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ABSTRACT

The β1-adrenergic receptor exists in at least two di�erent agonist conformations: a pri-

mary conformation where endogenous catecholamines and β-blockers bind, and where

agonist responses are blocked by low concentrations of antagonists and a secondary con-

formation, for which the precise nature is unknown, through which responses are more

resistant to blockade by conventional primary conformation antagonists. Conventional

agonists such as isoprenaline and cimaterol stimulate a response mainly through the pri-

mary conformation, while others such as alprenolol and oxprenolol can mediate a response

through both conformations of the β1-AR, though the response mediated through the

secondary conformation requires a higher concentration of ligand. Other ligands, such

as CGP12177, behave as non-conventional agonist and bind with high a�nity to the

primary conformation (blocking the response of conventional agonist) but then, at much

higher concentrations, stimulate a response through the secondary conformation. Only

ligands with higher a�nity for the primary conformation than for the secondary have

been identi�ed so far.

This project aims to identify the molecular features required to bind and stimulate a re-

sponse at the secondary conformation of the β1-AR. This conformation has been studied

so far with probes such as CGP12177 which bind the primary conformation at lower con-

centrations than the secondary conformation. The identi�cation of a ligand with higher

(if possible) or similar a�nity for the secondary conformation would allow the better

understanding of this conformation.

In this thesis, a set of alprenolol and oxprenolol N -alkyl analogues and alprenolol ana-

logues bearing substituents in the aromatic ring were synthesised and pharmacologically

characterised both through competitive radioligand binding assays and CRE-SPAP func-

tional assays in CHO-β1 and CHO-β2 cells. Within these sets, bis alprenolol and bis

oxprenolol ligands were identi�ed as compounds able to bind to both conformations with

similar a�nities. The study of the individual enantiomers and meso compounds of this

ligands and further modi�cations suggest the importance of the second aromatic core for

the increase in a�nity for the secondary conformation.

A potential photoreactive covalent antagonist was also synthesised to target the primary

conformation and allow the better study of the secondary conformation of the β1-AR.
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Chapter 1

Introduction

1.1 G Protein-Coupled Receptors: History and structure

G protein-coupled receptors (GPCRs) are the largest family of membrane-bound recep-

tors of the human genome and are encoded by more than 800 genes. More than 25% of

marketed drugs target GPCRs which cover a wide range of therapeutic indications from

diseases ranging from cancer to asthma or migraines.[1] In recent years, GPCR-related

drug discovery has improved and more GPCR-targeting drugs have been approved. [2]

New techniques available to obtain new high-resolution x-ray crystal structures, NMR

and cryogenic electron microscopy (cryo-EM) studies have facilitated to this improve-

ment that has allowed a better understanding of ligand-protein interactions, allosteric

modulation and biased signaling.[2, 3, 4]

All GPCRs have a similar structure that consists in a single polypeptide chain in the cell

membrane with an amino and carboxy termini exposed to extracellular environment and

cytosol, respectively. GPCRs are also known as 7-transmembrane domains receptors (7-

TM) due to their conserved structure of seven transmembrane α-helical domains joined

by three extracellular loops (ECLs) and three intracellular loops (ICLs). ICL2 and ICL3

are thought to have an important role in the selectivity, binding and activation of G

proteins.[5] Though all GPCRs are similar in overall structure, they are classi�ed into

three main families: the rhodopsin-like family A, which is the largest and most-studied,

characterised by highly conserved amino acids in the 7TM bundle and a disul�de bridge

between the ECL1 and ECL2; the secretin-like receptor family B that are characterised

by a long NH2 terminus which is implicated in ligand binding; and the metabotropic

glutamate receptor-like family C, characterised by long NH2 and COOH-terminal tails

and a disul�de bridge between ECL1 and ECL2. The adrenergic receptors (ARs) belong

to the rhodopsin-like family A (Fig. 1.1).[6, 2, 1]

1
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Figure 1.1: Classi�cation of the human GPCRs. Historically these were classi�ed into
three families: A (Rhodopsin-like family), B (secretin-like family) and C (glutamate
receptor-like family);[1]

Adrenergic receptors were discovered and classi�ed in 1948, by Raymond Ahlquist, 73

years after receptor theory was proposed for the �rst time.[6] Ahlquist established the idea

that a single mediator could produce both excitatory and inhibitory responses. Before

that, in 1897, adrenaline (1) was isolated for the �rst time and in 1933 the "�ght-or-

�ight� theory was formulated by W. B. Cannon which also identi�ed noradrenaline (2)

as a chemical transmitter (Fig. 1.2).[6] Shortly after the discovery of adrenergic receptors

the �rst β-blocker (a β-adrenergic receptor antagonist), dichloroisoproterenol (3), was

synthesised by Eli Lilly Laboratories. Later, Sir James Black found that β-blockers could

be useful for the treatment of angina pectoris, and reported a study with propranolol

(4).[7]

After the synthesis of dichloroisoproterenol (3) and propranolol (4) (which belong to

the �rst generation of β-blockers) many other compounds were synthesised (see section

1.3).[6] From the discovery of the �rst β-blocker in 1958 to more recent years, many

clinical studies have been conducted in order to �nd the best β-blocker for the treatment

of both heart failure and angina pectoris (Fig 1.3). Even though this �eld has been

extensively studied, it is still unclear as to why not all β-blockers class does not o�er a

bene�cial e�ect in the treatment of heart failure.
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Figure 1.2: β-AR endogenous ligands: Adrenaline (1), Noradrenaline (2); and �rst
generation compounds: Dichloroisoproterenol (3), Propranolol (4).
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Figure 1.3: Timeline of events from the discovery to the application and clinical in-
vestigation of β-blockers.[6]

Adrenergic receptors are rhodopsin-like GPCRs and are divided into two types: α and β

adrenoceptors. The α-adrenergic receptors are further divided into α1-AR and α2-AR.

These receptors can cause a di�erent range of e�ects when activated by agonist binding.

The α1-AR can cause glycogenolysis in the liver and vasoconstriction and relaxation of

smooth muscle in the gut, while the α2-AR mediates synaptic transmission in post- and

presynaptic nerve terminals and inhibits lipolysis and insulin release in adipose tissue

and the pancreas, respectively.[1, 2]

The β-adrenoceptors can be further divided into β1, β2 and β3 adrenergic receptors.

The β1-AR, once activated by agonist binding, causes an increase in the heart rate,

known as chronotropy, and in the force of contraction (positive inotropy). The adult

human heart tissue expresses both β1 and β2-ARs in a proportion of approximately 4:1

but in the failing heart, the β1-AR undergoes selective downregulation at mRNA and

protein levels, resulting in a shift in β1:β2 subtype proportions to approximately 1:1.

The extent of this downregulation of β1-AR is thought to be related with the severity of

heart disease but can only be evaluated through heart biopsy. The β1-AR also acts in

the kidneys where it increases blood pressure through the renin-angiontensin-aldosterone

system.[6, 8] The β2-AR is important in the treatment of asthma and other respiratory

diseases. Its activation causes vasodilation and opening of the airways. The last cloned

β3-AR is found mainly in adipose tissue where it promotes lipolysis and thermogenesis,

particulary in rodents. The endogenous cathecolamines 1 and 2 can bind and activate all

the receptors but display a 10-30 fold selectivity towards β1-AR compared to β2-AR.[6]
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1.2 Signal transduction

1.2.1 Receptor activation and cAMP pathway

The sympathetic and parasympathetic nervous systems tightly regulate cardiac perfor-

mance. They are able to transmit input to the heart in order to match the cardiac output

to meet the body demands. On one hand, activation of the parasympathetic system de-

creases heart rate through the action of acetylcholine on sinoatrial cells. Conversely,

the action of the sympathetic system increases heart rate, through release of the en-

dogenous catecholamines adrenaline (1) and noradrenaline (2), and increases myocardial

contractility.[9] Endogenous catecholamines bind to β-adrenergic receptors present in the

cardiomyocytes and activate them. These members of the GPCR family, as described in

the last section, are 7TM receptors coupled to an intracellular heterotrimeric G protein

(guanine nucleotide-binding regulatory protein) complex (Gαβγ). [10]

Upon interaction with an agonist the receptor undergoes distinct conformational changes

promoting GDP (guanosine diphosphate) release from Gα. This results in a high-a�nity

ternary complex with Gα guanine nucleotide-free. Upon binding of GTP (guanosine

triphosphate) to Gα, both Gα and Gβγ dissociate from the receptor and cause a complex

cascade of events, transferring and amplifying the original signal. The e�cacy of an

agonist measures its capacity to activate this complex cascade. This activation cycle is

terminated when Gα hydrolyses the GTP bound to this subunit back to GDP through

its inherent GTPase activity. The deactivated Gα subunit re-associates with Gβγ and

with the receptor to form the initial inactive GPCR complex.[8]

The cascade of events and the downstream e�ect depends upon the type of Gαsubunit

that is coupled to the receptor. There are four types of Gαunits: Gα.s, Gα.i, Gα.q and

Gα.12.[9, 11] Even though it was initially believed that the β-adrenoceptor family were

only able to couple to Gα.S (stimulatory) protein, both β2 and β3 adrenoceptors have

been found to also couple with Gα.i (inhibitory) protein in numerous studies involving

cardiac and skeletal muscle.[12, 13] Kompa and Mallen also proposed that the secondary

conformation of the β1-AR could couple to Gα.i proteins in rat heart and blood vessels,

however this is not seen in the many recombinant cell system used to evaluate signaling

through this conformation.[14, 15, 16, 17]

The most studied and well characterized pathway is the Gα.s-AC-cAMP signaling path-

way (Fig 1.4). When Gα.s-AC-cAMP is activated, Gα.s causes activation of adenylyl

cyclase that catalyses the conversion of adenosine triphosphate (ATP) to cyclic adeno-

sine monophosphate (cAMP). Each adenylyl cyclase can catalyse several conversions,

resulting in multiple cAMP molecules, as well as each Gα.s can activate multiple adenylyl
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Figure 1.4: Activation cascade of a β-adrenergic receptor. Binding of an agonist
promotes exchange of guanosine diphosphate (GDP) for guanosine triphosphate (GTP),
which leads to the dissociation of the G protein into Gα and Gβγ .[9, 5]

cyclases.[9] In turn, the secondary messenger cAMP can activate numerous downstream

signaling pathways, including: protein kinase A (PKA), that is distributed in multiple

compartments of the cell through PKA-A-kinase anchoring proteins (AKAP) complexes;

exchange protein activated directly by cAMP (Epac); and cyclic nucleotide-gated (CNG)

cation channels. [11]

The Epac, a guanine nucleotide exchange factor that facilitates the exchange of GDP

for GTP of the Ras-like small GTPases Rap1 and Rap2, can also be activated upon

binding of cAMP. The GTPase Rap1 is able to alter the mitogen-activated protein kinase

(MAPK) signaling pathway.[11] cAMP can also activate CNG cation channels. However,

this activation is thought to be limited to specialized cells and it does not appear to

in�uence cardiac output.[11]

cAMP also binds to the regulatory subunits of PKA and activates it. The activation of

PKA leads to phosphorylation of several regulatory proteins present in the cardiac muscle

cells that lead to positive ionotropy (increase in contractility) and increase lusitropy

(increase relaxation). These e�ects occur within 30 seconds from the exposure of β-AR

to agonists through several mechanism including: the phosphorylation of myo�lament

proteins (eg. cardiac troponin I) resulting in a decrease in Ca+2 sensitivity; and the

phosphorylation of L-type Ca+2 channels increasing the probability of an open state,

and therefore an increase in Ca+2 in�ux and cardiac muscle cell contraction. [11, 9, 6]

The PKA activation is regulated by phosphodiesterases (PDE) via breakdown of cAMP.
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There are di�erent types of PDEs, even though PDE4 appears to be the major cAMP

hydrolyser. Interestingly, Vargas et al, stated that di�erent PDEs can hydrolise cAMP

generated through di�erent agonist conformations of the β1-adrenoceptor.[11] Whereas,

the cAMP generated through the interaction of noradrenaline (2) with the primary

conformation of the β1-adrenergic receptor was hydrolysed only by PDE4 in rat ventricles,

the cAMP generated through binding of CGP12177 (16) to the secondary conformation

was hydrolysed by both PDE3 and PDE4. [18, 19]

It is also possible to turn o� G protein signal through a process known as desensitiza-

tion where G protein-coupled receptor kinase (GRK) phosphorylates the receptor and

recruitment of β-arrestin. β-arrestin mediates β1-AR transactivation of EGFR which is

cardioprotective under conditions of chronic catecholamine stimulation.[20]

1.2.2 Ligand e�cacy and biased agonists

As stated previously not every β-blocker seems to have a bene�cial e�ect in the treat-

ment of heart failure. This seems to be due to the degree of e�cacy of each compound.

As a few β-blockers are known to activate more than one signaling pathway, all the com-

pounds should be evaluated in di�erent functional paradigms and ligand e�cacy should

be carefully interpreted. Each ligand has di�erent strength of signaling intrinsic to itself

or a receptor complex, commonly known as e�cacy, and are classi�ed as full agonists,

partial agonists, antagonists or inverse agonists, however the paradigm on how to evalu-

ate ligand e�cacy is changing.[21, 22] Galandrin and Bouvier clari�ed the importance of

analysing each signaling pathway individually.[22] Propranolol (4), for example, displays

an inverse agonism towards the AC pathway but acts as an agonist towards ERK1/2 (ex-

tracellular signal-regulated kinase) pathways in both β1-AR and β2-AR.[22] Bucindolol

(14) was also reported to act as a partial agonist toward AC pathway while it activates

MAPK pathway through a Gs-independent pathway.[23] Alprenolol (6) and carvedilol

(13) were also found to mediate β-arrestin-mediated EGFR transactivation using cells

expressing β1-AR and EGFRs.[20] This pathway have shown to be cardioprotective with

important therapeutic implications and could represent a new generation of β-blockers.

Sun et al, proposed that this activity could be associated with receptor dimerisation,

while Soriano-Ursua et al proposed that it could be mediated through a secondary bind-

ing region in the same crevice as the catecholamine binding pocket.[24, 25] It is also

known that this activity is not mediated through the secondary agonist conformation of

the β1-AR that will be analysed in detail in the next sections.[20]

Recently, compartmentalised GPCR signalling has also been studied.[26] The β1-ARs

expressed at the Golgi apparatus are able to couple with G protein and mediate an
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internal Gs-cAMP signal when stimulated by a cell permeant agonist in HeLa cells.[27]

Dobutamine, a cell permeant agonist, and the endogenous ligands adrenaline (1) and no-

radrenaline (2), presumably transported across the cell membrane by Oct3 (an organic

cation transporter), were able to increase cAMP levels internally. The responses medi-

ated by these ligands were antagonised in a more e�ective manner by the cell permeant

antagonist metoprolol than the impermeant antagonist sotalol.[27]

All this together implies that distinct ligands can promote selectively di�erent receptor

conformations that interact with di�erent pathways. This also illustrates the level of

complexity seen in β-AR signaling e�cacy and selectivity. The e�cacy of a ligand

should be evaluated individually due to the pluridimensionality of the ligands. A dynamic

evaluation of the ligand-receptor interaction could be important to identify other agonist

conformations and rationalise the activation of di�erent pathways. Some initial steps

have been taken in this direction by Isogai et al that evaluated the backbone of the

receptor through NMR and were able to correlate the [15N ]valine shifts in TM5 with the

ligand e�cacy towards the G protein pathway.[28]

1.2.2.1 GPCR pharmacology principles

GPCRs can exist in an equilibrium between several conformational states, inactive states

(R) or activated states (R*). The extended ternary complex model (ETCmodel described

by Samama et al., Fig 1.5 left) describes the complexes and interactions between a ligand

(A), a receptor (R) and a G-protein (G). [30] In this model, L represents the isomerisation

constant describing the equilibrium between the R and R* receptor states while Ka

represents the equilibrium constant between the receptor (R) and ligand-bound receptor

(AR) complexes. The cooperativity factor α represents the proportion of the a�nity of a

Figure 1.5: Left: the extended ternary complex model (ETC model); Right: the cubic
ternary complex model (CTC model). Taken from Christopoulos et al. [29]
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ligand for the active (R*) versus the inactive state (R) of the receptor while γ represents

the cooperativity factor for the G-protein.[29] This ETC model accounts for constitutive

GPCR activity, the spontaneous coupling of R* receptors to G-proteins in the absence of

a ligand (R*G). β-ARs, especially the β1-AR, exhibit low levels of constitutite activity

(R*G), which means that only a small proportion of the receptor is an activated state

in the absence of ligand.[5]. A more complex model, the cubic ternary complex model

(CTC model, described by Weiss et al, Fig 1.5 right) was developed to complete the

ETC model termodinamically. [31, 32, 33] The CTC models accounts for the existence

of inactive receptor G-protein complexes in the presence (ARG) and absence (RG) of a

ligand bound to the receptor. More complex extended models have been created in the

past few years to accommodate di�erent receptor active conformations. These receptor

models account for biased signalling in which di�erent active receptor conformations may

be able to signal via di�ering signalling cascades or allosteric interactions (quarternary

complex model).[29] Both the β1-AR and β3-AR are known to exist in at least two agonist

conformations, for which di�erent ligands have varying a�nity, and will be discussed in

further detail in the next section.[34, 35, 36]

1.3 β-Blockers

As described in the previous sections, β-blockers are a heterogeneous group of ligands

and even though all show an antagonistic action at β-ARs they di�er in their bene�cial

utility in clinic. β-Blockers are still used in clinic for the treatment of heart failure,

ischemia, and arrhythmias, among other diseases. They can di�er in receptor selectivity,
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Figure 1.6: First generation β-blockers: pronethalol (5), alprenolol (6), oxprenolol (7),
pindolol (8) and cyanopindolol (9)
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vasodilating properties, intrinsic sympathomimetic activity and pathways which mediate

their responses.[37]

As stated previously, dichloroisoproterenol (3), an isoprenaline analogue, was the �rst

synthetic β-blocker. This compound showed undesirable partial agonism and poor a�n-

ity. In order to reduce this partial agonism, the dichlorophenyl group was replaced by a

napthyl group, leading to the discovery of pronethalol (5). Even though this compound

had reduced partial agonism, it was found to be carcinogenic in rats. Pronethalol was

the lead compound in the discovery of propranolol (4). The insertion of a oxymethy-

lene chain connecting the aromatic core to the ethanolamine moiety removed the side

e�ects and increased the a�nity. Propranolol (4) is still used nowadays, mainly to treat

anxiety due to its short action. Nevertheless, propranolol (4) is a non-selective antag-

onist which limits its use for treatment of patients su�ering from chronic obstructive

airways disorders. A considerable amount of non-selective β-blockers also showed intrin-

sic sympathomimetic activity such as alprenolol (6), oxprenolol (7), pindolol (8) and

cyanopindolol (9) (Fig 1.6).

In order to decrease the selectivity for the β2-AR, several ligands were synthesised.

Among these second-generation β-blockers, atenolol (10), metoprolol (11) and biso-

prolol (12) have showed some cardioselectivity (β1-AR selectivity over β2-AR).(Fig 1.7)

Although cardioselectivity is important to avoid several side e�ects through the blockade

of other β-ARs, other non-selective ligands were more bene�cial in clinical trials.[37]

Carvedilol (13), a third-generation β-blocker, can preserve the activity of nitric oxide

synthase, due to its antioxidant properties, increasing the bioavailability of nitric oxide

and subsequently increasing vasodilatation.[38]

Nebivolol (15) also displays this nitric oxide-mediated action through direct activation

of nitric oxide synthase. Both of these compounds reduced mortality in heart failure
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patients, and have been shown to be superior to metoprolol (11) for primary and sec-

ondary end points in clinical trials and are approved in many countries for the treatment

of heart failure.[42]

1.4 Structural insights on β1-AR activation

The structural di�erences of active and inactive structures of GPCRs have been studied

by x-ray crystallography. The crystallisation of GPCRs is particulary challenging due

to their instability in detergent, the unstructured loop regions and the ease they cycle

Ligand LogKDβ1 LogKDβ2 Selectivity ratio β1/β2

Nebivolol -9.06 -7.92 13.8
Propranolol -8.16 -9.08 -8.3
Carvedilol -8.75 -9.40 -4.5
Metoprolol -7.26 -6.89 2.3
Atenolol -6.66 -5.99 4.7
Alprenolol -7.83 -9.04 -16.2
Oxprenolol -7.96 -8.97 -10.2
Pronethalol -6.44 -7.36 -8.3

Table 1.1: Binding a�nities and selectivity for human β-adrenergic receptors of several
β-blockers from a competitive binding assay with the radioligand (-)[3H] CGP12177 in
CHO cells with the human recombinant β1-AR or β2-AR. The a�nity is represented
by the logKD value in a logarithmic scale while the selectivity represents the number
of folds that a ligand in more selective for the β1-AR. A value with a negative sign
represents selectivity towards the β2-AR. [39, 40, 41]
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Figure 1.9: Comparison of the ICL2 loop region for the turkey β1-AR and the human
β2-AR in complex with an antibody fragment.[5]

spontaneously from inactive antagonist state to active agonist states. The publication

of the crystal structure of the human β2-AR in complex with an antibody fragment was

one of the most important milestones in β-AR drug discovery and contributed exten-

sively to our knowledge regarding the binding pocket of β-AR.[5, 43] In 2008, Warne

et al, published the �rst β1-AR x-ray structure, a modi�ed turkey β1-AR (β1-AR.m23),

in complex with the antagonist cyanopindolol (9).[5] This mutated turkey receptor has

higher thermostability over the wild-type and a lower basally activated receptor popula-

tion. Even though the structure of this receptor is similar to the β2-AR there is a small

di�erence in the cytoplasmic loop 2 (ICL2) that can be observed in �gure 1.9.[5, 44] The

β1-AR seems to have a small α-helix in ICL2 not observed in the β2-AR that might be

involved in the receptor activation as a switch enabling G protein activation.[5] The crys-

tal structure of β1-AR-m23 has shown two di�erent conformations of the transmembrane

α-helix 6 (referred as H6), one where H6 is straight and another one where it is bent.

The H6-straight conformation shows a larger distance between H3 and H6 and no ionic

lock (a salt bridge between Arg3.50 and Glu6.30 linking H3 to H6).[45, 46] On the other

hand, the H6-bent conformation has an ionic lock between H3 and H6, even though the

distance between them is larger than in rhodopsin. The straight conformation, without

the salt bridge, increases the probability of activation and can explain the basal activity

of β1-AR.[45]

The ligand pose of cyanopindolol (9) in the β1-AR and the binding mode in the binding

pocket were similar to that of carvedilol in the β2-AR (Fig 1.10).[5, 47, 48] The binding

pocket comprises 15 side-chain aminoacids localised in four di�erent TMs and the ECL2.

This loop is stabilised by a sodium ion and two disulphide bridges and de�nes the ligand

entrance to the binding pocket.[5] A further sodium ion was found in the hydrophobic core
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Figure 1.10: Left: interaction of cyanopindolol with binding-pocket residues in the
turkey β1-AR by polar interactions (light blue) or non-polar interactions (grey); Right:
Superposition of cyanopindolol in the turkey β1-AR binding pocket with carvedilol (13)
in the β2-AR binding pocket. [5]

of the receptor. This intramembrane sodium ion stabilises the ligand-free conformation

of the β1-AR but it is not essential for receptor activation, which involves the collapse

of the sodium ion interaction with the receptor.[49] Cyanopindolol interacts with the

residues from the binding pocket of β1-AR in a similar way to those of β2-AR. As

expected, the amine and hydroxyl moiety from the oxypropanolamine side chain form

polar interactions with Asp3.32 and Asn7.39, respectively. The indolic NH of cyanopindolol

(9) forms an hydrogen bond with Ser5.42, which seems important for agonist e�cacy (Fig

1.10) Besides this interaction, cyanopindolol also interacts with Thr203ECL2 through a

weak hydrogen bond of the nitrogen in the cyano-moiety. Further conformations of

the β1-AR-m23 were crystallised later in complex with the full agonists (isoprenaline),

partial agonists (dobutamine and salbutamol) and partial biased agonists (carvedilol and

bucindolol).[5, 47, 48, 50]

Several di�erences between the interaction of partial and full agonists in the β1-AR

binding pocket were found in these inactive x-ray conformations of the β1-AR and not

in complex with G protein. Full agonists interacted with two serine side-chains in the

TM5 (Ser5.42 and Ser5.46), while partial agonists like cyanopindolol only interacted with

Ser5.42.[47] Agonist binding also induces a 1 Åcontraction of the binding pocket in com-

parison with the antagonist bound and changed the rotamer conformation of both Ser5.42

and Ser5.46. This might increase the probability of activation state formation due to the

disruption of the Van-der-Waals interaction between Val4.56 and Ser5.46, reducing the in-

teractions between H4 and H5 (Fig 1.11).[47] Through evaluation of all these structures

it is plausible to assume that Ser5.42 and Ser5.46 play an important role in ligand e�cacy

through the G protein pathway, while Asp3.32 and Asn7.39 play a part in determining
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Figure 1.11: Left: Hydrogen bond network between TM5 and TM4 and two water
molecules (w1 and w2), involving Ser5.42, Ser5.46, Val4.52, Pro4.60 and Phe5.39. Taken
from Isogai et al. [28]Right: A�nity values (-LogKD) for isoprenaline (Iso), salbutamol
(Sal), dobutamine (Dob) and cyanopindolol (Cyp) at the inactive state (L) and active
state (H, coupled to mini-Gs) of the β1-AR. Taken from Tate et al. [50]

ligand a�nity for the β1-AR . If the e�cacy is indeed governed by the interaction with

Ser5.42 and Ser5.46, a compound that could prevent the rotamer change of Ser5.46 would

have reduced e�cacy. Recently, Sato et al, synthesised 7-methylcyanopindolol which has

a methyl group preventing the interaction with Ser5.46 seen in cyanopindolol complex

with β1-AR.[? ] The crystallised structure of 7-methylcyanopindolol with β1-AR showed

an enlargement of the binding pocket and a di�erent position of Ser5.46 residue but it

still acted as an extremely weak partial agonist. This means that di�erent residues could

also play a smaller part in ligand e�cacy and still need to be taken in account. [? 5] It is

also interesting to notice that carvedilol (13) and bucindolol (14), biased agonists (which

stimulate a response through G protein pathways and G protein-independent cascades),

interacted with additional residues in H7 and ECL2 that might be related to their ability

to activate G protein-independent pathways [48, 51]

Recently, Tate et al, determined the x-ray crystal structure of several ligands bound the

receptor in the fully activated terniary state, in complex with mini-Gs proteins. [50] As

previously mentioned, GPCRs are known to exist in active (when coupled to G proteins)

and inactive states, but also in a plethora of substates between these two extremes.

Pardon et al previously determined the a�nity of several ligands for both β2-AR basal-

state conformation and a nanobody-fused active state conformation, mimicking a fully

active state coupled to G protein. [52] These nanobody-enabled reverse pharmacology

studies enable the prediction of the ability or inability of the ligands to activate the

receptor and mediate a response since agonists showed a much higher a�nity for the

active than inactive state of the receptor. [52] Tate et al demonstrated that this higher
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a�nity in agonists seen for the active state of the receptor is due to the contraction

of the binding pocket, therefore reducing the distance and strenghtening the hydrogen

bonds in the active state compared to the inactive state.[50] This decrease in volume is

mainly obtained by the pincer-like movement of PheECL2 and Phe7.35 and the inward

movement of extracellular ends of H7 and H6.[50] Interestingly, a similar decrease in

volume is obtained when the receptor is submitted to high pressure (2500 bar), moving

the receptor to an active state even in the absence of G protein. [53]

These numerous X-ray structures are highly relevant and have contributed a lot to the

better understanding of protein-ligand interaction in the β1-AR. However, the m23 ther-

mostabilising mutations and the β36 deletions of β1-AR-m23 receptor seem to change

the pharmacological behaviour of several ligands. [54] The β36 deletions alone made no

di�erence in the ability of agonists, partial agonist and neutral antagonists to bind the

receptor (when compared to the initial turkey tβtrunc construct). [54, 39] The tβtrunc

receptor, the turkey β-adrenergic receptor, exhibits a high homology (82%) with the

human β1-AR. [39] m23-Thermostabilising mutation alone resulted in a ten fold lower

a�nity for the ligands tested, while the β1-AR-m23 (β36�m23 mutant) receptor used

in the x-ray crystallography showed a striking reduction in a�nity and identically a re-

duction in potency, consistent with the stabilisation of the receptor and therefore the

increase in the energy required for receptor activation. For these reasons, all the infor-

mation should be carefully analysed and used in drug discovery due to the di�erences

between turkey and human β1-AR.

1.5 Secondary conformation of the β1-AR

1.5.1 History and discovery

In the 1970s Kaumann, while comparing the intrinsic agonist activities and therapeu-

tic ratio of several β-blockers on feline isolated tissues, identi�ed DCI (3), pindolol (8)

and other β-blockers as partial agonists. These compounds produced smaller cardio-

vascular e�ects than the maximal e�ects of isoprenaline. Partial agonists, unlike full

agonists, are considered to exert their maximum e�ects when the receptor population

is saturated. For this reason, the KD (concentration required to occupy half of the re-

ceptors) of a partial ligand is expected to be the same as the EC50 (concentration that

produces the half maximum e�ect). This was found to be true for several β-blockers in

this study, except for pindolol 8. The concentrations of pindolol required to achieve the
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Figure 1.12: Ligands that posses a partial agonist response at the secondary confor-
mation: CGP12177 (16), Iodocyanopindolol (17) and carazolol (18).

half maximal agonist e�ect were more than ten-fold greater than the experimentally de-

termined KD. Besides pindolol (8), the chemically related hydroxybenzylpindolol, tert-

butylpindolol, iodohydroxybenzylpindolol, iodocyanopindolol (17) and carazolol (18)

were also found to have the same behavior (Fig 1.12).[36] These unusual and unexplained

results led to the classi�cation of pindolol and its analogues as non-conventional partial

agonists. In 1972, Kaumann, de�ned a non-conventional partial agonist as "an agonist

that causes receptor activation only at high receptor occupancies".[36] In the following

studies, alprenolol and oxprenolol were also found to possess the same pharmacolog-

ical behavior.[55] In 1983, Staehelin synthesised and radiolabeled [3H] CGP12177 (4-

(3-tert-butylamino-2-hydroxyproppxy)-[5,7-3H]benzimidazole-2-one), a radioligand that

is still used nowadays for competitive whole cells binding assays due to its low non-

speci�c binding.[56] This study showed that CGP12177 (16) blocked (LogKD= -9) the

isoproterenol-induced cAMP response in rat C6 glioma cells but also displayed a weak

partial agonist e�ect at higher concentrations. This partial agonist e�ect was about 15%

of the cAMP response achieved by isoproterenol with an EC50 two orders of magnitude

higher than the KD. At the time, this partial agonist e�ect was attributed to the amine

moiety, present both in CGP12177 (16) and pindolol (8), that was thought to weakly

mimic the hydroxyl moiety of cathecol.[56]

In order to understand if the non-conventional partial agonist response was mediated

throught the β-adrenergic receptors, Walter et al, used several β-blockers to antagonise

the partial agonist response generated by pindolol. [57] Both enantiomers, (-) pindolol

and (+) pindolol, showed cardiostimulant e�ects on guinea pig atrium. (-) Pindolol

showed a biphasic concentration-e�ect curve with a high-sensitivity and a low-sensitivity

component. Even though most of the β-blockers (eg. the β1-AR antagonist (-)bisoprolol,

12) were only able to antagonise the high-sensitivity component, (-) bupranolol antago-

nised, with moderate potency, the low-sensitivity component. (-) Bupranolol was previ-

ously shown to have high a�nity for both cardiac β1- and β2-ARs. Neither of components

were a�ected by the β2-AR- selective antagonist ICI118551, suggesting that, at least, the

high-sensitivity component could be mediated through the β1-AR.[58] At this point, the
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Figure 1.13: Ligand structures of CGP20712A (19), β1-selective antagonist; Ci-
materol (20), a primary conformation agonist; ICI118551 (21), a β2-selective antagonist;
BODIPY-TMR-CGP (22), a �uorescent analog of CGP12177.

low-sensitivity component was suggested to be mediated in cardiac tissue through a β-

adrenergic receptor distinct from β1- and β2-AR. This hypothetical β-AR was known as

"a putative β4-adrenoceptor". Later on, the β1-selective antagonist CGP20712A (19)

was also found to antagonise the cardiostimulant e�ects of non-conventional partial ag-

onists, even though it required higher concentrations.[14]

Pak and Fishman suggested that this "putative β4-aderenoceptor" was a low-a�nity

site/conformation of the β1-adrenergic receptor, which was con�rmed later when studies

showed that the cardiostimulant e�ects of CGP12177 (16) were absent in β1-adrenoceptor

knockout mice.[15, 14] During their work, Pak and Fishman, used recombinant rat and

human β1-AR transfected into chinese hamster ovary (CHO) cells as a cardiovascular

model and concluded that the agonist response of CGP12177 was proportional to β1-AR

density and that this response was caused through the low-a�nity conformation coupled

to Gs protein.[14]

For these reasons, it was suggested that the β1-AR exists in, at least, two distinct agonist

conformations: a high-a�nity conformation where responses are readily inhibited by an-

tagonists and a low-a�nity conformation, of which the precise nature is unknown, where

agonist responses are relatively resistant to antagonism by the well-studied β1 antagonists

(eg. propranolol 4). These high-a�nity and low a�nity conformations will be referenced

throughout this report as the primary and secondary conformation, respectively.
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Figure 1.14: Left: SPAP production induced by alprenolol in the absence (black
dots) and in the presence (white dots) of 100 nM CGP20712A. Right: Bars show basal
luciferase activity (black) and the response to 100 nM isoprenaline (stripes). Black dots
represent CGP12177 alone and white dots in the presence of 100 nM isoprenaline.[34]

1.5.2 Pharmacology

As stated in the previous section, the �rst evidence for this pharmacological phenomenon,

emerged in the 1970s, when Kaumann identi�ed pindolol as a non-conventional partial

agonist. Pindolol possesses a biphasic concentration-e�ect curve and an EC50 value

higher than its KD, suggesting that it has an agonist response through both the β1-

AR conformations. This was later con�rmed using recombinant β1-AR, Konkar et al,

demonstrated that CGP12177 stimulation of adenyl cyclase in the adipocytes is mediated

through both this secondary conformation and, at higher concentration, through the β3-

AR.[59]

In 2003, Baker et al., used the same model as Pak and Fishman to evaluate if a range of

clinically used β-blockers can stimulate gene transcription via primary, secondary or both

conformations of the β1-AR (Fig 1.15).[34] These results con�rmed the results obtained

by Pak and Fishman and provide four pieces of evidence that support the existence of a

secondary conformation of the β1-adrenergic receptor:

1. Blockade of the CGP12177 agonist response required concentrations of β1-antagonists

that were at least one order of magnitude larger than those required to antagonise the

isoprenaline agonist response. If these responses were mediated through the same confor-

mation it would be expected that the same concentration of antagonists inhibit both of

them to the same degree. Baker et al, using a CHO-β1-SPAP cell line with high receptor

expression, showed that this CGP12177 agonist response is relatively resistant to antag-

onism by other classic β1-antagonists. Atenolol (10), propranolol (4) and CGP20712A

(19) log KD values for antagonism of isoprenaline-stimulated response (logKDβ1ISO =

−7.43 for atenolol 10; logKDβ1ISO = −9.10 for propanolol 4; logKDβ1ISO = −9.19
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for CGP20712A (19)) were higher than for antagonism of CGP12177-stimulated re-

sponse (logKDβ1CGP = −4.43 for atenolol 10; logKDβ1CGP = −7.02 for propanolol 4;

logKDβ1ISO = −7.09 for CGP20712A). (Tab 1.3) The discrepancies between the logKD

values for antagonism were also found in cells with low receptor expression and, therefore,

are not likely to be a function of a overexpressed system;[34]

2. As stated in the previous section, the EC50 value for the CGP12177 agonist response,

as well as pindolol stimulatory response, is higher than the KD values obtained for these

ligands. This means that these ligands require a much higher concentration to stimulate

a response than that required to bind the orthosteric binding site of receptor and thus

suggesting that the response is not being mediated through that site/conformation; [34,

60]

3. Several ligands have biphasic agonist response curves, containing more than one

component (eg. pindolol, bucindolol, alprenolol, carazolol). An example is shown in

�gure 1.14 where the concentration response curve of alprenolol is �tted best by a two-

component analysis. Alprenolol achieved 52.9% of the total response of isoprenaline

through primary conformation with a calculated logEC50 of approximately -8.66 for

primary conformation and -6.13 for the secondary conformation. However, when in the

presence of 100 nM CGP 20712A, the agonist response through primary conformation

was inhibited and alprenolol showed a single component agonist response with a logEC50

of -6.03.[34] These results resemble the biphasic concentration-e�ect curves also found

for pindolol on the guinea pig and feline sinoatrial node.[57, 55]

4. If the β1-AR exists in at least two agonist conformations and CGP12177 (16) is able

to bind both then it would be expected that CGP12177 inhibited the agonist response

of isoprenaline through primary conformation and, at higher concentrations, stimulated

a agonist response, per si, through the secondary conformation. That is indeed what is

shown in �gure 1.14: the response of isoprenaline (�xed at 100 nM) is, at �rst, potently

inhibited by increasing concentrations of CGP12177 and, as this concentration increased

further, the agonist e�ects of CGP12177 could be seen. This �gure clearly demonstrates

the antagonism of CGP12177 (16) at lower concentrations through the primary confor-

mation followed by an agonist response through the secondary conformation at higher

concentrations.[34, 14]

The recombinant human β1-AR transfected into CHO cells turned out to be a good

experimental model for the evaluation of pharmacology at the two conformations of the

β1-AR since the results obtained by Baker et al. correlated well with the logKD values

obtained in human atrium studies.[36] These two β1-AR conformations are also seen in

rat, mouse, ferret and human heart and in whole animals where its activation produced

an increase in atrial and ventricular force and sinoatrial tachycardia.[61, 62, 63] This
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Agonists 

isoprenaline

cimaterol (20) 

oxprenolol (7) 

alprenolol (6) 

pindolol (8) 

Antagonists 

CGP12177 (16) 

propranolol (4) 

atenolol (10) 
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CGP20712A (19) 

cAMP 
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Figure 1.15: Schematic representation of the primary (a) and secondary (b) confor-
mation of the β1-AR. Several ligands are able to stimulate a response through both
conformations (eg. alprenolol 6 and oxprenolol 7) or only through the secondary con-
formation (eg. CGP12177 16 and carvedilol 13). Taken from Baker et al.[34, 35]

is consistent with the activation of the cAMP pathway and with the results obtained

through in vitro testing.

The existence of a secondary conformation of the β1-AR is supported by pharmacological

data whether through in vitro or in vivo testing. Even though these distinct pharmaco-

logical models come to the same conclusion, there are still some problems in comparing

the data mainly to the lack of a compound with higher a�nity for this secondary confor-

mation than for the primary. The development of a selective compound, with a higher

a�nity for this secondary conformation, is a urgent need and could contribute to the

unveiling of the structure of this agonist conformation, the possible e�ects mediated by

it and the activation of signaling pathways.

1.5.3 Structure and conformation

Many key questions still remain to be answered. The molecular basis for this non-

conventional partial agonism is still unknown. It is also not known either the ligands

that present this peculiar pharmacological response bind to a di�erent binding site other

than the regular catecholamine binding site in order to induce a secondary conformation
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of the β1-AR (Fig 1.10). Other possibilities have been proposed and will be discussed

further on this subsection.

As stated previously, until recently our knowledge concerning the binding sites of β-

adrenergic receptors came from site-directed mutagenesis studies of the β2-adrenergic

receptor. In order to understand the importance of each transmembrane domain in this

non-convential partial agonist response Baker et al made a series of point mutations

in the human β1-adrenoceptor and examined the e�ects of swapping transmembrane

domains of the human β1-AR and β2-AR .[64] During these studies, the amino acid

residues essential for the binding to the catecholamine site were also mutated, and their

e�ect on the binding of antagonists, such as CGP20712A (19) and propranolol (4), was

evaluated.[64] An analysis of the residues will be made during this subsection.

The interaction of catecholamines was found to be similar to the one in the β2-AR in the

catecholamine binding pocket. Residue Asp3.49 in TM3 is likely to be the anchor point

for the amine group of isoprenaline and cimaterol (20), whereas the hydroxyl groups

in the aromatic core were found to interact with three serine residues in TM5 (Ser5.42,

Ser5.43 and Ser5.46).[65] Mutations at the residue Asp3.49 (D138A3.49 and D138S3.49)

in TM3 abolished all binding and functional responses at both primary and secondary

conformation, showing that it is essential for both the responses. On the other hand, the

mutation S228A5.42 and S229A5.43 did not abolish the agonist response of CGP12177

mediated through the secondary conformation but slightly rightshifted this response

while also decreased the a�nity for the primary conformation. This response mediated by

CGP12177 still showed more resistance to antagonism by known β-blockers, suggesting

that the secondary conformation is still present. These mutations also a�ected the a�nity

of other compounds: propranolol (4) a�nity for the primary conformation decreased

and cimaterol (20) a�nity increased. The S232A5.46 mutation did not in�uence the

binding a�nity of CGP12177 but reduced the a�nity of isoprenaline. These three serine

residues in the TM5 are important for the binding of catecholamines to the primary

conformation of the β1-AR but only S228A5.42 and S229A5.43 seem to decrease the a�nity

of CGP12177 for the primary conformation and also for the secondary conformation

(reduces the EC50 value and therefore the potency obtained). Asn7.39 mutation to either

alanine, cysteine, tyrosine, or phenylalanine in the TM7 abolished all speci�c binding of

aryloxypropanolamines, showing its importance for the binding of both agonists and

antagonists to the β1-AR. This residue is known to interact with the chiral hydroxyl

group of aryloxypropanolamines and it is vital both for binding to the primary as for the

secondary conformations in this receptor.[64]

In the β2-AR, Phe6.52 has been proposed to be involved in the receptor activation as a

rotamer "toggle switch�. The mutation of the equivalent phenylalanine (F341A6.52) in
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the β1-AR did not a�ect the a�nity of isoprenaline, cimaterol or propranolol (4) but de-

creased the a�nity of CGP12177 for the primary conformation. Surprisingly, this point

mutation abolished the ability of CGP20712A (19) to di�erentiate between the two dis-

tinct conformations of the β1-AR, even though other antagonists (eg. propranolol 4) still

required higher concentrations to inhibit CGP12177 mediated response in this mutated

receptor. N344A6.55 mutation also had an identical e�ect on CGP20712A a�nity for

both conformations.[64]

Besides these residues that are important within the catecholamine binding pocket both

in β1- and β2-AR, Baker et al, found several residues in the TM4 of β1-adrenoceptor that

completely abolished the pharmacology associated with the secondary conformation.[64,

66] In the chimeric β1-TM4 (containing the TM4 domain of the β2-AR) antagonists

inhibited CGP12177 (16) and cimaterol (20) responses with similar logKD values. The

EC50 and the KD found for CGP12177 were also similar, suggesting that these responses

are mediated through the same conformation. The residues Leu4.62 and Trp4.66 present

in the TM4 were found to be crucial in the secondary conformation, while Val4.56 was also

found to in�uence lightly this conformation. The mutation of L195Q4.62 and W199D4.66

was found to change the two-component concentration-response curve of pindolol to a

single-component, creating a β1 adrenoceptor with only one agonist conformation.[64]

W199D4.66 mutation alone was also able to abolish the secondary conformation of the

β1-AR yielding identical EC50 and KD for CGP12177, as expected for a conventional

partial agonist.

Abdelkrim et al suggested that the ECL2 could have a di�erent function in the two dis-

tinct agonist conformations, autoantibodies directed against this extracellular loop could

recognise and stabilise the primary conformation but not the secondary.[67] Similarly, a

monoclonal antibody (mAb3) raised against the turkey β1-AR, which binds a region in

the ECL2 of this receptor, elicited a negative allosteric e�ect on agonist-mediated cAMP

responses for conventional agonist but did not a�ect the CGP12177 mediated response.

[68]

Analysing these structural data it is still not possible to state if the non-conventional par-

tial agonism of some compounds is due to the binding to another binding pocket within

the same receptor or through a di�erent secondary conformation. The fact that Asp3.49

and Asn7.39 residues are essential for both pharmacological responses could suggest that

there are two binding sites partially overlapping. However, this cannot explain why the

binding of CGP12177 to one of the binding sites does not block its binding to the other

one. It is plausible to assume that a �rst binding event of CGP12177 to the orthosteric

catecholamine binding pocket could induce structural changes and lead to an extension

of the binding pocket. Joseph et al, suggested that the coupling of Gs protein to β1-AR
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cimaterol response at the same as (or just to the right of) that
of the EC50 value, strongly suggesting competition at the
same conformation.
Pindolol has a biphasic concentration response curve at the

b1-adrenoceptor. The first (higher affinity) component is
thought to occur via the catecholamine conformation, while
the second component via the secondary conformation (Walter
et al., 1984; Baker et al., 2003). Therefore, the pindolol
response should become a single-component response at
b1-TM4 and the other receptors lacking the secondary
conformation. Indeed, pindolol was found to have a two-
component concentration response curve at b1-WT and
b1-V189T, but a single-component response curve at b2-WT,
b1-TM4, b1-L195Q-W199Y, b1-T189V-L195Q-W199Y, and
b1-W199D, confirming the crucial roles of L195 and W199
in the secondary conformation. Interestingly, for all
b-adrenoceptors with a known sequence and two pharmaco-
logically confirmed conformations, V, L, and W, or similar,
are found at equivalent positions for 189, 195, and 199,
respectively, while those of one-conformation b-adrenoceptors
have T, Q, and Y (Table 11).
A recent turkey b1-adrenoceptor crystal structure suggests

that TM4 is involved in a b1-dimer interface with TM5 (Huang
et al., 2013). Figure 9A shows that the equivalent key turkey
TM4 residues (V172, M178, and W182; Table 11) are largely
outward facing, away from the binding pocket, but lie within
the TM4/TM5 dimer interface (Fig. 9B). However, the key
binding residues in TM3 (D138) and TM7 (N363), that are
essential for both the catecholamine and secondary confor-
mation responses (Baker et al., 2008), are both inward-facing
residues within the ligand binding pocket (Fig. 9A). It is

therefore interesting to speculate that both binding site
activation and receptor dimerization are involved in the
secondary conformation. However, more work is required to
understand how and where molecules bind to create the
distinct pharmacological patterns observed.
In conclusion, the b1-adrenoceptor exists in two agonist

conformations, and the key residues responsible for the
secondary low-affinity conformation are in TM4. The muta-
tion b1-V189T has an effect on the affinity of ICI118551 and
may have a minor role in secondary conformation pharma-
cology. However, the amino acids at positions 195 and 199 in
TM4 both have a major role in the secondary conformation,
and together L195Q and W199Y (or indeed W199D alone),
abolish this secondary conformation and create ab1-adrenoceptor
with only one high-affinity agonist conformation. From Huang
et al. (2013) data, it is tempting to speculate that oligomerization
involving TM4 may underlie the secondary b1-adrenoceptor
conformation.
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Fig. 9. Location of equivalent key residues (V172, M178, W182) in the crystal structure of the turkey b1-adrenoceptor described by Huang et al. (2013).
This structure was obtained in the ligand-free state and in a lipid membrane–like environment and suggested that TM4 was involved in a dimer
interface with TM5. Views of one protomer of the oligomeric structure (PDB ID 4GPO) reported by Huang et al. (2013) were generated with Cn3D
(National Center for Biotechnology Information). (A) Residues V172, M178, and W182 (equivalent to the human V189, L195, and W199) and D121 and
N329 (equivalent to D138 andN363, identified in a previous study as essential for both catecholamine and secondary conformation functional responses)
(Baker et al., 2008) are highlighted in yellow. (B) View of V172, M178, and W182 (highlighted in red) with the key residues for dimerization in TM5
(R205, A206, A210, I218, R229), TM4 (L171), and the proximal region of extracellular loop 2 (W181, R183) identified by Huang et al. (2013) highlighted in
purple. Interestingly, V172 andW182 are on the same outward facing surface as the key dimerization residues, with W182 sandwiched between the two
residues (W181, R183), and V172 is next to another (L171) identified by Huang et al. (2013).

828 Baker et al.

Figure 1.16: Location of equivalent residues which mutation impacts the secondary
conformation (Val4.56/V172, Leu4.62/M178, Trp4.66/W182) but also key residues for
both conformations (Asp3.32/D121, Asn7.39/N329) in the crystal structure of the turkey
β1-AR described by Huang et al. [69] TM4 and TM5 are suggested to be involved in
an homodimer interface in this ligand-free state structure. Residues suggested to be
involved in this homodimerisation are highlighted in purple, while the three key residues
for the secondary conformation are highlighted in red. Taken from Baker et al.[66]

activated by catecholamines is di�erent than for receptors activated by CGP12177 and

other non-conventional agonists. The well-known Gly389 mutation in β1-AR reduced

considerably less the agonist response of CGP12177 than that of isoprenaline, suggesting

that CGP12177 might interact with a di�erent residue to promote the coupling of the

β1-AR to Gs proteins.[70] In contrast, Baker et al, argued that there is no change in

the stimulation of Gα.S-cAMP pathway in either of the agonist conformations with the

polymorphic variant.[71]

It is also proposed that these pharmacological phenomena might be associated with

receptor dimerisation or oligomerisation, a conformation dependent on the extent of

receptor phosphorylation or association with other sca�old proteins.[72, 10] It is indeed

suggested by Baker et al, and Gherbi et al, that the agonist response of CGP12177 might

be related with the dimerisation of the β1-AR and negative cooperativity across the two

orthosteric binding sites of a homodimer.[66, 73] Baker et al state that the residues

Leu4.62 and Trp4.66, crucial for the secondary conformation, are within the TM4/TM5

dimer interface in the turkey β1-AR crystal structure published by Huang (Fig 1.16).[64,

69] Gherbi et al showed negative cooperativity between two distinct β1-AR conformations
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using a �uorescent analog of CGP12177 (BODIPY-TMR-CGP, 22).[74, 75] The presence

of CGP12177 and propranolol (4) in micromolar concentration enhanced the dissociation

rate of the �uorescent CGP12177, an e�ect even more noticeable when the population of

homodimers was increased. These e�ects were abolished when using the chimeric β1-AR

with point mutations in TM4 within the dimer interface. [73]

Overall, these mutation studies identi�ed two residues within the orthosteric binding

pocket (Asp3.49 and Asn7.39) that have a striking e�ect on the a�nity for both confor-

mations and three residues (Leu4.62 and Val4.56 but especially Trp4.66) that only in�uence

the secondary conformation of the β1-AR. Unfortunately, either CGP12177 or pindolol

are not able to stimulate a response in the β1-AR-m23, the thermostabilised turkey

receptor used in x-ray crystallography, either due to disruption of the secondary con-

formation in this heavily mutated receptor or due to the reduced ability to mediate a

response through this receptor seen for di�erent ligands. This might limit the relevant

information for this secondary conformation obtained from the crystal structure deter-

mined for the β1-AR-m23. It is therefore of the utmost importance to synthesise ligands

able to bind to the secondary conformation with higher a�nity than to the primary

conformation which could be used as important pharmacological tools.

1.5.4 Ligands

In order to understand the origin of the secondary conformation of the β1-AR it is im-

portant to gather information about the a�nities of several known β-blockers used in the

clinic for each conformations. It is also important and extremely necessary to �nd how

these molecules interact with the receptor in this secondary conformation. Even though

the a�nities at each conformation have been determined for several known β-blockers

in the last few years, no structure-activity relationships studies have been conducted.

Structure-activity relationship studies would provide useful data to understand the dif-

ferences between these two distinct conformations and to possibly identify chemical fea-

tures that confer selectivity for either the primary or the secondary conformation. To

date, no ligand has been identi�ed with a higher a�nity for the secondary conformation

of the β1-AR than for the primary conformation. Interestingly, the rank order of lig-

and a�nities is di�erent at each conformation, where ICI118551, bupranolol and other

ligands rank higher for the secondary conformation than for the primary while atenolol

(10) ranks lower.[60]

As stated in the previous section, CGP12177 (16) has been an important tool in the study

of this secondary conformation mainly because it acts as an antagonist through the pri-

mary conformation of the β1-AR and as an agonist through the secondary conformation.
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Ligand System Log EC50 Log KDβ1 
ISO 

Log EC50 - Log 
KDβ1 ISO 

(-)CGP12177 Human recombinant β1-AR -7.6 -9.3 1.7 
(±)Alprenolol Right atrium -6.8 -8.6 1.8 
(±)Tert-butylcarazolol Rat right atrium -7.4 -9.8 2.4 
(-)Pindolol Right atrium -7.0 -9.6 2.6 
(±)Bucindolol Atrial trabecuale -6.3 -9.0 2.7 
(±)Carteolol Right atrium -6.1 -9.0 2.9 
(±)Carazolol Rat right atrium -7.0 -9.9 2.9 
(±)Iodocyanopindolol Left atrium -7.4 -10.8 3.4 

 
Table 1.2: A�nity estimates (LogKβ1 ISO), determined through the inhibition of iso-
prenaline response, and agonist potencies (LogEC50) of several non-conventional partial
agonists.[36]

Ligand Stimulation Log KDβ1 ISO Log KDβ1 CGP Log KDβ1 ISO - 
Log KDβ1 CGP 

(-) ICI118551 CRE-luciferase (b) -6.77 -5.80 0.97 
(-) Bupranolol cAMP (a) -9.38 -7.63 1.75 
(±) Nadolol cAMP (a) -8.07 -6.24 1.83 
(±) Alprenolol cAMP (a) -8.61 -6.71 1.90 
(±) Bisoprolol cAMP (a) -7.68 -5.70 1.98 
(-) Propranolol cAMP (a) -9.10 -7.02 2.08 
(±) CGP20712A CRE-luciferase (b) -9.19 -7.09 2.10 
(±) Sotalol cAMP (a) -6.01 -3.89 2.12 
(±) Oxprenolol cAMP (a) -8.19 -6.05 2.14 
(±) Carvedilol cAMP (a) -9.87 -7.56 2.31 
(-) Timolol cAMP (a) -9.15 -6.38 2.77 
(-) Pindolol cAMP (a) -9.30 -6.50 2.80 
(±) Metoprolol cAMP (a) -8.24 -5.41 2.83 
(-) Atenolol cAMP (a) -7.43 -4.43 3.00 

 
Table 1.3: A�nity of several known ligands at both the primary and the secondary
conformation. Log KDβ1ISO is determined by inhibition of (-) isoprenaline response
and Log KDβ1 CGP is determined by inhibition of racemic CGP12177 response in CHO
β1 cells. The agonist response of the ligands are measured either through CRE luciferase
(b, Baker et al) or cAMP stimulation (a, Joseph et al). [60, 65]

Other ligands, such as alprenolol and pindolol, have been found to act as agonists at both

conformations, whilst bupranolol and CGP20712A (19) act as antagonist at both confor-

mations. Sarsero also reported that isoprenaline, adrenaline (1) and noradrenaline (2)

might interact with the secondary conformation in rat atrial membranes with millimolar

a�nity.[76]

Kaumann et al and Baker et al contributed greatly to the identi�cation of β-blockers
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that possess a non-conventional agonism.[36, 34, 60] The a�nity of a ligand for each con-

formation could be determined using an in vitro system with the transfected β1-AR by

comparing its KD value for the inhibition of isoprenaline (or other conventional β1-AR

agonist) and CGP12177, which purely activate the primary and the secondary confor-

mation, respectively.[60] Table 1.2 compares the logEC50 values of several ligands with

their logKD value for the primary conformation (logKβ1ISO) of the β1-AR determined

by both in vitro and ex vivo methods. All these compounds show a higher value for

logEC50 than for logKD which means that they possess an agonist response mediated

through the secondary conformation of the β1-AR.[36] CGP12177 possesses a higher

agonist response at this secondary conformation than than pindolol, which in turn, pos-

sesses a higher agonist response than alprenolol.[63] Lowe et al tried to rationalise the

interaction of several compounds with the secondary conformation. The hydrophilicity

of CGP12177 was not regarded as an important factor because other hydrophilic phe-

noxypropanolamines were not found to activate this secondary conformation. The ability

to stabilise the secondary conformation was attributed to the high electron density of

the aromatic core of CGP12177 which was higher than pindolol and alprenolol.[63]

The a�nity of several compounds for each conformation of the β1-AR is described in

table 1.3. These data have been collected from in vitro studies in CHO cells with hu-

man recombinantβ1-AR through the inhibition of the stimulation of an agonist response

for (-)isoprenaline (LogKβ1ISO) and (-) or (±)CGP12177, as indicated, (LogKβ1CGP )
and measurement of cAMP or CRE luciferase levels.[60, 41] The logKβ1ISO determined

through CRE luciferase stimulation was consistently slightly lower than the one obtained

through cAMP stimulation.[60, 41] The compounds are ranked by the di�erence between

the logKβ1ISO and logKβ1CGP and all of them bind to the primary conformation of the

β1-AR with higher a�nity than to the secondary conformation. Phenethanolamines like

sotalol, even though with a small a�nity, can also bind to both conformations, which

means that is not a conformation exclusive to phenoxypropanolamines interaction.

Bupranolol, an antagonist at both conformations, was one the compounds with the

highest a�nity for the secondary conformation and with less of a di�erence between

logKβ1H and logKβ1L. For these reasons, the a�nities of several bupranolol analogues

were evaluated in pithed rat models. (Fig 1.17)[62, 61, 78] To measure the a�nity of

each compound the heart rate was measured and CGP12177 and xamoterol were used

to activate the secondary and the primary conformation, respectively, and induce an

increase in the heart rate. The potency of each compounds to antagonise the increase in

the heart rate by xamoterol addition is represented as logK(β1H) and as logK(β1L) by

CGP12177 addition. (-) Bupranolol (logK(β1H)= - 7.9 and logK(β1L)= - 6.1) showed

a similar di�erence in this study between the a�nity for the primary and secondary

conformation as the one seen in human recombinant β1-AR (1.8 vs 1.75) (Table 1.3).
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OHR2
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23 Bupranolol                   R2: Cl      R3: H        R4: CH3

24 Desmethylbupranolol  R2: Cl      R3: H         R4: H

25 GD-7                           R2: Cl     R3: Cl        R4: H

26 GD-6                           R2:  F     R3:  H        R4: CH3

27 BK-22                          R2: CH3 R3: H         R4: H

28 DZ-51                          R2: CH3 R3: H         R4: CH3

29 BK-25                          R2: H     R3: H         R4: H

30 BK-26                          R2: H     R3: Cl        R4: CH3

31 DZ-28*                         R2: F     R3: H        R4: CH3

*Isopropylamine substituent

O N
H

OHR2

R4

OCH3

OCH3
32 Bevantolol     R2: Cl       R4: CH3

33 DZ-53            R2: CH3    R4: CH3

34 BK-23            R2: CH3    R4: H

35 DZ-43            R2: H        R4: CF3

Figure 1.17: A set of bupranolol and bevantolol analogues, some of which are antago-
nist at the secondary conformation.[61, 77]

The removal of the CH3 group in bupranolol (desmethylbupranolol) led to an increase

in heart rate through the primary conformation. BK-22, BK-23, BK-25 and GD-7, that

also lack the CH3 group in the R4 position, increased the heart rate as well. Interestingly,

BK-26 only antagonised the response mediated through the primary conformation, which

shows the importance of the substituent at R2. GD-6, that has a �uor substituent instead

of a chloro, had the same a�nity for the secondary conformation (logK(β1L)= - 6.1) but a

slightly higher a�nity for the primary conformation (logK(β1H)= - 8.1) than bupranolol.

DZ-28 that possesses the same aromatic core as GD-6 but an isopropylamine substituent

in the phenoxypropanolamine chain showed a decrease in a�nity for both conformations

logK(β1H)= - 6.9 and logK(β1L)= - 5.2). DZ-51 can also antagonise the responses at both

conformations with lower a�nity (logK(β1H)= - 7.3 and logK(β1L)= - 5.1). Interestingly,

bevantolol, which possesses the same aromatic core as bupranolol but replaces the N-

tert-butyl moiety with an N -2-(3,4-dimethoxyphenyl)ethyl group, can only antagonise

the CGP12177 mediated response stereoselectively as a (-) enantiomer. The use of the

bioisoster CF3 group instead of CH3 also yield a compound that could antagonise the

responses at both conformations (logK(β1H)= - 6.3 and logK(β1L)= - 5.2).

Even though the information is not su�cient to draw de�nitive conclusions, in the bupra-

nolol analogues, the CH3 group seems to play an important part in the antagonism at

both conformations while the R2 and the amine group seems to modulate the potency

and selectivity of the antagonism.[78, 62]
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LogKD 5.1 (Β1L) - LogKD 5.1 (Β1H) LogKD -5.1 (Β1L) - LogKD -7.1 (Β1H)

Figure 1.18: Structure of Xanthone 36 and 37 which can bind to both conformations
of the β1-AR.

Schlicker et al also reported the identi�cation of two xanthones (36 and 37) with two

di�erent amino substituents. The xanthone 36 was the �rst compound to ever show a

similar a�nity for both conformations, even though that it has quite poor a�nity for

both conformations. The introduction of a di�erent amino group (37) increased the

a�nity for the primary conformation but did not a�ect the a�nity for the secondary

conformation.[78]

1.5.5 Clinical relevance of the secondary conformation of the β1-AR

So far, the e�ects mediated through the secondary conformation of the β1-AR have

been demonstrated in vitro and in vivo.[62] The activation of this conformation induces

sinoatrial tachycardia, increases contractile force, shortens ventricular action potential

and elicits arrhythmias in ventricular and atrial myocytes in rats and mice.[62, 76] All the

compounds that present a non-conventional partial agonism have a lower a�nity to this

secondary conformation of the β1-AR that translates into a small cAMP accumulation

but in a substantial gene transcription e�ect after �ve hours of exposure in vitro. Several

of these compounds are used in prolonged treatments so it is extremely pertinent to

interrogate if this e�ect would be seen in patients and would have an impact in clinic.[34]

Concentrations of bucindolol (14) up to 1 µM have been measured in plasma of patients

that were treated for hypertension with 50-200 mg of bucindolol.[36] At this concen-

tration bucindolol can bind to the secondary conformation of the β1-AR and increase

contractility of ventricular trabeculae in vitro.[51] It is therefore possible that this inter-

action with the secondary conformation might produce cardiac arrhythmias and might

be related with the failure shown by bucindolol in increasing survival in patients after

myocardial infarction.[63] The activation of this conformation might also contribute to

the intrinsic sympathomimetic activity (ISA) of alprenolol and pindolol which is harmful

in the prolonged treatment of chronic heart failure.[79, 63] However, some studies suggest
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that pindolol might be bene�cial for the treatment of orthostatic hypotension (drop of

blood pressure when suddenly standing up) and neurocardiogenic syncope (inappropri-

ate activation of the vagus nerve) and that this e�ect might be mediated through the

secondary conformation.[36]

These �ndings suggest that activation of the secondary conformation of the β1-AR might

have more harmful e�ects than plausible bene�cial e�ects. However, further investiga-

tions and pharmacological tools are needed in order to come to any strong conclusion.

1.6 Research aims

As explained during this introduction, there is not much known about the secondary

conformation of β1-AR from a clinical to a biological point of view but specially from

a chemical and structural point of view. The main goal of this project is the identi�-

cation of the chemical features that can confer selectivity and increase the a�nity for

the secondary conformation. The better understanding of the chemical moieties that

promote a higher a�nity, could help to understand the interaction between a ligand and

this particular conformation of the receptor. This study also aims to identify the chem-

ical features responsible for mediating a response via the secondary conformation of the

β1-AR since some ligands are known to mediate a response only through the primary

conformation (eg. cimaterol), only via the secondary conformation (eg. CGP12177 16)

or via both of the conformations (eg. alprenolol 6 and oxprenolol 7). This could be

an important help for the identi�cation of the residues involved in the activation of this

secondary conformation and could help revealing the clinical e�ects that the activation

of this receptor conformation might have. Since no compound is known to have higher

a�nity for the secondary conformation than the primary conformation of the β1-AR,

a pharmacological tool capable of blocking irreversibly the primary conformation could

also be of great use. This would enable the study of the secondary conformation while

the same �xed ligand is occupying the primary conformation in an irreversible manner.

The �rst step towards this goal should consist in the synthesis of a set of compounds

with several modi�cations both in the amine-end and in the aromatic core groups of

the compounds. Alprenolol 6 and oxprenolol 7 were chosen as the lead compounds. As

previously explained, alprenolol and oxprenolol can bind and activate both the primary

and the secondary conformation of the β1-AR, even though they possess a much lower

a�nity for the secondary conformation. Initially, the thorough validation of the cell lines

expressing either the human β1 or β2-AR along with CRE-SPAP (secreted placental al-

kaline phosphatase under the control of a cAMP response element) used during these



Chapter 1 Introduction 29

experiments with well-charaterised literature compounds is of highly importance. Val-

idation of the cell lines used in the experiments will be described in chapter 2. Three

distinct sets of analogues will be presented in chapters 3-5 and fully characterised for

both the β1 and β2-AR. An iterative plan was put in place to fully characterise these

compounds and described in the following work�ow:

1) A set of ligands is synthesised.

2) Following the synthesis, this set of compounds is tested in the validated CHO-β1 and

CHO-β2 cells in several assays. Initially, these compounds are characterised in radioli-

gand competitive binding assays for both receptors. In these assays, a �xed concentration

of a fully characterised radioligand ((-)[3H] CGP12177) is added to increasing concentra-

tion of compound. Compounds might be able to bind to the receptor and displace (-)[3H]

CGP12177 with a certain logIC50 value taken from the displacement curve. LogKD val-

ues can then be derived from the logIC50 values using Cheng-Prusof equation detailed in

the methods chapter. It is noteworthy to mention that the concentration of radioligand

used is only enough for (-)[3H] CGP12177 to bind mainly to the primary conformation

but not to the secondary conformation of the β1-AR. For this reason, it is correct to

assume that logKDβ1 values obtained through these radioligand competitive binding

experiments in CHO-β1 cells represent the a�nity of these compounds for the primary

conformation of the β1-AR.

3) Independently of whether the compound is able to bind to the receptors or not a

CRE-SPAP functional study is performed. In this assay, increasing concentrations of the

compound are added to the cells and the concentration of SPAP, a cAMP reporter gene,

is measured. This assay allows the determination of logEC50 values, corresponding to

the logarithm of the concentration required to elicit half of the maximal response. A

%isop is also obtained, corresponding to the percentage of the response elicited by 10µM

isoprenaline mediated by the compound. Compounds that fail to elicit an increase in

SPAP concentration are deemed as antagonists for the system used. Compounds able

to elicit a response similar to 100% of the response mediated by 10µM isoprenaline (the

maximum response cells are able to mediate) are deemed as full agonist. If the compounds

are only able to mediate a lower response than 10µM isoprenaline they are considered

partial agonists. As previously mentioned, for a partial agonist the concentration required

to elicit half of the maximal response should be the same as the concentration required to

occupy half of the receptors (logEC50 = logKD). While this is true for the β2-AR, some

ligands (eg. CGP12177) only mediate a response at higher concentrations than they

require to bind the receptor. This assay will therefore allow the detection of anomalous

behaviour by comparing the logEC50 value with the logKD previously obtained from the

radioligand assays, which may indicate if the response is mediated through the primary
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or secondary conformation of the β1-AR. Compounds may also mediate a response best

described by a biphasic curve (eg. alprenolol 6, Fig 1.14) which suggests that one of the

components is mediated through the primary conformation (logEC50β11) and the other

via the secondary conformation of the β1-AR (logEC50β12).

4) logKD values for a certain ligand can also be obtained by inhibition of an agonist

response. logKD values for the ligand can be derived from the parallel rightwards shift

of the agonist response caused by the addition of a �xed concentration of ligand using

the equation presented in the methods chapter. These logKD should always be the

same independently of the agonist used to mediate the response. This is true for the

β2-AR as no secondary conformation is observed for this receptor, but not for the β1
where CGP12177-mediated response via the secondary conformation was found more

resistant to antagonism by every literature ligand previously tested. That being said,

�xed concentrations of ligand can be added to increasing concentrations of a secondary

conformation agonist (eg. CGP12177) to obtain a logKD for this conformation (referred

to as logKβ1L in the literature and logKDCGP in this thesis). Likewise, logKD values

for the primary conformation can be obtained by the righshifting the response mediated

by a primary conformation agonist (eg. cimaterol (20) - referred to as logKβ1H in the

literature and logKDcim in this thesis), which should equal the logKD values obtained

from binding.

5) For those compounds from the set which are able to elicit a response through the recep-

tor, a �xed concentration of an antagonist (eg. CGP20712A (19) for β1-AR; ICI118551

(21) for β2-AR) can be added, and their ability to righshift the response can be measured.

This will help to distinguish responses mediated through the primary and secondary con-

formation of the β1-AR as responses mediated via the secondary conformation are known

to be more resistant to CGP20712A, requiring higher concentration of the antagonist to

produce a shift in the response and therefore yielding higher logKDCGP20712A values.
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Chapter 2

Pharmacological characterisation of

literature compounds in CHO-β1

and CHO-β2 cells

2.1 Introduction

In this chapter, a thorough validation of CHO cells expressing either the human β1

or β2-AR and a CRE-SPAP reporter gene is described. Several literature compounds

were characterised in this system in order to validate the cell lines used in the following

experiments. Initially, [3H]-CGP12177 a�nity was determined for both receptors by sat-

uration binding assays. This ligand was used afterwards to obtain the a�nity for several

β1 (eg. CGP20712A 19 and bisoprolol 12) and β2-selective (eg. salbutamol, salmeterol)

ligands in radioligand competitive binding assays. Pharmacological characterisation of

these ligand in functional assays is presented. Herein, the phenomenon of the secondary

conformation is also described and reproduced in CHO-β1 cells. CHO-β2 cells were used

as a control cell line for this phenomenon to demonstrate that the phenomenon observed

is not an artefact of the experimental conditions used. The behaviour of alprenolol (6)

and oxprenolol (7) at both β1 and β2-AR is also reproduced in this chapter.

32
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2.1.1 Pharmacology

2.1.2 Radioligand competitive binding assay

Initially, KD values for [3H] CGP12177 in both CHO-β1 and β2 cell lines were determined

by saturation binding. This is necessary in order to calculate logKD values for all lig-

ands through radioligand competitive binding assays using the Cheng-Pruso� equation

and [3H] CGP12177 as radiolabeled ligand.[80] Figure 2.1 shows the total binding of the

radioligand, in the presence of serum-free media, (which increases for increasing concen-

trations of radioligand) and the non-speci�c binding in the presence of 10 µM propranolol

(4), which prevents the binding of the radioligand to the receptor. The speci�c binding

function is determined by subtracting the total binding, which represents the binding

of the radioligand to the receptor plus binding to other materials, and the nonspeci�c

binding, which represents the binding of the radioligand only to other materials. The

KD values for β-AR binding of [3H] CGP12177 were 0.26± 0.02 nM (n=10) for CHO-β1
cell line and 0.20± 0.01 nM (n=10) for CHO-β2.

Following the determination of the KD values for [3H] CGP12177, several literature lig-

ands were used to displace this radioligand. In order to validate the CHO-cells expressing

the human β1 and β2-AR, β1 (eg. CGP20712A 19, bisoprolol 12) and β2-selective ligands

(eg. ICI118551 21 and salmeterol) were used. Figure 2.2 shows the inhibition of [3H]

CGP12177 binding to whole cells by CGP20712A (19), salmeterol and ICI118551 (21).

This �gure represents the amount of radioactivity bound to the CHO-β1 and CHO-β2

Figure 2.1: Saturation binding curves for the radioligand [3H] CGP12177 in CHO-β1
(left) and -β2 (right) cells. Non-speci�c binding was determined in the presence of 10µM
propranolol and was then subtracted to total binding to obtain the speci�c binding
curve. Data points represent mean ± s.e.m. of quadriplicate determinations.
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Figure 2.2: Inhibition of [3H] CGP12177 binding to whole cells in CHO-β1 and -β2
by CGP20712A (19), ICI118551 (21) and salmeterol. Left bar represents total [3H]
CGP12177 binding for a concentration of 0.82 nM and the right one nonspeci�c binding
which was determined in the presence of 10 µM propranolol. Data points represent mean
± s.e.m. of triplicate determinations.

cells at di�erent concentration of ligand when a �xed concentration of 0.82 nM of radi-

olabeled [3H] CGP12177 is added. CGP20712A (19) required much lower concentration

to displace [3H] CGP12177 in CHO-β1 than CHO-β2 cells, which is in accordance with

its reported β1 selectivity.[81] On the contrary, ICI118551 (21) and salmeterol required

much lower concentrations to displace the radiolabeled ligand [3H] CGP12177 from CHO-

β2 than CHO-β1 cells, also in agreement with their previously described β2 selectivity.

[81]

Observed IC50 values were then converted inKD values using the Cheng-Pruso� equation

and represented in table 2.1 as logKD values. Selectivity is also presented in table 2.1 in a

logarithmic scale in which a positive signal represents selectivity towards the β2-AR while

a negative signal represents selectivity towards the β1-AR. As expected CGP20712A (19)

and bisoprolol (12) showed a much higher a�nity for the β1-AR (lower logKDβ1 value)

than for the β2-AR (3.11 log units higher for CGP20712A and 1.66 log units higher for

bisoprolol), while, on the contrary, salmeterol and ICI118551 (21) exhibited a marked

β2-selectivity (3.21 log units for salmeterol and 2.42 log units for ICI118551). All the

logKD values and selectivities obtained are in accordance with the values expected from

cell lines expressing the β1 or β2-AR. [40]
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Compound LogKDβ1 n LogKDβ2 n LogKD(β2/β1) 

Salmeterol -5.79 ± 0.06 7 -9.00 ± 0.04 7 3.21 

ICI118551 (21) -6.82 ± 0.04 12 -9.24 ± 0.05 11 2.42 

Salbutamol -4.72 ± 0.05 5 -5.89 ± 0.05 5 1.17 

Alprenolol (6) -7.94 ± 0.02 6 -9.01 ± 0.04 6 1.07 

Propranolol (4) -8.20 ± 0.04 5 -9.22 ± 0.06 5 1.02 

Oxprenolol (7) -7.89 ± 0.02 6 -8.77 ± 0.03 6 0.88 

Bucindolol (14) -9.35 ± 0.09 13 -10.18 ± 0.02 9 0.83 

Bisoprolol (12) -7.99 ± 0.07 6 -6.33 ± 0.10 6 -1.66 

CGP20712A (19) -8.97 ± 0.07 16 -5.86 ± 0.04 15 -3.11 

Table 2.1: Binding a�nities and selectivity for human β-adrenergic receptors of known
ligands. Values represent mean of data obtained and ± the standard error of the mean
(s.e.m) for n separate experiments

2.1.3 CRE-SPAP production

Following the characterisation of these literature compounds through radioligand bind-

ing assays, their ability to mediate an increase in CRE-SPAP production in these cell

lines was evaluated. As mentioned before, CHO cells expressing either the human β1 or

β2-AR and a CRE-SPAP reporter gene were used throughout these experiments. In this

system, transcription of secreted placental alkaline phosphatase (SPAP) is facilitated in

the presence of cAMP and is used as an ampli�ed downstream measurement of cAMP

production upon receptor activation. [82, 83]. Although full and partial agonists are ex-

pected to stimulate an increase in SPAP concentration, antagonists should fail to mediate

any response. Full agonists are expected to mediate a full response (maximal response

identical to the positive control of of 10µM of isoprenaline used) with a logEC50 value

equal or lower to the logKD, while partial agonists should require a similar concentration

to occupy and activate the receptor as they require full receptor occupation to stimulate

their maximal response (logEC50 should be identical to logKD).

CRE-SPAP production in response to salmeterol, CGP20712A (19) and ICI118551 (21)

is represented in �gure 2.3. As previously observed in the literature, salmeterol is able to

increase CRE-SPAP production in both CHO-β1 and β2 cells, with a maximum response

similar to the response of 10µM of isoprenaline (% isop), therefore behaving as a full

agonist at both receptors. [84] This compound required a much higher concentration to

mediate a response through the β1 than β2-AR as displayed in �gure 2.3, consistent with

its β2-selectivity.
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Figure 2.3: CRE-SPAP production in response to salmeterol (top), CGP20712A (19,

middle) and ICI118551 (21, bottom) in CHO-β1 and β2 cells. Basal bar represents the

SPAP accumulation in the presence of serum free media, while isoprenaline 10µM bar

represents SPAP accumulation in the presence of 10µM of isoprenaline. Data points

represent mean ± s.e.m. of triplicate determinations.

CGP20712A (19) and ICI118551 (21) failed to mediate a response in both CHO-β1 and
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Compound LogKDβ1 n LogEC50β1 %isop n 

ICI118551 (21) -6.82 ± 0.04 12 - No response 6 

Propranolol (4) -8.20 ± 0.04 5 - No response 3 

Salmeterol -5.79 ± 0.06 7 -6.36 ± 0.04 109 ± 8 3 

CGP20712A (19) -8.97 ± 0.07 16 - No response 6 

Salbutamol -4.72 ± 0.05 5 -6.53 ± 0.18 99 ± 5 7 

Fenoterol  -5.04 a  -7.38 ± 0.03 111 ± 4 3 

Cimaterol (20) -6.57 a  -8.72 ± 0.06 90 ± 2 27 

CGP12177 (16) -9.58  -7.99 ± 0.07 67 ± 3 27 

Table 2.2: LogKD, logEC50 and %isop maximum responses for several literature
compounds are presented in the table for β1-AR. LogKD values were derived from IC50

values obtained through radioligand competitive binding assays (�gure 2.2). LogEC50

were obtained from CRE-SPAP functional assays (�gure 2.3) and %isop represents the
percentage of the response generated by 10µM isoprenaline which is the maximum re-
sponse the cells is able to generate. Values represent mean of data obtained and ± the
standard error of the mean (s.e.m) for n separate experiments. a values taken from
Baker et al [84].

CHO-β2 cells even though they bind to the receptors as shown by radioligand compet-

itive binding assays, behaving, therefore, as antagonists at both receptors (�gure 1.3).

LogEC50 values and the percentage of maximum isoprenaline response are presented

in tables 2.2 and 2.3 for the β1 and β2-AR, respectively. Propranolol (4), CGP20712A

(19) and ICI118551 (21), well described β1 and β2-AR antagonists, failed to mediate

a response at either receptor. Salmeterol, as shown in �gure 2.3, stimulated an in-

crease of CRE-SPAP production at CHO-β1 cells with a logEC50β1 = −6.36 ± 0.04

and a %isop = 109 ± 8 and at CHO-β2 cells with a logEC50β2 = −9.75 ± 0.02 and

a %isop = 104 ± 8. Salbutamol, fenoterol and cimaterol (20) were able to stimulate a

response in both receptors, yielding a much lower logEC50 than the respective logKD de-

rived from radioligand binding assays. CGP12177 (16) behaved as a weak partial agonist

at the β2-AR with a logEC50β2 = −9.69±0.04 (logKD = −9.70 from saturation binding

assays) and a %isop = 37 ± 4. As mentioned during the introduction, CGP12177 (16)

yielded a LogEC50β1 = −7.99± 0.07 (%isop = 67± 3) higher than the logKD = −9.58.

This behaviour of CGP12177 (16) at the β1-AR will be described in further detail later

on this chapter.

Addition of a �xed concentration of antagonist to increasing concentrations of agonist

constitutes an alternative way to determine the binding a�nity of the antagonist. These

a�nity values are derived from the ability of the antagonist to parallel rightward shift

the dose response of the agonist. In �gure 2.3, the concentration response of cimaterol

(20) in the presence and absence of either CGP20712A (19) and ICI118551 (21) in both
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Compound LogKDβ2 n LogEC50β2 %isop n 

ICI118551 (21) -9.24 ± 0.05 11 - No response 6 

Propranolol (4) -9.22 ± 0.06 5 - No response 3 

Salmeterol -9.00 ± 0.04 7 -9.75 ± 0.02 104 ± 8 3 

CGP20712A (19) -5.86 ± 0.04 15 - No response 6 

Salbutamol -5.89 ± 0.05 5 -7.91 ± 0.16 99 ± 6 3 

Fenoterol  -7.03 a  -9.10 ± 0.04 106 ± 10 3 

Cimaterol (20) -7.26 a  -9.85 ± 0.04 90 ± 1 21 

CGP12177 (16) -9.70  -9.69 ± 0.04 37 ± 4 18 

Table 2.3: LogKD, logEC50 and %isop maximum responses for several literature
compounds are presented in the table for β2-AR. LogKD values were derived from IC50

values obtained through radioligand competitive binding assays (�gure 2.2). LogEC50

were obtained from CRE-SPAP functional assays (�gure 2.3) and %isop represents the
percentage of the response generated by 10µM isoprenaline which is the maximum re-
sponse the cells is able to generate. Values represent mean of data obtained and ± the
standard error of the mean (s.e.m) for n separate experiments. values taken from Baker
et al [84].

CHO-β1 and β2 cells is represented. Basal accumulation, in the presence of the serum free

media, is identical to SPAP accumulation of the �xed concentration of CGP20712A (19)

or ICI118551 (21) used, yielded similar SPAP which is consistent with the antagonist

activity of these ligands previously demonstrated in both β1 and β-ARs. CGP20712A

(19) was able to rightshift the cimaterol concentration response in both receptors, even

though this required a much higher concentration to rightshift this response at the β2-AR,

consistent with its β1 selectivity. logKD values obtained for CGP20712A (19) through

this assay were comparable to logKD values obtained from radioligand binding assays

for both β1-AR (logKDβ1 = −9.23± 0.11, n=6 vs logKDβ1 = −8.97, respectively) and

β2-AR (logKDβ2 = −6.12 ± 0.07, n=7 vs logKDβ2 = −5.86. Similarly, logKD val-

ues obtained for ICI118551 (21) through these functional assays were consistent with

the values obtained from radioligand binding assays (logKDβ1 = −7.21 ± 0.08, n=9 vs

logKDβ1 = −6.82) (logKDβ2 = −9.84± 0.06, n=8 vs logKDβ2 = −9.24). Overall, this

similarity observed in the KD values obtained for both CGP20712A (19) and ICI118551

(21) from radioligand binding assays and functional assays show that these ligands are

able to compete and block cimaterol response with an a�nity similar to the one they

require to bind the receptors. This therefore demonstrates that cimaterol (20) is stimu-

lating a response through the well-known catecholamine binding site of both receptors.
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Figure 2.4: Left: CRE-SPAP production in response to cimaterol (20) in the absence
and presence of CGP20712A (19) and ICI118551 (21) in CHO-β1 cells; Right: CRE-
SPAP production in response to cimaterol in the absence and presence of CGP20712A
and ICI118551 in CHO-β2 cells. Data points represent mean ± s.e.m. of triplicate
determinations.

2.1.4 Pharmacology of CGP12177 (16)

2.1.4.1 CGP12177 (16) behaviour at β2-AR

CGP12177 (16) binds with high a�nity to the β2-AR (logKDβ2 = −9.70) and medi-

ates a response with a logEC50β2 = −9.69 and a %isop = 37%, an identical value to

the logKD obtained for this receptor from the radioligand binding assays (table 2.3).

This is consistent with a partial agonistic behaviour, in which the ligand is expected to
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Figure 2.5: Left: CRE-SPAP production in response to CGP12177 (16) in the absence
and presence of CGP20712A (19) and ICI118551 (21) in CHO-β1 cells; Right: CRE-
SPAP production in response to CGP12177 in the absence and presence of CGP20712A
and ICI118551 in CHO-β2 cells. Data points represent mean ± s.e.m. of triplicate
determinations.

stimulate half of its maximal response when occupying half of the receptors. Figure 2.5

right displays CGP12177 concentration response curve in CHO-β2 cells in the absence

or presence of a �xed concentration of CGP20712A (19) or ICI118551 (21). Both of

these antagonists were able to block CGP12177 (16) and rightshift its concentration re-

sponse curve similarly to observed for cimaterol response in �gure 2.4. LogKD values for

CGP20712A (19) and ICI118551 (21) derived from this method are presented in table

2.4 along with the logKD values obtained for these antagonists using cimaterol (20) as an

agonist and the logKD values obtained from radioligand binding assays. LogKD values

derived from this method using CGP12177 (16) as an agonist are identical to the logKD
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values obtained when using cimaterol (20) as an agonist for both CGP20712A (logKD

of -6.23 vs -6.12, respectively) and ICI118551 (logKD of -9.48 vs -9.84, respectively).

These logKD values are slightly lower than the values obtained from radioligand binding

assays.

Overall, CGP12177 (16) acts as a partial agonist at the β2-AR mediating a response with

a logEC50β2 value identical to the logKDβ2 obtained from radioligand binding assays,

meaning this response is mediated through the catecholamine site where CGP12177

competed with [3H] CGP12177 in radioligand binding assays. The response mediated by

CGP12177 (16) is also inhibited by CGP20712A (19) and ICI118551 (21) at the binding

site in a manner consistent with the a�nities of this antagonists which proves once again

that this response is mediated through the orthosteric catecholamine binding site.

2.1.4.2 CGP12177 behaviour at β1-AR

CGP12177 (16) is also able to bind with high a�nity to the β1-AR with a logKDβ1 =

−9.58. However, unlike for the β2-AR, CGP12177 is only able to mediate a response

through the β1-AR at much higher concentration (logEC50β1 = −7.99, %isop = 67%)

than it requires to bind the receptor (table 2.2). As mentioned in chapter 1, this

CGP12177 anomalous behaviour at the β1-AR was initially described by Pak and Fish-

man and observed in several systems both in vitro and in vivo. [14] This has also been

observed in the system used in these experiments as displayed in table 2.2, logEC50β1

obtained for CGP12177 was greater by 1.59 log units to the logKDβ1 determined by

radioligand binding assays.

The response elicited by CGP12177 (16) at the β1-AR is more resistant to antagonism

by both CGP20712A (19) and ICI118551 (21) (�gure 2.5). Addition of a �xed con-

centration of either CGP20712A (19) or ICI118551 (21) to increasing concentrations of

CGP12177 (16) produced a strikingly less parallel rightshift than previously observed for

cimaterol response in �gure 2.4. This is indeed noticeable in the derived logKD values

for CGP20712A (19) and ICI118551 (21) obtained from the inhibition of CGP12177

response (table 2.4). A logKD = −7.23 was obtained for CGP20712A (19) when using

CGP12177 (16) as an agonist which di�ers from both the logKD obtained when using

cimaterol (20) as an agonist (logKD = −9.23) and the logKD obtained from radioligand

binding assays (logKDβ1 = −8.97). Similarly, a higher logKD is obtained for ICI118551

(21) when using CGP12177 (16) as an agonist (logKD = −5.76) (table 2.4). As previ-

ously referred, this anomolous behaviour is not observed at the β2-AR where the logKD

obtained for these antagonists were identical whether cimaterol (20) or CGP12177 (16)

were used as agonists.
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   CHO-β1 cells 

Compound LogKDβ1 LogEC50β1 % isop CGP20712A 
LogKD n ICI118551 

LogKD n 

Cimaterol (20) -6.57 a -8.72 90 -9.23 ± 0.11 6 -7.21 ± 0.08 9 

CGP12177 (16) -9.58 -7.99 67 -7.23 ± 0.07 7 -5.76 ± 0.09 9 

 CHO- β2 cells 

Compound LogKDβ2 LogEC50β2 % isop CGP20712A 
LogKD n ICI118551 

LogKD n 

Cimaterol (20) -7.26 a -9.85 90 -6.12 ± 0.07 7 -9.84 ± 0.06 8 

CGP12177 (16) -9.70  -9.69 37 -6.23 ± 0.19 4 -9.48 ± 0.07 8 

 
Table 2.4: LogKD, logEC50 and %isop maximum responses for CGP12177 (16) and
cimaterol (20) are presented in the table for β1 and β2-AR. LogKD values were de-
rived from IC50 values obtained through radioligand competitive binding assays (�gure
2.2). LogEC50 were obtained from CRE-SPAP functional assays (�gure 2.3, 2.4 and
2.5) and %isop represents the percentage of the response generated by 10µM isopre-
naline. CGP20712A logKD and ICI118551 logKD represents the a�nity derived from
the inhibition of the ligand CRE-SPAP production using �xed concentrations of either
CGP20712A or ICI118551 in whole cell assays (�gure 2.4 and 2.5). Values represent
mean of data obtained and ± the standard error of the mean (s.e.m) for n separate
experiments. a values taken from Baker et al [84].

The discrepancy between the logKD value obtained from radioligand competitive bind-

ing assays and the logEC50 obtained from functional assays at the β1-AR, together with

the resistance to antagonism by known β-blockers suggest that CGP12177 (16) is medi-

ating a response through a di�erent conformation of the β1-AR. A possible explanation

for this phemonemon is the existence of a primary conformation of the β1-AR where

CGP12177 (16) binds with high a�nity to the orthosteric binding site (logKD = −9.58)

and behaves as an antagonist at low concentrations and a secondary conformation where

CGP12177 (16) binds at much higher concentrations (and, therefore with lower a�n-

ity) and elicits a response (logEC50 = −7.99) more resistant to antagonism. The fact

that these CGP12177 responses are more resistant to antagonism by both CGP20712A

(19) and ICI118551 (21) suggests that these ligands bind with lower a�nity to this

secondary conformation and so does CGP12177 (16). This can be observed in �gure

2.6. Addition of a �xed concentration of cimaterol (20), able to increase CRE-SPAP

gene transcription, to increasing concentrations of CGP12177 (16) result in high a�nity

inhibition of cimaterol response by CGP12177 followed by stimulation by CGP12177 at

much higher concentrations in CHO-β1 cells. This supports the idea that CGP12177

acts as a high a�nity antagonist at the primary conformation of the β1-AR, blocking

cimaterol response, and then, at higher concentrations, elicits a response through the

secondary conformation of the β1-AR. Once again this phenomenon is not observed in
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Figure 2.6: CRE-SPAP production in CHO-β1 (left) and CHO-β2 (right) whole cells
in response to CGP12177 (16) in the absence and presence of 10 and 30 nM of cimaterol
(20). Bars represent basal CRE-SPAP production and isoprenaline response at 10µM.
Data points represent mean ± s.e.m. of triplicate determinations.

CHO-β2 cells. Addition of a �xed concentration of cimaterol (20) to increasing concen-

trations of CGP12177 resulted in an inhibition of cimaterol response coherent with the

response mediated by CGP12177 (16, �gure 2.6 right).

2.1.5 Pharmacology of alprenolol (6) and oxprenolol (7) at β1 and β2-

AR

Pharmacological characterisation of alprenolol (6) and oxprenolol (7) in CHO-β1 and -β2
cells is described here. The a�nity of these compounds was initially evaluated through

radioligand competitive binding assays using [3H] CGP12177 as radioligand. Both al-

prenolol (6) and oxprenolol (7) displaced [3H] CGP12177 in CHO-β1 and -β2 cells (�gure

2.7). LogKD values derived from these inhibition curves are presented in table 2.5. Al-

prenolol (6) displayed a logKDβ1 = −7.94±0.02 and a logKDβ2 = −9.01±0.04, showing

a slight selectivity towards the β2-AR. Similarly, oxprenolol (7) demonstrates a slight se-

lectivity towards the β2-AR with a logKDβ2 = −8.77±0.03 and logKDβ1 = −7.89±0.02.

In CRE-SPAP functional assays, both alprenolol (6) and oxprenolol (7) are able to

stimulate a response through the β2-AR (�gure 2.8 right). Alprenolol (6) elicited a partial

agonistic response in CHO-β2 cells with a logEC50β2 = −9.45 ± 0.05 corresponding to

37% of the response elicited by 10µM of isoprenaline. Oxprenolol (7) also led to an
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Figure 2.7: Inhibition of [3H] CGP12177 binding to whole cells in CHO-β1 and -β2
by alprenolol (6) and oxprenolol (7). Left bar represents total [3H] CGP12177 binding
for a concentration of 0.871 nM and the right one nonspeci�c binding determined in
the presence of 10 µM propranolol. Data points represent mean ± s.e.m. of triplicate
determinations.

increase of SPAP accumulation with a logEC50β2 = −9.15 ± 0.07 corresponding to

27% of isoprenaline response. Both ligands behaved as typical partial agonists at the

β2-AR with a logEC50 similar to the logKD obtained from radioligand binding assays

(-9.49 vs -9.01, respectively, for alprenolol; -9.15 vs -8.77, respectively, for oxprenolol).

These responses elicited by alprenolol (6) and oxprenolol (7) at the β2-AR are easily

antagonised by ICI118551 (21, �gure 2.9 right). logKDβ2 determined for ICI118551

through this method using alprenolol (6) and oxprenolol (7) as agonists were identical to

the logKDβ2 obtained using cimaterol (20) and CGP12177 as agonists and to the logKD

obtained from radioligand binding assays and are displayed in table 2.5 (logKDβ2 for

ICI118551 of -9.69 using alprenolol as agonist; -9.72 using oxprenolol as agonist; -9.84

using cimaterol as agonist; -9.48 using CGP12177 as agonist; -9.24 from radioligand

competitive binding assays). The logKD values obtained for ICI118551 (21) through
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Figure 2.8: CRE-SPAP production in response to alprenolol (6) and oxprenolol (7) in
CHO-β1, CHO-β2 and CHO CRE-SPAP (without receptor expression) cells. Basal bar
represents the SPAP accumulation in the presence of serum free media, while isoprenaline
10µM bar represents SPAP accumulation in the presence of 10µM of isoprenaline. Data
points represent mean ± s.e.m. of triplicate determinations.

this method are independent of the agonist used, as expected.

Similarly, a �xed concentration of a partial agonist can also be added to increasing

concentrations of agonist to determine their logKD values using the derived equation

reported by Stephenson et al. [85] Addition of 30 nM of alprenolol (6) to increasing
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Figure 2.9: Top: CRE-SPAP production in response to alprenolol (6) in the absence
and presence of CGP20712A (19) and ICI118551 (21) in CHO-β1 and CHO-β2 cells;
Bottom: CRE-SPAP production in response to oxprenolol (7) in the absence and pres-
ence of CGP20712A and ICI118551 in CHO-β1 and CHO-β2 cells. Data points represent
mean ± s.e.m. of triplicate determinations.

concentrations of cimaterol increases the basal level of SPAP in accordance with al-

prenolol partial agonist activity and is able to rightshift cimaterol response (�gure 2.10).

A logKDβ2 = −9.18± 0.13 was obtained for alprenolol (6) when using cimaterol as ago-

nist, a value similar to logKDβ2 = −9.01 from binding. A logKDβ2 value for alprenolol

(6) could not be obtained through this method using CGP12177 as an agonist since

the response mediated by alprenolol is higher than the maximal response of CGP12177

at the β2-AR as observed in �gure 2.10 right bottom. LogKD values obtained from ox-

prenolol (7) through the righshifting of cimaterol (logKD = −9.13±0.07) and CGP12177

(logKDβ2 = −8.87 ± 0.15) response were similar to the binding a�nity obtained from

radioligand binding assays (logKDβ2 = −8.77).
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CHO-β1 cells 

Compound LogKDβ1
 n LogEC50β1 1 LogEC50β1 2 % site 1 n % isop n CGP20712A LogKD

 n 

Alprenolol (6) -7.94 ± 0.02 6 -8.57 ± 0.15 -6.14 ± 0.13 43 ± 7 8 29 ± 4 12 -8.78 ± 0.11 3 

Oxprenolol (7) -7.89 ± 0.02 6 -8.59 ± 0.08 -5.94 ± 0.16 58 ± 4 10 38 ± 2 14 -8.70 ± 0.13 3 

Cimaterol (20) -6.57 a -8.72 ± 0.06 - - 27 90 ± 2 27 -9.23 ± 0.11 6 

CGP12177 (16) -9.58 -7.99 ± 0.07 - - 27 67 ± 3 27 -7.23 ± 0.07 7 

CHO-β2 cells 

Compound LogKDβ2 n LogEC50β2  n % isop n ICI118551 LogKD n 

Alprenolol (6) -9.01 ± 0.04 6 -9.49 ± 0.05 11 37 ± 2 11 -9.69 ± 0.08 6 

Oxprenolol (7) -8.77 ± 0.03 6 -9.15 ± 0.07 12 27 ± 2 12 -9.72 ± 0.16 6 

Cimaterol (20) -7.26 a -9.85 ± 0.04 21 90 ± 1 21 -9.84 ± 0.06 8 

CGP12177 (16) -9.70 -9.69 ± 0.04 18 37 ± 4 18 -9.48 ± 0.07 8 

Table 2.5: LogKD, logEC50 and %isop maximum responses for alprenolol (6), oxprenolol (7), CGP12177 (16) and cimaterol (20) are
presented in the table for β1 and β2-AR. LogKD values were derived from IC50 values obtained through radioligand competitive binding
assays (�gure 2.7). LogEC50 were obtained from CRE-SPAP functional assays (�gure 2.8) and %isop represents the percentage of the
response generated by 10µM isoprenaline. LogEC50β11 represents the logEC50 determined for the �rst (high a�nity) component of a
biphasic response curve while LogEC50β12 represents the value for the second component. %site1 represents the percentage of total
response accounted for the �rst component of a biphasic response curve. CGP20712A logKD and ICI118551 logKD represents the a�nity
derived from the shift of the �rst component response using �xed concentrations of either CGP20712A or ICI118551 in whole cell assays
(�gure 2.9). Values represent mean of data obtained and ± the standard error of the mean (s.e.m) for n separate experiments. a values
taken from Baker et al [84]
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In CHO-β1 cells, both alprenolol (6) and oxprenolol (7) stimulated a biphasic response

with two components (�gure 2.8 left). Alprenolol (6) elicited a biphasic dose response

curve with a logEC50 = −8.57± 0.15 for the �rst component and a logEC50 = −6.14±
0.13 for the second component, with the �rst component accounting for 43% of the

maximal response (alprenolol total response 29±4% of isoprenaline maximum). Similarly,

oxprenolol response at CHO-β1 cells was best �tted in a two conformation model with a

logEC50 = −8.59 ± 0.08 for the �rst component and a logEC50 = −5.94 ± 0.16 for the

second component. First component response accounted for 58±4% of the total response

and oxprenolol total response corresponded to 38±2% of isoprenaline maximum. logEC50

values obtained for the �rst component of alprenolol (6) and oxprenolol (7) mediated

response were around 0.6 log units higher than the logKD obtained from radioligand

binding assays for these compounds (-8.57 vs -7.94, respectively, for alprenolol; -8.59 vs

-7.89, respectively, for oxprenolol) (table 2.5).

It is notewhorty to mention that over cell passages the %iso responses declined, which

most likely represent a reduction in receptor expression levels, therefore earlier passage

cells were obtained periodically. This likely reduction in receptor expression level also

seems to reduce the assay window leading to an apparent decrease of the percentage

of response accounted for the �rst component of the response and will be mention and

described later on chapter 4. CRE-SPAP production assays were also performed in cells

only expressing CRE-SPAP alone without receptor expression in order to demonstrate

that the biphasic response is receptor-dependent. As expected both alprenolol (6) and

oxprenolol (7) failed to mediate an increase in SPAP accumulation in cells lacking re-

ceptor expression (�gure 2.8 bottom).

In order to con�rm that the �rst component of the biphasic response is mediated via the

catecholamine site in the primary conformation the ability of CGP20712A (19) to par-

allel rightshift these responses was measured (�gure 2.9 left). Addition of a 10 nM or 30

nM CGP20712A (19) �xed concentration led to an observable rightshift of the �rst com-

ponent of the response while the second component remained unaltered (�gure 2.9 left).

This is consistent with the resistance to antagonism seen by this second component of the

response, identically to CGP12177 mediated response. Addition of a higher CGP20712A

(19) �xed concentration to these biphasic responses would result in a larger shift for the

�rst component and a small shift for the second component of the response as described

in the literature by Baker et al. [35] LogKD values obtained for CGP20712A from these

assays are displayed in table 2.5. A logKD = −8.78±0.11 was obtained for CGP20712A

(19) when using alprenolol (6) as agonist, while a logKD = −8.70±0.13 was determined

when oxprenolol (7) was used as agonist. These values are similar to the logKD ob-

tained for CGP20712A (19) from radioligand binding assays (logKD = −8.97, table 2.1)

but inferior to the logKD obtained when using cimaterol as agonist (logKD = −9.23,
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Figure 2.10: Top: CRE-SPAP production in response to cimaterol (20) in the absence
and presence of alprenolol (6) in CHO-β1 and CHO-β2 cells; Bottom: CRE-SPAP pro-
duction in response to CGP12177 in the absence and presence of alprenolol in CHO-β1
and CHO-β2 cells. Bars represent basal activity, SPAP production in the presence of
10µM and SPAP production in the presence of a �xed concentration of alprenolol. Data
points represent mean ± s.e.m. of triplicate determinations.

table 2.4). Overall, this suggests that both alprenolol (6) and oxprenolol (7) are able

to increase CRE-SPAP transcription at low concentrations through the primary confor-

mation of the β1-AR (�rst component of the biphasic response) and then increase the

transcription further at higher concentrations through the secondary conformation of

the β1-AR (second component of the biphasic response). Furthermore, the �rst compo-

nent of alprenolol and oxprenolol responses is easily antagonised by CGP20712A (19),

in agreement with the high a�nity of CGP20712A for the β1-AR, again suggesting that

this �rst component is mediated through the primary conformation of the β1-AR.
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Figure 2.11: Top: CRE-SPAP production in response to cimaterol (20) in the absence
and presence of oxprenolol (7) in CHO-β1 and CHO-β2 cells; Bottom: CRE-SPAP
production in response to CGP12177 in the absence and presence of oxprenolol in CHO-
β1 and CHO-β2 cells. Bars represent basal activity, SPAP production in the presence
of 10µM and SPAP production in the presence of a �xed concentration of oxprenolol.
Data points represent mean ± s.e.m. of triplicate determinations.

To con�rm this second component of the responses is mediated through the same con-

formation secondary conformation via which CGP12177 elicits a response, alprenolol or

oxprenolol �xed concentrations were used to inhibit CGP12177 response (�gure 2.10 and

2.11). Addition of a 3µM concentration of alprenolol (6) to increasing concentrations of

CGP12177 caused an increase in SPAP basal levels coherent with alprenolol (6) partial

agonism and pushed CGP12177 response to the right (�gure 2.10 bottom left). Addition

of a lower concentration of alprenolol (30nM) to increasing concentrations of cimaterol

(20) resulted in a much larger shift than observed for CGP12177 response (�gure 2.10

top left). It is therefore clear that the response mediated by CGP12177 is also more
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   CHO-β1 cells 

Compound LogKD β1 LogKD β1 cim 
cimaterol as agonist 

n LogKD β1 CGP 
CGP12177 as agonist n LogKD Cim –  

LogKD CGP 
Alprenolol (6) -7.94 -8.19 ± 0.05 4 -6.40 ± 0.15 4 1.79 

Oxprenolol (7) -7.89 -8.18 ± 0.08 3 -6.15 ± 0.15 3 2.03 

ICI118551 (21) -6.82 -7.21 ± 0.08 9 -5.76 ± 0.09 9 1.45 

CGP20712A (19) -8.97 -9.23 ± 0.11 6 -7.23 ± 0.07 7 2.00 

 CHO- β2 cells 

Compound LogKD β2 LogKD β2 cim 
cimaterol as agonist n LogKD β2 CGP 

CGP12177 as agonist n LogKD Cim –  
LogKD CGP 

Alprenolol (6) -9.01 -9.18 ± 0.13 3 - - - 

Oxprenolol (7) -8.77 -9.13 ± 0.07 3 -8.87 ± 0.15 3 0.26 

ICI118551 (21) -9.24 -9.84 ± 0.06 8 -9.48 ± 0.07 8 0.36 

CGP20712A (19) -5.86 -6.12 ± 0.07 7 -6.23 ± 0.19 4 -0.11 

 
Table 2.6: LogKD for alprenolol (6), oxprenolol (7), CGP20712A (19) and ICI118551
(21) are presented in the table for β1 and β2-AR. LogKD values were derived from IC50

values obtained through radioligand competitive binding assays (�gure 2.7). LogKD

were also determined through the inhibition of either cimaterol (20) or CGP12177 CRE-
SPAP production using �xed concentrations of ligand in whole cell assays (�gure 2.10
and 2.11). Values represent mean of data obtained and ± the standard error of the mean
(s.e.m) for n separate experiments.

resistant to inhibition by alprenolol (6) in CHO-β1 cells. LogKD obtained for alprenolol

when using CGP12177 as agonist was consistent with the logEC50 obtained for the sec-

ond component of alprenolol (6) biphasic response (-6.40 vs -6.14, respectively; table 2.5

and 2.6). Similarly, oxprenolol (7) was able to inhibit CGP12177 elicited response with

a logKD = −6.15 similar to the logEC50 obtained for the second component of its re-

sponse (logEC50 = 5.94; �gure 2.11, table 2.5 and 2.6). Altogether this strengthens the

idea that alprenolol (6) and oxprenolol (7) are able to mediate a response through the

primary conformation of the β1-AR at low concentration and then further mediate a sec-

ond response, corresponding to the second component, mediated through the secondary

conformation of the β1-AR.

2.2 Conclusion

In this chapter, a thorough validation of CHO cells expressing either the human β1 or β2-

AR and a CRE-SPAP reporter gene was described in detail. Cell lines expressing either

human β1 or β2-AR are able to di�erentiate between β1 (eg. CGP20712A 19) and β2



Chapter 2 Literature compounds 52

selective (eg. ICI118551 21) compounds, yielding logKD and selectivity values identical

to the literature.[81] In functional assays, agonists (eg. cimaterol, salmeterol) mediated

responses with logEC50 similar to the values referred in the literature while antagonists

(eg. CGP20712A (19) and propranolol (4)) failed to increase SPAP accumulation. [81,

84]

Herein, the three main pieces of evidence that contributed to the hypothesis of the

secondary conformation of the β1-AR were presented in detail for the cell lines used

throughout the experiments:

1) CGP12177 binds with high a�nity to the β1-AR (logKDβ1 = −9.58) but only elic-

its a response at much higher concentrations (logEC50β1 = −7.99). This discrepancy

between logKDβ1 and logEC50β1 suggests that CGP12177 is mediating these responses

via a conformation other than the primary conformation where CGP12177 competed

and displaced [3H] CGP12177. This is quite clear in �gure 2.6 in which CGP12177 (16)

behaves as a high a�nity antagonist at low concentrations inhibiting cimaterol response

and then, at higher concentrations, stimulates a response. This phenomenon is not ob-

served in CHO-β2 cells as demonstrated in �gure 2.5 and 2.6. CGP12177 (16) behaves

as a partial agonist at the β2-AR with a logKDβ2 = logEC50β2 which demonstrates that

the discrepancy observed at the β1-AR is receptor dependent and not an artefact of the

system used.

2) Agonist activity elicit by CGP12177 (16) in CHO-β1 cells is quite resistant to antag-

onism by well-known β-blockers (eg. CGP20712A 19 and ICI118551 21 in �gure 2.5).

A much higher concentration of antagonist is required to right-shift CGP12177 response

curve than cimaterol response curve (�gure 2.4 and �gure 2.5). This strengthens the

existence of a secondary conformation for which these compounds show a lower a�nity

similarly to CGP12177 (16). Once again, this is not observed in CHO-β2 cells where

antagonists are able to rightshift both cimaterol (20) and CGP12177 (16) at similar

concentrations (�gure 2.4 and �gure 2.5)

3) Alprenolol (6) and oxprenolol (7) show a biphasic concentration response curve at the

β1-AR. The �rst component of these responses is mediated through the primary confor-

mation with a logKDβ1 = logEC50β1 and is easily antagonised by β-blockers (�gure 2.10

and 2.11). The second component is more resistant to antagonism suggesting that is me-

diated through the same secondary conformation as CGP12177 elicited response. Indeed,

when using �xed concentrations of alprenolol or oxprenolol to rightshift CGP12177 medi-

ated response a logKDβ1 similar to the logEC50β1 of the second component is obtained

(�gure 2.10 and 2.11). This therefore suggests that alprenolol (6) and oxprenolol (7)

are able to bind and activate both conformations of the β1-AR even though they require

much higher concentrations to activate the secondary conformation of the β1-AR.
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For these reasons, alprenolol (6) and oxprenolol (7) were chosen as the starting point

for the synthesis of new analogues that might contribute to the better understanding of

the secondary conformation of the β1-AR and will be described in detail in the following

chapters.



Chapter 3

Synthesis and pharmacological

evaluation of N -alkyl alprenolol and

oxprenolol analogues

3.1 Introduction

Alprenolol and oxprenolol were chosen as lead compounds for the �rst set of compounds.

As previously explained, alprenolol and oxprenolol can bind and activate both the pri-

mary and the secondary conformation of the β1-AR. Even though they can bind to both

conformations, they require a hundred fold (a di�erence of two log units in the logKD)

higher concentration to bind (KD) and activate (EC50) the secondary conformation.

A set of alprenolol (6) and oxprenolol (7) analogues were synthesised with a range of

di�erent amine groups in the phenoxypropanolamine chain. The amino group of the

phenoxypropanolamines forms a salt-bridge interaction with an acidic aspartate residue

(Asp3.32) that is essential for ligand binding to the primary conformation of the β1 and

the β2 adrenergic receptors.[5, 47, 48] Firstly, the a�nity of these compounds was eval-

uated for both primary conformation of β1-AR and β2-AR through radioligand binding

assays along with several literature compounds. Next, the CRE-mediated secretion of

SPAP (a cAMP reporter gene) was measured in CHO-β1 and CHO- β2 cells to deter-

mine the potency and e�cacy of these compounds. In this assay the parent compounds,

alprenolol and oxprenolol, show a biphasic dose-response curve as both are able to acti-

vate the primary and secondary conformation, even though they require a much higher

concentration to activate the secondary conformation (see chapter 2, �gure 2.9). Partial

agonists and antagonists were then used to rightward shift the concentration-response

curve of cimaterol (20) (known to mediate a response through the primary conformation)

54
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and CGP12177 (16) (known to mediate a response only through the secondary conforma-

tion) to access their a�nity for the primary and secondary conformations of the β1-AR,

respectively. CGP20712A (19) was also used to right-shift the concentration-response

curve of the agonists found in this set of ligands in order to access if their response is me-

diated through the primary or secondary conformation (responses mediated through the

secondary conformation are more resistant to antagonism by known antagonists, which

translates in a much lower derived CGP20712A a�nity).

3.2 Results and discussion

3.2.1 Chemistry

Commercially available pyrocatechol (38) was converted to 2-(allyloxy)phenol (40) throu-

gh a known procedure (Scheme 3.1). The addition of base and one equivalent of allyl

bromide (39) a�orded the desired phenol that was further puri�ed by column chro-

matography. 2-(allyloxy)phenol was then alkylated with racemic epichlorohydrin (41)

to yield the 2-((2-(allyloxy)phenoxy)methyl)oxirane (42). This alkylation was made at

room temperature, using sodium hydride as a base, to avoid the undesirable claisen

rearrangement of compound 40 to the corresponding diol.

Oxirane 42 was then submitted to nucleophilic ring-opening of the epoxide with a range

of amines (43a-k) to a�ord the corresponding phenoxypropanolamines and oxprenolol

analogues (44b-k and 7). Amines were used in excess as a solvent in the microwave

OH

OH

Br

O

OH
Cl

O

O

O

O

R

H
NO

O

OH

NH2R

(ii)

38 40 42

44b-k, 7

R: a =

b =

c =

d =

e =

f =

g =

i =

j =

k =

O

Oh =

(i)

39

(iii) or (iv)

41

43a-k

Scheme 3.1: Synthesis of N-alkyl oxprenolol analogues. Reagents and conditions: (i)
allyl bromide, K

2
CO

3
, acetone, re�ux, 48h, 78%; (ii) epichlorohydrin, NaH, DMF, 0 ◦C

-> r.t., 48h, 89%; (iii) NH
2
R (43a-k), MW, 60 ◦C, 1h, 64-92%; (iv) NH

2
R, hexa�uo-

roisopropanol, MW, 60 ◦C, 1h, 61-76%.
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reaction to avoid a second epoxide opening by the initial product formed, even though it

is not a problem when using bulkier amines such as iso-propylamine and tert-butylamine.

The basic conditions of this reaction also increase the selectivity towards opening of

epoxide via the least hindered carbon to yield the secondary alcohol. The excess of

amine was easily removed afterward due to the low boiling point of the used amines.

The synthesis of alprenolol analogues was made in a similar fashion to oxprenolol ana-

logues. The commercially available 2-allylphenol (45) yielded the oxirane 46 in the

presence of racemic epichlorohydrin and potassium carbonate in dry acetone (Scheme

3.2). Even though epichlorohydrin was added in a 1.5 equivalents excess, it was possible

to identify the presence of a undesired product resulting from nucleophilic attack of the

initial phenol to the epoxide present in the product. The mixture was then puri�ed by

column chromatography originating compound 46 in a 62% yield. The same set of amines

(43a-k) was also used to open the epoxide as described for the synthesis of oxprenolol

analogues. Most of these reactions were microwave assisted using the amine, in a high

excess, as a solvent at 70 ◦C during 1 hour.

However, for the synthesis of analogues 44i, 44k, 44i and 44k, due to the higher boiling

point of the amines, the oxirane 40 and 46, respectively, were dissolved in hexa�uoroiso-

propanol and only 2 equivalents of the correspondent amine were added. Analogues 44e,

47e, 44f and 47f were synthesised at room temperature with the addition of a 40% solu-

tion of methylamine in water or a 2M solution of ethylamine in THF to the oxirane 40

or 46. The addition of a 1N solution of ammonia in methanol to either oxirane 40 or 46

yielded two products for each starting material (Sch. 3.3). This reaction took place at

room temperature for 48 hours using 1 equivalent of amine and a�orded the compounds

OH O

O
H
NO

OH

R

NH2R

(ii)

45 46 47b-k, 6

R: a =

b =

c =

d =

e =

f =

g =

i =

j =

k =

O

Oh =

Cl

O

41

(i)

43a-k

Scheme 3.2: Synthesis of N-alkyl alprenolol analogues. Reagents and conditions: (i)
epichlorohydrin, K

2
CO

3
, acetone, re�ux, 48h, 62%; (ii) NH

2
R (43a-k), MW, 70 ◦C, 1h,

12-96%.
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O

O

NH2O

OH H
NO

OH OH

O

+

O40  R=  a =

R R
R R

48a-b 49a-b

(i)

46  R=  b =

Scheme 3.3: Synthesis of unsubstituted amine and bis analogues of oxprenolol and
alprenolol. Reagents and conditions: (i) 7N solution of NH

3
in MeOH, r.t., 48h.

49a-b in higher yields than compounds 48a-b. The yield for compound 48b increased

when using a 7N solution of ammonia in methanol instead of a 1N solution. The bis

products 49a-b result from a second nucleophilic epoxide opening of the product 48a-b

to the oxiranes. These products were easily separated by �ash column chromatography.

All compounds were synthesised as racemates because, even though the S -enantiomer

would most likely yield higher a�nities for both β1 and β2-AR, most of the beta-blockers

are administrated in clinic as racemic mixtures.

3.2.2 Pharmacology

3.2.2.1 Radioligand binding assays

Initially, the a�nity of several known β-blockers were determined and compared with the

literature values, using chinese hamster ovary cells (CHO) stably expressing the human

β1-AR or β2-AR. The logIC50 values for these compounds were determined in a com-

petitive whole-cell binding study using the radioligand [3H] CGP12177 and then used

to determine logKD values using the Cheng-Pruso� equation. The KD value for [3H]

CGP 12177 in these two cell lines was determined by saturation binding and used to

calculate the LogKD values of all the ligands, as explained in the previous chapter. The

a�nities for all of the alprenolol and oxprenolol analogues were determined by whole-cell

competitive binding studies using [3H] CGP12177 as radioligand. Figure 3.1 represents

the amount of radioactivity bound to the CHO-β1 and CHO-β2 cells at di�erent con-

centrations of either oxprenolol (7), analogue 44j and 47k when a �xed concentration of

the radiolabeled [3H] CGP12177 is added. These ligands are able to fully displace the

radioligand from the receptor. Total binding and non-speci�c binding in the presence of

a 10µM of propranolol are also represented.
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Substituent (R) 

O
OH

N
H

R

LogKDβ1 n LogKDβ2 n LogKD(β2/β1) LogKDβ1 n LogKDβ2 n LogKD(β2/β1) 

Alprenolol -7.94 ± 0.02 6 -9.01 ± 0.04 6 1.07 Oxprenolol -7.89 ± 0.02 6 -8.77 ± 0.03 6 0.88 

47d -7.04 ± 0.02 6 -8.04 ± 0.02 6 1.00 44d -6.78 ± 0.06 5 -7.91 ± 0.05 5 1.13 

47c -7.36 ± 0.03 6 -8.35 ± 0.06 6 0.99 44c -7.50 ± 0.05 5 -8.53 ± 0.04 6 1.03 

47i -7.66 ± 0.03 6 -8.69 ± 0.03 6 1.03 44i -7.46 ± 0.03 5 -8.52 ± 0.08 6 1.06 

47e -6.58 ± 0.03 6 -7.66 ± 0.02 6 1.08 44e -6.44 ±0.05 6 -7.48 ± 0.04 5 1.04 

47f -7.23 ± 0.02 6 -8.23 ± 0.04 6 1.00 44f -7.31 ± 0.04 6 -8.20 ± 0.05 5 0.89 

47g -7.07 ± 0.04 6 -8.09 ± 0.11 5 1.02 44g -6.93 ± 0.03 6 -7.83 ± 0.04 6 0.90 

47h -6.86 ± 0.02 6 -7.75 ± 0.04 6 0.89 44h -6.75 ± 0.03 6 -7.70 ± 0.03 5 0.95 

47b -8.51 ± 0.05 6 -9.74 ± 0.09 5 1.23 44b -8.37 ± 0.03 5 -9.51 ± 0.06 6 1.14 

H 48b -6.56 ± 0.03 6 -7.18 ± 0.03 6 0.62 48a -6.41 ± 0.01 6 -7.07 ± 0.02 5 0.66 

47j -6.61 ± 0.04 5 -7.55 ± 0.06 5 0.94 44j -6.44 ± 0.04 6 -7.77 ± 0.03 6 1.33 

47k -8.14 ± 0.03 6 -8.24 ± 0.04 6 0.10 44k -8.22 ± 0.04 6 -8.15 ± 0.04 6 -0.07

49b -7.12 ± 0.02 6 -8.16 ± 0.04 6 1.04 - - - - - 

- - - - - 49a -7.42 ± 0.01 6 -9.01 ± 0.08 5 1.59 

O
OH

N
HO

R

O

O

O
OH

O
OH O

Table 3.1: Binding a�nities (logKD values) and selectivity for the human β1 and β2-adrenergic receptors of alprenolol and oxprenolol
N -alkyl analogues. Values represent mean of data obtained and ± the standard error of the mean (s.e.m) for n separate experiments
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Figure 3.1: Inhibition of [3H] CGP12177 binding to whole cells in CHO-β1 and -β2
by compounds 7 (oxprenolol), 44j and 47k. A �xed concentration of 0.67 nM of [3H]
CGP12177 was used. Left bar represents total [3H] CGP12177 binding and the right
one nonspeci�c binding which was determined in the presence of 10 µM propranolol.

The logKD values for each of the N-alkyl analogues of alprenolol and oxprenolol are

presented in Table 3.1. The logKD values obtained for oxprenolol (7) and alprenolol

(6) are in accordance with literature values (logKDβ1= -7.83 and logKDβ2= -9.04 for

alprenolol; logKDβ1= -7.96 and logKDβ2= -8.97) [40]. Alprenolol analogues, in general,

showed a slightly higher a�nity than the equivalent analogue from the oxprenolol series.

Analogues bearing a tert-butyl amine (44b and 47a) yielded the highest a�nity within

the alprenolol and oxprenolol analogues for both β1 and β2 adrenergic receptor while

the primary amine group (48a and 48b), lacking a substituent, yielded the worst a�n-

ity. Introduction of an hydrophobic benzylamino group (44j and 47j) also yielded a low

a�nity for both receptors. Comparing the homologation of the linear chain, the ethy-

lamino group (44f and 47f) seems to be the ideal size to yield a better a�nity followed

by the propyl (44g and 47g) and butylamino (44h and 47h) groups, whereas the methy-

lamino (44e and 47e) group substituent yielded the lowest a�nity of the extended chain

for both β1 and β2-AR. Analogues containing a cyclic substituent, either cyclopentyl

or cyclobutyl, showed a higher a�nity than the extended equivalents at both receptors.

Analogues containing a (3,4-dimethoxyphenethyl)amino group (44k and 47k) showed one

of the highest a�nities for both receptors. Bis compounds, containing two alprenolol

aryloxypropanolamine units connected to a single central amino group (49a and 49b),

presented a surprisingly high a�nity even though they bear an extended chain in the

amino end. The bis analogue of oxprenolol 49a showed the second highest a�nity from

this set for the β2-AR.
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Figure 3.2: Correlation between logKDβ1 and logKDβ2 obtained for alprenolol and
oxprenolol N -alkyl analogues (r2 = 0.867, y = 0.9x − 1.667) Alprenolol analogues are
displayed in black, while oxprenolol analogues are displayed in blue with s.e.m. repre-
sented. Analogues 44k, 47k and 49a are highlighted in this �gure.

In general fashion, most oxprenolol and alprenolol analogues showed around 10 fold se-

lectivity (around 1 log unit di�erence between logKDβ1 and logKDβ2) for the β2-AR in

the system used. This is highlighted in �gure 3.2, where logKDβ2 shows a strong lin-

ear correlation with logKDβ1 (r2 = 0.87). Introduction of a (3,4-dimethoxyphenethyl)

amino group is known to increase the β1-selectivity which is consistent with the re-

sults presented here. [86] Both alprenolol and oxprenolol analogues containing a (3,4-

dimethoxyphenethyl)amino group lost the slight selectivity for the β2-AR seen in the

other analogues and showed identical a�nity values for both receptors. Interestingly, ox-

prenolol bis analogue 49a showed the highest selectivity value towards β2 (logKD(β2/β1) =

1.59, around 39-fold selectivity). This is not seen in the alprenolol bis ligand which shows

identical selectivity to the other analogues.

This set of analogues demonstrates the importance of the amino group to determine



Chapter 3 N-alkyl analogues 61

the a�nity of compounds at both the primary conformation of β1 and at the β2-AR.

Oxprenolol and alprenolol analogues containing the same amine substituent ranked in a

very similar way for the two identical aromatic cores with distinct 2-substituent.

3.2.2.2 CRE-SPAP production

Following the characterisation of this set of compounds through radioligand binding

assays, CHO cells expressing a CRE-SPAP reporter gene were used to evaluate the

potency and e�cacy of these compounds. In this system, transcription of SPAP (secreted

placental alkaline phosphatase) is facilitated in the presence of cAMP. This can, therefore,

be used as an ampli�ed downstream measurement of cAMP production upon receptor

activation. [35, 83]

As explained during chapter 1, ligands can activate (agonists), block (antagonists) or

even reduce basal activity of the receptor (inverse agonists). Surprisingly, in the β1-

AR some ligands have been shown to behave as antagonists at lower concentrations

and then activate the receptor at higher concentrations (eg. CGP 12177, an antagonist

at primary conformation but an agonist at the secondary conformation of the β1-AR).

Other ligands (eg. alprenolol and oxprenolol), the parent compounds of this set, activate

both conformations of β1-AR and therefore showed a biphasic dose response curve in

CRE-SPAP assays but also in several di�erent systems. As previously mentioned, this

phenomenon is not seen at β2-AR even though these compounds might be able to activate

the receptor and show a dose dependent SPAP accumulation in CHO-β2 cells. For this

reason, the activation of the β2-AR by these compounds was also examined, as a negative

control, in order to con�rm that the results obtained were not an artefact of the system

and experimental conditions used.

Tables 3.2 and 3.3 represent the binding a�nity (logKD), potency (logEC50) and ef-

�cacy (%isop) of alprenolol and oxprenolol analogues, respectively in CHO-β1 cells.

CGP20712A was used to inhibit the response mediated by the partial agonists of this

set, and the calculated LogKD is represented as CGP20712A LogKD and will be dis-

cussed in a later subsection. Tables 3.4 and 3.5 display the binding a�nity, potency and

e�cacy of this set of ligands for the β2-AR. Predominantly, analogues behaved as partial

agonist with low e�cacy. Analogue 47h, the most e�cacious analogue of the set for

β1-AR, reached only 55%±4 (n=3, table 3.2) of the maximum isoprenaline response. In

CHO-β2 cells, alprenolol analogues consistently presented higher e�cacy than equivalent

oxprenolol analogue and alprenolol tert-butylated analogue (47b) presented the highest

e�cacy of the set (%isop = 42± 3; Table 3.4).



C
h
a
p
ter

3
N
-a
lk
y
l
a
n
a
lo
g
u
es

62

Substituent (R) 

O
OH

N
H

R

LogKDβ1 n LogEC50β1 1 LogEC50β1 2 % 1st component n % isop n CGP20712A LogKD n 

Alprenolol -7.94 ± 0.02 6 -8.57 ± 0.15 -6.14 ± 0.13 43 ± 7 8 29 ± 4 12 -8.78 ± 0.11 3 

47d -7.04 ± 0.02 6 -7.46 ± 0.09 -* - 7 44 ± 2 7 -8.67 ± 0.07 3 

47c -7.36 ± 0.03 6 - - - -  < 10 7 - - 

47i -7.66 ± 0.03 6 -8.04 ± 0.12 -6.06 ± 0.13 42 ± 5 6 32 ± 4 14 -8.92 ± 0.05 3 

47e -6.58 ± 0.03 6 - - - -  < 10 5 - - 

47f -7.23 ± 0.02 6 - - - -  < 10 7 - - 

47g -7.07 ± 0.04 6 -7.40 ± 0.21 - - 6 29 ± 4 6 -9.26 ± 0.11 3 

47h -6.86 ± 0.02 6 -7.22 ± 0.06 -* - 3 55 ± 4 3 -8.90 ± 0.09 3 

47b -8.51 ± 0.05 6 -9.08 ± 0.10 -6.84 ± 0.15 42 ± 7 11 43 ± 3 12 -8.55 ± 0.11 3 

48a H -6.56 ± 0.03 6 - - - -  < 10 3 - - 

47j -6.61 ± 0.04 5 -6.63 ± 0.15 - - 8 41 ± 2 8 -7.82 ± 0.06 3 

47k -8.14 ± 0.03 6 -8.41 ± 0.09 -5.80 ± 0.13 59 ± 6 6 36 ± 2 11 -8.62 ± 0.13 4 

49b -7.12 ± 0.02 6 -7.13 ± 0.12 - - 5 47 ± 6 5 -7.93 ± 0.15 3 

O

O

O
OH

Table 3.2: Binding a�nity, potency and e�cacy for β1-AR of alprenolol analogues in CHO cells stably expressing the human β1-AR.

Data are mean ± SEM for n experiments. logKDβ1 represents the binding a�nity assessed using [3H]-CGP12177 whole cell binding
assays; logEC50β11 represents potency derived from the �rst component of a biphasic concentration-response curve or single component in
monophasic responses. logEC50β12 represents the potency value for the second component in a biphasic response; %1st component represents
the percentage of the overall response mediated through the �rst component; %isop represents the e�cacy (percentage of isoprenaline
response) evaluated through CRE-SPAP assays; CGP20712A logKD represents the a�nity derived from the inhibition of the ligand CRE-
SPAP production using �xed concentrations of CGP20712A in whole cell assays; *compound seems to activate both conformations even
though the value is out of range for this assay.
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Substituent (R) 

LogKDβ1 n LogEC50β1 1 LogEC50β1 2 % 1st component n % isop n CGP20712A LogKD n 

Oxprenolol -7.89 ± 0.02 6 -8.59 ± 0.08 -5.94 ± 0.16 58 ± 4 10 38 ± 2 14 -8.70 ± 0.13 3 

44d -6.78 ± 0.06 5 -7.16 ± 0.13 - - 9 34 ± 3 8 -8.71 ± 0.11 3 

44c -7.50 ± 0.05 5 -8.02 ± 0.15 - - 8 23 ± 3 11 -9.13 ± 0.15 3 

44i -7.46 ± 0.03 5 -7.97 ± 0.09 -* - 11 34 ± 4 11 -8.59 ± 0.17 3 

44e -6.44 ±0.05 6 -6.95 ± 0.07 - - 8 37 ± 5 8 -8.99 ± 0.16 3 

44f -7.31 ± 0.04 6 -7.61 ± 0.14 - - 13 26 ± 2 13 -8.77 ± 0.02 3 

44g -6.93 ± 0.03 6 -7.58 ± 0.21 - - 8 34 ± 4 8 -8.86 ± 0.04 3 

44h -6.75 ± 0.03 6 -7.20 ± 0.13 - - 5 31 ± 4 5 -8.50 ± 0.20 3 

44b -8.37 ± 0.03 5 -8.80 ± 0.09 -6.39 ± 0.14 55 ± 5 11 41 ± 3 11 - 8.51 ± 0.08 3 

48a H -6.41 ± 0.01 6 - - - -  < 10 3 - - 

44j -6.44 ± 0.04 6 -7.03 ± 0.23 - - 6 39 ± 3 3 -8.80 ± 0.14 3 

44k -8.22 ± 0.04 6 -8.66 ± 0.05 -* - 13 46 ± 2 13 -8.98 ± 0.07 5 

49a -7.42 ± 0.01 6 -7.50 ± 0.15 - - 6 32 ± 3 6 -8.03 ± 0.23 3 

O
OH

N
HO

R

O

O

O
OH O

Table 3.3: Binding a�nity, potency and e�cacy for β1-AR of oxprenolol analogues in CHO cells stably expressing the human β1-AR.

Data are mean ± SEM for n experiments. logKDβ1 represents the binding a�nity assessed using [3H]-CGP12177 whole cell binding
assays; logEC50β11 represents potency derived from the �rst component of a biphasic concentration-response curve or single component in
monophasic responses. logEC50β12 represents the potency value for the second component in a biphasic response; %1st component represents
the percentage of the overall response mediated through the �rst component; %isop represents the e�cacy (percentage of isoprenaline
response) evaluated through CRE-SPAP assays; CGP20712A logKD represents the a�nity derived from the inhibition of the ligand CRE-
SPAP production using �xed concentrations of CGP20712A in whole cell assays; *compound seems to activate both conformations even
though the value is out of range for this assay.
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Substituent (R) 

O
OH

N
H

R

LogKDβ2 n LogEC50β2  % isop n ICI118551 
LogKD n 

Alprenolol -9.01 ± 0.04 6 -9.49 ± 0.05 37 ± 2 11 -9.69 ± 0.08 6

47d -8.04 ± 0.02 6 -8.71 ± 0.10 28 ± 2 8 -9.79 ± 0.11 3

47c -8.35 ± 0.06 6 -8.79 ± 0.04 28 ± 2 10 -9.64 ± 0.13 5

47i -8.69 ± 0.03 6 -9.15 ± 0.10 38 ± 2 13 -9.67 ± 0.06 5

47e -7.66 ± 0.02 6 -8.32 ± 0.07 32 ± 4 10 -9.85 ± 0.04 4

47f -8.23 ± 0.04 6 -8.77 ± 0.06 34 ± 3 10 -9.79 ± 0.10 4

47g -8.09 ± 0.11 5 -8.44 ± 0.11 28 ± 2 8 -9.67 ± 0.10 3

47h -7.75 ± 0.04 6 -8.29 ± 0.09 30 ± 3 10 -10.00 ± 0.15 3

47b -9.74 ± 0.09 5 -9.65 ± 0.07 42 ± 3 12 -9.29 ± 0.11 5

48a H -7.18 ± 0.03 6 -  < 10 3 - - 

47j -7.55 ± 0.06 5 -7.70 ± 0.11 22 ± 3 9 -9.64 ± 0.06 3

47k -8.24 ± 0.04 6 - No response 3 - - 

49b -8.16 ± 0.04 6 - No response 3 - - 

O

O

O
OH

Table 3.4: Binding a�nity, potency and e�cacy for β2-AR of alprenolol analogues in
CHO cells stably expressing the human β2-AR. Data are mean ± SEM for n experiments.
logKDβ2 represents the binding a�nity assessed using [

3H]-CGP12177 whole cell binding
assays; logEC50β2 represents potency derived from the concentration-response curve in
CRE-SPAP assays. %isop represents the e�cacy (percentage of isoprenaline response);
ICI118551 logKD represents the a�nity derived from the inhibition of the ligand CRE-
SPAP production using �xed concentrations of ICI118551 in whole cell assays.

Compounds which mediated a response lower than ten percent of the maximum isopre-

naline response (%isop <10 %) have been treated as antagonists, due to the system

signal ampli�cation and di�culty to accurately measure a logEC50 value. Alprenolol N -

methyl (47e), N -ethyl (47f) and N -cyclopropylamino (47c) analogues behaved as such,

eliciting a response inferior to <10 % of the maximum isoprenaline response for β1-AR.

Non-substituted analogues 48a and 48b also showed a small response at β1-AR.

Similarly, analogues containing a primary amine elicited a lower response for β2-AR. Bis

analogues 49a, 49b and analogues 44k and 47k behaved as antagonists at this receptor.

Interestingly, oxprenolol benzylamino analogue 44j did not increase CRE-SPAP accumu-

lation in CHO-β2 cells contrary to alprenolol analogue 47j which elicited a response with
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Substituent (R) 

LogKDβ2 n LogEC50β2  % isop n ICI118551 
LogKD n 

Oxprenolol -8.77 ± 0.03 6 -9.15 ± 0.07 27 ± 2 12 -9.72 ± 0.16 6

44d -7.91 ± 0.05 5 -8.37 ± 0.11 16 ± 2 6 -9.90 ± 0.13 3

44c -8.53 ± 0.04 6 -8.89 ± 0.07 20 ± 1 10 -9.53 ± 0.06 3

44i -8.52 ± 0.08 6 -8.94 ± 0.10 23 ± 1 11 -9.69 ± 0.17 3

44e -7.48 ± 0.04 5 -8.24 ± 0.06 15 ± 2 9 -10.02 ± 0.08 3

44f -8.20 ± 0.05 5 -8.68 ± 0.13 24 ± 1 13 -9.66 ± 0.14 4

44g -7.83 ± 0.04 6 -  < 10 3 - - 

44h -7.70 ± 0.03 5 -  < 10 3 - - 

44b -9.51 ± 0.06 6 -9.46 ± 0.03 30 ± 2 10 -9.18 ± 0.16 4

48a H -7.07 ± 0.02 5 -  < 10 3 - - 

44j -7.77 ± 0.03 6 - No response 3 - - 

44k -8.15 ± 0.04 6 - No response 3 - - 

49a -9.01 ± 0.08 5 - No response 3 - - 

O
OH

N
HO

R

O

O

O
OH O

Table 3.5: Binding a�nity, potency and e�cacy for β2-AR of oxprenolol analogues in
CHO cells stably expressing the human β2-AR. Data are mean ± SEM for n experiments.
logKDβ2 represents the binding a�nity assessed using [

3H]-CGP12177 whole cell binding
assays; logEC50β2 represents potency derived from the concentration-response curve in
CRE-SPAP assays. %isop represents the e�cacy (percentage of isoprenaline response);
ICI118551 logKD represents the a�nity derived from the inhibition of the ligand CRE-
SPAP production using �xed concentrations of ICI118551 in whole cell assays.

an %isop of 22± 3% (n=9; Table 3.4).

Alprenolol (6) showed a biphasic dose response curve with a logEC50β11 of −8.57±0.15

and a second logEC50β12 of −6.14±0.13 (n=8) with an %isop of 29±4% (n=12) of the

maximum isoprenaline response for β1-AR. Response mediated through the primary con-

formation accounted for 43±7% (n=8) of the response seen. In CHO-β2 cells, alprenolol

stimulated a response in a single component-dose response curve with a logEC50β2 of

−9.49 ± 0.05 (n=11) and an %isop of 37 ± 2% (n=11). In CHO-β1 cells, oxprenolol

also stimulated SPAP transcription in a biphasic concentration response manner with a

logEC50β11 of −8.59 ± 0.08 and a second logEC50β12 of −5.94 ± 0.16 (n=10) with an
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Figure 3.3: CRE-SPAP activity in response to analogues 47a (top) and 47d (bottom)
in CHO-β1 and -β2 cells.

%isop of 38± 2% (n=14) of the maximum isoprenaline response in which the �rst com-

ponent accounted for 58% (n=10) of the response. Oxprenolol stimulated a response in

CHO-β2 cells with a logEC50β2 of −9.15±0.07 and a %isop of 27±2%. These values are

consistent with the literature. [34] The �rst component of the response curve (logEC501)

at CHO-β1 cells and the logEC50 for CHO-β2 cells are around 0.5 log units higher than

the logKD obtained from radioligand competitive binding assays, which is common in

CRE-SPAP assays for partial agonists and might be due to the signal ampli�cation in

this system. [34]

Overall, most logEC50 values are consistent with a response mediated through the pri-

mary conformation of the β1-AR. As previously mentioned, for partial agonists, the

ligand is expected to mediate half of the maximal response when it occupies half of

the receptors (logKD should equal logEC50). Analogues containing a tert-butylamino
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group (44b and 47b), instead of the iso-propylamino group seen in both alprenolol and

oxprenolol, behaved in a similar manner to the parent compounds causing a bipha-

sic concentration-dependent secretion of SPAP. The tert-butylated alprenolol analogue

showed the highest potency of the set for both the primary and secondary conformation

of the β1-AR with a logEC50β11 of −9.08 ± 0.10 and a logEC50β12 of −6.84 ± 0.15

with an %isop of 42 ± 7% (n=11) (�g. 3.3 top). This compound was also the most

potent for the β2-AR with a logEC50β2 of −9.65±0.07 and an %isop of 42±3% (n=12).

(3,4-dimethoxyphenethyl)amino alprenolol analogue 47k also mediated a response in a

biphasic fashion with 2.61 log units di�erence between the logEC50 of the two components

of the curve. The corresponding oxprenolol analogue 44k mediated a single-component

response in the CRE-SPAP assay, however this might be due to a lower a�nity for the

secondary conformation and therefore out of the range of this assay. In fact, several

compounds (eg. 47d, �g. 3.3 bottom) seem to elicit a second response component at the

maximum concentration used for the assay (10µM) which hinders the accurate determi-

nation of a logEC50 for the second component. While most of compounds displayed a

di�erence of around 0.5 log units between logEC50 and logKD, compounds 49a, 49b and

47j showed identical values of potency and a�nity. Interestingly, analogue 49a exhibited

cytotoxicity at 10µM in both CHO-β1 and -β2 cells represented by an abrupt drop in

the response of the partial agonist at this concentration.

3.2.2.3 A�nity at primary and secondary conformation of the β1-AR

Following the determination of the activity of this set of ligands, a CRE-SPAP assay

was used to examine the a�nity for both the primary and secondary conformation of the

β1-AR. As represented in �gure 3.4, to determine the a�nity of these compounds at the

secondary conformation, a �xed concentration of either antagonists or partial agonists

from this set was added to increasing concentrations of CGP12177 (an agonist at the sec-

ondary conformation of the β1-AR). By obtaining the CGP12177 concentration-response

curves both in the absence and presence of a �xed concentration of these compounds, their

a�nity for the secondary conformation can be determined by their ability to shift the

curve. The same method was used to determine the a�nity for the primary conformation

by adding a �xed concentration of the desired compound to increasing concentrations of

cimaterol (an agonist at the primary conformation of the β1-AR). The same method was

done for β2-AR as a negative control, to con�rm that the di�erences seen are not due to

any artefact.

Results are presented in table 3.6 and 3.7, where logKDβ1cim and logKDβ1CGP represent

the a�nity for the primary and secondary conformations of the β1-AR, respectively.
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Substituent (R) 

O
OH

N
H

R

LogKD β1 n LogKD β1cim n LogKD β1CGP n LogKD β1cim – 
LogKD β1CGP 

Alprenolol -7.94 ± 0.02 6 -8.19 ± 0.05 4 -6.40 ± 0.15 4 1.79 

47d -7.04 ± 0.02 6 -7.45 ± 0.08 4 -5.76 ± 0.04 4 1.69 

47c -7.36 ± 0.03 6 -7.78 ± 0.06 4 -5.56 ± 0.02 4 2.22 

47i -7.66 ± 0.03 6 -8.10 ± 0.10 4 -6.08 ± 0.09 4 2.02 

47e -6.58 ± 0.03 6 -6.72 ± 0.07 3 -5.13 ± 0.09 3 1.59 

47f -7.23 ± 0.02 6 -7.63 ± 0.09 3 -5.65 ± 0.09 3 1.98 

47g -7.07 ± 0.04 6 -7.53 ± 0.05 4 -5.49 ± 0.08 4 2.04 

47h -6.86 ± 0.02 6 -7.06 ± 0.08 4 -5.23 ± 0.00 3 1.83 

47b -8.51 ± 0.05 6 -8.91 ± 0.03 4 -7.31 ± 0.07 4 1.60 

48b H -6.56 ± 0.03 6 -6.52 ± 0.11 3 -5.60 ± 0.02 3 0.92 

47j -6.61 ± 0.04 5 -6.83 ± 0.08 4 -6.32 ± 0.12 4 0.51 

47k -8.14 ± 0.03 6 -8.67 ± 0.05 4 -6.53 ± 0.13 4 2.14 

49b -7.12 ± 0.02 6 -7.45 ± 0.11 4 -7.11 ± 0.03 5 0.34 

O

O

O
OH

Table 3.6: A�nity values of alprenolol analogues for the primary and secondary con-

formation of the β1-AR. LogKDβ1 represents the a�nity obtained through radioligand

binding assays, previously discussed; LogKDβ1cim represents the inhibition of cimaterol,

a primary conformation agonist, CRE-SPAP production in whole cell assays (�g. 3.4

right). LogKDβ1CGP represents the a�nity for the secondary conformation obtained

through the inhibition of CGP12177, a secondary conformation agonist, CRE-SPAP pro-

duction (�g. 3.4 left). LogKDβ1cim-LogKDβ1CGP represents the logaritmical selectivity

values towards the primary conformation.
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Substituent (R) 

LogKD β1 n LogKD β1cim n LogKD β1CGP n LogKD β1cim – 
LogKD β1CGP 

Oxprenolol -7.89 ± 0.02 6 -8.18 ± 0.08 3 -6.15 ± 0.15 3 2.03 

44d -6.78 ± 0.06 5 -6.82 ± 0.09 3 -5.49 ± 0.05 3 1.33 

44c -7.50 ± 0.05 5 -7.58 ± 0.02 3 -5.62 ± 0.19 3 1.96 

44i -7.46 ± 0.03 5 -7.57 ± 0.05 3 -5.51 ± 0.04 4 2.06 

44e -6.44 ±0.05 6 -6.44 ± 0.07 3 ≈ -5 4 ≈1.44 

44f -7.31 ± 0.04 6 -7.38 ± 0.05 4 -5.43 ± 0.06 3 1.95 

44g -6.93 ± 0.03 6 -7.21 ± 0.07 3 -5.45 ± 0.07 3 1.76 

44h -6.75 ± 0.03 6 -6.93 ± 0.07 3 > -5 3 - 

44b -8.37 ± 0.03 5 -8.51 ± 0.11 3 -6.51 ± 0.19 3 2.00 

48a H -6.41 ± 0.01 6 -6.56 ± 0.08 3 > -5 3 - 

44j -6.44 ± 0.04 6 -6.61 ± 0.12 4 -5.92 ± 0.06 4 0.69 

44k -8.22 ± 0.04 6 -8.31 ± 0.03 4 -5.82 ± 0.09 3 2.49 

49a -7.42 ± 0.01 6 -7.73 ± 0.07 3 -6.86 ± 0.09 3 0.87 

O
OH

N
HO

R

O

O

O
OH O

Table 3.7: A�nity values of oxprenolol analogues for the primary and secondary con-

formation of the β1-AR. LogKDβ1 represents the a�nity obtained through radioligand

binding assays, previously discussed; LogKDβ1cim represents the inhibition of cimaterol,

a primary conformation agonist, CRE-SPAP production in whole cell assays (�g. 3.4

right). LogKDβ1CGP represents the a�nity for the secondary conformation obtained

through the inhibition of CGP12177, a secondary conformation agonist, CRE-SPAP pro-

duction (�g. 3.4 left). LogKDβ1cim-LogKDβ1CGP represents the logaritmical selectivity

values towards the primary conformation.
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Substituent (R) 

LogKD β2
a n LogKDCim

b n LogKDCGP
c n 

LogKDCim – 
LogKDCGP 

Alprenolol -9.01 ± 0.04 6 -9.18 ± 0.13 3 - - - 

47d -8.04 ± 0.02 6 -8.74 ± 0.01 3 - - - 

47c -8.35 ± 0.06 6 -8.99 ± 0.10 3 - - - 

47i -8.69 ± 0.03 6 -9.32 ± 0.02 3 - - - 

47e -7.66 ± 0.02 6 -7.79 ± 0.11 3 - - - 

47f -8.23 ± 0.04 6 -8.82 ± 0.05 3 - - - 

47g -8.09 ± 0.11 5 -8.72 ± 0.10 3 - - - 

47h -7.75 ± 0.04 6 -8.43 ± 0.11 3 - - - 

47b -9.74 ± 0.09 5 -10.41 ± 0.03 3 - - - 

48b H -7.18 ± 0.03 6 -7.46 ± 0.06 4 -7.00 ± 0.15 4 0.46 

47j -7.55 ± 0.06 5 -7.95 ± 0.12 4 -7.42 ± 0.14 4 0.53 

47k -8.24 ± 0.04 6 -8.64± 0.12 6 -8.21 ± 0.08 3 0.43 

49b -8.16 ± 0.04 6 -8.39 ± 0.14 7 -7.87 ± 0.12 3 0.52 

Table 3.8: A�nity values of alprenolol analogues for the β2-AR. LogKDβ2 represents

the a�nity obtained through radioligand competitive binding assays; LogKDβ2Cim rep-

resents the a�nity derived from the rightward shift of cimaterol concentration-response

curve in CRE-SPAP assays.; LogKDβ2CGP represents the a�nity derived from the right-

ward shift of CGP12177 concentration-response curve in CRE-SPAP assays.
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Substituent (R) 

LogKD β2
a n LogKDCim

b n LogKDCGP
c n 

LogKDCim – 
LogKDCGP 

Oxprenolol -8.77 ± 0.03 6 -9.13 ± 0.07 3 -8.87 ± 0.15 3 0.26 

44d -7.91 ± 0.05 5 -8.37 ± 0.05 4 -8.12 ± 0.07 3 0.25 

44c -8.53 ± 0.04 6 -8.69 ± 0.02 3 -8.51 ± 0.06 3 0.18 

44i -8.52 ± 0.08 6 -8.77 ± 0.02 3 -8.40 ± 0.09 4 0.37 

44e -7.48 ± 0.04 5 -7.75 ± 0.10 3 -7.41 ± 0.08 4 0.34 

44f -8.20 ± 0.05 5 -8.59 ± 0.10 3 -7.99 ± 0.11 4 0.60 

44g -7.83 ± 0.04 6 -8.28 ± 0.09 3 -7.90 ± 0.11 3 0.38 

44h -7.70 ± 0.03 5 -8.17 ± 0.09 4 -7.49 ± 0.09 4 0.68 

44b -9.51 ± 0.06 6 -9.86 ± 0.02 3 -9.49 ± 0.02 3 0.37 

48a H -7.07 ± 0.02 5 -7.49 ± 0.08 4 -7.07 ± 0.06 4 0.42 

44j -7.77 ± 0.03 6 -8.03 ± 0.07 4 -7.59 ± 0.09 4 0.44 

44k -8.15 ± 0.04 6 -8.51 ± 0.04 4 -8.18 ± 0.08 4 0.33 

49a -9.01 ± 0.08 5 -9.49 ± 0.10 6 -9.16 ± 0.11 4 0.33 

Table 3.9: A�nity values of oxprenolol analogues for the β2-AR. LogKDβ2 represents

the a�nity obtained through radioligand competitive binding assays; LogKDβ2Cim rep-

resents the a�nity derived from the rightward shift of cimaterol concentration-response

curve in CRE-SPAP assays.; LogKDβ2CGP represents the a�nity derived from the right-

ward shift of CGP12177 concentration-response curve in CRE-SPAP assays.

LogKDβ2Cim and logKDβ2GCP represent the a�nity for β2-AR determined through par-

allel rightward shifts of cimaterol and CGP12177 concentration-response curves in CHO-

β2 cells, highlighted in tables 3.8 and 3.9. LogKDβ1 values previously obtained from



Chapter 3 N-alkyl analogues 72

Figure 3.4: Left: CRE-SPAP production in response to cimaterol in the absence and
presence of 49b and 47h; Right: CRE-SPAP production in response to CGP12177 in the
absence and presence of 49b and 47h.

radioligand binding assays, correlate well with logKDβ1cim values as shown in �gure 3.5

(r2 = 0.96). These logKDβ1cim values are, consistently, slightly higher than those ob-

tained by radioligand binding assays. Similarly, logKD values obtained from radioligand

binding assays for the β2-AR correlate well with logKDβ2Cim (r2 = 0.94) but also with

logKDβ2CGP (r2 = 0.96). Generally, logKDβ2CGP values seem to di�er around 0.5 log

units from those obtained using cimaterol as an agonist. In the presence of partial ago-

nists, the baseline of cimaterol and CGP12177 responses increased and the logKD values

were derived from these curves using the Stephenson method (�g. 3.4). [85]

This hindered the determination of logKDβ2GCP for multiple analogues as CGP12177

behaves as a partial agonist at β2-AR and these analogues displayed higher e�cacy than

CGP12177 in the system used.

Overall, alprenolol and oxprenolol analogues show around 2 orders of magnitude higher

a�nity for the primary conformation over the secondary conformation of the β1-AR.

LogKDβ1CGP values were not determined for some compounds as, at the maximum

concentration of 10 µM , no shift in the CGP12177 concentration-response curve was ob-

served (represented as <-5). Figure 3.6 displays the relationship between the a�nity for

the primary and secondary conformation. As expected from the literature, no compound

is selective for the secondary conformation and a cluster of compounds with around 2 log
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units di�erence between a�nities can be observed, which is consistent with the primary

and secondary conformation hypothesis.

Figure 3.5: Left, top: correlation between logKDβ1 obtained from radioligand compet-

itive binding assays in β1-CHO cells and logKDβ1cim derived from the rightward shift of

cimaterol response curve in CRE-SPAP assays (r2 = 0.958, y = 1.092x + 0.437); Right

top: correlation between logKDβ2 obtained from radioligand competitive binding assays

and logKDβ2Cim and logKDβ2CGP obtained from the rightward shift of cimaterol or

CGP12177 response curves in CRE-SPAP assays (Cim: r2 = 0.940, y = 1.032x−0.1598;

CGP: r2 = 0.964, y = 1.061x + 0.5437); Bottom: Relantionship between logKDβ1cim

and logKDβ1CGP data is displayed in the plot along with an identation line allowing

the visualisation of primary conformation selectivity.
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Alprenolol shows a logKDβ1cim of −8.19±0.05 and a logKDβ1CGP of −6.40±0.15, which

translates in a di�erence of 1.79 log units between the a�nity of both conformations. This

is in good agreement with the a�nity values found in the literature.[65] tert-Butylated

analogue of alprenolol, 47b, showed an increase in the a�nity for the primary conforma-

tion as also seen in the radioligand binding assays, but also an increase in the a�nity

for the secondary conformation. In general, the a�nitiy for the secondary conformation

seems to decrease or increase in a similar fashion to the a�nity for the primary conforma-

tion with a few exceptions (�gure 3.6; table 3.6). The same trend can also be found on the

a�nity values for most of oxprenolol analogues (�gure 3.6; table 3.7). Compounds high-

lighted with compound numbering in �gure 3.6, exhibit the lowest di�erence in a�nity

for both conformations. Bis compounds 49b and 49a, the benzylamino analogues 44j and

47j and the non-substituted alprenolol analogue 48b do not seem to follow the same trend

as the majority of the set. Alprenolol analogue 48b shows a small di�erence between the

a�nity for both conformations (logKDβ1cim - logKDβ1CGP = 0.92). Introduction of

methyl, propyl, butyl and cyclopropyl groups seems to decrease the a�nity for the sec-

ondary conformation, even though an increase in a�nity for the primary conformation

is observed. Also, introduction of (3,4 dimethoxyphenethyl)amino group leads to one

of the highest di�erences in a�nity between both conformations, both in the alprenolol

analogue (logKDβ1cim - logKDβ1CGP = 2.14) and the oxprenolol analogue (logKDβ1cim

- logKDβ1CGP = 2.49). In contrast, alprenolol bis analogue 49b shows only a slight dif-

ference between the a�nity for both conformations (logKDβ1cim-logKDβ1CGP = 0.34)

and the second highest a�nity of the set for the secondary conformation, higher than

alprenolol which has 30 fold (1.46 log units) higher a�nity for the primary conforma-

tion. Oxprenolol bis analogue 49a also presents a marked decrease in selectivity between

conformations. Interestingly, benzylamino analogues possess more than 6-fold (0.8 log

units) lower a�nity than the methylamino analogues for the primary conformation but

4-fold (0.6 log units) higher a�nity for the secondary conformation which highlights the

importance of a phenyl ring in that position. These ligands are, to our knowledge, the

�rst sub-µM compounds to possess similar a�nity for both conformations.

3.2.2.4 CGP20712A a�nity

In order to con�rm in a second assay which conformation mediated the response of

these compounds, a �xed concentration of CGP20712A (an antagonist at both confor-

mations) was added to increasing concentration of ligand. CGP20712A was able to

shift rightwards the concentration-response curve of cimaterol, mediated through the

primary conformation, with a logKDβ1cim of −9.23 ± 0.11 while it required 100 fold (2

log units) higher concentration to righshift CGP12177 concentration-response curve the

same amount (logKDβ1CGP = −7.23 ± 0.07) (See table 2.5 in the previous chapter).
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Figure 3.6: Left: CRE-SPAP production in response to analogue 47i in the presence
and absence of 30 nM CGP20712A; Right: CRE-SPAP production in response to either
analogue 44j or 47j in the presence and absence of 100 nM CGP20712A.

The logKD value for CGP20712A calculated through the rightshifting of the ligands

concentration-response curve is represented in tables 3.2 and 3.3 as CGP20712A logKD.

ICI118551, a selective β2-AR antagonist which binds to the receptor with a logKD of

−9.24 ± 0.05 (See table 2.1 in the previous chapter), was used as a negative control

experiment for this assay in CHO-β2 cells.

Overall, CGP20712A was able to inhibit the response of most ligands at low concentra-

tion, which indicates that the response of these ligands is mediated through the primary

conformation through binding to the well-known cathecolamine site. This is consistent

with the logEC50 values for those responses, which are similar to the logKD values de-

termined through competitive radioligand binding assays for the respective ligand. In

compounds that are able to mediate a response in a biphasic manner the logKD for

CGP20712A represents the a�nity for the conformation in which the �rst component

is mediated (eg. 47i, �gure 3.6). Analogue 47i increases CRE-SPAP accumulation in

a biphasic fashion but, in the presence of 30 nM CGP 20712A, the response seems to

contain only a single component. This concentration of antagonist, as can be seen in

�gure 3.6 (left) rightshifts the �rst component of the response but is not able to right-

ward shift the second component, which is consistent with a �rst response component

mediated through the primary conformation and a second component, more resistant to

antagonism, mediated through the secondary conformation of the β1-AR.
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Interestingly, responses mediated by the bis analogues 49a and 49b seem to be more

resistant to antagonism. CGP20712A was able to inhibit these response with a logKD of

−7.93±0.15 for alprenolol bis analogue 49b and −8.03±0.23 for oxprenolol bis analogue

49a. These responses are not as resistant to antagonism as CGP12177 mediated response,

which might indicate that these compounds are able to mediate a response through both

conformations with a similar logEC50 and not purely through the secondary confor-

mation due to the small di�erence between the a�nity for both conformations. Even

though the logEC50 values for alprenolol bis analogue is in agreement with the logKD

obtained from radioligand binding assays, it is also in agreement with the logKDβ1CGP

value (-7.13 vs -7.11, respectively).

Identically, benzylamino alprenolol analogue 47j also activates the receptor with a logEC50

value similar to the logKDβ1CGP (-6.63 vs -6.32), which does not happen in the oxprenolol

analogue 44j (-7.03 vs -5.92). Response mediated by analogue 47j is also more resistant

to antagonism by CGP20712A (logKD = −7.82 ± 0.06, n=3, table 3.2) while response

mediated by analogue 44j (CGP20712A logKD = −8.80 ± 0.14, n=3, table 3.3) is in

agreement with a response mediated through the primary conformation of the β1-AR.

This is highlighted in �gure 3.6 (right), which depicts the CRE-SPAP accumulation in

response to these analogues in the presence and absence of a �xed concentration of 100

nM of CGP20712A. As can be seen in the �gure, this concentration of antagonist leads

to the parallel rightward shift of both curves but produces a larger shift for 44j mediated

response.

A�nity values obtained for ICI118551 in β2-CHO cells through the rightward shifting

of the ligands concentration-response were slighlty higher than those obtained from ra-

dioligand competitive binding assays (table 3.4 and 3.5). Lastly, this demonstrates the

importance of con�rming the conformation of action for these ligands in a second as-

say even if logEC50 values are identical to the logKD obtained from competitive ligand

binding assays.

3.3 Conclusion

A set of 26 alprenolol and oxprenolol N-akyl analogues was synthesised. All compounds

bound to both β1- and β2-AR in a competitive radioligand binding assay in CHO cells

expressing either the human β1- or β2-AR. Overall, the compounds in this set of alprenolol

and oxprenolol N-alkyl analogues seem to possess some degree of selectivity for the β2-

AR, as the parent compounds. Introduction of a (3,4-dimethoxyphenethyl)amino group

converts the compounds in non-selective ligands with similar a�nities for both receptors,
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while oxprenolol bis analogue 49a possesses the highest selectivity for the β2-AR. tert-

Butylated analogues (44b and 47b) exhibit the highest a�nity for both receptors, showing

that branched analogues have overall higher a�nity than the counterpart extended chain

or ring-constrained analogues.

Most of these ligands are able to elicit a response in CRE-SPAP assays, behaving as par-

tial agonists as the parent compounds. Alprenolol, oxprenolol and analogues 47b, 44b,

47i and 47k display a biphasic concentration-response curve with two components: a �rst

component mediated through the primary conformation of the β1-AR with a logEC50

consistent with the logKD data; a second component, presumably mediated through

the secondary conformation, which requires two order of magnitude higher concentra-

tion in agreement with the logKDβ1CGP determined through the rightward shifting of

CGP12177 mediated response. Some ligands emerge from this set of compounds. Bis ana-

logues 49a and 49b and benzylamino analogues 44j and 47j yielded a surprisingly low se-

lectivity for the primary conformation over the secondary conformation of the β1-AR. Bis

analogues 49a and 49b seem to mediate a response through the secondary conformation,

even though it may not be purely mediated through this conformation as CGP20712A

requires a higher concentration to antagonise these responses than cimaterol, but a lower

concentration than the one needed to antagonise CGP12177 response. Benzylamino ana-

logue 44j also mediates a response through the secondary conformation which is relatively

resistant to antagonism, contrary to benzylamino analogue 47j that mediates a response

through the primary conformation and is easily inhibited by CGP20712A.

Overall, N-alkyl substitution seems to have a pronunced in�uence on the a�nity for the

secondary conformation demonstrated by the introduction of the benzylamine and the bis

ligands. Aromatic core also seems to in�uence the a�nity and activity at the secondary

conformation as alprenolol benzylamino analogue is able to activate the secondary con-

formation contrary to the oxprenolol benzylamino analogue which mediates a response

through the primary conformation. Alprenolol analogues also show consistently higher

a�nity for the secondary conformation, but also for the primary conformation, than the

equivalent oxprenolol analogues. No compound selective for the secondary conformation

has been identi�ed yet. It cannot be excluded that selectivity for the secondary confor-

mation of the β1-AR cannot be obtained and might be somehow dependent on a �rst

binding event to orthosteric site of the receptor.



Chapter 4

Synthesis and pharmacological

evaluation of aromatic core

alprenolol analogues

4.1 Introduction

In this chapter the synthesis and pharmacological evaluation of several alprenolol ana-

logues containing di�erent substituents in the aromatic ring will be described. Alprenolol

aromatic core was chosen over oxprenolol as starting point due to several reasons: (1) it

has higher a�nity for the secondary conformation of β1-AR which facilitates its determi-

nation through CRE-SPAP assays; (2) it shows a lower di�erence in a�nities between the

primary conformation and secondary conformation (logKDβ1cim-logKDβ1CGP ) across all

N-alkyl analogues described in the previous chapter (see table 3.6); (3) Analogues can be

obtained through a simpler synthetic route leading to faster generation of new analogues.

N-tert butylated compounds were prefered over N-iso-propylated compounds and other

N-alkyl substituents due to their, generally, higher a�nity. As shown in the �owchart in

the introduction, the a�nity of these analogues was �rstly evaluated through radioligand

binding assays in CHO-cells expressing the human β1 or β2 adrenergic receptor. From

these values (represented as logKD) it was possible to calculate selectivity values for each

receptor. If the compounds were able to bind to the receptor, they were evaluated in

CRE-SPAP assays to determine their potency and e�cacy. A�nities for the primary and

secondary conformation of the β1-AR were then derived from the ability of the antago-

nists or weak partial agonists of the set to parallel rightward shift the response of either

cimaterol (20), an agonist at the primary conformation of the β1-AR, or CGP12177 (16),

an agonist at the secondary conformation of the β1-AR, respectively. Fixed concentration

78
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of CGP20712A, an antagonist at both conformation, was also added to increasing con-

centrations of agonists present in the set in order to determine the conformation through

which the response is mediated.

4.2 Results and discussion

4.2.1 Chemistry

Firstly, a synthetic pathway with a common intermediate to all analogues was chosen

in order to introduce the aromatic core in one of the �nal steps of the synthetic path-

way (Scheme 4.1). The N -alkyl-2,3-epoxyamine 53 was synthesised through a known

procedure in the literature. [87] The desired phenols were generally synthesised through

the alkylation of the hydroxyl group with allyl bromide followed by a Claisen rearrange-

ment as shown in scheme 4.1 using naphthol (50) as starting material. However, the

OH O OH
NH2

+ O
Cl

O
HN

O

O

OH
H
N

O

OH
H
N

O

(i) (ii)

(iii)

(iv)

(v)

50 51 52

43b 41

53

54

55

56

Scheme 4.1: Synthesis of 1-((2-allylnaphthalen-1-yl)oxy)-3-(tert-butylamino)propan-
2-ol (56). Conditions and reagents: (i) allyl bromide, K

2
CO

3
, DMF, r.t., 24h, 85%;

(ii) DMF, MW, 200 ◦C, 40 min., 66%; (iii) tert-butylamine, epichlorohydrin, isopropyl
alcohol, 0 ◦C -> r.t., 24h followed by KOH, diethyl ether, r.t., 1.5h, 56%; (iv) NaOH,
isopropyl alcohol, 95 ◦C, 12h, 4%; (v) epichlorohydrin, NaOH, MW, 120 ◦C, 30 min.,
60%; (v) tert-butylamine, MW, 70 ◦C, 1h., 72%
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H

(i) (ii) (iii)

(iv)

R:   a 4-F          b 6-F        c 4-Cl          
       d 6-Cl        e 4-Me      f 6-Me         
       g 4-OMe    h 6-OMe

57a-h 58a-h 59a-h

60b,d,f,h

61a-h

62a-h

+

Scheme 4.2: Synthesis of alprenolol analogues bearing ortho- and para- substituents.
Conditions and reagents: (i) allyl bromide, K

2
CO

3
, DMF, r.t., 24h, 80-93%; (ii) DMF,

MW, 200 ◦C, 40 min., 45-89%;(iii) epichlorohydrin, NaOH, MW, 120 ◦C, 30 min., 39-
75%; (iv) tert-butylamine, MW, 70 ◦C, 1h., 78-90%.

reaction of the desired phenol 52 with the epoxide 53 in the presence of NaOH yielded

the phenoxypropanolamine 54 rather than the desired phenoxypropanolamine 56. The

use of a strong base may have led to the isomerisation seen in the allyl side chain. The

use of weaker bases, as K2CO3 or Et3N, yielded the desired compounds only in residual

amounts.

N -alkyl-2,3-epoxyamine 53 is known to have a higher stability than other oxiranes bear-

ing secondary and primary amines due to the hindering tert-butyl group, however, its

degradation in solution and autocatalytic oligomerisation might have contributed to

the residual yields obtained. [88] As the desired compounds could not be obtained

through this synthetic route, the general synthetic pathway for the synthesis of phe-

noxypropanolamines was used. Phenol 52 was coupled with epichlorohydrin followed by

nucleophilic epoxide opening with tert-butyl amine to obtain the desired �nal compound

56 in good yields.

The same procedure was used for phenols containing substituents in the ortho and para

positions (57a-h, Scheme 4.2). Alkylation with allyl bromide a�orded the alkylated phe-

nols in good yields. Phenols 59a-h were obtained through a Claisen rearrangement of

the allylated phenols. Several di�erent methods have been used for the Claisen rearrage-

ment. [87] Heating the allylated phenols in DMF in a microwave vial for 45 minutes at

200◦C was found to be the fastest and most e�cient method. Reaction rates are known

to increase with polar solvents and with formation of the phenolic product, working as

an autocatalyst. Phenols 60 were formed as a side product of the Claisen rearrangement

of the ortho-substituted allylated phenols. In the Claisen rearrangement of an allyl aryl

ether a thermal [3,3] sigmatropic rearrangement occurs, a�ording an ortho-dienone that

promptly enolizes into an ortho-allylphenol. The reaction is considered to be concerted
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Scheme 4.3: Synthesis of alprenolol analogues bearing meta-substituents. Conditions
and reagents: (i) allyl bromide, K

2
CO

3
, DMF, r.t., 24h, 82-93%; (ii) DMF, MW, 200

◦C, 50 min., 32-47%; (iii) epichlorohydrin, NaOH, MW, 120 ◦C, 30 min., 47-68%; (iv)
tert-butylamine, MW, 70 ◦C, 1h., 80-91%.

through a favorable chair-like transition state. As 1-(allyloxy)-2-methylbenzene bears

a substituent in the ortho-position subsequent [3,3] sigmatropic rearrangement (Cope

rearrangement) occurs as side reaction leading to the formation of the para-allyl phenols

60. [89]

Phenols 63a-d containing meta-substituents were also alkylated with allyl bromide orig-

inating the alkylated phenols 64a-d (Scheme 4.3). However, in this case, as the phenols

are assymetrical, the Claisen rearrangement yielded two products (65a-c and 66a-d).

Claisen rearrangements of meta-substituted compounds were found to occur at slightly

slower rate, which is in accordance with the literature, therefore the time of reaction

was increased. [87] Claisen rearrangements containing substrates in the meta position

are not highly regioselective although this roughly depends on the electronic nature of

the substituent. The thermal [3,3] sigmatropic rearrangement of the chloro analogue

64a yielded the phenol 65a as major product, while the rearrangement of the methoxy

analogue 64b, containing an electron-donating group, promoted the rearragement to the

less hindered position, originating the phenol 66b in higher quantity, which is also in

accordance with the literature.[89]

The two meta-methyl adducts 65c and 66c were obtained as an inseparable mixture

which was then coupled with epichlorohydrin yielding the oxiranes 67c and 69c. The

oxiranes were then submitted to epoxide-opening in the presence of tert-butyl amine

leading to the formation of the �nal phenoxypropanolamines 68c and 70c. The mixture

of phenoxypropanolamines was separated through preparative HPLC, resulting in the

isolation of compound 68c with good purity. Due to the similar retention times of both

compounds, compound 70c was collected with a purity around 90%, below purity stan-

dards required for biological testing. For this reason an alternative route was designed to

obtain phenol 66c (Scheme 4.4).[90] Phenol 71 was acetylated, in order to improve both
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Scheme 4.4: Alternative route for the synthesis of meta-substituted phenols. Condi-
tions and reagents: (i) Ac

2
O, Pyridine, r.t., 24h, 79%; (ii) Pd(PPh

3
)
4
, K

2
CO

3
, THF,

100 ◦C, 50 min., MW (no puri�cation); (iii) LiAlH
4
, THF, r.t., 24h., 85%.

stability and reactivity, to give compound 72. The Suzuki-Miyaura reaction of 72 in the

presence of pinacol boronic ester 73 a�orded the desired product 74. The crude of this

reaction, without further puri�cation, was treated with LiAlH4 to originate the deacety-

lated phenol 66c which was then puri�ed through column chromatography. The desired

�nal phenoxypropanolamine was synthesised through the path shown on the previous

schemes. Phenol 66c was alkylated with epichlorohydrin, unreacted phenol was removed

through a base wash, and the crude was then reacted with tert-butylamine yielding �nal

compound 70c.

4.2.2 Pharmacology

4.2.2.1 Competitive radioligand binding assays

Alprenolol analogues containing di�erent substituents in the aromatic ring were initially

evaluated in chinese hamster ovary cells (CHO) stably expressing the human β1-AR or

β2-AR. Their ligand a�nity was determined in a competitive whole-cell binding study

using the radioligand [3H] CGP12177. [3H] CGP12177 was used in concentrations such

that it mostly occupies the primary conformation of the β1, therefore a�nity values

for analogues obtained from this method are regarded as a�nity values for the primary

conformation of the β1.

Figure 4.1 represents the amount of radioactivity bound to the CHO-β1 and CHO-β2
cells at di�erent concentrations of ligand when a �xed concentration of radiolabeled [3H]

CGP12177 is added. Total binding and non-speci�c binding in the presence of a 10 µM

of propranolol are also represented. The IC50 values taken from the dose-response curve

were then converted into KD values through the Cheng-Pruso� equation presented in

the experimental section.
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Substituent (R) 

 
LogKDβ1 n LogKDβ2 n LogKD(β2/β1) 

47b H -8.51 ± 0.05 6 -9.74 ± 0.09 5 1.23 

62a 4-F -7.24 ± 0.06 6 -8.47 ± 0.05 6 1.23 

70d 5-F -8.53 ± 0.03 6 -9.64 ± 0.05 6 1.11 

62b 6-F -7.92 ± 0.04 6 -9.43 ± 0.09 6 1.51 
68a 3-Cl -8.21 ± 0.06 6 -9.67 ± 0.05 6 1.46 

62c 4-Cl -7.63 ± 0.05 6 -9.09 ± 0.05 7 1.46 

70a 5-Cl -8.48 ± 0.05 6 -10.17 ± 0.07 5 1.69 

62d 6-Cl -5.89± 0.08 6 -7.02 ± 0.04 7 1.13 

68b 3-OMe -7.60 ± 0.05 6 -8.68 ± 0.04 6 1.08 

62g 4-OMe -7.09 ± 0.03 6 -8.08 ± 0.04 5 0.99 
70b 5-OMe -7.91 ± 0.03 6 -9.54 ± 0.06 6 1.63 

62h 6-OMe -5.72 ± 0.02 5 -6.94 ± 0.05 6 1.22 

68c 3-Me -8.44 ± 0.04 7 -9.67 ± 0.03 5 1.23 

62e 4-Me -7.86 ± 0.04 6 -9.43 ± 0.05 7 1.57 

70c 5-Me -8.66 ± 0.04 6 -10.19 ± 0.05 6 1.53 

62f 6-Me -5.35 ± 0.05 5 -6.53 ± 0.06 6 1.18 
 

2

3
4

5

6
1
O

R
OH

N
H

Table 4.1: Binding a�nities for human β1- and β2-AR of alprenolol analogues bearing

aromatic substituents assessed using [3H] CGP12177 whole cell binding assays. Values
represent mean and ± the standard error of the mean (s.e.m) for n separate experiments.

The logKD values for each alprenolol analogue are presented in table 4.1. All analogues

bound to both β1- and β2-adrenergic receptors. A�nity values obtained for the β1-

AR correlate well with the values for β2-AR (r2 = 0.972, �g. 4.2) which emphasizes the

similarities between the two orthosteric binding pockets. Parent compound 47b showed a

higher a�nity than alprenolol for both receptors as presented in table 3.2 in the previous

chapter.

Analogues containing substituents at the position 5 of the aromatic ring showed the

highest a�nity for both receptors within the same substituent, followed by 3-R analogues,

4-R analogues and then 6-R analogues (�g. 4.2). Methoxy analogues generally a�orded

the lowest a�nity for each position, followed by �uoro, chloro and then methyl analogues

for both receptors. 5-F, 5-Cl and 5-Me analogues yielded similar a�nities to the parent

compound 47b for the β1-AR. In β2-CHO cells, the 5-Cl and 5-Me analogues displayed
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Figure 4.1: Inhibition of [3H] CGP12177 binding to whole cells CHO-β1 and CHO-β2
by compounds 68c, 62e and 62d. A �xed concentration of 0.82 nM of [3H] CGP12177
was used. Data points were obtained in triplicate. Black bar represents total [3H]
CGP12177 binding, while the white bar represents nonspeci�c binding determined in
the presence of 10 µM propranolol.

higher a�nity than the parent compound. Introduction of a substituent in the 3-position

of the aromatic ring led to a slight decrease in a�nity for both receptores, while this

decrease in a�nity was more pronounced for 4-R analogues. 6-R analogues, except 6-F

analogue 62b, showed a striking decline in a�nity (around 1400-fold decrease, 3.16 log

units, for 6-Me analogue 62f for β1-AR) for both receptors, yielding the lowest a�nities of

the set. The di�erence in a�nities between 3-Me and 6-Cl is quite noticeable in �gure 4.1.

Analogue 62d is only able to displace the radiolabeled CGP12177 at high concentrations.

This striking decline in a�nity seen in the 6-R analogues might be due to a steric clash

in the well-known cathecolamine binding site at both the primary conformation of the

β1 and the β2 leading to a rotation of the aromatic core.

No noticeable pattern was found regarding selectivity for any of the receptors. Parent

compound, 47b, is slightly β2 selective and exhibits a di�erence between logKDβ2 and

logKDβ1 of 1.23 log units. Introduction of a chloro subtituent does increase this se-

lectivity, except for 6-Cl analogue (62d), while introduction of a methoxy group in the

meta- position of the aromatic ring can reduce the β2 selectivity down to 10-fold (0.99

log units).

Overall, introduction of a larger subtituent as chloro, methoxy or methyl in the 5-position

of the aromatic core increased the a�nity for the β2-AR and mantained similar a�nity

for the primary conformation of the β1-AR.
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Figure 4.2: Correlation between logKDβ1 and logKDβ2 obtained for alprenolol aro-
matic core analogues (r2 = 0.972; y = 1.092x − 0.636). Points are represented with
di�erent colours according to the position of the substituent in the aromatic ring and
di�erent shapes according to the substituent group.

4.2.2.2 CRE-SPAP production

Potency and e�cacy for alprenolol aromatic core analogues were determined through

CRE-SPAP production, a reporter gene for cAMP, in CHO-cells expressing either the

human β1- or β2- receptors. logEC50 values for the β1 and β2 are presented for all

analogues in table 4.2 and table 4.3, respectively.

Overall, most ligands of this set behaved as antagonists both in β1- and β2-AR. Parent

compound 47b behaved as a partial agonist at β1-AR and increased CRE-SPAP pro-

duction in a biphasic fashion with a logEC50β11 of −9.08 ± 0.10 and a logEC50β12 of

−6.84±0.15 with an %isop of 42±7% (n=11). Methyl analogues bound to the receptors

but failed to mediated any response. Methyl groups in the position 4 of the aromatic ring

are known to prevent the rotamer change of Ser5.46 by steric hindrance in the orthosteric

binding pocket of the β1-AR and therefore decrease e�cacy.[91]
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Substituent (R)   

 
LogKD β1 n LogEC50 β1 1 LogEC50 β1 2 % 1st component n % isop n CGP20712A log KD n 

47b H -8.51 ± 0.05 6 -8.57 ± 0.15 -6.14 ± 0.13 43 ± 7 8 29 ± 3 12 -8.78 ± 0.11 3 

62aL 

4-F -7.24 ± 0.06 6 
-5.91 ± 0.13 - - 8 11 ± 1 6 -7.39 ± 0.08 3 

62a -7.46 ± 0.19 -* - 4 11 ± 1 3 - - 

70d 5-F -8.53 ± 0.03 6 -8.52 ± 0.09 -6.45 ± 0.30 56 ± 8 5 42 ± 5 5 -8.34 ± 0.14 4 

62bL 

6-F -7.92 ± 0.04 6 
-6.84 ± 0.06 - - 4 18 ± 2 4 -7.46 ± 0.09 3 

62b -8.05 ± 0.25 -6.06 ± 0.26 50 ± 3 5 25 ± 5 5 -8.78 ± 0.22 4 

68a 3-Cl -8.21 ± 0.06 6 - - - - No response 6 - - 

62c 4-Cl -7.63 ± 0.05 6 -7.55 ± 0.07 - - 6 32 ± 6 6 -8.76 ± 0.11 4 

70a 5-Cl -8.48 ± 0.05 6 - - - - No response 8 - - 

62d 6-Cl -5.89± 0.08 6 - - - - No response 3 - - 

68b 3-OMe -7.60 ± 0.05 6 - - - - No response 8 - - 

62g 4-OMe -7.09 ± 0.03 6 -7.26 ± 0.09 - - 8 16 ± 3 5 -8.59 ± 0.09 3 

70b 5-OMe -7.91 ± 0.03 6 - - - - No response 8 - - 

62h 6-OMe -5.72 ± 0.02 5 - - - - No response 3 - - 

68c 3-Me -8.44 ± 0.04 7 - - - - No response 3 - - 

62e 4-Me -7.86 ± 0.04 6 - - - - No response 3 - - 

70c 5-Me -8.66 ± 0.04 6 - - - - No response 3 - - 

62f 6-Me -5.35 ± 0.05 5 - - - - No response 3 - - 

2
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H

Table 4.2: Binding a�nity, potency and e�cacy for β1-AR of aromatic core alprenolol analogues in CHO cells stably expressing the

human β1-AR. Data are mean ± SEM for n experiments. logKDβ1 represents the binding a�nity assessed using [3H]-CGP12177 whole
cell binding assays; logEC50β11 represents potency derived from the �rst component of a biphasic concentration-response curve or single
component in monophasic responses. logEC50β12 represents the potency value for the second component in a biphasic response; % 1st

component represents the percentage of the overall response mediated through the �rst component; %isop represents the e�cacy (percentage
of isoprenaline response) evaluated through CRE-SPAP assays; CGP20712A logKD represents the a�nity derived from the inhibition of
the ligand CRE-SPAP production using �xed concentrations of CGP20712A in whole cell assays; *compound seems to activate both
conformations even though the value is out of range for this assay; L represents values obtained in cells with low expression levels of β1-AR.
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Substituent (R) 

 

 

LogKD β2 n LogEC50 β2 n % isop n ICI118551 
LogKD 

n 

47b H -9.74 ± 0.09 5 -9.65 ± 0.07 12 42 ± 3 12 -9.29 ± 0.11 5 

62a 4-F -8.47 ± 0.05 6 -8.92 ± 0.14 9 19 ± 2 6 -9.91 ± 0.03 3 

70d 5-F -9.64 ± 0.05 6 -9.60 ± 0.05 7 25 ± 2 7 -9.51 ± 0.06 4 

62b 6-F -9.43 ± 0.09 6 -9.48 ± 0.05 10 23 ± 2 6 -9.84 ± 0.13 4 

68a 3-Cl -9.67 ± 0.05 6 - - No response 3 - - 

62c 4-Cl -9.09 ± 0.05 7 - - No response 3 - - 

70a 5-Cl -10.17 ± 0.07 5 - - No response 3 - - 

62d 6-Cl -7.02 ± 0.04 7 - - No response 3 - - 

68b 3-OMe -8.68 ± 0.04 6 - - No response 3 - - 

62g 4-OMe -8.08 ± 0.04 5 - - No response 3 - - 

70b 5-OMe -9.54 ± 0.06 6 - - No response 3 - - 

62h 6-OMe -6.94 ± 0.05 6 - - No response 3 - - 

68c 3-Me -9.67 ± 0.03 5 - - No response 3 - - 

62e 4-Me -9.43 ± 0.05 7 - - No response 3 - - 

70c 5-Me -10.19 ± 0.05 6 - - No response 3 - - 

62f 6-Me -6.53 ± 0.06 6 - - No response 3 - - 
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Table 4.3: Binding a�nity, potency and e�cacy for β2-AR of alprenolol aromatic core
analogues in CHO cells stably expressing the human β2-AR. Data are mean ± SEM for
n experiments. logKDβ2 represents the binding a�nity assessed using [3H]-CGP12177
whole cell binding assays; logEC50β2 represents potency derived from the concentration-
response curve in CRE-SPAP assays. %isop represents the e�cacy (percentage of iso-
prenaline response); ICI118551 logKD represents the a�nity derived from the inhibition
of the ligand CRE-SPAP production using �xed concentrations of ICI118551 in whole
cell assays.

4-Chloro 62c and 4-methoxy 62g analogues, on the other hand, behave as weak β1 partial

agonists activating the receptor with a logEC50β11 of −7.55 ± 0.07 (%isop = 32 ± 6%,

n=6) and logEC50β11 of −7.26± 0.09 (%isop = 16± 3%, n=5), respectively. Potencies

values exhibited by these analogues are identical to the a�nity values derived from

the radioligand competitive binding experiments which suggest that these responses are

mediated through the primary conformation of the β1-AR. These weak responses also

suggest a possible rotamer change of Ser5.46 due to hydrogen bound formation but no

rotamer change of Ser5.42 or binding pocket contraction.[47, 91]
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Figure 4.3: CRE-SPAP production in low expression CHO-β1 (left) and CHO-β2
(right) whole cells in response to analogue 62b in the absence and presence of �xed
concentrations of 3, 10 and 30 nM of cimaterol. Bars represent basal CRE-SPAP pro-
duction and isoprenaline (full agonist) response at 10 µM. Data points were obtained in
triplicate.

Fluoro analogues were able to activate both receptors in CRE-SPAP assays. All �uoro

analogues behaved in a similar fashion to the parent compounds, mediating a bipha-

sic response at the β1-AR. logEC50β11 values obtained for the �rst component of the

response are identical to logKDβ1 values obtained indicating that these responses are

mediated through the primary conformation. 5-Fluoro analogue (70d) exhibited a two

component response with a �rst logEC50β11 of −8.52 ± 0.09 and a second logEC50β12

of −6.45 ± 0.30 with an %isop of 42 ± 5% (n=5, table 4.2). Interestingly, when using

CHO-β1 cells with low expression levels of protein, which reduces the assay window, only

the second component of the response was detected for analogues 62a and 62b. This is

highlighted in �gure 4.3, where increasing concentrations of analogue 62b are added to

several �xed concentrations of the primary conformation agonist cimaterol. In CHO-β1
cells, analogue 62b only mediates a response at much higher concentrations than it re-

quires to inhibit cimaterol response. On the other hand, in CHO-β2 cells, the analogue

is able to increase CRE-SPAP production in agreement with the inhibition of the ci-

materol response seen. In CHO-β2 cells these �uoro analogues were also able to activate

the receptor, with potency values identical to a�nity values obtained, even though they

showed lower e�cacy than the parent compound.

Overall, �uoro analogues were are able to activate both receptors and behaved in a
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similar fashion to the parent compound. Methyl analogues behaved as antagonists at

both receptors independently of the position of the substituent in the aromatic ring,

while chloro and methoxy analogues were only able to mediate a response through the

primary conformation of the β1-AR only at position 4 of the aromatic core.

4.2.2.3 A�nity at primary and secondary conformation of the β1-AR

A�nities for the primary (logKDβ1cim) and secondary conformation (logKDβ1CGP ) of

the β1-AR are presented in table 4.4. These logKD values have been derived from the

Substituent (R) 

LogKD β1
 n LogKD β1 cim

 n LogKD β1 CGP n LogKDcim – 
LogKDCGP 

47b H -8.51 ± 0.05 6 -8.91 ± 0.03 4 -7.31 ± 0.07 4 1.60 

62a 4-F -7.24 ± 0.06 6 -7.50 ± 0.12 5 -5.58 ± 0.05 5 1.92 

70d 5-F -8.53 ± 0.03 6 -8.90 ± 0.08 6 -6.93 ± 0.08 6 1.97 

62b 6-F -7.92 ± 0.04 6 -8.18 ± 0.11 5 -6.47 ± 0.06 5 1.71 
68a 3-Cl -8.21 ± 0.06 6 -8.49 ± 0.15 5 -6.93 ± 0.14 5 1.56 

62c 4-Cl -7.63 ± 0.05 6 -7.78 ± 0.08 7 -6.53 ± 0.10 6 1.25 

70a 5-Cl -8.48 ± 0.05 6 -8.99 ± 0.06 7 -7.22 ± 0.05 7 1.77 

62d 6-Cl -5.89± 0.08 6 -5.96 ± 0.09 4 > -5  3 - 

68b 3-OMe -7.60 ± 0.05 6 -7.94 ± 0.05 7 -6.05 ± 0.15 7 1.89 

62g 4-OMe -7.09 ± 0.03 6 -7.34 ± 0.08 5 -5.50 ± 0.08 5 1.84 
70b 5-OMe -7.91 ± 0.03 6 -8.41 ± 0.07 7 -6.61 ± 0.13 6 1.8 

62h 6-OMe -5.72 ± 0.02 5 -5.88 ± 0.15 4 > -5 3 - 

68c 3-Me -8.44 ± 0.04 7 -8.61 ± 0.06 7 -6.77 ± 0.04 6 1.84 

62e 4-Me -7.86 ± 0.04 6 -7.93 ± 0.06 6 -6.71 ± 0.08 7 1.22 

70c 5-Me -8.66 ± 0.04 6 -8.97 ± 0.08 3 -7.16 ± 0.04 3 1.81 

62f 6-Me -5.35 ± 0.05 5 -5.29 ± 0.19 4 > -5 3 - 

2

3
4

5

6
1
O

R
OH

N
H

Table 4.4: A�nity values of alprenolol aromatic core analogues for the primary and
secondary conformation of the β1-AR. LogKDβ1 represents the a�nity obtained through
radioligand binding assays; LogKDβ1cim represents the inhibition of cimaterol, a pri-
mary conformation agonist, CRE-SPAP production in whole cell assays; LogKDβ1CGP
represents the a�nity for the secondary conformation obtained through the inhibition of
CGP12177, a secondary conformation agonist.; LogKDβ1cim-LogKDβ1CGP represents
the logaritmical selectivity values towards the primary conformation.
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Substituent (R) 

 

LogKD β2 n LogKD β2 cim n LogKD β2 CGP n LogKDcim–  
LogKDCGP 

47b H -9.74 ± 0.09 5 -10.41 ± 0.03 3 - 3 - 

62a 4-F -8.47 ± 0.05 6 -8.97 ± 0.08 4 -8.50 ± 0.09 5 0.47 

70d 5-F -9.64 ± 0.05 6 -10.09 ± 0.10 8 - 3 - 

62b 6-F -9.43 ± 0.09 6 -10.02 ± 0.09 4 -9.60 ± 0.15 5 0.42 
68a 3-Cl -9.67 ± 0.05 6 -9.98 ± 0.09 4 -9.87 ± 0.10 6 0.11 

62c 4-Cl -9.09 ± 0.05 7 -9.41 ± 0.11 6 -9.18 ± 0.13 7 0.23 

70a 5-Cl -10.17 ± 0.07 5 -10.57 ± 0.10 6 -10.24 ± 0.12 3 0.33 

62d 6-Cl -7.02 ± 0.04 7 -7.08 ± 0.11 4 -7.03 ± 0.02 3 0.05 

68b 3-OMe -8.68 ± 0.04 6 -9.24 ± 0.07 5 -9.11 ± 0.06 3 0.13 

62g 4-OMe -8.08 ± 0.04 5 -8.53 ± 0.08 4 -8.17 ± 0.12 5 0.36 
70b 5-OMe -9.54 ± 0.06 6 -9.99 ± 0.09 4 -9.96 ± 0.10 3 0.03 

62h 6-OMe -6.94 ± 0.05 6 -7.05 ± 0.12 4 -6.97 ± 0.10 3 0.08 

68c 3-Me -9.67 ± 0.03 5 -9.86 ± 0.07 7 -9.95 ± 0.04 6 -0.09 

62e 4-Me -9.43 ± 0.05 7 -9.63 ± 0.05 7 -9.75 ± 0.08 6 -0.12 

70c 5-Me -10.19 ± 0.05 6 -10.50 ± 0.09 3 -10.33 ± 0.05 3 0.17 

62f 6-Me -6.53 ± 0.06 6 -6.36 ± 0.11 5 -6.35 ± 0.09 3 0.01 
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Table 4.5: A�nity values of alprenolol aromatic core analogues for the β2-AR.
LogKDβ2 represents the a�nity obtained through radioligand competitive binding as-
says; LogKDβ2Cim represents the a�nity derived from the rightward shift of cimaterol
concentration-response curve in CRE-SPAP assays.; LogKDβ2CGP represents the a�n-
ity derived from the rightward shift of CGP12177 concentration-response curve.

rightward shift of cimaterol, a primary conformation agonist, or CGP12177, a secondary

conformation agonist, concentration-response curves by a �xed concentration of ligand.

All the a�nity values obtained for the primary conformation of the β1-AR through this

method strongly correlate with the a�nity values obtained from competitive radioligand

binding (r2 = 0.991, �g. 4.5 top left). Similarly, logKDβ2Cim values also correlate well

with values obtained from radioligand binding for β2-AR (r2 = 0.983), however this is

also seen for logKDβ2CGP values obtained (r2 = 0.990) which are identical to the values

obtained from binding assays (�g. 4.5 top right).

Parent compound, 47b, showed a 1.60 log unit di�erence between a�nity values obtained

for primary and secondary conformation. All the compounds from this set, similarly
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Figure 4.4: CRE-SPAP production in response to cimaterol in the absence and pres-
ence of a �xed concentration of analogue 62e (4-Me) in CHO-β1 (top left) and -β2 cells
(bottom left); CRE-SPAP production in response to CGP12177 in the absence and pres-
ence of a �xed concentration of analogue 62e (4-Me) in CHO-β1 (top right) and -β2 cells
(bottom right)

to the parent compound, required a higher concentration to rightward shift CGP12177

concentration-response curve than cimaterol. This is highlighted in �gure 4.4, compound

62e is able to parallel rightwards shift cimaterol dose response at a �xed concentration of

300 nM but requires a higher concentration to shift CGP12177 response ,while in CHO-

β2 cells, a 10 nM �xed concentration of 62e, produces the same shift to both cimaterol

and CGP12177 SPAP production curve.

A�nities for the secondary conformation of the β1-AR seem to increase or decrease in

agreement with the a�nity for the primary conformation. This can be seen in �gure

4.5 which demonstrates the linear correlation relationship between these two a�nities
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Figure 4.5: Top left: correlation between logKDβ1 obtained from radioligand compet-
itive binding assays in β1-CHO cells and logKDβ1cim derived from the rightward shift
of cimaterol response curve in CRE-SPAP assays (r2 = 0.991, y = 1.101x+ 0.509); Top
right: correlation between logKDβ2 obtained from radioligand competitive binding as-
says and logKDβ2Cim and logKDβ2CGP obtained from the rightward shift of cimaterol or
CGP12177 response curves in CRE-SPAP assays (Cim: r2 = 0.983, y = 1.114x+ 0.681;
CGP: r2 = 0.990, y = 1.084x+ 0.586); Bottom: Relationship between logKDβ1cim and
logKDβ1CGP data is displayed in the plot along with an identation line allowing the
visualisation of primary conformation selectivity (r2 = 0.835, y = 0.928x+ 1.108).

(r2 = 0.835). 6-R analogues 62d, 62f and 62h were not able to rightshift CGP12177 at

the maximum concentration used (10 µM) hindering the determination of their a�nity

for the secondary conformation. Changes in the di�erences between the a�nities for

the primary and secondary conformation are not as pronounced as in the previous set.

Methoxy analogues present a (logKDβ1Cim - logKDβ1CGP ) around 1.85 log units, higher

than the parent compound. Likewise, �uoro analogues show a higher selectivity for the

primary conformation than the parent compound. Interestingly, both in methyl and

chloro series, the 4-R analogues showed a lower selectivity (logKDβ1Cim - logKDβ1CGP
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= 1.25 for 4-Cl analogue; logKDβ1Cim - logKDβ1CGP = 1.22 for 4-Me analogue.) towards

the primary conformation (tab. 4.4).

4.2.2.4 CGP20712A a�nity

In order to identify if a CRE-SPAP response is mediated through the primary or the

secondary conformation of the β1-AR a �xed concentration of the antagonist CGP20712A

was added to increasing concentrations of ligand. CGP20712A is able to inhibit cimaterol

response with a logKD of −9.23±0.11, while it requires a higher concentration to inhibit

CGP12177 response (logKD = −7.23± 0.07). Similarly, ICI118551, a β2 antagonist was

added to increasing concentrations of ligand as a control assay (logKD = −9.24± 0.05,

obtained from competitive binding assays). These logKD values for CGP20712A and

ICI118551 obtained are presented in tables 4.2 and 4.3, respectively.

Responses elicited by analogue 4-chloro and 4-methoxy seem to be mediated through

the primary conformation as CGP20712A was able to antagonise these response at lower

concentration. The �rst component of 5-�uoro and 6-�uoro analogues sigmoidal response

curve was also easily inhibited by CGP20712A, as observed for the parent compound.

In CHO cells with a low expression level of β1-AR, 6-�uoro analogue presented a single

component response, consistent with the second component found in CHO cells with

higher expression levels of protein. Figure 4.6 shows these responses in the presence of

Figure 4.6: CRE-SPAP production in response to analogue 62b (6-�uoro) in the pres-
ence and absence of 100 nM CGP20712A in CHO-β1 cells with high (left) and low (right)
receptor expression.
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100 nM of CGP20712A in both cells, obtained as a single component response. The

antagonist was able to readily inhibited the �rst component of the response, while the

second component was more resistant to antagonism producing a parallel rightward shift

identical to the one seen for the response for the low expression cell line. This suggests

that, in the low expression cell line, only the second component of the response is visible

and demonstrates the importance of assay window in an experiment. 4-�uoro response

in low expression CHO-β1 cells was also resistant to antagonism which is consistent

with a response mediated through the secondary conformation (CGP20712A logKD =

−7.39± 0.08, table 4.2).

In CHO-β2 cells, the antagonist ICI118551 was able to easily antagonise the responses

elicited by �uoro analogues (table 4.3).

4.3 Conclusion

A set of aromatic core alprenolol analogues was synthesised. The �rst route using epoxide

53 as a common intermediate failed to yield the desired compounds. A second route was

designed involving the addition of epichlorohydrin to every phenol followed by epoxide

opening with tert-butyl amine. This route failed to produce the �nal 5-Me analogue due

to the impossibility of separating the starting phenol from the regioisomer during the

claisen reaction and following steps. A third route, using a Suzuki-Miyaura reaction, was

used to obtain the desired phenol and then the desired 5-Me analogue.

All aromatic core analogues bound to both β1- and β2-AR. In a general fashion, a�nity

for both receptors was strongly a�ected by the position of the substituent within each

substituent series (5− R > 3− R > 4− R � 6− R, with the exception of 6-F) and by

the nature of the substituent (Me > Cl > F > OMe, except 6-R analogues). All �uoro

analogues were able to activate both receptors, as seen for the tert-butylated alprenolol

parent compound. These analogues mediated a biphasic concentration-response curve,

in CHO-β1 cells, which �rst component was mediated through the primary conforma-

tion and easily antagonised by CGP20712A. In CHO-β1 cells with low expression levels

of receptor, 4-F and 6-F analogues mediated a single component sigmoidal response,

more resistant to antagonism with similar potencies to the second component of the re-

sponse obtained previously. Analogues 4-OMe and 4-Cl showed weak partial agonism

and mediated a response through the primary conformation of the β1-AR.

All these analogues bound with higher a�nity to the primary conformation than to the

secondary conformation. A�nities for the secondary conformation seem to change ac-

cordingly with the changes seen for the primary conformation for this set. Analogues 62c
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(4-Cl) and 62g (4-Me) stand out as the compounds with lower selectivity for the primary

conformation with a logKDβ1cim − logKDβ1CGP inferior to the parent compound.



Chapter 5

Synthesis and pharmacological

evaluation of bis alprenolol

analogues

5.1 Introduction

In this chapter, the synthesis, isolation and pharmacological characterisation of individ-

ual enantiomers and meso compounds for both the bis alprenolol analogue 49b (3,3'-

azanediylbis(1-(2-allylphenoxy)propan-2-ol)) and the bis oxprenolol analogue 49a (3,3'-

azanediylbis(1-(2-(allyloxy)phenoxy)propan-2-ol)) described in chapter 3 is reported.[40]

Individual enantiomers for non-substituted analogues 48a and 48b, previously synthesised

and pharmacologically characterised as a racemate, were also synthesised and puri�ed.

Bis analogue 49a and 49b emerged from the �rst set described in chapter 3. Alprenolol

bis analogue 49b showed the lowest di�erence between the a�nity obtained for the pri-

mary and secondary conformation of the β1-AR (logKDβ1cim − logKDβ1CGP = 0.34,

table 3.6) while retaining good a�nity for the secondary conformation (logKDβ1CGP =

−7.11± 0.03, n=5, table 3.6). This di�erence in a�nity values is identical to the di�er-

ence seen for the β2-AR when using cimaterol and CGP12177 as agonists and it is quite

striking when compared with the parent compound (logKDβ1cim− logKDβ1CGP = 1.79,

table 3.6) and literature compounds.[65] Oxprenolol bis analogue 49a exhibits a similar

behaviour with a logKDβ1cim− logKDβ1CGP of 0.87. These bis analogues behave as par-

tial agonists mediating a response that is more resistant to antagonism by CGP20712A

suggesting it is mainly mediated through the secondary conformation of the β1-AR. For

these reasons the isolation and pharmacological characterisation of the individual iso-

mers and meso compound seems of high importance to elucidate the role of each of the

96
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Bis oxprenolol ligand 49a Bis alprenolol ligand 49b 

Figure 5.1: Oxprenolol bis ligand 49a and alprenolol bis ligand 49b with the repre-
sentation of possible truncation points.

two stereocenters. (S)-aryloxypropanolamines are known to generally bind with higher

a�nity than the corresponding (R) enantiomer to both the primary conformation of the

β1-AR and β2-AR, but also to the secondary conformation of the β1-AR. The importance

of the second stereocenter is unknown as little information regarding the synthesis and

pharmacologically characterisation of bis aryloxypropanolamine compounds has been de-

scribed in the literature. A ligand truncation study was also carried out for alprenolol bis

analogue 49b to identify the chemical features responsible for the decrease in selectivity

seen for the primary conformation of the β1-AR (�gure 5.1).

5.2 Results and discussion

5.2.1 Chemistry

In order to synthesise the enantiomerically pure epoxides 76a-b, the chiral reagent (S)-

glycidyl nosylate (75) was added to the corresponding phenol (40 or 45) in the presence

of potassium carbonate (scheme 5.1). Epoxide opening of these epoxides was then per-

formed in the presence of a 7N solution of ammonia in methanol at room temperature for

48 hours as described in chapter 3 to yield a mixture of (S)-non substituted analogues

77a-b and the bis (S,S') analogues 78a-b which were then isolated through �ash col-

umn chromatography. Similar procedure was used to obtain the (R)-enantiomers using

(R)-glycidyl nosylate to introduce the chiral epoxide moiety.

Meso analogues 83a-b have been synthesised through the addition of (S)-non substi-

tuted analogues 77a-b to the corresponding (R)-epoxide under microwave irradiation

using hexa�uoro-2-propanol (HFIP) as a solvent at 70 ◦C (scheme 5.2). The enantiop-

urity of the �nal isomers obtained through these methods was then analysed through

analytical chiral high-performance liquid chromatography (HPLC). Undesirably, these

methods yielded only enriched fractions of the desired enantiomer but without the re-

quired enantiomeric purity for in-vitro testing (enantiomeric excess (ee) of 80-90% for

analogues 77a-b, 78a-b, 81a-b and 82a-b and an even lower ee of 60-80% for meso
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Scheme 5.1: Synthesis of single enantiomers. Conditions and reagents: (i) 75, K
2
CO

3
,

acetone, re�ux, 12h; (ii) 7N solution of NH
3
in MeOH, r.t., 48h.

compounds 83a-b). Even though these methods did not a�ord the isomers with the

desired enantiopurity, the enriched fractions allowed the assignment of the isomer to

the correspondent peak and retention time. These isomers were then isolated through a

semi-preparative chiral HPLC puri�cation of the mixtures previously obtained in chapter

3 (48a-b and 49a-b) and puri�ed to an ee of 99%. A chromatogram of the separation

of mixtures 49b and 48b is presented in �gure 5.2. Alprenolol bis analogue 49b was

previously obtained and tested as a mixture of 23% of the (R,R') enantiomer, 23% of the

(S,S') enantiomer and 54% of the meso ligand as expected. Non-substituted alprenolol

analogue 48b was obtained as a racemic mixture of 52% of the (R)-enantiomer and 48%

of the (S)-enantiomer.

O
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N
H

OH

OO

O

O

OH

NH2

R R

R

R
O

R:

83a

(S,R') (R,S')80a-b

77a-b

83b
(i)

Scheme 5.2: Synthesis of meso compounds 83a and 83b. Conditions and reagents: (i)
HFIP, MW, 70◦C, 1h.
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Figure 5.2: Chromatograms obtained from the separation of mixture 49b (top) and
racemic mixture 48b (bottom) by chiral semi-preparative HPLC using a Lux Cellulose-2
chiral column.

Analogues lacking the 2-allylphenoxy group (85) or the second hydroxyl group (analogue

90 that also resulted in the removal of the second chirality centre) were synthesised in

order to understand the importance of these groups in the binding and activation of

the secondary conformation of the β1-AR observed in parent compound 49b. A N-

alkyated analogue of compound 49b was also obtained to understand the importance of

the central secondary amine in the secondary conformation. Alkylation of this secondary

amine to a tertiary amine generally results in a decrease in a�nity when compared with

their secondary amine counterparts for the primary conformation of the β1-AR and β2-

AR. Truncated analogue 85, without the second 2-allylphenoxy group present in the

alprenolol bis analogue 49b, was obtained through the alkylation of 2-allyphenol with

epichlorohydrin under microwave irradiation in the presence of sodium hydroxide fol-

lowed by the addition of amine 84 to epoxide 46 (Scheme 5.3). Similarly, synthesis of

the N-alkyated bis analogue 86 was obtained through the addition of a 2M solution of

methylamine in methanol to the previously synthesised epoxide 46 yielding compound

47e (Scheme 5.3). This reaction required harsher conditions in order to progress to com-

pound 86, therefore compound 47e was isolated and heated under microwave radiation,

for 1h at 70 ◦C in HFIP, in the presence of 2 equivalents of epoxide 46. Synthesis of

analogue 90 required the initial boc protection of amine 87 to 88 using a slight excess of

boc anhydride in the presence of 4 equivalents of triethylamine. The boc protected amine

was then added to an excess of phenol 45, which was removed through a base wash, in

the presence of potassium carbonate in DMF. Without further puri�cation, the resulting

amine was deprotected using tri�uoroacetic acid (TFA) in DCM to yield compound 89.
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Scheme 5.3: Synthesis of analogues 85, 86 and 90. Conditions and reagents: (i)
Epichlorohydrin, NaOH, MW, 120 ◦C, 40 min, 62%; (ii) Methanol, r.t., 48h, 45%; (iii)
2.0M methylamine solution in methanol, r.t. 48h; (iv) 46, HFIP, MW, 70 ◦C, 1.5h, 72%;
(v) Boc anhydride, TEA, DCM, r.t., 24h, 92%; (vi) 1. K

2
CO

3
, r.t., 24h; 2. TFA, DCM,

4h, 82%; (vii) HFIP, MW, 70 ◦C, 1h, 51%.

Amine 89 was used to open epoxide 46 using the general method in HFIP and yield �nal

analogue 90.

Introduction of a linear carbon linker between two aryloxypropanolamine alprenolol
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Scheme 5.4: Synthesis of analogues 92, 94a-b and 95a-b. Conditions and reagents:
(i) Epichlorohydrin, NaOH, MW, 120 ◦C, 40 min, 62%; (ii) 91, HFIP, MW, 70 ◦C, 1h;
(iii) 93a or 93b, MeOH, r.t., 12h.
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units (95a-b) was achieved through addition of either ethylenediamine (93a) or 1,3-

diaminopropane (93b) to 2 equivalents of epoxide 46 (scheme 5.4) at room tempera-

ture. Side products containing only the linker moiety (94a-b) were also isolated through

preparative HPLC. Likewise, amine 91 was used as a linker and added to epoxide 46

to obtain compound 92 as a mixture of four enantiomers. Analogue 92 bears a bulkier

group adjacent to one of the amine groups which is expected to result in improved a�nity

for the primary conformation of the β1-AR and β2-AR as observed for N-tert-butylated

analogues in chapter 3.

5.2.2 Pharmacology

5.2.2.1 Radioligand binding assays

Ligand a�nity of this set of compounds was initially evaluated for the primary confor-

mation of the β1-AR and for the β2-AR through whole-cell radioligand competitive assay

using [3H]-CGP12177 as radioligand for both receptors. logKD values obtained through

this assay are presented in table 5.1 and table 5.2. (S,S') bis oxprenolol ligand 78b and

meso bis oxprenolol ligand 83b exhibited higher a�nity for both β1- and β2-AR than the

mixture of isomers 48a, as generally expected for enantiomers containing a (S) chirality

centre, while retaining the selectivity seen for the β2-AR. (R,R')-enantiomer 82b showed

a much lower a�nity for both receptors and a slightly lower selectivity towards the β2-AR

Figure 5.3: Inhibition of [3H] CGP12177 binding to whole cells in CHO-β1 and -β2 cells
by oxprenolol (R,R') bis ligand 82b and meso oxprenolol bis ligand 83b. Left bar repre-
sents total binding for a concentration of 1.417 nM and the right one nonspeci�c binding
which was determined in the presence of 10 µM propranolol. Data points represent mean
± s.e.m. of triplicate determinations.



Chapter 5 Synthesis and pharmacological evaluation of bis alprenolol analogues 102BINDING ASSAYS 

Structure LogKDβ1 n LogKDβ2 n LogKD(β2/β1) 

49a -7.42 ± 0.01 6 -9.01 ± 0.08 5 1.59 

78b -7.68 ± 0.06 5 -9.30 ± 0.04 4 1.62 

82b -6.33 ± 0.11 6 -7.56 ± 0.04 6 1.23 

83b -7.77 ± 0.05 5 -9.32 ± 0.06 5 1.55 

48a -6.41 ± 0.01 6 -7.07 ± 0.02 5 0.66 

77b -6.93 ± 0.05 7 -7.63 ± 0.03 7 0.70 

81b -6.23 ± 0.07 7 -6.94 ± 0.08 6 0.71 

49b -7.12 ± 0.02 6 -8.16 ± 0.04 6 1.04 

78a -7.31 ± 0.04 4 -8.22 ± 0.08 5 0.91 

82a -6.45 ± 0.07 5 -6.98 ± 0.02 5 0.53 

83a -7.41 ± 0.04 5 -8.08 ± 0.07 5 0.67 

48b -6.56 ± 0.03 6 -7.18 ± 0.03 6 0.62 

81a -5.61 ± 0.08 5 -6.54 ± 0.07 5 0.93 

77a -6.80 ± 0.06 5 -7.58 ± 0.04 5 0.78 
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Table 5.1: Binding a�nities for human β1- and β2-AR assessed using [3H]-CGP12177
whole cell binding assays. Values represent mean and ± the standard error of the mean
(s.e.m) for n separate experiments.

(�gure 5.3). Similarly, (S,S') bis alprenolol ligand 78a and meso bis alprenolol ligand

83a showed similar a�nities for both receptors, which were higher than the a�nity val-

ues obtained for the (R,R')-enantiomer 82a. Non-substituted (S)-enantiomers 77a and

77b also required a lower concentration to bind to both receptors than the counterpart

(R)-enantiomers 81a and 81b.

Removal of the second hydroxyl (analogue 90) resulted in a marginal increase in a�nity
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Structure LogKDβ1 n LogKDβ2 n LogKD(β2/β1) 

47g N
HOH

O -7.07 ± 0.04 6 -8.09 ± 0.11 5 1.02 

47h N
HOH

O -6.86 ± 0.02 6 -7.75 ± 0.04 6 0.89 

94a -6.84 ± 0.08 5 -7.46 ± 0.04 5 0.62 

95a -7.29 ± 0.05 6 -7.86 ± 0.08 7 0.57 

95b -6.90 ± 0.02 6 -7.64 ± 0.07 6 0.74 

90 -7.22 ± 0.04 7 -8.41 ± 0.03 7 1.19 

86 -6.66 ± 0.05 5 -7.19 ± 0.06 5 0.53 

85 -6.74 ± 0.08 5 -7.46 ± 0.03 5 0.72 
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Table 5.2: Binding a�nities for human β1- and β2-AR assessed using [3H]-CGP12177
whole cell binding assays. Values represent mean and ± the standard error of the mean
(s.e.m) for n separate experiments.

for both receptors, while alkylation of the central amine functional group (analogue 86)

decreased the a�nity for both β1- and β2-AR. Removal of the 2-allylphenoxy group seen

in analogue 85 resulted in a decrease in a�nity for both receptors. This ligand also

showed lower a�nity than the N-butylamino alprenolol analogue discussed in chapter 3.

Introduction of a linear ethyl linker between two aryloxypropanolamine alprenolol units

(95a) led to an increase in a�nity for β1-AR (logKDβ1 = −7.29± 0.05, n=6, table 5.2)

but decreased the a�nity for the β2-AR when compared with the alprenolol bis ligand

49b. Increasing the length of this linker by one carbon (95b) decreased the a�nity for

both receptors. Compound 94a containing the two linear carbon linker and a terminal

primary amine yielded a lower a�nity for both receptors than the N-butylamine analogue

described in chapter 3.

Overall, (R,R')-enantiomer of the bis alprenolol and oxprenolol compounds exhibited

much lower a�nity for the primary conformation of β1-AR and for the β2-AR than both

the (S,S')-enantiomer and meso compounds which supports the importance of a (S)

chirality centre in that position. The second chirality centre present in these compounds

does not seem to contribute to the a�nity observed as meso and (S,S')-enantiomers

exhibited similar a�nities and the removal of the hydroxyl group (90) even increased

slightly the a�nity for both receptors. The 2-allylphenoxy moiety seems to contribute to
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the a�nity observed in the alprenolol bis analogue 49b while introduction of a two linear

carbon linker between two aryloxypropanolamine alprenolol units increases the a�nity

for the β1-AR.

5.2.2.2 CRE-SPAP production

A CRE-SPAP functional assay in CHO cells expressing either the human β1- or β2-AR

was used to assess the logEC50 and %isop of these compounds.

Figure 5.4: CRE-SPAP production in response to alprenolol meso bis analogue 83a and
non-substituted (S)-alprenolol analogue 77a in CHO-β1 and β2 cells. Bars represents
basal SPAP accumulation and SPAP increase in the presence of 10µM isoprenaline. In
bottom right concentration response curve a zoomed in version is also presented for the
CRE-SPAP production of 77a in CHO-β2 cells. Data points represent mean ± s.e.m. of
triplicate determinations.
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Figure 5.5: CRE-SPAP production in response to analogue 95a and 90 in CHO-β1,

CHO-β2 and CHO CRE-SPAP (without receptor expression) cells. Bars represents basal

SPAP accumulation and SPAP increase in the presence of 10µM isoprenaline. Data

points represent mean ± s.e.m. of triplicate determinations.
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Generally, most analogues were able to increase CRE-SPAP production in CHO-β1 cells

contrary to what was observed in CHO-β2 cells. . Both enantiomers of alprenolol and

oxprenolol non-substituted analogues 48a-b were only able to stimulate a very weak

response inferior to 10% of isoprenaline maximum response at both receptors as observed

for the racemic mixture in chapter 3 (�gure 5.4). This can be observed in �gure 5.4 for

(S) enantiomer 77a which is able to elicit a very weak response in CHO-β2 cells which is

zoomed in the �gure. (R,R') bis alprenolol and oxprenolol (82a and 82b) were able to

mediate a single component response in CHO-β1 cells with a potency logEC50β1 value

identical to logKDβ1 value derived from radioligand binding assays (-6.36 vs -6.45 for

82a, respectively; -6.35 vs -6.33 for 82b, respectively).

Meso compound 83a CRE-SPAP production was best described as a monophasic re-

sponse curve with a logEC50β1 of −7.06 ± 0.13 and an Emax of 38.92% ± 4.90 (n=7,

table 5.3) of the maximal isoprenaline response in CHO-β1 cells (�gure 5.4). This com-

pound requires a slighly higher concentration to mediate half of the maximal response

than to bind to half of the receptors (logEC50β1 = −7.06, logKDβ1 = −7.41) which

indicates that this response might be mediated through the secondary conformation of

the β1-AR (table 5.3-5.6). In CHO-β2 cells, analogue behaves as an antagonist, failing

to elicit an increase in SPAP concentration (�gure 5.4).

Similarly to analogue 83a, analogue 83b and (S,S')-enantiomers 78a and 78b also

show an anomalous behaviour in CHO-β1 cells with logEC50β1 values higher than the

logKD obtained from radioligand binding assays, suggesting that these responses may be

mediated through the secondary conformation of the β1-AR. Interestingly, both (R,R')

enantiomers exhibited higher %isoprenaline maximum than the (S,S') and meso counter-

parts. These analogues behaved as antagonists failing to mediate a CRE-SPAP increase

in CHO-β2 cells, except (R,R') bis oxprenolol 82b which behaved as a weak partial ag-

onist with a logEC50β2 = logKDβ2. (logEC50β2 = −7.84± 0.10, %isop = 19± 3, n=6,

table 5.5).

Deoxy analogue 90 elicited a response in CHO-β1 cells with a logEC50β1 of −6.70±0.20

and a %isop of 42%±4 (n=6, table 5.4, �gure 5.5) of the maximal isoprenaline response,

a similar %isop to the parent compound 49b but higher logEC50β1. Similarly to several

other bis ligands from this set, the deoxy analogue required higher concentration to

mediate half of the maximal response (logEC50) than to bind to half of the receptors

(logKD) in CHO-β1 cells which points to a response mediated through the secondary

conformation of the β1-AR. This compound also mediated a response through the β2-AR

and behaved as a very weak partial agonist with a logEC50β2 identical to the logKDβ2

derived from the competitive binding assays (-7.84 vs -7.56) (�gure 5.5).
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             Structure LogKDβ1 n LogEC50β1 1 LogEC50β1 2 % 1st component n % isop n CGP20712A LogKD
 n 

49a 
 

-7.42 ± 0.01 6 -7.50 ± 0.15 - - 6 32 ± 3 6 -8.03 ± 0.23 3 

78b 
 

-7.68 ± 0.06 5 -6.88 ± 0.12 - - 7 24 ± 3 7 -7.85 ± 0.10 3 

82b 
 

-6.33 ± 0.11 6 -6.35 ± 0.11 - - 10 33 ± 3 10 -8.31 ± 0.02 4 

83b 
 

-7.77 ± 0.05 5 -7.20 ± 0.23 - - 8 27 ± 3 8 -7.83 ± 0.20 4 

77b 
 

-6.93 ± 0.05 7 - - - - < 10 3 - - 

81b 
 

-6.23 ± 0.07 7 - - - - < 10 3 - - 

49b 
 

-7.12 ± 0.02 6 -7.13 ± 0.12 - - 5 47 ± 6 5 -7.93 ± 0.15 3 

78a 
 

-7.31 ± 0.04 4 -6.93 ± 0.15 - - 8 35 ± 4 8 -7.37 ± 0.12 3 

82a 
 

-6.45 ± 0.07 5 -6.36 ± 0.15 - - 5 51 ± 4 5 -7.81 ± 0.13 3 

83a 
 

-7.41 ± 0.04 5 -7.06 ± 0.13 - - 7 39 ± 5 7 -7.44 ± 0.07 4 

81a 
 

-5.61 ± 0.08 5 - - - - < 10 3 - - 

77a 
 

-6.80 ± 0.06 5 - - - - < 10 3 - - 
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Table 5.3: LogKD, logEC50 and %isop maximum responses are presented in the table for β1-AR. LogKD values were derived from IC50

values obtained through radioligand competitive binding assays (�gure 5.3, table 5.1 and 5.2). LogEC50 were obtained from CRE-SPAP
functional assays (�gure 5.4 and 5.5) and %isop represents the percentage of total response generated by 10µM isoprenaline elicited by the
ligand. LogEC50β11 represents the logEC50 determined for the �rst component of a biphasic response curve while LogEC50β12 represents
the value for the second component. %site1 represents the percentage of total response accounted for the �rst component of a biphasic
response curve. CGP20712A logKD represents the a�nity derived from the inhibition of the ligand CRE-SPAP production using �xed
concentrations of CGP20712A in whole cell assays. Values represent mean of data obtained and ± the standard error of the mean (s.e.m)
for n separate experiments.
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                        Structure LogKDβ1 n LogEC50β1 1 LogEC50β1 2 % 1st component n % isop n CGP20712A LogKD
 n 

47g N
HOH

O

 
-7.07 ± 0.04 6 -7.40 ± 0.21 - - 6 29 ± 4 6 -9.26 ± 0.11 3 

47h N
HOH

O

 
-6.86 ± 0.02 6 -7.22 ± 0.06 -* - 3 55 ± 4 3 -8.90 ± 0.09 3 

94a 
 

-6.84 ± 0.08 5 -6.76 ± 0.12 -* - 7 24 ± 3 7 -9.04 ± 0.08 3 

95a 
 

-7.29 ± 0.05 6 -7.11 ± 0.22 - - 6 36 ± 4 4 -7.59 ± 0.22 3 

95b 
 

-6.90 ± 0.02 6 -6.49 ± 0.17 - - 6 32 ± 3 6 -7.48 ± 0.11 3 

90 
 

-7.22 ± 0.04 7 -6.70 ± 0.20 - - 6 42 ± 4 6 -7.49 ± 0.15 4 

86 
 

-6.66 ± 0.05 5 -6.77 ± 0.09 - - 7 47 ± 6 7 -7.90 ± 0.17 3 

85 
 

-6.74 ± 0.08 5 -6.93 ± 0.09 - - 7 29 ± 5 8 -8.63 ± 0.20 4 
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Table 5.4: LogKD, logEC50 and %isop maximum responses are presented in the table for β1-AR. LogKD values were derived from IC50

values obtained through radioligand competitive binding assays (�gure 5.3, table 5.1 and 5.2). LogEC50 were obtained from CRE-SPAP
functional assays (�gure 5.4 and 5.5) and %isop represents the percentage of total response generated by 10µM isoprenaline elicited by the
ligand. LogEC50β11 represents the logEC50 determined for the �rst component of a biphasic response curve while LogEC50β12 represents
the value for the second component. %site1 represents the percentage of total response accounted for the �rst component of a biphasic
response curve. CGP20712A logKD represents the a�nity derived from the inhibition of the ligand CRE-SPAP production using �xed
concentrations of CGP20712A in whole cell assays. Values represent mean of data obtained and ± the standard error of the mean (s.e.m)
for n separate experiments. *ligand seems to elicit a biphasic dose response curve but logEC50β1 could not be obtained for the second
component as it lays on the limit of the assay.
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                 Structure LogKDβ2 n LogEC50β2  % isop n ICI118551 
LogKD n 

49a 
 

-9.01 ± 0.08 5 - No response 3 - - 

78b 
 

-9.30 ± 0.04 4 - No response 4 - - 

82b 
 

-7.56 ± 0.04 6 -7.84 ± 0.10 19 ± 3 6 -9.62 ± 0.08 3 

83b 
 

-9.32 ± 0.06 5 - No response 4 - - 

48a 
 

-7.07 ± 0.02 5 - < 10 3 - - 

77b 
 

-7.63 ± 0.03 7 - < 10 3 - - 

81b 
 

-6.94 ± 0.08 6 - < 10 3 - - 

49b 
 

-8.16 ± 0.04 6 - No response 3 - - 

78a 
 

-8.22 ± 0.08 5 - No response 4 - - 

82a 
 

-6.98 ± 0.02 5 - No response 3 - - 

83a 
 

-8.08 ± 0.07 5 - No response 3 - - 

48b 
 

-7.18 ± 0.03 6 - < 10 3 - - 

81a 
 

-6.54 ± 0.07 5 - < 10 4 - - 

77a 
 

-7.58 ± 0.04 5 - < 10 4 - - 
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Table 5.5: LogKD, logEC50 and %isop maximum responses are presented in the table
for β1-AR. LogKD values were derived from IC50 values obtained through radioligand
competitive binding assays (�gure 5.3, table 5.1 and 5.2). LogEC50 were obtained from
CRE-SPAP functional assays (�gure 5.4 and 5.5) and %isop represents the percentage of
total response generated by 10µM isoprenaline elicited by the ligand. ICI118551 logKD

represents the a�nity derived from the inhibition of the ligand CRE-SPAP production
using �xed concentrations of ICI118551 in whole cell assays. Values represent mean of
data obtained and ± the standard error of the mean (s.e.m) for n separate experiments.

Alkylation of the central amine group (86) reduced the potency as expected (logEC50β1 =

−6.77 ± 0.09, n=7) to a value similar to the a�nity obtained through binding assays

(logKDβ1 = −6.66) with a %isop = 47%± 6.

Analogues 95a and 95b, bearing a 2 and 3 linear carbon linker, respectively, between

two alprenolol aryloxypropanolamine units, showed similar values of %isop, even though
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                 Structure LogKDβ2 n LogEC50β2  % isop n ICI118551 
LogKD n 

47g N
HOH

O

 
-8.09 ± 0.11 5 -8.44 ± 0.11 28 ± 2 8 -9.67 ± 0.10 3 

47h N
HOH

O

 
-7.75 ± 0.04 6 -8.29 ± 0.09 30 ± 3 10 -10.00 ± 0.15 3 

94a 
 

-7.46 ± 0.04 5 -7.55 ± 0.12 23 ± 3 7 -9.71 ± 0.08 3 

95a 
 

-7.86 ± 0.08 7 - No response 3 - - 

95b 
 

-7.64 ± 0.07 6 - No response 3 - - 

90 
 

-8.41 ± 0.03 7 -8.05 ± 0.13 13 ± 1 7 -9.59 ± 0.11 4 

86 
 

-7.19 ± 0.06 5 - No response 3 - - 

85 
 

-7.46 ± 0.03 5 -7.89 ± 0.05 22 ± 3 4 -9.75 ± 0.02 3 
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Table 5.6: LogKD, logEC50 and %isop maximum responses are presented in the table
for β1-AR. LogKD values were derived from IC50 values obtained through radioligand
competitive binding assays (�gure 5.3, table 5.1 and 5.2). LogEC50 were obtained from
CRE-SPAP functional assays (�gure 5.4 and 5.5) and %isop represents the percentage of
total response generated by 10µM isoprenaline elicited by the ligand. ICI118551 logKD

represents the a�nity derived from the inhibition of the ligand CRE-SPAP production
using �xed concentrations of ICI118551 in whole cell assays. Values represent mean of
data obtained and ± the standard error of the mean (s.e.m) for n separate experiments.

analogue 95a displayed lower logEC50 values than analogue 95b. Analogue 95a concen-

tration response curve is displayed in �gure 5.5 for both β1 and β2-AR. This analogue

elicits a response in CHO-β1 cells with a logEC50β1 of−7.11±0.22 and a%isop of 36%±4

(n=6, table 5.4, �gure 5.5) but behaves as an antagonist in CHO-β2 cells. Analogue 94a,

bearing the 2 carbon linear linker, seems to elicit a biphasic concentration-response curve

in CHO-β1 cells even though the logEC50 of the second component of this response could

not be obtain as it is too close to the limit of the assay as seen for some compounds de-

scribed in the previous chapters.LogEC50 values obtained for the �rst component of

this response at β1-AR and for the single component at β2-AR where identical to the

logKD values obtained from competitive binding assays for each receptor. Analogue 94a

behaves therefore as a partial agonist in both receptors.

Removal of the 2-allylphenoxy group (85) resulted in a decrease both in potency (higher

logEC50 value) and in % of isoprenaline maximum response in CHO-β1 cells. However,

contrary to the parent compound 49b, analogue 85 mediated a response through the

β2-AR, behaving as a partial agonist at this receptor.
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It is noteworthy to mention that several ligands containing a bis alprenolol ligand back-

bone (analogues 49b, 78a, 82a, 83a, 95a, 95b and 86), but not bis oxprenolol, reduced

CRE-SPAP production at high concentrations in CHO-β1, CHO-β2 and CHO CRE-SPAP

cells lacking expression of any of the receptors which limits the maximal concentration

used in several assays (�gure 5.5). This is highlighted in �gure 5.5 where compound 90

is able to stimulate a response in CHO-β1 cells up to 3µM but decreases CRE-SPAP

production at 10µM in CHO CRE-SPAP cells without receptor expression suggesting a

possible cytotoxic e�ect in these cell lines.

Altogether, several ligands showed an anomalous behaviour in CHO-β1 cells similarly

to parent compound 49b with a higher logEC50β1 value than the logKD obtained

from radioligand competitive binding assays pointing to a response mediated through

the secondary conformation of the β1-AR. The ability of CGP20712A to inhibit these

response will be discussed in a later subsection, while a resistance to antagonism by

these responses may provide further evidences that these responses are mediated through

the secondary conformation. A�nites for the primary (logKDβ1cim using cimaterol as

agonist) and secondary (logKDβ1CGP using CGP12177 as agonist) conformation of the

β1 are discussed in the next subsection.

5.2.2.3 A�nity at primary and secondary conformation of the β1-AR

Similarly to the other sets of compounds described in the previous chapters, a CRE-

SPAP assay was used to determine the a�nities of this set of ligands at the primary and

secondary conformation of the β1-AR. A�nity for the primary conformation of the β1-AR

(logKDβ1cim) was derived from the capacity of a �xed concentration of ligand to parallel

rightward shift the concentration-response curve of cimaterol, a primary conformation

agonist. A�nity for the secondary conformation of the β1-AR (logKDβ1CGP ) was derived

from the ability to shift CGP12177 mediated response, a secondary conformation agonist.

Likewise, cimaterol and CGP12177 were used to mediate a response in CHO-β2 cells in

the presence and absence of a �xed concentration of ligand. LogKD values obtained

through this method are presented in tables 5.7 and 5.8 for the β1-AR and 4.9 and 4.10

for the β2-AR. LogKDβ1CGP values were not obtained for some compounds as no shift

of CGP12177 concentration-response curve was observed in the presence of the maximal

concentration (10 µM) of compound. As mentioned in the previous subsection, several

analogues decreased CRE-SPAP production at 10µM in a non-receptor related fashion,

therefore a maximal concentration of 3 µM was used for these ligands. This complicates

the determination of an accurate a�nity value for several low a�nity analogues (eg.

82a), increasing the error values obtained. LogKDβ2CGP values were also not obtained
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Figure 5.6: Left: CRE-SPAP production in response to cimaterol in the absence and
presence of 78a in CHO-β1 and -β2 cells; Right: CRE-SPAP production in response to
CGP12177 in the absence and presence of 78a in CHO-β1 and -β2 cells. Data points
represent mean ± s.e.m. of triplicate determinations.

for some analogues as these ligands elicited a maximum response superior to CGP12177

maximum response at this receptor.

E�ect of individual alprenolol and oxprenolol bis isomers in the a�nity for

primary and secondary conformation of the β1-AR: Alprenolol (S,S') bis isomer

78a was able to rightshift the response curve of cimaterol and CGP12177 in both CHO-β1
and β2 cells (�gure 5.6). Addition of a �xed concentration of 78a increased basal levels of

the responses consistently with its agonistic activity. In CHO-β1 cells, analogue 78a was

able to inhibit CGP12177 in a manner consistent with its agonist e�ect (logKDβ1CGP =

−6.86± 0.11; logEC50β1 = −6.93). This gives strength to the idea that these responses

are mediated through the secondary conformation of the β1-AR. LogKDβ1cim obtained
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Figure 5.7: Left: CRE-SPAP production in response to cimaterol in the absence and
presence of 86 or 85 in CHO-β1 cells; Right: CRE-SPAP production in response to
CGP12177 in the absence and presence of 86 or 85 in CHO-β1 cells. Data points
represent mean s.e.m. of triplicate determinations.

for this analogue using cimaterol as an agonist (logKDβ1cim = −7.42 ± 0.14) was con-

sistent with the logKDβ1 obtained from binding (logKDβ1 = −7.31) and slightly lower

than the value obtained using CGP12177 as agonist, similarly to what was observed for

49b. Alprenolol (R,R') bis isomer 82a and meso compound 83a were also able to inhibit

cimaterol and CGP12177 with similar a�nities (logKDβ1cim − logKDβ1CGP = 0.57 for

82a and = 0.41 for 83a, table 5.7) suggesting that these compounds might have a similar

a�nity for the primary and secondary conformation of the β1-AR. Similarly, only a small

di�erence between the logKD values obtained with cimaterol and CGP12177 as agonists

was observed in CHO-β2 cells (logKDβ2cim − logKDβ2CGP = 0.70 for 82a and = 0.53

for 83a, table 5.9). Likewise, oxprenolol bis ligand individual isomers 78b, 82b and 83b

seem to retain the small di�erence in a�nities (logKDβ1cim− logKDβ1CGP ) between the
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Compound LogKD β1
 n LogKD β1cim

 n LogKD β1CGP
 n LogKDcim –

LogKDCGP 

49a -7.42 ± 0.01 6 -7.73 ± 0.07 3 -6.86 ± 0.09 3 0.87 

78b -7.68 ± 0.06 5 -7.62 ± 0.05 5 -6.98 ± 0.09 5 0.64 

82b -6.33 ± 0.11 6 -6.31 ± 0.09 3 -5.71 ± 0.07 3 0.60 

83b -7.77 ± 0.05 5 -7.63 ± 0.17 5 -6.85 ± 0.04 5 0.78 

48a -6.41 ± 0.01 6 -6.56 ± 0.08 3 > -5 3 - 

77b -6.93 ± 0.05 7 -6.89 ± 0.05 7 -5.48 ± 0.06 4 1.41 

81b -6.23 ± 0.07 7 -6.18 ± 0.05 6 > -5 3 - 

49b -7.12 ± 0.02 6 -7.45 ± 0.11 4 -7.11 ± 0.03 5 0.34

78a -7.31 ± 0.04 4 -7.42 ± 0.14 5 -6.86 ± 0.11 5 0.56 

82a -6.45 ± 0.07 5 -6.15 ± 0.03 3 -5.78 ± 0.16 3 0.57 

83a -7.41 ± 0.04 5 -7.47 ± 0.09 3 -7.06 ± 0.09 4 0.41 

48b -6.56 ± 0.03 6 -6.52 ± 0.11 3 -5.60 ± 0.02 3 0.92 

81a -5.61 ± 0.08 5 -5.76 ± 0.12 4 -5.26 ± 0.07 3 0.50 

77a -6.80 ± 0.06 5 -6.93 ± 0.08 3 -5.48 ± 0.09 3 1.45 
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Table 5.7: LogKD values are presented here for the β1-AR. LogKDβ1 were previ-
ously derived from radioligand competitive binding assays (table 5.1). LogKDβ1cim
were determined through the inhibition of cimaterol CRE-SPAP production using �xed
concentrations of ligand, while logKDβ1CGP were determined through the inhibition of
CGP12177 mediated response in whole cell assays (�gure 5.6). Values represent mean
of data ± the standard error of the mean (s.e.m) for n separate experiments.

primary and secondary conformation of the β1-AR observed for the mixture 49a (ta-

ble 5.7). (R,R')-enantiomer 82b decrease in a�nity for the primary conformation was

accompanied by a similar decrease for the secondary conformation retaining the slight

selectivity towards the primary conformation of the β1. Non-substituted (S)-enantiomers
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Compound LogKD β1 n LogKD β1cim n LogKD β1CGP n LogKDcim - 
LogKDCGP 

47g N
HOH

O -7.07 ± 0.04 6 -7.53 ± 0.05 4 -5.49 ± 0.08 4 2.04 

47h N
HOH

O -6.86 ± 0.02 6 -7.06 ± 0.08 4 -5.23 ± 0.00 3 1.83 

94a -6.84 ± 0.08 5 -6.68 ± 0.05 4 -5.25 ± 0.04 3 1.43 

95a -7.29 ± 0.05 6 -7.36 ± 0.14 6 -7.45 ± 0.11 6 - 0.09

95b -6.90 ± 0.02 6 -7.07 ± 0.06 4 -6.50 ± 0.05 4 0.57 

90 -7.22 ± 0.04 7 -7.28 ± 0.10 6 -6.79 ± 0.18 6 0.49 

86 -6.66 ± 0.05 5 -6.43 ± 0.09 5 -6.43 ± 0.16 3 0 

85 -6.74 ± 0.08 5 -6.71 ± 0.07 5 -5.48 ± 0.08 3 1.23 
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Table 5.8: LogKD values are presented here for the β1-AR. LogKDβ1 were previ-
ously derived from radioligand competitive binding assays (table 5.2). LogKDβ1cim
were determined through the inhibition of cimaterol CRE-SPAP production using �xed
concentrations of ligand, while logKDβ1CGP were determined through the inhibition of
CGP12177 mediated response in whole cell assays (�gure 5.7). Values represent mean
of data ± the standard error of the mean (s.e.m) for n separate experiments.

for both alprenolol and oxprenolol exhibited identical selectivity for the primary confor-

mation of the β1-AR (ca. 1.4 log units), whilst surprisingly, (R)-enantiomer 81a showed

a di�erence between a�nities of only 0.5 log units.

E�ect of the second hydroxyl and 2-allylphenoxy moiety in the a�nity for

primary and secondary conformation of the β1-AR: Removal of the second

hydroxyl group (analogue 90) resulted in a low di�erence in a�nities (logKDβ1cim −
logKDβ1CGP = 0.49) similar to the di�erence observed for parent compound 49b (ta-

ble 5.8). The a�nity for the secondary conformation obtained for this analogue is

also in accordance with the potency obtained for the response mediated at the β1-

AR (logKDβ1CGP = −6.79 vs logEC50β1 = −6.70). Interestingly, removal of the 2-

allylphenoxy moiety (analogue 85) increased selectivity for the primary conformation of

the β1-AR (LogKDβ1cim − LogKDβ1CGP = 1.23). This can be observed in �gure 5.7

where analogue 85 is able to produce a much larger shift to cimaterol mediated response

than to CGP12177 mediated response at the same �xed concentration of 10µM. Compar-

ison of analogue 85 and 47g logKD values suggests that the introduction of the second

hydroxyl group seems to lower the a�nity for the primary conformation (logKDβ1cim
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Compound LogKD β2 n LogKD β2 Cim n LogKD β2 CGP n LogKDCim –
LogKDCGP 

49a -9.01 ± 0.08 5 -9.49 ± 0.10 6 -9.16 ± 0.11 4 0.33 

78b -9.30 ± 0.04 4 -9.51 ± 0.19 5 -9.15 ± 0.08 5 0.36 

82b -7.56 ± 0.04 6 -7.57 ± 0.15 3 -7.12 ± 0.14 3 0.45 

83b -9.32 ± 0.06 5 -9.33 ± 0.10 4 -9.22 ± 0.04 5 0.11 

48a -7.07 ± 0.02 5 -7.49 ± 0.08 4 -7.07 ± 0.06 4 0.42 

77b -7.63 ± 0.03 7 -7.77 ± 0.07 8 -7.56 ± 0.06 7 0.21 

81b -6.94 ± 0.08 6 -7.07 ± 0.06 5 -6.80 ± 0.18 4 0.27 

49b -8.16 ± 0.04 6 -8.39 ± 0.14 7 -7.87 ± 0.12 3 0.52

78a -8.22 ± 0.08 5 -8.64 ± 0.10 4 -8.14 ± 0.14 4 0.50 

82a -6.98 ± 0.02 5 -7.30 ± 0.12 3 -6.60 ± 0.02 3 0.70 

83a -8.08 ± 0.07 5 -8.35 ± 0.15 4 -7.82 ± 0.12 5 0.53 

48b -7.18 ± 0.03 6 -7.46 ± 0.06 4 -7.00 ± 0.15 4 0.46 

81a -6.54 ± 0.07 5 -6.72 ± 0.11 3 -6.27 ± 0.10 3 0.45 

77a -7.58 ± 0.04 5 -7.80 ± 0.10 3 -7.27 ± 0.03 3 0.53 

N
H

O

O

OH OH
O

O

O

O

OH
N
H OH

O

O

O

O

OH
N
H OH

O

O

O

O

OH
N
H OH

O

O

NH2O

O

OH

O

O

OH
NH2

O

O

OH
NH2

N
H

O
OH OH

O

N
H

O
OH OH

O

N
H

O
OH OH

O

N
H

O
OH OH

O

NH2O
OH

O
OH

NH2

O
OH

NH2

Table 5.9: LogKD values are presented here for the β2-AR. LogKDβ2 were previ-
ously derived from radioligand competitive binding assays (table 5.1). LogKDβ2cim
were determined through the inhibition of cimaterol CRE-SPAP production using �xed
concentrations of ligand, while logKDβ2CGP were determined through the inhibition of
CGP12177 mediated response in whole cell assays (�gure 5.6). Values represent mean
of data ± the standard error of the mean (s.e.m) for n separate experiments.

-6.71 for 85 and -7.53 for 47g) whilst maintaining the a�nity for the secondary confor-

mation of the β1-AR (logKDβ1CGP -5.48 for 85 and -5.49 for 47g).

E�ect of the presence of a linker between two alprenolol aryloxypropanolamine

units in the a�nity for primary and secondary conformation of the β1-AR:
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Compound LogKD β2 n LogKD β2Cim n LogKD β2CGP n LogKDCim –
LogKDCGP 

47g N
HOH

O -8.09 ± 0.11 5 -8.72 ± 0.10 3 - - -

47h N
HOH

O -7.75 ± 0.04 6 -8.43 ± 0.11 3 - - -

94a -7.46 ± 0.04 5 -7.68 ± 0.07 3 -7.37 ± 0.12 4 0.31 

95a -7.86 ± 0.08 7 -8.61 ± 0.07 8 -8.49 ± 0.09 8 0.12 

95b -7.64 ± 0.07 6 -8.18 ± 0.15 4 -7.77 ± 0.11 4 0.41 

90 -8.41 ± 0.03 7 -8.72 ± 0.16 7 -8.29 ± 0.23 5 0.43 

86 -7.19 ± 0.06 5 -7.69 ± 0.10 7 -7.29 ± 0.07 6 0.40 

85 -7.46 ± 0.03 5 -7.73 ± 0.05 3 - - -
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Table 5.10: LogKD values are presented here for the β1-AR. LogKDβ2 were previ-
ously derived from radioligand competitive binding assays (table 5.2). LogKDβ2cim
were determined through the inhibition of cimaterol CRE-SPAP production using �xed
concentrations of ligand, while logKDβ2CGP were determined through the inhibition of
CGP12177 mediated response in whole cell assays. Values represent mean of data ± the
standard error of the mean (s.e.m) for n separate experiments.

Analogue 94a, containing a two carbon linker with a terminal amino moiety, was able

to di�erentiate between the primary and secondary conformation of the β1 and required

a higher concentration to shift the response mediated by CGP12177 than cimaterol-

mediated response at this receptor (logKDβ2cim − logKDβ2CGP = 1.43, table 5.7). In

CHO-β2 cells, logKD values obtained were independent of the ligand used as agonist

in the experiment, as expected (logKDβ2cim = −7.68 and logKDβ2CGP = −7.37, table

5.10). Two alprenolol aryloxypropanolamine units connected by this two carbon linear

linker 95a yielded identical a�nities for the primary and secondary conformations of

the β1-AR (logKDβ1cim = −7.36, logKDβ1CGP = −7.45, table 5.8). This suggests that

the presence of a second alprenolol aryloxypropanolamine unit has a quite striking e�ect

on the a�nity for the secondary conformation of the β1 in comparison with analogue

94a (2.20 log units decrease in logKDβ1CGP ) accompanied by a much smaller increase

in a�nity for the primary conformation (0.68 log units decrease in logKDβ1cim). Ex-

tension the length of the linker by one carbon (95b) decreased the a�nity for both

conformations.

E�ect of methylation of the central amino group of bis alprenolol ligand in the

a�nity for primary and secondary conformation of the β1-AR: N -methylated
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Figure 5.8: Left: Correlation between logKDβ1 derived from radioligand binding as-
says and logKDβ1cim obtained from inhibition of cimaterol SPAP response (top) or
logKDβ1CGP obtained by inhibition of CGP12177 response (bottom); Right: Correla-
tion between logKDβ2 derived from radioligand binding assays and logKDβ2cim obtained
from inhibition of cimaterol SPAP response (top) or logKDβ2CGP obtained by inhibi-
tion of CGP12177 response (bottom). Analogue 95a is highlighted as it is shows similar
logKDβ1CGP and logKDβ1.

analogue 86 behaved as a non-selective compound and did not di�erentiate between

cimaterol and CGP12177 responses in CHO-β1 cells, even though it yielded overall lower

a�nities than parent compound 49b as expected from radioligand binding assays (�gure

5.7). This analogue was able to increase SPAP accumulation therefore increased the

basal level of both cimaterol and CGP12177 response curves but was able to rightshift

these curves a similar lenght at a �xed concentration of 3µM. In CHO-β2 cells a small

di�erence of logKDβ2cim − logKDβ2CGP = 0.4 was observed (table 5.10).
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Figure 5.9: Selectivity between logKDβ1cim, obtained from inhibition of cimaterol
SPAP response (represents a�nity for the primary conformation) and logKDβ1CGP
obtained by inhibition of CGP12177 response (represents a�nity for the secondary con-
formation). Parent compound alprenolol bis ligand 49b is highlighted in red, while
oxprenolol bis ligand 49a is highlighted in green. Analogues 95a and 86 are highlighted
in blue and behaved as non-selective compounds.

Overall, the a�nity values derived from the rightshift of cimaterol concentration response

curve (logKDβ1cim) in CHO-β1 cells correlate well and were identical to the values ob-

tained from competitive ligand binding (logKDβ1) (r2 = 0.916, �gure 5.8 top left). This

is expected as, in radioligand binding assays, [3H]-CGP12177 is added in a concentration

such that only occupies the primary conformation of the β1-AR. LogKDCGPβ1 values

obtained by inhibition of CGP12177-mediated response do not seem to correlate with

logKDβ1 derived from radioligand binding experiments. In this �gure a identation line is

presented showing that the majority of compounds possess an anomalous behaviour with

a much lower a�nity determined by inhibition of CGP12177 response than determined

from radioligand binding assays. Analogue 95a is highlighted as it was the only com-

pound to obtain a higher a�nity for the secondary conformation of the β1-AR than the

logKDβ1 obtained from binding (�gure 5.8 bottom left). In CHO-β2 cells both the a�n-

ity derived from the inhibition of cimaterol (logKDβ2cim) and CGP12177 (logKDβ2CGP )
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seem to correlate well with the values obtained from radioligand binding (r2 = 0.936 for

the �rst and r2 = 0.925 for the later) (�gure 5.8 right). A�nity values obtained through

the rightshift of cimaterol response at β2-AR seem to be overestimated in around 0.5 log

units when compared with the logKDβ2 values obtained from radioligand binding assays

as previously seen for the other sets of ligands.

LogKDβ1cim values obtained from the righshift of cimaterol response curve in SPAP func-

tional assays were also plotted against the logKDβ1CGP values obtained from inhibition

of CGP12177 response (�gure 5.9). Parent compounds 49a and 49b are highlighted in

green and red respectively. Analogues 86 and 95a stand out as the only compounds

with exactly the same a�nity for both conformations, even though 95a has an overall

higher a�nity than 86.

5.2.2.4 CGP20712A a�nity

As seen in the previous chapters, a �xed concentration of the antagonist CGP20712A was

added to increasing concentrations of agonists from this set in CHO-β1 cells (�gure 5.10).

CGP20712A is able to di�erentiate between responses mediated by cimaterol, a primary

conformation agonist, and CGP12177, a secondary conformation agonist, requiring a

higher concentration to inhibit CGP12177 mediated response (logKDβ1cim = −9.23 and

logKDβ1CGP = −7.23, table 2.5). Likewise, ICI118551, a β2 antagonist was added to

increasing concentrations of ligand in CHO-β2 cells as a control assay (logKD = −9.24,

obtained from competitive binding assays, logKDβ2cim = −9.84 and logKDβ2CGP =

−9.48). LogKD values for CGP20712A derived from the parallel rightshift of the re-

sponses mediated by the agonists in this set are presented in tables 5.3 and 5.4, while

logKD for ICI118551 are displayed in tables 5.5 and 5.6.

Response mediated by the meso alprenolol bis compound 83b at the β1-AR is more

resistant to antagonism by CGP20712A yielding a logKD value for this antagonist

of −7.44 ± 0.07, similar to the logKD obtained when inhibiting CGP12177 response.

This can be observed in �gure 5.10, in which the addition of 100 nM of CGP20712A

barely shifts the response curve of 83b. This resistance to antagonism together with

the discrepancy observed in logKDβ1 vs logEC50β1 and the similarity between the

obtained logEC50β1 and logKDCGPβ1 values strongly indicates that the response is

mediated via the secondary conformation of the β1-AR. Likewise, the response medi-

ated by the (S,S')-bis alprenolol enantiomer 78a is more resistant to antagonism result-

ing in a logKD = −7.37 ± 0.12 for CGP20712A. Interestingly, the (R,R')-enantiomer

82a gave a logKD = −7.81 ± 0.13 for CGP20712A, slightly lower than the value
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Figure 5.10: Top: CRE-SPAP activity in response to analogue 94a in the presence
and absence of a �xed concentration of CGP20712A in CHO-β1 cells and in the presence
and absence of a �xed concentration of ICI118551 in CHO-β2 cells; Bottom: CRE-SPAP
activity in response to analogue 95a (left) or 83a (right) in the presence and absence of
a �xed concentration of CGP20712A in CHO-β1 cells; Bars show basal SPAP activity
in response to 10µM isoprenaline and in response to a �xed concentration of either
CGP20712A or ICI118551. Data points are mean ± s.e.m. of three determinations in
a single experiment. These individuals experiments are representative of three or more
separate experiments.

obtained by inhibition of the other isomers. Similarly, the (R,R')-enantiomer of ox-

prenolol bis compound 82b also yielded a logKD for CGP20712A lower than the other

isomer counterparts but still lower than the logKD obtained through inhibition of ci-

materol response (logKDβ1cim = −9.23 for CGP20712A). This suggests that (R,R')-

enantiomers of alprenolol and oxprenolol bis ligands might be able to activate to activate

both conformations of the β1-AR. Even though activation of both conformations usu-

ally results in a biphasic concentration response curve, the close proximity of the a�n-

ity obtained for both conformations might hinder the obtention of a biphasic response
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curve. In CHO-β2 cells, ihibition of compound 82b mediated response by ICI118551

yielded a logKD = −9.62 ± 0.08 for this antagonist, similar to the values obtained

through inhibition of cimaterol (logKDβ2cim = −9.84 for ICI118551) and CGP12177

(logKDβ2CGP = −9.48 for ICI118551) responses at this receptor.

Response mediated by the desoxy analogue 90 at the β1-AR also showed resistance

to antagonism by CGP20712A, suggesting that 90 is a secondary conformation agonist.

Likewise, compounds 94a and 95a were resistant to antagonism by CGP20712A yielding

logKD values for the antagonist similar to those obtained using CGP12177 as agonist

(table 5.4, �gure 5.10). A concentration of 1µM of CGP20712A was required to rightshift

95a response curve while the response mediated by 94a, an analogue containing the

linker used for 95a, was rightshifted by a concentration as low as 10 nM of CGP20712A,

100 fold lower. A logKD = −9.04±0.08 was obtained from CGP20712A when inhibiting

94a response, consistent with a response mediated by the primary conformation of the

β1-AR. Compound 85 was easily antagonised by CGP20712A, resulting in a logKD value

consistent with a response mediated via primary conformation of the β1-AR.

In CHO-β2 cells, analogues 94a, 90 and 85 mediated a response easily antagonised by

ICI118551, resulting in logKD values for this antagonist similar to the values obtained

from radioligand binding and inhibition of both cimaterol and CGP12177 responses pre-

viously presented in table 2.5.

5.3 Conclusion

In this chapter, the enantioselective synthesis of alprenolol 49b and oxprenolol 49a

bis individual isomers was attempted. Even though the derised enantiopurity was not

achieved and only enriched fractions with the desired isomer were obtained, this aided

the identi�cation of the isomers during chiral separation by chiral HPLC. In order to

understand which chemical feature was responsible for the interesting behaviour observed

in ligand 49b several analogues of these compound were synthesised. Analogues lacking

the 2-allylaryloxy moiety (85) and the second hydroxyl (90; and therefore lacking the

second chiral centre) were successfully synthesised. Analogues containing a linear carbon

spacer between two aryloxypropanolamine alprenolol units (95a-b) together with an

analogue only containing the two carbon linker 94a were also synthesised. An analogue

of 49b containing a tertiary, methylated, amine was also obtained.

All of 49b and 49a individual isomers retaining the selectivity between the primary and

secondary conformation observed in the mixture. (R,R')-enantiomers of both the com-

pounds showed overall lower a�nity for both conformation than the other isomers while
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(S,S')-enantiomers and meso compounds showed similar a�nities between themselves

suggesting that the second chiral centre does not have a major impact in a�nity for

either of the conformations. In fact, removal of that hydroxyl group (90) only reduced

slightly the a�nity for both primary and secondary conformation but retaining the low

selectivity towards the primary conformation. Besides showing a very small di�erence

in a�nities between primary and secondary conformation, analogues 78a, 83a and 90

mediated a response via the secondary conformation with a logEC50 consistent with the

a�nity obtained for the secondary conformation that were also resistant to antagonism

by CGP20712A. Both (R,R')-enantiomers yielded a lower a�nity for CGP20712A than

the isomer counterparts, suggesting that their response might be partially also mediated

via the primary conformation.

Methylated analogue 86 showed reduced a�nity for both conformations of the β1 but

behaved as a non-selective compound with similar a�nities for both conformations. This

compound was also able to elicit a response with a logEC50 similar to the logKD that

was somewhat resistant to antagonism by CGP20712A suggesting a response mediated

via both conformation but mainly through the secondary conformation.

Introduction of a two carbon linker between the two alprenolol moieties was ideal and

introduction of an extra carbon in the linker reduced a�nity for both conformations of

the β1-AR. Both analogues 95a and 95b behaved as non-selective secondary conforma-

tion partial agonists eliciting a response highly resistant to antagonism by CGP20712A,

similarly to CGP12177.

85 and 94a behave as primary conformation partial agonist at the β1 stimulating re-

sponses that are easily inhibited by CGP20712A which suggest that the presence of a

second 2-allylaryloxy moiety increases the a�nity for the secondary conformation and

might also contribute to its activation.



Chapter 6

Synthesis of a potential

photoactivable covalent antagonist

ligand based on betaxolol

6.1 Introduction

In this chapter, the synthesis of a potential photoactivable covalent antagonist for the β1-

adrenergic receptor is reported. Covalent probes, also referred to as a�nity or irreversible

probes, are powerful pharmacological tools which target a speci�c binding site within a

protein and bind covalently to it near the binding site. Covalent probes are ligands

which usually contain a pharmacophore that targets and displays high a�nity for a

certain receptor connected to either a chemoreactive or photoreactive tag by a linker.

Photoactivable covalent probes contain a photoreactive chemically inert group which

produces a highly reactive species upon photolysis that react covalently with the protein

and chemoreactive probes bear an eletrophilic group able to react with nucleophilic

residues within the protein.[92, 93]

As previously mentioned, probing the primary conformation of the β1-AR with an irre-

versible antagonist could be a successful strategy to study the secondary conformation

in more detail. In the hypothetical case that the phenomenon seen is dependent on two

related binding events across a homodimer as proposed by Hill et al, having a �xed probe

in the orthostaric binding site would be useful as these phenomenon are usually probe

dependent.[34, 73] This strategy would be particularly useful as compounds with higher

a�nity for the secondary conformation than the primary conformation of the β1-AR

have not been described yet. The desired ligand would be a compound that: 1) binds

124



Chapter 6 Potential photoactivable covalent antagonist 125

covalently with a high a�nity to the primary conformation of the β1-AR in order to

decrease non-speci�c binding; 2) binds with high selectivity and high e�ciency of in-

corporation to the primary conformation over the secondary conformation of the β1-AR

allowing control of the concentration over a broad range; 3) lacks intrinsic activity, in

order to allow the better study of the secondary conformation; 4) allows the study of the

receptor in whole living cells.

Covalent ligands have been popular for decades as a way to gain more information regard-

ing the receptor structure and function. Covalent probes have been used as important

pharmacological tools to map protein's binding sites, determine receptor reserves and re-

ceptor turnover, study receptor dimerisation or even to stabilise receptor structures and

obtain X-ray crystal structures.[94, 93, 92, 95, 96] The β-adrenergic receptors have been

the focus of several studies using either photoactivable covalent probes or chemoreactive

probes. [97, 98, 99, 100, 101, 102]

6.1.1 Chemoreactive probes targeting β-ARs

A plethora of electrophilic halomethylketone-containing ligands but also isothiocyanate-

containing compounds have been used to probe the β-adrenergic receptors either in

tissues or cells (�gure 6.1). These irreversible ligands have been based on several phar-

macophores such as alprenolol (BAAM, 96), betaxolol (97), carazolol (pBABC 98),

carbostyril moiety of indacaterol (DCITC 99), pindolol, noradrenaline, among others.

[97, 98, 103, 104, 95, 94, 105]

BAAM (96), bromoacetyl alprenolol menthane, containing a chemoreactive halomethylke-

tone, was used in several in vivo and in vitro studies to study receptor function by se-

lective destruction of the β-adrenergic receptors in living cells and animals.[106] This

compound requires a relatively high concentration (1− 10µM) to reduce the number of

[3H] dihydroalprenolol binding sites, a ligand able to radiolabel the β-ARs, in frog ery-

throcyte membranes, which has been associated with some nonspeci�c e�ect and there-

fore limits its usefulness.[98, 95] Betaxolol chemoreactive analogue 97 exhibited a much

lower a�nity than betaxolol (pA2 = 7.66 in guinea pig atria; pA2 = 5.28 in guinea pig

trachea; determined through the rightward shift of isoprenaline chronotropic dose-e�ect

curve). This compound was able to reduce the number of [125I] cyanopindolol binding

sites, a radioiodinated ligand which probes the β-ARs, by only 60% at 10µM in rat corti-

cal membranes.[103] para-(Bromoacetamidyl)benzylcarazolol (pBABC 98) contains the

same linker and chemoreactive group as betaxolol analogue 97.[107, 94] This chemore-

active probe displayed high a�nity (LogKD = −9.40) for both frog (mostly β2-AR) and

turkey erythrocytes (mostly β1-AR) and was able to inactivate 88% of the sites occupied
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Figure 6.1: Chemoreactive probes described in the literature to target the β adrenergic
receptors.

by [125I] cyanopindolol at 10 nM. Interestingly, a radioiodinated version of this probe was

later successfully used to map the β2-AR orthosteric binding site even though the speci�c

labeled residue was not identi�ed. An isothiocyanate-containing probe (DCITC 99) was

also used to irreversibly bind to the β-ARs in DDT cells. Preincubation of DDT cell

membranes with 5 nM of DCITC followed by several washes resuted in a 75% decrease in

[125I] cyanopindolol binding. This ligand also demonstrated an irreversible antagonistic

e�ect in rat isolated aorta (containing predominantly β2-AR subtype) when preincuba-

tion with 100 nM reduced irreversibly the maximal relaxation caused by isoprenaline by

88%. [95].

Recently, Gmeiner et al, designed and synthesised several chemoreactive probes targeting

both the β1 and β2-AR (�gure 6.2).[99] FAUC50 (100) has been used to obtain the �rst

crystal structure of the β2-AR bound to an agonist. A cysteine anchor mutation was

introduced in the receptor, replacing His2.64 in the upper part of TM2, in a suitable

position to form a disul�de bond with FAUC50. This covalent bond prevented dissoci-

ation of the ligand turning its agonistic response resistant to antagonism by ICI118551

in the β2ARH2.64C .[96] A similar strategy was adopted for the β1-AR, a cysteine muta-

tion was introduced in the same position (murine β1ARI2.64C) and several ligands with

di�erent pharmacophores and linkers were tested.[99] Compounds 101 and 102 were

designed to target this mutated β1-AR with a structure based on the β1-selective antag-

onist CGP20712A. Both of these ligand were able to bind covalently with high a�nity to

the mutated receptor, in HEK293T cells transiently expressing the receptor. Compound
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101 displaced [3H] CGP12177 in a biphasic manner with KD values of 0.56 nM and 280

nM for the murine β1ARI2.64C and was able to block covalently 76% of the receptors

at 50 nM. This biphasic displacement of radiolabeled [3H] CGP12177 was also observed

for the human β2ARH2.64C and might have been caused by a mixture of covalent cross-

linking and non-covalent ligand binding. [99] Similarly, compound 102 displaced [3H]

CGP12177 in a biphasic manner with KD values of 0.071 nM and 270 nM and was able

to block covalently 79% of the receptors at 1µM.

While these chemoreactive probes can prove to be quite useful, they come with some

limitations. Most of these ligands have been studied in tissues before the discovery of β-

adrenergic receptor subtypes which complicates the interpretation and evaluation of the

results obtained in these studies. The failure to identify any nucleophilic residue within

the protein labeled by the chemoreactive group is another major drawback. For this

reason, various studies suggested that several chemoreactive probes designed and char-

acterised in the 70-80s might behave as slowly dissociating ligands whereas the apparant

irreversible behaviour is due to an extremely slow dissociation from the receptor.[108, 109]

Using a mutated receptor could prove an attractive alternative approach to deal with
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this issue and would allow characterisation of the ligand in the wildtype receptor in equi-

librium assays, however a thorough validation of the mutated receptor would have been

required.

6.1.2 Photoactivable probes targeting β-ARs

Photoactivable probes, contrary to chemoreactive probes, possess a chemically inert

group which, upon photoactivation, generates a highly reactive species that forms an

irreversible bond with the receptor. These highly reactive species generated upon pho-

tolysis are able to react and incorporate the probe in non-nucleophilic residues. The fact

that these ligands bear an inert group until photoactivation allows their prior character-

isation in equilibrium assays before being activated in situ. Even though this reduces

nonspeci�c binding to a minimum, UV radiation used to produce the highly reactive

species might cause damage to proteins and cells used in the assays. For this reason, the

selection of a photoreactive group which requires a low energy wavelength for activation

is of high importance.

Several photoactivable irreversible probes have been widely used to label β adrenergic

receptors.[110, 93] Azide-containing probes have been the most popular to target β-AR,

even though some diazirine-containing probes have also been described.[110] Azide groups

generate reactive nitrenes upon photoactivation but require high energy wavelengths

(<300 nm) for activation. Acetobutolol azide 103, para-azido-benzylcarazolol 104 and

ICYP-azide 105 are some of the described azide-containing photoactivable probes de-

signed to target the β-ARs (�gure 6.3). Introduction of an azido group in the aromatic

core of acetobutolol (103) resulted in a slight decrease in a�nity (logKD = −6.41)

in rat reticulocytes (mainly a β2-AR model).[111] Photoactivation of this ligand re-

sulted in a 50% non-competitive blockade of catecholamines response.[111] para-Azido-

benzylcarazolol 104 was characterised in frog erythrocyte membranes (also containing

mostly the β2-AR subtype) and was able to bind with high a�nity (LogKD = −9.62)

to the receptors.[112] Addition of the ligand to these membranes, followed by photoac-

tivation, led to the blockade of 60% of the receptor binding sites.[112] Interestingly,

the addition of this probe without photolysis resulted in a 35% apparent irreversible

loss of observable sites.[112] This highlights the importance of characterising the probe

before photolysis, as the ligand might slowly dissociate from the receptor and appear ir-

reversible even after several washes. An azido-containing iodocyanopindolol probe (105)

has also been described.[113] Introduction of the amide linker and the aromatic azido

group retained the high a�nity (LogKD = −10.03) seen for iodocyanopindolol in turkey

erythrocyte membranes (containing mostly the β1-AR subtype). Addition of 2 nM of this

ligand to the membranes followed by photoactivation resulted in a decrease of 80% the
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Figure 6.3: Photoactivable probes described in the literature to target the β adrenergic
receptors.

number of detectable binding sites. As a high energy wavelength (268 nm) was required

to photoactivate this ligand, which could result in tissue damage, a new probe based

on cyanopindolol containing the same linker and a diazirine photoreactive group (106)

was synthesised (�gure 6.3).[114] Aromatic tri�uoromethyl diazirines are able to generate

a highly reactive carbene upon photolysis under mild condition (350-380 nm), shorter

activation times and e�ciently insert into an aminoacid residue within the protein. CYP-

diazirine 106 was able to bind the β-ARs in turkey erythrocyte membranes with high

a�nity (KD = 0.38 nM) and covalently label these receptors after photolysis under mild

conditions (366 nm UV wavelength). This CYP-diazirine 106 probe was later radioio-

dinated and used in several experiments to label the β1-AR for the study of receptor

phosphorylation and desensitisation but also to map β1-AR binding site.[100, 101, 102]

Similarly to the chemoreactive probes most of these ligands have been tested previously

to the discovery of the β1 and β2 receptor subtypes and tested in tissues containing both

receptor subtypes.

6.1.3 Design of a potential photoactivable ligand based on betaxolol

As mentioned before, the ideal compound to probe the primary conformation of the

β1-AR would possess a high selectivity for the primary over the secondary conforma-

tion, allowing the use of broad window of concentrations in the cell assays. Preparation

of compound 107 (�gure 6.4) using betaxolol, a known β1-AR antagonist, most active

(S)-con�guration as pharmacophore seems ideal as betaxolol exhibited a 3.14 log units
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Figure 6.4: Potential photoactivable covalent antagonist ligand based on betaxolol
containing an aromatic tri�uoromethyl diazirine group.

di�erence in a�nities for these conformations (around 1400 fold selectivity for the pri-

mary conformation) while retaining a high a�nity for the primary conformation of the

β1-AR (logKDβ1 = −8.21). [35] The linker and aromatic tri�uoromethyl diazirine group

present in CYP-diazirine 106 were chosen. The linker used retained the high a�nity

of cyanopindolol for the β1-AR and the diazirine group was able to covalently label the

receptor upon activation under mild conditions, which should therefore allow the study

of the receptor in living cells without little or no damage.

6.2 Results and discussion

6.2.1 Chemistry

Herein, the synthesis of the potential covalent antagonist 107 is described (Scheme 6.1).

Protection of the phenol 108 was performed with the addition of benzyl bromide to

a solution of 4-hydroxyphenethyl alcohol and potassium carbonate in DMF at 60 ◦C.

Resulting protected phenol 109 was alkylated through the addition of a slight excess of

cyclopropylmethyl bromide (110) to a solution of 109 and sodium hydride in DMF at

60 ◦C yielding compound 111 in 76% yield. Compound 111 was then deprotected to

completion to the corresponding phenol 112 through an hydrogenation using palladium

on carbon as a catalyst in methanol. Deprotection was followed by alkylation of the

phenol with the chiral reagent (S)-glycidyl nosylate in DMF in the presence of sodium

hydride yielding oxirane 113. In parallel, 2.1 equivalents of diamine 91 were added to

boc anhydride in DMF in the presence of triethylamine which led to the selective boc

protection of the less hindered amine (114). Initially, amine 114 was reacted with oxirane

113 in hexa�uoroisopropanol (HFIP) under microwave irradiation at 60 ◦C, a method
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yl)benzamide 107. Conditions and reagents: (i) Benzyl bromide, K

2
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3
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60 ◦C, 24 h., 92%; (ii) 110, NaH, DMF, 60 ◦C, 48 h., 76%; (iii) H
2
, Pd/C, MeOH, r.t.,

5 h., 84%; (iv) (S)-glycidyl nosylate, NaH, DMF, 60 ◦C, 14 h, 64%; (v) Di-tert-butyl
dicarbonate, Et

3
N, DCM, r.t., 24 h., 85%; (vi) 114, DMF:H

2
O (9:1), r.t., 48 h., 45%;

(vii) 1. TFA, DCM, r.t., 2 h.; 2. 116 HATU, Et
3
N, ACN, r.t., 18 h.

used for several epoxide openings described in the previous chapters. This method led to

the removal of the tert-butyloxycarbonyl protecting group due to HFIP acidity (pKa =

9.3) and therefore resulted in an undesirable mixture of regioisomers. Alternatively,

a mixture of DMF:H2O (9:1) was used as a solvent and the addition of amine 114

to oxirane 113 resulted in the desired analogue 115 which was then puri�ed through

�ash column chromatography. Boc deprotection of this compound was performed by

stirring compound 115 in the presence of tri�uoroacetic acid (TFA) in dichloromethane

for two hours. Resulting salt was free based and then coupled with carboxylic acid

116 using HATU coupling agent in the presence of triethylamine yielding the aromatic

tri�uoromethyl diazirine 107 which was puri�ed through HPLC.

6.2.2 Pharmacology

Potential photoactivable covalent antagonist 107 has not been photophysically and phar-

macologically characterised yet. Nevertheless, intermediate 115 has been pharmacologi-

cally characterised in CHO-cells expressing either the human β1 or β2-AR together with

a CRE-SPAP. Figure 6.5 represents the amount of radioactivity bound to the CHO-β1
and CHO-β2 cells at di�erent concentrations of 115 when a �xed concentration of ra-

diolabeled (−)[3H] CGP12177 is added. Total binding and non-speci�c binding in the
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Figure 6.5: Inhibition of [3H] CGP12177 binding to whole cells in CHO-β1 and -β2
cells by compound 115. Left bar represents total [3H] CGP12177 binding and the right
one non-speci�c binding which was determined in the presence of 10 µM propranolol.
Data points are triplicate determinations from a single experiment and represent mean
± S.E.M. .

presence of a 10µM of propranolol are also represented. IC50 values taken from the

displacement curve were then converted into KD values using the Cheng-Pruso� equa-

tion presented in the experimental section. Compound 115 displaced the radioligand

(−)[3H] CGP12177 both in CHO-β1 with a logKDβ1 = −8.93± 0.04, n=5 and in CHO-

β2 cells with a logKDβ2 = −7.93 ± 0.04, n=5. This analogue shows higher a�nity

for both receptor subtypes than racemic betaxolol which displayed logKDβ1 = −8.21

and logKDβ2 = −7.38 (literature values obtained by displacing (−)[3H] CGP12177 in

CHO-cells). [35] KD values for racemic mixtures are given by the harmonic mean of

the KD values of the pure enantiomers which means the most active enantiomer of be-

taxolol racemic mixture could only have a maximal logKDβ1 ≈ −8.51 still inferior to

the β1 a�nity obtained for the enantiomerically pure analogue 115. This analogue also

exhibited similar β1-selectivity to that observed for the parent compound betaxolol.

The ability of analogue 115 to increase CRE-SPAP accumulation was evaluated in CHO-

β1 and CHO-β2 cells. Figure 6.6 shows CRE-SPAP activity in response to analogue 115.

This analogue mediated a very weak response at β1-AR (< 5% of isoprenaline maxi-

mal response) and did not increase SPAP accumulation at β2-AR. Similarly, betaxolol

behaves as an antagonist at both β1- and β2-subtypes.[81]

LogKD values for the primary conformation were also obtained through the parallel

rightward shift of cimaterol (an agonist at the primary conformation of the β1-AR)

concentration-response curve, while a�nity for the secondary conformation was obtained
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Figure 6.6: CRE-SPAP production in response to compound 115 in CHO-β1 and -β2
cells. Data points were obtained in triplicate and represent mean ± S.E.M. from a single
experiment.

through the shift of CGP12177 (an agonist at the secondary conformation of the β1-

AR) response curve. Figure 6.7 shows CRE-SPAP production in response to either

cimaterol or CGP12177 in the presence and absence of a �xed concentration of 115 in

both CHO-β1 and CHO-β2 cells. A logKD = −8.82±0.08, n=5 was obtained for analogue

115 using cimaterol as an agonist at β1-AR. This value is consistent with the value

obtained from radioligand binding assays and previously mentioned (logKDβ1 = −8.93).

Analogue 115 required a higher concentration to rightshift CGP12177 response at β1 as

observed in �gure 6.7 where a �xed concentration of 100 nM of 115 produced a lower

shift to CGP12177 response than 30 nM of 115 to cimaterol response. Therefore, a

logKD = −7.26 ± 0.12, n=5 was obtained for 115 using CGP12177 as an agonist for

the secondary conformation of the β1-AR. At β2-AR, logKD values obtained for 115

using cimaterol as an agonist (logKD = −8.19±0.03, n=4) and CGP12177 as an agonist

(logKD = −7.90± 0.14, n=5) were identical. These values were also in agreement with

the logKD value obtained from radioligand competitive binding (logKDβ2 = −7.93).

LogKD values for racemic betaxolol obtained by the righshift of cimaterol and CGP12177

responses in CHO-cells expressing the human β1-AR have been described in the literature

by Baker et al.[35] In that article a system expressing a luciferase cAMP reporter gene

was used instead of a SPAP cAMP reporter gene to determine these logKD values. That

system yielded similar values to those obtained by the CRE-SPAP system as can also

be seen in the article mentioned: a logKD = −9.61 was obtained for CGP20712A using

cimaterol as an agonist in CHO-β1-luciferase cells while a logKD = −9.82 was obtained

for CGP20712A using cimaterol as an agonist in CHO-β1-SPAP cells; a logKD = −7.09

was obtained for CGP20712A using CGP12177 as an agonist in CHO-β1-luciferase cells

while a logKD = −7.66 was obtained for CGP20712A using CGP12177 as an agonist in
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Figure 6.7: (Left) CRE-SPAP production in response to increasing concentrations
of CGP12177, an agonist at the secondary conformation of the β1-AR, in the absence
and presence of a �xed concentration of 115 in CHO-β1 and -β2 cells. (Right) CRE-
SPAP production in response to increasing concentrations of cimaterol, an agonist at the
primary conformation of the β1-AR, in the absence and presence of a �xed concentration
of 115 in CHO-β1 and -β2 cells. Data points were obtained in triplicate and represent
mean ± S.E.M. from a single experiment.

CHO-β1-SPAP cells. [35] It is therefore reasonable to compare the a�nity of betaxolol

obtained from CRE-luciferase system to that obtained here in the CRE-SPAP system.

A logKD = −8.87 was described for betaxolol in CHO-β1-luciferase cells using cimaterol

as an agonist, while a logKD = −5.73 was obtained using CGP12177 as an agonist in

the same system. [35]

Betaxolol showed a di�erence between a�nities of 3.14 log units while analogue 115
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exhibited a much lower di�erence of 1.56 log units. This is mainly due to an increase

in a�nity for the secondary conformation of the β1 for 115 when compared to the

a�nity obtained for betaxolol (logKD of -7.90 vs -5.73 using CGP12177 as agonist). This

decrease in selectivity towards the primary conformation of the β1-AR is undesirable and

might indicate that the linker chosen increases the a�nity for the secondary conformation

of the β1-AR and, therefore, reduces the di�erence between a�nities for the primary and

secondary conformation.

6.3 Conclusion

A potential photocovalent antagonist probe has been synthesised. This probe was based

on betaxolol most active (S)-con�guration and contains a diazirine photoreactive moiety

connected to the pharmacophore by a linker. Preliminary pharmacological characteri-

sation of intermediate 115 containing betaxolol pharmacophore and the linker was also

described. 115 was able to bind with higher a�nity than betaxolol to the primary confor-

mation of the β1-AR in radioligand competitive binding assays, showing some selectivity

for β1 over β2-AR. This ligand exhibited a negligible increase in CRE-SPAP accumula-

tion at the β1-AR as desired. Compound 115 rightshifted cimaterol mediated response

with a KD value similar to that obtained through radioligand competitive bindind assays

and required higher concentration to rightshift CGP12177 mediated response at β1-AR,

as expected. However, the KD value obtained through the inhibition of CGP12177 for

the secondary conformation of the β1-AR was signi�cantly higher than that obtained for

betaxolol. A signi�cantly lower di�erence in a�nities between conformations for 115

was observed (1.56 vs 3.14 log units for betaxolol) which might indicate that the linker

chosen increases the a�nity for the secondary conformation. This might translate in an

undesirable reduction of concentration assay window for the �nal analogue 107 caused

by the linker moiety. Future work will include the photophysical and pharmacological

characterisation of 107 and will be discussed in further detail in the next chapter.
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General discussion, conclusions and

future work

7.1 General discussion

Endogenous catecholamine agonists adrenaline (1) and noradrenaline (2) bind to the

endogenous orthosteric binding site and mediate a response through the β1-AR thus

causing cardiostimulation. Blockade of these responses with β-blockers (eg. propranolol)

is an essential clinical treatment in several heart diseases (eg. myocardial infarction,

hypertension). [115] Propranolol, bisoprolol, atenolol and a plethora of β-blockers are

able to bind to the orthosteric binding site and antagonise the response mediated by

these endogenous catecholamines at low concentrations. Other ligands (eg. CGP12177

16, carvedilol 13), while able to antagonise the catecholamine response at low concentra-

tions also stimulated partial agonist e�ects at higher concentrations that they required to

bind the receptor. These ligands which are able to stimulate a response at much higher

concentrations than they require to bind the receptor have been referred in the literature

as non-conventional partial agonist.[36] Further investigation of this phenomenon led

to the con�rmation that this non-conventional partial agonism was mediated through

the β1-AR.[116] Therefore, the existance of two agonist conformations of the β1-AR

was proposed: a primary conformation where the endogenous catecholamines adrenaline

(1) and noradrenaline (2) bind to the endogenous orthosteric binding site and activate

the receptor; and a secondary conformation through which CGP12177 is able to stim-

ulate a response which is more resistant to antagonism by the conventional β-blockers.

[36] Several ligands other than CGP12177 were found to stimulate a response through

this conformation. Alprenolol, oxprenolol and pindolol were able to mediate a response

through both of the conformations, even though they required much higher concentration

136
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to mediate a response through the secondary conformation, while carvedilol, similarly to

CGP12177, behaved as an antagonist at lower concentration and as an agonist (through

the secondary conformation) at higher concentrations. Further studies of this conforma-

tion were described using the radiolabelled [3H] CGP12177 and the �uorescent analog

of CGP12177 (BODIPY-TMR-CGP, 22) to probe this conformation which precise na-

ture is still unknown.[65, 74] Baker et al studied the e�ect of TM swap with the β2-AR

(which does not show this phenomenon of non-conventional agonists) and point muta-

tions across the receptor.[64, 66] This study led to the identi�cation of key residues for

this secondary conformation (Val4.56, Leu4.62 and Trp4.66) even though it is not known

how they in�uence or abolish this agonist secondary conformation of the β1-AR.[66] Mu-

tation of key residues for binding to the orthosteric site (Asp3.32, Asn7.39) also showed

a major in�uence in the a�nity to the secondary conformation.[64] Thus, in order to

better understand this conformation, several analogues of alprenolol and oxprenolol were

synthesised and pharmacologically characterised in CHO cells to identify which chemical

features of these ligands in�uence their a�nity and are able to activate the secondary

conformation of the β1-AR.

During this work, the CHO-β1 and CHO-β2 expressing either the human β1-AR or the

human β2-AR together with a CRE-SPAP reporter gene were used. These cells lines

were validated and it was clearly demonstrated that this phenomenon can be observed

in these cell lines (Chapter 2). β1-selective ligands (eg. CGP20712A 19) showed higher

a�nity in CHO-β1 cells, while β2-selective ligands (eg. ICI118551 21) showed higher

a�nity in CHO-β2 cells.

Cimaterol was able to mediate a response through both receptors, as expected, and

these responses were easily inhibited by either the β1-selective antagonist CGP20712A

in CHO-β1 cells or by the β2- selective antagonist ICI118551 in CHO-β2 cells.[35] The

logKD values derived for both CGP20712A and ICI118551 from inhibition of cimaterol

response in CRE-SPAP functional assays were similar to the values derived from the radi-

oligand competitive binding assays for both β1 and β2-AR, which suggests that cimaterol

response at the β1-AR is mediated through the primary conformation.

CGP12177 (16) behaved as a non-conventional partial agonist, showing a higher a�nity

for the β1-AR but requiring a much higher concentration to stimulate a response in CRE-

SPAP functional assays (logEC50 > logKD). The response stimulated by CGP12177 in

this receptor was also more resistant to antagonism by CGP20712A (19), suggesting

that this response is mediated through the secondary conformation as described in the

literature.[36, 35, 64] At the β2-AR, CGP12177 (16) behaved as a partial agonist stimu-

lating a response with a logEC50 similar to the logKD derived from the binding studies,

thus showing that this behaviour is speci�c for the CHO-β1 cells.
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Alprenolol (6) and oxprenolol (7) stimulated a response best described by a biphasic

concentration-response curve with two components in CHO-β1 cells. The �rst component

of this response, with a logEC50 similar to the logKD derived from binding studies,

was easily inhibited by CGP20712A suggesting that this response is mediated through

the primary conformation of the β1-AR. The second component of the response, which

required a much higher concentration of ligand, was more resistant to antagonism by

CGP20712A, suggesting that both ligands are able to stimulate a response through both

the primary and secondary conformation of the β1-AR.

The chemical features of alprenolol and oxprenolol responsible for their a�nity and stim-

ulation of the secondary conformation were investigated to complement an ongoing study

on the chemical features of CGP12177 (16) and pindolol responsible for stimulation of

a response through this conformation. Initially, several ligands containing di�erent sub-

stituents in the N -end of the ligand (other than the N-iso-propyl seen in the parent

compounds alprenolol and oxprenolol) were synthesised and pharmacologically charac-

terised (Chapter 3). Most of the substituents introduced in the amine end of oxprenolol

and alprenolol structures led to a decrease in a�nity for both receptors, with the excep-

tion of tert-butylamino (44b, 47b) and (3,4-dimethoxyphenethyl)amino groups (44k,

47k). While most of compounds retained the 10-fold selectivity for β2-AR seen in the

parent compounds, the (3,4-dimethoxyphenethyl)amino analogues increased β1 a�nity

turning these compounds non-selective ligands as described in the literature. [86] Inter-

estingly, oxprenolol bis analogue (49a) showed an increase in selectivity for the β2-AR.

Evaluation of the individual isomers 78b and 82b and meso isomer 83b of 49a shows

that this increase in β2-selectivity is only observed for the ligands containing a (S)-chiral

centre. Recently, Geiser et al probed a metastable binding site, previously identi�ed

on computational studies with alprenolol, on the β2-AR.[? 117] In this work, Geiser

synthesised symmetric homobivalent bitopic ligands based on alprenolol and identi�ed

the second aromatic core as a key moiety to increase the a�nity for this receptor.[118]

While unlikely due to the proximity of the two aromatic cores units, this would explain

the increase in a�nity seen for the β2-AR for oxprenolol bis ligand 49a.

tert-Butylated alprenolol and oxprenolol (47b, 44b) analogue, (3,4-dimethoxyphenethyl)

amino alprenolol analogue (47k) and the N -cyclopentyl alprenolol analogue (47i) were

able to clearly mediate a response best described by a biphasic concentration-response

curve with a �rst component easily inhibited by CGP20712A. Similarly to alprenolol

and oxprenolol, these ligands seem to stimulate a response at both conformation of the

β1-AR. In order to determine the a�nity of all these compounds for both conformations

of the β1-AR, their capacity to inhibit a response mediated through the primary confor-

mation (cimaterol mediated response) versus a response mediated through the secondary

conformation (CGP12177 mediated response) was evaluated. The logKD obtained from
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cimaterol response inhibition was similar to the logEC50 obtained for the �rst compo-

nent of the biphasic response (and to the logKD obtained from radioligand competitive

binding), while the logEC50 obtained for the second component of the response was sim-

ilar to the logKD derived from the rightshifting of CGP12177 mediated response, once

again suggesting that they are able to activate both conformations. Overall, most lig-

ands showed similar selectivity for the primary conformation to the parent compounds.

Several ligands showed a quite low a�nity for the secondary conformation suggesting

that, even if they were able to stimulate a response through the secondary conformation,

this response might not be detected in the CRE-SPAP functional assays as a maximum

concentration of 10 µM was used. Interestingly, both alprenolol and oxprenolol N -benzyl

analogues (44j, 47j) showed a much lower selectivity for the primary conformation than

the parent compounds. Alprenolol N -benzyl analogue (47j), but not oxprenolol N -

benzyl analogue (44j) was even able to mediate a response resistant to antagonism by

CGP20712A, suggesting that this response is mediated through the secondary conforma-

tion. Similarly, alprenolol and oxprenolol bis analogues 49b and 49a showed an increase

in a�nity for the secondary conformation compared to the parent compounds while their

a�nity for the primary conformation decreased, thus leading to a marginal selectivity

towards the primary conformation of the β1-AR. It is noteworthy to mention that the

0.34 log units di�erence (Table 3.6) in a�nities observed for the alprenolol bis analogue

49b may suggest that this ligand is not able to di�erentiate between CGP12177 and sev-

eral conventional agonists. LogKD values obtained through the inhibition of cimaterol

response have been shown to be 0.1-0.5 log units o� the value obtained through the

inhibition of other conventional agonist responses (eg. isoprenaline, adrenaline) both

in CHO-β1-SPAP and CHO-β1-luciferase cells.[35] Interestingly, the chirality of the sec-

ond chiral centre does not seem to have a major in�uence on the a�nity for either the

primary conformation or secondary conformation, while both alprenolol and oxprenolol

(R,R') bis enantiomers showed a similar decrease in a�nities for both conformations,

retaining the small di�erence in a�nities between conformations.

Further N-tert-butylated alprenolol analogues containing either a �uoro, chloro, methoxy

and methyl substituent in the aromatic core were synthesised and pharmacologically

characterised (Chapter 4). Interestingly, the introduction of a substituent at the 6-

position of the aromatic ring (except 6-�uoro) led to a marked decrease in a�nity for

both conformations of the β1-AR and for the β2-AR. Fluoro analogues behaved in a

similar manner to the parent compound and elicited a biphasic response with a �rst

component easily inhibited by CGP20712A mediated through the primary conformation

and a second component. at higher concentrations, more resistant to antagonism. Most

of the other ligands from this set behaved as antagonists at both conformations of the β1-

AR. Interestingly, a�nities for the primary and secondary conformation seem to correlate
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for this set, the a�nity obtained from the secondary conformation through the inhibition

of CGP12177 response decreases or increases in agreement with the changes observed for

the a�nity obtained for the primary conformation.

bis Alprenolol ligand 49b was identi�ed as the most interesting ligand from the previous

sets (mediated a response presumably through the secondary conformation, more resis-

tant to antagonism, and showed similar a�nities for both conformations), thus further

modi�cations to this compound were made to identify the chemical feature responsi-

ble for this behaviour (Chapter 5). The second phenoxy moiety of these analogues was

identi�ed as a key feature to increase the a�nity for the secondary conformation of the

β1-AR, while removal of the second hydroxyl group did not have a major in�uence.

A potential irreversible antagonist based on betaxolol was also synthesised in an at-

tempt to use this probe to block the primary conformation and study its impact on the

secondary conformation of the β1-AR.

7.2 Conclusions and future work

Several sets of alprenolol and oxprenolol analogues were synthesised and pharmacolog-

ically tested in CHO-β1 and CHO-β2 cells. The in�uence of the chemical moieties on

their behaviour was assessed. Ligands with distinct behaviours were identi�ed. Several

compounds (eg. �uoro analogues 62b and 70d) behaved as agonists at both the primary

and secondary conformation of the β1-AR, similarly to the parent compounds (alprenolol

and oxprenolol), eliciting biphasic response with a second component more resistant to

antagonism. Other ligands (eg. methyl analogues 62e, 68c, 70c) behaved as antagonists

at both conformations, similarly to CGP20712A, even though all required a higher con-

centration to inhibit CGP12177 response mediated through the secondary conformation.

Compounds that behave similarly to CGP12177 were also identi�ed. bis Alprenolol lig-

ands (86, 95a) were able to mediate a response through the secondary conformation,

more resistant to antagonism by CGP20712A. However, contrary to CGP12177, these

analogues showed similar a�nities for both conformations. The second 2-allylphenoxy

moiety of these analogues was identi�ed as a key feature to increase the a�nity but also

to activate this secondary conformation. Interestingly, a very small structural di�erence

as seen for alprenolol N -benzyl analogue 47j versus oxprenolol N -benzyl analogue 44j

can have a major in�uence in the behaviour of these ligands. Even though CRE-SPAP

assays correlate quite well with direct cAMP assays, this should be con�rmed in the

direct measurement of cAMP in [3H]cAMP accumulation assays, while a kinetic study

could also be useful.
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Further studies are necessary to understand why these bis analogues did not di�erenti-

ate between the primary and secondary conformation of the β1-AR. While it is not quite

clear if the mutations in the thermostabilised turkey receptor used for x-ray structure

determination are able to abolish this secondary conformation, a ligand-bound x-ray

structure, even though unrealistic, would shed some light on the extra interactions made

by these ligands. Nevertheless, molecular dynamic studies could also be useful. It would

also be of interest to study the pharmacology of these bis ligands at the mutated re-

ceptors, previously identi�ed, known to impact the secondary conformation and abolish

CGP12177 non-conventional response.

A reduced number of bis compounds analogues were synthesised therefore, synthesis

of several analogues with di�erent modi�cations in the second aromatic core may help

shed some light on the importance of the phenoxy moiety. Currently, bis ligands with

distinct aromatic cores based on propranolol and pindolol are also being evaluated for

the secondary conformation of the β1-AR.

Several possible explanations for this secondary conformation have been described in

the literature, from an extended binding pocket upon a �rst ligand binding event to a

negative cooperativity e�ect across two receptor units in an homodimer.[119, 74] As most

of these events could show probe-dependence, the use of an irreversible antagonist with

a high selectivity for the primary conformation over the secondary could prove useful.



Chapter 8

Experimental

8.1 Pharmacology

8.1.1 Materials

CHO-CRE SPAP cells, CHO-β1-SPAP and CHO-β2-SPAP cells were a kind gift from Dr

Jillian G. Baker. Cell culture hardware was purchased from Fisher Scienti�c (Loughbor-

ough, UK) and all medium reagents, including phosphate-bu�ered saline (PBS), were

from Sigma Aldrich (Gillingham, UK). Fetal calf serum (FCS) was from PAA Labo-

ratories (Teddington, Middlesex, UK). [3H] CGP12177 was obtained from GE Health-

care (Chalfont St. Giles, Buckinghamshire, UK). Isoprenaline, cimaterol, ICI118551,

CGP20712A and bisoprolol were purchased from Tocris Life Sciences (Avonmouth, UK).

Propranolol, CGP12177, the remaining ligands, reagents using during assays (eg. di-

ethanolamine, para-nitrophenylphosphate) and other cell culture reagents were from

Sigma Chemicals (Poole, Dorset, UK). Racemic ligands were used throughout.

8.1.2 Cell culture

Chinese hamster ovary (CHO) cells lines were used throughout this thesis. Chinese

hamster ovary (CHO) cells stably expressing the human recombinant β1-AR (CHO-β1
WT) and a reporter gene, Secreted Placental Alkaline Phosphatase (SPAP) under the

transcriptional control of a six cAMP response element (CRE) were used. CHO cells

expressing the human recombinant β2-AR (CHO-β2 WT) together with CRE-SPAP or

the reporter gene alone (CHO CRE-SPAP) were also used in this study. [83, 66] Cell

culture techniques were perfomed in class II laminar �ow cell culture hoods. Cells were

maintained in 75 cm2 tissue culture treated �asks (T75s) in Dulbecco's modi�ed Eagle's
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medium nutrient mix F12 (DMEM/F12) containing 10% fetal calf serum (FCS) and 2

mM L-glutamine in cell culture incubators in a 5 % CO2/ 95 % air atmosphere. To

avoid strees to the cells, cell culture solutions and medium were pre-warmed to 37 ◦C

in a water bath. Cells were returned to the cell culture incubator (37 ◦C, 5 % CO2/95

% air atmosphere) after each experimentation, allowing cells to grow and adhere to the

T75s until next experimentation.

8.1.2.1 Passaging of cells

The media was removed from 75 cm2 tissue culture treated �asks (T75s) where the cells

used in these experiments were generally maintained. 5-10 ml of phosphate bu�ered

saline (PBS) were added to wash the cells and remove any serum still remaining in T75s

and then removed. Next, 1 ml of trypsin was added in a manner that covered completely

the cells in the �ask and was incubated for 4 minutes at 37 ◦C in a 5% CO2 atmosphere

to dislodge the cells from the bottom of the �ask. Trypsin, a serine protease, hydrolyses

proteins that facilitate the adherence of the cells to the �asks. 10 ml of media were

added to universals (2 for each cell line used) and 7 ml of media were added from one

of the universals to T75s. The walls of the T75s were washed until all cells were in the

media and then the media was transferred back into the universal. Then, cells were

pelleted through centrifugation at 1000 rpm for 4 minutes. The media was removed from

the universal leaving the pellet of cells behind. Around 1 ml of media from the other

universal was used to break down the pellet of cells into the media and transferred back

into the universal. Cells were resuspended in the 10 ml and mixed resulting in a 1:10

dilution. The required number of T75 �asks were set up and 20 ml of media were added

to each of them. 1 ml of the cell resuspension was added to each of the �asks previously

set up which were used for experiments in the following week.

8.1.2.2 Seeding cells into 96-well plates

The media was removed from T75 and the cells were washed with 5 ml of PBS and then

removed. Then, 1 ml of trypsin was added and cells were incubated for 4 minutes at

37 ◦C in a 5% CO2 atmosphere . Two universals were used for each cell line used, one

with 10 ml of media and the other with 6 ml. 7 ml were removed from the universal

containing 10 ml and added to the T75s until the cells were suspended in the media.

Then, the media was transferred back into the universal and cells were pelleted through

centrifugation at 1000 rpm for 4 minutes. The media was removed from the universal

leaving the pellet behind and the cells were resuspended in 6 ml of media resulting in a
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1:6 dilution. 1 ml of the suspension was added to 10 ml of media (per plate) and 100

µM of that were added into each well of a 96-well plate.

8.1.3 Radioligand experiments

During the day before the experiment, cells were plated into white 96-well plates and were

allowed to grow to con�uence. Propranolol, ICI118551, CGP12177, cimaterol, salmeterol,

CGP20712A, salbutamol, bisoprolol and bucindolol were commercially available. Com-

pounds described in chapter 3-6 were synthesised and concentrations used were made up

from a stock solution of 10−2M dissolved in DMSO (and stored this way).

8.1.3.1 Saturation binding assays

Immediately before the experiment, the media was removed from each well. For satura-

tion binding assays, 100 µL of serum-free media (DMEM/F12 with 2 mM L-glutamine)

were added to the upper half of the plate, while 100 µL of a 20 µM solution (10 µM in

the plate as this method requires a 1:2 dilution) of propranolol in serum-free media were

added to the bottom half of the plate. 12 solutions with increasing concentrations of [3H]

CGP12177 in serum-free media were prepared, one for each row of the plate (quadrip-

licate determinations). Then, 100 µL of serum-free media containing [3H] CGP12177

were added to each row of wells, starting with the lowest concentrated solution in the far

left row. The plates were incubated for 2 hours at 37 ◦C in a 5% CO2 atmosphere. After

that, the media was removed from each well, the wells were washed twice with 200 µL

of cold PBS/well that was then removed. 100 µL of Microscint 20 were added to each

well and a sealant �lm was placed over the wells. The plates were counted on the next

day on a Topcount (PerkinElmer) 2 min/well. The concentration of each used solution

of [3H] CGP12177 in serum-free media was determined by adding 50 µL of the solution,

500 µL of imidazole and 5 ml of scintillation �uid to 3 scintillation vials. These vials

were counted on Packard scintillation counter with single 3H count, 3 minutes per vial.

The disintegrations per minute obtained were then converted to concentration values

(ranging from 0.012 to 36 nM).

8.1.3.2 Radioligand competitive binding experiments

For competitive binding studies, the media was also removed previously from each well.

100 µL of the competing ligand solution in serum-free media (each concentration of

competing ligand solution was made in triplicate) were added followed by addition of 100

µL [3H] CGP12177 solution in serum-free media. The �rst row of each plate was used to
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measure total and non speci�c binding by adding 100 µL of serum-free media or a 10 µM

solution of propranolol in serum-free media, respectively. The plates were incubated for

2 hours at 37 ◦C in a 5% CO2 atmosphere. As described in the saturation binding, the

media was removed and each well was washed twice with cold PBS. 100 µL of scintillation

�uid were added to each well and the plated were counted the following day on Topcount.

The concentration of the [3H] CGP12177 solution in serum-free media was determined

by the protocol described in the saturation binding subsection. Concentrations of [3H]

CGP12177 ranging from 0.10 and 2 nM were used during the radioligand competitive

binding experiments. These concentrations prevent binding of [3H] CGP12177 to the

secondary conformation of the β1-AR.

8.1.4 CRE-mediated SPAP transcription assay

Chinese hamster ovary (CHO) cells stably expressing a CRE-SPAP reporter gene con-

struct alone, or together with either the human recombinant β1-AR or the human recom-

binant β2-AR were used. In the cells used throughout the experiments, the SPAP gene

was under the control of a cAMP response element, thus increasing SPAP transcription

in the presence of cAMP.[83] This assay have been previously used in the study of β-

ARs by Baker et al as a downstream measurement of cAMP production upon receptor

activation. [34]

Initially, two days before the experiment, cells were platted in 96-well plates and allowed

to grow to con�uence (as described in Seeding cells into 96-well plates, one T75 was used

to plate around six 96-well plate). In the following day, the growth medium was removed

from the wells using a sterile pipette tip connected to a vacuum pump in the laminar �ow

cell culture hood. Serum-free media (100 µL of media DMEM/F12 supplemented only

with 2 mM L-glutamine but not with FCS) were added to the wells and the plates were

returned to the cell culture incubator. This process of serum starving minimises cAMP

production which is stimulated by the growth medium containing FCS, thus reducing

interference in the SPAP gene transcription assay.

8.1.4.1 Agonist mode

On the day of the experiment, all agonist drugs were made up in serum-free media to 10

times �nal required concentrations from the 10−2M stock solution in DMSO as the ex-

perimentation uses a 1:10 dilution in well (10 µL addition to 100 µL in well). Serum-free

medium was removed from each well and replaced with 100 µL of serum-free medium

and then 10 µL of increasing concentrations of agonist were added to the wells (trip-

licate determinations for each concentration). Six wells were used as negative control
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(only containing serum-free medium), while six wells were used as a positive control

(10 µL of a 100 µM isoprenaline solution were added to give a �nal concentration of

10 µM). Following the addition of the agonist to the wells, the plates were incubated

for 5 hours in a humidi�ed atmosphere of 5 % CO2/95 % air at 37 ◦C. After 5 hours,

the media was removed from every well and replaced by 40 µL of previously warmed

fresh serum-free media and incubated again for a further hour to collect the secreted

placental alkaline phosphatase, which is heat resistant. After one hour, the plates were

placed for 30 minutes in a pre-heated open air oven at 65 ◦C to denature any undesir-

able endogenous alkaline phosphatases. After 30 minutes the plates were then cooled to

37 ◦C and the phosphatase activity was measure through addition of 100 µL of 5 mM

para-nitrophenylphosphate (p-NPP) in diethanolamine (DEA) bu�er (280 mM NaCl,

0.5 mM MgCl26H2O, 100 mM DEA, pH 9.85) to each well. Under alkaline conditions,

SPAP, a phosphatase, hydrolyses the phosphate group of p-NPP yielding a yellow para-

nitrophenol. The plates were placed in a normal atmosphere incubator until the colour

change from pink to yellow was observed (approximately 20 minutes). Once the yellow

colour developed, absorbance was read at 405 nm using an MRX plate reader (Dynat-

ech Labs, Chantilly, VA) to quantify the CRE-SPAP activity. Activity was measured

as optical density (OD) readings with higher readings corresponding to higher levels

of para-nitrophenol and therefore higher concentration of SPAP resulting from higher

concentrations of cAMP.

8.1.4.2 Antagonist mode

The antagonist mode allows the determination of the a�nity of antagonist and partial ag-

onists. Agonist concentration-response curves were obtained in the presence and absence

of a �xed concentration of antagonist or partial agonist. Solutions of a �xed concentra-

tion of antagonists or partial agonists were made up in serum-free media to the �nal

concentration from a 10−2M stock solution in DMSO and the increasing concentrations

of agonist drugs were made up in serum-free media with 10 times the �nal required con-

centration (1:10 dilution in the well). Initially, on the day of the experiment, serum-free

media was removed from the wells and replaced by either 100 µL of serum-free media

(agonist alone wells and control) or 100 µL of a �xed concentration of an antagonist

or a partial agonist (agonist + antagonist; agonist + partial agonist; antagonist/partial

agonist control). The plates were incubated for 1 hour at 37 ◦C in a 5 % CO2/95 %

air atmosphere. Then, 10 µL of 100 µM isoprenaline was added to six wells (positive

control) and 10 µL of increasing agonist concentrations (1:10 dilution) were added to

wells containing only 100 µL (agonist response alone, triplicate determinations for each

concentration) and wells containing 100 µL of a �xed concentration of antagonist/partial

agonist (agonist response + �xed concentration of antagonist/partial agonist, triplicate
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determinations for each concentration). Increasing concentrations of agonist were not

added to several wells (six negative controls, serum-free media without agonist; three

�xed concentration of antagonist/partial agonist controls without agonist). Following

the addition of agonist drug concentrations, the procedure for the Agonist mode previ-

ously described was used.

8.1.5 Data analysis

8.1.5.1 Radioligand experiments

Curves of the speci�c binding (SB) of [3H] CGP12177 at di�erent concentrations of the

[3H] ligand were �tted using the nonlinear regression program Graphdpad prism 8 to

the equation:

SB =
[A]×Bmax
[A] +KD

(8.1)

where [A] is the concentration of [3H] CGP12177, Bmax is the maximal speci�c binding,

and KD is the dissociation constant of [3H] CGP12177. All data are presented as mean

± S.E.M. The n number refers to the number of separate experiments.

In radioligand competitive binding experiments, the concentration required to inhibit

50% of the speci�c binding (IC50) was determined by �tting the data obtained to the

following equation:

%uninhibitedbinding =
(100−NS)

([A]/IC50 + 1)
(8.2)

, where [A] is the concentration of the ligand, NS is the nonspeci�c binding, IC50 is the

concentration at which half of the speci�c binding of [3H] CGP12177 was inhibited.

The KD value for the competing ligand can then be obtained through the Cheng-Pruso�

equation using the IC50 value determined by the previous equation and the �xed con-

centration of [3H] CGP12177 used in the experiment:

KD =
IC50

1 + [[3H]CGP12177]
KD[3H]CGP12177

(8.3)

8.1.5.2 CRE-mediated SPAP transcription assay

Agonist mode
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Monophasic agonist concentration-response curves were �tted to the equation showed

here:

Response =
Emax × [agonist]

[agonist] + EC50
(8.4)

Emax represents the maximal system response, while [agonist] is the concentration of

agonist and EC50 represents the concentration that stimulates half of the maximal system

response.

Biphasic concentration-response curves were �tted in Graphpad Prism 8 using the fol-

lowing equation:

%maximalstimulation =
[A]× N

[A] + EC501
+

[A]× (100− N)

[A] + EC502
(8.5)

where N is the percentage of the �rst component response, [A] is the concentration of

agonist, and EC501 and EC501 are the concentration which stimulate half of the maximal

response for each component.

When increasing concentration of agonist C were added to a �xed concentration of full

agonist A (eg. �g. 4.3, chapter 4, cimaterol used as full agonist) the following equation

was used to �t the data:

Response = Basal + (AR −Basal)[1− [C]

[C] + IC50
] + Cmax[

[C]

[C] + EC50
] (8.6)

where Basal is the response produced in the absence of agonist, AR is the measured

response to the �xed concentration of full agonist, [C] is the concentration of agonist C,

IC50 is the concentration of agonist C required to inhibit the stimulated SPAP production

by full agonist A by 50%, Cmax is the maximal stimulation of SPAP production produced

by agonist C, and EC50 is the concentration of agonist C required to produce 50% of the

maximal stimulation of SPAP secretion produced by C.

Antagonist mode

Agonists in the absence of a �xed concentration of antagonist/partial agonist were �tted

either to equation 8.4 or 8.5. The KD values for the antagonists were determined by the

shift observed in the agonists dose-response curves in the absence and presence of a �xed

concentration of antagonist, using the following equation (which assumes equilibrium

conditions and competitive antagonism):
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DR = 1 +
[B]

KD
(8.7)

where DR (dose-ratio) is the dose ratio of concentrations required to stimulate the same

response in the absence and presence of a �xed concentration of antagonist [B] and KD

is the equilibrium dissociation constant (�gure 8.1, DR = curve 2 EC50 / curve 1 EC50).

[120]

[agonist]

re
sp

o
n
se

agonist alone
agonist + fixed concentration of antagonist

curve 1 EC50 curve 2 EC50

equivalent response

Figure 8.1: Schematic representation of two concentration-response curves: curve 1
(agonist concentration-response curve alone, in the absence of a �xed concentration of
antagonist) and curve 2 (agonist concentration-response curve alone in the presence of
a �xed concentration of antagonist). Modi�ed from Gherbi et al. [121]

TheKD values for partial agonists used to rightshift the concentration-response of full(er)

agonists were determined by the method of Stephenson et al. [85] The data obtained

was �tted to the following equation:

KD =
Y × [P ]

1− Y
(8.8)

, where

Y =
[A2]− [A1]

[A3]
(8.9)

[P] is the concentration of partial agonist, [A1] is the concentration of the full(er) agonist

at which the concentration-response curve of the full(er) agonist in the presence and

absence of the partial agonist (P) causes the same response, [A2] is the concentration of

the full(er) agonist causing a certain response and [A3] is the concentration of the full(er)

agonist in the presence of a �xed concentration of the partial agonist which causes the

same response as [A2] (Figure 8.2).
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Figure 8.2: Schematic representation of two concentration-response curves: curve 1
(agonist concentration-response curve alone, in the absence of a �xed concentration of
partial agonist) and curve 2 (agonist concentration-response curve alone in the presence
of a �xed concentration of partial agonist). Modi�ed from Gherbi et al. [121]

8.2 General chemistry

Chemicals and solvents were purchased from standard suppliers and used without fur-

ther puri�cation. Merck Kieselgel 60, 230-400 mesh, for �ash column chromatography

(FCC), was supplied by Merck KgaA (Darmstadt, Germany), and deuterated solvents

were purchased from Goss International Limited (England) and Sigma-Aldrich Co. Ltd.

(England). Unless otherwise stated, reactions were carried out at ambient tempera-

ture. Reactions were monitored by thin layer chromatography on commercially available

precoated aluminum-backed plates (Merck Kieselgel 60 F254). Visualization was by ex-

amination under UV light (254 and 366 nm). General staining was carried out with

KMnO4 or ninhydrin in ethanol for the primary and secondary amines. All organic

extracts collected after aqueous workup procedures were dried over anhydrous MgSO4

or Na2SO4 before gravity �ltration and evaporation to dryness. Organic solvents were

evaporated in vacuo at 40 ◦C (water bath temperature). Puri�cation using preparative

layer chromatography (PLC) was carried out using Fluka silica gel 60 PF254 containing

gypsum (200 mm x 200 mm x 1 mm). Flash chromatography was performed using Merck

Kieselgel 60 (0.040-0.063 mm).

1H NMR spectra were recorded on a Bruker-AV 400 at 400.13 MHz. 13C NMR spectra

were recorded at 101.62 MHz. Chemical shifts (δ) are recorded in parts per million (ppm)

with reference to the chemical shift of the deuterated solvent/an internal tetramethylsi-

lane (TMS) standard. Coupling constants (J) are recorded in hertz.

LC-MS spectra were recorded on a Shimadzu UFLCXR system coupled to an Applied
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Biosystems API2000 and visualised at 254 nm (channel 1) and 220 nm (channel 2). LC-

MS was carried out using a Phenomenex Gemini-NX C18 110A column (50 mm x 2

mm x 3 µm) at a �ow rate of 0.5 mL/min over a 5 min period (Method A). Analytical

reverse-phase high-performance liquid chromatography (RP-HPLC) was performed on a

Waters Millenium 995 LC using both system 1 and system 2 described below and was

used to con�rm that all �nal products were >95% pure. System 1: Phenomenex Onyx

Monolithic reverse phase C18 column (100 x 4.6 mm), a �ow rate of 3.00 mL/min and

UV detection at 287 nm. Linear gradient 5-95% solvent B over 10 min. Solvent A,

0.1% formic acid (FA) in water; solvent B, 0.1% FA in MeCN. Analytical and semi-prep

chiral HPLC was performed using a Phenomenex lux cellulose-1 eluted with a mixture

of Hexane:Ethanol:0.2% DEA.

8.2.1 Chapter 3 synthesis

2-allyloxyphenol (40)

OH

O

Potassium carbonate (0.044 mol) was added to a

solution of pyrocatechol (0.045 mol) in dry acetone

(20 mL) in portions for 30 minutes. Then the re-

action mixture was left stirring for 1 hour and allyl

bromide (0.045 mol) was added over 30 minutes.

The potassium carbonate was �ltered after completion of the reaction and the �ltrate

was extracted with chloroform (3 x 75 mL), washed with brine (1 x 50 mL) and dried

with anhydrous sodium sulfate. The crude was puri�ed by �ash column chromatography

over silica gel using eluants of 10% chloroform in petroleum ether.

Yield: 78 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 4.64 (dt, J = 5.5, 1.4 Hz, 2H), 5.36 (ddd, J= 10.5, 2.5,

1.2 Hz, 1H), 5.45 (ddd, J = 17.3, 3.0, 1.5 Hz, 1H), 5.71 (s, 1H), 6.11 (ddt, J = 17.2,

10.7, 5.5 Hz, 1H), 6.82 - 6.96 (m, 3H), 6.96 - 7.03 (m, 1H).

2-[[2-(2-propen-1-yloxy)phenoxy]methyl]-oxirane (42)

O

O

O

To a solution of 2-allyloxyphenol (0.012 mol) in 40

mL DMF was added sodium hydride (0.018 mol,

1.5eq) (60% in mineral oil) at 0 ◦C. The reac-

tion mixture was warmed to room temperature and

epichlorhydrin (0.060 mol, 5 eq) was added drop-

wise over 2 minutes. The reaction was monitored
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by TLC and reacted during the weekend. After starting material was consumed, the mix-

ture was poured into ice water (50 mL) and extracted with diethyl ether (3 x 75 mL).

The reaction mixture was concentrated and it was puri�ed by column chromatography

with 12% ethyl acetate in petroleum ether.

Yield: 89 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.75 (dd, J = 5.0, 2.7 Hz, 1H), 2.83 - 2.94 (m, 1H), 3.33

- 3.47 (m, 1H), 4.04 (dd, J = 11.4, 5.4 Hz, 1H), 4.25 (dd, J = 11.4, 3.4 Hz, 1H), 4.56

- 4.65 (m, 2H), 5.27 (dd, J = 10.5, 1.5 Hz, 1H), 5.42 (dd, J = 17.3, 1.6 Hz, 1H), 6.08

(tdd, J = 15.8, 10.5, 5.3 Hz, 1H), 6.82 - 7.00 (m, 4H).

2-[[2-(2-propen-1-yl)phenoxy]methyl]-oxirane (46)

O

O

To a stirred solution of 2-allylphenol (0.022 mol, 1

eq) and potassium carbonate (0.033, 1.5 eq) in dry

acetone, epichlorohydrin (0.033, 1.5 eq) was added

and the reaction mixture was allowed to re�ux until

all the phenol was consumed. As after 48 hours the

phenol was not fully consumed, 1 equivalent of epichlorhydrin and potassium carbonate

were added to the mixture. The reaction was controlled by TLC after 5 days and the

phenol was consumed. The reaction mixture was �ltered, concentrated under vacuo and

puri�ed by column chromatography with 8% ethyl acetate in petroleum ether. Yield: 62

% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.78 (dd, J = 5.0, 2.7 Hz, 1H), 2.91 (dd, J = 4.9, 4.2

Hz, 1H), 3.33-3.39 (m, 1H), 3.43 (d, J = 6.6 Hz, 2H), 4.00 (dd, J = 11.1, 5.4 Hz, 1H),

4.24 (dd, J = 11.0, 3.1 Hz, 1H), 5.01-5.12 (m, 2H), 5.93-6.07 (m, 1H), 6.80-6.96 (m, 2H),

7.14-7.24 (m, 2H).

General procedures for epoxide opening:

a) A solution of the respective oxirane (42 for oxprenolol and 46 for alprenolol analogues)

in 1 mL of the respective amine was heated in the microwave at 60 ◦C (for oxprenolol

analogues) or at 70 ◦C (for alprenolol analogues) for 1 hour. The reaction mixture was

checked by TLC. The reaction mixture was puri�ed by column chromatography with

percentages ranging from 2% to 6% of 1N ammonia in methanol in dichloromethane as

indicated in each compound in the experimental section.

b) A solution of the respective oxirane (42 for oxprenolol and 46 for alprenolol analogues)

in 1 mL of the respective amine was left stirring at room temperature for 72 hours. The

reaction mixture was checked by TLC and after the oxirane was consumed it was puri�ed
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by column chromatohraphy with eluents of 2% to 6% of 1N ammonia in methanol in

dichloromethane as indicated for each case in the experimental section.

c) A solution of the respective oxirane (42 for oxprenolol and 46 for alprenolol analogues)

and the respective amine (2 eq) in 1 mL of hexa�uoroisopropanol was heated in the

microwave at 70 ◦C for 1 hour. The reaction mixture was checked by TLC. The reaction

mixture was puri�ed by column chromatography with percentages ranging from 2% to

6% of 1N ammonia in methanol in dichloromethane as indicated in each compound in

the experimental section.

1-(2-(allyloxy)phenoxy)-3-(isopropylamino)propan-2-ol (Oxprenolol, 7)

O

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 90 % (colorless

oil)

1H NMR (400 MHz, CDCl3) δ 1.12 (d, J

= 6.3 Hz, 6H), 2.81 (dd, J = 12.1, 7.1 Hz,

1H), 2.85 - 2.95 (m, 2H), 3.35 (s, 2H), 3.99 - 4.07 (m, 2H), 4.10 (ddt, J = 11.1, 7.0, 4.2

Hz, 1H), 4.57 (dt, J= 5.3, 1.4 Hz, 2H), 5.27 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd,J =

17.3, 1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 6.86 - 6.97 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 22.65, 22.71, 49.33, 68.25, 70.04, 73.06, 114.40, 115.57,

117.85, 121.65, 122.14, 133.50, 148.82, 149.04.

m/z MS (TOF ES+) C15H23NO3[MH]+ calcd 266.17; found 266.2. tR: 2.02 (method A)

1-(2-(allyloxy)phenoxy)-3-(tert-butylamino)propan-2-ol (44b)

O

O

OH
H
N

Eluent: 6% 1M ammonia in MeOH in

DCM; Method a) Yield: 79 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ 1.13 (s,

9H), 2.76 (dd, J = 11.9, 6.3 Hz, 1H), 2.86

(broad s, 2H, exchangeable protons), 2.87

(dd, J = 11.7, 3.6 Hz, 1H), 3.92 - 4.13 (m, 3H), 4.57 (dt, J = 5.2, 1.5 Hz, 2H), 5.27 (dd,

J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3, 1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.5, 5.3

Hz, 1H), 6.78 - 7.08 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 29.04, 44.84, 50.83, 68.56, 70.05, 72.99, 114.47, 115.37,

117.75, 121.64, 121.99, 133.56, 148.95, 149.01.

m/z MS (TOF ES+) C16H25NO3[MH]+ calcd 280.18; found 280.0. tR: 2.12 (method A)

1-(2-(allyloxy)phenoxy)-3-(cyclopropylamino)propan-2-ol (44c)
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O

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 92 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ 0.36 - 0.43

(m, 2H), 0.43 - 0.49 (m, 2H), 2.16 - 2.24

(m, 1H), 2.90 (dd, J = 12.3, 6.7 Hz, 1H), 2.92 (s, 2H, exchangeable protons), 2.97 (dd,

J = 12.3, 4.3 Hz, 1H), 3.98 (dd, J = 9.5, 5.8 Hz, 1H), 4.08 (ddd, J = 13.2, 8.4, 4.0 Hz,

2H), 4.57 (d, J = 5.3 Hz, 2H), 5.28 (dd, J = 10.5, 1.3 Hz, 1H), 5.42 (dd, J = 17.3, 1.5

Hz, 1H), 6.08 (ddt, J = 17.0, 10.6, 5.3 Hz, 1H), 6.92 (qd, J= 7.1, 3.9 Hz, 4H).

13C NMR (101 MHz, CDCl3) δ 6.37, 6.65, 30.59, 51.82, 68.21, 70.02, 73.25, 114.30,

115.53, 117.87, 121.62, 122.10, 133.46, 148.86, 149.05.

m/z MS (TOF ES+) C15H21NO3[MH]+ calcd 264.33; found 264.1. tR: 2.00 (method A)

1-(2-(allyloxy)phenoxy)-3-((cyclopropylmethyl)amino)propan-2-ol (44d)

O

O

OH
H
N

Eluent: 5% 1M ammonia in

MeOH in DCM; Method a) Yield:

65 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ

0.19 (q, J= 4.4 Hz, 2H), 0.52 (q,

J = 4.4 Hz, 2H), 0.94 - 1.09 (m, 1H), 2.50 - 2.71 (m, 2H), 2.91 (dd, J = 12.2, 7.3 Hz,

1H), 3.00 (dd, J = 12.2, 4.1 Hz, 1H), 3.60 (s, 2H), 4.00 - 4.11 (m, 2H), 4.15 - 4.21 (m,

1H), 4.57 (dt, J = 5.3, 1.4 Hz, 2H), 5.28 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3,

1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 6.84 - 7.00 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 3.63, 3.71, 10.69, 51.63, 54.81, 68.10, 70.04, 72.96, 114.38,

115.52, 117.87, 121.65, 122.13, 133.48, 148.78, 148.89.

m/z MS (TOF ES+) C16H23NO3[MH]+ calcd 278.36; found 278.1. tR: 2.10 (method A)

1-(2-(allyloxy)phenoxy)-3-(methylamino)propan-2-ol (44e)

O

O

OH
H
N

Eluent: 8% 1M ammonia in MeOH in

DCM; Method b) Yield: 38 % (yellow oil)

1HNMR (400 MHz, CDCl3) δ 2.52 (s, 3H),

2.88 (t,J = 5.4 Hz, 2H), 3.95 (s, 2H), 4.04

(qd, J = 9.8, 5.1 Hz, 2H), 4.13 - 4.25 (m,

1H), 4.55 (dt, J = 5.3, 1.4 Hz, 2H), 5.28

(dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3, 1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.6,

5.4 Hz, 1H), 6.91 (qd, J = 7.1, 4.2 Hz, 4H)
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13C NMR (101 MHz, CDCl3) δ 36.10, 54.00, 67.77, 70.01, 72.97, 114.25, 115.47, 117.99,

121.65, 122.17, 133.44, 148.70, 148.96.

m/z MS (TOF ES+) C13H19NO3[MH]+ calcd 238.29; found 237.9. tR: 1.88 (method A)

1-(2-(allyloxy)phenoxy)-3-(ethylamino)propan-2-ol (44f)

O

O

OH
H
N

Eluent: 6% 1M ammonia in MeOH in

DCM; Method b) Yield: 75 % (colorless

oil)

1H NMR (400 MHz, CDCl3) δ 1.14 (t, J

=7.1 Hz, 3H), 2.72 (qd, J = 7.1, 1.3 Hz,

2H), 2.85 (qd, J = 12.1, 5.6 Hz, 2H), 3.13 (s, 2H), 4.03 (qd, J = 9.7, 5.1 Hz, 2H), 4.12

(tt, J = 6.9, 4.2 Hz, 1H), 4.57 (d, J= 5.2 Hz, 2H), 5.28 (dd, J = 10.4, 1.0 Hz, 1H), 5.42

(dd, J = 17.2, 1.4 Hz, 1H), 6.07 (ddt, J = 17.1, 10.6, 5.3 Hz, 1H), 6.86 - 7.00 (m, 4H)

13C NMR (101 MHz, CDCl3) δ 15.10, 44.25, 51.73, 68.25, 70.04, 73.12, 114.35, 115.55,

117.89, 121.65, 122.13, 133.46, 148.81, 149.02.

m/z MS (TOF ES+) C14H21NO3[MH]+ calcd 252.15; found 252.0. tR: 1.98 (method A)

1-(2-(allyloxy)phenoxy)-3-(propylamino)propan-2-ol (44g)

O

O

OH
H
N

Eluent: 6% 1M ammonia in

MeOH in DCM; Method a) Yield:

64 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ

0.92 (t, J = 7.4 Hz, 3H), 1.46 -

1.61 (m, 2H), 2.63 (t, J = 7.1 Hz, 2H), 2.84 (qd, J = 12.2, 5.5 Hz, 2H), 2.95 (s, 2H),

3.89 - 4.21 (m, 3H), 4.57 (dt, J= 5.2, 1.3 Hz, 2H), 5.28 (dd, J = 10.5, 1.4 Hz, 1H), 5.41

(dd, J = 17.3, 1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 6.80 - 7.03 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 11.67, 22.97, 29.71, 51.74, 68.12, 69.92, 73.00, 114.26,

115.44, 117.71, 121.52, 121.99, 133.37, 148.74, 148.92.

m/z MS (TOF ES+) C15H23NO3[MH]+ calcd 266.17; found 266.0. tR: 2.06 (method A)

1-(2-(allyloxy)phenoxy)-3-(butylamino)propan-2-ol (44h)

O

O

OH
H
N

Eluent: 5% 1M ammonia in

MeOH in DCM; Method a) Yield:

82 % (yellow oil)
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1H NMR (400 MHz, CDCl3) δ

0.91 (t, J = 7.3 Hz, 3H), 1.35 (dq,

J = 14.2, 7.1 Hz, 2H), 1.49 (ddd, J = 12.2, 9.0, 7.0 Hz, 2H), 2.65 (td,J = 7.1, 1.4 Hz,

2H), 2.78 (s, 2H), 2.79 - 2.88 (m, 2H), 4.00 (dd, J = 9.5, 6.1 Hz, 1H), 4.05 (t,J = 4.9

Hz, 1H), 4.06 - 4.12 (m, 1H), 4.57 (dt, J = 5.3, 1.4 Hz, 2H), 5.28 (dq, J = 10.5, 1.3 Hz,

1H), 5.41 (dq, J = 17.3, 1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 6.87 - 6.97

(m, 4H).

13C NMR (101 MHz, CDCl3) δ 14.12, 20.53, 32.38, 49.80, 51.95, 68.34, 70.05, 73.18,

114.41, 115.60, 117.81, 121.64, 122.11, 133.51, 148.90, 149.07.

m/z MS (TOF ES+) C16H25NO3[MH]+ calcd 280.18; found 280.2. tR: 2.16 (method A)

1-(2-(allyloxy)phenoxy)-3-(cyclopentylamino)propan-2-ol (44i)

O

O

OH
H
N

Eluent: 6% 1M ammonia in MeOH in

DCM; Method a) Yield: 82 % (colorless

oil)

1H NMR (400 MHz, DMSO) δ 1.22 - 1.37

(m, 2H), 1.38 - 1.51 (m, 2H), 1.53 - 1.65

(m, 2H), 1.72 (dt, J = 12.0, 5.9 Hz, 2H), 2.59 (dd, J = 11.8, 6.4 Hz, 1H), 2.73 (dd, J =

11.7, 4.1 Hz, 1H), 2.97 - 3.08 (m, 1H), 3.34 (s, 2H), 3.83 - 3.94 (m, 3H), 4.54 (dt, J =

5.1, 1.5 Hz, 2H), 5.23 (dd, J = 10.5, 1.7 Hz, 1H), 5.40 (dd, J = 17.3, 1.8 Hz, 1H), 6.03

(ddt, J = 17.2, 10.4, 5.1 Hz, 1H), 6.83 - 6.90 (m, 2H), 6.93 - 7.00 (m, 2H).

13C NMR (101 MHz, DMSO) δ 23.55, 32.32, 51.18, 59.23, 68.02, 69.02, 71.61, 114.09,

114.44, 116.98, 120.97, 121.23, 134.01, 148.00, 148.66.

m/z MS (TOF ES+) C17H25NO3[MH]+ calcd 292.39; found 292.2. tR: 2.12 (method A)

1-(2-(allyloxy)phenoxy)-3-(benzylamino)propan-2-ol (44j)

O

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method c) Yield: 76 % (yellow oil)

1HNMR (400 MHz, CDCl3) δ 2.78 (s, 2H),

2.85 (qd, J= 12.1, 5.3 Hz, 2H), 3.80 - 3.92

(m, 2H), 4.00 (dd, J = 10.5, 7.0 Hz, 1H),

4.09 (ddd, J = 10.5, 6.2, 3.9 Hz, 2H), 4.54 (dt, J= 5.3, 1.4 Hz, 2H), 5.26 (dd, J = 10.5,

1.4 Hz, 1H), 5.39 (dd, J = 17.3, 1.6 Hz, 1H), 6.03 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 6.86

- 6.97 (m, 4H), 7.22 - 7.29 (m, 1H), 7.30 - 7.37 (m, 4H).
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13C NMR (101 MHz, CDCl3) δ 51.33, 54.00, 68.50, 69.99, 73.26, 114.32, 115.57, 117.86,

121.62, 122.13, 127.19, 128.27, 128.57, 133.46, 140.07, 148.84, 149.06

m/z MS (TOF ES+) C19H23NO3[MH]+ calcd 314.17; found 314.3. tR: 2.19 (method A)

1-(2-(allyloxy)phenoxy)-3-((3,4-dimethoxyphenethyl)amino)propan-2-ol (44k)

O

O

OH
H
N O

O

Eluent: 6% 1M ammonia in

MeOH in DCM; Method c) Yield:

61 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ

2.72 - 2.82 (m, 4H), 2.86 (dd, J

= 8.7, 5.5 Hz, 2H), 2.88 - 2.95 (m, 2H), 3.85 (d, J= 4.4 Hz, 6H), 3.99 (dd,J= 9.5, 6.1

Hz, 1H), 4.04 (t, J = 5.3 Hz, 1H), 4.06 - 4.11 (m, 1H), 4.55 (dt, J = 5.3, 1.4 Hz, 2H),

5.27 (dd, J = 10.5, 1.4 Hz, 1H), 5.40 (dd, J = 17.3, 1.6 Hz, 1H), 6.06 (ddt, J = 17.2,

10.6, 5.3 Hz, 1H), 6.70 - 6.75 (m, 2H), 6.78 (d, J = 8.7 Hz, 1H), 6.86 - 6.96 (m, 4H)

13C NMR (101 MHz, CDCl3) δ 36.00, 51.45, 51.77, 55.96, 56.04, 68.37, 69.99, 73.08,

111.44, 112.10, 114.34, 115.65, 117.81, 120.70, 121.62, 122.18, 132.48, 133.48, 147.59,

148.80, 149.05, 149.07.

m/z MS (TOF ES+) C22H29NO5[MH]+ calcd 388.20; found 388.1. tR: 2.20 (method A)

1-(2-allylphenoxy)-3-(isopropylamino)propan-2-ol (Alprenolol, 6)

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 96 % (colorless

oil)

1H NMR (400 MHz, CDCl3) δ 1.11 (d, J

= 6.3 Hz, 6H), 2.78 (s, 1H), 2.78 (dd, J =

12.1, 7.6 Hz, 2H), 2.86 (dd,J = 12.6, 6.3 Hz, 1H), 2.92 (dd, J = 12.1, 3.9 Hz, 1H), 3.40

(d, J= 6.4 Hz, 2H), 3.94 - 4.03 (m, 2H), 4.07 (dt, J = 9.0, 5.1 Hz, 1H), 5.03 (dt, J =

16.3, 1.5 Hz, 1H), 5.04 (dt,J = 11.1, 1.3 Hz, 1H), 5.99 (ddt, J = 17.8, 9.1, 6.4 Hz, 1H),

6.85 (d, J = 8.1 Hz, 1H), 6.91 (td, J = 7.4, 0.8 Hz, 1H), 7.15 (d, J= 7.4 Hz, 1H), 7.18

(td,J = 8.0, 1.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 22.80, 22.90, 34.67, 49.08, 49.38, 68.50, 70.52, 111.36,

115.28, 120.95, 127.49, 128.51, 130.06, 137.23, 156.33.

m/z MS (TOF ES+) C15H23NO2[MH]+ calcd 250.17; found 249.9. tR: 2.13 (method A)

1-(2-allylphenoxy)-3-(tert-butylamino)propan-2-ol (47b)
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O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 93 % (yellow oil)

1HNMR (400 MHz, CDCl3) δ 1.16 (s, 9H),

2.77 (dd, J = 11.9, 7.2 Hz, 1H), 2.91 (dd,

J = 11.9, 3.7 Hz, 1H), 2.92 (s, 2H, exchangeable protons) 3.40 (d, J = 6.4 Hz, 2H), 3.90

- 4.12 (m, 3H), 5.02 (dd, J = 5.4, 1.7 Hz, 1H), 5.05 (s, 1H), 5.99 (ddt, J = 18.3, 9.4, 6.4

Hz, 1H), 6.85 (d, J = 8.1 Hz, 1H), 6.91 (td, J = 7.4, 0.9 Hz, 1H), 7.14 (dd, J = 7.4, 1.5

Hz, 1H), 7.19 (td, J = 8.0, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 28.90, 34.78, 45.02, 51.26, 68.59, 70.58, 111.48, 115.40,

121.06, 127.61, 128.66, 130.18, 137.33, 156.48

m/z MS (TOF ES+) C16H25NO2[MH]+ calcd 264.19; found 264.2. tR: 2.18 (method A)

1-(2-allylphenoxy)-3-(cyclopropylamino)propan-2-ol (47c)

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method b) Yield: 12 % (colorless

oil)

1H NMR (400 MHz, CDCl3) δ 0.33 - 0.43

(m, 2H), 0.43 - 0.52 (m, 2H), 2.16 - 2.24

(m, 1H), 2.59 (s, 2H), 2.88 (dd, J = 12.3, 7.7 Hz, 1H), 2.98 (dd, J = 12.3, 4.0 Hz, 1H),

3.40 (dd,J = 6.3, 1.1 Hz, 2H), 3.98 (d, J = 5.1 Hz, 2H), 4.09 (dt,J = 8.8, 4.9 Hz, 1H),

5.04 (dt, J = 16.4, 1.6 Hz, 1H), 5.05 (dt, J = 11.0, 1.4 Hz, 1H), 5.99 (ddt, J = 15.5,

11.4, 6.4 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.92 (td, J = 7.4, 0.9 Hz, 1H), 7.15 (d, J =

7.4 Hz, 1H), 7.18 (td, J= 8.0, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 6.30, 6.76, 30.63, 34.82, 52.01, 68.43, 70.64, 111.51,

115.39, 121.09, 127.61, 128.65, 130.20, 137.39, 156.47.

1-(2-allylphenoxy)-3-((cyclopropylmethyl)amino)propan-2-ol (47d)

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 88 % (colorless

oil)

1H NMR (400 MHz, CDCl3) δ 0.15 (q, J

= 4.7 Hz, 2H), 0.46 - 0.55 (m, 2H), 0.84 -

1.13 (m, 1H), 2.55 (ddd, J = 26.2, 12.2, 6.9 Hz, 2H), 2.66 (s, 2H), 2.84 (dd,J = 12.2,

7.7 Hz, 1H), 2.94 (dd, J = 12.2, 4.0 Hz, 1H), 3.40 (d, J = 6.3 Hz, 2H), 4.00 (d, J = 5.0

Hz, 2H), 4.12 (td, J = 9.2, 5.1 Hz, 1H), 5.03 (dd, J = 17.9, 1.5 Hz, 1H), 5.04 (dd, J =



Chapter 8 Experimental 159

10.1, 1.4 Hz, 1H), 5.99 (ddt, J = 18.1, 9.3, 6.4 Hz, 1H), 6.85 (d, J = 8.1 Hz, 1H), 6.92

(td, J = 7.4, 0.7 Hz, 1H), 7.14 (dd, J = 7.6, 1.2 Hz, 1H), 7.19 (td, J= 8.0, 1.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 3.52, 3.59, 11.19, 34.75, 51.90, 55.04, 68.51, 70.67, 111.50,

115.40, 121.07, 127.59, 128.64, 130.15, 137.34, 156.44

1-(2-allylphenoxy)-3-(methylamino)propan-2-ol (47e)

O

OH
H
N

Eluent: 6% 1M ammonia in MeOH in

DCM; Method b) Yield: 77 % (yellow oil)

1HNMR (400 MHz, CDCl3) δ 2.49 (s, 3H),

2.59 (s, 2H, exchangeable protons), 2.81

(qd, J = 12.2, 5.8 Hz, 2H), 3.40 (dd, J =

6.2, 1.0 Hz, 2H), 3.99 (d, J= 5.2 Hz, 2H), 4.12 (dq, J = 7.4, 5.0 Hz, 1H), 5.04 (d, J =

10.4 Hz, 1H), 5.04 (d, J = 16.7 Hz, 1H), 5.99 (ddt, J = 14.8, 10.8, 6.4 Hz, 1H), 6.85 (d,

J= 8.1 Hz, 1H), 6.92 (t, J = 7.4 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 7.18 (t, J = 7.8 Hz,

1H).

13C NMR (101 MHz, CDCl3) δ 34.71, 36.46, 54.34, 68.30, 70.67, 111.48, 115.37, 121.05,

127.57, 128.58, 130.14, 137.32, 156.40

m/z MS (TOF ES+) C13H19NO2[MH]+ calcd 222.14; found 222.0. tR: 2.00 (method A)

1-(2-allylphenoxy)-3-(ethylamino)propan-2-ol (47f)

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method b) Yield: 55 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ 1.18 (t, J

= 7.1 Hz, 3H), 2.40 (s, 2H, exchangeable

protons), 2.76 (dd, J = 7.1, 4.4 Hz, 2H),

2.84 (dd, J = 12.2, 7.8 Hz, 1H), 2.93 (dd, J = 12.2, 3.9 Hz, 1H), , 3.40 (d,J= 6.4 Hz,

2H), 4.00 (d, J = 5.2 Hz, 2H), 4.14 (td,J = 9.1, 5.0 Hz, 1H), 5.03 (dd, J = 17.3, 1.5 Hz,

2H), 5.04 (dd, J = 10.4, 1.5 Hz, 1H), 5.98 (ddt, J = 17.2, 11.1, 6.4 Hz, 1H), 6.85 (d, J

= 8.1 Hz, 1H), 6.92 (t, J = 7.3 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 7.19 (t, J = 7.6, 1H).

13C NMR (101 MHz, CDCl3) δ 15.30, 34.77, 44.28, 51.92, 68.49, 70.66, 111.48, 115.38,

121.07, 127.60, 128.61, 130.17, 137.36, 156.44

m/z MS (TOF ES+) C14H21NO2[MH]+ calcd 236.16; found 236.0. tR: 2.10 (method A)

1-(2-allylphenoxy)-3-(propylamino)propan-2-ol (47g)
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O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 59 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ 0.94 (t, J

= 7.4 Hz, 3H), 1.55 (sx, J = 7.3 Hz, 2H),

2.46 (s, 2H, exchangeable protons), 2.65 (td, J = 7.0, 4.0 Hz, 2H), 2.81 (dd, J = 12.2,

7.7 Hz, 1H), 2.90 (dd, J = 12.2, 4.0 Hz, 1H), 3.40 (d, J = 6.3 Hz, 2H), 3.99 (dd,J = 5.2,

0.9 Hz, 2H), 4.10 (td, J = 9.2, 5.0 Hz, 1H), 5.03 (dd, J = 18.0, 1.2 Hz, 1H), 5.04 (dd, J

= 9.6, 1.5 Hz, 1H), 5.99 (ddt, J = 17.8, 9.1, 6.4 Hz, 1H), 6.85 (d, J= 8.1 Hz, 1H), 6.92

(t,J = 7.4 Hz, 1H), 7.15 (d, J = 7.4 Hz, 1H), 7.18 (t, J = 7.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 11.75, 23.12, 34.65, 51.84, 52.13, 68.34, 70.67, 111.43,

115.34, 120.96, 127.50, 128.57, 130.05, 137.25, 156.39.

m/z MS (TOF ES+) C15H23NO2[MH]+ calcd 250.17; found 250.2. tR: 2.16 (method A)

1-(2-allylphenoxy)-3-(butylamino)propan-2-ol (47h)

O

OH
H
N

Eluent: 5% 1M ammonia in

MeOH in DCM; Method a) Yield:

78 % (colorless oil)

1H NMR (400 MHz, CDCl3) δ

0.93 (t, J = 7.3 Hz, 3H), 1.36 (sx,

J= 7.1 Hz, 2H), 1.51 (q, J = 7.2 Hz, 2H), 2.50 (s, 2H, exchangeable protons), 2.60 - 2.73

(m, 2H), 2.80 (dd, J = 12.2, 7.6 Hz, 1H), 2.88 (dd, J = 12.2, 4.0 Hz, 1H), 3.40 (d, J =

5.7 Hz, 2H), 3.99 (dd, J = 5.2, 1.1 Hz, 2H), 4.08 (ddd,J = 9.2, 7.7, 5.1 Hz, 1H), 5.03

(dd, J = 17.2, 1.5 Hz, 1H), 5.04 (dd, J = 9.8, 1.6 Hz, 1H), 5.99 (ddt, J = 18.0, 9.3, 6.4

Hz, 1H), 6.85 (d, J = 8.2 Hz, 1H), 6.91 (td, J = 7.4, 0.9 Hz, 1H), 7.14 (dd, J = 7.4, 1.5

Hz, 1H), 7.18 (td, J = 8.0, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 14.13, 20.53, 32.33, 34.80, 49.78, 52.07, 68.47, 70.66,

111.51, 115.41, 121.08, 127.61, 128.66, 130.18, 137.38, 156.47.

m/z MS (TOF ES+) C16H25NO2[MH]+ calcd 264.19; found 264.2. tR: 2.24 (method A)

1-(2-allylphenoxy)-3-(cyclopentylamino)propan-2-ol (47i)

O

OH
H
N

Eluent: 5% 1M ammonia in MeOH in

DCM; Method a) Yield: 50 % (yellow oil)

1H NMR (400 MHz, CDCl3) δ

1.40 (s, 2H), 1.56 (s, 2H), 1.71 (s, 2H),

1.88 (s, 2H), 2.66 (s, 2H), 2.80 (dd,J =
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12.0, 7.7 Hz, 1H), 2.87 - 2.97 (m, 1H), 3.09 - 3.19 (m, 1H), 3.39 (d, J = 5.7 Hz, 2H),

3.99 (s, 2H), 4.09 (s, 1H), 4.98 - 5.11 (m, 2H), 5.91 - 6.07 (m, 1H), 6.85 (d, J= 8.1 Hz,

1H), 6.91 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 7.5 Hz, 1H), 7.18 (t, J = 7.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 23.98, 24.01, 32.94, 33.05, 50.97, 59.95, 68.40, 70.67,

111.36, 115.29, 120.88, 127.44, 128.51, 129.98, 137.17, 156.34.

m/z MS (TOF ES+) C17H25NO2[MH]+ calcd 276.19; found 276.2. tR: 2.21 (method A)

1-(2-allylphenoxy)-3-(benzylamino)propan-2-ol (47j)

O

OH
H
N

Eluent: 4% 1M ammonia in MeOH in

DCM; Method c) Yield: 70 % (yellow oil)

1HNMR (400 MHz, CDCl3) δ 2.48 (s, 2H),

2.83 (dd, J = 12.2, 7.4 Hz, 1H), 2.91 (dd,

J = 12.2, 4.1 Hz, 1H), 3.37 (dd, J = 6.4,

1.4 Hz, 2H), 3.85 (d, J = 4.9 Hz, 2H), 4.00 (d, J = 5.2 Hz, 2H), , 4.10 (ddd, J = 9.2,

7.4, 5.1 Hz, 1H), 5.00 (dq, J = 11.1, 1.6 Hz, 1H), 5.01 (dq, J = 18.7, 1.6 Hz, 1H), 5.96

(ddt, J = 16.7, 10.3, 6.4 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.92 (td, J = 7.4, 1.0 Hz,

1H), 7.10 - 7.23 (m, 2H), 7.24 - 7.30 (m, 1H), 7.34 (d, J= 4.4 Hz, 4H).

13C NMR (101 MHz, CDCl3) δ 34.80, 51.42, 53.97, 68.68, 70.58, 111.48, 115.39, 121.10,

127.31, 127.61, 128.30, 130.20, 137.36, 139.89, 156.43.

m/z MS (TOF ES+) C19H23NO2[MH]+ calcd 298.17; found 298.2. tR: 2.26 (method A)

1-(2-allylphenoxy)-3-((3,4-dimethoxyphenethyl)amino)propan-2-ol (47k)

O

OH
H
N O

O

Eluent: 5% 1M ammonia in

MeOH in DCM; Method c)

Yield: 78 % (yellow oil)

1H NMR (400 MHz, CDCl3)

δ 2.43 (s, 2H), 2.77 (dd, J =

11.0, 4.5 Hz, 2H), 2.83 (dd, J = 14.1, 6.6 Hz, 1H), 2.88 (d, J = 4.3 Hz, 1H), 2.90 - 2.99

(m, 2H), 3.38 (d, J = 6.3 Hz, 2H), 3.86 (d,J = 6.0 Hz, 6H), 3.98 (d, J= 5.0 Hz, 2H),

4.07 (td, J= 9.2, 5.0 Hz, 1H), 5.03 (dd, J = 9.7, 1.5 Hz, 1H), 5.04 (dd, J = 18.0, 1.6

Hz, 1H), 5.98 (ddt, J= 17.9, 9.2, 6.4 Hz, 1H), 6.71 - 6.77 (m, 2H), 6.81 (dd, J = 16.8,

8.0 Hz, 2H), 6.91 (td, J= 7.4, 0.7 Hz, 1H), 7.14 (d, J = 7.4 Hz, 1H), 7.18 (t, J= 7.8 Hz,

1H).
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13C NMR (101 MHz, CDCl3) δ 34.65, 35.93, 51.26, 51.78, 55.86, 55.94, 68.39, 70.43,

111.37, 111.98, 115.29, 120.60, 120.99, 127.49, 128.51, 130.06, 132.28, 137.23, 147.53,

148.98, 156.29.

m/z MS (TOF ES+) C22H29NO4[MH]+ calcd 372.21; found 372.3. tR: 2.25 (method A)

1-(2-(allyloxy)phenoxy)-3-aminopropan-2-ol (48a)

O

O

OH

NH2

Eluent: 3% to 5% 1M ammonia in MeOH in DCM;

Method b) Yield: 31% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.38 (s, 3H), 2.90

(tdd, J = 13.1, 9.6, 3.4 Hz, 2H), 3.98 (p, J = 6.1

Hz, 2H), 4.05 (q, J = 6.9 Hz, 1H), 4.59 (dt, J =

5.4, 1.3 Hz, 2H), 5.31 (dd, J = 10.5, 1.3 Hz, 1H), 5.43 (dd, J = 17.3, 1.5 Hz, 1H), 6.09

(ddt, J = 17.0, 10.7, 5.4 Hz, 1H), 6.89 - 6.97 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 44.28, 70.05, 70.55, 72.61, 114.12, 115.03, 118.14, 121.68,

122.00, 133.25, 148.65, 148.72.

m/z MS (TOF ES+) C12H17NO3[MH]+ calcd 224.12; found 224.0. tR: 1.80 (method A)

1-(2-allylphenoxy)-3-aminopropan-2-ol (48b)

O

OH

NH2

Eluent: 3% to 6% 1M ammonia in MeOH in DCM;

Method b) Yield: 42% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.35 (s, 3H), 2.90

(d, J = 9.1 Hz, 1H), 2.99 (d, J = 11.4 Hz, 1H),

3.39 (d, J = 5.5 Hz, 2H), 3.98 (s, 3H), 5.03 (dd, J

= 16.9, 1.8 Hz, 1H), 5.04 (dd, J = 10.1, 1.5 Hz, 1H), 5.98 (ddt, J= 16.7, 10.4, 6.4 Hz,

1H), 6.84 (d, J = 8.1 Hz, 1H), 6.92 (td, J= 7.4, 0.8 Hz, 1H), 7.14 (dd, J = 7.4, 1.4 Hz,

1H), 7.18 (td, J = 8.0, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.72, 44.19, 70.02, 70.67, 111.32, 115.27, 121.02, 127.54,

128.45, 130.15, 137.30, 156.31.

m/z MS (TOF ES+) C12H17NO2[MH]+ calcd 208.13; found 208.0. tR: 2.00 (method A)

3,3'-azanediylbis(1-(2-(allyloxy)phenoxy)propan-2-ol) (49a)

O

O

OH
H
N

OH

O

O

Eluent: 3% to 5% 1M ammonia

in MeOH in DCM; Method b)

Yield: 45% (white solid)
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1H NMR (400 MHz, CDCl3) δ

2.29 (s, 3H), 2.77 - 2.94 (m, 4H),

3.96 (ddd, J = 9.5, 6.5, 2.7 Hz, 2H), 4.01 (ddd, J = 9.6, 3.8, 1.7 Hz, 2H), 4.06 - 4.19

(m, 2H), 4.56 (dt, J = 5.4, 1.3 Hz, 4H), 5.27 (dd, J = 10.5, 1.0 Hz, 2H), 5.39 (dd, J =

17.2, 1.5 Hz, 2H), 6.05 (ddt,J = 16.9, 10.7, 5.4 Hz, 2H), 6.89 (s, J = 2.9 Hz, 8H)

13C NMR (101 MHz, CDCl3) δ 50.64, 51.94, 52.08, 68.38, 68.52, 70.13, 72.56, 114.15,

114.72, 118.22, 121.74, 121.89, 133.22, 148.51, 148.58.

m/z MS (TOF ES+) C24H31NO6[MH]+ calcd 430.22; found 430.0. tR: 2.32 (method A)

3,3'-azanediylbis(1-(2-allylphenoxy)propan-2-ol) (49b)

O

OH
H
N

OH

O

Eluent: 3% to 6% 1M ammonia

in MeOH in DCM; Method b)

Yield: 56% (white solid)

1H NMR (400 MHz, CDCl3) δ

2.74 (s, 3H), 2.82 - 3.02 (m, 4H), 3.40 (dd, J = 6.3, 1.0 Hz, 4H), 3.95 - 4.05 (m, 4H),

4.09 - 4.19 (m, 2H), 5.02 (d, J = 8.4 Hz, 2H), 5.06 (s, 2H), 5.99 (ddt, J= 16.8, 10.4, 6.4

Hz, 2H), 6.85 (d, J = 8.1 Hz, 2H), 6.93 (t, J= 7.4 Hz, 2H), 7.15 (d, J = 7.4 Hz, 2H),

7.19 (td, J = 8.0, 1.7 Hz, 2H)

13C NMR (101 MHz, CDCl3) δ 34.83, 52.20, 52.28, 68.94, 68.98, 70.49, 111.51, 115.41,

121.20, 127.66, 128.59, 130.28, 137.42, 156.38.

m/z MS (TOF ES+) C24H31NO4[MH]+ calcd 398.23; found 398.2. tR: 2.43 (method A)

8.2.2 Chapter 4 synthesis

General procedure for the allylation of phenols

The phenol (1 eq, 1g) was dissolved in DMF (10 mL) and potassium carbonate (2 eq)

and allyl bromide (1.5 eq) were added. The reaction was stirred at room temperature

for 24h. Water (100 mL) was added to the reaction mixture and then extracted with

diethyl ether. The organic phase was washed with water and brine and concentrated

under vacuum.

1-(allyloxy)naphthalene (51)

O

Yield: 85% (colorless oil)

1H NMR (400 MHz, CDCl3) δ 4.75 (dt, J= 5.1, 1.5 Hz,

2H), 5.39 (dd, J= 10.6, 1.5 Hz, 1H), 5.58 (dd, J= 17.3,
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1.6 Hz, 1H), 6.23 (ddt, J= 17.3, 10.4, 5.1 Hz, 1H), 6.85

(dd, J= 7.5, 0.5 Hz, 1H), 7.38 - 7.45 (m, 1H), 7.49 (d,

J= 8.3 Hz, 1H), 7.51 - 7.58 (m, 2H), 7.82 - 7.90 (m, 1H), 8.37 - 8.42 (m, 1H)

1-(allyloxy)-2-chlorobenzene (58d)

O

Cl

Yield: 88% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 4.61 (dt, J = 5.1, 1.6

Hz, 2H), 5.31 (dd, J = 10.6, 1.5 Hz, 1H), 5.47 (dd, J

= 17.3, 1.6 Hz, 1H), 6.07 (ddt, J = 17.2, 10.4, 5.1 Hz,

1H), 6.89 (td, J = 7.6, 1.4 Hz, 1H) 6.93 (dd, J = 8.1,

1.5 Hz, 1H), 7.19 (ddd, J = 8.3, 7.4, 1.7 Hz, 1H), 7.36

(dd, J = 7.8, 1.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 69.72, 113.88, 117.89, 121.60, 123.11, 127.70, 130.41,

132.78, 154.19.

1-(allyloxy)-3-chlorobenzene (64a)

O

Cl

Yield: 93% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 4.52 (dt, J = 5.3, 1.5

Hz, 2H), 5.30 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J

= 17.3, 1.5 Hz, 1H), 6.04 (ddt, J = 17.3, 10.5, 5.3 Hz,

1H), 6.81 (ddd, J = 8.4, 2.4, 1.0 Hz, 1H), 6.90 - 6.96

(m, 2H), 7.15 - 7.23 (m, 1H).

13C NMR (101 MHz, CDCl3) δ 69.10, 113.40, 115.27, 118.09, 121.14, 130.31, 132.87,

134.95, 159.44.

1-(allyloxy)-4-chlorobenzene (58c)

O

Cl

Yield: 91% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 4.51 (dt, J = 5.3, 1.5 Hz,

2H), 5.30 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3,

1.6 Hz, 1H), 6.04 (ddt, J = 17.2, 10.5, 5.3 Hz, 1H), 6.80 -

6.88 (m, 2H), 7.21 - 7.25 (m, 2H).

13C NMR (101 MHz, CDCl3) δ 69.18, 116.15, 117.99, 125.81,

129.42, 133.05, 157.31.

1-(allyloxy)-2-methylbenzene (58f)
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O

Yield: 80% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.34 (s, 3H), 4.57 - 4.64

(m, 2H), 5.34 (ddd, J = 10.6, 2.0, 1.1 Hz, 1H), 5.51

(ddd, J = 17.3, 2.5, 1.2 Hz, 1H), 6.08 - 6.20 (m, 1H),

6.88 (d, J = 8.4 Hz, 1H), 6.94 (t, J = 7.4 Hz, 1H), 7.21

(ddd, J = 8.4, 1.3, 0.6 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 16.39, 68.73, 111.39, 116.93, 120.57, 126.80, 127.05,

130.81, 133.77, 156.84.

tR: 3.638 (Method B)

1-(allyloxy)-3-methylbenzene (64c)

O

Yield: 84% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.34 (s, 3H), 4.53 (d, J

= 5.3 Hz, 2H), 5.29 (d, J = 10.5 Hz, 1H), 5.42 (d, J =

17.2 Hz, 1H), 6.07 (ddd, J = 16.8, 10.5, 5.3 Hz, 1H),

6.74 (d, J = 8.5 Hz, 1H), 6.76 (d, J = 0.5 Hz, 1H), 6.78

(dd, J = 9.1, 0.6 Hz, 1H), 7.17 (t, J = 7.7 Hz, 1H)

1-(allyloxy)-4-methylbenzene (58e)

O

Yield: 86% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.31 (s, 3H), 4.53 (dt, J =

5.3, 1.5 Hz, 2H), 5.30 (dd, J = 10.5, 1.4 Hz, 1H), 5.43 (dd,

J = 17.3, 1.6 Hz, 1H), 6.08 (ddt, J = 17.2, 10.5, 5.3 Hz,

1H), 6.85 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 8.6 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 20.58, 69.00, 114.72, 117.58,

129.99, 130.15, 133.67, 156.60.

1-(allyloxy)-2-methoxybenzene (58h)

O

O

Yield: 85% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 3.88 (s, 3H), 4.62 (dt,

J = 5.4, 1.5 Hz, 2H), 5.28 (dq, J = 10.5, 1.4 Hz, 1H),

5.41 (dq, J = 17.3, 1.6 Hz, 1H), 6.10 (ddt, J = 17.3,

10.7, 5.4 Hz, 1H), 6.84 - 6.99 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 55.98, 69.96, 111.89, 113.73, 117.98, 120.84, 121.35,

133.55, 148.13, 149.62.
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1-(allyloxy)-3-methoxybenzene (64b)

O

O

Yield: 93% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 3.79 (s, 3H), 4.53

(dt, J = 5.3, 1.5 Hz, 2H), 5.30 (dd, J = 10.5, 1.4

Hz, 1H), 5.43 (dd, J = 17.3, 1.6 Hz, 1H), 6.07 (ddt,

J = 17.2, 10.6, 5.3 Hz, 1H), 6.49 - 6.57 (m, 3H),

7.19 (t, J = 8.1 Hz, 1H)

13C NMR (101 MHz, CDCl3) δ 55.32, 68.90, 101.33, 106.52, 106.97, 117.73, 129.94,

133.37, 159.95, 160.92.

1-(allyloxy)-4-methoxybenzene (58g)

O

O

Yield: 93% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 3.77 (s, 3H), 4.50 (dt, J = 5.3,

1.5 Hz, 2H), 5.28 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3,

1.6 Hz, 1H), 6.06 (ddt, J = 17.2, 10.6, 5.3 Hz, 1H), 6.79 - 6.92

(m, 4H).

13C NMR (101 MHz, CDCl3) δ 55.80, 69.62, 114.72, 115.83,

117.57, 133.75, 152.87, 154.02.

1-(allyloxy)-2-�uorobenzene (58b)

O

F

Yield: 88% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 4.61 (dt, J = 5.4, 1.5

Hz, 2H), 5.31 (dd, J = 10.5, 1.4 Hz, 1H), 5.43 (dd, J

= 17.3, 1.5 Hz, 1H), 6.07 (ddt, J = 17.2, 10.6, 5.4 Hz,

1H), 6.87 - 6.94 (m, 1H), 6.97 (td, J = 8.2, 1.7 Hz, 1H),

7.02 - 7.07 (m, 1H), 7.06 - 7.12 (m, 1H).

1-(allyloxy)-3-�uorobenzene (64d)

O

F

Yield: 82% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 4.53 (d, J = 6.1 Hz, 2H),

5.30 (dq, J = 10.1, 1.7 Hz, 1H), 5.32 (dq, J = 17.0, 1.6 Hz,

1H), 5.97 (ddt, J = 17.2, 10.4, 6.2 Hz, 1H), 6.55 - 6.70 (m,

3H), 7.10 - 7.25 (m, 1H).

1-(allyloxy)-4-�uorobenzene (58a)
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O

F

Yield: 92% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 4.50 (dt, J = 5.3, 1.5 Hz,

2H), 5.29 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3,

1.6 Hz, 1H), 6.05 (ddt, J = 17.2, 10.5, 5.3 Hz, 1H), 6.81 -

6.90 (m, 2H), 6.93 - 7.02 (m, 2H).

13C NMR (101 MHz, CDCl3) δ 69.57, 115.88 (d, J = 8.0

Hz), 115.90 (d, J = 23.1 Hz), 117.86, 133.32, 154.83 (d, J

= 2.0 Hz), 156.25, 157.43 (d, J = 238.3 Hz).

General procedure for the claisen rearrangement of allylated phenols

The allylated phenol (200 mg) was dissolved in DMF (1.5 mL) and heated in the mi-

crowave at 200 ◦C for 40 or 50 min. The crude was concentrated under vacuum and the

product was isolated by �ash column chromatography (Ethyl Acetate: Petroleum ether

1:6 to 1:11).

2-allyl-1-naphthol (52)

OH

Yield: 66% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 3.74 (d, J = 6.2 Hz,

2H), 5.40 (dq, J = 3.1, 1.6 Hz, 1H), 5.44 (dq, J =

9.7, 1.6 Hz, 1H), 6.25 (ddt, J = 17.0, 10.1, 6.2 Hz,

1H), 7.40 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 8.3 Hz,

1H), 7.61 - 7.69 (m, 2H), 7.92 - 8.02 (m, 1H), 8.35

- 8.40 (m, 1H).

2-allyl-3-chlorophenol (65a)

OH

Cl

Yield: 32% (yellow oil)

1H NMR (400 MHz, CDCl3) δ 3.60 (dt, J = 6.0,

1.6 Hz, 2H), 5.10 (dq, J = 8.1, 1.7 Hz, 1H), 5.13

(t, J = 1.7 Hz, 1H), 5.20 (s, 1H), 5.98 (ddt, J =

14.7, 10.8, 6.0 Hz, 1H), 6.73 (dd, J = 7.9, 1.3 Hz,

1H), 6.98 (dd, J = 8.0, 1.3 Hz, 1H), 7.04 (t, J =

8.0 Hz, 1H)

13C NMR (101 MHz, CDCl3) δ 31.61, 114.45, 116.34, 122.13, 124.05, 128.01, 134.75,

135.18, 155.21.

2-allyl-4-chlorophenol (59c)
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OH

Cl

Yield: 57% (yellow oil)

1H NMR (400 MHz, CDCl3) δ 3.38 (d, J = 6.4 Hz, 2H),

4.93 (s, 1H), 5.16 (dq, J = 11.6, 1.6 Hz, 1H), 5.19 (dq, J =

5.0, 1.6 Hz, 1H), 5.99 (ddt, J = 16.7, 10.3, 6.4 Hz, 1H), 6.75

(dd, J = 8.6, 4.7 Hz, 1H), 6.79 - 6.87 (m, 2H)

13C NMR (101 MHz, CDCl3) δ 34.95, 117.15, 117.27, 127.30, 125.70, 127.72, 130.22,

135.63, 152.81.

2-allyl-5-chlorophenol (66a)

OH

Cl

Yield: 47% (orange oil)

1H NMR (400 MHz, CDCl3) δ 3.37 (d, J = 6.3 Hz,

2H), 5.10 (s, 1H), 5.15 (dq, J = 10.8, 1.6 Hz, 1H),

5.18 (dq, J = 3.4, 1.6 Hz, 1H), 5.98 (ddt, J = 16.7,

10.3, 6.3 Hz, 1H), 6.84 (d, J = 2.0 Hz, 1H), 6.87

(dd, J = 8.0, 2.1 Hz, 1H), 7.03 (d, J = 8.0 Hz, 1H)

13C NMR (101 MHz, CDCl3) δ 34.74, 116.32, 117.06, 121.20, 124.00, 131.37, 132.97,

135.94, 154.85.

2-allyl-6-chlorophenol (59d)

OH

Cl

Yield: 41% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 3.44 (d, J = 6.6 Hz,

2H), 5.07 - 5.10 (m, 1H), 5.10 - 5.14 (m, 1H), 5.59

(s, 1H), 6.01 (ddt, J = 17.7, 9.5, 6.6 Hz, 1H), 6.82

(t, J = 7.8 Hz, 1H), 7.05 (dd, J = 7.6, 1.2 Hz, 1H),

7.20 (dd, J = 8.0, 1.5 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.68, 116.20, 120.02, 120.97, 127.00, 127.94, 129.01,

136.13, 149.36.

tR 3.443 (method B)

2-allyl-3-methylphenol and 2-allyl-5-methylphenol (65c and 66c)

OH OH

+

Yield: 82% (obtained as a mix-

ture of X:Y) X 5-methyl, Y 3-

methyl (46:54) (colorless liquid)

1H NMR (400 MHz, CDCl3) δ

2.28 (s, 3H, X), 2.29 (s, 3H, Y),
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3.38 (d, J = 6.3 Hz, 2H, X), 3.43 (d, J = 5.8 Hz, 2H, Y), 5.02 (dq, J = 17.1, 1.8 Hz,

1H, Y), 5.07 (dq, J = 9.9, 1.6 Hz, 1H, Y), 5.14 (dd, J = 8.9, 1.2 Hz, 1H, X), 5.16 (dd, J

= 17.6, 1.3 Hz, 1H, X), 5.97 (ddt, J = 16.9, 10.2, 6.2 Hz, 1H, Y), 6.01 (ddt, J = 17.2,

10.1, 6.4 Hz, 1H, X), 6.65 (s, 1H, X), 6.67 (d, J = 7.7 Hz, 1H, Y), 6.70 (d, J = 6.8 Hz,

1H, X) 6.77 (d, J = 7.5 Hz, 1H, Y), 6.99 (d, J = 6.3 Hz, 1H, X), 7.01 (t, J = 7.2 Hz,

1H, Y)

2-allyl-4-methylphenol(59e)

OH

Yield: 89% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.28 (s, 3H), 3.40 (d, J = 6.4

Hz, 2H), 5.04 (broad s, OH, 1H), 5.16 (dd, J = 10.2, 1.7 Hz,

1H), 5.17 (dd, J = 17.1, 1.7 Hz, 1H), 6.04 (ddt, J = 16.8,

10.3, 6.4 Hz, 1H), 6.73 (d, J = 8.7 Hz, 1H), 6.94 (s, 1H),

6.94 (d, J = 6.5 Hz, 1H).

2-allyl-6-methylphenol(59f)

OH

Yield: 62% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.30 (s, 3H), 3.46 (d,

J = 6.4 Hz, 2H), 5.02 (s, 1H), 5.21 (dt, J = 3.0,

1.6 Hz, 1H), 5.21 (dq, J = 3.0, 1.6 Hz, 1H), 5.25

(dq, J = 4.6, 1.7 Hz, 1H), 5.25 (dq, J = 4.6, 1.7

Hz, 1H), 6.07 (ddt, J = 16.8, 10.1, 6.4 Hz, 1H), 6.85 (t, J = 7.5 Hz, 1H), 7.02 (d, J =

7.5 Hz, 1H), 7.08 (d, J = 7.4 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 15.96, 35.63, 116.65, 120.52, 124.30, 124.69, 128.14,

129.45, 136.66, 152.64.

tR 3.340 (method B)

4-allyl-2-methylphenol (60f)

OH

Yield: 25% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.25 (s, 3H), 3.31 (d, J = 6.7

Hz, 2H), 4.53 (s, 1H), 5.03 - 5.11 (m, 2H), 5.96 (ddt, J =

16.8, 10.1, 6.7 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 6.91 (dd,

J = 8.1, 2.1 Hz, 1H), 6.96 (s, 1H).

13C NMR (101 MHz, CDCl3) δ 15.87, 39.51, 115.00, 115.45,

123.81, 127.16, 131.30, 132.32, 138.13, 152.17.
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2-allyl-3-methoxyphenol (65b)

OH

O

Yield: 42% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 3.49 (d, J = 6.0 Hz, 2H),

3.82 (s, 3H), 5.10 (dd, J = 3.5, 2.0 Hz, 1H), 5.11 (dq, J =

26.4, 1.7 Hz, 1H), 6.01 (ddt, J = 12.1, 10.1, 5.8 Hz, 1H),

6.50 (d, J = 8.1 Hz, 1H), 6.52 (d, J = 8.2 Hz, 1H), 7.09 (t,

J = 8.2 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 27.44, 55.93, 103.47, 108.91, 113.84, 115.39, 127.61,

136.46, 155.23, 158.37.

2-allyl-4-methoxyphenol (59g)

OH

O

Yield: 68% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 3.40 (d, J = 6.3 Hz, 2H),

3.78 (s, 3H), 4.87 (s, 1H), 5.15 (dd, J = 14.8, 1.2 Hz. 1H),

5.16 (dd, J = 10.1, 1.3 Hz, 1H), 6.02 (dt, J = 16.1, 6.5 Hz,

1H), 6.69 (dd, J = 8.6, 2.9 Hz, 1H), 6.74 (dd, J = 10.5, 5.9

Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 35.14, 55.88, 112.67, 116.08, 116.44, 116.47, 127.00,

136.33, 148.03, 153.08.

2-allyl-5-methoxyphenol (66b)

OH

O

Yield: 23% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 3.35 (d, J = 6.3 Hz,

2H), 3.75 (s, 3H), 5.11 (dd, J = 10.1, 1.3 Hz, 1H),

5.13 (dd, J = 17.1, 1.6 Hz, 1H), 5.30 (s, 1H, OH)

6.01 (ddt, J = 16.7, 10.3, 6.3 Hz, 1H), 6.43 (d, J

= 2.4 Hz, 1H), 6.46 (dd, J = 8.2, 2.5 Hz, 1H), 7.00 (d, J = 8.2 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.29, 55.35, 102.06, 106.08, 115.95, 117.96, 130.84,

137.01, 155.08, 159.45.

2-allyl-6-methoxyphenol (59h)

OH

O

Yield: 45% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 3.92 (3H, s), 4.63

(td, J = 5.6, 1.7 Hz, 2H), 5.34 (ddd, J = 10.8, 2.8,
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1.6 Hz, 1H), 5.39 (ddd, J = 17.1, 2.9, 1.6 Hz, 1H),

6.13 (tdd, J = 17.2, 10.7, 5.5 Hz, 1H), 6.86 - 6.93

(m, 4H)

13C NMR (101 MHz, CDCl3) δ 55.92, 69.82, 111.72, 113.41, 117.94, 120.72, 121.25,

133.42, 148.09, 149.42.

2-allyl-4-�uorophenol (59a)

OH

F

Yield: 55% (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 3.38 (d, J = 6.4 Hz, 2H),

4.93 (broad s, 1H), 5.16 (dq, J = 17.0, 1.6 Hz, 1H), 5.18

(dq, J = 10.3, 1.5 Hz, 1H), 5.99 (ddt, J = 16.7, 10.3, 6.4

Hz, 1H), 6.75 (dd, J = 8.6, 4.7 Hz, 1H), 6.79 - 6.87 (m, 2H).

13C NMR (101 MHz, CDCl3) δ 35.05 (d, J = 1.1 Hz), 114.02

(d, J = 23.0 Hz), 116.64 (d, J = 5.4 Hz), 116.79 (d, J = 20.3 Hz), 117.14, 127.16 (d, J

= 7.2 Hz), 135.68, 150.04 (d, J = 2.2 Hz), 157.29 (d, J = 238.0 Hz).

2-allyl-5-�uorophenol (66d

OH

F

Yield: 25% (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 3.37 (d, J = 6.3 Hz,

2H), 5.16 (dd, J = 18.0, 1.2 Hz, 1H), 5.17 (dd, J =

9.3, 1.1 Hz, 1H), 5.99 (ddt, J = 16.8, 10.5, 6.3 Hz,

1H), 6.57 (dd, J = 9.8, 2.6 Hz, 1H), 6.60 (td, J =

8.3, 2.6 Hz, 1H), 7.04 (dd, J = 8.2, 6.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.72, 103.66 (d, J = 24.5 Hz), 107.67 (d, J = 21.0 Hz),

116.90, 120.99 (d, J = 3.2 Hz), 131.20 (d, J = 9.7 Hz), 136.31, 155.27 (d, J = 11.3 Hz),

162.49 (d, J = 244.0 Hz).

2-allyl-6-�uorophenol (59b)

OH

F

Yield: 54% (orange liquid)

1H NMR (400 MHz, CDCl3) δ 3.29 (d, J = 6.2 Hz,

2H), 4.98 (dd, J = 10.2, 1.5 Hz, 1H), 5.04 (dd, J

= 17.2, 1.3 Hz, 1H), 5.92 (ddt, J = 16.9, 10.1, 5.9

Hz, 1H), 6.83 - 6.86 (m, 1H), 6.95 - 7.02 (m, 2H).

1-(tert-butylamino)-3-((2-(prop-1-en-1-yl)naphthalen-1-yl)oxy)propan-2-ol (53)
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O
HN

To a solution of tert-butylamine (1.1 eq) at 0 C

in isopropylalcohol was added epichlorohydrin (1

eq) and stirred for 24 at room temperature. The

reaction mixture was concentrated under vacuo, re-

dissolved in ether and �ltered. The crude was stirred for 90 minutes with KOH in diethyl

ether. The ether layer was concentrated under vacuo and the crude was puri�ed by FCC

(ether:triethylamine 100:1) to a�ord a colorless liquid. Yield: 56 %

1H NMR (400 MHz, CDCl3) δ 1.07 (s, 9H), 1.31 (broad s, 1H), 2.53 - 2.61 (m, 2H), 2.75

(ddd, J = 5.0, 3.9, 1.0 Hz, 1H), 2.82 (ddd, J = 12.2, 3.8, 0.9 Hz, 1H), 3.06 (dtdd, J =

6.4, 3.8, 2.6, 1.0 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 29.03, 45.08, 45.95, 50.29, 52.40.

General procedure for the epichlorohydrin coupling

Epichlorohydrin (2 mL) was added to a phenol (0.0012 mol, 1 eq.) and then sodium

hydroxide (1,05 eq) was added. The reaction mixture was heated in the microwave at

120 C for 30 min. Water (20 mL) was added to the reaction mixture and then extracted

with DCM (3 x 20 mL). The crude was concentrated under vacuum and puri�ed by �ash

column chromatography (Ethyl acetate : hexane, 1:5 to 1:9).

2-(((2-allylnaphthalen-1-yl)oxy)methyl)oxirane (52)

O

O

Yield: 60 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.79 (dd, J = 5.0,

2.7 Hz, 1H), 2.94 (t, J = 4.6 Hz, 1H), 3.49 (td, J

= 6.5, 2.8 Hz, 1H), 3.64 (dd, J = 6.4, 0.8 Hz, 2H),

3.95 (dd, J = 11.1, 6.1 Hz, 1H), 4.27 (dd, J = 11.1,

2.9 Hz, 1H), 5.10 (dd, J = 3.6, 1.6 Hz, 1H), 5.14

(s, 1H), 6.05 (ddtd, J = 9.5, 7.6, 6.4, 1.2 Hz, 1H),

7.33 (d, J = 8.4 Hz, 1H), 7.49 (dt, J = 14.8, 6.9 Hz, 2H), 7.61 (d, J = 8.4 Hz, 1H), 7.83

(d, J = 8.1 Hz, 1H), 8.16 (d, J = 8.3 Hz, 1H).

2-((2-allyl-3-chlorophenoxy)methyl)oxirane (67a)

O

O

Cl

Yield: 56 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.77 (dd, J = 4.9,

2.6 Hz, 1H), 2.90 (dd, J = 4.9, 4.2 Hz, 1H), 3.35

(ddt, J = 5.6, 4.1, 2.8 Hz, 1H), 3.58 (d, J = 6.3

Hz, 2H), 3.98 (dd, J = 11.1, 5.4 Hz, 1H), 4.23 (dd,
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J = 11.1, 3.0 Hz, 1H), 5.02 (dt, J = 3.6, 1.6 Hz, 1H), 5.02 (dq, J = 24.8, 1.6 Hz, 1H),

5.93 (ddt, J = 17.0, 10.1, 6.2 Hz, 1H), 6.76 (dd, J = 8.2, 0.9 Hz, 1H), 7.01 (dd, J = 8.1,

1.1 Hz, 1H), 7.10 (t, J = 8.1 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 31.42, 44.69, 50.27, 69.41, 110.33, 115.46, 122.48, 127.30,

127.66, 135.07, 135.31, 157.37.

2-((2-allyl-4-chlorophenoxy)methyl)oxirane (61c)

O

O

Cl

Yield: 67 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.76 (dd, J = 5.0,

2.6 Hz, 1H), 2.89 (dd, J = 4.9, 4.2 Hz, 1H), 3.32 -

3.36 (m, 1H), 3.37 (d, J = 6.7 Hz, 2H), 3.92 (dd,

J = 11.1, 5.6 Hz, 1H), 4.22 (dd, J = 11.1, 2.9 Hz,

1H), 5.08 (dq, J = 11.6, 1.4 Hz, 2H), 5.08 (dq, J =

15.9, 1.7 Hz, 2H) 5.95 (ddt, J = 17.5, 9.6, 6.7 Hz, 1H), 6.75 (d, J = 9.4 Hz, 1H), 7.12

(dq, J = 5.1, 2.7 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 34.19, 44.63, 50.27, 69.26, 112.88, 116.40, 126.12, 127.04,

129.90, 131.07, 136.03, 154.88.

2-((2-allyl-5-chlorophenoxy)methyl)oxirane (69a)

O

O

Cl

Yield: 68 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.77 (dd, J = 4.9,

2.6 Hz, 1H), 2.91 (dd, J = 4.9, 4.2 Hz, 1H), 3.36

(d, J = 6.8 Hz, 3H), 3.94 (dd, J = 11.0, 5.6 Hz,

1H), 4.24 (dd, J = 11.0, 2.9 Hz, 1H), 5.05 (dq, J =

11.2, 1.5 Hz, 1H), 5.05 (dq, J = 17.4, 1.7 Hz, 1H) 5.94 (ddt, J = 17.5, 9.5, 6.6 Hz, 1H),

6.82 (s, 1H), 6.90 (dd, J = 8.0, 2.0 Hz, 1H), 7.06 (d, J = 8.0 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 33.98, 44.62, 50.18, 69.14, 112.33, 116.00, 121.21, 127.70,

130.80, 132.56, 136.40, 156.75.

2-((2-allyl-6-chlorophenoxy)methyl)oxirane(61d)

O

Cl

O

Yield: 75 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.73 (dd, J = 5.0,

2.6 Hz, 1H), 2.89 (dd, J = 4.9, 4.2 Hz, 1H), 3.40

(dddd, J = 6.0, 4.1, 3.3, 2.7 Hz, 1H), 3.48 (d, J =

6.5 Hz, 2H), 3.93 (dd, J = 10.9, 6.0 Hz, 1H), 4.21
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(dd, J = 10.9, 3.3 Hz, 1H), 5.07 (dq, J = 16.2, 1.7

Hz, 1H), 5.09 (dq, J = 10.2, 1.5 Hz, 1H), 5.96 (ddt,

J = 16.7, 10.2, 6.5 Hz, 1H), 7.01 (t, J = 7.8 Hz, 1H), 7.10 (dd, J = 7.7, 1.7 Hz, 1H),

7.24 (dd, J = 7.9, 1.7 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 34.23, 44.71, 50.44, 74.20, 116.47, 125.15, 127.89, 128.65,

129.07, 135.47, 136.64, 152.78.

2-((2-allyl-4-methylphenoxy)methyl)oxirane(61e)

O

O

Yield: 55 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.31 (s, 3H), 3.23 (d,

J = 6.4 Hz, 2H), 3.20 - 3.40 (m, 3H), 4.02 - 4.12

(m, 2H), 5.16 (dd, J = 10.1, 1.7 Hz, 1H), 5.19 (dd,

J = 17.2, 1.2 Hz, 1H), 5.90 (ddt, J = 16.9, 10.1,

6.4 Hz, 1H), 6.71 (d, J = 6.7 Hz, 1H), 6.95 (s, 1H),

6.94 (d, J = 6.5 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 20.86, 33.94, 44.20, 49.58, 68.44, 113.49, 115.85, 127.14,

128.27, 129.55, 134.35, 136.66, 154.07.

2-((2-allyl-6-methylphenoxy)methyl)oxirane(61f)

O

O

Yield: 43 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.35 (s, 3H), 3.27 (d, J = 6.2

Hz, 2H), 3.40 - 3.50 (m, 3H), 4.12 - 4.22 (m, 2H), 5.17 (dd,

J = 10.2, 1.5 Hz, 1H), 5.19 (dd, J = 17.0, 1.3 Hz, 1H), 5.96

(ddt, J = 16.9, 10.0, 6.3 Hz, 1H), 6.90 (t, J = 7.5 Hz, 1H),

7.04 (d, J = 7.2 Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H).

rt. 6.407 (method B)

2-((2-allyl-3-methoxyphenoxy)methyl)oxirane (67b)

O

O

O

Yield: 47 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.77 (dd, J = 5.0,

2.7 Hz, 1H), 2.89 (dd, J = 5.0, 4.2 Hz, 1H), 3.31

- 3.38 (m, 1H), 3.44 (d, J = 6.3 Hz, 2H), 3.82 (s,

3H), 4.00 (dd, J = 11.1, 5.3 Hz, 1H), 4.20 (dd, J

= 11.1, 3.2 Hz, 1H), 4.93 (ddt, J = 10.0, 2.1, 1.5 Hz, 1H), 4.99 (ddd, J = 17.1, 3.8, 1.7
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Hz, 1H), 5.95 (ddt, J = 17.0, 10.0, 6.2 Hz, 1H), 6.53 (d, J = 8.3 Hz, 1H), 6.57 (d, J =

8.2 Hz, 1H), 7.13 (t, J = 8.3 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 27.49, 44.80, 50.46, 55.97, 69.23, 104.51, 105.21, 114.27,

117.29, 127.27, 136.94, 157.24, 158.47.

2-((2-allyl-4-methoxyphenoxy)methyl)oxirane (59g)

O

O

O

Yield: 51 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.76 (dd, J = 5.0,

2.7 Hz, 1H), 2.89 (dd, J = 5.0, 4.2 Hz, 1H), 3.34

(ddt, J = 5.7, 4.1, 2.9 Hz, 1H), 3.39 (d, J = 6.6

Hz, 2H), 3.76 (s, 3H), 3.93 (dd, J = 11.1, 5.4 Hz,

1H), 4.17 (dd, J = 11.1, 3.1 Hz, 1H), 5.03 - 5.11

(m, 2H), 5.97 (ddt, J = 16.8, 10.1, 6.6 Hz, 1H), 6.69 (dd, J = 8.7, 3.1 Hz, 1H), 6.74 (d,

J = 2.9 Hz, 1H), 6.79 (d, J = 8.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.57, 44.79, 50.54, 55.77, 69.96, 111.58, 113.40, 115.89,

116.25, 130.66, 136.81, 150.58, 154.23.

2-((2-allyl-5-methoxyphenoxy)methyl)oxirane (69b)

O

O

O

Yield: 55 % (colorless liquid)

1H NMR (400 MHz, CDCl3) δ 2.77 (dd, J = 5.0,

2.7 Hz, 1H), 2.90 (dd, J = 4.9, 4.2 Hz, 1H), 3.31 -

3.39 (m, 2H), 3.78 (s, 2H), 3.96 (dd, J = 11.0, 5.4

Hz, 1H), 4.20 (dd, J = 11.1, 3.1 Hz, 1H), 5.02 (dq,

J = 9.9, 1.3 Hz, 1H), 5.04 (dq, J = 17.0, 1.6 Hz,

1H), 5.97 (ddt, J = 16.7, 10.1, 6.6 Hz, 1H), 6.45 (dd, J = 5.7, 2.4 Hz, 1H), 6.47 (d, J =

2.4 Hz, 1H), 7.04 (d, J = 8.2 Hz, 1H)

13C NMR (101 MHz, CDCl3) δ 33.84, 44.76, 50.35, 55.51, 68.91, 99.77, 104.97, 115.22,

121.47, 130.31, 137.45, 157.05, 159.38.

2-((2-allyl-4-�uorophenoxy)methyl)oxirane (61a)

O

O

F

Yield: 46 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.76 (dd, J = 5.0,

2.7 Hz, 1H), 2.90 (dd, J = 4.9, 4.2 Hz, 1H), 3.34

(ddt, J = 5.6, 4.1, 2.8 Hz, 1H), 3.39 (d, J = 6.7

Hz, 2H), 3.93 (dd, J = 11.1, 5.5 Hz, 1H), 4.21 (dd,
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J = 11.0, 3.0 Hz, 1H), 5.09 - 5.12 (m, 2H), 5.89 -

6.01 (m, 1H), 6.77 (dd, J = 8.8, 4.6 Hz, 1H), 6.83 (dd, J = 8.0, 3.1 Hz, 1H), 6.87 (dt, J

= 8.7, 3.0 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.30 (d, J = 1.1 Hz), 44.70, 50.50, 69.77, 112.92 (d, J

= 8.4 Hz), 113.16 (d, J = 22.9 Hz), 116.39, 116.78 (d, J = 23.2 Hz), 131.19 (d, J = 7.2

Hz), 136.15, 152.41 (d, J = 2.2 Hz), 157.54 (d, J = 239.0 Hz).

2-((2-allyl-5-�uorophenoxy)methyl)oxirane (69d)

O

O

F

Yield: 49 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.78 (dd, J = 4.9,

2.6 Hz, 1H), 2.91 (dd, J = 4.9, 4.2 Hz, 1H), 3.31 -

3.40 (m, 1H), 3.35 (d, J = 5.7 Hz, 2H), 3.93 (dd,

J = 11.0, 5.5 Hz, 1H), 4.22 (dd, J = 11.0, 2.9 Hz,

1H), 5.04 (dd, J = 10.1, 1.4 Hz, 1H), 5.05 (dd, J = 17.2, 1.6 Hz, 1H), 5.95 (ddt, J =

18.2, 9.4, 6.6 Hz, 1H), 6.50 (dd, J = 8.9, 2.5 Hz, 1H), 6.62 (td, J = 8.3, 2.5 Hz, 1H),

7.07 (dd, J = 8.3, 6.8 Hz, 1H).

2-((2-allyl-6-�uorophenoxy)methyl)oxirane (61b)

O O

F

Yield: 39 % (yellow liquid)

1H NMR (400 MHz, CDCl3) δ 2.70 (dd, J = 5.0,

2.6 Hz, 1H), 2.87 (t, J = 5.0, 1H), 3.34 (dtd, J =

6.7, 3.3, 0.7 Hz, 1H), 3.46 (d, J = 6.5 Hz, 2H), 4.01

(ddd, J = 11.3, 6.0, 1.1 Hz, 1H), 4.28 (ddd, J =

11.3, 3.2, 1.1 Hz, 1H), 5.05 (dq, J = 9.6, 1.6 Hz, 1H), 5.08 (dd, J = 16.7, 1.5 Hz, 1H),

5.96 (ddt, J = 16.8, 10.4, 6.5 Hz, 1H), 6.90 - 7.00 (m, 3H).

13C NMR (101 MHz, CDCl3) δ 34.11 (d, J = 2.6 Hz), 44.64, 50.56 (d, J = 1.2 Hz),

74.52 (d, J = 5.7 Hz), 114.90 (d, J = 19.3 Hz), 116.17, 123.94 (d, J = 8.0 Hz), 125.44

(d, J = 3.0 Hz), 135.07 (d, J = 1.8 Hz), 136.72, 144.36 (d, J = 10.6 Hz), 155.55 (d, J

= 246.1 Hz).

General procedure for epoxide opening with tert-butylamine A solution of the

respective oxirane in 1 mL of tert-butylamine was heated in the microwave at 70 ◦C

(for alprenolol analogues) for 1 hour. The reaction mixture was checked by TLC. The

reaction mixture was puri�ed by column chromatography with percentages ranging from

4% to 6% of 1N ammonia in methanol in dichloromethane.

1-(tert-butylamino)-3-((2-(prop-1-en-1-yl)naphthalen-1-yl)oxy)propan-2-ol (54)
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O

OH
H
N

To a stirring solution of 2-allyl-1-

naphthol (52, 0.69 mmol, 1 eq.)

in isopropyl alcohol, sodium hy-

droxide (0.83 mmol, 1.2 eq.) was

added and left stirring for 30 min-

utes at room temperature. 1-(tert-butylamino)-3-((2-(prop-1-en-1-yl)naphthalen-1-

yl)oxy)propan-2-ol (53, 1.38 mmol, 2 eq.) was added to the reaction mixture and left

stirring at 90 ◦C for 9h. Reaction mixture was washed with water (x2) and extracted

with DCM (x2). The organic fraction was collected, dried with anhydrous sodium sulfate

and concentrated under vacuum. The crude was puri�ed by FCC over silica gel using 2

% of 1N ammonia in methanol in dichloromethane. Yield: 4 %

1H NMR (400 MHz, CDCl3) δ 1.29 (s, 9H), 1.96 (dd, J = 6.7, 1.7 Hz, 3H), 2.99 (dd, J

= 11.8, 8.7 Hz, 1H), 3.11 (dd, J = 11.8, 3.3 Hz, 1H), 4.01 (dd, J = 4.9, 1.4 Hz, 2H),

4.07 (s, 2H), 4.35 (td, J = 8.4, 4.8 Hz, 1H), 6.34 (dq, J = 15.9, 6.6 Hz, 1H), 6.88 (dd,

J = 15.9, 1.7 Hz, 1H), 7.43 (dddd, J = 21.6, 8.1, 6.9, 1.3 Hz, 2H), 7.56 (q, J = 8.7 Hz,

2H), 7.77 (d, J = 7.3 Hz, 1H), 8.11 - 8.19 (m, 1H).

1-((2-allylnaphthalen-1-yl)oxy)-3-(tert-butylamino)propan-2-ol (56)

O

OH
H
N

General procedure for epoxide

opening (method A). Yield: 72%

1H NMR (400 MHz, DMSO) δ

1.15 (s, 9H), 2.72 - 2.88 (m, 2H),

3.60 (dd, J = 6.6, 1.2 Hz, 2H),

3.89 (dd, J = 9.4, 6.1 Hz, 1H),

3.96 (dd, J = 9.4, 4.2 Hz, 1H), 4.08 (s, 1H), 5.11 (ddd, J = 14.6, 8.1, 1.8 Hz, 2H), 6.03

(ddt, J = 16.7, 10.0, 6.6 Hz, 1H), 7.35 (d, J = 8.4 Hz, 1H), 7.44 - 7.57 (m, 2H), 7.66 (d,

J = 8.4 Hz, 1H), 7.85 - 7.95 (m, 1H), 8.21 (d, J = 8.1 Hz, 1H).

1-(2-allyl-3-chlorophenoxy)-3-(tert-butylamino)propan-2-ol (68a)

O

OH

N
H

Cl

General procedure for epoxide

opening (method A). Yield: 89%

1H NMR (400 MHz, DMSO) δ

1.07 (s, 9H), 2.60 - 2.85 (m, 2H),

3.48 (d, J = 6.2 Hz, 2H), 3.83 -

4.07 (m, 3H), 4.96 (dd, J = 13.6,

1.9 Hz, 2H), 5.78 - 5.94 (m, 1H),

6.96 (d, J = 8.3 Hz, 1H), 7.01 (d, J = 8.0 Hz, 1H), 7.20 (t, J = 8.2 Hz, 1H).
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13C NMR (101 MHz, CDCl3) δ 28.09, 31.43, 45.25, 53.18, 67.64, 70.76, 109.98, 115.24,

122.29, 126.73, 127.80, 135.27, 125.41, 157.42.

1-(2-allyl-4-chlorophenoxy)-3-(tert-butylamino)propan-2-ol (62c)

O

OH

N
H

Cl

General procedure for epoxide

opening (method A). Yield: 86%

1H NMR (400 MHz, CDCl3) δ

1.17 (s, 9H), 2.37 (s, 2H), 2.76

(dd, J = 12.0, 7.7 Hz, 1H), 2.92

(dd, J = 12.0, 3.8 Hz, 1H), 3.35

(d, J = 6.4 Hz, 2H), 3.91-4.00 (m,

3H), 5.04 (dd, J = 10.0, 1.6 Hz, 1H), 5.07 (dd, J = 17.0, 1.7 Hz, 1H), 5.94 (ddt, J =

16.7, 10.2, 6.5 Hz, 1H), 6.77 (d, J = 8.5 Hz, 1H), 7.11 (d, J = 2.5 Hz, 1H), 7.13 (dd, J

= 8.5, 2.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 29.15, 34.46, 44.80, 50.71, 68.67, 71.06, 112.63, 116.18,

125.81, 127.16, 129.94, 130.55, 136.33, 155.15.

1-(2-allyl-5-chlorophenoxy)-3-(tert-butylamino)propan-2-ol (70a)

O

OH

N
H

Cl

General procedure for epoxide

opening (method A). Yield: 88%

1H NMR (400 MHz, DMSO) δ

1.03 (s, 9H), 2.58 (dd, J = 11.3,

6.7 Hz, 1H), 2.67 (dd, J = 11.2,

5.0 Hz, 1H), 3.31 (d, J = 8.3 Hz,

2H), 3.81 (dd, J = 11.0, 5.4 Hz,

1H), 3.92 (dd, J = 9.8, 5.4 Hz, 1H), 3.99 (dd, J = 9.8, 5.0 Hz, 1H), 5.00 (dd, J = 10.2,

2.0 Hz, 1H), 5.03 (dd, J = 17.2, 1.9 Hz, 1H), 5.93 (ddt, J = 16.7, 10.0, 6.7 Hz, 1H), 6.92

(dd, J = 8.0, 2.0 Hz, 1H), 7.03 (d, J = 2.0 Hz, 1H), 7.11 (d, J = 8.0 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 28.53, 34.22, 45.00, 52.17, 68.02, 70.74, 112.17, 115.79,

121.02, 127.20, 130.89, 132.75, 136.72, 156.95.

1-(2-allyl-6-chlorophenoxy)-3-(tert-butylamino)propan-2-ol (62d)

Cl

N
H

OH

O

General procedure for epoxide

opening (method A). Yield: 86%



Chapter 8 Experimental 179

1H NMR (400 MHz, CDCl3) δ

1.15 (s, 9H), 2.80 (s, 2H, inter-

changeable protons), 2.81 (dd, J

= 11.8, 7.1 Hz, 1H), 2.90 (dd, J

= 11.8, 4.0 Hz, 1H), 3.47 (d, J = 6.4 Hz, 2H), 3.96 (dd, J = 4.9, 2.2 Hz, 2H), 4.02 (ddd,

J = 9.0, 7.1, 4.6 Hz, 1H), 5.08 (ddq, J = 16.8, 13.8, 1.6 Hz, 2H), 5.95 (ddt, J = 16.7,

10.2, 6.5 Hz, 1H), 7.00 (t, J = 7.8 Hz, 1H), 7.09 (dd, J = 7.7, 1.7 Hz, 1H), 7.24 (dd, J

= 7.9, 1.7 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 29.09, 34.28, 44.70, 50.89, 69.16, 75.75, 116.50, 125.05,

127.98, 128.64, 129.17, 135.44, 136.70, 152.76.

1-(2-allyl-3-methylphenoxy)-3-(tert-butylamino)propan-2-ol (68c)

O

OH

N
H

Puri�ed by semi-preparative HPLC.

1H NMR (401 MHz, CDCl3)

δ 1.14 (s, 9H), 2.28 (s, 3H),

2.52 (broad s, 2H, interchange-

able protons), 2.75 (dd, J = 11.9,

6.7 Hz, 1H), 2.87 (dd, J = 11.9,

3.7 Hz, 1H), 3.42 (dd, J = 5.8, 1.5 Hz, 2H), 3.91 - 4.03 (m, 3H), 4.96 (dq, J = 10.1, 1.7

Hz, 1H), 4.90 (dq, J = 17.1, 1.8 Hz, 1H), 5.92 (ddt, J = 17.0, 10.1, 5.8 Hz, 1H), 6.73 (d,

J = 8.2 Hz, 1H), 6.80 (d, J = 7.5 Hz, 1H), 7.08 (t, J = 7.9 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 19.54, 29.03, 30.66, 44.94, 50.93, 68.75, 70.82, 109.32,

114.53, 123.11, 126.65, 126.91, 136.48, 138.20, 156.64.

1-(2-allyl-4-methylphenoxy)-3-(tert-butylamino)propan-2-ol (62e)

O

OH

N
H

General procedure for epoxide

opening (method A). Yield: 80%

1H NMR (401 MHz, DMSO) δ

1.03 (s, 9H), 2.20 (s, 3H), 2.57

(dd, J = 11.3, 6.8 Hz, 1H), 2.69

(dd, J = 11.3, 4.6 Hz, 1H), 3.29

(d, J = 6.7 Hz, 2H), 3.80 (dt, J

= 10.5, 5.2 Hz, 1H), 3.83 - 3.93 (m, 2H), 4.98 (ddt, J = 10.0, 2.3, 1.2 Hz, 1H), 5.03 (ddd,

J = 17.1, 3.7, 1.6 Hz, 1H), 5.94 (ddt, J = 16.8, 10.0, 6.7 Hz, 1H), 6.82 (d, J = 8.2 Hz,

1H), 6.90 (d, J = 2.0 Hz, 1H), 6.96 (dd, J = 8.3, 1.8 Hz, 1H).
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13C NMR (101 MHz, DMSO) δ 20.12, 28.65, 33.96, 45.26, 49.89, 68.92, 70.65, 111.59,

115.28, 127.54, 127.71, 128.84, 130.14, 137.18, 154.12.

tR: 5.358 r.t. (method B)

tR: 2.906 (method A)

1-(2-allyl-6-methylphenoxy)-3-(tert-butylamino)propan-2-ol (62f)

N
H

OH

O

General procedure for epoxide

opening (method A). Yield: 90%

1H NMR (401 MHz, DMSO) δ

1.04 (s, 9H), 2.24 (s, 3H), 2.60

(dd, J = 11.1, 6.8 Hz, 1H), 2.69

(dd, J = 11.2, 4.8 Hz, 1H), 3.40

(d, J = 6.7 Hz, 2H), 3.65 (dd, J = 9.2, 5.8 Hz, 1H), 3.74 (dd, J = 9.2, 4.8 Hz, 1H), 3.77

- 3.88 (m, 1H), 5.00 - 5.10 (m, 2H), 5.95 (ddt, J = 16.7, 10.0, 6.7 Hz, 1H), 6.95 (t, J =

7.2 Hz, 1H), 6.99 (dd, J = 7.6, 1.9 Hz, 1H), 7.04 (dd, J = 7.1, 1.6 Hz, 1H).

13C NMR (101 MHz, DMSO) δ 16.08, 28.70, 33.39, 45.11, 49.81, 69.52, 75.43, 115.64,

123.73, 127.78, 129.14, 130.65, 132.58, 137.65, 155.01

rT 5.210 (method B)

1-(2-allyl-3-methoxyphenoxy)-3-(tert-butylamino)propan-2-ol (68b)

O

OH

N
H

O

General procedure for epoxide

opening (method A). Yield: 91%

1H NMR (401 MHz, DMSO) δ

1.21 (s, 9H), 2.82 (dd, J = 11.9,

7.7 Hz, 1H), 2.96 (dd, J = 12.0,

3.7 Hz, 1H), 3.45 (d, J = 6.0 Hz,

2H), 3.84 (s, 3H), 3.98 (dd, J =

9.4, 5.4 Hz, 1H), 4.05 (dd, J = 9.4, 5.0 Hz, 1H), 4.07 - 4.16 (m, 1H), 4.96 (dq, J = 16.8,

1.7 Hz, 1H) 4.98 (dq, J = 10.1, 1.7 Hz, 1H), 5.97 (ddt, J = 17.1, 10.1, 6.0 Hz, 1H), 6.56

(dd, J = 8.3, 0.9 Hz, 1H), 6.59 (dd, J = 8.4, 0.9 Hz, 1H), 7.16 (t, J = 8.3 Hz, 1H).

13C NMR (101 MHz, DMSO) δ 27.50, 28.91, 45.11, 50.93, 55.99, 69.07, 71.83, 106.22,

107.84, 115.87, 116.95, 129.36, 137.28, 158.68, 159.09.

1-(2-allyl-4-methoxyphenoxy)-3-(tert-butylamino)propan-2-ol (62g)
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O

OH

N
H

O

General procedure for epoxide

opening (method A). Yield: 83%

1H NMR (401 MHz, DMSO) δ

1.31 (s, 9H), 2.89 (dd, J = 12.0,

8.7 Hz, 1H), 3.09 (d, J = 10.4 Hz,

1H), 3.36 (d, J = 6.4 Hz, 2H),

3.75 (s, 3H), 3.92 (dd, J = 9.5,

5.6 Hz, 1H), 4.01 (dd, J = 9.5, 4.9 Hz, 1H), 4.27 (s, 2H), 4.99 - 5.09 (m, 2H), 5.88 - 6.03

(m, 1H), 6.70 (dt, J = 8.7, 3.0 Hz, 2H), 6.77 (d, J = 8.7 Hz, 1H).

13C NMR (101 MHz, DMSO) δ 28.90, 34.11, 44.88, 51.03, 55.60, 69.07, 72.09, 114.00,

114.50, 114.82, 116.23, 129.45, 136.81, 151.77, 154.34

1-(2-allyl-5-methoxyphenoxy)-3-(tert-butylamino)propan-2-ol (70b)

O

OH

N
H

O

General procedure for epoxide

opening (method A). Yield: 80%

1H NMR (401 MHz, DMSO) δ

1.06 (s, 9H), 2.56 - 2.83 (m, 2H),

3.25 (d, J = 6.6 Hz, 2H), 3.72 (s,

3H), 3.78 - 3.99 (m, 3H), 4.88 -

5.07 (m, 2H), 5.92 (ddt, J = 16.7,

10.0, 6.6 Hz, 1H), 6.45 (dd, J = 8.2, 2.4 Hz, 1H), 6.51 (d, J = 2.4 Hz, 1H), 6.99 (d, J =

8.3 Hz, 1H).

13C NMR (101 MHz, DMSO) δ 29.79, 33.80, 44.92, 50.89, 55.74, 69.06, 72.10, 102.5,

107.50, 116.22, 123.48, 129.40, 137.10, 158.27, 160.11.

1-(2-allyl-6-methoxyphenoxy)-3-(tert-butylamino)propan-2-ol (62h)

O

N
H

OH

O

General procedure for epoxide

opening (method A). Yield: 78%

1H NMR (401 MHz, CDCl3) δ

1.14 (s, 9H), 2.69 - 2.94 (m, 2H),

2.80 (broad s, 2H, interchange-

able protons), 3.43 (d, J = 6.4

Hz, 2H), 3.84 (s, 3H), 3.88 - 4.03 (m, 3H), 5.04 (dd, J = 15.8, 1.5 Hz, 1H), 5.05 (dd, J

= 10.1, 1.4 Hz, 1H), 5.96 (ddt, J = 18.1, 9.4, 6.4 Hz, 1H), 6.78 (d, J = 8.1 Hz, 2H), 7.00

(t, J = 8.1 Hz, 1H).
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13C NMR (101 MHz, CDCl3) δ 28.99, 34.15, 44.80, 50.79, 55.86, 69.59, 76.05, 110.46,

115.85, 122.38, 124.20, 134.09, 137.22, 145.94, 152.52.

1-(2-allyl-4-�uorophenoxy)-3-(tert-butylamino)propan-2-ol (62a)

F

O

OH

N
H

General procedure for epoxide

opening (method A). Yield: 85%

1H NMR (401 MHz, CDCl3) δ

1.22 (s, 9H), 2.75 - 2.86 (m, 1H),

2.98 (ddd, J = 12.0, 5.3, 3.6 Hz,

1H), 3.36 (d, J = 6.4 Hz, 2H),

3.79 (d, J = 14.1 Hz, 2H), 3.93

(dd, J = 9.4, 5.3 Hz, 1H), 3.99 (dd, J = 9.4, 5.0 Hz, 1H), 4.13 (dt, J = 8.4, 4.5 Hz, 1H),

5.05 (dq, J = 16.9, 1.6 Hz, 1H), 5.06 (dt, J = 10.3, 1.5 Hz, 1H), 5.94 (ddt, J = 16.7,

10.2, 6.4 Hz, 1H), 6.74 - 6.80 (m, 1H), 6.81 - 6.90 (m, 2H).

13C NMR (101 MHz, CDCl3) δ 28.35, 34.48, 45.15, 52.53, 68.00, 71.21, 112.48 (d, J =

8.3 Hz), 113.25 (d, J = 22.8 Hz), 116.18, 116.87 (d, J = 23.2 Hz), 130.58 (d, J = 7.2

Hz), 136.38, 152.51 (d, J = 2.1 Hz), 157.38 (d, J = 238.6 Hz).

1-(2-allyl-5-�uorophenoxy)-3-(tert-butylamino)propan-2-ol (70d)

O

OH

N
H

F

General procedure for epoxide

opening (method A). Yield: 84%

1H NMR (401 MHz, CDCl3)

δ 1.12 (s, 9H), 2.12 (broad s,

2H, exchangeable protons), 2.68 -

2.76 (m, 1H), 2.82 - 2.91 (m, 1H),

3.34 (d, J = 6.3 Hz, 2H), 3.87 - 4.03 (m, 3H), 5.01 (ddd, J = 17.0, 3.5, 1.7 Hz, 1H), 5.04

(ddd, J = 10.1, 3.3, 1.6 Hz, 1H), 5.95 (ddt, J = 16.7, 10.2, 6.4 Hz, 1H), 6.60 (d, J = 8.0

Hz, 1H), 6.65 (t, J = 7.4 Hz, 1H), 7.06 (t, J = 7.4 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 29.21, 34.18, 44.74, 50.62, 68.65, 70.93, 99.81 (d, J =

25.7 Hz), 107.05 (d, J = 20.7 Hz), 115.51, 124.16 (d, J = 3.2 Hz), 130.55 (d, J = 9.8

Hz), 137.13, 157.36 (d, J = 9.7 Hz), 162.39 (d, J = 243.7 Hz).

1-(2-allyl-6-�uorophenoxy)-3-(tert-butylamino)propan-2-ol (62b)

F

N
H

OH

O

General procedure for epoxide

opening (method A). Yield: 90%
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1H NMR (401 MHz, CDCl3) δ

1.22 (s, 9H), 2.83 (dd, J = 11.9,

7.0 Hz, 1H), 2.97 (dd, J = 12.2,

2.2 Hz, 1H), 3.44 (dd, J = 6.4,

1.4 Hz, 2H), 3.55 (s, 2H, exchangeable protons), 4.01-4.12 (m, 3H), 5.04 (dd, J = 16.9,

1.8 Hz, 1H), 5.07 (dd, J = 9.9, 1.8 Hz, 1H), 5.96 (ddt, J = 16.6, 10.2, 6.4 Hz, 1H),

6.90-6.98 (m, 3H).

13C NMR (101 MHz, CDCl3) δ 28.45, 34.11 (d, J = 2.5 Hz), 44.86, 52.30, 68.57, 76.10

(d, J = 5.2 Hz), 114.93 (d, J = 19.3 Hz), 116.17, 123.84 (d, J = 8.0 Hz), 125.50 (d, J =

3.0 Hz), 134.93 (d, J = 1.8 Hz), 136.81, 144.49 (d, J = 10.5 Hz), 155.59 (d, J = 246.0

Hz).

2-bromo-5-methylphenyl acetate (72)

OAc

Br

2-Bromo-5-methylphenol (1 g, 53 mmol) was dissolved in

pyridine (4 mL) and acetic anhydride was added (1.01 mL,

106 mmol, 2 eq). Reaction mixture was left stirring at room

temperature for 24 h. The mixture dispersed in water (40

mL). The aqueous slurry was extracted with DCM (3 x 20

mL), and the combined organic extracts were washed with brine (20 mL). After drying

over anhydrous MgSO4, the organic extracts were concentrated under reduced pressure.

Heptane, which forms an azeotropic mixture with pyridine, was added in small portions

to facilitate the removal of pyridine traces. A colorless liquid was a�orded (0.956 g, 79

%). Adapted from [90].

1H NMR (400 MHz, CDCl3) δ 2.32 (s, 3H), 2.35 (s, 3H), 6.94 (d, J = 7.9 Hz, 1H), 6.95

(s, 1H), 7.46 (d, J = 8.3 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 20.94, 21.05, 112.79, 124.46, 128.40, 132.98, 139.10,

148.09, 168.80.

2-allyl-5-methylphenol (74)

OH

To a solution of 2-bromo-5-methylphenyl acetate

(100 mg, 0.44 mmol) in THF (2 mL), allylboronic

acid pinacol ester (246 µL, 1.31 mmol, 3 eq.) and

K2CO3 (180 mg, 1.31 mmol, 3 eq.) were added

in a microwave vial. Solution was left stirring in

ultrasonic bath for 10 min. and N2 was purged

through the vial. Pd(PPh3)4 catalyst (26 mg,0.022 mmol, 0.05 eq.) was added and

the reaction vial was heated for 50 min at 100 ◦C under microwave irradiation. The
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reaction mixture was �ltered through Celite 535RVS and concentrated under reduced

pressure. The crude residue was dissolved in anhydrous THF (25 mL) and LiAlH4 (100

mg, 26 mmol) was added at 0 ◦C. The reaction was quenched with a aqueous solution of

potassium sodium tartrate, extracted with EtOAc, dried over MgSO4 and concentrated

under vacuo. The residue obtained was puri�ed by SiO2 column chromatography using

a mixture of EtOAc:hexane (1:8) as eluent to a�ord 2-allyl-5-methylphenol (55 mg, 0.37

mmol, 85 %) as a colorless liquid.

1H NMR (400 MHz, CDCl3) δ 2.30 (s, 3H), 3.39 (d, J = 6.4 Hz, 2H), 4.98 (s, OH, 1H),

5.16 (dd, J = 9.8, 1.5 Hz, 1H) 5.17 (dd, J = 18.9, 1.6 Hz, 1H), 6.03 (ddt, J = 16.7, 10.2,

6.4 Hz, 1H), 6.66 (d, J = 1.7 Hz, 1H), 6.72 (dd, J = 7.6, 1.7 Hz, 1H), 7.01 (d, J = 7.6

Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 21.12, 34.92, 116.38, 116.65, 121.79, 122.26, 130.35,

136.81, 138.05, 154.04.

1-(2-allyl-5-methylphenoxy)-3-(tert-butylamino)propan-2-ol (70c)

O

OH

N
H

To 2-allyl-5-methylphenol (35 mg, 0.24 mmol) and

K2CO3 (49 mg, 1.5 eq), epichlorohydrin (1 mL) was

added. The reaction mixture was heated under mi-

crowave irradiation for 30 min at 120 ◦C. Reaction

crude was then dispersed in water (20 mL) and ex-

tracted with EtOAc (3 x 10 mL). Combined organic fraction were washed with 1M aque-

ous solution of NaOH to remove unreacted phenol. Organic fractions were washed with

brine (20 mL), dried over MgSO4 and concentrated under vacuo. Resulting crude was

reacted with tert-butyl amine (1 mL) under microwave irradiation for 1h at 70 ◦C. The

resulting mixture was concentrated under reduced pressure and puri�ed through �ash

column chromatography eluted with 3% 1N ammonia in methanol solution in DCM to

a�ord a colorless oil (40 mg, 0.14 mmol, 60 % over two steps).

1H NMR (400 MHz, CDCl3) δ 1.12 (s, 9H), 2.20 (broad s, exchangeable protons, 2H)

2.32 (s, 3H), 2.73 (dd, J = 11.7, 6.5 Hz, 1H), 2.85 (dd, J = 11.8, 3.7 Hz, 1H), 3.35 (d,

J = 6.4 Hz, 1H), 3.89 - 4.04 (m, 3H), 5.01 (dd, J = 11.5, 1.7 Hz, 1H), 5.02 (dd, J =

17.3, 1.7 Hz, 1H), 5.97 (ddt, J = 17.7, 9.5, 6.4 Hz, 1H), 6.68 (s, 1H), 6.73 (d, J = 7.6

Hz, 1H), 7.01 (d, J = 7.5 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 21.43, 29.10, 34.37, 44.72, 50.36, 68.79, 70.50, 112.37,

115.03, 121.44, 125.43, 129.81, 137.38, 137.53, 156.26.

Characterisation of chapter 5 compounds:

(2S,2'S)-3,3'-azanediylbis(1-(2-(allyloxy)phenoxy)propan-2-ol) (78b)
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O

O

OH

N
H

OH

O

O

1H NMR (400 MHz, CDCl3) δ

2.59 (broad s, exchangeable pro-

tons, 3H), 2.81 - 2.94 (m, 4H),

3.98 - 4.12 (m, 6H), 4.57 (d, J = 5.4 Hz, 4H), 5.28 (dd, J = 10.5, 1.4 Hz, 2H), 5.41 (dd,

J = 17.2, 1.6 Hz, 2H), 6.07 (ddt, J = 17.3, 10.5, 5.3 Hz, 2H), 6.86 - 6.98 (m, 8H).

13C NMR (101 MHz, CDCl3) δ 52.03, 68.78, 70.03, 73.16, 114.37, 115.93, 117.95, 121.66,

122.32, 133.47, 148.81, 149.17.

(S)-1-(2-(allyloxy)phenoxy)-3-(((R)-3-(2-(allyloxy)phenoxy)-2-hydroxypropyl)

amino)propan-2-ol (83b)

O

O

OH

N
H

OH

O

O

1H NMR (400 MHz, CDCl3) δ

2.79 (broad s, exchangeable pro-

tons, 3H), 2.80 - 2.94 (m, 4H),

3.97 - 4.14 (m, 6H), 4.57 (d, J =

5.3 Hz, 4H), 5.28 (dd, J = 10.5, 1.4 Hz, 2H), 5.41 (dd, J = 17.2, 1.6 Hz, 2H), 6.07 (ddt,

J = 17.3, 10.6, 5.4 Hz, 2H), 6.88 - 6.97 (m, 8H).

13C NMR (101 MHz, CDCl3) δ 52.09, 68.70, 70.04, 73.10, 114.36, 115.87, 117.99, 121.68,

122.31, 133.45, 148.77, 149.13.

(2R,2'R)-3,3'-azanediylbis(1-(2-(allyloxy)phenoxy)propan-2-ol) (82b)

O

O

OH

N
H

OH

O

O

1H NMR (400 MHz, CDCl3) δ

2.66 (broad s, exchangeable pro-

tons, 3H), 2.79 - 2.94 (m, 4H),

3.97 - 4.14 (m, 6H), 4.57 (d, J =

5.3 Hz, 4H), 5.28 (dd, J = 10.5, 1.5 Hz, 2H), 5.41 (dd, J = 17.3, 1.6 Hz, 2H), 6.07 (ddt,

J = 17.4, 10.6, 5.3 Hz, 2H), 6.87 - 6.98 (m, 8H).

13C NMR (101 MHz, CDCl3) δ 52.04, 68.79, 70.03, 73.16, 114.37, 115.92, 117.94, 121.66,

122.31, 133.46, 148.81, 149.17.

(2S,2'S)-3,3'-azanediylbis(1-(2-allylphenoxy)propan-2-ol) (78a)

O

OH

N
H

OH

O

1H NMR (400 MHz, CDCl3) δ

2.78 (broad s, exchangeable pro-

tons, 3H), 2.89 (dd, J = 12.3, 7.2

Hz, 2H), 2.95 (dd, J = 12.3, 4.1

Hz, 2H), 3.40 (dd, J = 6.4, 2.0 Hz, 4H), 4.01 (d, J = 5.8 Hz, 4H), 4.10 - 4.18 (m, 2H),

5.03 (dd, J = 18.7, 1.8 Hz, 2H), 5.04 (dd, J = 8.5, 1.7 Hz, 2H), 5.98 (ddt, J = 16.7,
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10.3, 6.3 Hz, 2H), 6.84 (dd, J = 8.2, 1.1 Hz, 2H), 6.92 (td, J = 7.4, 1.1 Hz, 2H), 7.15

(dd, J = 7.4, 1.7 Hz, 2H), 7.19 (td, J = 7.8, 1.8 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 34.84, 52.16, 68.85, 70.44, 111.50, 115.42, 121.22, 127.68,

128.58, 130.30, 137.43, 156.38.

(S)-1-(2-allylphenoxy)-3-(((R)-3-(2-allylphenoxy)-2-hydroxypropyl)amino)-propan-

2-ol (83a)

O

OH

N
H

OH

O

1H NMR (400 MHz, CDCl3) δ

2.62 (broad s, exchangeable pro-

tons, 3H), 2.86 (dd, J = 12.2, 7.5

Hz, 2H), 2.93 (dd, J = 12.2, 4.1

Hz, 2H), 3.40 (dd, J = 6.4, 1.8 Hz, 4H), 4.00 (d, J = 5.8 Hz, 2H), 4.01 (d, J = 4.0 Hz,

2H), 4.08 - 4.16 (m, 2H), 5.04 (dd, J = 18.6, 1.7 Hz, 2H), 5.05 (dd, J = 8.7, 1.6 Hz, 2H),

5.99 (ddt, J = 16.7, 10.4, 6.4 Hz, 2H), 6.84 (dd, J = 8.2, 1.1 Hz, 2H), 6.93 (td, J = 7.5,

1.1 Hz, 2H), 7.15 (dd, J = 7.4, 1.7 Hz, 2H), 7.19 (td, J = 7.8, 1.8 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 34.85, 52.24, 69.03, 70.50, 111.49, 115.41, 121.20, 127.68,

128.59, 130.29, 137.45, 156.40.

(2R,2'R)-3,3'-azanediylbis(1-(2-allylphenoxy)propan-2-ol) (82a)

O

OH

N
H

OH

O

1H NMR (400 MHz, CDCl3) δ

2.65 (broad s, exchangeable pro-

tons, 3H), 2.88 (dd, J = 12.3, 7.1

Hz, 2H), 2.94 (dd, J = 12.3, 4.0

Hz, 2H), 3.40 (dd, J = 6.4, 2.0 Hz, 4H), 4.01 (d, J = 4.2 Hz, 2H), 4.01 (d, J = 6.0 Hz,

2H), 4.13 (q, J = 6.0 Hz, 2H), 5.03 (dd, J = 18.7, 1.8 Hz, 2H), 5.04 (dd, J = 8.4, 1.7

Hz, 2H), 5.98 (ddt, J = 16.7, 10.3, 6.4 Hz, 2H), 6.84 (dd, J = 8.2, 1.1 Hz, 2H), 6.92 (td,

J = 7.4, 1.1 Hz, 2H), 7.15 (dd, J = 7.4, 1.7 Hz, 2H), 7.19 (td, J = 7.8, 1.8 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 34.85, 52.16, 68.87, 70.45, 111.50, 115.42, 121.22, 127.68,

128.59, 130.30, 137.44, 156.39.

(R)-1-(2-(allyloxy)phenoxy)-3-aminopropan-2-ol (81b)

O

O

OH

NH2

1H NMR (400 MHz, CDCl3) δ 2.19 (broad s, ex-

changeable protons, 3H), 2.87 (dd, J = 12.8, 6.0

Hz, 1H), 2.94 (dd, J = 12.9, 4.1 Hz, 1H), 3.91 -

4.02 (m, 2H), 4.02 - 4.10 (m, 1H), 4.56 (dt, J =

5.3, 1.5 Hz, 2H), 5.28 (dd, J = 10.5, 1.4 Hz, 1H), 5.41 (dd, J = 17.3, 1.6 Hz, 1H), 6.07

(ddt, J = 17.3, 10.6, 5.3 Hz, 1H), 6.86 - 6.97 (m, 4H).
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13C NMR (101 MHz, CDCl3) δ 44.26, 70.01, 70.53, 72.89, 114.30, 115.68, 117.95, 121.66,

122.22, 133.43, 148.84, 149.11.

(S)-1-(2-(allyloxy)phenoxy)-3-aminopropan-2-ol (77b)

O

O

OH

NH2

1H NMR (400 MHz, CDCl3) δ 2.17 (broad s, ex-

changeable protons, 3H), 2.87 (dd, J = 12.9, 5.9

Hz, 1H), 2.94 (dd, J = 12.9, 3.9 Hz, 1H), 3.91 -

4.02 (m, 2H), 4.03 - 4.10 (m, 1H), 4.57 (dt, J =

5.4, 1.5 Hz, 2H), 5.28 (dd, J = 10.5, 1.4 Hz, 1H), 5.42 (dd, J = 17.3, 1.6 Hz, 1H), 6.07

(ddt, J = 17.3, 10.6, 5.3 Hz, 1H), 6.87 - 6.97 (m, 4H).

13C NMR (101 MHz, CDCl3) δ 44.24, 70.00, 70.51, 72.86, 114.25, 115.60, 118.00, 121.66,

122.20, 133.40, 148.79, 149.05.

(R)-1-(2-allylphenoxy)-3-aminopropan-2-ol (81a)

O

OH

NH2

1H NMR (400 MHz, CDCl3) δ 2.05 (broad s, ex-

changeable protons, 3H), 2.88 (dd, J = 13.0, 6.1

Hz, 1H), 2.98 (dd, J = 12.9, 3.5 Hz, 1H), 3.39 (dd,

J = 6.3, 1.7 Hz, 2H), 3.89 - 4.06 (m, 3H), 5.02 (dd,

J = 10.6, 1.8 Hz, 1H), 5.03 (dd, J = 18.8, 1.8 Hz,

1H), 5.99 (ddt, J = 16.7, 10.3, 6.4 Hz, 1H), 6.85 (dd, J = 8.2, 1.1 Hz, 1H), 6.92 (td, J

= 7.4, 1.1 Hz, 1H), 7.15 (dd, J = 7.4, 1.7 Hz, 1H), 7.19 (td, J = 7.8, 1.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.85, 44.31, 70.14, 70.80, 111.45, 115.39, 121.15, 127.66,

128.58, 130.27, 137.43, 156.44.

(S)-1-(2-allylphenoxy)-3-aminopropan-2-ol (77a)

O

OH

NH2

1H NMR (400 MHz, CDCl3) δ 2.08 (broad s, ex-

changeable protons, 3H), 2.88 (dd, J = 13.0, 6.1

Hz, 1H), 2.98 (dd, J = 12.8, 3.4 Hz, 1H), 3.39 (dd,

J = 6.4, 1.7 Hz, 2H), 3.90 - 4.09 (m, 3H), 5.02 (dd,

J = 10.5, 1.8 Hz, 1H), 5.03 (dd, J = 18.8, 1.8 Hz,

1H), 5.99 (ddt, J = 16.7, 10.4, 6.4 Hz, 1H), 6.85 (dd, J = 8.1, 1.1 Hz, 1H), 6.92 (td, J

= 7.4, 1.1 Hz, 1H), 7.15 (dd, J = 7.5, 1.7 Hz, 1H), 7.19 (td, J = 7.8, 1.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 34.84, 44.31, 70.15, 70.78, 111.44, 115.39, 121.14, 127.66,

128.58, 130.27, 137.42, 156.44.

1-(2-allylphenoxy)-3-((2-hydroxypropyl)amino)propan-2-ol (85)
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O

OH

N
H

OH

General procedure for epoxide opening (method C).

Yield: 45 %

1H NMR (401 MHz, CDCl3) δ 1.18 (d, J = 6.2 Hz,

3H), 2.28 (s, 3H), 2.50 (ddd, J = 12.1, 9.2, 2.9 Hz, 1H), 2.75 (ddd, J = 12.1, 3.0, 1.7

Hz, 1H), 2.79 - 2.94 (m, 2H), 3.40 (d, J = 5.2 Hz, 2H), 3.83 (dqd, J = 9.2, 6.1, 3.1 Hz,

1H), 3.95 - 4.04 (m, 2H), 4.11 (ttt, J = 6.0, 4.0, 1.7 Hz, 1H), 5.02 (dq, J = 10.2, 1.6 Hz,

1H), 5.03 (dq, J = 17.0, 1.7 Hz, 1H), 5.98 (ddt, J = 16.7, 10.2, 6.3 Hz, 1H), 6.84 (d, J

= 8.2 Hz, 1H), 6.92 (td, J = 7.3, 1.1 Hz, 1H), 7.15 (dd, J = 7.4, 1.7 Hz, 1H), 7.19 (td,

J = 7.8, 1.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 20.70, 34.88, 51.97, 57.10, 66.10, 69.14, 70.52, 111.50,

115.39, 121.24, 127.70, 128.55, 130.33, 137.49, 156.39.

3,3'-(methylazanediyl)bis(1-(2-allylphenoxy)propan-2-ol) (86)

O

OH

N

OH

O

General procedure for epoxide

opening (method C). Yield: 72 %

1H NMR (401 MHz, CDCl3) δ

2.44 (d, J = 7.2 Hz, 3H), 2.60

- 2.80 (m, 4H), 3.40 (d, J = 5.5 Hz, 2H), 3.94 - 4.06 (m, 4H), 4.14 (dq, J = 8.9, 4.5 Hz,

2H), 5.04 (dq, J = 15.8, 1.7 Hz, 2H), 5.05 (dq,J = 10.0, 1.7 Hz, 2H), 5.99 (ddt, J =

18.0, 9.3, 6.4 Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 6.92 (t, J = 7.4 Hz, 2H), 7.15 (dd, J =

7.5, 1.5 Hz, 2H), 7.19 (td, J = 8.0, 1.7 Hz, 2H)

13C NMR (101 MHz, CDCl3) δ 34.79, 34.81, 43.71, 60.81, 61.26, 67.48, 67.77, 70.29,

70.31, 111.46, 111.49, 115.44, 121.14, 127.63, 127.64, 128.66, 130.23, 137.39, 137.41,

156.41.

tert-butyl (3-bromopropyl)carbamate (88)

Br NHBoc

To a mixture of boc anhydride (2.74 mmol, 1.2 eq),

3-bromopropylamine hydrobromide (2.28 mmol, 1

eq) in dichloromethane (20 mL), triethylamine

(9.14 mmol, 4 eq) was added dropwise and left stirring for 24h at room temperature.

The reaction mixture was then washed with 1M HCl (2 x 5 mL) and water (2 x 5 mL).

The organic phase was dried over anhydrous MgSO4 and concentrated under vacuo to

a�ord compound 88 as a yellow oil in 93 % yield.

1H NMR (401 MHz, CDCl3) δ 1.43 (s, 9H), 2.04 (p, J = 6.6 Hz, 2H), 3.26 (t, J = 6.4

Hz, 2H), 3.43 (t, J = 6.5 Hz, 2H), 4.67 (s, 1H).

13C NMR (101 MHz, CDCl3) δ 28.49, 30.90, 32.82, 39.10, 79.52, 156.08.
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3-(2-allylphenoxy)propan-1-amine (89)

O NH2

2-Allylphenol (1.26 mmol, 1.5 eq) was dis-

solved in DMF (2 mL) and potassium

carbonate (1.51 mmol, 1.8 eq) and tert-

butyl (3-bromopropyl)carbamate (88, 0.84

mmol, 1 eq) were added. The reaction was

stirred at room temperature for 24h. Water (100 mL) was added to the reaction mixture

and then extracted with diethyl ether. The organic phase was washed with 5% sodium

hydroxide solution and brine and concentrated under vacuum. Without further puri�ca-

tion the crude was dissolved in dichloromethane (2 mL), TFA was added dropwise and

the reaction mixture was left stirring at room temperature for 4h. The reaction mixture

was poured into a solution of ethyl acetate: 1M sodium hydroxide (1:1, 20 mL) and

then extracted with further ethyl acetate (10 mL x 2). Combined organic fractions were

washed with brine, dried over anhydrous MgSO4 and concentrated under vacuo to give

compound 89 as a colorless oil (82 % over two steps).

1H NMR (401 MHz, CDCl3) δ 1.96 (dt, J = 12.8, 6.4 Hz, 2H), 2.02 (s, 2H), 2.94 (t, J

= 6.8 Hz, 2H), 3.39 (d, J = 6.6 Hz, 2H), 4.05 (t, J = 6.0 Hz, 2H), 5.03 (ddd, J = 10.1,

3.2, 1.6 Hz, 1H), 5.04 (dq, J = 18.2, 1.5 Hz, 1H), 5.99 (ddt, J = 16.8, 10.1, 6.6 Hz, 1H),

6.85 (d, J = 8.2 Hz, 1H), 6.89 (t, J = 7.4 Hz, 1H), 7.14 (d, J = 8.0 Hz, 1H), 7.18 (t, J

= 7.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 32.98, 34.53, 39.33, 65.77, 111.20, 115.42, 120.60, 127.40,

128.74, 129.91, 137.13, 156.65.

1-(2-allylphenoxy)-3-((3-(2-allylphenoxy)propyl)amino)propan-2-ol (90)

O

OH

N
H

O

General procedure for epoxide

opening (method C). Yield: 51 %

1H NMR (401 MHz, CDCl3) δ

2.02 (p, J = 6.5 Hz, 2H), 2.39

(broad s, 2H), 2.80 - 2.95 (m, 4H), 3.39 (d, J = 6.3 Hz, 4H), 4.00 (d, J = 5.2 Hz, 2H),

4.06 (t, J = 6.0 Hz, 2H), 4.06 - 4.13 (m, 1H), 5.00 - 5-08 (m, 4H), 5.99 (ddt, J = 16.9,

10.2, 6.5 Hz, 2H), 6.85 (d, J = 8.2 Hz, 2H), 6.91 (td, J = 7.5, 1.0 Hz, 2H), 7.15 (d, J =

7.7 Hz, 2H), 7.19 (td, J = 7.9, 1.7 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 29.98, 34.56, 34.81, 47.19, 52.12, 66.19, 68.59, 70.59,

111.28, 111.50, 115.41, 115.47, 120.69, 121.11, 127.46, 127.64, 128.61, 128.77, 129.98,

130.22, 137.16, 137.39, 156.45, 156.65.

1-(2-allylphenoxy)-3-((2-aminoethyl)amino)propan-2-ol (94a)
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O

OH

N
H

NH2
General procedure for epoxide

opening (method B). Puri�cation

by HPLC.

1H NMR (401 MHz, DMSO) δ

2.56 � 2.66 (m, 6H), 3.33 (d, J = 6.7 Hz, 2H), 3.82 � 3.96 (m, 3H), 4.99 (dd, J =

10.3, 1.9 Hz, 1H), 5.04 (dd, J = 17.1, 1.9 Hz, 1H), 5.96 (ddt, J = 16.9, 10.0, 6.7 Hz,

1H), 6.86 (td, J = 7.4, 1.1 Hz, 1H), 6.89 � 7.02 (m, 1H), 7.10 (dd, J = 7.5, 1.7 Hz, 1H),

7.16 (td, J = 7.8, 1.8 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 33.95, 41.48, 52.45, 52.60, 68.29, 70.61, 111.58, 115.41,

120.28, 127.40, 128.00, 129.43, 137.08, 156.22.

3,3'-(ethane-1,2-diylbis(azanediyl))bis(1-(2-allylphenoxy)propan-2-ol) (95a)

O

OH

N
H

H
N

OH

O

General procedure for

epoxide opening (method

B). Puri�cation by HPLC.

1H NMR (401 MHz,

CDCl3) δ 2.78 - 2.94 (m,

12H), 3.39 (d, J = 6.2 Hz, 4H), 3.98 (dd, J = 5.3, 1.9 Hz, 4H), 4.10 (dq, J = 9.1, 5.1

Hz, 2H), 4.99 - 5.07 (m, 4H), 5.98 (ddt, J = 18.1, 9.3, 6.4 Hz, 2H), 6.84 (d, J = 8.1 Hz,

2H), 6.91 (td, J = 7.4, 0.9 Hz, 2H), 7.14 (dd, J = 7.4, 1.6 Hz, 2H), 7.18 (td, J = 8.0,

1.7 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 34.77, 49.24, 52.04, 68.77, 68.81, 70.49, 111.50, 115.42,

121.09, 127.62, 128.60, 130.18, 137.38, 156.42. tR 5.431 (method B)

3,3'-(propane-1,3-diylbis(azanediyl))bis(1-(2-allylphenoxy)propan-2-ol) (95b)

O

OH

N
H

N
H

O

OH

General procedure for

epoxide opening (method

B). Puri�cation by HPLC.

1.75 - 1.87 (m, 2H), 2.69

- 3.07 (m, 8H), 3.39 (d, J = 6.2 Hz, 4H), 3.80 (broad s, 4H), 3.96 (dd, J = 9.5, 5.4 Hz,

4H), 4.02 (dd, J = 9.4, 5.3 Hz, 2H), 4.11 - 4.20 (m, 2H), 5.02 (d, J = 16.4 Hz, 2H), 5.03

(d, J = 10.7 Hz, 2H), 5.97 (ddt, J = 17.5, 9.2, 6.4 Hz, 2H), 6.84 (d, J = 8.1 Hz, 2H),

6.91 (t, J = 7.4 Hz, 2H), 7.13 (d, J = 7.4 Hz, 2H), 7.17 (t, J = 7.8 Hz, 2H)

13C NMR (101 MHz, CDCl3) δ 27.49, 34.66, 49.15, 49.19, 51.93, 52.08, 67.91, 68.10, 70.05,

70.29, 111.50, 111.52, 115.44, 115.48, 121.15, 121.18, 127.63, 127.65, 128.57, 128.62,

130.14, 130.20, 137.33, 137.34, 156.30.



Chapter 8 Experimental 191

8.2.3 Chapter 6 synthesis

2-(4-(benzyloxy)phenyl)ethan-1-ol (109)

O

HO

Potassium carbonate (7.96 mmol, 1.1 eq) was

added to a round bottom �ask containing p-

Hydroxyphenethyl alcohol (7.24 mmol, 1 eq) in 20

mL DMF and left stirring for 30 min at room tem-

perature. Benzyl bromide (7.96 mmol, 1.1 eq) was

added dropwise and the reaction mixture was left

sitting at 60 ◦C for 24h. After monitoring completion by TLC, the reaction was quenched

with water (100 mL) and extracted with ethyl acetate (50 mL x 3). The combined organic

layers were washed with water (50 mL), brine (30 mL), dried over anhydrous MgSO4

and concentrated under vacuo to a�ord compound 109 as a white solid in 92 % yield.

1H NMR (401 MHz, CDCl3) δ 1.50 (s, 1H), 2.82 (t, J= 6.5 Hz, 2H), 3.83 (t, J= 6.5 Hz,

2H), 5.06 (s, 2H), 6.91-6.96 (m, 2H), 7.12-7.18 (m, 2H), 7.30-7.35 (m, 1H), 7.36-7.41 (m,

2H), 7.42-7.46 (m, 2H).

13C NMR (101 MHz, CDCl3) δ 38.42, 63.94, 70.19, 115.15, 127.59, 128.07, 128.72, 130.14,

130.85, 137.23, 157.67.

1-(benzyloxy)-4-(2-(cyclopropylmethoxy)ethyl)benzene (111)

O

O

To suspension of 60% sodium hydride in mineral oil

(14.46 mmol, 1.1 eq) in 40 mL of DMF under in-

ert atmosphere 2-(4-(benzyloxy)phenyl)ethan-1-ol

(109, 13.14 mmol, 1 eq) was added and left stir-

ring for 15 minutes. Cyclopropylmethyl bromide

(110, 14.46 mmol, 1.1 eq) was then added to the reaction mixture and heated at 60
◦C for 48h. The reaction mixture was then poured into cold water (100 mL) and ex-

tracted with ether. The combined organic layers were then washed with water, dried

with anhydrous MgSO4 and concentrated under vacuo. The residue was stirred for 30

minutes in petroleum ether, �ltered and evaporated to dryness to a�ord 1-(benzyloxy)-

4-(2-(cyclopropylmethoxy)ethyl)benzene (111) in 76 % yield.

1H NMR (401 MHz, CDCl3) δ 0.22 (q, J = 5.1 Hz, 2H), 0.55 (q, J = 5.1 Hz, 2H),

1.01-1.14 (m, 1H), 2.87 (t, J = 7.4 Hz, 2H), 3.30 (d, J = 6.8 Hz, 2H), 3.64 (t, J = 7.4

Hz, 2H), 5.06 (s, 2H), 6.92 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H), 7.33 (t, J =

7.1 Hz, 1H), 7.39 (t, J = 7.4 Hz, 2H), 7.44 (d, J = 7.4 Hz, 2H).
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13C NMR (101 MHz, CDCl3) δ 3.11, 10.75, 35.62, 70.14, 71.94, 75.74, 114.87, 127.56,

128.00, 128.67, 129.96, 131.47, 137.30, 157.40.

4-(2-(cyclopropylmethoxy)ethyl)phenol (112)

OH

O

1-(benzyloxy)-4-(2-(cyclopropylmethoxy)ethyl) ben-

zene (111, 4.15 mmol, 1 eq), 10% Pd/C (catalytical,

0.01 eq) were stirred in methanol (10 mL) under hy-

drogen atmosphere using an hydrogen balloon at

room temperature for 5h. Completion of the reac-

tion was checked by TLC and once complete the

catalyst was �ltered and the �ltrate concentrated

under vacuum to yield 4-(2-(cyclopropylmethoxy)ethyl)phenol (112) in 84 %.

1H NMR (401 MHz, CDCl3) δ 0.20 (q, J= 4.6 Hz 2H), 0.53 (td, J= 5.9, 4.5 Hz, 2H),

0.98-1.13 (m, 1H), 2.84 (t, J= 7.4 Hz, 2H), 3.31 (d, J= 6.9 Hz, 2H), 3.64 (t, J= 7.4 Hz,

2H), 5.61 (s, 1H), 6.74 (d, J= 8.5 Hz, 2H), 7.07 (d, J= 8,4 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 3.19, 10.68, 35.48, 72.00, 75.85, 115.39, 130.06, 130.78,

154.37.

(S)-2-((4-(2-(cyclopropylmethoxy)ethyl)phenoxy)methyl)oxirane (113)

O

O

O

To suspension of 60% sodium hydride in min-

eral oil (3.12 mmol, 1.2 eq) in 20 mL of

DMF under inert atmosphere 4-(2-(cyclopropyl

methoxy)ethyl)phenol (112, 2.6 mmol, 1 eq) was

added and left stirring for 30 minutes at room tem-

perature. S -Glycidyl nosylate was then added and

heated at 60 ◦C for 14h. The reaction mixture was poured into cold water and extracted

with ether. The combined organic layers were dried with anhydrous MgSO4 and concen-

trated under vacuo. The crude was puri�ed by FCC using petroleum ether: ethyl acetate

(95:5) as eluent to yield (S)-2-((4-(2-(cyclopropylmethoxy)ethyl)phenoxy)methyl)oxirane

(113) in 64 % yield.

1H NMR (401 MHz, CDCl3) δ 0.19 (q, J = 4.5 Hz, 2H), 0.52 (td, J = 5.9, 4.5 Hz, 2H),

0.97 - 1.11 (m, 1H), 2.75 (dd, J = 4.9, 2.7 Hz, 1H), 2.84 (t, J = 7.4 Hz, 2H), 2.89 (t, J

= 4.7 Hz, 1H), 3.28 (d, J = 6.9 Hz, 2H), 3.34 (ddt, J = 5.8, 4.0, 3.0 Hz, 1H), 3.61 (t, J

= 7.4 Hz, 2H), 3.95 (dd, J = 11.0, 5.6 Hz, 1H), 4.19 (dd, J = 11.0, 3.3 Hz, 1H), 6.85 (d,

J = 8.7 Hz, 2H), 7.14 (d, J = 8.7 Hz, 2H).

tert-butyl (2-amino-2-methylpropyl)carbamate (114)
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H

N
NH2

O

O

A mixture of boc anhydride (2.70 mmol, 1 eq),

1,2-diamino-2-methylpropane (91, 5.67 mmol, 2.1

eq) and triethylamine (5.67 mmol, 2.1 eq) in

dichloromethane (5 mL) were stirred for 24h at

room temperature. The reaction mixture was then concentrated to dryness and the

crude was puri�ed by FCC using methanol : dichloromethane (10:1) to a�ord tert-butyl

(2-amino-2-methylpropyl)carbamate (114) as a white solid in 85 % yield.

1H NMR (401 MHz, CDCl3) δ 1.04 (s, 6H), 1.22 (s, 2H), 1.39 (s, 9H), 2.95 (d, J = 6.2

Hz, 2H), 5.05 (s, 1H).

13C NMR (101 MHz, CDCl3) δ 28.26, 28.46, 50.26, 52.19, 79.11, 156.54.

tert-butyl (S)-(2-((3-(4-(2-(cyclopropylmethoxy)ethyl)phenoxy)-2-hydroxypropyl)-

amino)-2-methylpropyl)carbamate (115)

O

O

OH

N
H

NHBoc

Amine 114 was added

to a solution of epox-

ide 113 in DMF:water

(9:1) and left stirring

at room temperature for

48h. The reaction mix-

ture was concentrated to dryness and puri�ed by FCC using 6% 1N ammonia in methanol

in DCM to a�ord tert-butyl (S)-(2-((3-(4-(2-(cyclopropylmethoxy)ethyl)phenoxy)-2-

hydroxy propyl)amino)-2-methylpropyl)carbamate in 45 % yield.

1H NMR (401 MHz, CDCl3) δ 0.19 (dt, J = 6.0, 4.5 Hz, 2H), 0.53 (dq, J = 8.1, 6.0 Hz

2H), 1.02 - 1.08 (m, 1H), 1.10 (s, 6H), 1.44 (s, 9H), 2.52 (broad s, exchangeable protons,

2H), 2.73 (d, J = 7.5 Hz, 2H), 2.84 (t, J = 7.4 Hz, 2H), 3.05 - 3.15 (m, 2H), 3.28 (d, J

= 6.8 Hz, 2H), 3.61 (t, J = 7.4 Hz, 2H), 3.97 (dd, J = 5.1, 2.9 Hz, 2H), 3.99 - 4.10 (m,

1H), 4.98 (s, 1H, N-H amide), 6.84 (d, J = 8.6 Hz, 2H), 7.13 (d, J = 8.6 Hz, 1H).

13C NMR (101 MHz, CDCl3) δ 3.12, 10.77, 24.96, 25.15, 28.55, 35.62, 44.61, 48.43, 53.67,

69.13, 70.65, 71.95, 75.78, 79.51, 114.63, 130.00, 131.72, 156.64, 157.22.

tR: 5.748 (method B)

(S)-N-(2-((3-(4-(2-(cyclopropylmethoxy)ethyl)phenoxy)-2-hydroxypropyl)amino)-

2-methylpropyl)-4-(3-(tri�uoromethyl)-3H-diazirin-3-yl)benzamide (107)

O

O

OH

N
H

H
N

O

NN

F

F

F

Compound 115 was dis-

solved in dichloromethane

(2 mL) and TFA was
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added dropwise. The re-

action mixture was left

stirring at room temper-

ature for 2h. The reaction mixture was poured into a solution of ethyl acetate: 1M

sodium hydroxide (1:1, 20 mL) and then extracted with further ethyl acetate (10 mL x

2). Combined organic fractions were washed with brine, dried over anhydrous MgSO4

and concentrated under vacuo. Without further puri�cation, the crude was dissolved

in 10 mL of acetonitrile and the carboxylic acid (116, 1.1 eq) and triethylamine (2 eq)

were added and left stirring for 10 minutes. HATU (1.2 eq) was then added and the

reaction mixture was controlled by TLC and left stirring at room temperature for 18h.

The reaction mixture was then washed with water (1 x 5 mL), extracted with DCM, and

the crude product was puri�ed by HPLC.

1H NMR (401 MHz, CDCl3) δ 0.19 (q, J = 4.7 Hz, 2H), 0.52 (q, J = 4.7 Hz, 2H), 0.97 -

1.11 (m, 1H), 1.17 (s, 6H), 2.44 (broad s, exchangeable protons, 2H), 2.76 (dd, J = 12.0,

7.2 Hz, 1H), 2.85 (t, J = 7.3 Hz, 2H), 2.87 (dd, J = 7.8, 4.1 Hz, 1H), 3.28 (d, J = 6.8

Hz, 2H), 3.41 (t, J = 5.2 Hz, 2H), 3.61 (t, J = 7.3 Hz, 2H), 3.98 (dd, J = 5.2, 3.3 Hz,

2H), 4.07 (dt, J = 7.1, 3.2 Hz, 1H), 6.80 (d, J = 8.6 Hz, 2H), 7.02 (s, 1H), 7.13 (d, J =

8.6 Hz, 2H), 7.20 (d, J = 8.2 Hz, 2H), 7.81 (d, J = 8.5 Hz, 2H).

13C NMR (101 MHz, CDCl3) δ 3.12, 10.75, 25.53, 25.59, 35.58, 44.36, 46.92, 53.42,

69.54, 70.47, 71.85, 75.77, 114.54, 121.93 (q, J = 274.8 Hz), 126.72, 127.57, 130.08,

132.09, 132.31, 135.78, 156.98, 166.48.
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Figure A.1: Amino acid sequence of the turkey tβtrunc), β6�m23, β36 and β36�m23,
taken from Baker et al.[54]
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Figure A.2: Aminoacid sequence of the human and turkey β-adrenoceptors. Taken
from Baker et al.[39]



Appendix B

Bu�er composition

DEA bu�er

used to measure SPAP activity

280 mM (16.36 g) NaCl

100 mM (100 mL) Diethanolamine

0.5 mM (0.102 g) MgCl2.6H2O

added distilled water up to 1 litre, used concentrated solution of HCl to achieve pH 9.85,

para-nitrophenolphosphate was dissolved in DEA bu�er to achieve a concentration of 100

mM. 500 µL PNPP were then added to 10 mL DEA bu�er to develop the CRE-SPAP

assay in 96-well plates.
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