
LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH TRINITY COLLEGE LIBRARY DUBLIN
OUscoil Atha Cliath The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin 

Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and 
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing 
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property 
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other I PR 
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources 
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in 
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal 
conventions. Where specific permission to use material is required, this is identified and such 
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, I accept that Trinity College Dublin bears no legal responsibility for the 
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity 
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising 
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific 
use constraints, details of which may not be explicitly described. It is the responsibility of potential and 
actual users to be aware of such constraints and to abide by them. By making use of material from a 
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the 
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the 
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms & 
Conditions. Please read them carefully.

I have read and I understand the following statement: All material supplied via a Digitised Thesis from 
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or 
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for 
your research use or for educational purposes in electronic or print form providing the copyright owners 
are acknowledged using the normal conventions. You must obtain permission for any other use. 
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has 
been supplied on the understanding that it is copyright material and that no quotation from the thesis 
may be published without proper acknowledgement.





Synthetic, photophysical and biological studies into 

new tools for investigating bile acid disposition and 

toxicity

Ferenc Majer M.Sc.

A thesis presented to the University o f  Dublin for the degree o f  Doctor o f  Philosophy

in Pharm aceutical Chem istry

Based on research carried out under the supervision o f  

John G ilm er B.A. (M od), Ph.D.

at

The School o f  Pharmacy and Pharm aceutical Sciences, 

Trinity College,

Dublin.

2013



I TRBWTY COLLEGE

1 4 hAi Z0I3 

‘i^ l B R A R Y  DUBLIN A

"fWvi



DECLARATION

I declare that this thesis has not been subm itted as an 

exercise for a degree at this or any other university and it is 

entirely my own work except where duly acknowledged.

1 agree to deposit this thesis in the University’s open access institutional repository 

or allow the library to do so on my behalf, subject to Irish Copyright Legislation and 

Trinity College Library conditions o f  use and acknowledgem ent.

Ferenc M ajer



j!Bi?s’4vj5t»' ■ » ' ' ■ - • ? ■ ' ' '#'"'-is’’‘' .'■ .'■’i''» -.>  ■' > ■- J - -.. «  ,»S; . 1;;.. '

' 5 ' " > ' ‘ -'’ '“‘’  - i ' ^  • ' ^  ' ■■' f ' : '  ■ ■ ■ ■• ■ ■ ^ , ; “ • V s ' f  . ' - >  ' 5 ^ - '  ■ ‘ 1 ^  < r v ' / ’^ '

I s S ' f " ̂' ‘ -''' i'- « ‘ . - , - '  ,'■/. ■ V. > ' ‘f t  • ■ ^ . ,  ’ ' ■ " 1 ,  '■>-■'• ; ' - - . y ^ > ' .  v V > '-



SUMMARY

The overall objective o f  this thesis was to use synthetic chem istry to provide tools to understand 

problem s in bile acid research including their disposition and m echanism o f  toxicity. Fluorescent 

reporter groups are very w idely used for probing problem s o f  biochem ical distribution and 

m echanism  especially in the bile acid field. This area is reviewed here, structured by fluorescent 

derivatizing agent.

O ur group has a particular interest in how bile acids induce cell death (this is particularly 

im portant in the case o f  deoxycholic acid (DCA), lithocholic acid (LCA) and chenodeoxycholic 

acid (CDCA)). There are many questions about the biochem istry, physiology and pharm acology 

o f  these bile acids connected in some way to their disposition and especially cellular localization 

that suitable fluorescent reporters could help answer. To answer questions we designed and 

synthesized ursodeoxycholic acid (UDCA) and DCA analogues with a reporter group (dansyl or 

7-nitrobenzofurazan 2-oxa-l,3 -d iazo le (NBD)) incorporated in the A ring and we also 

synthesized the appropriate control substances.

The prepared fluorescent bile acids are highly suitable for determ ining the disposition o f  bile 

acids in cell-based assays, for detecting active transport processes affecting bile acids and for 

investigating the m any questions about these com pounds. O ur work showed that oesophageal 

cells have the capacity to actively take up bile acids and that this is positively regulated by bile 

acid exposure. M eanwhile, work o f  colleagues dem onstrated that the transport o f  these 

com pounds is sensitive to the orientation o f  the fluorescent reporter group. The work described 

here can only be the beginnings o f  investigations with these fascinating substances which are 

now in widespread use in num erous laboratories interested in anionic transport, the oesophagus 

and the effects o f  bile acids.

Additionally we produced several highly potent new bile acids. The purpose o f  the work was to 

prepare and study new bile acids integrating structural features o f  bile acids that were associated 

with inhibition o f  cell viability in previous work from our lab. In this process we conducted some 

prelim inary investigations into the m echanism o f  action o f  these substances in order to 

characterize apoptosis versus necrosis and to try to define some o f  the pathways involved. In total 

we prepared and studied 23 new bile acids starting from LCA, DCA, and CDCA featuring 3- 

alpha and beta azido groups with optional further substitution at C-24 with parallel amides.
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Chapter 1 

Introduction
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1.1. General introduction

1.1.1. Classification and chemical structure o f bile acids

Bile acids are steroidal compounds biosynthesized from cholesterol (1) in the liver and stored in 

the gall bladder. They serve a number o f important physiological functions such as generation o f 

bile flow that helps in the extraction and recirculation o f  drugs and vitamins and cholesterol 

homeostasis [I]. The nomenclature o f bile acids is complex, because o f  the high number o f 

naturally occurring derivatives. These compounds can be divided into two great groups 

depending on the number o f carbons, thus we can distinguish “cholanoids” and “cholestanoids” . 

Cholanoids consist o f all C24 compounds, while cholestanoids encompass the all C 27 compounds 

including the C27 bile acids and C 27 bile alcohols. Bile acids are classified into primary, 

secondary and tertiary bile acids. The primary bile acids, as cholic acid (CA, 2) and 

chenodeoxycholic acid (CDCA, 3) are synthesized from cholesterol enzymatically in the 

hepatocyte. These primary bile acids are modified by anaerobic bacterial flora to form the 

secondary bile acids, deoxycholic acid (DCA, 4) and lithocholic acid (LCA, 5). The tertiary bile 

acids ursodeoxycholic acid (UDCA, 7) and sulfo-LCA (SLCA, 6 ) are derived from 3 with 

epimerisation and from 5 with sulfation, respectively (Figure 1.1).
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Figure 1.1: Classification o f  bile acids

The structure o f  bile acids can be divided into two com ponents, a rigid steroid 'nuc leus ' and an 

aliphatic side chain. In the case o f  cholestanoids, the side chain contains eight carbons, while the 

side chain o f  cholanoids contains only five carbons. The steroid nucleus o f  bile acid is saturated 

and contains three six-m em ber hydrocarbon rings (A, B and C) and a five-m em ber ring (D). In 

addition, there are two angular methyl groups at positions C-18 and C-19 [2], Bile acids can be 

flat or curved m olecules depending on the fusion between A and B rings. In the higher 

vertebrates, the bile acids are curved, thus the A and B rings are in a cw-fused configuration (The 

hydrogen is in (3-orientation at position C-5). The bile acids o f  lower vertebrates are usually flat



compounds, because o f the /ra«5-fusion o f  A and B rings (5a-H). The /ra«5-fused bile acids are 

also known as a//o-bile acids. The side chain is always connected to the five-membered ring at 

position C-17 (Figure 1.2).

a b
O

OH
OH

OH

24  OHOH

OH

Figure 1.2: a Structure o f  2, b Chemical structure o f  2

Bile acids are facially amphipathic molecules i.e. they contain both a hydrophobic non-polar face 

and a hydrophilic polar face. The p-face o f bile acids is the hydrophobic side and the a-face is 

hydrophilic, which has hydroxyl groups [3] (Figure 1.3). The bile acids form micelles in the gut, 

with the hydrophobic sides in contact with each other, while the hydrophilic sides align 

themselves with the aqueous solution. It is this structural property that allows bile acids to acts as 

surfactants and gives them the ability to micellise.

COOH

Figure 1.3: Cartoon representation o f  2 (introduced by Small)

1.1.2. Conjugation of bile acids

After their biosynthesis bile acids are conjugated, and this conjugation increases their water- 

solubility [3]. Bile acids can be conjugated at C-24 or via the hydroxyl groups o f  the steroid 

nucleus. They can be N-acyl amidated with either glycine or taurine at C-24, where the carboxyl 

group o f the bile acid is linked to the amino group o f the amino acid to form an amide bond 

(Figure 1.4). This conjugation changes the acidity o f bile acids resulting in increased solubility
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OH

OH

and ionisation at the pH conditions during the digestive process. The carboxyl group also 

undergoes sulfation and ester glucuronidation. The hydroxyl group at C-3 can be conjugated with 

sulfate, which prevents absorption in the intestine and the rapid elimination o f  the compound. 

Bile acids with 7p-hydroxyl group (e.g. 7) can be conjugated with N-acetylglucosamination at C- 

7. Conjugation o f bile acids on both the steroid nucleus and the side chain can occur 

simultaneously [4].

O O

N COOH

''̂ OH HO '̂'
H

Figure 1.4: Structures o f  conjugated bile acids. 8: Glycocholic acid; 9: Taurocholic acid  

1.1.3. Biosynthesis of bile acids

Bile acids are synthesized from 1 via a number o f complex steps in both the side chain and 

steroid nucleus [5-7] (Figure 1.5.). in the first step o f biosynthesis the cholesterol 7a-hydroxylase 

enzyme oxidizes the cholesterol to a 7a-hydroxycholesterol intermediate (10), which is converted 

to cholest-7a-hydroxy-A"*-3-one (11) in the next step by isomerase and oxidase enzymes giving 

the key intermediate o f the biosynthetic route. At this point the biosynthesis branches out causing 

the formation o f  the primary bile acids, cholic and chenodeoxycholic acid. The unsaturated oxo 

derivative undergoes a hydroxylation at C-12 forming the backbone o f cholic acid. This step is 

followed by side chain oxidation to afford the C27 acid (13). This step is believed to occur in the 

mitochondria mediated by a P-450 hydroxylase. In the next two steps 13 is stereoselectively 

reduced to form the A/B cis bile acid skeleton, and then the 3-oxo group is reduced to 3a- 

hydroxyl (14). The formed C27 acid undergoes an oxidative cleavage o f  the side chain for the 

mature C24 bile acid in the last step, which is catalysed by peroxisomal enzymes. For the 

formation o f 3 the key 0 x0  intermediate undergoes the same transformations except for the 

hydroxylation step. These biosynthesized bile acids are conjugated with glycine and taurine by an 

acyltransferase enzyme in an amidation reaction [8].
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COOHCOOH
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OH COOH

COOH
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Cholic acid
'OH

2

Chenodeoxycholic acid

Figure 1.5: Biosynthesis o f cholic and chenodeoxycholic acidfrom cholesterol.

The biosynthesis of secondary bile acids from 2 and 3 takes place in the intestine by bacterial 

enzymes [9]. On the side chain, bacteria deconjugate the bile salt to form bile acids, taurine and 

glycine. Some of these deconjugated bile acids are sent back to the liver and reconjugated during 

the transit through the hepatocyte [10]. The 7a-hydroxyl group on the nucleus is removed by 

anaerobic bacteria to form secondary bile acids. In the case of 2 , the dehydroxylation results in 4, 

which has two hydroxyl groups on the steroid nucleus at C-3 and C-12. The bacterial



dehydroxylation o f  3 results in 5, which contains only one OH-group at C-3. Both o f 4 and 5 are 

absorbed in the colon and returned to the hepatocyte. The epimerisation o f  7a-hydroxyl group o f 

3 or the sulfation o f 3-OH o f 5 leads to the tertiary bile acids, 7 and 6. Compound 7 is currently 

used for cholesterol gallstone dissolution therapy and in the treatment o f  cholestatic liver 

diseases.

1.1.4. Physiological functions o f bile acids

The physiological functions o f bile acids can be divided into five major established parts [9]. The 

most important is the elimination o f cholesterol (1) from the body by converting to bile acid or 

micellar solubilisation in bile, which allows the moving o f cholesterol to the intestine and the 

elimination via the faecal route. Bile acids also take part in lipid transport in the form o f mixed 

micelles. They function to promote lipid solubilisation in the small intestine and accelerate the 

lipid transport through the intestine. A lack o f bile acids results in deficiency o f the fat soluble 

vitamins (A, D, E and K |) as they are not absorbed. Micelle formation can also promote 

cholesterol elimination and the solubilisation o f phospholipids.

Bile acids also function as secratogues increasing biliary phospholipid secretion and inducing the 

flow o f bile. One o f the most important functions o f bile acids is in maintaining cholesterol 

homeostasis through negative feedback regulation o f cholesterol. Indeed excessive intake o f 

cholesterol in high fatty western diets also results in increased accumulation o f  bile acids in the 

liver and intestine. It is thought that these high concentrations o f bile acids are involved in the 

initiation and progression o f colon cancer [11],

Bile acids have additional functions in the intestine apart from these principal functions [9]. They 

promote the solubilisation o f polyvalent metals e.g. iron and calcium in the duodenum or 

stimulate the release o f motilin, which coordinates the interdigestive migrating motility complex. 

Bile acids can also stimulate mucin secretion in the small intestine and affect the absorption o f 

electrolytes and water.

1.1.5. Bile acids and disease

Despite bile acids being essential components o f  normal body function, they are important in 

hepatic, biliary and intestinal disease [9]. Mutations in biosynthesis o f bile acids can cause a 

number o f identified hepato-biliary diseases such as cerebrotendinous xanthomatosis (CTX) or
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Zellweger's syndrome [2]. The concentration o f  bile acids can also take part in the development 

o f different disease.

It is also generally accepted that increased concentrations o f secondary hydrophobic bile acids 

results in cytotoxicity either intracellularly or extracellularly [9]. Hydrophobic bile salts have 

been shown to be cytotoxic against a variety o f different cell types including hepatocytes [12], 

erythrocytes [13], mast cells [14] and gastric or intestinal cells [15], The toxicity o f  bile acids 

strongly depends on their structure. While the hydrophobic components, such as 3 and 4 show 

high cytotoxicity, 7 is hydrophilic and devoid o f the cytotoxic properties in most model systems 

[14, 16]. As a result bile acids significantly contribute to the development o f a number o f 

hepatobiliary cholestatic disorders such as primary biliary cirrhosis and primary sclerosing 

cholangitis. It is commonly thought, that the retention o f bile acids in the hepatocytes leads to all 

forms o f cholestasis. The high concentration o f  cytotoxic bile acids can result in cellular 

membrane damage and induce apoptosis or necrosis o f hepatocytes, which leads to a chronic 

cholestatic liver disease. The leakage o f bile acids into the peribiliary space causes portal 

inflammation and fibrosis [9, 17, 18].

It has been documented that bile acids take part in the development o f intestinal cancer [19]. 

Cook and Kenway have described bile acids first as carcinogens in 1939 and 1940 [20]. Studies 

have shown that dietary habits affect bile acid metabolism and the ingestion o f  large amount o f 

fats is an important element responsible for intestinal cancer. In vitro a number o f  carcinogenic 

cascades have been found to be upregulated by bile acids, these include activator protein-1 (AP- 

I), extracellular signal regulated kinases (ERKs) and protein kinase C (PKC) [21]. Bile acids 

have also been identified as causative agents in the development o f liver and colon cancer in 

number epidemiological studies [22].



1.2. Fluorescent reporter compounds and labels for bile acids

The overall objective o f this thesis was to use synthetic chemistry to provide tools to understand 

problems in bile acid research including their disposition and mechanism o f toxicity. Fluorescent 

reporter groups are very widely used for probing problems o f  biochemical distribution and 

mechanism especially in the bile acid field. This area is reviewed here, structured by fluorescent 

derivatizing agent.

1.2.1. NBD as fluorophore

The NBD group, 7-nitrobenzofurazan 2-oxa-l,3-diazole is widely used to label peptides, drugs, 

proteins and other biomolecules. It may be introduced by electrophilic substitution onto its 

chloride 17 or fluoride 18 (Figure 1.6). It is also commonly used in HPLC analysis as a pre

labeling compound for amino acids and low molecular weight amines [23], NBD chloride (17) is 

a pale yellow powder, which is not fluorescent itself, but reacting with primary, secondary 

amines or thiols it forms exceedingly fluorescent adducts as an orange solid. The fluorescence 

spectra o f  these derivatives are highly environment-sensitive; the fluorescence intensity o f the 

NBD-labelled compounds is higher in organic solvents than in aqueous solutions. The NBD- 

amine adducts have A,ex around 464 nm and >.em around 512 nm in aqueous solutions [24]. NBD 

chloride was first prepared by Boulton et al. by nitration o f 4-chlorobenzofurazan at position-7 in 

1966 [25].

The fluoro derivative o f NBD (4-fluoro-7-nitrobenzo-2-oxa-l,3-diazole, NBD-F) 18 is also used 

to label amines and thiols giving the same NBD labelled products as NBD-Cl. NBD-F is also 

non-fluorescent itself but much more reactive in forming the NBD-amine adducts than the 

chlorinated derivative. It was firstly synthesized by Di Nunno et al. by nitration o f  4-Fluoro- 

2,1,3-benzoaxadiazole [26]. It is also used as derivatization reagent for HPLC analysis o f amino 

acids and low molecular weight amines [23].
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Figure 1.6: Chemical structures o fN B D  chloride and NBD fluoride

The favorable fluorescent features, the highly reactive halogen derivatives and the relatively 

small molecular weight make the NBD fluorophore popular for labeling drugs and other 

biologically active molecules.

1.2.2. NBD labelled cholic acid derivatives

Cholic acid presents several possible points o f  introduction o f a fluorescent reporter group. 

Preparation o f stable iV-substituted NBD analogs requires replacement o f  the hydroxyl or 

carboxyl functionality with amino group(s) or amidation at C24 with an amine bearing moiety. 

The necessary selective synthetic manipulation is facilitated by the long history o f bile acid 

synthetic chemistry in the 20‘̂  Century.

\ 7
OH

24 OH

HO OH

Figure 1.1: Positions to label cholic acid with NBD fluorophore

The first NBD-derivatives o f cholic acid (2) were described by Schneider et al. in 1991 who 

introduced the fluorophore into the 3, 7 and 12 positions providing a complete set o f



diastereomeric isomers, as well as their taurine conjugates (19-21) [27] {Figure 1.8). The

fluorescent steroids were synthesized in four steps in the case o f  the unconjugated and in five 

steps in the case o f  the taurine conjugated cholic acid. In the first step the bile acid was oxidized 

to 3, 7 or 12-0X0 derivative, followed by the conversion to oximo intermediate, which was 

reduced to amine. Finally the fluorophore was introduced, and the a-  and (3- isomers were 

separated. The authors described two options for conjugation. Taurine can be coupled to the 

carboxyl group after the selective oxidation o f the corresponding hydroxyl group or the 

previously prepared NBD-cholic acid can be conjugated with taurine at the end. The 

spectroscopic properties o f these NBD-labelled cholic acid compounds and salts were extensively 

characterized. The absorption spectra o f all the derivatives are similar showing four absorption 

maxima in every case. The longest wavelength absorption band (between 460-500 nm) is 

strongly dependent on the solvent. Increasing the hydrophobicity o f  the solvent results in 

decreased absorption maxima (blue shifted), while the pH o f the environment and the 

concentration o f  the compounds have no effect on the absorption properties. The emission 

maxima o f all the derivatives are in the range between 540 and 570 nm depending on the polarity 

o f the solvent. The more hydrophobic solvents result in higher emission maxima and greater 

quantum yield compared to the polar solvents (e.g. (t> = 0.025 in water or pH = 7.4 phosphate 

buffer and = 0.398 in n-octanol). The quantum yield is temperature dependent, decreasing it on 

higher temperatures. However many fluorophores have strong pH dependence; in the case o f 

NBD-labelled bile acids the variation o f  the pH does not significantly affect the wavelength o f 

the emission maxima or the quantum yield.

Figure 1.8: Chemical structures o f  the firs t NBD labelled taurocholates (Schneider et al., 1991)

Rohacova et al. used the previously described synthetic approach to prepare 3- and 7-NBD- 

labelled cholic acid in order to assess their suitability for detecting functional active uptake 

processes in hepatocytes by flow cytometry [28]. The absorption and emission properties o f the 

compounds in ethanol (EtOH) were similar to the previously presented corresponding taurine-

I I



conjugated N BD derivatives. The authors determined the fluorescence lifetimes (is ~  6 ns) o f  the 

four fluorescent cholic acids in ethanol and estimated the singlet energy (Eo-o) values o f  ~  242 kJ 

m of'.

prepared NBD-amino adducts o f  cholate monomer, trimer, pentamer and heptamer to study the 

conformation o f  the foldamers in different solvents. To obtain the 3a-am ino group first methyl 

cholate was converted SP-mesylate using PPha and diisopropyl azodicarboxylate (DIAD), 

followed by an Sn2 azide reaction. The azide group was then reduced to amine by PPh3 in 

aqueous THF that was used together with the hydrolyzed form to produce oligomer cholates. The 

monomer ester and the oligomers were than labelled with NBD to study interactions between 

their helix structure and different solvents using fluorescent techniques.

An NBD attached cholic acid derivative, linking the fluorophore to the side chain via a lysine 

conjugate was described by Maglova et al. in 1995 [30],

Cholyl-(N—nitrobenzoxadiazolyl [NBD])-lysine (22) was prepared using lysine conjugated 

cholic acid that was already coupled with the NBD-group [31]. The absorption and emission 

maxima o f  the compound were consistent in different solvents (Amax = 4 68-469  nm, Emmax. = 

523-532 nm), while the quantum yield was much lower in aqueous solutions than in organic

Yan Zhao and Zhenqi Zhong introduced a different method to convert the 3-hydroxyl group o f  2 

to an amine using the obtained monomer to produce amide-linked oligomeric cholates [29]. They

COOH

H

COOH

H 23

Figure 1.9: Cholyl-(Ns-NBD)-lysine and Chenodeoxycholyl-(Ns-NBD)-lysine
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solvents. As expected the fluorescent properties o f the NBD-cholic acid conjugate did not exhibit 

pH dependence.

1.2.3. Other NBD bile acids

In the previous study the authors also described the first NBD derivative o f  CDCA (23) {Figure 

1.9). This was produced by coupling the fluorophore to the e-amino group o f  the lysine 

conjugated CDCA [30]. This was followed by reports o f  the preparation o f NBD-labelled 

secondary and tertiary bile acid derivatives, such as ursodeoxycholyl- [31, 32], deoxycholyl- and 

lithocholyl-(Ne-NBD)-lysine [32] by other groups. There is little spectroscopic information 

available about these materials. The corresponding 3/7/12 amino NBD analogs o f CDCA, UDCA 

and DCA have not been reported.

1.2.4. Biological uses of NBD labelled bile acids

Attachment o f a fluorophore reporter can be expected to have a large impact on the biological 

activity o f  a small molecule. Hence when synthesizing fluorescent compounds it is essential that 

a fluorophore is introduced at a position which has been proven in SAR studies to have minimal 

effect on biological activity. It also follows that introduction o f large bulky fluorophores is less 

desirable than a smaller more discrete fluorescent group. For the latter reason, the NBD group has 

gained increased popularity for probing the distribution and mechanism o f  bile acids as it is a 

relatively small fluorophore and has favourable optical properties.

The most obvious biological application o f fluorescent bile acids is in the study o f  bile acid and 

organic anion transporter systems. Bile acid transporters have been reviewed in depth in a 

number o f recent reviews [33-35]. More than 95% o f total bile acids in humans secreted from the 

liver are absorbed by active or passive mechanisms in the intestine and returned to the liver for 

re-secretion [36]. In order for the process o f enterohepatic recirculation to function efficiently, the 

presence o f bile acid transporters at the hepatocyte and ileal enterocyte is required. These are 

outlined in Figure 1.10.
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Figure l.IO: Enterohepatic circulation o f  bile acids. Bile acid uptake at the hepatocyte is 
mediated by the Na-taurocholate co-transporting polypeptide (NTCP) and the organic anion 
transporting polypeptide family (OATP). The bile salt export pump (BSEP) is involved in 
secreting bile acids out o f  the hepatocyte into the canaliculus where the bile duct then transports 
bile in to the intestinal lumen. The apical .sodium dependent bile salt transporter (ASST) is the 
principal transporter involved in uptake at the ileal enterocyte, although passive uptake is also 
known to occur in the intestine. Finally the transporters OSTa/p are involved in basolateral 
secretion out o f  the enterocyte where the hepatic portal vein can then return bile acids back to 
the liver. In portal venous blood bile acids are predominantly bound to albumin. Figure is 
adapted from [37]

A num ber o f  researchers are currently involved in investigating the interaction o f  bile acids and 

other m olecules with these transporters in the intestine and liver. These research efforts have 

greatly increased in recent years with the realization that these transporters are ideal drug targets. 

For example, blockade o f  bile acid uptake at ileal enterocyte level prom otes cholesterol 

metabolism  and reduction in plasm a total cholesterol, a favourable outcom e in clinical 

m anagem ent o f  patients with lipid abnorm ality. C urrently functional studies involving 

characterization o f  the uptake and transport o f  natural and synthetic substrates rely on the use o f  

radiolabelled ligands. The dangers o f  radioactivity and the expense o f  radioactive waste disposal 

are obvious drawbacks for these experim ents and hence the use o f  fluorescent bile acids as a 

substitute for radiolabelled ligands in these experim ents would be highly favourable. Furtherm ore 

fluorescent bile acids allow  investigators to study transport at the cellular and organ level actually 

visualizing bile acid transport through fluorescence m icroscopy techniques potentially in real
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time. The latter opportunities arise because o f  the increasing availability o f  high resolution 

confocal and associated high content techniques [38],

To this end, the suitability o f  N BD  labelled fluorescent bile acids for assessm ent o f  substrate 

uptake in transport studies has been investigated. Som e o f  the earliest w ork was carried out by 

the Kurz group in the early nineties. This group introduced the NBD am ino group in 3-, 7- or -12- 

positions o f  CA with alpha or beta orientations. They also synthesized the corresponding taurine 

conjugates for each diastereom er (19-21) [27]. The group then investigated the suitability o f  the 

different com pounds for the study o f  bile acid transport by fluorescence m icroscopy by 

exam ining their interaction with bile acid binding proteins and their behaviour in hepatic 

m etabolism  in the course o f  their transport from blood to bile [39]. The com pounds could bind to 

albumin, to varying degrees, depending upon the position and orientation o f  the N BD  group. This 

was detected by a small hypsochrom ic shift o f  the em ission m axim a and increase in the 

fluorescence quantum yield suggesting binding through hydrophobic interactions. The greatest 

increase was observed with the 3-p NBD -TCA derivatives w hereas with the 7 -a N BD  TCA this 

increase was insignificant. Furtherm ore, the different fluorescent bile acids were metabolized 

differently in liver infusion experim ents perform ed in rats. The unconjugated 3p* NBD was 

com pletely transform ed to  its taurine conjugate and secreted as such, w hereas the 3a- com pound 

produced a m etabolite even more polar than 3a N BD  TCA. The unconjugated 7a- and 7(3- NBD 

CA underwent about 15% conjugation to taurine but were m ainly secreted unm etabolised. The 

12a and I2 p  isomers were secreted predom inantly unconjugated, with 15% m etabolized to a 

fluorescent com pound, which was less polarized. All the taurine conjugated com pounds were 

secreted into bile unm etabolised, and, with the exception o f  the 3p  NBD TCA , m ore than 95%  o f  

the applied com pound could be detected in bile w ithin 30 m inutes. O nly 40%  o f  the 3a-N B D  

TCA appeared in bile within this tim efram e. All o f  the fluorescent TCA derivatives interfered 

with the secretion o f  radiolabelled TCA, again with the exception o f  the 3a-N B D  derivative. 

Photoaffm ity labelling studies revealed that in hepatocytes the fluorescent bile acids interacted 

with the same polypeptides as natural bile acids [39]. In the third part o f  this series o f  

publications the group kinetically characterized the uptake o f  TCA and the 7P-NBD TCA 

derivative and dem onstrated that the tw o com pounds were taken up into isolated rat hepatocytes 

by sim ilar m echanism s involving tw o transport system s. The authors conclude that the 7P-NBD 

derivative is a true analogue o f  TCA and hence is suitable for study o f  hepatobiliary transport
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[38], This derivative was subsequently used to investigate the transport o f 3a, 7a, 12a- 

trihydroxy-24-nor-5 P-cholan-23-sulfonate {Figure 1.11) into isolated rat hepatocytes (24) [40],

OH

OH
H

Figure l . l l :  Chemical structure o f  3a, 7a, 12a-trihydroxy-24-nor-5 P-cholan-23-sulfonic acid

Alpha and beta derivatives o f CA at the 3 and 7 positions (25-28) have since appeared in a 

variety o f  studies. Rohacova et al. showed uptake o f these compounds {Figure 1.12) into isolated 

rat hepatocytes using flow cytometry [28]. In this set o f  experiments the efficiency o f  the uptake 

o f the NBD CA derivatives was in the order: 25 > 26 > 27 > 28. Treatment with trogiitazone, an 

inhibitor o f the NTCP decreased fluorescent bile acid uptake indicating the specificity o f the 

uptake. The cholestatic compounds chlorpromazine and cyclosporine A also decreased the uptake 

o f compound 25.

OH OH
COOH COOH

HN 'OH HO NH
H H

25 (3a-NBD-ChA) 27 (7a-NBD-ChA) T
26 (3p-NBD-ChA) 28 (7p-NBD-ChA) NO;NO2

Figure 1.12: NBD-substituted cholic acid derivatives used by Rohacova et al. in transport

studies.

Rohacova et al. went on to investigate the interaction between these fluorescent bile acids and 

human serum albumin. Incubation with albumin resulted in enhancement o f fluorescence 

emission, which was used to estimate the binding constants for the fluorescent bile acids-albumin
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interaction. The 3- and 7- NBD-CA isomers as well as a SP-NBD TCA and cyclohexyl NBD 

derivative complexed with albumin with a 1:1 stoichiometry and with apparent binding constants 

in the 10'* M ' range. Albumin is known to have two binding sites. Warfarin binds to site 1 and 

ibuprofen to site 2. Titration experiments with warfarin and ibuprofen showed a significant 

decrease in the emission intensity with warfarin whereas only a minor change was observed with 

ibuprofen indicating that the CA derivatives bind to albumin at site 1. Interestingly, the 

cyclohexyl NBD group was displaced by ibuprofen and not warfarin showing that the steroidal 

skeleton as opposed to the NBD moiety determines the binding site [41]. Similar experiments 

have been performed using dansyl labelled CA derivatives. These are discussed later in this 

chapter.

Fluorescent bile acids incorporating the NBD group at the side chain have also been prepared. 

These compounds tend to be conjugated to the bile acid carboxyl group via a linker such as 

lysine. Kida et al. used [3HJ-TCA and 22 to show that intrahepatic bile duct cells transport bile 

acids from the apical to the basolateral side which is the opposite direction o f  transport to that 

seen in hepatocytes [42],

Yamaguchi et al. used CDCA-NBD lysine (23) to characterize the contributions o f OATP 

polypeptides, specifically O A TPIBI and OATP1B3, to the liver uptake o f  CDCA. Compound 

23 was efficiently transported with high affinity by HepG2 cells expressing OATPIBI or 

OATP1B3. Confocal imaging showed that the compound accumulated in the cytoplasm o f the 

cells. Interestingly the apparent Km values for 3 uptake by OA TPIBI and OATP1B3 were 1.45 

|iM and 0.54 |iM. The group also reported the uptake values for 22 by O A TPIBI and OATP1B3 

as 0.67 nM and 16.2 nM which they report as being much lower than those reported for 

radiolabelled CA uptake by O A TPIBI and 0A T PIB 3 (11.4 and 85.3 |jM  respectively). 

Hence conjugation with an NBD group may alter the affinity o f  bile acids for transporters. 

Inhibitors o f the OATPs significantly inhibited the transport o f  CDCA-NBD. The study also 

presented a comparison between CDCA-NBD (23), CA-NBD (22), DCA-NBD, LCA-NBD and 

UDCA-NBD (all conjugated at the 24 position) and showed that the CDCA derivative was 

transported most efficiently in these cell lines and that O A TPIBI and 0ATP1B3 have different 

substrate specificities that depend upon the native bile acid chemical structure [32].

The uptake o f 23 by 0ATP1B3 was later utilized by Yamaguchi et al. to establish a high content 

screening assay for identifying antineoplastic substrates o f  OATP1B3. Using 23 as a fluorescent
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probe in an immunofluorescence screening assay identified docetaxei, actinoymycin D, 

mitoxantrone, paclitaxel and SN-38 as potential 0ATP1B3 substrates. However subsequent 

uptake studies revealed that SN-38 was the only agent transported to a significant extent [43].

Holzinger et al. used a biliary fistula rat model to assess the hepatic transport, biotransformation 

and choleretic activity o f six different fluorescent bile acids including 22 and UDCA-NBD- 

lysine. They also assessed intestinal absorption using jejunal or ileal perfusion studies. 

Fluorescent bile acids did not undergo extensive biotransformation during hepatocyte transport. 

In contrast to the fluorescein labelled bile acids, which were also used during the study, 22 and 

UDCA-NBD-lysine were actively transported by the intestine (ileum > jejunum). Steric bulk has 

been shown in recent studies to influence hASBT (ileal bile acid transporter) mediated transport 

[44]. Neither compound displayed passive intestinal permeability. However they underwent 

complete biotransformation during jejunal transport. Very interestingly the UDC-L-NBD was a 

cholestatic agent and displayed pulmonary toxicity. This was surprising as UDCA and TUDCA 

are non-toxic and are used for treatment o f  hepatic inflammatory conditions [31].

In a subsequent study, Holzinger et al. used isolated rat liver perfusion experiments on the same 

set o f fluorescent bile acids. They found that 22 and UDCA-NBD-lysine were efficiently taken 

up by the isolated rat liver. However the two compounds were recovered to varying extents in 

bile due to hepatic sequestration which is not seen for natural bile acids (81% recovery for 22 and 

13% recovery for UDCA-NBD after 60 min). Possibilities for the nature o f hepatic sequestration 

include binding to cytosolic proteins and/or organelles such as microsomes, mitochondria, 

pericanalicular vesicles and nuclei. Interestingly it was found that confusion o f conjugated bile 

acids resulted in mobilization o f UDCA-L-NBD from the hepatocyte. This observation with 

fluorescent UDCA led the authors to the hypothesis that the cytoprotective effects o f UDCA 

observed in hepatocytes could be explained by UDCA preventing hepatic sequestration o f 

cytotoxic bile acids in organelles. Hence the use o f fluorescent bile acids can provide valuable 

insight into potential mechanisms o f action [45].

Murray et al., tested 7 p NBD CA (28) and found that the compound could accumulate in isolated 

rat hepatocytes but was preferentially transported by HeLa cells expressing O A TPIA l as 

opposed to HeLa cells expressing NTCP [46].
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UDCA-NBD-lysine and 28 were have also been evaluated for uptake, transport and excretion 

across NTCP and BSEP co-expressing LLC-PKl cells. In this system however there was no 

detectable transport o f  these N BD  labelled fluorescent bile acids [47].

Compounds 22 and 23 were also studied by Maglova et al. for uptake into isolated rat 

hepatocytes and the hepatocyte couplets. Uptake was found to be time and concentration 

dependent and was saturable. Â m values were estimated to be 3.8 and 3.0 |j.M for 22 and 23, 

respectively. Interestingly in this report although uptake decreased by 38% for 22 in the absence 

o f  Na^, there was no change in the uptake o f  23 suggesting that its uptake is Na^-independent. 

Furthermore Na^-dependent and Na^-independent uptake o f  22 was inhibited by 2, 8, and 

dehydrocholyltaurine but these unlabelled compounds had no effect on the uptake o f  23. Both o f  

the fluorescent bile acids were secreted into the canalicular space o f  50-60%  o f  hepatocyte 

couplets [30]. Hepatocyte couplets consist o f  two nondissociated hepatocytes enclosing a sealed 

canalicular space [48].

Griine et al. showed that uptake o f  22 into whole cell patch-clamped hepatocytes was 

electrogenic and incubation with 8-bromo c-AM P increased the uptake rate o f  this fluorescent 

bile acid by 25%. Uptake o f  CGamF was shown to be neutral and 8-bromo c-AMP had no effect 

on its uptake rate. This work also showed that the cAMP-induced stimulation o f  C-NBD-lysine 

is due to membrane hyperpolarisation [49].

1.2.5. Dansyl as fluorophore

Dansyl chloride (DNSC) or 5-(dimethylamino)naphthalene-l-sulfonyl chloride (29) is commonly 

used fluorescent labelling agent in amino acid analysis, and protein sequencing. It reacts with 

aliphatic or aromatic primary amines to produce stable blue- or blue-green-fluorescent 

sulfonamide adducts. It can also be used to label hydroxyl and carboxylic acid groups. 29 was 

prepared and used to label proteins first by Weber in 1952 and it was synthesized by reacting the 

corresponding sulfonic acid derivative with phosphorus pentachloride (PCI5) [50].
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Figure 1.13: Chemical structure o f  dansyl-chloride (29) and Absorption spectra o fSa-dansyl

UDCA in EtOH.

Compound 29 is non fluorescent until it reacts with amines forming fluorescent dansyl amides 

that exhibit large Stokes shifts. The quantum yield and the emission maxima o f the dansyl amides 

are highly environment-sensitive, a property that makes 29 an important tool for biophysical 

studies.

1.2.6. Dansyl labelled bile acid derivatives

As we have seen above, labelling bile acids with the NBD fluorophore is very prevalent in 

transport and other related bile acid studies. However, the dansyl group also has quite minor 

sterical impact and very good fluorescent properties, but there are only a few publications based 

on bile acid -  dansyl adducts. In these papers, as in the case o f NBD derivatives, the dansyl 

fluorophore is coupled to the bile acid via an amino group connected to the steroidal nucleus or to 

the side chain o f the bile acid or bile salt.

The first dansyl labelled bile acid derivatives were described by Crawford et al. in 1991 [51]. 

They prepared five fluorescent bile salts to explore the role o f hydroxyl groups o f steroid ring in 

hepatocellular transport and biliary extraction. In their study, dansyl fluorophore was coupled to 

taurocholates using ethylenediamine as a linker (30) {Figure 1.14). The dansyl labelled tauro bile 

salts were synthesized in five steps. First a-phthalimidoethanesulfonyl chloride and the dansyl- 

ethylenediamine adduct were prepared, then these molecules were covalently linked to obtain the 

dansyl-tauro intermediate. This was followed by the conversion o f the phthalimido group to free 

amine and finally this precursor was conjugated to the 24-carboxyl group o f CA, DCA, UDCA,
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CDCA and the triketo DHCA. The physicochem ical properties o f  these derivatives are well 

described. The analysis showed that the fluorescent bile salts have greater aqueous solubility and 

water/octanol partitioning than the parent com pounds, but these values are consistent. The HPLC 

study dem onstrated that the dansyl derivatives were significantly m ore hydrophobic than the 

original bile salts. U nfortunately the photophysical characterization o f  these dansyl-bile salt 

adducts are not published.
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Figure 1.14: The key intermediates o f  the synthetic route and the chemical structure o f  the 

prepared dansyl labelled taurocholate (30) developed by Crawford et al. [51]

Introduction o f the dansyl group at the functionalized positions o f the steroid ring system was 

described by Rohacova et al. in 2009 [52], They synthesized four fluorescent derivatives o f 

cholic acid incorporating an amino dansyl moiety at 3a-, 3p-, la -  and 7p-positions (31-34) to 

study the kinetics o f  bile acid transport by flow cytometry. To obtain the desired dansylated 

cholates first the authors converted the corresponding hydroxyl group to amine with the required
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orientation and tiien lini<ed to the dansyi fluorophore. For the 3-amino cholic acid derivatives the 

carboxylic acid group was methylated in the first step. Providing the 3a-am ino isomer, 

regioselective oxidation o f  the 3-hydroxyi group was carried out using Ag 2 C 0 3  supported on 

celite, followed by stereoselective amination o f  the carbonyl group with NaBH 3 CN/AcONH 4 . To 

obtain the (3-epimer the 3-hydroxyl was converted to mesylate then to an azido intermediate in a 

substitution reaction, and then the azide was reduced to amine under Pd/C/HCOONH 4  conditions. 

For the 7-amino compounds, cholic acid was treated with NBS to obtain a 7-oxo intermediate 

which underwent reductive amination and esterification giving the 7a-isom er. The P-orientation 

was formed converting the 7-oxo derivative to oxime, followed by reduction using N a/l-BuO H  

and esterification giving the mixture o f  7 a - and 7(3-epimers (30:70). These intermediates were 

then coupled with DNSC and deprotected to afford the desired dansyl-cholic acid adducts {Figure 

1.15).

HN'
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COOH COOH

OH HO' NH
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OH OH
COOH COOH

HN’ ^
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'OH HO' ^NH
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32 34

( |; insyl-( 'hA  7 p-dansy l-C hA

Figure 1.15: Dansyi labelled  cholic acid  derivatives developed by Rohacova et al. [52 ]

The photophysical properties o f  the four dansylated bile acids were examined. The compounds 

provided two absorption maxima in EtOH at 250 and 335 nm and the fluorescence spectra
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showed maxima in the range 504-514 nm. Singlet energy values (Eo_o) were estimated about 286 

kJ/mol and significant emission quenching by oxygen was observed {Table 1.1).

Dansyl-
ChA

êm
(nm) <I»F* ■cs (ns)

N2 air O2 N2 air O2

31 514 0.38 0.26 0.11 19.9 13.7 5.5
32 514 0.40 0.27 0.12 20.2 12.7 4.1
33 504 0.42 0.28 0.13 20.9 13.3 5.4
34 508 0.41 0.27 0.12 19.5 12.8 4.4

* standard solution; Coumarine30 in MeCN (air-saturated, (|)f = 0.67, = 370 nm)

Table 1.1: Photophysical properties o f  the dansyl-cholic acid derivatives, determined by

Rohacova et al.[52]

In aqueous solution the fluorescent maxima shifted to 550 nm for C-3 and 540 nm for C-7 

regioisomers (33, 34), quantum yields were lower {(pf ~ 0.05) and the fluorescent lifetimes shorter 

(~ 4 -5  ns) comparing to the obtained values from EtOH. The emission spectra exhibited blue 

fluorescence in organic solvents (EtOH) and green fluorescence in aqueous media.

Labeling cholic acid with dansyl fluorophore at C-12 or other bile acids on the steroid rings are 

not described to date.

1.2.7. Biological uses of dansyl labelled bile acids

The biological utilization o f dansyl labelled bile acids has not been as widespread as the 

fluorescein orN B D  labelled derivatives.

Crawford et al. conducted a study in which they synthesized dansyl labelled fluorescent bile acids 

derivatives using a dansyl-ethylene diamine precursor linked to the sulfonyl group o f taurine. 

They then conjugated this fluorescent taurine compound to the carboxyl group o f CA (30), 

UDCA, DCA, CDCA and also dehydrocholic acid, example shown above with dansyl TCA (30).

Modification at the 24 position was chosen as the group specifically wanted to retain an intact 

steroid ring structure so that they could investigate the impact o f hydroxylation on bile acid-lipid 

interactions. Measurement o f HPLC retention times revealed that although the dansylated 

derivatives were more hydrophobic than the native bile acids (as expected), they eluted in the 

same order as the native taurine conjugated bile acids with the dansylated dehydrocholic acid
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being the most polar compound and the dansyl DCA being the most hydrophobic. This indicates 

that these compounds mirror the physicochemical relationships observed for the native bile acids. 

The dansylated derivatives inhibited radiolabelled taurocholate uptake into isolated hepatocytes. 

The study also found that in isolated perfused liver experiments excretion into bile followed the 

same rank order, indicative o f  the effect o f  the different hydroxylation pattern on the transcellular 

transport o f  these derivatives. Hence these compounds are still potential tools for defining the 

role o f the steroid ring in the interaction o f bile acids or other steroids with intracellular 

organelles and membrane transport systems [51].

In contrast to this work Rohacova et al., have more recently described the synthesis o f four 

compounds incorporating the dansyl group on the 3- and 7- position o f  CA (31-34) in both the 

alpha and beta orientations. These studies were conducted in parallel by this group with the 

NBD-CA derivatives (25-28) [28, 41]. In contrast to the NBD labelled bile acids, the dansyl 

compounds are both UV active and display green fluorescence. Furthermore these compounds 

were taken up in a time and concentration dependent manner into isolated rat hepatocytes, the 31 

compound being taken up most efficiently. There was also regioselective uptake o f  33 over 34, 

although the difference was not as great as that observed between the 3-dansyl isomers. 

Pretreatment with troglitazone, an inhibitor o f bile acid uptake through both the NTCP and OATP 

transporters, led to a reduction in the uptake o f the four compounds confirming that the 

dansylated derivatives were accumulating in the cells using the same transporter systems as 

natural bile acids [52].

In a later study these compounds were investigated for their ability to bind to human serum 

albumin. Using a combination o f steady state and time resolved fluorescence Rohacova et al. 

determined the binding constants for formation o f  the fluorescent bile acid-albumin complexes. 

Very interestingly the study illustrated a region-differentiation o f  the compounds in their relative 

affinity for the two known binding sites o f albumin. Using titration experiments with warfarin 

and ibuprofen which are known to selectively bind to albumin at site 1 and site 2 respectively it 

was found that 31 and 32 binds to albumin at site 2 whereas the C-7 compounds (33, 34) bind to 

albumin at site 1. The group then used this region-differentiation to assess the different binding 

affinities o f the natural bile acids and found that the C-3 labelled compounds were displaced by 

LCA but not by CA indicating that LCA binds to albumin at site 2 [53]. It is worth noting 

however that this regio-differentiation was not observed in the 3 and 7 NBD-CA derivatives (25-
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28) tested by this group, which all seemed to bind to site 1. Hence the position o f  the dansyl 

group influences the binding site, which is not the case with the NBD derivatives. This underlines 

the utility o f different fluorophores in answering different biological questions.

1.2.8. Fluorescein as fluorophore

Fluorescein is a widely used fluorophore for many applications; it can be used in microscopy (as 

gain medium), in forensics and serology or in dye tracing. Fluorescein and its derivatives are 

amine reactive reagents for covalently labeling proteins with relatively high absorptivity, 

excellent fluorescence quantum yield and good water solubility. Its excitation (494 nm) and 

emission maxima (521 nm) in water [54] makes it an important labelling agent for confocal 

microscopy and flow cytometry. It is available as a dark orange/red powder and soluble in water 

and alcohol.

OH OH

HOOC HOOC

35

N

Figure 1.16: Fluorescein isothiocyanate (35) and Aminofluorescein (36) are popular reagents to

label biologically active molecules

Fluorescein was first synthesized by Albert Baeyer in 1871 [55] and it has been used for decades 

to derivatize biomolecules. Several fluorescein derivatives are commercially available nowadays. 

Fluorescein isothiocyanate (FITC, 35) or NHS-fluorescein (a succinimidyl ester group attached to 

the fluorescein core) are the most common amine active derivatives yielding stable amido 

adducts with biomolecules (e.g. intracellular proteins). Amino-fluorescein (36) is also used in 

many reactions to react with carbonyl groups to form amide bonds {Figure 1.16).

Beside its excellent fluorescent features, fluorescein has several significant drawbacks. First o f all 

its fluorescence is pH sensitive [56, 57]; absorption and emission are significantly reduced below
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pH 7 (pA^a~6.4). It also has broad emission spectrum which limit its utility in multicolor 

applications, together with a relatively high rate o f photobleaching [58-60].

Although the molecular weight o f this fluorophore is quite high, which affects the activity o f the 

labelled compound; it is popular for labeling not just large molecules like proteins but also 

smaller bioactive molecules like bile acids. The high number o f  publications describing relevant 

applications shows that fluorescein is popular to label bile acids for studying distribution 

processes.

1.2.9. Fluorescein labelled bile acids

The first fluorescein tagged bile acid was described by Sherman and Fisher in 1986 [61], To 

synthesize this the authors mixed equimolar amounts o f 35 and sodium glycocholate (GC) in 

DMSO and stirred the mixture at 100 °C for 4 h. They proposed that the fluorescein moiety was 

linked to the A-ring o f the bile salt at the C-3 position. This theory was disproved by Schteingart 

et al. in 1992 [62] and the correct structure o f the adduct was assigned with the fluorescein 

coupled to the carbonyl group o f the side chain giving fluorescent bile acid called 

cholylglycylamido-fluorescein (FlTC-GC or CGamF, 37) {Figure 1.17). This compound was 

resynthesized by Kitamura et al. [63] to determine biliary secretion in rats and by Briz et al. to 

study transport processes in rat liver [64]. In the latter publication the behavior and localization o f 

37 in live cells was followed by measuring fluorescence intensity, using 354 nm as the excitation, 

and 525 nm as the emission wavelengths. The limit o f the detection was 0.2 ^mol/1 in this 

experiment. Further characterization o f the fluorescent properties is not publically available.

OH

OH
HO OH

Figure 1.17: Chemical structure o f  cholylglycylamido fluorescein (CGamF, 37), the first

fluorescein labelled bile acid
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Holzinger et al. prepared 37 coupling 5-aminofluorescein with the carboxylic acid group o f CG 

in the presence o f the coupling agent l-(3-dimethylaminopropyl)-3-ethylcarbodiimide in a 

pyridine-hydrochloric acid buffer [31], The absorbance o f  the compound does not change 

between pH 7.0 and 8.0, and it shows maxima at 492 nm at the latter pH value. This was 

measured in isotonic TRIS buffer. Quantum yield, emission maxima, fluorescent life time or 

other photo physical properties are not described. Mita et al. used the same method to prepare the 

corresponding CDCA derivative (CDCGamF) [47].

Mills and colleagues coupled fluorescein to the carbonyl group o f the bile acid side chain via an 

amino acid linker [65]. The fluorescent bile salt was synthesized in two steps. Cholyl lysine was 

produced first using excess N-e-CBZ-L-lysine methyl ester (38) and 2 in the presence o f N- 

Ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline (EEDQ). The benzyl protection o f the adduct 

was removed and the compound was transformed to the sodium salt o f  cholyl-lysine (39) using 

O.IM methanolic NaOH solution with a yield o f 94%. Compound 39 was then reacted with 

equimolar amount o f 35 in bicarbonate buffer (pH~9.5) yielding 70% cholyl-lysine-fluorescein 

(cholyl-lys-F or C-L-F, 40) after purification {Figure 1.18). The structure o f the product was 

proven by elemental analysis and IR spectroscopy.

28



1)E E DQ ,  
ili" ;u in EtOAc

2) Pd, N2 , 
4.4% HCOOH/MeOH  

3 )0 .1 M  NaOH/MeOH,
EtzO

N -e-C B Z-L-lvsine metlivl ester

OH
COONa

OH
NH,

aq. NaHCOs + 35

OHOH
COOH

N
HOH

HOOC

holyl-lysine-f'hiort'scein (C-L-F)

Figure 1.18: General synthetic approach to fluorescein labelled lysine conjugated bile acids

The heptane-buffer partition coefficient (HBPC), absorbance and emission maxima o f 40 were 

determined. The HBPC was studied for three compounds ( [ '‘*C]glycocholic acid, 40 and F) at 500 

x̂M concentration to evaluate solubility (the method was developed by Mills et al. in 1986 [66]). 

The means o f the partition coefficients were I.6><10'^ (['"'C]GC), 1.1x10'^ (40) and 1.8x10'^ (F). 

The absorption and emission maxima were similar to that o f  fluorescein with the values o f 

^abs=490 nm and Xem=520 nm.

In subsequent studies Mills et al. described some physical and biological properties o f 40 and 

lithocholyl lysylfluorescein (L-L-F) [67, 68]. Lysyl fluorescein bile acid analogues can be 

compared to each other or to the parent compounds using various techniques. The authors used 

three parameters to describe the main physical properties o f  conjugated bile acids. The



water:octanol partition coefficient (WOPC), the HPLC retention times (Rt) and the critical 

micellar concentration (CMC) values give some information about the probable behaviour o f  

these substances in the cellular environment. WOPC can represent the prospective distribution o f  

a bile salt between membrane and aqueous media while the Rt values show the 

hydrophilic/hydrophobic attributes o f  the examined compounds [69], As expected, the WOPC, Rt 

and CMC data o f  the fluorescent bile salts and their respective natural congeners were similar. 

The difference between the hydrophobicity o f  the CA and LCA derivatives is marked, as CA 

derivatives have greater CMC and lower Rt values than the corresponding LCA compounds. By 

virtue o f  the similarity between these features o f  the fluorescein conjugates and the related bile 

salts it was asserted that the fluorophore has a minor effect on the physico-chemical properties 

[67].

To study the action o f  bile acids in cell membrane Jean Louis et al. tagged 2, 4 and 7 {Figure

1.19) with fluorescein via a lysine spacer at position C-24 [70], The synthesis o f  DC-L-F and 

UDC-L-F was based on the method that was described by Mills et al. for the synthesis o f  C-L-F 

[65, 68], The bile acid was coupled with A'^-BOC lysine methyl ester in the first step, and then the 

protecting groups o f  the linker were removed followed by the conversion o f  the free acid to 

carboxylate salt. This intermediate was reacted with 35 to obtain the desired product with 3 5 -  

37% overall yield. Photophysical characterization o f  the fluorescein tagged bile acid derivatives 

was not discussed in this publication.

COOH

HN
HO OH

OH

-A

Figure 1.19: Chemical structure o f  ursodeoxycholyl-lysine-fluorescein (UDC-L-F, 41)

Ki-Cheol Han and colleagues linked 35 to 3 at C-24 using ethylenediamine as spacer {Figure

1.20) and searched for inhibitors o f  CDCA interaction with the nuclear receptor FXR [71]. In this 

recent study the interaction between FXR and fluorescein labelled CDCA was detected directly 

using a fluorescence polarization method. The fluorescent bile acid was prepared in two simple
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steps in which 35 was reacted with ethylenediamine then the obtained adduct was iiniced to 3.

The structure o f the CDCA-F (42) was confirmed by mass spectrometry but the photophysical 

properties o f the compound were not described.

Tagging bile acids at C-24 with fluorescein is not necessary with the application o f linkers. Many 

bile acid transport studies are based on the use o f fluorescein labelled bile acids where the 

fluorophore is coupled to the 24-carbonyl group directly via an amide bond.

The first compounds coupled the fluorescein to 24-carbonyl directly were described by Holzinger 

et al. in 1997 [31]. Synthesis o f cholylamidofluorescein (CamF, 45) and

ursodeoxycholylamidofluorescein (UDCamF) was carried out in one step using EDC HCl in 

pyridine. The absorption maxima o f  the compounds was the usual 492 nm in pH = 8.0 buffer. 

These compounds were studied in live cell environment exploring bile acid transport processes

Rohacova and colleagues worked out a different synthetic method to prepare 45. They then 

studied the photophysical properties o f  this compound followed by as assessment o f  its potential 

flow cytometry applications [72], The authors studied the absorption and emission wavelengths 

o f the compound in different solvents using different pH conditions and described the 

fluorescence quantum yields and lifetimes.

HO^'
HOOC f!

OH

O

Figure 1.20: Chemical structure o f  CDCA-F (42) by K.-C. Han et al.

[31,45, 47].
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Figure 1.21: Synthesis o f  cholylamidofluorescein (CamF, 45) by Rohacova [72].

Compound 45 was prepared in three steps with a good overall yield (49%). The synthetic route 

started with the formyl protection o f the three hydroxyl groups followed by the coupling o f  36 to 

the previously activated carbonyl group. The formyl groups were removed under basic conditions 

in the last step {Figure 1.21). This method is longer than the previously described, but it results in 

cleaner product that is important for photophysical studies.

The absorption and fluorescence properties o f the molecule were examined under different 

conditions. In aqueous media the spectrum o f  45 showed two absorption maxima at 450 and 490 

nm. The intensity o f these maxima changed dramatically within the employed pH range (between 

2 and 12). In ethanolic solution the intensity o f the absorption was examined in different 

atmosphere (air, CO2 , N 2 ,and O 2 ) and showed two maxima at 454 and 481 nm. The presence o f 

O2 and CO2 significantly affected the spectroscopic features o f the material.

The fluorescence spectrum o f  45 was measured in EtOH (Xexc = 481 nm) under N2 atmosphere 

and showed the maximum at 518 nm. The quantum yield o f the compound was determined in 

ethanolic solution (O = 0.67) using fluorescein as standard in 0.01 M NaOH solution under an 

atmosphere o f  N 2 (O = 0.85, X, = 490 nm).

Singlet lifetime (ts) o f  fluorescence was also measured in EtOH by means o f time resolved 

fluorescence spectroscopy resulting in 4.8 ns.



Liu et al. examined the functional reestablishment o f  polarity in hepatocytes cultured between 

two layers o f collagen [73]. To study the vectorial transport o f organic anions and bile acids into 

this system they applied a fluorescein labelled taurocholate derivative (46). The fluorescent bile 

acid was stable under the experimental conditions and localized in the canalicular spaces after 10 

minutes incubation.

OH

OH

COOH

HN 'OH

S

Figure 1.22: Structure o f  fluorescein labelled taurocholate (46).

However 46 is the only bile acid derivative where the fluorescein linked to the steroidal nucleus 

to date {Figure 1.22), the synthesis and photophysical properties o f the molecule were not 

described.

1.2.10 Biological uses of fluorescein labelled bile acids

CamF 45 is taken up by live rat hepatocytes in a concentration-dependent fashion. However, 

CamF is much bulkier than 2 and lacks the negative charge at the side chain, which may affect its 

specific transport through the main bile acid transporters in the hepatocyte membrane-from [28].

Studies were performed by the Hofmann group to characterize the hepatic and intestinal 

transport, the biotransformation and the choleretic activity o f fluorescent bile acids including 

cholyglycylaminofluuorescein (37), cholylysylfluorescein (40), cholylyaminofluorescein (45) and 

ursodeoxycholylaminofluorescein. Fluorescein was also used in these studies as a control. The 

biliary fistula rat model and jejunal and ileal perfusion studies were carried out. The fluorescent 

bile acids underwent <5% hepatic biotransformation during hepatocyte transport. CGamF was the 

only fluorescent bile acid which had normal choleretic activity and resembled the natural bile 

acids the best in terms o f hepatic transport as well. Interestingly however the fluorescein 

compounds were not actively transported by the intestine [31].
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Holzinger et al. characterized the transport o f six fluorescent bile acids including 

cholyglycylaminofluorescein (37), cholylysylfluorescein (40), cholylyaminofluorescein (45) and 

ursodeoxycholylaminofluorescein. These were taken up efficiently by the isolated perfused rat 

liver but they were recovered to variable extents in bile due to hepatic sequestration. Recovery 

was 92.5%, 83.1%, 74.4% and 67.7% for 37, 40, 45 and UDCamF respectively. Recovery o f 

cholylglycine (8) and cholyltaurine (9) was almost complete at 98%. Hence 37 and 40 resemble 

the natural bile acids best. Recovery o f  fluorescein by itself was 59.3%. Uptake o f fluorescein is 

expected to occur passively at the hepatocyte without involvement o f  a carrier. It was also found 

that that sequestered UDCamF could be mobilized by a cAMP precursor but not by conjugated 

bile acids which mobilized the UDC-L-NBD as previously described. This indicates that there are 

two types o f intracellular trapping occurring [45].

Martinez et al. reported that 37 was actively taken up in CHO cells expressing rat O A T PlA l, 

human OATPIBI or 0ATP1B3. This was done using flow cytometry and also using 

immunofluorescence [74],

In a recent study Murray et al. demonstrated that both CDCGamP and 37 accumulated rapidly in 

primary rat hepatocytes. Stably transfected HeLA cells expressing rat NTCP preferentially took 

up CDCGamF over those expressing rat O A T P lA l. TCA and TDCA inhibited NTCP-mediated 

accumulation o f CDCGamF by 98% and 95% respectively and depolymerisation by actin caused 

retraction o f NTCP-GFP into a region surrounding the nucleus. The authors conclude that NTCP 

transporter activity can be affected by changes in its cellular distribution. Another interesting 

observation by this group was that accumulation o f CDCGamF was variable and did not correlate 

with expression o f NTCP in hepatocytes. In contrast to the work carried out by Martinez et a l ,  in 

this study there was no significant accumulation o f 37 in cells expressing rat O A TPlA l or NTCP 

[46].

Work by Mita et al. illustrated that CDCGamF and 37 but 45 were substrates for both NTCP and 

BSEP in NTCP/BSEP coexpressing LLC-PKl cells. The compounds were transported from the 

basolateral to apical side across the LLC monolayers at a rate 4.3-4.5 times that o f the vector 

control. It is worth noting that these rates were smaller than those for radiolabelled TCA. As a 

result, the subsequent inhibition studies carried out by this group were conducted using 

radiolabelled instead o f  the fluorescent bile acids [47].
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Rohacova et al. showed that 45 is specifically taken up by isolated rat hepatocyte suspensions in 

a flow cytometry based assay [72].

M aglova et al. also investigated the transport o f  37 in isolated rat hepatocytes and hepatocyte 

couplets and reported a Âm value o f 10 nM. In the absence o f  Na^ the uptake rate o f 37 was 

decreased by 50% and uptake was also inhibited by TCA. 37 was also secreted into the 

canalicular space o f 50-60%  o f couplets screened [30],

Compound 40 is a fluorescent bile acid that is currently being developed for determining liver 

function in vivo. In a variety o f  cholestatic disorders the excretory capacity o f BSEP and MRP2 

in the hepatocyte is reduced. Bile acid levels can rise as a result and hence the transporters 

involved in bile acid uptake at the hepatocyte are downregulated. In primary biliary cirrhosis 

there is a decrease in the expression o f the bile acid uptake transporters whereas the export 

systems are minimally affected. Therefore, determining the clearance o f  substrates o f 

hepatocellular transport systems can be used as a measure o f  in vivo liver function. Traditionally 

agents such as sulfobromophthalein and indocyanine green have been used in the assessment o f 

liver function however these compounds have disadvantages in terms o f  systemic reactions and 

allergy [75]. Over the past two decades, the Elias group have carried out a number o f studies on 

the lysylfluorescein conjugated bile acids, with a focus on 40 and lithocholyl lysyl fluorescein 

[65, 67, 68, 76-79]. The synthesis and photophysical characterization o f  this compound was 

described in 1991 and its biliary kinetics and hepatic excretion were studied in Wistar rats and in 

the isolated perfused rat liver. Biliary output and hepatic extraction were found to be similar to 

the o f 8 [65]. Subsequently synthesis o f  lithocholylysylfluorescein (LLF) was also described by 

this group [68]. Physicochemical properties o f 40 and LLF including water;octanol partition 

coefficient, HPLC retention time and CMC were similar to those o f  GCA and GLCA 

respectively. Furthermore, in human and rat hepatocytes uptake o f 40 and LLF closely resembled 

that o f  GCA and GCA in normal and multiorganic anion transporter knockout mice suggesting 

that 40 and LLF are substrates o f the canalicular BSEP. The authors suggest that these 

similarities make the compounds potential useful tools for visualization o f bile acid movement in 

various models o f bile formation and secretion [67]. An experimental study was reported in 

which 40 was used to visualize the biliary tree o f the rabbit in anatomic detail [80]. 40 and LLF 

have also been administered to rats to assess the fluorescent bile acids as tools for visualization o f 

bile acid transport within liver tissue. After administration, serial liver biopsies were taken at
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fixed intervals. The study found that both compounds were taken up from sinusoidal blood 

however 40 was rapidly transported into bile whereas LLF was slower, which resulted in greater 

bile duct fluorescence [79].

Compound 40 has been introduced as a potential alternative for measuring in vivo liver function 

[75]. A pilot study was conducted in which plasma clearance o f 40 in six heahhy humans was 

assessed. The volume o f distribution and residual fluorescence o f 40 after 60 min were similar to 

those o f the natural or radiolabelled bile acids. The study also determined that 40 is safe at 

concentrations higher than 25 times the dose used (up to 0.02mg/kg body weight). Hence the 

study concluded that this compound may offer a new alternative for liver function assessment in 

vivo [77]. Subsequently a pilot study was conducted in 26 patients with liver cirrhosis using nine 

healthy volunteers as controls. It was found that plasma elimination o f 40 was significantly 

impaired in patients with cirrhosis compared to healthy subjects. The test showed 100% 

sensitivity for liver cirrhosis when residual fluorescence was measured 30-60 min after injection 

and after 20 min it still showed greater sensitivity than routine liver function tests including 

bilirubin, total bile acids, aspartate aminotransferases, albumin and alkaline phosphatase [78].

In a recent study de Waart et al., carried out a comprehensive investigation o f  the mechanisms of 

uptake and excretion o f 40 by hepatocytes so that they could identify the proteins involved in its 

transport. Using in vitro studies in cell lines and plasma membrane vesicles and in vivo studies in 

mice, the group found that the NTCP and BSEP were incapable o f  transporting 40 and that 

transport o f the fluorescent bile acid is mediated by OATPl B3 and ABCC2 [75].

Bile acids are synthesised by the fetal liver very early on in gestation and may be toxic when 

accumulated in blood and liver. Therefore transport o f these compounds by the liver is o f  vital 

importance. In certain diseases including intrahepatic cholestasis o f pregnancy the concentration 

o f  serum bile acids is elevated. Briz et al. used 37 in the search for new models for the study on 

the physiology and pathophysiology o f this condition. The group measured the transfer of 

fluorescent bile acid given through the umbilical artery o f  in situ perfused rat placenta and 

collected this in the maternal bile in order to determine the usefulness o f  this model is evaluating 

the efficiency o f the excretory pathway. The rate o f FITC-GC output into bile was found to 

reflect the rate o f transfer across the placenta o f the rat. Therefore the authors suggest that the in
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situ perfused rat placenta is a useful model to study the fetal excretion o f  cholephilic compounds 

[64].

Efficient transport o f bile acids is lost in normal hepatocytes after some days in culture and also 

in most hepatoma cell lines. Bravo et al. used 37 to determine if polarized rat hepatoma-human 

fibroblast hydrid cell lines were able to perform vectorial transport o f bile acids. It was found that 

two o f the cell lines tested (WlF-B and WIF-B9) were able to accumulate 37 and that their 

transport was time, temperature and partly sodium dependent. The group used confocal 

microscopy to visualize the compound in the cytoplasm [81],

Lysyl fluorescein derivatives o f  CA (40), CDCA, UDCA and LCA have been used to visualize 

routes o f transport across the hepatocyte and delivery to the canalicular vacuole o f isolated 

hepatocyte couplets. 40 and CDCA-L-F were rapidly transported to the vacuole while the LCA 

and UDCA lysyl fluorescein derivatives accumulated more slowly with a punctuate fluorescence 

within the cell. Inhibition o f  vesicular transport by brefeldin A and colchicine dramatically 

impaired delivery o f 5 and 7 to the vacuole [82].

1.2.11. Other fluorophores: synthesis, characterization and biological uses

As we have seen above dansyl, NBD and fluorescein are popular fluorophores used as reporter 

groups for bile acids especially in the study o f  their cellular transport and distribution. These 

components are usually linked to the 24-carboxyl group o f  the bile acid directly or via a spacer or 

they are coupled to the steroidal nucleus at position 3, 7 or 12. In this section there is a brief 

survey o f less popular fluorophores used in the bile acid field.

Yamaguchi et al. recently published the synthesis and characterisation o f  a novel fluorescent bile 

acid derivative 47 (tauro-nor THCA-24-DBD) using 4-A^,7V-dimethylaminosulfonyl-2,l,3- 

benzoxadiazole (DBD) as a fluorophore [83]. This fluorophore was coupled at C-24 o f tauro- 

conjugated nor-C27 bile acid derivative via an amino group {Figure 1.23). The sequence started 

with the production o f the 3,7,12-triformate 24-oxo, 26-ethyl ester derivative. This intermediate 

was treated with ammonium acetate and NaCNBHs to afford the 24-amine which was coupled 

with DBD-F in the next step. The ethyl ester and formate groups were then hydrolysed and the 

free 26-carboxylic acid was conjugated with taurine to give the final fluorescent bile acid 

derivative (47). Its structure was provided by NM R and mass spectrometry and the absorption
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and emission spectra o f the compound were determined in acetonitrile showing the maxima at 

454 and 570 nm.

/
— N

NH
OH

OH

Figure 1.23: Chemical structure o f  tauro-nor THCA-24-DBD

Using membrane vesicles obtained from hBSEP-expressing Sf9 cells they found that 47 was 

taken up into the vesicles in an ATP dependent manner. A Ku  value o f  23.1 |iM for the 

derivatives and a F^ax o f  632.2 pmol/min/mg protein was reported. These values are comparable 

to those found for 9 in this system. As the compound consisted o f a mixture o f diastereomers the 

group attempted to chromatographically separate the isomers under LC-MS conditions and 

concluded that since the peak area ratio o f isomers in the chromatograms obtained from the 

incubation mixture were almost the same, the transport properties o f the 24R and 24s isomer 

were identical. Inhibitory effects o f  various drugs on transport were also investigated. 

Rifampicin, glibenclamide, cyclosporine A, pravastatin and TLCA inhibited uptake o f 47 with 

TLCA being the most potent and efficacious inhibitor [83].

In recent years there has been much interest in the development o f  fluorescent sensing probes 

which target biologically important substrates such as amino acids, as this can provide 

information for understanding the mechanism o f molecular recognition in biological systems. 

The CA structure has been exploited in the design o f fluorescent sensing probes. Fang et al. 

developed three anion sensors {Figure 1.24, compound 48-50) introducing anthracene via a 

thiourea group at C-24 or C-3 [84]. Compound 48 was prepared in five steps linking the 

fluorophore to the 24-carbonyl group via an amidothiourea spacer. The synthetic sequence started 

with the preparation o f 7-, 12-carbamate o f  the adequately protected cholic acid then the carboxyl
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hydrazide was formed in tiiree steps. 9-isothiocyanomethylantracene was reacted with the 

obtained intermediate giving the anion senor.

NH NH
OHHN HN

> = s
OHNH

HNOH HNOH
NH

NH

NH
NH

NH

Figure 1.24: Anion sensors developed by Fang [84]

Compound 49 was prepared through a similar procedure without the addition o f the carbamate 

groups leaving the 3, 7 and 12 hydroxyl groups free. To form compound 50 the 3-hydroxyl was 

converted to 3a-azide followed by introduction o f the required carbamates. After the reduction o f 

azide to amine the intermediate was reacted with the fluorophore giving the 3-anthracenylmethyl 

cholic acid derivative. The identity o f  each o f  the resulting compounds was proven by NMR, IR 

and HRMS and the absorption and emission maxima determined at 366 and 413 nm. The 

emission properties o f the sensors can be quenched by different anions in the form of 

tetraalkylammonium salts. The fluorescence response o f  the compounds was examined in the 

presence o f different anions using acetonitrile as medium.

In this work, the C7 and C12 hydroxyl groups were functionalized as carbamates serving as FI- 

bond donors and amidothiourea group was introduced at C24 as an anion receptive site. The 

group introduced an anthracene moiety via the thiourea group as a typical emissive photoinduced 

electron transfer (PET) functional unit on the molecule. This resulted in a change in the 

fluorescence signal on interaction with guest molecules or ions. Collective studies on binding 

affinity towards carboxylates, dihydrogen phosphate and halides using compounds 48, 49 and 50 

illustrated that the amidothiourea moiety on the C 17 side chain could work cooperatively with the 

H-bond donating groups on C7 and C12 to bind spherical halide anions.

If chirality can be introduced into the binding site then the resulting fluorescent host molecule 

may exhibit enantioselective recognition o f chiral organic molecules. A sensor based in the CA 

structure has been used for enantioselective detection o f tri-functional amino acids {Figure 1.25). 

The CA structure utilized consists o f  a chiral trans-l,2-diaminocyclohexane group attached at the 

7- and 12- positions and an anthracene moiety at the 24 position which conferred fluorescence to
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the molecule (51). The C24 side chain bearing the aminothiourea group was expected to strongly 

bind with a carboxylate group while the cyclic vicinal amino groups attached to C7 and C12 

provide an additional binding site for hydroxyl and amino groups. The absorption and emission 

maxima were determined in MeCN (366 and 413 nm). Using fluorometric titration experiments 

in MeCN, in which the fluorescence o f the sensors was quenched upon addition o f amino acids, 

binding o f the probes to the trifunctional amino acids serine, lysine, tyrosine and threonine was 

observed. Enantioselectivities (Kd/Kl) o f up to 8.9 were achieved. The corresponding 

diastereomeric sensor 52 showed opposite enantioselectivity towards serine, threonine, lysine and 

tyrosine with comparable enantioselectivity between the two CA based compounds. This 

indicates that enantioselectivity o f these compounds is due to the 1,2-diaminocyclohexane moiety 

[85].

NH

HN

OH HN

NH

HN

OH HN

HN

Figure 1.25: Sensors fo r  trifunctional amino acids, developed by Wang et al. [85]

In a parallel study by this group compound 51 was used to detect interactions with a variety of 

phosphates and nucleotides including AMP, ADP, ATP, CTP, GTP, tetrabutylammonium 

dihydrogen phosphate and sodium pyrophosphate. The compound was selective towards ATP 

over other nucleotides. The authors suggest that this is due to a combination o f electronic and 

spatial factors [86].

Cholic acid derivative containing two anthracene moiety (53) was developed by Liu et al. in 2005 

as a chemosensor for dicarboxylates and acidic amino acids (Figure 1.26) together with the 

previously discussed 3-anthracenylmethyl cholic acid derivative [87]. The binding affinities of 

the probes were investigated in MeOH/water system at pH = 7.4 by fluorescence titration 

experiments. The synthesis o f the compounds was as described above, while the excitation 

wavelength and the emission maxima was the same as in the case o f  the previous anthracene- 

containing compounds.
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Figure 1.26: Chemical structure o f  dianthracenyl cholic acid derivative

The fluorescent intensity o f  53 was measured in different solvents. Excitation wavelength was 

chosen at 366 nm and the solutions were prepared in 5.0x 10‘̂  M concentration. It was found that 

the compound has high fluorescence intensity in chloroform (CHCI3), while it is hardly 

fluorescent in acetonitrile. Mixing acetonitrile with HEBES buffer (1:1) or DMSO (0.04%) 

higher fluorescent intensity was observed, similar to the sensor in DMSO system. This 

compound showed good binding ability towards a variety o f  dicarboxylates and in particular 

towards glutamate.
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Chapter 2

Design and Synthesis of Fluorescent Bile Acids
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2.1 Aims and objectives

Applications o f  com m only used fluorescent reporter groups in bile acid research were reviewed 

in the previous chapter. The G ilm er group has been w orking for several years in collaboration 

with Aideen Long and Dermot Kelleher and others on som e im portant questions in bile acid 

actions and pharmacology. Our group has a particular interest in how bile acids induce cell death 

(this is particularly im portant in the case o f  DCA, LCA and CDCA ). Some o f  the events 

preceding cell death- organelle dam age to the Golgi apparatus and ER area also unexplained. 

How does UDCA block some effects o f  DCA and C D C A ? Does it require them  to be co

localised? Are they cell surface mediated events or do the bile acids penetrate cells? At the outset 

o f  this work it was believed that the m ajor feature o f  DCA and UDCA causing them  to exhibit 

such m arkedly different effects was their relative polarity and differing cellular access. Cells 

w ithout a transporter were believed to be im perm eable to UDCA. Related to these questions o f  

organelle dam age and apoptosis were a set o f  unexplained effects o f  UDCA. This has been 

known for 20 years to activate the glucocorticoid receptor and cause its translocation to the 

nucleus [88, 89]. There is some evidence that U D C A ’s anti-inflam m atory effects in hepatic 

disease are due to this and it m ay even explain its ability to prevent DCA induced Golgi 

fragm entation because a sim ilar effect is observed with the classical glucocorticoid receptor (GR) 

agonist dexam ethasone.

OH

HO

OH

OH

DCA (4) UDCA (7)

Figure 2.1. Structures o f  UDCA and DCA

In another collaborator lab (Stephen Keely, Royal College o f  Surgeons in Ireland at Beaumont), 

it has been shown that DCA causes ion secretion from m onolayers o f  colorectal cancer cells 

(T84) and that it am plifies the effect o f  carbachol, an acetylcholine m im ic [90]. Here too UDCA 

has an opposing effect, preventing ion secretion induced by carbachol. Here a m echanism
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remains elusive, nor is it even clear w hether it is cell surface m ediated or an intracellular 

interaction. A nother issue about disposition is that whereas it is possible to detect specific 

transporter proteins in cells and tissue, it rem ains difficult to detect functional transporter activity 

for bile acids. This is usually done with radiolabelled m aterial which is difficuh to handle and not 

suitable for high content analysis and live cell imaging o f  distribution. There are m any questions 

about the biochem istry, physiology and pharm acology o f  these bile acids connected in som e way 

to their disposition and especially cellular localization that suitable fluorescent reporters could 

help answer. However, when we exam ined the available or previously reported fluorescent 

derivatives o f  UDCA and DCA, none seemed suitable for our work. As already outlined a 

num ber o f  NBD  substituted am ino acid conjugates o f  the bile acids have been reported but these 

are relatively high in m olecular weight, polar and probably not candidates for passive diffusion, 

which is likely to be an im portant contributor to the distribution o f  the free bile acids. Generally 

the am ino acid conjugates substituted with NBD appear to be m ore suitable for investigating the 

glycine conjugates rather than the free bile acids. Sim ilarly incorporation o f  a reporter group at 

either the C7 or C l 2 -O H  groups appeared undesirable because these hydroxyl groups m ay be 

conferring on UDCA and DCA respectively the properties or interaction capabilities which 

account for their different effects. Incorporation o f  the fluorescent reporter group in the A ring 

appeared to use to optimal for investigating questions related to UDCA and DCA disposition. 

This would conserve the characteristic free acid side chain and 7- or 12- hydroxyl groups. There 

are a num ber o f  other observations that would support this kind o f  design. Firstly, in the crystal 

structure o f  UDCA with the intracellular bile acid binding protein (IBA P or AKR1C2), the bile 

acid side chain is buried deep in the protein with the 3-OH group solvent exposed [91]. 

Furtherm ore several groups have shown that bile acids can be used as carrier m olecules to 

im prove intestinal absorption by linking substances with poor bioavailability to the 3-OH o f  the 

bile acid [92-94], This shows that the transporter proteins in this case can tolerate a m ode o f 

binding substrates with bulky 3-substituents. Surprisingly, given the activity in the area, 3- dansyl 

or NBD derivatives o f  UDCA or DCA had not been described previously (these m ight be called 

3-deoxy-3-am ino NBD or dansyl but for the sake o f  sim plicity here will be referred to as 3-NBD 

or dansyl). The corresponding N BD  derivatives o f  cholic acid have reported, as described in the 

previous chapter. Therefore the purpose o f  the work described in this C hapter was design and
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synthesise UDCA and DCA analogues with a reporter group incorporated in the A ring {Figure

NO2

Figure 2.2. NBD-substituted UDCA derivative

2.2. Design and synthesis o f A-ring fluorescent reporter bile acids

2.2.1. Synthetic discussions

The A-ring contains a hydroxyl group in the 3-position with alpha orientation, which permits 

reactions on the neighbour carbons at position 2 or 4. Initially our project focused on developing 

a fluorescent derivative o f UDCA (7) attached the fluorophore at position-2. To obtain the 

desired compound we proposed a synthetic route via alkene- and epoxide-derivatives {Scheme

2 . 2 . ) .

OH

2 . ] . ) .
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Scheme 2.1. Design o f  2-fluorescent UDCA

As seen from Scheme 2.1., the synthetic route proposes the introduction o f  the fluorophore at 

position 2 with p-orientation, while recovering the original 3a-hydroxyl, through opening o f an 

epoxide ring. Also it includes necessary protection/deprotection steps. The scheme shows the 

intended route for the preparation o f  the fluorescent derivative o f 7.

2.2.2. Protection of UDCA (7)

The first step in the synthetic approach was the selective protection o f  the 24-carboxylic acid and 

the 7p-hydroxyl groups. Numerous studies can be found in the literature concerning the 

protection o f  bile acids [95-97], The protection o f the carboxylic acid was performed first. The 

most widely used approach to protect the carboxylic acid is esterification. Sebastien Gouin et al. 

obtained methyl esters in high yields from bile acids in an acid catalysed reaction [98], We 

pursued this option. The formation o f  methyl ester 54 was carried out in MeOH by adding half 

an equivalent o f 37% HCI at reflux. In this reaction, the solvent itself is the reactant and the 

mineral acid plays the part o f the catalyst. After 1.5 h, TLC analysis did not show the presence o f 

the starting material indicating that 100% conversion had been achieved. The TLC plate was 

developed in hexane -  EtOAc 1:1 with vanillin solution used for detection. The lower polarity o f 

the ester resulted in higher Rf value (Rf ~ 0.25), than the free carboxylic acid on the TLC plate.



After working up the reaction, the methyl ester was obtained as a white solid in high yield (91%).

{Scheme 2.2.)

O n

OH

MeOH, cc. HCI, 
reflux, 1.5h, 

90-95% .

H O O H

UDCA (7)

O H

54

AC2O, 4-DMAP, 
P y r , n, 

overnight, 
90-95% .

55

Scheme 2.2. Protection o f  com pound 7

The selective protection o f  the 7p-hydroxyl at position-7 posed a challenging regioselectivity 

issue due to the a-hydroxyl at position 3 (both equatorial). Selective protection o f  the 7-hydroxyl 

group in methyl ursodeoxycholate is not possible in one step, because the 3-alcohol is more 

reactive than the 7, for steric reasons. Our approach was to protect both hydroxyl groups, 

followed by selective cleavage o f  the protecting group on the less hindered A-ring. Fieser and 

Rajagopalan acetylated cholic acid (2) on C3 and C7 selectively with acetic anhydride (AC2 O) in 

pyridine to obtain 70% yield [99]. Bryson W. Katona et al. used 4-dimethylaminopyridine (4- 

DMAP) to catalyse this reaction to reach over 90% o f  the diacetyl product [100].

In our case, the esterification o f  both the 3- and 7-hydroxyl groups was successful with AC2 O in 

pyridine with the use o f  4-dimethylaminopyridine (4-DMAP) as a catalyst to yield diacetate 55 

(Scheme 2.2.). The formation o f  55 was followed by TLC analysis using hexane -  EtOAc 1:1 as
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mobile phase. After stirring overnight the conversion was complete and the crude product was 

purified by flash chromatography to yield product 55 as white foam (89%).

2.2.3. Selective deprotection of 55

The regioselective hydrolysis o f 55 on C-3 was attempted using different conditions. The most 

generally used method to achieve cleavage o f the acetyl group is hydrolysis in the presence of 

base. In the first attempt, we treated 55 with aqueous potassium hydroxide (KOH) in MeOH and 

stirred at reflux for an hour. The TLC analysis showed that the reaction produced a mixture o f 

UDCA 7 and UDCA methyl ester 54 (Scheme 2.3.).

O

OH

HO OH

50 % aq.KOH, 
M eOH, H2O,

reflux, Ih.

OHHO

54

Scheme 2.3. Attempted selective deprotection o f  55

Since the KOH was a too strong base in this case, we decided to use NaHCOs instead. The 

hydrolysis was carried out in MeOH at pH~10 at rt. After 2 d, the starting material had 

disappeared by TLC while the main spot o f the three products was the expected compound. After 

working up and separating the mixture we obtained 56 in 65%. The reaction was then attempted 

on a larger scale. However in this case, the hydrolysis was not fully finished under the same 

conditions. After 9 d, the mixture was worked up to obtain 56 again in 65% yield. We recovered 

21% starting material together with 54, which appeared in a few percent (Scheme 2.4.). It was not
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logical to increase the reaction temperature to get a higher yield, because this was likely to reduce 

selectivity. The long reaction time did however require us to investigate an alternative approach.

rt, 9d, 65%.

55 56

Scheme 2.4. Selective deprotection o f  55 with NaHCOs

A method for the selective deprotection o f the 3a-alcohol was reported by Dias et al. [101]. They 

treated the triacetate derivative o f cholic acid (2) with acetyl chloride (AcCI) in MeOH which led 

them to the deprotected diacetate at position-3. In our attempt, AcCI was added dropwise to 55 in 

anhydrous MeOH at 0 °C and left stirring overnight at rt. The TLC analysis showed that the 

conversion o f  starting material was complete and we obtained a mixture o f 54 and 56 (approx. 

2:3 ratio). The repeated reaction was monitored by TLC effected 75% yield o f 56 and 12% yield 

o f 54 after 6 h reaction time (Scheme 2.5.). The formation o f  54 and 56 did not show dependence 

on the scale o f reaction.

AcCI, MeOH,

0 °C - >  rt, 
6h, 75%.

55 56

Scheme 2.5. Selective deprotection o f  55 with acetyl chloride 

2.2.4. Design of 2A-alkene derivative

After the preparation of the appropriately protected UDCA (56), the focus then shifted to the 

development o f the 2A-alkene derivative. There are some well-known routes to synthesize an 

alkene derivative from the corresponding alcohol. Two common methods o f  elimination are
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dehydrohalogenation o f alkyl halides and more direct dehydration o f the alcohol. In the 

dehydration reaction, water is lost via the El mechanism, while the E2 elimination starts with an 

alkyl halide or alkyl sulfonate ester (e.g. mesylate, tosylate). For dehydration o f  alcohols, the 

most frequently used reagent is sulfuric acid. In our case, we dispensed with this because o f the 

possibility o f  hydrolysis on 7-acetate and/or 24-methyl ester. Therefore, our attention turned to 

convert the alcohol to a better leaving group, which permits elimination in the presence o f mild 

base.

2.2.5. Elimination of 3a-hydroxyI with POCIj

Yehuda Yanuka and Gideon Halperin treated 3,7- protected cholic acid (2) with phosphorus 

oxychloride (POCI3) using pyridine as solvent to obtain the llA -alkene [102]. The reaction 

mechanism begins with formation o f phosphate ester, followed by E2 elimination, in which the 

pyridine acts as base. Our reaction was attempted under the same conditions. Upon dissolution o f 

compound 56 in pyridine, 5.5 equivalents o f POCI3 were added and the resultant solution was 

stirred for 18 h at 40 °C. After the work up, the crude product was purified by flash 

chromatography to give the main product as light-yellow oil in 64% yield. NMR analysis showed 

that the main product was not the expected compound; instead, we obtained the 3P-chloro 

derivative (57) o f 56. (Scheme 2.6.). The attempt was repeated at lower temperature using DCM 

as solvent and EtsN as a stronger base. This experiment was unsuccessful.
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Scheme 2.6. Experiment fo r  elimination o f  3-hydroxyl with POCI3 

2.2.6. Elimination of 3a-hydroxyl with methanesulfonyl chloride

Another possible way to prepare alkenes is via alkyl sulfonate ester intermediates such as 

mesylate or tosyiate. The elimination can be carried out in one step without isolating the 

sulfonate ester. Alvarez-Manzaneda et al. dehydrated an alcohol on a pinacoi derivative with 

mesyl chloride [103]. In their method the alcohol was stirred with mesyl chloride in EtaN at rt for 

12 h to give the alkene as product in high yield (80%). We therefore treated 56 with an excess o f  

mesyl chloride at 0 °C and stirred the mixture at 40 °C for 2 d. The obtained product was 

identified by NMR spectroscopy which showed that the reaction resulted in the formation o f  the 

3a-mesylate derivative 59 in 57% yield (Scheme 2.7.), instead o f the expected alkene. The 

mesylate was therefore formed successfully during the reaction, but this was not followed by 

elimination. The success o f this reaction is probably dependent o f the type o f base used.
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MsCl, NEt

0°C - >  40°C, 2d.

56 58

Scheme 2 .7. Experiment fo r  elimination o f  3-hydroxyl with MsCl

2.2.7. Synthesis o f 3a-m esylate

Hence, compound 59 was synthesized for the further experiments following the method which 

was reported by Vandana S. Pore et al. [104], Compound 56 was treated with mesyl chloride in 

anhydrous DCM using 1.1 equiv. o f EtsN as catalyst at 0 °C. The formation o f mesylate was 

carried out in 20 min furnishing 59 in 96% yield (Scheme 2.8.).

56

NEtj, MsCl, 
DCM,

0°C, 20min, 
96%.

o=s=o

Scheme 2.8. Synthesis o f  59

2.2.8. Cleavage o f 3a-m esylate

Sulfonate esters are effective leaving groups in elimination reactions in the presence o f base. 1,8- 

Diazabicyclo[5.4.0]undec-7-ene (DBU) is a commonly used catalyst to eliminate sulfonate esters. 

Hirota et al. applied this reagent on a quassinoid derivative with success [105]. In our next 

experiment, 59 was stirred with 5 equiv. o f DBU in anhydrous tetrahydrofuran (THF) at rt. 

However, TLC analysis did not show any change after 24 h. Hence, 5 equiv. o f DBU was added 

to the mixture again and the temperature o f reaction increased to reflux. We did not observe any 

product on the TLC plate, so the reaction was stopped after 5 d (Scheme 2.9.).
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Scheme 2.9. Experiment fo r  elimination o f  3-m esylate with D B U

Gustavo A. Garrido Santos et al. carried out an E2 elimination on 3p-hydroxy-5a-cholestane 

tosylate with LiBr and lithium carbonate (Li2C0 3 ) in dry DMF to obtain 5a-cholest-2-ene in high 

yield (85%) [106]. The same reaction conditions were used on 59 and all the starting material was 

consumed after 3.5 h. However, TLC analysis showed a high number o f  products with close Rf 

values and therefore this reaction route was abandoned (Scheme 2.10.).

LiBr, Li2CO 
DMF,

reflux, 3.5h.

o=s=o

Scheme 2.10. Experiment fo r  elimination o f  3-m esyla te with LiBr and U 2 C O 3

Holysz afforded the desired 2A-alkene [107] using similar conditions to above but without the 

Li2C0 3  Using four equivalents o f  LiBr in our attempt, we found that the reaction did not work at 

rt. After 2 d, the temperature o f  the mixture was initially increased to 60 °C, then 120 °C. We 

noticed that some products appeared on the TLC plate after 7 d stirring, but some 59 was present 

also in the reaction mixture. TLC analysis showed a significant number o f  different products 

from which we concluded that different bromide derivatives were being formed. Hence, three 

equiv. o f  DBU was added to the mixture which was then stirred for 24 h at 120 °C, after which 

time the TLC analysis showed reaction progress. All o f  the starting material had been consumed 

and the product appeared as one spot on the TLC plate with higher Rf value (-0 .7 2 ) than the 

intermediates after the treatment with lithium bromide (Rr~0.60-0.65) using hexane -  EtOAc 5:1 

as mobile phase. The higher Rf value indicates lower polarity and it appeared that the
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intermediate might be a different bromide. After the work up procedure NMR analysis showed 

that the resulted product was the mixture o f 2A-alkene 58 and 3A-alkene 60 approximately in 1:1 

ratios (Scheme 2.11.).

O

o

60

l .)L iB r, DMF, 
r t-> 1 2 0 °C , 7d.

2.) DBU, 24h, 
120°C.o= s= o

Scheme 2.11. Elimination o f  3-mesylate with LiBr and DBU

Unfortunately the separation o f  the isomers was not possible; consequently we turned our 

attention to develop the epoxy-derivatives from 58 and 60 where we expected a bigger difference 

between polarities o f products for separation.

2.2.9. Synthesis of epoxide isom ers

Most epoxides are generated by treating an alkene with peroxide-containing reagents that donate 

single oxygen. Typical peroxide reagents include hydrogen peroxide, peroxycarboxylic acids and 

alkyl hydroperoxides. Typically for laboratory scale synthesis, the Prilezhaev reaction is 

employed [108], This approach involves the oxidation o f the alkene with a peroxyacid such as m- 

chloroperbenzoic acid (wCPBA). The reaction proceeds via what is commonly known as the 

“Butterfly Mechanism” [109]. The peroxide is viewed as an electrophile, and the alkene a 

nucleophile.

M. J. Comin et al. synthesized 2a-epoxy derivative from 5a-Pregn-2-en-20-one with mCPBA in 

59% yield [110], Our reaction was carried out under the same conditions. The mixture o f 58 and 

60 was dissolved in dichloromethane (DCM) and 2 equivalents o f wCPBA was added in small
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portions at 0 °C and then stirred at rt for 4.5 h. A fter this time, the TLC analysis showed that the 

starting material was converted into two products (R f~  0.42 and R f~  0.35 developed in hexane -  

EiOAc 5:\) (Scheme 2.12.).

O

O
m-CPBA, DCM,

O
0 °C -> rt, 4.5h.

Scheme 2.12. Formation o f  epoxides

After separation by flash chrom atography, N M R analysis showed that the reaction produced a 

m ixture o f  a -  and p-epoxides o f  61 and 62 in low yields.

A lthough, some reports presented the preparation o f  2A-alkenes then 2a-epox ides on cw-fused 

A -ring o f  steroids, we could not synthesize it selectively. In our case, the resultant product 

consisted o f  a m ixture o f  2A- and 3A-alkenes because o f  the m echanism  o f  elim ination. W hen the 

m olecule is symmetric, the elim ination reaction leads to a m ixture o f  alkenes. T he p-hydrogens 

on the carbon-2 and carbon-4 are equivalent from the aspect o f  elim ination, where the m ost 

obvious potential influence would be the steric effect. However this did not lead us to success on 

c/5-fused A-ring. In our experim ents, the preparation o f  the epoxide derivative afforded num erous 

isom ers and epim ers. As a consequence o f  the high num ber o f  products, we did not proceed with 

further investigations along this line.
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2.2.10. Development of 2- or 4-fluorescence derivatives via ketone derivative

Another possible way to allow the transformations on C-2 and C-4 is the development o f 3-oxo- 

derivative from 56. Ketones having a-hydrogen are in rapid equilibrium with their enol form, 

although this equilibrium is strongly shifted in the favor o f  the keto form in cases where the enol 

form is not stabilized. This keto-enol tautomerism is responsible for the increased nucleophilicity 

o f  the carbonyl oxygen and the electrophilicity o f the a-carbon. As a consequence the a-hydrogen 

is relatively acidic, and ketones and other carbonyl compounds are able to undergo nucleophilic 

substitutions in the a  position, with either stoichiometric or catalytic base.

2.2.10.1. Synthesis of 3-keto derivative

There are many options to generate ketones from secondary alcohols. One o f the common used 

reagents in this regard is pyridinium chlorochromate (PCC) which was developed by Elias James 

Corey and William Suggs in 1975 [111]. A typical PCC oxidation involves addition o f the 

alcohol to a suspension o f PCC in DCM.

It was decided to use the sequence, which was reported by Bonar-Law with use o f  2 [95]. The 

reaction was carried out in DCM using 1.2 equiv. o f PCC at rt to obtain 3-keto compound 63 as 

product in 93% yield (Scheme 2.13.).

O

56

O

PCC, DCM, 
 *
rt, overnight, 

93 %.

Scheme 2.13. Oxidation o f  3-alcohol with PCC

2.2.10.2. Attempt for 2-hydroxymethy!ene derivative

For the preparation o f 1-dehydro-3-keto steroids, we used a method developed by Shimizu et al. 

[112]. The 3-keto steroid would be first converted into the 2-hydroxymethylene derivative, 64, 

using sodium methoxide (MeONa) and ethyl formate. This was then followed by 

dehydrogenation with 2,3-dichloro-5,6-dicyano-benzoquinone (DDQ), subsequent deformylation 

o f  the resulting 17p-hydroxy-5p-androst-l-en-3-one with chlorotris (triphenyl phosphine)
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rhodium. However, the conditions reported by Shimizu et al. did not produce the expected 

product 64 from 63 {Scheme 2.14.).

MeONa, HCOOEt, 
pyridine, j

HO

Scheme 2.14. Experiment fo r  synthesis o f  2-hydroxymethylene derivative

Although the authors could obtain the 2-hydroxymethylene derivative in over 90% yield, our 

attempt was unsuccessful.

2.2.11. Design o f 4-fluorescent derivatives via haloketones

After this unsuccessful attempt, we turned our attention to synthesize the fluorescent derivative 

via a-haloketone intermediate. a-Haloketones can take part in nucleophilic substitutions in the 

activated a  position, and we envisaged a synthetic route that would enable us to attach the 

fluorophore at position-4. We intended to synthesize the haloketone in the first step, and then 

convert the halo group into azide in a nucleophilic substitution reaction. Reduction o f  azide- and 

keto-groups would be carried out in the next step to obtain the corresponding 3-hydroxy and 4- 

amine derivatives, which would be followed by coupling the fluorophore to the amino-group 

(Scheme 2.15.). An amine group seemed to be the ideal way to introduce a fluorescent group due 

to the high number o f  fluorophores available for amine labelling.
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63
X = Halogene

HO
NH

HO
NH

Fluo'

OH

HO' 'OH
NH

Fluo^

Scheme 2.15. Design o f  4-amino-fluorescent derivative

Haloketones and halo carbonyl compounds in general are synthesized by the reaction o f a 

carbonyl compound with a halogenation agent. For the synthesis o f bromoketones such a 

halogenation agent can be bromine, tetrabutylammonium tribromide or A^-bromosuccinimide 

(NBS).

2.2.11.1. Preparation of 4-bromo ketone

Several procedures can be found in the literature for the preparation o f  bromoketone steroids 

[113-115], The solvent is acetic acid in most cases, but as bromine source, different reagents 

might be used. Bromine is a generally used reactant, which is sometimes applied together with 

hydrobromic acid. In our first synthetic attempt, 63 was dissolved in glacial acetic acid and 

bromine was added to the stirred solution at rt. The reaction was monitored by TLC analysis.



After 3 h, all starting material was consumed. The product was recovered as a white solid in high 

yield (89%). The structure was confirmed by NMR analysis as the 3-oxo-4p-bromo derivative 65 

(Scheme 2.16.).

rt, 4.5h, 
89 %.

65

Scheme 2.16. Synthesis o f  4-bromo 3-oxo derivative o f  UDCA-7-acetate methyl ester 

2.2.11.2. Attempt for 4-azido ketone

To obtain the 4-azido derivative, we followed the procedure o f Salunke et al. [116]. Therefore 65 

was treated with five equivalents o f  sodium azide (NaNs) in anhydrous DMF and stirred for 2 d at 

40 °C. The reaction was not successful, thus it was repeated, without success again (Scheme 

2.17.). Although there are some precedents for this reaction in the literature in similar chemical 

environment, we could not carry out this substitution successfully.

40°C,2d.

65 66

Scheme 2.17. Experiment fo r  3-azido ketone derivative

At the same time when this chemistry was being performed, a study appeared in J. Med. Chem. 

which indicated that the 3-hydroxyl group on A-ring o f  bile acids does not take part in protein 

binding in some instances [91]. Due to this information, and our ongoing difficulties with 

substitution at C2 or C4, we turned our attention to the transformations o f  the 3-hydroxyl group.
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2.3. Design and synthesis of 3-fIuorescent bile acids and non-bile acid controls

2.3.1. Introduction

This change o f synthetic direction was prompted by the publication o f  a study by Simona 

Tomaselli et a i ,  in which they described an NMR solution structure o f  adduct between a liver 

bile acid binding protein (BABP) and bile acid-conjugated gadolinium chelates [91], According 

to their experiments, the protein was able to bind these even though the bulky gadolinium 

chelating units were conjugated to the bile acids via amide-bond at C-3.

Figure 2.3. The Bile Acid Binding Protein (BABP, described by Tomaselli et al. [91])

Additionally, various bile acid carrier pro-drug conjugates have proven that intestinal bile acid 

transporters can tolerate payload incorporation at position-3 [117]. With this knowledge, future 

synthetic work focused on the synthesis o f 3-fluorescence DCA and UDCA derivatives. Various 

SAR surveys and QSAR models o f the human apical sodium-dependent bile acid transporter 

(ASBT, SLC10A2) suggest that the C3-OH is tolerant o f modification [118, 119].

It was decided to introduce the fluorophore on to the bile acids via a 3-amino group in both o f the 

epimers (a  and (3). It was also planned to synthesize a control compound with the same behaviour 

in the fluorescent properties lacking the bile acid moiety. For labelling 4 and 7, we initially chose
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the 5(dimethylamino)naphthalene-l-sulfonyl chloride (dansyl chloride, 29) fluorophore, which is 

a widely used agent to modify amino acids.

2.3.2. Design of 3-dansyi derivatives and intermediates

Schemes 2.18 and 2.19 show our planned synthetic approaches to the newly proposed UDCA and 

DCA dansyl derivatives. These routes involved straightforward, well established synthetic 

reactions in the first few steps to obtain the 3-amino derivatives with the corresponding 

orientations, then the coupling o f fluorophore to the amino group, followed by the hydrolysis o f 

protecting groups.

o

HO

UDCA: R| = 0 P, R2 = H 
DCA:R|=H,  Rj = OP 
P = Acetate or Formate

O

O

H

OH

HN'
o=s=o

UDCA: Ri = OH, R2 = H 
DCA: R| = H, R2 = OH

Scheme 2.18. Design o f  3 a-amino-dansyl derivatives
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HO

U D C A : R , = O P ,  Rj  =  H 
DCA: R, =  H, Rj = OP 
P =  A cetate or Formate

N

OH

U D C A : R | = O H ,  R2 =  H 
DCA: R | = H , R2 =  OH

Scheme 2.19. Design o f  3(3-amino-dan.syl derivatives

The isolation o f the deprotected azido- and amino-derivatives was also required for the study o f 

bile acid toxicity as it allowed our group to examine the relationship between bile acid 

hydrophobicity and toxicity on the normal oesophageal cell line HETIA [120], The proposed 

compounds were synthesized from the corresponding intermediates with the hydrolysis o f 

protecting groups. Scheme 2.20. represents the desired compounds.
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UDCA: R, = 0 H , Rj = H 
DCA: R, = H, R2  = OH

OH OH

Scheme 2.20. The proposed deprotected intermediates 

2.3.3. Protection of DCA (4)

For the transformations on C-3 o f  4, we needed to protect the 12-OH and carboxylic acid. A 

method had been developed for the protection o f 7 as already described. In the present instance, 

the carboxylic acid was converted to methyl ester 67 under similar conditions in high yield, then 

the formation o f  diacetate 68 was carried out with AC2 O in pyridine in the presence o f  4-DMAP 

(Scheme 2.21.).
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O o
OH

OH

cc.HCl, MeOH,

rt, overnight, 
- 100% .

4

OH

HO'

AC2O, 4-DM AP, 
Pyridine, 

rt, overnight,
90%.

O

H

Scheme 2.21. Protection o f  4

Previously we had used AcCl for the hydrolysis o f  3-acetyl group, but in this case we tried less 

aggressive conditions. On the other hand, selective deprotection o f  3a , 12a bile acid esters is less 

challenging because o f  the more hindered alpha (axial) orientation at position-12. MeONa is 

another commonly used reagent to hydrolyse esters and has the advantage that it does not convert 

methyl esters to acids provided an anhydrous atmosphere is maintained. Our attempt was carried 

out in MeOH at rt with 1.1 equivalents o f  MeONa. After 1 d the TLC analysis did not show the 

presence o f  68, thus the reaction was worked up and the crude product was purified by flash 

chromatography to give 69 as white foam in 87% yield, which structure was confirmed by NMR 

analysis {Scheme 2.22.). Compound 4 and its methyl ester derivative 67 also appeared in the 

mixture in a few percent o f  the total amount.
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NaOMe, MeOH,

H rt, 24h, 87%. H
69

Scheme 2.22. Selective deprotection o f  68 

2.3.4. Synthesis o f  3a-dansyl UDC A and 3a-dansyl DCA derivatives

It was then decided initially to develop equatorial 3a-fluorescent derivatives which would require 

overall replacement o f  the 3-OH with NH 2 with retention o f  configuration. There are numerous 

studies on the synthesis o f  amino derivatives from alcohol group o f  steroids in the literature [121-  

124], The reported synthetic routes contain general reaction steps via  bromo- and azido- or keto- 

and oximino-intermediates. To obtain the 3a-am ino compound via  bromo-intermediate, the 

alcohol first undergoes a nucleophilic substitution in a bromination reaction. This bromine is 

exchanged to azide in the subsequent step, and then the azide is reduced to the required amine.

2 .3 .4 .I. Synthesis o f  3p-brom o derivatives

We used NBS as a bromine source in the presence o f  triphenylphosphine (PPhs), which is a good 

reducing agent. Using this method, the 3a-hydroxyl group is replaced by bromine via  

oxyphosphonium intermediate with inversion o f  configuration [125]. Compound 56 was treated 

with 2 equivalents o f  each reagent in anhydrous THF and after the disappearance o f  the starting 

material, the mixture was worked up and purified by flash chromatography to obtain 70 as 

colourless oil in 91% yield. The reaction starting from 69 was carried out as well under the same 

conditions to give 71 as product in 65% yield (Scheme 2.23.).
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PPh3, NBS, 
THF,

   ►

-18°C ->rt, 
1.5h, 91%.

HO

7056

O O

PPhj, NBS, 
THF,

HO'
-18°C ->rt, 
1,5h, 65%.

71

Scheme 2.23. Synthesis of3/3-hromo derivatives 

2.3.4.2. Synthesis of 3a-azid o  derivatives

The resultant 3P-bromo derivatives were transformed to the corresponding azido intermediates in 

a nucleophilic SN2 substitution reaction. Most organic and inorganic azides are prepared directly 

or indirectly from NaNs, which is the principal source o f the azide moiety. The pseudohalogen 

azide anion displaces the appropriate leaving group (e.g. sulfonyl esters, I, Br) to give the azide 

compound. These azides were synthesized using the procedure reported by Pore et al. [104], 

Compound 71 was treated with five equiv. o f  NaNs in DMF. The formation o f the azide was 

followed by TLC analysis using hexane - EtOAc 3:1 as mobile phase. The difference between the 

Rf value o f the starting material and the product seemed small, but the colour o f the spots was 

different after development with vanillin solution, allowing us to follow the changes. The colour 

o f 71 became dark purple under the effect o f vanillin reagent, while the azide gave a yellow spot 

on TLC plate. After 24 h the reaction mixture was worked up and the azido compound was 

purified by flash chromatography to give 72 as light-yellow oil in 79% yield. 2A- and 3A-alkene 

derivatives also appeared in the reaction mixture as identified by NMR. The side-products can be 

formed due to dehydrohalogenation process mediated by the solvent. The reaction was carried
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out on 70 as well under the same conditions to obtain 73 as light-yellow foam in 72% yield. The 

mixture o f  2A- and 3A-alkenes was also isolated in 7% yield (Scheme 2.24.).

O O

60°C,24h, 
79%.

71 72

O O

7370

Scheme 2.24. Synthesis o f  3 a-azido derivatives in DM F

The presence o f byproducts prompted us to try the reaction in l,3-dimethyl-3,4,5,6-tetrahydro- 

2(lH)-pyrimidinone (DMPU), a solvent known to promote azide substitution reactions. Thus 71 

was dissolved in DMPU and ten equiv. o f NaNs were added to the solution. The reaction resulted 

in 72 in 89% yield without the formation o f alkene by-products (Scheme 2.25.).

O O

72

B
rt, 3d, 89%.

71

Scheme 2.25. Synthesis o f  72 in DM PU
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2.3.4.3. Reduction of 3a-azido derivatives

In the next step the azido group was reduced to amine using different conditions. Azides can be 

reduced to amines by hydrogenolysis or with a phosphine, such as PPhs, in the Staudinger 

reaction [126]. Our attempt was carried out following the method reported by Gololobov et al. 

[127], The authors used PPhs in THF and water to obtain 3-amino cholic acid derivative from the 

corresponding azido compound. In our case, 72 was treated with three equiv o f PPhs under N 2 

atmosphere. After 3 d, the TLC analysis did not show the presence o f  starting material in the 

reaction mixture, thus the reaction was worked up. The separation o f the amino derivative 74 was 

not completely successful from the unreacted PPhs, because the high polarity o f the amino group 

made the purifying procedure with column chromatography unmanageable. It was decided to 

protect the amino group, in which case separation o f the intermediate from by-products is more 

achievable.

Boc-protection o f amines produced by reduction in situ (one-pot) is widely used because o f the 

amine’s (in)stability and the better chromatographic properties o f the Boc adduct. Broderick et al. 

reported a method, in which the azido derivative o f cholic acid was carbamolyated in situ with 

Pt02 under hydrogen atmosphere in the presence o f di-tert-butyl dicarbonate (B0 C2O) to give 

Boc-protected amino compound [128]. We used the described conditions but with a different 

hydrogenation catalyst. We added 1.2 equivalents o f B0 C2O to the solution o f 73 in EtOAc then 

finally 10% Pd / C, instead o f the platinum catalyst, was also added. The reaction was stirred 

overnight under hydrogen atmosphere, after which time the TLC analysis indicated consumption 

o f the starting material. We could detect two products on the TLC plate, which were separated by 

flash chromatography. The NMR analysis showed that we obtained 74 as main product in 93% 

yield together with 3-keto derivative 63 as by-product in a few percent. The purification o f Boc- 

protected amino derivative was much easier than in the previous case. The reaction was repeated 

with 72 under the same conditions to give 75 white foam in 83% yield. A keto derivative was 

also formed in few percent in this attempt (Scheme 2.26.).
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BocjO, 10% Pd/C, 
EtOAc,

H2 , rt, 
93%.

73

B0 C2 O, 10% Pd/C, 
  EtOAc,

H2 , rt, 
83%.

Scheme 2.26. Reduction o f  azide and protection in one-pot procedure

2.3.4A. Synthesis o f 3a-dansyl derivatives

To form the dansyl -  amino adduct, we had to first remove the Boc-protecting group and then 

couple the fluorophore to the amine. Therefore, 74 was dissolved in a 1:1 mixture o f  TFA and 

DCM and stirred at rt. The reaction was complete after 4 h, the volatiles were removed and the 

product was dried under high vacuum. For the formation of the dansyl derivative, the 

intermediate was treated with 1.5 equivalents o f  DNSC in the presence o f  EtsN following the 

reported method by Michael Temon et al. [129]. The reaction was complete after 12 h and 76 

was isolated in 82% yield (two steps from 74) as a yellow-green foam. This synthetic approach 

was also applied to 75 producing the 3a-dansyl derivative 77 in 74% yield (Scheme 2.27.). 

Unidentified fluorescent by-products were also detected in negligible amount during the 

reactions.
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I n iN

1.)50% TFA/DCM , 
rt, 4h.

2.) Dansyl-Cl, NEt,, 
DCM, -15°C, 12h,

82%.
o=s=o

o

1.) 10% TFA/DCM, 
rt, overnight.

2.) Dansyl-Cl, NEtj, 
D C M ,-I5°C , 2d,

74%.

HN^'
o=s=o H

77

Scheme 2.27. Formation o f  3-a-amino-dansylproducts 

2.3.4.S. Hydrolysis of 76 and 77

The hydrolysis o f the acetate group and the methyl ester was attempted at pH ~ 14. Compound 76 

was treated with 2M aqueous sodium hydroxide (NaOH) solution at rt and stirred for 3 d. After 

this time, the TLC analysis did not show any starting material in the reaction mixture and only 

one spot was detected as product. This compound was isolated, but the NMR analysis showed 

that the product contained the acetyl group at position-7. This material was treated with NaOH 

again and the temperature o f  the reaction was increased to reflux. The formation o f 3a-dansyl 

UDCA (78) was followed by TLC analysis; the reaction was complete after 5 d.. The surprising 

lack o f reactivity o f the acetate group may be due to an interaction with the dansyl causing 

hindrance o f hydroxide attack or breakdown o f  the resulting tetrahedral intermediate. Compound 

78 was obtained as a yellow solid as product in 82% yield from 76. The corresponding DCA 

adduct, 79 was obtained using similar conditions as a green-yellow solid in 82% yield (Scheme 

2.28.). In order to drive it to completion, this reaction was stirred at reflux for two months! The



formation o f 79 was followed by TLC analysis, which showed that the hydrolysis o f  methyl ester 

was very fast, but the displacement o f 12-acetate took long time. The reason is probably the 

orientation of 12-alcohol, which is in axial position in contrast with 7-hydroxyl coupled with 

supposed hindrance by the dansyl fluorophore.

O

2M NaOH, MeOH, 
pH~14,HN'

o=s=o reflux, 5d, 
82%.

OH

HN OH
o=s=o

78

2M NaOH, MeOH, 
pH~14,

HN'
o=s=o reflux, 2 months, 

82%.

O
OH

OH

HN^'
0 = S = 0

H

79

Scheme 2.28. Deprotection o f  3 a-amino dansyl derivatives 

2.3.4.6. Hydrolysis of azido intermediates

In subsequent studies in order to examine the correlation between bile acid hydrophobicity and 

toxicity, we decided to synthesise azido derivatives o f 4 and 7. The hydrolysis o f the protecting 

groups o f 3a-azido UDCA 73 and DCA 72 intermediates was carried out in aqueous NaOH in 

MeOH as in the case o f dansyl compounds. The reaction was complete after I d in the case o f the 

UDCA derivative to give compound 80 as product in 99% yield. In contrast, the cleavage o f  

protecting groups o f 72 took 10 d producing 81 in 82% yield (Scheme 2.29.). The longer reaction 

time in this case was expected but it was better than the earlier two month reaction.
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o

2M NaOH, MeOH, 
pH ~14, 

 ►

reflux, 24h, 
99%.

OH

OH

80

OH
OH

2M NaOH, MeOH, 
pH ~14,

reflux, 1 Od. 3̂̂  
82%.

H

81

Scheme 2.29. Deprotection o f  3 a-azido intermediates

2.3.4.7. Deprotection of 74 and 75

For the required amino derivatives, we had to displace all o f  the protecting groups from the 

corresponding intermediates. The cleavage o f  ester and the Boc-protecting groups was 

performed using methods developed previously. In the first step, the ester groups were 

hydrolysed with NaOH, and then the Boc-group was displaced in 10% TFA / DCM solution. The 

applied method resulted in the proposed 3a-am ino UDCA 82 and DCA 83 derivatives in good 

yields (Scheme 2.30.).
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I  niN

1 .)2 M  NaOH, MeOH,  
pH~14.  

 ►

2.) 10% TFA /D CM .

OH

OH

82

1 . )2 M  NaOH, M eOH,  
pH~14.

2.) 10% T FA /D C M . H2 N H

75 83

Scheme 2.30. Formation o f  3a-amino derivatives

2.3.5. Synthesis of 3p-amino-dansyl UDCA and 3P-amino-dansyl DCA and hydrolysis of the 

protecting groups

3p-Dansyl derivatives were prepared using the same procedure for the 3a-dansyl compounds. 

For the configuration o f P-epimers, 56 and 69 were first converted to mesylated intermediates 

with a-orientation. This step was then followed by the azide substitution, which resulted in p- 

azido derivatives causing inversion in the configuration. The intermediates and products were 

synthesized under the conditions described previously. In the azide reactions, DMSO was tried as 

solvent, but the reaction time increased significantly, thus DMPU was also used in the case of 

UDCA derivative. The time of the azide reactions increased significantly using the mesylate 

leaving group. The conditions and yields are presented in the following schemes. Scheme 3.31 

shows the synthetic route to 3P-dansyl UDCA and Scheme 3.32 contains the steps to 3p-dansyl 

DCA. Scheme 2.31. and Scheme 2.32. includes the preparation of deprotected azido and amino 

derivatives.
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N E tj, M sC l, 
D C M ,OAc

0 °C , 20 m in ,
OAc

96% .

NaNj, DMSO, 
4 0 °C , 24(1, 

71% .

N a N j, D M P U ,  

5 0 °C , l i d ,  
85% .

O H

2M  N a O H , M eO H , 
re flu x , 4d ,

 _______97% .
'OH OAc

10%  P d /C , B o c ,0 ,  
H 2, E tO A c, r1, 

ov ern ig h t, 77% .

OH

l . ) 2 M N a O H , M eO H , 
re flu x , o vern igh t,

^  98% .

2 .)1 0 % T F A /D C M ,  
rt, o v ern igh t, 

98% .

BocHNH2N 'OH OAc

2 .)  D a n sy l-C l, N E tj, 
D C M , -1 5 ° C -> r t ,  
ov ern ig h t, 61% .

1.) 10% TFA /D C M ^  
rt, overn igh t.

OH

2 M  N a O H , M eO H , 
re flu x , 8d , 

90% .
'OH

o=s=o
OAc

Scheme 2.31. Synthesis o f 87, 88 and 89
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N E tj, M sCl, 
DCM ,

HO'
0°C , 20m in, 

97%.

OAc

o = s= o
H

NaNj, DMSO, 
50°C , 14(1, 

72%. OAc

10% Pd/C, B ocjO , 
H2, EtO A c, rt,

ish, 88%.
OH OAc

OH

l .)2 M N a O H , M eO H , 
reflux, 1 id ,

86%.H2I BocHN
2 .)10% T F A /D C M , 

rt, overnight.95
2 .) D ansyl-C I, N Etj 

D C M ,- l5 ° C -> r t ,  
overnight, 64%.

I.) 10% T F A /D C M , 
rt, overnight.

OH OAcOH

HN^
0  = S=0

2M  N aO H , M eO H, 
reflux, 15d, 

96%. 0  = S=0
94

Scheme 2.32. Synthesis o f  94 and 95

2.3.6. Design and synthesis of the dansyl control compound

It was decided to prepare a control compound which would be expected to possess similar 

fluorescent and lipophilicity properties to the synthesized dansyl-bile acid adducts but not the
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steroidal skeleton. This could control for non-bile acidspecific effect later in cell-based 

experiments. Cyclohexylamine, which seemed a suitable mimic for 7 or 4 has been used for this 

purpose in previously reported studies in this area.

The reaction was carried out using the same method that was used to form the dansyl-amino-bile 

acid bond. 1.1 equivalents o f dansyl chloride was added to cyclohexylamine in the presence o f 

EtaN at -15 °C then it was stirred at rt. The completion o f the reaction was followed by TLC 

visualizing the spot o f the product under UV light and with Dragendorf s reagent which greatly 

improves sensitivity in amine detection. After work-up the crude product was columned twice 

giving the product as a light-green foam in 95% yield (Scheme 2.33.).

96 29 97

Scheme 2.33. Synthesis o f  cyclohexyl-dansyl

2.3.7. Design and synthesis o f 3-NBD derivatives 

2.3.7.1. Introduction

As we have seen in Chapter 1 the dansyl moiety is not the only fluorophore suitable for amines. 

Dansyl adducts produce blue- or blue-green fluorescence, while NBD and fluorescein emit lower 

energy light, in the green range o f the visible spectrum. It was decided to develop fluorescent bile 

acids which fluorescence over 500 nm as well to complement the dansyl probes. NBD-chloride is 

a commonly used amine sensitive fluorophore with a relatively low steric impact, which can be 

an advantage via transport processes. Its sensitivity to its environment, satisfactory quantum yield 

and stability make it among the most widely used reporter group in biomedical sciences [24, 39], 

Yan Zhao and Zhenqi Zhong labelled 3-amino cholic acid derivative with 7-chloro-4- 

nitrobenzofurazan (NBD-chloride) in 3-position [130], while Schneider et al. reported a study
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about NBD-amino cholic acid derivatives and their taurine salts introducing the fluorophore into 

the 3, 7 and 12 position [27]. The 3-NBD-amino derivatives o f DCA and UDCA had not been 

reported to date.

2.3.7.2. Experiments towards synthesis of 3a-amino-NBD DCA

For the formation o f NBD amino derivative we used the reported method by Zhao and Zhong 

[130]. The amino group o f  75 was deprotected in 10% TFA / DCM in the first step, then after the 

removal o f  the Boc-group the intermediate was treated with 1.1 equivalents o f NBD-chloride and 

1.5 equivalents o f NaHCOs in 1:1 THF / EtOH mixture. The reaction was stirred under nitrogen 

atmosphere to give the proposed 3a-N BD  derivative 98 in 76% yield (Scheme 2.34.).

O
OAc

1.) 10 % T F A /D C M .
BocHN

2.) N BD -Cl,  N aH C O  
T H F / E t O H l : l ,

OAc

H

NO2

7 5  70°C, 4d, 76%.

Scheme 2.34. Formation o f  3 a-amino-NBD derivative from  75

The same conditions mentioned previously in this report for the hydrolysis o f the methyl and 

acetyl ester protecting groups were used on 98. Compound 98 was stirred with aqueous NaOH in 

MeOH at reflux for 12 d, during which time the reaction was monitored by TLC. The hydrolysis 

o f  the methyl ester was quick, but before the cleavage o f  the acetate group could occur, the 3- 

amino derivative was detected on the TLC plate. At the end o f the reaction we obtained the 3 a - 

amino derivative 83 as product instead o f the desired 3a-N BD  compound 99 {Scheme 2.35.). 

Surprisingly the NBD -  amino bond was more sensitive in basic conditions than the 12-acetyl 

group.

77



OAc OH
OH

2M NaOH, MeOH,HN HN
reflux, 12d.

NO2 NO2

Scheme 2.35. Experiment fo r  deprotection o f  98

2.3.7.3. Experiments for the synthesis of 3p-amino-NBD UDCA

in the case o f  3-NBD derivative o f  UDCA, a more rapid hydrolysis o f  acetyl group was expected, 

as the 7-group is equatorially disposed. Therefore we repeated the experiment with 85. For 

preparation o f  the protected fluorescent intermediate the reaction was carried out using the same 

conditions as in the case o f  75. 3a-N B D  derivative 100 was obtained after 12 d in 54% yield as 

orange solid (Scheme 2.36.).

.) 10% TFA/DCM.
OAcHNOAcBocHN

2 .)NBD-Cl,NaHC03 , 
THF/EtOH 1:1, 
70°C, 12d, 54%. 100

Scheme 2.36. Formation o f  3/3-amino-NBD derivative from  85

It was expected that hydrolysis o f  protecting groups in N BD  -  bile acid adduct 100 would yield 

the desired results using the same chemistry. Instead o f  the expected 101, we obtained the 3p- 

amino derivative o f  UDCA 89, thus we finished the experiments with acetyl protected derivatives 

(Scheme 2.37.).
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o o

OH

'OAc 2M NaOH, MeOH,HN HN OH

reflux, 12d.

100 101
N 0 2 N 02

Scheme 2.37. Experiment fo r  deprotection o f  100

2.3.7.4. Protection of 54 and 67 with formic acid

Because o f the unsuccessful deprotection experiments on 98 and 100, an alternative protecting 

group for the hydroxyls was needed, one which could be removed more easily than the 

corresponding acetates. A commonly used protecting agent is the formyloxy group, which is 

about 100 times more reactive than acetate [131],

Thus, UDCA methyl ester 54 was performylated in formic acid in the presence o f catalytic 

amount o f perchloric acid [132]. The reaction resulted in two products according to TLC 

analysis. After separation o f these compounds the NMR analysis showed that the product with 

higher Rf value (hexane / EtOAc 3:1, R f~ 0.76) was the required performylated derivative 102, 

while the other one was also diformyloxy derivative (R f~ 0.23), but the perchloric acid cleaved 

the methyl group from carboxylic acid (Scheme 2.38.). The formation o f  the free carboxylic acid 

can be avoided by continuously monitoring the course o f the reaction. This experiment was also 

carried out on DCA methyl ester 67 under the same conditions. The reaction was monitored by 

TLC, which showed that the formation o f 103 was complete after 15 min (Scheme 2.38.). The 

diformyloxy acid was also present in the mixture, but its amount was negligible. We could obtain 

the performylated derivative in 83% yield in this case, while the yield o f 102 was only 41% 

beside 49% by-product.
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HO OH
60°C, overnight, 

41%.

H

103

OH

HO' 60°C, 15min, 
83%.

67

Scheme 2.38. Hydroxyl-protection with form ic acid 

2.3.7.5. Selective deprotection of 102 and 103

Two equiv. o f aq. NaHCOs were used for preparation o f  selective deprotected 102 in position-3 

[131]. The temperature o f reaction was increased from 0 °C to rt after 1 h and stirred for 3 d. 

After this time, TLC analysis did not show presence o f  the starting material, but compound 54 

appeared in the mixture. The products were separated by column chromatography to give the 

required product 104 in 85% yield and 54 in 15% yield (Scheme 2.39.). The procedure was 

repeated with 103 yielding the 3a-hydroxyl DCA derivative 105 in 98% after 4 h. Because o f the 

continuous monitoring o f the reaction 67 did not appear in this case (Scheme 2.39.).
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o o

NaHCOj, MeOH, 
0°C -> rt,

  — > ■

3d, 85%. HO

102 104

HO'

105

NaHCOj, MeOH, 
0°C -> rt,

4h, 98%.
O' 103

Scheme 2.39. Selective deprotection o f  102 and 103 

2.3,7.6. Preparation of 3p-NBD derivative o f UDCA

The required 3P-NBD derivative was synthesized under the same conditions as in the case o f  

acetyl protected interm ediates. Thus, 104 was transform ed to the corresponding m esylate 106; 

this step was followed by the azide reaction to give 107, which was reduced and protected (Boc) 

to afford 108. The fluorophore was attached to the deprotected am ine to afford 109 in good yield 

(Scheme 2.40.). The isolated interm ediates were determ ined by N M R analysis in every case.
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M sC l, N E t3 , D C M ,

0°C , 30m in, 
98% .

104 106

NaNj, DMPU, 
50°C , 8d, 

77% .

B 0 C2 O , 10% Pd/C, 
EtO A c,

H 2 , rt, overnight, 
83%.

BocHN

107108

1.) 10% T F A /D C M ,
rt, 3h.

2 .) N B D -C l, N aH C O  
1:1 T H F/E tO A c,

7 0 °C ,5 d ,
77%.

HN

109
NO2

Scheme 2.40. Synthesis o f  3/3-NBD derivative o f  UDCA 

1.3.1.1. Investigation into deprotection of 109

Hydrolysis o f  the ester groups o f 109 was attempted in basic media and the formation o f the 

required product 101 was followed by TLC analysis (Scheme 2.41.). The methyl ester was 

cleaved after 1 d to give the 7-formyloxy intermediate, but the hydrolysis o f formylated alcohol 

seemed very slow and the amino derivative 89 appeared at the same time as the target compound. 

After completion o f the reaction we could hardly detect 101 over 89. Although, during this
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experiment 89 appeared to be present in larger amounts than in the case o f  corresponding acetyl 

derivative, we could not isolate sufficient product; thus, the formyl protection did not lead us to 

success.

o

OH

2M NaOH, MeOH, 
pH~14,HN

HN OH
rt->50°C , 1 Id.

109
101NO2

Scheme 2.41. Experiment fo r  deprotection o f  109 

2.3.7.8. Selective deprotection o f 74 and 84

Because o f  the unsuccessful deprotection experiments, it was necessary to find an alternative 

route to the required 3-NBD bile acids. The cleavage o f esters can be acid- or base-catalysed. In 

the base-catalysed reactions, the carbon o f the carbonyl group is attacked by a nucleophile (a 

nucleus-seeking agent, e.g. water or hydroxyl ion), leading to the cleavage o f molecule into two 

parts. The previous experiments showed that the methyl ester was more easily hydrolysed over 

the acetyl or formyl groups, and the esters o f 7- and 12-hydroxyls were cleaved with the NBD- 

group together under basic conditions. Thus the hydrolysis should be carried out before the 

attachment o f  the fluorophore and without the cleavage o f the 24 methyl ester. The hydroxyl 

protecting group is useful during the formation o f  the 3-bromo- and 3-mesyl-derivatives, but after 

these steps it is not necessary. It was decided to try the hydrolysis on the azido- and Boc-amino- 

intermediates o f UDCA (84 and 74), in the expectation that attachment o f  the fluorophore could 

be achieved selectively onto the amino group in the presence o f  the unprotected alcohols.

These compounds were treated with 1.3 equivalents o f  AcCI in MeOH and the reaction was 

followed by TLC using hexane / EtOAc 3:1 as mobile phase (Scheme 2.42.). In the case o f 74 the 

starting material disappeared from the mixture after 2 d to give one spot on TLC plate with very 

low Rf value. The crude product was sent for NMR analysis which showed that we obtained a 

product mixture containing 7(3-acetyloxy and 7(3-hydroxyderivatives in about 1:1 ratio, but did
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not obtain the target compound 110. The reaction o f 84 finished after 6 d to give the expected 

azido compound 111 in 77% yield (Scheme 2.42.). This reaction was repeated at larger scale to 

give the product in 98% yield after 10 d reaction time. Because o f the easier detection and 

purification o f the product it was decided to hydrolyse acetyl or formyl groups after the azide 

reaction in further experiments.

o

AcCI, MeOH,

rt, 2d.

74

o

I  HN' OH

110

OAc

84

AcCI, MeOH,

rt, 6d,
77%.

OH

111

Scheme 2.43. Selective deprotection o f  intermediates

2.3.7.9. Synthesis of 3P-NBD, 7p-hydroxy-5P-cholanoate

The synthetic procedure to the 3P-NBD UDCA followed the previously optimized reaction steps. 

The selectively deprotected azido-intermediate 111 was reduced to the Boc protected amino 

derivative 112 and this step was followed by the coupling o f the fluorophore to the bile acid via 

amino group. Compound 113 was isolated in 67% yield from 112. Scheme 2.43. below describes 

the intermediates and conditions used.
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B0 C2 O, 10% Pd/C, 
H 2 , EtOAc,N OH

OHBocHNrt, overnight, 
86%.I l l 112

1.) 10% TFA /D CM , 
rt, overnight.

2.) NBD-Cl, NaHCO, 
M eOH, rt—>reflux, 

5d, 67%.

O

OHHN

113

Scheme 2.43. Synthesis o f  3/3-amino-NBD derivative ofUDCA

The hydrolysis o f  113 was carried out under basic condition in MeOH at 40 °C and monitored by 

TLC analysis using EtOAc as mobile phase. After 3 h reaction time the deprotection was 

complete and the proposed product 101 was isolated in 96% yield (Scheme 2.44.) as orange solid. 

The structure o f 101 was supported by NMR analysis. The 3-amino derivative was also detected 

in small amounts.

2M NaOH, MeOH, 
pH -14 ,

HN OH

40°C, 3h. 
96%.113

NO2

OH

HN OH

101

NO2

Scheme 2.44. Hydrolysis o f  113 
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2.3.7.10. Synthesis o f 3P-NBD DCA

For the preparation o f the 3P-NBD derivative o f  DCA, we used the formyl protected compound 

105. To form the azido-intermediate, 105 was treated with mesyl chloride and then the mesylate 

114 transformed to the required azido derivative 115 as before. The selective deprotection o f the 

formyl group was attempted under the same conditions as in the case o f  acetyl protected UDCA 

derivative. The reaction time significantly decreased in this experiment; after 28 h the TLC 

analysis showed only one spot as product. We could obtain the 3p-azido intermediate! 16 in 97% 

yield, which was reduced to the Boc protected amino derivative 117. This step was followed by 

the preparation o f tluorophore -  bile acid adduct 118. The hydrolysis o f methyl ester was 

complete after 4 h to give the expected fluorescent DCA 119 in 76% yield. The 3-amino by

product also appeared in the reaction mixture, but its amount was negligible. The condition o f the 

reactions and the yields o f intermediates are presented in Scheme 2.45. below.
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M sC l, N E tj, D C M ,
HO

0°C -->rt, 20m in. 
98% .105

O

BocHN

OH

A cC l, M eO H ,

N 0 ° C -> r t, 28h, 
97% .

116

I B ocjO , 10% Pd/C, 
H 2, EtO Ac, 

rt, overnight, 
90% .

1.) 10% T F A /D C M , 
rt, overnight.

2 .)  N B D -C l, N aH C O j, 
M eO H , 70°C , lOd,

73% .

MsO' 114

N a N j, D M P U , 
50°C , 6d, 

87% .

115

OH

HN

118

NO2
2M  N aO H , M eO H , 

40°C , 4h, 
76% .

OH

OH

HN
119

NO2

Scheme 2.45. Synthesis o f  3/3-amino NBD derivative ofDCA 119
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2.3.7.11. Synthesis o f 3P-azido DCA derivative

The protecting groups o f 115 were hydrolyzed in order to produce the missing azido-intermediate 

by stirring with NaOH in MeOH at rt. The reaction mixture was stirred overnight, after which 

time the TLC analysis did not show the starting material in the mixture. The experiment yielded 

the required derivative 120 in 98% yield (Scheme 2.46.).

O

2M NaOH, MeOH, 
pH~14,

N rt, overn igh t, 
98%.

115

OH

OH

N

Scheme 2.46. Hydrolysis o f  115

2.3.7.12. Synthesis o f 3a-NBD derivatives

The preliminary biological testing o f 3P-NBD derivatives (101 and 119) was carried out on 

SKGT-4 oesophageal cancer cell line. These fluorescent bile acid derivatives exhibited potential 

in this cell line as they were relatively non-toxic and displayed good uptake. Stability tests on 

these compounds also yielded good results, thus it was decided to synthesize the 3a-N BD  

derivatives o f UDCA and DCA as well. The formyl protected compounds were used to obtain the 

required intermediates, because o f  the quicker hydrolysis o f azido-intermediate, than in the case 

o f acetate derivatives. The synthetic routes are described in Scheme 2.47. and Scheme 2.48., 

which outline the steps and intermediates. The chemistry developed in previous sections was 

used here and so no comprehensive explanation for it is required.
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N a N j, D M PU , 
rt, overn ight, 

94% .

A cC l, M eO H ,

rt, overnight, 
91% .

B 0 C2 O, 10% Pd/C, 
E tO A c,

H 2 , rt, overnight.
94% .

/ 1.) 10% T F A /D C M , 
rt, overnight.

2.) N B D -C l, N aH C O , 
M eO H , reflux , 14d, 

44% .

2M  N aO H , M eO H , 
4 0°C , o v e rn ig h tj /

81%. X

NO2

Scheme 2.47. Synthesis o f  3a-amino-NBD derivative o f  UDCA 126
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PPh3, N B S , THF,
HO

-1 8 °C -> rt, 1.5h, 
95%.105

O

BocHN'

OH

A cC l, MeOH,

0°C —>rt, overnight, 
94%.

129

B 0 C2 O, 10% Pd/C, 
H j, EtOAc, 

rt, overnight, 
93%.

.) 10% T FA/DCM , 
rt, overnight.

2 .) N B D -C l, NaH CO j, 
M eOH, 70°C , lOd, 

98%.

127

NaN3, DM PU, 
rt, 24h, 

97%.

128

OH

H

131

NO2
40°C , 4h, 

63%.

OH

OH

H
99

NO2

Scheme 2.48. Synthesis o f  3a-amino-NBD derivative o f  DC A 99
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2.4. Design and synthesis of 24-amino-NBD derivative of UDCA and 

cyclohexyl-NBD

2.4.1. Introduction

The rationale and synthesis o f cyclohexyi-amino dansyl control compound has already been 

described. We subsequently felt that a control more closely mimicking the new fluorescent 

reporters, their mass and physicochemical properties could be obtained by abolishing the 24- 

carboxylic acid and introducing there a fluorescent reporter group. The synthesis route o f 24- 

NBD compound was proposed in three steps, in which first the carboxylic acid undergoes a 

transformation to 24-amide, followed by the reduction o f 24-carbonyl group to afford 24-amine, 

which is reacted with NBD-chloride in the last step. The first and second steps are based on the 

formation o f 24-amino cholate, which was reported by Yibo Zhou et al. [133]. The preparation o f 

cyclohexyl-NBD can be carried out in a single step with linking cyclohexylamine to the NBD 

moiety.

2.4.2. Synthesis of 24-amide

Thus in the first reaction, UDCA 7 was converted to A^-hydrosuccinimide ester (N-HO-Su) in 

10% acetonitrile / tetrahydrofuran mixture using dicyclohexylcarbodiimide (DCC) as the 

coupling reagent. A white solid was formed during the reaction, which was isolated to give the 

activated ester which was then transformed into the 24-amide 132 using aqueous ammonia 

solution (Scheme 2.49.).

HO^' 2.) aq. N H 3, DMF, 
50°C, overnight, 

73%.

OH

l.)N -H O -S u , DCC, 
THF/M eCN, rt.

NH2

H H

7 132

Scheme 2.49. Formation o f  24-amide 132
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2.4.3. Reduction o f 132

In the next step, the 24-carbonyl group was reduced by lithium aluminium hydride to afford the 

24-amine 133. The reaction was carried out in THF under nitrogen atmosphere at reflux over 2 d. 

The Fieser-workup was used to decompose the reduction complex and excess o f hydride with a 

calculated amount o f water and 15% NaOH solution, which produced a dry granular precipitate 

that absorbs very little substance and is easy to filter and wash [134]. This method made the 

further purification easy and 133 was obtained in 61% yield (Scheme 2.50.).

NH.

O H
N 2 , r e f lu x ,  2 d ,  

61 % .
132

NH.

H O O H

133

Scheme 2.50. Reduction o f  132

2.4.4. Synthesis o f 24-amino-NBD derivative

The formation o f NBD-amino bond was carried out with the same method as earlier. The reaction 

was quicker on the side chain than in the case o f position-3 and the attempt gave the 24-amino- 

NBD derivative 134 in 51% yield (Scheme 2.51.).

NH.

NBD-CI, NaHCOa, 
MeOH,

OH rt, overnight, 
51% .

133

N

HO OH

134

Scheme 2.51. Synthesis o f  134

2.4.5. Synthesis o f cycIohexyl-NBD derivative

The reaction between cyclohexylamine 96 and NBD-CI 17 was carried out in MeOH with 1.1 

equivalents o f  the amine. After 21 h, the TLC showed that the reaction was complete and so the 

reaction was worked up. The crude product was purified using column chromatography and the 

desired compound was obtained as an orange solid in 81% yield (Scheme 2.52.).
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NH, Cl

+

NO2

\  NaHCOj, MeOH,
O ------------------------►

/  rt, 21h, 81%.

96 17

Scheme 2.52. Synthesis o f  135 

2.5. Synthesis of cyclopropyl-amide derivatives of 99 and 126

2.5.1. Introduction

Studies have shown that UDCA 7 induces translocation of the GR and activates the GR in 

various different cell models [89, 135-137]. UDCA also can suppress NF-/irB activity via GR 

activation [136J which could account for its clinical anti-inflammatory effects and corresponding 

observations in cell-based assays. Our research group has synthesized UDCA derivatives to study 

their ability to induce GR translocation in high content analysis assay using SKGT-4 cell line 

[138], We reported that the cyclopropyl amide derivative o f  UDCA has with respect to UDCA 

itself significant improved potency and efficacy for the GR translocation to the nucleus, GRE 

transactivation and transrepression o f NFkB. A mechanism for these effects has not been 

established. One of the major questions is whether the experimentally observed translocation is 

due to direct interactions between UDCA or its CPA amide and the GR, if it is downstream of 

cell membrane effects or if the bile acids were bound to the GR when it entered the nucleus. It 

seemed to the group that a 3-NBD, 24-CPA amide derivative might be useful to answer this. In 

experiments to be described in the next chapter, we observed that NBD bile acids do not enter the 

nucleus. If attachment o f  the CPA derivative caused nuclear fluorescence it might be an 

indication that the CPA was entering the nucleus on causing GR translocation, possibly by 

binding to it. To investigate further, we decided to synthesize the fluorescent analogue o f  the 

UDCA CPA 136 together with fluorescent DCA CPA 137.
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2.5.2. Design and synthesis o f NBD labelled UDCA and DCA CPA

To prepare 136 and 137, it was decided to use the previously synthesized 3a-N BD  UDCA 126 

and 3a-N BD DCA 99 as starting materials. Using this one step synthetic method and the 

remained samples, we can avoid the time-consuming multiple synthetic route. The amide bond 

was formed with the use o f hydroxybenzotriazole (HOBt) and l-[3-(Dimethylamino)propyl]-3- 

ethylcarbodiimide (EDC) as coupling agents. After the formation o f  the active esters with 1- 

hydroxybenztriazole, cyclopropylamine (CPA) was added to from the corresponding amides. The 

reaction was carried out under inert atmosphere and the products were obtained as orange solids 

after purification in 94% for 136 and in 90% for 137 (Scheme 2.53.). The products were 

characterized by a combination o f 'H, '^C NMR, IR and HR-MS.

OH NH

^  l)H0Bt.H20,
E D C .H C I, 

rQ)_j D M F , 0 °C  —>  rt, N 2.HN HN 'OH

2 )  C P A , 
ov ern igh t, 90% .

136126

NO2

OH

OH

O H O B t.H jO , 
E D C .H C I, 

D M F , 0 °C  - >  rt, N j.HN

2 )  C P A , 
Id , 9 4 % .

OH

NH

HN

137

Scheme 2.53. Synthesis o f  136 and 137
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Chapter 3

Fluorescent properties and biological activity of the 

synthesized dansyl- and NBD-bile acid derivatives
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3.1. Aims and Objectives

In this chapter we focus on the photophysical characterisation and in vitro behaviour o f  the 

synthesized fluorescent bile acid derivatives and control compounds (Figure 3.1). Our 

experiments aimed to investigate the differential and opposing effects o f UCDA (7) and DCA (4) 

on cell functionality.

COOH COOH

^  78 3a-dansyl UDCA 79 3a-dansyl DCA
^  87 3p-dansyl UDCA 94 3p-dansyl DCA

COOHCOOH

126 3a-NBD UDCA 
101 3P-NBD UDCA

99 3a-N B D D C A  
119 3P-NBD DCA

NO2 NO2

H NO2
134 24-NBD UDCA

o=s=o

NO2

97 Cyclohexyl-dansyl 135 Cyclohexyl-NBD

Figure 3.1. The synthesized fluorescent bile acids and control compounds
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To examine these fluorescent bile acids on biological assays, it is first necessary to determine 

their stability under similar conditions. It is also important to know their absorption and emission 

profile for HPLC and fluorescent measurements, which are helpful tools to quantify the 

observations. In the biological experiments first we intended to explore the effect o f  the dansyl 

and NBD-substituted bile acids on different cell lines using MTT assays, and then the uptake o f 

these substances in HETlA-s. The uptake can be visualised by InCell and confocal microscopy 

giving additional information about the disposition o f  the bile acids within the cells. We intended 

to characterise the nature o f  the uptake in HETIA and Caco2 cell lines and quantify it using 

different techniques.

3.2. Absorption and emission study of fluorescent derivatives 

3.2.1. Introduction and methods

The absorption and emission maximums o f the prepared fluorescent bile acid derivatives and the 

control compounds were determined with the Cary 300 Scan UV-Visible spectrophotometer and 

SHIMADZU RF-1501 spectrofluorophotometer. EtOH was chosen for the preparation o f stock 

solutions. The concentration o f stock solutions were optimised to obtain the absorbance values 

between 0.2 and 1.0, thus they were prepared at 0.02 mg/ml for absorption and emission 

measurements o f the dansyl-substituted compounds. The concentrations were chosen at 0.01 

mg/ml for the absorption study for NBD derivatives, and 0.001 mg/ml for the emission 

measurements. The lower values o f the applied concentrations are due to the high sensitivity o f 

the NBD fluorophore, producing similar absorbance and emission intensity to the dansyl-adducts. 

The absorption spectra o f the fluorescent bile acid derivatives and the control compounds were 

measured by spectrophotometer scanning by detecting the absorbance between 200 and 800 nm. 

The emission measurements were carried out scanning the emission wavelength between the 

range o f  220 and 900 nm. The excitation wavelengths were chosen according to the determined 

absorption maxima in every case.

As discussed in Chapter 2, the 24-cyclopropyl amide derivatives o f 126 and 99 were synthesized 

for further investigation on bile acid-glucocorticoid receptor interactions {Figure 3.2.).

97



OH

HN

P  137 3a-NBD DCA CPA

OHHN

P  136 3a-NBDUDCACPA

NO2 NO2

Figure 3.2. Chemical structure o f  the 136 and 137

Although this investigation and the observations are not part o f this PhD wori<,, the photophysical 

characterisation o f 136 and 137 is discussed here as it might be interesting to compare the 

fluorescent properties o f these amides to the carboxylic acid ones.

The obtained data from the absorbance measurements allows us to calculate the molar 

absorptivity constant (e) o f the fluorescent compounds with the use o f the Beer-Lambert 

equation. This constant is a measurement o f how strongly a chemical species absorbs light at a 

given wavelength. With the known o f e it is possible to compare the sensitivity o f  different 

fluorescent compounds.

The Beer-Lambert Law; A = £ * c * I

where A is absorbance, e  is the molar absorptivity (extinction coefficient, dm^*mor'*cm '), c is 

concentration (mol/dm^) and / is the path length (cm), which is 1 cm (cuvette width) in our 

measurements.

Results displaying the measurements o f  the fluorescent compounds are represented in the 

following tables and figures, with the conditions used for absorption and emission being 

represented in the experimental section (Chapter 5).
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3.2.2. Absorption and emission measurements of the fluorescent bile acids and control 

compounds

The absorption measurements showed that the spectra o f each dansyl-compound were similar and 

the substances have three absorption maxima o f 218, 251 and 334-336 nm in EtOH (an example 

spectra showed in Figure i . i ) .  A small difference was observed between the a - and p- 

derivatives. In the case of 78, 79 and 97 the third absorption maximum was at 334 nm, while the 

spectra showed the maxima at 336 nm in the case of 3(3-dansyl derivatives (87 and 94). The 

fluorescent measurements showed that the emission maxima of each dansyl-compound were 

detected around 510 nm in EtOH. In the cases o f 79 and 97 this value was 508 nm. The 

absorption and emission maxima o f each compound are shown in Table 3.1.
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 1 1 1 1 1 1
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W avelength (nm)

Figure 3.3. Absorption spectra o f  78 at the concentration o f  0.02 mg/ml in EtOH at rt.

The absorption spectra of 3-amino-NBD compounds (99, 101, 119 and 126), the 24-NBD UDCA 

(134) and the cyclohexyl-NBD control compounds (135) were also similar. As is shown in 

Figure 3.4 we also detected three absorption maxima for each compound. The p -derivatives (101 

and 119) absorbed the light at 227, 331 and 4 6 5 ^ 6 6  nm, while these values were red-shifted 

(228-231, 335 and 470 nm) in the case o f 126 and 99. Maxima of 134 and 135 were similar to 

the values o f 3-NBD compounds. The emission study o f NBD-bile acid adducts (99, 101, 119, 

126 and 134) and the cyclohexyl control (135) showed that the emission maxima of the 

compounds are detected between 530 and 540 nm, in the green range of the visible spectra. 

Compound 134 emits the light at lower wavelengths (526 nm) compared to the other compounds.
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Figure 3.4. Absorption spectra o f  126 at the concentration o f  0.01 mg/ml in EtOH at rt.

In the case o f CPA amides the three absorption maxima were recorded at 222, 333 and 470 nm 

(136) and 204, 337 and 470 nm (137). The main absorption maxima, which is the primary 

wavelength in fluorescent measurements appears at 470 nm and does not show difference to the 

corresponding carboxylic acid derivatives. This value was used as excitation wavelength in the 

determination o f the fluorescent properties o f  the CPA derivatives. We could not observe 

significant changes in the absorption or emission maximums with the transformation o f the 

carboxylic acid functional group to amides.
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Compound A bsorp tion  m axim a - W avelength  (nm ) E m ission  m axim a 
W avelength  (nm )

78
(3a-dansyl-UDCA)

218 251 334 510

87
(3p-dansyl-UDCA)

218 251 334 510

79
(3a-dansyl-DCA)

218 251 336 508

94
(3p-dansylDCA)

218 251 336 510

97
(Cyclohexyl-

dansyl)

218 251 334 508

126
(3a-NBD-UDCA)

231 335 470 534

101
(3P-NBD-UDCA)

227 331 465 537

99
(3a-NBD-DCA)

228 335 470 535

119
(3P-NBD-DCA)

227 331 466 537

134
(24-NBD UDCA)

227 334 466 526

135
(Cyclohexyl-NBD)

225 334 469 536

136
(3a-NBD-UDCA

CPA)

222 333 470 535

137
(3a-NBD-DCA

CPA)

204 337 470 535

Table 3.1. Absorption and emission maxima o f  fluorescent bile acid derivatives and controls in

EtOH at rt.

In the knowledge of the absorbance (A), the sample concentrations (c) and the cuvette width (/, 

path length) values the molar absorptivity (e) o f the fluorescent compounds were calculated 

(Table 3.2.).

101



Compound Wavelength (nm) Absorbance E (dm**mor^*cm^)

3a-NBD DCA99 470 0,462 25626,22
3a-NBD UDCA 126 470 0,436 24184,05
3(3-NBD DCA 119 466 0,416 23074,69
SP-NBD UDCA 101 465 0,438 24294,98
24-NBD UDCA 134 466 0,381 20605,70
Cyclohexyl-NBD 135 469 0,904 23708,30
3a-NBD DCA CPA 137 470 0,335 19896,90
3a-NBDUDCA CPA 136 470 0,474 28144,22
3a-dansyl DCA 79 334 0,169 5280,15
3a-dansyl UDCA 78 334 0,168 5248,91
3p-dansyl DCA 94 336 0,142 4436,58
3p-dansyl UDCA 87 336 0,152 4749,01
Cyclohexyl-dansyl 97 334 0,282 4682,70

Table 3.2. Molar absorptivity values (e) were calculated with the use o f  the Beer-Lambert 

equation. The table also shows the measured absorbance values at the given wavelengths.

The data clearly showed that com pounds labelled with NBD absorb about five tim es more lights 

than the dansyl-adducts, which leads better fluorescent properties. The structure o f  the bile acids 

did not have impact in this value, except w here the carboxylic acids w ere converted to am ides 

(136 and 137).

3.3. Fluorescence quantum yield of the NBD derivatives 

3.3.1 Introduction

When a m olecule absorbs photons it goes into an excited state which can be deactivated through 

different com petitive pathways. The process that the excited state relaxes to the ground state 

through photon em ission is called fluorescence. Excited organic com pounds also can be relaxed 

through phosphorescence (via triplet state), internal conversion, intersystem  crossing or 

fluorescence quenching with a second molecule.

The quantum  yield is a fluorescence process that induced by radiation and can be defined as the 

ratio o f  the num ber o f  photons em itted to the num ber o f  photons absorbed through fluorescence.

Number o f  photons em itted
0  =  -----------------------------------------------------------------

Number o f  photons absorbed
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The maximum value o f the fluorescence quantum yield can be 1.0 (100%), which means that 

every photon absorbed results in a photon emitted. The most reliable method to measure the 

fluorescence quantum yield is the comparative method developed by Williams et al [139], which 

operates with the use o f well characterised standard samples with known lv a lu e s .  It is possible 

to determine the quantum yield directly using an “ integrating sphere” as the sample compartment 

in the fluorimeter; this method is called the absolute method. In our experiments we applied the 

comparative method using the procedure provided by Jobin Yvon [140].

3.3.2 Fluorescence quantum yield measurements and results.

According to the Jobin Yvon Ltd. the measurements has to be carried out with the use o f different 

concentrations o f the sample and the cross-calibration o f the standard sample with another to 

avoid incorrect quantum yield values. The chosen excitation wavelength has to be the same for 

each sample including the standards.

In our experiments 470 nm was identified as a wavelength that all samples and standards showed 

absorbance, and was used for the fluorescence readings as the excitation wavelength. To validate 

the method, two standards, fluorescein and rhodamine 6G, were cross calibrated by calculating 

the quantum yield o f each relative to the other. The results matched the literature +/- 10%, as the 

quantum yield value o f rhodamine 6G in EtOH is 0.95 and fluorescein in ethanolic KOH (0.01 

M) is 0.925 [141].

Fluorescein: 0 f  = 0.922 

Rhodamine 6G: (Pf = 0.953

Fluorescein in ethanolic KOH (0.01 M) was used as the known standard and its literature 

quantum yield value (<Ẑ  = 0.925) was applied to calculate the desired quantum yields for every 

examined products. The absorbance and emission levels in the concentration range 1 0 - 5 0  |u.M 

for five solutions o f each sample and standard were obtained. The samples were prepared in 

EtOH, only the fluorescein standard was dissolved in ethanolic KOH (0.01 M). A slope o f 

plotting the fluorescence intensity V5. absorbance was used to calculate the quantum yield for 

each sample using the equation:
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Where the is the fluorescence quantum yield o f the examined compound, the is the 

literature quantum yield value o f  the standard (fluorescein) and the Gradx and the Gradsr are the 

gradients from the plot o f integrated fluorescence intensity vs. absorbance.

The measurements were carried out with Cary 300 Scan UV-Visible spectrophotometer and RF- 

1501 spectrofluorophotometer (SHIMADZU). The measured values were used to create the 

fluorescence intensity vs. absorbance graphs to obtain the desired Gradx values that were 

required for the calculation o f the quantum yields. The graphs showed great linearity in every 

case; an example graph shown in Figure 3.5.

300 1

250 -

200  - y = 3144,3x 
= 0,9986

« 150

K 100

0,02 0,04 0,06 0,08 0,1
Absorbance

Figure 3.5. Fluorescence intensity V5. Absorbance graph o f  119 in EtOH at rt.

Using the>^ values o f  the trend lines we calculated the quantum yields for each compound which 

are summarized in Table 3.3. The table shows that the NBD-compounds have low quantum yield 

in ethanolic environment compared to the standards. Generally we can say that the fluorescent 

UDCA derivatives (101 and 126) have higher quantum yields than the DCA ones (99 and 119) 

and the 3a-isomers o f the NBD-bile acids (99 and 126) emit more photons than the 

corresponding 3p-NBD compounds (101 and 119). Transforming 126 and 99 to cyclopropyl 

amides results in lower values in both cases, while the quantum yield for 24-NBD UDCA 

( 134) is between the values o f 3a - and 3p-isomers.
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Sam ple
99 0.259
101 0.228
119 0.221
126 0.268
134 0.250
135 0.232
136 0.256
137 0.246

Fluorescein 0.922
Rhodam ine 6G 0.953

Table 3.3. The calculatedfluorescence quantum yields

3.4. Stability study of 3p-NBD UDCA (101) and 3P-NBD DCA (119)

For the biological exam inations we selected two com pounds to  show the stability o f  the bile acid- 

am ino-fluorophore bonds under physiological conditions. I f  the com pounds lacked aqueous 

stability then we w ould have not been able to use them  to investigate the trafficking o f  bile acids 

because we would have not been able to discrim inate between the trafficking o f  the analogue and 

its fluorescent degradant(s). In our study we tried to represent the conditions o f  the used cells and 

follow the possible alterations. The stability o f  3|3-amino-NBD derivatives (101 and 119) was 

examined under physiological pH conditions (7.4) using phosphate buffer solution at 37°C. 

Solubility tests were carried out before starting the experim ents to find the appropriate solvent 

ratio o f  acetonitrile and phosphate buffer for the preparation o f  the stock solutions. It was found 

that the 2%  (101) and 5%  (119) o f  acetonitrile in the buffer solution help avoid precipitation o f 

the fluorescent bile acids. Results for the fluorescent com pounds are shown in the following 

sections o f  this chapter and the conditions em ployed for HPLC analysis are discussed in the 

experim ental section.

3.4.1. Stability study o f 101

For the stability study o f  101, a stock solution was prepared at 0.01 mg/ml with 2% 

acetonitrile/phosphate buffer (pH = 7.4). An HPLC m ethod was developed to explore its stability 

at 37°C over time. The m ixture o f  acetonitrile and pH = 2.5 phosphate buffer was used as m obile 

phase with gradient method. The w avelength o f  detection was determ ined at 347 nm by
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spectrophotometer analysis using the same solvent system for making the sample that used for 

the HPLC method. The prepared solution was run on HPLC and we could detect the main 

product and three impurities. The stability study was carried out in a heated sample chamber and 

with heated column at 37°C over 24 h with injection every hour. The analysis showed that the 

concentration o f  the main product did not show significant alteration, thus the tested compound 

can be regarded as stable under these conditions (Figure 3.6.).

200000

180000

160000
♦

140000 ;

120000 •  •  • "  * “ ' 7 '  ♦ * •  « •  ♦ ♦
n
g> 100000
<

80000

60000

40000

20000
AU . .............. r ......... ' • • • r ................ r . ...........  i — . ........ i — ......... i — ......... j " ..... . . . . . . . . f " ........... r ... . . .. . . . . . . . r . ................ i " ‘ ............ "i " i

0 2 4 6 8 10 12 14 16 18 20 22 24 26

Time / hour

Figure 3.6. Peak area versus time follow ing incubation o f  101 at p H  7.4 and at rt

The deviation o f the obtained data could be derived from human error during the preparation o f 

examined samples.

3.4.2. Stability study of 119

The stock solution o f 119 was prepared at 0.01 mg/ml with 5% acetonitrile/phosphate buffer 

(pH=7.4). The applied conditions were similar to those used in the previous experiment. The 

measurement was carried out as a control assay, in which we only examined the appearance o f 

degradant(s). The test run showed only one peak on the chromatogram; other fragments did not 

appear at 24 h (Figure 3.7.) proving that these fluorescent bile acid derivatives are stable under 

physiological conditions.
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Figure 3.7. HPLC chromatogram o f  119 at T24 

3.5. Cytotoxicity of the fluorescent bile acids

After the characterization o f the photophysical properties o f the produced fluorescent bile acids 

and the determination o f their stability under physiological conditions we examined their effects 

in live cell cultures. It was important to know the toxicity o f  the compounds in those cell lines in 

which we intended to study bile acid transport processes.

3.5.1. The MTT assay

The MTT assay is a simple method to determine the cytotoxic effect o f  the examined substances 

in live cells. It is based on the examination o f enzyme activity and measured by a colorimetric 

assay [142], A tetrazole derivative (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide, MTT) is used as reagent and it is reduced to formazan by live cells forming purple 

crystals {Figure 3.8.). At the end o f the experiment these crystals are dissolved in the appropriate 

solvent (usually DMSO) and the absorption o f the solution is measured at a certain wavelength 

(between 500 and 600 nm) by a spectrophotometer. The correlation between the absorbance 

intensity and the number o f live cells can be used to quantify the cytotoxicity o f the examined 

compounds.
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Figure 3.8. MTT is reduced to formazan by enzymes

Different derivatives o f  tetrazolium  were developed since the method was published. The new 

generation o f  the dyes is more w ater soluble or gives different absorption spectra com pared to the 

M TT reagent. With the use o f  XTT (2,3-bis-(2-m ethoxy-4-nitro-5-sulfophenyl)-2H -tetrazolium - 

5-carboxanilide) the final solubilisation step can be avoided, because the produced formazan 

derivative has a great solubility in w ater [143], A nother com m only used reagent is the MTS (3- 

(4,5-dim ethylthiazol-2-yl)-5-(3-carboxym ethoxyphenyl)-2-(4-sulfophenyl)-2H -tetrazolium ) 

which has an absorbance at 490-500  nm after producing the formazan dye [144],

3.5.2. Introduction

In our experim ents we applied the M TT assay to determ ine the cell viability after the treatm ent o f  

the cells with the fluorescent bile acids. The main purpose o f  this project is to study the behaviour 

and transport o f  UDCA (7) and DCA (4) in norm al oesophageal (H E T IA ) cells, thus we focused 

m ainly on this cell line. Additionally, we exam ined the cytotoxic effect o f  the fluorescent 

com pounds in other cell cultures, such as the oesophageal adenocarcinom a cells (SKGT4) and 

the hepatocarcinom a (HUH7) cell line. The stock solutions o f  the bile acid derivatives were 

prepared in DM SO which was diluted to the required concentration with supplem ent free 

medium. We treated the cells with the bile acid derivatives using four different concentrations 

(0 .1-100 |a.M) and quantified the cell viability after 4 and 24 h. The cell viability was calculated 

to the control vehicles, which were treated with the same am ount o f  DM SO (1% ) that were used 

for the treatm ent with the com pounds.
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3.5.3. C yto tox icity  o f th e  p a re n t bile ac ids

DCA (4) and UDCA (7) cause opposing effects in vivo and in ceil suspensions. DCA (4) causes 

DNA fragm entation, oxidative stress, Golgi fragm entation and apoptosis, w hile UDCA (7) has 

cytoprotective, im m unom odulatory, anti-inflam m atory and anti-apoptotic effects [145, 146]. In 

general, U D C A ’s (7) effects oppose those o f  DCA (4) [147-149], In our experim ents we 

exam ined the cytotoxicity o f  4 and 7 in the 100-500 concentration range with the use o f  

three different cell lines (H E T IA , SKGT4, and HUH7). The stock solutions (DM SO) were 

diluted to the required concentration with supplem ent free medium  and incubated for 24 h, w hile 

control wells were treated with 1% DM SO to use these data for the calculation o f  cell viability. 

Every experim ent was carried out as duplicates and repeated three tim es to obtain 6 data for each 

sample.
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Figure 3.9. The effect o f  7 on different cell lines at 3 7°C and 24 h
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Figure 3.10. The effect o f  4 on different cell lines at 37°C and 24 h

As is shown in Figure 3.9., 7 had no significant effects on the applied cells. The toxicity o f  this 

tertiary bile acid was higher using it at 500 |iM, but it was still over 80% in each case. However 

the effect o f 7 at 300 )aM was salient in HUH7 cells, it is not significant considering the standard 

error o f  the mean. On the other hand 4 showed high cytotoxicity after treating the cells with 

similar concentrations. The results are presented in Figure 3.10. Compound 4 appeared to be 

more toxic in normal oesophagus then in oesophageal adenocarcinoma at each concentration, 

while it was not toxic at 100 jaM in the case o f HUH7s, but it was highly toxic at higher 

concentrations. In general, it can be said that 4 is much more cytotoxic in the applied cell lines 

than 7.

3,5.4. Cytotoxicity of the NBD compounds in different cell lines

To examine the effects o f the NBD-attached bile acid derivatives in HETIAs, SKGT4s and 

HUH7s, the cells were incubated with 100 nM, 1 |uM, 10 |aM and 100 )^M o f test compounds for 

4 and 24 h. The incorporation o f the NBD group decreased the solubility o f the bile acids, thus 

the 100 i^M was the highest concentration that we could use in these experiments. One o f the 

aims o f  the toxicity tests was to determine the optimal concentration that could be used later in 

confocal experiments and transport attempts, in which the compounds stay in the live cell 

environment for relatively long time. It is also useful to compare the effect o f the different 

isomers to each other and compare the obtained results with the relevant cell lines. On the other
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hand these examinations are important steps to prove that the modified bile acids mimic their 

parents.

The obtained results showed that NBD compounds were not toxic up to 10 )aM after 4 h and up to 

1 (iM after 24 h. Compound 134 proved to be the least toxic, while 99 the most cytotoxic 

compound. The biggest contrast was found between the 3a-N BD  DCA (99) and UDCA (126) 

derivatives at higher concentrations after 4 h, but all o f  the 3-NBD bile acids showed high 

cytotoxicity after 24 h incubation. In general we can say that the lack o f carboxylic acid group o f 

the controls leads to the disappearance o f cytotoxic effect on normal oesophageal cells. It also 

follows from the results that the NBD group does not have any effect on HETIAs itself, but 

together with the bile acid moiety - UDCA in this case - the substance stimulates the cell growth 

{Figure 3.11.).
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Figure 3.11. Cytotoxic effects o f  the prepared NBD-compounds in H ETIAs at 24 h

The toxicity tests were repeated with oesophageal adenocarcinoma (SKGT4) cell line using 

similar conditions as in the case o f  HETIAs. The results showed that NBD-substituted bile acids 

and the control compound are not toxic in SKGT4s; they have rather cell growth stimulating 

effect in high concentration {Figure 3.12.). Compared to the results obtained from H ET-lA s we 

can establish that the 3a-N BD bile acids (99 and 126), which were the most toxic substances in 

the previous cell line cause opposite effects in the adenocarcinoma cells.
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Figure 3.12. Cytotoxic effects o f  NBD-substituted compounds in SKGT4s at 4 h.

By treating HUH7s with the compounds we also found great cell growth after 4 h, mainly with 

the use o f the 3aN BD  bile acids (99 and 126). The examined substances did not cause significant 

changes in cell viability between the concentration range o f 0.1 -1 0  (iM. At these conditions the 

cell survival was around 100% in every case and the most cytotoxic 3a-N BD  UDCA (126) did 

not resulted in lower cell viability than 80% {Figure 3.13.).
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Figure 3.13. Cytotoxic effects o f  NBD-substituted compounds on HUH7 cell line at 24 h.
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3.5.5. Cytotoxicity of the dansyl compounds in different cell lines

The toxicity tests o f the dansyl-biie acid adducts (78, 79, 87 and 94) was carried out under similar 

conditions as used by the NBD compounds. Only the 3a-dansyl DCA (79) showed cytotoxic 

effects at 4 h in HETlAs, but only at higher concentrations. Up to 1 |iM the dansyl-compounds 

proved to be not toxic at 24 h. It can be seen in Figure 3.14. that the examined fluorescent 

molecules were toxic only at higher concentration after a long incubation time. Consistent with 

the results following testing o f the NBD derivatives, it appears that the 3 a  orientation produces 

more toxic bile acid derivatives. As shown later, by RPHPLC retention/capacity factor, the a  

compounds are more lipophilic than the p compounds [120], It is possible that this relative 

hydrophobicity is an influential factor in determining the cellular toxicity. Alternatively, as also 

shown later, the relative toxicity could be due to relative cellular access, which differs between a  

and p -substituted compounds.
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Figure 3.14. The effect o f  3-dansyl bile acids on HETlAs viability at 24 h.

Repeating the experiments with SKGT4 cell lines we found that the compounds showed toxicity 

only at 100 after 24 h, but this effect was not significant {Figure 3.15.). There was no 

difference between the effects o f UDCA and DCA derivatives, neither the a -  and p -epimers.
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Figure 3.15. Cytotoxic effects o f  dansyl-bile acids in SKGT4s at 24 h.

Using HUH7 ceils we could not observe significant cell death or cell growth after 4 h and there 

was no observable trend in the results. Incubating the cells with the compounds for 24 h the 

analysis showed that the 3a-dansyl DCA (79) is the most cytotoxic compound. Using it at 100 

(iM the number o f  the live cells was almost halved after 24 h {Figure 3.16.). This value is similar 

that we could detect in HETl As with the same compound using similar conditions.
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Figure 3.16. Cytotoxic effects o f  3-dansyl bile acids on HUH7 cell line at 24 h.

3.5.6. Conclusion

The cytotoxicity tests o f  the NBD -substituted derivatives in H E T lA s, SKGT4s and HUH7s 

showed that these com pounds are not toxic at lower concentrations and they can be used for other 

experim ents w ithout dam aging the cells. Opposite effects w ere detected at high concentration 

applying normal and cancer cell lines. The 3-NBD bile acids proved to be toxic in normal cells 

and showed sim ilar effects to the parents, w hile in the tw o different cancer cell lines the presence 

o f  the NBD group has changed the toxicity o f  the com pounds. W hile DCA (4) showed great 

toxicity  in HUH7s at 300 and 500 ^M , it stim ulated cell grow th at 100 with the presence o f  

the NBD fluorophore on the bile acid. In the case o f  UDCA com pounds the N B D  group at 

position-3 m ade the steroid toxic in normal oesophageal cells, while the effects on other cell lines 

were sim ilar to the DCA derivatives. The substance behaved opposite attaching the fluorophore 

to the side chain (Com pound 134). It stim ulated the cell grow th using H E T lA s, w hile it had no 

intensive effects in cancer cells. The cyclohexyl-N BD  control com pound (135) did not show 

extraordinary influence in either case, it had a m inim al cell proliferation effect in cancer cell 

types.

Using dansyl-fluorophore to label bile acids gave different toxicity results. The 3-m odified bile 

acids did not show cytotoxic effects after 4 h at any concentration and in any cell lines except the
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3a-dansyl DCA (79) in H E T IA s. It caused decreased cell concentrations at 10 and 100 )^M, 

while others had no effects in these circum stances. Incubation the cells with 10 and 100 fiM o f  

the fluorescent bile acids for 24 h resulted in halved cell count using norm al oesophageal cells, 

while in the cancer cells only the highest concentration showed minim al toxicity effects. 

Com pared with the results o f  the NBD-substituted substances there were no observable cell 

proliferations in either cases. Both fluorophore proved to be toxic at higher concentration and 

only after 24 h incubation; hence these com pounds are good enough to exam ine transport 

processes in live cell environm ent.

3.6. Uptake studies with in cell and confocal microscopy

After the determ ination o f  the toxicity o f  the fluorescent bile acids we decided to exam ine them 

in the live cell environm ent and track their distribution from the beginning o f  the treatm ent o f  

H ETIA s. The H E T IA  cell line is not known to express a BA transporter and therefore 

considered im perm eable to bile acid conjugates. In the following experim ents we used High 

Content Screening (In Cell Analyzer) and Laser Scanning Confocal M icroscopy to obtain 

information about the behavior o f  the fluorescently tagged bile acids. These techniques make it 

possible to determ ine the location o f  the com pounds in the cell m em brane or within the cells at 

different tim e points.

3.6.1. Introduction

To carry out the experim ents 96 glass well plates were used and thirty thousand cells were 

incubated in each well for 24 h before the treatm ent with the fluorescent bile acids. During the 

tests the cells were not fixed, we followed the transport processes in live cell environm ent. The 

stock solutions o f  the fluorescent com pounds (DM SO) were diluted to the required concentration 

with supplem ent free medium and freshly prepared before the treatm ent by every experim ent. 

The nucleus o f  cells was stained in alm ost every experim ent before addition o f  the com pounds. 

The N D B-derivatives give green fluorescent signal in aqueous environm ent, thus in these cases 

we used the blue HOECHST 33342 nucleus dye. Before the exam ination o f  the blue fluorescent 

dansyl-bile acids the nuclei were stained with the DRAQ5 dye, which em its the light in the red 

range o f  the electrom agnetic spectra. The optimal concentration o f  1 |aM o f  the NBD- substituted 

bile acids and the control com pound was determ ined at which these substances are not toxic
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longer timepoints and the quality o f the fluorescence proved to be satisfactory to take images. In 

the case o f dansyl-derivatives 10 )j,M proved to be the most useful in consideration o f the weaker 

sensitivity o f the fluorophore.

3.6.2. Disposition of NBD-bile acids within live cell environment

To date there is no evidence that normal oesophageal cells (HETIA) have bile acid transport 

proteins, thus the first goal o f these experiments was to examine the location o f  the fluorescent 

bile acids in the live cell environment. We wanted to find first whether these modified bile acids 

accumulate in the cell membrane or they enter into the cells. To answer this question the GE In 

Cell Analyzer 1000 instrument was used first, which is a high content microscope based 

screening platform capable o f large scale objective analysis o f fiuorescently labelled cells using 

automated image acquisition, data management and multi-parametric analysis.

In the first experiment oesophageal cells were treated with 24-NBD UDCA (134) and the 3- 

modified UDCA and DCA derivatives (99, 101, 119 and 126) then images were taken after 

several minutes o f treatment {Figure 3.17.). The compounds were added to the cells in three 

different concentrations first (100 nM, 1 |iM and 10 |^M) to determine which one is optimal for 

fluorescent microscopy. We found that with the use o f 100 nM the fluorescence signal was too 

weak, while the other two applied concentrations proved to be suitable. It was decided to use the 

fluorescent bile acids at I |aM concentration in later experiments considering these findings and 

the earlier results o f toxicity tests.
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Figure 3.17. Fluorescent bile acids (green) in HETIA cells at I /.iM at 5 min; the cells were 

stained by Hoechst (blue) to identify the nuclei. A: 3a-NBD DC A 99, B: 3p-NBD DC A 119, C: 

3a-NBD UDCA 126, D: 24-NBD UDCA 134.

The In Cell tests showed that the cells became fluorescent; hence the fluorescent bile acids came 

into contact with the applied cell line. Using this equipm ent it was not possible to decide whether 

the com pounds entered into the cytoplasm  or they ju st covered the surface o f  the cells, therefore 

further exam inations were required to determ ine the quality o f  interaction between the cells and 

the m odified bile acids.

3.6.3. Examination of NBD-bile acids using confocal microscopy

To answ er the above question it was decided to use confocal microscope that is capable to view 

inside the cells to take high quality images. The practical advantage o f  the technology is that the 

m icroscope is able to scan a thin section o f  the sam ple and with scanning many thin sections it is 

possible to build up a three-dim ensional image o f  the exam ined sample. This technology was 

used in the following experim ents to help us understand the nature and behavior o f  bile acids in 

H E T lA s.
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In the next experiments HETIA ceils were treated with 1 (iM o f the NBD-bile acids (99, 101, 

119, 126 and 134) and the control compound (135) and the transport o f them were followed up to 

30 min by confocai microscope. The experiments showed that every fluorescent derivative 

entered into the cytoplasm region independently o f  the structure o f the molecule {Figure 3.18.). It 

was also observed that the examined compounds formed spheres in the cytoplasm which could be 

appear as vesicles or as the compound attached to lysosomes, liposomes or endosomes. It is 

known that bile acids form micelles when their concentration is higher in the cytoplasm, than the 

critical micellar concentration (CMC). In this case it can be excluded because the control 

produced similar spheres without having a bile acid moiety in its structure.

10 pm I 10 pm
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Figure 3.18. The NBD-bile acids and the control compound in HETlAs at 1 juM after several 

minutes. Left: The cells were stained by Hoechst (blue) to identify the nuclei. Right: The blue 

fluorescent signal is turned o ff (by LSM Image Browser software) showing that the fluorescent 

bile acids (green) did not penetrate into the nuclei o f  cells. A: 3a-NBD UDCA 126, B: 3J3-NBD 

UDCA 101, C: 3a-NBD DCA 99, D: 3/3-NBD DCA 119, E: 24-NBD UDCA 134, F: Cyclohexyl- 

NBD 135.

The wells were scanned from bottom to top and im ages w ere taken in the centre o f  the cells. 

H ETIA s took bile acid derivatives up quickly; w e could observe strong fluorescent signal after 

1-2 min after addition. The intensity o f  the fluorescence increased quickly after several m inutes, 

and then it did not change over the 30 min test time. It was not possible to quantify the 

fluorescence intensity using confocal m icroscopy, but we could detect m uch w eaker fluorescent 

signalin the case o f  the control com pound (135) than in the case o f  the N B D -bile acid adducts. 

This observation suggests to us that the uptake o f  the control com pound was not so significant; 

hence its transport process m ay have occurred differently. To prove this assum ption it is 

necessary to quantify the exam ined com pounds in the cells.

3.6.4. T he p resence o f the  NBD deriv a tiv es in H E T IA  cells a f te r  4 h

In the next step we examined the intracellular transport o f  the com pounds. The H E T IA  cells 

were treated with the N BD -derivatives and incubated for 4 h after which tim e the distribution o f  

the fluorescent bile acids was exam ined using the confocal m icroscope. We could observe sim ilar 

behavior in each case and we found that the fluorescence bile acids accum ulated around the
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nucleus and also appeared in the nuclear membrane {Figure 3.19.). After this longer incubation 

time the fluorescent compounds were not seen throughout the cytoplasm and a transport process 

was observed to the nucleus or nucleus-related organelles, despite the green fluorescent signal did 

not appear in the nucleus. The formation o f “vesicles” was seen again and appeared to be part o f 

the transport process. Much less fluorescence could be detected after 4 h, than in the previous 

short time experiments. It can be concluded that these substances rapidly enter cells and 

accumulate around the nucleus through a slower intracellular distribution process. However the 

presence o f the compounds in the cytoplasm was not so intensive than earlier and the direction o f 

the transport pointed to the nucleus, the nuclear transport did not achieve.

Figure 3.19. Compound 99 (green) in HETIA cells at 1 /liM  after 4 h (The blue signal identifies 

the nuclei on the left, while this signal is turned o f f  on the right by the LSM  Image Browser

software).

3.6.5. Experiments for inhibiting the vesicular transport process

As we seen in the previous experiments the NBD-derivatives formed “vesicles” in the 

cytoplasmic region. To support or refute this allegation it was decided to use inhibitors to study 

the behavior o f the compounds in the cytoplasm while vesicular transport. One o f the commonly 

used inhibitors is primaquine ((i?*S)-7V-(6-methoxyquinolin-8-yl)pentane-l,4-diamine), which 

blocks the transport process by inhibiting the formation o f transport vesicles [150]. Another 

possible way to inhibit vesicular transport is the use o f cytochalasin D inhibitor, which prevents 

the actin-involved movements in the cells, thus blocks the movement o f transport vesicles [151].
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The first test was carried out incubating the cells with 300 jaM o f  prim aquine for 30 min before 

the addition o f  the two selected fluorescent bile acids (126 and 99). The confocal images were 

taken after several min o f  the treatm ent using the confocal m icroscope. The experim ents yielded 

sim ilar observations as earlier, the tested fluorescent bile acids were taken up by the cells quickly 

and the circles were formed again in the cytoplasm ic region in every case showing that these 

spheres are not vesicles.

In the second test the 3-NBD bile acids (126 and 99), the 24-NBD  U DCA (134) and the control 

com pound (135) were added to the pretreated oesophageal cells (3 i^M) cytochalasin D and the 

uptake processes were followed up to 1 h. During the experim ents the com pounds behaved 

sim ilarly to the previous tests. The use o f  inhibitor did not prevent the form ation o f  fluorescent 

rings in the cytoplasm , it was no difference observed to the normal uptake studies. It can be 

concluded that these modified bile acids did not enter into the cells with vesicular transport and 

the formed spheres are not transport vesicles.

3.6.6. Competition experiments

To study the nature o f  bile acid uptake o f  H E T IA  cells it was decided to exam ine the effect o f  

CO- and pretreatm ent on the observed uptake process. Treating the cells with high concentration 

o f  DCA (4) and UDCA (7) before adding the fluorescent derivatives m ight change the behavior 

o f  these compounds. This experim ent would indicate that the com pounds are being actively taken 

up by the same transporter. The com pounds in high concentration m ight activate directly or 

indirectly the transport proteins in the cells which are involved in the transport processes o f  the 

exam ined compounds. On the other hand the bile acids m ight dow nregulate these transporters 

causing reduced uptake o f  the fluorescent derivatives.

In our experim ents three NBD-bile acid derivatives (Com pounds 126, 99 and 134) were selected 

for the com petition against the parent bile acids. D ifferent cases were studied and the cells were 

treated with 4 and 7 (500 ^M ) in the tests. First, 1 h pretreatm ent was analysed before the 

addition o f  the fluorescent bile acids, then we exam ined the effect o f  7 and 4 with addition to the 

cells in the same time with the N BD -bile acid adducts. Hence, 1 h pretreated cells with 7 and 4 

w ere treated with I )j,M o f  126, 99 and 134 and m onitored using confocal microscope. 

Pretreatm ent o f  the cells with this high concentration o f  4 resulted in significant am ount o f  cell
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death after 1 h incubation, but the experim ents could be carried out successftilly. A nalyzing the 

confocal images we could not observe any difference com pared to the normal uptake processes. 

The fluorescent bile acids were taken up by H E T IA s quickly after the addition and “vesicles” 

were also present in the cytoplasm . The co-treatm ent experim ents resulted in sim ilar 

observations. It can be concluded that applying high concentrations o f  7 or 4 for pre- or co 

treatm ent did not prevent the uptake o f  the fluorescently labeled bile acids, but it was not possible 

to quantify the difference in the volum e o f  up taken com pounds using this instrument.

3.6.7. Examination of the relationship between the NBD derivatives and the Golgi 

apparatus

During this part o f  the work we tried organelle dyes to explore the relationship between the 

com pounds and the Golgi apparatus. Fortunately, m any types o f  dyes are available in the m arket 

and different m ethods were worked out to apply these substrates. In the experim ents first we tried 

to stain the organelle using fixed cells. Fixing the cells stops the intracellular transport processes 

and preserves the current conditions o f  the cells. This method allows the opportunity to analyze 

the results regardless o f  the elapsed tim e after the treatment. It is also possible to stain the 

organelles in live cells, which guarantees sim ilar uptake process during the experim ent. This 

method is more difficult to carry out, but it gives more realistic indication o f  the transport o f  the 

fluorescent bile acids in the cells and m akes it possible to study its process instead o f  only single 

stages.

3.6.7.I. Organelle staining in fixed cells

To fix the cells we tried three different solutions to see which one could be used in co-staining 

experim ents. Ten thousand H ETl A cells were seeded into each well o f  a 96 well plate, then, after 

24 h incubation, the cells were treated with 99 and incubated for 15 min. The supernatant was 

then removed and the fixing procedure was carried out adding 4%  o f  paraform aldehyde solution 

(in PBS) for 15 min, ice cold M eOH (-20°C) for 5 min or ice cold acetone (-20°C) for 5 min. 

These supernatant solutions were then rem oved from the wells and the cells were washed with 

PBS twice and incubated for 24 h in this buffer solution. The fixed cells were examined under 

confocal m icroscope to analyze the effect o f  the treatm ent on the cells. It was found that the 

m em branes o f  the cells were dam aged using acetone and the rest o f  the com pound was diffused 

into the extracellular region, thus we disregarded the use o f  this solvent in further investigations.
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The cells fixed with MeOH also seemed unhealthy, so this method was not adequate for the co- 

staining experim ents either. Analyzing the cells fixed with 4%  PFA we found that the distribution 

o f  the fluorescently labeled bile acid remained sim ilar to the live cell experim ents and the 

quantity o f  the com pound in the cells was appropriate for imaging.

In the knowledge o f  these results we decided to exam ine the co-staining on the PFA fixed cells 

using the G M I30  antibody to investigate the relationship between bile acids and the Golgi 

apparatus. The Golgi com plex is localized in the perinuclear region o f  m ost eukaryotic cells and 

is involved in processing, transporting and sorting o f  intracellular proteins. G M I30  is a m em ber 

o f  the golgin family o f  Golgi autoantigens [152]. It is a cytoplasm ic protein, which localizes 

m ostly to the c«-G olgi network (CGN) and binds to the Golgi m em branes [153]. The staining 

procedure was carried out according to the protocol described in the experim ental section 

(C hapter 5). We also stained the nucleus with the H O ECH ST dye during the experim ent. The 

stained and fixed cells were then exam ined by confocal m icroscopy. It was found that the 

fluorescent signal o f  99 was only slightly detected. To understand the failure o f  the experim ent 

we reassessed that our staining approach. To mark the Golgi apparatus with the antigen it is 

necessary to perm eabilise the cell mem brane, because the fixing procedure stops the transport 

processes. This step is followed by the incubation o f  the cells with prim ary and secondary 

antibodies and during this procedure the cells are washed with PBS several tim es. During these 

steps the fluorescent com pounds were partially washed out through the perm eabilised cell 

m em brane from the cytoplasm  and the distribution o f  the rem aining com pounds was changed 

within the cells. W ithout the perm eabilisation step, the organelle staining is not possible, because 

the antibodies are not able to pass through the cell m em brane. On the o ther hand the application 

o f  this step creates the condition for the passive diffusion, thereby causing diffusion o f  the bile 

acids from the intracellular region. The fluorescently labeled com pounds m ight bind to transport 

proteins or the Golgi apparatus w eakly in the cytoplasm , thus the “w ashing out” procedure is 

possible. To solve this problem  we could treat the cells with the bile acids after the Golgi 

staining, but this would not represent the original uptake process, how ever the cells w ould be 

“ filled up” with the com pounds due to passive diffusion through a now porous m embrane. 

Because we cannot guarantee the original distribution o f  the fluorescent bile acids in the 

cytoplasm ic region the fixing method is not suitable for different organelle staining.
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3.6.7.2. Organelle staining in live cells

To stain the Golgi apparatus in the live cell environment we chose the red fluorescent Human 

Golgi-resident enzyme (A^-acetylgalactosaminyltransferase 2, CellLight®) [154], Thirty thousand 

cells were seeded into the wells o f  a 96 glass well plate and the cells were incubated the 

appropriate amount o f Golgi marker for 16 h, after which time 126 or 99 was added to the wells 

at 1 (iM and the uptake process was followed by confocal microscopy. The confocal images were 

taken from the zero time o f  the addition o f compounds up to 30 min. The fluorescent bile acids 

were taken up quickly by H ETlA s and the green fluorescent signal could be detected in the 

whole cytoplasmic region. Figure 3.20. shows the cells before treatment (left) and after 30 min o f 

treatment (right) with 3a-N BD DCA (99).

A j j l j j H ■
1 1H

Figure 3.20. A: HETIA cells were incubated with the Golgi marker fo r  16 h after which time the 

Golgi apparatus gave orange fluorescent signal. Bl-4:Cells treated with the green fluorescent 99 

at 1 juM. The confocal image shows the distribution o f  99 at 30 min. (BI: Compound 99 (green), 

B2: Golgi marker (red), B3: Background, B4: Background^99+Golgi marker. The different 

fluorescent signals were turned o f f  by LSM  Image Browser software.)

As can be seen the Golgi apparatus is located beside the nucleus. We found that addition o f 1 |^M 

fluorescent DCA did not cause Golgi fragmentation after 30 min. The bile acid gave a stronger 

fluorescent signal where the Golgi apparatus was located; it was accumulated around or within 

the Golgi. This accumulation could be observed after several min o f incubation. The effect o f 

treating the cells with the corresponding UDCA analog (126) was unclear. Lower levels o f
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accumulation was detected in the Golgi apparatus after 11 min and strong fluorescent signal was 

also detected around the nucleus. We observed a higher contrast between the green fluorescent 

signal o f Golgi and its environment after 24 min o f addition {Figure 3.21.). Analyzing the 

confocal images it can be concluded that 99 accumulates in the stained organelle quicker than its 

UDCA analog, but it cannot be stated that the compounds are targeted the Golgi apparatus only. 

Further studies are required with live cell dyes to determine which organelles are involved in bile 

acid uptake.

Figure 3.21. Left: 3a-NBD UDCA (126) accumulated in the cytoplasm after 11 min. Right: The 

same cells after 24 min. The images are splitted into four parts by LSM Image Browser software 

showing the different fluorescent signals and background individually or together. The red circle 

shows the accumulation o f  126 in the Golgi apparatus o f  the HetlA cell.

3.6.8. Examination of the uptake of dansyl bile acids using confocal microscopy

As described above the NBD- substituted bile acids entered into oesophageal cells after 1-2 min 

o f  the addition and dispersed throughout the cytoplasm. We repeated the experiments with the 

dansyl analogues (78, 79, 87 and 94) to see if  the structure o f the fluorophore influences the 

uptake o f the compounds. We used a higher concentration o f  dansyl compounds than NBD 

because o f  their lower emission properties (which could influence their relative distribution). In 

these experiments HETIA cells were treated with 10 |j,M o f  the dansyl bile acids and the 

distribution was followed up to 4 h by confocal microscope. The dansyl analogues were also 

transported through the cell membrane quickly and accumulated in the cytoplasmic compartment.
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We could not observe a similar distribution o f vesicles in the cytoplasm as we observed 

previously with the NBD compounds.

3.6.8.I. Uptake study of 3a-dansyl UDCA (78)

The uptake o f 78 was studied after different incubation times from 0 min up to 4 h. Compound 78 

entered into the oesophageal cells quickly, but the transport process was not within the confines 

o f the cytoplasmic region. The dansyl-UDCA analog was also transported through the nuclear 

membrane because the blue fluorescent signal was also observed in the nucleus. Before the 

addition o f  the compound into the well the nuclei were stained with Draq5 dye which emitts red 

light.

Figure 3.22. Uptake o f  78 (blue) by H ETlAs at 10 jjM  after 40 min (on the left) and after 4 h (on 

the right) incubation. The red fluorescent signal identifies the nuclei (Draq 5). The images are 

splitted into fo u r  parts by LSM  Image Browser software showing the different fluorescent signals

and background individually or together.

The difference between the NBD and dansyl moiety resulted in distinct intracellular transport. It 

can be clearly seen in Figure 3.22 that the dansyl bile acid also entered into the nuclear region 

after 40 min and accumulated more in the nucleoli. This nuclear transport implicitly occurs later 

than the appearance o f the compound in the cytoplasm. The effect was detected after 20-30 min 

o f the addition. Examining the presence o f  compound 78 after 4 h incubation in the cells we 

found that it decreased significantly. Initially we thought the effect may have occurred because o f 

the breakdown o f the dansyl moiety by unidentified enzymes. The confocal image showed that
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compound 78 was still present in the cytoplasm (mainly around the nuclei), but it was not 

detected in the nucleoplasm.

In the next step we examined the effect o f high concentration o f bile acids on the transport and 

distribution events. The cells were pretreated for I h or co-treated with 500 |4.M 4 or 7 before the 

addition o f the dansyl substituted UDCA. It was found that co-treatment with 4 changed the 

intracellular distribution. In contrast to the normal uptake o f  compound 78 we could observe 

significant blue fluorescent signals from the nuclear region even after 10 min {Figure 3.23.).

Figure 3.23. Effect o f  co-treatment with DCA (4) (500 /jM) fo r  10 min on the distribution o f  78. 

Image on the left shows the distribution o f  78 and the Drag 5 nucleus dye (red) in the cells, while 

image on the right shows only the fluorescent signal o f  the bile acid derivative 78.

The dansyl bile acid accumulated more in the nucleolus and significant presence was also 

observed around the nuclei with the formation o f a bright “ring” in the confocal image. 

Analyzing the images it seems that compound 78 binds to the nuclear membrane probably due to 

the mechanism o f  the nuclear transport process. The use o f  4 at a high concentration resulted in 

the upregulation o f  nuclear transport or at least the intensity o f  nuclear membrane signal.
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Figure 3.24. Confocal images follow ing co-treatment o f  78 with 500 fjM  UDCA (7) in H ETIAs at 

25 min. Image on the left shows the distribution o f  the blue bile acid derivative and the Drag 5 

nucleus dye (red) in the cells, while image on the right shows only the fluorescent signal o f  the

bile acid derivative.

On repeating the experiment with 7 at 500 |^M we found the opposite effect. The uptake was 

monitored up to 40 min during which time the dansyl analog was not observed in the nuclear 

region {Figure 3.24.). The accumulation o f the dansyl bile acid was not seen in the nuclear 

membrane either which allows us to conclude that the use o f 7 blocks the nuclear transport.

The pretreatment with the high concentration 4 resulted in similar observations to the co

treatment. The accumulation o f compound 78 in the nuclear membrane and in the nuclei/nucleoli 

was observed after a relatively short time. By contrast, the I h pretreatment with 7 caused an 

opposite effect to co-treatment. We found a significant amount o f dansyl UDCA in the nuclear 

region, mainly in the nucleolus, but the compound 78 cannot be seen in the nuclear membrane 

{Figure 3.25.).

It can be concluded from these experiments that 4 and 7 regulates the nuclear transport o f  bile 

acids in oesophageal cells. In the presence o f 4 in the cells, the nuclear membrane is much more 

involved in the transport process than it is with the saturation o f cells with 7. However the 

mechanism o f these effects is not known. These experiments also provide an indirect evidence o f 

the uptake o f  bile acids by oesophagus due to changing the transport o f  other compartment such 

as dansyl UDCA in this case.
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Figure 3.25. Uptake o f  78 in I h 7pretreated HETIAs. The confocal image was taken after 15 

min o f  addition. Left: the distribution o f  the blue bile acid derivative and the Drag 5 nucleus dye 

(red) in the cells. Right: the fluorescent signal o f  the bile acid derivative in the same cells.

3.6.S.2. Uptake study of 3a-dansyl DCA (79)

Similar tests were carried out to assess the uptake o f 79. The process was also monitored up to 4 

h by confocal microscopy. It was found that the compounds entered into the cytoplasm quickly 

and accumulated around the nuclei. It can be seen in Figure 3.26. that the nuclear transport was 

not as prominent as observed in the case o f the UDCA analogue. The dansyl bile acid could be 

also found in the nucleolus o f the cells, but the nucleoplasm did not fluoresce. The nuclear 

membrane was well marked and gave a sharp borderline between the nucleoplasm and 

cytoplasm. As in the case o f the 78 the appearance o f  the fluorescent signal significantly 

decreased in the cells after 4 h, while it totally dissapeared in the nuclear region.
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Figure 3.26. Uptake o f  compound 79 (10 jjM) in HETIAs. The confocal image was taken after 55 

min. Left: the distribution o f  the blue bile acid derivative and the Draq 5 nucleus dye (red) in the 

cells. Right: the fluorescent signal o f  the bile acid derivative in the same cells.

Competition experiments were repeated in this instance using 4 and 7 at 500 fiM. Co-treatment 

with 4 did not result in significant effects on nuclear transport. Compound 79 appeared strongly 

in the nuclear membrane and we could detect less in the cytoplasm. The experiment with 7 

showed stronger appearance o f the fluorescent bile acid in the cytoplasmic region and less in 

nucleolus regions, while the strong accumulation o f it was not observed in the nuclear membrane. 

Pretreatment experiments with the secondary and tertiary bile acids resulted opposing 

observations. Compound 4 promoted the nuclear transport processes, while 7 down-regulated or 

blocked it. These findings could connect to the fact that 7 has cytoprotective effects, while 4 acts 

the opposite way.

3.6.S.3. Uptake study of the 3P-dansyl bile acids (87 and 94)

We also examined the 3p-epimers (87 and 94) o f  the dansyl bile acids under similar conditions as 

described above. The uptake o f compound 87 was monitored over 3 h and a strong fluorescence 

signal was detected in the nuclei even after this time. In contrast to the other dansyl-bile acids, the 

presence o f this derivative in the nuclear region remained significant after a longer incubation 

time. Both the nucleoplasm and the nucleoli were involved in the distribution o f the substance 

within the cells as well as the cytoplasm {Figure 3.27.).
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Figure 3.27. Uptake o f  10 /jM compound 87 (blue) in HETlAs. The confocal image was taken 3 h 

after addition. Left: the distribution o f  the blue bile acid derivative and the Drag 5 nucleus dye 

(red) in the cells. Right: the fluorescent signal o f  the bile acid derivative in the same cells.

Testing compound 87 in competition experiments we could observe similar trends as earlier. 

Compound 4 pre- and co-treatment resulted in the accumulation o f  the dansyl UDCA in the 

nuclear membrane at high concentrations, but it did not prevent its entry into the nucleoplasm or 

nucleoli. Greater levels o f transport were detected in response to 500 fiM o f  7 detected {Figure 

3.28.) in pre- and co-treated oesophageal cells. The nuclear membrane was not involved 

noticably in the accumulation o f 87 in the cells. The DCA analogue (94) o f  this fluorescent bile 

acid showed similar properties, but less was observed in the nucleoplasmic region. Nuclear 

transport observed in a similar manner, when treated with 4 and 7
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Figure 3.28. Uptake o f  lO f iM o f  compound 87 (blue) in pretreated HETIAs with 500 /uM 4 (on 

the left) and 7 (on the right). Images were taken after 15-20 min o f  addition o f  Compound 87.

3.6,9, Effect o f  cytochalasin D on intracellular distribution o f the fluorescent bile acids

As we mentioned above, the use o f  cytochalasin D inhibits actin-related intracellular transport. 

The 3-dansyl bile acids were tested following pretreatment o f oesophageal cells with 3 |nM 

cytochalasin D and the uptake process monitored over 30 min. Cytochalasin D treatment 

markedly decreased nuclear distribution o f the compounds. It did not affect the diffusion o f the 

bile acid derivatives into the cytoplasm, but it significantly decreased their transport into the 

nuclear region {Figure 3.29.). This effect suggests that nuclear transport may be mediated by an 

actin-dependent process or that cytochalasin D inhibits nuclear or other intracellular transporters.
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Figure 3.29. Left: The uptake o f 10 fjM 78 (blue, 30 min) by HETlAs pretreated with 3 jjM  

cytochalasin D. Right: The uptake o f 10 f^M 79 (blue, 40 min) by HETlAs pretreated with 3

cytochalasin D.

3.7. Examination of stability and uptake o f the fluorescently labelled bile acids 

in H ETIA cell line by HPLC.

As we shown above, the N BD -bile acid adducts are stable at physiological pH over 24 h. To 

exam ine the stability o f  the N BD - and dansyl- substituted com pounds in the live cell environm ent 

it was decided to develop a method for quality and quantity m easurem ents. The idea based on the 

observations obained by the confocal studies was that the fluorescent bile acids entered into the 

cells and they were taken up quickly. Flow cytom etry is a com m only used technique for cellular 

fluorescent events [155], but it relies on the fluorescent probe being stable during the 

experim ents. To avoid the possibility that the fluorescent bile acids could be dam aged by 

intracellular processes we decided to m easure their stability in the cellular environm ent whereas 

before we had measured it in buffer.

3.7.1. Development of the HPLC method.

In the first step the com position o f  m obile phase, the flow rate and injection volum e were 

exam ined to achieve short retention tim es with good detection by UV. It was found that that the 

water/1 % pH=3.0 am m onium  formate buffer/acetonitrile (15:10:75) m ixture ratio was 

appropriate as mobile phase for the m easurem ents and that it was possible to perform  it in

1 3 5



isocratic mode. The pH value o f this solvent composition was 3.58 which might have changed the 

fluorescence properties o f the compounds. To obtain higher sensitivity on the UV and fluorescent 

detectors we determined the absorption and emission maxima o f the compounds at pH = 3.58. 

The samples for the measurements were prepared in 20 for the NBD compounds and 0.02 

mg/ml in the case o f dansyl compounds. The absorption spectra were recorded by Cary 300 Scan 

UV-Visible spectrophotometer scanning and detecting the absorbance between 200 and 800 nm, 

and then the fluorescent measurements were taken using the SHIMADZU RF-1501 

spectrofluorophotometer. The excitation wavelengths were chosen according to the absorption 

maximum for each compound.

The absorbance and emission values were red-shifted at pH = 3.58 compared to the values 

measured in EtOH. However the difference was not substantial we used these values for 

excitation and detection wavelengths in the HPLC measurements.

In the next step o f the HPLC method, development series o f solutions o f the compounds were 

injected in different concentrations to obtain calibration curves, which gave information about the 

concentration range that can be detected reliably using a linearity assumption. In our system both 

fluorescence and UV detection were applied, but the measurements focused on the fluorescence 

signal. In the case o f each NBD or dansyl bile acid derivative the samples were measured in nine 

different concentrations from 10 nM to 10 fiM (10 nM, 50 nM 100 nM, 250 nM, 500 nM, 750 

nM, I i^M, 5 )aM, 10 )aM). Every concentration was run three times and the average peak area 

was calculated. The results showed linear relation between the concentration and peak areas. In a 

few cases the 10 fiM was too high for detection, because o f the sensitivity o f the fluorophore. The 

compounds were used in our biological assays at 1 |aM (NBDs) and 10 |liM (dansyls); hence the 

correlation has to be linear in that range. Figure 3.30. and Figure 3.31. show sample calibration 

curves obtained from these experiments.
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Figure 3.30. Calibration curves o f the NBD-bile acids and Cyclohexyl-NBD. Concentration

versus peak area at rt.

The results showed that the analytical method is useful to determ ine the concentration o f  

fluorescent derivatives in biological sam ples between 10 nM and 5 jiM  in the case o f  NBD 

compounds. The analysis o f  the dansyls resulted in linear curve in the exam ined concentration 

range. The lower sensitivity o f  the dansyl fluorophore led to the detection o f  the higher 

concentrations, thus the method is appropriate to measure biological sam ples treated with 10 |j,M 

o f  the fluorescently labeled bile acids. The UV method allow s mass analysis o f  the possible 

alterations o f  NBD  bile acids on LC-MS system.
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Figure 3.31. Calibration curves o f  the dansyl-bile acids. Concentration versus peak area at rt.

3.7. 2. Stability study o f the fluorescent com pounds in live cell environm ent.

The exam ination o f  the stability o f  the fluorescent bile acids was carried out using cells from the 

esopahgeal cell line. The cells were seeded into 48 well plate and the concentration o f  the 

com pounds was m easured after a 0.5 and 24 h in the supernatant and within the cells. Eighty 

thousand cells in 250 |al medium were placed into each well and incubated for 24 h before the 

treatm ent. The cells were then incubated with 1 (aM o f  the N BD - or 10 o f  dansyl-derivatives

for 0.5 and 24 h, after which tim e the supernatant was collected for m easurements. It was 

followed by the dam age o f  the cell m em branes using 250 |al NP 40 lysis buffer for 15 min. This 

buffer solution was also collected into eppendorfs from the wells and stored at -  20°C until the 

HPLC m easurem ents. Each com pound was tested three times. The HPLC sam ples were prepared 

by adding 250 jal acetonitrile to each sam ples to make up the volum e o f  the sam ple to 500 fil, 

thus the solution contained acetonitrile and aqueous supernatant or lysis buffer about 1:1 ratio. 

This com bination is sim ilar to that used as m obile phase during the m easurem ents. A fter the 

addition o f  the acetonitrile the sam ples were centrifuged for 10 min at 10,000 RPM to eluate the 

bigger com partm ents o f  the cell residues and to precipitate the proteins from the sam ples which 

m ight cause dam age to the colum n. The prepared sam ples were then m easured according to the
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previously developed HPLC method and the results were calculated using external reference 

standard controls. The control samples were taken from the original solutions which were given 

to the cells and went through the similar work up procedure as the biological samples. This 

protocol makes the method more reliable and help avoid dilution failures. The medium and cell 

lysate samples were run on HPLC using 470 nm and 540 nm for excitation and emission 

wavelengths in the case o f  NBD-derivatives, while these values were 335 nm and 517 nm for the 

dansyl compounds. Measuring the concentration o f  the compounds in the medium and in the cells 

makes it possible to compare total concentration to the initial concentration, which provides 

information on the stability o f  the fluorescently labelled bile acids in live cell environment. 

Additionally, 136 and 137 were examined using similar conditions. The results are shown in the 

following Figures. Figure 3.32. summarizes the obtained medium and cells lysate concentration 

values after 0.5 and 24 h.
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Figure 3.32. S tability o f  fluorescent compounds in HETIA cell line after 0.5 and 24 h.
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Analyzing the total concentration bars it can be seen that both the NBD and dansyl derivatives 

are stable in live cell environment following short incubation time (<30 min) {Figure 3.33.). The 

concentration o f  NBD compounds was significantly reduced at 24 h. The greatest loss was 

observed in the case o f  the 3 a  derivatives and compound 134. In these cases the concentration 

dropped to between 20 and 40%. Surprisingly the carboxylic modified CPA derivatives proved to 

be more stable than their parents with concentration maintained in the region 70 -  80%. The 3p- 

NBD bile acids did not disappear to the same extent over this period with 70-80%  still present. 

Unequivocally 135 proved to be the most stable substance (~ 90%) during the experiments. The 

dansyl substituted compounds were generally more stable than the corresponding NBD  

compounds.

NBD total concentration Dansyl total concentration

S  control 
m  total 0 5h 
■ i  total 24h

n  control 
H  total 0.5h 
■ i  total 24h

Treatments

Figure 3.33. Total concentration o f  the examined fluorescent compound'! in HETIA cell line at

0.5 and 24 h.

The changes o f  the concentration over the time in the medium and the cells are represented in 

Figure 3.34. The presence o f  the N B D  compounds in the supernatant decreased more and less in 

every case going forward on the time scale. The greatest difference between the half an hour and 

one day results were observed in the case o f  126 and 134, in which the disappearance reached 

more than 50%. In contrast, compound 135 had similar concentration at the beginning and 24 h. 

The concentration values in the cells did not show coherent changes. The concentration o f  the 3 a  

derivatives clearly decreased, while the P -compounds (101 and 119), 134 and 135 did not show  

significant changes. The presence o f  the CPA coupled 3a-N B D  bile acids increased the 

intracellular region conversely. It is clear from these results that the compounds were degraded in
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the cells over the time and the loss was recovered by the cellular uptake from the supernatant. It 

can be also stated that the control compound did not take part significantly in the transport, thus 

its degradation was not observed. The CPA amides (136 and 137) also seemed to avoid the 

degradation; hence their concentration in the cells could decrease.
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Figure 3.34. The presence o f  the fluorescent molecules in medium and cell lysate at 0.5 and 24 h.

The changes o f  the concentration o f  the dansyl-derivatives developed in similar way. The initial 

medium concentration o f  the dansyl-bile acids increased over the time, while it was dropped 

within the cells. These changes were not significant, but it refers that the quick uptake o f  these 

bile acids induced the reverse transport o f  the compounds. The control molecule was taken up at 

higher concentration than the appropriate NBD-derivative, but it was not affected by the previous 

process. These observations can be expressed by calculating the rate o f  concentrations according 

to different criteria. These values are presented in Table 3.4. together with the retention time o f  

the compounds. The retention times correlated to the hydrophobicity o f  the fluorescent bile acids. 

Compound 79 produced long retention, which might come from the formation o f  intermolecular
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secondary bonds, which make the m olecule bulkier according to the M OE (M olecular O perating 

Environm ent program  from Chem ical C om puting Group, M ontreal, Canada) exam inations. The 

energy m inim izing test resulted in a bulky m olecule where the dansyl group flexed under the 

steroid nucleus. This increased hydrophobicity resulted in longer retention tim e on the reverse- 

phase HPLC column.

Com pound
Retention

time
(min)

Rate of 
concentration 
Medium/Cell 

24 h

Rate of 
concentration 
Medium/Cell 

0.5 h

Rate of 
concentration 

IMedium 
24h/0.5h

Rate of 
concentration 
Cell 24h/0.5h

3a-N B D  
IJDCA (126) 4.00 1.86 1.81 0.37 0.36

3a-N B D  
DCA (99) 7.45 0.47 0.49 0.45 0.47

3p-N BD  
UDCA (101) 3.69 1.93 2.04 0.80 0.85

3P-N BI) 
DCA (119) 5.35 0.57 0.71 0.83 1.05

24-NBD 
UDCA (134) 4.20 0.28 1.21 0.19 0.83

Cyeloliexyl- 
NBD (135) 3.11 33.41 16.47 0.88 0.43

3a-dansyl 
UDCA (78) 6.43 2.59 0.68 1.84 0.49

3a-dansyl 
DCA (79) 15.65 2.44 0.41 2.29 0.38

3P-dansyl 
UDCA (87)

4.67 3.24 1.20 1.31 0.49

3P-dansyl 
DCA (94) 5.86 1.82 0.67 1.41 0.52

Table 3.4. Retention time and concentration ratio values derived from the HPLC measurements. 

3.7. 3. Uptake of 3a-dansyl bile acids (78 and 79).

After the exam ination o f  the stability o f  the fluorescent com pounds it w as decided to follow their 

uptake in the 0 -6 0  min tim e interval using HPLC for quantitation. Usually, in this kind o f  

experim ent, fluorescent readings are used. The coupled chrom atographic step in our case 

provided reassurance that the fluorescent signal was derived from the intact probe. The 3a-dansyl 

bile acids (78 and 79) w ere selected along with 97 because o f  their better stability and interesting 

intracellular distribution properties. The experim ent was carried out at 37°C and repeated at 4°C. 

It is known that the active transport processes, which are protein m ediated, are significantly 

slower at 4°C, and that transport under such conditions can be attributed exclusively to passive
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diffusion. This experiment could therefore determine whether active transport is significantly 

involved in the cellular uptake o f the fluorescent bile acids (and by extension by the parent native 

free bile acids). The cells were treated with test compounds at 10 fiM and every measurement 

was repeated three times. In the case o f the 4°C assays the well plate was placed onto ice and the 

freshly prepared stock solutions were also cooled down before addition. The uptake was stopped 

after 0.5, 1,5, 10, 30 and 60 min with the removal o f the supernatant and the cells were lysed for 

15 min. The medium and cell lysate samples were collected and stored at -  20°C until the HPLC 

measurements.

Figure 3.35. presents sample data from these transport experiments. The concentration o f the 

compounds in the cells increased over the time, with corresponding smaller amounts present in 

the supernatant. The difference between the extent o f the uptake at 37 and 4°C was significant 

using dansyl-bile acids, while it was similar in the case o f  the control. The black curves in the 

graphs being the difference between the amounts at 37 and 4°C reflect the extent o f active 

transport.
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Figure 3.35. Concentration o f compounds 78, 79 and 97 in lysed HETIA cells at 37 and 4°C.

The data clearly show that the bile acid derivatives enter into the oesophageal cells through an 

active transport process. This is the first evidence that we are aware o f  that there is a functionally 

active transport process for bile acids in H E T IA  cells. Its importance is that it shows that where 

bile acids are present in refluxate in a gastro-oesophageal reflux disease (GORD) patient, the 

oesophageal epithelium  could efficiently take up the incident bile acids. Since bile acids are 

known to induce a variety o f  biochemical changes within oesophageal cells in cell culture studies 

[156-159], the suggestion is that sim ilar changes could happen in vivo.
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3.7. 4. The uptake of 3a-dansyl bile acids (78 and 79) in competition experiments.

In order to prove that the active transport that was described in the previous section is relevant to 

the native bile acids, and that the attachment o f the fluorophore does not make the bile acids 

better transporter substrates, we next repeated the transport experiments with native (parent) bile 

acids present. The other reason for doing this was to try to explain some o f  the observations we 

had made in the confocal experiments with co- or pre- treatment with bile acids. In those 

experiments we showed that co- or pretreatment o f the cell suspensions with native bile acids 

altered the distribution o f the fluorescent compounds. The extent o f uptake o f  3a-dansyl bile 

acids was examined in initial competition experiments at the 0.5 h time point following pre- or 

co-treatment with 100 and 300 )o,M 7 or 4. Co-treatment with 78 was also examined. Control 

measurements were carried out at 37 and 4°C in order to estimate the extent o f active uptake. In 

the case o f the fluorescent UDCA derivative (78) pre- and co-treatment with 300 jiM DCA, co

treatment with the same amount o f 7 or co-treatment with the fluorescent DCA analogue (79) 

were examined. The results o f the measurements are shown in Figure 3.36.

The total concentration o f the compounds, estimated by summing the supernatant and cell lysate 

concentration, gave a constant value o f 10 )aM; thus, degradation did not occur over the 

experiments. Since the cell compartment was lysed before analysis with an equal volume o f 

buffer to the volume o f supernatant in the experiment, there is no suggestion that the total 

concentration under these circumstances should have been the same as the added concentration, 

yet it was. This must represent a considerable concentration o f the probe substance in the cellular 

compartment from the supernatant during the 30 min incubation. In these experiments there was 

firstly a significantly higher intracellular concentration at 30 min at 37°C than at 4°C and 

correspondingly lower and higher amounts respectively in the supernatant compartment {Figure 

3.36.). This was consistent with the earlier findings while studying the progress o f uptake over 30 

min. Co-treatment with 4 decreased the intracellular concentration at 37°C to that observed at 

4°C indicating that it blocked active transport o f  78. This can be understood in terms o f effective 

competition for the same transporter at higher substrate concentration (and possibly better K^). 

Co-treatment o f with 7 also attenuated the 37°C concentration but not by as much as co-treatment 

with 4. Remarkably, pretreatment with 4 (300 (iM) did not block active transport, rather it 

increased it. Finally for 78, co-treatment with fluorescent DCA attenuated active uptake but not
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by as much as co-treatm ent with the native bile acid. The peculiar effect o f  pretreatm ent versus 

co-treatm ent will be discussed below following consideration o f  results where this behaviour was 

more exaggerated. Dansyl DCA (79) was transported actively as observed by the significant 

difference in concentration intracellularly between the 4 and 37°C treatm ents. C o-treatm ent with 

7 or 4 (100-300 |aM) had no effect on the extent o f  this. Either the native bile acids are not 

transported by a sim ilar process or they are not as effectively transported by a sim ilar process 

(higher Km)- Pretreatm ent effects with dansyl DCA (79) were sim ilar to those observed with the 

UDCA analogue. Pretreatm ent with 7 or 4 at 100-300 |^M significantly increased the extent o f  

active transport (at least the intracellular concentration -  it was not m easured at 4°C under these 

conditions). There was a corresponding decrease in the observed supernatant concentration and in 

all cases pleasing evidence o f  analytical precision through consistent total concentration and 

variance between wells, in conclusion the active transport o f  the dansyl com pounds is facilitated 

or in som e way upregulated by pretreatm ent o f  the cells with the native bile acids. The 

significance o f  this lies in the potential for exposure o f  the oesophagus to bile acids to prom ote 

intracellular accum ulation o f  bile acids with consequent cellular dam age. This is a type o f  

feedback m echanism, which has not been observed in the oesophagus previously. There is an 

obvious need to identify the transporter m ediating effects observed here. The likely candidates 

for bile acids transport ASBT and OATP are not believed to be present in the epithelium  o f  the 

oesophagus and the finding o f  functional activity mediated by one o f  these or a hom ologous 

protein would be significant. ASBT expression and distribution is known to be under bile acid 

control in other tissues. Thus in the gall bladder, there is evidence that activation o f  the recently 

discovered bile acids G-protein coupled receptor TGR5 causes translocation o f  ASBT to the cell 

surface from storage vessels [160]. These events are coupled to m ovem ents o f  Ca^"  ̂ inter- and 

intra-cellularly. How ever functional aspects o f  these changes have yet to be characterised and 

TGR5 is not believed to be expressed in oesophageal cells. In intestinal cells, activation o f  PKC 

by DCA causes decreases in A SBT expression w hich should decrease bile acid uptake capacity. 

M uch remains to be done in elucidating the mechanism  and significance o f  the present findings in 

the context o f  oesophageal disease and the inflam m ation-B arrett’s-cancer progression.
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Figure 3.36. Competition experiments o f  3a-dansyl UDCA 78 and 3a-dansyl DC A 79 in HETIA 

cell line at 30 min. The graphs show the concentration o f  the tested compounds in the treated 

cells (green bars), in the medium (blue bars), while the overall concentrations are showed in the

last graphs (red bars).
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3.8. The uptake of NBD-bile acids by Caeo-2 cell line.

To exam ine the suitability o f  the NB D -bile acids for investigating the disposition o f  the bile acids 

in intestinal cells, the com pounds were also studied using colorectal cancer Caco-2 cells. These 

have several relevant bile acid transporters including organic anion-transporting peptides [161- 

163]. This part o f  the work was carried out by postgrad colleague Johanna Salomon. Johanna 

used functional m onolayers o f  Caco-2 cells.

3.8.1. Cytotxicity of the NBD-bile acids in Caco-2 cell line.

To determ ine the kinetics o f  the uptake process it was necessary to characterise the effect o f  the 

NBD-bile acids on cell viability as we had previously done using oesophageal and liver cancer 

cell lines. The viability m easurem ents were carried out using the previously described M TT assay 

and the com pounds were m onitored up to 100 min by incubating them over Caco-2 m onolayers 

using different concentrations (1 -100  |iM ). Analysing the results we could conclude that the 

tested fluorescent bile acids did not affect the cells under these conditions, thus the uptake o f  

them could be examined.

3.8.2. The bicinchonlnic assay.

To standardize the results in the uptake studies first the total protein am ount o f  cell layers were 

determ ined by bicinchoninic assay (BCA), which was developed by the Pierce Chemical 

Com pany [164]. This assay is based on two reactions which lead to the change o f  solution colour 

from green to purple in proportion to protein concentration and then it is measured by 

colorim etric techniques. The test is carried out with the use o f  BCA solution. The stock BCA 

solution is a highly alkaline solution containing five ingredients as bicinchoninic acid, sodium 

carbonate, sodium bicarbonate, sodium tartrate and cupric sulfate pentahydrate. A dding this 

solution to the test sam ples first the Cu^"  ̂ ions from the cupric sulfate is reduced to Cu^ ions by 

the peptide bond o f  proteins (this reaction is highly tem perature dependent). The amount o f  Cu "̂  ̂

reduced is proportional to the am ount o f  protein present in the test sam ple. In the second step 

each formed Cu"  ̂ ion reacts with tw o bicinchoninic acid m olecules to form purple chelates which 

strongly absorb light at a wavelength o f  562 nm. The am ount o f  protein present in the cells was 

quantified by m easuring the absorption spectra and com paring to standards with known protein
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concentration. After tlie determ ination o f  the am ount o f  protein in the Caco-2 cell layers the 

results o f  bile acid uptake were expressed in nmol / mg protein concentration.

3.8.3. Exam ination o f  NBD -bile acid uptake in Caco-2 cell line.

To study the tim e-course o f  uptake o f  the 3-NBD bile acid derivatives (99, 101,119 and 126) they 

were incubated over Caco-2 m onolayers at 10 )aM and studied at 37 and 4°C up to 90 min by 

m easuring the fluorescence intensity. The rate o f  the active uptake was calculated then as the 

difference between the fluorescence m easured at 37 and 4°C. The results are represented in 

Figure 3.37.
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Figure 3.37. Time course ofN BD -bile  acid uptake into Caco-2 cells. The uptake was studied fo r  

90 min at 37°C and 4°C. Graphs A-D  show the time-dependent rate o f  bile acid uptake at 

different temperatures (A: 3a-NBD UDCA 126, B: 3J3-NBD UDCA 101, C: 3a-NBD DC A 99 and 

D: 3(5-NBD DCA 119). The rate o f  the active uptake was calculated as the difference between the 

fluorescence measured at 37 and 4°C (dashed curves). Graph E shows the rate o f  active uptake 

o f  the fo u r different bile acid derivatives (99, 101,119 and 126).
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The analysis showed that intracellular concentration was increased due to a time-dependent 

manner in every case. The difference between the uptake in the 37 and 4°C experiments was not 

significant in the case o f the 3p-derivatives (101 and 119), indicating that these compounds were 

taken up by passive diffusion {Figure 3.37. B and D). In contrast, the uptake o f  the a-analogues 

(126 and 99) showed strong dependency on temperature, indicating that their entry into the cells 

is substantially mediated by active transport at 37°C. The highest rate o f  uptake was observed in 

the case o f  3a-N BD DCA 99, but it did not exceed 30% o f the total concentration after 60 min. It 

is clearly seen from the results that the nature o f fluorescent bile acid uptake strongly depends on 

the structure o f  the bile acid moiety. The 3a-isom ers which have the same orientation o f 

functional groups at 3- and 7- or 12-positions as the parents were taken up by active process 

which indicates that the ligand orientation (at C-3) has huge impact in protein binding. Changing 

this orientation resulted in significantly decreased bile acid uptake.

To characterise the kinetic o f the active transport the 3a-N BD  bile acids were incubated at I -1 00 

at 37 and 4°C for 20 min. The active transport values were then calculated (as the difference 

between the fluorescence measured at 37 and 4 °C) before performing kinetic analysis. The 

results showed that the concentration-dependent uptake o f the compounds was saturable in Caco- 

2 monolayers {Figure 3.38. A andB ). The uptake followed the Michaelis-Menten kinetics [165], 

The graphical representation o f the transport kinetics was analysed by an Eadie-Hofstee 

transformation [166], resulted in a single straight line for both tested substances {Figure 3.38. C). 

The Eadie-Hofstee diagram is a graphical representation o f enzyme kinetics in which reaction 

velocity is plotted as a function o f the velocity vs. substrate concentration ratio. The graph 

suggested that the uptake o f these fluorescent bile acids was mediated by a single transporter site 

in Caco-2s. The results allowed us to estimate the maximum rate (Fmax) o f the uptake as the y- 

intercept o f the obtained curves. The Michaelis-Menten constant (Â m), which is the substrate 

concentration at which the uptake rate is half o f  Vmax, was also determined for both tested 

compounds from the slope o f  the curves. Hence, the Michaelis-Menten constants and the 

maximum uptake rates were estimated to be = 28.20±7.45 |xM and V^ax ~  1.8I±0.20 

nmol/(mg protein*min) for 3a-NBD DCA (99) and 42.27±I2.98 nM and Ĵ max = 2.84±0.41 

nmol/(mg protein*min) for 3a-NBD UDCA (126).
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Figure 3.38. Concentration dependence o f  3a-NBD bile acids uptake by Caco-2 cell monolayers 

(Graph A: 3a-NBD UDCA 126 , graph B: 3a-NBD DC A 99) .  Uptake o f  bile acid compounds was 

measured fo r  20 min at 37°C and 4°C. Graph C: The graphical representation o f  the transport 

kinetics (by an Eadie-Hofstee transformation) fo r  both tested substances (99 and 126) .

The above tests were repeated incubating 24-NBD UDCA 134 and Cyclohexyi-NBD 135 over 

Caco-2 monolayers. However the fluorescent UDCA control showed some active transport 

process, the rate o f the uptai^e did not exceed over 10% after 90 min {Figure 3.39. C). The result 

shows the importance o f carboxylic acid group in the protein binding. Without this functional 

group the uptake o f fluorescent UDCA derivative 134 significantly decreased in contrast to the 

3a-labelled UDCA compound ( 126). The tests with Cyclohexyl-NBD 135 showed clearly that its 

uptake is due to passive diffusion in Caco-2 cells providing the importance o f the presence o f bile 

acid moiety in the active transport process in the case o f  NBD-bile acid uptakes {Figure 3.39. B).
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Figure 3.39. Uptake profile o f  the control fluorophore substances into Caco-2 cell monolayers at 

37 and 4°C (Time-dependent: 10 juM, up to 90 min; Concentration-dependent: 1-100 fjM, 20 

min). A: Time-dependent uptake o f  Cyclohexyl-NBD 135; B: Uptake o f  135 after 20 min using 

different concentrations.; C: Time-dependent uptake of24-N B D  UDCA 134; B: Uptake o f  134

after 20 min using different concentrations.

The observed diastereoselectivity in the uptake process o f  the examined fluorescent bile acids is 

unprecedented in the bile acid literature. Possible explanations include a steric clash between the 

P-group and the binding pocket o f  the transporter protein. On the other hand, the equatorial FI- 

bond donor in the natural bile acid mimicked by the a-N H  in the corresponding NBD analogue 

might have a strong impact on the formation o f  the substrate-transporter bond. The energy 

minimized structures obtained from conformational analysis (using MOE software) show the 

ability o f the NBD N-H to mimic the 3-OH group o f  the parents {Figure 3.40.). The similar
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spatial arrangem ent o f  the 3-NH and 3-OH bonds m ight resuh analogous behaviour in the 

formation o f  secondary chemical bonds with carrier proteins in cellular environm ent.

119

Figure 3.40. Overlaid minimum energy conformations for 3a- and 3/3-NBD DCA analogues (99 

and 119)  and DCA (4). Structures were generated in MOE (Chemical Computing Group, 

Montreal, Canada) by modification o f cholic acid 4 extractedfrom pdh code 2Q04 [167],

3.9. Conclusions

The NBD and Dansyl bile acids whose synthesis was described in C hapter 2 are highly suitable 

for determ ining the disposition o f  bile acids in cell-based assays, for detecting active transport 

processes affecting bile acids and for investigating the m any questions about these com pounds. 

The work shows that oesophageal cells have the capacity to actively take up bile acids and that 

this is positively regulated by bile acid exposure. M eanwhile work o f  colleagues dem onstrates 

that the transport o f  these com pounds is sensitive to the orientation o f  the fluorescent reporter 

group. The work described here can only be the beginnings o f  investigations with these 

fascinating substances which are now in w idespread use in num erous laboratories interested in 

anionic transport, the oesophagus and the effects o f  bile acids.
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Chapter 4

Design and synthesis of highly cytotoxic bile acids
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4.1. Introduction

Exposure to bile acids produces changes in cell viability and proliferation that have implications 

in intestinal disorders, in hepatic disease and in cancer promotion in the gut and oesophagus. For 

example, the rise in incidence o f oesophageal cancer is attributed to increased incidence o f 

gastroesophageal reflux which brings bile acids from the stomach into contact with the 

oesophageal epithelium [168-170]. In the colon, increased exposure to byproducts o f bile acids is 

thought to contribute to cancer development [171], Paradoxically, here and in the oesophagus, 

bile acids may be contributing to tumour promotion by inducing apoptosis in normal cells, 

leading to the formation o f  populations o f a cell phenotype resistant to cell death [172-176]. 

Meanwhile, fibrotic disorders o f the bile duct, which causes obstruction and accumulation o f bile 

acids in the liver leads to liver failure and death through a mechanism thought to involve 

hepatocyte apoptosis [177, 178], The importance o f these processes to health and disease has led 

to extensive study into mechanisms o f bile acid effects on cell viability. Much o f the focus has 

been on the pro-apoptotic effects o f  the so-called hydrophobic bile acids, LCA (5), DCA (4) and 

CDCA (3) and their glycine conjugates [179]. There is a widespread belief that the toxic effects 

o f  these compounds observed at >100 |aM in cell-based assays is due to their hydrophobicity and 

explicitly or implicitly their tendency to form micelles [180], A bile acid micelle could recruit 

plasma membrane lipids into a mixed micelle thereby disrupting the membrane integrity, leading 

to leakage and lysis. This undoubtedly occurs at high bile acids concentrations where the effects 

are similar to those observed with non-bile acid detergents such as Triton X [181]. However 3 

and 4 can cause cell death at concentrations far below their CMC, making it difficult to believe 

that detergency is significantly involved. This is one o f the problems in bile acid research, that 

cellular effects can be attributed to different mechanisms depending on bile acid concentration. 

Furthermore, non-bile acid detergents (again like Triton X) are also observed to cause cell death 

at concentrations significantly below their CMC (and expected lytic effects) [181]. These 

necrotic/detergency effects could be collectively termed non-specific effects in order to 

distinguish them from signalling events due to specific binding o f bile acids with protein targets 

that could precipitate apoptotic processes. Apoptosis (programmed cell death) may occur through 

one or more parallel, and possibly independent processes termed extrinsic (involving cell surface 

death receptor proteins); intrinsic (mitochondrial leakage) or ER stress (which can be linked to 

the first two) [182-184]. A further kind o f process, autophagy or self-catabolism o f the cell may
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be observed in some instances upon exposure to bile acids. A further complication at least in 

terms o f classification relates to the possibility that extrinsic apoptosis can be triggered by non

specific membrane perturbations leading to activation/translocation o f  death receptors. A nice 

opportunity arose recently to experimentally separate specific from non-specific apoptotic 

contributions from bile acids. Katona et al. reported the synthesis o f  enantiomeric bile acid pairs 

o f 5, 4 and 3. As expected 5, 4 and 3 had the same experimental CMC values as their 

enantiomeric partners {ent LCA, ent DCA, ent CDCA) [100]. Critically, while the substances all 

caused apoptosis in a colon cancer cell line, the naturally occurring stereoisomers were more 

cytotoxic than their isomers. This tells us that at least some o f  the apoptotic features o f bile acids 

are due to stereospecific interaction with protein receptors. However, these crucial findings do 

not appear to have altered the common tendency to hypothesise that the pro-apoptotic effects o f 

hydrophobic bile acids is due to their hydrophobicity. This is also consistent with the observation 

that some polar bile acids e.g. UDCA (7), are relatively non-toxic [185]. Indeed as observed 

earlier in this work, pre-treatment o f a variety o f cell types with 7 can protect cells from the 

apoptotic influence o f hydrophobic bile acids, such as 4. Indeed, for many workers this explains 

and validates the use o f 7 in treatment and prevention o f liver failure in biliary duct disorders and 

cirrhosis. There are a number o f possible explanations for these effects including activation by 7 

o f pro-survival pathways that could oppose the death signalling o f the hydrophobic bile acids. 

However there is also a widespread belief that 7 acts by displacing the hydrophobic bile acid 

pool, or by making it more polar. Either way, this observation that 7 and other polar bile acids are 

less cytotoxic acts to reinforce the idea that hydrophobic bile acids act through a hydrophobic 

effect in causing cell death. Indeed the work o f Martinez, showed that in colon cancer cell lines, 

cytotoxicity in a group o f  26 naturally occurring bile acids and conjugates, correlated with 

hydrophobicity as reflected in reverse phase HPLC retention (the correlation amounted to the 

observation that only 4 and 3, caused extensive cell death and these are relatively hydrophobic) 

[173]. Other publications from the Martinez group asserted that cytotoxicity is related to 

hydrophobicity through non-specific membrane mediated effects on survival signalling (PKC 

activation/translocation) [185]. Working in this laboratory R Sharma took a slightly different 

approach to investigating this problem [120]. Sharma produced an extended library o f bile acids 

deliberately enriched with new members o f  widely differing physicochemical properties. The 

effect o f these on cell viability o f the normal oesophageal cell line HETIA was assessed at a bile
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acid concentration o f  500 fo,M using the M TT assay. Lipophilicity was assessed using a RPTLC 

method with post-chrom atographic derivatisation (the com pounds w ere difficult to detect by 

conventional U V /Rl/HPLC). Unexpectedly, in this work, there was a good correlation between 

cytotoxicity and lipophilicity (r^>0.6). This turned out to be particularly strong in subsets o f  

com pounds with sim ilar functional groups (r^>0.95). The only evidence for a specific effect in 

this study was that the toxicity o f  the prototypical toxic bile acids was not well predicted by these 

correlations indicating that in these cases there were additional effects. At the tim e the work was 

conducted it was not believed that the oesophageal cell line was capable o f  actively transporting 

bile acids. Therefore Sharm a also studied the relationship between cell viability and lipophilicity 

in a cancer cell line o f  hepatic origin, which was expected to express bile acid transporters. In a 

surprising contrast to the oesophageal cell line experim ents, cell viability o f  the HUH7 cell on 

exposure to bile acids at 500 )^M for 24 hours was independent o f  bile acid lipophilicity. The 

study concluded that lipophilicity is a necessary but not sufficient property for bile acids to 

exhibit cytotoxicity. N otably from a drug discovery perspective, some o f  the analogues exhibited 

marked toxicity when tested at low concentration while som e exhibited divergent activity 

towards normal and cancer cells which suggested prom ise for the developm ent o f  

chem otherapeutic agents. O f note was the higher toxicity o f  3-azides o f  UDCA over DCA (120) 

analogues even though these showed the expected difference in polarity. A nother interesting 

feature was the toxicity o f  the prim ary am ides o f  UDCA and DCA (138) relative to the 

corresponding free acids.

OHOH OH
COOHCONN.COOH

HO'HO' 120138

EC 5 0  257 nM EC 5 0  39 nM  EC 5 0  97

Figure 4.1. EC50 values for the inhibition ofHETlA (normal oesophageal) cell viability by DCA 

(4) and its 24-amido (138) and 3-azido (120) analogues [120]

It is appropriate here to survey som e o f  the general context o f  the work described in this Chapter 

and especially previous attem pts to design bile acid-based cytotoxic/anti-m icrobial agents. There 

has been only a small am ount or work reported in this area featuring extensive biochemical
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characterization o f a relatively small number o f compounds. The effect o f  some amino acid and 

amino acid ester conjugates o f UDCA and CDCA (139-141) was studied using an extensive 

range o f cancer cell types including hepatic, breast cancer, leukemia, prostate cancer, stomach 

cancer, cervical and colon cancer cell lines [186-189]. CDCA amino acid conjugates have 

exhibited an anti-cancer effect on malignant glioblastoma cell lines U-118MG, U-87MG, T98G, 

and U-373M. Some o f these conjugates exhibited promising effects in subsequent in vivo models 

o f malignancy and in murine models o f obesity [190].

H ^ O M e OC.,H

Figure 4.2. Examples fo r  amino acid ester conjugates o f  UDCA (139-140) and amino acid

conjugate o f  CDCA (141) [ 187-190]

More recently Kihel et al. studied the proapoptotic effects o f  piperazinyl analogues o f  LCA (142) 

and CDCA (143) [191]. These were reported to cause cell death in a multiple myeloma cell line 

with an LD50 o f 8.5 [192],

HO' HO'iV OH

142 143

Figure 4.3. Piperazinyl analogues o f  LCA (142) and CDCA (143) reported by Kihel et al. [191]

These drug design efforts described above, which target proapoptotic pathways, can be 

distinguished from bile acid analogues that have been deliberately designed to exhibit increased 

amphiphlicity and tendency to self-organization in solution [193]. Such compounds cause cell 

death mainly through necrosis. Although these have limited scope for therapeutically relevant 

selectivity or effective distribution in vivo they can make effective anti-microbial agents. 

Examples in this more extensive line o f research include analogues (144 and 145) featuring
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hydrophobic side chains that act through membrane disruption causing fungal and bacterial cell 

death [194, 195],

H

TNH
O

NH

NH.

144

HoN NH2

145

Figure 4.4. ChoUc acid analogues conjugated with hydrophobic side chains designed by Savage

etal. [194, 195]

A separate line o f research associated with Bellini’s lab identified simpler non-amphipathic bile 

acid analogues with interesting antimicrobial effects [196-199]. 3-Amino and 24-amido DCA 

analogues (146-148) caused pronounced effects on gram negative and positive bacteria as well as 

fungi at concentrations in the low micromolar range [197, 198]. The molecular mechanism of 

action o f these compounds is unclear; however they appear to be designed to act through receptor 

mediated rather than membrane dependent effects. There are no reports on their activity in human 

normal or malignant cells.
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148

Figure 4.5. 3-amino and 24-amido DC A derivatives prepared by Bellini et al. [197, 198]

This survey prompted us to wonder what would happen if functional group features that endowed 

bile acids with toxicity in our work could be incorporated into a single molecule; for example 

could toxicity be amplified if analogues could be designed to feature both a primary amide and 3- 

azido group. This might reveal more insights into the structural requirements for toxicity effects 

but it could also lead to agents with cytotoxic potency approaching a useful level especially if it 

could be coupled to some selectivity. Potential clinical applications might also follow if such 

compounds would be capable o f surmounting chemotherapeutic resistance. Therefore, the 

purpose o f the work in described in this Chapter, was to prepare and study new bile acids 

integrating structural features o f bile acids that were associated with inhibition o f cell viability in 

previous work from our lab. In this process we produced several highly potent new bile acids. We 

conducted some preliminary investigations into the mechanism o f action o f  these substances in 

order to characterize apoptosis versus necrosis and to try to define some o f the pathways 

involved. In all we prepared and studied 23 new bile acids starting from LCA (5), DCA (4), and 

CDCA (3) featuring 3-alpha and beta azido groups with optional further substitution at C-24 with 

parallel amides.
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Figure 4.6. Design/exploration strategy fo r  cytotoxic bile acids builds on earlier 

work on single modifications to DCA (Concentration values represent 1C50)

4.2. Synthetic chemistry

4.2.1. Synthesis of 3p-azido CDCA derivatives

In this work, analogous libraries o f test compounds were prepared from DCA (4), CDCA (3) and 

LCA (5). To obtain the 3p-azido compound we followed the synthetic way that was introduced in 

Chapter 2. In the first step the carboxylic acid was protected in MeOH followed by protection o f 

the 3- and 7-hydroxyls by 4-DMAP catalysed acetylation with AC2O. To carry out 

transformations on the A-ring, the removal o f 3-acetate was required. For the regioselective 

deprotection AcCl was added dropwise to the diacetate compound in MeOH yielding the product 

in 91% {Scheme 4.1.).
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OH

MeOH, cc. HCl, 
reflux, overnight.

98%
OH HO 'OH

1493
AC2O, 4-DMAP, 

pyridine, rt, 
overnight, 67%.

AcCl, MeOH, 
0°C->rt,
20h, 91%.

151 150

Scheme 4 .1. Regioselective protection o f  3

Compound 151 containing a free hydroxyl at position-3 was then reacted with MsCl in the 

presence o f EtsN. This mesylate group was then replaced with azide via a direct nucleophilic Sn2 

substitution in the following step resulting in reverse orientation at C-3 {Scheme 4.2.).
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o=s=o
152

NEtj, MsCl, 
DCM, 0°C, 30min.HO

96%
151

N aN j, DMPU, 
50°C ,5d , 

85%. /

O

N

Scheme 4.2. Formation o f  ip-azide from 151.

To deprotect 153 at positions 7 and 24 we attempted hydrolysis under basic conditions. The 

hydrolysis o f methyl ester was quick, but the 7-acetate resisted hydrolysis even at higher 

concentration o f the base. The desired compound appeared in few percent contaminated with 3p- 

azido, 7a-acetate (154) was isolated as principal product {Scheme 4.3.). It was decided to 

accomplish the transformations at C-24 using this small amount o f material.

OH

2M NaOH, MeOH, 
reflux, 2d, 95%.

N.

153 154

Scheme 4.3. De-esterification o f  153 at C-24

There are different possible ways to obtain an amide from carboxylic acid. The key step in these 

reactions is the activation o f the carbonyl group (e.g. esterification, acyl chloride formation) 

before coupling with the appropriate amine. The formation o f 24-amide was carried out with the 

formation o f active ester from the carboxylic acid which accepts nucleophilic attack easily by
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amines. Hence, compound 154 was reacted with N-OH-Su using DCC as coupling agent, then 

ammonium solution was added to the intermediate to afford 155. The reaction resulted in good 

yield after purification {Scheme 4.4.).

NH

N

155

1)N-OH-Su, DCC,
THF/MeCN, 
rt, overnight.

2) aq. NHj, DMF, 
rt, 30 min, 98%.

Scheme 4.4. Synthesis o f  155

Compound 154 was also used as starting material to prepare the 24-cyclopropyl amide. As in the 

case o f the NBD-bile acid CPA compounds we used HOBt and EDC to activate the carboxylic 

acid. Using this method we avoided the isolation o f the active ester. The reaction was carried out 

in DMF at 0 °C and the formation o f  the intermediate was monitored by TLC analysis using 

ninhydrin. When the transformation was complete, the amine was added dropwise into the 

mixture which was stirred to rt overnight. The formation o f the intermediate occurred quickly at 0 

°C, thus CPA was added after 10 min. The product (156) was afforded in 43% yield {Scheme 

4.5.).

OH

1) HOBtxHjO, EDC, 
D M F ,N 2 , 0°C, 10 min.

 ►

2) CPA, 
rt, 24h, 43%.

Scheme 4.5. Synthesis o f  156 

4.2.2. Experiments to afford 7p-azido CDCA

In an attempt to afford the ?P-azide, the 3-hydroxyl had to be protected regioselectively. The A- 

ring tends to be the most reactive o f the steroid ring system, being the most open. Hence, the 

esterified CDCA (149) was reacted with AC2O using pyridine as catalyst. The reaction was 

carried out under controlled conditions producing 157 in 76% yield {Scheme 4.6.).

NH

N

156
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To form the azido compound the 7-hydroxyl needed to be activated for azide substitution, thus 

MsCI was reacted with 157. The formation o f  the 7a-mesylate proved difficult with the use o f the 

previously described method (MsCl, EtsN), thus a different synthetic approach was carried out to 

obtain the desired compound [200]. Compound 157 was treated with MsCl in the presence o f 

pyridine in DCM at low temperature and then di-isopropyl ethylamine (DIPEA) was added 

dropwise. This approach produced the desired substance (158) in 98% yield {Scheme 4.6.).

AC2O , p y rid in e , 
DCM , rt. OHOH

16h, 76%.
149 157

1) M sC l, p y r id in e , 
D C M , 0 -4 °C , 15 m in , 

2 ) D IP E A , 0 °C , 111, 
9 8 % . I

O

o=s=o

158

Scheme 4.6. Synthesis o f  7 a-mesylate (158) in two steps from  149

The formation o f 7p-azide using NaNa promoted by the polar aprotic solvent DMPU was the 

proposed method in the next step. After the total conversion o f the starting material (monitored 

by TLC) it was found that the main product o f the reaction was the 7-ene derivative (159). 

Competition between elimination and substitution is a well-established feature o f SN2 

substitution in steroids {Scheme 4.7.). It may have been surmountable in our case but the product 

alkene appeared to be an interesting compound from a toxicity perspective being endowed with 

some o f the physicochemical features we expected o f the azide.
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N a N j ,  D M P U ,  
50°C, overnight, 

93%. O "'

OA
158

H

159

Scheme 4.7. The formation of7-ene derivative (159) in azide reaction

Analogous approaches were followed to obtain the 24-amido and 24-cyciopropyiamido 

compounds as in the case o f  7a-acetate. Compound 159 was deprotected at C-3 and 24 then the 

deesterified carboxylic acid (160) was activated by N-OH-Su or HOBt monohydrate in the 

presence o f  coupling agent. In the final step o f the synthesis the appropriate amine was reacted 

with the intermediate to afford compound 161 and 162 in 93 and 90% yield {Scheme 4.8.).

2M NaOH, MeOH, 
60°C, Id, 71% .,

H

159 l)N -O H -Su, DCC,

OH

H
160

THF/MeCN, overnight.
2) aq. NHj, DMF, 

50°C, overnight, 93%.

O

NH

HO

161

1) H 0B txH 20, EDC, 
0°C ,N 2, lOmin.

2) CPA, rt, overnight,
90%.

Scheme 4.8. Synthesis o f  24-amido compounds 

4.2.3. Synthesis of 3p-azido, 7a-hydroxyl CDCA derivatives

Because o f the earlier failure in the cleavage o f  7-acetate group o f 153 we decided to introduce 

the azide to the A-ring without protecting the 7-hydroxyl. Hence, the 3-hydroxyl o f the 24- 

esterified CDCA (149) was converted to mesylate under controlled reaction conditions using 

stoichiometric amount o f MsCl in the presence o f  two equivalents o f EtsN. The reaction was



carried out at 0 °C and the mixture was woriced up immediately after completing the addition o f 

the reagent. The required compound (163) was obtained in 93% yield and its structure was 

proved by 'H  and '^C NMR, IR and HR-MS. Compound 163 was then used in the azide reaction 

giving 164 after purification in 76% yield. The methyl ester was hydrolyzed at pH~14 (2M 

NaOH) yielding the free carboxylic acid (165) in 34% {Scheme 4.9.).

I  NEtj, MsCl, 
DCM, 0°C, 

93%. ^
o ^ ‘

o=s=o
HO' OH OH

163149

NaNj, DMPU,
60°C, 6d, 

76%.
OH

2M NaOH, MeOH, 
rt. Id, 34%. OHOH

165 164

Scheme 4.9. Synthesis o f  165 from  149

Because o f the low yield in the amidation reaction o f the 7-acetyl derivative, it was decided to 

form anhydride intermediate using ethyl ch loro formate, which is more reactive with amines than 

the earlier synthesized esters. Hence, 165 was reacted with ethyl chloroformate catalysed the 

reaction with EtsN at 10 °C in 1,3-dioxane then 10 min later ammonium solution or CPA was 

added slowly to form the C-N bond. The transformations were followed by TLC and after the 

completion o f  the reaction we could obtain 166 and 167 in 72% and 87% yield, respectively 

{Scheme 4.10.).
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OH
O N E tj ,  C lC O O E t, 

d ioxane, 0°C , 10 m in. 

2) aq. N H 3, rt, 
o v ern igh t,

72% .

l ) N E t j ,  C lC O O E t, 
d ioxane , 0°C , 10 m in.

NH

OHN

166

'OH

167

n-A

2) C PA , rt, 
o v ern igh t,

72% .

Scheme 4.10. Synthesis o f  166 and 167from  165 

4.2.4. Synthesis of 3p-azido DCA derivatives

After the synthesis o f  the CDCA derivatives we turned our attention to investigation on DCA (4). 

Using 4 as starting material a panel o f  five amide analogues was synthesized with P-azido group 

on the A-ring. To obtain the 3p-azido DCA derivative (120) we followed the synthetic route that 

was described in Chapter 2. Therefore, the DCA was converted first to 24-methyl ester (67) then 

the regioselective formyl protection o f the 7-alcohol was carried out in two steps. The 

unprotected 3-hydroxyl (105) was then transformed to 3P-azide (115) via 3a-mesylate (114), then 

the 12-formyl and 24-methyl esters were removed under strong basic condition. Compound 120 

was obtained in 65% overall yield in six steps {Scheme 4.11.)
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Scheme 4.11. The synthetic route to afford compound 120

After the hydrolysis o f  the 12-formyl and 24-methyl esters, the carboxylic acid was reacted with 

five different amines to afford 3p-azido, 24-amido (168), cyclopropylamido (169), benzylamido 

(170), cyclohexylamido (171) and propylamido (172) analogues o f  DCA. To obtain the 24-amido 

compound we used the method that form the product via  the anhydride intermediate {Scheme 

4.10.). Compound 120 was reacted with ethyl chloroformate in DCM in the presence o f  EtsN at 

low temperature then after the formation o f  the anhydride intermediate, ammonia solution was 

added and stirred at rt. The reason why we decided to use this method in primary amide synthesis 

was that we wanted to avoid the appearance o f  by-products which make the separation o f  the 

strongly polar amide problematic with column chromatography. The preparation o f  secondary 

amides was carried out following the synthetic method with the use o f  HOBt monohydrate as 

described above {Scheme 4.12.).
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l )C lC O O E t ,  NEtj,  
D C M , 0°C , 3 0  min,

2) aq, N H j, rt, overnight, 
67%.

OH

OH

120

1) H O B txH jO , ED C , 
0°C , 30  min.

2) R -N H 2, rt, overnight.

40%
OH

NH
47%

172

37%

OH

NH 39%

169 OOH

NH

170

OH

NH

171

Scheme 4.12. Preparation o f  24-amides from 120 

4.2.5. Synthesis of compound 176-181

The third applied bile acid was the LCA (5), w hich is devoid o f  functionality on the B- and C- 

rings therefore presented an interesting opportunity to study the role o f  the B- and C-ring 

hydroxyls in the toxicity o f  bile acids. LCA is the most toxic o f  the com m on bile acids and its 

analogues were expected to be m ost toxic if  lipophilicity is the most im portant determ inant o f



toxicity. Preparation o f  six LCA (176 -  181) derivatives was carried out using similar strategies 

as in the case o f CDCA and DCA derivatives.

The synthesis o f 176-181 was carried out with the formation o f  3p-azido LCA (176) {Scheme 

4.13.). The 24-carboxylic acid was first protected in 98% yield in an acid catalysed esterification, 

in which step the starting material was allowed to reflux in the presence o f  conc HCl solution 

monitoring the reaction by TLC. In the next step the 3-OH group o f 173 was reacted with MsCl 

to prepared for displacement with azide. The reagent was added to 173 at 0 °C in the presence o f 

stoichiometric amount o f EtsN and the reaction was stirred for 1.5 h at rt. The mesylated 

intermediate (174) was obtained in 80% yield after cleaning the crude product. This was then 

reacted with NaNs in an SN2 substitution reaction at 50 °C using DMPU as solvent. The 

transformation o f 174 was complete after 7 d in high yield (96%). The methyl ester was cleaved 

then in the last step stirring 175 under strongly basic condition (pH ~ 14). The conversion was 

complete after 1 d at 70 °C and the crude product was purified with column chromatography to 

obtain 176 in 96% yield.
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OH

CC HCI, MeOH, 
reflux, ^

HOovernight,
98%.

H

173
NEtj, MsCl, DCM, 

0 ° C - >  rt, l.5h, 
80%.

50°C, 7d, 
96%.

o=s=o
174175

2M NaOH, MeOH, 
70°C, Id, 96%.

H 176

Scheme 4.13. Synthesis o f  176 in fo u r  steps

The substituted LCA derivative was used in the following reactions to form the primary (177), 

cyclohexyl (178), propyl (179), CPA (180) and benzyl amides (181). To obtain 177 the 

carboxylic acid was converted to acid chloride was and then treated with aqueous ammonia in 

situ. Compounds 178-181 were prepared with the formation o f  an active ester at position-24 and 

then with the coupling o f  the organic amines. The crude products were purified by flash 

chromatography using a hexane/EtOAc mixture as mobile phase (gradient) and the products were 

obtained in good yield {Scheme 4.14.).
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l)C lC O O E t, NEtj, 
DCM , 0°C, 30 min,

2 ) aq. N H 3, rt, overnight, 
96%.

O H

176

1) H 0 B tx H ,0 , EDC, 
0°C, 30"min,

2 ) R-NH2, rt, overnight.

83%

74%NH
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181

O
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Scheme 4.14. Synthesis o f 177-181 from 176 

4.2.6. Synthesis o f  com pound 182 and 183

For com parison in toxicity tests, the panel o f  com pounds was expanded with the 3a-azido  

analogue o f  the 24-am ido (168) and cyclopropylam ido DCA (169). The am ides were prepared 

using 3a-azido  DCA (81) as starting m aterial. The synthetic route to 81 started from the 

selectively protected DCA derivative 105 which was converted to p-brom o com pound 127. This 

com pound was used in the azide reaction to produce 3-azide with a-orientation (128) which was

174



deesterified in the following step giving compound 81 {Scheme 4.15.). The same reactions were 

carried out earlier to synthesize the 3a-N B D  DCA derivative, thus the synthetic route is 

described in detail in Chapter 2.

o  o

N B S , PPhj, TH F,
-1 8 °C —>rt, overn ight, 

95% .

105 127

N a N j, D M P U , 
rt, 3(1, 89% .

OH

OH

2M  N aO H , M eO H , 
reflu x , overn ight,

98% .
81 128

Scheme 4.15. Preparation o f  81

The free carboxylic acid group o f  81 was esterified with HOBt monohydrate in the following two 

reactions, then the active ester intermediate was reacted with ammonia solution or CPA 

producing 182 and 183 in 37% and 73% yield, respectively {Scheme 4.16.).

'  O H O B txH jO . 
EDC, DM F, 0°C -> rt.

l)H0BtxH20, 
EDC, DM F, 0 °C -> rt

Scheme 4.16. Synthesis o f  182 and 183 from  81
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4.2.7. Synthesis of compound 186

Additionally, 3a-azido CDCA (186) was synthesized for comparison in biological tests by 

applying the Mitsunobu reaction to convert the 3-hydroxyl o f  CDCA to P-mesylate. 

Methanesulfonic acid was dissolved in anhydrous THF together with PPhs, EtsN and the 

esterified CDCA (149). To start the reaction DIAD was added slowly into the mixture at 0 °C. 

The formation o f the 3p-mesylate was followed by TLC analysis. After the working up procedure 

the 184 was obtained as white semi-solid (15% yield). This was then used in the azide reaction 

yielding the 3a-azido derivative (185) in 79%, then, in the final step, the methyl ester group was 

hydrolysed to obtain the free carboxylic acid (186) in 88% yield {Scheme 4.17.).

'OH
o=s=o

PPhj, NEtj, MsOH, 
DIAD, anh THF, 0°C,

HO' OH

149

NaNj, DMPU, 
50°C, 4d, 79%.

OH

2M NaOH, MeOH,
'OHOH rt, 24h, 88%.

185186

Scheme 4.17. Synthesis o f  186 from 149

4.2.8. Summary of synthesis: a new panel o f toxic bile acid derivatives

A panel o f 23 new bile acid derivatives was produced using general synthetic approaches. The 

overall synthetic work in this Chapter is summarized in Figure 4.6.
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Figure 4.6. Overall synthesis o f  modified bile acids

We could not produce 7p-azido bile acids in sufficient quantity to permit biochemical analysis 

but we did produce the corresponding 7-ene and 7-acetyl derivatives o f CDCA. The 

transformations on the B-ring can provide information about the effect o f ring-hydroxyls on cell 

viability in different cell cultures. 3p-Azido LCA and DCA derivatives were also synthesized and 

amidated with several organic amines. Additionally some bile acid derivatives were produced 

containing the promising azido-group at C-3 with a-orientation. The synthesized CDCA, DCA 

and LCA derivatives are summarized in Figure 4.7. In the following sections we discuss the 

biological assays that were applied on the investigation o f their cytotoxicity.
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N.

154 X = O A c, Y =H , R =O H
155 X = O A c, Y =H , R =N H 2

156 X = O A c, Y =H , R =N H C H (C H 2 ) 2

165 X =O H , Y =H , R=OH
166 X =O H , Y =H , R =N H t

167 X =O H , Y =H , R=NH CH (CH2)2
168 X =H , Y =O H , R=NH 2
169 X =H , Y =O H , R=NHCH(CH2)2
170 X = H , Y =O H , R=NHCH2C(CH)5
171 X = H , Y =O H , R=NH CH (CH2)5
172 X =H , Y =O H , R=NH(CH2)2CH3
176 X =H , Y =H , R=OH
177 X =H , Y =H , R=NH 2
178 X =H , Y =H , R=NHCH(CH2)5
179 X = H , Y =H , R=NH(CH2)2CH3
180 X =H , Y =H , R=NH CH (CH2)2
181 X =H , Y =H , R=NHCH2C(CH)5

182 X =H , Y =O H , R=NH2
183 X =H , Y =O H , R=NH CH (CH2)2  
186 X =O H , Y =H , R=OH

H

160 R=OH
161 R=NH2
162 R=NH CH (CH2)2

Figure 4 .7. New hile acid derivatives fo r  exploring inhibition o f  cell viability.

4.3. Cytotoxic bile acid effects on cell viability o f Caco-2 and HT1080 cells

Human colonic epithelial cancer cells Caco-2 or fibrosarcoma HT1080 cells at 70% confluence 

were treated in serum free media with the compound o f choice for 1 h and for 24 h. The 

measurements were conducted at 50 |^M initially in order to survey the toxicity effects using the 

MTT assay. DCA, CDCA and LCA were studied as positive controls.
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Figure 4.8. Cell viability assessment at 50 jjM. Representative sigmoidal concentration response 

relationships are also shown fo r  the incubation o f  compounds in the presence o f  HT1080 cells

When it becam e apparent that there were interesting differences in cytotoxicity  and that low 

levels o f  residual viability resulted at 50 ^M , we studied the effect o f  successively lower 

concentrations in order to allow  estim ation o f  a C C 50 or EC 50 for cell death induction or 

alternatively IC 50 values for inhibition o f  cell viability. This data is presented in Table 4.1. This 

was also perform ed for the control com pounds. These yielded values in the expected range with 

LCA being m ore toxic than DCA and CDCA in both cell lines.
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IC50 (95% confidence interval, i^M)

Compound Caco-2 HT1080

154 15.6(13.4-17.6) Nd

155 5.5 (5.2-5.8) Nd

156 6.2 (2.1-13.2) Nd

160 >100 Nd

161 >100 Nd

162 9.5 (4.8-18.9) Nd

165 40.3 (28.3-57) 23.6 (20.5-27)

166 9.8 (8.1-11.9) 6.9 (6.2-7.6)

167 7.6 (5.6-10.8) Non converge

168 10.7 (3.5-27) 3 .6 (1 .^ 8 .3 )

169 6.3 (2.5-15) 1.9 (0 .8 ^ .5 )

170 >1 mM >500

171 >1 mM >100

172 6.3 (2.5-16) 60% @ 50

176 >250 21.3 (1 0 .5 ^ 5 )

177 >500 13.1 (12.4-13.8)

178 >1 mM >1 mM

179 >1 mM 50% @ 100

180 >100 >100

181 >100 >100

182 12.6(11.2-14.2) 10.0 (8.0-12.1)

183 2.3 (0.75-7.3) 5.7 (4.4-7.4)

186 43.7 (34-56) 26.2 (24.5-27.8)

DCA 80.3 (49.2-131) 110.0 (70.2-171)

CDCA 106.0 (98.3-122.6) 130.1 (80.7-210)

LCA 56.0 (37.3-84.3) 23.0 (15-35.5)

Table 4.1. IC50 values fo r  analogues on cell viability o f  Caco-2 and HT1070 cells at 24 h
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The following observations m ay be m ade about the analogues: The 3-p  azide 7-acetates derived 

from CD CA  (154-156) were significantly more toxic than CDCA itself; the am ides (-NH and 

C PA ) were more toxic than the p-azide with carboxylic acid side chain (5.5/6.2 versus 15.6 m-M). 

Unexpectedly, given their enhanced lipophilicity over the parent CDCA, the alkenes 160-161 

were not toxic <100 falVI apart from 162 which was toxic to Caco-2 cells at IC50 9.8 |iM . This 

m ay represent some selectivity for one cancer cell type over the other. The 3 p - azides derived 

from DC A 168 and 169 were am ong the m ost toxic in the panel and it seem s the m ost toxic bile 

acids ever identified. The CPA am ide o f  DCA 3 p -az id e  produced an IC50 o f  1.9 |nM at 24 h in 

the HT1080 cell line; the prim ary am ide exhibited an IC50 o f  3.6 jaM in the same cell line. The 

toxicity  o f  the two com pounds tow ards the Caco-2 line was only m arginally lower. The influence 

o f  the am ide structure on the toxicity in this series was highlighted by the relative lack o f  effect 

o f  the cyclohexyl and benzyl am ido azides (170, 171). The corresponding n-propyl am ide (172) 

was toxic towards the Caco-2 cell line but not the HT1080. U nexpectedly the LCA series 176- 

181 were not especially toxic to  the Caco-2 cell line at <100 and were only as toxic as the 

parent tow ards the H T I080 cell line in the case o f  the 176, 177. Finally a -a z id o  analogues o f  

CDCA were studied (182, 183). The prim ary am ide (182) possessed sim ilar toxicity to the 

corresponding acetoxy com pound (155) and the DCA prim ary am ide (168). Overall this work, 

which is ongoing, indicates that it will be possible to produce com pounds with subm icrom olar 

potency tow ards cancer cell lines by increasing diversity in this chem istry. The alpha and beta 

azides may be useful to maintain because o f  their apparent tendency to impart toxicity, their 

stability and potential reactivity in click type reactions. The data indicate that the toxicity  m ay be 

specific because small change in structure- for exam ple between am ides, had a large effect on 

toxicity  and because the LCA am ides, were least toxic despite being the m ost lipophilic. A nother 

reason for suggesting that the effects were specific is that in som e instances there was m arkedly 

divergent toxicity between the two cancer cell lines (e.g. 171,172,176, and 177).

4 .4 . C ell V iab ility  - F low  C ytom etry

Bile acid induced cell death is attributed to necrotic effects at higher concentration and to 

apoptotic events at lower concentration [201]. Since necrotic effects are non-specific in origin 

and difficult to control, it was o f  interest to determ ine the relative am ounts o f  necrosis and 

apoptosis induced by selected com pounds from the bile acid panel. In this work we used a
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straightforward protocol employing flow cytometry. Apoptosis was detected by the signature 

presence o f phosphatidylserine (PS) on the cell surface, necrotic cells by the permeability to the 

ionic propidium iodide (Pi). Early apoptotic cells are therefore positive for annexin V which 

binds PS but not permeable to PI; late apoptotic effects are positive for annexin V and PI 

permeable. Meanwhile, necrotic cells become permeable to PI without being positive to annexin 

V. Live/healthy cells are not positive for either annexin V or PI. The protocol therefore provides 

an indication o f the relative contributions o f apoptotic and necrotic effects to the reduced viability 

observed in the MTT assay. Since this was the first time this type o f work was conducted in our 

bile acid group, we also looked at effects o f DCA (4) and LCA (5) as controls and to see the 

effects o f their synthetic manipulation on cellular effects. The experiments were carried out with 

the supervision o f Dr Shona Harmon from our research group.

HT1080 DMSO Ctrl-Well 0(

APC Annexin V Red-A APC Annexin VRed-AAPC Annexin V Red-A

Control, H T I0 8 0 H T 1080  treated with 172, 24 h H T 1080  treated with 177, 24 h

Q1 Necrotic - 0 .2% Q1 Necrotic -18 .3% Q I Necrotic -24 .3%

Q2 Late apoptosis -  2 .5% Q2 Late Apoptosis -  44 .2% Q3 A liv e - 3 2 .6 %

Q3 A liv e - 9 5 .1 % Q3 A liv e - 3 3 .8 % Q3 A liv e - 3 2 .6 %

Q4 Early apoptosis — 2.2% Q 4 Early Apoptosis -  3 .6% Q 4 Early Apoptosis -  7 .8%

Figure 4.9. Cell Death representative - apoptosis/necrosis
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Figure 4.10. Flow Cytometry analysis: comparison o f analogues and parent bile acids

Surprisingly, necrosis was not a prom inent feature o f  the FACS analysis o f  cell populations 

treated with high concentrations o f  DCA (4) or LCA (5), though there were som e signs o f 

necrosis in populations treated with 5 (50-100  |^M). W e were pleased to discover that com pound 

169, which is analysed in m ore detail later in this Chapter, induced cell death alm ost exclusively 

through apoptosis. By contrast com pound 177, which is related to 5 caused significant am ounts

183



o f  necrosis. The data which were collected for a range o f  the new derivatives proved that the cell 

viability reductions observed previously with the MTT assay were generally due to apoptosis 

(rather than necrosis).

4.5. Cell viability effects on oesophageal normal and cancer cells

In order to evaluate the therapeutic potential o f  the above observations, cell viability studies were 

continued with a range o f  oesophageal cell types representing the progression from normal 

(HETl A/HEEC), through Barrett’s oesophagus (GohTRT) to adenocarcinoma (OE-33, SKGT4). 

The results o f  this work, which was undertaken at St James’s Institute for Molecular Medicine 

(IMM) by Ms Sinead Phipps, is presented in Figure 4.11 classified according to bile acid chemo- 

type. The dysplastic SKGT4 cells are highly resistant to a wide variety o f  cytotoxic insults [202] 

whereas the normal oesophageal cells are sensitive [159] and this is reflected in the data set; this 

is a common feature o f  cancer cells relative to normal and one o f  the ongoing problems besetting 

cancer chemotherapeutics. In this context however we can make the following observations about 

the results in the oesophageal cell types. Generally, the cytotoxicity potency/efficacy o f  the 

compound panel paralleled what we saw already with cells from a different origin- the Caco-2 

cells from colon and H TI080 fibrosarcoma cells. This might indicate that the compounds through 

specific or non-specific mechanisms cause apoptosis through similar systems widely present in 

cells. O f promise however, is that some o f  the compounds for example 176 and 182 are highly 

cytotoxic to SKGT4 cells. Table 4.2 presents the IC50 for cell death induction by several key 

compounds comparing the highly sensitive primary oesophageal HEEC cells derived from 

oesophageal biopsy tissue with SKGT4 cells. Future work with these compounds will focus on 

their effects on cancer cell types that are resistance to chemotherapeutics and on studies directed 

at their mechanism o f  action. One o f  the reasons for this will be to explore the effects o f  

additional chemical signals on inducing selective cell death in cancer cell lines.
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Figure 4.11. Effects on cell viability follow ing treatment with bile acid derivatives fo r  24 h at 25

jjM

IC50  (95“/o confidence interval, ^M)
Compound HEEC OE-33

168 25.17 25.68 (24.31 -2 7 .1 1 )

169 1 4 .09 (11 .46 - 17.31) 14.73 (12 .1 2 -1 7 .9 1 )

182 14.73 (6 .736 -32 .21 ) 18.44

183 16 .14(14 .15 -18 .40 ) 13.27 (7 .1 5 3 -2 4 .3 8 )

DCA (4) 216.2 (1 6 3 .4 -2 8 6 ) 391.7

LCA (5) 12.76 (10.31 -  15.79) 59.02 (2 6 .5 9 - 131)

Table 4.2.1C50 values (juM) o f  bile acid derivatives at 24 h in oesophageal normal (HEEC) and

adenocarcinoma (OE-33)

4.6. Preliminary mechanistic studies in the toxic biie acid 169

Apoptosis or programmed cell death is an essential physiological process in humans (Figure 

4.12). One o f the reasons for the intense study o f this phenomenon and attempts to manipulate it 

pharmacologically is its dysregulation in cancer. Tumour cells are characterised by an ability to 

block or surmount normal signals instructing them to die. Apoptosis is also a part o f the 

underlying pathophysiology o f neurodegenerative disorders, in heart disease and in the context o f 

bile acids in hepatic disorders [203-205]. Some consideration o f  the mechanisms o f bile acid
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induced apoptosis is appropriate here to place the findings in context and to help introduce som e 

work we undertook to determ ine if  the new com pounds are causing apoptosis through sim ilar 

pathways to the parent bile acids.

Cells undergo program m ed suicide because there is a signal to die or because survival signals 

become blocked. Apoptotic signals m ay be from outside the cell (extrinsic), transduced by 

proteins on the cell surface or signals m ay be from within the cell prim arily m ediated by effects 

on the m itochondria (intrinsic) [206]. There are other pathways that could cause cell death 

including ER stress and increases in reactive oxygen species and these are also relevant to bile 

acid induced cell death [207-209]. Im portantly bile acids m ay also inhibit apoptosis. This is one 

o f  the m echanism s by which UDCA (7) is thought to prom ote cell survival associated with its 

clinical hepatoprotective effects. M echanism s o f  bile acid induced apoptosis and protection are 

well reviewed in Rodrigues [210].

4.6.1. Extrinsic pathways and bile acids

Death receptors, which are located on the plasm a mem brane/cell surface, belong to the tum our 

necrosis factor (TNF) receptor super-fam ily, including TNF receptors, CD95/Fas, TRA IL (TNF 

related apoptosis inducing ligand receptor) and death receptors 3 and 6 [211-213]. Ligand 

binding causes activation o f  caspase-8 w hich triggers a proteolytic cascade leading to 

phagocytosis [214]. In som e cell types, externally triggered cell death is dependent on 

am plification by m itochondrial events [206]. Thus caspase-8 cleaves Bid leading to activation o f  

Bax and Bak. Toxic bile acids have been shown to cause cell death through Fas and TR A IL- 

dependent pathways, with caspase-8 activation [211]. These extrinsic effects are not well 

understood at a m olecular level. There is a lack o f  evidence that bile acids interact directly with 

the death receptors. It seem s m ore likely that there is an indirect effect either through stim ulation 

o f  transport o f  death receptors through the Golgi apparatus, which m ay or may not be specific, or 

through non-specific m em brane effects causing death receptor translocation/oligom erization.
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Figure 4.12. Apoptosis pathways relevant to bile acids- induced cell death 

The extrinsic pathway involves activation o f  caspase-8 and the intrinsic 

pathway involves induction o f  intracellular stresses principally arising in the 

mitochondria. BAs can also increase production o f  reactive oxygen species (ROS) and 

induce apoptosis through ER stress. Image adaptedfrom [208, 215].

4.6.2. Mitochondrial/intrinsic pathways of apoptosis and bile acids

The intrinsic pathway o f  apoptosis is also caspase dependent but it is triggered by interactions 

between m itochondrial and cytoplasm ic proteins leading to loss o f  m itochondrial m em brane 

integrity and potential [216]. The key players in this pathway are proteins belonging to the Bcl-2 

family which can be either pro- or anti-apoptotic [217]. Bcl-2, Bcl-xL and Bcl-w are anti- 

apoptotic m em bers o f  this fam ily [218]. They are found in the m itochondrial m em brane which 

they help to m aintain. Internal death signals cause activation o f  pro-apoptotic Bcl-2 mem bers, 

Bax and Bak. These bind to anti-apoptotic m em bers em bedded in the m itochondrial m em brane 

increasing m itochondrial perm eability and the release o f  cytochrom e c. This binds Apaf-1 in the
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cytoplasm causing the formation o f the evolving apoptosome which binds to and activates 

procaspase-9 [219]. This precipitates the caspase cascade and associated proteolytic activities 

(caspase 3- and -7) leading to digestion o f  structural proteins and degradation o f  chromosomal 

DNA [220]. As shown in Figure 4.12 above, there is considerable interconnectedness between 

the intrinsic and extrinsic pathways. Yet another apoptotic pathway, which is important in 

neurones, involves release o f apoptosis initiating factor (AIF) directly from the mitochondria. 

This binds directly to DNA causing apoptosis [216], This process, which is caspase independent, 

is not associated with bile acids.

4.6.3. ER stress and bile acids

Bile acids can induce ER stress [221], leading to Câ "̂  release (the ER is a major storage site for 

cellular calcium) [222]. This leads to activation o f caspase 12 and eventually executioner 

caspases. There is also evidence o f cross talk between ER stress and mitochondrial (intrinsic) 

processes that are mediated by fluctuations and/or formation o f reactive oxygen species 

(ROS) [223, 224]. The latter are elevated following cellular exposure to bile acids but it is 

unclear whether this is consequence o f mitochondrial damage (release o f cytochrome c) or if it is 

a cause o f  mitochondrial damage [208].

In summary bile acids cause cell death in multiple cell types in a concentration dependent manner 

[208]. Some o f the features o f this include migration and activation o f death receptors, release o f 

cytochrome c and activation o f  executioner caspases [215]. These processes may be due to 

specific or non-specific effects or a combination; depending on bile acid concentration (e.g. high 

concentrations may causes necrosis). Another feature o f bile acid induced cellular injury is the 

high level o f ROS [225]. It is surprising that so far, no direct interacting partner has been 

identified as the agent mediating this array o f  effects. The importance o f this apart from scientific 

interest lies in its relevance to induction o f gastro-oesophageal-hepatic injury by bile acids and it 

potential chemoprevention. One o f the interesting things to emerge from the present work is that 

bile acid toxicity can be amplified considerably by simple modification resulting in potency 

levels more consistent with protein binding and specific effects. It may present an opportunity to 

isolate specific effects and identify the elusive bile acid interacting partners. In completing this 

phase o f  the work we decided to ask (or begin to ask) a more straightforward question: are the 

novel cytotoxic agents, which exhibit far greater potency, inducing cell death through a similar
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mechanism to the parent bile acids? It struck us that an interesting approach to this problem 

would be to look at the pattern o f apoptotic proteins expressed in one o f our cell models 

following exposure to DCA (4) or one o f its azido analogues at concentrations where we had 

detected significant apoptosis. A commercial kit available from R&D systems allows estimation 

by immunoblot o f amounts o f selected apoptotic proteins in cellular media. The measurements 

were undertaken by Dr Shona Harmon from the Gilmer group. Accordingly HT1080 cells were 

treated with either DCA (400 jam) or 169 (10 for 24 h or 25 for 1 h). Using the R&D 

apoptosis kit the relative amounts o f  a selection o f proteins were measured by densitometry; the 

resulting immunoblots are presented in Figure 4.13 and densitometry analysis in Figure 4.14.
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Figure 4.13. Immunoblots o f  cell lysates follow ing treatment o f  HT1080 cells with 169 (10/25 /uM 

fo r  4/24 h, A and B) or DCA (400 /uM fo r  24 h, C). Increases in protein concentration relative to 

control or highlighted in red; decreases in blue.
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Figure 4.14. Densitometry analysis following treatment ofHTlOSO cells with 169 (10/25 juMfor

4/24 h) or 4 (400 /uMfor 24 h).
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Notable changes in protein expression included m em bers o f  the BCL2 family: increased BAD 

levels with 169 at 4 h but not 24 h; BAX increases with 169 at 24 h but not 4 h and bile acid 

DAX increases with DCA (4) at 24 h; Bcl-xl increases with 169 at 4 and 24 h but not with DCA; 

no overall changes in caspase 3 but significant increases o f  activated caspase 3 with DCA 

treatment; large increases in TRA IL/R1DR4 with DCA (no increases in R2/DR5), m oderate 

increases with 169 at 4 and 24 h; reductions in claspin and survivin with all three treatm ents; 

decreases o f  FADD with all three; substantial decreases in XIAP; sim ilar effects on P53 phospho 

forms; significant decreases in H IF -la .

Overall the data did not suggest different relative contributions from intrinsic and extrinsic 

pathways between 169 and DCA (400 |iM , 24 h). It indicates that DCA m ediated cell death at 

this concentration level is substantially driven by apoptotic processes (e.g. high levels o f  the 

active form o f  the executioner caspase-3) and finally it suggests that 169 and DCA trigger sim ilar 

apoptotic pathways at 10/25 and 400 fiM respectively. The relatively high potency o f  169 in this 

context suggests that its interactions are specific and although its binding partner is unidentified 

the study indicates that it would be a good ligand for com m encing studies into this important 

problem.
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Chapter 5 

Experimental
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5.1. Chapter 2

5.1.1. General synthetic methods

All chem icals were purchased from Sigm a-Aldrich (Dublin, Ireland), except w here stated. All the 

reactions w ere m onitored using TLC. Uncorrected m elting points were m easured on a Stuart 

Apparatus. Infra-red (IR) spectra were perform ed on a Perkin E lm er FT-IR  Paragon 1000 

spectrometer. 'H  and nuclear m agnetic resonance (N M R) spectra were recorded at 27°C on a 

Brucker DPX 400 spectrom eter (400.13M H z, 'H ; 100.61M H z, '^C). C oupling constants are 

reported in Hertz. For 'H -N M R  assignm ents, chem ical shifts are reported: shift value (num ber o f  

protons, description o f  absorption, coupling constant(s) where applicable). Electrospray 

ionization m ass spectrom etry (ESI-M S) was perform ed in the positive ion m ode on a liquid 

chrom atography tim e-of-flight m ass spectrom eter (M icrom ass LCT, W aters Ltd., M anchester, 

UK). The sam ples were introduced into the ion source by an LC system (W aters A lliance 2795, 

W aters Corporation, USA) in acetonitrileiw ater (60:40%  v/v) at 200 |il/m in. The capillary 

voltage o f  the m ass spectrom eter was at 3 kV. The sam ple cone (de-clustering) voltage was set at 

40 V. For exact m ass determ ination, the instrum ent was externally calibrated for the m ass range 

m/z 100 to m /z 1000. A lock (reference) mass (m /z 556.2771) was used. M ass m easurem ent 

accuracies o f  < ±5 ppm were obtained. Com pound purity/hom ogeneity was confirm ed using a 

com bination o f  NM R, TLC and HPLC.

5.1.2. Methods for TLC visualization

Different m ethods were used to visualize the spots on the developed TLC plates depending on the 

chemical structure o f  the com pounds. UV light was applied in those cases where the exam ined 

m olecules w ere U V -active such as the fluorescent bile acid derivatives. For the visualization o f  

the non-U V -active substances we used different TLC dips as vanillin, ninhydrine or the 

D ragendorff s reagent. To analyze the developed TLC plates first they w ere sprayed with the 

appropriate dip and then heated until the appearance o f  the stained spots.

Vanillin: general stain giving purple spots for alcohols and carboxylic acids. Recipe: 15 g vanillin 

was dissolved in 250 ml EtOH, then 2.5 ml concentrated sulphuric acid was added and mixed. 

The solution was stored in brown glass container (light-sensitive).

193



Ninhvdrin: Excellent stain for amines, amides and amino acids giving yellow spots after heating. 

Recipe: 1.5 g ninhydrin was dissolved in 100 ml n-butanol and then 3.0 ml o f acetic acid was 

added to the mixture.

Daraendorff s reagent: This reagent was used to visualize nitrogenous compounds giving orange 

spots after heating. Recipe: Solution A was prepared with bismuth nitrate (1.7 g) in 100 ml water 

/acetic acid (4:1) mixture. To prepare Solution B 40 g potassium iodide was dissolved in 100 ml 

o f  water and then 5-5 ml o f Solution A  and B were mixed and diluted with 20 ml acetic acid and 

70 ml water to obtain the DargendorfPs reagent.

5.1.3. Synthesis

HO OH
54

To a solution o f UDCA (2 g, 5.1 mmol) in MeOH (40 ml) was added HCI (37%, 0.22 ml, 2.5 

mmol) and stirred at reflux. The formation o f the UDCA methyl ester was followed by TLC 

analysis and after completion o f the reaction the solvent was removed in vacuo. The residue was 

dissolved in EtOAc (100 ml) and washed with water (2 x 100 ml) and brine (I x 100 ml). The 

organic phase was dried over MgS0 4 , filtered and the solvent was removed under reduced 

pressure to give a white, odourless solid (1.9 g, 91%). mp 152-154°C [226]; 'H -N M R  (400 

MHz, Acetone-dfe): 5 3.62 (s, 3H, -O-CH3), 3.50 (m, 2H, 3p-H, 7a-H), 0.98 (d, 3H, J =  6.52 Hz, 

2 I-C H 3), 0.96 (s, 3H, I 9 -CH3), 0.71 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, Acetone-ds): 5 

174.52 (C=0, 24-C), 71.42 (CH, 3-C), 71.10 (CH, 7-C), 51.47 (CH3, OCH3). IRvmax (KBr): 

3466.17, 2935.06, 2861.90 and 1711.48 cm ''. HRMS: Found: (M-Na)^ = 429.2960, calculated for 

C25H4204Na = 429.2981.
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24-M ethyl 3 a , 7P-D ihydroxy-5P-cholanoate (4 g, 9.8 m m ol) and 4-D M A P (240 mg, 2.0 mmol) 

were dissolved in anhydrous pyridine (50 ml) and AC2O (27.9 ml, 295.1 m m ol) was added to the 

solution at rt and stirred overnight. Then the reaction m ixture was poured into w ater (200 ml), 

extracted with EtOAc/hexane 1:1 (3 x 100 ml) and the organic phase was com bined and washed 

with 1 N HCl solution (100 ml), w ater (100 ml) and brine (100 ml), dried over M gS0 4 , filtered 

and the solvent was removed in vacuo. The resulting orange sem i-solid was passed through silica 

gel to give the title com pound as a white odourless foam (4.3 g, 89% ). 'H -N M R  (400 MHz. 

CDCI3): § 4.77 (6, IH, J /  = 5.52 Hz, 5.02 Hz, 7a-H ), 4.68 (m, IH, 3p-H ), 3.68 (s, 3H, -O- 

CH 3), 2.04 (s, 3H, 3-C=0 CH 3), 2.00 (s, 3H, 7-C =O C H 3), 0.98 (s, 3H, I 9 -CH3), 0.94 (d, 3H, J  = 

6.53 Hz, 2 I-CH 3), 0.69 (s, 3H, I 8-C H 3). '^C-NM R ppm (100 MHz, CDCI3): 6 174.52 and 174.41 

(2 C = 0 , 3-C=0CH 3 and 7-C=OCH3), 170.43 (C = 0 , 24-C), 73.39 and 73.36 (2CH, 3-C and 7-C), 

51.33 (CH3, OCH3), 21.65 (C H 3, 7 -0C = 0C H 3), 21.01 (C H 3, 3-OC=OCH3). IRvmax (KBr): 

3446.52, 2951.05, 2873.46, 1736.99 and 1240.13 cm"'. HRM S: Found: (M -Na)^ = 513.3176, 

calculated for C29H4606Na = 513.3192.
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HO

To a solution o f 24-methyl 3a, 7p-diacetoxy-5P-cholanoate (4.2 g, 8.5 mmol) in anhydrous 

MeOH (60 ml) was added dropwise AcCl (0.79 ml, 11.1 mmol) at 0 °C. The mixture was 

allowed to warm to rt with stirring. Saturated NaHCOs was added to pH ~ 10-12 when all the 

starting material was reacted it was then extracted with EtOAc (3 x 100 ml). The organic phase 

was washed with water (2 x 100 ml), dried over MgS0 4 , filtered and the solvent was removed in 

vacuo. The product was purified by flash chromatography using hexane/EtOAc 3:1 as mobile 

phase furnishing the title compound as a white solid (2.9 g, 75%). 'H-NMR 5 (400 MHz, 

CD3OD): 8 4.79 (6 , IH, J / = 5.02 Hz, J 2 = 6.03 Hz, J 3 = 4.51 Hz, 7a-H ), 3.66 (s, 3H, -O-CH3), 

3.51 (m, IH, 3p-H), 1.98 (s, 3H, 7 -C=OCH3), 1.00 (s, 3H, I9 -CH3), 0.97 (d, 3H, J = 6 .5 2  Hz, 21- 

CH3), 0.73 (s, 3H, I 8-CH3). '^C-NMR ppm (100 MHz, CD3OD): 5 176.35 (C =0, 7 -OC=OCH3), 

172.53 (C =0, 24-C), 75.30 (CH, 7-C), 71.93 (CH, 3-C), 52.00 (CH3, OCH3), 21.79 (CH3, 7- 

C=0 CH3). IRvmax (KBr): 3441.75, 2946.96, 2870.64, 1736.34 and 1247.36 cm ''. HRMS: Found: 

(M-Na)^ = 471.3095, calculated for C2yH4405Na = 471.3086.

To a solution o f  56 (0.250 g, 0.557 mmol) in pyridine (15 ml) was added phosphoryl chloride 

(0.28 ml, 3.065 mmol) and stirred at 40 °C for 18 h after which time TLC analysis showed the 

reaction was complete. The mixture was cooled to rt and poured into a mixture o f  ice and 1 M 

aqueous HCI (100 ml). The resulting mixture was extracted with EtOAc (3 x 100 ml) and washed 

with water (50 ml) and saturated NaHCOs (50 ml). The solvent was removed under reduced 

pressure and the crude product was cleaned by flash chromatography using 5% EtOAc in hexane 

to give product as a light yellow oil (0.154 g, 64%). 'H-NMR (400 MHz, CDCI3): 5 4.71 (m, IH, 

7a-H), 4.56 (s, IH, 3a-H ), 3.68 (s, 3H, -O-CH3), 2.01 (s, 3H, 7-C=OCH3), 1.05 (s, 3H, I9-CH3),
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0.94 (d, 3H, J =  6 .25 Hz, 21-C H j), 0 .70  (s, 3H, I 8 -C H 3 ). '^C-NMR ppm (CDCI3 ): 6  174.82  

(C = 0 , 24-C ), 170.82 (C = 0 , 7 -O C =O C H 3 ), 73 .92 (CH, 7-C ), 51 .64 (C H 3 , O CH 3 ), 21 .98 (CH 3 , 7- 

C=0CH3).

To a solution o f  56 (1 g) and EtsN (0 .34  m l) in anhydrous DCM  (30 m l) was added MsCl (0 .26  

ml in 10 ml anhydrous DCM ) dropwise at 0 °C and stirred for 20 min, after w hich tim e TLC 

analysis showed the reaction w as com plete. Then, cooled  water (50 m l) w as added to the mixture, 

which w as separated and the aqueous phase extracted with DCM  (2 x 40 m l). The organic phase 

w as washed with brine ( 1 0 0  m l), dried over M gS 0 4 , filtered and the solvent removed under 

reduced pressure to g ive product as a colourless oil (1. 115 g, 95% ). 'H -N M R  (400  M Hz, CDCI3 ): 

8  4 .77  (m, IH, 7a-H ), 4 .62 (m, IH, 3P-H ), 3.68 (s, 3H, -O -C H 3 ), 3 .02  (s, 3H, -O SO 2 C H 3 ), 2 .00  

(s, 3H , 7 -C = 0 CH 3 ), 0 .99 (s, 3H, I9 -C H 3), 0 .94  (d, 3H, . / =  6 .02 Hz, 2 I-C H 3 ), 0 .69  (s, 3H, 18- 

CH 3 ). '^C-NMR ppm (100 M Hz, CDCI3 ): 5 174.82 (C = 0 , 24-C ), 170.70 (C = 0 , 7 -O C =O C H 3 ), 

81.72 (CH, 3-C), 73.42 (CH, 7-C), 52 .68 (C H 3 , -O SO 2 C H 3 ), 51 .64  (C H 3 , O CH 3 ), 21 .92  (CH 3 , 7- 

C = 0 CH 3 ). I R v m a x  (DCM ): 3436 .82 , 2950 .45 , 2873 .89 , 1729.45, 1646.30 and 1173.83 cm '. 

HRMS; Found: (M-Na)^ =  549 .2858, calculated for C 2 8 H4 6 0 7 SN a =  549 .2862 .

Com pound 59 (0.241 g, 0 .458 m m ol) w as d issolved  in dry DM F (20 m l) and treated with LiBr 

(0 .159  g, 1.833 m m ol) at rt. The reaction w as fo llow ed by TLC (hexane/E tO A c 5:1). After 4 d 

the temperature o f  reaction w as increased to 60 °C and D BU  (0.2 m l, 1.374 m m ol) w as added 

into the mixture and stirred for I d at this temperature after w hich tim e the TLC analysis did not 

show  the presence o f  starting material. 1 M aqueous HCl (100  m l) w as added to the mixture and
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extracted with EtOAc (3 x 100 ml), then the organic phase was washed with std. NaHCOs (100 

ml) and brine (100 ml). The solvent was removed under reduced pressure and the crude product 

was cleaned by flash chromatography using 10% EtOAc in hexane as mobile phase to give 

colourless oil as product (0.123 g, 64%). The mixture was used in the following step without 

separation o f  the products. ’H-NMR (400 MHz, CDCI3): 5 5.66 and 5.59 (m, IH, 2-H and 4-H), 

5.52 (m, IH, 3-H), 4.86 and 4.56 (m, IH, 7a-H ), 3.67 (s, 3H, -O-CH3), 2.01 (s, 3H, 7 -C=OCH3), 

1.03 (d, 3H, J =  9.79 Hz, I9 -CH3), 0.93 (dd, 3H, J, =  2.76 Hz, J2 = 3.51 Hz, 2I-CH3), 0.70 (s, 

3H, I8-CH3).

A mixture o f  58 and 60 (0.095 g, 0.221 mmol) was dissolved in DCM (10 ml) when m- 

chloroperbenzoic acid (w-CPBA, 0.099 g in 5 ml DCM) was added dropwise at 0 °C. The 

mixture was allowed to stir up to rt. After 4.5 h TLC analysis did not show the presence o f  

starting material, thus the mixture was washed with sat. NaHCOs (3 x 50 ml), dried over M gS0 4 , 

filtered and the solvent removed under reduced pressure. The crude product was purified by flash 

colum chromatography using 10% EtOAc in hexane as mobile phase to give product mixture in 

26% yield. The spectroscopic analysis showed high number o f  different products, thus the 

product was not used in further reactions.

To the solution o f  56 (0.2 g, 0.446 mmol) in DCM (15 ml) was added pyridinium chlorochromate 

(PCC, 0.115 g, 0.535 mmol) with stirring at rt overnight, after which time the TLC analysis 

showed that the reaction was complete. EtOAc (50 ml) was added to the mixture and the 

combinated organic phase was washed with water (3 x 50 ml) and brine (50 ml), dried over
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MgS0 4 , filtered and the solvent was removed under reduced pressure to yield product as white 

solid (0.186 g, 93%). Compound 63 was used without further purification in the next reaction 

step. 'H-NMR (400 MHz, CDCI3): 5 4.80 (sex, IH, J/ = 5.27 Hz, J2 = 5.52 Hz, J3 = 5.02 Hz, 7a- 

H), 3.68 (s, 3H, -O-CH3), 2.02 (s, 3H, 7 -C=OCH3), 1.09 (s, 3H, I9 -CH3), 0.95 (d, 3H, J =  6.27 

Hz, 2 I-CH3), 0.73 (s, 3H, I8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 211.91 (C=0, 3-C), 

175.11 (C=0, 24-C), 171.01 (C=0, 7 -OC=OCH3), 73.41 (CH, 7-C), 51.96 (CH3, OCH3), 22.20 

(CH3, 7 -C=0 CH3).

To the solution o f 63 (0.100 g, 0.224 mmol) in glacial acetic acid (10 ml) was added bromine 

(0.03 ml in 10 ml gl. AcOH, 0.605 mmol) dropwise at r t. The mixture was stirred for 4.5 h. Then 

the reaction mixture was poured into aqueous Na2S203 (50 ml) and extracted with EtOAc (3 x 50 

ml). The organic phase was washed with water (50 ml) and brine (50 ml) and the solvent was 

removed under reduced pressure. The crude product was purified by flash column 

chromatography (15% EtOAc / hexane) to yield product as a white solid (0.105 g, 89%). 'H- 

NMR (400 MHz, CDCI3): 5 4.89 (d, IH, J =  12.55 Hz, 4a-H), 4.81 (m, IH, 7a-H), 3.68 (s, 3H, - 

O-CH3), 2.03 (s, 3H, 7 -C=0 CH3), 1.15 (s, 3H, I9 -CH3), 0.94 (d, 3H, J =  6.52 Hz, 2 I-CH3), 0.73 

(s, 3H, I8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 201.34 (C=0, 3-C), 174.77 (C=0, 24-C), 

170.42 (C=0, 7-0 C=0 CH3), 71.77 (CH, 7-C), 51.67 (CH3, OCH3), 21.84 (CH3, 7 -C=OCH3).

OH

HO'

To a solution o f 4 (5 g, 12.736 mmol) in MeOH (50 ml) was added HCl (32%, 0.63 ml, 6.368 

mmol) and the reaction stirred at reflux. The formation o f the DCA methyl ester was monitored 

via TLC analysis and after the reaction went to completion the solvent was removed under 

reduced pressure to give a white foam (5.18 g, 100%). 'H-NMR (400 MHz, CDCI3): 5 3.96 (s,
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IH , 12P-H), 3.65 (s, 3H, -O-CH3), 3.60 (m, IH , 3p-H), 0.96 (d, 3H, J =  6.28 Hz, 2 I-C H 3), 0.89 

(s, 3H, I 9 -CH3), 0.66 (s, 3H, I 8-CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 174.87 (C=0, 24-C), 

73.27 (CH, 12-C), 71.93 (CH, 3-C), 51.65 (CH3, OCH3). IRvmax (KBr): 3425.33, 2937.43, 

2864.51 and 1740.96 cm’ '. HRMS: Found: (M-Na)^ = 429.2984, calculated for C25H4204Na = 

429.2981.

O

\  -  P

O H
68

Compound 67 (364 mg, 0.895 mmol) and 4-DM AP (22 mg, 0.179 mmol) were dissolved in dry 

pyridine (15 ml) and AC2O (2.5 ml, 26.857 mmol) was added to the solution at rt and stirred 

overnight. Then the reaction mixture was poured into cooled 1 M HCI solution (100 ml), 

extracted with EtOAc (3 x 50 ml) and the organic phase was washed with water (100 ml) and 

brine (1 0 0  ml), dried over MgS0 4 , filtered and the solvent was removed in vacuo to give a white 

odourless foam (394 mg, 90%). This was used without further purification in the next reaction 

step.'H-NMR (400 MHz, CDCI3): 5 5.10 (s, IH , 12p-H), 4.72 (m, IH , 3p-H), 3.68 (s, 3H, -O- 

CH3), 2.12 (s, 3H, 12-C=0 CH3) 2.05 (s, 3H, 3 -C=OCH3), 0.92 (s, 3H, I 9 -CH3), 0.83 (d, 3H, J  = 

6.53 Hz, 2 I-C H 3), 0.74 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6 174.78 (C=0, 24- 

C), 170.74 and 170.65 (2C=0, 3 -C=OCH3 and 12-C=OCH3), 76.03 (CH, 12-C), 74.34 (CH, 3-C), 

51.67 (CH3, OCH3).

O

To a solution o f 68  (1.96 g, 3.994 mmol) in dry MeOH (10 ml) was added MeONa (237 mg, 

4.394 mmol) at rt and stirred for 24 h. The reaction mixture was poured into 2 M HCI solution 

(50 ml) and extracted with EtOAc (3 x 500 ml). The organic phase was washed with water (2 x
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100 ml) and brine (100  ml), dried over MgS0 4 , filtered and the solvent removed under reduced 

pressure. The crude product was purified by flash chromatography using 30% EtOAc in hexanes 

as mobile phase. The title compound was obtained as a white foam (1.56 g, 87%). 'H-NMR (400 

MHz, CDCb): 8 5.09 (s, IH, 12p-H), 3.68 (s, 3H, -O-CH3), 3.64 (m, IH, 3p-H), 2.10 (s, 3H, 12- 

C=0 CH3), 0.91 (s, 3H, I9-CH3), 0.82 (d, 3H, J =  6.27 Hz, 2 I-CH3), 0.73 (s, 3H, I8 -CH3). '^C- 

NMR ppm (100 MHz, CDCI3): 5 174.79 (C = 0, 24-C), 170.79 (C = 0 , 12-C=OCH3), 76.07 (CH, 

12-C), 71.85 (CH, 3-C), 51.66 (CH3, OCH3). IRvmax (KBr): 3441.20, 2937.47, 2865.80, 1738.85 

and 1246.22 cm '. HRMS: Found: (M-Na)^ = 471.3080, calculated for C27H440sNa = 471.3086.

PPh3 (0.170 g) was added to a stirred solution o f  56 (0.145 g) in anhydrous THF (15 ml) and the 

mixture cooled to -18 °C. NBS (NBS) (0.115 g) was added dropwise to the reaction mixture 

which was allowed to warm to rt. After 1.5 h, when TLC analysis showed no more starting 

material present, the reaction mixture was poured into water (50 ml) and extracted with EtOAc (3 

X 50 ml). The organic phase was dried over M gS0 4 , filtered and the solvent was evaporated 

under reduced pressure. The product was separated by flash chromatography, using hexane- 

EtOAc 3:1 as mobile phase to yield colourless oil (0.151 g, 91%). 'H-NMR (400 MHz, CDCI3): 5 

4.76 (s, IH, 3a-H ), 4.69 (m, IH, 7a-H ), 3.67 (s, 3H, -O-CH3), 2.00 (s, 3H, 7 -C=OCH3), 1.06 (s, 

3H, I9 -CH3), 0.93 (d, 3H, J =  6.53 Hz, 2 I-CH3), 0.69 (s, 3H, I8 -CH3). '^C-NMR ppm (100 MHz, 

CDCI3): 6  174.83 (C = 0, 24-C), 170.81 (C = 0, 7 -OC=OCH3), 74.01 (CH, 7-C), 51.64 (CH3, 

OCH3), 21.97 (CH3, 7 -C=0 CH3). IRvmax (DCM): 3435.54, 2948.89, 1729.41, 1646.49 and 

1243.23 cm '. HRMS: Found: (M-Na)^ = 533.2249, calculated for C27H43Br0 4 Na = 533.2242.

201



o

PPhs (0 .821g) w as added  to  a stirred  so lu tion  o f  69 (1.035 g) in an hydrous T H F (40 m l) and the 

m ix ture  w as coo led  to  -18 °C . N B S (1 .210  g) w as added  in th ree parts to  the reaction  m ix ture  

over 1 h and it w as allow ed to  w arm  to  rt. A fter 1.5 h, w hen  TLC  analysis show ed  no m ore 

starting  m aterial p resen t, the  reaction  m ix tu re  w as poured  into 1 M HCl so lu tion  (150  m l) and 

ex trac ted  w ith  E tO A c (3 x 100 m l). T he o rgan ic  phase w as w ashed  w ith w ater (2 x 100m l) and 

brine ( 100m l), dried o v er M gS 0 4 , filtered  and the  so lvent evapora ted  under reduced  pressure. 

T he product w as separated  by flash ch rom atog raphy  tw ice, using  30%  E tO A c first then  0 -1 2 %  

E tO A c in hexane as m obile  phase to  yield co lou rless sem i-so lid  (0 .766  g, 65% ). 'H -N M R  (400 

M H z, C D C b ): 5 5.10 (s, IH , 12p-H ), 4 .80  (s, IH , 3 a -H ) , 3.68 (s, 3H , -O -C H 3), 2 .09  (s, 3H , 12- 

C = 0 C H 3), 1.00 (s, 3H , I 9 -C H 3), 0.83 (d, 3H , J =  6 .28 Hz, 2 I-C H 3), 0.75 (s, 3H , I 8 -C H 3). '^C- 

N M R  ppm  (100  M H z, C D C I3): 6  175.07 (C = 0 , 24-C ), 170.85 (C = 0 , 12 -O C = O C H 3), 76.41 (C H , 

12-C), 51 .97  (C H 3, O C H 3), 21 .78  (C H 3, 12-C = O C H 3). IRvmax (K B r): 3444 .74 , 2940 .49 , 2873 .22 , 

1736.69 and 1245.03 c m ''.  H R M S: Found: (M -N a)^ =  533 .2252, calcu la ted  for C 27H 43Br0 4 N a = 

533.2242.

O

T o a stirred  so lu tion  o f  71 (0 .712  g) in D M P U  (20 m l) w as added  10 equ ivalen ts N aN 3 (0 .904  g) 

at rt. T he m ix tu re  w as stirred  for 4 d then  poured  into w ate r (100 m l) and ex tracted  w ith E tO A c 

(3 X 50 m l). T he organ ic  phase w as w ashed  w ith  brine (100 m l), d ried  over M gS 0 4 , filtered  and 

the so lvent w as evapora ted  in vacuum . T he p roduct w as separa ted  on a flash  co lum n using  0 -12%  

E tO A c in hexane as m obile phase to  y ield  light ye llow  oil as p roduct (0 .589  g, 89% ). ' H -N M R  

(400 M H z, C D C b ): 5 5 .09  (s, IH , 12p-H ), 3 .68 (s, 3H , -O -C H 3), 3 .29 (m , IH , 3p-H ), 2.11 (s, 3H, 

12-C = 0 C H 3), 0 .92 (s, 3H , I 9 -C H 3), 0.83 (d, 3H , J =  6.53 Hz, 2 I-C H 3), 0.74 (s, 3H , I 8 -C H 3).
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'^C-NMR ppm (100 MHz, CDCI3): 6  175.07 (C =0, 24-C), 171.04 (C =0, 12-OC=OCH3), 76.27

2941.42, 2867.23, 2091.28, 1738.46 and 1245.13 cm '. HRMS: Found: (M-Na)^ = 496.3168, 

calculated for C2?H43N304Na = 496.3151.

To a stirred solution o f 70 (1.876 g) in anhydrous DMF (40 ml) was added 5 equivalents NaN3 

(1.192 g) at 60 °C. The mixture was stirred overnight then poured into sat. NaHC0 3  (150 ml) and 

extracted with EtOAc (3 x 100 ml). The organic phase was washed with brine (200 ml), dried 

over MgS0 4 , filtered and the solvent was evaporated in vacuo. The product was separated on a 

flash column (hexane/EtOAc 9:1) to yield orange foam (1.258 g, 72%). 'H-NM R (400 MHz, 

CDCI3): 8 4.76 (sex, IH, J ,=  5.52 Hz, J2 = 5.53 Hz, 5.01 Hz, 7a-H ), 3.68 (s, 3H, -O-CH3), 

3.28 (m, IH, 3p-H), 2.00 (s, 3H, 7 -C=OCH3), 0.99 (s, 3H, I9 -CH3), 0.94 (d, 3H, J =  6.53 Hz, 21- 

CH3), 0.69 (s, 3H, I8-CH3). '^C-NMR ppm (100 Mhz, CDCI3): 5 174.52 (C =0, 24-C), 170.40 

(C =0, 7-0 C=0 CH3), 73.31 (CH, 7-C), 60.58 (CH, 3-C), 51.32 (CH3, OCH3), 21.63 (CH3, 7- 

C=0 CH3). IRvmax (KBr): 3430.05, 2929.21, 2871.64, 2099.67, 1745.61, 1722.74, 1256.74 and 

1164.61 cm '. HRMS: Found: (M-Na)"^ = 496.3159, calculated for C2?H43N304Na = 496.3151.

The solution o f 73 (0.855 g) and B0 C2O (0.473 g) in EtOAc (10 ml) was added to a pre-reduced 

10% Pd/C in EtOAc (10 ml) under hydrogen at rt. The reaction mixture was stirred overnight 

(TLC: hexane/EtOAc 3:1) then it was filtered on a celite pad. The celite was washed with EtOAc 

(3 X 10 ml) and the organic phase was removed in vacuo. The product was purified by flash 

chromatography (mobile phase: 15% EtOAc in hexanes) to yield product as a white foam (0.915

(CH, 12-C), 61.41 (CH, 3-C), 51.98 (CH3, OCH3), 21.79 (CH3, 12-C=OCH3). IRvmax (DCM):

O 73

O 74
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g, 93% ). 'H -N M R  (400 MHz, CDCI3); 5 4.76 (m, IH, 7a-H ), 4.42 (s, IH , 3-NH), 3.68 (s, 3H, - 

O -C H 3), 3.41 (br. s, IH, 3P-H), 2.00 (s, 3H, 7 -C=O CH 3), 1.45 (s, 9H, -O C (C H 3)3), 0.98 (s, 3H, 

I 9 -C H 3), 0.94 (d, 3H, J =  6.28 Hz, 2 I-C H 3), 0.69 (s, 3H, I 8 -CH 3). '^C-NM R ppm (100 MHz,

CDCI3): 5 174.84 (C = 0 , 24-C), 170.79 (C = 0 , 7 -O C=O CH 3), 155.34 (C = 0 , 3-

N H C =O O C(CH 3)3), 79.21 (C, -O C(CH 3)3), 73.80 (CH, 7-C), 51.64 (CH 3, O C H 3), 28.56 (3 CH 3, - 

O C (C H 3)3), 21.98 (C H 3, 7 -C=0 C H 3). IRvmax (KBr): 3391.31, 2949.10, 2872.09, 1735.28, 

1366.04, 1246.92, 1169.40 and 1022.30 cm ''. HRMS: Found; (M-Na)^ = 570.3765, calculated for 

C32Hs3N06Na = 570.3771.

The solution o f  72 (0.460 g) and B0 C2O (0.255 g) in EtOAc (10 ml) was added to a pre-reduced 

10% Pd/C (~50 mg) in EtOAc (10 ml) under hydrogen at rt. The reaction m ixture was stirred 

overnight (TLC: hexane/EtO Ac 3:1) then the Pd/C was filtered out on a celite pad. The celite was 

washed with EtOAc ( 3 x 1 0  ml) and the organic phase was rem oved in vacuum . The product was 

cleaned by flash chrom atography (m obile phase: 0 -12%  EtOAc in hexanes) to yield a w hite foam 

as product (0.441 g, 83%). ' H-NM R (400 M Hz, CDCI3): 5 5.09 (s, IH, I2p-H ), 4.43 (br s, IH , 3- 

NH), 3.68 (s, 3H, -O -CH 3), 3.41 (br. s, IH , 3p-H), 2.10 (s, 3H, 1 2 -C=O CH 3), 1.46 (s, 9H, - 

O C (C H 3)3), 0.91 (s, 3H, I9 -CH 3), 0.82 (d, 3H, J =  6.02 Hz, 2 I-C H 3), 0.73 (s, 3H, I 8 -CH 3). '^C- 

N M R  ppm (100 M Hz, CDCI3): 5 174.46 (C = 0 , 24-C), 170.25 (C = 0 , 12-OC=OCH3), 155.07 

(C = 0 , 3-NHC=OOC(CH3)3), 75.76 (CH, 12-C), 51.34 (CH 3, O CH 3), 28.25 (3 CH 3, -OC(CH3)3), 

21.22 (CH 3, 12-C=0CH3). IRvmax (KBr): 3392.89, 2935.53, 2867.18, 1739.25, 1713.76, 1245.67 

and 1171.61 cm '. HRM S: Found: (M-Na)^ = 570.3792, calculated for C32Hs3N06Na = 570.3771.

O
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C om pound 74 (0.3 g) was dissolved in 50%  TFA/DCM  (20 mi) and stirred for 4 li at rt (followed 

by TLC analysis using hexane/EtO A c 3:1 as mobile phase) then the solvent was removed in 

vacuo using toluene (2 x 40 ml) to evaporate water. The crude product (0.289 g) was dissolved in 

anhydrous DCM (10 ml) then the m ixture was cooled to -15 °C. The solution o f  dansyl chloride 

(0.208 g) and EtsN (0.21 ml) in DCM  (10 ml) was added dropw ise to the m ixture and stirred 

overnight at rt then it was poured into brine (50 ml) and extracted with DCM  (3 x 40 ml). The 

dried organic phase (over N a2S0 4 ) was evaporated in vacuum  and the crude product was purified 

by flash chrom atography using 20%  EtOAc in hexane as m obile phase to yield the product as 

yellow -green foam (0.308 g, 82%). 'H -N M R  (400 M Hz, CDCIj): 5 8.64 (s, IH , arom atic-H), 

8.35 (d, IH , J =  8.32 Hz, arom atic-H), 8.30 (d, IH , . / =  7.34 Hz, arom atic-H ), 7.60 (m, 2H, 

arom atic-H ), 7.30 (s, IH, arom atic-H), 4.61 (m, 2H, 7 a-H  and 3-NH ), 3.68 (s, 3H, -O -CH 3), 3.08 

(m, IH , 3p-H), 2.98 (s, 6 H, -N (C H j)2), 1.96 (s, 3H, 7 -C =O C H 3), 0.91 (d, 6 H, 2 I-C H 3 and 19- 

C H 3), 0.65 (s, 3H, I 8 -CH 3). '^C-N M R ppm (100 M Hz, CD CI3): 5 175.14 (C = 0 , 24-C), 171.01 

(C = 0 , 7 -0 C = 0 C H 3), 136.38 (C, arom atic-C), 130.44 (CH, arom atic-C), 130.00 (CH, arom atic- 

C), 129.85 (CH, arom atic-C), 128.66 (C, arom atic-C), 124.15 (C, arom atic-C), 116.07 (C, 

arom atic-C), 72.95 (CH, 7-C), 51.96 (CH 3, O C H 3), 22.24 (C H 3, 7 -C =O C H 3). IRvmax (KBr): 

3441.86, 2947.13, 2870.72, 1733.85, 1250.25, 1161.51, 1145.55, 790.82, 627.75 and 571.00 cm ' 

'. HRMS: Found: (M-H)^ = 681.3932, calculated for C 39H57N 2O 6S = 681.3937.
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C om pound  75 (0 .150  g) w as d isso lved  in 10%  T F A /D C M  (20 m l) and stirred overn igh t at rt 

(fo llow ed  by T L C  analysis  using  h exane/E tO A c 3:1 as m obile  phase) then  the so lvent w as 

rem oved  under reduced  pressure  using  to luene  (3 x 40 m l) to  evapora te  w ater. The c rude  product 

w as d isso lved  in anhydrous D CM  (10 m l) then  the m ix ture  w as cooled  to  -15 °C. T he solu tion  o f  

dansyl ch lo ride  (0 .109  g) and E t3N  (0 .14 m l) in D CM  (10 m l) w as added  dropw ise to  the m ixture 

and stirred  for 2 d at rt then  it w as poured  into brine (100 m l) and  ex trac ted  w ith D C M  (3 x 50 

m l). T h e  dried  organ ic  phase (over N a2S0 4 ) w as evapora ted  in vacuum  and the crude  product 

w as purified  by flash ch rom atog raphy  using 20 %  E tO A c in hexane as m obile  phase to  yield the 

p roduct as light-green foam  (0 .168 g, 74% ). 'H -N M R  (400 M H z, C D C b ): 5 8.66 (b r s, IH , 

aro m atic -H ), 8.34 (s, IH , arom atic-H ), 8.30 (d, IH , J =  6.78 Hz, arom atic-H ), 7 .59 (m , 2H , 

arom atic -H ), 7.29 (s, IH , arom atic-H ), 5.03 (s, IH , I2 p -H ), 4 .67  (d, IH , 3-N H ), 3.68 (s, 3H , -O - 

C H 3), 3.08 (m , IH , 3p -H ), 2 .99  (s, 6 H, -N (C H 3)2), 2.01 (s, 3H , 12-C = O C H 3), 0.82 (d, 6 H, 21- 

C H 3 and I 9 -C H 3), 0 .69 (s, 3H , I 8 -C H 3). '^C -N M R  ppm  (100 M H z, C D C I3): 5 175.06 (C = 0 , 24- 

C ), 170.86 (C = 0 , 12-0 C = 0 C H 3), 136.40 (C , a rom atic-C ), 130.51 (C H , arom atic-C ), 130.04 

(C H , arom atic-C ), 129.92 (C , arom atic-C ), 128.49 (C H , arom atic-C ), 124.10 (C H , arom atic-C ), 

116.00 (C H , arom atic-C ), 76.24 (C H , 12-C), 51 .96  (C H 3, O C H 3), 21 .73 (C H 3, 12-C = O C H 3). 

IRvmax(KBr): 3441 .97 , 2 9 3 9 .7 3 ,2 8 6 6 .7 4 , 1736.22, 1246.60, 1144.62, 790 .79 , 631 .37  and 571.06 

cm -'. H R M S: Found: (M -N a)^ = 703 .3748, ca lcu la ted  for C 39H 56N 206SN a =  703.3757.



C om pound  76 (0 .274 g) in M eO H  (20  m l) w as stirred  w ith  2 M N aO H  so lu tion  (pH ~ 14) at reflux  

for 5 d. A t that po in t T L C  analysis  show ed the reaction  w as com pletion . T h e  m ix tu re  w as poured  

into 1 M H Cl solu tion  and ex trac ted  w ith  E tO A c (3 x 50 m l). T he o rgan ic  layer w as w ashed  w ith 

w ater ( 2  x 1 0 0  m l) and  brine ( 1 0 0  m l), d ried  over N a 2 S 0 4 , filtered  and  the  so lven t w as rem oved 

under reduced pressure to  g ive the  p roduct as a light ye llow  solid  (0 .207  g, 82% ). M p: 101-102 

°C (novel com pound). 'H -N M R  (400 M H z, C D C I3 ): 5 8.62 (s, IH , arom atic -H ), 8 .30  (d, 2H , 

arom atic-H ), 7.59 (t, 2H , a rom atic-H ), 7.28 (s, IH , arom atic -H ), 5 .00  (s, IH , 3-N H ), 3.43 (br. s, 

IH , 7 a -H ), 3 .07 (m , IH , 3p -H ), 2 .96  (s, 6 H, -N (C H 3)2 ), 0 .94  (t, 6 H, 2 I-C H 3 and I 9 -C H 3 ), 0 .64 

(s, 3H , I 8 -C H 3 ). '^C -N M R  ppm  (100  M H z, C D C I3 ): 6  179.31 (C = 0 , 2 4 -C ), 136.00 (C , arom atic- 

C), 130.16 (C , a rom atic-C ), 129.69 (arom atic-C ), 129.51 (a rom atic -C ), 128.25 (arom atic-C ), 

123.61 (arom atic-C ), 71 .28 (C H , 7-C ). IRvmax (K B r); 3443 .11 , 2929 .76 , 2865 .67 , 1709.10, 

1454.60, 1310.26, 1143.98, 789.93 , 630 .02  and 571.31 cm  '.  H R M S: Found; (M -H )^ =  625 .3677 , 

calcu lated  for C 3 6 H 53N 2O 5 S =  625 .3675.

C om pound  77 (0.135 g) in M eO H  (15 m l) w as stirred  w ith  2 M N aO H  so lu tion  (pH ~14) at reflux  

for 4 d. A t that po in t T L C  analysis  show ed tha t the reaction  w as com ple te , the m ix tu re  w as 

poured  into 2 M H Cl so lu tion  (50 m l) and ex trac ted  w ith  E tO A c (3 x 50 m l). T he o rgan ic  layer 

w as w ashed  w ith w ater ( 2  x lOO m l) and  brine (100  m l), d ried  over N a 2 S 0 4 , filtered  and the
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solvent was removed under reduced pressure to give the product as a green-yellow  solid (0.103 g, 

82%). Mp: 101-102 °C (novel com pound). 'H -N M R  (400 MHz, CDCI3): 5 8.57 (d, IH, J =  8.53 

Hz, arom atic-H), 8.29 (t, 2H, arom atic-H), 7.56 (q, 2H, J =  8.03 Hz, aromatic-H), 7.20 (d, IH, J  

= 7.53 Hz, aromatic-H), 5.06 (s, IH , 3-NH), 3.96 (s, IH, 12p-H), 3.12 (m, IH , 3p-H), 2.92 (s, 

6 H, -N(CH3)2), 0.98 (d, 3H, J =  6.03 Hz, 2I-CH3), 0.83 (s, 3H, I9-CH3), 0.65 (s, 3H, I8-CH3). 

'^C-NM R ppm (100 MHz, CDCI3): 6 179.56 (C =0 , 24-C), 136.22 (C, arom atic-C), 130.19 (CH, 

arom atic-C), 129.80 (C, arom atic-C), 129.72 (CH, arom atic-C), 129.33 (CH, arom atic-C), 128.30 

(C, arom atic-C), 123.44 (CH, arom atic-C), 115.35 (CH, arom atic-C), 73.44 (CH, 12-C). IRvmax 

(KBr): 3447.17, 2937.74, 2865.69, 1708.91, 1452.64, 1309.32, 1143.45, 790.16, 631.38, 571.91 

and 585.12 cm '. HRMS: Found: (M-H)^ = 625.3683, calculated for C 36H53N 2O5S = 625.3675.

OH

OH

To a solution o f  73 (0.150 g) in MeOH (15 ml) was added 2 M NaOH solution to pH~14 and 

stirred at reflux for 1 d, when TLC analysis showed the hydrolysis was complete. Then the 

reaction m ixture was poured into 1 M HCI solution (50 ml) and extracted with EtOAc (3 x 50 

ml). The organic layer was washed with water (2 x 100 ml) and brine (100 ml), dried over 

Na2S0 4 , filtered and the solvent was removed under reduced pressure to give the product as a 

light yellow solid (0.131 g, 99% ).'H -N M R  (400 MHz, CDCI3): 6  3.60 (m, IH, 7a-H ), 3.30 (m, 

IH, 3p-H), 0.98 (s, 3H, I 9 -CH 3), 0.96 (d, 3H, J =  6.53 Hz, 2 I-C H 3), 0.69 (s, 3H, I 8 -CH 3). '^C- 

NM R ppm (100 MHz, CDCI3): 5 180.19 (C = 0 , 24-C), 71.68 (CH, 7-C), 61.30 (CH, 3-C). IRvmax 

(KBr): 3375.06, 2934.00, 2867.03, 2093.18, 1690.57 and 1255.27 cm ''. HRMS: Found: (M -Na)^ 

= 440.2896, calculated for C24H39N303Na = 440.2889.
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81

To a solution o f 72 (0.101 g) in MeOH (10 ml) was added 2 M NaOH solution to pH ~l4 and

reaction mixture was poured into 1 M HCl solution (50 ml) and extracted with EtOAc (3 x 50 

ml). The organic layer was washed with water (2 x 100 ml) and brine (100 ml), dried over 

Na2S0 4 , filtered and the solvent was removed under reduced pressure to give the product as a 

light-brown solid (0.074 g, 82%). Mp: 88  °C [120]. 'H-NM R (400 MHz, CDCI3): 5 4.01 (s, IH,

3H, I8 -CH3).'^ C -N M R p p m (1 0 0 M H z,CD Cl3 ) :5  179.80 (C =0, 24-C), 73.29 (CH, 12-C), 61.40 

(CH, 3-C). IRvmax (KBr): 3440.00, 2941.49, 2866.14, 2090.46, 1709.85, 1679.00 and 1246.00 cm" 

'. HRMS: Found: (M-Na)^ = 440.2878, calculated for C24H39N303Na = 440.2889.

Compound 74 (0.200 g) was dissolved in MeOH (15 ml) and treated with 2 M aqueous NaOH at 

pH~l4. The reaction was complete after 12 h, poured into 1 M HCl (50 ml) and extracted with 

EtOAc (3 X 50 ml). The organic phase was washed with water (2 x 100 ml) and brine (100 ml), 

dried over Na2S0 4  and the solvent was removed under reduced pressure. The crude product 

(0.153 g) was dissolved in 10% TFA/DCM (20 ml) and stirred at rt for I d. The solvent was 

removed under reduced pressure after completing the reaction. Water was removed under 

reduced pressure as an azeotrope with toluene (2  x 30 ml) then the product was recrystallised 

from hexane to yield light brown solid (0.176 g). Mp: 190 °C (novel compound). ' H-NMR (400 

MHz, CD3OD): 5.01 (m, IH, 7a-H), 3.12 (br. s, IH, 3p-H), 1.08 (s, 3H, I9 -CH3), 0.98 (d, 3H, J  

= 6.52 Hz, 2 I-CH3), 0.76 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CD 3OD): 5 178.06 (C =0, 

24-C), 80.46 (CH, 7-C). IRv^ax (KBr): 3427.76, 2955.18, 1779.26, 1677.28 and 1179.31 cm '. 

HRMS: Found: (M-H)^ = 392.3178, calculated for C24H42NO3 = 392.3165.

stirred at reflux for 10 d, when TLC analysis showed the hydrolysis was complete. Then the

12P-H), 3.35 (m, IH, 3p-H), 1.01 (d, 3H, J =  6.03 Hz, 2 I-CH3), 0.94 (s, 3H, I9 -CH3), 0.70 (s.
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Compound 75 (0.150 g) was dissolved in MeOH (15 ml) and treated with 2 M aqueous NaOH at 

pH~14. The reaction was complete after 2 d, poured into 1 M HCl (50 ml) and extracted with 

EtOAc (3 X 50 ml). The organic phase was washed with water (2 x 100 ml) and brine (100 ml), 

dried over Na2S0 4  and the solvent was removed under reduced pressure. The crude product 

(0.112 g) was dissolved in 10% TFA/DCM (20 ml) and stirred at rt for 1 d. The solvent was 

removed under reduced pressure after completing the reaction. Water was removed under 

reduced pressure as an azeotrope with toluene (2 x 30 ml) then the product was recrystallised 

from hexane to yield light brown solid (0.116 g). Mp: 215 °C. 'H-NMR (400 MHz, CD3OD): 5 

4.02 (s, IH, I2P-H), 3.12 (m, IH, 3p-H), 1.04 (d, 3H, J =  6.52 Hz, 2 I-CH3), 1.00 (s, 3H, 19- 

CH3), 0.75 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CD3OD): 8  177.97 (C=0, 24-C), 73.55 

(CH, 12-C). IRvmax (KBr); 3428.31, 2942.23, 2869.65, 1676.69 and 1198.73 cm*'. HRMS: Found: 

(M-H)^ = 392.3150, calculated for C24H42NO3 = 392.3165.

Compound 59 (0.705 g) and NaN3 (0.870 g) in DMPU (20 ml) were stirred at 50 °C for 11 d 

(TLC hexane : EtOAc 3:1) then poured into water (50 ml) and extracted with EtOAc (3 x 50 ml). 

The organic phase was washed with brine (100 ml) dried over MgS0 4 , filtered and the solvent 

was removed under reduced pressure to give the crude product as yellow oil. This was purified by 

flash chromatography using 5% then 10% EtOAc in hexane as mobile phase to yield white solid 

as product (0.537 g, 85%). 'H-NMR (400MHz, CDCI3): 5 4.74 (m, IH, 7a-H), 3.95 (s, IH, 3a- 

H), 3.68 (s, 3H, -O-CH3), 2.00 (s, 3H, 7 -C=OCH3), 1.01 (s, 3H, I 9 -CH3), 0.93 (d, 3H, J =  6.53 

Hz, 2 I-CH3), 0.69 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 174.52 (C=0, 24-C), 

170.52 (C=0, 7 -0 C=0 CH3), 73.47 (CH, 7-C), 57.94 (CH, 3-C), 51.33 (CH3, OCH3), 21.65 (CH3,
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7-C = 0 C H 3). IRvmax (D C M ):  3 4 4 5 .1 0 ,  2 9 4 6 .8 5 ,  2 8 7 1 .3 7 ,  2 1 0 2 .4 3 ,  1 7 3 6 .7 9  and 1248 .22  cm ''. 

H R M S: Found: (M-Na)^ = 4 9 6 .3 1 6 4 ,  calculated for C27H43N304Na = 4 9 6 .3 1 5 1 .

O

o

85

The solution o f 84 (0.754 g) and B0 C2O (0.417 g) in EtOAc (10 ml) was added to a pre-reduced 

10% Pd/C in EtOAc (10 ml) under hydrogen at rt. The reaction mixture was stirred overnight 

(TLC: hexane/EtOAc 3:1) then it was filtered on a celite pad. The celite was washed with EtOAc 

( 3 x 1 0  ml) and the organic phase was removed in vacuum. The product was cleaned by flash 

chromatography (mobile phase: \ 5% EtOAc in hexanes) to yield a white foam as product (0.672 

g, 77%). 'H-NM R (400 MHz, C D C I3): 8 4.75 (m, 2H, 7a-H  and 3-NH), 3.88 (br s, IH, 3a-H ),

0.93 (d, 3H, J =  6.53 Hz, 2 I-CH3), 0.69 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3); 

6  175.15 (C =0, 24-C), 171.04 (C =0, 7 -OC=OCH3), 74.12 (CH, 7-C), 51.95 (CH3, OCH3), 28.85 

(3CH3, -0 C(CH3)3), 22.28 (CH3, 7 -C=OCH3). IRvmax (KBr): 3391.26, 2949.62, 2871.50, 1730.05, 

1365.69, 1245.20, 1170.09 and 1021.06 cm '. HRMS: Found: (M-Na)^ = 570.3760, calculated for 

C32H53N06Na = 570.3771.

Compound 85 (0.327 g) was dissolved in 10% TFA/DCM (20 ml) and stirred at rt overnight 

(followed by TLC analysis using hexane/EtOAc 3:1 as mobile phase) then the solvent was 

removed under reduced pressure. The residual water was removed as an azeotrope with toluene 

(2 X 30 ml) and 0.150 g from the crude product was dissolved in anhydrous DCM (10 ml) then

3.67 (s, 3H, -O-CH3), 1.99 (s, 3H, 7 -C=OCH3), 1.45 (s, 9H, -OC(CH3)3), 1.00 (s, 3H, I9 -CH3),
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the m ixture was cooled to -15 °C. The solution o f  dansyl-chloride (0.108 g) and EtsN (0.14 ml) in 

DCM  (10 ml) was added dropw ise to the m ixture and stirred overnight at rt then it was poured 

into brine (50 ml) and extracted with DCM (3 x 40 ml). The dried organic phase (over N a2S0 4 ) 

was evaporated in vacuum and the crude product was flash colum ned using 20%  EtOAc in 

hexane as m obile phase to yield the product as yellow-green foam (0.140 g, 61%). 'H -N M R  (400 

MHz, CDCI3): S 8.61 (s, IH , arom atic-H), 8.29 (t, 2H, aromatic-H), 7.58 (m, 2H, aromatic-H), 

7.24 (s, IH , arom atic-H), 4.98 (d, IH , J =  6.02 Hz, 3-NH), 4.55 (m, IH , 7a-H ), 3.66 (s, 3H, -O- 

C H 3), 3.47 (s, IH, 3a-H ), 2.94 (s, 6H, -N (CH 3)2), 1.94 (s, 3H, 7-C=O CH 3), 0.89 (d, 6 H, 2 I-C H 3 

and I9 -CH 3), 0.63 (s, 3H, I 8-C H 3). '^C-NM R ppm (100 MHz, CDCI3): 6 174.81 (C = 0 , 24-C), 

170.65 (C = 0 , 7-0 C=0 CH 3), 129.98 (CH, arom atic-C), 129.68 (CH, aromatic-C), 128.37 (CH, 

arom atic-C), 73.55 (CH, 7-C), 51.63 (CH 3, O C H 3), 21.89 (CH 3, 7 -C=0 CH3). IRvmax (KBr): 

3440.62, 2946.79, 2870.23, 1730.24, 1244.69, 1143.06 and 791 .11 cm '. HRMS: Found: (M-H)^ 

= 681.3929, calculated for C39H57N 2O6S = 681.3937.

OH

OH

87

Com pound 86 (0.116 g) was treated with 2 M aqueous NaOH at pH~14 in MeOH (20 ml) and 

stirred at reflux. The reaction was com plete after 8 d, poured into 1 M HCl (50 ml) and extracted 

with EtOAc (3 x 50 ml). The organic phase was washed with water (2 x 100 ml) and brine (100 

ml), dried over N a2S04  and the solvent was removed under reduced pressure to give yellow 

solids as product (0.096 g, 90%). 'H -N M R  (400 M Hz, CDCI3): 6 8.64 (s, IH , arom atic-H), 8.36 

(s, IH , arom atic-H), 8.30 (d, IH , J =  7.03 Hz, aromatic-H), 7.58 (m, 2H, aromatic-H), 7.28 (s, 

IH , arom atic-H), 5.16 (d, IH, 3-NH), 3.51 (s, IH , 3a-H ), 3.35 (m, IH, 7a-H ), 2.97 (s, 6 H, - 

N (C H 3)2), 0.91 (d, 3H, J =  6.52 Hz, 2 I-C H 3), 0.84 (s, 3H, I9 -CH 3), 0.63 (s, 3H, I 8-CH3). '^C- 

NM R ppm (100 M Hz, CDCI3): 179.37 (C = 0 , 24-C), 129.89 (CH, arom atic-C), 129.72 (CH,
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arom atic-C), 128.31 (CH , arom atic-C), 115.56 (CH, arom atic-C), 71.23 (CH , 7-C). IRvmax (KBr); 

3448 .51 , 2934 .80 , 2867 .25 , 1709.69, 1141.98 and 790 .59  cm '. HRM S: Found; =

625 .3655 , calculated for C 3 6 H5 3 N 2 O 5 S =  625 .3675 .

To a solution o f  84 (0 .150  g) in M eOH (15 ml) w as added 2 M NaO H  solution to pH ~14 and 

stirred at reflux for 1 d, when TLC analysis show ed the hydrolysis w as com plete. Then the 

reaction mixture w as poured into 1 M HCI solution (50 ml) and extracted with EtOAc (3 x 50  

m l). The organic layer w as w ashed with water (2 x 100 ml) and brine (100  ml), dried over  

N a 2 S 0 4 , filtered and the solvent was rem oved under reduced pressure to g ive the product as a 

w hite solid  (0 .129  g, 97% ). 'H -N M R  (400  M Hz, CDCI3 ): 6  3 .93 (s, IH, 3 a -H ), 3.55 (m, IH, 7 a -  

H), 1.00 (s, 3H, I9 -CH 3 ), 0 .96 (d, 3H, J =  6 .02 Hz, 2 I-C H 3 ), 0 .70  (s, 3H , I 8 -C H 3 ). '^C-NMR  

ppm (100  M Hz, CDCI3 ): 179.81 (C = 0 , 24-C ), 71 .54  (CH, 7-C ), 58 .42 (CH , 3-C ). IRvmax (KBr): 

3330 .87 , 2929 .30 , 2867 .30 , 2103 .92 , 1687.49 and 1243.05 cm ’'. HRM S; Found: (M )' =  

4 1 6 .2 9 1 3 , calculated for C 2 4 H3 8 N 3 O 3 = 4 16.2913.

Com pound 85 (0 .150  g) w as d issolved in M eOH (15 ml) and treated with 2 M aqueous NaO H  at 

pH ~14. The reaction was com plete after 2 d, poured into 1 M HCI (50 m l) and extracted with 

EtO Ac (3 X 50 ml). The organic phase w as washed with water ( 2  x lOO m l) and brine (100  m l), 

dried over N a 2 S 0 4  and the solvent w as removed under reduced pressure. The crude product 

(0 .140  g) w as dissolved in 10% TFA /D C M  (20 ml) and stirred at rt overnight. The solvent w as  

rem oved under reduced pressure after com pleting the reaction. Water w as rem oved under 

reduced pressure as an azeotrope with toluene ( 2  x 30 ml) to yield  light brown solid  (0 .108  g, 

98% ). Mp: 128 °C (novel com pound). 'H -N M R  (400  M Hz, M eOD): 8  5 .02 (s, IH, 7a -H ), 3 .48
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(br s, 3H, NH2 and 3a-H ), 1.06 (s, 3H, I9 -CH3), 0.98 (d, 3H, J =  6.52 Hz, 2 I-CH3), 0.74 (s, 3H, 

I8 -CH3). '^C-NMR ppm (100 MHz, MeOD): 5 176.28 (C =0, 24-C), 78.62 (CH, 7-C). IRvmax 

(KBr): 3427.48, 2950.53, 1778.22, 1675.52, 1203.55 and 1176.30cm''. HRMS: Found: (M-H)^ = 

392.3158, calculated for C24H42NO3 = 392.3165.

O

0 :S = 0
I 90

To a solution o f 69 (0.485 g) and Et3N (0.17 ml) in anhydrous DCM (15 ml) was added methane 

sulfonyl chloride (0.13 ml in 10 ml anhydrous DCM) dropwise at 0 °C and stirred for 20 min, 

after which time TLC analysis showed the reaction was complete. Then cooled water (40 ml) was 

added to the mixture, it was separated and the aqueous phase was extracted with DCM (3 x 40 

ml). The organic phase was washed with brine (100 ml), dried over MgS0 4 , filtered and the 

solvent was removed under reduced pressure to give colourless oil as product (0.554 g, 97%). 'H- 

NMR (400 MHz, CDCI3): 6  5.09 (s, IH, 12P-H), 4.62 (m, IH, 3p-H), 3.68 (s, 3H, -O-CH3), 3.02 

(s, 3H, -OSO2CH3), 2.12 (s, 3H, 12-C=OCH3), 0.92 (s, 3H, I9 -CH3), 0.82 (d, 3H, J =  6.52 Hz, 

2 I-CH3), 0.73 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 174.74 (C =0, 24-C), 

170.68 (C =0, 12-0 C=0 CH3), 83.00 (CH, 3-C), 75.89 (CH, 12-C), 52.68 (CH3, -OSO2CH3), 

51.66 (CH3, OCH3), 21.53 (CH3, 12-C=0 CH3). IRvmax (DCM): 3435.88, 3948.10, 2870.70, 

1733.40, 1644.45, 1373.33, 1248.52 and 1174.20 cm ''. HRMS: Found: (M-Na)^ = 549.2869, 

calculated for C2gH4607SNa = 549.2862.
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Compound 90 (0.554 g) and NaNs (1.026 g) in DMSO (20 ml) were stirred at 50 °C for 15 d 

(TLC hexane : EtOAc 3:1) then poured into water (100 ml) and extracted with EtOAc (3 x 50 

ml). The organic phase was washed with brine (100 ml) dried over MgS0 4 , filtered and the 

solvent was removed under reduced pressure to give the crude product as yellow oil. This was 

purified by column chromatography using 5% then 10% EtOAc in hexane as mobile phase to 

yield light-yellow oil as product (0.356 g, 72%). 'H -N M R  (400 MHz, CDCI3): 6  5.10 (s, IH , 

12p-H), 3.96 (s, IH , 3a-H), 3.67 (s, 3H, -O-CH3), 2.09 (s, 3H, 12-C=OCH3), 0.94 (s, 3H, 19- 

CH3), 0.82 (d, 3H, J  =  6.52 Hz, 2 I-C H 3), 0.74 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, 

CDCI3): 5 175.08 (C=0, 24-C), 170.85 (C=0, 12-OC=OCH3), 76.41 (CH, 12-C), 59.01 (CH, 3- 

C), 51.98 (CH3, OCH3), 21.78 (CH3, 12-C=0 CH3). IRvmax (DCM ): 3447.97, 2938.74, 2872.81, 

2102.14, 1737.52 and 1245.87 cm '. HRMS: Found: (M-Na)^ = 496.3139, calculated for 

C27H43N304Na = 496.3151.

O

> ^ 0
J 

The solution o f  91 (0.309 g) and B0 C2O (0.171 g) in EtOAc (10 ml) was added to a pre-reduced 

10% Pd/C (-50  mg) in EtOAc (10 ml) under hydrogen at rt. The reaction mixture was stirred 

overnight (TLC: hexane/EtOAc 3:1) then it was filtered on a celite pad. The celite was washed 

with EtOAc ( 3 x 1 0  ml) and the organic phase was removed in vacuum. The product was cleaned 

by flash chromatography (mobile phase: 15% EtOAc in hexane) to yield a white foam as product 

(0.314 g, 8 8 %). ' H-NMR (400 MHz, CDCI3): 5 5.09 (s, IH , 12p-H), 4.85 (br s, IH , 3-NH), 3.90 

(br s, IH , 3a-H), 3.67 (s, 3H, -O-CH3), 2.09 (s, 3H, I 2 -C=0 CH3), 1.46 (s, 9H, -OC(CH3)3), 0.94
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(s, 3H, I9 -CH3), 0.82 (d, 3H, J = 6.52 Hz, 2 I-CH3), 0.74 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 

MHz, CDCI3): 5 175.08 (C =0, 24-C), 170.95 (C =0, 12-OC=OCH3), 76.34 (CH, 12-C), 51.97 

(CH3, OCH3), 28.90 (3CH3, -0 C(CH3)3), 21.78 (CH3, 12-C=OCH3). IRvmax (KBr): 3400.49, 

2934.05, 2869.02, 1738.63, 1713.61, 1245.37, 1171.24 and 1021.99 cm ''. HRMS: Found: (M- 

Na)^ = 570.3763, calculated for C32H53N0 6 Na = 570.3771.

O

Compound 92 (0.281 g) was dissolved in 10% TFA/DCM (20 ml) and stirred at rt overnight 

(followed by TLC analysis using hexane/EtOAc 3:1 as mobile phase) then the solvent was 

removed in vacuum using toluene (2 x 40 ml) to evaporate water. 0.200 g from the crude product 

was dissolved in anhydrous DCM (20 ml) then the mixture was cooled to -15 °C. The solution o f 

dansyl-chloride (0.145 g) and Et3N (0.19 ml) in DCM (10 ml) was added dropwise to the mixture 

and stirred overnight at rt then it was poured into brine (100 ml) and extracted with DCM (3 x 50 

ml). The dried organic phase (over Na2S0 4 ) was evaporated in vacuum and the crude product 

was purified by column chromatography using 0-15%  EtOAc in hexane as mobile phase to yield 

the product as orange foam (0.139 g, 64%). 'H-NMR (400 MHz, CDCI3): 5 8.63 (br s, IH, 

aromatic-H), 8.30 (m, 2H, aromatic-H), 7.60 (t, 2H, aromatic-H), 7.28 (s, IH, aromatic-H), 5.01 

(d, 2H, 12P-H and 3-NH), 3.66 (s, 3H, -O-CH3), 3.54 (m, IH, 3a-H), 2.96 (m, 6 H, -N(CH3)2), 

2.01 (s, 3H, 12-C=0 CH3), 0.80 (s, 3H, I9 -CH3), 0.78 (d, 3H, 6.03 Hz, 2 I-CH 3), 0.68 (s, 3H,

I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3); 5 174.73 (C =0, 24-C), 170.49 (C =0, 12- 

0 C=0 CH3), 135.67 (C, aromatic-C), 130.26 (CH, aromatic-C), 129.88 (CH, aromatic-C), 129.72 

(CH, aromatic-C), 128.32 (CH, aromatic-C), 123.65 (C, aromatic-C), 115.48 (C, aromatic-C), 

75.95 (CH, 12-C), 51.64 (CH3, OCH3), 21.38 (CH3, 12-C=OCH3). IRvmax (KBr): 3441.72, 

2929.04, 2868.87, 1736.68, 1246.69, 1143.49 and 790.74 cm ''. HRMS: Found: (M-H)^ = 

681.3937, calculated for C39H57N 2O6S = 681.3937.

216



Com pound 93 (0.111 g) was treated with 2 M aqueous NaOH at pH~14 in M eOH (15 ml) and 

stirred at reflux. The reaction was com plete after 15 d, poured into 1 M HCl (50 ml) and 

extracted with EtOAc (3 x 50 ml). The organic phase was w ashed with w ater (2 x 100 ml) and 

brine ( 1 0 0  m l), dried over N a2S0 4  and the solvent was rem oved under reduced pressure to give 

yellow solids as product (0.099 g, 96%). Mp; 110 °C (novel com pound). 'H -N M R  (400 MHz, 

C D C b): 6  8 . 6 8  (br s, IH , arom atic-H ), 8.41 (br s, IH , arom atic-H ), 8.30 (d, IH , J =  7.02 Hz, 

arom atic-H), 7.60 (t, 2H, arom atic-H), 7.28 (s, IH , arom atic-H ), 5.13 (s, IH , 3-NH), 3.93 (s, IH, 

12P-H), 3.54 (s, IH, 3a-H ), 3.01 (m, 6 H, -N (CH 3)2), 0.95 (d, 3H, J =  6.03 Hz, 2 I-C H 3), 0.82 (s, 

3H, I 9 -CH 3), 0.63 (s, 3H, I 8 -CH 3). '^C-N M R ppm (100 M Hz, CDCI3): 5 179.33 (C = 0 , 24-C), 

129.95 (CH, arom atic-C), 129.75 (C, arom atic-C), 128.15 (CH, arom atic-C), 73.23 (CH, 12-C). 

IRvmax (KBr): 3439.05, 2929.49, 2865.96, 1710.30, 1141.83, 790.51, 624.98 and 570.94 cm '. 

HRM S: Found: (M-H)^ = 625.3668, calculated for C 36H53N 2O 5S = 625.3675.

H 95

Com pound 92 (0.95 g) was dissolved in MeOH (15 m l) and treated with 2 M aqueous NaOH at 

p H ~ l4 . The reaction was com plete after 11 d, poured into I M HCl (50 ml) and extracted with 

EtOAc (3 X 50 ml). The organic phase was w ashed with w ater ( 2  x 100 m l) and brine (100 ml), 

dried over N a2S0 4  and the solvent was removed under reduced pressure. The crude product was 

dissolved in 10% TFA/DCM  (20 ml) and stirred at rt for overnight. The solvent was removed 

under reduced pressure after com pleting the reaction. W ater was rem oved under reduced pressure 

as an azeotrope with toluene (2 x 30 ml) to yield light brown solid (0.088 g). ' H-NM R (400



M Hz, M eOD): 5 4.00 (s, IH , 12p-H), 3.49 (br s, 3H, N H j and 3a-H ), 1.03 (s, 3H, I9-CH3), 0.86

(d, 3H, J =  6.44 Hz, 2 I-C H 3), 0.74 (s, 3H, I 8 -C H 3). '^C-NM R ppm (100 MHz, M eOD): 5 175.95

To a solution o f  cyclohexylam ine (0.12 ml) and Et3N (0.42 ml) in anhydrous DCM (10 ml) was 

added DNSC (0.300 g in 10 ml anh. DCM ) dropw ise at -15 °C and stirred at rt overnight. 

Reaction com pletion was m onitored by TLC using hexane : EtOAc (3 : 1) as mobile phase, then 

the m ixture was poured into 0.5 M HCl solution (100 ml) and extracted with EtOAc (3 x 50 ml). 

The organic phase was dried over N a2 S0 4 , filtered and the solvent was removed under reduced 

pressure. The crude product was purified by colum n chrom atography (2x) using hexane : EtOAc 

(3 :1) as mobile phase to obtain the product as light green foam (0.318 g, 95%). 'H -N M R  (400 

M Hz, CDCI3 ): 5 8.58 (d, IH, 8.03 Hz, aromatic-H), 8.31 (d, 2H, 7.53 Hz, aromatic-H),

7.57 (m, 2H, arom atic-H), 4.72 (d, IH, J =  7.53 Hz, arom atic-H) 3.13 (s, IH , cyclohexyl), 2.92 

(s, 6 H, N (C H 3)2), 1.66-1.04 (m, I OH, cyclohexyl). '^C-NM R ppm (100 MHz, CDCI3): 5 136.11 

(C, arom atic), 130.31 (CH, aromatic), 129.89 (C, aromatic), 129.70 (C, aromatic), 129.43 (CH, 

arom atic), 128.31 (CH, arom atic), 123.42 (CH, arom atic), 119.06 (C, aromatic), 115.25 (CH, 

arom atic), 52.94 (CH, cyclohexyl), 34.00 (C H 2 , cyclohexyl), 25.21 (C H 2 , cyclohexyl), 24.71 

(C H 2 , cyclohexyl). IRvmax (KBr): 3291.68, 2933.45, 2854.36, 1575.12, 1452.76, 1318.86, 

1141.83, 1072.92, 789.59, 628.24 and 580.32 cm ''. HRMS: Found: (M-H)^ = 333.1626, 

calculated for C,gH25N202S = 333.1637.

(C = 0 , 24-C), 72.03 (CH, 12-C). IRvmax (KBr): 3434.78, 2945.98, 1780.51, 1679.59 and 1171.29 

cm '. HRM S: Found: (M-H)^ = 392.3162, calculated fo rC 2 4 H4 2N 0 3  = 392.3165.

•vmax

o=s=o
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NaHCOs (0.070 g) and NBD-Cl (0.123 g) were added to a solution o f deprotected 75 (0.250 g) in 

THF/EtOH 1:1 (20 ml) and stirred at 70 °C for 4 d. The completion o f  reaction was followed by 

TLC analysis using hexane/EtOAc 3:1 as mobile phase. Then the solvent was removed under 

reduced pressure and the crude product was purified on flash column using 20-40% EtOAc in 

hexane as mobile phase to give orange foam as product (0.260 g, 76%). Mp: 226 °C (novel 

compound). 'H-NMR (400 MHz, CDCI3): 6 8.51 (d, IH, J =  7.83 Hz, aromatic-H), 6.21 (d, 2H, J  

= 8.81 Hz, aromatic-H and 3-NH), 5.12 (s, IH, 12P-H), 3.68 (s, 4H, 3p-H, -O-CH3), 2.13 (s, 3H, 

I2 -0 C=0 CH3), 1.01 (s, 3H, I9 -CH3), 0.83 (d, 3H, J =  5.87 Hz, 2 I-CH3), 0.76 (s, 3H, I 8 -CH3). 

'^C-NMR ppm (100 MHz, CDCI3): 5 174.74 (C =0, 24-C), 170.62 (C =0, 12-OC=OCH3), 144.50 

(C, aromatic-C), 144.12 (C, aromatic-C), 142.92 (C, aromatic-C), 136.70 (CH, aromatic-C), 

123.78 (C, aromatic-C), 98.76 (CH, aromatic-C), 75.94 (CH, 12-C), 51.68 (CH3, OCH3), 21.59 

(CH3, 12-0 C=0 CH3). IRvmax (KBr): 3317.64, 2929.68, 2867.43, 1736.51, 1579.27, 1307.06 and 

1254.54 cm '. HRMS: Found: (M-Na)^ = 633.3276, calculated for C33H46N407Na = 633.3264.

Compound 85 (0.327 g) was dissolved in 10% TFA/DCM (20 ml) and stirred at rt overnight 

(followed by TLC analysis using hexane/EtOAc 3:1 as mobile phase) then the solvent was 

removed in vacuum using toluene (2 x 40 ml) to evaporate water. 0.176 g from the crude product 

was dissolved in THF/EtOH 1:1 (20 ml) and NBD chloride (0.086 g) and NaHC0 3  (NaHC0 3 )
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(0.049 g) w ere added and stirred at 70 °C. The reaction was m onitored via TLC for disappearance 

o f  the free amine. After 11 d the solvent was evaporated under reduced pressure and the crude 

product was purified tw ice on flash colum n using 25%  then 20%  o f  EtOAc in hexane as mobile 

phase to afford the product as orange solid (0.129 g, 54%). 'H -N M R  (400 M Hz, CDCI3): 5 8.49 

(d, IH , J =  8.53 Hz, aromatic-H), 6.35 (d, IH , J =  7.03 Hz, 3-NH), 6.17 (d, IH , 8.54 Hz, 

arom atic-H ), 4.76 (sex, IH, J / =  5.27 Hz, 5.77 Hz, J^ =  4.77 Hz, 7a-H ), 4.08 (s, IH , 3a-H ), 

3.66 (s, 3H, -O-CH3), 1.99 (s, 3H, 7-OC=OCH3), 1.07 (s, 3H, I 9 -CH 3), 0.92 (d, 3H, 6.28 Hz,

2 I-C H 3), 0.69 (s, 3H, I 8 -CH 3). '^C-NM R ppm (100 MHz, CDCI3): 5 174.79 (C = 0 , 24-C), 

170.86 (C = 0 , 7 -0 C =0 CH 3), 144.60 (C, arom atic-C), 144.06 (C, arom atic-C), 142.079 (C, 

arom atic-C), 136.58 (CH, arom atic-C), 124.17 (C, arom atic-C), 99.11 (CH, aromatic-C), 73.42 

(CH, 7-C) 51.65 (C H 3, O CH 3), 21.92 (CH 3, 7 -OC=O CH 3). IRvmax (KBr); 3416.48, 2947.90, 

2870.89, 1728.40, 1573.47, 1307.46 and 1246.87 cm"'. HRM S: Found; (M-Na)^ = 633.3258, 

calculated for C 33H46N 4 0 7 Na = 633.3264.

To a stirred solution o f  54 (1.867 g, 4.591 m m ol) in formic acid (10 ml) was added 3 drops o f  

perchloric acid at 40 °C and the reaction was heated to 60 °C for 20 min, after which time TLC 

analysis showed reaction to be com plete (H exane/EtO A c 3 : 1 ) .  The m ixture was poured into 

w ater (75 ml) and extracted with EtOAc (3 x 50 ml). The organic phase was washed with brine 

(100 ml), dried over M gS0 4 , filtered and the solvent was removed under reduced pressure. The 

product was purified on silica gel using 20%  EtOAc in hexane as mobile phase to yield a 

colourless sem i-solid (1.87 g, 8 8 %). ' H-NM R (400 MHz, CDCI3): 5 8.04 and 8.00 (s, 2 x IH , 3- 

and 7 -0 C = 0 H ), 4.91 (sex, I H ,J /  = 5.27 Hz, J 2 = 5.52 H z7a-H ), 4.83 (m, IH, 3p-H), 3.68 (s, 3H, 

-O -CH 3), 1.01 (s, 3H, I 9 -CH 3), 0.97 (d, 3H, J =  6.27 Hz, 2 I-C H 3), 0.70 (s, 3H, I 8 -CH3). '^C- 

N M R ppm (100 MHz, CDCI3): 5 174.80 (C = 0 , 24-C), 161.14 and 160.76 (2C = 0 , 3 -0 C = 0 H  and 

7-OC=OH), 73.74 and 73.52 (2CH, 3-C and 7-C), 51.64 (CH 3, O CH 3). IRvmax (KBr): 3436.73,
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2950.85, 2873.88, 1721.86 and 1181.66 cm ' . H R M S : Found: (M -N a)^  =  485.2892, calculated for 

C27H4206Na =  485.2879.

O

To a stirred solution o f  67 (2.01 g, 4.943 mmol) in formic acid (15 m l) was added 3 drops o f  

perchloric acid at 40 °C  and the reaction was heated to 60 °C  for 20 min, after which time TLC  

analysis showed reaction to be complete (Hexane/EtO Ac 3 : 1 ) .  The mixture was poured into 

water (75 m l) and extracted with EtO Ac (3 x 50 m l). The organic phase was washed with brine 

(100 m l), dried over M gS0 4 , filtered and the solvent was removed under reduced pressure. The 

product was purified on silica gel using 25%  EtOAc in hexanes as mobile phase to yield a white 

foam (1.959 g. 86% ). 'H -N M R  (400 M H z, C D C b ): 6 8.15 (s, IH , 12-O C =O H ), 8.04 (s, IH , 3- 

O C = O H ), 5.26 (s, IH , 12p-H), 4.85 (m, IH , 3p-H ), 3.67 (s, 3H , -O -C H 3), 0.94 (s, 3H, I 9 -C H 3), 

0.85 (d, 3H , J =  6.84 Hz, 2 I-C H 3), 0.75 (s, 3H , I 8-C H 3). '^ C -N M R  ppm (100 M H z , C D C I3): 5 

174.39 (C = 0 , 24-C ), 160.50 and 160.39 (2 C = 0 , 3-C = O C H 3 and 12-C = O C H 3), 75.80 (C H , 12- 

C), 73.91 (C H , 3-C ), 51.34 (C H 3, O C H 3). IRvmax (K B r): 3431.01, 2949.54, 2870.45, 1721.42 and 

1176.03 cm '. H R M S : Found; (M -N a)^  =  485.2881, calculated for C 27H 4206N a  =  485.2879.

HO'

To a solution o f 102 (3.93 g, 8.491 m m ol) in M eO H  (100 m l) was added 2 equivalents NaHCOs  

(1.427 g. 16.983 mmol) in three parts at 0 °C  and allowed to warm to rt. A fter 2.5 h, when T L C  

analysis showed no more starting material present, the mixture was poured into water (200 ml) 

and extracted with EtOAc (3 x 100 m l). The organic phase was washed with brine (200 m l), dried 

over M gS 0 4 , filtered and the solvent was removed under reduced pressure to give the product as 

white foam (3.48 g, 94% ). ' H -N M R  (400 M H z, CDCI3): 8 8.00 (s, IH , 7 -O C =O H ), 4.91 (sex,
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IH, J / =  5.02 Hz, J 2 = 5.52 Hz, 7a-H ), 3.68 (s, 3H, -O-CH 3), 3.60 (m, IH, 3p-H), 0.98 (s, 3H, 19- 

CH 3), 0.93 (d, 3H, J  =  6.53 Hz, 2 I-C H 3), 0.69 (s, 3H, I 8 -CH 3). '^C-NM R ppm (100 MHz, 

CDCI3): 5 174.84 (C = 0 , 24-C), 161.20 (C = 0 , 7 -0 C = 0 H ), 74.09 (CH, 7-C), 71.38 (CH, 3-C), 

51.65 (C H 3, O CH 3). IRvmax (DCM ): 3420.26, 2935.92, 2870.91, 1721.55 and 1187.93 cm ''. 

HRM S: Found: (M-Na)^ = 457.2942, calculated for C 26H4205N a = 457.2930.

O

HO

To a solution o f  103 (0.887 g, 1.918 mmol) in M eOH (50 ml) was added 2 equivalents NaHCOs 

(0.322 g, 3.835 mmol) in three parts at 0 °C and allowed to warm to rt. After 1.5 h, when TLC 

analysis showed no m ore starting material present, the m ixture was poured into water (150 ml) 

and extracted with EtOAc (3 x 75 ml). The organic phase was washed with brine (100 ml), dried 

over M gS0 4 , filtered and the solvent was rem oved under reduced pressure to give the product as 

white foam (0.814 g, 98%). 'H -N M R  (400 MHz, CDCI3): 5 8.13 (s, IH , 12-OC=OH), 5.25 (s, 

IH , 12P-H), 3.67 (s, 3H, -O-CH 3), 3.64 (m, IH , 3p-H ), 0.92 (s, 3H, I 9 -CH 3), 0.85 (d, 3H, J  = 

6.03 Hz, 2 I-C H 3), 0.75 (s, 3H, I 8 -CH 3). '^C-NM R ppm (100 MHz, CDCI3): 8  174.75 (C = 0 , 24- 

C), 160.80 (C = 0 , 12-C =O C H 3), 76.14 (CH, 12-C), 71.79 (CH, 3-C), 51.66 (CH 3, O CH 3). IRvmax 

(KBr): 3436.90, 2937.01, 2865.77, 1720.95 and 1179.34 cm '. HRMS: Found: (M -Na)^ = 

457.2910, calculated for C26H420sNa = 457.2930.

The solution o f  Et3N (0.1 ml) and m ethane sulfonyl chloride (0.08 ml) in anhydrous DCM (5 ml) 

was added dropwise to the stirred solution o f  104 (0.286 g) in anhydrous DCM (20 ml) at 0 °C 

and allowed to warm to rt. After 20 min when TLC analysis showed the reaction was com plete 

the m ixture was poured into w ater (100 ml) and extracted with DCM (3 x 50 ml). The organic
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phase was dried over MgS0 4  then removed under reduced pressure to give the product as 

colourless semi-solid (0.330 g, 98%). 'H-NMR (400 MHz, CDCI3): 5 7.99 (s, IH, 7-OC=OH), 

4.91 (sex, IH, J /=  5.02 Hz, J2 =  5.52, Hz, 7a-H), 4.62 (m, IH, 3p-H), 3.68 (s, 3H, -O-CH3), 3.02 

(s, 3H, -OSO2CH3), 1.00 (s, 3H, I9 -CH3), 0.94 (d, 3H, J =  6.02 Hz, 2 I-CH3), 0.69 (s, 3H, 18- 

CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 175.12 (C=0, 24-C), 161.41 (C=0, 7-OC=OH), 

81.89 (CH, 3-C), 73.83 (CH, 7-C), 53.00 (CH3 , OSO2CH3), 51.97 (CH3 , OCH3). IRvmax (KBr): 

3438.55, 2952.63, 2874.54, 1718.71, 1354.77, 1174.23, 929.55 and 527.59 cm ''. HRMS: Found; 

(M-K)^ = 551.2451, calculated for C27H47O7SK = 551.2445.

NaN3 (0.387 g) was added to the stirred solution of 106 (0.306 g) in DMPU (15 ml) at 50 °C and 

the reaction was monitored via I'LC (Hexane/EtOAc 5:1). After 8  d the mixture was partitioned 

between water and EtOAc. The organic phase was retrieved and dried over Na2 S0 4 . The crude 

product was purified by column chromatography using 15% EtOAc in hexane as mobile phase to 

yield white solid as product (0.211 g, 77%). 'H-NMR (400 MHz, CDCI3): 5 8.00 (s, IH, 7- 

OC=OH), 4.89 (m, IH, 7a-H), 3.96 (m, IH, 3a-H), 3.68 (s, 3H, -O-CH3), 1.02 (s, 3H, I9 -CH3), 

0.94 (d, 3H, J =  6.53 Hz, 2 I-CH3), 0.70 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6  

174.50 (C=0, 24-C), 160.90 (C=0, 7-OC=OH), 73.56 (CH, 7-C), 57.87 (CH, 3-C), 51.34 (CH3, 

OCH3). IRvmax (KBr): 3422.62, 2946.08, 2884.65, 2111.22, 1737.16 and 1188.73 cm '. HRMS: 

Found: (M-Na)^ = 482.3002, calculated for C26H4 iN3 0 4 Na = 482.2995.

o
O N 

H
108

To a pre-reduced 10% Pd/C (-50 mg) in EtOAc (10 ml) was added the solution of 107 (0.178 g) 

and B0 C2O (0.101 g) in EtOAc (10 ml) under H2 at rt and stirred overnight, then the Pd/C was
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filtered out on a celite pad and the solvent was removed under reduced pressure. The yield 

colourless oil was purified on a flash column using 20-25% EtOAc in hexane as mobile phase to 

afford white foam as product (0.171 g, 83%). 'H-NMR (400 MHz, CDCI3): 5 7.99 (s, IH, 7- 

OC=OH), 4.89 (m, IH, 7a-H), 4.77 (br s, IH, 3-NH), 3.89 (br s, IH, 3a-H ), 3.67 (s, 3H, -O- 

CH3), 1.46 (s, 9H, -0 C(CH3)3), 1.01 (s, 3H, I 9 -CH3), 0.93 (d, 3H, 6.02 Hz, 2 I-CH 3), 0.69 (s,

3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 175.15 (C =0, 24-C), 161.48 (C =0, 7- 

OC=OH), 74.29 (CH, 7-C), 51.97 (CH3, OCH3), 28.89 (3 CH3 , -OC(CH3)3). IRvmax (KBr): 

3402.77, 2948.72, 2872.00, 1719.75 and 1171.86 cm ''. HRMS: Found: (M-Na)^ = 556.3632, 

calculated for C3 iH5 iN0 6 Na = 556.3614.

HN

NO2 109

Compound 108 (0.170 g) was stirred in 10% TFA/DCM (20 ml) at rt until there was no Boc- 

protected compound present (monitored by TLC), then the solvent was removed and the residue 

dried under reduced pressure to give light brown solid as crude product. This was dissolved in 

THF/EtOH 1:1 (20 ml) then NaHC0 3  (0.053 g) and NBD chloride (0.092 g) were added to the 

solution and stirred at 70 °C for 5 d (monitored by TLC using hexane/EtOAc 1:1 as mobile 

phase). After this time the solvent was removed under reduced pressure and the product was 

separated by column chromatography (30-40% EtOAc in hexane as mobile phase) to give orange 

solid as product (0.142 g, 77%). 'H-NM R (400 MHz, CDCI3): 5 8.50 (d, IH, J =  8.54 Hz, 

aromatic-H), 8.00 (s, IH, 7-OC=OH), 6.37 (d, IH, J =  7.02 Hz, 3-NH), 6.20 (d, IH, J =  8.53 Hz, 

aromatic-H), 4.93 (m, IH, 7a-H), 4.11 (s IH, 3a-H ), 3.68 (s, 3H, -O-CH3), 1.10 (s, 3H, I 9 -CH3), 

0.95 (d, 3H, J =  6.53 Hz, 2 I-CH 3), 0.72 (s, 3H, I 8 -CH3). IRvmax (KBr): 3415.45, 2947.42, 

2871.14, 1718.05, 1573.39, 1449.51, 1307.37, 1252.98, 1176.34 and 596.86 cm ''. HRMS: Found: 

(M-Na)^ = 619.3123, calculated for C 32H44N4 0 4 Na = 619.3108.
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I l l

To a stirred solution o f 84 (0.308 g) in anhydrous MeOH (30 ml) was added AcCl (0.06 ml in 5 

ml anhydrous MeOH) dropwise at 0 °C and allowed to warm to rt. The reaction was monitored 

by TLC until there was no starting material present. Then the mixture was partitioned between 

saturated NaHCOa and EtOAc. The organic phase was washed with water (2 x 100 ml) and brine 

( 1 0 0  ml), dried over Na2 S0 4 , filtered and the solvent was removed under reduced pressure to give 

the product as light yellow semi-solid (0.273 g, 97%). 'H-NM R (400 MHz, CDCI3): 5 3.93 (s.

Hz, 2 I-CH 3), 0.69 (s, 3H, I 8 -CH3 ). '^C-NMR ppm (100 MHz, CDCI3 ): 5 17.86 (C =0, 24-C), 

71.48 (CH, 7-C), 58.42 (CH, 3-C), 51.66 (CH 3 , OCH3). IRvmax (DCM): 3431.06, 2935.49, 

2866.03, 2103.17 and 1739.37 cm '. HRMS: Found: (M-Na)^ = 454.3051, calculated for 

C2sH4iN303Na = 454.3046.

To a pre-reduced 10% Pd/C (-50  mg) in EtOAc (10 ml) was added the solution o f 111 (0.273 g) 

and B0 C2O (0.166 g) in EtOAc (5 ml) under H2 at rt and stirred overnight. Then the Pd/C was 

filtered out on a celite pad and the solvent was removed under reduced pressure. The crude 

product was cleaned on a flash column using 25% EtOAc in hexane as mobile phase to afford 

white foam as product (0.276 g, 8 6 %). ' H-NMR (400 MHz, CDCI3 ): 5 4.83 (d, IH, J =  7.03 Hz, 

3-NH), 3.88 (br s, IH, 3a-H ), 3.68 (s, 3H, -O-CH3), 3.56 (br s, IH, 7a-H ), 1.46 (s, 9H, - 

OC(CH 3)3 ), 0.99 (s, 3H, I 9 -CH3 ), 0.94 (d, 3H, J =  6.53 Hz, 2 I-CH 3), 0.69 (s, 3H, I 8 -CH 3). '^C- 

NMR ppm (100 MHz, CDCI3): 5 174.86 (C =0, 24-C), 71.41 (CH, 7-C), 51.66 (CH 3 , OCH3 ),

IH, 3a-H), 3.68 (s, 3H, -O-CH3), 3.55 (m, IH, 7a-H), 0.99 (s, 3H, I 9 -CH3 ), 0.95 (d, 3H, J =  6.52
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28.59 (3CH3, -0C(CH3)3). IRvmax (KBr): 3457.49, 2932.95, 2865.84, 1698.40, 1168.99 and 

1021.60 cm-'. HRMS: Found: (M-Na)^ = 528.3685, calculated for CsoHsiNOjNa = 528.3665.

OHHN

NO2 113

Compound 112 (0.269 g) was stirred in 10% TFA/DCM  (20 ml) at rt until there was no Boc- 

protected compound present. Then the solvent was removed and the residue dried under reduced 

pressure to give light brown solid as crude product. This was dissolved in MeOH (20 ml) then 

NaHCOs (0.112 g) and NBD chloride (0.117 g) were added to the solution and stirred at 70 °C 

for 5 d (monitored by TLC using hexane/EtOAc 1:1 as mobile phase). A fter this time the mixture 

was poured into brine (70 ml) and extracted with EtOAc (3 60 ml). The collected organic phase

was dried over Na2S0 4 , filtered and the solvent was removed under reduced pressure then the 

product was purified by column chromatography (50% EtOAc in hexane as mobile phase) to give 

orange solid as product (0.202 g, 67%). 'H -N M R  (400 MHz, CDCI3): 8  8.51 (d, IH , J =  9.03 Hz, 

aromatic-H), 6.42 (d, 1H, J  = 7.03 Hz, 3-NH), 6 .19 (d, 1H, J  = 8.53 Hz, aromatic-H), 4.26 (s, 1H, 

7P-OH), 4.10 (s, IH , 3a-H), 3.69 (s, 3H, -O-CH3), 3.61 (s, IH , 7a-H), 1.10 (s, 3H, I 9 -CH3), 0.96 

(d, 3H, J =  6.52 Hz, 2 I-C H 3), 0.71 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 8 175.15 

(C=0, 24-C), 144.86 (C, aromatic-C), 144.36 (C, aromatic-C), 143.21 (C, aromatic-C), 136.94 

(CH, aromatic-C), 124.29 (C, aromatic-C), 99.30 (CH, aromatic-C), 71.58 (CH, 7-C) 52.00 (CH3, 

OCH3). IRvmax (KBr): 3404.92, 2932.39, 2865.09, 1736.45, 1574.72, 1307.25 and 1265.61 cm '. 

HRMS: Found: (M-Na)^ = 591.3157, calculated for C3iH44N406Na = 591.3159.
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OH

101

The hydrolysis o f 113 (0.200 g) was carried out in MeOH (20 ml) with 2 M NaOH at pH~14 at 

40 °C for 3 h. The mixture was poured into 2 M HCl (50 mi) and extracted with EtOAc (3 x 50 

ml). The crude product was purified by flash chromatography using DCM / MeOH 9:1 as mobile 

phase to give orange solid as product (0.188 g, 96%). Mp: 208 -  210 °C (novel compound). 'H- 

NMR (400 MHz, DMSO-dfe): 11.92 (br. s, IH, acid), 9.03 (br. s, IH, 7p-OH), 8.49 (s, IH, 

aromatic-H), 6.68 (s, IH, 3-NH), 6.37 (br. s, IH, aromatic-H), 3.32 (s, IH, 7a-H), 0.95 (s, 3H, 

I 9 -CH3), 0.89 (d, 3H, J =  6.42 Hz, 2 I-CH3), 0.63 (s, 3H, I8-CH3). '^C-NMR ppm (100 MHz, 

DMSO-dft): 174.88 (C=0, 24-C), 144.45 (C, aromatic-C), 137.66 (C, aromatic-C), 137.59 (C, 

aromatic-C), 120.90 (C, aromatic-C), 100.09 (CH, aromatic-C), 69.35 (CH, 7-C). IRvmax (KBr): 

3413.89, 2931.04, 2865.99, 1574.58, 1307.39 and 1250.03 cm"'. HRMS: Found: (M-Na)^ = 

577.3031, calculated for C3oH42N406Na = 577.3002.

The solution o f Et3N (0.1 ml) and methane sulfonyl chloride (0.15 ml) in anhydrous DCM (5 ml) 

was added dropwise to the stirred solution o f 105 (0.279 g) in anhydrous DCM (20 ml) at 0 °C 

and allowed to warm to rt. After 20 min when TLC analysis showed the reaction was complete 

the mixture was poured into water (50 ml) and extracted with DCM (3 x 50 ml). The organic 

phase was dried over MgS0 4  then removed under reduced pressure to give the product as 

colourless oil (0.322 g, 98%). 'H-NMR (400 MHz, CDCI3): 6 8.15 (s, IH, l2-OC=OH), 5.26 (s,

O

O-a-u
114

111



IH , 12P-H), 4.63 (m, IH , 3p-H), 3.67 (s, 3H, -O-CH3), 3.01 (s, 3H, -OSO2CH3), 0.93 (s, 3H, 19- 

CH 3), 0.85 (d, 3H, J =  6.03 Hz, 2 I-C H 3), 0.75 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, 

CDCI3): 6  174.69 (C=0, 24-C), 160.71 (C=0, 12-OC=OH), 82.79 (CH, 3-C), 75.97 (CH, 12-C), 

52.67 (CH 3, OSO2CH3), 51.66 (CH3, OCH3). IRvmax (DCM): 2947.01, 2871.16, 1717.89, 

1353.88, 1174.09 and 932.87 cm ''. HRMS: Found: (M-Na)^ = 535.2710, calculated for 

C27H440ySNa = 535.2705.

O

NaNs (0.408 g) was added to the stirred solution o f 114 (0.322 g) in DMPU (20 ml) at 50 °C and 

the reaction was monitored via TLC (hexane/EtOAc 5:1). A fter 6  d the mixture was partitioned 

between water and EtOAc. The organic phase was retrieved and dried over Na2S0 4 . The crude 

product was purified by column chromatography using 20% EtOAc in hexane as mobile phase to 

yield colourless oil as product (0.253 g, 87%). 'H -N M R  (400 MHz, CDCI3): 5 8.13 (s, IH , 12- 

OC=OH), 5.26 (s, IH , 12p-H), 3.95 (s, IH , 3a-H), 3.67 (s, 3H, -O-CH3), 0.95 (s, 3H, I 9 -CH3), 

0.85 (d, 3H, J =  6.52 Hz, 2 I-C H 3), 0.76 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 

174.39 (C=0, 24-C), 160.37 (C=0, 12-OC=OH), 76.00 (CH, 12-C), 58.35 (CH, 3-C), 51.35 

(CH 3, OCH3). I R v m a x  (DCM): 2938.73, 2872.92, 2101.83, 1738.92, 1720.86 and 1171.43 cm ''. 

HRMS: Found: (M-Na)"^ = 482.2974, calculated for C2 6H4 iN 3 0 4 Na = 482.2995.

OH

To a stirred solution o f 115 (0.322 g) in anhydrous MeOH (30 ml) was added AcCl (0.07 ml in 5 

ml anhydrous MeOH) dropwise at 0 °C and allowed to warm to rt. The reaction was monitored 

via TLC until there was no starting material present. Then the mixture was partitioned between 

saturated NaHC0 3  and EtOAc. The organic phase was washed with water (2 x 100 ml) and brine 

( 1 0 0  ml), dried over Na2 S0 4 , filtered and the solvent was removed under reduced pressure to give

228



the product as yellow semi-solid (0.294 g, 97%). 'H-NM R (400 MHz, CDCI3): 6  4.01 (s, IH, 

12p-H), 3.97 (s, IH, 3a-H ), 3.68 (s, 3H, -O-CH3), 0.99 (d, 3H, J = 5.87 Hz, 2 I-CH 3), 0.96 (s, 3H, 

I 9 -CH3), 0.70 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 174.51 (C =0, 24-C), 73.00 

(CH, 12-C), 58.52 (CH, 3-C), 51.36 (CH3, OCH3). IRvmax (KBr): 3528.85, 2932.82, 2093.51, 

1725.62, 1449.91, 1312.94 and 1196.78 cm '.H R M S: Found: (M-Na)^ = 454.3052, calculated for 

C25H4iN303Na = 454.3046.

-rr  ̂ P
O ^ N

H ^ 117

To a pre-reduced 10% Pd/C (-50  mg) in EtOAc (10 ml) was added the solution o f 116 (0.245 g) 

and B0 C2O (0.149 g) in EtOAc (5 ml) and stirred under H2 at rt. The reaction mixture was stirred 

overnight (TLC: hexane/EtOAc 3:1) then it was filtered on a celite pad. The celite was washed 

with EtOAc ( 3 x 1 0  ml) and the organic phase was removed in vacuum. The product was purified 

by flash chromatography (mobile phase: 30% EtOAc in hexane) to yield a white foam as product 

(0.260 g, 90%). ' H-NMR (400 MHz, CDCI3): 4.84 (br s, IH, 3-NH), 4.00 (s, IH, 12p-H), 3.92 

(br s, IH, 3a-H ), 3.68 (s, 3H, -O-CH3), 1.46 (s, 9H, -OC(CH3)3), 0.99 (d, 3H, J =  6.02 Hz, 21- 

CH3), 0.96 (s, 3H, I9 -CH3), 0.69 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6 174.54

(C =0, 24-C), 72.97 (CH, 12-C), 51.34 (CH3, OCH3), 28.29 (3 CH3, -OC(CH3)3). IRvmax (KBr): 

3459.32, 2937.54, 2865.92, 1698.37 anc 

calculated for CsoHsiNOsNa = 528.3665.

3459.32, 2937.54, 2865.92, 1698.37 and 1171.03 cm ''. HRMS: Found: (M-Na)^ = 528.3654,

HN ^

N
O

N

NO2 118

Compound 117 (0.259 g) was stirred in 10% TFA/DCM (20 ml) at rt until there was no Boc- 

protected compound present. Then the solvent was removed and the residue dried under reduced
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pressure to give lig iit brown solid as crude product. This was dissolved in MeOH (20 ml) then 

NaHCOs (0.130 g) and NBD chloride (0.112 g) were added to the solution and stirred at 70 °C 

for 10 d (monitored by TLC using hexane/EtOAc 1:1 as mobile phase). A fter this time the 

mixture was poured into brine (50 ml) and extracted with EtOAc (3 x 50 ml). The collected 

organic phase was dried over Na2S0 4 , filtered and the solvent was removed under reduced 

pressure then the product was purified by column chromatography (50% EtOAc in hexane as 

mobile phase) to give orange solid as product (0.213 g, 73%). 'H -N M R  (400 MHz, CDCI3): 6  

8.49 (d, IH , J =  9.04 Hz, aromatic-H), 6.47 (d, IH , J =  7.03 Hz, 3-NH), 6.19 (d, IH , J =  9.04 Hz, 

aromatic-H), 4.26 (s, IH , 12a-OH), 4.12 (s, IH , 3a-H), 4.05 (s, IH , 12p-H), 3.69 (s, 4H, -O- 

CH3), 1.03 (s, 3H, I9-CH3), 1.00 (d, 3H, J =  6.53 Hz, 2 I-C H 3), 0.72 (s, 3H, I8-CH3). '^C-NMR 

ppm (100 MHz, CDCI3): 5 175.10 (C=0, 24-C), 144.88 (C, aromatic-C), 143.30 (C, aromatic-C), 

137.07 (CH, aromatic-C), 134.40 (C, aromatic-C), 124.07 (C, aromatic-C), 104.33 (CH, 

aromatic-C), 73.53 (CH, 12-C), 52.01 (CH3, OCH3). IRvmax (KBr): 3538.32, 3408.93, 2943.25, 

2864.97, 1736.80, 1574.32, 1336.49 and 1314.61 cm ‘ . HRMS; Found: (M-Na)^ = 591.3163, 

calculated for C31 H44N4 0 6 Na = 591.3159.

OH
OH

HN

NO2 2J9

The hydrolysis o f 118 (0.205 g) was carried out in MeOH (20 ml) with 2 M NaOH at pH ~ l4  at 

40 °C for 4 h. The mixture was poured into 2 M HCl (50 ml) and extracted with EtOAc (3 x 50 

ml). The crude product was purified by column chromatography using EtOAc as mobile phase to 

afford the product as orange solid (0.152 g, 76%). Mp: 216-218 °C (novel compound). ' H-NMR 

(400 MHz, DMS0-d6): 8.31 (d, IH , J =  9.03 Hz, aromatic-H), 6.29 (s, IH , aromatic-H), 4.10 (br 

s, IH , 3a-0H ), 3.81 (s, IH , 12p-H), 0.93 (s, 6 H, 2 I-C H 3 and I 9 -CH3), 0.61 (s, 3H, I 8 -CH3). '^C- 

NM R ppm (100 MHz, DMSO-dg): 5 175.27 (C=0, 24-C), 145.65 (C, aromatic-C), 144.87 (C, 

aromatic-C), 135.39 (CH, aromatic-C), 131.60 (C, aromatic-C), 128.66 (C, aromatic-C), 100.02 

(CH, aromatic-C), 71.10 (CH, 12-C). IRvmax (KBr): 3410.69, 2927.61, 2863.42, 1703.83, 1575.98
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and 1310.90 cm '. HRMS: Found: (M-Na)^ = 577.3019, calculated for C3oH42N406Na = 

577.3002.

OH
OH

To a solution o f 115 (0.253 g) in MeOH (20 ml) was added 2 M NaOH solution to pH~14 and 

stirred at reflux for 1 d, when TLC analysis (hexane/EtOAc 1:1) showed the hydrolysis was 

complete. Then the reaction mixture was poured into 1 M HCI solution (50 ml) and extracted 

with EtOAc (3 x 50 ml). The organic layer was washed with water (2 x 100 ml) and brine (100 

ml), dried over Na2S0 4 , filtered and the solvent was removed under reduced pressure to give the 

product as a white solid (0.226 g, 98%). 'H-NMR (400 MHz, CDCb): 5 4.02 (s, IH, 12p-H), 

3.97 (s, IH, 3a-H), 1.00 (d, 3H, J =  6.52 Hz, 2 I-CH3), 0.96 (s, 3H, I 9 -CH3), 0.70 (s, 3H, 18- 

CH3). '^C-NMR ppm (100 MHz, CDCI3): 6 179.94 (C=0, 24-C), 73.43 (CH, 12-C), 58.85 (CH, 

3-C). IRvmax (KBr); 3445.86, 2938.64, 2870.58, 2103.19, 1709.09 and 1254.81 cm '. HRMS: 

Found: (M-Na)^ = 440.2877, calculated for C24H39N303Na = 440.2889.

Triphenylphoshine (2.097 g) was added to a solution o f 104 (1.738 g) in anhydrous THF (80 ml) 

and NBS (1.423 g) was added in 3 parts over 1 h at -18 °C then allowed to warm to rt and stirred 

overnight. The reaction mixture was poured into 1 M HCI solution (100 ml) and extracted with 

EtOAc (3 X 75 ml). The organic layer was washed with brine (x 100 ml) and after drying over 

MgS0 4  the solvent was removed under reduced pressure. The crude product was purified by flash 

chromatography (hexane/EtOAc 5:1) to afford the product as white foam (1.694 g, 85%). 'H - 

NMR (400 MHz, CDCI3): 5 7.99 (s, IH, 7-OC=OH), 4.84 (m, IH, 7a-H), 4.76 (s, IH, 3a-H), 

3.67 (s, 3H, -O-CH3), 1.06 (s, 3H, I 9 -CH3), 0.93 (d, 3H, J =  6.53 Hz, 2 I-CH 3), 0.70 (s, 3H, 18- 

CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 175.12 (C=0, 24-C), 161.50 (C=0, 7-OC=OH),
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74.41 (CH, 7-C), 51.97 (CH3, OCH3). IRvmax (DCM): 2947.48, 2871.35, 1737.49, 1719.36 and 

1178.56 cm ''. HRMS; Found; (M-Na)^ = 519.2070, calculated for C26H41 BrOjNa = 519.2086.

O 122

To a solution o f 121 (1.693 g) in DMPU (50 ml) was added NaN3 (2.212 g) at rt and stirred 

overnight. Then the reaction mixture was poured into water (100 ml) and extracted with EtOAc 

(3 X 75 ml). The organic phase was washed with brine (I x 100 ml), dried over Na2S0 4 , filtered 

and the solvent was evaporated in vacuum. The crude product was purified on a flash column 

using hexane/EtOAc 5:1 as mobile phase to obtain the product as colourless oil (1.464 g, 94%). 

'H -N M R  (400 MHz, CDCI3): 5 8.00 (s, IH , 7-OC=OH), 4.91 (sex, IH , J/ = 5.27 Hz, J2 = 5.53

Hz, 2 I-C H 3), 0.70 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 174.81 (C=0, 24-C),

(DCM ): 2946.73, 2871.54, 2093.30, 1720.62, 1453.67, 1255.13 and 1187.30 cm’ '. HRMS: 

Found: (M-Na)^ = 482.2998, calculated for C26H4 iN 3 0 4 Na = 482.2995.

AcCI (0.65 ml) was added dropwise to a stirred solution o f 122 (1.411 g) in anhydrous MeOH 

(60 ml) at 0 °C and allowed to warm to rt. A fter overnight the reaction mixture was poured into 

saturated NaHC0 3  (100 ml) and extracted with EtOAc (3 x 100 ml). The organic layer was dried 

over Na2S0 4 , filtered and the solvent was removed under reduced pressure. The crude product 

was purified on flash column (hexane/EtOAc 3:1) to give the product as yellow semi-solid (1.210

Hz, 7a-H), 3.68 (s, 3H, -O-CH3), 3.30 (m, IH , 3p-H), 1.00 (s, 3H, I 9 -CH3), 0.94 (d, 3H, J =  6.52

161.12 (C=0, 7-0C =0H ), 73.76 (CH, 7-C), 60.81 (CH, 3-C), 51.64 (CH3, OCH3 ). IR.•vmax

g, 91%). 'H -NM R (400 MHz, CDCI3): 8 3.69 (s, 3H, -O-CH3), 3.60 (m, IH , 7a-H), 3.30 (m, IH , 

3p-H), 0.98 (s, 3H, I 9 -CH3), 0.95 (d, 3H, J =  6.27 Hz, 2 I-C H 3), 0.70 (s, 3H, I 8 -CH3). '^C-NMR 

ppm (100 MHz, CDCI3): 5 174.85 (C=0, 24-C), 71.29 (CH, 7-C), 60.99 (CH, 3-C), 51.65 (CH 3,
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OCHj). IRvmax (DCM): 3424.26, 2938.77, 2866.74, 2092.43, 1739.29, 1452.41, 1254.58, 1167.83 

and 1022.77 cm '. HRMS: Found; (M-Na)^ = 454.3057, calculated for C2sH4|N 303Na = 

454.3046.

OHO ^ N N
H ii 124

10% Pd/C (-100 mg) in EtOAc (30 m l) was pre-reduced under hydrogen atmosphere over 30 min 

then the solution o f 123 (1.182 g) and B0 C2O (0.717 g) in EtOAc (20 m l) was added via syringe 

and stirred at rt overnight. The reaction mixture was filtered through a celite pad and washed with 

EtOAc ( 3 x 1 0  ml). The solvent was removed under reduced pressure and the crude product was 

purified by flash chromatography using 30% EtOAc in hexanes as mobile phase to yield the 

product as white foam (1.300 g, 94%). 'H -NM R (400 MHz, CDCI3): 5 4.42 (br s, IH , 3-NH),

3.68 (s, 3H, -O-CH3), 3.56 (m, IH , 7a-H), 3.39 (br s, IH , 3P-H), 1.45 (s, 9H, -OC(CH3)3), 0.96 

(s, 3H, I 9 -CH3), 0.95 (d, 3H, y  = 6.27 Hz, 2 I-C H 3), 0.69 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 

MHz, CDCI3): 6 174.85 (C =0, 24-C), 71.48 (CH, 7-C), 51.65 (CH3, OCH3), 28.56 (3CH3, - 

0 C(CH3)3). IRvmax (DCM): 3380.47, 2933.70, 1692.59 and 1170.19 cm '. HRMS: Found: (M - 

Na)^ = 528.3669, calculated for C s o H s iN O jN a  = 528.3665.

HN OH

NO2 125

Compound 124 (1.265 g) was dissolved in 10% TFA/DCM  (60 ml) and stirred at rt overnight 

(followed by TLC analysis using hexane/EtOAc 1:1 as mobile phase) then the solvent was 

removed in vacuum. The residue was dried under reduced pressure using toluene (3 x 100 ml). 

The yield foam was dissolved in MeOH (50 ml) then NaHC0 3  (2.102 g) and NBD chloride 

(0.549 g) were added to the solution. The reaction mixture was stirred vigorously for 2 weeks at
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reflux; reaction completion was checked by TLC using hexane : EtOAc (50:50) as mobile phase. 

It was poured into brine (150 ml) and extracted with EtOAc (3 x 100 ml). The organic phase was 

dried over Na2S0 4 , filtered and the solvent was removed in vacuum to afford the crude product as 

black semi-solid. This was purified by flash column using 40-70% EtOAc in hexanes (40, 50, 60 

and 70% EtOAc in 100 ml solvent mixture) as mobile phase to obtain the product as orange foam 

(0.622 g, 44%). 'H -N M R  (400 MHz, CDCI3): 5 8.49 (d, IH , J =  8.54 Hz, aromatic-H), 6 .8 8  (d, 

IH , J =  7.53 Hz, 3-NH), 6.19 (d, IH , J =  9.04 Hz, aromatic-H), 3.67 (s, 5H, -O-CH3, 7a-H, 3p- 

H), 1.08 (s, 3H, I 9 -CH3), 0.95 (d, 3H, J =  6.03 Hz, 2 I-C H 3), 0.72 (s, 3H, I 8 -CH3). '^C-NMR 

ppm (100 MHz, CDCI3): 8 174.44 (C=0, 24-C), 144.16 (C, aromatic-C), 143.87 (C, aromatic-C), 

136.48 (CH, aromatic-C), 123.07 (C, aromatic-C), 71.14 (CH, 7-C), 51.35 (CH3, OCH3). IRvmax 

(KBr); 3402.60, 2933.80, 2867.01, 1733.12, 1579.17 and 1304.77 cm ''. HRMS: Found: (M-Na)^ 

= 591.3169, calculated for C31 H44N406Na = 591.3159.

OH

HN OH

NO2 126

2 M NaOH was added to a stirred solution o f 125 (0.589 g) and warmed to 40 °C. The reaction 

mixture was left at this temperature overnight then poured into 2 M HCl (100 ml) and extracted 

with EtOAc (3 x 75 ml). The organic layer was dried over Na2S0 4 , filtered and the solvent was 

removed under reduced pressure. The crude product was purified by flash chromatography using 

2% acetic acid in EtOAc as mobile phase. The obtained product was recrystallised from hexane 

to give orange solid as final product (0.465 g, 81%). Mp: 148-150 °C (novel compound). 'H - 

NM R (400 MHz, Acetone-de): 8.51 (d, IH , J =  9.04 Hz, aromatic-H), 6.55 (d, IH , J =  9.04 Hz, 

aromatic-H), 3.93 (br s, IH , 7a-H), 3.51 (m, IH , 3p-H), 1.05 (s, 3H, I 9 -CH3), 0.97 (d, 3H, J  = 

6.53 Hz, 2 I-C H 3), 0.72 (s, 3H, I 8 -CH 3). '^C-NMR ppm (100 MHz, Acetone-dg): 175.03 (C=0, 

24-C), 70.94 (CH, 7-C). IRvmax (KBr): 3436.13, 2932.86, 2868.26, 1708.42, 1621.14, 1579.48 

and 1304.52 cm ''. HRMS: Found: (M-Na)^ = 577.3005, calculated for C3oH42N406Na = 

577.3002.
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o

Triphenylphoshine (2.135 g) was added to a solution o f  105 (1.769 g) in anhydrous THF (80 ml) 

and N BS (1.449 g) was added in 3 parts over 1 h at -18 °C then allowed to warm to rt and stirred 

for 1.5 h. The reaction m ixture was poured into 1 M HCl solution (100 m l) and extracted with 

EtOAc (3 X 75 ml). The organic layer was w ashed with brine (2 x 100 ml) and after drying over 

M gS0 4  the solvent was rem oved under reduced pressure. The crude product was purified on flash 

colum n (hexane/EtOA c 5:1) to afford the product as pale white solid (1.919 g, 95% ). 'H -N M R  

(400 MHz, C D C b): 5 8.13 (s, IH, 12-OC=OH), 5.26 (s, IH, 12p-H), 4.79 (s, IH , 3a-H ), 3.68 (s, 

3 H ,-O -C H 3), 1.01 (s, 3H, I 9 -CH 3), 0.85 (d, 3H, J = 6 .5 2  Hz, 2 I-C H 3), 0.76 (s, 3H, I 8 -CH 3). '^C- 

NM R ppm (100 MHz, CD CI3): 174.70 (C = 0 , 24-C), 160.68 (C = 0 , 12-OC=OH), 76.29 (CH, 12- 

C), 5 1.67 (C H 3, OCHa). IRvmax (KBr): 3426.56, 2939.12, 2873.47, 1739.75, 1720.29 and 1180.89 

cm '. HRM S; Found: (M-Na)^ = 519.2073, calculated for C26H4iBr03Na = 519.2086.

O

To a solution o f  127 (1.852 g) in DM PU (50 ml) was added NaNs (2.420 g) at rt and stirred 

overnight. Then the reaction m ixture was poured into water (100 ml) and extracted with EtOAc 

(3 X 50 ml). The organic phase was washed with brine (100 ml), dried over N a2S0 4 , filtered and 

the solvent was evaporated in vacuum. The crude product was purified on a flash colum n using 

hexane/EtO A c 5:1 as m obile phase to obtain the product as colourless sem i-solid (1.652 g, 97% ). 

' H-NM R (400 M Hz, CDCI3): 5 8.14 (s, IH , 12-OC=OH), 5.26 (s, IH , 12P-H), 3.67 (s, 3H, -O- 

C H 3), 3.34 (m, IH , 3p-H), 0.93 (s, 3H, I 9 -CH 3), 0.85 (d, 3H, J =  6.03 Hz, 2 I-C H 3), 0.75 (s, 3H, 

I 8 -CH 3). '^C-NM R ppm (100 MHz, CDCI3): 174.40 (C = 0 , 24-C), 160.42 (C = 0 , 12-OC=OH), 

75.70 (CH, I2-C), 60.98 (CH, 3-C), 51.34 (C H 3, O C H 3). IRvmax (DCM ): 2941.27, 2867.58,
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2092 .01 , 1738.62, 1720.31, 1448.60, 1251.73 and 1177.39 c m '’. H R M S: Found: (M -N a)^ = 

4 82 .2995 , calcu la ted  for C 26H 4 iN 3 0 4 N a =  482 .2995 .

129

A cC l (0.51 m l) w as added  d ropw lse  to  a stirred  so lu tion  o f  128  (1 .645 g) in anhydrous M eO H  

(60  m l) a t 0 °C  and allow ed  to  w arm  to rt. A fter overn igh t the reaction  m ix tu re  w as poured  into 

sa tu ra ted  N aH C O s (100 m l) and ex tracted  w ith  E tO A c (3 x 100 m l). T he o rgan ic  layer w as dried 

o v e r N a 2 S 0 4 , filtered  and the so lven t w as rem oved under reduced  pressure . T he p roduct w as 

recrysta llised  from  diethy l e ther to  ob tain  ligh t-yellow  crysta lls (1 .457  g, 94% ). 'H -N M R  (400 

M H z, C D C I3): 5 4 .00  (s, 1H, I2 p -H ), 3.68 (s, 3H , -O -C H 3), 3.35 (m , 1H, 3p -H ), 0 .99 (d, 3H , J  =  

6.53 Hz, 2 I-C H 3), 0 .94  (s, 3H , I 9 -C H 3), 0 .69  (s, 3H , I 8 -C H 3). '^C -N M R  ppm  (100 M H z, 

C D C I3): 175.15 (C = 0 , 24-C ), 73 .50 (C H , 12-C), 61 .69  (C H , 3-C ), 51 .97 (C H 3 , O C H 3). IRvmax 

(D C M ): 3524 .40 , 2939 .82 , 2866 .15 , 2091 .49 , 1739.60, 1448.24 and 1252.74 cm ’’. H R M S: 

Found: (M-Na)"^ = 454 .3038 , calcu lated  for C 2sH4 iN 3 0 3 N a = 454 .3046.

10%  Pd/C  ( -1 0 0  m g) in E tO A c (30 m l) w as pre-reduced  under hydrogen a tm osphere  over 30 m in 

then  the  so lu tion  o f  129  (1 .424  g) and B0 C2O (0 .864  g) in E tO A c (20 m l) w as added via syringe

E tO A c (3 X 10 m l). T he so lvent w as rem oved  under reduced  pressure  and  the crude p roduct w as 

pu rified  by co lum n ch rom atog raphy  using  30%  E tO A c in hexanes as m ob ile  phase to  y ield  the 

p roduc t as w hite  foam  (1 .549  g, 93% ). ' H -N M R  (400 M H z, C D C I3): 5 4 .45  (br s, IH , 3-N H ),

M H z, C D C I3): 6  174.83 (C = 0 , 24-C ), 73 .30  (C H , 12-C), 51.65 (C H 3, O C H 3), 28 .57  ( 3 C H 3, -

and  stirred  at rt overn igh t. T he reaction  m ix tu re  w as filtered  th rough  a celite  pad and w ashed  w ith

4 .0 0  (s, IH , 12P-H ), 3.68 (s, 3H , -O -C H 3), 3.43 (br s, IH , 3p -H ), 1.45 (s, 9H , -O C (C H 3)3), 0.99 

(d, 3H , J =  6 .27  Hz, 2 I -C H 3), 0.93 (s, 3H , I 9 -C H 3), 0 .69  (s, 3H , I 8 -C H 3). '^C -N M R  ppm  (100
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0 C(CH3)3). IRvmax (DCM); 3380.58, 2935.81, 1691.31 and 1171.11 cm '. HRMS: Found: (M- 

Na)^ = 528.3666, calculated for C3oH5iNOsNa = 528.3665.

OH

HN

NO2 J 3 J

Compound 130 (1.524 g) was dissolved in 10% TFA/DCM (60 ml) and stirred at rt overnight 

(followed by TLC analysis using hexane/EtOAc 3:1 as mobile phase) then the solvent was 

removed in vacuum. The residue was dried under reduced pressure using toluene (3 x 100 ml). 

The yield foam was dissolved in MeOH (60 ml) then NaHC0 3  (2.533 g) and NBD chloride 

(0.862 g) were added to the solution. The reaction mixture was stirred vigorously for 10 d at 

reflux; reaction completion was checked by TLC using hexane : EtOAc (50:50) as mobile phase. 

It was poured into brine (100ml) and extracted with EtOAc (3 x 100 ml). The organic phase was 

dried over Na2S0 4 , filtered and the solvent was removed in vacuum to afford the crude product as 

black semi-solid. This was purified by flash column using 30-40% EtOAc in hexanes as mobile 

phase to obtain the product as orange foam (0.679 g, 98%). 'H-NMR (400 MHz, CDCI3): 5 8.46 

(d, 1H,J=8.53 Hz, aromatic-H), 6.51 (s, IH, 3-NH), 6.17 (d, lH ,J = 8 .5 3 H z , aromatic-H), 4.26 

(s, IH, 12a-OH), 4.07 (s, IH, 12P-H), 3.67 (s, 4H, 3P-H, -O-CH3), 1.02 (s, 3H, I 9 -CH3), 0.97 (d, 

3H, J =  6.03 Hz, 2 I-CH 3), 0.71 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6  174.48 

(C=0, 24-C), 144.09 (C, aromatic-C), 143.78 (C, aromatic-C), 136.50 (CH, aromatic-C), 133.78 

(C, aromatic-C), 122.93 (C, aromatic-C), 103.71 (CH, aromatic-C), 72.95 (CH, 12-C), 51.36 

(CH3, OCH3). IRvmax (DCM): 3529.91, 3294.51, 2938.41, 2867.28, 1735.15, 1582.76 and 

1304.42 cm '. HRMS: Found: (M-Na)^ = 591.3142, calculated for C3iH 44N4 0 6Na = 591.3159.
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OH

NO2 99

2 M NaOH was added to a stirred solution o f 131 (1.621 g) and warmed to 40 °C. The reaction 

mixture was left at this temperature overnight then poured into 2 M HCl (100 ml) and extracted 

w ith EtOAc (3 X 100 ml). The organic layer was dried over Na2S0 4 , filtered and the solvent was 

removed under reduced pressure. The crude product was purified by flash chromatography using 

first 20% hexane then 2% acetic acid in EtOAc as mobile phase to yield orange solid as product 

(0.997 g, 63%). Mp: 225 °C (novel compound). 'H -N M R  (400 MHz, DMSO-dfe): 11.93 (s, IH, 

24-COOH), 9.52 (s, 1H, 3-NH), 8.47 (d, 1H, J  = 8.54 Hz, aromatic-H), 6.46 (d, 1H, J  = 9.04 Hz, 

aromatic-H), 4.25 (s, IH , I2a -0 H ), 3.82 (s, 2H, 12p-H and 3p-H), 0.93 (d, 6H, J = 4 .5 2  Hz, 21- 

CH3 and I 9 -CH3), 0.61 (s, 3H, I8-CH3). '^C-NMR ppm (100 MHz, DMSO-dfi): 174.98 (C=0, 

24-C), 144.40 (C, aromatic-C), 144.27 (C, aromatic-C), 138.01 (CH, aromatic-C), 136.18 (C, 

aromatic-C), 120.06 (C, aromatic-C), 105.85 (CH, aromatic-C), 70.89 (CH, 12-C). IRvmax 

(DCM ): 3309.77, 2937.30, 2859.90, 1707.17, 1582.18 and 1304.06 cm '. HRMS; Found: (M - 

Na)^ = 577.2999, calculated for C3oH42N406Na = 577.3002.

(1.156 g) and N-Hydroxysuccinimide (0.879 g) were added to the reaction mixture at rt and 

stirred overnight. The reaction was followed by TLC analysis using hexane/EtOAc 1:3 as mobile 

phase. Then the white solid formed was filtered out and the filtrate was concentrated under 

reduced pressure to give the intermediate as white foam. This was dissolved in DMF (50 ml) and 

ammonia solution (1.42 ml, 28% in water) was added at 50 °C and stirred overnight. The reaction 

mixture was poured into brine (50 ml) and the precipitate was collected by suction filtration and 

washed with water (2 x 30 ml). The product was dried under high vacuum to give the amide as

Compound 7 (2 g) was dissolved in anhydrous THF (50 ml) and acetonitrile (5 m l) then DCC
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white solid (1.536 g, 77%). 'H-NM R (400 MHz, CD 3 OD): 5 3.49 (m, 2H, 3p-H, 7a-H ), 1.00- 

0.98 (d, 6 H, J =  8.04 Hz, 2 I-CH 3 , 19- CHj), 0.73 (s, 3H, I 8 -CH 3 ). '^C-NMR ppm (100 MHz, 

CD3OD): 6  179.85 (C =0, 24-C), 72.10 (CH, 3-C), 71.93 (CH, 7-C). IRvmax (KBr): 3334.21, 

2930.22, 2853.01, 1666.65, 1627.95 and 1051.08 cm '. HRMS: Found: (M-Na)^ = 414.2979, 

calculated for C2 4 H4 iN 0 3 Na = 414.2984.

NH

HO OH

Compound 132 (0.723 g) was dissolved in anhydrous THF (40 ml) under N2 and stirred. LiAlH4 

(18.046 ml, 1.0 M in THF) was added slowly via syringe and the mixture was heated to reflux for 

2 d. When the reaction was complete (followed by TLC analysis using DCM/MeOH 4:1 + 1% 

NH4 OH as mobile phase) the mixture was cooled down to rt and water (2 ml), 15% NaOH 

solution (2 ml) and water (6 ml) again were added carefully and stirred for 2 h at this 

temperature. After this time the precipitate was filtered out by suction filtration and washed with 

EtOAc (2 X 30 ml). The organic phase was dried over Na2S04, filtered and the solvent was 

removed under reduced pressure. The crude product was purified by flash chromatography using 

first 20% MeOH in DCM then 20% MeOH and 1% NH 4 OH in DCM as mobile phase. The 

cleaned amine was dried under high vacuum to give yellow foam as product (0.427 g, 61%). 'H- 

NMR (400 MHz, DMSO-dfe): 3.29 (m, 4H, 3p-H, 7a-H , NH2), 0.90 (d, 3H, J =  6.53 Hz,21-CH3), 

0.88 (s, 3H, I9-CH3), 0.61 (s, 3H, I8-CH3). ‘^C-NMR ppm (100 MHz, DMSO-de): 69.72 (CH, 3- 

C), 69.46 (CH, 7-C). IRvmax (KBr): 3414.21, 2932.12, 2864.40, 1659.18, 1452.94, 1374.63 and 

1053.97 cm '. HRMS: Found: (M-H)^ = 378.3375, calculated for C24H44NO2 = 378.3372.

NH

HO OH
NO

To a solution o f 133 (0.368 g) in MeOH (30 ml) were added NaHCOs (0.123 g) and NBD 

chloride (0.214 g) at rt and stirred for 2 d, after which time TLC analysis showed the reaction was
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complete (using DCM/MeOH 4:1 + 1 % NH4OH as mobile phase). Then the reaction mixture was 

poured into brine (100 ml) and extracted with EtOAc (3 x 75 ml). The organic phase was dried 

over Na2S0 4 , filtered and the solvent was removed under reduced pressure. The residue was 

purified twice by column chromatography over silica gel using 50%, 80% and 100% EtOAc in 

hexane as mobile phase. The product was recrystallised from diethyl ether and hexane to obtain 

orange solid as final compound (0.269 g, 51%). M.p.: 104-106 °C (novel compound). 'H-NMR 

(400 MHz, CDCI3): 8  8.52 (d, IH, 7 = 8.77 Hz, NBD), 6.56 (s, IH, NH), 6.21 (d, IH, J =  8.81 

Hz, NBD), 3.62 (m, 2H, 3p-H, 7a-H), 3.49 (m, 2H, 2 4 -CH2), 1.00 (d, 3H, J =  6.52 Hz, 2 I-CH 3), 

0.97 (s, 3H, I 9 -CH3), 0.70 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 8  144.05 (C, 

NBD), 143.73 (C, NBD), 136.41 (CH, NBD), 123.55 (C, NBD), 98.35 (CH, NBD), 71.22 (CH, 

7-C), 71.19 (CH, 3-C). IRvmax (KBr): 3413.71, 2932.43, 2865.87, 1585.58, 1300.72 and 1271.70 

cm '. HRMS: Found: (M-Na)^ = 563.3205, calculated for C3oH44N4 0 5 Na = 563.3209.

N
O

N
NO2 135

To a solution o f NBD chloride (0.443 g) and NaHC0 3  (0.254 g) in MeOH (30 ml) was added 

cyclohexylamine (0.23 ml) at rt and stirred. Reaction completion was monitored by TLC using 

hexane : EtOAc (3 : 1) as mobile phase, then the mixture was poured into brine (100 ml) and 

extracted with EtOAc (3 x 50 ml). The organic phase was dried over Na2S0 4 , filtered and the 

solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using pet ether : EtOAc (3 :1) as mobile phase to obtain the product as orange 

solid (0.431 g, 81%). ' H-NMR (400 MHz, CDCI3): 8  8.50 (d, IH, J =  8.31 Hz, NBD), 6.26-6.20 

(m, 2H, NH and NBD), 3.70 (s, IH, cyclohexyl), 2.20 (s, 2H, cyclohexyl), 1.89 (s, 2H, 

cyclohexyl), 1.78 (d, IH, cyclohexyl), 1.48 (m, 4H, cyclohexyl), 1.35 (m, IH, cyclohexyl). '^C- 

NMR ppm (100 MHz, CDCI3): 8  144.48 (C, NBD), 144.10 (C, NBD), 143.06 (C, NBD), 136.77 

(CH, NBD), 123.54 (C, NBD), 98.77 (CH, NBD), 52.99 (CH, cyclohexyl), 32.34 (CH2, 

cyclohexyl), 25.33 (CH2, cyclohexyl), 24.68 (CH2, cyclohexyl). IRvmax (KBr): 3380.11, 2929.89,
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1572.27, 1493.35 and 1317.80 cm"'. HRMS: Found: (M-Na)^ = 285.0964, calculated for 

C,2H,4N403Na = 285.0964.

O

NH

4

136

To a solution o f 126 (0.100 g) in D M F (10 ml) were added EDC hydrochloride (0.173 g) and 

HOBt X H 2O (0.122 g) at 0 °C under N 2 atmosphere and stirred at rt overnight, after which time 

the mixture was cooled to 0 °C and cyclopropylamine (0.04 ml) was added then stirred at rt for 

30 min. Reaction completion was monitored by TLC  using EtOAc as mobile phase, then the 

mixture was poured into 1 M  HCl solution (50 ml) and extracted with EtOAc (3 x 50 ml). The 

organic phase was dried over Na2 S0 4 , filtered and the solvent was removed under reduced 

pressure. The crude product was purified by column chromatography using EtOAc as mobile 

phase to obtain the product as orange solid (0.096 g, 90%). 'H -N M R  (400 M Hz, DMSO-d6): 9.25 

(s, IH , 7P-OH), 8.48 (d, IH , J =  9.04 Hz, aromatic-H), 6.49 (d, IH , J =  9.04 Hz, aromatic-H), 

3.35 (s, IH , 7a-H ), 0.94 (s, 3H, I 9 -C H 3), 0.89 (d, 3H, J =  5.04 Hz, 2I-CH3), 0.63 (s, 3H, 18- 

C H 3), 0.59 (d, 2H, J =  5.04 Hz, CPA), 0.35 (d, 2H, J =  1.76 Hz, CPA). '^C-NM R ppm (100 M H z, 

DMSO-dft): 173.60 (C =0 , 24-C), 144.48 (C, aromatic-C), 144.22 (C, aromatic-C), 138.00 (CH, 

aromatic-C), 120.18 (C, aromatic-C), 99.12 (CH, aromatic-C), 69.32 (CH, 7-C), 5.63 (C H 2 , 

CPA), 5.61 (C H 2 , CPA). IRvmax (KBr): 3446.50, 2932.98, 1621.50, 1580.13, 1448.87, 1300.93 

and 1240.66 cm '. HRMS: Found: (M-Na)^ = 616.3510, calculated for C 33H47N 5 0 sNa = 

616.3475.
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OH

NH

HN

To a solution o f  99 (0 .100  g) in DM F (10 ml) were added EDC hydrochloride (0 .345 g) and 

HOBt X H2O (0 .244  g) at 0 °C under N 2 atmosphere and stirred at rt overnight, after which time 

the mixture w as cooled  to 0 °C and cyclopropylam ine (0 .04 ml) w as added then stirred at rt for 

30 min. Reaction com pletion w as monitored by TLC using EtOAc as m obile phase, then the 

mixture w as poured into I M HCl solution (50 ml) and extracted with EtOAc (3 x 50 ml). The 

organic phase w as dried over N a 2 S 0 4 , filtered and the solvent was removed under reduced 

pressure. The crude product w as purified by colum n chromatography using EtOAc as m obile 

phase to obtain the product as orange solid (0 .100  g, 94% ). 'H -N M R  (400  MHz, CDCI3): 5 8.48 

(d, IH, J =  8 .76 Hz, aromatic-H), 7.43 (br. s, IH, am ide bond), 6 .90  (br. s, IH, 3-N H ), 6.21 (d, 

IH, J =  8.52 Hz, aromatic-H), 4 .04  (s, IH, I2p-H ), 1.01 (s, 3H, I9 -C H 3), 0 .97 (d, 3H, J =  5.52  

Hz, 2 I-C H 3), 0 .77 (d, 2H, J =  6 .24 Hz, C PA), 0 .70  (s, 3H, I 8 -CH 3), 0.51 (s, 2H, CPA). '^C-NMR 

ppm (100  M Hz, CDCI3): 6 175.58 (C = 0 , 24-C ), 150.21 (C, aromatic-C), 144.50 (C, aromatic-C), 

143.52 (C, aromatic-C), 136.94 (C, aromatic-CH), 123.04 (CH, aromatic-C), 98 .66 (C, aromatic- 

CH), 73 .42 (CH, 12-C), 6 .72 (C H 2, C PA), 6 .70  (CH 2 , C PA). IRv^ax (KBr): 3399 .06 , 2934.38, 

2865 .28 , 1620.76, 1581.44, 1447.63, 1303.34 and 1279.23 cm ''. HRMS: Found: (M-Na)^ = 

616 .3505 , calculated for C 33H47N 5 0 5 N a =  616 .3475.

5.2. Chapter 3 Methods 

5.2.1. Absorption measurements

A Cary 300 Scan U V -V isib le  Spectrophotom eter w as used to determine the absorption maxima  

o f  the fluorescent com pounds at rt. The stock solutions w ere prepared at 0.01 m g/m l (N B D s) or 

0.02  m g/m l (dansyls) in EtOH or in water/1 % pH = 3.0 ammonium formate buffer/acetonitrile 

(15:10:75) solution at pH =3.58. Sam ples were scanned from 2 0 0 -8 0 0  nm. Cuvette type was 

Hella Blue quartz 10 mm.
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5.2.2. Fluorescence measurements

To obtain the fluorescence maxima the stocic solutions were prepared in 0.001 mg/ml (NBDs) or 

0.02 mg/ml (dansyls) in EtOH or in water/1% pH = 3.0 ammonium formate buffer/acetonitrile 

(15:10:75) solution at pH=3.58. The fluorescence was measured with RF-1501 

Spectrofiuorophotometer (SHIMADZU) at rt. The emission wavelength range was chosen 

between 220-900 nm, while the excitation wavelengths were chosen according to the absorption 

maxima of the compounds. Cuvette type was Hella Blue quartz 10 mm.

5.2.3. Fluorescence quantum yield

A Cary 300 Scan UV-Visible Spectrophotometer was used to determine the absorption maxima 

o f 5-S at rt. The stock solutions were prepared at 0.01 mg/ml in EtOH. Samples were scanned 

from 200-800 nm. Cuvette type was Hella Blue quartz 10 mm. To obtain the fluorescence 

maxima the stock solutions were prepared in 0.001 mg/ml in EtOH and measured with RF-1501 

Spectrofiuorophotometer (SHIMADZU) at rt. The emission wavelength range was chosen 

between 220-900 nm, while the excitation wavelength was 470 nm. Fluorescein and rhodamine 

6G were cross-calibrated by calculating the quantum yield o f  each relative to the other. The 

results matched the literature +/- 10%: fluorescein 0.922, rhodamine 6G 0.953. The 

absorbance and emission levels in the concentration range 10-50 jiM for five solutions o f each 

sample and standard were obtained. (Fluorescein in ethanolic KOH (0.01 M), all other solutions 

in EtOH.) The slope o f a plot o f fluorescence intensity versus absorbance was used to calculate 

the quantum yield (0p) for each sample using the equation: = ^ st(Sx/S st)-

5.2.4. Stability study of 3p-NBD UDCA (101) and 3p-NBD DCA (119) by HPLC

For the HPLC measurements, a WATERS Alliance system was used with 2475 Multi X 

Fluorescence Detector and 2487 Dual A, Absorbance Detector controlled by EMPOWER 

Software. The reverse phase HPLC column was a C l 8 5 jam 4.6 x 250 mm from Xbridge^”̂ .

For the stability study o f 101, a stock solution was prepared in 0.01 mg / ml with 2% acetonitrile / 

phosphate buffer (pH = 7.4), while the stock solution o f 119 was prepared at 0.01 mg/ml with 5% 

acetonitrile/phosphate buffer (pH=7.4). The stability study was carried out at 37 °C over 24 h 

with injection every hour. HPLC conditions were flow rate: 1.0 ml/min; wavelength o f detection: 

346 nm; injection volume: 20 |al; temperature o f column and sample: 37 °C; runtime: 25 min;
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gradient 0 m in 50%  m ob ile  p hases A  and B , 0 -  10 m in increase to 80%  m ob ile  p hase B , 10 - 2 0  

m in 80%  m ob ile  phase B , 2 0  -  21 m in d ecrease to 50%  m ob ile  p hase B , 21 -  25 m in 50%  m ob ile  

p hases A  and B; m ob ile  phase A: pH =  2 .5  p hosp hate buffer; m ob ile  phase B: aceton itrile .

5.2.5. Cell cultures 

5.2.5.1. HETIA

H E T -IA  is an adherent ep ithelia l ce ll lin e d erived  in 1986 from  hum an esop h agea l au top sy  tissu e  

o f  a 25 year old  m an. T he ce ll line w as purchased from  A m erican  T yp e C ulture C o llectio n  

(A T C C , R o ck v ille , M D ). C e lls  w ere cultured in bronchial ep ithelia l ce ll basal m ed ium  (L on za  

G roup Ltd, Sw itzerland ) su pplem ented  w ith  triiodothyronine, insulin , transferrin, retinoic acid, 

hydrocortison e, hum an recom binant ep iderm al grow th  factor, ep inephrine and b o v in e  pituitary  

extract. C ultures w ere m aintained  at 37  °C  in a h um id ified  atm osphere con ta in ing  5%  C O 2 and 

rou tinely  m aintained  in T -75  cm^ ce ll culture flask s (N u n clon , R osk ild e , D enm ark) in a vo lu m e  

o f  10 ml m edium . C ells  w ere p assaged  tw ice  a w eek  (1 /3  d ilu tion ). C e lls  w ere w ash ed  w ith  

H anks balanced salt so lu tion  (H B S S ) and rem oved  from  plastic surface u sing trypsin (1 m l, 

0.05%  w /v ) (G ib co , Invitrogen Ltd., P a isley , U K ) to form  a ce ll su sp en sion . T h e trypsin  w as  

neutralised  w ith  soya  bean trypsin inhibitor (I m l, 0 .05%  w /v ) (S igm a-aldrich , St. L ou is, M O , 

U S A ). A  ce ll p elle t w as obtained  by cen tr ifu g in g  at 1200 rpm for 3 m in. T h e p elle t w as  

resu spend ed  in culture m ed ia  and d iv id ed  into ce ll culture flask s for m aintenance o f  ce ll stock  or 

enum erated  in the con ven tion a l w a y  u sin g  a h aem acytom eter prior to use in an exp erim en t.

5.2.5.2. SKGT4

T h e S K G T 4 ce ll line, an adherent ce ll lin e derived  from  a w ell-d ifferen tia ted  aden ocarcin om a  

arising in Barrett's ep itheliu m  o f  the distal esop h agu s w a s gen erou sly  provided  by Dr. D avid  

Schrum p (B eth esd a , M A ) [2 2 7 ]. C e lls  w ere m aintained in RPM I 1640 m edium  su pp lem ented  

w ith  10%  heat-in activated  fetal b o v in e  serum  (F B S ) and 4  m M  L -G lu tam in e (G IB C O , Invitrogen  

Ltd., P a isley , U K ) at 3 7  °C  in a h u m id ified  atm osphere con ta in in g  5%  C O 2 and routinely  

m aintained  in T -75  cm^ ce ll culture flask s (N u n clon , R osk ild e , D enm ark) in a v o lu m e o f  10 ml 

m ed ium . C ells  w ere passaged  three tim es a w ee k  (1 /3  or 1/6 d ilu tion ). C ells  w ere w ash ed  w ith  

P B S and rem oved  from  p lastic  surface u sing  trypsin  (2  m l, 0 .05%  w /v )  to form  a ce ll su sp en sion  

w h ich  w as d iluted  b y  ad ding d ou b le the v o lu m e o f  ce ll culture m ed ium . A  ce ll p elle t w as
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obtained  by centrifu gin g  at 1200 rpm for 3 m in. T h e p elle t w a s resu spend ed  in culture m edia  and 

div id ed  into ce ll culture flask s for m ainten an ce o f  ce ll stock  or enum erated  in the con ven tion a l 

w ay  u sin g  a h aem acytom eter prior to use in an exp erim en t.

S.2.5.3. HUH7

T he h ep atic (H U H 7 ) c e lls  w ere m aintained  in D M E M  m ed ium  su p p lem en ted  w ith  10% heat- 

inactivated  fetal b ov in e  serum  (F B S ) at 3 7  °C  in a h u m id ified  atm osp here con ta in in g  5%  C O 2 

and rou tinely  m aintained in T -75  cm  ce ll culture fla sk s (N u n clo n , R osk ild e , D enm ark) in a 

v o lu m e o f  10 m l m edium . C e lls  w ere passaged  three tim es  a w e e k  (1 /3  or 1/6 d ilu tion ). C e lls  

w ere w ashed  w ith  P B S and rem oved  from  plastic su rface u sin g  trypsin (2  m l, 0 .05%  w /v )  to form  

a ce ll su sp en sion  w hich  w as d ilu ted  by adding d ou b le  the v o lu m e o f  ce ll cu lture m ed ium . A  ce ll 

p ellet w a s  obtained  by centrifu gin g  at 1200 rpm for 3 m in. T h e p elle t w a s resu spend ed  in culture 

m edia and d iv id ed  into ce ll culture flask s for m ainten an ce o f  ce ll stock  or enum erated in the  

con ven tion a l w a y  u sin g  a h aem acytom eter prior to  use in an exp erim en t.

5.2.6. The MTT assay

C ell v iab ility  w as m easured u sin g  the 3 -[4 ,5 -d im eth y lth ia zo l-2 -y l]-2 ,5 -d ip h en y lte tra zo liu m  

brom ide (M T T ) assay . C e lls  w ere plated  into 96  w e ll p lates at a con centration  o f  8 x 10"* c e lls /m l 

(H E T IA ), 6 x 1 0 ' *  ce lls /m l (S K G T 4) and 10 x 10^ c e lls /m l (H U H 7 ) in a 100 )xl v o lu m e . A fter 2 4  

h the c e lls  w ere treated w ith  the flu orescen t b ile  acid s at indicated  con cen tration s for the 

appropriate tim e in su pp lem ent free m ed ium . C ontrol w e lls  w ere treated w ith  m ed ium  w ith ou t 

su p p lem en ts as a p o sitiv e  control for ce ll death. V eh ic le  control w e lls  w ere  treated w ith  D M S O  

1%. A fter  22  h c e lls  w ere incubated  w ith  2 0  |aL o f  M T T  so lu tion  for a further 2 h. T he m edium  

w as aspirated from  the w e lls  and D M S O  (1 0 0  |iL ) added to  each  w ell to  ly se  the ce lls . T he p lates  

w ere shaken for 10 m in to  d isso lv e  the form azan crysta ls and then read on a V E R S A m a x  

M icrop late R eader (M olecu lar D e v ic e s , S u n n yva le , C A , U S A ) at a w a v elen g th  o f  5 7 0  nm . C ell  

su rvival rates w ere determ ined  by ca lcu la tin g  to the D M S O  control.

5.2.7. InCell measurements

H E T I A  c e lls  (3 x lO'* c e lls /w e ll)  w ere  plated into 9 6  w e ll g la ss  p late in a 2 0 0  fil v o lu m e and  

incubated  for 2 4  h b efore treatm ent at 37  °C . A fter th is t im e H oech st 3 3 3 4 2  (5 n g /m l) (b lu e, 

N B D s) d y e  w as added to each  w e ll for 15 m in to  stain  the n u c le i. T h e m ed ium  w as rem oved  then
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and NBD compounds were added into tlie wells at 1 |aM (prepared in supplement free medium 

containing 1% o f DMSO) immediately before the beginning o f  the measurements. Control wells 

were left untreated or treated with 1% DMSO as a vehicle. Images were acquired using the GE 

InCell Analyser 1000. Four fields o f  view per well were acquired using a 10 x objective for n=3 

experiments.

5.2.8. Confocal measurements 

5.2.8.1. Uptake study

Preparation o f  the samples: 3 x lO'' cells (HETl A) were plated into 96 well glass plate in a 200 |uil 

volume and incubated for 24 h before treatment at 37 °C. After this time Hoechst 33342 (5 

(.ig/ml) (blue, NBDs) or Draq5 (1/500 dilution, red, dansyls) dyes were added to each well for 15 

min to stain the nuclei. The medium was removed then and NBD compounds were added into the 

wells at 1 fiM, while dansyls at 10 laM (prepared in supplement free medium containing 1% o f 

DMSO) immediately before the beginning o f the measurements. Control wells were left untreated 

or treated with 1% DMSO as a vehicle. The images were taken using a Nikon T800 confocal 

fluorescent microscope and analysed by the LSM Image Browser program. Original 

magnification x63.

5.2.5.2, Inhibition of vesicular transport

HETl A cells (3 x 10"̂  cells/well) were plated into 96 well glass plate in a 200 |al volume and 

incubated for 24 h before treatment at 37 °C. After this time the cells were treated with 

Primaquine (300 ^iM) (Sigma-Aldrich) or Cytochalasin D (3 )iM) (Sigma-Aldrich) and incubated 

for 30 min. Hoechst 33342 (5 ng/ml) (blue, NBDs) dye was added then to each well for 15 min to 

stain the nuclei. The medium was removed then NBD compounds were added into the wells at 1 

fjM (prepared in supplement free medium containing 1% o f DMSO) immediately before the 

beginning o f  the measurements. Control wells were left untreated or treated with NBDs as a 

vehicle. Images were acquired using the GE In Cell Analyser 1000. Four fields o f view per well 

were acquired using a 10 x objective for n=3 experiments.
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5.2.8.3. Competition experiments

Preparation o f  the samples: 3x10"* ceils (H E Tl A) were plated into 96 well glass plate in a 200 )jl 

volum e and incubated for 24 h before treatm ent at 37 °C. The m edium  was rem oved then and the 

cold bile acids were added at the appropriate concentration (prepared in supplem ent free m edium ) 

and incubated for 1 h (pretreatm ent experim ents). A fter this tim e the m edium  was removed and 

Hoechst 33342 (5 fig/ml) (blue, NBDs) or DraqS (1/500 dilution, red, dansyls) dyes were added 

to each well for 15 min to stain the nuclei. NBD  com pounds were added into the wells at 1 fiM, 

while dansyls at 10 |iM  (prepared in supplem ent free m edium  containing 1% o f  DM SO) 

im mediately before the beginning o f  the m easurem ents. In the co-treatm ent experim ents the cold 

bile acids and the fluorescent bile acids were prepared in supplem ent free medium  containing the 

com partm ents at the appropriate concentrations. Control wells were left untreated or treated with 

1% DM SO as a vehicle. The im ages were taken using a N ikon T800 confocal fluorescent 

m icroscope and analysed by the LSM Image B row ser program . Original m agnification x63.

5.2.5.4. Organelle staining in fixed cells

After the appropriate treatm ent time H ETl A cells were fixed with 4%  paraform aldehyde and 

then perm eabilized with 0.1%  (vol/vol) Triton X-IOO/phosphate-buffered saline followed by 

blocking with 5% bovine serum album in/phosphate-buffered saline. C ells were incubated with 

anti-GM 130 Golgi antibody (S igm a-A ldrich  Chem ical Co.) and then incubated with A lexaFluor- 

488-conjugated secondary antibody (Invitrogen). cells w ere fixed with 4%  

paraform aldehyde/PBS (15 min) then perm eabilised with 0.1%  (v/v) Triton X-IOO/PBS (5 min) 

followed by blocking with 3%  BSA/PBS (30 m in-overnight). Cells were incubated with purified 

m onoclonal mouse anti-glucocorticoid receptor (GR) antibody (0.5 ng/m l, 50 |al, 1 h) (BD 

Biosciences, San Jose, California, USA) then incubated with A lexaFluor-488-conjugated 

secondary antibody (80 (ig/ml , 50 jil, 30 min) (Invitrogen, Carlsbad, CA, USA) protected from 

light. Control wells were treated sim ilar way excluding the incubation step with the prim ary 

antibody. Finally the nuclei were stained with H oechst 33342 (10 (xg/ml, 50 (.il, 15 min) 

(Invitrogen, Carlsbad, CA, USA) and the im ages were taken using a N ikon T800 confocal 

fluorescent m icroscope and analysed by the LSM Image Brow ser program . Original 

m agnification x63.
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5.2,8.5. Live cell Golgi staining

HETIA cells (3 x cells/well) were plated into 96 well glass plate in a 200 |il volume and 

incubated for 24 h before treatment at 37 °C. After this time Human Golgi-resident enzyme (N- 

acetylgalactosaminyltransferase 2, CellLight®) was added at 1 x lo* particles/ml in BEBM and 

incubated for 16 h. Hoechst 33342 (5 (ig/ml) (blue, NBDs) dye was added then to each well for 

15 min to stain the nuclei. The medium was removed then NBD compounds were added into the 

wells at I jiM (prepared in supplement free medium containing 1% o f DMSO) immediately 

before the beginning o f the measurements. Control wells were left untreated or treated with 1% 

DMSO as a vehicle. Images were acquired using the GE In Cell Analyser 1000. Four fields o f 

view per well were acquired using a 10 x objective for n=3 experiments.

5.2.9. Analysis o f biological samples by HPLC

Preparation o f the samples: 8x10 ' *  cells in a 250 ^1 volume were plated into 48 well plate and 

incubated for 24 h before treatments. The medium was removed then and NBD compounds were 

added into the wells at 1 )iM, while dansyls at 10 |iM (prepared in supplement free medium 

containing 1% o f DMSO) at 37 or 4 °C. After the appropriate incubation time the medium was 

collected into eppendorfs and NP 40 lysis buffer was added to the cells and shaken for 15 min, 

after which time the lysate was also collected into eppendorfs and stored at -20 °C until the 

measurements.

For the HPLC measurements, WATERS Alliance system was used with 2475 Multi X 

Fluorescence Detector and 2487 Dual A, Absorbance Detector controlled by EMPOWER 

Software. The applied column symmetry was C18 5 fo,m 4.6 x 250 mm from Xbridge™.

The measurement o f the biological samples was carried out at rt. HPLC conditions were flow 

rate; 1.5 ml/min; wavelength o f excitation: 470 nm (NBDs) and 335 nm (dansyls) wavelength o f 

detection: 540 nm (NBDs), 517 nm (dansyls); injection volume: 20 ^1; temperature o f column 

and sample: rt; runtime: 20 min; isocratic water/1% pH=3.0 ammonium formate 

buffer/acetonitrile (15:10:75), pH=3.58.
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5.2 .10. U p tak e stu d ies in C aco-2  cell line

Caco-2 cells were grown to polarized m onolayers on 24-w ell plates for 21 days, before uptake 

studies were performed in bicarbonated K rebs-Ringer buffer (KRB: 15 mM  HEPES, 116.4 mM  

N aCl, 5.4 mM KCl, 0.78 mM NaH 2P0 4 , 25 mM NaH C O j, 1.8 mM CaCb, 0.81 mM M gS0 4  and 

5.55 mM glucose; pH 7.4). Uptake o f  the fluorescent bile acid com pounds (3 -6 ) w as studied at 

different tim e points, concentrations and temperatures. B ile acid com pounds w ere d issolved  in 

KRB containing 0.1%  D M SO  at all tim es.

Tim e-dependence o f  bile acid uptake including the control fluorophore substances w as studied by 

incubating cell m onolayers (at 10 |iM  final concentration) for up to 90 min at either 37°C or 4°C. 

After 5, 10, 15, 30, 45, 60 and 90 min, m onolayers w ere w ashed tw ice with ice-cold KRB, 

solubilized in 1% (w /v) Triton X -100 solution and bile acid activity w as measured in the cell 

lysate (see below ). Concentration-dependence o f  bile acid uptake w as studied at a compound  

concentration range o f  1 to 100 ^M for 20 min at 37°C  and 4°C . A ctive uptake o f  bile acid 

com pounds w as calculated as the difference between the fluorescence, after exposure to 99, 101, 

119 and 126 at 37°C and 4°C.

The fluorescence activity o f  the bile acids com pounds w as analyzed in 24-w ell plates using an 

automated plate reader (FLUOstar Optima, BM G Labtech, Offenburg, Germany) at excitation  

and em ission w avelengths o f  485 and 520 nm, respectively. The sam ples w ere diluted with KRB, 

where appropriate. For standardization, the total protein amount o f  cell layers w as determined by 

bicinchoninic acid (B C A ) assay according to the manufacturer’s instructions (Pierce, Thermo 

Scientific, Rockford, U SA ).

5 .2 .11 . K inetics

The saturable transport o f  the bile acid com pounds w as analyzed by assum ing M ichaelis-M enten  

type carrier-mediated transport represented by the equation:

V = Vmax  ̂ (S) /  [(A^m+ (S)], where (S) w as [bile acid com pound].

Half-saturation constant (Â m) and maximum uptake rates (Vmax) o f  the b ile acid com pounds was 

calculated by this equation to the experimental profile o f  the uptake rate (v) versus the substrate 

concentration (S) using a non-linear least squares regression analysis program, W inNonlin  

(Pharsight, Mountain V iew , C A , U SA ).
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5.2.12. M olecular m odelling

The strucutres o f  DCA and its 3 -a  and -P N BD analogs were generated by in silico  m odification 

in M OE (Chem ical Com puting Group, M ontreal, Canada) o f  cholic acid extracted from pdb code 

2 Q 0 4  [167]. The bile acid m odels were energy m inim ised using M erck M olecular Force Field 

94x (M M FF94x ) interfaced to M OE with gradient 0.5. Then structures were further manipulated 

in MOE.

5.3. Chapter 4 

5.3.1. Chem istry

HO' 'OH

To a solution o f  CDCA (5 g, 12.7 mmol) dissolved in MeOH (94 ml), concentrated HCl (37%, 

0.53 ml, 6.35 mmol) was added drop-w ise using a syringe. The m ixture was stirred under reflux 

and left overnight. The formation o f  the product was followed using TLC analysis. When the 

reaction was com plete, the solvent was removed under reduced pressure giving white, odourless 

solid (5.07 g, 98%). 'H -N M R  (400 MHz, C D C b): 6  3.88 (m, IH, 7[3-H), 3.67 (s, 3H, -OCH 3), 3.5 

(m, IH, 3P-H,), 0.96 (d, 3H, 2 I-C H 3), 0.92 (s, 3H, I 9 -CH 3), 0.67 (s, 3H I 8 -C H 3 ). '^C-NM R ppm 

(100 M Hz, CDCI3): 6  174.36 (C = 0 , 24-C), 71.76 (CH, 3-C), 68.26 (CH, 7-C), 51.09 (CH 3 , 

OCH 3). IRvmax (KBr): 3424.28, 2932.36, 2866.53, 1741.25, 1447.62, 1375.42 cm ’’. HRMS: 

Found: (M-Na)^ = 429.2987, calculated for C 2 5 H4 2 0 4 N a = 429.2981.

Com pound 149 (2 g, 4.92 m m ol) and 4-D M A P (120 mg, 0.98 m mol) were both dissolved in 

anhydrous pyridine (30 ml). AC2 O (14 ml, 148 m mol) was added to the solution and the reaction 

m ixture was allowed to stir overnight at rt. The m ixture was poured into w ater (200 ml) and the
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compound was extracted with EtOAc : hexane (1:1) (3 x 100 ml). The organic phases were 

combined and washed with IM HCl (100 ml), water (100 ml) and brine (100 ml). The organic 

layer was dried over MgS04 and filtered. The solvent was removed and the semi-solid residue 

was purified by flash column chromatography using hexane: EtOAc (3:1) as mobile phase, white 

foam (67%, 1.617 g). 'H-NMR (400 MHz, CDCI3): 6 5.12 (m, IH, 7P-H), 4.83 (sex, IH, J , =  

4.02 Hz, J2 = 7.02 Hz, Js= 4.52 Hz, 3p-H), 3.91 (s, 3H, -O-CH3), 2.48 (s, 3H, 3 -C =O CH 3), 2.43 

(s, 3H, 7 -C = 0 CH3), 1.31 (s, 3H, I9-CH3), 1.28 (d, 3H, J =  6.53 Hz, 2 I-CH3) 0.89 (s, 3H, 18- 

CH3). '^C-NMR ppm (100 MHz, CDCI3): 173.54 (C = 0 , 24-C), 169.49 and 169.28 (2C = 0, 3- 

C=0 CH3 and 7-C=OCH3), 73.08 and 70.15 (2CH, 3-C and 7-C), 51.08 (CH3, OCH3), 21.17 

(CH3, 7-0 C=0 CH3), 21.06 (CH3, 3-0 C=0 CH3). IRvmax (KBr): 2942.84, 2872.20, 2848.09, 

1734.83, 1466.86, 1438.18, 1378.44, 1364.49, 1248.94 cm''. HRMS: Found: (M-Na)^ =

513.3208, calculated for C29H4606Na = 513.3192.

HO

Compound 150 (1.55 g, 3.17 mmol) was dissolved in anhydrous MeOH (22 ml) then AcCl (0.29 

ml, 4.078 mmol), dissolved in MeOH (3 ml) was added drop-wise to the reaction mixture at 0 °C. 

The mixture was allowed to reach rt and left stirring for 20 h then it was quenched by the addition 

o f  saturated NaHC03 (70 ml) and water. The compound was extracted using EtOAc (3 x 50 ml) 

the organic phase was dried over MgS0 4 . The organic solvent was removed under reduced 

pressure and the product formed as a white solid (1.294 g, 91%). ' H-NMR (400 MHz, CDCI3): 6 

4.86 (m, IH, 7p-H), 4.12 (m, IH, 3p-H), 3.65 (s, 3H, -O-CH3), 1.97 (s, 3H, 7 -C =O C H 3), 0.91 (s, 

3H, I9-CH3), 0.9 (d, 3H, 2 I-CH3) 0.63 (s, 3H, I8-CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 

174.30 (C = 0 , 24-C), 170.23 (C = 0, 7-C=OCH3), 71.32 and 70.91 (2CH, 3-C and 7-C), 51.08 

(CH3, OCH3), 21.21 (CH3, 7-0 C=0 CH3). HRMS: Found: (M -Na)  ̂ = 471.3084, calculated for 

C27H440sNa = 471.3086.
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To a stirred solution o f  151 (1.273 g, 2.84 m m ol) in anhydrous DCM  (38 ml) was added EtsN 

(0.43 ml, 3.105 mmol). M ethanesulfonyl chloride (0.331 ml, 4.276 mmol) dissolved in 

anhydrous DCM (12 ml) was added drop-w ise to the m ixture at 0 °C. The reaction m ixture was 

stirred for 30 min, after which tim e TLC analysis showed that the reaction was com plete, then it 

was quenched by cooled water (50 ml). The com pound was extracted using DCM (2 x 40 ml). 

The organic phase was washed with brine (100 ml), dried over M gS 0 4  and filtered. The solvent 

was removed using the rotary evaporator, ensuring the bath tem perature was no higher than 40 

“C. The flask was placed under high pressure, giving sem i-solid oil as the product (1.43 g, 96%). 

'H -N M R  (400 MHz, CDCI3 ): 8  4.90 (m, IH, 7^-H), 4.52 (m, IH, 3|3-H), 3.68(s, 3H, -O -CH 3 ), 

3.02(s, 3H, -OSO 2 CH 3 ), 2.08 (s, 3H, 7 -C=O CH 3 ), 0.96 (s, 3H, I 9 -CH 3 ), 0.94 (d, 3H, 2 I-C H 3 ), 

0.67 (s, 3H, I 8 -CH 3 ). '^C-NM R ppm (100 MHz, CDCI3 ): 5 174.69 (C = 0 , 24-C), 170.43 (C = 0 , 

7 -0 C = 0 CH 3 ), 81.39 (CH, 3-C), 71.01 (CH, 7-C), 52.57 (C H 3 , -OSO 2 CH 3 ), 51.52 (CH 3 , O CH 3 ), 

21.59 (CH 3 , 7 -C= 0 C H 3 ). HRMS; Found: (M -Na)  ̂ = 549.2874, calculated for C 2 gH4 6 0 7 SNa = 

549.2862.

To a solution o f  152 (1.791 g, 3.4 mmol) in DM PU, was added N aN 3  (2.21 g, 34 m mol) at 50 °C. 

The reaction m ixture was left stirring for 5 d and then poured into distilled water (100 ml). 

EtOAc (3 X 100 ml) was used to extract the compound. The organic phase was washed with 

brine (100 ml), dried over N a 2 S0 4  and filtered. The solvent was removed under reduced 

pressure, the residue was purified by flash colum n chrom atography, using 25%  EtOAc in hexane 

as m obile phase. The yield product was w hite foam (1.369 g, 85%). 'H -N M R  (400 MHz, CDCI3 ): 

§ 4.89 (m, IH, 7p-H), 3.96 (m, IH , 3a-H ), 3.67 (s, 3H, -O -CH 3 ), 2.05 (s, 3H, 7 -C=OCH 3 ), 0.96
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(s, 3H, I 9 -CH3), 0.92 (d, 3H, 2 I-C H 3), 0.65 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 

5 174.95 (C=0, 24-C), 170.60 (C=0, 7-OC=OCH3), 71.64 (CH, 7-C), 58.65 (CH, 3-C), 51.65 

(CH3, OCH3), 21.68 (CH3, 7 -C=0 CH3). IR vmax (KBr): 2940.67, 2871.82, 2099.71(N3), 1734.83, 

1438.26, 1376.34, 1247.76, 1222.33 cm''.

OH

Compound 153 (0.78 g, 1.647 mmol) was dissolved in MeOH (10 ml) and IM  NaOH (2 m l) was 

added drop-wise to the solution, until pH~14 was attained. The mixture was stirred at rt. After 

48 h, more aqueous NaOH (2 ml) was added and the temperature o f the reaction was raised to 65 

°C. The reaction was monitored using TLC analysis and once complete, the mixture was poured 

into 2M HCI (50 ml) and extracted using EtOAc (3 x 50ml). The organic phase was washed with 

water (2  x 100 ml) and brine (100  ml), dried over N 32S0 4 , filtered and the solvent removed under 

the high vacuum to afford the product as white foam (0.719 g, 95%). 'H -N M R  (400 MHz, 

CDCI3): 5 4.91 (m, IH , 7P-H), 3.97 (m, IH , 3P-H), 3.33 (s, 3H, -O-CH3), 2.05 (s, 3H, 7- 

C=0 CH3), 0.98 (s, 3H, I 9 -CH3), 0.97 (d, 3H, 2 I-CH 3), 0.73 (s, 3H, I 8 -CH3). IRvmax (KBr): 

3329.05, 2927.43, 2101.15, 1732.77 and 1247.18 cm '., HRMS; Found: (M -H )' = 458.3015, 

calculated for C26H40N 3O4 = 458.3019.

NH

Compound 154 (0.15 g, 0.326 mmol) was dissolved in anhydrous THF (15 ml) and acetonitrile 

(1.5 ml), then N-OH-Su (0.124 g, 1.07 mmol) and DCC (0.22 g, 1.06 mmol) were added to the 

mixture and the reaction was left stirring overnight. The white solid formed was filtered o ff  and 

the filtrate was concentrated using the rotary evaporator and placed under high vacuum. The 

compound was then dissolved in DMF and ammonia solution (37%, 0.054 ml) was added. The
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white solid precipitated from the mixture when brine (70 ml) was added. The mixture was 

filtered using suction filtration. The filtrate was washed with water (2 x 30 ml) and allowed to 

dry in the air. Column chromatography was carried out using 50-100% EtOAc in hexane as the 

mobile phase. The organic solvent was removed under reduced pressure leaving behind the dried 

solid (0.147 g, 98%). 'H-NMR (400 MHz, CDCb): S 5.49 (s, 2H, NH2), 4.90 (m, IH, 7(3-H), 3.93 

(m, IH, 3a-H), 2.05 (s, 3H, 7-C=OCH3), 0.97 (s, 3H, I 9 -CH3), 0.94 (d, 3H, 2 I-CH3), 0.67 (s, 3H, 

I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6 175.5 (C=0, C=0NH2), 169.9 (C=0, 7-C=0), 

71.00 (CH, 3-C), 58.08 (CH, 7-C). IRvmax (KBr): 3328.23, 2927.53, 2100.90, 1665.73 and 

1247.07 cm-'. HRMS: Found: (M-Na)^ = 481.3153, calculated forC26H42N403Na = 481.3155.

NH

To a solution o f 154 (0.1 g, 0.217 mmol) in anhydrous DMF (10 ml) was added HOBt 

monohydrate (0.044 g, 0.325 mmol) and EDC (0.047 ml, 0.26 mmol) at 0 °C under N 2 

atmosphere. After 10 min, a solution o f cyclopropylamine (0.023 ml, 0.322 mmol) dissolved in 

anhydrous DMF (0.5 ml) was added slowly to the mixture and left stirring for 24 h. Once 

complete, the reaction mixture was poured into brine (70 ml) and extracted using EtOAc (3 x 50 

ml). The organic phase was dried over Na2S0 4 , filtered and the solvent was removed using the 

rotary evaporator. The crude product was purified by flash column chromatography using 

gradient elution (25-100% EtOAc in hexane). The solvent was removed under reduced pressure 

giving a white solid (0.047 g, 43%) as product. ' H-NMR (400 MHz, MeOD): 5 7.07 (s, IH, N- 

H), 6.3 (m, IH, 7p-H), 5.35 (m, IH, 3a-H), 3.47 (s, 3H, 7-OC=OCH3), 2.34 (s, 3H, I 9 -CH3), 2.19 

(d, 3H, 2 I-CH3), 2.07 (s, 3H, I 8 -CH3), 2.08 and 1.91 (m, 2H, cyclopropyl-CH2). '^C-NMR ppm 

(100 MHz, MeOD): 5 174.78 (C=0, C=0NH2), 170.16 (C=0, 7-OC=OCH3), 71.25 (CH, 3-C), 

6.49 (CH2, cyclopropyl-CH2). IRvmax (KBr): 3429.95, 2938.13, 2100.42, 1734.02, 1651.02 and 

1248.42 cm-'. HRMS: Found: (M-Na)^ = 521.3463, calculated for C29H46N403Na = 521.3468.
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157

To a solution o f 149 (2 g, 4.9 mmol) in DCM (30 ml), were added AC2 O (3.25 ml, 34.3 mmol) 

and pyridine (5.97 ml, 73.8 mmol). After 16 h, TLC analysis showed that the reaction had gone 

to completion. EtOAc (100 ml) was added to the mixture and washed with IM HCl (100 ml) and 

water (2 x 100 ml). The organic layer was collected, dried over MgS0 4 and filtered. The crude 

product was purified by flash column chromatography (Hexane: EtOAc, 3:1) and the solvent was 

removed under high vacuum to produce a white solid (1.668 g, 76%). 'H-NM R (400 MHz, 

CDCI3 ): 6  4.82 (m, IH, 3p-H), 4.10 (IH , 7p-H), 3.91 (s, 3H, -O-CH3 ), 2.26 (3H, 3 -C=0 -CH3), 

1.18 (d, 3H, 2 I-CH 3 ), 1.16 (s, 3H, I 9 -CH3 ), 0.91 (s, 3H, I 8 -CH 3). '^C-NMR ppm (100 MHz, 

CDCI3 ): 5 174.33 (C =0, 24-C), 170.38 (C =0, 3 -C=OCH 3 ) 74.28 (CH, 7-C), 68.39 (CH, 3-C), 

51.44 (CH3 , OCH 3 ). IRvmax (KBr): 3531.43, 2942.98, 2867.01, 1737.24, 1440.12, 1379.84, 

1364.52, 1250.45 cm '. HRMS: Found: (M -Na)' = 471.3086, calculated for C 2 7 H4 4 0 5 Na = 

471.3086.

Compound 157 (0.5 g, 1.114 mmol) was dissolved in anhydrous DCM (15 ml) at 0-4 °C then 

anhydrous pyridine (0.448 ml, 5.56 mmol) and methanesulfonyl chloride (0.434 ml, 4.4 mmol) 

were added to the mixture and stirred for 15 min. DIPEA (0.486 ml, 2.79 mmol) dissolved in 

anhydrous DCM (4 ml) was added drop-wise over 15 min, with the temperature kept at 0 °C and 

stirred for 1 h. O.IM aq. HCl (80 ml) was added to the mixture and the product was extracted 

using DCM (2 x 60 ml). The DCM layer was washed with brine (160 ml), dried using MgS0 4  

and filtered The solvent was removed with the rotary evaporator and the flask was placed under 

high pressure to dry the product (98%, 0.575 g). ' H-NMR (400 MHz, CDCI3 ): 6  4.93 (m, IH, 7p- 

H), 4.612 (m ,lH , 3P-H), 3.68 (s, 3H, -O-CH3 ), 3.0431 (s, 3H, -OSO 2CH 3), 2.04 (s, 3H, 3-

O 158
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C=0 CH3), 0.95 (s, 3H, I 9 -CH3), 0.94 (d, 3H, 2I-CH3), 0.67 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 

MHz, CDCI3): 5 174.25 (C =0, 24-C), 170.25 (C =0, 3 -OC=OCH3), 80.91 (CH, 3-C), 73.45 (CH, 

7-C), 52.10 (CH3, -OSO2CH3), 51.09 (CH3, OCH3), 21.059 (CH3, 3 -C=OCH3). IRvmax (DCM): 

2941, 2872.23, 1732.65, 1438.06, 1367.61, 1345.53, 1248.96, 1173.61, 1138.01 cm ''. HRMS: 

Found: (M-Na)^ = 549.2850, calculated for C28H4 6 0 7 SNa = 549.2862.

1  H
159

Compound 158 (0.617 g, 1.117 mmol) was dissolved in DMPU (17 ml) then NaN 3 (0.76 g, 11.69 

mmol) was added at 50 °C. The reaction mixture was left stirring overnight and TLC analysis 

indicated that the reaction was complete. Brine (100 ml) was poured into the mixture and the 

product was extracted using EtOAc (3 x 50 ml). The organic phase was dried over Na2S0 4 , 

filtered and the solvent removed under reduced pressure. The crude product was purified by flash 

column chromatography using a gradient eluent (EtOAc 3%, followed by 6 %, 9%, 12% and 15% 

in hexane). The yield product is white foam (0.450 g, 93%). 'H-NMR (400 MHz, CDCI3): 5 5.12 

(m, IH, 7-H), 4.75 (m, IH, 3p-H), 3.68 (s, 3H, -O-CH3), 2.04 (s, 3H, 3 -C=OCH3), 0.96 (s, 3H, 

I9 -CH3), 0.94 (d, 3H, 2 I-CH 3), 0.71 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6  

174.31 (C =0, 24-C), 170.22 (C =0, 3 -OC=OCH3), 136.74 (quaternary C, 8 -C), 114.92 (CH, 7-C), 

73.23 (CH, 3-C), 51.085 (CH3, -OCH3), 21.02 (CH3, 3 -C=OCH3). IRvmax (KBr): 2952.47, 

2871.89, 1730.01, 1451.58, 1437.29, 1379.29, 1362.42, 1326.88, 1311.19 cm ''. HRMS: Found: 

(M-Na)^ = 453.2959, calculated for C27H4 2 0 4 Na = 453.2981.

256



OH

HO

To a solution o f  159 (0.7 g, 1.63 mmol) in M eO H  (40 m l) was added 2 M  N aO H  (2 m l) drop-wise 

to pH~14. The mixture was stirred at 60 °C  for 1 d then it was poured into 2 M  H C l (50 m l) and 

extracted with EtOAc (3 x 50 m l). The organic phase was washed with water (2 x 100 m l) and 

brine ( 1 0 0  m l), dried over Na2S0 4 , filtered and solvent removed in vacuo, leaving a white solid 

(0.43 g, 71% ). 'H -N M R  (400 M H z , M eO D ): 5 5.14 (m, IH , 7 -H ), 3.55 (m, IH , 3P-H), 3.3 (s, 3H, 

-O -C H 3), 0.99 (d, 3H, 2 I -C H 3), 0.89 (s, 3H , I 9 -C H 3), 0.61 (s, 3H , I 8 -C H 3). IRvmax (K B r): 

3342.10, 2934.10, 2859.74, 1708.32, 1541.26, 1468.23, 1447.14, 1416.48, 1367.02, 1333.67, 

1286.98 cm '. H R M S : Found: (M )  =  373.2757, calculated for C24H37O3 =  373.2743.

NH

HO

The protocol was analogous to that o f  155 starting from compound 160 (0.15 g, 0.4 mmol) in 

anhydrous T H F  (15 m l) and acetonitrile (1.5 m l), then D C C  (0.248 g, 1.2 m m ol) and N -O H -S u  

(0.138 g, 1.19 m m ol) was added. The mixture was left stirring overnight. The solid was filtered 

o ff  and the filtrate was concentrated using the rotary evaporator. The product was dissolved in 

D M F  (5 m l) and ammonia solution (37% , 0.044 m l) was added. The reaction mixture was stirred 

at 50 °C  and left overnight, then the mixture was poured into brine (70 m l) and the precipitate 

collected by suction filtration. The solid collected on the filter paper was washed with distilled 

water (2 x 30 m l) and the solid (0.14 g, 93% ) was allowed to dry. ' H -N M R  (400 M H z , M eO D ); 6 

5.78 (m, IH , 7 -H ), 4.18 (m, IH , 3p-H ), 1.6 (d, 3H , 2 I -C H 3), 1.53 (s, 3H , I 9 -C H 3), 1.24 (s, 3H , 

I 8 -C H 3). '^C -N M R  ppm (100 M H z, C D C I3); 5 179.8 (C = 0 , C ^ O N H j), 138.68 (quaternary C, 8- 

C ), 116.63 (C H , 7- C ), 71.83 (C H , 3-C ). IRvmax (K B r): 3327.85, 2929.36, 1626.36 and 1576.41 

cm '.H R M S : Found: (M -N a)^ =  396.2874, calculated for C24H39N02Na =  396.2878.
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NH

H O

T o a stirred  so lu tion  o f  160 (0 .056  g, 0.15 m m ol) in anhydrous D M F (10 m l) w ere added H O B t 

(0.03 g, 0 .22 m m ol) and  ED C  (0.05 m l, 0 .228 m m ol) a t 0 °C  under N 2 . A f t e r  10 m in, 

cy c lop ropy lam ine  (0 .016  m l, 0 .22  m m ol) d isso lved  in anhydrous D M F w as added slow ly  and the 

reaction  m ix tu re  w as left stirring  overn igh t. W hen the reaction  w as com plete , brine (70 m l) w as 

added  to  the m ix tu re  and product w as ex trac ted  using  E tO A c (3 x 50 m l). T he organic phase w as 

w ashed  w ith  brine (100  m l), d ried  using  N aS 0 4  and filtered . T he so lvent w as rem oved under 

reduced  pressure  to  g ive a w hite  so lid  (0 .053 g, 90% ). 'H -N M R  (400 M H z, CDCI3): 6 5.67 (d, 

IH , N -H ), 5.11 (m , IH , 7-H ), 3.63 ( I H,  3p-H ), 0.93 (d, 3H , 2 I -C H 3), 0 .86 (s, 3H , I 9 -C H 3), 0.77 

(m , 2H , cyclopropyl-C H z), 0 .54 (s, 3H , I 8 -C H 3), 0 .49  (2H , cyclo p ro p y l-C H 2). '^C -N M R  ppm 

(100  M H z, CDCI3): 6 175.41 (C = 0 , C = O N H 2), 137.67 (quaternary  C , 8-C ), 115.86 (C H , 7- C), 

71 .68 (C H , 3-C ), 7 .06  (C H 2, cyc lop ropy l-C H 2). I R v m a x ( K B r ) :  3444.44 , 2931.55 and 1663.29 cm ' 

'.  H R M S: Found: (M -N a)^ =  436 .3178 , ca lcu la ted  for C27H43N02Na =  436 .3191.

O H

I 163

C om pound  149 (1 .177  g, 2 .895 m m ol) and trie thy l am ine  (0.81 m l, 5.789 m m ol) w ere d isso lved  

in anhydrous D C M  (20 m l) and m ethanesu lfony l ch lo ride (0 .27 m l, 3.473 m m ol in 5 ml anh. 

D C M ) w as added d rop -w ise  in 10 m in at 0 °C , then  crushed  ice w as added  im m ediately  and 

stirred . T he o rgan ic  phase w as separa ted  and w ashed  w ith  saturated  N aH C 0 3  (2 x 50 ml), w ater 

(50  m l) and brine (50 m l) then  dried  over M gS 0 4 , filtered  and the so lven t w as rem oved under 

reduced  pressure . T he yield  product: w hite  foam  (1 .299  g, 93% ). ' H -N M R  (400 M H z, C D C I3): 5 

4 .54  (m , IH , 3P-H ), 3 .87  (s, IH , 7p-H ), 3 .68 (s, 3H , -O -C H 3), 3.01 (s, 3H , -S O 2-C H 3), 0.95 -  

0.93 (d, 6H , 2 I-C H 3 and  I 9 -C H 3), 0 .67 (s, 3H , I 8 -C H 3). '^C -N M R  ppm  (100 M H z, C D C I3): 5 

174.55 (C = 0 , 24-C ), 82 .57 (C H , 3-C ), 68 .73 (C H , 7-C ). IRvmax (K B r): 3552 .50 , 2942 .04 ,
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1737.27, 1348.89, 1170.76 and 926.45 cm ''. HRMS: Found: (M-Na)^ = 507.2758, calculated for 

C26H4406SNa = 507.2756.

164

To a solution o f 163 (1.263 g, 2.606 mmol) in DMPU was added NaN 3 (1.694 g, 26.059 mmol)

mixture was poured into IM HCl (100 ml) and extracted with EtOAc (3 x 50 ml). The organic 

layer was collected and washed with water ( 1 0 0  ml) and brine ( 1 0 0  ml), dried over Na2 S0 4 , 

filtered and the solvent was evaporated. The crude product was purified by column 

chromatography using hexane : EtOAc 3:1 as mobile phase to afford colourless semi-solid as 

product (0.86 g, 76%). 'H-NMR (400 MHz, CDCI3): S 3.92 (s, IH, 3a-H ), 3.88 (s, IH, 7p-H), 

3.68 (s, 3H, -O-CH3 ), 0.95 -  0.93 (d, 6 H, I 9 -CH 3 and 2 I-CH3), 0.68 (s, 3H, I 8 -CH3 ). '^C-NMR 

ppm (100 MHz, CDCI3): 5 175.20 (C =0, 24-C), 69.04 (CH, 7-C). IRvmax (KBr): 3494.84, 

2930.37, 2091.78 and 1739.85 cm '. HRMS: Found: (M-Na)^ = 454.3029, calculated for 

C25H4iN303Na = 454.3046.

Compound 164 (0.84 g, 1.946 mmol) was dissolved in MeOH and stirred with 2M NaOH 

(pH~14) at rt overnight. The reaction mixture was then poured into IM HCl (100 ml) and 

extracted with EtOAc (3 x 50 ml). The organic phase was washed with water (2 x 100 ml) and 

dried over Na2 S0 4 . After filtration the solvent was removed to give white foam as product (0.277

CH3 and 2 I-CH 3), 0.68 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 179.88 (C =0, 24- 

C), 68.50 (CH, 7-C). IRvmax (KBr): 3450.29, 2927.53, 2101.43 and 1709.14 cm '. HRMS: Found: 

(M)' = 416.2901, calculated for C2 4 H38N 3O3 = 416.2913.

and stirred at 60-65 °C until the TLC analysis showed that the reaction was complete. Then the

g, 34%). ' H-NMR (400 MHz, CDCI3): 5 3.92 (s, IH, 3a-H ), 3.88 (s, IH, 7p-H), 0.96 (d, 6 H, 19-
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To a solution o f 165 (0.1 g, 0.239 mmol) in dioxane (10 ml) was added triethyl amine (0.037 ml, 

0.263 mmol in 2 ml dioxane) then the mixture was cooled down to 10 °C. Ethyl chloroformate 

(0.025 ml, 0.263 mmol) was added drop-wise, then 10 min later the amine (0.031 ml, 0.599 mmol 

ammonia solution or 0.042 ml, 0.599 mmol cyclopropylamine) was added drop-wise. The 

mixture was stirred at 10 °C additional 30 min and rt overnight, then the reaction mixture was 

poured into IM  HCl (50 ml) and extracted with EtOAc (3 x 50 ml). The organic phase was with 

water (50 ml) and brine (50 ml), dried over Na2S0 4 , filtered and the solvent was removed under 

reduced pressure. The residues were purified by column chromatography to afford the products.

NH

OH

white foam (0.071 g, 72%). 'H-NMR (400 MHz, CDCI3): 5 5.88 (br s, 2H, NH2), 3.92 (s, IH, 

3a-H), 3.87 (s, IH, 7P-H), 0.96 (d, 6 H, 2 I-CH3 and I 9 -CH3), 0.68 (s, 3H, I 8 -CH3). '^C-NMR 

ppm (100 MHz, CDCI3): 177.10 (C=0, 24-C), 69.02 (CH, 7-C), 50.89 (CH, 3-C). IRv^ax (KBr): 

3436.57, 2927.53, 2101.06 and 1648.37 cm''. HRMS: Found: (M-Na)^ = 439.3061, calculated for 

C24H4oN402Na = 439.3049.

NH

'OH

white foam (0.095 g, 87%). ' H-NMR (400 MHz, CDCI3): 5 6.11 (s, IH, NH), 3.92 (s, IH, 3a-H), 

3.88 (s, IH, 7p-H), 2.73 (m, IH, CPA-CH), 0.95 (d, 6 H, 2 I-CH3 and I 9 -CH3), 0.80 (m, 2H, 

CPA), 0.67 (s, 3H, I 8 -CH3), 0.56 (m, 2H, CPA). '^C-NMR ppm (100 MHz, CDCI3): 5 176.00 

(C=0, 24-C), 68.75 (CH, 7-C), 50.54 (CH, 3-C), 6.73 (2 x CH2, CPA). IRvmax (KBr): 3429.43, 

2929.05, 2096.61 and 1665.91 cm''. HRMS: Found: (M-Na)^ = 479.3349, calculated for 

C27H44N402Na = 479.3362.



OH
NH

N
168

Compound 120 (0.150 g, 0.36 mmol) was dissolved in anhydrous DCM (13 ml) and EtsN (3 eq, 

1.1 mmol) was added at 0 °C, followed by the slow addition o f ethyl ch loro formate (1.2 eq, 0.43 

mmol). A fter 30 min o f stirring at 0° C, aqueous ammonia (35%, 1.2 eq, 0.43 mmol) was added. 

The reaction was let warm up to rt and left to stir overnight. TLC analysis confirmed the reaction 

had undergone completion and was mixed with 1 M HCl. This was then extracted with EtOAc (3 

X 100 ml). The organic phase was collected and washed with water (100 m l) and brine (100 ml). 

The organic phase was dried over Na2S0 4 , filtered and the solvent removed under reduced 

pressure to form a white foam (Compound 8 ) (0.101 g. 67%). 'H -N M R  (400 MHz, CDCI3): 5 

3.98 (s, 2H, 12p-H and 3a-H), 1.05 (d, 3H, J =  6.04 Hz, 2 I-CH 3), 0.97 (s, 3H, I 9 -CH 3), 0.73 (s, 

3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 179.89 (C=0, 24-C), 74.03 (CH, 12-C), 60.22 

(CH, 3-C). IRvmax (KBr): 3400.40, 2937.50, 2102.52 and 1666.29 cm '. HRMS: Found: (M-Na)^ 

= 439.3027, calculated for C24H4oN4 0 2 Na = 439.3049.

General method for 24-amido DCA derivatives:

To a stirred solution o f 120 (0.15 g, 0.359 mmol) in DMF (10 ml) were added HOBt 

monohydrate (0.243 g, 1.796 mmol) and EDC (0.32 ml, 1.796 mmol) at 0 °C and monitored by 

TLC. When the intermediate was formed the amine (1.2 eqv.) was added at 0 °C and stirred at rt. 

When the reaction was complete the mixture was poured into brine (50 m l) and extracted with 

EtOAc (3 X 50 ml). The organic phase was collected and dried over Na2 S0 4 , filtered and the 

solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using 50 -  100% EtOAc in hexane (containing 50, 60, 70, 80, 90 and 100% 

EtOAc in the solvent mixture) as mobile phase to give the product.
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OH

NH

Light yellow foam (40 mg, 37%). 'H -N M R  (400 MHz, CD CI3): 5 5.62 (br s, IH, NH), 4.00 and

3.96 (d, 2H, 12p- and 3a-H ), 2.70 (m, IH , CPA -CH), 0.98 (d, 3H, J =  6.52 Hz, 2 I-CH 3), 0.95 (s, 

3H, I 9 -CH 3), 0.78 (m, 2H, CPA -C H 2), 0.69 (s, 3H, I 8 -CH 3), 0.49 (m, 2H, CPA -CH 2). '^C-NM R 

ppm (100 MHz, CDCI3): 174.70 (C = 0 , 24-C), 72.99 (CH, 12-C), 58.52 (CH, 3-C), 6.46 (2 x 

CH 2 , CPA). IRvmax (KBr): 3302.59, 2937.69, 2102.59 and 1648.38 cm ''. HRMS: Found: (M-Na)^ 

= 479.3353, calculated for C27H44N402Na = 479.3362.

OH

NH

W hite foam (70 mg, 39%). ' H-NM R (400 MHz, CDCI3): 5 7.35 -  7.28 (m, 5H, aromatic-H), 5.78 

(br s, IH, NH), 4 .4 6 -4 .4 1  (m, 2H, benzyl-CH 2), 4.00 and 3.96 (d, 2H, 12p- and 3a-H ), 1.00 (d, 

3H, J = 6 .0 0  Hz, 2 I-CH 3), 0.96 (s, 3H, I9 -CH 3), 0.69 (s, 3H, I 8 -CH 3). '^C-NM R ppm (100 MHz, 

CDCI3): 5 173.76 (C = 0 , 24-C), 138.78, 129.16, 128.29, 127.98 (arom atic carbons), 73.63 (CH, 

12-C), 59.15 (CH, 3-C). IRv„,ax (KBr): 3414.05, 2927.53, 2107.71, 1646.85 and 698.15 cm ''. 

HRM S: Found: (M -N a)^=  529.3544, calculated for C3iH46N402Na = 529.3518.

OH
NH

Light yellow foam (85 mg, 47% ). ' H-NM R (400 MHz, CD CI3): 5 5.33 (br s, IH, NH), 4.01 and

3.96 (d, 2H, 12p- and 3a-H ), 3.77 (m, IH , cyclohexyl-CH ), 0.99 (d, 3H, J =  6.52 Hz, 2 I-CH 3), 

0.95 (s, 3H, I 9 -C H 3), 0.69 (s, 3H, I 8 -CH 3). '^C-N M R ppm (100 MHz, CDCI3): 172.90 (C = 0 , 24- 

C), 73.62 (CH, 12-C), 59.16 (CH, 3-C). IRv^ax (KBr): 3434.18, 2932.36, 2102.19 and 1643.62 

cm ''. HRMS: Found: (M-Na)"^= 521.3864, calculated for C 3oH5oN4 0 2 N a = 521.3831.
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White foam (65 mg, 40%). 'H-NMR (400 MHz, CDCI3): 5 5.49 (br s, IH, NH), 4.01 and 3.97 (d, 

2H, 12p-and 3a-H ), 3.25 (m, 2H, propyl-CHz), 1.01 - 0 .9 2  (m, 9H, 2 I-CH 3 + propyl-CHj + 21- 

CH 3), 0.70 (s, 3H, I8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 173.89 (C = 0, 24-C), 73.65 (CH, 

12-C), 59.17 (CH, 3-C), 41.66 (CH2 , propyl), 11.81 (CH3 , propyl). IRv„,ax (KBr): 3425.12, 

2935.22, 2102.60 and 1638.55 cm '. HRMS: Found: (M-Na)^ = 481.3507, calculated for 

C27H46N402Na = 481.3518.

LCA (3 g, 7.966 mmol) was dissolved in MeOH and cc. FiCl (0.34 ml, 3.983 mmol) added and 

the mixture was stirred at reflux. After the completion o f  the reaction the solvent was removed

ml). The organic phase was dried over MgS0 4 , filtered and the solvent was removed under 

reduced pressure giving a white solid as product (3.049 g, 98%) which was used without further 

furification in the next step.

To the solution o f  173 (3.049 g, 7.807 mmol) and triethyl amine (1.24 ml, 8.871 mmol) in 

anhydrous DCM (50 ml) was added the solution o f  mesyl chloride (0.94 ml, 12. 097 mmol) in 

anhydrous DCM (10 ml) drop-wise at 0 °C and stirred at rt for 1.5 h. Then the reaction mixture 

was washed with IM HCl (2 x 100 ml), water (100 ml) and brine (100 ml), dried over MgS0 4 , 

filtered and the solvent was removed under reduced pressure giving a white solid as product (3.01

and the residue was dissolved in EtOAc (50 ml) than washed with water (50 ml) and brine (50

0 : i j : U
174



g, 80%). 'H-NMR (400 MHz, CDCI3): 4.66 (m, IH, 3p-H), 3.68 (s, 3H, -O-CH3), 3.02 (s, 3H, - 

SO2-CH3), 0.94 (s, 3H, I 9 -CH3), 0.93 (d, 3H, J =  6.52 Hz, 2 I-CH 3), 0.65 (s, 3H, I 8 -CH3). '^C- 

NMR ppm (100 MHz, CDCI3): 174.59 (C =0, 24-C), 82.81 (CH, 3-C), 51.32 (CH3 , -O-CH3).

Compound 174 (2.88 g, 6.145 mmol) was dissolved in DMPU (40 ml) then NaN 3 (4 g, 61.447 

mmol) was added to the mixture and stirred at 50 °C for 6  d after which time TLC analysis 

showed the reaction was comlete. The reaction mixture was poured into 1 M HCl (100 ml) and 

extracted with EtOAc (3 x 75 ml). The collected organic phase was washed with water (100 ml) 

and brine (100 ml), dried over Na2 S0 4 , filtered and the solvent was evaporated. The crude 

product was purified by column chromatography using hexane : EtOAc 1:1 as mobile phase. The 

yield product was white solid (2.44 g, 96%). ' H-NMR (400 MHz, CDCI3): 5 3.97 (s, IH, 3a-H), 

3.68 (s, 3H, -O-CH3), 0.96 (s, 3H, 1 9 -CH3), 0.93 (d, 3H, J =  6.52 Hz, 2 I-CH 3), 0.66 (s, 3H, 18- 

CH3). '^C-NMR ppm (100 MHz, CDCI3): 6  175.24 (C =0, 24-C), 58.85 (CH, 3-C). IR v m a x  (KBr): 

2937.19, 2089.38 and 1734.37 cm ''. HRMS: Found: (M-Na)"" = 438.3078, calculated for 

C25H4iN302Na = 438.3096.

OH

To a solution o f 175 (2.35 g, 5.654 mmol) in MeOH was added 2M NaOH to pH~14 and stirred 

at reflux overnight. Then the MeOH was removed and the residue dissolved in EtOAc (100 ml) 

which was washed with 2M HCl (2 x 100 ml), water (100 ml) and brine (100 ml). The organic 

phase was then dried over Na2 S0 4 , filtered and the solvent was removed under reduced pressure 

to afford white solid as product (2.18 g, 96%%). 'H-NMR (400 MHz, CDCI3): 5 3.98 (s, IH, 3a- 

H), 0.97 (s, 3H, I 9 -CH3), 0.95 (d, 3H, J =  6.24 Hz, 2 I-CH 3), 0.67 (s, 3H, I 8 -CH 3). '^C-NMR
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ppm (100 MHz, CDCb); 180.57 (C =0, 24-C), 59.24 (CH, 3-C). IRv^ax (KBr): 2935.93, 2102.56 

and 1706.14 cm ' . HRMS: Found: (M-H)' = 400.2966, calculated for C2 4H38N 3O2 = 400.2964.

N3 H

NH2

177

0.75 mmol) was added at 0 °C, followed by the slow addition o f ethylchloroformate (1.2 eq, 0.3 

mmol). After 30 min o f  stirring at 0° C, aqueous ammonia (35%, 1.2 eq, 0.3 mmol) was added. 

The reaction was let warm up to rt and left to stir overnight. TLC analysis confirmed the reaction 

had undergone completion and was mixed with IM HCl (50 ml). This was then extracted with 

EtOAc (3 X 100 ml). The organic phase was collected and washed with water (100 ml) and brine 

(100 ml). The organic phase was dried over Na2S0 4 , filtered and the solvent removed under 

reduced pressure to form a white foam (0.093 g, 96%). 'H-NM R (400 MHz, CD 3OD): 5 4.86 (s.

NMR ppm (100 MHz, CD3OD): 5 183.89 (C =0, 24-C). IRvmax (KBr); 2927.66, 2100.82 and 

1654.59 cm '. HRMS: Found: (M-Na)^ = 423.3086, calculated for C 24H4oN4 0 Na = 423.3100.

General method for 24-amido LCA derivatives:

To a stirred solution o f 176 (0.15 g, 0.374 mmol) in DMF (10 ml) were added HOBt 

monohydrate (0.253 g, 1.868 mmol) and EDC (0.33 ml, 1.868 mmol) at 0 °C and monitored by 

TLC. When the intermediate was formed the amine (1.2 eqv.) was added at 0 °C and stirred at rt.

EtOAc (3 X 50 ml). The organic phase was collected and dried over Na2 S0 4 , filtered and the 

solvent was removed under reduced pressure. The crude product was purified by column 

chromatography using EtOAc : hexane 1:1 as mobile phase to give the product.

IH, 3a-H ), 1.71 (s, 3H, I9 -CH3), 1.68 (d, 3H, . /=  6.04 Hz, 2 I-CH 3), 1.42 (s, 3H, I 8 -CH3). '^C-



NH

Light yellow foam (0.149 g, 83%). 'H -N M R  (400 MHz, CDCb): 5 5.33 (br s, IH , NH), 3.97 (s, 

IH , 3a-H), 3.78 (m, IH , cyclohexyl-CH), 0.96 (s, 3H, I9-CH3), 0.93 (d, 3H, J =  6.04 Hz, 21- 

CH3), 0.65 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3); 172.41 (C =0, 24-C), 58.60 (CH, 

3-C). IRvmax (KBr): 3318.76, 2930.15, 2100.76 and 1639.16 cm ''. HRMS: Found: (M-Na)^ = 

505.3865, calculated for C3oHsoN4 0 Na = 505.3882.

NH

white foam (0.123 g, 74%). 'H -N M R  (400 MHz, CDCI3): 5 5.49 (br s, IH , NH), 3.96 (s, IH , 3a- 

H), 3.25 (m, 2H, propyl-CHz), 0.96 -  0.92 (m, 9H, I 9 -CH3 + propyl-CHj + 2 I-C H 3), 0.65 (s, 3H, 

I 8 -CH3). '^C-NMR ppm (100 Mhz, CDCI3): 5 173.35 (C=0, 24-C), 58.59 (CH, 3-C), 11.19 

(CH3, propyl). IRvmax (KBr): 3278.17, 2935.82, 2101.57 and 1645.32 cm’ '. HRMS: Found: (M - 

2H+Na)^= 463.3401, calculated for C27H44N 4 0 Na = 463.3413.

NH

white foam (0.093 g, 56%). 'H -N M R  (400 MHz, CDCI3): 5 5.65 (br s, IH , NH), 3.97 (s, IH , 3a- 

H), 2.71 (m, IH , CPA-CH), 0.96 (s, 3H, I9-CH3), 0.92 (d, 3H, 6.52 Hz, 2 I-C H 3), 0.78 (m,

2H, CPA-CH2), 0.65 (s, 3H, I8-CH3), 0.50 (m, 2H, CPA-CH2). '^C-NMR ppm (100 MHz, 

CDCI3): 175.17 (C=0, 24-C), 58.91 (CH, 3-C), 6.77 (2 x CH2, CPA). IRvmax (KBr): 2932.36, 

2102.08 and 1645.39 cm’ '. HRMS: Found: (M+Na) = 463.3399, calculated for C2yH44N 4 0 Na = 

463.3413.
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NH

Light yellow foam (0.123 g, 67%). 'H-NMR (400 MHz, CDCIj): 5 7.37 -  7.28 (m, 5H, aromatic- 

H), 5.76 (br s, IH, NH), 4.46 (d, 2H, J =  5.52 Hz, benzyl-CHj), 3.97 (s, IH, 3a-H), 0.97 (s, 3H, 

I9 -CH3), 0.94 (d, 3H, J =  6.04 Hz, 2 I-CH3), 0.66 (s, 3H, I 8 -CH3). '^C-NMR ppm (100 MHz, 

CDCI3): 173.50 (C=0, 24-C), 138.51, 128.83, 127.98, 127.64 (aromatic carbons), 58.90 (CH, 3- 

C). IRvmax (KBr); 3293.28, 3065.29, 3030.69, 2932.36, 2101.90, 1644.72, 731.74 and 697.67 cm' 

'. HRMS: Found: (M+H)= 491.3751, calculated for C31H47N4O = 491.3750.

OH

NH

To a solution of 81 (0.15 g, 0.359 mmol) in DMF (10 ml) were added HOBt monohydrate (0.243 

g. 1.796 mmol) and EDC (0.32 ml, 1.796 mmol) at 0 °C and stirred for I h. Then ammonia 

solution (0.023 ml, 0.431 mmol) was added to the mixture and stirred for 1 d at rt. The reaction 

mixture was poured into water (50 ml) and the precipitate was collected on a Buchner funnel, 

washed with water (3 x 20 ml) and dried on the air to yield the product as white solid (0.055 g, 

37%). 'H-NMR (400 MHz, Acetone-d6): 5 3.97 (s, IH, 12p-H), 3.43 (m, IH, 3p-H), 1.02 (d, 3H, 

J =  6.52 Hz, 2 I-CH3), 0.97 (s, 3H, I 9 -CH3), 0.71 (s, 3H, I8 -CH3). '^C-NMR ppm (100 MHz, 

Acetone-dfe); 5 175.62 (C=0, 24-C), 72.77 (CH, 12-C), 61.89 (CH, 3-C). IRvmax (KBr): 3382.75, 

2939.74, 2091.78 and 1655.26 cm '. HRMS: Found: (M+Na) = 439.3039, calculated for 

C24H4oN402Na = 439.3049.
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OH
NH

To a solution o f 81 (0.15 g, 0.359 mmol) in DMF (10 ml) were added HOBt monohydrate (0.243 

g, 1.796 mmol) and EDC (0.32 ml, 1.796 mmol) at 0 °C and stirred for 1 h. Then cyclopropyl 

amine (0.03 ml, 0.431 mmol) was added to the mixture and stirred for 1 d at rt. The reaction 

mixture was poured into brine (50 ml) and extracted with EtOAc (3 x 50 ml). The organic phase 

was dried over Na2S0 4 , filtered and the solvent was removed under reduced pressure. The crude 

product was purified twice by column chromatography using hexane : EtOAc 1:2 -  100% EtOAc 

as mobile phase to afford white foam as product (0.119 g, 73%). 'H -NM R (400 MHz, CDCI3): 5 

5.66 (s, 1H,NH), 3.99 (m, IH , 12p-H), 3.34 (s, IH , 3p-H), 2.70 (m, IH , CPA-CH), 0.98 (d, 3H,J 

= 6.00 Hz, 2 I-C H 3), 0.93 (s, 3H, I 9 -CH3), 0.78 (m, 2H, CPA), 0.68 (s, 3H, I 8 -CH3), 0.49 (m, 

2H, CPA). '^C-NMR ppm (100 MHz, CDCI3): 5 175.04 (C=0, 24-C), 73.17 (CH, 12-C), 61.37 

(CH, 3-C), 6.75 (2 x CH 2, CPA). IRvmax (KBr): 3434.92, 2938.91, 2086.95 and 1650.61 cm ''. 

HRMS: Found: (M +H) = 457.3542, calculated for C27H45N4O2 = 457.3543.

OH

I 184

Compound 149 (0.8 g, 1.967 mmol) and PPh3 (1.703 g, 6.492 mmol) were dissolved in 

anhydrous THE (40 ml) and cooled down to 0 °C. EtsN (0.55 ml, 3.935 mmol) and 

methanesylfonic acid (0.27 ml, 4.132 mmol) were added to the mixture at this temperature. The 

solution was warmed to 45 °C and D IAD  (1.2 ml, 6.099 mmol) was added drop-wise and the 

mixture was stirred until TLC analysis showed the reaction was complete. Then the solvent was 

removed and the residue was dissolved in EtOAc (100 ml) which was washed with IM  HCl (2 x 

100 ml), water (100 ml) and brine (100 ml). A fter drying the organic phase over MgS0 4  the 

solvent was removed and the product was purified by column chromatography using hexane : 

EtOAc 3:1, 1:1 and 1:3 as mobile phase. The yield product was odourless semi-solid (0.139 g, 

15%). ' H-NMR (400 MHz, CDCI3): 6 5.00 (m, IH , 3a-H), 3.88 (s, IH , 7p-H), 3.68 (s, 3H, -O-
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CHj), 3.01 (s, 3H, -SO2-CH3), 0.98 (s, 3H, I 9 -CH3), 0.95 (d, 3H, J =  6.52 Hz, 2 I-C H 3), 0.68 (s, 

3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 6  175.19 (C=0, 24-C), 81.22 (CH, 3-C), 68.98 

(CH, 7-C). IRvmax (KBr): 3448.15,2939.07, 1737.73, 1351.28, 1173.17 and 901.12 cm '. HRMS: 

Found: (M-Na)^ = 507.2690, calculated for C26H4 4 0 6 SNa = 507.2756.

'OH

Compound 184 (0.139 g, 0.287 mmol) was dissolved in DMPU (30 ml) then NaN3 (0.187 g, 

2.869 mmol) was added and stirred at 50 °C until TLC analysis showed the conversion o f starting 

material was 100%. Then the reaction mixture was quenched with IM  HCI (50 ml) and extracted 

with EtOAc (3 x 50 ml). The organic layer was collected and washed with water ( 2  x 100 ml) 

and brine ( 1 0 0  ml), dried over Na2S0 4 , filtered and the solvent was removed under reduced 

pressure. The product was purified by column chromatography using hexane : EtOAc 3:1 as 

mobile phase to afford yellow semi-solid (0.098 g, 79%). 'H -N M R  5 (400 MHz, CDCI3): 3.87 (s, 

IH , 7p-H), 3.68 (s, 3H, -O-CH3), 3.16 (s, IH , 3p-H), 0.95 (d, 6 H, 2 I-C H 3 and I 9 -CH3), 0.67 (s, 

3H, I 8 -CH3). '^C-NMR ppm (100 MHz, CDCI3): 5 174.88 (C =0, 24-C), 68.44 (CH, 7-C). IRvmax 

(KBr): 3516.06, 2934.95, 2086.95 and 1721.20 cm '. HRMS: Found: (M-Na)^ = 454.3040, 

calculated for C25H4 iN 3 0 3 Na = 454.3046.

OH

'OH

To a solution o f 185 (0.098 g, 0.228 mmol) in MeOH (20 ml) was added 2M NaOH to pH~14 

and stirred at rt for 1 d. Then the excess NaOH was neutralised with IM  HCI solution (100 ml) 

and the mixture was extracted with EtOAc (3 x 50 ml). The organic phase was washed with 

water ( 2  x 1 0 0  ml) and brine ( 1 0 0  ml), dried over Na2S0 4 , filtered and the solvent was removed 

under reduced pressure to give white foam as product (0.084 g, 8 8 %). ' H-NMR (400 MHz, 

CDCI3): 8  3.88 (s, IH , 7p-H), 3.17 (s, IH , 3p-H), 0.96 (d, 3H, J =  6.56 Hz, 2 I-CH 3), 0.93 (s, 3H,
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19-CH3), 0.68 (s, 3H, I 8 -CH 3 ). '^C-NMR ppm (100 MHz, CDCI3 ): 5 180.24 (C =0, 24-C), 68.84 

(CH, 7-C). IRvmax (KBr): 3447.49, 2932.08, 2086.95 and 1708.59 cm ''. HRMS: Found: (M)' = 

416.2914, calculated for C 2 4 H3 8N 3O 3 = 416.2913.

5.3.2. MTT assay

Human colonic epithelial cancer cells Caco-2 or fibrosarcoma HT1080 cells at 70% confluence 

were treated in serum free media with compound o f choice for 1 h / 24 h. MTT (3-(4,5- 

Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide was added to the cells for 2-3 h. The 

media was removed from the cells and a solubilisation solution (usually DMSO) was added to the 

cells to dissolve the insoluble formazan into a purple coloured solution. The absorbance o f this 

was quantified at a 600 nm. Compounds were assessed in triplicate across the range 100 nm- I 

mM. Resultant concentration effects curves were transformed and analyzed using PRISM4.

5.3.3. Flow cytometry

Annexin V flow cytometry assay. Cells were grown to 80% Confluence in T25 flasks and treated 

with Aspirin/ST0702 for 24 h in serum free medium, control cells were treated only with vehicle 

in serum free media for 24hrs. Following 24 h treatment cells were removed from T25 flasks and 

washed with IX Binding Buffer, before being resuspended in 100ml o f  IX binding buffer. 20ml 

o f  these cells were stained using 5 ml Annexin V-FITC and 5ml propidium iodide and incubated 

at rt for 15 min in the dark. Following incubation, samples were diluted in IX binding Buffer and 

analyzed within 5 min using a BD FACSArray (BD Biosciences, Oxford, UK). Flow cytometry 

was performed on double stained cell samples (CaCo-2 and HT1080 cells). The instrument was 

set up to measure the size (forward scatter), granularity (side scatter) and cell fluorescence. 

Antibody binding was measured by analyzing individual cells for fluorescence. Data were 

analyzed using BD FACS Array software and expressed as a percentage o f control fluorescence 

in arbitrary units. Cells in late stages o f apoptosis or those already dead have lost PM integrity 

and are permeable to PI whereas Annexin V binds to cells in early apoptosis and continues to be 

bound through cell death. Thus cells in earyl stage o f apoptosis will be Annexin V positive and PI 

negative (in Q4), cells in late stage o f apoptosis (in Q2) or Annexin V Positive and PI positive 

and fmally already dead (in Q l). Healthy cells are Annexin V and PI negative (in Q3).
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Deoxycholic acid (DCA), a secondary bile acid (BA), and ursodeoxycholic acid (UDCA). a tertiary  BA, cause 
opposing effects in vivo and in cell suspensions. Fluorescent analogues of DCA and UDCA could help 
investigate im portant questions about their cellular interactions and distribution.

W e have prepared a set of isomeric 3 a -  and 3|3-amino analogues of UDCA and DCA and derivatised 
these w ith the  discrete fluorophore, 4-nitrobenzo-2-oxa-l,3-diazol (NBD), forming the corresponding 
four fluorescent adducts. These absorb in the  range 465-470  nm  and fluoresce at approx. 535 nm.

In o rder to  determ ine the  ability of the  new  fluorescent bile acids to m im ic the parents, their uptake 
was studied using m onolayers of Caco-2 cells, which are known to express m ultiple proteins of the 
organic anion-transporting peptide (OATP) subfam ily of transporters. Cellular uptake was m onitore^.over 
tim e at 4 and 37 °C to distinguish betw een passive and active transport. ’

All four BA analogues w ere taken up bu t in a strikingly stereo- and structure-specific m anner, suggest
ing highly discrim inatory interactions w ith transporter protein(s). The a-analogues of DCA and to a le ^ e r  
extent UDCA w ere actively transported, w hereas the  p-analogues w ere not. The active transport process 
was saturable, w ith M ichaelis-M enten constants for 3a-NBD DCA (5) being Km -  42.27 ± 12.98 nM abd 
V'max ■ 2.8 ± 0.4 nm ol/(m g protein’m in) and for 3a-NBD UDCA (3) fCm ” 28.20 ± 7.45 (tM and -  
1.8 ± 0.2 nm ol/(m g protein*min). These fluorescent bile acids are prom ising agents for investigating 
questions of bile acid biology and for detection o f bile acids and related organic anion transport protow***

© 2012 Elsevier Ltd. All rights

'Id help

1. Introduction

The secondary bile acid (BA), deoxycholic acid (DC/V, 1 Fig. 1) is 
a putative prom oter of intestinal carcinogenesis. DCA causes DNA 
fragmentation, oxidative stress, Goigi fragmentation and apopto- 
sis.' Conversely, the clinically used ursodeoxycholic acid (UDCA, 
2 Fig. 1) is cytoprotective, immunomodulatory, anti-inflammatory 
and anti-apoptotic.^ In general, UDCA’s effects oppose those of 
DCA.^“® For example, pre-treatm ent w ith UDCA can prevent DCA 
induced apoptosis and Colgi fragmentation in colon cancer cells.®

The divergent cellular effects of DCA and UDCA have been widely 
investigated and there has been progress in characterising some of 
the molecular mechanisms involved.^"’® However, new tools and 
strategies are required to  investigate direct cellular interactions of 
the compounds, their uptake and distribution. Fluorescent steroid 
analogues can prove useful for this kind of problem. Such

* C orresponding author. T e l: +353 1 896 2795; fax: +353 1 896 2793. 
E-mail address: gHmerjf@tcd.ie (J.F. Gilmer).

0968-0896/S  - see front m a tte r  © 2012 Elsevier Ltd. AM rights reserved. 
doi:10 .1016/j.bm c.2012.01.002

compounds may also be used to probe interacting proteins arfd'f?^ 
lated cellular transport mechanisms. r.ding

The 4-nitrobenzo-2-oxa-l,3-diazole (NBD) group is a particu
larly useful reporter group in this context because of its r e l a tw ^  
low steric impact, its sensitivity to its environment, satisfafVR^ 
quantum  yield and stability." '^ In the BA field, the synthesis 
and chemical characterisation of 3-,7- and 12-a- and p'JtifflD 
analogues of cholic acid (CA, Fig. la )  and their tauro conjugates 
have been reported, followed by comprehensive studies of 
uptake and hepatic metabolism in vitro and in rats.’^"'^ Recently! 
the 3- and 7-amino NBD analogues of CA w ere studied as ut^take 
probes for flow cytometry in isolated rat h ep a to ^ ^ ^ .”® 
NBD-labelled 24-lysyl conjugates of UDCA (Fig. la )  and DCa^^E ^  
been studied as substrates for hepatic’® and intestinal tr a n S ^ ^  
proteins.'^ Other investigations into (tauro)-UDCA have emtJicWd 
the UDCA 7-NBD analogue.® '® ’®

Astonishingly, the 3-deoxy 3-NBD-amino derivatives of'(I^!!K 
and UDCA have not been reported to date. Placement of the fluo
rescent reporter group at C-3 appears to us to be optimal i?pr 
exploring the disposition of UDCA and DCA because this p r e ^ t ^
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investigating the disposition of the parent BAs, we have studied 
their uptake into polarised monolayers of intestinal epithelial 
Caco-2 cells. The Caco-2 cell line exhibits many of the features of 
the normal intestinal epithelium including expression of various 
BA transporter proteins, such as the sodium-dependent bile acid 
transporter (ASBT) and various members of the organic anion- 
transporting peptide (OATP) subfamily.^'*’̂  ̂Caco-2 cells are there
fore routinely used for assessing bile acid uptake and transport^® 
and they are considered a suitable model for preliminary assess
ment of the NBD analogues as surrogates of DCA and UDCA.

The uptake of the DCA and UDCA 3-NBD compounds 3 and 5 
was strikingly structure and stereo-specific. The DCA a-analogue 
was sufficiently rapidly taken up to suggest general applicability 
in the detection of active transport processes with significant prac
tical advantages over experimental set-ups utilising radiolabelled 
substrates.

2. Results/Discussion 

2.1. Chemistry

The NBD compounds (3 -6 ) w ere produced as shown in Scheme 
1 by formation of the appropriate azides, reduction and displace
m ent of NBD chloride. The orthogonally protected formate-methyl 
esters of UDCA and DCA (8, 9) w ere obtained in three steps from 
the parent bile acids. In order to produce the (3-NBD compounds, 
these were first converted to the corresponding 3-ot mesylates 
(10 and 11), followed by SN2 substitution to give the (3-azides. In 
early experiments the 3-amino-NBD group was found to be labile 
to conditions required to remove the formyl protection. Therefore, 
the formate esters were selectively removed (acetyl chloride in dry 
MeOH) at the azide stage to yield 12, 13. The a-azides were re
duced and BOC-protected in situ followed by purification by flash 
chromatography. The BOC protection was removed, the NBD 
introduced and finally the 24-ester groups hydrolysed to give 4 
and 6.

The a-com pounds 3, 5 required amine introduction at C-3 with 
retention of configuration. After several unsuccessful attem pts 
w ith introduction of methanesulfonate, we turned to bromide 
and generated 3-(3bromides 14, 15 using a mixture of P(Ph3 ) 3  and 
N-bromosuccinimide in THF at low tem perature. Azide displace
m ent of the p-bromides producing 16, 17 was faster than the dis
placement of the a-m esylates in the 3-p series (10, 11). The

n/Oii,"

t x c i t a i

and 12-OH groups that account for the differing chemical 
ftjliij'Jjiological properties of the parent compounds. Importantly, 
CtXYnodification also preserves the characteristic free bile acid side 
chaiD. Structural studies probing the interaction of UDCA w ith cog- 

proteins would also support incorporation of a reporter group 
ftlbithe BA C3. In the 3.0 A crystal structure of human type 111 
3«ihydroxysteroid dehydrogenase (HSD)/bile acid binding protein 
t«fi|l^RlC2) complexed w ith NADP(+) and UDCA anion, the carboxyl- 
ate group of UDCA was modelled in the oxyanion hole, deep in the 
protein w ith the 3-OH solvent exposed (11513593, PDB 1 ihi). The 
liyePcytosolic bile acid binding protein (BABP) binds BAs in a 
similar fashion, which led to the elegant design of diagnostic com
pounds elaborated at C-3 w ith gadolinium binding EDTA groups.^  
Additionally, various SAR surveys and QSAR models of the human 
apical sodium -dependent bile acid transporter (ASBT, SLC10A2) 
stl||;est that the C3-0H is tolerant of modification.^’'^  ̂ Finally, 
v̂ UTOus bile acid carrier pro-drug conjugates have proven that 
irttestinal bile acid transporters can tolerate payload incorporation 
at <3̂ 3.̂ ^

We have synthesised isomeric 3-deoxy 3-NBD-amino deriva
tives of UDCA and DCA (Fig. 1 b) as probes for studying the distribu
tion of these im portant steroids. A control compound lacking the 
steroidal nucleus (7) was also prepared to detect non-specific 
effects. In order to assess the suitability of the new analogues for

F ig u re  1
was pi( •COOH COOHOH

!7 7 0

’OH HN'

5=3a
6=3p3=3a

4=3P
NO.

NO.

Figure lb . New NBD analogues o f UDCA and DCA 3-6 ; cyclohexylamine-NBD 7 
was produced as a non-bile acid fluorescent control.
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S c h e m e  1 .  S y n th e sis  o f  UDCA a n d  DCA NBD a n a lo g u e s  3 - 6 .  R e ag en ts  a n d  c o n d it io n s :  (i)  MsCI, NEts, DCM, 0 °C . 2 0  m in :  ( ii)  NaNs, DM PU, 5 0  °C, 6 - 8  d ; ( ii i)  AcCl, an . M cOH, 
0  °C to  It, o v e rn ig h t;  ( iv )  10% Pd/C, {B 0C )20, H2 . EtOAc, r t, o v e rn ig h t:  (v )  ( a )  10% TRA/DCM, rt. o v e rn ig h t  (b )  NBD-CI, NaH CO s, M eOH , reflu x . 5 - 1 4  d : (v i)  2 M N aO H /M eO H  
( p H ~ 1 4 ), 4 0 ”C, 4 h :  (v ii)  P(Ph3)3, NBS. THF, - 1 8  “C to  r t. 1.5 h ; (v iii)  N aN j. DMPU. r t. o v e rn ig h t.

route to the a-NBD compounds was otherwise similar to that used 
to  generate the p-compounds w ith regioselective deformyiation, 
reduction, BOC protection and purification, de-BOC, NBD formation 
and de-esterification. Amino analogues of cholic acid and their 
NBD derivatives have been produced by stereoselective reduction 
of the corresponding oximes. The current approach is longer but 
it is clean, high yielding and the SN2 substitution provides stereo
chemical control. The NBD derivative of cyclohexylamine was ob
tained by direct treatm ent of the amine w ith NBD chloride. The 
NBD compounds w ere bright orange crystalline solids, pure by 
HPLC (>98%) and their structure confirmed by HRMS/NMR.

2.2. Stability and pliysicocheinical characterisation

The stability of 3p-NBD UDCA was assessed in pH 7.4 buffer 
(37 °C) using HPLC to m onitor remaining compound as a function 
of time. There was no change in the LC-fluorescence peak area over 
24 h under these conditions showing tha t the 3-NBD group was

stable. The same HPLC method could also be used to assess lipo- 
philicity. The p-compounds (calculated capacity factor { k ' )  for 
3P-NBD-DCA was 7.3 and for 3p-NBD-UDCA 5.1) were more polar 
than the corresponding a-com pounds (k' for 3a-NBD-DCA was 
10.8 and for 3a-NBD-UDCA 5.6). As expected the DCA analogues 
w ere more hydrophobic than the corresponding UDCA analogues.

2.3. Photo/physical characterization

The UV/Vis absorption spectra of 3 -6  measured in ethanol solu
tion exhibited maxima at 228, 335 and 470 nm (Table 1) The 
p-compounds were red-shifted relative to the 0 (-com poun^9 |’l/ 
around 5 nm (Fig. 2). The fluorescence emission spectra 
exhibited maxima at Aeit, 537 nm w ith a 2 -3  nm blue shift tor 
the ot-isomers (Aeni was recorded using an Aabs of 470 nm). These 
values were not affected by oxygen exposure. They are broadly 
in agreem ent w ith previously reported fluorescence values for cpo- 
lic acid NBD derivatives.’  ̂'® ) for

polar 
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fxcit.ation/emission characteristics o f 3-amino-NBD derivatives of UDCA and DCA. Quantum yields (<I>f) were estimated relative to fluorescein in 0.01 KOH (OFsj = 0.925)

S itV ti 3 {3a-NBD-UDCA) 4 (3P-NBD-UDCA) 5 (3a-NBD-DCA) 6 (3P-NBD-DCA) 7 Cyclohexyl amine-NBD

l-'Jfbs (nm) 231 227 228 227 225
(.*.1 335 331 335 331 334

470 465 470 466 469
. i/jEm (flirtl) 534 537 535 537 536

0.268 0.228 0.259 0.221 0.232

I'P !■ 0 4 
2.4. C.e '
i s .  f.<i

Stflfce

3 (0.01 mg/ml) 

4(0.01m g/tnl)

5 (0.01 mg/ml)

6 (0.01 mg/ml)

400 SOO 600 
Wavelength (nm)

700 800

UV-Vis spectra overlaid of 3 -6  acquired in EtOH at 0.01 mg/ml overlaid.
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2^: Cell viability
Z.'r.iCa

. (Bile acids can cause apoptosis through intrinsic and extrinsic 
partiways and necrosis through detergent effects.® The effect o f 
dtqyyatising the bile acids is not predictable though toxic ity may 
Ijetfelated to physicochemical properties such as hydrophobicity.'° 
tKflfie the NBD-bile acids were designed to investigate the disposi- 
ttrai.iand uptake of the parent compounds, it was im portant to 
pliaracterise the ir effect on cell v iability. The cell v iab ility  effects 
pf-iJKimeric NBD-BAs (1-100 |iM ) was therefore measured using 
ttigi MTT assay after incubating Caco-2 monolayers w ith  the com
pounds for up to 100 min. The cytoxicity of the compounds was 

assessed in other relevant cells lines including oesophageal 
JOegpcarcinoma (SKGT-4) and hepatic cancer cell lines (HUH-7). 
G fttri^unds 3 -6  did not affect cell v iab ility  in any o f these cell lines 
up X0. 24 h up to 100 (iM. 
ise^ O
2^5»£Caco-2 uptake
obtali ‘
37 The time-course o f uptake o f 3 -6  (10 nM ) into Caco-2 cell mon- 
diqyers was studied at 37 °C (which included contributions from 
aative and passive uptake) and at 4 °C (which reflects only passive 
diffusion) (Fig. 2). In general, uptake increased in a time-dependent 
manner for up to 60 min. Differences in uptake of the p compounds 
(4 and 6) between 37 and 4 °C were not significant (P = 0.12 and 
P = ^2 5  for 4 and 6, respectively) (Fig. 28 and D). The p compounds 
were therefore taken up exclusively through passive diffusion at 
37 "C. In contrast, uptake of the a  -compounds 3 and 5 at 37 °C 
was'significantly higher (P <0.01) to that at 4°C (Fig. 2A and C). 
T h ^a s s iv e  component did not exceed 30% o f the total uptake in 
eitFftr case.

th e  active transport o f 3 and 5 was then kinetically character- 
isedf.Cells were incubated for 20 m in w ith  the compounds at con- 
cerifrations ranging from 1 to lO O jiM  at 37 °C and 4°C. The 
obt^ned values at 4 °C were subtracted from total uptake at 
37 T ,  before performing kinetic analysis. The concentration- 
dependent uptake o f the bile acid compounds, 3 and 5 was clearly 
saturable (Fig. 3A and B). An Eadie-Hofstee transformation (i.e., a

graphical representation of transport kinetics in which reaction 
velocity is plotted as a function o f the velocity (v) versus substrate 
concentration ratio (v/|S]) obtained a single straight line for both 
substrates, suggesting that the uptake o f 3 and 5 was mediated 
by a single transporter site in Caco-2 cells (Fig. 3C). The 
kinetic parameters were estimated to be /Cm = 42.27 ± 12.98 |iM  
and Umax = 2.8 ± 0.4 nmol/(mg prote in*m in) for 3 and Km = 
28.20±7.45 pM and Vmax= 1-810.2 nmol/(mg prote in*m in) for S, 
respectively. We also characterised the uptake of the cyclohexyl- 
NBD adduct (7), a substance used previously to control for non
specific fluorescent effects in a s im ilar context (Fig. 4). Compound 
7 established rapid equilibrium w ith  the Caco-2 cells (Fig. 5), how
ever, there was no difference in uptake whether the experiments 
were carried out at 37 or 4 °C, indicating that only passive diffusion 
contributed to cellular uptake.

The time-dependent uptake studies allowed ranking the uptake 
efficiency of the NBD compounds in the order 3a-NBD-DCA (5) 
>3a-NBD-UDCA (3) >3p-NBD-DCA (6) >3p-NBD-UDCA (4). The 
DCA analogues in each pair were more effectively taken up than 
the corresponding UDCA compound, possibly due to the ir greater 
hydrophobicity. Remarkably, the p-isomers in each case were 
taken up exclusively through passive diffusion, whereas both 
a-compounds were mostly actively transported. This peculiar dia- 
stereoselective exclusion of a fluorescent BA from active transport 
has not been noted in the bile acid literature as far as we are aware. 
Possible reasons for the observed diastereoselectivity include: (i) a 
steric clash between the p-group and the boundary of the pocket 
accommodating the steroidal A ring or ( ii)  a high dependence on 
the equatorial H-bond donor in the natural bile acid mimicked 
by the a-NH in the corresponding NBD analogue. This seems less 
likely since a loss of a H-bond opportunity would reduce binding 
enthalpy as reflected in the pseudo /fm value, rather than exclusion 
as observed. Representative low energy conformers for the DCA 
isomers appear in Figure 5 along w ith  a model of DCA. Whatever 
its cause, the exclusion o f 3p-analogues is relevant to the design 
o f bile acid pro-drug conjugates as well as inhibitors and substrates 
for bile acid transporters.

The Caco-2 cell line has been used to assess the permeability of 
various bile acid pro-drug conjugates and it  exhibits active uptake 
o f sterically bulky 24-side chain peptide conjugates.^’

The high diastereoselectivity o f the process as well as the Eadie- 
Hofstee transformation suggest that the active transport process 
was mediated by a single transporter site. Bile acids are trans
ported via several transport proteins such as NTCP (SLClOAl), ASBT 
(SLC10A2), BSEP (ABCBll), OSTot/OSTp and OATP.^®- '̂* Of these, 
NTCP, ASBT and BSEP are reported to be inconsistently expressed 
in the Caco-2 literature.^” - '̂ Moreover, the free bile acids were 
not substrates for hASBT-transfected MDCK cells, although they 
inhibited hASBT translocation o f taurocholate w ith  low  fiM  po- 
tency.^^ The presence o f the basolateral transporters OSTa and 
OSTp in Caco-2 cells was recently demonstrated by Ming et al. on 
mRNA level.^^ Several groups have shown numerous OATP trans
porters to be expressed in Caco-2 cells particularly 0ATP2A1, OAT- 
P4A1 and 0ATP2B1.^'''^’ ’̂ ‘'  0ATP2B1 is highly expressed in the 
apical cell membrane, making the transporter the most like ly can
didate for the uptake observed in Caco-2 cells in the present study.
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Figure 3. Time course of bile acid (3 ,4 ,5 and 6) uptake into Caco-2 cell monolayers. Uptakeof 3 (A), 4(B), S (C)and 6 (D) was studied for 90 min at 37 “C (# )an d  4 “C (O). The 
active uptake rate of bile acid compounds (10 nM) was estimated from the difference between the fluorescence after exposure to 3, 4, S and 6 at 37 ”C and 4 "C (E). Data 
represent mean ± SD (n -  3).

Previously, 0ATP2B1 was found to be expressed in the jejunal epi
thelium and has been described to mediate uptake of taurocholate 
with a Km of 72 [iM, which is in the same order of magnitude as 
observed here.^^

The use of aminoNBD bile acids as fluorescent tools goes back 
almost 20 years to the synthesis, characterisation, distribution 
and metabolism of 3-, 7- and 12-aminoNBD analogues of 
In an interesting re-exploration of some of these compounds, 
Rohacova et al. reported that 3a, 3 p, 7ot and 7|3 NBD CA accumulate 
in freshly isolated rat hepatocytes in a manner that was trans
porter mediated, because uptake was markedly attenuated by

troglitazone, an inhibitor of hepatic NCTP and OATP.'^ While 3oi 
NBD CA was efficiently taken up, all of the isomers underwent 
active transport. The same group recently reported on some trans
port characteristics of a series of 3- and 7cx/p CA dansyl analogues 
in hepatocytes.^® In this series the 7a- and p compounds appeared 
to be taken up to similar extents, and, although there was a marked 
difference in extent of uptake of the 3-isomers, there was still sig
nificant active uptake of the 3p-analogue.

Analogues of chenodeoxycholic acid (CDCA), CA, UDCA, DCA 
and lithocholic acid incorporating a 24-(NE-NBD)lysine were re
ported to be transported via OATPIBI and 0ATPlB3-expressing

The 
). Data
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i 4 . Concentration dependence of 3 and 5 uptake by Caco-2 cell monolayers, 
yke of bile acid compounds 3 (A) and 5 (B) was measured for 20 min a t 37 ‘’C 

Active uptake of bile acid compounds was calculated as the difference 
^ ^ ^ $ e n  the fluorescence after exposure to 3 and 5 at 37 °C and 4 ®C. Data represent 
r n e »  ± SD (n = 3). Eadie-Hofstee transformations of the data (C): v, uptake rate; S, 
bile, acid compound concentration. In Caco-2 monolayers, one single transporter 
^ite was identified for the uptake of both NBD bile acid compounds. Data are 
f^^esen ted  as mean ± SD. (n » 3).

H epG 2 cells. T he CDCA an a lo g u e  w as  m o s t  e ffic ien tly  tr a n sp o r te d  
b iU tJoth OATP su b ty p e s  w ith  Kn, v a lu e s  o n e  o rd e r  o f m a g n itu d e  
(Owen>than o b se rv e d  in th e  p re se n t  s tu d y  fo r th e  3 a  NBD co m - 
(pbtiHds.’® F lu o re scen t-ly sy l a n a lo g u e s  sh o u ld  p ro p e rly  b e  co n s id -  

as r e p o rte rs  fo r th e  c o r re sp o n d in g  b ile  ac id  g lycine  
P U ft^ g a te s  sin ce  th e  te rm in a l ac id  g ro u p  is s im ila rly  p laced  w ith  
ftStjjfect to  th e  s te ro id a l scaffold. In th e s e  c o m p o u n d s  th e  p e n ty l-  
N((9tN BD  re p o r te r  g ro u p  rep laces  o n e  o f  th e  h y d ro g en  a to m s  o n  
th e  g lycy l m e th y le n e  ca rb o n . T his a r ra n g e m e n t, w h ich  su b s ta n -  
f t i l ly  in c re a se s  m ass a n d  s te r ic  bu lk , p ro d u c e s  h ig h  a ffin ity  su b 
s tr a te s  fo r OATPs (a n d  ASBTs) b u t  th is  k in d  o f  re p o r te r  is n o t 
aU ftable fo r in v e s tig a tin g  m e c h a n is tic  q u e s tio n s  re la te d  to

i n t a i t  
M?-* Sfr
( i .y  >

u n c o n ju g a te d  b ile  acids. It is im p o r ta n t  to  n o te  in th is  c o n te x t th a t  
free  DCA an d  UDCA p o ssess  ch em ica l p ro p e rtie s  su c h  as size, p o la r
ity  an d  pfCa th a t  a re  d is t in c t  fro m  th e ir  g ly c in e  a n d  ta u ro  co n ju g a te s  
a n d  th e y  c au se  d if fe re n t b io log ical effects.*

3. Conclusions

3 a -  an d  3 3 -d eo x y  N B D -am ino d e r iv a tiv e s  o f  DCA an d  UDCA 
h av e  b e e n  p re p a re d  as f lu o re sc e n t p ro b e s  fo r in v e s tig a tin g  th e  c o n 
tra s t in g  e ffec ts o f  th e  p a re n t  b ile  ac id  c o m p o u n d s  fo r d e te c tio n  o f  
o rg an ic  a n io n - tra n s p o r tin g  p e p tid e  m e d ia te d  p ro cesses. T he c o m 
p o u n d s  p o ssess a d e q u a te  a q u e o u s  s ta b ility  a n d  a re  n o n -to x ic  in 
sev era l cell lines. T hey  h a v e  s im ila r  f lu o re sc e n t c h a ra c te r is tic s  to  
p rev io u sly  r e p o r te d  NBD an a lo g u es . T he u p ta k e  o f  th e  c o m p o u n d s  
w a s  s tr ik in g ly  d ia s te reo sp ec if ic ; w h e re a s  th e  3 o t-co m p o u n d s ta k e n  
u p  by a c tiv e  tra n sp o r t, th e  3 p -c o m p o u n d s  w e re  no t. E ad ie-H ofstee  
a n a ly s is  in d ic a te d  th a t  th e  a c tiv e  t r a n s p o r t  w a s  m e d ia te d  by  a s in 
g le  p ro te in . H ow ever, to  id e n tify  th e  tr a n s p o r te r  s ite  w h ic h  is 
m a in ly  m e d ia tin g  th e  u p ta k e  o f  f lu o re sc e n t b ile  ac id s , fu r th e r  u p 
ta k e  s tu d ie s  w o u ld  n e e d  to  be  ca rr ie d  o u t in  re le v a n t h e te ro lo g o u s  
e x p re ss io n  sy s te m s. 3a-N B D  DCA w a r ra n ts  fu r th e r  s tu d y  as a too l 
fo r fu n c tio n a l ac tiv ity  s tu d ie s  a s so c ia te d  w ith  o rg an ic  an io n  t r a n s 
p o r te r  p ro te in s . T he specific ity  o f  th e  in te ra c tio n s  su g g e sts  th a t  th e  
Q t-com pounds a re  a b le  to  m im ic  th e  n a tu ra l b ile  ac id  p a ren ts . T he 
3a-UDCA/DCA p a ir  w ill be  em p lo y e d  to  in v e s tig a te  m e c h a n is tic  a s ;  
p e c ts  o f  th e  fu n c tio n a l a n ta g o n is m  e x h ib ite d  by  th e s e  c o m p o u n d s  
in  in te s tin a l b iology.

4. Experimental

4.1. General synthetic methods

All c h em ica ls  w e re  p u rc h a se d  fro m  S igm a-A ld rich  (D ublin , Ircr 
land ), e x c e p t w h e re  s ta te d . All th e  re a c tio n s  w e re  m o n ito re d  u sin g  
TLC. U n co rre c ted  m e ltin g  p o in ts  w e re  m e a su re d  o n  a  S tu a r t A ppa
ra tu s . In fra -red  (IR) sp e c tra  w e re  p e rfo rm e d  o n  a  P erk in  E lm er 
FT-IR P arag o n  1000  sp e c tro m e te r . ’H a n d  '^C n u c le a r  m a g n e tic  res
o n a n c e  (NM R) sp e c tra  w e re  re c o rd e d  a t  27 °C  o n  a B rucker DPX 40 0  
s p e c tro m e te r  (4 0 0 .1 3  MHz, 'H ; 100.61 MHz, ’^C). C oup ling  co n 
s ta n ts  a re  re p o r te d  in H ertz . For ’H NMR a s s ig n m e n ts , chem ica l 
sh if ts  a re  re p o rte d : sh if t v a lu e  (n u m b e r  o f  p ro to n s , d esc rip tio n  o f 
ab so rp tio n , co u p lin g  c o n s ta n t(s )  w h e re  ap p licab le ) . E le c tro sp ray  
io n iza tio n  m ass s p e c tro m e try  (ESl-M S) w as  p e rfo rm e d  in th e  p o si
tiv e  ion  m o d e  o n  a liqu id  c h ro m a to g ra p h y  tim e -o f-flig h t m ass sp e c 
t ro m e te r  (M icro m ass LCT, W a te rs  Ltd, M a n c h e ste r , UK). The 
sa m p le s  w e re  in tro d u c e d  in to  th e  ion so u rc e  by  an  LC sy s tem  
(W a te rs  A lliance 2 795 , W a te rs  C orp o ra tio n , USA) in M eC N :w ater 
(60:40%  v /v ) a t  2 0 0  |i l /m in . T he cap illa ry  v o lta g e  o f  th e  m a ss  sp e c 
t ro m e te r  w a s  a t  3 kV. T he sa m p le  co n e  (d e -c lu s te r in g )  v o ltag e  w as 
se t  a t  4 0  V. For e x a c t m a ss  d e te rm in a tio n , th e  in s t ru m e n t  w as 
e x te rn a lly  c a lib ra te d  fo r th e  m a ss  ran g e  m /z 100  to  1000. A lock 
(re fe re n c e )  m a ss  (m /z  5 5 6 .2 7 7 1 ) w as  u se d . M ass m e a s u re m e n t 
a c cu rac ie s  o f  <+5 p p m  w e re  o b ta in e d . C o m p o u n d  p u r ity /h o m o g e 
n e ity  w a s  c o n firm ed  u s in g  a  co m b in a tio n  o f  NMR, TLC a n d  HPLC.

4.1.1. 24-Methyl 3a-(methylsulfonyl)oxy, 7p-formyloxy-5p- 
cholanoate (10)

A so lu tio n  o f  tr ie th y la m in e  (0.1 m l) an d  m e th a n e su lfo n y l ch lo
r id e  (0 .08  m l) in  a n h y d ro u s  DCM (5  m l) w a s  ad d e d  d ro p w ise  to  a 
s tir re d  so lu tio n  o f  8  (0 .2 8 6  g) in a n h y d ro u s  DCM (2 0  m l) a t  0 °C  
a n d  th e  m ix tu re  a llo w ed  to  w a rm  to  rt. A fter 2 0  m in , w h e n  TLC an a l
ysis sh o w e d  th e  re a c tio n  w a s  c o m p le te , th e  m ix tu re  w a s  p o u red  
in to  w a te r ( 1 0 0 m l) a n d  e x tra c te d  w ith  D CM (3 x 50  m l). T he o rg a n 
ic p h ase  w a s  d rie d  o v e r M gS0 4  th e n  re m o v e d  u n d e r  re d u c e d  p re s 
su re  to  g ive th e  p ro d u c t as c o lo u rle ss  se m i-so lid  (0 .3 3 0  g, 98%). 'H
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Figure 5. Uptake of the cyclohexamine NBD adduct (7) into Caco-2 cell monolayers was studied for 90 min at 37 ( • )  and 4 °C (O). The active component was estimated
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NMR 6 (CDCI3 ): 7.99 (s, IH . 7-OC=OH), 4.91 (6 , IH , J, = 5.02 Hz, 
J2 = 5.52 Hz, 7o(-H), 4.62 (m, IH , 3p-H), 3.68 (s, 3H, -O -CH3), 3.02 
(s, 3H, -OSO2CH3). 1.00 (s, 3H, I 9 -CH3 ), 0.94 (d, 3H, J = 6.02Hz, 
2 I-CH 3 ). 0.69 (s, 3H, I 8 -CH3 ). '^C NMR ppm (CDCI3): 175.12 (C=0, 
24-C), 161.41 (C=0, 7-0C=0H), 81.89 (CH, 3-C), 73.83 (CH, 7-C),
53.00 (CH3 , OSO2CH3), 51.97 (CH3. OCH3). IRvmax (KBr); 3438.55, 
2952.63, 2874.54, 1718.71, 1354.77, 1174.23, 929.55 and 
527.59 cm '. HRMS; Found: (M-K)^ = 551.2451.

4.1.2. 24-Methyl 3p-azido, 7p-formyloxy-5|i-cholanoate
Sodium azide (0.387 g) was added to a stirred solution of 10 

(0.306 g) in DMPU (15 ml) at 50 °C and the reaction was monitored 
by TLC (hexane/ethyl acetate 5:1). After 8  d the mixture was parti
tioned between water and ethyl acetate. The organic phase was re
trieved and dried over Na2S0 4 . The crude product was cleaned by 
column chromatography using 15% ethyl acetate in hexane as mo
bile phase to yield white solid as product (0.211 g, 77%). 'H NMR S 
(CDCI3): 8.00 (s. IH , 7-0C=0H), 4.89 (m, IH , 7a-H), 3.96 (m, IH, 
3a-H), 3.68 (s, 3H, -O-CH3). 1.02 (s, 3H, I 9 -CH3 ), 0.94 (d, 3H, 
j  = 6.53 Hz, 2 I-CH3 ), 0.70 (s, 3H, I 8 -CH3 ). ’ Ĉ NMR ppm (CDCI3): 
174.50 (C=0, 24-C), 160.90 (C=0. 7-0C=0H), 73.56 (CH, 7-C), 
57.87 (CH, 3-C), 51.34 (CH3 , OCH3 ). IRvmax (KBr): 3422.62, 
2946.08, 2884.65, 2111.22, 1737.16 and 1188.73cm -’ . HRMS: 
Found: (M -N a)* = 482.3002.

4.1.3. 24-Methyl 3p-azido, 7p-hydroxy-5p-cholanoate (12)
To a stirred solution of 24-methyl 3p-azido, 7(3-formyloxy-5p- 

cholanoate (0.308 g) in anhydrous MeOH (30 ml) was added acetyl 
chloride (0.06 ml in 5 ml anhydrous MeOH) dropwise at 0°C and 
allowed to warm to rt. The reaction was monitored by TLC until 
there was no starting material present. Then, the mixture was par
titioned between saturated aq. NaHC0 3  and ethyl acetate. The or
ganic phase was washed with water (2 x 1 0 0  ml) and brine 
( 1  X 1 0 0  ml), dried over Na2 S0 4 , filtered and the solvent removed 
under reduced pressure to give the product as light yellow semi
solid (0.273 g, 97%). ’ H NMR 6 (CDCI3 ): 3.93 (s, IH , 3a-H), 3.68 
(s, 3H, - 0 -CH 3 ), 3.55 (m, IH , 7a-H), 0.99 (s, 3H, 1 9 -CH3 ), 0.95 (d, 
3H, 7 = 6.52 Hz, 2 I-CH 3 ), 0.69 (s. 3H, I 8 -CH3 ). '^C NMR ppm 
(CDCI3 ): 17.86 (C=0, 24-C), 71.48 (CH, 7-C), 58.42 (CH, 3-C), 
51.66 (CH3 , OCH3 ). IRvmax (DCM): 3431.06, 2935.49, 2866.03, 
2103.17 and 1739.37 cm ’ . HRMS: Found: (M -N a )* = 454.3051.

4.1.4. 24-Methyl 3p-(/V-BOC), 7p-hydroxy-5p-cholanoate
To a pre-reduced suspension of 10% Pd/C (~50 mg) in ethyl ace

tate (10 ml) was added a solution of 12 (0.273 g) and di-ferf-butyl

dicarbonate (0.166 g) in ethyl acetate (5 ml) under H2 at rt and stir
red overnight. Then the Pd/C was filtered out on a celite pad and 
the solvent was removed under reduced pressure. The crude prod
uct was cleaned on a flash column using 25% ethyl acetate in Hex
ane as mobile phase to afford title compound as a white foarr) 
(0.276 g, 8 6 %). 'H NMR S (CDCI3 ): 4.83 (d, 1H,J = 7.03 Hz, 3-NH), 
3.88 (br s, IH , 3a-H), 3.68 (s, 3H, -O -CH 3 ). 3.56 (br s, IH, 7q«-tf)! 
1.46 (s, 9H, - 0 C(CH3 )3 ), 0.99 (s, 3H, I 9 -CH3 ), 0.94 (d. 3H, 

J = 6.53 Hz, 2 I-CH 3 ), 0.69 (s, 3H, I 8 -CH3 ). ’ Ĉ NMR ppm (CDCI3 ); 
174.86 (C=0, 24 -0 , 71.41 (CH, 7-C), 51.66 (CH3 , OCH3 ), 28. 1̂9 
( 3 CH3 , -OC(CH3 )3 ). IR v m a x  (KBr): 3457.49, 2932.95, 2865.84, 
1698.40, 1168.99 and 1021.60 cm '. HRMS: Found: (M -N a)* = 
528.3685. mated

w ^s

4.1.5. 24-Methyl 3p-(7-nitro-2,1,3-benzoxadiazol-4-yl)aniino. 
7p-hydroxy-5p-cholanoate

24-Methyl 3p-(N-B0C), 7p-hydroxy-5p-cholanoate (0.26flig3 
was stirred in 10% TFA/DCM (20 ml) at rt until there wasand 
BOC-protected compound evident by TLC. The solvent wasro^- 
moved and the residue dried under reduced pressure to give a Ught 
brown solid crude product. This was dissolved in MeOH 
then sodium bicarbonate (0.112 g) and NBD chloride (0.t l11-g) 
were added and the solution stirred at 70 °C for 5 d (monlcoddjl 
by TLC using hexane/ethyl acetate 1:1 as mobile phase). Aft ,̂r fliik 
time the mixture was poured into brine (70 ml) and extractedivilith 
ethyl acetate (3 x  60 ml). The collected organic phase was ® i& 8  

over Na2 S0 4 , filtered and the solvent was removed under redu&U 
pressure then the product was separated by column chromatb^'a* 
phy (50% ethyl acetate in hexane as mobile phase) to give ocasige 
solid as product (0.202 g, 67%). 'H NMR d (CDCI3): 8.51 (d, W ; 
J = 9.03Hz, aromatic-H), 6.42 (d, IH , 7 = 7.03 Hz, 3-NH), 6.1-9,(d, 
1H,J = 8.53 Hz, aromatic-H). 4.26 (s. IH , 7p-0H), 4.10 (s, IH , 3a- 
H), 3.69 (s, 3H, -O -CH 3 ), 3.61 (s, IH , 7a-H), 1.10 (s, 3H, 19-09*0] 
0.96 (d, 3H, 7 = 6.52 Hz, 2 I-CH 3 ), 0.71 (s, 3H, I 8 -CH3 ). ’ Ĉ NWa 
ppm (CDCI3 ): 175.15 (C=0, 24-C), 144.86 (C, aromatic-C), l«»j8 te 
(C, aromatic-C), 143.21 (C, aromatic-C), 136.94 (CH, aromittitiS^I, 
124.29 (C, aromatic-C), 99.30 (CH, aromatic-C), 71.58 (Ct^OTSti)
52.00 (CH3 , OCH3 ). IR v m a x  (KBr): 3404.92, 2932.39, 28B^tfe) 
1736.45, 1574.72, 1307.25 and 1265.61 cm"’ . HRMS: FtKJiiiJa 
(M -N a )* = 591.3157.

4.1.6. 3p-(7-nitro-2,l,3-benzoxadiazol-4-yl)amino, 7p-hydrw rii 
5p-cholanoic acid (4)

24-Methyl 3p-(7-nitro-2,l,3-benzoxadiazol-4-yl)amino, 5f^Jru' 
droxy-5p-cholanoate (0.2 g) was dissolved in a mixture of Meiga

i  I H ,  

i9.(d, 
, 3y-  
CtH®] 
,.!MR

m m
. liih iir r t
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3 nd 2 M NaOH (pH ~14) at 40 “C for 3 h. The mixture was 
into 2M  HCl (50 ml) and extracted w ith ethyl acetate 

ilii^fiSO ml). The crude product was cleaned by flash chromatogra- 
Vising DCM/MeOH 9:1 as mobile phase to give orange solid as 

gj^i^iict (0.188 g, 96%). Mp: 208-210 °C. IRvmax (KBr): 3413.89, 
^ i | , 0 4 ,  2865.99, 1574.58, 1307.39 and 1250.03 cm ’. HRMS: 

(M-Na)'" = 577.3031.
4 m
^ 1?. 24-Methyl 3p-bromo, 7p-formyloxy-5p-cholanoate (14)
^ 'jiinphenylphosphine (2.097 g) was added to a solution of 8  

g) in anhydrous THF (80 ml) and /V-bromosuccinimide 
g) was added in 3 parts over 1 h at -1 8  °C then allowed to 

Vii«(HTi to rt and stirred overnight. The reaction mixture was poured 
Itliiiiitl M HCl solution (100 ml) and extracted w ith ethyl acetate 

ml). The organic layer was washed w ith brine 
^{je.'lOO ml) and after drying over MgS0 4  the solvent was removed 

reduced pressure. The crude product was flash columned 
V ilt^(^ /ethy l acetate 5:1) to afford the product as white foam 
thi»if4g, 85%). 'H NMR ,5 (CDCI3): 7.99 (s, IH, 7-OC=OH), 4.84 
ttlWiilH, 7o(-H), 4.76 (s, IH, 3(X-H), 3.67 (s, 3H, -O-CH3), 1.06 (s, 
|^iJ,al9 -CH3), 0.93 (d, 3H, J = 6.53Hz, 2 I-CH3), 0.70 (s, 3H, 18- 

’^C NMR ppm (CDCI3): 175.12 (C=0, 24-C), 161.50 (C=0, 
r)pMe=OH), 74.41 (CH, 7-C), 51.97 (CH3. OCH3). IR„n,ax (DCM): 
3af3%48, 2871.35, 1737.49, 1719.36 and 1178.56 cm '. HRMS: 
►tipid: (M -Na)* = 519.2070.
aid- r

24-Methyl Bot-azido, 7p-formyloxy-5p-cholanoate 
4.1JW a solution of 14 (1.693 g) in DMPU (50 ml) was added so- 
4ii((,na,-,azide (2.21 g) at rt and stirred overnight. Then the reaction 
niujMJre was poured into w ater (1 0 0  ml) and extracted with ethyl 
ftfttSiltte (3 X 75 ml). The organic phase was washed w ith brine 
fWftiflflO ml), dried over Na2S0 4 , filtered and the solvent was evap- 

vacuum. The crude product was cleaned on a flash col- 
Wiotousing hexane/ethyl acetate 5:1 as mobile phase to obtain 
Wwts product as colourless oil (1.464 g, 94%). 'H NMR 5 (CDCI3): 
blOsli<s, IH, 7-OC=OH), 4.91 (6 , IH, J, = 5.27 Hz, J2 = 5.53 Hz, 7a- 
tH)0 t3i6 8  (s, 3H, -O-CH3), 3.30 (m, IH, 3p-H), 1.00 (s, 3H, I 9 -CH3), 
OJSf» (d, 3H, J  = 6.52Hz, 2 I-CH3), 0.70 (s, 3H, I 8 -CH3). ’^C NMR 
Pi»» (CDCI3): 174.81 (C=0, 24-C), 161,12 (C=0, 7-0C=0H), 

(CH, 7-C), 60.81 (CH, 3-C), 51.64 (CH3, OCH3). IR„max 
(OCjyl): 2946.73, 2871.54, 2093.30, 1720.62, 1453.67, 1255.13 
a8d '1187.30cm “’. HRMS: Found: (M -Na)* = 482.2998. 
iind 1
4.1.9. 24-Methyl 3a-azido, 7p-hydroxy-5p-choIanoate (16)
4,1/Visetyl chloride (0.65 ml) was added dropwise to a stirred solu- 
tjoip.fif.24-methyl 3o(-azido, 7p-formyloxy-5(3-cholanoate (1.411 g) 
i$>aiilihydrous MeOH (60 ml) at 0 “C and allowed to warm to rt. 
ftiitieti#vernight the reaction mixture was poured into saturated 
btoHC^ 3  (100m l) and extracted w ith ethyl acetate (3 x  100 ml). 
iiiUtWflganic layer was dried over Na2S0 4 , filtered and the solvent 
VMS removed under reduced pressure. The crude product was 
sieaned on flash column (hexane/ethyl acetate 3:1) to give the 
(uotluct as yellow semi-solid (1.210 g, 91%). 'H NMR <5 (CDCI3): 
‘m6;9,Ks, 3H, -O-CH3), 3.60 (m, IH, 7a-H), 3.30 (m, IH, 3(3-H), 
O.y^ (s, 3H, 1 9 -CH3), 0.95 (d, 3H ,; = 6.27 Hz, 2 I-CH3), 0.70 (s, 3H, 
Ift-CH3). '^C NMR ppm (CDCI3): 174.85 (C=0, 24-C), 71.29 (CH, 

60.99 (CH, 3-C), 51.65 (CH3, OCH3). IRvmax (DCM): 3424.26, 
1938.77, 2866.74, 2092.43, 1739.29, 1452.41, 1254.58, 1167.83 
find-1022.77 cm '. HRMS: Found: (M -Na)* = 454.3057.

4.1.10. 24-Methyl 3a-((V-B0C), 7p-hydroxy-5p-cholanoate
1 iRd/C (~100 mg) in ethyl acetate (30 ml) was pre-reduced under 
rt^iatmosphere over 30 min then a solution of 16 (1.182 g) and di- 
fdrt>-butyl dicarbonate (0.717 g) in ethyl acetate (20 ml) was added 
UMSyringe and the mixture stirred at rt overnight. The reaction 
mixiure was filtered through a celite pad and washed with ethyl 
W fi  .

•¥K i.

(il%> ii
GHj}.

acetate (3 x  10 ml). The solvent was removed under reduced pres
sure and the crude product was flash columned using 30% ethyi 
acetate in hexanes as mobile phase to yield the product as w hite 
foam (1 .300g, 94%). ’H NMR 5  (CDCI3): 4.42 (br s, IH, 3-NH), 
3.68 (s, 3H, -O-CH3), 3.56 (m, IH, 7a-H), 3.39 (br s, IH, 3p-H), 
1.45 (s, 9H, -0 C(CH3)3), 0.96 (s, 3H, I 9 -CH3), 0.95 (d, 3H. 

J = 6.27 Hz, 2 I-CH3), 0.69 (s, 3H, I 8 -CH3). '^C NMR ppm (CDCI3): 
174.85 (C=0, 24-C), 71.48 (CH, 7-C), 51.65 (CH3, OCH3), 28.56 
(3 CH3, - 0 C(CH3)3). IRvmax (DCM): 3380.47, 2933.70, 1692.59 and 
1170.19cm -’. HRMS: Found: (M-Na)* = 528.3669.

4.1.11. 24-Methyl 3a-(7-nitro-2,l,3-benzoxadiazol-4-yl)am ino, 
7p-hydroxy-5p-cholanoate

24-Methyl 3a-(/V-B0C), 7|3-hydroxy-5p-cholanoate (1.265 g) 
was dissolved in 10% TFA/DCM (60 ml) and stirred at rt overnight 
(followed by TLC analysis using hexane/ethyl acetate 1:1 as mobile 
phase) then, the solvent was removed under vacuum. The residue 
was further dried by successive evaporation of toluene 
(3 x 100 ml). The yield foam was dissolved in MeOH (50 ml) then 
NaHC0 3  (2.102 g) and NBD chloride (0.549 g) were added to the 
solution. The reaction mixture was stirred vigorously for 2 weeks 
at reflux; reaction completion was checked by TLC using hex- 
ane:ethyl acetate (50:50) as mobile phase. It was poured into brine 
(150 ml) and extracted with ethyl acetate (3 x 100 ml). The organ
ic phase was dried over Na2S0 4 , filtered and the solvent was re
moved in vacuum to afford the crude product as black sem i
solid. This was purified with flash column using 40-70% ethyl ace
tate in hexanes as mobile phase to obtain the product as orange 
foam (0.622 g, 44%). ’H NMR5 (CDCl3): 8.49 (d, 1H,J = 8.54 Hz, aro- 
matic-H), 6 .8 8  (d, IH, J  = 7.53 Hz, 3-NH), 6.19 (d, lH ,J  = 9.04Hz, 
aromatic-H), 3.67 (s, 5H, -O-CH 3, 7a-H, 3|3-H), 1.08 (s, 3H, 19- 
CH3), 0.95 (d, 3H, i  = 6.03Hz, 2 I-CH3), 0.72 (s, 3H, I 8 -CH3). '^C 
NMR ppm (CDCI3): 174.44 (C=0, 24-C), 144.16 (C, aromatic-C), 
143.87 (C, aromatic-C), 136.48 (CH, aromatic-C), 123.07 (C, aro-* 
matic-C), 71.14 (CH, 7-C), 51.35 (CH3. OCH3). IR„,nax (KBr): 
3402.60, 2933.80, 2867.01, 1733.12, 1579.17 and 1304.77 cm '. 
HRMS: Found: (M -Na)^ = 591.3169.

4.1.12. 3a-(7-nitro-2,l,3-benzoxadiazol-4-yl)amino, ?p- 
hydroxy-5p-cholanoate (3)

NaOH (2 M) was added to a stirred methanolic solution of 24- 
methyl 3a-(7-nitro-2,l,3-benzoxadiazol-4-yl)amino, 7|5-hydroxy- 
5p-cholanoate (0.589 g) and the mixture warmed to 40 °C. The 
reaction mixture was left at this tem perature overnight then 
poured into 2M  HCl (100 ml) and extracted w ith ethyl acetate 
(3 X 75 ml). The organic layer was dried over Na2S0 4 , filtered and 
the solvent was removed under reduced pressure. The crude prod
uct was purified by flash chromatography using 2 % acetic acid in 
ethyl acetate as mobile phase. The product was recrystallised frorrj 
hexane to give orange solid as final product (0.465 g, 81%). Mp: 
148-150°C. ’H NMR <5 (acetone-dg): 8.51 (d, lH , ;  = 9.04Hz, aro
matic-H), 6.55 (d, lH ,J  = 9.04Hz, aromatic-H), 3.93 (br s, IH, 7a- 
H), 3.51 (m, IH, 3p-H), 1.05 (s, 3H, I 9 -CH3), 0.97 (d, 3H, 
;  = 6.53 Hz, 2 1 -CH3), 0.72 (s. 3H, I8-CH3). ’^C NMR ppm (acetone- 
dg): 175.03 (C=0, 24-C), 70.94 (CH, 7-C). IRvmax (KBr): 3436.13, 
2932.86, 2868.26, 1708.42, 1621.14, 1579.48 and 1304.52 cm -'. 
HRMS: Found: (M -Na)* = 577.3005.

4.1.13. 24-Methyl 3a-(methylsulfonyl)oxy, 12a-formyloxy-5p- 
cholanoate (11)

The solution of triethylam ine (0.1 ml) and methanesulfonyl 
chloride (0.15 ml) in anhydrous DCM (5 ml) was added drop-wise 
to a stirred solution o f9 (0.279 g) in anhydrous DCM (20 ml) a t 0 "C 
and allowed to warm to rt. After 20 min when TLC analysis showed 
the reaction was complete the mixture was poured into H2O 
(50 ml) and extracted with DCM (3 x  50 ml). The organic phase
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was dried over MgS04 then removed under reduced pressure to 
give the product as colourless oil (0.322 g, 98%). ’H NMR5 (CDCI3): 
8.15 (s, IH, 12-0C=0H), 5.26 (s, IH, 12p-H), 4.63 (m, 1H, 3p-H), 
3.67 (s. 3H, -O-CH3), 3.01 (s, 3H, -OSO2CH3), 0.93 (s. 3H, 19- 
CH3), 0.85 (d, 3H ,J = 6.03Hz, 2 I-CH3), 0.75 (s. 3H, I 8-CH3). '^C 
NMR ppm (CDCI3): 174.69 (C=0. 24-C), 160.71 (C=0, 12-0C=0H), 
82.79 (CH. 3-C), 75.97 (CH, 12-C), 52.67 (CH3, OSO2CH3). 51.66 
(CH3. OCH3). IRvmax (DCM): 2947.01, 2871.16, 1717.89, 1353.88, 
1174.09 and 932.87 cm “ ’. HRMS: Found; (M -N a r  = 535.2710.

4.1.14. 24-Methyl 3p-azido, 12a-formyloxy-5p-cholanoate
Sodium azide (0.408 g) was added to a stirred solution of 11 

(0.322 g) in DMPU (20 ml) at 50 °C and the reaction was monitored 
by TLC (hexane:ethyl acetate 5:1). After 6 d the mixture was parti
tioned between w ater and ethyl acetate. The organic phase was re
trieved and dried over Na2S04. The crude product was cleaned by 
column chrom atography using 20% ethyl acetate in hexane as mo
bile phase to yield colourless oil as product (0.253 g, 87%). 'H NMR 
(5 (CDCI3): 8.13 (s, IH, 12-0C=0H), 5.26 (s. IH, 12(3-H), 3.95 (s, IH, 
3a-H), 3.67 (s, 3H, -O-CH3), 0.95 (s, 3H, I 9-CH3), 0.85 (d, 3H, 
j  = 6.52 Hz, 2 I-CH3), 0.76 (s, 3H, I 8-CH3). '^C NMR ppm (CDCI3); 
174.39 (C=0, 24-C), 160.37 (C=0, 12-0C=0H), 76.00 (CH, 12-C), 
58.35 (CH, 3-C), 51.35 (CH3. OCH3). IRvmax (DCM): 2938.73, 
2872.92, 2101.83, 1738.92, 1720.86 and 1171.43 cm '. HRMS: 
Found: (M Na)* = 482.2974.

4.1.15. 24-Methyl 3p-azido, 12a-hydroxy-5p-cholanoate (13)
To a stirred solution of 24-methyl 3p-azido, 12a-formyloxy-5p- 

cholanoate (0.322 g) in anhydrous MeOH (30 ml) was added acetyl 
chloride (0.07 ml in 5 ml anhydrous MeOH) dropwise at 0°C and 
allowed to warm to rt. The reaction was monitored by TLC until 
there was no starting material present. Then the mixture was par
titioned between saturated NaHC03 and ethyl acetate. The organic 
phase was washed w ith w ater (2 x 100 ml) and brine (100 ml), 
dried over Na2S04, filtered and the solvent removed under reduced 
pressure to give the product as yellow semi-solid (0.294 g, 97%). ’H 
NMR 6 (CDCI3): 4.01 (s, 1 H, 12P-H), 3.97 (s, IH, 3a-H), 3.68 (s, 3H, -  
O-CH3), 0.99 (d, 3H,7 = 5.87 Hz. 2I-CH3), 0.96 (s, 3H, I9-CH3), 0.70 
(s, 3H, I8-CH3). ’^C NMR ppm (CDCI3): 174.51 (C=0, 24-C), 73.00 
(CH, 12-C), 58.52 (CH, 3-C), 51.36 (CH3, OCH3). IRvmax (KBr): 
3528.85, 2932.82, 2093.51, 1725.62, 1449.91. 1312.94 and 
1196.78 cm '. HRMS: Found: (M -N a)* = 454.3052.

4.1.16. 24-Methyl 3p-(iV-BOC), 12o(-hydroxy-5p-cholanoate
To a pre-reduced suspension of 10% Pd/C (~50 mg) in ethyl ace

tate (10 ml) was added a solution of 13 (0.245 g) and di-terf-butyl 
dicarbonate (0.149 g) in ethyl acetate (5 ml) and stirred under H2 
at rt. The reaction mixture was stirred overnight (TLC: hex- 
ane:ethyl acetate 3:1) then it was filtered on a celite pad. The celite 
was washed w ith ethyl acetate ( 3 x 1 0  ml) and the organic phase 
was removed in vacuum. The product was cleaned by flash chro
matography (mobile phase: 30% ethyl acetate in hexane) to yield 
a w hite foam as product (0.260 g, 90%). 'H NMR 6  (CDCI3): 4.84 
(br s, IH, 3-NH), 4.00 (s, IH, 12P-H), 3.92 (br s, IH, 3o(-H), 3.68 
(s, 3H, -O-CH3), 1.46 (s, 9H, -OC(CH3)3), 0.99 (d, 3H,7 = 6.02 Hz, 
2 I-CH3), 0.96 (s, 3H, I 9-CH3). 0.69 (s, 3H, I 8-CH3). ’^C NMR ppm 
(CDCI3): 174.54 (C=0. 24-C). 72.97 (CH. 12-C). 51.34 (CH3. OCH3),
28.29 (3CH3, - 0 C(CH3)3). IRvmax (KBr): 3459.32, 2937.54, 2865.92, 
1698.37 and 1171.03 cm HRMS: Found: (M -Na)* = 528.3654.

4.1.17. 24-Methyl 3p-(7-nitro-2,1.3-benzoxadiazol-4-yl)amino,
12(x-hydroxy-5p-cholanoate

24-M ethyl 3p-(N-B0C), 12a-hydroxy-5p-cholanoate (0.259 g) 
was stirred in 10% TFA/DCM (20 ml) at rt until there was no 
BOC-protected compound present. Then the solvent was removed 
and the residue dried under reduced pressure to give light brown

'■'lunitl 
'1 tHib 
■'.Jltll 

iiDttyHl

si'd 
/M iy ' 
'>oSS<l

r>.(d,
solid as crude product. This was dissolved in MeOH (20 ml) t l^ ^  
NaHC03 (0.130 g) and NBD chloride (0.112 g) were added t& |^^  
solution and stirred at 70 °C for 10 d (m onitored by TLC using 
ane/ethyl acetate 1:1 as mobile phase). After this tim e the m i^ ^ jp  
was poured into brine (50 ml) and extracted w ith ethyl 
(3 X 50 ml). The collected organic phase was dried over Na2̂ p ,̂;,§t^j 
tered and the solvent was removed under reduced pressure 
the product was separated by column chromatography (50% 
acetate in hexane as mobile phase) to give orange solid as product 
(0.213 g, 73%). 'H NMR 5 (CDCI3): 8.49 (d, 1H, J = 9.04 Hz, aromatlp- 
H), 6.47 (d. IH, i  = 7.03Hz, 3-NH), 6.19 (d, 1H, J  = 9.04 Hz.^^^Mt 
matic-H), 4.26 (s, IH, 12a-0H), 4.12 (s, IH. 3a-H), 4.05 (s, 
12P-H), 3.69 (s. 4H. -O-CH3). 1.03 (s. 3H, I 9-CH3), 1.00 («U-fiH. 

J  = 6.53 Hz, 2 I-CH3), 0.72 (s, 3H, I 8-CH3). ” C NMR ppm (COg^^j 
175.10 (C=0, 24-C), 144.88 (C. aromatic-C), 143.30 (C, arom'dfilEs 
C), 137.07 (CH, aromatic-C), 134.40 (C, aromatic-C), 124.07, (C, 
aromatic-C), 104.33 (CH. aromatic-C), 73.53 (CH, 12-C). sdlOHi 
(CH3. OCH3). IRvmax (KBr): 3538.32. 3408.93, 2943.25, 2864,0K 
1736.80, 1574.32, 1336.49 and 1314.61 cm ’. HRMS: FoU ?̂̂ 5̂ 
(M-Na)* = 591.3163.

cU'etift^
4.1.18. 3p-(7-nitro-2,l,3-benzoxadiazol-4-yl)amino, 12a-̂ p,), .̂{ l̂- 
hydroxy-5p-cholanoate (6) ? tiKW

The hydrolysis of 24-methyl 3p-(7 -n itro -2 ,l,3 -benzoxa^ i0^ i 
4-yl)amino, 12a-hydroxy-5p-cholanoate (0.205 g) was carriefltiw* 
in MeOH (20 ml) w ith 2 M NaOH at pH ~14  at 40 °C for 4 h.-fOce 
mixture was poured into 2 M HCI (50 ml) and extracted w ith e»lpH 
acetate (3 x 50 ml). The crude product was purified by coluWHi 
chromatography using ethyl acetate as mobile phase to aff3M 
the product as orange solid (0.152 g, 76%). Mp: 216-218 
NMR S (DMSO-de): 8.31 (d, lH ,J -9 .0 3 H z , aromatic-H), 6.29ti[(S'. 
IH. aromatic-H). 4.10 (br s, IH. 3ot-OH), 3.81 (s, IH, 12p-H),«.6Q 
(s, 6 H, 2 I-CH3 and I 9-CH3), 0.61 (s, 3H. I 8-CH3). ’^C N M R 3p^ 
(DMSO-dg): 175.27 (C=0. 24-C), 145.65 (C, aromatic-C). 14»5^ 
(C. aromatic-C), 135.39 (CH, aromatic-C), 131.60 (C, aromatidcitt 
128.66 (C, aromatic-C), 100.02 (CH, aromatic-C), 71.10 (CH>s1‘̂  
C). IRvmax (KBr): 3410.69, 2927.61, 2863.42, 1703.83, 1575.W btia 
1310.90 cm ’. HRMS: Found: (M -Na)* = 577.3019.

' t i^ n
4.1.19. 24-Methyl 3p-bromo, 12(x-fonnyloxy-5p-cholanoatle0^1

Triphenylphosphine (2.135 g) was added to a solution<!H®W 
(1.769 g) in anhydrous THF (80 ml) and N-bromosuccininri'*?*! 
(1.449 g) was added in 3 parts over 1 h at -1 8  °C then alloweW*>ri 
warm to rt and stirred for 1.5 h. The reaction mixture was pbuMii 
into 1 M HCI solution (100 ml) and extracted with ethyl aeJWfS 
(3 X 75 ml). The organic layer was washed w ith brtiW 
(2 X 100 ml) and after drying over MgS04 the solvent was reniW--<9f1 
under reduced pressure. The crude product was flash colurriWici 
(hexane:ethyl acetate 5:1) to afford the product as pale white 
(1.919 g, 95%). 'H NMR S (CDCI3): 8.13 (s, IH, 12-0C=0H), 5 .3 tf^ , 
1H, 12P-H), 4.79 (s, 1H. 3a-H). 3.68 (s. 3H, -O-CH3), 1.01 (s, 3H,r|Rj); 
CH3). 0.85 (d. 3H .J = 6.52Hz. 2 I-CH3), 0.76 (s. 3H, 18-CH3Ml-lE 
NMR ppm (CDCI3): 174.70 (C=0, 24-C), 160.68 (C=0, 12-OC«CJ81^
76.29 (CH. 12-C). 51.67 (CH3, OCH3). IRvmax (KBr): 3 4 2 6 .^ , 
2939.12, 2873.47, 1739.75, 1720.29 and 1180.89cm ’. HRA»S: 
Found: (M -Na)^ = 519.2073.

4.1.20. 24-Methyl 3a-azido, 12a-formyloxy-5p-cholanoate
To a solution of 15 (1.852 g) in DMPU (50 ml) was addet)4f%’ 

dium azide (2.420 g) at rt and stirred overnight. Then the reaclWH 
mixture was poured into w ater (100 ml) and extracted w i th P i^ j  
acetate (3 x  50 ml). The organic phase was washed w ith bH i# 
(100 ml), dried over Na2S04, filtered and the solvent was e»4*Wri 
rated in vacuum. The crude product was cleaned on a flash coM^i^tt 
using hexane:ethyl acetate 5:1 as mobile phase to obtain the pwW 
uct as colourless semi-solid (1.652 g, 97%). ’H NMR S (CDCl3):i#!lfsi

. i las
426 .56 ,

RMS:
(IS)

11
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tSMdH, 12-OC=OH), 5.26 (s. IH, 12P-H), 3.67 (s, 3H. -O-CH 3), 3.34 
3(3-H), 0.93 (s. 3H, 1 9 -CH3). 0.85 (d. 3H, J  = 6.03Hz, 21-

eh ti- 0.75 (s, 3H, I 8 -CH3). NMR ppm (CDCI3): 174.40 (C=0, 
9j4-i33. 160.42 (C=0, 12-0C=0H), 75.70 (CH, 12-C), 60.98 (CH, 3- 
(ij£)§,l,34 (CH3. OCH3). IRvmax (DCM): 2941.27, 2867.58, 2092.01, 
|fii& 62, 1720.31, 1448.60, 1251.73 and 1177.39 c m - '. HRMS: 
IlCWOd: (M -N a r  = 482.2995.

24-Methyl 3ot-azido, 12a-hydroxy-5p-cholanoate (17)
4 .1^ e ty l  chloride (0.51 ml) was added drop-wise to a stirred solu- 
ac j^ -jo f 24-m ethyl 3a-azido, 12a-formyloxy-53-cholanoate 

in anhydrous MeOH (60 ml) at 0 °C and allowed to warm 
tftfft.i5kfter overnight stirring, the reaction mixture was poured into 
^ijjgffiated NaHCOs (100m l) and extracted with ethyl acetate 
^ f l lO O m l) . The organic layer was dried over Na2S0 4 , filtered 
j»H(jihe solvent was removed under reduced pressure. The product 
KVw&fecrystallised from diethyl ether to obtain light-yellow crys- 
C4mtU -457g, 94%). 'H NMR <5 (CDCI3): 4.00 (s, IH, 12p-H), 3.68 (s, 
ittilc-O-CHa), 3.35 (m, IH, 3p-H), 0.99 (d, 3H, J  = 6.53Hz, 21- 
m U i 0 .9 4  (s, 3H, I 9 -CH3). 0.69 (s, 3H, I 8 -CH3). '^C NMR ppm 
(S W i) : 175.15 (C=0, 24-C), 73.50 (CH, 12-C), 61.69 (C H , 3-C), 
6H97 (CH3. OCH3). IRvmax (DCM): 3524.40, 2939.82, 2866.15, 
30eti49, 1739.60, 1448.24 and 1252.74 cm -'. HRMS: Found: 
lM^Wa)" = 454.3038.
316911 .

24-Methyl 3(x-(IV-BOC), 12ot-hydroxy-5|t-cholanoate
4 il(‘J!Suspension of 10% Pd/C (~100m g) in ethyl acetate (30 ml) 
*a>5(i-Uje-reduced under hydrogen atm osphere over 30 min then 
the24MPlution of 17 (1.424g) and di-terf-butyl dicarbonate 
tO ,S(^g) in ethyl acetate ( 2 0  ml) was added via syringe and stirred 
^'iftiovernight. The reaction mixture was filtered through a celite 
pftiA'flnd washed w ith ethyl acetate ( 3 x 1 0  ml). The solvent was re- 
ftTftyCd under reduced pressure and the crude product was flash 
fO^ttmned using 30% ethyl acetate in hexanes as mobile phase to 
yipjd the product as white foam (1.549 g, 93%). 'H NMR 5  (CDCI3): 
4j45i(br s, IH , 3-NH), 4.00 (s, IH , 12p-H), 3.68 (s, 3H, -O -C H 3 ) . 3.43 
t ta ? .a  H, 3P-H), 1.45 (s, 9H, -OC(CH3)3), 0.99 (d, 3H,J = 6.27 Hz, 21 - 
GHb); 0.93 (s. 3H, 1 9 -C H s), 0.69 (s, 3H, I8 -C H 3 ). '^C NMR ppm 
(■<ni>0l3): 174.83 (C=0, 24-C), 73.30 (C H , 1 2 -C). 51.65 (CH3, OCH3), 
BS1..37 (3C H 3. - 0 C(CH3)3). IRvmax (D C M ): 3380.58, 2935.81, 
S®9ir31 and 1171.11 c m - '. HRMS: Found: (M-Na)* = 528.3666. 
LOlunr

24-Methyl 3a-(7-nitro-2,l,3-benzoxadiazol-4-yl)amino, 
ilCS3(ttiydroxy-5p-cholanoate
fi}l24WMethyl 3a-(N-B0C), 12a-hydroxy-5p-cholanoate (1.524 g) 
{^^a'llissolved in 10% TFA/DCM (60 ml) and stirred at rt overnight 
y ^ o w e d  by TLC analysis using hexane:ethyl acetate 3:1 as mobile 
pjjftse) then the solvent was removed in vacuum. The residue was 
rtrjed under reduced pressure using toluene (3 x 100 ml). The yield 
fitjarn was dissolved in MeOH (60 ml) then NaHCOs (2.533 g) and 
NBD chloride (0.862 g) were added to the solution. The reaction 
mixture was stirred vigorously for 10  d at reflux; reaction comple
tion was checked by TLC using hexane:ethyl acetate (50:50) as mo
bile phase. It was poured into brine (100 ml) and extracted with 
ethyl acetate (3 x 100 ml). The organic phase was dried over 
Na2S0 4 , filtered and the solvent was removed in vacuum to afford 
the^crude product as black semi-solid. This was purified w ith flash 
column using 30-40% ethyl acetate in hexane as mobile phase to 
oj5t^iiji the product as orange foam (0.679 g, 98%). 'H NMR d  
(CDeia^: 8.46 (d. IH, J = 8.53 Hz, aromatic-H), 6.51 (s, IH, 3-NH), 
8!17\'^d, IH, J = 8.53Hz, aromatic-H), 4.26 (s, IH, 12oi-OH), 4.07 

||4 , 12P-H), 3.67 (s, 4H, 3p-H, -O-CH3), 1.02 (s, 3H, I 9 -CH3 ). 
5^97; (d, 3H, J = 6.03Hz, 2 I-CH3). 0.71 (s. 3H, I 8 -CH3). '^C NMR 

(CDCI3): 174.48 (C=0, 24-C), 144.09 (C, aromatic-C), 143.78 
aromatic-C), 136.50 (CH, aromatic-C), 133.78 (C, aromatic-C), 

122.93 (C, aromatic-C), 103.71 (CH, aromatic-C), 72.95 (CH,

12-C), 51.36 (CH3, OCH3). IRvmax (DCM): 3529.91, 3294.51, 
2938.41, 2867.28, 1735.15, 1582.76 and 1304.42 cm -'. HRMS: 
Found: (M -Na)* = 591.3142.

4.1.24. 3a-(7-nitro-2,l,3-benzoxadiazol-4-yl)am ino, 12a- 
hydroxy-5p-cholanoate (5) „

Methyl 3a-(7-nitro-2,l,3-benzoxadiazol-4-yl)am ino, 12ot-hy- 
droxy-5p-cholanoate (1.621 g) was dissolved in a mixture of m eth
anol and aq. NaOH (2 M) and the mixture warmed to 40 °C. The 
reaction mixture was left at this tem perature overnight then 
poured into 2M  HCl (100 ml) and extracted w ith ethyl acetate 
(3 X 100 ml). The organic layer was dried over Na2S0 4 , filtered 
and the solvent was removed under reduced pressure. The crudg 
product was flash columned using first 2 0 % hexane then 2 % acetic 
acid in ethyl acetate as mobile phase to yield orange solid as prod
uct (0.997 g, 63%). Mp: 225 “C. 'H NMR5(DMS0): 11.93(s, 1H,24- 
COOH), 9.52 (s, IH, 3-NH), 8.47 (d, l H , J  = 8.54Hz, aromatic-H), 
6.46 (d, IH, 7 = 9.04 Hz, aromatic-H), 4.25 (s, IH, 12a-0H), 3.82 
(s, 2H, 12P-H and 3p-H), 0.93 (d, 6 H ,j = 4.52 Hz, 2 I-CH3 and 19-, 
CH3). 0.61 (s, 3H, I 8 -CH3 ). '^C NMR ppm (DMSO): 174.98 (C=0, 
24-C), 144.40 (C, aromatic-C), 144.27 (C, aromatic-C), 138.01 (CH, 
aromatic-C), 136.18 (C, aromatic-C), 120.06 (C, aromatic-CX 
105.85 (CH, aromatic-C), 70.89 (CH, 12-C). IRvmax (DCM): 
3309.77, 2937.30, 2859.90, 1707.17, 1582.18 and 1304.06cm '. 
HRMS: Found: (M Na)* = 577.2999.

4.2. Stability and physiochemical characterisation

For the HPLC measurements, a WATERS Alliance system wa,  ̂
used with 2475 Multi X  Fluorescence Detector and 2487 Dual % 
Absorbance Detector controlled by EMPOWER Software. The ap
plied column symmetry was Cl 8  5 |.im 4.6 x 250 mm from Xbrid- 
ge™. For the stability study of 4, a stock solution was prepared in 
0.01 mg/ml concentration w ith 2% MeCN/phosphate buffer 
(pH = 7.4). The stability study was carried out at 37 °C over 24 h 
w ith injection every h. HPLC conditions were flow rate: 1.0 ml/ 
min; wavelength of detection: 346 nm; injection volume: 20^1; 
tem perature of column and sample: 37 °C; runtim e: 25 min; gradi
ent 0 min 50% mobile phases A and B, 0 -10  min increase to 80% 
mobile phase B, 10-20 min 80% mobile phase B, 20-21 min de
crease to 50% mobile phase B, 21-25 min 50% mobile phases A 
and B; mobile phase A: pH = 2.5 phosphate buffer; mobile phase 
B: MeCN.

To assess lipophilicity o f3 -6  the samples were prepared (1 |iM) 
in MeCN/water 75:15. HPLC conditions w ere flow rate: 1.5 ml/min) 
wavelength of detection: 335 nm (absorbance detector); wavee 
length of excitation: 470 nm, wavelength of detection: 535 nm 
(fluorescence detector); injection volume: 2 0  pi; tem perature of 
column and sample: rt; runtim e: 10  min; mobile phase: iso- 
cratic-water/1% pH = 3.0 ammonium formate buffer/MeCH 
(15:10:75).

4.3. Photophysical characterisation

A Cary 300 Scan UV-Visible Spectrophotom eter was used to 
determine the absorption maxima of 3-6. The stock solutions were 
prepared at 0.01 mg/ml in EtOH. Samples were scanned from 
200-800 nm. Cuvette type was Hella Blue quartz 10 mm. To obtain 
the fluorescence maxima the stock solutions were prepared in 
0 .0 0 1  mg/ml concentration in ethanol and measured with 
RF-1501 Spectrofluorophotometer (SHIMADZU). The emission 
wavelength range was chosen between 220-900 nm, while the 
excitation wavelength was 470 nm. Fluorescein and rhodamine 
6 G, were cross calibrated by calculating the quantum  yield of each 
relative to the other. The results matched the literature +10%: fluo
rescein <t>F 0.922, rhodamine 6 G <I)f 0.953. The absorbance and

2S. ';i.
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to
Iemission levels in the concentration range 10-50 nM for five solu

tions of each sample and standard w ere obtained. (Fluorescein in 
ethanolic KOH (0.01 M), all other solutions in EtOH.) The slope of 
a plot of fluorescence intensity versus absorbance was used to cal
culate the quantum  yield (ct>F) for each sample using the equation; 
^F=<I>s A S JS st).

4.4. Uptake studies

Caco-2 cells were grown to polarised monolayers on 24-well 
plates for 21 d, before uptake studies w ere performed in bicarbon
ated Krebs-Ringer buffer (KRB: 15 mM HEPES, 116.4mM  NaCl, 
5.4 mM KCl, 0.78 mM NaH2P0 4 , 25 mM NaHCOj, 1.8 mM CaClj,
0.81 mM MgS0 4  and 5.55 mM glucose: pH 7.4). Uptake of the fluo
rescent bile acid compounds (3-6) was studied at different time 
points, concentrations and tem peratures. Solutions of bile acid com
pounds were prepared using KRB containing 0.1% DMSO at all times.

Time-dependence of bile acid uptake was studied by incubating 
cell monolayers (at 10 |iM) for up to 90 min at either 37 or 4 °C. 
After 5, 10, 15, 30, 45. 60 and 90 min, monolayers were washed 
twice with ice-cold KRB, solubilised in 1% (w/v) Triton X-100 solu
tion and bile acid activity was m easured in the cell lysate (see be
low). Concentration-dependence of bile acid uptake was studied at 
a compound concentration range of 1 -100 |iM for 20 min at 37 °C 
and 4 °C. Active uptake of bile acid compounds was calculated as 
the difference between the fluorescence, after exposure to com
pounds 3 -6  at 37 °C and 4 °C.

The fluorescence activity of the bile acids compounds was ana
lysed in 24-well plates using an autom ated plate reader (FLUOstar 
Optima, BMC Labtech, Offenburg, Germany) at excitation and 
emission wavelengths of 485 and 520 nm, respectively. The sam
ples were diluted with KRB. where appropriate. For standardiza
tion, the total protein am ount of cell layers was determ ined by 
bicinchoninic acid (BCA) assay according to the manufacturer’s 
instructions (Pierce, Thermo Scientific, Rockford, USA).

4.5. Uptake kinetics

The saturable uptake of the bile acid compounds was analysed 
by assuming M ichaelis-M enten type carrier-mediated transport 
represented by the equation:

V =  X (S)/[(/C„, + (S)]

where (S) was (bile acid compound].
Half-saturation constant (Km) and maximum uptake rates 

(Vmax) of the bile acid compounds was calculated by this equation 
to the experimental profile of the uptake rate (v) versus the 
substrate concentration (S) using a non-linear least squares regres
sion analysis program, WinNonlin (Pharsight, Mountain View, CA, 
USA).

4.6. Molecular modelling

The structures of DCA and its 3 -a  and -3 NBD analogues 
generated by in silico modification in MOE (Chemical Com.pufihg 
Croup, Montreal, Canada) of cholic acid extracted from pdb C'̂ He 
2Q04^^ The bile acid models were energy minimised using M t r ^  
Molecular Force Field 94x (MMFF94x) interfaced to MOE w ith gra
dient 0.5. Then structures were further manipulated in MOE and 
the picture in Figure 6 generated using the programme PyMOl?*

4.7. Statistical analysis

utl 

ilU'

All uptake studies were performed in triplicate. Results Vial'S 
expressed as mean ± SD, w ere compared using one-way a n a ^ ^  
of variance (ANOVA) followed by Student-Newm an-Keuls 
hoc test. P <0.05 was considered as significant. ^

Acknowledgments
■s were

This study has been funded in by the Irish Health Res«WnJB 
Board (TRA/2007/11) and through a Strategic Research 01as»4c 
grant (07/SRC/B1154) under the National Development'ipfsh 
co-funded by EU Structural Funds and Science Foundation Irfel̂ iMi-.

and
References and notes OL.

1. P ayne , C. M .; C ro w ley -S k illico rn , C.: B e rn s te in , C.; H o lu b ec , H.: M o y er. M V.; 
B e rn s te in . H. Nutr. Cancer 2 0 1 1 , 62. 8 25 .

2. Z hou , Y.: D oyen , R.; L ic h te n b e rg e r, L  M. Biochim. Biophys. Acta. 2 0 0 9 , 178S,. ^ 7 ,
3. A m ara l, J. D.; V iana, R. J.; R am alh o , R. M .; S te e r , C. J.: R o d rig u es , C. M.J. L ip ^ w ^ .  

2 0 0 9 .5 0 ,1 7 2 1 .
4 . R o d rig u es . C. M .; S teer , C. J. E xpert Opin. Investig. Drugs. 2 0 0 1 , 10. 1243.
5. Sola, S.; A ra n h a , M. M.: S teer, C .J.; R o d rig u es , C  M. Curr. Issues Mol. Biol. 2 0 0 / / ^  

1 2 3 -1 3 8 .
6. Byrne, A. M .: Foran , E.; S h a rm a , R.; D avies. A.; M ah o n . C ;  O’S u lliv a n . J.; 

O 'D o n o g h u e , D.; K elleher, D.; Long, A. Carcinogenesis 2 0 1 0 , 31. 7 37 .
7. H o fm an n . A. F. Arch. Intern. M ed. 1 9 9 9 . J59 , 2 6 4 7 .
B. H o fm an n , A. F.: H agey, L. R. Cell Mol. Life Sci. 2 0 0 8 , 65. 2 4 6 1 .
9. S h a rm a , R.; Long. A.; G ilm er. J. F. Curr. M ed. Chem. 2 0 1 1 , 18, 4 0 2 9 .

10. S h a rm a , R.; M ajer, F.; P e ta , V. K.; W an g . J.; K eav en ey , R.; K elleher. D.;
G ilm er. J. F. Bioorg. M ed. Chem. 2 0 1 0 , 18, 6 8 8 6 . , .

11. G h o sh . P. B.: W h ite h o u s e , M. W . B ioch em .j.  1 9 6 8 . 108, 155. '
12. S c h ram m , U.: D ie tr ich . A.; S c h n e id e r . S.: B u sch er. H. P.; G erok , W .;

Lipid Res. 1 9 9 1 , 32. 1769 . j n c l
13. S c h n e id e r , S.; S c h ram m . U.; S c h rey e r, A.: B u sch er, H. P.: G erok , W .; K u rz ,G .X  

Lipid Res. 1 9 9 1 . 32, 1755.
14. S c h ram m . U.; F ricker, G.; B u sch er. H. P.; G erok . W .; K urz, G.J. Lipid Res. 1 ^ 3 .  

34. 7 4 1 . M. K:
15. R ohacova . J,; M arin . M. L.; M a rtin e z -R o m ero . A.; Diaz, L.; O’C o n n o r. J. E.: 

G o m ez-L ech o n . M .J.; D o n a to , M. T.; C as te ll.J . V.; M ira n d a . M. A. Chem M edC^^'. 
2 0 0 9 . 4, 4 6 6 .

16. Y am ag u ch i, H.; O kada , M .; A k itaya . S.; O h ara . H.; M ik k aich i, T.; I sh ik a w l^  
Sa to , M .; M a ts u u ra , M.; Saga, T.; U nno . M .; A be, T.; M ano . N.; H ish in u n ru ^ l.^
G oto . J. j .  Lipid Res. 2 0 0 6 , 4  7, 1 1 9 6 . 0 0 7 ,'g .

17. H o lz in g er. F.; S c h te in g a rt. C. D.; T o n -N u . H .T .; E m ing . S. A.; M o n te . M .J.; H agev, 
L  R.: H o fm an n . A. F. H epatology  1 9 9 7 . 26, 1263 . j.;

18. Sola. S.: A m ara l. J. D.; C astro . R. E.; R am alh o , R. M .; B orralho . P. M.; K ren , B. T.;
T an ak a , H.: S te e r . C. J.; R o d rig u es . C. M. H epofo/ogy 2 0 0 5 , 42 . 9 25 .

• .f.urti 

I’Uii

i . e . ) .



IWd F. Majer et al. /  Bioorg. Med. Chem. 20 (2012) 1767-1778

19. Sola. S.; Castro. R. E.; Kren. B. T.; Steer. C. J.; Rodrigues, C. M. Biochemistry 2004, 29.
4 3 .8429. 30.

20. Assfalg, M.; Gianolio, E.; Zanzoni. S.; Tomaselli, S.; Russo, V. L ; Cabella, C ;
Ragona, L ; Aime, S.: Molinari, H.J. Med. Chem. 2007. 50. 5257. 31.

21. Zheng. X.; Ekins, S.: RaufmanJ. P.; Polli.J. E. Mol. Pharm. 2009, 6. 1591.
22. Hu, N. J.; Iwata, S.; Cameron, A. D.; Drew, D. Nature 2011, 478, 408. 32.
23. Balakrishnan, A.; Polli, J. E. Mol. Pharm. 2006, 3. 223. 33.
24. Endter, S.; Francombe, D.; Ehrhardt, C.; Cumbleton, M. J. Pharm. Pharmacol. 34.

2009. 61, 583.
25. Alrefai, W. A.; Sarwar, Z.: Tyagi, S.; Saksena, S.: Dudeja, P. K.; Gill, R. K. Am. J. 35.

Physiol. Gastrointest. Liver Physiol. 2005, 288, G978.
26. Geyer. J.; Wilke. T.; Petzinger. E. Naunyn. Schmiedebergs Arch. Pharmacol. 2006, 36.

372. 413.
27. Swaan. P. W.; Hillgren. K. M.; Szoka, F. C.. Jr.; Ole. S. Bioconjug. Chem. 1997, 8,

520. 37.
28. Kiaassen. C. D.; Aleksunes, L. M. Pharmacol. Rev. 2010. 62. 1.

Hagenbuch, B.; Gui, C. Xenobiotica 2008, 38, 778.
Hilgendorf, C.; Ahlin, G.; Seithe!, A.; Artursson. P.; Ungell. A. L ; Karlsson.J Drug 
Metab. Dispos. 2007, 35. 1333.
Sal. Y.; Kaneko. Y.: Ito, S.: Mitsuoka, K.; Kato, Y.; Tamai,!.; Artursson, P.; Tiu ji. A. 
Drug Metab. Dispos. 2006, 34. 1423.
Balakrishnan, A.; Wring, S. A.; Polli, j. E. Pharm. Res. 2006, 23, 1451.
Ming, X.: Knight. B. M.; Thakker, D. R. Mol. Pharm. 2011, S, 1677.
Tamai, I.; Nezu, J.: Uchino, H.: Sai, Y.; Oku, A.; Shimane. M.; Tsuji. A. Biochem 
Biophys. Res. Commun. 2000, 273, 251.
Nozawa.T.; Kobayashi, D.; Imai, K.; Nezu,J.; Tsuji, A.; Tamai. \.J. Pharmacal. Exp. 
Ther. 2003, 306, 703.
Rohacova,J.; Marin. M. L ; Martinez-Romero, A.; O’Connor,j. E.; Gomez-U?chon, 
M. J.; Donato, M. T.; Castell, J. V.; Miranda. M. A. Org. Biomoi Chem. 2009, 7, 
4973.
Capaldi. S.; Guariento, M.; Saccomani, G.; Fessas, D.: Perduca, M.; Monaco. H. L. 
J. Biol. Chem. 2007, 282, 31008.


