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“a gold mine is awaiting the organic chemist who would look to solid

supports for controlling and directing his synthetic reactions”

— Robert Bruce Merrifield, 1969.!

“Many gold nuggets have now been mined. ..and some iron pyrites”

— Clifford Clarke Leznoff, 1978.2

“Another turning point;

a fork stuck in the road.

Time grabs you by the wrist;

directs you where o go.

So make the best of this test

and don't ask why.

I#'s not a question

but a lesson learned in time.

It's something nnpredictable

but in the end it's right.

I hope you had the time of your life.”
— Good Riddance (Time of your life).

Billie Joe Armstrong, Green Day, 1997.3
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Preface

The basis of this thesis is work performed by me during my time involved in research at the
division of Organic Chemistry at Lund University. Also, results obtained by other researchers,
especially those involved in the structure and function of glycosaminoglycans and glycoside
primers, will be discussed as much of this work is of great importance to the results presented

here.

The first chapter introduces carbohydrates and glycoconjugate chemistry and some of the
tools used in modern research. Chapter 2 presents the biological background and rationale

behind the use of naphthoxylosides™ as glycosaminoglycan primers.

The third chapter presents the aims of my research and the results are then discussed in
depth in chapters 4-6. From the results presented, conclusions drawn and perspectives on

future directions which could be taken in naphthoxyloside research are discussed in chapter 7.

I Whilst the term “naphthoxyloside” is not strictly correct according to IUPAC’s carbohydrate nomenclature
recommendations,* we define the term as “molecules in which a naphthalenic system is attached to a xylose moiety
or a mimic thereof, including but not limited to O-, 1-C-, 1-§- and 1-N-xylopyranosides, cyclitols, imino sugars and
thio sugars”.
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Abstract

Glycosaminoglycans (GAGs) are members of a family of polysaccharide structures consisting
mostly of repeating disaccharide units. Most GAGs are attached to specific serine residues in
proteins to form proteoglycans (PGs). GAGs and PGs show a large and diverse number of
biological functions ranging from cell cycle regulation and control of formation of blood

vessels to modification of tissue transparency and lubrication in joints.

Glycosaminoglycan biosynthesis is initiated by the formation of a linker tetrasaccharide
common to most glycosaminoglycans. Addition of the fifth monosaccharide then determines
whether dermatan sulphate/chondroitin sulphate or heparin sulphate/heparin is synthesised.
Since the GAGs are attached to a protein, it is complicated to study their structure and
biosynthesis. Therefore lipophilic compounds catrying a xylose residue are used as artificial

primers.

Xylosides carrying naphthalenic aglycon proved to be efficient primers of heparan sulphate
and due to possible implications in anti-cancer therapy, further explorations into the so called

naphthoxylosides were initiated.

The present thesis discusses my efforts towards a systematic investigation into the effects
of aglycon structure on the antiproliferative and glycosaminoglycan priming properties of

naphthoxylosides.

Varying the substitution pattern on the naphthalene framework of hydroxynaphthyl B-D-
xylosides confirmed previous indications that the aglycon structure is important for the
biological activity of xylosides. Also, for healthy human lung fibroblasts a clear correlation
between xyloside lipophilicity and toxicity, indicative of a passive uptake dependency, was
found. However, for several compounds this correlation was absent in transformed cells,
indicating the presence of a different mechanism of uptake or toxicity in these cells. Further,
increased levels of apoptosis was shown in transformed cells treated with a hydroxynaphthyl -

D-xylopyranoside with tumour-selective antiproliferative properties.
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Substitution of the oxygen atoms attached to the naphthalene moiety for sulphur increased
the diversity of naphthoxylosides available for study. The toxicity and glycosaminoglycan
priming properties of these reinforced the complexity of the structure-activity relationship.
Also, as part of the synthesis of sulphur-containing xylosides, the mechanism for the acid-
catalysed nucleophilic aromatic substitution of phenolic hydroxyls in non-polar solvents was
investigated. Kinetic studies indicated a mechanism involving a change in the rate-determining
step depending on reaction temperature. Theoretical studies allowed a mechanism involving an

unusual concerted step with a highly ordered eight-membered ring to be proposed.



Popularvetenskaplig sammanfattning

Minga av cellernas reglerings-, kommunikations- och interaktionssystem styrs av kolhydrater.
Dessa kolhydrater sitter ofta bundna pa proteiner och bildar da si kallade makromolekyler. En
sidan grupp av makromolekyler kallas for glykosaminoglykaner. 1 de flesta medlemmar av
denna grupp sitter linga kolhydratkedjor fast pa proteinet via sockret xylos, dven kint som

bjérksocker.

For att studera strukturen pa kolhydratkedjorna, utan den forsvarande nirvaron av
proteindelen, kan xylos-molekyler bundna till feta strukturer anvindas. Dessa molekyler, som
kallas for xylosider, kan ta sig in i celler och dir agera som startpunkt fér biosyntesen av

glykosaminoglykankedjor.

Det har visat sig att xylosider inte bara agerar som startpunkt f6r denna biosyntes — de kan
dven ha egna intressanta egenskaper. Till exempel kan xylosider dir xylos sitter bundet till
naftalen, si kallade naftoxylosider, 6ka proportionen av heparan sulfat som dr en sorts
glykosaminoglykan. Vissa sidana strukturer visade sig d4ven ha en tillvixthimmande effekt pa

celler, och var mer giftiga mot vissa former av minskliga cancerceller in mot friska celler.

Denna avhandling diskuterar min systematiska undersékning av hur en naftoxylosids
kemiska struktur paverkar vilken sorts kolhydratkedjor som byggs pa xylos av cellernas
maskineri samt till vilken grad det sker. Effekten av strukturen pd molekylernas toxicitet och
selektivitet underséks ocksa och pavisar tydligt den komplexitet som ligger bakom de

mekanismer som gor naftoxylosider giftiga.

En spinnande framtid f6r forskning om naftoxylosider utlovas da studien visar att en av
naftoxylosiderna som uppvisar selektivitet mot cancerceller verkar genom att fi cellerna att

bega sjilvmord, nagot som dr mycket attraktivt f6r presumtiva anticancerlikemedel.
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1 Introduction (Papers | and Il)

Organic chemistry is the science which deals with the properties, composition, structure and
transformations of compounds containing carbon and hydrogen.” Modern organic chemistry
has come to bridge into biology and medicine as well as the materials sciences and physics. This
broad range of applications of organic chemistry is due to the large range of properties which
can be bestowed on organic compounds in terms of physical properties and reactivities, for

example as illustrated in Figure 1.1.

HO
NH,
(o]

oH AN el
- Cl

o

o OHO
O

Buckminsterfullerene Cg (1)

(Buckyball)
OH " o
HO N
~ H,N
HO
Adrenaline (2)

5\f

Acetylsalicylic acid (3)
(Aspirin®) B-Carotene (5)

Figure 1.1. Organic compounds with varying properties and uses. Buckminsterfullerene (1) used as,
for example, ligands, in nanoscience and with new uses being postulated frequently. The
neurotransmitter adrenaline (2), the common painkiller and anticoagulant acetylsalicylic acid (3), the
strong antibiotic vancomycin (4) given intravenously to treat infections of gram positive bacteria and
B-carotene (5), a provitamin (biosynthetic precursor to Vitamin A) and pigment giving, for example,
carrots their colour.

Even in the same family of compounds, for example the carbohydrates, varying properties and

reactivities can be obtained and thus a large scope of functions.



1.1 Carbohydrates

Carbohydrates are a large class of compounds containing mono- and polysaccharides. The
name refers to the general formula C_(H,0), of monosaccharides,”®” but has come to be used

for the entire compound class even if the general formula is not always adhered to.

At first, the role of carbohydrates in nature was thought to be limited to energy (e.g. starch)
and bulk construction material (e.g. cellulose) but is now known to include also functions such
as regulators of cell-cell interactions, cell cycle control, ABO-blood grouping and many other
vital roles.” Regulation of the cell cycle is, for example, seen as a promising approach to cancer

therapy.’

As the understanding of the biological importance of carbohydrates grew, interest in their
synthesis also increased. This has led to a large and prolonged effort into improving and

expanding the methods for carbohydrate synthesis.™"

1.1.1 Basic structure and terminology

The smallest carbohydrate building blocks are the monosaccharides. These consist of
polyhydroxylated carbonyl compounds of at least three carbon atoms. Some examples of

monosaccharides discussed in this thesis are shown in Figure 1.2.

OH_oH o OH OH OH
OH OH OH OH AcHN
B-p-Xylose (6) B-p-Galactose (7) B-p-Glucuronic acid (8) B-b-Glucose (9) B-p-N-Acetylglucosamine (10)

Figure 1.2. Examples of monosacchatides discussed in this thesis shown in their cyclic form.

In solution, the monosaccharides are in equilibrium between their acyclic and cyclic forms with
the position of the equilibrium dependent on the structure of the compound. The numbering
of the carbon atoms is the same for the cyclic and acyclic forms and is, amongst other things,

used to determine the form (D or L and a or B) of the different sugars (Figure 1.3).

i The term carbohydrates refers to the general formula Cs(H20),. In 1831 William Prout (1785-1850) used the
term “hydrates of carbon” in reference to “saccharinous” components of food (carbohydrates).® The term
carbohydrates (or “Kohlehydraten” as the paper is in German) was first used in 1844 by Carl Schmidt (1822-
1894).7

i The area of carbohydrate synthesis has been extensively reviewed in the primary litterature and in monographs.
See for example paper I and reference 10, and references cited therein.
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Figure 1.3. Numbering of the acyclic and cyclic forms of D-xylose and L-glucose.

The stereogenic centre formed upon cyclisation through attack of a hydroxyl group on the keto
or aldehyde functionality is called the anomeric centre. This centre can have either an o or a

configuration and interconversion between the two is acid-catalysed (Figure 1.4).

HO O
oo o X
HO

OH B-D-Xylose (6) o-D-Xylose OH

P #|

H H H H

/

_ HO O/ rotation  HO (] + ,_@ Ho D3
H&%O —= HO 0~

OH OH HO \ o

o) OH

Figure 1.4. The acid-catalysed interconversion (anomerisation) of xylose.

Whether the anomeric centre has an o- or B-configuration is decided by comparison with an
anomeric reference atom in the sugar ring (C-4 in xylose). The relative ¢s- or #rans-configuration
of the oxygen on the reference atom and the anomeric oxygen determines the anomeric

configuration with ¢ giving the a-anomer and #rans the B-anomer.

1.2 Glycoconjugate synthesis (Paper I)

A glycoconjugate consists of one or more carbohydrate units covalently linked with other types
of chemical constituents." The synthesis of a glycoconjugate often involves the formation of a
bond between the anomeric carbon of a saccharide (the donor) and a nucleophilic atom of the
so called aglycon (the acceptor). This bond is called a glycosidic bond and can be formed ecither
via an S 2- or an Syl-type reaction. In the S 2-type reaction a nucleophile displaces a leaving
group, normally under basic conditions with a halogen atom as the leaving group, from the

anomeric carbon and thus inverting the anomeric configuration.

The S\1-type reaction involves the selective activation of a leaving group in the anomeric

position of the saccharide (the donor) and nucleophilic attack by a nucleophile (the acceptor).



The activation of the leaving group is normally performed under acidic conditions which
facilitates its departure, thus creating an oxocarbenium ion which acts as the electrophile and is

attacked by the acceptor (Scheme 1.1).

® P
P |
PrGQ O . PrGO o ®
PHGO LG PHGO \'ji g
PrtGO PrtGO
Glycosyl donor Activated donor-promoter complex
©)
R—OH
PHGO Q PHGO o)
PHGM@) -~ "Praco N
PrtGO PrtGO
Stabilised oxocarbenium ion
i ®
PIGQ 0 @ H PHGO 0
PHGO Ok PHGMO\R
PrGO PrGo

Glycoconjugate

Scheme 1.1. Formation of a glycoconjugate under Lewis acid promoted conditions. After formation
of a glycosyl donor-promoter complex, the oxocarbenium ion is formed upon departure of the leaving
group. Nucleophilic attack by the acceptor forms the glycoconjugate.

The stereochemical outcome of Lewis acid-promoted glycosylations is influenced by several
factors. The anomeric effect generally directs the aglycon to the thermodynamically preferred
axial orientation. However, participating groups (e.g. esters) at C2 of the donor can interact
with the formed oxocarbenium ion intermediate to form a cyclic acyloxonium ion (Scheme 1.2).
The acyloxonium ion is subsequently opened by the acceptor in an S 2 manner resulting in a
1,2-trans-glycosidic bond (i.e. B-glucosides and a-mannosides). B-Glucosides are therefore fairly

easily synthesised by standard methods.

PHGQ O . PrGQ 0
PGO ® PnGM/\ Battack
o

0o o prefered
¢ I
o

Acyloxonium ion

Scheme 1.2. Preferential formation of a B-glycoside through the use of a participating group on C2.
Steric hindrance prevents attack from the a-position thus promoting B-attack. Formation of an
orthoester can occur via attack on the positively charged carbon atom.

Several groups have reported low yields when phenols are used as acceptors, but aromatic O-
glycosylation had not, with the exception of a publication in 2002 by Jensen covering
glycosylation under neutral and basic conditions,”” been thoroughly reviewed since 1957." We

therefore performed a critical review of the literature in the area (Paper I).



The formation of a glycoconjugate is a process with many inherent difficulties such as
protection of the hydroxyl groups on the glycosyl donor, acid catalysed anomerisation of the
product, base induced elimination and moisture sensitivity of the activated donor, all of which

contribute to the complexity of the process.

1.2.1 The nature of the anomeric leaving group

The extensive research conducted on glycosylations has resulted in a plethora of different
anomeric leavings groups. Examples of methods used for interconversion between the most
commonly used groups are shown in Scheme 1.3. Choosing the correct group for the
application at hand is a compromise between factors such as synthetic availability, reactivity and
stability to conditions used in the synthesis. For aromatic glycosyl acceptors care must also be
taken to choose a leaving group suitable to the steric and electronic properties of the acceptor.
In the work described in this thesis, the xylopyranoside donors used for aromatic O-
xylosylations are the anomeric acetate (11), anomeric bromide (12) and anomeric

trichloroacetimidate (13).

Syntheses of the xylopyranoside donors used in this work are described in detail in the

Supplementary information chapter.

b) AcO 0 h) AcO 0
Ac% 3\60/:/)
12 AcO Br
HO OH OAc
OH
V\) e)l |
i)
AcO O ) . AcO 0 i) AcO O
Ao N\ Ohe - AR SR — Ac%
OAc AcOF

OAc
11 |)
9)
d) _ AcO 0 m) _ AcO 0
e AN\ o R0 g
OAc OAc %NH

13 CkC

Scheme 1.3. Examples of interconversions between xylopyranoside donors. a) Ac;O, NaOAc, 140
°C, 1 h.1* b) HBr/HOAc, AcO, r.t, 1 h.'> ¢) RSH, BF3¢OEt;, CHxCly, 0 °C, 45 min.!¢ d) Amine,
THF, 75 °C, 18 h.1718 ¢) NaSPh, Et,O, rt, 2 .1 f) IBr, CH2Cly, 0 °C, 10 min.?’ g) NBS, acetone, H,O,
r.t, 1 h2' h) Zn/Ag—C, THF, -20 °C, 10 min.?? i) AgF, CH3CN, r.t., 2 h.23 j) DAST, NBS, CHCly, 0
°C to r.t.,, 25 min.?*?5 k) DAST, CH,Cl,, 78 °C, 15 min.?% I) HF/pyridine, 0 °C, 6 h.2 m) CI,CCN,
DBU, CH2Cly, -10 °C to t.t., 3 h.27 Adapted from paper I.



1.2.2 The acceptor

For the formation of aryl glycosides, complications arise from the low nucleophilicity of the
protonated phenol and the possibility of Lewis acid catalysed Fries rearrangement of the

product.

Compared to alkyl chains in alcohols, the aromatic rings of phenols are electron
withdrawing, thus decreasing the nucleophilicity of the protonated phenol. If the aryl moiety is
carrying electron donating groups, acceptable yields can normally still be obtained using the
anomeric acetate donor. Phenols are more acidic than alcohols (pK, about 8-11 compared to
15-20 for alkyl alcohols), and are thus easily deprotonated and good yields can normally be
obtained for glycosylation under basic conditions, especially for aromatic acceptors carrying

electron withdrawing subtituents.

The Fries rearrangement, which is promoted by electron donating groups on the aromatic
system, can be used synthetically to give C-glycosides but also prevents the use of the active
trichloroacetimidate donor for O-glycosylation of these acceptors. This donor is well suited for
complex and sterically hindered substrates or, due to the need for only a catalytic amount of

Lewis acid, for acid sensitive acceptors.

The use of thioglycosides and halonium ions as promoters, which has been successful in
polysaccharide synthesis, is not suitable for aromatic O-glycosylation since the aromatic system

is easily halogenated under the conditions used.”®

The review of the literature allowed us to formulate recommendations for the choice of

glycosyl donor to be used in aromatic O-glycosylation as presented in Table 1.1.

In paper V, the use of all three donors (11, 12 and 13) with a variety of acceptors will be
demonstrated and discussed further. Also, the use of a method presented by Lee et al.” for the

suppression of anomerisation in glycosylation with anomeric acetates will be examined.
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Table 1.1. Recommendations regarding choice of donor for aromatic O-glycosylations. Abbreviations
used are EDG = electron donating group, EWG = electron withdrawing group. Recommended donor
- acceptor combinations are indicated as preferred ( +++ ), suitable ( ++ ), less suitable ( + ), not
suitable (- ) Adapted from paper 1.

Acceptor OoH oH oH OH OH
e 0 O 0O 0
1 epa ——EWG
S I~ P e
Donor EDG EDG EWG EWG
0
o OAC +++ ++ + - -
_0
LLLLLLQ' - - + ++ ++
Br
0
LLH‘LL%O
NH +a ++ +++ + -
ClsC

2A short reaction time is necessary and a reaction temperature below 0 °C to avoid Fries rearrangement.

1.2.3 Protecting groups

Protecting groups (PrtGs) are used to facilitate the discrimination between functional groups
with similar reactivities. Whilst protecting groups are avoided in industrial processes their use is

still of great importance in the synthesis of new compounds.

In carbohydrate chemistry the protecting group on C2 of the donor is of importance since
it can, as mentioned previously, be used to influence the o/B-selectivity of a glycosylation
reaction. Groups which can interact with the oxocarbenium ion (participating groups), such as
esters, are commonly used to give predominantly the B-glycosidic bond in gluco- and
xylopyranosides. Also, use of protecting groups can modulate the solubility and lipophilicity of

compounds as will be discussed later.

The main difficulty in protecting group chemistry is to obtain orthogonally protected
substrates, i.e. obtaining a protecting group pattern which allows for the selective removal of
specific groups when needed, without deprotection of functional groups which are to remain

protected.

An abundance of different protecting groups are available and for each group several
methods are known for their introduction and removal. In this thesis only a few protecting
groups ate discussed, namely acetate (OAc), benzoate (OBz), benzyl (OBn), pivaloylate (OPiv),
ter-butoxycarbonyl (Boc) and protection of thiols by disulphide bond formation (Figure 1.5).



o 0]

}QO)J\ o ?{o/\O

O-Acetate 0O-Benzoate O-Benzyl
o (0]
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O-Pivaloylate N-tert-Butoxycarbonyl Disulphide bond

Figure 1.5. The protecting groups discussed in this thesis are acetate ester, benzoate ester, benzyl
ether, pivaloylate ester, fer-butoxycarbonyl ester and disulphide bond.

1.3 Modern methods in organic chemistry (Paper II)

From the very beginning of organic chemistry and until not long ago, reactions were generally
carried out in a single vessel and painstakingly purified through crystallisation and later
extraction and chromatography. After characterisation of the synthesised compound it could be

carried on to the next reaction in the synthetic sequence.

Since the purification steps can be more time consuming than the actual reaction time, the
sequential addition of reagents to affect several transformations in one pot without purification

speeded up multi-step syntheses.

To further facilitate the speedy synthesis of large numbers of new compounds, especially
driven by the needs of the pharmaceutical industry for new biologically active substances,

several modern methods have become widely used in synthetic organic chemistry.>

1.3.1 Solid-phase chemistry

In the 1950’s the synthesis of biologically active peptides was of great interest and the
development of new reagents had made the synthesis of small oligopeptides possible in most
laboratories. The goal of synthesising longer polypeptides was now obstructed mostly by the

problematic purification and low solubilities of such compounds.

To circumvent this problem, in 1963 R. Bruce Merrifield introduced a new methodology

which he called solid phase peptide synthesis.””' The approach is based on the stepwise addition

'The interested reader is strongly encouraged to read the excellent review from 2002 by Ley and Baxendale which
discusses many of the modern methods used in organic synthesis (reference 30).

it Robert Bruce Merrifield (1921-20006) introduced the concept of solid-phase synthesis in 1963 and for this he was
awarded the 1984 Nobel Prize in Chemistry. The original paper published in the Journal of the American Chemical
Society is one of the most cited papers in the history of the journal 3!



of monomers to a solid support and washing away of unbound material and reagents (Figutre

1.6).

Pia—y—{_Jx + RO — PnG—Y—O—LO — PnG—Y—D—Z—O—LO

O Solid polymer support O Monomer 1 EI Monomer 2 0 Monomer 3

Figure 1.6. Schematic description of the principle behind solid-phase synthesis. A monomer with a
free reactive group (X), and a suitably protected (PrtG) second reactive group (Y), is coupled to a solid
polymer support with a reactive group (R). The monomer binds to the solid support via a linker region
(L). After deprotection of Y a second monomer is coupled to the first. The monomers are connected
via their linker (Z). The process is repeated with a third monomer after which the trimer is released
from the solid support by cleavage of the linker region L giving a group E at the released end.

The success of solid-phase peptide synthesis encouraged the application of the methodology in
the synthesis of other oligomeric materials. Solid-phase synthesis has since been successfully
applied to the synthesis of, for example, biologically active oligosaccharides,’” DNA-binding

% and glycopeptides,” and has been extensively reviewed.”>>*** Recently, the full

polyamides,
potential of solid-phase synthesis is on the verge of being realised through automated
procedures allowing for more efficient use of manpower.” Also, the use of reagents and
scavengers bound to a solid support thus allowing their removal by filtration has increased and
a very elegant stereocontrolled multi-step synthesis of the antitumour natural product

epithilone C has been published, highlighting the convenience of such reagents.*' The use of
one such reagent, polystyrene-bound triphenyl phosphine (Ph;P-PS), is discussed in paper V.

One of the major difficulties in solid-phase synthesis is the stability of the linker region (L)
in combination with protection/deprotection of functional groups. Fortunately, both the areas

of linkers and protecting group used in solid-phase synthesis have been reviewed."”*

Also, new linker systems have been developed to allow for variation of the group (E) given
upon cleavage. Also, traceless linkers have been developed which, after cleavage, do not add

new groups to the monomer attached to it."

In the work presented in paper III we successfully used solid supports not only as a tool

for the minimisation of chromatography but also as a protecting group. Encouraged by this we

i For a thorough discussion of most aspects concerning solid-phase chemistry, see for example the book Organic
Synthesis on Solid Phase by Florencio Zaragoza Dérwald (reference 38).



investigated the use of solid supports in the synthesis of glycoconjugates using the bromoethyl

anomeric protecting group as a traceless linker (paper II).

The bromoethyl anomeric protecting group has been used as a spacer in the synthesis of
glycoconjugates but has not previously been seen as a removable protecting group.*™’ We
noted that by transforming the bromoethyl glycoside (14) into an aryl sulphide (15) followed by
oxidation to the sulphone (16), B-elimination could give the free hemiacetal (17) (Scheme 1.4).

OAc OAc
AcO 0 — ¥ a0 O 2,
AcO O AcO O s

OAc OAc

14 15

OAc @ OAc
c)
AcO 0O — AcO 0
AC&O\/\ s Ac(?&,\A OH
OAc o// \\o OAc

16 17 (0+B)

Scheme 1.4. Conversion of the bromoethyl anomeric protecting group into an aryl sulphone and
cleavage to release the anomeric hemiacetal. a) Thiophenol, CsCOs;, DMF, 2 h, 95%. b) »-CPBA,
EtOAc, 30 min, 98%. ¢c) NaOMe-MeOH, 4-56 h, quant.

To apply the bromoethyl linker as a traceless linker in the solid-phase synthesis of
glycoconjugates we first studied the binding of a fluorescent analogue of 14, using a newly
developed anthraldehyde acetal protecting group,” to a thiol scavenger resin. Our results
showed a near complete loss of fluorescence in the solution after 10 min, indicating complete
binding of the substrate to the resin. Also, we determined that, prior to oxidation to the

sulphone, the linker is stable to typical conditions employed in glycoconjugate synthesis.

Finally, we demonstrated the use of the linker in the synthesis of the naphthamido

galactose derivate 19 from azido galactopyranoside 18.

o)
Ns__oBz NH_on
o o a) o)
BzO ~ g HO OH
OBz OH
18 19

Scheme 1.5. Synthesis of a glycoconjugate using the new traceless bromoethyl linker. a) i) DMF,
DBU, thiophenol polystyrene resin, 1 h. ii) DMF, DBU, Mel, 10 min. iii) NaOMe-MeOH-CHCl,
0.05 M), 1 h. iv) DTT, DMF, DBU, o.n. v) DMF, pyridine, 2-naphthoyl chloride, 4 h. vi) CHzCly,
EtOAc, 30 min. vii) NaOMe-MeOH-CH:Cl, (0.2 M), o.n., 27% over 7 steps.

Further use of solid supports will be discussed in connection with papers III, V and in Chapter

6.
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1.3.2 Parallel synthesis and combinatorial chemistry

The traditional approach to organic synthesis is the synthesis of a single compound in a linear
sequence. The use of convergent sequences allowed for more efficient (fewer steps) and faster
synthesis of new molecules but still only one compound was synthesised at a time (Figure

1.7A).

Combinatorial chemistry was developed as a technique to quickly synthesise large numbers
of new compounds for testing in the pharmaceutical industry.”*”** The basis of combinatorial
chemistry is the synthesis of large libraries by the systematic combination of collections of
building blocks with complementary reactivity (Figure 1.7B-E). This can be performed in one
pot to give mixtures which can be tested as such or separated prior to testing, or in separate
reaction vessels in parallel synthesis. Combinatorial chemistry has necessitated the development
of new methods for marking molecules and solid supports and this has become a science in
itself.”” New approaches to combinatorial chemistry, such as dynamic combinatorial chemistry
in which the constitution of the library can change dynamically according to the conditions
have been developed,™ and advances in instrumentation has also allowed for easy synthesis

and testing of very large libraries.”

A Linear synthesis A B C D E
A —— B
Convergent synthesis >— E
cC —— D
B Parallel library synthesis C Divergent library synthesis
Ci, A4B4Cy
By Gy
Ay, —— AB; —— ABC C,
1 B, 151 c, 18104 B, _ AB 2, AB,C,
Ay — s AB, — s ABGC, {' &
B C 2
Ay — = AB; — s ABC Aj—2> ABy AB4Cy
B c Bs
A, —= AB, —» ABC, ~. A,
D Synthesis of mixtures E Mix and split library synthesis

Ay By, AB, +AB, +AsB,

™~

A, — = ZBoy AB, +AB, +AB,

N
Az ABs +AB; +AzB;

Figure 1.7. The development of organic synthetic methodology. Linear synthesis versus convergent
synthesis (A) and synthesis of libraries of compounds in combinatotial or parallel fashion (B-E).

i The interested reader is especially recommended the excellent introduction to combinatorial chemistry in the
introduction to the review from 2003 by Boger et al. (reference 52).
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Whilst combinatorial library synthesis easily produces large numbers of substances, the exact
composition of each substance is not always known since isolation and full characterisation is
not always performed. In parallel library synthesis, a smaller number of substances is normally
synthesised, but all products are normally purified and at least a proportion of these are fully
characterised prior to testing and therefore the identity of products which show biological

activity is known.

1.3.3 Microwave chemistry

A general rule of thumb in chemistry is that an increase of the reaction temperature by 10 °C
approximately doubles the rate of reaction. Energy, in the form of heat, was originally applied
to a reaction mixture by fire and by the second half of the 19" century Bunsen burners were
being used to focus the heat source.””™ Heating reactions by fire has been more or less
abandoned and heating mantles, oil baths and hot plates are now commonly used. All of these
methods rely on the application of heat to the reaction vessel after which heat is transferred to

the reaction mixture from the vessel.

In 1986 two groups reported the use of microwaves in organic synthesis and reported
significant enhancements of reaction rates, sometimes several hundred-fold.">"' Both reports
used commercial domestic microwave ovens and stressed the importance of safety with one
publication even reporting a violent explosion during a run. Due to safety issues, problems with
controlling the input of energy, reaction temperatures and low reproducibility in other
laboratories, the use of microwaves in organic synthesis did not increase greatly at first. In the
1990’s dedicated instruments allowing for the better control of reaction parameters started to

appear and the use of microwaves in synthesis increased quickly.**®

The significant enhancements of reaction rates were seen in a multitude of reactions and
whilst the 1986 report by Giguere et al." had attributed this to the increased temperatures
achievable, a handful of researchers attributed some of the effects seen to a “specific”
microwave effect. The belief in the existence of such an effect has now been all but abandoned

although the debate was intense even into this millennium.***

i 'The Bunsen burner, described in an 1857 paper by Robert Bunsen (1811-1899),57 was actually designed by Peter
Desaga who wortked as a laboratory technician at the University of Heidelberg. Desaga modified previous designs
by, amongst others, Michael Faraday (1791-1867). Bunsen granted Desaga the right to sell the modified burners
which he did using the name of Bunsen.>%%

i Fur further discussion and references regarding microwave synthesis and other modern techniques, see
references 62, 63 (microwaves), 30, 66 and 67 (many techniques).
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Microwave chemistry is becoming commonplace in many fields of organic chemistry and

its use is discussed briefly in paper V.

These new technologies and, in the last few years, combinations of them and others such
as flow chemistry with online microwave heating, polymer supported reagents, purification

664

techniques and automation,”"” have greatly increased the speed at which new compounds can

be synthesised.

Even with the large array of tools available to the synthetic chemist, the search for safe and
efficient biologically active molecules for the use as pharmaceutical agents is time consuming

and expensive, and most of the molecules developed are discarded along the way.
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2 Glycosaminoglycans

The monosaccharide xylose is abundant in plants but unusual in mammalian cells. The large
amount present in plants makes it the second most prevalent monosaccharide in nature.® Still it
is considered one of eight sugars necessary for the normal function of human metabolic
processes.” The importance of xylose in mammalian cells arises from it being found more or

less in only one single position — as the carbohydrate-protein link in proteoglycans.

2.1 Glycosaminoglycans and proteoglycans

Glycosaminoglycans (GAGs) are acidic, unbranched and polydisperse polysaccharides. Their
existence has been known since the first half of the 19" century but the study of GAGs did not
take place until the discovery of hyaluronic acid (hyaluronan, HA) by Meyer et al. in 1934.” In
the years following, Meyer presented their discoveries of, amongst other, dermatan sulphate

(DS)" and keratan sulphate (KS) I and I1.”

As further GAGs were discovered it became evident that they often formed complexes
with proteins although it was at first not clear whether a covalent bond between the GAG and
the protein was involved. In 1954, Shatton and Shubert showed that chondroitin sulphate was
indeed covalently linked to a protein,” and such a glycosaminoglycan-protein macromolecule is

ii,73

now termed a proteoglycan (Figure 2.1).

2.1.1 Structure of glycosaminoglycans and proteoglycans

Whilst GAGs are highly disperse, several key structural features are shared between them

(Table 2.1). ™ Most GAGs share a common linker tetrasaccharide which links them to the core

i The other seven are glucose, galactose, mannose, N-acetylglucosamine, N-acetylgalactosamine, fucose and sialic
acid.

it For a further discussion regarding the history of, and recent developments regarding, proteoglycans see reference
73.

i The interested reader is encouraged to study reference 74 for a more detailed discussion and reference list
regarding the chemistry and biochemistry of GAGs which is outside the scope of this thesis.
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protein. This tetrasaccharide has been shown to be GlcA(B1—3)Gal(p1—3)Gal(p1—4)XylB

and is connected to the core protein via the hydroxyl group of a serine (Ser) residue on the

polypeptide chain (Figure 2.1).”>"

Table 2.1. The major glycosaminoglycans with their most commonly occurring disaccharide units,
polymer modifications and examples of the core proteins to which the GAGs are attached to give the
corresponding PGs and the number of GAG chains typically attached to the core protein.””

GAG Disaccharide units Modifications Core proteins  No. GAG

Chondroitin sulphate (CS)/ [GlcA(B1—3)GalNAc(p1—4)]/ Epimerisation Decorin 1

Dermatan sulphate (DS) [IdoA(B1—3)GalNAc(B1—4)] O-Sulphation Biglycan 2
Syndecan 1-4 1-5
Glypican 1-3
Petlecan 1-3
Betaglycan 1-3

Heparan sulphate (HS)/ [GleAB1—=4)GlcNAc(a1—4)]/ N-Deacetylation ~ Glypican

Heparin [IdoA(B1—4)GIeNR (o1 —4)] N-Sulphation Syndecans 1-4

(R=Ac or SO3) Epimerisation Betaglycan
O-Sulphation Petlecan 1-3

Agrin

Keratan sulphate (KS) [Gal(B1—3)GIcNAc(B1—4)] O-Sulphation Cartilage PG >100
Lumican 1-3

Fibromodulin 1-3

Hyaluronic acid (HA) None No protein but

[GlcA(B1—3) GIcNAc(B1—4)]
the chains can
contain up to
25 000
repeating
disaccharide
units

Major exceptions are KS which instead of the Xyl-B-Ser linkage is instead either linked via an
N-glycosidic bond from GIcNAc to an asparagine (Asp) residue or via an O-glycosidic bond
from GalNAc to either a Ser or threonine (Thr) residue and HA which is not connected to a

. i 9
core protein.”™”

GAG chains are highly substituted and modified (see Table 2.1) with large amounts of O-
sulphation giving GAGs their anionic character. Also, glucosamine may be N-acetylated and
galactosamine can be N-sulphated and N-acetylated. The amount of sulphation also correlates
to the amount of epimerisation of glucuronic acid to iduronic acid. In CS/DS all

galactosamines are N-acetylated to give GalNAc.”
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Figure 2.1. Figure showing the structure of a hypothetical proteoglycan. GAG chains are attached via
a serine residue to the core protein. A linker tetrasaccharide common for nearly all GAGs consists of

GlcA(B1—=3)Gal(p1—3)Gal(B1—4)Xylp with the xylose connected to the serine through a B-glycosidic
linkage.

Heparin is highly complex both at PG and GAG level and the PG is broken down into first

peptidoglycan heparin (a small peptide carrying a single polysaccharide) and then into smaller

polysaccharide chains. The starting GAG chains are also highly disperse.

HS GAG is similar to heparin GAG but the O-sulphation and N-acetylation ratios are
different. Also, HS and heparin PGs have different core proteins and whilst heparin is found
only inside the cell, HS is localised mainly in the extracellular matrix and in the plasma
membranes.”’ As many as 23 disaccharides have been identified in heparin, HS and in their
biosynthetic intermediates and the composition of the GAG seems to be determined by the cell

type of origin and not on the structure of the PG core protein.”

2.1.2 Applications of glycosaminoglycans and proteoglycans

The biological function of PGs is complex and believed to be mainly due to the presence of the
GAG chains. Also, some PG core proteins have been shown to have catalytic and binding
domains.*” PGs are involved in as diverse roles as bulk construction material in cartilage to

regulation of cell growth, cell adhesion and extracellular matrix turnover.*

The multitude of biological activities is usually attributed to the binding of the PGs to a

large array of proteins and growth factors.** The most well-known biological activity of a PG is
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the anticoagulant activity of heparin. Discovered in the early 20" century,”™™ heparin, and
more recently low molecular weight heparin, is administered in more than 500 million doses a
year worldwide.*® Apart from its antithrombotic’ activity which is, in part, due to interactions
with a serine protease inhibitor,* heparin also has antiatherosclerotic” activity.” Further,
heparin can, via interactions with C1 esterase inhibitor,”" act as an inhibitor of the activation of

the complement system which, upon activation, causes the lysis and death of cells.”

% and thus inhibit some

HS and heparin can interact with selectins and chemokines,
inflammatory processes.”*” HS and heparin also play several roles in angiogenesis® and can
both inhibit and activate the formation of new capillary blood vessels, and thus have both a
negative and positive effect on the growth and metastasis of tumour cells.”” Further, the
ability of cells to synthesise HS has been shown to be crucial for their capability to form
tumours.” HS PGs can be involved in the processes by which viruses and parasites enter cells,”
and also in the formation of the amyloid plaques and neurofibrillary tangles which are
characteristic of Alzheimer’s disease.'” Also, HS PGs have been shown to play important

regulatory roles in the tissue distribution of extracellular molecules crucial to signal transduction

pathways controlling tissue development.'”'

DS PGs such as decorin play an important role in the organisation of collagen fibrils by
binding to collagen, thus influencing the elasticity and transparency of tissue."*'”> Also, DS
shows anticoagulant properties and whilst DS is about 70 times less potent than heparin it

produces fewer side effects, especially in regard to haemorrhagic complications, and is thus
important clinically as it can be used as a prophylactic.'*'”
CS has been used as a neutriceutical (food supplement) in the treatment of osteoarthritis,”

107

and clinical trials has given some support for its use.” HA is used in eye surgery and in

biomaterials,'” and also as a neutriceutical for osteoarthritis sufferers.'”

i The discovery of heparin is often attributed to Jay McLean in 1916,%” but its true discovery was in 1918 by L.
Emmett Holt, Jr. and MclLean’s supervisor William Henry Howell 3> although McLean probably influenced the
direction of the research in the Howell group. See reference 86 for an entertaining essay regarding the dispute over
who was behind the discovery.

i Thrombosis is the formation of blood clots within blood vessels and can, if the clots cause obstructions in blood
flow, be fatal.

ii Atherosclerosis is the build up of fatty deposits inside arteries and can obstruct blood flow.

v Selectins are transmembrane glycoproteins which are found on endothelium, platelets and leokycytes.”
Chemokines are proteins which bind to GAGs and are involved in leokocyte activation and recruitment.

v Angiogenesis is the formation and differentiation of blood vessels and is vital for normal development. In cancer
cells angiogenesis is unregulated which removes the limit imposed on tumour growth by low blood (oxygen)

supply.
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As shown, a plethora of medical applications exist for PGs even though the exact
mechanisms are not always known. The large complexity of the systems and the dual role of
PGs as both activators and inhibitors of many processes show the difficulties of developing PG
or GAG based pharmaceuticals. Further complexity is added by the difficulties of isolating core

protein bound GAGs and by the heterogeneity of the GAG chains.

2.2 Biosynthesis of glycosaminoglycans

The biosynthesis of GAGs starts by the synthesis of the common linker tetrasaccharide
(GlcA(P1—3)Gal(B1—3)Gal(p1—4)Xylp) through sequential, enzyme mediated addition of
UDP-activated sugars to the hydroxyl group in serine residues in the core protein.”'"’ The
necessary starting materials (monosaccharides and sulphate) are taken up by the cells by
specialised plasma membrane transporter complexes and are activated by the consumption of
nucleotides. The activated sugars (UDP-sugars) and 3’-phosphoadenosine 5’-phosphosulphate
(PAPS) are translocated into the endoplasmic reticulum (ER) and the lumen of the Golgi
apparatus. The lumen of the Golgi is the main site for the GAG synthesis although the

synthesis of the linker tetrasaccharide is initiated earlier.

Several enzymes are involved in the synthesis of GAGs. The serine in the PG core protein
is xylosylated through the action of xylosyl transferase (XT) after which the two Gal residues
are added by galactosyl transferase I (GT I) and galactosyl transferase II (GT II) respectively.
The fourth monosaccharide, GlcA, is added by the action of glucuronic acid transferase I

(GICAT ).

After the synthesis of the common linker region, the addition of the fifth saccharide
commits the growing chain to the type of GAG it is to become. For CS/DS the fifth residue is
GalNAc and for HS/Heparin it is GlcNAc. The regulation behind the choice of GAG to be
synthesised is complex and not fully understood, but several main areas have been identified as

being of importance.

The synthesis of CS can be controlled by the addition of GalNAc with an o-anomeric

configuration. The so formed pentasacchatide is unable to become CS/DS since the anomeric

1

linkage is of the wrong configuration,'"" and the enzyme responsible for this capping, an o-

GalNACT, might thus be involved in the regulation process due to its blocking of CS/DS

! For further details regarding the biosynthesis of GAGs and localisation of synthetic steps, including a
comprehensive list of references and clear, detailed figures, reference 110 is highly recommended. See also
reference 101 for further figures.
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synthesis. Other important enzymes are those responsible for the elongation, epimerisation and
sulphation of the growing polymer chains and it has been shown in Chinese hamster ovary
(CHO) cells that two proteins necessary for the synthesis of HS proteoglycans are products of

112,113
two tumour suppressor genes.

Not only are CS/DS and HS/Heparin chain elongation and modification petformed by

different sets of enzymes, the localisation of these enzymes in the Golgi also differs.""”

Another point of regulation is the access to the necessary starting materials (UDP-sugars)
and it has for example been shown that the ratio of UDP-GIcNAc and UDP-GIcA available
influences the chain length of heparin.'* The amount of UDP-sugars available in the lumen of
the Golgi could be regulated both via the enzymatic systems involved in their synthesis and by

the translocator systems which transport them into the lumen.

Whilst all GAG attachment sites have nearby clusters of acidic amino acids, the consensus
amino acid sequences of the GAG attachment sites on the core proteins show significant
differences between HS and CS proteoglycans.'”® HS-carrying core proteins normally have a
repeating glycine-serine motif of two or more repeats. Mutation studies have shown that the
acidic clusters are necessary but not sufficient for HS priming. Also, nearby lipophilic residues
enhance HS priming. Exchanging a tryptophan residue for a less hydrophobic alanine residue
decreased HS priming and insertion of tryptophan next to a CS attachment site with nearby

acidic residues increased the priming of HS.

Also, it has been shown that a globular domain on the glypican-1 core protein is vital for
the synthesis of HS GAG chains on the tetrasaccharide.'® Removal of this domain changed the
proportion of GAG chains on glypican-1 from 90% HS to 10% HS. Coexpression of the
globular domain with core proteins to which it is not attached enhances the amount of HS PG
formed, seemingly by inhibiting the formation of CS chains. This may indicate that CS/DS

synthesis is the default action and that a regulatory signal is needed to initiate HS synthesis.

A point of attack which, for synthetic medicinal chemistry, is of most interest as a point of
possible regulation is, apart from peptide sequences, the linker tetrasaccharide. Whilst the
repeating disaccharide units of the GAG chains are heavily modified, not as many
modifications of the linker have been discovered. C-2 in the xylose residue is a major site of
phosporylation in both CS and HS PGs from some tissues but not in those from other
tissues.'”""® In decorin biosynthesis transient phosphorylation occurs during tetrasaccharide

synthesis with a peak after the addition of the two Gal residues. Dephosphorylation occurs
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rapidly after formation of the full tetrasaccharide, ™' but the function of the phosphorylation

and dephosphorylation is not yet known.

The linker region of CS/DS can be sulphated at HO-4 of the second Gal residue,”" and
the first GalNAc after the linker may be sulphated on HO-4 or HO-6. No sulphation of the
linker region has been observed for HS/hepatin but this is most likely due to HS/heparin not

being a suitable substrate for the enzymes responsible.

The regulation between CS and DS, and between HS and heparin, is most likely controlled
by the enzymes in the Golgi responsible for the elongation and modifications of the GAG

chains and by regulation of the synthesis and breakdown of these enzymes.

2.3 Xylosides as artificial primers of glycosaminoglycan
biosynthesis

In 1968, the complexity of PGs led Helting and Rodén to use exogenous substances to study,
in cell free systems, the enzymes involved in the addition of the Gal and GIcA residues to
xylose (see Table 2.2 for examples of exogenous substances used as GAG primers).'”'** Their
studies  showed that Xyl (6), Xyl(1—)OSer (20), Gal(l—=>4)Xylp and,
Gal(B1—4)Xyl(B1—)OSer can serve as acceptors for the addition of Gal from UDP-Gal and

that elongation of the formed substrates was initiated. A few years later, Okayama et al.
conducted virtually the same studies using p-nitrophenyl B-D-xylopyranoside (21) and found
that it also primed the synthesis of GAGs."”** More importantly, they found that whilst
neither Xyl (unless at 20 mM) or Xyl(B1—)OSer, primed GAG synthesis in embryonic chick
cartilage, GAG synthesis was primed on 21 and on xylosides carrying alkyl aglycon (23-25).'*>'*’
Also, they postulated that 21 is transported across the matrix and cell membranes and that the
core protein is not necessary for the subsequent saccharide chain modifications. In 1975,
Fukunaga et al. studied the synthesis of CS on 4-methyl-umbelliferyl B-D-xylopyranoside (22)
and found, besides CS, a fraction of GAG which was not sensitive to chondroitinase-ABC,
testicular hyaluronidase, papain or keratan sulphate-endogalactosidase,’ but was cleaved by an
extract containing heparin/HS degrading eliminases.'**'? Fukunaga et al. were thus the first to

report that xylosides carrying aromatic aglycon can prime HS synthesis.

i Chondroitinase-ABC cleaves CS/DS (see Supplementary information), testicular hyaluronidase cleaves HA,
keratan sulphate-endogalactosidase cleaves KS and papain (an enzyme from green papaya) cleaves the GAG chain
from the core protein.
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Table 2.2. Structures of xylosides 20-35 tested for GAG biosynthesis priming capabilities and/or

toxicity in mammalian cells.

Xyloside Year Ref Comments
o NH, 1969 123 First reported use of an exogenous O-B-
H%MO\/\’&O D-xyloside.
OH
OH
20
Q 1973 125,126 First aryl O-p-D-xyloside reported.
HO o) > Ty Y P
H%/ \©\ Shows the increased GAG priming
21 NO, capability of aryl xylosides.
0 1975 128 First to show priming of HS.
HO
HMO o__oO p g
OH
=
22
O 1975 127,130  First systematic study on the effect of
HO o > Y Y
HO/mOH/ W aglycon structure. Present several new
23 n=1 xylosides and show a correlation to
gg 2::; lipophilicity although do not discuss it.
Mention  transport  through  cell
membranes and show differences in
GAG structure.
H?' 1975 127,131 First reported thioxyloside.
HO 1993, 1995 135, 136 Showed that xylosides can assert
HO biological activity in vivo upon oral
administration.
HO 1994 138 First naphthalene based xyloside. Shows
H an  increased HS  ptiming and
correlations to log P.
HO 1994 138 Shows that ether substitution still allows
HO GAG priming.
32n=3
RO _oR 1995 139,140  Shows  that  disaccharide-naphthyl
Q o xylosides can prime GAG synthesis and
S& \ o y Y
RO oR RM correlates lipophilicity to cellular uptake.
33 X=H oR Reference 139 also shows that 29 is
34 X=Ac taken up by cells within minutes.
H%M/O 1998 141,142 First hydroxynaphthyl B-D-
o xylopyranoside ~ reported. ~ Reports
- OH selectivity towards transformed cells,

anti-tumour properties in vivo and that
HS  priming  is
antiproliferative activity.

required  for
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During the 1970’s and 1980’s, several investigations showed the effect of the aglycon structure
on the priming of GAGs (a further discussion is presented in chapter 4.3)."””*'** In their 1975
paper, Robinson et al. showed that the priming of CS was strongly dependent on the aglycon
structure in both O-alkyl (23-25) and O-aryl xylosides and also presented the first use of a thio-
B-D-xyloside (26)." Sobue et al. presented further studies regarding the effect of aglycon
structure on GAG priming properties, and showed the dramatic effects xylosides can assert on
developmental processes through studies on their effect in fertilised hens’ eggs."** Bellamy et al.
synthesised a series of O- and S-xylosides (e.g. 27 and 28) and showed their activity as

. : - - ol 3 - 135136
antithrombotic agents zz vifro as well as when administered orally 7z vive. >

After the discovery in 1991 that the xyloside of estradiol efficiently primed the synthesis of
HS,"" Fritz et al. synthesised a series of naphthalene based xylosides (e.g. 29 and 30) and found

138

that they also primed HS synthesis efficiently.

2.3.1 Naphthoxylosides and their role as glycosaminoglycan primers

Fritz et al. showed that the structure of the naphthyl moiety of naphthalene-based xylosides,
and its coupling to the xylose, influenced the priming efficiency and the proportion HS
synthesised of total GAG. They showed that, with some exceptions, there exists a clear
correlation between lipophilicity and properties as GAG primer. In later work from the group,
Sarkar et al. showed that the uptake of 29 by cells is very fast and that acetylation of naphthyl
xylosides (33 and 34) can increase the priming efficiency, probably due to increased uptake."”'*
In 1998, whilst searching for xylosides with aglycon which could be iodinated, and with HS
priming capabilities, Mani et al. noted that 2-(6-hydroxynaphthyl) B-D-xylopyranoside (35)
primed HS and exerted a growth inhibitory effect on several cell lines.'*' This xyloside was later
shown to be active 7z vivo upon subcutaneous, intraperitoneal and peroral administration and
reduced the tumour load in a SCID mouse model by 70-97% and was therefore suggested to

serve as a lead compound for the development of novel antitumour strategies.'*
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3  Aims of the thesis

The long-term goal of research into naphthoxylosides and their role as primers of
glycosaminoglycan synthesis is to develop compounds with promising anti-tumour properties

to be used in the treatment of cancer.

Development of novel pharmaceuticals is expensive and time-consuming, with large multi-
national companies needing 10-15 years from the birth of an idea to the launch of a medicine
onto the market. It is therefore highly unlikely that one Ph.D.-project can accomplish this and

the aims of this thesis are therefore more modestly set.

It is well established that naphthoxylosides are efficient primers of glycosaminoglycan
synthesis but the reasons behind their more efficient priming of heparan sulphate compared to
xylosides with aglycon composed of alkyl substituents or smaller aromatic systems are not
known. Also, the underlying causes behind the tumour-selective antiproliferative property
shown by 2-(6-hydroxynaphthyl) B-D-xylopyranoside are not known and it is investigations into

these two intriguing properties of naphthoxylosides which is the aim of this thesis.

By varying the substituents and the pattern of substitution on the naphthalene moiety we
hoped to learn more about the factors involved in determining the biological properties of

naphthoxylosides.
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4 Synthesis and biology of
hydroxynaphthyl xylosides (Papers
Il and V)

After the discovery in 1998 that 2-(6-hydroxynaphthyl) B-D-xylopyranoside (35) primes
glycosaminoglycan biosynthesis and has a more pronounced antiproliferative effect on
transformed cells than on healthy cells,"' two other hydroxynaphthyl B-D-xylopyranosides were
synthesised and tested (compounds 45 and 58)."**'* Whilst 45 showed some antiproliferative
activity, selectivity towards transformed cells was absent. Also, a significant effect # wivo was
shown by 35."” Encouraged by these results and interested in investigating the effect of the
substitution pattern on the naphthalene skeleton, we initiated studies aiming at the synthesis

and biological evaluation of all possible hydroxynaphthyl B-D-xylopyranosides.

1

OR OR, OR, OR,
SONNO®
R.0

OR, OR,
36 R{=OH, R,=OH 39 R4=0OH, R,=OH 42 R,=0OH, R,=OH 44 R,=0OH, R,=OH
37 Ry=Xyl, Ry=OH 40 Ry=Xyl, Ry=OH 43 Ry=Xyl, Ry=OH 45 Ry=Xyl, Ry=OH
38 Ry=OH, Ry=Xyl 41 Ry=OH, Ry=Xyl
OR, OR, OR, OR,
OR, R0
46 Ry=0OH, R,=0OH 49 R,=0H, R,=0OH 52 Ry=0OH, R,=OH 54 Ry=0OH, R,=OH
47 Ry=Xyl, R,=0OH 50 Ry=Xyl, R,=OH 53 Ry=Xyl, R,=OH 55 Ry=Xyl, R,=OH
48 R,=OH, Ro=Xyl 51 Ry=OH, Ry=Xyl
R,0 R0 OR,
(o]
HO .
ALY
OR, OH
56 Ry=OH, Ry=OH 57 Ry=OH, Ry=OH Xyl
35 Ry=Xyl, Rp=OH 58 Ry=Xyl, Ry=OH

Figure 4.1. Structures of the 10 possible dihydroxynaphthalenes (Ri=R;=OH) and 14
hydroxynaphthyl B-D-xylopyranosides (Ri or Ro=Xyl).
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4.1 Solution phase synthesis of naphthoxylosides.

Since only three of the 14 possible isomeric hydroxynaphthyl B-D-xylopyranosides (Figure 4.1)
had been synthesised and tested, we set out to find a common synthetic route for all 14

analogues.

The previous synthetic route was based on xylosylation of the monoprotected form of the

141,142,143

appropriate dihydroxynaphthalene (Scheme 4.1).

HO R0 O
RiQ O _or, a) 1RMO
fe} + — R,
R OBz OBz
61

59 R,=OBn R,= OBz 62 R;=OBn
60 Ry=OAc R,=OC(NH)CCl; 63 R;=OAc

Scheme 4.1. Previously presented route towards 35. a) For 59: TMSOTf, CHxCly, 4 A MS, 45%. For
60: BF;0OFEt;, CH5CN, 70% after deprotection (63 not isolated prior to deprotection to give 35).

The yield of this route was not seen as satisfactory using either of the two xylopyranoside
donors (59 or 60), especially since the deprotection of 62 (debenzoylation and hydrogenolysis)
only gave the purified product in 45% yield. The route using the trichloroacetimidate donor 60

gave a higher yield but access to this donor requires several synthetic steps.

Irrespective  of the xylopyranose donor wused, appropriate mono-protected
dihydroxynaphthalenes must be synthesised. Access to these is hampered by the fact that
protection gives a mixture of the wanted compound, the starting material and the diprotected
dihydroxynaphthalene. The exact ratios in the mixture is dependent on which
dihydroxynaphthalene is used. Column chromatography to isolate the product is time-
consuming and expensive with regard to the amount of solvents used. An enzymatic mono-
acetylation approach using Chromobacterium viscosum lipase has been reported,'* and whilst some
substrates gave excellent selectivities the conversions were often low. The enzyme showed
complete selectivity towards mono-acetylation of 2,3-dihydroxynaphthalene (54) but the
conversion was only 8%. Similar selectivity (97%) was shown towards 1,5-
dihydroxynaphthalene (44) but yet again the conversion was a low 27%. The enzyme did
produce both mono-acetylated isomers of the asymmetric dihydroxynaphthalenes investigated
but investigation into the acetylation of the 1,2- (36), 1,4- (42), 1,7- (49), and 1,8-
dihydroxynaphthalenes (52) was not reported.

To optimise the ratio of wanted product we screened several methods for mono-

protection of dihydroxynaphthalenes (Table 4.1).
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Table 4.1. Examples of methods for the mono-benzoylation of dihydroxynaphthalenes.

Entry Reagents? Substrate  Yield Comments
1 BzCl, CH2Cl, 56 34% 1.0 equiv. BzCl, -78 °C to r.t.
2 BzCl, pyridine, CH2Cl, 42 43% 1.0 equiv. BzCl, -78 °C to r.t.
3 BzCl, pyridine, dioxane 56 28% 2.8 equiv., reflux
4 BzCl, QI, NaOH (aq.), CH:Cl, 56 Mostly 1.0 equiv. BzCl
dibenzoylated
product
5 BzCl, NaOH (aq.), H.O 54 58% Keptat pH 11
6 BzCl, NaOH (aq.), HO 56 Mostly Keptat pH 11
dibenzoylated
product
7 i) TMSCI, pyridine, CH>Cl, 56 70% 1.0 equiv. TMSCI, 1.5 equiv. BzCl

i) BzCl iii) HO
iv) EtOH, AcOH

8 i) TMSCI, pyridine, CH>Cl, 42 52% 1.0 equiv. TMSCI, 1.5 equiv. BzCl
i) BzCl iii) HO
iv) EtOH, AcOH

9 i) TMSC], pyridine, CH>Cl, 44 45% 1.0 equiv. TMSCI, 1.5 equiv. BzCl
if) BzCl iii) H,0O
iv) EtOH, AcOH

10 ) TMSCL, pyridine, CH,Cl 57 44% 1.0 equiv. TMSCL, 1.5 equiv. BzCl
i) BzCl iii) H,O
iv) EtOH, AcOH

aSee the Supplementary information chapter for experimental procedures for entries 5-10.

Even after extensive optimisation attempts, the synthetic route to the required mono-protected
dihydoxynaphthalenes was not satisfactory due to the large variation in yield between the
different isomers. Whilst an acceptable yield was obtained for protection of 56, yields were still
low with 42, 44 and 57 as substrates and time consuming chromatography was needed to give

pure product.

Protection of both available hydroxyl groups followed by partial deprotection to give the
desired mono-protected compound can, after optimisation, give acceptable yields but the
differences between the isomers are still substantial and chromatography is needed. Utilisation
of a lipase enzyme from Pseudomonas has been reported to give excellent yields of some mono-
acetylated dihydroxynaphthalenes (Scheme 4.2),' but this is not a universal method since it, for

example, only gives 2-hydroxynaphthalen-4-yl acetate (63) from 1,3-diacetoxynaphthalene (61).
P y g ¥ ynap Y ynap
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o 9@
OAc * AcO

b) OAc
OAc OAc —~
HO
63

Scheme 4.2. Monodeacetylation of 1,4-diacetoxynaphthalene (59) (A) and of 13-
diacetoxynaphthalene (61) (B). a) Pseudomonas sp. lipase, #BuOMe, HO, 25 °C, 2.5 h, 92%. b)
Pseudomonas sp. lipase, 2BuOMe, H,O, 25 °C, 1 h, 84%.

To circumvent these problems and find a common method for all isomers, we turned our

attention to a solid-phase approach.

4.2 Solid-phase synthesis of xylosylated
dihydroxynaphthalenes

Polymer supports were introduced as scaffolds for synthesis (see Chapter 1.3.1) and in 1972
Leznoff and co-workers presented their use as a blocking group to solve the problem of mono-
protection of symmetrical diols."* By attaching one hydroxyl group of 1,4-butanediol to an acid
chloride Merrifield resin, the diol could effectively be monotritylated. Release from the resin

under basic conditions gave the monotritylated diol 64 in 37% yield (Scheme 4.3).

Scheme 4.3. Monoprotection of 1,4-butanediol using an acid chloride resin as a blocking group.
a) 1,4-Butanediol, pyridine. b) Trityl chloride, pyridine. ¢) Dioxane/concentrated ammonium
hydroxide solution 1:1. 37% over 3 steps.

Following this first publication, Leznoff and co-workers demonstrated the advantages of this
methodology with other protecting groups such as tetrahydropyranyl (THP),"" acetate' and

methoxyether' as well as other linkages to the resin.'*

Whilst their method did present a solution to the problem of selectively targeting only one

of two symmetrical hydroxyl groups we needed to adapt their method to the synthesis of
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mono-xylosylated dihydroxynaphthalenes. Monoprotection and release of xylopyranoside
acceptor was feasible but deprotection of the protected hydroxyl group after xylosylation would
be problematic if a THP or ether group was used, due to the acid-sensitivity of the
xylopyranosidic linkage. Use of an aryl acetate would give facile deprotection but the stability of

the aryl acetate to the acidic cleavage conditions present by Leznoff et al. would be

questionable.

Instead of blocking one hydroxyl group, protecting the remaining hydroxyl group and
releasing the monoprotected substrate from the solid support, we realised that the blocking
reaction with the solid support could be viewed as the protection step and xylosylation could be

performed on the resin-bound dihydroxynaphthalene (Scheme 4.4).

HO AcO 0
o CACMO o
— OAc
o o]

Scheme 4.4. Xylosylation of resin-bound dihydroxynaphthalene with the solid support acting as a
protecting group.

This route would give several advantages:

1. The dihydroxynaphthalene which is not protected (does not bind to the resin) is
removed upon washing of the resin.

2. The resin is washed after the xylosylation step, removing excess donor. Therefore a
large excess of donor can be used without hampering purification. Also, any
hemiacetal formed in the xylosylation step is washed away.

3. No chromatography is needed until after cleavage from the resin.

4. Hydrolysis of the ester linkage will not only release the xyloside from the solid
support but will also deprotect the sugar to give the fully deprotected

naphthoxyloside.

Using commercially available benzoic acid resin we studied the binding and release of
dihydroxynaphthalenes (Scheme 4.5). After conversion of the carboxylic acid to the acid
chloride, 2,6-dihydroxynaphthalene (56) was attached to the solid support under standard

acylating conditions.
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HO °
.
C U™ T
OH

X=0OH

A+ x=ci

Scheme 4.5. Coupling of 2,6-dihydroxynaphthalene (56) to solid support and hydrolysis. a) Benzene,
thionyl chloride. b) 2,6-Dihydroxynaphthalene, DIPEA, DMAP, CHxCl,. ¢) NaOH (1 M, aq),
dioxane.

The yields obtained after cleavage of 56 from the solid support were similar to those reported

by Leznoff et al.'"*’ and we proceeded to investigate the xylosylation reaction.

Using a threefold excess of peracetylated xylose (11) we attempted to xylosylate the free
phenolic group of resin-bound 56. Cleavage and deprotection under standard Zemplén
conditions (NaOMe-MeOH, CH,Cl, McOH)" did not yield xyloside 35 even though

xylosylation under the same conditions in solution followed by deprotection yields product.

The possibility of both hydroxy groups of dihydroxy compounds binding to the resin, thus
effectively bis-protecting the substrate has been reported previously."” The commercial resin
used had a relatively high loading of about 1.5 mmol/g which increases the possibility of
double binding. To circumvent this problem we modified a commercially available
aminomethylated polystyrene resin with a lower loading (Scheme 4.6)."”' The aminomethyl
group was reacted with succinic anhydride and the resulting carboxylic acid was converted into

the acid chloride using oxalyl chloride.

o
X
HaN a) \H/\)J\ N
o)
X=OH
b) |: X=ClI

Scheme 4.6. Conversion of commercially available aminomethylated polystyrene resin to acid chloride
resin. a) Aminomethylated polystyrene resin, succinic anhydride, DIPEA, DMAP, toluene, r.t. b)
Oxalyl chloride, toluene.

The starting aminomethylated resin had a loading of 1.3 mmol/g. After conversion to the acid
chloride the maximum theoretical loading, as calculated using Equation 4.1, was 1.0 mmol/g.

Equation 4.1. Equation for calculating new loading of solid-phase resins after modifications.
L=loading, M=molecular weight.

L

old

—M,,)x 107

L=
I+L,,M

new
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We now tested xylosylation of 56 attached to this new, lower loading, resin. Using BF;eOFEt,-
promoted xylosylation with 5 equiv. of peracetylated xylose followed by saponification to

release and deprotect the xyloside gave 35 in 21% yield after purification by HPLC.

To ensure that the yield was not hampered by anomerisation of the product to the more
stable a-xyloside we studied the rate of anomerisation. Samples of the xylosylation of
6-benzoyloxy-2-hydroxynaphthalene (61) in solution were treated with NaOMe-MeOH as were
samples of the xylosylation of resin-bound 56. Analysis of these samples by reverse-phase
HPLC revealed large differences in the rate of anomerisation for the solution-phase and solid-
phase xylosylation reactions. The amount of a-xyloside formed after 45 min for the solid-phase
method was minimal. Encouraged by these results we prepared for the synthesis of all 14
hydroxynaphthyl B-D-xylopyranoside isomers by synthesising the two dihydroxynaphthalenes

(36"* and 52"*"** which were not readily available from commercial sources (Scheme 4.7).

A B Icl)
0] OH O0——S8=0 OH OH
o} OH
L = 0 SO NS
—_— B
65 36 66 52

Scheme 4.7. Synthesis of 1,2-dihydroxynaphthalene (36) and 1,8-dihydroxynaphthalene (52).
a) NaBH,, EtOH, r.t., quantitative. b) KOH, 250-300 °C, 44%. See Supplementaty information for
full experimental details.

With all 10 dihydroxynaphthalenes and a working protocol (Scheme 4.8) in hand we synthesised
all 14 hydroxynaphthyl B-D-xylopyranosides in 5 steps from the commercially available

aminomethylated polystyrene resin (Table 4.2).

HO o
o H a) H
N - N
fo) o

AcO O
b, Acm/o fo) c)
OAc H
(e)

o (0]

HO
Hmo
OH
35 OH

Scheme 4.8. Solid-phase synthesis of hydroxynaphthyl B-D-xylopyranosides as illustrated with 35.
a) 2,6-Dihydroxynaphthalene (56), CHxCl,, pyridine, DMAP, r.t. b) 1,2,3,4-Tetra-O-acetyl-B-D-
xylopyranoside, BF36OEt,, CH2Cly, r.t. ¢) CH2Cl, MeOH, NaOMe-MeOH (1 M), r.t.
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The yields of hydroxynaphthyl B-p-xylopyranosides obtained from the solid-phase synthetic
method ranged from 6% to 42% and are presented in Table 4.2.

Table 4.2. Yields for the solid-phase synthesis hydroxynaphthyl B-D-xylopyranosides as calculated
from the amine loading of aminomethylated polystyrene resin.

Compound Starting aglycon Yield

37 36 6%
38 36 10%
40 39 16%?
41 39 9%
43 42 16%
45 44 27%
47 46 16%
48 46 9%
50 49 14%2
51 49 15%2
53 52 7%
55 54 42%
35 56 28%
24 23 21%

2Maximum theoretical yield of 100% is shared between the two possible products from the same
starting aglycon since both are synthesised in the same reactor.

The yields presented are calculated from the starting aminomethylated polystyrene resin, over 5
steps and after purification by semi-preparative HPLC. It should be noted that for the
unsymmetrical dihydroxynaphthalenes two hydroxynaphthyl B-D-xylopyranosides are obtained

in the same reactor and the total yield of xyloside is therefore the sum of the two yields.

4.3 Physical properties of hydroxynaphthyl B-D-
xylopyranosides

Several earlier reports have indicated correlations between the physical properties of xylosides
and their biological activity. Sobue et al. synthesised a large number of S- and O-alkyl xylosides
and tested their ability to prime the synthesis of GAGs (Figure 4.2)."”* Their study clearly
showed that the length of the alkyl chains in S- and C-alkyl xylosides has a substantial effect on
their ability to prime GAG synthesis in chick-embryo cartilage with a maximum effect at 7 to 8
carbon atoms. For rat-embryo skin and rat aorta, similar patterns were obtained but the optimal

alkyl chain length was shorter (skin n=5, aorta n=4).
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Figure 4.2. The effect of the alkyl-chain length on stimulation of CS-priming by S- (A) and C-alkyl
(B) xylosides in chick-embryo cartilage as investigated by Sobue et al. (Modified with permission from
Sobue et al. Biochem. ]. 1987, 241, 591-601).134

The authors attributed this dependence on the balance between lipophilic and hydrophilic

moieties to the necessary transport of the xyloside through cell membranes.

Fritz et al. studied the effect of aromatic aglycon of xylosides on heparan sulphate
biosynthesis.'” For a series of aryl xylosides they measured octanol-water partitioning constants
and percentage heparan sulphate in the total amount of GAG. They found good correlation
between the lipophilicity of the xyloside and the ability to prime HS synthesis with only some
very lipophilic compounds not following the trend (Figure 4.3).

% HS
50 - 30

Phenyl B-b-xylopyranoside (67)
6-Hydroxyquinoline -p-xylopyranoside (68)
5-Hydroxyindole B-p-xylopyranoside (69)

5,6,7,8-Tetra-2-naphthyl B-p-xylopyranoside (70) 30 °2
2-Naphthyl B-b-xylopyranoside (29)
2-Naphyl thio-B-p-xylopyranoside (30
phy! thio-B-p-xylopyl (30) 20 .70 o1
4-n-Butylphenyl B-p-xylopyranoside (71)
9-Phenanthrol B-p-xylopyranoside (72) ®69
0r ee8
® 67
72
0 1 1 1 1 1
0 0.5 1 1.5 2
log P

Figure 4.3. Plot of log P of 67-72, 29 and 30 versus % HS of total GAG primed as investigated by
Fritz et al. (from data presented by Fritz et al. 1994).138
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Fritz et al. discuss the possibility of the correlation to hydrophobicity arising from selective

entry of the xylosides into the subcellular compartments where GAG biosynthesis takes place.

Sarkar et al. showed a strong dependence of priming on the proportion of free hydroxyl
groups on naphthyl B-D-pyranosides.”” Methylation or acetylation of the hydroxyl groups on
sugar residues increased the uptake of and priming by 2-naphthyl B-D-xylopyranoside (29) and
naphthyl disaccharides (33 and 34).

A correlation between the lipophilicities of o¢-nitrophenyl B-D-xylopyranoside and
p-nitrophenyl B-D-xylopyranoside (21) and their effect on HS priming was shown by Moreira et
al."”> They also attributed this to the increased localisation of the more lipophilic xyloside in the

necessary subcellular compartments.

Due to the amount of evidence concerning the importance of the lipophilicity of xylosides
for their biological properties, we embarked on a study of the physical properties of the 14
hydroxynaphthyl B-D-xylopyranosides.

Table 4.3. Measured pK, values and gradient HPLC retention times for the 14 hydroxynaphthyl B-D-

xylopyranosides and calculated log P (C log P) and pK. values using ACD/Labs'*¢ software and
Schrédinger QikProp!>” and Jaguar software!38,

Compound  pK. (exp) Calculated pK, Retention time (min) ClogP
ACD  Jaguar* ACD QikProp

37 8.63 £ 0.02 7.93 9.8 20.70 + 0.05 0.45 0.348
38 8.72 £ 0.04 7.99 10 21.18 £ 0.07 0.45 0.369
40 9.22 £0.04 9.13 9.8 15.82 £ 0.09 0.7 0.231
41 8.66 = 0.01 8.96 9.8 17.95 £ 0.09 0.7 0.285
43 9.40 £ 0.04 9.97 10.4 13.45£0.11 0.7 0.288
45 9.16 £ 0.04 9.35 9.9 13.22 £ 0.07 0.65 0.286
47 9.34 £ 0.02 9.15 9.9 14.84 £ 0.08 0.65 0.285
48 9.17 £0.03 9.32 9.9 13.66 £ 0.08 0.65 0.233
50 9.35 £ 0.01 9.35 9.9 18.07 £ 0.08 0.65 0.288
51 9.29 £0.03 9.56 10 16.61 £ 0.09 0.65 0.244
53 10.13 £ 0.11 8.96 11.5 21.84 + 0.04 0.65 0.469
55 8.76 £ 0.02 9.41 9.7 19.12 £ 0.01 0.45 0.434
35 9.63 £ 0.02 9.64 10.2 12.49 £ 0.01 0.65 0.232
58 9.41 £0.01 9.35 9.9 14.53 £ 0.01 0.65 0.234

“The calculated pK, values are for the corresponding methoxynaphthols. See text for discussion.

Measurement of log P values by octanol-water pattitioning requires a large amount of hands-on

time as well as substantial amounts of substance. The same applies to measuring affinities to
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micelles and therefore an alternative method for measuring the lipophilicity of xylosides was

needed.

Gradient HPLC retention times have been shown to be an alternative to log P values in the
biological evaluation of active compounds.'” This led us to measure the retention times of the
hydroxynaphthyl B-D-xylopyranosides on a reverse-phase HPLC column with a positive
gradient of acetonitrile in water. The mean retention times from three separate runs are shown

in Table 4.3.

The results show that both the acidity of the phenolic proton and the lipophilicity of the
xyloside varies greatly with substitution pattern. The retention times were also measured for the
corresponding dihydroxynaphthalenes (Table 4.4) and a clear correlation was shown to the
distance between the phenolic oxygen atoms (Figure 4.4) as has been observed in similar
investigations.""” Some dihydroxynaphthalenes (e.g. 52) had a substantially longer retention time
than expected, probably due to internal hydrogen bonding between the two optimally
positioned hydroxyl groups. The most polar compounds are those with the hydroxyls located as
far apart as possible (56 and 57).

Table 4.4. Measured gradient HPLC retention times for the 10 dihydroxynaphthalenes and distance
between the phenolic oxygens.

Compound Retention time (min) Distance (nm)
36 19.58 £ 0.03 0.27
39 19.05 £ 0.04 0.48
42 15.46 £ 0.02 0.56
44 13.71 £ 0.02 0.60
46 14.72 £ 0.01 0.63
49 18.43 £ 0.09 0.51
52 24.50 £ 0.02 0.26
54 18.86 = 0.01 0.27
56 13.58 £ 0.01 0.78
57 16.19 £ 0.00 0.73

The same pattern is obvious for the mono-xylosylated dihydroxynaphthalenes but here the
possibilities of hydrogen bonds between the free phenol and the hydroxyl groups on the sugar
residue also seems to affect the polarity since 38 and 53 (21.18 and 21.84 min respectively) have
nearly the same retention time whilst their starting aglycon (36 and 52) differ with 5 minutes
(24.50 and 19.58 min respectively). Also noteworthy is the fact that the products from the

unsymmetrical dihydroxynaphthalenes vary in lipophilicity.
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Figure 4.4. Correlation of distance between the phenolic oxygens of dihydroxynaphthalenes and
measured gradient HPLC retention times.

Predicting pK, values of phenolic compounds by computational methods has been shown to be
difficult."" Therefore we turned to a spectrophotometric method to determine the acidity
constants of the xylosides. By measuring the UV-absorbance of a solution of the xyloside at pH
9, 10 and 11 and comparing these to the absorbance of a solution of the xyloside with the
phenolic hydroxyl fully protonated and fully deprotonated, the pK, values could be determined
using Equation 4.2.

Equation 4.2. Relation of pK, to pH and measured ratio of protonzted/ deprotonated

hydroxynaphthyl B-D-xylopyranoside.

[XylONapOH]

K, =pH+1
P = P O Iy 1IONapO ]

The measurements were performed for all 14 hydroxynaphthyl B-D-xylopyranosides and the

results are presented in Table 4.3.

4.3.1 Comparison of experimentally obtained physical properties with
those obtained by computational chemistry

Even though HPLC analysis does not require large amounts of hands-on time, it does require
machine time and large amounts of solvent. Also, measurement of pK, values by
spectrophotometric methods is time consuming. Therefore, obtaining these values through
computational methods would be a great advantage. The C log P' values of the 14
hydroxynaphthyl B-D-xylopyranosides were calculated using the Advanced Chemistry
Development, Inc. (ACD/Labs)"*® log P module and Schrédinger QikProp'’, and the pK,

i Calculated log P values are denoted C log P to distinguish them from experimentally determined log P values.
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values were calculated by ACD/TLabs pK, module and Schrédinger Jaguar'™® software.! The

results are presented in Table 4.3.

Comparison of the calculated values with the experimentally determined values highlights
that calculation of acidity constants, as mentioned eatlier, are indeed problematic. Whilst some
of the values given by ACD/Labs are vety close (e.g. 9.63 determined experimentally and 9.64
calculated for 35 and 9.35 both determined and calculated for 50) some are far from accurate
(e.g. 10.13 determined experimentally and 8.96 calculated for 53). Also, the general trend is that
ACD/Labs gives a slightly higher value than that determined experimentally (Figure 4.5A).

Calculation of the pK, values was also conducted using the pK, module of Jaguar. This
module performs a set of calculations and returns a pK, value for the selected atom.
Calculations on the hydroxynaphthyl B-D-xylosides gave varying results. Not only were the pK,
values quite far from the measured values but the correct trend was not observed. Also, we
noted that the starting conformation of the xyloside could drastically influence the results. To
obtain better results it would have been necessary to conduct a proper conformational search
for both the protonated and deprotonated species for each xyloside and the results would have
to be carefully analysed prior to running the pK, calculations. Since such a procedure would
defeat the intended purpose of obtaining quickly and without expertise in computational
chemistry reasonable values for the acidity constants we attempted a different approach. The
acidity constants for the corresponding methoxynaphthols were calculated using the module
(Table 4.3). The results show a trend which is comparable to that of ACD/Labs but whilst
ACD/Labs generally gives too high values, Jaguar gives too low values.

For the lipophilicity of the 14 compounds, the results from the calculations are similarly
disappointing. The results from ACD/Labs shows that the program does not take into account
the three dimensional structure of the compound, for example giving the same value (0.65) for
both 53 and 58. These two compounds have retention times which differ by over 7 minutes.
QikProp gives better results putting these two compounds at the extremes of the scale drawn
up by the results (53 = 0.469 and 58 = 0.234 on a scale of 0.231 to 0.469). Also, Figure 4.5B
shows that QikProp indeed gives a correct trend for the log P values whilst ACD/Labs fails

drastically, although the differences between the compounds are underestimated.

i See the Supplementary information chapter for a discussion regarding the methods used by the ACD/log P and
ACD/ pK, modules and Schrédinger QikProp and Jaguar pK, calculations.
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Figure 4.5. Comparison of experimentally determined pK; values and values calculated in ACD/TLabs
(A) and Jaguar and experimentally determined gradient HPLC retention times and C log P values
calculated in ACD/Labs and QikProp (B), showing the difficulties in prediction of physical properties
by computational methods.

These results show that, as mentioned earlier, the determination of physical properties of
compounds remains a difficult task for computational methods and whilst the experimental

methods are time and labour intensive they are still of great importance.

4.4 Biological evaluation of first generation
naphthoxylosides

The biological action of xylosides is not trivial, and several factors need to be examined.
Therefore we studied both the antiproliferative properties of the 14 hydroxynaphthyl B-D-
xylopyranosides, their ability to prime the biosynthesis of heparan sulphate chains and whether

apoptosis is induced in cells treated with an antiproliferative xyloside.

4.4.1 Antiproliferative effects of hydroxynaphthyl B-D-xylopyranosides

To measure the antiproliferative properties of the hydroxynaphthyl B-D-xylopyranosides,
confluent, adherent cells were allowed to proliferate in the presence of varying concentrations
of xyloside for 96 hours. After fixing the cells, the amount of proliferation compared to

untreated cells was measured using the crystal violet method."'**

i After the treatment period and removal of the growth medium, cells are fixed for 15 min with a salt solution
containing 1% glutaraldehyde. The cell nuclei are then stained using a 0.1% solution of crystal violet for 30
minutes. After washing, cells are lysed over 24 h using Triton X-100 solution. The amount of dye which was
bound by the cells is then measured spectrophotometrically at 600 nm. The staining of treated cells is compared to
that of untreated cells. See the Supplementary information chapter for further information.
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For this study four cell lines were used. Mouse 3T3 fibroblasts (3T3 A31), SV40 virus
transformed mouse 3T3 fibroblasts (3T3 SV40), human fetal lung fibroblasts (HFL-1) and
human bladder carcinoma cells (T24) were allowed to proliferate at 0.025, 0.05, 0.1, 0.2 and 0.5
mM xyloside. The inhibitory effects of the xylosides were expressed as EDy, (uM) and are
presented in Table 4.5.

Table 4.5. Antiproliferative activity of hydroxynaphthyl B-D-xylopyranosides on 3T3 A31, 3T3 SV40,
HFL-1 and T24 cells expressed as EDsy (uM) after 96 h exposure. Values are mean values from 5

replicates.

Compound 3T3 A31 3T3 Sv40 HFL-1 T24
37 10 65 80 150
38 120 120 40 160
40 130 275 240 100
41 410 575 320 25
43 165 105 6 1
45 > 500 > 500 500 470
47 210 > 500 370 125
48 > 500 430 500 600
50 260 550 370 370
51 160 510 330 420
53 185 340 180 220
55 25 180 190 400
35 440 320 500 100
58 300 460 500 500

The results show that most of the xylosides have EDjy, values in the range of 100-500 uM
towards most of the four cell lines. Some xylosides (37, 38, 43 and 55) show higher toxicity
towards some cell lines with 43 having a very low ED;, value for HFL-1 and T24 cells. The
mouse fibroblasts are with few exceptions (37 and 55 for normal fibroblasts and 37 for
transformed fibroblasts) not highly sensitive to the xylosides and transformation by SV40 virus
did not significantly increase sensitivity to any particular xyloside. Some of the xylosides show a
significant selectivity towards T24 cells as compared to HFL-1 cells. 43 and 51 show a 5-6 fold
selectivity towards the transformed cells and the efficiency of 35 against tumour cells has been
demonstrated i o' 41 shows a remarkable 13-fold selectivity towards T24 cells in

preference to HFL-1 cells.

To ascertain whether any noted selectivity effects were due to the xyloside and not

inherent in the aglycon itself, the antiproliferative effects of the free aglycon were measured in
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HLF-1 and T24 cells (Table 4.6). The free aglycon were highly antiproliferative with T24 cells

being somewhat more sensitive than HFL-1 cells.

Table 4.6. Antiproliferative activity of dihydroxynaphthalenes on HFL-1 and T24 cells expressed as
EDso (uM) after 96 h exposure. Values are mean values from five replicates.

Compound HFL-1 T24
36 25 13
39 100 70
42 1 0.7
44 20 <10
46 70 20
49 <25 <10
52 20 10
54 40 30
56 <25 <10
57 70 30

These results clearly show that the free dihydroxynaphthalenes do not show any significant
selectivity towards either of the cells lines and thus the selectivities shown by some
hydroxynaphthyl B-D-xylopyranosides are not inherent in the aglycon but dependent on its
incorporation in a xyloside. Also, the results support the view that the xylosides are not

hydrolysed eatly on in the GAG biosynthetic process

4.4.2 Stability of hydroxynaphthyl B-D-xylopyranosides

The proliferation studies are performed in a slightly basic medium at an elevated temperature
(37 °C) for an extended period of time (96 h). To evaluate the stability of the hydroxynaphthyl
B-D-xylopyranosides over this period, 20 mM stock solutions of the respective xylosides were
diluted with Ham’s F-12 medium to 0.2 mM and stored at 37 °C. To ensure reliable analysis,
4,4 -dihydroxybiphenyl was included as an internal standard. The solution was sampled at
different intervals and analysed by analytical HPLC to give the stability profiles of the xylosides
(Figure 4.6).

The results showed that 10 of the 14 xylosides were stable at the assay conditions for 96 h.
Also, 41 and 51 did decompose, but only slightly. In contrast, 38 decomposed entirely within
48 h and 43 within 72 h.
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Figure 4.6. Stability profiles of hydroxynaphthyl B-D-xylopyranosides in Ham’s F-12 medium at
37 °C. The graph shows the concentration of xyloside compared to an internal standard as analysed by
HPLC. Whilst 10 of the xylosides are stable (unbroken lines), 40 and 51 show slight decomposition
(dashed lines) and 38 (W) and 43 (°) decompose totally.

To analyse further the degradation of 38 and 43 we subjected larger amounts of these xylosides
to the same conditions for 68 h after which the solutions were filtered and the UV-active

degradation products were isolated by semi-preparative HPLC.

NMR analysis of the isolated compounds showed that whilst 38 decomposed by hydrolysis
of the xylosidic linkage to give several modified aromatic products, 43 gave one major
decomposition product containing a modified naphthalene moiety and a xylopyranoside
structure. Analysis of the data showed the product to be 73. The "H-NMR spectra (Figure 4.7)
clearly show the disappearance of the signal for H-3 and the loss of the H-3 coupling for H-2,
transforming this doublet into a sharp singlet. The pattern for the unsubstituted ring remains
the same with only minor changes in the chemical shifts of H-5, H-6, H-7 and H-8 whilst the

anomeric proton is shifted 0.15 ppm downfield to 5.00 ppm.

Subjecting the free aglycon 42 to the same conditions and purification by HPLC gave
several major products which were identified as oxidised forms of 42. Polyhydroxylated
naphthalenes such as juglone (6-hydroxy-1,4-naphthoquinone) and lawsone (2-hydroxy-1,4-
naphthoquinone) are known to be highly toxic,'” and enhancing their cellular uptake via
conjugation to a carbohydrate carrier such as in 73 could be expected to increase their effective

toxicity drastically.
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Figure 4.7. '"H-NMR spectra of 43 (bottom trace) and 73 (top trace) showing the anomeric (H-1%) and
aromatic proton signals.

The formation of 73 from 43 could explain the very low EDj;, value found for this compound
when administered to HFL-1 and T24 cells. The free aglycon 42 was also found to be highly
toxic towards HLF-1 and T24 cells and this could also be explained by the formation of toxic

polyhydroxylated naphthalenes and naphthoquinones (e.g. juglone or lawsone).

4.4 .3 Heparan sulphate priming of hydroxynaphthyl B-D-xylopyranosides

Xylosides carrying aglycon with two fused aromatic rings (i.e. naphthalene based systems) have
been shown to induce HS synthesis to levels not normally associated with healthy cells."”® Also,
HS synthesis has been shown to be a necessary (but not sufficient) requirement for the tumour
selective effect of 2-(6-hydroxynaphthyl) B-D-xylopyranoside (35).'* Therefore, the proportion
of HS of the total amount of GAG synthesised in T24 cells after treatment with 0.1 mM
xyloside for 24 h was measured by cleaving CS/DS with ABC lyase and analysis by gel-
permeation chromatography (Table 4.7).

I After treatment with xyloside for 24 h the culture medium is collected and pooled. Extraction of cells is
petformed by lysing cells with Triton X-100 prior to extraction. GAG pools are then separated from PG protein
and analysed by gel permeation chromatography. See Supplementary information for further information.
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Table 4.7. Effect of hydroxynaphthyl B-D-xylopyranosides on the proportion of HS synthesised in
T24 cells. Results are presented as percentage of HS of the total GAG content as measured by 3S-
activity after separation by gel-permeation chromatography.

Compound % HS (medium) % HS (cells)
37 15 2
38 8 22
40 2 14
41 4 20
43 0 12
45 6 29
47 4 13
48 2 12
50 3 15
51 6 27
53 6 27
55 5 28
35 12 30
58 7 37

As mentioned, other studies have indicated that xylosides carrying naphthalene based aglycon

: : 141
increase the proportion of HS,"?*"

and that HS priming is necessary for the tumour-selective
antiproliferative property of 35."* The present study supports the finding that naphthoxylosides
increase the proportion of HS primed in cells but we found no correlation between the

proportion of HS to the antiproliferative effect on T24 cells.

4.4 .4 Induction of apoptosis in T24 cells by 2-(6-hydroxynaphthyl) B-D-
xylopyranoside

1,164,165

Apoptosis is one of the most important mechanisms behind the death of tumour cells
from chemotherapeutic drugs or radiation treatment. By selectively inducing apoptosis in
tumour cells, damage to healthy cells can be minimised and this is therefore of importance
within the field of chemotherapeutics. That 2-(6-hydroxynaphthyl) B-D-xylopyranoside (35)

selectively hinders the growth of transformed cells has been established previously,*"'*

i Apoptosis, from the greeck word for “falling off” of leaves from a tree (suggested by Prof. James Cormack,
Aberdeen University, to Kerr et al,, see reference 164), is the normal physiological process in which cells self-
destruct after the addition or removal of a stimulus. Apoptosis is genetically determined and characterised by the
fragmentation of nuclear DNA into pieces of about 185 base pairs. Apoptosis does not induce inflaimmation (or at
least to a smaller extent) in surrounding tissue in contrast to non-programmed cell-death (often refered to as cell
murder), necrosis, where swelling of the cell and rupture of the plasma membrane leaks the cytoplasmic contents,
including proteolytic enzymes, into the surroundings.!%5 The pronounciation of the word “apoptosis”, and whether
the second “p” should be pronounced or not, is quite debated with the original reference claiming it should be
silent whilst its pronounciation has become more frequent.
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although the mechanism behind the effect was not determined. To study whether the effect
was due to the induction of apoptosis, T24 cells were treated for 24 h with 0.2 mM of either the
antiproliferative 35 or the inactive, but GAG priming 2-naphthyl B-D-xylopyranoside, (29) and
a terminal deoxynucleotidyl transferase mediated dUTP nick end labelling (TUNEL) assay was

d 1,166,167

performe The results of the TUNEL assay were evaluated by confocal laser fluorescence

microscopy and flow cytometry (Figure 4_8)}1,168,169
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Figure 4.8. Study of apoptosis in T24 cells using TUNEL assay evaluated using confocal laser
fluorescence microscopy (A-D) and flow cytometry (E-H) on untreated cells (A and E), cells treated
for 24 h with 0.2 mM 2-(6-hydroxynaphthyl) B-D-xylopyranoside (35) (B and F), cells treated for 24 h
with 0.2 mM 2-hydroxynaphthyl B-D-xylopyranoside (29) (C and G) and cells treated with nuclease (D
and H) as positive control. The images show equatorial sections of cells observed through confocal
laser microscopy and the graphs show the cell count versus fluorescence intensity.

I During apoptosis DNA is cleaved by specific calcium-dependent endonucleases (nucleases capable of cleaving
internal phosphodiester bonds in DNA) yielding fragments with double stranded breaks. Introduced in 1992 and
since developed,!® the TUNEL assay works by, after permeabilisation of the cell membranes by a detergent, using
terminal deoxynucleotidyl transferase (TdT) to transfer biotin labelled nucleotides (biotin-dNTP) to the free 3>-OH
groups of the DNA fragments. The biotinylated sites are then visualised by specific conjugation with streptavidin-
conjugated fluorescein isothiocyanate (FITC). The fluorescence can then be detected by confocal laser
fluorescence microscopy or flow cytometry (see the Supplementary information chapter for a description of the
principle behind flow cytometry).

ii See reference 169 for a description of confocal microscopy.
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The increase in the number of T24 cells showing high fluorescence after treatment with 2-(6-
hydroxynaphthyl) B-D-xylopyranoside (35) (Figure 4.8F) as opposed to the increase for cells
treated with the non-toxic 2-naphthyl B-D-xylopyranoside (29) (Figure 4.8G) indicates an
increased DNA damage upon treatment with the antiproliferative xyloside. Morphological
analysis of the treated cells (Figure 4.8B and C) indicates that the binding of fluorescence is not
associated with a necrotic process. Thus it can be concluded that the antiproliferative effect of

xylosides is, in T24 cells, accompanied by increased induction of apoptosis.

4.5 Correlations between antiproliferative properties and
physical properties

As was discussed earlier, correlations between the lipophilicity of xylosides and their biological
activity have been shown.”*"**""'* e therefore studied our results to ascertain whether
correlations between toxicity and physical properties could be found. Whilst we found no
correlations between biological properties of the aglycon and the acidity of the phenolic proton,
correlations between toxicity and lipophilicity (retention time) were found for some cell lines

(Figure 4.9).

For HFL-1 cells (Figure 4.9A), a correlation was found for all compounds except for 43.
This is one of the two compounds which decomposed quickly to give the more lipophilic 73
(tg 23.2 min). For T24 cells (Figure 4.9B) the toxicity of 9 of the xylosides correlated well whilst
5 had lower ED;, values than predicted. These 5 xylosides all show selectivity towards T24
cells. We found no clear correlation between ED;, and lipophilicity of the xylosides for 3T3
A31 or 3T3 SV40 cells (Figure 4.9C and D).

Taken together, the results of this study indicate that the antiproliferative effect of
xylosides is dependent both on the cell line and the structure of the aglycon. Varying the
substitution pattern of hydroxynaphthyl aglycon has a large influence on both the selectivity

and toxicity.

The uptake of xylosides has been shown to be dependent on the lipophilicity of the
compound. Our results show that whilst uptake and priming are necessary for the
antiproliferative effect of some xylosides these factors are not sufficient. The toxicity of most
xylosides is, for some cell lines, correlated to their polarity but for some xylosides and cell lines

a different mechanism seems to be involved.
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Figure 4.9. Antiproliferative activity (EDso, UM) of hydroxynaphthyl B-D-xylopyranosides for HFL-1
cells (A), T24 cells (B), 3T3 A31 cells (C) and 3T3 SV40 cells (D) plotted against their gradient HPLC
retention times (min).

It has previously been shown that the degradation products of xyloside-primed GAGs ate
internalised by cells and transported into the nucleus.” Our studies show that the
antiproliferative effect of 6-(2-hydroxynaphthyl) B-D-xylopyranoside (35) results in increased
apoptosis of the cellular population which is of importance for the future use of xylosides in

the treatment of tumours.
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5  Synthesis and biology of
sulphur-containing

naphthoxylosides (Papers V and VI)

To extend our investigation into the structure-activity relationships of naphthoxylosides we
wanted to synthesise sulphur-containing naphthoxylosides. Sulphur is a classical isoster' for
oxygen and the substitution would expand the range of physical as well as chemical properties

of our library of naphthoxylosides.

To span as large a structural space as possible we wanted to synthesise both the S-xylosides
with a free aromatic hydroxyl group (80-85) and the O-xylosides with a free aryl thiol (74-79).
To decrease the number of compounds to be synthesised, and to simplify purification and
characterisation, we decided to synthesise only the isomers corresponding to the 6 symmetric

dihydroxynaphthalenes (Figure 5.1).

Aryl thiols are more acidic (pK, 6-8) compared to the corresponding phenols (pK, 8-11),
and this could be expected to influence cellular uptake of the xylosides as well as redox
properties and electron density distribution of the aglycon. Also, the possibility of forming the
disulphide bond would allow the use of aryl thiol O-xylosides to create libraries of diverse

naphthoxylosides.

Disulphides have recently been used to create dynamic libraries, ie. collections of
compounds whose constitution is adjusted depending on the conditions, using dynamic
combinatorial chemistry (DCC).* Recent successful uses of DCC include the generation and

screening of a library of possible concanavalin A vaccines and the discovery of a psammaplin A

I A classical isoster is an atom containing the same valence electron configuration as the atom it is being compared
to. The definition has, since its introduction, been broadened to include groups with similar properties.
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type antibacterial agent with good activity against methicillin-resistant Staphylococens anrens.””* In

both cases the reversibility of the thiol-disulphide linkage was used as the dynamic bond.

Xylosides with S-xylosidic bonds are of great biological interest since the length of the
carbon-sulphur bond renders an increased stability towards glycosidases.” As has been
discussed earlier, S-xylosides have previously been shown to prime GAG synthesis with
comparable or even higher efficiency than the corresponding O-xylosides and have also been

P . - 134,136,136
shows to have activity i vive. ™"

Also, 2-naphthyl 1-thio-B-D-xylopyranoside (30) shows a higher proportion of HS priming
compared to 2-naphthyl B-D-xylopyranoside (29) but both these compounds have shown low
toxicity. To infer toxicity on these compounds, with a view to investigate further the

141,142

antiproliferative properties of mono-xylosylated dihydroxynaphthalenes, we wanted to add

a hydroxyl group to the aglycon.

Synthesis of these sulphur-containing xylosides requires as xylopyranoside acceptors
naphthalene moieties carrying both a hydroxyl group and a thiol and the possibility of selective

protection of hydroxyl and thiol groups (Figure 5.2).

HS
Ho/m/o HO/$$/O SH Ho/yS/o
OH OH OH
75

SH
7 76
HO O HO O HO O
Ho/zS/O Hms HO/ES/S SH
OH OH OH
HS SH
77 78 79
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OH OH OH
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Figure 5.1. Structures of thionaphthyl p-D-xylopyranosides (74-79) and hydroxynaphthyl 1-thio B-D-
xylopyranosides (80-85).
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Figure 5.2. Orthogonally protected difunctional naphthalenes needed for the synthesis of sulphur-
containing naphthoxylosides.

Most of the protecting groups suitable for hydroxyls will also react with thiols and vice versa.
We therefore needed to develop a protecting group strategy which could circumvent this

problem and yield orthogonally protected, difunctional naphthalenes as shown in Figure 5.2.

The disulphide bond is a protecting group which is unique for thiols. With the thiol
protected as the disulphide in a hydroxynaphthyl disulphide we could selectively perform
transformations on the hydroxyl group. The disulphide can then easily be reduced/deprotected
to the corresponding thiol by a variety of reagents, solution based or immobilised on solid-

172,173

support (e.g. aryl- and alkyl phosphines, polystyrene-bound triphenyl phosphine (Ph,P-
PS)," and nucleophilic hydrides'™'%) as exemplified in Figure 5.3. Due to the variety of
reagents available for the transformations the probability of finding conditions which leave
other protecting groups intact is good and we could thus protect the aromatic hydroxyl groups

prior to thiol cleavage to give the O-protected thiol nucleophile.

Phosphines (e.g. n-BugP, Ph;P,
Ph3P-PS), DTT, NaBH,, LiAIH,

S .
D> —— o
O,, |, FeCls, Me3SiCl,
NaClO, (aq.)

SH

Figure 5.3. Protection and deprotection of thiols using the reversibility of the disulphide bond. Some
examples of the reagents which can be used for the transformations are shown.

With a promising thiol-protecting group determined, we next turned to the availability of
hydroxynaphthyl disulphides. Unfortunately, only one isomer (the 2,6 isomer, 116) was

. . - : : 177,178
commercially available due to its use as a probe in molecular biology. "

179-182
not all are

Whilst several of the other isomers have also been reported in the literature,
known and the reported syntheses are not facile and the corresponding starting materials are

not available for the future synthesis of all possible isomers.

Aryl thiols and disulphides can be synthesised by reduction of sulphonyl chlorides or
sulphonic acids using, for example, hydrides,"*>'™ zinc metal,'® samarium metal,'*® aluminium

® and various silane systems.™"” Whilst these

iodide,'" triphenyl phosphine and iodine,"
methods can be high-yielding and facile, they all rely on the availability of the aryl sulphur

compound. The corresponding phenol can also be converted into a thiol using the
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Newman-Karnes  procedure over three steps including one  high-temperature
rearrangement.””™'”> A third possibility is reductive cleavage of the sulphur-carbon bond of aryl-

1719 Also, methyl thioethers can

alkyl or aryl-benzyl thioethers by dissolving-metal reduction.
be cleaved under harsh conditions using thiolates,””” and for specially designed alkyl chains, B-

. . . [y
elimination can be used.'”®

To ensure the future availability of all possible regioisomers we looked towards a synthetic
route starting from the dihydroxynaphthalenes since all possible isomers are available (either
commercially or in one step from commercially available materials, see paper III and references

152-154).

X X
HO HS | o
N
PR substitution IR oxidation s
| —OH ——— | —OH —— |
NP N S..
XN
| —-OH
N

Figure 5.4. Synthetic plan for the synthesis of hydroxynaphthyl disulphides from
dihydroxynaphthalenes.

We turned our attention to obtaining the disulphide-protected thiols from cleavage of an aryl-
alkyl thioether bond. Aryl-alkyl thioethers are usually synthesised by coupling of aromatic
halides with alkyl thiols,'” or nucleophilic substitution of alkyl halides with aryl thiols, when the
thiol is available.” While the yields are normally high, the approaches require the availability of

a suitable aryl halide or atyl thiol, which in our case was the target compound.

5.1 Formation of naphthyl-alkyl thioethers

A method for the formation of aryl-alkyl thioethers by the acid-mediated displacement of
phenolic hydroxyls by thiols was presented Furman et al. in 1959.”"' By heating 1-naphthol or 2-
naphthol (86), 6-bromo-2-naphthol or 1,5-dihydroxynaphthalene (44) at 110-120 °C with
various thiols, in the presence of a catalytic amount of acid, good to excellent yields of the

corresponding thioethers were obtained (Scheme 5.1).

OH a) S\

86 87

Scheme 5.1. Formation of 2-thiomethylnaphthalene (87) from 2-naphthol (86). ) MeSH, p-TsOH,
100 °C, 99%.201
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The reaction introduced by Furman et al. gave excellent yields for the substitution of the
hydroxyl group of naphthols for thioalkyl substituents with 1,5-dihydroxynaphthalene (44)
giving the bis-substituted compound. Nakazawa et al.*” and Charoonniyomporn et al.”” also
showed that the reaction could give the bis-substituted thioethers from dihydroxynaphthalenes

but no attempts to form the mono-substituted compounds were reported.

5.1.1 Optimisation of the reaction to give mono-substitution

For the method to be useful in our synthesis, the mono-substituted thiopropylnaphthols had to
be readily available. In the paper by Charoonniyomporn et al.,”” 12 equiv. of propanethiol were
used to give the bis-substituted naphthalenes from 5 of the 10 possible dihydroxynaphthalenes.
The large excess of thiol used opened up the possibility of optimising the reaction conditions
towards mono-substitution and we initiated studies wusing the six symmetrical

dihydroxynaphthalenes which would yield the six monothiopropylnaphthols 88-93 (Figure 5.5).

3 & 85

20

s/\/ s J
91 92 93

Figure 5.5. Structure of the monothiopropylnaphthols 88-93 obtained from the 6 symmetric
dihydroxynaphthalenes.

A minor optimisation study in which the reactions were performed with varying equivalents of

thiol and temperatures was conducted with the goal of optimising the yield of monothioether.

HO ) HO A8
a,
a9, .
OH s/\/ s/\/
56

92 94

Scheme 5.2. Synthesis of monothiopropylnaphthols (88-93) from dihydroxynaphthalenes as
illustrated with 92. a) p-TsOH, #-PtSH, Toluene, 100 °C, 62%.

The difficulty lies in the further reaction of the product to give the bisthiopropylnaphthalene
(i.e. 94) as shown in Scheme 5.2. The optimal results obtained in the study are reported in Table

5.1.
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Table 5.1. Optimised vyields for the synthesis of thiopropylnaphthols (88-93) from
dihydroxynaphthalenes. Mass balance is the sum of the yields of monothiopropylnaphthol and
bisthiopropylnaphthalene plus percentage of starting material recovered.

Substrate Product Yield mono Yield bis Mass balance
42 88 75% 0% 89%

44 89 33%b 41% 96%

52 90 76% 0% 100%

54 91 86% 6% 100%

56 92 62%¢ 38% 100%

57 93 61%9 24% 99%

1.2 equiv. of propanethiol to 42 used. Reaction was run at 75 °C. Higher temperatures did not
significantly raise the conversion but made purification more difficult due to formation of a larger
amount of side-product. The side-products are responsible for the low mass balance for this entry.

YThe low yield of 89 is explained by the high reactivity of the product to further substitution to give
the bis-substituted product.

3.0 equiv. of propanethiol to 56 used.
d41.4 equiv. of propanethiol to 57 used.

Whilst the results from the optimisation study were satisfactory for our continued synthetic
endeavours, the reaction continued to intrigue us. Our study, as well as that of
Charoonniyomporn et al., showed large differences in reactivity depending on which

dihydroxynaphthalene was used.

5.1.2 Kinetic and mechanistic study of the formation of naphthyl-aryl
thioethers

Charoonniyomporn et al. explained the differences in reactivity through the ease of formation
of the keto-tautomer of the corresponding dihydroxynaphthalene as per the mechanism
proposed by Furman et al. (Scheme 5.3).*"" The formation of the tautomeric keto-form of
naphthols under acid-catalysis is well known,” and has been investigated both experimentally

and theoretically,”***"

Furman et al. stated that the mechanism is somewhat analogous to the Bucherer

reaction,”” formally resembling the formation of a hemithioketal.
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Scheme 5.3. The mechanism for the acid-catalysed displacement of phenolic hydroxyls by thiols as
proposed by Furman et al. 20!

Since the original observation of sulphite-catalysed interconversion of naphthols and

207,209

naphthylamines by Lepetit in 1896,”" and subsequent work by Bucherer, the mechanism of

the Bucherer reaction has been much debated and several structures for the intermediates have

been proposed.”'"*'?

In 1946, Cowdrey and Hinshelwood performed kinetic studies of the Bucherer reaction,””

finding it to be of second order and supporting the intermediates postulated by Fuchs and Stix
in 1922*'"" Later work has criticised this mechanism and in a series of papers in 1960, Rieche
and Seeboth presented what has become the established mechanism for the Bucherer reaction

(summarised in Scheme 5.4).7**

OH NaHSO, 0 NHg NH NaHso, NHz
-NaHSO, Hs0 NaHSO,
SO4Na SO4Na
86 95 9

Scheme 5.4. The established course of the Bucherer reaction illustrated using the conversion of
2-naphthol (86) into B-naphthylamine (96).

Seeboth also reports that the tetralone-sulphonate 95 can be converted into B-naphthyl
sulphides,” i.e. compounds such as our target aryl-alkyl thioethers, but no reference was made

201

to the work seven years earlier by Furman et al.”™" nor was any reference to this report made by

202 . 203
Nakazawa et al.””” or Charoonniyomporn et al.”’

Whilst the Bucherer reaction is performed in aqueous media, we were interested in if the
reaction proceeds via the mechanism suggested by Furman et al. (Scheme 5.3) in the non-polar
solvent toluene. Preliminary calculations on the cationic mechanism in toluene showed that the
energies were all in the excess of 200 kJ/mol indicating that the pathway is highly unlikely
(Scheme 5.5).
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AH =294 AH =478
AG =294 AG =438

Scheme 5.5. Computational investigation of the suggested cationic mechanism in non-polar media
using DFT showing that this pathway is highly unlikely. Values are in kJ /mol.

We also explored the other possible protonated isomers but found these to be even higher in
energy than 97 (104 and 105) or unstable (106) rearranging to 100 upon optimisation (Figure
5.0).

OH OH @ OH
DY
®

104 105 106
AH =264 AH =247 not stable
AG =265 AG =249

Figure 5.6. Structures and energies of 104 and 105 and structure of the unstable 106.

These results prompted us to initiate a more detailed study of the reaction, and to aid the
theoretical investigations a study of the kinetics of the reaction was undertaken using

2-naphthol (86) as a model substrate and #-propanethiol as the nucleophile.

To study the kinetics of the reaction, a method for measuring the formation of the known
naphthyl propyl thioether' (103*) from 2-naphthol (86) and #-propanethiol catalysed by
p-toluenesulphonic acid (p-TsOH) had to be developed (Scheme 5.6).

OH S
OO a) ~N
103

Scheme 5.6. Formation of naphthyl propyl thioether (103) from 2-naphthol (86). a) #-Propanethiol,
p-TsOH, toluene.

I'The systematic name for 103 is (naphthalen-2-yl)(propyl)sulphane.
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Our first choice, simple measurement of UV-absorbance, was abandoned due to the lack of
well-separated peaks in the UV-spectra of substrate and product (Figure 5.7). This necessitated

the development of a chromatographic method for the separation of substrate and product.

Absorbance
(Arbitrary units)

0.5
0.4
0.3
0.2

0.1

0 1 1 1 1 1 1
200 250 300 350 400 450 500
Wavelength (nm)

Figure 5.7. UV-spectra of 86 and 103 in MeOH showing the absence of well-separated peaks for the
two compounds.

Due to the high lipophilicity of the product, an HPLC-based method was developed using a
normal-phase column running a gradient of ethyl acetate in heptane. Excellent separation of 86
(tz=3.7 min) from 103 (t;=9.4 min) was obtained and the time needed between injections was
less than 15 minutes. Sample work-up consisted of washing a small sample of the reaction
mixture with NaHCOs-solution followed by dilution with heptane-ethyl acetate. Work-up was
performed on solutions containing known amounts of substrate and product and through the
use of a previously determined calibration curve it was determined that losses in the work-up

procedure were insignificant.

For chromatographic methods to be used for quantification, an internal standard should be
used.” This allows for the compensation of minor losses in sample work-up and errors in
dilution. A suitable internal standard should be entirely stable to reaction conditions over the
entire range of temperatures studied, should not be lost during work-up, needs to be detectable
by the method used and be separable from all other compounds by the chromatographic
method. p-Nitrotoluene was found to be stable to the reaction conditions at 80 °C for 20 h

followed by 24 h at 110 °C and losses during the work-up procedure described above were

i An internal standard is a compound which is present through the entire sequence of events, i.e. reaction, work-up
and analysis.
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negligible. Also, base-line separation from the other reaction components was obtained using

the developed method (t;=5.4 min).

As a first step to understanding the reaction, analysis of the reaction order of the
participating components was performed. By performing the reaction at 100 °C with varying
concentrations of 86, #-propanethiol and p-TsOH initial observed rates could be extracted
(Figure 5.8 and Table 5.2)." Constructing a plot of the logarithm of the initial rate versus the
logarithm of the starting concentration for the component being varied gave the reaction order

for that component from the gradient of the linear fit (Figure 5.8D).
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Figure 5.8. Rate of formation of naphthyl propyl thioether (103) at varying starting concentrations of
86 (A), #n-propanethiol (B) and p-TsOH (C) and linear fits of the logarithm of the initial rate versus the
logarithm of starting concentrations (D) at 100 °C in toluene. See Table 5.2 for all reactant
concentrations.

i Initial observed rates are determined by the method of initial rates through linear fit of approximately the first 10%

of a plot of concentration of formed product versus time.
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Table 5.2. Concentrations of reactants and calculated initial rates at 100 °C and gradient and R?-values
for linear fits of observed initial rate constant versus concentration of reactant. The values in
parenthesis for p-TsOH are for linear fit excluding [p-TsOH]=0.02 M.

[86]o M)  [#-PtSH]o (M) [p-TsOH]o (M) Rate,,, (mol/sL) Gradient (log vs log)  R?

Variation of starting concentration of 2-naphthol (86)

0.1 0.482
0.2 1.099
0.4 0.1 0.95 0.988
0.4 1.993
0.6 2.645

Variation of starting concentration of #-propanethiol

0.4 1.099
0.8 1.441
0.2 0.1 0.49 0.978
1.2 1.690
2.4 2.652

Variation of starting concentration of p-TsOH

0.02 0.049
0.1 1.099 1.4 0.944
0.2 0.4
02 1.621 0.7) (0.987)
0.4 2914

The reaction is first order with respect to 86 and p-TsOH but of half order with respect to #-
propanethiol. A reaction component being of half order is normally indicative of its presence as
the dimer in solution necessitating a fast and reversible dissociation prior to reaction. The
expected energies for the dissociation process were expected to be low and the kinetics fast and

therefore not expected to influence our further studies.

The poor fit for p-T'sOH can be rationalised from the uncertainty of the rate for the lowest
concentration of this component and performing the fit without this point increases the

goodness of fit and decreases the gradient slightly.

From the obtained reaction orders the rate equation for the reaction can now be written as
in Equation 5.1. Fitting the data sets to Equation 5.1 below gives excellent R*values confirming

the reaction order.

Equation 5.1. Rate equation for the formation of 103 from 86, #-propanethiol and p-TsOH in
toluene.

%‘:3] = k[86][n-Propanethiol "’ [ p-TsOH]

Since the acid is catalytic, (substoichiometric amounts can afford complete conversion,

reference 203 and Paper V), the rate equation can be simplified as in Equation 5.2.
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Equation 5.2. Simplified rate expression obtained by setting [p-TsOH] as constant due to its catalytic
property.

%?3] = k,,,[86][n-Propanethiol |**
After performing identical reactions at at 5 °C intervals from 70 °C to 110 °C, determination of
the rate constants was to be performed. Due to the mathematical complications from the half

power of the thiol, the rate expression for a second order reaction was used (Equation 5.3).

Equation 5.3. Second order rate expression for the formation of 103 from 86 in toluene.

dro3) _,

7 ;[861[n— Propanethiol]

The integrated form of a second order rate expression (Equation 5.4) then gave the observed
rate constants, £, and actual rate constants, £ (Table 5.3). Comparison of the values obtained
from Equation 5.4 with those obtained using a pseudo-first order rate expression gives only
minor differences in the rate constants and the uncertainties propagated to the activation

parameters are within the standard error limits.

Equation 5.4. Integrated form of the second-order rate expression.

1 [n-Propanethiol], ([861], —[103])

t
[86], — [n-Propanethiol], " [86], ([n—PropameLhiol]n - [103]) o

To learn more about the reaction, an Eyring plot was constructed and a linear model was fitted
to the data (Figure 5.9A). However, an analysis of the residuals from a fit to a single straight line
shows a pattern indicating that this is an imperfect model for the data in hand (Figure 5.9C).

Table 5.3. Observed rate constants, &obs, and rate constants, £, for the formation of 103 from 86 in
toluene at different temperatures. Starting concentrations were 0.2 M 86, 0.2 M p-TsOH, 0.4 M

propanethiol.

Temperature (°C) £obs ¥10° £ *¥105

70 1.013+0.0512 0.2026 £ 0.0102
75 2.521 £0.1154 0.5043 £ 0.0231
80 6.652 £ 0.4985 1.331 +0.0997
85 8.003 + 0.3401 1.601 + 0.0680
90 15.87 £ 0.6767 3.175 £ 0.1353
95 27.98 £ 1.107 5.596 + 0.2214
100 38.06 +1.298 7.612 £ 0.2597
105 48.90+1.871 9.780 + 0.3742
110 53.79 £ 1.457 10.76 £ 0.2913
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Figure 5.9. Eyring plots (top) and residual analysis (bottom) for linear (A) and stepwise linear models
(B) as given by second-order rate constants for the formation of 103 from 86, #-propanethiol and p-
TsOH within the temperature interval 70 °C to 110 °C.

It has been established that Eyring plots can be of non-linear nature.”*** Therefore, we
searched for a non-linear (stepwise linear) model with good correlation to our data. A stepwise
linear model with independent linear regions with a “concave down” breaking region at about
91 °C gave a better fit to our data (Figure 5.9B, open circles and dotted line) and is indicative of
a change in rate determining step in a multi-step reaction.”” Analysis of the residuals after
finding the best stepwise linear fit (Figure 5.9D, open circles) showed the absence of a

systematic errof.

Furthermore, an F-test was performed in which the stepwise linear model (two linear
regions with two degrees of freedom each) was set against the single linear model (two degrees
of freedom). A p-value of 0.039 was obtained showing the statistical significance of the
stepwise linear model at the 0.05 level of significance. Further improvement of the model was
sought by performing a full non-linear fit by iterative optimisation of the activation parameters

(AH, AS',, AAH* and AASY).

To perform this optimisation, a set of relationships between the different parameters are
needed. For a multistep-step reaction, the rate constant for the entire reaction, £, is a function
of the forward and back rate constants, £, and £, for the first step and the rate constant of the
second step, £,, (Equation 5.5). Equation 5.5 can be simplified to Equation 5.6 in which
k=R, /&,

Equation 5.5. Relationship between the rate constant for the entire reaction, 4, and the forward

reactions for the first, &1, and second steps, &, and the backward reaction from the intermediate, £.1,
in a consecutive reaction.

=k _k
k_ +k,

61



Equation 5.6. Relationship between the rate constant for the entire reaction, £, and the rate constants
for the first step and the relative rate constant, £, between the back and forward reactions from the
intermediate.

Equation 5.7 and Equation 5.8 then relate the rate constants to the obtained activation

parameters which allows for the iterative optimisation.

Equation 5.7. Relationship between the Gibbs free energy of activation for the first step and the
forward rate constant, 41, for the same step.

. k,;lT g[%]

Equation 5.8. Relationship between the change in Gibbs free energy of activation between the first
and second step and the relative rate constant, Ar.

From the step-wise linear model, starting values for AHF,, AS*,, AAH* and AAS* were obtained
and used to calculate AGY, and AAG'. Then £, and £, were calculated (Equation 5.7 and
Equation 5.8) to give the calculated £, £, (Equation 5.6) and thus value for In(4_, *h/k;*T)

(Figure 5.9B, filled circles ).

calcy

An iterative computer-aided method was then used to minimise the difference between

In(k,*h/k*T) and In(&*h/k;*T) and the optimised activation parameters are shown in Table
5.4. Plotting AAG* versus temperature gives the isoinversion point at 92 °C which is in the
middle of our studied temperature interval and as a control we re-performed the reaction order
analysis described above at 80 °C to ensure that the reaction order was the same and found this
to be the case.

Table 5.4. Activation parameters, AH¥1, AS¥, AAH¥, AASE, AH#¥,, AS¥; for the formation of 103 from 86
in toluene obtained from an Eyring plot using a non-linear model.

AHJTrl 24 kJ/mol
ASil -258 ] /molK
anHF 143 kJ /mol
aast 391 J/molK
AHF, 167 kJ /mol
ast, 133 J/molK
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Figure 5.10. Calculated reaction profile for acid-catalysed nucleophilic aromatic substitution in non-
polar solvents. AH and AH# values and profile are in black and AG and AG# values and profile are in
red. All values are in kJ/mol and ate calculated relative to the starting materials. For details regarding
the calculations see paper VI.

To gain more knowledge of the reaction mechanism we returned to investigations using DFT
calculations (see the Supplementary information chapter). Since we had already found that the
protonated species were not accessible in non-polar media (Scheme 5.5), a mechanism not
involving the explicit protonation of 86 was investigated (Figure 5.10). A direct nucleophilic
attack of the thiol on the electron rich n-system of 86 is unlikely and we therefore reasoned that
the previously discussed tautomerisation to 106 is necessary. To avoid the high energies of the
cationic species, this would proceed via complexation of the phenolic proton with the
sulphonic oxygen of the acid to give the 104. Tautomerisation then proceeds via a concerted
transition state (105%, Figure 5.11A) involving the transfer of the sulphonic acid proton to the

arene and transfer of the phenolic proton to one of the S=O moieties of the acid to give 106.

The thiol can now perform a nucleophilic attack on the carbonyl carbon, but only if aided
by the acid in another complicated eight-centre transition state (107%, Figure 5.11B). In 107* the
ketone is protonated by the acid, breaking the C=0O bond as the C-S bond is formed. The
energy of 107* was calculated to AH* = 79 (AG* = 116) kJ/mol. Passing transition state 107*

gives the hemithioketal 108 postulated by Furman et al.”*”"

i For consistency the catalytic acid was kept associated with the starting materials during the entire mechanism.
Whilst in solution a rapid association-dissociation would be expected, the association energy is expected to be at
the most a few kJ and should therefore not appreciably influence the results.
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m#

Figure 5.11. Structures of the transition states 105% (A), 107+ (B), 109% (C) and 111# (D) and ion pair
110 (E). All bond lengths and distances are in A.

Product formation was anticipated to occur through a further concerted transition state similar
to 107* but no such pathway was found. Instead 109%, in which p-TsOH protonates the
phenolic hydroxyl group (Figure 5.11C), was repeatedly found. The result of this transition state
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is the release of the hydroxyl as free water generating the tight ion pair 110 (Figure 5.11D). The
aromatic system is then regenerated passing only a very small activation barrier via 111* (Figure
5.11E), aided by proton shuffling between p-TsOH and water, to give the products with a
relative energy of AH* = -7 (AG* = -27) k] /mol.

The complexity of the mechanism shows that, whilst as discussed earlier the reaction is
synthetically successful, it might work only under specific conditions. A scan of some other
solvents for the reaction showed that the similarly non-polar heptane also gives excellent yields.
However, neither water, THI or acetonitrile gave product. For water and THF this can be

explained by the bascicity of these solvents compared to the strong acid p-TsOH.

Further investigations into the reaction should yield more knowledge about the proposed

mechanism.

5.2 Formation of disulphides

With the 6 thioethers 88-93 in hand, the cleavage of the S-alkyl bond was studied to afford the
corresponding thiols on route to the target disulphides 112-117 (Figure 5.12).

OH OH
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OH OH
112 113 114
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Figure 5.12. Structure of the symmetrical hydroxynaphthyl disulphides 112-117.

As mentioned previously, cleavage of aryl-alkyl and aryl-benzyl thioethers by dissolving metal
reduction to give the aryl thiol has been reported and was expected to be suitable for our
application. We also studied the possibility of nucleophilic cleavage by boiling the thioether in

DMF in the presence of sodium thiolate but this did not give the wanted product.
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We therefore investigated the reductive cleavage using sodium in liquid ammonia and the
yields were satisfactory even from the first attempts. After performing the reaction a few times,

several important observations were made.

The most practical method for conducting the reaction is by dissolution of the substrate in
diethyl ether and addition of the required amount of liquid ammonia via condensation at
-78 °C. Small pieces of sodium are added allowing for the blue colour of the solvated electrons
to dissipate between additions. When the blue colour remains for more than 15-30 minutes the
reaction can be considered complete and after quenching by the addition of solid NH,Cl and
addition of Et,O, the ammonia is allowed to evaporate and the organic phase is acidified with

concentrated aqueous HCL

The purity of the starting thioether was crucial to the subsequent purification step,
especially for the 1,4- and 1,8-isomers, and too fast addition of Na or addition of too large an

excess gave reduced product purity and yield.

Purification of the thiol is hampered by air oxidation and since the disulphide was the
synthetic target it was concluded that oxidation of the crude thiol/disulphide mix would greatly

increase product yield and speed up the process.

Oxidation of thiols to disulphides can, as has previously been mentioned, be achieved by a
large array of organic and inorganic reagents. We opted for the use of molecular iodine in a
H,0-MeOH solution due to previous positive reports of this reagent.”* By dissolution of the
crude in H,O-MeOH and addition of a methanolic solution of I, until the colour of iodine
persisted, all thiol in the crude was effectively oxidised to the disulphide and using this
procedure all six disulphides could easily be obtained from the thiopropylnaphthols (Scheme
5.7).

Scheme 5.7. Synthesis of hydroxynaphthyl disulphides as illustrated by 116. a) i) Na, NH;, Et;O,
-33 °C. ii) I, MeOH, H2O, r.t., 83%.

The crude disulphides could, after a washing step, be recrystallised in 40-80% yields.
Chromatography of the mother liquor raised the yields to 77-96% (Table 5.5).
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Table 5.5. Cleavage of aryl-alkyl thioethers with concomitant oxidation of formed thiols to the
disulphides (112-117). Reported yields are from crystallisation only, and from crystallisation and
chromatography of the mother liquor.

Substrate Product Yield (crystallisation) Yield (after chromatography)
88 112 59% 7%
89 113 79% 95%
90 114 69% 96%
91 115 40% 95%
92 116 56% 83%
93 117 80% 86%

The procedure developed by us could easily be applied to the synthesis of a wide range of
disulphides from phenolic systems and all possible hydroxynaphthyl disulphides are now within

synthetic reach using one method.

With the series of six hydroxynaphthyl disulphides corresponding to the six symmetric
dihydroxynaphthalenes now available to us we set about our goal of synthesising sulphur-

containing xylosides.

5.3 Attempted solid-phase synthetic route to xylosides

In a first attempt we investigated an approach similar to that we had successfully applied to the
synthesis of the 14 hydroxynaphthyl B-D-xylopyranosides. We envisaged using the same acid
chloride functionalised resin to mono-protect one hydroxyl group of the hydroxynaphthyl
disulphides. Xylosylation of the free hydroxyl group followed by disulphide bond cleavage
would release the O-xyloside into solution and give a resin bound naphthalene thiol available

for S-xylosylation prior to release and deprotection of the S-xyloside (Scheme 5.8).

Initial studies of the proposed strategy yielded small amounts of product, encouraging
further work. Using the same conditions for coupling of the substrate to the resin and
O-xylosylation as presented eatlier, cleavage of the disulphide using Ph,P, Bu,P or Me;P in
THF-H,O gave the triacetylated O-xyloside in very low to acceptable yields but low purity.

Deprotection followed by purification lowered the yields of 78 to 0% to 20%.

Xylosylation of the resin-bound naphthalene thiol with peracetylated xylose (11) under
acidic conditions followed by deprotection and release typically gave the S-xyloside (84) in

yields from 5% to 35%.

67



AcO

(0]
HO Acm/o
OAc
S S
i i

a)

HO? B

b)

Em—

cO

o)
HS A s
) o) €) Acm/ o)
1o 1.0
o] o]
HO O HO O
Ho/5$/O Ho/5$/S
OH OH
SH OH
78 84

Scheme 5.8. Description of a solid-phase, sequential release strategy for the synthesis of sulphur-
containing naphthoxylosides illustrated with 116 to give 78 and 84. a) i) Catboxypolystyrene, DMAP,
CHCl, r.t. ii) DIC, CH2Cl, r.t. b) 1,2,3,4-Tetra-O-acetyl-B-D-xylopyranoside, BF3eOEt,, CH,Cl, 1.t.
¢) MesP (1.0 M in toluene), THF, H,O, r.t. d) NaOMe, MeOH, CH2CL, r.t. €) 1,2,3,4-Tetra-O-acetyl-
B-D-xylopyranoside, BF36OEt,, CH>Cl, r.t. f) NaOMe, MeOH, CH2Cl, r.t., varying yields. Detailed
experimental conditions are described in the Supplementary information chapter.

Disappointed by the low and unreliable yields we investigated the binding to and cleavage from
the resin of the unmodified hydroxynaphthyl disulphides and found that recoveries could vary
from a few percent to 74% depending on the method used. Highest recoveries were obtained
using a commercially available carboxypolystyrene resin and coupling using DIC/DMAP in

CH,CL,”" although this did not give xylosides using our method.

The fluctuation in yield was at first attributed only to possible binding of both hydroxyl
groups on the substrate binding to the resin. This explanation is consistent with some runs
yielding S-xyloside (84) but no O-xyloside (78) and the fact that DIC/DMAP gave excellent
binding of hydroxynaphthyl disulphides but no xylosides. As is described in the following
sections, further hurdles in the synthesis of the sulphur-containing xylosides were discovered
during studies in solution and these most likely also contributed to the unreliable yields

obtained in the solid-phase synthesis.

Whilst the method presented can give both the O- and S-xylosides with minimal
chromatography in under 48 h, the unreliability of the method caused us to abandon it. The
observation that coupling of phenolic hydroxyls to carboxypolystyrene resin using DIC/DMAP
was highly effective could however be used in the future to improve the present synthetic

protocol for the solid phase synthesis of hydroxynaphthyl B-D-xylopyranosides.
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5.4 Synthesis of sulphur-containing naphthoxylosides

Solid-phase synthesis is an excellent tool in synthetic chemistry but the development of working
protocols can be difficult and time consuming, partly because of the difficulty in monitoring the
progress of the reaction and structure of intermediates. Therefore, we decided to focus our

synthetic effort on the solution phase synthesis of sulphur-containing naphthoxylosides.

Instead of using monoprotection of the hydroxynaphthyl disulphides to achieve our goal
we decided to utilise the inherent symmetry in the substrate given by the disulphide bond
(Scheme 5.9). Our strategy was now to obtain the O-xylosides by xylosylation of both
hydroxyls followed by disulphide bond cleavage. Likewise, the S-xylosides were to be
synthesised by the protection of the hydroxyls, disulphide bond cleavage to make the thiol

nucleophile available as the xylosyl acceptor.

AcO

Ho AN
S _a. S Mo 0
s : > UL
.
HO 74-79

A
112117 AcO

OAc
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c)
PivO AcO O s HO O s
d) AcO €) HO
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Scheme 5.9. Synthetic scheme for the solution phase synthesis of O- and S-xylosides (74-85) from a
common hydroxynaphthyl disulphide precursor (112-117) as exemplified by the 2,6-isomers. a) 2,3,4-
Tri-O-acetyl-B-D-xylopyranoside trichloroacetimidate, BF3eOEt;, CH2Cl, 0 °C, 75%. b) i) PhsP-PS,
HCI (aq), THF, 80 °C, sealed tube. i) NaOMe-MeOH, MeOH, r.t. iif) Amberlite IR-120H*, r.t., 98%.
¢ i) Piv20O, 110 °C. i) PhsP-PS, HCI (aq), THF, 110 °C, sealed tube, microwave irradiation. Or 80 °C
thermal heating. d) i) #BuONa, DMF, 0 °C. ii) 2,3,4-Tti-O-acetyl-a-D-xylopyranosyl bromide, THF,
0°C to r.t, 76%. ¢) NaOMe-MecOH, MecOH, CHxCly, t.t 95%. See paper V for full experimental
details and yields for all isomers.

Bis-O-xylosylation of the hydroxynaphthyl disulphides was first investigated using the
peracetylated xylose donor (11) following the method presented by Lee et al. in which
anomerisation is prevented by the addition of triethylamine.” Whilst this method has previously

160

been successful for the bis-xylosylation of several dihydroxynaphthalenes, ™ the yields were
disappointingly low in this case. As discussed earlier, and presented in paper I,
trichloroacetimidate donors can give good results for aromatic O-glycosylation reactions. Using

a two-fold excess of trichloroacetimidate xylopyranoside donor (13) per phenolic hydroxyl gave
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excellent yields of the bis-xylosylated hydroxynaphthyl disulphides 118-123 and at 0 °C no
Fries-rearrangement was detected (Scheme 5.9). At temperatures above 0 °C, purification
became troublesome due to the increasing presence of C-xyloside products which were difficult

to remove by chromatography.

To obtain the O-xylosides with free aryl thiol groups (74-79), deacetylation followed by
disulphide cleavage was first investigated. This order of deprotection encountered difficulties
due to the very low solubilities of the deprotected bis-O-xylosylated hydroxynaphthyl
disulphides across a range of solvents. Solubility was low even in DMSO and in CH,Cl,-MeOH
mixtures. Therefore, an alternative route was attempted in which the disulphide was cleaved
using Ph;P-PS in THF with catalytic acid. After stirring at 80 °C in a sealed tube overnight,
NaOMe-MeOH was added to remove the acetate groups. After 10 min the reaction was
neutralised by the addition of an acidic ion exchange resin. The solution was carefully filtered,
taking care not to introduce unnecessary air into the solution, and immediately concentrated to
give the fully deprotected O-xylosides (74-79). After removal of the ion exchange resin, only
one compound was detected by TLC except in the case of 76 for which the cleavage reaction
was repeated using fresh Ph;P-PS and microwave heating to give a single product, as judged by
TLC. NMR analysis of the products was troublesome due to spontaneous oxidation in
methanolic solution of the thiols to the corresponding disulphides. All attempts to purify the
thiols using chromatography or crystallisation gave partial oxidation to the disulphide giving a
more contaminated product and the compounds were therefore not purified further prior to
biological testing. The purity of the crude products was judged to be at least 90-95% by NMR
and TLC analysis.

To synthesise the S-xylosides (80-85) cartying free aromatic hydroxyl groups, we needed to
protect the free phenolic hydroxyls groups. Whilst the protection is facile, the stability of
phenolic protecting groups to the cleavage conditions showed to be problematic. Early
attempts using acetate as the phenolic protecting group gave deprotection during the cleavage
step. Phenolic acetates are labile under acidic conditions, and the use of Ph,P-PS requires a
catalytic amount of acid to lower the reaction times, ™ causing deprotection of the phenol.
Therefore an alternative protecting group was needed, preferably one which could be removed

in the same step as the deprotection of the acetates to avoid further manipulations.

Aryl pivaloates are more stable towards acid compared to the acetates, yet readily cleavable
with NaOMe-MeOH. Pivaloylation of disulphide 116 in hot pivaloyl anhydride over night gave

a single product, which upon NMR-analysis was shown to be the bis-O-pivaloylated derivate.
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The pivaloyl groups were stable under the disulphide bond cleavage conditions using Ph;P-PS
both at 80 °C in a sealed tube overnight and at 110 °C under microwave irradiation for 15
minutes and both gave full conversion of the pivaloylated hydroxynaphthyl disulphides into
single products with slightly lower Ri-values as measured by SiO,-based TLC. For the 1,8-
isomer (114), TL.C analysis was difficult due to the similar Ri-values of the disulphide and the
thiol. To avoid reoxidation to the disulphide, the crude products should be stored dry and

preferably in a freezer until their further use.

Xylosylation of the crude thiols was first attempted using trichloroacetimidate donor but
this gave a complex mixture as judged by TLC. Next, the use of peracetylated xylose (11) was
investigated. Whilst the correct product was obtained, the method gave unreliable and low
yields (20-40%), as well as low purity even after multiple chromatographic steps with different
mobile phases and recrystallisation. The impurities probably arose from Fries-rearrangement

and were not avoidable even using lower amounts of promoter.

Instead, a basic procedure using xylosyl bromide donor (12) was used (Scheme 5.9).
Deprotonation of the thiol using #butoxide at 0 °C followed by addition of a solution of the
donor,” gave the thio-xylosides in satisfactory yields. For 126 and 127, purification was
troublesome and lowered the yields substantially. Therefore these wete deprotected prior to full
purification and characterisation. Deprotection under Zemplén conditions gave the S-xylosides
80-85 (Scheme 5.9). The difficulties in purification of 126 and 127 probably arose from non-
quantitative conversion in the pivaloylation step giving traces of hydroxynaphthyl 1-thio-2,3,4-

tri-O-acetyl-B-D-xylopyranoside, which was converted into final product upon deprotection.

Naphthyl B-D-xylopyranosides carrying aryl O-alkyl ethers have previously been reported
to prime GAG synthesis. The ethyl ether analog™® gave a slight increase, while the methyl'** and

buty
xylopyranoside. The synthesis of the hydroxynaphthyl disulphides gave six thiopropyl-

1% derivatives decreased the proportion of HS as compared to priming by 2-naphthyl B-D-

substituted naphthols (88-93), which in two steps were transformed into naphthoxylosides 136-
141 (Scheme 5.10). Xylosylation of 88-93 using peracetylated xylose in the presence of Et;N to
minimise anomerisation was successful and gave 130-131 and 133-135 in high yields and purity.
Only for 132, was the yield a disappointing 28% but the use of trichloroacetimidate donor and
one-pot deacetylation gave the desired xyloside 138 in 90% over two steps. The remaining five

xylosides were easily deacetylated in near quantitative yields.
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Scheme 5.10. Xylosylation of thiopropyl substituted naphthols as illustrated with 92. a) 1,2,3,4-Tetra-
O-acetyl-B-D-xylopyranoside, BF3;*OEt;, Et;N, CHxCl, r.t., 100%. b) NaOMe-MeOH, MeOH,
CH>Cl, 98%. For 90: a) 2,3,4-Tri-O-acetyl-B-D-xylopyranoside trichloroacetimidate, BF3;eOFEt,,
CHxCly, 0 °C. b) NaOMe-MeOH, MecOH, CHxCl,, 90% over two steps. See paper V for full
experimental details and yields for all isomers.

5.5 Physical properties of sulphur-containing
naphthoxylosides

The importance of the lipophilicity of xylosides on their GAG-priming and antiproliferative
properties has been shown. To investigate further this structure-activity relationship we

conducted analytical gradient HPLC studies according to the previously discussed protocol

(paper IV and reference 160).

The results, presented in Table 5.6, show some general features. Unfortunately, due to
change of HPLC column, the retention times can not be quantitatively compared to those
presented in paper IV, but retention times for the hydroxynaphthyl B-D-xylopyranosides using
the new column have been presented in another paper by this research group and were found

to be between 17.9 and 28.6 min (Table 5.6).""

Table 5.6. Gradient HPLC retention times (min) for sulphur-containing naphthoxylosides. Retention
times for hydroxynaphthyl B-D-xylopyranosides from Johnsson et al. 2006.1¢0

Cmp. tr (min) Cmp. tr (min) Cmp. tr (min) Cmp. tr (min)

43 19.60 £ 0.01 80 22.25 +0.07 74 29.64 £0.19 136 37.90 = 0.01
45 18.70 £ 0.01 81 20.44 £ 0.08 75 2893+0.03 137 37.92 + 0.36
53 28.54 £ 0.02 82 25.82 £ 0.04 76 29.76 £ 0.01 138 34.77 £ 0.11
55 25.73 £ 0.03 83 25.52 £ 0.06 71 29.76 £0.05 139 35.33£0.05
35 17.94 £ 0.09 84 20.42 £ 0.00 78 28.56 £ 0.01 140 37.13 £ 0.05
58 20.25 + 0.01 85 21.81 £ 0.10 79 28.56 £0.08 141 37.00 £ 0.09

Comparison of the retention times of the sulphur-containing naphthoxylosides to the
previously presented compounds shows a smaller spread for the sulphur-containing
compounds. Also, these compounds are slightly more lipophilic due to the diminished

hydrogen bonding capability of sulphur, but the trend for retention times versus substitution
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pattern is similar. For example, the compounds with vicinal substituents (i.e. 82 and 83) are
generally less polar compared to the other analogues since a larger hydrophobic surface is

exposed.

As expected, the retention times for the thionaphthyl B-D-xylopyranosides indicate that
these compounds are less polar compared to the hydroxynaphthyl 1-thio-B-D-xylopyranosides.
Aromatic thiols are less hydrophilic and also less prone to be protonated compared to phenols.
Also, the difference in lipophilicity between the most and least polar is less than for the

hydroxynaphthyl B-D-xylosides.

Alkylation of the aromatic thiol gives several effects, such as the elimination of the
possibility of disulphide formation and the introduction of a highly hydrophobic alkylthio
group. As expected, the lipophilicities of the propylthio-naphthyl B-D-xylopyranosides (136-141)
is higher than for either 74-79 or 80-85.

Also, as seen for 74-79, substitution of the highly hydrophilic phenolic hydroxyl group for
a more lipophilic group decreases the difference in retention time between the isomers.
Contraty to the results from both 74-79 or 80-85, and from the previously presented
hydroxynaphthyl B-D-xylopyranosides (paper IV and reference 160) the isomers in which the
substituents on the naphthalene moiety are placed in the 1,8- and 2,3-positions (138 and 139)
are less lipophilic. This is probably due to “masking” of the highly lipophilic thiopropyl group

by the xylose residue.

Computational ~ determination of the lipophilicities of the sulphur-containing
naphthoxylosides was initiated but the results were quickly determined to be of as low accuracy
in predicting trends as shown for the hydroxynaphthyl B-D-xylopyranosides and a full

computational study was therefore not performed.

5.6 Biological evaluation of sulphur-containing
naphthoxylosides

To evaluate the biological properties of sulphur-containing naphthoxylosides their

antiproliferative and GAG priming properties were investigated.
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5.6.1 Antiproliferative properties of sulphur-containing naphthoxylosides

The antiproliferative activity of sulphur-containing naphthoxylosides towards HFL-1 (human
fetal lung fibroblasts) and T24 cells (human bladder carcinoma cells) was investigated using the
crystal violet method (see chapter 4.4.1 and the Supplementary information chapter). The
growth retardation of treated cells compared to untreated cells was used to measure the EDy,
values for the xylosides, and these ate presented in Table 5.7.

Table 5.7. Antiproliferative activities of hydroxynaphthyl 1-thio-B-D-xylopyranosides (80-85),

thionaphthyl B-D-xylopyranosides (74-79) and propylthio-naphthyl B-D-xylopyranosides (136-141)
towards HFL-1 and T24 cells presented as EDso (uM) scored after 96 h exposure.

Compound EDso HFL-1 (uM) EDs) T24 (M)
80 130 160
81 135 320
82 120 225
83 100 260
84 145 355
85 125 230
74 70 55
75 60 110
76 60 45
77 60 145
78 60 135
79 100 360
136 30 30
137 20 40
138 100 155
139 30 70
140 30 40
141 25 60

It can be noted that, contrary to the analogous hydroxynaphthyl B-D-xylopyranosides, the
sulphur-containing naphthoxylosides are generally more toxic towards normal HFL-1 cells

compared to transformed T24 cells.

The hydroxynaphthyl 1-thio-B-D-xylopyranosides (80-85) show ED;, values which are
similar to those of the corresponding hydroxynaphthyl B-D-xylopyranosides but roughly a

two-fold selectivity towards HLF-1 cells.

The thionaphthyl B-D-xylopyranosides (74-79) have EDj; values about half that of the
corresponding hydroxynaphthyl 1-thio-p-D-xylopyranoside with 74 and 76 having similar
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toxicity towards HFL-1 and T24 cells whilst the other four are about twice as active towards

the untransformed cells.

The propylthio-naphthyl B-D-xylopyranosides (136-141) show strong antiproliferative

properties but discriminate only weakly between different cell lines.

5.6.2 Stability of sulphur-containing naphthoxylosides

We have previously shown that some mono-xylosylated dihydroxynaphthalenes are unstable in
the culture media used (paper IV), with 38 decomposing and 43 being oxidised to 73.
Bis-xylosylated dihydroxynaphthalenes have, on the other hand, been shown to be stable for 96
h at 37 °C.'"

We therefore conducted stability studies in the same manner as described previously and
found that for 80, two more lipophilic UV-active peaks appeated in the HPLC trace as the
xyloside decomposed but since the xyloside was not highly toxic to cells this was not expected
to influence the priming studies. Xyloside 82 also decomposed but no major UV-active

decomposition products were seen.

The thionaphthyl B-D-xylopyranosides 74-79 atre sensitive towards air oxidation, yielding
the analogous disulphides and in all cases complete conversion to the disulphide was seen in
less than 48 h with only 76 and 77 having half lives of more than about 1 h in the weakly basic
growth medium. The increased stability of these two isomers is most probably due to steric
interactions upon disulphide formation. The disulphides had significantly longer retention times
as compared to their corresponding thiols, with all disulphides eluting at between 36 and 40

min.

Due to their sensitivity to oxidation, we could not perform quantitative stability tests for
these compounds although no major UV-active decomposition products was seen over 96 h.
Biological evaluation of the pure disulphides was not possible due to their low solubility,
hampering both their synthesis and their administration in solution. It is reasonably to suggest
that both the free thiol and the disulphide are present in the cells in various proportions
depending on the cellular redox conditions. During the proliferation studies no precipitates

were seen in the medium, indicating rapid uptake of the thiols into the cells.
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Figure 5.13. Stability profiles of hydroxynaphthyl 1-thio-B-D-xylopyranosides (80-85) in Ham’s F-12
medium at 37 °C. The graph shows the concentration of xyloside compared to an internal standard as
analysed by HPLC. Whilst 4 of the xylosides show only slight decomposition (solid lines), 80 (°) and

82 (m) decompose totally.

All six propylthio-naphthyl B-D-xylopyranosides were stable at 37 °C for 96 h in the growth

medium used in the priming and proliferation studies.

5.6.3 GAG priming of sulphur-containing naphthoxylosides

The ability of the sulphur-containing naphthoxylosides to prime the synthesis of GAG chains
was investigated by incubation of T24 cells in the presence of 0.1 mM xyloside and

[*S]sulphate.

Radioactivity
(s cpm)
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0 il R
10 20 30 40 50 60
Fraction

Figure 5.14. Priming of GAG chains in T24 cells treated with 84 (0.1 mM, solid line) or untreated
(dashed line). Xyloside primed GAG chains elute in pool 1I whilst PG primed GAG chains elute in
pool 1.
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The GAG synthesised was assayed as mentioned previously and described in detail in the
Supplementary information chapter. Alkali sensitive PGs (Figure 5.14, pool 1) were secreted by
all cells and, in addition, treatment with xylosides initiated synthesis of free GAG chains (Figure
5.14, pool II). The amount of GAG priming and the length of GAG chains primed on the

xylosides were determined and the results are shown in Table 5.8.

The results show that all the hydroxynaphthyl 1-thio-B-D-xylopyranosides (80-85) gave
very strong priming of GAG chains but the chains are relatively short. We could not see any

correlation between the GAG priming capability and the antiproliferative effect.

For the thionaphthyl B-D-xylopyranosides (74-79) the GAG priming capability is lowered
by four to six times as compared to the hydroxynaphthyl 1-thio-B-D-xylopyranosides although
the GAG chains are longer.

Table 5.8. GAG priming characteristics of hydroxynaphthyl 1-thio-B-D-xylopyranosides (80-85),
thionaphthyl B-D-xylopyranosides (74-79) and propylthio-naphthyl B-D-xylopyranosides (136-141) in
T24 cells. GAG priming efficiency is given as the integrated value of 3§ detected per minute for
fractions containing soluble GAG chains compated to integrated value of same fractions for untreated
cells. The length of the synthesised GAG chains is indicated by the fraction which shows the
maximum radioactivity.

Compound GAG priming (cpm 338) Peak maximum (fraction)
80 40.7 44
81 29.8 44
82 32.6 41
83 43.5 42
84 44.3 44
85 37.4 44
74 9.6 38
75 5.8 33
76 5.2 37
77 6.2 38
78 7.6 37
79 10.2 38
136 12.4 37
137 11.1 34
138 2.5 34
139 5.5 35
140 10.5 37
141 8.1 37

With a few exceptions, the propylthio-naphthyl B-D-xylopyranosides (136-141) prime GAG

synthesis to a greater extent than the thionaphthyl 1-thio-B-D-xylopyranosides but the
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synthesised chains are similar in length to those primed by the hydroxynaphthyl 1-thio-p-D-

xylopyranosides.

The HS priming ability of 2-(6-thionaphthyl) B-D-xylopyranoside (78), in which the
phenolic hydroxyl group of 35 has been changed to an aryl thiol group, and 2-(6-
hydroxynaphthyl) thio-p-D-xylopyranoside (84), in which the O-glycosidic linkage has been
replaced with an S-glycosidic linkage, in tumour derived T24 cells was determined to investigate
whether a correlation between the structure of the aglycon, HS priming and selective
antiproliferative activity of xylosides exists. By digestion of the total GAG pool with
HS-cleaving HNO, at pH 1.5, the amount of HS chains primed in the cells was determined.
Both 78 and 84 initiated priming of HS chains to some extent (14% and 8% of total GAG
respectively) but none of these xylosides showed any selective antiproliferative properties
towards tumour cells, nor did we find any correlation between HS priming and antiproliferative
activity. This could, however, be due to the production of HS with different microstructure or

different HS degradation in these cells.

5.7 Correlations between antiproliferative properties and
physical properties

Correlations between the lipophilicity of xylosides and their biological activities have been
shown previously and we have shown clear correlations between the ED;, values for HFL-1
cells and HPLC retention times (see chapters 2.3 and 4.5, and paper IV). The toxicity increased
with the lipophilicity which is indicative of effects on cellular uptake. For T24 cells, most

compounds followed a similar pattern but some analogues showed a much stronger activity

(paper IV).

For the sulphur-containing naphthoxylosides we could not find any clear correlations
between HPLC retention times and biological activity. This could be due to an actual absence
of correlation or due to the short interval of retention times shown by the three sets of

compounds.

The results do show that hydrophobic, uncharged naphthoxylosides in which an oxygen
has been substituted for a sulphur atom enter cells and initiate priming of protein-free GAGs.
The priming efficiencies and antiproliferative properties are dependent on the structure of the

aglycon. The 18 compounds studied did not show significant tumour-selective properties which
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supports previous hypotheses that HS priming is necessary but not sufficient for the selective

antiproliferative properties.

Further investigations of naphthoxylosides and their antiproliferative properties are
warranted and investigations into their HS priming properties are of great importance. Thus the
synthesis of xylosides which efficiently prime HS synthesis as opposed to CS/DS synthesis are

of great interest.
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6  Synthesis of naphthoxyloside-

amino acid conjugates

It has been well established that xylosides carrying naphthalenic aglycon can enter cells and
prime the synthesis of GAG chains.””'* Also, naphthalene-based xylosides have been shown
to prime the synthesis of HS to a greater degree than xylosides carrying alkyl chains or smaller

: 138,142
aromatic systems. B.14

We have shown that the priming of HS is necessary for the tumour selective effect of
2-(6-hydroxynaphthyl) B-D-xylopyranoside (35) and that this xyloside induces increased
apoptosis in T24 cells (paper IV).

As mentioned earlier, synthesis of xylosides which to a great extent prime HS as opposed
to CD/DS would be of great interest. It is known that the amino acid sequence of the core
protein has a large effect on the type of GAG synthesised. Coupling of a serine residue directly
to the xylose has been investigated,” and whilst such xylosides prime GAG synthesis they lack

the naphthalenic moiety needed for increased HS priming.

We therefore looked into the synthesis of naphthoxyloside-amino acid conjugates. In a first
stage we envisaged coupling amino acids with a carboxylic acid group on the naphthalene
moiety of a naphthoxyloside. Since the naphthalene moiety would not carry two oxygen atoms,
its inherent toxicity would most likely be low. This would enable us to study the effect of the

amino acid on priming with minimal effect on cell proliferation.

6.1 Synthesis of xylosylated hydroxynaphthoic acids

We intended to synthesise the naphthoxyloside-amino acid conjugates by coupling of

xylosylated hydroxynaphthoic acids such as 142 and 144 (Figure 6.1) with suitably protected
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amino acids. The deprotected xylosides 143 and 145 were also needed as reference to ascertain

the level of HS priming by the xyloside lacking the amino acid part.

RO O RO O
RM/O RM/O
OR OR on
o)

142 R=Ac 144 R=Ac
143R=H 07 "OH 145 R=H

Figure 6.1. Structures of xylosylated hydroxynaphthoic acids used in the study.

6.1.1 Synthesis of xylopyranoside acceptors

Both 6-hydroxy-1-naphthoic acid (146) and 6-hydroxy-2-naphthoic acid (148) are commercially
available and were thus selected as suitable starting materials (Figure 6.2). We also wanted to
use 3-hydroxy-1-naphtoic acid (150) since this would place the amino acid residues in close
proximity to the pyranose ring of the monosaccharide and might thus more closely mimic the

xylose-core protein linkage region.

O OR HO o
146 R=H 148 R=H 150
147 R=Me 149 R=Me

HO

Figure 6.2. Structures of the three isomeric hydroxynaphthoic acids 6-hydroxy-1-naphthoic acid (146)
and its methyl ester 147, 6-hydroxy-2-naphthoic acid (148) and its methyl ester 149 and 3-hydroxy-1-
naphtoic acid (150).

Whilst 150 is known in the literature it is not commercially available and during the time-frame

available to us we were limited to investigating only one synthetic route to this compound,

namely the previously reported Pesci reaction® of the naphthalic anhydride 151 (Scheme 6.1).*

HO HO
SO 99
o

(¢} O (¢} o} OH
151 150

Scheme 6.1. The mercury-mediated decarboxylation (Pesci reaction) of 3-hydroxy-1,8-naphthalic
anhydride (151) to give 3-hydroxy-1-naphthoic acid (150). a) i) NaOH (1 M, aq.), 100 °C, 1 min,
microwave irradiation. if) Hg(OAc)z, 180 °C, 15 min, microwave irradiation. iif) HCI (conc.), 120 °C,
15 min, microwave irradiation. No isolated yield reported. See text for discussion.

The previous report of the reaction using the same substrate did not entail isolation of the

product, instead only reporting the conversion (70%) without resolving the two possible
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isomers. Also, they stated that the product was contaminated by both starting material and

elemental mercury, giving a mass balance of 181%.

We also found that isolation of the product was immensely difficult even after attempts to
methylate the acid to improve solubility in organic solvents and a different route would

therefore have to be used for the synthesis of 150 in future studies.

Synthesis of 150 has been reported using a longer route,”’

and has also been successfully
synthesised by another group even though the route was not published. Their route, outlined in

Scheme 6.2, would be of interest for future studies toward 150.%*

OH OH OAc
. ’ .

HO AcO HO

39 62 63

[0) OH O, OH
OoTf
—_— —_—

AcO AcO HO

152 153 150

Scheme 6.2. Synthesis of 150 as developed by J. S. Albert.?3? Examples of possible reagents to affect
the conversions: a) AcCl, pyridine. ¢) TH0. ¢) Pd(OAc)z, dppf, CO. d) NaOH (aq.).

First attempts to xylosylate the hydroxynaphthoic acids 146 and 148 failed. The solubility of
these is low in CH,Cl, and also hydroxyaromatic acids are known to be difficult acceptors.”
Therefore we protected the carboxylic acid as the methyl ester. Surprisingly, stirring the acid in
MeOH in the presence of an acidic ion exchange resin at elevated temperatures did not give the
desired product. We therefore synthesised 147 and 149 by conversion into the acid chloride

followed by addition of methanol in a one-pot procedure using thionyl chloride (Scheme 6.3).

With the protected substrates in hand we attempted xylosylation using trichloroacetimidate
donor 13, but to our surprise yields were below 50%. We therefore turned our attention to the
use of peracetylated xylose (11) with addition of triethylamine to suppress anomerisation.” This
method, as has been shown earlier (see for example paper V), can give excellent yields of

naphthoxylosides, and 147 and 149 were xylosylated in 95 and 83% yield respectively.

After successfully having obtained 154 and the isomeric protected xyloside from 147,
deprotection of the carboxylic acid was needed. At the time we did not find a selective method
for the deprotection and therefore deprotected both the sugar moiety and the acid following

the two step procedure of Grynkiewics et al.”’
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Scheme 6.3. Synthesis of xylosylated hydroxynaphthoic acids 142 and 144 as illustrated with 144.
a) SOCl, MeOH, 75 °C, sealed tube, 91% (81%). b) 1,2,3,4-Tetra-O-B-D-xylopyranoside, BF;*OEt,
CH2Cly, r.t., 83% (95%). ¢) NaOMe, MeOH, r.t., 97% (90%). d) NaOH, MeOH, r.t. 95% (99%).
e) Ac20, pyridine, r.t., 90% (91%). Yields within parentheses are for the same reactions using 146 as
starting material to give 142. See the Supplementary information chapter for experimental details.

Selective protection of the sugar was then performed using Ac,0O in pyridine at room

temperature as heating in acetic anhydride gave substantial anhydride formation.

With both 142 and 144 in hand, the stage was set for amide couplings with amino acids.
Peptide chemistry is often conducted on solid-phase and whilst this approach was of interest,
we choose to ensure the coupling reactions were successful by first synthesising a series of

mono-peptide conjugates in solution.

6.1.2 Solution phase synthesis of mono-peptide conjugates

The formation of an amide bond by reaction of an ester with an amide is thermodynamically
troublesome due to an acid-base reaction occurring to yield the protonated amine and
deprotonated acid. To overcome this, a plethora of reagents have been developed for the
activation of the acid thus facilitating the attack by the amine. The use of one of the oldest
methods, activation as an acid chloride, has already been discussed in this thesis in the context
of ester bond formation but this method is not particularly suitable for peptide bond formation
due to risks of, for example, hydrolysis and racemisation. A listing of even a fraction of the
available reagents and their pros and cons is far outside the scope of this thesis and therefore
only the carbodiimide reagents will be briefly discussed. The interested reader is referred to one

of the many reviews in the area, for example those by Han et al.”** or Montalbetti et al.”’

Carbodiimide coupling reagents, such as diisopropylcarbodiimide (156) (DIC), work by
reaction between the acid and the carbodiimide to form an activated O-acylisourea mixed

anhydride (Scheme 6.4). The isourea is then displaced by the amine to give the amide and the
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highly stable carbamate. The formation of the carbamate, which can have varying solubilities

depending on structure, is the driving force for the reaction.

e 1

Q N o N
c
R)]\oeJ \Q - R)J\O)l\ NS T

O-Acylisourea Amide Stable carbamate

Scheme 6.4. Mechanism for the formation of amides through the use of carbodiimide reagents as
illustrated with diisopropylcarbodiimide (156) (DIC). The carboxylate ion attacks the diimide carbon
forming an activated O-acylisourea anhydride. The isourea moiety is then displaced by the amine to
give the amide and the carbamate product.
Apart from displacement by the amine, the activated O-acylisourea can rearrange to give the
non reactive N-acylurea effectively quenching the reaction. This rearrangement can be
suppressed by the addition of nucleophiles which displace the isourea at a rate higher than that

of the rearrangement yet still form an activated acid for the amine to react with. In the present

work DMAP is used although the use of hydroxybenzotriazole (HOBY) is also often reported.

o o

o o)
HZN\)J\ HzNQJ\ RHN\)J\ RHNQJ\
OR -~ “OR -~ SOR -~ SOR

\( \/S\

Glycine (Gly) R=H L-Alanine (Ala) R=H L-Leucine (Leu) R=H L-Methionine (Met) R=H
157 R=t-Bu 158 R=Me 159 R=Boc 160 R=Boc

0] (¢] 0]

HoN \)kOR

L-Phenylalanine (Phe) Ry=H, Ry=H L-Proline (Pro) R=H L-Histidine (His) R=H
161 Ry=Boc, R,=H 163 R=Me 164 R=Me
162 R=Me, Ry=H

Figure 6.3. Structures of the protected amino acids used in this study with names and abbreviations
of the unprotected parent amino acids. The structures are drawn as the free bases although they are
commonly obtained and used as the HCl salts.
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A selection of ester-protected amino acids (157, 158, 162, 163 and 164) were chosen for the
solution phase synthesis (Figure 6.3). For this primaty study, the selection criteria were in-house

availability and cost of purchase.

Couplings of the xylosylated hydroxynaphthoic acids 142 and 144 with the protected amino
acids in CH,Cl, proceeded very smoothly and in excellent yields in all but two cases (Scheme
6.5). In the case of coupling of 144 with proline, purification was unsuccessful and the
couplings with histidine also failed, possibly due to the low solubility of this compound in
CH,CL,

AcO

0 AcO 0
Acmo ) Acm/o 1)
a H
OAc OH _a OAc y \/U\
Ot-Bu
144 o} 165 (o]

HO 0
HM/O o
- : i
OH
166 o

Scheme 6.5. Solution phase synthesis of naphthyl xyloside-amino acid conjugates as illustrated using
144 and 157 to give 166. a) i) DMAP, 157, CH,Cl, r.t.. ii) DIC in CH,Cly, r.t, 99%. b) i) NaOMe,
MeOH, CHxCl, r.t. i) NaOH (1 M, aq.), MeOH, r.t,, 79%. See the Supplementary information
chapter for experimental details.

Two methods were used for the deprotection of the conjugates. First, a method using NaOMe-
MeOH-CH,CI, was used to deprotect the sugar moiety. We noted that this method partially
deprotected the carboxylic acid and therefore full deprotection was performed using NaOH.
Several of the conjugates were fully deprotected with NaOH without the prior use of NaOMe

(see notes in Table 6.1).

The structures of the naphthoxyloside-amino acid conjugates 166-172 and the yields for the

solution phase coupling and deprotection steps are reported in Table 6.1.

As the conjugates will be submitted for biological testing, they were further purified using

semi-preparative HPLC and lyophilised.

These syntheses showed us that DIC/DMAP was very useful for our compounds. We

therefore progressed to the solid-phase synthesis of dipeptide conjugates.
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Table 6.1. Naphthoxyloside-amino acid conjugates synthesised in solution. Coupling steps were
performed using DIC/DMAP in CH»Cl,. Deprotection was performed with NaOMe-MeOH-CH2Cl,
followed by NaOH (aq.)-MeOH (denoted with *) or with just NaOH (aq.)-MeOH (no asterix).

Compound Yield coupling step  Yield deprotection

HO O o

o

;

94% 97%
OH
N
TN
167 o
HO O o
A Lo
OH N 99% 79%*
OH
166 o}
HO O fo)
HO
Jﬁ( 87% 96%
OH
168 o
HO O o
Hm o
OH N\)J\OH 87% 82%
169 o °
LA
HO
o )
98% 69%*
OH
170 o
HO O fe)
Hm/ OO Y o
OH
N
\5)\0” 92% 65%*
171 o] <

HO \©

h 1O
OH
(o]
j/OH 85% 63%*
(o] N7,
172 \\/

6.1.3 Solid-phase synthesis of dipeptide conjugates

!

Synthesis of polypeptides is often best performed on solid-phase followed by purification using
reversed phase HPLC due to the often problematic purification of such compounds using

Si0,-based columns. Binding of the amino acid to a solid support allows for simple washing of
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the resin between deprotection and coupling steps which, under optimal conditions, gives the

product as the sole compound in solution after the cleavage step.

We investigated the use of commercially available Boc-N-protected amino acids bound to a
solid support. After deprotection of the amino group using TFA in CH,Cl,, a dipeptide was
formed by peptide coupling with a Boc-N-protected amino acid using DIC/DMAP (Scheme
6.6). Unbound peptide was removed by washing and the terminal Boc-group was removed
prior to coupling with the xylosylated hydroxynaphthoic acid. Cleavage from the resin and
deprotection of the conjugate gave the products 173-178 in yields from 61% to 95% and with

purities of more than 90% (Table 6.2).

Q o)
BocHN\)J\ a) H b)
o - i o
BocHN O/O
o

AcO O HO O
ACMO Hmo
OAc OH
0o c) o
N \)J\ N \)J\
N N
07N O/O 0Z N OH
H H
o] o]
173

Scheme 6.6. Solid-phase synthesis of naphthyl xyloside-amino acid conjugates as illustrated using the
synthesis of 173. a) i) TFA (80% in CH2Cl> containing 0.4 M thiophenol), r.t. iy DMAP, 159 (HCI
salt), CH2Cly, r.t.. iii) DIC in CH2Cly, r.t. b) i) TFA (80% in CHCl, containing 0.4 M thiophenol), r.t.
ii) DMAP, 142, CH,Cl,, r.t.. iii) DIC in CH2Cly, r.t. ¢) i) NaOMe, MeOH, CH,Cl, r.t. ii) NaOH (1 M,
aq.), MeOH, r.t. 61%. See the Supplementary information chapter for experimental details.

The dipeptide conjugates were, as for the monopeptide conjugates described previously, further
purified by semi-preparative HPLC and lyophilised. The yields reported in Table 6.2 are

acceptable for routine synthesis and no noticeable epimerisation was detected.

6.2 Physical properties and biological activity of
naphthoxyloside-amino acid conjugates

The physical properties of xylosides may, as has been discussed previously, exert an influence
on their biological properties and thus the gradient HPLC retention times of the

naphthoxyloside-amino acid conjugates are of interest. Unfortunately, due to time constraints

and instrumental failure, it has not been possible to perform these measurements at this time.
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Also, the measurement of the GAG priming characteristics of the synthesised compounds has

not yet been performed.

Table 6.2. Naphthoxyloside-amino acid conjugates synthesised on solid-phase. Yields reported are
prior to purification by HPLC but material was of acceptable purity (>90%).

Compound Yield
HO 0
oA ©
OH
o 61%
H
NN
07N OH
H
173 o}
HO 0
HMO
OH
[¢] 66%
H
INEN
07N OH
H
174 o}
HO 0
oA © &
OH
HQ(L 78%
N
07N OH
H
175 o
HO 0
HMO
OH
0] 88%
H
NN
07N -~ “OH
H
176 o *
HO o)

f

HO
OH
o 95%

H
N
(@) N Y OH
H z
177 e} =

HO

HO s
OH
o 81%
H
NN
07N -~ “OH
H H
178 o] =
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7 Summary and future

perspectives

Exogenous xylosides capable of crossing cell membranes are effective primers of
glycosaminoglycan biosynthesis. Lipophilic aglycon increase the cell membrane permeability
and increase the uptake of xyloside. If the aglycon contains an extended aromatic system, for
example a naphthalenic system, an increased proportion of heparan sulphate chains may be

synthesised on the xyloside.

In the work presented in this thesis we have shown that the priming capacity and
characteristics of naphthoxylosides varies to a large extent with the structure of the aglycon.
Also, we have demonstrated that correlations can be found between the lipophilicity of a
xyloside and its toxicity in some cell lines. Whilst healthy lung fibroblasts showed a clear
correlation between lipophilicity and toxicity indicating passive uptake dependent activity,
transformed cells showed a clearly different behaviour for several xylosides. This is indicative of

a different mechanism of uptake or action than for the healthy cells.

By studying the mechanism of cell death in transformed cells treated with
2-(6-hydroxynaphthyl) B-D-xylopyranoside (35) we clearly showed that cell death occurs via
apoptosis, thus indicating that selectively antiproliferative xylosides are of interest for further

studies toward anti-tumour compounds.

As is often the case in academic research, interesting side-tracks appear, and it was on one
of these that we initiated studies into the mechanism of a reaction which inserts a sulphur atom
onto aromatic systems. This gave us the opportunity to delve deep into the fascinating world of
physical organic chemistry and enabled us to present a proposal for a mechanism for

nucleophilic aromatic substitution in non-polar solvents.
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Utilising this reaction we developed a general route to the synthesis of naphthyl disulphides
and used these to synthesise new sulphur-containing naphthoxylosides. Observations made
during the synthesis reinforced our recommendations regarding the choice of monosaccharide

donor to be used for aromatic O-glycosylation.

Biological testing of the sulphur-containing xylosides confirmed our previous results that
the antiproliferative and glycosaminoglycan-priming properties of xylosides vary greatly with
the structure of the aglycon. Also, our results show that the increase in proportion of heparan
sulphate priming seen for the O- to S- switch in 2-naphthyl xyloside (29 to 30) does not
necessarily transfer to other naphthoxylosides, thus indicating the complexity of the regulation

behind the type of glycosaminoglycan synthesised on exogenous xylosides.

Whilst this complexity does make the design process more difficult, it also increases the
possibility of fine-tuning the priming and toxicological properties of naphthoxylosides and

opens up new exciting avenues for naphthoxyloside research.

Modification of the electronic properties of the dihydroxynaphthalene system by the
addition of electron-withdrawing and —donating groups would influence the toxicity of the
aglycon by changing its redox-potential. Also, the conformation of the xylopyranoside ring
might be influenced due to the changed electron-densities and this might influence how well
the galactosyl transferase responsible for the addition of the first galactose recognises the
xylose. Also, the phosphorylation of C2 of the xylose during the synthesis of the linker
tetrasaccharide might be influenced and studying the biological effect of this would be of great

interest to ascertain the function of this transient modification of the linker region.

Thus, whilst the continued study of naphthoxylosides might not achieve the long-term,
immodest goal of developing a new anti-cancer treatment, further insights into the biosynthesis

of glycosaminoglycans are anticipated.
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9  Supplementary information

Experimental details for some work described in this thesis not available otherwise are
described here, together with a discussion concerning some of the methods used.
Supplementary information for papers III and IV is available online. Supplementary
information for paper V will become available online soon. Supplementary information for

paper VI is available upon request.
9.1 Synthetic work

9.1.1 General experimental details

Solvents for reactions were dried by passing through a column of ALO; (neutral, activity grade
I). Anhydrous DMF was commercial grade and used without further purification. NMR-spectra
were recorded with a Bruker DRX 400 spectrometer at 400 MHz (‘H) and 100 MHz (°C) and
assigned using 2D-methods (COSY, HMQC, HMBC). 2D-experiments were recorded with
gradient enhancements using sine shaped gradient pulses. The chemical shifts are reported in
ppm with the residual solvent peaks (‘H) and solvent signals (°C) as reference (3 H

CDCL,=7.26 ppm, 8 C CHCl,=77.0, 8 H CD,0D=3.31 ppm, § C CD,0D=49.0).

High-resolution mass-spectra were recorded on a Micromass Q-Tof (ESI) or JEOL SX-
102 (FAB). Reactions using microwave irradiation were performed in a Smith Creator
microwave reactor from Personal Chemistry i Uppsala AB. Reactions were monitored by TLC
using alumina plates coated with silica gel and visualised using either UV-light or by charring
with an ethanolic anisaldehyde solution. Preparative chromatography was performed with silica

gel (35-70 mm, 60 A).
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9.1.2 Synthesis of xylopyranoside donors

Whilst the syntheses of the xylopyranoside donors used in this thesis are known previously,
they are presented here, with references, to allow for easy access to the procedures and their

references.

1,2,3,4-Tetra-O-acetyl-B-D-xylopyranose (11):"* KOAc (66.7 g, 0.68 mol) was dissolved
in Ac,0O and heated to 130 °C. B-D-Xylose (84.0 g, 0.56 mol) was added in portions during 20
minutes after which the solution was removed from the heat source and allowed to cool to r.t.
The mixture was poured onto ice (1 L) and allowed to stand o.n. The suspension was extracted
with CH,Cl, (3 times 600 mL) and the combined organic phase was washed with NaHCO; (sat.
aq.), dried (MgSO,) and filtered. Activated charcoal was added after which the solution was
filtered through a plug of SiO, (eluted with CH,Cl,). The solution was concentrated and the
residue was recrystallised with EtOH to give 1,2,3,4-tetra-O-acetyl-B-D-xylopyranose (11) (72.2

g, 41%). Spectroscopic data was consistent with published data.

2,3,4-Tri-O-acetyl-o,B-D-xylopyranose:'®  1,2,3 4-Tetra-O-acetyl-B-D-xylopyranose (11)
(25.4 g, 79.8 mmol) was dissolved in THF (150 mL) and benzylamine (13.3 mL, 122 mmol) was
added. The mixture was stitred at r.t. o.n. after which it was diluted with ice-cold H,O (150 mL)
and the mixture was extracted three times with CH,Cl,. The combined organic phases were
washed with HCI (1 M, aq.), NaHCO; (sat. aq.), NaCl (sat. aq.) and H,O, dried (MgSO,),
filtered and concentrated. The residue was filtered through a pad of SiO, (Heptane-EtOAc 1:1),
concentrated and chromatographed (SiO,, Heptane-EtOAc 1:1) to give 2,3,4-tri-O-acetyl-D-

xylopyranose (13.8 g, 63%). Spectroscopic data was consistent with published data.

2,3,4-Tti-O-acetyl-a,,B-D-xylopyranosyl trichloroacetimidate (13):* 2,3,4-Tri-O-acetyl-
ao,B-D-xylopyranose (13.8 g, 49.9 mmol) was dissolved in CH,Cl, (110 mL) and cooled to -10
°C. Trichloroacetonitrile (31 mL, 309 mmol) was added followed by DBU (0.85 mL, 5.7 mmol)
and the solution was stirred at -10 °C for 90 minutes after which it was allowed to regain r.t.,
stirred for 10 min and concentrated. The residue was filtered through a pad of SiO, (Heptane-
EtOAc 1:1), concentrated and chromatographed (SiO,, Heptane-EtOAc 2:1) to give 2,3,4-Tri-
O-acetyl-a,B-D-xylopyranosyl trichloroacetimidate (13) (16.2 g, 77%). Spectroscopic data was

consistent with published data.

2,3,4-Tri-O-acetyl-a-D-xylopyranosyl bromide (12):" 1,2,3,4-Tetra-O-acetyl-B-D-
xylopyranose (11) (3.0 g, 0.01 mmol) was dissolved in AcOH (11 mL) and Ac,O (2 mL) was
added. The mixture was stirred for 10 minutes after which HBr (12 mL, 33% in AcOH) was
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added and the solution was stirred at r.t. for 80 min. Excess HBr was removed by bubbling
N, (g) through the solution after which it was lyophilised to give 2,3,4-tri-O-acetyl-o-D-
xylopyranosyl bromide (12) (3.2 g, 100%). Spectroscopic data was consistent with published

data.

9.1.3 Mono-protection of dihydroxynaphthalenes

Description of the general experimental procedures used for the mono-benzoylation of

dihydroxynaphthalenes according to Table 4.1.

Basic procedure (entries 5-6): 2,3-Dihydroxynaphthalene (54) (1.6 g, 10.0 mmol) was
suspended in H,O (26 mL). NaOH (10% aq.) was added until pH 11. BzCl (1.3 mL, 11.0
mmol) was added and pH was kept at about 11 by dropwise addition of NaOH (10% aq.). The
suspension was stirred at r.t. for 20 min and filtered. The solid was washed with H20, dried in
vacuo and recrystalised from toluene to give 2-hydroxynaphthalen-3-yl benzoate (1.52 g, 58%).
For 2,6-dihydroxynaphthalene (56) the procedure gave mostly 2,6-dibenzoyloxy naphthalene

and starting material.

Procedure using TMSCI (entries 7-10): 1,4-Dihydroxynaphthalene (42) (254 mg, 1.6
mmol) was dissolved in pyridine (2.5 mL) and CH,Cl, (5 mL). TMSCI (0.2 mL, 1.6 mmol) was
added and the mixture was stirred for 35 min at r.t. after which BzClI (0.276 mL, 2.4 mmol) was
added. After 1 h H,O (5 mL) was added. The mixture was stirred at r.t. for 1 h after which it
was diluted with CH,Cl, and washed with HCI (1 M, aq.) and H,O. The combined aqueous
phase was extracted with CH,Cl, and EtOAc. The combined organic phases were dried
(Na,SO,), filtered and concentrated. The residue was dissolved in EtOH (25 mL), AcOH
(2 mL) was added and the mixture was stirred for 3 h and concentrated. The residue was
chromatographed (SiO,; toluene-acetone 10:1) to give 1-hydroxynaphthalen-4-yl benzoate (218
mg, 52%). 56 (254 mg, 1.6 mmol) gave 2-hydroxynaphthalen-6-yl benzoate (292 mg, 70%). 57
(256 mg, 1.6 mmol) gave 2-hydroxynaphthalen-7-yl benzoate (181 mg, 44%). 44 (257 mg, 1.6
mmol) gave 1-hydroxynaphthalen-5-yl benzoate (193 mg, 45.4%).

9.1.4 Synthesis of non commercially available dihydroxynaphthalenes

Of the 10 dihydroxynaphthalenes possible, eight are readily available from commercial sources.

The synthesis of the last two are presented here with the appropriate references.
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1,2-Dihydroxynaphthalene (36)'*: 1,2-Naphthoquinone (65) (509 mg, 3.2 mmol) was
dissolved in EtOH and NaBH, (1.59 g, 42 mmol) was added in portions over 5 min. The
mixture was stirred for 50 minutes, poured onto an ice-H,O mixture (250 mL) and acidified
with 2 M HCI (aq.). The aqueous phase was extracted with CH,Cl,, dried (MgSO,), filtered and

concentrated to give 36 (513 mg, quantitative).

1,8-Dihydroxynaphthalene (52)"*>'**: 1,8-Naphthosultone (66) (4.15 g, 20.1 mmol) and
KOH (17.1 g, 306 mmol) were placed in a stainless steel crucible and heated to 250-300 °C with
a hot air gun with occasional stiring for 30 min. (CAUTION: Hot and caustic pieces of the
molten mass may fly from melt). The melt was allowed to cool to r.t. after which the solid mass
was dissolved in 2 M HCI and neutralised using HCI of increasing concentrations. The black
aqueous solution was diluted and extracted with EtOAc. The combined organic phases were
dried MgSO,), filtered and concentrated. The residue was dissolved in EtOAc and filtered
through a pad of SiO,. Chromatography (Heptane-EtOAc 3:1-2:1) gave 52 (1.43 g, 44%)).

9.1.5 Conversion of aminomethylated polystyrene resin to acid chloride

resin

The general procedure for the conversion of aminomethylated polystyrene resin into the acid
chloride resin is independent of the resin loading. For the calculation of new loading see
Equation 4.1. Aminomethylated polystyrene resin (2.1 g, 1.9 mmol amine) was swelled in
toluene (5 mL) for 15 min. Succinic anhydride (686 mg, 6.9 mmol), DIPEA (4 mL) and DMAP
(catalytic amount) was added and the mixture was heated at 80 °C under agitation overnight.
The resin was washed consecutively with toluene, CH,Cl,, MeOH, Et,O and dtied in vacuum.
The catboxylic acid resin was swelled in toluene (8 mL) and oxalyl chloride (2 mL) was added.
The mixture was agitated at 65 °C overnight after which the resin was washed consecutively

with toluene, CH,Cl,, Et,O and dried in vacuum.

9.1.6 Solid-phase synthesis of sulphur-containing naphthoxylosides

Examples of the conditions used in the solid-phase route towards sulphur-containing
naphthoxylosides are presented here even though the method was shown not to be suitable for

routine use due to unreliable yields.

Coupling of hydroxynaphthyl disulphides to acid chloride resin: Coupling of

hydroxynaphthyl disulphides to acid chloride resin was performed according to the procedure
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presented in Paper III and Chapter 4. Amount of binding to the resin by this method varies

greatly.

Coupling of hydroxynaphthyl disulphides to carboxylic acid resin:
Carboxypolystyrene (99.6 mg, 0.143 mmol carboxylic acid) was swelled in CH,Cl, (1.5 mL) for
50 minutes and purged with inert gas. DMAP (19.2 mg, 0.157 mmol) and 6-hydroxy-2-naphthyl
disulphide (60.7 mg, 0.173 mmol) was added. The mixture was agitated for 30 min after which
DIC (19.3 mg in 0.1 mLL. CH,Cl,) was added slowly under inert atmosphere. The mixture was
agitated overnight after which the resin was washed thoroughly with CH,Cl, and MeOH.

Typical amount of binding to the resin using this method was about 70%.

O-Xylosylation, disulphide bond cleavage and deprotection of O-xyloside: Resin
carrying 6-hydroxy-2-naphthyl disulphide (116) (0.119 mmol maximum theoretical loading) was
swelled in CH,CL, (2 mL). 1,2,3,4-Tetra-O-acetyl-B-D-xylopyranoside (193 mg, 0.61 mmol) and
BF;eOEt, (86 mg, 0.61 mmol) were added and the mixture was agitated for 45 minutes after
which the resin was washed with CH,Cl, and Et,O and dtied 7z vacno. The xylosylated resin was
swelled in THF (2 mL) under inert atmosphere and Me;P (1.0 M in toluene, 0.2 mL) was added
followed by H,O (0.2 mL) and the mixture was agitated for 26 h. The solution was filtered of,
the resin washed with THF-H,0O (10:1) twice and the combined organic phases were
concentrated, dissolved in CH,Cl, and washed with H,O. The organic phase was dried
(Na,SO,), filtered and concentrated to give crude 2-(6-thionaphthyl) 2,3,4-tri-O-acetyl-B-D-
xylopyranoside. The crude was dissolved in CH,Cl, (1 mL) and MeOH (1 mL) and NaOMe-
MeOH (1 M, 0.5 mL) were added. The solution was stirred for 20 min, neutralised with
Amberlite IR-120 H, filtered and concentrated. Semi-preparative HPLC gave nearly pure 2-(6-
thionaphthyl) B-D-xylopyranoside (78) (6.6 mg, 18%). Impurities were later determined to be
the disulphide.

S-Xylosylation and deprotection/cleavage: The resin from after the disulphide cleavage
step above was dried 7z vacuo after which it was swelled in CH,Cl, (2 mL). 1,2,3,4-Tetra-O-
acetyl-B-D-xylopyranoside (193 mg, 0.61 mmol) and BF;#OEt, (86 mg, 0.61 mmol) were added
and the mixture was agitated for 35 minutes after which the resin was washed with CH,Cl,. The
resin was suspended in CH,CL, (1 mL) and MeOH (1 mL) and NaOMe-MeOH (1 M, 0.5 mL)
were added. The mixture was agitated for 2 h and filtered. Fresh CH,Cl,-MeOH-NaOMe was
added and the mixture was agitated for 2 h and filtered. The combined solutions were

neutralised with Ambetlite IR-120 H", filtered and concentrated to give a highly impure crude.
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Semi-preparative HPLC gave pure 2-(6-hydroxynaphthyl) 1-thio-pB-D-xylopyranoside (84) (7.1
mg, 20%).

9.1.7 Synthesis of naphthoxyloside-amino acid conjugates

Experimental details for the syntheses described in Chapter 6 are described here together with

structures for the compounds for which structures have not yet been shown.

Methyl 6-hydroxy-1-naphthoate (147): 146 (600 mg, 3.2 mmol) was suspended in MeOH
(10 mL). SOCL, (0.46 mL, 6.4 mmol) was added dropwise after which the tube was sealed. The
suspension was stirred at 75 °C for 3 h and allowed to cool to r.t. Column chromatography
(810, heptane-EtOAc 1:1) gave 147 (521.7 mg, 81%). Recrystallisation (heptane/EtOAc 9:1)
gave an analytical sample as orange crystals; mp 113°C. "H-NMR (CDCL,): § 8.86 (d, 1H, J=9.1
Hz, H-8), 8.04 (dd, 1H, J=7.4, 1.4 Hz, H-2), 7.87 (d, 1H, J=8.3 Hz, H-4), 7.46 (dd, 1H, J=8.2,
7.3 Hz, H-3), 7.19-7.25 (m, 2H, H-5, H-7), 5.08 (s, 1H, OH), 4.00 (s, 3H, OMe). "C-NMR
(CDCly): 8 168.3, 153.6, 135.5 131.9, 128.2, 128.1, 127.2, 126.8, 125.4, 119.6, 110.2, 52.3. FAB
HRMS caled. for C;,H,,0O5: 202.0630; found 202.0628.

6-(1-methoxycarbonyl napthyl) 1,2,3-tri-O-acetyl-p-D- R%M/o

xylopyranoside (179): 147 (95 mg, 0.47 mmol) and 1,2,3,4- OR OO
tetra-O-acetyl-B-D-xylopyranose (299 mg, 0.94 mmol) were

dissolved in CH,Cl, (10 mL). Et;N (0.07 mL, 0.47 mmol) followed by BF3-O1]739t2 (0.295 t(r)l’\;j,
2.34 mmol) was added. The solution was stirred at r.t. for 3 h, quenched by the addition of
Et;N and concentrated. Chromatography (SiO,, CH,Cl,-acetone 40:1) gave 179 as a white foam
(204.7 mg, 95%); [o]p> —31.2° (c 0.17, CHCL,). '"H-NMR (CDCL,): § 8.90 (d, 1H, J=9.4 Hz, H-
8), 8.11 (dd, 1H, J=7.3, 1.3 Hz, H-2), 7.93 (d, 1H, J=8.3 Hz, H-4), 7.49 (dd, 1H, J=8.3, 7.4 Hz,
H-3), 7.41 (d, 1H, J=2.6 Hz, H-5), 7.31 (dd, 1H, J=9.4, 2.6 Hz, H-7), 5.38 (d, 1H, J=5.5 Hz, H-
17), 5.22-5.31 (m, 2H, H-2’, H-3%), 5.05 (dt, 1H, J=7.3, 4.6 Hz, H-4’), 4.29 (dd, 1H, J=12.2, 4.6
Hz, H-5’), 4.00 (s, 3H, OMe), 3.63 (dd, 1H, J=12.2, 7.2 Hz, H-5), 2.13, 2.12, 2.11 (s, 3H each,
OAc). "C-NMR (CDCLy): § 170.1, 170.0, 169.6, 168.1, 154.4, 135.1, 132.7, 129.1, 128.1, 128.0,
127.2, 125.5, 120.5, 111.8, 98.4, 70.5, 70.1, 68.5, 62.0, 52.3, 21.0, 20.9, 20.9. HRMS calcd. for

C,sH,,0,Na (M+Na): 483.1267; found 483.1250.

-(1- -D- i Q
6-(1-methoxycarbonylnapthyl) B-D-xylopyranoside H%O/Wo
(180): 179 (178.7 mg, 0.39 mmol) was dissolved in methanol OH OO
(10 mL). NaOMe (0.25 M, 0.62 mL) was added and the solution 180
07 ~oMe
was stirred for 45 min at r.t. The reaction was neutralised with solid CO,, concentrated and
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chromatographed (SiO,, CHCL-MeOH 1:1) to give 180 as a white solid (117.2 mg, 90%). [o],>
—39.4° (c 0.14, MeOH). 'H-NMR (CD,0D): 5 8.81 (d, 1H, J=9.4 Hz, H-8), 8.05 (dd, 1H, J=7.1,
1.3 Hz, H-2), 8.01 (d, 1H, J=8.4 Hz, H-4), 7.46-7.54 (m, 2H , H-3, H-5), 7.39 (dd, 1H, J=9.2,
2.6 Hz, H-7), 5.07 (d, 1H, J=7.1 Hz, H-1"), 3.98 (dd, 1H, J=11.5, 5.2 Hz, H-5"), 3.98 (s, 3H,
OMe), 3.57-3.66 (m, 1H, H-4’), 3.43-3.55 (m, 3H, H-2’, H-3’, H-5"). "C-NMR (CD,OD): §
169.5, 156.7, 136.6, 133.7, 129.5, 128.7, 128.4, 128.2, 126.3, 121.5, 112.3, 102.6, 77.7, 74.8, 71.0,
67.0, 52.6. HRMS calcd. for C;H,;O,Na (M+Na): 357.0950; found 357.0969.

6-(1-carboxynapthyl) B-D-xylopyranoside (143): 180 (117.2 mg, 0.35 mmol) was
dissolved in MeOH (15 mL). NaOH (7 mL, 7.01 mmol) was added and the solution was stirred
for 19 h at r.t. The reaction was neutralised with Amberlite IR-120 H', filtered and evaporated
to give 143 as a white amorphous solid (112 mg, quant.). [o],” —31.0° (c 0.25, MeOH). 'H-
NMR (CD,OD): 8 8.88 (d, 1H, j=9.5 Hz, H-8), 8.09 (dd, 1H, J=7.3, 1.3 Hz, H-2), 8.00 (d, 1H,
J=8.3 Hz, H-4), 7.46-7.53 (m, 2H, H-3’, H-5"), 7.37 (dd, 1H, J=9.4, 2.7 Hz, H-7’), 5.07 (d, 1H,
J=7.2Hz,H-1"),3.98 (dd, 1H, J=11.3, 5.1 Hz, H-5), 3.57-3.66 (m, 1H, H-4’), 3.43-3.55 (m, 3H,
H-2’, H-3, H-5). "C-NMR (CD;OD): & 171.0, 156.6, 136.7, 133.5, 129.6, 128.9, 128.9, 128.7,
126.3, 121.3, 112.3, 102.7, 77.7, 74.8, 71.1, 67.0. HRMS caled. for C,;;H;O;Na (M+Na):
343.0794; found 343.0811.

6-(1-carboxynapthyl) 1,2,3-tri-O-acetyl-B-D-xylopyranoside (142): 143 (241 mg, 0.75
mmol) was dissolved in pyridine (15 mL). Acetic anhydride (0.71 mL, 7.5 mmol) was added and
the mixture was stirred for 4 h at r.t. The solution was concentrated and the residue was
dissolved in EtOAc (30 mL). The solution was washed three times with HCI (10% aq.) and the
organic layer was dried (MgSO),), filtered and concentrated to give 142 (305 mg, 91%). [o]> —
44.4° (c 0.099, CHCL,). '"H-NMR: (CDCly) § 9.04 (d, 1H, J=9.5 Hz, H-8), 8.30 (dd, 1H, J=74,
1.2 Hz, H-2), 8.00 (d, 1H, J=8.2 Hz, H-4), 7.54 (d, 1H, J=8.2, 7.4 Hz, H-3), 7.44 (d, 1H, J=2.6
Hz, H-5), 7.35 (dd, 1H, J=9.5, 2.6 Hz, H-7), 5.40 (d, 1H, J=5.5 Hz, H-1°), 5.23-5.32 (m, 2H, H-
2’, H-3%), 5.06 (dt, 1H, J=7.1, 4.8 Hz, H-4), 4.30 (dd, 1H, J=12.2, 4.5 Hz, H-5’), 3.64 (dd, 1H,
J=12.2, 7.2 Hz, H-5"), 2.13, 2.124, 2.119 (s, 3H each, OAc). "C-NMR (CDCL,): 170.8, 170.1,
170.0, 169.6, 154.5, 135.2, 133.8, 130.5, 128.3, 128.1, 125.5, 125.4, 120.8, 111.9, 98.3, 70.5, 70.1,
68.5, 62.0, 21.0, 20.9, 20.9. HRMS calcd. for C,,H,,0,,Na (M+Na): 469.1111; found 469.1108.

Methyl 6-hydroxy-2-naphthoate (149): 148 (400 mg, 2.1 mmol) was suspended in
MeOH (10 mL). SOCI, (0.31 mL, 4.3 mmol) was added dropwise after which the tube was
sealed. The suspension was stirred at 75 °C for 3 h and allowed to cool to r.t. Chromatography

(SiO,, heptane-EtOAc 1:1) gave 149 (393.1 mg, 91%). 'H-NMR (CDCL): § 8.55 (s, 1H, H-1),
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8.02 (dd, 1H, J=8.7, 1.7 Hz, H-3), 7.88 (d, 1H, J=8.6 Hz, H-8), 7.72 (d, 1H, J=8.6 Hz, H-4),
7.14-7.21 (m, 2H, H-5, H-7), 5.29 (s, 1H, OH ), 3.98 (s, 3H, OMe ). "C-NMR (CDCL,):5 167.5,
155.6, 137.2, 131.6, 131.2, 128.0, 126.6, 126.2, 125.4, 118.7, 109.6, 52.3. FAB HRMS calcd. for
C,H,,0; 202.0630; found 202.0634.

6-(2-methoxycarbonyl naphthyl) 1,2,3-tri-O-acetyl-B-D-xylopyranoside (154): 149
(108.8 mg, 0.54 mmol) and 1,2,3,4-tri-O-acetyl-p-D-xylopyranose (342.5 mg, 1.08 mmol) were
dissolved in CH,CI, (10 mL). Et;N (0.076 mL, 0.54 mmol) followed by BI,sOFEt, (0.34 mlL,
2.69 mmol) was added. The solution was stirred at r.t. for 3 h, quenched with Et;N and
concentrated. Chromatography (SiO,, CH,Cl,-acetone 40:1 followed by heptane-EtOAc 1:1)
gave 154 as a white foam (204.7 mg, 83%); [o],” —31.8° (c 0.25, CHCL). 'H-NMR (CDCL): &
8.56 (s, 1H, H-1), 8.06 (dd, 1H, J=8.6, 1.6 Hz, H-3), 7.90 (d, 1H, J=9.0 Hz, H-8), 7.78 (d, 1H,
J=8.6 Hz, H-4), 7.39 (d, 1H, J=2.2 Hz, H-5), 7.24 (dd, 1H, J=9.0, 2.5 Hz, H-7), 5.40 (d, 1H,
J=5.3 Hz, H-1"), 5.21-5.31 (m, 2H, H-2’, H-3’), 5.05 (dt, 1H, J=7.0, 4.6 Hz, H-4’), 4.29 (dd, 1H,
J=12.1, 4.5 Hz, H-5’), 3.98 (s, 3H, OMe), 3.64 (dd, 1H, J=12.2, 7.1 Hz, H-5), 2.13, 2.117, 2.115
(s, 3H each, OAc). "C-NMR (CDCL): § 170.0, 170.0, 169.5, 167.4, 156.2, 136.8, 131.4, 131.0,
129.1,127.5, 126.4, 126.2, 119.7, 110.9, 98.2, 70.5, 70.0, 68.5, 62.0, 52.3, 21.0, 20.9, 20.9. HRMS
caled. for C,;H,,0,,Na (M+Na): 483.1267; found 483.12306.

6-(2-methoxycarbonylnaphthyl) B-D-xylopyranoside (155): 154 (130.7 mg, 0.28 mmol)
was dissolved in MeOH (10 mL). NaOMe (0.25 M, 0.45 mL) was added and the solution was
stitred for 30 min at r.t. The reaction was neutralised with solid CO,, concentrated and filtered.
Chromatography (SiO,, CHClL;-MeOH 1:1) gave 155 as a white amorphous solid (90.4 mg,
97%). [o]p>> —26.4° (c 0.11, MeOH). 'H-NMR (CD,OD): § 8.54 (d, 1H, J=0.8 Hz, H-1), 7.99
(dd, 1H, J=8.8, 1.8 Hz, H-3), 7.94 (d, 1H, J=9.0 Hz, H-8), 7.85 (d, 1H, J=8.8 Hz, H-4), 7.48 (d,
1H, J=2.3 Hz, H-5), 7.35 (dd, 1H, J=8.9, 2.3 Hz, H-7), 5.09 (d, 1H, J=7.3 Hz, H-1°), 3.98 (dd,
1H, J=11.2, 5.2 Hz, H-5), 3.95 (s, 3H, OMe), 3.57-3.66 (m, 1H, H-4’), 3.45-3.66 (m, 3H, H-2’,
H-3’, H-5"). "C-NMR (CD,OD): 168.8, 158.7, 138.4, 132.0, 131.8, 130.1, 128.5, 126.9, 126.6,
121.0, 111.5, 102.5, 77.7, 74.7, 71.0, 67.0, 52.6. HRMS calcd. for C,;H;;O,Na (M+Na):
357.0950; found 357.0949.

6-(2-carboxynapthyl) B-D-xylopyranoside (145): 155 (111.6 mg, 0.33 mmol) was
dissolved in MeOH (20 mL). NaOH (6.7 mL, 6.7 mmol) was added and the solution was stirred
for 19 h at r.t. The reaction was neutralised with Amberlite IR-120 H". The mixture was filtered
and concentrated to give 145 as a white amorphous solid (101.5 mg, 95%). [o],”> —25.5° (c 0.14,
MeOH). 'H-NMR (CD,OD): § 8.55 (s, 1H, H-1), 8.00 (dd, 1H, J=8.7, 1.7 Hz, H-3), 7.94 (d,

102



1H, J=9.1 Hz, H-8), 7.84 (d, 1H, , J=8.7 Hz, H-4), 7.48 (d, 1H, J=2.4 Hz, H-5), 7.34 (dd, 1H,
J=9.0, 2.4 Hz, H-7), 5.09 (d, 1H, J=7.1 Hz, H-1°), 3.98 (dd, 1H, J=11.3, 5.2 Hz, H-5’), 3.57-3.66
(m, 1H, H-4), 3.43-3.56 (m, 3H, H-2’, H-3, H-5). "C-NMR (CD,OD): 170.2, 158.6, 138.3,
132.0, 131.9, 130.1, 128.3, 127.8, 127.0, 120.9, 111.5, 102.5, 77.7, 74.7, 71.0, 67.0. HRMS calcd.
for C,H,;O,Na (M+Na): 343. 0794; found 343.0806.

6-(2-carboxynaphthyl) 1,2,3-tri-O-acetyl-B-D-xylopyranoside (144): 145 (456.7 mg,
1.43 mmol) was dissolved in pyridine (30 mL). Ac,O (1.35 mL, 14.3 mmol) was added and the
mixture was stirred over night at r.t. The solution was concentrated and the residue was
dissolved in EtOAc (60 mL), washed three times with HCI (10% aq.), dried (MgSO,) and
concentrated to give 144 (576 mg, 90%) as a white amorphous solid. [o],”> —31.9° (c 0.39,
CHCL). 'H-NMR (CDCL): § 8.66 (d, 1H, J=0.8 Hz, H-1), 8.11 (dd, 1H, J=8.6, 1.7 Hz, H-3),
7.94 (d, 1H, J=9.1 Hz, H-8), 7.82 (d, 1H, J=8.8 Hz, H-4), 7.41 (d, 1H, J=2.4, H-5), 7.27 (dd,
1H, J=9.0 2.4 Hz, H-7), 5.42 (d, 1H, J=5.5 Hz, H-1°), 5.23-5.32 (m, 2H, H-2’, H-3’), 5.06 (dt,
1H, J=6.8, 4.7 Hz, H-4), 4.30 (dd, 1H, J=12.2, 4.6 Hz, H-5°), 3.66 (dd, 1H, J=12.2, 7.1 Hz, H-
5), 2.13 (s, 3H, OAc), 2.12 (s, 6H, OAc), "C-NMR (CDCLy): § 172.2, 170.0, 170.0, 169.6, 156.5,
137.2, 132.0, 131.6, 129.0, 127.6, 126.4, 125.4, 119.8, 110.9, 98.1, 70.4, 70.0, 68.5, 62.0, 21.0,
20.9, 20.8. HRMS calcd. for C,,H,,0,,Na (M+Na): 469.1111; found 469.1109.

Xyl(OAc);-(B1-60)-Nap-1-CONH-Gly- 0

COO-#-Bu (181): 142 (10 mg, 0.022 mmol) and ACAOC%;O OO
glycine-#~Bu-ester hydrochloride (4.88 mg, 0.029 o
mmol) were dissolved in CH,Cl, (1.5 mL). DMAP 1810 ”/\[cl/ 7<
(4.1 mg, 0.034 mmol) was added and the solution was stirred for 15 min. DIC (4.4 pL, 0.028
mmol) in 0.1 mL. CH,Cl, was added. The solution was stirred at r.t. for 3 h. The mixture was
concentrated and chromatographed (SiO,, heptane-EtOAc 1:10) to give 181 (11.6 mg, 94%).
[0 =23.6° (c 0.75, CHCL). 'H-NMR (CDCL): 8 8.37 (d, 1H, J=9.3 Hz, H-8), 7.83 (d, 1H,
J=8.2 Hz, H-4), 7.60 (dd, 1H, J=7.1, 1.2 Hz, H-2), 7.45 (dd, 1H, J=7.1, 1.2 Hz, H-3), 7.39 (d,
1H, J=2.5 Hz, H-5), 7.23-7.29 (m, 1H, H-7), 6.48 (t, 1H, J=5.0, NHCH,) 5.36 (d, 1H, J=5.5 Hz,
H-1°), 5.20-5.31 (m, 2H, H-2’, H-3’), 5.04 (dt, 1H, J=7.0, 4.7 Hz, H-4’), 4.28 (dd, 1H, J=12.2 4.5
Hz, H-5%), 422 (d, 2H, J=5.2, NHCH, ), 3.62 (dd, 1H, J=12.2 7.2 Hz, H-5’), 2.12 (s, 3H, OAc),
2.09-2.11 (m, 6H, OAc), (s, 9H, O-£Bu). "C-NMR (CDCl,): § 170.0, 170.0, 169.6, 169.2, 154.7,
134.9, 133.8, 130.3, 127.7, 126.9, 125.7, 124.1, 120.0, 111.7, 98.5, 82.7, 70.5, 70.1, 68.6, 62.0,
42.7,28.2,20.9, 20.9, 20.9. HRMS calcd. for C,sH;;NO,; (M+H): 560.2132; found 560.2149.
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Xyl(OAc);-(p1-60)-Nap-1-CONH-Ala- AcA%M/O
COOMe (182): 142 (10 mg, 0.022 mmol) and L-alanine Ohc OO
methyl ester hydrochloride (4.1 mg, 0.029 mmol) were PN Jw(OMe
dissolved in CH,Cl, (1.5 mL). DMAP (4.1 mg, 0.034 182 "o
mmol) was added and the solution was stirred for 15 min. DIC (4.4 pL, 0.028 mmol) in 0.1 mL
CH,Cl, was added. The solution was stirred at r.t. for 3 h. The mixture was concentrated and
chromatographed (SiO,, heptane-EtOAc 1:10) to give 182 (10.2 mg, 87%). [0, —31.2° (c 0.66,
CHCL,). 'H-NMR (CDCL,): § 8.33 (s, 1H, H-8), 7.83 (d, 1H, J=8.3 Hz, H-4), 7.58 (dd, 1H,
J=7.1, 1.2 Hz, H-2), 7.45 (dd, 1H, J=8.2, 7.1 Hz, H-3), 7.39 (d, 1H, J=2.5 Hz, H-5), 7.24-7.34
(m, 1H, H-7), 6.55 (d, 1H, J=7.2 Hz, NHCH), 5.36 (d, 1H, J=5.5 Hz, H-1°), 5.21-5.32 (m, 2H,
H-2’, H-3%), 5.04 (dt, 1H, J=6.9, 4.7 Hz, H-4), 491 (m, 1H, NHCH), 4.28 (dd, 1H, J=12.1, 4.6
Hz, H-5’), 3.82 (s, 3H, OMe), 3.62 (dd, 1H, J=12.1 7.2 Hz, H-5’), 2.12 (s, 3H, OAc), 2.11 (m,
6H, OAc), 1.58 (d, 1H, J=7.2 Hz, CHCH,). "C-NMR (CDCL,): § 173.6, 170.0, 170.0, 169.5,
169.0, 154.7, 134.9, 133.8, 130.3, 127.6, 126.8, 125.6, 124.0, 120.0, 111.7, 98.4, 70.5, 70.0, 68.5,
61.9, 52.7, 20.9, 20.9, 20.8, 18.7. HRMS calcd. for C,H;NO,, (M+H): 532.1819; found
532.1779.

Xyl(OAQ);-(31560)-Nap-1-CONH-Pro-COOMe "o X © OO
(183): 142 (10 mg, 0.022 mmol) and L-proline methyl o ”Oj/o'\"e
ester hydrochloride (4.8 mg, 0.029 mmol) were dissolved 07 >N,

in CH,Cl, (1.5 mL). DMAP (4.1 mg, 0.034 mmol) was e ~/
added and the solution was stirred for 15 min. DIC (4.4 uL, 0.028 mmol) in 0.1 mL. CH,Cl, and
added. The solution was stitrred r.t. for 3 h. The mixture was concentrated and
chromatographed (SiO,, heptane-ethyl acetate 1:10) to give 183 (10.4 mg, 85%). [o],,” —67.0° (c
0.64, CHCLy). '"H-NMR (CDCLy): & 8.12 (d, 1H, J=9.1 Hz, H-8), 7.80 (d, 1H, J=8.2 Hz, H-4),
7.47 (dd, 1H, J=8.1, 7.0 Hz, H-3), 7.38-7.42 (m, 2H, H-2, H-5), 7.28 (dd, 1H, J=9.1, 2.6 Hz, H-
7), 5.36 (d, 1H, J=5.6 Hz, H-1°), 5.22-5.29 (m, 2H, H-2’, H-3’), 5.04 (dt, 1H, J=7.1, 4.7 Hz, H-
4), 481 (dd, 1H, J=8.6, 4.9 Hz, NCHCH,), 4.28 (dd, 1H, J=12.2, 4.5 Hz, H-5’), 3.86 (s, 3H,
OMe), 3.62 (dd, 1H, j=12.2 7.3 Hz, H-5°), 3.27-3.36 (m, 1H, NCH,CH,), 3.16-3.25 (m, 1H,
NCH,CH,), 2.29-2.43 (m, 1H, NCHCH,), 2.12, 2.11, 2.11 (s, 3H each, OAc), 2.03-2.10 (m, 1H,
NCHCH,), 1.80-2.00 (m, 2H, NCH,CH,). "C-NMR (CDCly): § 172.9, 170.0, 170.0, 169.5,
169.5, 154.7, 135.0, 134.6, 128.8, 127.4, 126.1, 126.0, 122.6, 120.1, 111.7, 98.4, 70.5, 68.5, 61.9,
58.7, 51.8, 29.8, 25.0, 20.9, 20.9, 20.9. HRMS calcd. for C,,H;,NO,; (M+H): 558.1975; found
558.1927.
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Xyl(OAc),-(B1-60)-Nap-1-CONH-Phe- AR OO
COOMe (184): 142 (10 mg, 0.022 mmol) and L- o

phenylalanine methyl ester hydrochlotide (6.28 mg, N
0.029 mmol) were dissolved in CH,CL (1.5 mL). DMAP e ©
(4.1 mg, 0.034 mmol) was added and the solution was stirred for 15 min. DIC (4.4 pL, 0.028
mmol) in 0.1 mI. CH,Cl, was added. The solution was stitred at r.t. for 3 h. The mixture was
concentrated and chromatographed (SiO,, heptane-EtOAc 1:10) to give 184 (13.4 mg, 98%).
[0 +14.8° (c 0.64, CHCL). '"H-NMR (CDCL,): § 8.16 (d, 1H, J=9.3 Hz, H-8), 7.81 (dd, 1H,
J=7.59 1.7 Hz, H-4), 7.38-7.46 (m, 2H, H-2, H-3), 7.37 (d, 1H, H-5), 7.27-7.35 (m, 3H, ArH),
7.16-7.24 (m, 3H, H-7, ArH) 6.41 (d, 1H, J=8.0, NHCH), 5.35 (d, 1H, J=5.5 Hz, H-1?, 5.17-
5.31 (m, 3H, H-2?, H-3, NHCH), 5.04 (dt, 1H, J=7.1 4.8 Hz, H-4), 427 (dd, 1H, J=12.2 4.6
Hz, H-5’), 3.82 (s, 3H, OMe), 3.61 (dd, 1H, J=14.0 5.7 Hz, H-5°), 3.40 (dd, 1H, J=14.0 5.7 Hz,
NHCH,), 3.22 (dd, 1H, J=14.0 6.4 Hz, NHCH,), 2.12 (s, 3H, OAc), 2.11 (s, 3H, OAc), 2.11 (s,
3H, OAc). "C-NMR (CDCLy): § 172.1, 170.0, 170.0, 169.5, 168.9, 154.7, 135.9, 134.9, 133.7,
130.3, 129.5, 128.9, 127.6, 127.4, 126.8, 125.6, 124.0, 120.0, 111.6, 98.4, 70.5, 70.1, 68.5, 61.9,
53.7, 52.7, 38.1, 20.9, 20.9, 20.9. HRMS caled. for Cy,H,NO,, (M+H): 608.2132; found
608.2179.

Xyl(OAc);-(B1-60)-Nap-2-CONH-Gly- ACAOCM/O OO L,
COO#Bu (185): 144 (10 mg, 0.022 mmol) and o \~\WN\)J\O><
glycine-~Bu-esterhydrochloride (4.88 mg, 0.029 e ©
mmol) were dissolved in CH,Cl, (1.5 mL). DMAP (4.1 mg, 0.034 mmol) was added and the
solution was stirred for 15 min. DIC (4.4 pL, 0.028 mmol) in 0.1 mL. CH,CI, was added. The
solution was stirred r.t. for 3 h. The mixture was concentrated and chromatographed (SiO,,
heptane-EtOAc 1:10) to give 185 (12.5 mg, 99%). [a],” —21.1° (c 0.78, CHCL). 'H-NMR
(CDCly): 8 8.29 (s, 1H, H-1), 7.76-7.90 (m, 2H, H-3, H-8), 7.79 (d, 1H, J=8.7 Hz, H-4), 7.38 (d,
1H, J=2.5 Hz, H-5), 7.24 (dd, 1H, J=8.9, 2.5 Hz, H-7), 6.78 (t, 1H, J=4.7 Hz, NHCH,), 5.38 (d,
1H, J=5.4 Hz, H-1°), 5.21-5.31 (m, 2H, H-2’, H-3), 5.05 (dt, 1H, J=0.8, 4.7 Hz, H-4’), 4.23 (dd,
1H, J=12.3, 4.6 Hz, H-5’), 4.20 (d, 2H, J=4.8 Hz, NHCH,), 3.64 (dd, 1H, J=12.3 7.2 Hz, H-5),
2.12 (s, 3H, OAc), 2.11 (s, 6H, OAc), 1.53 (s, 9H, O#Bu ). "C-NMR (CDCLy): § 170.0, 170.0,
169.5, 167.3, 155.8, 136.0, 131.0, 130.0, 129.2, 127.8, 127.6, 124.5, 119.8, 111.0, 98.3, 82.8, 70.5,

70.0, 68.5, 62.0, 42.8, 28.2, 20.9, 20.9, 20.9. HRMS calcd. for C,;H;NO,; (M+H): 560.2132;
found 560.2137.
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Xyl(OAc);-(p1-60)-Nap-2-CONH-Ala- ACAOCM/O o
COOMe (186): 144 (10 mg, 0.022 mmol) and L- Onc HQLOMG
alanine methyl ester hydrochloride (4.1 mg, 0.029 186 o -
mmol) were dissolved in CH,Cl, (1.5 mL). DMAP (4.1 mg, 0.034 mmol) was added and the
solution was stirred for 15 min. DIC (4.4 ulL., 0.028 mmol) in 0.1 mI. CH,Cl, was added. The
solution was stirred at r.t. for 3 h. The mixture was concentrated and chromatographed (SiO,,
heptane-EtOAc 1:10) to give 186 (10.4 mg, 87%). [o]p” +1.0° (c 0.69, CHCL). 'H-NMR
(CDCly): 6 8.28 (s, 1H, H-1), 7.82-7.91 (m, 2H, H-3, H-8), 7.79 (d, 1H, J=8.5 Hz, H-4), 7.39 (d,
1H, J=2.4 Hz, H-5), 7.24 (dd, 1H, J=9.3 2.4 Hz, H-7), 6.88 (d, 1H, J=7.2 Hz, NHCH), 5.37 (d,
1H, J=5.5 Hz, H-1"), 5.21-5.32 (m, 2H, H-2’, H-3), 5.05 (dt, 1H, J=7.2, 4.7 Hz, H-4), 4.87 (p,
1H, J=7.1 Hz, NHCH), 4.29 (d, 1H, J=12.3, 4.6 Hz, H-5), 3.82 (s, 3H, OMc¢), 3.64 (dd, 1H,
J=12.3 7.3 Hz, H-5’), 2.12 (s, 3H, OAc), 2.11 (s, 6H, OAc), 1.57 (d, 1H, J=7.3 Hz, CHCH,).
PC-NMR (CDCly): § 174.0, 170.0, 170.0, 169.5, 166.8, 155.9, 136.0, 131.0, 130.0, 129.2, 127.8,
127.6, 124.5, 119.8, 110.9, 98.2, 70.5, 70.0, 68.5, 62.0, 52.8, 20.9, 20.9, 20.9, 18.9. HRMS calcd.
for C,)H;NO,; (M+H): 532.1819; found 532.1769.

Xyl(OAc),-(B1-60)-Nap-2-CONH-Phe- ACAOCM/O o
COOMe (187): 144 (10 mg, 0.022 mmol) and I- Ohe H%OMe
phenylalanine methyl ester hydrochloride (6.28 mg, I

0.029 mmol) were dissolved in CH,Cl, (1.5 mL). 187 \©
DMAP (4.1 mg, 0.034 mmol) was added and the solution was stirred for 15 min. DIC (4.4 pL,
0.028 mmol) in 0.1 mL. CH,Cl, was added. The solution was stirred at r.t. for 3 h. The mixture
was concentrated and chromatographed (SiO,, heptane-EtOAc 1:10) to give 187 (12.6 mg,
92%). [o]p> +37.7° (c 0.85, CHCLy). 'H-NMR (CDCLy): & 8.20 (s, 1H, H-1), 7.85 (d, 1H, J=8.9
Hz, H-8), 7.78 (d, 2H, J=0.97 Hz, H-3, H-4), 7.38 (d, 1H, J=2.5 Hz, H-5), 7.28-7.34 (m, 3H,
ArH), 7.24 (d, 1H, J=8.9, 2.4 Hz, H-7), 7.20-7.14 (m, 2H, ArH), 6.71 (d, 1H, J=7.6 Hz,
NHCH), 5.39 (d, 1H, J=5.4 Hz, H-1°), 5.22-5.32 (m, 2H, H-2’, H-3), 5.16 (dt, 1H, J=5.7, 5.5
Hz, NHCH), 5.05 (dt, 1H, J=7.2, 4.7 Hz, H-4’), 4.29 (dd, 1H, J=12.3, 4.6 Hz, H-5’), 3.64 (dd,
1H, J=12.3, 7.3 Hz, H-5"), 3.80 (s, 3H, OMe), 3.35 (dd, 1H, J=13.9, 5.8 Hz, CHCH,), 3.27 (dd,
1H, J=13.9, 5.5 Hz, CHCH,), 2.13 (s, 3H, OAc), 2.12 (s, 6H, OAc). "C-NMR (CDCly): § 172.3,
170.0, 170.0, 169.5, 166.8, 155.9, 136.1, 136.0, 131.0, 130.0, 129.5, 129.2, 128.8, 127.9, 127.6,
127.4, 124.4, 119.9, 111.0, 98.2, 70.5, 70.0, 68.5, 62.0, 52.8, 52.6, 38.1, 20.9, 20.9, 20.9. HRMS
caled. for C;,H;,NO,; (M+H): 608.2132; found 608.2119.
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Xyl(31-60)-Nap-1-CONH-Gly-COOH (167): 181 (11.2 mg, 0.020 mmol) was
dissolved in MeOH (2mL). NaOH 1M (0.40 mL, 0.40 mmol) was added and the mixture was
stirred for 5 hours. The reaction was neutralised with Amberlite IR-120 H, filtered and
concentrated to give 167 (7.3 mg, 97%) as a white amorphous solid. [o],” —21.0° (c 0.47,
MeOH). 'H-NMR (CD,OD): & 8.31 (d, 1H, J=9.3 Hz, H-8), 7.90 (d, 1H, J=8.3, Hz, H-4), 7.59
(dd, 1H, J=7.1, 1.2 Hz, H-2), 7.45-7.53 (m, 2H, H-3, H-5), 7.34 (dd, 1H, J=9.3, 2.6 Hz, H-7),
5.06 (d, 1H, J=7.1 Hz, H-1"), 4.13 (s, 2H, NHCH,), 3.97 (dd, 1H, J=11.3, 5.2 Hz, H-5) 3.56-
3.66 (m, 1H, H-4), 3.43-3.54 (m, 3H, H-2’, H-3, H-5). "C-NMR (CD,OD): § 172.3, 156.9,
136.3, 135.3, 130.8, 128.2, 127.7, 126.5, 124.8, 120.9, 112.0, 102.7, 77.7, 74.7, 67.0. HRMS calcd.
for C,iH,)NO, (M+H): 378.1189; found 378.1188.

Xyl(B1-60)-Nap-1-CONH-Ala-COOH (168): 182 (9.1 mg, 0.0171 mmol) was
dissolved in MeOH. NaOH 1M (0.34 mL, 0.34 mmol) was added and the mixture was stirred
for 5 hours. The reaction was netrualised with Amberlite IR-120 H*, filtered and concentrated
to give 168 (6.4 mg, 96%) as white amorphous solid. [0, —33.1° (c 0.43, MeOH). 'H-NMR
(CD,OD): 8 8.25 (d, 1H, J=9.3 Hz, H-8), 7.89 (d, 1H, J=8.3, Hz, H-4), 7.56 (dd, 1H, J=7.0, 1.1
Hz, H-2), 7.43-7.51 (m, 2H, H-3, H-5), 7.33 (dd, 1H, J=9.3, 2.5 Hz, H-7), 5.05 (d, 1H, J=7.0
Hz, H-1°), 4.60 (q, J=7.2, 1H, NHCH), 3.94-4.01 (m, 1H, H-5%) 3.56-3.66 (m, 1H, H-4), 3.42-
3.55 (m, 3H, H-2’, H-3, H-5), 1.52 (d, 3H, J=7.2, CHCH,). "C-NMR (CD,OD): § 171.9,
156.9, 136.3, 135.5, 130.7, 128.2, 127.7, 126.5, 124.7, 120.8, 112.0, 102.7, 77.7, 74.8, 71.0, 67.0,
18.3 HRMS calcd. for C,,H,,NO, (M+H): 392.1345; found 378.1339.

Xyl(B1-60)-Nap-1-CONH-Pro-COOH (172): 183 (9.6 mg, 0.017 mmol) was dissolved
in MeOH-CH,CI, (2 mL, 1:1). NaOMe (0.5 mL, 1 M in MeOH, 0.50 mmol) was added and the
mixture was stirred for 20 minutes, neutralised with Amberlite IR-120 H, filtered and
concentrated. The crude was dissolved in MeOH (2 mL), NaOH was added (0.24 mL, 0.24
mmol) and the reaction was stirred over night. The reaction was neutralised with Amberlite IR-
120 H, filtered and concentrated to give 172 (4.9 mg, 68%) as a white amorphous solid. [o],,”
—54.0° (c 0.33, MeOH). '"H NMR (CD,0D): § 8.09 (d, 1H, J=8.5 Hz, H-8), 7.89 (d, 1H, J=8.5,
Hz, H-4), 7.47-7.55 (m, 2H, H-3, H-5), 7.39 (dd, 1H, J=7.1, 1.2 Hz, H-2), 7.35 (dd, 1H, J=9.2,
2.4 Hz, H-7), 5.06 (d, 1H, J=7.1 Hz, H-1°), 4.72 (dd, 1H, J=8.9, 5.0 Hz, NCHCH,), 3.98 (dd,
1H, J=11.3, 5.1 Hz, H-5) 3.56-3.66 (m, 1H, H-4’), 3.43-3.55 (m, 3H, H-2’, H-3’, H-5’), 3.19-
3.30 (m, 2H, NCH,CH,), 2.36-2.50 (m, 1H, NCHCH,), 2.02-2.17 (m, 1H, NCHCH,), 1.83-2.00
(m, 2H, NCH,CH,). "C-NMR (CD,OD): § 171.8, 157.1, 136.1, 135.7, 130.0, 127.7, 126.7,
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123.2, 112.3,102.7, 77.7, 74.7, 71.0, 67.0, 60.2, 30.8, 25.8. HRMS calcd. for C,H,,NO, (M+H):
418.1502; found 418.1469.

Xyl(B1-60) Nap-1-CONH-Phe-COOH (170): 184 (10.7 mg, 0.018 mmol) was
dissolved in MeOH-CH,Cl, (2 mL, 1:1). NaOMe (0.5mL, 1 M in MeOH, 0.50 mmol) was
added and the mixture was stirred for 20 minutes neutralised with Amberlite IR-120 H”, filtered
and concentrated. The crude was dissolved in MeOH (2 mL), NaOMe was added (0.30 mlL,
0.30 mmol) and the reaction was stirred for 5 hours. The reaction was neutralised with
Amberlite IR-120 H”, filtered and concentrated to give 170 (7.1 mg, 86%) as a white
amorphous solid. [0, —=12.0° (¢ 0.46, MeOH). '"H-NMR (CD,0D): § 7.83 (d, 1H, J=7.7 Hz,
H-4),7.75 (d, 1H, J=9.2, Hz, H-8), 7.21-7.44 (m, 8H, H-2, H-3, H-5, ArH), 7.19 (dd, 1H, J=9.3,
2.6 Hz, H-7), 5.02 (d, 1H, J=7.1 Hz, H-1"), 4.90 (m, 1H, NHCH), 3.97 (dd, 1H, J=11.3, 5.1 Hz,
H-5) 3.56-3.67 (m, 1H, H-4’), 3.40-3.54 (m, 4H, H-2’,H-3’ H-5", CHCH,), 3.04 (dd, 1H, J=13.8,
9.1 Hz, CHCH,). "C-NMR (CD,OD): § 174.9, 170.2, 158.2, 138.8, 137.5, 131.6, 130.9, 130.3,
130.3, 130.1, 129.5, 129.5, 128.8, 128.4, 127.8, 125.5, 120.9, 111.5, 102.6, 77.7, 74.7, 71.0, 67.0,
55.7, 38.2. HRMS calcd. for C,sH,(NOg (M+H): 468.1658; found 468.1640.

Xyl(B1-60) Nap-2-CONH-Gly-COOH (166): 185 (8.6 mg, 0.015 mmol) was dissolved
in MeOH-CH,Cl, (2 mL, 1:1). NaOMe (0.5mL, 1 M in MeOH, 0.50 mmol) was added and the
mixture was stirred for 20 minutes, neutralised with Amberlite IR-120 H', filtered and
concentrated. The crude was dissolved in MeOH (2 mL), NaOH was added (1 M, 0.256 mlL,
0.256 mmol) and the reaction was stirred for 5 hours. The reaction was neutralised with
Amberlite IR-120 H", filtered and concentrated to give 166 (4.9 mg, 79%) as a white
amorphous solid. [o],” =19.9° (¢ 0.31, MeOH). 'H-NMR (CD,0D): § 8.37 (s, 1H, H-1), 7.93
(d, 1H, J=9.0, Hz, H-8), 7.84-7.91 (m, 2H, H-3, H-4), 7.48 (d, 1H, J=2.5, Hz, H-5), 7.35 (dd,
1H, J=8.9, 2.5 Hz, H-7), 5.08 (d, 1H, J=7.1 Hz, H-1°), 4.15 (s, 2H, NHCH,), 3.98 (dd, 1H,
J=11.3, 5.2 Hz, H-5) 3.57-3.66 (m, 1H, H-4’), 3.44-3.55 (m, 3H, H-2’,H-3",H-5"). "C-NMR
(CD,OD): & 173.2, 170.5, 158.2, 137.6, 131.7, 130.7, 130.2, 128.9, 128.5, 125.4, 121.0, 111.5,
102.6, 77.7, 74.7, 71.0, 67.0, 42.3. HRMS calcd. for C;;H,NO, (M+H): 378.1189; found
378.1185.

Xyl(B1-60) Nap-2-CONH-Ala-COOH (169): 186 (10.2 mg, 0.0191 mmol) was
dissolved in MeOH (2 mL). NaOH 1M (0.382 mL, 0.382 mmol) was added and the mixture
was stirred for 5 hours, neutralised with Amberlite IR-120 H", filtered and concentrated to give
169 (6.1 mg, 82%) as white amorphous solid. [0],>> +7.9° (c 0.38, MeOH). 'H-NMR (CD,OD):
88.37 (s, 1H, H-1), 7.92 (d, 1H, J=9.0, Hz, H-8), 7.89 (dd, 1H, J=8.8, 1.8 Hz, H-3), 7.85 (d, 1H,
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J=8.6, Hz, H-4), 7.47 (d, 1H, J=2.2, Hz, H-5), 7.34 (dd, 1H, J=8.9, 2.4 Hz, H-7), 5.08 (d, 1H,
J=72 Hz, H-1%), 4.61 (q, J=7.2 Hz, 1H, NHCH), 3.98 (dd, 1H, J=11.3, 5.1 Hz, H-5’), 3.56-3.67
(m, 1H, H-4’), 3.42-3.55 (m, 3H, H-2’, H-3, H-5), 1.54 (d, 3H, J=7.2, CHCH,). "C-NMR
(CD,OD): & 169.9, 158.2, 137.5, 131.6, 131.0, 130.2, 128.8, 128.4, 125.5, 120.9, 111.5, 102.6,
77.7,74.7, 71.0, 67.0, 18.0. HRMS caled. for C,,H,,NO; (M+H): 392.1345; found 378.1339.

Xyl(B1-60) Nap-2-CONH-Phe-COOH (171): 187 (10.3 mg, 0.017 mmol) was
dissolved in MeOH-CH,Cl, (2 mL, 1:1). NaOMe 1M (0.5mlL, 0.500 mmol) was added and the
mixture was stirred for 20 minutes, neutralised with Amberlite IR-120 H", filtered and
concentrated. The crude was dissolved in MeOH (2mL), NaOH was added (0.290 mL, 0.290
mmol) and the reaction was stirred for 5 hours. The reaction was neutralised with Amberlite
IR-120 H, filtered and concentrated to give 171 (6.3 mg, 80%) as a white amorphous solid.
[o]p” —31.8° (c 0.45, MeOH). 'H-NMR (CD,0D): § 8.22 (d, 1H, J=1.3 Hz, H-1), 7.88 (d, 1H,
J=9.1, Hz, H-8), 7.82 (d, 1H, J=8.7, Hz, H-4), 7.75 (dd, 1H, J=8.7, 1.7 Hz, H-3), 7.45 (d, 1H,
J=2.4 Hz, H-5), 7.24-7.36 (m, 5H, H-7, ArH), 7.17-7.23 (m, 1H, ArH), 5.07 (d, 1H, J=7.1 Hz,
H-1°), 4.88-4.93 (m, 1H, NHCH), 3.98 (dd, 1H, J=11.3, 5.1 Hz, H-5’) 3.57-3.66 (m, 1H, H-4),
3.40-3.54 (m, 4H, H-2’, H-3’, H-5°), 3.38 (dd, 1H, /=13.9, 49 Hz, CHCH,), 3.16 (dd, 1H,
J=13.8, 9.6 Hz, CHCH,). "C-NMR (CD,0D): § 174.9, 170.2, 158.2, 138.2, 137.5, 131.6, 130.9,
130.3, 130.1, 129.5, 129.5, 128.8, 128.4, 128.0, 125.5, 120.9, 111.5, 102.6, 77.7, 74.7, 71.0, 67.0,
55.7, 38.2. HRMS calcd. for C,sH,(NO, (M+H): 468.1658; found 468.1627.

General procedure for solid-phase dipeptide synthesis: Dipeptides were synthesised
using CH,CI, as solvent in mechanically agitated reactor tubes. Pre-loaded Merrifield resin with
Boc-protected glycine (0.5 mmol/g, 0.020 mmol) or Boc-protected alanine (0.7 mmol/g, 0.021
mmol) were used. After swelling, Boc-removal was performed using TFA/CH,Cl, (8:2, 2 mL +
0.4 M PhSH) after which the resin was washed with CH,Cl,. The second Boc-protected amino
acid, DMAP and CH,CI, were added and the tube was agitated for 15 min after which DIC was
added. The mixture was agitated for 3 h after which the resin was washed with CH,Cl, and
MeOH. The Boc-group on the second amino acid was removed as described earlier. The resins
were swelled for 10 minutes was followed by the addtion of 145 (10.7 mg, 0.024 mmol), for the
glycine pre-loaded resin, DMAP and CH,Cl, and agitation for 15 min. DIC was added and the
tube was agitated for 3 h. The resins were washed as previously described. Swelling in CH,CI,
was followed by cleavage from the resin using NaOMe-CH,Cl,-MeOH (2.5 mL, 1:2:2) for 10
min after which reaction was neutralised with Amberlite IR-120 H, filtered and concentrated.

Deprotection of the ester was conducted using NaOH for 5 h. The reaction was neutralised
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with Ambetlite IR-120 H", filtered and concentrated. Purification was performed by preparative

HPLC. Yields and data for the synthesised peptides are presented below.

Xyl(31-60)-Nap-1-CONH-Leu-CONH-Gly-COOH (173): Gave (6.0 mg, 61%).
[0 > —42.3° (c 0.096, MeOH). "H-NMR (CD;OD): & 8.72 (d, 1H, J=8.2, NHCH), 8.38 (t, 1H,
J=5.6 Hz, NHCH,), 8.18 (d, 1H, J=9.3 Hz, H-8), 7.90 (d, 1H, J=8.2 Hz, H-4), 7.56 (dd, 1H,
J=7.0, 1.3 Hz, H-2), 7.45-7.53 (m, 2H H-, H-3, H-5), 7.34 (dd, 1H, J=9.3, 2.6 Hz, H-7), 5.05 (d,
1H, J=7.1 Hz, H-1°), 4.78 (dd, 1H, ]=9.0, 6.3, NHCH) 4.02-4.12 (m, 1H, NHCH,), 3.86-4.02
(m, 2H, NHCH,, H-5’), 3.55-3.66 (m, 1H, H-4’), 3.45-3.52 (m, 3H, H-2’, H-3’, H-5"), 1.78-1.90
(m, 1H, CH(CH,),), 1.68-1.77 (m, 2H, NHCHCH,), 0.95-1.12 (m, 6H, CH(CH,)). "C-NMR
(CD,OD): § 175.3, 172.5, 156.9, 136.3, 135.2, 130.8, 128.1, 127.7, 126.5, 124.8, 120.9, 112.1,
102.7, 77.7, 74.7, 71.0, 67.0, 53.6, 41.8, 41.8, 26.1, 23.4, 22.0. HRMS calcd. for C,,H;,N,O,
(M+H): 491.2030; found 491.1992.

Xyl(B1-60)-Nap-1-CONH-Phe-CONH-Gly-COOH (174): Gave (6.9 mg, 66%).
[ =37.9° (c 0.087, MeOH). 'H-NMR (CD,0OD): & 8.42 (t, 1H, J=5.5 Hz, NHCH,), 7.85 (d,
1H, J=8.2 Hz, H-4), 7.62 (d, 1H, J=9.3 Hz, H-8), 7.24-7.45 (m, 8H, H-2, H-3, H-5, ArH), 7.17
(dd, 1H, J=9.2, 2.5 Hz, H-7), 5.08 (dd, 1H, J=10.6, 4.7 Hz, NHCH), 5.02 (d, 1H, J=7.1, H-1)
3.91-4.08 (m, 3H, NHCH,, H-5), 3.56-3.65 (m, 1H, H-4"), 3.42-3.54 (m, 3H, H-2’, H-3’, H-5),
3.33-3.40 (m, 1H, CHCH,), 2.98 (dd, 1H, J=14.0, 10.7 Hz, CHCH,). "C-NMR (CD,OD): &
174.1, 172.7, 172.3, 156.8, 138.8, 136.1 135.2, 130.7, 130.5, 129.6, 128.2, 127.9, 127.4, 126.4,
124.6, 120.8, 111.9, 102.7, 77.7, 74.7, 71.0, 67.0, 56.3, 41.9, 38.8. HRMS calcd. for C,.H,,N,O,
(M+H): 525.1873; found 525.1866.

Xyl(B1—>60)-Nap-1-CONH-Met-CONH-Gly-COOH (175). Gave (182 mg, 78%).
o], —42.1° (c 0.39, MeOH). (CD,OD): 8 8.41 (t, 1H, J=5.7 Hz, NHCH,) 8.20 (d, 1H, =9.2
Hz, H-8), 7.90 (d, 1H, J=8.3 Hz, H-4), 7.58 (dd, 1H, J=7.1, 1.3 Hz, H-2), 7.44-7.53 (m, 2H, H -
3, H-5), 7.34 (dd, 1H, J=9.2, 2.7 Hz, H-7), 5.05 (d, 1H, J=7.1 Hz, H-1’), 4.80-4.85 (m, 1H,
NHCH), 4.02-4.13 (m, 1H, NHCH,), 3.80-4.01 (m, 2H, NHCH,, H-5) 3.56-3.68 (m, 1H, H-4"),
342354 (m, 3H, H-2, H-3, H4), 2.63-276 (m, 2H, CH,SCH,), 2.17-231 (m, 1H,
NHCHCH,), 1.98-2.16 (m, 4H, NHCHCH,, CH,SCH,). "C-NMR (CD,ODY: & 174.3, 172.7,
172.5,156.9, 136.2, 135.0, 130.9, 128.1, 127.7, 126.5, 124.9, 121.0, 112.1, 102.7, 77.7, 74.7, 71.0,
67.0, 54.3, 41.9, 32.5, 31.2, 15.3. HRMS caled. for C,,H;N,0,S (M+H): 509.1594; found
509.1573.
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Xyl(31-60)-Nap-1-CONH-Leu-CONH-Ala-COOH (176): Gave (9.3 mg, 88%).
[0 —41.6° (c 0.20, MeOD). "H-NMR (CD,OD): § 8.68 (d, 1H, J=7.6 Hz, NHCHCH,), 8.43
(d, 1H, J=7.2 Hz, NHCH,CHS,), 8.16 (d, 1H, J=9.2 Hz, H-8), 7.90 (d, 1H, J=8.0 Hz, H-4), 7.43-
7.57 (m, 3H, H-2, H-3, H-5), 7.34 (dd, 1H, J=9.3, 2.6 Hz, H-7), 5.05 (d, 1H, J=7.2 Hz, H-1"),
4.70-4.78 (m, 1H, NHCHCH,) 4.43-4.52 (m, 1H, NHCHCH,), 3.97 (dd, 1H, J=11.3, 5.1 Hz,
H-5), 3.56-3.66 (m, 1H, H-4), 3.43-3.55 (m, 3H, H-2’, H-3, H-5), 1.79-1.92 (m, 1H,
CH(CH,),), 1.69-1.75 (m, 2H, CH,CH(CH,),), 1.46 (d, 3H, J=7.5 Hz, NHCHCH,), 0.95-1.12
(m, 6H, CH,CH(CH,),). "C-NMR (CD,0D): § 174.7, 172.5, 156.9, 136.3, 135.3, 130.8, 128.1,
127.7, 126.5, 124.8, 120.9, 112.1, 102.7, 77.7, 74.8, 71.1, 67.0, 53.6, 41.8, 40.4, 26.1, 23.5, 22.0,
17.7. HRMS caled. for C,sH,,N,O, (M+H): 505.2186; found 505.2141.

Xyl(B1—60)-Nap-1-CONH-Phe-CONH-AlIa-COOH (177): Gave (23.9 mg, 95%).
[0 —28.8° (c 0.52, MeOH). 'H-NMR (CD;OD): & 8.50 (t, 1H, J=7.5 Hz, NHCHCHS,), 7.84
(d, 1H, J=8.4 Hz, H-4), 7.62 (d, 1H, J=9.4 Hz, H-8), 7.23-7.47 (m, 8H, H-2, H-3, H-5, ArH),
717 (dd, 1H, J=9.2, 2.5 Hz, H-7), 4.97-5.09 (m, 2H, H-1", CHCH,), 4.49-4.56 (m, 1H,
NHCHCH,), 3.97 (dd, 1H, J=11.2, 5.2 Hz, H-5), 3.55-3.67 (m, 1H, H-4), 3.40-3.55 (m, 3H, H-
2, H-3, H-5), 3.32-3.39 (m, 1H, CHCH,), 2.98 (dd, 1H, J=14.1, 10.8 Hz, CHCH,), 1.48 (d,
3H, J=7.3 Hz, NHCHCH,). "C-NMR (CD,OD): § 175.7, 173.5, 172.3, 156.8, 138.8, 136.1,
135.3, 130.7, 130.5, 129.6, 128.1, 127.8, 127.4, 126.4, 124.6, 120.8, 111,9, 102.6, 77.7, 74.8, 71.0,
67.0, 56.3, 38.9, 17.8. HRMS calcd. for C,,H,,N,O, (M+H): 539.2030; found 539.1997.

Xyl(31-60)-Nap-1-CONH-Met-CONH-Ala-COOH (178): Gave (9.1 mg, 81%).
[ =51.1° (c 0.094, MeOH). (CD,OD): & 8.18 (d, 1H, J=9.3 Hz, H-8), 7.90 (d, 1H, J=8.2 Hz,
H-4), 7.55 (dd, 1H, J=7.1, 1.3 Hz, H-2), 7.44-7.52 (m, 2H, H-3, H-5), 7.34 (dd, 1H, ]=9.3, 2.5
Hz, H-7), 5.05 (d, 1H, J=7.1 Hz, H-1°), 477 (dd, 1H, J=8.6, 5.8 Hz, NHCHCH,) 4.45-4.54 (m,
1H, CHCH,), 3.97 (dd, 1H, J=11.2, 5.1 Hz, H-5), 3.56-3.67 (m, 1H, H-4), 3.42-3.55 (m, 3H,
H-2), H-3, H-4), 2.62-2.75 (m, 2H, CH,SCH,) 1.95-2.24 (m, 5H, NHCHCH,, SCH,), 1.46 (d,
3H, J=7.4 Hz, CHCH,). "C-NMR (CD;OD): § 173.8, 156.9, 136.3, 130.8, 128.1, 127.7, 126.5,
124.8, 120.9, 112.1, 102.7, 77.7, 74.8, 71.0, 67.0, 54.4, 32.6, 31.1, 17.3, 15.3. HRMS calcd. for
C,.H;N,O,8 (M+H): 523.1750; found 523.1736.

9.2 Description of proliferation and priming assays

The assay methods used for cell proliferation and priming are described here to help the non-

specialist follow the procedures mentioned in this thesis and described in Papers IV and V.
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In vitro growth assay using crystal violet method: The crystal violet growth assay used
was developed by Westergren-Thorsson et al.'” by modification of a procedure described by

Gilles et al, >

and demonstrated excellent (r = 0.996) correlation between the results given by
the modified assay and by manual counting of cells in a Coulter Counter. In the assay, cells are
seeded in 96-well plates (optimal number of cells per well varies depending on cell line but is
approximately 4000) and allowed to adhere to the plate during a few hours in serum containing

medium.

Normally, a layout similar to that in Figure 9.1A is used with the outermost wells
containing only medium to minimise evaporation of medium in wells containing cells. The
medium is then changed to serum free medium and the cells are allowed to proliferate for 24
hours. The medium is then again changed to medium containing necessary growth factors and
the desired concentration of the compound under investigation. The cells are then incubated at
constant temperature (37 °C) and partial pressure of CO, for the time period investigated
(96 h). After this period the medium is discarded by inverting the plate and cells are fixed with a
1% glutaraldehyde solution for 15 min. The fixing solution is removed and the cell nuclei are

stained using an aqueous solution of crystal violet (188) (Figure 9.1B) for 30 min at r.t.

A Medium only B \lNéole

Test substance 1 Test substance 2
Varying concentrations Varying concentrations
Control (no substance) Control (no substance)
~ -
T N

Control (no substance) Control (no substance) 8
188

crystal violet
hexamethylpararosaniline

Figure 9.1. Typical layout of well contents for 96-well plates for zz vitro growth assay using crystal
violet method (A) and structure and chemical name of crystal violet (188) (B).

After staining, the cells are washed with distilled H,O and excess fluid is allowed to drain. The
cell and nuclear membranes are then lysed by the addition of a detergent (Triton X-100)
solution. Lysis is performed over 24 h to ensure the complete lysis of cells and disappearance of
bubbles which would interfere with the absorbance measurements. The absorbance of the
solution in the wells is measured in a microplate photometer at 600 nm and the absorbance
data is converted into percent growth by comparison to the untreated control cells with
correction for the absorbance of the cell number at the start of the experiment (from cells
fixed, stained and lysed in the same way at the start of the treatment period for the other

plates). Data handling and statistical analysis was performed using Microsoft Excel.
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GAG priming assay and analysis of proportion HS of total GAG: The method for
isolation of GAG from cell media and cells has been described in detail previously.”"**
Confluent cells are incubated for 1 h in medium with a low concentration of sulphate after
which the medium is changed to medium containing 0.1 mM of the xyloside and 50 mCi/mL
of [’°S]-sulphate. The cells are incubated for 24 h and the medium is collected. The cells are
washed twice with ice-cold phosphate buffered saline (PBS) and the washings are pooled with

the medium (medium pool). Cells are then lysed with a Triton X-100 solution containing

protease inhibitors and EDTA to release GAG and PG from inside the cells (cell pool).

Isolation of [”S]-sulphate labelled polyanionic macromolecules (GAG and PG) is
performed by ion exchange chromatography on a DE-53 cellulose column and pooling of the
radioactive fractions. Dextran is added as a carrier and GAGs and PGs are precipitated
overnight at -20 °C by the addition of ethanol. After centrifugation the pellet is redissolved in
an acidic buffer and free GAGs are separated from PGs by hydrophobic interaction
chromatography (octyl-sepharose column) in which neatly all PG remains bound to the
column. The amount of GAG is then determined by separation from remaining PG by size
exclusion chromatography with on a Superose 6 column and radioactivity measurement in a -

countetr.

The proportion of HS in the total GAG pool can be determined in two principally
different ways — by chemical depolymerisation of HS by nitrous acid,”*** or by the cleavage of
CS/DS into disaccharide units by chondroitinase ABC (cleaves on the teducing side of all
GalNAc residues regardless of its sulphation pattern). The methods differ in implementation

and how the results are obtained as follows.

Cleavage of CS/DS with chondroitinase ABC does not affect HS (and hepatin) and upon
size exclusion chromatography HS elutes faster than the disaccharide fragments produced by
the CS/DS cleavage. The total GAG pool after the separation from PG is degraded following
the procedure of Zhang et al.""®. After lyophilisation, the sample is redissolved and separation is
performed on a Superose 6 column. The areas for the two peaks in the chromatogram thus
represent HS (pool 1, Figure 9.2A) and CS/DS (pool 11, Figure 9.2A). This method is useful

since the structure of the HS is left intact allowing for further analysis if needed.

Cleavage of HS with nitrous acid pH 1.5 is performed by the method of Shively and
Conrad,” by treating GAG for 10 min at r.t. with 1 M nitrous acid (HNO,), prepared by
mixing 1 M H,SO, with 1.0 equiv Ba(NO,) at -5 °C, centrifugation of the formed BaSO,
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precipitate and withdrawal of the supernatant nitrous acid. Nitrous acid at pH 1.5 cleaves HS at
the reducing end of N-sulphated glucosamine but does not cleave CS/DS. Lyophilisation
followed by analysis by size exclusion chromatography on Superose 6 with HS degradation
products now eluting at a later time (pool 1I, Figure 9.2B) than CS/DS (pool 1, Figure 9.2B)
gives the proportion HS of total GAG.

A (*sips) Pool Il B [*si(cps)

Pool |
—

Figure 9.2. Schematic of typical size exclusion chromatograms from degradation of total GAG pool
with chondroitinase ABC (pool I is HS and pool II CS/DS) (A) and nitrous acid pH 1.5 (pool I is
CS/DS and pool 1T is HS) (B). The y-axis shows counts per second of  radiation.

9.3 Computational chemistry

Apart from the computational calculations of physical properties discussed in Chapter 4.3,
Chapter 5.1.2 and Paper VI also contain discussions based on modern computational
methodologies. Whilst a full discussion regarding the theories and methods used in density
functional theory (DFT) calculations is far outside the scope of this thesis, some terms are

explained and basic concepts discussed here briefly to aid the non-computational chemist.

9.3.1 A basic introduction to density functional theory calculations

The structure of a molecule can be described by viewing the system as masses connected by
springs (molecular mechanics). For many applications this is satisfactory but if reactivities,
spectral properties and transition states are to be investigated a description which takes into
account the electronics of the system must be used. Quantum mechanics (QM) is the field of
describing the electronic properties and nuclear localisations of chemical systems. There are

two main theories used in QM. The first, molecular orbital (MO) theory, uses the Schrédinger
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equation (Equation 9.1), in which H is the Hamiltonian operator acting on ¥ which is the wave

function describing the system and E is the energy eigenvalue to .

Equation 9.1. The Schrédinger equation.
HY = EY

Whilst Equation 9.1 looks deceptively simple at first glance, approximations must be made to
allow for its numerical solution in systems with more than one electron. Unfortunately, the
simplifications applied can for some systems (open shell species and metal-containing
compounds) cause MO to fail drastically. More accurate versions of MO theory have been
developed, but the computational costs are high limiting their use to small systems (about 12
heavy atoms and below). Therefore, during the last ten years, a method called density functional
theory (DFT) has become increasingly popular. DFT derives the energy of a system from the
electron density instead of from the wave function. The popularity of DFT has arisen from its
implicit treatment of correlations between electrons and its high accuracy compared to

computational cost.

DFT is based on the Hohenberg-Kohn theorems which, in abbreviated form, state that the

exact energy of a system may be expressed as a functional depending only on the electron

241

density of that system.™ Were it not for the fact that the form of the functional is not exactly

know, DFT calculations would give the exact energy for the system. Kohn and Sham showed

242

that the functional could be described by a series of functionals,” thus allowing the system to

be described by a series of functionals and a term correcting for the correlations between

clectrons. In the work described in this thesis the Becke three-parameter functional (B3)**

combined with the correlation functional presented by Lee, Yang and Parr (LYP)** is used.

A functional, such as B3LYP, must be applied to a mathematical model describing the
electrons of the system and such a model is called a basis set. If the basis set contained all the
information about the system (a complete basis set) an exact description would result. Due to
the impossibility of using the infinite number of functions necessary for a complete basis set, a
reduced basis set must be used to describe the system. Basis sets are described by the type and
number of functions included in them and most software packages allow the choice between a
large number of basis sets. For the work presented in Chapter V and Paper VI, the Pople style

245,24
d,?

basis set 6-311G~ was use with diffuse functions (indicated by ') for gas phase

calculations (6-311G™™) and without for solvation calculations.
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9.3.2 Transition state searches

A transition state (TS) is the structure of reactants at the saddle point on the potential-energy
surface between the starting materials and the products and is characterised by having one
imaginary frequency (corresponding to a negative spring constant). At the saddle point the a
maximum energy is obtained on the path between the starting material (or previous TS) and the
products (or next TS) and while the second derivate of the energy curve is thus zero, the
second derivate is negative, indicating a maximum (Figure 9.3). A transition state search
attempts to find this point by making small changes to the structure of the reactants until the

results converge toward a zero derivate and a negative second derivative.

Energy 5
inflection point —s \=— inflection point
starting
material
products

Reaction coordinate

Figure 9.3. Illustration of the energetics of a reaction showing the transition state (IS) and the
inflection points surrounding the maximum along the path of the reaction.

Finding a transition state requires making a good guess as to the structure of the actual TS
structure. This can be difficult and quite a large understanding of the system studied is needed.
If one is very familiar with the system a good enough guess can be constructed simply from
intuition. If this familiarity does not exist, of guesses are not close enough, a search for a good
guess must be performed prior to the actual TS structure optimisation. Whilst many methods
for this search exist, two general methods are commonly employed. The first is the scanning of
coordinates along an axis. This is computationally demanding since a DFT optimisation must
be performed for each structure along the axis but is useful when even the approximate
structure of the TS is not known. The other method, which requires more chemical know-how,
is to input a structure close to the actual TS and freeze parts of the molecule one is “certain”
about, whilst optimising the rest of the structure. Eventually, a guess structure will hopefully be
found which is close enough to the real TS — namely between the two inflection points on the
energy curve (Figure 9.3). If the guess is outside of the inflection points the optimisation will

fail and a new guess must be entered.
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9.3.3 Calculation of pK, values and C log P

Computational calculations of physical properties wetre performed using ACD/Labs software
suite and Schrédinger suite. The methods utilised by the different software suites and the

influence this exerts on the results will be discussed.

Calculations of pK, and C log P with ACD/Labs'’: Calculation of the pK, values and
C log P values for the hydroxynaphthyl B-D-xylopyranosides was kindly performed by Niklas
Falk. Structures created in Maestro™’ were exported and entered into ACD/Labs as an SD-file.
Calculations in ACD/Labs modules are petformed by using values obtained form an internal

database.

For the log P calculations the database contains values for three different types of
contributions to log P — fragmental contributions, carbon atom contributions and
intramolecular interaction contributions. By summing up the contributions of different parts of
the input molecule, for example and aromatic system, an hydroxyl group or an alkyl chain, a log

P value for the entire molecule is obtained.

For pK, calculations the ACD/Labs module contains thtee databases. The first database
contains about 16 000 substances with reported pK, values. The second database contains a
collection of Hammett-type equations which have been parameterised to be able to handle over
1 000 functional groups. The third database contains electronic substituent constants (c) of
varying types (€.g. Gyuo> Opury and ). These o-values are used in the parameterised Hammett-
type equations to calculate the pK, value for the molecule entered. When a o-value is not
available for a substituent it is calculated from one of several equations describing the
transmission of electronic effects through the molecule, with special equations for aliphatic

cycles and polyaromatic systems.

Calculations of C log P with QikProp'”’***: Structures were created in Maestro and
geometry optimised before being submitted to QikProp. The results from QikProp are not very
sensitive to the exact conformation of the structure even though a three-dimensional molecule
is required. The QikProp module calculated the solvent-accessible sutface area (SASA) using a
1.4 A probe radius. Further, the number of potential hydrogen bond acceptors in aqueous
solution, amine groups, nitro groups and acid groups is calculated. The log P value is then

calculated using a formula weighting these factors.
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Calculations of pK, with Jaguar®: Structures were created in Maestro and pK, values
were calculated using the pK, module in Jaguar with manual picking of the acidic proton. A

series of DFT energy and solvation calculations then give values for B, C and D in Scheme 9.1.

A S
HA@y —2 - @
(@) Aw * Ha

Scheme 9.1. Thermodynamic cycle for pK, calculations using Jaguar.
These calculations use the B3LYP functional and 6-31G* basis set for geometry minimisations
followed by single-point energy calculations using the high-level cc-pVTZ(+) basis set and give
C from Equation 9.2.

Equation 9.2. Equation relating the energy of the deprotonation step to the single point energies of
HA and H-.

C=AH-TAS=E, -Ey, +§RT7TAS
(e 2

Also, the solvation energies for the species in solution are calculated (B and D). The value for A

is obtained by summing of A, B and C and the pK, is then calculated using Equation 9.3.

Equation 9.3. Equation relating the pK, to the energy of the deprotonation step (A).

1
K,=——A
PRa=23rT

The thus obtained pK, value is then corrected using empirically obtained data to compensate

for intrinsic errors in each step.

As can be seen from the description above, different methods are used by the ACD/Labs
and Schrodinger software suites. ACD/Labs is very useful for large numbets of molecules since
it uses a non-computer intensive method. The same applies for the QikProp module of the
Schrédinger suite. The Jaguar pK, module can, with more effort, yield very good results but is

much more demanding of both the user and of the computational resources needed.

Therefore, we conclude that all methods discussed serve as valuable tools and the choice of
which to use will depend on factors such as precision needed, in-house availability (the software

suites are expensive), computer capacity available, whether exact values or trends are required
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and whether time and know-how is available to correctly set up the more demanding

calculations of the Jaguar pK, module.

9.4 Principles of flow cytometry

Cytometry is the science of quantification of nuclear DNA content and can be ecither as flow
cytometry or as static cytometry. In static cytometry cells are prepared on a slide and DNA is
visualised and detected by microscopy. In flow cytometry, a suspension of cells is pumped
through a small opening forcing the cells to enter a channel one at a time. Cells then pass a
focused laser-beam where fluorescent tags incorporated into the cells absorb light and reemit it
as light of a different wavelength. A series of photodiode arrays detect the emitted light and the
information is analysed by computer progams. Several thousand cells can be detected every
second giving statistically valid information in short amounts of time. The information can be
used to automatically sort cells according to certain properties and the machine is then termed a

Fluorescence Activated Cell Sorter (FACS™.

The results from a flow cytometry assay are given as a plot of the number of cells against
fluorescence intensity (Figure 9.4). A shift in the number of cells having low to high

fluorescence indicates an increased incorporation of the fluorescent tag used in the assay.

A B

No. of cells No. of cells

Fluorescence intensity Fluorescence intensity

Figure 9.4. Schematic illustration of results from a flow cytometry experiment. In (A) most cells give
little fluorescence upon irradiation. In (B) most cells have an increased fluorescence indicating
incorporation of a fluorescent tag.

In the TUNEL assay the fluorescent tag is incorporated in cells which are apoptotic and
therefore a shift of the cells towards higher fluorescence is indicative of increased apoptosis in

the population.

I FACS™ was developed by Leonard Arthur Herzenberg (b. 1931) in cooperation with BD Immunocytometry
Systems (BDIS, previously Becton Dickinson and Company) in 1973 and is trademarked but has come to be used
as a general term in the scientific community.
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