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Abstract
This thesis entitled “Towards Novel Constrained Resorcarene-Based Platforms” is

divided into seven chapters.

In Chapter 1, an introduction to resorcarene chemistry is given and a discussion of the
various possible isomers is included. A review of further reactions that can be carried
out on the resorcarene macrocycle is then given. This chapter also describes the aims

of this project.

In Chapter 2, work towards synthesising a novel resorcarene tail-to-tail dimer is
described. Various synthetic methods were attempted, and the use of different
catalysts and resorcinol derivatives in the initial resorcarene condensation reaction
were investigated. Some success was had with a step-wise approach and this led to the

1solation of novel resorcinol dimers.

In Chapter 3, work on octamethylresorcarenes is presented. A study of the conditions
that favour different conformers is presented and discussed which led to the
development of a synthetic method selective for the chair conformer. Preliminary
computational results to study the relative energies of the chair and boat conformers
indicate that the chair isomer is the more thermodynamically favourable
conformation. The post-condensation alkylation of novel OMRA macrocycles is also

reported.

In Chapter 4, a range of synthetic routes to upper and lower rim calix[4]arene
aldehydes are reported. The subsequent reaction of these aldehyde derivatives with

resorcinol is then discussed.

In Chapter 5, the synthesis of a number of cavitand platforms, suitable for ligand
attachment, is discussed. The synthesis of four novel cavitands and a preliminary

study of their interaction with metal salts are also described.

Finally, Chapter 6 details the proposed future work and Chapter 7 outlines the
experimental procedures used in chapters 2, 3, 4 and 5, and presents the

characterisation of the novel compounds prepared.
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Chapter 1: Introduction

1.1 The Discovery of Resorcarenes

The first recorded synthesis of a resorcarene dates back to 1872. It was reported by Baeyer that
on the addition of sulfuric acid to benzaldehyde and resorcinol a red-coloured, solid product
was formed.! Almost ten years later an extensive study of this reaction, the necessary
conditions and an analysis of the products formed was published.’ It was found that the acid
was necessary only in catalytic amounts, that any prolonged exposure to air led to a “reddish
tinge” appearing in the product (due to its oxidation) and most importantly, through the study
of both the original product and its acylated derivative, their correct elemental compositions
were reported as (Cj3H9O2)n and (C;3HgO2(OCCH;3))n respectively. Although the study
correctly concluded that this product was formed by the combination of an equal number of
moles of resorcinol and benzaldehyde, and the loss of an equal number of moles of water,
Bayer was unable to determine the molecular weight of the product and so, incorrectly,
proposed that the structure of the product was actually a carbon-carbon double bond, with a

resorcinol and a phenyl group attached to each carbon.

Figure 1.1: Generalised structure of resorcarene

The correct structure of resorc[4]arene was not reported until much later, in 1940 by Niederl
and Vogel.* They studied the condensation products of resorcinol with acetaldehyde,
propionaldehyde and isovaleraldehyde as well as the acetates, propionates and methyl ethers
of these resorcinol compounds. Molecular weight determinations indicated that the ratio of
aldehyde:resorcinol in the product was 4:4, while the formation of the octa-substituted
compounds, listed above, indicated the presence of eight free phenolic groups. The reaction of
this product with reagents such as alcoholic sulfuric acid and hydroiodic acid, ruled out the

presence of acetal and ether linkages respectively. Furthermore, they also deduced that the
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products were most likely cyclic, due to their high melting points and the consistent formation
of a tetrameric product. Drawing on the established parent structure of porphyrin, they
proposed, correctly, that the product had a cyclic tetrameric structure (1), shown in Figure 1.1.
It was however, not until much later that conclusive proof for this cyclic tetramer was obtained
when the first single crystal X-ray structure of a resorcarene, that of the acylated product from

the condensation of resorcinol and 4-bromobenzaldehyde, was solved in 1968.>°

Although these compounds have been known since 1872 and fully characterised since 1968
there is still no universally used and accepted naming system for this family. The [UPAC
naming of these compounds is quite complicated, for example, for the parent structure 1 in
Figure 1.1 (if we take R = alkyl), the official [UPAC name would be 2.,8,14,20-
tetraalkylpentacyclo-[19.3.1.1*7.1%.1"Poctacosa-1(25),3,5,7(28),9,11,13(27),15,17,19(26),
21,23—dodecane-4,6,20,12,16,18,22,24-octol.7 Unfortunately agreement has never been
reached on a suitable trivial name for these compounds and they can be found throughout the
literature under many different aliases, such as resorcinarenes,8 resorcarenes,9
calix[4]resorcinarenes,'’ resorcinol derived calix[4]arenes,lO Hogberg compounds” and

octols.'? Throughout this thesis they will be referred to as resorcarenes.

This chapter will describe the most common methods of preparation of resorcarenes and the

further modification of the basic structure of resorcarenes to form functional derivatives.

1.2 The Synthesis of Resorcarenes

Resorcarenes today are synthesised in a one-pot, acid catalysed condensation reaction between
resorcinol (2) and an aldehyde, Scheme 1.1. Generally, HCl is used as the catalyst and ethanol
as the solvent in these reactions and the product is obtained after heating for several hours."

However, the optimum conditions vary depending on the exact reactants used.
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0]

L

HO OH R” TH
\©/ HCIEthanol

Scheme 1.1: Synthesis of a resorcarene

Although unsubstituted resorcinol is most commonly used, there are many examples of the use
of pyrogallol," 2-methylresorcinol'* and 1,3-dimethoxybenzene'* in its place. There is almost
unlimited variation allowed in the choice of aldehydes, both aliphatic and aromatic can be
used in this reaction, with the exceptions being aldehydes that are too sterically bulky to allow
formation of the tetramer, such as 2,4,6-trimethylbenzaldehyde15 and those that have
functionality too close to the reaction centre, such as glucose.'? Another notable exception is

that of the simplest of all aldehydes, formaldehyde, which will be discussed in Section 1.2.1.

The mechanism for the formation of resorcarenes was studied by Weinelt and Schneider."
They examined the condensation of resorcinol (2) and acetaldehyde (3) in methanol, a
homogeneous reaction, which allowed a full study of the kinetics and thermodynamics to be
conducted. They found that, under these conditions, the electrophilic species reacting with the
resorcinol nucleophile is not the aldehyde itself but the rapidly formed dimethyl acetal (4). The
formation and degradation of oligomers and ring products was followed by 'H NMR
spectroscopy, which showed that dimeric, trimeric and higher oligomeric (>4) acyclic species
were all observed during the reaction. The higher oligomers accounted for up to 45% of
material present in the early stages of the reaction but these had largely disappeared by the
completion of the reaction due to their back reaction to tetramers. Acyclic tetramers were
however, not observed and this is believed to be a consequence of fast cyclisation preventing
them from accumulating in observable quantities. According to molecular mechanics
calculations reported by Weinelt and Schneider this is most likely due to the low-energy,
folded structure of the tetramer which allows the formation of hydrogen bonds between the

adjacent phenolic groups. In all cases, the intermediates had resorcinol and not hydroxyethyl

-4 -



Chapter 1: Introduction

units in their terminal positions, which is due to the fast reaction of benzhydrols under acidic

conditions. The authors drew a number of conclusions from their work, these are summarised

below.
(i) Ring closure is as fast as chain propagation.
(ii) The macrocyclic products form the thermodynamic sink of the reactions.
(iii)  The degradation of higher oligomers (>4) is faster than ring opening.

An overview of the pathway for the formation of resorcarenes is outlined in Scheme 1.2.

g —CH
3(/0 _.\Or \ol/ +  3CHOH —  » H3C——<O 4+ a0
\r O—CH,
3 4

O-CHj
HaC

HO OH
S T

2

O'CH3

HO O OH HO. O OH

CH,

Depolymerisation

\HO O OHHO O OH HO O OH

Polymerisation

Higher Polymers

CH,

CH,

Scheme 1.2: Proposed pathway for the formation of a resorcarene
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1.2.1 Synthesis of the Parent Resorcarene

The parent resorcarene (9) is a derivative which has no substituents on its methylene bridges,
2-position or at the hydroxyl groups. Logically, it should be available from the condensation
of resorcinol and formaldehyde under standard conditions. However, the extreme reactivity of

the formaldehyde leads to the formation of polymers under these conditions.

HO O OH
HO OH

9

HO OH

Nevertheless, resorcarenes unsubstituted at their methylene bridges were obtained under
standard condensation conditions when resorcinol was replaced with either 2-
methylresorcinol'® or pyrogallol.'” Attempts have been made to isolate the unsubstituted
parent resorcarene from the self-condensation of 2,4-dimethoxybenzylalcohol and subsequent
reaction with BBr3 to convert the ethers to alcohols. While a material was isolated from this
method it was nevertheless proved to be too insoluble to be fully characterised.® An
analogous method, using 2,4-bis(allyloxy)benzyl alcohol, also yielded the parent resorcarene.
While this product was still slightly impure, a full characterisation was reported.'” The
cyclooligomerisation of 2,4-diisopropoxybenzyl alcohol catalysed by chlorotrimethyl silane
allowed the isolation of the parent resorcarene (after subsequent deprotection and columning
steps) in high yield and purity.”’ The parent resorcarene was finally synthesised without the
use of protecting groups, on either the hydroxyl groups or the 2 position of the resorcinol, by
the reaction of resorcinol and formaldehyde catalysed by sodium hydroxide. Subsequent
acidification of the reaction mixture and slow precipitation from MeOH at -18 °C led to the

synthesis of the desired product in high purity.”’
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1.3 The Stereochemistry of Resorcarenes

Although so far, for the purposes of clear illustration, resorcarenes have been drawn as flat
molecules, they are in fact non-planar. This means that, in theory, resorcarenes could exist in
numerous different isomeric forms. Their stereochemistry depends on the combination of three

stereochemical elements, which are detailed below.

(i) The conformation of the macrocyclic ring.
The ring itself can adopt five extreme macrocyclic arrangements: the crown (Cy,), the boat

(Cyy), the chair (Cy), the diamond (C) and the saddle (D,z). These are illustrated in

Figure 1.2.

OR,R,0
OR;
R1 R1 R
!
RO O Q OR,
ORR,0
Diamond (Cy) Saddle (D;,)

Figure 1.2: The five possible conformations for resorc[4]arenes

" -
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(ii) The relative configuration of the substituents at the methylene bridges.
The relative configurations of the substituents, with respect to the substituent R*, can lead
to four different possibilities: all-cis (rccc), cis-cis-trans (rcct), cis-trans-trans (rctt) and

trans-cis-trans (rtct), Figure 1.3.

R* R R* R* R*
R R R
R R
all-cis (rcce) cis-cis-trans (rcct) cis-trans-trans (rctt)  trans-cis-trans (rtct)

Figure 1.3: Possible configurations of substituents at the methylene bridges

(iii)  The individual configurations of substituents at the methylene bridges.
In each of the macrocycles with C-symmetry the substituents may have either axial or

equatorial geometry.

The combination of these three stereochemical elements obviously leads to many possible
stereoisomers. However, to date only three diastereomers have been found experimentally for
resorcarenes, with an additional diastereomer reported for those resorcarenes derived from 1,3-

dimethoxybenzene, octamethylresorcarenes (OMR As) (Figure 3.1).22

In 1976 Palmer et al. reported the synthesis, separation and characterisation of two isomers
from the reaction of resorcinol and benzaldehyde.” The crystal structures of the octabutyrates
of these molecules show them to be the boat form, with the R groups in the all axial position,
all cis conformation and that of the chair form, with the R groups in the all axial position, cis-
trans-trans conformation. Initially, most of the work on the assignment of conformations and
the substituent configurations relied on crystal structure analysis. However, in 1988 Dalcanale
et al. reported the use of 'H and n.O.e. NMR studies to fully elucidate the structure of the
diamond conformation.”* The reaction of resorcinol with either heptanal or dodecanal led to

the isolation of three separate isomers, all showing the same major peaks in their mass spectra
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but differing in their '"H NMR spectra, melting points and Ry values.”* In addition to the
previously observed chair and boat confromers, the diamond conformer, with an all axial, cis-
trans-cis configuration in the R groups, was also seen. All the isomers in this case were

characterised as their corresponding ocatacetates.

There are a few reports of the saddle isomer in resorcarene literature.”>*> The saddle
conformer is only observed when the upper rim is under steric constraint due to the
functionalisation of the hydroxyl groups. In this conformation, the -OR groups on adjacent
rings are placed at the furthest distance apart. On the phosphorylation of the upper rim with
bulky substituents, Maslennikova et al. have reported the formation and the crystal structure of
the intermediate between the flattened boat and the saddle.”” Botta et al. reported two saddle
resorcarene based molecules from the self condensation of (E)-2,4-dimethoxycinnamic acid
ethyl and isopropyl esters.”” In this case, the conformations were assigned by extensive NMR
studies and to date, no crystal structure of the saddle conformer has been reported. Of these
four isomers, only two are routinely observed, the boat conformation with all axial, all cis
arrangement of the R groups and the chair, with an all axial, cis-trans-trans arrangement of the
R groups. The next section deals with the possible interconversions between these resorcarene

isomers and the conditions under which they can take place.

1.3.1 The Relationship and Interconversion of the Resorcarene Isomers

The crown, diamond, chair and saddle isomers shown previously in Figure 1.2 are not, as
would first appear, conformational isomers, as these structures cannot be interconverted by
rotation through the annulus of one, or more, aromatic rings. Although such rotation would
give the correct conformation of the macrocyclic ring, it would result in some of the
substituents changing from axial to equatorial, or vice versa, giving rise to conformations with
altered configurations of substituents at the methylene bridges. For the interconversion
between these isomers to take place the breaking of at least two covalent bonds is required.
That is not to say, however, that the interconversion, by the rotation of aromatic rings, does
not take place. A 'H NMR study was undertaken, by Dalcanale et al., of the solvent dependent
behaviour of the free resorcarenes obtained in the condensation reaction between resorcinol

1.26

and hexanal.” The crown, chair and diamond isomers were all isolated from the reaction
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mixture. Here, the '"H NMR of the crown conformer (10a), in either DMSO-d; or acetone-dg,
remained unchanged even at low temperatures and no interconversion to other ring
conformations was observed. In the case of the chair (10b) and the diamond (10d) conformers,
the '"H NMR spectra in DMSO-ds show only that conformer in solution. However, in acetone-

ds they become more complicated.

Chair Crown
10b 10c
OH HO
HO OH
R R
HO O O OH
OH HO
Diamond Crown
10d 10e

Figure 1.4: Interconversion of resorcarenes

L1
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In acetone the chair isomer (10b) exists in equilibrium with the crown isomer (10¢), an isomer
produced from the rotation of aromatic rings, that has two R groups in equatorial positions. A
similar result was observed for the diamond isomer (10d), which exists in equilibrium with the
crown conformer (10e) that has one R substituent in the equatorial position. In both cases, the
crown conformer is present as the minor isomer. These findings have led to the conclusion that

two main factors govem which resorcarene conformation is formed:

(i) The maximum number of hydrogen bonding interactions is favoured, and

(ii) Axial substituents are more favourable than equatorial ones.

Hence, in the crown conformer (10a), the ideal situation is observed for both of these
requirements and no conversion is observed regardless of the solvent used. However, in
acetone-ds, the chair (10b) and the diamond (10d) forms try to counterbalance these two
requirements. This rotation of the rings, to give the crown isomers, leads to a greater degree of
hydrogen bonding at the expense of having all the substituents in the axial position. In the
above case, the resorcarene conformers are interconverting through the rotation of the
aromatic rings without the need for bonds to be broken. Usually, conformer interconversion
occurs during the condensation reaction in which resorcarenes are formed. This

interconversion process will be discussed in the next section.

1.3.2 The Conditions that Favour the Formation of Different Diastereomers

The formation of the different diastereomers during the condensation reaction is a reversible
process, which allows for their isomerisation through the breaking and reforming of covalent
bonds. The ratio of the different diastereomers present at the end of the reaction strongly
depends on the conditions used during the reaction. To gain a better understanding of this,
studies have been undertaken of the formation of the relative ratios of the isomers throughout
the reaction.'”?’?® The studies are separated into two broad categories based on whether the
reaction under investigation is homogeneous or heterogeneous, as these different types of

reactions are controlled by different factors.
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1.3.2.1 Homogeneous Conditions

As previously stated, the condensation reaction of resorcinol with aldehydes is reversible
under acid catalysis conditions. In homogeneous conditions, where all the products remain in
solution, the ratio of the products formed when the reaction has reached equilibrium is simply
areflection of the thermodynamic stability of the different isomers in solution.

A study carried out by Weinelt and Schneider"” investigated the isomerisation of the boat
isomer (rccc) from the condensation reaction between resorcinol and acetaldehyde when
heated in a 5% conc. HCI in MeOH solution at 50 °C for 4320 s. Under these conditions the
mixture reached its equilibrium point at ca. 1200 s. At this time the concentration of the boat
isomer was almost half of its initial value. The remainder had been converted to a 4:1 mixture
of the diamond and the chair isomers. For this particular resorcarene and under these particular
conditions studied, the boat is the most thermodynamically favourable isomer, although its
stability is only slightly greater than that of the diamond. Both the diamond and the boat
isomers are, however, significantly more stable than the chair which is the least favoured of

the three. Their findings are summarised in Graph 1.1.

0.1 ,

—&— boat

0.08 -

—l— diamond

0.06 -

0.04

0.02

Concentration (mol/l)

0 A T T T r
0 530 1350 2190 3780

Time (s)

Graph 1.1: The interconversion of the boat resorcarene under homogeneous conditions over time. The
study was carried out using methanol-d, as a solvent with HCI as a catalyst, reaction was monitored by 'H
NMR over a period of 72 min. The reaction mixture reaches equilibrium at ca. 1200 s, the relative amounts

of isomers present at this time reflect their relative stabilities which are: boat>diamond>>chair."®

e [



Chapter 1: Introduction

1.3.2.2 Heterogeneous Conditions

When the condensation reaction is carried out under heterogeneous conditions, the most
influential factor in determining the product ratio at equilibrium is the different solubilities of
the various isomers in the reaction solvent.”’ A study of the heterogeneous reaction of
resorcinol and benzaldehyde was reported by Hogberg.”® Here, both the boat and chair isomers
were precipitated during the course of the reaction; while formation of the diamond isomer
was not detected at all. The yield of the boat isomer, and the overall yield of the reaction, both
increased over the course of the reaction. However, the amount of chair isomer reached a
maximum after one hour and then declined until, after a period of 10 hrs, only the boat isomer
remained. To further confirm these results, a sample of the chair isomer was heated in acidic
solution. After 5 hrs, half of the reaction mixture was observed to have successfully
isomerised to the boat form, while after ten hours, the isomerisation was complete and no chair
isomer remained in the reaction mixture. The same study carried out on the boat isomer
showed no change over time, indicating that the boat isomer is favoured under these reaction
conditions. These results lead to the conclusion that, under heterogeneous conditions, the least
soluble isomer acts as a thermodynamic sink for the reaction, driving it towards the formation

of a single macrocyclic product.

Although generally it is true that under homogeneous conditions thermodynamic stability is
the deciding factor, while under heterogeneous conditions the relative solubilities of the
conformers is of the most importance, there are some other factors that may also play a role. In
the case of 4-cyanobenzaldehyde, for example, the electronic and steric effects of this R group
mean that the chair is the only product isolated.'” In the work discussed so far the synthesis of
resorcarenes has been protic acid catalysed and carried out in an alcohol solvent. The next

section will introduce altemative conditions for the formation of resorcarenes.

1.4 Alternative Methods of Resorcarene Synthesis
Although traditional methods, such as those discussed above, are still the most common way
of synthesising resorcarenes alternative routes have also been investigated to: (i) improve the

relative ratios of different conformers isolated,' (ii) allow the incorporation of R groups
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9

whose incorporation is not easy under standard conditions” and (iii) improve the

environmental effects of the reaction.’® All these will be considered in the next sections.

1.4.1 Lewis Acid Mediated Synthesis of Resorcarenes

1431 Where condensations between alkylated

There are many examples in the literature
resorcinol and aldehydes are catalysed by Lewis acids rather than protic acids. These will be
described in detail in Chapter 3 which details work carried out on octamethylresorcarenes
(OMRASs). The use of Lewis acids in the condensation of unsubstituted resorcinol is also

d.”* One of the advantages of Lewis acids,

known although it has not been as widely employe
over protic acids, is that they are milder and so have a greater tolerance to functionality in the
starting materials and products. This was put to use in the synthesis of resorcarenes (16a-c)
from resorcinol and glycosidic aldehydes (11, 12 and 13), Scheme 1.3, where the reaction

was successfully catalysed by using AlCls.

AICl5, Et,0, THF

RT, 20 hrs
2 11 = 4-CHO 14 R = 4-PhOGluc(OAc),
12 = 3-CHO 15 R = 3-PhOGIuc(OAc),
13 =2-CHO 16 R = 2-PhOGluc(OAc),

Scheme 1.3: Synthesis of resorcarenes using AICI; as the Lewis acid catalyst

Perioni et al. reported the successful synthesis of a resorcarene derived from resorcinol and
benzaldehyde catalysed by a range of Lewis acids, including SnCly and BF3(E,0). In both

232 two diastereomers, the boat and the chair were formed. In contrast to what

these papers,
has been observed with protic acids, where longer reaction times result in the conversion of
the chair conformer to the boat/crown under homogenous conditions,”® the ratio of these two
isomers was fixed regardless of the length of reaction time.”” The use of

Yb(IIT)(F3CS03)3(H20)9 as a catalyst has also been reported.33 This catalyst can be used in
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much lower equivalents than had previously been reported for Lewis acids. In the
Yb(IIT)(F3CS0O3)3(H,0)9 catalysed reaction of resorcinol and benzaldehyde, the ratio of
isomers is time dependent; with the amount of the isolated chair conformer decreasing with
increasing reaction time. It is believed to be the result of some of the triflate counter ion being
converted into triflic acid during the reaction. The use of the less toxic bismuth triflate

(Bi(F3CSO0s)3) gave similar results toYb(III) and required shorter reaction times. ™

1.4.2 Alternative Synthesis Methods — Green Chemistry

Roberts et al. have reported the solvent free synthesis of a number of resorcarenes.’® The
resorcarenes are formed on the grinding together of resorcinol, an aldehyde and the solid acid,
p-toluenesulfonic acid. This leads to the formation of viscous pastes that, when left to stand for
a short period of time, yield the desired resorcarene. The reaction times are generally shorter
than in traditional synthesis and the yields are comparable or improved using this method for
aromatic aldehydes. In general, the relative ratios of different conformers formed reflect that
reported in the literature.” However, this approach is not suitable for aliphatic aldehydes as the
yield obtained decreases with increasing chain length. Another approach to resorcarene
synthesis is microwave assisted synthesis. This method maintains high yields but requires less

: . g 5
solvent, less acid and far shorter reaction times.’

1.5 Resorc[n]arenes where n>4

The synthesis of members of the resorcarene family with greater than four aromatic rings has
also been attempted. For instance, resorc[6]arenes were first isolated in 1995.% The reaction
between either 2-methylresorcinol (17), 2-propylresorcinol (18) or 2-hexylresorcinol (19) with
1,3,5-trioxane (20) led to the isolation of both tetrameric and hexameric (21, 22 and 23)
resorcarenes from the reaction mixture (Scheme 1.4).*® Moreover, resorc[5]arenes were
isolated a year later from the condensation reaction of 2-propylresorcinol and formaldehyde

1. The amount of these higher resorcarenes isolated largely depended on the

diethyl aceta
reactions conditions used, especially the length of the reaction time. Higher oligomers are
favoured by shorter reaction times, as over time, they will eventually break back down into
tetramers. Morikawa and co-workers have reported that,”® in the reaction of resorcinol dialkyl

ethers under high dilution conditions, the use of the catalyst Sc(III)(F;CSO;); was seen to
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stabilise the higher resorc[n]arenes, where n = 4 — 9.°® which were successfully isolated from

these reactions.

HO OH |, (OW HCI, EtOH
0. 0 3 hrs, 78 °C

17R = Me -

18R =Pr"

19R = n'CeH13
21 R=Me
22R=Pr"
23 R = n-CgHy3

Scheme 1.4: Synthesis of resorc[6]arenes

1.6 Further Functionalisation of Resorcarenes

The resorcarene macrocycle is very open to further functionalisation and indeed this has been
exploited intensively over the last few years.7 There are currently three main areas targeted in

these types of reactions, these being:

(i) hydroxyl groups on the upper rim,
(ii) unsubstituted aromatic carbon on the upper rim,

(iii)  functional groups on the lower rim that can be introduced during the condensation,

by the choice of aldehyde.
Each of these functionalities will now be discussed in detail.

1.6.1 Further Reaction of the Hydroxyl Groups at the Upper Rim

The hydroxyl groups on the upper rim of resorcarenes provide eight active sites that can be
further reacted to give rise to the formation of a large number of new products. There are two
main types of reactions that are carried out at these positions, these being acylation, using acyl

chlorides, anhydrides, etc. and alkylation using various types of alkylating agents.
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1.6.1.1 Acylation of the Hydroxyl Groups at the Upper Rim

Acylation is a widely used method to increase the solubility of resorcarenes to enable their
purification and has also been useful for obtaining single crystals for X-ray crystallographic
studies.* A typical acylation reaction is carried out using acetic anhydride as a solvent and
pyridine as a catalyst and the product is often isolated in quantitative yields by precipitation
with methanol.’ Importantly, the product can easily be converted back to an unprotected
resorcarene by refluxing in ethanolic KOH solution and subsequent treatment with acetic acid,

Scheme 1.5.

Acetic Anhydride
Pyridine

Y

‘Ethanolic KOH
=3 Acetic Acid

1 24

Scheme 1.5: Acylation and Deacylation of Resorcarene

Although acetic anhydride is by far the most common agent used to incorporate the acyl group
at this position, the functionalisation of resorcarenes with numerous other acid anhydrides
such as butyric,” propionic,® isobutyric,”” and acid halides such as benzoyl chloride,” 6-
dodecyloxy-nicotinyl chloride,*" chlorocarbonyl ferrocene,*® and 2-bromo-2-methyl-propionyl
bromide*' is also well known. Selective acylation of resorcarenes is also possible when bulky
acylating agents are used. The reaction of resorcarene with p-toluenesulfonyl chloride,
chlorobenzenesulfonyl chloride or 2,4,6-trimethylbenzenesulfonylchloride in CH3CN at room
temperature leads to the selective acylation of only four of the eight hydroxyl groups,* on
alternate resorcinol subunits (25). Partial acylation of pyrogallarenes has also been achieved
using mesitylenesulfonyl chloride.*® Eight of the twelve hydroxyl groups are acylated in this
reaction, where the unacylated hydroxyl groups are in the 1 and 3 poisitions on opposite rings
(26). This effect is not seen for less bulky acylating agents such as acetic anhydride and tosyl

chloride.
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25R = CH3
R' = -p30206H4CH3 1

1.6.1.2 Alkylation of the Hydroxyl Groups on the Upper Rim
Alkylations can also be used to incomporate new functional groups into the macrocycle as is

the case with the upper rim ethyl ester derivative (27) which is synthesised by reaction with

ethylbromoacetate and K,COjs in acetone.**

[ OR, OR, | OH OH
0)\’ (go O)\\ l/&o
R NaOH, EtOH, H,0 Ri
O @, _— (0] O
60 °C
L Rz 4 i 4

27 R1 =H R2 =CH3 R3 = Et 29 R1 = CH2COOH Rz = pC6H4OMe
28 R, = CH,COOMe R, = pC4H,OMe Ry = Me

NH,CHRsCHR,OH

NH,CHR,CH; Heat
Heat

R4
NH /kN

(@)
-
&L
O
oT
)%
T
)
S
o—&
I
_>~Z
i

32R2=CH3R4=HR5=C2H5

30 R, = CHy R, =Ph
At 33 R, = CHj Ry = Ph Rs = CH,

31 Rz = CH3 R4 = C6H11

Scheme 1.6: Synthesis of ester and amide derivatives of resorcarenes
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The methyl ester derivative (28) have also been successfully synthesised in an analogous
manner.*> These ester groups easily undergo further reaction, heating in ethanol/water with
sodium hydroxide gave the acid (29)*° while chiral octaamide derivatives (30, 31, 32 and 33)
are easily obtained by subsequent heating with amines or amino alcohols* and refluxing in

base with 3-bromopropene yields an upper rim alkene.*

Octaurea resorcarenes (34 and 35) are also readily available, synthesised in a multi-step
sythesis via the ester, the acid, an amine and finally reaction with isocyanates.*’ The hydroxyl
groups on the upper rim are very nucleophilic and will react with even large groups containing
a bromomethyl derivative such as 6-bromomethyl-6-methyl-2,2’-bipyridine (36)* and bulky

diamide groups.*’

IN— 0N

= =
-R \ 7
HNTZ -T2 /N N
(0] (o]
= B
0 o »
N‘H /l N N | =
R2 N N~
O
N\H
R, ZZN| N
N ! N N I =
0} 0 ™ =
_NH NH o -
R2 RZ/ \ /N N\ /
—N N=
\ 7/ \ /7
34 Ry =CqqHp3
R, = (CH,)sNHC(O)NHCH(CHa)CqHs 36 R=CH,
35 Ry =CyqHp3

R; = (CHy)1 sNHC(O)NHCH(CHs)CeHa
Resorcarenes where four of the eight hydroxyl groups have been substituted symmetrically
with hydrophosphinoyl groups are also known. The resorcarene is first reacted with
N,N,N’,N -tetraethyl-P-ethylphosphonous diamide to give a cavitand containing four
dioxaphosphocine groups and this is subsequently hydrolysed to give the desired product. The
authors have also been able to modify this procedure to give the mono-susbstituted

derivative.*
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1.6.2 Substitution at the Aromatic Carbon on the Upper Rim

The unsubstituted carbon on the upper rim resides between two activating hydroxyl groups on
adjacent carbons. For this reason it is very readily reacted by electrophilic substitution. This
position is easily and selectively brominated by stirring with an excess of N-bromosuccinimide

(NBS) giving the tetrabromo derivative (37) in high yield.5I

NaO;;S
37 R =CH; 38 R =CHj,
39R = CgH1g

40 R = CgH40C,H 5
Further functionalisation can greatly change the properties of the resorcarenes, as is the case in
the work reported by Habicher et al..>® Resorcarenes with alkyl chains on their lower rim, of
varying lengths, were made water soluble by the incorporation of four sulfonatomethyl
(SO3Na) groups on their upper rim (38-40). This was carried out by reaction of the resorcarene
with sodium sulfite and a formaldehyde solution.” The upper rim can also be functionalised
with phosphorus containing moieties.” Reaction of resorcarenes with potassium
diphenylphosphide leads to the incorporation of phosphinoxide groups on the upper rim
(41).>* Water soluble tetradiazonium salts of resorcarenes have also been obtained by the

5 S . 55
reaction of resorcarene p-sulfanatobenzenediazonium.

P(O)Ph,

41R= C11H23

P(O)Ph;
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1.6.2.1 Mannich Reactions and Resorcarenes

Derivitisation of the upper rim of resorcarenes based on Mannich type reactions is an area that
has attracted great interest over the last few years and has been much investigated leading to
the generation of a large number of new resorcarene derivatives. A number of pertinent
examples are given below. Condensation of rccc resorcarenes with an excess of formaldehyde
(minimum of ten equivalents) and primary amines leads to the formation of benzoxazine rings
at the upper rim.’® The formation of these derivatives is completely regioselective, as all rings

are either formed clockwise (42a) or anti-clockwise (42b),”” shown in Figure 1.5.

N 3 N
| R' = CH(CH3)CgH I
& (CH3)CgH, 0
42a 42b

Figure 1.5: Clockwise and anti-clockwise orientation of benzoxazine rings on a resorcarene

The separation of these two enantiomers though has been problematic, as the benzoxazine
rings undergo epimerisation in the presence of even trace amounts of acid.”® One strategy
investigated to overcome this, was to functionalise the four remaining unsubstituted hydroxyl
groups, using acetic anhydride. However, the only products isolated were the corresponding
tetra amides.” The acyl groups had reacted at the more nucleophilic nitrogen rather than the
hydroxyl group. Alkylation of the four hydroxyl groups was more successful. It was achieved

by deprotonation with nBuLi and methylation with methyl triflate to give the resorcarene “u>"

.
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43R =CgHy3 R =CyHg 44 R = undecyl R’ = (R)-a-methylbenzyl

The reaction of resorcarenes with various amino alcohols was published almost
simultaneously by several research groups.’”®"*® Bohmer et al. elaborated on this work in a
study to better understand the factors which control the formation of five- or six-membered
O/N acetals.’ Unsubstituted amino alcohols of the form of NH,(CH,),OH where n = 2, 4 or 6
all gave resorcarenes with upper rim benzoxazine groups (45, 46 and 47), six membered rings
which include the aromatic hydroxyl group.” When n = 3, there are two possibilities for the
formation of the six-membered ring systems; as either the aromatic or the aliphatic hydroxyl
group can be used. The '"H<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>