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Abstract

Serotonin (5-hydroxytryptamine, 5-HT) is a biogenic amine known to function through a number of 

different 5-HT receptor subtypes. The 5-HT ia  receptor subtype is implicated in conditions such 

as depression and anxiety. There are many examples of selective agonists for this receptor, 

although selective antagonists have only recently become available. Aryloxyalkylamine p- 

adrenergic antagonists, such as pindolol and propranolol, are one of the few classes of ligands 

that exhibit antagonist activity at 5-HT ia  receptors, although they are not selective.

This thesis describes the synthesis and biological activity of a series of pindolol and propranolol 

analogues, with the aim of improving their 5 -H T ia  receptor affinities and selectivities. 

Modifications to the terminal amine substituents of these compounds were made and the effect of 

7-substitution in the naphthalene ring was explored. These analogues possess high 5 -H T ia  

versus p-adrenergic receptor selectivities, although few compounds show significant 5 -H T ia  

versus 5-HTi o receptor selectivity. In particular, the 7 -CONH2 and 7-C02Me substituted N,N- 

ethylbutylaminoethoxynaphthalenes were found to be potent agonists at the 5-HT-|a receptor, 

having IC50 values of 3.3 and 5.2 nM respectively.

Substitution of different groups in the 7-position of the naphthalene ring was found to have a 

profound effect on the 5-HT ia  and 5-HT id  receptor affinities. Using the Hansch linear-free 

energy model, attempts were made to determine the relationships between the physicochemical 

nature of the substituents and their biological activities at these receptors. A multiple least 

squares linear regression procedure was used to generate several QSAR models. The models 

were analysed by statistical procedures to determine their validity and significance. Although the 

procedure did not yield a valid model for the 5-HT ia  receptor affinities, good correlations were 

obtained for the 5-HT id  receptor affinities.
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Glossary

agonist

antagonist

a str (IR) 

br s 

CDCI3 

CD3OD 

d

dd

ddd

dg-DMSO

dt

HPLC

IC50

IR

Ki

m(IR) 

m (NMR) 

MS 

NMR 

NOE

q

QSAR

quint

s(IR)

s (NMR)

sept

s str (IR)

t

‘t’

td

w(IR)

a drug that can interact with receptors and initiate a drug response

a drug that opposes the effect of another by physiological or chemical action, or

by a competitive mechanism for the same receptor sites

asymmetric stretch

broad singlet

deuterated chloroform

deuterated methanol

doublet

doublet of doublets 

doublet of doublets of doublets 

deuterated dimethylsulfoxide, (CD3 )2 SO 

doublet of triplets

high performance liquid chromatography

median inhibitory constant (concentration at which an antagonist exerts its half

maximal effect)

infrared

inhibitory constant calculated from experimentally obtained IC50 values using the

Cheng-Prusoff equation, Kj = IC5 o/(1  + L/Kq) (L = final concentration of

radioligand; Kq = radioligand equilibrium dissociation constant)

medium absorption

multiplet

mass spectrum

nuclear magnetic resonance

nuclear Overhauser enhancement

quartet

quantitative structure-activity relationship 

quintet

strong absorption

singlet

septet

symmetric stretch 

triplet

pseudotriplet 

triplet of doublets 

weak absorption



Introduction

1. Introduction

1.1 Discovery of Serotonin

Over one hundred years ago, an endogenous vasoconstrictor substance was discovered in 

blood. This substance was found to increase in clotted blood and was still present following 

adrenalectomy therapy, suggesting that it was different from adrenaline and noradrenaline. 

Investigations by Rapport et a i}  in 1948 resulted in the isolation and purification of this 

substance, which they termed “serotonin”, from serum and in 1949 its structure was identified as 

5-hydroxytryptamine 1.^ Independent work by Esparmer at al.^ had previously identified a 

substance which they termed ‘enteramine’ from the intestine and following the first chemical 

synthesis of 5-HT in 1951 this substance was found to be identical to 5-HT.

NH,

H

1

1.2 Distribution of 5-HT

Originally it was thought that the main function of 5-HT in mammals was that of a peripheral 

hormone because of the relatively high concentrations found in the gastrointestinal tract and 

blood. However subsequent studies^ of 5-HT localisation in the body also showed varying 

amounts in different regions of the brain. This was the first indication that 5-HT may act as a central 

neurotransmitter. Later investigations using serotonin-specific antibodies,® which facilitates the 

visualisation of 5-HT neurons in the central nervous system, and autoradiographical 

techniques^’® which allow detailed mapping of 5-HT receptors, showed that the highest 

concentration of 5-HT-containing neurons in the brain is found in the raphe nuclei, while 5-HT- 

releasing fibres project to virtually all parts of the central nervous system. A large proportion of 

these fibres are not involved with synaptic transmission to target neurons, but rather release 5-HT 

into the extracellular environment and it may therefore mediate “volume transmission” that is 

slower than synaptic transmission, but may be more prolonged. Although research has mainly 

focused on targeting brain serotonin, more than 95% of the 5-HT present in the bodies of most 

mammals is found in the bowel.®
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Introduction

1.3 Biosynthesis and Catabolism  of 5-HT

5-HT is synthesised from the essential amino acid L-tryptophan 2 which is supplied by foodJ® 

After entering the brain it is stored in the 5-HT neurons. The two enzymes involved in the 

biosynthesis of 5-HT are tryptophan hydroxylase, a highly specific enzyme thought to be present 

only in 5-HT-forming cells, and L-aromatic amino acid decarboxylase, a relatively non-specific and 

ubiquitous enzyme (Scheme 1.1). 5-HT is stored in granules or vesicles, from which it is released 

at nerve impulse into the synaptic cleft. After receptor activation, the 5-HT is removed by specific 

membrane uptake carriers, which transports it back into serotonergic nerve terminals. There it may 

be re-used in storage granules or it may undergo enzymatic degradation by monoamine oxidase 

type A (MAO A), the main product being 5-hydroxyindole-3-acetic acid 4.

NH2

I f  H ^ 't O O H

H
C G G H

4

tryptophan

hydroxylase

MAO A

H

3

L-aromatic amino 
acid decarboxylase

H

1

Scheme 1.1

1.4 5-HT Receptors

1.4.1 Historical

In 1957, Gaddum and Picarelli^^ showed that the action of 5-HT on guinea pig ileum could be 

blocked by either dibenzyline (phenoxybenzamine) 5 or morphine 6. They suggested that there 

were two distinct types of 5-HT receptors in guinea pig ileum and termed these ”‘D” and “M” 

receptors. D receptors, which were present on smooth muscle cells and mediated muscle 

contraction, could be blocked by dibenzyline whereas M receptors, which were located on the 

enteric cholinergic neurons and mediated acetylcholine release, could be blocked by morphine. 

This study constituted the first demonstration of the presence of at least two distinct types of 5-HT 

receptors.

11
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O

CH,

^^CH^Ph

I
CH2CH2CI

H a

O H

The next major developments were the use of radioligand binding and autoradiographic 

techniques, and during the 1970s, there were numerous attempts to label central 5-HT receptors 

using a wide variety of radioligands. pH]-LSD 7 was the first radioligand used to label 5-HT 

receptors. However it was later demonstrated that it labels different populations of 5-HT receptors 

and also certain dopamine receptors. When pH]-5-HT became available for binding studies in the 

mid-1970s, it became apparent that there were numerous inconsistencies in the binding studies 

depending upon which radioligand and tissue preparations were employed.^^ In 1978, it was 

reported^^ that pH]-spiperone 8 labels 5-HT binding sites in the frontal cortex. Thus the 

existence of two major populations of central 5-HT receptors was proposed: 5-HTi sites which are 

labelled with high affinity by pH]-5-HT, whereas 5 -HT2 sites are labelled in the frontal cortex by 

pHj-spiperone.^'^ The 5 -HT2 subtype appears to correspond to the Gaddum and Picarelli ‘D’ 

receptor. However it was later found that spiperone also labels a subpopulation of 5-HTi 

receptor, which was designated the 5-H T ia  re c e p to r .T h e  5-HTi site having lower affinity for 

spiperone was designated the 5-HTib receptor.

.OH
Et2N

7

O

F NH

Later a third subtype of the 5-HTi receptor was discovered in the choroid plexus as a 

consequence of autoradiographic studies^® using pH]-5-HT and this was designated the 5-HT-|c 

receptor since the pharmacological characteristics of this site did not correlate with the 5-HTia. 5- 

HTib or 5 -HT2 receptor.

12
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Radioligand binding studies formed the basis of attempts by Bradley et to classify 5-HT 

receptors. This system of classification attempted to correlate receptors mediating functional 

responses with equivalent radioligand binding sites and three major categories of 5-HT receptors 

were described - "5-HT-|.|ike", “5 -HT2” and 5 -HT3 . The latter was proposed to mediate the effects 

of 5-HT at the Gaddum and Picarelli ‘M’ receptor. The Bradley system of classification, where each 

5-HT receptor was defined according to operational (drug-related) data was widely accepted for 

some time.

1.4.2 Cloning of 5-HT Receptors

Since Bradley’s original classification scheme, the rapid progression of molecular biology 

techniques has enabled the cloning and expression of serotonin receptors in cells, enabling 

determination of their amino acid sequences. In addition, using second messenger responses in 

the host cell, the pharmacological profiles of the recombinant 5-HT receptors have been 

compared with those of the native receptors. This process has led to the identification of several 

5-HT receptor clones, for which selective ligands and functional effects have not yet been 

identified. A system for the classification of 5-HT receptors based on operational data, structure 

and transductional mechanisms of the receptors, was proposed by Humphrey et al. in 1993.^® 

Since all the necessary criteria for receptor characterisation based on this current system have not 

yet been defined, this represents only a tentative attempt to classify the multiple populations of 5- 

HT receptors. However, this nomenclature system will be adopted in the following sections.

1.4.3 Structure of 5-HT Receptors

NH

COOH

u-

L.

Extracellular
region

Transmembrane
domains

Intracellular
region

Figure 1.1
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With the exception of the 5 -HT3 receptor, which is a member of the ligand-gated ion channel 

family and has both the agonist binding site and the transduction mechanism (ion channel) as part 

of a single macromolecule, all cloned 5-HT receptors belong to the superfamily of receptors that 

couple with guanyl nucleotide binding protein (G proteins), resulting in signal transduction 

mechanisms. The G protein-coupled receptors (GPGR), which include a- and p-adrenergic 

receptors, dopamine receptors, muscarinic, acetylcholine receptors and rhodopsin, share a 

putative seven transmembrane structure. The single protein chain of about four hundred amino 

acids crosses the membrane seven times, forming seven a-helices (Figure 1.1). The 5-HT 

receptors exhibit sequence homologies in the transmembrane regions and in the short 

connecting loops but not in the N- and C-terminal or the third cytoplasmic loop, all of which are 

variable in length.

Most ligands bind between the membrane helices, but the periplasmic loops are sometimes 

involved in ligand recognition. The second and third cytosolic loop and part of the C-terminus of 

the receptors are involved in G protein recognition and binding. The receptor is thought to fold 

round on itself to form a pocket within the transmembrane domains (Figure 1.2). This central 

cavity would allow the solubilised ligand a pathway to a ligand binding site deep within the 

receptor’s transmembrane domains. The precise location of the ligand binding site within the ring 

has not been fully established.

VII

Figure 1.2 Top view of the seven transmembrane regions of G protein-coupled receptors

1.5 Present C lassification of 5-HT Receptors

At present, seven types of mammalian 5-HT receptors have been identified (Figure 1.3).^^ At 

least three of these are known to exist as multiple subtypes. For example, there are at least five 

different types of 5-HTi receptors. Of these, the 5-HT-|d receptor is further divided into the 5- 

HT1 Da arid 5-HT 1 Dp subtypes.

These receptors have now been cloned and their amino acid sequences deduced. However, in 

many cases, selective ligands have yet to be found. Since the classification system proposed by 

Humphrey e/a/.^® requires full operational, structural and transductional data, some of these

14
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receptors have not been fully characterised and these are denoted in lower case. In the following 

sections, a brief summary of each 5-HT receptor subtype and their ligands will be given.

B-HTm

S-HTzb

B 4 tT x

5-H T iA

54ÎT1B

5-HTid

5-HT,e

5-HTif

5*HTiotx

U 6 4 i l 3

As:
4"

5-llt4S

5-ht4L

Figure 1.3

1.5.1 5-HTi Receptors

The receptors belonging to the 5-HT-| family (5-HTia, 5-HT-|b. 5-HTid. 5-htiE  and S-htip) 

possess high affinities for 5-HT (nanomolar range) and share a common transduction mechanism 

in being negatively coupled to adenylyl cyclase via a common or similar G protein link.^® The 

genes for all of these receptors have been cloned and the receptors shown to be single-protein 

structures containing from 374 to 422 amino acids. The subtypes of the 5-HT-| class of receptors 

share a high degree of homology (over 60% in the transmembrane domains) and have intronless 

genes in the coding sequence region. On the basis of these criteria, the previously named 5- 

HT-ic receptor has been renamed the 5-HT2C receptor (see below).

1.5.1.1 5-HT i a  Receptor

The 5-HT-ia  receptor subtype is the focus of this project and is described in detail in Section 1.6.

15
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1.5.1.2 5-HT-jb Receptor

5-HT 1B receptors have been directly labelled in rat brain with [''25|]-cyanopindolol 9.^  ̂ They have 

been reported to function as autoreceptors on serotonergic projections to the cortex, or as 

heteroreceptors modulating the release of acetylcholine and glutamate.^^’̂ ^

O H

CN

9

The 5-HTi b receptor appears to be species-specific and has so far been found only in the brains 

of certain rodent species. It is absent in the brain of guinea pigs and higher mammalian species, 

including humans.® However, confusion has arisen with the cloning of two different 5 -HT-|d 

receptors in humans^"^’^® (named 5-HT idcc snd 5-HTiDp receptors) which display essentially 

identical binding properties but exhibit only 63% homology with each other.

The human 5-HTiop receptor was found to have high homology (96% in the transmembrane 

region) with the 5-H T ib  receptor that was subsequently cloned from rat b r a i n . T h e  rat 

homologue of the human 5-HTiDa receptor was found to have a 5-HT id  binding profile (see 

below). These studies suggest that the human 5-HTiQp receptor is a species homologue of the 

rat 5-HT ib  receptor^^ and is functionally equivalent, but displays a different pharmacological 

profile. Furthermore, studies have demonstrated that the replacement of a single amino acid 

(threonine at residue 355) in the human receptor with the corresponding arginine found in the rat 

receptor renders the pharmacological properties of the receptors identical.^®’^® Recently it has 

been suggested that the human 5-HTioa and 5-HTiop receptors be renamed the h 5-HT-|D and h 

5-HT-ib  receptors respectively, and the rat 5-HT ib  and 5-HTi o receptors renamed the r 5-HT-|b 

and r 5-HT i d  receptors respectively, in order to distinguish the protein products from different 

genes.®®

There are very few compounds that show significant selectivity for 5-H Tib  receptors. Potent 

agonists of this receptor include cyanopindolol 10 (Kj = 5.0 nM), 5-carboxyamidotryptamine 11 

(Kj = 5.0 nM) and RU 24969 12 (Kj = 6.3 nM), but these show poor selectivity relative 

to other 5-HT-j receptors.

16
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NH

O H Me

CN

10 11 12

Ligands that have been widely used as 5-HTib agonists, such as TFMPP 13 (Kj = 50 nM) and m- 

CPP 14 (Kj = 79 nM) also have high affinities for other 5-HT receptors. However, the indole 

analogue, CP 93129 15 (Kj = 15 nM) appears to be a relatively selective agonist.^^

NH

N

NH

13 14

O

15

Due to the lack of selective ligands the clinical implications of 5-HT-j g receptor ligands have only 

been tentatively suggested.^^ The involvement of 5-HT-j b receptors in hyperlocomotion and the 

hyperactivity induced by MDMA (“Ecstasy”) 16 has been suggested.^^ There is evidence that 5- 

HT-jB receptors are involved in the regulation of food intake, since agonists such as m-CPP 14 

have been shown to decrease food intake.^"*

NHCH q

16

1.5.1.3 5-HT-id  R ecep to rs

5-HT-j D receptors were first identified in bovine brain membranes by Heuring and Peroutka.^^ 

These receptors are found in the brain of a range of non-rodent species including humans. 

However binding studies suggest that 5-HT-j □ receptors are also present in rats, although they 

appear to exist in very low concentrations.^® The regional distribution of h 5-HT-j □ receptors have

17
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been reported to be similar to that of the 5-HTi g receptor in rats. The 5-HTi o receptor was first 

cloned from a canine thyroid cDNA library,although its identity as a 5-H Tid  receptor was not 

discovered until later.^® As discussed in Section 1.5.1.2, genes encoding 5 -H T id  receptors 

have been isolated from several species including humans^" ’̂^^ and rats.^^ When expressed in 

mammalian cells, human, rat and canine 5-HTi o receptors display similar pharmacological profiles.

Furthermore their operational characteristics are also very similar to that of 5-HT ib  receptors 40

Few agonists for 5-HTid« and 5-HTiDp receptors show selectivity relative to 5-HT-|a receptors. 

Serotonin 0-glycyltyrosinamide 17 has been reported as a selective 5 -H T id  ligand, and a 

radioiodinated version has been widely used in radioligand binding studies."^  ̂ However, at 

present these ligands cannot distinguish 5-HT-|Da receptors from 5-HTi op receptors. Typically, 

tryptamine analogues, such as 5-CT, bind with high affinity but with poor to moderate selectivity. 

The anti-migraine drug sumatriptan 18 binds with a 15- to 25-fold selectivity at 5-H Tid  versus 5- 

HTib and 5-H Tia  sites. Indeed it has been suggested that this compound may mediate its anti

migraine effects via both 5-HTib and 5-HTi o receptor agonism, and that its affinity for 5-HT-|a 

receptors is partly responsible for its side effects.'^^ Sumatriptan also shows poor selectivity for 5- 

H T iD a  versus 5-HTiQp receptors, having Kj values at these sites of 3.4 and 7.7 nM 

respectively.'^®

HO

.0

:

17

18

The development of selective 5 -H T id  agonists as potential treatment for acute migraine is a 

subject of intense research. Many of these ligands are tryptamine derivatives, such as 

L 695247"^® 19, CP 123803^'^ 20 and 311090"^^ 21, which show improved selectivity for 5- 

H Tid  versus 5 -H Tia receptors. Recently 5-(nonyloxy)tryptamine 22 has been identified as a 5- 

HT1D agonist showing a 300-fold selectivity for 5-HTi □ versus 5-HT-] a receptors.^® However, this 

compound shows poor selectivity for 5-HTi pa versus 5-HTi op receptors.

18
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Me-
NHg

19

OoN

20

NMG2

NH

21

NH2

22

Until recently there were no selective antagonists for 5-H Tid  receptors and pharmacological 

studies relied on the use of non-selective compounds such as methiothepin 23. However 

GR 127935 24 has recently been described as the first selective 5-HT 1 o receptor 

antagonist.

23

O
NH

Me'
Me

O M e

.Me

24
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1.5.1.4 5-HT-ie  R e c ep to r

The existence of 5-HT ie  receptors was first discovered from binding studies using in

the human frontal cortex.'^® In the presence of ligands masking 5-H Tia. 5-HTib, and 5 -H T id  

sites, a residual site having high affinity for pH]-5-HT was discovered. This site had low affinity for 

5-CT and was named the 5-H Tie site. The isolation of a novel human 5-HT receptor gene (S31) 

was described by Levy et al.^^ but the genomic clone was only partially characterised. McAllister 

et al.^  ̂ isolated a human hippocampal cDNA clone, termed AGI, that was identical to the S31 

clone and subsequently found to have a 5-HTie pharmacological profile.^^ The 5-H Tie receptor 

displays a higher degree of homology with the 5-HTi oa/5-HTi op receptors (64%) than with other 

5-HT receptors.

Selective compounds for this receptor have yet to be found. Certain ligands that have a high 

affinity for other 5-H T id  sites, such as 5-CT 11, sumatriptan 18 and methiothepin 23 typically 

display low (micromolar) affinities for this receptor. The endogenous ligand, 5-HT, appears to be 

the only high affinity ligand for the 5-HTi E receptor (Kj = 3-10 nM).

1.5.1.5 5-H Ï1F  Receptor

The mouse 5 -H T if (previously known as the 5-HT-|Ep receptor) was isolated by Amlaiky et ai. 

The equivalent human receptor was later cloned by two independent research groups.^"^'^^ The 

5-HT 1F receptor displays 95% homology with the mouse 5-HTi Ep receptor and is a close relative 

of the 5-H Tie receptor, showing 70% homology in the transmembrane regions.

The 5 -H T if  receptor exhibits a pharmacological profile resembling that of the 5-HT-|e receptor 

and thus shows a low affinity for 5-CT 11. However, unlike the 5-HT-|e receptor, the 5-HT-|f 

receptor displays a high affinity for sumatriptan 18 and yohimbine 25, suggesting possible 

involvement of this receptor in the antimigraine activity of sumatriptan.^®

O O H

25

Very little is known about the physiological role of these receptors in whole animals due to the 

absence of selective ligands, although it has been suggested that the distribution of 5-HT-|f
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receptors indicate its role as another 5-HT autoreceptor type.^® Autoradiographic studies on 5- 

CT-insensitive (5-HT ie  and 5-HT-ip) sites in the brain indicate that the regional distribution of 

these receptors suggest possible involvement in emotion and movement control.

1.5.1.6 5-HTi.|ike Receptors

These are a group of related receptors that have not yet been positively equated with any of the 

previously described 5-HTi subtypes. The main obstacle for the lack of information about these 

sites is the lack of selective agonists and antagonists, and although radioligand assays may be 

used to study CNS receptors, they are not suitable for peripheral tissues such as blood vessels, 

where many of these receptors are located. At present, these receptors are characterised by their 

agonist potency orders and their insensitivity to 5 -HT2 , 5 -HT3 and 5 -HT4 antagonists.

The 5-HTi.|jke receptors appear to mediate functional responses such as smooth muscle 

contraction. However, since the compounds used for the characterisation of peripheral 5-HT-|.|jke 

receptors are also used for characterisation of 5-HT id  receptors, it is possible that some of these 

sites may be functional correlates of the 5-HT-|d binding site.

1.5.2 5-HT2 Receptors

At present the 5 -HT2 receptor family consists of three receptors (5 -HT2A, 5 -HT2 B and 5 -HT2C). all 

of which have been cloned.^® Unlike the 5-HTi receptor class, the 5 -HT2 receptor genes 

possess introns and exons and the receptors mediate their effects through activation of the 

phosphatidylinositol hydrolysis secondary messenger system.

1.5.2.1 5-H Ï2A  Receptor

The 5 -HT2A subtype (previously known as the 5 -HT2 receptor) refers to the Gaddum and Picarelli 

“D” receptor which has been widely described in peripheral tissues and the CNS. In the 

periphery, activation of 5 -HT2 A receptors causes smooth muscle contraction and platelet 

aggregation. Recent studies have shown that 5 -HT2A receptor activation is responsible for 

potentiating the pain produced by various inflammatory mediators including 5-HT.®® 

Autoradiographic studies^ reveal that the highest concentration of 5 -HT2A receptors in the brain 

is located in the cortex. In the CNS, 5 -HT2A receptor activation causes stereotypical behavioural 

effects such as head twitch and “wet dog shakes”, suggesting a role in motor behaviours. The 5- 

HT2A receptor was first cloned in the rat by Pritchett et a/.®® and its amino acid sequence was 

confirmed by the subsequent cloning of the equivalent human receptor.®^ The two receptors 

show 99% sequence homology in the transmembrane regions, and it has been shown that 

mutation of the serine in position 242 of the human receptor to alanine as found in the rat receptor 

changes its operational characteristics to that of the rat receptor.®^ These binding sites were 

initially characterised by their low affinity for pH]-5-HT and high affinity for [^Hj-spiperone
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(Section 1.4.1). Spiperone 8 , a neuroleptic agent binds to the 5-HT2A receptor with a Kj value 

of 1.6 nM, but it also displays moderate affinity for 5-HTia and dopamine receptors. It is however, 

selective for 5-HT2a sites relative to the other 5 -HT2 subtypes. Subsequently, numerous 5-HÏ2A  

receptor antagonists, such as ketanserin 26 (K; = 1.3 nM) became available and gained 

widespread use as radioligands. Ketanserin displays selectivity for 5-HT2A versus other 5 -HT2 

sites, but it also binds to several other neurotransmitter sites, including a-adrenergic receptors. 

More recently MDL 100907®^ 27 (Kj = 1.0 nM) has been described as a potent antagonist that 

possesses moderate selectivity for 5 -HT2A versus 5 -HT2C receptors.
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There are no selective agonists available for the 5-H Ï2a site. Phenylalkylamines such as DOB 28, 

have been used as agonists although they bind to all the 5 -HT2 subtypes. Glennon et a/.®^ 

attempted to increase 5-HÏ2A versus 5-HT2C selectivity on a series of related phenylalkylamines 

resulting in compound 29 which has a Kj value at the 5-HT2A receptor of 0.3 nM, and displays 

300-fold selectivity versus the 5 -HT2 C receptor, although functional data for this compound was 

not reported.
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1.5.2.2 5-HT2B R ecep to r

5 -HT2B receptors (previously known as 5 -HT2 F receptors) were first functionally characterised in 

the rat stomach fundus and mediate muscle contraction.®^ In humans the mRNA transcripts for 5- 

HT2 B receptors have been reported to occur in the brain, retina, liver and various other organs. 

Both rat and human 5 -HT2 B receptors have been cloned,®®’®̂  and share 79% overall sequence 

homology. The human 5 -HT2 B receptor clone shows a high homology (over 70% in the 

transmembrane regions) with the 5-H Ï2A  and 5 -HT2 C receptors and displays a similar 

pharmacological profile to the 5-H Ï2c receptor.

There is a lack of selective agents available to study the functional role of 5 -HT2 B receptors, since 

most are unable to distinguish between 5 -HT2 B and 5 -HT2C sites. In particular, there are no 

selective 5 -HT2 B receptor agonists, although a few tryptamine analogues such as a-methyl-5-HT 

possess a higher affinity for 5 -HT2B and 5 -HT2C sites relative to 5-HT2A sites.

The antagonists yohimbine 25, which shows some 5 -HT2 B versus 5 -HT2 C selectivity, has been 

widely used as a pharmacological tool, although it possesses significant activity at other 5-HT and 

non-5-HT sites. The pyridylurea, SB 200646A 30 shows over 50-fold selectivity for 5-HT2b/5- 

HT2 C sites versus 5 -HT2A sites.®® However, a close structural analogue, SB 204741 31 has 

been found to display over 100-fold selectivity for the 5 -HT2 B site versus the 5 -HT2C site and has 

been described as the first truly selective 5 -HT2 B receptor ligand.®^ In view of the similar 

pharmacological profiles of the 5 -HT2 B and 5 -HT2 C receptors, it remains uncertain as to which 

particular 5 -HT2 receptor subtype mediates the clinical effects of a variety of 5 -HT2 drugs such as 

mianserin 32 (antidepressant) and pizotifen 33 (migraine prophylaxis).
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1.5.2.3 5-HT2C Receptor

The 5 -HT2 C receptor was first characterised by Pazos et a/J® in pig choroid plexus. Due to its 

high affinity for 5-HT, it was assumed that the receptor belonged to the 5-HT-| family, and it was 

therefore named the 5 -H T ic  receptor. However, the pharmacological profile and secondary 

messenger coupling (activation of phospholipase C) suggests that this receptor is a member of 

the 5 -HT2 receptor family. This was confirmed by the subsequent cloning and sequence analysis 

of rat^® and human®  ̂ 5 -HT2C receptors. 5 -HT2C receptors are also found in the brain, although at 

lower densities than in the choroid plexus epithelial cells.^ The involvement of these receptors 

has been implicated in conditions such as anxiety.^^ Mutant mice lacking 5 -HT2 C receptors 

generated by Tecott et al7^  showed abnormal feeding behaviour and the occurrence of 

spontaneous epileptic seizures, indicating that these receptors are responsible for appetite and 

motor control. There are no selective ligands for the 5 -HT2 C receptor, since ligands that have a 

high affinity for 5 -HT2 C receptors also bind to 5 -HT2 B receptors. Several antagonists, such as 

ketanserin 26 and SB 200646A 30, display selectivity for 5-HT2C versus 5 -HT2A. but not 5 -HT2 B 

receptors.

1.5.3 5-HT3 Receptor

These receptors correspond to the “M” receptors first described by Gaddum and Picarelli. They 

belong to the ligand-gated cation class of receptors and are therefore structurally and functionally 

distinct from the other 5-HT receptor subtypes.^® 5 -HT3 receptors are present on neurons in 

many systems in the periphery and in the brain. Activation of these receptors, which are 

permeable to Na+ and K+, causes a rapid excitatory response by depolarising neurons which 

results in transmitter release. In the sensory nervous system, such neuronal excitation is 

implicated in a diverse range of functional responses, including cardio-inhibition or -activation, 

pain^® and initiation of the vomiting reflex.^® In the central nervous system, 5 -HT3 receptors are 

thought to be involved in psychiatric disorders such as psychosis and anxiety.^^ The 5 -HT3 

receptor has been isolated by expression cloning in Xenopus oocytes by Maricq et al7^  The 

cloned receptor exhibits a high sequence homology to other members of the ligand-gated ion 

channel superfamily. The most widely used 5 -HT3 agonist is 2-methyl-5-HT 34 (Kj = 87 nM), 

which exhibits an affinity comparable to that of 5-HT at this site. Mefa-chlorophenylbiguanide 35 

is more potent and selective (IC50 = 1.5 nM) but like 2-methyl-5-HT, it is a partial agonist.^^
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In contrast to lack of potent 5 -HT3 agonists, there are numerous examples of selective 5 -HT3 

antagonists. The therapeutic potential of 5 -HT3 receptor antagonists is diverse.®®’®̂  For 

example, ondansetron 36 (which binds to the 5 -HT3 site with a Kj value of 1.6 nM), an antiemetic 

used in cancer chemotherapy, shows antidepressant, antinociceptive and anxiolytic effects. It 

has also been suggested that this, and other 5 -HT3 receptor antagonists, may be useful in the 

treatment of drug and alcohol abuse.®^ Other examples of potent 5 -HT3 antagonists include the 

structurally related granisetron 37 (Kj = 0.78 nM) and GR 65630 38 (Kj = 0.28 nM). Cilansetron 

39 (Kj = 0.19 nM) has been developed as an example of a new class of potent 5 -HT3 receptor 

antagonists having decreased central side effects compared with ondansetron.®®

O H

36 37

O

38 39

Langlois et al.^^ recently described a series of potent 5 -HT3 receptor antagonists such as 40, 

which are based on the quinuclidinium moiety of zacopride 41, a non-selective 5 -HT3 antagonist 

(Kj = 0.08 nM).
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1.5.4 5-HT4 Receptor

The 5 -HT4 receptor was first identified in mouse and guinea pig brain.®® It has since been found 

in a wide variety of tissues such as the brain and heart and in many species, including humans.
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The human and rat 5 -HT4 receptors have only recently been cloned.®®’®̂  The high degree of 

homology (90%) between the two receptors is reflected in their similar pharmacology. There is 

presently no evidence to suggest the existence of subtypes of the 5 -HT4 receptor within a 

species, although two different forms of the rat 5 -HT4 receptor have been expressed; the long 

splice variant, 5 -HT4 L (406 amino acids) and the short form, 5 -HT4 S (387 amino acids), which 

share almost identical amino acid sequences and pharmacological profiles, but differ in their 

coupling mechanisms. 5 -HT4 receptor involvement in the CNS is implicated in memory, cognition, 

learning and anxiety. Selective ligands for this receptor may have therapeutic use in the treatment 

of, for example, Alzheimer’s disease.®® 5 -HT4 receptors in the gut are involved in the regulation 

of peristaltic reflex and the 5 -HT4 receptor agonist, cisapride, is currently used as treatment for 

gastric motility disorders.

The previously described 5 -HT3 antagonist, zacopride 41 is a potent 5 -HT4 agonist. Other 

agonists for the 5 -HT4 receptor include BIMU8 42 and SC 53116 43, the latter showing greater 

5 -HT4 versus 5 -HT3 selectivity. The compound ML 10302 44 represents a highly potent and 

selective 5 -HT4 receptor ligand (Kj = 1.1 nM), although it displays partial agonist activity at this

site.89
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Selective antagonists for the 5 -HT4 receptor include GR 113808 45 (Kj = 0.06 nM), which in its 

tritiated form, has been widely used as a radioligand.®®’®̂  The highest affinity 5 -HT4 receptor 

ligand to date is SB 204070®^ 46 (Kj = 0.01 nM), but in common with GR 113808, it contains an 

ester function that is rapidly degraded in biological systems. Recently LY 353433 47 has been
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described as a potent and selective 5 -HT4 antagonist having improved stability and increased 

duration of action in vivo^^
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1 .5.5 5-hts Receptors

Mouse and rat genes encoding the 5-htsA and S-ht^g receptors have been isolated by several 

groups.^^'^^ The recombinant receptors were transiently expressed in mammalian cell lines and 

showed 77% homology with each other, and low homology (< 37%) with other serotonin 

receptors. The S-htgA receptor does not appear to couple to any G proteins, which suggests that 

it may possess a novel signal transduction mechanism. Rees et al.^^ have recently reported the 

cloning and characterisation of the human S-htgA receptor and revealed an apparent lack of a 

functional S-htgB receptor in the human brain. The human S-htgA receptor possesses a 

pharmacological profile that closely resembles the mouse S-htg^ receptor, with which it shows 

84% amino acid homology. Both 5-htsA and 5-htgB receptors show high affinities for LSD 7, 

methiothepin 23 and 5-CT 11, but only moderate affinity for 5-HT.

1.5.6 5-hte Receptor

The cloning and expression of the rat S-hte (St-B17) receptor was reported by Monsma et al. in 

1993.®® The receptor exhibits less than 40% homology with other G protein-coupled 5-HT 

receptors, and is coupled to the stimulation of adenylyl cyclase. This receptor, which appears to 

be localised exclusively in the central nervous system, has been labelled in rat brain with 

["*25|]lsd, and was found to show moderate affinity for 5-HT (Kj = 150 nM). Additionally, the
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receptor exhibits high affinity for several tricyclic psychotropic drugs, such as clozapine 48 

(Kj = 13 nM).

N

48

1.5.7 5-hty Receptor

5-hty receptors have been cloned in human, rat and mouse, and are closely related to mammalian 

5-HT-i and 5-htg receptors.^"^'  ̂00-104 ât they are predominantly expressed in the central 

nervous system, although a putative 5-hty receptor has been found in the j e j u n u m . ^ T h e  5-hty 

receptor is positively coupled to adenylyl cyclase and exhibits a pharmacological profile that is 

different from the other 5-HT receptors. The receptor possesses high affinity for 5-CT 7, 5-HT, 5- 

methoxytryptamine and several antipsychotic drugs, including clozapine 48.

1.6 The 5-HTia  Receptor

1.6.1 Molecular Biology

As discussed in Section 1.4.1, the 5-H Tia receptor subtype was first identified by its high affinity 

for spiperone. The discovery of a potent and highly selective radioligand, pH]8-hydroxy-2-(di-n- 

propylamino)tetralin, or [^H]8-0H-DPAT, for the specific labelling of 5-HT-|a sites in brain 

membranes followed soon afterwards.^®® The genomic DMA encoding the human 5 -H T ia  

receptor was isolated by Kolbilka etal. in 1987 using a human p2-adrenergic receptor probe, in an 

attempt to clone the pi-adrenergic r e c e p t o r . T h e  intronless clone was designated G21 and 

was found to share a high degree of amino acid sequence homology with the p2 'adrenergic 

receptor (48%) and other G protein-coupled receptors. The identity of the G21 clone as the 5- 

H T ia  receptor was later revealed by Fargin et a/.,^®® who showed that the receptor had only 

moderate affinity for the p-adrenergic receptor ligand, ^^l]iodocyanopindolol 9, and could be 

labelled with pH]8-OH-DPAT 49. The rat 5-H Tia receptor was later cloned^®®’^̂ ® and found to 

display similar characteristics, showing 89% homology with the human 5-HTia receptor.
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1.6.2 5-HT-ia  Receptor Distribution and Function

In many species including humans, 5-HT ia  receptors are located predominantly in the regions of 

the brain that affect mood and anxiety (the limbic system), i.e. the hippocampus, septum and 

amygdala. Within the dorsal raphe nucleus, 5-HT ia  receptors are located on the somas and 

dendrites. In contrast, in all other structures, they are located on the postsynaptic targets of 

serotonergic neurones. This double, pre- (i.e. somatodendritic) and postsynaptic location^  ̂  ̂ has 

important physiological correlates, because direct stimulation of 5 -HT ia  autoreceptors by 

selective agonists triggers an inhibitory influence on the 5-HT synthesis rate and release, whereas 

stimulation of postsynaptic 5-HT ia  receptors mimics the effects of endogeneous 5-HT on the 

targets of serotonergic neurones. Therefore the central consequences of a systemic treatment 

with a 5-HT ia  receptor agonist are difficult to assess: by stimulating the somatodendritic 5-HT ia  

autoreceptors, this drug will decrease 5-HT neurotransmission, an effect which will be 

counteracted by the concomitant stimulation of postsynaptic 5-HT ia  receptors by the same drug. 

This duality of action may explain why 5-HT ia  agonists exhibit both anxiolytic properties as 

expected for drugs that decrease 5-HT neurotransmission and antidepressant properties, as 

expected for drugs that increase 5-HT neurotransmission. The two populations of 5-HT i a  

receptors differ in terms of their functional responses to partial agonists. For example, several 

selective 5 -HT ia  receptor ligands antagonise the effects of full agonists at the postsynaptic 

receptor, whereas the same compounds will activate the somatodendritic receptor. To 

differentiate a true antagonist (which is devoid of agonist activity in any model of 5-HT-|a receptor 

function) from a partial agonist, the term “silent” 5-HT ia  receptor antagonist has been ascribed to 

the former.

1.6.3 Structure of the 5-HTia  Receptor

Initially, the human 5-HTia receptor sequence published by Kolbilka etal.^^^ was described as a 

single protein containing 421 amino acids. However Chanda et a iV ^  later published a 5-H Tia  

receptor sequence in which the amino acids in the fourth transmembrane region slightly differed 

from the earlier sequence. Additionally the gene was found to encode a protein consisting of 422 

amino acids, as described earlier for the rat 5-HTia recep to r.F u rth e rm o re , conversion of the 

422 amino acid clone to the previously published sequence by site-directed mutagenesis, was 

found to abolish ligand binding to the receptor, suggesting that the correct sequence is that 

described by Chanda et al. The protein chain possesses seven clusters of approximately 25 

hydrophobic residues forming the membrane spanning domains which are characteristic for G 

protein-coupled receptors (Figure 1.4).

Four hydrophilic segments of varying lengths are thought to face outside the cell membrane and 

may be involved in axonal transport of the receptor. Another four segments are thought to face 

the intracellular space, and are involved in signal transduction. The short C-terminal tail has been
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shown to be involved in the coupling of the receptor to G proteins. In common with all receptors 

coupled to adenylyl cyclase, the 5-H Tia receptor possesses a long hydrophilic third intracellular 

loop of approximately 125 amino acids. Within the transmembrane domains, the sequence 

homology with the human p2 -adrenergic receptor is 43%. In transmembrane segments 3 and 7, 

there also exists a high homology with dopaminergic D2 receptors. This may explain the high 

affinity of certain p-adrenergic and dopaminergic receptor agents for the 5-H Tia receptor.

Extracellular

Intracellular

COOH

Figure 1.4

Site directed mutagenesis experiments performed on the human 5-H Tia receptor reveal that the 

Asn386 residue in the seventh transmembrane domain is critically involved in the high affinity 

binding interaction between the receptor and the class of ligands which are the focus of this 

study, i.e. the aryloxyalkylamine p-adrenergic receptor antagonists such as pindolol.^ However, 

interactions with this amino acid residue does not appear to occur in the binding of other classes 

of ligands. In contrast, Asn396, Ser393 and also Asp82 in the second transmembrane domain 

are necessary to the specific binding of the 5-H Tia selective radioligand, pH]8 -OH-DPAT, to the

receptor 112

1.6.4 5-HTiA Receptor Ligands

There are several classes of ligands that bind with high affinity to 5 -H T ia  receptors, including 

aminotetralins, arylpiperazines, indolealkylamines and aryloxypropanolamines (discussed in 

Section 1.7). Most of the known 5 -H T ia  receptor agents belong to one of these classes.
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Interactions of ligands with the 5 -H T i a  receptor have implicated the involvement of these 

receptors in a wide range of clinical effects, including anxiety, depression, aggression, motor 

control, feeding behaviour, memory, circadian rhythm regulation and nociception.^

1.6.4.1 Aminotetralins

The most potent and selective 5-H Tia  agonist is the aminotetralin, 8 -OH-DPAT 49, which binds 

to the receptor with reported Kj values of 1-5 nM. In its tritiated form, this compound has been 

extensively employed as a radioligand to label 5 -H T ia  sites. The majority of 8 -OH-DPAT 

analogues are agonists or partial agonists at the 5 -H T ia  receptor, although some possess 

moderate affinity for dopamine D2 r e c e p t o r s . 8 -OH-DPAT binds stereoselectively to the 5- 

HT-iA receptor, with the R enantiomer being twice as p o te n t.In te re s tin g ly , the S enantiomer 

of the 5-fluoro-substituted analogue of 8 -OH-DPAT (UH 301)) 50, was the first compound 

reported to behave as an antagonist at both pre- and postsynaptic 5-H Tia receptors (Kj = 52 nM), 

whereas its R enantiomer is a partial agonist (Kj = 6  nM).^^^’^̂ ® However, the compound shows 

only moderate (8 -fold) selectivity for dopamine D2 sites. Recently, novel derivatives of UH 301, 

such as 51 (Kj = 13.9 nM) have been shown to exhibit 5-HTia antagonist properties.
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Aporphines, which possess the 2-aminotetralin moiety, and are typically associated with 

dopaminergic activity have been shown to display high affinities to 5 -H T ia  s i t e s . F o r  

example, R(-)10-methyl-11 -hydroxyaporphine (MHA) 52 is a potent 5-H Tia receptor agonist,^ 

whereas its S enantiomer is a potent 5-H Tia receptor antagonist.
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The tetrahydro-3H-benz[e]indole 53, an analogue of 8-OH-DPAT, binds with high affinity to 5- 

H T ia  sites and shows equal affinity for dopamine D2 r e c e p t o r s T h e  introduction of a formyl 

group in the indole ring, i.e., compound 54, improves the 5 -H T ia  selectivity to over 2000- 

fold.^^^ Recent work has identified an analogue of this compound (55) as an equipotent 5-H Tia  

ligand with 200-fold selectivity for this receptor compared with the dopamine D2 receptor.^ 

However, the compounds are conformationally constrained indolealkylamine analogues and in 

common with other indolealkylamines, they display higher affinities for 5-HTid receptors.
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1.6.4.2 Arylpiperazines

This class of 5-H Tia agents has been the most extensively studied^ due to the discovery 

that 5 -HT1A partial agonists such as buspirone 56 (Kj = 15 nM) and ipsapirone 57 (Kj = 5.5 nM) 

exert anxiolytic and antidepressant effects in humans and in animal m o d e l s . B u s p i r o n e  

and its analogues are currently used as treatment for anxiety and depression and lack the side 

effects of benzodiazepines, such as sedation and potential withdrawal upon discontinuation of 

therapy.
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A problem inherent to many arylpiperazines is that they also possess high affinities for a i -  

adrenergic receptors. For example, NAN 190 "̂^  ̂58, a 5-HTia partial agonist (Kj = 0.6 nM) binds 

with a similar affinity (Kj = 0.8 nM) to these sites.

N

58

Arylpiperazines have featured strongly in the search for silent 5-HT-ia receptor antagonists.^^® 

SDZ 216525 59 (Kj = 1.6 nM) was the first compound c l a i m e d ^ t o  behave as a pre- and 

postsynaptic antagonist at this receptor, but it has subsequently been shown to display partial 

agonist properties in functional m o d e l s . ( S ) - W A Y  100135 60, which was initially reported 

to be a silent 5 -H T ia  receptor antagonist (Kj = 4.5 nM),^®®’ ®̂̂  has recently been shown to 

possess weak partial agonist properties at somatodendritic 5-H Tia r e c e p t o r s . W A Y  100635 

61, a close analogue of WAY 100135 has been described as a more potent and selective 5-HTia  

receptor antagonist (Kj = 0.95 nM) lacking partial agonist properties.^®® This has recently been 

confirmed in various functional models.^®"  ̂ In addition, both WAY 100135 and WAY 100635 

possess 50- to 60-fold lower affinities for ai-adrenergic receptors.
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1.6.4.3 Indolealkylamines

A large number of Indolealkylamines, particularly those having structural similarities with 5-HT, bind 

with high affinities to 5-H T ia  receptors. However they are non-selective and also possess high 

affinities for other 5-HT receptors. For example 5-CT 11 is a non-selective 5-H Tia  agonist (Kj = 

0.9 nM), which also binds to 5-HTib and 5-HTid receptors with high affinities. The tetrahydro-3H- 

benz[e]indole compounds 53-55 described earlier also display high 5-H Tid  receptor affinities.

Ergolines such as LSD 7, lisuride 62 and metergoline 63, which may be considered as 

conformationally constrained indolealkylamines, bind with high affinities at 5-HT-|a  sites (Kj = 2.2, 

1.8 and 7.9 nM respectively) although they are not selective.
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1.6.4.4 Miscellaneous structures

Spiperone 8, which is a 5 -HT2 antagonist, has seen widespread application as a 5-H Tia  receptor 

antagonist (Kj = 63 nM).^^^ Spiroxatrine 64, a benzodioxane related to spiperone, possesses a 

high affinity for 5-HT-|a sites (Kj = 3.9 nM), and displays 30-fold selectivity for these sites 

compared with 5 -HT2 s i te s .R e c e n t ly  a buspirone-like analogue containing an alkylpiperidine 

moiety 65 has been d e s c rib e d .^ T h is  compound has been reported to display pharmacological 

and functional profiles resembling that of buspirone 56 and has a Kj value of 5.0 nM at the 5-HTia  

receptor, although its affinity at the ai-adrenergic receptor was not determined.
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1.7 A ryloxyalkylam ines as 5 -H T ia  Receptor Ligands

Soon after the discovery that stimulation of central 5-HT receptors produced pronounced 

behavioural effects in rodents, it was found that various p-adrenergic agents possessing the 

aryloxypropanolamine structure, such as propranolol 66, could inhibit or block these effects. In 

addition, it was discovered that only the (-)-isomer of propranolol exhibited this antagonism, while 

the (4-)-isomer had no effect, suggesting that the blocking effect of propranolol and other p- 

adrenergic agents was receptor-mediated.  ̂58,159  ̂^as later shown that propranolol possesses a 

high affinity (Kj = 53 nM) for the 5-HTia receptor, and was also a good antagonist for various 5-HT 

agonists, such as 8-OH-DPAT. Other p-adrenergic receptor antagonists such as pindolol^^ 67 

and tertatolol^®° 68 also bind to the 5 -H T ia  receptor with high affinities, with the (-)-isomers 

possessing Kj values of 20 and 18 nM respectively.

NH'Pr
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Obviously these compounds cannot be considered as selective 5-HT ia  ligands, since they have 

higher affinities for p-adrenergic receptors. There is evidence that certain 5-HT-|a  antagonist 

effects of aryloxyalkylamines may be masked by their antagonist effects at the p-adrenergic

receptors 161 Additionaliy they possess substantial affinities for 5 -HT ib  receptors, for

example, (-)-propranolol is equipotent at the 5-HTib receptor, 

site with a Kj value of 25 nM.

162 and (-)-tertatolol binds at this

1.8 Structure-A ctiv ity  Analysis

Most aryloxypropanolamine p-adrenergic antagonists belong to one of three types of structures 

depending upon whether they possess aromatic units containing a benzene (e.g. atenolol), a 

heterocycle (such as an indole ring in pindolol) or a naphthalene (e.g. propranolol) ring system. 

Generally, these units are linked via an ether group to a 2-hydroxy propyl side chain containing a 

terminal secondary amine. Typically the amine possesses a bulky alkyl substituent such as 'Pr or 

^Bu (Figure 1.5).

There have been few attempts reported in the literature to correlate the structure of 

aryloxypropanolamines (p-adrenergic antagonists) or aryloxyalkylamines (analogues of p- 

adrenergic antagonists lacking the side chain hydroxyl group) with their affinity for 5-HT receptors. 

In order to improve the selectivity of these compounds for the 5-HT-|a receptor, the contribution
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of each of these variables towards the affinity of the compounds at p-adrenergic, 5-HT ia  and 5- 

HT ib  receptors must be established.

Ether linkage

Aromatic
nucleus

Propyl side chain 
with C-2 OH substituent

I  I "
O H  R

O

Secondary terminal 
amine

Figure 1.5

1.8.1 Benzyloxypropanolamines

In a recent study Langlois etai.^^^ reported 5-H Tia and 5-HTib receptor binding data for several 

p-adrenergic receptor agents. The compounds studied were mainly benzyloxyalkylamlne 

analogues chosen from drugs which are presently used to treat hypertension (Table 1.1):

0 "

r "

Kj//nM

Compound X Position R
5 -HT1A 5 -HT1B

Levopenbutolol ortho (Bu 2.40 3.62

Alprenolol H2C=CHCH2- ortho ipr 33.9 134

Isomoltane ortho ipr 49.1 95.4

Oxprenolol H2C=CHCH20 - ortho ipr 94.2 642

Atenolol
o

X
H2N ^ C H 2-

para ipr >1Q4 >104

Metoprolol CH3 0CH2CH2- para iPr >104 >104

Betaxolol —  OCH2CH2— para ipr >104 >104

Table 1.1
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From this limited data set, it is apparent that para substitution, regardless of the nature of the 

substituent, is not tolerated at either 5-H Tia or 5-HTib receptors. This observation was further 

substantiated when a series of phenyloxypropanolamines having both an ortho and a para 

substituent was found to be inactive at both 5-HT receptors. Within the ortho substituted series 

of compounds, it is difficult to form a structure-affinity relationship due to the small number of 

compounds described. Comparing oxprenolol and alprenolol, which show between 4- to 7-fold 

selectivity for 5-H Tia receptors, with levopenbutolol and isomoltane, which show less than 2-fold 

selectivity, it appears that linear substituents are preferred at the 5 -H T ia  site, whilst bulkier 

substituents are preferred at the 5-HTib site. However, further data are required to support this 

observation.

In the same paper, Langlois etal. also report binding data for three phenyloxypropanolamines that 

possess a non-aromatic ring fused to the benzene ring (Table 1.2). These compounds were 

found to show little or no selectivity for 5 -H T ia  versus 5 -H T ib  receptors. Within this set of 

compounds, only tertatolol shows moderately potent binding to 5-H Tia sites, although it is almost 

equipotent at 5-HTib sites.

"NH^Bu

Kj/ nM

Compound Fused Ring
5-HT-iA 5-HT ib

Tertatolol Cci 18.5 25.3

Carteolol 98.0 40.2

Nadolol 1060 782

Table 1.2

Pierson synthesised a limited number of phenyloxyalkylamines lacking the side chain

hydroxyl group to compare them with their naphthyloxyalkylamine analogues (Table 1.6). 

However, these compounds were found to show low (micromolar) affinity for 5-H Tia  receptors.
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1.8.2 Pindolol Derivatives

Aryloxypropanolamine analogues of pindolol have received only moderate attention as 5-HT ia  

receptor agents. This is surprising since pindolol itself binds to the 5-HT ia  receptor with high 

affinity. Analogues that contain a substituent in the indole-2 position, such as cyanopindolol and 

SDZ 21009 possess higher affinities at both 5-HT ia  and 5-HT ib  re c e p to rs ^ (T a b le  1.3). 

However, like pindolol, they are not selective for either of these sites. As in the case of 

propranolol and pindolol, the (-)-isomers of cyanopindolol and SDZ 21009 are more potent at both 

5-HT ia  and 5-HTi g receptors than their (+)-isomers.

O H

Kj /nM

Compound
5-HT ib

(-)-Pindolol
(+)-Pindolol

20
1259 10000

Cyanopindolol CN 5.0 5.0

(-)-SDZ21009 
(4-)-SDZ 21009

0.4
32

'Pr
631

Table 1.3

As discussed in Section 1.6.4.3, many indole compounds, particularly tryptamine analogues 

that have high affinity for 5 -H T iq  receptors, also bind to 5-H Tia  receptors. Cyanopindolol and 

SDZ 21009 possess significant selectivities for 5 -H T ia  versus 5 -H T id  sites, whereas 5- 

hydroxytryptamine analogues such as 5-CT 11 show little selectivity.

In an attempt to identify which structural features confer 5-H Tia versus 5-HTid selectivity on a 

series of indoles, Harrington et compared the structures of several potent 5-H Tia  and 5- 

H Tid  agents. Since the main structural difference between pindolol and tryptamine analogues is 

their position of substitution on the indole nucleus, they concluded that substitution of the amine 

side chain is preferred in the indole-4 position at the 5-H T ia  site, whereas substitution at the 

indole-3 position is preferred at the 5 -H T id  site. Their work has also identified several new 

indolyloxyalkylamines, including 69 and 70, which are potent 5-HT-|a ligands that have low affinity 

for 5 -H T id  receptors, although their p-adrenergic receptor affinities were not established. 

Interestingly, although they are structural analogues, compound 69 is a full agonist at the 5-H Tia
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receptor, whereas compound 70 displays antagonist properties. As noted earlier, pindolol 

derivatives normally display antagonist or partial agonist effects at this receptor. The difference in 

behaviour of the two compounds has been suggested to arise because the former possesses 

two indole groups which may occupy two different sites within the 5-HT ia  receptor.

O H

OH

Kj (5-HTia ) = 1.0 nM 
Kj (5-HTid ) = 14000 nM

69

O E C HOH Kj (5-HT ia ) = 2.2 nM 
Kj (5-HTid ) = 9000 nM

70

Pitha synthesised a series of pindolol and cyanopindolol analogues as irreversible

ligands for p-adrenergic receptors. The compounds are structurally similar to 70 and a 

subsequent study revealed that they also bind to 5-HT-|a  receptors. The most potent of these 

compounds, 71, was found to possess nine-fold selectivity for 5 -H T ia  versus p-adrenergic 

receptors and showed either low or negligible affinity for 5-HT ib  (Kj = 1300 nM) and 5-HT id  

(K j = 300 nM) receptors. In addition, this compound was found to display antagonist activity at 

the 5-HT-iA receptor in both pharmacological and behavioural studies. The 2-cyano substituted 

analogue of compound 71 binds with slightly lower affinity at the 5-HT i a  receptor (Kj = 4.3 nM) 

and is also more potent at the p-adrenergic receptor (Kj = 0.9 nM).

CH

NOH

CHg O

71

Br
Kj (5-HTia ) = 0.71 nM 
Kj (p) = 6.7 nM
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Many of the indolyloxypropanolamines described above exhibit high affinity for 5-HT-|a receptors 

and some additionally display low affinities for 5-HT-|b . 5-HT id  and p-adrenergic receptors. 

However, the requirements for 5-HT-|a receptor affinity and selectivity have not been studied 

sufficiently. In order to investigate some of the issues raised by the lack of structure-activity data 

for pindolol analogues, Gharagozloo^®® synthesised a series of indoles in which the aminoalkyl or 

aminopropanol side chain was positioned either in the 4- or 5-position of the indole ring, and the 

indole 2- or 3-position was substituted with various electron-withdrawing groups:

«
R\ R2 = alkyl 

X = H or CO2 R 
Y = HorOH

Type A

NR1r 2

R \ R2 = alkyl 
X = H, COgR. CONH2  orCN

Type B

In the series of compounds of type A where the side chain was substituted in the indole 5- 

position, there was a substantial decrease in binding affinity to 5-H Tia . 5-HT 1 g or p-adrenergic 

receptors relative to pindolol or cyanopindolol. This confirms the observation that the substitution 

of the amine side chain in the indole-4 position appears to be optimum for 5-H Tia  affinity. The 

results of the indole 4-substituted compounds possessing a hydroxyl group in the side chain are 

summarised in Table 1.4.

1 O H  

H

R2

IC50/  nM

Compound X r 2
5 -HT1A 5-HT 1B P

UGL 1007 H H H 1 1 2 0 2870 1 1 0

UGL 1113 C0 2 Me H *Bu 2 5 0.7

UGL 1114 C0 2 'Pr H Me 226 34 91

Table 1.4
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As indicated by the data, these compounds are more potent at either p-adrenergic or 5-H Tib  

receptors and, with the exception of UCL 1113, are much less potent at the 5-HT-|a receptor 

than the pindolol analogues shown in Table 1.3. However, the binding assays were carried out 

on the racemic mixtures in each case and binding data for the separate isomers were not reported. 

Since pindolol itself binds stereoselectively to the 5-H Tia receptor, with the (-)-isomer being over 

sixty times more potent than the (-h)-isomer, differences in the 5-H T ia  receptor affinities of the 

separate isomers of the above compounds are expected.

In order to investigate the effect of removal of the hydroxyl group on 5-H T ia . 5-H Tib  and p- 

adrenergic receptor affinities, a series of indoles of type B was synthesised by Gharagozloo.^®® 

The binding data for some of these compounds are summarised in Table 1.5.

0 (CH2)nNR^R2

Compound n X R1 r 2

IC50/ nM

5-HT ia 5-HT-ib P

UCL 1001 3 H Me Me 121 >104 >104

UCL 1006 3 H H H 832 >104 >104

UCL 1115 3 C0 2 'Pr H ^Bu 610 556 295

UCL 1128 2 C0 2 Me Et Bu 2 0 2754 3020

UCL 1168 2 CONH2 Et Bu 34 >104 >104

UCL 1169 2 CN Et Bu 42 >104 >104

Table 1.5

Compounds UCL 1006, UCL 1001 and UCL 1115 illustrate the effect of the amine 

substituent on the binding affinities of the compounds at the three receptors. Compound 

UCL 1006, a primary amine, possesses low affinity for all three receptors whereas UCL 1115, 

a secondary amine, appears to show increased affinity for 5-HTib and p-adrenergic receptors. 

The effect of having a tertiary amine, as in UCL 1001, is to decrease 5-H Tib  and p-adrenergic 

receptor affinity, while significantly increasing the affinity at the 5-H Tia receptor, relative to UCL 

1115. The relatively high 5 -H T ia  receptor binding affinities of compounds UCL 1169, UCL 

1168 and UCL 1128 indicate the strong influence on 5-HT-|a receptor binding affinity of either
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changing the side chain to a -(CH2)2 NEtBu group, or the presence of a substituent in the indole-2 

position, or both. These compounds show an improvement on 5 -H T ia  receptor selectivity 

compared with the pindolol series shown in Table 1.3

1.8.2.1 Summary of Structure-Activity Analysis of Pindolol Analogues

The factors that appear to enhance 5-HT ia  receptor affinity and selectivity in the pindolol series 

can be summarised as follows (Figure 1.6):

• an amino alkyl side chain lacking a hydroxyl group which is substituted at position 4 of 

the indole ring

• a tertiary terminal amine

• a substituent (CN, CONH2 or C02Me) in the indole-2 position

0 ^

f l \

0 "  H

y

H

Increase 5-HTia  affinity 
and selectivity

Remove OH group 
Shorten side chain 

Tertiary amine 
Indole-2 substituent

0 ^

^
^N

H

Figure 1.6

Compounds UCL 1169, UCL 1168 and UCL 1128 represent the most selective 5 -H T ia  

receptor agents based on pindolol so far, but the precise factors that increase the 5-HT-|a  

receptor affinity of this series cannot be fully established using the above data. In particular the 

role of the substituent in the 2-position of the indole ring in 5-H Tia receptor binding is not clear 

and requires further exploration.

1.8.3 Propranolol Derivatives

In an attempt to develop aryloxyalkylamines analogues of propranolol as selective 5-HTia agents, 

Pierson et described the first 5-H Tia structu re-activity relationship analysis of this series of 

compounds. The features contributing to the adrenergic affinity of aryloxypropanolamines were 

thought to include the following:

• a four-atom chain between the aromatic unit and the terminal amine

• a secondary terminal amine

• bulky or branched amine substituents

• a hydroxyl group on the side chain
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A series of aryloxyalkylamines was synthesised to ascertain which of the above factors contribute 

to the 5-HT-ia  or 5-HT-ib  affinity of these compounds. The results are summarised in Table 1.6.

A r - X - ( C H 2 ) n - N R l R 2

Compound Ar X n r 2

Kj/nM

5 -HT1A 5-HT 1B P

7 2 Ph NH 3 Me Me >25000 >104 -

7 3 Ph 0 3 Me Me 4850 >104 -

7 4 Ph 0 3 npr npr 2750 >104 -

7 5 Naph 0 3 Me Me 345 1000 2400

7 6 Naph 0 3 npr npr 450 6100 -

7 7 * Naph 0 3 (OH) npr npr 1325 8000 -

7 8 Naph 0 4 Me Me 400 1000 -

7 9 Naph 0 2 Me Me 80 1500 4500

8 0 Naph 0 3 "Bu "Bu 225 5650 8300

8 1 Naph 0 2 "Bu "Bu 150 9000 >104

8 2 Naph 0 2 Me npr 45 1800 5300

8 3 Naph 0 2 Et "Bu 39 1100 5000

8 4 Naph 0 2 H H 60 - -

8 5 Naph CH2 2 Et "Bu 300 - -

‘ Compound contains a 2-OH group in the side chain

Table 1.6

1.8.3.1 Aryl Group

A comparison of the phenyloxyalkylamines 73 and 74 with their naphthyloxyalkylamine 

analogues 75 and 76, demonstrates that those possessing the naphthalene ring system appear 

to exhibit greater potencies at the 5-H Tia  receptor. In this series of aryloxyalkylamines, only a 

limited investigation into phenyl ring substitution was carried out. Substitution of the 2-position of 

the phenyl ring of compound 73 with either a OH or OMe, did not significantly affect 5-HT-|a or 5- 

HT-ib affinity. Substitution of the naphthalene ring was not investigated in this study.
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1.8.3.2 Aromatic Linkage

In the limited number of examples described, such as compounds 72 and 73 in the phenyl 

series, it can be seen that replacement of the ether linkage by -NH is detrimental to affinity at 5- 

H T ia  receptors. In the naphthalene series, replacement of the ether linkage of compound 83 by 

a methylene unit (compound 85) is also detrimental to the affinity at 5 -H Tia receptors.

1.8.3.3 Alkyl Side Chain

In the naphthalene series of derivatives (compounds 75, 78 and 79), the optimum iength of the 

alkyl chain appears to be ethyl, which is at least four times more potent than the analogous 

compounds containing either a propyl or butyl side chain, the latter two showing little difference in 

5-HT-IA receptor affinity. Compound 79, which contains an ethyl chain, in addition to being the 

most potent at 5-HT ia  receptors, is also the most selective.

1.8.3.4 Hydroxyl Group

Since the hydroxyl group of aryloxyalkylamines is required for p-adrenergic receptor activity, the 

question arises as to whether this group contributes to their 5-HT ia  receptor affinity. Compound 

76, an analogue of compound 77 that lacks the hydroxyl group in the side chain, is three times 

more potent. A comparison of these two compounds also reveals that the 5-HTi b affinity is 

slightly decreased in the non-hydroxylated side chain analogue. Unfortunately p-adrenergic 

receptor binding data were not reported for these two compounds.

1.8.3.5 Terminal Amine Substituents

In the naphthalene series possessing an ethyl side chain (compounds 79, 81, 82, 83 and 84), 

the 5-HTiA receptor affinity decreases in the following order: = Et, Bu > Me, Pr > H, H >

Me, Me > Bu, Bu, although the differences are marginal (2- to 4-fold). It therefore appears that the 

amine alkyl substituents do not play a significant role in the 5-HT-|a receptor binding of these 

compounds. This is also reflected in the series of compounds that possess a propyl side chain 

(compounds 75, 76 and 80). As a result of this structu re-activity analysis, two potent 5 -H T ia  

receptor agents, 82 and 83, have been identified. These compounds display over 100-fold 

selectivity for 5-HTia receptors versus p-adrenergic receptors and are 20- to 40-fold less potent at 

5-HT 1B receptors.

82 83
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As mentioned earlier, Pierson’s study was the earliest attempt to correlate the structure of 

aryloxyalkylamines with their 5-HT ia  affinity. Selectivity data for a limited number of compounds 

were given in this study, although functional data for the compounds were not reported. The 

latter point is of particular interest since one of the main reasons for the interest in this class of (3- 

adrenergic receptor ligands is their antagonist properties at the 5-HT ia  receptor. It would 

therefore be interesting to investigate whether these compounds retain the antagonist activity of 

the lead compounds.

1.8.3.6 Summary of BAR for Naphthalene Derivatives

In summary, for enhanced 5-H Tia affinity and selectivity in this series of propranolol derivatives, 

the following factors appear to be important (Figure 1.7):

• An ethyl side chain without a hydroxyl group

• A tertiary terminal amine, with Et, Bu and Me, Pr substitutions being optimal

O H

Increase 5-HTia affinity 
and selectivity

Remove OH group 
Shorten side chain 

Tertiary amine

NR^R2

Figure 1.7

1.8.3.7 Naphthalene Substitution

As discussed previously, the 2-substituted derivatives of pindolol, i.e. cyanopindolol and 

SDZ 21009 (Table 1.3) are more potent 5-HTia and 5-HT-|b receptor ligands than pindolol itself. 

Therefore the substituent must provide a further point of interaction at the 5-HT sites, although 

the nature of this putative interaction is unclear, since data exists only for a limited number of 

substituents, i.e., CN, CONH2 and CO2 R. The question arises as to whether substituents on the 

naphthalene ring of propranolol analogues might also increase their affinity for 5-HT receptors. By 

simple alignment of the structures (Figure 1.8), it can be seen that the 6- and 7-positions of the 

naphthalene ring of propranolol might correspond to the 2-position of the indole ring:
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Figure 1.8

In an attempt to investigate the structure-activity relationships of substituted propranolol 

analogues, and to develop them as potential 5-HTi g receptor agents, Gharagozloo^ 

synthesised a series of 1,6-substituted naphthyloxypropanolamines and naphthyloxyalkylamines 

with the following general structure:

1 d 2NR'R

COR'
X = H, OH

However the compounds in this series were found to be either inactive or possessed weak 

(micromolar) affinities for both 5 -H T ia  and 5-H T ib  receptors, and therefore represented no 

improvement either on propranolol or on the propranolol analogues synthesised by Pierson et ai. 

(Table 1.6).
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2. Selection of Compounds

2.1 Project Aims

As discussed in the previous chapter, the inclusion of a substituent in the 2-position of the indole 

ring in a series of pindolol analogues was found to increase their 5-H Tia  receptor affinities. In an 

attempt to increase the 5 -H T ia  receptor affinities of a corresponding series of propranolol 

analogues, an equivalent site of substitution in the naphthalene ring was sought. However, 

substitution of the 6-position of the naphthalene ring in a series of propranolol derivatives, as 

discussed in Section 1.8.3.7, was found to be detrimental to the 5 -H T ia  receptor affinities of 

these compounds. We therefore aimed to explore the effect of substituents in the naphthalene 

7-position of a series of propranolol analogues.

The main objective of this project was to examine the effect of a wide variety of substituents in the 

naphthalene 7-position in order to gain a further insight into the nature of the interaction of these 

compounds at the 5-HT ia  receptor. In addition attempts were made to clarify the existing binding 

data for both the propranolol and pindolol series in order to determine the exact influence of 

various structural modifications on the 5-HT ia  and p-adrenergic receptor affinities. It was hoped 

that an increase in 5-HT ia  receptor affinity of the substituted naphthalene series corresponding 

to the increase observed by the incorporation of a cyano group in the indole-2 position of pindolol 

could be achieved.

Since 5-HT itself is an indole, replacement of the indole ring by a naphthalene ring may also 

improve the 5-HT ia  selectivity of these analogues. Retaining the antagonist properties of the 

original p-adrenergic antagonist leads would be an advantage, since these are one of the few 

classes of compounds possessing 5-HT ia  receptor antagonism. Nevertheless, selective and 

potent 5-HT ia  compounds may offer potential therapeutic applications as treatment for anxiety, 

dementia, schizophrenia, depression, pain and sleeping disorders. Additionally these agents 

may be invaluable as pharmacological tools to aid the understanding of the receptor and its 

interaction with ligands and thus facilitate the development of more potent and selective 

compounds.

2.2 Pindolol Series

In the series of 2-substituted pindolol analogues, there are insufficient data to ascertain which 

structural modification contributes the most to the observed increase in 5 -H T ia  receptor binding 

affinity between UCL 1001 and UCL 1128 (below). For example, the increase in 5 -H T ia  

receptor affinity may be caused by the change of amine substituent, or the shortening of the alkyl 

side chain or the introduction of the ester function, or perhaps a combination of these factors.
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0 ^

H

NMe2

UCL 001
IC50 = 120 nM

NEtBu

C O 2M  G

UCL 1128
IC50 = 24 nM

For this purpose, we chose to synthesise the following indolyloxyethylamine analogues:

NR^R

UCL 1570: = Me
UCL 1572: R̂  = Et, R̂  = "Bu
UCL 1816: R̂  = r2 = "Pr

A comparison of the 5 -H T ia  affinities of these indoles with those previously synthesised by 

Gharagozloo described in Section 1.8.2 will indicate whether the shortening of the alkyl chain, 

the change of amine substituents or the introduction of an indole-2 substituent is the major 

contribution to increasing the 5 -H T ia  receptor affinity of this series. If the results were to follow 

the same trend as in the naphthalene series, it is anticipated that the decrease in the alkyl chain 

length from propyl to ethyl would have the greater contribution to increasing the 5-H T ia  receptor 

affinity, whereas the nature of the amine substituents would not have a profound effect. Analysis 

of the 5-HT-IA receptor affinity of UCL 1570 with its corresponding naphthalene analogue 

(compound 79 in Table 1.6) will also indicate whether naphthalene or indole rings are preferred 

at the 5-HT-IA site.

For the reasons described below, to assess the influence of the indolyloxyalkylamine 2- 

substituent on the 5-HT-|a receptor binding affinity of this series, a set of data for a wide range of 

substituents must be obtained. Therefore the initial intention was to synthesise a series of related 

indolyloxyalkylamines bearing substituents in the indole-2 position. However, due to the 

difficulties encountered in their synthesis (Section 3.2) and the limitations on the type of 

substituent that can be easily incorporated in the indole 2-position, it was decided to investigate 

whether naphthalene substitution would show a parallel increase in 5-HT-|a receptor affinity and if 

so, the substituent effect in this series of compounds could be studied.
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2.3 Propranolol Series

This project is mainly concerned with effect of naphthalene ring substitution on the 5 -HT ia  

receptor binding affinity of naphthyloxyalkylamine analogues of propranolol. It was hypothesised 

that 1,7-substitution of the naphthalene ring provides a better alignment with the 2,4-substitution 

of the indole ring (Figure 1.8). Therefore, inclusion of a substituent in the naphthalene 7- 

position may increase the 5-HT ia  receptor affinity of this series of compounds in the same way 

that substituents in the 2-position of indolyloxyalkylamines increase their 5-HT-|a receptor affinity.

Initially, a preliminary set of 1,7-substituted propranolol analogues having the following structures 

was synthesised:

OCH2CH2CH2NMe2 
^C0 2 M e

UCL 1665

OCH2CH2CH2NH'Pr 
,C 02M e

UCL 1666

OCH2CH2CH2NEtBu 
,C02lVle

UCL 1678

OCH2CH2NEtBu

,C 02M e

UCL 1693

These compounds were chosen to enable a comparison of their 5-HT ia  receptor affinities with 

existing binding data for either the unsubstituted or 6-substituted propranolol analogues. This 

series of 1,7-substituted naphthyloxyalkylamines showed favourable results in pharmacological 

studies and the compounds were found to be considerably more potent at 5-HT ia  receptors than 

their corresponding unsubstituted or 1,6-substituted analogues.

Since the binding affinity of a compound to a receptor depends on electronic, hydrophobic and 

steric factors, the observed increases in the 5-HT ia  receptor binding affinity of these compounds 

must be due to extra interactions between the substituent and the receptor that do not exist in 

the unsubstituted compound. For example, a substituent such as an ester may be involved in 

hydrogen bonding interactions to an amino acid residue in the receptor. Steric effects may also 

affect the binding affinity. For example, the ligand binding site of the 5-HT ia  receptor may not be 

able to accommodate the volume occupied by the substituent in the 6-position of a 1,6- 

substituted naphthyloxyalkylamine, thus reducing its binding affinity. However, in the 2- 

substituted indolyloxyalkylamine series, where data only exists for a limited number of
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substituents (i.e. CN, CONH2 and C0 2 Me), it is impossible to deduce the exact nature of the 

interactions.

The initial set of 1,7-substituted naphthyloxyalkylamines yielded favourable results in the 5-H Tia  

receptor binding assays and therefore these compounds were chosen as candidates for further 

investigation. A series of 1,7-substituted naphthalenes possessing a wide range of substituents 

in the 7-position was therefore synthesised and pharmacologically evaluated to assess the effect 

of different substituents on the 5-H Tia  receptor binding affinity. The amine side chain was kept 

constant to ensure that any changes in the binding affinities in this series of compounds were due 

to the change of substituent. Since UCL 1693 was the most potent compound in our 

preliminary studies, we decided to synthesise 7-substituted propranolol analogues possessing 

the same side chain (i.e. -CH2 CH2 NEtBu). A selection of substituted naphthalene analogues 

possessing a CH2CH2 NMe2 side chain was also synthesised to confirm that the potency order 

was also reflected in this series of compounds. A limited investigation of the effect of other N-alkyl 

substituents on 5-HTia binding was also undertaken.

Compounds bearing substituents which possess a wide range of electronic, steric and 

hydrophobic properties, as defined by various substituent parameters (Section 5.3.2), were 

chosen as the synthetic targets. These substituent parameters, for example the electronic a  and 

hydrophobic n values, may be represented in a Craig plot^®®’^^  ̂ (Figure 2.1) to avoid choosing 

substituents in which the electronic and hydrophobic properties are correlated. This is important 

for the subsequent QSAR studies (Section 5.3).

+0, -jt

para-Sigma vs para-Pi 

Sigma

CH3SO2

0 7 5

CN#

CH-jCO # 0.50

C O N H 2

C O O H  •  0 25

CH,CONH

NO%

CO2CH3

Cr,SOr

CF, 

COz'Pr #
♦ OCF,

•  *01 Bf
Pi

- 1.6 - 1.2 - 0.8  -0.4

Me

NH;

O C H ,

-a, -n -a, 4-71

Figure 2.1 Craig plot of sigma (a) substituent constants versus pi (n) values for selected 
aromatic substituents. The substituents selected for this study are labelled in 
black.
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A series of compounds containing substituents from different areas of the Craig plot were chosen 

(Table 2.1). Unfortunately synthetic constraints precluded the synthesis of some of the 

analogues, in particular those compounds in the upper right of the (+7c, +a) quadrant. One 

particular compound, the naphthyloxyalkylamine possessing a 7-amino substituent, was omitted 

from the series due to the notorious carcinogenicity of p-naphthylamine and its derivatives.

o

Compound R1 R2 X

UCL 1854* Et Bu H

UCL 1883 Et Bu CONH2

UCL 1914 Et Bu OCH3

UCL 1915 “ O OCH3

UCL 1916 — __ N̂Me OCH3

UCL 1927 Et Bu COa'Pr

UCL 1939 Et Bu F

UCL 1956 Et Bu Me

UCL 1957 Et Bu ■Pr

UCL 1958 Me Me ipr

UCL 1959 Me Me F

UCL 1960 Me Me C0 2 Me

UCL 1967 Et Bu Cl

UCL 1968 Me Me Cl

UCL 1969 - o C0 2 'Pr

UCL 1970 Et Bu CO2 H

UCL 1971 Et Bu CN

Table 2.1
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As illustrated in Table 2.1, the substituents vary greatly in terms of their physicochemical 

properties. For example, the /sop ropy I and primary amide substituents show contrasting 

hydrophobic characters, whereas the cyano and methoxy substituents possess contrasting 

electronic properties. If the binding affinities of the compounds vary with the nature of the 

substituent, it may be possible to determine, by quantitative structure-activity relationship (QSAR) 

analysis (Chapter 5), which of the substituent physicochemical properties has the greatest 

influence on the binding affinity. As well as providing information on the nature of the interaction 

of the substituent with the receptor, this may enable predictions to be made as to which 

substituent may be incorporated into the naphthalene ring to improve the 5 -HT-ia  receptor 

binding affinity and selectivity of these compounds.

In the indolyloxyalkylamine series studied by Gharagozloo (Table 1.5), the compounds were 

reported to show either agonist or partial agonist activity at the 5-HT-|a receptor in functional 

assays. This is in contrast to pindolol which behaves as a 5-H Tia receptor antagonist. Since the 

major structural difference is the lack of the side chain hydroxyl group in the former, it is possible 

that the antagonist activity of these compounds resides in an interaction of the hydroxyl group 

with at the receptor’s antagonist binding site. In order to test this hypothesis, UCL 1962, an 

analogue of propranolol in which the naphthalene ring is substituted with a 7 -C0 2 Me group was 

synthesised. A comparison of the functional data for this compound with UCL 1665 (Section 

2.3) will reveal whether the hydroxyl group is necessary confer the antagonist activity of these 

compounds at the 5-H T ia  receptor. The lead compound propranolol was reassayed in order to 

provide reliable comparative pharmacological data, since the assay employed in our studies 

utilises the recently cloned human 5-H Tia  receptor, whereas previous binding results have been 

reported using rat membrane preparations.

NH'Pr 

C 02M e

UCL 1962
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3. Synthesis of Aryloxyalkylam ines

3.1 Synthetic Strategy for Unsubstituted Indolyloxyalkylam ines

0(CH2)nNR'R

The general route to these compounds is shown in Scheme 3.1.

O

O

O

1. KOH, BrCHg^^COgEt, MeOH

2. HCI (aq.)

86

O H

10% Pd/C, di/sobutylketone 
reflux under nitrogen

89

1. NaH, THF, 0°C
2. CI(CH2)nNR^R^, toluene

reflux under N2

O CHp nNR'R

87

NH3 (aq), 
reflux

O

88

Scheme 3.1
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3.1.1 Synthesis of 4-Hydroxyindole

The requisite intermediate for this series of compounds is 4-hydroxyindole 89, which can be 

synthesised in two steps from cyclohexane-1 ,3-dione 8 6 . The first step involves the 

condensation of the diketone with ethyl bromopyruvate to give the tetrahydrocoumarone ester, 

which is hydrolysed to the corresponding acid 87 in over 80% y i e l d . T h e  condensation 

reaction is thought to occur via the following mechanism:

KOH

'O BrCH2^"'^C02Et

O OH

C02Et

O CH2~i~Br

-HoO

O

CÜ2Et

O CH 2Br

Conversion of the acid to the tetrahydroindole 8 8  was achieved by slow addition of concentrated 

aqueous ammonia solution to a refluxing aqueous mixture of the acid at atmospheric pressure. 

This method represents a considerable advantage in terms of practical ease, over previous 

methods which required the use of liquid ammonia, high pressure and temperatures of about 

150 Using the former method, the tetrahydroindole precipitated from the reaction

mixture as a crystalline solid in yields of 80-90%.

The mechanism of the ammoniolysis reaction is thought to occur by the initial nucleophilic attack 

of the ammonia molecule on the carbon atom of the fused furan ring to form an enolate. Ring 

opening of the furan then occurs as follows:
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J  ÇO 2H

NH

Proton transfer then occurs to form the enol which rapidly tautomerises to the keto form. 

Decarboxylation of the resulting keto acid readily occurs because the incipient proton transfer to 

the carbonyl through hydrogen bonding forms a six-membered ring transition state. 

Intramolecular nucleophilic attack of the carbonyl function by the amine reforms the 5-membered 

ring and loss of water results in the formation of the tetrahydroindole:

Q H

\

-HpO

O H

C H

O H

H

Dehydrogenation of the tetrahydroindole 88 to 4-hydroxyindole 89 has been achieved by 

heating the former with palladium on activated carbon catalyst in mesitylene. This method has 

been reported to give 4-hydroxyindole in 57% y i e l d . H o w e v e r ,  the use of di/sobutylketone 

(2,4-dimethylheptanone) as solvent appears to be more efficient and yields of up to 90% have 

been r e p o r t e d . T h e  reaction must be carried out under inert conditions and with the exclusion 

of light, since 4-hydroxyindole is both air and light sensitive. Our attempts to carry out the reaction
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using the latter solvent in an argon atmosphere gave the desired compound as a white crystalline 

solid in yields of 75-97%.

The "’ H NMR spectrum of this compound is consistent with that reported by Daly et The 

shielding effect of the electron-donating hydroxyl group is reflected in the lower chemical shifts of 

the benzene ring protons (6  6.51-7.11) of 4-hydroxyindole compared with the corresponding 

protons in indole (8 7.00-7.55) (Figure 3.1).

O H

56.51

56.!

57.55 5 6.45

y  57.27

N
57.40 H3.98-7.07^ H

Figure 3.1 Proton chemical shifts of 4-hydroxyindole(CDCl3) and indole (de-acetone)

3.1.2 Synthesis of Side Chain intermediates

The target compounds were synthesised in one step from 4-hydroxyindole by Williamson 

alkylation of the hydroxyl function using the appropriate aminoalkylchlorides, CI(CH2 )nNR^R^. 

The intermediate aminoalkylchlorides where n = 2 or 3, and Rl = r2  = Me were available 

commercially as their hydrochloride salts, whereas the others were synthesised from the 

appropriate chloroalcohol v/a the following general route^®^’ ®̂̂  (Scheme 3.2):

HN^ HO(CH 2) n K  CI(CH2)nK^ • HCI
R2 r 2 r 2

90-92 

Scheme 3.2

93-95

Addition of the appropriate amine to refluxing chloroethanol gave the amino alcohols as viscous 

oils which were used in the next step without further purification (Table 3.1).
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H0 (CH2)nNR^R^

Compound n R1 r 2 Yield

9 0 2 Et Bu 46%

9 1 2 Pr Pr 73%

9 2 3 Et Bu 8 8 %

Table 3.1

The aminoalcohols were reacted with thionylchloride at 0 °C to generate the required side chain 

intermediates as their hydrochloride salts (Table 3.2).

CI(CH2)nNR^R^ . HCI

Compound n R1 r 2 Melting point Yield

9 3 2 Et Bu 99-101 °C 63%

9 4 2 Pr Pr 119-120 °C 60%

9 5 3 Et Bu hygroscopic 54%

Table 3.2

3.1.3 Synthesis of Target Pindolol Derivatives

The Williamson coupling of the aminoalkyl side chain involves generating the alkoxide anion of 4- 

hydroxyindole using a suitable base. This was conveniently achieved by the addition of one molar 

equivalent of sodium hydride to a solution of the indole in tetrahydrofuran under anhydrous 

conditions. The aminoalkylchlorides were liberated from their hydrochloride salts by extracting 

into toluene with sodium hydroxide solution prior to their addition to the reaction mixture. The 

toluene solution of the free amine was then added to the alkoxide solution and the mixture 

heated under reflux for 10 to 19 hours. This method gave the products in moderate yields after 

flash column chromatography.

Addition of a slight excess of sodium hydride was found to generate the indole anion, as well as 

the alkoxide anion. Subsequent alkylation of this species with dimethylaminoethylchloride 

resulted in the dialkylation of this compound forming UCL 1571 (Table 3.3). That additional 

alkylation had occurred only at the indole nitrogen was confirmed by the NMR spectrum 

(Appendix). Microanalysis of the compound indicated the presence of a dioxalate salt, confirming

57



Compound Synthesis and Characterisation

this observation. Although the indole-NH proton is relatively acidic, with pKg values ranging from 

12  to 18 depending upon the substitution,^®^ the proton of the hydroxyl group is much more 

acidic, having pKa values of about seven units lower. Therefore in the absence of excess base 

the hydroxyl group is expected to undergo selective deprotonation. Thus only mono-alkylation to 

form the desired products were observed in such conditions.

The indolyloxyalkylamines were converted into oxalate salts to facilitate their handling for analysis 

and biological assays. With the exception of UCL 1572, which was extremely hygroscopic, the 

oxalate salts of these compounds were isolated as solids (Table 3.3).

0 (CH2)nNR^R2

Compound n R1 r 2 Salt Form Melting point

UCL lO O lt 3 Me Me oxalate 108-109 °C

UCL 1570 2 Me Me oxalate 168-169 °C

UCL 1571* 2 Me Me dioxalate 208-210 °C

UCL 1572 2 Et Bu oxalate hygroscopic

UCL 1816 2 Pr Pr oxalate 112-114 °C

tCompound first synthesised by Gharagozloo^®® 
‘Compound is also alkylated at the indole nitrogen

Table 3.3

3.2 A ttem pted Synthesis of 2-Substituted Pindolol Analogues

In an attempt to synthesise a series of indolyloxyalkylamines possessing substituents such as 

-CN, C02Me and C O N R Ir^  in the indole 2-position, we initially adopted the procedure employed 

by Gharagozloo.^®® This method of indole ring construction involves the reductive cyclisation of 

orf/70-nitrophenylpyruvic acid 98 to indole-2-carboxylic acid 99 and is known as the Reissert

synthesis. The general procedure is shown in Scheme 3.3 184,185
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O H

PhCHgCI, NaOH 
ËtÔH 
84%

96

99

N828204

NaOH

85%

1. ROM, cat. H2SO4
2. H2, Pd/C 

< 30%

O H

CO 2 R

OCHpPh

NO 2

97

1. KOEt, (C02Et)2, Et20
2. HCI 

62%

OCH2Ph

CO 2 H

NO

98

O CH2)nNR'R

CO 2 R

Scheme 3.3

Unfortunately this procedure has the disadvantage of low yielding reactions in the latter steps, 

and the fact that the starting material is expensive. However, whilst we were carrying out this 

synthesis, Estep^®® reported an efficient three step synthesis of 2-cyano-4-hydroxyindole 102 

starting from the tetrahydroindole 88 (Scheme 3.4).

It was envisaged that the 2-cyano group of 102 could be then transformed into a variety of 

functional groups, such as esters and alkyl substituted amides, CONR^R^. This method seemed 

to represent a significant improvement on the Reissert synthesis since the yields for each step 

were reported to range from 89-99% and the starting material was already available in large 

quantities from the earlier syntheses of the non-substituted indolyloxyalkylamines.
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O

88

OH

1 ■ ClSOgNCO, -20 °C 

2. DMF

ON

102

CN

100

LiBr, LigCOs 
DMF

CuBr2
EtOAc

O

CN

101

Scheme 3.4

The first step involves cyanation of the tetrahydroindole 88 with chlorosulfurylisocyanate followed 

by treatment with dimethylformamide. This reaction has been carried out on pyrrole to form 2- 

cyanopyrrole.^®^ The reaction occurs, as in the case of pyrrole, by the initial electrophilic 

substitution of chlorosulfurylisocyanate on the 2-position to form the intermediate amide. 

Dimethylformamide acts as a base, deprotonating at the nitrogen to give the nitrile compound:^®®

C - N —SO2CI 
II H 
O

DMF

W ^O -S O gC I

G ~ N —SOoCI

C = N 3

n _ o j o 2c i

Dehydrogenation of the cyano-substituted tetrahydroindole 100 was achieved by bromination at 

C-5 with copper (II) bromide and subsequent dehydrohalogenation with lithium bromide. The
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bromination reaction has been reported to give poor yields in the parent (C-2 unsubstituted) 

c o m p o u n d H o w e v e r ,  in this case, the reaction proceeded to give the monobrominated 

compound 101 in good yield. This compound was dehydrohalogenated without further 

purification to yield the desired 2-cyano-4-hydroxyindole 102, which was isolated by column 

chromatography as an off-white crystalline solid in 70% yield. The NMR spectrum (dg-DMSO) 

of the product revealed a downfield shift of the indole-Hg proton from 5 6.54 in unsubstituted 

indole to 6 7.34 in the product, which is consistent with the presence of the electron-withdrawing 

cyano group.

The Williamson alkylation of 102 was carried out using one molar equivalent of sodium hydride as 

the base to form the alkoxide. The alkoxide was then heated with an excess of chloroalkylamine, 

CICH2 CH2 NEtBu. After column chromatography, the mass spectrum of the product from this 

reaction showed a peak corresponding to a molecular mass of 300 and not the expected mass of 

229. Analysis of the NMR spectrum indicated the presence of a single compound and the 

proton integration showed the presence of four indole protons along with two aminoalkyl groups. 

The evidence therefore suggests the formation of only the O- and N-dialkylated product in this 

reaction, despite the use of a molar equivalent of sodium hydride as the base. This dialkylated 

compound, UCL 1853, was isolated in 45% yield. The formation of this product may be 

attributed to the strongly electron-withdrawing influence of the 2-cyano group on the proton of 

the indole nitrogen, since this would have the effect of decreasing the pKa value of the NH proton 

to such an extent that deprotonation by sodium hydride occurs at both the OH and NH group. 

The chloroalkylamine would then react at both sites to form to form the dialkylated product.

O CH 2CH2NMe2

CH 2CH2NM e2 

UCL 1853

3.3 Synthesis of Propranolol Analogues

The general structure of the series of propranolol derivatives synthesised in this study are shown 

below (Figure 3.2). The compounds are based on naphthalenes that are substituted in the 1- 

position with an aminoalkyl side chain and in the 7-position with a variety of different groups 

possessing a range of steric and electronic properties. Additionally the 7-carboxymethylester 

analogue of propranolol was synthesised to assess the effect of the removal of the hydroxyl 

group on the functional activity of the compound.
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0 (CH2)nNR^R2

.  - X
NH'Pr 

C O 2M ©

Figure 3.2

The synthetic routes to the compounds without a hydroxyl group in the side chain differ 

depending on the substituent to be incorporated in the 7-position of the naphthalene ring, and 

can be divided into two types

Type A: Those containing a 7-substituent which is a carboxylic acid derivative, i.e. -CO2 R,

-CONH2 and -CN.

Type B: Those containing -OMe, halogen and alkyl substituents in the 7-position.

In both cases, the naphthalene ring must be constructed during the synthesis, with the 

substituent (or a precursor of the substituent) already present, since there are no direct methods 

available to introduce these substituents selectively into the 7-position of the naphthalene ring.

The most convenient route to the ether linkage to the aminoalkyl side chain is via Williamson 

alkylation of the aromatic hydroxyl function to form the target derivatives in the case of the 

compounds containing an aminoalkyl side chain, or via condensation of the naphthol with 

epichlorohydrin to form the compounds containing a hydroxylated side chain (Scheme 3.5).

OH

Wi lamson
alkylation

0 (CH2)nNR^R2 

.X

Scheme 3.5

Therefore the key intermediates for the synthesis of the target propranolol derivatives are the 

substituted naphthols. These naphthols are accessible through dehydrogenation of the
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corresponding tetralones (Scheme 3.6). This may be accomplished by either employing a 

dehydrogenation catalyst or by the halogenation-dehydrohalogenation procedure similar to that 

discussed previously in the synthesis of 2-cyano-4-hydroxyindole (Section 3.2).

-HBr

OH

Scheme 3.6

3.4 Synthetic Strategy for Type A Com pounds

For the compounds of Type A, where the naphthalene 7-substituent is an ester or ester 

derivative, the procedure for the synthesis of the intermediate naphthol is shown in Scheme 3.7. 

The tetralone precursors 109 and 110 were synthesised in six steps from 4-phenylbutanoic acid 

103. The synthesis of this compound was first described by Baddeley et ai.^^^ and has recently 

been employed by Ernest et However, these papers provide few experimental details.
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103

MeOH
cat. H2SO4

104

CH 3COCI, AICI3 

CICH2CH2CI

O

108

ROM,
cat. H2SO4

polyphosphoric

acid
CO 2 H

107

COCH

105

NaOH,
MeOH

COCH

1. NaOCI
2. HCI

CO 2H

106

C O 2 R Pd black (cat.), tri/sopropylbenzene 
Reflux under argon

O H

C O 2R

109 R = Me
110 R = ‘Pr

111 R = Me
112 R = 'Pr

Scheme 3.7

The synthetic strategy involves the formation of the target naphthols by a catalytic 

dehydrogenation of the corresponding tetralones. To achieve this transformation, it was 

necessary to convert the acid group of the tetralone 108 to an ester function prior to the 

dehydrogenation step, since aromatic carboxyl compounds are well known to undergo 

decarboxylation at the high temperatures required for catalytic dehydrogenation reactions.

It was envisaged that the ester group of the carboxymethyinaphthol intermediate 111 could be 

derivatised to obtain the 7 -CO2 H, -CONH2 and -CN analogues. Since potential problems may 

arise from the reactivity of these substituents under some of the reaction conditions, the 

functional group transformations were performed at the final stage of the synthesis. Such 

transformations of the ester group appear to be the only effective method of obtaining these 

compounds, since the method used for synthesising compounds in the Type B series (Section

3.5) cannot be employed for compounds containing cyano or amide substituents.
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3.4.1 Synthesis of 4-Acetylphenylbutanoic acid

The first step in the synthesis involves protection of the acid group of 4-phenylbutanoic acid as its 

methyl ester prior to aromatic acylation. Thus commercially available 4-phenylbutanoic acid was 

heated under reflux with methanol containing a catalytic quantity of concentrated sulfuric acid. 

The ester 104 was isolated as a colourless liquid in 96% yield.

Friedel-Crafts acylation of the phenyl ring of the ester with acetyl chloride installs the acetyl group 

into the para position of the ring (compound 105). It is this acetyl group that Is eventually 

transformed into the 7-carboxymethyl substituent on the naphthalene ring in the final product. 

The Friedel-Crafts acylation reaction with acid chlorides follows a similar mechanism to that with 

acid anhydrides, described in Section 3.5.1. The reaction is believed to proceed via the 

formation of the ethanoyl cation, CH3C=0 +. This species is generated by the reaction of acetyl 

chloride with aluminium chloride, forming a complex:

+ /A IC I3 

\ 0  

Me'^^'^CI

O
.AlCIa

Me”" ^ 0 1

Q .A IC I3
I

Me'^^'^Cl'^

This complex is in equilibrium with another species in which the aluminium chloride is bound to the 

chlorine atom:

II

Me'"^""CI

O
II

Me"  ̂ C I-A IC I3

The acyl cation may be formed in equilibrium concentrations by dissociation of the above species, 

a process which is facilitated by the resonance stabilisation of the product:

O
II

Me'^ (^ l-A IC Ia
+

M e C = 0 M eCEO AICI4

Although the acyl cation, either free or as an ion pair, is sufficiently electrophilic to attack the 

phenyl ring, the attacking electrophilic species may also be the polarised 1:1 complex. The actual 

mechanism depends upon both the reactants and reaction conditions.
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MeC= : 0

Me' Cl

R

C O C H 3

In this reaction, only the para-substituted product is observed, due to the relatively large size of 

the acyl group which prevents ortho attack. Once the product ketone is formed, further 

electrophilic attack is prevented because the newly introduced ketone function is electron- 

withdrawing and deactivates the ring. This effect is accentuated by the formation of the strong 

complex between another molecule of aluminium chloride catalyst and the carbonyl function of 

the product ketone:

R

+0 x-AICIs

Me

This complexation removes the aluminium chloride from the mixture and therefore the reaction 

requires the use of at least two equivalents of the Lewis acid to allow the reaction to proceed to 

completion. The product ketone is liberated by hydrolysis of the aluminium chloride complex.

The reaction of the ester 104 with a mixture of aluminium chloride and acetyl chloride in 

dichloroethane was highly exothermic. The product, after hydrolysis and extraction procedures, 

was obtained as a pale yellow oil in almost quantitative yield and was used without further 

purification.

Hydrolysis of the ester group of 105 was achieved by heating with 10% aqueous sodium 

hydroxide in methanol to furnish the acid 106, which was recrystallised from water to form white 

crystals in 8 6 % yield.
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3.4.2 Oxidation of 4-Acetyiphenylbutanoic acid

The next step in the reaction sequence involves oxidation of the aromatic methyl ketone function 

of 106 to form the diacid 107 using alkaline hypochlorite solution (haloform reaction). This 

reaction is effectively a combination of two reactions, the first of which involves the trihalogenation 

of the ketone. The trihalogenation reaction occurs via the initial énolisation of the ketone,^ 

which is caused by the removal of a proton from the methyl group:

R
y ?

\\ // SCHs

OH’
R- W  / /

/°

The reaction may then proceed directly through the enolate without formation of the enol:

C ^ C

CHpCI

The resulting a-halogenated ketone is generally more acidic than the original unsubstituted 

ketone due to the electron-withdrawing inductive effect of the halogen. Therefore the initially 

formed haloketone is converted into the enolate ion more rapidly than the initial substrate and 

undergoes halogénation to form the mono chlorinated ketone. This species undergoes rapid 

énolisation and subsequent halogénation to form the dichloro ketone, which subsequently 

enolises and is halogenated resulting in the trihalo ketone:

OH" Cl— Cl

C H C I CHCI2

w /
CHCI2

OH' Ch^CI

CCI2 CCI3

The second step of the haloform reaction involves attack of the trihalo ketone by hydroxide ion to 

form the acid:
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R

O H

Initially we followed a procedure described by Newman et for the synthesis of p-naphthoic 

acid from p-acetylnaphthalene. In this procedure, sodium hypochlorite solution was prepared in 

situ. However for convenience, a commercial preparation of sodium hypochlorite solution 

(containing > 5% chlorine) was employed. The hypochlorite solution was heated to 55 °C and the 

ketone substrate added. The mixture was stirred for 40 minutes, maintaining the temperature at 

60-70 °C by cooling in an ice-bath. After destroying the excess hypochlorite with sodium bisulfite 

solution, the mixture was acidified with concentrated hydrochloric acid and filtered to give an off- 

white solid.

The ^H NMR spectrum of the product indicated that it contained a mixture of two components, 

one of which was the desired product 107. The methyl singlet due to the aromatic acetyl group at 

Ô 2.6 ppm was absent, indicating that the starting material had been consumed. The appearance 

of an extra multiplet at 5 2 .8  along with a further set of aromatic protons indicated a reaction at the 

methylene group adjacent to the ring. The mass spectrum of the product revealed a mass peak at 

208, which corresponds to the molecular mass of the product, and a mass peak of 242, 

corresponding to a chlorine atom substitution.

Chlorination of methylene groups adjacent to the ring situated in the para position in such 

reactions has been o b s e r v e d . A  closer inspection of the mechanism of the haloform reaction 

suggests that the enolate may exist in another form which is stabilised by resonance. Chlorine 

could then attack this species to give the monochlorinated derivative 113 which was observed in 

the NMR and mass spectra of the product from the above reaction.

H02C(CH2)2CH2' W //

HÜ2C(CH2)2CH-

CHa

CHa

OH’
H02C(CH2)2CH2'

W /

H0 2 C(CH2 )2CH

i.
P '

CHa

68



Compound Synthesis and Characterisation

C O O H

C O O H

113

In extreme cases, further reaction may occur, as reported by Neiswender ef in which the 

reaction of para-ethylacetophenone with alkaline hypochlorite solution over a 44 hour period 

resulted in the formation of terephthalic acid in 95% yield (Scheme 3.8). However in the above 

case, only the monochlorinated product was observed.

CH2CH3
Cl CH3

C O O H

C O O H

Scheme 3.8

The reaction conditions appear to be critical for controlling the extent of the oxidation reaction. 

Neiswender et ai. suggested that high pH (12-13) favours chlorination and eventual oxidation of 

the methylene side chain. We therefore modified our original procedure in the light of their 

experimental observations. Optimum yields of the required diacid product were obtained when 

the commercial sodium hypochlorite preparation was employed in 33% aqueous solution, along 

with a reaction temperature of less than 60 °C. The reaction was stopped as soon as complete 

dissolution of the starting material had occurred (ca. 5 minutes), followed by rapid cooling of the 

mixture to room temperature. After the usual work-up procedure, the desired product was 

recrystallised from water to give white needles. The ^H NMR and mass spectra indicated that the 

product from this reaction was not contaminated with the chlorinated compound.

3.4.3 Cyclisation of 4-Carboxyphenyibutanoic acid

Baddeley ef a/.^^® achieved the cyclisation of the diacid 107 to form the carboxytetralone by an 

intramolecular Friedel-Crafts reaction. In this procedure, the diacid was fused with 5 molar 

equivalents of aluminium chloride and one molar equivalent of sodium chloride at 180 °C for one 

hour to obtain the required tetralone in 34% yield. Ernest et ai.^^^ noted a substantial technical
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improvement in the use of polyphosphoric acid as the cyclisation reagent for this reaction, 

although experimental details and yield were not reported.

Polyphosphoric acid has been widely used as a cyclodehydration reagent and it is often used 

instead of more strongly acidic reagents such as aluminium chloride or concentrated sulfuric acid 

to effect cyclisation, since these tend to cause self-condensation of the product ketones. Due to 

the complexity of the reaction mixture, mechanistic studies have been difficult. The most logical 

possibilities are that it functions as a protonic acid, as a Lewis acid and as a phosphorylating agent, 

with the cyclisation proceeding via the initial step of either protonation or conversion to a mixed 

anhydride. Intramolecular electrophilic substitution of the acyl cation onto the benzene ring then 

occurs via the usual Friedel-Crafts mechanism to give the tetralone;

C O gH

?
C - O - P - 0 -  

I
O H

0 - 0  H

X

0
1

-P-

O H

-OH

-HC
/ ) H

'O H

HoO

1+
O H

OH

H+

- HgO

Snyder et formed a-tetralone from 4-phenylbutanoic acid by addition of the latter as a melt 

to polyphosphoric acid, followed by stirring at 125 °C for two hours. The diacid 107 melts at 196- 

198 °C, whereas 4-phenylbutanoic acid melts at 52 °C. Therefore, to avoid potential 

decarboxylation of the former, which could occur at the high temperature required to form the 

melt, the substrate was added in a finely powdered form to commercial polyphosphoric acid. 

Attempts to carry out the reaction at over 100 °C resulted in the formation of a brown intractable 

polymeric mixture. The temperature of the reaction mixture was therefore maintained at 70 °C. 

Incomplete cyclisation occurred at lower temperatures, giving a mixture of starting material and 

product, which were not easily separable. Using the conditions described above, the acid was
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stirred for 5 hours to obtain the tetralone 108 in 75% yield. Although the product contained small 

amounts of impurities, purification was not attempted at this stage.

As discussed earlier, to avoid potential decarboxylation during the high temperature 

dehydrogenation procedure, the acid must be converted into a thermally stable group, such as an 

ester prior to this reaction. Estérification of the crude acid was achieved by heating with methanol 

containing a catalytic quantity of sulfuric acid for 48 hours, to give a yellow solid. Purification by 

flash chromatography gave the tetralone ester 109 in 63% yield.

With the use of trimethyloxonium tetrafluoroborate as an estérification reagent, a method 

described by Raber et al.,^^^ we obtained an improved yield in a shorter reaction time. In this 

procedure, the carboxylate anion is generated in dichloromethane solution using the sterically 

hindered base, A/,A/-di/sopropylethylamine. Subsequent alkylation of the carboxylate anion by 

the trimethyloxonium salt produces the methyl ester. Purification of the crude product by flash 

chromatography gave the ester as colourless crystals in 8 6 % yield.

The /sopropyl ester 1 1 0  was formed by heating the tetralone acid 108 in isopropanol containing 

a catalytic amount of concentrated sulfuric acid. The crude product was purified by flash 

chromatography to give the ester as a pale yellow crystalline solid in 43% yield.

3.4.4 Dehydrogenation of 7-Carboxym ethyl-1-tetralone

Methods for the dehydrogenation of polycyclic hydroaromatic compounds have been reviewed 

by Fu and H a r v e y . C a t a l y t i c  methods generally employ platinum and palladium as the catalyst, 

either in their finely divided forms, or supported onto activated charcoal. The optimum reaction 

temperatures vary depending on the exact structure of the hydroaromatic substrate and the 

catalyst used. The reactions may be carried out in the absence of a solvent, although 

temperatures exceeding 300 °G are often required, which may lead to decomposition. A majority 

of catalytic dehydrogenation reactions are carried out in relatively high-boiling solvents, such as 

cumene (bp 176 °C). For this reason, hydroaromatic compounds containing substituents such as 

halogens and -CO2 H, which are thermally labile, cannot be dehydrogenated by this method.

Catalytic dehydrogenation is thought to occur via series of equilibria involving the initial adsorption 

of the substrate on the catalyst surface by n bonds to the aromatic rings. A proposed mechanism 

of the dehydrogenation of dihydrophenanthrene is shown in Figure 3.3. The association of the 

molecule by k bonds depends mainly upon steric factors. Substituents on the hydroaromatic 

substrate will only affect the overall rate and temperature required if it interferes with the 

adsorption on the catalyst surface. Transfer of a hydrogen atom from the partially saturated central 

ring of the associated intermediate to the catalyst results in the a  bonded intermediate. Loss of
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another hydrogen atom from this intermediate results in a fully aromatic molecule which is still 

associated with the catalyst. Desorption of molecular hydrogen and the aromatic product 

regenerates the catalyst for further reaction.

+ catalyst

/ / / / / / / rn i / / / / / / rrTT7 rr

H2 +

T7irrTTTTTTTTTTT7~rT~rTT7TT

Figure 3.3

Initially, attempts to dehydrogenate the tetralone 109 to form the naphthol 111 under various 

reaction conditions using either palladium black or 1 0 % palladium on activated carbon as the 

dehydrogenation catalyst, were carried out. Solvents and reaction times were varied to optimise 

the conversion of the tetralone to the naphthol. In all cases, the reaction was carried out in an inert 

atmosphere of either nitrogen or argon. The results of the dehydrogenation experiments are 

summarised in the following table (Table 3,4).
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^C O 2 M e

Solvent Boiling Point Volume of Solvent 
ml per g substrate

Catalyst
Reaction

Time
% Yield

para-xylene 138 °C 40 ml Pd black 9d ~ 50%*
Ch n m r )

para-cymene 176-178 °C 40 ml 10% Pd/C 14 d 75%*
(HPLC)

1 ,3-d i/sop ropy 1- 
benzene

203 °C 30 ml 10% Pd/C 9d 75%

1,3,5-tri/sopropyl- 
benzene

232-236 °C 2 0  ml Pd black 7 d 79%

"These figures represent non-isolated yields

Table 3.4

Although the starting material and product have similar Rf values in a wide range of solvent 

mixtures, the progress of the reaction was easily monitored by thin layer chromatography, since 

the tetralone produces a deep red colour on staining the tic plate with vanillin, whereas the 

naphthol produces a blue-black colour. The results shown in Table 3.4 indicate that the 

dehydrogenation reaction proceeds more efficiently when a solvent having a high boiling point is 

employed. When the tetralone was dehydrogenated in p-xylene, the NMR spectrum of the 

product mixture revealed that only about 50% of the starting material had reacted after 9 days. 

When p-cymene was employed as the reaction solvent, HPLC analysis of the reaction mixture 

revealed 75% conversion of the tetralone, but only after a 14 day heating period. The use of 

di/sopropylbenzene produced improved results, although the optimum conversion was achieved 

with tri/sopropylbenzene, producing an isolated product yield of 85% after 7 days. HPLC analysis 

of the reaction mixture showed less than 1% of the un reacted tetralone. The nature of the 

catalyst appeared to have no major effect on the reaction, although the use of a smaller volume of 

solvent facilitated crystallisation of the product on cooling the reaction mixture.

Using the procedure described above, the product 111 was isolated by filtration of the cooled 

reaction mixture and the excess tri/sopropylbenzene was removed by washing with petroleum 

spirit to give a pale tan crystalline solid melting at 151-153 °C. The isolation of the product from 

this reaction is greatly facilitated with the use of a non-polar hydrocarbon reaction solvent since 

the product, which contains polar hydroxyl and ester groups, is not soluble in the solvent at 

ambient temperature and easily crystallises from the solution, thus removing the need for vacuum
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distillation or chromatographic procedures. Using the same procedure, the /sopropyl ester 

analogue was dehydrogenated to form the corresponding naphthol 1 1 2  as a pale yellow 

crystalline solid (melting point 141-142 °C) in 6 6 % yield.

3.4.4.1 1H NMR Spectra Assignment of Naphthol Esters

Assignment of the NMR spectra of the two naphthol esters 111 and 112 (Appendix) were 

relatively straightforward, since the naphthalene may be treated as fused substituted benzene 

rings. The effect of the hydroxyl substituent causes the upfield shifts of the protons in one of the 

benzene rings, whereas the presence of the electron-withdrawing ester group causes the 

downfield shifts in the protons of the second benzene ring of the naphthalene. The aromatic 

protons also give characteristic splitting patterns, with the coupling constants indicating whether a 

proton is coupled to an ortho (J = 7-9 Hz) or a meta proton (J = 1-2 Hz). The assignment the 

protons in the NMR spectrum of the methyl ester in dg-DMSO solution is shown in Figure 3.4.

56.12
dd

Jg,3  = 7.2 Hz n  
Jz,4  = 1.3 Hz

Ha"
58.59^.65 „  

m '■4

Electron-donating resonance 
effects of the hydroxyl group 
shields protons on this ring

58.15

C O 2 C H 3 53.14

57.17
dd

^5 , 6  = 8.7 Hz 
Jfi o = 1.8 Hz

Electron-withdrawing inductive 
and resonance effects of the 
ester group deshields protons 
on this ring

5 7.04

Figure 3.4

The above information suggests that the protons on the ring possessing the hydroxyl group (i.e. 

H2 , H3 and H4 ) have lower chemical shifts than those on the ring containing the ester group. By 

this reasoning, the signal at 5 6.12 Is due to H2 , whereas the multiplet at 5 6.59-6.65 Is due to H3 

and H4 . The singlet at ô 8.15 may be easily assigned to Hg, although its meta coupling to Hg is not 

observed. The doublet of doublets at 6 7.17 corresponds to a proton which is coupled to both 

ortho and meta protons, i.e. Hg. Finally the doublet at ô 7.04 must be due to H5 , which shows an 

ortho coupling to Hg of 8.7 Hz. In CDCI3 solution, the aromatic signals tend to be shifted 

downfield, as shown by the spectrum of compound 112 (Figure 3.5).
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88.98OH

86.88 H

88.05

87.37-7.44
87.81

Figure 3.5

3.4.5 Formation of Aminoalkyl Side Chain Propranoioi Anaiogues

The target compounds were synthesised either in a one step procedure involving direct alkylation 

of the substituted naphthol with the appropriate chloroalkylamine, or in a two step process via the 

intermediate naphthyloxyalkylbromide derivative (Scheme 3.9).

O H 0 (CH2)nBr

1. NaH, THF, 0 °C^

2 . Br(CH2)nBr

1. NaH, THF, 0 °C
2. CI(CH2)nNR^R2

HNR'R'

Scheme 3.9

The latter route involves the initial Williamson alkylation of the substituted naphthols with 1 ,2 - 

dibromoethane to produce the bromoethoxynaphthalene intermediates. This was achieved by 

the formation of the alkoxide anion of the naphthol by treatment with a molar equivalent of sodium 

hydride in tetrahydrofuran. Reaction of the alkoxide intermediates with the appropriate 

dibromoalkane under argon furnished the required naphthyloxyalkylbromides in moderate yields 

(Table 3.5). In all cases, the reactions did not proceed to completion, although the starting 

materials could be easily separated from the product by column chromatography.
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0 (CH2)nBr

uO/ C O O R

Compound R n Melting point Yield

1 1 4 Me 3 62-63 °C 63%

1 1 5 Me 2 73-75 °C 51%

1 1 6 Ipr 2 72-73 °C 42%

Table 3.5

In this reaction, it was necessary to use an excess of 1,2-dibromoethane to minimise further 

reaction of the bromoethoxynaphthalene product with another molecule of the alkoxide 

intermediate to form the bimolecular product:

Since hydroxyl and ether groups possess similar electron-donating properties, the NMR 

spectra of the naphthyloxyalkylbromides showed very similar aromatic proton chemical shifts as 

those of the naphthols discussed earlier (Table 3.6).

Compound
6 (CDCI3)

H2 H3 , H4 H5 Ha H?

6 .8 8 7.37-3.44 7.81 8.05 8.98

OCHgCHzBr

6.83 7.24-7.26 7.80 8.06 9.02

Table 3.6

76



Compound Synthesis and Characterisation

The target amines were formed by heating the naphthyloxyalkylbromides with the appropriate 

amines in a suitable solvent. When compound 114 was heated with /sopropylamine in ethanolic 

solution in an attempt to synthesise UCL 1665, a white solid was isolated from the reaction 

mixture. This was found to correspond to the hydrobromide salt of the compound. HPLC analysis 

indicated that the product contained an impurity of 3.3% which was not evident in the NMR. 

The mass spectrum of the product revealed a mass peak of 302, which corresponds to the 

desired compound, and a peak at 316. These results indicate that a transestérification side 

reaction had occurred, forming small amounts of the ethyl ester analogue of UCL 1665, i.e. 

compound 117.

OCH2CH2CH2NH'Pr 

.COOEt

117

This side reaction is likely to be catalysed by the presence of HBr, which is formed from the 

substitution reaction, via the following mechanism:

/?  H+ O pH
R -C ^  ■. . . . ------------  R - ( ^   "  R - (p -O M e

O M e ^  O M e + 0 .
( Et''

I

- H+

/O
R ~ C  --------------- ^ R—Ç-]^Q  "  R—Ç —O M e

OEt OEt ^ GEt

Attempts to separate the ethyl ester impurity from the desired methyl ester compound proved to 

be unsuccessful. However, since the ethyl ester was present only in small amounts and was not 

expected to affect the pharmacological results appreciably, no further attempts were made to 

separate the mixture.

When compound 116 was heated with N-ethylbutylamine in ethanol to form UCL 1927 (Table 

3.7), no transestérification product was isolated. This is probably due to the bulkier nature of the 

/sopropyl group, which may hinder attack by the incoming ethanol molecule.
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Owing to the possibility of transestérification side reactions, in the synthesis of UCL 1960 and 

118, anhydrous tetrahydrofuran was used as the solvent instead of ethanol and in the synthesis 

of the hexamethyleneimine derivative, UCL 1969, isopropanol was used. Compounds UCL 

1927, UCL 1969 and 118 were isolated from their reaction mixtures as free bases which were 

purified by flash chromatography. These compounds were subsequently converted into oxalate 

salts. Compound 118, which is the free base form of UCL 1693 (Table 3.8), was synthesised 

as an intermediate for the formation of the amide and cyano substituted analogues described in 

Section 3.4.6.

0(CH2)nNR^R^

Compound R n R1 R2 Yield 
(free base)

Salt form Melting point

UCL 1665 Me 3 H ipr 8 6 % HBr 241-242 °C (dec)

UCL 1960 Me 2 Me Me 84% oxalate 224-225 °C

1 1 8 Me 2 Et Bu 79% free base oil

UCL 1927 ipr 2 Et Bu 79% oxalate 139-141 °C

UCL 1969 ipr 2 “O 79% oxalate hygroscopic

Table 3.7

The remaining target compounds containing an aminoalkyl side chain were synthesised by direct 

alkylation of the corresponding naphthol with the appropriate chloroalkylamine derivative, using 

the same procedure as that described for the synthesis of the pindolol analogues (Section 3.13). 

The products were purified by flash chromatography and converted into oxalate salts (Table 3.8).
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.COOMe

Yield 
(free base)

Melting point 
(oxalate salt)

Compound

UCL 1666 Me Me 213-215 °C62%

UCL 1693 Bu 151-153 °C58%

UCL 1678 Bu 185-187 °C57%

Table 3.8

3.4.6 Derivatisation of the Ester Function of UCL 1693

As discussed previously, due to the reactive nature of COOH, CONH2 and ON groups, 

derivatisations of the ester function were carried out at the final step of the synthesis procedure. 

The free base of compound UCL 1693 (i.e. compound 118, Table 3.7) was successively 

transformed to the respective acid and acid derivatives by the procedures described in the 

following sections.

3.4.6.1 Formation of the Acid Anaiogue UCL 1970

This compound was easily prepared by the hydrolysis of the ester function of 118 under basic 

conditions. The ester was heated for 3 hours with aqueous sodium hydroxide in methanol to give 

the acid in 6 6 % yield. The product was treated with oxalic acid and recrystallised to give the 

required compound as a white powder (Table 3.9).

3.4.6.2 Formation of the Amide Anaiogue UCL 1883

The reaction of esters with ammonia or substituted amines may be used to prepare unsubstituted 

or substituted amides. The reaction involves a nucleophilic substitution at the carbon atom of the 

carbonyl group as follows:
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R ' - ^ °  
OR"

R2NH

O
I

R'— C - O R "  

HNR2

R'-

OH

- C - O R "

NR2

-H+

-H+

R'— C -rO R  " 
I ^  

NR2

-H"

R — C
/?

NR2

The presence of an electron-withdrawing substituent, R", in the alkoxy group increases the 

reactivity of the ester by increasing the stability of the alkoxy leaving group. The rate of the 

reaction is increased by the presence of electron-donating groups on the amine. In the synthesis 

of UCL 1883 from the corresponding methyl ester by treatment with ammonia, neither of these 

conditions apply, therefore the reaction is expected to be slow in the absence of catalysts. 

Fellinger et used an acid catalyst in the form of various ammonium salts for the aminolysis of 

ethyl benzoate in liquid ammonia to produce the corresponding amide. They reported an 

increase in the reaction rate that was proportional to the concentration of the catalyst, with 

ammonium benzoate and ammonium chloride showing marked effects.

In our attempt to form the amide analogue of UCL 1693, the ester was stirred in aqueous 

ammonia containing ammonium chloride, adding sufficient methanol to dissolve the starting 

material. After 10 days at room temperature, during which time further quantities of aqueous 

ammonia were added, the crude product was isolated from the reaction mixture. Following 

purification by flash chromatography and recrystallisation from isopropanol, the target amide, UCL 

1883 was isolated as an off white crystalline solid in 45% yield (Table 3.9). The infrared spectrum 

of this compound showed a strong absorption at 1649 cm "\ which corresponds to the amide 

carbonyl stretch.

As expected, the reaction time was slow and the resulting amide was obtained only in moderate 

yield, although the un reacted starting material could be recovered. Since the synthesis of the 

target cyano analogue required further quantities of the amide, we were encouraged to attempt to 

optimise the reaction conditions to improve its yield. The amount of ammonium chloride catalyst 

was varied but the addition of larger quantities appeared to diminish the yield. The use of 

ammonium benzoate or higher reaction temperatures had little effect on the yield of the amide. 

Other catalysts including sodium hydride^®^ have been employed. Hogberg et reported 

the use of sodium cyanide as a catalyst for the conversion of ethylbenzoate to the amide with 

aqueous ammonia in methanol.
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Other methods to increase the yields in this reaction have been reported. For example, the 

application of high pressure to the aminolysis of non-activated and thermally unstable esters has 

been employed by Matsumoto et In this procedure, the ester and amine were mixed with

acetonitrile and stored for several days at 8  kbar. In many cases, high yields of the amides were 

obtained, however the reaction of ethylbenzoate with diethylamine gave the amide in only 1 0 % 

yield. Davey^®"  ̂carried out the following conversion at high pressure:

.  M onC ^ N^  100 oc

COaEt C O N H 2

119 120

After heating the reaction mixture for 6  hours in a pressure reactor, they obtained the amide 120 

in 63% yield. Following a similar procedure, the ester 118 was reacted with aqueous ammonia in 

methanol containing ammonium chloride in a Berghof pressure vessel at 100 °C for 10 hours. 

However, our attempts to increase the amide yield by this method were not successful and the 

product was isolated in 2 1 % yield.

3.4.6.S Formation of Cyano Analogue UCL 1971

The synthesis of the cyano analogue of UCL 1963 was achieved in a one step dehydration 

reaction of the amide, UCL 1883. This method of amide dehydration, which occurs under mild 

conditions, was first reported by Campagna et The procedure involves addition of

trifluoroacetic anhydride to a solution of the amide in dioxane containing 2  molar equivalents of 

pyridine at about 5°C. Using this procedure, yields of the product nitriles in the range of 85-99%  

were reported. For example, the dehydration of benzamide was reported to give the 

corresponding nitrile in 99% yield. The dehydration reaction is thought to occur via the formation 

of the enol form of the amide:
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R -c ( °  R - c f ^  ------
NHg NH

R -c ,
NH

CF; 0 .C .C F 3
II
O

 ̂ 9;
O -C - j^ C O C f^

R - c E N  - —    R -q ^  CF3

NH NH

The mass spectrum of the product isolated from the dehydration reaction of the amide 

UCL 1883 indicated that a mixture of the un reacted amide and the nitrile product was present. 

The product was purified by flash chromatography using 5% methanol in ether as the eluant, 

resulting in the isolation of a pale tan hygroscopic residue having a low Rf value and which was not 

soluble in dichloromethane or ether, but was readily soluble in water. These observations 

suggest that the product was formed as the trifluoroacetate salt. Subsequent treatment with 

dilute sodium bicarbonate gave the free base as a pale yellow oil. The FAB mass spectrum of the 

free base showed an MH+ peak at 297 corresponding to the nitrile compound and no peak 

corresponding to the amide was observed. However, an impurity having a mass of 329 was found 

in the sample. This impurity was not found in the original crude product isolated from the reaction 

mixture. ^H NMR analysis of the oil showed the presence of a singlet at 5 3.97 ppm which did not 

correspond to the nitrile product. This singlet was not present in the ^H NMR spectrum of the 

crude product prior to chromatography. HPLC analysis of the oil revealed two main peaks of 79% 

and 19%, with the major peak corresponding to the nitrile compound.

The analytical evidence suggests that the impurity was formed after the column chromatography 

procedure since it was not present in the crude product. The ^H NMR and mass spectra indicated 

that the impurity corresponds to the methyl ester (i.e. compound 118). The formation of this 

ester may be attributed to the presence of trifluoroacetic acid in the crude product, catalysing the 

reaction of the nitrile with methanol from the eluant mixture. Attempts to purify the product by 

recrystallisation of the oxalate salt were met with little success. Finally, the compound was treated 

with sodium bicarbonate to liberate the free base, which was subsequently purified successfully 

by preparative HPLC (eluant 80% methanol + 2 0 % HgO + 0.1% triethylamine), followed by careful 

removal of the solvent under reduced pressure without the application of heat, to avoid potential 

hydrolysis. The nitrile was treated with oxalic acid in ethanol and recrystallised to give the oxalate 

salt as a white powder (Table 3.9). The infrared spectrum of the nitrile compound, UCL 1971 

showed a characteristic C=N absorption at 2224 c m '\
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OC H2CH2NEtBu

Compound X Yield 
(free base)

Melting point

UCL 1970 COOH 6 6 % 178-180°C  
(oxalate salt)

UCL 1883 CONH2 45% 134-135 °C 
(free base)

UCL 1971 ON 57% 160-161 °C 
(oxalate salt)

Table 3.9

3.4.7 Formation of 7-Carboxymethyl-Propranolol

The synthesis of the 7-carboxymethyl analogue of propranolol was achieved in two steps, starting 

from the appropriate naphthol. The initial step involves condensation of the substituted naphthol 

with epichlorohydrin. Initially a test reaction was carried out with 1-naphthol 121 using a 

procedure similar to that previously described by Stephenson,^®® in which the naphthol was 

heated with an excess of epichlorohydrin containing a catalytic quantity of 1 -methylpiperazine, for 

30-45 minutes. Under these conditions, a mixture of two products, 122 and 124, was formed.

Initially 1-methylpiperazine abstracts the acidic aromatic hydroxyl proton. Due to the inherent ring 

strain of the 3-membered epoxide ring, nucleophilic attack of the epoxide is more likely than Sn2 

attack of the alkylchloride function. Nucleophilic attack occurs at the least hindered carbon of the 

epoxide leading to ring opening to form the secondary alkoxide anion. The incoming nucleophile 

may attack on either face of the epoxide molecule, resulting in the formation of a racemic mixture:
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O H

HN NMe

121 X = H
111 X = COgMe

The alkoxide anion will preferentially undergo an intramolecular Williamson alkylation to form the 

epoxide 1 2 2  which was observed as the major product in this reaction:

^  0“

122 X = H
123 X = COgMe

However, since the alkoxide anion is strongly basic, it may also abstract another hydroxyl proton 

from the naphthol molecule to form the chlorohydrin 124. The reaction therefore requires only a 

catalytic quantity of base to form the initial aryl alkoxide; further quantities are generated during the 

reaction by the intermediate secondary alkoxide.

O"

OH 124 X = H
125 X = COglVIe
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Similarly, the reaction of epichlorohydrin with 7-carboxymethyl-1-naphthol 111 generated a 

mixture of the epoxide 123 and the chlorohydrin 125, as confirmed by the mass spectrum. The 

mass spectra of the products from the reactions also revealed the presence of a third impurity 

126, which is formed by the attack of chloride ion on epichlorohydrin.

O H

126

Since the epoxide and chlorohydrin react with the amine in the next step to give the same 

product, no attempts were made to separate the mixtures.

Reaction of the mixture of 122 and 124 with isopropylamine in ethanol gave the crude product 

as a yellow oil. Treatment of the crude product with excess oxalic acid in ethanol followed by 

recrystalllsation gave the oxalate salt as a white crystalline solid (UCL 1961, propranolol). 

Following the same procedure for the 7-carboxymethyl analogue, using methanol as the reaction 

solvent, the crude product was isolated as an off-white solid which was recrystallised to give 7- 

carboxymethyl propranolol UCL 1962 as white needles (Table 3.10).

0 ' ' '^ Y '" ^ N H 'P r  
1 O H  _

Compound X Yield Melting point

UCL 1961 H 51% 173-174 °C*
(propranolol) (oxalate salt)

UCL 1962 C0 2 Me 50% 125-126 °C 
(free base)

‘ Melting point of hydrochloride salt - 162-163

Table 3.10

The regions corresponding to the side chain protons in the "'h NMR spectra of the above 

compounds show splitting patterns that are characteristic of non-equivalent geminal protons 

adjacent to a proton attached to a chiral carbon centre. In this system, the two protons on the 

OCH2 group (Ha and Hp) are magnetically non-equivalent and show geminal coupling to each 

other and vicinal coupling to the proton on the carbon bearing the hydroxyl group (He), giving rise
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to doublet of doublet in the case of UCL 1962, or a multiplet in the case of UCL 1961 (Figure

3 .6 ).

coupled to Hb 
(geminal) and 
to He (vicinal)

LJ M l- .

Hr OH

coupled to Ha 
(geminal) and 
to He (vicinal)

5 4.16, dd 
5 4.21.dd

' H  H H

5 2.70, dd 
5 2.82, dd

HO H
5 4.01-4.04, m

UCL 1962

5 4.18-4.22, m
5 3.10, dd
5 3.26, dd

NH'Pr

HO H
5 4.33-4.37, m

UCL 1961

4 3 4 3

Figure 3.6

The non-equivalent CH2 N protons exhibit similar splitting patterns; in the spectrum of 

UCL 1962, these protons are overlapped by the CH proton from the isopropyl substituent on 

the amine. The signals for the He protons appear as complex multiplets at 5 4.01-4.04 for 

UCL 1962, and at 6 4.33-4.37 for UCL 1961, due to coupling between the non-equivalent 

OCH2 protons and CH2 N protons.

3.5 Synthetic Strategy for Type B Com pounds

Procedures for the synthesis of 7-methyl-1-naphthol^®® 141, 7-chloro-1-naphthol^®® 148, 7- 

fluoro-1-naphthol^^® 144 and 7-methoxy-1 -tetralone^^^ 139 have been described in the
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literature. The procedures follow similar routes, starting from the substituted benzene 

(Scheme 3.10). The naphthalene ring is constructed by a series of reactions involving an initial 

Friedel-Crafts reaction to form a para-substituted side chain containing a carboxylic acid group. A 

subsequent Clemmensen reduction, followed by an intramolecular Friedel-Crafts cyclisation 

generates the tetralone, which is then dehydrogenated to form the naphthalene ring.

AlCI,
benzene/nitrobenzene

Zn/Hg, HCI (aq) 
toluene

127 X = Me 
128X = ‘Pr
129 X = OMe
130 X = F
131 X = Cl

C O 2H

132 X = Me
133 X = 'Pr
134 X = OMe
135 X = F
136 X = Cl

132-135
polyphosphoric

acid

O H

Pd/C
tri/sopropylbenzene 

or triglyme

137 X = Me 
138X = ‘Pr
139 X = OMe
140 X = F

141 X = Me
142 X = 'Pr
143 X = OMe
144 X = F

136
SOCIc

COCI

145

AlCI.

146

0.5 Br2, 
CS2

O H

148

LiCI
DMF

147

Scheme 3.10
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3.5.1 Friedel-Crafts Acylation of Substituted Benzenes

As in the case of the Friedel-Crafts acylation with acetyl chloride described in section 3.4.1, the 

reaction of the substituted benzene with succinic anhydride in the presence of aluminium 

trichloride is believed to proceed with the reaction of succinic anhydride with aluminium chloride, 

resulting in the formation of equilibrium concentrations of the acyl cation. The acylium cation then 

attacks the phenyl ring by the aromatic substitution mechanism discussed previously:

AlCI;

O

+OrAICl3 O —AICI3 0 "A IC l3

+0 -A IC I3

P -A IC I3

O

p —AICI3

o

—AICI3

This reaction imposes limitations on which substituent can be incorporated into the final 

naphthalene compound, since the substituent must direct the electrophilic substitution to give 

mainly the para-substituted benzene. For this reason, substituted benzenes possessing groups 

such as -NO2 , -CF3 , -COR, -ON and CO2 R, which are electron-withdrawing and deactivate the 

benzene ring, may not be used in this procedure.

The keto acids which were synthesised by this procedure are summarised in Table 3.11. The 

electron-withdrawing and deactivating influence of the halogen substituents is reflected in the 

relatively low yield (54%) of the chloro-substituted keto acid 131 and that the reaction required 

heating, whereas the other reactions were carried out at room temperature. The fluoro- 

substituted keto-acid 126 was obtained commercially, although a literature yield of 62% for this

reaction has been reported 

as white crystalline solids.

210 Compounds 127-129 and 131 precipitated from ethyl acetate
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0

Compound X Yield Melting point

1 27 Me 85% 125-126 °C

1 28 'Pr 81% 140-141 °C

1 2 9 OMe 84% 147-148 °C

131 01 54% 130-131 °C

Table 3.11

3.5.2 Clemmensen Reduction of Keto Acids

A modified version of the Clemmensen reduction, described by Martin^^^ was employed to form 

the alkylbenzene derivatives. In this method toluene is added to form an immiscible layer which 

prevents contact by the substrate on the zinc surface. This prevents polymolecular reduction or 

condensation at the zinc surface, which coats the zinc surface and hinders the reaction. Thus 

heating the keto acid in a mixture of toluene, zinc amalgam and hydrochloric acid for 2-4 days gave 

the required products shown in Table 3.12.

a/ \ ^ C 0 2 H

Compound X Yield Recryst. Solvents Melting point

1 3 2 Me 85% EtgO-petrol 57-58 °C

1 33 ipr 59% Et2 0 -petrol 48-49 °C

1 3 4 OMe 75% EtOAc-petrol 60-61 °C

1 3 5 F 34% Et2 0 -petrol 42-43 °C

1 3 6 Cl 67% Et2 0 -petrol 52-54 °C

Table 3.12

The NMR and mass spectra of these compounds were consistent with their structures. The 

aromatic region of the NMR spectrum of the fluoro substituted derivative 135 shows 

characteristic ortho and meta couplings of 8 .8  and 5.5 Hz respectively.
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3.5.3 Synthesis of Substituted Tetralones (X = Me, 'Pr, OMe, F)

Cyclisation of the acids to form the tetralones may be effected by two different methods. The first 

method, which was employed previously for the Type A series of compounds, involves the one 

step procedure using polyphosphoric acid.^^®

In this procedure, the substrate was dissolved in a small quantity of dichloromethane before 

addition to polyphosphoric acid at 70-80 °C. The temperature of the mixture was kept below 90 °C 

throughout the reaction, since elevated temperatures appeared to increase the formation of 

polymeric material and thus lower the yield of the tetralone. Prolonged heating of the reaction 

mixture also had the same effect in decreasing the product yield and a reaction period of 4-6 

hours produced good yields of the desired tetralones. The crude products were purified either 

by flash chromatography or by recrystallisation. The substituted tetralones prepared by this 

method are summarised in the following table (Table 3.13).

0

e
Compound X Yield Melting point

1 3 7 Me 78% 34-35 °C

1 3 8 'Pr 74% oil

1 3 9 OMe 62% 59-60 °C

1 4 0 F 59% 64-65 °C

Table 3.13

Melting points for compounds 139 and 140 are in agreement with the literature values. In the 

case of compound 137, which has been synthesised in 79% yield by Fieser ef via the acid 

chloride, the product was reported to be a liquid, whereas the product obtained by the above 

method was isolated as a pale yellow crystalline solid. The NMR and mass spectra of this 

compound were consistent with that of 7-methyl-1-tetralone (Appendix).

3.5.4 Synthesis of 7-Chloro-1-tetralone

An alternative method of cyclisation to form the substituted tetralones involves the initial formation 

of the acid chloride, followed by an intramolecular Friedel-Crafts acylation in the presence of 

aluminium chloride. This procedure, which has been reported by Fieser and Seligman,^^^ was 

used to synthesise the required 7-chloro-1-tetralone 146 (Scheme 3.11).
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SOCIc

CO 2 H reflux 6 h 
(91%)

136

CO CI

145

O

1. AICI3, CS2
2. HCI(aq)

(52%)

146

Scheme 3.11

The acid chloride was formed by heating the acid 136 in thionyl chloride. The product 145 was 

isolated as a colourless oil in 91% yield after vacuum distillation. The mass spectrum of the 

product shows mass peaks at 220 (3%), 218 (10%) and 216 (27%), corresponding to the 

presence of the ^^Cl and ^^Cl isotopes in the product. Additionally the peaks at 127 (32%) and 

125 (100%) indicate the presence of CH2 CH2 CO^^CI and CH2 CH2 CO^^CI fragments in a 1:3 

ratio, which is consistent with the isotopic abundance ratio of ^^Cl and ^^Cl.

Cyclisation of the acid chloride was achieved by treatment with aluminium chloride in carbon 

disulfide. The crude product was purified by column chromatography followed by recrystallisation 

from ethyl acetate-petrol to give the tetralone 146 as white needles in 52% yield.

The polyphosphoric acid method of cyclisation to form the tetralones appears to offer advantages 

mainly because it only involves a one step reaction, whereas the Friedel-Crafts method is a two 

step procedure requiring purification of the intermediate acid chloride. However, the latter 

method employs a faster reaction time and lower reaction temperature, thus minimising the 

formation of polymeric self-condensation products.

3.5.5 Formation of 7-Substituted-1-naphthols (X = Me, 'Pr, OMe, F)

Fieser ef reported the synthesis of 7-methyl-1-naphthol from the corresponding tetralone in 

40% yield via the bromination-dehydrohalogenation procedure, which is described in 

Section 3.5.6. However, this transformation may also be readily achieved under catalytic 

conditions using palladium catalyst. During the synthesis of Type A compounds (Section 3.4.4), 

it was observed that these dehydrogenation reactions may not proceed to completion at lower 

temperatures. Since the alkyl- and methoxy-substituted tetralones do not contain thermally labile
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groups, tri/sopropylbenzene was again employed as the reaction solvent for these substrates. As 

in the case of the previous dehydrogenation experiments for the Type A series of compounds, 

the product naphthols crystallised from the reaction mixture on cooling, which greatly facilitated 

their isolation. The products were collected by filtration and the residual solvent was removed by 

washing with copious quantities of petroleum spirit, resulting in naphthol yields of 61-70%  

(Table 3.14).

Catalytic dehydrogenation of substrates containing a halogen substituent must be carried out with 

caution, since hydrogenolysis of aryl halides is well known to occur at elevated temperatures.^®^ 

The ease of hydrogenolysis of aromatic halides follows the order: I > Br > Ci > F, which reflects the 

relative strengths of the C-X bonds, which decrease in the following order: C-F > C-Ci > C-Br > C-l. 

Under the conditions used for the dehydrogenation of the alkyl and methoxy-substituted 

tetralones, i.e. heating for several days at temperatures exceeding 240 °C, both the chioro- and 

fluoro-substituted tetralones are expected to undergo partial or complete hydrogenolysis. 

However, the use of a solvent with a much lower boiling point may prevent complete 

dehydrogenation of the starting material. Adcock etai^^^  employed triglyme, which has a lower 

boiling point (216 °C) than triisopropylbenzene, as the dehydrogenation solvent for the synthesis 

of 7-fiuoro-1-naphthol 144 from the corresponding tetralone. Using this procedure, the fluoro- 

substituted naphthol was isolated in high yield (Table 3.14) and no hydrogenolysis product was 

observed.

O H

Compound X Solvent Reaction time Yield Melting point

141 Me TIPB 7d 61% 109-110 °C

1 42 'Pr TIPB 9d 63% 80-81 °C

1 43 OMe TIPB 3d 74% 100-102 °C

1 4 4 F triglyme 4 h 87% 136-138 °C

TIPS = 1,3,5-tri/sopropylbenzene

Table 3.14

As summarised in the above table, reaction times and yields varied greatly depending upon the 

substrate. The lower yields and increased reaction times appear to parallel the increasing steric 

bulk of the substituent ('Pr > Me > OMe > F). Thus the fluoro-substituted tetralone produced the 

naphthol in 87% yield after only 4 hours, whereas the isopropyl-substituted tetralone gave the
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corresponding naphthol in only 63% yield after a prolonged reaction time of 9 days. The reason 

for this is not clear, since the substituent on the aromatic ring is situated some distance away from 

the part of the molecule involved in the reaction (Figure 3.3). A possible explanation for this 

observation is that a bulky substituent such as an isopropyl group may hinder the initial adsorption 

of the substrate on the catalyst surface by interfering with the ability of the molecule to adopt a 

favourable planar conformation to allow k bonding to the catalyst.

3.5.5.1  ̂H NMR Spectra of 7-Substituted Naphthols

The NMR assignments of the aromatic protons of the naphthols described above were carried 

out using the rationale described in Section 3.4.4.1. In the case of compounds 141 and 142 

(Appendix), since the hydroxyl group is more strongly electron-donating than the alkyl group, the 

protons that are shifted upfield are those on the ring containing the hydroxyl group, i.e. H2 , H3 

and H4 . Assignment of the protons on the ring containing the alkyl substituent was carried out by 

analysis of the splitting patterns and coupling constants. Assignment of the "'H NMR spectrum of 

the fluoro-substituted analogue 144 (Appendix) was more complex because the protons on the 

ring containing the fluoro group show coupling to neighbouring protons and to the fluorine atom, 

resulting in overlapping multiplets, although the protons on the ring containing the hydroxyl 

group could be easily assigned.

Due to the hydroxyl and methoxy substituents possessing similar electron-donating properties, 

assignment of the aromatic protons in the NMR spectrum of 7-methoxynaphthol 143 is more 

complex. However, the NMR spectrum of this compound was easily assigned using the results 

deduced from the NOE difference spectra for UCL 1914 (Section 3.5.7.1)

3.5.6 Synthesis of 7-Chloro-1-naphthol

As discussed above, compounds containing aryl chloride groups are expected to undergo 

hydrogenolysis relatively easily. Therefore, dehydrogenation of compound 146 was achieved by 

an alternative method, involving the bromination-dehydrohalogenation procedure shown in 

Scheme 3.12, which was previously employed to synthesise 2-cyano-4-hydroxyindole 102 

from 2-cyano-tetrahydroindole 100 (Scheme 3.4). This method has also been applied to the 

synthesis of 7-bromo-1-naphthol from its corresponding tetralone.^®^
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Scheme 3.12

Bromination of the tetralone 146 was achieved by the dropwise addition of a solution containing 

one molar equivalent of bromine in carbon disulfide to a solution of the substrate at 5 °C. The 

halogénation reaction proceeds through the initial formation of the enol:

O H

H+

The halogen then attacks the double bond to give a stabilised halo carbocation intermediate. 

Subsequent deprotonation furnishes the required haloketone. In this process, HBr is generated 

and this catalyses the formation of further amounts of enol from the ketone starting material:

O H

Br— Br

O H

01

143

Br

The monobrominated product does not undergo further halogénation, since the presence of the 

electron-withdrawing halogen decreases the basicity of the ketone oxygen, and therefore 

énolisation will be more difficult than in the original starting material. However, If more than one 

equivalent of bromine is added, the product will react further to give the 2 ,2 -dibromo-substituted 

te t r a lo n e .U s in g  the conditions described, the required monobrominated derivative 147 was 

isolated as a pale brown solid in 95% yield after flash chromatography.
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3.5.6.1 NMR Spectrum of 147

The NMR spectrum of 2-bromo-7-chloro-1-tetralone 147 shows a doublet of triplets at 8 2.88 

and a doublet of doublet of doublets at 8 3.26 for the two protons on C4 (Figure 3.7).

n4b n4a

8 3.26, ddd
-J = 17.1 Hz 
^J{trans) = 9.9 Hz 
^J(c/s) = 5.4 Hz

8 2.88, dt 
= 17.2 Hz 
= 9.9 Hz

J  ” T
I '

j . b

I 1

Figure 3.7

The protons at the 4-position, i.e. H4a and H4b, are diastereotopic, since they are adjacent to two 

non-equivalent H3 protons. A model of one of the isomers of this compound shows that the ring 

containing the Br group is not held in a planar position, but the methylene group at C3 is bent 

downwards in an envelope-like conformation shown on the left in Figure 3.8. This conformation, 

in which the bromine substituent held in an equatorial position, is expected to be more stable than 

the conformation shown on the right, in which the C3 unit is bent upwards causing the bromine to 

become axial. This is because of the steric repulsion caused by the 1 ,3-diaxial interaction of the 

bromine with the axial H4b proton, thus the equilibrium lies well to the left.

o.

Br
1,3-diaxial 
interaction

Figure 3.8
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Analysis of the conformation shown on the left indicates that the and protons will each 

show one geminal coupling and two vicinal couplings. Since coupling is mediated by orbital 

interaction and overlap, in fairly rigid systems, as is the case with this structure, the magnitude of 

the coupling constant is particularly dependent upon the dihedral angle ((])) between these 

bonds. Coupling is largest when orbitals overlap most efficiently, i.e. when they are antiperiplanar 

((j) = 180 °). At 0° coupling is slightly smaller whereas at 90° (i.e. orthogonal), coupling is at its 

lowest.

The observed coupling between the H3 and H4 protons can be explained using a Newman 

projection of the structure about the C3 -C4 axis to approximate the relative angles between the H4 

and H3 protons (Figure 3.9).

Figure 3.9

The signal for the H4 b proton appears as a doublet of triplets, since the doublet resulting from its 

geminal coupling with H4a of magnitude 17.3 Hz, is further split by vicinal couplings with h 3a and 

H3b. These vicinal couplings are approximately equal in magnitude because the dihedral angle 

between h4b and H3a is approximately equal to the dihedral angle between H4 b and H3b (J4b,3a = 

J4 b,3 b = 4.4 Hz), and are therefore observed as a pseudotriplet. The magnitude of the vicinal 

coupling constants are low since the dihedral angles are between 0° and 90°.

Since H4 a and H3 b are approximately antiperiplanar, the vicinal coupling constant J4 a,3 b is 

expected to be larger than Ü4a,3a. because the dihedral angle between H4 a and H3a is between 

0° and 90°. Thus the doublet formed by geminal coupling of H4a with H4b (J = 17.1 Hz) is split into 

a doublet due to a larger vicinal coupling with H3b (^Jfrans = 9 9 Hz). This doublet of doublets is 

split into a further doublet by a smaller vicinal coupling with H3a (^Jc/s = 5.4 Hz), forming the 

observed doublet of doublet of doublet pattern.

3.5.6.2 Dehydrohalogenation of 2-Bromo-7-chloro-1-tetralone

Dehydrohalogenation of the brominated derivative to produce 7-chloro-1-naphthol 148 was 

effected by heating the bromotetralone 147 with lithium chloride in dimethylformamide at 100 °C 

for 5 hours. The product was isolated by extraction and purified by column chromatography to 

give pale tan crystals in 95% yield. The ^H NMR (Appendix) and mass spectra of the product from
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this reaction was consistent with that of 7-chloronaphthol, and no hydrogenolysis product was 

observed.

3.5.7 Formation of Target 1,7-Naphthalene Compounds

Transformation of the substituted naphthol intermediates to form the required target compounds 

were carried out in two steps via the intermediate naphthyloxyethylbromide derivatives:

OH 0 (CH2)2Br 1d 2

1. NaH, THF, 0 °C
2 . Br(CH2)2Br

1 d2

0 (CH2)2NR 'R  

X
HNR'R

EtOH

Using this procedure, the naphthyloxyethyl bromides were synthesised in moderate yields (Table 

3.15). As in the case of the ester analogues, the starting materials could be easily recovered by 

chromatography.

0(C

è

'^2)2®̂

Compound X Yield Melting point

1 4 9 Me 31% 37-38 °C

1 4 5 0 ipr 34% oil

151 OMe 45% 57-59 °C

1 52 F 50% 35-36 °C

1 53 01 48% 38-39 °C

Table 3.15

In the final step of the reaction sequence, the naphthyloxyethylbromide intermediates were 

heated with the appropriate amines in absolute ethanol to form the target compounds. In all 

cases, the compounds were purified by flash column chromatography to give the products as 

viscous oils, which were subsequently treated with oxalic acid to form the oxalate salts as solids 

(Table 3.16). The unsubstituted analogue UCL 1854, which was first described by Pierson et 

was synthesised by direct alkylation of 1-naphthol 121 with CICH2 CH2 NEtBu 93, to give 

the compound in 70% yield.
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0 CH2CH2NR^R^

Compound X R1 r 2 Yield 
(free base)

Melting point 
(oxalate salt)

UCL 1854 H Et Bu 70% 125-126 °C*

UCL 1956 Me Et Bu 96% 117-119 °C

UCL 1958 ipr Me Me 8 6 % 188-189 °C

UCL 1957 'Pr Et Bu 93% 134-135 °C

UCL 1914 OMe Et Bu 80% 135-136 °C

UCL 1915 OMe “ O 80% 170-171 °C

UCL 1916 OMe — __ N̂Me 6 6 % 228-229 °C 
(dioxalate sait)

UCL 1959 F Me Me 63% 175-176 °C

UCL 1939 F Et Bu 93% 129-130 °C

UCL 1968 Cl Me Me 81% 137-139 °C

UCL 1967 Cl Et Bu 8 6 % 111-112 °C

or>163‘ Melting point of hydrochloride salt -110-111 °C

Table 3.16

3.5.7.1 1H NMR Spectra of 7-Methoxynaphthalenes

As discussed in Section 3.5.5.1, unequivocal assignment of the naphthalene protons is 

extremely difficult in cases where the 1- and 7-substituents possess similar electronic properties, 

such as in the case of UCL 1914, in which both the 1- and 7-substituents are ether groups. 

Therefore, nuclear Overhauser enhancement (NOE) experiments were carried out to facilitate 

assignment of the aromatic protons.

NOE experiments rely on the fact that magnetic nuclei can also interact through space over short 

distances (generally about 2-4 Â), as well as through bonds to cause spin-spin coupling. The 

former interaction does not lead to coupling, but if one of the nuclei is irradiated at its resonance 

frequency, the signal of the other nucleus generally becomes more intense than normal (i.e. the 

nuclear Overhauser enhancement). Since the NOE effects are generally small, they can be much 

more easily detected by subtraction of the normal spectrum from the irradiated spectrum. This
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causes the unaffected signals to disappear, showing only those that have been enhanced. Using 

this technique each signal in the aromatic region of the NMR spectrum of UCL 1914 was 

irradiated separately and the resulting NOE difference spectra were recorded. The main results 

are summarised below (Figure 3.10):

0(CH2)2NEtBu 

A  ^OMe

He
Hz

(c) Irradiation at 6 7.2

(b) Irradiation at 5 7.3

(a) Normal spectrum
1—I—;—I—rn —1—r—|—r—t—i—r |  r r

8 7

Figure 3.10

In (b), irradiation of the triplet at 6 7.3 causes enhancements of the signals at 5 7.0 and 5 7.45. The 

signal at 5 7.3 is due to Hg since this is the only proton that is adjacent to two other protons. The 

signals at 6 7.0 and 7.45 must therefore be due to either H2 or H4 . These protons cannot be 

assigned by NOE difference experiments since they are both adjacent to the same proton. 

However, by comparison with the other analogues in the naphthalene series, it may be assumed 

that the proton adjacent to the ether group, i.e. H2 , is the most shielded and the doublet at 5 7.0 

corresponds to this proton. Therefore the doublet at Ô 7.45 (J = 8.2 Hz) corresponds to H4 . The 

remaining signals correspond to the protons on the ring containing the methoxy group. The 

presence of a doublet of doublets at Ô 7.2 indicates a proton that is both ortho- and mefa-coupled 

i.e. Hg. Irradiation of this signal, as shown in (c) enhances the signal at ô 7.8, indicating that the 

latter signal corresponds to the adjacent H5 proton. Therefore the remaining signal at 5 7.5 must 

be due to the Hg proton. In a separate experiment, the methyl group of the ester was irradiated 

causing signal enhancements at ô 7.2 and 5 7.5 (i.e. Hg and Hg), confirming the above 

assignment. Using the results obtained for UCL 1914, it was possible to assign the "'H NMR 

spectra of the 7-methoxynaphthalene precursors of this compound.
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4. Pharmacological Methods

4.1 R eceptor-Llgand Interactions

Receptors may be envisaged as proteins that are intimately associated with the cell membrane 

whose recognition elements are orientated on the outside surface, permitting interaction with 

extracellular ligands. Within the membrane the receptor can be linked, via various transductional 

elements such as the G proteins, to enzymes or ion channels within the cell, activation of which 

can alter cell function. In its simplest form, the receptor occupancy theory involves the interaction 

of the agonist, endogenous neurotransmitter or hormone, with the receptor resulting in a 

biological response, i.e.

k+iAgonist + Receptor AR —*— ► Effect
k-i

where k+i and k.i are the association rate constant and the dissociation rate constant respectively. 

The first process, i.e. ligand binding to the receptor relates to the affinity of the receptor for the 

ligand, whereas the second process, which involves translating the formation of the receptor- 

ligand (AR) complex into an intracellular event, refers to the efficacy, i.e. the ability of a ligand to 

evoke a cellular or tissue functional response.

Applying the Law of Mass Action (i.e. the rate of a reaction is proportional to the product of the 

concentrations of the reactants), at equilibrium we have

k,i[A][R] = k_,[AR]

where [R] and [AR] are the “concentrations” of free and occupied receptors respectively. If p, is 

defined as the proportion of free receptors where Pf = [R]/[Rt ], where [Rj] represents the total 

receptors, and Par is the proportion of occupied receptors, where Par = [AR]/[Ry], we have

k+i[A]Pf =  k_iPAR

Combining k+i and k_i to form a new constant (the equilibrium dissociation constant) Ka, where Ka 

— k.-|/k+i!

[A]pf = KaPar

Since Pf + Par = 1,
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Ka
ĵ P ar + P ar

Par = 1

Hence

p'"-K iT iÂ i

This equation is known as the Hill-Langmuir equation, and it shows the hyperbolic relationship 

between effect and the free ligand concentration. In deriving this equation, it is assumed that the 

drug is present in such an excess that it is scarcely depleted by its combination with the receptors, 

(i.e. [A] can be regarded as constant). When [A] = Ka , p = 0.5 (i.e. 50% receptor occupancy), thus 

the dissociation equilibrium constant is the concentration of ligand that will produce 50% receptor 

occupancy.

In terms of functional responses for a ligand, two main types can be described agonists, which 

bind to the receptor and produce a response, and antagonists, which bind to the receptor but do 

not have an effect on cell function in the absence of an agonist. The term intrinsic acf/V/fy^^^ was 

introduced to express the maximum response of a partial agonist where

, _  maximum response to test agonist
Intrinsic Activity (a) = -------------------------------------------------------------------- ----------------------------------

maximum response to a full agonist acting through the same receptor

By definition, the intrinsic activity for a full agonist is 1, whereas for a competitive antagonist, a  is 

zero. Partial agonists have values between zero and 1. The intrinsic activity of a partial agonist can 

vary greatly between tissues and also in a given tissue depending upon the experimental 

conditions. The term efficac^^^ was therefore introduced as a more subtle measure of receptor 

activation by an agonist. It was supposed that receptor activation resulted in a stimulus, S, to the 

cells, and the magnitude of S was determined by the product of the efficacy, e, of the agonist and 

the proportion of the receptors, p, that it occupies:

S = ep

Unlike intrinsic activity, the value of e has no upper limit and it is possible that an agonist with a 

greater efficacy than any existing compound may be discovered. In order to compare the 

efficacies of different agonists acting through the same receptors, S is defined as 1 for a response

101



Pharmacological Methods

that is 50% of the maximum attainable with a full agonist, i.e. a partial agonist that has to occupy all 

the receptors to produce a half maximal response has an efficacy of 1 .

4.2 Radioligand Binding Studies

Binding assays are based on the fact that when a radioligand is incubated in vitro with a suitable 

receptor source, it will associate, in a competitive manner, in an amount proportional to the 

concentration of the receptor present. By analogy with the Hill-Langmuir equation, at equilibrium 

the number of drug molecules bound (B) is related to the ligand concentration [L] by the following 

equation:

B =
[L] + Kd

In the presence of a test ligand, both will compete with each other for the binding sites. After 

allowing a suitable time for equilibration, removal of the excess unbound radioactivity by physical 

methods such as filtration, permits the determination of bound radioactivity by conventional 

spectrometry. The radioactivity thus determined is the total bound. The radioligand can also 

become absorbed to non-receptor sites to which it comes into contact, for example, proteins, 

tissue and filter papers. This is termed “non-specific” binding and it does not involve a 

pharmacologically relevant site. Operationally non-specific binding is the binding in the presence 

of an appropriate excess (> 1 0 0  fold) of unlabelled ligand that will compete with the radioligand for 

binding to the pharmacologically relevant site, and cause 1 0 0 % displacement of the radioligand 

from that site. In the present studies, the non-specific binding was defined using 10 pm 5-HT. 

The specific binding is calculated as the difference between the total binding and the non-specific 

binding.

100-,

80-

-o 60-
D

40-

20-

’50

Figure 5.1
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The specific binding counts are then calculated as a percentage of the counts determined where 

there is no displacement of the radioligand, i.e. at the lowest concentration of test ligand used. 

The percentage of bound unlabelled ligand (i.e. B/Bmax) is plotted against log-io [L] (Figure 5.1). 

A computer-assisted least-squares curve fit procedure is then applied to determine the molar 

concentration of test ligand necessary to inhibit specific binding by 50% (IC50).

4.3 Functional Studies

The functional effects of the synthesised compounds were determined using a pSsjGTPyS  

binding assay. In this assay, the test ligands were measured for their ability to stimulate the 5- 

H T ia  receptor by measuring G protein activation. The generally accepted model for G protein 

activation is shown in Figure 5.2.

Agonist
■

Receptor

GDP

GTP

Effector

GDP

GTP

GTP

\ it

Figure 5.2

The inactive G protein exists as a heterotrimer with a GDP-bound a-chain (GDP-apy) and agonist 

binding to the receptor promotes its association with the G protein (1 ). This triggers the 

dissociation of GDP (2) and forms a transient “empty” state (apy). This complex of ligand, receptor 

and G protein is believed to underlie guanine nucleotide-sensitive high affinity agonist binding 

detectable in radioligand binding studies. Under normal cellular conditions, GTP then binds the 

empty guanine nucleotide binding site (3) and in the presence of Mg2+, triggers a conformational 

change and activation of the G protein (GTP-a*py) (4). This may then be followed by dissociation 

into free GTP-a* and Py subunits which regulate effector activities (for example adenylyl cyclase in
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the case of the 5-HT-|a receptor) (5). Endogenous GTPase then hydrolyses the a-subunit 

bounded GTP, leaving GDP-a which subsequently reassociates with py to reform heterotrimeric 

GDP-apy (6 ).

This process provides a means of assessing receptor function since the rate of GTP binding 

reflects the degree of receptor activation. Although GTP binding following receptor activation 

cannot be easily determined due to Its subsequent rapid hydrolysis, the binding of the 

radiolabelled non-hydrolysable analogue of GTP, p^SjG TPyS {[^^S]-guanosine-5’-0 -(3 -  

thiotriphosphate)}, can be measured and used as a direct index of receptor activation. Receptor 

activation is measured as the amount of p^S]GTPyS binding which is determined by liquid 

scintillation spectrometry as for the binding assays. A graph of the percentage stimulation versus 

drug concentration is then plotted and from the dose-response curves, EC50 and Emax values for 

each compound are determined via curve-fitting procedures. The value of Emax is calculated as 

the ratio of the maximal stimulation by the drug (obtained from the curve fit) to the corresponding 

maximal stimulation by 5-HT (100%) in the same experiment.

4.4 Pharm acological Protocols

The binding affinities of the synthesised compounds were assessed at the 5-HT-|a. 5-HT-|Da. 5- 

HT1 Dp, pi, P2 and P3 receptors. The 5-HTia receptor assays were carried out at Merck Sharp and 

Dohme (Biochemistry Department, Harlow, Essex) and the p-adrenergic receptor assays were 

carried out at Merck Research Laboratories (Molecular Pharmacology/Biochemistry Department, 

Rahway, New Jersey, USA). In all cases, cloned receptors transfected in either Chinese hamster 

ovary (OHO) or He La cells were used.

4.4.1 pH]8-OH DPAT Binding to Human Cloned 5-HT ia  Receptors Stably 

Transfected in HeLa Cells

4.4.1.1 Membrane Preparation

HeLa cells stably transfected with human cloned 5 -H T ia  receptors (HA6 , 2 .8  pmol of receptor 

per mg of protein) (obtained from Howard Hughes Medical Institute, Duke University, Durham, 

North Carolina) were grown to confluence in DMEM (Dulbecco’s MOD eagles medium) 

supplemented with 1 0 % foetal calf serum, 2 % glutamine, penicillin (1 0 0  units/ml), streptomycin 

(100 |ig/ml) and geneticin (400 pg/ml). Cells were then harvested in phosphate buffered saline 

(PBS), pelleted and stored at -70 °C. On the day of assay the pellets were thawed, weighed and 

homogenised in 10-15 volumes of ice-cold Tris-HCI wash buffer (50 mM, pH 7.7 at room 

temperature) with a Kinematica polytron (setting 5, 10 seconds) and centrifuged at 48000 x g 

(20000 rpm) for 11 minutes at 4 °C. The resulting supernatant was discarded and the pellet 

weighed before being resuspended in the same volume of ice-cold Tris-HCI buffer before being 

incubated at 37 °C for 10 minutes to remove any endogenous 5-HT, and recentrifuged at
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48000 X g at 4 °C for a further 11 minutes. The final pellet was then resuspended in assay 

buffer (50 mM Tris-HCI, 0.1% ascorbate, 10 |iM pargyline and 5.7 mM CaCl2 , pH 7.7 at room 

temperature), to give a washed weight : volume ratio of 1 : 250 (2 mg wet weight tissue per assay 

tube).

4.4.1.2 Radioligand Binding Assay

The binding was determined using 1.5 nM [^HjS-OH DPAT (TRK 850, specific activity 160- 

240 Ci/mmol; Amersham International, UK) made up in assay buffer. Non-specific binding was 

defined using 10 |iM 5-HT made up in assay buffer. 100 pi of the test drug made up in assay 

buffer was added to a final volume of 1 ml. The polypropylene incubation tubes were set up in 

duplicate, as follows:

Binding
Experiment

Buffer 5-HT Test Drug Ligand Membrane

Total 400 pi - - 10 0  pi 500 pi

Non-specific 300 pi 1 0 0  pi - 10 0  pi 500 pi

Test Drug 300 pi - 1 0 0  pi 10 0  pi 500 pi

The assay was initiated by the addition of membrane suspension and vortexing the tubes. The 

tubes were incubated, in groups of 48, at 2  minute intervals, for 20 minutes at 37 °C in a shaking 

water bath. The assay was terminated by filtering the tube contents through Whatman GF/B filters 

(presoaked for at least 60 minutes in 0.3% polyethylenimine (PEI)/0.5% Triton X I00) using a 

Brandel M-48 cell harvester, followed by 2 x 4 ml washes with ice cold Tris-HCI buffer. The filters 

were dried and coated with solid scintillant (meltilex) before being counted by liquid scintillation 

spectrometry (25-35% efficiency).

4.4.2 pH]5-HT Binding to Human Cioned 5-HTiDa and 5-HTiop Receptors Stabiy 

Transfected in CHO Celis

4.4.2.1 Membrane Preparation

The human 5-H T iD a and 5-HTiop receptor genes were obtained using polymerase chain 

reaction (PCR) techniques from human genomic DNA, subcloned into the mammalian expression 

vector, pcDNAIneo (Invitrogen), and stably transfected into CHO cells using a standard calcium 

phosphate precipitation technique.^^^ For the human 5-HTiDa receptor, cells were grown to 

confluence in IMEM with 2 x HT supplement (supplemented with 10% foetal calf serum, 

100 units/ml penicillin, lOO^pg/ml streptomycin, 2% glutamine and 400 pg/ml geneticin). 

Twenty four hours prior to harvesting, the cells were induced in medium containing 2.5 mM 

sodium butyrate. For the human 5-HTiDp receptor, cells were grown to confluence in EMEM
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(supplemented with 10% foetal calf serum, 1% non-essential amino acids, 10 0  units/ml penicillin, 

100 pg/ml streptomycin, 1% glutamine and 600 pg/ml geneticin). Cells were then harvested 

and pelleted in phosphate buffered saline and stored at -70 °C. On the day of assay, the pellets 

were thawed, weighed and lysed by homogenisation in 10-15 volumes of ice-cold 50 mM Tris- 

HCI wash buffer (pH 7.7 at room temperature) using a Kinematica polytron (setting 5, 

10 seconds), followed by centrifugation at 48000 x g for 11 minutes at 4 °C. The resulting 

supernatant was discarded and the pellet weighed before being resuspended in the same 

volume of ice-cold Tris-HCI buffer, incubated for 10 minutes at 37 °C, to remove any 

endogenous 5-HT, and recentrifuged at 48000 x g at 4 °C for a further 11 minutes. The final 

pellet was resuspended in assay buffer (50 mM Tris-HCI, 0.1% ascorbate, 10 pM pargyline and 

4 mM CaCl2 , pH 7.7 at room temperature) to give 6  mg wet weight tissue per assay tube for 

both receptor subtypes.

4.4.2.1 Radioligand Binding Assay

The binding was determined using 2.0 nM final concentration pH]5-HT (TRK 1006, specific 

activity 50-100 Ci/mmol; Amersham International, UK) made up in assay buffer. The non-specific 

binding was defined using 10 |iM 5-HT. 100 pi of the test drug was added to a final volume of 

1 ml. The incubation tubes were set up in duplicate, as follows:

Binding
Experiment

Buffer 5-HT Test Drug Ligand Membrane

Total 400 pi - - 10 0  pi 500 pi

Non-specific 300 pi 1 0 0  pi - 100  pi 500 pi

Test Drug 300 pi - 1 0 0  pi 100  pi 500 pi

The assay was initiated by the addition of the membrane suspension and vortexing the tubes. 

The tubes were incubated, in groups of 48, at 2 minute intervals, for 30 minutes at 37 °C in a 

shaking water bath. The assay was terminated by filtering the tube contents through Whatman 

GF/B filters (previously soaked for at least 60 minutes in 0.3% PEI/0.5% Triton X I 0 0 ) using a 

Brandel cell harvester, followed by 2 x 4 ml washes with ice-cold Tris-HCI wash buffer. The filters 

were dried and treated with solid scintillant (meltilex) before being counted.

4.4.2.S Data Analysis

Each displacement curve consisted of 10 concentrations ranging from 10 mM to 300 pM. In all 

cases the data represented specific binding only. Each inhibition curve was analysed by non

linear, least squares regression analysis using an iterative curve fitting routine (Marquardt- 

Levenburg method) provided by the data manipulation software RS/1 (BBN Software Products
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Corporation, Cambridge MA, USA). The affinity values are expressed as IC50 values, which is the 

molar concentration of drug necessary to inhibit specific binding by 50%. The data are expressed 

as mean ± SEM from n experiments (where n > 2 ). The binding assay results are discussed in 

Chapter 6 .

4 .4 .3  [^25|]Cyanopindolol Binding to Human Cloned Pi-, p2- and pa-Adrenergic 

Receptors Stably Expressed in CHO Cells

4.4.3.1 Membrane Preparation

CHO cells expressing the receptors were grown for 3-4 days after subculturing. The attached 

cells were washed three times with phosphate buffered saline and lysed in a hypotonic buffer 

(1 mM Tris-HCI, pH 7.2 at room temperature) for 10 minutes in ice. The membranes were 

centrifuged in an SS34 Sorvall rotor for 15 minutes (18000 rpm, 4 °C). The membranes were 

resuspended in TME buffer (75 mM Tris-HCI, pH 7.4 at room temperature, containing 12.5 mM 

MgCl2 , 1.5 mM EDTA). For the Pg-adrenergic receptor assays, the resuspension buffer also 

contained 4 pM desipramine and a protease inhibitor cocktail (10 mM Perfabloc, 2 mg/ml 

leupeptin and 2  mg/ml soybean trypsin inhibitor). Prepared membranes could be aliquoted and 

stored at -70 °C for up to one year without loss of activity.

4.4.3.2 Binding Assays

The amount of protein added to the assay tubes was determined empirically with each cell line 

(see below). The optimum number of counts per tube is between 3000- 5000 cpm for the 100% 

binding control. Non-specific binding was determined by adding the non-specific |3-adrenergic 

receptor antagonist, propranolol, at a final concentration of 10 pM for the p i- and p2 ' 3 drenergic 

receptor assays, and at 100 pM for the Pg-receptor assay. The assay was initiated by the addition 

of the membranes, the radioligand, [^^^Ijcyanopindolol C^SpcYP), and the unknown drug at a 

range of concentrations, in a final volume of 250 pi of TME buffer. The final concentration of 

radioligand was 40 pM for the Pi-and p2 -adrenergic receptor assays, and 250 pM for the P3 - 

receptor assay. The tubes were incubated at room temperature with shaking until the reaction 

reached equilibrium (approximately 1 hour). The samples were filtered through GF/C glass fibre 

filters using a 96-well IMSCO cell harvester. For the ps-adrenergic receptor samples, the filters 

were presoaked in 0.1% polyethylenimine. The filters were counted using a gamma counter.

The number of fmols/mg were determined using a range of membrane protein concentrations 

from 5 pg to 40 pg with a saturating concentration of the radioligand CYP. For the Pi- and P2 - 

receptor assays, the final concentration in the tubes was 240 pM and for the P3 receptor assay, 

720 pM. Non-specific binding (approximately 5-10%) was determined as specified above. The 

specific counts per minute were determined by subtracting the non-specific counts from the total 

counts and dividing by the specific activity of the ligand. The number of fmols thus derived were
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divided by the amount of protein added per tube.

4.4.4 Agonist-induced p5s]GTPyS Binding to Human Cloned 5-HTia  Receptors 

Stably Expressed In HeLa Cells

4.4.4.1 Membrane preparation

HeLa cells stably transfected with human cloned 5-H Tia  receptors (HA6 , 2.8 pmol of receptor 

per mg of protein) (obtained from Howard Hughes Medical Institute, Duke University, Durham, 

North Carolina) were grown to confluence in DMEM (Dulbecco’s MOD eagles medium) 

supplemented with 1 0 % foetal calf serum, 10 0  units/ml penicillin, 1 0 0  pg/ml streptomycin and 

400 pg/ml geneticin. Cells were then harvested and pelleted in phosphate buffered saline 

(PBS) and stored at -70 °C. On the day of assay cells were thawed, weighed and lysed by 

homogenisation in 10-15 volumes of ice-cold wash buffer (20 mM HERES, 10 mM EDTA; 

pH 7.4 at room temperature) using a Kinematica polytron (setting 5, 10 seconds) and 

centrifuged at 40000 x g for 15 minutes at 4 °C. The resulting supernatant was discarded and 

the pellet weighed before being resuspended in the same volume of ice-cold 20 mM HEPES 

buffer containing 0.1 mM EDTA (pH 7.4 at room temperature) and recentrifuged at 40000 x g 

at 4 °C for a further 15 minutes. The final pellet was then weighed and resuspended in assay 

buffer containing 20 mM HEPES, 100 mM NaCI, 10 mM MgCl2 , 0.1% ascorbate and 10 pM 

pargyline, pH 7.4 at room temperature.

4.4.4.2 Binding Assay

Binding was determined using 100 pM final concentration P^S]GTPyS (SJ 1320, specific activity 

1000-1400 Ci/mmol; Amersham International, UK) made up in assay buffer. 100 pi of the test 

drug or assay buffer (basal/blank) was added to polypropylene tubes followed by 2 0 0  pi assay 

buffer. 100 pi of GDP (10 pM final concentration) was made up in the assay buffer and added to 

each tube just before addition of the membranes. The reaction was initiated by the addition of 

500 pi of membrane suspension to all tubes (500 pi of assay buffer to blanks), vortexing and 

placing in a shaking water bath at 30 °C for 20 minutes. The tubes were then transferred to iced 

water for 15 minutes before the addition of 100 pi p^SjGTPyS and a further Incubation in a 

shaking water bath at 30 °C for 30 minutes. The assay was terminated by filtering the tube 

contents through wetted GF/B filters using a Brandel cell harvester, followed by 1 x 5 ml wash 

with water. The filters were dried either in an oven or overnight at room temperature before being 

treated with solid scintillant (meltilex) and counted by liquid scintillation spectrometry.

4.4.4.S Data Analysis

Dose-response curves were fitted by non-linear least squares regression analysis. Emax values 

were calculated as the ratio of the maximal stimulation by the drug, which was obtained from the 

curve fit, to the corresponding maximal stimulation by 5-HT in the same experiment.
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5. Pharm acological Results and Discussion

This chapter discusses the results obtained from the pharmacological studies of the synthesised 

compounds. The primary aim was to build on the existing structure-activity data^®^’ ®̂® and use 

this information to obtain compounds with improved potencies at the 5-HT ia  receptor.

Since the synthesised compounds are analogues of the potent p-adrenergic receptor 

antagonists, propranolol and pindolol, their binding affinities at p-receptors were also measured in 

order to establish their 5-HT ia  receptor selectivity. As discussed in Sections 1.6.4.3 and

1.8.2, certain compounds that bind to 5-HT ia  receptors also show high affinity for 5-HT i d  

receptors. The 5 -HT i d  receptor affinities of the synthesised compounds were therefore 

determined in the hope that this may provide information on the structural modifications required 

to increase 5-HT ia  receptor selectivity.

An important property of the p-adrenergic antagonist lead compounds is their ability to behave as 

5-HT-iA receptor antagonists (Section 1.7). Therefore, the compounds were tested using the 

[2^S]GTPyS functional assay described in Section 4.3 in order to determine whether they 

retained the antagonist activity of the lead compounds.

Due to variations in biological assay procedures, comparing data from different binding assays 

may not be reliable. The pharmacological assay procedure employed in our present study 

involved the use of cloned human receptors, whereas the majority of binding data were reported 

when cloned receptors were not commonly employed, using rat membrane preparations instead. 

Comparison of data obtained from rat membranes with those obtained from cloned human 

receptors may prove to be unsuitable for developing reliable structure-activity relationships. For 

this reason important lead compounds, for which only data from rat membrane assays are 

available, have been retested using the cloned receptor assays.

5.1 Indoly loxyalky lam ine Analogues

5.1.1 5-HT-ia Receptor Binding and Functionai Studies

The results of the 5-H Tia receptor binding and functional studies for the series of indole-based 

compounds, are shown in Table 5.1. The IC50 and EC50 data are expressed as mean ± SEM 

values, determined over two or more separate experiments. Compounds UGL 1001, 

UGL 1006 and UGL 1128 were first reported by Gharagozloo^GS gn j have been retested 

using the cloned 5-HTia receptor assay.
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0(CH2)nNR'R^

Ccv-
H

Compound X n r 2
5 -HT1A

ICso/nM ECgo/nM °/oEmax

UGL 1001* H 3 Me Me
880 ± 25 

(121) 1043 ±111 76

UGL 1570 H 2 Me Me 227 ± 44 437 ± 64 93

UGL 1 5 7 lt H 2 Me Me > 10000 > 10000 NT

UGL 1572 H 2 Et Bu 200 ± 38 287 ± 41 71

UGL 1816 H 2 Pr Pr 273 ± 62 365 ± 45 78

UGL 1853+ ON 2 Me Me > 10000 NT NT

UGL 1006* H 3 H H
815 ± 285 

(832) 2250 ± 350 58

UGL 1128* C02Me 2 Et Bu
37.5 ± 15.5 

(20 ± 6) 200 ± 31 85

Figures in parentheses indicate previously reported binding data from rat membrane preparations 
‘ Compound first reported by Gharagozloo 
'I'Dialkylated compound 
NT = not tested

Table 5.1

The IC50  values for UGL 1006 and UGL 1128 determined using cloned human 5 -H T ia  

receptors are in close agreement with the corresponding values previously determined using rat 

membrane preparations. However UGL 1001, which was first synthesised by Gharagozloo and 

has been reported to bind to the 5-H Tia receptor with an IC50 value of 121 nM (determined using 

a rat membrane assay), was resynthesised and found to possess an IC50  value of 880 nM at 

cloned human 5-HTia receptors. When the original sample was assayed at cloned human 5-HTia  

receptors, the IC50  value was found to be 670 ± 130 nM. These data suggest that UGL 1001 

may be less potent than originally reported.

In contrast to pindolol, which has been found to display antagonist properties in certain functional 

assays (Section 1.7), these indoles exhibit either full agonist (UGL 1570) or partial agonist 

properties in the p5s]G TP yS  binding assay. UGL 1571 and UGL 1853, which are both 

alkylated at the indole nitrogen atoms, are inactive at the 5-H Tia  receptor. Generally the EC50
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values are in agreement with the IC50  values, with the exception of the primary amine, UCL 

1006.

5.1.1.1 Alkyl Chain Length

As indicated by UCL 1001 and UCL 1570,  decreasing the side chain length by one 

methylene unit from n = 3 to n = 2, increases the 5 -H T ia  receptor affinity by a factor of 

approximately four-fold. This observation is in exact agreement with the results obtained for the 

series of naphthalene analogues described by Pierson et al., which were discussed in Section

1.8.3.  

5.1.1.2 Amine Substituent

Since UCL 1570, UCL 1571 and UCL 1816 possess similar 5 -H T ia  receptor affinities, it can 

be concluded that amine substitution has little effect on the 5 -H T ia  affinity. This is further 

supported by the observation that the primary amine UCL 1006 is equipotent with the 

dimethylamino analogue, UCL 1001.

5.1.1.3 Indole-2 Substitution

The introduction of a methyl ester substituent in the indole-2 position of UCL 1572, i.e. UCL 

1128 produces a five-fold increase in the 5-H Tia affinity. However this difference is not reflected 

in their corresponding EC50 values.

5.1.2 5-HT1A versus 5-HTio Receptor Selectivity

The binding results for the above compounds at 5-HTiDa and 5-HTiDp receptors are summarised 

in Table 5.2.

Compound
ICso/nM 5 -HT1A Selectivity

5 -HT1D0C 5-HT 1 Dp 5-HTiDa 5 -HT1DP

UCL 1001 1157 ± 299 3200 ± 493 1.3 3.6

UCL 1570 140 ± 10 615 ± 7 5 0 . 6 2.7

UCL 1572 645 ± 285 1750 ± 150 3.3 8 .8

UCL 1816 877 ± 255 4350 ± 950 3.2 15.9

Table 5.2

The results indicate that the compounds do not possess significantly high 5 -H T ia  versus 5- 

HTiDa selectivities. However a comparison of the 5-HTiop binding results of these compounds
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with the binding data for pindolol and its 2-substituted analogues shown in Table 1.3, at the 5- 

H T ib  receptor (the rat homologue of the human 5-HT-|dp receptor), indicates that the above 

compounds possess improved 5-HT ia  receptor selectivities, since pindolol, cyanopindolol and 

SDZ 21009 are equipotent at 5-HT ia  and 5-HTi g receptors.

A comparison of the 5-H Tia  receptor binding affinity of UCL 1001 with UCL 1570 suggests 

that ethyl, rather than propyl side chains are preferred at both 5-H Tid  sites. Since this is also a 

requirement for increased 5 -H T ia  potency, UCL 1570 shows low 5 -H T ia  versus 5 -H T id  

receptor selectivity. Although the amine alkyl substituents appear to have little effect on 5-H Tia  

affinity, larger amine substituents appear to confer greater 5-H Tia  versus 5-HTiDp selectivity, as 

indicated by the relative affinities of UCL 1570, UCL 1572 and UCL 1816.  The 

dipropylamino analogue, UCL 1816, shows approximately sixteen-fold selectivity for 5 -H T ia  

versus 5-HTidp receptors, whereas the dimethylamino compound UCL 1570 shows only three

fold selectivity.

5.1.3 (3-Adrenergic Receptor Binding

The above compounds were tested for their abilities to inhibit [l^^l]cyanopindolol binding to p- 

adrenergic receptors at either 1 |iM or 10 iiM. The results of these binding experiments are 

shown in Table 5.3.

Compound

Pi
% Inhibition

P2
% Inhibition

Ps
% Inhibition

1 |xM 10 |iM 1 |iM 10  pM 1 pM 10 |iM

UCL 1001 8 45 4 31 NT NT

UCL 1570 9 52 0 21 NT NT

UCL 1572 52 1 0 0 0 15 9 2 0

UCL 1816 0 0 0 0 NT NT

NT = not tested

Table 5.3

These results indicate that the compounds possess much lower affinities for p-adrenergic 

receptors compared with 5-H Tia and 5-HTi o receptors. Since the IC50 value indicates the drug 

concentration that causes 50% inhibition, the IC50  values of both UCL 1001 and UCL 1816, 

should exceed 10 )iM, as suggested by the inhibition data. Therefore these compounds 

possess considerable selectivities for 5-HTia versus p adrenergic receptors.
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5.1.4 Summary

The 5-HT-ia receptor binding data indicate that alkyl groups on the amine do not appear to affect 

the affinity of the compounds substantially, since the dimethylamino analogue, UCL 1001 

possesses the same affinity as the primary amine UCL 1006. However, amine substitution 

affects the receptor selectivity of the compounds with larger alkyl groups showing improved 5- 

H T ia  versus 5-HTiDp receptor selectivity. Comparing the IC50  value of UCL 1572 with that of 

its indole-2 ester-substituted analogue, UCL 1128, it can be seen that incorporation of the 

ester substituent is the major factor in increasing the 5-H Tia affinity of these compounds.

Although the indolyloxyethylamine UCL 1816 appears to be approximately 10-15 times less 

potent than pindolol at the 5 -H T ia  receptor, this compound represents a considerable 

improvement, since it shows a 16-fold selectivity for 5 -H T ia  versus 5-HTiDp receptors whilst 

possessing negligible affinity for pi and p2 receptors. The 5-H T ia  affinity of this compound may 

be further enhanced by the incorporation of substituents in the 2 -position of the indole ring.

UCL 1816

Functional data from the GTPyS assay indicate that these indolyloxyalkylamines behave as partial 

or full agonists. The reason for this is unclear, since the compounds are structurally similar to 

pindolol, which has been described as a 5-HT-|a antagonist. A possible explanation is that the 

hydroxyl group in the side chain of pindolol may be necessary to confer antagonist properties in 

the molecule; this possibility is explored further in the propranolol series.

5.2 N aphthyloxyalkylam ine A nalogues

5.2.1 5-HT1A Receptor Binding and Functional Studies

The results of the 5-H Tia receptor binding and functional studies for the propranolol analogues 

bearing a carboxymethyl ester substituent are shown in Table 5.4. UCL 1854 and UCL 1045 

were retested at cloned human 5-H Tia  receptors and have been found to be less potent than 

originally reported. To provide a more accurate comparison, data from cloned human 5 -H T ia  

receptors are used throughout the following discussions. The IC50  and EC50 data are expressed 

as mean ± SEM values, determined over at least two separate experiments.
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0 (CH2)nNR’ R^

Compound X n R1 r 2
5 -HT1A

ICso/nM ECso/nM %Emax

UCL 1045* 6-G02Me 3 H 'Pr 2400 ± 1000 
(1230)

> 10000 32

UCL 1665 C02Me 3 H 'Pr 223 ± 12 483 ± 116 84

UCL 1666 C02Me 3 Me Me 297 ± 23 637 ± 153 83

UCL 1678 C02Me 3 Et Bu 115 ± 3 5 327 ± 82 90

UCL 1693 C02Me 2 Et Bu 5.2 ± 2.4 85 ± 30.1 102

UCL 1960 C02Me 2 Me Me 62.5 ± 16.5 99 ± 21.8 104

UCL 1854t H 2 Et Bu 98.7 ± 7.0 
(39 ± 2)

223 ± 62 82

Figures In parentheses Indicate previously reported binding data from rat membrane preparations 
‘ Compound synthesised by Gharagozloo.
^Compound first synthesised by Pierson et al.

Table 5.4

As shown in the above tables, the EC50 results derived from the GTPyS binding assay generally 

parallel the IC50 results. However there is a large difference of approximately 16-fold between the 

two IC50 and EC50 values of the C0 2 Me substituted analogue, UCL 1693, although the reason 

for this discrepancy is not clear.

The 5 -HT1A receptor binding and functional data for the analogues of propranolol which contain 

other substituents in the naphthalene-7 position along with various amine alkyl substituents in the 

side chain are summarised in Table 5.5.
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0 (CH2)nNR^R^

Compound X R1 R2
5-HT ia

ICso/nM ECso/nM % Emax

UCL 1957 'Pr Et Bu 45 + 14 11 9 ± 3 1 101

UCL 1958 'Pr Me Me 121 ± 4 0 118 ± 34 116

UCL 1967 01 Et Bu 22.7 ± 4.7 24 ± 8.9 95

UCL 1968 Cl Me Me 111 ±  29 92 ± 18.9 99

UCL 1939 F Et Bu 216 + 72 142 ± 44 106

UCL 1959 F Me Me 245 ± 135 330 ± 130 101

UCL 1914 OMe Et Bu 11 ± 4 .0 15.3 ±  5.1 105

UCL 1915 OMe - o 14 ± 2 .0 17 ± 2.4 98

UCL 1916 OMe — __ N̂Me 1 3 0 ±  10 170 ± 42 101

UCL 1927 C0 2 'Pr Et Bu 86.5 ±  4.5 32.5 ±  9.5 81

UCL 1969 C0 2 'Pr - O 6 8  ± 5.0 197 ± 7 92

Table 5.5

5.2.1.1 Position of Naphthaiene Substituent

The 7 -CO2 M0  analogue of UCL 1854, i.e. UCL 1693, is over 18 times more potent at the 5- 

H T ia  receptor than its unsubstituted analogue. The 6 -C0 2 Me substituted analogue, UCL 

1045,  is over ten times less potent than its 7 -C0 2 Me analogue, UCL 1665. These 

observations indicate that the substituent in the naphthalene-7 position must provide a further 

point of interaction with the 5-H Tia site. The effect of different naphthalene substituents on the 

5-H T ia  binding affinity of this series is discussed in detail in Section 5.3. That the 6 -substituted 

analogue is much less active than the unsubstituted compound suggests that the substituent in 

the naphthalene-6  position interferes with the binding of this compound at the 5-H Tia  site.

5.2.1.2 Alkyl Side Chain Length

As reported by Pierson etal.,^^^ compounds possessing an ethyl side chain are more potent at
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the 5 -H T ia  receptor than their propyl homologues. For example, UCL 1960 is approximately 

five times more potent than UCL 1666. This difference is considerably enhanced in the 

ethylbutylamino analogues UCL 1854 and UCL 1678, in which there is a 22-fold increase in 

binding affinity of the ethyl analogue compared with the propyl analogue.

5.2.1.3 Amine Substituent

A comparison of the 5-HT-|a receptor binding affinities of the two 7 -C0 2 Me substituted 

naphthyloxypropylamines, UCL 1665 and UCL 1666 show that they are almost equipotent at 

the 5-HT-IA site. However the NEtBu analogue, UCL 1678, is more potent than the NMe2 

analogue, by a factor of 2 .6 . The latter observation is in agreement with the results obtained by 

Pierson et al. in the series of unsubstituted naphthyloxyethylamines, where the NEtBu analogue 

was found to be twice as potent as the corresponding NMe2 analogue (Section 1.8.3.5). This is 

in contrast to the indole series shown in Table 5.1, where the NEtBu and NMe2 analogues are 

equipotent. In the series of 7-substituted naphthyloxyethylamines, the relative 5-HT-|a receptor 

affinities of the NEtBu analogues compared with the NMe2 analogues vary considerably, as 

shown in Table 5.6.

X ICso/nM 
NMe2 analogue

ICso/nM 
NEtBu analogue

Relative (NMeg) 
Affinity iCgoiNEtBu)

C0 2 Me 62.5 5.2 1 2 . 0

01 11 1 22.7 4.9

'Pr 12 1 45 2.7

F 245 216 1.1

Table 5.6

The above data indicate that the effect of the naphthalene 7-substituent on the binding affinity in 

the NMe2 series is less marked than in the NEtBu series, which suggests that the NEtBu group 

provides a better fit at the 5-HT-|a receptor binding site.

Within the series of 7-methoxy substituted compounds shown in Table 5.5, the piperidine 

analogue, UCL 1915, possesses the same 5 -H T ia  receptor binding affinity as the 

ethylbutylamino derivative, UCL 1914. This result is not surprising, since the two amine alkyl 

substituents are similar in terms of steric bulk.

The N-methylpiperazine derivative, UCL 1916, is much less potent than either UCL 1914 or 

UCL 1915 by a factor of about ten. This large decrease in 5 -H T ia  receptor affinity may be
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attributed to the presence of a second nitrogen in the ring. Since this nitrogen may also interact at 

the amine binding site of the receptor, its presence effectively causes the molecule to behave as 

if the nitrogen were further along the side chain. Therefore the binding affinity of this compound 

is comparable to those compounds which possess a propyl side chain, such as those shown in 

Table 5.4. A comparison of the hexamethyleneimine analogue of UCL 1927, i.e. UCL 1969, 

indicates that this amine ring system is approximately equivalent to the N-ethylbutylamino group in 

terms of 5-H Tia receptor binding affinity. The above results suggest that amine substituents that 

are of a similar steric bulk as the N-ethylbutyl group may be introduced into the ethyloxy side chain 

without loss of affinity.

5.2.1.4 Naphthalene Substitution

The results of the 5 -H T ia  receptor binding studies for the series of analogues of UCL 1854 

which are substituted in the 7-position of the naphthalene ring are shown below (Table 5.7).

OCHzCHgNEtBu

Compound X
5 -HT1A

ICgo/nM ECso/nM %Emax

UCL 1883 CONH2 3.3 ± 1.6 0.77 ± 0.09 100

UCL 1693 C02Me 5.2 ± 2.4 85 ± 30.1 102

UCL 1914 OMe 11 ± 4 15.3 ± 5.1 105

UCL 1967 Cl 22.7 ± 4.7 24 ± 8.9 95

UCL 1956 Me 43 ± 16.8 38.3 ± 13.1 95

UCL 1957 'Pr 4 5 ±  14 119 + 31 101

UCL 1971 CN 66.5 ± 15.5 78.5 ± 5.5 92

UCL 1927 C02'Pr 86.5 ± 4.5 32.5 ± 9.5 81

UCL 1854 H 98.7 ± 7 223 ± 62 82

UCL 1939 F 216 ± 72 142 ± 44 106

UCL 1970 CO2 H 2355 ± 5 1 4 5333 ± 2099 97

Table 5.7
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As shown in Figures 5.1 and 5.2, in most cases the EC50 data indicate that the compounds are 

less potent than suggested from their IC50 values. In particular, the IC50 and EC50 values for the 

C0 2 Me substituted compound, UCL 1693 differ by a factor of approximately 16 and those for 

the CONH2 substituted compound, UCL 1883 differ by four-fold. The reasons for this are not 

clear, since although it has been reported that the affinity of agonists for the 5-HTia receptor is 

decreased in the presence of high concentrations (ca. 10'^ M) of GTP or its analogues,^^® the low 

concentration of 0.1 nM used in the GTPyS binding assay is not likely to affect agonist binding 

appreciably.

-3 —

CONH2  COglVIe OMe Cl 'Pr Me CN COg'Pr H
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Figure 5.2

These data illustrate the significant effect of the naphthalene 7-substituent on the 5-HT 1A
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receptor affinity of this series of compounds. With the exception of the fluoro and carboxylic acid 

substituted analogues, these 7-substituted naphthyloxyethylamines are more potent at the 5- 

HT i a  receptor than the unsubstituted analogue, UCL 1854. The fluoro substituted compound 

UCL 1939 is approximately equipotent with the unsubstituted compound and the carboxylic 

acid substituted analogue, UCL 1970 is approximately 24 times less potent. The considerable 

reduction in potency of the carboxylic acid substituted compound suggests that the major factor 

in causing the loss in affinity is not simply the effect of electronic or steric interaction of the 

substituent at the 5-H Tia site. Since UCL 1970 contains both acidic (-CO2 H) and basic groups 

(-NEtBu) in the same molecule, they undergo an intramolecular acid-base reaction and exist 

primarily in the form of a dipolar ion, or zwitterion (Figure 5.3). This zwitterion effectively behaves 

as a salt which hinders its ability to access the active site of the receptor, resulting in the low affinity 

of the compound.

\
Bu

C O O H C O O "

Figure 5.3

A quantitative discussion of the substituent effect on the 5-H Tia  receptor binding affinities of the 

compounds shown in Table 5.7 is presented in Section 5.3.

5.2.2 5-HT1A versus 5-HTid Receptor Selectivity

The 5-HTiDa and 5-HTiDp receptor binding results for the 7 -C0 2 Me substituted propranolol 

analogues are shown in Table 5.8. With the exception of UCL 1693, the above compounds 

possess higher affinities for 5-HT 1 o compared with 5-H Tia receptors.

In contrast to the pindolol series shown in Table 5.2, which possess greater selectivities for 5- 

HTiDp versus 5-HTiDa receptors, these compounds do not discriminate between the two 5-HTid  

receptors, and show approximately equal affinities at both 5-H T id  sites. Although UCL 1693 

shows approximately five-fold selectivity for 5 -H T ia  versus 5-HTiDp receptors, this compound 

does not show appreciable 5-HTi a versus 5 -H T iD a  receptor selectivity. Compounds 

UCL 1678 and UCL 1666, which possess propyl side chains, are less potent at the 5-HTiDa  

receptor than their respective ethyl side chain homologues, UCL 1693 and UCL 1960, by 

about six-fold, although the differences between their 5-H TiD a potencies are only about two

fold. This suggests that in the naphthalene series (as is the case with the indole series) ethyl side
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chains are preferred at both 5-H Tia and 5-HTid sites. In the indole series, the compounds with 

larger amine alkyl substituents show greater 5-HTia versus 5-HTiDp selectivities. However this 

does not appear to be the case with the substituted naphthalenes shown in Table 5.8.

0 (CH2)nNR^R2

0  2 M e

Compound n R1 r 2
ICso/nM 5-HT ia  Selectivity

5-HT-iDa 5-HTiDp 5-HTiDa 5-HT-iDp

UCL 1665 3 H 'Pr 205 ± 25 104 + 27 0.9 0.5

UCL 1666 3 Me Me 95 ± 5 54 + 12 0.3 0 .2

UCL 1678 3 Et Bu 55.5 ± 3.5 48.5 ± 9.5 0.5 0.4

UCL 1693 2 Et Bu 7.4 ± 2.3 28.7 ± 2.2 1.4 5.5

UCL 1960 2 Me Me 15.1 ± 6 .7 21.1 ± 4 .6 0 .2 0.3

Table 5.8

Similar results were obtained for the propranolol analogues shown below in Table 5.9. With the 

exception of UCL 1914, which possesses ten-fold selectivity for 5 -H T ia  versus S-HTipp  

receptors, these compounds are either more potent or equipotent at both 5-HTiDa and 5-HT-|Dp 

receptors.

Whereas the ethylbutylamino series are more potent than the corresponding dimethylamino 

analogues at the 5 -H T ia  receptor (Section 5 .2 .1.2), there appears no parallel correlation 

between the amine substituent and 5-HTid affinity. For example, whereas the 7-OMe substituted 

analogues, UCL 1914 and UCL 1915 are equipotent at the 5 -H T ia  receptor, the latter is 

more potent at both 5-HTid receptors.
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0{CH2)nNR^R2

Compound X R1 R2
lOso/nM 5-HT-|a Selectivity

5-HTiDa 5-HTiDp 5-HTiDa 5-HTiDp

UCL 1967 01 Et Bu 10.1 ± 1.1 25.3 ± 8.7 0.4 1.1

UCL 1968 01 Me Me 13.5 ± 0.5 37 ± 8 0.1 0.3

UCL 1939 F Et Bu 135 ± 2 9 347 ± 28 0 . 6 1 .6

UCL 1959 F Me Me 60 ± 4.7 78.3 ± 10.9 0 . 2 0.3

UCL 1914 OMe Et Bu 31.5 ± 5.5 1 1 0 2.9 1 0

UCL 1915 OMe - o 7.9 ± 0.4 6 .0  ± 2.1 0 . 6 0.4

UCL 1916 OMe — __ N̂Me 91.5 ± 0.5 2 0 0  ± 10 0.7 1.5

UCL 1927 0 O2 'Pr Et Bu 11.4 ± 3 .5 27.0 ± 18.7 0 .1 0.3

UCL 1969 0 O2 'Pr - o 1.3 2.3 0 . 0 2 0.03

Table 5.9

As shown below in Table 5.10, the series of 7-substituted propranolol analogues possessing 

ethylbutylamino groups in the side chain also possess high affinities for 5 -HT i d  sites. The 

compound bearing a carboxylic acid substituent in the naphthalene ring shows low affinity for both 

5 -H Ï1 D  receptors. However, as discussed in Section 5.2.1.4, this is probably due to the 

zwitterionic nature of the compound rather than a direct interaction of the acid group with 

receptor.

As found in the case of their 5-H Tia receptor affinities, the affinities of these compounds for 5- 

HTiDa and 5-HTid|3 receptors vary with the substituent on the naphthalene ring. The potency 

order of these compounds at both 5-HTid receptors appears to parallel their potency order at 5- 

H T ia  receptors, with the C0 2 Me- and C0 NH2 -substituted compounds showing the highest 

affinities. In common with the majority of the compounds discussed above, their 5-H Tia versus 5- 

H TiD p receptor selectivities are greater than their 5 -H T ia  versus 5-HT-|Da selectivities. 

UCL 1914 is the only compound in the naphthyloxyalkylamine series to possess some
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selectivity for 5-HT i a  versus 5-H T iD a receptors. This compound also possesses moderate 

selectivity for 5-HT ia  versus 5-HT-|Dp receptors. A quantitative discussion of the effect of the 

substituent on the 5-HT-|d  binding affinities of this series of compounds is presented in Section

5.3

OCH2CH2NEtBu

Compound X
ICso/nM 5-HT-ia  Selectivity

5-HTiDa 5-HTiDp 5-HT 1 Da 5-HT 1 Dp

UCL 1883 CONH2 4.6 ± 0.3 19.5 ± 2.5 1.4 6 .0

UCL 1693 C0 2 Me 7.4 ± 2.3 28.7 ± 2.2 1.4 5.5

UCL 1914 OMe 31.5 ± 5.5 1 1 0 2.9 1 0

UCL 1967 Cl 10.1 ± 1.1 25.3 ± 8.7 0.4 1.1

UCL 1956 Me 40.7 ± 6.7 190 ± 12 0.9 2.7

UCL 1957 'Pr NT NT - -

UCL 1971 CN 23.5 ± 4.5 94.5 ± 15.5 0.4 1.4

UCL 1927 C0 2 'Pr 1.3 2.3 0 . 0 2 0.03

UCL 1854 H 140 ± 30 430 ± 20 1.4 4.4

UCL 1939 F 135 + 29 347 + 28 0 . 6 1 .6

UCL 1970 CO2 H > 1 0 0 0 > 1 0 0 0 0 - -

Table 5.10

5.2.3 p-Adrenergic Receptor Binding

The results of the p-adrenergic receptor binding studies of the 7-C02Me substituted propranolol 

analogues are shown in Tables 5.11 and 5.12:
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0(CH2)nNR^R2

0  2 M e

Compound n R1 R2
P1

% Inhibition
P2

% Inhibition
Ps

% Inhibition

1 |iM 10  pM 1 pM 10  pM 1 îM 10  ^M

UCL 1665 3 H 'Pr 1 0 0 1 0 0 98 1 0 0 1 0 21

UCL 1666 3 Me Me 70 1 0 0 74 93 5 1 2

UCL 1678 3 Et Bu 63 98 64 94 0 24

UCL 1693 2 Et Bu 40 87 51 94 17 2 0

UCL 1960 2 Me Me 35 82 2 0 7 16 24

Table 5.11

Compound ICso/nM 5-HT ia  Selectivity

Pi P2 Pi P2

UCL 1665 94 51 0.4 0 . 2

UCL 1666 770 800 2 . 6 2.7

UCL 1693 2 0 0 0 770 385 148

Table 5.12

With the exception of UCL 1665, the compounds display relatively low affinities for p-adrenergic 

receptors. Replacement of the NH'Pr group in the side chain of UCL 1665 with a dimethylamino 

group, i.e. UCL 1666, causes a reduction in both the p i- and p2 -adrenergic receptor affinities by 

factors of 8  and 16 respectively. This suggests that secondary, rather than tertiary, amines are 

preferred at p-adrenergic receptor sites, whereas their 5-H Tia receptor affinities are not greatly 

affected.

A comparison of UCL 1666 with UCL 1678 and UCL 1693 with UCL 1960, indicates that 

compounds containing propyl side chains are preferred at p-adrenergic sites. Since UCL 1693 

contains both an ethyl side chain and a bulky amine group in the side chain, which are the factors 

known to both enhance 5 -H T ia  and decrease p-adrenergic receptor affinities, this compound 

shows the greatest 5-H Tia versus p-adrenergic receptor selectivity, as shown in Table 5.12.
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Similar results were obtained with the series of compounds possessing other naphthalene and 

amine alkyl substituents (Tables 5.13 and 5.14).

0(CH2)nNR^R^

Compound X R1 R2

Pi
% Inhibition

P2
% Inhibition

P3
% Inhibition

1 pM 10 pM 1 pM 10 pM 1 pM 10 pM

UCL 1958 'Pr Me Me 9.4 53 2 2 59 0 0

UCL 1968 01 Me Me 4.9 55 2 2 61 0 9.0

UCL 1959 F Me Me 0 19 4.5 20 0 0

UCL 1915 OMe “ O 1050 = 1800 IO50 = 1100 NT

UCL 1916 OMe — __^NMe 1050 = 2100 IO50 = 2400 NT

UCL 1969 C0 2 'Pr ” 0 0 1.1 8.2 56 2.3 14

Table 5.13
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OCHgCHgNEtBu

Compound X

Pi
% Inhibition

P2
% Inhibition

Pa
% Inhibition

1 pM 10 pM 1 pM 10 pM 1 pM 10 pM

UCL 1883 CONH2 IC50  = 25400 IC50 = 13100 NT

UCL 1693 COaMe IC50 = 2 0 0 0 IC50 = 770 17 2 0

UCL 1914 OMe IC50 = 5300 IC50 = 1800 NT

UCL 1967 01 1 .6 52 13 56 7.9 9.3

UCL 1956 Me 0 0 0 19 4.1 8.7

UCL 1957 Ipr 0 15 0 30 6.5 13

UCL 1971 ON 1.5 43 28 75 8.4 14

UCL 1927 C0 2 'Pr 0 1.1 8 .2 56 2.4 14

UCL 1854 H NT NT NT

UCL 1939 F 0 0 0 2 0 11 17

UCL 1970 CO2 H 0 11 0 0 8.7 13

Table 5.14

For the compounds in which the p-adrenergic receptor IC50  values have been determined, their 

5 -HT1A versus p-adrenergic receptor selectivities are shown in the following table:

Compound 5 -HT1A Selectivity

Pi P2

UCL 1883 7700 3970

UCL 1693 385 148

UCL 1914 482 164

UCL 1915 129 79

UCL 1916 16 18

Table 5.15
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Tables 5.13-5.15 indicate that these substituted naphthyloxyalkylamines are relatively selective 

for 5-HT-ia versus p-adrenergic receptors, showing low affinities for the latter. The inhibition data 

suggests that the compounds generally have higher binding affinities for P2 -adrenergic receptors 

than the other p-adrenergic receptors and possess negligible binding to ps-adrenergic receptors. 

In agreement with the earlier observation that bulkier amine alkyl groups on the side chain inhibit 

binding to p-adrenergic receptors, the compounds that contain an ethylbutylamino group in the 

side chain (UCL 1693, UCL 1967, UCL 1957 and UCL 1939) show lower p-adrenergic  

receptor affinities compared with their corresponding dimethylamino analogues (UCL 1960, 

UCL 1968, UCL 1958 and UCL 1959).

5.2.4 Summary

In the series of naphthyloxyalkylamine analogues of propranolol, it has been established that 

incorporation of certain substituents in the 7-position of the naphthalene ring increases their 5- 

HT-ia  binding affinity. The structure-activity relationships of these substituted naphthalenes are in 

agreement with the previously reported results obtained for the non-substituted analogues. For 

example, the ethylbutylamino group in the side chain appears to be optimal in this series, probably 

for steric reasons, since the compounds containing piperidino and hexamethyleneimine groups 

bind with similar affinities to their ethylbutylamino analogues. However, according to various 

proposed models of 5-H Tia receptor binding sites, it has been suggested that there is a region of 

bulk tolerance at the terminal amine alkyl site.^^®’^^® Since only a narrow range of amine alkyl 

substituent bulk has been explored so far, it may be possible that even larger amine alkyl groups 

may increase the 5-HTia receptor affinity.

In contrast to the 7-substituted naphthyloxyalkylamine series, a comparison of the 6-C 02M e  

substituted naphthalene, UCL 1045 with the unsubstituted analogue, UCL 1854 reveals a 

large decrease in 5 -H T ia  receptor binding affinity. This would indicate the presence of an 

unfavourable interaction at the 5-H Tia  binding site, although the nature of this interaction is not 

known.

The naphthyloxyalkylamine series generally show poor 5-HT i a  versus 5-HT i d  selectivities 

compared to the compounds in the indolyloxyalkylamine series. The compounds possessing 

methoxy, amido and carboxymethyl substituents (i.e. UCL 1914, UCL 1883 and UCL 1693) 

show modest selectivity for 5 -H T ia  versus 5-HTiDp receptors, although only the methoxy 

substituted compound shows any 5 -H T ia  versus 5-H TiD a selectivity. In many cases, the 

compounds actually possess higher affinities for 5-HTid receptors.

Unlike the requirements for high 5-HT-|d receptor affinity, which appear to be similar to those 

required increased 5-HT ia  receptor affinity, the structural modifications required for increased p-
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adrenergic receptor affinity are different. For example bulky tertiary amines on an ethyl side chain 

are required for increased 5-H Tia receptor affinity, whereas secondary amines on a propyl side 

chain are preferred at p-adrenergic receptors. Consequently, these naphthyloxyalkylamines 

possess substantial 5-H Tia versus p adrenergic receptor selectivities.

5.2.5 Functional Activity of Propranolol Derivatives

As discussed above, both the indolyloxyalkylamine and naphthyloxyalkylamine series 

synthesised in this study have been found to behave as agonists in the GTPyS functional assay. 

However, the lead compounds pindolol and propranolol have been reported to display antagonist 

or weak partial agonist properties in various functional a s s a y s . P o s s i b l e  reasons for 

the change in the functional behaviour of these structurally similar compounds include:

• changing the side chain amine from a secondary amine to a tertiary amine

• inclusion of a substituent in the naphthalene-7 position

• removal of the side chain hydroxyl group

To investigate these possibilities, two analogues of propranolol, UCL 1665 and UCL 1962 

were synthesised. In order to provide a valid comparison with the functional data from the 

compounds in this study, the functional properties of propranolol was determined using the 

GTPyS assay. The 5-H T ia  binding and functional results for these compounds are shown in 

Table 5.16.

Compound Structure
5-HT ia

ICso/nM ECso/nM %Emax

UCL 1665
CO 2 M e

223 ±  12 483 ± 1 1 6 84

UCL 1961
(±)-propranolol

X 510 ±  50 245 ±  75 31

UCL 1962

O^'^'N'^NHiPr
Js^,^^^C02lVle 77.5 ±  22.5 440 ±  60 55

Table 5.16

As indicated by the %Emax values, racemic propranolol (UCL 1961) behaves as a partial agonist 

in this particular assay, with a low %Emax value. UCL 1665, a structural analogue of propranolol
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possessing a non-hydroxylated side chain, behaves as an agonist (%Emax = 84). This suggests 

that the antagonist properties of propranolol do not reside in the interaction of the secondary 

amine group in the side chain. Therefore the change in the functional behaviour between the two 

compounds must be due to either to the removal of the hydroxyl group in the side chain, or the 

incorporation of the 7 -C0 2 Me substituent in the naphthalene ring. However, the %Emax data for 

UCL 1962, which contains the hydroxyl group in the side chain and the 7 -C0 2 Me substituent 

indicates that it is a partial agonist. The antagonist properties of propranolol must therefore reside 

in the interaction of the hydroxyl group in the side chain with the 5-HTia receptor. The inclusion 

of a hydroxyl group in the side chain also increases the 5-HT-|a affinity of the compound by 

approximately three-fold, as illustrated by the IC50 values of UCL 1665 and UCL 1962, 

although this is not reflected in the EC50 data.

The 5-HT-ia receptor antagonist properties of propranolol and pindolol have not been fully 

studied. Models of the 5-HT-|a receptor agonist (based on indolealkylamines such as serotonin) 

and antagonist (based on aryloxypropanolamines such as pindolol) binding sites have been 

proposed by Kuipers et al.^^^ For antagonists, three interactions were identified, namely an ionic 

bond between the basic nitrogen and Asp116 on helix I I I  and two hydrogen bonds linking the 

hydroxyl group of the aryloxypropanolamines or the phenolic oxygen of pindolol with Asn386 on 

helix V II. In comparison, the agonist binding site has been postulated to involve the same ionic 

bond to Asp116 and two hydrogen bonds linking the 5-OH substituent and indole nitrogen to 

Thr200 and Ser199, respectively on helix V (Figure 5.4).

Asn386

O
HN

HN O

A s p i16

Thr200

Seri 99

_ ,0 H

A s p i16

Antagonist Binding Site Agonist Binding Site

Figure 5.4

According to these models, the naphthyloxyalkylamines which do not contain a hydroxyl group in

128



Pharmacological Results and Discussion

the side chain, which behave as agonists, must interact at the agonist binding site. This model 

accounts for the fact that a wide range of alkyl groups on the side chain amine are well tolerated at 

the 5 -H T ia  receptor, since there is a larger amount of free space around the region of the ionic 

interaction between the protonated amine and Asp116 on helix II I .  The model also accounts for 

the fact that 2-methyl substitution of the indole at the agonist binding site is detrimental to its 5- 

H T 1 A affinity, due the close proximity of helix IV .  Kuipers et al. proposed that the 

aryloxypropanolamines, such as propranolol, are not capable of inducing an agonist effect 

because they do not occupy the essential area between helix I I I ,  IV , V  and V I. However, if the 

binding interactions of the naphthyloxyalkylamines at the agonist binding site were the same as 

those shown in Figure 5.4, alignment of the Asp116 interaction with the amine in the side chain 

and the Thr200 interaction with the ether group would result in the difficult accommodation of the 

naphthalene ring into the region between helix IV  and V .

The aryloxypropanolamine antagonist binding site proposed by Kuipers et al. accounts for many 

of the observed structu re-activity data for this class of compounds. For example, the hydroxyl 

group interaction at Asn386 accounts for the differences between the affinities of the optical 

isomers of pindolol and propranolol. This model also accounts for the increased affinity of 

cyanopindolol compared with pindolol, possibly due to an additional interaction with a residue on 

helix II.

It is possible that both the aryloxyalkylamines possessing a hydroxyl group in the side chain and 

those without, interact at the same binding site, with the differences in their functional properties 

being due to allosteric effects caused by the additional binding interaction of the hydroxyl group. 

The close similarity of the structure-activity data of aryloxypropanolamines and the 

aryloxyalkylamines synthesised in this study strongly supports this hypothesis. For example, the 

increase in 5-H Tia receptor affinity observed in the substitution of the 2 -position of pindolol with a 

cyano group is observed in both the indolyloxyalkylamine and in the naphthyloxyalkylamine 

series. The loss of one of the binding interactions at the Asn386 residue of the antagonist site, 

accounts for the lower affinity of the non-hydroxylated side chain compound, UCL 1665 

compared with the corresponding hydroxylated side chain analogue, UCL 1962.

5.3 QSAR Studies

5.3.1 Introduction

Drug-receptor interactions, and therefore drug binding affinities, are determined by the 

physicochemical parameters of the drug, such as polarity, ionisation and electron density - i.e. 

their chemical structure. Since these physicochemical parameters can be measured and 

expressed in quantitative terms, the intermolecular binding forces as a function of structure can
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also be expressed numerically. Therefore if the biological activity of drugs within a series can be 

measured and the mode of action within the series is identical, it should be possible to calculate a 

quantitative structure-activity relationship (QSAR).

OCHgCHgNEtBu

Compound X
5-HT ia ICso/nM

ICso/nM ECso/nM 5-HTiDa 5-HT1 Dp

UCL 1883 CONH2 3.3 0.77 4.6 19.5

UCL 1693 C0 2 Me 5.2 85 7.4 28.7

UCL 1914 OMe 11 15.3 31.5 1 1 0

UCL 1967 01 22.7 24 10 .1 25.3

UCL 1956 Me 43 38.3 40.7 190

UCL 1957 Ipr 45 119 - -

UCL 1971 ON 66.5 78.5 23.5 94.5

UCL 1927 C0 2 'Pr 86.5 32.5 1.3 2.3

UCL 1854 H 98.7 223 140 430

UCL 1939 F 216 142 135 347

UCL 1970 CO2 H 2355 5333 > 1 0 0 0 > 1 0 0 0 0

Table 5.17

In the series of 7-substituted propranolol analogues shown in Table 5.17, it can be seen that the 

5 -H T ia  and 5 -HT-|d affinities of the compounds vary according to the substituent on the 

naphthalene ring. Since the only variation in the structure of the series is in the naphthalene 

substituent, it is reasonable to assume that a relationship exists between the physicochemical 

parameters of these substituents and their 5-HT ia  and 5-HT i d  receptor binding affinities. 

However, this assumption is only valid if the series of analogous structures act by the same 

mechanism.

5.3.2 Hansch Linear Free-Energy Model

This is the most commonly employed mathematical approach to QSAR. The basic assumption of
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the Hansch linear free-energy model is that, for a series of compounds in which the biological 

activities are affected by substituent changes in the molecules, the effect of substituents on the 

strength of interactions between a drug and its receptor is an additive combination of the effects 

of the substituents on various types of simpler model intermolecular in te ra c t io n s .T h e s e  

interactions are assumed to be electronic, steric (repulsion), hydrophobic and dispersive in 

nature. Various parameters have been used as measures of these interactions and the following 

sections summarise commonly used substituent descriptors.

5.3.2.1 Electronic Parameters

The Hammett substituent constant, a, is defined as the logarithm of the effect of the substituent 

on the acid dissociation constant of benzoic acid:

, Kx lo g -^  = po
i\i-i

where K% is the dissociation constant of benzoic acid carrying substituent X, and Kh is the 

dissociation constant of unsubstituted benzoic acid. The reaction constant p is defined as being 

equal to 1 for benzoic acids. Electron-withdrawing substituents have positive a values, whereas 

electron-donating substituents have negative a values. The value of a depends on the position 

of the substituent thus there are separate values for meta (am) and para (op) substituents. Values 

of a  derived from ortho substituents are not reliable since they are also subject to steric 

influences. Although Hammett o values represent both inductive and resonance effects, 

attempts to separate the two components have been made by Swain etal.,^^^ resulting in 3 (field) 

and (resonance) values. These values may be used instead of a  for QSAR studies.

5.3.2.2 Steric Parameters

The first attempts to include steric effects in linear free-energy relationships between the 

structure and pharmacological activity of a molecule was the Taft steric parameter. Eg. This 

parameter is defined as the difference between the logarithm of the relative rate of the acid- 

catalysed hydrolysis of a carboxymethyl substituted compound, and the logarithm of the rate of 

hydrolysis of methyl acetate as standard:

l o 9 ~  = pEs

where Kx is the rate constant for the hydrolysis of R-X and Kh is the rate constant for the 

hydrolysis of methylacetate. For this particular reaction, the reaction constant p is defined as being 

equal to 1 . The size of the substituent X will affect attainment of the transition state by water:
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OH

XCH2~  Ç O R

HÔH

This definition assumes that the electronic effects of X can be neglected on attainment of the 

transition state. Due to the nature of their measurement, Eg values for substituents that are 

unstable under the conditions of acid hydrolysis, such as CN or halogen, cannot be determined 

directly. However, Charton^^^ showed that Eg is related to the van der Waals radii of the 

substituents and Kutter and Hansch^^® used this relationship to determine Eg for a variety of new 

substituents.

Since the steric influence of substituents in the interaction of organic compounds with drug 

receptors is far more complicated than the steric effects in simple homogeneous organic reactions 

for which Eg was designed, other multiparameter approaches have been used. An example of 

this approach is the Verloop p a ra m e te rs ,w h ic h  were derived by a computer program 

(“STERIMOL”) using van der Waals radii, standard bond angles and lengths, and “reasonable” 

conformations (derived by molecular mechanics) to define the spatial requirements of a 

substituent. There are five dimensions associated with the Verloop parameter (Figure 5.5). The 

length parameter L, refers to the length of the substituent along the axis of the bond between the 

first atom of the substituent and the parent molecule. The width parameters B1-B4 are 

determined by the distance at their maximum point perpendicular to this attachment bond axis and 

each other. Bi is the minimum van der Waals radius at right angles to the L axis. The other radii 

are distances measured perpendicular to L at 90°, 180° and 270° rotation from Bi and are labelled 

B2-B4 in order of increasing value.

Figure 5.5

In a later variation^^® only three measurements are used - L, B-] and B5 . The length parameter L 

refers to the original description of L. As shown below in Figure 5.6 for the methoxy substituent, 

Bi is the smallest distance from the axis of the attachment bond, measured perpendicularly to the
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edge of the substituent. The original Verloop parameters are shown in grey. B5 is the maximum 

width of the substituent orthogonal to L, but independent of the angle between Bi and B5 . The 

Bi parameter has been shown to be highly correlated with Taft’s Eg parameter.

Figure 5.6

The revised set of Verloop parameters offers an advantage over the original set, since the number 

of terms introduced into the regression analysis is smaller. However these parameters may 

oversimplify the complexity of molecular shape, and cannot cope with the problem of the 

unknown geometry of the binding site and its steric constraints.

5.3.2 3 Hydrophobic Parameter

The relative hydrophobicity of a substituent is defined by the parameter tc, which is analogous to

a. This parameter refers to the effect of the substituent on the logarithm of the octanol-water 

partition coefficient P:

Pxlo g -^  = p7[

where Px is the partition coefficient of a derivative and Ph that of the parent compound. The 

constant p is defined as being equal to 1 for partition between octanol and water. A positive value 

of K indicates that relative to H, the substituent favours the octanol phase, whereas a negative 

value indicates a hydrophilic character relative to H.

5.3.2.4 Dispersion Parameter

As in the case of hydrophobic effects, dispersive forces are non-specific. The molar refractivity 

(MR) of substituents is a bulk steric parameter which is a measure of van der Waals interactions. 

Experimentally, the molar refractivity is obtained via the refractive index.

5.3.3 QSAR Procedure

Since the Hansch linear-free energy model assumes that the biological activity is proportional to a
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combination of the above substituent effects, it may be mathematically expressed as follows:

log (1 /C ) = a + bTu + cEg + c/MR + ea

where 0  is the concentration required to produce some standard biological response. 

Alternatively, the relationship may be parabolic in the n term:

log (1 /0 )  = a + bTc + CTĈ + cEg + eMR + fc

The initial stage in the QSAR procedure is to establish biological activity data for a set of 

compounds. The compounds in Table 5.17 were chosen to give a wide range of values of the 

various parameters, as illustrated in the Craig plot (Figure 2.1). Using the biological data (i.e. IC50 

or EC50 values), the data is fitted into the above equations by multivariate regression analysis to 

determine the coefficients of the various parameters.

Once a regression equation having a high correlation has been established with the original data 

set, the coefficients of each of the variables are studied. Those with coefficients approaching 

zero are removed from the subsequent regression analyses. The procedure is repeated until 

further removal of a variable results in a low value of r or r̂ , indicating a poor correlation. The final 

regression equation is then analysed for statistical and pharmacological validity.

5.3.3.1 Evaluation of the Regression Model

The correlation coefficient, r, is an indicator of how well the equation resulting from the regression 

analysis explains the relationship among the variables by comparing the estimated (calculated 

from the curve fit) and actual log (1/C) values. The value of r ranges between 0 to 1, with a value 

of 1 indicating a perfect correlation in the sample, i.e. there is no difference between the 

estimated log (1/0) values and the actual log (1/0) value. At the other extreme, a value of 0 

indicates that the regression equation is not helpful in predicting the value of log (1/0). The value 

of r̂  is a measure of the explained variance. For example, if the value of r for a regression equation 

is 0.96, the equation explains 92% (0.96^ x 100%) of the variation. Generally for QSAR purposes 

the value of the correlation coefficient must be greater than 0.8. However for a large set of 

compounds, the observed variation will be higher and therefore the regression equation may be 

valid even if the value of r̂  is lower than 0.8. For a small number of compounds, the observed 

variation will be lower and therefore the regression equation will only be valid if r̂  is high.

The standard deviation s, is an absolute measure of the quality of fit, and is defined as:

g 2  _  ^ ( V o b s  “  y  c a lc )

n — k — 1
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The value of s considers the number of objects n, and the number of variables k. Therefore s 

depends on the number of degrees of freedom, DF = n - k -1 , as well as the quality of fit. The 

larger the number of objects and the smaller the number of variables is, the smaller the standard 

deviation s will be for a certain value of Z(Vobs - Ycalc)-

The F value is a measure of the level of statistical significance of the regression model, i.e. 

whether the observed relationship occurs by chance:

F =
r^ (n -k -1 )

k (1 -r")

The number of variables being included to derive the model has an even stronger influence than 

in the case of the standard deviation s; only F-observed values being larger than the tabulated F- 

critical values for 95% significance limits (Table 5.18) prove the overall significance of a 

regression equation.

k = number of variables in the regression equation

DF 1 2 3 4 5 1 0 20

1 161.40 199.50 215.70 224.60 230.20 241.90 248.00
2 18.51 19.00 19.16 19.25 19.30 19.40 19.45
3 10.13 9.55 9.28 9.12 9.01 8.79 8.66
4 7.71 6.94 6.59 6.39 6.26 5.96 5.80
5 6.61 5.79 5.41 5.19 5.05 4.74 4.56

10 4.96 4.10 3.71 3.48 3.33 2.98 2.77

20 4.35 3.49 3.10 2.87 2.71 2.35 2.12
30 4.17 3.32 2.92 2.69 2.53 2.16 1.93
60 4.00 3.15 2.76 2.53 2.37 1.99 1.75
oo 3.84 3.00 2.60 2.37 2.21 1.83 1.57

Table 5.18

Cross-validation is a procedure for checking the statistical validity of a regression model. In this 

procedure, the data set is divided into a number of groups. The groups may contain one or more 

compounds. If the group contains one compound, then there will be n groups (n = number of 

compounds used in the regression procedure). The model is fitted to the data set, reduced by 

one of the groups. The residual sum of squares [S(ycalc - Yobs)^] 's then calculated for the 

modified data set. In the next round, the procedure is repeated, but with the second group left 

out. This procedure is continued until each group (or each data point) has been left out once 

only. At the end of the cross-validation procedure, there will be a residual sum of squares value

135



Pharmacological Results and Discussion

for each point. The sum of these values, the PRESS (Predictive REsidual Sum of Squares) is a 

measure of the predictive power of the model for a given data set. The PRESS contains one 

contribution from each observation. If the PRESS is smaller than the sum of squares of the 

response values [Z(yobs - Ymean)^] (SSY), the model predicts better than chance and can be 

considered to be statistically significant. In a reasonable QSAR model, PRESS/SSY should be 

lower than 0.4, whereas a value smaller than 0.1 indicates an excellent model.

5.3.4 Limitations of QSAR Studies

5.3.4.1 Data Interpretation

The parameters which may be used in QSAR analysis are limited to those which may be defined 

numerically. In addition, the values of the various substituent parameters must be available over a 

wide range of substituents. For example the Taft steric parameter (Eg) cannot be used where the 

substituent under investigation is an ester group (as some of the compounds in the above 

naphthalene derivatives contain) due to the procedure by which it is obtained. Alternatives to Eg, 

such as the Verloop parameters must be employed. However, the introduction of three sets of 

variables for each substituent presents a further problem in the statistical analysis since a large 

number of parameters lead to a greater probability of a chance correlation. A regression equation 

containing a large number of variables for a small number of compounds cannot be considered as 

statistically valid. The number of parameters must be chosen to enable a valid statistical analysis 

and the usual procedure is to employ one parameter for every five compounds. Therefore, in the 

series of substituted propranolol analogues shown in Table 5.17, the resulting regression 

equation will only be statistically valid if it contains no more than two variables.

5.3.4.2 Collinearity

Since data has been obtained for a limited set of compounds, it is important to gain the maximum 

amount of information from each derivative to be tested. This means that all the known variables 

that may cause a change in activity of the parent molecule when a substituent change is made 

must be considered. Obviously this is limited to variables that have been numerically defined and 

the variables must be independent of one another. Table 5.19 lists the variables for the 

substituents in the present study.
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S ubst. K MR 3 91 L Bs
CONH2 -1.49 2.22 9.81 0.36 0.28 0.24 0.14 4.06 1.05 3.07
COaMe -0.01 0.0001 12.87 0.45 0.37 0.33 0.15 4.73 1.64 3.36

OMe -0.02 0.0004 7.87 -0.27 0.12 0.26 -0.51 3.98 1.35 3.07
Cl 0.71 0.50 6.03 0.23 0.37 0.41 -0.15 3.52 1.80 1.80

Me 0.56 0.31 5.65 -0.17 -0.07 -0.04 -0.13 2.87 1.52 2.04
ip r 1.53 2.34 14.96 -0.15 -0.07 -0.05 -0.10 4.11 1.90 3.17
CN -0.57 0.33 6.33 0.66 0.56 0.51 0.19 4.23 1.60 1.60

COz'Pr 1.07 1.14 20.48 0.45 0.37 0.33 0.15 5.50 1.35 4.03
H 0 0 1.03 0 0 0 0 2.06 1 1

F 0.14 0.02 0.92 0.06 0.34 0.43 -0.34 2.65 1.35 1.35

Table 5.19

The independence of these variables cannot be determined by simple inspection of the values of 

the substituent parameters. However, the collinearity of the data sets can be analysed using 

correlation matrices. The correlation matrix showing r^ values for the above data set is formulated, 

as shown below (Figure 5.7). From this matrix, it can be seen immediately that some of the 

substituent parameters show high collinearity (r^ > 0.8). For example, MR is highly collinear with 

L (r^ = 0.81) and B5 (r^ = 0.86). Therefore, using either L or B5 would give almost the same result 

as using MR in the regression analysis. If the regression analysis is carried out using the MR 

parameter and the resulting equation contains a term in MR, it will not be possible to deduce 

whether the parameter that actually influences the biological activity is MR, L or B5 . In order to 

resolve this, a regression analysis of a different set of substituents, which do not show collinearity 

between these terms, must be carried out.

Jt 7i2 MR Op Om 3 9t L Bi Bs
K 1.00

0.01 1.00

MR 0.14 0.31 1.00

Op 0.14 0.00 0.08 1.00

Om 0.14 0.03 0.01 0.74 1.00

3 0.11 0.09 0.00 0.46 0.92 1.00

9t 0.05 0.10 0.17 0.64 0.15 0.01 1.00

L 0.01 0.14 0.81 0.28 0.21 0.13 0.19 1.00

Bi 0.09 0.20 0.14 0.02 0.02 0.01 0.01 0.16 1.00

Bs 0.04 0.25 0.86 0.02 0.00 0.00 0.04 0.74 0.09 1.00

Figure 5.7

5.3.5 Regression Procedure

For the substituent correlation analyses of the compounds shown in Table 5.17, several 

restrictions were applied according to the above information. As described previously, the

137



Pharmacological Results and Discussion

carboxylic acid substituent of UCL 1970 is subject to interaction with the amine group in the 

naphthalene side chain. This affects the biological activity of the compound in a different manner 

from the other compounds in the series. Since the Hansch model assumes that the compounds 

interact in the biological system in a common manner, this compound is excluded from the 

regression procedure.

In the Hansch equations shown previously, hydrophobic, steric, dispersive and electronic factors 

are represented by n (and k )̂, Eg, MR and Op, respectively. In order to perform the regression 

analyses, each of these values must be available for every substituent in the series. Since Eg is 

not obtainable for ester substituents, only the Verloop parameters are used.

5.3.6 Experimental

In the following sections, the multivariate analyses were set up and executed using the least 

squares linear multiple regression analysis functions, LINEST and TREND, in Microsoft Excel. 

Several regression analyses were performed in an attempt to find a correlation between the 

substituent effects and 5-H T ia  affinity. In addition, attempts to find correlations between the 

substituent effects and both 5-HTiDa and S-HTiop receptor binding affinities were made.

The starting variables for each regression experiment were chosen according to Figure 5.7, 

using only the sets of variables that do not show high collinearity (r  ̂< 0.8). Since both L and B5 

are both highly collinearity with MR, neither of these Verloop parameters were used, since they 

would give the same result in the regression analysis. The starting variables for each regression 

experiment in the 5-HT-|a. 5 -H T id« and 5-HTid|3 correlation analyses are summarised below 

(Table 5.20). Experiments A, B and C differ in the electronic parameter used, i.e. the field and 

resonance parameters were investigated separately from ap and am, to determine which gives the 

best fit.

Regression
Substituent Parameter

Hydrophobic Dispersion Electronic Steric

A 7C, MR 3,91 B i

B n, MR ap B i

C n, 7ĉ MR CTm B i

Table 5.20

The aim of these experiments was to determine the coefficients Co-Cn of the following modified
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Hansch equations by least squares multiple regression analyses:

A. piCgo = c,7t + + C3MR + C43  + + Cq

B. plCgo = c^ K  + + C3MR + ĉ Op + + C q

C. pICso = C,7C + ĈTĈ + C3MR + Ĉ Om + CgB̂  + C q

For the 5-HTia receptor binding affinity correlation studies, since the plCgo and pECgo values do 

not show high collinearity (r  ̂= 0.49) (Figure 5.2), both sets of data were Investigated separately. 

Regression experiments A, B and C were carried out for each set of binding data (I.e. 5-HT-|a 

(IC50), 5 -HT1A (EC50), 5-HTiDa and 5-HT-|Dp). resulting In a total of twelve experiments. In each 

experiment, the regression equation resulting from the starting variables was analysed, and the 

numerically Insignificant terms In the equation were removed from the subsequent regression, 

taking both the magnitudes of the coefficient and the variable Into account. The procedure was 

repeated until a low correlation (r < 0.7) was obtained.

5.3.7 Results

5.3.7 .1 Naphthalene Substituent versus  5 -H T ia  Receptor Affinity (IC50)

Regression analysis of the 5-HTia receptor IC50 data gave equations having low correlation 

coefficients, even when all the starting variables were Incorporated. The highest value of r was 

0.91, which was obtained when all the starting variables from experiment A were Included In the 

regression analysis:

PIC50 = -0.837Ü -  O.SlTĈ  -  0.08MR -1.513 -  0.889t + 1.48Bi -  3.76 (1)

Equation 1 contains too many variables for the relatively small set of data points and Is therefore 

not statistically valid. As summarised In below In Table 5.21, removal of some of the variables 

causes a decrease In the value of r to below the acceptable value of 0.8 for a good correlation.

Regression Equation (5-HT ia  binding) r S DF F

2 plCgo = -0.707C + 0.06MR - 0.893 - 0.889t + 1.04Bi - 3.27 0.85 0.46 4 2.13

3 PIC50 = -0.70% + 0.06MR - 0.91 Op + 1.03Bi - 3.27 0.85 0.41 6 3.33

4 PIC50 = -0.64% + 0.05MR - 1 .OSOm + 1 05Bi - 3.11 0.76 0.76 5 2.76

5 pICso = -0.50% + 0.04MR + 0.87Bi - 3.04 0.76 0.47 6 2.67

Table 5.21
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Additionally, the F values corresponding to the above equations are significantly lower than the F- 

critical values shown in Table 5.18, indicating a significance level of less than 95%. Therefore 

these equations are not reliable models of the 5 -H T ia  binding affinities of the series of 

substituted naphthalenes.

5.3.T.2 Naphthalene Substituent versus  5 -H T ia  Receptor Affinity (EC50)

Regression analysis of the 5-H Tia  receptor EC50  data for the series of naphthalenes did not yield 

a good correlation (Table 5.22). As in the previous case, the value of r is low, even when all the 

variables are used in the regression experiment. The highest value of r was 0.85, which was 

obtained when all the variables in Experiment A were used, generating the following equation:

pECso = - 0 .737c-0.2971^ -  0 .0 5 M R -0 .0 4 3 -1.299t + 0.21Bi -2 .5 1 (6)

Taking the number of variables into account, the value of the correlation coefficient (r = 0.85) for 

this equation is low. Removal of variables produced regression equations having unacceptably 

low correlation coefficients.

Regression Equation (5-HT-|a binding) r S DF F

7 pECgo = -0.7971 + 0.08MR - 1.269Î + 0.53Bi - 2.97 0.80 0.56 5 2.27

8 PEC5 0  = -0.8571 + 0.07MR - 1.01Op+ 0.67Bi - 2.89 0.81 0.55 5 2.42

9 pECso = -0.6371 + 0.05MR + 0.49Bi - 2.64 0.73 0.59 6 2.25

Table 5.22

5.3.7.3 Summary

The regression analyses of the 5 -H T ia  receptor IC50 and EC50  binding data failed to generate 

statistically viable models. It is therefore not possible to assess the importance of steric, 

electronic, hydrophobic or dispersive parameters in determining the 5-H Tia  binding affinity of the 

series of compounds under investigation using the above data. These preliminary results may 

suggest the involvement of several substituent physicochemical effects in determining the 5 - 

H Tia affinity of the compounds. However, analysis of a much larger set of compounds is required 

to support this.

5.3.7.4 Naphthalene Substituent versus 5-HT-|Q(x Receptor Affinity

Regression analysis of the 5-HTiDa receptor IC50 binding data proved to be more fruitful. The 

starting set of variables produced good correlations (r  ̂ > 0.98) in all three experiments (i.e. 

irrespective of the electronic parameter used). However the F values of these correlation 

equations do not compare favourably with the F-critical values shown in Table 5.18. Subsequent
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removal of variables from these equations from the regression analysis resulted in the equations 

summarised in Table 5.23.

Regression Equation (5-HT 1 pa affinity) r S DF F

10 plCgo = 0.92MR + 0.23Op + 0.09Bi - 2.95 0.96 0.24 5 19.21

11 P IC 50 = -0.1671 + 0.10MR + O.7OB1 - 3.08 0.96 0.23 5 21.69

12 pICso = 0.1 OMR + 0.72Bi - 3.08 0.95 0.23 6 31.35

Table 5.23

The F values for these correlation equations are much greater than the F-critical values required 

for 95% significance. The r̂  values of these correlations indicate that the regression equations 

explain at least 91% of the variance. Taking into account the number of variables contained in the 

regression equation in relation to the number of data points used in the analysis (i.e. five data 

points per variable), the equations containing more than two variables (i.e. Equations 10 and 11) 

must be rejected. Therefore Equation 12 (r = 0.96) appears to be a statistically viable model. A 

cross-validation procedure carried out on this model using nine groups, i.e. reducing the data set 

by one for each prediction gave a PRESS/SSY value of 0.09, indicating that this model is 

statistically significant.

2 .5 n -log IC50 (5-HTido) = 0.1 OMR + 0.72Bi - 3.08
H*

2 -

• Me

0 .5 -

0 0.5 1 1.5 2 2.5

log IC50 (obs.)

Figure 5.8

As illustrated in the above plot (Figure 5.8), the calculated plCgo values show a good fit with the 

experimentally obtained values. However, there are problems associated with the collinearity 

between the substituent parameters, as discussed in Section 5.S.4.2. Since the MR parameter
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is highly collinear with both the Verloop L and B5 parameters, replacement of the MR parameter 

with either L or B5  in the regression analysis yields regression equations similar to Equation 12, as 

shown in Table 5.24.

Regression Equation (5-HT 1 affinity) r S DF F

13 plCgo = 0.53L + 0.29Bi - 3.70 0.89 0.35 6 12.11

14 pICso = 0.51 B5 + O.86B1 - 3.70 0.89 0.36 6 11.04

Table 5.24

The regression statistics for Equation 12 show higher values of r and F, and a lower value for the 

standard deviation than those for Equations 13 and 14, indicating that the MR term provides a 

better correlation. Equations 13 and 14 are nevertheless statistically valid and thus it is not 

possible to deduce which of these parameters actually influences the 5-H T -|D a  affinity in this 

series of naphthalenes. To resolve this, data from a new set of compounds which contain 

substituents that do not show significant collinearity between these terms must be analysed. 

However, despite the ambiguity of the regression equations. Equations 12, 13 and 14 suggest 

that the 5-HT 1 affinities of these compounds are determined predominantly by either steric, or 

a combination of steric and dispersive interactions, with little contribution from electronic or 

hydrophobic effects. The positive coefficients of MR and B-| in Equation 12 suggest that 

increasing the steric bulk of the substituent on the naphthalene ring favours 5-HTiDa binding. 

Therefore substituents such as COCgHs (MR = 30.33; B-| = 2.36), cyclohexyl (MR = 26.69; Bi = 

2.04) and CO2C3 H7 (MR = 22.17; Bi = 1.9) are predicted to have high 5-HT 1 receptor affinities, 

with calculated IC 50  values of 0 .0 2 , 0.09 and 0.3 nM respectively. In practice however, the 

regression equation may not be valid for parameter values that lie beyond the range of those used 

in the analysis and therefore the data should not be over-extrapolated.

5.3.7.S Naphthalene Substituent versus  5-HTiop Receptor Affinity

The results of the correlation analysis of the 5-HTiop receptor binding data are summarised in 

Table 5.25. Since the 5-HT 1 and 5-HTiop receptor binding data are almost exactly collinear (r 

= 0.98), the regression procedure produces equations that are similar to those obtained in the 

previous analysis.

Regression Equation (5-HTiDp affinity) r S DF F

15 PIC5 0  = 0.2371 + 0.38ti2 + 0.08MR + 0.57Bi - 3.38 0.99 0.13 4 54.11

16 pICso = 0.1 OMR + O.6 OB1 - 3.44 0.95 0.26 6 27.37

Table 5.25
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Although Equation 15 has the highest F value and the lowest standard deviation, it contains too 

many variables for the number of data points. Removal of the hydrophobic parameters produces a 

regression equation (Equation 16) which has a relatively high correlation coefficient, indicating 

little contribution from these terms. Equation 16, which contains only two variables has an F value 

of 27.37, which is larger than the F-critical value required for 95% significance, indicating its 

statistical validity. A cross-validation procedure carried out on the model using nine groups gave a 

PRESS/SSY value of 0.10, indicating a statistically significant model.

A plot of the plCgo values calculated from the regression equation versus the experimentally 

obtained values (Figure 5.9) illustrates that the two values are in good agreement.

3-1
-log IC5 0  (5-HTiDp) = 0.1 OMR + O.6 OB1 - 3.44

2 .5 -

Î  '
S 1 .5 -  
Ü

Me
••OMeCN

CONH2*

0 .5 -

0.5 1 1.50 2 2.5 3

log IC50 (obs.)

Figure 5.9

However the problems associated with the collinearity between the Verloop L and 6 5  parameters 

and the MR parameter are also present in this case. Replacement of the latter with either L or 6 5  in 

the regression analysis yielded Equations 17 and 18 (Table 5.26). The regression statistics for 

these two equations show lower values of r and F and a higher standard deviation, compared with 

the values for Equation 16. Since the F values of 8.59 and 8.09 are higher than the F-critical 

values indicated for 95% significance (Table 5.18), Equations 17 and 18 are statistically valid. 

However these results suggest that a better correlation is obtained using the MR parameter, 

rather than either L or 6 5 .
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Regression Equation (5-HT 1 op affinity) r S DF F

17 plC5o = 0.56L + 0.17Bi -4.04 0.86 0.41 6 8.59

18 pICso = O.52B5 + 0.76Bi - 4.10 0.85 0.42 6 8.09

Table 5.26

Since the 5-HTiDp receptor affinities closely correlate with the 5-HTiDa receptor affinities, the 

regression equations are also very similar, hence the 5-HT-|d|3 affinities of these compounds 

appear to be determined predominantly by steric and dispersion interactions with little 

contribution from electronic or hydrophobic effects. As observed in the analysis of the 5-HTiDa  

correlation (Equation 12), the positive coefficients of MR and B-| in Equation 16 suggest that 

increasing the steric bulk of the substituent on the naphthalene ring favours 5-HTiDp binding, 

with substituents such as cyclohexyl and CO2 C3 H7 predicted to possess high 5-HTiDp receptor 

affinities of 0.29 and 1.02 nM respectively. The similarity of Equations 12 and 16 suggests that 

reasonable 5-HTiDa versus 5-HTiDp selectivities cannot be achieved by varying the substituent 

in this series of 7-substituted naphthyloxyethylamines, since the steric and dispersive 

requirements for substituent interaction at these receptors appear to be very similar.

5.3.7.6 Summary

Regression analyses of the 5-HTiDa arid 5-HT 1 op receptor binding affinities of the 7-substituted 

naphthalene analogues have generated two statistically valid equations that correlate well with the 

5 -HT1D receptor binding data. The correlation equations suggest the involvement of two major 

physicochemical interactions in determining 5-HT-|a affinity, namely steric and dispersive, with 

negligible contributions from electronic and hydrophobic interactions. However, analysis of a 

further data set is required to resolve the problems associated with the collinearity between the 

MR, L and B5 parameters.

5.4 Conclusion and Future Perspectives

In this project, we have synthesised a series of novel aryloxyalkylamines based on the p- 

adrenergic receptor antagonists in an attempt to build on the limited existing structure-activity 

data. These compounds were tested for 5-HT ia  receptor affinity and were additionally evaluated 

at 5-HTiDa. 5-HT id p  arid p-adrenergic receptors, in order to establish their 5-HT ia  receptor 

selectivities.

The structure-activity data obtained for these compounds support the results from previous 

findings. Additionally, in the series of propranolol analogues we have identified a series of potent 

7-substituted naphthyloxyalkylamines that possess enhanced affinity for 5 -H T ia  receptors
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compared with their unsubstituted analogues. In particular, UCL 1693 and UCL 1883 are 100- 

150 times more potent than racemic propranolol at the 5-HT ia  receptor.

pCH2CH2NEtBu OCH2CH2NEtBu
,C 02M e .C O N H 2

UCL 1693 UCL 1883

These compounds have been found to possess excellent selectivities for 5-HT-|a versus p i- and 

P2 -adrenergic receptors (150- to 7700-fold). Although they are equipotent at 5-HTiDa receptors, 

they show modest (6-fold) selectivity for 5-HTid(3 receptors. A comparison of the 5-H Tia receptor 

affinities of these compounds with the 2,4-substituted indole analogues suggests that 1,7- 

substituted naphthalene rings improve the 5 -H T ia  receptor affinity, but not selectivity, of the 

aryloxyalkylamines.

In contrast to the p-adrenergic receptor antagonist lead compounds, 5 -H T ia  receptor functional 

studies have indicated that the synthesised aryloxyalkylamines behave as agonists. It was 

proposed that this change from antagonist to agonist activity was caused by the removal of the 

side chain hydroxyl group. Analysis of the functional data obtained for propranolol, 7-C02M e- 

propranolol and an analogue of the latter lacking the side chain hydroxyl function, suggests that 

this is indeed the case. These data suggest a 5-H Tia  receptor binding site for aryloxyalkylamine 

agonists that is different from the agonist binding site proposed by Kuipers et al.

The substituent effect of these compounds on 5 -H T ia  and 5-HT-|d binding affinity was 

investigated by obtaining binding data for a series of novel substituted naphthyloxyalkylamine 

analogues bearing a range of different naphthalene substituents. Using this binding data along 

with tabulated values for the various substituent parameters, attempts were made to fit the data 

into the Hansch linear free energy model to determine the relationship between the 

physicochemical properties of the substituents and the binding affinities of the compounds. 

Multiple least squares regression analysis of the 5-HT ia  receptor binding data failed to generate a 

statistically viable model for the 5-HT ia  receptor affinity of these compounds. The preliminary 

results from these correlation analyses suggest the involvement of more than two 

physicochemical effects of the substituent at the 5-HT ia  receptor site, although analyses of a 

new data set are required to confirm this. The new set of compounds must be chosen so that 

contain substituents for which the parameters to be used in the correlation analysis are available 

for the whole set. Secondly, the variables must be independent of each other to avoid 

ambiguous regression equations that cannot be resolved without resorting to the design of a
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further set of congeners.

The regression analyses of the 5-HTiDa and 5-HTiDp receptor IC50 data generated two similar 

models for the biological activities of the compounds at these sites. Cross-validation of these 

models indicated a high degree of statistical significance. However, due to the collinearity of the 

MR parameter with L and B5 Verloop parameters, it is not certain which of these contribute to the 

binding of the compounds at the 5-H T id  sites. To resolve this, a set of compounds in which 

these particular substituent parameters are not correlated must be analysed. The simplest 

method of choosing such compounds is to formulate plots of MR versus L and B5 for a series of 

substituents in a similar manner to the a versus n Craig plot in Figure 2.1. However, despite the 

collinearity problem, the models appear to exclude the influence of substituent electronic or 

hydrophobic effects to the binding affinity of the substituted naphthalenes at the 5-HT 1 o sites. If 

a satisfactory model can be generated for the 5-H Tia  receptor binding of these compounds, the 

information may be useful for determining whether the 5-H Tia  versus 5-HTid receptor selectivity 

of these analogues can be improved.
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6 . Experimental

Starting materials and solvents were obtained from Aldrich Chemical Company, Lancaster 

Synthesis, BDH or Merck. Tetrahydrofuran was distilled with sodium and benzophenone under 

an atmosphere of argon immediately prior to use. 2,6-Dimethyl-4-heptanone (di/sobutylketone) 

(Aldrich, tech., 80%) was distilled at 160-164 °C under argon prior to use. 1,2-Dibromoethane and

1,3 dibromopropane were washed successively with concentrated hydrochloric acid, sodium 

bicarbonate and water before distilling prior to use. /sopropylamine, ethylbutylamine, di-n- 

propylamine, piperidine and 1 -methylpiperidine were distilled over potassium hydroxide pellets 

prior to use. Thionyl chloride, epichlorohydrin and trifluoroacetic anhydride were distilled 

immediately before use. All other solvents and reagents were used as received unless stated 

otherwise.

Melting points were determined on an Electrothermal (open capillary) melting point apparatus and 

are uncorrected. Infrared (IR) spectra were recorded on a Perkin-Elmer 1605 FT-IR  

spectrophotometer using KBr discs. Mass spectra were recorded on either a VG micromass 305 

electron impact (El) or VG-ZAB SE fast atom bombardment (FAB) mass spectrometer with 

Finnigan Incos II data system at University College London.

NMR spectra were recorded at 200 and 400 MHz on a Varian XL-200 and Varian VXR-400 

instrument respectively. NMR spectra were recorded at 100 MHz on a Varian VXR-400 

instrument. In all cases the residual protic solvent was the internal standard. Spectra were 

recorded in the solvent specified, with chemical shifts (6) expressed in parts per million relative to 

the internal standard, and coupling constants (J) measured in Hertz (Hz). Microanalyses were 

carried out by the microanalytical section of the Chemistry Department, University College 

London.

Analytical high performance liquid chromatography (HPLC) was carried out on a Gilson HPLC 

apparatus using a Kromasil C ig 5p,m reversed phase column, a flow rate of 1 ml min'"' and UV 

detection at 254 nm. Preparative HPLC was carried out on a Gilson apparatus using a Kromasil 

C -|8 10pm 250 X 22 mm reversed phase column, a flow rate of 18 ml min'l and UV detection at 

254 nm. In both cases the mobile phase compositions are indicated in the appropriate section. 

Flash column chromatography was carried out using silica gel (BDH, particle size 40-63 pm). 

Analytical thin layer chromatography was performed on pre-coated aluminium-backed plates 

(Merck Kieselgel 60 F254) and visualised using ultraviolet light (254 nm), permanganate developer 

solution [potassium permanganate (3 g), potassium carbonate (20 g), 5% aqueous sodium 

hydroxide (5 ml) and water (300 ml)] or vanillin developer solution [vanillin (15 g) in ethanol (250 

ml) and concentrated sulfuric acid (2.5 ml)], as appropriate.
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4-Oxo-4,5,6,7-tetrahydrocoumarone-3-carboxylic acid (87)

Ethylbromopyruvate (39.20 g, 0.20 mol) was added dropwise to a stirred solution of potassium 

hydroxide (11.20 g, 0.20 mol) and 1,3-cyclohexanedione (22.30 g, 0.20 mol) in methanol 

(100 ml). After stirring the mixture at room temperature for 30 h, the methanol was removed 

under reduced pressure and concentrated hydrochloric acid (150 ml) was added. The resulting 

mixture was heated at 70 °C for 2 h. After cooling to room temperature, the pale yellow 

crystalline solid was collected by filtration and dried in vacuo (30.05 g, 0.17 mol, 83%). An 

analytical sample was obtained by recrystallisation from methanol to yield white microcrystals.

Melting point

NMR (400 MHz, CDCI3)

MS (FAB) m/z (%) 

4-Oxo-4,5,6,7-tetrahydroindole (88)

140-141 °C (literature^ 141 °C)

2.28 [quint, J = 6.4 Hz, 2H, 2 x He], 2.68 [t, J = 6 .6  Hz, 

2H, 2 X He], 2.98 [t, J = 6.4 Hz, 2H, 2 x Hy], 8.05 [s, 1H, 

H2 ], 13.22 [brs, 1H, COOH]

181 (100) [MH+]

4-Oxo-4,5,6,7-tetrahydrocoumarone-3-carboxylic acid 87 (15.95 g, 88.5 mmol) was suspended 

in water (130 ml) and the mixture heated to 100 °C. Concentrated aqueous ammonia (35%, 

14 ml) was added over a period of 1 h. The mixture was heated at 97-99 °C for a further 6  h. 

After cooling to room temperature, the resulting pale tan crystals were collected by filtration, 

washed with ice-cold water and dried in vacuo (9.74 g, 71.8 mmol, 82%). An analytical sample 

was obtained by recrystallisation from water.

Melting point 187-188 °C ( l i t e r a t u r e 188-190 °C)
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1H NMR (400 MHz, CDCI3)

MS (FAB) m/z (%) 

4-Hydroxyindole (89)

2.15 [quint, J = 6.3 Hz, 2H, 2 x  Hg], 2.48 [t, J = 6.5 Hz, 

2H, 2 X H5 ], 2.82 [t, J = 6.3 Hz, 2H, 2 x  H7 ], 6.52 [t, J =

2.7 Hz, 1H, H3 ], 6.67 [t, J = 2.7 Hz, 1H, H2 ], 9.27 [br s, 

1H, NH]

136 (100) [MH+]

OH

4-Oxo-4,5,6,7-tetrahydrolndole 8 8  (5.32 g, 39.3 mmol) was heated under reflux with 1 0 % 

palladium on activated carbon (0.55 g) in 2,6-dimethyl-4-heptanone (100 ml) in an argon 

atmosphere with the exclusion of light. After 36 h, the mixture was cooled and filtered over Celite 

and the catalyst washed with methanol. Removal of the solvents under reduced pressure yielded 

a dark green oil which solidified overnight in vacuo. The residue was purified by flash 

chromatography on silica gel (petrol-ethyl acetate, 8 :2 ) to yield the product as a white crystalline 

solid (5.08 g, 38.1 mmol, 97%). An analytical sample was prepared by recrystallisation from 

water.

Melting point

NMR (400 MHz, dg-DMSO)

MS (El) m/z (%) 

2-(N,N-ethylbutylamino)ethanol (90)

99-100 °C (literature''^® 97-100 °C)

6.40 [dd, Ji = 5.8 Hz, J2 = 2.5 Hz, 1H, H5 ], 6.52 [T, J =

2.5 Hz, 1H, H3 ], 6.87-6.90 [m, 2H, He and H7 ], 7.17 [T, 

Jl = J2 = 2.7 Hz, 1H, H2 ]

133 (100) [M+]

HOCH2CH2N
.CH2CH3

'CH2CH2CH2CH3

Freshly distilled 2-chloroethanol (32.2 g, 0.40 mol) was added to refluxing N-ethylbutylamine 

(52.6 g, 0.52 mol) over a 1 h period. After the addition was complete, the mixture was heated at 

70-75 °C for a further 12 h. After cooling to room temperature, aqueous sodium hydroxide
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(23.0 g, in 35 ml water) was added whilst stirring vigorously. Water (70 ml) and toluene (200 ml) 

were added and the mixture stirred for 10 min. The organic layer was collected and the aqueous 

layer extracted with toluene (4 x 50 ml). The combined organic extracts were dried over 

anhydrous potassium carbonate for 1 h. Removal of the solvent under reduced pressure gave 

the product as a brown oil which was used in the next step without further purification (35.0 g, 

0.24 mol, 46%).

NMR (400 MHz, CDCI3) 0.91 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.01 [t, J = 7.1 Hz,

3H, NCH2 C H 3 ], 1.27-1.38 [m, 2H, (CH2 )2 C H 2 C H 3 ], 

1.39-1.43 [m, 2 H, CH2 CH2CH2 CH3 ], 2.43-2.58 [m, 6 H, 

3 X NCH2 ], 3.12 [br s, 1H, OH], 3.52 [t, J = 5.5 Hz, 2H, 

OCH2 ]

MS (FAB) m/z (%) 146 (100) [MH+]

2-(N,N-di-n-propylamino)ethanol (91 )

CH2CH2CH3
H0 CH2CH2N (

CH2CH2CH3

Freshly distilled 2-chloroethanol (30.0 g, 0.37 mol) was added to refluxing di-n-propylamine 

(49.0 g, 0.48 mol) over a 1 h period. After the addition was complete, the mixture was heated at 

55-60 °C for a further 19 h. The mixture was cooled to room temperature and aqueous sodium 

hydroxide (33.0 g in 50 ml water) was added to the solidified mixture in one portion whilst stirring 

vigorously. Water (50 ml) and toluene (200 ml) were added and the mixture stirred for 10 min. 

The toluene layer was collected and the aqueous layer extracted with toluene (2 x 50 ml). The 

combined organic extracts were dried over anhydrous potassium carbonate for 1 h. Removal of 

the solvent under reduced pressure gave the product as a yellow oil which was used in the next 

step without further purification (39.5 g, 0.27 mol, 73%).

1H NMR (200 MHz, CDCI3) 0.81 [t, J = 7.3 Hz, 6 H, N(CH2 CH2 CH3 )2 ], 1.33-1.44 [m,

4H, N(CH2 CH2 CH3 )2 ], 2.30-2.38 [m, 4H, N(CH2 CH 2 - 

CH3 )2], 2.50 [t, J = 5.5 Hz, 2H, OCH2 CH2 N], 3.46 [t, J =

5.5 Hz, 2 H, OCH2 ]

MS (FAB) m/z (%) 146 (100) (MH+j
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3-(N,N-ethylbutylamino)propanoi (92)

HOCH2CH2CH2N
P H 2CH3

CH2CH2CH2CH3

Freshly distilled 3-chloropropan-1-ol (37.82 g, 0.40 mol) was added to refluxing N- 

ethylbutylamine (52.60 g, 0.52 mol) over a 1 h period. After the addition was complete the 

mixture was heated at 100 °C for a further 13 h. The mixture was cooled to room temperature 

and aqueous sodium hydroxide (23.0 g, in 35 ml water) was added to the solidified mixture in 

one portion whilst stirring vigorously. Water (50 ml) and toluene (200 ml) were added and the 

mixture stirred for 10 min. The toluene layer was collected and the aqueous layer extracted with 

toluene (4 x 50 ml). The combined organic extracts were dried over anhydrous potassium 

carbonate for 1 h. Removal of the solvent under reduced pressure gave the product as a deep 

red oil which was dried in vacuo and used in the next step without further purification (55.82 g, 

0.35 mol, 8 8 %).

NMR (400 MHz, CDCI3)

MS (FAB) m/z (%)

0.91 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.04 [t, J = 7.2 Hz, 

3H, NCH2 C H 3 ], 1.27-1.33 [m, 2H, (CH2 )2 C H 2 C H 3 ], 

1.43-1.48 [m, 2H, CH2 CH2 CH2CH3 ], 1.65-1.79 [m, 2H, 

OCH2 CH2 CH2 N], 2.38-2.42 [m, 2H, NCH2 (CH2 )2 CH3 ], 

2.51 [q, J = 7.1 Hz, 2H, NCH2 CH3 ], 2.62-2.65 [m, 2H, 

OCH2CH2CH2N], 3.80 [t, J = 5.2 Hz, 2 H, OCH2]

160 (100) [MH+]

N-(2-chloroethyl)-N-ethylbutylamine hydrochloride (93)

CICH2CH2N
CH2CH3

CH2CH2CH2CH3

HCI

2-(N,N-ethylbutylamino)ethanol 90 (15.00 g, 103 mmol) was added over a period of 1 h to 

thionyl chloride (12.75 g, 107 mmol) at 0 °C with stirring. After the addition was complete, the 

mixture was stirred at 40-50 °C for 1 h. The mixture was poured into ethanol (80 ml) and the 

solution boiled for 2 min. Decolourising charcoal was added and the mixture stirred for 4 h at
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room temperature. The mixture was filtered over Celite and concentrated to approximately 30 ml 

under reduced pressure. Toluene (1 0  ml) was added and the mixture stored at -5 °C for 5 h. 

The resulting off-white solid was collected by filtration and recrystallised from toluene/petrol and 

dried at room temperature in vacuo (13.1 g, 65.4 mmol, 63%).

Melting point

NMR (400 MHz, CDCI3)

MS (FAB) m/z (%)

99-101 °C

0.93 [t, J = 7.4 Hz, 3H, (CH2 )3 CH3 ], 1.34-1.40 [m, 5H, 

N C H 2 C H 3 and CH2 C H 2 C H 3 ], 1.71-1.79 [m, 2H, 

CH2 CH2CH2CH3 ], 2.99-3.07 [m, 2 H, NCH2], 3.15-3.21 

[m, 2 H, NCH2], 3.32-3.36 [m, 2 H, CICH2CH2 N], 4.01 [t, J 

= 6.9 Hz, 2 H, CICH2 ]

164 (100) [MH+]

N-(2-ch!oroethyl)-N-di-/i-propyiamine hydrochloride (94)

CICH2CH2N
.CH2CH2CH3

CH2CH2CH3

HCI

2-(N,N-di-n-propylamino)ethanol 91 (38.00 g, 262 mmol) was added over a period of 1 h to 

thionyl chloride (33.65 g, 283 mmol) at 0 °C with stirring. After the addition was complete, the 

mixture was stirred at room temperature for 1 h. The mixture was poured into ethanol (100 ml) 

and the resulting solution boiled for 2 min. Decolourising charcoal was added and the mixture 

stirred for 3 h at room temperature. The mixture was filtered over Celite and the solvent removed 

under reduced pressure. The resulting solid was recrystallised from toluene to give an off-white 

crystalline solid, which was collected by filtration, washed with petroleum spirit and dried at room 

temperature in vacuo (31.41 g, 157 mmol, 60%).

Melting point

1H NMR (200 MHz, CDCI3)

MS (FAB) m/z (%)

119-120 °C (literature^^l 121-122 °C)

0.99 [t, J = 7.3 Hz, 6 H, N(CH2CH2CH3)2], 1.79-1.91 [m, 

4H, N(CH2 C H 2 C H 3 )2 ], 2.98-3.08 [m, 4H, N (CH 2 - 

CH2 CH3 )2], 3.35-3.45 [m, 2H, CICH2 CH2 N], 4.04 [t, J=

6.3 Hz, 2 H, CICH2 ]

164 (100) [MH+]
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N-(3-Chloropropyl)-N-ethylbutylamine hydrochloride (95)

CICH2CH2CH2N
CH2CH3

CH2CH2CH2CH3

. HCI

3-(N,N-ethylbutylamino)propanol 92 (29.00 g, 182 mmol) was added over a period of 1 h to 

thionyl chloride (22.53 g, 189 mmol) at 0 °C with stirring. After the addition was complete the 

mixture was stirred at room temperature for 1 h. The mixture was poured into ethanol (80 ml) and 

boiled for 2 min. Decolourising charcoal was added and the mixture stirred for 4 h at room 

temperature. The mixture was filtered over Celite and concentrated to approximately 20 ml under 

reduced pressure. Toluene (10 ml) was added and the mixture stored at -5 °C for 3 d. The 

resulting pale brown, hygroscopic solid was collected by filtration, washed with ether and dried at 

room temperature in vacuo (21.06 g, 98.3 mmol, 54%).

1HNMR (400 MHz, CDCI3) 0.92 [t, J = 7.3 Hz, 3H, N(CH2 )3 CH3 ], 1.30-1.36 [m, 5H, 

NCH 2 CH 3 and N(CH2 )2 C H 2 CH 3 ], 1.70-1.76 [m, 2H, 

CH2 CH2CH2 CH3], 2.31-2.37 [m, 2 H, OCH2 CH2 CH2 N], 

2.90-2.97 [m, 2H, NCH2 (CH2 )2 CH3 ], 3.10-3.15 [m, 4H, 

NCH2CH3 and OCH2CH2CH2 N], 3.63 [t, J = 5.2 Hz, 2H, 

CICH2]

178 (100) [MH+]MS (FAB) m/z (%)

4-[3-(N,N-dimethyiamino)propoxy]lndo!e oxalate (UCL 1001)

OCH2CH2CH2NMe2

A suspension of 60% sodium hydride in paraffin oil (0.15 g, 3.75 mmol) in dry THF (10 ml) was 

added to a solution of 4-hydroxyindole 89 (0.50 g, 3.76 mmol) in anhydrous THF (10 ml) at 

0 °C under argon. The mixture was stirred at 40 °C for 15 min. N,N-Dimethyl-2- 

chloropropylamine hydrochloride (1.78 g, 11.3 mmol) was suspended in toluene (60 ml) and 

40% aqueous sodium hydroxide was added dropwise until the aqueous layer became semi-solid.
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The toluene layer was collected and the aqueous layer extracted with toluene ( 4 x 3  ml). The 

combined toluene extracts were dried over potassium hydroxide pellets. The toluene solution 

containing the free amine was added to the reaction mixture in one portion and the resulting 

mixture heated at 70-75 °C under argon for 19 h. The mixture was filtered, water (25 ml) was 

added to the filtrate and the resulting mixture was extracted with ether (6  x 50 ml). The organic 

extracts were dried over anhydrous sodium sulfate and the solvent removed to yield a pale grey 

oil. The crude product was purified by flash chromatography on silica gel (methanol-ether, 6:4) to 

yield a pale grey-green residue which solidified in vacuo (0.57 g, 2.61 mmol, 65%). The product 

was dissolved in methanol (2  ml) and treated with a saturated solution of oxalic acid (0.28 g,

3.11 mmol) in methanol. Ether was added and the resulting white precipitate was collected by 

filtration and recrystallised from methanol to yield the oxalate salt as a white powder (0.45 g,

1.46 mmol, 56%).

Melting point

NMR (400 MHz, dg-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C13H18N2O . C2 H2O4

108-109 °C (free base^^S 7 3 .7 4  °c)

2.13-2.19 [m, 2H, CH2 CH2 CH2 ], 2.77 [s, 6 H, N(CH3 )2 ], 

3.20-3.24 [m, 2H, C H 2 N], 4.16 [t, J = 5.9 Hz, 2H, 

OCH2 ], 6.46 [br s, 1 H, H3], 6.49 [d, J = 7.4 Hz, 1 H, Hg], 

6.97 [T, Ji = Ü2 = 7.7 Hz, 1H, Hg], 7.02 [d, J = 7.9 Hz, 

1H, Hy], 7.18 [brs, 1H, H2 ]

219 (100) [MH+],146 (75) [M+ - CH2CH2 NMe2]

3295 (s, N-H str), 2708 (s, sp3 C-H str), 1720 (m, C =0  

str), 1619, 1590 (s, arom C=C str), 1401, 1355 (s, sp^ C- 

H bend), 1243 (s, Ar-O a str) 1173 (m, C-N str), 1102 (s, 

Ar-0 s str)

Methanol-water (60:40) + 0.1% triethylamine 

Main peak: 100%

Retention time: 10.7 min

Calc. 0  58.43 H 6.54 N 9.09

Found 0  58.00 H 6.77 N 9.05

Molecular mass: 308.34

Base mass: 218.30
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4-[2-(N,N-dimethylamino)ethoxy]indole oxalate (UCL 1570)

OOH2CH2NMe2Â
N
H

A suspension of 60% sodium hydride in paraffin oil (0.15 g, 3.75 mmol) in dry THF (10 ml) was 

added to a solution of 4-hydroxyindole 89 (0.50 g, 3.76 mmol) in anhydrous THF (10 ml) at 

0 °C under argon. The mixture was stirred at 40 °C for 15 min. N,N-Dimethyl-2- 

chloroethylamine hydrochloride (1.73 g, 12.0 mmol) was suspended in toluene (60 ml) and 

40% aqueous sodium hydroxide was added dropwise until the aqueous layer became semi-solid. 

The toluene layer was collected and the aqueous layer extracted with toluene ( 4 x 3  ml). The 

combined toluene extracts were dried over potassium hydroxide pellets. The toluene solution 

containing the free amine was added to the reaction mixture and the resulting mixture heated at 

70-75 °C under argon for 19 h. The mixture was filtered, water (25 ml) was added to the filtrate 

and the resulting mixture was extracted with ether (6  x 50 ml). The organic extracts were dried 

over anhydrous sodium sulfate and the solvent removed to yield a pale brown oil. The crude 

product was purified by flash chromatography on silica gel (methanol-ether, 6:4) to yield a pale 

orange solid (0.58 g, 2.84 mmol, 76%). The product was treated with a saturated solution of 

oxalic acid (0.31 g, 3.41 mmol) in methanol. The resulting precipitate was collected by filtration 

and washed with cold methanol to give the oxalate salt as a white crystalline solid (0.54 g, 

1.83 mmol, 64%).

Melting point

1H NMR (400 MHz, dg-DMSO)

NMR (de-DMSO)

MS (FAB) m/z (%)

IR (v/cm'l)

168-169 °C

2.79 [s, 6 H, N(CH3 )2 ], 3.40 [t, J = 5.3 Hz, 2H, CH2 N],

4.40 [t, J = 5.3 Hz, 2 H, OCH2], 6.48 [dd, Ji = 3.0 Hz, J2 =

2.1 Hz, 1 H, H3], 6.53 [d, J = 7.6 Hz, 1H, H5], 6.99 [T, Ji 

= Ü2 = 7.7 Hz, 1H, He], 7.05 [d, J = 8.1 Hz, 1H, Hy], 7.19 

[T, Ji = J2 = 2.6 Hz, 1H, H2]

43.21, 55.86, 63.04, 98.03, 100.31, 105.29, 118.34,

121.28, 123.42, 137.31, 150.75, 163.74 

205 (100) [MH+], 160 (26) [M+ - N(CH3 )2]

3448 (s, 0 -H  str), 3318 (m, N-H str), 2990 (m, sp3 C-H 

str), 1719 (s, 0 = 0  str), 1614, 1584 (s, arom 0 = 0  str), 

1402, 1367 (s, sp3 0-H bend), 1249 (s, Ar-0 a str), 1173 

(m, 0-N str), 1102 (s, Ar-0 s str)
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HPLC

Analysis

C 1 2 H 1 6 N 2 O . C 2 H 2O 4

Methanol-water (55:45) + 0.1% triethylamine 

Main peak: 100%

Retention time: 11.0 min

Calc. C 57.14 H 6.16 N 9.52

Found C 56.95 H 6.39 N 9.29

Molecular mass: 294.31

Base mass: 204.27

1-[2-(N,N-dimethylamino)ethyl]-4-[2-(N,N-dimethylamino)ethoxy]indole dioxalate 

(UCL 1571)

An earlier attempt to synthesise UCL 1570 resulted in the formation of the dialkylated product 

which was attributed to the addition of a slight excess of sodium hydride. The crude product 

(65.0 mg, 0.25 mmol) was purified by flash chromatography on silica gel (chloroform-methanol, 

9:1) to give a pale orange oil. The product was dissolved in methanol (2  ml) and treated with a 

saturated solution of oxalic acid (46.8 mg, 0.52 mmol) in methanol. Ether (40 ml) was added 

and the resulting white precipitate was filtered and washed with ether (2 0 0  ml) to give the oxalate 

salt as a white powder (82.0 mg, 0.16 mmol, 69%).

Melting point

NMR (400 MHz, cfe-DMSG)

MS (FAB) m/z (%) 

IR (v/cm'l)

HPLC

208-210 °C

2.62 [s, 6 H, N(CH3 )2 ], 2.84 [s, 6 H, N(CH3 )2], 3.21 [t, J =

6.5 Hz, 2 H, C H 2 N (C H 3 )2 ], 3.49 [t, J = 6.5 Hz, 2H, 

C H 2 N (C H 3 )2 ], 4.41 [t, J = 6.1  Hz, 2 H, NCH 2 C H 2 - 

N(CH3 )2], 4.49 [t, J = 6 .2  Hz, 2 H, OCH2 ], 6.55 [br s, 1 H, 

H 3 ], 6.60 [d, J = 8.0 Hz, 1H, H 5 ], 7.09 [T, Ji = J2 = 

7.9 Hz, 1 H, He], 7.19 [d, J = 8.1 Hz, 1H, Hy], 7.31 [br 

s, 1H, H2]

276 (100) [MH+], 160 (36) [MH+ - 2 x CH2 CH2 N(CH3)2] 

3424 (s, 0 -H  str), 2707 (m, sp3 C-H str), 1719 (m, C =0  

str), 1612, 1579 (m, arom C=C str), 1402 (s, sp^ C-H 

bend), 1243 (s, Ar-0 a str)

Methanol-water (60:40) + 0.1% triethylamine
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Analysis

C 1 6 H 2 5 N 3 O  . 2 . 5 C 2 H 2 O 4

Main peak; 100%

Retention time: 16.4 min 

Calc. 0  50.40 H 6.04

Found 0  50.50 H 6.12  

Molecular mass: 500.49 

Base mass: 275.40

N 8.40  

N 8.19

4-[2-(N,N-ethylbutylamino)ethoxy]indole oxalate (UCL 1572)

OCH2CH2NEtBu

rA
N
H

A suspension of 60% sodium hydride in paraffin oil (0.15 g, 3.75 mmol) in dry THF (10 ml) was 

added to a solution of 4-hydroxyindole 89 (0.50 g, 3.76 mmol) at 0 °C under argon. The 

mixture was stirred at 40 °C for 15 min. N-(2-chloroethyl)-N-ethylbutylamino hydrochloride 93 

(1.15 g, 5.80 mmol) was suspended in toluene (60 ml) and 40% aqueous sodium hydroxide 

was added dropwise until the aqueous layer became semi-solid. The toluene layer was collected 

and the aqueous layer extracted with toluene ( 4 x 5  ml). The combined toluene extracts were 

dried over potassium hydroxide pellets. The toluene solution containing the free amine was 

added to the reaction mixture in one portion and the resulting mixture heated at 55-60 °C under 

argon for 16 h. The mixture was filtered and water (25 ml) was added to the filtrate. The resulting 

mixture was extracted with ether (6  x 50 ml). The organic extracts were dried over anhydrous 

sodium sulfate and the solvent removed to yield a pale orange-brown oil. The crude product was 

purified by flash chromatography on silica gel (methanol-ether, 6:4) to yield a pale orange residue 

(0.72 g, 2.77 mmol, 69%). The product was treated with a saturated solution of oxalic acid 

(0.30 g, 3.33 mmol) in methanol. Ether was added and the product washed several times with 

further portions of dry ether to give the oxalate salt as a pale brown hygroscopic solid (0.25 g, 

0.70 mmol, 26%).

NMR (400 MHz, ofe-DMSO) 0.91 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.26 [t, J = 7.1 Hz, 

3H, NCH2 C H 3 ], 1.30-1.37 [m, 2H, (CH2 )2 C H 2 C H 3 ], 

1.64-1.69 [m, 2 H, GH2 C H 2 C H 2 ], 3.10-3.19 [m, 2 H, 

NCH2 (CH2 )2 CH3 ], 3.20 [q, J = 7.2 Hz, 2 H, NCH2 CH3 ],

3.49 [t, J = 4.9 Hz, 2H, OCH2 CH2 N], 4.44 [t, J = 4.8 Hz, 

2 H, OCH2 ], 6.44 [br s, 1 H, H3 ], 6.53 [d, J = 7.5 Hz, 1 H,
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13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C16H24N2O . C2 H2O4 . 0.25 H2O

H5], 7.00 [T, Ji = J2 = 7.8 Hz, 1 H, He], 7.06 [d, J =

8.1 Hz, 1H, Hy], 7.21 [brs, 1H, H2]
8.76, 13.06, 19.19, 25.36, 47.87, 50.70, 52.28, 62.78, 

97.80, 100.07, 105.30, 118.13, 121.27, 123.47,

137.28, 150.74, 163.27 

261 (100) [MH+]

3401 (s, 0-H  str), 3248 (s, N-H str), 2955 (m, sp3 C-H str),

1725 (m, C =0 str), 1619, 1584 (s, arom C=C str), 1403,

1362 (m, sp3 C-H bend), 1244 (s, Ar-0 a str), 1095 (s, Ar- 

O s str)

Methanol-water (60:40) + 0.1% triethylamine 

Main peak: 99.7%

Retention time: 9.0 min

Calc. C 60.91 H 7.53 N 7.89

Found C 60.71 H 7.69 N 7.76

Molecular mass: 354.92

Base mass: 260.38

4-[2-(N,N-di-n-propylamino)ethoxy]indole oxalate (UCL 1816)

A suspension of 60% sodium hydride in paraffin oil (0.15 g, 3.75 mmol) in dry THF (15 ml) was 

added to a solution of 4-hydroxyindole 89 (0.50 g, 3.76 mmol) at 0 °C under argon. The 

mixture was stirred at room temperature for 30 min. N-(2-chloroethyl)-N-di-n-propylamine 

hydrochloride 94 (2.97 g, 14.8 mmol) was suspended in toluene (60 ml) and 40% aqueous 

sodium hydroxide was added dropwise until the aqueous layer became semi-solid. The toluene 

layer was collected and the aqueous layer extracted with toluene ( 4 x 5  ml). The combined 

toluene extracts were dried over potassium hydroxide pellets. The toluene solution containing 

the free amine was added to the reaction mixture in one portion and the resulting mixture heated 

at 65-70 °C under argon for 10  h. The mixture was filtered and the filtrate was concentrated 

under reduced pressure to give a brown oil. The crude product was purified by flash 

chromatography on silica gel (ethyl acetate) to yield a pale orange residue (0.35 g, 1.34 mmol, 

36%). The product was treated with a saturated solution of oxalic acid (0.15 g, 1.67 mmol) in
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methanol. Ether was added and the resulting precipitate collected by filtration and washed with 

ether (100 ml) to give the oxalate salt as a white crystalline solid (0.11 g, 0.32 mmol, 23%).

Melting point

NMR (400 MHz, cfg-DMSO)

13c NMR (c/6-DMSO)

MS (FAB) m/z (%) 

IR (v/cm’1)

HPLC

Analysis

C16H24N2O . C2H2O4

112-114°C

0.91 [t, J = 7.3 Hz, 6 H, N(CH2 CH2 CH3 )2], 1.61-1.69 [m, 

4H, N(CH2 CH2 CH 3 )2 ], 2.90-2.97 [m, 4H, N(CH2 CH2 - 

CH3 )2], 3.33 [t, J = 5.3 Hz, 2H, OCH2 CH2 N], 4.35 [t, J =

5.3 Hz, 2 H, OCH2 ], 6.42 [T, Ji = J2 = 2.1  Hz, 1 H, H3 ],

6.50 [d, J = 7.5 Hz, 1H, H5 ], 6.99 [T, Ji = J2 = 7.8 Hz, 

1 H, He], 7.04 [d, J = 8 .2  Hz, 1H, He], 7.20 [T, Ji = J2 =

2.7 Hz, 1H, H2 ]

10.79, 17.68, 51.61, 55.10, 63.74, 97.82, 99.94, 

105.07, 118.16, 121.29, 123.35, 137.25, 151.02, 

163.53

261 (100) [MH+]

3262 (s, N-H str), 2954 (m, sp3 C-H str), 1733 (m, C=0  

str), 1630, 1584 (s, arom C=C str), 1364 (s, sp3 C-H 

bend), 1246 (s, Ar-O a str), 1164 (m, C-N str), 1097 (s, Ar- 

O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 99.7%

Retention time: 9.6 min

Calc. C 61.70 H 7.48 N 7.99

Found C 61.93 H 7.91 N 8.18

2-Cyano-1,5,6,7-tetrahydro-4H-indol-4-one (100)

CN

Chlorosulfurylisocyanate (25.13 g, 177.5 mmol) was added over a 10  min period to a solution of 

4-oxo-4,5,6,7-tetrahydroindole 8 8  (8.00 g, 59.1 mmol) in acetonitrile (775 ml) at -20 °C. After 

the addition, the mixture was stirred at -20 °C for 45 min. Dimethylformamide (45 ml) was added 

over a 20 min period as the temperature was maintained at -20 °C. After the addition was 

complete, the mixture was stirred at 0 °C for 30 min. Saturated aqueous sodium carbonate 

solution (1 2 0  ml) was added and the organic solvents were removed under reduced pressure to
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leave an aqueous suspension. The pale brown solid was collected by filtration, washed with water 

and dried at 70 °C in vacuo (7.36 g, 45.9 mmol, 78%).

Melting point

NMR (200 MHz, de-DMSO)

MS (FAB) m/z (%)

5-Bromo-2-cyano-1,5,6,7-tetrahydro-4H-indol-4-one (101)

236-238 °C (literature^®® 239-240 °C)

2.07-2.17 [m, 2H, 2 x Hg], 2.45 [t, J= 6.2 Hz, 2H, 2 x 

Ms], 2.87 [t, J = 6.1 Hz, 2H, 2 x H4 ], 7.24 [s, 1H, H3 ]

161 (100) [MH+]

CN

A suspension of 2-cyano-1,5,6,7-tetrahydro-4H-indole-4-one 100 (1.50 g, 9.36 mmol) and 

copper (II) bromide (4.39 g, 19.6 mmol) in ethyl acetate (30 ml) was heated under reflux for

2.5 h. After cooling to room temperature, the mixture was filtered over Celite. The filtrate was 

washed with sodium bicarbonate solution (2 0  ml) and dried over anhydrous magnesium sulfate. 

Removal of the solvent under reduced pressure gave the product as a pale grey-green solid 

(2.10 g, 8.80 mmol, 94%). An analytical sample was obtained by recrystallisation from methanol.

Melting point

NMR (200 MHz, cfe-DMSO)

MS (FAB) m/z (%)

4-Hydroxy-1 H-indoie-2-carbonitrile (102)

198 °C (dec) [literature^®® 210 °C (dec)]

2.35-2.37 [m, 1 H, He], 2.51-2.56 [m, 1H, He], 2.84-2.87 

[m, 2H, 2 X H7 ], 4.76 [dd, Ji = 3.5 Hz, J2 = 3.6 Hz, 1H, 

He], 7.26 [s, 1H, H3 ]

239 (100) [MH+]

OH

CN

To a solution of 5-bromo-2-cyano-1,5,6,7-tetrahydro-4H-indole-4-one 101  (2 .0 0  g, 8.37 mmol) 

in anhydrous dimethylformamide (85 ml) were added lithium carbonate (0.68 g, 9.22 mmol) and
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lithium bromide (0.80 g, 9.22 mmol) sequentially. The resulting mixture was heated under reflux 

for 1 h. The solvent was removed under reduced pressure and the resulting black residue was 

purified by flash chromatography on silica gel (petrol-ethyl acetate, 7:3) to yield the product as an 

off-white crystalline solid (0.93 g, 5.90 mmol, 70%). An analytical sample was prepared by 

recrystallisation from methanol/dichloromethane.

Melting point

NMR (400 MHz, de-DMSO)

MS (El) m/z (%)

193-194 °C (literature''®® 193-194 °C)

6.46 [d, J = 7.1 Hz, 1H, Hg], 6.87 [d, J = 8.3 Hz, 1 H, 

Hy], 7.12 [T, Ji = Ü2 = 8.0 Hz, 1H, He], 7.34 [d, J =

1.3 Hz, 1H, H3 ], 9.94 [s, 1H, NH], 12.18 [brs, 1H, OH] 

158 (100) [M+]

1-[2-(N,N-dimethylamino)ethyl)]-2-cyano-4-[2-(N,N-dimethylamino)ethoxy]indole 
dioxalate (UCL 1853)

CN

A suspension of 60% sodium hydride in paraffin oil (0.15 g, 3.75 mmol) in dry THF (10 ml) was 

added to a solution of 4-hydroxyindole-2-carbonitrile 102 (0.60 g, 3.79 mmol) in anhydrous THF 

(15 ml) at 0 °C under argon and the mixture stirred at 40 °C for 15 min. N,N-Dimethyl-2- 

chloroethylamine hydrochloride (2.93 g, 20.3 mmol) was suspended in toluene (60 ml) and 40% 

aqueous sodium hydroxide was added dropwise until the aqueous layer became semi-solid. The 

toluene layer was collected and the aqueous layer extracted with toluene ( 2 x 5  ml). The 

combined toluene extracts were dried over potassium hydroxide pellets. The toluene solution 

containing the free amine was added to the reaction mixture in one portion and the resulting 

mixture heated at 80-90 °C under argon for 48 h. The mixture was filtered over Celite and the 

solvents removed under reduced pressure to leave a pale orange residue. The crude product 

was purified by flash chromatography on silica gel (chloroform-methanol, 6:4) to give a pale orange 

solid (0.51 g, 1.70 mmol, 45%). The product was treated with a saturated solution of oxalic acid 

(0.44 g, 4.89 mmol) in methanol and the resulting precipitate was collected by filtration. 

Recrystallisation from isopropanol gave the oxalate salt as a white powder (0.48 g, 1.00 mmol, 

59%).

Melting point 229-230 °C
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NMR (400 MHz, de-DMSO)

13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm‘1)

HPLC

Analysis

C 17H24N4O . 2 (C2 H2 0 4 )

2.49 [s, 6H, N(CH3 )2 ], 2.85 [s, 6H, N(CH3 )2 ], 3.02 [t, J =

7.0 Hz, 2H, C H 2 N (C H 3 )2 ], 3.51 [t, J = 5.1 Hz, 2H, 

C H 2 N (C H 3 )2 ], 4.47 [t, J = 5.1 Hz, 2H, NCH 2 C H 2 - 

N(CH 3 )2 ], 4.52 [t, J = 7.0 Hz, 2H, OCH2 ], 6.72 [d, J =

7.6 Hz, 1H, H5 ], 7.28 [d, J = 8.5 Hz, 1H, H7 ], 7.35 [T, 

Ji = Ü2 = 8.0 Hz, 1H, He], 7.51 [s, 1H, H3 ]
41.71, 42.83, 43.71, 55.32, 56.14, 62.74, 101.84, 

104.23, 107.93, 110.86, 113.00, 117.06, 126.81, 

138.33, 151.55, 163.23 

301 (100) [MH+]

3433 (br m, 0 -H  str), 3041, 2687 (m, sp3 C-H str), 2225 

(m, C=N str), 1723 (s, C =0 str), 1578 (s, arom C=C str), 

1253 (s, Ar-O a str), 1100 (s, Ar-0 s str)

Methanol-water (70:30) 4- 0.1% triethylamine 

Main peak: 98.1%

Retention time: 9.5 min

Calc. C 52.49 H 5.87 N 11.66

Found C 52.30 H 5.78 N 11.52

Molecular mass: 480.48

Base mass: 300.41

Methyl-4-phenylbutanoate (104)

COOMe

A solution of 4-phenylbutanoic acid (100.00 g, 609 mmol) in methanol (400 ml) containing a 

catalytic quantity of 98% sulfuric acid (2.50 g) was heated under reflux for 24 h. After cooling to 

room temperature, the solution was neutralised with 1 N aqueous potassium hydroxide. The 

methanol was removed under reduced pressure and the resulting aqueous mixture extracted with 

ether (5 x 200 ml). The extracts were dried over anhydrous magnesium sulfate and the solvent 

removed to yield a colourless liquid (104.20 g, 585 mmol, 96%).

1RNMR (200 MHz, CDCI3) 1.96 [quint, J = 7.4 Hz, 2H, CH2 CH 2 CH2 ], 2.34 [t, J =

7.8 Hz, 2H, CH2 ], 2.66 [t, J = 7.9 Hz, 2H, CH2 ], 3.67 [s, 

3H, CO2CH3 ], 7.18-7.26 [m, 5H, ArH]
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MS (El) (m/z) (%) 178 (18) [M+], 147 (22) [M+ - OCH3 ], 91 (8 8 ) [M+ 

CH2CH2 CO2CH3], 74 (100)

Methyl-4-(4’-acetylphenyl)butanoate (105)

Me'

COOMe

Methyl-4-phenylbutanoate 104 (99.3 g, 0.56 mol) was added dropwise to a mixture of 

aluminium chloride (324.0 g, 2.43 mol) and acetyl chloride (95.4 g, 1.22 mol) in 1,2- 

dichloroethane (320 ml). After the addition was complete, the mixture was stirred for a further 

15 min and then decomposed with the slow addition of ice and 6  N hydrochloric acid. The 

organic layer was collected and the aqueous layer was extracted with chloroform (5 x 200 ml). 

The combined organic solutions were dried over anhydrous magnesium sulfate and the solvent 

removed to give an orange-brown oil. The product, after treating with decolourising charcoal, was 

obtained as a pale yellow oil (122.0 g, 0.55 mol, 99%).

NMR (400 MHz, CDCI3)

MS (El) m/z (%)

1.91 [quint, J = 7.4 Hz, 2H, CH2 CH 2CH 2 ], 2.27 [t, J =

7.4 Hz, 2 H, CH2 ], 2.51 [s, 3H, ArC0 CH3 ], 2.65 [t, J =

7.6 Hz, 2 H, CH 2 ], 3.60 [s, 3H, CO2 CH 3 ], 7.21 [d, J =

7.9 Hz, 2H, H2 and He], 7.82 [d, J = 8.3 Hz, 2H, H 3

and H5 ]

220 (34) [M+], 205 (28) [M+ - CH3 ], 147 (73) [M+ - 

CH2CO2 CH3], 43 (100)

4-Acetylphenylbutanoic acid (106)

Me'

COOH

A mixture of methyl-4-(4’-acetylphenyl)butanoate 105 (121.0 g, 0.55 mol), 10% aqueous 

sodium hydroxide (44.0 g in 440 ml water, 1.10 mol) and methanol (560 ml) was heated under 

reflux for 30 min. The methanol was removed under reduced pressure and the solution acidified
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with concentrated hydrochloric acid. The mixture was extracted with dichloromethane (6  x 

250 ml) and dried over anhydrous magnesium sulfate. Removal of the solvent gave the product 

as a pale yellow-brown solid which was treated with decolourising charcoal and recrystallised from 

water to give a white crystalline solid (98.6 g, 0.47 mol, 8 6 %).

Melting point

NMR (400 MHz, CDCI3 )

MS (El) m/z (%) 

4-Carboxyphenylbutanoic acid (107)

51-52 °C (lite ra tu re ^ 53-54 °C)

1.96 [quint, J = 7.6 Hz, 2H, CH2 CH 2 CH 2 ], 2.37 [t, J =

7.5 Hz, 2H, ArCH2 ], 2.57 [s, 3H, ArCOCHa], 2.72 [t, J =

7.6 Hz, 2H, CH2 CO2 H], 7.25 [d, J = 7.9 Hz, 2H, H2 and 

He], 7.88 [d, J = 8 .2  Hz, 2 H, H3 and H5 ]

206 (22) [M+], 191 (61) [M+ - CH3], 28 (100)

HOOC

COOH

4-Acetylphenylbutanoic acid 106 (30.00 g, 145 mmol) was added in one portion to a dilute 

aqueous solution of sodium hypochlorite (Aldrich, 5-20% 01, 500 ml in 1500 ml water) at 65 °C. 

The mixture was stirred until the starting material had dissolved {ca. 5 min). The mixture was 

immediately poured onto crushed ice (400 g) and the resulting solution cooled to 10 °C in a salt- 

ice bath. The excess hypochlorite was destroyed by the addition of aqueous sodium bisulfite 

(170 g in 400 ml water), testing the mixture with acidified potassium iodide solution. The mixture 

was acidified to pH 1 with concentrated hydrochloric acid to give a white precipitate which was 

filtered, washed with cold water (300 ml) and dried in vacuo (19.90 g, 95.6 mmol, 6 8 %). An 

analytical sample was prepared by extracting the product into aqueous sodium bicarbonate 

solution, washing with chloroform and acidifying the aqueous solution with concentrated 

hydrochloric acid. The resulting white precipitate was collected by filtration and recrystallised from 

water to give white needles.

Melting point

1H NMR (400 MHz, CD3OD)

196-198 °C (literature^ 194-195 °C)

1.92 [quint, J = 7.6 Hz, 2H, CH2 CH 2 CH 2 ], 2.31 [t. J =

7.4 Hz, 2 H, CH2 ], 2.72 [t, J = 7.7 Hz, 2 H, CH2], 7.31 [d, 

J = 8.2 Hz, 2H, H2 and He], 7.93 [d, J = 8.2 Hz, 2H, H3 

and H5 ]
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MS (El) m/z (%) 208 (56) [M+], 191 (17) [M+ - OH], 149 (96) [M+ 

CH2CO2 H], 36 (100)

7-Carboxy-1-tetralone (108)

COOH

Finely powdered 4-carboxyphenylbutanoic acid 107 (19.00 g, 91.3 mmol) was added to 

polyphosphoric acid (200 g) at 70 °C. The mixture was stirred at 65-70 °C for 5 h. After cooling 

to room temperature, the mixture was decomposed with ice-water (800 g) and the resulting 

yellow precipitate was filtered and dried in vacuo (12.78 g, 67.2 mmol, 75%).

Melting point

1H NMR (400 MHz, CD3OD)

MS (FAB) m/z (%)

7-Carboxymethyl-1 -tetralone (109)

219-221 °C (dec) (literature^ 216 °C, sealed tube)

2.15 [quint, J = 6.3 Hz, 2H, 2 x H3], 2.69 [t, J = 6.5 Hz, 

2H, 2 X H2], 3.06 [t, J = 6.2 Hz, 2H, 2 x H4], 7.43 [d, J =

7.9 Hz, 1H, H5], 8.12 [dd, Ji = 8.0 Hz, J2 = 1.9 Hz , 

1H, He], 8.58 [d, J = 1 .7 Hz, 1H, Hg]

191 (100) [MH+]

COOMe

Method 1

A mixture of 7-carboxy-1-tetralone 108 (3.70 g, 19.5 mmol) in methanol (200 ml) containing 

concentrated sulfuric acid (0.20 g) was heated under reflux for 48 h. The reaction mixture was 

cooled to room temperature and neutralised with 1 N aqueous potassium hydroxide. The 

methanol was removed under reduced pressure and the aqueous mixture was extracted with 

dichloromethane (3 x 100 ml). The extracts were dried over anhydrous magnesium sulfate and 

the solvent removed to give a yellow powder. The crude product was purified by flash

165



Experimental

chromatography on silica gel (petroleum spirit-ethyl acetate, 8 :2 ) to give a white crystalline solid 

(2.50 g, 63%).

Melting point

1H NMR (400 MHz, CDCI3)

MS (El) m/z (%)

70-71 °C

2.08 [quint, J = 6.2 Hz, 2H, 2 x H3], 2.60 [t, J = 6.0 Hz, 

2H, 2 X H2], 2.94 [t, J = 5.9 Hz, 2H, 2 x H4], 3.83 [s, 3H, 

ArC0 2 CH3], 7.25 [d, J = 7.9 Hz, 1H, H5], 8.01 [d, J =

7.9 Hz, 1 H, He], 8.56 [s, 1 H, He]

204 (72) [M+], 176 (100)

Method 2

To a stirred suspension of trimethyloxonium tetrafluoroborate (4.54 g, 30.7 mmol) and 7- 

carboxy-1-tetralone 108 (5.31 g, 27.9 mmol) in dichloromethane (200 ml) was added N,N- 

di/sopropylethylamine (3.97 g, 30.7 mmol) by syringe. After the addition, the flask was 

stoppered and the solution was stirred for 16 h. The solution was washed with 1 N hydrochloric 

acid (3 X 100 ml), 1 N aqueous sodium bicarbonate (3 x 100 ml) and brine (2 x 100 ml). The 

organic solution was dried over anhydrous magnesium sulfate and the solvent removed under 

reduced pressure to leave a orange-brown solid. The crude product was purified by flash 

chromatography on silica gel (petroleum spirit-ethyl acetate, 8 :2 ) to give a colourless crystalline 

solid (4.93 g, 24.1 mmol, 8 6 %). The product had identical melting point and spectra to the 

product prepared by method 1 .

7-Carbo/sopropoxy-1 -tetralone (110)

COO'Pr

A mixture of 7-carboxy-1-tetralone 108 (2.80 g, 14.7 mmol) in isopropanol (350 ml) containing 

concentrated sulfuric acid (0.3 g) was heated under reflux for 4 d. The isopropanol was 

removed under reduced pressure and water (30 ml) was added. The aqueous mixture was 

basified to pH 8  with 1 N aqueous sodium bicarbonate, extracted with dichloromethane (4 x 

150 ml) and the extracts dried over anhydrous sodium sulfate. Removal of the solvent under 

reduced pressure gave an orange-brown oil which was purified by flash chromatography on silica 

gel (petroleum spirit-ethyl acetate, 8:2). The product was recrystallised from ether/petroleum spirit 

to give a pale yellow crystalline solid (1.45 g, 6.24 mmol, 43%).
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Melting point

1H NMR (400 MHz, CDCI3)

MS (El) m/z (%)

7-Carboxymethyl-1-naphthol (111)

42-43 °C

1.35 [d, J = 6.3, 6 H, CH(CH3 )2 ], 2.14 [quint, J = 6.1 Hz, 

2H, 2 X Ha], 2.67 [t, J = 6.5 Hz, 2H, 2 x H2 ], 3.00 [t, J =

6.2 Hz, 2H, 2 X H 4 ], 5.24 [sept, J = 6.3 Hz, 1H, 

CH(CH3 )2 ], 7.31 [d, J = 7.9 Hz, 1H, H5 ], 8.10 [dd, Ji =

8.0 Hz, Ü2 = 1.9 Hz, 1H, He], 8.63 [d, J = 1.8 Hz, 1H, 

He]

232 (41) [M+], 172 (100)

OH

COOMe

A mixture of 7-carboxymethyl-1-tetralone 109 (5.00 g, 24.5 mmol) and palladium black (0.20 g) 

in tri/sopropylbenzene (40 ml) was heated to reflux under argon for 7 d, adding a further portion 

of catalyst (0.10 g) after 45 h. The mixture was cooled and the catalyst removed by filtration over 

Celite. The filtrate was stored at -5 °C for 5 h and the resulting pale tan crystalline solid was 

collected by filtration, washed with petroleum spirit and dried in vacuo (4.20 g, 20.8 mmol, 85%).

Melting point

1H NMR (400 MHz, dg-DMSO)

MS (El) m/z (%) 

7-Carbo/sopropoxy-1-naphthol (112)

151-153 °C

3.14 [s, 3H, ArC0 2 C H 3 ], 6.12 [dd, Ji = 1.3 Hz, J2 =

7.2 Hz, 1H, H2 ], 6.59-6.65 [m, 2H, H3  and H4 ], 7.04 [d, 

J = 8 .6  Hz, 1H, H 5 ], 7.17 [dd, Ji = 1.8 Hz, J2 = 8 .6  Hz, 

1 H, He], 8.15 [s ,1H, He]

202 (91) [M+], 171 (96) [M+ - OCH3], 115 (100)

OH

COO'Pr
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A mixture of 7-carbo/sopropoxy-1-tetralone 110 (1.30 g, 5.60 mmol) and palladium black 

(0.06 g) in tri/sopropylbenzene (2 0  ml) was heated to reflux under argon for 6  d, adding a 

further portion of catalyst (0.10 g) after 45 h. The mixture was cooled and the catalyst removed 

by filtration over Celite. The filtrate was stored at -5 °C for 5 h and the resulting pale yellow 

crystalline solid was collected by filtration, washed with petroleum spirit and dried in vacuo 

(0.85 g, 3.69 mmol, 6 6 %).

Melting point

^HNMR (400 MHz, CDCI3)

MS (El) m/z (%)

1 -(3-Bromopropoxy)-7-carboxymethylnaphthalene (114)

141-142 °C

1.41 [d, J = 6.3 Hz, 6 H, CH(CH3 )2 ], 5.32 [sept, J =

6.3 Hz, 1H, CH(CH3 )2 ], 5.92 [s, 1H, OH], 6 .8 8  [dd, Ji =

7.1 Hz, Ü2 = 1.3 Hz, 1H, H2 ], 7.37-7.44 [m, 2H, H3 and 

H4 ], 7.81 [d, J = 8.5 Hz, 1H, H5], 8.05 [dd, Ji = 8.7 Hz, 

Ü2 = 1.7 Hz, 1H, He], 8.98 [s, 1H, Hg]

230 (54) M+), 171 (59) [M+ - OCH(CH3 )2 ], 31 (100)

COOMe

A suspension of 60% sodium hydride in paraffin oil (0.11 g, 2.77 mmol) in anhydrous THF 

(20 ml) was added dropwise to a solution of 7-carboxymethyl-1 -naphthol 111 (0 .318 g,

2.77 mmol) in anhydrous THF (40 ml) under argon at 0 °C. The mixture was stirred for 10 min 

and then heated to 40 °C for 2 0  min. Freshly distilled 1,3-dibromopropane (11.20 g,

55.0 mmol) was added in one portion and the mixture heated at 60-65 °C under argon for 12 h. 

The cooled mixture was filtered over Celite and the solvent and excess dibromopropane were 

removed under reduced pressure. The crude product was purified by flash chromatography on 

silica gel (petroleum spirit-chloroform, 3:7) to give a pale yellow solid (0.56 g, 1.73 mmol, 63%).

Melting point

1H NMR (400 MHz, CDCI3)

62-63 °C

2.49 [quint, J = 6.2 Hz, 2H, CH2 CH 2 C H 2 ], 3.71 [t, J =

6.3 Hz, 2H, CH2 Br], 3.97 [s, 3H, ArC0 2 CH3 ], 4.31 [t, J 

= 5.9 Hz, 2 H, O C H 2 ], 6.87 [dd, Ji = 7.2 Hz, J2 =

1.2 Hz, 1H, H2 ], 7.44-7.47 [m, 2H, Hg and H4 ], 7.81 [d.
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MS (FAB) m/z (%)

J = 8.5 Hz, 1H, H5], 8.05 [dd, Ji = 8 .6  Hz, J2 = 1.7 Hz, 

1H, He], 8.95 [d, J = 1.7 Hz, He]

325 (80) (MH+, 81 Br), 324 (100) (M+, 81 Br), 323 (82) 

(MH+, 79Br), 322 (85) (M+, 79Br)

1-(2-Bromoethoxy)-7-carboxymethylnaphthalene (115)

COOMe

A suspension of 60% sodium hydride in paraffin oil (0.81 g, 20.3 mmol) in anhydrous THF 

(40 ml) was added dropwise to a solution of 7-carboxymethyl-1-naphthol 111 (4 .10  g,

20.3 mmol) in anhydrous THF (70 ml) under argon at 0 °C. The mixture was stirred for 5 min 

and then heated to 40 °C for 20 min. Freshly distilled 1,2-dibromoethane (76.09 g, 405 mmol) 

was added in one portion and the mixture heated at 65-70 °C under argon for 48 h. The cooled 

mixture was filtered over Celite and the solvent and excess dibromoethane were removed under 

reduced pressure to yield a green solid. The crude product was purified by flash chromatography 

on silica gel (ether-chloroform, 1:9) to give a white crystalline solid (3.17 g, 10.3 mmol, 51%).

Melting point 

1H (400 MHz, CDCI3)

MS (FAB) m/z (%)

73-75 °C

3.80 [t, J = 6 .2 H z , 2H, C H 2 Br], 3.97 [s, 3H, 

ArC0 2 CH3], 4.48 [t, J = 6.3 Hz, 2 H, OCH2], 6.83 [t, J =

4.2 Hz, 1H, H2 ], 7.45-7.47 [m, 2H, H3 and H4 ], 7.81 [d, 

J = 8 .6  Hz, 1H, Hg], 8.06 [dd, Ji = 8.5 Hz, J2 = 1.3 Hz, 

1H, He], 9.01 [s, 1 H, He]

311 (79) [MH+, 81 Br], 310 (100) [M+, 81 Br], 309 (81) 

[MH+, 79Br], 380 (87) [M+, 79Br]

1 -(2-Bromoethoxy)-7-carboisopropoxynaphthalene (116)

COO'Pr
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A suspension of 60% sodium hydride in paraffin oil 0.09 g, 2.26 mmol) in anhydrous THF 

(20 ml) was added dropwise to a solution of 7-carbo/sopropoxy-1-naphthol 112 (0.52 g,

2.26 mmol) in anhydrous THF (50 ml) under argon at 0 °C. The mixture was stirred for 5 min 

and then heated to 40 °C for 15 min. Freshly distilled 1,2-dibromoethane (8.48 g, 45.1 mmol) 

was added in one portion and the mixture heated at 65-70 °C under argon for 96 h. The cooled 

mixture was filtered over Celite and the solvent and excess dibromoethane were removed under 

reduced pressure to yield a pale tan solid. The crude product was purified by flash 

chromatography on silica gel (petrol-chloroform, 3:7) to give a white crystalline solid (0.32 g, 

0.95 mmol, 42%).

Melting point

^HNMR (400 MHz, CDCI3)

MS (El) m/z

72-73 °C

1.41 [d, J = 6.3 Hz, 6 H, CH(CH3 )2 ], 3.79 [t, J = 6.4 Hz, 

2 H, CHgBr], 4.48 [t, J = 6.4 Hz, 2 H, OCH2], 5.30 [sept, 

J = 6.2 Hz, 1H, CH(CH3 )2 ], 6.83 [dd, Ji = 3.8 Hz, J2 =

3.4 Hz, 1H, H2 ], 7.24-7.26 [m, 2H, H3 and H4 ], 7.80 [d, 

J = 8.7 Hz, 1H, H5 ], 8.06 [dd, Ji = 8.5 Hz, J2 = 1.4 Hz, 

1 H, He], 9.02 [s, 1H, He]

339 (11) [MH+, 81 Br], 338 (67) [M+, 81 Br], 337 (12) [MH+, 

79Br], 336 (71) [M+, 79gr], 188 (100)

1-[3-(N-/sopropylamino)propoxy]-7-carboxymethylnaphthalene hydrogen 

bromide (UCL 1665)

NH'Pr

COOMe

A mixture of 1-(3-bromopropoxy)-7-carboxymethylnaphthalene 114 (0.53 g, 1.64 mmol) and 

/sopropylamine (13.6 g, 230 mmol) in ethanol (100 ml) was heated to reflux under argon for 

18 h. The solvent and excess amine were removed under reduced pressure to leave an off- 

white solid. The crude product was recrystallised twice from methanol to give white needles 

(0.54 g, 1.41 mmol, 8 6 %).

Melting point

1H NMR (400 MHz, cfe-DMSO)

241-242 °C (dec)

1.29 [d, J = 6.5 Hz, 6 H, CH(CH3 )2 ], 2.25-2.29 [m, 2H, 

C H 2 C H 2 C H 2 ], 3.19 [t, J = 7.4 Hz, 2 H, C H 2 N], 3.39
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MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 18H23NO3 . HBr

[sept, J = 6 .5 H z , 1H, C H (C H 3 )2 ], 3.92 [s, 3H, 

ArC0 2 CH3], 4.35 [t, J = 6.1 Hz, 2 H, OCH2], 7.11 [dd, Ji

= 6.7 Hz, J2 = 1.4 Hz, 1H, H2], 7.57-7.60 [m, 2H, H3

and H4], 7.99 [s, 2H, H5 and Hg], 8.84 [s, 1H, Hg]

316 (6 ) [MH+, ethyl ester], 302 (100) [MH+]

2952, 2775 (s, sp3 C-H str), 1712 (s, C = 0  str), 1626, 

1578 (m, arom C=C str), 1467, 1376 (s, sp^ C-H str), 

1294 (s, Ar-0 a str), 1119 (Ar-O, a str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peaks: 96.7%, 3.3%

Retention times: 10.1 min, 13.2 min respectively 

Calc. C 56.55 H 6.33 N 3.66

Found C 56.27 H 6.45 N 3.54

Molecular mass: 383.30 

Base mass: 301.39

1-[2-(N,N-dimethylamino)ethoxy]-7-carboxymethylnaphthalene oxalate 

(UCL 1960)

NMe2

COOMe

1 -(2-Brom oethoxy)-7-carboxy methyl naphthalene 115 (0.63 g, 2.04 mmol) and 2 .0  M 

dimethylamine solution in THF (50 ml, ca. 102 mmol) was heated to reflux under argon for 24 h, 

adding a further portion of the amine solution (50 ml, ca. 102 mmol) after 18 h. The solvent was 

removed under reduced pressure to leave a yellow solid which was redissolved in 

dichloromethane and washed with dilute aqueous sodium bicarbonate solution. The organic 

solution was dried over anhydrous sodium sulfate and the solvent removed to leave a yellow- 

green oil. The crude product was purified by flash chromatography on silica gel (ether-methanol, 

4:6) to give a pale yellow oil (0.47 g, 1.72 mmol, 84%). The product was treated with a saturated 

solution of oxalic acid (0.19 g, 2.11 mmol) in ethanol. The resulting white solid was filtered and 

washed with cold methanol (0.42 g, 1.12 mmol, 65%).

Melting point 224-225 °C
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NMR (400 MHz, de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 16H19NO3 . C2H2O4

2.78 [s, 6 H, N(CH3 )2 ], 3.47 [t, J = 6.9 Hz, 2H, CH2 N],

3.93 [s, 3H, ArC02CH3], 4.52 [t, J = 5.2 Hz, 2 H, OCH2],

7.13-7.15 [m, 1H, H2], 7.59-7.61 [m, 2H, H3 and H4],

8 .0 0  [s, 2 H, H5 and He], 8.89 [s, 1 H, Hg]

274 (100) [MH+]

3434 (br m, 0 -H  str), 2948, 2875 (m, sp3 C-H str), 1707 

(s, C =0 str), 1632 (s, arom C=C str), 1447, 1377 (m, sp^ 

C-H bend), 1289,1234 (s, Ar-0 a str), 1121 (s, Ar-O s str) 

Methanol-water (80:20) -1- 0.1 triethylamine 

Main peak: 99.2%

Retention time: 8.5 min

Calc. C 59.50 H 5.82 N 3.85

Found C 59.49 H 5.86 N 3.74

Molecular mass: 363.37

Base mass: 273.33

1-[2-(N,N-ethylbutylamino)ethoxy]-7-carboxymethylnaphthalene oxalate 

(UCL 1693) [Free base (118)]

0 ^
.^ N E tB u

/^ s ^ C O O M e

Method 1 (UCL 1693)

To a solution of 7-carboxymethyl-1-naphthol 111 (0.70 g, 3.46 mmol) in dry THF (15 ml) was 

added a suspension of 60% sodium hydride in paraffin oil (0.14 g, 3.46 mmol) at 0 °C under 

argon. The mixture was stirred for 10 min and heated at 40 °C for 20 min. N-(2-chloroethyl)-N- 

ethylbutylamine hydrochloride 93 (2.67 g, 13.3 mmol) was suspended in toluene (55 ml) and 

40% aqueous sodium hydroxide was added dropwise until the aqueous layer became semi-solid. 

The toluene layer was collected and the aqueous layer extracted with toluene ( 4 x 3  ml). The 

combined toluene extracts were dried over potassium hydroxide pellets. The toluene solution 

containing the free amine was added to the reaction mixture in one portion and the resulting 

mixture was heated to reflux under argon for 7 d. After cooling, the mixture was filtered over 

Celite and the solvents removed under reduced pressure. The resulting brown oil was purified by 

flash chromatography on silica gel (ether-petroleum spirit, 9:1) to give a pale yellow oil (0.66 g,

2.00 mmol, 58%). The product was treated with a saturated solution of oxalic acid (0.23 g.
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2.40 mmol) in methanol. Treatment with decolourising charcoal, followed by recrystallisation from 

methanol gave the oxalate salt as a white crystalline solid (0.46 g, 1.03 mmol, 51%).

Melting point

NMR (400 MHz, dg-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 2 0 H 2 7 N O 3 . 1 .3 (C 2 H 2 0 4 )

151-153 °C

0.89 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.26 [t, J = 7.1 Hz, 

3H, NCH2 C H 3 ], 1.32-1.38 [m, 2H, (CH2 )2 C H 2 C H 3 ], 

1.60-1.67 [m, 2 H, CH2 CH2 CH2CH3 ], 3.02-3.06 [m, 2H, 

NCH2 (CH2 )2 CH3 ], 3.14 [q, J = 7.1 Hz, 2H, NCH2 CH3 ],

3.51 [t, J = 4.2 Hz, 2H, OCH2 C H 2 N], 3.91 [s, 3H, 

ArC0 2 CH3 ], 4.50 [t, J = 4.5 Hz, 2 H, OCH2 ], 7.11-7.13 

[m, 1H, H2], 7.58-7.60 [m, 2H, H3 and H4], 7.99 [s, 2H, 

H5 and He], 8 .8 6  [s, 1H, Hg]

330 (100) [MH+]

3446 (br m, 0 -H  str), 2957, 2585 (m, sp3 C-H str), 1713 

(s, C =0 str), 1626, 1574 (m, arom C=C str), 1462, 1370 

(s, sp3 C-H bend), 1272, 1226 (s, Ar-0 a str), 1118 (s, Ar- 

O s str)

Methanol-water (70:30) + 0.1% triethylamine 

Main peak: 100%

Retention time: 6.2 min

Calc. C 60.80 H 6 .6 8  N 3.14

Found C 60.91 H 6.81 N 2.97

Molecular mass: 446.49

Base mass: 329.44

Method 2 (118)

A mixture of 1-(2-bromoethoxy)-7-carboxymethylnaphthalene 115 (3.00 g, 9.70 mmol) and N- 

ethylbutylamine (49.00 g, 484 mmol) in anhydrous THF (200 ml) was heated to reflux under 

argon for 96 h. The solvent and excess amine were removed under reduced pressure to leave a 

brown solid. The residue was dissolved in dichloromethane and extracted with dilute aqueous 

sodium bicarbonate solution. The organic solution was dried over anhydrous sodium sulfate and 

the solvent removed to leave a brown-orange oil. The crude product was purified by flash 

chromatography on silica gel (chloroform-ether, 6:4) to give a pale yellow oil (2.52 g, 7.65 mmol, 

79%).

MS (FAB) m/z (%)

1H NMR (200 MHz, CDCI3)

330 (100) [MH+]

0.92 [t, J = 7.1 Hz, 3H, (CH2 )3 CH3 ], 1.12 [t, J = 7.1 Hz, 

3H, NCH2 CH3 ], 1.32-1.62 [m, 4H, (CH2 )2 CH2 CH3 and
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CH2CH2CH2CH3], 2.56-2.64 [m, 2H, NCH2 (CH2 )2 CH3 ], 

2.70 [q, J = 7.1 Hz, 2H, NCH2 CH3 ], 3.05 [t, J = 6.3 Hz, 

2H, OCH2 CH2 N], 3.96 [s, 3H, ArC0 2 CH3 ], 4.22 [t, J =

6.3 Hz, 2 H, OCH2 ], 6.84 [dd, Ji = 6.9 Hz, J2 = 1.6  Hz, 

1H, H2 ], 7.42-7.47 [m, 2H, H3 and H4], 7.80 [d, J =

8 .6  Hz, 1H, H5], 8.04 [d, Ji = 8.5 Hz, J2 = 1.6 Hz, 1H, 

He], 9.01 [s, 1H, He]

1-[2-(N,N-ethylbutylamino)ethoxy]-7-carbo/sopropoxynaphthalene oxalate 

(UCL 1927)

NEtBu

COO'Pr

A mixture of 1-(2-bromoethoxy)-7-carbo/sopropoxynaphthalene 116 (0.32 g, 0.95 mmol) and 

N-ethylbutylamine (9.60 g, 94.9 mmol) in absolute ethanol (60 ml) was heated to reflux under 

argon for 2 2  h. The solvent and excess amine were removed under reduced pressure to leave 

an orange residue. The crude product was purified by flash chromatography on silica gel (ether) 

to give a pale yellow oil (0.27 g, 0.76 mmol, 79%). The product was treated with a saturated 

solution of oxalic acid (0.08 g, 0.91 mmol) in absolute ethanol whereupon a white solid 

precipitated out. The solid was recrystallised from isopropanol to give the oxalate salt as a white 

powder (0.25 g, 0.56 mmol, 74%).

Melting point

1H NMR (400 MHz, cfe-DMSO)

13c NMR (cfe-DMSO)

139-141 °C

0.88 (t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.27 [t, J = 7.1 Hz, 

3H, NCH2CH3], 1.31-1.36 [m, 2H, (CH2 )2CH2CH3], 1.36 

[d, J = 6 .2  Hz, 6 H, CH(C H 3 )2 ], 1.60-1.65 [m, 2 H, 

CH2CH2CH2CH3 ], 2.99-3.03 [m, 2H, NCH2 (CH2 )2CH3 ],

3.12 [q, J = 7.0 Hz, 2H, NCH2 CH3], 3.49 [t, J = 4.8 Hz, 

2 H, OCH2 CH2 N], 4.49 [t, J = 4.8 Hz, 2 H, OCH2 ], 5.20 

[sept, J = 6.3 Hz, 1H, C H (C H 3 )2 ], 7.09-7.12 [m, 1 H, 

H2], 7.58-7.59 [m, 2 H, H3 and H4], 7.98-7.99 [m, 2 H, 

H5 and He], 8.85 [s, 1H, Hg]

7.55, 11.35, 17.48, 19.62, 24.24, 46.07, 48.92, 50.81,

62.28, 66.17, 104.40, 118.25, 122.09, 122.19, 123.38,

174



Experimental

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C2 2H31NO3 . C2H2O4

125.98, 126.05, 126.89, 134.06, 152.29, 161.40, 

163.28

358 (100) [MH+]

3446 (br m, O-H str), 2980, 2626 (m, sp^ C-H str), 1709 

(s, C =0 str), 1630, 1577 (m, arom C=C str), 1458, 1372

(m, sp3 C-H bend), 1279, 1229 (s, Ar-O a str), 1107 (s,

Ar-0 s str)

Methanol-water (90:10) + 0.1% triethylamine 

Main peak: 98.6%

Retention time: 13.0 min

Calc. C 64.41 H 7.43 N 3.13

Found C 64.10 H 7.44 N 3.09

Molecular mass: 447.53

Base mass: 357.50

N-[2-(7-carbo/sopropoxy-1-naphthyloxy)ethyl]hexamethyleneimine oxalate 

(UCL 1969)

COO'Pr

A mixture of 1-(2-bromoethoxy)-7-carbo/sopropoxynaphthalene 116 (0.18 g, 5.34 mmol) and 

hexamethyleneimine (2.65 g, 26.7 mmol) in isopropanol (60 ml) was heated to reflux under 

argon for 2 2  h. The solvent and excess amine were removed under reduced pressure. The 

resulting solid was triturated with ether and filtered. The filtrate was evaporated to leave a pale 

yellow oil. The crude product was purified by flash chromatography on silica gel (ether) to yield the 

product as a pale yellow oil (0.15 g, 0.42 mmol, 79%). The product was treated with a saturated 

solution of oxalic acid (0.06 g, 0.63 mmol) in absolute ethanol and recrystallised from 

ethanol/ether to give the oxalate salt as an off-white hygroscopic solid, which was washed several 

times with dry ether and dried in vacuo at room temperature for several days (0.09 g, 0.20 mmol, 

47%).

1H NMR (400 MHz, CD3OD) 1.41 [d, J = 6.2 Hz, 6 H, CH(CH3 )2 ], 1.78-1.86 [m, 4H, 

ring 2 X H3 and 2 x H4], 1.97-2.00 [m, 4H, ring 2 x H2
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MS (FAB) m/z (%) 

IR (v/cm 'l)

HPLC

Analysis

C22H29NO3 . C2 H2O4 . O.5 H2O

and 2 x H5], 3.56-3.73 [m, 4M, ring 2 x Hi and 2 x Hg], 

3.82-3.87 [m, 2 H, CH2 CH2 N], 4.60-4.62 [m, 2 H, OCH2],

5.29 [sept, J = 6 .2  Hz, 1H, C H(CH 3 )2 ], 7.08-7.09 [m, 

1H, H2], 7.57 [br s, 2H, H3 and H4], 7.92 [dd, Ji =

8 .6  Hz, Ü2 = 1.8 Hz, He], 8.05 [dd, Ji = 8.7 Hz, J2 =

1.3 Hz, 1H, He], 8.95 [d, J = 1.4 Hz, 1H, He]

356 (100) [MH+]

3426 (br s, O-H str), 2976, 2936, 2627 (s, sp3 C-H str), 

1717 (s, C =0 str), 1630 (s, arom C=C str), 1460, 1373 (s, 

sp3 C-H bend), 1282, 1224 (s, Ar-O a str), 1107 (s, Ar-O 

sstr)

Methanol-water (85:15) + 0.1% triethylamine 

Main peak: 98.9%

Retention time: 18.6 min

Calc. C 63.42 H 7.10 N 3.08

Found C 63.34 H 7.05 N 2.94

Molecular mass: 454.52

Base mass: 355.48

1-[3-(N,N-dimethylamino)propoxy]-7-carboxymethylnaphthalene oxalate 

(UCL 1666)

To a solution of 7-carboxymethyl-1 -naphthol 111 (0.40 g, 1.98 mmol) in dry THF (10 ml) was 

added a suspension of 60% sodium hydride in paraffin oil (0.08 g, 1.98 mmol) at 0  °C under 

argon. The mixture was stirred for 10 min and heated at 40 °C for 20 min. N,N-Dimethyl-3- 

chloropropylamine (1.25 g, 3.27 mmol) was suspended in toluene (55 ml) and 40% aqueous 

sodium hydroxide was added dropwise until the aqueous layer became semi-solid. The toluene 

layer was collected and the aqueous layer extracted with toluene ( 4 x 3  ml). The combined 

toluene extracts were dried over potassium hydroxide pellets. The toluene solution containing 

the free amine was added to the reaction mixture in one portion and the resulting mixture was 

heated to reflux under argon for 4 d. After cooling, the mixture was filtered over Celite and the 

solvents removed under reduced pressure to leave a brown oil. The crude product was purified
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by flash chromatography on silica gel (methanol-chloroform, 4:6) to give a pale orange solid 

(0.35 g, 1.22 mmol, 62%). The product was treated with a saturated solution of oxalic acid 

(0.13 g, 1.46 mmol) in methanol to give white crystals which were collected by filtration and 

washed with ether (0.25 g, 0.65 mmol, 53%).

Melting point

NMR (400 MHz, de-DMSO)

MS (FAB) M/Z (%) 

IR (v/cm'1)

HPLC

Analysis

C 1 7 H2 1 NO3 . 1.1(C2H204)

213-215 °C

2.27 [quint, J = 7.4 Hz, 2 H, CH2 CH2 CH 2 ], 2.75 [s, 6 H, 

N(CH3 )2 ], 3.19 [t, J = 7.5 Hz, 2H, CH2 N], 3.92 [s, 3H, 

ArC0 2 CH3 ], 4.30 [t, J = 6 .2  Hz, 2 H, OCH2 ], 7.09 [dd, Ji 

= 6.4 Hz, J2 = 1.8 Hz, 1H, H2 ], 7.56-7.58 [m, 2H, H3 

and H4 ], 7.98 [s, 2H, H5 and He], 8.85 [s, 1H, Hg]

288 (100) [MH+]

3446 (br m, O-H str), 2947, 2911 (m, sp3 C-H str), 1708 

(s, C =0 str), 1628, 1579 (m, arom C=C str), 1461, 1375 

(m, sp3 C-H bend), 1291, 1234 (s, Ar-O a str), 1122 (s, 

Ar-O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 100%

Retention time: 10.3 min

Calc. C 59.68 H 6.05 N 3.62

Found C 59.51 H 6 .0 0  N 3.71

Molecular mass: 386.40

Base mass: 287.36

1-[3-(N,N-ethylbutylamino)propoxy]-7-carboxymethylnaphthalene oxalate 

(UCL 1678)

NEtBu

COOMe

To a solution of 7-carboxymethyl-1-naphthol 111 (0.60 g, 2.97 mmol) in dry THF (10 ml) was 

added a suspension of 60% sodium hydride in paraffin oil (0 .1 2  g, 2.97 mmol) at 0 °C under 

argon. The mixture was stirred for 10 min and warmed to 40 °C for 20 min. N-(3-chloropropyl)-N- 

ethylbutylamine hydrochloride 95 (2.54 g, 11.9 mmol) was suspended in toluene (55 ml) and 

40% aqueous sodium hydroxide was added dropwise until the aqueous layer became semi-solid.
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The toluene layer was collected and the aqueous layer extracted with toluene ( 4 x 3  ml). The 

combined toluene extracts were dried over potassium hydroxide pellets. The toluene solution 

containing the free amine was added to the reaction mixture and the resulting mixture was heated 

to reflux under argon for 4 d. The mixture was cooled and filtered over Celite and the solvents 

removed under reduced pressure. The brown oil was purified by flash chromatography on silica 

gel (ether-methanol, 4:6 + 0.1% triethylamine) to give a pale brown oil (0.58 g, 1.69 mmol, 57%). 

The product was treated with a saturated solution of oxalic acid (0.18 g, 2.03 mmol) in methanol 

to give pale yellow crystals. Treatment with decolourising charcoal, followed by recrystallisatlon 

from methanol gave the oxalate salt as white crystals (0.23 g, 0.53 mmol, 31%).

Melting point

NMR (400 MHz, (%-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'^)

HPLC

Analysis

C21H29NO3 . C2H2O4

185-187 °C

0.88 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.23 [t, J = 7.1 Hz, 

3H, NCH2 C H 3 ], 1.29-1.35 [m, 2H, (CH2 )2 C H 2 C H 3 ],

1.59-1.63 [m, 2H, CH2 CH2CH2 CH3 ], 2.23-2.27 [m, 2H, 

OCH2 CH2CH2 N], 3.00-3.06 [m, 2H, NCH2 (CH2 )2 CH3],

3 .13-3.18 [m, 2H, N C H 2 C H 3 ], 3.23-3.27 [m, 2H, 

0 (C H 2 )2 CH 2 N], 3.90 [s, 3H, ArC0 2 CH 3 ], 4.29 [t, J =

6 .0  Hz, 2 H, OCH2 ], 7.08 [dd, Ji = 6.7 Hz, J2 = 1.5 Hz, 

H2 ], 7.57-7.60 [m, 2H, H3 and H4 ], 7.99-8.00 [m, 2H, 

H5 and He], 8.84 [s, 1H, Hg]

344 (100) [MH+]

3416 (br m, O-H str), 2956, 2632 (m, sp3 C-H str), 1717 

(s, C =0 str), 1627, 1576 (s, arom C=C str), 1459, 1369 

(s, sp3 C-H bend), 1291,1223 (s, Ar-O a str), 1085 (s, Ar- 

O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 100%

Retention time: 29.9 min

Calc. C 63.73 H 7.21 N 3.23

Found C 63.75 H 7.33 N 3.14

Molecular mass: 433.51

Base mass: 343.47
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1-[2-(N,N-ethylbutylamino)ethoxy]-7-naphthoic acid (UCL 1970)

NEtBu

COOH

A mixture of 1-[2-(N,N-ethylbutylamino)ethoxy]-7-carboxymethylnaphthalene 118 (0.30 g, 

0.91 mmol) and aqueous sodium hydroxide (0.1 g in 10 ml water, 2.50 mmol) in methanol 

(20 ml) was heated under reflux for 3 h. The methanol was removed under reduced pressure 

and the aqueous mixture was neutralised with 0.1 N hydrochloric acid. After removal of the 

solvents under reduced pressure, the resulting solid residue was triturated with ethyl acetate. 

The mixture was filtered and the filtrate was concentrated under reduced pressure to leave a white 

solid (0.19 g, 0.60 mmol, 6 6 %). The product was treated with a saturated solution of oxalic acid 

(0.08 g, 0.89 mmol) in ethanol and the white solid collected by filtration. After recrystallisation 

from ethanol/ether, the oxalate salt was obtained as a white powder (0.13 g, 0.30 mmol, 50%).

Melting point

NMR (400 MHz, de-DMSO)

13c NMR (c/e-DMSO)

MS (FAB) m/z (%) 

IR (v/cm 'l)

HPLC

178-180 °C

0.89 [t, J = 7.4 Hz, 3H, (CH2 )aCH3 ], 1.23 [t, J = 7.2 Hz, 

3H, NCH2 C H 3 ], 1.31-1.37 [m, 2H, (CH2 )2 C H 2 C H 3 ],

1.59-1.66 [m, 2H, CH2 CH2 CH2 CH3 ], 2.97-3.02 [m, 2 H, 

NCH2 (CH2 )2 CH3 ], 3.09 [q, J = 7.2 Hz, 2H, NCH2 CH3 ], 

3.45-3.47 [m, 2H, OCH2 CH2 N], 4.48 [t, J = 4.6 Hz, 2 H, 

O C H 2 ], 7.08-7.10 [m, 1 H, H2 ], 7.56-7.58 [m, 2 H, H3 

and H4], 7.95 [d, J = 8 .6  Hz, 1H, H5], 8.00 [dd, Ji =

8 .6  Hz, Ü2 = 1.6 Hz, 1H, Hg], 8 .8 6  [s, 1H, Hg]

9.61, 13.22, 19.32, 26.41, 47.86, 50.86, 52.67, 64.35, 

106.02, 119.95, 123.82, 124.05, 125.52, 127.42, 

127.57, 128.43, 135.76, 154.18, 163.45, 167.07 

316(100) [MH+]

3446 (br m, O-H str), 2962, 2629 (m, sp3 C-H str), 1684 

(s, C =0 str), 1630, 1598 (s, arom C=C str), 1465, 1370 

(s, sp3 C-H bend), 1269,1227 (s, Ar-O s str), 1089 (s, Ar- 

O s str)

Methanol-water (50:50) + 0.1% triethylamine 

Main peak: 100%

Retention time: 9.0 min
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Analysis

C 1 9 H 2 5 N O 3 . 1 .3 (C 2 H 2 0 4 )

Calc. 0  59.99 H 6.43 N 3.24

Found C 59.88 H 6.33 N 3.24

Molecular mass: 432.46 

Base mass: 315.42

8-[2-(N,N-ethylbutylamino)ethoxy]naphthalene-2-carboxamide (UCL 1883)

NEtBu
0 ^

/ - ^ C O N H g

1-[2-(N,N-ethylbutylamino)ethoxy]-7-carboxymethylnaphthalene 118 (0.65 g, 1.97 mmol) was 

dissolved in concentrated hydrochloric acid (10 ml) and methanol (300 ml). Concentrated 

aqueous ammonia (2 0 0  ml) was added and the mixture stirred for 10  d, with the addition of further 

amounts of concentrated aqueous ammonia (200 ml) and methanol (100 ml) after 7 d. The 

volume of the solution was halved under reduced pressure and the resulting mixture basified to 

pH 11 with 2 N potassium hydroxide solution. The mixture was extracted with ethyl acetate (6  x 

100 ml) and the extracts dried over sodium sulfate. Removal of the solvent under reduced 

pressure gave a pale yellow solid. The crude product was purified by flash chromatography on 

silica gel (ether followed by methanol-ether, 95:5). The product was dissolved in isopropanol and 

treated with decolourising charcoal to yield an off-white crystalline solid (0.28 g, 0.89 mmol, 

45%).

Melting point

NMR (400 MHz, CD3OD)

MS (FAB) m/z (%) 

IR (v/cm'l)

134-135 °C

0.91 [t, J = 7.4 Hz, 3H, (CH2 )3 CH3 ], 1.14 [t, J = 7.2 Hz, 

3H, NCH2 C H 3 ], 1.30-1.32 [m, 2H, (CH2 )2 C H 2 C H 3 ],

2.62-2.66 [m, 2H, NCH 2 (C H 2 )2 C H 3 ], 2.74 [q, J =

7.2 Hz, 2H, N C H 2 C H 3 ], 3.09 [t, J = 5.6 Hz, 2H, 

OCH2 CH2 N], 4.30 [t, J = 5.6 Hz, 2 H, OCH2 ], 6.98 [dd, 

Ji = 6 .6  Hz, Ü2 = 1.9 Hz, 1H, H2 ], 7.45-7.51 [m, 2H, H3 

and H4 ], 7.85 [d, J = 8.7 Hz, 1H, H 5 ], 7.91 [dd, Ji =

8 .6  Hz, J2 = 1.8 Hz, 1H, He], 8.87 [s, 1H, He]

315(70) [MH+], 114(100)

3376, 3188 (s, N-H str), 2960, 2928 (m, sp3 C-H str), 

1649 (s, C =0 str), 1618, 1574 (s, arom C=C str), 1472,
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HPLC

Analysis

C 19H26N2O2

1385 (s, sp3 C-H bend), 1274, 1240 (s, Ar-O a str), 1136 

(s, Ar-O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 100%

Retention time: 9.3 min 

Calc. C 72.58 H 8.33 N 8.91

Found C 72.26 H 8.43 N 8.80

Molecular mass: 314.43

1-[2-(N,N-ethylbutyiamino)ethoxy]-7-cyanonaphthalene (UCL 1971)

NEtBu

ON

A solution of trifluoroacetic anhydride (0.37 g, 1.76 mmol) in anhydrous 1,4-dioxane (20 ml) 

was added dropwise to a stirred solution of 8-[2-(N,N-ethylbutylamino)ethoxy]naphthalene-2- 

carboxamide UCL 1883 (0.50 g, 1.59 mmol) in anhydrous 1,4-dioxane (20 ml) and anhydrous 

pyridine (0.25 g, 3.16 mmol) at 0 °C under argon. The temperature was kept below 10 °C 

throughout the addition, which took approximately 30 min. After the addition was complete, the 

mixture was stirred at room temperature under argon for a further 3 h. The solvent was removed 

under reduced pressure to leave an orange residue. The residue was purified by flash 

chromatography on silica gel (ether-methanol, 95:5) to give the trifluoroacetate salt of the product 

as a hygroscopic solid. The product was dissolved in dilute aqueous sodium bicarbonate solution 

and extracted with dichloromethane (3 x 150 ml). The organic extracts were washed with brine (3 

X 50 ml), dried over anhydrous sodium sulfate and the solvent removed to give a pale yellow oil. 

The mixture was subsequently purified by preparative HPLC (methanol-water (80:20) -n 0 .1% 

triethylamine; flow rate 18 ml min'1; retention time 11.5 min). The resulting white residue was 

dissolved in isopropanol and filtered to remove traces of silica gel. The filtrate was evaporated and 

the colourless oil dried in vacuo (0.27 g, 0.57 mmol, 57%). The product was treated with a 

saturated solution of oxalic acid (0.06 g, 0.67 mmol) in ethanol. Ether was added and the 

resulting white precipitate collected by filtration. The product was recrystallised from methanol to 

give the oxalate salt as a white powder (0.16 g, 0.41 mmol, 45%).

Melting point 160-161 °C
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NMR (400 MHz, CD3OD)

13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 1 9 H 2 4 N 2 O . C 2 H 2 O 4

0.94 [t, J = 7.4 Hz, 3H, (CH2 )3 CH3 ], 1.34 [t, J = 7.3 Hz, 

3H, NCH2 C H 3 ], 1.36-1.38 [m, 2H, (CH2 )2 CH 2 C H 3 ], 

1.70-1.76 [m, 2 H, CH2 C H 2 C H 2 C H 3 ], 3.35 [q, J =

7.3 Hz, 2 H, N C H 2 C H 3 ], 3.74 [t, J = 4.7 Hz, 2 H, 

OCH 2 CH2 N], 4.53 [t, J = 4.6 Hz, 2 H, OCH2 ], 7.07 [dd, 

Jl = 7.2 Hz, Ü2 = 1.2 Hz, 1H, H2], 7.51-7.58 [m, 2H, H3 

and H4], 7.61 [dd, Ji = 8.5 Hz, J2 = 1.6 Hz, 1H, He],

7.92 [d, J = 8.4 Hz, 1H, H5], 8.63 [d, J = 0.9 Hz, 1H, Hg]

9.16, 13.21, 19.30, 25.82, 47.70, 50.75, 52.20, 63.90,

107.16, 107.62, 118.87, 120.25, 123.67, 126.71,

127.89, 128.86, 129.64, 135.09, 153.27, 163.27

297 (100) [MH+]

3448 (br m, O-H str), 2965, 2640 (m, sp3 C-H str), 2224 

(s, C=N str), 1720 (s, C =0 str), 1628, 1573 (s, arom C=C 

str), 1444, 1378 (s, sp3 C-H bend), 1271, 1197 (s, Ar-O a 

str), 1100 (s, Ar-O s str)

Methanol-water (85:5) -k 0.1% triethylamine 

Main peak: 100%

Retention time: 10.0 min

Calc. C 65.27 H 6.78 N 7.25

Found C 65.04 H 6.71 N 7.09

Molecular mass: 386.45

Base mass: 296.42

(±)-1 -(2,3-Epoxypropoxy)naphthalene (122)

A solution of 1-naphthol 121 (10.00 g, 0.07 mol) in freshly distilled epichlorohydrin (160.0 g, 

1.73 mol) containing 1-methylpiperazine (0.10 g) was heated to reflux under argon for 30 min. 

The excess epichlorohydrin was removed under reduced pressure to leave a viscous orange oil 

which was dried in vacuo for 24 h. The product was subsequently used without further 

purification (12.99 g crude).
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MS (El) m/z (%) 238 (4) (corresponds to compound 124), 236 (12), 200 

(29) [M+], 157 (8 ), 144 (100), 127 (16), 115 (70)

1 -(2,3-Epoxypropoxy)-7-carboxymethyl)naphthalene (123)

COOMe

A solution of 7-carboxymethyl-1-naphthol 111 (0.87 g, 4.30 mmol) in freshly distilled 

epichlorohydrin (17.8 g, 192 mol) containing 1-methylpiperazine (0.2 g) was stirred at 95- 

100 °C for 45 min under argon. The excess epichlorohydrin was removed under reduced 

pressure to leave a viscous orange oil. The product was dried In vacuo for several days and 

subsequently used without further purification (1 .1 0  g crude).

MS (El) m/z (%) 294 (9) (corresponds to compound 125), 258 (63) [M+], 

227 (14) [M +-O C H 3], 29 (100)

(±)-1 -/sopropylamino-3-(1 -naphthyloxy)-2-propanol oxalate 

(UCL 1961, propranolol)

NH'Pr
OH

A mixture of (±)-1-(2,3-epoxypropoxy)naphthalene 122 (2.00 g, 9.99 mmol) and /sopropylamine 

(28.00 g, 499 mmol) in ethanol (30 ml) was heated to reflux under argon for 20 h. The solvent 

and excess amine were removed under reduced pressure to leave a yellow oil. The residue was 

dissolved in ethanol and treated with a saturated solution of oxalic acid (1.04 g, 0.01 mol) in 

ethanol. The resulting white precipitate was collected by filtration and washed with cold ethanol. 

Further amounts were recovered from the mother liquor. The solids were combined, treated with 

decolourising charcoal and recrystallised from ethanol. A further recrystallisation from methanol 

gave the oxalate salt as white microcrystals (1.77 g, 5.07 mmol, 51%).
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Melting point

NMR (400 MHz, cfe-DMSO)

MS (FAB) m/z (%) 

IR (v/ cm'1)

HPLC

Analysis

C 1 6 H 2 1 N O 2 . C 2 H 2O 4

173-174 °C (Iiterature232 h CI salt: 162-163 °C)

1.27 [d, J = 6 .6  Hz. 6 H, CH(CH 3 )2 ], 3.10 [dd, Ji =

12.6 Hz, Ü2 = 9.1 Hz, 1H, C H 2 N], 3.26 [dd, Ji =

12.6 Hz, Ü2 = 3.3 Hz, 1H, C H 2 N], 3.39 [sept, J =

6.5 Hz, 1 H, CH(CH3 )2 ], 4.18-4.21 [m, 2 H, OCH2], 4.33-

4.37 [m, 1H, CH(OH)], 6.92-6.96 [br s, 1H, OH], 6.97 [d, 

J = 7.6 Hz, 1H, H2 ], 7.41 [Y, Ji = J2 = 7.9 Hz, 1H, H3], 

7.47-7.54 [m, 3H, H 4 , Hg and Hy], 7.86 [dd, Ji =

6.7 Hz, Ü2 = 2.5 Hz, 1H, H5], 8.25 [dd, Ji = 6.9 Hz, J2 =

2.4 Hz, 1H, Hg]

260 (100) [MH+]

3385 (br m, O-H str), 3282 (s, N-H str), 2868, 2795 (m, 

sp^ C-H str), 1736 (m, C =0 str), 1626, 1579 (s, arom C=C 

str), 1399 (s, sp3 C-H bend), 1242 (s, Ar-O a str), 1179 (s, 

C-N str), 1110 (s, Ar-O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 99.8%

Retention time: 7.8 min

Calc. C 61.88 H 6 .64 N 4.01

Found C 61.77 H 6 .69 N 3.84

Molecular mass: 349.39

Base mass: 259.35

(±)-1 -/sopropylamino-3-(7-carboxymethyl-1 -naphthyloxy)-2-propanol (UCL 1962)

NH'Pr
OH

COOMe

A mixture of 1-(2,3-epoxypropoxy)-7-carboxymethyl)naphthalene 123 (1.00 g, 3.87 mmol) and 

/sopropylamine (21.7 g, 387 mmol) in methanol (30 ml) was heated to reflux under argon for 

36 h. The solvent and excess amine were removed under reduced pressure to leave a pale 

yellow solid. The solid was triturated with ethanol (30 ml) and the resulting white solid collected 

by filtration. The product was recrystallised from ethanol and then from methanol to yield a white 

powder (0.62 g, 1.95 mmol, 50%).
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Melting point

NMR (400 MHz, de-DMSO)

13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'l)

HPLC

Analysis

C 18H23NO4

125-126 °C

1.01 [d, J = 6.2 Hz, 6 H, CH(CH3 )2], 1.52 [br s, 1H, NH],

2.70 [dd, Ji = 1 1 .8  Hz, J2 = 6.7 Hz, 1H, CH2 N], 2.73- 

2.75 [m, 1H, CH(CH 3 )2 ], 2.82 [dd, Ji = 11.8 Hz, J2 =

6 .8  Hz, 1H, CH2 N], 3.92 [s, 3H, ArC0 2 CH3 ], 4.01-4.04 

[m, 1H, CH(OH)], 4.16 [dd, Ji = 9.9 Hz, J2 = 5.6 Hz, 

1 H, O CH2 ], 4.21 [dd, Ji = 9.9 Hz, J2 = 4.8 Hz, 1 H, 

OCH2 ], 4.93 [br s, 1 H, OH], 7.08 [dd, Ji = 7.2 Hz, J2 =

1.4 Hz, 1H, H2 ], 7.52-7.59 [m, 2H, H3 and H4 ], 7.95-

7.99 [m, 2 H, H5 and He], 8.91 [d, J = 1.6 Hz, 1H, Hg]

22.63, 47.82, 49.77, 51.78, 68.25, 71.22, 106.15, 

119.36, 124.01, 124.30, 125.00, 125.93, 127.71,

128.89, 135.88, 155.01, 166.12 

318(94) [MH+], 72 (100)

3416 (br w, O-H str), 3272 (m, N-H str), 2962, 2925 (m,

sp3 C-H str), 1715 (s, C=0 str), 1628,1576 (m, arom C=C

str), 1458, 1378 (s, sp3 C-H bend), 1272, 1225 (s, Ar-O a 

str), 1121 (m, Ar-O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 99.1%

Retention time: 7.8 min 

Calc. C 68.12 H 7.30 N 4.41

Found C 68.07 H 7.29 N 4.30

Molecular mass: 317.39

4-Oxo-4-(4’-methylphenyl)butyric acid (127)

Me

COOH

A suspension of powdered succinic anhydride (18.00 g, 0.18 mol) in toluene (120 ml) was 

cooled to 2 °C. Anhydrous aluminium chloride (47.00 g, 0.35 mol) was added to the mixture in 

small portions. After the addition, the mixture was stirred at room temperature for 3 d. The 

solution was poured into ice-water (300 g) and the mixture basified with 20% aqueous sodium 

hydroxide solution. The aqueous layer was separated and washed with ether (3 x 100 ml).
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Acidification of the aqueous layer with concentrated hydrochloric acid produced a white 

precipitate. The mixture was extracted with ethyl acetate (5 x 120 ml) and the organic extracts 

were washed with brine (2 x 100 ml). The solution was dried over anhydrous magnesium sulfate 

and the solvent removed under reduced pressure to yield the product as a white crystalline solid 

(29.40 g, 0.15 mol, 85%).

Melting point

NMR (400 MHz, CDCI3)

MS (El) m/z (%)

125-126 °C (literature^OS 124-126 °C)

2.41 [s, 3H, ArCHa], 2.81 [t, J = 6 .6  Hz, 2H, CH2 ]. 3.30 

[t, J = 6 .6  Hz, 2 H, CH2 ], 7.27 [d, J = 8.0 Hz, 2H, H3 and 

H5 ], 7.88 [d, J = 8.1 Hz, 2H, H2 and He]

208 (27) [M+], 135 (100) [M+ - CH2 CH2 CO2 H], 91 (8 8 ) 

[M+ - COCH2CH2CO2 H]

4-Oxo-4-(4’-/sopropylphenyl)butyric acid (128)

COOH

Powdered succinic anhydride (18.00 g, 0.18 mol) and /sopropylbenzene (140 ml) were cooled 

to 5 °C. Anhydrous aluminium chloride (47.00 g, 0.35 mol) was added to the mixture in small 

portions. After the addition, the mixture was stirred at room temperature for 3 d. The reaction 

mixture was poured into ice-water (300 g) and basified with 20% aqueous sodium hydroxide 

solution. The aqueous layer was separated and washed with ether (3 x 100 ml). Acidification of 

the aqueous layer with concentrated hydrochloric acid gave a white precipitate. The mixture was 

extracted with ethyl acetate (6  x 12 0  ml) and the organic extracts were washed with brine (2  x 

100 ml). The solution was dried over anhydrous magnesium sulfate and the solvent removed 

under reduced pressure to yield a white crystalline solid. The solid was suspended in petroleum 

spirit, filtered and washed with petroleum spirit (4 x 100 ml). The product was dried in vacuo 

(30.79 g, 0.14 mol, 81%).

Melting point

1H NMR (400 MHz, CDCI3)

140-141 °C

1.25 [d, J = 6.9 Hz, 6 H, CH(CH3 )2 ], 2.79 [t, J = 6.5 Hz, 

2 H, CH2], 2.95 [sept, J = 6 .8  Hz, 1 H, CH(CH3 )2], 3.28 

[t, J = 6.7 Hz, 2H, CH2 ], 7.30 [d, J = 8.4 Hz, 2H, H3 and 

Hg], 7.90 [d, J = 8.3 Hz, 2H, H2 and Hg]
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MS (FAB) m/z (%) 221 (100) [MH+]

4-Oxo-4-(4’-methoxyphenyl)butyric acid (129)

MeO

COOH

Powdered succinic anhydride (18.00 g, 0.18 mol) and anisole (17.75 g, 0.17 mol) were added 

with stirring to nitrobenzene (75 ml) at 0 °C. Anhydrous aluminium chloride (47.00 g, 0.35 mol) 

was added to the mixture in small portions. The resulting mixture was stirred at room temperature 

for 18 h and the solution poured into ice-water (300 g). The resulting mixture was basified with 

20% aqueous sodium hydroxide solution. The aqueous solution was separated and washed with 

ether (3 x 150 ml). The aqueous layer was acidified with concentrated hydrochloric acid and the 

resulting mixture was extracted with ethyl acetate (5 x 150 ml). The organic extracts were washed 

with brine, dried over anhydrous sodium sulfate and concentrated under reduced pressure to 

give white crystals. The product was collected by filtration, washed with petroleum spirit and dried 

at room temperature in vacuo (29.10 g, 0.14 mol, 84%).

Melting point

1HNMR (200 MHz, CDCI3)

MS (El) m/z (%) 

4-Oxo-4-(4’-chlorophenyl)butyric acid (131)

147-148 °C (literature^^ ■' 147.5-148.5 °C)

2.79 [t, J = 6.5 Hz, 2H, CHg], 3.25 [t, J = 6.5 Hz, 2H, 

CH2 ], 3.87 [s, 3H, ArOCHa], 6.94 [d, J = 8.9 Hz, 2H, H3 

and H5 ], 7.96 [d, J = 7.0 Hz, H2 and Hg]

208 (27) [M+], 135 (100) [M+ - CH2CH2CO2 H]

COOH

Powdered succinic anhydride (13.13 g, 0.13 mol) was mixed with anhydrous aluminium chloride 

(35.00 g, 0.26 mol). Anhydrous chlorobenzene (38.70 g, 0.34 mol) was added in one portion 

and the mixture was heated at 100 °C with stirring for 1 h. After cooling the reaction mixture to

187



Experimental

room temperature, water (2 0  ml) was added dropwise, followed by concentrated hydrochloric 

acid (35 ml). The mixture was extracted with dichloromethane ( 5 x 1 0  ml) and the organic 

extracts dried over anhydrous sodium sulfate. Removal of the solvent under reduced pressure 

gave a yellow solid, which was dissolved in ethyl acetate and extracted with 10% aqueous sodium 

hydroxide solution (2  x 100 ml). The aqueous layer was washed with ether (100 ml) and acidified 

with concentrated hydrochloric acid. The resulting mixture was extracted with ethyl acetate (4 x 

200 ml) and the extracts washed with brine (4 x 100 ml). After drying over anhydrous sodium 

sulfate and removal of most of the solvent under reduced pressure, the product precipitated from 

the solution as white crystals. The product was collected by filtration, washed with petroleum spirit 

and dried at room temperature in vacuo (15.10 g, 0.07 mol, 54%).

Melting point

NMR (400 MHz, CDCI3 )

MS (El) m/z (%)

130-131 °C (Iiterature233 131-131.5 °C)

2.79 [t, J = 6.5 Hz, 2H, CH 2 ], 3.26 [t, J = 6 .6  Hz, 2H, 

CH2], 7.43 [d, J = 8.4 Hz, 2 H, H3 and H5], 7.90 [d, J =

8.4 Hz, 2H, H2 and He]

214 (4) [M+, 37ci], 212 (14) [M+- 35ci], 141 (78) [M+ - 

CH2CH2CO2 H], 139 (100) [M+ - CH2CH2CO2 H]

4-(4’-Methylphenyl)butyric acid (132)

Me

COOH

A mixture of mossy zinc (44.90 g, 0.69 mol), mercury (II) chloride (4.80 g), concentrated 

hydrochloric acid (4 ml) and water (100 ml) were stirred for 10 min. The aqueous layer was 

decanted off and 4-oxo-4-(4’-methylphenyl)butyric acid 127 (16.50 g, 86.0 mmol) in toluene 

(135 ml) was added, followed by concentrated hydrochloric acid (65 ml) and water (33 ml). The 

mixture was heated under reflux for 72 h. The toluene layer was collected and the aqueous layer 

extracted with ethyl acetate (3 x 150 ml). The combined organic solutions were dried over 

anhydrous sodium sulfate. The solvents were removed under reduced pressure to give a pale 

yellow solid. Recrystallisation from ether/petroleum spirit gave the product as an off-white 

crystalline solid (13.00 g, 0.73 mol, 85%).

Melting point

NMR (400 MHz, CDCI3)

57-58 °C (literature^^® 60-61 °C)

1.93 [quint, J = 7.5 Hz, 2H, CH2 CH2 CH2 ], 2.30 [s, 3H, 

A rC H 3 ], 2.35 [t, J = 7.4 Hz, 2 H, CH 2 ], 2.62 [t, J =
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MS (El) m/z (%)

7.5 Hz, 2 H, CHg], 7.05 [d, J = 8.1 Hz, 2 H, H3 and Hg],

7.08 [d, J = 8.1 Hz, 2H, H2 and Hg]

178 (56) [M+], 119(28) [M+ - CH2CO2H], 118 (100), 105 

(69) [M+ - CH2CH2CO2H]

4-(4’-/sopropylphenyl)butyric acid (133)

COOH

A mixture of mossy zinc (69.00 g, 1.06 mol), mercury (II) chloride (6.90 g), concentrated 

hydrochloric acid (6.0 ml) and water (150 ml) were stirred for 10 min. The aqueous layer was 

decanted off and 4-oxo-4-(4’-/sopropylphenyl)butyric acid 128 (29.50 g, 0.13 mol) in toluene 

(200 ml) was added, followed by concentrated hydrochloric acid (100 ml) and water (50 ml). 

The resulting mixture was heated under reflux for 72 h. After cooling to room temperature, the 

organic layer was collected and the aqueous layer extracted with ether (3 x 150 ml). The 

combined organic solutions were dried over anhydrous magnesium sulfate. Removal of the 

solvents under reduced pressure gave a pale yellow oil. Petroleum spirit (50 ml) and ether (2 ml) 

was added and the mixture was stored at -5 °C for 5 h. The resulting white crystalline solid was 

collected by filtration and dried in vacuo (15.99 g, 0.08 mol, 59%).

Melting point

1H NMR (400 MHz, CDCI3)

MS (El) m/z (%) 

4-(4’-Methoxyphenyl)butyric acid (134)

48-49 °C

1.22 [d, J = 6.9 Hz, 6 H, CH(CH3 )2 ], 1.94 [quint, J =

7.6 Hz, 2 H, CH2 C H 2 C H 2 ], 2.36 [t, J = 7.5 Hz, 2 H, 

C H 2 ], 2.63 [t, J = 7.6 Hz, 2 H, CH 2 ], 2 .8 6  [sept, J =

7.0 Hz, 1H, CH(CH3 )2 ], 7.09 [d, J = 8.3 Hz, 2H, H3 and 

Hg], 7.13 [d, J = 8.3 Hz, 2 H, H2 and Hg]

206 (63) [M+], 163 (19) [M+ - CH(CH3 )2], 131 (100)

189



Experimental

A mixture of mossy zinc (53.30 g, 0.82 mol), mercury (II) chloride (5.30 g), concentrated 

hydrochloric acid (4.5 ml) and water (120 ml) were stirred for 10 min and the aqueous layer 

decanted off. A suspension of 4-oxo-4-(4’-methoxyphenyl)butyric acid 129 (22 .20  g, 

0.12 mol) in toluene (152 ml) was added, followed by concentrated hydrochloric acid (76 ml) 

and water (38 ml), and the resulting mixture was heated under reflux for 48 h. After cooling to 

room temperature, the organic layer was collected and the aqueous layer extracted with ethyl 

acetate (3 x 200 ml). The combined organic solutions were washed with water (2 x 100 ml) and 

dried over anhydrous sodium sulfate. The solvents were removed under reduced pressure to 

leave a pale yellow oil which solidified on standing. The solid was recrystallised from ethyl 

acetate/petrol to yield the product as a white crystalline solid (16.74 g, 0.09 mol, 75%).

Melting point

NMR (400 MHz, CDCI3)

MS (El) m/z (%) 

4-(4’-Fluorophenyl)butyric acid (135)

60-61 °C (literature^''  ̂ 60.5-61.5 °C)

1.92 [quint, J = 7.8 Hz, 2H, CH2 CH 2 CH 2 ], 2.35 [t, J =

7.6 Hz, 2 H, CH2 ], 2.60 [t, J = 7.5 Hz, 2 H, CH2 ], 3.77 [s, 

3H, ArOCHa], 6.82 [d, J = 8.7 Hz, 2H, H3 and Hg], 7.08 

[d, J = 8.7 Hz, 2H, H2 and Hg]

194 (38) [M+], 121 (100) [M+ - CH2CH2CO2 H]

COOH

A mixture of mossy zinc (50.00 g, 765 mmol), mercury (II) chloride (5.00 g), concentrated 

hydrochloric acid (5.0 ml) and water (75 ml) were stirred for 10 min. The aqueous layer was 

decanted off and 4-oxo-4-(4’-fluorophenyl)butyric acid (25.00 g, 127 mmol) in toluene (170 ml) 

was added, followed by concentrated hydrochloric acid (75 ml) and water (43 ml). The mixture 

was heated under reflux for 96 h. After cooling to room temperature, the organic layer was 

collected and the aqueous layer extracted with ether (3 x 150 ml). The combined organic 

solutions were dried over anhydrous sodium sulfate and the solvents removed under reduced 

pressure to leave a yellow viscous oil. The product was crystallised from ether/petroleum spirit at 

-5 °C to give a pale yellow crystalline solid (7.97 g, 43.7 mmol, 34%).

Melting point

1H NMR (400 MHz, CDCI3)

42-43 °C (literature^^® 45.5-46.5 °C)

1.94 [quint, J = 7.5 Hz, 2H, CH2 CH 2 CH 2 ], 2.37 [t, J =

7.5 Hz, 2 H, CH2 ], 2.65 [t, J = 7.6 Hz, 2 H, CH 2 ], 6.97
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MS (El) m/z (%)

[T, Ji = Ü2 = 8 .8  Hz, 2H, H 3 and H 5 ], 7.13 [dd, Ji =

8.7 Hz, Ü2 = 5.4 Hz, 2H, H2 and He]

182 (17) [M+], 123 (35) [M+ - CH2CO2 H], 122 (100), 109 

(98) [M+ - CH2CH2CO2H]

4-(4’-Chlorophenyl)butyric acid (136)

COOH

A mixture of mossy zinc (20.00 g, 306 mmol), mercury (II) chloride (2.00 g), concentrated 

hydrochloric acid (2.0 ml) and water (30 ml) were stirred for 10 min. The aqueous layer was 

decanted off and 4-oxo-4-(4’-chlorophenyl)butyric acid 131 (10.00 g, 49.0 mmol) in toluene 

(68  ml) was added, followed by concentrated hydrochloric acid (30 ml), water (17 ml) and glacial 

acetic acid (1.5 ml). The mixture was heated under reflux for 96 h, adding a further portion of 

concentrated hydrochloric acid (40 ml) after 48 h. After cooling to room temperature, the 

organic layer was collected and the aqueous layer extracted with ethyl acetate (3 x 150 ml). The 

combined organic extracts were dried over anhydrous sodium sulfate and the solvents removed 

under reduced pressure. The resulting white viscous oil solidified on standing at room 

temperature overnight. The crude product was recrystallised from ether/petroleum spirit at -5 °C 

to give a white crystalline solid (6.29 g, 31.7 mmol, 67%).

Melting point

1H NMR (400 MHz, CDCI3)

MS (El) m/z (%)

52-54 °C (literature^^^ 58-59 °C)

1.92 [quint, J = 7.4 Hz, 2H, CH2 C H 2 CH 2 ], 2.34 [t, J =

7.4 Hz, 2 H, CH2 ], 2.62 [t, J = 7.5 Hz, 2 H, CH2], 7.09 [d,

8.2 Hz, 2H, H2 and Hg], 7.23 [d, J = 7.9 Hz, 2H, H 3 

and H5 ]

200 (8 ) [M+, 37ci], 198 (25) [M+, 35ci], 141 (8 ) [M+ - 

CH2 CO2 H], 139 (18) [M+ - CH2 CO2 H], 138 (100), 127 

(17) [M+ - CH2CH2CO2 H], 125 (51) [M+ - CH2CH2CO2H]
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7-Methyl-1-tetralone (137)

Me

A solution of 4-(4’-methylphenyl)butyric acid 132 (12.00 g, 67.0 mmol) in dichloromethane 

(18 ml) was added to polyphosphoric acid (130 g) at 75 °C. The mixture was stirred at 65-75 °C 

for 4 h and then decomposed with ice-water (300 g). The resulting mixture was extracted with 

ether (4 x 100 ml) and the extracts were washed with 1 N aqueous potassium carbonate solution 

(2 X 150 ml) and brine (3 x 100 ml). The organic extracts were dried over anhydrous magnesium 

sulfate and the solvent removed under reduced pressure to yield a yellow-orange oil. The crude 

product was purified by flash chromatography on silica gel (petroleum spirit-ethyl acetate, 9:1) to 

give a pale yellow crystalline solid (8.40 g, 52.4 mmol, 78%).

Melting point

NMR (400 MHz, CDCI3)

MS (El) m/z (%)

7-/sopropyl-1-tetralone (138)

34-35 °C (literature^®® liquid)

2.10 [quint, J = 6.4 Hz, 2H, 2 x H3], 2.34 [s, 3H, ArCHa],

2.62 [t, J = 6.4 Hz, 2H, 2 x H2 ], 2.90 [t, J = 6.3 Hz, 2H, 

2 X H4 ], 7.12 [d, J = 7.9 Hz, 1H, H 5 ], 7.25 [dd, Ji =

7.8 Hz, Ü2 = 1.9 Hz, 1H, Hg], 7.82 [s, 1H, Hb]

160 (53) [M+], 145 (16) [M+ - CH3 ], 103 (100)

A solution of 4-(4’-/sopropylphenyl)butyric acid 133 (12.00 g, 58.1 mmol) in dichloromethane 

(20 ml) was added to polyphosphoric acid (130 g) at 75 °C and the mixture stirred at 65-75 °C 

for 6  h. The reaction mixture was decomposed with ice-water (300 g) and stirred at room 

temperature for 30 min. The mixture was extracted with ether (4 x 100 ml) and the extracts 

washed with 1 N aqueous potassium carbonate solution (2 x 150 ml) and brine (2 x 100 ml). 

The organic solution was dried over anhydrous magnesium sulfate and the solvent removed
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under reduced pressure to yield a brown-orange oil. The crude product was purified by flash 

chromatography on silica gel (petroleum spirit-ethyl acetate, 9:1) to give an orange oil (8.10 g,

43.0 mmol, 74%).

NMR (400 MHz, CDCI3 )

MS (El) m/z (%)

7-Methoxy-l -tetralone (139)

1.25 [d, J = 7.0 Hz, 6 H, CH(CH 3 )2 ], 2.12 [quint, J =

6.4 Hz, 2H, 2 X H3 ], 2.64 [t, J = 6.2 Hz, 2H, 2 x H2 ], 

2.89-2.95 [m, 3H, 2 x H4 and C H(CH 3 )2 ], 7.18 [d, J =

7.9 Hz, 1H, Hg], 7.35 [dd, Ji = 7.9 Hz, J2 = 2.1 Hz, 

1H, He], 7.90 [d, J = 2.0 Hz, 1H, Hg]

188 (8 6 ) [M+], 173 (100), 145 (11) [M+ - CH(CH3 )2]

OMe

A solution of 4-(4’-methoxyphenyl)butyric acid 134 (14.00 g, 72.1 mmol) in dichloromethane 

(28 ml) was added to polyphosphoric acid (140 g) at 80 °C and the mixture stirred at 70-80 °C 

for 2 h. The reaction mixture was decomposed with ice-water (600 g) and extracted with ether (5 

X 200 ml). The extracts were washed with 1 N aqueous potassium carbonate (4 x 80 ml) and 

brine (6  x 150 ml). The solution was dried over anhydrous sodium sulfate and the solvent 

removed under reduced pressure to yield a yellow solid. The solid was recrystallised from ethyl 

acetate/petroleum spirit to give the product as pale yellow crystals (7.89 g, 44.8 mmol, 62%).

Melting point

1H NMR (400 MHz, CDCI3 )

MS (FAB) m/z (%)

59-60 °C (literature^''^ 61 °C)

2.10 [quint, J = 6 .6  Hz, 2H, 2 x Hg], 2.62 [t, J = 6.1 Hz, 

2H, 2 X H2 ], 2.88 [t, J = 6.1 Hz, 2H, 2 x H4 ], 3.82 [s, 3H, 

ArOCH3 ], 7.03 [dd, Ji = 8.4 Hz, J2 = 2.9 Hz, 1H, Hg], 

7.15 [d, J = 8.4 Hz, 1H, Hg], 7.50 [d, J = 2.8 Hz, 1H, 

Hg]

177(100) [MH+]
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7-Fluoro-1-tetralone (140)

A solution of 4-(4 ’-f!uoropheny!)butyric acid 135 (6.00 g, 32.9 mmol) In dichloromethane 

(15 ml) was added to polyphosphoric acid (70 g) at 80 °C. The mixture was stirred at 70-80 °C 

for 6  h. The mixture was poured onto crushed ice (250 g) and extracted with dichloromethane (4 

X 250 ml). The extracts were washed with 1 N aqueous potassium carbonate (4 x 80 ml) and 

brine (2 x 150 ml). The solution was dried over anhydrous sodium sulfate and the solvent 

removed under reduced pressure to yield a brown oil which solidified on standing at room 

temperature. The solid was purified by flash chromatography on silica gel (petroleum spirit-ethyl 

acetate, 9:1) and recrystallised from ether/petroleum spirit to give the product as off-white crystals 

(3.20 g, 19.5 mmol, 59%).

Melting point

NMR (400 MHz, CDCI3 )

MS (El) m/z (%)

7-Methyl-1-naphthol (141)

64-65 °C (literature^''° 63.5-65 °C)

2.12 [quint, J = 6.3 Hz, 2H, 2 x H3], 2.63 [t, J = 6.3 Hz, 

2H, 2 X H2], 2.93 [t, J = 6.0 Hz, 2H, 2x H4], 7.16 [td. 

Je,5 = Jh,F = 8.3 Hz, Je,8 = 2.8 Hz, 1H, Hg], 7.24 [dd, 

Js,6 = 8.4 Hz, Jh,F = 5.2 Hz, 1 H, H5], 7.68 [dd, Jg,6 = 

Jh,F = 9-2 Hz, Jg,6 = 2 .8  Hz, 1 H, Hg]

164 (39) [M+], 108 (100)

OH

Me

A mixture of 7-methyl-1-tetralone 137 (5.00 g, 31.2 mmol) and palladium black (0.25 g) in 

tri/sopropylbenzene (50 ml) was heated to reflux under argon for 7 d, adding a further portion of 

catalyst (0.1 g) after 3 d. After cooling to room temperature, the mixture was filtered over Celite 

and the filtrate stored at -5 °C for 1 h. The resulting pale tan crystalline solid was collected by
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filtration, washed with petroleum spirit and recrystallised from dichloromethane/petroleum spirit to 

give white needles (3.00 g, 18.9 mmol, 61%).

Melting point

NMR (400 MHz, CDCI3 )

MS (El) m/z (%)

7-/sopropyl-1 -naphthol (142)

109-110 °C (literature^O® 108-109 °C)

2.53 [s, 3H, ArCHs], 5.32 [s, IN , OH], 6.77 [d, J =

7.5 Hz, 1H, H 2 ], 7.23 [T, Ji = J2 = 7.8 Hz, 1H, H 3 ],

7.33 [d, J = 8.3 Hz, 1H, H4 ], 7.40 [d, J = 8 .2  Hz, 1H, 

He], 7.72 [d, J = 8.4 Hz, 1H, H5], 7.95 [s, 1H, Hg]

158 (100) [M+]

OH

A mixture of 7-/sopropyl-1 -tetralone 138 (7.90 g, 42.0 mmol) and palladium black (0.32 g) in 

tri/sopropylbenzene (30 ml) was heated to reflux under argon for 9 d, adding a further portion of 

catalyst (0.1 g) after 4 d. After cooling to room temperature, the mixture was filtered over Celite. 

Petroleum spirit (10 ml) was added to the filtrate and the solution stored at -5 °C for 30 min. The 

resulting white needles were collected by filtration, washed with petroleum spirit (4 x 100 ml) and 

dried at room temperature in vacuo (4.91 g, 26.3 mmol, 63%).

Melting point

1H NMR (400 MHz, CDCI3 )

MS (El) m/z (%)

80-81 °C (literature^^^ 83 °C)

1.34 [d, J = 6.9 Hz, 6 H, CH(CH3 )2 ], 3.08 [sept, J =

7.0 Hz, 1H, CH(CH 3 )2 ], 5.24 [s, 1H, OH], 6.78 [d, J =

7.4 Hz, 1H, H 2 ], 7.23 [T, Ji = J2 = 7.8 Hz, 1H, Hg], 

7.38-7.41 [m, 2H, H4 and Hg], 7.74 [d, J = 8 .6  Hz, 1H, 

Hg], 7.96 [d, J = 0.8 Hz, 1H, Hg]

186 (40) [M+], 171 (90) [M+ - CH3], 28 (100)
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7-Methoxy-1-naphthol (143)

OH

OMe

A mixture of 7-methoxy-1-tetralone 139 (3.50 g, 19.9 mmol) and palladium black (0.15 g) in 

tri/sopropylbenzene (40 ml) was heated to reflux under argon for 96 h, adding a further portion 

of catalyst (0.05 g) after 48 h. After cooling to room temperature, the mixture was filtered over 

Celite and the filtrate stored at -5 °C for 2 h. The resulting pale tan solid was collected by 

filtration, washed with petroleum spirit and dried at room temperature in vacuo (2.57 g,

14.8 mmol, 74%).

Melting point

1H NMR (400 MHz, CDCI3)

MS (El) m/z (%)

7-Fluoro-1-naphthol (144)

100-102 °C (literature^^® 103-105 °C)

3.93 [s, 3H, ArOCHa], 5.30 [br s, 1H, OH], 6.78 [d, J =

7.4 Hz, 1H, H2 ], 7.13-7.17 [m, 2H, H3 and Hg], 7.36 [d, 

J = 8 .2  Hz, 1 H, H4 ], 7.46 [d, J = 2.3 Hz, 1 H, Hg], 7.70 

[d, J = 9.0 Hz, 1H, Hg]

174(88) [M+], 131 (100)

OH

A mixture of 7-fluoro-1-tetralone 140 (1.75 g, 10.7 mmol) and 5% palladium on activated carbon 

(0.64 g) in triglyme (15 ml) were heated to reflux under argon for 4 h. The mixture was cooled 

and filtered over Celite. Ice-water (100 g) was added to the filtrate and the solution extracted with 

ethyl acetate. The extracts were washed with water (2 x 100 ml), dried over anhydrous sodium 

sulfate and the solvent removed under reduced pressure to give a dark orange oil. The crude 

product was purified by flash chromatography on silica gel (petroleum spirit-ethyl acetate, 6:4) to 

give an off-white crystalline solid (1.50 g, 9.25 mmol, 87%).
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Melting point

NMR (400 MHz, CDCI3)

MS (El) m/z (%)

4-(4’-Chlorophenyi)butanoyl chloride (145)

136-138 °C (literature^''° 138-139.5 °C)

5.30 [s, 1H, OH], 6.83 [d, J = 7.5 Hz, 1 H, H2], 7.25-

7.30 [m, 2H, H3 and He], 7.43 [d, J = 8.3 Hz, 1H, H4], 

7.78-7.82 [m, 2H, H5 and Hg]

162 (95) [M+], 133 (100)

4-(4’-Chlorophenyl)butyric acid 136 (6.00 g, 30.2 mmol) was heated under reflux with freshly 

distilled thionyl chloride (19.57 g, 164 mmol) for 6  h. The excess thionyl chloride was removed 

under reduced pressure to leave a dark brown oil. The product was purified by vacuum distillation 

(121-123 °C, 5 mmHg) to give a colourless liquid (5.97 g, 27.5 mmol, 91%).

MS (El) m/z (%) 220 (3) [M+, 2 X 37ci], 218 (10) [M+, ^^C\, 3^01], 216 (27) 

[M+, 2 X 35ci], 127 (32) [M+ - CH2CH2CQ35cI], 125 (100) 

[M+ - CH2CH2CO37CI]

7-Chloro-1-tetralone (146)

A solution of 4-(4’-chlorophenyl)butanoyl chloride 145 (5.50 g, 25.3 mmol) in dry carbon 

disulfide (2 0  ml) was added over a period of 2 0  min to a stirred suspension of anhydrous 

aluminium chloride (4.00 g, 30.0 mmol) in carbon disulfide (20 ml) at 0 °C. After 1 h, the 

mixture was warmed to room temperature and a further quantity of aluminium chloride (2 .0 0  g, 

1.50 mmol) was added in two portions. The mixture was heated under reflux for 30 min and then 

decomposed with ice (100 g) and concentrated hydrochloric acid (20 ml). The organic layer was 

collected, washed with water (50 ml), followed by 1 N aqueous sodium bicarbonate (2 x 100 ml) 

and dried over anhydrous sodium sulfate. After stirring with decolourising charcoal for several
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hours, the mixture was filtered and the solvent removed to give a dark brown solid. The crude 

product was purified by flash chromatography on silica gel (petroleum spirit-ethyl acetate, 9:1). 

Recrystallisation of the resulting pale tan solid from ethyl acetate/petrol gave the product as off- 

white needles (2.39 g, 13.2 mmol, 52%).

Melting point

NMR (400 MHz, CDCI3)

MS (El) m/z (%)

2-Bromo-7-chloro-1 -tetralone (147)

94-95 °C

2.10 [quint, J = 6.3 Hz, 2H, 2 x H3], 2.62 [t, J = 6.2 Hz, 

2H, 2 X H2], 2.90 [t, J = 6.2 Hz, 2H, 2 x H4], 7.17 [d, J =

8.1 Hz, 1H, H5], 7.38 [dd, Ji = 8 .2  Hz, J2 = 2.3 Hz, 

1 H, He], 7.95 [d, J = 2.4 Hz, 1 H, Hg]
182 (29) [M+, 37ci], 180 (92) [M+, ^^C\], 152 (100)

A solution of bromine (1.63 g, 10.2 mmol) in dry carbon disulfide (12 ml) was added dropwise to 

a stirred solution of 7-chloro-1-tetralone 146 (1.85 g, 10.2 mmol) in carbon disulfide (12 ml) at 

5 °C. The mixture was stirred for 30 min and the solvent was removed to leave a brown oil. The 

residue was purified by flash chromatography on silica gel (petroleum spirit-ethyl acetate, 9:1) to 

yield the product as a pale brown solid (2.59 g, 9.99 mmol, 98%).

Melting point

1HNMR (400 MHz, CDCI3)

13c NMR (CDCI3) 

MS (El) m/z (%)

59-60 °C

2.41-2.53 [m, 2H, 2 x H3], 2.88 [dt, Ji = 17.2 Hz, J2 =

4.4 Hz, 1H, H4], 3.26 [ddd, Ji = 17.1 Hz, J2 = 9.9 Hz, 

J3 = 5.4 Hz, 1H, H4], 4.70 [t, J = 4.2 Hz, 1H, H2], 7.23 

[d, J = 8.2 Hz, 1H, H5], 7.46 [dd, Ji = 8.3 Hz, J2 =

2.3 Hz, 1 H, He], 8.03 [d, J = 2.3 Hz, 1 H, Hg]

25.46, 31.48, 49.55, 128.26, 130.35, 131.11, 133.33, 

134.05, 141.12, 189.40

262 (6 ) [M+, 81 Br, 37ci], 260 (32) [M+], 258 (25) [M+, 

79Br, 35ci], 152 (100)
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7-Chloro-1-naphthol (148)

OH

Anhydrous lithium chloride (1.29 g, 30.4 mmol) was dissolved In dry DMF (30 ml) at 70 °C. A 

solution of 2-bromo-7-chloro-1-tetralone 147 (2.59 g, 9.98 mmol) in DMF (15 ml) was added 

and the mixture heated at 100 °C for 5 h. The solution was cooled and ether (80 ml) was added. 

The mixture was washed with water (75 ml) and the organic layer was collected. The aqueous 

layer was diluted with an equal quantity of water and extracted with ether (2 x 50 ml). The 

combined ether extracts were washed with water (4 x 50 ml) and dried over anhydrous 

magnesium sulfate. Removal of the solvent gave a pale tan solid which was purified by flash 

chromatography on silica gel (1 0 0 % petroleum spirit followed by petroleum spirit-ethyl acetate, 

9:1). The product was isolated as a pale tan crystalline solid (1.69 g, 9.46 mmol, 95%).

Melting point

1HNMR (400 MHz, CDCI3)

MS (El) nVz (%)

1 -(2-Bromoethoxy)-7-methylnaphthalene (149)

122-124 °C (literature^°^ 1 2 0 -1 2 2  °C)

6.81 [d, J = 7.5 Hz, 1H, H2 ], 7.28 [T, Ji = J2 = 7.9 Hz, 

1H, H3], 7.37-7.42 [m, 2H, H4 and Hg], 7.85 [d, J =

8.9 Hz, 1H, Hg], 8.17 [d, J = 2.0 Hz, 1H, Hg]

180 (29) (M+, 37ci), 178 (80) (M+, ^^C\), 115 (100)

Me

A suspension of 60% sodium hydride in paraffin oil (0.303 g, 7.59 mmol) in anhydrous THF 

(30 ml) was added dropwise to a solution of 7-methyl-1-naphthol 141 (1.20 g, 7.59 mmol) in 

anhydrous THF (50 ml) under argon at 0 °C. The mixture was stirred for 5 min and then heated 

to 40 °C for 20 min. Freshly distilled 1,2-dibromoethane (45.00 g, 240 mmol) was added in 

one portion and the mixture heated at 70-80 °C under argon for 96 h. The cooled mixture was 

filtered over Celite and the solvent and excess dibromoethane were removed under reduced
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pressure to yield an orange solid. The crude product was purified by flash chromatography on 

silica gel (petroleum spirit-chloroform, 9:1) to give a white crystalline solid (0.62 g, 2.33 mmol, 

31%).

Melting point

NMR (400 MHz, CDCI3 )

MS (El) m/z (%) 

1-(2-Bromoethoxy)-7-/sopropylnaphthalene (150)

37-38 °C

2.57 [s, 3H, ArCHa], 3.77 [t, J = 6.2 Hz, 2H, CHaBr],

4.43 [t, J = 6 .2  Hz, 2 H, OCH2 ], 6.75 [d, J = 7.6 Hz, 1 H, 

H2 ], 7.31 [T, Ji = Ü2 = 7.9 Hz, 1H, H3 ], 7.36 [dd, Ji =

8.4 Hz, Ü2 = 1.7 Hz, 1H, H4 ], 7.44 [d, J = 8.3 Hz, 1H, 

He], 7.72 [d, J = 8.4 Hz, 1 H, H5 ], 8.10 [d, J = 0 .8  Hz, 

1H, He]

266 (99) (M+, 81 Br), 264 (100) (M+, 79er)

A suspension of 60% sodium hydride in paraffin oil (0.590 g, 14.8 mmol) in anhydrous THF 

(10 ml) was added drop wise to a solution of 7-/sopropyl-1 -naphthol 142 (2.76 g, 14.8 mmol) in 

anhydrous THF (50 ml) under argon at 0 °C. The mixture was stirred for 5 min and then heated 

to 40 °C for 20 min. Freshly distilled 1,2-dibromoethane (55.76 g, 297 mmol) was added in 

one portion and the mixture heated at 65-70 °C under argon for 96 h. The cooled mixture was 

filtered over Celite and the solvent and excess dibromoethane were removed under reduced 

pressure to yield an orange-brown oil. The crude product was purified by flash chromatography 

on silica gel (petroleum spirit-chloroform, 9:1) to give a colourless oil (1.46 g, 4.98 mmol, 34%).

1H NMR (400 MHz, CDCI3) 1.38 [d, J = 6.9 Hz, 6 H, CH(CH 3 )2 ], 3.14 [sept, J =

6.9 Hz, 1H, CH(CH3 )2], 3.79 [t, J = 6 .2  Hz, 2H,

4.45 [t, J = 6 .2  Hz, 2 H, OCH2 ], 6.78 [d, J = 7.6 Hz, 1 H, 

H2 ], 7.31 [T, Ji = Ü2 = 7.9 Hz, 1H, H3 ], 7.43-7.46 [m, 

2H, H4 and H5 ], 7.77 [dd, Ji = 8.5 Hz, J2 = 1.6 Hz, 1H, 

He], 8.15 [s ,1 H, He]

200



Experimental

13c NMR (CDCI3)

MS (El) m/z (%)

24.25, 29.56, 34.67, 64.18, 105.44, 118.48, 120.95, 

124.99, 125.88, 126.38, 127.71, 133.38, 146.27, 

153.80

294 (100) (M+; 31 Br), 292 (100) (M+, 79er), 279 (23) [M+ - 

CH3], 277 (24) [M+ - CH3]

1 -(2-Bromoethoxy-7-methoxynaphthalene (151 )

OMe

A suspension of 60% sodium hydride in paraffin oil (0.459 g, 11.5 mmol) in anhydrous THF 

(10 ml) was added dropwise to a solution of 7-methoxy-1-naphthol 143 (2.00 g, 11.5 mmol) in 

anhydrous THF (50 ml) under argon at 0 °C. After stirring at room temperature for 5 min, the 

mixture was warmed to 40 °C for 30 min. Freshly distilled 1,2-dibromoethane (43.13 g, 

230 mmol) was added in one portion and the mixture heated at 70-75 °C under argon for 64 h. 

The cooled mixture was filtered over Celite and the solvent and excess dibromoethane were 

removed under reduced pressure to yield an orange-brown oil. The crude product was purified 

by flash chromatography on silica gel (chloroform-petroleum spirit, 7:3) to give an off-white 

crystalline solid (1.46 g, 5.19 mmol, 45%).

Melting point

1h  NMR (400 MHz, de-DMSO)

MS (El) m/z (%)

57-59 °C

3.78 [t, J = 6.2 Hz, 2H, CH2 Br], 3.94 [s, 3H, ArOCH3 ],

4.63 [t, J = 6 .2  Hz, 2 H, OCH2 ], 6.79 [d, J = 7.6 Hz, 1 H, 

H2 ], 7.15 [dd, Ji = 2.7 Hz, J2 = 8.9 Hz, 1H, He], 7.19-

7.24 [m, 1H, H3 ], 7.39 [d, J = 8.4 Hz, 1H, H4], 7.58 [d, J 

= 2.7 Hz, 1H, He], 7.69 [d, J = 9.0 Hz, 1H, H5 ]

282 (14) [M+, 81 Br], 280 (14) [M+, 79Br], 173 (100) [M+ - 

CH2CH2Br]
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1 -(2-Bromoethoxy)-7-fluoronaphthalene (152)

A suspension of 60% sodium hydride in paraffin oil (0.318 g, 7.95 mmol) in anhydrous THF 

(20 ml) was added dropwise to a solution of 7-fluoro-1-naphthol 144 (1.29 g, 7.95 mmol) in 

anhydrous THF (40 ml) under argon at 0 °C. The mixture was stirred for 10 min and then heated 

to 40 °C for 2 0  min. Freshly distilled 1 ,2 -dibromoethane (29.87 g, 159 mmol) was added in 

one portion and the mixture heated at 60-65 °C under argon for 96 h. The cooled mixture was 

filtered over Celite and the solvent and excess dibromoethane were removed under reduced 

pressure to yield an orange-brown solid. The crude product was purified by flash chromatography 

on silica gel (petroleum spirit-chloroform, 9:1) to give a white crystalline solid (1.02 g, 3.79 mmol, 

48%).

Melting point

1HNMR (400 MHz, CDCI3)

MS (El) m/z (%)

38-39 °C

3.77 [t, J = 6 .2  Hz, 2 H, CH2 Br], 4.43 [t, J = 6 .2  Hz, 2 H, 

O C H 2 ], 6.80 [d, J = 7.6 Hz, 1 H, H 2 ], 7.26 [td. Je,5 = 

Jh ,f = 8.7 Hz, Je,8 = 2.7 Hz, 1 H, He], 7.31 [T, Ji = J2 =

8.0 Hz, 1H, H3 ], 7.44 [d, J = 8.2 Hz, 1H, H4 ], 7.77 [dd, 

Je,e = 9.0 Hz, Jh,F = 5.6 Hz, 1H, H5 ], 7.90 [dd, Jh ,f =

1 0 .6  Hz, Jg,6 = 2 .6  Hz, 1 H, Hg]

270 (6 ) (M+, 81 Br), 268 (7) (M+, 79er), 161 (20) [M+ - 

CH2CH2 Br], 57 (100)

1 -(2-Bromoethoxy)-7-chloronaphthalene (153)

A suspension of 60% sodium hydride in paraffin oil (0.336 g, 8.40 mmol) in anhydrous THF 

(20 ml) was added dropwise to a solution of 7-chloro-1-naphthol 148 (1.50 g, 8.40 mmol) in
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anhydrous THF (50 ml) under argon at 0 °C. The mixture was stirred for 10 min and then heated 

to 40 °C for 2 0  min. Freshly distilled 1 ,2 -dibromoethane (31.55 g, 168 mmol) was added in 

one portion and the mixture heated at 55-60 °C under argon for 96 h. The cooled mixture was 

filtered over Celite and the solvent and excess dibromoethane were removed under reduced 

pressure to yield a pale tan solid. The crude product was purified by flash chromatography on 

silica gel (petroleum spirit-chloroform, 9:1) to give an off-white crystalline solid (1.21 g,

4.24 mmol, 50%).

Melting point

1HNMR (400 MHz, CDCI3)

MS (El) m/z (%)

35-36 °C

3.77 [t, J = 6.2 Hz, 2H, CH2 Br], 4.43 [t, J = 6.2 Hz, 2H, 

OCH2], 6.79 [d, J = 7.5 Hz, 1H, H2], 7.34-7.38 [m, 1 H, 

H3], 7.42-7.46 [m, 2H, H4 and He], 7.73 [d, J = 8.7 Hz, 

1H, He], 8.28 [d, J = 2.1 Hz, 1 H, Hg]

288 (25) [M+, 81 Br, ^^ci], 286 (100) [M+], 284 (74) [M+, 

79Br, 35ci]

1-[2-(N,N-ethylbutylamino)ethoxy]naphthalene (UGL 1854)

To a solution of 1-naphthol 121 (0.80 g, 5.55 mmol) in dry THF (15 ml) was added a 

suspension of 60% sodium hydride in paraffin oil (0.22 g, 5.55 mmol) in THF (10 ml) at 0 °C 

under argon. The mixture was stirred at room temperature for 10 min. N-(2-chloroethyl)-N- 

ethylbutylamine hydrochloride 93 (5.70 g, 28.4 mmol) was suspended in toluene (55 ml) and 

40% aqueous sodium hydroxide was added dropwise until the aqueous layer became semi-solid. 

The toluene layer was collected and the aqueous layer extracted with toluene ( 4 x 3  ml). The 

combined toluene extracts were dried over potassium hydroxide pellets. The toluene solution 

containing the free amine was added to the reaction mixture in one portion and the resulting 

mixture heated to reflux under argon for 19 h. After cooling to room temperature, the mixture 

was filtered over Celite and the solvents removed under reduced pressure to leave a brown oil. 

The crude product was purified by flash chromatography on silica gel (petroleum spirit-ethyl 

acetate, 7:3) resulting in a yellow oil (1.05 g, 3.87 mmol, 70%). The product was treated with a 

saturated solution of oxalic acid (0.42 g, 4.64 mmol) in ethanol. Addition of ether gave a white
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precipitate which was recrystallised from isopropanol to give the oxalate salt as a white powder 

(0.25 g, 0.69 mmol, 45%).

Melting point

NMR (400 MHz, de-DMSO)

13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm‘1)

HPLC

Analysis

Cl 8^25^ 0 . C2 H2O4

125-126 °C (literaturel®^ HOI salt: 110-111 °C)

0.89 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.25 [t, J = 7.1 Hz, 

3H, NCH2 CH 3 ], 1.28-1.38 [m, 2H, CH2 CH2 CH 2 CH 3 ],

1.62-1.70 [m, 2H, CH2 CH2 CH2 CH3 ], 3.05-3.09 [m, 2H, 

NGH2CH2CH2 CH3], 3.18 [q, J = 7.1 Hz, 2H, NCH2CH3], 

3.54 [t, J = 5.0 Hz, 2H, OCH2 CH2 N], 4.50 [t, J = 5.1 Hz, 

2 H, OCH2], 7.01 [d, J = 7.3 Hz, 1 H, H2 ], 7.42 [T, Ji = J2 

= 7.9 Hz, H3], 7.47-7.55 [m, 3H, H4, H5 and Hy], 7.87 

[dd, Ji = 7.3 Hz, J2 = 2.4 Hz, 1 H, Hg], 8.20 [dd, Ji = 8.4 

Hz, J2 = 1.3 Hz, 1H, Hg]

8.97, 13.07, 19.23, 25.57, 47.67, 50.70, 52.17, 63.39, 

105.31, 120.26, 121.20, 124.65, 125.00, 125.71, 

126.13, 127.13, 133.84, 153.10, 163.64 

272 (100) [MH+]

3431 (br m, O-H str), 2957 (m, sp3 C-H str), 1722 (m, 

0 = 0  str), 1628, 1581 (s, arom 0 = 0  str), 1462, 1398 (s, 

sp3 O-H bend), 1239 (s, Ar-0 a str), 1157 (m, C-N str), 

1104 (s, Ar-O s str)

Methanol-water (90:10) 4- 0.1% triethylamine 

Main peak: 98.1%

Retention time: 10.1 min

Calc. 0  66.46 H 7.53 N 3.88

Found 0  66.52 H 7.64 N 3.88

Molecular mass: 361.44

Base mass: 271.41

1-[2-(N,N-ethylbutylamino)ethoxy]-7-methylnaphthalene oxalate (UCL 1956)

0 ^
v ^ N E t B u

Me
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A mixture of 1-(2-bromoethoxy)-7-methylnaphthalene 149 (0.50 g, 1.89 mmol) and N- 

ethylbutylamine (9.54 g, 94.2 mmol) in absolute ethanol (50 ml) was heated to reflux under 

argon for 96 h. The solvent and excess amine were removed under reduced pressure. The 

residue was dissolved in ether (50 ml) and the solution washed with dilute sodium bicarbonate 

solution (2 X 50 ml). After drying over anhydrous sodium sulfate, the solvent was removed to 

yield a brown oil. The crude product was purified by flash chromatography on silica gel 

(chloroform-ether, 6:4) to give a pale yellow oil (0.52 g, 1.82 mmol, 96%). Treatment of the 

product with a saturated solution of oxalic acid (0 .2 0  g, 2.11  mmol) in absolute ethanol gave the 

oxalate salt as a white powder. The product was recrystallised from ethanol (0.35 g, 0.93 mmol, 

67%).

Melting point

NMR (400 MHz, de-DMSO)

13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm’1)

HPLC

Analysis

C19H27N O . C2 H2O4

117-119 °C

0.91 [t, J = 7.4 Hz, 3H, (CH2 )3 CH3 ], 1.24 [t, J = 7.2 Hz, 

3H, NCH2 C H 3 ], 1.32-1.38 [m, 2H, (CH2 )2 C H 2 C H 3 ],

1.62-1.70 [m, 2 H, CH2 C H 2 C H 2 C H 3 ], 2.48 [s, 3H, 

ArCH3 ], 3.04-3.08 [m, 2H, NCH2 (CH2 )2 CH3 ], 3.14 [q, J 

= 7.3 Hz, 2H, NCH 2 C H 3 ], 3.51 [t, J = 5.3 Hz, 2H, 

OCH2 CH2 N], 4.44 [t, J = 5.1 Hz, 2 H, OCH2 ], 6.97 [d, J 

= 7.6 Hz, 1H, H2 ], 7.34 [T, Ji = J2 = 7.8 Hz, 1H, H3 ],

7.37 [dd, Ji = 7.9 Hz, J2 = 2.0 Hz, 1H, H4], 7.45 [d, J =

8.3 Hz, 1H, He], 7.77 [d, J = 8.4 Hz, 1 H, H5 ], 7.95 [s, 

1H, He]

9.26, 13.21, 19.30, 21.18, 25.92, 47.85, 50.87, 52.41,

63.61, 105.36, 120.09, 120.10, 124.75, 127.14,

128.26, 132.14, 134.30, 152.71, 163.16 

286 (100) [MH+]

3446 (br m O-H str), 2965 (s, sp3 C-H str), 1718 (s, C =0  

str), 1602, 1576 (s, arom C=C str), 1458, 1402, 1389 (s, 

sp3 C-H bend), 1268 (s, Ar-0 a str), 1211 (s, C-N str) 

1101 (s, Ar-0 str)

Methanol-water (95:5) -+ 0.1% triethylamine 

Main peak: 99.5%

Retention time: 8.5 min

Calc. C 67.18 H 7.78 N 3.73

Found C 67.15 H 7.93 N 3.63

Molecular mass: 375.47

Base mass: 285.43
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1-[2-(N,N-dimethylamino)ethoxy]-7-/sopropylnaphthalene oxalate (UCL 1958)

A mixture of 1-(2-bromoethoxy)-7-/sopropylnaphthalene 150 (0.50 g, 1.71 mmol) and 33%  

dimethylamine in absolute ethanol (30 ml, ca. 170 mmol) was heated to reflux under argon for 

24 h. The solvent and excess amine were removed under reduced pressure. The residue was 

dissolved in dichloromethane (50 ml) and the solution extracted with dilute sodium bicarbonate 

solution (2 X 50 ml). The organic layer was dried over sodium sulfate and the solvent removed to 

yield a pale orange oil. The crude product was purified by flash chromatography on silica gel 

(chloroform-ether, 6:4 gradient). The product was isolated as a colourless oil (0.38 g, 

1.48 mmol, 8 6 %). Treatment of the product with a saturated solution of oxalic acid (0.16 g,

1.77 mmol) in absolute ethanol gave a white powder which was recrystallised from absolute 

ethanol to yield a white crystalline solid (0.36 g, 1.04 mmol, 70%).

Melting point

NMR (400 MHz, de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm-l)

HPLC

Analysis

C17H23N O . C2H2O4

188-189 °C

1.30 [d, J = 6.9 Hz, 6 H, CH(CH 3 )2 ], 2.84 [s, 6 H,

N(CH3)2], 3.11 [sept, J = 7.0 Hz, 1H, CH(CH3)2], 3.53 [t,

J = 5.2 Hz, 2 H, CH2 N], 4.49 [t, J = 5.2 Hz, 2 H, OCH2 ],

6.99 [d, J = 7.6 Hz, 1H, H2 ], 7.36 [T, Ji = J2 = 7.9 Hz, 

1H, H3 ], 7.45-7.47 [m, 2H, H4 and He], 7.81 [d, J = 8.5 

Hz, 1H, Hg], 8.02 [d, J = 1.0 Hz, 1H, Hg]

258 (100) [MH+]

3436 (br w, O-H str), 2954, 2721 (s, sp3 C-H str), 1710 (s, 

C =0 str), 1632, 1600 (s, arom C=C str), 1462, 1394 (s, 

sp3 C-H bend), 1274 (s, Ar-0 a str), 1209 (s, C-N str), 

1104 (s, Ar-O s str)

Methanol-water (90:10) + 0.1% triethylamine 

Main peak: 99.9%

Retention time: 8.5 min

Calc. C 65.68 H 7.25 N 4.03

Found C 65.60 H 7.18 N 3.92

Molecular mass: 347.41

Base mass: 257.38
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1-[2-(N,N-ethylbutylamino)ethoxy]-7-/sopropylnaphthalene oxalate (UCL 1957)

NEtBu

A mixture of 1-(2-bromoethoxy)-7-/sopropylnaphthalene 150 (0.50 g, 1.71 mmol) and N- 

ethylbutylamine (8.63 g, 85.3 mmol) in absolute ethanol (50 ml) was heated to reflux under 

argon for 24 h. The solvent and excess amine were removed under reduced pressure. The 

residue was dissolved in ether (50 ml) and the solution extracted with dilute sodium bicarbonate 

solution (2 X 50 ml). The organic layer was dried over sodium sulfate and the solvent removed to 

yield a yellow oil. The crude product was purified by flash chromatography on silica gel 

(chloroform-ether, 6:4) to give a pale yellow oil (0.51 g, 1.63 mmol, 93%). Treatment of the 

product with a saturated solution of oxalic acid (0.18 g, 2 .0 0  mmol) in absolute ethanol, followed 

by recrystallisation from methanol/ether gave the oxalate salt as a white powder (0.29 g, 

0.72 mmol, 44%).

Melting point

NMR (400 MHz, de-DMSO)

13c NMR(de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'l)

134-135 °C

0.90 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.25 [t, J = 7.1 Hz, 

3H, NCH2 C H 3 ], 1.29 [d, J = 6 .8  Hz, 6 H, CH(CH3 )2 ], 

1.30-1.37 [m, 2H, (CH2 )2 C H 2 C H 3 ], 1.65 [quint, J =

7.6 Hz, 2H, CH2 C H 2 C H 2 C H 3 ], 3.03-3.07 [m, 3H, 

NCH2 (CH2 )2 CH3 and CH(CH3 )2 ], 3.14 [q, J = 7.2 Hz, 

2H, NCH2 CH 3 ], 3.50 [t, J = 5.0 Hz, 2H, OCH2 CH2 N],

4.44 [t, J = 5.0 Hz, 2 H, OCH2], 6.97 [d, J = 7.6 Hz, 1 H, 

H2], 7.35 [T, Ji = Ü2 = 8.0 Hz, 1H, H3], 7.44-7.47 [m, 

2H, H4 and He], 7.80 [d, J = 8.7 Hz, 1H, H5], 7.97 [d, J 

= 1.1 Hz, 1H, Hg]

9.62, 13.20, 19.31, 23.49, 26.15, 33.48, 47.96, 51.00,

52.61, 64.07, 105.23, 117.31, 119.98, 124.81, 124.90, 

125.78, 127.31, 132.52, 145.20, 152.99, 163.20 

314(100) [MH+]

3426 (br m, O-H str), 2959, 2625 (s, sp3 C-H str), 1718 

(s, C =0 str), 1626, 1569 (s, arom C=C str), 1456, 1389 

(s, sp^ C-H bend), 1272 (s, Ar-O a str), 1205 (s, C-N str), 

1097 (s, Ar-0 s str)
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HPLC

Analysis

C21H31N O . C2 H2O4

Methanol-water (95:5) + 0.1% triethylamine 

Main peak: 100%

Retention time: 9.6 min

Calc. C 68.46 H 8 .24 N 3.47

Found C 68.42 H 8.19 N 3.37

Molecular mass: 403.52

Base mass: 313.49

1-[2-(N,N-ethylbutylamino)ethoxy]-7-methoxynaphthalene oxalate (UCL 1914)

NEtBu

OMe

A mixture of 1-(2-bromoethoxy)-7-methoxynaphthalene 151 (0.50 g, 1.96 mmol) and N- 

ethylbutylamine (19.80 g, 196 mmol) in absolute ethanol (100 ml) was heated to reflux under 

argon for 18 h. The solvent and excess amine were removed under reduced pressure. The 

residue was dissolved in dichloromethane (50 ml) and the solution washed with dilute sodium 

bicarbonate solution (2 x 50 ml). The organic layer was dried over sodium sulfate and the solvent 

removed to yield an orange-brown oil. The crude product was purified by flash chromatography 

on silica gel (ether) to give a pale yellow oil (0.47 g, 1.56 mmol, 80%). The product was 

dissolved in absolute ethanol (2 ml) and a saturated solution of oxalic acid (0.17 g, 1.87 mmol) 

in absolute ethanol was added. The resulting white precipitate was collected by filtration and 

recrystallised from water to give the oxalate salt as white needles (0.29 g, 0.74 mmol, 48%).

Melting point

NMR (400 MHz, de-DMSO)

135-136 °C

0.90 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3], 1.27 [t, J = 7.2 Hz, 

3H, NCH2 C H 3 ], 1.32-1.37 [m, 2 H, (CH2 )2 CH 2 C H 3 ],

1.62-1.67 [m, 2H, CH2 CH2 CH2 CH3 ], 3.04-3.09 [m, 2H, 

NCH2 (CH2)2CH3 ], 3.17 [q, J = 7.3 Hz, 2 H, NCH2 CH3],

3.53 [t, J = 5.1 Hz, 2H, OCH2 C H 2 N], 3.89 [s, 3H, 

ArOCH3 ], 4.47 [t, J = 5.1 Hz, 2 H, OCH2 ], 6.99 [d, J =

7.3 Hz, 1H, H2], 7.20 [dd, Ji = 8.9 Hz, J2 = 2.6 Hz, 

1 H, He], 7.28 [T, Ji = Ü2 = 7.9 Hz, 1 H, H3], 7.45 [d, J =

8.2 Hz, 1H, H4], 7.51 [d, J = 2.7 Hz, 1H, Hg], 7.81 [d, J 

= 8.9 Hz, 1H, Hg]
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13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 1 9 H 2 7 N O 2  . C 2 H 2 O 4

9.24, 13.17, 19.29, 25.96, 47.83, 50.87, 52.45, 54.91,

63.63, 100.47, 105.85, 118.24, 120.14, 123.22,

125.62, 128.97, 129.25, 152.29, 156.87, 163.21 

302 (100) [MH+]

3437 (m, O-H str), 2962, 2627 (m, sp3 C-H str), 1716 (s, 

C =0 str), 1630 (s, C-N str), 1603 (s, arom C=C str), 1471, 

1395 (s, sp3 C-H bend), 1262, 1221 (s, Ar-O a str), 1097 

(s, Ar-0 s str)

Methanol-water (90:10) + 0.1% triethylamine 

Main peak: 100%

Retention time: 10.6 min

Calc. C 64.43 H 7.47 N 3.58

Found C 64.48 H 7.52 N 3.64

Molecular mass: 391.47

Base mass: 301.43

N-[2-(7-methoxy-1-naphthyloxy)ethyl]piperidine oxalate (UCL 1915)

OMe

A mixture of 1-(2-bromoethoxy)-7-methoxynaphthalene 151 (0.45 g, 1.60 mmol) and 

piperidine (13.63 g, 160 mmol) in absolute ethanol (60 ml) was heated to reflux under argon for 

17 h. The solvent and excess amine were removed under reduced pressure to yield a brownish- 

pink solid. The crude product was purified by flash chromatography on silica gel (ether-methanol, 

4:6) to give a pale yellow oil (0.38 g, 1.33 mmol, 80%). The product was treated with a saturated 

solution of oxalic acid (0.14 g, 1.60 mmol) in absolute ethanol whereupon a white solid 

precipitated out. The solid was recrystallised twice from absolute ethanol to give the oxalate salt 

as white crystals (0.12 g, 0.32 mmol, 24%).

Melting point

NMR (400 MHz, de-DMSO)

170-171 °C

1.53-1.57 [m, 2H, 2 x piperidine H4], 1.73-1.79 [m, 4H, 2 

X piperidine H3 and H5], 3.21 [t, J = 5.4 Hz, 4H, 2 x 

piperidine H 2 and He], 3.50 [t, J = 5.1 Hz, 2H,
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NMR (ûfe-DMSO)

MS (FAB) M/Z (%) 

IR (v/cm'^)

HPLC

Analysis

C 18H23NO2

OCH 2 CH2 N], 4.50 [t, J = 5.1 Hz, 2H, OCH 2 ], 6.99 [d, J 

= 7.5 Hz, 1H, H2 ], 7.20 [dd, Ji = 8.9 Hz, J2 = 2.6 Hz, 

1H, He], 7.28 [T, Ji = Ü2  = 7.9 Hz, 1H, H3 ], 7.45 [d, J =

8.1 Hz, 1H, H4 ], 7.51 [d, J = 2.5 Hz, 1H, Hg], 7.80 [d, J 

= 9.0 Hz, 1H, Hg]

21.40, 22.74, 52.76, 54.98, 63.30, 100.47, 106.05, 

118.27, 120.21, 123.21, 125.70, 128.95, 129.25, 

152.23, 156.94, 163.61 

286(100) [MH+]

3434 (br m, O-H str), 2938, 2626 (m, sp3 C-H str), 1718 

(m, C =0 str), 1631, 1600 (s, arom C=C str), 1448, 1384 

(s, sp3 C-H bend), 1264,1226 (s, Ar-0 a str), 1097 (s, Ar- 

O s str)

Methanol-water (80:20) 4- 0.1% triethylamine 

Main peak: 100%

Retention time: 17.1 min

Calc. C 63.99 H 6.71 N 3.73

Found C 63.85 H 6.76 N 3.75

Molecular mass; 375.43

Base mass: 285.39

1-Methyl-4-[2-(7-methoxy-1-naphthyloxy)ethyl]piperazine dioxalate (UCL 1916)

Me

OMe

A mixture of 1-(2-bromoethoxy)-7-methoxynaphthalene 151 (0.44 g, 1.57 mmol) and N- 

methylpiperazine (15.68 g, 157 mmol) in absolute ethanol (60 ml) was heated to reflux under 

argon for 17 h. The solvent and excess amine were removed under reduced pressure to give a 

brown oil. The residue was purified by flash chromatography on silica gel (methanol-ether, 6:4) to 

give a pale yellow oil (0.31 g, 1.03 mmol, 66%). The product was treated with a saturated 

solution of oxalic acid (0.11 g, 1.24 mmol) in absolute ethanol. Ether was added and a white 

solid precipitated out which was collected by filtration. Recrystallisation of the product from water 

gave the oxalate salt as white crystals (0.29 g, 0.60 mmol, 59%).
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Melting point

NMR (400 MHz, de-DMSO)

13c NMR (de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 18H24N2O2 . 2 (C2 H2 0 4 )

228-229 °C

2.71 [s, 3H, NCH3 ], 2.91 [br ‘s’, 4H, 2 x piperazine H2 

and He], 3.04 [t, J = 5.4 Hz, 2H, OCH2 CH2 N], 3.14 [t, J 

= 4.6 Hz, 4H, 2 X piperazine H3 and Hg], 3.88 [s, 3H, 

ArOCHa], 4.31 [t, J = 5.4 Hz, 2 H, OCH2 ], 6.96 [d, J =

7.2 Hz, 1H, H 2 ], 7.18 [dd, Ji = 8.9 Hz, J2 = 2.7 Hz, 

1 H, He], 7.26 [‘t’, Ji = Ü2 = 7.9 Hz, 1H, H3 ], 7.41 [d, J =

8.2 Hz, 1 H, H4 ], 7.47 [d, J = 2.6 Hz, 1H, Hg], 7.79 [d, J 

= 9.0 Hz, 1H, He]

42.29, 49.65, 52.47, 54.92, 55.31, 65.87, 100.42, 

105.85, 118.18, 119.77, 123.32, 125.84, 128.95,

129.26, 152.78, 156.83, 162.45 

301 (100) [MH+]

3439 (br m, O-H str), 2968, 2510 (m, sp3 C-H str), 1727

(s, C =0 str), 1631, 1602 (s, arom C=C str), 1466 (s, sp3

C-H bend), 1265, 1199 (s, Ar-0 a str), 1104 (s, Ar-O, s 

str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 100%

Retention time: 8.0 min

Calc. C 55.00 H 5.87 N 5.83

Found C 54.92 H 5.92 N 5.85

Molecular mass: 480.48

Base mass: 300.40

1-[2-(N,N-dimethylamino)ethoxy]-7-fluoronaphthalene oxalate (UCL 1959)

A mixture of 1-(2-bromoethoxy)-7-fluoronaphthalene 152 (0.40 g, 1.49 mmol) in ethanol 

(30 ml) and 33% dimethylamine solution in absolute ethanol (28 ml, ca. 148 mmol) was heated 

to reflux under argon for 20 h. The solvent and excess amine were removed under reduced 

pressure to leave a pale yellow solid. Dichloromethane (50 ml) was added and the mixture 

extracted with dilute aqueous sodium bicarbonate (2 x 50 ml). The dichloromethane solution was

2 1 1
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dried over anhydrous sodium sulfate and the solvent was removed to leave a pale orange oil. The 

crude product was purified by flash chromatography on silica gel (ether followed by ether- 

methanol, 95:5). After treatment with decolourising charcoal, the product was isolated as a 

colourless oil (0.22 g, 0.94 mmol, 63%). The oil was dissolved in absolute ethanol (2 ml) and a 

saturated solution of oxalic acid (0.10 g, 1.13 mmol) in absolute ethanol was added. The 

resulting white solid was collected by filtration and recrystallised from ethanol to give the oxalate 

salt as a white powder (0.22 g, 0.68 mmol, 72%).

Melting point

NMR (400 MHz, de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 14H16FNO

175-176 °C

2.82 [s, 6 H, N(CH3 )2 ], 3.52 [t, J = 5.1 Hz, 2H, CH2 N], 

4.47 [t, J = 5.1 Hz, 2 H, OCH2 ], 7.07 [d, J = 7.8 Hz, 1 H,

H2 ], 7.39-7.43 [m, 2H, H3  and Hg], 7.55 [d, J = 8.4 Hz,

1H, H4 ], 7.94-7.97 [m, 2H, H5  and Hg]

234 (100) [MH+]

3436 (br m, O-H str), 2964, 2676 (m, sp3 C-H str), 1723 

(s, C =0 str), 1634, 1602 (s, arom C=C str), 1467, 1398 

(s, sp3 C-H bend), 1270, 1200 (s, Ar-O a str), 1098 (s, Ar- 

O s str)

Methanol-water (80:20) + 0.1% triethylamine 

Main peak: 100%

Retention time: 10.5 min

Calc. C 59.44 H 5.61 N 4.33

Found C 59.37 H 5.52 N 4.16

Molecular mass: 323.32

Base mass: 233.29

1-[2-(N,N-ethylbutylamino)ethoxy]-7-fluoronaphthalene oxalate (UCL 1939)

NEtBu
0 ^

A mixture of 1-(2-bromoethoxy)-7-fluoronaphthalene 152 (0.50 g, 1.86 mmol) and N- 

ethylbutylamine (18.80 g, 187 mmol) in absolute ethanol (80 ml) was heated to reflux under 

argon for 24 h. The solvent and excess amine were removed under reduced pressure to leave 

an orange residue. The residue was dissolved in dichloromethane (50 ml) and washed with

2 1 2
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dilute sodium bicarbonate solution (2 x 50 ml). The organic solution was dried over anhydrous 

sodium sulfate and the solvent was removed to give an orange residue. The crude product was 

purified by flash chromatography on silica gel (ether) to give a pale yellow oil (0.50 g, 1.73 mmol, 

93%). Treatment of the product with a saturated solution of oxalic acid (0.19 g, 2.07 mmol) in 

absolute ethanol, followed by addition of ether gave a white precipitate which was collected by 

filtration and recrystallised from methanol/ether to give a white powder (0.45 g, 1.19 mmol, 

69%).

Melting point

NMR (400 MHz, de-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'"')

HPLC

Analysis

C18H24F N O . C2 H2O4

129-130 °G

0.90 [t, J = 7.3 Hz, 3H, (CH2 )3 CH3 ], 1.23 [t, J = 7.3 Hz, 

3H, NCH2 C H 3 ], 1.30-1.37 [m, 2H, (CH2 )2 C H 2 C H 3 ], 

1.60-1.67 [m, 2 H, CH2 CH 2 CH2 CH3 ], 3.02-3.07 [m, 2 H, 

NCH 2 (CH2 )2 CH 3 ], 3.14 [q, J = 7.3 Hz, 2 H, NCH2 CH 3 ], 

3.51 [t, J = 5.1 Hz, 2H, OCH2 CH2 N], 4.46 [t, J = 5.1 Hz, 

2 H, OCH 2 ], 7.07 [d, J = 7.6 Hz, 1 H, H2 ], 7.39-7.45 [m, 

2H, Ha and He], 7.56 [d, J = 8.2 Hz, 1H, H4 ], 7.84 [dd, 

J h .f = 1 0 .8  Hz, Je,6 = 2.7 Hz, 1 H, Hg], 7.97 [dd, Je,6 =

9.0 Hz, Jh,F = 5.9 Hz, 1 H, H5 ]

290 (100) [MH+]

3440 (br m, O-H str), 2936, 2617 (m, sp3 C-H str), 1720 

(s, C =0 str), 1604 (s, arom C=C str), 1464, 1402 (s, spO 

C-H bend), 1261,1191(s, Ar-0 a str), 1092 (s, Ar-0 s str) 

Methanol-water (95:5) + 0.1% triethylamine 

Main peak: 99.2%

Retention time: 7.2 min

Calc. C 63.31 H 6.91 N 3.69

Found C 63.19 H 6.98 N 3.61

Molecular mass: 379.43

Base mass: 289.40

1-[2-(N,N-dimethylamino)ethoxy]-7-chloronaphthalene oxalate (UCL 1968)
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A mixture of 1-(2-bromoethoxy)-7-chloronaphthalene 153 (0.49 g, 1.72 mmol) and 33%  

dimethylamine solution in absolute ethanol (50 ml, ca. 280 mmol) was heated to reflux under 

argon for 20 h. The solvent and excess amine were removed under reduced pressure. 

Dichloromethane (50 ml) was added and the mixture extracted with dilute aqueous sodium 

bicarbonate (2 x 50 ml). The dichloromethane solution was dried over anhydrous sodium sulfate 

and the solvent was removed to yield an orange residue. The crude product was purified by flash 

chromatography on silica gel (ether followed by ether-methanol, 95:5). The product was isolated 

as a pale yellow oil (0.35 g, 1.40 mmol, 81%). The product was dissolved in absolute ethanol 

(2 ml) and a saturated solution of oxalic acid (0.15 g, 1.68 mmol) in absolute ethanol was added. 

The resulting white solid was collected by filtration and recrystallised from methanol/ether to give 

the oxalate salt as a white powder (0.39 g, 1.09 mmol, 78%).

Melting point

1h  NMR (400 MHz, dg-DMSO)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C14H16C IN O . 1 .2 (C2 H2 0 4 )

137-139 °C

2.86 [s, 6 H, N(CH3 )2 ], 3.60 [t, J = 4.8 Hz. 2H, CH2 N],

4.40 [t, J = 4.8 Hz, 2 H, OCH2 ], 7.08 [d, J = 7.3 Hz, 1 H,

H2 ], 7.48 [m, 1H, H3 ], 7.53-7.57 [m, 2H, H4 and Hg], 

7.94 [d, J = 8 .8  Hz, 1H, H5 ], 8.31 [s, 1H, Hg]

252 (33) [(MH+, ^^ci], 250 (100) [MH+, 35ci]

3425 (br m, O-H str), 2932, 2614 (m, sp3 C-H str), 1720 

(s, C =0 str), 1630, 1589 (s, arom C=C str), 1479, 1404 

(s, sp3 C-H bend), 1272, 1233 (s, Ar-O a str), 1111 (s, Ar- 

O s str), 831 (m, C-CI str)

Methanol-water (85:15) + 0.1% triethylamine 

Main peak: 98.1%

Retention time: 9.4 min

Calc. C 55.06 H 5.18 N 3.91

Found C 55.32 H 5.19 N 3.92

Molecular mass: 357.79

Base mass: 249.74

1-[2-(N,N-ethylbutylamino)ethoxy]-7-chloronaphthalene oxalate (UCL 1967)

NEtBu
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A mixture of 1-(2-bromoethoxy)-7-chloronaphthalene 153 (0.50 g, 1.75 mmol) and N- 

ethylbutylamine (17.72 g, 175 mmol) In absolute ethanol (80 ml) was heated to reflux under 

argon for 25 h. The solvent and excess amine were removed under reduced pressure to leave 

an orange residue. The crude product was purified by flash chromatography on silica gel (ether). 

The product was Isolated as a pale yellow oil (0.46 g, 1.50 mmol, 8 6 %). Treatment of the 

product with a saturated solution of oxalic acid (0.17 g, 1.87 mmol) In absolute ethanol followed 

by addition of ether gave a white precipitate, which was collected by filtration and recrystallised 

twice from methanol/ether to give the oxalate salt as a white powder (0.21 g, 0.48 mmol, 32%).

Melting point

NMR (400 MHz, CD3OD)

MS (FAB) m/z (%) 

IR (v/cm'1)

HPLC

Analysis

C 1 8 H 2 4 C IN O  . 1 .5 (C 2 H 2 0 4 )

111-112 °C

0.99 [t, J = 7.4 Hz, 3H, (CH2 )3 CH3 ], 1.38-1.46 [m, 5H, 

N C H 2 C H 3 and (CH2 )2 C H 2 C H 3 ], 1.75-1.82 [m, 2H, 

CH2 CH2 CH2], 3.29-3.31 [m, 2 H, NCH2 (CH2 )2 CH3], 3.41 

[q, J = 7.3 Hz, 2H, NCH2 CH3 ], 3.78 [t, J = 4.5 Hz, 2H, 

OCH2 CH2 N], 4.55 [t, J = 4.5 Hz, 2 H, OCH2 ], 7.04 [d, J

= 7.6 Hz, 1H, H2 ], 7.40-7.51 [m, 3H, H3 , H 4  and He],

7.82 [d, J = 8 .8  Hz, 1 H, H 5 ], 8.21  [d, J = 2.1  Hz, 1H, 

He]

308 (33) [MH+, 37ci], 306 (100) [MH+, ^^C\]

3432 (br m, O-H str), 2967, 2704 (m, sp3 C-H str), 1734 

(s, C =0 str), 1626, 1585 (s, arom C=C str), 1448, 1363 

(s, sp3 C-H bend), 1268, 1202 (s, Ar-O a str), 1108 (s, Ar- 

O s str), 826 (m, C-CI str)

Methanol-water (95:5) + 0.1% triethylamine 

Main peak: 97.8%

Retention time: 11.7 min

Calc. C 57.20 H 6.17 N 3.18

Found C 57.10 H 6.23 N 3.05

Molecular mass: 440.90

Base mass: 305.85
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Appendix - Selected NMR Spectra
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NMR Spectrum (400 MHz, CDCI3 )
7-Methyl-1-tetralone 137
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NMR Spectrum (400 MHz, CDCI3 )
7-Methyl-1-naphthol 141
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NMR Spectrum (400 MHz, CDCI3 )
7-/sopropyl-1-naphthol 142
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NMR Spectrum (400 MHz, CDCI3 )
7-Flüoro-1-naphthol 144
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NMR Spectrum (400 MHz, CDCI3 )
7-Chloro-1-naphthol 148
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