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Abbreviations

Abbreviations

In the text, numbers of the compounds are givemdhd font. In the experimental part,

experiments are indicated as JNS#, as appears lalibratory notebooks.

The following abbreviations are used throughoutdhtre text.

Ac Acetyl

Ar Aryl

Bn Benzyl

bp Boiling point

brs Broad singlet

Bu n-Butyl

t-Bu tert-Butyl

COSsY 'H-NMR correlated spectroscopy
Cu/C Copper on charcoal

CuAAC Copper(l)-catalyzed azide alkyne cycloadditio

o Chemical shift

d Day(s)or Doublet

DIPEA N,N-Diisopropylethylamine
DMAP 4-Dimethylaminopyridine
DMF N,N-Dimethylformamide
DMSO Dimethylsulfoxide

equiv. Stoichiometric equivalent(s)

ESI-TOF Electrospray ionization time of flight magsectrometry

Et Ethyl

EtOAcC Ethyl Acetate

g Gram

GP General Procedure

h Hour(s)

HMQC Heteronuclear multiple quantum correlation
HOAc Acetic Acid

HRMS High resolution mass spectrometry

Hz Hertz



Abbreviations

MHz
Me
min
Nf
MS
NMR
Pd/C
Ph

ppm

quant.

r.t.

sL&
SPR

TBTA
TBS
THF
TLC
TMSE

Infrared
Coupling constant
Literature value

Multiplet

Molarity

Megahertz

Methyl

Minute(s)

Nonaflyl

Mass spectrometry

Nuclear magnetic resonance spectroscopy
Palladium on charcoal
Phenyl

Parts per million

Quartet

Quantitative, yield > 99.5%
Organic substituent

Room temperature

Singlet

Sialyl-Lewis-X

Surface plasmon resonance
Triplet
Tris-[(1-benzyl-H-1,2,3-triazol-4-yl) methyllamine
tert-Butyldimethyilsilyl
Tetrahydrofuran

Thin layer chromatography
Trimethylsilylethyl

Wave number



Abstract

Abstract

The aim of this dissertation was the development nefv enantiopure multivalent
carbohydrate mimetics and their study as potesgdctin inhibitors. The main building
blocks have been synthetized following a previoesttablished synthetic route, starting from
lithiated 2-(trimethylsilyl)ethoxyallene and a dhirD-glyceraldehyde-derived aldonitrone.
The obtained 1,2-oxazine undergoes a stereosadecéwis acid-promoted rearrangement
leading to a bicyclic ketone which can be transfednnto the corresponding carbohydrate
mimetic with two straightforward steps: reductiohtbe carbonyl group followed by the
cleavage of thé&\-benzyl and N-O bonds leads to an enantiopure ggmao derivative. In
the present work several transformations were nfiamie this key building block including
the conversion to the corresponding stable azidopyprepared by a copper-catalyzed
diazotransfer. Using the amino group and choosdegaate linkers, a library of multivalent
compounds was prepared via Schotten-Baumann reactio reductive amination.
Additionally, different conditions for the Huisge&harpless-Meldal cycloaddition were used
to synthesize carbohydrate mimetics with differ@egrees of multivalency. In this approach,
aspects that can influence multivalency bindingemesnsidered as linker length, symmetry
and number of pyran ligands. As final and most lehging step, some of the obtained
carbohydrate mimetics could successfully be pofgsedl and tested with and without sulfate
groups in a surface plasmon resonance (SPR) imdnhkgissay as potential selectin inhibitors.
The tested compounds showedd®@alues from micro- to nanomolar range (for L- dd
selectin), which are promising results for suchjegates.

Overall, a straightforward synthetic route towardsv multivalent carbohydrate mimetics
was developed and the first results were obtaineth the SPR inhibition assays providing

some leads to further development of selectin itdvib.



German abstract

German abstract

Ziel dieser Arbeit war die Darstellung neuer ermamgrenreiner multivalenter
Kohlenhydratmimetika und die Evaluierung ihre Akt als potentielle Selektin-Inhibitoren.
Der zentrale Baustein wurde ausgehend von einaratablierten Methode aus lithiiertem 2-
(Trimethylsilyl)ethoxyallen und einem chiralen vBaGlyceraldehyd abgeleiteten Aldonitron
synthetisiert. Das erhaltene 1,2-Oxazin wurde duethe stereoselektive Lewis-Saure-
induzierte Umlagerung in ein bicyclisches Keton emgndelt, welches dann in zwei
direkten Schritten in das Kohlenhydratmimetika gjediihrt wurde: die Reduktion der
Carbonyl-Gruppe und die anschlieende SpaltungNdBenzyl- und der N-O-Bindungen
liefert ein Aminopyran. In der vorliegenden Arbe&rturden verschiedene Transformationen
mit diesem Schlisselbaustein durchgefihrt, zumpBaislie Darstellung des entsprechenden
stabilen Azidopyrans durch Kupfer-katalysiertenZoi@ansfer. Durch die freie Aminogruppe
und adequate Linker konnte eine Vielzahl von malgnten Verbindungen durch Schotten-
Baumann-Reaktion oder durch reduktive Aminierunggdstellt werden. Zusatzlich wurden
unter verschiedenen Reaktionsbedingungen der Huisigddal-Sharpless-Reaktion
Verbindungen mit unterschiedlichem Grad an Muleval synthetisiert. Dabei wurden
verschiedene Aspekte zum Einfluss auf multivaleBitedungen in Betracht gezogen, zum
Beispiel Linkerlange, Symmetrie und die Anzahl d&yran-Liganden. Als letzten und
anspruchsvollsten Schritt wurden einige der Kohjeinitmimetika erfolgreich polysulfatiert
und dann mit oder ohne Sulfatgruppen in SurfacerRten-Resonance- (SPR) Inhibitions-
Untersuchungen als Selektin Inhibitoren geteste¢ intersuchten Verbindungen zeigten
ICso-Werte im mikro- bis nanomolarem Bereich (fir L- durP-Selektin), was viel

versprechende Ergebnisse fur niedervalente Korgugad.

Zusammenfassend wurde eine direkte Syntheseroute fieue multivalente
Kohlenhydratmimetika verwirklicht und erste Restdtder SPR-Inhibitions-Untersuchungen
gaben Hinweise fur die weitere Entwicklung von &etelnhibitoren.



Summary

Summary

The present work includes the synthesis of a hb@r carbohydrate mimetics bearing an
aminopyran moiety with a range from mono- to hekavastructures. Adequate linkers that

differ in their chain length, flexibility and different nature diet reactive groups were chosen.

1. Synthesis of building blocks

Following the synthetic pathway previously desaidibby Al-Harrasi, the Lewis acid-
promoted rearrangement of the key 1,2-oxazineddtbyclic ketone was performed with the
commonly used Sn¢land alternatively with TiGlthat also provided the desired bicyclic
ketone in very good yieldlhe stereoselective reduction of the carbonyl greith sodium
borohydride afforded the corresponding alcohol xeedent yield. Further hydrogenolysis
cleaving theN-benzyl and N-O bonds, provided the desired amiraapyn excellent yield.
The side products generated during this step cbeldavoided by using isopropanol as
solvent. Furthermore, the new stable azide wadyealsiained by converting the amino into
the azido group with retention of configurationngsia mild copper-catalyzed diazotransfer
protocol. The amino- and azidopyran building bloekeye protected with several protecting
groups. The reduction of the protected azidopyoatiné corresponding aminopyran proved to
be challenging and after the failure of methods ttke Staudinger reaction or hydrogenolysis,

it was successfully carried out using LiAH

SiMe;,

OJ/ J( O~ OH
(?) o) (6] OH e ‘\|
f\_/\/ Lewis acid 1) Reduction A[‘J
N O
O 'Bn 2 N
~oNgn

2) Hydrogenolysis I“‘\ "“'NH,

Cu-Catalyzed
diazotransfer

OR OR OH

l
0] \\\\| o \v‘| Protecting group O

a “/NH, I "N I N3
OR OR OR OR OH OH




Summary

1. Synthesis of multivalent carbohydrate mimetics with amide and amine linkage

Starting from the easily accessible aminopyran emgloying standard Schotten-Baumann
reaction conditions, with adequate mono- and ditadeid chlorides, a range of carbohydrate
mimetics was successfully obtained. Moreover, udimg peptide coupling reagent HATU
trivalent carbohydrate mimetics could be prepar@daction of the aminopyran with different

aldehydes under reductive amination conditionsrdéd mono- and divalent amines.
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2. Synthesis of multivalent carbohydrate mimetics by Huisgen-Meldal-Sharpless reaction

With the stable unprotected azidopyran, differeanditions for the Huisgen-Sharpless-
Meldal cycloaddition were examined. Besides themonly used conditions with Cul and
TBTA as additive (previously used in the Reil3ig ugrofor the synthesis of multivalent
carbohydrate mimetics), the recently reported damms of Wang et al. using Cul and an
acid/base catalyzed method as well as the conditieported by Lipshutz with Cu/C were
investigated and adapted to the presented systems.
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Huisgen-Meldal-
Sharpless
Cycloaddition

Method A: Cul, TBTA, E{N, MeCN, r.t.; Method B: Cul, DIPEA, HOAc, Toluenet.; Method C:
Cu/C, EtN, Dioxane, 60 °C.

Adapting the original procedure of Lipshutz, a direne-pot transformation from amines to
the desired click products by generating the cpoeding azide in situ was carried out. A
mono- and a divalent compound were successfullyhsyized; this is the first described
example of a one-pot synthesis of a multivalentpoumd using Cu/C as catalyst.

OH
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O RN CU/C, TfN3 (o) N (0] RO
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The convenient conditions for the Huisgen-SharpMskial cycloaddition using Cu/C as
catalyst were used for the reaction of the azidapwwith the porpargylated CTV derivative.
Hexavalent carbohydrate mimetics with acetyl pridgcgroups or hydroxyl groups could

successfully be prepared.

>

In the search for a copper-free method as altemato the Huisgen-Sharpless-Meldal
cycloaddition, Westermann et al. investigated thakat reaction for the synthesis of
biologically significant compounds. These same dos were used in the present work for
the construction of a mono- and a divalent carbaditgdmimetic under copper-free “click”
type conditions. This is the first report of theeusf the Sakai-Westermann reaction for the

synthesis of a divalent compound.
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3. Polysulfation of oligovalent carbohydrate mimetics

After modifications of the previously employed pedcare, mono-, di- and trivalent pyran
derivatives could successfully be sulfated with 8@&-DMF complex and isolated in pure
fashion (see examples of sulfated compounds inose&). Disappointingly, with larger
molecules, fully sulfated products could not beagi#d. The reaction control using the 700
MHz NMR spectrometer as well as the transformatidn the corresponding sodium salts

using a 0.5 M solution of sodium hydroxide provede the crucial steps for a good result.

4. Oligovalent carbohydrate mimetics as selectin inhibitors

Different compounds were screened by surface plasrasonance (SPR) and most of the
non-sulfated carbohydrate mimetics proved not teshigable candidates for testing due to
their insolubility in agueous media. All sulfatednepounds chosen were water soluble and
showed inhibitory activity for L-selectin. A cleanultivalency effect of all the tested
carbohydrate mimetics from mono- to trivalent coompds is not obvious; however,
regarding the presented divalent mimetics, an emfte of the linker length on the inhibitory
activity was observed: the increase of the lengtteled the inhibitory activity. Overall, the
sulfated compounds tested proved to be very goséléetin inhibitors with 16 values in the

high nM to lowuM range, which are promising results for this tgbeompounds.



Summary

Na®e o)
0S0; Na® <o
@ 0 { 3PN
Na \
S) o— N=N
O3SO\§(}”’N ® "‘N/\)\/\)\/N
o 3 Na = =~
0SO3 o N o
Na® 0,80— 0SO3 Na®
IC5, 0.4 uM IC50 0.5 uM
Na®
S
0380
A\

0803 Ng®

IC50 50 uM NG

@
Na@

0,807
®o
Na Q,s0

@

Nae
0:80._ O
A _NH
: oso?Na®

0509 NS

ICs02 uM

Os_NH

' Q S} N @®
., 0SO;Na

Na® Nga
0 Q 0O
0S03;080;

HN., ol

0s03
Na

The active compounds were also screened for patdtselectin inhibition to verify if any of

the carbohydrate mimetics was selective towards ainthe sulfate binding proteins. All

compounds were active as P-selectin inhibitorsthihee sulfated divalent triazoles showed a

moderate preference to bind L-selectin and thealgit compounds reached nearly

comparable 16 values for L- and P-selectin.

Furthermore, the activity of the carbohydrate miosetvas evaluated as E-selectin ligands. In
this case all sulfated compounds were inadequgéadis and just a slight reduction of the

binding was observed. Since E-selectin ligand Inigds not charge-dependent, additional

uncharged compounds were selected and tested estipbE-selectin inhibitors. None of the

carbohydrate mimetics showed activity at the maxmmooncentration of 1 mM.

10
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Introduction

1. Introduction

1.1.Carbohydrate chemistry

Carbohydrates are the most abundant organic meleaul nature and one of the most
important classes of biomolecules allowing a widege of structural variations due to their
configurational diversity and high density of fuiocial groups. This diversity of
monosaccharides allows a vast number of differaningements and combinations in
oligosaccharides. Due to their structural diversitigosaccharides are perfect biological
information carriers and play a crucial role asrsewf metabolic energy, builders in cells
and tissues as well as in cell-cell communicatiard aecognition in the form of
glycoconjugates such as glyco-lipids and glycoginst!! Despite their great importance and
role in many complex biological processes, this€leontinues to be one of the least explored
ones. The molecular diversity of carbohydratesrefée valuable tool for drug discovery by
evaluating their structural and functional impdmtt it is the same diversity which makes
them so interesting that also makes their undedstgrand studying in biological processes
so complex. Further development is often abandomesghrly stages due to their metabolic
instability, poor oral bioavailability and hydrofibity which make them unsatisfactory drug

targets.

1.1.1. Sulfated carbohydrates

Carbohydrate sulfates are present in a varietyrgarasms from bacteria to humans. It has
been accepted over the years that the variety lddted oligosaccharides play a role in
regulation and control of biological functions amchas been shown that the addition of a
sulfate group to a carbohydrate can lead to itsgeition by a specific receptor. The sulfate is
transferred to the oligosaccharide acceptors by oanzyme 3'-phosphoadenosine-5'-
phosphosulfate (PAPE). As examples of some identified sulfated monosaiths on
glycoproteins and glygolipids, the GalNAc-4-50 responsible fothe circulatory half-life of
the hormondutropin (LH) and its release into the blobtThe 6'-sulfo-sialyl L&, the natural
ligand of L-selectin is involved in the recruitmenit leukocytes to inflammation sites and
adhesion of lymphocytes to lymph nod®sRecently, Hu and coworkers described the first

synthesis of a sulfated tetrasaccharide that bslém@ sequence of the galactofucan isolated

12



Introduction

from the brown alga&argassum polycystum.” This family of sulfated polysaccharides often
present activity as anticoagulants, anti-inflammato antitumor agents.

The field or sulfated carbohydrates is fairly unlexgd since the understanding of the
specific role and mode of actiamf these compounds is limited, furthermore theasoh of
these compounds is in many cases not possiblerdpadomplex mixtures are extracted from
natural sources. For this reason the developmestl&dted synthetic analogs is a fascinating
research field even though it is known that thentk&y of sulfated carbohydrates and the

isolation of pure sulfated structures is extrenaigllenging.

1.1.2. Carbohydrate mimetics

The term carbohydrate mimetic is often used tomes@ny carbohydrate derived structure or
molecules that resemble carbohydrates and preseatad hydroxy functionalities. Besides
this broad definition, it should be taken in comesation that a carbohydrate mimetic used for
drug development should not only mimic the struetoira real carbohydrate but also improve
its properties. It is expected that a mimetic caaveh an increased stability towards
endogenous degradative enzymes, improved bioaudyabnd can provide a higher affinity
and selectivity towards certain recept6ts.

In the development and design of new carbohydrateetics, one should take into account
the interactions between carbohydrates and thegeti& (most predominant being hydrogen
bonds, interactions with metals, hydrophobic andicointeractions). Additionally, other
strategies to modify natural sugars and to credégj@ate and enhanced architectures can be
for example, the modification or removal of certainctional groups, the introduction of new

scaffolds or linkers and the introduction of hydmopic or charged groups.

13



Introduction

1.1.3. Low molecular weight carbohydrate mimetic inhibitors

Over the past years several carbohydrate mimetiectstes have been described and
investigated in the drug discovery field. Some luése molecules are currently approved
drugs in the market or in clinical trial phasesyc€aisidases are catabolic enzymes responsible
for the hydrolysis ofO-, N- and Slinked glycosides. In Figure 1 are presented some
glycosidase inhibitors of clinical relevance; foxaeple Relenza and Tamiflu (used for
targeting influenza neuraminidases) and Miglitmd€d to control the levels of sugar in the

blood in patients with diabete).

Ho  OH OH
0-_-COH CO,H 7\
HO™" ] oﬁ HO NN, OH
AcNH AcNH N HO

HN§\/NH H, OH
NH,
Relenza Tamiflu Miglitol

Figure 1. Examples of carbohydrate based drugs.

Focusing on selectin targets, a promising compoBimdpsiamose (TBC-1269) made it to the
second phase of clinical trials for the treatmehasthmd? Bimosiamose (Figure 2) is an
example of a low molecular weight compound thathitd P-, L- and E-selectin. In flow

chamber assays it was able to inhibit the murinedeyte rolling, showing some anti-

HOOC O (CHo)e COOH
J0TCL
OH

()

OH
Ho™O on°H

inflamatory activity'%

o OH
OH

Figure 2. Structure of Bimosiamose (TBC-1269).
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Recently, a collaboration between GlycoMimetics. lmnd Pfizer has called attention
regarding the selectin inhibitor rivipan$8l (GMI 1070) that is currently in the phase 3 of
clinical trials (Figure 3). The companies have bemveloping rivipansel as a potential

treatment for vaso-occlusive crisis of sickle ciflease (VOC).

Na’
©
CO, o
.mH H
o) OBz N JJ\/O\/\O

Figure 3. Structure of rivipansel (GMI 1070).

These small molecules provided promising leadfiendevelopment of carbohydrate mimetic
based drugs. The interest in development of drugeta based on carbohydrates is still a
growing field and over the past years it has besmahstrated that one of the most important

factors that can help providing better bindingrafies is the multivalency effect.

15
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1.2.Multivalent interactions
1.2.1. Multivalent binding effects

It is known that carbohydrate-receptor interacti@me generally weak with dissociation
constants in the millimolar rangl nature the weak monovalent binding is enharmethe
presence of multiple carbohydrate epitopes. Thiiciple is often referred as multivaled®

or cluster effe¢t® and this increasing in the binding affinity is @msted through different
mechanisms of binding modes.

In the chelation binding mode (FigureAl a ligand with multiple recognition elements binds
to multiple binding sites on a single multivaleateptor. Examples of this type of receptors
are immunoglobulins and lectins. In some other s;aaesingle receptor can have binding
subsites; when a ligand is capable to bind to tivecipal interaction site and simultaneously
(either with another recognition element or witloter unit of its scaffold) to the subsites, a

high affinity is achieved (Figure 8).

A v Vv
/\>
P—
B A 4
. q
f—
C
vwvwew
7 W W W
P—
D
v v,V Vv v v\ v,V
r—

Figure 4. Different modes of multivalent ligand-egtor bindingA Chelation;B Subsite bindinggC
Cluster effectD Statistical rebinding.
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To obtain a strong cluster effect, a clusteredptmeand a multivalent ligand are needed that
can present units with specific orientation andcapa (Figure 4C).* Finally, a high local
concentration of a ligand can lead to an enhancepofeihe binding affinity and this process
is often referred to as the statistical rebindiffgat. If we consider the binding between a
monomeric ligand and a receptor as an equilibrigtwben a bound and an unbound state,
the rebinding is favored when it comes to a muléiut ligand due to the high local
concentration of the binding elements (Figur&}*!

1.3.Selectin-carbohydrate interactions

Lectins are proteins that bind very specificallycarbohydrates (for example via hydrogen
bridges or ionic interactions) and thus they play iemportant role in cell-biological
recognition processes. The selectins belong tdbalass of lectins and are a family of three
type-I cell-surface glycoproteins. They are expedsgpon plasma membranes on leukocytes

(L-selectin) and on the vascular endothelium (E Brselectin).

1.3.1. Sdectinrole during the inflammation process

In the case of a cellular immune response, leulescgte involved in the repair of damaged
tissue and in the defense process against microff&dtion. They migrate from the blood
stream to the injury sites. Selectins mediate thesport of leukocytes to inflammatory cells
via binding of their respective carbohydrate ligaf'l The recruitment of leukocytes to the
site of infection or tissue injury is fundamental the host's defense system. This
inflammatory response is characterized by a sexfesvents and it is also referred to as
inflammatory cascade (Figure 5). Such a cascadilines as the damaged tissue releases
cytokines which stimulate the endothelial cesice the latter is stimulated, both E- and P-
selectin proteins are expressed in order to reorutrophils (leukocytes), the most common
type of white cells. Selectins recognize carbohtgdligands on the surface of the white cells,
promoting their addition. Further adhesion or ‘ir@d’ is induced by the multivalent
interactions of these ligands located on the leywescand endothelial cells causing the

slowing down of the leucocyté€! There is a firm adhesion caused by the high afiof the

17
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protein-protein interactions leading to a flatteniof the leucocytes causing their migration

through the endothelial layer (extravasatiofi).

Leukocyte
Rolling Extravasation

/ ‘ PSGL and E-selectin ligand
L-selectin \

A )~
oy Y

Endothelial cells

Subendothelial
inflammation

Figure 5. Inflammatory cascade process.

A deregulation of this immune response takes placexample, when too many neutrophils
are recruited and a leucocyte-mediated tissue danmagrurs. This dysregulation is
responsible for chronic inflammation and autoimmudieorders such as asthma and

arthritis8l

1.3.2. Sdectin structure and ligands

The three selectins (P-, E- and L-) have similarcstires (Figure 6). They are Calependent
binding proteins. Common to them is the MNirminal C-type domain,or lectin
domaint**?° This isfollowed by a EGF-like (epidermal growth factor-likellomainand a
different long extended region: a different numioércomplement control protein (CCP)
modules, or short consensus repeats (CR domair)nlimber of domains varies in between
the three selectins: L-selectin has two domainselEctin six and P-selectin nif8. Each
domain is composed of approximately 60 amino aegidues and the adjacent domains are
connected in a head-to-tail fashiéf.The consensus repeats are connected to the caipla

domain through a transmembrane domain.

18
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P-Selectin E-Selectin L-Selectin
Lectin domain
EGF domain
CR domain

iy i
g g npu
Cytoplasmic domain

Figure 6. Simplified domain structure of selectins.

Selectins mediate the cell-cell adhesion througgrattions between their lectin domains and
specific glycoproteins. Since the lectin domaisimilar in all three selectins this can indicate
that they bind similarly to carbohydrate structuf@®m the oligosaccharides involved in this
process an ideal ligand has not been found. Howévsrknown that all selectins bind to the

tetrasaccharide sialyl-Lewis-X (sbegFigure 7).

Ho, FT HO.C OH.OH o
~730 0 0
HO o ©
AcHN”  OH HO  Onm  “OH
HsC 0
OH
HoMO

Figure 7. Structure of sialyl-Lewis-X.

Among the natural selectin binding ligands the PSGP-selectin glycoprotein ligand-1) has
been widely studied®?® PSGL-1 is a type 1 membrane protein consisting@# amino

acids. A crystal structure analysis of the PSGL-géRctin complex showed the binding of
the sLé unit and of two sulfated tyrosine residues pres@min PSGL-1. It has been shown
that this ligand has a similar interaction with electin®? On the other hand, interaction
between PSGL-1 and E-selectin is not associatddamy sulfate units and mainly the glycan

is involved®®
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Since selectin-carbohydrate interactions take pkican early stage of the inflammatory
cascade, a new anti-inflammatory strategy has loeesidered where the adhesion step is
inhibited. The inhibition of the adhesion step bbyf@ial ligands can be a potential strategy to
treat inflammatory symptoms. One of the most eifecligands discovered and investigated
in the past years is heparin (Figuré?8)Heparin, a sulfated glycosaminoglycan (GAG) is a
natural polysaccharide containing a large numbesutfated units. The structure of heparin
consists of a carbohydrate backbone includirgjucuronic and.-iduronic acid units as well

as glucosamine residues inag1,4)-linked fashio?® Since heparin does not contain the
sLe" motif, its high affinity to selectins is attributeto the large number of sulfates that

interact in a multivalent manner.

S
0S0,

0 o
HOo S 050,
Oo.shn | X0 ©
HO ©0,S0
OH o o)
o o]
HO | o HO
©00¢ 0SO; ©0,SHN OCH,

©0,SHN

Figure 8. Pentasaccharide segment of heparin.

Heparin is an ideal example of the importance oftinalency and sulfated units. Research
has been continued around heparin mimetic oligtsaates and smaller molecules, some of
those are currently in different stages of clinicvelopment or approved drugs in the

marketl?”!
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2. Scientific background
2.1.Reil3ig’s approach to carbohydrate mimetics

Alkoxyallenes are valuable C-3 building blocks w#hcharacteristic pattern of reactivity
which are used in many syntheses of natural predarti heterocycles. They can be lithiated
at the C-1 and subsequently reacted with electtemhDne example is the [3+3]-cyclization

of a lithiated alkoxyallenes and aldonitronesfford 1,2-oxazines (Scheme!3.

H J OR? OR!
A H OR? PN
® Nl o * _-_\L' nH
VRN 1 N
Bn (6] O/ \Bn

Scheme 1. Synthesis of 1,2-oxazines by additidithéfted alkoxyallenes to chiral aldonitrones.

One of the major research interests in the Rgffigp has been the development of different
approaches for the synthesis of amino sugar misisetarting from enantiopure 1,2-oxazines.
Al-Harrasi investigated and described the key sbepbtain these amino sugars: a Lewis acid-
promoted rearrangement of the 1,2-oxazine give bicyclic keton& (Scheme 2¥ With
this intermediate and with two straightforwaateps, first reduction of the carbonyl group and
then cleavage of thH-benzyl and N-O bond, carbohydrate mimeican be obtained with

excellent yields B4

J/Sil\/le:;
O™
Q OJ( o oH O o
% : O Lewis acid 1) Reduction . ’
: — — “NH,
N< : N 2) Hydrogenolysis
0~ “Bn \O/N\Bn ) Hydrogenoly OH OH
syn-1 2 3

86% (over 3 steps)

Scheme 2. Synthetic route dfHarrasi to carbohydrate mimeti:

When comparing pyra® with a monosaccharide (Figure 9), and assuming ttha two

methyl groups replace the anomeric center, theiganation of b-idopyranose is obtained.
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O HO., O .
~"SoH “"SoH
i “NH, HO™ “'OH
OH OH OH

3 D-idopyranose

Figure 9. Comparison of Al-Harrasi’s carbohydraieetic 3 andb-idopyranose.

Not much research has been done witldose, however Dromowicz and Koll reported a
convenient synthesis af-idose fromD-xylose which can be easily converted into 1,6-
anhydrop-p-idopyranosé®? The same fact can be observed foidopyranose, the
enantiomer ob-idopyranose: neither-idose and.-iduronic acid nor their derivatives are
available commercially althougtriduronic acid is one of the components of the hepa

structure.

2.2.Carbohydrate mimetics as selectin inhibitors

In previous studies, a scope of monovalent carb@tgd synthesized in the Reil3ig group
were immobilized as ligands on gold nanopartichkasKP). Two types of colloids were used
with different core diameters (6 nm and 14 nm) &oth with a terminally functionalized
thiol shell. Each colloid can carry between thawksand five thousand ligands in their shell
providing a high degree of multivalency. The cop@wding carbohydrate mimetics with a
free amino group were coupled to the colloids vaitterminal active ester forming an amide
bond. As a final step the free hydroxyl groups weodysulfated using S&DMF complex
(Scheme 34®!

(OH)p, SINC)
(OH)p, (0SOzNa’)

0
o o) o
HoN D SO3+DMF \
@SMO’D e @S%N“‘ B @SWN“‘
9 o -NHS °H 9 H
Scheme 3. General scheme of the route to functmmtbgold nanoparticles.

Acyclic aminopolyols and aminofurans were also stigated in order to compare different
ring sizes, polarity, configuration and flexibilitgurface plasmon resonance (SPR) inhibition
assays were conducted with the resulting compounasder to obtain their I§-values as
inhibitors for P- and L-selectin. Focusing on thestoresults, animopyra® and polyol4

proved to be the best inhibitors (Figure 10).
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Figure 10. Structure of the two end groups tesseskectin inhibitors connected to Au-NP that

presented best inhibition.

Aminopyran3 was tested alone and gave no inhibition. Wheredest a multivalent fashion
connected to the Au-NP and with free hydroxyl g®@cheme 4Au-NP-3), no inhibition
was observed for L-selectin, but in contrast, af-M&lue in the nM-range was observed.

OH
3
L-Selectin N.1
P-Selectin N.1
R= 3093 Na®
O "\\\OH (o) ~“\\OR
Q= oA - o,
OH OR
O @
(QH)n (0SO3Na ) ,
@t :
Au SAMLN‘" C AM)L
9 Au s N
H I
Au-NP-3 Au-NP-3-sulf
L-Selectin N.I 0.35 nM
P-Selectin 10 nM 0.04 nM
R=SONa"
ICINC)
R =S0;Na
3 OR
o .
Q- Q or
o @ (OSC? Na’)
(0SO3Na ), > "
(e}
i ”Mk '
3 Al v
9 H
Au-NP-6-sulf Au-NP-4-sulf
L-Selectin  0.18 nM
- i 0.02 nM
P-Selectin  0.22 nM 0.03 nM

R=SOIN&

O "or
Q-

OR

o ®
(OSOzNa ) |

(0]
Au SMN“"
C 9 H

Au-NP-5-sulf

0.90 nM
0.20 nM

o ®
(0SO;Na ) ,

0}

Au-NP-7-sulf

0.07 nM
0.09 nM

Scheme 4. I¢-Values (determined by SPR) for sulfated functical gold colloids (6 nm) carrying
different aminopyrans and acyclic aminoalcohols.
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A strong improvement of the binding propertiesasifemed by the multivalent presented on
Au-NP structures as well as by the presence oatutfroups. All functionalized and sulfated
gold nanoparticles showed d€Cvalues in the picomolar range. A unique selegtivdr P-
selectin was achieved for the sulfated functioralizolloid Au-NP-3-sulf. Concerning the
acyclic aminoalcohols, they also showed excellentibhg to both selectins however, in
contrast ta3, none of these moieties showed any selectivith¢B8e 4,Au-NP-6-sulf, Au-
NP-4-sulf, Au-NP-7-sulf).

2.3. Anew approach to multivalent carbohydrate mimetis

Bicyclic ketone2 is a very versatile building block and can be rdgd as a protected
aminopyran allowing several possibilities of tramsfations and functionalization. Using this
building block, KoéS could develop a synthetic soubwards multivalent carbohydrate
mimeticst®¥ Starting from bicyclic keton®, the primary hydroxyl group was activated using
MsCI providing the mesylat, followed by stereoselective reduction of the ocagd group
using NaBH. The mesylate was then converted into the a&itdegood yields over two steps.
With this moiety in hand several di- and trivaleompounds could be obtained via Huisgen-
Meldal-Sharpless cycloaddition with di- and trialleg (Scheme 5). These multivalent units
were still in the bicyclic form and to approach ftireal products further steps are needed:

cleavage of th&l-benzyl and N-O bond, and finally sulfation of finee hydroxyl groups.

O W O™\ O™
" SoMs N
0 OH  scl O 1) NaBH, OH 3
Et;N EtOH :

N CHQC'Q : /’il\ 2) NaN3 E\ /Iil\
0~ “Bn o7 Bn DMF 0" 'Bn

2 quant. 5 81 - 87% (2 steps) 6

Huisgen-Meldal-Sharpless
Cycloaddition

: spacer molecule

Scheme 5. Approach of Ko63 to multivalent carboht@mimetics.
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Although Ko6s was successful in the synthesis aghescmew multivalent carbohydrate
mimetics, the yields were low and the subsequetsplfation led often to mixtures of
compounds and inconclusive results.

In a similar route, Al-Harragieveloped a strategy to obtain enantiopure amirmamed>"
Following his investigations, Bouch&as able to synthetize a series of new multivalent
oxepanesBy reaction of azidooxepanes for example in Huisiletdal-Sharpless reactions
with different spacer units mono-, di- and trivdaleaeven membered ring mimetics were
obtained in excellent yields (Figure 14,and 8). Furthermore, with a diazidooxepane the

synthesis of macrocyclic structures l&evere successfully achiev&d.

Figure 11. Examples of multivalent poly(hydroxy)paees by Bouché

Much research was carried out in the optimizatiba polysulfation method for this type of
compounds. Although a general method was not foludichécould isolate multivalent
oxepanes in pure fashion that were successfulledes SPR measurements that will be
discussed further in section 4.6.
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3. Aim of the present work

Encouraged by the excellent results of the SPRbitibin assays, we were motivated to
further investigate aminopyrahand also acyclic polyal. To overcome the problems of the
KooS approach and to be able to build a librarypofentially active compounds, a new
strategy was considered in order to obtain the dewired structures in a direct and high
yielding synthetic route.

In our new approach presented in Scheme 6, amiao@ywill be used as fully deprotected

building block. Furthermore, the stable organiaeadiO can be easily obtained by converting
the amino functionality to the azido group undeteméion of configuration using a mild

copper-catalyzed diazotransfer protocol.

J

O
o 9% oY o O~ oH O~ oH
N AO Lews acid 1) Reduction N Gebamate e L
: —: : S —— - |

SiMeg

H : ‘NH;,
N 2 N 2) Hydrogenolysis
0" Bn SN, 2 varegenolyss oH - Ow OH OH

syn-1 2 3 10
Scheme 6. Proposed approach to the key buildirekb®and13 as precursors for multivalent

carbohydrate mimetics.

With these two key building blocks in hand, not yorthe Huisgen-Meldal-Sharpless
cycloaddition can be performed starting from thigl@zbut also new multivalent compounds
can be achieved starting from the free amine géingranultivalent units bearing amide or
amine bonds.

We aim to investigate systematically the influeéenultivalency, therefore, the degree of
multivalency should be increased from monovalentdiq tri-, tetravalent and more. In
addition, we also want to understand selectivityveen P-, E- and L-selectin, the influence
of the chain length and the presence of an amidd bothe spacer molecules. To achieve this
goal different spacer molecules and scaffolds wesen with varying flexibility length and

geometry (Scheme 7).
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QO

monovalent

di-, tri-, tetravalent

multivalent

SPR inhibition assay

IC5o-values

P
Q carbohydrate mimetic

spacer molecule

scaffold

P-, L- and E- selectins

Scheme 7. General scheme for the different presemséeof multivalent carbohydrate mimetics and

final testing as selectin inhibitors.

Finally, with this work we aim to development newdametabolic stable structures to be

applied and evaluated in biologically active sygemia SPR measurements and to start

building a small rational library of biological agt carbohydrate mimetics. It is our hope that

the resulting compounds due to their resemblan@atioohydrates can represent useful drug

candidates, overcoming the problems associatednatitiral oligosaccharides.
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4. Results and Discussion
4.1.Synthesis of starting materials

4.1.1. syn-1,2-Oxazine synthesis

According to the literature, lithiated alkoxyallenean be added to a variety of electrophiles
such as aldehydes, imines, nitrils and nitronesrder to produce a range of heterocyclic
compounds, including 1,2-oxazines. As previouslyoreed?®®® the addition of lithiated
alkoxyallenes to D-glyceraldehyde-derivBdbenzyl nitronell results in the formation of
syn- or anti-configured 1,2-oxazine derivatives depending onciin@sen reaction conditions.
The 1,2-oxazinesyn-1 was smoothly synthesized (Scheme 8) by lithiatioh 23
(trimethylsilyl)ethoxyallene(at -40 °C in THF) and subsequent additioriLafto (Z)-nitrone

11 at -78 °C, affording the desired product with 6(96.!%% 769%).

OTMSE

i =

H in situ
Bn O -78 °C - r.t. O’N\

Bn

60%
1" syn-1

Scheme 8. Synthesis of 1,2-oxazéye-1.

4.1.2. Lewisacid-induced rearrangement

During the optimization of the key step of the pr@ed synthesis, Al-Harrasi screened a
variety of Lewis acids as promoters for this reagement®”’ Since then the use of Sn@h
MeCN is the method of choice for the rearrangem@nthe 1,2-oxazinesyn-1. In the
presented investigations the same conditions (Seh8infor the Lewis acid-promoted
rearrangement afyn-1 afforded the desired bicyclic ketoBewith 82% vyield (Lit!**? 95%).
Al-Harrasi reported that when TiQlvas used with CCl, as solvent, a complex mixture was
obtained and the desired product could only baiedlin 14%. Surprisingly, when the same
reaction was performed with TiChnd MeCN as solvent, instead of £&Hp, the yield could
be improved to 73%.
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SnCl,, MeCN

-30-rt,5h

‘ 82%

TiCly, MeCN
‘ -30-r,6h

73%

Scheme 9. Lewis acid-induced rearrangement of #a2inesyn-1 to bicyclic ketone2.

4.1.3. Sereoselective reduction with sodium borohydride

The reduction of the carbonyl group of ketahevith NaBH, (Scheme 10) afforded the
corresponding alcohdl3 in quant. yield (Lit[.zga] 97%). In this step a new stereogenic center

is formed and only the diastereomer wislr¢onfiguration is obtained in excellent yields.

8 “"SOH 8H “"SOH
NaBH,, EtOH 2
—_—

H 0°C, 6h
N

quant.

Scheme 10. Stereoselective reduction of bicycliohe2.

The diastereofacial selection is based essenballthe steric shielding of the direction for the
possible attack of the hydride reagent. The elptilic carbonyl group is generally attacked
by a nucleophile (hydride reagent) along the Blrgiitz angle (107°). Using the program
Chem-3D a three-dimensional molecular model ofké®ne was calculated. The model is
shown in Figure 12. It is clear that due to theisteindrance of the two methyl groups, the

nucleophilic attack is only allowed from one sidRe tace) givingl3 as a single diastereomer.
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Figure 12. Three-dimensional molecular model shguie less hindered face for the nucleophilic

attack from thdke face.

The same experiment was carried out with bicyclatoke 2 obtained with 95%. The
formation of a side product was noticed duringlteeis acid-promoted rearrangement using
SnCl, but this product could not be identified y-NMR spectroscopy nor separated during
the purification. It was decided to carry out thlexinreactions hoping that a separation would
be possible at a later stage. When the reducti@wmads performed with this mixture the new
tricyclic compoundL4 could be isolated in 4% yield and identified (Scleel3).

N O
O~ oH omy ToH
. unknown _ NaBH, 8 +

side product EtoH 0 °C

/n
Zin
/ll
Zn

2 13
70%

Scheme 13. Isolation of the new tricyclic compoddd

Very characteristic in théH-NMR spectrum of this tricyclic structure is théear ABX
system resulting from the coupling between 2-H 2adH (Figure 13). Also the singlet of the
7a-H was an important hint that led us to the elawon of the correct structure.

ABX system

Figure 13. Relevant protons for thé-NMR elucidation of tricyclic structur@4.
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Tricyclic compoundl4 was never observed nor isolated before, howewerfdhmation of
such tricyclic compounds as a result of a diffenearrangement of 1,2-oxazines bearing a
methoxyl5 or benzyloxyl6 group was previously reported in our group (Scham)é®

B —

=Y

H MeCN
N -30°C -
oV Bn 30°C-rit.
8-9h
15R = Me 17 R = Me 68%
16 R=Bn 18 R = Bn 65%

Scheme 14. Lewis acid-promoted rearrangementafxigzinesl5 and16 leading to tricyclic 1,2-

oxazine derivatived7 and18.

One can explain the formation of such moieties bglyzing the mechanism and the
intermediates formed during the Lewis acid-inducegirangement (Scheme 15). The Lewis
acid coordinates to the outer oxygen atom of diamel moiety since it is sterically less
hindered. When this coordination occurs, the addéomning opens generating a stabilized
carbenium iomB as intermediateAn intramoleculamucleophilicattackof the enol ether to
the carbenium ion occurs and the six-memberedCing formed. In previous reports it was
discussed that in the crucial intermedi@tehe nature of the 4-alkoxy group was decisive for
the final outcome. It was thought that due to thastf fragmentation of 4-(2-
trimethylsilyl)ethoxy substituted oxazirfethe only outcome would be the bicyclic ketdghe
With substituents like methoxy or benzyloxy not a@lle of undergoing such fast
fragmentation, a direct cyclization is possible dieg to the tricyclic product. The
intermediate C undergoes a 1,2-shift resulting in the carbenibn This stabilized
intermediate can react with the remaining oxygethwlisplacement of the Lewis acid and

fragmentation of the trimethylsilylethyl group aféting tricyclic compound 4.
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TMSEO Ojé
s oﬁ\D

Scheme 15. Proposed mechanism for the formatitnicgtlic compoundl4 (*the methyl groups

were omitted for clarity).

With the isolation of compounti4, we can claim that even in small amounts, thidizgtton
is also possible for the OTMSE-substituted 1,2-tx@zyn-1, and can occur before the

normal fragmentation.
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4.1.4. Hydrogenolysis

To obtain a fully deprotected aminopyran as a feamhpound, two different bonds have to be
cleaved: the N-O and-benzyl bond. The method of choice often used éRkil3ig group to
cleave simultaneously these two bonds is the Pdt@lyzed hydrogenation. With similar
substrates thh-benzyl bond can be selectively cleaved under thesditions?®! however in
the case of the bicyclic compourt3, even after five minutes the fully deprotected
aminopyran3 was detected by TLC control, indicating that N+@l &l-benzyl bond cleavage
is a competing process and the cleavage of botlidbdm@ppens almost simultaneously.
Hydrogenolysis ofl3 with palladium on charcoal catalyst in methanolegaminopyrar3
with 97% yield (Lit??*¥ 83%) (Scheme 16).

0w H,, Pd/C \
QH OH O .« \OH
: MeOH
D 'NH,
-\O/N‘Bn overnight OH OH
13 7% 3

Scheme 16. Hydrogenolysis of bicyclic alcoli8laffording aminopyrar3.

One of the advantages of this method is the easfigation of polar compounds. When the
reaction proceeds smoothly a simple filtration bé tcatalyst over Celifeis sufficient
affording the desired product in pure fashion. He tajority of the cases excellent yields
were obtained, however sometimes a decrease iryighe was observed as well as the
formation of side products. Closer investigatiod e the isolation of the by-product9 and

20 depending on the used solvent (Figure 14).

O "\\\O O ‘\\\\O
HO\\‘\. "/N) HO\\“‘ "/N)\
OH H OH H

19 20

Figure 14. By-products formed during hydrogenolysi$3.

Such products were so far not described or isolatdr hydrogenolysis of bicyclic
compoundl3 leading to six membered aminopyranhowever a similar side product was

previously observed by Boucl@r the seven membered analog when the reactiorcaraied
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out in methanol. It was assumed that during theti@a (or filtration) formaldehyde is formed
in situ!*® The formation of the by-products can be explaingthe reaction of the free amino
and hydroxyl groups with the aldehydes correspandm the used solvents methanol or
ethanol forming the corresponding acetal. It idficlift to distinguish both possible by-
products (with a new five memebred ring when thmosdary hydroxyl group reacts or a six
membered in the case of the primary) since the lihg same mass and the expedtéd
NMR spectra are very similar (Figure 15). Howeusy,HMBC analysis of the long range
couplings it was possible to elucidate the exactwghg that exclusively the six-membered

by-product was formed.

W 0o ‘\\‘Q
O “on Ol
HO_ . HOL o\ /kH
H

“NH
o/ OH

not observed

Figure 15. Observed long range couplings proviegsthucture of the by-produt®.

To have a better understanding of the formationthese bicyclic compounds further
investigations were carried out changing the sdhdering hydrogenolysis as well as the
solvent used for the filtration. These results suenmarized in Table 1. The irreproducible
results made it difficult to find a clear explamatifor this process (even the source and time
of use of the hydrogen bottle showed to have saorffigeince in the final reaction outcome). In
Table 1 entry 1 and entry 2 it can be seen thaéutite same reaction conditions the desired
aminopyran3 could be obtained either in excellent yields othwhuch lower yield together
with the formation of side produd®. To understand the influence of the solvent duting
reaction time and during the filtration, a new expent was done where the reaction was
carried out in ethanol but the filtration was penfied using methanol (Table 1, entry 3). Once
again in this case only side produd@ was isolated. In contrast, when both reaction and

filtration steps were performed in ethanol sidedoici 20 could be isolated (Table 1, entry 4).
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Tablel. Solvent variation for the hydrogenolysid8and subsequent filtration.

0 ™
OH “oH Hy, PdIC o O "™Ng
LA - HO (N, HOS Y )251
o N solvent, OH
"o BN overnight oH
13 3 19 R',R?=H
20R"=H, R?=CH;,
Entry Solvent Product, yield (%)
Reaction Filtration 3 19 20
1 MeOH MeOH 97 - -
2 MeOH MeOH 57 16 -
3 EtOH MeOH 57 24 -
4 EtOH EtOH 46 - 17

In contrary to what was described by Bouché (whaldaetect the formation of such

41 with this results we can propose that

products during the reaction and before the fitrgt
the by-product solely depends on the solvent usedhie filtration and thus the oxidation
probably occurs during the filtration through GC&lit Zhang and Waxdescribed a catalytic
process for the aerobic oxidation of alcohols usinBd/SiQ-Al,O3 catalyst, that somehow
resembles the composition of Pd on C8lits present in the filtratidf!

Alternative reaction conditions were tried to pnetvihe formation of the by-products. Bouché
could avoid this problem by adding acid to the teamcmixture. In this case the amine is
protonated forming an ammonium s2Mathat therefore can no longer react with the pdssib
formed formaldehyde. The most commonly employedsator this purpose are hydrochloric
acid and acetic aci®! From the different acids, acetic acid proved taHzebest one and the
reaction was then performed in a MeOH/AcOH = 5:ktare. An important aspect of this
method is the regeneration of the free andReThis has been realized by a filtration through
an acidic ion exchange resin (Scheme 17), wheredhenn is first washed with water until
the acidic components are completely removed (obtletr with pH paper) and then washed

with NHs; to obtain the free amine.
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OH

H,, Pd/C OH

OH
0]
OH\=OH
é\ N rt.,1d
O" "Bn MeOH/AcOH

HO\\‘\‘ '/’ﬁHe’eOAC

OH

21 22a

@
DOWEX H

89%

Scheme 17. Hydrogenolysis of 7-membered bicycliomound21 in MeOH/AcOH performed by

Bouché.

These conditions were applied to bicyclic prodL8tand no side product was detected, but

unfortunately the desired produ@tcould only be isolated in low yield (Table 2, gnir).

Probably not all the free amine was regeneratediagr@fore lost during the filtration. Since

these conditions did not give satisfying resultaea alternative was tried where isopropanol

was used as solvent for the reaction and duritigtibn (Table 2, entry 2). This procedure

gave exceptionally good results and aminopygdamas isolated in excellent yield and purity

after filtration through a short pad of Cefitelsopropanol is an adequate solvent since its

oxidation affords acetone and the attack of thenarto this ketone is less likely to occur.

Table 2. New conditions employed for hydrogenolysiavoid formation of side products.

(@] RN
OH = ©OH H,, Pd/C o
N HO o Ao )vR1
~ ,lil\ solvent, r.t. OH
0" Bn overnight
13 3 19R", R2=H
23R', R2=CH,
Entry Solvent Product, yield (%)
Reaction Filtration 3 19 23
1 MeOH/AcOH (5:1) MeOH/Dowex 45 - -
2 iPrOH iPrOH 96 - -
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4.1.5. Copper(ll)-catalyzed diazotransfer

For the transformation of the aminopyramto the corresponding azide, the copper-catalyzed
diazotransfer was used. This reaction has been fosethany yeat$” and optimized by
Wond*! applying metal catalysts. In our group Yékt4 has developed conditions for the
transformation of aminopyraB Under these conditions the use of nonafluorbsialf@nyl
azide24 (NfN3)[46] was a great improvement once it is less exploana volatile than the
commonly used trifluoromethanesulfonyl azide (3)ffdnd therefore much easier to handle.
Yekta used this procedure to generate the azidetifunality and directly protect in situ all
hydroxyl groups with acetic anhydride to obtain fhretected azid5 (Scheme 18). This
method was also used by BouEMénd Koo§? to generate a range of different azides giving

excellent results.

1) Nf-N3, K,CO3, CuS0O,.5H,0
Ol MeOH/H,O (2:1), 24 h O~

OH 2) glycine hydrochloride, 24 h OAc

.
N3

K "f/,NH N |\
| 2 3) Ac,O, pyridine, DMAP OAc OAc

OH OH
3 57% (over 2 steps) 25

Scheme 18. Conversion of the aminopy8anto the protected azid# by Yekta.

In the presented investigations the isolation ad fhlly deprotected azide was required
(Scheme 19). The azid® was generated from nonafluorobutanesulfonyl flderNfF) and
sodium azide in methanol according to the liteprocedur&® The freshly prepared NfN

24 was then slowly added in excess to a stirred moludf aminopyrar in the presence of
copper(ll) sulfate and potassium carbonate in ahametl/water mixture during 24 hours.
After completion of the reaction (3 days) glycinasaadded in excess to quench the excess of

24.
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FW 4 eor
S/
F PE MeOH, r.t.
FF
F o 24h, 81%
NfN3 24
K2CO3 \
O .» “~OH CuSOy- 5 H,0 e “OH
) . —_— S "y
" ‘NH,  MeOH/H,0 (2:1) | Ns
OH OH rt,3d OH OH
89%
s 10

Scheme 19. Synthetic route to azidopytén

The reaction mixture was then quenched with 7N amanmethanol solution to coordinate
the copper that could then be easily filtrated dffe method to prepare these azides proved to
be effective and easy to perform. Furthermore eimed conditions allow the isolation of the
stable deprotected azid® with full retention of configuration in excellegield.

The mechanism of this reaction is still unknown.wdger, Wong proposed a mechanism
where zinc(ll) is used and it is assumed that wathper(ll) the same mechanism is plausible
(Scheme 20" Under basic conditions, a complexation of the @W8iio the metal catalyst
leads to the intermediaté. This is followed bynucleophilic attack ofe on the highly
electrophilic terminahitrogenof 24, followed by deprotonation and cyclization formitige
tetrazends. Possibly a [3+2]-cycloreversion occurs leadinghte desired azide product and
complexH.

R_NH2 + [M]-L2

R-NH,

+

Nf ‘N-N

N-<
M]=N, ] M] N

Nf
10 H G

Scheme 20. Possible mechanism for the metal-cahigmzotransfer reaction proposed by Wong.
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4.1.6. Introduction of protecting groups

Protecting groups have been widely used over tlasyand in the synthesis of complex
products they are often required. When in the sarokecule more than one functional group
is present and a reaction needs to be performade@iective way, the other possible reaction
sites should be blocked. Although the goal wasetoegate a straightforward route to the new
multivalent compounds avoiding as much as possli#euse of protecting groups in some
cases it was strictly necessary. With the two mogcbuilding blocks3 and 10 in hand
(Figure 16) the hydroxyl groups should be proteceléctively. For azidopyrahO a variety

of protecting groups can be applied, but in theecalsaminopyrarB one should chose a
protective group that selectively protects the byl functionality in the presence of a free

amine.

Figure 16. Main building block3 and10 used in the synthesis of multivalent carbohydnaitaetics.

In the process of choosing the adequate protegtiogps, was also considered the facility of
their removal in later stages. Since the final malent products will contain several
hydroxyl functionalities, the purification of theseolecules after cleavage of the respective
protecting groups should be simple. Table 3 sunmaarthe methods used for the protection
of the hydroxyl functionalities of aminopyréhand azidopyrarlO. As a first attempt a silyl
ether type grouptert-butyldimethylsilyl (TBS) was chosen and the reactivas carried out
under standard conditions usitegt-butyldimethylsilyltriflate (TBSOTTf) and a tertiargmine

as base (Table 3, entry 1). This reaction was pedd several times and the yield could be
improved to 72% when the reaction time was exteride®l days. When shorter times were
applied, the yields drop to 50% (12 hours). Altérredy the methoxymethyl group MOM was
chosen (Table 3, entry 2). With the usual condgitor protection using MOMCI, a complex
mixture of starting material, mono- and diprotecpedducts was obtained even with longer
reaction times. Since the reagent MOMCI is congidecarcinogenic, this method was
discarded and the TBS group was the preferred dtecsve protection of the hydroxyl

functionalities in aminopyra®. As previously mentioned, the choice of protectgrgups
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was easier in the case of azidopyf#n Both commonly used protecting groups acetyl and
benzyl (Table 3, entry 3 and entry 4) proved toeficient groups and both reactions were
easily carried out leading to excellent yields.

Table 3. Reaction conditions for the hydroxyl potien of pyrans3 and10.

0] R o W\
~"SOH Conditions ™ TOR?
|\\" "/R1 |\\" 'f/R1
OH OH rt. OR2 OR2
3 R'=NH, 26 R'=NH,; R?=TBS
10 RT=N; 25 R'=N;R?=Ac

27 R'=N; R?=Bn

Entry Conditions Time R R? Yield (%)

TBSOTTf, NEg

DMF
1 0°C -1t 3 days NH, TBS 72

MOMCI,
2 DIPEA overnight NH MOM Complex mixture
0°C-r.t.

Ac,O

Py, ertMAP overnight N Ac 91

NaH,
4 BnBr, THF overnight N Bn 76
0°C-—r.t.
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4.1.7. Conversion of azidopyrans into aminopyrans

With the easily obtained protected compou8sand27 in hand, it was intended to reduce
the azide functionality to the corresponding amioeaccess benzyl and acetyl protected
aminopyrans in a direct way. Azides can be eadigverted to amines for example by
catalytic hydrogenation, reduction with complex atdtydrides or by the Staudinger reaction.
The Staudinger reaction was discovered in 1919 taydinger et df®! In this reaction a
phosphine is used to reduce an azide to the aminetibnality. Scheme 21 presents the
reaction mechanism where a nucleophilic additiothefphosphine to the terminal nitrogen of
the azide occurs forming a phosphazidewhich rearranges to the 4-membered-ring
intermediatel. After loss of dinitrogen an iminophosphorane igried which is hydrolyzed
in the presence of water to yield a primary aming @ phosphine oxide.

L N©
*N”""PRg @N: Nz N

/\ ﬁ

R.P:  + N=N- ON: el —> R PR
3 & & RN r-NPRs °

phosphine azide | J iminophosphorane
H,O

R-NH, + PR,
amine phosphine oxide

Scheme 21. Mechanism of the Staudinger reaction.

Standard Staudingeonditions were used in order to reduce aZ28gScheme 22). After

reaction and purification by flash column chromaggdny with silica gel the desired product
28 could not be isolated nor identified by ESI'®-NMR spectroscopy. Several fractions
were isolated containing more than one productitidupurification the formation of more

products was noticed on TLC control).

O o

OAC  pph, H,0 “SoAac
W "/N3 x ”
THF, r.t, | NH;
OAc OAc overnight OAc OAc
25 28

Scheme 22. Attempt to reduce azitfeusing standard Staudinganditions.
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Several products could be identified from the migfibeing a result aD-acetyl toN-acetyl
migration (like29), acetyl cleavage and aza-Witpgoduct30. The acetyl group migration is
well known in many cases but to the best of oundedge in the literature only one report
was found for theO-acetyl to N-acetyl migration under Staudingeonditions’® In the
presented case this migration can occur not onlyjnguthe reaction, but it may also be
catalyzed by the acidity of the silica gel. Althbuthe intramolecular aza-Wittig reaction is
commonly used in the synthesis of heterocyclic rafproductS® the identification of such
products was quite surprising. There are diffepagsibilities for theD—N acetyl migration:
once the free amin28 is generated it can react intramolecularly witk ttarbonyl group
leading to the migration produ@9 (Scheme 23, pathway a). Alternatively, the stabid
reactive iminophosphorane formed can react intreaoudarly with the carbonyl group of the
ester moiety prior to reduction (Scheme 23, pathlajayTo form the aza-Wittigroduct, the
resulting iminophosphorane with its highly nucleibphitrogen atom can also be regarded as
an aza-ylide and it can react with the acetyl grde@ding to intermediatéM. It is
knowr”% B that even with less reactive esters this reactiontake place, especially because
it occurs here in an intramolecular manner (Sch2geathway c). Without isolation in pure
form and confirmation of the exact structure, iagsumed that similar to what was discussed
for the hydrogenolysis side products (Section 4,1he cyclized product has a six membered
ring instead of the also possible five membered.
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aza-Wittig-reaction

(0]
(o] WL (0} RN
Pathway c) -9 - IIDIPhs )O\
. ‘ K vy —
|\\‘ /N\)g |\ N

OAc OAc PX OAc OAc
Phs
M 30
(0]
\ /\
o “SNoac H.0 O \OJ\ O-N acyl migration
Pathway a) 3 5 2 .,
K ’IN |\ NH,
OAc OAc PPh; OAc OAc
iminophosphorane 28 o C|)H
\ "/H/ko
Ie) OAc OAc
(l) 29
. O T
O oY \O . /g H20
Pathway b) o\, A T NN YD
| lolS) I
OAc OAc PPh; OAc OAc PPhg
c) ®
K L

Scheme 23. Different pathways for the formatiosidé products and aza-Witfigoduct30.

Discouraged by the instability of the acetyl groather known conditions in the literature

were examined for the formation of amide bonds fthia acids. The conditions presented by
Williams et al®? were quite appealing since according to their psed mechanism a

thiazolidine intermediat®& would be formed rather than a reduction from azmemine

avoiding this way the previous side reactions (8uh@4).

S
RN
;
0 ® _R N 0
g -H Ny SSON iH R
| R N
R” “SH ‘ SN, 1 N
R R
thio acid N amide

0]
©
RJ\S

Scheme 24. Mechanism for the reaction of thio awitls azides.

Unsuccessfully, applying the reported conditiords bt lead to the formation of any product
since reaction of azidegs with thioacetic acid lednly to starting material (Scheme 25).
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OAc o (I)Ac
| \
O )J\SH O\ o
o “ " /"N/U\
| N3 2,6-lutidine, CHCl3 N
OAc OAc rt.-60°C,2d OAc OAc
25 31

Scheme 25. Attempt to synthesize compo8hdsing the conditions applied by Williams.

Since there are literature reports on the reduafararbohydrate azides using hydrogenolysis
with Pd/C?® a further attempt was done to reduce the acebtepted azid@5 with Pd/C in
isopropanol. Unfortunately, a mixture of producssadoserved in the Staudingeaction was
received. After these unsatisfactory results, weiddel to use the benzyl protected azie
and to perform the standard Staudingection in hope that with the higher stabilitytbé
benzyl protecting group, the respective reducedhamiroduct would be obtained. Once again
these conditions led to a mixture of unidentifiedqucts.

Enders and Muller-Huwedescribed the reduction of the azido group withlHAto give a
primary amine in the synthesis af-erythro-sphinganiné>* This method proved to be the
most efficient and adequate for compolWl(Scheme 26). Applying these conditions, the
corresponding amin®2 was obtained in good yield.

OBn OBn
ol LiAIH,, THF o
N Ny rt,2h | ‘NH;
OBn OBn OBn OBn
7%
27 32

Scheme 26. Reduction of azidé using LiAlH,.

This method proved to be efficient for the reductad benzyl protected azi®¥ but the same
conditions were probably not applicable to the @aatotected analog@5. Recently, Nishida
et al. reported on the total synthesis of (x)-lumtetA and B, involving the successful
reduction of an azide intermediate in the presenteacetyl protecting group using
samarium(ll) iodidé®™ This could be an alternative method for the reiducof acetyl

protected azid@>s.
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4.2.Multivalent compounds by amide bond formation

The amide linkage is one of the most important abalrbonds in nature. Therefore in the
development of new mimetics this is a key moietyewlrying to mimic compounds present
in proteins and involved in biological processes2006 an assay of the reactions used for the
preparation of drug candidates was published agthtaan reactions were one of the most
commonly used representing 12% of the reactionslved, of which 66% werdl-acylations

to form amide$® The delocalization of electrons over the N-C-O da@md the hydrogen
bonding play a crucial role in the amide bond iat&ons in protein structures. The partial
double bond nature of the peptide linkage is rpitirand therefore can exist @s andtrans
configurations (Figure 17). However it has beervptbthat the majority of peptide bonds in

protein structures exist in the more stabéms configuration!

i 1
g = ry
|
R H
cis trans

Figure 17. Possible configurations of an amide bond

Since amide bonds are often found in natural médscand systems this type of ligation is
often the choice for the construction of multivdlarchitectures. In literature applications can
be found for example for the construction of mtent cellobiosylated glycoconjugates and
their interaction with enzymE& or the synthesis of multivale@@-glycosidic units and their
combination to scaffolds that provide for exampliiofescent-labeled multivalent
scaffolds?®®

4.2.1. Amide bond formation by Schotten-Baumann reaction

Amide bonds are generally synthesized by reactioa carboxylic acid and an amine. The
reaction between this two groups does not occuntapeously at room temperature, therefore
one needs to first activate the carboxylic acidmally by converting it into a good leaving
group for example in an acid chloride. The ScheBaamann reaction was first described in
1883 by the two german chemists Carl Schotten argbft Baumaritt’ and became one of

the most popular reactions for the synthesis oflarbionds. This reaction involves a coupling
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of an acid chloride with an amine affording the den{Scheme 27). Due to the formation of

hydrochloric acid the use of a base is required.

e} (0]

R. R ) Base r.

+ R OC N~ "R?

N
H

Scheme 27. The Schotten-Baumann reaction.

4.2.1.1. Synthesis of monovalent carbohydrate mimetics

To perform such a reaction, protected aminop@@was chosen since in the case of the fully
deprotected analog the free hydroxyl groups may compete with the arand react under
the same conditions with the acid chloride genegain ester. Using standard conditions,
protected aminopyrar26 reacted with commercially available hexanoyl cider (33)
affording the desired amide4 in excellent yield (Scheme 28). After cleavagetltdd TBS
protecting groups, fully deprotected monovalentraopyran derivative85 was obtained in

moderate yield.

1% OR
OTBS
o. R o .l
| = V j?\/\/\
BSOS N, EtsN, CH,Cl I N
OTBS r.t., overnight OR OR
26 93% 34 R = TBS™ | HF-pyridine
0°C-rt
overnight
3BR=H - 4%

Scheme 28. Synthesis of monovalent anidland subsequent deprotectior8t

4.2.1.2. Synthesis of divalent carbohydrate mimetics

After successfully synthesis of the monovalent nhadenpound35, the same conditions were
tested for the synthesis of divalent structuresgé&perate these divalent compounds at least
two equivalents of the protected aminopy@hare needed for one equivalent of succinyl
chloride 36. When the same conditions were applied to acidriztd 36 the desired divalent

product37 was not observed (Scheme 29).
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OR
OTBS 0O O 0. .
J o) OR OR
Q@ﬁ‘ ot L N A
TBSO_. 36 h N ! )
NH, Et;N, DMAP OR OR 0 g
OTBS CH,Cl, c|> <
26 37R=TBS

Scheme 29. Attempt to synthetize protected divatentpound3?7.

After several attempts to generate prod8¢t changing reaction time and equivalents of
protected amionpyra6 and succinyl chlorid@6, the desired product was not obtained and
the formation of the corresponding pyrrolidine-2jbne resulting from the intramolecular
reaction was also not noticed. It was quite ungdied that we could not achieve the
formation of dimer37 since in the literature similar conditions wereurid for the
construction of multivalent acetyl protected canmrates>3 At this point it was thought that
the resulting produc87 would be sterically too hindered due to the bugkm of the TBS
protecting groups. For this reason a new dicarboxatid with a longer chain (sebacoyl
chloride38) was used and the desired prodd@icould be isolated. The different attempts to
optimize this reaction are summarized in Table sheWperforming the reaction with a large
excess of aminopyra2b (Table 4, entry 1), the yields were low sincetstgrmaterial26 and
the desired producB9 have the same Rf value, making the purification dnjumn
chromatography hard and tedious. Due to these wateqh problems different conditions
were tried changing the equivalents of protectethapyran26. Indeed the best results were
obtained when the minimum amount 26 required to form divalent produ@9 were used

(exactly 2.0 equivalents). Compou8€ could then be isolated with the best yield of 58%.
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Table 4. Reaction optimization

OTBS g OR
I
- " N, K
TBSO . ", W ’N)J\/\/\/\/\H/ 2 K
S NH,  Et;N, DMAP | H
OTBS che,  OR OR © r\"@?
OR
26 39R=TBS
Entry Equiv. Aminopyran Yield (%)
1 3.3 30
2 2.7 40
3 2.1 30
4 2.0 58

With the optimized conditions in hand, several hoxylic acids were chosen to generate a
series of divalent carbohydrate mimetics with défg spacing and flexibility. The
synthesized compounds are listed in Table 5. Reaetith the aromatic linker terephthaloyl
dichloride40 (Table 5, entry 1) afforded the desired protectieder 40 with excellent yield.
This was the linker who gave the best reactionlt®sO®n the other hand, reaction with the
aliphatic adipoyl dichloride45 (Table 5, entry 5) gave the lowest yields and diesired
product46 was isolated with a moderate yield of 43%. Thergstingtrans-azobenzene
derivative48 was also used and the desired divalent azo condpé@mvas obtained with a
yield of 55%. Azo compounds can exist in bath andtrans isomeric form, however the
transisomer is more stable by approximately 50 kJ/ran{ the barrier to photoisomerisation
is approximately 200 kJ/méf Although no further investigations were done witho
derivative 49, the study of the shape-influence of baik and trans isomers would be
interesting.

Deprotection using Hpyridine proved to be an adequate method and Bl deprotected

dimers were obtained in excellent yields.
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Table 5. Yields for the different synthesized diilm@amides and the subsequent deprotection step.

OTBS OR
o Acid chloride o
j\ h o OR

TBSO\\\\' ‘f/NH2 Eth, DMAP RO\\\\' "/N N/,, .\\‘\OR

OTBS CHoCl or M lr ‘

N0
26 (lDR
R=TBS
2) HF-py, THF [
R=H
Acid chloride
Entry R Product Yield (%)
cloc— —COCl
1 O>\ <:> /<O TBS 41 83
Cl Cl H 42
5 guant.
40
3 o 0 TBS 39 58
mwm
4 38 H 44 80
5 e TBS 46 43
a g 47

6 45 H 92

7 0 TBS 49 55
Cl)‘\©\
Cl
8 H 50 guant.

Starting from the benzyl protected aminopy&thand using sebacoyl chlori@S8 as linker,
divalent compoundl was synthetized in quantitative yield (Scheme 3bjs was a great
improvement from the obtained 58% for the analog TBotected dimed3 (Table 5, entry
3). Besides providing an excellent yield, divaleompound51 has the advantage of the
deprotection being easily performed under hydrofysigconditions, which should provide a

clean reaction and an easy purification.
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0 0 OBn
O MK J
“Nogn O Mg O o OBn OBn
) 38 ) H [
| "NH Et,N, DMAP N H .
OBn OBn Ch.Cl OBn OBn o .
YY) |‘ O
32 quant. 51 OBn

Scheme 30. Synthesis of divalent benzyl protecbasboundsl.

4.2.1.3. Synthesis of divalent 2-amino-1,3-diol derivatives

As previously mentioned, an additional goal wasitiwestigation of multivalent compounds
starting from the commercially available amino mbly. Similarly to what was done for

aminopyran 3, the hydroxyl groups o# were first TBS protected affording protected
compoundb2 in excellent yield (Scheme 31).

HO TBSCI, Et;N TBSO
D D
HO DMAP, CH,Cl,  TBSO
r.t., overnight

4 97% 52

Scheme 31. TBS protection of amino polgdéading to protected amirk.

To be able to compare aminopyr@nwith aminopolyol4 the same linkers were used to
prepare divalent compounds. The TBS protected einatompounds were obtained in
excellent yields (Table 6). Interestingly, usingaunyl chloride36 and TBS protected amine
52, the corresponding dimé&® was obtained in excellent yield (Table 6, entryG9ntrary to
the protected aminopyr&® that did not react with succinyl chlori@é, in this case aming2
is much more flexible and therefore sterically Iesxlered apparently allowing the formation

of the desired product.
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Table 6. Yields for the different synthesized digt&3 — 60.

o OR
TBSO Acid chloride H il J/\/OR
}NHz Ro/j 'S N
o)
RO

TBSO Et;N, DMAP
CH,Cl,
52 r.t.
AcC [ R=TBS
propan-2-ol
r.t. R=H
Acid chloride
Entry R Product Yield (%)
ClOC— —COoCl
1 0 : 0 TBS 53 83
cl cl
2 40 H 54 quant.
3 6 O TBS 55 75
ot
4 H 56 quant.
38
5 o 0 TBS 57 62
Cl s+ Cl
6 45 H 58 quant.
7 0 0 TBS 59 83
CIMCI
8 H 60 quant.

36

Although TBS deprotection using Hfyridine proved to be an efficient method, othetics
were considered in search of an alternative metl&idg milder conditions and cheaper
reagents. Khan et al. reported a method where lacklyride in methanol was used as a
source of hydrochloric acf!! Acid catalyzed solvolysis seems to be the metHochoice,
with the advantage that all the side products csilyebe removed in vacuo, making no
further purification necessary. First attempts waoee using methanol but poor conversions
were observed mainly due to the insolubility of gtarting material. Isopropanol was then
chosen as alternative leading to excellent resnithis case HCI is also generated in situ and
both side products isopropyl acetate (product aérdgation of isopropanol and acetyl
chloride) and tert-butyl(isopropoxy)dimethylsilane have boiling panthat allow their

removal in vacuo (Scheme 32).
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0 OH R.
)]\ + )\ OTBS
; }\
|
C@
0 H
)J\ J\ -TBS
0 HCl in isopropanol
boiling point 89 °C OH
O-TBS
R “OH
boiling point 141 °C CI
H@ desired product

O TBS

Scheme 32. Catalytic cycle for sinI ether cleavagimg acetyl chloride in isopropanol.

Applying these conditions to deprotect the obtaidieders resulted in excellent yields and all
fully deprotected compounds were obtained in qtetnte yield without any column
chromatography by simple removal of all volatilessacuo (Table 6).

Although this method proved to be excellent to digmt all dimers derived from the simple
aminopolyol, when the same conditions were apptedhe compounds containing the
aminopyran moiety, a mixture of more than two paduwas always obtained. Probably
these conditions are sufficient to cleave the TB8ugs of primary alcohols but not of

secondary alcohols.

4.2.2. Amide bond formation by HATU coupling reagent

Nowadays the most common way to generate an anoide i3 the use of a coupling reagent
to first activate a carboxylic acid which then rsagith an amine (Scheme 33).

‘o3 0
R A R
OH Act R3

ZT

0 activation o} R%

B ———

Scheme 33. Carboxylic acid activation in preseri@aupling reagent and reaction with an amine.
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From the many known coupling reagéftsHATU was selected, a coupling reagent using
aminium salts and often used for peptide synthésigy structure determinations of HATU,
shows that it crystallizes as a aminitdvoxide salt, rather than as a uronium salt (Fidw8ke

however in solution both co-exist and can reach\aitarboxylic aciéf®

© ©
| |® PF6 PF6
N
At P
“ N
X N\ N | |
| P @ N O _N_
N~ N o
0% >N
aminium salt uronium salt

Figure 18. Aminium and uronium isomer of HATU.

The reaction mechanisifl of activation is shown in Scheme 34. After depnation of the
carboxylic acid by a base, the resulting carboey@tattacks the spcarbon atom of HATU
leading to the formation of OAt anion that attatike saltP leading to the formation of the
active esteR, that subsequently reacts with the amine to férendesired amide and HOAt as

side product.

9@
NN
INTS
SNAONT N ~y~ PF
” Nere NTND @ N T
J base_ | DI P
1 1 1
R'”OH R'" N0 7 N\ \ROTONT i
o P
8y N~ o)
R1 1@
o>|\o N~ R1J]So/\2_. OH
| | —
N /N| rFe_ N /NI R°~NH,_ R1J\NR2 . NN /Nl
N N
BN N H B
Q R amide HOAt

Scheme 34. Mechanism of the amide formation usiA@Mas reagent.
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4.2.2.1. Synthesis of monovalent carbohydrate mimetics

To test the standard conditions for aminopy8abenzoic acid®1 was chosen and the desired

amide62 was formed in excellent yield (Scheme 35).

o]
OH HOJ\@ (|)H
O
HATU, Et;N, DMF |“" “N
éH OH NHz r.t., overnight OH OH H
3 quant. 62

Scheme 35. Synthesis of compou#using HATU as coupling reagent.

4.2.2.2. Synthesis of divalent carbohydrate mimetics

Encouraged by these results, the same method vesk fas the synthesis of multivalent
compounds. Starting with dicarboxylic aci@3 and65, divalent compound64 and66 were
obtained (Table 7). In this case a small excessrohe3 was used: for one equivalent of the
dicarboxylic acid, only 2.5 equivalents of the aenBiwere used. To our surprise divalent
compounds4 from reaction of unprotected aminopyrd@and succinic acié3 was isolated in
excellent yield (Table 7, entry 1). This is again mdication that the TBS protected
aminopyran was probably sterically too hinderedeiact with the acid chloridé3. Reaction
with terephthalic acid®5 afforded the desired dimeric structl@@, but in much lower vyield
compared to the reaction performed with the cooedmg acid chloride (Table 7, entry 2).
This low yield was due to the difficult purificahoand the hard separation of the desired
product from HOAt generated during the reactione Ghould notice that even with the much
lower vyield, this procedure saves two syntheticpstethe protection/deprotection of

aminopyrars.
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Table 7. Synthesis of divalent aminopyran derivegiusing HATU.

(|)H
O\ o .
OH  carboxylic acid ' j\ 4 OH
|\\“ '/NHZ HO\\‘\~ "/N \H/N/" '\\\\OH
OH OH HSLI‘# NEt; du H
It -
3 | O
OH
Carboxylic Acid )
Entry HOOC—  coon product Yield (%)
0
OH
1 HO 64 73
o)
63
(@]
HOJ\@(
OH
2 66 21
O
65

4.2.2.3. Synthesis of trivalent carbohydrate mimetics

In addition, trivalent carbohydrate mimeti&8 and70 were synthetized in good yields using
this procedure. Once again it was noticed thatehetion proceeds efficiently even without a
large excess of the corresponding aminopyran. k@isynthesis of each trivalent compound
1.3 equivalents of amine per carboxylic acid unérevneeded. Starting from TBS protected
aminopyran26 and using an aliphatic linked7, trivalent compoundb8 was obtained in
excellent yield (Table 8, entry 1). It is known theder these conditions the hydroxyl groups
need not to be protected. However, when these tonsli were applied to unprotected
aminopyran3 and linker67, no product could be isolated after column chrametphy, most
probably due to its high polarity, making it impiids to separate the product from HOAL. In
contrary, when the aromatic linké® was chosen (Table 8, entry 2) the polarity of fthel
product is reduced and the reaction proceeded gtlstfeStarting from the unprotected
aminopyrarB the desired trivalent compouii@ was received with excellent yield without the

need of protecting groups.
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Table 8. Synthesis of trivalent aminopyran deriwediusing HATU.

?R OR
N 0
O ‘\\\\OR O " O 0
Carboxylic acid x "’NJ\ )J\N OR
o "’NH H H =
(l)R I 2 HATU, Et;N OR OR J\ OR
DMF, r.t. (e}

3 R=OH o, OR
26 R=TBS RO
O__-,_OR

Carboxylic Acid

Entry HooC. = COOH R Product Yield (%)
HOOC‘:
(e} O
HO)J\AN/\)J\OH
1 > TBS 68 83
O OH
67
O._OH

69

4.2.2.4. Synthesis of trivalent 2-amino-1,3-diol derivatives
In addition, an example of a trivalent compoundtstg from the simple TBS protected

compound52 was prepared (Scheme 36). Once again the useotd#dcped starting material

was necessary due to purification reasons. Trivalempound/’2 was obtained in good yield.
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O._OH
OTBS
OTBS
o} OH
HN
OH o TBSO 0
OTBS 7 :>—NH
HZN{ TBSO
OTBS HATU, NEt, o}
DMF, r.t. o
overnight HN
73% OTBS
52 72 OTBS

Scheme 36. Synthesis of trivalent compougd

4.3.Multivalent compounds by reductive amination

Many classes of natural products and living systeargain amines, an example of these are
the alkaloids. One of a the most useful and impbitiols in the synthesis of different amines
is the reaction between aldehydes or ketones witin@nia, primary amines, or secondary
amines in the presence of a reducing agent to gipeamary, secondary, or tertiary amine,
respectively. This reductive amination of a primarysecondary amine involves at first stage
the formation of an imine or iminium ion intermeidiarespectively, that can be subsequently

reduced leading to the secondary or tertiary arfBieeeme 37§~

o) R R
-H,0 | :
C reduction H. _CH
H\ ,R P =Y - . N N
N * R1/U\R2 N~ R | R
H R R
1° amine imine 2° amine
1 R? i
R\N~R j)]\ -H0 R (': reduction R \N/Clj
Ho Y RORS NTUR? | R
R R’
2° amine iminium ion 3° amine

Scheme 37. Mechanism of reductive amination.
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The choice of the reducing agent is very importanthe success of the method, since the
reducing agent must reduce imines (or iminium icegctively over aldehydes or ketones
under the reaction conditions. Reductive aminatian then be performed in two ways: a
direct one pot procedure where the reducing agenhixed initially with the carbonyl
compound and the amine prior to the fully formatafnthe iminium salt intermediate or a
stepwise version where first all the starting mateshould be consumed leading to full
conversion to the imine intermediate and only thenreduction is performed in a separate
step. Some of the used methods for direct reduetmmation include for example catalytic

hydrogenation with platinum or palladium catal¥st.

4.3.1. Synthesis of monovalent carbohydrate mimetics

For the formation of the desired amines startingmfrprimary amine3 with different
aldehydes, it was decided to use a procedure pglyiemployed in our research group using
NaBH, as a reducing agent since it is inexpensive, safdéandle and environmentally
friendly®® In this case it is important to make sure that sharting material is fully
consumed before adding the NaBHh this procedure MgSQs also used as a dehydration
agent helping to remove the water formed duringréaetion and shifting the equilibrium to
the formation of the imine intermediate. AlthoughB¥H, is only added after formation of the
imine this procedure can be seen as a one-pot ohetimgce a simple filtration is needed
before adding the reducing agent and no intermedgtisolated. A range of monovalent
products were synthetized and they are summaneédble 9.
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Table 9. Yields for the different synthesizdélkylated aminopyrans via reductive amination.

OH OH
o 1) RCHO, MgSO, o
HO_. 2) NaBH,, MeOH, r.t. NTOR
- NH, | N
OH OH OH
3
Entry 1 2 3 4 5
OiL 04\© O&\@ 04\©/B(OH)2 OA©\
Aldehyde Br cl
73 75 77 79 81
Product 74 76 78 80 82
Yield (%) 45 65 71 30 51

From the commercially available aldehydes, alighatldehyde pentanal73) and
benzaldehyder5 were freshly distilled prior to use. The best ¢ievas obtained for the
reaction with 4-bromobenzaldehydé (Table 9, entry 3). To our disappointment the tieac
of aminopyran3 with aldehyde79 bearing a boronic acid functionality proved to dpgte
unreliable. Produc80 would be an interesting building block since itulb allow further
transformations via palladium catalyzed Suzuki tieac Although the desired product could
be isolated even with very poor yield, the reactias not reproducible and all the further

attempts to generate compouws@did not lead to the formation of any product.

4.3.2. Synthesis of divalent carbohydrate mimetics

The attempt to use the same method to generatedimin aliphatic linkers failed. With an
agueous solution of 1,5-pentanedi@B)(and large excess of Mg@@ompound84 was not

obtained but instead the product of a double redeiemination85 was isolated in low yield
(Scheme 38).
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ON"on HO ©
IO HO\\\“ KN OH
. 10 0 N N7
O~ oH 83 X on M H o1
HO_ . "’NHQ MgSQO,4, MeOH
OH 2. NaBH,
3 AN
26% O~

85

Scheme 38. Attempt to synthetize dirBdrand isolation of the reductive amination prodgfst

A proposed mechanism for this undesired reactiosh®swvn in Scheme 39. First an imine
dimer S might be formed and once one of the imine unit®dkiced to a secondary amihg
followed by an intramolecular attack to the seconohe. This process needs to happen faster
than the second reduction that would lead to tls#reld product (Scheme 39, pathway a). An
alternative mechanism can be considered where ameimonomer is formed that after
reduction with NaBk generates intermediaté that reacts intramolecularly with the second
aldehyde (Scheme 39, pathway b).

Pathway a

H+
Pathway b -H,O
OH OH
O J
HO\\\" "/” H HO\\‘\‘ "/N
OH OH
w Y

Scheme 39. Proposed mechanistic pathways for theafion of side produ@s.
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To avoid the formation of a stable six membered we searched for an alternative aliphatic
linker with a larger number of carbons. 1,7-Hepthale87) was freshly prepared by Swern
oxidation of the corresponding alcohol 1,7-heptamg@6) (Scheme 40).

1. DMSO, oxalyl chloride

0 0
HO_~_~_~_OH MeOH - L
2. NEts, CH,Cl, H H
86 -60°C-rit. 87

Scheme 40. Swern oxidation of 1,7-heptane@@6) leading to 1,7-heptanediad?).

The dialdehydé7 was directly used in the reductive amination reectvith aminopyrar8
(Scheme 41). The desired prod8&could be identified byH-NMR spectroscopy, but not
isolated in a pure fashion: a mixture of amid@ and aminopyrar8 was obtained. An
intramolecular double reductive amination produeswnot found for this reaction, most

probably because the formation of a resulting eigkimbered ring as side product is not

favorable.
0 o)
NN
T H H
O~ MeOH &7 O~ o)
o {‘j OH  MgSO, OH HO
> HO_ . y OH
~ W NN TSN
NH2 5 NaBH, h N N T
OH OH OH

Scheme 41. Reductive amination using aliphaticeii® and formation of the produ8s.

To overcome the intramolecular reductive aminati@use of aromatic dialdehydes was also
considered since due to their rigidity such produznnot be formed. All aldehydes were
commercially available and only aldehyd@® was synthetized according to literature
procedure by the homocoupling reaction of aryl baro acid 79 catalyzed by
Pd(OAC)YK,CO;s in water (Scheme 48
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0]
4 \

04\©/ B(OH), Pd(OACc),, K,COs3, air O O

H,0, r.t., overnight
79 60% 89

Scheme 42. Synthesis of dialdehy®

With the aromatic aldehydes the desired dimersdcbel synthetized (Table 10). The best
yield was obtained when aldehy@@ was used as linker (Table 10, entry 4). In cottraigh

aldehyde90 the lowest yield was received, probably due tohini&iness of the final dimedl
(Table 10, entry 1).

Table 10. Yields for the synthesizBehlkylated dimers by reductive amination.

OH (|)H OH
o 1) Aldehyde, MgSO, O ©
HO . "’NHQ l\\\' 'I/N/\ N .
OH 2) NaBH,, MeOH OH OH M H & oH
3
Entry 1 2 3 4
N O P ° ' A
Product 91 93 95 96
Yield (%) 32 50 43 70
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4.3.3. Synthesis of divalent 2-amino-1,3-diol derivatives

The same method was applied to the simple 2-ami@alibl 4 affording divalent compounds
97 and98in low yields (Scheme 42).

- }HN NH{
33% HO OH
97

H }NI |2 ) ° !
(6]

2) NaBHy4, MeOH, r.t.

4

HO OH

HO\J\H HJ/\/OH
25%

98

Scheme 43. Synthesis of divalent aminopol@dl&nd98 by reductive amination.

Despite the fact that a series of mono- and divaGempounds could be generated by

reductive amination, in general the yields werergoomoderate and the purifications hard.

An alternative to obtain better results could be thse of sodium cyanoborohydride

(NaBH;CN) as reducing agent, that can react selectivethyedding on the pH of the solution:

at pH 3-4 it reduces aldehydes and ketones angjla¢hpH this reduction becomes slow; at

pH 6-8 imines are reduced faster than aldehyddeetuned®® These properties make this

reducing agent convenient for a direct reductivénatiron procedure.
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4.4.Multivalent compounds by “click” chemistry

As synthetic chemists, the search and discovergesi and original reactions is a strong
motive. However, chemists should also consider thatbtain a library of compounds the
simplest reactions must be applied as strategy promoter of this concept, Barry Sharpless
introduced in 2001 the term "click” chemistry tosdebe thermodynamically favorable
reactions that can be easily carried out in therkiory and are able to connect two molecules
efficiently in high yieldd®*® According to Sharpless, to be characterized ask"cteaction a
process must be fast, stereospecific (but not sacés enantioselective) and generate
harmless side products to be removed preferentwsitiiout the use of chromatography.
Furthermore, a "click" reaction should be perfornegtier without solvents or with nontoxic
and inert solvents. One should also assure theolis¢éable and simple to obtain starting
materials that can be used in a reaction that doésequire any special care (the reaction
should be insensitive to oxygen and water). Overghst years, the number of publications
involving this term and the use of “click” react®to generate new molecules keeps growing

tremendously, and it became one of the most atteatols to organic chemists.

4.4.1. 1,3-Dipolar cycloaddition

Among the reactions meeting “click” standards, tiest attractive is the 1,3-dipolar
cycloaddition, a relevant synthetic method for ¢bastruction of five membered heterocyclic
systems. In 1893, Michael reported for the firgtdia thermal 1,3-dipolar cycloaddition of
phenyl azide and diethyl acetylenedicarboxyl@eln the 1960s, Huisgen and coworkers
investigated intensely 1,3-dipolar cycloadditiomsl @ was found that for the variant azide-
alkyne cycloaddition, due to its activation baryi@rgeneral high temperatures were required
and the reaction proceeded in a non-regioseleataseleading to the formation of a mixture
of 1,4- and 1,5-substituted triazoles in a 1:1oré8cheme 44¥Y It was not until 2002 with a
discovery made independently by Sharpiésand Melddl® that it was found that the use of
a copper(l) catalyst allowed the reaction of momssituted alkynes to run at room
temperature, and the 1,4-substituted triazoles ¥oensed exclusively as a single regioisomer
(Scheme 44). Both also recognized the importancehefcombination of the copper(l)

catalyst with amine-containing bases for a smoe#ttion.
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Thermal 1,3-dipolar cycloaddition according to Huisgen (1960)

,N\1 2 ,N\W,Rz
R2 A N~ N'R N“ N

S

H 5R R’

H

1:1 mixture

Copper(l)-catalyzed 1,3-dipolar cycloaddition according to Sharpless and Meldal (2002)

1 2
cu(l) N/’N\N’R
R1 + N3/ —_ >

r.t

R'4 H

Scheme 44. History and progress of azide-alkyniagditions.

In the literature various ways to define this tgeeaction can be found: the so called “click”
reaction is often mentioned as Huisgen-Sharpledsialieycloaddition or copper(l)-catalyzed
azide-alkyne cycloaddition (CUAAC). Due to the siengeaction conditions, easy availability
of the respective starting materials as well as #xeellent reaction outcome, this
transformation became one of the most powerful pagtwith vast applications for example
in the synthesis of libraries of small moleculegnteesis of natural products and for the
marking of biomoleculesBesides the importance of the CuAAC, over the yehR,3-
triazoles became relevant in medicinal chemisinges theypossesgor example, anti-viral
and cytotoxid/ anti-HIVI™® and anti-canc8f activity. Although triazoles are not present in
biological systemsthey can be considered as amide bond mimics shee have similar
properties with the advantage of being more stag&nst acidic and basic hydrolysis as well
as oxidative and reductive conditiorhe triazole unit is a rigid connection, with &d R
groups at a distance 6f0 A (compared to a 3.8 A distance between theesgmoups in an
amide bond) (Figure 19y 1,2,3-Triazoles have a large dipole moment (~ 5tHat may
polarize the 5-H proton which acts hgdrogen-bond donor, similar to an amide proton.
Furthermore, the nitrogen atoms of positions 2 @dllow metal coordination and

simultaneouslyact as hydrogen-bond acceptdie the carbonyl oxygen of an amid&)
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H-bond aceptor metal coordenation H-bond aceptor
H (M) H
| N N:N /loj\ 2
RVS/N‘R? RVS/N\RQ as mimic of R N,R
H-bond donor H H H H-bond donor
-~
50A 38A

Figure 19. Comparison of 1,2,3-triazole units véthide bonds.

The mechanistic cycle for the azide-alkyne cycla@old was proposed in 2002 by
Sharplesé? however, until today the exact mechanism and riméeliates are not fully
understood and several studies as well as calonfatire still carried olt®"® Based on the
ability of copper to complex with alkynes, it islieeed that the first step of this cycle consists
in the z-coordination of the copper(l) catalyst to the al&y(initially with a pKax 25)
(Scheme 453), lowering its pKa to 15 and leading to the exatia formation the acetylide
complexAA (Scheme 49)). Such complexes may vary depending on the reacbaditions
but it has been accepted that in most of the casiscopper comple®A is involved®? It
was suggested that a second Cu(l) species coaedinat thea-carbon of the acetylide
intermediate. Subsequently, the internal nitrogemmaof the azide coordinates with the
coordinated copper generating a N-Cu bond resuitirsppecieAB (Scheme 45;). Although
the terminal nitrogen and internal nitrogen atoras coordinate, it is expected that the
substituted nitrogen coordinates preferentiallpcsiit increases the electron density on the
metal center facilitating by this way the oxidatiseupling to intermediatAC (Scheme 45,
d). This is followed by ring contraction and Cu(Rctusion via reductive elimination leading
to the formation of the Cu(l) triazolideD (Scheme 45¢). Protonation of this intermediate
forms the 1,4-substituted triazole and regenettiesopper(l) in the catalytic cycle (Scheme
45, ).
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alkyne
R'——H
R' H
N‘\N’N\RZ [CULn] k n-complex
a [cuL,)
1,4-triazole f RI—==H
Z lcuLy
H+
b\\ H*
l R'—=—cuL,] = R'—=—cuL,)
R‘1 CULnl !
- [cuL,)
Nov g AA
AD c oo R
N=N-N
reductive e B o azide
elimination R — ICuLnl
NS !
R;] CuLnl w\ /ICULn]
ICULn] | ITI AB
d 2
N, Jet 7 R
N—N\ . . .
R2 oxidative coupling

AC

Scheme 45. Catalytic cycle for the CUAAC reaction.

As previously mentioned, to perform CuAAC Cu(l)nseded. A wide range of direct Cu(l)
sources can be used, most commonly Cu(l) saltsclkger(l) iodide or copper(l) bromide.
Generally, the reaction with Cu(l) salts demandsube of an amine base and often heating is
necessary to promote initial formation of the capgeetylideAA ,®Y as alternative sonication
has been described as a possibility to acceldnatestction® It has been found that amine-
containing bases and ligands may stabilize Cu@rigs by coordination, protecting the Cu(l)
from being oxidized and accelerating the reactiorom the different existing ligand&?
TBTA was introduced by Sharpless and is the moptijeo ligand used todd{? TBTA has
proved not only to be effective in catalysis, bigbao be efficient in protecting Cu(l) against
disproportionationThe more stable Cu(ll) salts can also be usgdddition of a reducing
agent. The most common precursors &ng(ll) sulfate pentahydrate (Cugb6H,O) or
copper(ll) acetate in the presence of a weak redueigent such as sodium ascorbate.
Originally reported by Sharple§é this methodology presents some important advastage
the reaction is less sensitive to atmospheric axymed can be performed in an open flask

without the need of additives.
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4.4.2. Acid/Base-catalyzed azide-alkyne cycloadditions

Wang et al. reported in 2011 an alternative apgrdaccopper(l)-catalyzed azide-alkyne
cycloadditions where an acid/base-promoted patiadyo a reduced reaction time and to an
increase of yield$¥ It was proposed that the addition of both acid hade accelerate the
reaction at different points. Firstly, the basesaat a ligand and catalyzes the copper iodide
polymer dissociation, generating the active CyghcesAE that by reaction with the alkyne
leads to the Cu(l) acetylid®F (Scheme 46, base-catalyzed part). By monitorieg&actions
closely, it was noticed that the intermedigd€& usually was formed very fast, but its
conversion into the 1,4-triazole product often jpexed slowly. Trying to overcome these
drawbacks, the use of an acid was applied to aatel¢he conversion of the C-Cu bond-

containing intermediate&F andAG (Scheme 46, acid-catalyzed part).

N”’\LN’R2
NR; ., R—_ | HOAc _
Cul (polymer) — > [Cu(NRj3), ]t — = R'—=-{Cu] .
R2-N3 R'4 H
AE AF 1,4-triazole
e 4
R2 \\\ /«” (]
\N3 “a » Y\OP“
N _R?
N N
R cul
AG
Base-catalyzed part Acid-catalyzed part

Scheme 46. Acid/base-catalyzed 1,3-dipolar cyclitiadd

4.4.3.Copper on charcoal-catalyzed azde-alkyne cycloadditions

In 2006 Lipshutz described the use of Cu/C as arpensive and efficient heterogeneous
catalyst for CUAAC reactior&’ Since the Cu/C matrix contains copper in both atiéh
states [Cu(ll) and Cu(l)] the addition of a redugriagent is not required. Moreover, even
though the presence of 3Bt proved to increase the reaction rates, it wasrted that no
additives like bases or ligands were necessargricgffective cycloaddition reaction that can

also be performed in absence of solvent (Scheme 47)
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Cu/C Ry-N.
R-N; + =R N_ N
solvent or neat, r.t. \‘—< ;
R
azide alkyne 1,4-substituted triazole

Scheme 47. Copper on charcoal-catalyzed 1,3-dipgtdoaddition.

An additional advantage of the method is the f&ett tcycloadditions carried out in the
presence of Cu/C take place heterogeneously anitheinmatrix, avoiding this way the
presence of copper in the solution, which preveotgamination of the final products with
the catalyst. Moreover, the easy removal of thalgsit by simple filtration through a pad of
Celite® and its reusability makes this a very attractivethiod. As previously mentioned in the
Cu/C matrix are present copper(l) and copper(lgcgs. Taking advantage of this fact,
Lipshutz published in 2009 a direct transformatimm amines to the desired click products
by generating the corresponding azide in situ inoma-pot reactioff>’ This was possible

since the diazotransfer is copper(ll)-catalyzed #nedsubsequent CUAAC is Cu(l)-catalyzed
(Scheme 48).

Cu(ll)-cat. diazotransfer Cu(l)-cat. [3+2] cycloaddition
Cu/C, TfN3 =—R! Ry -N.
R-NH, — R-N,3 N o N
base Cu/C, base \—< .
R
in situ
one-pot

Scheme 48. Cu/C-catalyzed tandem diazotransfeCad\C reaction.

4.4.4. Synthesis of monovalent carbohydrate mimetics

Azidopyran10 reacted with monoalkyne39, 101 and103in copper-catalyzed azide-alkyne
cycloadditions (CUAAC) (Table 11). Although it wasiginally reported by Lipshutz that
most of the substrates reacted in excellent yiatdsoom temperature, when his conditions
were applied to azide0 and alkyne99, after 24 hours at room temperature almost noywiod

was generated and mostly starting material waseptas the reaction mixture. This was also
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observed by Lipshutz in some cases: with aliphaitignes or sterically hindered substrates
the reaction rates were slower and for these cagddeating (60 °C) was needed. Repeating
the reaction at 60 °C led to excellent results #radesired product00 was obtained in
guantitative yield (Table 11, entry 1). When alkyt®l was used a much lower yield was
obtained. After filtration of the catalyst it wastited that the desired click produk2 and
azidopyranl0 have exactly the same Rf, and the desired prodast isolated in a 1:2.2
mixture with starting material (Table 11, entry ¥yith 2-hydroxyethylacetylen403 and
azidopyranl0 different conditions were applied; besides the Cp¥@cedure (Conditions a)
the acid/base-catalyzed method (Conditions b) disasehe common Cul and TBTA CuAAC
(Conditions c) were performed. The reaction proedesmoothly under the three different
conditions and with conditions a) and c) the exxtllyields were obtained even though with
Cul and TBTA the purification is not as straightfard due to the presence of the ligand.
Concerning the acid/base-catalyzed method the etkgiroductl04 was obtained with a
lower but still good vyield; since extraction is mudssible in this case due to the polarity of
product104, the separation from the acid and base affodd®tiin 67%. Besides the slight
difference in the final yield, the three methodsvad to be efficient for the synthesis of
triazole104.

Table 11. Synthesis d00, 102and104 by CuAAC.

c|)H R OH
(0] o // 0 \\‘\l
| Ny conditions, overnight |“‘\ ("N/N\\N
OH OH ’ OH OH \§<
10 R
i 0,
Entry Conditions Alkyne Product Yield (%)
\\\/\/CI
1 a) 100 quant.
99
S 33
\\/\/\/\/ (yield calculated
i Y 101 102 according toH-NMR
spectrum)
N a) 90
X
3 ), b), ¢ Son 104 b) 67

Conditions: a) Cu/C, BN, Dioxane, 60 °C; b) Cul, DIPEA, HOAc, Toluend,;rc) Cul, TBTA, EtN,
MeCN, r.t.
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It was of great interest to apply the one-pot ctons reported by Lipshuf? to the synthesis
of carbohydrate mimetics. As previously mentionadder these conditions it should be
possible to start from aminopyr@mand after in situ generation the azid® a chosen alkyne
can be added and the desired click product shadoddireed in a one-pot reaction. After the
problems faced with the polarity of compoub@? and azidopyrandO0, it was assured that the
alkyne used in the one pot procedure would lea@ tnal product with a considerable
difference in polarity from azidopyrdl0, therefore alkynd03 was chosen. The first attempt
to the one-pot CUAAC was performed using the caommst described by Lipshutz (Scheme
49). dichloromethane was used as solvent and; BH®N azide source. After formation of
azidopyranlO (controlled by TLC) alkynd 03 was added and the reaction was stirred for 31
hours. Disappointingly, click produ@04 was not formed (even after addition of more Cu/C,

base and alkyn®#03) and only aminopyraB8 and azidopyradO could be isolated.

OH OH OH OH
o \\\| o} “\\| /\/ o ‘\\\l
‘ Cu/C, Ba(OH), 103 .
. , —_— > o "
o 'l/NH N ’/N3 CU/C, Et3N |‘\ 'N \\N
| > TiNs, CH,Cl |
OH OH OH OH . . OH OH —
r.t., overnight 40 °C, overnight
3 10 104 OH

Scheme 49. Attempt to synthetize click prodL@4in a one pot procedure using Cu/C.

Trying to adapt the original procedure it was dedido use a different solvent that would
allow heating of the mixture to a higher temperatunerefore acetonitrile was chosen (Table
12, entry 1). With these conditions the reactiors wampleted after 28 hours and the desired
product 104 was obtained with 74% vyield. Lipshutz also reported acceleration of the
CUAAC step using microwave radiation (MW) at 120p@rforming the reaction with MW in
acetonitrile at 75 °C afforded the desired prodizt with no great improvement in the yield
but the reaction time was reduced to 15 hours €raBl entry 2). With a working one-pot
procedure, the change of azide source was condiderehe less explosive and more
convenient NfN often used in the Reil3ig group. Once again therebgproductl04 was

obtained with a comparable yield (Table 12, enjty 3
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Table 12. Optimization of the conditions for theeguot synthesis df04 by CUAAC using Cu/C.

OH OH OH
(0] \\| (6] ‘\\\l &/\/ O \\\\l
; Cu/C, Ba(OH), 103 .
W ry W vy o //,N/ N
NH;  solvent, | N3 Cu/C, Et;N | N

| N
OH OH azide source OH OH OH OH
3 10 104

Entry Solvent Azide source Temperature Time (h) MW Yield

Q) (%)
1 MeCN TN 60 28 - 74
2 MeCN TN 75 15 300W 76
3 MeCN NN, 60 66 - 75

Even though all one-pot attempts in acetonitrikk tie the formation of the desired product it
was quite surprising that in dichlorometane triazbd4 was not formed. To provide more
insight into the solvent influence, two additionalactions were performed starting from
azidopyranl0 and alkyne 103 in dichloromethane and acetonitrile (Table 13)e Tifferent
reactions led to the formation of the desired povd04 showing that even though azidopyran
10 did not dissolve completely in dichloromethaneagetonitrile, the [3+2] cycloaddition
proceeded in both cases even at 40 °C (Table 1§, Bn.

72



Results and Discussion

Table 13. Synthesis d00by CuAAC using Cu/C.

OH OH

OH
o) .ﬂJ éZZ/A\V/ o) HJ

103

vy N,
N; Cu/C, Et;N | NN

C|)H OH solvent OH OH I\=—
10 104

OH
Entry Solvent Temperature (°C) Time (h) Yield (%)
1 CH.Cl, 40 20 61
2 MeCN 60 41 39

Since in all performed one-pot reactions the foromabf the azidopyradO occur (controlled
by TLC), one can assume that the solubility of aspyran3 does not have an impact on the
reaction outcome. The reason for the failure of tre-pot procedure performed in
dichloromethane is not clear; the only differenbsarved in this one-pot attempt was that not
all aminopyrar8 was converted into azidopyrd® (in all other attempts alkynE03was only
added after full conversion), so in this case whéyne 103 was added there was still
aminopyran3 present. The influence of aminopyr8nin the reaction mixture during the
CUuAAC step is unknown, but it can be speculated ithafluences the [3+2] cycloaddition

possibly by coordination to the catalyst.

4.4.4.1. Evaluation of trace metal content by ICP-MS

Copper is an essential element in living organismdg it is involved in several metabolic
events. Over the years cooper-binding proteins sk importance have been widely
studied®! Despite this fact, there are still discussions amcertainties around the toxicity of
copper-containing compounds tested in certain amlldiological systems. Copper can be
considered toxic since it can easily change itslaton state and it is able to catalyze the

formation of highly reactive hydroxyl radicdfé!
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Since the goal of this project was to generateataytirate mimetics to be tested in biological
assays (SPR) one should assure that there is percppesent in the generated products from
CuAAC. As previously reported in Table 11, usingdapyran 10 and alkynel03 the
CUuAAC reaction was performed using different coiodis to generate triazofE04. At this
point the goal is not to compare or discuss theaathges and disadvantages of each method
nor the efficacy or yield, but solely to compare thercentage of copper present in the final
products obtained. The three sampled @ were submitted to quantitative copper ICP-MS
analyses and satisfactorily, the copper conceantratobserved for all methods were too low
for an accurate and representative detection Witk type of measurement (in ICP-MS
analysis amounts below 15 ppb are considered iifisignt and not sufficient for an accurate
measurement) (Table 14).

Table 14. CuUAAC reaction leading to carbohydratmetic 100 using different methods and

evaluation of the respective copper content inptiogluct.

OH OH OH
(o} \l ///\/ (0] \\l
103
X N3 overnight |“\‘ /"N/N\\N
OH OH OH OH \j
10 104 oH
Cu determination by
Entry Conditions ICP-MS (ppb)
63
1 Cul, TBTA, EgN, Cu-—4.99
65
MeCN Cu-5.19
63
5 Cul, DIPEA, HOAc, Cu-7.22
Toluene ®cu—754
3 Cu/C, EN, “Cu-4.12
Dioxane 65
Cu-4.41

With these results one can assume that all thrékate are adequate to generate the desired
multivalent carbohydrate mimetics without measwal@u contamination of the final

products.
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4.4.5. Synthesis of divalent carbohydrate mimetics

The first attempts for the synthesis of divalemtctures were performed before the Cu/C
procedure was considered as a good alternativeeftine the conditions previously used in
the ReiRig group (with Cul and TBTA as additive)reve@pplied?***% Building block 10
reacted with three different linkers, 1,6-heptadiy05), 1,4-diethynylbenzend 08 and 1,3-
diethynylbenzenel(l0) (Table 15). In these reactions a slight excesazade10 was used
(2.2 equivalents). Although all desired dimers watained, in some cases the corresponding
monoadduct was also isolated (Table 15, entry leantd/ 3), proving that these conditions
were not adequate for the full transformation te tresired dimers even with an excess of
azidelO.

Table 15. Synthesis of divalent carbohydrate miosetly CuAAC.

?H HO_
O  Alkyne o— N=N N=N,
\\\N N 4
AQN Cul, TBTA, Et;N >Q \)\ A/ \ A
éH OH s MeCN., r.t. :: OH H N
overnight \OH
10
Entry B Alkyne B Disubstituted Monosubstituted Yield (%)
= = product product
N Y, (106) 61
1 N 106 107 (107 8
105
) = - 109 - (109 64
108
o a
111) 53
3 111 112 (119 4
110

The acid/base-catalyzed CuUAAC metliddvas then used in an attempt to obtain better yield
and full conversions. Aliphatic linkefO5was chosen and the results are summarized in Table
16. Using toluene as solvent and a mixture of DIHEAAC led to an improvement of the

yield and a much faster reaction (Table 16, enjryitlwas also described that under these
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conditions the reactions can be carried out nedhljowt the use of any solvent the desired
dimer106was obtained in quantitative yield (in the fill-NMR the peaks corresponding to
DIPEA could be detected). These conditions proeebet more efficient and since the use of
TBTA as additive is not necessary, it also makesghrification easier; it was previously
observed that the separation of the desired predtmn TBTA can sometimes be tedidtrs.
From the experiments performed, it is importantntote that with this procedure the
equivalents of acid and base can be increasednbexact 1:1 ratio of acid/base is needed for

the good efficacy of the reaction.

Table 16. Synthesis of dim&f3by acid/base-catalyzed CuAAC.

“'N Cul, DIPEA, HOAc
3

| solvent, r.t. B OH
OH OH oH
10 106
Entry Solvent DIPEA (equiv.) HOAc (equiv.) Time (h) Yield
(%)
1 Toluene 4.0 4.0 3 71
2 - 8.0 8.0 3.5 guant.

Due to good results obtained from Cu/C catalyzedAD®° as well as easy purification of
the obtained compounds, some divalent structures aso synthetized using this method.
The interesting compountil4 was obtained in 10% from reaction of azitié and the

oxepane dialkyne derivativel3 synthetized by Bouck&' (Scheme 50). The oxepane unit

made the final compound extremely polar resultmg hard purification and a low yield.
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0 113 =

N Cu/C, E;N, Dioxane, 60 °C

10%

N, OH
10 114 w/
o
Ho ©

Scheme 50. Synthesis of unsymmetrical ditrfietusing Cu/C as catalyst in CuAAC.

This unsymmetrical dimeric structure is an intargstcompound to be tested in the SPR
assays and since both six and seven membered gdratgmimetics are present it would be
of interest to see if it would lead to an increagaffinity compared to the other synthetized
dimers.

Additionally, with the commercially available alkgn1l5 and azidopyranlO, the

corresponding dimet16was obtained in excellent yield (Scheme 51).

HO
2

OH [ = :
(0] | o )L:N N=N
18 ﬁ‘“NMN
i “N;  CulC, Et;N, Dioxane, 60 °C S %on N
OH OH \
91% OH

10 116

Scheme 51. Synthesis of dinel6 using Cu/C as catalyst in CUAAC.

After the success of the one-pot procedure fosgimthesis of monovalent compounds, it was
of interest to apply these conditions to obtaintmalent compounds starting from amie
The Cu/C catalyzed one-pot click reaction was peréal for the synthesis of divalent
carbohydrate mimetid16. Aminopyran3 reacted with TfN leading to the formation of
azidopyranl0in situwhich was subsequently reacted with 1,8-nonadi{ié)(affording the
desired divalent click produdtl6 (Scheme 52). Satisfactorily, this procedure protede

convenient for the synthesis of multivalent struesu After filtration over Celifé the crude
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product was obtained with 95% yield, but due to pbeations during the separation from the

excess of azideg0, the final produciL16was isolated with a much lower yield.

OH
o .
i “'NH,
OH OH
3
Cu/C, Ba(OH),
TfN,, MeCN
r.t.
B 7 HO
OH [ = \
0! 115 o SN B
>Q‘I‘NMN
| Ny Cu/C, EtsN, 60 °C S %on
OH OH \
38% OH
L 10 . 116

Scheme 52. One-pot synthesis of dirh&6 by CuAAc using Cu/C.

Beckmann and Wittmann also reported a one-pot gigeefor the diazotransfer and azide-
alkyne cycloadditiof®® In this case, starting from an amine a Cu(ll) &=was used for the
diazotransfer reaction that after completion wasitim reduced to Cu(l) by adding a reducing
agent to perform the azide-alkyne cycloadditionthéligh they were able to synthesize
multivalent glycoconjugates with this one-pot prbaee, it has some drawbacks: the use of
MW radiation is necessary as well as the use of ABiaking the isolation of the desired
product unconvenient. The Cu/C protocol seems ta b®re convenient and advantageous
procedure and as far as one can tell from theiegi$iterature up to date, the synthesis of
dimer 116 is the first described one pot synthesis of a inaliént compound using Cu/C as

catalyst.
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4.4.6. Synthesis of trivalent carbohydrate mimetics

Using the Cu/C procedure, trivalent compounds veeiecessfully synthetized (Table 17). It
was noticed that in some cases like with alkyhé (Table 17, entry 1) the reaction was slow
and not complete even after one day. In this casesame amount of Cu/C and;fEtwas
additionally added and the reaction was furtheresti TheCz-symmetric compound18 was
obtained with a good yield of 69%. The importanE€gsymmetry in biological systems has
been vastly discusséd and since some binding sides of enzymes have adps@s-
symmetric geometry, synthetic molecules with thigm@gement can have enhanced affinity.
The use of such compounds as hosts for carbohydeatggnition has been previously
reported® A similar yield was obtained with alkyne 119 (TaHl7, entry 2) that after a
reaction time of 21 hours afforded trim&R0 in 60% vyield. The interesting adamantanyl
trisalkyne derivativel21 was also used as linker to afford a trivalent chyllrate mimetic
122 (Table 17, entry 3). Adamantane consists of fawsefl cyclohexane rings in chair
conformation and it is the most simple diamondadpound commonly used in host-guest
chemistry and in drug delivery systefff$.Interesting functionalizations and adamantane
derivatives tri- and tetrasubstituted have beerestigated by Maison and coworké&fd.
Dondoni and Marra also used adamantane as scéffotde synthesis of glycoclustérd. In
the synthesis of th€s-symmetric compound 22 low yields were received, most probably
due to its rigidity and steric bulkiness (it wadioed in this reaction that there was not a full
consumption of the starting materials). After obiag 122 in 16% yield with the Cu/C
procedure, the acid/base-catalyzed conditions appied andl22 was obtained in 29%
yield (79% based on consumed starting material).
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Table 17. Synthesis of trivalent carbohydrate miosdty CUAAC with Cu/C.

HO HO
N HO, 2
le) 3 ,N: N,/N\N '
OH >QN\;\ I~/ d
(e} Alkyne \\ dH N
OH OH
|\‘ "/Ns CU/C, Eth %N
OH OH dioxane, 60 °C HO—, _\N/l'\i
“_OH
Alkyne
N =
Entry SN0 Time (h) Product Yield (%)
|‘|
I
1 é/gj\ 48 118 69
117
Z NN
) S 21 120 60
119
= 16
= Method B: 29
° f 16 122 (79% based on
121 consumed. 21)

Method B: Cul, DIPEA, HOAc, Toluene, r.t.

For the synthesis of an unsymmetrical trivalenbolaydrate mimetid26, monomerl23 (the
synthesis of this derivative is described in sectth4.9) was first propargylated using
standard conditions. The resulting prod@256 was subsequently used as trivalent linker in
CuAAC with 10 and Cu/C affording the trivalent carbohydrate ntimé26 in very good
yield (Scheme 53).
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Scheme 53. Synthesis of unsymmetrical trid@28 using Cu/C as catalyst in CUAAC.

4.4.7. Synthesis of tetravalent carbohydrate mimetics

Tetravalent linkerl27 was used for the successful construction of carth@tg mimetic
derivative128 (Scheme 54). Bouché attempted the synthesisabf ®iravalent compounds
using the azidooxepan derivative and the standanditons for the CuUAAC with Cul and
TBTA as additive, but the desired tetravalent chyate mimetic was not obtain&d.
Successfully applying the Cu/C method the desiredyct128 was obtained and isolated in
excellent yield. This linker has been used by Befinat al. for the construction of fucose-
based glycomimetics which presented activity agdiG-SIGN, a C-type lectin involved in
the infection process and HIV virlfé Tetravalent carbohydrate mimeti®8 was tested in

the SPR inhibition assay as selectin inhibitor indll be discussed further in section 4.6.4.

81



Results and Discussion
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Scheme 54. Synthesis of tetravalent carbohydrateetit 128 using Cu/C as catalyst in CUAAC.

4.4.8. Synthesis of bigger architectures

Calix[n]arenes are often used as scaffolds for the syistimésnultivalent ligand§™ Since
these oligomers allow the arrangement of multiggards in a specific spatial orientation,
they can lead to an optimization of events of ret@n and an enhanced binding to certain
receptors. Moreover their cavity can sometimes gsdate guest species. The commercially
availabletert-butylcalix[4]arenel31 was chosen as scaffold for multivalent presentatib
azidopyranl0. This macromolecule can be synthetized in a sistge by acondensation
reaction between tert-butylphenol {29 and formaldehyd@30 (Scheme 555 and can be
further functionalized at the phenolic hydroxyl gps.

OH

129 131

Scheme 55. Synthesis of calix[4]aret8L
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In the literature several procedures are descrii@d the transformation oftert-
butylcalix[4]aren€l31into the corresponding propargylated compo@8a8 Applying known
conditions with KCO; as a base in acetonitfi@ led to a mixture of products and the desired
tetraalkynel32 could not be isolated. Alternatively, followingetitonditions applied by Ryo
and Zha8® using NaH as base in a THF/DMF mixture, compods@ was successfully
obtained however with a much lower yield than tygorted (Lit°! 65%).

| T ] NaH, THF/DMF

| i
OH OH OH HO 60 °C, overnight 0 o_ ©
15% X\ M ﬂf /7/

132

131

Scheme 56. Synthesis of propargylated calix[4]af&ie

Reacting calix[4]arene derivativE32 and azidopyrariO in CUAAC using Cu/C as catalyst
lead to formation of the desired prodd&3 but the same could not be isolated in pure form
(Scheme 57). It was noticed that the reaction ias sven at 60 °C and the formation of
several products was observed by TLC control, ntaltie purification of the desired product
132 quite challenging. After purification by flash cohn chromatography several fractions
with mixtures of products were obtained. The tetbassituted produci33 was detected in
more than one fraction by ESI measurements. THd giethe reaction was calculated ty-
NMR from the fraction containing the bigger amouahtlesired product33 corresponding to
17%. Similar difficulties were previously reportéy Ryo and zhdd that obtained a
complex mixture when reacting32 with a simple azide. Although it was never obsdrve
before in any of the CuAAC performed at 60 °C, #lightly higher temperature could
promote in this case the homocoupling of the alkyteading to the formation of side
productd”
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OH
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Z

17% N

132

Scheme 57. Synthesis of tetrari8B using Cu/C as catalyst in CUAAC.

The synthesis of cyclotriveratryled86 (CTV), a cyclic molecular host, was first reporiad
1915 by Robinsd®’ as a result of the condensation of veratidé with formaldehydel35
(Scheme 58), but it was not until 1963 that thecegtructure was determin€d®

AN
Q 0] o/ \o o/

0 (O

QOCHB Hf:sH & Q A

OCHs acid catalyzed

134 136

Scheme 58. Synthesis of cyclotriveratryldi3é.

CTV 136 is related to calixjlarenes but unlike calir]Jarenes that have been widely used,
CTV 136did not achieve the same vast applications. Onthénlast years this building block
has attracted some attention and it has been wsedxémple as fullerene hB& or as
scaffold for the attachment of biomolecut¥dl CTV is a cyclic trimer that occurs mostly in a
bowl-shaped conformation and its molecular caviligves it to serve as a host. Although two
conformations are possible for CTi36, steric reasons favor the “crown” conformation
(Figure 20,136). The molecular structure is pyramidal with theraatic rings forming three
sides of the pyramid® Although possible, the saddle conformation (Fige@el36d is less
stable and NMR studies support the “crown” confdrama(NMR in chloroform); even when

heated to 200 °C, no inversion of conformationdsesved:®?
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crown conformation saddle conformation

Figure 20. Possible conformations of cyclotriveraine 136.

The crown conformation was confirmed by severak)-structure$'®? and it is defined by
the angled = 47+2° between the plane of each benzene ringtle&; axis, and by the
distance d = 4.79 A between their centers (Figije 2

Cjaxis

Figure 21. Geometry of cyclotriveratryleh86.

CTV 136 was synthetized according to the literature proogd® and the stable crown
conformation can be confirmed by the two charastierdoublets of the methylene bridges H
and H (Figure 22). As described in the literature, theym® axial hydrogens from the
methylene bridges ({lare separated by 2 A, appearing 1.2 ppm downfigtld respect to the

pseudo equatorial counterpart%¢ %!
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Figure 22'H-NMR detail of CTV136.

CTV 136was demethylated as previously descrit¥8cand compound37 could be obtained
in good yield (Scheme 59). The six phenolic hydtaxpups were then propargylated using
propargyl bromide under basic conditiBf! affording138in good yield.

%o oy o \ /
-0 O OHHO  OHHO % X_Br /\o /\
A O o o
CHaCly O O KiCOj, CHCN O O
0°C-rt reflux, overnight
overnight
136 52% 137 76% 138

Scheme 59. Synthetic route to CTV derivatla8

With the obtained compoun@38 a CuAAC was performed to functionalize this CTV
derivative with six carbohydrate mimetic units. Adeprotected azidopyra@5 was chosen
for the first attempt and acid/base-catalyzed CuA®€thod was applied. Although under
these conditions the desired prodi8® could be generated (confirmed #y-NMR and mass
spectroscopy), its isolation in pure form was motidl. To overcome these difficulties the
Cu/C method was applied since it had demonstragéatdto be a cleaner method. With Cu/C

as catalyst in dioxane, the desired hexavd@8&68twas obtained in good yield (Scheme 60).
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Scheme 60. Synthesis of hexavalE®® by CUAAC with Cu/C as catalyst.

When analyzing théH-NMR spectra of hexamelr39, a clear splitting in some signals was
observed, namely the signal corresponding to tleenatic protons, the signal of the 1,4-
triazole 5-H (Figure 23) and the methyl groupsresponding to the pyran unit. Each

splitting resulted in two identical singlets withetexact same intensity.
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Figure 23. Excerpt of th#d-NMR spectrum of CTV derivativ&39,
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This was quite surprising since the molecule shdaddhighly symmetric and this kind of
splitting was never observed before in all symmetrultivalent carbohydrate mimetics
presented. First it was questioned if the rightigtire was really obtained. The correct
structure ofl39 was confirmed by mass spectrometry as well as MRNexperiments. It was
thought that possibly due to the high substitutpaitern and due to the bulkiness of the
molecule a saddle conformation would be preferfdis hypothesis had to be discarded since
in the 'H-NMR no alteration was observed for the multigificdr shifting of the methylene
bridges H and H (in this case His~ 1.1 ppm downfield from Hcompared to the 1.2 ppm

in the unsubstituted CTY36) (Figure 24).
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Figure 24H-NMR detail 0f139,

This was also an indication that the differencéhia structure was in each aromatic ring unit
and since the splitting was in a 1:1 ratio thegatin each unit was repeated and the three
units were similar in between themselves. Quitarcig that in the CTV derivativé39 a Cs-
symmetry is retained. With Nuclear Overhauser EffBlOE) experiments and irradiating an
aromatic proton, it was possible to determine whichtons are in the spatial proximity
(Figure 25): the methylene bridge protongand H, the 1”-protons as well as the triazole
proton 5’-H.
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Figure 25. NOESY spectrum of CTV derivatii/g9.

Without an X-ray structure one can only speculdteua the possible conformation d89.
Looking closer to the possible conformations in #vematic rings one can see that the
triazole protons can point “outside” (Figure 2,or “inside” (Figure 26)p). In any of these
cases, if the orientation is repeated in the ttae@matic units, no splitting of the signals
should be observed. It can be assumed that the podgible orientation that fits to the
observed NMR signals is the alternate orientatianeach aromatic ring a triazole proton
points to the “inside” and the other to the “ougsSiFigure 26¢).

N/N //N\N O O’/,N/N\\

N\

2ie ( } & ZW
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Figure 26. Simplified representation of the possitinformations of CTV derivativiE39.
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There were no reports found in the literature fos kind of splitting in functionalized CTV
units. In 2011 Han et al. published hexavalent @Bdring six sugar derivatives with either
acetyl protected or with free hydroxyl groups (ah¢al by CuAAC) but no considerations of
the splitting of the signals was discus58t”

Starting from 138 and unprotected azidopyratD, the copper(l)-catalyzed azide-alkyne
cycloaddition using Cu/C as catalyst was also uise¢ke synthesis of hexavale0 bearing
carbohydrate mimetic units with free hydroxyl greyfcheme 61).
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138 140

Scheme 61. Synthesis of hexavalent carbohydratesticid¥l0 by CUAAC with Cu/C as catalyst.

Spectroscopic analysis of compoul®D also showed a small splitting of the aromatic gnot
but in the case of the triazole proton a singlet wlaserved. For this molecule no further NOE
measurements were done but one can assume that 1lcis sterically less hindered
compared tdl39 there is a higher mobility of the pyran units,deg to a different splitting
and possibly another preferred conformation.
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4.49. Metal-free 1,2,3-triazole formation

All the methods previously presented showed to bgalsle methods for the [3+2]
cycloaddition. However, the requirement of a metthlyst (as discussed before) can have
some drawbacks. In the search of metal free methods alternative for the CUAAC, several
orthogonal ligation methods have been descri¥¥dThe most common one is the strain-
promoted azide-alkyne cycloaddition. This reactias first described by Wittig and Krebs
that noticed the reaction between cyclooctyne ahdnpl azide led “like an explosion”
exclusively to the corresponding triaz8f%! Over the years this method has attracted some
attention and found applications in the markingoimmolecule$'®® However, some of the
drawbacks are the formation of 1,4- and 1,5-sulietit triazoles and the sometimes tedious
availability of the starting materials. Sakai et @bscribed in 1986 the transformation of a
primary amine and am,a-dichlorotosylhydrazone to form exclusively a 1lubstituted
triazole (Scheme 62)*”!

Tos N@
NNt Base N® Base N=N
| — CIW/K e N
Cl 1 R2-N
\/j\R1 RQ_NHz R \A R
Cl HN ‘R2
a,a-dichlorotosylhydrazone AE 1,4-triazole

Scheme 62. Sakai reaction leading to the formaifdn4-triazoles.

Not many mechanistic studies have been performethi® transformation, but three different
proposed pathways can be found in the literatutee Tirst mechanism for the triazole
formation was proposed by Sakai in 1986 (Schemé&"83)t was proposed that the first step
would be the deprotonation efa-dichlorotosylhydrazone leading to the vinyldiaziAE.
Subsequent attack of the amine to the electrophilicarbon with elimination of
toluenesulfinic acid leads to intermedia®s. This intermediate can after deprotonation
cyclize to give the 1,4-triazole. Later in 2010, nidalmann et dt*"! proposed a slightly
different mechanism as they observed and analymedrttermediates by LC-MS. The first
intermediate observedl suggested that after addition of the amine tovihgldiazine AF
occurs without loss of the tosyl group. After lagsHCI the intermediaté\J is formed that
only after deprotonation by the base leads to tleavage of the tosyl group and to
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intermediateAH (the same proposed by Sakai). Without any fureacidation, in 2012
Westermann et &2 proposed the probable intermediate (Bamford-Stviatermediate
AE) formed through electron rearrangement of interatedG.

Bamford-Stevens
N

NG
at
Westermann R!
HN.
AE
TOS (TOS Ill)
_NH —~ 2_
NI Base NN RONH, CI Rl Base Kk N=N
: —_— —~ O'R! 2.
Sakai C'%Fv ol 2l H RN
Cl
a,a—dichlorotosylhydrazone AF AG AH 1,4-triazole
R2-NH,
Tos
Tos
NH (Tos
| N
CI\)\ Base
Hanselmann —> y
HN OR
N\
R? N
\R2
Al AJ AK

Scheme 63. Possible mechanistic pathways for tkai Saction.

Although this transformation could overcome sometlié disadvantages of the strain
promoted azide-alkyne cycloaddition, this methodengyot the due attention. It was not only
until 2012 that Westermann et al. reported appboatand investigations of this procedure
for the synthesis and modification of biologicagignificant target§'? After the success of
the Westermann applications of such reaction, gns®l a good alternative for the
construction of multivalent carbohydrate mimetinsai copper-free “click” type conditions.
Another advantage of this method is that one caectly react aminopyraB saving the
transformation of the last into the azidopyrdd For the first experiment the simpileo-
dichlorotosylhydrazond43 was chosen and it was synthetized according tolitketure
procedure by reaction of hydrazidel2 and 1,1-dichloroacetonel4l) in propionic acid
affording 143 in 90% vyield (Lit!**? 929%) (Scheme 64). Following Westermann's reported

conditions for the Sakai reaction, aminopyi@meacted with143 in a solvent mixture of

92



Results and Discussion

acetonitrile and methanol in presence of an exatbase (6 equivalents) (Scheme 64). These
simple reaction conditions afforded the desireaztsle123 but after column chromatography

the final product was still contaminated with trsed Hinig base.

141

O O
OH 143 o OH
N ‘o W ‘) N
HO 'NH, DIPEA, EtOH/MeCN ~ N7

N
OH '=
OH overnight \\<

Scheme 64. Synthesis @fi-dichlorotosylhydrazon&43and further Sakai reaction leading to triazole
123

To overcome this purification difficulties and afigersonal communication with the authors,
a different base was employed (Scheme 65). Usirgg thquivalents of potassium acetate, the

desired triazold 23 was obtained in quantitative yield and excellanity.
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OH 143 o OH
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OH ==
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quant.

Scheme 65. Sakai reaction leading to triadda

To obtain a further functionalized,a-dichlorotosylhydrazond 46, prodecures reported by
Westermanii*® and Barluendd® were followed. a,a-Dichloro-7-hydroxyheptan-2-one
(145 was synthesized by treating a solutioneafaprolacton€l44 and dichloromethane in

dry diethyl ether with freshly prepared LDA at -78 (Scheme 66). Dichloromethane is used
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as a reagent that after being deprotonated by E#eleads to a nucleophilic dichloromethane
anion. This species attacks the carbonyl grouphefetcaprolactone and by ring opening
generates an acyclic anion that is protonated duha acidic workup affording45. Dichloro
ketonel45 can be easily converted into the correspondingltgdyazonel46 by treatment
with hydrazide142 in 50% vyield (Lit"**? 52%). Finally, a,a-dichlorotosylhydrazonel 46
reacted with aminopyraBunder the optimized conditions for the Sakai neacaffording the
desired triazole produdi7in good yield (Scheme 66).

o] 1. CH,Cl,, LDA, o

o]
O EO CIMOH
2. 2M HCI ¢l

144 51% 145
Q
S7NH 142
O NH;

MeCN

i
cl MOH OH
o

o Cl 146 N
~"SOH
HO A(‘J KOAc, EtOH/MeCN |‘ ’IIN,N\\N
Na ’/NH _
z overnight OH OH

OH
3 65% 147
OH
Scheme 66. Synthesis @fi-dichlorotosylhydrazon&46and further Sakai reaction leading to triazole
147.

With the optimized conditions and with this venfi@ént and high yielding method, the
synthesis of a multivalent carbohydrate mimetic \atesmped. To evaluate the efficacy of
this procedure, the synthesis of a divalent strectwvas considered therefore a
bis(dichlorotosylhydrazone) was synthetized. Stgrfrom dimethyl adipaté48 and using
an excess of LDA the tetrahaloketd#9 was obtained with 42% yield (Lit**! 60%) using
Barluengas procedure. With a slight excess of liydedl42 (2.1 equivalents), compourid9
was easily converted into the corresponding bigllhgsirazone)150 in excellent yield
(Scheme 67).
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Scheme 67. Synthesis of hig-dichlorotosylhydrazon&50.

The versatility of this metal-free strategy could proved by the successful synthesis of
divalent carbohydrate mimetic1in very good yield (Scheme 67).
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Scheme 68. Synthesis of divalent carbohydrate niri&tl by Sakai reaction.

This is the first report of the use of the Sakaact®n for the synthesis of a divalent
compound. With easily obtained and bench stabléirsgamaterials this method proved to be
a good (and until date unexplored) procedure fer ghinthesis of multivalent compounds

bearing triazole units in a metal-free way starfiragn amines.
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As a short summary, in Table 18 are schematicaprasented all the different conditions
used for the synthesis of divalent carbohydrate etize using aliphatic linkers. Although
with the metal-free method using tosylhydrazd®® and aminopyrard (Table 18, entry 4)
the desired dimet51 was obtained in very good yield, this method Heesdisadvantage of
the preparation of the bis(tosylhydrazori&0. This bench stable compound needs to be
synthetized in a two-step procedure compared toctimmercially available dialkynes05
and 115 If one method needed to be chosen as a favomitiey experience and the results
presented, the Cu/C method would be the chosen(Balele 18, entry 3). Although the
reaction times are considerably longer and hea¢ésled, the handling and purification of the
desired products is quite straightforward. Moreopweith this method there is also the
possibility of starting the synthesis with azidogaydO or aminopyrar8. In general, it is not
possible to affirm that one method is better tHan dther. From the presented results it was
observed that the method of choice depends oruthstrate used as well as the polarity of the

final compound.

Table 18. Summary of the different methods usedhfergeneration of 1,2,3-triazoles.

Entry Substrate Spacer Product Cu Temperature Yield
sourc

e Base Additive °C) (%)

N _
1 Ny N~ 106 Cul EtN TBTA rt. 61

10 105
2 \\\/\///
10 105 106 Cul DIiPEA AcOH rt. 71
NN 7
3 / N~ 117 CulC EtN - 60 91/38
10/3 116
'Il'os
I,NH Cl
Cl
4 MC' 151 - KOAc - rt. 75
3 cl N NH
Tos
150
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4.5.Polysulfation of carbohydrate mimetics

The relevance of natural occurring sulfated molesuénd their modes of action was

previously mentioned in the introduction. In thisapter, the importance and challenges of
synthetic sulfation of biological molecules will bdéiscussed. Sulfation is a one-step

transformation of a hydroxyl group into the corresging sulfate (bearing a carbon-oxygen-
sulfur bond) in presence of a sulfating agent (8a&h€9). In most cases, the resultant product
is hydrolytically unstable and unless neutralizealn decompose to form sulfuric acid and

regenerate the alcohol. Since the introduction wuifate groups drastically changes the

physical and chemical properties of the molecusedation of pure fully sulfated compounds

continues to be a great challenge.

(0]
sulfating agent ( "SO3") HO\S//\
R—OH R_O/ \O
alcohol sulfuric acid monoester

Scheme 69. Sulfation reaction.

Procedures for such transformation have been knfmwrmany years, and started to be
performed using sulfuric acid ¢8Q,) or alternatively, sulfamic acid @NSO;H).*¥ This
early approaches had the disadvantage of leading teariety of side reactions like
dehydration, non-selective sulfation and in sonmsesaproduct degradation. Mumma reported
in 1966 the first sulfation using sulfuric acid adid¢yclohexylcarbodiimide (DCCJ*® Even
though this was a more convenient method, the foomaf insoluble dicyclohexylurea made
the purification and isolation of the desired stefaroduct complicated® As alternative,
the use of protected sulfate groups is known fanesdime; however, applications of this
approach have some drawbacks: the number and lailigilaof the protecting groups is
limited as well as the ease by which their intrdouc and removal is performed. Some
examples of protecting groups are the phéHylor the trifluoroethyl group*® The most
common method currently used for sulfation (of dromlarger molecules) is the use of sulfur
trioxide-amine complexes namely complexes, of;S@th pyridine, trimethylamine,
triethylamine or with DMF. For these reactions amemerous varieties of performance
known, but a consistent and reproducible reactepont has not yet been found, since the

conditions differently affect the molecules accaglito their size and number of hydroxyl
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groups. As the number of hydroxyl groups increagegems that the sulfation becomes more
complicated due to the crowding of negative chargeslting in formation of only partially
sulfated products. In the synthesis and evaluatwin tetrasaccharides presenting
antiproliferative activity, Wessel et al. descdbéat one of the reasons for the non-
conclusive analysis of the biological data was tlaet that the resulting sulfated
oligosaccharides presented random degrees of sufavbups’'® The same type of
complications was described for example by Desanletthat tried to overcome such
difficulties by applying a microwave assisted prwe!*?? Also in the synthesis of sulfated
polysaccharides as potential selectin inhibitongamMiev and coworkers obtained mixtures of
partially sulfated polysaccharides when using tlemmon S@&pyridine complex?!
alternatively, the use of the $BtN complex in presence of triflic acid promoted De
sulfation at lower temperature and shorter readiimes and the desired sulfated compounds
could be successfully obtained. It seems that fatsuh procedure cannot be generalized and
it needs to be adapted to the corresponding systems

Like many literature reports, in the presented wibrk sulfation step also proved to be the
most challenging one. In the Reil3ig group initratastigations for sulfation of carbohydrate
mimetics were performed by Kdd8 and Bouch&® Here the further developments of the
initial procedures are described leading to thenmgdt one for the synthetized carbohydrate
mimetics. Scheme 70 presents the general proceduneally used in the Reil3ig group for
the sulfation step: after reaction with a sulfatemgent (always used in excess), the sulfuric
acid monoester is obtained (in a mixture with tkeess of sulfating reagent). This mixture is
directly converted into the corresponding sodiunttssthat are separated using dialysis,
affording the desired product.

® ©)
Na o Slvei N
. naE o) Dialysis a9
RoH sulfating agent ( "SO3") HO\S//\\ + "SO5" + NaOH O\S//\ + Na,SO, y O\S//O
(excess) + H,0 R-0O
N32804

Scheme 70. Presentation of the sulfation procel@acing to the final sodium salt.

The first sulfation experiments performed by K&8ded to inconclusive results and no
product could be isolated in pure form. In the egbempresented in Scheme 71, for the

sulfation of the simple aminopyran derivati¥62 SO; complexes with trimethylamine and
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pyridine were mainly used, and in both cases the af heating was needed. The
transformation of the sulfated intermediate inte dorresponding sodium salt was performed
using a 1 M sodium hydroxide solution as previoustported’®® The desired sulfated
compound 153 could be detected by mass spectrometry in the um@xtreceived, but

unfortunately could not be isolated in pure fornirthe other products formed.

Method A: 1) SOy NMej;, DMF, 60 °C

‘ 2) 1 M NaOH l
N N
N(N\ N/\N\
®
o N o Na
S) S) complex
. “ “INH, 0380 II,N/SO:, +  mixture
o
OH OH OSO3H
®
Na
152 153

Method B: 1) SO pyridine, DMF, 60 °C

2) 1 M NaCH

Scheme 71. Attempts to synthetize polysulfatedataytirate mimetid53 by Koos.

These investigations were carried out in compoumits relatively small molecular weight
which also made the reactions quite challengingifijpation of small molecules using
dialysis will be discussed in more detail in set#b5.1 and 4.5.2). Due to the high polarity of
the final compounds, a control of the reactionsTh (either with normal phase or reverse
phase) was not a suitable method. As reportedeitiératuré*?*"*2*l NMR control of such
reactions can be an alternative and although Koas mot able to obtain fully sulfated
compounds in pure form, the performance of sulfaiio deuterated solvents to allow the
direct control by NMR spectroscopy was a great ompment. Since sulfation is the last step
of a quite long synthesis, the reactions are uguysdiformed in a small scale; the use of
deuterated solvents allows a better detection efsignals by NMR control of the crude
products. The transformation of a mixture of s@faproducts to a single final product can be
followed (by further addition of the sulfating ageim the'H-NMR spectrum. However, since
sodium hydroxide is used to transform the sulfgisatuct into the corresponding sodium
salt, after dialysis, the purity of the final pralis not evident in théH-NMR spectrum and

the use of mass spectrometry is needed. In thelse&an optimal method Bouché performed
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several investigations and an alternative procedvae considered: following a literature
report™?* the neutralization step was changed and in this edter full conversion to a final
product (controlled byH-NMR spectroscopy) the solution was cooled to 2@0and then
guenched with EtOH (the excess JIMF is converted into ethyl sulfatéllowed by slow
addition of sodium acetate in methanol. This methlbolvs the detection of produtb5 and
the excess of salts formed (methyl sulfate sodiatts)sin the'H-NMR spectrum. Following
this route, it is possible to have a direct conéitibn of the purity of the desired produd&s.

In the sulfation of azidooxepari®4 (Scheme 72), Bouché used both neutralization ndstho
described to obtain the final sodium sE6

Method A: 1) 1 M NaOH, 0 °C

| 2) Dialysis
® 52%
OH
OH 080, ®
H@ 9 H
OH SOz DMF e 080, 8330\
HO_ 0380 N

“N;  DMF-d;

OH r.t., overnight 0S0s

H
154

Method B: 1) EtOH, -15°C, 1 h
2) NaOAc, MeOH, -5 °C, 1 h
3) Dialysis
23%

Scheme 72. Synthetic route of Bouché to polysulfatepane 55

Although both procedures led to the formation dfaged productl55 method B was (in
most of the cases) not suitable for the separatidhe final product from the excess of salts
and more than one dialysis was needed; in thetBrdnethyl sulfate sodium salts could not
be completely removed. Bouché used both presentttioais for the sulfation of oxepane
derivatives, and from most experiments performedly fsulfated multivalent carbohydrate
mimetics bearing oxepane units were successfulbjated, however, no general and
reproducible procedure could be described. It Iebed that one of the reasons for the non-
reproducibility of this method in our group is ttdficulty to ascertain complete conversion;
even using 700 MHz NMR spectrometer, for bigger mmaile complicated structures it is hard
to have good evidence of the reaction completiootedver, it was noticed that in most cases
two equivalents of the sulfating agent per hydroggdup were not sufficient, leading to a

large excess of the salts after the reaction.
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45.1. 2-Amino-1,3-diol derivatives

Several attempts to sulfate the small moleculesgmted in this work were performed without
success. In early investigations, attempts tateahe products before the conversion to the
sodium salt were not successful (most probablyréselting sulfates were not stable) and
mixtures of several products were obtained. It de&sded to only isolate the final products as
sodium salts, however still discrepancies were feskand the results were not reproducible.
A major error in these attempts was the removalthaf solvent (DMF) after reaction
completion; this resulted in a highly acidic envineent that is likely to induce side reactions.
Therefore, immediately after the end of the sufatreaction (controlled by NMR), the
solution was cooled to 0 °C and a sodium hydroxsdtution (1 M) was slowly added
dropwise until a basic pH was obtained (pH 12).yCadter this procedure, the remaining
solvents (DMF and water) were removed in vacuo. ®h&ined mixture of product and
excess of salts (N8O,) were separated using dialysis. As presented IeTHO, entry 1, the
sulfation of compoun®&4 was carried out using 3 equivalents of sulfatingragper hydroxyl
group for 5 days. When the reaction was contrdiigdH-NMR spectroscopy it was possible
to detect more than one product; to lead the madidb completion, extra equivalents of
SO;:DMF were added and this procedure was repeated e\gr. In the attempt presented,
the desired polysulfated compourd®6 could be isolated with a good yield. When the
sulfation reaction was performed using dianbégthe reaction was much faster and after one
day*H-NMR spectroscopy showed only one product. In tisise no extra equivalents of the
sulfating agent were added to the mixture and aftalysis the desired produd@b7 was

isolated in very good yield (Table 19, entry 2).
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Table 19. Polysulfation of 2-amino-1,3-diol derivas54 and56.

®
Na e
OH 1) SOz DMF, DMF-d; 0S04
S e P W
HO NT N >CH 2) 1 MNaoH 0,50 g N o
0 H 3) Dialysis ) o H Na
HO 0580
Na®
. , Equiv . Yield
Entry Starting material SO;DMF Time (d) pH Product (%)
HO:>—NH o]
HO o)—@—é{N{OH
1 oH 12 (5x) 5 12.5 156 69

54

0 OH
H
2 Hoij(\/W\)LHLOH 12 1 12 157 79
HO ©

56

The dialysis process is briefly explained here. Uiadyses tubes have different pore sizes that
allow small molecules to pass through keeping tiggdsr ones inside. This means that the
relatively small salts can pass through stayingh@ “water phase” whereas the desired
product is kept inside the tube. To obtain an effit separation, the molecular weight of the
desired product should be five times bigger thanttibe cut off (the cut off indicates the
molecular weight of those molecules which can gtdss the membrane efficiently). The
smallest tubes in the market present a cut off éetwl00 and 500 MW; for the small
carbohydrate mimetics presented, a rule of douldicalar weight of the cut off had to be
applied. Regarding the sulfation &4 (Table 19, entry 1) the resulting fully sulfateshbguct
156 has a molecular weight of 720.8pI™* which is less than the double of the tube cut off.
Moreover, in some attempts after the first dialyese were still salts present and a further
dialysis was needed. For such small molecules wlas a big disadvantage and in some
attempts, the desired final product was totally inghe water phase after several dialyses.
An attempt was also made to sulfate diamine deve&7 (Scheme 73). Unfortunately this

reaction led to an complex mixture of products.
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1) SO3"DMF
DMF- d7
HN NH complex mixture

2) 1 M NaOH
3) Dialysis

97

Scheme 73. Attempt to polysulfate amBie

During the reaction control and comparing tHeNMR spectrum of the reaction mixture with
that of precurso®7 (precursor Figure 27 top part and mixture Figufd®ver part) one can
observe the biggest shifting of the 1~H1.6 ppm downfield and a shifting of the 24
0.6 ppm upfield. Obvious in tht#H-NMR spectrum of the reaction mixture are the @xtr

signals corresponding to side products or partliljated compounds.
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Figure 27H-NMR spectrum of precurs@7 (top) and'H-NMR spectrum of the polysulfation 617

(bottom).
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Even after further addition of the sulfating agentchanges were observed in theNMR

spectroscopy controls. This was an indication tihatsulfation of amine derivatives was more
complex since in this case, even though@ksulfation of primary hydroxyl groups should be
preferred, there is a competition betwé&nandN-sulfation leading to a complex mixture of
products; this was observed after transformatido the corresponding sodium salts and

dialysis where a mixture of several products wdrained.

4.5.2. Monovalent carbohydrate mimetics

Initial sulfation experiments were performed withbstratel3 at room temperature (Scheme
74). Once again 3 equivalents of JOMF per hydroxyl group were used and the reaction
was performed in DMF-d After one day reaction, in tHel-NMR spectrum (400 MHz) only
one product could be detected. It was previousBeoled by Bouché that with more complex
substrates, the NMR control could be misleadingeifewhen using the 700 MHz
spectrometer). Often it was thought that only oredpct was obtained (due to the excess of
salts and the small scales in which the reactisasparformed) but after neutralization and
purification, mixtures were received. Since for ttwmtrol of the reaction leading to product
158 only the 400 MHz spectrometer was used, extraedubvalents of SGDMF were added
and the reaction was continued for two extra dafer neutralization using sodium
hydroxide solution (1 M) and dialysis, the desisedfated azidopyrat58 was obtained with

a yield of 11%. The molecular weight %8s just slightly above the cut of the dialysisaub
(158 has a molecular weight of 537.4rpl™ for a cut off tube 100-500 MW) which makes it

difficult to separatd 58 from the excess of salts without a big loss offthal product.

o ®
050; Na
@
. OH Na O
_ o
1) SO5 DMF, DMF-d; 0380
o rt, 3d oMo
3
Cl)H 3 2) 1 M NaOH OSO?\la(B
3) Dialysis
" 1% 158

Scheme 74. Synthesis of polysulfated aZifig
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The same procedure was applied to andfl@nd in this case the desired sulfated amfi@

was not obtained; instead a complex mixture wasived (Scheme 75).

o
0S0; Na.
o ® 1
o o Na O o
o
\ W L~ 15O DMF.DMFd;  OsSO o N~
I ” rt,4d 088 H
H > 3
OH OH 2) 1 M NaOH NeD
35 159

Scheme 75. Attempt to synthetize sulfated arbi@

A possible explanation for the failure of this atf can be the fact that once again the
reaction was followed using a 400 MHz spectrometed a wrong judgment was done
assuming full conversion to final produl$9. At this point it was already quite clear that to

obtain the best reaction control possible, the MBIZ spectrometer was the most adequate.

4.5.3. Divalent carbohydrate mimetics

A summary of the results concerning the sulfatibrthe divalent structures is presented in
Table 20. A complete conversion of amiewith SO;DMF into the corresponding sulfuric
acid monoester could be observed by NMR contrerafhe day; conversion into the sodium
salt using 1 M sodium hydroxide solution followed tialysis, affordedlL60 in good vyield
(Table 20, entry 1). Concerning triazdle6 (Table 20, entry 2), both polysulfation and the
subsequent neutralization were successfully cagigdapplying the same conditions and the
polysulfated divalent compount6l could be isolated with 48% vyield. Similarly, divate
compoundl16 could be successfully sulfated and transformeal tiné corresponding sodium
salt 162 with 39% vyield (Table 20, entry 3). There is nceasl explanation for the
discrepancies in the yields; most probably in saases there was a bigger loss of product
during dialysis purification. From the results meted so far, the method for the
neutralization step using 1 M sodium hydroxide 8oluseems to be quite adequate, however,
several attempts to polysulfate the presented cang®54, 106 116 and others (using
exactly the same procedure) failed and this megiroded to be inconsistent. Two examples

are presented in Table 20, entry 4 and entry 5revheull conversion was observed 1y
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NMR spectrum (700MHz) but after neutralization atdlysis, a mixture of products was

received.
Table 20. Polysulfation of divalent carbohydratenmiics.
®
S8 oS
OH OH Na@ o (l)SOs 30 ©
o_ .l 1)SO"DMF ¢ Na
: DMF.d; 0580, o N 0S0;
) N TNTY 2) 1M NaOH 9 ' L 5502
OH OH R R OH OoH D 00 R R 08%@
Na a
: . Equiv . Yield
Entry Starting material SO,DMF Time (d) pH Product (%)
HO\ o o OH
>Q~-NH ; HN’éi_0<<
1 y OH HO 18 1 10 160 60
OH HO
54
HO\ OH
O $ /N:N N;N\ (0]
ﬁwNMN
2 { oM HO' 36 2 12 161 48
OH HO
106
HO\ OH
o] /N:N N;N\ (0]
NN
3 < o HO' 36 2 12 162 39
OH HO
116
HO\ OH
o $ /N:N N:N\ \&O{<
>QWNQ\©/§/N
4 iOH > e HO 36 S 12 - -
111

At this point the reason for the non-reproducipilitf the method was not clear, but in all
attempts, when performing the neutralization it wasiced that even when adding small
amounts of sodium hydroxide (1 M solution) to tkeagation mixture, an accurate pH control

was not possible with regular pH paper. An extrgnfakst change from highly acidic to
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highly basic pH was always observed. This fast geaand the resulting highly basic
environment could lead to decomposition of the pobar regeneration of the alcohol leading
to mixtures of compounds. To overcome the descndgseldlem and in hope that the pH could
be stopped at around 7, a new change was introdactdte procedure: instead of a 1 M
solution of sodium hydroxide a more diluted solati®.5 M) was used. Additionally, the
obtained mixture was filtrated through an ion exgf@DOWEX Na" column to assure that
all sulfuric acid monoesters were converted into threesponding sodium salts as well as the
excess of the sulfating ageifibis new method was applied for the sulfationahpoundl51
(Scheme 76). While adding sodium hydroxide solu{i@® M) a much better control of the
pH was observed, and the addition could be stoppedpH~= 8. After filtration through the
DOWEX® Na' column and purification by dialysis, the desiredypsulfated compound63

was obtained in excellent yield.

Na®
o Na @
HO ogso Na
00— N =N HO, = 1) SO5-DMF 05580,
ﬁ‘ W CK DMF-d; r.t., 4d ﬁ CK
3 N
< oH Nsy O 2)05“"(;‘30"' 0505
OH \ DOWEX® Na* OSO@
OH 3) Dialysis Na® 0303
Na
151 87% 163

Scheme 76. Synthesis of polysulfated divalent camgd63

4.5.4. Trivalent carbohydrate mimetics

The polysulfation of unsymmetrical trivalent carlgdhate mimetic126 and subsequent
transformation into the sodium sdl64 was performed several times using 1 M sodium
hydroxide (these experiments were performed befbbee new neutralization method was
considered). In all attempts with this proceduferaneutralization and purification, mixtures
of products were received (Scheme 77, pathway #@h $uch structure, the NMR control was
guite complicated since as mentioned, the reactia e performed in small scale. The NMR
of the pure starting materiaR6is already quite complex making it difficult tordool its full
conversion during reaction. These reactions werdechout during longer times and the
control was made based on the shifting of an easitpgnizable peak until no shift was

observed (after addition of extra sulfating agedpplying the slightly modified method
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using 0.5 M sodium hydroxide solution (until pH @sweached) and filtration through an ion

exchange DOWERX Na" column, provided the desired polysulfated prodi#in excellent

yield (Scheme 77, pathway b). It should be noti¢kdt in none of the polysulfated

compounds synthetized the complete exclusion oémiatassured, but residual amounts of

water should not have an influence on the restiltiseoSPR measurements.

pathway a

1) SOy DMF
DMF-d5, r.t.

7"
2) 1 M NaOH

N OH @ N 0,50—
OH /NN Na®
“—OH
126
1) SO, -DMF
DMF-d;, r.t, 5d
athway b
P v 2) 0.5 M NaOH, DOWEX® Na*
3) Dialysis
quant.

Scheme 77. Synthesis of sulfated trirhé4.

The modified procedure was also applied to theatioti of amide70 and the reaction was

completed after 3 days (each day additionay-BMF was added to the reaction mixture).

Sodium hydroxide solution (0.5 M) was added unkl  was reached and the mixture was
filtrated through an DOWEX Na" column. After purification, the desired sodiumtsks5

was successfully obtained in excellent yield (Sch&i®).
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Scheme 78. Synthesis of polysulfated trivalent @ayldrate mimetid 65

45.5. Tetravalent carbohydrate mimetics

For the sulfation of tetramdr28 both conditions were used for the neutralizatwith 1 M

sodium hydroxide solution as well as the more carerg method using 0.5 M NaOH and
DOWEX® Na" (Scheme 79). Disappointingly, in all attempts perfed, no pure compound
166 could be isolated. It was expected that with largelecules the sulfation and purification

would be easier since there are less chancesinglpsoduct during dialysis purification; this

was not observed and probably in this case the langonic crowding led to the formation of

only partially sulfated products. Although it istnclear at which point the mixture was

formed, NMR control (700 MHz spectrometer) indichtbat full conversion was obtained

and the mixture was only noticed after neutral@aand purification.
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1) SO3' DMF
pathway a DMF.cy, r.t.
’ 2) 1 M NaOH l
P OH

T o
/: [l 4
HO N-\ €] il
OH Na 05SO N~ oso@
HO ®0 e
O Na™ 0,80 g\ Na
OH
0505 Na®
128 166
1) SO3°DMF
DMF.d7, r.t,5d
pathway b 2) 0.5 M NaOH,
DOWEX® Na*
3) Dialysis

Scheme 79. Different attempts to synthetize tetemtaarbohydrate mimeti66.

4.5.6. Other oligovalent compounds

Table 21 summarizes some of the failed attemptssuifate larger molecules. When
controlling the reaction of porphyrin67?® and 168 by H-NMR spectroscopy, a
mixture of more than one product was always obsked even after addition of more
sulfating agent during several days no full connersvas observed. This indicates that these
reactions would not lead to a pure final compouvidreover, regarding porphyrib67, the
sulfation of the phenolic hydroxyl groups leaddatbile sulfates, which make the isolation of
a fully sulfated final product quite challengingftér purification, as expected, mixtures were
obtained. With CTV derivativd40, the NMR control was quite complex and it was not
possible to extract information about a full corsien. After several days the reaction was
stopped and neutralized but unfortunately oncenagaly a mixture was isolated after

purification.
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Table 21. Attempts to polysulfate porphyrit&7, 168and CTV derivativel40.

: . Equiv .
Entry Starting material SO,DMF Time (d) pH

1 27 8 10 (1 M NaOH)
2 18 6 12 (1 M NaOH)
ot
N Q
OH OH
90 9 (0.5 M NaOH
3 R O, S e o 54 6 and DOWEX
JUE G GRS o B Na"
L{'/O 0O g o O o}\N,{j\‘ )
(52 )
N
140

Although mono-, di-, and trivalent compounds cobisuccessfully sulfated and isolated in
pure fashion, with larger molecules no fully sudffproducts were obtained. Moreover, from

all the sulfations performed there are several@spbat should be considered:

- The purity of the sulfating agent as well as tmeetiof use since the opening of the
commercially available bottles sometimes seemftaance the reaction outcome (the
water content of S&EDMF is crucial since it is highly hygroscopic);

- Even though some sulfation reactions had long i@adimes, in a majority of the
cases, if a full conversion was not observed infits¢ 3 days, the addition of more

sulfating agent did not lead to full conversion;
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For a precise reaction control, the 700 MHz NMRcsmeneter should always be used
and for more complicated cases, where a full caiorris not clear, it is helpful to
control (after further addition of the sulfatingagent) the shifting of an easy
recognizable peak;

All attempts to sulfate secondary amine derivatieelsto mixtures of products;

The conversion to the corresponding sodium saémseo be the crucial step of the
procedure and the pH control should be done cdyefidr a more precise outcome,
the use of an accurate pH-meter could be helpful);

The removal of the solvents (water and DMF) aftewtralization should be efficient
and complete; in several cases the presence oéstiaf DMF led to a rupture of the
dialysis tube and a total loss of the products;

Although sulfated molecules with a low molecularigi® could be successfully
isolated, in these cases dialysis purification wage problematic leading to low
yields and sometimes loss of the desired product;

Overall, the neutralization using 0.5 M sodium loydde solution and filtration
through a DOWER Na' column led to a better result and proved to be rttwst

reproducible procedure.
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4.6.Selectin inhibition

The evaluation of biological carbohydrate interaws is often performed by using specific
receptors (mostly lectins) that selectively captaagbohydrates. Among these techniques
carbohydrate microarrays have been widely usechénlast decad&” as well as NMR

spectroscopic studié€! and mass spectromet¥” In the present work surface plasmon
resonance (SPR) spectroscopy was applied for thkiaion of carbohydrate mimetics that
target selectin proteins. This method has the megeantage that it is label-free, allows for

real time monitoring of interactions, and revealamtitative data.

4.6.1. Surface plasmon resonance

SPR is a spectroscopic analytical method for theatien of bimolecular interactions. On a
thin functionalized gold surface (sensor chip) kigand is immobilized and coupled at one
site to an internal flow cell, where binding ofladting analyte is examined. Coupling to an
optical interface at the other surface site detéloés changes of the refractive index of
polarized light upon analyte binding and dissoomtiThe measurement occurs in real time
and is plotted in resonance units (RU) versus iim& sensorgram that can be followed on a
computer screen (Figure 28). In the associatiorsghiae analyte binds to the immobilized
ligand and reaches equilibrium. The dissociatiothef analyte from the ligand (obtained by
injecting buffer without the analyte) leads to am@ase of the analyte concentration at the
sensor surface which therefore results in a deereshe response (Figure 28, dissociation
phase). To remove all the possible remaining ligafdm the surface, a regeneration
procedure is applied before a new cycle of intévactcan be recorded (Figure 28,

regeneration).
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Response (RU)

Time _eo°,%

"

N WA

Baseline Association Phase Dissociation Phase Regeneration

Figure 28. Schematic representation of an SPR-hiats@ction assay with resulting sensorgram

(RU = resonance unit).

For the evaluation of the synthetized carbohydnaiteetics as potential selectin inhibitors a
routine competitive binding assay previously essdleld in the Dernedde group was

applied™% In this assay, gold nanoparticles were prefunefiaad with selectins to mimic a

leukocyte and binding to the immobilized ligand wa&sorded. This set-up mimics the
physiological situation where leukocytes adherevascular endothelial cells in the blood
stream (Figure 29). Using a Biacore X instrumeme, matural selectin liganslalyl-Lewis-X

is immobilized on the gold surface of a sensor chAs first measurement, selectin
functionalized gold nanoparticles (AuNP) are ingectn the flow chamber and the obtained
sensorgram corresponds to a maximum binding. Redordsonance units (RU) are set to
100% binding (Figure 29, control binding signal)The investigation of the potential

inhibitors (carbohydrate mimetics) is done in a aartration-dependent manner and the
inhibitor is pre-incubated with the selectin-functalized AuNP at defined concentrations and
injected into the flow chamber. Reduced bindingnalg occur in the case of successful

selectin inhibition (Figure 29, reduced bindingrsit).
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Figure 29.Competitive SPR-based in vitro selectin bindingggs

Dose response curves are recorded which allowdtesrdination of the 1€ values, inhibitor
concentrations at which the binding signal decreage0%. The highest concentration used
for initial testing the inhibitor potential was getl mM. The assay is described in more detail

in the experimental section 6.3.1.

46.2. L-Sdectin

4.6.2.1. Screening of compounds

A first screening was made with a range of all Bgtized carbohydrate mimetics and
derivatives from 2-amino-1,3-diol. In general, frahe first screening it could be seen that
most of the non-sulfated substances were not wsdkible (it was quite surprising that
compoundd1 was soluble in aqueous media, but not compaldtherefore not applicable
for testing (Figure 37, 44, 140). It was suspected that CTV derivatii#40, could be a good
inhibitor candidate due to hexavalent ligand prestéon, but unfortunately the compound
also turned out to be insoluble in aqueous solu##oninopyran derivativé®1 and 2-amino-
1,3-diol derivative58 were successfully solubilized and tested in th&®-BBsed inhibition
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assay. However, the outcome was not satisfactatyt showed no inhibitory activity for L-

selectin at the maximum concentration of 1 mM.
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\ < N

140
insoluble in water

Figure 30. Initial testing of compounds for thgiplication in SPR measurements
(N.I. = no inhibition).

From these results it was assumed that the inttaouof sulfate groups is important, not
only for an enhancement of activity (as discussesipusly), but also to overcome solubility
problems. Although it would be interesting to comgathe non-sulfated with the
corresponding sulfated analogs, in the majoritthefcases this was not possible. Therefore, a

second screening was performed with fully sulfaelstances (Figure 31).
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Figure 31. Structures of the sulfated carbohydmdteetics161 - 165analyzed for L-selectin

inhibition.

It can be seen from Figure 32 that at a maximunceotnation of 1 mM all compounds
reduced binding below 50%.
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Figure 32. Inhibition of L-selectin dependent bimgliof compound461- 165at 1 mM concentration.
Residual binding is given in % of the control (nbibitor = 100%).

These were encouraging results and the sulfategh@onas were systematically investigated
in order to determine their correspondingoalues for L-selectin.

4.6.2.2. Monovalent carbohydrate mimetics

After observing that all the chosen sulfated conmpisupresented activity, sulfated azidopyran
158 was chosen as first test substance for a moreletbtstudy. The determined 4gfor
azidopyranl58in the competitive L-selectin inhibition assay wi¥0 nM. This was a quite
surprising result that a small molecule turned toube a such good inhibitor. A comparison
with the sulfated oxepane derivatii®9 (Figure 33) which carries one additional sulfate

group surprisingly revealed a ca®1@orse 1G, value than azidopyratb8.

NéDQ
cl>so3
Nég o
0380
3 AN N3
Q
0S0;
Nég
158 169

Figure 33. Structure of azidopyrab8and azidoopexanks9 and their respective kgvalues for L-

selectin inhibition.
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4.6.2.3.2-Amino-1,3-diol derivatives

The 2-amino-1,3-diol derivativé56 (Figure 34) was also tested in the competitivebition
assay as inhibitor for L-selectin. Similar to azgican 158 this small molecule showed a

good inhibitory potential with an Kgvalue of 1.QuM.

2
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® o} HN—{(:
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©0,50 >—®—§ 0sof’ ®
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20,50
Na 156

ICs0 1.0 uM

Figure 34. Structure of amidé6 and respective g value for L-selectin.

4.6.2.4. Divalent carbohydrate mimetics

The divalent carbohydrate mimetid$1, 162 and 163 were analyzed (Figure 35). When
comparing the obtained ig values of the three compounds, the linker has cusly an

influence on selectin binding: an increase of thkdr length apparently impairs the inhibiton.
The large difference between substanb@sand163is quite surprising: with the difference
of only one carbon atom, the inhibition potentiall63 dropped 40-fold. However, a similar
effect was not observed for compourid®? and 163 here the further increase of the linker

length by one extra carbon atom had almost noenfte on the inhibitory activity.
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Figure 35. Structures of sulfated triazoléd, 163and162and the respective igvalues for L-

selectin.

Quite interesting is the comparison of the inhityitactivity of triazole162 bearing sulfated

pyran moieties with the corresponding diniétO bearing oxepane units (Figure 36). The

increasing number of sulfate groups would posdidyl to a better inhibition, but comparing

these two similar compounds, aminopyran derivati§2is a 16 times better inhibitor than

the corresponding oxepane derivativ). This is the same activity decrease as observed fo

the two sulfated compound®8and169 (Figure 33).
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Figure 36. Structures of sulfated triazolé® and170and respective l§g values for L-selectin

inhibition.
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Looking back to the results obtained with the fimwlized gold colloids with acyclic
aminoalcohols (Figure 37), a similar behavior whsesved: of the mono-, di- and trisulfated
compounds, the disulfatdu-NP-4-sulf proved to be the best one for interaction with the
binding pocket. Either the reduction of one sulfgiteup as well as the increase of one led to a

decrease of activity.

]
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A 9 9
Au-NP-6-sulf Au-NP-4-sulf Au-NP-7-sulf
L-Selectin  0.18 nM
P-Selectin  0.22 nM 0.02nM 8:83 RM

0.03 nM

Figure 37. IG-Values for sulfated functionalized gold colloiélg-NP-4-sulf, Au-NP-6-sulf
andAu-NP-7-sulf.

This might be the same situation observed withpyran and oxepane compounds, where the

oxepane seems not to be the right scaffold foptiesentation of sulfates to selectin proteins.

The overload with negative charge or the higharstendrance could induce this effect.
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4.6.2.5. Trivalent carbohydrate mimetics

Figure 38 presents the structures of sulfated lemtacompoundl164 and 165 and the
corresponding 16 values. Both compounds show comparable inhibipwtential regarding
L-selectin inhibition. A structure activity relatiship with respect to scaffold, linker or

number of functional sulfate groups is not obvious.
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Figure 38. Structures of sulfated compounds, tlex64and amidel65and their respective kg

values for L-selectin.

The results obtained regarding the trivalent complsl64and165can be an indication that
the triazole unit might indeed mimic the amide bégabling to similar results in the inhibition
assay. It should be noticed that both structuresegmt a remarkable difference in the central
core: 164 presents a more flexible core whilé5 has a planar and rigid structure; however,
this difference does not have an impact on thebitdry potential of both compounds. Once
again, in comparison with the trivalent compoulitiL bearing oxepane units (Figure 39),
compoundsl65 and164 proved to be better inhibitors, but in this case improvement was
only a factor of 10 to 20.
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ICs 20 uM

Figure 39. Structure of triazole/1and its respective kgvalue for L-selectin.

Overall, some compounds proved to be very goodliéctia inhibitors with 1G, values in the
high nM to lowpuM range. A comparison of the presented pyran-ddrsteuctures with the
previously tested oxepane derivatives, shows thaali cases (from mono- to trivalent
structures) a better inhibitory activity of the ampyran derivatives was observed, with an
improvement of up to 525-fold (see compoub®sB versus169. Regarding the two best
inhibitors sulfated azidopyrab58 and sulfated triazolé6l, it should be noticed that these
substances showed a strange behavior at higheemattons: up to a certain concentration,
a further increase turned into a decrease of théitory activity (see the corresponding
curves in the experimental part). This behaviosasfar not fully understood, but might be
explained by bridging of selectin functionalized M, which consequently enhance binding
to the chip surface. Also quite surprising was ¥key good inhibitory activity of 2-amino-
1,3-diol derivativel56. When comparing all the examined compounds, aivaldincy effect

is not evident; more detailed analyses of the bipanhode of the small compoun#iS8 161
and 156 are required for the data interpretation. Regardire divalent triazoles it was clear
that the linker length influences binding affinily a way. Increase of the linker length
lowered the inhibitory activity (see compountsl, 163 and162). This might indicate that
the longer and more flexible dimet$3 and 162 were not appropriate to reach two binding
sites presented on the selectin functionalized AuNfey may be too flexible and the ligands
are present in a unfavorable distance. Comparingleht compound462 and 163 with the
trivalent structuresl64 and 165 a multivalency effect can be seen: trivalent coumuls
proved to be 10 times better inhibitors.
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4.6.3. P-Sectin

After the good inhibitory activity presented forskelectin, all compounds were screened for
potential inhibition of the second sulfate bindisglectin, the P-selectin. Here it was of
interest to analyze if any of the carbohydrate nticsedisplays selectivity towards protein
binding (L- versus P-selectin). The previously dssed divalent and trivalent structures were
tested at the corresponding L-selectin specifigy kbncentrations for P-selectin inhibition
(Figure 40). All compounds were also active on e, but16l, 162 and163 showed a
more pronounced preference to bind L-selectin. y@m trivalent compounds64 and 165
reached nearly comparables§@alues for L- and P-selectin.

100%

5
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3 Concentrations
5 _ 161— 10uM
8 163- 20 M
£ 509 - 162—-50uM
2 165- 2 uM
2 164- 2 uM
£
0% - 4
L- P- L- P- L- P- L- P- L- P-
161 163 162 165 164

[Compound N°]

Figure 40. Selectivity screening for P-selectintition of compound461- 165at compound

concentrations that inhibit L-selectin to 50%4jC
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4.6.4. E-Sectin

In the following experiment also E-selectin bindiwgs analyzed with the same competitive
assay. Again selected substances were tested a&thesponding L-selectin specific 4C
concentrations for E-selectin inhibition (Figure)4mMere, only very moderate reduction of

binding was observed. This phenomenon was not wuteg, since E-selectin ligand binding
is not charge-dependent.

100%
5
€
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2 165-2uM
i 164- 2 uM
£
0,
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161 163 162
[Compound N°]

Figure 41. Selectivity screening for E-selectinilomion of compound461 - 165at compound
concentrations that inhibit L-selectin to 50%JC

Therefore, additional compounds were chosen antede@~igure 42). The uncharged
compounds were selected based on their inhibitdfgcte for L-selectin. Since sulfated
triazole 161 proved to be the best one relatively to the otbelfated triazoles, the
corresponding compountD6 with hydroxyl groups instead of sulfates was chogeor the
trivalent compound.64 that also presented to be the slightly better fooa the two tested,
the corresponding precursb26 was chosen. Moreover it was thought that tetrat@8rcould

be a good candidate; unsatisfactorily, none ofcth@sen structures presented any inhibitory
activity, even when tested at the maximum concéatraf 1 mM (Figure 43).
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Figure 42. Structures of carbohydrate mimetid§ 126 and128 screened as potential

E-selectin inhibitors.
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Figure 43. Influence on E-selectin dependent ligainding of compound$06, 126 and128

at 1 mM concentration.
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4.6.5. Comparison with previously reported selectin inhibitors

Several compounds and their corresponding V@lues as selectin inhibitors are reported in
the literature however, a direct comparison of ¢hegh the presented carbohydrate mimetics
is not trivial since a different assay were applidd avoid misleading information or
comparisons, the presented compounds will solelyoepared with reported results obtained
from the exactly same assay format. In a collalbmmawork between the Dernedde group and
the Opatz group, different sialyl-Lewis-X mimetiegere evaluated in the SPR inhibition
assay as selectin inhibitors (Table 23y, For comparison the natural selectin ligand, the
tetrasaccharide sialyl-Lewis-X was included (Tab®& entry 1). It is interesting to note, that
under the applied conditions the natural ligandsdoet show any inhibitory activity for L-

and P-selectin and only values for for E-selecthibition could be detected.

Table 22. IG, values of sialyl-Lewis-X and Opatz mimetitg2and173

Entry Compound ICso value (mM)
L-selectin P-selectin E-Selectin
Ho_ " HO,C OH.OH oH
A\C:HWOQ& /o%
OH HO OreiN  “OH
HSC,;QZ
1 o oo - - 0.7

HO

sialyl-Lewis-X

o, P Ho,c or OH
w7070k
HO (0] N __ OH
OH HO D

OH 2.3 2.2
2 HsC —0H

172

OH
Ho. P HO.C om OH OH
ACHN 0 0 o)
3 VHWC’%\W A fom 18 0.7 7.4
OH HO oH

173

127



Results and Discussion

Although, a direct structure-activity between thegented carbohydrate mimetics and the
Opatz mimetics is not possible due to their stnadtdiversity, it can be seen that all the
presented carbohydrate mimetics (from mono- t@kent) exhibit an enhanced activity for L-
selectin when compared to the Opatz mimetics ti@iady show quite good inhibitory
activity for compounds without any sulfate groulggreover, when considering mimetig?2,

it can be seen that no selectivity was obtainedwédetn L- and P-selectin and for compound
173 only a slight selectivity was observed; these Itesare also with agreement with those
observed for the presented structures, where neidemnable selectivity was obtained.
Regarding E-selectin inhibition, it can be seert tuanparable to the presented carbohydrate
mimetics, Opatz’'s compourid72 also did not show any inhibitory activity. Interiast is the
Opatz mimeticl73 that with a similar structure tb72 shows activity as E-selectin inhibitor.
This structure can give some leads to future dgreémt of selectin inhibitor mimetics and
relatively similar structures should be considewswd slightly modified to achieve an
improvement in the inhibitory activity. Also, a cbmation of the presented pyran mimetic
units with real sugars joined in the same compawudd bring some activity enhancement.
For a later in vivo application, the cytotoxicity all compounds that proved to be good

inhibitors should be evaluated.
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5. Summarizing discussion and Outlook

Intensive investigations of carbohydrate mimeticd their applications have been performed
by the Reil3ig group over the last years. Theiratdity and possible transformations make
them easily available building blocks that can lsed) as presented in this work, for the
construction of multivalent structures that mimatural carbohydrates in a reasonably simple
synthetic route. A library of mono- to oligovalesimpounds could successfully be prepared
through three different main routes: Schotten-Baumeeaction, reductive amination and
Copper(l)-catalyzed azide alkyne cycloaddition.haligh reductive amination reactions led
to lower yields, in general no reactivity problemesre faced. Regarding the obtained amides
and triazoles, even with compounds with high vajenhe purification problems normally
faced with polar compounds could be avoided andl#séred final compounds were isolated
in good yields.

The sulfation procedure could be optimized for phadysulfation of mono- to trivalent
structures, and a characteristic series of compoundld successfully be obtained and tested
in the SPR inhibition assay. Unfortunately thisqadure seems not to be appropriate for the
polysulfation of compounds with higher valency. eitiatively, the use of purification
methods like HPLC or convergence chromatographgt (tbmbines LC and GC techniques)
should be considered to separate the obtained rasctéfter this separation, the percentage
of sulfate groups in the obtained products can éterthined to test them as potential
inhibitors.

Due to the complexity of biochemical processes, ¢haluation of carbohydrate-protein
interactions is, in most of the cases, not trivial. exact knowledge of the in vivo interactions
should be understood for a perfect developmentyfnghetic mimetic. The interpretation of
the results obtained from the SPR inhibition as&Eyonstrated to be quite complex showing
that this is still an essentially unexplored fidid between the divalent carbohydrate mimetics
tested an influence of the linker length in theilitbry activity was clear. The increasing of
the linker length from three to five carbons lowktke inhibitory activity. To understand the
optimal spacing between the pyran units, analogsimg one and two carbons should be
synthetized and tested. It is also interesting waluate if with longer chains the activity
potential would continue to decrease. As a fursitedy, the use of rigid linkers with the same
spacing in between the pyran units could bring samsegght about the optimal structure

rigidity.
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Flexible Versus Rigid
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Of interest would be the sulfation and further SRRRasurements of the amino polyol

derivatives bearing the same liker and spacindn@satinopyran compounds tested and the
use of carbohydrate mimetics similar to the amimapyused in this study, for example, its

enantiomer, diastereomer and other aminopyran ateres bearing different groups instead

of the gem-di-methyl group. The synthetic route siach analogs has previously been
investigated and established in the ReiRig gfoip>"!

Future ligands:
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Moreover, regarding the mimetics that showed aiqdar behavior in the SPR assay, a
molecular modeling study and the use of X-ray aagraphy to obtain a crystal structure of
the mimetic-selectin complex could bring furthefomrmation about their mode of action.

Efforts should be focused on a better understanadiirggach tested carbohydrate mimetic for a

rational design and development of future analogs.
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From the synthetized carbohydrate mimetics, theatabent CTV derivative bearing pyran
units should be further studied with respect tedsformation. The derivatives bearing acetyl
and hydroxyl groups have to be obtained in suitabfstalline form and the corresponding X-
ray structures evaluated for a better understanding

The hexavalent CTV derivative bearing free hydrayyups was not a suitable candidate for
the SPR measurements due to its insolubility irewdiut other applications could be found
for this compound. A possibility could be its usetmst for fullerene'$’*” The properties of
the resulting host-guest complex could be studiedyever applications can also be limited
due to the solubility of the final¢ggCTV unit; it is known that the low solubility otiflerenes

in aqueous media is one of the major obstacleksftmological application$>?
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In the presented work all multivalent carbohydratenetics were constructed based on
central linkers that differ in their flexibility @ahlength; according to the number of reacting

sites, these units could be decorated with carb@itgcnimetics.
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In a possible continuation of Prisyazhnyuk wBPR the construction of multivalent

carbohydrate mimetics in a linear form would beirgérest. In this case, the spacing and
number of pyran units should be varied. The studyuch structures is interesting since both
sialyl-Lewis-X and heparin are oligosaccharided firasent a linear structure with only few

branches.
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Overall, the focus on such small molecules gatle&r imsights in the carbohydrate mimetics-
selectin interactions. However, the presented tefuwing new challenges and show that these
molecular mechanisms are still not fully understodde continuation of these studies can

lead to promissing strategies for an optimal ligaaceptor affinity.
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6. Experimental Part
6.1.General information
6.1.1. Analytical methods

Melting points of solid compounds were measured with a Reichgraigius (Thermovar)

and are uncorrected.

NMR spectra were recorded on BRUKER (AV 500, AV 700) and JECECP 500)
instruments at room temperature. Chemical shiftgle listed in parts per million (ppm) and
are reported relative to solvent residual signaBCl; (*H: & = 7.26 ppm13C: § = 77.2 ppm),
CD;0OD (*H: & = 3.31 ppm3C: § = 49.0 ppm), DMSO-(*H: § = 2.50 ppm}*C: § = 116.6
ppm), DMF-¢ (*H: & = 2.75 ppm:*C: & = 29.76 ppm), BO (*H: & = 4.79 ppm). Integrals are
in accordance with assignments; coupling consi@iare given in Hz. Alt°*C NMR spectra
are proton-decoupled. Multiplicity is indicated fadlows: s (singlet), bs (broad singlet), d
(doublet), t (triplet), g (quartet), dd (doublet a@dublet), dt (doublet of triplet), td (triplet of
doublet), m (multiplet), m(centered multiplet). For detailed peak assigns@i spectra
were measured (COSY and HMQC).

IR spectra were measured with a Jasco spectrometer (FT/IR-41ih DLATGS Detector).

HRMS analyseswere performed with Agilent 6210 (ESI-TOF, gl/min, 1.0 bar, 4 kV)
and Varian/Agilent lonspec QFT-7 (ESI-FTICRumin, 1.0 bar, 4kV) instruments.

Elemental analyseswvere carried out with instruments from Elementar{o EL, Vario EL

).

6.1.2. Chromatography

Thin layer chromatography (TLC) analyses were performed on silica gel coafedinium
plates purchased from Merck. Products were detdayedV-activity and by using staining

reagents (Cer/molybdenum reagent, KMr&d ninhydrine).
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Preparative column chromatograpy was performed on silica gel (230-400 mesh,
MACHERY-NAGEL), Celité® (535 from SIGMA ALDRICH) and by RP-HPLC (Gemini®-
NX C18 Phenomenex).

6.1.3. Preparative methods, solvents and reagents

Reactions were generally performed under inert gphere (argon) in flame-dried flasks.
Solvents and reagents were added by syringe or EBPRF pipettes. Solvents were dried
using standard procedures and were purified witiMB SPS-800-dry solvent system.
Commercial available reagents were used as receatduobut further purification unless
otherwise stated. Unless otherwise stated, yieleferrto analytical pure samples.

Hydrogenolyses were performed with hydrogen fromlAguide (Alphagaz 2).

Microwave reactions were performed with a MILESTONR-Chemist instrument (2.45

GHz, wavelength: 12.25 cm)

The following compounds were prepared analogouslijtérature procedureg:1,2® 12,2¢)
8957) 1 3611001 1 3711061 1 3g[1016] 1 431112] 45 [112] 1 45 [112] 1 49[113] 1 5 [113]
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6.1.4. General procedures

Propargylation of alcohols (GP-1):To a cooled solution of starting material (1.0 &guin
anhydrous DMF (3.7 mL/mmol) was added NaH (1.5 eqger OH) under argon
atmosphere. The resulting suspension was stirredt.atluring the indicated time. After
cooling to 0 °C, propargyl bromide (4 equiv. per Okbs added dropwise and the reaction
mixture was stirred during the indicated time. Me@Hs added and the mixture was stirred
for 30 min. After removing of volatiles in vacudet resulting mixture was dissolved in water
and extracted with EtOAc (3x). The combined orggufiases were dried with p&0O, and the
solvent was removed in vacudlhe crude product was purified by flash column

chromatography.

Amide bond by coupling (GP-2): Under argon atmospheréie amine (1.0 equiv.), the
corresponding carboxylic acid (1.0 equiv.) and HATLIO equiv.) were dissolved in DMF
(8 mL/mmol). After addition of BN (4.5 equiv.), the reaction mixture was stirredr.at

during the indicated time. After removing the soitgein vacuo, the crude product was

purified by flash column chromatography.

Amide bond by Schotten-Baumann reaction (GP-3)Under argon atmosphere, thmine
(1.0 equiv.) was dissolved in GEI, (8 mL/mmol) and the solution was cooled to 0 °@eA
addition of E4N (2.0 equiv.) and the corresponding acid chloiii equiv.) the reaction
mixture was stirred from 0 °C to r.t. during theéicated time. HO was added to the mixture
and the aqueous phase was extracted withOQGH3x). The combined organic phases were
dried with NaSO, and the solvents removed in vacuo. The crude ptodas purified by

flash column chromatography.

TBS deprotection with HFpyridine (GP-4): To a stirred solution of starting material (1
equiv.) in THF (9 mL/mmol) at 0 °C, was added-piidine (ca 65-70% HF, 8 equiv.) under
argon atmosphere. After warming up to r.t., thectiea mixture was stirred during the
indicated time. KO was added to the mixture and the aqueous laysr extracted with
CH.CI, (3x). The organic phase was dried with,8@, and the solvents were removed in
vacuo. The crude product was purified by flash coiichromatography.
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TBS deprotection by solvolysis (GP-5)To a stirred solution of starting material (1.Qir0)
in isopropanol (3 mL/mmol) was added AcCl (0.6 equat O °C. The reaction mixture was
stirred at r.t. during the indicated time. All vbles were removed in vacuo affording the

desired product without further purification.

Reductive amination (GP-6):The amine (1.0 equiv.) was dissolved in MeOH (16mmhol)
and the corresponding aldehyde (1.0 equiv.) wascdéifter addition of MgS©(2.0 equiv.)
the mixture was stirred at r.t. After complete agngtion of3 (monitored by TLC), MgS®
was filtered off and the filtrate was cooled to©. NaBH, (1.1 equiv.) was added and the
mixture was stirred at r.t. during the indicatedei The reaction was quenched witfOHand
extracted with CHCI, (3 x). The combined organic phases were washel winhe, dried
with N&SQ, and the solvent was removed in vactlibe crude product was purified by flash

column chromatography.

CuAAC using TBTA (GP-7): Under argon atmosphere, the azidopytarn(1.0 equiv.) was
dissolved in MeCN (40 mL/mmol). TBTA (0.23 equiaipd Cul (0.23 equiv.) were added,
followed by the addition of the corresponding al&yfi.2 equiv.) and Bt (0.23 equiv.). The
resulting mixture was stirred at r.t. during thdigated time. The solution was quenched with
7N NH; in MeOH and the resulting mixture was filteredotingh a short silica gel column and
washed with a mixture of Gi&€l,/7N NHz in MeOH (10:1). After removing the solvenits

vacuo, the crude product was purified by flash gwilchromatography.

CUAAC using DIPEA/AcOH (GP-8): To a suspension of the azidopyrah (1.0 equiv.) in
toluene (1 mL/mmol) was added Cul (0.4 equiv.), tomeresponding alkyne (1.2 equiv.)
followed by DIPEA (4.0 equiv.) and HOAc (4.0 equivlhe reaction mixture was stirred at
r.t. during the indicated time. The solution wasmgthed with 7N Nklin MeOH and the
resulting mixture was filtered through a shortcsilgel column and washed with a mixture of
CH.CIl2/7N NHz in MeOH (10:1). After removing the solvents vacuo, the crude product

was purified by flash column chromatography.

CUAAC using Cu/C (GP-9): To a solution of the azidopyrakD (1.0 equiv.) in dioxane (3
mL/mmol) was added Cu/C (0.1 - 0.5 equiv.xzNEf1.2 - 3.0 equiv.) and the corresponding
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alkyne (1.2 equiv.). The reaction mixture was stirat 60 °C during the indicated time. The
mixture was filtrated through a pad of Célitand washed with MeOH. When indicated, the
product was further purified by flash column chraoggaphy.

Metal free “click” reaction using tosylhydrazones GP-10): To a cooled solution athe
amine (1.0 equiv.) in EtOH (12 mL/mmol), KOAc (3eQuiv.) was added and the resulting
solution was stirred for 10 min. at 0 °C. The csp@ending tosylhydrazone (1.3 equiv.) was
dissolved in MeCN (6 mL/mmol) and added dropwiséh® reaction mixture. Stirring was
continued at r.t. until the reaction was completeorfitored by TLC). All volatiles were

removed in vacuo and the crude product was purifietlash column chromatography.

Polysulfation (GP-11): Thepolyol (1.0 equiv.) was dissolved in DMF-(0.6 — 1.0 mL). The
solution was cooled to 0 °C and $OMF (3.0 equiv. per OH) was added. The reaction
mixture was stirred at r.t. during the indicateddi The reaction conversion was followed by
'H-NMR spectroscopy (500 MHz or 700 MHz). When iradexl, additional SEDMF (1.0 —
3.0 equiv. for each OH group) was added and thaticmamixture was stirred at r.t. during the
additional given time until full conversion was ebged. The obtained sulfated intermediates
were directly converted into the corresponding sodisalts according to _Method A or
Method B.

Method A: The reaction mixture was cooled to 0 @ an ag. solution of NaOH 1 M was
added dropwise until pH 10 — 12 was reached. Theests were removed in vacuo and the

crude product was purified by dialysis in®

Method B: The reaction solution was cooled to Gat@ an aq. solution of NaOH 0.5 M was
added dropwise until pH 7 — 9 was reached. Theiggramixture was filtrated through an ion
exchange DOWEX Na" column. The solvents were removed in vacuo andithée product

was purified by dialysis in $D.

The final products were filtrated through a syrirfger (diam. 25 mm; pore size 0n;

PTFE membrane) when indicated.
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6.2.Experimental procedures
6.2.1. Synthesisof starting materials

(4aR,7aS,7bS)-7-Benzyl-7b-hydroxy-4,4-dimethylhexahydro-#,4H-1,3,6-trioxa-7-
azacyclopentagd]indene (14)

JNS103A
The ketone2 (purity after’H NMR: 95%, 4.75 g, 16.3 mmol) was dissolved in Ht(205
mL) under argon atmosphere and cooled to 0 °C. Na@26 g, 33.4 mmol) was added
portionwise and the reaction mixture was stirremrO °C to r.t. for 1 h. After 3 h, NaBH
(0.132 g, 3.50 mmol) was added at O °C. After istyrfor 4.5 h at r.t, the solvent was
removed in vacuo. The resulting residue was digsbin CHCI, (250 mL) and HO (500
mL). The agueous phase was extracted with@H4 x 250 mL) and with EtOA{2 x 150
mL). The combined organic phases were dried witfSlgand the solvent was removed in
vacuo. Purification by flash column chromatograggyica gel, hexanes/EtOAc 1:1, 1:2 to
pure EtOAc) afforded produdt3 (3.35 g, 70%95°® as colorless crystals and side prodlst
(212 mg, 4.4%) as light yellow crystals.

Chemical Formula: Ci6H21NO4

Molecular Weight: 291.3 gmol™

Melting point: 112 -115°C

Optical rotation: [C)’]ZD2 =-11.7 (c = 1.32, C¥Cly)

'H NMR (700 MHz, CDC}): § = 1.35, 1.41 (2 s, 3 H each, @H1.96 (m, 1 H, 4a-H), 2.74
(bs, 1 H, OH), 3.89 (A part of ABX systedns = 10.7 Hz,Jax = 4.8 Hz, 1 H, 2-H), 3.90 (¢
1 H, 5-H), 3.96 (A part of AB systendag = 14.1 Hz, 1 H, CkPh), 3.98 (B part of ABX
systemJag = 10.7 Hz,Jgx = 1.3 Hz, 1 H, 2-H), 4.08 (B part of ABX systedag = 12.5 Hz,
Jsx = 5.1 Hz, 1 H, 5-H), 4.22 (B part of AB systedpg = 14.1 Hz, 1 H, ChPh), 4.33 (s, 1 H,
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7a-H), 4.43 (ddJ = 1.3, 4.8 Hz, 1 H, 2a-H), 7.26 — 7.29 (m, 1 H),P7.32 — 7.34, 7.38 —
7.39 (2 m, 2 H each, Ph) ppm.

13C NMR (125 MHz, CDC},): & = 24.3, 30.6 (2 q, CH, 53.8 (d, C-4a), 57.8 (t, GRh), 65.7
(t, C-5), 71.7 (t, C-2), 85.6, 86.2 (2 s, C-4, Q;@¥.1 (d, C-2a), 95.1 (d, C-7a), 127.4, 128.5,
128.7 (3 d, Ph), 137.0 (s, Ph) ppm.

IR (ATR): v = 3420 (OH), 2970-2865 (C-H), 1495 (C=C), 1225@-1080 (C-O-C) cih

HRMS (pos. ESI-TOF): @H,:NOg#Na™:  calcd.: 314.1369
found: 314.1373

Elemental Analysis: CigH21NO4(291.3)  calcd. (%): C 65.96, H 7.27, N 4.81
found (%): C 65.41, H 7.31, N 4.68

6.2.1.1. Hydrogenolysis

Method 1 (MeOH)

JNSV13
Compoundl3 (50 mg, 0.17 mmohvas dissolved in MeOH (3 mL) and palladium on cbatc
(10% Pd, 74 mg) was added. Hydrogen was bubbledigihr the suspension for 45 min and
afterwards the reaction mixture was stirred ovdrhignder the hydrogen atmosphere. The
suspension was filtrated through a pad of Celited washed with MeOH. The crude product
was purified by flash column chromatography ¢CH/MeOH 9:1 to 4:1).The desired
aminopyran3 (20 mg, 57 %) was obtained as a slightly yellowdsdBy-productl9 (6 mg,

16 %) was isolated as slightly yellow solid.

Method 2 (Isopropanol)

JNS290
Bicyclic compoundl13 (1.37 g, 4.67 mmol) was dissolved in isopropand7(inL) and
palladium on charcoal (10% Pd, 1.65 g) was addduw Juspension was saturated with

hydrogen for 1 h and stirred under the hydrogenoaphere overnight. The solution was
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filtrated through a short pad of Cefite washed with isopropanol and subsequently

concentrated in vacuo affording aminopyBaf®16 mg, 96%) as a colorless solid.

(2S,3R,4S,5S)-3-Amino-4-hydroxy-6,6-dimethyltetrahydro-2H-pyran-2,5-diyl)-
dimethanol (3)

3
Chemical Formula: CoH19aNO4
Molecular Weight: 205.3 gmol™
Melting point: 106 — 108 °C

'H NMR (400 MHz, CQOD): 5 = 1.24, 1.38 (2 s, 3 H each, §HL.73 (ddd,) = 4.9, 5.7, 7.4
Hz, 1 H, 5-H), 2.91 (dd] = 3.7, 4.9 Hz, 1 H, 3-H), 3.61 — 3.69 (M, 4 H, BC2-CHp, 4-H),
3.84 (ddJ=5.7, 11.4 Hz, 1 H, 5-C}}, 4.00 (dtJ = 3.7, 6.2 Hz, 1 H, 2-H) ppm.

Elemental Analysis: CogH1gNO,4(205.3)  calcd. (%): C 52.67, H 9.33, N 6.82
found (%): C 52.30, H 9.39, N 7.05

The analytical data are in agreement with thoserteg in the literatur&®

(4aS,7S,8S,8aR)-7-(Hydroxymethyl)-6,6-dimethyloctahydropyrano[3,2-d][1,3]oxazin-8-
ol (19

HO_
19
Chemical Formula: CioH19NOy
Molecular Weight: 217.3 gmol™
Melting range: 138 — 142 °C
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Optical rotation: [@]? =-2.5 (c = 10.3, MeOH)

'H NMR (500 MHz, CROD): 6 = 1.11, 1.29 (2 s, 3 H each, gH1.85 (dddJ = 2.7, 8.0,
10.8, 1 H, 7-H), 2.98 (dd), = 3.0, 4.8 Hz, 1 H, 8a-H), 3.60 (&= 3.0 Hz, 1 H, 4a-H), 3.63 —
3.77 (m, 4 H, NH, 8-H, 7-C}), 3.84 (ddJ = 3.0, 12.6 Hz, 1 H, 4-H), 4.00 (ddi= 3.0, 12.6
Hz, 1 H, 4-H), 4.16, 4.51 (2 d] = 10.2 Hz, 1 H each, 2-H) ppm.

13C NMR (125 MHz, CROD): § = 24.2, 26.8 (2 g, C8), 48.2 (d, C-7), 60.6 (d, C-8a), 63.8
(t, 7-CHp), 63.9 (d, C-4a), 69.3 (t, C-4), 75.1 (s, C-6),576l, C-8), 77.7 (t, C-2) ppm.

IR (ATR): v = 3350-3250 (OH, NH), 2970, 2905 (C-H), 1090, 1(380) cni'.

HRMS (pos. ESI-TOF): GH1gNOs#Na™: calcd.: 218.1387
found: 218.1392

Elemental Analysis: CioH1oNO,4 (217.3)  calcd. (%): C 55.28, H 8.81, N 6.45
found (%): C 55.30, H 8.86, N 6.44

6.2.1.2. Copper(I1)-catalyzed diazotransfer

(2S,3R,4S,5S5)-(3-Azido-4-hydroxy-6,6-dimethyltetrahydro-2H-pyran-2,5-diyl)-
dimethanol (10)

JNSO051
A mixture of nonafluorobutanesulfonyl fluoride (4.5, 0.90 mL, 5.11 mmol) and NakB25
mg, 5.32 mmol) was dissolved in MeOH (10 mL) anded at r.t. for 20 h. The mixture was
poured into ice-cold water and extracted witbCE(3x 20 mL). The combined organic layers
were dried with MgS® and the solvent was removed at atmospheric pessifiording

product24 (1.40 g, 84%) as a colorless oil.

To a solution of aminopyra® (150 mg, 0.73 mmol) in MeOH#® (2:1, 3 mL) at r.t. were
added CuSE©5H,0 (18 mg, 0.073 mmol) and,RO; (101 mg, 0.73 mmol), followed by slow
addition of Nf-N; 24 (475 mg, 1.46 mmol) via syringe. The mixture wiasexd for 24 h, then
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glycine hydrochloride (554 mg, 5.00 mmol) was added the suspension was stirred for
another 24 h. The solution was quenched with 7N; MNHMeOH and the copper salt was
filtered through a short silica gel column. Thedsuyroduct was purified by flash column
chromatography (silica gel, GBI, 100%, CHCI,/MeOH 95:5, 90:10) affording0 (301 mg,

89%) as a colorless solid.

Chemical Formula: CoH17N304

Molecular Weight: 231.3 gmol™*

Melting point: 121 °C

Optical rotation: [a]2 =-18.4 (c = 0.76, MeOH)

'H NMR (500 MHz, CQOD): § = 1.14, 1.34 (2 s, 3 H each, @H1.82 (tdJ~ 6.0, 9.3 Hz, 1
H, 5-H), 3.51 (ddJ = 4.1, 5.5 Hz, 1 H, 3-H), 3.56, 3.63 (AB part dBX systemJag = 11.2
Hz, Jax = 5.7 Hz,Jgx = 7.0 Hz, 1 H each, 2-G} 3.68, 3.80 (AB part of AB systerdss =

11.1 Hz,Jax = 5.6 Hz,Jgx = 6.6 Hz, 1 H each, 5-G} 3.92 (ddJ = 5.5, 9.3 Hz, 1 H, 4-H),
4.02 (dddJ = 4.1, 5.7, 7.0 Hz, 1 H, 2-H) ppm.

13C NMR (125 MHz, CROD): § = 24.8, 27.0 (2 g, C), 49.5 (d, C-5), 62.1, 62.7 (2 t, 2-
CH,, 5-CHb), 68.2 (d, C-3), 71.3 (d, C-2), 72.3 (d, C-4),47, C-6) ppm.

IR (ATR): v = 3370 (OH), 2970-2930 (C-H), 2110 N1235 (C-O), 1045 (C-O-C) ¢h

HRMS (pos. ESI-TOF): gH;17N304Na":  calcd.: 254.1113
found: 254.1122

Elemental Analysis: CgH17N30,4(231.3) calcd. (%): C 46.74, H 7.41, N 18.17
found (%): C 46.80, H 7.27, N 18.21
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6.2.1.3.Introduction of protecting groups

(2S,3S,4S,59)-4-(tert-Butyldimethylsiloxy)-2,5-bis|(tert-butyldimethylsiloxy)methyl]-6,6-
dimethyltetrahydro-2 H-pyran-3-amine (26)

JNS118
To a solution of aminopyraB (100 mg, 487 umol) irdry DMF (5 mL), DMAP (6 mg,
49 umol) and BN (0.54 mL, 3.90 mmol) were added under argon apmexe. After cooling
to 0 °C, TBSOTf (901 mg, 0.78 mL, 3.41 mmol) wasled dropwise and the reaction
mixture was stirred for 1 h at 0 °C until it readhe. After stirring for 5 d at this temperature,
a sat. ag. NaHC#gsolution (15 mL) was added to the reaction mixfotwed by extraction
with EtOAc (3 x 40 mL). The combined organic phasese dried with Ng5Q, and the
solvent was removed in vacuo. The crude product wasfied by flash column
chromatography (silica gel, hexanes 100%, hexat@#&& 10:1, 9:1) affording TBS
protected aminopyra®6 (268 mg, 97%) as a yellow oil.

Chemical Formula: Co7He1NO4SI3
Molecular Weight: 548.0 gmol™
Optical rotation: [a]2 = +0.72 (c = 1.95, CHG)

'H NMR (500 MHz, CDC}): & = 0.040, 0.047, 0.053, 0.055, 0.069, 0.080 (6 k|, &ch,
CHs), 0.87, 0.88,0.89 (3 s, 9 H eatu), 1.16, 1.44 (2 s, 3 H each, §H1.66 (dtJ= 3.4,

7.7 Hz, 1 H, 5-H), 2.75 (;n1 H, 3-H), 3.65 — 3.66 (m, 2 H, 2-GKH3.71, 3.77 (AB part of
ABX system,Jax = 7.5 Hz,Jgx = 7.9 Hz,Jpg = 10.2 Hz, 1 H each, 5-Gl{ 4.01 — 4.04 (m, 2
H, 4-H, 2-H) ppm.
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13C NMR (125 MHz, CDCY): § = -5.5, -5.3, -5.2, -5.1, -4.7, -4.6 (6 g, Si}HL8.1, 18.2,
18.3 [3 s, ST(CHa)4], 25.9, 26.0, 26.1 [3 g, SiCHa)3], 27.4, 27.6 (2 g, Ck), 49.1 (C-5),
52.7 (d, C-3), 62.7 (t, 2-CH| 62.9 (t, 5-CH), 68.5 (d, C-2), 72.9 (d, C-4), 74.1 (s, C-6) ppm.

IR (ATR): v = 3390 (NH), 2955-2860 (C-H), 1255, 1070 (C-O) ¢m

HRMS (pOS. ES|-TOF): @7H61NO4Si3‘H+: calcd.: 548.3981
found: 548.4013

Elemental Analysis: C,7Hs1NO,Si; (548.0) calcd. (%): C59.17, H 11.22, N 2.56
found (%): C 57.38, H 11.06, N 2.54
A better elemental analysis could not be obtained.

(2S,3R,4S,5S)-(4-Acetoxy-3-azido-6,6-dimethyltetrahydro-H-pyran-2,5-diyl)bis-
(methylene)diacetatg25)

JNS203
Azide 10 (100 mg, 0.43 mmol) was dissolved in pyridine (8)rand the solution was cooled
to 0 °C. After addition of DMAP (2 mg, 1pmol) and acetic anhydride (480 mg, 0.45 mL,
4.71 mmol) the reaction mixture was stirred at avternight. The residue was taken up in
Et,O (20 mL) and washed with 1M solution of HCI (1x @), brine (1x 10 mL) and sat. aq.
NaHCG; solution (1x 10 mL). The organic phase was driethwgS0O, and the solvents
were removed in vacuo. The crude product was drily flash column chromatography
(silica gel, hexanes/EtOAc 3:1) affordi@§ (153 mg, quant.) as a colorless oil.

Chemical Formula: CisH23N30;
Molecular Weight: 357.4 ¢mol*
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'H NMR (500 MHz, CQOD): & = 1.21, 1.37 (2 s, 3 H each, @H2.01 (dddJ = 6.4, 9.0,
11.6 Hz, 1 H, 5-H), 2.08 (s, 6 H, COgH2.10 (s, 3 H, COC¥), 3.60 (ddJ=2.7, 3.8 Hz, 1
H, 3-H), 4.08 — 4.19 (m, 4 H, 2-GH5-CH, 4-H), 4.40 (dd) = 6.4, 11.4 Hz, 1 H, 5-CH|
5.33-5.37 (m, 1 H, 2-H) ppm.

13C NMR (125 MHz, CQOD): 6 = 21.0, 21.1, 21.3 (3 g, COGH26.1, 26.5 (2 q, Ch), 42.7
(d, C-5), 60.2 (d, C-3), 62.3 (t, 5-GH 63.8 (t, 2-CH), 66.5 (d, C-4), 69.8 (d, C-2), 74.1 (s,
C-6), 169.7, 170.8, 170.9 (3 s, C=0) ppm.

HRMS (pos. ESI-TOF): @H23N3ONa'™: calcd.: 380.1428
found: 380.1439

The analytical data are in agreement with thoserteg in the literatur&®

(2S,3R,4S,5S)-3-Azido-4-(benzyloxy)-2,5-bis(benzyloxymethyl)-6-dimethyltetrahydro-
2H-pyran (27)

JNS258
Under argon atmosphere, a solution of aZi@e(79 mg, 0.34 mmol) in THF (1 mL) was
added to a suspension of NaH (49 mg, 2.05 mmolHRF (5.2 mL) at 0 °C. The reaction
mixture was stirred from 0 °C to r.t. for 2 h. Bghhromide (351 mg, 0.24 mL, 2.05 mmol)
was added and the reaction stirred at r.t. for ZIhe mixture was then treated with sat. aqg.
NH4CI solution and extracted with GAI, (3x 10 mL). The combined organic phases were
dried with NaSO, and the solvents removed in vacuo. The crude ptodas purified by
flash column chromatography (silica gel, hexan€3Agt, 6:1) affording27 (130 mg, 76%) as

a colorless oil.
- O ogn
BnO_ o .?,Ns

OBn

27
Chemical Formula: CsoH35N30,
Molecular Weight: 501.6 gmol™
Optical rotation: [a]2= +8.3 (c = 0.89, CHG)
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'H NMR (500 MHz, CQOD): § = 1.21, 1.46 (2 s, 3 H each, @H2.10 (dtJ = 4.5, 7.1 Hz, 1
H, 5-H), 3.56 — 3.64 (m, 2 H, 2-GH{ 3.68 (d,J = 7.1 Hz, 2 H, 5-Ch), 3.69 — 3.72 (m, 1 H,
3-H), 4.05 (ddJ = 3.7, 4.5 Hz, 1 H, 4-H), 4.23 — 4.28 (m, 1 H, 2448, 4.51 (AB system,
Jas = 11.7 Hz, 1 H each, GRh), 4.57, 4.60 (AB systendpg = 11.8 Hz, 1 H each, GRh),
4.63 (s, 2 H, CkPh), 7.30 — 7.38 (m, 15 H, Ph) ppm.

13C NMR (125 MHz, CROD): 6 = 26.7, 27.1 (2 q, C}), 43.8 (d, C-5), 61.4 (d, C-3), 67.2 (d,
C-2), 69.0 (t, 5-CH), 69.7 (t, 2-CH), 72.2, 73.3, 73.7 (3 t, GRh), 74.3 (s, C-6), 76.1 (d, C-
4), 127.68, 127.78, 127.80, 127.85, 127.86, 128.0268,46, 128.50, 128.53 (9 d, Ph), 138.0,
138.1, 138.4 (3 s, Ph) ppm.

IR (ATR): v = 2960-2850 (C-H), 2100 @\ 1500, 1460 (C=C), 1260, 1100, 1030 (C-O)

cm™.

HRMS (pos. ESI-TOF): GoH3sN304-Na'™ calcd.: 524.2520
found: 524.2548

C30H35N304'K+: calcd.: 540.2259
found: 540.2274

Elemental Analysis: C3oH3sN30,4 (501.6) calcd. (%): C 71.83, H 7.03, N 8.38
found (%): C 70.53, H6.73, N 7.29
A better elemental analysis could not be obtained.

TBS protected amine(52)

JNS057
2-Aminol,3-diol4 (8.02 g, 88.0 mmol) and DMAP (50 mg, 0.40 mmol)evdissolved in
CH.Cl, (100 mL) under argon. The reaction mixture wasediat r.t. and BN (48 ml, 344
mmol) was added. In a second flaskt-butyldimethylsilyl chloride (34.0 g, 255 mmol) was
dissolved in CHCI, (50 mL). The solution was added to the reactioxtuné and stirred at r.t.
overnight. HO (100 mL) was added to the mixture and the agupbase extracted with
CH.Cl, (3x 150 mL). The combined organic phases wereddngh NaSQO, and solvents
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removed in vacuo. The crude product was purifiedlagh column chromatography (silica
gel, hexanes/EtOAc, 2:1) affordid@ (27.0 g, 96%) as a colorless liquid.

TBSO—
S
TBSO
52
Chemical Formula: CisH37/NO,Sis

Molecular Weight: 319.6 gmol*
Refraction Index at 25°C: 1.4363

'H-NMR (500 MHz, CDC}): & = 0.04 (s, 12 H, Ck), 0.88 (s, 18 H{Bu), 2.85 (quint.]J =
5.5 Hz, 1 H, 1-H), 3.50, 3.59 (AB part of ABX systelag = 9.8 Hz,Jax = 5.2 Hz,Jgx = 5.7
Hz, 2 H each, 2-H) ppm.

3C-NMR (125 MHz, CDCY): & = -5.3, -3.4 (2 g, SiC¥, 18.4 [s, ST(CHa)], 26.0 [q,
SiC(CHa)3], 54.5 (d, C-1), 64.9 (t, C-2) ppm.

IR (ATR): v = 3370 (NH), 1250 (C-O) crit.

HRMS (pos. ESI-TOF): GH3s/NO,Si, ‘H™:  calcd.: 320.2436
found: 320.2447

6.2.1.4. Conversion of azidopyran into aminopyran

(2S,3R,4S,5S5)-4-(Benzyloxy)-2,5-bis(benzyloxymethyl)-6,6-dimetfitetrahydro-2 H-
pyran-3-amine (32)

JNS321
A solution of azide27 (41 mg, 0.08 mmol) in THF (0.8 mL) was added drg@o a stirred
suspension of LiAlHF (6.2 mg, 0.16 mmol) in THF (1 mL) at r.t. undegan. The reaction
was stirred for 2 h and 10% aq NaOH solution (4L mas added dropwise and diluted with
CH.CI, (10 mL). The aqueous phase was extracted withQGH3x 10 mL). The combined

organic layers were dried with p&0O, and the solvents removed in vacuo. The crude gtodu
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was purified by flash column chromatography (silie, hexanes/EtOAc, 3:1 to pure EtOAC)
affording32 (25 mg, 64%) as a colorless oll.

BnO__

Chemical Formula: C3oH37/NOy
Molecular Weight: 475.6 gmol™
Optical rotation: [a]zDz: -28.2 (c = 1.11, MeOH)

'H NMR (700 MHz, CQOD): § =1.25, 1.42 (2 s, 3 H each, @H1.98 — 2.02 (m, 1 H, 5-H),
2.93 - 2.96 (m, 1 H, 3-H), 3.56 (d,= 6.1 Hz, 2 H, 2-Ch), 3.61, 3.65 (AB part of ABX
systemJag = 9.9 Hz,Jax = 5.1 Hz,Jgx = 6.0 Hz, 1 H each, 5-Gli 3.68 (ddJ = 3.4, 4.3 Hz,
1 H, 4-H), 4.18 (dtJ = 2.6, 6.1 Hz, 1 H, 2-H), 4.45 (s, 2 H, &), 4.52, 4.56 (AB system,
Jas = 11.9 Hz, 1 H each, GRh), 4.58 — 4.60 (m, 2 H, GAh), 7.25 — 7.35 (m, 15 H, Ph)
ppm.

13C NMR (175 MHz, CROD): § = 27.3, 27.7 (2 g, C¥), 45.5 (d, C-5), 52.1 (d, C-3), 69.1 (d,

C-2), 71.0 (t, 5-Ch), 71.4 (t, 2-CH)), 72.8, 74.2, 74.3 (3 t, GRh), 75.8 (s, C-6), 81.7 (d, C-

4), 128.67, 128.77 , 128.75, 128.79, 128.88, 1291020.40, 129.41, 129.43 (9 d, Ph) 139.4,
139.5, 139.9 (3 s, Ph) ppm.

IR (ATR): v = 3390 (NH), 2930-2860 (C-H), 1500, 1450 (C=C), 1250 (C-@70 (C-O-C)

cmt,

HRMS (pos. ESI-TOF): GoH3/NOs#H™ calcd.: 476.2795
found: 476.2817

CsoH3/NO,Na'™: calcd.: 498.2615
found: 498.2631
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Elemental Analysis: C3oH37/NO,4 (475.6) calcd. (%): C 75.76, H 7.84, N 2.94
found (%): C 75.50, H 7.99, N 3.06

6.2.2. Amide bond formation

6.2.2.1. Schotten-Baumann reaction

(2S,3R,4S,5S)-4-(tert-Butyldimethylsiloxy)-2,5-bis[(tert-butyldimethylsi loxy)methyl]-6,6-
dimethyltetrahydro-2 H-pyran-3-hexanamide(34)

JNS036
According toGP-3, protected aminopyra26 (208 mg, 0.40 mmol) was dissolved in £Hp
(2.9 mL) and the solution was cooled to 0 °C uratgon atmosphere. After addition ogHt
(0.1 mL, 0.59 mmol) and hexanoyl chloride (61 mgu&, 0.45 mmol) the reaction mixture
was stirred at 0 °C for 2.5 h, and at r.t. overhighO (5 mL) was then added to the reaction
mixture and the agueous phase was extracted witiClzkBx 10 mL). The combined organic
phases were dried with B&0, and the solvents removed in vacuo. The crude ptodas
purified by flash column chromatography (silica,getxanes/EtOAc, 6:1) affordir@y (227

mg, 93%) as a pale yellow oil.

34
Chemical Formula: Cs3H73NO,4Siz
Molecular Weight: 632.2 gmol™
Optical rotation: [a]Z = +1.20 (c = 1.51, CHg)

'H-NMR (500 MHz, CDC4): 5 =0.015, 0.018, 0.028, 0.033, 0.101, 0.174 (6 &} &ach,
CHs), 0.87— 0.90 (m, 30 HBu, CHy), 1.18 (s, 3 H, CHJ, 1.27 — 1.34 (m, 4 H, GH{ 1.49 (s,
3 H, CHy), 1.59 — 1.66 (m, 3 H, 5-H, GH 2.03— 2.18 (m, 2 H, CH 3.44 (dd,] = 7.2, 10.2
Hz, 1 H, 5-CH), 3.60 (d,J = 5.9 Hz, 2 H, 2-Ch), 3.71 — 3.78 (m, 2 H, 4-H, 5-G} 4.15 —
4.17 (m, 1 H, 2-H), 4.24 (<1 H, 3-H), 5.80 (dJ = 7.5 Hz, 1 H, NH) ppm.
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13C-NMR (125 MHz, CDC}): 6 = -4.7, -5.0, -5.2, -5.3 (4 q, SiGH 14.1 (g, CH), 18.0, 18.8,
18.4 [3 s, ST(CHa)3], 22.6 (t, CH), 25.4 (t, CH), 25.9, 25.96, 26.0 [3 q, SiCHs)3], 27.3,
28.3 (2 q, CH), 31.7 (t, CH), 37.1 (t, CH), 49.5 (d, C-5), 50.2 (d, C-3), 62.8 (t, 5-H63.5
(t, 2-CHy), 67.2 (d, C-2), 68.9 (d, C-4), 74.2 (s, C-6), B/, C=0) ppm.

IR (ATR): v = 2960 (NH), 2930-2860 (C-H), 1680 (C=0), 1250Q%-1070 (C-O-C) cri.

HRMS (pos. ESI-TOF): @H73sNO,SisH™:  calcd.: 646.4713
found: 646.4705

033H73NO4Si3-Na+: calcd.: 668.4532
found: 668.4528

Elemental Analysis: C33H73NO,Si; (632.2) calcd. (%): C 61.34, H 11.07, N 2.17
found (%): C 61.15, H 11.07, N 1.99

(2S,3R,4S,5S)-4-Hydroxy-2,5-bis(hydroxymethyl)-6,6-dimethyltetrahydro-2H-pyran-3-
hexanamide(35)

JNSO043
According toGP-4, to a stirred solution a34 (83 mg, 0.13 mmol) in THF (1 mL) at 0 °C,
was added Hipyridine (1.1 mL, 1.1 mmol). After warming up td.r.the reaction mixture
was stirred for 24 h. ¥0 (5 mL) was added and the aqueous phase was textraith CHCI,
(3x 10mL). The organic phase was dried with,$@&, and the solvents were removed in
vacuo. The crude product was purified by flash woluchromatography (silica gel,
CH.Cl,/MeOH, 95:5) affordin@5 (49 mg, 49%) as a colorless solid.

Chemical Formula: CisH29NOs
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Molecular Weight: 303.4 gmol*
Melting point: 108 — 110 °C
Optical rotation: [a]2 = +42.7 (c = 1.49, MeOH)

'H-NMR (500 MHz, CQCl,): & = 0.90 (t,J = 6.9 Hz, CH), 1.06, 1.28 (2 s, 3 H each, gH
1.30-1.36 (m, 2 H, Ch, 1.57 — 1.65 (m, 4 H, G 1.84 — 1.89 (m, 1 H, 5-H), 2.20 — 2.25
(m, 2 H, CH), 3.53 — 3.60 (m, 1 H, 2-Gi 3.67 — 3.72 (m, 1 H, 5-G} 3.75 (B part of
ABX system,Jag = 11.0, Hz Jgx = 8.0 Hz, 1 H, 5-Ch), 3.80 (m, 1 H, 4-H), 3.81 — 3.86 (m,
2 H, 2-H, 2-CH), 3.95 - 3.98 (m, 1H, 3-H), 7.98 (s, 1H, NH) ppm.

13C-NMR (125 MHz CDCL): § = 14.6 (g, CH), 24.3 (q, CH), 26.0 (t, CH), 26.8 (q, CH),
27.3 (t, CH), 32.2 (t, CH), 37.4 (t, CH), 48.9 (d, C-5), 55.2 (d, C-3), 63.6 (t, 5-H53.7
(2-CHp), 71.5 (d, C-2), 74.0 (d, C-4), 76.0 (s, C-6), T2, C=0) ppm.

IR (ATR): v = 3450 (NH), 3310 (OH), 2960-2860 (C-H), 1620 (§=M230 (C-O), 1080
(C-O-C) cm.

HRMS (pos. ESI-TOF): @Ho90NOs-Na'™: calcd.: 326.1938
found: 326.1966

Elemental Analysis: Ci5sH2gNOs5 (303.4) calcd. (%): C 59.38, H 9.63, N 4.62
found (%): C 59.15, H 9.63, N 4.38

Divalent amide (41)

JNS123
According toGP-3, protected aminopyra26 (200 mg, 0.36 mmol) was dissolved in £Hp
(3.2 mL) and the solution was cooled to 0 °C. Afiddition of E{N (0.1 mL, 0.73 mmol)
and terephthaloyl chloridé0 (45 mg, 0.22 mmol) the reaction mixture was dtira¢ 0 °C for
1 h and at r.t. for 20 h. 4@ (5 mL) was added and the aqueous layer was éxtracith
CH.CI, (3x 10mL). The combined organic layers were dmeth NaSO, and the solvents
were removed in vacuo. The crude product was drifly flash column chromatography
(silica gel, hexanes/EtOAc, 6:1) affordidgd as colorless solid (223 mg, 83%).
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41
Chemical Formula: Cs2H124N2010Sis
Molecular Weight: 1226.2 gmol™
Melting range: 105-110°C
Optical rotation: [a]Z = +33.8 (c = 0.73, CHG)

'H-NMR (500 MHz, CDC}): 6 = -0.20, -0.10 (2 s, 6 H each, §H0.01 (s, 12 H, Ch), 0.14,
0.24 (2 s, 6 H each, GH 0.75, 0.83, 0.92 (3 s, 18 H eatBu), 1.21, 1.54 (2 s, 6 H each,
CHs), 1.69 (btJ~= 7.6 Hz, 2 H, 5-H), 3.50 (dd,= 8.6, 10.1 Hz, 2 H, 5-Ch\, 3.72 (dJ=5.5
Hz, 4 H, 2-CH), 3.79 (ddJ = 7.1, 10.1 Hz, 2 H, 5-Ch}, 3.92 — 3.96 (m, 2 H, 3-H), 4.26 (dt,
J=2.1,55Hz,2H, 2-H), 452 -4.55 (m, 2 H, 1-6182 (dJ=6.8 Hz, 2 H, NH), 7.78 (s, 4
H, Ar) ppm.

3C-NMR (125 MHz, CDC}): & = -5.45, -5.41, -5.28, -5.25, -4.93, -4.65 (6 ;%) 18.0,
18.1, 18.5 [3 s, §I(CHs)3], 25.88, 25.91, 25.95 [3 q, SiCHs)], 27.3, 28.2 (2 ¢, Ch), 49.0
(d, C-5), 51.7 (d, C-3), 62.4 (t, 5-GH64.0 (t, 2-CH), 66.5 (d, C-2), 67.9 (d, C-4), 74.3 (s,
C-6), 127.2 (d, Ar), 137.4 (s, Ar), 166.1 (s, CHipm.

IR (ATR): v = 3380 (NH), 2860 (C-H), 1670 (C=0), 1525 (C=C25@ (C-O), 1075 (C-O-C)

cm™.

HRMS (pos. ESI-TOF): gH124N-0:0Sis'Na’": calcd.: 1248.7786
found: 1248.7760

Elemental Analysis: Cg2H124N2010Si6(1226.2)  caled. (%): C 60.73, H 10.19, N 2.28
found. (%): C 60.85, H 10.24, N 2.36
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Divanlent amide (42)

JNS134
According toGP-4, to a stirred solution 041 (116 mg, 0.095 mmol) in THF (0.7 mL) at O
°C, was added Hpyridine (0.15 mL, 0.114 mmol). After warming up itad., the reaction
mixture was stirred for 22 h. MeOH was added torttvgure and the solvents were removed
in vacuo. The crude product was purified by flagumn chromatography (silica gel,
CH.Cl,/MeOH, 9:1) affordingt2 (52 mg, quant.) as a slightly pink solid.

Chemical Formula: CoeHa0N2010

Molecular Weight: 540.6 gmol™

Melting point: 210 °C

Optical rotation: [cr];‘2 = +45.2 (c = 0.43, MeOH)

'H-NMR (700 MHz, CQXOD): § = 1.33, 1.46 (2 s, 6 H each, @H1.78 (m, 2 H, 5-H), 3.51,
3.56 (AB part of ABX system]ag = 11.6 Hz,Jax = 4.8 Hz,Jgx = 6.9 Hz, 2 H, 2-CHh), 3.67
(dd,J=4.2,11.1 Hz, 2 H, 5-ChHi 3.96 — 3.99 (m, 4 H, 5-GiH4-H), 4.18 — 4.21 (m, 4 H, 3-
H, 2-H), 7.91 (s, 4 H, Ar) ppm.

13C-NMR (125 MHz, CROD): § = 26.3, 27.7 (2 q, CH), 48.8 (d, C-5), 54.2 (d, C-3), 63.2 (t,
2-CH,), 63.3 (t, 5-CH), 70.9 (d, C-2), 74.0 (d, C-4), 75.9 (s, C-6), B2@l, Ar), 138.4 (s,
Ar), 169.5 (s, C=0) ppm.

IR (ATR): v = 3290 (OH, NH), 2980-2910 (C-H), 1725 (C=0), 144=C), 1250 (C-0),
1070 (C-O-C) cr.

HRMS (pOS. ES|-TOF): %H40N2010‘Na+: calcd.: 563.2575
found: 563.2581
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Elemental Analysis: CgH40N2010(540.6) calcd.(%): C 57.76, H 7.46, N 5.18
found.(%): C 52.05, H 7.54, N 8.00

A better elemental analysis could not be obtained.

Divalent amide (49)

JNS173
According toGP-3, protected aminopyra26 (103 mg, 0.19 mmol) was dissolved in £Hp
(2 mL) and the solution was cooled to 0 °C. Aftddiion of EgN (0.1 mL, 0.72 mmol) and
acid chloride48 (26 mg, 0.08 mmol) the reaction mixture was dtirae0 °C for 1 h and at r.t.
for 24 h. HO (5 mL) was added and the aqueous phase was textratth CHCI, (3x 10
mL). The combined organic phases were dried withSa and the solvents removed in
vacuo. The crude product was purified by flash woluchromatography (silica gel,
hexanes/EtOAc, 6:1) affordintP as a pink solid (114 mg, 55%).

OTBS
TBSO 0]
L0 }—@—N’ HN
3y NH \
- TBSO
TBSO—  OTBS TBSO
49
Chemical Formula: CogH12dN4010Ss
Molecular Weight: 1330.3 gmol™
Melting range: 170 -175°C
Optical rotation: [a]Z = +40.2 (c = 1.13, CHg)

'H-NMR (500 MHz, CDC}): & = -0.16, -0.08, 0.02, 0.07, 0.16, 0.26 (6 s, 6adhe CH),
0.76, 0.85, 0.93 (3 s, 18 H eatBu), 1.22, 1.25 (2 s, 6 H each, §H1.66 — 1.69 (m, 2 H, 5-
H), 3.53 (ddJ = 8.6, 10.1 Hz, 2 H, 5-Ciji 3.74, 3.76 (AB part of ABX systendag = 10.9
Hz, Jax = 5.1 Hz,Jgx = 5.9 Hz, 2 H each, 2-G} 3.81 (ddJ = 7.1, 10.1 Hz, 2 H, 5-C}i
3.96 — 3.99 (m, 2 H, 3-H), 4.28 (dtx 2.0, 5.5 Hz, 2 H, 2-H), 4.54 @,= 2.3 Hz, 2 H, 4-H),
6.84 (dJ=7.0 Hz, 2 H, NH), 7.91 (d, = 8.5 Hz, 4 H, Ar), 7.98 (d] = 8.5 Hz, 4 H, Ar) ppm.
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3C-NMR (125 MHz, CDC}): = -5.45, -5.43, -5.25, -5.22, -4.93, -4.65 (6 if;t%), 18.0,
18.2, 18.5 [3 s, SI(CHs)3), 25.89, 25.94, 25.96 [3 q, SiC3)4], 27.3, 28.2 (2 q, Ch), 49.0
(d, C-5), 51.6 (d, C-3), 62.5 (t, 5-GH 64.0 (t, 2-CH), 66.7 (d, C-2), 67.9 (d, C-4), 74.3 (s,
C-6), 123.2, 128.1 (2 d, Ar), 137.1, 154.1 (2 5),AB6.1 (s, C=0) ppm.

IR (ATR): v = 3310 (NH), 2960-2850 (C-H), 1735 (C=0), 1470 (3=1250 (C-O), 1060
(C-O-C) cmi.

HRMS (pos. ESI-TOF): GgH12dN4010SisNa’: calcd.: 1351.8133
found: 1351.8136

Divalent amide (50)

JNS176
According toGP-4, to a stirred solution of9 (44 mg, 0.033 mmol) in THF (0.3 mL) at 0 °C,
was added Hpyridine (40uL, 0.397 mmol). After warming up to r.t., the raaat mixture
was stirred for 24 h. MeOH was added to the mixiamed the solvents were removed in
vacuo. The crude product was purified by flash woluchromatography (silica gel,
CH.CI,/MeOH, 95:5) affording0 (27 mg, quant.) as an orange solid.

Chemical Formula: Cs2Ha4N4O10

Molecular Weight: 644.7g:mol™

Melting point: 249 °C

Optical rotation: [a]Z = +71.8 (c = 0.66, MeOH)

'H-NMR (700 MHz, CROD): & = 1.34, 1.47 (2 s, 6 H each, §H.79 (m, 2 H, 5-H), 3.54,
3.59 (AB part of ABX system]ag = 11.7 Hz,Jax = 4.4 Hz,Jgx = 6.7 Hz, 2 H each, 2-Gly
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3.70 (dd,J = 4.1, 11.2 Hz, 2 H, 5-C#} 3.97 — 4.02 (m, 4 H, 5-GH4-H), 4.18 — 4.23 (m, 4
H, 2-H, 3-H), 8.01 (dJ = 8.6 Hz, 4 H, Ar), 8.04 (d = 8.6 Hz, 4 H, Ar) ppm.

3C-NMR (175 MHz, CROD): § = 26.3, 27.7 (2 q, CH), 48.8 (d, C-5), 54.2 (d, C-3), 63.2 (t,
2-CH,), 63.3 (t, 5-CH), 70.9 (d, C-2), 74.1 (d, C-4), 75.9 (s, C-6), IR4129.7 (2 d, Ar),
138.1, 155.6 (2 s, Ar), 169.5 (s, C=0) ppm.

IR (ATR): v = 3320 (OH, NH), 2960-2855 (C-H), 1730 (C=0), 1445-C), 1250 (C-O),
1060 (C-O-C) cnt.

HRMS (pos. ESI-TOF): @HaN4O1¢Na™:  caled.: 667.2944
found: 667.2943

Elemental Analysis:
Cs2H4aN4O10(644.7) + 6 HO calcd. (%): C 51.05,H 7.50, N 7.44
found. (%): C 51.06, H6.08, N 7.11

Divalent amide (39)

JNS079-89
According toGP-3, protected aminopyra26 (200 mg, 0.36 mmol) was dissolved in £Hp
(3.2 mL) and the solution was cooled to 0 °C. Afiddition of E{N (0.1 mL, 0.73 mmol)
and sebacoyl chloridg8 (46.7 uL, 0.219 mmol) the reaction mixture was stirred&C for
1 h and at r.t. for 20 h. Water (5 mL) was added @re aqueous layer was extracted with
CH.CI; (3x 10 mL). The combined organic layers were dueth NaSO, and the solvents
were removed under reduced pressure. The crudeugiradhs purified by flash column

chromatography (silica gel, hexanes/EtOAc, 6:19ralihg39 as colorless oil (132 mg, 58%).
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Chemical Formula: CoaH136N2010Sis
Molecular Weight: 1262.3g-mol™
Optical rotation: [a]2 = +32.0 (c = 0.95, CHG)

'H-NMR (500 MHz, CDC}): § =0.009, 0.013, 0.022, 0.028, 0.10, 0.17 (6 s, 6 ¢the@H),
0.87 (s, 36 HiBu), 0.89 (s, 18 Hi{Bu), 1.18 (s, 6 H, CH), 1.28 (bs, 8 H, CH), 1.48 (s, 6 H,
CHs), 1.57 — 1.62 (m, 6 H, CH5-H), 2.04 — 2.16 (m, 4 H, GH 3.43 (dd,J = 7.4, 10.2 Hz, 2
H, 5-Chb), 3.59 (d,J = 5.9 Hz, 4 H, 2-Ch), 3.70 — 3.77 (m, 4 H, 5-GH3-H), 4.15 (dtJ =
2.1, 5.9 Hz, 2 H, 2-H), 4.22 — 4.25 (m, 2 H, 4-B180 (d,J = 7.8 Hz, 2 H, NH) ppm.

13C-NMR (125 MHz, CDCY): § = -5.32, -5.32, -5.31, -5.21, -5.06, -4.77 (6 if}%s), 17.9,
18.2, 18.3 [3 s, SI(CHy)3], 25.7 (t, CH), 25.87, 25.90, 25.97 [3 g, SiCH3)3], 27.3, 28.2 (2
q, CHs), 29.4, 29.6 (2 t, Ch), 37.0 (t, CH), 49.4 (d, C-5), 50.2 (d, C-3), 62.7 (t, 5-§Hp3.5
(t, 2-CHp), 67.1 (d, C-2), 68.8 (d, C-4), 74.2 (s, C-6), H7(&, C=0) ppm

IR (ATR): 3275 (NH), 2970-2855 (C-H), 1640 (C=0), 12&0), 1070 (C-O-C) cih

HRMS (pos. ESI-TOF): @H13eN2010SigNa’: calcd.: 1283.8703
found: 1283.8759

Elemental Analysis: CgsH13eN2010Si5(1262.3)  calcd. (%): C 60.90, H 10.86, N 2.22
found. (%): C 59.13, H 14.45, N 3.45
A better elemental analysis could not be obtained.

Divalent amide (44)

JNS140
According toGP-4, to a stirred solution @9 (68 mg, 0.054 mmol) in THF (0.4 mL) at O °C,
was added Hipyridine (89.6uL, 0.646 mmol). After warming up to r.t., the réant mixture
was stirred for 24 h. MeOH was added to the reacatixture and the solvents were removed
in vacuo. The crude product was purified by flagiiumn chromatography (silica gel,
CH.Cl,/MeOH 9:1 to 4:1) affording4 as a colorless solid (25 mg, 80%).
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Chemical Formula: CogHs2N2010

Molecular Weight: 576.7 gmol™

Melting point: 215 -217 °C

Optical rotation: [a]2 = +54.9 (c = 1.24, MeOH)

'H-NMR (500 MHz, CQOD): § =1.23 (s, 6 H, Ch), 1.34 (s, 8 H, Ch), 1.39 (s, 6 H, CH),
1.61-1.63(m, 4 H, Ch, 1.78 (tdJ~ 5.5, 7.8 Hz, 2 H, 5-H), 2.23 4,= 7.2 Hz, 4 H, Ch),
3.46 (d,J = 6.1 Hz, 4 H, 2-Ch), 3.65 (ddJ =5.4, 11.2 Hz, 2 H, 5-C}j, 3.77 (dd,J = 7.8,
5.2 Hz, 2 H, 4-H), 3.83 (dd,= 5.7, 11.2 Hz, 2 H, 5-CHi 3.91 - 3.94 (m, 2 H, 3-H), 4.05 (dt,
J=3.9,6.1Hz, 2 H, 2-H) ppm.

C-NMR (125 MHz, CROD): § = 25.4 (q, CH), 26.9 (t, CH), 27.3 (g, CH), 30.0, 30.2,
37.1 (3t, CH), 49.5 (d, C-5), 55.1 (d, C-3), 62.9 (t, 5-H63.0 (t, 2-CH), 71.1 (d, C-2),
73.6 (d, C-4), 76.0 (s, C-6), 128.8 (s)* ppm. *Sbwould not be attributed. C=0 singlet

could not be detected.

IR (ATR): v = 3320 (OH, NH), 2970-2890 (C-H), 1675 (C=0), 1245-0O), 1070
(C-O-C) cm.

HRMS (pos. ESI-TOF): GeHsoNLONa'™:  caled.: 601.3671
found: 601.3642

Elemental Analysis: CysH42NgOg (554.6) calcd. (%): C 58.31, H9.09, N 4.86

found. (%): C 33.80, H5.57, N 3.26

A better elemental analysis could not be obtained.
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Divalent amide (51)

JNS325
According toGP-3, protected aminopyraB2 (66 mg, 0.14 mmol) was dissolved in &Hbp
(1.1 mL) and the solution was cooled to 0 °C. A&ddition of EfN (60uL , 0.42 mmol) and
sebacoyl chlorid&8 (11.9uL, 0.055 mmol) the reaction mixture was stirred&C for 1 h
and at r.t. for 24 h. ¥0 (5 mL) was added and the aqueous layer was ¢xtraath CHCI,
(3x 10 mL). The combined organic layers were dugith Na,SO, and the solvents removed
in vacuo. The crude product was purified by flagiiumn chromatography (silica gel,

hexanes/EtOAc, 3:1) affordirigl as colorless oil (64 mg, quant.).

Chemical Formula: CroHgsN2010
Molecular Weight: 1117.4 gmol™
Optical rotation: [a]zD2 = +10.2 (c = 0.45, MeOH)

'H-NMR (700 MHz, CQOD): § =1.13 — 1.14 ( 8 H, CH), 1.27 (s, 6 H, Ch), 1.38 — 1.44
(m, 4 H, CH), 1.46 (s, 6 H, Ch), 1.89 (t,J = 7.5 Hz, 4 H, Ch), 1.99 (dt,J = 3.5, 6.0 Hz, 2
H, 5-H), 3.43 - 3.49 (m, 4 H, 2-GH 3.60, 3.62 (AB part of ABX systerdsg = 10.0 Hz Jax
=Jsx = 6.0 Hz, 4 H, 5-Ch), 3.77 (tJ = 3.5 Hz, 2 H, 4-H), 4.14 (8~ 3.5 Hz, 2 H, 3-H), 4.28
(ddd,J = 3.5, 5.8, 6.6 Hz, 2 H, 2-H), 4.39, 4.43 (AB sys{ Jsg = 11.6 Hz, 2 H each,
CH.Ph), 4.47, 4.51 (AB systerdys = 12.0 Hz, 2 H each, GIRh), 4.57, 4.65 (AB systerndys
=11.8 Hz, 2 H each, GIRh), 7.22 — 7.26 (m, 5 H, Ph), 7.27 — 7.33 (m, 29K ppm.

13C-NMR (175 MHz, CROD): & = 26.9, 27.4 (2 q, C#), 27.5, 30.2, 30.3, 36.9 (4 t, GH
45.4 (d, C-5), 49.3 (d, C-3), 68.4 (d, C-2), 71,B(CHp), 71.4 (t, 2-CH), 72.7, 74.1, 74.4 (3
t, CHPh), 75.5 (s, C-6), 79.3 (d, C-4), 128.56, 128128.69, 128.73, 128.8, 128.9, 129.3,
129.4, 129.5 (9 d, Ph), 139.4, 139.5, 139.9 (3}, P75.7 (s, C=0O) ppm.
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IR (ATR): 3320 (NH), 2925-2855 (C-H), 1645 (C=0), 1460=C), 1240 (C-O), 1075
(C-O-C) cm.

HRMS (pos. ESI-TOF): @HggN,O1¢Na': calcd.: 1139.6331
found: 1139.6223

Elemental Analysis: C7oHggN2O10(1117.4) calcd. (%): C 75.24,H7.94, N 2.51
found. (%): C 75.18, H 7.95, N 2.76

Divalent amide (59)

JNS071
According toGP-3, protected serinob2 (100 mg, 0.313 mmol) was dissolved in £
(2.7 mL) and the solution was cooled to 0 °C. Aéddition of E{N (90uL, 0.63 mmol) and
succinyl chloride36 (29 mg, 0.19 mmol) the reaction mixture was stira¢ 0 °C for 1 h and
at r.t. for 2 h. HO (5 mL) was added to the reaction mixture and afeeous layer was
extracted with CHCl, (3x 10mL). The combined organic layers were dugith Na,SO, and
the solvents removed in vacuo. The crude product \arified by flash column
chromatography (silica gel, hexanes/EtOAc, 3:1pralihg 59 (93 mg, 68%) as colorless

solid.
TBSO/j/NNN OTBS
S H
TBSO
59

Chemical Formula: Cs4H76N206Sis
Molecular Weight: 721.3 ¢mol*
Melting point: 143 — 145 °C

'H-NMR (500 MHz, CDC}): § = 0.050, 0.053 (2 s, 12 H each, §H0.88 (s, 36 HiBu),
2.50 (s, 4 H, Ch), 3.52 (ddJ =6.4, 9.6 Hz, 4 H, 2-H), 3.72 (dd= 3.5, 9.6 Hz, 4 H, 2-H),
3.92 (m, 2 H, 1-H), 6.01 (dJ = 8.5 Hz, 2 H, NH) ppm.

13C-NMR (125 MHz, CDC}): 5 = -5.34, -5.28 (2 g, SiCHl 18.4 [s, ST(CHs)s], 26.0 [q,

SiC(CHa)3], 31.8 (t, CH), 51.7 (d, C-1), 60.4 (t, C-2), 171.5 (s, C=0) ppm
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IR (ATR): v = 3290 (NH), 2960-2860 (C-H), 1740 (C=0), 1250QFeni™.

HRMS (pos. ESI-TOF): @H76N206SissH™:  calcd.: 721.4853
found: 721.4881

C34H76N2068i4-Na+: calcd.: 743.6667
found: 743.4703

Elemental Analysis: C3sH76N206Si4 (721.3) calcd. (%): C56.61, H 10.62, N 3.88
found. (%): C 56.72, H 10.48, N 3.81

Divalent amide (53)
JNS094

According toGP-3, protected serind2 (200 mg, 0.626 mmol) was dissolved in L1 (5.4
mL) and the solution was cooled to 0 °C. After &addi of EgN (0.2 mL, 1.25 mmol) and
terephthaloyl chloridd0 (76 mg, 0.38 mmol) the reaction mixture was dtira¢ O °C for 1 h
and at r.t. for 17 h. $© (10 mL) was added to the reaction mixture andcatiigeous layer was
extracted with CBICl; (3x 20 mL). The combined organic layers were dvigith Na,SO, and
the solvents removed in vacuo. The crude product arified by flash column

chromatography (silica gel, hexanes/EtOAc, 5:1praihg 53 (201 mg, 83%) as colorless

solid.

TBSO—

:>'—NH 0
TBSO )—@—/{ OTBS
IR
OTBS
53

Chemical Formula: CsgH76N206Sis
Molecular Weight: 769.4 gmol™
Melting point: 142 °C
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'H-NMR (500 MHz, CDC}): 6 = 0.07, 0.09 (2 s, 12 H each, §H0.91 (s, 36 HtBu), 3.65
(dd,J = 6.4, 9.6 Hz, 4 H, 2-H), 3.87 (dd= 3.5, 9.6 Hz, 4 H, 2-H), 4.13 — 4.19 (m, 2 H, }-H
6.58 (d,J=8.3 Hz, 2 H, NH), 7.80 (s, 4 H, Ar) ppm.

13C-NMR (125 MHz, CDC}): & = -5.33, -5.25 (2 q, SiC#} 18.4 [s, ST(CHs)3], 26.0 [q,
SiC(CHg)g], 52.1 (d, C-1), 60.5 (t, C-2), 127.3 (d, Ar), 18Ts, Ar), 166.0 (s, CO) ppm.

IR (ATR): v = 3275 (NH), 2880 (C-H), 1630 (C=0), 1545 (C=C354 (C-O) cril.

HRMS (pos. ESI-TOF): GeH76N206SissNa™: calcd.: 791.4673
found: 791.4743

Elemental Analysis: C3gH76N206Si4 (769.4) calcd. (%): C59.32, H9.96, N 3.64
found. (%): C 59.25, H 9.93, N 3.52

Divalent amide (54)

JNS102
According to GP-5, to a stirred suspension 68 (200 mg, 0.267 mmol) in isopropanol
(0.9 mL) was added AcClI (1@, 0.16 mmol) at 0 °C. The reaction mixture wasrstl at r.t.

for 1.5 h. All volatiles were removed in vacuo afimg 54 (73 mg, 90%) as a colorless solid.

HO—”
:>1—NH 0
HO )—@—/{ OH
o} HN{
OH

54

Chemical Formula: C14H20N206
Molecular Weight: 312.3 gmol™
Melting range: 178 - 182 °C

'H-NMR (500 MHz, DMSO-R): & = 3.47 — 3.57 (m, 8 H, 2-H), 3.93 — 4.02 (m, 21H),
4.68 (t,J = 5.7 Hz, 4 H, OH), 7.93 (s, 4 H, Ar), 8.09 {ds 8.1 Hz, 1 H, NH) ppm.
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3C-NMR (125 MHz, DMSO-R): 5 = 54.0 (d, C-1), 60.4 (t, C-2), 127.2 (d, Ar), 1B§s,
Ar), 165.6 (s, C=0) ppm.

IR (ATR): v = 3290-3230 (OH, NH), 2970-2840 (C-H), 1740 (C=0§55 (C=C), 1230 (C-

0) cmi*.

HRMS (pos. ESI-TOF): @H2oN-Og'Na'": calcd.: 335.1214
found: 335.1216

Elemental Analysis: Ci4H20N206 (312.3) calcd. (%): C 53.84, H 6.45, N 8.97
found. (%): C 53.81, H 6.59, N 8.99

Divalent amide (55)

JNSO078
According to GP-3, protected serinob2 (200 mg, 0.626 mmol) was dissolved in £
(5.4 mL) and the solution was cooled to 0 °C. Afiddition of EfN (0.20 mL, 1.25 mmol)
and sebacoyl chlorid@8 (90 mg, 0.38 mmol) the reaction mixture was dtira¢ 0 °C for 1 h
and at r.t. for 18 h. $O (10 mL) was added to the reaction mixture andcatiigeous layer was
extracted with CBICl; (3x 20 mL). The combined organic layers were dvigith Na,SO, and
the solvents removed in vacuo. The crude product warified by flash column

chromatography (silica gel, hexanes/EtOAc, 5:1praihg 55 (190 mg, 75%) as colorless

solid.
TBSO/j/NW/\/\/\/\)\H OTBS
TBSO °
55
Chemical Formula: CaoHssN206Sia
Molecular Weight: 805.5 gmol™
Appearance: colorless solid
Melting point: 75°C
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'H-NMR (500 MHz, CDC}): § = 0.05, 0.06 (2 s, 12 H each, §H0.89 (s, 36 HtBu), 1.29
(bs, 8 H, CH), 1.58 — 1.61 (m, 4 H, G 2.12 — 2.17 (m, 4 H, Ci}{ 3.52 (dd,J = 6.4, 9.6
Hz, 4 H, 2-H), 3.73 (dd] = 3.6, 9.6 Hz, 4 H, 2-H), 3.92 - 3.98 (m, 2 H, 1-6173 (dJ = 8.2
Hz, 2 H, NH) ppm.

13C-NMR (125 MHz, CDC}): & = -5.4, -5.3 (g, SiCH), 18.3 [s, ST(CHs)4], 25.8 (t, CH),
25.9 [q, SiICCHs)3], 29.2, 29.3, 37.0 (3 t, Gi 51.4 (d, C-1), 60.6 (t, C-2), 172.6 (s, C=0)
ppm.

IR (ATR): v = 3290 (NH), 2955-2855 (C-H), 1740 (C=0), 1250Q¢eni™.

HRMS (pos. ESI-TOF): GgHggN20gSisNa': calcd.: 827.5606
found: 827.5625

Elemental Analysis:

Ca0HgsN206Sis (805.5) + 1 HO calcd. (%): C 58.34, H 11.02, N 3.40
found. (%): C 58.37, H9.73, N 3.22

Divalent amide (56)

JNS105
According toGP-5, to a stirred solution d5 (200 mg, 0.248 mmol) in isopropanol (0.9 mL)
was added AcCl (10.6L, 0.160 mmol) at 0 °C. The reaction mixture wased at r.t. for

2.5 h. All volatiles were removed in vacuo afforglb6 (88 mg, quant.) as a colorless solid.

o OH
2 N OH
H O/j/ W”
HO ©
56

Chemical Formula: CigH3z2N20s
Molecular Weight: 348.4 gmol™
Melting point: 170 — 171 °C

'H-NMR (500 MHz, DMSO-R): & = 1.20 — 1.25 (m, 8 H, Gij| 1.43 — 1.50 (m, 4 H, G}
2.06 (t,J = 7.5 Hz, 4 H, Ch), 3.37 (bd,J = 5.7 Hz, 8 H, 2-H), 3.62 — 3.73 (m, 2 H, 1-HE 7.

(bs, 4 H, OH), 7.43 (dl = 8.1 Hz, 2 H, NH) ppm.
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13C-NMR (125 MHz, DMSO-R): 6 = 25.3, 28.6, 28.7, 35.4 (4 t, @H52.7 (d, C-1), 60.2 (t,
C-2),172.1 (s, C=0) ppm.

IR (ATR): v = 3300 (OH, NH), 2920-2850 (C-H), 1730 (C=0), 12650) cni'.

HRMS (pos. ESI-TOF): GH32N,Og°Na'™: calcd.: 371.2153
found: 371.2154

Elemental Analysis: C16H3:N206 (348.4) calcd. (%): C55.15, H9.26, N 8.04
found. (%): C 55.01, H9.31, N 7.88

Divalent amide (57)

JNS109
According to GP-3, protected serinob2 (2.00 g, 6.26 mmol) was dissolved in £Hp
(54 mL) and the solution was cooled to 0 °C. Afiddition of EiN (1.75 mL, 12.5 mmol)
and adipoyl chloridd5 (687 mg, 3.75 mmol) the reaction mixture was etirat O °C for 1 h
and at r.t. for 17 h. ¥0 (100 mL) was added to the reaction and the acquémyer was
extracted with ChKCl, (3x 200 mL). The combined organic layers were dmath NaSO,
and the solvents removed in vacuo. The crude ptodwss purified by flash column
chromatography (silica gel, hexanes/EtOAc, 5:1pralihg 57 (1.45 g, 62%) as colorless

solid.
TBSO/j/NMN OTBS
0 H
TBSO
57

Chemical Formula: CseHgoN206Sis

Molecular Weight: 749.4 gmol™

Appearance: colorless solid

Melting point: 101 °C
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'H-NMR (500 MHz, CDC}): & = 0.04, 0.05 (2 s, 12 H each, §H0.88 (s, 36 HiBu), 1.61 —
1.68 (m, 4 H, Ck), 2.16 — 2.19 (m, 4 H, GHf 3.52 (dd,J = 6.4, 9.6 Hz, 4 H, 2-H), 3.72
(dd,J = 3.7, 9.6 Hz, 4 H, 2-H), 3.94 (02 H, 1-H), 5.77 (dJ = 8.5 Hz, 2 H, NH) ppm.

13C-NMR (125 MHz, CDCY): & = -5.35, -5.27 (2 g, SiC#} 18.4 [s, ST(CHs)3], 25.3 (t,
CH,), 26.0 [q, SiICCH3)3], 36.5 (t, CH), 51.6 (d, C-1), 60.6 (t, C-2), 172.2 (s, C=0) ppm

IR (ATR): v = 3295 (NH), 2960-2855 (C-H), 1710 (C=0), 1250Q¢eni’.

HRMS (pos. ESI-TOF): GHgoN2OgSisNa': calcd.: 771.4986
found: 771.4960

Elemental Analysis: C3gHgoN206Sis (749.4) calcd. (%): C57.70,H 10.76, N 3.74
found. (%): C 57.88, H 10.63, N 3.71

Divalent amide (58)

JNS120
According toGP-5, to a stirred solution d7 (200 mg, 0.267 mmol) in isopropanol (0.9 mL)
was added AcCl (11.4L, 0.160 mmol) at O °C. The reaction mixture wased at r.t. for 1 h
and 40 min. All volatiles were removed in vacuooafing 58 (76 mg, quant.) as a colorless

solid.
HO/TNMH OH
0
HO 58
Chemical Formula: C12H24N206
Molecular Weight: 292.3 gmol™*
Melting point: 174 -175°C

'H-NMR (500 MHz, DMSO-R): & = 1.42 — 1.47 (m, 4 H, G} 2.07 (t,J = 6.6 Hz, 4 H,
CHp), 3.38 (dJ=5.7 Hz, 8 H, 2-H), 3.65-3.72 (m, 2 H, 1-HRA(bs, 4 H, OH), 7.45 (d,
= 8.1 Hz, 2 H, NH) ppm.
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3C-NMR (125 MHz, DMSO-R): 5 = 25.0, 35.2 (2 t, Ch), 52.8 (d, C-1), 60.2 (t, C-2), 172.0
(s, C=0) ppm.

IR (ATR): 3295 (OH, NH), 2965-2855 (C-H), 1635 (C=@p60 (C-O) crit.

HRMS (pos. ESI-TOF): @H24N-06'Na'": calcd.: 315.1521
found: 315.1526

Elemental Analysis: C12H24N206 (292.3) calcd. (%): C 49.30, H 8.28, N 9.85
found. (%): C 49.36, H 8.30, N 9.55

6.2.2.2. HATU coupling reagent

(2S,3R,4S,55)-4-Hydroxy-2,5-bis(hydroxymethyl)-6,6-dimethyltetrahydro-2H-pyran-3-
benzamide(62)

JNS283
According toGP-2, under argon atmosphesaninopyrar3 (50 mg, 0.24 mmol), benzoic acid
61 (29 mg, 0.24 mmol) and HATU (93 mg, 0.24 mmol) evdrssolved in DMF (2 mL). After
addition of EfN (0.2 mL, 1.1 mmol), the reaction mixture wasrstir at r.t. for 24 h. The
solvent was removed in vacuo and the crude produas purified by flash column
chromatography (silica gel, GBI, 100%, CHCI,/MeOH 9:1) affording62 (74 mg, quant.)

as a colorless solid.

OH
6.0 s o
o)
Rane
OH OH
62
Chemical Formula: CieH23NOs
Molecular Weight: 309.4 gmol*
Melting point: 80 °C
Optical rotation: [a]2 = +91.5 (c = 0.74, MeOH)
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'H-NMR (500 MHz, CROD): 6 = 1.33, 1.46 (2 s, 3 H each, @H1.77 (m, 1 H, 5-H), 3.51,
3.56 (AB part of ABX system]ag = 11.6 Hz,Jax = 4.9 Hz,Jgx = 6.8 Hz, 1 H each, 2-Gly
3.67 (dd,J = 4.2, 11.1 Hz, 1 H, 5-CH 3.96 — 4.00 (m, 2 H, 4-H, 5-GH 4.17 — 4.22 (m, 2
H, 2-H, 3-H), 7.44 — 7.49 (m, 2 H, Ph), 7.53;(th H, Ph), 7.83 —7.86 (m, 2 H, Ph) ppm.

13C-NMR (125 MHz, CROD): § = 26.3, 27.7 (2 q, C#), 49.0 (d, C-5), 53.9 (d, C-3), 63.1 (t,
2-CHp), 63.3 (t, 5-CH), 70.8 (d, C-2), 74.1 (d, C-4), 75.8 (s, C-6), #2829.6, 132.8 (3 d,
Ph), 135.5 (s, Ph), 170.5 (s, C=0) ppm.

IR (ATR): v = 3320-3150 (OH, NH), 2890 (C-H), 1640 (C=0), 154=C), 1230 (C-0),
1070 (C-O-C) cr.

HRMS (pos. ESI-TOF): @H23NOs-Na'™: calcd.: 332.1468
found: 332.1465

Elemental Analysis: C1gH23NO5 (309.4) calcd. (%): C 62.12, H 7.49, N 4.53
found (%): C 56.13, H 7.38, N 7.08

A better elemental analysis could not be obtained.

Divalent amide (64)

JNS285
According toGP-2, aminopyrar3 (50 mg, 0.24 mmol), succinic adiB (11 mg, 0.97 mmol)
and HATU (93 mg, 0.24 mmol) were dissolved in DNEEO(mL). After addition of BN (0.4
mL, 2.2 mmol), the reaction mixture was stirred.atunder argon atmosphere. After 24 h the
solvent was removed in vacuo. The crude product wasfied by flash column
chromatography on silica gel (DCM/MeOH 9:1 to 4dfjording 64 (35 mg, 73%) as a
colorless solid.
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Chemical Formula: CooH40N2010

Molecular Weight: 492.6 gmol™

Melting range: 185 -201 °C

Optical rotation: [a]ZD2 = +47.2 (c =1.40, MeOH)

'H-NMR (500 MHz, CQOD): § =1.21, 1.40 (2 s, 6 H each, @H1.77 — 1.81 (m, 2 H, 5-H),
2.54 (bs, 4 H, Ch), 3.48 (dJ = 6.1 Hz, 4 H, 2-Ch), 3.66 (ddJ = 5.5, 11.2 Hz, 2 H, 5-CHj
3.79 — 3.83 (m, 4 H, 5-CH4-H), 3.92 (ddJ = 3.9, 5.2 Hz, 2 H, 3-H), 4.06 (di,= 3.9, 6.1
Hz, 2 H, 2-H) ppm.

13C-NMR (125 MHz, CROD): § =25.5, 27.3 (2 g, CH), 32.1 (t, CH), 49.4 (d, C-5), 55.2 (d,
C-3), 62.7 (t, 2-Ch), 62.8 (t, 5-CH), 71.0 (d, C-2), 73.1 (d, C-4), 76.0 (C-6), 176C=0)
ppm.

IR (ATR): 3410-3260 (OH, NH), 2970-2890 (C-H), 1640 =@), 1230 (C-O),
1075 (C-O-C) cr.

HRMS (pos. ESI-TOF): @HiN,O1¢Na™:  caled.: 515.2575
found: 515.2599

Elemental Analysis: C;;H40N2010(492.6) calcd. (%): C 53.65, H 8.19, N 5.69

found. (%): C 45.88, H 7.94, N 7.50

A better elemental analysis could not be obtained.
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Trivalent amide (68)
JNSW11

According toGP-2, aminopyrar26 (87 mg, 159 umol), 3,3',3"-nitrilotripropanoicid¢9 mg,
39 umol) and HATU (60 mg, 159 umol) were dissoluedMF (2.8 mL). After addition of
EtN (0.1 mL, 721 pumol), the reaction mixture wasrstirat r.t. for 24 h. Saturated NaHEO
solution (10 mL) was added and the aqueous laysrextracted with EtOAc (3x 20 mL). The
combined organic phases were washed with satuNa€l solution, dried with N&O, and
the solvent was removed in vacuo. The crude produves purified by flash column
chromatography (silica gel, hexanes, hexanes/EtOAT to 6:1) Affordings8 (60 mg, 83%)
as a colorless oil.

TBSO._
TBSOL_~
o)
N/\)kN\\\ g (0]
H =
j\ ~oTBS
07 "NH
TBSO™ " oTBS
O, OTBS
68
Chemical Formula: CgoH192N40]_5Si9
Molecular Weight: 1823.3 gmol™
Appearance: colorless oil
. I 22 _ _
Optical rotation: [@], =+ 10.8 (c = 2.56, CHE)

'H NMR (700 MHz, CDCl3): & = 0.01 — 0.03 (m, 36 H, G4 0.09 (s, 9 H, Ch), 0.16 (s, 9
H, CHg), 0.85 — 0.88 (m, 54 H;Bu), 0.89 (s, 27 Ht{-Bu), 1.17, 1.47 (2 s, 9 H each, gH
1.61 (m, 3 H, 5-H), 2.32 (t) = 7.4 Hz, 6 H, CKLCO), 2.73 (tdJ = 7.4, 14.1 Hz, 3 H, NC}),

2.82 (td,J = 7.4, 14.1 Hz, 3 H, NC}), 3.45 (ddJ = 8.0, 10.2 Hz, 3 H, 5-Cii 3.52, 3.57
(AB part of ABX systemJag = 10.5 Hz,Jag = Jgx = 6.1 Hz, 3 H each, 2-Ci 3.70 — 3.76
(m, 6 H, 5-CH, 3-H), 4.16 (dtJ) = 1.7, 6.1 Hz, 3 H, 2-H), 4.22 (18 H, 4-H), 6.30 (dJ = 8.5
Hz, 3 H, NH) ppm.

13C NMR (175 MHz, CDCly): & = -5.14, -5.11, -5.09, -5.00, -4.97, -4.65 (6 ¢35 18.0,
18.2, 18.3 [3 s, $I(CHs)4], 25.9, 26.0, 26.0 [3 g, SiCH3)4], 27.4 , 28.0 (2 q, CH), 33.3 (t,
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CH,CO), 49.0 (t, NCH), 49.5 (d, C-5), 50.2 (d, C-3), 62.6 (t, 5-§H63.3 (t, 2-CH), 67.7 (d,
C-2), 68.7 (d, C-4), 74.3 (s, C-6), 171.0 (s, CpPiN.

IR (ATR): v = 3440 (NH), 2960-2855 (C-H), 1660, 1505 (C=0), 19880-C) cni"

HRMS (pOS. ES|-TOF): @)H192N40]_5Sig‘H+: calcd.: 1822.2387
found: 1822.2400

CooH 192N4015Si9-Na+: calcd.: 1844.2206
found: 1844.2203

Elemental Analysis: CooH192N4015Sip (1823.3)  caled. (%): C 59.29, H 10.61, N 3.07
found. (%): C 59.74, H 10.49, N 2.97

Trivalent amide (70)

JNS289
According to GP-2, aminopyran3 (50 mg, 0.244 mmol), aci@9 (27 mg, 61umol) and
HATU (93 mg, 0.244 mmol) were dissolved in DMF (210). After addition of E4N (0.6
mL, 4.4 mmol), the reaction mixture was stirred.atfor 24 h. The solvent was removed in
vacuo and the crude product was purified by flasturan chromatography (silica gel,
CH.CI,/MeOH 6:1 to 4:1) affordin@0 (49 mg, 80%) as a colorless solid.
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Chemical Formula: GCs4HegN3015

Molecular Weight: 1000.1 gmol™

Melting point: 245 °C

Optical rotation: [a]zD2 = +150.5 (c = 0.74, MeOH)

'H-NMR (700 MHz, CQOD): 6 = 1.34, 1.47 (2's, 9 H each, @H1.80 (td,J = 4.8, 10.0 Hz,

3 H, 5-H), 3.56, 3.61 (AB part of ABX systedng = 11.7 Hz Jax = 4.6 Hz,Jgx = 6.6 Hz, 3

H each, 2-ChH), 3.71, 4.00 (2 dd] = 4.8, 11.1 Hz, 3 H each, 5-G 4.02 — 4.05 (m, 3 H, 4-
H), 4.20 — 4.25 (m, 6 H, 2-H, 3-H), 7.76 (0= 8.3 Hz, 6 H, Ar), 7.82 (s, 3 H, Ar), 7.94 (,

= 8.3 Hz, 6 H, Ar) ppm.

13C-NMR (175 MHz, CROD): § = 26.3, 27.7 (2 q, C#), 49.9 (d, C-5), 54.2 (d, C-2), 63.2 (t,
2-CHp), 63.3 (t, 5-CH), 70.9 (d, C-3), 74.1 (d, C-4), 75.9 (s, C-6), 526128.4, 129.2 (3 d,
Ar), 134.6, 142.8, 145.0 (3 s, Ar), 170.1 (s, CFPN.

IR (ATR): v = 3320 (OH, NH), 2970-2920 (C-H), 1735 (C=0), 1443-C), 1230 (C-0),
1085 (C-O-C) cnt.

HRMS (pos. ESI-TOF): GHgoN3O15Na'™ calcd.: 1022.4615
found: 1022.4612

Elemental Analysis: Cs4HgoN3015 (1000.1) calcd. (%): C 64.85, H6.95, N 4.20
found. (%): C 55.59, H 7.00, N 7.49

A better elemental analysis could not be obtained.

Trivalent amide (72)

JNS318
According to GP-2, under argon atmospherg2 (130 mg, 0.407 mmol), benzene-1,3,5-
tricarboxylic acid (21 mg, 0.10 mmol) and HATU (15%, 0.407 mmol) were dissolved in
DMF (2 mL). After addition of BN (0.3 mL, 1.8 mmol), the reaction mixture wasrstir at
r.t. After 22 h saturated NaHG®olution (10 mL) was added and the aqueous lays w
extracted with EtOAc (3x 20 mL). The combined oliggrhases were washed with saturated

NaCl solution, dried with N&O, and the solvent was removed in vacuo. The cruddyat
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was purified by flash column chromatography (silgel, hexanes/EtOAc 6:1) affordirk®
(83 mg, 73%) as a colorless oil.

OTBS
OTBS
HN
0
o)
TBSO
Py
TBSO 0
HN
OTBS
OTBS
72
Chemical Formula: Cs4H111N300Sis
Molecular Weight: 1115.0 gnol™

IH-NMR (500 MHz, CDC4): 5 = 0.075, 0.083 (2 s, 18 H each, £H0.90 (s, 54 HiBu),
3.66 (dd,J = 9.7, 6.4 Hz, 6 H, 2-H), 3.85 (dd= 9.7, 3.7 Hz, 6 H, 2-H), 4.16 — 4.19 (m, 3 H,
1-H), 6.62 (d,) = 8.4 Hz, 3 H, NH), 8.28 (s, 3 H, Ar) ppm.

13C-NMR (125 MHz, CDC}): § = -5.30, -5.25, -3.44 (3 q, SiGH 18.4 [s, ST(CHs)3], 26.0
[g, SICCH3)3], 52.5 (d, C-1), 60.5 (t, C-2), 128.1 (d, Ar), 1B8%s, Ar), 165.3 (s, C=0) ppm.

IR (ATR): v = 3320 (NH), 2950-2880 (C-H), 1665 (C=0), 1505 @J=1250 (C-O) crh.

HRMS (pos. ESI-TOF): H111N30sSig-H™: calcd.: 1136.6828
found: 1136.6865

Elemental Analysis:
C54H111N3093i6 (11150) + 2 HO calcd. (%) C 56.35, H 10.07, N 3.65
found. (%): C 56.98, H 10.08, N 3.53
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6.2.3. Reductive amination

(2S,3R,4S,55)-[3-(Benzylamino)-4-hydroxy-6,6-dimethyltetrahydro-2H-pyran-2,5-diyl]
dimethanol (76)

JNS128
According toGP-6, aminopyran3 (70 mg, 0.34 mmol) was dissolved in MeOH (5.5 ndrjd
freshly distilled benzaldehydé& (36 mg, 3nlL, 0.34 mmol) was added followed by addition
of MgSQ, (92 mg, 0.76 mmol). The reaction mixture was stlrfor 1 h. After filtration and
cooling to 0 °C, NaBH (14 mg, 0.37 mmol) was added. After stirring &t for 2 h, the
reaction was quenched with,® (5.5 mL) and extracted with G@I, (3x 20 mL), washed
with brine, dried and concentrated. The crude produas purified by flash column
chromatography (silica gel, GBI,/ MeOH, 9:1) affording76 (65 mg, 65%) as a colorless

solid.

Chemical Formula: CigH25NO4

Molecular Weight: 295.4 gmol™

Melting Point: 125 -127°C

Optical rotation: [a]2= +21.8 (c = 1.04, MeOH)

'H-NMR (500 MHz, CQOD): § = 1.32, 1.41 (2 s, 3 H each, §H1.63 — 1.66 (m, 1 H, 5-H),
2.73-2.75 (m, 1 H, 3-H), 3.62 (dil= 3.2, 11.5 Hz, 1 H, 5-C#} 3.70 (dJ = 5.0 Hz, 2 H, 2-
CH,), 3.78 (A part of AB systemilag = 13.0 Hz, 1 H, CbPh), 3.87 (dd,) = 4.3, 11.5 Hz, 1
H, 5-CHb), 3.93 (B part of AB systendas = 13.0 Hz, 1 H, CbPh), 4.03 (tJ = 3.9 Hz, 1 H,

4-H), 4.05 (dtJ = 2.9, 5.0 Hz, 1 H, 2-H), 7.38 — 7.24 (m, 5 H, Ppin.

3C-NMR (125 MHz, CQOD): § =27.2, 28.3 (2 q, CH), 49.4 (d, C-5), 52.8 (t, GiRh), 60.8
(d, C-3), 63.6 (t, 5-Chj, 64.4 (t, 2-CH), 69.4 (d, C-2), 72.9 (d, C-4), 75.6 (s, C-6), 128
129.6* (2 d, Ph), 140.2 (s, Ph) ppm. *signal witgrintensity
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IR (ATR): v = 3510-3195 (OH,NH), 2915 (C-H), 1460 (C=C), 1000), 1090 (C-O-C)
1

cm-.
HRMS (pos. ESI-TOF): GH2sNOsNa'™: calcd.: 296.1856
found: 296.1863

Elemental Analysis: C16H25NO, (295.4) calcd. (%): C 65.06, H 8.53, N 4.74
found. (%): C 65.09, H 8.42, N 4.85

(2S,3R,4S,5S)-[4-Hydroxy-6,6-dimethyl-3-(pentylamino)tetrahydro-2H-pyran-2,5-
diylldimethanol (74)

JNSV15
According toGP-6, aminopyran3 (170 mg, 0.83 mmol) was dissolved in MeOH (10 mL),
and freshly distilled pentan@B (71.3 mg, 8&.L, 0.83 mmol) was added followed by addition
of MgSQ, (200 mg, 1.66 mmol). The reaction mixture wasratirfor 2 h. Pentanal3
(7.15 mg, 8.8, 0.083 mmol) was added and the reaction stiragdohe additional hour.
After filtration and cooling to 0 °C, NaBH64 mg, 1.66 mmol) was added. After stirring at
r.t. for 8 h, the reaction was quenched witfOH10 mL) and extracted with GBI, (3x 10
mL), washed with brine, dried and concentrated. Thele product was purified by flash
column chromatography (silica gel, g8,/ MeOH, 9:1 to 4:1) affording4 (102 mg, 45 %)
as a colorless solid.

Chemical Formula: CigH29NOy

Molecular Weight: 275.4 gmol™

Melting point: 88-90 °C

Optical rotation: [a]2 =+ 31.2 (c = 8.85, MeOH)
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'H-NMR (500 MHz, CROD): § = 0.94 (t,J = 7.0 Hz, 3 H, Ch), 1.34 (s, 3 H, CH}, 1.34 —
1.41 (M, 4 H, Ch), 1.43 (s, 3 H, Ch), 1.57 — 1.66 (m, 2 H, G# 1.70 (qJ = 3.6 Hz, 1 H, 5-
H), 2.84 — 2.89 (m, 1 H, Cii 2.94 — 2.97 (m, 2 H, CH3-H), 3.61 (dd,) = 3.6, 11.3 Hz, 1
H, 5-CHp), 3.79 — 3.85 (m, 2 H, 2-G} 3.93 (dd,J = 3.6, 11.3 Hz, 1 H, 5-CH} 4.07 (t,J =
3.6 Hz, 1 H, 4-H), 4.10 (df = 2.5, 4.5 Hz, 1 H, 2-H) ppm.

13C-NMR (126 MHz, CQOD): § = 14.2 (g, CH), 23.3 (t, CH), 27.1, 28.1 (2 q, C#), 28.8
(t, CHp), 30.0 (t, CH), 48.2 (t, CH), 48.6 (d, C-5), 61.5 (d, C-3), 63.3 (t, 5-gH64.5 (t, 2-
CHy,), 67.5 (d, C-2), 71.7 (d, C-4), 75.9 (s, C-6) ppm.

IR (ATR): v = 3350-3250 (OH, NH), 2960-2870 (C-H), 1090 (Ced)™.

HRMS (pos. ESI-TOF): @H29NO4H™ calcd.: 276.2169
found: 276.2156

Elemental Analysis: Ci14H29NO, (275.4) calcd. (%): C 61.06, H 10.61, N 5.09
found. (%): C 60.28, H 10.33, N 5.04

(2S,3R,4S,55)-[3-(4-Chlorobenzylamino)-4-hydroxy-6,6-dimethyltérahydro-2H-pyran-
2,5-diyl]dimethanol (82)

JNS205
According toGP-6, aminopyran3 (100 mg, 0.48 mmol) was dissolved in MeOH (7.9 mL)
and 4-chlorobenzaldehyde (68 mg, 0.48 mmol) was@ddllowed by MgS® (132 mg,
1.01 mmol). The reaction mixture was stirred foh.1After filtration and cooling to 0 °C,
NaBH, (24 mg, 0.63 mmol) was added. After stirring atfar 2 h, the reaction was quenched
with H,O (10 mL) and extracted with GBI, (3x 20 mL), washed with brine, dried and
concentrated. The crude was purified by flash colwwhromatography (silica gel, GEl,/
MeOH, 9:1) affording82 (82 mg, 51%) as a colorless solid.
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Chemical Formula: Ci6H24CINO4

Molecular Weight: 329.8 gmol™

Melting point: 134 -136 °C

Optical rotation: [a]zD2 = +26.5 (c = 0.94, MeOH)

'H-NMR (500 MHz, CROD): § = 1.31, 1.40 (2 s, 3 H each, §H1.64 (m, 1H, 5-H), 2.67
—2.70 (m, 1 H, 3-H), 3.60 — 3.64 (m, 1 H, 5-}+8.69 (d,J =5.1 Hz, 2 H, 2-CH), 3.77 (A
part of AB systemJas = 13.2 Hz, 1 H, CBAr), 3.84 — 3.86 (m, 1 H, 5-CHi 3.89 (B part of
AB systemJag = 13.2 Hz, 1 H, CB#Ar), 4.00 (t,J = 4.3 Hz, 1 H, 4-H), 4.04 (d§,= 3.0, 5.1
Hz, 1 H, 2-H), 7.30 — 7.36 (m, 4 H, Ar) ppm.

13C-NMR (125 MHz, CROD): 6 =27.1, 28.2 (2 g, CH}, 49.5 (d, C-5), 51.9 (t, GiRh), 60.8
(d, C-3), 63.6 (t, 5-Ch), 64.3 (t, 2-CH), 69.6 (d, C-2), 73.0 (d, C-4), 75.6 (s, C-6), B9
131.2 (2d, Ar) 134.0, 139.3 (2 s, Ar) ppm.

IR (ATR): v = 3520-3260 (OH, NH), 2930 (C-H), 1490 (C=C), 116030), 1095 (C-O-C)

cm™.

HRMS (pos. ESI-TOF): GH24CINOsH™ calcd.: 330.1467
found: 330.1496

Elemental Analysis: C16H24CINO,4(329.8) calcd. (%): C 58.27, H7.33, N 4.25
found. (%): C 58.33, H 7.33, N 4.26

(2S,3R,4S,5S)-[3-(4-Bromobenzylamino)-4-hydroxy-6,6-dimethyltetahydro-2H-pyran-
2,5-diyl]dimethanol (78)

JNS201
According toGP-6, aminopyran3 (100 mg, 0.48 mmol) was dissolved in MeOH (7.9 mL)
and 4-bromobenzaldehyde (90 mg, 0.48 mmol) was cadoléowed by MgSQ (132 mg,
1.01 mmol). The reaction mixture was stirred foh.1After filtration and cooling to 0° C,
NaBH; (23.9 mg, 0.63 mmol) was added. After stirringrat for 2 h, the reaction was

guenched with water (10 mL) and extracted with,CH (3x 20 mL), washed with brine,
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dried and concentrated. The crude product was iedriby flash column chromatography
(silica gel, CHCI,/ MeOH, 9:1) affording/8 (128 mg, 71%) as a colorless solid.

Chemical Formula: CisH24BrNO4

Molecular Weight: 374.3 gmol™

Melting point: 137 - 139°C

Optical rotation: [a]zD2 = +15.9 (c =1.70, MeOH)

'H-NMR (500 MHz, CQOD): § = 1.31, 1.40 (2 s, 3 H each, @H1.63 — 1.66 (m, 1 H, 5-H),
2.66 —2.69 (m, 1 H, 3-H), 3.59 — 3.64 (m, 1 H,8,§; 3.69 (dJ =5.1 Hz, 2 H, 2-CH), 3.75
(A part of AB systemJag = 13.3 Hz, 1 H, CBAr), 3.83 — 3.89 (m, 2 H, 5-CHCH,Ar), 3.99
(t, J= 4.0 Hz, 1 H, 4-H), 4.04 (d8,= 3.0, 5.1 Hz, 1 H, 2-H), 7.26 — 7.32, 7.44 — 7(B0n, 2
H each, Ar) ppm.

13C-NMR (125 MHz, CRQOD): § =27.1, 28.2 (2 q, Ck), 49.5 (d, C-5), 52.00 (t, GiAr),
60.7 (d, C-3), 63.6 (t, 5-Gi) 64.3 (t, 2-CH), 69.6 (d, C-2), 73.1 (d, C-4), 75.6 (s, C-6),
122.0 (s, Ar), 131.5, 132.6 (2 d, Ar), 139.9 (s) ppm.

IR (ATR): v = 3485-3235 (OH, NH), 2970 (C-H), 1490 (C=C), 11630), 1095 (C-O-C)

cmt,

HRMS (pos. ESI-TOF): GH24BrNOsH™: calcd.: 374.0961
found: 374.0965

CleH24BrNO4-Na+: calcd.: 396.0781
found: 396.0779

Elemental Analysis: CigH24BrNO,4 (374.3) calcd. (%): C51.35,H6.46, N 3.74
found. (%): C 51.76, H 6.47, N 3.75
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(2S,3R,4S,5S)-[4-Hydroxy-6,6-dimethyl-3-(piperidin-1-yl)tetrahy dro-2H-pyran-2,5-
diylldimethanol (85)

JNSV17
According toGP-6, aminopyrar3 (200 mg, 0.97 mmol) was dissolved in MeOH (8 mLjl an

dialdehyde83 (25% in water, 0.175 ml, 0.443 mmol) was addedo¥oéd by addition of
MgSO, (680 mg, 8.31 mmol). The reaction mixture wagatirovernight. After filtration and
cooling to 0 °C, NaBHK (89 mg, 2.37 mmol) was added. After stirring at for 3 h, the
reaction was quenched withb® (10 mL), extracted with CiTl, (5x 10 mL), washed with
brine dried and concentrated. The crude product wasified by flash column
chromatography (silica gel, GBI, CH,Cl,/ MeOH 20:1, 10:1, 4:1) affording the reductive
amination produc85 (32 mg, 26 %) as a colorless solid.

OH
0} 2‘\\\|
0 1‘
|\\\‘5 4 'IIN 2
OH OH 4
85
Chemical Formula: Ci14H27NO4
Molecular Weight: 273.4 gmol™
Melting range: 91 -95°C
Optical rotation: [a’]ZD2 =+10.7 (c = 0.93, MeOH)

'H-NMR (500 MHz, CQOD): & = 1.10, 1.25 (2 s, 3 H each, @H1.44 — 1.50 (m, 2 H, 3
H), 1.51 - 1.57 (m, 4 H, 2’-H), 1.81 (td= 6.1, 11.9 Hz, 1 H, 5-H), 2.59 — 2.66 (m, 2 H, 1
H), 2.71 (tJ = 6.7 Hz, 1 H, 3-H), 2.92 (2 H, 1'-H), 3.56 — 3.70 (M, 3 H, 2-GH5-CH),
3.84 (ddJ = 6.1, 11.2 Hz, 1 H, 5-CHj 3.95 — 4.01 (m, 1 H, 2-H), 4.15 (dbi= 6.7, 11.9 Hz,
1 H, 4-H) ppm.

3C-NMR (125 MHz, CROD): § = 22.2 (q, CH), 24.4 (t, C-3"), 25.5 (q, C#), 26.6 (t, C-2'),
49.0 (d, C-5), 52.4 (t, C-1"), 61.7 (t, 5-Gk162.5 (t, 2-CH), 66.4 (d, C-4), 71.2 (d, C-2), 71.6
(d, C-3), 75.1 (s, C-6) ppm.

HRMS (pos. ESI-TOF): @H,/NOs#H™:  calcd.:274.2018
found:274.2032
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Divalent amine (95)

JNS137
According toGP-6, aminopyran3 (200 mg, 0.97 mmol) was dissolved in MeOH (17 mL),
and 4,4'-biphenyldicarboxaldehyde (97 mg, 0.46 mmws added followed by MgSO
(285 mg, 2.37 mmol). The reaction mixture was atirfor 2.5 h. After filtration and cooling
to 0 °C, NaBH (38 mg, 1.01 mmol) was added. After stirring atfor 2 h, the reaction was
guenched with KD (20 mL) and extracted with GBI, (3x 20 mL), washed with brine, dried
and concentrated. The crude product was purifiefiasih column chromatography (silica gel,
CH.CI,/ MeOH 9:1 to 4:1) affordin@5 (103 mg, 40%) as a colorless solid.

\ OH
OH 95
Chemical Formula: Cs2H4gN20g
Molecular Weight: 588.7 gmol™
Melting point: 118 -120 °C
Optical rotation: [a]2= +28.8 (c = 0.69, MeOH)

'H-NMR (700 MHz, CQOD): § =1.33, 1.42 (2 s, 6 H each, @H1.67 (q,J =~ 3.9 Hz, 2 H,
5-H), 2.83 - 2.85 (m, 2 H, 3-H), 3.65 (dtk- 3.1, 11.4 Hz, 2 H, 5-ChHi 3.74 (dJ=4.8 Hz, 4
H, 2-CH), 3.90 — 3.92 (m, 4 H, GfAr, 5-CH,), 4.03 (B part of AB systendag = 13.1 Hz, 2
H, CHAr), 4.06 — 4.09 (m, 4 H, 4-H, 2-H), 7.45- 7.460~- 7.63 (2 m, 4 H each, Ar) ppm.

13C-NMR (125 MHz, CROD): 5 = 27.2, 28.2 (2 q, CH, 49.9 (d, C-5), 52.1 (t, GiAr), 60.8
(d, C-3), 63.5 (t, 5-ChJ, 64.6 (t, 2-CH), 68.9 (d, C-2), 72.6 (d, C-4), 75.8 (s, C-6), 228
130.3 (2 d, Ar), 138.5, 141.4 (2 s, Ar) ppm.

IR (ATR): v = 3360-3290 (OH, NH), 2970-2880 (C-H), 1470 (C=0330 (C-O), 1090 (C-

0O-C) cm™.
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HRMS (pos. ESI-TOF): GH4gN,OgH™ calcd.: 589.3463
found: 589.3478

GCsoHagN-Og'Na'™: calcd.: 611.3303
found: 611.3294

Elemental Analysis: C3,HgN2Og (588.7) calcd. (%): C 65.28, H 8.22, N 4.76
found. (%): C 64.63, H 8.04, N 4.76

Divalent amine (96)

JNS171
According toGP-6, aminopyran3 (80 mg, 0.39 mmol) was dissolved in MeOH (6.8 ndrd
3,3'-biphenyldicarbaldehyde (37 mg, 0.18 mmol) \mdded followed by MgS©(114 mg,
0.95 mmol). The reaction mixture was stirred forh7After filtration and cooling to 0 °C,
NaBH, (15 mg, 0.39 mmol) was added. After stirring atfar 3 h, the reaction was quenched
with H,O (10 mL) and extracted with GBI, (3x 10 mL), washed with brine, dried and
concentrated. The crude product was purified bghflaolumn chromatography (silica gel,
CH.Cly/ 7N NHs in MeOH 20:1) affordin®6 (72 mg, 70%) as a colorless solid.

96
Chemical Formula: Cs2H4gN20g
Molecular Weight: 588.7 gmol™
Melting point: 85 °C
Optical rotation: [a]2 = +35.4 (c = 1.04, MeOH)

'H-NMR (500 MHz, CROD): & = 1.30, 1.41 (2 s, 6 H each, §H1.65 (q,J = 3.9 Hz, 2 H,
5-H), 2.73 — 2.77 (m, 2 H, 3-H), 3.63 (dbl= 3.1, 11.6 Hz, 2 H, 5-C#} 3.70, 3.73 (AB part
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of ABX system,Jag = 11.7 Hz,Jax = 4.9 Hz,Jgx = 5.1 Hz, 2 H each, 2-G) 3.83 — 3.90
(m, 4 H, CHAr, 5-CH,), 3.98 (B part of AB systendag = 13.1 Hz, 2 H, CHAr), 4.03 — 4.08
(m, 4 H, 2-H, 4-H), 7.34 (A = 7.6 Hz, 2 H, Ar), 7.41 (] = 7.6 Hz, 2 H, Ar), 7.55 (dl = 7.6
Hz, 2 H, Ar), 7.66 (s, 1 H, Ar) ppm.

13C-NMR (125 MHz, CROD): § = 27.2, 28.3 (2 q, C¥), 49.5 (d, C-5), 52.8 (t, GiAr), 60.7
(d, C-3), 63.7 (t, 5-Cb), 64.4 (t, 2-CH), 69.6 (d, C-2), 73.1 (d, C-4), 75.7 (s, C-6), IR7
128.3, 128.6, 130.1 (4 d, Ar), 141.2, 142.6 (2\8) ppm.

IR (ATR): v = 3370-3300 (OH, NH), 2970-2850 (C-H), 1470 (C=C330 (C-0O), 1090 (C-
0O-C) cm™.

HRMS (pos. ESI-TOF): GH4gN,OgH™ calcd.: 589.3483
found: 589.3540

Elemental Analysis: C3HgN2Og (588.7): calcd. (%): C 65.28, H 8.22, N 4.76
found. (%): C 65.31, H 8.32, N 4.75

Divalent amine (93)

JNS138
According toGP-6, aminopyran3 (100 mg, 0.48 mmol) was dissolved in MeOH (8.5 mL)
and terephthalaldehyd@?2 (32 mg, 0.24 mmol) was added followed by MgS@43 mg,
1.19 mmol). The reaction mixture was stirred fortR4After filtration and cooling to 0 °C,
NaBH; (20 mg, 0.52 mmol) was added. After stirring atfar 3 h, the reaction was quenched
with H,O (10 mL) and extracted with GBI, (3x 10 mL), washed with brine, dried and
concentrated. The crude product was purified bghflaolumn chromatography (silica gel,
CH.CI,/ MeOH 6:1 to 4:1) affordin@3 (60 mg, 50%) as a colorless solid.
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Chemical Formula: CoeH44N-0Og

Molecular Weight: 512.6 gmol™

Melting range: 143 — 146 °C

Optical rotation: [a]ZD2 = +22.5 (c = 1.32, MeOH)

'H-NMR (500 MHz, CROD): 6 =1.32, 1.41 (2 s, 6 H each, @H1.64 (m, 2 H, 5-H), 2.70 —
2.72 (m, 2 H, 3-H), 3.61 (dd} = 3.1, 11.5 Hz, 2 H, 5-Ci} 3.66, 3.69 (AB part of ABX
systemJag = 11.7 Hz Jax =Jsx = 5.1 Hz, 2 H each, 2-G}{ 3.76 (A part of AB systeniag
= 13.0 Hz, 2 H, CBAr), 3.86 (dd,J = 4.5, 11.5 Hz, 2 H, 5-CHi 3.90 (B part of AB system,
Jas = 13.0 Hz, 2 H, CBAr), 4.00 (t,J = 3.9 Hz, 2 H, 4-H), 4.04 (d§, = 2.9, 5.1 Hz, 2 H, 2-
H), 7.34 (s, 4 H, Ar) ppm.

13C-NMR (125 MHz, CROD): 6 = 27.2, 28.3 (2 q, C#), 49.4 (d, C-5), 52.5 (t, GiAr), 60.7
(d, C-3), 63.6 (t, 5-Ch), 64.3 (t, 2-CH), 69.5 (d, C-2), 73.0 (d, C-4), 75.7 (s, C-6), B@,
Ar), 139.6 (s, Ar) ppm.

IR (ATR): v = 3350 (OH, NH), 2980-2830 (C-H), 1470 (C=C), 13050), 1090 (C-O-C)

cmt,

HRMS (pos. ESI-TOF): GeH44N2Og-Na'": calcd.: 535.2990
found: 535.3017

Elemental Analysis: C;gH44N20g (512.6): calcd. (%): C 60.92, H 8.65, N 5.46
found. (%): C 58.56, H 8.43, N 5.09

A better elemental analysis could not be obtained.

Divalent amine (91)

JNS144
According to GP-6, aminopyran3 (200 mg, 0.97 mmol) was dissolved in MeOH (17 mL),
and isophthalaldehyd80 (60 mg, 0.44 mmol) was added followed by MgS@85 mg,
2.37 mmol). The reaction mixture was stirred forlR1After filtration and cooling to 0 °C,
NaBH; (42 mg, 1.11 mmol) was added. After stirring dt for 6.5 h, the reaction was
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guenched with KD (20 mL) and extracted with GBI, (3x 20 mL), washed with brine, dried
and concentrated. The crude product was purifiefiasih column chromatography (silica gel,
CH.CI,/ MeOH 6:1 to 4:1) affordin@1 (62 mg, 28%) as a colorless solid.

Chemical Formula: CoeH44N20g

Molecular Weight: 512.6 gmol™

Melting point: 154 °C

Optical rotation: [a]zD2 = +39.2 (c = 0.52, MeOH)

'H-NMR (500 MHz, CQOD): § = 1.33, 1.42 (2 s, 6 H each, @H1.64 — 1.67 (m, 2 H, 5-H),
2.76 (t,J= 3.2 Hz, 2 H, 3-H), 3.63 (dd,= 3.0, 11.4, Hz, 2 H, 5-CH 3.70 (dJ=4.8 Hz, 4
H, 2-CH), 3.83 (A part of AB systemilag = 13.0 Hz, 2 H, CBHAr), 3.89 (dd,J = 4.3, 11.4
Hz, 2 H, 5-CH), 3.98 (B part of AB systendag = 13.0 Hz, 2 H, CBHAr), 4.05 — 4.07 (m, 4
H, 2-H, 4-H), 7.37 — 7.27 (m, 4 H, Ar) ppm.

13C-NMR (125 MHz, CROD): § = 27.2, 28.2 (2 q, C¥), 49.3 (d, C-5), 52.4 (t, GiAr), 60.7
(d, C-3), 63.5 (t, 5-CbJ, 64.5 (t, 2-CH), 68.9 (d, C-2), 72.6 (d, C-4), 75.7 (s, C-6), B7
128.3, 129.7 (3 d, Ar), 139.4 (s, Ar) ppm.

IR (ATR): v = 3350 (OH, NH), 2975-2840 (C-H), 1475 (C=C), 11630), 1095 (C-O-C)

cmt,

HRMS (pos. ESI-TOF): GeH44N20g-H™: calcd.: 513.3170
found: 513.3211

Elemental Analysis: C;gH44N20g (512.6): calcd. (%): C 60.92, H 8.65, N 5.46
found. (%): C 60.94, H 8.69, N 5.41
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Divalent amine (998)
JNS161

According toGP-6, serinol4 (200 mg, 2.20 mmol) was dissolved in MeOH (34 mand
isophthalaldehyde90 (134 mg, 1.00 mmol) was added followed by Mg@S@®45 mg,
5.36 mmol). The reaction mixture was stirred forlR1After filtration and cooling to 0 °C,
NaBH, (83.2 mg, 2.20 mmol) was added. After stirring.atfor 3 h, the reaction mixture was
guenched with BD (20 mL) and extracted with GBI, (3x 40 mL), washed with brine, dried
and concentrated. The crude product was purifiefiasih column chromatography (silica gel,
CHCl,/ MeOH, 9:1) affording®8 (72 mg, 25%) as a colorless oil.

HO._ » OH

ﬂ L

HOJ\N \ OH

H H
98

Chemical Formula: C14H24N204
Molecular Weight: 284.3 gmol*

'H-NMR (500 MHz, CRROD): 6 = 2.76 (quint.,) = 5.6 Hz, 2 H, 1-H), 3.56, 3.64 (AB part of
ABX system,Jag = 11.1 Hz,Jax = 5.5 Hz,Jsx = 5.8 Hz, 4 H each, 2-H), 3.86 (s, 4 H,
CH.Ar), 7.25-7.33 (m, 3 H, Ar), 7.39 (s, 1 H, Ar)mpp

13C-NMR (125 MHz, CROD): 6 = 52.1 (t, CHAr), 61.2 (d, C-1), 62.4 (t, C-2), 128.4, 129.6,
129.7 (3 d, Ar), 141.1 (s, Ar) ppm.

IR (ATR): v = 3325 (OH, NH), 2955-2855 (C-H), 14650 (C=C), 516-0) cni.

HRMS (pOS. ES|-TOF): QH24N204‘H+: calcd.: 285.1809
found: 285.1801

CisH24N-ONa'™: calcd.: 307.1628
found: 307.1618

Elemental Analysis: C14H24N20,4(284.3) calcd. (%): C59.13, H 8.51, N 9.85
found. (%): C 59.19, H 8.76, N 9.79
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Divalent amine (97)

JNS142
According toGP-6, serinol4 (200 mg, 2.20 mmol) was dissolved in MeOH (38 nmand
biphenyl-4,4'-dicarbaldehyde (220 mg, 1.04 mmol¥wdded followed by MgS645 mg,
5.36 mmol). The reaction mixture was stirred foh.3After filtration and cooling to 0 °C,
NaBH; (89 mg, 2.35 mmol) was added. After stirring atfar 2 h, the reaction was quenched
with H,O (20 mL) and extracted with GBI, (3x 40 mL), washed with brine, dried and
concentrated. The crude product was purified bghflaolumn chromatography (silica gel,
CH.Cl,/ MeOH, 9:1) affording®7 (123 mg, 33%) as a colorless oil.

:>'—HN NH{
HO OH

97

Chemical Formula: CooH28N204
Molecular Weight: 360.4 gmol*

'H-NMR (500 MHz, DMF-d): § = 2.69 — 2.78 (m, 2 H, 1-H), 3.55, 3.62 (AB paitABX
systemJag = 10.7 Hz,Jax = Jsx = 5.5 Hz, 4 H each, 2-H), 3.90 (s, 4 H, 22, 4.49 (bs, 4

H, OH), 7.49, 7.66 (2 dl = 8.0 Hz, 4 H each, Ar) ppm.

3C-NMR (125 MHz, DMF-d): & = 51.2 (t, CHAr), 61.2 (d, C-1), 62.0 (t, C-2), 126.7, 128.8
(2d, Ar), 139.2, 141.0 (2 s, Ar) ppm.

IR (ATR): v = 3365-3280 (OH, NH), 2970-2850 (C-H), 1450 (C=C)20 (C-O) crit.

HRMS (pos. ESI-TOF): GoH2gN04H™ calcd.: 361.2122
found: 361.2135

Elemental Analysis: Cy0H2gN204(360.4) calcd. (%): C 66.64,H7.83, N 7.77
found. (%): C 66.57, H7.79, N 7.77
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6.2.4. Copper(l)-catalyzed azide alkyne cycloaddition

(2S,3R,4S,55)-3-{[4-(3-Chloropropyl)-1H-1",2’,3'-triazol-1'-yl]-4-hydroxy-6,6-
dimethyltetrahydro-2 H-pyran-2,5-diyl}dimethanol (100)

JNS222
According toGP-9, to a solution of azidopyrahO (24 mg, 0.10 mmol) in dioxane (0.3 mL)
was added Cu/C (11 mg, 5.20nol), EgN (17 pL, 0.13 mmol) and 5-chloro-1-pentyne
(12.8 mg, 13uiL, 0.13 mmol). The reaction mixture was stirred@t°C for 21 h. The mixture
was filtrated through a pad of Cefiteand washed with MeOH. Solvents were removed in

vacuo affordingL00 (35 mg, quant.) as a pale yellow oil.

Chemical Formula: C14H24CIN3O4
Molecular Weight: 333.8 gmol™
Optical rotation: [a]zD2 = +55.9 (c =1.32, MeOH)

'H-NMR (700MHz, CROD): § = 1.29, 1.39 (2 s, 3 H each, §H2.06 (td,J= 6.2, 12.2 Hz,
1H, 5-H), 2.10 — 2.17 (m, 2 H, GH 2.86 — 2.91 (m, 2 H, Gl 2.96, 3.04 (AB part of ABX
systemJag = 11.5 HzJax = 4.5 Hz,Jsx = 7.5 Hz, 1 H each, 2-Gl 3.60 (tJ = 6.5 Hz, 2 H,
CH,), 3.69 (ddJ = 6.3, 11.3 Hz, 1 H, 5-C#)} 3.89 (dd,J = 6.1, 11.3 Hz, 1 H, 5-CH)| 4.24 —
4.31 (m, 2 H, 2-H, 4-H), 4.70 (dd,= 5.2, 7.0 Hz, 1 H, 3-H), 7.79 (s, 1 H, 5’-H) ppm.

13C-NMR (175 MHz, CROD): § = 23.47 (t, CH), 23.50, 26.7 (2 q, C#), 33.3 (t, CH), 44.8
(t, CHy), 49.4 (d, C-5), 61.6 (t, 2-Gif 62.3 (t, 5-CH), 70.3 (d, C-3), 72.0 (t, C-2), 73.1 (t, C-

4), 77.5 (s, C-6), 123.8 (d, C-5), 147.4 (s, C@pm.

IR (ATR): v = 3310 (OH), 2960-2850 (C-H), 1440, 1370 (C=C, H;1050 (C-O-C) cr.
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HRMS (pos. ESI-TOF): @H24CIN3O4Na': calcd.: 356.1342
found: 356.1353

Elemental Analysis: C14H24CIN304 (333.8) calcd. (%): C50.37,H 7.25, N 12.59
found. (%): C 49.92, H 6.97, N 12.12

(2S,3R,4S,5S)-[4-Hydroxy-6,6-dimethyl-3-(4-octyl-1H-1,2,3-triazol-1-yl)tetrahydro-2H-
pyran-2,5-diyljJdimethanol (102

JNS272
According toGP-9, to a solution of azidopyrahO (50 mg, 0.22 mmol) in dioxane (0.6 mL)
was added Cu/C (23 mg, Linol), EgN (34 uL, 0.26 mmol) and 1-decyne (36 mg, gb,
0.26 mmol). The reaction mixture was stirred at°@0for 22 h. The mixture was filtrated
through a pad of Celifeand washed with MeOH. Solvents were removed iniwand the
crude product was purified by flash column chrorgeaphy (silica gel, CKCl,/ MeOH, 9:1)
affording a mixture ofl02and10 (52 mg, 0.140 mmol, 65%) as colorless oil.
Ratio calculated according to signals in tHeNMR spectrum 10210 1.0:2.2, 33% product).

Chemical Formula: CigH35N304
Molecular Weight: 369.5 gmol™

Data obtained from the mixture.

'H-NMR (500MHz, CQOD): & = 0.90 (t,J = 7.0 Hz, 3 H, 8"-H), 1.29 (s, 3H, G 1.36 —
1.31 (m, 10 H, Ch), 1.38 (s, 3 H, CH), 1.68 (m, 2 H, CH), 2.05 (m, 1 H, 5-H), 2.70 (t) =

7.6 Hz, 2 H, CH), 2.93, 3.04 (AB part of ABX systerdax = 4.7 Hz,Jgx = 7.6 Hz,Jag =

11.5 Hz, 1 H each, 2-CGi 3.68 (m, 1 H, 5-CH), 3.89 (dd,J = 6.1, 11.3 Hz, 1 H, 5-Ch

4.24 —4.30 (m, 2 H, 2-H, 4-H), 4.69 (dbks 5.1, 7.0 Hz, 1H, 3-H), 7.72 (s, 1 H, 5’-H) ppm.
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13C-NMR (125 MHz, CROD): § = 14.4, 23.5 (2 q, C¥), 26.3 (t, CH), 26.7 (q, CH), 27.0,
30.2, 30.3, 30.4, 30.6, 33.0 (6 t, §H48.4 (d, C-5), 61.6 (t, 2-GH 62.2 (t, 5-CH), 70.2 (d,
C-3), 72.1 (d, C-2), 73.1 (d, C-4), 77.5 (s, C¥)3.3 (d, C-5'), 124.8 (s, C-4’) ppm.

IR (ATR): v = 3370 (OH), 2960 (=C-H), 2930-2855 (C-H), 16486Q (C=C), 1260 (C-O),
1125, 1090 (C-O-C) cth

HRMS (pos. ESI-TOF): @oH35N304H™ calcd.: 370.2700
found: 370.2697

ClgH35N304‘Na+Z calcd.: 392.2520
found: 392.2527

(2S,3R,4S,5S)-{4-Hydroxy-3-[4-(2-hydroxyethyl)-1H-1,2,3-triazol-1-yl]-6,6-dimethyl
tetrahydro-2H-pyran-2,5-diyl}dimethanol (104)

JNS273
According toGP-9, to a solution of azidopyrahO (40 mg, 0.17 mmol) in dioxane (0.6 mL)
was added Cu/C (37 mg, fuhol), EgN (70uL, 0.52 mmol) and 3-butin-1-ol (28 mg, 1,
0.40 mmol). The reaction mixture was stirred at°@0for 20 h. The mixture was filtrated
through a pad of Celifeand washed with MeOH. Solvents were removed iniwand the
crude was purified by flash column chromatograpsilicgé gel, CHCI,/ MeOH, 9:1 to 6:1)
affording104 (47 mg, 0.156 mmol, 90%) as a colorless solid.

Chemical Formula: Ci3H23N305

Molecular Weight: 301.3 gmol™

Melting point: 156 — 157 °C

Optical rotation: [a]zD2 =+ 13.7 (c = 0.975, MeOH)
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'H-NMR (500 MHz, CQOD): 6 = 1.28, 1.39 (2 s, 3 H each, H2.06 (tdJ~ 6.2, 12.2 Hz,
1 H, 5-H), 2.92 (tJ = 6.6 Hz, 2 H, CH), 2.98, 3.06 (AB part of ABX systeniys = 11.5 Hz,
Jax = 4.9 Hz,Jsx = 7.5 Hz, 1 H each, 2-Glj 3.69 (dd,J = 6.4, 11.3 Hz, 1 H, 5-CHj 3.82 (t,
J=6.6 Hz, 2 H, CH), 3.89 (ddJ =6.0, 11.3 Hz, 1 H, 5-CHl 4.24 — 4.30 (m, 2 H, 2-H, 4-
H), 4.70 (ddJ =5.2, 7.0 Hz, 1 H, 3-H), 7.80 (s, 1H, 5’-H) ppm.

13C-NMR (125 MHz, CROD): § = 23.5, 26.7 (2 q, C#)l, 29.9 (t, CH), 49.5 (d, C-5), 61.6 (t,
2-CHy), 62.1 (t, CH), 62.3 (t, 5-CH), 70.2 (d, C-3), 71.9 (d, C-2), 73.2 (d, C-4),5/(s, C-
6), 124.2 (d, C-5"), 146.0 (s, C-4’) ppm.

IR (ATR): v = 3360 (OH), 3160 (=C-H), 2960-2850 (C-H), 156870, 1320 (C=C), 1060,
1030 (C-O-C) cr.

HRMS (pos. ESI-TOF): @H23N3Os:Na': calcd.: 324.1530
found: 324.1555

Elemental Analysis: C;3H23N305(301.3) calcd. (%): C51.82,H7.69, N 13.94
found. (%): C 51.96, H 7.72, N 13.36

Divalent triazole (107)

JNSAGO010
According toGP-7, azide10 (100 mg, 0.432 mmol), TBTA (46.2 mg, 0.087 mmayl
(16.6 mg, 0.087 mmol), Bl (0.73 mL, 0.087 mmol) and 1,6-heptadiyne (18.4 @Ry9uL,
0.198 mmol) were dissolved in MeCN (20 mL). The tare was stirred at r.t. overnight and
worked up as5P-7. The crude product was purified by flash colummnoahmatography (silica
gel, DCM, DCM/MeOH 95:5, 90:1) affordind06 (71 mg, 65%) as a colorless solid.

Monosubstituted produdi07 was also isolated (9 mg, 8%) as a colorless solid.

107
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Chemical Formula: CosHa2N6Osg

Molecular Weight: 554.6 gmol™*

Melting point: 91 °C

Optical rotation: [a]zD2 =+0.19 (c = 0.5, MeOH)

'H-NMR (500 MHz, CROD): § = 1.29, 1.39 (2 s, 6 H each, @H2.05 (m, 4 H, 5-H, C}},
2.77 (tJ= 7.5 Hz, 4 H, Ch), 2.95, 3.05 (AB part of ABX systendpg = 11.4 HzJax = 4.7
Hz, Jgx = 7.5 Hz, 2 H each, 2-G} 3.69 (ddJ = 6.5, 11.3 Hz, 2 H, 5-CHi 3.89 (ddJ = 6.0,
11.3 Hz, 2 H, 5-Ch), 4.23 — 4.32 (m, 4 H, 2-H, 4-H), 4.67 — 4.70 g, 3-H), 7.78 (s, 2 H,
5-H) ppm.

13C-NMR (125 MHz, CROD): § = 22.0 (g, CH), 24.3 (t, CH), 25.4 (g, CH), 28.9 (t, CH),
48.4 (d, C-5), 60.3 (t, 2-CH 61.0 (t, 5-CH), 68.9 (d, C-3), 70.7 (d, C-2), 71.8 (d, C-4),76.
(s, C-6), 122.4 (d, C-5'), 146.9 (s, C-4°) ppm.

IR (ATR): v = 3366 (OH), 2970-2925 (C-H), 1450 (C=C), 1230-1(3-O-C) crit.

HRMS (pos. ESI-TOF): @H1NgOg'Na'": calcd.: 577.2956
found: 577.2954

C25H42N608‘K+: calcd.: 593.2696
found: 593.2691

Elemental Analysis: CysH42NeOg (554.6) calcd. (%): C54.14, H7.63, N 15.15

found. (%): C 47.36, H 7.01, N 12.42
A better elemental analysis could not be obtained.
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Monovalent triazole (107)

Chemical Formula: CigH25N304

Molecular Weight: 323.34 gmol™

'H-NMR (400 MHz, CDs0D): 8= 1.29, 1.39 (2 s, 3 H each, @H1.83 - 1.92 (m, 2 H, C}j
2.05 (td,J= 6.2, 12.2 Hz, 1 H, 5-H), 2.20 — 2.28 (m, 3 H, CHCH), 2.84 (tJ = 7.6 Hz, 2 H,
CH,), 2.94, 3.05 (AB part of ABX systendas = 11.5 Hz,Jax = 4.8 Hz,Jsx = 7.5 Hz, 1 H
each, 2-CH), 3.69 (dd,J = 6.5, 11.3 Hz, 1 H, 5-C#} 3.89 (dd,J = 6.0, 11.3 Hz, 1 H, 5-C}|
4.24 — 4.29 (M, 2 H, 4-H, 2-H), 4.69 (dtk 5.1, 7.0 Hz, 1 H, 3-H), 7.77 (s, 1 H, 5’-H) ppm.

IR (ATR): v = 3400 (OH), 2980-2935 (C-H), 2110%C), 1220-1040 (C-O-C) cth

HRMS (pos. ESI-TOF): GH25N3O04H™ calcd.: 324.1918
found: 324.1925

C16H25N304-Na+: calcd.: 346.1737
found: 346.1748

Divalent triazole (111)

JNSAGO012
According toGP-7, azide10 (181 mg, 0.783 mmol), TBTA (83.1 mg, 0.157 mmdayl
(29.8 mg, 0.157 mmol), BYl (21.8 uL, 0.157 mmol) and 1,3-diethynylbenze(¥2.8 mg,
54.1uL, 0.339 mmol) were dissolved in MeCN (30 mL). Ttheorescent yellow mixture was
stirred at r.t. overnight and worked up as@R-7. The crude product was purified by flash
column chromatography (silica gel, DCM, DCM/MeOH:®590:1) affordingl11 (105 mg,
53%) as a colorless solid. Monosubstituted produ& was also isolated (7 mg, 4%) as a

colorless solid.
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Chemical Formula: CogH40N6Os

Molecular Weight: 588.7 gmol™

Melting point: 171 °C

Optical rotation: [a]2 = +0.34 (c = 0.5, MeOH)

'H-NMR (500 MHz, CD3;0D): 6= 1.33, 1.41 (2 s, 6 H each, @H2.11 (td,J = 6.3, 12.0 Hz,
2 H, 5-H), 3.08, 3.15 (AB part of ABX systedns = 11.4 HzJax = 5.0 Hz,Jgx = 7.4 Hz, 2
H each, 2-CH), 3.72 (ddJ = 6.3, 11.3 Hz, 2 H, 5-Ci{ 3.93 (ddJ = 6.3, 11.3 Hz, 2 H, 5-
CHy), 4.33 (dtJ~ 5.1, 7.2, Hz, 2 H, 2-H), 4.41 (dd= 7.2, 12.0, Hz, 2 H, 4-H), 4.81 (dii=
5.3, 7.1 Hz, 2 H, 3-H), 7.52 @,= 7.8 Hz, 1 H, Ar), 7.85 (d] = 7.8 Hz, 2 H, Ar), 8.32 (bs, 1
H, Ar), 8.40 (s, 2 H, 5’-H) ppm.

13C-NMR (125 MHz, CDs;OD): &= 23.5, 26.7 (2 q, C¥), 49.7 (d, C-5), 61.7 (t, 2-GH 62.3
(t, 5-CH,), 70.6 (d, C-3), 71.9 (d, C-2), 73.1 (d, C-4),6/(5, C-6), 123.0 (d, C-5’), 124.0,
126.4, 130.7 (3 d, Ar), 132.4 (s, Ar), 148.1 (4 Cppm.

IR (ATR): v = 3285 (OH), 2970-2925 (C-H), 1620 (C=C), 1230-1(8-O-C) cri.

HRMS (pos. ESI-TOF): @H40NsOg-Na': calcd.: 611.2800
found: 611.2777

028H40N608'K+: calcd.: 627.2539
found: 627.2511

Elemental Analysis: CygH40NeOg (588.7): calcd. (%): C57.13, H6.85, N 14.28
found. (%): C 47.40, H 6.43, N 11.57
A better elemental analysis could not be obtained.
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Monovalent triazole (112

112

Chemical Formula: C1gH23N304
Molecular Weight: 357.4 gmol™*

'H-NMR (400 MHz, CD3;0D): 6= 1.33, 1.41 (2 s, 3 H each, @H2.09 (tdJ=~ 6.2, 12.1 Hz,

1 H, 5-H), 3.05, 3.12 (AB part of ABX systedns = 11.4 HzJax = 5.1 Hz,Jgx = 7.3 Hz, 1

H each, 2-Ch), 3.54 (s, 1 HECH), 3.71 (ddJ = 6.4, 11.3 Hz, 1 H, 5-CHi 3.92 (ddJ = 6.0,
11.3 Hz, 1 H, 5-Ch), 4.32 (m, 1 H, 2-H), 4.39 (dd) = 7.1, 12.1, Hz, 1 H, 4-H), 4.78 (dii=
5.2, 7.1 Hz, 1 H, 3-H), 7.41 — 7.46 (m, 2 H, Ar)85 — 7.88, 7.97 — 7.98 (2 m, 1 H each, Ar),
8.38 (s, 1 H, 5’-H) ppm.

IR (ATR): v = 3400 (OH), 32355C-H), 2960-2880 (C-H), 2110 (), 1240-1040 (C-O-C)
1

cm-.
HRMS (pos. ESI-TOF): @H2aNz04Na'": calcd.: 380.1581
found: 381.1654

C19H23N3O4‘K+: calcd.: 396.1320
found: 397.1397

Divalent triazole (109

JNSAGO013
According toGP-7, azide10 (100 mg, 0.432 mmol), TBTA (45.9 mg, 0.086 mmayl
(16.5 mg, 0.086 mmol), BN (12 L, 0.087 mmol) and 1,4-diethynylbenzef24.8 mg, 0.197
mmol) were dissolved in MeCN (20 mL). The orangéred mixture was stirred at r.t. for

136 h and worked up as iGP-7. The crude product was purified by flash column
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chromatography (silica gel, DCM, DCM/MeOH 95:5, BPaffording109 (74 mg, 64%) as a
yellow solid.

N=n OH
NN
o)
HO'"
109 HO
Chemical Formula: CogH40N6Os
Molecular Weight: 588.7 gnol™*
Melting point: 131 °C
Optical rotation: [a]zD2 =+ 0.41(c = 0.5, MeOH)

'H-NMR (400 MHz, CD;0D): § = 1.33, 1.41 (2 s, 6 H each, @H2.10 (dtJ~ 6.2, 12.2 Hz,
2 H, 5-H), 3.08, 3.14 (AB part of ABX systedng = 11.4 Hz Jax = 5.1 Hz,Jgx = 7.3 Hz, 2
H each, 2-CH), 3.72 (ddJ = 6.3, 11.3 Hz, 2 H, 5-Ci{ 3.93 (ddJ = 6.1, 11.3 Hz, 2 H, 5-
CH,), 4.33 (m, 2 H, 2-H), 4.41 (dd) = 7.1, 12.0 Hz, 2 H, 4-H), 4.80 (ddl= 5.3, 7.1 Hz, 2
H, 3-H), 7.94 (s, 4 H, Ar), 8.36 (s, 2 H, 5’-H) ppm

13C-NMR (125 MHz, CDsOD): & = 22.2, 25.4 (2 q, CH), 48.4 (d, C-5), 60.4 (t, 2-G 61.0
(t, 5-CHp), 69.3 (d, C-3), 70.6 (d, C-2), 71.8 (d, C-4),3/6s, C-6), 122.8 (d, C-5’), 127.3 (d,
Ar), 131.6 (s, Ar), 148.0 (s, C-4°) ppm.

IR (ATR): v = 3335 (OH), 2930 (C-H), 1620 (C=C), 1230-1030Q63) cni'.

HRMS (pos. ESI-TOF): GaH40NgOgH ™ calcd.: 589.2980
found: 589.2972

C28H40N608-Na+: calcd.: 611.2800
found: 611.2797

Elemental Analysis: CygH4oNeOg (588.7): calcd. (%): C57.13, H6.85, N 14.28
found. (%): C 50.33, H 6.63, N 12.04

A better elemental analysis could not be obtained.
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Divalent triazole (116)
JNS230

According toGP-9, to a solution of azidopyrahO (70 mg, 0.303 mmol) in dioxane (0.8 mL)
was added Cu/C (28 mg, iadnol), EgN (50 pL, 0.30 mmol) and alkynd 15 (14.2 mg,
19.8 uL, 0.132 mmol). The reaction mixture was stirred@t°C for 24 h. Additional Cu/C
(28 mg, 13umol) and E4N (50 uL, 0.30 mmol) were added and the reaction wasestiat 60
°C for another 24 h. The mixture was filtrated tigh a pad of Celife and washed with
MeOH. Solvents were removed in vacuo and the cpudduct was purified by flash column
chromatography (silica gel, GBI,/ MeOH, 9:1 to 4:1) affordind16 (71 mg, 91%) as a pale

yellow oil.

Chemical Formula: Co7H46N6Osg

Molecular Weight: 582.7 gmol™

Optical rotation: [a]zD2 = +25.9 (c =1.28, MeOH)

'H-NMR (700 MHz, CROD): § = 1.28, 1.39 (2 s, 6 H each, §HL.43 (dd,J = 7.9, 15.3 Hz,
4 H, CH), 1.75 — 1.68 (m, 4 H, G} 2.05 (tdJ = 6.2, 12.2 Hz, 2 H, 5-H), 2.71 @,= 7.5
Hz, 4 H, CH), 2.93, 3.04 (AB part of ABX systendps = 11.5 Hz,Jax = 4.7 Hz,Jex = 7.5
Hz, 2 H each, 2-Ch), 3.70 (dd,) = 6.3, 11.4 Hz, 2 H, 5-C}} 3.89 (dd,J = 6.0, 11.4 Hz, 2 H,
5-CHp), 4.24 — 4.32 (m, 4 H, 2-H, 4-H), 4.69 (dts 5.2, 6.9 Hz, 2 H, 3-H), 7.73 (s, 2 H, 5'-

H) ppm.

13C-NMR (175 MHz, CROD): § = 23.5 (g, CH), 26.1 (t, CH), 26.7 (g, CH), 29.5, 30.2 (2
t, CHy), 49.6 (d, C-5), 61.6 (t, 2-Gh 62.3 (t, 5-CH), 70.2 (d, C-3), 72.0 (d, C-2), 73.1 (d, C-
4), 77.5 (s, C-6), 123.4 (d, C-5'), 148.8 (s, C@pm.

IR (ATR): v = 3450 (OH), 2980-2855 (C-H), 1645%C), 1225-1030 (C-O-C) cih

196



Experimental Part

HRMS (pos. ESI-TOF): &HeNsOg-Na'": calcd.: 605.3269
found: 605.3270

Elemental Analysis: C,7H46N6Og (582.7) calcd. (%): C 55.65, H 7.96, N 14.42
found. (%): C 52.15, H 7.82, N 12.83

A better elemental analysis could not be obtained.

Divalent triazole (114)

JNS302
According toGP-9, to a solution of azidopyrahO (31 mg, 0.133 mmol) in dioxane (1 mL)
was added Cu/C (23 mg, 10unol), EgN (20 puL, 0.133 mmol) and alkyn&13 (25 mg,
53 umol). The reaction mixture was stirred at 60 °C 7@ h. The mixture was filtrated
through a pad of Celifeand washed with MeOH. The solvents were removecaguo and
the crude product was purified by flash column amatography (silica gel, Gi&l,/ MeOH,
9:1 to 4:1) affordindl14 (12 mg, 24%) as a yellow solid.

Chemical Formula: CaoHsgN 12012

Molecular Weight: 933.1 gmol™*

Melting point: 235°C

Optical rotation: [a]2 = -20.3 (c = 0.09, MeOH)
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An assignment of the signals to one of the tworigsiand to the four triazole units is not
possible.

'H-NMR (700 MHz, CROD): 6 = 0.54, 1.27 (2's, 3 H each, €W 1.29, 1.39 (2 s, 6 H each,
CH:®), 1.93 (m, 1 H, 6-H'), 2.02 — 2.10 (m, 6 H, GHi5-H°), 2.75 — 2.78 (m, 8 H, CH 2.93
—2.98,3.03 -3.06 (2 m, 2 H each, 2£)}43.54 — 3.61 (m, 2 H, 6-GH), 3.70 (ddJ = 6.4,
11.3 Hz, 2 H, 5-Ckf), 3.89 (ddJ = 6.1, 11.3 Hz, 2 H, 5-CH), 4.23 - 4.28 (m, 2 H, 4H2-
H®), 4.28 — 4.32 (m, 2 H, 54 3-H"), 4.43 — 4.46 (m, 2 H, 2-GA, 3-H"), 4.52 (B part of
ABX system,Jag = 14.3 Hz,Jgx = 3.1, 1 H, 2-CH*), 4.60 (ddJ = 7.4, 9.5 Hz, 1 H, 4-§),
4.68—4.72 (m, 2 H, 39, 7.77 (s, 1 H, 5-H), 7.77 (bs, 2 H, 5™-H), 7.8 1 H, 5'-H) ppm.

¥C-NMR (125 MHz, CROD): § = 20.1, 23.5 (2 q, CH, 25.47, 25.51, 25.52, 25.6 (4 t,
CH,), 26.7, 26.8 (2 q, C¥), 30.1, 30.5 (2 t, Ch), 30.9, 31.4 (2 g, Ch), 49.4 (d, C-B), 53.2
(t, 2-CH"), 53.3 (d, C-2), 60.3 (d, C-6), 61.7 (t, 2-CH’), 62.3 (t, 5-CH’), 63.5 (t, 6-
CH,"), 69.8 (d, C-8), 70.3 (d, C-3), 72.0 (d, C-8), 73.0 (d, C-8), 74.3 (d, C-83), 75.1 (d,
C-4Y, 77.5,77.9 (2 s, C®% C-7), 123.65, 123.73, 125.3, 125.4 (4 d, C-5"), 148148.28,
148.29, 148.31 (4 s, C-4") ppm.

IR (ATR): v = 3370 (OH), 2925 (C-H), 1595 (C=C), 1060 (C-Oe@j".

HRMS (pos. ESI-TOF): GHeeN12012Na™:  caled.: 955.4966
found: 955.5003

Trivalent triazole (118

JNSW8
According toGP-9, to a solution of azidopyrahO (49 mg, 195 pumol) in dioxane (1.0 mL)
was added Cu/C (183 mg, 86 umol)sNE{(50 pL, 361 pumol) and 1,3,5-triethynylbenzene
(8 mg, 54 pmol). The reaction mixture was stirred@°C for 21 h. Cu/C (183 mg, 86 pmol),
EtN (50 pL, 361 pmol) and dioxane (1 mL) were addiéily added. After stirring for 2 d,
the mixture was filtrated through a pad of Cé&lismd washed with MeOH. The solvents were
removed in vacuo and the crude product was purifietlash column chromatography (silica
gel, CHCl,/ MeOH, 4:1) affordindl18 (31 mg, 69%) as a light yellow solid.
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Chemical Formula: CsoHs7Ng0O1 2

Molecular Weight: 843.9 gmol™

Melting point: 195 -197 °C

Optical rotation: [a]2=+101.0 (c=0.63 MeOH)

'H NMR (500 MHz, CDs;OD): & = 1.35, 1.42 (2 s, 9 H each, @H2.12 (tdJ = 6.2, 12.1 Hz,

3 H, 5-H), 3.12, 3.18 (AB part of ABX systedns = 11.5 HzJax = 5.3 Hz,Jgx = 7.2 Hz, 3

H each, 2-CH), 3.74, 3.97 (2 dd] = 6.2, 11.4 Hz, 3 H each, 5-G}14.35 (dt,J = 5.3, 7.2,

Hz, 3 H, 2-H), 4.46 (dd]J = 7.2, 12.1 Hz, 3 H, 4-H), 4.84 (ddi= 5.3, 7.2 Hz, 3 H, 3-H), 8.21
(s, 3H, Ar), 841 (s, 3 H, 5-H) ppm.

13C NMR (CD50D, 126 MHz): 5 = 23.6, 26.7 (2 q, C¥), 49.7 (d, C-5), 61.7 (t, 2-G 62.4
(t, 5-CH), 70.7 (d, C-3), 71.9 (d, C-2), 73.2 (d, C-4),67{, C-6), 123.2 (d, C-5), 123.3 (d,
Ar), 133.0 (s, Ar), 147.7 (s, C-4’) ppm.

IR (ATR): v = 3365 (OH), 2930 (C-H), 1600 (C=C), 1230 (C-Oe@y"

HRMS (pos. ESI-TOF): GH57NgO12H™: calcd.: 844.4206
found: 844.4212

C39H57N9012-Na+: calcd.: 866.4025
found: 866.4034
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Elemental Analysis: C3gHs7/NgO12(843.9) calcd. (%): C 55.50, H 6.81, N 14.94
found. (%): C 50.15, H 7.40, N 13.28

A better elemental analysis could not be obtained.

Trivalent triazole (120

JNSW9
According toGP-9, to a solution of azidopyrahO (70 mg, 303 pumol) in dioxane (1.4 mL)
was added Cu/C (481 mg, 2amol), EgN (140 uL, 1.01 mmol) and alkyn&19 (9.9 mg,
10.7 pL, 75.7 pmol). The reaction mixture was stirat 60 °C for 21 h. The mixture was
filtrated through a pad of Celiteand washed with MeOH. The solvents were removed in
vacuo and the crude product was purified by flasturan chromatography (silica gel,
CH.Cl,/MeOH, 4:1) affordindl20 (37 mg, 60%) as a light pink solid.

Chemical Formula: CseHeoN10012

Molecular Weight: 824.9 gmol™

Melting range: 125-131°C

Optical rotation: [a]2= +69.5 (c = 0.71 MeOH)

'H NMR (700 MHz, CDsOD): & = 1.30, 1.40 (2 s, 9 H each, H2.07 (tdJ = 6.2, 12.1 Hz,
3 H, 5-H), 2.99, 3.05 (AB part of ABX systedhg = 11.4 HzJax = 5.1 Hz,Jgx = 7.2 Hz, 3
H each, 2-Ch), 3.70 (dd,J = 6.2, 11.3 Hz, 3 H, 5-C#} 3.78 (s, 6 H, NCh), 3.90 (dd,J =
6.2, 11.3 Hz, 3 H, 5-C§), 4.28 (dtJ = 5.1, 7.2 Hz, 3 H, 2-H), 4.34 (ddi= 6.9, 12.1 Hz, 3 H,
4-H), 4.75 (dd,J = 5.1, 6.9 Hz, 3 H, 3-H), 8.03 (s, 3 H, 5'-H) ppm.

200



Experimental Part

13C NMR (176 MHz, CD;OD): & = 23.6, 26.8 (2 q, C})l, 48.5 (t, NCH), 49.6 (d, C-5), 61.7
(t, 2-CH), 62.3 (t, 5-CH), 70.4 (d, C-3), 71.9 (d, C-2), 73.1 (d, C-4),5/{&, C-6), 126.0 (d,
C-5), 145.0 (s, C-4’) ppm.

IR (ATR): v = 3385 (OH), 2970-2935 (C-H), 1650 (C=C), 1155@%-1230 (C-O-C) ci,

HRMS (pos. ESI-TOF): GeHeoN10012H™: calcd.: 825.4471
found: 825.4471

C36H60N10012-Na+: calcd.: 847.4296
found: 847.4303

Elemental Analysis:
CasHsoN10012(824.9) + 4 HO calcd. (%): C 48.20, H 7.64, N 15.62
found. (%): C 48.43, H 7.59, N 15.32

Trivalent triazole (122

JNS313
According toGP-8, to a suspension of azidopyrdf (80 mg, 0.346 mmol) in toluene (0.2
mL) was added Cul (19 mg, 0.101 mmol), the alky2d (16 mg, 76umol) followed by
DIPEA (290 uL, 1.70 mmol) and HOAc (97.8L, 1.70 mmol). The reaction mixture was
stirred at r.t. for 16 h. The solution was quenchatth 7N NH; in MeOH and the resulting
mixture was filtered through a short silica gel woh and washed with a mixture of
CH.Cl/7N NHz in MeOH 10:1. After removing the solventsvacuo, the crude product was
purified by flash column chromatography (silica,geH,Cl,/MeOH, 9:1 to 4:1) affordind22
(20 mg, 29%) as a yellow solid.
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Chemical Formula: Cy3He7NgO12

Molecular Weight: 902.0 gmol™

Melting point: 291 °C

Optical rotation: [a]ZD2 = +22.7 (c = 0.45, MeOH)

'H-NMR (700 MHz, CQROD): 5 = 1.29, 1.39 (2 s, 9 H each, H2.05 (td,J = 6.3, 12.3 Hz,
3 H, 5-H), 2.10 (dJ = 2.1 Hz, 6 H, 3"-H), 2.23, 2.26 (AB systeds = 12.3 Hz, 3 H each,
1"-H), 2.44 — 2.47 (m, 1 H, 47-H), 2.93, 3.03 (ABart of ABX systemJas = 11.5,Jax = 4.7
Hz, Jsx = 7.6 Hz, 3 H each, 2-GH, 3.69, 3.89 (2 dd] = 6.3, 11.3 Hz, 3 H each, 5-GH
4.24 — 4.28 (m, 3 H, 2-H), 4.31 (d#i= 7.0, 12.3 Hz, 3 H, 4-H), 4.71 (d#i= 5.2, 7.0 Hz, 3
H, 3-H), 7.80 (s, 3 H, 5'-H) ppm.

13C-NMR (175 MHz, CQOD): § = 23.5, 26.7 (2 g, C¥), 30.6 (d, C-4"), 35.3 (s, C-2"), 41.9
(t, C-3"), 47.5 (t, C-1"), 49.7 (d, C-5), 61.7,(2-CH,), 62.3 (t, 5-CH), 70.3 (d, C-3), 72.1 (d,
C-2), 73.0 (d, C-4), 77.5 (s, C-6), 121.6 (d, C-397.1 (s, C-4’) ppm.

IR (ATR): v = 3400 (OH), 2975 (C-H), 1640 (C=C), 1160 (C-®3Q (C-O-C) crit

HRMS (pos. ESI-TOF): GHeNgO12Na™:  calcd.: 924.4801
found: 924.4824

Elemental Analysis:

CasHeNG012(902.0) + 4 HO calcd. (%): C 53.02, H 7.76, N 12.94
found. (%): C 53.46, H 7.23, N 11.78
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Trivalent triazole (126)

JNS269
According toGP-9, to a solution of azidopyran (24 mg, 0.104 mmolylioxane (1 mL) was
added Cu/C (165 mg, 77.jmol), EgN (50 uL, 0.337 mmol) and alkynd25 (10 mg,
0.26 mmol). The reaction mixture was stirred af@dor 17 h, then filtrated through a pad of
Celite® and washed with MeOH. Solvents were removed uneéuced pressure and the
crude product was purified by flash column chrorgeaphy (silica gel, CKCl,/ MeOH, 4:1)
affording126 (22 mg, 79 %) as a yellow solid.

HO
2
O N /N:N |\
() NS
$ OH
on {OH
Q B )~OH
“—OH
126
Chemical Formula: CasH78N12016
Molecular Weight: 1079.2 gmol™
Melting point: 220 °C
Optical rotation: [a]2 = -34.2 (c = 0.58, MeOH)

An assignment of the signals to two of the threen§s and to the four triazole units is not

possible.

'H-NMR (700 MHz, CROD): & = 1.28 — 1.29 (m, 12 H, G§f 1.35 (s, 3 H, Ch), 1.38 —

1.40 (m, 9 H, Ch), 2.04 — 2.09 (m, 3 H, 5%, 2.22 (ddd,J = 3.6, 7.7, 11.5 Hz, 1 H, 5%

2.31(s, 3H, Ch), 2.90 —2.92 (m, 1 H, 2-GH), 2.91 — 2.94, 2.94 — 2.97,2.98 —3.01 (3 m, 2

H each, 2-CHP), 3.17 (m, 1 H, 2-CH"), 3.61 (m, 1 H, 5-CH"), 3.67 — 3.74 (m, 5 H, 5-
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CH,*P), 3.87 = 3.95 (m, 2 H, 5-GP), 4.12 (ddJ = 6.1, 11.5 Hz, 1 H, 49, 4.24 — 4.29 (m,
7 H, 2-tF, 4-H8, CHy), 4.36 (bs, 2 H, Cl), 4.40 (ddJ = 6.2, 11.3 Hz, 1 H, 24, 4.45 (d,J
=12.5 Hz, 1 H, Ch), 4.57 (bs, 2 H, CH, 4.70 — 4.75 (m, 3 H, 3B, 4.79 — 4.81 (m, 1 H,
3-H), 7.66, 7.74, 7.87,8.00 (4 s, 1 H each, 5%{ppm.

¥C-NMR (175 MHz, CQOD): 5 = 10.8, 23.5, 23.6, 24.4, 26.66, 26.68, 26.75323.q,
CHs), 47.2, 49.1, 49.3, 49.4 (4 d, ¢, 61.57, 61.59, 61.64 (3 t, 2-GH, 62.28, 62.38,
62.42 (3 t, 5-CHP), 64.5, 64.76, 64.84 (3 t, GH 68.4 (d, C-3), 68.9 (t, 5-CH"), 69.3 (t, 2-
CH."), 69.5 (d, C-2), 70.3, 70.5, 70.6 (3 d, C2B 71.86, 71.89, 71.96 (3 d, )273.1, 73.2,
73.34 (3 d, C-3), 77.49, 77.51, 77.53 (3 s, G)678.2 (s, C-6), 79.3 (d, C-8), 124.2, 125.2,
154.4, 125.6 (4 d, C-5%), 144.4, 145.1, 145.2, 145.4 (4 s, C:2 ppm.

IR (ATR): v = 3385 (OH), 2970-2850 (C-H), 1650, 1450, 1370Q%=1050 (C-O-C) cih

HRMS (pos. ESI-TOF): GeH7eN101g¢Na’:  calcd.: 1102.1924
found: 1102.5881

Elemental Analysis:
CagH7eN12016(1079.2) + 3 HO calcd. (%): C50.87,H7.74, N 14.83
found. (%): C 51.61, H 7.42, N 14.21

Tetravalent triazole (128

JNS279
According toGP-9, to a solution of azidopyrahO (31 mg, 0.13 mmol) in dioxane (1.5 mL)
was added Cu/C (235 mg, 0.111 mmolxNE{70 uL, 0.50 mmol) and alkyn&27 (8 mg,
28 umol). The reaction mixture was stirred at 60 °C & h. The mixture was filtrated
through a pad of Celifeand washed with MeOH. The solvents were removedaguo and
the crude product was purified by flash column amtography (silica gel, Gi€l,/MeOH,
4:1) affordingl128 (32 mg, 95%) as a yellow solid.
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Chemical Formula: Cs3HggN 12020
Molecular Weight: 1213.4 gmol™
Melting range: 122 — 125 °C
Optical rotation: [a]2 = +10.5 (c = 0.12, MeOH)

'H-NMR (700 MHz, CROD): § = 1.29, 1.39 (2 s, 12 H each, §H2.07 (td,J = 6.3, 12.0
Hz, 4 H, 5-H), 2.95, 3.03 (AB part of ABX systethg = 11.5 Hz,Jax = 4.8 Hz,Jsx = 7.5
Hz, 4 H each, 2-Cp), 3.41 (s, 8 H, 3"-H), 3.70, 3.90 (2 dd,= 6.3, 11.3 Hz, 4 H each, 5-
CHy), 4.28 (dt,J = 5.0, 7.5 Hz, 4 H, 2-H), 4.36 (dd,= 7.1, 12.0 Hz, 4 H, 4-H), 4.52, 4.55
(AB systemJag = 12.7 Hz, 8 H, 1"-H), 4.76 (dd] = 5.2, 7.1 Hz, 4 H, 3-H), 7.97 (s, 4 H, 5™
H) ppm.

13C-NMR (175 MHz, CROD): § = 23.6, 26.7 (2 q, C¥), 43.5 (s, C-4”), 49.7 (d, C-5), 61.6
(t, 2-CHb), 62.3 (t, 5-CH), 65.2 (t, C-1"), 69.9 (t, C-3"), 70.3 (d, C-3)2.0 (d, C-2), 73.0 (d,
C-4), 77.7 (s, C-6), 125.6 (d, C-5), 145.8 (s, Tppm.

IR (ATR): v = 3375 (OH), 2965-2875 (CH), 1650 (C=C), 1230-1(580-C) cni-

HRMS (pos. ESI-TOF): GHsgN1:0Na™:  caled.: 1235.6125
found: 1235.6102
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Elemental Analysis: Cs3HggN12020(1213.4) calcd. (%): C52.46,H 7.31, N 13.85
found. (%): C 50.31, H 5.99, N 11.81
A better elemental analysis could not be obtained.

Hexavalent triazole (139)

JNS255
According toGP-9, to a solution of azidopyra®5 (50 mg, 0.14 mmol) in dioxane (0.8 mL)
was added Cu/C (42 mg, 30mol), EgN (60 pL, 0.42 mmol) and alkynd.38 (6.6 mg,
11 umol). The reaction mixture was stirred at 60 °C 3adl, then was filtrated through a pad
of Celité” and washed with MeOH. The solvents were removedtaicuo and the crude
product was purified by flash column chromatogragbyica gel, CHCl,/ MeOH, 9:1)
affording139(18 mg, 60 %) as a yellow solid.

Chemical Formula: Ci20H16dN 18048

Molecular Weight: 2738.8 gmol*

Melting range: 278 — 283 °C

Optical rotation: [a]2 = +23.2 (c = 0.18, MeOH)

A splitting of several signals was observed

'H-NMR (500 MHz, CROD): § = 1.30, 1.32 (2 s, 9 H each, §H1.379, 1.384 (2's, 9 H

each, CH), 1.55, 1.81 (2 s, 9 H each, COgHL.89, 1.92 (2 s, 9 H each, COgHL.97, 1.99

(2's, 18 H, COCH), 2.49 (qdJ = 5.4, 11.9 Hz, 6 H, 5-H), 3.55 (d= 13.4 Hz, 3 H, 1""-H),
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3.65 (d,J = 6.1 Hz, 12 H, 2-Ch), 4.01 — 4.07, 4.19 — 4.27 (2 m, 6 H each, 5)CHB.52 —
4.63 (m, 6 H, 2-H), 4.68 (d,= 13.4 Hz, 3 H, 1"’-H), 5.04 (i, 6H, 3-H), 5.17 — 5.30 (m, 12
H, 1”-H), 5.56 — 5.65 (m, 6 H, 4-H), 7.16, 7.19%23 H each, Ar), 8.12, 8.13 (2 s, 3 H each,
5-H) ppm.

13C-NMR (175 MHz, CROD): § = 20.5, 20.7, 21.0 (3 q, COGH?24.0, 26.2 (2 q, C¥), 45.1
(d, C-5), 62.5 (t, 5-CbJ, 63.3 (t, C-1""), 63.4 (t, 2-Ch), 64.1 (t, C-1"), 66.7 (d, C-3), 69.0
(d, C-2), 73.2 (d, C-4), 77.8 (s, C-6), 119.2, D2@ d, Ar), 125.9 (d, C-5'), 145.2, 145.3,
145.5, 145.7 (4 s, Ar), 148.4 (s, C-4), 171.5, B7172.2 (3 s, C=0) ppm.

IR (ATR): v = 2975-2920 (C-H), 1740 (C=0), 1510, 1450 (C=C)3d, 1090, 1040 (C-O)

cmt,

HRMS (pos. ESI-TOF):  [2738:8Naf™: calcd.: 1392.0537
found: 1392.0553

Hexavalent triazole (140)

JNS266
According toGP-8, to a solution of azidopyrahO (44 mg, 0.19 mmol) in dioxane (1.1 mL)
was added Cu/C (58 mg, Quinol), EgN (80 uL, 15 umol) and alkynel38 (9 mg, 15umol).
Cu/C (58 mg, 9.umol), EN (80 uL, 15 umol) were additionally added. After stirring for
2 d, the mixture was filtrated through a pad ofi@8land washed with MeOH. The solvents
were removed under reduced pressure and the crodeiqd was purified by flash column
chromatography (silica gel, GBI,/ MeOH, 4:1) affordingl40 (20 mg, 67 %) as a yellow
solid.
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Chemical Formula: CozH132N 18030

Molecular Weight: 1982.15 gnol™

Melting range: 137 - 140 °C

Optical rotation: [a]zD2 = +18.1 (c =0.85, MeOH)

A splitting of severakignals was observed.

'H-NMR (700 MHz, CROD): & = 1.19, 1.23 (2 s, 6 H each, §H1.29 (bs, 12 H, C#),
1.35,1.36 (2’ s, 6 H each, H1.99 — 2.07 (m, 6 H, 5-H), 2.87 — 2.93, 2.96.6132 m, 6 H
each, 2-CH), 3.63 - 3.70 (m, 6 H, 5-Ci 3.74 —3.79 (m, 2 H, 1""-H ), 3.82 — 3.89 (mHH
5-CHp), 4.10-4.17 (m, 2 H, 1""-H), 4.21 — 4.24, 4.251.29 (2 m, 6 H each, 4-H, 2-H), 4.30
—-4.34 (m,2H, 1'""-H), 4.67 - 4.74 (m, 6 H, 3-H9.12 - 5.19 (m, 12 H, 1"-H), 7.15 - 7.20
(m, 6 H, Ar), 7.99 (s, 6 H, 5’-H) ppm.

3C-NMR (175 MHz, CROD): 6 = 23.6, 26.8, 30.6, 30.7, 30.8, 33.1 (6 q,33H49.5 (d, C-
5), 61.6 (t, 2-CH), 62.1 (t, 5-CH), 62.6 (t, C-1""), 64.0 (t, C-1"), 70.3 (d, C-3)2.0 (d, C-
2), 73.1 (d, C-4), 77.5 (s, C-6), 118.5, 126.2,.72130.0, 135.1 (5 d, C-5", Ar), 144.9 (s, Ar),
148.3 (s, C-4") ppm.

IR (ATR): v = 3370 (OH), 2960-2850 (C-H), 1510, 1455 (C=C)6@,2L055 (C-O) ci.

HRMS (pos. ESI-TOF):  [1982.38Naf":  calcd.: 1013.9586
found: 1013.9587

1982.19Na"; calcd.: 2004.9279
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found: 2004.9269

Elemental Analysis: Ci2dH16gN18045(2738.8) calcd. (%): C56.35, H6.71, N 12.72
found. (%): C 50.51, H 5.06, N 9.17
A better elemental analysis could not be obtained.

6.2.5. Metal-free 1,2,3,-triazole formation

(2S,3R,4S,5S)-[4-Hydroxy-6,6-dimethyl-3-(4-methyl-1H-1",2’,3’-triazol-1'-yl)tetrahydro-
2H-pyran-2,5-diyl]Jdimethanol (123

JNS232
According toGP-10 to a cooled solution aimine (58 mg, 0.28 mmol) in EtOH (3.3 mL)
was added KOAc (583 mg, 0.85 mmol) and the resukiolution was stirred for 10 min at
0 °C. Hydrazonel43 (109 mg, 0.37 mmol) was dissolved in MeCN (2.2 naind added
dropwise to the reaction mixture. Stirring was ammed at r.t. for 21 h. All volatiles were
removed in vacuo and the crude product was purifietlash column chromatography (silica
gel, CHCIl,/ MeOH, 9:1) affordindl23 (78 mg, quant.) as a colorless solid.

Chemical Formula: Ci2H21N30,

Molecular Weight: 271.3 gmol™*

Melting point: 176 °C

Optical rotation: [a]zD2 = +2.68 (c = 0.77, MeOH)

'H-NMR (500 MHz, CROD): 6 =1.28, 1.39 (2 s, 3 H each, @H2.05 (tdJ~ 6.2, 12.3 Hz,
1 H, 5-H), 2.33 (s, 3 H, C#j, 2.95, 3.05 (AB part of ABX systerdas = 11.5 Hz,Jax = 4.8
Hz,Jsx = 7.5 Hz, 1 H each, 2-G}{ 3.69 (ddJ =6.4, 11.3 Hz, 1 H, 5-C}{ 3.89 (dd,J = 6.0,
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11.3 Hz, 1 H, 5-ChH), 4.22 — 4.28 (m, 2 H, 2-H, 4-H), 4.67 (dds= 5.1, 7.0 Hz, 1 H, 3-H),
7.72 (s, 1 H, 5-H) ppm.

3C-NMR (125 MHz, CROD):  =10.5, 23.5, 26.7 (3 q, GH 49.6 (d, C-5), 61.6 (t, 2-Gij
62.3 (t, 5-CH), 70.2 (d, C-3), 71.9 (d, C-2), 73.1 (d, C-4),57s, C-6), 123.8 (d, C-5)),
143.9 (s, C-4") ppm.

IR (ATR): v = 3370 (OH), 3150 (=C-H), 2975-2885 (C-H), 156840, 1390 (C=C), 1055
(C-O-C) cm.

HRMS (pos. ESI-TOF): @H21N3O4H™ calcd.: 272.1605
found: 272.1604

Cle21N304-Na+: calcd.: 294.1424
found: 294.1435

Elemental Analysis: C15H21N30,4(271.3) calcd. (%): C53.12, H 7.80, N 15.49
found. (%): C 53.27, H 7.80, N 15.52

(2S,3R,4S,5S)-{4-Hydroxy-3-[4-(5-hydroxypentyl)-1H-1",2’,3'-triazol-1-yl]-6,6-
dimethyltetrahydro-2 H-pyran-2,5-diyl}dimethanol (147)

JNSU23
According toGP-10 to a cooled solution cimine3 (26 mg, 0.13 mmol) in EtOH (1.5 mL)
was added KOAc (37 mg, 0.38 mmol) and the resulsolgition was stirred for 10 min at
0 °C. Tosylhydrazon&46 (60 mg, 0.16 mmol) was dissolved in MeCN (1.2 rahyl added
dropwise to the reaction mixture. Stirring was amnéd at room temperature for 26 h. All
volatiles were removed in vacuo and the crude pbduas purified by flash column
chromatography (silica gel, GBI,/ MeOH, 95:5 to 9:1) affording47 (28 mg, 65%) as a

yellow oil.
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Chemical Formula: CieH29N305
Molecular Weight: 343.4 gmol™
Optical rotation: [a]ZDz: +27.3 (c = 1.29, MeOH)

'H NMR (700 MHz, CDsOD): § = 1.29, 1.39 (2 s, 3 H each, §H1.40 — 1.45 (m, 2 H,
CHy), 1.54 — 1.60 (m, 2 H, Gi 1.71 (quint.J = 7.6 Hz, 2 H, Ch)), 2.05 (td,J = 6.2, 12.2
Hz, 1 H, 5-H), 2.73 (tJ = 7.6 Hz, 2 H, CH), 2.93, 3.04 (AB part of ABX systerdys = 11.5
Hz, Jax = 4.8 Hz,Jex = 7.6 HZ, 1 H each, 2-Gi 3.55 (t,J = 6.5 Hz, 2 H, Ch), 3.69 (ddJ
= 6.4, 11.3 Hz, 1 H, 5-C#), 3.89 (ddJ = 6.0, 11.3 Hz, 1 H, 5-C} 4.23 — 4.31 (m, 2 H, 2-
H, 4-H), 4.69 (ddJ = 5.1, 7.0 Hz, 1 H, 3-H), 7.74 (s, 1 H, 5-H) ppm.

13C NMR (175 MHz, CD;OD): & = 23.5 (q, CH)), 26.3, 26.4 (2 t, Ch, 26.7 (q, CH), 30.4,
33.3 (2't, CH), 48.5 (d, C-5), 61.6 (t, 2-Gi 62.3 (t, 5-CH), 62.8 (t, CH), 70.2 (d, C-3),
72.0 (d, C-2), 73.1 (d, C-4), 77.5 (s, C-6), 128l4C-5"), 148.8 (s, C-4’) ppm.

IR (ATR): v = 3355 (OH), 2930-2860 (C-H), 15504C), 1170-1010 (C-O-C) cth

HRMS (pos. ESI-TOF): @H20N3Os-Na': calcd.: 366.1994
found: 366.2001

Elemental Analysis: C1gH29N305(343.4) calcd. (%): C 55.96, H8.51, N 12.24

found. (%): C 54.44, H 8.48, N 10.72

A better elemental analysis could not be obtained.
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Divalent triazole (151)

JNS308
According toGP-1(Q to a cooled solution aimine3 (100 mg, 0.487 mmol) in EtOH (5.7 mL)
was added KOAc (147 mg, 1.49 mmol) and the regulsiolution was stirred for 10 min at
0 °C. Hydrazonel50 (116 mg, 0.187 mmol) was dissolved in MeCN (3.8)rahd added
dropwise to the colorless solution. The reactionture turned bright yellow after 10 min.
Stirring was continued at r.t. for 20 h. All volas were removed in vacuo and the crude
product was purified by flash column chromatografgilca gel, CHCIl,/ MeOH, 9:1 to 6:1)
affording151 (80 mg, 75%) as a colorless solid.

HO
2\ N HO_
Ne N =N HO, 3
3 4 N
5 = = “‘CK
S %n - 0
\ SN S
OH N
151 OH
Chemical Formula: C26H44N6Osg
Molecular Weight: 568.6 gol*
Melting point: 184 °C
Optical rotation: [a]zD2 = +33.2 (c = 1.18, MeOH)

'H-NMR (500 MHz, CROD): 6 = 1.29, 1.39 (2 s, 6 H each, @H1.69 — 1.76 (m, 4 H, Gij|
2.05 (td,J = 6.2, 12.2 Hz, 2 H, 5-H), 2.75 @,= 6.4 Hz, 4 H, Ch), 2.92, 3.03 (AB part of
ABX system,Jag = 11.4 Hz Jax = 4.7 Hz,Jgx = 7.5 Hz, 2 H each, 2-C) 3.67 — 3.72 (m, 2
H, 5-CH), 3.89 (ddJ = 6.0, 11.3 Hz, 2 H, 5-ChHi 4.23 — 4.30 (m, 4 H, 2-H, 4-H), 4.68 (dd,
J=5.2,7.0Hz,2H, 3-H), 7.74 (s, 2 H, 5’-H) ppm

13C-NMR (125 MHz, CROD): § =23.5 (g, CH). 25.9 (t, CH), 26.7 (g, CH), 29.9 (t, CH),
49.6 (d, C-5), 61.6 (t, 2-CH 62.3 (t, 5-CH), 70.2 (d, C-3), 72.0 (d, C-2), 73.0 (d, C-4),577.
(s, C-6), 123.5 (d, C-5'), 148.6 (s, C-4’) ppm

IR (ATR): v = 3370 (OH), 2930 (C-H), 1680 (C=C), 1045 (C-Oe@j".

HRMS (pos. ESI-TOF): @H44NgOgH ™ calcd.: 569.3293
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found: 569.3301

C26H44N608-Na+: calcd.: 591.3107
found: 591.3128

Elemental Analysis: CygH44NsOg (568.6) calcd. (%): C54.91,H7.80, N 14.78
found. (%): C 51.37, H 7.63, N 10.68

A better elemental analysis could not be obtained.

6.2.6. Miscellaneous subsequent reactions

(2S,3R,4S,55)-1-{-6,6-Dimethyl-4-(prop-2-ynyloxy)-2,5-bis[(prop2-ynyloxy)methyl]-
tetrahydro-2H-pyran-3-yl}-4-methyl-1H-1",2’,3’-triazole (125

JNS268
According toGP-1, to a cooled solution of triazol&23 (72 mg, 0.26 mmol) in anhydrous
DMF (1 mL) was added NaH (25 mg, 0.11 mmol) undgoa atmosphere. The resulting
suspension was stirred at r.t. for 1 h. After coglto 0 °C, propargyl bromid&24 (1.51 g,
1.2 mL, 12.7 mmol) was added dropwise and the i@aatixture was stirred for 22 h. MeOH
(2 mL) was added and the mixture was stirred fom8Q. After removing all volatiles in
vacuo, the resulting mixture was dissolved wit#OH5 mL) and extracted with EtOAc (3 x
10mL). The combined organic phases were dried W&850, and the solvent was removed
in vacuo. The crude was purified by flash column chromatolyyagsilica gel, hexanes/
EtOAc, 5:1 to 2:1) affordind25 (72 mg, 71%) as an orange oil.
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Chemical Formula: Co1H27N30,
Molecular Weight: 385.5 gmol™
Optical rotation: [a]2 = -4.90 (c = 0.59, MeOH)

'H-NMR (500 MHz, CDC}): 6 = 1.33, 1.36 (2 s, 3 H each, ©H2.14 (dddJ = 3.8, 7.4,
11.4 Hz, 1 H, 5-H), 2.25 (8 = 2.4 Hz, 1 H=CH), 2.37 — 2.33 (m, 4 H, G#=CH ), 2.41 (tJ
= 2.4 Hz, 1 H=CH), 2.98, 3.11 (AB part of ABX systerdyg = 10.0 Hz Jax = 6.0 Hz,Jgx =
6.5 Hz, 1 H each, 2-CGj 3.62 — 3.69 (m, 2 H, 5-G){3.85 (dd,J = 2.4, 15.7 Hz, 1 H,
CH,C=), 3.91, 3.94 (AB part of ABX systendag = 15.7 Hz,Jax = Jsx = 2.4 Hz, 1 H each,
CH,C=), 4.02 - 4.14 (m, 3 H, 4-H, GB=), 4.30 (dtJ~ 4.4, 6.2 Hz, 1 H, 2-H), 4.84 (dd,
=4.4,54Hz, 1 H, 3-H), 7.48 (s, 1 H, 5’-H) ppm.

13C-NMR (125 MHz, CDC}): & = 11.0, 24.2, 27.2 (3 q, GH 45.7 (d, C-5), 58.0, 58.4, 58.6
(3 t, CHC=), 66.5 (d, C-3), 67.6 (t, 5-GH 68.2 (t, 2-CH), 68.8 (d, C-2), 74.6, 74.7, 74.9 (3
d,=CH), 76.9 (s, C-6), 77.9 (d, C-4), 78.9, 79.1, 71855, GC), 121.4 (d, C-5), 143.5 (s, C-
4’) ppm.

IR (ATR): v = 3290 £C-H), 3150-3060 (=C-H), 2960-2840 (C-H), 2115, 1550, 1440,
1390, 1360 (C=C), 1080, 1030 (C-O-C)tm

HRMS (pos. ESI-TOF): @Ho7N3sOsNa': calcd.: 408.1894
found: 408.1904

Elemental Analysis: C1H27N304 (385.5): calcd. (%): C 65.44, H 7.06, N 10.90
found. (%): C 65.84, H 7.06, N 10.26
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6.2.7. Polysulfation

Azide (158

JNS221
According toGP-11, polyol 13 (19 mg, 0.082 mmol), SEDMF (47%, 240 mg, 0.739 mmol)
and DMF-d¢ (0.8 mL) were stirred overnight. AftéH-NMR control, additional S@DMF
(120 mg) was added and the reaction mixture wasedtfor 2 d. According to Method A,
NaOH 1 M was added dropwise until pH 12 was reachlié® solvents were removed in
vacuo and the crude product was purified by dialysube width: 10-16 mm, molecular
weight cut off: 100-500 Da). The product was fiie@ through a syringe filter affordirth8
(5 mg, 11%) as a colorless solid.

158

Chemical Formula: CoH14N3N&ag013Ss

Molecular Weight: 537.4 gmol™

Melting point: 203 °C (decomposition)
Optical rotation: [a']ZD2 =+13.5 (c = 0.08, D)

'H-NMR (700 MHz, DO): 8 = 1.28, 1.50 (2 s, 3 H each, @H2.41 (dtJ = 4.4, 7.9 Hz, 1 H,
5-H), 4.03 — 4.06 (m, 1 H, 3-H), 4.11 (di= 7.4, 10.7 Hz, 1 H, 2-CH} 4.23 (ddJ = 4.9,
10.7 Hz, 1 H, 2-Ch), 4.30 (d,J = 7.9 Hz, 2 H, 5-Ch), 4.46 (ddd,) = 2.5, 4.9, 7.4 Hz, 1 H, 2-
H), 4.86 — 4.87 (m, 1 H, 4-H) ppm.

13C-NMR (175 MHz, BO): § = 25.6, 25.7 (2 g, CH, 42.6 (d, C-5), 59.7 (d, C-3), 66.5 (d, C-
2), 66.7 (t, 5-CH), 67.6 (t, 2-CH), 74.2 (d, C-4), 75.3 (s, C-6) ppm.

IR (ATR): v = 2905 (C-H), 2110 (), 1240 (C-O), 1130 (C-O-C, SOla’) cmi*

HRMS (pos. ESI-TOF): GH14N3Naz013S*Na'™:  caled.: 559.9274

found: 559.9418
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Divalent triazole (161)
JNS217

According toGP-11, polyol 106 (15 mg, 0.027 mmol), SEDMF (97%, 75 mg, 0.49 mmol)
and DMF-¢ (0.6 mL) were stirred overnight. AftéH-NMR control, additional S@DMF
(60 mg) was added and the reaction mixture wasedtifor 1 d. According to Method A,
NaOH 1 M was added dropwise until pH 12 was reachiée solvents were removed in
vacuo and the crude product was purified by dialysube width: 10-16 mm, molecular
weight cut off: 100-500 Da). The product was #tad through a syringe filter affordidgl

(15 mg, 48%) as a colorless solid.

®
Na ©
0,80
N
o= N=N N=N
6 33N 4
- = =
Na® :: ‘o5 e
D,s0—  0S0; N & 0550
®
Na 161
Chemical Formula: CosHzeNsNasO265
Molecular Weight: 1166.9g-mol™
Melting point: 267 °C (decomposition)
Optical rotation: [a]zD2 =+65.2 (c = 0.1, kD)

'H-NMR (700 MHz, DO): § = 1.46, 1.51 (2 s, 6 H each, §H2.04 — 2.12 (m, 2 H, G
2.66 — 2.74 (M, 2 H, 5-H), 2.78 (t= 6.7 Hz, 4 H, Ch), 3.51 (dd,J = 7.7, 11.0 Hz, 2 H, 2-
CH,), 3.65 (ddJ = 4.8, 11.0 Hz, 2 H, 2-Ch} 4.20 (m, 2 H, 5-CH), 4.41 (dd,J = 4.4, 10.8
Hz, 2 H, 5-CH), 4.74 — 4.77 (m, 2 H, 2-H), 4.97 (diiz 6.5, 12.1 Hz, 2 H, 4-H), 5.16 (2
H, 3-H), 7.92 (s, 2 H, 5'-H) ppm.

3C-NMR (175 MHz, DO): & = 22.2 (g, CH), 23.7 (t, CH), 26.0 (g, CH), 28.0 (t, CH),
44.1 (d, C-5), 65.6 (d, C-3), 65.8 (t, 2-§H66.6 (t, 5-CH), 68.1 (d, C-2), 77.3 (d, C-4), 77.9
(s, C-6), 124.5 (d, C-5'), 151.2 (s, C-4") ppm.

IR (ATR): v = 2950-2850 (C-H), 1460 (C=C), 1220 (C-0), 11360, SQ'Na’) crmi®

HRMS (pos. ESI-TOF): @GH3sNsNagO26Ss:Na': calcd.: 1188.9281
found: 1188.9303
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Divalent triazole (163

JNS310
According to GP-11, polyol 151 (30 mg, 0.053 mmol), SEDMF (97%, 145 mg,
0.949 mmol) and DMF-d (0.8 mL) were stirred overnight. AftéH-NMR control, the
reaction mixture was stirred for 3 d and each dagw portion of S@DMF (145 mg) was
added. According to Method B, NaOH 0.5 M was addexpwise until pH 8 was reached.
The reaction mixture was filtrated through an iorclange DOWEX Na' column. The
solvents were removed in vacuo and the crude ptodlas purified by dialysis (tube width:
10-16 mm, molecular weight cut off: 100-500 Da).eTproduct was filtrated through a
syringe filter affordingl63(54 mg, 87%) as a colorless solid.

Na®
Na ©
0550
=N 0,50, *
W @
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Chemical Formula: CosH3sNsNasO26
Molecular Weight: 1180.9g-mol™
Melting point: 269 °C (decomposition)
Optical rotation: [a']ZD2 = +25.1 (c = 0.06, D)

'H-NMR (700 MHz, DO): § = 1.47, 1.52 (2 s, 6 H each, @H1.73 (bs, 4 H, Ch), 2.68 —
2.76 (m, 2 H, 5-H), 2.79 (bs, 4 H, @H3.51 (dd,J = 7.7, 10.8 Hz, 2 H, 2-C}| 3.65 (ddJ =
4.8, 10.8 Hz, 2 H, 2-C}), 4.21 (m, 2 H, 5-CH), 4.41 (dd,J = 4.6, 10.9 Hz, 2 H, 5-C}}
4.75—-4.77 (m, 2 H, 2-H), 4.99 (ddi= 6.3, 12.1 Hz, 2 H, 4-H), 5.14 — 5.19 (m, 2 H{B-
7.90 (s, 2 H, 5’-H), ppm.

13C-NMR (175 MHz, DO): & =22.3 (g, CH), 24.1 (t, CH), 26.0 (g, CH), 27.9 (t, CH),
44.1 (d, C-5), 65.4 (d, C-3), 65.5 (t, 2-§H66.6 (t, 5-CH), 68.1 (d, C-2), 77.2 (d, C-4), 77.9

(s, C-6), 124.3 (d, C-5"), 148.7 (s, C-4’) ppm.

IR (ATR): v = 2970-2850 (C-H), 1440 (C=C), 1225 (C-O), 12004{8a") cni®
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HRMS (pos. ESI-TOF): GH3gNsNagO26Ss'Na™:  caled.: 1202.9438
found: 1202.9407

Divalent triazole (162

JNS254
According to GP-11, polyol 116 (15 mg, 0.026 mmol), SEDMF (47%, 151 mg, 0.463
mmol) and DMF-¢ (0.7 mL) were stirred overnight. AftéiH-NMR control, additional
SO;:DMF (151 mg) was added and the reaction mixture stased for 1 d. According to
Method A, NaOH 1 M was added dropwise until pH 1@sweached. The solvents were
removed in vacuo and the crude product was purifigde by dialysis (tube width: 10-16
mm, molecular weight cut off: 100-500 Da). The proidwas filtrated through a syringe filter
affording162 (12 mg, 39%) as a colorless solid.

Na®
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® 162 Na
Na
Chemical Formula: CoHaoNsNa6026Ss
Molecular Weight: 1195.0 gmol™
Melting point: 265 °C (decomposition)
Optical rotation: [a']ZD2 = +30.5 (c = 0.08, D)

'H-NMR (700 MHz, }O): 8 = 1.40, 1.47 (2 s, 6 H each, §H1.63 — 1.76 (m, 4 H, G|

2.62 — 2.67 (m, 2 H, 5-H), 2.67— 2.70 (m, 6 H,AK.41 — 3.51 (m, 2 H, 2-CGi 3.59 (B
part of ABX systemJas = 10.8 Hz Jgx = 4.9 Hz, 2 H, 2-Ch), 4.11 — 4.22 (m, 2 H, 5-CGli{

4.36 (ddJ=4.5, 10.7 Hz, 2 H, 5-CH{ 4.67 — 4.73 (m, 2 H, 2-H), 4.93 (dt>= 6.6, 12.1 Hz,
2 H, 4-H), 5.07 = 5.14 (m, 2 H, 3-H), 7.84 (s, 284H) ppm.
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3C-NMR (175 MHz, DxO): 8 = 22.2 (q, CH), 24.4 (t, CH), 26.0 (q, CH), 27.7, 28.3 (2 t,
CH,), 44.1 (d, C-5), 65.5 (d, C-3), 65.7 (t, 2-8§H66.6 (t, 5-CH), 68.1 (d, C-2), 77.2 (d, C-
4), 77.9 (s, C-6), 124.0 (d, C-5)* ppm; *C-5' akbuted by HMQC; C-4’ could not be
detected.

IR (ATR): v = 2910 (C-H), 1460 (C=C), 1205 ($8a") cm®

HRMS (pos. ESI-TOF): GHioNsNasO26Ss:Na™:  caled.: 1216.9600
found: 1216.9607

Divalent amide (160)

JNS174
According toGP-11, polyol 54 (15 mg, 0.028 mmol), SEDMF (97%, 77 mg, 0.50 mmol)
and DMF-g (0.6 mL) were stirred overnight. According to MethA, NaOH 1 M was added
dropwise until pH 10 was reached. The solvents ware®ved in vacuo and the crude product
was purified twice by dialysis (tube width: 10-1@nmmolecular weight cut off: 100-500 Da)
affording160 (19 mg, 60%) as a colorless solid.

® N
Na
O3SO oso3
O :
§ oso3 0380
0s0¥ N ©0,50
Na” 160 Na
Chemical Formula: CosH34N2Na36025Ss
Molecular Weight: 1152.9 gmol™
Melting point: 275 °C (decomposition)
Optical rotation: [a]Z = +33.7 (c = 0.08, ¥D)

'H-NMR (700 MHz, DO): 6 = 1.36, 1.52 (2 s, 6 H each, @H2.53 (tdJ~ 7.6, 14.3 Hz, 1
H, 5-H), 4.09, 4.19 (AB part of ABX systedyg = 10.9 HzJax = 4.3 Hz,Jgx = 7.5 Hz, 2 H
each, 2-CH), 4.25, 4.32 (AB part of ABX systendas = 10.5 HzJax = 6.3 Hz,Jgx = 7.9 Hz,
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2 H each, 5-Ch), 4.53 — 4.57 (m, 2 H, 3-H), 4.57 — 4.62 (m, 22H), 4.69 — 4.76 (m, 2 H,
4-H), 7.88 (s, 4 H, Ar) ppm.

3C-NMR (175 MHz, BO): § = 24.8, 26.4 (2 g, C#), 44.2 (d, C-5), 52.3 (d, C-2), 67.3 (t, 2-
CHyp), 67.6 (t, 5-CH), 67.7 (d, C-3), 76.2 (d, C-4), 76.6 (s, C-6), I2&l, Ar) ppm; signals
for C=0 and Ar singlet could not be detected.

IR (ATR): v = 3480 (NH), 2985 (C-H), 1535 (C=C), 1635 (C=C5% (C-O), 1130
(SOsNa') cm*

HRMS (pos. ESI-TOF): @H34N2NagO2sSs:Na™:  caled.: 1174.8906
found: 1174.8819

Trivalent triazole (165

JNS297
According toGP-11, polyol 70 (32 mg, 0.032 mmol), SEDMF (97%, 136 mg, 0.864 mmol)
and DMF-¢ (0.7 mL) were stirred overnight. AftéH-NMR control, the reaction mixture
was stirred for 2 d and each day a new portion@§3MF (136 mg) was added. According
to Method B, NaOH 0.5 M was added dropwise untilgt¥as reached. The reaction mixture
was filtrated through an ion exchange DOWENXa" column. The solvents were removed
removed in vacuo and the crude product was purifiedlialysis (tube width: 10-16 mm,
molecular weight cut off: 500-1000 Da). The finabguct was filtrated through a syringe
filter affording 165 (51 mg, 84%) as a colorless solid.
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Chemical Formula:
Molecular Weight:
Melting point:

Optical rotation:

®
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Na Na®
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1918.5g-mol™

260 °C (decomposition)
[a]Z = +23.4 (c= 0.5, kD)

'H-NMR (700 MHz, DO): § = 1.41, 1.55 (2 s, 9 H each, §H2.56 (m, 3 H, 5-H), 4.14 (A
part of ABX systemJag = 10.2 Hz,Jax = 7.8 Hz, 3 H, 2-Ch), 4.23 — 4.26 (m, 3 H, 2-Gij
4.27 — 4.30 (m, 3 H, 5-CH 4.36 — 4.38 (m, 3 H, 5-G} 4.61 (m, 3 H, 2-H), 4.62 — 4.66
(m, 3 H, 3-H), 8.00 (s, 12 H, Ar), 8.17 (s, 3 H,) Apm; the signal of 4-H could not be
detected (overlapping withJD peak= 4.77 ppm).

3C-NMR (175 MHz, D:0): 6 = 24.2, 26.0 (2 g, C¥), 43.9 (d, C-5), 52.0 (d, C-2), 67.1 (t, 5-
CH,), 67.4 (t, 2-CH), 67.5 (d, C-3), 76.3 (d, C-4), 76.4 (s, C-6), B2827.4, 128.2 (3 d, Ar),
132.9, 141.3, 143.7 (3 s, Ar), 171.0 (s, C=0) ppm.

IR (ATR): v = 3460 (NH), 2960 (C-H), 1535 (C=C), 1635 (C=C92Q (C-O), 1130
(SOyNa") cm™.

HRMS (pos. ESI-TOF): [GHeoN3NagO42Ss -2Naf™: calcd.: 981.9495

found: 981.9458
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Trivalent triazole (164)

JNS303
According toGP-11, polyol 126 (16 mg, 0.015 mmol), SEDMF (97%, 64 mg, 0.40 mmol)
and DMF-¢ (0.7 mL) were stirred overnight. AftéH-NMR control, the reaction mixture
was stirred for 5 d and each day a new portion@f[3MF (64 mg) was added. According to
Method B, NaOH 0.5 M was added dropwise until pM/&s reached. The reaction mixture
was then filtrated through an ion exchange DOWENXa" column. The solvents were
removed in vacuo and the crude product was purifiedlialysis (tube width: 10-16 mm,
molecular weight cut off: 500-1000 Da). The produas filtrated through a syringe filter
affording164 (30 mg, quant.) as a colorless solid.

Chemical Formula:
Molecular Weight:
Melting point:

Optical rotation:

CagHeoN12NagO43S
1997.6 gmol™
290 °C (decomposition)

[a]Z = +10.7 (c =0.09, kD)

An assignment of the signals to two of the threen§s and to the four triazole units is not
possible.

'H-NMR (700 MHz, BO): § = 1.38, 1.48, 1.55, 1.56, 1.57 (5 s, 3 H eachs)CH61 (s, 6 H,
CHa), 1.62 (s, 3 H, Ch), 2.42 — 2.48 (m, 1 H, 5/, 2.50 (s, 3 H, Ch), 2.77 — 2.84 (m, 3 H,
5-H®), 3.11 (dd,J = 7.6, 10.6 Hz, 1 H, 2-CH), 3.24 (dd, = 4.4, 10.6 Hz, 1 H, 2-CH), 3.62

— 3.64, 3.66 — 3.67, 3.73 - 3.75 (3 m, 2 H eacBH2), 3.76 — 3.78 (m, 1 H, 5-GF)) 3.88
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(me, 1 H, 5-CH"), 4.29 — 4.32 (m, 4 H, 5-GF)), 4.47— 4.52 (m, 4 H, 2-H, 25 4.55 — 4.66
(m, 4 H, CH), 4.83 —4.89 (m, 4 H, 4-H, 4% 5.01 —=5.10 (m, 2 H, C}{ 5.10 — 5.13, 5.23 —
5.26, 5.26— 5.30, 5.30 — 5.33 (4 m, 1 H each”8)H7.83, 7.96, 8.13, 8.26 (4 s, 1 H each, 5'-
H"®) ppm.

3C-NMR (175 MHz, DO): & = 9.7, 9.8, 22.27, 22.37, 22.42, 26.0, 26.1, 28.2, CH),
44.0, 44.2, 44.3, 45.0 (4 d, C%), 63.0, 63.2, 63.4 (3 t, Gl 65.7 (d, C-3), 66.6, 66.7 (2 t,
5-CH, *, 2-CH, %), 68.0 (d, C-2), 77.4 (d, C-4), 78.0 (s, C-8), 126.5 (d, C-5'°"®) ppm;

C-4’ of A and B and further signals from B-ringsutab not be assigned.
IR (ATR): v = 2960-2855 (C-H), 1465 (C=C), 1250 (C-O), 1136qa, S Na") cm™*

HRMS (pos. ESI-TOF): [GeHsoN12NagO43Se2Naf: calcd.: 1020.9963
found: 1021.0006

Divalent amide (157)

JNS168
According toGP-11, polyol 56 (20 mg, 0.057 mmol), S#§DMF (106 mg, 0.689 mmol) and
DMF-d; (0.6 mL) were stirred overnight. According to MethA, NaOH 1 M was added
dropwise until pH 12 was reached. The solvents wareved in vacuo and the crude product
was purified by dialysis (tube width: 10-16 mm, ewmilar weight cut off: 100-500 Da)
affording157 (34 mg, 79%) as a colorless solid.

080,

O So/j/ W J/\/OSO3 Na

NP 080

N@

Chemical Formula: CieH28N2Nay018S,
Molecular Weight: 756.6 gmol™
Melting range: 200 — 205 °C (decomposition)
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H-NMR (500 MHz, BO): 6 = 1.36 (bs, 8 H, C§J, 1.61 — 1.69 (m, 4 H, G} 2.34 (t,J
7.4 Hz, 4 H, CH), 4.17, 4.20 (AB part of ABX systerdag = 9.0 Hz,Jax = 3.6 Hz,Jsx
4.3 Hz, 4 H each, 2-H), 4.47 {p2 H, 1-H) ppm.

3C-NMR (125 MHz, BO): § = 25.6, 28.4, 28.5, 36.1, (4 t, ©H48.2 (d, C-1), 66.9 (t, C-2),
177.8 (s, C=0) ppm.

IR (ATR): v = 3385 (NH), 2980 (C-H), 1740 (C=0), 1255 (C-0)30 (SQ'Na") cm*

HRMS (pos. ESI-TOF): @H2gN2NayO18S4Na’™:  caled.: 778.9703
found: 778.9682

Divalent amide (156

JNS159
According toGP-11, polyol 54 (20 mg, 0.064 mmol), SE§DMF (118 mg, 0.770 mmol) and
DMF-d; (0.6 mL) were stirred overnight. AftéH-NMR control, the reaction mixture was
stirred for 4 d and each day a new portion og-B®IF (118 mg) was added. According to
Method A, NaOH 1 M was added dropwise until pH 1@sweached. The solvents were
removed in vacuo and the crude product was purifigdlialysis (tube width: 10-16 mm,

molecular weight cut off: 100-500 Da) affordith§6 (32 mg, 69%) as a colorless solid.

Na@)e ,
0;S0—", NP
T o o
0550 )—@—/( 0S0;
® o HN{ o
Na 080;
156 Na
Chemical Formula: CigH16N2NayO18S,4
Molecular Weight: 720.5 gmol™
Melting point: 215 — 217 °C (decomposition)
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'H-NMR (500 MHz, BxO): & = 4.20, 4.23 (AB part of ABX systendas = 9.7 Hz,Jax =
4.1 Hz,Jgx = 5.0 Hz, 4 H each, 2-H), 4.58 — 4.63 (m, 2 H,)1-H81 (s, 4 H, Ar) ppm.

3C-NMR (125 MHz, DO): 5 = 49.0 (d, C-1), 66.7 (t, C-2), 127.9 (d, Ar), 1B6s, Ar),
170.6 (s, C=0) ppm.

IR (ATR): v = 3375 (NH), 2985 (C-H), 1535 (C=C), 1645 (C=C9Q (C-O), 1130
(SOyNa") cm™.

HRMS (pos. ESI-TOF): @H16NoNa;O1sS¢Na': calcd.: 742.8758
found: 742.8763
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6.3.Surface plasmon resonance (SPR) assay

Experiments were performed on a BIACORE X instrum@BE Healthcare, Freiburg,

Germany) at 25 °C using a sensor chip (sensorSAigGE Healthcare).

The running buffer during the assay consisted oin®0HEPES pH 7.4, with 150 mM NacCl
and 1 mM CaGl

6.3.1. Assay protocol

Selectins (L-, P- or E-) Fc chimeras (R&D SystemmbBl, Wiesbaden-Nordenstadt,
Germany) were coupled to Protein A gold particléauNP) (diam. 15 nm, Biotrend
Chemikalien GmbH, Cologne, Germany) and led oveemsor chip surface with two flow
cells (Fcl and Fc2). On Fc2 was immobilized theeel ligand composed of sulfated
Tyrosine and tetrasaccharide sialyl-Lewis-X presénin a multivalent fashion on a
polyacrylamide backbone (sTyr/st-®2AA). On Fcl (reference lane) was immobilized N-
acetyllactosamine(LacNac-PAA) as background control. The signal frdRel was
automatically subtracted from Fc2 during each mesasant.

To evaluate selectin binding of potential inhib#obefore loading over the sensor chip, each
sample was incubated with inhibitor (protein A ggidrticles coated with the respective
selectin) for 18 min at r.t. at the desired firdlibitor concentrations.

The samples (3bL) were injected over the reference lane and dversiTyr/SL&PAA lane

at a flow rate of 2@L/min. Each cycle consisted of aprox. 1 min waitipgriod for
monitoring baseline stability, a 105 sec periocas$ociation phase and 180 sec dissociation
phase. Regeneration of the surface was done bygtimpe4 M MgC}L at a flow rate of
100 pL/min for 60 sec.

Measurements without inhibitor served as 100% hbigdieferences and were performed
before and after each assay series to control ibasdeviations. Each concentration was

measured in duplicates.
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6.3.2. Data evaluation

Reference lane data were subtracted from sTyHBIA lane data. Responses of the sample
injections were extracted between report pointsaséhe start of the injection (0 sec) and at
the end of the dissociation phase (285 sec). Eaiht pepresents the mean value of 2
measurements.

The mean value of the first and last 100% valuesevpdotted against total number of data
points. A linear regression between both points seasand using the resulting formula, 100%
values were calculated for each data point. Toioktze relative binding value all mean
results were divided by the respective 100% value relative binding was plotted against

the corresponding inhibitor concentration and tBg Was determined manually.
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6.3.3. Experimental data
®

Na o
0S0,
NS o
o
0380« "éNs
0805
Na
158
Baseline Corrected Inhibitor Concentration Error/
Values [nM] Diviation
100%
2 1,30 10000 0,20
3 0,64 5000 0,03
4 0,18 1000 0,00
5 0,41 500 0,01
6 0,82 200 0,06
7 0,93 100 0,00

Dose Response Curve
200%

150%

100% /}

\/

100 1000 10000
[nM]

0%

L-Selectin [binding in % of control]
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Na Na®
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3 0,32 100000 0,01
4 0,35 50000 0,00
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Baseline Corrected Inhibitor Concentration Error/
Values [nM] Diviation
100%

2 0,27 10000 0,05
3 0,29 5000 0,02
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