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Abstract

T h e I2-IB S is a  w e ll k n o w n  b in d in g  s ite  w id e ly  d is tr ib u te d  in  th e  b o d y  o f  b o th  a n im a ls  

an d  h u m a n s. It is su sp e c te d  th a t th e y  a re  a n  a llo s te r ic  b in d in g  s ite  o f  M A O -B . T h e y  h av e  

a lso  b ee n  lin k e d  to  se v e ra l c o n d itio n s  su c h  as A lz h e im e r ’s a n d  n e u ro  p ro te c tio n . T h e ir  

m a in  p h y s io lo g ic a l fu n c tio n  a p p e a rs  to  b e  the  a b ili ty  o f  I2-IB S lig a n d s  to  a t te n u a te  th e  

to le ra n c e  to  o p io d  d ru g s . T h is  lin k  b e tw e e n  th e  I2-IB S a n d  th e  |i -o p io id  re c e p to r  sy s te m  

h as m ad e  I2-IBS b in d in g  s ite s  o f  p h a m ia lo g ic a l im p o rta n ce .

M an y  o f  th e  e x is tin g  I2-IBS lig a n d s  to  d a te  h a v e  b ee n  a ro m a tic  d e r iv a tiv e s  o f  th e  firs t 

IB S  lig a n d s , c lo n id in e  a n d  id a zo x a n . T h e re  h a v e  b e e n  v e ry  fe w  a lip h a tic  lig a n d s  o f  n o te  

sy n th e s iz e d  to  d a te  an d  m o s t o f  th e m  h a v e  b e e n  p re p a re d  b y  R o z a s ’ g ro u p . O n e  o f  the  

firs t a lip h a tic  I2-IB S lig a n d s  to  b e  re p o rte d  w a s  th e  e n d o g e n o u s  lig a n d  ag m a tin e . 

P re v io u s  re se a rc h  b y  R o z a s ’ g ro u p  re p o r te d  th e  sy n th e s is  o f  fo u r  a l ip h a tic  Z )w -guanidines 

b a se d  on  the  s tru c tu re  o f  ag m a tin e . T h e se  c o m p o u n d s  a c te d  as I2-IB S  lig a n d s  an d  sh o w ed  

a h ig h e r  I2-IBS /a 2 -A R s  se le c tiv ity  th a n  th e  I2-IB S p ro to ty p e  lig a n d  id a z o x a n .

T h is  th e s is  w as  d iv id e d  in to  e ig h t c h a p te rs . C h a p te r  o n e  d is c u s sc s  th e  d is c o v e ry  o f  th e  I2- 

IB S  b in d in g  s ite s  an d  th e  d e v e lo p m e n t o f  I2-IB S lig a n d s  s in c e  th e y  w e re  f irs t re p o r te d  in 

1982 b y  P asc a l B o u sq u e t. In  c h a p te r  tw o  w e re p o r t th e  sy n th e s is  o f  fu r th e r  a l ip h a tic  his- 

g u a n id in es . In sy n th e s iz in g  an d  p h a rm a c o lo g ic a lly  te s te d  th e se  c o m p o u n d s  w e  h av e  

in v e s tig a te d  the  h y p o th e s is  th a t a s  th e  le n g th  o f  th e  a l ip h a tic  l in k e r  b e tw e e n  the  g u a n id in e  

m o ie tie s  in c re a se s  th e  I2-IB S /a 2 -A R s  s e le c tiv ity  w ill in c re a se  as  w ell.

A m ilo rid e , an  in te re s tin g  IB S lig a n d , is a n  a ro m a tic  g u a n id in o  c a rb o n y l d e r iv a tiv e . D ue 

to  th e  s tru c tu ra l s im ila rity  b e tw e e n  th e  g u a n id in o  c a rb o n y l an d  g u a n id in e  fu n c tio n a l 

g ro u p s  w e h av e  sy n th e s iz e d  a n e w  fa m ily  o f  p o te n tia l I2-IB S lig a n d s  s im ila r  to  the  

a lip h a tic  ^/i’-g u a n id in e s  b u t u s in g  th e  g u a n id in o  c a rb o n y l fu n c tio n a l g ro u p . C h a p te r  tw o  

rep o r ts  th e  sy n th e s is  o f  th e se  d e r iv a tiv e s .



O f the few existing ahphatic ligands, SI 5430 and pentamidine were o f particular interest 

to our group. Pentamidine is an aliphatic and aromatic twin ligand for I2 -IBS (pKi I2 -IBS 

= 7.85). It possesses two amidine functional groups bonded to an aromatic phenyl group 

at either end o f a short aliphatic chain. Due to the high I2 -IBS affinity showed by 

pentamidine and the similarity o f the amidine and guanidine functional groups we have 

synthesized a series o f related compounds with no aromatic moieties present and based 

on the aliphatic ^/A-guanidines. Moreover, S I5430 is an aliphatic 2-imidazoline with the 

heterocyclic functional group located at the end o f a methylene chain with seven carbons. 

This ligand is highly selective for the I2 -IBS over the a 2 -ARs (I2 -IBS / a 2 -ARs selectivity 

= 110). The 2-imidazoline functional is also related to the amidine functional group and 

hence we decided to prepare a new family o f  I2 -IBS ligands based on the structure of 

SI 5430 and the aliphatic A»-guanidines. Chapter four discusses the synthesis o f  both the 

aliphatic />/5-2-imidazolines and the aliphatic 6/i-amidines.

The syntheses and pharmacological evaluations these four families o f aliphatic ligands 

(6/s-guanidines, 6/i-guanidino carbonyls, 6/A-2-iimidazolines and /)jA-amidines) have 

allowed us to extrapolate a structure activity relationship for aliphatic twin compounds 

for the I2 -IBS. This is important because existing SAR only discuss the pharmacophoric 

elements required for aromatic I2 -IBS ligands. Therefore, we have performed a 

conformational analysis o f the four ligand families. Chapter five reports the results o f 

these conformational analyses and a hypothesis for the interaction o f  the ligands with the 

I2 -IBS receptor site is formulated.

Chapter six discusses the biological assays results (both binding to I2 -IBS and, in some 

cases, selectivity over a2-adrenoceptors) for all four ligand families and their implication 

on the SAR discussed in chapter five. Using these results we further refined the SAR and 

report the results herein. Chapter seven summarizes the results obtained in this thesis and 

discusses potential future work. Finally, chapter eight contains the experimental 

procedures and characterisation o f the compounds prepared in this thesis.
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Introduction



1.1 Introduction

Since their discovery in 1984 by Bousquet et al.^ Imidazoline Binding Sites (IBS) have 

perplexed, frustrated and brought no end o f  joy  to scientists around the world, Bousquet 

and co-workers discovered that clonidine (Figure 1.1) not only m teracted with the az- 

adrenoceptors ( a 2 -AR) in the central nervous system  (CNS) but also through a secondary 

site located in the rostral ventrolateral m edulla (RVLM). This secondary binding site was 

distinct from the a 2 -AR because they were not activated by catecholamines. Bousquet 

and co-workers provisionally labelled these sites Imidazoline Preferring Sites (IPS) 

although this denomination has since been changed to the more recent, IBS.

Despite Bousquet’s proposal o f  a distinct site separate from « 2 -ARs, it was not until the 

work by Em sberger et al.^ on the radioligand binding o f  [^H] para-am inoclonidine 

(Figure 1.1) in bovine brainstem that this theory was proved. In fact, further investigation 

o f  these sites revealed that they formed at least two populations, labelled Ii-IBS and I2 - 

IBS. M ore recently a third subtype has been identified in pancreatic p cells, labelled I3 - 

IBS^

R Idazoxan M oxonidine Rilm enidine
C lonidine R = H 
para-am inoclonidine R = NH2

Figure 1.1.- The stm ctures o f  clonidine,/»ara-am inoclonidine, idazoxan, m oxonidine and

rilmenidine

Since the different IBS subtypes differ in their ligand recognition properties, location and 

even in iheir structural properties'*^ they are now  recognized as a heterogenous family o f  

sites. One o f  the most interesting roles o f  the entire imidazoline receptor system is they 

are upregulated in depressed patients. W hile the role and function o f  this upregulation
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still rem ains un c lea r it is an exciting  p ro sp ec t that ta rgeting  IBS cou ld  p rov ide  a trea tm en t 

to help  depressed  patien ts . U nfortunate ly , the full three d im ensional (3-D ) structure  o f  

any  o f  the IBS su b types still rem ains unknow n. In the  nex t sec tion  w e w ill d iscuss the 

d ifferen t IBS sub types, the ir location , pharm aco log ical function  and ligands. W e w ill 

d iscuss the I2 -IB S in the  final sec tion  because  they  are the  selec ted  ta rg e t fo r th is body  o f  

w ork.

1.2 Ii-Imidazoline Binding Sites

It is know n that the  li-IB S  are G -p ro te in  coup led  recep to rs (G P C R , also know n as seven  

transm em brane recep to rs, are a large p ro te in  fam ily  o f  transm em brane  recep to rs that 

sense m olecu les o u tside  the cell and activa te  inside signal tran sd u c tio n  pa th w ay s)’’** and 

the best cand idate  fo r the  c loned  Ii-IB S  recep to r in the hum an  b ra in  is a p ro te in  o f  43 

KDa.'^ Ii-IB S are, like all G P C R , em bedded  in the m em brane o f  the cell. In the body , 

depend ing  on  species, they  can be found  in d ifferen t tissues such  as the brain  stem , 

RV LM , kidney , p rostra te , th rom bocy tes and lung.

The role o f  the li-IB S  is dependen t on th e ir location. In the R V L M  the Ii-IB S  ligands 

inh ib it the sym pathetic  excita to ry  neu rones low ering  the b lo o d  p ressure . H ow ever, since 

these ligands also po ssess  affin ity  tow ards a 2 -A R s the b e lie f  tha t the Ii-IB S  are the ones 

e lic iting  th is response  is not w ithou t debate . In the L ocus C oeru leus (LC ), Ii-IB S  increase 

the activ ity  o f  no rad renerg ic  neurones; th is is an ind irect e ffect m ed ia ted  by Ii-IB S  

located  on parag ig an to cellu la ris  neurones, w hich  pro ject to  the LC re leasing  ex c ita to iy  

am ino  acids as neu ro transm itters . Ij-IB S  in the k idney  are invo lved  in sodium  secre tion  

and  its ligands have a na triu re tic  effect b y  low ering  tha t secretion . T hese effects appear to  

be m ediated  th rough  a G P C R , independen t o f  a 2 -A R .

1.2.1 Ii- Imidazoline Binding Sites ligands

Ii-IB S  show  high a ffin ity  for ligands like clon id ine, w hich  is an im idazo lid ine  derivative 

(F igure 1.1) and  m edium  affin ity  tow ards idazoxan , w hich  is an im idazo line  derivative

3



(Figure 1.1). The main therapeutic role for I]-IBS is to elicit an effect on hypertension,

with the majonty o f  Ii-IBS ligands acting as antihypertensive agents. In this sense, the

most important ligands are rilmenidine and moxonidine (Figure 1.1). Moxonidine is a

potent derivative o f clonidine.^*^ ' '  Rilmenidine, however, is an imidazoline derivative and
12was the first Ii-IBS ligand to enter clinical trials as an antihypertensive agent. 

Rilmenidine acts both centrally and in the kidneys. The affinity o f  these compounds for 

Ii-IBS, I2 -IBS and a 2 -ARs is presented in Table 1.1. For a more complete overview o f Ii- 

IBS ligands one should consult the review o f Dardonville and Rozas.

Table 1.1.- Summary o f Affinities o f Compounds in Sections 1 through 1.1.1
Ligand I,-IBS 

Affinity 
(pKi)

I2 -IBS
Affinity

(pKi)

tt2-AR
Affinity

(pKi)

Selectivity
IB S/a-A R

clonidine 7.25 6.02 7.21 ( t t 2 A )  

7.16 ( cc2b ) 

6.87 (o t2 c )

0.06( l2/0t2A  ) 
0.07( I2 / 0 C2 B) 
7.08( l2 /o t2 c )

para-
aminoclonidine

<5 8 .1 ( a 2 A  ) 
7.53 ( a 2 B )  

7.67 ( a 2 c )

I259( 1 2 /« 2 a )  

339( l2 /a 2 B )  

468( l2 /a 2 c )

idazoxan 5.9 8.37 7.72 4.5 (l2/a2)
rilmenidine 111 5.96 6.9 18(I,/l2), 

2 (I,/«2)
moxonidine 8.37 <5 <5

U  Imidazoline Binding Sites and Their ligands

It has recently been established that certain drugs containing imidazoline groups can 

stimulate insulin secretion Irom pancreatic p c e l l s . T h i s  secretion seems to be related 

to targeting a certain imidazoline binding site, which differs from both Ii-IBS and I2-IBS. 

While there is some evidence linking I2-IBS to pancreatic cells'^ it has also been proven 

that I2-IBS sites cannot account for the insulin secretion induced by the IBS ligands. 

Radio labelled experiments using [^H] RX821002 (Figure 1.2) identified a low affinity 

site with I3-IBS characteristics.^^ While the location o f the I3-IBS sites is known their 

structure is not. However, it is suspected that there is a relationship between I3-IBS and 

ATP sensitive potassium channels.'^ More recent evidence suggests that I3-IBS control a
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distal step in the exocytotic p a th w a y .T w o  ligands have been identified as potential I3 - 

IBS ligands, these are efaroxan (Figure 1.2) and KU-14R (Figure 1.2).

RX821002 Efaroxan KU-14R

Figure 1.2,- The structures o f  RX821002, efaroxan and K U -14R

1.4 I7- Im idazoline Binding Sites

Despite evidence o f  their existence since 1987 the full physiological structure, location 

and role o f  I2 -IBS has not yet been to tally  elucidated. R adioligand binding and affinity 

studies by Ernsberger et al.^ using [^H] jyc/7-a-aminoclonidine show ed that I2 -IBS w ere o f 

a heterogenous nature and could be subdivided into two further subtypes called I2 A- and 

I2 B-IBS. These subdivisions were based on their tissue distribution, localisation w ithin the 

cell and ligand recognition properties. I2 A-IBS shows high affinity for am iloride (Figure 

1.3) and he-IB S  little or no affinity for the same com pound (pA^i).’ *̂

Initial research into the I2 -IBS show ed a w ide and varied tissue distribution pattern. They 

can be found in the lung ,’  ̂ adipocytes,'* placenta,'^ pancreatic islet,^° adrenal chrom affin 

c e l l s , a s  well as the CNS.^' O f all those sites, binding studies perform ed using rabbit 

and hum an tissue showed that the highest density o f  I2 -IBS can be found in the 

adipocytes,'* liver, kidney and b r a i n . A t  a cellular level, research suggests that I2 -IBS 

can be found in the cell m em brane (prim arily in trophoblasts^® and rabbit renal proxim al 

tube^^) as well as on the outer m ithochondrial m em brane.'^

In a particular study on the purification o f  I2 -IBS by Tesson et a l.^^  it was shown that I2 - 

IBS density positively correlated w ith M A O  activity. M onoam ine O xidases (M AO) are 

flavin dependent isozym es that catalyse the oxidative deam ination o f  neurotransm itters 

such as serotonin, norepinephrine, epinephrine, phenethylam ine and dopam ine (Figure

5



1.3) as well as exogenous arylalkylamines such as benzylamine (Figure 1.3), The 

mammalian fonn o f these isozymes can be found on the outer mithochondrial 

membrane.^** MAO can be divided into two subtypes MAO-A, found in the liver, 

gastrointestinal tract and the placenta, and MAO-B, which can be found in blood 

platelets. Both can also be found in neurons and astroglia.^’ Several subsequent studies 

have directly linked MAO and I2 -IBS;

1. The molecular weights o f I2 -IBS protems isolated match those o f MAO-A and 

MAO-B^^

2. The amino acid sequencing o f purified I2 -IBS shows homology to that o f  MAO^

3. When the coding DNA (cDNA) for the amino acid sequence o f MAO was 

transfected into yeast cells, in order to produce the MAO protein, not only was 

MAO expressed but they also found that the I2 -IBS were as well,^^

4. Photoaffinity labelled I2 -IBS from human placenta and liver tissue 

immunoprecipitate with monoclonal antibodies directed against both MAO-A and 

MAO-B^^

From these studies the I2 -IBS appears to be a ligand binding domain located on MAO. It 

is neither the active site nor the flavine adenosine diphosphate site (FAD).^’ This would 

suggest the possibility o f I2 -IBS being an allosteric binding site of a subpopulation MAO- 

g2i,28,29 this hypothesis is not without debate^^’̂ ' Recently, the full structure o f

MAO-B has been elucidated^’ and while there have been no recent publications in the 

area hopefully the theory o f I2 -EBS being an allosteric binding site o f MAO-B may soon 

be solved.
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HpN N NH2 

A m ilor id e

OH

HO NHR

HO NH
HO

S e ro to n in E p in ep hr in e  R = Me 
N o rep in ep h r in e  R = H

P h e n y le th y la m in e

NH,

B e n z y la m in e D o p a m in e

F i g u r e  1 .3 . -  The structures o f am iloride, serotonin, epinephrine, norepinephrine, 
phenylethylam ine, benzylam ine and dopam ine

Despite the evidence proposing VTBS as an allosteric binding site o f  M AO, their flill 

pham iacological role has yet to be determ ined. It has been show n that I2-IBS ligands 

inhibit M AO but require large concentrations in order to elicit such an effect?^'^^ This 

would indicate that I2-IBS plays som e role in the regulation o f  M AO. This b elief is 

supported by the fact that both M AO-B and I2-IBS show a m arked increase in density in 

the brains o f  A lzheim er’s p a t i e n t s . H o w e v e r ,  these are not the only physiological 

roles that I2-IBS have been linked with.

In rats it has been shown that stim ulation o f  I2-IBS in astrocytes leads to an increase in 

Glial F ibrillary A cid Protein (GFAP).^^'^’ The GFAP content o f  a cell is seen as a m arker 

for the activity o f  a glial cell since glial cells produce both neurotrophic substances and 

growth factors.^^ An increase in the activity o f  glial cells is seen as a repair m echanism  

after stroke '̂ '̂"'** indicating the potential neuro-protective role o f  I2-IBS. It has also been 

shown that stim ulation o f  the I2-IBS increases food consum ption in rats."*'’'*̂  An 

interesting possible physiological role is the decrease o f  I2-IBS in the hum an putam en o f  

H untington’s disease patients"*^ but an increase in depressed suicide victims.**'*

Despite the varied physiological roles for I2-IBS it is their link with the opiod system, 

which is the m ost interesting. The repeated use o f  opiod drugs is well known to lead to 

tolerance as well as a loss o f  anti-nociceptive efficacy."'^ In rats in particular this loss o f
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efficacy is observed as a marked decrease in immunolabelled neurofilam ent proteins 

(NF-L). In a  study in 1998 by Garcia-Sevilla ct al.^^ tiiey showed that treatm ent witli a 

num ber o f  known I2 -IBS ligands could attenuate the tolerance o f  rats to morphine. Also 

by m easuring the tail-flick latencies (TFL’s) o f  rats they found that pre treatm ent with 

idazoxan before administration o f  m orphine prevented morphine tolerance developing. 

O ther I2-IBS ligands, including 2-BFI, produced a sim ilar response. a 2-AR ligands, 

however, failed to produce any response indicating the specific involvem ent o f  the I2 -IBS 

over the a 2 -ARs in attenuating and even preventing tolerance to morphine Other ligands, 

such as the endogenous ligand agmatine, produce spinal antinociception when 

adm inistered as an intrathecal injection in rats.^* M ore recently fijrther evidence has been 

provided by Grarcia-Sevilla et a l ^  supporting the link between the ^l-opiod system and I2 - 

IBS. In this article it was shown that norham iane (Figure 1.4), a m em ber o f  the 

endogenous p-carboline family, can block the behavioural and biochemical effects o f  

opiate withdrawal

Norharmane 

Figure 1.4.- The structure o f  norharm ane

I2 -IBS have been linked with several other physiological phenonem a and all are listed in 

Table 1.2. From this list it can be envisaged that I2 -IBS ligands are a diverse family and 

are discussed in the following section
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Table 1.2.- Sum m ary o f  IBS location and Physiological Roles

IBS Subtype Species Tissue Function Reference
Ii Rat, prim ate Hepatocytes Inhibit cholesterol 

synthesis
46

Ii Rat Brain A ntinocicpetion 47
Ii Cat, Rat, 

Rabbit, 
Hum an

RVLM H ypotension 1 ,6 ,4 8 -
51

I 1/I2 Rat, Rabbit Kidney Natriuresis 52-56
I2 Pig, Dog, 

Hum an
Kidney M AO inhibition 57-59

h Rat Dorsal Horn A ntinociception 60
I2 Rat Glial Cells N europrotection 28
I2 Rat Brain, Liver Block effect o f  opiate 

w ithdraw l
40

I2 M ouse n/s A nalgesia o f  visceral 
pain

29

I2 (yet to be 
confirmed)

Hum an Platelets A nti-hyper-reactivity to 
catecholam ines

61

I3 Rat Suprspinal Inhibit spinal segm ent 
reflexes

62

I3 M an, M ouse Kidney,
Stomach

Inhibition o f  5-HT3 63

I3 M ouse, Rat Pancreatic
Islets

Increase in insulin 
secretion

64-67

1.5 l^-Imidazoline Binding Sites ligands

1.5.1 Endogenous h -  Imidazoline Binding Sites ligands

In the 1980s, A tlas et isolated a substance that could displace the tt2-A R  ligand

clonidine but not the a i-A R  ligand prazosin or the P-AR ligand cyanopondolol. This 

substance was labelled C lonidine D isplacing Substance (CDS). CDS was proposed as an 

endogenous ligand for IBS first by Em sberger et since it displayed a 30 fold

selectivity for IBS over a 2-A Rs (pATj IBS = 6.7, pÂ î a.i = 8.2) and later by A tlas et 

who showed CDS has only a w eak affinity tow ards the inhibitory G -protein. The work o f 

Atlas et further strengthened the b elief that CDS is an endogenous ligand for IBS 

and it is now considered a realistic proposition. The full structure o f  CDS was never
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discovered and this led to several compounds being proposed as the active com ponent o f 

CDS

A gm atine H arm ane THBCHarmalan

Isatin H istam ine Tryptam ine

Figure 1.5.- The structures o f  agmatine, harm ane, hannalan, THBC, isatin, histamine,

tryptamm e

Am ong the first compounds to be proposed as an active component o f  CDS was agmatine 

(Figure 1.5)7'* Agm atine is biosynthesized by decarboxylation o f  L-arginine by 

argininedecarboxylase and m etabolised by diam ine oxidase. It is widely distributed 

throughout the body and has been proposed as a neurotransm itter although this is not 

without serious debate.^^^'^^ W hile agmatine shows affinity for both a 2 -ARs and IBS 

(pK, a 2 < 5, pK, I] = 7 48, pK{ h  < 5) its selectivity for IBS over a 2-ARs rules it out as the 

active component o f  CDS because o f  the affinity and selectivity shown towards IBS over 

a 2 -ARs by CDS itself

Another family o f  endogenous ligands are the p-carbolines first reported as I2 -IBS 

ligands by Husbands et in 1999. Several p-carbolines bind with high affinity and
T7 79selectivity towards all IBS '  and some are found endogenously (believed to be the side 

product o f  a  secondary m etabolism  but can be synthesised via condensation reactions), 

these include harmane (pÂ i Ii = 6.52, pK{ I2 = 6.31, pÂ i « 2  = 3.69) and harm alan (pATj Ii = 

6.34, pKi h  = 5.83, pKi a 2 = 3.99) (Figure 1.5, Table 1.3). In a recent publication, and by 

m eans o f  ESM S, NM R and HPLC, it was reported that these two endogenous ligands are 

active components o f  CDS.^** Through the synthesis o f  derivatives o f  harm ane and
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harmalan, Husbands et also found a tetrahydro-p-carboline (THBC, Figure 1.5) 

possessing good affinity for I2 -IBS but only showing low affinity towards Ii-IBS (Table 

1.3). Despite the fact that haiTnane and harmalan are active components o f CDS and 

agmatine is not does not rule out agmatine as an endogenous ligand o f IBS, especially in 

light o f its affinity towards Ii -IBS.

Other endogenous compounds have been tested as potential I2 -IBS ligands these include 

isatin, histamine and tryptamine (Figure 1.5), all o f  which are endogenous indolamines.**® 

Isatin and histamine only displayed moderate affinity towards I2 -IBS unlike tiyptamine, 

which was o f higher affinity (Table 1.3). Again the affinity o f the compounds mentioned 

in this section for Ii-IBS, I2 -IBS and a 2 -ARs can be seen in table 1.3.

Table 1.3.- Summary o f the Affinities o f the Endogenous I2 -IBS ligands Mentioned in
Section 1.4.1

Ligand Ii-IBS
Affinity

I2 -IBS Affinity 
(P^O

tt2-AR
Affinity

(P^.)
agmatine 7.48 <5 <5
harmane 6.52 6.31 3.75
haiTnalan 6.34 5.83 3.99

THBC 6.7 8.27 n/d
tryptamine 4.57, 5.52 (rat and 

rabbit respectively)

1.5.2 Synthetic I?- Imidazoline Binding Sites ligands

Existing synthetic I2 -IBS ligands can be generally subdivided into five different families 

based on their structures. These are (i-carbolines (which were already discussed in the 

previous section 1.5.1) imidazolines, amidines, 2-aminoimidazolines and guanidines.
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Imidazoline 1?- Imidazoline Binding Sites ligands

Most research on I2 -IBS Hgands has focused on imidazohnes. This is apparent when one 

considers the wide and varied type o f imidazohne hgands produced: benzoflirans, 

cirazohnes, 2-/rart5styrylimidazolines and 2-heterocyclic imidazolines.

(a) Benzo Fused Heterocyclic ligands

The benzo fiised heterocyclic ligands are the largest subtype o f the imidazoline ligands. 

The reason for this is the development o f idazoxan (Figure 1.1), which has good affinity 

for both I2 -IBS and tt 2 -ARs but only marginal selectivity for I2 -IBS {pK\ I2  = 8.37, a j  

= 7 .7 2 ,1 2 / « 2  = 4,5).^’*' This ligand opened the door to the development o f several more 

potent families o f ligands such as benzodioxanes,*^ benzofurans,*^’*̂  and benzooxazines**'* 

(Figure 1.6). Using idazoxan as a template Chapleo et al.^^ modified several aspects o f 

this ligand and found the following structure activity relationships (SAR):

a) Halogen substituents at positions 6-, 7- or 8- on the aromatic nng increased 

selectivity towards I2 -IBS and were favoured over aliphatic substituents at any 

position on the aromatic ring (la-j. Figure 1.6). This increase in selectivity was 

primarily due to a decrease in affinity for a 2 -ARs as opposed to an increase in 

affinity for I2 -IBS (Table 1.4).

b) By changing the position o f  the 4-oxygen o f idazoxan to position 5, RX821029, 

(Figure 1.6), affinity and selectivity towards I2 -IBS over a 2 -ARs was increased 

(Table 4).

c) Modifying the size o f the benzodioxane ring resulted in low affinity and only 

moderate selectivity over a 2 -ARs (RX791042, RX801024, Figure 1.6 & Table 

1.4).

d) Examining chromanyl analogues revealed that removal o f the 4-oxygen, 

RX801025 (Figure 1.6) had little or no effect on the affinity for both the I2 -IBS 

and « 2 -ARs. However, removal o f the 2-oxygen, RX801026 (Figure 1.6),
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decreased the affinity for both I2-IBS and « 2 -A Rs (four fold and ten fold, 

respectively, Table 1.4).

1a, Ri = Cl, R 2  =  H,  R 3  =  H,  R4  = H 
1b, R i  =  H,  R 2  =  Cl, R 3  =  H,  R 4  =  H 
1c, R i  =  H,  R 2  = H,  R 3  =  Cl, R 4  =  H 
1d, R i  =  H,  R 2  =  F, R 3  = H,  R 4  =  H 
1e, R i  =  H,  R 2  = H,  R 3  =  F, R 4  =  H 
If,  R i  =  H,  R2  =  Br, R 3  =  H,  R 4  =  H 
1g, R i  =  Me, R 2  =  H,  R 3  = H,  R 4  =  H 
1h, Ri = H, R2 = Me, R3 = H, R4 = H 
1i, R i  =  H,  R 2  =  H,  R 3  =  Me, R 4  = H 
1j, Ri = H, R2 = H, R3 =  H,  R4 = Me

2-BFI, Ri = H, R2 = H, R3 = H, R4 = H 
2a, Ri = H, R2  = H, R3  = Cl, R4  = H 
2b, Ri = Cl, R2  = H, R3  = H, R4  = H 
2c, Ri = H, R2  = H, R3  = Br, R4  = H 
2d, Ri = H, R2  = Br, R3  = H, R4  = Br 
BU99006, Ri = H, R2  = Br, R3  = NCS, R4  ^

RX821029

RX791042

RX801025

RX801024

HN'

Br

RX801026

Figure 1.6.- Com pounds synthesized by Chapleo et and Hudson et al.r 82 .86 ,87

Further research by Hudson ef discovered the highly selective ligand 2-BFI (Figure 

1.6, pATi I2 = 8.89, pA!̂ i a i  = 4.57, I2 / « 2  = 2874). A gain halogen substituents at any 

position on the aromatic ring are tolerated and result in sim ilar affinity and selectivity 

com pared to the parent com pound (2a-d, Figure 1.6, Table 1.4). A nother derivative o f  2-
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BFI gave an irreversible ligand, BU99006 (Figure 1.6), proving to be very selective and 

for I2 -IBS over I,-IBS and az-ARs (Table 1

Table 1.4.- Summary of the Affinities of the Synthetic I2 -IBS ligands Synthesized by 

Chapleo et and Hudson et

Ligand I2 -IBS
Affinity

(P^.)

tt2-AR
Affinity

(P^.)

Selectivity
IBS/a-AR

la 7.31 5.84 29.1
lb 6.68 5.66 10.5
Ic 6.6 5.41 13.9
Id 7.1 5.44 41.3
le 6.94 5.8 13.7
If 6.6 5.44 13.7
H 6.2 5.5 5,2
Ih 6 5 9.1
li 6.2 5.5 5.4
Ij 6.1 5.75 2.2

RX821029 8.57 5.36 161.5
RX791042 5.95 4.3 44.8
RX801024 6.5 5 28.7
RX801025 7.1 6.4 5

31RX801026 7.4 5.4 10
2-BFI 8.89 4.57 2,874

2b 6.4 4.26 142.5
2c 7.55 4.2 2192.5
2d 6.77 4.51 183.1
2e 7.21 4.7 361.1

BU99006 8.6 3.8 63,095

While this research was performed in the 1980s, Touzeau et a i ^  recently still used 

idazoxan as a template to create a series o f compounds and investigated their SAR. The 

results revealed that:

a) Replacing the 4-oxygen with nitrogen (3a, Figure 1.7), while retaining tiie 

onginal affinity towards I2 -IBS, dramatically increased the selectivity over a 2 - 

ARs (Table 1.5).
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b) Introducing substituents on the 4-nitrogen and at the 2-carbon (3b-c, Figure 1.7) 

drastically reduced the affinity and selectivity towards I2 -IBS (Table 1.5).*̂ *̂

c) Substitution on the 4-nitrogen by methyl groups and larger groups, such as benzyl 

(3d-f, Figure 1.7) reduce the selectivity towards I2 -IBS over a j  -ARs (Table 1.5).

d) Mono substitution on the aromatic ring by a methyl group (3g, Figure 1.7) 

resulted in good affinity towards I2 -IBS (Table 1.5).

e) Mono substitution on the aromatic ring by an ester group (3h, Figure 1.7) resulted 

in excellent selectivity towards I2 -IBS (Table 1.5).

f) Finally tricyclic derivatives containing a five member ring (4a, Figure 1.7) 

showed good affinity and even better affinity when a double bond was introduced 

into this ring (5, Figure 1.7). Larger rings (4b, Figure 1.7) proved to be 

detrimental to the affinity towards I2 -IBS (Table 1.5).

HN

O

N
I

Ri

3a, Ri = R2 = R3 = H 
3b, Ri = Me, R2 = n-Pr, R3 = H 
3c, R-| = Me, R2 = Me, R3 = H 
3d, R-, = Me, R2 = H, R3 = H 
3e, Ri = Bn, R2 = H, R3 = H 
3f, Ri = n-Pr, R2 = H, R3= H 
3g, Ri = Me, R2 = H, R3 = Me 
3h, Ri = Me, R2 = H, R3 = COsMe

HN

O

N

4a, n = 2 
4b, n = 3

HN

O

N

5

Figure 1.7.- Stmctures o f the ligands 3a-h, 4a-b and 5
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Table 1^.- Summary o f the Affinities o f the Synthetic I2 -EBS ligands Synthesized by

Touzeau

Ligand Ii-IBS I2 -IBS Ui-AR a2-AR
Affinity ( pÂ i) Affinity ( pÂ j) Affinity ( pK,) Affinity ( pÂ i)

3a 5.1 7.29 <4 <4
3d 6.25 7.1 5 6.13
3e 4.4 4.8 4.5 6.89
3f 5.35 5.8 <4 5.9
3g 6.67 7.7 <4 6.15
3h 6.1 7.15 <4 4.12
3c <4 <4 <4 <4
3b 4.25 4.1 <4 <4
4a 6.32 6.5 <4 6.6
4b 5.8 7 5.25 5.5
5 7.88 8.45 6.44

(b) Cirazolines

Another ligand, cirazoline (Figure 1.8) despite bemg a potent agonist/antagonist for a i-  

AR and a 2 -AR also shows good affinity and selectivity towards I2 -IBS (Figure 1.8, Table 

1.6).*^’̂  Pigini e f  produced several SAR studies synthesizing several ligands

possessing potent affinity with high selectivity over a 2 -ARs. They found that,

a) The cyclopropyl moiety was not essential for I2 -IBS affinity and could be easily 

replaced by aliphatic alkyl groups with no loss o f affinity towards I2 -IBS (6b-c, 

Figure 1.8, Table 1.6).*’

b) The insertion o f a second phenyl ring resulted in a dramatic reduction o f  the 

affinity towards I2 -IBS (7 and 8a, Figure 1.8, Table 1.6).^^

c) By replacing the oxygen atom in the bridge linking the aromatic and imidazoline 

moieties with a methylene group (6a, Figure 1.8) reduced a i -AR affinity and 

eliminated a z  -AR affinity while the affinity towards I2 -IBS remained similar to 

the parent compound (Table 1.6).^’
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d) Substitution at the p position o f  the bridge (8b, Figure 1.8) yielded com pounds 

with a decreased affinity and selectivity towards both I2 -IBS and « 2 -ARs (Table 

1.6) . ’ ^

e) The introduction o f a m ethyl substituent on the im idazoline ring (6b -  c, Figure 

1.8) either elim inated or reduced I2 -IBS affinity but also reduced tti-A R  agonist 

activity (Table 1.6).^'

HN

C irazoline
6a, X = CH2, Ri = H, R2 = H, R3 = H 
6b, X = O, Ri = H, R2 = Me, R3 = H 
6c, X = O, Ri = H, R2 = H, R3 = Me

8a, R = H 
8b, R = Me

Figure 1.8.- The structure o f  the com pounds discussed in section 1.5.2.1(b)

Table 1.6.- Sum m ary o f the Affinities o f  the Synthetic I2 -IBS ligands in Section
1.5.2.1(b)

Ligand I2 -IBS
Affinity

(p/^i)

tti-A R  
Affinity (pATi)

a2-A R 
A ffinity (p/^0

Selectivity
IB S /a -A R

cirazoline 7.9, 8.41 7.33 7.77 25 ( 1 2 /a i) ,  
4.4 ( l2/a2)

6a 8.6 5.7 794
6b i/a i/a
6c 5.96 4.72 17
7 8.72 7.17 35

8a 8.4 5.96 275
8b 5.44 5.39 1.1
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(c) 2-7>a/t5-styryiimidazolines

The 2-trans-styryhm idazolines were discovered by Pigini et when they restricted the 

flexibility o f  the linker between the aromatic and imidazoline m oieties o f  compound 8a  

(Figure 1.8) with a double bond to give tracizoline (Figure 1.9), which possesses good 

affinity and excellent selectivity (pKi I2  = 8.74, I2 /01.2 = 7,762, h/cti = 2,344). However, 

substitution o f  the ?ra«s-styryl bridge with a second phenyl ring produced the ligand 

benazoline (Figure 1.9), which possesses unprecedented selectivity towards I2-IBS {pKi I2 

= 9.07, Iz/az = 18,621, l-Jo-x = 2,691).^^ Unfortunately, benazoline could not distinguish 

between IBS subtypes but this was resolved by substituting the naphthyl ring with either 

quinoline or isoquinoline (BU224 and BU226, respectively, Figure 1.9, Table 1.7). '̂*'^^

H
N

Tracizoline Benazoline

BU224 BU226

Figure 1.9.- The structure o f  the compounds discussed in section 1.5.2.1(c)

Table 1.7.- Summary o f  the Affinities o f  the Synthetic I2 -IBS ligands in Section
1.5.2.1(c)

Ligand Ii-IBS
Affinity

I2-IBS
Affinity

(P /^ .)

a i-A R
Affinity

( P ^ o

a2-AR
Affinity

( p ^ o

Selectivity
IB S /a -A R

tracizoline 7 8.74 4.13
benazoline 9.07 18,621 (l2/«2), 

2,691 ( 1 2 /a ,)
BU224 7.38 8.7 <5 832 ( I2/I 1)
BU226 8.85 <5 <5 380 ( 1 2 /1 ,)



(d) 2 -A ry l and  2-H eterocyc lic  Im idazolines

R esearch  by  A n astass iad o u  et revealed  tha t link ing  an  a rom atic  substituen t to  the  2-

position  o f  an  im idazo line  ring  p roduced  com pounds w ith  no a -A R s  affin ity . T heir 

resu lts a lso  ind ica ted  th a t in troduction  o f  a substituen t at the jcaz-a-position o f  the phenyl 

ring p ro v id ed  ligands w ith  affm ity  tow ards I2 -IB S w hile hav ing  substituen ts at the ortho- 

or m e to -positions p ro v id ed  ligands w ith  a ffin ity  tow ards Ii-IB S  (9a-k, 9m  and 91 

respective ly , F igu re  1.10, T able 1.8). A  prim e exam ple  o f  th is is w here the m ethy l group 

is located  at the p a / 'a -p o s itio n  (91, Figure 1.10). T his com p o u n d  possesses h igh a ffin ity  

and se lec tiv ity  to w ard s I2 -IB S. H ow ever, w hen  the m ethy l g roup  is at the o/-//70-position 

(9m, F igure  1.10) the com p o u n d  is selective tow ards Ii-IB S  (T ab le  1.8).

H eterocyclic  deriv a tiv es  in general, show ed  low  affm ity  tow ards IBS w ith  no affin ity  

tow ards a -A R s  ex cep t in  the case o f  the 5 ’-indo ly l-2 -im id azo lin e  derivative  (10, F igure  

1,10), w hich  show ed  s im ila r affin ity  to 2-B FI (T able 1.8).

9a, Ri = H, R2 = Me, R3 = H, R4 = H 
9b, Ri = H, R2 = n-Pr, R3 = H, R4 = H 
9c, Ri = H, R2 = i-Pr, R3 = H, R4 = H 
9d, Ri = H, R2 = Bu, R3 = H, R4 = H 
9e, Ri = H. R2 = t-Bu, R3 = H, R4 = H 
9f, Ri = H, R2 = Ph, R3 = H, R4 = H 
9g, Ri = H, R2 = OMe, R3 = H, R4 = H
9h, Ri = H, R2 = OPh, R3 = H, R4 = H
9 i, Ri = H, R2 = SMe, R3 = H, R4 H
9j, Ri = H, R2 = CF3, R3 = H, R4 = H
9k, Ri = H, R2 = OCF3, R3 = H, R4 = H 
91, Ri = H, R2 = Me, R3 = F, R4 = H 
9m, Ri = F, R2 = H, R3 = H, R4 = Me

Figure 1.10.- T he structu re  o f  the com pounds d iscussed  in section  1.5.2.1(d)

10
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1.5.2.2 Aromatic and Aliphatic 2-Aminoiinidazolines

Traditionally, 2-aminoimidazolines act as a 2 -AR ligands, there are, however, exceptions 

to this rule. One o f these exceptions is the ligand bnmonidine (Figure 1.11), which shows 

good affinity towards I2 -IBS over a-ARs.^’̂ ’ Another exception is the compound 

RS45041 (Figure 1.11) although in this derivative the 2-aminoimidazoline is included in 

the isoindoline moiety, which could explain its unusual affinity and selectivity towards 

I2 -IBS (Table 1.9).^*’̂  ̂ Saczewski et a / . p r e p a r e d  a series o f ligands similar to 

RS45041, introducing a second nitrogen on the isoindoline moiety. Indazim (Figure 

1.11), the parent compound, showed medium affinity towards I2 -IBS but the introduction 

o f a chloro substituent on the aromatic nng increased the affinity and selectivity towards 

I2 -IBS (11, Figure 1.11, Table 1.9).

Table 1.8.- Summary o f the Affinities o f the Synthetic I2 -IBS ligands in Section
1.5.2.1(d)

Ligand I,-IBS I2 -IBS ai-A R tt2-AR
Affinity ( pÂ j) Affinity ( p^i) Affinity ( pÂ j) Affinity ( pÂ î)

9a 5.89 8.04 <5 <5
9b 6.22 7.16 <5 <5
9c 5.66 7.09 <5 <5
9d 6.04 6.77 <5 <5
9e 5.05 6.25 <5 <5
9f 6.69 8 6 <5
9g 7.46 8.28 <5 <5
9h 6.34 7.34 5.11 5.26
9i 7.75 8.42 <5 <5
9j 5.96 7.28 6,89 <5
9k 6.04 7.07 <5 <5
91 <5 8.53 <5 <5

9m 7.64 5.3 <5 <5
10 8.57

Previous research by Rozas’ group resulted in the preparation o f a series o f  twin drugs 

(both aliphatic and aromatic) containing the 2-aminoimidazolinium moiety (12a-d and 

13a-d respectively. Figure 1.11).’*̂' The affinity o f  the aliphatic 2-aminoimidazolines
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tow ards I2 -IBS increased  as the length  o f  the ah p h a tic  chain  increased  w ith  the  com pound  

12d, the Hgand w ith  the longest a liphatic  chain  in th is  series, show ing  the h ighest affin ity  

(pA ĵ I2 -IBS =  6.42). The affin ity  o f  th is m o lecu le  w hile  low er then  tha t o f  idazoxan  

con trad ic ts the fact that it possesses a six fold increase in se lec tiv ity  w h en  com pared  to 

the sam e com pound (p/Ci a i-A R s  =  7.30, S e lec tiv ity  I2 / U2 =  1.35 [idazoxan], pATj tt2 -A R s 

=  6.42, S electiv ity  V  0 C2 =  6.03 [12d]). U nfortunate ly , th is  sam e se lec tiv ity  w as not 

observed  in the arom atic Z)/5-(2-am inoim idazolines) (13a-d , Figure 1.11) syn thesized  in 

the sam e study. A lthough  the com pounds p repared  show ed  a s im ila r a ffin ity  tow ards I2 - 

IBS they  also show ed a h igher a ffin ity  to w ard s a 2 -A R s espec ia lly  in the case o f  

com pounds 13a and 13c (pK, I2 -IBS =  6.29, pATj a 2 -A R s =  7.24, S e lec tiv ity  I2 / t t 2 =  0.11 

[13a], pÂ i I2 -IBS = 6.19, pKi a 2 -A R s =  8.80, S e lec tiv ity  V  a 2 =  0 .002  [13c]).

Brimonidine

H

'N
H

> = n | ^ n = <  ^N~- 
n

12a n = 6 
12b n = 8 
12cn = 9 
12d n=  12

RS45041

NH
X

13a, X = NH 
13b, X = CO 
13c, X = CH2 
13d, X =  SO2

Indazim R = H
11, R = CI

HN

Figure 1.11.- The structure  o f  the com pounds d iscussed  in sec tion  1.5.2.2

1.5.2.3 A niid ines

A m idine  derivatives form  ano ther sm all fam ily  o f  I2 -IB S ligands, w ith  on ly  th ree ligands 

o f  note, pen tam idine and the am idine analogues o f  bo th  R X 821029  and idazoxan  (Figure 

1.12).'°^’’°̂  T he am idine analogues o f  R X 821029  and  idazoxan  show  fa r less affin ity  

tow ards IBS than  the ir paren t com pounds (145 and  20 tim es less, re spec tive ly , Table 

1.9). W ood et  f l / . s h o w e d  that pen tam id in e  w as a p o ten t I2 -IB S ligand  bu t th is affin ity
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relied strongly on the presence o f  both benzamidine moieties and loss o f one moiety 

resulted in a 228 fold decrease in affinity towards 12-IBS (Table 1.9).’*’'*

O

NHPentamidine

NH NH

NH

O
NH

O

14

NH

15

Figure 1.12.- The structure o f the amidines discussed in section 1.5.2 J

Table 1.9.- Summary o f the Affinities o f  the Synthetic I2 -IBS ligands in Section 1.5.2.2
and 1 .5 .2J

Ligand I2 -IBS
Affinity

a2-AR
Affinity

(P^O

Selectivity
IB S/a-A R

brimonidine 7.47 6.67 (a2A) 
6.02 (a2B) 
5.71 (a2c)

6.3 (a2A) 
28 (a2B) 
57 (a2c)

RS45041 9.37 <5 23,000
indazim 5.7 <4 46

11 6.5 <4 3076
12a 5.6
12b 6.37 6.22 1.41
12c 6.80 6.44 2.29
12d 7.20 6.42 6.03
13a 6,29 7.24 0.11
13b 6.05
13c 6.19 8.8 0.002
13d <5

pentamidine 7.85
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1.5.2.4 Guanidine Derivatives

(a) Aromatic Guandines

Guanidine ligands such as amiloride and guanabenz (Figure 1.13) are important 

guanidine ligands, which have been used to characterise IBS and in particular amiloride 

can distinguish between the two I2-IBS subtypes, I2A-IBS and The selectivity

towards I2B over I2A could be tuned by the introduction o f various alkyl groups. The 

introduction o f an wo-propyl group favoured the I2A-IBS subtype (16a > 16b > 16c > 

16d), while the introduction o f a methyl group favoured the I2B-IBS subtype (16c > 16b> 

16d > 16a) (Figure 1.13, Table 1.10).

H,N

C I ^ ^ N

N N

Amiloride Ri = R2 = H 
16a, Ri = Me, R2 = CH2i-Pr 
16b, Ri = Et, R2 = i-Pr 
16c, Ri = R2 = Me 
16d, R-j — R2 —  c-C6H-]2

NH NH

A NH,

guanabenz, R̂  = H, R2 = H, R3 = Me, R4 = H 
17a, Ri = Cl, R2 = H, R3 = H, R4 = Cl
17b, Ri = Cl, R2 = H, R3 = Me, R4 = H
17c, Ri = Me, R2 = Me, R3 = H, R4 = Me
17d, Ri = Me, R2 = H, R3 = H, R4 = Me
17e, Ri = Me, R2 = H, R3 = H, R4 = H 
17f, Ri = H, R2 = H, R3 = Me, R4 = H
17g, Ri = H, R2 = Me, R3 = H, R4 = H
17h, Ri = Cl, R2 = H, R3 = H, R4 = F 
17i, Ri = F, R2 = H, R3 = H, R4 = F
17j, Ri = Br, R2 = H, R3 = H, R4 = H
17k, Ri = F, R2 = H, R3 = H, R4 = H 
171, Ri = NH2, R2 = H, R3 = H, R4 = H

18a, X =  NH 
18b, X = CO 
18c, X = CH2 
18d , X =  SO2

Figure 1.13.- The structure o f the aromatic guanidines discussed in section 1.5.2.4(a)

Wikberg et synthesised a series o f Schiff bases similar to guanabenz, which

featured vanous substituents on the aromatic ring (17a-m, Figure 1.13). The results 

showed that, in general, 2-substituted and 2,6-disubstituted ligands had the best affinity 

and selectivity towards I2-IBS and for the 2-substituted compounds the order was: 2-Br > 

2-Cl > 2-Me > 2-F > 2 -NH2 (Figure 1.13, Table 1.10) but that the two N-methyl
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substituents were vital for the affinity. For the 2,6-disubstituted ligands the presence o f a 

methyl group at the /;ara-position disfavoured I2 -IBS activity, which is opposite to the 

trend observed in the /?ara-substitution of the 2-arylimidazolines as reported by 

Anastassiadou et a l.^

Very few aromatic A/s-guanidines have been reported as I2 -IBS ligands. One family o f 

such compounds was synthesized by our group in 2002 (18a-d, Figure 1.13). The 

aromatic ^/s'-guanidines prepared did not show high affinity for I2 -IBS and were never 

tested for their affinity towards a 2 -ARs.

Table 1.10.- Summary o f the Affinities o f the Synthetic I2 -IBS ligands in Section
1.5.2.4(a)

Ligand I2 -IBS 
Affinity (pÂ i)

a2-AR 
Affinity (pÂ î)

guanabenz 7.7 ( t t 2 A ) ,  

7.54 ( cc2b ) ,  

8  ( a 2 c )

17a 7.44 5.7
17b 7.1 5.1
17c 6.4 5.33
17d 7 5.7
17e 6.88 5.1
17f 6 4.45
17g 5.8 4.3
17h 7.1 5.23
17i 6.37 4.8

7.3 5.27
17k 6.33 4.6
171 5.5 4.7
18a 5,28
18b 5.98
18c 5.93 ----------------------
18d 5.35

(b) Aliphatic Guandines

Aliphatic guanidines are again a small family o f ligands, which is surprising bearing in 

mind the biological importance o f the endogenous ligand agmatine as previously
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discussed. Early research by R ozas’ group has revealed that a series o f  agm atine like twin 

dm gs such as 19a-d (Figure 1.14) show ed an im proved affinity towards I2 -IBS when 

com pared to the aliphatic fe/5-(2-aminoimidazolines) 12a-d previously prepared by the 

group (Table 1.9). In general, again sim ilar to the Z)/5-(2-aminoimidazolines) 12a-d, it 

was found that increasing the length o f  the alkyl chain increased the affinity towards I2 - 

IBS and lowered the affinity towards a 2 -A R s.'° ' In a direct com parison to the bis-{2- 

am inoim idazolines) 12a-d, the com pound 19c shows a sim ilar selectivity to the most 

potent 6w-(2-am inoim idazoline), 12d (pATj I2 = 6.89, pATj a 2 -A R s = 6.07, l2 / a 2 = 6.61 

[19c], p ^ i I2 = 7.20, pK\ a 2 -ARs =  6.42, l2 / a 2 = 6.03 [12d]). H ow ever, once again it was 

the com pound w ith the longest chain length, 19d, that showed the best affinity and 

selectivity tow ards I2 -IBS (pATi I2 =  7.48, pATi a 2 -ARs = 6.29, l2 / a 2 =  15.5). These results 

com pared favourably to those obtained for idazoxan. A sim ilar series o f  m ono substituted 

guanidine derivatives (20a-c, Figure 1.13) were prepared and tested but were found to be 

inactive at both the I2 -IBS and a 2 -AR sites.

NHX
HoN N' 

H

NH NH

'NH, NH,

19a, n = 6 
19b, n = 8 
19c, n = 9 
1 9 d ,n = 12

20a, n = 7 
20b, n = 8 
20c, n = 11

N

21a, n = 2

YNH,

21b, n = 3 
21c, n = 6 
21d, n = 8 
21e, n = 12

F’igure 1.14.- The structure o f  the aliphatic guanidines discussed in section 1.5.2.4(b)

Recent research by Dardonville et has also revealed the potential o f  one ligand 

acting at both the I2 -IBS and |i-opioid receptors. These are a series o f  fentanyl derivatives 

w ith a guanidine located at the end o f  a long alkyl chain (21a-e, Figure 1.14), again 

sim ilar to the aliphatic Z>w-guanidines prepared by our group the best results have been 

obtained with the longest aliphatic chain linking the two m oieties, 21e (pÂ j I2 -IBS = 

8.24).'*’’̂
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Table 1.11.- Summary o f  the Affinities o f  the Synthetic I2-IBS ligands in Section
1.5.2.4(b)

Ligand I2-IBS Affinity 
(P^.)

« 2-AR Affinity 
(P^.)

Selectivity
IB S /a-A R

19a 5.23
19b 6.2 6.27 0.87
19c 6,89 6.07 6.61
19d 7.48 6.29 15.49
20a <4 5.35
20b <4 4.84
20c 4.49 4.83 0.46
21a 4.69 6.43 0.02

1.5.2.5 Miscellaneous ligands

Due to the evidence linking MAO and IBS it is no surpnse that several MAO inhibitors 

have been tested as potential IBS ligands.*'** This research to date has given mixed 

results. The irreversible MAO inhibitor clorgyline (Figure 1.15) has good affinity 

towards I2-IBS and can distinguish between I2-IBS subtypes (Table 1.12).

S15430

Clorgyline Chlordlmeform

NH

22
Figure 1.15.- The structure o f the compounds discussed in section 1.5.2.5

The reversible MAO inhibitor, chlordimeform (Figure 1.15), also holds good affinity 

towards I2-IBS but cannot distinguish between subtypes. One interesting ligand is 

SI 5430, an aliphatic 2-imidazoline, which possesses good affinity towards I2-IBS but not 

as high as its cyclic counterpart 22 (Figure 1.15, Table 1 1 2 ).*° ’̂"*̂ ’*”^
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Table 1.12.- Sum mary o f  the Affinities o f  the Synthetic I2 -IBS ligands in Section 15.2 .5

Ligand I2 -IBS 
Affinity (pA ;̂)

a2-AR 
Affinity (pÂ O

Selctivity
IB S /a -A R

clorgyline 5.45 (I2 A) 
7.27 (I2B)

<4 66.6 (I2a/I2b) 
19.9 ( W a 2 )

chlorodim eform 8.22
SI 5430 6.9 <4 110

22 7.4

1.6 Project Aim s

As stated earlier, previous research by R ozas’ group revealed that the compounds 19a-d 

acted as I2 -IBS ligands. It also revealed that as the length o f  the methylene Imker chain 

mcreased the selectivity and affinity towards I2 -IBS over a 2 -ARs increased as well 

(Graph 1.1). From this trend we concluded that some form o f  Structure Activity 

Relationship (SAR) between chain length and affinity/selectivity towards I2 -IBS over a j -  

ARs existed Two hypotheses can be proposed from this data;

a) i f  the m ethylene chain is fiirther lengthened the relationship between selectivity 

and chain length will eventually reach an optim um  or

b) the optim um  has been reached by either 19d or possibly where n = 10 or 11 (19e- 

f, Figure 1.16).

■ >
'■ C

C/3

20 1

9 10 11 12 13

Length o f methlene chain -(CH2)n-

G raph 1.1.- Selectivity o f  the alkyl Z>/5-guanidines 19b-d towards I2 -IBS over a 2 -ARs
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The results obtained in the present project are presented in the following chapters and can 

be divided into four parts based on these two hypotheses, ki Chapter two the results of 

further elongating the methylene chain linking both guanidine groups and preparation o f 

19e-g are presented. Chapters three and four deal with the synthesis o f  three new families 

o f potential I2-IBS ligands, 23a-f, 24a-f and 25a-f (Figure 1.16), based on the 6/5- 

guanidines and one o f  three other ligands; amiloride. S i5930 and pentamidine. Chapter 

five deals with the methodology and results obtained by performing conformational 

analysis on all four families to investigate any possible SAR between members o f 

families and between families themselves. Chapter six presents the results obtained from 

the biological assays o f these compounds regarding their affinity towards I2-IBS and, 

where it was warranted (based on affinity towards I2-IBS), their selectivity over a2-ARs.

23a n = 8 
23b n = 9 
23c n = 10 
23d n = 11 
23en  = 12 
23fn  = 14

24a n = 8 
24b n = 9 
24c n = 10 
24d n = 11 
24e n = 12 
24f n = 14

25a n = 8 
25b n = 9 
25c n = 10 
25d n = 11 
25en  = 12 
25f n = 14

Figure 1.16.- Structure o f the ligands 23a-f, 24a-f and 25a-f
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Chapter 2

Synthesis of the alkyl bis-guanidines
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2.1 Introduction

A gm atine (Figure 2.1) is an endogenous ligand w ith m edium  affinity tow ards both Ij- 

IBS and I2-IBS (pAT, Ii-IBS = 7.48, p/C, I2-IBS < 5) and was once considered a candidate 

for the active com ponent o f  C D S . Part o f  what m akes agm atine unique is the aliphatic 

chain linking the guanidine group and the am ine group at either end o f  the molecule. It 

was this I2-IBS ligand that was used as a tem plate for the synthesis o f  the alkyl bis- 

guanidines previously prepared by R ozas’ group. The alkyl 6 /5 -guanidines, 19a-d, 

previously synthesized by our group were prepared following the m ethod described in the 

l i t e r a t u r e ' a s  having been synthesized from com m ercial diam ines and S-methyl 

pseudothiourea in an Sn2 reaction (Scheme 2.1). These alkyl 6 /5 -guanidines proved to 

possess higher affinity towards I2-IBS than agm atine and were also m ore selective vs. 

tt2-ARs (Graph 2.1).

Agmatine

HoN

Figure 2.1.- Stm cture o f  agm atine

20 1

8 9 10 11 12 13

Length o f methlene chain -(CH2)n- 

Graph 2.1.- Selectivity o f  the alkyl 6/5-guanidines 19b-d towards I2-IBS over tt2-ARs

37



The data may also suggest that as the length o f  the methylene linker chain increases the 

selectivity towards I2-IBS over a 2-ARs also increases. We planned to synthesize more 

alkyl Z>/5-guanidines by elongating the alkyl linker chain to investigate this trend. In order 

to accomplish this we looked for the commercial availability o f the corresponding alkyl 

diamines in order to use the original procedure shown in Scheme 2.1

H2NttNn
NH2

26a n = 6 
26b n = 8 
26c n = 9 
26d n = 12

AH2N ^NH
H2SO4

H2O, Reflux

Scheme 2.

NH NH

H2 N'A..K..AN
H

N
nH

NH2

19a n = 6 
19b n = 8 
19c n = 9 
19d n = 12

Unfortunately, diamines with linkers o f 13 and 14 methylene groups were not 

commercially available so alternative routes needed to be investigated The following 

section is a brief summary o f  general methods for the synthesis o f guanidines. For a more 

complete review o f  the preparation o f guanidines the reviews o f Katntzky et a/. 

Anslyn et a/. and Burgess et a/. should be consulted. In the next section the different 

methods o f  preparation o f the proposed alkyl ^ » /A  -guanidines is presented.

2.2 General Methods for the Synthesis of Guanidines

In Scheme 2.2 different routes for the preparation o f guanidines are presented according 

to the different starting functional groups. These routes will be described in detail in this 

section.
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R.
N

X' X 
Electrophiles with 1 N atom

R

R

" N
H

R
Diprotected Trifylguanidines

RN =  C = N R  
Carbodiimides

R,
N

I  I
R R

Guanidines
Schem e 2.2

R .
N

A. .RX N
I

R
Electrophiles with 2 N atoms

R .R

R R 
Thioureas and Isothioureas

F unctio n a lised  im idocarbony l d ich lo rides (an e lec troph ile  con ta in in g  one n itrogen  atom ), 

such as 27 (S chem e 2 .3 ) can be converted  into guan id ines in a stepw ise m anner using  

m ild  cond itions. H ow ever, the reaction w ill on ly  p roceed  i f  27 is fu nc tiona lised  w ith  an 

e lectron  w ithd raw in g  group such  as a cyanate  (S chem e 2.3).***^’” ’ It has also  been  show n

that the p resence  o f  the ch lo ride groups are no t n ecessary  since m oie ties o ther than
118chlorine have been  used  g iv ing  sim ilar results (S chem e 2.3).

X X TEA, rt N X NaOH, N N
1 = PPM ^ reflux ^W  = RCN 

Cl c 

27

X = Cl or OPh 28 29

Schem e 2.3

C yanam ides such  as 3 0  (an exam ple  o f  an e lec troph ile  con ta in ing  tw o n itrogen  atom s) 

w ere o rig in a lly  converted  into guanid ines by  using  alky la ting  reagen ts such  as m ethy l 

iodide fo llow ed  by  reac tio n  w ith  an am ine (Schem e 2 .4 ) ." ^  U nfortunate ly , these 

reactions requ ire  h igh  tem pera tu res to p rov ide  the desired  guan id ines.
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Mel, NaH

30

160°C
NH

32

Scheme 2.4

However, work by Katritzky et showed that the reaction o f 33 with benix>triazole, 

34, gives benzotriazole-l-carboxamidinium tosylate, 35, which, undergoes facile 

substitution reactions to yield mono and disubstituted guanidines, 36 (Scheme 2.5), Both 

pnmary and secondary amines can be used in this reaction to produce tiie corresponding 

guanidines in good yield (55 -  86%).

TsOH  
1 , 4 -  Dioxane, Reflux

1 , 4 -  Dioxane, Reflux ^ 2^

36

Scheme 2.5

It is well known that thioureas, 37, can be converted into guanidines by reacting with 

amines and this reaction has been thoroughly d o c u m e n t e d . T h e s e  reactions proceed

NHo
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through the formation o f a carbodiimide intermediate, 38 , which then reacts with either a 

primary or secondary amine to forni the guanidine, 39 , in good to excellent yield (57 -  

90%, Scheme 2.6).

N N' 
H H

,R'
2 I, II o r  I

R' C" r 2
r 3r^ n h

R\

= H, Bog, Cbz  
r 2 = H, Bog, OBn  

37

38
N N' 

H
39

,R^

. CUSO4, TEA
i. Mukaiyama's R ea gen t  =
ii. HgCl2 or CUCI2, TEA | j

Scheme 2.6

The reaction can be improved by introducing strong electron withdrawing groups into the 

thiourea fragment. One of the most typical electron withdrawing groups to be introduced 

into the thiourea fragment is the tert-Butoxy carbonyl (Boc) protecting group, which then, 

can be easily removed by standard methods (Scheme 2.6). However, other protecting 

groups, such as benzyl formate (Cbz) and benzyl groups, have also been used.'^^"'^*' To 

form the guanidine it is necessary to promote the fomiation of the carbodiimide 

intennediatc and several different compounds have been reported to produce this 

intennediate, they include; copper sulphate,'® M ukaiyama’s reagent" and 

mercury/copper chloride.

S-methylisothioureas, 40 , have been widely used as guanylating reagents because o f their 

easy preparation and availability. Similar to the thioureas, the presence of electron 

withdrawing groups on the isothiourea fragment promotes the formation o f the guanidine 

product, 41 , although in most cases it is a substitution reaction, which occurs as opposed 

to the formation o f a carbodiimide intermediate, 38 (Scheme 2.7).'^^’'̂ *̂  Again similar to 

the reaction from the thioureas, mercury (II) chloride is used to promote these reactions, 

but, when using mercuric perchlorate higher yields have been reported for a range of 

guanidines (Scheme 2.7, Table

41



40

i (a). T ab le  1 
i (b). reflux, t-BuOH 
i (c). H gCI;, TEA

ii. R^R'^NH (T able 2.1) 

Scheme 2.7

N '

41

Table 2.1.- Summary o f Yields Obtamed when vatying Conditions (i) in Scheme 2.7
Conditions %  Yieldu H g C l 2 (l .i e q ) ,T H F ,  Reflux 42

r  NHu H g C b  (1 1  eq), Et;,N (2 eq), Tol, Reflux 37

u H g(C 1 0 4 ) 2  (1 1  eq), E u N  (2 eq), Tol, Reflux 62

U A g(C 1 0 4 ) 2  (1.1 eq), E t ,N  (2 eq), Tol, Reflux 46

r'" "'NHU H g(C 1 0 4 ) 2  (1 1  eq), E t ,N  (2 eq), T H F , Reflux 80

cr H g C b  (1.1 eq), Et;,N (2 eq), Tol, Reflux >20
<Nb

Hg(CI0 4 ) 2  (1 1  eq), Et',N (2 eq), Tol, Reflux 47

NHBoc
' r  - - nhj 

6

H gC l 2 (1 1  eq), Et.,N (1 5  eq), T H F , Reflux 51

NHfeoc
,o, X  .d NH2

o

A g(C 1 0 4 ) 2  (1 1 eq), Et^N (2 eq), Tol, Reflux 71

Boc

O

H g(C I0 4 ) 2  (1.1 eq), Et;,N (2 eq), T H F, Reflux 93

Other guanidines have been obtained by reaction o f  a thiourea, 42, with methyl iodide to 

first synthesize the S-methylisothiourea 43 before further reacting this fragment in the
12$ 129presence o f amines (Scheme 2.8). ’ The reaction produces the guanidines 44 in good

yield (67 -77%) although the guanidines that have been synthesized to date are limited in 

their structure and are all tri-substituted.
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f \  CH 3 I ? R^NHj ^

N N N N N N
H H H H H

R  ̂ = Ph, Bn, Bu 43 R 3  = CN, Et, c-
r 2 = Ph, Me, Allyl P'"’ n-Pentyl

42 44

Scheme 2.8

As stated earlier in the preparation o f guanidines, thioureas undergo a rean'angement to 

form a carbodiimide intermediate. Hence, it is not surprising that there has been recent 

research into synthesizing carbodiimides as precursors for the preparation o f guanidines 

(although it has been limited to aromatic guanidine derivatives). Molina et reacted 

N-aryliminophosphoranes, 45, with isocyanates, 46, to fom i a N \  TV^-diarylcarbodiimide 

intermediate, 47, which when treated with amines in the presence o f one equivalent o f 

tetra-77-butylammonium fluoride (TBAF) for ten minutes gave the desired guanidines, 48, 

in good yield (52 -  80%, Scheme 2.9).

Ar̂  ̂ Ar^
A r^ -N = P P h 3  + N =  C =  0  ------------- ► n =  C =  N

Ar^
45 46 47

^ A r ^
 ̂ N

Ar^NHo, TBAF , 11
"  r1 J j A  r2

48

Scheme 2.9

An interesting solid phase synthesis using carbodiimides has been reported by Drewry et 

A /j-bromomethyl benzoic acid is coupled to a rink extended macrocrown primary 

amine to give a p-bromomethylbenzamide. The />-bromomethylbenzamide then 

undergoes a nucleophilic displacement w ith azide to form an a-azido-/)-toluamide, 49, 

which when treated with triphenylphosphine and phenylisothiocyanate yields the 

carbodiimide, 50. Reaction o f 50 with A^-phenylpiperazine gives a polymer bound 

guanidine, 51, in a 63% yield (Scheme 2.10).
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HN

Rink

50

HN
HN

Rink

,Ph

Scheme 2.10

HN

52

.Ph

Diprotected trifylguanidines, 53, were first reported as guanylating reagents in 1998 by 

Feichtinger et The reaction o f guanidine first with Boc-anhydride or Cbz-Cl to

give a di-protected guanidine, 54, and then with triflic anhydride give the desired 

diprotected tnfylguanidines (Scheme 2 11).

+ - 
NH2 Cl

B0C2O or C bzC l, NaOH
NH

H2N NH2 N N
H H

= Boc or C bz 
54

Tf20 N '
.Tf

rV  JL . r ^N N 
H H

53

Scheme 2.11

Feichtinger et reported the conversion o f a variety o f amines into their

corresponding guanidines, 55, through the use o f the diprotected trifylguanidines 

(Scheme 2.12).

/T f  ^r 2

R ^ - N H ,  +  RV  l . „ R '  B3N ,D C M o rC H C l3 ^
N N
H H

= Boc or C bz 

53

N N
H H

55

Scheme 2.12
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They reported that the reaction proceeds in good yield with polar and non-polar solvents, 

although higher yields were reported for non-polar solvents. It is believed that these 

guanylating reagents act as both electrophiles and weak acids. In the presence o f polar 

solvents it is possible for the guanylating reagent to be deprotonated by the amine 

slowing the reaction down, to avoid this triethylamine was added. This resulted in a faster 

reaction time although the reaction remained slower than when earned out in non-polar 

solvents (benzene and acetonitrile) although this data was not provided (Table 2.2).

Table 2.2.- Summary o f the yields o f the Reactions in Scheme 2.12
Amine Conditions % Yield

(7. DCM, 0.5h, rt, R ' = B oc 100

C T ' “ . CHClj, Ih, rt, R '- C b z 94

a "
DCM, 0.5h, rt, R ' = Boc 99

a "
CHCb, Ih, rt, r ‘ = C bz 98

2.3 Description of alkyl to-guanidine syntheses

While these methods provided inspiration for the synthesis o f guanidines we still did not 

have a viable long chain aliphatic starting material. Further search into potential 

commercially available long chain aliphatic compounds revealed that the corresponding 

dicarboxylic acids 27a-d were available. This is very useful since carboxylic acids are 

one of the most versatile functional groups in organic chemistry, and can be converted 

into numerous other functional groups such as, alcohols, aldehyes {via reductions), esters, 

amides {via dehydration), amines {via the Curtius reaction) and even nitriles (Scheme 

2.13).'^^ Hence, we decided to use the commercially available dicarboxylic acids as our 

starting material.

45



OH OH

R -N H

J  ------- ► R—
R

Scheme 2.13

(a) Route 1

As stated earlier in chapter 1 the alkyl ^/s-guanidines, 19a-d, previously prepared by our 

group were synthesized via an Sn^ reaction between aliphatic diamines, 26a-d, and S -  

methylpseudothiourea. Using the same reaction conditions we decided to synthesize 

several other aliphatic ^>/s-guanindines to investigate the effect o f elongating the aliphatic 

linker chain on aflfinity towards I2 -IBS and the selectivity towards I2 -IBS over a 2 -ARs. 

As mentioned before the corresponding diamines were not commercially available, 

therefore, we decided to use the aliphatic dicarboxylic acids, 56a-d The dicarboxylic 

acids, 56a-d, were converted into the alkyl diamines, 26d-g, using a procedure reported 

by Wikberg et a l.'”*’ who synthesized 2-phenylbicyclo[l.l.l]pentane from 2- 

phenylbicyclo[i l.l]pentan-2-ol. The dicarboxylic acids, 56a-d, were heated at reflux in 

the presence o f concentrated sulphuric acid and sodium azide for two hours. The pH o f 

the reaction mixture was then raised to 13, the mixture was filtered and the organic layer 

washed and dried to produce the desired alkyl diamines, 26d-g, in good yield (Table 2.3).
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T able 2.3.- Yield o f  D iam ines synthesized in Scheme 2.14

Com pound % Yield
26d 71
26e 62
26f 69
26g 72

The m echanism  o f  the reaction is quite interesting, initially the carboxylic acid reacts 

w ith the sodium  azide to form an acyl nitrene, w hich after the loss o f  nitrogen gas 

undergoes a C urtius rearrangem ent to form an isocyanate. The isocyanate when attacked 

by w ater form s a carbam ate, which undergoes decarboxylation to yield the amine 

(Schem e 2.14).

O O
H2SO4, NaNa H2N^^NH2

n reflux, 2.5h
56a, n = 10 26e, n = 10
56b, n = 11 26f, n = 11
56c, n = 12 26d, n = 12
56d, n = 14 26g, n = 14

o  o  r© O

X —  A —- A
R OH ^  ^  ^  ^  -N2

O O
j U c .  _____ .  ^ - r - n  _____ ► R A  -

R ^ N  R " ^  OH

O

R. 0  " R-NH2
N j  O -CO2

Scheme 2.14

Once the alkyl diam ines, 26d-g, had been prepared we could then synthesize the aliphatic 

ftw-guanidines, 19d-g. Unfortunately, using the same conditions as previously reported 

by our group we obtained very poor yields (Scheme 2.15). For that reason we decided to
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vary both the reaction time and the equivalents o f .S-methylpseudothiourea used. 

Refluxing the reaction for 20 h instead o f  12 h increased the yield to 13% and further 

increases m the reflux time (48h) resulted in only a slightly higher yield o f 14%. Varying 

the equivalents o f ^'-methylpseudothiourea had a similar effect on the yield of the 

reaction. Using five equivalents o f 5'-methylpseudothiourea gave a yield o f 17% and 

increasing the equivalents o f  ̂ '-methylpseudothiourea further (to ten equivalents) lowered 

the yield to 11%.

HoN, .NH2

26dn = 12 
26en = 10 
26f n = 11 
26gn = 14

NHX
H2N SMe

H2O, reflux

H2SO4 H H
.  H2N N ^ N  NH2

T  n n T  H2SO4
NH NH

19d n = 12 
19en = 10 
19f n =  11 
19g n = 14

Scheme 2.15

(b) Route 2

After the disappointing yields o f the previous reactions we decided to explore other 

possible synthetic routes for the synthesis o f the aJkyl bis-guanidines, 19d-g. The first o f 

these routes was previously described for the synthesis of aromatic guanidines, 18a-d, 

prepared by our group. Thus, a Boc-protected thiourea (37, Scheme 2.16) was reacted 

with a primary amine in the presence o f  mercury (II) chloride and a base. The reaction 

was originally reported by Kim et a l.^^  who synthesized a series o f guanidines from 

primary and secondary amines in good yields. They postulated that 37 forms a bis-Boc 

carbodiimide intermediate, 57, which undergoes nucleophilic attack by the amines to 

form the corresponding 6 /5-Boc-protected guanidine, 58 (Scheme 2.16).

48



f\ HgCl2
BocHN NHBoc 

37

BocN=C=NBoc

57

NHBoc
^N =<

R NHBoc

R-NH2

58

Scheme 2.16

Before attempting this reaction using the aliphatic diamines, 26d-g, we needed to 

synthesize 37. This was accomplished in a good yield (70%) by reacting thiourea with 

sodium hydride and Boc anhydride at room temperature overnight (Scheme 2.17).

o o
NaH, B0 C2O

H2N NH2 ^  ^2h BocHN NHBoc
Thiourea 37

Scheme 2.17

The primary alkyl diamines, 26d-g, were prepared from the alkyl dicarboxylic acids, 27a- 

d, as previously described. The aliphatic diamines, 26d-g, were left to react w ith 37, 

mercury (II) chloride and triethyl amine in an inert atmosphere for 12 hours at room 

temperature (Scheme 2.18). The product, an aliphatic bis-Boc protected Z)«-guanidine, 

59a-b, was purified by flash chromatography and isolated in good yield (Table 2.4). The 

best result was obtained for 59b, which gave the aliphatic iw -Boc protected bis- 

guanidine in a yield o f 83%.

BocHN NHBoc
H2N ' 'NH 2

27 'N = <

26d n 
26g n

12
14

HgCl2, EtgN BocHN n NHBoc
59a n = 12 
59b n = 14

Scheme 2.18
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Once the ahphatic bis-Boc protected 6/s-guanidines, 59a-b, were isolated they were 

deprotected following the usuai method by stining with a 50% mixture o f tnfluroacetic 

acid (TFA) in dichloromethane (DCM) at room temperature for 12 hours (Scheme 2.19).

BocHN

BocHN
N

NHBoc
N
n NHBoc

NH
i. 50% TFA/DCM li

"  HjN N

NH

5 9 a n = 12 
59b n =  14

ii. AER

.2HCI

N NHo 
H H

60a n = 12 
6 0 b n  = 14

.'T^H
o

N
H

OH

N
H

-H

O N

H2

CO2
+

R-NH2

Scheme 2.19

The crude TFA ^>/s-guanidine salt was dissolved m water and passed through an anion 

exchange resin (AER). After the solvent was removed by evaporation, the hydrochlonde 

alkyl ^»/5-guanidine salts, 60a-b, were isolated in good yields (Table 2.4). The best yield 

was 75%, obtained for 60a. The good overall yields obtained by the use o f  this method as 

seen in Table 2.4 are a vast improvement over the yields achieved by using the 

procedures described in the previous section.

Table 2.4.- Summary o f yields from Schemes 2.14, 2.18 and 2.19

Compound Yield (%) 
Diamine

Yield (%) ^»/s-Boc 
protected guanidines

Yield (%) 
Hydrochloride Salts

Overall 
Yield (%)

60a 69 68 75 35
60b 72 83 73 44

50



(c) Route 3

After the success o f the use o f 37 for the synthesis o f the alkyl 6/s-guanidines, 59a-b, we 

decided to investigate a similar reaction that had been recently reported as a facile 

synthesis o f guanidines in high yield. This reaction used a trifyl ^>/s-Boc protected 

guanidine, 53, as a replacement for the compound 37 and did not use any metal salts to 

promote the reaction. As discussed earlier, due to the presence o f the triflate, the nitrogen 

carbon double bond is sufficiently weakened to allow a nucleophilic substitution using 

weak nucleophiles.

Compound 53 was easily prepared in two steps (Scheme 2.20). First, guanidine 

hydrochloride is dissolved in a solution o f sodium hydroxide, dioxane and Boc anhydride 

and stirred at room temperature for 6 hours. This gave a ^>/s-Boc-protected guanidine, 61, 

in 60% yield (slightly higher than the reported value o f  58% by Zapf et a/. *̂ )̂. Secondly, 

compound 61 was reacted with triflic anhydride for four hours while slowly bringing the 

temperature from -78°C to room temperature. The product was purified by flash 

chromatography to give 53 in 40% yield, much lower than the reported value o f 88% by

Feichtinger et al 132,133

NHX
H2N NH2

NH

.A .NaOH, B0C2O II Tf2 0 , EtaN

"  BocHN' NHBoc 
61

Guanidine hydrochloride
/T f

N
 .  J i

BocHN NHBoc 
53

Scheme 2.20

After isolation compound 53 was reacted with the alkyl diamine, 26d, in the presence o f 

triethylamine at room temperature (Scheme 2.21). After seven days the starting material 

was still observed by thin layer chromatography. After the removal o f the excess solvent 

and column chromatography the aliphatic guanidine, 59a, was isolated but only in a 36%
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yield. Even raising the temperature to 50°C the yield o f the reaction was only marginally 

increased to 38%.

H,N' NH2
12

53
BocHN

EtgN BocHN

NHBoc
N
12 NHBoc

26d 59a

Scheme 2.21

Due to the poor yields obtained using this reaction scheme we did not prepare any other 

alkyl ^>/5-guanidines using this route but decided to investigate other synthetic 

approaches.

(d) Route 4

In all the synthetic routes discussed so far the aliphatic />w-guanidines 19d-g and 29a-c 

were prepared from the alkyl dicarboxylic acids, 56a-d. The major drawback with these 

commercial dicarboxylic acids is the limited number available. While the use o f  these 

carboxylic acids allowed us to complete the series o f aliphatic A/.v-guanidines previously 

synthesized, we could neither prepare longer chain aliphatic /?/\s-guanidines (n > 14) nor 

could we synthesize the aliphatic ^w-guanidine where n= 13. Hence, it was necessary to 

further explore synthetic routes for longer chain aliphatic />/s-guanidines. To prepare 

these compounds we decided to use the commercially available hexyl alcohol The 

reason for using this compound as our starting matenal is that carboxylic acids and their 

derivatives could be easily converted to alcohols and vice versa.

The first synthesis we used was based on the procedure developed by Dodd et al. This 

synthesis was o f interest because the guanidine could be prepared (without the need to 

synthesize the amine) by reaction, under Mitsunobu conditions, o f an alcohol with 61, 

Due to the uniqueness o f the reaction we decided to experiment with different 

nucleophiles, temperature and equivalents of the reagents before attempting the reaction 

on the long chain aliphatic dicarboxylic acids.
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Scheme 2.22

Initially, hexyl alcohol was reacted with 1,3 equivalents o f  61, DIAD and 

tnphenylphosphine at room temperature in an inert atmosphere (Scheme 2.22). The 

reaction followed by tic showed that the hexyl alcohol had completely reacted after 48 

hours (44 hours longer than the reported reaction time). After purification by 

chromatography the yield o f the aliphatic Boc protected guanidine, 62, was calculated at 

73%. Increasing the equivalents o f the reagents (61, DIAD and triphenylphosphine) to 

2.6 and 3.9 had little effect on the yield o f the reaction (75% and 74%, respectively). 

Raising the temperature o f the reaction to 50°C lowered the yield to 54% and 66% 

depending on the equivalents o f the reagents used (Table 2.5).
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Table 2.5.- Summary o f the yields (%) o f the reactions shown in Scheme 2.22 using 
_________ various equivalents and a reaction time o f  48h_________

Equivalents o f 61, DIAD and PhaP Temperature (°C) % Yield
1.3 rt 73
2.6 rt 75
3.9 rt 74
1.3 50 56
2.6 50 57
3.9 50 66

One o f the reasons the reaction works so well is the stability o f the anion o f 61. When the 

anion is formed in the Mitsunobu reaction, it is stabilized by the resonance forms shown 

in Figure 2.2. In theory a mono Boc protected guanidine (63) should work in a similar 

manner (Figure 2.2) and can be synthesized in a simpler reaction compared to 61. Thus 

we decided to examine the effect that using 63 would have on the yield o f  the reaction. 

To synthesize 63, guanidine hydrochloride was reacted with 0.88 equivalents o f  B0 C2O in 

a solution o f sodium hydroxide and dioxane (Scheme 2 .23). This gave 63 in a 49% yield.

O

.A
NH

H
NHR

61,  R 
63,  R

Boc
H

O NH

X X
O ' ^ N  NHR

©

0 No NH

A
NHR

O ( NH

A X
) NHR

Figure 2.2.- Stability of 61 and 63
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NH
HCI B0C2O

NaOHH2N NH2 

Guanidine hydrochloride

Scheme 2.23

NH

X
H2N NHBoc 

63

Replacing 61 with 63 and reacting the alcohol with 1.3 equivalents o f  the other reagents 

afforded the aliphatic mono-Boc protected guanidine, 64, in 62% yield (Scheme 2.24).

OH
DIAD, PhgP

63

Hexyl alcohol

NH

.A .
N NH, 
Boc
5

64

Scheme 2.24

The reaction o f the alcohol with 63 at higher equivalents gives similar yields to those 

obtained for 61 (Table 2.6). When the reaction temperature was increased to 50°C the 

yields obtained remained similar to those obtained with 61 at room temperature but 

nearly 20% higher than those obtained with 61 at 50°C (Table 2.6). Based on tiiese results 

there was no observable difference between using 61 or 63 at room temperature, and, 

thus, we decided to follow the original procedure and use 61 at 1.3 equivalents per 

functional group and at room temperature to synthesize the longer chain aliphatic bis 

guanidines.

Table 2.6.- Summary o f the yields o f the reactions shown in Scheme 2.24 using various 
___________ equivalents and a reaction time o f 48h _________

Equivalents Temperature (°C) Reaction Time (h) % Yield
1.3 rt 48 62
2.6 rt 48 71
3.9 rt 48 73
1.3 50 48 77
2.6 50 48 75
3.9 50 48 56
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After optimizing the preparation o f the mono-guanidine 64 from hexyl alcohol, we 

proceeded to synthesize the alkyl i«-guanidines. Thus, using the alkyl dicarboxylic 

acids, 56b and 56d, we planned to synthesize the ^>/i-guanidmes with 13 and 16 

methylene group linkers. In order to synthesize the aliphatic di-alcohols the carboxylic 

acids were first converted into the corresponding methyl esters, 65a-b. This was 

accomplished by stirring the carboxylic acids, 56b and d, in methanol at room 

temperature in the presence o f thionyl chlonde for six hours (Scheme 2.25).

HO' n
56bn = 11 
56d n = 14

'OH
SOCI2, MeOH 

rt, 6h

O

O ' n
65a n = 11 
65bn  = 14

Scheme 2.25

The alkyl ^/i'-methyl esters, 65a-b, were then reacted with lithium aluminium hydride at 

room temperature for six hours using tetrahydrofuran (THF) as solvent, producing the 

aliphatic di-alcohols, 66a-b, in good yield (Scheme 2.26). Once the aliphatic di-alcohols, 

66a-b, were isolated and purified they were reacted with 2.6 equivalents o f 61, DIAD and 

PPh3 at room temperature. The reaction, followed by tic, showed complete disappearance 

o f the aliphatic di-alcohol, 66a, after eight days. The reaction work-up remained the same 

as for compound 62.

n
65a n = 11 
65b n = 14

UAIH4, rt, 6h
HO' OH 

n + 2
66a n = 11 
66b n  = 14

Scheme 2.26

After purification by flash chromatography the corresponding alkyl bis-Boc protected 

guanidine, 67a, was isolated in 75% yield. Unfortunately, the alkyl bis-Boc protected 

guanidine, 67b, was obtained in a much lower yield and even after two weeks not all o f
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the di-alcohol had reacted. After purification by chromatography the alkyl bis-Boc- 

guanidine, 67b, was isolated in less than 1% yield allowing for a partial characterization. 

The alkyl bis-Boc protected />/5-guanidine, 67a, was deprotected as discussed in the 

previous section giving the hydrochloride salt, 60c, in an 85% yield. Based on this result 

the salt was isolated in an overall yield of 39% (Scheme 2.27).

HO' OH 

n + 2
66a  n = 11 
66b  n = 14

DIAD, PhgP 

61

NHX
BocHN N" 

Bo

NHX
N NHBoc 
Boc

n + 2 
67a n = 11 
6 7 b n  = 14

NH

50%TFA/DCM A----------------------► H2N
AER

NH

N
H

n

.2HCI

NH,

60c n = 13

Scheme 2.27

2.4 Summary and Conclusions

In order to synthesize the alkyl ^/5-guanidines, 19d-g, and longer chain molecules o f the 

same family, 60a-c, we needed to find a long chain aliphatic series o f compounds that 

could be used as precursors. The dicarboxylic acids, 56a-d, satisfied this condition and 

were promptly converted into the primary aliphatic diamines, 26d-g, in good yield (62 - 

72%). Using the original procedure that was utilised to prepare the first alkyl bis- 

guanidines, 19a-d, with these aliphatic diamines, 26d-g, produced the corresponding 

alkyl ^/5-guanidines, 19d-g, in low yield (11-17%).

Hence, we decided to investigate new potential routes. The first of these used a Boc 

protected thiourea, 37, with mercury (II) chlonde to produce two alkyl Boc protected his- 

guanidines, 59a-b, in good yield (65-83%), while the second route using a trifyl bis-Boc 

protected guanidine, 53, was not as successfial in synthesizing 59a (36%) and so was not
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used to synthesize other alkyl ^/i-guanidines. Deprotection o f the alkyl Boc protected 

6/s-guanidines, 59a-b, was accomplished using TFA and an AER in good yield (70- 

75%). Neither o f these two synthetic routes could be used to produce longer chain alkyl 

/>/5-guanidines due to the loss if  two carbons in the synthesis o f the diamines. To 

synthesize the longer chain alkyl A/5-guanidines, 60a-c, we first tested new procedures on 

hexyl alcohol.

The hexyl alcohol was converted to two different Boc protected alkyl guanidines, 62 and 

64, in excellent yield (75% and 77% respectively) using the Mitsunobu protocol and two 

Boc protected guanidines, 61 and 63. To use the same conditions to form 67a and 67b we 

first synthesized the corresponding di-alcohols, 66a-b, in two steps from the di- 

carboxylic acids 56b and 56d in good overall yield (54% and 52%, respectively). 

Reacting 66a with 61 under the optimized Mitsunobu conditions produced the desired 

alkyl Boc protected bis guanidine, 67a, in excellent yield (75%). Deprotection o f 67a 

gave the corresponding hydrochloride salt in excellent yield (85%). Sadly, 67b could 

only be isolated in less than 1% yield.

In conclusion we have now synthesized four new alkyl ^/s-guanidines, 19e-f, 29b-c, 

using three separate syntheses. After the initial disappointment of using a well known 

Sn2 protocol with .S'-methylpseudothiourea we have optimised a procedure using mercury 

(II) chloride to synthesize long chain aliphatic Boc protected />«-guanidines, 59a-c. We 

have also adapted a Mitsunobu protocol, previously used for small molecules, for the 

same purpose.
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Chapter 3

Synthesis of the alkyl bis-guanidino

carbonyls
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3.1 Introduction

After the synthesis o f the alkyl ^/^-guanidines, 19e-f, 60a-c, the second family o f  ligands 

we planned to prepare were the alkyl ^/s-guanidino carbonyls, 23a-f, (Figure 3 .1). Just as 

the alkyl Zjw-guanidines, 19e-f, 60a-c, used a known I2-IBS ligand as a prototype the 

alkyl ^/5-guanidino carbonyls, 23a-f, are also based on a known I2-IBS ligand. In this 

case the precursor was the ligand amiloride (Figure 3 .1), which contains a modified 

guanidine functionality, the guanidino carbonyl group. Amiloride allows the two I2-IBS 

subtypes, I2A-IBS and I2B-EBS, to be distinguished from one another. By incorporating the 

guanidino carbonyl moiety o f  amiloride onto the aliphatic linker chains o f the alkyl bis- 

guanidines we had two aims. First, we wanted to investigate the effect o f introducing the 

carbonyl moiety to the guanidine moiety on the affinity and selectivity o f the ligands 

towards the I2-IBS over the a2-ARs. Secondly, reduction o f the carbonyl group could 

allow for the potential preparation o f longer alkyl 6/5-guanidines.

HoN

NH O NH NH

N NHo 
H

n

Cl

H2N

N
NH

N

Amiloride
23a n = 8 
23b n = 9 
23c n = 10 
23d n = 11 
23e n = 12 
23fn = 14

Figure 3.1.- The structures o f  the alkyl ^/5-guanidino carbonyls, 23a-f, and amirolride

3.2 Existing synthetic routes for guanidino carbonyls

The guanidino carbonyl functional group consists o f two separate moieties, the amide and 

amidine functionalities (Figure 3 .2 ).
Amide Amidine

R NR-I Ro

Figure 3.2.- The guanidino carbonyl functional group
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This type o f compound can be synthesized following different routes, which are 

summarized in Scheme 3 .1. In general the amidine moiety is introduced as a guanidine or 

guanidine derivative to a carbonyl containing compound such as carboxylic acids or even 

carbamate derivatives. Ln the following section the different routes for the preparation o f 

the guanidino carbonyl derivatives will be discussed.

R . .A.
o

,A.
o

.A.
o

-A .
O  N H R  R  Cl R '  OH R '  Ri

68 69

S o

70

o sNH

R X X — - 1 1 -—  X X
" O  N N HR i  R  N NH2 R  N N H R 2

H H H
72 73 74

Scheme 3.

(i) From carbamate derivatives

There are different methods to introduce the amidine moiety to carbamate derivatives to 

form the guanidino carbonyl functionality in both the solution and solid phase. In the 

solution phase carbamoyl isothiocyanates, 75, (formed from carbamoyl chlorides) can be 

reacted with secondary amines to give carbamoyl thioureas, 76, (Scheme 3.2).*^®’*̂  ̂ By 

reacting 76 with the coupling reagent EDCI in the presence o f secondary amines again 

the guanidine carbonyl moiety, 77, can be synthesized in poor to excellent yields 

depending on the amine used (34-99%, Scheme 3.2).'^* The best results were obtained 

with primary amines. This procedure has also been descnbed in the literature to produce 

guanidines, 78, in good yield (72-79%) by further reaction o f 77 with MesSiBr (Scheme
2  2 ) 136-138
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r h n  CN r h n  ' ^ n  R '''h n  n h r
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RHN _ > ^ N  
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'©>— S R'"
R'HN N ... R '''-NH2 R'HN

^ p l l l  ^  r V  I M M  g

r "'h n  n h r "

Scheme 3.2

W hen usmg sohd phase synthesis, different routes are possible. One such method is the 

use o f  a /7-nitrophenyl carbamate, 79, on a W ang resin. This has been demonstrated to 

react directly with 63 as shown m Scheme 3.3 to give a Boc protected guanidine 

containing the guanidino carbonyl moiety, 8 0 . The reaction o f  these compounds with 

tnflate  anhydnde and further reaction with secondary am ines gave the corresponding 

guanidines, 82 , with mixed results (33-100%, Scheme 3.3).*^^

/  »3 0 - 0 ^ /
0 — \  f = \   ► o —^  NBoc

0 —L  \ — NO2 H N ^
^  NHo79 80

\  „  ,  NH
T fjO ,-78°C  to 0°C \  /  \  / P  R'lR^NH

O - ^  NBoc '  pjipj2N' 'N H 2

H N ^
NSO 2 CF 3  

81  ̂ ^

Scheme 3 .3

Carbamoyl pseudothioureas and coupling reagents have also been used in solid phase 

synthesis to produce guanidines containing the guanidino carbonyl moiety. The
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carbamoyl pseudothioureas, 83, can be reacted with a carboxylic acid, a coupling reagent, 

such as 7-axabezotriazol-l-yIoxytris(pyrrolidino)phosphonium hexafluorophosphate 

(PyAOP) or carbodiimidazole (CDI), and an amine to form the guanidmo carbonyl 

compounds, 73 (Scheme

a 0  NH , O N H ,
1  1  ' R'PyAOP _ N T

>  [ j  i i . R 2 R = N H  N  N R 2 r =

83 iii. TFA 73

Scheme 3 .4

As well in solid phase and as stated previously carbamoyl isothiocyanates can be reacted 

to form carbamoyl thioureas, which can then be reacted to give guanidino carbonyl 

containing compounds. Recently Wilson et a/.*"*' used acylisothiocyanates, 85, to react 

with amines to give thioureas, 86. Using EDCI as a coupling reagent they carried out the 

reaction o f 86 with amines to give compounds containing the guanidino carbonyl group, 

87, which were further treated to yield the corresponding substituted guanidines, 88 

(Scheme 3.5).

NH2

R-CO2H

84

i. (COCI ) 2

ii. BU4 NNCS NCS

85

R S  Cl
HN

HN

Cl
86

NH3 , EDCI R
HN

HN

87

NH3I

TFA, 45°C  to 80°C
HN

88

Scheme 3 .5



(ii) From carboxylic acid derivatives

Acyl chlondes, 89, can react with S-methylisothiourea to give modified pseudothioureas, 

90. The pseudothioureas, as demonstrated in earher sections, can be reacted with amines

to give guanidino carbonyl compounds, 73 (Scheme 3.6). 142

NH

* A
Cl H2N S M e 0 ° c t o 5 ° c  R

N aOH
NH

,A.,A
89

N
H
90

R̂ NH2 
'S M e  Reflux .A.

7
3

NH2 

NHR2

Scheme 3 .6

Carboxyiic acids, 91, have been used by Schmuck et to form guanidino carbonyl

derivatives as pyrrole carboxylate zwitterions by using different coupling reagents. They 

performed the reaction o f 91 with PyBOP to form an activated ester before further 

reaction o f the ester with 63 to yield the guanidino carbonyl 92 (Scheme 3 .7).

OH

91

NH

N H B oc

NHP yB O P HN

N H B oc
92

R R

TFA

.TFA
NH

93

Scheme 3.7
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3.3 Preparation of the alkyl A»-guanidino carbonyls

(a) Route 1

To prepare the alkyl ^z5-guanidino carbonyls, 23a-f, we chose a procedure’'*̂  which 

appeared to be quite simple. By refluxing an ester with an excess o f  guanidine 

hydrochloride with sodium methoxide in methanol we can obtain the alkyl ft/s-guanidmo 

carbonyls as the picrate salt, 94a-f, (Scheme 3.8). The methyl ester, dimethyl sebaccate, 

65c, was used as the starting material in a test reaction. The ester, 65c, and the guanidine 

hydrochloride were dissolved in a solution o f sodium in methanol. The reaction mixture 

was then refluxed for 24 hours before the excess solvent was removed and the resulting 

residue was acidified using concentrated hydrochloric acid (HCl). The alkyl bis- 

guanidino carbonyl, 94a, was then isolated by recrystallization from a picric acid solution 

in a 12% yield. Based on this poor yield we decided to explore the effect o f adding 

different equivalents o f HCl, with the results summarized in Table 3 .1. It appears that a 

large excess o f HCl should not affect the yield o f the reaction, since the best yield (41%) 

was obtained when 75 equivalents o f HCl were added. We then tried to improve the yield 

by varying the reflux time while using 75 equivalents o f concentrated HCl. As can be 

seen from Table 3 .1 the best result was obtained by refluxing for 72 hours. If the reaction 

was left to reflux for longer periods the yield was dramatically reduced. Once the reaction 

was optimized we attempted the preparation o f longer chain derivatives.
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6 5 c ,n  = 8 
65d, n = 9 
6 5 e ,n  = 10  
65a ,n  = 11 
65f, n = 12 
65b, n =14

H,N

NH

A NH;
HCI NaOMe 

MeOH

Reflux 
Picric Acid

HoN

NHo

A.
94a, n = 8 
94b, n = 9 
94c, n = 10 
94d ,n  = 11 
94e, n = 12 
94f, n = 14

NONH

Scheme 3 .8

Table 3.1.- Effect on Yield Based on Equivalents of HCI added in relation to the methyl
ester and Reflux Time

Compound Equivalents Reflux Time Yield (%)
94a 29 24 20
94a 44 24 30
94a 60 24 17
94a 75 24 41
94a 75 48 45
94a 75 72 80
94a 75 96 20
94a 75 120 12

Thus, we needed first to prepare the corresponding ft/i-methyl esters, 65a-f, from their 

carboxylic acids. The carboxylic acids, 56a-d, were converted into the /»/s-methyl esters 

in excellent yield by stirring in methanol at room temperature in the presence of thionyl 

chlonde for six hours (Scheme 3 .9, Table 3.2).
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HO 'OH

56a, n = 10 
56b, n = 11 
56c,  n = 12 
56d, n =14

SOCI2 , MeOH 

rt, 6h
O

O O

O

65c,  n = 10 
65a, n = 11 
6 5 d ,n  = 12 
6 5 b ,n  = 14

Scheme 3.9

Table 3.2.- Yield o f Methyl Ester Formation form the Carboxylic Acids
Compound Yield (%)

65a 86
65b 77
65e 91
65f 81

Once the methyl esters, 65a-f, were synthesized we proceeded to prepare the guanidino 

carbonyl derivatives, 94a-f, using the optimized conditions from Scheme 3.8. 

Regrettably, the yields obtained were very poor (Table 3.3). Due to these poor results we 

decided to explore other synthetic routes.

Table 3.3.- Yield for Compounds 94b-f from Scheme 3.6

Compound Percentage yield
94 b 9
94c 17
94 d 15
94e 11
94f 10

(b) Route 2

Hence, we decided to explore two separate routes in parallel. The first o f these was 

originally used by Jansen et al}^^ when investigating structure activity relationships in 

sporangicin A. This reaction produces guanidino carbonyl derivatives in one step using 

the carboxylic acids as the starting material (Scheme 3.10).
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HO' OH
rt, 1h

56e,n  = 8 
56f, n = 9 
56a, n = 10 
56b,n =11 
56c,n  = 12 
56d,n = 14

N

0 0 0 0

A X  A.  A
N

95

XHjN NH2 

rt, o/n

NH O O NH

A.,A>^ A
HoN N 

H
N NH2 
H

23a n = 8 
23b n = 9 
23c n = 10 
23d n = 11 
23e n = 12 
23fn = 14

Scheme 3 .10

The carboxylic acids, 56a-f, are allowed to react with CDl for one hour at room 

temperature, forming the activated imidazolide. Using guanidine hydrochloride the 

guanidinylation takes place at room temperature overnight (Scheme 3.10). The reaction 

gave a moderate yield, firstly for 23a and later for 23b-f (Table 3.4).

Once we had isolated the alkyl 6zs-guanidino carbonyls, 23a-f, the next step consisted in 

converting them into their corresponding salts, 96a-f. In order to accomplish this we 

dissolved the alkyl ^/5-guanidino carbonyls, 23a-f, in chloroform and washed it with IM 

HCl (Scheme 3 .12). The aqueous layer was separated and evaporated to dryness giving a 

white compound. *H NMR and Mass Spectrometry confirmed the presence of the HCl 

salt of the alkyl ^>/s-guanidino carbonyl compounds, 96a-f. Unfortunately this reaction 

did not produce the results we expected, with a large amount of the guanidino carbonyl 

still present in the organic layer. To deal with this, the guanidino carbonyl was re­

dissolved in chloroform and washed several times with IM HCl. The yields obtained 

were lower than expected and are summarized in Table 3.4.
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T ab le  3.4.- Yield o f  reaction from Scheme 3.10 and Scheme 3.11
n = Yield (%) o f  Formation 

o f2 3 a -f
Yield (%) o f  Form ation o f  the 

Hydrochloride Salts 96a-f
Overall
Yield
(%)

8 49 6 3
9 53 15 8
10 45 77 35
11 40 3 1
12 50 7 4
14 47 3 1

NH O

H,N '

O NH

A„AuA A
N
H n

N
H

23a n = 8 
23b n = 9 
23c n = 10 
23d n = 11 
23en = 12 
23fn = 14

'NH,
1M HCI

NH O O NH

H,N
A.AiA.A

n
N
H

96a n = 8 
96b n = 9 
96c n = 10 
96d n = 11 
96en = 12 
96fn =14

.2HCI

'NH,

Scheme 3.11

(c) R o u te  3

The other synthetic route, explored in parallel, was described by Schm cuk et a l.’'̂  ̂ ''^  who 

synthesized pyrrole carboxylate zw itterions. In this reaction the carboxylic acid is reacted 

w ith the m ono Boc protected guanidine, 63, and a coupling reagent, PyBO P, in the 

presence o f  a base to give the Boc protected guandino carbonyl, 97a-f, at room 

tem perature for 12 hours (Scheme 3.13).

O O

HO OH
10

63

Coupling Reagent, 
Base, rt, 12h

BocHN'

NH O

56c

O NH

10 
97c

NHBoc

Scheme 3.12
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Table 3 ^ .-  Effect o f  Various Coupling Reagents and Bases on Scheme 3 ,13

BOP DCC TBTU

Com pounds Coupling Reagent Base Percentage yield
97c BOP 4 -methyl mo rphol ine 80
97c DCC EtjN -
97c TBTU EtsN 77

The aliphatic dicarboxylic acids, 56a-f, first react with the coupling reagent to form 

activated esters, which then undergo a substitution reaction with 63 to give the alkyl Boc 

protected ^w-guandino carbonyl derivatives, 97a-f. W e synthesized the compound, 97c, 

initially using 63, BOP, and N-m ethylm orpholine in an excellent yield o f  80%. Using 

other coupling reagents such as DCC and TBTU did not improve the yield o f  the reaction 

(Table 3.5) Repeating the reaction using other carboxylic acids, BOP and N  - 

methylm orpholine gave the alkyl Boc protected ^/s-guanidino carbonyls, 97a-f, in good 

yield (Scheme 3.14, Table 3.6).

HO

NH

H ,N ' NHBoc NH

n
56e n = 8 
56f n = 9 
56a n = 10 
56b n = 11 
5 6 cn  = 12 
56d n = 14

'OH BOP, N-methylmorpholine, 
rt, 12h

BocHN

97a n = 8 
97b n = 9 
9 7 cn  = 10 
97d n = 11 
9 7 en  = 12 
97 fn  = 14

NH

NHBoc

Scheme 3.13
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Table 3.6.- Yield o f Scheme 3.13 using BOP and 4-methylmorpholine

Compound Yield (%)
97a 77
97b 62
97c 80
97d 85
97e 87
97f 63

Once the alkyl Boo protected Z)/5-guanidino carbonyls, 97a-f, were isolated we decided to 

explore different deprotection procedures to obtain the guanidino carbonyl salts directly. 

Firstly, to directly synthesize the hydrochloride salt we used IM  HCl, Scheme 3.14. The 

alkyl Boc protected Z)/5-guanidino carbonyl derivative, 97c, was left stirring in a mixture 

o f THF and IM  HCl overnight. However, this only produced the hydrochloride salt, 96c, 

in a low yield In general, and for the rest o f the compounds prepared, the overall yield 

from the alkyl dicarboxylic acids, 56a-f, to the hydrochloride salts, 96a-f, was very low 

(Table 3.7).

NH 0 O NH

BocHN
A.,A iA .,A

n
N '
H

NHBoc
1M HCl, THF 

12h, rt
HoN'

NH O O NH

n

.2HCI
'NH,

97a n = 8 
97b n = 9 
97c n = 10 
97d n = 11 
97e n = 12 
97f n = 14

96a n = 8 
96b n = 9 
96c n = 10 
96d n = 11 
96e n = 12 
96fn  = 14

Scheme 3.14

Table 3.7.- Yield o f Hydrochloride sahs using Scheme 3.14 and overall yield o f
hydrochloride salts

Compounds Yield (%) o f Salt formation Overall Y ie ld (%)
96a 6 5
96b 15 9
96c 7 6
96d 3 3
96e 7 6
96f 3 2
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The secx)nd synthesis used to form the alkyl ^w-guanidino carbonyl salts, 96a-f, involved 

deprotection with a 50% trifluoroacetic acid (TFA) solution in dichloromethane (DCM) 

followed by treatment of the salt with an anion exchange resin (AER, Scheme 3 .15). The 

yields obtained for the hydrochloride salts prepared in this way were greatly improved 

compared to the previous deprotection method employed (Table 3.7 vs. Table 3.8). The 

overall yield of this synthesis from carboxylic acid to the hydrochloride salts proved to be 

quite high (Table 3 .8).

BocHN

NH O O NH

A.AiA.A
N'
H

'NHBoc
n

97a n = 8 
97b n = 9 
97c n = 10 
97d n = 11 
97e n = 12 
97f n = 14

i. TFA, rt, 12h ^

ii. AER. 12h, rt

Scheme 3.15

H,N

NH

A
0  O NH
1  j i  jj ' .2HCI

96a n = 8 
96b n = 9 
96c n = 10 
96d n = 11 
96e n = 12 
9 6 fn = 14

Table 3.8.- Yield of Hydrochloride salts using Scheme 3 15 and overall yield of
Hydrochloride salts

Compounds Yield (%) o f Salt formation Overall Yield (%)
96a 76 59
96b 65 40
96c 67 54
96d 71 60
96e 57 50
96f 63 40

3.4 Summary and conclusions

In summary, three separate methods were utilized to produce the alkyl ^/s-guanidino 

carbonyls, 23a-f. The first procedure involved refluxing the alkyl ^/5-methyl esters, 65a- 

f, with sodium methoxide and guanidine hydrochloride before isolation as the picrate 

salts, 94a-f. This produced the alkyl ^;s-guanidino carbonyl picrate salts, 94a-f, in very 

low yields with the exception of 94a, which was isolated in 80%. Due to the poor results 

for this procedure new synthetic pathways were investigated.

74



In the next synthesis, the carboxylic acids, 56a-f, were first reacted with CDI to form an 

activated ester intennediate that was not isolated. The interaiediate was reacted in situ  

w ith guanidine hydrochloride to produce the alkyl Z)M-guanidines, 23a-f, in moderate 

yield (40-53% ). To form the alkyl Z?«-guanidino carbonyl salts, 96a-f, the alkyl bis- 

guanidino carbonyls, 23a-f, were w ashed with IM  HCl. The alkyl 6w-guanidino carbonyl 

salts were isolated in poor yields (6-77%).

Finally, the carboxylic acids, 56a-f, were reacted with the m ono Boc protected guanidine, 

63, in the presence o f a coupling reagent to produce the alkyl Boc-protected bis- 

guanidino carbonyls, 97a-f, in excellent yield. Two m ethods were then em ployed to 

deprotect the alkyl Z>/5-Boc-protected guanidino carbonyls, 97a-f. First, the alkyl Boc- 

protected /)w-guanidino carbonyls, 97a-f, were w ashed with IM HCl. This gave the alkyl 

/)w-guanidino carbonyl salts, 96a-f, in very low yield (3-15%). Second, the alkyl Boc- 

protected /)w-guanidino carbonyls, 97a-f, were deprotected with TFA before further 

treatm ent w ith an AER. This produced the alkyl Z>«-guanidino carbonyl salts, 96a-f, in a 

good overall yield (40-60%).

W e have now  synthesized six new I2-IBS Ligands. The conform ational analysis and 

biological assays o f  the alkyl Z)w-guanidino carbonyls, 23a-f, shall be discussed in 

chapters 5 and 6.
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Chapter 4

Synthesis o f the alkyl bis-2- 

imidazolines and the alkyl bis-

amidines

11



4.1 Introduction

In chapter one, the selectivity and affinity o f two alkyl twin-type families was presented, 

the alkyl ^»/5-guanidines, 19a-d, and the alkyl ^w-amino imidazolidines, 12a-d. The alkyl 

^>/s-guanidmes, 19a-d, possessed higher affinity and better selectivity towards I2 -IBS over 

the « 2 -ARs than the alkyl bis-amino imidazolidines, 12a-d. The pnmary difference in the 

structure o f the two families is the incorporation of two o f the three nitrogen atoms into a 

five member ring. This difference in structure allowed us to begin to formulate a SAR, 

which, will be discussed in Chapter 6. To extend such a SAR we have to investigate the 

effect that the removal o f the imine nitrogen o f the 2-iminoimidazolidines, to give an 

alkyl A/5-2-imidazoline would have on the I2 -IBS affinity and selectivity. Additionally, 

we have also examined the effect that the removal o f  the aliphatic five member rings o f 

the alkyl Z»/i-2-imidazolines, 24a-f, yielding the alkyl Z>/i-amidines, 25a-f, would have on 

the I2 -IBS affinity and selectivity. These new ligands are based on the already known 

S I4530, an aliphatic mono-2-imidazoline (pK, I2 -IBS = 6.9, selectivity l 2 -IB S/a 2 -ARs = 

110), and pentamidine, an aliphatic ^>/5-amidine (pÂ i I2 -IBS = 7.85). Before discussing 

our work on the synthesis o f these families it is necessary to review existing synthetic 

routes towards imidazolines and then amidines.

4.2 General Synthesis of 2-Imidazolines

In general, incorporating a 2-imidazoline moiety into a compound can be accomplished 

two ways. The first method incorporates a complete imidazoline ring, 98, onto a molecule 

and was devised by Jones ef They used <er/-butoxycarbonyl as an N-1 protecting 

group before metallation o f the a  carbon, usually with Lithium, to give a lithio based 

imidazoline derivative, 100. This derivative can then be reacted with a series o f 

compounds to give 2-substituted imidazolines, 102, 104 in good yield (67-87%, Scheme 

4.1).
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99

Boc
100

C IV

R cN R

102

Boc
R = Me, CHCH2 , Ph 

101 
iv

H

N
H

O
R

Boc
R =  M e C H 2 C H 2 ,
CH2 CHCH2 ,
CH2 CHCH2 CH2 , 104
CH2 CHCHCHCH2 ,
MeCH2CHCHCHCH2,
PhCH2Br,
2-PhC6H4CH2,
2 - F ur y l C H2

103
Regents: (i) B0 C2 O, EtgN, CH2 CI2 , 0 to 20°C; (ii) sec-BuLi, THF, TMEDA, -78°C;
(Hi) RHal, -78°C to 20°C; (iv) TFA, 20°C

Scheme 4.1

The second m ethod involves the synthesis o f  the im idazoline ring through a series o f 

reactions betw een fragm ents, which provide specific parts o f  the ring (Schem e 4.2). For a 

more com plete review o f  im idazoline synthesis one should consult the review o f 

Grim m ett et In general there are eight m ethods to build the im idazoline ring and 

each is discussed briefly below.

NR2
Diamines

+ NR

CCNC biseiectrophiie

CR. RN
I

R2N
Amidine and 2-Carbon eiectrophile 

Scheme 4.2

D;NR

Aziridines

CRN RN

NR.

Nitrile and aminoalcohoi

NR III 
II " N-

Isonitrile and (mines



(i) Diamines and a one carbon fragment

There are several functional groups, which can be converted into 2-im idazolines using a 

diamine and a one carbon fragm ent these include imidic esters, thioim idates, carboxylic 

acid derivatives, thioester derivatives and nitriles (Scheme 4.3).

NH NH S

1 1 A X
R2q  r 2s  HoN R1 R^O R  ̂ R^

Scheme 4.3

Imidic esters were onginally used by Pinner et who reacted nitn les and alcohols in 

the presence o f  dry HCl to form imidate salts, 105, which can then be reacted with 

ethylene diamine (EDA) to form the 2-imidazoline, 106 (Scheme 4.4). Other groups, 

including that o f  Klarer and Urech,'*” have used these syntheses to produce a 2- 

imidazoline moiety that can be introduced into other molecules similar to that o f  Jones el

+

NH2 Cl NA../  ^   ►  I  V - R 1
R^O R '  L /

1 0 5  H
R  ̂ = Cl, CH2CI 1 0 6
r 2 = Alkyl, Aryl

Scheme 4.4

Thioim idates, 107, which can be easily prepared via ^V-alkylation o f  thioamides, can be 

condensed witii diamines, 108, to form im idazolines, 109 (Scheme 4.5).’^̂
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N
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O
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R = G ly -P h e -L e u -O M e

1 0 8
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Scheme 4.5

The use o f thioesters, 110, as precursors for imidazolines. 111, was a fortuitous discovery 

by Reynaud et who was attempting to form iminoimidazolidines from EDA and N- 

substituted thiocarbamates (Scheme 4.6).

NH2/
N

NH
Ij / N H 2  R eflux  r

RHN-^OEt *

1 1 0  H

Scheme 4.6

Carboxylic acids, 112, were first reacted with EDA by Chitwood and Reid to give 2-

imidazolines, 113, in a low yield (Scheme 4.7). 154

H

9 EDA, Reflux

1 1 2  1 1 3

Scheme 4.7

Various ethyl esters have been reacted with different diamines in the presence o f either 

calcium oxide or trimethylaluminium in order to form the imidazoline ring, 113, as 

reported by Hill el al}^^ and N eef et respectively (Scheme 4.8). Anastassiadou et 

al.^^ have also described the formation o f 2-imidazolines, 106, using trimethylaluminium.
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H
1. AIM6 3 , Tol, 1 0°C  N

*̂ 2^  2. R COOEt, Reflux. 3h

106

Scheme 4.8

Nitriles, 115, can be converted to imidazohnes, 106, m the presence o f  the sulphate o f  

ethylenediamine as reported by Oxley e / a / . T h i s  reaction has provided the basis for 

several groups to repeat the process usmg a variety o f  methods to produce the amine salt, 

the most recent being Anastassiadou et a l ^  who used P2 S3 to generate the amine salt 

(Scheme 4.9). In general moderate to good yields have been reported for this type o f  

reaction (66-91%).

HoN'

+

,NH 3 +
+ 2 0 0 °C ,  aq NaOH

R

R = Bn, Ph 
1 1 5

106

Scheme 4.9

(ii) Aziridines

There are three distinct methods o f  synthesising 2-imidazolines from aziridines. In 

general the aziridine ring is opened and rearranges into the imidazoline and this can be 

accomplished in one o f  three methods. Wunsch et reacted a series o f  N-

acylaziridines, 116, with anilines in the presence o f  polyphosphoric acid at high 

temperatures to obtain 2-imidazolines, 118, in good yields (45-89%, Scheme 4.10).



PPA, Reflux

117

Scheme 4.10

Heine et reacted azindine with benzimidoyl chlorides, 119 , to form a substituted 

aziridm e, 120 This molecule then, when refluxed m the presence o f  iodine or thiocyanate 

ions rearranges into the imidazoline, 122 (Schem e 4,11).

r 2  = Ar, 
X = Cl 

119
Scheme 4.11

In a final m ethod the azindine ring is again opened to form a cation, which is trapped by 

a n itn le  and undergoes subsequent cyclisation (Schem e 4.12).'®'

124
Scheme 4.12

(iii) ReactUm o f a Nitrite, Amide or Imidate with an Aminoalcohol Derivative

This reaction involves a cyclisation o f  an iV-(2-haloethyl) amidine, 126 , which is form ed 

via a 2,3-disconnection (Scheme 4.13). This type o f  reaction was first described by Stolle
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el who reacted 2-bromoethylamine hydrobromide with an imidate ester, 127, to 

obtain 2-phenyi-2-imidazohne, 125, in low yield (Scheme 4.13). Smiilar style reactions 

have been used to synthesize various imidazolines, including quinoline and isoquinoline

(Figure 4.1). 163.164

NH,

N '

,A.
Y '

126

-HY

NHR̂

N

127

X = Br, Y = P h , R ' '  = H, = Ph  
Scheme 4.13

N' %

-N

N

125

Quinoline  Isoqu ino line
Figure 4.1.- Structures o f quinoline and isoquinoline

(iv) Amidines plus Two Carbon ElectrophUes

Kohn et prepared 4- and 5-substituted imidazolines,128, through the formation o f 

mtnles from unactivated alkenes, 129, cyanamide and A^-bromosuccinimide (Scheme 

4.14). Later work by Jung et afforded the 2-imidazolines by reacting the anti- 

bromocyanamide adducts with weak bases (Scheme 4.14).

K io  M D o  B r ,  r 2 r 3 
 /  NH 2CN,  N B S

r 2 r 4 

129

Pd/C,
MeO H,
AcO H

R̂  R'^HN- 

130

E N

R 'i ? -N

| 2 H
N
H

128
Scheme 4.14

Br r 2 r 3

NH.HCI 

R̂  R '^ H N ^
r5

R^ = H or  O E t  

131
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(v) Isonitriles and Imines

a-M ethylated  isocyanides, 132 , can react witli polar double bonds, 133 , to form 

heterocycles as dem onstrated by S chollkopf et al}^^  (Schem e 4.15). In general these 

reactions have been adapted to fonn 4- or 5-substituted im idazolines, 135 , with few 2-

im idazolines form ed following this method. 168-170

X N

132 133

R l

R 2 "

134

Scheme 4.15

R'

X

2^  N 

135

One o f  the few reactions to give 2-substituted im idazolines from imines, 136 , was 

reported by K atritzky et a / . w h o  reacted diarylim ines w ith benzotriazolyl m ethyl 

thioim idate (Schem e 4.16). Depending on the arom atic group used for the reaction the 

yield varies between 65% and 97%.

Bt' N

Ph" 'S M e  

136

1. BuLi,-78°C, THF 

2. ArCH=NPh

Ph 

Ph -

SMe

N

Bt

Ar

137

Ph

Ph
138

Bt

Ar

Schem e 4.16

(vi) CCNC biselectrophile

This m ethod involves the form ation o f  a CCNC fragm ent with two leaving groups. This 

fragm ent then undergoes a double substitution w ith an am ine to give the desired 2- 

im idazoline (Scheme 4.17). This reaction was first described in 1949 by Partridge et 

as a one pot synthesis but had not been further developed until the group o f  C asey et
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adopted the procedure and used it to synthesise chiral 2-, 4- and 5-substituted 

imidazolines, 139, in moderate to good yield (47-90%, Scheme 4.17)

HO

R OH R Cl SOCI2 ^

O O ^
II SOCI2 II H2N R̂

' N
H

14070 69

139

Scheme 4.17

4 3  Synthesis of the alkyl M̂’-Z-imidazoline 

(a) Route 1

Before synthesising the alkyl bis-imidazolines we decided to synthesize the imidazoline, 

141, (Figure 4,2) from the corresponding carboxylic acid, 142a, or its corresponding acyl 

chloride, 142b (Figure 4.2) using several different methods before optimizing the 

procedure for aliphatic compounds. The carboxylic acid structure possesses an aromatic 

group and is also partly aliphatic. The aromatic group would allow us to follow the 

reaction easily by tic, thus, we believed that this molecule was an appropriate starting 

material for testing reaction conditions.

R

141 142a, R= OH 
142b, R = Cl

Figure 4.2.- Possible retrosynthethic analysis of 141
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173The first attempt at synthesizing 141 utilised the method developed by Casey et al. 

mentioned in the previous section. As can be seen from Scheme 4.17 the first step is the 

synthesis o f an acyl chloride. The acyl chloride, 142b, was commercially available and 

was purchased from Aldrich. 142b then undergoes nucleophilic attack by ethanolamine in 

the presence of base to give the desired hydroxyethyl amide, 143, (Scheme 4.18). The 

reaction takes place over four hours in good yield (63%) while leaving the reaction for 

longer times (12 hours) results in a lower yield (42%). One potential reason for this is the 

formation o f the ester, which would require a longer reaction time than the amide 

reaction.

142b

HO

NH

rt, 4h

143

,0H

Scheme 4.18

Then, the hydroxyethylamide, 143, is refluxed with thionyl chloride in DCM for six 

hours to produce the chloroethyl amide, 144, (Scheme 4.19). 144 was isolated in 

moderate yield (52%).

O

N

143

OH

SOCI2 

90°C, h

144

Scheme 4.19

This gave a yield o f 32% over two steps, which is quite low. For this reason we decided 

to devise a different method to synthesize the chloroethyl amide.

While searching the literature for potential methods to synthesize the chloroethyl amide a
173 •novel procedure reported by Blagborough et al. showed that carboxylic acids could be
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reacted with isocyanates to give the corresponding amide. In fact Blagborough et 

synthesized the chloroetliyl amide, 144, in good yield (73%). Due to this success we 

decided to attempt the same synthesis using their conditions. The carboxylic acid, 145, 2- 

chloroethyl isocyanate and dry triethylamine in dry toluene were heated to 60‘’C for two 

hours. After the reaction mixture was cooled and excess solvent removed at reduced 

pressure, the chloroethyl amide, 144, was isolated in a 95% yield (Scheme 4.20). 

Blagborough etal.^^^ proposed the mixed anhydride as the intermediate, which undergoes 

decarboxylation to give the chloroethyl amide. The complete reaction mechanism has yet 

to be identified, although, it is known that the sp carbon o f the isocyanate (marked in red. 

Scheme 4.20) is lost in the decarboxylation step.’^""^^

0 = C = N  Cl

60°C, 2h

TEA

145 146

XI

144
Scheme 4.20

The final step in this reaction involves synthesizing an unstable chloroethyl imidoyl 

chloride intermediate, which then undergoes a double chlorine displacement to yield the 

2-imidazoline. According to the original paper the formation o f  the chloroethyl imidoyl 

chloride, 147, can be monitored by 'H  NMR and indeed this was the case with the N-H 

peak o f the chloroethyl amide usually disappearing within ten minutes. Attempts to 

isolate 147 proved unsuccessful with only 144 isolated after the solvent was evaporated. 

In spite o f this setback we decided to carry out the reaction between 147 in situ with the 

sources o f nitrogen shown in Figure 4.3.
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Urethane Benzyl carbamate Aniline Ammonia

Figure 4.3.- Sources o f  nitrogen for Schem e 4.21

144

POCI3

Reflux
N

147

Cl

il. RNH2

148 R = H, Ph, Ph-OCO, Et-OCO- 
Scheme 4.21

We first attempted to react both benzyl carbam ate and urethane with the chloroethyl 

imidoyl chloride, 147 (inteiTnediate formed in Scheme 4.21). W e believed that the 

reaction if  successful, would yield the im idazoline salts directly from cleavageof the 

carbamate bond using hydrochloric acid according to the procedure developed by 

W ijtmans et al}^^ Unfortunately, this reaction did not produce the expected results with 

no observable products being formed. This result is hardly surprising w hen one considers 

the stability o f  the amide bond in the molecule. This stability is due to the delocalisation 

o f the lone pair o f  electrons on the nitrogen atom  form ing a partial double bond w ith the 

carbonyl carbon and putting a negative charge on the oxygen (Figure 4.4). This resonance
177means that the carbam ates have low values o f  around 23 -2 5 .

(o Co

R NH2 R ^ N H 2

Figure 4.4.- Resonance forms o f  an am ide
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In light o f  these results we decided to use a more basic nitrogen containing compound in 

aniline, which has a pÂ a value o f  28” ’ and, in theory, should be more reactive than both 

carbamates. Again the disappearance o f  the chloroethyl amide N-H peak in the 'H  NMR 

indicated the formation o f  147, after which a solution o f  the amine in chloroform was 

added dropwise. After the addition o f  the amine, the solution was refluxed for several 

hours. Through following the reaction by NM R no change was noticed in the spectra o f  

the chloroethyl imidoyl chloride except for the peaks associated with aniline. This result 

was surprising based on the work o f  Casey et who synthesized a sim ilar compound 

(Figure 4,5) using the same m ethod although in a low yield (47%).

i-Pr

Figure 4 ^ .-  Compound synthesized by Casey

Finally, we decided to use am m onia as the source o f  nitrogen. Amm onia is the most basic 

o f  the four compounds shown in Figure 4.2 with a pÂ a o f  38.'^’ Following the exact 

procedure used by Casey et adding the chloroethyl imidoyl chloride dropwise to a 

solution o f  dry N H 3 in chloroform  and using a basic workup after refluxing for several 

hours, failed to produce the desired imidazoline (Table 4.1). Repeated attempts to 

synthesize the imidazoline also resulted in disappointment, encouraging the exploration 

o f  alternative routes.
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Table 4.1.- Effects o f Various Chlorine Sources and Amine Sources on Imidazoline
Scheme 4.22

Chlorine
Source

Tem perature Time Am ine Tem perature Time

POCI3 Reflux Ih Ph-NHz 0“C 12h
POCI3 Reflux Ih Ph-NH2 rt 12h
POCI3 Reflux Ih Ph-NH2 50 “C 12h
PCI5 Reflux 12h Ph-NH2 rt 12h
PCI5 Reflux 10m NH 3 Reflux 12h
PCI5 Reflux 10m NH 3 Reflux 12h
PCI5 Reflux 10m EtOCONH2 Reflux 12h
PCI5 Reflux 10m EtOCONH 2 Reflux 12h
PCI5 Reflux 10m PhCH 2 0 C 0 NH 2 Reflux I2h

(b) Route 2

Anastassiadou et reported the synthesis o f aromatic 2-imidazolines from the 

coiTcsponding ester using trimethylaluminium. We decided to test this method again 

using the carboxylic acid, 145, as the starting point. This meant that the carboxylic acid 

would have to be converted into its coiTcsponding ester, 148, This was accomplished by 

reacting 145 with thionyl chloride in alcohol and stin'ing at room temperature for six 

hours (Scheme 4.22). 148 was synthesizicd good yield (90%).

O
SOCI2 , MeOH 1
-----------------   rf O

rt, 6h li J
148

Scheme 4.22

The second step in this synthetic route consists o f forming a complex between the 

trimethylaluminium and ethylenediamine as shown in Figure 4.6. This complex can then 

be reacted with an ester to give the required 2-imidazoline (Scheme 4.23). 

Trimethylaluminium (2M solution in hexane) and ethylenediamine (1.5 equivalents o f 

each) were added to a solution o f dry toluene under an argon atmosphere at 0“C and 

allowed to stir at room temperature for 30 minutes. After this, 148 was added dropwise

145
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before the reaction mixture was heated to 80°C for 12 hours. After the reaction was 

quenched by addition of methanol, water and chloroform the organic layers were 

separated dried and evaporated to give the 2-imidazoline as a white solid in good yield 

(50%).

\ l - N H  HN-AI^
/  \

Figure 4.6.- Complex formed by trimethylaluminium and ethylene diamine

80°C,12h

141148

Scheme 4.23

Based on the initial success of this method we attempted to adapt the procedure for the 

synthesis of the alkyl bis-imidazolines, 25a-f, using dimethyl sebaccate, 65c, (Figure 4.7) 

a commercially available aliphatic methyl ester.

0 0 0 0

65c 149

Figure 4.7.- Structure o f 35c and the amide intermediate, 149, from Scheme 4.24

Initial results using three equivalents o f trimethylaluminium and ethylene diamine and 

refluxing for 12 hours at 120°C gave the starting methyl ester (S.M. in Table 4.2). Based 

on this result we refluxed the reaction for longer periods but always with similar results 

except where the reaction was refluxed for 60h, where a second compound was identified 

from the 'H NMR (Table 4.2). We believed this second compound was the open chain 

amide, 149, shown in Figure 4.7 (A in Table 4.2). Since refluxing the reaction for longer 

periods of time did not improve the results o f the reaction we began to experiment with
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the equivalents o f  the trim ethylalum inium  and ethylenediam ine and the temperature. 

Refluxing the reaction at 120°C for 40 hours using six equivalents o f  trim ethylalum inium  

and three equivalents o f  ethylenediam ine prim arily gave 149 as the product. Heating the 

reaction at a low er tem perature (90°C) for only one hour using the same equivalents 

(1:3:6, ester: EDA: M c 3 Al) gave a m ixture o f  the alkyl bis-im idazoline, 24a, (I in Table 

4.2) and starting methyl ester, 65c. W e then decided to further increase the equivalents o f  

the EDA and M esAl to five and ten, respectively and to reflux the reaction for 20hours. 

The result o f  this reaction yielded both the amide, 149, and the alkyl Z>/5-2-imidazoline, 

24a, as products. This indicated that the form ation o f  the am ide, 149, was based on reflux 

tim e and equivalents. Heating the reaction for two and a h a lf hours at 90°C with a ratio o f  

1:3:6 (ester: EDA: M esAl) again gave a m ixture o f  the starting methyl ester, 65c, and 

alkyl bis-im idazoline, 24a. However, using the sam e conditions with a ratio o f  1:5:10 

(ester: EDA: M e 3 Al) gave the alkyl ftw-2-imidazoline, 24a, exclusively in a high yield o f  

77%.

Table 4.2.- Sum m ary o f the effects o f  reflux time, tem perature, equivalents o f  reagents 
and the products observed from 'H  N M R using dim ethyl sebaccate as the ester*

Equivalents o f  
Ester

Equivalents o f  
EDA

Equivalents o f 
MesAl

Tem perature
“C

Tim e
(h)

Products
Identified*

1 3 3 120 44 S.M
1 3 3 120 60 S.M/A
1 3 6 120 40 A
1 3 6 90 1 I/S.M
1 5 10 90 20 I/A
1 3 6 90 2.5 I/S.M
1 5 10 90 2.5 I

* Reactions perform ed in conjunction with Grainne G allw ey 
* S.M. = Starting M aterial, A = A m ide, I = Alkyl Z)w-2-imidazoline

Based on the success o f  this reaction, we reacted different alkyl bis-m ethyl esters, 65a- 

b,d-f, using the same conditions as the optim ised reaction w ith 65c (Schem e 4.24). The 

alkyl 6/5-2-im idazolines, 24b-f, were again obtained in good yield (Table 4.3). However, 

the yield decreased as the length o f  the m ethylene chain increased. To synthesize the salts 

for biological testing the alkyl Z?/5'-2-imdazolines, 24a-f, was dissolved in small am ount o f  

an oxalic acid solution (0.875M ), after which the solution was evaporated down to
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dryness to give the alkyl bis-2-imidazoline salts, 150a-f, as white compounds in excellent 

yield (Table 4.3, Scheme 4.24).

65c, n = 8 
65d,n = 9 
65e, n = 10 
65a, n = 11 
65f, n = 12 
65b, n = 14

HjN NH2 
MeaAl

90oC, 2.5h

-N N

24a, n = 8 
24b, n = 9 
24c, n = 10 
24d,n = 11 
24e,n  = 12 
24f, n = 14

150a,n = 8 
150b, n = 9 
150c, n = 10 
150d,n = 11 
150e,n = 12 
150f, n = 14

Scheme 4.24

Table 43.- Average Percentage Yield of the conversion of esters into the corresponding 
^»-imidazolines and subsequent conversion to their corresponding salts._______

n Yield (%) o f alkyl ^)/\s-2-imidazoline 
Formation 24a-f

Yield (%) o f the alkyl A;s-2-imidazoline 
Salt Formation 150a-f

8 77 91
9 26 78
10 64 83
11 39 93
12 45 86
14 45 91

4.4 General Synthesis of Amidines

As stated at the beginning of this chapter we wished to examine the effect that removal o f 

the five member ring would have on the affinity towards the I2-IBS. Before we began to
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synthesis the alkyl bis-amidines we investigated potential synthetic routes to be found in 

the literature. Wc found that amidines are generally synthesized in multistep reactions 

from a variety o f starting materials including amides, carboxylic acids, esters and nitriles 

(Scheme 4.25).

O
R

OH

R ^  ^NHR2 R NHR2

Scheme 4.25

(i) Amidines Synthesised From Amides

Secondai'y amides, 151, when converted into imidoyl chlorides, 152, can be reacted with 

amines to give the corresponding amidine, 153, although this reaction works poorly to 

produce unsubstituted amidines (Scheme 4.26).'^^

O Cl ,  „ NR1
X  PC's f  R̂ R̂ NH

R NHR^ R ' ^ N R ^  R NR^R^

151 152  153

Scheme 4.26

Secondary amides can also be converted into the corresponding amidine, 154, via 

formation o f an imidic ester fluoroborate, 155 (Scheme 4.27).*^^
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Et30BF4, EtOH
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - j

25°C
151

OEt

A *  ,R ^N H R^ 
155

Scheme 4.27

BF,

NR̂

A .R" NHR2 
154

(ii) Amidines Synthesized From Carboxylic Acids

Aliphatic and aryl carboxylic acids can be converted directly into the corresponding 

amidines by forming an amide intermediate as shown by Kakimoto et The

carboxylic acid is reacted with polyphosphoric acid trimethylsilyl ester (PPSE, formed in 

situ by the reaction between phosphorous pentoxide and hexamethyldisiloxane) before 

reacting with an aryl amine to give the desired amidine in good yield (65-88%, Scheme 

4,28)

R OH 
112

R^NHs, PPSE 

DCM, 40°C

O

, A NHR^
151

NR̂
i

R ^ "NHRi 
156

Scheme 4.28

(Hi) Amidine Synthesized from Nitrites

The synthesis o f unsubstituted amidines, 157, from nitriles, 158, as performed by Pinner, 

and its derivatives remains the most common preparation o f amidines.'*' The reaction 

proceeds through the formation o f  an imidic ester, 159, which then can be reacted with 

amines to give the desired amidine (Scheme 4.29).

R -C N  Eton, HCI^ 

158

NHo

. A . . . Cl r " 'r 2nh

159

Scheme 4.29

NH
X

R NR^R2 
157
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More recently, work by Garigipati converted nitriles, 158, to amidines, 157, in a one step
182reaction involving alkylchloroalum inium  am ides, 160 (Scheme 4.30). This procedure 

had originally been used by W einrab et to convert esters to amides.

MeAI(CI)NR^R2, 

Tol, 80°C
R - C N

158
R

,A I(C I)M e
N

A . , . ,N R ''r2  

160

Scheme 4.30

NH
HoO

R ' N R ^r2  

157

(iv) Amidines Synthesized From Esters

As m entioned earlier carboxylic acids, 112, can be converted into the coiresponding 

amidine, 156, through an am ide interm ediate, 151 (Scheme 4.28). Recent work by Gielen
1 . . .  1 .  i  8 " ^

ei al. , based on the original work o f  both Garigipati et al. and W einreb et al. 

converted esters, 161, into the corresponding amidine, 162, in a one step reaction and in 

good yield (Scheme 4.31). The m ethylchloroalum inium  amide, 160, was again formed in 

situ  and was hydrolysed to give the desired product (Scheme 4.31).

O

R O 
161

MeAI(CI)NH 2  

Tol, 80°C

^ AI(CI)Me
N

A
R NH2 

160

MeOH
NH

R NH2  

162

Scheme 4.31

4.5 Aitiidine Synthesis

As stated earlier in Chapter 1, one o f  the aim s o f  this thesis was to synthesize a series o f

aliphatic Z?w-amidines, 25a-f, based on both pentam idine and agm atine in order to do this
182we decided to adopt the procedure o f  G ielen et al. because o f  the ease o f the method 

and our experience using trim ethylalum inium  in synthesizing the alkyl bis-2- 

im idazolines, 24a-f. Sim ilar to the preparation o f  the alkyl fe/5-2-imidazolines, 24a-f, the
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reaction uses a 1:10:5 (ester: ammonium hydrochloride: MesAl) to synthesize the 

amidines. Despite the similarity in the use o f  equivalents, the reaction requires longer 

reflux time (12h) and the alkyl 6/s-amidine is isolated as the hydrochloride salt. After 

quenching the reaction (using the same method as the alkyl 6/5-2-imidazolines) the alkyl 

^/5-amidmes are purified by firstly creating the free base o f the crude product (dissolved 

in water) with a solution o f potassium hydroxide (lOM). The fi'ee alkyl bis-amidine is 

precipitated out, filtered and then redissolved m a hydrochloric acid solution (1M). This 

solution is then evaporated to dryness to give the desired alkyl ^/s-amidine salt m good 

yield (Scheme 4.32, Table 4.4).

O O
i. NH4CI, MegAl, 90°C, 12h 

O ii. 10M KOH, 1MHCI

65c, n = 8 
65 d ,n  = 9 
65 e ,n  =10 
65a, n = 11 
65f, n = 12 
6 5 b ,n  = 14

Scheme 4.32

Table 4.4.- Yield o f Formation o f  the Amidine Salts from Scheme 4.34
Compound Yield (%)

25a 75
25b 73
25c 80
25d 80
25e 77
25f 74

4.6 Summary and conclusions

To synthesize the alkyl bis-imidazolines, 24a-f, we have utilized the aliphatic 

dicarboxylic acids, 56a-f, as precursors. Before attempting any reactions with the 

aliphatic dicarboxylic acids we tested reaction conditions using the aromatic carboxylic 

acid 145. Using 145 we first attempted to synthesize the corresponding imidazoline, 141, 

using a procedure developed by Casey et However, the final step o f  the reaction, an

NH NH

25 a ,n  = 8 
25b, n = 9 
25c, n = 10 
2 5d ,n  = 11 
25e, n = 12 
25f, n = 14
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intram olecular ring closure, was unsuccessful despite the use o f  nucleophiles o f  different 

strengths.

After this setback a second procedure using trim ethylalum inium  and ethylene diam ine 

and the arom atic ester, 148, was investigated. Using the aromatic m ethyl ester, 148, 

produced the arom atic im idazoline, 141, in moderate yield (50% ). Initially using this 

procedure to produce the alkyl bis-im idazolines, 24a-f, produced m ixed results. 

Exam ining the equivalents o f  the reagents used resulted in optim ized reaction conditions. 

The best results for producing the alkyl bis-im idazolines, 24a-f, are obtained when ten 

equivalents o f  trim ethylalum inium  and five equivalents o f  ethylene diam ine in relation to 

the alkly bis-m ethyl ester are used and the reaction was heated at reflux for two and a h a lf 

hours. Using these reaction conditions produced the alkyl bis-im idazolines, 24a-f, in 

good yield (26 -  77%). The corresponding alkyl bis-im idazoline salts, 150a-f, were 

obtained by w ashing with a 0.875M  solution o f  oxalic salt in good yield (78 -  93%).

To synthesize the alkyl bis-am idines, 25a-f, we followed the procedure o f  G ielen et al}^^ 

This procedure used five equivalents o f trim ethylalum inium  in relation to the methyl 

ester and rather than use ethylenediam ine as the source o f  nitrogen G ielen et al. used 

am m onium  hydrochloride. Follow ing this procedure and using ten equivalents o f both the 

trim ethylalum inium  and am m onium  hydrochloride produced the alkyl bis-am idines, 25a- 

f, as their hydrochloride salts in good yield (73 -  80%).

We have now synthesized 12 new Ii-IBS ligands and two new families o f  aliphatic his 

ligands. The conform ational analysis and biological assay results o f  both the alkyl bis- 

im idazolines and the alkyl bis-am idines w ill be discussed in Chapters 5 and 6.
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Chapter 5

Conformation analysis o f the alkyl 
bis-guanidines, alkyl bis-guanidino 
carbonyls, alkyl bis-2-imidazolines 

and alkyl bis-amidines
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5.1 Introduction

Considering the num ber o f  I2 -IBS ligands that had been synthesized w e decided to 

investigate the potential Structure A ctivity R elationships (SAR) between the m em bers o f 

each family (for example 19b versus 19c, Figure 5.1) and betw een the fam ilies 

them selves (e.g. the alkyl 6w-guanidines versus the alkyl Z>w-guanidino carbonyls). As 

stated earlier in Chapter one, the full three dim ensional (3-D) structure o f  the I2 -IBS 

rem ains unknown, and therefore we do not know  the structural requirem ents needed to 

interact with the binding site and no receptor-based design o f  I2 -IBS ligands can be 

carried out. M oreover, the only attem pts to develop an I2 -IBS pharm acophore have been 

based on aromatic ligands and this knowledge cannot be properly applied to aliphatic 

ligand d e s i g n . I n  order to overcom e this problem  we decided to m odel the 

conform ation by, which each m olecule m ay act in a physiological environm ent to 

dctcnnine if any ligand or any family posses a particular shape or characteristic in 

com m on using conform ational analysis techniques in a solvent model environm ent.

19b, n = 8 
19c, n = 9 
19e, n = 10 
19f, n = 11 
19d, n = 12 
19g, n = 13 
19h ,n = 14

23a, n = 8 
23b, n = 9 
23c, n = 10 
2 3 d ,n = 11 
23e, n = 12 
23f, n = 14

24a, n = 8 
24b,n = 9 
24c, n = 10 
24d, n = 11 
24e, n = 12 
24f, n = 14

25a, n = 8 
25b ,n = 9 
25c, n = 10 
2 5 d ,n = 11 
25e, n = 12 
25f, n = 14

Figure 5.1.- Structure o f the ligand families synthesized
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Conformational analysis is the study o f the three dimensional structures, called 

conformations, that a molecule can adopt and their effect on the physical, chemical and 

biological properties o f that molecule. An important aspect o f conformational analysis is 

the conformational search. The conformational search identifies the more stable or 

preferred conformations o f a molecule. To accomplish this, the potential energy surface is 

examined to find not only the global minimum energy conformation (GMEC) but also 

other minimum energy conformations. The GMEC can be difficult to find due to the 

existence o f multiple local minima. There are many different methods to search for the 

minimum energy conformations, but we will comment on those most generally used.

(i) Systematic Searches

A systematic conformational search is an exploration where all the rotable bonds o f  a 

molecule are identified and rotated through 360° using a fixed increment. Once a 

conformation has been generated all the atoms in the molecule are examined to 

investigate the possibility o f  steric conflict. If a conformation is found to have steric 

conflict, it is discarded.'*^ Conformations are also subject to structural optimizations, thus 

higher energy conformations are eliminated The search is ended when all possible 

torsion angles have been rotated and the conformation thus, generated have been 

minimized

The problem with this type o f  search is a phenomenon known as combinatorial explosion. 

This is due to the extremely large number o f conformations generated in a systematic 

search when many bonds are rotated. The formula for calculating the number o f 

conformations that can be generated in this manner is given by.

V = (360 /A f 

V = number o f  conformations 

T = number o f rotatable bonds 

A = torsion angle increment
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Appling this formula to the smallest o f  our synthesized molecules, 19a, with nine 

rotatable bonds, and by rotating these bonds in 30° increments we would generate 

61,917,364,224 conformations! This is obviously an extremely large number o f 

conformations to examine and so this type o f search was not considered for our aliphatic 

denvatives due to the large number o f single bonds that they possess.

(ii) Random Conformational Searches

Random conformational searches (RCS), unlike systematic conformational searches, 

work by randomly generating conformations by changing any part o f the molecule about 

a randomly chosen torsion angle. This random generation follows an iteration pattem as 

represented in Scheme 5.1. Again, once a conformation is generated it undergoes steric 

and energy optimizations.’*̂  The search is ended when no new different conformation is 

generated and the number o f  maximum iterations has been achieved. The random 

conformational search also allows the user to take solvation effects into consideration. If 

a conformational search is performed without considering solvation effects the search 

occurs in vacuum. This causes the charges o f a molecule to either attract or repel from 

one another, and is not representative o f the conformations that occur under physiological 

conditions. By changing the dielectric constant we take into consideration solvation 

effects, thus, the conformational analysis can mimic the polar physiological environment. 

This will affect the conformations generated and will produce conformations more likely 

to be the Biological Active Conformation (BAC). Once the search has been completed 

several parameters o f  the conformation can be calculated, these include (but are not 

limited to); Energy, Distance between atoms. Total Dipole moment, Polar Surface Area 

(PSA), Molecular Volume and Molecular Area.
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Conformation 
provided by user

Take starting conformation

Generate new conformation 
by adding random (x, y, z) to 
each Cartesian coordinate

Minimise

Generate new conformations by 
randomly rotating about 
randomly chosen torsion angles

Add to list of 
conformations

Already generated

Yes

Yes.

Stop

Finished?

No

Determine structure 
for next iteration

Scheme 5.1

5.2 Methodolo2v of the Random search analysis

The RCS was performed using Random Search tool implemented in Sybyl (versions 6.9 

and 7 .1 ).'^  Before the RCS began all the molecules were built protonated using the 

Sybyl program. The search was performed like this in order to mimic the way the 

molecules would perform in physiological conditions.’ *® '*’  The following conditions 

were established in the conformational analyses performed in all o f the compounds 19b- 

h, 23a-f, 24a-f and 25a-f all the single bonds o f the linker chain were rotated. A ll the 

atomic charges were evaluated with the Gasteiger-Hu'ckel method. Each generated 

conformer was minimized over 300 cycles using the Conjugate Gradient method and the 

maximum number o f cycles in the search was set to 6000 with an energy cut-off o f 5 

kcal/mol ', following the procedure previously used by our group.
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When the RCS was performed we used the dielectric constant o f water (s = 80.0) to 

mimic physiological conditions. Once the RCS was completed several parameters for 

each conformation were evaluated. These were:

1) the Energy o f  the conformation,

2) the Distances between the cationic centres,

3) the Total Dipole o f each conformation,

4) the Polar Surface Area (PSA)

5) the Molecular Volume o f space occupied by each conformation and finally

6) the total Molecular Area o f each conformation.

The energy o f the conformation was calculated to find the GMEC. Once the GMEC was 

identified the conformations with energy values greater than 5 kcal/mol ' over the GMEC 

energy were discarded. These conformations were discarded because when a molecule 

forms a ligand-receptor complex the maximum energy change that the ligand can 

undergo (induced by the interaction with the receptor) will be within 5 kcal/mol ’ o f  the 

energy o f  the original conformation.

The distances between the cationic centres were calculated based on the delocalisation o f 

the functional groups o f  each family. As can be seen in Figure 5.1, the cationic centres o f 

all families have been chosen as the carbon atoms marked by a positive sign in Figure 

5.1. Using the Sybyl'^** program the distance between these C atoms were measured. This 

distance between cationic centres would give an indication, for a certain compound, o f 

the shape o f the conformation and, thus, an indication o f  potentially how the ligand may 

bind to the I2-IBS. Thus, Figure 5.2a shows a pronounced U shape conformation o f 19b 

(short distance between cations), while Figure 5.2b shows a straight line shape 

conformation o f the same molecule (large distance between cations). As can be seen fi-om 

these figures there would be a large range o f distances between the cationic centres. This 

is indeed the case, the distance for Figure 5.2a is VA and for Figure 5.2b is 13 A.
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Figure 5.2a.- 19b conformation 515 Figure 5.2b.- 19b conformation 510

The Total Molecular Dipole o f each conformer was measured as a vector in Debyes (Db). 

The dipole o f a molecule is calculated based on the electronegativity o f the atoms in the 

molecule. Due to the large number of nitrogen atoms in each family o f ligands a dipole is 

created in the molecule between those points where the functional groups are located. 

The Total Dipole o f the ligands may give an indication o f  the direction o f the ligand 

within the ligand-receptor complex.

The Polar Surface Area (PSA) of each conformation is formed by the polar atoms o f  a 

molecule and is defined as the sum of the surface contributions o f the polar atoms to tiie 

total molecular surface. The PSA of a molecule is a very important factor in determining 

if  a molecule can cross the Blood Brain Barrier (BBB) and it has been demonstrated to 

correlate well with drug transport properties because it is a measure o f the lipophilicity o f
192 193the molecule. ’ In general, it is accepted that for intestinal absorption a molecule that 

possesses a PSA greater than 140 v/ill encounter difficulty, while the ideal PSA for 

intestinal absorption is 50 For the BBB there are two main computational formulas



proposed for calculating the probable penetration o f a molecule into the brain. Both o f 

these formulas rely on the PSA o f the molecule:

1) Log BB = 0.4275 -  0.3873(Nacc/solv) + 0.1092Log P -  0.0017PSA 

Nacc/solv = the number o f hydrogen bond acceptors in aqueous media

Log P = the partition coefficient o f the molecule (a measure o f the lipophilicity of 

the molecule).

2) Log PS = -2.19 + 0.262Log D + 0.0583vas_base -  0.00897PSA 

Log PS = BBB permeability surface area product,

Log D = distribution coefficient

vas base = van der Waals surface area o f the basic atoms (i.e. N, O etc) o f  the 

molecule.

The Molecular Volume and Area o f  the conformations were calculated because, similar 

to the distance, they would be good indicators o f the shape o f each conformation. We 

assume that the larger the Molecular Volume the straighter the molecule as can be seen in 

Figures 5.3a and 5.3b, where conformations 907 and 623 o f 19b have volumes o f  782 

and 877 A^, respectively.

Figure 5.3.a.- 19b conformation 907 Figure 5.3b.- 19b conformation 623
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Similarly, with the Molecular Area o f the conformations we assume that a large area 

mdicates how straight the conformation would be. An example can be seen m Figures 

5.4a and 5.4b, where conformations 654 and 365 o f molecule 19b have areas o f  478 

and 602 A^, respectively.

Once the six parameters were calculated for each conformation o f each molecule 

synthesized, the most populated range for each parameter was identified. In doing this we 

hoped to find the potential Biological Active Conformations (BAC) o f each molecule. 

The BAC is the conformation that the molecule adopts when interacting wdth the 

receptor. To find the BAC, the conformations with parameter values within the most 

populated range o f each parameter were identified since these represent the most likely 

conformation to exist and interact with the receptor.

Figure 5.4a.- 19b conformation 654 Figure 5.4b.- 19b conformation 363

We followed the general procedure outlined in Scheme 5.2 to find these BACs. We 

identified the conformations within the most populated range o f energy values. From 

these conformations those within the most populated range o f distance values were 

identified. This identified the conformations within the most populated range for energy
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and distance between the cationic centres. From these conformations those within the 

most populated range o f  I'otal Dipole values were identified. This gave the 

conform ations within the most populated range for energy, distance between the cationic 

centres and Total Dipole. From these conform ations those within the most populated 

range o f  PSA values were identified. This gave the conform ations within the most 

populated range for energy, distance between the cationic centres, total dipole and PSA. 

From these conform ations those within the most populated range o f  m olecular volume 

values were identified. This gave the conform ations within the most populated range for 

energy, distance between the cationic centres, total dipole, PSA and molecular volume. 

Finally, from these conform ations those within the most populated range o f  m olecular 

area values were identified. This gave the conform ations within the most populated range 

for all six param eters and the most likely candidates for the B.AC (Table 5.1).

Table 5 .1.- The conform ations identified for each step in the search for t le BAC for 19b
Function Energy Distance Total Dipole PSA Volume Area
Energy X 102 56 21 3 1

To ensure the veracity o f  this method this procedure was repeated using different starting 

points but following the same order (energy, distance between cationic centres, total 

dipole, PSA, molecular volume and molecular area). Table 5.2 shows the num ber o f 

conform ations identified in each step for 19b, where X denotes the starting point for each 

search for the potential BAC. The corresponding tables for all other ligands can be seen 

in the appendix.

Table 5.2.- The conform ations identified for each step at different starting points in the
search for t le BAC for 19b

Function Energy Distance Total Dipole PSA Volume Area
Energy X 102 56 21 3 1

Distance 1 X 115 48 II 5
Total Dipole 2 1 X n o 31 9

PSA 4 1 1 X 57 18
Volume 14 8 5 1 X 36

Area 51 29 16 6 1 X

111



Conform ations w ithin 5 kcal/mol o f  GM EC identified

M PR for each param eter identified

Confs. \Mthin 
MPR of energ\

Confs. \\ithin 
MPR of energ\- 
and distance

Confs. \Mthin 
MPR of energ> 
distance and 
t. dipole

Confs. within 
MPR of energ) 
Distance, t. 
dipole and PSA

Confs. within 
MPR of energ> 
distance, dipole 
PSA & \olum

Confs. within 
MPR of energ\ 
distance, dipole 
PSA volume 
& area

Confs. within 
MPR of distance

Confs. within 
MPR of distance 
and t. dipole

Confs. within 
MPR of distance 
t. dipole and 
PSA

Confs. within 
MPR of distance 
t. dipole. PSA 
and \ oliune

Confs. within 
MPR of distance 
t. dipole. PSA 
volume & area

Confs. within 
MPR of distance 
t. dipole. PSA 
volume, area
& energy

Confs. within 
MPR of t. dipole

Confs. within 
MPR of t. dipole 
and PSA

Confs. within 
MPR of t. dipole 
PSA and 
^olunle

Confs. within 
MPR of t. dipole 
PSA. volume 
and area

Confs. within 
MPR of t. dipole 
PSA. volume 
area & energ>-

Confs. within 
MPR of t. dipole 
PSA. volume 
area, energy 
& distance

Confs. within 
MPR of PSA

Confs. within 
MPR of PSA 
and volume

Confs. within 
MPR of PSA 
\ olume and 
area

Confs. within 
MPR of PSA 
\ olume. area 
and energ}

Confs. within 
MPR of PSA 
\ olume. area 
energ) & dist

Confs. within 
MPR of PSA 
\ olume. area 
energ\'. distanc 
& t. dipole

Coiifs. within 
MPR of ̂  olume

Confs. within 
MPR of volume 
and area

Confs. within 
MPR of v olume 
area and 
energy

Confs. within 
MPR of ̂  olume 
area. energ> 
and distance

Confs. within 
MPR of \ olume 
area, energy 
distan. & dipole

Confs. within 
MPR of volume 
area, energy 
distance, dipole 
&PSA

Confs. within 
MPR of area

Confs. within 
MPR of area 
and energy

Confs. within 
MPR of aiea 
energ> and 
distance

Confs. within 
MPR of area 
energ>. distan 
and t. dipole

Confs. within 
MPR of area 
energy. distan 
dipole & PSA

Confs. within 
MPR of area 
energy, distan 
dipole. PSA 
& \olume



5.3 C onform ational Analysis o f the alkyl to -gu an id in es, 19b-h

The first family o f  compounds to undergo random conformational analysis were the 

guandines 19b-h. The most populated range for each ligand can be seen in Table 3, as the 

length o f  the methylene chain linking the two guanidine groups increases the most 

populated ranges o f  the area and volume increase too. This is an expected result due to 

the addition o f  extra atoms to the linker. However, as can be seen from Table 5.3 there is 

no clear pattern for the increase in area and volume as the ligands increase in length.

Table 5.3.- Summai-y o f  the Conformational Analysis results obtained for the alky! b is-

guanidines, 19b-h
NH NH

n = 8 , 9, 10,  11,  12, 13,  14
/  ' - . . / 1

nH
HjN N 

H

Function 19b 19c 19e 19f 19d 19g 19h
Energy

(kcal/mol)
1 5 -  16 1 8 -  19 15 -  16 1 9 - 2 0 1 9 - 2 0 2 0 - 2 1 2 0 - 2 1

Distance (A) 1 0 - 1 1 1 1 - 1 2 1 2 - 1 3 1 2 - 1 4 1 2 -  15 13 -  15 1 4 -  18
Total Dipole 

(Db)
1 4 5 -
150

6 0 - 7 0 1 7 0 -
175

1 4 0 -  150 7 5 - 8 0 7 5 - 8 0 4 0 - 4 5

PSA
(A^)

2 6 0 -
270

2 6 0 -
280

2 6 0 -
270

2 6 0 - 2 7 0 260 -  270 260 -  280 27 0 -2 8 0

Volume (A^) 8 3 0 -
840

8 6 0 -
870

9 4 0 -
950

1 0 0 0 -
1010

1 0 2 0 -
1050

1 0 8 0 -
1110

1090 -  
1110

Area
(A^)

5 3 0 -
540

5 6 0 -
570

5 8 0 -
590

6 1 0 - 6 2 0 6 5 0 - 6 7 0 690 -  700 7 1 0 - 7 5 0

Another parameter that also increases with the length o f  the molecule is the distance 

between the cationic centres. In this case as the chain length increases the distance 

between the cationic centres increases by 1 A. This is particularly the case for the ligands 

19b, c, e and f. From this data we may hypothesize that these four molecules share a 

similar bent or U shape. However, for the molecules 19d, g and h we see a widening o f  

the distance between the cationic centres.
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As stated earlier in this chapter the energy o f each conformation is dependent on the 

number o f  atoms in the molecule and their relationship to each other. Beanng this m 

mind the fact that 19b and 19c possess the same most populated range in energy is 

interesting. This may indicate that 19c is taking a slightly energetically disfavoured shape 

similar to 19b. In the case o f  the dipole moment there is no definable trend, with 19h 

having the smallest dipole moment and 19e the largest values, w4iile the other molecules 

share dipole moments in between the two ranges.

Finally, with the PSA all seven molecules having the same range o f 260 to 270 A^, this 

result is not surprising considering that all the molecules have six nitrogen atoms. Due to 

the way the PSA is calculated this indicates that ail the molecules within this family share 

a similar ftmctional group orientation.

Table 5.4.- Number o f potential BAC identified for each molecule
Compound Number o f Conformations

19b 1
19c 4
19e 2
19f 1
19d 8
19g 3
19h 3

Table 5.4 shows the number o f  BAC identified for each alkyl />/s-guandine following the 

procedure outlined earlier in this chapter. From Table 5.4 we can see that following this 

procedure, the compounds 19b and 19f generated one potential BAC each, while 19c and 

19e generated four and two BACs, respectively. 19g and 19h generated three each and 

19d generated eight BACs.

Regarding the conformations o f 19b and 19c we can see that both structures show a 

broad U shape (Figure 5.5a and 5.5b, respectively). Similarly, when we look at the BACs 

o f 19e and 19f we can see the U shape being repeated (Figure 5.6a and 5.6b, 

respectively). However, when we look at the conformations o f 19d we can see that when
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the conformations are overlapped over one another (Figure 5.7a) a general shape cannot 

be seen. In fact the broad U shape is repeated for 19g (Figure 5.7b) but not for 19h. For 

19h we start to see a flattening of the broad U shape, although the molecule does still 

possess a slight curve (Figure 5.8a).

Figure 5.6a.- Overlap of the BAC of 19e Figure 5.6b.- BAC overlap for 19f
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Figure 5.7a.- BAC overlap for 19d Figure 5.7b.- BAC overlap for 19g

Figure 5.8a.- BAC overlap for 19h Figure 5.8b.- overlap BAC 19b-h

Due to the general U shape o f  the potential BAC generated for each molecule we then 

overlapped one conformation from each o f the molecules over one another to generate 

Figure 5 .8b. From this Figure 5 .8b we can see that indeed six out o f  the seven molecules
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boast a sim ilar shape, the BAC for 19d proving to be the exception. This w ould indicate 

that the distance and the PSA param eters can be used to determ ine if  the structures o f 

m olecules w ould be sim ilar or not.

5.4 C onform ational Analysis o f the alkyl Z>/5-guanidino carbonyls

The m ost populated ranges for the six param eters for the six alkyl /)w-guanidino 

carbonyls synthesized are shown in Table 5.5. The area and volum e increase as the length 

o f  the linker increases. This result is sim ilar to that obtained for the alkyl Z?/5-guanidine 

series. Similarly, there is no discem able pattern in the increase o f  the area and volume. 

The distance between the cationic centres also increases as the length o f  the chain length 

increases. This result is expected in linear conform ations when the chain length increases. 

The trend in the changes in distance as the linker chain increases w itnessed for the 

guanidines 19b-h is also observed for the guanidino carbonyls 23a-f. For the alkyl bis- 

guanidino carbonyls 23a-f we again see a w idening in the m ost populated range o f 

distances, which spans 11 and 18 A.  Finally, in general the three param eters o f  Distance, 

Volum e and Area for the alkyl ft/5-guanidino carbonyl series are m uch larger across the 

six m olecules com pared to the alkyl Z)/5'-guanidincs. This result is to be expccted due to 

the presence o f  the two extra carbonyl groups.

The range o f energy values obtained for the alkyl ftw-guanidino carbonyl family (between 

-8 and -9.9 kcal/mol) are m uch narrow er than the ranges obtained for the alkyl bis- 

guanidines. The most populated energy ranges for each /?/5-guanidino carbonyl derivative 

are sim ilar to one another, except for 23f. Sim ilarly, to the alkyl ^w -guanidines this could 

indicate that all the alkyl Z?w-guanidino carbonyls share a sim ilar conform ation. The most 

populated range for the dipole m om ents o f  the alkyl Z^w-guanidino carbonyls 23a-c, is the 

same (145 -  155 Db). This result is quite interesting and could indicate that the polar 

extrem ities o f  the three m olecules are orientated in a sim ilar direction. Com pounds 23d  

and 23e also have the same m ost populated dipole m om ent (110 -  125 Db) range 

although lower than that o f  23a-c, and 23e. C om pound 23f, on the contrary, has a higher
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most populated range for the dipole moment than the other compounds including all o f 

the alkyl ^/j-guanidine molecules.

Table 5.5.- Summary of the Conformational Analysis results obtained for the alkyl his-
guanidino carbonyls, 23a-f 

NH O O NH
II 11 r 11 n = 8, 9. 10, 11, 12. 14

HoN N N NHo
H  ̂ Jn H

Function 23a 23b 23c 23d 23e 23f
Energy -9 .9 - -9 .9 - -9 .9 - -9 .9 - -9 .9 - -8 .9 -

(kcal/mol) -8.0 -8.0 -8.0 -9.0 -9.0 -8.0
Distance (A) 1 1 -1 2 1 2 -  14 13 -  14 13 -  16 13 -  17 1 4 -1 8
Total Dipole 145- 145- 145- n o - 115- 170-

(Db) 150 155 155 125 125 185
PSA 3 0 0 - 3 0 0 - 3 0 0 - 3 0 0 - 3 0 0 - 3 0 0 -
(A )̂ 310 320 320 320 310 310

Volume (A )̂ 9 2 0 - 9 6 0 - 1000- 1060- 1090- 1240-
930 970 1010 1100 1140 1270

Area 5 8 0 - 6 1 0 - 6 4 0 - 6 7 0 - 6 8 0 - 7 5 0 -
(A )̂ 590 620 650 680 730 760

The PSA ranges are again identical to one another (300 to 310 A“) but larger than those 

o f the alkyl ^/A-guanidines (260 to 270 A )̂. This result is to be expected because o f the 

presence o f the two extra carbonyl groups. Again this information supports the belief that 

all the alkyl i/i-guanidino carbonyl molecules share a similar structural conformation.

Following the same procedure used for the guanidines the potential BACs of the alkyl 

6/5-guanidino carbonyls were identified (Table 5.5). Multiple BACs were identified for 

23b, 23d and 23e while single BACs were identified for 23a, 23c and 23f. For the 

multiple conformations o f 23d-e we can see a general U shape trend (Figure 5.9a and 

5.9b). For 23b however, there is a kink in three out of the four BACs thus giving it a W 

shape (Figure 5.10). Again this result is quite interesting considering that all other 

molecules share a curved structure (Figures 5.11a and Figure 5.1 lb).



Table 5.6.- Miimber of potential BAC identified for each molecule
Compound Number of Conformations

23a 1
23b 4
23c 1
23d 9
23e 7
23f 1

Figure 5.9a.- Overlap of the BACs of 23d Figure 5.9b.- Overlap of the BACs of 23e

m

I

Figure 5.10.- Overlap of the BACs of 23b 

(left) and BAC of 23a
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Figure 5 .11a .-Overlap o f  the B AC of23c Figure 5.1 lb . - Overlap o f the BAC o f2 3 f

The overlapping o f one o f conformations o f each molecule gives a general U shape for 

this family o f  compounds (Figure 5.12). This general shape is similar to the overall shape 

obtained for the alkyl ^>/s-guanidines.

Figure 5.12.- Overlap o f  the BAC of the alkyl Z»/s-guanidino carbonyls 23a-f
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5.5 C onform ational Analysis o f the alkyl to-l-im id azolin es., 24a-f

In Table 5.7 the m ost populated ranges for the sam e six param eters for all six bis-2- 

im idazolines synthesized and for S I 5430 are presented. This com pound, S I 5430, has 

been included in the study because it is considered the lead com pound o f  the series. The 

area and volum e ranges increase as the length o f  the linker increases. The result is sim ilar 

to those obtained for both the alkyl fe«-guanidines and the alkyl ^w-guanidino carbonyl 

series and once again there is no clear pattern in the increase in area and volume. The 

distance between the cationic centres also increases as the length o f  the chain length 

increases. This result is expected in linear conform ations when the chain length increases. 

The trend w itnessed for the alkyl Zj/i'-guanidines 19b-h and the alkyl few-guanidino 

carbonyls 23a-f is again found for the alkyl Z>/5'-2-imidazolines 24a-f. The only difference 

is a w idening o f  the most populated range for the distance param eter in the case o f  24f. 

What is interesting to note is that the distances between the cationic centres o f  the alkyl 

Z)/.s'-2-imidazolines are sm aller than those o f  the alkyl Z)/.y-guanidines and the alkyl bis- 

guanidino carbonyls. This can be rationalised by the removal o f  the secondai'y am ine o f 

the guanidines and the amide bond o f the ketoguanidine, thus shortening the distance 

between the centres o f  the positive charges as expected (Figure 5.13). For SI 5430 (Table 

5.7), the area and volum e values are approxim ately h a lf o f  those o f  24f. Similarly, the 

distance between the im idazoline sp^ carbon and the term inal carbon atom is also 

approxim ately h a lf the value for 24f.

Figure 5.13.- Functional groups; guanidino carbonyl, guanidine and im idazoline

The energy values are the largest values obtained yet and, sim ilarly, to the alkyl bis- 

guanidino carbonyl series, are identical to one another (48 -  49 kcal/m ol). Based on the 

results obtained for the alkyl Z>w-guanidines and the alkyl Z?w-guanidino carbonyls, we 

would expect that the general shapes o f  the alkyl />w-2-imidazoline conform ations w ill be
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similar to each other. The dipole moment ranges again show no clear pattern. In the case 

of SI 5430 the energy range is smaller than those of the alkyl i/j-2-imidazolines and the 

dipole range is again approximately half o f those for 24f.

Table 5.7.- Simimary of most populated ranges for the Alkyl />/.v-2-imidazolines
HN

n = 8, 9, 10, 11, 12, 14 S 15 43 0
Function 24a 24b 24c 24d 24e 24f S15430
Energy

(kcal/mol)
4 8 -
50

4 8 -
49

4 7 -4 9 4 7 -4 9 4 8 -4 9 4 8 -4 9 1 4 -1 5

Distance (A) 8 - 9 9 - 1 0 1 0 - 12 1 0 - 12 1 2 -  13 1 2 -1 5 6 - 7
Total Dipole 

(Db)
6 0 -
65

7 5 -
80

6 0 -6 5 9 5 -  105 150-
160

110-
120

7 0 -7 5

PSA
(A )̂

100-
110

10 0 -
110

100-
110

100-
110

10 0 -
110

100-
110

4 0 -5 0

Volume (A )̂ 89 0 -
900

9 4 0 -
950

1020-
1030

1040-
1090

1070-
1080

1220-
1260

6 7 0 -
680

Area
(A )̂

58 0 -
600

6 0 0 -
610

6 3 0 -
650

6 4 0 -
690

6 8 0 -
690

7 4 0 -
760

4 3 0 -
440

The PSA ranges of the alkyl />/\y-2-imidazolines are identical to each other, a result that is 

expected based on the results for the previous two families. Due to the absence of the 

amide bond of the guanidino carbonyl and the secondary amine of the guanidine the PSA 

values of the alkyl ^/5-2-imidazolines are three times and two and half times smaller, 

respectively. While the values may be smaller, the fact that the alkyl ^>/5-2-imidazoline 

molecules possess the same PSA ranges indicates that the conformations should be 

similar. For SI 5430, again the PSA value is half that of 24f. This result for the PSA value 

for SI 5430 can be easily explained through tfie absence of a second imidazoline group. 

The trend in values for S I5430 can also be explained in a similar way. The molecule 

S I5430 is structurally around a half o f  the molecules 24f and 24e when compared in 

structure.
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Table 5.8.- Number of potential BAC identified for each molecule
Compound Number of Conformations

24a 5
24b 2
24c 1
24d 1
24e 5
24f 2

S I5430 4

As can be seen from Table 5.8 multiple potential BACs were identified for 24a, 24b, 24e 

and 24f. The conformations generated for 24e and 24a show an S shape (Figure 5.14). 

This makes a change compared to the general shapes of the previous two families of 

compounds (both broad U shapes). For the other four compounds with either one or two 

potential BACs the S shape is found as well (Figures 5.15 and 5.16).

Figure 5.14.- Overlap of the BACs of 
24e (left) and 24a (above)
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A ' '

Figure 5.15a.- Overlap o f the BACs o f  24b Figure 5.15b.- Overlap o f the BACs o f 24f

I \

Figure 5.16a.- Overlap o f  the BACs o f  24c Figure 5.16b.- Overlap o f the BACs o f 24d

By overlapping one potential BAC of each molecule the S shape can be observed (Figure 

5.17a). The conformational analysis o f  S15430 revealed four potential BACs and from 

this we can see that there is a preference towards an L shape (Figure 5.17b). This L shape
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can be overlapped quite easily with the S shape adopted by the alkyl /7/.v-2-iniidazolines 

(Figure 5.18).

Figure 5.17b.- BAC overlap of 24a-f Figure 5.17b.- BAC overlap for S15430

Figure 5.18.- BAC overlap 24a-f and S 15430



5.6 Conformational Analysis o f the alkyl 6/$-amidines, 25a-f

The area, volume and distance ranges, as expected, increase as the length o f the 

methylene linker chain between the two amidine groups increases. Again there is no 

obvious trend in the increase o f the volume and area as each CH2  is added to the 

molecule (Table 5.9). The distance between the positive charges again increase by 1 A 
per addition o f  each CH 2  (Table 5.9). These values are identical to those obtained for the 

alkyl ^/A-2-imidazolines. This result is not surprising because o f the similarity in the 

structure o f the two families, the only difference being the amidine moiety contained in a 

five member ring (Figure 5.19). Table 5.9 also shows the conformational analysis for the 

lead compound pentamidine discussed in Chapter 4. The area values for pentamidine are 

similar to those obtained for 25c, while the volume values are similar to those obtained 

for 25e. This was an unexpected result but looking at the value for the distance we can 

deduce that the molecule has an extremely curved shape. This hypothesis can also be 

rationalised due to the presence o f the two aromatic groups in the molecule. These 

aromatic moieties can potentially lead to stacking.

Table 5.9.- Summary o f  most populated ranges for the ^n-amidines 
NH NH

H2N NH2

n = 8,  9.  10,  11,  12,  14

5

NH NH
Pentamidine

Function 25A 25B 25C 25D 25E 25F Pentamidine
Energy

(kcal/mol)
1 7 -  18 1 6 -1 7 1 6 -1 7 1 6 -  18 1 6 -

17
1 6 -1 7 1 1 -  13

Distance (A) 8 - 1 0 9 - 1 0 1 0 -1 1 1 1 -1 2 1 2 -
13

13 -  15 4 - 5

Total Dipole 
(Db)

n o -
115

1 0 0 -
110

1 1 0 -
115

1 1 5 -
130

1 3 5 -
140

6 5 -7 5 6 5 - 7 0

PSA
(A^)

2 5 0 -
260

2 5 0 -
260

2 5 0 -
260

2 5 0 -
260

2 5 0 -
260

2 5 0 -
260

2 0 0 -2 1 0

Volume (A"*) 7 7 9 -
780

8 2 0 -
830

8 8 0 -
890

9 3 0 -
950

9 8 0 -
990

1120-
1140

960 -  970

Area
(A^)

5 1 0 -
520

5 2 0 -
540

5 5 0 -
560

5 8 0 -
590

6 0 0 -
630

6 7 0 -
680

5 5 0 -5 6 0
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NH

R^^NH2 H
Figure 5.19.- Structure o f  the amidine and im idazoline functional groups

The restriction o f  the am idine m oiety in the alkyl i>/5'-2-im idazolines w ould also explain 

why the energy values o f  the am idines are m uch lower than those o f  the alkyl b is -2 -  

im idazolines (nearly three times sm aller for each molecule). The dipole m om ents o f  the 

alkyl iw -am idines are higher than those o f  the alkyl /)/5’-2-im idazolines. This is not 

surprising because the free am idine m oiety w ould be m ore polarised than the restricted 

am idine moiety o f  the alkyl 6z5'-2-im idazolines. Thus, nitrogen atom s w ould exert a 

greater pull on the electrons o f  the sp^ carbon creating a greater positive charge and thus a 

larger dipole moment. The energy values for pentam idine are sim ilar to those obtained 

for the alkyl Z?/5'-2-im idazolines. A lthough these values are slightly lower than the alkyl 

Z?/5-2-im idazolines they do not m le out the possibility o f  stacking in the molecule.

The PSA values are, again, equal across the alkyl 6/5-am idine fam ily and are two times 

larger than those values obtained for the alkyl 6/5-2-im idazolines. This result can be 

rationalised by the unrestricted nature o f  the am idine m oiety m eaning that less o f  the 

nitrogen orbitals are involved in bonding to o ther atom s and are m ore dispersed. This in 

turn leads to a greater PSA. The PSA o f  pentam idine is sim ilar to the PSA values for the 

6w-amidines.

Table 5.10.- N um ber o f  potential BAC identified for each m olecule
Com pound N um ber o f  C onfonnations

25a 1
25b 10
25c 2
25d 7
25e 2
25f 1

Pentam idine 1
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As can be seen from Table 5.10, 25b to 25e produced multiple BACs. Compounds 25b 

and 25d, the two molecules with the largest numbers o f potential BACs, share the broad 

U shaped structure previously seen in both the alkyl ^j/i'-guanidines and the alkyl bis- 

guanidmo carbonyl series (Figure 5.20). Similarly, compound 25c also shows this same 

U structure (Figure 5.21a). Compound 25e however, possesses the S shape structure seen 

for the alkyl A/i-2-imidazolines (Figure 5.21b). Compounds, 25a and 25f, also share the 

broad U shape o f  25b and 25d (Figure 5.22a and 5.26b, respectively).

Figure 5.20a,- Overlap o f the BACs o f 25b

//

' ' y .
/

Figure 5.20b.- BACs overlap for 25d
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Figure 5.21a.- Overlap of the BACs of 25c Figure 5.21b.- BACs overlap for 25e

Figure 5.22a.- Overlap of the BACs of 25a Figure 5.22b.- BACs overlap for 25f

When overlapping a selected BAC of each molecule, the general U shape can be seen, 

with the exception of 25e (Figure 5.23a). Pentamidine also exhibits a U shape, however 

this IJ shape is far more pronounced and shows the possibility o f  aromatic stacking in the 

molecule (Figure 5.23b). However, this meant that the overlap of pentamidine with the



amidine family results in a different picture to that o f the alkyl />/s-2-imidazolines anc

5.7 Summary and Conclusions

The data obtained from the most populated ranges o f parameters o f each family of 

ligands presents several clear trends. Firstly, there is no trend to be seen in the Total 

Dipole o f any o f  the molecules. Secondly, as the length o f the methylene linker between 

the two functional groups increases, the area, volume and distance values increase as 

well. In the majority o f cases as a CH2  moiety is added to the linker the distance between 

the cationic centres increase by 1 A. Thirdly, both the PSA and Energy cannot be used as 

an indicator o f  affinity towards I2-IBS based on the results for pentamidine and SI 5430 

(pÂ , I2-IBS = 7.85 and 6.9 respectively, PSA = 200 -  210 and 40 -  50 A ,̂ 

respectively. Energy = 1 1 - 1 3  kcal/mol and 1 4 - 1 5  kcal/mol, respectively). However, 

the PSA can be used as an indication o f whether the ligands within a family share a 

similar shape.

S15430.

Figure 5.23a.- BAC overlap o f  25a-f Figure 5.23b.- BAC pentamidine
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H,.
V*\  r

(I■(' V

12-IBS

Figure 5.24.- Possible interaction o f  pentamidine with the h-IBS

From the BACs of each compound four distinctive shapes are apparent. These are U, S, 

W and L. The U shape is the most prevalent shape and can be found in all four families. 

The U shape can also be found in pentamidine. In the case of pentamidine binding to the 

I2-IBS, it is likely that both amidine moieties iire involved in the actual binding to the 

receptor. Due to the clo.se proximity of both moieties to one another it is also likely they 

are binding to the same site (Figure 5.24).

12-IBS'

Figure 5.25.- Possible interaction of 19b with the F-IBS
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Based on this possible mode o f interaction between Pentamidine and the I2 -IBS we can 

propose two possible modes o f interaction between the four ligand families and the I2 - 

IBS. These can be seen in Figures 5.25 and 5.26. The first mode o f interaction may be the 

binding o f the ligand to two distinct sites within the I2 -IBS (Figure 5,25). The second 

mode o f interaction could be through one functional group moiety bound to an I2 -IBS and 

the rest o f the molecule is blocking the site from other potential ligands (Figure 5.26). 

The second mode o f interaction offers an explanation for the binding o f  the molecules 

possessmg a W, S or L shape.

Figure 5.26.- Possible interaction o f 19h with the I2 -IBS

To confirm either o f these two modes o f  interactions we needed to examine the biological 

competitive binding assays. The results o f these assays shall be discussed in the next 

chapter.
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Chapter 6

Biological assay results for the alkyl 
bis-guanidines, alkyl bis-guanidino 
carbonyls, alkyl bis-2-imidazolines 

and alkyl bis-amidines
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6.1 Introduction

As stated in Chapter 1 the objective o f this thesis was three fold. Firstly, the synthesis o f 

four new families o f ligands we hoped would prove to be selective for I2 -IBS over 0 2 - 

ARs. These ligands were the alkyl Aw-guanidines, the alkyl 6w-guanidino carbonyls, the 

alkyl ^)w-imidazolines and the alkyl Z>w-amidines. Second the examination o f the 

conformations and potential pharmacophoric elements that the ligands may have using 

conformational analysis. Using the results generated by the confoiTnational analysis we 

then wanted to examine possible characteristics and/or shapes that the ligands may share 

in common to generate a SAR. Finally, the biological evaluation o f the compounds 

synthesized as potential I2 -IBS ligands. This would allow us to ftirther develop the SAR 

and possible interaction pattern o f the compounds with the I2 -IBS.

To evaluate the compounds as potential I2 -IBS ligands competitive binding assays against 

either the selective I2 -IBS radioligand [3H]-2-BFI or against the a 2 -AR radioligand [3H]- 

RX821002 (Figure 6.1). The tests were perfonned using the frontal cortex o f post mortem 

human brain tissue because this tissue is rich in h-IBS.'^^’'^  ̂ From these tests the 

inhibition constant (A'l) was obtained and are expressed as the corresponding pATj in the 

tables throughout this chapter. In all cases Idazoxan (pÂ ; I2 -IBS = 8.37, pÂ i tt2 -ARs = 

7.72 l2 -IB S/a 2 -AR selectivity = 1.35, Figure 6.1) was used as a reference value. The 

compounds with a high affinity towards I2 -IBS (pÂ j > 6) were also tested for their I2 - 

IB S/a 2 -AR selectivity. The l2 -IB S/a 2 -AR selectivity was calculated using the antilog of 

the difference between the pÂ i I2 -IBS and the a 2 -ARs (i.e. antilog(pA^i I2 -IBS- pÂ , 0 .2-

ARs)).

H

2-BFI Idazoxan R = H 
RX821002 R = OMe

Figure 6.1.- Structures o f 2-BFI, Idazoxan and RX821002
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The results of these competitive binding assays and their impact on the possible mode of 

interaction with the I2-IBS will be discussed in the following sections. A SAR will also 

be proposed.

6.2 Biological results for the alkyl 6w-guanidines series of compounds, 19a-h

The competitive binding assay results for the alkyl 6 /5 -guanidines are summarized in 

Table 6.1. The alkyl ^>/s-guanidines previously synthesized by our group are marked with 

an asterisk (*). From the trend seen in the original alkyl ^/s-guanidines synthesized we 

would like to verify if by increasing the length o f the methylene linker the affinity 

towards the I2 -IBS would increase. The values presented in Table 6.1 show that this trend 

is indeed observed for all the alkyl ^/^-guanidines with the exception of 19h. This data 

indicates that there may be aii optimum chain length of 13 methylene moieties.

Table 6.1.- Summary of the competitive binding assays for the alkyl 6 /a’-guanidines
Name Stnicture p K , I2 -IBS pK ,  a2-ARs Selectivity I)-IBS/a2 -ARs

!9b NH NH

A H  AHjN n T T n NH2

6 . 2 0 * 6 . 2 6 * 0 . 8 7 *

19c NH NH

A w A
H2N N ' 'N NHo 

H

6 . 8 9 * 6 . 0 7 * 6 . 6 1 *

19e

f2Z
IP

Z
I

2CN
r

6 . 8 6

19f NH NH

H A
H2N [^t

7 . 1 9

19d NH NH

K  ^H2N N'[ [N  NH2

7 . 4 8 * 6 . 2 9 * 1 5 . 4 9 *

I9g NH NH
,11 u  ,1.

H2N' " N 1 T n ' 'NHo
H i ii^

7 . 8 6

19h N H  N H

■i W
H j N "  'N'T Tn ' N H -.

H

6 . 8 2
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6.3 Biological results for the alkyl 6/5-2uanidino carbonyl series of compounds. 23a-f

The results o f the competitive binding assays for the alkyl ^)w-guanidino carbonyls are 

shown in Table 6,2. The most potent o f these compounds is 23a. The length o f  the chain 

seems not to have a clear trend in the compounds affinity towards I2 -IBS and the results 

vary depending on this chain length (see Graph 6.1). In Graph 6.1 the aflfinity towards I2 - 

IBS o f  both the alkyl Z)/s-guanidines and the alkyl 6/s-guanidino carbonyls series is 

shown. There is a drastic difference between the results obtained for the alkyl bis- 

guanidines and the alkyl ^/5-guanidino carbonyls. Despite this however, the results for 

both 19b and 23a are very similar. The largest difference in affinity towards I2 -IBS is 

between the compounds 19f and 23d, where 19f shows an affinity neariy 100 times 

higher than that o f  the 23d. From this data we may conclude that addition o f  a carbonyl 

moiety to the guanidine moiety is detrimental to I2 -IBS affinity.

Table 6,2.- Summary o f the competitive binding assays for the alkyl Z)/5-guanidino 
_______   carbonyls_________ _________________________

N am e Stnictiire p ^ . I2 -IBS pA', a2-A R s S electiv ity  l 2 -IB S /a 2 -A R s
23a NH 0 0 NH

H2N N M  N NH2 

8

6 . 11 5 . 1 2 10

23b NH 0  0  NH

H2N N T j  N NH, 
H I Ig H

5 . 2 0 nt nt

23c NH 0  0  NH
II  I I ,  J i

H2 N N 1 N NH2 
H ‘ ^

5 . 6 9 nt nt

23d NH 0  0  NH 

H M „  „

5 . 0 6 nt nt

23e NH 0  0  NH

' i .  1-^- AH2 N N j ' l  N NH2 
H 12 ^

5 .9 1 nt nt

23f NH 0  0  NH
I  11 ,  J  11

H2N N H  N NH2 
H 1 H

5 . 7 0 nt nt
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8.5

8

♦ — IBS Guanidines

4,5

4 Guanidinocarbonyls

8 9 10 11 12 13 14

Length o f  methylene linker chain

Graph 6.1.- Affinity o f  both the alkyl 6/5-guanidines and the alkyl 6/5-guanidino
carbonyls towards I2 -IBS

6.4 Biological results for the alkyl 6»-im idazolines series o f compounds, 24a-f

The results o f  the biological testing o f  the alkyl ^>/5-imidazolines and the known I2 -IBS 

ligand S I 5430 are shown in Table 6,3. From these results and using the length o f  the 

methylene linker chain as an indicator a general trend seems to emerge. Except for 24a, 

as the length o f  the chain increases the affinity towards I2 -IBS increases as well. Unlike 

the alkyl ^>/A-guanidine series however, the compound with the longest chain, 24f, does 

not show low er affinity towards I2 -IBS than compound 24e, Comparing the I2 -IBS 

affinities o f  the alkyl ^>z5-imidazolines, the alkyl />/i-guanidines and the alkyl his- 

guanidino carbonyls (see Graph 6.2), we can see that once again when the length o f  the 

methylene linker chain is eight all three compounds 19b, 23a and 24a possess sim ilar 

affinity. The other alkyl ^Jw-imidazolines show higher affinity values than those o f  the 

corresponding alkyl ^>/.v-guanidino carbonyls but these values are nearly 10 tim es lower 

than those o f  the alkyl ^J/i'-guanidines. This may indicate the importance o f  the secondary 

amine moiety o f  the guanidine m olecule to I2 -IBS affinity (Figure 6.2),
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Table 6-3.- Summary o f the competitive binding assays for the alkyl Z>/,y-imidazolines
Name Stnictiire p^i I.-IBS p.^i a2-ARs Selectivity L-IBS/a^-ARs

24a

8

6.30 4.23 1 17

24b / " N

9

5.64 nt nt

24c / ^ N  N - ^  

10

5.86 nt nt

24d / ^ N  N - A  

11

6.19 4.60 39

24e / " N  N - ^

12

6.25 4.22 107

24f
H 1 1  H

14

6.38 3.56 661

SI 5430 N " A

6

6.90 <4 794

S  7.5

-♦— IBS Im idazolines

■ — IBS (tuan id ines

■A— n^S (iuanidinocarbonvls

8 9 10 11 12 13 14

Length o f  the methylene linker chain

Graph 6.2.- Affinity o f the alkyl ^>/s-guanidines, the alkyl Z)/s-guanidino carbonyls and 
the alkyl ^/^-imidazolines towards I2 -IBS
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Secondary amine BU224
Figure 6.2.- The secondary amine moiety o f a guanidme and the structure of BU224

The affinity o f  the alkyl 6/5-imidazolines towards the a 2-ARs is also shown m Table 6.3. 

The results show that, with the exception o f 24a, as the length o f the methylene linker 

chain increases the affinity towards the a 2-ARs decreases. This is a very promising result 

because when the selectivity o f the alkyl /7/5 -imidazolines towards the I2-IBS over the a 2- 

ARs is calculated (see Table 6.3) they show that 24a, 24e and 24f are very selective. Both 

24a and 24e possess a similar selectivity to that shown by S I5430, the compound used as 

a basis for the synthesis o f the alkyl /)/s-imidazolines. However, 24f possesses near 

identical selectivity as shown by S I5430 and close to that o f BU224 (Figure 6.2, 

selectivity l2/ a 2 = 832, the compound used in the competitive binding assays). This 

result, when compared to the available data for the alkyl />/5-guanidines indicates that for 

improved selectivity the secondary amine moiety o f the guanidine group is not necessary 

(a result that is in conflict with that obtained for I2-IBS affinity where the secondary 

amine moiety is necessary).

6.5 Biological results for the alkyl A/A-amidines series o f compounds, 25a-f

The biological assay results for the alkyl />/5-amidmes and for the known I2-IBS ligand, 

pentamidine, can be found in Table 6.4. Interesting to note is the I2-IBS affinity o f 

compound 25a. This value is nearly 200 times lower tlian those o f the corresponding 

values o f  the compounds 19b, 23a and 24a (Graph 6.3), The values o f the other alkyl bis- 

amidines behave similarly to the alkyl 6 /5 -imidazolines and the alkyl />/5-guanidines. As 

the length o f the methylene linker chain increases the affinity towards I2-IBS also 

increases (see Graph 6.3). However, unlike the alkyl /?/5-imidazolines (whose I2-IBS 

affinity values are 10 times lower than those of the alkyl />/5-guanidines) the I2-IBS 

affinity values o f the alkyl 6/5-amidines are similar to those o f the alkyl 6 /5 -guanidines.
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This result shows that the secondary amine moiety o f the guanidme group is not 

important for I2 -IBS affinity but that an amidine moiety is important.

Table 6.4.- Summaiy o f the competitive binding assays for the alkyl /)/5-aniidines
Name Structure P^.

I2 -
IBS

«2-
ARs

Selectivity
l2-IBS/a2-

ARs
25a N H  N H

H 2 N ' '^ ^ ' ' j ' ^ j ^ N H 2

8

5.35

25b N H  N H

H 2 N '^ ^ ^ ' ' j '^ [ ^ N H 2

9

5.84

25c

25d

N H  N H

H 2 N '  M  N H j 

1 0

'N P T ‘  N H '

H 2 N  N H j 

11

6.59

6.80

4.22

4 ^ 5

234

T7¥

25e N H  N H

H 2 N N H 2  

12

7.10 4.56 347

25f N H  N H

H 2 N ' ' ^ ^ ' ' j ' ^ j ^ N H j  

1 4

7.24 4 14 1259

Pentamidine

NH NH

7.85

Unlike the alkyl ^/5-imidazolines as the length o f the methylene linker chain increases in 

length the affinity towards a 2 -ARs does not decrease, rather there appears to be no clear 

trend. Both 25d and 25e possess higher affinities towards a 2 -ARs than 25c and 25f This 

result is reflected in the l2 -IB S/a 2 -AR selectivity values o f these molecules. Compound 

25d has a lower selectivity value than both 25c and 25e. Compared to any o f the aliphatic 

twin derivatives synthesized, 25f shows an unprecedented selectivity value o f  1259. This 

value is nearly twice o f that o f the alkyl />/.s-imidazoline 24f. The other alkyl ^i/A-ami dines 

show higher selectivity values compared to their corresponding alkyl 6w-imidazolines. 

From this data we may conclude that an unrestricted free amidine moiety is important for 

l2 -IB S/a 2 -AR selectivity compared to the restricted amidine moiety o f the imidazoline 

group.
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IBS Amidines 
IBS Imidazolines 
IBS Guanidines 
IBS Guanidinocarbonyls

8.5
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s
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Length o f the methylene linker chain

Graph 6 3 .-  Affinity o f  the alkyl ^>7A-guanidines, the alkyl ^/i-guanidino carbonyls, the 
alkyl ^zs-imidazolines and ihe alkyl />/A-atmdines towards I2-IBS

6.6 Structure Activity Relationships I7-IBS affinity

To further pursue a SAR between the four families o f  ligands and to support the 

hypotheses suggested at the conclusion o f  the previous section we combined the data 

from Tables 6.1 -  6.4 into a new  table (Table 6.5) based on the ranges o f  I2 -IBS and o f  

a 2 -AR affinities.

Table 6.5.- Ligands used to create SAR for l 2 -IB S /a 2 -ARs selectivity
I2 -IBS affinity 

ranges
a 2 -AR affinity 

ranges
Ligand name Total num ber o f  

ligands
5 - 6 - 23b-f, 25a-b, 24b-c 9
6 - 7 - 19b-c,19h, 23a, 24a, 24d- 

f, 25c-d
11

7 + - 19f-g, 25e-f 5
- 3 - 4 24f 1
- 4 - 5 24a,24d-e, 25c-f 7
- 5 - 6 23a 1
- 6 - 7 19b-c,d 3
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I:~IBS pKi  range between 5 - 6

From Table 6.5 we can propose two SARs, first, for b -IBS  affinity and, second, for I2 - 

IBS/a^-ARs selectivity. Regarding Ii-IBS affinity, a general trend can be observed. The 

presence o f  a carbonyl moiety added to a guanidine group lowers the I2 -IBS affinity no 

matter the length o f  the aliphatic chain linking the two groups. If we look at ail the BACs 

of the guanidino carbonyls overlapped we can see that, there are is very little 

conformational similarities between the conformations (Figure 6.3). This would support 

the hypothesis that the guanidino carbonyl functional group is not a suitable functional 

group for I2 -IBS binding. However, short chain molecules bearing an imidazoline group 

or an amidine group at both ends also display low affinity towards I2-IBS. This may 

indicate that there is an optimum aliphatic chain length for both families.

Figure 6.3.- BAC overlap o f  23a-f
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I 2 -IB SpK i range between 6 - 7

The presence o f  an imidazoline group at the end o f long aliphatic chains mcreases the 

affinity towards I2 -IBS. It also appears that the chain length reaches an optimum length o f 

either 12 or 13 methylene groups for I2 -IBS affinity (Table 6.3). For the alkyl bis- 

amidines prepared here, however, an optimum chain length has not yet been reached. In 

the case o f the guanidine ligands an optimum chain length for I2 -IBS affinity has been 

achieved and it lies within the ligands 19f-g, since the affinity towards I2 -IBS o f 19h is 

lower than all three. Overlapping the BAC o f ligands 19a-b, 24a, 24c-f, 25c-d we can see 

that all six molecules adapt a similar disposition for the alkyl chain but the onentation o f 

the functional groups differ.

Figure 6.4.- BAC overlap o f 19a-b, 24a, 24c-f, 25c-d

I 2 -IBS pK i range o f  7 - r

For the best I2 -IBS affinity either an amidine or guanidine moiety seems to be required at 

both ends o f long aliphatic chains. The fact that the guanidine functional group includes 

an amidine moiety confirms this observation (Figure 6.5). Also, the overlapping o f the
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BACs of the compounds within this range, once again reveals conformational similarities 

between the ligands at least in the linker sections (Figure 6.6).

NH

^  R.
R NH2 N

 ̂ H
Amidine Guanidine

functional group functional group

Figure 6.5.- The guanidine and amidine functional groups

P’igure 6.6.- BAC overlap of 19f-g and 25e-f

From this data we may conclude the following;

1) In general the order for increasing affmity towards I^-IBS for ligand functional

groups is the following guanidino carbonyl < imidazolines < guanidines = 

amidines.

2) Using length and functional groups as an indicator of F-IBS affinity the following 

increasing order is observed guanidino carbonyl of any length = amidine with a 

chain length of 8 or 9 methylene chain = imidazoline with a 9 or 10 methylene

chain < imidazoline with a I I  to 14 methylene chain = amidine with a 10 or II
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chain = guanidine with a 8  or 9 or 14 chain < guanidines with a l l  to 13 chain = 

amidine with a 12 to 14 chain.

6.7 Structure Activity Relationship b -lB S /a i-A R s selectivity

Since only ligands with an I2 -IBS pK, affinity greater than six were tested for their 

affinity towards a 2 -ARs, this narrowed the set o f  ligands that could be used to produce a 

SAR for I2 -IBS selectivity over a 2 -ARs (Table 6 .6 ).

Table 6.6.- ligands used to create SAR for l 2 -IB S /a 2 -ARs selectivity
Ligand name I2 -IBS pÂ i ranges a 2 -AR pKi ranges I2 -IBS/ a 2 -ARs selectivity

23a
19b

6 - 7
6 - 7

5 - 6
"6 - 7 ’

1 0

0.87
19c 6 - 7 6 - 7 6.61
19d 7 - 8 6 - 7 15.49
24a 6 - 7 4 - 5 117
24d 6 - 7 4 - 5 39
24e 6 - 7 4 - 5 107
24f 6 - 7 3 - 5 661
25c 6 - 7 4 - 5 234
25d 6 - 7 4 - 5 178
25e 7 - 8 4 - 5 347
25f 7 - 8 4 - 5 1259

From Table 6 . 6  a general trend for selectivity regarding functional groups is observed. 

This data indicates that both the guanidine and guanidino carbonyl fiinctional groups 

possess medium affinity towards a 2 -ARs. Both the im idazoline and amidine functional 

groups, however, show  low affinity towards a 2 -ARs. The general trend appears to be in 

order o f  decreasing affinity towards a 2 -ARs guanidine < guanidino carbonyl < 

imidazolines = amidines. This may indicate the importance o f  the secondary amine 

moiety o f  both the guanidino carbonyl and the guanidine functional groups (Figure 6.7) 

to a 2 -AR binding.
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guanidino carbonyl guanidine
functional group functional group

Figure 6.7.- The secondary amine o f both the guanidine and guanidino carbonyl

functional groups

What is clear is that the absence o f this secondary amine lowers the a ffin ity  towards a^- 

ARs, thus increasing the selectivity o f the ligands towards Ii-IB S  over « 2-ARs. In 

particular i f  we examine 24e and 25e we can see that, as stated in the previous section, 

while the a ffin ity  towards a^-ARs remains sim ilar, the a ffin ity  towards h-IB S  increases 

upon the removal o f the ethylene moiety o f the im idazoline ring. A lso, i f  we examine the 

BACs o f these ligands we observe that both possess nearly identical shapes (Figure 6.8). 

This data further supports the theory that the secondary amine (Figure 6.7) is important 

fo r a^-AR binding but not fo r I:-IB S  binding.

Figure 6.8.- B A C  overlap o f 24e and 25e



Another trend regarding the length of the alkyl chain linking the two functional groups 

can be seen. In general, as the length o f this linker increases the l2 -IB S/a 2 -ARs selectivity 

also increases. The rise in selectivity is due to an increase in the aflFinity towards I2 -IBS 

rather than a reduction in the affinity towards « 2 -ARs. The affinity towards the « 2 -ARs 

remains within the same range according to the ligand family despite any increment in 

the length o f  the alkyl linker chain. This may indicate that length is a factor involved m 

the binding o f the ligand to the I2 -IBS but not for a 2 -ARs binding. Further evidence 

linking the length o f the alkyl chain and binding to the I2 -IBS can be seen in the increase 

o f the selectivity o f both the imidazolines and amidines as the length o f the linker 

increases (Table 6.7).

Table 6.7.- Imidazoline vs Amidine biological results based on chain length
Chain 
length 
(CH2)„ 

n =

Amidine
I2 -IBS

P^i

Imidazoline 
I2 -IBS pK,

Amidine
a2-ARs

pK,

Imidazoline 
a2-ARs pÂ i

Amidine I2 - 
IBS/a2- 

ARs 
Selectivity

Imidazoline
l2-IBS/a2-

ARs
Selectivity

8 5.35 6.30 4.23 117
9 5.84 5.64
10 6.59 5.86 4.22 234
11 6,80 6.19 4.55 4.60 178 39
12 7.10 6.25 4.56 4.22 347 107
14 7.24 6.38 4.14 3.56 1259 661

From this table we clearly see an increase in the selectivity as the length o f the alkyl 

chain increases. It would also appear that further increases to the alkyl chain may be 

tolerated with the exception o f  the alkyl ^/5 -guanidines. O f this family 19g showed the 

best affinity and 19d the best selectivity. This data supports both modes o f interaction 

proposed in the previous chapter. The ligands may bind to one I2 -IBS or they may be 

binding to two I2 -IBS. For the ligand to bind to one I2 -IBS we may envisage one 

functional group bound to the receptor while the remaining part o f the ligand blocks the 

unbound part o f  the receptor from other ligands (Figure 6.9b). For the ligand to bind to 

two separate I2 -IBS we may picture each functional group bound to two different receptor 

sites (Figure 6.9a). However, it may also be possible that when a ligand binds to the I2 - 

IBS both modes o f interaction are presented depending on the length o f the ligand. If this 

is the case, it may explain the large jump in the selectivity for I2 -IBS over a 2 -ARs for the
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l igands 2 4 f and 25f com pared  to 24e and 25e, respectively. D ue to the absence  o f  alkyl 

/;/.v-imdazoline and alkyl /?/.v-amidine with 13 m ethylene  linkers we canno t confirm  this 

hypothesis .

I
Figure 6.9a.- M ode o f  Interaction 1 Figure 6.9b.- M ode  o f  Interaction 2

6.8 Sum m ary and conclusions

In sum m ary , for I:-IBS affinity  the best results were produced  by the alkyl /?/.v-amidines 

and the alkyl /^/.v-guanidines fo llowed by the alkyl /;/ .s-imidazolines and then the alkyl 

/?/.v-guanidino carbonyl series. This trend cou ld  be further separa ted  into the fo llow ing  

order: all alkyl /?/.v-guanidino carbony ls  = short linker alkyl /;/,9-amidines = short linker 

alkyl /^/.^-imidazoline < m edium  sized linker alkyl /?/.v-imidazolines = m edium  sized 

linker alkyl /^/.v-amidine =  short linker alkyl /?/.s-guanidines and longer linker alkyl his- 

giianidines < m edium  linker alkyl /?/.v-guanidines = long linker alkyl /j/.v-amidines.

The best results fo r  I : - IB S /a 2 -A R s selec tiv ity  were  obtained for the long chain alkyl his- 

am idines and /7/.v-imidazolines. These  results indicated that the secondary  am ine m oiety  

o f  the alkyl / j / i-guanid ines  and the am ide  m oie ty  o f  the alkyl /^/.y-guanidino carbonyls  

were unnecessary  for I^-IBS b ind ing  and that their absence  increased selectivity  over the 

t t 2 -ARs. The results also show ed  that the free am idine  functional g roup  produced  higher 

affinity and better  selectivity for the Ii-IBS over  the restricted am id ine  w ith in  the 

imidazoline functional group.

149



Finally, the biological data o f  all the Ligands synthesized did not support one mode o f 

interaction with the I2-IBS over another. Rather, it may suggest that both modes o f 

interaction are possible depending on the alkyl linker length.
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Chapter 7 

Thesis Summary and Future Work
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7.1 Synthesis of the ligands in Chapters 2-4

The I2 -IBS is a binding site that is w idely distributed throughout both anim al and hum an 

bodies. They have been located in the lung,'^ adipocytes,'** placenta,'^ pancreatic islet, 

adrenal chrom affin c e l l s , a s  well as the CNS.^' The highest density o f  I2 -IBS can be 

found in the adipocytes,*** liver, kidney and b r a i n . P r e v i o u s  research by our group 

reported the synthesis o f  four alkyl /?/5-guanidines, 19a-d.” '̂ W hen the I2 -IBS /a i-A R s 

selectivity o f  these four ligands was represented the results indicated that as the length o f 

the linker chain increases the I2 -IBS / a 2 -ARs selectivity increases as well.

The first aim  o f  this thesis was the synthesis o f  longer alkyl Z>w-guanidines, 19e-g and 

29c, to investigate if  this trend betw een affinity and selectivity continued. Using synthetic 

routes previously developed by R ozas’ group the alkyl Z>w-guanidines 19e-g were 

prepared but only m oderate yields were obtained. To synthesize 29c a reaction using the 

M itsunobu protocol was used. This produced the Boc protected guanidine in 75% yield 

and after deprotection using TFA the hydrochloride salt 29c was isolated in an overall 

yield o f  39%  after four steps. A ttem pts to prepare longer chain alkyl />/i--guanidines were 

unsuccessful.

After the synthesis o f  the o f  the alkyl /?w-guanidines a new fam ily o f  ligands, the alkyl 

Z)/5-guanidino carbonyls, was prepared. The first attem pt at the synthesis o f  these ligands 

only produced the desired com pounds in low yield using sodium  m ethoxide and 

guanidine hydrochloride (9-17% ). Reacting a carboxylic acid with guanidine 

hydrochloride in the presence o f  a coupling reagent (CDI) produced the desired 

derivatives in a much higher yield (47-53% ). Converting the alkyl Z?/5-guanidino 

carbonyls into their corresponding salts produced m ixed yields (3-77% ). The final 

approach to the synthesis o f  the alkyl Z^w-guanidino carbonyls was the reaction o f  the 

carboxylic acids with a Boc protected guanidine, 33, again in the presence o f  a coupling 

reagent (BOP). This produced the Boc protected alkyl Z)/j-guanidino carbonyls, 43a-f, in 

good yield (62-87% ). Deprotection o f  these com pounds produced the hydrochloride salts 

in a good overall yield (57-76% ).
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Before attempting to prepare tiie alkyl ^w-imidazolines we decided to use an aromatic 

carboxylic acid as a precursor to test possible reaction pathways. The first reaction 

scheme was based on the work o f  Casey et and we attempted to synthesize the alkyl 

^>/5-imidazolines by means o f  an intramolecular substitution reaction. Unfortunately, this 

reaction was unsuccessful. The aromatic imidazoline, 44, was prepared by reacting the 

aromatic ester, 49, with ethylene diamine and trimethylalummium (50%). Adaptation o f  

this procedure for the case o f alkyl /)w-methyl esters, 35a-f, resulted in the alkyl bis-2- 

imidazolines, 24a-f, in moderate yields (26-77%). Washing the compounds with oxalic 

acid yielded the corresponding salts, 51a-f (78-93%), The final family o f ligands, the 

alkyl />/5-amidines 25a-f, were synthesized using the same procedure as the alkyl bis-2- 

imidazolines, replacing ethylene diamine with ammonium hydrochloride. This reaction 

produced the salts in excellent yields (73-80%).

7.2 Conformational analysis, biological assay results and subsequent SAR

The random conformational analyses performed showed that, within each family o f 

ligands, as the length o f the methylene linker increases the area, volume and distance 

values increase as well. It also revealed that neither the PSA nor the energy values o f the 

conformations can be used as indicators o f potential affinity towards I2 -IBS. Examination 

o f the results o f the random conformational analysis showed that four distinct shapes (U, 

S, W and L shapes) were prevalent. The U shape is the most common form and can be 

found in all four families. Based on the results obtained for pentamidine binding to the I2 - 

IBS, it is likely that both amidine moieties are involved in the actual binding to one 

receptor Based on this hypothesis we proposed two possible modes o f interaction 

between the four ligand families and the I2-EBS, The first mode o f  interaction may be the 

binding o f  the ligand to two distinct sites within the I2 -IBS. The second mode of 

interaction could occur through the binding o f only one fimctional group to an I2 -IBS 

while the rest o f the molecule would be blocking the site fi'om other potential ligands
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The biological results o f  the four ligand fam ilies could not rule out either possible m ode 

o f interaction. It did, however, produce som e excellent results. The alkyl bis-2- 

im idazolines 24a,e-f and the alkyl 6 /5 -am idine 25e proved to be highly selective towards 

the I2-IBS over the aj-A R s. The results for these ligands m atched and im proved those o f  

S I5430 and pentam idine the precursor ligands for both families. The best result was 

obtained by the ligand 2 5 f which proved to be 1259 times m ore selective for the I2 -IBS 

than for the a 2 -ARs.

The overall biological assay results for the four ligand families indicated that:

1 ) the best results were produced by the alkyl ^w-am idines and the alkyl bis- 

guanidines followed by the alkyl ^/5 -im idazolines and then the alkyl bis- 

guanidino carbonyls.

2) this trend could be further separated into the following order: all alkyl bis- 

guanidino carbonyls =  short chain alkyl /jw-amidines =  short chain alkyl bis- 

im idazoline < medium  sized chain alkyl Z)/5-imidazolines = medium  sized chain 

alkyl 6/i'-amidine = short chain alkyl ^u-guanidines = longer chain alkyl bis- 

guanidines < medium chain alkyl 6w-guanidines = long chain alkyl />/s-amidines.

7.3 Future work

One o f the aims o f  this thesis was the synthesis and biological evaluation o f  a series o f 

alkyl 6/s-guanidines. Thus, the alkyl ^w-guanidines 19e-g and 29b were prepared and 

their affinity tow ards I2-IBS measured. However, their affinity tow ards the tt2 -A R has yet 

to be detennined. Therefore, a clear continuation o f  this research should be the evaluation 

o f their affinity towards a 2 -ARs, to determ ine their selectivity, m oreover, to be able to 

complete the SAR developed in this thesis.

In terms o f biological assays, another possible new route could consist in a collaboration 

with P ro f Roth who, is the principal contractor o f  the Psychoactive Drug Screening 

Program (PDSP), at the W estern Case U niversity in USA. This PDSP program , supported 

by the NIM H, is designed to identify and characterise novel psychoactive com pounds o f
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potential therapeutic activity at a large number of cloned neurotransmitter receptors. The 

I2-EBS as well as the Ii-IBS are amongst these cloned receptors and therefore the 25 

synthesized ligands, 19b-g, 29b, 24a-f, 25a-f and 51a-f could be tested for their affinity 

towards these cloned receptors. This also could reveal affinities for the Ii-IBS that could 

be of interest, and more importantly the I2-IBS/I1-IBS selectivity of these four families of 

compounds in the human receptors.

Another future development of the present thesis could include the synthesis of longer 

chain alkyl A/s-amidines (where n > 14), By lengthening this family o f ligands we can 

investigate if the very good trend in l2-IBS/a2-ARs selectivity observed up until now will 

continue.

Due to the two possible modes of interaction for the alkyl twin compounds proposed in 

this thesis a new project could be undertaken to investigate the effect of restricting the 

movement of the linker chain. Thus, compounds analogous to the four families could be 

prepared using as linkers aliphatic cycles such as those descnbed in Figure 7.1. These 

new ligands could provide further insight into ligand-receptor interaction for aliphatic 

compounds and more importantly could bnng some light to the actual structure of the 

binding pocket of I2-IBS.

X

NH NH O

H

Figure 7.1.- Potential future I2-IBS aliphatic cyclic ligands
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Chapter 8

Experimental



8.1 General Conditions

N M R  spectra were recorded on a Bruker DPX 400 spectrometer. Proton and Carbon 

chemical shifts are reported in part per million (ppm) downfield  and are measured 

relative to te tramethylsilane (TM S) as an internal standard. Coupling constants (J) are 

expressed in Hertz (Hz). Multiplicities are abbreviated as follows: singlet (s), doublet (d), 

triplet (t), quartet (q) and multiplet (m). M ass spectra were recorded on a M icrom ass LCT 

eiectrospray TO F instrument with a W A TER S 2690 autosampler. A ccurate mass was 

determ ined relative to a standard o f  leucine enkephaline (Tyr-Gly-G ly-Phe-Lu) and all 

accurate m ass calculated to > 5 ppm. IR spectra were measured on a Perkin Elmer 

Paragon 1000 infrared spectrometer in Nujol. M elting points were measured in an 

unsealed capillary tube using a Stuart Scientific M elting Point S M P l .  Thin layer 

chrom atography (tic) w as carried out with silica gel plates (60 F254), or on aluminium 

oxide plates (N/UV 254). The plates were visualised by 253 nm ultraviolet light or by 

staining with phosphom olybdic acid. Colum n chrom atography was run using Silica gel 

600 (230-400 mesh A ST M ) or alum inium  oxide (neutral STD grade 150 mesh). 

Evaporation was carried out under reduced pressure in a Buchi rotary evaporator. All 

starting materials were obtained from Sigm a-Aldrich Ireland unless specified. Solvents 

were purified and dried using standard laboratory procedures.

8.2 General synthetic procedures

8.2.1 Procedure 1; synthesis o f the alkyl diamines

To a solution o f  dicarboxylic acid (1 equivalent) in chloroform (50 ml) and concentrated 

sulphuric acid (10 ml), was added sodium azide (4 eq) over a period o f  1 hour at 50“C. 

The reaction mixture w as heated at reflux for 2 hours, allowed to cool and diluted with 

ice. The resulting slush w as basified to pH 13 with potassium hydroxide (lOM solution). 

A w hite solid precipitated and was removed by filtration. The filtrate was extracted with 

chloroform (3 times with 50 ml) and the organic layers dried over m agnesium  sulfate. 

The excess solvent was evaporated under reduced pressure to yield the aliphatic diamine.
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8.2.2 Procedure 2; synthesis of the alkyl bis-guanidines

The aliphatic diamine (1 eq) and 2-methylpseudothiouronium sulfate (2.2 eq) were heated 

at reflux in distilled water (20 ml) for 20 hrs. A white solid precipitated upon cooling and 

was filtered. The solid was washed with water, acetone and recrystallised from water.

8.2.3 Procedure 3; synthesis of the alkyl bis-Boc protected Z>/y-guanidines

To a solution o f aliphatic diamine (1 eq), 27 (2.2 eq) and triethylamine (7 eq) in dry 

DCM (10 ml) under an atmosphere o f argon at 0“C was treated with HgCh (2.2 eq). The 

reation warmed to room temperature over two hours. The reaction was stirred at room 

temperature for a further 20 hours. The solution was diluted with ethyl acetate (20 ml) 

and filtered through a bed o f celite. The solution was washed with water (20 ml) followed 

by brine (20 ml) and finally dried over magnesium sulphate. The solvent was removed 

under reduced pressure to give the crude product. The product was further purified by 

flash chromatography on a alumina column in an ethyl acetate/hexane mixture (4:1).

8.2.4 Procedure 4; Removal of the Boc group

The Boc protected compound (1 mmol) was dissolved in 50% TFA/DCM (10 ml) and 

allowed to stir at room temperature overnight. The solvent was removed under reduced 

pressure to give a brown residue. This residue was dissolved in THF (10 ml) and water 

(10 ml). Previously prepared anion interchange amberlite resin was added and the 

mixture left stirring at room temperature overnight. Excess solvent was evaporated under 

reduced pressure and the solid washed with water (5 ml) and acetone (5 ml).
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8.2.5a Procedure 5a; synthesis o f the alkyl Boc protected guanidines using the 

M itsunobu protocol A

To a solution o f  alcohol (1 eq), triphenylphosphine (1.3 eq) and the protected guanidine,

31 or 33 (1.3 eq), in dry THF (5 ml) under an atmosphere o f  argon

diisopropylazodicarboxylate (DIAD, 1.3 eq) was added at 0“C. The reaction warmed to 

room temperature over one hour. The reaction was left to stirr at room temperature for a 

further 48 hours. The solvent was removed under reduced pressure to give a residue. The 

product was isolated after flash chromatography on a alumina column in an ethyl 

acetate/hexane mixture.

8.2.5b Procedure 5b; synthesis o f the alkyl Boc protected guanidines using the 

M itsunobu protocol B

To a solution o f  alcohol (1 eq), triphenylphosphine (1.3 eq) and the protected guanidine,

31 or 33 (1.3 eq), in dry THF (5 ml) under an atmosphere o f  argon

diisopropylazodicarboxylate (DIAD, 1.3 eq) was added at 0"C. The reaction left warmed 

to room temperature over one hour. The reaction was stirred at 50°C for a further 48 

hours. The solvent was removed under reduced pressure to give a residue. The product 

was isolated after flash chromatography on an alumina column in an ethyl acetate/hexane 

mixture.

8.2.6 Procedure 6; synthesis o f alkyl f>/s-methy! esters

To a solution o f  carboxylic acid (1 eq) in methanol (20 ml) thionyl chloride (2.2 eq) was 

added dropwise at 0°C. The mixture was then left to stirr at room temperature overnight. 

The solvent was removed under reduced pressure to give the desired product.
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8.2.7 Procedure 7; synthesis o f the alkyl di-alcohols

Lithium aluminium hydride (2 eq) was suspended in THF (15 ml) and cooled to 0“C. A 

solution o f  alkyl bis-methyl ester (1 eq) in THF (5 ml) was added dropwise. The reaction 

was left to stir at room temperature overnight. The reaction was quenched with water (1 

ml per gram o f  lithium aluminium hydride), sodium hydroxide ( IM,  1 ml per gram o f  

lithium aluminium hydride) and water again (1 ml per gram o f  lithium aluminium 

hydride). The reaction was filtered through a bed o f  celite and washed with ether (20 ml). 

The organic layers were dried over sodium sulphate, which was removed by filtration. 

The solvent was removed to give the desired alkyl dialcohol.

8.2.8 Procedure 8; synthesis o f the alky bis-guanidinylamides picrate salts

The ester (I eq) and the guanidinium hydrochloride (10 eq) were dissolved in a solution 

o f  sodium methoxide (sodium -10 eq- in methanol -25 ml-). The reaction mixture was 

heated at reflux for 72 hours. The solvent was evaporated and the residue gathered up 

with distilled water (50 ml). The resulting solution was acidified using concentrated 

hydrochloric acid (75 eq). A white solid precipitated and was removed by filtration. The 

solid was dissolved in a hot picric acid solution (0.2M, 10 ml) filtered and allowed to 

precipitate overnight. The yellow precipitate was filtered.

8.2.9 Procedure 9; synthesis o f  the alkyl ^K-guanidinylamides

A solution ofcarboxylic  acid (1 eq) and CDl (2 eq) in DCM (10 ml) was stirred at room 

temperature for one hour. Solvent was evaporated and the resulting residue dissolved in 

DMF (10 ml). Guanidine hydrochloride (10 eq) and drierite (2 eq) in DMF (2 ml) were 

added to the solution. The reaction mixture was left to stir at room temperature for a 

further 20 hours. The solvent was evaporated and the residue dissolved in chloroform 

(10ml) and washed with water (6 times with 10 ml). The organic layer was dried over 

magnesium sulphate, which was removed by filtration, and the solvent was removed 

under reduced pressure to give the desired product.
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8.2.10 Procedure 10; synthesis of the alkyl bis-guanidino carbonyl hydrochloride 

salts

The alkyl bis-guanidinylam ide (1 m m ol) w as d issolved in D C M  (15 ml) and was washed 

with IM  HCl (2 X 10ml). The aqueous layer was rem oved under reduced pressure to yield 

the desired guanid ine  salt.

8.2.11 Procedure 11; synthesis of the Boc protected alkyl bis-guanidino carbonyls

U nder an a tm osphere o f  argon the carboxylic acid (1 eq) w as dissolved in D M F (20 ml). 

Then, the Boc-guanidine 33  (4 eq), BOP (2.4 eq) and jV-methylmorpholine (6 eq) were 

added and the solution left to stir at room tem perature overnight. Brine (70 ml) w as added 

and a white solid precipitated. This solid was removed by filtration and redissolved in 

chloroform  (20 ml) and w ashed with w ater (6 times with 20 ml). The organic layer was 

dried over m agnesium  sulfate and the solvent w as removed under reduced pressure to 

give the desired product.

8.2.12 Procedure 12; Synthesis the alkyl bisguanido carbonyl hydrochloride salts

To a solution o f  the Boc protected alkyl bis-guanidinylam ide (1 m m ol) in THF (5 ml), a 

solution o f  hydrochloric acid ( I M,  5 ml) was added. The reaction mixture was stirred at 

room  tem perature for 24 hours. The excess solvent was removed under reduced pressure 

to give a white solid.

8.2.13 Procedure 13; Synthesis of the alkyl />/y-2-imidazolines

T rim ethylalum inium  in toluene (2M, 10 ml) was added dropw ise to a solution o f  ethylene 

d iam ine (5 eq) and stirred at 0°C for 20 minutes. The ester (I eq) in dry toluene (20 ml) 

w as added dropwise. The solution was then heated at 90“C for two and a ha lf  hours. The
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reaction was cooled to 0°C, water (12 ml), methanol (12 ml) and DCM (12 ml) were then 

added dropwise sequentially. The solution was filtered and the aqueous layer extracted 

with DCM (2 X 20 ml). The organic layers were dried over magnesium sulfate and 

solvent removed under reduced pressure.

8.2.14 Procedure 14; Synthesis o f the alkyl Z>K-2-imidazoline oxalate salts

The alkyl ^/.s'-2-imdazoline (1 eq) was dissolved in an oxalic acid solution (0.875M , 2 

eq), after which the solution was evaporated down to dryness to give the imidazoline salts 

as a white solid. The alkyl 6»’-2-imdazoline was further purified by recrystallisation from 

water.

8.2.15 Procedure 15; Synthesis o f the alkyl bis-amidines

Trim ethylalum inium  in toluene (2M, 10 ml) was added dropwise to a solution o f 

ammonim hydrochloride (20 mmol) and stirred at 0°C for 20 minutes. The ester (2 mmol) 

in dry toluene (20 ml) was added dropwise. The reaction was then heated at 90”C for 12 

hours. The reaction was cooled to 0°C, water (12 ml), methanol (12 ml) and DCM (12 

ml) were then added dropwise sequentially. The solution was filtered and the aqueous 

layer extracted with DCM (2 x 20 ml). The organic layers were dried over magnesium 

sulfate and excess solvent removed under reduced pressure under reduced pressure. The 

solid isolated was dissolved in lOM KOH (10 ml) and the white solid that precipitated 

was filtered. The solid was then dissolved in IM HCl (5 ml) and removed under reduced 

pressure.

8.3 Synthesis and characterisation o f com pounds in Chapter 2 

D odecane-1,12-diam ine (26a)
/ N H oĤ n

Com pound 26a was prepared following Procedure 1, using the carboxylic acid 27c (2.58 

g, 10 mmol) and sodium azide (2.60 g, 40 mmol). A white solid was isolated (1.37 g, 69
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%). 5h(400.1MHz; CDCbVppm: 2.62 (4H, m), 1.37 (4H, m), 1.15 (16H, bs). v max/cm'’: 

3328, 1597. mp/°C: 132 -  136. m/z found: 201.2348 calculated for. [Ci2 H2 gN2 +H]^: 

201.2331.

D ecane-1,10-diam ine (26e)

H2N'
C om pound  26e w as prepared following Procedure 1, using the carboxylic acid 27a ( 2 . 3 0  

g, 1 0  m m ol) and sodium azide ( 2 . 6 0  g, 4 0  mmol). A  white solid w as isolated ( 1 . 2 3  g, 7 1  

% ) .  6 h ( 4 0 0 . 1 M H z ;  d6-D M S 0)/ppm : 2 . 5 0  ( 4 H ,  m), 1 . 3 2  ( 4 H ,  m), 1 . 2 5  ( 1 2 H ,  bs). 

6 c (  1 0 0 . 1  M Hz; d6-D M S0)/ppm : 2 6 . 4 ,  2 9 . 0 ,  2 9 . 1 ,  3 3 . 4 ,  4 1 . 8 .  v m a x / c m ' ' :  3 3 2 3 ,  1 5 9 6 .  

m p/“C: 1 3 2 -  1 3 6 .  m lzfound\ \1 3 .2030 calculated for: [ C , o H 2 4 N 2 + H ] ^ :  1 7 3 . 2 0 1 8 .

lIndecane-1,11-diam ine (26f)

Hj N NH2

C om pound  26f w as prepared following Procedure 1, using the carboxylic acid 27b (2.44 

g, 10 m m ol) and sodium azide (2.60 g, 40 mmol). A white solid was isolated (1.13 g, 62 

%). 6h (400 . IM H z; d6-D M S0)/ppm : 2.50 (4H, m), 1.31 (4H, m), 1.24 (14H, bs). v 

max/cm '; 3328, 1594. mp/"C: 132 -  138. m/z found: 187.2173 calculated for: 

[C||H26N2+H]^: 187.2174.

Tetradecane-1,14-diam ine (26g)

H2N'

C om pound  26g w as prepared following Procedure 1, using the carboxylic acid 27d ( 2 . 8 6  

g, 1 0  m m ol) and sodium azide ( 2 . 6 0  g, 4 0  mmol). A  white solid was isolated ( 1 . 6 5  g, 7 2  

% ) .  6 h ( 4 0 0 . 1 M H z ;  d6-D M S0)/ppm : 2 . 5 0  ( 4 H ,  m), 1 . 3 1  ( 4 H ,  m), 1 . 2 4  ( 2 0 H ,  bs). v 

m a x / c m ' ' :  3 3 2 9 ,  1 5 9 4 .  m p/“C: 1 2 8  -  1 3 2 .  m/z found: 2 2 9 . 2 6 4 2  calculated for: 

[ C i 4 H 3 2 N 2 + H r ;  2 2 9 . 4 3 1 9 .
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1,12-Dodecanediguanidinium sulphate (19d)

H2SO4

NH

Compound 19d was prepared according to Procedure 2, using the diamine 26d (1.00 g, 5 

mmol) and 2-methylpseudothiouronium sulphate (2.24 g, 12 mmol). A white solid was 

isolated (153 mg, 8 %). 5h(400.1M Hz ; D20)/ppm: 3.03 (4H, m), 1.44 (4H, m), 1.15 

(16H, bs). V max/cm"': 3346, 3261, 1631. mp/^C: decomposes above 250 (lit'*'* 250 - 254 

°C). Anal. Calcd for C,4H34N604S: C, 43.96; H, 8.96; N, 21.97. Found: C, 43.67; H, 9.09; 

N, 21.78.

1,10-Decanediguanidinium sulphate (19e)

NH H2SO4 H
.NH2

NH

Compound 19e was prepared according to Procedure 2, using the diamine 26e (0.86 g, 5 

mmol) and 2-methylpseudothiouronium sulphate (2.24 g, 12 mmol).A white solid was 

isolated (336 mg, 19 %). 6h(400.IMHz; D20)/ppm: 3.03 (4H, t, J = 6.8 Hz), 1.44 (4H,

m), 1.17 (12H, bs). v max/cm"': 3467, 3291, 3060, 1625. mp/°C: decomposes above 250. 

Anal. Calcd for C,2H3oN604S: C, 40.66; H, 8.53; N, 23.71. Found; C, 40.68; H, 8.45; N, 

23.22.

1,11-Undecanediguanidinium sulphate (19f)

NH H2SO4 NH

H2N N ^  'N  NH2
H H

Procedure A:

Compound 19f was prepared according to Procedure 2, using the diamine 26f (0.47 g, 

2.5 mmol) and 2-methylpseudothiouronium sulphate (1.12 g, 6 mmol) and refluxing the 

reaction for 12 hours. A  white solid was isolated (64 mg, 7 %)
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Procedure B:

Compound 19f was prepared according to Procedure 2, using the diamine 26f (0.93 g, 5 

mmoi) and 2-methylpseudothiouronium sulphate (2.24 g, 12 mmol). A white solid was 

isolated (239 mg, 13 %)

Procedure C:

Compound 19f was prepared according to Procedure 2, using the diamine 26f (0.47 g,

2.5 mmol) and 2-methylpseudothiouronium sulphate (1.12 g, 6  mmol) and refluxing the 

reaction for 48 hours. A white solid was isolated (101 mg, II %). 8h(400.1MHz; 

D2 0 )/ppm: 3.03 (4H, t, J = 6 .l Hz), 1.4 (4H, m), 1.16 (14H, bs). v n,ax/cm'': 3349, 3261, 

1625. mpA’C: decomposes above 250. Anal. Calcd for C 13H 3 2N 6 O4 S; C, 42.37; H, 8.75; 

N, 22.81. Found; C, 42.39; H, 8.37; N, 22.32.

1,14-Tetradecanediguanidinium  sulphate (19g)

NH

Procedure A:

Compound 19g was prepared according to Procedure 2, using the diamine 26g (0.57 g,

2.5 mmol) and 2-methylpseudothiouronium sulphate (2.34 g, 12.5 mmol). A white solid 

was isolated (174 mg, 17 %)

Procedure B:

Compound 19g was prepared according to Procedure 2, using the diamine 26g (0.57 g,

2.5 mmol) and 2-methylpseudothiouronium sulphate (4.70 g, 25 mmol). A white solid 

was isolated (123 mg, 12 %)

Procedure C:

Compound 19g was prepared according to Procedure 2, using the diamine 26g (0.57 g,

2 .5  mmol) and 2-methylpseudothiouronium sulphate ( 1 0 . 2 8  g, 5 5  mmol). A white solid 

was isolated ( 1 4 3  mg, 14  % ) .  6 h( 4 0 0 . 1 M H z ; D2 0 )/ppm: 3 . 0 4  (4H, t, J = 6 .8  Hz), 1 .45
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(4H, m), 1.65 (20H, bs). 6c(400.1 MHz; D.OVppm: 7.7, 17.7, 25.2, 27.3, 27.7, 28.1, 28.2, 

40.1, 156.2. V m a x / c m ' ' :  3316, 3260, 3105, 1631. mp/"C: decomposes above 250.

Boc protected thiourea (37)

o s o

H H

Under an atm osphere o f  argon, thiourea (0.61 g, 8 mmol) was dissolved in dry THF (200 

ml) at 0"C. To this stirred solution sodium hydride (0.86 g, 36 mmol) was added and 

stirring continued at 0°C for five minutes, after w anning to room temperature the reaction 

m ixture was stirred for a further ten minutes then recooled to 0°C when dx-tert- 

butoxycarbonyl anhydride (3.84 g, 17.6 mmol) was added. The reaction was allowed to 

warm to room tem perature and stirred overnight. The reaction was terminated by the 

dropwise addition o f  a saturated solution o f sodium hydrogencarbonate (10 ml) to remove 

any excess sodium hydride, water (250 ml) was added. The aqueous layer was extracted 

by ethyl acetate (3 x 70 ml), the organic layers were combined and dried over magnesium 

sulphate. The solvent was removed under reduced pressure to yield the Boc protected 

thiourea as yellow crystals (1.55 g, 70 %). 5h(400.1M Hz; CD Cl3 )/ppm: 1.54 (18H, s). 

6c( 100.1 MHz; CD C l3 )/ppm: 27.5, 83.8, 156.4. v ^ax/cm'': 1130, 3169, 3362. mpA’C: 122 

-  124“C. miz found'. 299.1031 calculated for: [C nH 2 oN2 0 4 +Na]^: 299.1041

1 , 12-Bis|A^, N ^ -  di(/er/-butoxycarbonyl) guanidine] Dodecanediam ine (59a)

Com pound 59a was prepared according to P ro ced u re  3, using the diamine 26d (1.00 g, 5 

mmol), 27 (3.04 g, 11 mmol), H gC h (2.99 g, 11 mmol) and EtsN (4.84 ml, 35 mmol). A
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yellow solid was isolated (2.33 g, 68 %). 5h(400.1MHz; CDCbVppm; 1.27 (16H, bs),

1.54 (36H, bs), 1.70 (4H, m), 3.41 (4H, m). v max/cm'': 1414, 1473, 1451, 1737, 3004, 

3128, 3332. mp/°C: 76 -  80‘’C. m/z found: 685.4872 calculated for: [C34H64N608+H]^: 

685.4864.

1, 14-Bis[A^, N ’-  di(/^/-^butoxycarbonyl) guanidine] Tetradecanediamine (59b)

Compound 59b was prepared according to Procedure 3, using the diamine 26g (1.14 g, 5 

mmol), 37 (3.04 g, 11 mmol), HgCb (2.99 g, 11 mmol) and EtsN (4.84 ml, 35 mmol). A 

yellow solid was isolated (2.95 g, 83 %). 6h(400.1MHz; CDCl3)/ppm: 1.25 (20H, bs),

1.54 (36H, bs), 1.56 (4H, m), 3.39 (4H, m). 5c( 100.1 MHz; CDCl3 )/ppm: 17.2, 26.4, 29.1, 

40.5, 48.9, 76.3, 82.5, 155.6, 163.2. v „,ax/cm ': 1415, 1454, 1471, 1624, 1652, 1736, 

3007, 3112, 3333. mpA’C: 104 -  106”C. m/z found: 313.3027 calculated for: 

[C,6H32N6+H]^: 309.4769

1,12-Dodecanediguanidinium hydrochloride (60a)

3HCL

Compound 60a was prepared according to Procedure 4, using 59a (1.50 g, 2.2 mmol). A 

white solid was isolated (0.59 g, 75 %). §h(400.1MHz; D20)/ppm: 1.15 (16H, bs), 1.45 

(4H, m), 3.04 (4H, t, J = 6.5 Hz), v max/cm ': 1469, 1478, 1605, 1639, 1671, 3135, 3308, 

3387. mp/“C: 140 -  146°C. m/z found: 285.2756 calculated for: [Ci4 H33N 6+H]^; 

285.2767. Anal. Calcd for C , 4  5 H35N 6Cl3 : C, 43.56; H, 8.82; N, 21.02. Found: C, 43.57; 

H, 8.63; N, 21.28.
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1,14-Tetradecanediguanidiniuni hydrochloride (60b)

NH
Compound 60b was prepared according to Procedure 4, using 59b (1.57 g, 2.2 mmol). A 

white solid was isolated (0.62 g, 73 %). 6h(400.1MHz; D20)/ppm: 1.16 (20H, bs), 1.44 

(4H, t, J = 7.0 Hz), 3.03 (4H, t, J = 6.5 Hz), v max/cm'': 1467, 1478, 1606, 1638, 1671, 

3133, 3307, 3391. mp/°C: 140 -  146“C. m/z found: 313.3083 calculated for: 

[C,6H36N6+Hr: 313.3080.

/>«-Boc protected guanidine (61)

Guanidine hydrochloride (2.36 g, 25 mmol) was dissolved in a sodium hydroxide 

solution (4M, 40 ml) and cooled to 0°C. Di/er/butyldicarbonate (12.00 g, 55 mmol) was 

dissolved in dioxane (80 ml) and added dropwise with stirring. The reaction was left to 

warm to room temperature over two hours after which, it was left stirring at room 

temperature overnight. Solvent was removed under reduced pressure to give a white 

residue. The white residue was suspended in water (50 ml) and the aqueous layer was 

extracted with ethyl acetate (3 x 50ml). The organic layers were combined and washed 

with citric acid (10 % solution, 50 ml), water (50 ml), and brine (50 ml). The organic 

layer was dried over magnesium sulphate and the solvent removed under reduced 

pressure to give the crude product. The pure white solid was isolated after flash 

chromatography in 100 % DCM. A white solid was isolated (4.41 g, 60 %). 

5h(400.1MHz; C D C y/ppm : 1.50 (18H, s). 6c( 100.1 MHz; CDCl3)/ppm: 27.6, 80.2, 

157.8. V  m a x / c m '‘ : 3401, 3310, 3114, 1663, 1601. mp/“C: 132 -  134°C. m lz found: 

282.1204 calculated for: [C, ,H 2 ,N 3 0 4 +Na]^: 282.2946.
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T riflic b is-B oc protected  guanid ine (53)

F

A solution o f  61 (0.65 g, 2 m m ol) and D IPEA (0.75 ml, 4.4 mmol) in dry DCM  (30 ml) 

was cooled to -78°C. The reaction w as kept at -78°C and tritlic anhydride (0.31 g, 1.1 

m m ol) was added slowly. The reaction was left to warm  to room tem perature over four 

hours. The solution was washed with sodium bisulfate (2M, 15 ml), followed by water 

(15 ml). The organic layer was dried over sodium sulphate and solvent removed under 

reduced pressure to give the crude product as a yellow solid. The pure product was 

isolated after flash chrom atography on a silica column in 100 %  DCM  as a white solid, 

376 m g (40 %). v ™x/cm'‘: 1101, 1128, 1186, 1325, 1374, 1553, 1626, 1731, 1784, 3144, 

3301, 3374. m p / T :  8 6 - 8 8 ° C .

1 , 12-Bis[A^, N ’-  d i(re/-/-butoxycarbonyl) guanid ine] D odecanediam ine (59a)

The aliphatic diam ine (1.0 eq), the triflic protected guanidine (2.2 eq) and triethylamine 

(7.0 eq) were dissolved in dry D C M  (10 ml) under an atm osphere o f  argon and left to stir 

at room  tem perature for 20 hours. The solution was washed with w ater (20 ml) followed 

by brine (20 ml) and finally dried over m agnesium  sulphate. The excess solvent was 

rem oved under reduced pressure to give the crude product. The product was further
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purified by flash chromatography in an ethyl acetate/hexane mixture (4:1) and isolated as 

a white solid, 67 mg (19 %). 5h(400.1MHz; CDCl3)/ppm: 1.27 (16H, bs), 1.54 (36H, bs), 

1.70 (4H, m), 3.41 (4H, m). v ™x/cm ': 1414, 1473, 1451, 1737, 3004, 3128, 3332. 

mp/°C: 76 —80°C. m iz found: 685.4872 calculated for: [C34H64N60g+H]^: 685.4864.

[A', N ’- di(/^r/-butoxycarbonyl) guanidino] hexylamine (62)

Procedure A:

Compound 62 was prepared following Procedure 5a, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhaP (0.34 g, 1.3 mmol), 61 (0.38 g, 1.3 mmol) and DIAD (0.26 ml, 1.3 mmol). 

A white crystalline solid was isolated (250 mg, 73 %).

Procedure B:

Compound 62 was prepared following Procedure 5a, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhsP (0.68 g, 2.6 mmol), 61 (0.77 g, 2.6 mmol) and DIAD (0.51 ml, 2.6 mmol). 

A white crystalline solid was isolated (257 mg, 75 %).

Procedure C:

Compound 62 was prepared following Procedure 5a, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhsP (0.10 g, 3.9 mmol), 61 (1.15 g, 3.9 mmol) and DIAD (0.77 ml, 3.9 mmol). 

A white crystalline solid was isolated (254 mg, 74 %).

Procedure D:

Compound 62 was prepared following Procedure 5b, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhsP (0.34 g, 1.3 mmol), 61 (0.38 g, 1.3 mmol) and DIAD (0.26 ml, 1.3 mmol). 

A white crystalline solid was isolated (192 mg, 56 %).
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Procedure E:

Compound 62 was prepared following Procedure 5b, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhaP (0.68 g, 2.6 mmol), 61 (0.77 g, 2.6 mmol) and DIAD (0.51 ml, 2.6 mmol). 

A white crystalline solid was isolated (195 mg, 57 %).

Procedure F:

Compound 62 was prepared following Procedure 5b, using Hexyl alcohol (0.13 ml, 1.0 

mmol), Ph3 P (0.10 g, 3.9 mmol), 61 (1.15 g, 3.9 mmol) and DIAD (0.77 ml, 3.9 mmol). 

A white crystalline solid was isolated (226 mg, 66 %). 5h(400.1MHz; CDCl3 )/ppm: 0.84 

(3H, t, J = 7.0 Hz), 1.29 (6H, bs), 1.42 (18H, bs), 1.45 (2H, m), 3.56 (2H, t, J = 7.0 Hz). 

6c(400.IM Hz; m/zfound: 366.2364 calculated for: [Ci7H32N304+H]^: 366.2369.

Mono-Boc protected guanidine (63)

NH O

HoN N 
H

Guanidine hydrochloride (7.42 g, 78.5 mmol) was dissolved in a sodium hydroxide 

solution (4M, 40 ml) and cooled to 0°C. Ditertbutyldicarbonate (13.7 g, 62.8 mmol) was 

dissolved in dioxane (80 ml) and added dropwise with stirring. The reaction was left 

stirring at room temperature overnight. Excess solvent was removed under reduced 

pressure. The white solid produced was suspended in water (50 ml) and sonicated for 10 

minutes. The solid was filtered and resuspended in ether and sonicated for a further 10 

minutes. Finally the white solid was filtered and dried in a desiccator overnight. A white 

solid was isolated (6.11 g, 49 %). 5h(400.1MHz; CDCl3 )/ppm: 1.52 (9H, s). 

5c( 100.1 MHz; CDCl3 )/ppm: 27.9, 78.3, 161.7, 265.9. v max/cm'': 3401, 3310, 3114, 1663, 

1601.
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[Â , N ’-  (/^/•/-butoxycarbonyl) guanidino] hexylamine (64)

H H

Procedure A:

Compound 64 was prepared following Procedure 5a, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhaP (0.34 g, 1.3 mmol), 63 (0.21 g, 1.3 mmol) and DIAD (0.26 ml, 1.3 mmol). 

A white crystalline solid was isolated (151 mg, 62 %).

Procedure B;

Compound 64 was prepared following Procedure 5a, using Hexyl alcohol (0.13 ml, 1.0 

mmol), Ph3P (0.68 g, 2.6 mmol), 63 (0.41 g, 2.6 mmol) and DIAD (0.51 ml, 2.6 mmol). 

A white crystalline solid was isolated (172 mg, 71 %).

Procedure C:

Compound 64 was prepared following Procedure 5a, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhaP (0.10 g, 3.9 mmol), 63 (0.62 g, 3.9 mmol) and DIAD (0.77 ml, 3.9 mmol). 

A white crystalline solid was isolated (177 mg, 73 %).

Procedure D;

Compound 64 was prepared following Procedure 5b, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhaP (0.34 g, 1.3 mmol), 63 (0.21 g, 1.3 mmol) and DIAD (0.26 ml, 1.3 mmol). 

A white crystalline solid was isolated (187 mg, 77 %).

Procedure E:

Compound 64 was prepared following Procedure 5b, using Hexyl alcohol (0.13 ml, 1.0 

mmol), PhsP (0.68 g, 2.6 mmol), 63 (0.41 g, 2.6 mmol) and DIAD (0.51 ml, 2.6 mmol). 

A white crystalline solid was isolated (182 mg, 75 %).
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Procedure F:

Compound 64 was prepared following Procedure 5b, using Hexyl alcohol (0.13 ml, 1.0 

mmol), Ph3 P (0.10 g, 3.9 mmol), 63 (0.62 g, 3.9 mmol) and DIAD (0.77 ml, 3.9 mmol). 

A white crystalline solid was isolated (136 mg, 56 %). 5h(400 . IMHz; CDCl3 )/ppm: 1.29 

(3H, m), 1.47 (15H, bm), 1.86 (2H, q, J = 3.5 Hz), 3.75 (2H, m). v max/cm'': 1365, 1457, 

1479, 1628, 1698, 3313. mp/“C: 115 -  117”C. m/z found'. 228.2379 calculated for: 

[C,2H24N202+H]^: 228.3338.

1,11-Undecanedimethyl ester (65a)

O O

Compound 65a was prepared according to Procedure 6, using 56b (2.44 g, 10 mmol) 

and thionyl chloride (1.6! ml, 22 mmol). A yellow crystalline solid was isolated (2.46 g, 

86 %). 5h(400.1MHz; CDCl3 )/ppm: 3.69 (6H, s), 2.32 (4H, t, J = 7.5 Hz), 1.63 (4H, m), 

1.28 (16H, bs). 5c( 100.IMHz; CDCl3 )/ppm: 24.5, 28.8, 28.9, 33.7, 51.0, 173.9. v ^ax/cm’ 

1747, 1169. mp/°C: 48 -  51. m/z found: 295.1876 calculated for. [Ci5H2804+Na]^: 

295.1885.

1,14-Tetradecanedimethyl ester (65b)

O

O
Compound 65b was prepared according to Procedure 6, using 56d (2.86 g, 10 mmol) 

and thionyl chloride (1.61 ml, 22 mmol). A yellow crystalline solid was isolated (2.52 g, 

77 %). 5h(400.1MHz; CDCl3 )/ppm: 3.68 (6H, s), 2.32 (4H, t, J = 7.5 Hz), 1.63 (4H, m), 

1.30 (20H, bs). 5c( 100.IMHz; CDCl3 )/ppm: 24.5, 29.1, 33.7, 51.0, 173.9. v „ax/cm'': 

1747, 1170. mp/“C: 39 -  41. m/z found: 337.2368 calculated for: [CigH3 4 0 4 +Na]^: 

337.2355.
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Tridecane-1,13-diol (66a)

Compound 66a was prepared following Procedure 7, using 65a (0.57 g, 2 mmol) and 

lithium aluminium hydride (0.15 g, 4 mmol). A white waxy solid was isolated (307 mg, 

71 %). 5h(400.1MHz; CDCl 3 )/ppm: 3 .51 (4H, m), 1.47 (4H, m), 1 .19(18H, bs). v ^ax/cm' 

1324, 1344, 1462, 1472, 3243. mp/°C: 66 -  68.^“  m/z found: 239.1996 calculated for: 

[Ci3H2802+Naf: 239.1987.

H exadecane-l,16-diol (66b)

Compound 66b was prepared following Procedure 7, using 65b (0.66 g, 2 mmol) and 

lithium aluminium hydride (0.15 g, 4 mmol). A white waxy solid was isolated (361 mg, 

70 %). 6h(400.1MHz; CD C l 3 )/ppm: 3.65 (4H, t, J = 6.8 Hz), 1.58 (4H, m), 1.29 (24H, 

bs). V m a x / c m ' ' :  3327. mp/°C: 39 -  4 1 . ' ° ’ m/z found: 281.2444 calculated for: 

[C,6H3402+Na]^: 281.2457.

IBis-(^err-butoxycarbonyl) guanidine] Tridecane-1,13-diam ine (67a)

Compound 67a was prepared following Procedure 5a, using 66a (216 mg, 1.0 mmol), 

Ph3 P (680 mg, 2.6 mmol), 33 (414 mg, 2.6 mmol) and DIAD (0.51 ml, 2.6 mmol). A 

white crystalline solid was isolated (523 mg, 75%). 5h(400.1MHz; CDCl3 )/ppm: 1.23 

(18H, bs), 1.43 (36H, s), 1.59 (4H, m), 3.71 (4H, m). v max/cm'': 1256, 1686, 1739, 2850, 

2923, 3370, 3430.
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[Bis-(/^r^butoxycarbonyl) guanidino] Hexadecane-1,16-diam ine (67b)

Compound 67b was prepared following Procedure 5a, using 66a (258 mg, 1.0 mmol), 

PhaP (68 mg, 2.6 mmol), 61 (414 mg, 2.6 mmol) and DIAD (0.51 ml, 2.6 mmol). A white 

crystalline solid was isolated (7 mg, 19 %). 5h(400.1MHz; CDCl3 )/ppm: 1.26 (24H, bs), 

1.51 (36H, bs), 1.77 (4H, q, J = 6.5Hz), 4.24 (4H, t, J = 6.5Hz). v max/cm ': 1245, 1521, 

1686, 1736, 2850, 2917, 3371, 3428.

l,13-tridecanediguanidinium  hydrochloride (60c)

NH 2HCL NH

HoN N ^  ^  N NHoH H

Compound 60c was prepared according to Procedure 4, using 67a ( 1.54 g, 2.2 mmol). A 

white solid was isolated (0.70  g, 85% ). § h (400 . IMHz; D20)/ppm: 1.18 (18H, bs), 1.44 

(4H, m), 3.03 (4H, t, J = 7.0 Hz) m/z found: 299.2915  calculated for: [Ci4 H3 3 N 6 +H]^: 

299.2923  Anal. Calcd for C,8H47N603.5Cl2: C, 45 .56 ; H, 9 .98 ; N, 17.70 . Found: C, 46 . 10;

H, 8 .90 ; N, 16.97 .

8.4 Synthesis and characterisation o f com pounds in Chapter 3

1,10-Decanedim ethyl ester (6 5 e )

O

O
Compound 65e was prepared according to Procedure 6, using 56a (2.30  g, 10 mmol) and 

thionyl chloride ( 1.61 ml, 22 mmol). A white crystalline solid was isolated (2.35 g, 91 

% ). 6h (400 . 1 MHz; CDCl3 )/ppm: 3.68 (6H, s), 2.32  (4H, t, J = 7.5 Hz), 1.62 (4H, m), 1.29
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(12H, bs). V max/cm'': 1747, 1170. mp/"C: 3 9 - 4 1 .  m/z found: 281.1753 calculated for: 

[C,4H2604+Nar: 281.1729.

1,12-Dodecanedimethyl ester (65f)

0

' O '

Compound 65e was prepared according to Procedure 6, using 56c (2.58 g, 10 mmol) and 

thionyl chloride (1.61 ml, 22 mmol). A white crystalline solid was isolated (2.43 g, 81 

%). 5h(400.1MHz; CDCl3 )/ppm: 3.69 (6H, s), 2.32 (4H, t, J = 7.6 Hz), 1.60 (4H, m), 1.28 

(16H, bs). V m a x / c m ' ' :  1747, 1170. mp/°C: 3 9 - 4 1 .  m/z found: 309.2054 calculated for: 

[Ci6H3o04+Na]^: 309.2042.

1 , 8 -  Octane bis-guanidinylamide picrate salt (94a)

NH O

H2 N N 
H

Procedure A:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction was refluxed for 24 h and concentrated hydrochloric acid (29 eq) 

was used. A yellow solid was isolated (146 mg, 20 %)

Procedure B:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction was refluxed for 24 h and concentrated hydrochloric acid (45 eq) 

was used. A yellow solid was isolated (219 mg, 30 %).
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Procedure C:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction was refluxed for 24 h and concentrated hydrochloric acid (60 eq) 

was used. A yellow solid was isolated (121 mg, 16.6 %).

Procedure D:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction was refluxed for 24 h and concentrated hydrochloric acid (75 eq) 

was used. Yellow Solid, (300 mg, 41 %)

Procedure E:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction was refluxed for 48 h and a yellow solid was isolated (329 mg, 45 

% ).

Procedure F:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction refluxed for 72 h. A yellow solid was isolated (585 mg, 80 %).

Procedure G;

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 

mmol). The reaction refluxed for 96 h. A yellow solid was isolated (146 mg, 20 %)

Procedure H:

Compound 94a was prepared according to Procedure 8, using dimethyl sebaccate (0.23 

g, 1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10
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mmol). The reaction refluxed for 120 h. A yellow solid was isolated (87 mg, 12 %). 

6h(400.1MHz; D20)/ppm: 7.40 (s, 4H), 2.23 (4H, t, J = 7.5 Hz), 1.47 (4H, m), 1.19 (8H, 

bs). 5c(l00.1M Hz; D20)/ppm: 23.7, 27.5, 27.6, 33.3, 128.3, 140.7, 173.7, 190.7.

V max/cm ': 3390, 1690, 1601.m p/“C: 1 3 8 -1 4 0 .

1, 9-Nonane bis-guanidinylam ide picrate salt (94b)

HoN

Compound 94b was prepared according to Procedure 8, using dimethyl nonane (0.24 g, 

1 mmol), guanidine hydrochloride (0.95 g, 10 mmol), sodium in m.ethanol (0.23 g, 10 

mmol). A yellow solid was isolated (67 mg, 9 %). 6h (400.1 MHz; D20)/ppm: 7.41 (s.

4H), 2.24 (4H, t, J = 7.5 Hz), 1.46 (4H, m), 1.16 (lOH, bs). v 

mp/"C: 1 2 8 -1 3 3 .

x/cm'': 3393, 1686, 1603.

1, 10-Decane bis-guanidinylam ide picrate salt (94c)

H,N

Compound 94b was prepared according to Procedure 8, using 65e (0.26 g, 1 mmol), 

guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 mmol). A 

yellow solid was isolated (131 mg, 17.2 %). 5 h (400 . 1 MHz; D20)/ppm: 7.40 (s, 4H), 2.23 

(4H, m), 1.44 (4H, m), 1.17 (12H, bs). v n,ax/cm ‘: 3393, 1686, 1605. mp/"C: 1 2 1 - 1 2 4 .

1 , 11-Undecane bis-guanidinylam ide picrate salt (94d)



Compound 94b was prepared according to Procedure 8, using 65a (0.29 g, 1 mmol), 

guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 mmol). A 

yellow solid was isolated (116 mg, 15 %). 6 h(400. IMHz; D20)/ppm: 7.44 (s, 4H), 2.25 

(4H, m), 1.44 (4H, m), 1.18(14H, bs). v „,ax/cm'': 3420, 1687, 1606. mp/“C: 1 2 2 -1 2 4 .

1 , 12-Dodecane bis-guanidinylam ide picrate salt (41e)

HoN

Compound 94b was prepared according to Procedure 8, using 65f (0.3 g, 1 mmol), 

guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 mmol). A 

yellow solid was isolated (87 mg, II %). 5 h(400.1M H z; D20)/ppm: 7.41 (s, 4H), 2.23 

(4H, t, J = 7.5 Hz), 1.47 (4H, m), 1.19 (16H, bs). v max/cm'’: 3400, 1680, 1605. mp/"C: 

121 -  124.

1, 14-Tetradecane bis-guanidinylam ide, picrate salt (94f)

HoN

Compound 94b was prepared according to Procedure 8, using 65b (0.33 g, 1 mmol), 

guanidine hydrochloride (0.95 g, 10 mmol), sodium in methanol (0.23 g, 10 mmol). A 

yellow solid was isolated (82 mg, 10 %). 5h(400.1M H z; D20)/ppm; 7.42 (s, 4H), 2.23 

(4H, t, J = 7.5 Hz), 1.47 (4H, m), 1.19 (20H, bs). v n,ax/cm'': 3413, 1670, 1606. mp/“C: 

1 1 8 -  122.
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1,8-Octane bisguanidinylamide (23a) 

NH O

Compound 23a was prepared according to Procedure 9, using 56e (202 mg, 1 mmol), 

CDI (324 mg, 2 mmol), guanidine hydrochloride (945 mg, 10 mmol) and drierite (272 

mg, 2 mmol). A white solid was isolated (116 mg, 49 %). 6h(400. IMHz; CDCl3 )/ppm; 

2.81 (4H, m) 1.78 (4H, m), 1.19 (8H, bs). V n ,ax /cm " ': 3459, 3326, 1736, 1596. mp/"C: 150 

-  154. m /zfound: 285.2031 calculated for: [C,2H24N602+H]^: 285.2039.

1,9-Nonane bisguanidinylamide (23b)
NH O O

HoN'  N '  ^  ^  ^  N '  NH2
H H

Compound 23b was prepared according to Procedure 9, using 56f (220 mg, I mmol), 

CDI (324 mg, 2 mmol), guanidine hydrochloride (945 mg, 10 mmol) and drierite (272 

mg, 2 mmol). A white solid was isolated (133 mg, 53 %). 5h(400.1MHz; CDCl3 )/ppm:

2.86 (4H, m) 1.81 (4H, m), 1.27 (lOH, bs). v max/cm‘': 3459, 3326, 1736, 1596. mp/°C: 

1 46 -150 .

1,10-Decane bisguanidinylamide (23c) 
NH O

Compound 23c was prepared according to Procedure 9, using 56a (230 mg, 1 mmol), 

CDI (324 mg, 2 mmol), guanidine hydrochloride (945 mg, 10 mmol) and drierite (272 

mg, 2 mmol). A white solid was isolated (119 mg, 45 %). 5h(400.1MHz; CDCl3 )/ppm:

2.86 (4H, m) 1.83 (4H, m), 1.33 (12H, bs). v max/cm'': 3460, 3328, 1736, 1597. m/z 

found: \61 .29^9 calculated for: [C,4H28N602+H+Na]^^: 168.2061.
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1,11-Undecane bisguanidinylamide (23d) 

NH O

HoN

Compound 23d was prepared according to Procedure 9, using 56b (244 mg, 1 mmol), 

CD! (324 mg, 2 mmol), guanidine hydrochloride (945 mg, 10 mmol) and drierite (272 

mg, 2 mmol). A white solid was isolated (111 mg, 40 %). 8h(400 .IMHz; CDCl3)/ppm: 

2.84 (4H, m) 1.83 (4H, m), 1.29 (14H, bs). v max/cm'': 3430, 3380, 1774, 1656. m/z 

found'. 327.2514 calculated for: [Ci5H3oN602+H]^: 327.2508.

1,12-Dodecane bisguanidinylamide (23e)

Compound 23e was prepared according to Procedure 9, using 56c (258 mg, 1 mmol), 

CDl (324 mg, 2 mmol), guanidine hydrochloride (945 mg, 10 mmol) and drierite (272 

mg, 2 mmol). A white solid was isolated (146 mg, 50 %). 6h(400.1MHz; CDCl3)/ppm: 

2.87 (4H, t, J = 7.52 Hz) 1.82 (4H, q, J = 7.52 Hz ), 1.30 (16H, bs). v max/cm ': 3459, 

3306, 1736, 1597. mp/°C: 136 -  138. mlz found: 341.2680 calculated for. [C,6 H32N6 

Oa+Hf; 341.2665.

1,14-Tetradecane bisguanidinylamide (23f) 
NH O

A .
H,N

H
O NH

Compound 23f was prepared according to Procedure 9, using 56d (286 mg, 1 mmol), 

CDl (324 mg, 2 mmol), guanidine hydrochloride (945 mg, 10 mmol) and drierite (272 

mg, 2 mmol). A white solid was isolated (150 mg, 47 %). 6h(400.1MHz; CDCl3)/ppm: 

2.79 (4H, m) 1.87 (4H, m), 1.31 (20H, bs). v rnax/cm'‘: 3420, 3326, 1736, 1639. mp/“C: 

1 3 6 - 1 4 0 .
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1,8-Octane bisguanidinylamide, hydrochloride salt (96a)

2HCI

O NH
Compound 96a was prepared following Procedure 4, using 97a (339 mg, 0.7 mmol). A 

white solid was isolated (190 mg, 76 %).

Compound 96a was prepared following Procedure 10, using 23a (200 mg, 0.7 mmol). A 

white solid was isolated (15 mg, 6 %).

Compound 96a was prepared following Procedure 12, using 97a (339 mg, 0.7 mmol). A 

white solid was isolated (15 mg, 6 %). 5h(400.1MHz; D20)/ppm: 2.36 (4H, t, J = 6.5 Hz) 

1.51 (4H, m), 1.19 (8H, bs). 6c(100.1MHz; D20)/ppm: 23.8, 27.4, 27.5, 36.3, 154.1, 

177.2. V max/cm'': 3418, 1730, 1600. mp/"C: decomposes above 250. m/zfound: 285.2031 

calculated for: [Ci2H25N602+H]^: 285.2039. Anal. Calcd for C 12H26N6O2CI2 : C, 38.51;

H, 7.27; N, 22.45. Found: C, 39.09; H, 7.26; N, 22.51.

1,9-Nonane bisguanidinylamide, hydrochloride salt (96b)

H H

Compound 96b was prepared following Procedure 4, using 97b (349 mg, 0.7 mmol). A 

white solid was isolated (169 mg, 65 %).

Compound 96b was prepared following Procedure 10, using 23b (200 mg, 0.7 mmol). A 

white solid was isolated (39 mg, 15 %).

Compound 96b was prepared following Procedure 12, using 97b (349 mg, 0.7 mmol). A 

white solid was isolated (39 mg, 15%). 5h(400.1MHz; D20)/ppm: 2.33 (4H, m) 1.50 (4H, 

m), 1.18 (lOH, bs). 6c(100.1MHz; D20)/ppm: 23.3, 27.5, 27.6, 27.7, 36.3, 154.2, 177.4. v
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max/cm'': 3440, 1723, 1599. mp/°C: decomposes above 250. m/z found: 299.2209 

calculated for: [C|3H27N602+H]^: 299.2195.

1 , 10-octane bisguanidinylamide, hydrochloride salt (96c)

O NH

Compound 96c was prepared following Procedure 4, using 97c (358 mg, 0.7 mmol). A 

white solid was isolated (181 mg, 67 %).

Compound 96c was prepared following Procedure 10, using 23c (200 mg, 0.7 mmol). A 

white solid was isolated (207 mg, 77 %).

Compound 96c was prepared following Procedure 12, using 97c (358 mg, 0.7 mmol). A 

white solid was isolated (19 mg, 7 %). 5h(400.1MHz; D20)/ppm: 2.36 (4H, t, J = 7.5 Hz) 

1.52 (4H, m), 1.16 (12H, bs). 6c(100.1MHz; D20)/ppm: 23.4 27.5, 27.7, 27.9, 36.3, 

154.2, 177.4. mp/°C: decomposes above 250.Vmax/cm'': 3422, 1719, 1600. mp/"C: 126 -  

130.

1,11-Undecane bisguanidinylamide, hydrochloride salt (96d)

O NHNH O

HoN N N NHo 
H

Compound 96d was prepared following Procedure 4, using 97d (368 mg, 0.7 mmol). A 

white solid was isolated (198 mg, 71 %).

Compound 96d was prepared following Procedure 10, using 23d (200 mg, 0.7 mmol). A 

white solid was isolated (8 mg, 3 %).

Compound 96d was prepared following Procedure 12, using 97d (368 mg, 0.7 mmol). A 

white solid was isolated (8 mg, 3 %). § h (400 . IMHz; D20)/ppm: 2.37 (4H, m) 1.52 (4H,
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m), 1.16 (14H, bs). v max/cm'': 3425, 1714, 1606. mp/‘’C: decomposes above 250. m/z 

found'. 327.2494 calculated for: [Ci5 H3oN6 0 2 +H]^: 327.2508. Anal. Calcd for 

C 15H32N 6O4 CI2 : C, 43.27; H, 7.99; N, 20.18. Found: C, 44.09; H, 7.93; N, 20.13.

1,12-Dodecane bisguanidinylamide, hydrochloride salt (96e)

Compound 96d was prepared following Procedure 4, using 97d (378 mg, 0.7 mmol). A 

white solid was isolated (165 mg, 57 %).

Compound 96d was prepared following Procedure 10, using 23d (200 mg, 0.7 mmol). A 

white solid was isolated (20 mg, 7 %).

Compound 96e was prepared following Procedure 12, using 97e (378 mg, 0.7 mmol). A 

white solid was isolated (20 mg, 7 %). 6h (400 . IMHz; D2 0 )/ppm: 2.37 (4H, t, J = 7.5 Hz) 

1.52 (4H, m), 1.19 (16H, bs). mp/”C: decomposes above 250. v max/cm'': 3420, 1718, 

1599. mizfound'. 341.2680 calculated for: [Ci6H32N 6 0 2 +H]^: 341.2665.

1,14-Tetradecane bisguanidinylamide, hydrochloride salt (960

Compound 96d was prepared following Procedure 4, using 97d (398 mg, 0.7 mmol). A 

white solid was isolated (195 mg, 63 %).

Compound 96d was prepared following Procedure 10, using 23d (200 mg, 0.7 mmol). A 

white solid was isolated (93mg, 3 %).
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Compound 96f was prepared following Procedure 12, using 97f (398 mg, 0.7 mmol). A 

white solid was isolated (9 mg, 3 %). 6h(400.1MHz; D2 0 )/ppm: 2.36 (4H, m) 1.52 (4H, 

m), 1.18 (20H, bs). mp/“C: decomposes above 250. v max/cm’': 3425, 1723, 1608. Anal. 

Calcd for C ,8H4 iN9 0 3  5Cl2 : C, 45.37; H, 8.67; N, 17.64. Found: C, 46.32; H, 8.21; N, 

17.31.

1,8-Octane bis-A^-bocguanidinylamide (97a)

Compound 97a was prepared according to Procedure 11, using 56e (0.20 g, 1.0 mmol), 

63 (0.64 g, 4.0 mmol), BOP (1.6 g, 2.4 mmol) and jV-methyl morpholine (0.66 ml, 6.0 

mmol). A white solid was isolated (373 mg, 77 %). 8h(400. 1 MHz; CDCl3)/ppm: 2.45 

(4H, t, J = 7.5 Hz) 1.68 (4H, m), 1.52 (18H, s), 1.33 (8 H, bs). 5c( 100.1 MHz; 

CDCl3)/ppm: 24.3, 27.7, 28.2, 28.4, 37.4, 79.6, 158.1, 161.2, 176.6. v 3371,

3278, 3104, 1704, 1620. mp/°C: 50 -  52. m/z found: 485.3064 calculated for: 

[C2 2 H4 oN6 0 6 +H]^: 485.3088. Anal. Calcd for C2 2 H4 2 N6 O7 : C, 52.57; H, 8.02; N, 16.72. 

Found; C, 52.83; H, 8.19; N, 16.46.

1,9-Nonane bis-A^-bocguanidinylamide (97b) 

O NH 0

' O '

I  O NH

A
NH O I

Compound 97b was prepared according to Procedure 11, using 56f (0.22 g, 1.0 mmol), 

63 (0.64 g, 4.0 mmol), BOP (1.6 g, 2.4 mmol) and A^-methyl morpholine (0.66 ml, 6.0 

mmol). A white solid was isolated (309 mg, 62 %). §h(400. IMHz; CDCl3)/ppm: 2.40 

(4H, m) 1.65 (4H, m), 1.52 (18H, s), 1.33 (lOH, bs). 6c(100.1MHz; CDCl3 )/ppm: 24.4, 

27.7, 28.2, 28.3, 28.4, 37.3, 79.4, 158.4, 161.4. v max/cm'': 3373, 3277, 3111, 1702, 1622. 

mp/°C: 50 -  54. miz found: 499.3260 calculated for: [C2 3 H4 2N 6 0 6 +H]^: 499.3244.
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1,10-Decane bis-A^-bocguanidinylamide (97c)

Procedure A:

Compound 97c was prepared according to Procedure 11, using 56a (0.23 g, 1.0 mmol), 

63 (0.64 g, 4.0 mmol), BOP (1.6 g, 2.4 mmol) and A^-methyl morpholine (0.66 ml, 6.0 

mmol). A white solid was isolated (394 mg, 77 %).

Procedure B:

The carboxylic acid (0.23 g, 1.0 mmol), 63 (0.64 g, 4.0 mmol) and triethylamine (0.42 

ml, 3.0 mmol) were dissolved in dry acetonitrile (20 ml). TBTU (0.77 g, 2.4 mmol) was 

added at 0°C and the solution left at room temperature overnight. Work up remained the 

same as for Procedure 11. A white solid was isolated (409 mg, 80 %). 5n(400.IMHz; 

CDCl3 )/ppm: 2.39 (4H, t, J = 7.5 Hz) 1.65 (4H, m), 1.48 ( I 8 H, s), 1.27 (I2H,  bs). 

6c(l00.1M Hz; CDCl3 )/ppm: 24.4, 27.6, 27.7, 28.0, 28.2, 28.3, 37.5, 79.6, 158.3, 162.1, 

179.9. V m a x / c m - ' :  3369, 3269, 3100, 1705, 1661. mp/“C: 48 -  52. miz found: 513.3409 

calculated for. [C2 4 H4 4  NaOe+H]^: 513.3401.

1,11-Undecane bis-A^-bocguanidinylamide (97d)

Compound 97d was prepared according to Procedure 11, using 56b (0.24 g, 1.0 mmol), 

63 (0.64 g, 4.0 mmol), BOP (1.6 g, 2.4 mmol) and iV-methyl morpholine (0.66 ml, 6.0 

mmol). A white solid was isolated (447 mg, 85 %). 6h(400. 1 MHz; CDCl3 )/ppm: 2.38 

(4H, t, J = 6 . 8  Hz) 1.65 (4H, m), 1.49 ( I 8 H, s), 1.26 (14H, bs). 5c( 100.1 MHz; 

CDCl3 )/ppm: 24.4, 27.7, 28.4, 28.6, 28.7, 37.4, 79.4, 158.4, 162.1, 191.3. v max/cm"': 

3359, 3103, 1693, 1605. mp/“C 48 -  52. m/z found: 549.3373 calculated for: 

[C2 sH4 6 N 6 0 6 +N a]^ 549.3377. Anal. Calcd for C2 5 H5 1N 6 O8 5 : C, 52.52; H, 8.11; N, 14.70. 

Found: C, 52.50; H, 8.19; N, 14.39.
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1,12-Dodecane bis-A^-bocguanidinylamide (97e)

Compound 97e was prepared according to Procedure 11, using 56c (0.26 g, 1.0 mmol), 

63 (0.64 g, 4.0 mmol), BOP (1.6 g, 2.4 mmol) and A^-methyl morpholine (0.66 ml, 6.0 

mmol). A white solid was isolated (469 mg, 87 %). 5h(400.1MHz; CDCl3)/ppm: 2.39 

(4H, t, J = 7.5 Hz) 1.65 (4H, m), 1.48 (18H, s), 1.26 (16H, bs). 5c(100.1MHz; 

CDCl3)/ppm: 24.4, 27.7, 28.2, 28.5, 28.6, 37.4, 79.5, 158.2, 191.4. v max/cm"': 3340, 

3270, 3103, 1691, 1618. mp/"C: 46 -  50. Anal. Calcd for C2 6 H51N 6O 7 5 : C, 56.81; H, 

8.80; N, 15.29. Found: C, 56.73; H, 8.91; N, 15.06.

1,14-Tetradecane bis-7V-bocguanidinylamide (97f)

Compound 97f was prepared according to Procedure 11, using 56d (0.29 g, 1.0 mmol), 

63 (0.64 g, 4.0 mmol), BOP (1.6 g, 2.4 mmol) and A^-methyl morpholine (0.66 ml, 6.0 

mmol). A white solid was isolated (358 mg, 63 %). 5h(400. IMHz; CD Cl3)/ppm: 2.39 

(4H, t, J = 7.52 Hz) 1.66 (4H, m), 1.49 (18H, s), 1.26 (20H, bs). 5c( 100.IMHz; 

CDCl3)/ppm: 24.4, 27.7, 28.4, 28.7, 28.8, 28.9, 37.4, 79.4, 158.3, 162.1, 176.5. v max/cm' 

3350, 3104, 1710, 1668. mp/°C: 47 -  50. Anal. Calcd for C 2 8H54N 6O 7 : C, 57.31; H, 

8.93; N, 14.32. Found: C, 57.38; H, 9.27; N, 14.81.

8.5 Synthesis and characterisation o f com pounds in Chapter 4 

A^-(2-Hydroxy-ethyl)-3-phenyl-propionamide (143)
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To a solution o f ethanolamine (4.1 ml, 67 mmol) in dry DCM (20 ml) was added the 3- 

Phenyl-propionyl chloride (10.0 ml, 67 mmol) and triethylamine (10.3 ml, 74 mmol) in 

dry DCM (10.0 ml) dropwise concurrently at 0°C. The solution was left stirring at 0°C for 

one hour and at room temperature for two hours. The solution was basified with sodium 

hydroxide solution (10 % w/v, 20 ml). The organic layer was separated and dried over 

sodium sulphate. The excess solvent was removed under reduced pressure. A white solid 

was isolated (5.43 g, 42 %). 5h(400.1MHz; CDCl3 )/ppm: 2.43 (2H, t. J = 7.5 Hz), 2.89 

(2H, t, J = 7.5 Hz), 3.28 (2H, quartet, J = 5.0 Hz), 3.55 (2H, t, J = 5.0 Hz), 7.19 (5H, m). 

5c(100.1MHz; CDCl3 )/ppm: v m a x /c m ’ ' :  1443, 1453, 1644, 3063, 3086, 3290. mp/°C: 72 

-7 4 . m iz found'. 216.1008 calculated for: [C| iHi5N02+Na]^: 216.1000

A^-(2-Chloro-ethyl)-3-phenyl-propionainide (144)

Procedure A:

A mixture o f the A^-(2-Hydroxy-ethyl)-3-phenyl-propionamide (2.1 mmol, 0.4 g), thionyl 

chloride (3 mmol, 0.23 ml) dissolved in DCM (5.00 ml) and refluxed for four hours. The 

solvent was removed under reduced pressure to give the desired product (231 mg, 52 %).

Procedure B:

The carboxylic acid (2.1 mmol, 0.32g) was dissolved in dry toluene (2.0 ml) under an 

atmosphere o f argon. Dry triethylamine (0.1 mmol, 14 |il) and 2-chloroethyl isocyanate 

(4.2 mmol, 1.8 ml) was added. The solution was heated to 60°C for three hours. The 

solvent was removed under reduced pressure to give a white solid (422 mg, 95 %). 

5 h(400 .IM H z; CDCl3 )/ppm: 2.74 (2H, t, J = 8.0Hz), 2.94 (2H, J = 8.0 Hz), 3.27 (2H, s), 

4.39 (2H, s), 7.19 (5H, m). 5c(400.1MHz; D20)/ppm: v max/cm'': 1497, 1729, 3026, 3377. 

mp/“C: 1 0 0 -1 0 2 .
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3-Phenyl-propionic acid methyl ester (148)

O

O ' ^

Compound 148 was prepared following Procedure 6, using 142a (1.49 g, 10 mmol) and 

thionyl chloride (0.8 ml, 11 mmol). A clear colourless liquid was isolated (1.47 g, 90 %). 

6h(400.1MHz; C D C ^ /p p m : 2.45 (2H, m), 2.79 (2H, m), 3.51 (3H,s), 7.19 (5H, m).

2-P henethyl-4,5-d ihydro-l//-im idazole (141)

Procedure A:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous oxychioride (0.7 mmol, 63 |j.l) was added. The solution 

was left to stir for one hour. This solution was added dropwise to a solution o f  aniline 

(2.0 mmol, 186 mg) in DCM (10 ml) and left to stir at 0°C for 12 hours. The organic 

layer was washed with water (2 x 30 ml). The organic layer was dried over magnesium 

sulphate and removed under reduced pressure.

Procedure B:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13g) in DCM 

(10 ml) under argon, phosphorous oxychioride (0.7 mmol, 63 |o,l) was added. The solution 

was left to stir for one hour. This solution was added dropwise to a solution of aniline 

(2.0 mmol, 186 mg) in DCM (10 ml) and left to stir at room temperature for 12 hours. 

The organic layer was washed with water (2 x 30 ml). The organic layer was dried over 

magnesium sulphate and removed under reduced pressure.
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Procedure C:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous oxychloride (0.7 mmol, 63 )o.l) was added. The solution 

was left to stir for one hour. This solution was added dropwise to a solution o f  aniline 

(2.0 mmol, 186 mg) in DCM (10 ml) left to stir at 50°C for 12 hours. The organic layer 

was washed with water (2 x 30 ml). The organic layer was dried over magnesium 

sulphate and removed under reduced pressure.

Procedure D:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous pentachloride (0.7 mmol, 146 mg) was added. The 

solution was left to stir for 12 hours. This solution was added dropwise to a solution of 

aniline (2.0 mmol, 186 mg) in DCM (10 ml) and left to stir at room temperature for 12 

hours. The organic layer was washed with water (2 x 30 ml). The organic layer was dried 

over magnesium sulphate and removed under reduced pressure.

Procedure E:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous pentachloride (0.7 mmol, 146 mg) was added. The 

solution was left to stir for 10 min. This solution was added dropwise to a saturated 

solution o f  ammonia in DCM (50 ml) and refluxed for 12 hours. The organic layer was 

washed with water (2 x 30 ml). The organic layer was dried over magnesium sulphate 

and removed under reduced pressure.

Procedure F:

To a solution o f  7V-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous pentachloride (0.7 mmol, 146 mg) was added. The 

solution was left to stir for 10 min. This solution was added dropwise to a solution of 

urethane (2.0 mmol, 154 mg) in DCM (10 ml) and refluxed for 12 hours. The organic 

layer was washed with water (2 x 30 ml). The organic layer was dried over magnesium 

sulphate and removed under reduced pressure.
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Procedure G:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous pentachloride (0.7 mmol, 146 mg) was added. The 

solution was left to stir for 10 min. This solution was added dropwise to a solution o f  

urethane (2.0 mmol, 154 mg) in DCM (10 ml) and refluxed for 12 hours. The organic 

layer was washed with water (2 x 30 ml). The organic layer was dried over magnesium 

sulphate and removed under reduced pressure.

Procedure H:

To a solution o f  7V-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous pentachloride (0.7 mmol, 146 mg) was added. The 

solution was left to stir for 10 min. This solution was added dropwise to a solution o f  

urethane (2.0 mmol, 154 mg) in DCM (10 ml) and refluxed for 12 hours. The organic 

layer was washed with water (2 x 30 ml). The organic layer was dried over magnesium 

sulphate and removed under reduced pressure.

Procedure I:

To a solution o f  A^-(2-Chloro-ethyl)-3-phenyl-propionamide (0.6 mmol, 0.13 g) in DCM 

(10 ml) under argon, phosphorous pentachloride (0.7 mmol, 146 mg) was added. The 

solution was left to stir for 10 min. This solution was added dropwise to a solution o f  

benzyl carbamate (2.0 mmol, 250 mg) in DCM (10 ml) and refluxed for 12 hours. The 

organic layer was washed with water (2 x 30 ml). The organic layer was dried over 

magnesium sulphate and removed under reduced pressure.

Procedure J:

Methyl hydrocinnamate (328 mg, 2 mmol) in distilled hexane (20 ml) was added 

dropwise to a rapidly stirred solution o f  trimethylaluminium in hexane (7.5 ml, 2M) at 

0°C. After addition was complete ethylene diamine (1.2 g, 20 mmol) was added and the 

solution heated to 80°C overnight. The solution was cooled on and ice bath and water (30 

ml) added dropwise. The solution was filtered and the aqueous layer extracted with 

hexane (2 times with 20 ml). The organic layers were dried over magnesium sulfate and
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excess solvent removed under reduced pressure under reduced pressure. The resulting 

residue was dissolved in methanol (30 ml) and hydrochloric acid (0.2M, 50 ml) added. A 

yellowy solid precipitated. Yellow solid, 31.5 mg (7.5 %). 6h(400.1MHz; D20)/ppm; 

2.43 (2H, m), 2.95 (2H, m), 3.49 (4H, s), 7.23 (5H, m). v max/cm'': 3102, 1602. mp/”C: 

1 2 4 -  126. V m a x / c m " ' :  1451, 1643, 3030, 3063, 3298. miz found: 175.0873 calculated for: 

[C iiH nN s+H f; 175.2529.

1,8-octane bis(-4,5-dihydro-lA^-imidazole) (24a)

Compound 24a was prepared following Procedure 13, using 65e (230 mg, 1 mmol) and 

ethylene diamine (0.33 ml, 5 mmol). A white solid was isolated (199 mg, 77 %). 

6h(400.1MHz; CDCl3 )/ppm: 1.33 (8H, bs), 1.63 (4H, m), 2.26 (4H, t, J = 7.5 Hz), 3.61 

(8H, s). V m a x / c m - ' ;  1458, 1469, 1494, 1611, 1643, 3171,  3306. m p/T : 155 -  157 m/z 

found: 251.2240 calculated for: [Ci4 H2 6 N 4 +H]^: 251.2236.

1,9-nonane bis(-4,5-dihydro-lf^-imidazole) (24b)

H

Compound 24b was prepared following Procedure 13, using 65f (244 mg, 1 mmol) and 

ethylene diamine (0.33 ml, 5 mmol). A white solid was isolated (71 mg, 26 %). 

5h(400.1MHz; CDCl3 )/ppm: 1.31 (lOH, bs), 1.62 (4H, m), 2.25 (4H, t, 8.04Hz), 3.60 

(8H, s). V max/cm'': 1423, 1471, 1496, 1611, 1643, 3199, 3298. mp/°C: 1 1 8 - 1 2 0 .  m/z 

found: 265.2384 calculated for: [Ci5 H2 8N 4 +H]^: 265.2392.

1,10-decane bis(-4,5-dihydro-ljRir-iniidazole) (24c)
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Compound 24c was prepared following Procedure 13, using 65c (258 mg, I mmol) and 

ethylene diamine (0.33 ml, 5 mmol). A white solid was isolated (183 mg, 64 %). 

5h(400.1MHz; CDCl3 )/ppm: 1.29 (12H, bs), 1.63 (4H, q, J = 7.5 Hz), 2.32 (4H, quartet, J 

= 7.5 Hz), 3.64 (8H, s). v „,ax/cm ': 1420, 1435, 1458, 1469, 1493, 1611, 1645, 3175, 

3305. mp/”C; 157 -  159. miz found: 279.2556 calculated for: [Ci6 H3 oN4 +H]^: 279.2549.

1,11-undecane bis(-4,5-dihydro-l//-imidazole) (24d)

H
Compound 24d was prepared following Procedure 13, using 65a (272 mg, 1 mmol) and 

ethylene diamine (0.33 ml, 5 mmol). A white solid was isolated (117 mg, 39 %). 

5h(400.1MHz; CDCl3 )/ppm: 0.87 (14H, bs), 1.28 (4H, m), 2.14 (4H, m), 3.50 (8H, s). v 

max/cm ': 1461, 1472, 1496, 1611, 1643, 3203, 3300. mp/"C: 114 -  116. mlz found: 

293.2704 calculated for: [C,7 H3 2 N4 +H]^: 293.2705.

1,12-dodecane bis(-4,5-dihydro-l//-imidazole) (24e)

Compound 24e was prepared following Procedure 13, using 65d (300 mg, 1 mmol) and 

ethylene diamine (0.33 ml, 5 mmol). A white solid was isolated (141 mg, 45 %). 

5n(400.1MHz; CDCl3 )/ppm: 1.26 (16H, bs), 1.63 (4H, m), 2.31 (4H, m), 3.64 (8H, s). v 

max/cm'': 1421, 1470, 1612, 1642, 3087, 3178, 3304. mp/°C: 115 -  117. m/z found: 

154.1530 [C,8H34N4+2Hf^: 154.2546.

1,14-tetradecane bis(-4,5-dihydro-l//-imidazoIe) (241)

Compound 24f was prepared following Procedure 13, using 65b (328 mg, 1 mmol) and 

ethylene diamine (0.33 ml, 5 mmol). A white solid was isolated (154 mg, 45 %).
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6h(400.1MHz; CDCbVppm: 1.23 (20H, bs), 1.64 (4H, m), 2.38 (4H, m), 3.70 (8H, s). v 

n,ax/cm'': 1467, 1734, 3294. m p /T : 7 8 -8 0 .

1,8-octane bis(-4,5-dihydro-l^-imidazole) oxalate salt (150a)

Compound 150a was prepared according to Procedure 14, using 24a (258 mg, I mmol). 

A white solid was isolated (317 mg, 91 %). 6h(400.1MHz; D20)/ppm: 1.13(8H, bs), 1.46 

(4H, m), 2.34 (4H, t, J = 7.5 Hz), 3.71 (8H, s). 6c(100.1MHz; D20)/ppm; 24.5, 25.4, 

27.3, 29.7, 35.1, 38.6, 171.3. v max/cm'': 1382, 1394, 1406, 1451, 3675. mp/"C: 158 -  

160.

1,9-nonane bis(-4,5-dihydro-l//-iinidazole) oxalate salt (150b)

N
H

Compound 150b was prepared according to Procedure 14, using 24b (272 mg, 1 mmol). 

A white solid was isolated (282 mg, 78 %). Sh(400.1MHz; D20)/ppm: 0.90 (lOH, bs), 

1.31 (4H, m), 2.19 (4H, m), 3.52 (8H, s). 8c( 100.1 MHz; D20)/ppm: 41.9, 42.1, 42.3, 

42.5, 42.7, 80.1, 80.2, 163.3. v „,ax/cm'': 1402, 1435, 1466, 1482, 1601, 1711, 3126, 

3262. mpA’C: 138 -  140. m/z found: 265.2400 calculated for: [Ci5 H2 8N4 +H]^: 265.2392.

1,10-decane bis(-4,5-dihydro-l//-imidazole) oxalate salt (150c)

Compound 150c was prepared according to Procedure 14, using 24c (286  mg, 1 mmol). 

A white solid was isolated (312  mg, 83 %). 5h( 400 .1 M Hz;  D20)/ppm: 0.89  (12H,  bs), 

1.29 (4H,  m), 2.17  (4H,  m), 3.52  (8H,  s). 6 c ( 1 0 0 . I M H z ;  D20)/ppm: 26.1 ,  25 .5,  28 .0 ,  

28.1,  28 .3 ,  28 .4 ,  30 .7 ,  160.7.  v max/cm'': 1394,  1468,  1593, 1692,  3105 .  mp/°C: 136 -  

138. m/z found: 2 7 9 . 2 5 5 4  calculated for: [Ci 6 H 3oN4 +H]^; 279 .2549 .
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1,11-undecane bis(-4,5-dihydro-l/f-imidazole) oxalate salt (150d)

Compound 150d was prepared according to Procedure 14, using 24d (300 mg, 1 mmol). 

A white solid was isolated (363 mg, 93 %). 6h(400.1 MHz; D20)/ppm: 1.09 (14H, bs), 

1.46 (4H, m), 2.34 (4H, t, J = 7.5 Hz), 3.71 (8H, s). 5 c (  100.1 MHz; D20)/ppm: 24.5, 25.4, 

27.4, 27.7, 27.9, 29.2, 35.1, 43.6, 171.4. v max/cm'': 1440, 1610, 1686, 3416. mp/°C: 98 -  

100 .

1,12-dodecane bis(-4,5-dihydro-l//-imidazole) oxalate salt (150e)

Compound 150e was prepared according to Procedure 14, using 24e (314 mg, 1 mmol). 

A white solid was isolated (347 mg, 86 %). 6h(400.1MHz; D20)/ppm: 1.17 (16H, bs), 

1.55 (4H, q, J = 5.0 Hz), 2.43 (4H, t, J -  5.0 Hz), 3.80 (8H, s). 5c( 100.1 MHz; D20)/ppm:

24.8, 25.8, 27.7, 27.9, 28.2, 28.4, 35.4, 35.5, 43.9, 171.8. v n,ax/cm ': 1421, 1438, 1469, 

1612, 1643, 3179, 3307. mizfound: 307.2867 calculated for: [C,8 H3 4 N 4 +H]^ 307.2862.

1,14-tetradecane bis(-4,5-dihydro-l//-imidazole) oxalate salt (150f)

Compound 150f was prepared according to Procedure 14, using 24f (342 mg, 1 mmol). 

A white solid was isolated (393 mg, 91 %). §h(400. IMHz; D20)/ppm; 1.19 (20H, bs), 

1.57 (4H, q, J = 5.0 Hz), 2.45 (4H, t, J = 5.0 Hz), 3.81 (8H, s). 6 c (  100.1 MHz; D20)/ppm:

24.8, 25.8, 27.7, 28.3, 28.6, 35.5, 36.6, 39.0, 44.0, 171.8. v ^x /cm '': 1401, 1483, 1715, 

3389.
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1, 8- octane A/s-amidine (25a)

NH

Compound 25a was prepared by following Procedure 15, using 65a (230 mg, 1 mmol), 

ammonium hydrochloride (535 mg, 10 mmol). A yellow solid was isolated (203 mg, 

75%). 6h(400.1MHz; D20)/ppm: 1.31 (8H, bs), 1.66 (4H, q, J = 5.2 Hz), 2.45 (4H, t, J =

5.2 Hz). 5 c (  100.1 MHz; D20)/ppm: 25.9, 27.6, 27.8, 31.9, 171.5. v ,nax/cm ': 1434, 1451, 

1470, 1688, 3080, 3239. mp/°C: decomposes above 250. m/z found: 199.1924 calculated 

for: [C,oH2 2N 4+H]^: 199.1923. Anal. Calcd for C,oH27N 4Cl4 : C, 31.56; H, 7.15; N, 14.72. 

Found: C, 31.67; H, 6.37; N, 14.59.

1,9-nonane A/s-amidine (25b)

Compound 25b was prepared by following Procedure 15, using 65b (244 mg, 1 mmol), 

ammonium hydrochloride (535 mg, 10 mmol). A yellow solid was isolated (208 mg, 73 

%). 5h(400.1MHz; D20)/ppm: 1.21 (IOH, bs), 1.57 (4H, m), 2.36 (4H, t, J = 7.5 Hz). 

6 c ( 100.1 MHz; D20)/ppm: 25.6, 27.3, 27.6, 27.7, 31.6, 171.2. v max/cm'': 1407, 1688, 

3081, 3244. mp/°C: decomposes above 250. m/z found: 213.2069 calculated for: 

[C,,H25N4+H]^ 213.2079.

1,10-decane Zi/s-amidine (25c)

NH

Compound 25c was prepared by following Procedure 15, using 65c (258 mg, 1 mmol), 

ammonium hydrochloride (535 mg, 10 mmol). A yellow solid was isolated (239 mg, 80 

%). 5h(400.1MHz; D20)/ppm: 1.26 (12H, bs), 1.64 (4H, q, J = 5.3 Hz), 2.43 (4H, t, J =

5.3 Hz). 6c(100.IM H z; D20)/ppm: 25.9, 27.7, 28.0, 28.2, 31.9, 171.6. v max/cm‘‘: 1435,
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1471, 1690, 3077, 3245. mpA’C: decomposes above 250. m iz found: 227.2227 calculated 

for: [C |2 H2 6 N4 +H ]^ 227.2230.

1,11-undecane Z>/5-amidine (25d)
NH  NH

Compound 25d was prepared by following Procedure 15, using 65d (272 mg, 1 mmol), 

ammonium hydrochloride (535 mg, 10 mmol). A yellow solid was isolated (250 mg, 80 

%). 5h(400.1MHz; D20)/ppm: 1.18 (14H, bs), 1.57 (4H, m), 2.36 (4H, t. J = 7.5 Hz). 

5c( 100.1 MHz; D20)/ppm: 25.6, 27.3, 27.7, 27.9, 28.0, 31.6, 171.2. v max/cm'’: 1408, 

1431, 1471, 1688, 3078, 3245. mp/°C: decomposes above 250. m/z found: 241.2383 

calculated for: [Ci3 H2 gN4 + H r: 241.2392.

1,12-dodecane A/s-amidine (25e)

NH

Compound 25d was prepared by following Procedure 15, using 65d (286 mg, 1 mmol), 

ammonium hydrochloride (535 mg, 10 mmol). A yellow solid was isolated (252 mg, 77 

%). 5h(400.1MHz; D20)/ppm: 1.26 (16H, bs), 1.65 (4H, m), 2.45 (4H, t, J = 5.0Hz). 

5c(100.1MHz; D20)/ppm: v max/cm"': 1435, 1471, 1688, 3081, 3246. mp/"C: decomposes 

above 250. mIz found: 255.2558 calculated for: [C)4 H3 oN4 +H]^: 255.2549.

1,14-tetradecane 6/s-amidine (25f)

NH

Compound 25f was prepared by following Procedure 15, using 65f (314 mg, 1 mmol), 

ammonium hydrochloride (535 mg, 10 mmol). A yellow solid was isolated (263 mg, 74 

%). 5h(400.1MHz; D20)/ppm: 1.16 (20H, bs), 1.56 (4H, m), 2.35 (4H, t, J = 7.5 Hz). 

6c(100.1MHz; D20)/ppm: 25.6, 27.9, 28.1, 28.2, 29.7, 31.6, 171.2. v max/cm'': 1413,
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1435, 1471, 1688, 3081, 3244. mp/"C: decomposes above 250. m lz found: 283.2859 

calculated for: [C,6 H3 4 N 4 +H]^: 283.2862.

8.6 Biological Assays

Neural membranes (P2 fractions) were prepared by established methods34 from the 

prefrontal cortex o f human brains obtained at autopsy in the Institute Vasco de Medicina 

Legal, Bilbao, Spain. Briefly, the tissue samples were homogenised in 5 mL o f  ice-cold 

Tris sucrose buffer (5 mM Tris-HCl, 250mM sucrose, pH 7.4). The homogenates were 

centrifuged at 1 lOOg for lOmin, and the supernatants were then recentrifuged at 40,000g 

for lOmin. The resulting pellet was washed twice and resuspended in 50mM Tris-HCl 

buffer (pH 7.5) to a final protein content o f  0.83_0.14 mg m L_l. [3H]2-BFI binding 

assay. Total [3H]2-BFI binding was measured in 0.55 mL aliquots (50 mM Tris-HCl, pH 

7.5) o f  the neural membranes that were incubated with [3H]2-BFI (1 nM) for 45 min at 

25 _C in the absence or presence o f  the competing compounds ( 1 0 1 2  M to I0_3 M, 10 

concentrations). Total binding was determined and plotted as a function o f  the compound 

concentration. Incubations were terminated by diluting the samples with 5 mL o f ice-cold 

Tris incubation buffer (4 _C). Membrane bound [3HJ2-BFI was separated by vacuum 

filtration through Whatman GF/C glass fibre filters. The filters were then rinsed twice 

with 5 mL o f  incubation buffer and transferred to minivials containing 3 mL o f  OptiPhase 

‘HiSafe’ II cocktail and counted for radioactivity by liquid scintillation spectrometry. 

[3HJRX821002 binding assay. The binding o f [3H]RX821002 (1 nM) to brain cortical 

membranes was performed as described for the [3HJ2-BF1 binding except in the 

incubation conditions (30min at 25 _C). Analysis o f binding data. Analysis o f  

competition experiments to obtain the inhibition constant (Ki) was performed by non­

linear regression using the EBDALIGAND program. All experiments were analysed 

assuming a one-site model o f  radioligand binding. Ki values were normalized to pKi 

values and expressed as mean_standard error o f  the means. Drugs. [3H]2-BFI (specific 

affinity 70Ci/mmol) was purchased from Amersham International, UK. [3H]RX821002 

(specific affinity 59 Ci/mmol) was obtained from Amersham International, UK. Idazoxan
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HCI was synthesised by Dr. F. Geijo at S.A. Lasa Laboratories, Barcelona, Spain. Other 

reagents were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
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Table A .I.- The conformations identified for each step at different starting points in the
search for the BAC for 19b

Function Energy Distance Total Dipole PSA Volume Area
Energy X 102 56 21 3 1
Distance 1 X 115 48 11 5
Total Dipole 2 1 X 110 31 9
PSA 4 1 1 X 57 18
Volume 14 8 5 1 X 36
Area 51 29 16 6 1 X

Table A.2.- The conformations identified for each step at different starting points in the
search for the BAC for 19c

Function Energy Distance Total Dipole PSA Volume Area
Energy X 84 46 39 11 4
Distance 4 X 95 81 22 4
Total Dipole 5 4 X 216 60 14
PSA 10 4 4 X 105 34
Volume 14 4 4 4 X 41
Area 69 24 15 13 4 X

Table A.3.- The conformations identified for each step at different starting points in the
search for the BAC for 19e

Function Energy Distance Total Dipole PSA Volume Area
Energy X 62 21 10 4 2
Distance 2 X 51 24 8 2
Total Dipole 3 2 X 60 11 3
PSA 9 4 2 X 44 15
Volume 15 7 3 2 X 27
Area 48 20 9 4 2 X

Table A.4.- The conformations identified for each step at different starting points in the
search for the BAC for 19f

Function Energy Distance Total Dipole PSA Volume Area
Energy X 85 55 28 7 1
Distance 1 X 119 52 8 1
Total Dipole 2 2 X 100 17 2
PSA 7 1 1 X 42 15
Volume 14 6 2 2 X 30
Area 54 26 17 9 1 X
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Table A.5.- The conformations identified for each step at different starting points in the
search for the BAC for 19d

Function Energy Distance Total Dipole PSA Volume Area
Energy X 103 55 24 13 8
Distance 8 X 1 17 46 19 12
Total Dipole 8 8 X 69 30 14
PSA 21 16 8 X 79 42
Volume 37 28 14 8 X 80
Area 69 49 27 14 8 X

Table A.6.- The conformations identified for each step at different starting points in the
search for the BAC for 29c

Function Energy Distance Total Dipole PSA Volume Area
Energy X 54 17 17 10 3
Distance 3 X 37 35 20 8
Total Dipole 3 3 X 95 43 9
PSA 11 8 3 X II I 26
Volume 12 8 3 3 X 33
Area 28 13 5 5 3 X

Table A.7.- The conformations identified for each step at different starting points in the
search for the BAC for 19g

Function Energy Distance Total Dipole PSA Volume Area
Energy X 101 20 8 3 3
Distance 3 X 42 18 6 6
Total Dipole 3 3 X 26 7 6
PSA 15 10 3 X 47 38
Volume 31 19 4 3 X 73
Area 104 72 15 7 0 X

Table A.8.- The conformations identified for each step at different starting points in the
search for the BAC for 42a

Function Energy Distance Total Dipole PSA Volume Area
Energy X 90 22 8 2 1
Distance 1 X 37 17 4 3
Total Dipole 4 1 X 55 11 9
PSA 21 6 1 X 42 33
Volume 38 11 1 1 X 60
Area 187 55 12 5 1 X
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Table A.9.- The conform ations identified for each step at different starting points in the
search for the BAC for 42b

Function Energy Distance Total Dipole PSA Volume Area
Energy X 95 43 32 7 4
Distance 4 X 104 75 17 9
Total Dipole 4 4 X 164 34 12
PSA 9 7 4 X 76 25
Volume 9 7 4 4 X 25
Area 41 21 10 8 4 X

Table A.IO.- The conform ations identified for each step at different starting points in the
search for the BAC for 42c

Function Energy Distance Total Dipole PSA Volume Area
Energy X 139 23 11 1 1
Distance 1 X 39 22 2 2
Total Dipole 2 1 X 97 13 4
PSA 12 5 1 X 87 33
Volume 15 7 1 1 X 42
Area 21 17 1 1 1 X

Table A .H .- The conform ations identified for each step at different starting points in the
search for the BAC for 42d

Function Energy Distance Total Dipole PSA Volume Area
Energy X 103 68 42 22 9
Distance 9 X 114 70 35 11
Total Dipole 19 9 X 139 66 27
PSA 26 12 9 X 99 38
Volume 30 15 10 9 X 43
Area 54 27 21 16 9 X

Table A.12.- The conform ations identified for each step at different starting points in the
search for the BAC for 42e

Function Energy Distance Total Dipole PSA Volume Area
Energy X 193 84 47 20 3
Distance 7 X 134 81 32 8
Total Dipole 8 7 X 92 40 11
PSA 18 15 6 X 114 34
Volume 27 23 8 6 X 47
Area 69 60 24 16 6 X
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Table A.13.- The conform ations identified for each step at different starting points in the
search for the BAC for 42f

Function Energy Distance Total Dipole PSA Volume Area
Energy X 68 18 13 2 1
Distance 1 X 42 25 6 3
Total Dipole 2 1 X 48 12 6
PSA 15 9 1 X 69 45
Volume 22 14 1 1 X 64
Area 66 34 8 8 1 X

Table A .14.- The conform ations identified for each step at different starting points in the
search for the BAC for 52a

Function Energy Distance Total Dipole PSA Volume Area
Energy X 130 89 55 8 5
Distance 5 X 117 71 13 11
Total Dipole 10 5 X 178 37 25
PSA 18 13 5 X 64 40
Volume 26 17 6 5 X 56
Area 113 70 46 32 5 X

Table A.14.- The conform ations identified for each step at different starting points in the
search for the BAC for 52b

Function Energy Distance Total Dipole PSA Volume Area
Energy X 116 69 47 5 2
Distance 2 X 140 92 13 6
Total Dipole 3 2 X 201 30 9
PSA 9 3 2 X 72 18
Volume 8 5 3 2 X 24
Area 40 28 21 18 2 X

Table A.15.- The conform ations identified for each step at different starting points in the
search for the BAC for 52c

Function Energy Distance Total Dipole PSA Volume Area
Energy X 55 19 15 1 1
Distance 1 X 49 27 6 3
Total Dipole 2 1 X 99 13 6
PSA 7 3 1 X 46 20
Volume 15 4 1 1 X 35
Area 59 21 8 6 1 X
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Table A.16.- The conform ations identified for each step at different starting points in the
search for the BAC for 52d

Function Energy Distance Total Dipole PSA Volume Area
Energy X 38 13 8 2 1
Distance 1 X 45 29 7 5
Total Dipole 2 1 X 81 20 ^ 14
PSA 21 6 1 X 59 47
Volume 35 1 1 1 X 78
Area 95 30 1 1 7 1 X

Table A .17.- The conform ations identified for each step at different starting points in the
search for the BAC for 52e

Function Energy Distance Total Dipole PSA Volume Area
Energy X 81 4 38 8 5
Distance 5 X 83 52 10 6
Total Dipole 11 5 X 189 36 14
PSA 14 6 5 X 48 19
Volume 17 7 6 5 X 22
Area 100 37 30 19 5 X

Table A .18.- The conform ations identified for each step at different starting points in the
search for the BAC for 52f

Function Energy Distance Total Dipole PSA Volume Area
Energy X 45 20 11 4 2
Distance 2 X 50 25 6 3
Total Dipole 3 2 X 61 20 9
PSA 12 2 2 X 48 25
Volume 15 9 2 2 X 41
Area 26 14 3 2 2 X

Table A .19.- The conform ations identified for each step at different starting points in the
search for the BAC for S I 5430

Function Energy Distance Total Dipole PSA Volume Area
Energy X 17 17 15 13 4
Distance 4 X 103 77 70 27
Total Dipole 16 4 X 211 145 59
PSA 17 4 4 X 148 61
Volume 21 4 4 4 X 78
Area 22 4 4 4 4 X
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Table A .20.- The conform ations identified for each step at different starting points in the
search for the BAC for 25a

Function Energy Distance Total Dipole PSA Volume Area
Energy X 52 45 21 10 1
Distance 1 X 167 70 19 6
Total Dipole 7 1 X 76 21 8
PSA 13 11 1 X 55 22
Volume 19 17 6 1 X 42
Area 52 45 21 10 1 X

Table A.21.- The conform ations identified for each step at different starting points in the
search for the BAC for 25b

Function Energy Distance Total Dipole PSA Volume Area
Energy X 89 48 22 10 7
Distance 7 X 128 51 18 12
Total Dipole 19 10 X 147 80 49
PSA 17 10 7 X 70 43
Volume 31 17 11 7 X 81
Area 94 47 28 15 7 X

Table A .22.- The conform ations identified for each step at different starting points in the
search for the BAC for 25c

Function Energy Distance Total Dipole PSA Volume Area
Energy X 30 6 3 1 0
Distance 2 X 54 24 6 3
Total Dipole 3 2 X 74 14 7
PSA 3 2 2 X 51 19
Volume 10 8 3 2 X 44
Area 59 29 12 6 2 X

Table A .23.- The conform ations identified for each step at different starting points in the
search for the BAC for 25d

Function Energy Distance Total Dipole PSA Volume Area
Energy X 115 90 28 14 6
Distance 6 X 129 44 21 7
Total Dipole 15 6 X 135 57 20
PSA 26 10 7 X 89 34
Volume 53 20 11 6 X 66
Area 98 33 24 11 6 X
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Table A.24.- The conform ations identified for each step at different starting points in the
search for the BAC for 25e

Function Energy Distance Total Dipole PSA Volume Area
Energy X 55 16 10 3 2
Distance 2 X 45 27 8 5
Total Dipole 5 2 X 60 15 10
PSA 13 5 2 X 45 21
Volume 25 9 3 2 X 55
Area 79 25 11 6 2 X

Table A.25.- The conform ations identified for each step at different starting points in the
search for the BAC for 25f

Function Energy Distance Total Dipole PSA Volume Area
Energy X 61 22 4 0 0
Distance 1 X 60 15 6 1
Total Dipole 4 0 X 47 14 9
PSA 10 4 0 X 52 26
Volume 16 7 1 0 X 44
Area 35 20 5 1 0 X

Table A.26.- The conform ations identified for each step at different starting points in the
search for the BAC for pentamidine

Function Energy Distance Total Dipole PSA Volume Area
Energy X 42 25 7 2 1
Distance 1 X 43 19 4 1
Total Dipole 2 1 X 34 9 3
PSA 3 2 1 X 13 5
Volume 8 6 2 1 X 12
Area 19 11 3 1 1 X


