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Popularvetenskaplig sammanfattning

Proteiner ir en typ av molekyler som ir inblandade i sd gott som alla processer i levande
organismer. Naturen anvinder proteiner bland annat for att omvandla niringsimnen till
energi i dmnesomsittningen, foér att transportera molekyler in och ut genom
cellmembran och for att binda ihop celler sd att vivnad kan bildas. I de flesta av sina
uppgifter miste proteiner kunna kinna igen och binda till molekyler till sin omgivning,. I
vissa fall, som vid vivnadsbildning, ir bindningen sjilva huvudfunktionen hos
proteinerna, och i manga andra fall s regleras proteinernas funktion genom interaktioner
med hormoner och andra signalsubstanser. Vissa proteiner (enzymer) kan dven hjilpa till

att omvandla bundna molekyler i kemiska reaktioner.

Proteiner binder till andra molekyler i bindningsfickor pa ytan, och forskning
kring konstgjorda receptorer gir ut pa att tillverka molekyler som kan hirma struktur och
funktion hos dessa bindningsfickor. Proteiner ir oftast mycket stora och komplexa
molekyler, sd detta kan vara till nytta for att med hjilp av enklare modellsystem kunna
studera hur inbindning egentligen gér till. Det finns dven andra tillimpningar av
konstgjorda receptorer, t ex kan receptorer som indrar firg eller nigon annan mitbar
egenskap nir de kommer i kontakt med en molekyl man vill detektera anvindas som
kemiska sensorer. Tinkbara tillimpningar finns dven inom likemedelsomraddet, men det
ir dock fortfarande osikert om det gir att gora effektiva och sikra likemedel baserade pé

konstgjorda receptorer.

Konstgjorda receptorer ir generellt sett utformade antingen som ringar eller
pincetter. I forskningen som presenteras i den hir avhandlingen har metoder utvecklats
for att tillverka ringar som innehaller kolhydrater (socker) och aminosyror. Receptorerna
binder till vissa biologiskt viktiga molekyler som dAMP och dGMP (bestindsdelar i
arvsmassan), serotonin (en signalsubstans i hjirnan) och koffein (en uppiggande natur-
produkt), men bara med lig bindningsstyrka. Detta visar att ringar bestdende av
kolhydrater och aminosyror kan fungera som konstgjorda receptorer dven om stark

inbindning 4nnu inte har uppnétts med denna typ av molekyler.
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SAA sugar amino acid

Su N-succinimidyl

TBTU 1-[bis(dimethylamino)methylene]-1H-benzotriazolium
tetrafluoroborate 3-oxide

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxy, free radical

TFA trifluoroacetic acid

THF tetrahydrofuran
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Three-letter symbols for amino acids and monosaccharides are used following the
IUPAC/IUBMB recommendations (Pure Appl. Chem. 1984, 56, 595-624 and Pure Appl.
Chem. 1996, 68, 1919-2008).
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1

Introduction

1.1 Artificial receptors

Proteins are versatile molecules that are involved in almost all aspects of life." Proteins
convert nutrients to energy in the metabolism, transport molecules through cell
membranes, and mediate cell adhesion in tissue formation. Proteins also have many other
functions and it would be difficult to find a process in a living cell where proteins are not
involved. In many of these processes, proteins need to bind to other molecules in binding
sites on their surfaces. In some cases, such as cell adhesion molecules,? binding is the
main function of the protein, and in many other cases, the functions of proteins are
regulated through interactions with hormones and other molecules. Enzymes go one step

further and have catalytic sites where reactions of bound molecules are catalysed.

Since proteins are so important in biological systems, it is not surprising that
there is a strong interest in obtaining deeper and more detailed understanding of the
mechanisms and driving forces behind protein binding events. The synthesis of artificial
receptors’ is one tool among many in this undertaking. Artificial receptors are organic
molecules that can bind to other molecules, referred to as ligands, in a fashion similar to
binding sites in proteins* (Figure 1.1). Since artificial receptors are generally much
smaller molecules than proteins, they can be used as more simple model systems to
investigate the thermodynamic driving forces and structural requirements involved in a

binding event in greater detail.*

Furthermore, artificial receptors are not only interesting as tools for studying
molecular recognition, but may also be useful in their own right in analytical chemistry.
Cyclodextrins are cyclic oligosaccharides with the ability to bind to many smaller
molecules, and this property has been utilized in chromatographic systems. Cyclodextrins

can either be linked to the stationary phase or added to the mobile phase to improve

* In biological terminology, the word recepror implies a physiological effect upon ligand binding, and some
researchers thus avoid the term artificial receptor and prefer to use the more general term bost instead.



(a) (b)

Figure 1.1 Schematic pictures of (a) a protein binding a ligand in a binding site on the
surface, and (b) an artificial receptor binding a ligand.

separation, and their chiral nature can also make it possible to differentiate between
enantiomers.’ In principle, artificial receptors can be utilized in the same way, and most
progress so far appears to have been made with calixarenes.® Artificial receptors where an
easily observable property, such as absorbance or fluorescence, changes upon binding can
be utilized as chemosensors”™’ and be used analogously to pH indicators to detect and
quantify analytes. Recently, sensing systems that rely on the displacement of an indicator
from a receptor have been developed. These systems have been used for the detection of
phosphate'' and pyrophosphate'? ions in water and for the determination of malate and
tartrate in wines, grape juice and grape must,"”* citrate in beverages'’ and the time of
aging of whisky.'° It has been suggested that fluorescent sensors for biomolecules could
become very important tools in molecular biology,” and many other analytical

applications can be envisioned provided that the appropriate sensors can be developed.

The first steps towards therapeutic applications of artificial receptors have also
been made." Vancomycin is a natural antibiotic that inhibits cell wall growth by binding

to the C-terminal sequence of a mucopeptide precursor. However, bacteria are



increasingly developing resistance to this antibiotic by modifying the C-terminal and new
antibiotics need to be found. Artificial receptors that can bind to the modified sequence
may have potential as new antibiotics, and some research towards this has already been
made."”* In another example of research towards therapeutic applications of artificial
receptors, a receptor has been developed that blocks the farnesylation of the protein Ras,
a process known to be involved in some types of cancer.”’ It has also been shown that
cyclophanes” and modified cyclodextrins® can be used to reverse the effects of some
skeletal muscle relaxants. The reversal drugs that are used today when only a temporary
effect is sought cause many side effects, and research on artificial receptors may lead to
better alternatives in the future. However, the viability of artificial receptors as drugs is

still uncertain at this stage.

1.2 Design of artificial receptors

Proteins bind other molecules through a combination of electrostatic interactions, such as
ion pairing and hydrogen bonding, and hydrophobic effects, i.e. the association of
hydrophobic regions in a polar solvent.* These non-covalent interactions are generally
not very strong, but by using multiple interactions, protein binding sites can often bind

the ligands with both high affinity and high specificity.

With the exception of boronate esters,” artificial receptors use the same forces for
binding their ligands.”* Most of the early work on artificial receptors was done in organic
solvents, and those receptors often relied heavily on hydrogen bonding to bind their
ligands.” However, it is more interesting to construct biomimetic artificial receptors that
can bind ligands in water, and hydrogen bonds and other electrostatic forces are much
weaker in water than in organic solvents due to the higher polarity of the solvent.
Furthermore, water is both a hydrogen bond donor and acceptor and the hydrogen
bonds between receptor and ligand need to be stronger than hydrogen bonds between
receptor and solvent in order to create a net force for binding. On the other hand,
hydrophobic interactions and other interactions with aromatic rings can be very
important in aqueous solution.”” Artificial receptors for use in aqueous solution are often
amphiphilic molecules with both aromatic regions and regions rich in hydrogen-bonding
sites and ionic groups, thus allowing both association between aromatic regions in

receptor and ligand and polar interactions.

The structural elements of artificial receptors are generally arranged in a
macrocyclic ring or as a tweezer-like structure to form a binding site that is

complementary to the ligand. The advantage of constructing a macrocycle is that it leads



to a more rigid molecule where the structural elements can be preorganized™ in a good
geometry for binding, thus reducing the amount of free energy that needs to be spent on
conformational changes in the binding event. Still, the receptor should be flexible enough
to allow for an induced fit,” and typically a compromise between rigidity and flexibility

needs to be reached.

1.3 Objectives of the research

The aim of the research presented in this thesis was to explore the use of macrocyclic
carbohydrate/amino acid hybrid molecules as artificial receptors for biomolecules in
aqueous solution. The macrocycles were to be prepared mainly using the methods of
peptide chemistry with the carbohydrates in the form of sugar amino acids. It was
expected that interesting artificial receptors or leads towards artificial receptors would be
found, and it was also expected that the research would expand the body of knowledge

concerning the synthesis of such macrocycles.



2

Carbohydrates and Amino Acids as
Building Blocks for Artificial Receptors

2.1 Receptors containing carbohydrates

The naturally occurring cyclodextrins (Figure 2.1) were among the first receptor
molecules to be studied.™ Cyclodextrins are cyclic oligosaccharides that are now known
to form complexes with many organic and inorganic compounds,” and the chemical
literature contains a wealth of information about the binding properties of both natural
and modified cyclodextrins.” Carbohydrates have also been used in many other ways in
artificial receptors and this section aims to give examples of those attempts with the focus

on artificial receptors in aqueous solution.

Figure 2.1 a-Cyclodextrin. Larger cyclodextrins with seven (B-cyclodextrin),
eight (y-cyclodextrin) or even more glucose units are also known.

A number of cyclodextrin analogues have been prepared, such as the cyclotrehalin
prepared by Mellet, Garcfa Ferndndez and co-workers™ (Figure 2.2a). This molecule can

be considered to be a reversed cyclodextrin since the other face of the glucose units is



oriented towards the central cavity. The cyclotrehalin was found to bind weakly to
benzoate anions in water (K,=8 M) and stronger to 2-naphthalene sulphonate anions
(K,=235 M) and 1-adamantanecarboxylate anions (K,=46 000 M™"). Another example of
a cyclodextrin analogue is the cyclohexamer of a sugar amino acid prepared by Kessler
and co-workers™ (Figure 2.2b). The cyclohexamer was found to bind to p-nitrophenol

and benzoic acid in water, but no binding constants were reported.

ONH
OH on 0
0
0 0
HO™ OH %\\
HN
N o, Ho OH OHHO
s HW\O O on ,&
N
HOHO OH H

Figure 2.2 Cyclodextrin analogues. (a) Cyclotrehalin by Mellet, Garcfa Ferndndez and
co-workers.” (b) Cyclic hexamer of a sugar amino acid by Kessler and co-workers.”

Carbohydrates have also been used together with other building blocks. Dondoni
and co-workers attached carbohydrates to a calix[4]arene to give calixsugars, and one of
the resulting molecules (Figure 2.3) was found to bind D-glucosamine hydrochloride in
MeOH-d, or DMSO-d; in preliminary studies, but unfortunately no details were given.**

Binding studies in water could not be performed due to solubility problems.

OH HO

o HO
o} OH oH
HO&@/ OH 0—LO

OH

Figure 2.3 Calixsugar by Dondoni and co-workers.*



In a more successful attempt to use carbohydrates in artificial receptors, Penadés
and co-workers incorporated carbohydrates into a cyclophane to produce a glycophane
(Figure 2.4) that could bind p-nitrophenyl glycosides in water with binding constants up

to 242 M and 2,4-dinitrophenyl glycosides with binding constants up to 1200 M™.? >

HO @)
0 OH

Figure 2.4 Glycophane by Penadés and co-workers.”

2.2 Receptors containing amino acids and peptides

Amino acids have frequently been used in artificial receptors. They are attractive building
blocks since the structure of the receptors can be easily varied by changing the amino
acid(s) and since the available amino acids have a large diversity in chemical properties.
Combinatorial methods can be used, and efficient tweezer-like artificial receptors have
been obtained in this way by coupling variable peptide chains to an invariant core.”

Examples of the use of peptides and amino acids in artificial receptors will be given in

this section with an emphasis on artificial receptors in aqueous solution.

In the simplest cases of amino acid-containing receptors, amino acids have been
coupled to aromatic building blocks to create amphiphilic molecules that can act as
artificial receptors. In our laboratory, this has been done with derivatives of anthracene’
and dibenzobarrelene® that were combined with glycine, aspartic acid, glutamic acid or
arginine (Figure 2.5). The anthracene-based receptor with arginine was found to bind
neutral p-nitrophenyl glycosides with K=100 M and negatively charged p-nitrophenyl
glucuronide and p-nitrophenyl galacturonide with K=200-300 M in water. The
dibenzobarrelene-based receptor with arginine was found to bind p-nitrophenyl
glucuronide with K,=50-67 M and p-nitrophenyl galacturonide with K,=77-111 M in

water.
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Figure 2.5 Simple receptors based on (a) anthracene,” and (b) dibenzobarrelene.”

There are many examples where amino acids or short peptides have been coupled
to calixarenes to obtain artificial receptors.”” Many of those receptors were only studied in
organic solvents, but there are also examples in water, such as the receptor prepared by
Ungaro and co-workers® (Figure 2.6). In that receptor, four alanine units were coupled
to a calix[4]arene that had been rigidified with two di(ethylene glycol) bridges at the
lower rim, and the resulting molecule was found to bind to aromatic ammonium salts,
amino acids and amino acid methyl esters. The more hydrophobic molecules were bound
most strongly with binding constants up to 710 M™' for L-tryptophan methyl ester and

1440 M for trimethylanilinium chloride.

Figure 2.6 Peptidocalix[4]arene by Ungaro and co-workers.*

Entire peptide sequences have also been incorporated in artificial receptors.
Mallouk and co-workers incorporated a tripeptide (Val-Leu-Ala) into a cyclophane and

obtained a receptor that could bind to some pharmaceutically interesting molecules in a



mixture of water and acetone® (Figure 2.7a). The binding constants were small
(K,=39 M), but an interesting feature of the receptor was that it bound considerably
stronger to (R)-DOPA than to (§)-DOPA. Kilburn and co-workers developed a receptor
that could bind to a dye-labelled Glu(OsBu)-Ser(#Bu)-Val peptide.”” The receptor had a
guanidino group that could interact with the terminal carboxylate group of the peptide
and two side-chains that could interact with the rest of the peptide chain (Figure 2.7b).
The receptor bound the peptide with K,=8x10* M while the enantiomeric peptide was
only bound with K,=8x10> M. Sugimoto, Miyoshi and Zou have also reported that

some pentapeptides can bind very strongly to D-erythrose and D-galactose.”

HaoN O /J\E 0
(@) 0 (b) 7
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Cﬁ &3 L \“/A\N H g
\ / \ /) o) ?
0 o
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Figure 2.7 Examples of receptors that contain peptide sequences. (a) Cyclophane by
Mallouk and co-workers.* (b) Peptide receptor by Kilburn and co-workers.*

Benito and Meldal have investigated the use of cyclic peptides as receptors.** A
cysteine-containing dodecapeptide was synthesized on solid phase and was bridged with
different aromatic chains. The binding to nitrotyrosine-labelled cellobiose, maltose and
lactose was studied with fluorescence resonance energy transfer (FRET) with the
receptors still linked to the solid phase, and cellobiose was found to bind more strongly
than maltose and lactose in acetonitrile:water 3:1 when a naphthalene bridge was used

(Figure 2.8).



Figure 2.8 Naphthalene-bridged cyclic dodecapeptide by Benito and Meldal.*

Kubik and co-workers have also studied the use of cyclic peptide-like molecules as
artificial receptors. It was found that a macrocycle with alternating residues of proline
and G-aminopicolinic acid could bind anions in aqueous solution (Figure 2.9a).” If an
excess of receptor was used, a 2:1 complex would be formed and the binding strength
could be enhanced by linking two macrocycles together.**” It has also been shown that
this macrocycle can bind octyl and methyl glycosides when carboxylate-containing
groups are present on the aromatic rings, but only in chloroform containing small
amounts of methanol.”® Similar macrocycles (Figure 2.9b) have been shown to bind

. . . 4
cations 1n organic solvents. ?

(a) (b) R
o | j % o) §/©:H 0
(\ N \j (\ \j

N

N N
o:/ O o:/ O
HN N7 HN
N R
& NH R@V/\ NH
N R

K/O OK/?O

Figure 2.9 General structures of receptors by Kubik and co-workers.
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3

Sugar Amino Acids

3.1 Introduction to sugar amino acids

Sugar amino acids™ (also known as glycosamino acids) are carbohydrates that contain at
least one amino group and one carboxylic acid group, either attached directly to the
carbohydrate or via a short spacer. Sugar amino acids are useful building blocks in
organic chemistry and can easily be coupled to amines and carboxylic acids using

methods developed for peptide chemistry.

A number of natural sugar amino acids are known with derivatives of neuraminic
acid and muramic acid (Figure 3.1) as important examples. Sugar amino acids have also
been found as components in natural antibiotics’ and several other examples of natural

sugar amino acids are also known.

OH

OH
HO:.. OH
HoN—/ L/ ~OH ~ NH,
HO COOH
Neuraminic acid Muramic acid

Figure 3.1 Examples of naturally occurring sugar amino acids.

The first synthetic sugar amino acid was prepared by Heyns and Paulsen in 1955
by selective oxidation of C6 of a glucosamine derivative.”” A wide range of sugar amino
acids have been synthesized since then and many pyranoid, furanoid and open-chain

sugar amino acids can be found in the literature (Figure 3.2).
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o)

0 OH HoN OH OH OH O
(a) Hao%% (b) © (©) HZNMOH
HoN

T OH OH
OH HO OH

Heyns and Paulsen, 1955°2 van Boom et al., 2000°3 Fleet et al., 200454-56

Figure 3.2 Examples of (a) pyranoid, (b) furanoid, and (c) open-chain sugar amino acids
(shown here as the corresponding fully deprotected structures).

3.2 Uses of sugar amino acids

3.2.1 Scaffolds for combinatorial chemistry

Pyranoid and furanoid sugar amino acids contain three different kinds of functionality
(hydroxyl groups, amino groups and carboxylic acid) in a defined geometry and so are
good candidates for molecular scaffolds in combinatorial chemistry. An illustrative

example is the 384 member library prepared by Sofia and co-workers” (Figure 3.3).

HO

O

R1
OH 0] NH

O O

HO & — R2HNJ\O &
MeO MeO

FmocNH NH

OMe o) OMe
4R3

Figure 3.3 Use of a sugar amino acid as a scaffold for combinatorial chemistry.”’

3.2.2 Carbohydrate analogues

It was first proposed by Fuchs and Lehmann in 1975 and later by Nicolaou and co-
workers in 1995” that sugar amino acids could be linked together to form interesting
carbohydrate analogues, and Nicolaou termed such molecules carbopeptoids. The first
fully characterized carbopeptoid was prepared by Ichikawa and co-workers® (Figure 3.4)
and was found to inhibit HIV infection in CD4 cells when O-sulphated. Many other
linear oligomers of sugar amino acids have now also been prepared and several of them
have been found to form interesting secondary structures. An analogue of a branched

oligosaccharide has been synthesized, but was found to be biologically inactive.’' A

12



number of cyclic oligomers of sugar amino acids have also been prepared, such as the

cyclodextrin analogue by Kessler and co-workers™ (see Section 2.1).

HO N OMe

OH NH H

How °
HO
oH NH O
HO QA
HO 0

oH NH
How
HO (0]
BocHN

Figure 3.4 First synthetic carbopeptoid.®

3.2.3 Peptide mimetics

Sugar amino acids have lately seen much use in peptide mimetics. A sugar amino acid
typically has the same size as a dipeptide, but is more rigid and can be incorporated into
cyclic peptides to control their conformation. The first example of this is the biologically
active analogue of the cyclic peptide somatostatin that was prepared by Graf von Roedern
and Kessler® (Figure 3.5). In this peptide the sugar amino acid replaced the Phe-Pro
sequence and conformational analysis showed that the sugar amino acid mimicked a f8

turn. Sugar amino acids have also been incorporated into other cyclic peptides to prepare

64,65 6

Arg-Gly-Asp-containing integrin inhibitors™*® and further analogues of somatostatin.’

NH NHo
HN—__N 0
Da
HN o]
0 0 NH
HO— & __T(/LW\OH
N
OH
H o

. . . . . . 2.
Figure 3.5 Somatostatin analogue containing a sugar amino acid.*>*’
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3.2.4 Artificial receptors

It has been proposed that cyclic sugar amino acid/amino acid hybrids may have potential
as artificial receptors,”* but little work has been done in this area and the only known
artificial receptor containing a sugar amino acid is the cyclodextrin analogue discussed in
Section 2.1. Two cyclic sugar amino acid/amino acid hybrids have been evaluated as
artificial receptors in the work presented in this thesis, but the use of sugar amino acids in

artificial receptors still remains little explored.
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4

Principles of Peptide Chemistry

4.1 The formation of peptide bonds

Amino acids in peptides and proteins are linked through amide bonds (often simply
referred to as peptide bonds) and the formation of such bonds is the most central
reaction in peptide chemistry.®® This reaction is often called a peptide coupling and
reagents for such a reaction are known as coupling reagents. The role of the coupling
reagent is to introduce a leaving group into the carboxylic acid of one amino acid so that
it can react with the amine of another amino acid to form an amide bond between them
(Figure 4.1). The introduction of a leaving group is often referred to as activation of the

amino acid.

R2
Activation O-PG
q O (couing oy Qk
_ reagent) PG—N O-PG
PG N%OH PG- N\)J\LG o /H(
R1
PG = protective group LG = Ieavmg group

Figure 4.1 A peptide coupling reaction

During the 100 years that have passed since the birth of peptide chemistry, a
plethora of coupling reagents have been developed.”” The three most common types of
coupling reagents today are the carbodiimides, the guanidinium/uronium salts and the
phosphonium salts. Reagents that create mixed anhydrides between an amino acid and a
monoester of carbonic acid also remain popular and useful. Examples of these types of

coupling reagents are shown in Figure 4.2 and their characteristics are discussed below:
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Carbodiimides

/~ cl©
—NA® ©
QNZC:NO >—N=C=N— WNZCZNﬁ
EDC -HCI
N, = N,
additives used with carbodiimides: N - | N
\ NT N
OH OH
HOBt HOAt

Guanidinium/Uronium salts

/N/N/Gé /N/\Fg\ C\ \F U (\/'EN:N

RS N o SNT N

N _ L N PFe o
N@ NT NG N@ PES )N
0 0 0 —N~
©) ©) © ®\
TBTU HATU HAPyU O-HATU

Phosphonium salts

Ly, Uy (i D

O N\

©

NS e Q@Q Q Q Q o
BOP PyBOP PyAOP PyBrOP

Reagents for preparing mixed anhydrides

isobutylchloroformate EEDQ IIDQ

Figure 4.2 Examples of common coupling reagents
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Carbodiimides have been used for a long time and DCC was the first coupling
reagent of this class to be developed.” The main disadvantage of the carbodiimides is
that the urea that is formed in the coupling reaction can be difficult to remove in the
purification. The N, N™-dicyclohexylurea formed from DCC precipitates from most
solvents and can often be filtered off, although small amounts may remain. DIC gives
the more soluble N, N-diisopropylurea which can be advantageous in some
situations, e.g. solid phase peptide synthesis. EDC yields a very polar urea that can
easily be removed from the product through liquid-liquid extraction or
chromatography. Carbodiimides are almost always used together with additives such

as HOBt"' or HOAt” to suppress racemization and to improve yields.

Guanidinium salts are efficient coupling reagents.”” Originally, these reagents were
believed to be uronium salts, but the HBTU and HATU reagents have now been
shown to be guanidinium salts’* and that is likely also the case for the other members
of this class. Some confusion remains as the abbreviations HATU, TBTU etc are still
used even though they indicate that the compounds are uronium salts. The true
uronium salts of HBTU and HATU, O-HBTU and O-HATU, have also been
prepared and have been shown to be more reactive than their guanidinium

4
counterparts.7

Phosphonium salts are also commonly used in peptide synthesis, although they have
not been used in the work presented in this thesis. BOP” is prepared from the
carcinogenic substance HMPA which is released again in the coupling reaction, and
PyBOP has been developed as a more benign alternative.”* PyBrOP has been shown

to be a valuable reagent for coupling hindered secondary amines.”””®

Mixed anhydrides are most often prepared by treating the amino acid with a
chloroformate such as isobutylchloroformate in the presence of a base. Another way
to introduce a mixed anhydride is to use EEDQ” or IIDQ® which in contrast to

chloroformates can be used in the presence of the amine.

4.2 Protective groups

Another important aspect of peptide chemistry is the choice of protective groups. As can

be inferred from Figure 4.1, the amino acids need to be suitably protected or they will

polymerize in the course of the reaction. The most common protective groups for the

amino group are carbamate protective groups such as Boc, Fmoc and CBz (Table 4.1).
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Table 4.1 Common carbamate protective groups.

Abbreviation Name Structure Cleavage conditions
Boc tert-butoxycarbonyl TFA or other acid
(0]
Lok
H
Fmoc (9-fluorenyl)- piperidine or other

methoxycarbonyl O base
Ay Ao )
250

CBzorZ benzyloxycarbonyl hydrogenolysis

In solid-phase peptide synthesis, the carboxylic acid functionality is generally
protected by being the point of attachment to the solid phase. In solution, esters such as

methyl, allyl, benzyl or zer#butyl can be used.

The amino acid side chains also need to be protected in many cases and a large
number of protective groups have been developed. The choice of side-chain protective
groups depends heavily on the choice of amino protective group as it is important that

the amino protective group can be cleaved without affecting the side chain.

4.3 Epimerization

The most troublesome side reaction in peptide chemistry is epimerization of the activated
amino acid. Epimerization can occur in two ways, either through direct proton
abstraction or via oxazol-5(4H)-one formation (Figure 4.3).*"** The activation of an
amino acid makes it more prone to epimerization through direct abstraction since the
leaving group generally is electron-withdrawing and so makes the a-hydrogen more
acidic. However, epimerization through direct abstraction is normally not a major
problem in peptide chemistry. Instead, it is epimerization via oxazolones that is the
concern. Once the oxazolone has been formed, it epimerizes rapidly via an aromatic
anion. Since oxazol-5(4H)-ones react with amines to give amides, this will not necessarily

lead to a loss of yield, only to partially epimerized product.
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Figure 4.3 Epimerization mechanisms in peptide couplings. (a) Direct abstraction.

(b) Oxazol-5(4H)-one formation.

Base

Fortunately, carbamate-protected amino acids are much less prone to
epimerization than peptides, and if only one carbamate-protected amino acid is added to
the growing peptide chain at a time, epimerization will most often occur only to a
negligible extent. This is the reason why peptide synthesis is generally performed in the

C—N direction.

However, in some cases it is desirable to couple two peptide segments together to
form a longer peptide, a reaction known as a segment condensation. In those cases it is
necessary to choose conditions where epimerization is minimized. Since the formation of
oxazolone is base-catalysed, one way to avoid epimerization is to use a weaker base or,
even better, to use a coupling reagent that can be used without a base, such as the
carbodiimides.” Lowering the temperature can also help decrease epimerization, and
HOAt-based reagents are often superior to HOBt-based reagents. Studies have also
shown that there generally is less epimerization in relatively non-polar solvents such as
CH,Cl, and THF than in very polar solvents such as DMF and CH,CN.* It has also
been shown that certain metal cations can suppress epimerization®*** and CuCl, has been

found to be particularly effective.
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5

C,-Symmetric Cyclic Peptides

Containing a 6-Sugar Amino Acid

5.1 Design considerations

The goal of the project was to combine amino acids and carbohydrates to produce
macrocyclic molecules that would be able to act as artificial receptors. The carbohydrates
were to be in the form of sugar amino acids so that the macrocycles could be prepared
using peptide chemistry. It was also decided that the macrocycles were to be C;-
symmetric, allowing them to be prepared through dimerization of smaller precursors. It
was envisioned that ligands could be bound in the centre of the molecules, and CPK
models were constructed to examine how large the macrocycles would need to be in
order to form a binding site large enough for small ligands such as monosaccharides. It
was judged that two sugar amino acids and six ai-amino acids would be suitable, and so

the general structure shown in Figure 5.1 was chosen for the synthetic targets (Paper I).

O:<1_A(/;\]—[AA]—[AA]—gqj O:\/{_AA]—[AA]—[AA
Qbf—[ AA]—[AA]—[ZA_ }>:O tsof_

OH
o
— :&f) @ + H‘[AA]—[AA]—[AA]f

Figure 5.1 General structure and retrosynthetic analysis of the synthetic targets.
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The d-sugar amino acid obtained by oxidation of the C6 in glucosamine was
chosen to be used as the sugar amino acid since it was expected that a sugar amino acid
with diametrically opposed amino and carboxylic acid groups would introduce rigidity
into the macrocyclic ring and prevent it from collapsing. Since the macrocycles should be
amphiphilic molecules that can use both hydrogen bonding and hydrophobic effects to
bind ligands, aromatic amino acids were to be used. Of the four available natural
aromatic amino acids phenylalanine, tyrosine, histidine and tryptophan, tyrosine was
chosen because the side-chain hydroxyl group was expected to help increase the water-
solubility. Macrocycles with glutamic acid or arginine as the central amino acid residue in
the tripeptide chain were also to be prepared so that the effect of a positive or negative

charge on the binding properties could be examined.

5.2 Synthesis

In order to be able to synthesize the macrocycles in a stepwise cyclodimerization, it was
necessary to choose orthogonal amino and carboxylic acid protective groups, and the
Fmoc amino protective group together with zer+-butyl esters was deemed to be a suitable
combination. Thus, an Fmoc-protected sugar amino acid and tripeptide zer-butyl esters

needed to be prepared.

5.2.1 Synthesis of the Fmoc protected sugar amino acid

The synthesis started from glucosamine hydrochloride which was transformed into the
known tri-O-acetylated methyl pyranoside 2 in a two-step procedure using a
combination of previously described methods®”* (Scheme 5.1). Attempts to deacetylate
2 using base-catalysed transesterification with Me,NEt in MeOH gave approx. 12% of
an N-acetyl side-product, while acidic transesterification cleanly produced known
hydrochloride 3. The Fmoc group was introduced selectively with N-(9-
fluorenylmethoxycarbonyloxy)succinimide (Fmoc-OSu) to give 4. At this point, attempts
were made to selectively oxidize C6 of the Fmoc-protected carbohydrate derivative 4 to
obtain sugar amino acid 5. The reaction was attempted with TEMPO in a two-phase
CH,Cl,/water system90 and also in EtOAc/water, water, and acetonitrile/water, but at
most only traces of product could be seen on TLC and detected with MALDI-TOF mass
spectrometry.® Instead, the primary hydroxyl group of 4 was protected as the

triphenylmethyl ether and the secondary hydroxyl groups as benzoates to give 6." The

* The reason for the sluggish reaction may have been the poor solubility of the amphiphilic starting
material. The reaction has recently been accomplished in a 1:1 mixture of THF and water in 81% yield.”'
" Acetates were initially used, but were found to be too prone to migration in later Fmoc cleavage steps.
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6

(not purified)

Scheme 5.1 Synthesis of sugar amino acid 8. Reaction conditions: (a) AcBr (neat),
3 days; (b) MeOH, pyridine, 1 h; (c) HCl/MeOH, 24 h; (d) Fmoc-OSu, NaHCO;,
15 h; (e) TEMPO, KBr, Bu,NCI, NaClO, NaHCO;(aq), CH,Cl,, no reaction;
(f) Chlorotriphenylmethane, pyridine, 85°C, 2 h, then BzCl, pyridine, r.t., 4 h;
(g) HBr/AcOH, 3 min; (h) CrO;, H,SO,(aq), acetone, 1.5 h.

triphenylmethyl ether was cleaved with hydrogen bromide in acetic acid to give 7 which
could be cleanly oxidized with Jones’ reagent to give the Fmoc-protected sugar amino
acid 8. The purification of the Fmoc-protected sugar amino acid was difficult, and it was
judged to be better to directly use the crude product later in the synthesis of the

macrocycles. A similar sequence leading to the o anomer of the same sugar amino acid

has been disclosed by others.”

5.2.2 Synthesis of tripeptide tert-butyl esters

Three different tripeptide zerz-butyl esters were prepared for inclusion into macrocycles;
H-Tyr-Tyr-Tyr-O'Bu 11a, H-Tyr-Glu(OBn)-Tyr-OBu 11b and H-Tyr-Arg(Mtr)-Tyr-
OBu 11c (Scheme 5.2). Peptide couplings were performed with EDCeHCI, HOBt and
N-methylmorpholine in THF, ter+-butyl esters were cleaved with 33% TFA in CH,CI,
with Et;SiH as a scavenger,” and piperidine was used to cleave the Fmoc group. All three
peptides could be prepared in good yields without protection of the tyrosine side chain.
The side chain of glutamic acid was protected as the benzyl ester and the guanidino

group in the arginine side chain was protected with the Mtr group.
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Fmoc-Arg(Mtr)-OH

H-Tyr-O'Bu H-Glu(OBn)-O'Bu l ¢ (83%)
a (88%) l a (86%) Fmoc-Arg(Mtr)-Tyr-O'Bu 12
Fmoc-Tyro-O'Bu 9a Fmoc-Tyr-Glu(OBn)-O'Bu 9b d (90%)
l b, ¢ (94%) l b, ¢ (83%) H-Arg(Mtr)-Tyr-O'Bu 13
Fmoc-Tyrg-O'Bu10a  Fmoc-Tyr-Glu(OBn)-Tyr-O'Bu 10b a (83%)
l d (87%) l d (88%) Fmoc-Tyr-Arg(Mtr)-Tyr-O'Bu 14
H-Tyrz-O'Bu 11a H-Tyr-Glu(OBn)-Tyr-O'Bu 11b d (83%)

H-Tyr-Arg(Mtr)-Tyr-O'Bu 11¢

/@ H H9
- N__N-8 OMe

Scheme 5.2 Synthesis of tripeptide zer#-butyl esters 11a-c. Reaction conditions:
(a) Fmoc-Tyr-OH, EDC*HCIl, HOBt, N-methylmorpholine, THF, 16 h; (b) TFA,
Et;SiH, CH,Cl,, 4 h; (c) H-Tyr-O'Bu, EDC*HCI, HOBt, N-methylmorpholine,
THF, 16 h; (d) piperidine, CH,Cl,, 30 min.

5.2.3 Synthesis of the macrocycles

Sugar amino acid precursor 7 was oxidized with Jones reagent and directly coupled to a
tripeptide zer-butyl ester 1la-c to give sugar amino acid/amino acid hybrids 15a-c
(Scheme 5.3). The orthogonally protected hybrids 15a-c could be either deprotected at
the N-terminal using DBU in the presence of a solid-phase thiol as a scavenger for the
liberated dibenzofulvene™ to give 16a-c or at the C-terminal using TFA and Et;SiH in
CH,CL,” to give 17a-c (Scheme 5.4). The Mtr group has previously been reported to be
stable at 25% TFA in CH,CL,” and this was also the case during the zertbutyl ester
cleavage at 33% TFA in CH,Cl,.

The N-deprotected hybrids 16a-c and the C-deprotected hybrids 17a-c were

now ready to be coupled together in a segment condensation. In the first attempt,
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a O
Bf_s,oo 2 OMe BZBOO 2 OMe t
Z z —AA-Tvr—
NHFmoc NHFmoc Tyr-AA-Tyr-OBu
7 8 b O 0
BzO
BzO OMe

H-Tyr-AA-Tyr—O'Bu NHFmoc

15a AA = Tyr, 45%

Hz ﬁ\\ﬁ\\ fgf OB 15b AA = Glu(OBn), 64%
= Glu(OBn) 15¢ AA = Arg(Mtr), 46%

11c AA = Arg(Mtr)

Scheme 5.3 Synthesis of sugar amino acid/amino acid hybrids 15a-c. Reaction
conditions: (a) CrO;, H,SO,(aq), acetone, 1.5 h; (b) EDC*HCI, HOBt,
N-methylmorpholine, THF, 16 h.

EDCeHCI/HOBt/ N-methylmorpholine was used, but the results were unsatisfactory as
there was a high degree of epimerization (approx. 20% epimer of 18a formed according
to '"H NMR). Instead, a carbodiimide-mediated base-free coupling method using DIC
and HOBt was used to couple 16a-c and 17a-c to get 18a-c without any visible
epimerization in the "H NMR spectrum. These conditions are known to work well in
difficult segment condensations.” The linear dimers were then N-deprotected with the

solid-phase scavenger as above to give 19a-c.

Tyr-AA-Tyr—O'Bu
0
0
N
/ NH2
16a AA = Tyr, 94%

Tvr—AA-Tvr—O'B 16b AA = Glu(OBn), 90%
yr yr=OBU 6c AA = Arg(Mtr), 99%

Tyr-AA-Tyr—O'Bu

e
¢ o OMe
NH

0
BzO

o}
OMe %
B20 = NHFmoc Tyr-AA-Tyf
b 0
15a AA = Tyr 0]
15b AA = GIu(OBanm' B2 OMe
= NHR
15¢ AA = Arg(Mtr) Tyr-AA=Tyr—OH
0 18a R=Fmoc, AA = Tyr, 65%
B%oo 0 OMe 18b R=Fmoc, AA = Glu(OBn), 72%
V4 — — %
NHFmoo . 18c R=Fmoc, AA = Arg(Mtr), 48%
17a AA =Tyr
17b AA = Glu(OBn) 19a R=H, AA = Tyr, 95%
17¢ AA = Arg(Mtr) 19b R=H, AA = Glu(OBn), 99%
19¢ R=H, AA = Arg(Mtr), 96%

Scheme 5.4 Synthesis of the linear dimers 19a-c. Reaction conditions: (a) DBU, N-(2-
mercaptoethyl)aminomethyl polystyrene, 6 h; (b) TFA, E¢;SiH, CH,Cl,, 3-4 h;
(c) DIC, HOBt, THF, 16 h;

25



It was now time to cyclize the linear dimers. To evaluate cyclization methods, a
portion of 19a was C-deprotected and cyclization attempts were made using the

following conditions:

* EDCeHCI/HOBt and N-methylmorpholine in THF.

* DIC/HOBt, both with and without DIPEA in both THF and DMF.
* DPPA, both with NaHCO; in DMF and with DIPEA in THF.

e TBTU, HOBt and DIPEA in THF.

* HATU, both with DIPEA and 2,4,6-collidine in THF.

* HAPyU, both with DIPEA and 2,4,6-collidine in THF.

All attempts were carried out at 1 mM concentration of the linear starting
material. The reaction mixtures were analysed with MALDI-TOF mass spectrometry and

only TBTU, HATU, and HAPyU gave the macrocycle as a major product.

The HATU and HAPyU reagents have been reported to give less epimerization
than TBTU in the cyclization of pentapepticles.95 In the same study, it was shown that
DIPEA gives less epimerization than 2,4,6-collidine, while it has previously been shown
that the opposite is true for segment condensations.”” HAPyU was evaluated both with
DIPEA and 2,4,6-collidine in the cyclization of 19a to 20a, and DIPEA was found to
give a slightly higher yield and less epimerization. Compounds 19b-c could also be
cyclized to 20b-c using this method (Table 5.1, Scheme 5.5). For comparison, HATU

was also tested in the cyclization of 19b to 20b and was found to be inferior to HAPyU.

Table 5.1 Cyclization conditions, yields and epimerization levels.

Starting Reagents® Reaction  Isolated  Epimerization
material time" yield

19a HAPyU/2,4,6-collidine 3 h 35% 5% isolated
19a HAPyU/DIPEA 1h 37% not observed
19b HAPyU/DIPEA 3h 53% traces on TLC
19b HATU/DIPEA 25h 32% traces on TLC
19¢ HAPyU/DIPEA 4h 34% traces on TLC

“At room temperature in THF with 1 mM concentration of linear starting macterial.
’Reactions were monitored with MALDI-TOF and run until the starting material was consumed.
‘For both C-deprotection and cyclization.
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Tyr-AA-Tyr—O'Bu

BZQO%&/ Tyr—AA—Tyr—NH
BzO NTE, OMe a B OO o MeO OBZB
Tyr—AA-Tyr~ 820 OMe o z
o) HN—Tyr—AA—Tyr
BzO o) y y
BzO OMe 20a AA = Tyr, 37%
NH2 20a: b (61%) 20b AA = Glu(OBn), 53%
19a AA = Tyr 20b: ¢ (81%) 20c AA = Arg(Mtr), 34%

19b AA = Glu(OBn) 20c: d (59%)

19¢ AA = Arg(Mtr)

OH OH
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H
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HO 21c:R= %/\/\NJLNH
H

Scheme 5.5 Cyclization and deprotection. Reaction conditions: (a) “TFA, Et,SiH,
CH,CL, 3-4 h; iiHAPyU, DIPEA, THF, 1-4 h, see Table 5.1; (b) NaOMe/MeOH, 24 h;
(c) ' HCOOH, Pd black, MeOH, 15 min; "NaOMe/MeOH, 24 h; (d) ‘'TFA, PhSMe,
24 h; "NaOMe/MeOH, 24 h.

At this point in the synthesis, only deprotection of macrocycles remained.
Macrocycle 20a was treated with NaOMe in MeOH to give 21a in 61% yield. The
benzyl esters of macrocycle 20b were cleaved using catalytic transfer hydrogenation with
palladium black and formic acid,”” and the benzoates were then cleaved with NaOMe in
MeOH to afford 21b in 81% yield. Macrocycle 20¢ was first treated with neat TFA with
thioanisole as a sc:avenger98 to cleave the Mtr group, and the crude product was then

treated with NaOMe in MeOH to afford 21c in 59% yield after HPLC purification.

The deprotected macrocycles 21a-c all gave well resolved '"H NMR spectra at
room temperature and exhibited the expected spectra for symmetrical compounds. The
spectrum of macrocycle 21c¢ in D,O showed signs of a slow conformational exchange in
that smaller additional peaks were seen at 2.81 ppm and 2.56 ppm as well as overlapping

peaks at 3.74 ppm and in the aromatic region. The signals coalesced when a sample in

DMSO-d, was heated to 150°C.
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5.3 Evaluation as artificial receptors

The all-tyrosine macrocycle 21a was not soluble in water and its binding properties in
other solvents were not studied. Macrocycles 21b-c were soluble in water and were
screened using 'H NMR measurements against a number of putative ligands:
p-nitrophenyl glycosides, nucleotides, aromatic amino acids, aromatic amines and
purines. NMR spectra of the macrocycles at 0.5 mM concentration were compared to
NMR spectra of mixtures that also contained 20 mM of a ligand in order to find

complexation-induced changes in the chemical shifts (Figures 5.2 and 5.3).
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Figure 5.2 Largest observed absolute changes in chemical shift in macrocycles 21b-c
when putative ligands were added (0.5 mM receptor and 20 mM ligand in 100 mM
phosphate buffer, pD 7.2). The observed receptor signals are noted on top of the bars.
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The screening experiments showed large complexation-induced shifts with the
purine nucleotides dA and dAMP, mainly in the aromatic signals. To investigate the
affinity for nucleotides further, 21b-c were titrated with the four deoxynucleotides
dAMP, dCMP, dGMP and TMP (Figure 5.4) and the changes in chemical shift were
plotted against the nucleotide concentration (Figure 5.5). For comparison, Ac-Tyr-OMe
and Ac-Tyr-Arg-Tyr-OMe were also titrated with the four deoxynucleotides (Figure 5.6)
and binding constants for all titrations were obtained by fitting the curves to a 1:1

binding isotherm™'” (Table 5.2).
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Figure 5.4 The deoxynucleotides dAMP, dCMP, dGMP and TMP.
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Figure 5.5 Titration curves (Tyr-H®) of macrocycles 21b-c (0.5 mM in 100 mM
phosphate buffer, pD 7.2) with the deoxynucleotides dAAMP, dCMP, dGMP and TMP.

The nucleotides were added as sodium salts to ensure a constant pD.
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Figure 5.6 Titration curves (Tyr-H®) of Ac-Tyr-OMe and Ac-Tyr-Arg-Tyr-OMe (0.5

mM in 100 mM phosphate buffer, pD 7.2) with the deoxynucleotides dAAMP, dCMP,
dGMP and TMP. The nucleotides were added as sodium salts to ensure a constant pD.
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Table 5.2 Binding constants® for macrocycles 21b-c, Ac-Tyr-OMe and Ac-Tyr-Arg-
Tyr-OMe with dAMP, dCMP, dGMP and TMP (100 mM phosphate buffer, pD 7.2).

Host dAMP dCMP dGMP T™P
21b 4-6 <3’ 4-5 <3
21c 10-14 <3’ 10-11 <3’
Ac-Tyr-OMe 4 <3 4-5 <3®
Ac-Tyr-Arg-Tyr-OMe 4-5 <3" 4-7 <3®

“Based on chemical shift changes of the aromatic protons.
’Binding curve does not have sufficient curvature for determination of the binding constant.

The titrations revealed that macrocycles 21b-c¢ bind to dAMP and dGMP,
although only weakly. The positively charged macrocycle 21¢ binds significantly stronger
than the negatively charged macrocycle 21b as might be expected for molecules binding
negatively charged ligands. The control compounds Ac-Tyr-OMe and Ac-Tyr-Arg-Tyr-
OMe also bind, but more weakly. Interactions with the purine deoxynucleotides dAMP
and dGMP are in all cases stronger than interactions with the pyrimidine
deoxynucleotides dCMP and TMP, which bind too weakly for reliable determination of
the binding constants. A 1:1 stoichiometry was assumed in all cases since the weak
affinity and small shift changes precluded determination of the stoichiometry with Job’s

plots.'”

The small binding constants and the stronger affinity for purines than for
pyrimidines suggest that the association is mainly through aromatic interactions. It is
known from self-association studies and from binding experiments with tryptophan and
related compounds that aromatic interactions are stronger with the purines than with the
pyrimidines."*"'** Interestingly, Ac-Tyr-Arg-Tyr-OMe did not show enhanced affinity
compared to Ac-Tyr-OMe while the Tyr-Arg-Tyr-containing macrocycle 21¢ did. This
means that the increased binding strength found with macrocycle 21c cannot be
attributed solely to the presence of the charged arginine side chains. Instead, the stronger
binding suggests that the nucleotides either interact with several regions of the
macrocycle or that the macrocycle preorganizes the Tyr-Arg-Tyr peptide in a better

conformation for binding the nucleotides.

Macrocycle 21b was also titrated with some of the other putative ligands that had
caused significant complexation-induced shift changes and was found to bind weakly to
serotonin (K,=6-7 M) and caffeine (K,=8-15 M) while interactions with tryptamine
(K,<3 M) and purine (K,<3 M) were significantly weaker (Figure 5.7).
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Figure 5.7 Titration curves (Tyr-H®) of macrocycle 21b (0.5 mM in 100 mM phosphate
buffer, pD 7.2) with serotonin, tryptamine, caffeine and purine. Serotonin and
tryptamine were added as hydrochloride salts to ensure a constant pD.

5.4 Computational studies

The conformations of macrocycles 2la-c were calculated using Monte-Carlo
conformational searches in MacroModel 8.5 (MMFFs force field with water as solvent,
20,000 steps, all backbone torsions were selected for random variation). The calculations
resulted in 110-240 conformers within 5 kcal/mol of the global minimum for each

macrocycle (Figure 5.8, only the first 25 conformers for each macrocycle are shown).

Although there was some variation among the low-energy conformers, a closer
analysis revealed that they shared similar characteristics. The calculated low-energy
conformers for the macrocycles 21a-c were mostly twisted, oblong structures with
extended sugar amino acids and turns formed by the tripeptides (Figure 5.9). Axial
hydrogen atoms in the two sugar amino acid residues were facing each other in most of
the low-energy conformations, but occasionally a sugar amino acid had rotated to form a
hydrogen bond to another part of the molecule. No common pattern in the hydrogen

bonding could be discerned within the tripeptides.
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21c

Figure 5.8 Superimposed backbones of the 25 conformers with lowest energy from each
of the conformational searches on 21a-c. Hydrogen atoms have been omitted for clarity.

Figure 5.9 Typical backbone conformation of macrocycles 21a-c. The example shown is
the global minimum found for macrocycle 21a (side chains omitted for clarity).
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The sugar amino acids in the calculated low-energy conformers are in the “C,
conformation, which is in agreement with the */;; coupling constants. The sugar amino
acids in macrocycle 21c¢ deviated from the “C, conformation in many cases, but since the
observed */iy;; coupling constants in the NMR spectrum of 21c do not differ markedly
from the coupling constants in 21a-b, this is likely due to an artefact in the calculations
induced by a strong hydrogen bond between neighbouring arginine and tyrosine side

chains.

5.5 Conclusions

The synthetic targets were reached, but unfortunately only weak binding was found with
the macrocycles 21b-c. The best binding constants were around 10 M while binding

constants for nucleotide receptors often are in the range 10°-10° M™".'%”

One reason for the low binding affinity may be the compact conformations of the
macrocycles. It was initially hoped that the macrocycles would form a binding site in the
centre of the molecules, but the calculations indicate that the only possibility for binding
is on the surface of the molecules. More rigid molecules that do not collapse may have a

larger potential for being efficient artificial receptors.
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6

C;-Symmetric Cyclic Peptides With
Alternating Tyrosine and Sugar Amino
Acid Residues

6.1 Design considerations

The macrocycles in Chapter 5 consist of two kinds of building blocks, amino acids and a
d-sugar amino acid derived from glucosamine. The sugar amino acid is more
conformationally restricted than an a-amino acid due to the pyranoside ring, and it
seemed reasonable that increasing the ratio of sugar amino acids to amino acids in the
macrocycles would lead to more rigid structures that might form a central cavity instead
of collapsing. Preliminary calculations indicated that this was the case, and a C;-
symmetric molecule with three tyrosine residues and three sugar amino acid residues

(Figure 6.1) was selected as the first synthetic target (Paper II).

HO

HO

Figure 6.1 C;-symmetric target molecule.
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6.2 Synthesis

It was anticipated that this macrocycle could be formed from an orthogonally protected
building block consisting of the 8-sugar amino acid coupled to tyrosine. Similar
chemistry as in the synthesis of the C,-symmetric macrocycles (Chapter 5) was employed
and sugar amino acid precursor 7 was oxidized and coupled to tyrosine zers-butyl ester to
give building block 22 (Scheme 6.1). The Fmoc group was then cleaved on part of the

1108

to give the N-

material with tetrabutylammonium fluoride and 1-octanethio

deprotected building block 23 to be used when elongating the chain.

OH Tyr-O'Bu
BN oo s B
y4
BzO OMe 53% BzO OMe
NHFmoc NHR

7 b 22 R=Fmoc
91% > 23 R=H

~ Scheme 6.1 Synthesis of the building blocks. Reaction conditions:
(a) 'CrO5/H,SO,(aqg)/acetone, 2 h; "H-Tyr-O'Bu/EDCeHCI/HOBt/ N-methyl-
morpholine/THF, 16 h; (b) TBAF/#-C,H,,SH/THEF, sonication, 5 min.

The tert-butyl ester of 22 was cleaved with 33% trifluoroacetic acid in CH,Cl,
with Et;SiH as a scavenger” and the crude product was directly coupled to building
block 23 using EDC*HCI, HOBt and N-methylmorpholine to give 24 (Scheme 6.2).
Only 27% of the desired product was obtained along with 19% of epimerized product.
As in the synthesis of the C,-symmetric macrocycles, epimerization could be reduced by
using DIC and HOBt in the absence of base. With these conditions, 58% of the product

and only 6% of the epimer were obtained after separation of the diastereomers.

The linear molecule was now elongated once again. The rerr-butyl ester of
compound 24 was cleaved with TFA/CH,Cl,/E¢;SiH and the crude product was coupled
with DIC and HOBt to building block 23 under base-free conditions to obtain 25 in
68% yield. No epimerization was observed in this coupling. The Fmoc group of 25 was
then cleaved with DBU in the presence of a solid-phase thiol as a scavenger™ to give 26
in excellent yield. The ter-butyl ester was cleaved as before and the crude linear product
was successfully cyclized using HAPyU and DIPEA in THF to the Cj-symmetric
macrocycle 27 in 27% yield.
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Scheme 6.2 Synthesis of the macrocycle. Reaction conditions: (a) “TFA/Et,SiH/CH,CL,,
4 h; "23/DIC/HOBt/THF, 16 h; (b) DBU/N-(2-mercaptoethyl)aminomethyl poly-
styrene, 6 h; (c) TFA/Eq,SiH/CH,Cl,, 4 h; "HAPyU/DIPEA/THEF, 3 h;

(d) NaOMe/MeOH (2 mM), 5 days.

The deprotection of 27 proved to be difficult. Macrocycle 27 was first treated
with 10 mM NaOMe in MeOH, which resulted in a number of products. The product
mixture was purified using HPLC and 11% of the desired compound 28 was obtained.
The main product appeared to be a compound where an elimination had taken place.
The high-resolution mass spectrum showed a product that lacked H,O when compared
to the desired product (HRMS 1061.3606, calculated for 28+Na 1079.3709) and the 'H
NMR spectrum showed a non-symmetrical compound with an unexpected signal in the
olefinic region at ~6 ppm, indicating elimination of water or benzoic acid during the
reaction. Deprotection was also attempted at 2 mM NaOMe, and the yield increased
somewhat to 16%. Deprotections with Et;N, MeNH, or 4 A molecular sieves'” in

MeOH were also attempted, but gave even more side reactions. An attempt was also
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made to circumvent the problem by first removing all protective groups from compound
25 and then trying to cyclize the unprotected linear material using HAPyU/DIPEA in

DMEF, but no product could be detected after the reaction.

6.3 Computational studies

It was observed that the */;; coupling constants in the pyranoside rings in the sugar
amino acid residues decrease from 8-10 Hz to 7-8 Hz when the linear molecule 26 is
cyclized to macrocycle 27. This indicates that the *C, chair conformation no longer is the
only major conformation of the sugar amino acids, and a Monte-Carlo conformational
search in MacroModel 8.5 was carried out on the deprotected macrocycle 28 to calculate
the conformation of the molecule (MMFFs force field with water as solvent, 20,000

steps, all backbone torsions were selected for random variation).

The conformational search resulted in 132 conformers within 5 kcal/mol of the
global minimum (Figure 6.2) and also showed the presence of conformations other than
‘C,. The calculated low-energy conformers all had only one of the three sugar amino acid
residues in the chair conformation with the other two either in the boat or skew
conformations. It thus appears that the macrocycle is strained and the sugar amino acids
are forced out of the “C, conformation, which may also be the reason for the difficulties

experienced in the deprotection of the macrocycle.

Figure 6.2 Superimposed backbones of the 25 conformers with lowest energy from the
conformational search on 28 (left) and the global minimum found for 28 (right).
Side chains and methoxy groups have been omitted for clarity.
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6.4 Outline of an improved synthesis

6.4.1 Protective groups that can be cleaved by hydrogenolysis

The synthesis of the protected macrocycle 27 worked well, but the deprotection was
difficult. One way to solve this may be to use protective groups that can be cleaved with
hydrogenolysis under neutral conditions. For this purpose, a synthesis was developed
towards an analogue of 7 where the carbohydrate hydroxyl groups are protected as benzyl

ethers instead of benzoates (Paper IV).

Methyl 3,4,6-tri- O-acetyl-2-amino-2-deoxy-f3-D-glucopyranoside 2 was protected
with the phthalimido group by treating it with phthalic anhydride followed by Ac,O to
close the phthalimide (Scheme 6.3) and compound 29 was obtained in 85% yield after
crystallization. This compound has been prepared previously using various methods,"'*""®
but the phthalimide has always been introduced prior to the formation of the methyl
glycoside. The acetate groups of 29 were cleaved using acidic transesterification and the
crude product was dissolved in pyridine and allowed to react with
chlorotriphenylmethane to afford 30 in 70% yield. The hydroxyl groups of 30 were then
protected as benzyl ethers using BnBr, NaH and Bu,NBr in DMF to give 31. Finally, the

triphenylmethyl ether was cleaved using HBr in AcOH to give sugar amino acid

precursor 32 in 83% yield.

OAc OCPhy

AcO _> ACO& _> Ho/é&
Aco/é@/ 85% AcO OMe 70% OMe
NPhth NPhth
29
OCPh; OH
c o) d o)
om0 owe L BOSNQ
36% BnO NPh(t)I‘]Me 83% BnO NPh?I’]Me
32

31

Scheme 6.3 Synthesis of O-benzyl protected sugar amino acid precursor. Reaction
conditions: (a) 'Phthalic anhydride/pyridine/ CH,Cl,, 24 h; "Ac,O/pyridine/CH,CL,,
24 h; (b) 'HCI/MeOH, 24 h; “Chlorotriphenylmethane/pyridine, 85°C, 3.5 h;
(c) BnBr/NaH/Bu,NBr, 2.5 h, 0°C; (d) HBr/AcOH, 3 min.

Unfortunately, the benzylation yield is currently too low for this to be a truly
efficient synthesis. It is known that the phthalimido group is sensitive to bases,'"” but
since a compound that only differed in the anomeric group could be benzylated in 88%

yield'"* there should be room for improvement.
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6.4.2 Reducing the risk of epimerization

In the synthesis of the Cj-symmetric macrocycles, there were initially problems with
epimerization when couplings were made at the carboxylic acid of tyrosine linked to a
sugar amino acid. Although this problem could be reduced by choosing different
coupling conditions, there is a possibility to eliminate the risk of epimerization almost
completely by switching places of the sugar amino acid and the amino acid in the
building block (Figure 6.3). In this situation, there will no longer be any possibility for

oxazol-5(4H)-one formation and the epimerization levels can be expected to be very low.

risk for formation of no possibility for
oxazol-5(4H)-one oxazol-5(4H)-one
L@_/ LG < formation
7 B2 e
e
NH NH
O o (0]
R% OMe R
NHFmoc FmocHN

Figure 6.3 Reducing the risk for epimerization by switching places of the amino acid and
sugar amino acid in the building block.

In order to prepare a building block with the reverse order of sugar amino acid
and amino acid, it is necessary to prepare sugar amino acids with protected carboxylic
acid functionality and unprotected amino functionality. Accordingly, a synthesis of the

tert-butyl ester of the 8-sugar amino acid was developed (Scheme 6.4).

OH 0 OBu
o) aorb 0
B%‘Rg&&om — B%ﬂ&onﬂe
NPhth a: 44% R
32 b: 60%

¢ [ 33R=NPhth
75% > 34 R=NH,

Scheme 6.4 Synthesis of the 8-sugar amino acid zer#-butyl ester. Reaction conditions:
(a) 'CrO,/H,SO,(aq)/acetone, 2 h; "Boc,O/DMAP/BuOH/THF, 18 h; (b)
CrO /pyndme/AcZO/ +BuOH/CH,Cl,/DMF, 20 h; (c) H,N,*H,O/EtOH, reflux, 3 h.

The benzyl protected sugar amino acid precursor 32 could be oxidized using
Jones’ reagent as before and then directly transformed into the zer#butyl ester using

Boc,O/DMAP'" to afford the fert-butyl ester 33 in 44% yield. However, a better
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alternative is to use a one-step procedure with CrO;, #BuOH and Ac,0' that gave the
tert-butyl ester directly in 60% yield. The phthalimide was then removed with hydrazine
to afford the free amine 34 in 75% yield.

6.5 Conclusions

The Cs-symmetric macrocycle could be prepared with a 27% yield in the cyclization step
even though it turned out to be rather rigid. Instead, it was the deprotection that was the
major problem and the deprotected macrocycle was only obtained in 16% yield. The
macrocycle was only sparingly soluble in water and its binding properties were not

studied.

It is reasonable to believe that the deprotection problem can be circumvented by
using protective groups that can be cleaved by hydrogenolysis under neutral conditions.
The synthesis can also likely be further improved by reversing the order of sugar amino
acid and amino acid in the building block so that the risk of epimerization through the
oxazol-5(4H)-one mechanism is eliminated. For this purpose, a synthesis of the sugar
amino acid zer-butyl ester 34 was developed, but unfortunately there was no time to

actually use it in the synthesis of a macrocycle.
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7

1,2,3-Triazole-Containing Macrocycles

with C,-Symmetry

7.1 Design considerations

The formation of 1,2,3-triazoles through copper(I)-catalysed 1,3-dipolar cycloaddition of

terminal alkynes and azides

121122 (Figure 7.1) has been shown to be a very versatile

reaction'” that is compatible with most functional groups. Recently, it has also been

shown that this reaction can be used to form macrocycles through cyclodimerization of a

linear molecule with an azide in one end and an acetylene in the other.'?* The idea to use

this cyclodimerization reaction to prepare analogues of the previously prepared

macrocycles 21a-c (Chapter 5) with two tyrosine residues replaced with 1,2,3-triazole

units was enticing for several reasons:

Since a triazole is more rigid than an amino acid residue, it would lead to more rigid

molecules that would be more likely to form a central cavity where ligands can bind.

Aromatic rings would be incorporated directly into the walls of the central cavity
instead of only being attached to side chains, thus ensuring that aromatic rings are

present in the envisioned binding site in the centre of the macrocycle.

The formation of the macrocycles can take place in a one-step cyclodimerization

which leads to a shorter and more efficient synthesis.

R'-——H .
Cu* R
+ —_— >:\
Ns N-p2
@0 N R
N:N_N‘RZ

Figure 7.1 Cu(I)-catalysed 1,3-dipolar cycloaddition of a terminal alkyne and an azide.
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The tyrosines at the carboxylate end of the sugar amino acids were good candidates for
replacement with 1,2,3-triazoles and a synthesis with cyclodimerization as the key step

was designed (Figure 7.2, Paper III).

o)
N NJ)LAA —Tyr—NH N3o
N Meow Bécgo . OMe
HQ N N S
HO OMe I AA—Tyr
HN—Tyr—AA NN Vi
o)
o) N3
V4 AA-Tyr-O'Bu BzO NH,

Figure 7.2 Triazole-containing macrocycles formed by cyclodimerization.

7.2 Synthesis

7.2.1 Synthesis of the azidoaminosugar

In the synthetic plan, a 6-azido-6-deoxy glucosamine derivative is coupled to an V-
propiolylated dipeptide and the resulting molecule is cyclodimerized. The first step in the
synthesis was to prepare this azide, and it was initially hoped that it could be prepared
from previously used intermediate 7 using the Mitsunobu reaction (Scheme 7.1). The
reaction was performed using either DPPA'*'*® or hydrazoic acid (HN;)'*’ as the azide
source, and azide 35 was obtained in 54% and 93%, respectively. Hydrazoic acid needs

128 and is known to be toxic, but was clearly the

to be prepared from sodium azide
superior reagent in this case. Deprotection was then attempted with piperidine to obtain
36, but several products were formed and the deprotected azidoaminosugar could not be

obtained in pure form.

OH ) N3 . N3
aor
BZ00 N e B 0&& A= BZO&
ZBZ&@/OMG a: 54% ZBZO OMe BzO OMe
NHFmoc  p: g3, NHFmoc NHz
7 35 36

Scheme 7.1 Attempted synthesis of the azidoaminosugar via the Mitsunobu reaction.
Reaction conditions: a) DEAD/PPh,/DPPA/THEF, 3 h; (b) DEAD/PPh,/HN,/THF,
40 h; (c) piperidine, CH,Cl,, 30 min.
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Instead of trying to optimize the deprotection step, a new and shorter route to
the aminoazidosugar 36 was developed (Scheme 7.2). Previously used intermediate 2 was
protected with the Boc group using Boc,O to obtain 37 in 95% yield after crystallization.
The acetates were removed with NaOMe in MeOH and the crude product was dissolved
in CH,Cl,/pyridine and first treated with TsCl to selectively tosylate the primary
hydroxyl group and then with BzCl to protect the secondary hydroxyl groups to afford
38 in 52% vyield. The tosylate was then reacted with NaN; and 18-crown-6 in DMF to
give protected azidoaminosugar 39 in 83% yield. The Boc group could be cleanly cleaved
using TFA in CH,Cl, with Et;SiH as a scavenger” to give 36 in 94% yield.

OAc OAc OTs
0 0 b 0
A%%g&@/OMe e A‘i@&&om e Bé?&wom
5 ° NHBoc HBoc
2 37 38
N3 N3
c d 0]
e BN ope - BOIO
83% BzO OMe 94%, BzO OMe
HBo 2
39 36

Scheme 7.2 New route to the azidoaminosugar. Reaction conditions: (a) Boc,0/CH,ClL,,
24 h; (b) NaOMe/MeOH, 18h; "T'sCl/pyridine/ CH,Cl,, 16 h; "BzCl/pyridine/CH,Cl,,
3 h; (c) NaN,/18-crown-6/DMF, 60 °C, 24 h; (d) TFA/CH,CL/ESiH, 3 h.

7.2.2 Synthesis of the N-propiolyl dipeptides

It became known from initial unsuccessful attempts that it was difficult to couple
propiolic acid to a peptide using the EDC*HCI/HOBt/ N-methylmorpholine coupling
protocol. In order to find working coupling conditions for propiolic acid, attempts were
made to do couplings to L-tyrosine zerz-butyl ester under various conditions (Table 7.1).
First, the EDC*HCI/HOBt/N-methylmorpholine coupling protocol was tried again.
This resulted in a number of products and only 10% of impure N-propiolyl-L-tyrosine
tert-butyl ester 40 could be found. The reagents were only partially soluble in THF and
to ensure that it was not merely a solubility problem, the reaction was repeated in DMF

which gave the same results.

A literature survey showed only a limited number of couplings with propiolic
acid, and only one example with EDC with a moderate yield of 48%."” DMTMM',
DCC"!, PyBrOP132 and EEDQ,'” had however been used with good results. EEDQ was
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used as the last step in a multi-step sequence and no separate yield for the coupling step
was given, but the use of mixed anhydrides seemed promising and it was attempted to
prepare the mixed anhydride of propiolic acid using isobutylchloroformate and V-
methylmorpholine in THF. As soon as the chloroformate was added to the propiolic acid
a precipitate was formed, but L-tyrosine fer-butyl ester was added nonetheless. The
mixture was allowed to stand for 2 h, but no product could be detected. The formation
of the mixed anhydride was then attemped using EEDQ. The coupling product 40 was
formed in a good yield of 77%, and this method was deemed to be efficient enough for

use in the synthesis.

Table 7.1 Attempts to couple propiolic acid to L-tyrosine zert-butyl ester.

OH OH
/Ok : osu /Ok O'Bu
=~ "oH HoN Z N
0] 0] 40
Conditions Yield
EDCeHCI/HOBt/ N-methylmorpholine, THF, 24 h, r. t ~10% (impure)
EDCeHCI/HOBt/ N-methylmorpholine, DMF, 16 h, r. t ~10% (impure)
Isobutylchloroformate/ N-methylmorpholine, THF, 2 h, 0 °C 0%
EEDQ, DMF, 16 h, r. t. 77%

Now that efficient conditions had been found for coupling propiolic acid, the
required N-propiolyl dipeptides could be prepared (Scheme 7.3). The Fmoc group was
cleaved from previously used dipeptides 9a and 12 to obtain dipeptide zerz-butyl esters
41 and previously used 13. These were coupled to propiolic acid using EEDQ in DMF

to obtain propiolamides 42a-b.

0]
b
Fmoc-Tyr-Tyr-O'Bu —2 »  HTyrTyrOBU —» / Tyr-Tyr-O'Bu

81% 69%
9a 41 42a
O
a b /J\
- “Tvr-Ot - “Tvr-Ot Tur-Ot
Fmoc-Arg(Mtr)-Tyr-O'Bu W H-Arg(Mtr)-Tyr-O'Bu W é Arg(Mtr)-Tyr-O'Bu
12 13 42b

Scheme 7.3 Synthesis of N-propiolyl dipeptides 42a-b. Reaction conditions: (a)
Bu,NF/1-octanethiol/THF, sonication, 5 min; (b) propiolic acid/EEDQ/DMF, 16 h.
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7.2.3 Synthesis of the macrocycles

The zert-butyl ester of 42a was cleanly cleaved with TFA in CH,Cl, with Et;SiH as a
scavenger” and the crude free acid was directly coupled to azidoaminosugar 36 under
conditions known to give little epimerization™ to afford 44a in 67% yield (Scheme 7.4).
The same sequence was attempted with 42b, but only 18% of 44b was obtained.
Investigation of the crude free acid after zer#-butyl cleavage showed that the Mtr group
was not entirely stable during the reaction even though no cleavage had been observed at
the same conditions with other Mtr-protected peptides in the synthesis of the C,-
symmetric macrocycles (Chapter 5). The product mixture after zere-butyl cleavage was
separated using chromatography to afford 43b in 74% yield. The free acid 43b was then
coupled to azidoaminosugar 36 to afford 44b in 29% yield (21% over both steps). Thus
it appears that the partial Mtr cleavage was not the only reason for the low yield, and that
the coupling to the arginine-containing peptide is more difficult. Possibly better yields
might be obtained with di-CBz protection of the arginine side chain where both terminal

nitrogens on the guanidino group are protected.

0O O
/k :
= Tyr-Tyr-O'Bu // Tyr-Tyr-OH
42a 43a
BzO OMe
67% NH
BZBOO (two steps Tyr Tyr
z
H, 4a
36
(0] 0]
/J\Arg(Mtr) -Tyr-O'Bu 74% ///J\Arg Mtr)-Tyr-OH
42b 43b
BZBOO O OMe
z
BZBCZ)O Arg (Mtr) Tyr
36 e 44b

Scheme 7.4 Synthesis of linear starting materials for the cyclodimerization. Reaction

conditions: (a) TFA/Et;SiH/CH,Cl,, 4 h; (b) DIC/HOBt/THF, 16 h.
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Now that the required linear starting materials had been obtained, attempts were
made to cyclodimerize 44a under various conditions (Table 7.2). In the previous
cyclodimerization of a similar starting material,” Cul and DBU in toluene had been
used and these conditions were tried first. The reaction turned out to be sluggish with
44a at room temperature and only traces of product could be seen using MALDI-TOF
analysis of the reaction mixture. When the reaction was heated to 85 °C overnight, the

starting material was consumed but no product could be found. The reaction was

repeated at 50 °C, and also with DIPEA instead of DBU, but the results were similar.

Table 7.2 Cyclodimerization attempts with 44a.

Reagents  Solvent Conc. Temperature  Time Yield
Cul/DBU  toluene 25mM  rt,then85°C 24 h,thenl6h -
Cul/DBU  toluene 25mM  50°C 16 h -
Cul/DIPEA  toluene 25mM  45°C 6 days -
Cul/DIPEA THF 25mM  45°C 7 days 16%
Cul/DIPEA THF 0.25 mM 45 °C 28 days 45%
Cul/DIPEA CH,CN 25mM  45°C 24 h 20%
Cul/DIPEA CH,CN 0.25 mM 45 °C 3 days 64%

CuSO,/Na- #BuOH:H,O 2.5mM r.t., then 70 °C 48 h, then 7 days 9%

ascorbate 4:1

One reason for the sluggish reaction may be the limited solubility of the starting
material in toluene, and THF was tried instead. The reaction was still slow, but 16% of
cyclodimerized material was obtained after 7 days along with an insoluble compound.
The insoluble compound gave broad signals on NMR and is likely to be polymerized
starting material. To decrease the polymerization, the reaction was repeated at ten times
more dilute conditions. The reaction took four weeks to complete, but the yield

increased dramatically to 45%.

The long reaction time was somewhat impractical and further optimizations were
made. The reaction was repeated in CH;CN and was found to be much faster. Again, the
more dilute conditions gave better results and the reaction only needed three days to
complete. It has been noted"' that the Cul-catalysed formation of 1,2,3-triazoles works
better in CH;CN and it has been proposed'” that the reason for this is that CH;CN

coordinates to the Cu(I) ions and prevents oxidation to Cu(lI) ions.
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The Sharpless conditions'' where Cu(I) ions are formed from CuSO, and
sodium ascorbate were also tried, but with the ratio of #BuOH to water increased from
1:2 to 4:1 in order to increase the solubility of the starting material. The reaction was
very sluggish at room temperature, and although the starting material was consumed

when the reaction mixture was heated to 70 °C for a week, the product was obtained in

only 9% yield.

Cyclodimerization could thus be performed efficiently with Cul and DIPEA in
CH,CN. The arginine-containing linear precursor 44b could also be cyclodimerized to
45b in 33% yield under these conditions (Scheme 7.5), but the reaction was slower and
needed 10 days to complete. The macrocycles were then deprotected. Macrocycle 45a
was treated with NaOMe in MeOH to afford 46a in 63% yield. Macrocycle 45b was
first treated with TFA containing 5% thioanisole” for 24 h to cleave the Mtr group, and
the crude product was then treated with NaOMe in MeOH to cleave the benzoates to

afford 46b in 58% yield. Both deprotected macrocycles were purified using HPLC.

0
NSO N J)J\ A—Tyr—NH
20 OMe _a _ N Meo%
o) _NH 44a:64% o
/\, AA=T{r 44b’ 33% gzo OMe / NN
// 44a AA=Tyr HNTTYAA #N
44b AA=Arg(Mtr) 45a AA=Tyr O

45b AA=Arg(Mtr)

45a: b (63%)
45b: c (58%)

0] R

N N
N H 0,
N NH

0 o OH
Hﬂ&&om WOH
HN._O ] N o
Ho )N 46a R=
N N
H NH
OH

"e JiQ
46b R="{"" N7 NH,
H

Scheme 7.5 Cyclization and deprotection. Reaction conditions: (a) Cul/DIPEA/THF,
45 °C; (b) NaOMe/MeOH, 24 h; (c) "'TFA/PhSMe, 24 h; "NaOMe/MeOH, 48 h.



7.3 Computational studies

Structures 46a-b were subjected to conformational searches in MacroModel 8.5
(MMFFs force field in water, all backbone torsions were selected for variation, 20,000
steps). The searches resulted in a number of different conformations with similar
energies, and no single dominating conformer could be found (Figure 7.3). However, the
overall shape of the conformers was similar and they all had a rather open structure with
an accessible core. The global minima for 46a and 46b were similar and mainly differed

in the orientation of one of the triazole rings (Figure 7.4).
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Figure 7.3 Superimposed structures of the 25 conformers with lowest energy from the

conformational searches on 46a (left) and 46b (right).
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Figure 7.4 Calculated global minima for 46a (left) and 46b (right).

7.4 Binding studies

To compare the binding properties of these macrocycles with the binding properties of
the similar macrocycles 21b-c (Chapter 5), macrocycle 46b was screened against the
deoxynucleotides dAMP, dCMP, dGMP and TMP (Figure 7.5). The neutral glycoside
p-nitrophenyl -D-galactopyranoside and the negatively charged glycoside p-nitrophenyl
B-D-glucuronide were also included in the screening experiment. The same pattern was
seen with 46b and the deoxynucleotides as had previously been seen with macrocycle
21b-c, i.e. the changes in chemical shifts were larger with the purines JAMP and dGMP
than with the pyrimidines dCMP and TMP. To compare the affinity, 46b was titrated
with dAMP (Figure 7.6). The resulting binding curve was fitted to a 1:1 binding
99,100

isotherm

21c had previously been found to be 10-14 M, and macrocycles 21c and 46b thus have

and the binding constant was found to be 10 M. The binding constant for

similar affinity for JAMP. Macrocycle 46b was also titrated with p-nitrophenyl $-D-

glucuronide, but no significant binding was found.
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Figure 7.5 Largest observed absolute changes in chemical shift in macrocycle 46b when
putative ligands were added (0.5 mM receptor and 20 mM ligand in 100 mM phosphate
buffer, pD 7.2). The observed receptor signal is noted on top of the bars.
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Figure 7.6 Titration curves of 46b (0.5 mM in 100 mM phosphate buffer, pD 7.2) with
dAMP. The nucleotide was added as the sodium salt to ensure a constant pD.
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7.5 Conclusions

C,-symmetric macrocyclic carbohydrate/amino acid hybrid molecules can be efficiently
prepared using the copper(I)-catalysed addition of acetylenes to azides. Calculations
indicate that the strategy to replace two tyrosine residues with triazole units in order to
get more rigid macrocycles is working. The arginine-containing macrocycle 46b was
screened against the deoxynucleotides dAMP, dCMP, dGMP and TMP and was found
to exhibit the same pattern as its predecessor 21c¢, i.e. large changes in chemical shift with
the purines dAMP and dGMP and only small changes in chemical shift with the
pyrimidines dCMP and TMP. A titration experiment with 46b and dAMP showed that
the binding constant was 10 M, the same as for 21c. Although the binding affinity was
low in this case, the calculated low-energy conformers do have a relatively open structure
and macrocycles of this type may still have a potential for forming binding sites in their

centres.
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Summary and Future Perspectives

Methods for the preparation of three different types of macrocyclic carbohydrate/amino
acid hybrids have been developed. In the design of the first macrocycles (Chapter 5), the
hypothesis was that ligands would bind in the centre of the macrocycles. However, only
weak interactions with other molecules were obtained (K=10 M for dAMP, dGMP,
serotonin and caffeine), and calculations indicated that the molecules were too flexible to
form a central cavity and instead collapsed and formed closed structures. Two different
strategies were then pursued to obtain more rigid macrocycles. In the first strategy
(Chapter 6), the ratio of sugar amino acids to d-amino acids was increased and a
macrocycle with three sugar amino acid residues alternating with three tyrosine residues
was prepared. Calculations indicated that the macrocycle was more rigid, but
unfortunately difficulties were encountered in the deprotection of the macrocycle. The
obtained macrocycle was only sparingly water-soluble, and macrocycles with other amino
acids were not prepared. In the second strategy to obtain more rigid macrocycles, two
amino acids in the original macrocycles were replaced with 1,2,3-triazole units (Chapter
7). Calculations indicated that the macrocycles formed open structures with an accessible
core, but a titration experiment with dAMP did not show enhanced affinity compared to

the original macrocycles.

Although the macrocycles that were evaluated in binding studies only interacted
weakly with the tested ligands, the results are nevertheless an indication that structures
such as these may be interesting receptors, and there are several ways that this research
could be continued. The Cj-symmetric macrocycles with alternating sugar amino acids
and o-amino acids were never evaluated as artificial receptors and further research on this
type of macrocycles would be interesting. An O-benzyl protected sugar amino acid zers
butyl ester was prepared and proposed as a better building block for macrocycles of this

type and if the difficulties in the synthesis can be overcome with this new building block,
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it would be interesting to prepare all four possible combinations with tyrosine and
arginine and compare their binding properties (Figure 8.1). The four combinations could
hopefully be prepared from common building blocks in an efficient fashion, and a side-
chain protective group for arginine that could also be cleaved by hydrogenolysis, such as

the nitro or CBz groups, would have to be used.

O O O O
T/ \T T/ \T T/ \T T/ \T
O, -0 O 0 OO OO

Y Y R R

O = 8-Sugar amino acid
Y = Tyrosine
R = Arginine

Figure 8.1 The four possible combinations with tyrosine and arginine as a-amino acids
in macrocycles with three sugar amino acids alternating with three a-amino acids.

It would also be interesting to prepare macrocycles with four sugar amino acids
alternating with four amino acids. Calculations indicate that such molecules would form
square structures with sugar amino acids as the sides and amino acids as the corners
(Figure 8.2). The relatively large cavity that is formed in the centre of the molecule

appears to be a promising binding site for ligands.

Figure 8.2 Global minimum for a macrocycle with four d-sugar amino acid residues,
two tyrosine residues and two arginine residues (MacroModel 8.5, MMFFs force field in
water, 20,000 steps, all backbone torsions were selected for random variation).
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Additionally, the strategy to rigidify the molecules by incorporating aromatic
elements such as the 1,2,3-triazoles could be pursued further. Two more amino acids
could be replaced with 1,2,3-triazoles and it would also be possible to incorporate other

aromatic building blocks, such as p-aminobenzoic acid, in the macrocycles (Figure 8.3).

Figure 8.3 Proposed new types of macrocycles. (a) Replacement of two more tyrosine
residues with 1,2,3-triazoles. (b) Replacement of two tyrosine residues with
p-aminobenzoic acid residues.

Finally, there are many other possibilities to use the formation of 1,2,3-triazoles
from azides and terminal alkynes to prepare macrocycles. Suitable building blocks
containing azido groups or terminal alkynes can be obtained from amino acids in several
ways (Figure 8.4), and many of the methods could also be used with sugar amino acids.
Azido groups and terminal alkynes can also be attached to carbohydrates in other ways,
and the combinations of the possible building blocks are virtually endless. Macrocycles
can either be formed in cyclodimerization reactions as in the work presented in this thesis
or in reactions where one component carries two azido groups and the other component

carries two terminal alkynes.
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Figure 8.4 Some of the possibilities to prepare building blocks containing azido groups
or terminal alkynes from amino acids.

There are thus many possibilities to extend the developed methods to prepare
further types of macrocycles for evaluation as artificial receptors. Although only weak
interactions were found with the macrocycles described in this thesis, it still seems
reasonable that macrocyclic carbohydrate/amino acid hybrids can be efficient artificial
receptors given the success of some of the receptors discussed in Chapter 2, in particular
the cyclodextrins, the cyclophane by Mallouk and co-workers,*' and the cyclic peptide by
Benito and Meldal.** Further research on macrocyclic carbohydrate/amino acid hybrid

molecules as artificial receptors is thus warranted.
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Supplementary Data

General procedures can be found in papers I and III.

10.1 Preparation of HAPyU"*'%

KOAt* (292 mg, 1.67 mmol) was suspended in CH;CN (9.5 mL, dried over 3A MS).
Chloro-IV,N,N’, N -bis(tetramethylene)-formamidinium hexafluorophosphate (557 mg,
1.67 mmol) was added and the mixture was stirred overnight. The insoluble material was
filtered off and diethyl ether was added until a precipitate was formed. The mixure was
allowed to stand at —20°C for 1 h. The precipitate was filtered off and recrystallized in
acetone/diethyl ether to give HAPyU (348 mg, 48%). mp 127-129°C, lit. 118-120°C.”°
The 'H NMR spectrum was in agreement with published data.”

10.2 Synthesis of reference tripeptide Ac-Tyr-Arg-Tyr-OMe

a b
Ac-Tyr-OH + H-Arg(Mtr)-OtBu — Ac-Tyr-Arg(Mtr)-OtBu —_—
74% p 28%

c
Ac-Tyr-Arg(Mtr)-Tyr-OMe ——>  Ac-Tyr-Arg-Tyr-OMe
48 97% 49

Scheme 10.1 Synthesis of Ac-Tyr-Arg-Tyr-OMe. Reaction conditions: (a) EDC*HCI,
HOBt, N-methylmorpholine, THF, 16 h; (b) ‘TFA, Et,SiH, CH,Cl,, 4 h; iiH—Tyr—OMe,
EDCeHCI, HOBt, N-methylmorpholine, THF, 16 h; (c) TFA/PhSMe, 24 h.

Ac-Tyr-Arg(Mtr)-O'Bu (47). Ac-Tyr-OH (50.4 mg, 0.226 mmol) was dissolved in
THF (2 mL) and H-Arg(Mtr)-OBu (100 mg, 0.226 mmol), HOBt (30.5 mg, 0.226
mmol), EDCeHCI (45.5 mg, 0.237 mmol) and N-methylmorpholine (50 pL, 0.452

mmol) were added. The mixture was stirred overnight and then concentrated. The
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product was purified with flash chromatogaphy (CH,Cl,:MeOH 15:1, R=0.17) followed
by size-exclusion chromatography on a Sephadex LH-20 column (CH,CL:MeOH 1:1)
to give 47 (109 mg, 74%). [0],=+10 (¢ 0.5, MeOH); "H NMR (MeOH-d,, 400 MHz)
8 7.05 (d, /=8.5 Hz, 2H, Tyr-H), 6.68 (d, /=8.5 Hz, 2H, Tyr-H®), 6.65 (s, 1H, Mtr-
ArH), 4.53 (dd, /=9.0 Hz, J=5.5 Hz, 1H, Tyr-H%), 4.21 (dd, /=8.0 Hz, /=5.0 Hz, 1H,
Arg-H?), 3.82 (s, 3H, Mtr-OMe), 3.64 (s, 3H, Tyr-OMe), 3.14 (br m, 2H, Arg—HE’),
3.01 (dd, /=14.0 Hz, /=5.5 Hz, 1H, Tyr-H?), 2.75 (dd, /=14.0 Hz, /=9.1 Hz, 1H, Tyr-
H), 2.66 (s, 3H, Mtr-Me), 2.60 (s, 3H, Mtr-Me), 2.12 (s, 3H, Mtr-Me), 1.89 (s, 3H,
NAc), 1.77 (m, 1H, Arg-H), 1.61 (m, 1H, Arg-H"), 1.50 (m, 2H, Arg-H"), 1.42 (s, 9H,
OBu); HRMS (FAB) calcd. for C;,H,(N;O,S (M+H): 648.3067; found 648.3064.

Ac-Tyr-Arg(Mtr)-Tyr-OMe (48). Compound 47 (78.2 mg, 0.121 mmol) was dissolved
in CH,Cl, (1.86 mL) and E¢;SiH (48 pL, 0.30 mmol) and TFA (0.93 mL) were added.
The mixture was stirred for 4 h and coevaporated with toluene. The crude free acid was
dissolved in THF (1 mL) and H-Tyr-OMe (28.0 mg, 0.121 mmol), HOBt (16.3 mg,
0.121 mmol), EDC*HCI (24.3 mg, 0.127 mmol) and N-methylmorpholine (40 pL,
0.36 mmol) were added. DMSO (0.35 mL) was added and a clear solution was obtained.
The mixture was stirred overnight and then concentrated. The product was purified with
flash chromatogaphy (CH,Cl,:MeOH 9:1, R=0.33) followed by size-exclusion
chromatography on a Sephadex LH-20 column (CH,Cl,:MeOH 1:1). The product was
lyophilized from AcOH to give 48 (25.8 mg, 28%). [a1]*,=+6 (¢ 0.5, MeOH); 'H NMR
(MeOH-d,, 400 MHz) & 7.02 (d, /=8.2 Hz, 2H, Tyr-H?), 6.98 (d, /=8.2 Hz, 2H, Tyr-
H®), 6.69 (d, /=8.5 Hz, 2H, Tyr-H"), 6.66 (d, /=8.9 Hz, 2H, Tyr-H®), 6.65 (s, 1H, Mtr-
ArH), 4.54 (dd, /=7.6 Hz, /=6.4 Hz, 1H, Tyr-H"), 4.47 (dd, /=9.0 Hz, /=5.6 Hz, 1H,
Tyr-H?), 4.32 (dd, /=8.3 Hz, /=5.5 Hz, 1H, Arg-H?), 3.82 (s, 3H, Mtr-OMe), 3.64 (s,
3H, Tyr-OMe), 3.13 (br t, /=6.5 Hz, 2H, Arg-H°), 3.05-2.85 (m, 3H, Tyr-H"), 2.74
(dd, /=14.0 Hz, /=9.1 Hz, 1H, Tyr—Hﬁ), 2.66 (s, 3H, Mtr-Me), 2.60 (s, 3 H, Mtr-Me),
2.12 (s, 3H, Mtr-Me), 1.89 (s, 3H, NAc), 1.72 (m, 1H, Arg—Hﬁ), 1.56 (m, 1H, Arg—Hﬁ),
1.28 (m, 2H, Arg-H"); HRMS (FAB) calcd. for C;;H,N,O,,S (M+H): 769.3231; found
769.3252.

Ac-Tyr-Arg-Tyr-OMe (49). Compound 48 (17.6 mg, 22.9 umol) was dissolved in TFA
containing 5% thioanisole (4 mL). After 24 h, toluene (2 mL) was added and the

mixture was concentrated. The product was purified using preparative HPLC (Cg

column, 10—20% B in A over 30 min, A: H,O + 0.1% TFA, B: CH;CN + 0.1% TFA,
tg = 11 min) to afford 49 (12.3 mg, 97%). [a]*’,=+10 (¢ 0.5, MeOH); '"H NMR (D,O,
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400 MHz) 8 7.03 (d, /=8.5 Hz, 2H, Tyr-H®), 6.93 (d, /=8.5 Hz, 2H, Tyr-H°), 6.74 (d,
J=8.5 Hz, 2H, Tyr-H"), 6.67 (d, /=8.5 Hz, 2H, Tyr-H"), 4.49 (dd, /=9.0 Hz, /=5.6 Hz,
1H, Tyr-H®), 4.31 (t, /=7.6 Hz, 1H, Tyr-H), 4.14 (dd, /=8.1 Hz, /=6.2 Hz, 1H, Arg-
H%), 3.62 (s, 3H, Tyr-OMe), 3.03 (m, 3H, Arg-H’+1xTyr-H?), 2.78 (m, 3H, Tyr-HF),
1.86 (s, 3H, NAc), 1.55 (m, 1H, Arg-H"), 1.47 (m, 1H, Arg-H"), 1.34 (m, 2H, Arg-H");
HRMS (FAB) calcd. for C,,H,,N,O, (M+H): 557.2724; found 557.2721.

10.3 Synthesis of 35

Methyl 6-azido-3,4-di-O-benzoyl-2,6-dideoxy-2-(9-fluorenylmethoxycarbonyl)-
amino-B-D-glucopyranoside (35). Method A:*>'*° DEAD (50 uL, 0.32 mmol) and
DPPA (69 uL, 0.32 mmol) were dissolved in THF and the solution was cooled to 0°C.
Compound 7 (200 mg, 0.32 mmol) and PPh; (84 mg, 0.32 mmol) were added and the
mixture was stirred for 30 min at 0°C and 1 h at room temperature. Additional DEAD
(100 uL, 0.64 mmol), DPPA (140 uL, 0.64 mmol) and PPh; (168 mg, 0.64 mmol) were
added and the solution was stirred for another 1 h. The reaction mixture was
concentrated and the product was purified using flash chromatography (Toluene:EtOAc
10:1, Ri=0.15) to afford 35 (113 mg, 54%). Method B:**” PPh, (84 mg, 0.32 mmol) was
dissolved in THF and the solution was cooled to 0°C and placed under N,. DEAD (50
uL, 0.32 mmol) and HN; in benzene'*® (160 mM HN,, 2 mL, 0.32 mmol) were added
dropwise followed by addition of compound 7 (200 mg, 0.32 mmol) and the mixture
was stirred at room temperature under N,. Additional PPh;, DEAD and HNj in
benzene'”® were added after 15 h, 24 h and 33 h (0.32 mmol of each at each time). After
37 h total reaction time, the reaction mixture was concentrated and the product was

purified using flash chromatography (Toluene:EtOAc 8:1, R=0.29) to afford 35 (194
mg, 93%). A fluffy white solid was obtained after lyophilization from benzene. [a]*',=-
31 (¢ 0.5, CHCL;); "H NMR (DMSO-d,, 300 MHz) & 7.83 (m, 4H, 2xFmoc-H+2xBz-
0), 7.75 (d, /=7.5 Hz, 2H, Bz-0), 7.63 (m, 2H, NH+1xBz-p), 7.55-7.25 (m, 9H,
4xFmocH+4xBz-m+1xBz-p), 7.14 (q, /=8.1 Hz, 2H, Fmoc), 5.53 (t, /=10.0 Hz, 1H,
H-3), 5.22 (¢, /=9.5 Hz, 1H, H-4), 4.72 (d, /=8.4 Hz, 1H, H-1), 4.25-3.98 (m, 4H, H-
5+3xFmocH), 3.76 (q, /=9.5 Hz, 1H, H-2), 3.60-3.40 (m, 2H, H-6), 3.45 (s, 3H,

OMe); HRMS (ESI) caled. for C;;H;;N,Oy (M+H): 649.2298; found 649.2321.
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10.4 Synthesis of N-propiolyl-L-tyrosine tert-butyl ester 40

N-Propiolyl-L-tyrosine tert-butyl ester (40). L-Tyrosine zer+-butyl ester (300 mg, 1.26
mmol) and propiolic acid (78 uL, 1.26 mmol) were dissolved in freshly distilled DMF
(5 mL) and EEDQ was added (313 mg, 1.26 mmol). The solution was stirred for 16 h
and then concentrated. The product was purified using flash chromatography
(Toluene:EtOAc 2:1, R=0.37) to give 40 (280 mg, 77%) as a sticky colourless solid.
[a]*'y=+82 (¢ 0.5, CHCl,); '"H NMR (MeOH-d,, 300 MHz) 8 6.96 (d, /=8.5 Hz, 2H,
Tyr-H®), 6.64 (d, /=8.5 Hz, 2H, Tyr-H"), 4.40 (dd, /=8.4 Hz, /=6.6 Hz, 1H, Tyr-H®),
3.52 (s, 1H, CH), 2.92 (dd, /=13.9 Hz, /=6.6 Hz, 1H, Tyr-H"), 2.79 (dd, /-13.9 Hz,
J=8.5 Hz, 1H, Tyr—HB), 1.33 (s, 9H, O'Bu); HRMS (ESI) caled. for C,,H,;,NO;Na
(M+Na): 312.1212; found 312.1203.
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