106.8 (CH, Ar), 56.8 (CH3), 56.4 (CH3); m/z (EI) 183

(M+, 100 %); (HRMS) 183.0532 (M+C8H9N04 requires 153.0524).

(3,4-Dimethoxy-benzyIidene)-(3,4-dimethoxy-phenyl)-amine 168

4-Amino-l,2-dimethoxybenzene 162 (100 mg, 0.6 mmol) and 3,4-dimethoxybenzaldehyde
163 (108 mg, 0.6 mmol) were dissolved in ethanol (5 ml) and the resultant reaction mixture
heated to reflux for 2 days. After this time, the mixture was allowed to cool to room and the

resulting precipitate isolated by filtration to afford the crude product as a yellow solid. This
solid was purified via recrystallisation from ethanol to afford (3,4-Dimethoxy-benzylidene)-

(3,4-dimethoxy-phenyl)-amine 168 as a pale yellow solid (0.15 g, 75 %); ^ (300 MHz,

CDC13) 8.40 (1H, s, imine), 7.33-7.30 (2H, m, Ar), 7.05-6.90 (4H, m, Ar), 3.89 (CH3), 3.58

(CH3), 3.38 (CH3), 3.01 (CH3); <5fc (75 MHz, CDC13) 158.6 (CH, imine), 152.2 (C, quat, Ar),
149.8 (C, quat, Ar), 149.6 (C, quat, Ar), 147.7 (C, quat, Ar), 129.9 (C, quat, Ar), 124.7 (C,

quat, Ar), 114.2 (CH, Ar), 112.3 (CH, Ar), 111.8 (CH, Ar), 110.8 (CH, Ar), 109.3 (CH, Ar),
106.0 (CH, Ar), 56.46 (CH3), 56.4 (2 x CH3), 56.3 (CH3); m/z (EI) 301 (M+, 33 %), 286 (24),

114 (98), 72 (100); (HRMS) 303.1319 (M+C,7H19N04 requires 303.1314).

General procedure for the 4 -acetylbenzo crown ethers 174 and 176

A mixture of the appropriate benzocrown ether and acetic acid (1.1 eq.) was dissolved in
Eatons Reagent (9.5 eq.) and the resulting reaction mixture left to stir at room temperature for
18 hrs under an inert atmosphere. After this time, the reaction mixture was poured into water

(-100 ml) and neutralised with saturated NaHC03 solution (added until the evolution of CO2

gas was complete). The mixture was then extracted with CH2CI2 (2 x 100 ml and the
combined organic extracts washed with water (2 x 100 ml) and dried (MgS04). The solvent
was removed in vacuo affording the crude products as yellow oils, which are purified via

crystallisation from hexane.
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4-AcetyIbenzo-15-crown-5 174

The general procedure was followed using benzo-15-crown-5 101 (3.00 g, 11.2 mmol), acetic
acid (0.74 g, 12.3 mmol) and Eatons Reagent (9.50 ml, 106.0 mmol) to afford 4 -acetylbenzo-
15-crown-5 174 as a colourless solid (2.00 g, 58 %) mp 93.0-95.0 °C (lit.[172] 93.0-95.0 °C);

Found; C, 61.93; H, 6.93 cald for C9H11N3O2: C, 61.94; H, 7.10; vw (KBr)/cm_1 1668

(COCH3), 1595 and 1518 (Ar, C=C); <5k (300 MHz, CDC13) 7.54 (1H, dd, Ar, 3Jh,h 8.2, 4Jh,h
2.2), 7.49 (1H, d, Ar, 4JH,H 2.2), 6.84 (1H, d, Ar, 3JHiH 8.2), 4.18-4.16 (4H, m, 2 x CH2), 3.93-
3.74 (4H, m, 2 x CH2), 3.74 (8H, s, 4 x CH2), 2.53 (3H, s, CH3); 6C (75 MHz, CDC13) 178.2

(C=0), 134.8 (C, quat, Ar), 130.2 (C, quat, Ar), 112.0 (C, quat, Ar), 105.0 (CH, Ar), 93.9

(CH, Ar), 93.0 (CH, Ar), 52.5 (2 x CH2), 51.7 (CH2), 51.7 (CH2), 50.7 (CH2), 50.6 (CH2),

50.3 (CH2), 50.0 (CH2), 26.4 (CH3); m/z (EI) 310 (M+, 18 %), 163 (89), 43 (100).

4-Acetylbenzo-18-crown-6 176

The general procedure was followed using benzo-18-crown-6 180 (2.00 g, 6.4 mmol), acetic
acid (0.42 ml, 7.0 mmol) and Eatons Reagent (5.7 ml, 60.8 mmol) to afford 4-acetylbenzo-
18-crown-6 176 as a colourless solid (1.00 g, 45 %) mp 78.5-79.0 °C; Found; C, 60.89; H,

7.32; cald for C9H„N302: C, 61.00; H, 7.39; vmax (KBr)/cm"' 1671 (COCH3), 1249.8 (Ar-O-

R), 1136 and 1105 (R-O-R); 4 (300 MHz, CDC13) 7.55 (1H, dd, Ar, 3Jh,h 8.3, 4Jh,h 1.8), 7.49

(1H, d, Ar, 4Jh,h 1.8), 6.85 (1H, d, Ar, 3Jh,h 8.3), 4.22-4.19 (4H, m, 2 x CH2), 3.95-3.89 (4H,

m, 2 x CH2), 3.76-3.67 (12H, m, 6 x CH2), 2.54 (3H, s, CH3); Sc (75 MHz, CDCI3); 196.9 (C,

quat, C=0), 153.3 (C, quat, Ar), 148.7 (C, quat, Ar), 130.6 (C, quat, Ar), 123.5 (CH, Ar),
112.6 (CH, Ar), 111.8 (CH, Ar), 71.0 (2 x CH2), 70.9 (CH2), 70.8 (CH2), 70.7 (CH2), 70.6

(CH2), 69.5 (CH2), 69.4 (CH2), 69.1 (CH2), 68.9 (CH2), 26.3 (CH3); m/z (ES) 377 ([M + Na]+,
100%).
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General procedure for the synthesis of the aldol products 175 and 200

To a solution of the appropriate formyl compound (1 eq.) and the appropriate acetyl

compound (1 eq.) in methanol was added a potassium hydroxide solution in methanol (10 %

w/v) until pH 8-9 was reached. The reaction mixture was then heated to reflux for 3 days, the
course of the reaction being followed by TLC. After this time the reaction was allowed to

cool to room temperature and neat acetic acid was added dropwise until asolution of pH 7 was

attained. The solution was then extracted with CH2CI2 (2 x 30 ml). The combined organic
extracts were washed with H2O (50 ml) and dried (MgSO^. The solvent was then removed in
vacuo affording the crude product as a yellow oil, which was purified via column

chromatography (Si02; 20:1 CH2Cl2:methanol) to afford the pure products.

The general experimental procedure outlined above was followed using

4-formylbenzo-15-crown-5 160 (0.24 g, 0.8 mmol) and 4-acetylbenzo-15-crown-5 174

(0.25 g, 0.8 mmol) and methanol (10 ml) to afford 161 as a pale yellow oil (0.26 g, 56 %);

vmax (KBr)/cm_1 1655.4 (C=0), 1595 (HC=CH), 1261 (Ar-O-R), 1130 and 1102 (R-O-R);

Sa (300 MHz, CDCI3) 7.70 (1H, d, alkene, 3Jh,h 15.4), 7.63 (1H, dd, Ar, 3JHiH 8.4, 4Jh,h 1.8),
7.57 (1H, d, Ar, AJH,H 1.8), 7.35 (1H, d, alkene, 3JHjH 15.4), 7.19 (1H, dd, Ar, 3JH,H 8.3, aJh,h
1.8), 7.14 (1H, d, Ar, aJHiH 1.8), 6.85 (2H, dd, Ar, 3JHM 8.3, 3Jh,h 8.4), 4.22-4.13 (8H, m,
2 x CH2), 3.93-3.89 (8H, m, 4 x CH2), 3.74 (16H, s, 8 x CH2); Sc (75 MHz, CDC13) 188.7 (C,

quat, C=0), 153.3 (C, 2 x quat, Ar), 151.5 (C, 2 x quat, Ar), 149.1 (C, quat, Ar), 149.0 (C,

quat, Ar), 144.1 (CH, alkene, Ar), 123.4 (CH, alkene), 123.3 (CH, Ar), 119.7 (CH, Ar), 113.3

(CH, Ar), 113.1 (CH, Ar), 113.0 (CH, Ar), 111.7 (CH, Ar), 71.1 (2 x CH2), 71.0 (2 x CH2),

70.4 (CH2), 70.4 (CH2), 70.3 (CH2), 70.3 (CH2), 69.5 (CH2), 69.4 (CH2), 69.3 (CH2), 69.2

(CH2), 69.2 (CH2), 69.0 (CH2), 68.6 (CH2), 68.6 (CH2); m/z (EI) 588 (M+, 100%), 446 (62),
163 (60), 44 (78); (HRMS) 611.2468 ([M + Na]+C3iH4oOnNa requires 611.2468).

228



l,3-Bis-(3,4-dimethoxy-phenyl)-propenone 230
o

o

o

The general experimental procedure outlined above was followed using 3,4-dimethoxy

benazaldehyde 163 (1.00 g, 5.56 mmol) and 3,4-dimethoxy acetophenone 176 (0.92 g,

5.6 mmol) and methanol (30 ml) to afford l,3-Bis-(3,4-dimethoxy-phenyl)-propenone 230 as

a yellow oil (1.19 g, 65 %); & (300 MHz, CDC13) 7.71 (1H, d, 3JHM 15.4, alkene), 7.68 (1H,

dd, 3Jh,h 8.4, 4Jh,h 1.8, Ar), 7.61 (1H, d, Ar, aJh,h 1.8), 7.40 (1H, d, 3Jh,h 15.4, alkene), 7.23

(1H, dd, 3Jh,h 8.3, 4Jh,h 1.8, Ar), 7.15 (1H, d, *Jm 1.8, Ar), 6.90 (2H, dd, 3JHH 8.4, 3JHH 8.4,

Ar), 3.96 (3H, s, CH3), 3.95 (3H, s, CH3), 3.94 (3H, s, CH3), 3.92 (3H, s, CH3); Sc (75 MHz,

CDC13) 188.6 (C, quat, C=0), 153.1 (C, quat, Ar), 151.3 (C, quat, Ar), 149.3 (2 x C, quat,

Ar), 144.1 (CH, alkene), 131.6 (C, quat, Ar), 128.1 (C, quat, Ar), 122.8 (CH, alkene), 119.7 (2
x CH, Ar), 111.2 (CH, Ar), 110.9 (CH, Ar), 110.3 (CH, Ar), 110.0 (CH, Ar), 56.0 (2 x CH3),

56.0 (2 x CH3); m/z (EI) 328 (M+, 100%), 297 (33), 165 (27); (HRMS) 328.1311

(M+Ci9H2o06requires 328.1301).

2-(Amido-3-benzylazide)-6-methyl pyridine 190

Sodium azide (1.26 g, 19.3 mmol) was added to a constantly stirred solution of

2-(Amido-3-benzylchloride)-6-methyl pyridine 195 (1.67 g, 6.4 mmol) in acetone (50 ml),
and the resulting reaction mixture was heated to reflux for 20 hours under an inert

atmosphere. After this time, the reaction mixture was allowed to cool to room temperature,

filtered to remove the salt formed and the solvent removed in vacuo. The residue was then

redissolved in CH2CI2 and washed with H20 (3 x 50 ml), the organic phases were then
combined and dried over MgS04 to afford 2-(amido-3-benzylazide)-6-methyl pyridine 190 as

a colourless solid (1.36 g, 89 %) mp 64.0-65.0 °C; Found; C, 62.95; H, 4.76; N, 26.11;
cald for C9H,iN302: C, 62.91; H, 4.90; N, 26.20; vmax (KBr)/cm"' 2099.4 (b, s, N3), 1671.5

(s, C=0); Sn (300 MHz, CDC13) 8.62 (1H, s, NH), 8.19 (1H, d, 3Jh,h 7.9, Ar), 7.89-7.87 (1H,

m, Ar), 7.65 (1H, dd, 3Jh,h 7.9, 3Jh,h 7.9, Ar), 7.52-7.50 (3H, m, Ar), 6.94 (1H, d, 3Jh.h 7.4,
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Ar), 4.43 (2H, CH2), 2.45 (3H, CH3); <5fc (75 MHz, CDC13) 165.3 (C, quat, C=0, amide),
157.0 (C, quat, Ar), 150.8 (C, quat, Ar), 138.9 (CH, Ar), 136.4 (C, quat, Ar), 135.1 (C, quat,

Ar), 131.7 (CH, Ar), 129.3 (CH, Ar), 127.1 (CH, Ar), 127.0 (CH, Ar), 119.6 (CH, Ar), 111.1

(CH, Ar), 54.3 (CH2), 23.9 (CH3); m/z (EI) 267 (M+, 24 %), 238 (100), 210 (40), 160 (37),

132 (48), 104 (67), 77 (63).

4-(Methylmaleimide)-A-(6-methyl-pyridin-2-yl)-benzamide 191

4-Arninomethyl-/V-(6-methyl-pyridin-2-yl)-benzamide 201 (0.50 g, 2.1 mmol) and maleic

anhydride 202 (0.20 g, 2.1 mmol) were dissolved in dry acetic acid (AR Grade, 10 ml) and the

resulting reaction mixture heated to reflux overnight under an atmosphere of dry nitrogen.
After this time, the excess acetic acid was removed in vacuo to afford the crude product as an

off white solid, which was purified via flash column chromatography (Si02, 2:1 v/v

CH2Cl2:EtOAc) to afford 4-(methylmaleimide)-A-(6-methyl-pyridin-2-yl)-benzamide 191 as

a colourless solid (0.31 g, 47 %) mp 139.0-141.0 °C; 5H (300 MHz, CDC13) 8.52 (1H, bs,

NH), 8.16 (1H, d, 3Jh,h 8.2, Ar), 7.87 (2H, d, 3Jh,h 8.3, Ar), 7.63 (1H, dd, 3JHM 8.2, 3JHM 7.5,

Ar), 7.44 (2H, d, 3JHM 8.3, Ar), 6.92 (1H, d, 3JHM 7.5, Ar), 6.74 (2H, s, maleimide), 4.73 (2H,

s, CH2), 2.45 (3H, s, CH3); <5fc (75 MHz, CDC13) 170.6 (C, quat, 2 x C=0, maleimide), 165.7

(C, quat, C=0), 156.8 (C, quat, Ar), 151.1 (C, quat, Ar), 140.7 (C, quat, Ar), 139.7 (CH, Ar),
134.7 (2 x CH, maleimide), 134.1 (C, quat, Ar), 129.0 (2 x CH, Ar), 128.2 (2 x CH, Ar),
120.0 (CH, Ar), 111.8 (CH, Ar), 41.4 (CH2), 29.9 (CH3); m/z (ES) 344 ([M++ Na] 100%), 322

(10); (HRMS) 322.1191 (M+C]8H16N303 requires 322.1192).

o

230



2-(Amido-3-benzylazide)-6-methyl pyridine 190 (0.17 g, 0.6 mmol) and

2-(amido-3-benzylmaleimide)-6-methyl pyridine 191 (0.20 g, 0.6 mmol) were dissolved in
toluene (2 ml, pre-dried) and heated to reflux for 16 hours. After this time the solvent was
removed in vacuo to afford the crude product as a yellow oil which was purified via column

chromatography (Si02; 3:1 v/v hexane:EtOAc) to afford the pure product 192 as a pale

yellow oil (0.17 g, 47 %) mp 176.8-179.0 °C; vmax (KBr)/cm 1 1705.0 (C=0), 1670.2

(CONH); Sn (300 MHz, CDC13) 8.78 (1H, bs, NH), 8.64 (1H, bs, NH), 8.23-8.16 (2H, m, Ar),

7.90-7.88 (4H, m, Ar), 7.68-7.62 (2H, m, Ar), 7.58-7.49 (2H, m, Ar), 7.43-7.40 (2H, m, Ar),

6.95-6.92 (2H, m, Ar), 5.46-5.42 (1H, d, CH2N3, 3Jh,h 10.9), 5.30-5.25 (1H, d, 3Jh,h 15.1),
4.81-4.76 (1H, d, 3Jh,h 15.1), 4.62 (2H, s, CH2), 4.11-4.08 (1H, d, CH2N3, 3JH_H 10.9), 2.39

(CH3), 2.38 (CH3); Sq (75 MHz, CDC13) 171.5 (C, quat, C=0), 170.2 (C, quat, C=0), 165.5

(C=0), 165.3 (C=0), 157.3 (C, quat, Ar), 157.2 (C, quat, Ar), 151.0 (2 x C, quat, Ar), 139.4

(CH, Ar), 139.2 (CH, Ar), 138.9 (C, quat, Ar), 135.6 (C, quat, Ar), 135.5 (C, quat, Ar), 134.7

(C, quat, Ar), 132.9 (CH, Ar), 129.9 (CH, Ar), 129.4 (CH, Ar), 128.2 (2 x CH, Ar), 128.0

(2 x CH, Ar), 126.7 (CH, Ar), 119.6 (CH, Ar), 119.5 (CH, Ar), 111.5 (CH, Ar), 111.4 (CH,

Ar), 82.0 (CH, triazoline), 57.0 (CH, triazoline), 52.8, (CH2), 42.8 (CH2), 24.3 (CH3), 24.2

(CH3); (HRMS) 588.6159 (M+Ci9H20O6 requires 588.6162).
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Enamine product 203

Isolated as a pale yellow oil (0.12 g, 34 %); Sh (300 MHz, CDC13) 8.72 (1H, bs, NH), 8.63

(1H, bs, NH), 8.16 (2H, d, 3Jh,h 8.3), 7.90-7.85 (4H, m, Ar), 7.68-6.69 (3H, m, Ar), 7.48-7.41

(4H, m, Ar), 6.95-6.91 (2H, m, Ar), 5.98 (1H, dd, 3JH,H 5.9, 3JHM 5.9, NH, enamine), 4.89

(1H, s, CH, maleimide), 4.68 (2H, CH2), 4.41 (2H, d, 3JHiH 5.9, CH2), 2.47 (3H, CH3), 2.45

(3H, CH3); Sc (75 MHz, CDC13) 171.8 (C, quat, C=0), 167.3 (C, quat, C=0), 165.5 (C, quat,

C=0), 165.3 (C, quat, C=0), 157.0 (C, quat, Ar), 156.9 (C, quat, Ar), 151.0 (C, quat, Ar),
150.9 (C, quat, Ar), 149.3 (C, quat, Ar), 141.1 (C, quat, Ar), 139.1 (CH, Ar), 139.0 (CH, Ar),
136.8 (C, quat, Ar), 135.2 (C, quat, Ar), 133.6 (C, quat, Ar), 131.4 (CH, Ar), 130.2 (CH, Ar),
129.5 (CH, Ar), 128.6 (CH, Ar), 127.8 (CH, Ar), 127.0 (CH, Ar), 126.9 (CH, Ar), 122.5 (CH,

Ar), 119.8 (CH, Ar), 119.6 (CH, Ar), 111.4 (CH, Ar), 111.3 (CH, Ar), 86.0 (CH, C=CH), 48.2

(CH2), 40.9 (CH2), 24.1 (CH3), 21.2 (CH3); m/z (ES) 583 ([M+ + Na+, 100 %), 561 (88) 329

(33); (HRMS) 583.6048 ([M + Na]+, C32H28N604Narequires 583.6028).

2-(Amido-3-benzyIchloride)-6-methyl pyridine 195

2-Amino-6-picoline 194 (1.72 g, 15.9 mmol) dissolved in dry CH2C12 (50 ml) was added

dropwise to neat 3-chloromethylbenzoyl chloride 193 (1.00 g, 5.3 mmol) under an inert

atmosphere. Care was taken to ensure that the reaction temperature was maintained at 0 °C

throughout. After the addition was complete, the reaction mixture was allowed to warm to

room temperature and left to stir for 16 hours, after which time it was filtered and the solvent
removed in vacuo yielding the crude product as a yellow oil. This residual oil was purified via

ci
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column chromatography (Si02; 2:1 hexane:ethyl acetate) affording

2-(amido-3-benzylchloride)-6-methyl pyridine 195 as colourless solid (1.27 g, 93 %)

mp 75.5-77.0 °C; vmax (KBr)/cm_1 3001 (NH), 1674s (CONH), 786 (C-Cl); 4 (300 MHz,

CDC13) 9.10 (1H, s, NH), 8.18 (1H, d, Ar, 3JHM 7.8), 7.90 (1H, s, Ar), 7.82 (1H, d, Ar, 3Jh,h
7.8), 7.61 (1H, dd, 3JHM 7.8, 3JH,H 7.8), 7.53 (2H, d, Ar, 3JHM 7.6), 7.41 (1H, dd, 3JH,H 7.6,

3Jh,h 7.6), 6.88 (1H, d, Ar, 3J,lH 7.6), 4.54 (2H, s, CH2), 2.33 (3H, s, CH3); Sc (75 MHz,

CDCI3) 165.3 (C, quat, C=0), 156.9 (C, quat, Ar), 150.9 (C, quat, Ar), 138.9 (CH, Ar), 138.2

(C, quat, Ar), 135.0 (C, quat, Ar), 132.2 (CH, Ar), 129.2 (CH, Ar), 127.5 (CH, Ar), 127.2

(CH, Ar), 119.6 (CH, Ar), 111.2 (CH, Ar), 45.5 (CH2), 23.8 (CH3); m/z (EI) 260 (M+, 19%),

231 (100), 153 (78), 125 (36), 89 (38); (HRMS) 260.0716 (M+ Ci4Hi3N2OC1 requires

260.0724).

4-(Benzylcarbamato)-methylbenzoic acid 198
o

o

Benzyl chloroformate 194 (6.60 ml, 46.3 mmol) was added to a solution of

4-(aminomethyl)benzoic acid 196 (7.00 g, 46.3 mmol) in 2M aqueous sodium hydroxide

(250 ml). The resulting reaction mixture was left to stir vigorously for 16 hours at room

temperature. After this time the solid precipitate formed was filtered under vacuum, and the

resulting solid residue purified via recrystallisation (acetone/water) to afford

4-(benzylcarbamato)-methylbenzoic acid 198 as a colourless solid (10.44 g, 79 %)

mp 188.0-190.0 °C; Found; C, 67.38; H, 5.30; N, 4.91; cald for C16H14N04: C, 67.36; H, 5.30;

N, 4.91; Sa (300 MHz, DMSO) 7.95-7.86 (3H, m, Ar), 7.38-7.37 (6H, m, Ar), 5.06 (2H, s,

CH2), 4.28 (2H, d, 4JHM 6.3, CH2); Sc (75 MHz, DMSO) 167.3 (C, quat, C=0), 156.5 (C,

quat, C=0), 145.0 (C, quat, Ar), 137.2 (C, quat, Ar), 132.8 (C, quat, Ar), 128.5 (2 X CH, Ar),
127.9 (2 x CH, Ar), 127.8 (3 x CH, Ar), 127.1 (2 x CH, Ar), 65.6 (CH2), 49.7 (CH2);

m/z (ES) 330 ([M + 2Na-H], 100 %), 308 ([M + Na], 41 %); (HRMS) 330.0713 ([M+ + 2Na]

Ci6Hi4N04Na2) requires 330.0718) and 308.0894 ([M++Na] Ci6Hi4N04Na requires

308.0899).
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4-(Benzylcarbamato)-methylbenzoyl chloride 199
o

CI' T, -1 H

V
o

Freshly distilled thionyl chloride (5 ml) was added dropwise via syringe to neat

4 (benzylcarbamato)-methylbenzoic acid 198 (2.00g, 7.0 mmol). The resulting reaction
mixture was left to stir at room temperature for 4 hours under an inert atmosphere. After this

time, the thionyl chloride was removed in vacuo and the resulting crude yelow oil purified via
flash column chromatography (Si02, CH2CI2) to yield 4-(benzylcarbamato)-methylbenzoyl
chloride 199 as a colourless solid (1.38 g, 65 %) mp Decomposes >200 °C; VmaX (KBr)/cm_1
3321 (NH), 1795 (COC1), 1681 (CONH); Found; C, 63.11; H, 4.82; N, 4.32; cald for

Ci6H14N03C1 C, 63.27; H, 4.65; N, 4.61; 4 (300 MHz, CDC13) 8.07 (2H, d, 3JHM 8.1, Ar),

7.41 (2H, d, 3Jh,h 8.1, Ar), 7.39-7.38 (5H, m, Ar), 5.13 (2H, s, CH2), 4.46 (2H, d, CH2, 4Jh,h
6.3); Sc (75 MHz, DMSO) 165.3 (C, quat, C=0), 158.3 (C, quat, C=0), 146.8 (C, quat, Ar),
136.2 (C, quat, Ar), 132.4 (C, quat, Ar), 131.9 (2 X CH, Ar), 128.6 (3 x CH, Ar), 128.4 (2 x

CH, Ar), 128.2 (CH, Ar), 127.7 (CH, Ar), 67.2 (CH2), 44.6 (CH2); m/z (EI) 303 (M+, 28%),

268 (76), 212 (71), 178 (72), 108 (10), 91 (100), 65 (54); (HRMS) 303.0662

(M+ C16Hi4N03C1 requires 303.0665).

2-(4 -(Benzylcarbamato)methylbenzamido)-6-methylpyridine 200

o

V
o

A solution of 2-amino-6-picoline (0.85 g, 7.9 mmol) in dry CH2C12 (50 ml) was added

dropwise to neat 4-(benzylcarbamato)-methylbenzoyl chloride 199 (0.80 g, 2.6 mmol) under
an inert atmosphere, at 0 °C. After addition the reaction mixture was allowed to warm to

room temperature and left to stir overnight, after which it was filtered and the solvent
removed in vacuo yielding the crude product as a yellow oil. This residual oil was purified via
column chromatography (Si02; 5:1 CH2Cl2:hexane) to afford 2-(4-(benzylcarbamato)methyl

benzamido)-6-methylpyridine 200 as colourless solid (0.82 g, 90 %) mp 102.0-104.0 °C;

vmax (KBrf/cm1 3321 (NH), 1681 and 1654 (C=0); 4 (300 MHz, CDC13) 8.56 (1H, bs, NH)

8.18 (1H, d, 3Jh,h 8.2, Ar), 7.89-7.86 (2H, m, Ar), 7.65 (1H, dd, 3Jh,h 7.5, 3Jh,h 8.2, Ar), 7.40-

N' "N
H
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7.36 (7H, m, Ar), 6.93 (1H, d, 3Jh,h 7.5, Ar), 5.24 (1H, bs, NH), 5.15 (2H, s, CH2), 4.45 (2H,

d, 3Jh,h 5.9, CH2), 2.47 (3H, s, CH3); 8c (75 MHz, CDC13) 165.3 (C, quat, C=0), 156.9 (C,

quat, C=0), 156.6 (C, quat, Ar), 150.8 (C, quat, Ar), 143.1 (C, quat, Ar), 138.8 (2 x CH, Ar),
136.4 (C, quat, Ar), 133.4 (C, quat, Ar), 128.6 (2 x CH, Ar), 128.3 (2 x CH, Ar), 128.2 (2 x

CH, Ar), 127.6 (2 x CH, Ar), 119.5 (CH, Ar), 111.1 (CH, Ar), 67.0 (CH2), 44.7 (CH2), 24.0

(CH3); mJz (CI) 398 ([M++ Na] 100%), 376 (85); (HRMS) 398.1473 ([M+ + Na]

C22H2iN303Na requires 398.1481)

4-Aminomethyl-A'r-(6-methyl-pyridin-2-yl)-benzamide 201

f^l °

Hydrogen bromide (6.00 ml, 30 % solution in AcOH) was added dropwise to neat

2-(4-(benzylcarbamato)methylbenzamido)-6-methylpyridine 200 (1.00 g, 2.7 mmol) in a

flask fitted with a CaCl2 guard tube. The resulting reaction mixture was left to stir for 16
hours at room temperature. After this time, diethyl ether (200 ml) was added, and the

resulting insoluble material filtered and then dissolved in the miniumum volume of water

required for dissolution. To this solution was added 2M NaOH to pH 9 and the resulting

precipitate filtered to afford 4-aminomethyl-/V-(6-methyl-pyridin-2-yl)-benzamide 201 as a

colourless solid (0.50 g, 78 %) mp 157.0-160.0 °C; vmax(KBr)/cm_1 1670.2 (C=0, amide),

1705.0 (C=0, maleimide); 8u (300 MHz, CDC13) 8.55 (1H, bs, NH), 8.18 (1H, d, 3JHM 8.0,

Ar), 7.90-7.88 (2H, m, Ar), 7.63 (1H, dd, 3Jh,h 7.5, 3Jh,h 8.0, Ar), 7.44-7.42 (2H, m, Ar), 6.92

(1H, d, Ar, 3Jh,h 7.5), 3.95 (2H, s, CH2), 2.46 (3H, s, CH3); 8c (75 MHz, CDC13) 165.5 (C,

quat, C=0), 156.9 (C, quat, Ar), 150.9 (C, quat, Ar), 147.7 (C, quat, Ar), 138.7 (CH, Ar),
132.8 (C, quat, Ar), 127.6 (2 x CH, Ar), 127.3 (2 x CH, Ar), 119.4 (CH, Ar), 111.0 (CH, Ar),
46.0 (CH2), 24.0 (CH3); m/z (EI) 241 (M+, 48%), 213 (91), 134 (100); (HRMS) 241.2881

(M+Ci4Hi5N30 requires 241.2883)
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3-(4-ferf-Butyl-benzyloxy)-petanedioic acid 207
ho,c

> Oi
o

ho2c

1M NaOH (-20 ml) was added to a solution of 3-(4-tert-butyl-benzyloxy)-pentanedioic acid

diethyl ether 210 (0.80 g, 2.9 mmol) in ethanol (20 ml) and the resulting reaction mixture was

left to stir at room temperature for 16 hours. After this time, the reaction was quenched with
1M HC1, the organic layer extracted with EtOAc and the combined organic extracts washed
with brine and dried (MgS04). The solvent was then removed in vacuo to afford the crude

product as a colourless solid, which was purified via recrystallisation from hexane/CH2Cl2 to

afford 3-(4-te/t-butyl-benzyloxy)-petanedioic acid 207 as a colourless solid (0.56 g, 83 %)

mp 110.0-112.0 °C; Found; C, 64.96; H, 7.17; cald for C16H2205: C, 65.29; H, 7.53)

vmax (KBr)/cm_1 ~3100vb (C02H), 1701bs (C=0), 1072 and 1026s (R-O-R); Sh (300 MHz,

CDC13) 11.45 (2H, bs, OH), 7.38 (2H, d, 3JHiH 8.4, Ar), 7.27 (2H, d, 3Jh,h 8.4, Ar), 4.60 (2H,

s, CH2), 4.37-4.29 (1H, m, alkyl), 2.81-2.67 (4H, m, 2 x CH2), 1.31 (9H, s, fBu); & (75 MHz,

CDCI3) 177.1 (2 x C, quat, C=0), 150.9 (C, quat, Ar), 134.4 (C, quat, Ar), 127.8 (2 x CH,

Ar), 125.4 (2 x CH, Ar), 72.0 (CH2-0), 71.8 (CH, alkyl), 39.2 (2 x CH2, alkyl), 34.5 (C, quat,

lBu), 31.3 (3 x CH3, 'Bu); m/z (CI) 294 (M+, 9 %), 279 (14), 193 (13), 163 (36), 147 (100),

130 (24), 71 (14).

2,2,2-Trichloro-acetimidic acid tert-butyl benzyl ester 213[187]

A solution of 4-tert-butylbenzylalcohol 211 (1.10 ml, 6.6 mmol) in CH2C12 (10 ml) was

cooled to -15 °C. To this solution was added a 50 % aqueous solution of potassium

hydroxide (10 ml) and a catalytic amount of tetra-n-butylammonium hydrogen sulfate

(0.03 g, 0.1 mmol, 0.015 eq.) was added. The resulting solution was stirred vigorously whilst

maintaining this temperature for 15 minutes. After this time, trichloroacetonitrile 212
(0.71 ml, 7.9 mmol) was added dropwise and the resulting reaction mixture left to stir at

-15 °C for 30 minutes and then at room temperature for a further 30 minutes. The organic

layer was then separated and the aqueous layer further extracted with CH2CI2 (2 x 50 ml).

CI CI
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The combined organic extracts were then dried (MgS04) before filtering through a short pad
of Celite@. The filtrate was reduced in vacuo to afford the crude product as yellow oil which
were purified via flash column chromatography (Si02; 1:1 hexane:CH2Cl2) to afford

2,2,2-trichloro-acetimidic acid tert-butyl benzyl ester 213 as a colourless oil (1.70 g, 84 %);

vmax (KBrycm"1 2974 (NH), 1662 (C=NH), 1072 (R-O-R), 794s (C-Cl); 5H (300 MHz,

CDC13) 8.42 (1H, bs, NH), 7.45-7.37 (4H, m, Ar), 5.33 (2H, s, CH2), 1.34 (9H, s, 'Bu);

5c (75 MHz, CDCI3) 162.7 (C, quat, C=NH), 151.3 (C, quat, Ar), 132.4 (C, quat, Ar), 127.5

(2 x CH, Ar), 125.4 (2 x CH, Ar), 114.2 (C, quat, CC13), 70.7 (CH2), 34.6 (C, quat, 'Bu), 31.3
(3 x CH3, 'Bu); m/z (EI) 309 (M+, 24%), 292 (100), 163 (51), 147 (95), 131 (58), 117 (56), 91

(51), 57 (42); (HRMS) 307.0304 (M+C13H16NOCl3 requires 307.0297).

3-(4-Tert-butyl-benzyloxy)-pentanedioic acid diethyl ether 210[l88]
EtOoC

Boron trifluoride-diethyl ether (catalytic amount, 0.10 ml) was added to a solution of

diethyl-3-hydroxyglutarate 208 (1.80 ml, 9.7 mmol) and 2,2,2-trichloro-acetimidic acid

tert-butyl benzyl ester 213 (6.00 g, 19.5 mmol) in cyclohexane/CH2Cl2 (90 ml, 2:1). The

resulting reaction mixture was left to stir at room temperature for 3 hours, after which time
more cyclohexane (-100 ml) was added. The reaction mixture was then filtered and washed
with saturated NaHC03 (2 x 50 ml) and brine (1 x 100 ml). The combined organic extracts

were dried (MgSCU) and the solvent removed in vacuo to yield the crude product as a yellow

oil, which was purified via column chromatography (Si02, 15:1 hexane:EtOAc) to afford

3-(4-re/t-butyl-benzyloxy)-pentanedioic acid diethyl ether 210 as a colourless oil (1.53 g,

45 %). tw/cnT1 1708s (C=0), 1199 and 1145s (R-O-R); 5H (300 MHz, CDC13) 7.35 (2H. d,

3Jh,h 8.2, Ar), 7.26-7.24 (2H, d, 3Jh,h 8.2, Ar), 4.58 (2H, s, CH2-0), 4.39-4.37 (1H, m, alkyl),
4.15 (4H, q, 3Jhm 7.2, ethyl), 2.72-2.57 (4H, m, alkyl), 1.32 (9H, s, 'Bu), 1.27 (6H, t, 3Jh,h 7.2,
ethyl); (75 MHz, CDCI3) 170.9 (2 x C, quat, C=0), 150.6 (C, quat, Ar), 135.0 (C, quat,

Ar), 127.2 (2 x CH, Ar), 125.2 (2 x CH, Ar), 72.7 (CH2-0), 71.9 (CH, alkyl), 60.6 (2 x CH2,

ethyl), 39.8 (2 x CH2, alkyl), 34.5 (C, quat, 'Bu), 31.3 (3 x CH3, 'Bu), 14.2 (2 x CH3, ethyl);
m/z (EI) 351 (M+, 13 %) 228 (19 %), 147 (24 %), 58 (100); (HRMS) 351.2171 (M+C2oH3o05

requires 351.2161).
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ABC Diels-Alder cyloadduct product exo-230
3

4-(Methylmaleimide)-/V-(6-methyl-pyridin-2-yl)-benzamide 191 (0.17 g, 0.6 mmol) and

4-furan-3-yl-AL(6-methyl-pyridin-2-yl)-benzamide 229 (0.20 g, 0.6 mmol) dissolved in

CHC13 (4 ml) were heated to reflux for 2 days. After this time, the solution was allowed to

cool to room and the solvent removed in vacuo to afford a mixture of the endo 231 and exo

230 cycloadduct products as a yellow oil. Purification via column chromatography

(Si02; 10:1 hexane:EtOAc) afforded the desired product (exo-230) as a yellow oil (0.22 g,

58%). Sh (300 MHz, CDCI3) 8.73 (1H, bs, NH), 8.65 (1H, bs, NH), 8.21-8.17 (2H, m,

H2/H26 or H4/H24), 7.98-7.97 (2H, d, 3JHM 8.5, H8/H12), 7.90-7.89 (2H, d, 3JH,H 8.1,

H19/H20), 7.70-7.64 (2H, m, H3/H25), 7.55-7.53 (2H, d, 3JHM 8.5, H9/H11), 7.47-7.45 (2H,

d, 3Jhh 8.1, H18/H21), 6.70-6.93 (2H, m, H2/H26 or H4/H24), 6.80-6.79 (1H, d, 3Jh,h 1-7),
5.69 (1H, s, H14), 5.46-5.45 (1H, d, 3JHiH 1.7, H17), 4.75 (CH2), 3.10-3.09 (1H, d, 3JKH 6.6,
Ha or Hb), 3.05-3.03 (1H, d, 3JHH 6.6, Ha or Hb), 2.49 (CH3), 2.47 (CH3); Sc (75 MHz, CDC13)
175.6 (C, quat, C=0), 175.3 (C, quat, C=0), 165.1 (C, quat, C6), 164.7 (C, quat, 22), 156.7

(2 x C, quat, CI and C27), 150.7 (C, quat, C5), 150.6 (C, quat, C23), 148.9 (C, quat, C13),
139.6 (C, quat, C18), 139.1 (CH, Ar, C3), 139.0 (CH, Ar, C25), 134.4 (C, quat, CI), 134.3 (C,

quat, Ar), 133.8 (C, quat, C10), 130.8 (CH, Ar, C17), 128.5 (2 x CH, Ar, C18 and C21), 128.1

(2 x CH, Ar, C19 and C20), 127.7 (2 x CH, Ar, C8 and C12), 125.9 (2 x CH, Ar, C9 and

Cll), 119.6 (CH, Ar, C26), 119.5 (CH, Ar, C2), 111.2 (CH, Ar, C24), 111.1 (CH, Ar, C4),
82.7 (CH, C17), 81.6 (CH, C14), 49.1 (CH, Cb), 47.6 (CH, Ca), 42.2 (CH2), 23.8 (2 x CH3);

m/z (EI) 599 (M+, 14 %), 412 (36), 113 (55); (HRMS) 599.6338 (M+ C35H29N505) requires

599.6355).
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4-Iodobenzoyl chloride 216

<K
4-Iodobenzoic acid 215 (2.00 g, 8.1 mmol) was dissolved in freshly distilled thionyl chloride

(10 ml) and the resulting reaction mixture heated to reflux for 2 hours under an inert. After
this time the reaction was allowed to cool to room temperature and the thionyl chloride
removed in vacuo. The resulting residual oil was purified via flash column chromatography

(CH2C12), to afford 4-iodobenzoyl chloride 216 as a white solid (2.03 g, 95 %) mp 66-66.5°C;

vmax(KBr)/cm"1 3084 (C-H), 1678 (C=0), 1577 (C=C); Sh (300 MHz, CDC13) 7.90 (2H, d,

3Jh,h 8.0, Ar), 7.81 (2H, d, 3Jh,h 8.0, Ar); Sc (75 MHz, CDC13) 168.2 (C, quat, C=0), 138.6 (2
x CH, Ar), 132.8 (C, quat, Ar) , 132.6 (2 x CH aromatic), 104.5 (C, quat, Ar); m/z (EI) 266

(M+, 18 %), 231 (100), 203 (26), 76 (51), 50 (35); (HRMS) 265.8995 (M+C7H4OCII) requires
565.8999).

General procedure for the preparation of2-(amido-4-iodobenzene) compounds 214 and 233

The appropriate amine (3 eq.) dissolved in dry CH2C12 (50 ml) was added dropwise to neat

4-iodobenzoyl chloride (1 eq.) under an inert atmosphere. The reaction temperature was

maintained at 0 °C throughout the addition. Upon completion of the addition, the reaction
mixture was allowed to warm to room temperature, and left to stir overnight, after which time
it was filtered and the solvent removed in vacuo, yielding the crude product as a yellow oil.
This residual oil was purified via flash column chromatography to afford the pure products.

A-(6-methyl-pyridin-2-yl)-benzamide 214

The general procedure outlined above was followed using 2-amino-6-picoline 194 (4.60 g,

42.6 mmol) dissolved in dry CH2C12 (75 ml), benzoyl chloride (2.00 g, 14.2 mmol) to afford
the crude product as a yellow oil. This residual oil was purified via flash column

chromatography (Si02, CH2C12) affording iV-(6-methyl-pyridin-2-yl)-benzamide 214 as

colourless solid (2.81 g, 91 %) mp 88-89 °C; Found; C, 73.61; H, 5.70; N, 13.20; cald for

Ci3Hi2N20 C, 73.61; H, 5.62; N, 13.19; & (300 MHz, CDC13) 8.64 (1H, NH), 8.18-7.91 (2H,
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m, Ar), 7.67 (1H, dd, 3JH,H 7.7, 3Jh,h 7.7, Ar), 7.62-7.45 (4H, m, Ar), 6.92 (1H, d, 3Jh,h 7.4,

Ar), 2.45 (3H, CH3); <5fc (75 MHz, CDC13) 165.8 (C, quat, C=0), 156.9 (C, quat, Ar), 150.9

(C, quat, Ar), 138.8 (CH, Ar), 134.4 (C, quat, Ar), 132.2 (CH, Ar), 128.8 (2 x CH, Ar), 127.3

(2 x CH, Ar), 119.5 (CH, Ar), 111.1 (CH, Ar), 23.9 (CH3); m/z (EI) 212 (M+, 17 %), 183 (47),

105 (100), 77 (70); (HRMS) 235.0855 ([M+ + Na] Ci3Hi2N202Na requires 235.0847).

2-(Amido-4-iodobenzene)-6-methyl pyridine 233

The general procedure outlined above was followed using 2-amino-6-picoline (2.43 g,

22.5 mmol) dissolved in dry CH2C12 (50 ml), 4-iodobenzoyl chloride (2.00 g, 7.5 mmol) to
afford the crude product as a yellow oil. This residual oil was purified via flash column

chromatography (Si02, CH2C12) affording 2-(amido-4-iodobenzene)-6-methyl pyridine 233 as

a colourless solid (2.38 g, 94 %) mp 121-122 °C; vmax(KBr)/cm"1 3457 (N-H), 1684 (C=0),

1523 (C=C); Sh (300 MHz, CDC13) 8.57 (1H, s, NH), 8.17-8.14 (1H, d, 3Jh,h 8.5, Ar),
7.85-7.82 (2H, m, Ar), 7.67-7.62 (3H, m, Ar), 6.95-6.92 (1H, d, 3JHM 7.7, Ar), 2.46 (CH3);

<5fc (75 MHz, CDC13) 164.9 (C, quat, C=0), 157.0 (C, quat, Ar), 150.6 (C, quat, Ar), 138.9

(CH, Ar), 138.0 (2 x CH, Ar), 133.8 (C, quat, Ar), 128.8 (2 x CH, Ar), 119.7 (CH, Ar), 111.1

(CH, Ar), 99.4 (C, quat, C-I), 24.0 (CH3); m/z (EI) 338 (M+, 29 %), 310 (60), 231 (100), 203

(24), 76(41).

General procedure for the preparation of 4-furan-3-yl-N-()-benzamide compounds 229 and

The appropriate iodo compound (1.0 eq.), 3-furyl boronic acid (1.5 eq.), palladium tetrakis

(0.05 eq.) and lithium chloride (2.0 eq.) were dissolved in ethanol (50 ml). A solution of

aqueous 2M sodium hydrogen carbonate (3.0 eq) was added, and the resulting solution stirred
under an atmosphere of dry nitrogen at 90 °C for 15 hours. After this time, the reaction
mixture was allowed to cool to room temperature washed with water (2 x 50 ml) 2M sodium

hydrogen carbonate (50 ml), and textracted with CH2C12 (2 x 50 ml). The combined organic
extracts were then dried (MgS04) and the solvent removed in vacuo to yield the crude

products as a brown oils. These residual oils were purified via column chromatography to

afford the desired products.

243.
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4-Furan-3-yl-iV-(6-methyl-pyridin-2-yl)-benzamide 229

The general procedure outlined above was followed using,

2-(amido-4-iodobenzene)-6-methylpyridine 233 (0.94 g, 2.8 mmol), 3-furyl boronic acid 235

(0.50 g, 4.4 mmol), palladium tetrakis (0.17 g, 0.2 mmol) and lithium chloride (0.25 g,

5.9 mmol) in ethanol (50 ml). To this reaction mixture was added a solution of sodium

hydrogen carbonate (0.74 g, 8.9 mmol) in water (4.5 ml). The resulting residual oil was

purified via column chromatography (Si02; 5:1 hexane:ethyl acetate) to afford 4-furan-3-yl-

A-(6-methyl-pyridin-2-yl)-benzamide 229 as a colourless solid (0.59 g, 76 %) mp 116.5-117.0

°C; Found; C, 73.16; H, 4.89; N, 10.03; cald for C16H2205 C, 73.37; H, 5.07; N, 10.07;

^max (Kbr)/cm_1 3371 and 3116m (N-H stretch), 1666s (C=0), 1600 (NH, bend), 871 and 732s

(CH bend, furan); & (300 MHz, CDC13) 8.58 (1H, bs, NH), 8.20 (1H, d, 3JHM 8.5, Ar),
7.94-7.91 (2H, m, Ar), 7.82-7.81 (1H, m, Ar), 7.67-7.59 (3H, m, Ar), 7.51-7.50 (1H, m,

furyl), 6.93 (1H, d, 37//,//7.7, furyl), 6.75-6.74 (1H, m, furyl), 2.46 (3H, s, CH3); <5fc (75 MHz,

CDC13); 165.4 (C, quat, C=0), 157.0 (C, quat, Ar), 151.0 (C, quat, Ar), 144.3 (CH, Ar), 139.7

(CH, Ar), 139.0 (CH, Ar), 136.5 (C, quat, Ar), 132.7 (C, quat, Ar), 128.0 (2 x CH, Ar), 126.1

(2x CH, Ar), 125.7 (C, quat, furyl), 119.6 (CH, furyl), 111.2 (CH, furyl), 108.8 (CH, furyl),
24.1 (CH3); m/z (EI) 278 (M+, 14 %), 250 (17), 171 (82), 115 (100), 89 (20), 65 (27), 49 (21),

39 (53).

4-Furan-3-yl-A-methyl-A-(6-methyl-pyridin-2-yl)-benzamide 243

The general procedure outlined above was followed using

4-iodo-A-methyl-A-(6-methyl-pyridin-2-yl)-benzamide 248 (1.00 g, 2.8 mmols), 3-furyl
boronic acid 235 (0.48 g, 4.3 mmol), palladium tetrakis (0.16 g, 0.1 mmol) and lithium
chloride (0.24 g, 5.7 mmol) in ethanol (30 ml). To this reaction mixture was added a solution
of sodium hydrogen carbonate (0.75 g, 8.5 mmol) in water (4.5 ml). The resulting residual oil
was purified via column chromatography (Si02; 5:1 hexane:ethyl acetate) to afford
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4-furan-3-yl-/V-methyl-/V-(6-methyl-pyridin-2-yl)-benzamide 243 as a pale yellow oil (0.76 g,

91 %). vmax (KBrVcm1 1635s (C=0), 856 and 740s (CH bend, furan); & (300 MHz, CDC13)

7.44-7.43 (1H, m, furyl), 7.33-7.26 (4H, m, Ar), 7.09 (1H, dd, 37//,//7.7, 37w.w7.7, Ar), 6.95
(1H, d, 37f/.//7.7, Ar), 6.91 (1H, m, furyl), 6.82 (1H, d, 3JHH7.7, Ar), 6.63 (1H, s, furyl), 3.46

(CH3), 2.23 (CH3); <5fc (75 MHz, CDC13) 170.1 (C, quat, C=0), 144.9 (C, quat, Ar), 143.7

(CH, Ar), 139.2 (C, quat, Ar), 139.0 (CH, Ar), 134.3 (C, quat, Ar), 133.6 (C, quat, Ar), 129.4

(CH, Ar), 128.9 (CH, Ar), 127.3 (CH, Ar), 127.2 (CH, Ar), 125.7 (C, quat, furyl), 124.9

(2 x CH, Ar), 124.1 (CH, furyl), 108.5 (2 x CH, furyl), 38.5 (CH3), 21.2 (CH3); m/z (EIMS)

292 (M+, 36%), 171 (100), 115 (28); (HRMS) 292.3310 (M+Ci8H3i6N202 requires 292.3319).

3-furylboronic acid 235

A 2.5 M solution of n-BuLi in hexane (27.2 ml, 68.0 mmol) was added dropwise to a cooled
solution (-78 °C) of 3-bromofuran 234 (10.00 g, 68.0 mmol) in dry THF (100 ml) under an
inert atmosphere. The reaction mixture was stirred at -78 °C for one hour before adding

dropwise a solution of trimethylborate (7.8 ml, 68 mmol) in dry THF (100 ml). Once the
addition complete, the solution was stirred at -40 °C for 3 hours and warmed to room

temperature overnight. The reaction mixture was partitioned between ether (200 mL) and of
10% aqueous HC1 (250 mL). The ethereal extract was separated, washed with water (100 mL)
and dried over MgSO/t. Removal of the solvent under reduced pressure followed by

recrystallisation from ether/hexane (1:10) afforded 3-furylboronic acid 235 (3.0 g, 40 %) as a

brown powder. Decomp >120°C (lit.126-128 °C); vmax(KBr/cm"1) 3311 (OH), 1574 (C=C),

1484, 1345; 6H (300 MHz, DMSO) 7.80-7.70 (1H, d, 3Jh,h 29.4, furan), 7.52-7.46 (1H, d,

3Jh,h 16.6, furan), 6.59-6.54 (1H, d, 3JHJ1 13.6, furan), 4.89 (2H, bs, OH); <5fc (CD3OD,
75 MHz) 152.1 (CH, furan), 144.5 (CH, furan), 115.4 (CH, furan); m/z (EI) 112 (M+, 64 %),

68 (49), 45 (100); (HRMS) 282.0678 (M+C12H9B306 requires 282.0683).

B(OH)2
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General procedure for the synthesis of the (2,5-Dioxo-2,5-dihydro-pyrrol-l-yl) acids 97, 252
and 250

Maleic anhydride 202 (1.0 eq.) and the appropriate amino acid (1.0 eq.) were dissolved in dry
acetic acid (AR Grade) and the resulting reaction mixture left to stir for 16 hours under an

inert atmosphere. After this time the maleamic acid intermediates precipitated out of solution
and the resulting reaction mixtures were heated to reflux for 8 hours to promote the

cyclisation step to the desired maleimides. The solution was then allowed to cool to room

temperature before the removal of the acetic acid under reduced pressure. The residual

yellow oils obtained were then purified via flash column chromatography (Si02; CH2CI2) to
afford the pure products as colourless solids.

(2,5-Dioxo-2,5-dihydro-pyrrol-l-yl)-acetic acid 97[226]

o

o

The general procedure outlined above was employed using maleic anhydride 202 (5.00 g,

51.0 mmol), glycine 246 (3.83 g, 51.0) and acetic acid (80 ml) to afford

(2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-acetic acid 97 as a colourless powder (1.80 g, 23 %)

mp 114.0-116.0 °C (lit.[226] 113.0-113.5 °C); vmax (KBrycm"1 3102 (C-H), 1750 (C=0), 1574

(C=C), 1445, 1194; Sa (300 MHz, CDC13) 6.97 (2H, s, 2 x CH, maleimide), 4.24 (2H, s,

CH2); Sq (75 MHz, CDC13) 170.8 (C, quat, C=0), 168.9 (2 x C, quat, C=0), 135.5 (2 x CH,

maleimide), 38.8 (CH2); m/z (EI) 155 (M+, 12 %) 110 (100), 82 (87), 54 (82), 44 (59);

(HRMS) 155.0221 (M+ C6H5N04 requires 155.0226).

(2,5-Dioxo-2,5-dihydro-pyrrol-l-yl)-propionic acid 52
o

o

The general procedure outlined above was followed using maleic anhydride 202 (5.00 g,

51.0 mmol) and (3-alanine 260 (4.54 g, 51.0 mmol) in acetic acid (80 ml) to afford

(2,5 dioxo 2,5-dihydro-pyrrol-l-yl)-propionic acid 52 as a colourless solid (3.60 g, 42 %)

mp 100.0-102.0 °C (lit.[16] 105.0-105.5 °C); vmax (KBr)/cm_1 3085 (C-H), 1701 (C=0), 1584

(C=C), 1411; Sh (300 MHz, CDC13) 6.70 (2H, s, CH maleimide), 3.82 (2H, t, 3Jh,h 7.0, CH2),
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2.69 (2H, t, 3Jh,h 7.0, NCH2); <5fc (CDC13, 75 MHz) 176.6 (C, quat, C=0), 170.4 (2 x C, quat,

C=0), 134.3 (2 x CH, maleimide), 33.3 (CH2), 32.6 (CH2); m/z (EI) 169 (M+, 9 %), 123 (51),

110 (50), 44 (100); (HRMS) 169.0375 (M+C7H7N04) requires 169.0378.

(2,5-Dioxo-2,5-dihydro-pyrrol-l-yl)-butyric acid 250
o

The general procedure outlined above was followed using maleic anhydride 202 (5.90 g,

60.0 mmol) and y-butyric acid 261 (6.18 g, 60.0 mol) in acetic acid (120 ml) to afford pure

(2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-butyric acid 250 as a colourless solid (6.40 g, 58 %)

mp 90.0-92.0 °C (lit.[226] 90.0-92.0 °C); vmax (KBr)/cm"' 3085 (C-H), 1680 (C=0), 1585

(C=C), 1412; Sh (300 MHz, CDC13) 6.70 (2H, s, CH maleimide), 3.57 (2H, t, 3Jh,h 7.0, CH2),
2.35 (2H, t, 3Jh,h 7.0, NCH2), 1.90 (2H, quintet, 3Jh,h 2.0, CH2); Sc (75 MHz, CDC13) 178.5

(C, quat, C=0), 170.8 (2 x C, quat, C=0), 134.1 (2 x CH, maleimide), 36.9 (CH2), 31.2

(CH2), 23.5 (CH2); m/z (EI) 183 (M+, 12 %), 124 (39), 110 (100); (HRMS) 183.0531

(M+C8H9N04) requires 183.0538.

3-{l-[3-(6-Methyl-pyridin-2-ylcarbamoyl)-phenyl]-3,5-dioxo-10-oxa-4-aza-

tricyclo[5.2.1.02'6]dec-8-en-4-yl}-acetic acid (exo-241)

4-Furan-3-yl-./V-methyl-/V-(6-methyl-pyridin-2-yl)-benzamide 229 (0.20 g, 0.7 mmol) and

(2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-acetic acid 97 (0.14 g, 0.7 mmol) were dissolved in

CHCI3 (5 ml) and the resulting reaction mixture heated to reflux for 2 days. After this time,
the solution was allowed to cool to room temperature and a mixture of the endo 242 and
exo 241 cycloadduct products precipitated out of solution. The mixture was then

recrystallised from MeOH/CH2Cl2 to afford 3-{ l-[3-(6-Methyl-pyridin-2-ylcarbamoyl)-

phenyl]-3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02'6]dec-8-en-4-yl}-acetic acid (exo-241) as a

colourless solid (0.24 g, 78 %) mp 150.0-152.0 °C; <5p (300 MHz, DMSO) 10.69 (1H, bs,

o co2h
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NH), 8.08-8.05 (2H, m, H9/H10), 8.01-7.98 (1H, d, 3Jh,h 8.1, H13), 7.75-7.70 (1H, t, 3Jh,h 7.5,

3Jh,h 8.1, H14), 7.67-7.64 (2H, m, Hn/H8), 7.64 (1H, s, H7), 7.05-7.02 (1H, d, 3Jh,h 7.5, Hi5),
5.77 (1H, s, H6), 5.35 (1H, s, H5), 4.12 (2H, s, CH2, H2/H2), 3.27 (1H, d, 3Jh,h 6.6, H3),

3.16-3.14 (1H, d, 3Jh,h 6.6, H4), 2.45 (3H, S, CH3), Sc (125 MHz, DMSO); 175.6 (C, quat, H),

175.5 (C, quat, I), 168.1 (C, quat, G), 165.4 (C, quat, C), 156.8 (C, quat, Ar, A), 151.5 (C,

quat, Ar, B), 147.9 (C, quat, F), 138.5, CH, Ar, C14), 134.2 (C, quat, E), 133.9 (C, quat, D),
132.2 (CH, C7), 128.7 (2x CH, Ar, C9/C10), 125.8 (2 x CH, Ar, C8/Cn), 119.3 (CH, Ar, C[5),

111.8 (CH, Ar, Cj3), 82.1 (CH, C5), 80.6 (CH, C6), 48.8 (CH, C3), 47.4 (CH, C4), 39.9 (CH2,

H2/H2.), 23.7 (CH3); m/z (EI) 434 (M+, 17%), 280 (16), 279 (100); (HRMS) 434.1360

(M+ C23H20N3O6) requires 434.1352).

3-{l-[3-(6-Methyl-pyridin-2-ylcarbamoyl)-phenyl]-3,5-dioxo-10-oxa-4-aza-

tricycIo[5.2.1.02'6]dec-8-en-4-yl}-propionic acid methyl ester {exo-251)

4-Furan-3-yl-A-(6-methyl-pyridin-2-yl)-benzamide 243 (0.20 g, 0.7 mmol) and

(2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-butyric acid methyl ester 255 (0.10 g, 0.7 mmol) were

dissolved in a mixture CHC13 and toluene (10 ml, 7:3) and the resulting reaction mixture
heated to reflux for 2 days. After this time, the solution was allowed to cool to room and the
solvent removed in vacuo to afford a mixture of the endo 259 and exo 257 cycloadduct

products as a yellow oil. Purification via column chromatography (Si02; 10:1
ether:methanol) afforded 3-{ l-[3-(6-Methyl-pyridin-2-ylcarbamoyl)-phenyl]-3,5-dioxo-10-

oxa-4-aza-tricyclo[5.2.1.02'6]dec-8-en-4-yl}-propionic acid methyl ester {exo-251) as a pale

yellow oil (0.13 g, 39 %). vmax (KBrVcm1 ~ 3000b (C02H), 1762.8 (C=0), 1693.4 (CONH),
1608.5 (C=CH), 1110.9 and 1060.8 (R-O-R, bridgehead O); Sh (300 MHz, CDC13) 7.35-7.33

(2H, d, 3Jhm 8.5, Ar), 7.23-7.21 (2H, d, 3Jh,h 8.5, Ar), 7.12-7.09 (1H, dd, 3Jh,h 7.7, 3Jh,h 7.7,
Ar), 7.00-6.99 (1H, d, 3JHM 7.4, Ar), 6.92 (1H, s, Ar), 6.81-6.79 (1H, d, 3JH,H 7.7, Ar),
6.62-6.62 (1H, d, 3JHyH 1.5, H17), 5.53 (1H, s, H8), 5.36-5.35 (1H, d, 3JH,H 1.5, H16), 3.64
(3H, s, CH3), 3.60-3.58 (2H, dd, 3Jh,h 6.7, 3Jh,h 6.7, CH2), 3.49 (3H, s, CH3), (3H, s, CH3),
3.47 2.99-2.97 (1H, d, 3Jh,h 6.6, H15 or H14), 2.90-2.88 (1H, d, 3Jh,h 6.6, H13 or H16),
2.37-2.34 (2H, dd, 3JHM 7.3, 3JHM 7.3, CH2), 2.29 (3H, s, CH3), 1.94-1.91 (2H, m, H21, CH2);
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Sc (75 MHz, CDCI3) 176.2 (C, quat, C=0), 176.1 (C, quat, C=0), 175.9 (C, quat, C=0),
169.7 (C, quat, C=0), 148.9 (C, quat, Ar), 144.6 (C, quat, Ar), 139.9 (C, quat, Ar), 136.4 (C,

quat, Ar), 131.6 (C, quat, Ar), 129.5 (2 x CH, Ar), 129.4 (CH, Ar), 129.0 (CH, Ar), 127.6

(CH, Ar), 127.3 (CH, Ar), 124.9 (2 x CH, Ar), 124.1 (CH, Ar), 82.5 (CH, C13 or C16), 81.6

(CH, C13 or C16), 51.4 (CH3) 49.1 (CH, C14 or C15), 47.3 (CH, C14 or C15), 38.6 (CH3),

38.1 (CH2), 30.6 (CH2), 22.6 (CH2), 21.3 (CH3); m/z (EI) 489 (M+, 22 %), 334 (100); (HRMS)

489.5182 (M+C27H27N306) requires 489.5199).

General procedure for the synthesis of (2,5-dioxo-2,5-dihydro-pyrrol-l-yl) acid methyl esters

100, 57 and 255

Methyl iodide (2.0 eq.) was added dropwise to a stirred solution of the appropriate maleimide

(1.0 ) and caesium carbonate (0.5 Equiv) in pre-dried DMSO (over 4A molecular sieves).
The resulting reaction mixtures were then left to stir at room temperature for 16 hours under

atmosphere of dry nitrogen. After this time, the solutions were partitioned between water and
EtOAc and the organic phase separated and washed with water (2 x 50 ml), before drying
over MgSCV The solvent was then removed in vacuo to afford the crude products as yellow

oils, which were purified via flash column chromatography (Si02, CH2C12) to afford the pure

products as either colourless solids or oils.

(2,5-Dioxo-2,5-dihydro-pyrrol-l-yl)-acetic acid methyl ester 100
o

The general procedure outlined above was followed using methyl iodide (0.80 ml, 12.9 mmol)

(2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-acetic acid 97 (1.00 g, 6.4 mmol) and Cs2C03 (1.05 g,

3.2 mmol) in pre-dried DMSO (25 ml) to afford (2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-acetic
acid methyl ester 100 as a pale yellow oil (1.01 g, 93 %). vmax (KBr)/cm_1 2957 (C-H), 1751

(C=0), 1712 (C=0); Sa (300 MHz, CDC13) 6.78 (2H, s, CH maleimide), 4.28 (2H, s, CH2),

3.74 (3H, s, CH3); Sc (75 MHz, CDC13) 169.7 (C, quat, C=0), 167.6 (2 x C, quat, C=0),
134.5 (2 x CH, maleimide), 52.7 (CH3), 38.4 (CH2); m/z (EI) 169 (M+, 17 %) 110 (100), 82

(22), 54 (14); (HRMS) 169.0375 (M+ C7H7NO4) requires 169.0382).

o
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(2,5-Dioxo-2,5-dihydro-pyrroI-l-yl)-propionic acid methyl ester 57
o

COpMe
O

The general procedure outlined above was followed using methyl iodide (1.47 ml, 23.7 mmol)

(2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-propionic acid 52 (2.00 g, 11.8 mmol) and CS2CO3

(1.93 g, 5.9 mmol) in dry DMSO (60 ml) to afford (2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-

propionic acid methyl ester 57 as a colourless oil (1.47 g, 68 %); vmax 3463, 3099, 2954

(C-H), 1706 (C=0), 1584 (C=C); ^ (300 MHz, CDC13) 6.70 (2H, s, CH maleimide), 3.82

(2H, t, 3Jh,h 7.0, CH2), 3.66 (3H, s, CH3), 2.63 (2H, t, 3Jh,h 7.0, CH2); <5t (75 MHz, CDC13,)
171.2 (C, quat, C=0), 170.4 (2 x C, quat, C=0), 134.3 (2 x CH maleimide), 52.0 (CH3), 33.6

(CH2), 32.7 (CH2); m/z (EI) 183 (M+, 8 %), 123 (83), 110 (100), 82 (73), 54 (59); (HRMS)

183.0529 (M+C8H9N04) requires 183.0532).

(2,5-Dioxo-2,5-dihydro-pyrrol-l-yl)-butyric acid methyl ester 255
o

The general procedure outlined above was followed using methyl iodide (0.68 ml,
10.9 mmol), (2,5-dioxo-2,5-dihydro-pyrrol-l-yl)-butyric acid 250 (1.00 g, 5.5 mmol) and

Cs2C03 (0.89 g, 2.7 mmol) in dry DMSO (40 ml) to afford (2,5-Dioxo-2,5-dihydro-pyrrol-l-

yl)-butyric acid methyl ester 255 as a pale yellow solid (0.70 g, 65 %) mp 55.0-57.0 °C;

vmax (KBr)/cm_1 3451, 3093, 2926 (C-H), 1713 (C=0), 1584 (C=C); Sh (300 MHz, CDC13)

6.69 (2H, s, CH maleimide), 3.65 (3H, s, CH3), 3.56 (2H, t, 3Jh,h 7.0, CH2), 2.31 (2H, t, 3JHjH
7.0, CH2), 1.86-1.96 (2H, m, CH2); Sc (75 MHz CDC13,) 172.9 (C, quat, C=0), 170.7 (2 x C,

quat, C=0), 134.1 (2 x CH maleimide), 51.7 (CH3), 37.0 (CH2), 31.1 (CH2), 23.7 (CH2);
m/z (EI) 197 (M+, 9 %), 166 (51), 124 (58), 110 (100); (HRMS) 197.0684 (M+C8H9N04)

requires 197.0688).

O 002Me
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N-Methyl-(6-methyl-pyridin-2-yl)arnine 247

H

Sodium metal (4.60 g, 200.0 mmol) was added slowly to a constantly stirred solution of

pre-distilled methanol (50 ml). Once the addition was complete 2-amino-6-picoline 194

(4.20 g, 38.8 mmol) was added and the resulting reaction mixture poured into a suspension of

p-formaldehyde (1.20 g, 40.0 mmol). This solution was then heated to reflux for 1 hour
before being allowed to cool to room temperature. Sodium borohydride (1.40 g, 38.8 mmol)
was then added portion-wise and the resulting reaction mixture heated to reflux for 3 hours.
After this time, 1M KOH (30 ml) was added and the solution allowed to cool to room

temperature. It was then diluted with diethyl ether and washed with water (2 x 100 ml), the

combinedorganic extracts were dried (MgS04) and the solvent was removed in vacuo to

afford the crude product as a yellow oil. This residual oil was purified via column

chromatography (Si02; 7:3 hexane:ethyl acetate) to afford A-Methyl-(6-methyl-pyridin-2-

yl)amine 247 as a pale yellow oil (4.22 g, 89 %); (300 MHz, CDCI3) 7.35 (1H, dd, Ar,

3Jh,h 7.4, 3Jh,h 7.9), 6.44 (1H, d, Ar, 3JHtH 7.4), 6.18 (1H, d, Ar, 3JH:H 7.9), 4.60 (1H, bs, NH),
2.87 (3H, d, 3Jhm 5.2, CH3), 2.03 (3H, s, CH3); Sc (75 MHz, CDC13) 159.4 (C, quat, Ar),
156.9 (C, quat, Ar), 138.0 (CH, Ar), 112.2 (CH, Ar), 102.1 (CH, Ar), 29.3 (CH3), 24.3 (CH3);
m/z (EI) 122 (M+, 94 %), 93 (100).

4-Iodo-A-methyl-A-(6-methyl-pyridin-2-yl)-benzamide 248

A solution of iV-methyl-(6-methyl-pyridin-2-yl)amine 247 (0.92 g, 7.5 mmol) in dry CH2CI2

(50 ml) was added dropwise to neat 4-iodobenzoyl chloride 232 (2.00 g, 7.5 mmol) under an
inert atmosphere at 0 °C. The reaction mixture was then allowed to warm to room

temperature, and left to stir for 14 hours. After this time, the solution was filtered and the
solvent removed in vacuo, to afford the crude product as a yellow oil. This residual oil was

purified via column chromatography (Si02; 5:1 hexane: EtOAc) to afford

4-iodo-A-methyl-A-(6-methyl-pyridin-2-yl)-benzamide 248 as a colourless solid (2.30 g,

87 %); vmax (KBr)/crn 1 1639s, (C=0), 547s, (C-I); & (300 MHz, CDC13) 7.56-7.53 (2H, m,
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Ar), 7.35 (1H, dd, 3Jh,h 7.7, 3Jh,h 7.7, Ar), 7.05 (2H, m, Ar), 6.91 (1H, d, 3JHM 7.7, Ar), 6.54

(1H, d, 3Jh,h 7.7, Ar), 3.53 (3H, s, CH3), 2.49 (3H, s, CH3); 6c (75 MHz, CDC13) 170.0 (C,

quat, C=0), 158.3 (C, quat, Ar), 155.9 (C, quat, Ar), 137.9 (CH, Ar), 137.1 (2 x CH, Ar),
135.7 (C, quat, Ar), 130.3 (2 x CH, Ar), 120.8 (CH, Ar), 118.5 (CH, Ar), 96.7 (C, quat, C-I),
36.1 (CH3), 24.3 (CH3); m/z (EI) 351 ([M-H], 79 %), 323 (66), 231 (100), 76 (48); (HRMS)
374.9975 (M+Ci4Hi3N2ONaI) requires 374.9970).
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