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ABSTRACT

The nucleoside antibiotic amicetin (I) was first isolated in 1953 from Streptomyces vinaceus-drappus
by DeBoer. In a first in vitro testing, the compound was shown to inhibit the growth of certain acid-
fast and Gram-positive bacteria. Follow-up studies also demonstrated that | was active in vivo against
Mycobacterium tuberculosis H37Rv in mice. Amicetin () inhibits protein biosynthesis through binding
to the 23S rRNA region within the peptidyl transferase centre (PTC) located at the large prokaryotic
ribosomal subunit. A recently published crystal structure of the antibiotic bound to the 70S ribosome

unambiguously established its binding site.

amicetin (I)

It was both its the biological activity and its intriguing structural features that led us to embark on the
total synthesis of I. The synthesis commenced with the elaboration of building blocks IV, V, and
various mono- or disaccharide derivatives (Scheme 1 and 2), which were subsequently assembled.
Amide IV was synthesised in 6 steps from L-serine, entailing a selective condensation/protection to
form the oxazolidine ring, followed by a substrate controlled alkylation. Solubility issues with the
cytosine moiety were overcome by use of a PMB-protecting group on the pyrimidine ring, which was

introduced by reaction of PMB-OH with the sulfone obtained by oxidation of thioether Ill.
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Scheme 1 Synthesis of aglycone VI.
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The exocyclic nitrogen of the cytosine moiety originates from p-iodobenzylamide, which was
introduced by an Ullmann coupling to give V. Building blocks IV and V were joined in a copper-
catalysed coupling reaction and oxidative removal of the PMB group from the coupling product gave

the aglycone VL.

The amicetose sugar VIII was accessed by de novo chemical synthesis, departing from (+)-ethyl D-
lactate and establishing the tetrahydropyran ring by ring-closing olefin metathesis (RCM). In contrast,

the amosamine derivative X was obtained from pyranose IX.

_ OAc 0 _,O0.__CCl;
H O 40AC
HO \\\\\ — o OBn —_— \N\\\ o,,o NH
CO,Et “u, I (@) OMe
MeO AcO OAc
28% (9 steps) € OAc 10% (11 steps) B
MeO
Vil VIl IX X

Scheme 2 Synthesis of the pyranose derivatives amicetose and amosamine.

A key challenge for the synthesis of amicetin is the stereoselective introduction of the two glycosidic
bonds. Amicetose derivative VIl was found to efficiently react under Vorbriiggen conditions with
aglycone VI to give exclusive formation of the desired B-linked nucleoside Xl (Scheme 3). The latter
was then envisioned to be elaborated into fully protected amicetin (or an appropriate precursor) by
glycosylation with a suitable glycosyl donor such as Xlll (Scheme 3). In an alternative approach, VI
was planned to be glycosylated directly with disaccharide XIl which was accessed by a Schmidt
glycosylation in excellent yields with 4:1 a:B-selectivity. Analysis of glycosylation reactions conducted
with XII and XIl indicated that the desired glycosylation products were indeed formed, but,
unfortunately these products could never be isolated in pure form. Various other glycosyl

donor/acceptor systems investigated failed to deliver any product.
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Scheme 3 Endgame towards amicetin comprising pivotal glycosylation reactions.

Monoglycoside XI could be successfully elaborated into ester analogues XV and XVI, thus
demonstrating the feasibility of acid-promoted oxazolidine cleavage in the presence of the more
labile glycosidic bond. Analog XV showed weak antimycobacterial activity, but given the flexible

nature of the ester appendix there may be substantial room for improvement with more rigid

structures.
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Figure 1 Accessed ester analogues exhibiting the free serine moiety.



The natural product nummularine H (XVII) belongs to the family of cyclopeptide alkaloids and
comprises a 13-membered macrocyclic core structure. Its isolation from Ziziphus nummularia dates
back to 1976, as part of a comprehensive isolation campaign for various cyclopeptide alkaloids.
Nummularine H (XVII) was found to be active against Mycobacterium tuberculosis with an MIC value

of 4.5 uM.

OMe

\ 00
N
HN

I

\“

nummularine H (XVII)

The total synthesis of nummularine H (XVIl) was a second objective of this PhD thesis, in order to
enable its biological assessment and confirm its antimycobacterial activity as a basis for the potential
synthesis of analogues and structure-activity-relationship studies. Two different approaches to form
the macrocyclic core structure of XVII were examined which envisioned macrocyclic ring-closure
through formation of the phenyl ether linkage either by Mitsunobu reaction (for XIX) or by

nucleophilic aromatic substitution for (XXI) (Scheme 4).
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Scheme 4 Synthesis of the linear precursors and macrocyclization attempts.



In both cases, the requisite linear precursors were efficiently accessed departing from the
substituted benzenes XVIII or XX. Despite various conditions analysed, a successful macrocyclization

was shown to be unfeasible under the chosen conditions.
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ZUSAMMENFASSUNG

Das Nukleosid Antibiotikum Amicetin (I) wurde 1953 erstmals aus Streptomyces vinaceus-drappus
von DeBoer isoliert. In ersten in vitro Studien konnte gezeigt werden, dass die Verbindung das
Wachstum bestimmter sdurefester und grampositiver Bakterien hemmt. Nachfolgende in vivo
Studien in Mausen zeigten, dass | wirksam gegen Mycobacterium tuberculosis H37Rv ist. Amicetin (I)
hemmt die Proteinbiosynthese durch Bindung an die 23S rRNA-Region innerhalb der
Peptidyltransferase in der grossen prokaryotischen ribosomalen Untereinheit. Eine kirzlich
veroffentlichte Kristallstruktur des an das 70S-Ribosom gebundenen Antibiotikums stellte eindeutig

seine Bindungsstelle fest.

= OH
Z o4 A oH
e
o NJI\N\\“ 9 "/,il/
|
OH O /O)LNJ\/
H
0,
HN = Amicetin (1)

Es waren sowohl die biologische Aktivitat, als auch die faszinierenden strukturellen Eigenschaften,
die uns zur Totalsynthese von | bewegt haben. Die Synthese begann mit der Ausarbeitung der
Bausteine IV, V und verschiedener Mono-, oder Disaccharid Derivate (Schema 1 und Schema 2). Das
Amid IV wurde in sechs Schritten, ausgehend von L-Serin, (ber eine selektive
Kondensation/Schutzung gefolgt von einer substrat-kontrollierten Alkylierung synthetisiert.
Loslichkeitsprobleme mit dem Cytosin-Teil wurden durch die Verwendung einer PMB-Schutzgruppe
am Pyrimidin-Ring umgangen. Die Schutzgruppe wurde durch die Reaktion zwischen PMB-OH und
dem Sulfons, welches nach der Oxidation des Thioethers Ill erhalten wurde, eingebracht. Der
exozyklische Stickstoff des Cytosins stammt aus p-lodobenzylamid, das durch eine Ullmann-Kopplung
eingefiihrt wurde. Dies flhrte erfolgreich zu Produkt V. Die Bausteine IV und V wurden durch eine
kupferkatalysierte Kopplungreaktion verbunden und eine darauffolgende oxidative Entfernung der

PMB-Schutzgruppe ergab das gewiinschte Aglykon VI.
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Schema 1 Synthese des Aglycons VI.
Amicetose VIl wurde durch eine de novo Synthese, ausgehend von (+)-Ethyl D-lactat erhalten, wobei
der Tetrahydropyran Ring durch eine Ringschlussmetathese synthetisiert wurde. Im Gegensatz dazu,

wurde Amosamine X aus der Pyranose IX hergestellt.

OAc ) O\n/CClg,
HOw : O _OAc L J
o o > o OBn > \N\\ /,O NH
COzEt AcO "/OAC I (e} OMe
28% (9 Schritte) MeO 10% (11 Schritte) R
OAc MeO
viI Vil IX X

Schema 2 Synthese der Pyranose Derivate Amicetose und Amosamine.

Eine zentrale Herausforderung in der Synthese von Amicetin ist die stereoselektive Einflihrung der
beiden glykosidischen Bindungen. Amicetose Derivat VIII konnte wirksam mittels Vorbriiggen
Konditionen mit dem Aglykon VI verkniipft werden und gab ausschliesslich das gewiinschte -
Nukleosid XI (Schema 3). Letzeres sollte durch eine weitere Glykosylierung mit einem geeigneten
Baustein wie XIll, in das geschiitzte Amicetin (oder einen geeignetem Vorlaufer) Gberfiihrt werden
(Schema 3). In einem alternativen Ansatz sollte VI direkt mit dem Disaccharid Baustein XIlI glykosyliert
werden. Das erwdhnte Disaccharid XIl wurde erfolgreich durch eine Schmidt Glykosylierung in
hervorragender Ausbeute und einer a:B-Selektivitdt von 4:1 hergestellt. Ein gendueres Betrachten
der Glykosylierungsreaktionen, welche mit XII und Xlll durchgefiihrt wurden, wies auf die Entstehung
der gewiinschten Produkte hin, welche leider jedoch nie in reiner Form isoliert werden konnten.
Verschiedene andere untersuchte Glykosyl Donor/Acceptor Systeme scheiterten ebenfalls um XIV zu

liefern.
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Schema 3 Endphase der Synthese von Amicetin und deren Glykosylierungen als Schlisselschritte.

Das Monoglykosid Xl konnte erfolgreich in die beiden Ester-Analoga XV und XVI lberfihrt werden
und demonstrierte damit die Umsetzbarkeit einer Sauren-basierten Entschiitzung des Oxazolidins in
Gegenwart der eher labilen glykosidischen Bindungen. Erste biologische Tests der Verbindungen XV
und XVI gegen den Bakterienstamm H37Rv zeigten, dass die Verbindung XV eine zwar schwache,
aber dennoch vorhandene antimykobakterielle Wirkung aufweist. In Anbetracht der Flexibilitat des
Esters lasst dieser Befund auf Verbesserungspotential fir rigidere Strukturen hoffen und spornt zur

Synthese weiterer Analoga an.
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Abbildung 1 Vervollstdndigte Synthese zweier Ester-Analoga mit freigesetztem Serin Rest.
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Der Naturstoff Nummularin H (XVII) gehort zur Familie der Cyclopeptid-Alkaloide und umfasst eine
13-gliedrige makrozyklische Grundstruktur. Die Isolierung aus Ziziphus nummularia geht auf das Jahr
1976 zuriick und war Teil einer umfassenden Isolationsstudie fiir verschiedene Cyclopeptid-Alkaloide.
Nummularin H (XVII) zeigte gewisse Aktivitdt gegen Mycobacterium tuberculosis mit einem MHK-

Wert von 4.5 pM.
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Nummularine H (XVII)

Die Totalsynthese von XVII, war ein zweites Ziel dieser Dissertation und diente dazu die biologische
Aktivitat von Nummularine H zu untersuchen, dessen antimykobakterielle Wirkung zu bestatigen und
eine Grundlage fiir eine Struktur-Wirkungs-Beziehungs Studie zu schaffen. Zwei verschiedene
Ansatze zur Bildung der makrozyklischen Grundstruktur von XVII wurden dabei untersucht. Ein
makrozyklischer Ringschluss durch Bildung einer Phenylether Bindung wurde entweder anhand einer
Mitsunobu Reaktion (flir XIX) oder durch eine nukleophile aromatische Substitution (fir XXI) far

moglich gehalten (Schema 4).
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Schema 4 Synthese der linearen Vorlaufer XIX, XXI und Makrozyclisierungs Versuche.

In beiden Fallen konnten die entsprechenden linearen Vorlaufer ausgehend von den substituierten
Benzolen XVIII und XX effizient hergestellt werden. Trotz einer Vielzahl an untersuchten

Bedingungen, verliefen die Versuche zur Makrocyclisierung jedoch erfolgslos.
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1.1 Introduction

1.1.1 Isolation of Amicetin and First Biological Testing Results
Amicetin (A-1), a member of the group of disaccharide nucleoside antibiotics, was first isolated in
1953 from Streptomyces vinaceus-drappus, obtained from a soil sample collected in Michigan.™™ The
isolate was tested against Mycobacterium tuberculosis (Mtb), Bacillus subtilis, Escherichia coli,
Proteus vulgaris and Staphylococcus aureus. The fermentation broth was found to inhibit the growth

of certain mycobacteria as well as Gram-negative and Gram-positive bacteria.

(]
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amicetin (A-1)

Figure 2 Structure of amicetin.

The isolation process involved the extraction of the fermentation broth with n-butanol at a pH of 7.5,
distilling off the solvents, washing the residues with water and lyophilizing the aqueous solution.
Distribution of the freeze-dried sample between water and methylene chloride and finally
crystallization from water gave A-1 as a pure crystalline product.! The activity of the crystalline

material was tested in first in vitro experiments (Table 1) and compared to a streptomycin standard.

Table 1 Antibacterial activity of amicetin (A-1) compared to streptomycin. Values are given in pg per ml
required for complete growth inhibition.™

Organism Amicetin Streptomycin
Mycobacterium tuberculosis (H37Rv) 0.5 1.0
Mycobacterium tuberculosis (ATCC-607) 1.0 1.0
Staphylococcus aureus (FDA-209) 2.0 0.2
Bacillus subtilis (l11.) 4.0 0.1
Escherichia coli (ATCC-26) >20.0 1.0

Growth inhibition was detected for certain acid-fast and Gram-positive bacteria but not so for the
Gram-negative bacterium E. coli. Of particular importance in the context of this PhD thesis is the fact
that first in vivo experiments performed in mice infected with Mycobacterium tuberculosis H37Rv
showed a certain activity, which, unfortunately, is not further specified in reference *!. Nevertheless,

its reported potent in vitro activity against two strains of Mtb, which is comparable with that of
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streptomycin, makes amicetin (A-1) a highly interesting lead structure for the development of new

antimycobacterial agents.

The structure of amicetin (A-1) was elucidated through various degradation and transformation
studies around 1960.1>™! The compound was reported to be highly unstable in alkaline solution at pH
8 or higher, based on an observed loss of activity of the corresponding solutions.!® The unambiguous
structure elucidation followed in 1981 by X-ray diffraction analysis./”? Later, in 2006, a solution state
NMR structure determination!® was performed. Amicetin (A-1) consists of a disaccharide pyrimidine
nucleoside, in which the terminal amino sugar amosamine is a-(1 = 4)-linked to amicetose, which is
B-(1 - N?)-linked to a cytosine motif forming together cytosamine. Two amide bonds are present in
the western-part of A-1 connecting the pyrimidine moiety to a p-aminobenzoic acid, which is bound

to (+)-a-methylserine building the aglycone designated cytimidine.
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1.1.2 Biosynthesis of Amicetin (A-1)
The amicetin (A-1) gene cluster (ami) was identified and cloned from Streptomyces vinaceus-drappus
NRRL 2363.°! Its unambiguous confirmation was achieved by heterologous expression in
Streptomyces lividans TK64, which indeed resulted in the biosynthesis of A-1 and its analogues. It was
revealed that 21 genes were putatively involved in amicetin (A-1) production, spanning a DNA region

of approximately 37 kilobases.

The proposed biosynthetic pathway of the two pyranose moieties from D-glucose-1-phosphate A-2 is
depicted in Scheme 5. Thus, AmiE was identified to catalyse the formation of thymidine diphosphate
(TDP)-D-glucose (A-3), which is further converted to the 4-keto derivative A-4 by the TDP-glucose 4,6-
dehydratase AmiU. Interestingly, compound A-4 is found in many other deoxysugar pathways.™® At
this point, the pathway is believed to diverge towards A-10 and A-11, respectively. The
aminotransferase AmiB converts A-4 to A-5. AmiH, which carries a methyltransferase domain will
then alkylate the free amino group to give TDP-D-amosamine (A-11). The pathway from A-4 to TDP-
D-amicetose (A-10) comprises four enzymes. The formation of the diketo compound A-6 is believed

to be catalysed by the dehydratase AmiC and subsequent oxidation. AmiD may reduce the C3-keto

3
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group to give A-7. Another dehydratase, AmiN, then creates the 3-deoxy compound A-9 which is
reduced to A-10.

RN // @ AmiE o \\\OTDP AmiU ~OTDP  AmiB WOTDP
" 4, O @ " 4, 4, \ Y,
HO! ‘0 HO" ’OH ’OH HZN‘ ’OH

glucose-1- phosphate TDP-D- glucose TDP- 4,6 dldeoxy-4 TDP-D- wosamine
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Scheme 5 Proposed biosynthesis of the amosamine and amicetose moieties in amicetin (A-1). TDP: thymidine
diphosphate.

Two probable glycosyltransferases AmiJ and AmiG might then catalyse the sequential attachment of
both sugar moieties to cytosine. In a BLAST search, AmiJ was found to exhibit 39% sequence
similarity to the cytosylglucuronic acid synthase BlsD, which catalyses the attachment of glucuronic
acid to cytosine in the blasticidin S pathway.'? Analysis of the amiF gene revealed that AmiF
contains a conserved domain for the N-acetyltransferase superfamily enzymes and was thus
hypothesized to be responsible for amide bond formation between cytosamine (A-15) and PABA A-
16 to give A-17. Finally, AmiR was assigned to be responsible for the formation of the amide bond

between A-18 and the p-amino group of A-17 to give amicetin (A-1).

The various enzymes were not only assigned bioinformatically by BLAST search but also by knockout
experiments, which were performed on the genes amiF, amil and amiR. For the amil mutant, no
biosynthesis of amicetin (A-1) was detectable. When amiF was inactivated and the mutant was
fermented on large scale, cytosamine (A-15) was isolated but not A-1. Upon the silencing of amiR,
only plicacetin was isolated. In later studies,™? AmiH was confirmed to be an N-methyltransferase
and AmiG the amosaminyltransferase. Upon silencing the amiH gene, compounds incorporating a

primary instead of a tertiary amino group were isolated and characterized.
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Scheme 6 Putative biosynthetic pathway to amicetin. CoA: coenzyme A.

In light of the biological activity of amicetin (A-1) and its potential as a promising lead structure for
the discovery of new antimycobacterial agents, the following section will cover an introduction to

tuberculosis (TB) and the importance of natural products in drug discovery.

1.1.3 Tuberculosis

1.1.3.1 Epidemiology
The Global Tuberculosis Report 20183 by the World Health Organization (WHO) summarises the
ongoing global health threat posed by tuberculosis. The infection was the reason for an estimated
1.3 million deaths among HIV-negative people and another 300’000 deaths among HIV-positive
individuals in 2017. These numbers underline the severity of TB and establish the disease to be the
leading cause of mortality by a single infectious agent. With the massive morbidity toll taken by TB, it

ranks prominently amongst the top ten causes of death worldwide.¥

Fortunately, since the turn of the millennium, global TB incidence has been declining continuously at
an average rate of 1.5% per year (Figure 3). As depicted in Figure 3B, the TB mortality rate among

HIV-negative people is falling at about 3% per year. The WHO reports an overall reduction of TB cases

5
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in the time between 2000 and 2017 of 42%. Most significant reductions were achieved in the regions
of Europe and Africa.*® Timely disease detection and effective drug treatments along with the

general development of various countries were fundamental in the efforts against TB over the past

years.
TB incidence TB deaths
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Figure 3 Global trends of estimated number of incident TB cases and the number of TB deaths from 2000 to
2017.0)

Despite these encouraging trends, there are still 10 million people suffering from TB each year. A
significant share of the global incidence in 2017 was associated with the twenty countries with the
highest estimated numbers of TB cases. Remarkably, eight of these countries, i.e. India, China,
Indonesia, the Philippines, Pakistan, Nigeria, Bangladesh and South Africa, accounted for 66% of

global TB cases.*?!

While the absolute number of new TB cases is decreasing, the number of recorded incidents of drug-
resistant Mycobacterium tuberculosis (Mtb) strains is on the rise (Figure 4). The incidence of
rifampicin-resistant (RR) as well as multidrug-resistant TB (MDR-TB), which is defined by resistance of
Mtb against at least isoniazid and rifampicin, increase annually. While in 2013 a total number of
450’000 RR-TB cases were reported, this number increased by 24% within the following four years. In
2017, 558’000 new cases of rifampicin-resistant TB were reported and among them were 457’560

that were found to have MDR-TB.*3!
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Figure 4 RR/MDR-TB cases detected (in purple) and number of people being enrolled on MDR-treatment (in
green).

Geographically, the occurrence of RR/MDR-TB is particularly alarming in countries of Eastern Europe

and Western Asia with a recorded increase of over 18% per year (Figure 5).
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Figure 5 Percentage of new TB cases with RR/MDR-TB in 2017.*3

An additional problem is the occurrence of extensively-drug resistant TB (XDR-TB), which is defined
as MDR-TB plus resistance to any fluoroquinolone (a group of second line TB drugs, for further
explanation see Chapter 1.1.3.5) and additional resistance against at least one of the second-line

injectable drugs.™™ The treatment success rate for XDR-TB is roughly at 34% at the current time.

It is estimated that about one third of the world’s population is latently infected with Mtb, but
thereof only 5 - 15% will develop active disease during their lifetime.** Immunocompromised
individuals (e.g. people infected with HIV) suffer from a 10% higher probability of an active TB
outburst compared to non-compromised persons, fortunately, a decline of the number of HIV/TB-co-
infected patients is recorded in the developed countries, due to improved infection-control practices
as well as the availability of more sophisticated treatments for both HIV and TB infections.
Worldwide, roughly 90% of people suffering from active TB are adults and among these are twice as

many men affected as women.

Efforts have been made to reduce TB burden and certainly, there have been many successes.
Nonetheless, the global health threat due to TB remains severe and new antimycobacterial agents

are urgently needed. In particular, drug-resistant TB that has to be addressed along with disease
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control in the low- and middle-income countries, which account for the majority of all recorded

incidents.

1.1.3.2 Pathogenesis
Human infection by the causative pathogen is initiated through the inhalation of aerosol droplets
containing Mtb that are expectorated from individuals having active TB.[** The mycobacteria reach
the alveoli, as depicted in Figure 6, where they are recognized and attacked by the host’s innate
immune system. Macrophages engulf the bacilli by phagocytosis and start to proteolytically digest
the pathogen. The following immune response consists of the release of cytokines and chemokines,
which attract other lymphocytes, macrophages and dendritic cells.’® In immunocompetent

individuals this process might lead to the complete elimination of Mtb.!*”]
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Figure 6 Pathogenesis of Mtb.

In the course of the immune response, an aggregation of densely organized mature macrophages is
formed. These collections of immune cells are designated as granuloma;*®! within a granuloma
macrophages can fuse into multinucleated giant cells, referred to Langhans giant cells, differentiate
into foam cells or comprise B- or T-cells.[*” The underlying purpose of such spherical arrangements is
to establish a physical barrier to control the infection and to sequester and eradicate the pathogen.
However, in the case of TB, the granuloma provides bacteria with a natural habitat for their dormant
state. Within the granuloma, Mtb is shielded physically from antibiotics and immune-based attacks
and can successfully survive.?”) The dormant state of Mtb is characterized by a reduced active
replication, an increased cell wall thickness and an altered metabolism of complex fatty acids.?*) Over
time, the granulomas increase in size and form a caseum, a cellular structure containing necrotic
material that is rich in lipids, is hypoxic, has a low pH and a limited amount of nutrients.™*®! By cunning
biological mechanisms, Mtb can survive in some cases these hostile conditions. Over progression of
TB disease the granuloma undergoes a structural remodelling: the spherical arrangement loses
structural integrity and eventually results in granuloma lesions, which allows the infectious bacteria

to evade and re-infect the host.??
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1.1.3.3 Mycobacterium Tuberculosis and Immunity
Mtb is an acid-fast, non-motile, non-sporulating pathogenic bacterium of the Actinomycete family
(Figure 7). Due to its highly aerobic physiology, it preferentially affects tissues with high oxygen

levels such as the lungs.™*”!

Figure 7 Rod shaped Mycobacterium tuberculosis.

The cell wall of Mtb shows neither clear Gram-positive nor Gram-negative characteristics. Like all
mycobacteria, Mtb shows a high percentage of lipids integrated in their cell wall, which makes them
resistant to commonly used staining methods.*”?3! Therefore, the family of mycobacteria are usually

stained and identified by the Ziehl-Neelsen stain? and are thus categorized as acid-fast organisms.

The core cell wall of Mtb encompasses three major components (Figure 8): an inner mesh-like layer
of peptidoglycan (PG), a densely branched arabinogalactan (AG) polysaccharide layer and on the
outer part long-chain mycolic acids.!?® The PG layer confers rigidity to the cell through its cross-linked
structure and is essential to withstand osmotic pressure.?®! Together with PG, the AG forms a vast
macro-polymer. The mycolate layer is of asymmetric nature and is intercalated by glycolipids and

inert waxy components.°!

Mycobacteria are relatively slow-growing with a doubling time of about 20 hours.?”! Mtb represents
the most prominent pathogen amongst a handful of mycobacterial species grouped in the
Mycobacterium tuberculosis complex (MTBC). Other pathogens are Mycobacterium africanum,

Mycobacterium bovis, Mycobacterium caprae or Mycobacterium microti.’?®
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Figure 8 Schematic illustration of the mycobacterial cell wall.

The obligate human pathogen, Mtb, stands out from other bacteria considered as microbial threats
in several aspects. One of these oddities is that Mtb does not exchange DNA via horizontal gene
transfer (HGT), a trait typically associated with antimicrobial resistance. Mtb strains have extremely
low levels of diversity (i. e. they are monomorphic bacteria) and they have a strictly clonal
reproduction.?®! Besides this, the bacterium is intrinsically resistant to a variety of antibiotics due to
its shielding and impermeable mycolic acid-rich cell envelope. Further, the bacteria’s ability to hide in
pulmonary cavities, where low drug permeation prevails complicates efficient targeting.*”
Pharmacokinetic studies highlighted the difference of anti-tuberculosis medications (moxiflacin and
isoniazid) regarding their distribution and abilities to penetrate the lung tissue. For example,
moxiflacin permeates well the cavities, whereas first-line drugs isoniazid, rifampicin and

pyrazinamide are less efficient.%

Other complications in the fight against Mtb arise from its unusual life cycle and the long latency
period. The complete eradication of the bacterium is hampered by the accessibility of a dormant

state.

Finally, a poor patient compliance is a serious issue in TB treatment. On one hand the severe and
unpleasant side-effects of the drugs make people abandon treatment prematurely, on the other
hand the sense of well-being that begins shortly after the first treatment can mistakenly lead

patients to believe that the infection has vanished.?? This elongates the phases were people stay
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infected and increases the likelihood of a relapse. People that have active TB will approximately

infect ten to fifteen persons a year.**!

In order to address the issue above, the WHO has established a cost-effective TB treatment strategy
known as directly observed treatment, short course (DOTS),23 which has contributed significantly to
improved patient compliance. DOTS comprises a standardized treatment regimen of six to eight
months with directly observed treatment (DOT) for at least the initial two months.®¥ Further, it
ensures a non-interrupted supply of the essential anti-TB drugs and allows recording and reporting of

TB cases.

1.1.3.4 TB detection
The diagnosis of TB can be performed based on different methods. The most relevant ones are

briefly discussed in this section.

Culturing Mycobacterium tuberculosis: This is the gold standard of laboratory diagnosis of TB.
However, it entails a rather lengthy process of sample collection and transport to the laboratory,

inoculation and incubation of the media, growth detection and mycobacteria identification.?%

Rapid molecular tests: The WHO recommends Xpert® MTB/RIF as a first-line diagnostic testing for
TB, which provides rapid DNA-based detection of the causative pathogen. It is a fully automated,
cartridge-based nucleic acid amplification test. The test is capable to give results within 2 hours and
is informative about both general TB infection and whether the strain is resistance to rifampicin.!**
There has been a recent advent of a re-engineered Xpert® Ultra test with a lower limit of detection
and better performance.®%37! Xpert® Ultra has been shown to be substantially more sensitive than
the commonly used Xpert®, especially for smear-negative specimens and specimens from HIV-

positive individuals. %3]

Sputum smear microscopy: A small sample of sputum is collected on a glass slide (smear) and
analysed by microscopy. The test is inexpensive, provides results within hours and does not require
any sophisticated laboratory devices. The drawback is its low accuracy compared to Xpert®,
especially for people being co-infected with HIV, who tend to show low numbers of TB bacteria in

their sputum.™3!

1.1.3.5 Current Treatment Options
The effective use of antimicrobials against TB has started in the middle of the 20" century with the
discovery of streptomycin®® and continued with the development of the synthetic drug para-
aminosalicylic acid (PAS) only four years later. In 1952, Sir John Crofton reported the first regimen
based on streptomycin, PAS, and isoniazid for the effective treatment of TB.1*”! These findings paved

the way for further discoveries and laid the foundation for today’s treatment options.

11
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In principle, a TB patient can be treated effectively by chemotherapy. The therapeutic approach
includes first-, second- and third-line medication depending on the drug-susceptibility of the
bacteria. In an initial phase, the bactericidal phase, mycobacteria with a high replication rate are
targeted. This may result in the eradication of clinical symptoms. A second phase, the continuation

phase, aims at the elimination of persistent or dormant bacteria, which survived the initial phase .[4%!

Current treatment of drug-susceptible (DS)-TB consists in the administration of the first line drugs
isoniazid, rifampicin, pyrazinamide and ethambutol for an initial two-month phase, which is followed
by a second four-month-phase of isoniazid and rifampicin treatment (Figure 9). According to the
WHO, the treatment success rate is at least 85% for DS-TB and the treatment can be used for both

pulmonary and extra pulmonary TB.[*342
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Figure 9 First-line TB drugs.

All of the first-line antimicrobial drugs can induce mild or severe side effects. Possible adverse drug
reactions are hepatotoxicity for isoniazid, rifampicin and pyrazinamide,**! gastrointestinal disorders
arise from rifampicin and cutaneous side effects are reported for isoniazid, pyrazinamide and
ethambutol.***! In previous studies,*”! 23% of the participants had to terminate their intake of

either isoniazid, rifampicin or pyrazinamide due to unbearable side effects.

Table 2 First-line TB drugs, their targets, inhibition and the recommended daily dosage.*¢!

Drug Target Inhibition Daily dose
isoniazid enoyl-[acyl-carrier-protein] reductase myecolic acid synthesis 5 mg/kg
rifampicin RNA polymerase RNA synthesis 10 mg/kg
pyrazinamide arabinosyl transferase arabinogalactan synthesis 25 mg/kg
ethambutol arabinosyl transferase bacterial cell wall complex  15-20 mg/kg
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If a patient is not responding to at least rifampicin and isoniazid, he or she will be declared as MDR-
TB (see chapter 1.1.3.1) and second-line drugs are administered (Table 3 and Figure 9). Treatment
for drug-resistant (MDR- and RR-TB) cases gets very costly and prolonged. Regimens for second-line
TB treatment consist of more toxic drugs and are therefore associated with higher rates of drug-
related side effects.**>'”) The WHO recommends an intensive phase of at least five effective anti-TB
medications, including pyrazinamide and four core second-line TB drugs: one each from group A and
B and two from group CI”! (Table 3). The current success rate for the treatment of MDR-TB is
reported to be about 55%. As the most relevant components of second-line TB treatment regimens,
the fluoroquinolones (group A) are recommended to always be used in MDR-TB treatment. All of
them target the bacterial topoisomerase, encoded by the gyrA gene,*® and inhibit DNA supercoiling.
In general, the have a good safety profile. Injectable anti-tuberculosis drugs (group B), on the other
hand, inhibit bacterial protein synthesis and are associated with an increased probability of
treatment success when included in the treatment regimen.”’ The mode of action of group C drugs
is more diverse compared to fluoroquinolones and injectable agents. Thus, ethionamide is a prodrug
that is believed to act by inhibiting mycolic acid synthesis, similar to isoniazid.*’! The cyclic D-serine
derivative cycloserine inhibits bacterial cell-wall biosynthesis by targeting two enzymes involved in
the cytosolic stages of peptidoglycan synthesis.®® Linezolid disrupts the translation of mRNA and
therefore acts as a bacterial protein synthesis inhibitor.®¥! Clofazimine is another prodrug that gets
reduced by type 2 NADH-quinone oxidoreductase followed by a non-enzymatic oxidation of the
reduced clofazimine through O, thereby generating reactive oxygen species, which affect the cell

growth.52°3!

As mentioned previously, the second-line regimens are more toxic and accompanied by various
adverse side effects, which affect a remarkable 86% of patients. While the safety profile of
fluoroquinolones is relatively good, careful monitoring is needed when applying second-line
injectable agents. Most frequently observed adverse effects for group B drugs are hearing loss and
nephrotoxicity. Other effects such as skin rash, hypersensitivity and peripheral neuropathy have been
described as well.¥”*5] The side effects for group C drugs range from skin discoloration
(clofazimine)® to anaemia, peripheral and/or optical neuropathy (linezolid),*® gastrointestinal

irritation (ethionamide),®”! and neurological reactions for cycloserinel’..
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Table 3 Second-line (according to guidelines 2016 WHO) TB drugs.

Drug Target Inhibition Daily dosel®*

Group A Fluoroquinolones

. DNA gyrase and .
levofloxacin DNA supercoiling 15 mg/kg
topoisomerase
. . DNA gyrase and .
moxifloxacin DNA supercoiling 7.5-10 mg/kg
topoisomerase
. . DNA gyrase and .
gatifloxacin DNA supercoiling 15 mg/kg

topoisomerase

Group B Second-line Injectable Agents

amikacin 30S ribosomal subunit protein synthesis 15 mg/kg

interbridges 30S and 50S
capreomycin protein synthesis 15 mg/kg
ribosomal subunit

kanamycin 30S ribosomal subunit protein synthesis 15 mg/kg

16S rRNA of 30S ribosomal
streptomycin protein synthesis 15 mg/kg
subunits

Group C Other Core Second-line Agents

enoyl-[acyl-carrier-protein mycolic acid
ethionamide vl-lacy P ] Y 15 mg/kg
reductase synthesis
eptidoglycan
cycloserine D-alanine racemase/ligase Peptidogly 15 mg/kg
synthesis
. . . . . . 600-300 mg
linezolide 23S portion of the 50S subunit protein synthesis
daily
o competes with menaquinone electron transfer
clofazimine
(MK-4) chain
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Figure 10 Second-line TB drugs.

Compounds belonging to group D (Table 4) are not core second-line agents. Group D1 drugs are

usually added to core second-line medications and are first-line drugs. Group D2 drugs include

bedaquiline and delamanid, which were both approved only recently (bedaquiline in 2012 and

delamanid in 2014 by FDA).®% Recent case studies have shown the effective and safe use of
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bedaquiline up to a treatment time of 18 months.®%5Y However, some reservation has been
expressed regarding the use of bedaquiline in connection with potential cross-resistance with

clofazimine.®?

Table 4 Group D Add-on agents.

Group D Add-on agents

D1 D2 D3
p-Aminosalicylic acid
pyrazinamide
bedaquiline imipenem-cilastatin
ethambutol
delamanid meropenem
high-dose isoniazid
amoxicilin-clavulanate

Delamanid exhibits good bactericidal and sterilizing activity and, in contrast to bedaquiline, shows no
cross-resistance with any other TB drug.®® Both bedaquiline and delamanid are administered only
for the first six months in the treatment of XDR-TB patients, which sets clear limitations for both
compounds.® In more recent studies, carbapenems (ertapenem, imipenem, meropenem) were
tested to be included in new TB drug combination trials.[%! In particular, the combination of
meropenem and clavulanate has recently gained attention; these compounds are currently

considered as possible second-line core drugs.

1.1.4 Natural Products in Drug Discovery
Natural products (NPs) served as a vital source of molecules that have played pivotal roles in
pharmacy, biology and medicine.[®® History is full of exceptional scientific discoveries where a natural
product profoundly impacted progress in medicine and overall human well-being. To name only a
few, the discovery of penicillin, streptomycin, salicin, morphine, digitoxin, vancomycin or taxol were

milestones in the history of natural product drug discovery.

For many years NPs and their molecular architectures have played a significant role as lead structure
for drug discovery or as actual drug candidates. They have greatly contributed in the past and
continue to contribute today to the landscape of new molecular entities (NME) that have been
approved for clinical use in humans, as highlighted in a number of extensive reviews of Newman and
Cragg.'””7Y Secondary metabolites produced by enzymatic machineries have been structurally fine-
tuned during evolution to serve a specific biological purpose and to interact with macromolecular
targets.[’? The sheer size of this reservoir of compounds remains an unparalleled source of chemical
and biological diversity and inspiration. Compared to synthetic molecules, NPs often deviate from a

“flat” scaffold structure and can exhibit highly complex molecular architectures.’® They frequently
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embody a large fraction of sp3-hybridized bridgehead atoms and chiral centres compared to synthetic

molecules.’4
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Figure 11 Group D2 and D3 add-on agents.

The continuous advances in NP research such as combinatorial biosynthesis, selective activation of
gene clusters, superior isolation techniques and outstanding synthetic methodologies will help to
exploit the potential of NPs to explore novel chemical space and unveil interesting biological

activity.!”>77

1.1.5 Natural Products in TB Drug Research
NPs have played a particularly important role in the field of antimicrobial agents and the majority of

clinically used antibiotics are NPs or NP derivatives.!”®

In the context of anti-TB drug discovery, it was the isolation of the aminoglycoside streptomycin in
1944 that enabled the first effective pharmacotherapy of TB.®®! As discussed in section 1.1.3.5

streptomycin today is one of the core second-line injectable agents, which are used in the treatment
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of MDR-TB patients. Roughly ten years after the discovery of streptomycin, the macrolactam

rifamycin B (Figure 12) was isolated from Streptomyces mediterrranei.

rifamycin B

Figure 12 The natural product rifamycin B.

This compound served as the structural basis for the development of the first-line TB drug rifampicin.
Rifampicin was the result of efforts by a group of the Dow-Lepetit Research Laboratories in Milan,
Italy, who transformed rifamycin B into a handful of derivatives with increased stability and oral
availability. The discovery of rifampicin was accomplished in 1965 and only shortly after this, the drug
was included in the first-line treatment regimen for TB.I’® Other second-line TB drugs that are
natural product derivatives include the aminoglycosides amikacin and kanamycin, the polypeptide

antibiotic capreomycin and cycloserine (Figure 10).

While NP (derivatives) are well represented in the current anti-TB regimens, NMEs based on NPs are
conspicuous by their absence from TB drug development over the last fifty years. Since the advent of
rifampicin treatment, there have been little efforts made to populate the TB drug pipeline in general.
Despite this rather unpromising environment, several compounds have been found in recent years
with interesting activity against Mtb and with reasonable efforts one of them might make it to a

marketable therapeutic.l’®

1.1.6 The Bacterial Ribosome as Target for Antibiotics
Amicetin’s (A-1) putative mode of action (vide infra Section 1.1.8) as an antibacterial agent is
believed to be based on the interference with the bacterial ribosome. To cover the fundamental
concept of the biosynthesis of proteins and the role of antibiotics, the following section will give a

brief outline on this subject.

1.1.6.1 Structure of the Bacterial Ribosome and Protein Synthesis
The ribosome is a complex machinery responsible for the biosynthesis of proteins (Figure 13). The
bacterial ribosome in particular consists of a small subunit (30S) and a large subunit (50S) that form
the complete 70S ribosome.” It comprises three rRNA chains (16S, 23S, 5S) (65% of the complete
ribosome) and different ribosomal proteins (35%),'®” with most of the biological function relying on

the rRNA. The small 30S subunit is involved in the interaction between the coding mRNA and the

18



Studies Towards the Total Synthesis of Amicetin

tRNA anticodons,® while the large subunit includes the pivotal peptidyl transferase centre and
catalyses peptide bond formation. The fully assembled 70S ribosome has three binding sites for
tRNA; the A-site, which binds the aminoacylated tRNA; the P-site, which holds the tRNA bound to the
nascent peptide chain, and the E-site that binds the free deacylated tRNA before exiting the

ribosome. !

. Large
=——Ribosome
Subunit

Small
——Ribosome
/' Subunit

—3' Messenger RNA

5’ Messenger RNA~- Nucleotide Terminus

Terminus Unit

Figure 13 Schematic drawing of a prokaryotic ribosome.

The process of translation is initiated by the binding of the small subunit to a Shine-Dalgarno
sequence on the mRNA, involving three initiation factors (IF1, IF2 and IF3), followed by the binding of
an initiator formyl-methionine transfer RNA (fMet-tRNA™<!).[82 |n a next step, the large subunit
associates to the acceptor arm of the tRNA associated with the small subunit to form the 70S
initiation complex. The end of the initiation phase leaves the ribosome with an empty A-site and a P-
site occupied by the initiation tRNA. The ribosome is now “ready” to accept the incoming aminoacyl
tRNA, carrying an amino acid (aa) and the anticodon triplet that is complementary to the codon of
the mRNA. The next incoming aminoacylated tRNA reaches the A-site as a complex together with an
elongation factor (EF-Tu) and GTP. If the codon is correctly matched by the anticodon of the tRNA,
the ribosome undergoes a conformational change that triggers the hydrolysis of GTP by EF-Tu. With
both, the A- and the P-site occupied, the peptide chain (or aa, for the first one) attached to the tRNA
in the P-site is transferred to the amino terminus of the next amino acid, which is attached to the
tRNA occupying the A-site. Both translocation of the two tRNAs as well as the mRNA is catalysed by
EF-G, another GTPase. This transformation leaves the ribosome with an occupied E-site (deacylated
tRNA) and a peptidyl tRNA in the P-site, while the A-site is ready to receive the next tRNA. Iterative
repetition of this process occurs until a stop codon is encountered on the mRNA, which initiates the
termination of the translation process. The termination sequence involves two release factors, RF1

and RF2, that facilitate the hydrolysis of the ester bond between the peptide chain and the tRNA
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located in the P-site.!®3 The disassembly of the complete machinery involves yet a third release factor

(RF3), whose function remains to be further clarified.

1.1.6.2 Ribosomal Peptidy! Transferase Centre
The ribosomal peptidyl transferase centre (PTC) represents the catalytic heart of the ribosome and is
responsible for catalysis of both peptide bond formation and peptide release (vide supra) during the
translation process.® The X-ray crystallographic elucidation of the structure of the ribosome on an
atomic level® confirmed the PTC to be an RNA enzyme within the large 50S subunit. Firstly, the
peptidyl transferase promotes the aminolysis of the ester bond that links the nascent peptide chain
to the 3’-hydroxy group of the 3’-terminal ribose in the P-site by an attack of the a-amino group of
the A-site aminoacyl tRNA (Figure 14). The enzyme achieves an impressive synthesis rate of up to 50
peptide bonds per second.!®! An uncatalysed reaction between an ester and an amine proceeds at a
rate of about 10* M s at ambient temperature, meaning that the enzyme accelerates the reaction
by six to seven orders of magnitude.’® It is assumed that the catalysis is almost entirely based on

proper substrate positioning within the active site.®”8

508 Peptide bond

formation

E site 5

30S

MRNA

Figure 14 Peptide bond forming process within the PTC.

Secondly, the PTC catalyses the hydrolysis of the peptidyl-tRNA in the termination step (see section
1.1.6.1), which is needed to release the fully assembled polypeptide.® The hydrolysis involves the
nucleophilic attack of a water molecule on the P-site-located peptidyl-tRNA, thereby breaking the
ester bond between the peptide and the tRNA.®¥ The hydrolysis of the peptide bond is more
challenging than the formation of the amide bond. The PTC must be capable of switching between
amide bond formation and ester bond hydrolysis. The switch to “hydrolysis mode” is induced by the

binding of a release factor.®%

1.1.6.3 Antibiotics Acting on the Bacterial Ribosome
During the past two decades, the structural sophistication of the ribosomal machinery complex has

been elucidated by X-ray crystallography and cryoelectron microscopy (Cryo-EM), providing a good
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understanding of the full translation mechanism.®®*¥ In this section | will discuss antibiotics that
inhibit protein synthesis, with a special focus on some prominent antibiotics targeting the large
ribosomal subunit. For the sake of brevity, circular peptides and macrolides are not included in this

discussion.

Antibiotics that target the 50S subunit. The peptidyl transferase centre is one of the most prominent
targets for antibiotics that interfere with the large ribosomal subunit. The PTC contains two
hydrophobic crevices that play a pivotal role in the interaction with antibiotics.®” One of them,
designated the A-site crevice, is located in the active site of the PTC. It is this crevice that interacts
with the amino acid side chains of the incoming aa-tRNAs and this is where competing interaction
with antibiotics can take place.® A prominent example of a compound interacting with the A-site
crevice is the broad-spectrum antibiotic chloramphenicol that inhibits protein synthesis in a wide

range of Gram-positive and Gram-negative bacteria (Figure 15).547
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Figure 15 A selection of antibiotics that target the large ribosomal subunit.

The nitrophenyl ring of chloramphenicol is involved in rt-stacking interactions with nucleotides of the

23S rRNA (Figure 16).°%
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Figure 16 Interaction of chloramphenicol (in cyan) with the PTC A-site crevice (in grey).

While it had been believed for a long time that chloramphenicol was a universal inhibitor of peptide
bond formation, recent studies have shown that the activity of chloramphenicol is dependent on the

aa-sequence of the nascent peptide chain and therefore is context-dependent.®®

The 50S subunit is also the target of linezolid (Figure 15), which belongs to the oxazolidinone family
and is active against Gram-positive bacteria. It is one of the core second-line agents in the treatment
of TB. As for chloramphenicol, the binding site of linezolid is the PTC. The crystal structure of linezolid
bound to the Haloarcula marismortui 50S subunit has shown that the oxazolidinone ring interacts
with the nucleotides of the A-site cleft (Figure 17).°°! It is assumed, that the antibiotic clashes with
part of the aa-tRNA and thereby inhibit its placement within the ribosome.

PRRNA  AZRNA

(o

Figure 17 Interaction of linezolid (in brown) with the PTC A-site crevice (in grey).

Blasticidin S is a potent inhibitor of eukaryotic and prokaryotic protein synthesis (Figure 15). It was
first isolated from Streptomyces griseochromogenes in 1958 by Takeuchi.*®® It bears a cytosine
linked to a dideoxyhexose that is bound to a modified arginine. This nucleoside antibiotic was the
first successfully utilized microbial fungicide and it has been widely used in Japan against the virulent
fungus Pyricularia oryzae, in order to control rice blast disease.X®" While other peptidyl transferase

inhibitors, such as chloramphenicol or linezolid bind to the A site of the large ribosomal subunit,%?
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blasticidin S binds to the P site. By binding of the nucleoside antibiotic in the P-loop of the 23S rRNA,
it distorts the 3’-terminus of the P-site tRNA and displaces C75 from its usual position (Figure 18).11%3!
These crystallography-based conclusions however stand somewhat in contrast with the fact that
blasticidin S competes for binding with puromycin, an antibiotic that is known to bind the A-site
cleft.'® Further biochemical experiments revealed that upon binding of blasticidin S and distortion

of the P-site tRNA, the RF1-mediated release of the peptidyl-tRNA is nearly abolished.

Displace , /&
.,

Figure 18 Displacement and distortion of the P-site located tRNA through blasticidin S (in purple). On the right
side, an overlay of the free tRNA (in green) and a blasticidin S bound tRNA (in gold) is shown. Clearly, a
displacement of the tRNA is visible.

Gougerotin is an aminoacyl-nucleoside antibiotic and consists of a cytosine, 4-amino-4-
deoxyglucuronamide and a sarcosyl-D-serine dipeptide unit (Figure 15). It was first isolated from
Streptomyces gougerotii in 1962 (as No. 21544) by Kanzaki in Osaka, Japan,*® and found to exhibit
broad-spectrum antibiotic as well as antiviral and antitumor activities. Unfortunately, a certain
toxicity to mammalian systems (LDso in mice is 57 mg/kg) was reported. The structure elucidation of
gougerotin followed in 1964. While initial studies showed that gougerotin is an inhibitor of protein
synthesis, this effect is not detectable in intact cells due to the inability of the compound to cross the
plasma membrane. In cell free assays or virally infected cells the nucleoside antibiotic shows

activity.[1%®

Antibiotics that target the 30S subunit. The small ribosomal subunit is especially involved in the
initiation of the translation process, as discussed above. The binding of the 30S subunit to tRNA and
mRNA assures, through a complex decoding mechanism, a correct recognition of each A-site codon
of the mRNA by the corresponding anticodon of the aa-tRNA. This specific part of the 30S subunit
involved in the proof-reading process is also referred as the decoding centre (DC) and is targeted by
several classes of antibiotics. In the following section the mechanisms of action of four prominent
antibiotics will be outlined, starting with the most prominent of those drugs, namely streptomycin

(Figure 19).
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Figure 19 A handful of antibiotics that target the small ribosomal subunit.

Whereas initial investigations of its mode of action indicated that streptomycin rendered the
ribosome more error-prone by affecting the proof-reading mechanism,°”’ more recent work showed
that it also induces miscoding by interacting with the minor groove of the codon anticodon

helix.[*%81%91 |t causes distortions within the A-site of the 30S subunit upon binding, which increase the

level of miscoding by favouring the binding of non-cognate tRNAs.™*"!

Figure 20 Crystal structure of streptomycin (in brown) bound to the 30S subunit (in grey, cyan and light green).

Not only the A-site of the small subunit can be targeted by antibiotics but also the P- and the E-site.

Antibiotics that bind to the P- and E-sites are commonly referred to as translation initiation inhibitors

but they can also affect the translocation of the mRNA and tRNA."!
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The aminoglycoside antibiotic kasugamycin (Figure 19) binds the 30S subunit in a manner that it
spans over the binding site of the E-site into the P-site region of the mRNA. It thereby distorts the
designated space for the mRNA and inhibits the recognition of the start codon by the initiator fMet-
tRNAMe 198

Figure 21 Overlap of the kasugamycin (in dark red) and the distorted mRNA recognition site.

Pactamycin (Figure 19) inhibits protein synthesis in bacteria, archaea and eukaryotes. It acts similar
to kasugamycin, in the sense that it disturbs the binding of the mRNA and inhibits the formation of
the initiation complex.['*Y Strangely, the activity of pactamycin relies on the nature of the A-site
substrate. The structural data currently available do not allow to explain such a context-

dependency.**!

MRNA
\, Displace
; .:\\ 2&

Figure 22 Pactamycin (in purple) bound to the 30S subunit and its induced mRNA displacement.

As the last example to be discussed here, amicoumacin A (Figure 19) tethers the backbone of mRNA
and conserved nucleotides of the E-site 16S rRNA together. The mRNA is therefore incapable of

moving, which finally results in the abortion of the translation process.
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Figure 23 Amicoumacin (in red) binds between mRNA and the rRNA of the 30S subunit.

A fundamental requirement for all ribosomal antibiotics is the ability to discriminate between the
prokaryotic and eukaryotic ribosomes.[**?) Some noteworthy differences between the two ribosomes
are important to briefly point out. Structure: The eukaryotic ribosome consists of a 60S large subunit
and a 40S small subunit forming together the 80S ribosome with a mass of 4200 kd. The bacterial 70S
ribosome has a significantly smaller mass of 2700 kd.** Initiation: The initiating amino acid in
eukaryotes is methionine rather than N-formylmethionine and the exclusive initiation codon AUG
exists in almost all cases only once. In contrast, prokaryotic mRNA has multiple Shine-Dalgarno
sequences. Further, the eukaryotic machinery relies on more initiation factors than the prokaryotic.
Elongation and termination: The elongation factors of the bacterial and mammalian cells are not the
same and the termination is induced by a single release factor in eukaryotes compared with two

counterparts in prokaryotes. [7%:93113]

1.1.7 Nucleoside Antibiotics

Nucleoside antibiotics (NA) represent a large family of natural products with immensely diverse

| [114,115] | [16] | [127] pl116]
7 7 7

biological activities, such as antibacteria antivira antifunga antitumo and
insecticidal effects. They are of microbial origin and produced as secondary metabolites. It is not
surprising that NAs often exhibit a broad spectrum of activities, since nucleosides and nucleotides
play fundamental roles in cellular processes, such as storage of genetic information, embodying of
metabolites, providing energy sources, being involved in cell signalling and representing cofactors for

various enzymes.[*8!

Categorizing NAs by their biological function, it is reasonable to organize them into three major
groups. Firstly, NAs that target bacterial cell wall biosynthesis and inhibit the bacterial enzyme MraY
(phospo-MurNAc-pentapeptide translocase), which is an integral membrane protein that catalyses

the first step of the lipid cycle of bacterial peptidoglycan biosynthesis.***! Secondly, the antifungal
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NAs that inhibit the chitin synthesis by directly acting as a competitive chitin synthase inhibitors.

Thirdly, the NAs, which block protein synthesis by inhibiting the peptidyl transferase.?"!

Alternatively, one can classify them by their chemical structure, as suggested by /sono, who is one of
the pioneers in the field. According to Isono NAs can be grouped by their molecular architecture. Due

to the extensiveness of this classification we would like to refer to the references 181211,

1.1.8 Amicetin (A-1): Mode of Action
To the best of our knowledge, the first studies trying to determine amicetin’s (A-1) mode of action
were performed in 1966. The addition of the compound was shown to immediately stop protein
synthesis in growing cultures of E. coli but did not affect the formation of RNA and DNA.™?? These
findings clearly indicated an interference with the protein synthesis machinery and paved the way for
further research. It was hypothesized, that amicetin (A-1) blocks the transfer of an amino acid from
the aminoacyl-tRNA to the ribosomal peptide, in analogy to the nucleoside antibiotics puromycin,

gougerotin and, blasticidin S.

Some 20 years later, the exact binding site of amicetin (A-1) was deciphered, based on site-directed
mutagenesis and chemical footprinting studies.!*°® Halobacterium halobium were exposed to sub-
inhibitory concentrations of amicetin (A-1) for 1.5 months. After this period, the bacteria isolated
were substantially more resistant to A-1 than the original wild type. RNA sequencing revealed a
particular ribosomal point mutation, U2457 = C, that was located in the 23S rRNA region at a crucial
site within the PTC. No other mutations were detected in the central circle of region V (Figure 24). In
previous studies, single-site mutations in this specific region of the rRNA led to resistance to known

peptidyl transferase inhibitors such as chloramphenicol.*?*!

Mutant plasmids were designed by the group of Garret with specific mutations at position 2457 (all
three possibilities) by site-directed mutagenesis.’®® Each mutation was transferred, via plasmid
transformation, into the wild-type, to the single chromosomal 23S rRNA gene by homologous
recombination along with a specific anisomycin resistance mutation. Based on the selection of
anisomycin resistant bacteria, the mutants were analysed and sequencing confirmed that only the

U2457 - C mutation produced resistance against amicetin (A-1).
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Figure 24 Schematic drawing of the secondary structure of the peptidyl transferase centre, domain V, of the
23S rRNA and the amicetin induced point mutation C2457 Ami".

Together with the results of previous investigations on other pyranosyl-cytosine derivatives drugs,
which had been shown not to be simple analogues of A-site-bound aminoacyl tRNAs,%124 Ggrret’s
findings suggested that amicetin (A-1) may interfere with the movement of the aminoacyl group
towards the P-site-bound peptidyl tRNA. This hypothesis is also supported by the fact that amicetin
(A-1) does not effectively compete with chloramphenicol. However, all these efforts
notwithstanding, the precise mode of inhibition of protein synthesis by amicetin (A-1) remains to be

elucidated.

Most recently, the solution structure of amicetin (A-1) has been determined by the group of
Ramesh.*?>7128 |nitially, they investigated the interaction of the 23S ribosomal RNAs of
Halobacterium halobium and E. coli with A-1 by proton NMR spectroscopy and additional molecular
modelling studies.?® Synthetic 35-mer RNA motifs were scrutinized for changes in their spectral
features upon the addition of amicetin (A-1). By titration of A-1 to the 35-mer RNA sample in H,0,
shifts and selective line broadening of the bases located in the highly conserved region of the PTC

were observed (loop nucleotides remain unaffected).

In further work,*?®! they used experimentally determined ROE-based distances as input for a three-
dimensional structure determination protocol and on that basis calculated an energy-minimised

structure of amicetin (A-1) in solution (Figure 25). As depicted below, in solution, A-1 adopts a folded
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conformation exhibiting three distinct intramolecular hydrogen bonds that hold together the bent
structure. Hydrogen bonds are formed between the nitrogen- and carbonyl-moieties of the serine-
amide and the 5-OH and 6-OH groups present in the amosamine sugar. The amosamine adopts a
chair-type conformation with a slight rotation in the direction of the serine amide, which is essential
for the hydrogen bonding. In contrast to the reported crystal structure of amicetin (A-1),”! where the
amicetose sugar is found in a (slightly distorted) chair conformation, it assumes a twisted chair

conformation.

Figure 25 Solution state NMR structure of amicetin (A-1). A) Describes the overlay of the ten energy-minimised
structures of amicetin (A-1) in solution. Calculations were done using NMR constraints (total of 18 NOEs were
measured and categorised into either strong 1.8 - 2.5 A, medium 1.8 - 3.3 A or weak 1.8 - 5 A). B) Describes an
averaged structure derived from the ten calculated structures. The green dotted lines indicate hydrogen
bonding interactions.

As a closing remark, the group speculates about the functionally important conformation of the
cytosine motif for the assumed interaction with the peptidyl transferase RNA motif of the 23S rRNA.
The critical turn position within the folded structure is assumed to allow the cytosine moiety to make

potential hydrogen bonding interactions with the ribosomal RNA.*?*!

Over the past years, the structure of several antibiotics bound either to the peptidyl transferase
centre or the small subunit of the bacterial ribosome has been determined by X-ray
crystallography.l®?13%131 A recently published crystal structure of amicetin (A-1) bound to the 70S
ribosome (PDB-code 6CZR), which has yet not been further discussed by the authors, might deepen
our understanding of the molecular detail of the antibiotic interaction with the ribosome in the near

future.
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1.1.9 Relevant Synthetic Work

1.1.9.1 Stevens’ Synthesis of Plicacetin (A-17)
The first total synthesis of a disaccharide pyrimidine nucleoside antibiotic was reported 19 years after
the isolation of amicetin (A-1) in 1953.1 In 1972, Stevens and co-workers published their work on
plicacetin (A-17), which paved the way for further studies towards the total synthesis of A-1 (Scheme
7).1132 The key step of their synthesis was the stereospecific formation of the a-disaccharide linkage
between amosamine and amicetose. They reacted the B-chloro azido sugar A-20 with the nucleoside

A-19 under basic conditions to form the acetal A-21 in 38% vyield.
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Scheme 7 Stevens’ total synthesis of plicacetin (A-17). Reagents and conditions: a) Dowex 1-X2 (OH"), 38%; b)
Pd/C, Hy; c) HCHO, H,, Pd/C, EtOH, 84% over two steps; d) ammonia-ethanol, 110 °C, 88%; e) Pd/C, H,, cat. HCl;
f) p-nitrobenzoyl chloride, CHCls, reflux; g) Pd/C, H.. No yields were reported for the steps f) and g).

After preparative thin-layer chromatography and two recrystallizations, they obtained the solely a-
linked disaccharide, which was confirmed by the vicinal coupling constant of the anomeric proton (J =
3 Hz). Unfortunately, no explicit information is provided in Steven’s report if they obtained or
isolated any of the B-configured disaccharide side product. The synthesis was continued by a
reduction of the azide moiety of A-21 with hydrogen over palladium on charcoal, followed by a
reductive methylation with formaldehyde to give A-22 in good 84% yield over two steps. The free
amino group of the cytosine moiety was introduced by boiling the compound in an ammonia-ethanol
mixture at 110 °C to yield A-23. Finally, the benzyl protecting groups were removed under reductive
conditions with HCI as acid catalyst to give the free cytosamine (A-15). The formation of plicacetin (A-
17) starting from A-15 was performed according a protocol, which was first reported by Haskel/*>;
cytosamine was reacted with p-nitrobenzoyl chloride to give the pure product after recrystallization.
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The nitro moiety was then reduced with hydrogen over palladium on charcoal to give plicacetin (A-

17).

1.1.9.2 Sugimura’s Formal Synthesis of Cytosamine
In 2001, Sugimura reported the formal synthesis of cytosamine!*3¥ (Scheme 8). They used glycosyl
fluoride A-35 to establish the a-configured glycosydic bond in the disaccharide unit. Further, a
stereoselective route to trideoxyhexopyranosyl nucleoside A-34 via an intramolecular glycosylation

reaction was showcased.

The synthesis commenced with commercially available glycal A-24, which delivered the thioglycoside
A-25 via a sequence of seven steps. Treatment of A-24 with boron trifluoride etherate in methanol
gave rise to a Ferrier rearrangement!*®! yielding the 2,3-unsaturated 1-methyoxy pyranose. The
double bond was reduced under conventional hydrogenation conditions to give the fully saturated
derivative. The use of trimethyl(phenylthio)silane and BFs-Et,0 as first reported by Nicolaou'**® gave
rise to the anomeric thiophenyl moiety. A sequence of deprotection, selective protection of the
primary alcohol, protection of the secondary and liberation of the primary alcohol finally delivered A-
25 in good overall yields. The thioglycoside was reacted with A-26 to give precursor A-27 for the
intramolecular glycosylation reaction. Treatment of the pyranosyl nucleoside with Me,S(SMe)BF, at -
20 °C generated the oxonium A-28 and the cyclic pyrimidinium intermediate A-29, respectively.
Hydrolysis of A-29 was achieved using aqueous NaOH to yield the desired B-nucleoside A-30 in
reasonable 56% vyield, together with 23% of the C-1 hydrolysed side product A-31. It is worth noting
that a change from the benzyl protecting group at C-4 to a PMB group increased the yield of the
desired B-glycoside to 79%. For the deoxygenation of A-30, a thiophenyl moiety was first installed in
excellent yield and the desulfurization of A-32 was attempted. Raney Ni was found to be capable of
producing A-33, however, only in low yields. An alternative route via a radical reduction of a 6-iodo
derivative using tributyltin hydride was also established, which provided A-33 in 48% yield over two
steps. During the endgame, screening for optimal benzyl-removal conditions were made to liberate
the alcohol moiety in A-33. However, several hydrogenation conditions, including transfer
hydrogenation and acid-catalysed reactions were unsuccessful. Under all conditions, starting material

was fully recovered. Finally, BCl; provided the desired product A-34, but only in poor 10% yield.
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Scheme 8 Sugimura’s synthesis of A-36. Reagents and conditions: a) MeOH, BF;0-Et,0; b) H,, Pd/C, 85% over
two steps; c) PhSSiMes, BF;0-Et,0, 81%; d) NaOH, MeOH; e) TrCl, pyridine, 83% over two steps; f) BnBr, NaH,
DMF; g) TFA, butanol, 88% over two steps; h) NaH, DMF, -50 to -20 °C, 77%; i) Me,S(SMe)BF., MeCN, -20 °C; j)
NaOH (1 M), 0 °C, 56% for A-30 and 23% for A-31; k) PhSSPh-BusP, pyridine, 98%; |) Raney Ni, 26%; m) BCls,
10%; n) AgOTf, SnCl,, Et,O:DCE (9:1), 52%.

The second glycosylation was achieved by the activation of glycosyl fluoride A-35 with silver triflate
and stannous chloride, which successfully glycosylated A-34 to furnish disaccharide A-36. The desired
a-glycosidic bond was obtained in 52% yield; in addition, 11% of the B-product was isolated. Initially,
Sugimura‘s group investigated the activation of a thioglycoside under conditions reported by
Fukase,'*>") utilizing a mixture of NBS and LiClOs. These efforts remained ineffective though and
starting material was reisolated, indicating that the glycosyl donor had not even been activated. They
further examined the use of Me,S(SMe)BF, and indeed obtained A-36, but in low yields and with

poor anomeric selectivity (11% and a ratio of a:f = 2).
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1.1.9.3 Yu’s Synthesis of Plicacetin and Streptcytosine A
Early in 2018, Yu and co-workers published the total synthesis of plicacetin (A-17) and streptcytosine
A (A-49) (Scheme 9 and Scheme 10).138 Their work is centred on a gold-catalysed glycosylation of the
cytosine base with an advanced disaccharide moiety. At that time, our synthetic efforts towards A-1

were already advanced and only the ultimate glycosylation was missing.

Yu’s synthesis commenced with the preparation of glycosyl donor A-38, which was accessed in 11
steps from commercially available penta-O-acetyl-B-D-galactopyranose. The glycosyl acceptor A-37,
was synthesised in 6 steps departing from a 3,4,6-tri-O-acetyl-D-glucal. With this building blocks in
hand, disaccharide A-39 was successfully obtained by means of a Schmidt glycosylation promoted by
TBSOTf at -60 °C in diethyl ether. The reaction showed excellent a-selectivity (a:B = 8:1) and was very
high yielding (92%). The anomers were readily separated via silica gel chromatography. A TBAF-
mediated desilylation, followed by installation of the o-hexynylbenzoate moiety gave the desired
donor A-40. The reaction with silylated cytosine under PhsPAuUNTf, catalysis in acetonitrile gave
nucleoside A-42 in good yield (77%) and excellent B-selectivity (a:f = 1:10). The gold(l)-catalysed
glycosylation using an o-hexynylbenzoate donor had been developed previously in Yu's laboratory

(for more details vide infra in sub-chapter 1.3.5.12).[239-142]
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Scheme 9 Synthesis of cytosamine (A-15). Reagents and conditions: a) TBSOTf, Et,0, -60 °C, 92%, a:f3 = 8:1; b)
TBAF, THF; c) o-hexynylbenzoic acid, EDCI, DIPEA, DMAP, CH,Cl,, 84% over two steps; d) BSTFA, PhsPAUNTf,,
CH3CN, 77%, o:f = 1:10; e) TFA, CHyCl;, 83%; f) P(CHs)s, NEts, THF, H,O, 50 °C; g) (CH,O)n, NaBHsCN, AcOH,
CH30OH; h) H; (1 atm), Pd/C, CH30H, 64% over three steps.
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Both PMB-protecting groups were removed with TFA and the azide moiety of A-43 was submitted to
a reduction/alkylation sequence. Finally, the reductive cleavage of the Cbz-group gave cytosamine

(A-15) in good yields (64% over the last 3 steps).

The endgame of the synthesis of A-49 commenced with the HATU-promoted amide coupling of
oxazolidine A-44 with benzyl 4-aminobenzoate (A-45) at 80 °C. Opening of the oxazolidine under
forcing conditions and subsequent TBS-protection of the primary alcohol gave amine A-47 in 75%
over two steps. Next, formation of the imidazolidine ring was performed by reacting A-47 with
paraformaldehyde and NaHCOs; and the acid functionality was obtained after removal of the benzyl
ester to give A-48 in 81% yield over both steps. Coupling of the acid A-48 with A-15 was performed
with HATU in pyridine. The final TBS-removal was achieved with HF-pyridine and additional pyridine

as buffer to give the natural product streptcytosine A (A-49).
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Scheme 10 Synthesis of streptcytosine A. Reagents and conditions: a) HATU, DIPEA, DMF, 80 °C, 67%, b) HCI (6
M), BnOH, 80 °C; c) TBSCI, imidazole, DMF, 75% over two steps; d) (CH,O)n, NaHCOs3;, MeCN, 60 °C; e) Hx (1
atm), Pd/C, CH3OH, 81% over two steps; f) HATU, pyridine, 80 °C; g) HF-pyridine, pyridine, 65% over two steps.
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1.2 Aims and Scope
Based on the discussion in section 1.1.1, it is clear that amicetin (A-1) represents a potentially
promising lead structure for the discovery of new antibiotics, including and in particular for the
development of new antimycobacterial agents. At the same time, while some limited work had been
reported on the chemistry of disaccharide-based cytosine nucleoside antibiotics, no total synthesis of
amicetin (A-1) had been reported in the literature at the outset of this PhD project. Prior work had
included the synthesis of each of the sugar moieties amosamine (A-52)%%! and amicetose (A-51)14,
along with efforts towards the cytosine nucleoside,!*** the amicetin (A-1) aglycone cytimidine (A-
50)**%! and the nucleoside antibiotic plicacetin (A-17)*3%4¢ |mportantly, the work by Yu discussed in
section 1.1.9.3 was only published when our synthetic efforts had already advanced to the stage,

where only a final glycosylation was required to complete the synthesis.
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In light of the above, the primary goal of this PhD thesis was the development of a first total
synthesis of A-1. In subsequent steps, the chemistry developed in the course of the total synthesis
work was planned to be exploited for the synthesis of structural analogues of amicetin (A-1) for
structure-activity relationship (SAR) studies. In particular, these studies should shed light on the
importance of the specific disaccharide moiety in amicetin (A-1) for its biological activity. No SAR

studies around amicetin (A-1) can be found in the literature so far.
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1.3 Results and Discussion

1.3.1 General Retrosynthetic Considerations
In principle, two distinct pathways could be envisioned for the elaboration of protected cytimidine A-
53 into amicetin (A-1) (Scheme 11): A-53 could be glycosylated with the fully decorated disaccharide
A-54 (pathway A) or a sequential route could be followed, in which glycosyl donors A-58 and A-59

are reacted sequentially (pathway B).

While glycosylation of A-53 was planned to be performed by a Vorbriiggen glycosylation,
independent of the specific pathway to be followed, several options were considered to establish the
glycosidic bond between A-58 and A-59. In general, the disaccharide approach offered a higher
degree of flexibility with regard to the amosamine donor system to be employed, which could be a
glycosyl fluoride,*”! thioglycoside!**®! or trichloroacetimidate,*°**!) to name only three possible
options. In addition, precursors of compound A-54 would allow functional group manipulations,
especially the formation of the dimethylamine moiety at the disaccharide stage. As for the sequential
route, the more elaborated intermediate A-60 was anticipated to be more sensitive than A-53, thus
leading to a limited choice of glycosylation conditions for the establishment of the glycosidic bond
between the amicetose and amosamine moieties. Mild activation conditions for the glycosylation
should be chosen for the glycosylation of the acceptor A-60. In light of the essential Vorbriiggen
glycosylation in both strategies, we planned to examine the sequential approach first, based on the
use of simpler glycosyl donor A-58. The expertise gained in this reaction can be employed for the

disaccharide route in a second stage.
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Scheme 11 The two plausible pathways A and B towards amicetin (A-1). PG: protecting group, LG: leaving
group.

Among the different options for the order of fragment assembly, we felt it sensible to pursue a late
stage aglycone glycosylation approach, in order to minimize the number of steps subsequent the
incorporation of the sensitive sugar moieties. Therefore, we envisioned to complete the basic
scaffold of A-1 by a Vorbriiggen glycosylation of protected cytimidine A-53 with the disaccharide
donor A-54 in a B-selective fashion (Scheme 12). Compound A-54, in which amosamine is a(1 - 4)-
linked to amicetose, represents a retron for an a-selective Schmidt or Mukaiyama glycosylation

between the glycosyl donor A-59 and the scarcely decorated 2,3,6-deoxy sugar A-58.
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Scheme 12 Retrosynthesis of A-1. PG: Protecting group; LG: Leaving group.

The protected aglycone, i.e. cytimidine derivative (A-53) was to result from two successive Ullmann-
type couplings involving the halogenated pyrimidinone A-57, para-iodobenzamide (A-56) and

oxazolidine fragment A-55.
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1.3.2 Oxazolidine Fragment A-55
The syntheses of acid A-44°2 and amide A-55[**! have been described in the literature (Scheme 13).
In essence, the published procedures were followed with only minor changes. Thus, L-serine (A-61)
was converted into its methyl ester A-62 using thionyl chloride/methanol. The ester was condensed
with pivalaldehyde under Dean-Stark!*>3! conditions and the resulting cyclic hemiaminal was directly

Boc-protected to give oxazolidine A-64 as a single diastereomer in 17% yield from L-serine.*>¥
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)~NBoc
tBu

A-55

Scheme 13 Synthesis of A-55. Reagents and conditions: a) SOCl;, MeOH, 0 - 25 °C, 20 h, quant.; b) (CHs)sCHO,
NEts, pentane, reflux, 3.5 h; c) Boc,0, K,COs, THF, rt, 16 h, 61% over two steps; d) LIHMDS, Mel, THF, -78 °C, 6
h, 70%, dr: 10:1; e) LiOH-H,0, THF, 50 °C, 48 h, 75%; f) (COClI),, NEts, cat. DMF, CH,Cl;, NH4OH (aq.), 0 °C to rt,
16 h, 54%.

The exclusive formation of the cis-configurated oxazolidine is in full agreement with published
work.*>* As depicted in Scheme 14, the reaction of A-62 with pivalaldehyde leads to a mixture of an
open-chain imine, and cis or trans oxazolidine forms which can be observed by 'H NMR. The ring-
chain tautomerism of oxazolidines derived from serine esters has been described in detail by Fiil6p
and Pihlaja.*>> After the addition of Boc-anhydride, a shift of the equilibrium towards the ring form

results in a selective protection of the cis-isomer.[°6:157)

Alkylation of A-64 was performed by enolate formation with LIHMDS and reaction with methyl
iodide, which gave the desired product A-65 with an excellent dr of 10:1 and in 70% vyield. The
selective methylation of A-64 has been described previously by Seebach!*®. The enolate derived
from A-64 is still chiral due to the temporary centre of chirality at the acetal-C-atom, which bears the
stereoinformation. Saponification of the ester moiety in A-65 gave the free acid A-44 in 75% vyield.

Surprisingly, the conversion of A-44 into amide A-55 was more cumbersome than expected. The best
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results were obtained by forming the acid chloride, which was subsequently treated with aqueous

ammonia giving amide A-55 in 50% vyield.
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Scheme 14 Formation of N-Boc cis-oxazolidine. a) (CH3)sCOH, NEts, pentane, reflux, 3.5 h. b) Boc,0, K,COs, THF,
rt, 16 h.

1.3.3 Pyrimidylbenzamide Fragment A-75

1.3.3.1 Synthesis of A-72
Rather than trying to work with the barely soluble nucleobase cytosine, we planned to base our
synthesis of the centre section of amicetin (A-1) on the use of a cytosine precursor or surrogate such
as A-71 (Scheme 15) that would facilitate handling. 4-Bromopyrimidine A-70 was easily accessible
from the commercially available thiopyrimidine A-69 via a halogen exchangel™ followed by
oxidation of the thioether linkage to the sulfone oxidation state*® and a subsequent nucleophilic

aromatic substitution.

SCH;4 SO,CHj3 OAllyl
)\ a), b) c)
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AN AN N

A-69 A-70 A-71

Scheme 15 Reagents and conditions: a) TMSBr, MeCN, 40 °C, 24 h, 97%; b) (NH4)sMo0;024 4H,0, H,0,, 0 °C, 24
h, 95%; c) KOtBu, allyl alcohol, THF, 0 °C then -78 °C, 7 h, 88%.

Bromo-pyrimidine A-71 was coupled with 4-iodobenzamide (A-56) in a copper-catalysed N-aryl

amidation reaction!*®%162! (Scheme 16). Despite the elevated reaction temperature of 120 °C and a
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reaction time of 19 h, full conversion of starting material was not achieved for the coupling (67%

yield and 13% recovered starting material).

OAllyl
S N e
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| Br H
A-56 A-7T1 A-T2

Scheme 16 Reagents and conditions: a) Cul, 1,10-phen, K3PO4, dioxane, 120 °C, 19 h, 67%.

1.3.3.2 Allyl-deprotection of A-72
The deprotection of pyrimidylbenzamide A-72 (Scheme 17) was investigated under various

conditions (Table 5).
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NGl vl AN
H H
| |
A-72 A-73

Scheme 17 Screening experiments for deprotection conditions for A-72.

In light of the presence of an aryliodide, our investigation started with the treatment of A-72 with
acid instead of transition metal-based catalyst systems with the propensity for metal-halogen
insertion. Unfortunately, when A-72 was simply stirred in a solution of HCl 4 M under microwave
irradiation no cleavage of the allyl ether was observed and only starting material was recovered.
When the temperature was raised, the compound started to decompose (entry 1). A palladium
mediated protocol was then examined,*®! but the only isolated product was methyl 4-iodobenzoate
(entry 2). These finding prompted us to change the solvent to THF and use morpholine as a base, but
only starting material was recovered under those conditions (entry 4). Finally, we turned our
attention to a rhodium catalyst system (entry 3,5,6 ), which has been well studied in the
literaturel*®*1%51 However, the reported reaction conditions, unfortunately, did not lead to the
formation of the desired product. Isomerisation to the enol ether was not achieved and at higher
reaction temperatures compound A-72 either decomposed or the amide bond was cleaved.

Eventually, we abandoned the strategy and examined another route (vide infra).
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Table 5 Screening of allyl deprotection conditions for A-72.

Entry Conditions Outcome Enol ether in crude
1 4 M HCI, microwave, 70 °C recovered starting material no
5 Pd(PPhs)s, K2COs, formation of methyl 4-

no
MeOH, rt iodobenzoate
3 1) RhCI(PPhs)s, DABCO formation of methyl 4- q
n.
EtOH, H,0, 80 °C iodobenzoate
Pd(PPhs)s, morpholine, . .
4 recovered starting material no
THF
RhCI(PPhs)s, DABCO ) )
5 recovered starting material no
THF
RhCI(PPhs)s, DABCO .
6 decomposition n.d.
EtOH, 80°C

1.3.3.3 Synthesis of PMB Derivative A-75 and Deprotection to Access A-73
Confronted with deprotection issues for allyl ether A-72, the synthesis of the required pyrimidin-
iodobenzamide was slightly adjusted such that sulfone A-70 was reacted with p-methoxybenzyl
alcohol, rather than allyl alcohol, under the same conditions, i.e. with KOtBu as the base and THF as
solvent at -78 °C (Scheme 18). The corresponding PMB-ether A-74 was obtained in excellent yield

(96%) and underwent successful Ullmann-type coupling with amide A-56, to give A-75 in 69% yield.
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Scheme 18 Reagents and conditions: a) KOtBu, p-methoxybenzyl alcohol, THF, 0 °C then -78 °C, 7 h, 96%; b)
Cul, 1,10-phen, K3POs, dioxane, 120 °C, 21 h, 69%; c) DDQ, CH,Cl,, 24 h, 50%.

PMB-ether A-75 could be successfully deprotected with an excess of DDQ and a reaction time of at

least 24 h. The resulting cytosine derivative A-73 was hardly soluble (even in DMSO) and could be
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collected by simple filtration and washed with H,O and EtOAc to give pure material. It is worth

pointing out that NMR spectra of A-73 had to be measured in deuterated trifluoroacetic acid (TFA)!

As an alternative route to A-73, cytosine (A-13) can be reacted with benzoyl chloride A-76 to obtain
compound A-73 directly. Pyrimidinone A-73 was silylated using N,O-bis(trimethylsilyl)acetamide) and

directly, from Schlenk-to-Schlenk, distilled to confirm product formation by NMR analysis.
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HoN I H H
A-13 A-76 | A-73 | A-77

Scheme 19 Reagents and conditions: a) pyridine, 0 °C, 4 h, 64%; b) BSA, MeCN, rt, 30 min, yield not calculated.

1.3.4 Ullmann Coupling and Deprotection to Access Cytimidine (A-53)
With building blocks A-55 and A-75 in hand, the stage was set for the first phase of the fragment
assembly process, which began with a second Ullmann-type reaction between the two fragments
(Scheme 20). Compared to the coupling between A-56 and A-74 (Scheme 18), a different catalyst
system was employed, consisting of Cul, DMEDA as a ligand and potassium carbonate in dioxane.[**"]
The reaction needed 60 h at 100 °C to reach completion and the desired product A-78was obtained
in 80% vyield. It may be hypothesised that in comparison to the more rigid phenanthroline ligand,
which was used in the coupling reaction between A-56 and A-74, the DMEDA ligand is more flexible
and thus more favourable for the already sterically demanding oxazolidine carboxamide.*®®! Usage of

freshly distilled DMEDA was beneficial for the reaction yield.
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Scheme 20 Reagents and conditions: a) Cul, DMEDA, K,COs, dioxane, 100 °C, 60 h, 80% brsm; b) DDQ, CH,Cl,,
pH 7 buffer, rt, 67 h, 96%.

As for A-75, the successful removal of the PMB-protecting group from pyrimidinone A-78 was

affected by means of an oxidative cleavage with DDQ, to furnish advanced intermediate A-53 in
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excellent yield. Similar to A-73, intermediate A-53 was hardly soluble and, therefore, purification was

only possible by filtration and repetitive washings.

1.3.5 Sequential Approach

1.3.5.1 Synthesis of 2,3,6-deoxy sugar A-79
Pyranose A-79 was envisioned to be obtained by an acid-catalysed methanol addition to glycal A-81
(Scheme 21). The stereochemistry at the anomeric position of A-79 is irrelevant due to its erosion at
a later stage. The cyclic enol ether A-81 would be accessed according to an established ring closing
metathesis-isomerization approach (vide infra) using diene A-82 as a precursor.1®”! A synthetic route
to allylic alcohol A-83 has been described in the literature,*®® departing from commercially available

(+)-ethyl D-lactate (A-84).

acid catalyzed

add'ition double

1 bond m|grat|on O -allylation

0\ OMe oL
deprotection : I K
HO™ PGO™ PGO

RCM
A-79 A-81

OH

COEt PGO™ "~ reduction and
(+)-ethyl D-lactate Grignard addition

A-84 A-83

Scheme 21 Retrosynthesis of A-79. PG: Protecting group.

The synthesis of amicetose derivative A-91 (Scheme 23) started with the TBS-protection of (+)-ethyl
D-lactate (A-84), which proceeded in excellent yield (Scheme 22). Subsequent reduction of ester A-85
to the aldehyde with DIBALH, followed by reaction of the aldehyde with vinylmagnesium bromide
yielded the desired allylic alcohol A-86 with a dr of 7:1.

OH a) OTBS b), c) OTBS
—_— —_—
COzEt COzEt HO\“ I
A-84 A-85 A-86

Scheme 22 Synthesis of A-86. Reagents and conditions: a) TBSCI, imidazole, CHxCl,, 0 °C — rt, 16 h, 98%; b)
DIBALH, Et,0, -78 °C, 15 min; c) vinylmagnesium bromide, -78 °C, 20 min, 40% over two steps, dr 7:1.

In previous studies, it had been demonstrated that O-silylated lactaldehydes react with
organometallic reagents predominantly in a Felkin-Anh manner. %273 |n the Felkin-Anh model, the

largest group is oriented perpendicular to the carbonyl axis provided there is no heteroatom present
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adjacent to the carbonyl.*’# The attack of the nucleophile preferably takes place at an angle close to
the ideal tetrahedral bond angle, designated as the Biirgi-Dunitz!*’! trajectory, and the electrophilic

carbonyl is approached over the smallest substituent (Figure 26).

Me 9
élll )-OTBS
nucelophile H H
attack

Figure 26 Felkin-Anh addition to the obtained lactaldehyde.

The two-step procedure to obtain allylic alcohol A-86 needed optimization and was initially
hampered by low yields. The Grignard reagent was always freshly prepared and titrated, to ensure
accurate knowledge of the concentration employed. Nevertheless, a substantial amount of
lactaldehyde (20 - 40%) was always reisolated after flash column chromatography. The aldehyde is
not prone to epimerization during purification as confirmed by [a]*°s measurements, which gave

values in line with the literature datal'’®l.

OTBS a) OTBS b) OH o)
pZ pZ pZ
HOW MEMO™ MEMO™
A-86 A-87 A-88
o)
j\ d), e) (0) f) 0) OMe
MEMO™ X - | -
| MEMO® MEMO®
A-89 A-90 A-91

Scheme 23 a) MEM-chloride, DIPEA, CH,Cl,, 0 °C—rt, 36 h, 66%; b) TBAF, THF, rt, 16 h, 80%; c) NaH, allyl
bromide, THF, 40 °C, 45 min, 67%; d) Grubbs catalyst first generation, toluene, rt, 22 h; e) NaOH, iPrOH, 110 °C,
2 h, 85% over two steps; f) CSA, MeOH, MeCN, rt, 1 h, 78%.

At this stage the two diastereomers were not separated (due to an almost identical R¢ value), but the
reaction sequence was continued with MEM-protection of alcohol A-86, followed by TBAF-mediated
deprotection to obtain A-88. Allylation of the latter with allyl bromide to access the RCM precursor
A-89 worked smoothly within 45 min; at this point, the two diastereomers were separable by FC.
Next, a one-pot ring closing metathesis (RCM) / double bond isomerization was performed to furnish
glycal A-90. The RCM of functionalized dienes has been described in the literature’””). Noteworthy,
Snapper™® and Schmidt™’’® were the first to report a metathesis-isomerization sequence without
isolating the primary metathesis product. It is believed that a metathesis-active ruthenium catalyst
(in our case the 1% generation Grubbs catalyst A-92) is converted in situ!*®*# into an isomerization-

active ruthenium-hydride species, such as A-93[1827184 (Scheme 24).
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Scheme 24 Reagents and conditions: 2-propanol, MeOH, reflux.

An established pathway for transition-metal-catalysed olefin isomerization is outlined in Scheme 25.
The olefin A-94 coordinates to a kinetically long-lived metal hydride species, which has been
characterized by Grubbs*®!. Subsequent insertion into the metal-hydride bond yields metal alkyl
intermediate A-96. B-elimination and subsequent dissociation of the resulting metal hydride complex

A-97 then yields glycal A-98 and regenerates the metal-hydride.8

o [M}H o
2T Y

s /
Ail\\\ﬁ ‘/ijj)VfH
L,

Scheme 25 Metal hydride addition-elimination mechanism.

During the initial step, the diene A-89 was fully converted into the intermediate RCM product within
22 h at ambient temperature. After the addition of isopropanol and sodium hydroxide, the reaction
was refluxed for 2 h, in order to obtain the isomerized glycal A-90. During the second step, the
reaction had to be carefully monitored by TLC, due to undesired reduction of A-90 by the ruthenium
hydride complex. Hydrogen transfer occurs as a competing reaction with or subsequent to double
bond isomerisation. Treatment of A-90 with camphorsulfonic acid and methanol in dry acetonitrile
gave the final amicetose fragment A-91 as a mixture of anomers. Unfortunately, the final
deprotection of A-91 was low yielding (Scheme 26). In the best case, treatment of A-91 with zinc
bromide in dichloromethane gave A-79 in 48% yield, while magnesium bromide in diethyl ether only

produced uncharacterized side products.

\CJ/OMG a) or b) \EOJ/OMe
—_—
MEMO™ HOY

A-91 A-79

Scheme 26 Reagents and conditions: a) ZnBr,, CH,Cl,, rt, 6 h, 48%; b) MgBr,,Et,0, rt, 24 h, 0%.
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The issues with the final deprotection of A-91 prompted us to rethink our initial strategy towards the
required amicetose building block. In a second generation approach, a benzyl group was chosen to
protect the OH group at C4 instead of the previously used MEM protecting group (Scheme 27).
Conditions for most of the steps were kept the same as for the synthesis of A-91. Unfortunately, the
separation of diastereomers after the Grignard addition turned out to be more cumbersome than
with the MEM-derivative. Various solvent mixtures were tested for optimal chromatographic
purification at the stage of A-86, with EtOAc:hexane 2:98 emerging as the most promising system.
Finally, however, it was most practical to perform the separation of diastereomers at the stage of the
alcohol A-100. Finally, the synthesis of A-103 was carried out in a total number of 9 steps and an

overall yield of 28%.

OH a) OTBS b), c) OTBS d) OTBS e)
\l/
CO,Et CO,Et HOY NF Bro™ NF
A-84 A-85 A-86 A-99
O .
OH f) g), h) 0) i) O OMe
y M NS I 3
BnO‘\\ BnO I Bno\“ Bno\\‘
A-100 A-101 A-102 A-103

Scheme 27 Synthesis of A-103. Reagents and conditions: a) TBSCI, imidazole, CH,Cl;, 0 °C — rt, 16 h, 97%; b)
DIBAL-H, Et,;0, -78 °C, 15 min; c) vinylmagnesium bromide, -78 °C, 20 min, 68% over two steps, dr 7:1; d) NaH,
BnBr, THF, 0 °C —rt, 36 h, 88%; e) TBAF, THF, rt, 16 h, 76%,; f) NaH, allyl bromide, THF, 40 °C, 45 min, 85%; g)
Grubbs catalyst first generation, toluene, rt, 22 h; h) NaOH, iPrOH, 110 °C, 2 h, 82% over two steps; i) CSA,
MeOH, MecCN, rt, 1 h, 90%.

In contrast to A-91, the deprotection of A-103 was readily achieved under standard debenzylation

conditions with hydrogen over palladium on charcoal in excellent yield (89%).

\EOJ/OMe a) \EOJ/OMe
—_—
BnO™ HOY

A-103 A-79

Scheme 28 Reagents and conditions: a) Pd/C, H (balloon pressure), EtOH, rt, 1.5 h, 89%.

1.3.5.2 Glycosylation of Aglycones A-53 and A-73 with Glycosyl Donor A-103
Next, we turned our attention to the glycosylation of A-53 and A-73 with the simplest glycosyl donor
A-73, which was expected to be challenging for several reasons. Firstly, A-103 features a 2,3,6-
deoxypyranose ring and, therefore, harbours no inherent stereoinformation on the C-atom next to
the anomeric centre, which could direct the attack at the anomeric carbon. The neighbouring group

[187]

participation of a 2-O-X functionality is usually a reliable promoter of stereoselective

glycosylations (Scheme 29).
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Scheme 29 Neighbouring group participation by a C-2 ester.

Secondly, the B-(1>N?) linkage to the cytosine nucleus is possibly not favoured over the axial
configuration due to a gauche effect that exists in the case of an axial positioning of the cytosine base

(Figure 27).

0 0
Bno/&/NR Bno/&‘

NR
B—glycoside a—glycoside
H H
oo 5l
(R H H ﬁ_} NR H
one gauche interaction two gauche interactions

Figure 27 Possible Gauche interactions in the a-, B-glycosides.

Thirdly, glycosyl acceptor A-53 is hardly soluble, which severely limits the choice of solvent systems
that can be used for the reaction. Last but not least, one has to consider the anomeric effect, as first
described by Edward and Lemieux,*®#°) which must be more stabilizing then the sum of all the

steric factors to effect the conformation of the pyranose.

Literature precedence for the glycosylation of nucleobases goes back to the synthesis of pyrimidine
nucleosides by Hilbert and Johnson,****** who reacted 2,4-dialkoxypyrimidines or 2,4-bis-
trimethylsilyl derivatives of uracils, cytosines and their 2-thio analogues with protected 1-halo sugars
to give predominantly the N*-nucleosides. Further studies by Nishimura*®? and Birkofer'**¥ then
paved the way for the Vorbriiggen procedurel®*%! (also known as silyl Hilbert-Johnson reaction).
Vorbriiggen used a Lewis-acid catalyst together with per-silylated bases under mild conditions to

obtain the desired nucleosides.

Based on these findings along with the results of work by Eschenmoser,**”! we attempted the
glycosylation of A-73 and A-53 with glycosyl donor A-103 by the use of (N,O-

bis(trimethylsilyl)acetamide) and SnCl, in dry acetonitrile at ambient temperature (Scheme 30).
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Scheme 30 Glycosylation of pyrimidine nucleoside. Reagents and conditions: a) BSA, SnCls, MeCN, rt, 45 min,
53% (for A-109) and 72% (for A-110).

The glycosylation reaction was found to be highly air- and water-sensitive and completely failed in
the first few trials. Product formation started to be observed only when a stock solution of SnCls in
dry acetonitrile was prepared and molecular sieves were used to thoroughly desiccate the reaction
mixture. If SnCl; was used without being premixed with dry acetonitrile, the reaction mixture
instantly turned deep red and the starting material was found to be decomposed. For optimal
reaction conditions it was beneficial if the solvent and the SnCl, were freshly distilled and both the

starting material A-53 or A-73 and A-103 were co-evaporated with benzene.

Once initial handling-related hurdles had been overcome, we were delighted to see product
formation in good yields (up to 72%) and exclusively giving the desired diastereomer. The B-anomeric
linkage between amicetose and the cytosine base was evidenced by the coupling constant of the
anomeric proton, which was measured to be J = 8.4 Hz and thus strongly indicated the desired axial-

axial coupling.

In theory, for an a-configured pyranose a characteristic coupling constant is around J = 3 Hz and the
one for a B-configured linkage roughly J = 7.5 Hz. The difference in coupling constants arises from the
coupling of the anomeric proton to the vicinal proton(s). In case of the B-anomer, the larger torsion
angle between these protons is approximately ¢ = 180° (Figure 28). On the other hand, the torsion
angle in the case of an a-anomer is ¢ = 60°. Based on the Karplus equation,**® which describes the
correlation between the torsion angle and the NMR coupling constants, the magnitude of the
coupling constant increases the closer the torsion angle is to 180° or 0° respectively. This is well

visualised by the Karplus curve (vide infra).
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Figure 28 Relationship between the configuration at C1 and measured coupling constants for the anomeric
proton.

Further evidence came from NOESY experiments that were measured for both glycosylation products

A-109 and A-110 (Figure 29).

A-109 / A-110

Figure 29 Confirmed NOE signal to the axial H-C5. *: COSY artefact.

A possible explanation for the excellent B-selectivity in the reaction can be given by a solvent effect
of acetonitrile that could form an a-nitrilium glucopyranosyl ion by complexation of the nitrile to the
activated acceptor (Scheme 31). The attack of the incoming base would take place from the top face
and hence giving the B-anomer A-112.[19%:200]

Nu
0]

s — Bno/&/’\‘u
(N@

A-111 I A-112

BnO

Scheme 31 Proposed solvent participation in glycosylation reaction.

Recent studies by Codée?®!! mapped the conformational energy landscapes of Sy1-type glycosylation
reactions and firmly indicate glycosyl cations as true reaction intermediates. Assuming that the
reaction proceeds via an oxocarbenium ion, the two possible conformations A-113 and A-114
(Scheme 32) have to be considered. A-113 is believed to be more favoured through stabilizing effects
on the oxocarbenium ion by through space electrostatic interactions effected by the C4-OBn
substituent (based on close proximity between the partially negatively charged hydroxyl group).l2°%-
2051 The benzyl ether would not obstruct the approach of the incoming nucleophile from the top face

resulting in the B-product.
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Scheme 32 Two possible oxocarbenium conformations, which are attacked by the nucleophile.

1.3.5.3 Glycosylation of Aglycone A-53 with Alternative Donors A-115 and A-116
In further studies, we examined the glycosylation of A-53 under the same Vorbriiggen conditions that
had delivered A-109 and A-110 with glycosyl donors A-115 and A-116 (Scheme 34). Both glycosyl

donors were synthesised by protection of A-79 (Scheme 33).

0O - OH a)orb) 0O - OR
—_—
MeO MeO
A-79 R =Ac A-115
R =TBS A-116

Scheme 33 Synthesis of A-115 and A-116. Reagents and conditions: a) Ac;0, DMAP, NEts, CH,Cl,, 85% for A-115
b) TBSCI, imidazole, DMAP, CH,Cl,, 89% for A-116.

Intriguingly, the associated change of the protecting group on the distant 4-hydroxy group of the
glycosyl donor led to a drastic erosion in yields (15 — 30%). Both reactions were carried out at least

five times to ensure that no handling issues occurred, but similarly poor results were obtained in all

cases.
0 H
X N
O N~ ONH
I \\J
0 NJ\/ 0 NIJLN\
= H
z \ _a)» e HJ\/
0 NBOCH z 07N\ N
- o OR B )‘NBOC H o R=AcA-17
u A-53 u R = TBS A-118
MeO
R = Ac A-115
R = TBS A-116

Scheme 34 Glycosylation of pyrimidine nucleoside. Reagents and conditions: a) BSA, SnCls, MeCN, rt, 45 min, O-
10% (for A-117) and 17-30% (for A-118).
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The reason for the differences in the reaction with A-103 and A-115/A-116 is not clear at this point. It
can only be speculated, that neither the TBS nor the acetyl-protecting group is fully compatible with

the tin tetrachloride as part of the activation system.

1.3.5.4 Benzyl-removal from A-110
After the successful glycosylation, the debenzylation of the amicetose hydroxy group in A-110 by
means of catalytic hydrogenation over palladium was examined. As has been shown in section
1.3.5.1 (vide supra), the benzyl-protected amicetose sugar A-103 itself could be deprotected by this
method within 90 min. Thus, the debenzylation of A-110 looked deceptively simple, but turned out
to be exactly the opposite (Scheme 35). Under standard hydrogenation conditions (catalytic
hydrogenation over palladium at ambient temperature in methanol), a new product was observed
(less polar on TLC) within minutes. After isolation and purification, this compound could be identified
as the reduced pyrimidinone derivative A-119, which still contains the benzyl ether moiety (Figure

30).

il

OBn
O
0 NJLN“'

tBu

Figure 30 Reduced pyrimidinone A-119 after attempted debenzylation through catalytic hydrogenation.

This unexpected finding then triggered a screening for suitable conditions for the removal of the

benzyl protecting group (Table 6).

OBn OH
1, § e
0 N| N 0 N| NY
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z H H
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Scheme 35 Screening of benzyl deprotection conditions for A-110.

Changing the solvent from methanol to ethanol exclusively led to deglycosylation under catalytic
hydrogenation conditions (entry 2). Boron trichloride, which had been successfully used on
amosamine derivative A-126 (see section 1.3.5.6), turned out to be too harsh for the more elaborate
nucleoside A-110 and resulted in cleavage of the glycosidic bond (entry 3). When applying milder

hydrogenation conditions, such as the use of Pearlman’s catalyst or transfer-hydrogenation
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conditions, no conversion was observed. As the reductive cleavage of benzyl ether groups had been
successfully achieved under Birch conditions!?°®2°7) as part of the synthesis of glycosyl fluoride A-130
(see section 1.3.5.7), these conditions were also applied to A-110. Unfortunately, this led to exclusive
deglycosylation. Eventually, we were delighted to find that an excess of DDQ would give the desired

product in good yields without affecting the glycosidic bond.

Table 6 Screening of benzyl deprotection conditions for A-110.?

Entry Conditions Observation
1 Pd/C, H,, MeOH reduction of pyrimidinone
2 Pd/C, H,, EtOH deglycosylation
3 BCl3-DMS, CHCl, deglycosylation, Boc-deprotection
4 Pearlman's cat., H,, EtOAc:EtOH no product formation, potential decomposition
5 Pd/C, cyclohexadiene, DMF, rt no conversion of starting material
6 Na/NHs, THF, -78°C deglycosylation, decomposition

slow reaction, excess of DDQ needed, reaction
7 DDQ, CH,Cl,, rt

time of 66 h, 90% isolated product

2 Balloon-hydrogen pressure applied for all hydrogenation reactions.

1.3.5.5 Desilylation of A-118
Quite surprisingly, difficulties were also encountered upon attempted removal of the TBS protecting

group from A-118 (Scheme 36).
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Scheme 36 Desilylation of A-118.

Thus, treatment of the latter with triethylamine trihydrofluoride at 0 °C (entry 1, Table 7) did not

produce any conversion. When the reaction temperature was raised to 23 °C, the starting material
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was found to be consumed after three days, according to TLC analysis (entry 2). However, A-60 could
be isolated only in 16% yield. More stringent conditions, i.e. HF-pyridine gave a clean reaction and
fast conversion of A-118, but only traces of A-60 were finally obtained (entry 3). In this first
experiment, the product may have been lost during workup, when the solution turned too basic. The
final key to success was the use of a buffered TBAF solution (with AcOH), which provided A-60in 67%

yield. The reaction needed to be conducted at 40 °C, otherwise no deprotection took place.

Table 7 Screening of desilylation conditions to free A-118.

Entry Conditions Observation

1 NEts-3HF, THF, 0 °C no reaction

reaction extremely slow, after stirring for 72 h
2 NEts-3HF, THF, rt
product was isolated in 16% yield

clean reaction, quenched after 1.5 h, after workup
3 HF-pyridine, THF, 0 °C -rt
and FC only traces obtained

. no consumption of starting material after 24 h,
TBAF (2.2 equiv), AcOH as buffer,

4 reaction was then warmed up to 40 °C, full
THF, rt—40°C

consumption after 4 h -> 67%

1.3.5.6 Synthesis of Glycosyl Fluoride A-129
In the course of this PhD project, a number of different amosamine donors were synthesised as
possible building blocks for either the “disaccharide strategy” or the “sequential — glycosylation —
strategy”. This section discusses the synthesis of the individual donor systems, that were primarily

intended to be used for the sequential glycosylation strategy.

Mukaiyama has reported the use of glycosyl fluorides as donors for the preparation of a-glycosides
under conditions that involved activation of the fluorides with stannous chloride and silver
perchlorate in an ethereal solvent.!?°®120%! Glycosyl fluorides are chemically more stable than other
glycosyl halides, which were reported by Koenigs and Knorr’?*%. C-F bonds have a higher bond-
dissociation energy (552 kJ mol?) in comparison to C-Cl (397+29 kJ mol™?) or C-Br bonds (280+21 kJ
mol?) and can seamlessly be purified by column chromatography and carried through a synthesis

under various conditions.?!!]
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The synthesis of the glycosyl fluoride A-129 departed from tetra O-acetyl thiogalactoside A-120,
which was globally deprotected with sodium methoxide/methanol (Scheme 37). Contrary to the
literature report,**¥ a purification by column chromatography of the highly polar sugar had to be
performed to ensure a smooth subsequent reaction step. The 4,6-diol moiety was selectively
protected as a benzylidene acetal to obtain A-122. The reaction can be catalysed either by BFs-Et,0,
leading to longer reaction times, or by tosic acid, in which case the resulting product can be filtered
off easily. The remaining free hydroxy groups were benzyl protected to furnish compound A-123 in
84% overall yield from A-120. Subsequent acetal cleavage was initially performed with aqueous
tetrafluoroboric acid, which resulted in poor yields of about 35%. More suitable reaction conditions
were found to involve the use of camphor sulfonic acid in methanol, which furnished the free diol in
86% vyield. Selective tosylation of the primary alcohol moiety using freshly washed tosyl chloride

worked smoothly under basic conditions and gave tosylate A-125 in 92% yield.

OAc OH o SPh
O._,SPh a) O._,SPh b) )O\ c)
. > . > Ph” O “’OH >
AcO "OAc HO "OH OH
OAc OH
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O _SPh O.__,SPh O.__,SPh
)0\ d) HO e) TsO f)
Ph” ~O ‘OBn HO ‘OBn HO ‘OBn
OBn OBn OBn
A-123 A-124 A-125
O _,SPh g), h) O _sSPh i), 1) O _,SPh k)
—_ —_— e
OH “/OBn N “/OBn e “/OBn
OBn OBn I OBnN
A-126 A-127 A-128
o _F
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overall 26%
11 steps

Scheme 37 Synthesis of A-129. Reagents and conditions: a) 25% NaOMe, MeOH, 0 °C, 20 min, quant.; b)
PhCH(OMe),, TsOH, MeCN, rt, 2 h, 93%; c) BnBr, NaH, DMF, rt, 17 h, 90%; d) CSA, MeOH:CH,Cl, 1:1, rt, 72 h,
86%; e) TsCl, pyridine, 0 °C - rt, 24 h, 92%; f) LiBEts, THF, rt, 2.5 h, 83%; g) MsCl, pyridine, 0 °C, 3 h; h) NaNs,
DMF, 100 °C, 30 h, 64% over two steps; i) Pd/C, H,, MeOH, rt; j) Pd/C, H,, formaldehyde, EtOH, rt, 89% over two
steps; k) HF-pyridine, NBS, CH,Cl,, -35 °C - 0°C, 1 h, 83%.
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Tosylate A-125 was found to be unstable upon storage even at -20 °C under argon. In one instance
this led to decomposition of a gram scale batch of material. Continuing the synthesis, A-125 was
reduced with Super-Hydride in THF at ambient temperature. While performing this reaction, | found
that the removal of even the smallest traces of pyridine from the previous reaction step was
absolutely crucial. If traces of base were present, the nucleophilic displacement of the tosyloxy group
occurred by the neighbouring secondary hydroxy nucleophile and not by the hydride ion, resulting in
the formation of an oxetane. The structure of the oxetane side-product was confirmed by single

crystal X-ray diffraction analysis (Figure 31).

In light of the base sensitivity of A-125, the crude tosylate was purified by means of extraction of a
solution in EtOAc with either aqueous HCI or copper sulfate solution and subsequent FC purification
before being submitted to reduction. With these precautions, the conversion of A-125 into A-126

could be performed without problems and in high yield of 83%

Figure 31 Oxetane crystal structure obtained as a side product during the formation of A-126.

The reduction product A-126 was then converted into azide A-127 via mesylate formation and
subsequent treatment with sodium azide. Mesylate formation was straightforward and purification
of the mesylate was not required. The introduction of the azide group with inversion of the
stereocentre required extended reaction times (up to 72 h) and elevated temperature (100 °C).
Reductive methylation of the azide under Eschweiler-Clarke?****3! conditions then yielded the
desired dimethylamine A-128. At this point, we considered it prudent to convert part of this material
into the corresponding glycosyl fluoride under conditions reported by Nicolau?**. In case of potential
stability issues with either A-128 or A-129 we would not lose all our material. Treatment of
thioglycoside A-128 with N-bromosuccinimide, generated a bromosulfonium ion which upon attack
by the fluoride anion (HF-pyridine as the fluoride source) gave the glycosyl fluoride A-129. The

synthesis of A-129 was accomplished in 9 steps and 26% overall yield.

With both the thioglycoside A-128 and the glycosyl fluoride A-129 in hand we could choose between

two different types of glycosyl donors in the future synthesis.
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1.3.5.7 Preliminary Debenzylation Studies
In order to establish conditions for the deprotection of a benzyl-protected amicetin (A-1) variant,
obtained with either of the amosamine intermediates A-128 or A-129, we embarked on preliminary

studies on the debenzylation of the diol moiety (Scheme 38).

o _F O _F
conditions
\ril“‘ “’OBn \ril“‘ “OH

OBn OH
A-129 A-130

Scheme 38 Debenzylation of A-129.

We commenced with glycosyl fluoride A-129, but unfortunately, the deprotection was more
challenging than expected. Commonly used protocols using hydrogen over palladium on
charcoall?*>21%! (entry 1-3,6, Table 8) as well as transfer hydrogenation?!”! (entry 7, 8) did not lead to
any conversion. Equally unfruitful was the use of oxidative conditions (DDQ over prolonged time

periods)?*®! (entry 4).

Table 8 Screening of debenzylation conditions for A-129.?

Entry Conditions Observation
1 Pd/C, H,, EtOH no reaction
2 Pearlman’s cat., H,, EtOAc:EtOH no reaction
3 Pd/C, H,, THF no reaction
4 DDQ, CH,Cl,, pH 7 buffer, rt - 40 °C no reaction
5 BCls:-DMS, CH,Cl,, -78 °C - rt mono-debenzylation, side products®
6 Pd/C, H,, cat. HCI, EtOH no reaction
7 Pd/C, cyclohexadiene, THF, 55 - 65 °C no reaction

Pd/C, cyclohexadiene, 2,6-lutidine, MeOH, .
8 no reaction
45 °C
9 AICl3, N,N-dimethylaniline, CH,Cl, side products®
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10 BFs-Et,0, Nal, MeCN, 0 °C side products®
11 BCls, CH,Cl, -78 °C - rt side products®
12 Na/NHs, THF, -78 °C guantitative based on crude

2 Balloon-hydrogen pressure applied for all hydrogenation reactions. Reactions were carried outona 1-5 mg
scale. ® n.d.: not determined.

Likewise, Lewis acid-based conditions for the cleavage of benzyl ethers, such as exposure of A-129 to
BCIs* or AICI?% were unsuccessful and resulted mostly in decomposition (entry 5, 9-11).
BCls-DMS!??Y in dichloromethane gave the mono-debenzylated product along with several side
products. Finally, we were delighted to find that the exposure of A-129 to Birch conditions??

delivered the desired diol within seconds and in excellent yields.

The debenzylation was also evaluated on the less advanced intermediate A-126 (Scheme 39).

o) SPh O SPh
conditions
“, o ‘,
HO OBn HO OH

OBn OH
A-126 A-131

Scheme 39 Debenzylation conditions for A-126.

Again, palladium mediated approaches, i.e. transfer hydrogenation and classic catalytic
hydrogenations were unsuccessful (entry 1-3, Table 9). Under mildly acidic hydrogenation conditions
A-126 decomposed slowly over time (entry 5). A reagent system composed of Nal-BFs-OEt; led to full
consumption of the starting material and gave the mono-debenzylated product exclusively (entry 4).
An ammonia-free Li/DBB protocol®” gave no reaction (entry 6), while iron trichloride led to
decomposition at a reaction temperature of -3 °C. Finally, the use of a 1 M boron trichloride solution

in dichloromethane at -78 °C gave the desired product in 17% isolated yield (entry 8).

Table 9 Screening of debenzylation conditions for A-126.?

Entry Conditions Observation
1 Pd/C, cyclohexadiene, THF, 55 - 65 °C no reaction
2 Pd/C, cyclohexadiene, 2,6-lutidine, MeOH, 45°C no reaction
3 Pd/C, H,, EtOH, rt no reaction
4 BFs-Et;0, Nal, MeCN, 0°C - rt mono-debenzylation
5 Pd/C, H,, MeOH:H,0:AcOH, rt side products®
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6 LiDBB (4.0 equiv), THF, -20 °C no reaction
7 FeCls, CH,Cl;, -3 °C decomposition, side products®
8 BCls, CH,Cl,, -78 °C 17% yield, side products®

2 Balloon-hydrogen pressure applied for all hydrogenation reactions. Reactions were carried out on a 5 mg
scale. P n.d.: not determined.

1.3.5.8 Protecting Group Exchange for A-129
After having established that both benzyl ether moieties in A-129 can be cleaved under Birch
conditions, we sought to identify suitable protecting groups for the reprotection of the diol moiety
that would be susceptible to cleavage under mild conditions to release amicetin (A-1) in the final step

of the synthesis (Scheme 40).

Our efforts commenced with attempts to access 1,2-diacetal A-133 by treatment of A-130 with
dimethylglyoxal and trimethyl orthoformate in the presence of catalytic amounts of camphorsulfonic
acid, a protocol well established in carbohydrate chemistry (see, for example reference [2%3).
Regrettably, these attempts were unsuccessful. Likewise, it was not possible to access acetal A-134
under Lewis acidic reaction conditions. Three different reaction conditions were examined for the
possible conversion of A-130 into dimethylacetal A-135, but none of them led to any conversion of
starting material. The last unsuccessful attempt at the reprotection of A-130 involved treatment with

PMBCI, to provide a compound close to benzyl derivative A-129.

0] F O F
conditions
\'il\\‘ 'z,OH E— \’il\\‘ 'z,OPG

OH OPG
A-130 A-132

Scheme 40 Reprotection of A-130.
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Scheme 41 Envisioned and/or accessed substrates after reprotection of A-132. Reagents and conditions: a)
dimethylglyoxal, cat. CSA, CH(OMe)s;, MeOH, reflux; b) benzaldehyde dimethylacetal, HBF,-:OEt,, DMF, rt; c)
dimethoxypropane, pTsOH, acetone, reflux; d) dimethoxypropane, pTsOH, DMF, rt; e) dimethoxypropane, CSA,
DMF, rt; f) PMBCI, NaH, THF, 0 °C — rt; g) Ac,0O, DMAP, NEts, CH,Cl,, 69%"; TES triflate, NEts, CHycly, -78 °C, 70%;
tBu,Si(OTf),, pyridine, CH,Cly, 0 °C — rt, 92%". *) yields are calculated over two steps including Birch-mediated
deprotection.

Diol A-130 could be successfully converted into diacetate A-137 by reaction with acetic anhydride
and catalytic amounts of DMAP. TES-triflate masked the free diol within min at -78 °C to provide A-
138 in good yield. Finally, the cyclic silylether A-139 was synthesised in excellent yield (92%) by
treatment of A-130 with di-tert-butylsilyl bistriflate and pyridine in dichloromethane. These
protecting groups were assumed to be readily cleaved on the completed amicetin (A-1) scaffold and

in the same time compatible with the activation conditions used during the glycosylation reaction.

1.3.5.9 Late Stage Glycosylation with Glycosy! Fluorides
With intermediate A-60 in hand, what was required for the completion of the synthesis of amicetin
(A-1) was the attachment of the terminal amosamine sugar and final deprotection. In this section,
the chemistry that was investigated to establish the a(1->4)-linkage between the two sugar units is
discussed. Due to the 1,2-cis configuration in the amosamine sugar, the formation of this bond is a

particularly challenging problem.
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Our experiments were started with glycosyl fluorides A-129, A-138, and A-139 and the glycosyl

acceptor A-60 using the before described procedure reported by Mukaiyama (see section 1.3.5.6).

When applying these (or closely related) conditions (stannous chloride, silver triflate or silver

perchlorate, ethereal solvent) to the reaction of A-60 with our different amosamine-derived glycosyl

fluorides, only the bis-benzyl protected derivative A-129 gave at least traces of the desired product
A-140 (Scheme 42).
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Scheme 42 Reagents and conditions: a) AgOTf, SnCl,, MS 4 A, Et,0, DCE, 0 °C —rt, 96 h, 5% (for A-140); b) only
tested for donor A-138: SnCl,, AgClO,, Et;0, 0 °C —rt, 0%.

The product A-140 was purified by column chromatography and analysed by *H-NMR. The coupling

constant measured for the anomeric proton of the amosamine unit with the vicinal proton was J =

3.6 Hz (doublet at 6§ 5.08 ppm; Figure 32). This strongly indicated that the newly formed glycosidic

linkage had the desired a-configuration.
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Figure 32 Vicinal coupling constants for both anomeric protons of the isolated product A-140.

The formation of A-140 was extremely slow. According to LC-MS the glycosyl fluoride was detected
after setting up the reaction, which indicated that the activation of the glycosyl donor was not
immediately taking place and that other protocols should be evaluated (see chapter 1.4 for further
discussions). Interestingly, while monitoring the formation of A-140 by means of LC-MS (Figure 33),
two closely eluting peaks of similar intensities were detected that both gave the mass of the desired
product A-140 (product mass: 966 m/z). This observation is likely indicative for the formation of both
the a- and the B-glycoside during the reaction. Unfortunately, NMR analysis of the crude product

mixture obtained after extractive work-up did not allow to either confirm or refute this hypothesis.

(4) ;34%;967.0(12%) ;4.16

5.0
0.0
— T
5.00
100 184.6
»
50 967.8
468.5 |492.6
0; T T T T T T T T T T T
200.0 400.0 600.0 800.0 1000.0 1200.0 1400.0

Figure 33 LC-MS run on a C18 column as a reaction control sample. Peak (1) represents the starting material A-
60, whereas peaks (3) and (4) are associated with the mass of the desired product.

Given the lack of product formation/low yield for the attempted glycosylation of A-60 with glycosyl
fluorides A-129, A-138, or A-139 in combination with the precious nature of the starting materials as
well as uncertainties about the clean removal of the benzyl protecting groups at the final stage of the
synthesis, the sequential glycosylation approach with glycosyl fluorides was not further pursued at

this point.

1.3.5.10 Deprotection of A-140
Fully protected amicetin A-140, which derived from the Mukaiyama glycosylation of A-60 with A-129

(see section 1.3.5.9), was subjected to debenzylation conditions (Scheme 43).

61



Studies Towards the Total Synthesis of Amicetin

(1]
T
ol
T

2
:
!
:

H H
NBoc o. NBoc

tBu tBu

Scheme 43 Benzyl ether cleavage on the amosamine diol motif. Reagents and conditions: a) Na/NHs, THF, - 78
°C, full decomposition; b) Pd/C, H,, cat. HCI, ethanol, rt, 0%.

Unfortunately, Birch conditions led to full decomposition of the starting material within seconds,
while catalytic hydrogenation conditions (H, over Pd/C, catalytic amounts of HCl) led to the rapid
formation of a new product (not quantified), which however, was not the desired A-143. While the
structure of this new product could not be elucidated, its H-NMR spectrum suggests that it is
structurally related to A-144 due to the missing characteristic anomeric protons arising from the

glycosidic bonds (Figure 34).
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Figure 34 Proposed structure of the obtained side product A-144.

This can be concluded based on spectral data obtained after flash column chromatography of the
side product (Figure 35). A comparison of the spectral data of the side product (bottom spectra, dark
red) with the mono-glycosylated intermediate A-60 (top spectrum, turquoise) shows the presence of
the characteristic peaks from proton H10 and H11 belonging to the oxazolidine moiety together with
the aromatic protons H3-H6. However, the signals H1, H2 of the pyrimidine and H7-H9 of the
amosamine were missing. These findings clearly evidenced the cleavage of the eastern part of the

molecule.
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Figure 35 Spectral data of the obtained side product under hydrogenation reaction conditions. Measured in
CDCls, 400 MHz.

It is worth mentioning that Stevens applied the exact same conditions to debenzylate the diol system
of A-23 in his total synthesis of plicacetin,!**® as discussed in section 1.1.9.1. Stevens reported no

problems for the reaction.

A-23

Figure 36 Substrate A-23 for Stevens successful debenzylation in his synthesis of plicacetin (A-17).

1.3.5.11 Trichloroacetimidates for Late Stage Glycosylation
In light of the failure to achieve glycosylation of A-60 with glycosyl fluorides A-129, A-138, and A-139,
we turned our attention to the activation of the amosamine building blocks as trichloroacetimidates.

The synthesis of the trichloroacetimidates is discussed in section 1.3.6 (vide infra).

Glycosylation reactions of A-60 with the various trichloroacetimidates were carried out at -78 °C

under mild activation with catalytic amounts of TMS-triflate in dichloromethane (Scheme 44).

63



Studies Towards the Total Synthesis of Amicetin

o) NJLN“' )OL U 2
o NJI\/ a) 0 NI N © “Ry
H = o /@)LNJ\/
N H
N

glycosyl donor  _
o) NBocH /’.eLg
NBo
tBu A-60 O\{ A-145
tBu
0,0 _CCl3 0O CClj
\n/ 0O CCls 0.0 CCl3 \n/
ACO\“ :,,O NH \n/ \[r \N\\‘ c,,o NH
\ ’, NH N\ ’, NH
(@] "OMe N3\\ ’OPMB N3\\ 'OBn I O)&lOMe
OPMB OB
MeO n MeO
A-146 A-147 A-148 A-149

Scheme 44 Glycosylation attempts using various trichloroacetimidates as glycosyl donors. Reagents and
conditions: a) TMSOTf, CH,Cl,, -78 °C - rt.

Slight modifications were made for the individual reactions, including changes in reaction
temperature from -78 to 23 °C, an increase in the amount of TMSOTf, different equivalents of
glycosyl donor, reaction time, work-up procedures and the use of molecular sieves (or not) (Table
10). However, under no conditions could even traces of product be isolated. Therefore, this strategy

was discontinued.

1.3.5.12 Attempts Towards an o-Alkynylbenzoate Donor
In our efforts to identify suitable glycosyl donors, we did not want to miss the opportunity to explore
the full richness of methodologies available in the field of carbohydrate chemistry. Therefore, the
synthesis of ortho-alkynyl benzoates A-154 and A-155 (Scheme 45), the same donor type that had
been described by the group of Yul'*® in their synthesis of A-40 (see chapter 1.2.3.) was also pursued.
In this context, it is important to note that the use of these type of donors, in the synthesis of
plicacetin had not been reported in the literature at the outset of this PhD project. The
corresponding publication by Yu and co-workers appeared only when our own work had been

ongoing for some time.

Glycosidic esters A-154 and A-155 were to be obtained by coupling of glycoside A-152 and A-153,
respectively, and acid A-151. The latter was obtained through Sonogashira coupling between
iodobenzoate A-150 and 1-hexyne and subsequent saponification of the methyl ester. To our
disappointment the coupling between acid A-151 and the advanced intermediates A-152 or A-153
was not feasible with DCC/DMAP in dichloromethane (no conversion). Importantly, however, due to

the precious nature of A-152 and A-153, no other coupling methods were investigated.
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Table 10 Various conditions tested for glycosylation of A-60 with different glycosyl donors.?

Entry Donor Temp.[°C] Time [h] Remark Observation
R no reaction at -78 °C, donor
1 A-:43i8.0 -78 - 23 31’;;;7283 OCC’ still detected, P detected by
g LC-MS at rt
R reaction mixture no reaction at -78 °C, donor
2 A-:43i8.3 -78 - 23 31’;;;7283 OCC’ directly filtered over  still detected, no P detected
9 silica by LC-MS at rt after 13 h
reaction mixture . .
3 A-149'(8.0 78 5 directly filtered over very I|ttI'e P formation
equiv) e (according to LC-MS)
silica
reaction mixture little P formation (according
A-149 (7.5 directly filtered over to LC-MS), ratio between SM
4 . -78 20 I
equiv) silica, after FC and P stayed the same after
additional HPLC a while, no P after HPLC
A-149 (5.0 additional 0.3 equiv of .
5 equiv) -78 4 TMSOTF after 3 h no P isolated after FC
6 A-149'(5.0 0 16 aqueous work-up no P isolated after two FCs
equiv)
potential P formation
7 A-147 .(1'05 -78 4 filter directly over Alox observed (LC-MS), no P
equiv) .
isolated after FC
A-148 (1.0 reaction hard to follow by
8 . -78 1 .
equiv) TLC, no P isolated after FC
no molecular sieves,
9 A-146 (1.80 78-73 1lat-78°C, reaction mixture P formation observed by LC-
equiv) 13 at 23°C directly filtered over MS, HRMS obtained
silica
only addition of .
10 A-146'(2.0 78-23 3 TMSOTE at -78 °C then sevel'fal side-P, probable P
equiv) isolated after FC

directly to rt

@ All reactions were carried out in dry CH,Cl; in a Schlenk tube fitted with a teflon screw cap and pre-dried
molecular sieves. TMSOTf was distilled over P,Os under normal pressure at 155 °C and prepared as a stock
solution. 0.3 equiv TMSOTf was used. Prior to the addition of the TMSOTf, both compounds were pre-stirred
with the previously activated molecular sieves for 1 h. Both compounds were azeotropically dried with benzene
prior to be used. Reactions were quenched by NEts if not otherwise stated. SM: starting material. P: product.
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Scheme 45 Attempt of synthesising A-154 / A-155 as an alternative glycosyl donor. Reagent and conditions: a)
1-Hexyne, PdCly(PPhs),, Cul, NEts, MeCN, 0 °C —rt, 16 h; b) NaOH 1 M, THF, 50 °C, 12 h, 62% over two steps; c)
DCC, DMAP, CH,Cl,.

Notwithstanding the lack of success in the synthesis of A-154 and A-155, it is worth to briefly
describe the activation mechanism of these putative glycosyl donors (Figure 37). The initiation takes
place by an activation of the benzylic triple bond through coordination to an Au(l) catalyst (e.g.
Ph3PAuOTf). This triggers a cascade of transformations; an oxocarbenium species A-156 is likely to be
generated by the cleavage of the glycosidic bond and the attack of the triple bond through the
adjacent carbonyl moiety. Intermediate A-156 is attacked by the incoming nucleophile (actual
glycosylation) and the carbon-Au(l) bond in A-157 is cleaved by protonolysis to regenerate the gold-

catalyst and form isocoumarin A-159.
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Figure 37 Gold-catalysed glycosylation with an o-alkynyl benzoate as a donor.

1.3.5.13 Alternative Glycosylation Attempts with Trichloroacetimidate 8-D-Glucopyranose Donors
A-159, A-160 and A-161

As discussed in section 1.1.9.2, Sugimura and co-workers have reported a formal total synthesis of
cytosamine,!*3¥ which involved a final glycosylation with an azide precursor of the amosamine sugar.
Likewise, Yu and co-workers, in their total synthesis of plicacetin (A-17)"3® (section 1.1.9.3),
employing azido sugar A-38 to glycosylate the TBS-protected amicetose A-37. In both cases, the azido
group was converted into the required dimethylamino group only subsequent to the formation of
the disaccharide moiety. While neither group comments on whether glycosylations were also
attempted with a protected amosamine sugar directly, the use of azido sugars as glycosyl donors
may in fact indicate that such glycosylations may be difficult to achieve. In this context, it should be
noted that no single literature report exists for the use of an amosamine derivative as a glycosyl

donor.

In light of these considerations, we decided to investigate the feasibility of the glycosylation of A-60
with a number of differently protected D-glucose derivatives A-160 — A-162 as amosamine
surrogates (Scheme 46). If successful, this approach could be of interest for the future synthesis of

analogues and it allowed to test reaction conditions with a less valuable donor.
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Scheme 46 Reagents and conditions: a) TMSOTf, CH,Cl,, -78 °C.

Keeping the same reaction conditions (for detailed reaction setup see Table 10, section 1.3.5.11) as
in previous glycosylation attempts, neither of these donors produced the desired products A-163 — A-
165 in isolable quantities, which, unfortunately, was in line with the results from previous

experiments.

1.3.6 Disaccharide Approach

1.3.6.1 Glycosyl Fluorides for Disaccharide Formation
The synthesis of disaccharide building blocks for the implementation of the disaccharide strategy in a
first phase involved the evaluation of glycosyl fluorides as glycosyl donors in the reaction with
amicetose glycoside A-79, as illustrated in Scheme 47 for glycosyl fluoride A-138. To our
disappointment, the desired disaccharide A-166 was not obtained upon activation of A-138 with tin
(1) chloride and silver triflate. The glycosyl donor was not activated under these conditions and both

starting materials were recovered unchanged for a temperature range from 0 to 24 °C.
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Scheme 47 Reagents and conditions: a) AgOTf, SnCl,, MS 4 A, Et,0, DCE, 0 °C —rt.

In order to exclude handling issue, a set of model experiments were conducted with glycosyl fluoride

A-138 and benzyl alcohol as the glycosyl acceptor (Scheme 48).
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Scheme 48 Activation experiments for glycosyl fluoride A-138.

Different conditions were investigated (Table 11) and in contrast to the reaction with A-79 or A-60 as
glycosyl acceptors, good to high yield of the expected benzyl glycoside could be obtained under
appropriate conditions. This finding clearly indicates that the lack of product formation in the
attempted reactions of A-138 with A-79 or A-60 is related to the structure of these glycosyl

acceptors.

Table 11 Activation conditions for a series of test reactions of A-138 with benzyl alcohol.?

Entry Conditions Observation
1 SnCl,, Et,0, 0-25°C 50% isolated product
2 SnCl,, AgClQO,, Et,0, 0-25 °C 80% isolated product
3 Cp2ZrCl,, AgClO4, Et,0, -78 °C 20% isolated product
4 Cp2HfCly, AgClO,, Et,0, -78 °C traces of product

@ Anomeric mixtures of 1:1 for all of them obtained. The reactions were carried out on a scale of 10 — 90 mg.

1.3.6.2 Thioglycoside for Disaccharide Formation
Thioglycosides as glycosyl donors were first reported by Ferrier?* in combination with mercury (11)
salts as promoters. Ever since, thioglycosides have been used in carbohydrate chemistry and the
promoter systems have been continuously refined. The promoters can be categorized into four major
classes: (1) metal salts; (2) halonium reagents; (3) organosulfur reagents; (4) single electron transfer

(SET) reagents/methods.[48!

A series of thioglycosides were investigated as glycosyl donors for the reaction with amicetose
glycoside A-79 to provide a set of building blocks (Scheme 49) for the glycosylation of A-53 as part of
the disaccharide approach A towards amicetin (A-1). The hydroxy groups of the 2,3-diol moiety in
these amosamine derivatives were protected either as benzyl- or as PMB-ethers (A-128 and A-169,
respectively). In addition to the actual amosamine glycosides, incorporating a dimethylamino group
on C4, the corresponding 4-azido derivatives (A-127 and A-170, respectively) were also evaluated as
potential glycosyl donors; the resulting glycosylation products could serve as precursors for amicetin

(A-1).
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Scheme 49 Thioglycosides as glycosyl donors for the reaction with acceptor A-79. For conditions see ).
Table 12.

First experiments were conducted with A-169 and A-170 and an activation system composed of
AgOTf and NIS (Table 12). This system seemed not to be sufficiently reactive at temperatures of -
40°C, but gave decomposed products as soon as the temperature was raised (entry 1 and 2).
Changing from silver triflate to trimethylsilyl triflate gave a red solution immediately after addition of
the Lewis acid and provided a complex reaction mixture (entry 3). The activation of phenyl
thioglycosides with NBS has been described by Nicolaou.?*! Unfortunately, no product formation
was observed under these conditions between 0 °C and room temperature; at some point the
glycosyl donor started to decompose (entry 4). The use of NBS was also evaluated for benzyl-

protected derivatives A-127 and A-128, but again without any success (entry 5 and 6).

Table 12 Glycosylation attempts with various thioglycosides as glycosyl donors.?

Entry Compound Conditions Observation

no product formation, no reaction at

1 A-169 AgOTf, NIS, CH,Cly, -40—-24 °C
low temp., decomposition at 24 °C
no reaction at low temp.,
2 A-170 AgOTf, NIS, CH,Cl,, -40-0°C
decomposition at 0 °C

no product formation, reaction turns

3 A-170 TMSOTf, NIS, CH.Cl,, 0 °C
red, decomposition

no product formation, 16 h at 24 °C

4 A-170 NBS, CH,Cl,, 0 °C -rt
gave complex reaction mixture

5 A-128 NBS, CH,Cl,, -78 °C no product formation
6 A-127 NBS, CH,Cl,, -78 °C no product formation

@ Both pyranoses were co-evaporated with benzene prior to be used. NBS was freshly recrystallized. Reactions
from entry 1 — 3 were carried out with additional molecular sieves. TMSOTf was added as a stock solution in
CH,Cl,.

Facile hydrolysis of A-127 was observed when activated with NBS and stirred in a mixture of CH,Cl,

and H,0 (Scheme 50). These findings could indicate that a reaction temperature higher than -78 °C is
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Scheme 50 Hydrolysis of A-127. Reagents and conditions: NBS, CH,Cl>:H,0 (9:1), 0 =5 °C, 2.5 h, 58%. NBS was
added to a solution of A-127 in CH,Cl,:H,0 at 0 °C.

1.3.6.3 Trichloroacetimidates for Disaccharide Formation

1. Synthesis of Trichloroacetimidates A-148 and A-177
In order to preempt potential difficulties in the removal of the benzyl-protecting group on the fully
assembled amicetin core, in parallel with the use of a new type of donors (experiments described in
section 1.3.5.13 were performed afterwards) we pursued a novel strategy that would involve
trichloroacetimidates A-148 or A-177 as amosamine donors (Scheme 51). Compound A-148 was
envisioned to be coupled to the amicetose acceptor and deprotected at the disaccharide stage,
followed by reprotection. The TBS-groups in A-177 were anticipated to be cleavable on the fully

assembled amicetin skeleton.

Trichloroacetimidates as glycosyl donors were first reported by Schmidt***! and have developed into
one of the most commonly used donor types in carbohydrate chemistry. They are easy to access and
are activated under mild conditions by Lewis or Brgnsted acids, resulting in stereoselective glycoside

bond formation.

Compound A-148 (Scheme 51) was readily synthesised from A-127 (synthesis is described in section
1.3.5.6). Thus, treatment of thioglycoside A-127 with NBS in aqueous solution gave the desired
pyranose, which was purified by FC. Reaction of the latter with trichloroacetonitrile then yielded the

desired acetimidate A-148 as an anomeric mixture of a:f = 1:5.

The analogous compound A-177, to our disappointment, could not be accessed, due to the instability
of tosylate A-176, which rapidly decomposed even at -4 °C under argon. Intermediate A-176 was
obtained using the chemistry that had been developed for the synthesis of tosylate A-125 (cf.
Scheme 9) with some minor adjustments. E.g., minor changes were made for the benzylidene
deprotection of the diol, where acidic conditions were avoided, to not lose the TBS groups. Instead,
mild Lewis acidic conditions in combination with ethanethiol as a scavenger were successfully

applied.
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AcO “’0Ac
OAc
o) SPh
A-120 TsO
— b Tl
— HO ‘OTBS
5 steps OTBS
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compound decomposes readily

Scheme 51 Synthesis of A-38 and failed attempt to A-176. Reagents and conditions: a) NBS, CH,Cl;:H,0 (9:1), 0
°C, 5.5 h, 59%; b) CIsCCN, K2COs, CH,Cly, 0 °C—rt, 9 h, 70% as an anomeric mixture a: = 1:5.

1.3.6.3.1. Synthesis of Trichloroacetimidate A-149
As a possible alternative to A-148 as a glycosyl donor, we embarked on the synthesis of
trichloroacetimidate A-149, which incorporates a diacetal protecting group for the diol moiety
(Scheme 52). Starting with inexpensive penta-acetyl B-D-glucose (A-178), Lewis acid-catalyzed
installation of the anomeric benzyloxy group,'??® followed by global deacetylation afforded benzyl
pyranoside A-179 in good yields (66% over two steps). The following selective protection of the
trans-diol motifl??¥! to provide diacetal A-180 worked smoothly in the presence of catalytic amounts
of boron trifluoride etherate. A sequence of previously discussed transformations then led to glycosyl
donor A-149. It is worth to note that during debenzylation of the anomeric hydroxy group under

catalytic hydrogenation conditions over palladium, an anomeric mixture of A-153 is obtained.
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Scheme 52 Synthesis of A-149. Reagents and conditions: a) BnOH, BFs-OEt, CH,Cly, O °C - rt; b) 25% NaOMe,
MeOH, 0 °C, 20 min, 66% over two steps; c) butanedione, trimethyl orthoformate, cat. BF;-OEt;, MeOH, rt, 72
h, 75%; d) TsCl, pyridine, 0 °C - rt, 24 h, 79%; e) LiBEts, THF, rt, 2.5 h, 89%; f) MsCl, pyridine, 0 °C, 3 h; g) NaNs,
DMF, 100 °C, 52 h, 75% over two steps; h) Pd/C, H,, MeOH, rt; i) Pd/C, H,, formaldehyde, EtOH, rt, 75% over
two steps; j) Pd/C, Hz, MeOH, rt, 85%; k) CIsCCN, K»COs, CHxCly, 0 °C - rt, 61%

We also found that compound A-153 can directly be obtained from A-182 by concomitant anomeric
debenzylation and azide reduction by means of prolonged catalytic hydrogenation followed by
Eschweiler-Clarke methylation of the primary amino group. Finally, treatment of A-153 with

trichloroacetonitrile gave the glycosyl donor A-149.

1.3.6.3.2. Synthesis of Trichloroacetimidate A-38
Trichloroacetimidate A-38, bearing a bis-PMB-protected diol functionality, was considered an
attractive glycosyl donor, as the azide group should be readily convertible into the required
dimethylamino group without affecting the diol protecting groups (Scheme 53). The PMB-protecting
groups, in turn, were expected to be readily cleaved after successful glycosylation, while being stable
under the Lewis acidic conditions to be employed in the planned Vorbriiggen glycosylation of the
cytosine moiety. The synthesis of A-38 departed from alcohol A-181, which was first treated with
MsCl in dry pyridine at 0 °C and, after an aqueous work-up, stirred under catalytic hydrogenation
over palladium to remove the benzyl protecting group. Pyranose A-185 was smoothly converted into
allyl glycoside A-186 by etherification of the anomeric hydroxy group with allyl bromide under basic

conditions (81% vyield). Treatment of A-186 with a mixture of TFA and H,0 at ambient temperature
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successfully removed the bisacetal protecting group. Reprotection of the free diol A-187 was then
achieved by reaction with PMBCI, which gave the fully protected glycoside A-188 in 82% yield.
Subsequent palladium-catalysed cleavage of the allyl ether moiety furnished glycoside A-189, which
was converted into an anomeric mixture of the desired trichloroacetimidates A-38 under standard
conditions (trichloroacetonitrile and potassium carbonate in CH.Cl,). A-38 was obtained in 76%

overall yield from A-188.

(0] OBn 0] OH (0] OH
‘v a), b) ‘0, c) W K d)

0 OMe O _AnOMe O _A1OMe
MeO MeO MeO
A-181 A-184 A-185
OO
N 0. _0 0. _0
¢) D N
N 3\ (0] —> \\‘\ vy — \\\‘ ‘4 — >
O AnoMe N3 OH Ny OPMB
OH OPMB
MeO
A-186 A-187 A-188
O _OH
N “"OPMB
OPMB
A-189

Scheme 53 Reagents and conditions: a) MsCl, pyridine, 0 °C 6 h; b) Pd/C, H,, MeOH, 14 h, 81% over two steps;
c) NaNs, DMF, 100 °C, 76%; d) Allylbromide, NaH, THF, 50 °C, 13 h, 81%; e) TFA/H,0, CH)Cly, rt, 18 h, 76%; f)
PMBCI, NaH, DMF, 0 °C - rt, 18 h, 82%; g) PdCl,, MeOH/CH Cl,, rt, 5 h; h) ClsCCN, K2COs, CH,Cl5, 0 °C - rt, 19 h,
76% over two steps.

1.3.6.3.3. Disaccharide Formation
As illustrated in Scheme 54, the reaction of trichloroacetimidate A-148 with glycosyl acceptor A-79 at
-78 °C in the presence of catalytic amounts of TMS-triflate gave an excellent total yield of 91% of a
4:1 mixture of anomers with the desired a-anomer as the major product. After separation of the
anomers, reduction of the azide moiety under catalytic hydrogenation over palladium and
methylation of the resulting amine furnished A-171 in 73% overall yield. Pleasingly, the deprotection
was effective under Birch conditions and gave sufficiently clean product for use in the following step
without further purification. Finally, reprotection of the hydroxy groups either as silyl-ethers or

acetate-esters successfully gave A-166 and A-191, respectively, in yields of 61% and 69%. It should be
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re-emphasised that this deprotection-protection sequence was needed due to the persistence of the

benzyl groups and concerns about their successful removal late in the synthesis.
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N; N,
A-79 A-148 A-172
MGO\EOI\\ MeO\EOI\\ Meof;[:\\
o d) o e) or f) o4
o ‘\\O Bn —_— o ‘\\O H —_— o ‘\\O R
v NOBn v “OH v YOR
/N\ /N\ /N\
A-171 A-190 R = TES A-166
R = Ac A-191

Scheme 54 Reagents and conditions: a) TMSOTf, CHyCl, -78 °C, 91%, a:B-glycoside (4:1); b) Pd/C, H,, MeOH, rt;
c) Pd/C, H,, formaldehyde, EtOH, rt, 73% over two steps; d) Na/NHs, THF, -78 °C, quant. crude; e) TES triflate,
NEts, CH,Cly, -78 °C, 61%; f) Ac;0, DMAP, NEts, CH,Cl,, rt, 69%.

In further efforts, we expanded the synthetic disaccharide feed stock with the substrates shown
below. As illustrated in Scheme 55, the same sequence of reactions that led to A-166 and A-191 also

provided access to disaccharides A-173 and A-192 by reprotecting the diol motif in A-190.

MeO__ O

0
H
)O\)j:OPMB
MeO_ O
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H
o ~OH \ A-173
Y OH b)
= MeO O
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. (0]
A-190 H -
O \\\O u
/é‘ \SI/
N\
Y O 'tBu
NS
A-192

Scheme 55 Reprotection of A-190. Reagents and conditions: a) PMBCI, NaH, DMF, 0 °C — rt, 67%; b)
tBu,Si(OTf),, pyridine, CH,Cl, 0 °C —rt, quant. based on crude.
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Disaccharide A-196 was accessed via trichloroacetimidate A-146 (Scheme 56), which was synthesis
according to similar procedures as reported in section 1.3.5.6. Unfortunately, purification of

disaccharide A-196 was somehow difficult and gave the product only in moderate purity.

OBn OBn OBn
0 \\\O ~‘\OMe a) 0 \\\o ?OMe b) 0 \\\O SOMe c)
— — —
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OTs OH OH OAc
A-193 A-181 A-194
CCls MeO_O_
OH oM 0" NH
O Me OMe
O N < d) O ‘\\O S e) O H OM
o) O °
o) :E:
OAc OMe H 0 OMe MeO o™ o:@
OAc U N OMe
A-195 A-146 OH Ohc
A-79
A-196

Scheme 56 Reagents and conditions: a) LiBEtsH, THF then Hy0,, rt, 92%; b) Ac,0, pyridine, rt, crude; c) Pd/C, H,,
MeOH, rt, 72% over two steps; d) CIsCCN, K;COs, CH,Cl,, 0 °C —rt, 93% as a mixture of anomers; e) TMSOT,
CH,Cl,, -78 °C, 62% (impure).

In contrast, the preparation of disaccharide A-198 was unsuccessful from both trichloroacetimidate

A-149 and trifluoroacetimidate A-1972*”! (Scheme 57), with no product formation being observed.

MeO. (0] W

OMe \O\O

MeO O o \\\O a) H OMe
+ % O \\\O
OH z OMe :t
A-79 NQ 9 ome
/N\
O CClI O CF
=% ° =% A-198
NH NPh
A-149 A-197

Scheme 57 Failed glycosylation attempts using Schmidt donors. Reagents and conditions: a) TMSOTf, CH,Cl,, -
78 °C.

Interestingly, the azide derivative A-200 was readily accessed under the exact same Schmidt
conditions. Eventually, dimethylamino derivative A-198 could be accessed in traces by the reduction
of azide A-200 and subsequent methylation under the previously described Eschweiler-Clarke

conditions (Scheme 58).
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Scheme 58 Reagents and conditions: a) TMSOTf, CH,Cl,, -78 °C, 2 h, 96% (slightly impure); b) Pd/C, H,, MeOH,

rt; c) Pd/C, H,, formaldehyde, EtOH, rt, traces.
1.3.6.4 Vorbriiggen Glycosylation Attempts with Disaccharides A-166, A-173, A-191, and A-196

With disaccharides A-166, A-173, A-191, and A-196 in hand, we embarked on the glycosylation of

nucleoside A-53 under the previously described Vorbriiggen conditions that had been successfully

employed in the glycosylation of A-53 (section 1.3.5.2; Scheme 59).
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Scheme 59 Reagents and conditions: a) BSA, SnCls, MeCN, rt — 40 °C. For exact conditions see Table 13

Various experiments have been performed with slight variation of reaction conditions (Table 13).The
reactions had to be carried out under strictly anhydrous conditions and both the acceptor A-53 and
the respective disaccharide were co-evaporated from toluene immediately prior to use. Solvents
were freshly distilled and SnCl, was distilled over phosphorous pentoxide. Additionally, molecular

sieves were added to the reaction mixture to capture residual water.

For disaccharide A-166, no consumption of starting material was observed after 150 min at ambient
temperature; this did not change when the temperature was raised to 45 °C and another aliquot of

tin (1V) chloride was added. Unfortunately, only decomposition of the glycosyl donor was observed.

Next, the acetyl protected disaccharide A-191 was examined. In this reaction, formation of the
desired product was observed (confirmed only by LC-MS) within 60 min. However, the reaction
stalled at some point and either heating the reaction mixture to 40 °C or successively increasing the
equivalents of SnCl; only led to decomposition. Despite all efforts to fine-tune the reaction conditions
and while clearly detecting the desired product by mass spectrometry, no pure product could be

isolated in several experiments.
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Table 13 Reaction conditions screened for the glycosylation of A-53 with the different disaccharide donors.?

Entry Donor Sncl,  Temp. Time Remark Observation
[equivl]  [°C] [h]
when temp. was raised no consumption of
1.5at23°C, 13 to 45 °Canother 1.5 A-53, no P isolated
1 A-166 15 23-45 at 45 °C equiv of SnCl, was after FC, donor fully
added consumed
A-53 still present
2 A-191 1.5 23 4.5 after4.5h, P
isolated (impure)
A-53 present at rt
1 at 23 °C, then L !
3 A-191 1.5 23-40 5 2t 40 °C decompo;c,ltlon at 40
C
started with 1.5 equiv sudden
4 A-191 2.7 23 4 SnCls then another 1.5 decomposition upon
equiv added adding more SnCl,
little P formation &
5 A-191 15 23 3.5 isolated, still lot of
A-53 present
reaction stops at
some point, P
6 A-191 15 23 26 isolated after FC
(impure)
7 A-173 15 ’3 4 direct filtration of crude P |sol;?ted after FC
over Alox (impure)
SnCl; was added in two no P formation
8 A-173 3.0 23 16 portions of 1.5 equiv
observed
(after 3 h)
another drop of SnCl,4 no P formation
9 A-173 1.5 23 5 (pure) was added after
4 observed
10 A-196 15 23 2 direct filtration of crude no P formation
over Alox observed

@ All reactions were carried out in dry MeCN and pre-dried molecular sieves. SnCl, was prepared as a stock
solution. 2.0 equiv BSA was used to silylate A-53. If not otherwise state an aqueous work-up was performed.
Both compounds were azeotropically dried with toluene prior to be used. SM: starting material. P: product.

Best results were obtained for the PMB-protected compound A-173, although problems were faced

with reproducibility. The desired product A-203 was formed within a few hours (according to mass

spectrometry) and was isolated by filtering the crude reaction mixture over a short plug of aluminium

oxide. However, this material still contained a significant amount of impurities, as indicated by its

proton and carbon NMR spectra.
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Bisacetal A-196 was submitted to the glycosylation procedure without success. The expected product
was neither detected by mass analysis nor by H-NMR analysis. In this case, the Lewis acid could
potentially cleave the bisacetal, which had been observed in previous studies when A-182 was

treated with SnCl; (Scheme 60).

(0) OBn

(0) OBn
\ ’, a)
N N (0] — \\\\ “,
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OH
MeO
A-182 A-205

Scheme 60 Reagents and conditions: a) SnCls, CH,Cl;, 0 °C, 30 min, not isolated.

1.3.6.5 Deprotection of A-201
With small amounts of A-201 in hand, we embarked on the cleavage of the acetyl groups. The result
obtained in these trial experiments have to be treated with some caution, due to the small scale of

the reactions which were carried out with 0.3, 0.5 and 0.7 umol of A-201, respectively.

= OA = OH
2 OH;COAC f ol i on
5, 5
R O M, - 3)D)oro) o oL M,
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A A
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0 oc O\( oc
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Scheme 61 Final amosamine deprotection attempts. Reagents and conditions a) NaOMe (0.1 equiv), MeOH, rt;
b) NaOMe (30.0 equiv), MeOH, rt; c) K,COs, MeOH, rt, decomposition.

When A-201 was treated with 0.1 equiv of sodium methoxide in methanol at ambient temperature
the reaction proceeded extremely slowly with conversion of starting material after 22 h. In a second
experiment, A-201 was mixed with 10 equiv of sodium methoxide, with the amount being gradually
increased to 30 equiv. LC-MS of the reaction mixture clearly indicated the formation of deacetylated
product along with a mono-deprotected species and remaining starting material. The addition of
additional 10 equiv of sodium methoxide instantly led to decomposition. In a third experiment,
potassium carbonate (3.0 equiv) was used as the base, which led to full consumption of starting
material within 30 minutes. Unfortunately, LC-MS showed the presence of the same decomposition
product as for large quantities of sodium methoxide. Owing to the very small quantities of A-201

available, we were not able to perform any further reactions.
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1.3.7 Ester Analogues of Amicetin (A-1)
As discussed in previous sections, our efforts towards the synthesis of the natural product amicetin
(A-1) produced a series of various glycosyl donors, but the final glycosylation remained an
insurmountable obstacle. Neither of the two pathways, the sequential approach or the disaccharide

route, allowed us to isolate substantial amounts of the complete amicetin scaffold.

In order to capitalize on the synthesis of the desamosamine-amicetin derivative and for a preliminary
assessment of the importance of the amosamine moiety for the anti-Mtb activity of amicetin (A-1),
we embarked on the synthesis of the two simplified ester analogues A-208 and A-209 (Scheme 62).
With the purpose to retain a certain degree of resemblance to the natural product, we chose 3-
dimethylaminopropanoic acid A-206 and 4-dimethylaminobutyric acid A-207 as amosamine

replacements, which both incorporate a dimethylamino moiety.

1.3.7.1 Ester Bond Formation
Ester bond formation for both compounds was successfully accomplished with DCC and DMAP in
dichloromethane and furnished the desired products A-208 and A-209 in 32% and 64% yield,

respectively.
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d NBOCH A-60 HOJLH?N/ o\(NBOCH n=1A-208

| n =2 A-209
tBu n=1A-206 tBu
n =2 A-207

Scheme 62 Reagents and conditions: a) DCC, DMAP, CH,Cl,, rt, for A-206 6 h, 32%; for A-207 18 h, 64%.

Further, we wanted to prepare the two cyclic ester analogues A-210 and A-211 (Figure 38), but
unfortunately, the ester bond formation did not work for these substrates with DCC/DMAP. No other

conditions were investigated in these cases.

O 0
OH /O)LOH
N
/N\ I
A-210 A-211

Figure 38 Further carboxylic acids that failed in the coupling reaction.

81



Studies Towards the Total Synthesis of Amicetin

1.3.7.2 Oxazolidine Opening and Boc-removal of Ester Analogues A-208 and A-209 Including
Preliminary Test Reactions

At the outset of our work towards the synthesis of amicetin (A-1), we had critically considered a
suitable protection strategy for the oxazolidine moiety. As the cleavage of the aminal moiety of a
typical Seebach oxazolidine is performed under strongly acidic conditions (anhydrous HCI,??® tosic
acid,??®! TFA23%), we had concerns about the stability of the acid-labile glycosidic bonds in the final
deprotection step. However, a group at GlaxoSmithKline has reported a protocol to efficiently cleave
oxazolidines with potassium trimethylsilanolate to obtain the free amino acids.?*! Corey and
Reichard have described a protocol that uses only slightly acidic conditions (2% HCI) for the
oxazolidine opening by a transfer of the methylene unit to 1,3-propanedithiol in TFE at 50 °C. With
these options available and in light of the ease of the synthesis of oxazolidines such as 7 (as
described in chapter 1.4.4.), we had felt that the synthetic strategy outlined in section 1.3.1 was

indeed a viable option.

In order to establish suitable conditions for oxazolidine cleavage in ester analogues A-208 and A-209,
we first investigated oxazolidine ring opening for a series of intermediates described in previous
sections. Compound A-65, was readily cleaved with an excess (43 equiv) of TFA in dichloromethane
at ambient temperature to give methyl 2-amino-3-hydroxypropanoate (A-212) (Figure 39). LC-MS

indicated that the opening of the aminal was faster than the Boc-deprotection of the amino group.

When the cytimidine precursor A-53 was subjected to these same conditions aminal opening and
Boc-deprotection proceeded much more slowly than for A-65. The fully deprotected a-methyl serine

was obtained after stirring the reaction mixture for 16 hours at ambient temperature.

In order to assess the stability of the glycosidic bond between cytosine and amicetose to the above
deprotection conditions, compound A-109 was exposed to a solution of TFA in dichloromethane and
the rate of the glycosidic bond cleavage was measured by LC-MS over a course of 17 hours. At this

point, 9% of sugar amicetose cleavage was detected.

Advanced intermediate A-60 was scrutinised more carefully: We started with a lower amount of TFA
(12.36 equiv) and monitored the reaction over 24 h. Direct evaporation of the solvent under reduced
pressure at 40 °C without prior aqueous workup showed the formation of the free serine moiety
along with the intermediate where the aminal was opened but the Boc-protecting group was still
present (according to NMR) and the glycosidic bond was still intact. In a second trial, the excess of
TFA was increased (36.0 equiv), which led to complete consumption of starting material within 30
min, but the Boc-protected intermediate turned out to be more stable than anticipated (roughly 90%
still present according to LC-MS). Finally, with a large excess of TFA (74.0 equiv) the product was

formed within 7 h without any Boc-protected intermediate being left. Unpleasingly, we observed

82



Studies Towards the Total Synthesis of Amicet

in

deglycosylation (below 15%, quantified by LC-MS). The product was purified by HPLC and its

structure unambiguously confirmed by NMR spectroscopy.
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Figure 39 Acid-mediated oxazolidine opening and Boc-deprotection and additional stability test for the

glycosidic bond in A-109. Reagents and conditions: a) TFA (43 equiv), CH,Cl,, rt, SM consumed after 48
product formation confirmed by LC-MS; b) TFA (43 equiv), CH,Cl,, rt, n.d.; c) TFA (1.5 equiv), CHyCl,, rt, after
h were 9% of 47 detected by LC-MS; d) TFA (72 equiv), CH,Cly, rt, 7 h, n.d.

h,
17

Finally, the deprotection of esters A-208 and A-209 was investigated under acidic conditions (Scheme

63, Table 14).
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Scheme 63 Oxazolidine deprotection of A-208 and A-209. Reagents and conditions: a) acid, CH,Cl,, rt. See Table
14 for details.

Table 14 Screening for suitable oxazolidine opening and Boc deprotection conditions.

Entry Temp. [°C] Acid Equiv  Time [h] Observation

slow reaction, product formation

1 rt HClI6 M 37 24
along with various side product
2 rt HCle M 74 24 full decomposition
3 rt TFA 12.36 24 aminal opening, Boc not cleaved
TFA plus 1 starting material consumed within 30
4 rt 37 3.5
drop of H,0 min, Boc not cleaved
5 rt TFA 74 4 full conversion to product

As can be seen from Table 14, the use of a 74-fold excess of TFA in CH,Cl, for both esters resulted in
complete conversion of starting material within 4 h. Purification of the materials thus obtained by
preparative RP-HPLC gave the desired amicetin analogues A-215 and A-216 in very satisfactory yields
of 51% and 70%, respectively.
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1.4 Conclusion and Outlook

In the course of this PhD project a number of advanced intermediates were successfully prepared as
potential precursors for the natural product amicetin. While fully protected variants of amicetin (A-1)
could be detected analytically, the isolation of these materials in pure form has remained elusive and
the total synthesis of the natural product could not be completed. However, two ester analogues (A-
215 and A-216) could be synthesised and submitted for biological testing. Despite all the efforts

made since the early 1960’s, the first total synthesis of amicetin (A-1) remains to be accomplished.

Antimycobacterial activity for both the esters A-215 and A-216 was not very high but nevertheless, a
certain level of activity was confirmed (Figure 40). These results encourage for the synthesis of more
rigid (cyclic) analogues. The bacterial viability (Mtb strain H37Rv) was determined using the redox

dye resazurin.

H37Rv

)
o

Percentage Resazurinturnover (%)

0.1 1 10 100
Concentration (ug/mL)
LL281 LL287

Figure 40 Biological testing results for esters A-215 (LL281) and A-216 (LL287).

The major hurdle in the synthesis of amicetin (A-1) was the glycosylation of either A-53 or A-60.
While A-53 could be monoglycosylated with amicetose in good yields and excellent anomeric
selectivity, the second glycosylation to establish the disaccharide unit consistently failed to provide
isolable quantities of clean material. The same was true for attempts at the direct glycosylation of A-
53 with a preformed disaccharide unit. For some donor/acceptor systems, LC-MS of reaction
mixtures indicated formation of the fully assembled amicetin skeleton and in one case NMR data
could be obtained on a crude product that pointed to the correct configuration of the anomeric

centres. Unfortunately, the compound was obtained only in very low yield and purity.

In general, the handling and set-up of the glycosylation reactions was extremely challenging. Small
changes in reaction conditions drastically affected the outcome. Therefore, the careful adjustment of
reaction parameters was necessary in each individual case. What is still not fully understood at this

point, is the possible interference of the dimethylamino motif on the amosamine sugar with the
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glycosylation reaction. While attempts to glycosylate A-60 with glycosyl donors incorporating the
dimethylamino group uniformly failed, glycosyl donor A-148 (which does contain the dimethylamino
group) was successfully used for the glycosylation of the methyl glycoside of amicetose. Thus, it
seems unlikely that the dimethylamino moiety is the sole reason for glycosylation failure. Given the
fact that attempts to glycosylate A-60 with glucopyranose-derived trichloroacetimidates A-160, A-
161, or A-162 were unsuccessful, it appears that the glycosylation of A-60 is generally not feasible

under Schmidt conditions.

1.4.1 Future Potential
This thesis discloses major issues with protecting group strategies and glycosylation methods, which
could be resolved for a successful future total synthesis of amicetin. The chemistry know-how
accumulated during this project now allows fast access to advanced intermediates as a basis for the

optimization and implementation of the final steps of a total synthesis.

| believe that the problems with the final glycosylation of A-60 can be overcome by a comprehensive
screening of donor systems by a person experienced in the handling of glycosylation reactions. The
activation of glycosyl fluoride A-129 is worth to be reassessed, including an expansion of the range of
activation methods beyond those investigated in this thesis. Further, the examination of
thioglycosides could be considered (which was only done as part of the disaccharide strategy). The
synthesis of thioglycoside A-128 is disclosed in section 1.3.5.6 and could be readily tested to react

with A-60 under suitable conditions.

Following the disaccharide pathway, it might well be worth to change from a Vorbriiggen protocol
(silylation and activation by SnCl4) to the glycosylation protocol developed by Yu, i.e. the activation of
a glycosyl o-alkynylbenzoate with PhsPAUNTf, at the stage of a disaccharide (Scheme 64). A pivotal
decision will be the timing of azide reduction and alkylation. While literature precedence**®! indicates
that this transformation might have to be performed after the coupling to the cytosine moiety,
performing this transformation before the glycosylation could still be an option that would make the

synthesis more convergent.
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Scheme 64 Alternative route to amicetin via gold-catalysed activation of disaccharide A-220.
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2.1Introduction

2.1.1 Cyclopeptide Alkaloids
Cyclopeptide alkaloids are a class of macrocyclic natural products featuring 13-, 14- or 15-membered
ring systems. The macrocycle is comprised of a characteristic hydroxystyrylamine unit, a-amino acid
and a B-hydroxy a-amino acid. The term “cyclopeptide” is derived from a characteristic structural
feature of the compound class: the bridging of the phenol ring by a peptide-type chain, either at the
1,3-positions for 13-membered rings or at the 1,4-positions for 14-membered macrocycles. The term
“alkaloids” refers to the nitrogenous and basic nature of the isolates.[?>?! Further diversification arises
from one or two linearly appended units, which are often other amino acids. Figure 41 illustrates
these general structural features for cyclopeptide alkaloids with a 13-membered core structure.
hydroxystyrylamine
Ry

B-hydroxy
amino acid O \

amino acid
O as part of the
i macrocycle
N-R
R{
Re

basic terminal
amino acid

Figure 41 General structure of a 13-membered cyclopeptide alkaloid.

The basicity of the compounds arises from a characteristic primary amino group at the terminus of

the side chain, in individual cases, this group can also be mono- or dimethylated.?3%233

Cyclopeptide alkaloids can be categorized (Figure 42) according to the ring size and the number of
incorporated building blocks (either 4 or 5). Due to their rare occurrence, the 15-membered
macrocycles are not included in this general classification. In their abbreviated form these categories
are referred to 4(13), 5(13), 4(14) or 5(14).2** The name of each group is based on the first
representative that was isolated for each category./?** Due to the size of the group 4(14) alkaloids

are subdivided further according to their B-hydroxy a-amino acid unit.

90



2.1.2

nummularine C type
4(13)
Hyp

frangulanine type
4(14)
Hyl
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5(14)
Hyl or Hyf
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R3

NH
Ri~y
\

R,

integerrine type
4(14)
Hyf

\
R4
amphibine B type
5(14)

Hyp

Isolation of Nummularine H (N-1) and Biological Activity

genus Ziziphus serves as a rich herbal source of the macrocyclic alkaloids.

© ziziphine A type

amphibine F type

4(14)
Hyp

mucronine A type
4(15)

Figure 42 Common structure of cyclopeptide alkaloids. The B-hydroxy amino acid is indicated by its three letter
code. Hyl: hydroxy Leu. Hyp: hydroxy Pro. Hyf. hydroxy Phe.

Cyclopeptide alkaloids have been extracted from various plant families such as Acanthaceae,

Malvaceae, Phyllanthaceae, Rubicaceae, and most frequently, from Rhamnaceae.”*¥! Notably, the

Nummularine H (N-1) (Figure 43) was isolated in 1976 from Ziziphus nummularia along with two
other peptide alkaloids as part of a comprehensive isolation campaign of members of the
nummularine family.?** The isolation was based on the extraction of the dried tree bark with a

mixture of agueous ammonia and methanol. After concentration of the primary extract followed by
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several extraction and washing steps, nummularine H (N-1) was finally obtained from the crude
alkaloid mixture as colourless needles after extensive column chromatography, with 4.3 kg of dried

bark furnishing 110 mg of nummularine H (N-1).

OMe
13 \ .~‘ \
wo 0 o o}

3 NH )—NH
HN—,

HN ',, %
0] /~ \
HN~°
nummularine H ( jubanin A (N-2)

Figure 43 Structures of nummularine H (N-1) and the closely related jubanin A (N-2).

While the isolation group was able to establish the constitution of the compound as a desmethyl
variant of the known jubanin A (N-2), the structure of nummularine H (N-1) was fully elucidated only
24 years later by the group of Shoei-Sheng.!**®! Based on CD data and comparison with the previously
synthesised zizyphine A,'?*”! the configuration of N-1 could be assigned as 1S,25,3S. This was further
supported by the characteristic coupling pattern of H; (in CDCls; 6 4.39, d, J = 3.1) and H, (in CDCls; 6
5.40, ddd or dt, J = 3.1, 7.3) for a 35-B-hydroxyproline.

Nummularine H (N-1) not only caught our attention by its interesting chemical architecture but also
by its biological function. Studies have shown, that N-1 exhibits antiplasmodial activity with an ICsg
value of 4.2 uM against P. falciparum and further activity against Mycobacterium tuberculosis with a

reported MIC value of 4.5 pM.[238!

2.1.3 Relevant Synthetic Work
As the first total syntheses of a cyclopeptide alkaloids, Schmidt described the synthesis of the 13-
membered zizyphine A?>”) and the 14-membered mucronine B?*! in 1983. A few years later the
same group reported a first total synthesis of frangulanine,?*® another 14-membered cyclopeptide.
Ever since, seminal contributions from various groups, notably those of Rapoport,**Y Joullié,'**?

Lipshutz,'**! and Evano'®**?**! have been made to the total synthesis of cyclopeptide alkaloids.

2.1.3.1 Schmidt’s Total Synthesis of Zizyphine A
Schmidt’s total synthesis of zizyphine A1 (N-7) involved formation of the macrocycle by

macrolactamization of an activated w-amino acid ester (Scheme 65).
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Hydrogenolytic removal of the Cbz-protecting group in N-3 smoothly induced the intramolecular
attack of the amino group on the pentafluorophenyl ester, leading to the formation of the desired
macrocycle in 63% vyield. The free alcohol of N-4 was reacted with tributylphosphine and p-
nitrophenyl selenocyanate to give selenide N-5. H,O,-mediated oxidation and subsequent B-

elimination gave the Z-configured enamide N-6 in excellent yield (65% over two steps).

OMe OMe OMe
OH OH

S
e o 0 °
\ 2 o “SnHobz 2o \ 0 Q D 0 Q
w L NNE N NO
N ¥ ~0CgFg N N— N
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c) S \
—_— O O; N
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Boc NQ \/\:CO

N-6 /N\/\{\
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&
(7

ziziphine A (N-7)

Scheme 65 Schmidt's total synthesis of zizyphine A. Reagents and conditions: a) 4-pyrrolidinopyridine, Pd/C, H,,
dioxane, 4 h, 63%; b) P(Bn)s, p-nitrophenyl selenocyanate, THF, 2 h, 72%; c) pyridine, H,0,, CH,Cl, 1 h, 90%.

Boc-removal from the B-hydroxy proline moiety, DCC-mediated amide bond formation with Boc-L-
isoleucine, followed by a second cycle of deprotection and amide bond formation with the

pentafluorophenyl ester of N, N-(dimethyl)-L-isoleucine finally furnished zizyphine A (N-7).

2.1.3.2 Ma’s Total Synthesis of Ziziphine N
In 2007, Ma and co-workers reported the successful total synthesis of ziziphine N,?**! employing an
intermolecular, Cu-catalysed cross coupling reaction to access the macrocyclization precursor N-10

(Scheme 66).

Thus, vinyl iodide N-8 was reacted with the protected proline amide N-9 using copper iodide, N,N-
dimethylglycine and Cs,COs in dry dioxane, which gave rise to the enamide N-10 in 75% vyield. The
TBS-protected alcohol was treated with TBAF and the resulting free alcohol was subsequently
oxidized to the acid employing a Swern/Pinnick sequence. The free amino acid N-11 was obtained
after Alloc deprotection with (PhsP)sPd and diethylamine in a yield of 56% over two steps. The stage
was set for the formation of the macrocycle, which was performed by the aid of pentafluorophenyl

diphenylphosphinate®’”! and Hiinig’s base. The endgame to ziziphine N was comprised of a ZnBr,-

93



Studies Towards the Total Synthesis of Nummularine H

promoted Boc-removal and subsequent coupling of dipeptide N-12 using HATU in 22% yield over two

steps.
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Scheme 66 Ma’s total synthesis of ziziphine N. Reagents and conditions: a) Cul, Me;NCH,CO,H, Cs,COs,
dioxane, 80 °C, 75%; b) TBAF, THF, 95%; c) i) DMP, CH,Cl,, ii) NaClO,, NaH,PO,, tBuOH, MeCN, 2-methyl-1-
butene, 0 °C; d) Pd(PPhs)s, Et,NH, CH,Cl,, 56%; e) FDPP, DIPEA, DMF, 66%; f) i) ZnBr,, CH,Cl,, ii) HATU, K,COs, 0
°C, 22%.

2.1.3.3 Evano’s Unifying Synthesis of Paliurine E and F
The total syntheses of the cyclopeptide alkaloids paliurine E and F, ziziphine N and Q, abyssenine A,
mucronine E and other variants were disclosed by Evano and co-workers.?*®! A unifying route,
involving an intramolecular amidation of a vinyl iodide as the macrocyclization step, allowed for the
homologous synthesis of six different cyclopeptide alkaloids. This sub-section will only cover the

synthesis of paliurine F (N-21) (Scheme 67).

The sequence started from the protected B-hydroxy proline N-14 and iodobenze N-15, which were
reacted under copper catalysis to give aryl ether N-16. The aldehyde was converted to the Z-vinyl
iodide N-18 using conditions reported by Stork and Zhao'?*®! in excellent yield and diastereoselectivity
(97%, dr. >95:5). TBAF-mediated deprotection of the TBS group yielded the primary alcohol, which
was converted to the acid via a Swern/Pinnick sequence and the isoleucinamide was coupled by an
EDC/HOBt coupling-reaction to give N-19 in 68% over 3 steps. The intramolecular amidation reaction
closed the ring and gave N-20 in good 70% yield. While conventional Boc-removal protocols failed,
the use of TMS-triflate and 2,6-lutidine in dichloromethane allowed ready deprotection of the proline

moiety.
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Scheme 67 Total synthesis of Paliurine F. Reagents and conditions: a) Cul (10%), 1,10-phen (20%), Cs,COs,
toluene, 125 °C; 75%; b) NaHMDS, THF/HMPA, -78 °C, 97%, dr. > 95:5; c) TBAF, THF, -10 — 25 °C; d) (COCl),,
DMSO, Et3N, CH,Cl,, -78 °C — 10 °C then NaH;PO,, 2-methylbut-2-ene, tBUOH/THF/H,0, 68% over three steps;
e) L-isoleucinamide-AcOH, EDC, HOBt, NMM, DMF, 75%; f) Cul (10%), DMEDA (20%), Cs,COs, THF, 60 °C, 70%; g)
TMSOTS, 2,6-lutidine, CH,Cl,, 0 °C, 80% h) N-Fmoc-L-isoleucine, HATU, HOAt, iPrNEt, DMF; i) Et,NH, MeCN, j)
N,N-dimethyl-L-leucine, HATU, HOAt, iPr,NEt, DMF, 57% over three steps.

Interestingly, the attachment of the dipeptide side chain had to be performed stepwise. None of the
following conditions HATU/K,COs;, HATU/iPr,NEt, DCC/HOBLt/iPr,NEt or EDC/HOAt/iPr,NEt enabled
successful attachment of the dipeptide directly. On the other hand, the sequential coupling of the
individual amino acids, which was performed with HATU/HOA, iPr,NEt, was successful and led to the

desired paliurine F in 57% yield from N-20.

In the course of their work on the total synthesis of paliurine F, Evano and co-workers also examined

the feasibility of four different macrocyclization approaches (Scheme 68).
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Scheme 68 Different macrocyclization attempts to access the paliurine F main core. Reagents and conditions: a)
pTsOH, toluene, H,0, 100 °C, 34%; b) PdCl,(CH3CN),, CuCl;, Oz, DME, 60 °C, 21%; c) Grubbs second generation,
1,2-DCE, reflux, 49%; d) Cul, DMEDA, Cs,COs, 60 °C, 70%.

For the cyclization/dehydration pathway various promoters, such as TsOH, HCI, oxalic acid or iodine
were investigated for acetal deprotection/activation, which revealed that the cyclodehydration of N-
23 was best performed with 60 mol% pTsOH in a mixture of toluene and water to give N-20 in 34%
yield. The intramolecular aza-Wacker reaction was best performed with
bis(acetonitrile)dichloropalladium and copper chloride to close the ring in 21% vyield. The ene-
enamide RCM reaction had been thoroughly analysed by Evano in previous studies.”*” The enamide
substitution pattern as well as the reaction conditions were extensively optimised to finally achieve a
moderately successful cyclization of N-22, using Grubbs second-generation catalyst in 1,2-
dichloroethane. Overall, the best results for the macrocyclization were obtained with the copper-
mediated amidation reaction, which was thus employed for the synthesis of the six cyclopeptide

alkaloids.
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2.2 Aims and Scope

The primary goal of this project was the development of a total synthesis of hummularine H (N-1)
using a new macrocyclization approach that would involve the formation of the ether bond as the
cyclization step. No such approach has yet been described to access the macrocyclic core structure.

Additionally, we wanted to showcase a new approach to access the enamide functionality.

OMe

\

00 enamide
)—NH functionality

S
&

nummularine H (

In subsequent steps, biological testing and verification of the antimycobacterial activity of N-1 was
planned to be done and the chemistry developed was to be exploited for the synthesis of structural

analogues of nummularine H (N-1) for structure-activity relationship (SAR) studies.
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2.3 Results and Discussion

2.3.1 Ynamide Approach

2.3.1.1 Retrosynthetic Considerations
Our first generation retrosynthesis of nummularine H (N-1) is shown in Scheme 69. Target structure
N-1 was planned to be accessed via late stage amide bond formation between the proline moiety
and the side chain. The two amino acids were envisioned to be attached sequentially or, preferably,

as a pre-assembled dipeptide fragment.
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Scheme 69 Retrosynthesis of nummularine H.

The core macrocycle N-20 was envisioned to be accessed by a Mitsunobu reaction between the
phenolic hydroxy group and the activated hydroxy group of the B-hydroxyproline unit with inversion
of stereochemistry. Linear precursor N-25 represents a retron, which was to be accessed from N-26

via a Z-selective Lindlar reduction and concomitant benzyl removal from the phenolic hydroxy group
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and the protected amide nitrogen. Ynamide N-26 should be accessible via coupling of N-27 with the
protected B-hydroxyproline derivative N-28. The pivotal copper-catalysed amidation reaction
between N-29 and dibromoalkene N-30, was envisioned to lead to N-27. The dibromoalkene N-30
was planned to be obtained from N-31 via a sequence of phenol formation, protection of the

phenolic hydroxy group and Corey-Fuchs homologation.

2.3.1.2 Synthesis of N-30 and N-34
Inspired by recent work by Buchwald and co-workers'?*!! on the selective reaction of aryl halides with
KOH to form phenols, we started our efforts with the conversion of bromobenzaldehyde N-31 into
phenol N-32 (Scheme 70). Using the monodentate MestBuXphos ligand, Pd,(dba); and KOH in a
mixture of dioxane and H,0, the desired N-32 was eventually obtained in 40% yield. Alkali hydroxides
(KOH, NaOH) were found to be essential as the source of the nucleophiles. When other inorganic
bases such as Cs,CO; or K,CO3 where used, none of the desired phenol was observed, instead
exclusive formation of the symmetrical diaryl compounds occurred. Despite significant efforts, the
yield of the reaction could not be increased above 40%, measures such as degassing the solvent
and/or varying the reaction temperature and the reaction time were all ineffective. The problem was
additionally exacerbated by an impurity that had to be tediously removed by FC and that was

observed in all the experiments.

OMe OMe OMe
a) b) c)

N-31 O N-32 O N-33 O
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N-30 N-34 '

Scheme 70 Reagents and conditions: a) KOH, Pd,(dba)s, MestBuXphos, H,0:dioxane (1:1), 80 °C, 18 h, 40%; b)
NaOMe, MeOH, 23 °C, 1 h then BnBr, DMF, 23 °C, 3 h, 78 % over two steps; c) CBry4, PPhs, CH,Cl,, 0-23 °C, 1.5
h, 74%; d) Cs,C0O3, DMA, 50 °C, 16 h, 44%.

The transformation of N-32 into its benzyl ether N-33 followed a reported procedure.!?*? In a first
step, the sodium phenolate was formed and isolated as a crude, which was then dissolved in DMF
and treated with benzyl bromide to give N-33 in good 78% vyield. Performing a Corey-Fuchs
homologation gave the dibromoalkene N-30. Optionally, compound N-30 could be further

transformed into the terminal bromoethyne N-34 by treatment it with Cs,CO3 in DMA.

Initial difficulties to form N-32 from aryl halide N-31 had also urged us to investigate an alternative
strategy to access N-33. Therefore, we attempted to directly introduce the benzyloxy group in N-35

by means of copper or transition metal catalysis (Scheme 71).
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Scheme 71 Reagents and conditions: a) Cul, 1,10-phen, Cs,COs, toluene, 125 °C; b) Cul, 1,10-phen, Cs,CO;,
dioxane, 125 °C c) Cs,C0s, Pd(OAc),, MestBuXPhos, dioxane, 70 °C; d) Cs,COs, Pd(OAc),, MestBuXPhos, toluene,
70 °C.

Coupling experiments between N-31 and N-35 were performed with copper iodide, phenanthroline,
cesium carbonate and either toluene or dioxane as solvent in microwave tubes under pressure.
However, not even traces of the desired product could be detected. Further experiments were based
on palladium catalysis using Pd(OAc),, Cs,COs, and MestBuXPhos in either dioxane or toluene at 70
°C. The reactions were followed by means of TLC-, LC-MS- and NMR-analysis, but unfortunately no
product formation was observed. Clearly, we did not exhaust the plethora of existing coupling
conditions, however, we decided not to perform extensive screening efforts for this initial reaction

step and concluded to use the previously described approach (as shown in Scheme 70).

2.3.1.3 Copper-Catalysed Amidation of N-30 and N-34
Having intermediates N-30 and N-34 in hand, we turned our attention towards the synthesis of the
ynamide moiety. The increasing interest that these functionalities gained in recent years, triggered
the advent of novel synthetic strategies. There are mainly two approaches that shall be highlighted at

this point:

In 2006, Hsung and co-workers disclosed a copper(ll)-catalysed amidation of simple alkynyl bromides
to access ynamides and Z-enamides after selective reduction.?*¥ They found that a catalyst system
composed of CuSO4-5H,0, 1,10-phen and K3PO, in toluene at elevated temperatures was active on a
variety of substrates. It is worth mentioning though that their protocol was effective for the use of
sulfonamides or oxazolidinones, whereas only a limited number of very simple amide structures were

successfully used.

A second protocol was disclosed by Evano in 2009, which involves a copper mediated coupling of 1,1-
dibromo-1-alkenes with different nitrogen nucleophiles.?** They effectively used Cul, DMEDA and
Cs,C0s in dioxane to yield various ynamides. Strikingly, while variations in the dibromoalkene system

seem to be well tolerated, the amide partner was limited to sulfonamides or oxazolidinones.

Inspired by the above reports, we embarked on the coupling of N-30 and N-34 and tested both
conditions on a variety of amine and amide substrates (Scheme 72). It soon became clear that a
direct coupling of L-isoleucine amide was not feasible under the conditions screened. Neither

substrate N-42 nor the benzyl-protected variant N-43 gave any conversion. We further examined the
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coupling of benzylamine (N-44), dibenzylamine (N-45) and sulfonamide N-46 under copper catalysis

no conversion of starting material was observed.
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Scheme 72 Reagents and conditions: a) Cul, DMEDA, Cs,COs, THF, 60 °C; b) CuSO4-5H,0, 1,10-phen, K3PO,,
toluene, 75 °C.

In contrast, sulfonamides N-39, N-40, and N-41 readily reacted under the described conditions to
give ynamides N-36 — N-38. These findings confirmed the rather narrow substrate scope, which had
been reported by Hsung and Evano for their investigations in which mainly tosylated amines were
used as substrates. The following plausible mechanism for the formation of ynamides from 1,1-

dibromo-1-alkenes was proposed (Scheme 73).12°4

The oxidative insertion of the copper-nitrogen complex N-49 takes place at the more reactive trans
C-Br bond, as shown by Zapata and Ruiz.!*>*! Finally, reductive elimination yields the Z-configured

product N-51, which after treatment with Cs,CO; gives the desired ynamide N-52.
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Scheme 73 Plausible reaction mechanism for the copper-mediated formation of ynamides from dibromo
alkenes.

2.3.1.4 Deprotection Attempts of Sulfonamide Derivatives
Given the fact that a direct coupling of the L-isoleucine amides N-42 and N-43 to either substrate N-
30 or N-34 was not feasible, we pursued the further elaboration with ynamides N-36 — N-38. Thus,
we embarked on the tosyl deprotection of N-36 (Scheme 74) to give ynamine N-53, which was

envisioned to be coupled to L-isoleucine.

OMe OMe
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NTsBn NHBn
N-36 N-53

Scheme 74 Attempted tosyl removal from ynamide N-36.

As shown in Table 15, a series of conditions to remove the tosyl protecting group were investigated,
but these efforts remained unsuccessful. Substrate N-36 either showed very low reactivity or was
prone to decomposition under harsh conditions. The use of RedAl at ambient or elevated reaction
temperatures led to cleavage of the amide moiety to give the terminal alkyne (entry 5, 6). Both,
magnesium- and samarium iodide-mediated deprotection attempts did not affect the starting
material (entry 1 - 4). Aqueous HBr either brominated the alkyne or gave a complex reaction mixture
at higher temperatures (entry 7, 8). Finally, an attempt to remove the tosyl group with sodium

naphthalene anion radicals at -78 °C (entry 9 - 11) was also unsuccessful.

102



Studies Towards the Total Synthesis of Nummularine H

Table 15 Screening of tosyl removal conditions for N-36.

Entry Conditions Temp.[°C] Equiv® Time [h] Observation®
1 Mg, MeOH:THF 23 10 >72 no conversion
2 Mg, MeOH:THF 45 20 16 no conversion
Sml,, pyrrolidine, H,0, .
3 23 10 >72 no conversion
THF
Smly, pyrrolidine, H,0, .
4 45 10 16 no conversion
THF

terminal alkyne detected,

5 RedAl, toluene 120 20 16
SM fully consumed

terminal alkyne detected,

6 RedAl, toluene 23 20 1
SM fully consumed

7 HBr (aq.) 80 80 2 bromination of alkyne
8 HBr (aq.), phenol 80 80 1 complex reaction mixture
9 Na/naphthalene -78 2 0.1 recovered SM
10 Na/naphthalene -78 20 0.1 recovered SM
11 Na/naphthalene -78 excess 0.1 decomposition

2 The given equivalents refer to the actual active reagent. ° Observations are based on findings made by TLC
and TLC-MS analysis. Alkyne from entry 6 or 7 was isolated and analysed by obtained spectral data. SM:
starting material.

Being unable to remove the tosyl group from N-36, conditions were screened for PMB-removal from

N-38 (Scheme 75).

OMe OMe
conditions
BnO \\ : : BnO \\
NNsPMB NHNs
N-38 N-54

Scheme 75 PMB-ether cleavage attempts on ynamide motif N-38.

As shown in Table 16, standard oxidizing conditions such as DDQ or CAN gave complex reaction

mixtures. Likewise, treating N-38 gave none of the desired secondary sulfonamide N-54.
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Table 16 Screening of PMB removal conditions for N-38.

Entry Conditions Temp. [°C] Equiv Time [h] Observation?
1 DDQ 23 3 6 complex mixture
2 CAN 23 2.6 4 complex mixture
3 CAN 0 2.6 6 complex mixture
4 TFA 0 0.6 5 no conversion
5 TFA 0-23 0.6 4 complex mixture

2Observations are based on findings made by TLC and TLC-MS analysis.

As an alternative to PMB-removal, the cleavage of the nosyl protecting group in N-38 was also

investigated, which would have delivered the secondary amine N-55 (Scheme 76).

OMe OMe
conditions
BnO \\ : BnO N
NNsPMB NHPMB
N-38 N-55

Scheme 76 Nosyl group removal attempts on ynamide motif N-38.

However, treatment of N-38 with thiophenol/p-methoxythiophenol in the presence of K,COs gave

none of the desired product (Table 17).12°¢!

Table 17 Screening of nosyl removal conditions for N-38.

Entry Conditions Temp. [°C] Equiv® Time [h] Observation®
1 K,COs, TolSH 23 6 5 no conversion of SM
2 K2COs, TolSH 60 6 8 complex mixture
3 K2COs, p-methoxythiophenol 23 6 16 complex mixture

aEquivalents of K,COs. ® Based on TLC and TLC-MS analysis. SM: starting material.
In light of the failed attempts to generate a secondary propargylic amine from a sulfonamide
protected precursor, N-benzyl sulfonamide N-36 was selectively reduced to enamide N-56 using

Lindlar's catalyst (Scheme 77) and the latter was subjected to various debenzylation conditions

(Table 18).
OMe OMe - OMe
a) conditions
BnO \ BnO E E BnO
NTsBn TsBnN TsHN
N-36 N-56 N-57

Scheme 77 Attempted benzyl ether cleavage from enamide N-56. Reagents and conditions: a) Lindlar, H,,
EtOAc, 70%.
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As shown in Table 18, an excess of DDQ (entry 1) as well as Birch conditions (entry 6) led to a
complex mixture of various products that did not include the desired N-57. More defined results
were obtained with BBr; at low temperatures. Two products were formed in the reaction, which,
however could not be characterised. We were not able to modify the reaction conditions such that
the desired product could be obtained (entry 2 - 5). Transfer hydrogenation was ineffective (entry 7)
and after addition of a catalytic amount of acid (entry 8), we isolated the compound with the
reduced olefin and debenzylation of the phenolic hydroxy group. The same results were obtained for
acidified Lindlar catalyst under hydrogen atmosphere. We further examined a recently published
protocol®7”! using a combination of palladium acetate and sodium hydride, which left the starting

material unaffected (entry 10, 11).

Table 18 Screening of benzyl removal conditions for N-56.

Entry Conditions Temp. [°C] Equiv Time [h] Observation?
1 DDQ, CH,Cl, 23 10 18 complex mixture
2 BBr3 (1 M in CH,Cl,) 0 7 <1 full decomposition
3 BBr3; (1 M in CH,Cl,) -78 3 <1 complex mixture
4 BBr3 (1 M in CH,Cl,) -78 7 <1 complex mixture
5 BBr3 (1 M in CH,Cl,) -95 7 <1 complex mixture
6 Na, NH3 -78 2 <1 complex mixture
7 Pd/C, cyclohexane 23 10 mol % 5 no reaction
Pd/C, cyclohexane, monodebenzylation, olefin
8 23 10 mol % 18
formic acid reduction®
. monodebenzylation, olefin
9 Lindlar cat., HCI, H,* 23 10 mol % 18
reduction®
10 Pd(OAc),, NaH 23 0.05/1.5 6 no reaction
11 Pd(OAc),, NaH 60 0.05/1.5 12 no reaction

2Based on TLC and TLC-MS analysis. ® Confirmed by crude proton NMR spectrum. ¢ Balloon pressure.
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In light of the above deprotection issues, we decided to direct our attention to a different strategy,

accessing the enamide moiety present in nummularine H (N-1) by other means (vide infra).

2.3.2 Late Stage Dehydration Approach
Since our intention to access the enamide functionality via a copper catalysed amidation reaction

failed, we revised our overall plan and elaborated a new strategy to synthesise nummularine H (N-1).

2.3.2.1 Retrosynthetic Considerations
The revised retrosynthesis of N-1 is outlined in Scheme 78. As for the first generation strategy, the
attachment of the dipeptide side chain was to be performed at the very end of the synthesis. The
enamide moiety was planned to be installed by dehydration of a secondary alcohol or via selenide
formation and subsequent elimination. Macrocycle N-58 was still to be formed by an intramolecular
Mitsunobu reaction of the linear precursor N-59. The latter was to be obtained by an amide bond
formation between N-60 and hydroxyproline N-28. Finally, the coupling between protected
isoleucine N-62 and the primary amine N-61 was envisioned to furnish intermediate N-60.
dehydration or

selenid formation and
OMe thydride elimination

amide "4
bond _ &) \ s OMe

formation

hydrogenolysis
OH OMe HO OH

\/&o 8o oTBS HN +

/ﬁ H2N\/-\b. O~ N  OH
HoN hydrogenolysis H a;11ide Boc

bond

formation
N-Cbz-L-lle (N-62) N-61 N-60 N-28

Scheme 78 Second generation retrosynthesis of N-1.
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Intermediate N-61 was believed to be accessible through a Henry reaction and subsequent nitro
reduction departing from aldehyde N-33 (Scheme 79). Evidently, the generation of a racemic mixture

would be inconsequential due to the loss of stereoinformation at a later stage.

OMe

Ikylati
ome?Y1aOn OH

OTBS
= O =, 0

\ BnO BnO
nitro HoN \ N
reduction ' Reimer-Tiemann

N-61 Henry reaction N-33  eaction N-63

Scheme 79 Retrosynthesis of B-aminoalcohol N-61.

2.3.2.2 Synthesis of Linear Precursor N-59
As shown in Scheme 80, the synthesis of N-61 departed from monoprotected hydroquinone N-64
which underwent a Reimer-Tiemann reaction(?*® to provide aromatic aldehyde N-65. Unfortunately,
conversion of N-64 was incomplete and starting material was recovered in significant amounts.
Efforts to optimize the reaction (longer reaction times, larger amounts of chloroform/H,O or
dropwise addition of alkaline chloroform mixture) were ineffective. The sequence was continued
with the alkylation of the free hydroxy group to give N-33 in almost quantitative yield. The aldehyde
in N-33 was successfully transformed into a B-nitro alcohol by dropwise addition of a mixture of
nitromethane and sodium methoxide. After an aqueous workup, the intermediate free alcohol was
directly TBS-protected to give the desired product N-66 in 59% vyield over two steps. Catalytic
hydrogenation using Lindlar's catalyst to reduce the nitro moiety in N-66 resulted in the formation of
a complex product mixture. In contrast, the use of palladium on charcoal combined with ammonium
formate,'?*” left the starting material completely unaffected. Not surprisingly, the combination of
palladium on charcoal and hydrogen led to the removal of the benzylether moiety concomitant with
nitro reduction. The aliphatic nitro group could eventually be reduced selectively with sodium
borohydride in the presence of a nickel salt, as first reported by Brown,?® to give the free amine N-
61 in 74% yield. The catalyst system forms a colloidal black suspension, which has been described to

have comparable catalytic activity as Raney nickel and readily reduces aliphatic nitro compounds.2¢%
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OMe
oH OH ) OMe o
0 NO
BnO BnO | BnO | Bn 2
N-64 N-65 O N-33 O N-66 OTBS
OMe OMe
OTBS OTBS
OMe BnO HO
—e)> —f)> HN —g)> HN
BnO OTBSNH2 Z-L-lle CszN\/&O NHZ\/&O
N-61 N-67 /:W N-GO/EW
OMe
h) OTBS
RN OHHoO
N-Boc-3-OH-Pro é)( HN
AN
NBoc \/&o

N-59

Scheme 80 Reagents and conditions: a) NaOH, CHCls, H;0, 70 °C, 4 h, 21% and 49% back recovered SM; b) Mel,
K,COs, DMF, 23 °C, 16 h, 98%; c) NaOMe (25 wt%), MeNO,, MeOH, 23 °C, 16 h; d) TBSCI, imidazole, DMF, 23 °C,
16 h; 59% over two steps; e) NiCl,:6H,0, NaBH1, MeOH, THF, 0 °C, 50 min, 74%; f) DCC, HOBt, NMM, CH,Cl,, 0 —
23 °C, 16 h, 90%; g) Pd/C, H,, EtOH, 23 °C, 2 h, 77%; h) EDC, HOBt, DMAP, CH,Cl,, 23 °C, 16 h, 87%.

With the primary amine N-61 in hand, we turned our attention towards the elongation of the peptide
bridge. Coupling of N-61 with Cbz-protected L-isoleucine proceeded smoothly employing a DCC/HOBt
protocol in dichloromethane to furnish intermediate N-67 in excellent 90% vyield. Simultaneous
benzyl ether- and Cbz-removal was accomplished by catalytic hydrogenation over palladium on
charcoal to give the desired product N-60 within 2 h in 77% yield. Coupling of the B-hydroxy proline
was first examined under the same DCC/HOBt conditions that had provided N-67 in high yield, but
only traces of the desired product were formed. The use of HCTU and NMM, surprisingly, only led to
the formation of desilylated starting material. Desilylation may have been caused by the
hexafluorophospate counter ion present in the HCTU coupling reagent. Finally, the desired linear
precursor N-59 could be successfully prepared in excellent yield (87%) by using a combination of

EDC/HOBt and catalytic DMAP.

With diol N-59 in hand, the stage was set for the crucial macrocyclization under Mitsunobu
conditions. Under standard Mitsunobu conditions (Scheme 81), N-59 was completely consumed
within 15 min to give another product with the desired mass (according to TLC- and LC-MS).
However, upon isolation and spectroscopic characterization, this material was established to be the

elimination product N-68 rather than the desired macrocycle N-58.
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OMe OMe

OMe

0 a) 0 o
HN —_— HN and not O\( HN
N
N 6} N 0 Boc HN

N-59 N-68 N-58

Scheme 81 Failed Mitsunobu macrocyclization. Reagents and conditions: a) DEAD, PPhs, THF, 23 °C, 15 min,
88% of N-68.

Different conditions were then screened with the most commonly used azodicarboxylates DIAD,
DEAD or ADDP in combination with PPhs or P(nBu)s (Table 19). Optionally, pyridine was also added to
these systems in order to suppress the formation of elimination product N-68 as it was suggested in

literature.?® However, under no conditions was the macrocyclic core structure N-58 obtained.

Table 19 Screening experiments for Mitsunobu conditions to obtain the macrocycle N-58.2

Entry Azodicarboxylate Phosphine Pyridine Observation
1 DEAD PPhs + no reaction
2 DEAD PPhs - elimination
3 DIAD PPhs + no reaction
4 DIAD PPhs - no reaction
5 ADDP PPhs + no reaction
6 ADDP PPhs - no reaction
7 DEAD P(nBu)s - no reaction
8 DIAD P(nBu)s - no reaction
9 ADDP P(nBu)s - no reaction

@ All reactions were carried out in dry THF at 23 °C on a 5 mg scale.

Additional experiments were then carried out at 80 °C (Table 20) but to our disappointment,
elimination product N-68 remained the only isolable product.
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Table 20 Screening experiments for Mitsunobu conditions to obtain the macrocycle N-58 at 80 °C.?

Entry Azodicarboxylate Phosphine Pyridine (cat.) Observation
1 DEAD PPhs + elimination
2 DEAD PPhs - elimination
3 DIAD PPhs + elimination
4 DIAD PPhs - elimination
5 DEAD P(nBu)s - elimination
6 DIAD P(nBu)s - elimination

@ All reactions were carried out in a sealed microwave tube at 80 °C on a 5 mg scale.

The above experiments led to the conclusion that the macrocyclization of N-59 through a Mitsunobu

reaction seemed not to be feasible and, therefore, this strategy was abandoned.

2.3.2.3 Synthesis of Linear Aryl Fluoride Precursors
A possible alternative to the failed Mitsunobu strategy for the construction of the crucial ether bond
in macrocycle N-59 would be the nucleophilic displacement of a leaving group on the aromatic ring
by the hydroxy group on the proline ring. In principle, such an approach is precedented by
others.[?%32%4 Carrejra and co-workers used KHMDS in THF/toluene at 65 °C to affect ring closure of
tertiary alcohol N-69 and substituted aryl fluoride N-70 in their synthesis of a THC variant (Scheme
82).12641

Scheme 82 Carreira’s cyclization in the total synthesis of 3-Br-THC. Reagents and conditions: a) KHMDS, THF-
PhMe, 65 °C, 90%.

The synthesis of the requisite cyclization precursor N-76 started with aldehyde N-71 and proceeded
analogously to the synthesis of N-59 (Scheme 80). Nitromethane readily attacked the aldehyde
moiety in N-71 under basic conditions and subsequent TBS protection of the ensuing alcohol gave
nitro intermediate N-72 in 21% overall yield (based on N-71). Reduction of the nitro group was
achieved with sodium borohydride and nickel-(ll)-chloride to give the primary amine N-73. Amide
bond formation between N-73 and Z-L-lle was achieved with DCC/HOBt. The Z-protecting group of N-
74 was removed by means of catalytic hydrogenation over palladium to give N-75 in over 95% vyield.
The 3-hydroxy proline acid was coupled with EDC/HOBt and a catalytic amount of DMAP to give the

linear intermediate N-76. The use of N-Boc-protected cis-hydroxy proline instead of the trans
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derivative was due to time reasons and the availability of the cis-derivative. Compound N-76 was

considered to be a reasonable model substrate for initial macrocyclization attempts.

| Z-L lle

OTBS oTBS
N-72 N-73

OMe

OTBS OTBS F OTBS
OH

O
e (i
CbZHN\A 2 o) N-Boc-3-OH-Pro NBocHN\AO

N-74 N-75 N-76

Scheme 83 Reagents and conditions: a) NaOMe (25 wt%), MeNO,, MeOH, 23 °C, 16 h; b) TBSCI, imidazole,
DMF, 23 °C, 16 h; 21% over two steps; c) NiCl,-6H,0, NaBH4, MeOH, THF, 0 °C, 50 min, 70%; d) DCC, HOBt,
NMM, CHyCly, 0 =23 °C, 16 h, 93%; e) Pd/C, H,, EtOH, 23 °C, 2 h, quant.; f) EDC, HOBt, DMAP, CH,Cl,, 23 °C, 16
h, 98%.

With compound N-76 in hand, we were keen to see whether a base-mediated cyclization might be
successful. Disappointingly, treatment of N-76 with TBAF or with KHMDS, LiIHMDS, NaH at various
temperatures only led to loss of the TBS-protecting group or to the formation of complex product

mixtures as soon as the reaction temperature was raised.

OMe OMe OMe

OH

OTBS OH 0
and not HN

HN MN N
NBoc \/go NBoc \/go Boc HN\/g

N-76 N-77 N-78

Scheme 84 Base-mediated ring closing attempts. Reagents and conditions: a) TBAF, DMF, 23 °C for 2 h, then 20
h at 70 °C, then 20 h at 100 °C. b) KHMDS (0.5 M in THF), THF, 65 °C 20 h, then 20 h at 100 °C; c) LIHMDS, THF,
65 °C 20 h; d) NaH 60 wt% on mineral oil, THF, 60 °C, 16 h.

As another option envisioned that the silylation of the free hydroxy group in N-76 followed by
treatment with a catalytic amount of cesium fluoride would lead to the formation of an alkoxide that
would then displace the fluoride ion from the aromatic ring, thus effecting the macrocycle to close.
Additional free fluoride anions would be generated and continue to liberate new alkoxide. We were
able to synthesise intermediate N-79 (based on TLC-MS, LC-MS) but upon purification by FC, the

compound was lost in several attempts.
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OMe OMe OMe
. OTBS . OTBS o OH
HN —_— HN™  ee--. HN
HN HN N
NBoc \:/&o NBoc \:/&o Boc HN\:/§o
N-76 N-79 N-78

Scheme 85 Reagents and conditions: a) TMSCI, imidazole, CH,Cl,, 23 °C, 18 h; b) cat. CsF, THF, rt.

Further efforts using N-Boc-protected trans-hydroxy proline for the coupling reaction with N-75 led

to the synthesis of N-76b in excellent yield of 97% (Scheme 86).

OMe OMe

OTBS OTBS

a)

HN —_— O’Q HN
NHz\AO N-Boc-3-OH-Pro NBocHN\AO

N-75 N-76b

Scheme 86 Reagents and conditions: a) EDC, HOBt, DMAP, CH,Cl,, 23 °C, 16 h, 97%.

Compound N-76b was submitted to base-mediated macrocyclization conditions using KHMDS

(Scheme 87). As in previous studies with substrate N-76 (Scheme 84) the macrocycle was not

obtained but only TBS-removal was observed.

OMe OMe OMe
. OTBS . OH o OH
QH o a) oH 5 3 o
z HN — N HN and not O‘( HN
HN HN N
Q;( Ao NBoc o Boc HN—Xg

N-76b N-77b N-78b

Scheme 87 Reagents and conditions: a) KHMDS (0.5 M in toluene), THF, rt, 8 h, then 8 h at 65 °C, then 12 h at
100 °C. Reaction was carried out on a 10 mg scale.

Additionally, N-76b was treated with TMSCI and in a subsequent step with potassium fluoride to
furnish the desired macrocycle (Scheme 88). This time, no purification by FC was performed and the
intermediate silylated N-76b was directly treated with potassium fluoride after an aqueous work-up.

Unfortunately, and analogous to previous studies with N-76 (Scheme 85) the desired macrocycle was

not formed.
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OMe OMe
OTBS o OTBS
F N
H o a), b) :
AL S O
HN N
NBoc Y O Boc HN— 0
N-76b

N-78b
Scheme 88 Reagents and conditions: a) TMSCI, imidazole, CH,Cl;, 23 °C, 18 h, crude quant.; b) KF, CH,Cl,, rt.
Based on these findings we discontinued the described approach.
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2.4 Conclusion and Outlook
In the course of this project the linear dipeptide derivatives N-59 and N-76 were synthesised as
potential intermediates for the total synthesis of the natural product nummularine H (N-1). Phenol
N-59 was elaborated from 4-(benzyloxy)phenol (N-64) in 8 consecutive steps and 11% overall yield.
Aryl fluoride N-76 was synthesised starting from aldehyde N-71 in 6 steps and 13% overall yield. The
exclusive formation of the elimination product N-68 from N-59 under Mitsunobu conditions indicate
that this strategy has no potential for future studies. To our disappointment, a base-mediated

macrocyclization of substrate N-76/N-76b was unfeasible too.

OMe
/Ej: _OTBS
HO
OH
} OH
S @
BnO 11% (8 steps) NBocHN\Ao
N-64 /EW
N-59
OMe
OMe . oTBS
g oH o
. I HN
13% (6 steps) BN
o NBoc \Ao
N-71

N-76/N-76b

An alternative synthesis of nummularine H (N-1) could be envisioned through a selective protection
of the phenol moiety in N-59 according to a protocol reported by Sefkov,1?*) which involves the use

of a trityl-protecting group (Scheme 89).
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Scheme 89 Alternative synthesis of N-1.

This would allow the installation of a leaving group at the 3-position of the proline moiety. The
macrocycle could then be formed through treatment with base (e.g. BEMP, Hanessian?®®) after
deprotection of the phenolic hydroxy group. It would remain to be seen if conditions could be
identified where elimination to N-68 would be less prevalent than under Mitsunobu conditions. After
TBS-deprotection of the benzylic hydroxy group, the enamide moiety in the eastern part should be
obtained by treatment with the Burgess reagent?¢”2¢8!, Boc-removal would be performed according
to the protocol described by Evano?*® and the installation of the peptide side chain would be

accomplished using commonly used coupling reagents.
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3.1 General Methods

All non-aqueous reactions were performed under an argon atmosphere using flame-dried glassware
and standard syringe/septa techniques. CH,Cl,, THF and Et,0 used for reactions were distilled under
argon prior to use (CH,Cl, from CaH,, THF and Et,O from Na/benzophenone). All other absolute
solvents were purchased as anhydrous grade from Fluka or Acros (puriss.; dried over molecular
sieves; H,0 <0.005%) and used without further purification unless otherwise stated. Solvents for
extractions, flash column chromatography (FC) and thin layer chromatography (TLC) were purchased
as commercial grade; hexane, Et,0 and EtOAc were distilled prior to use. All other commercially
available reagents were used without further purification unless otherwise stated. Reactions were
magnetically stirred and monitored by TLC performed on Merck TLC aluminum sheets (silica gel 60
F254). Spots were visualized with UV light (A = 254 nm) or through staining with KMnQO4/K>COs and in
rare cases Ce»(SO4)3/phosphomolybdic acid/H,SO4 (CPS) or vanillin/H,SO4/EtOH. Chromatographic
purification of products (FC) was performed using Fluka silicagel 60 or Silicycle Silia Flash® P60 for
preparative column chromatography (particle size 40-63 um) unless otherwise stated. For automated
tirations a setup from Metrohm was used: A combination of Titrando 801 and 836 coupled to a

Dosimo 800 unit was operated with a touch control system.

'H- and *C-NMR spectra were recorded in CDCls, CDsOD or C¢Ds, DMSO-ds, TFA-d on a Bruker AV-
400 400 MHz or on a Bruker AV-500 500 MHz spectrometer at room temperature. Chemical shifts (8)
are reported in ppm and are referenced to chloroform (6 7.26 ppm for H, § 77.16 ppm for 13C),
MeOH (6 3.31 ppm for H, & 49.00 ppm for 3C) or benzene (§ 7.16 ppm for H, § 128.06 ppm for 3C).
All 3C-NMR spectra were measured with complete proton decoupling. Data for NMR spectra are
reported as follows: s = singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad signal, J

= coupling constant in Hz.

Melting points were obtained in open capillary tubes using a Blichi melting point apparatus B-540

and are uncorrected.

Infrared spectra (IR) were recorded on a Jasco FT/IR-6200 instrument. Resonance frequencies are

given as wavenumbers in cm™,

Optical rotations were measured on a Jasco P-1020 polarimeter or on an Anton-Paar MCP 300 at the
sodium D line with a 10 or 100 mm path length cell and are reported as follows: (concentration

(g/100 mL), and solvent).

High resolution mass spectra (HRMS) were recorded on one of the following devices by the ETH
Zlrich MS service: Waters' AutoSpec Ultima (El), Bruker's maXis (ESI) or Bruker's solariX (MALDI)

AutoSpec Ultima spectrometer (El), respectively.
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X-Ray diffraction analysis was performed on a Bruker D8 Apexll or on a Nonius/Bruker Kappa Apexl|

diffractometer, respectively, at ETH Zirich Small Molecule Crystallography Center.
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3.2 Preparations and Analytical Data

3.2.1 Amicetin (A-1)

A-62 (S)-3-hydroxy-1-methoxy-1-oxopropan-2-aminium chloride

OH MeOH, SOC|2, OH
L~ L
_—_—m
H2N COQH H2N COZMe

Assay: To a cooled suspension of A-61 (15.0 g, 142.7 mmol, 1.0 equiv) in MeOH (100 mL), was slowly
added SOCI, (11.8 mL, 162.7 mmol, 1.14 equiv.) using a syringe pump at a rate of 0.2 mL/min. After
complete addition of SOCI; the reaction was allowed to reach room temperature and was stirred for
20 h. The reaction mixture was then concentrated under reduced pressure. In order to remove
excess HCI the white crystalline residue was azeotropically purified with MeOH (3 x 25 mL) followed
by hexane (3 x 25 mL). To give the title compound as a white crystalline solid (22.1 g, 142.7 mmol,
98%).

Analytics: *H NMR (400 MHz, DMSO) & 8.62 (s, 3H), 5.63 (s, 1H), 4.08 (s, 1H), 3.82 (d, J = 3.3 Hz, 2H),
3.73 (s, 3H). [a]®p +3.46 (c = 2.89, MeOH).
Lit.: [o]®p +4.6 (c = 2.89, MeOH)

Compound literature known
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A-64 (2R,4S)-3-tert-butyl 4-methyl 2-(tert-butyl)oxazolidine-3,4-dicarboxylate

OO OO~
HO (CH3)3COH, NEt3 BOCzo, K2C03,
)\’( pentane, reflux ’1 THF ’i
o) > NH > NBoc
HoN ~

0] (0]
0 tBu tBu

Assay: A-62 (2.0 g, 12.86 mmol, 1.0 equiv), NEt; (1.96 mL, 14.14 mmol, 1.1 equiv) and pivalaldehyde
(1.68 mL, 15.42 mmol, 1.2 equiv) were suspended in pentane and the reaction mixture was refluxed
under Dean-Stark conditions for 3.5 h. The reaction mixture was allowed to reach room temperature
and the remaining solids were filtered off and washed with pentane (3 x 5 mL). The filtrate was
concentrated under reduced pressure to a volume of about 7 mL to provide a concentrated solution
of the intermediate N-unprotected oxazolidine. THF (10 mL) and Boc,O (3.08 g, 14.14 mmol, 1.1
equiv) were charged and the reaction was stirred over night at room temperature. A 20% w/w
aqueous solution of potassium carbonate was added and the resulting biphasic mixture was stirred
for another 2 h. Et,0 (15 mL) was added and the phases were separated. The aqueous phase was
extracted twice with Et,O (15 mL). The combined organic phases where then washed with sat.
aqueous NaHCOs; and dried over MgSQO4. The solvent was evaporated under reduced pressure and
the yellowish oil was purified by FC (EtOAc:hexane, 1:4) to give the title compound as a colorless oil
(2.26 g, 7.86 mmol, 61%).

Analytics: R¢ = 0.19 (EtOAc:hexane, 1:4). 'H NMR (400 MHz, Chloroform-d) § 5.03 (s, 1H), 4.70 (s, 1H),
4.28 (dd, J = 8.5, 5.8 Hz, 1H), 4.14 (t, J = 8.4 Hz, 1H), 3.75 (s, 3H), 1.47 (s, 9H), 0.94 (s, 9H). *C NMR
(101 MHz, CDCls) 6 171.18, 146.90, 97.76, 85.33, 68.48, 59.85, 52.46, 37.91, 28.38 (3C), 25.93 (3C).
[a]®5=-27 (c = 0.3, MeOH).

Lit.: [a]*°%»=-30 (c = 0.3, MeOH).

Compound literature known
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Experimental

A-65 (2R,4S)-3-tert-butyl 4-methyl 2-(tert-butyl)-4-methyloxazolidine-3,4-dicarboxylate

LHMDS, Mel, o
THF, -78 °C e

)\N Boc )\N Boc
tBu tBu

Assay: A 100 mL two neck round bottom flask was charged with dry THF (1.0 mL) and cooled to -78

n

7~ 7~

°C. LHMDS (1 M in THF, 1.25 mL, 1.2 equiv) was freshly prepared and added to the reaction mixture.
Oxazolidine A-64 (0.3 g, 1.05 mmol, 1.0 equiv) was dissolved in dry THF (4 mL) and added dropwise to
the reaction mixture as such that the internal temperature was kept at -78 °C. The reaction was
stirred for 30 min. at -78 °C where upon iodomethane (0.20 mL, 3.24 mmol, 3.1 equiv) was added
dropwise. The reaction mixture was stirred for 6 h at -78 °C. The reaction mixture was then poured
onto a saturated solution of NH4Cl (15 mL) and EtOAc (50 mL). The aqueous phase was extracted
twice with EtOAc (30 mL) and the combined organic phases where then washed with brine (30 mL)
and dried over MgS0O,. The crude yellow oil was purified by FC (EtOAc:hexane, 1:10) giving the title

compound as a colorless oil (0.219 g, 0.73 mmol, 70 %).

Analytics: R¢ = 0.15 (EtOAc:hexane, 1:10). *H NMR (400 MHz, CDCl3) § 5.10 (s, 1H, s, 1H), 4.24 (dd, J =
8.1, 0.8 Hz), 3.81 (d, J = 8.1 Hz, 1H), 3.76 (s, 3H), 1.63 (d, J = 0.7 Hz, 3H), 1.44 (s, 9H), 1.00 (s, 9H). 3C
NMR (101 MHz, CDCls) 6 172.70, 97.21, 77.24, 52.56, 39.41, 28.30, 26.62, 21.41. Quarternary C’s
were not detected. [a]®%p = -4.5 (c = 0.4, CHCl3).

Compound literature known

124



Experimental

C04LL023-2-pure
pnmr_1H_16 CDCI3 /v pkanmr 11

g 3 & P A
8 3 AR & & &
- = - N o %
T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
C04LL023-2-pure R = 3 Q z a7
pnmr_13C_1024 CDCI3 /v pkanmr 11 g o N o a LR
[/

T T T T T T T T T T
140 130 120 110 100 90 80 70 60 50 40 30
f1 (ppm)

T T T T T T T T
240 230 220 210 200 190 180 170 160 150

125



Experimental

A-44 (2R,4S)-3-(tert-butoxycarbonyl)-2-(tert-butyl)-4-methyloxazolidine-4-carboxylic acid

o LiOH-H,0, o
Me THF, 50 °C Me
Q" ¥ o~ Q" ¥ oH
)\NBoc )\NBOC
tBu tBu

Assay: The alkylated oxazolidine A-65 (1.4 g, 4.88 mmol, 1.0 equiv) was dissolved in THF (30 mL) and
LiOH-H,0 (2.05 g, 48.75 mmol, 10.0 equiv) was added. Distilled H,O (8 mL) was given to the reaction
mixture and the solution was stirred for 48 h at 50 °C. The reaction mixture was then poured onto a
mixture of H,0 (35 mL) and Et,O (70 mL). The aqueous phase was then separated and acidified to a
pH of 3 with 1M HCI and subsequently extracted with EtOAc (3 x 30 mL). The combined organic
phases where dried over MgS0,4 and concentrated under reduced pressure. The crude yellow oil was
purified by FC (EtOAc:hexane, 1:1) giving only impure fractions. The impurity was washed away with
hexane and crystalline white solid was filtered off. Since the product is only little soluble in hexane,
the filtrate was concentrated under reduced pressure and the washing with hexane was repeated

several times to give the desired title compound (1.04 g, 3.64 mmol, 75 %).

Analytics: R¢ = 0.18 (EtOAc:hexane, 1:1). *H NMR (400 MHz, CDCl3) § 5.15 (s, 1H), 4.68 (d, J = 9.3 Hz,
1H), 3.91 (d, J = 9.3 Hz, 1H), 1.70 (s, 3H), 1.52 (s, 9H), 0.93 (s, 9H). 3C NMR (101 MHz, CDCls) &
173.02, 157.31, 97.56, 84.50, 76.31, 66.66, 38.76, 28.07 (3C), 26.30 (3C), 21.80. HRMS (ESI): 310.1622
[M+Na*]*; calculated for [C14H2sNNaOs]: 310.1625.

Remarks: 3C NMR had to change the pulse delay from 2 to 6 in order to detect quarternary carbons.

Compound literature known
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Experimental

A-55 (2R,4S)-tert-butyl 2-(tert-butyl)-4-carbamoyl-4-methyloxazolidine-3-carboxylate

(COCl),, NEt,
o) cat. DMF, CH,Cl, e
€ then NH,OH (aq.), 0 °C to rt

e
Q OH > Q NH,
)\N Boc )\N Boc
tBu tBu

Assay: The acid oxazolidine A-44 (0.1 g, 0.35 mmol, 1.0 equiv) was dissolved in dichloromethane (3.0

g
=

mL) and cooled down to 0 °C, NEt; (0.24 mL, 1.74 mmol, 5.0 equiv) was then added dropwise. Three
drops of DMF (via 1 mL syringe) were then added to the reaction mixture. Subsequently, oxalyl
chloride (0.09 mL, 1.04 mmol, 3.0 equiv) was added dropwise. The solution turned yellowish. A
syringe needle was installed in order to have a gas outlet. The reaction was then allowed to warm to
room temperature and was stirred for another 3 h. Concentrated NH,OH solution (0.7 mL) was slowly
added to the reaction mixture and was stirred for another 3 h at room temperature. The reaction
was then quenched with aqueous saturated NH4Cl (2 mL) and extracted with EtOAc (3 x 2 mL). The
combined organic layers were washed with brine, dried over MgSO, and concentrated under reduced
pressure. The crude product was then purified by FC (EtOAc:hexane, 2:3) to give the title compound
(49.3 mg, 0.17 mmol, 49%).

Analytics: R¢= 0.31 (EtOAc:hexane, 2:3). 'H NMR (400 MHz, CDCl3) § 5.42 (s, 1H), 5.18 (s, 1H), 4.61 (d,
J = 8.6 Hz, 1H), 3.79 (d, J = 8.9 Hz, 1H), 1.67 (s, 3H), 1.50 (s, 9H), 0.94 (s, 9H). 3C NMR (101 MHz,
CDCl;) & 176.08, 155.34, 98.10, 82.30, 76.84, 67.48, 38.51, 28.31 (3 C), 26.36 (3 C), 22.32. HRMS
(MALDI): 287.1964 [M+NH,4]*; calculated for [C14H27N,04]: 287.1965. [a]*°p = -98.50 (c = 0.4, CHCls).

Compound literature known
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Experimental

A-70 4-bromo-2-(methylthio)pyrimidine

Cl TMSBr, Br
A CH4CN, 40 °C, 24h Y

NN » NN

SCH; SCHs

Assay: To a stirring solution of A-69 (0.72 mL, 6.23 mmol, 1.0 equiv) in CHsCN (60 mL) was added
trimethylsilyl bromide (11.18 mL, 84.67 mmol, 13.6 equiv). The mixture was stirred at 40 °C for 23 h.
The reaction was then quenched with a saturated solution of NaHCOs (80 mL) and was extracted with
EtOAc (3 x 20 mL). The organic layer was washed with brine, dried over MgSO, and concentrated
under reduced pressure. The crude orange oil was then purified by FC (EtOAc:hexane, 1:10) to give
the title compound ( 1.25 g, 6.09 mmol, 97 %).

Analytics: Ri= 0.26 (1:10, EtOAc:hexane). 'H NMR (400 MHz, CDCl3) & 8.25 (d, J = 5.2 Hz, 1H), 7.15 (d,
J=5.2 Hz, 1H), 2.56 (s, 3H).

Compound literature known
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Experimental

A-70 4-bromo-2-(methylsulfonyl)pyrimidine

Br (NH4)eM07054 - 4H20, H,0, Br
i EOH i

NN » N N

T

SCH,4 SO,CH;

Assay: Ammonium molybdate tetrahydrate (92.2 mg, 7.5 umol, 0.03 equiv) was added to a 30%
solution of H,0, (0.576 ml, 6.22 mmol, 3.0 equiv) and cooled to 0 °C, subsequently it was dropwise
added to a (precooled) solution of A-69 (0.51 g, 2.49 mmol, 1.0 equiv) in ethanol (10 mL) at 0 °C. The
reaction was stirred for 24 h. The solvent was then evaporated under reduced pressure and the
remaining crude was taken up in CH,Cl, and H,0. The two layers were separated and the aqueous
phase was twice extracted with CH,Cl, (3 x 5). The combined organic phases where washed with
Na,S$;05 (10 ml) and dried over MgSQ4 and the solvent was evaporated under reduced pressure to
give the title compound as a white solid (563 mg, 2.37 mmol, 95 %) pure enough without further
purification.

Analytics: Rf = 0.23 (1:1, EtOAc:hexane). *H NMR (400 MHz, CDCl3) 6 8.69 (d, J = 5.2 Hz, 1H), 7.76 (d, J
=5.2 Hz, 1H), 3.38 (s, 3H).

Compound literature known
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Experimental

A-71 2-(allyloxy)-4-bromopyrimidine

Br KO'Bu, Br
N THF, 0 °C then -78 °C Y

N.2N » N_-.N
/\/OH

Assay: Allyl alcohol (0.21 mL, 3.02 mmol, 1.10 equiv) was dissolved in THF (15 mL) and cooled to 0 °C,
then KOtBu (0.37 g, 3.29 mmol, 1.20 equiv) was slowly added. The reaction mixture was stirred for 15
min. The potassium salt of allyl alcohol was subsequently added dropwise to a stirring solution of A-
70 (0.65 g, 2.74 mmol, 1.0 equiv) in THF (30 mL) at — 78 °C. The reaction mixture was kept at -78 °C
for 3.5 h. It was then diluted with diethyl ether (15 mL) and was washed with H,O (20 mL) and brine
(10 mL). The combined organic phases where dried over MgSO, and the solvent was evaporated
under reduced pressure. The crude was purified by FC (EtOAc:hexane, 1:3) giving the title compound
(0.51 g, 2.39 mmol, 87 %).

Analytics: Rf = 0.28 (EtOAc:hexane, 1:3). *H NMR (400 MHz, CDCl3) 6 8.27 (d, J = 5.1 Hz, 1H), 7.14 (d, J
= 5.1 Hz, 1H), 6.07 (ddt, J = 17.2, 10.5, 5.6 Hz, 1H), 5.44 (dq, J = 17.2, 1.5 Hz, 1H), 5.29 (dq, J = 10.5,
1.3 Hz, 1H), 4.90 (dt, J = 5.6, 1.4 Hz, 2H). 3C NMR (101 MHz, CDCl;) 6 164.45, 159.47, 153.92, 132.10,
119.17, 118.64, 68.99.

Compound literature known
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Experimental

A-72 N-(2-(allyloxy)pyrimidin-4-yl)-4-iodobenzamide

m/Br I gul, 1,1Ojlp2rg)eg1c,:K3PO4, H

ioxane,

N /N + H2N = N
Y NN 0]
OAllyl

OAllyl

Assay: A flame dried microwave tube was charged with Cul (26.6 mg, 0.14 mmol, 0.15 equiv), 1,10-
phen (33.5 mg, 0.19 mmol, 0.2 equiv), K3PO4 (415 mg, 1.95 mmol, 2.1 equiv) and 4-iodobenzamide
(252.7 mg, 1.02 mmol, 1.1 equiv) under constant argon flow. Meanwhile, A-71 (200 mg, 0.93 mmol,
1.0 equiv) was stepwise dissolved in dioxane (total 10 mL) and added to the reaction mixture. The
microwave vial was then sealed and stirred for 19 h at 120 °C. The reaction mixture turned from grey
to deep black while heating. The reaction was then allowed to reach room temperature and diluted
with EtOAc (10 mL). The reaction mixture was filtered over Celite and washed with EtOAc (10 mL).
The filtrate was concentrated under reduced pressure to give a white solid with brown impurities.
The crude was then purified by FC (EtOAc:hexane, 1:9) to give the title compound (239.07 mg, 0.627
mmol, 67%) and re-isolated A-71 (45 mg, 0.21 mmol, 23%).

Analytics: R¢ = 0.13 (EtOAc:hexane, 1:5). 'H NMR (400 MHz, CDCl3) § 8.52 (s, 1H), 8.47 (d, J = 5.6 Hz,
1H), 7.93 (d, J = 5.6 Hz, 1H), 7.87 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H), 6.07 (ddd, J = 22.6, 10.7,
5.5 Hz, 1H), 5.41 (dd, J = 17.2, 1.4 Hz, 1H), 5.27 (dd, J = 10.5, 1.1 Hz, 1H), 4.87 (d, J = 5.4 Hz, 2H). 13C
NMR (101 MHz, CDCls) 6 165.26, 164.41, 160.80, 159.03, 138.31 (2 C), 132.65, 132.52, 128.75 (2 C),
117.94, 104.18, 100.42, 68.12.

Compound literature known
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Experimental

A-74 4-bromo-2-((4-methoxybenzyl)oxy)pyrimidine

Br KO'Bu, Br
\ o [e]
m/ THF, 0 °C then -78 °C m/
N.~2N » N__-N
HO \(
SO,CHj OPMB

OMe

Assay: Anis alcohol (0.058 mL, 0.46 mmol, 1.10 equiv) was dissolved in THF (2 mL) and cooled to 0 °C,
then KO'Bu (56.8 mg, 0.51 mmol, 1.20 equiv) was added slowly. The reaction mixture was stirred for
15 min at 0 °C. The potassium salt of the anis alcohol was subsequently added dropwise to a stirring
solution of A-70 (0.1 g, 0.42 mmol, 1.0 equiv) in THF (4.5 mL) at - 78 °C. The reaction mixture was
kept at -78 °C for 6 h. It was then diluted with diethyl ether (5 mL) and was washed with H,O (10 mL)
and brine (10 mL). The combined organic phases where dried over MgSO, and the solvent was
evaporated under reduced pressure. The crude was purified by FC (EtOAc:hexane, 1:3) giving the title
compound (119 g, 0.40 mmol, 96%) as a crystalline white solid.

Analytics: Rf = 0.35 (EtOAc:hexane, 1:3). *H NMR (400 MHz, CDCl3) 6 8.27 (d, J = 5.1 Hz, 1H), 7.42 (d, J
= 8.8 Hz, 2H), 7.14 (d, J = 5.1 Hz, 1H), 6.89 (d, J = 8.7 Hz, 2H), 5.37 (s, 2H), 3.81 (s, 3H). 3C NMR (101
MHz, CDCls) & 164.57, 159.82, 159.48, 153.87, 130.32 (2 C), 127.94, 119.13, 113.98 (2 C), 69.87,
55.43. HRMS (El): 293.9999 [M*]; calculated for [Ci12H11BrN,O,]": 294.0004. IR [ATR]: v = 3113.0 w,
3013.7 w, 2957.3 w, 2936.1 w, 2838.2 w, 1678.73 w 1612.2 m, 1570.7 s, 1527.8 s, 1511.9 s, 1441.5 s,
1416.9 s, 1359.6 s, 1321.5 5, 1302 s, 1249.7 s, 1202.4 s, 1154.2 s, 1113.7 m, 1090.1 m, 1030.3 s,
1011.0s,906.9's, 809.5's, 533.2 s.
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Experimental

A-75 4-iodo-N-(2-((4-methoxybenzyl)oxy)pyrimidin-4-yl)benzamide

!

Br | Cul, 1,10-phen, KzPO,,

N dioxane, 120 °C §

i G - Y
NN O

OPMB 0 b
OPMB

Assay: A flame dried round bottom flask was charged with Cul (484 mg, 2.54 mmol, 0.15 equiv), 1,10-
phen (0.61 mg, 3.39 mmol, 0.2 equiv), K3PO,4 (7.55 mg, 35.58 mmol, 2.1 equiv) and 4-iodobenzamide
(4.81 g, 19.48 mmol, 1.15 equiv) under constant argon flow. Meanwhile, compound A-74 (5 g, 16.94
mmol, 1.0 equiv) was stepwise dissolved in dioxane (160 mL) and added to the reaction mixture. The
reaction mixture was then stirred for 48 h at 120 °C. The reaction mixture turned from grey to deep
red-orange while heating and was monitored by TLC analysis. The reaction seemed to halt at some
point and did not proceed over time. It was then allowed to reach room temperature and was diluted
with EtOAc (50 mL). The reaction mixture was filtered over Celite and washed with EtOAc (30 mL).
The filtrate was then concentrated under reduced pressure and purified by FC (EtOAc:hexane, 1:5) to
give the title compound (5.26 g, 11.412 mmol, 67%).

Analytics: Rs = 0.26 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) 6 8.49 (s, 2H), 7.93 (d, J =
5.0 Hz, 1H), 7.86 (d, J = 8.4 Hz, 2H), 7.59 (d, J = 8.5 Hz, 2H), 7.39 (d, J = 8.5 Hz, 2H), 6.89 (d, J = 8.6 Hz,
2H), 5.35 (s, 2H), 3.80 (s, 3H).™*C NMR (101 MHz, CDCl;) 6 165.36, 164.66, 160.85, 159.67, 159.13,
138.41 (2 C), 132.77, 129.90 (2 C), 128.85 (2 C), 128.46, 113.98 (2 C), 104.35, 100.52, 69.11, 55.41.
HRMS (ESI): 462.0297 [M+H]*; calculated for [C12H12BrN,03]: 462.0309. IR [ATR, neat]: v = 2949.59 w,
1690.3 s, 1587.13 s, 1509.99 s, 1458.88 w, 1435.74 w, 1395.25 m, 1355.71 s, 1288.22 s, 1249.65 s,
1175.4s,1110.8 m, 830.205 m cm-1. m.p.: 147 °C.
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Experimental

A-73 4-iodo-N-(2-ox0-1,2-dihydropyrimidin-4-yl)benzamide

0] o) i
1 N

pyridine, rt 0 N NH
HN N + cl — |
G} P
NH | H
|

2

Assay: 4-lodobenzoylchloride (180 mg, 0.68 mmol, 1.0 equiv) in pyridine (2 mL) was added dropwise
over 30 min to a stirred suspension of cytosine (50 g, 10 mmol, 14.7 equiv) in pyridine (2.5 mL), and
stirring was continued at room temperature for another 4 h. The reaction mixture turned blurry over
the time, and a white precipitate was formed. The reaction was quenched by adding a small amount
of MeOH. The solid was filtered, washed with EtOH and dried in vacuo to give the title compound as
a white solid (98.3 mg, 0.288 mmol, 64%).

Analytics: 'H NMR (400 MHz, TFA-d) & 8.46 (d, J = 7.2 Hz, 1H), 8.06 (d, J = 8.3 Hz, 2H), 7.78 (d, J = 8.3
Hz, 2H), 6.98 (d, J = 7.1 Hz, 1H). 13C NMR (101 MHz, TFA-d) 6 172.23, 162.59, 154.99, 149.26, 141.44
(2 C), 131.32 (2 C), 130.21, 106.57, 98.55. HRMS (MALDI): 363.9553 [M+Na]; calculated for
[C11HsIN3NaO,]: 363.9553. IR [ATR, neat]: v = 3215.23 w, 3146.77 w, 3077.35 w, 1699.46 s, 1622.32
m, 11585.68 m, 1507.58 m, 1462.26 s, 1297.38 m, 1264.59 s, 1186.49 m, 1093.92 m, 805.62 m,
741.98 cm-1. m.p.: 365°C.
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Experimental

A77 4-iodo-N-(2-oxo-1-(trimethylsilyl)-1,2-dihydropyrimidin-4-yl)benzamide

(0]
BSA,
0 NJ\NH MeCN, rt N)LN’TMS

o T o

Assay: In a flame dried Schlenk tube, A-73 (40 mg, 0.1 mmol, 1.0 equiv) was suspended in MeCN (1.1
mL) and N,O-bis(trimethylsilyl)acetamid (0.057 mL, 0.24 mmol, 2.0 equiv) was added dropwise at
room temperature. Within 5 min, the white milky suspension turned into a clear transparent
solution. The reaction mixture was stirred for another 25 min at room temperature. The acetonitrile
was then evaporated via distillation apparatus at 10 mbar at ambient temperature. From the
remaining crude was then taken an NMR sample. Product formation was observed. Thus, all the
remaining impurities were removed by distillation at 120 °C and 35 mbar. Product formation was not
guantitatively determined.

Analytics: '"H NMR (400 MHz, CDCls) & 8.53 (s, 1H), 8.41 (d, J = 5.6 Hz, 1H), 7.90 (d, J = 5.6 Hz, 1H),
7.86 (d, J = 8.6 Hz, 2H), 7.58 (d, J = 8.6 Hz, 2H), 0.37 (s, 9H)."*C NMR (101 MHz, CDCls) § 165.34,
163.22,161.01, 159.27, 138.42 (2 C), 132.86, 128.84 (2 C), 104.13, 100.46, 0.29 (3 C).

Remarks: Further analytical data could not be obtained due to instability of the compound.
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Experimental

A-78 (2R,4S)-tert-butyl 2-(tert-butyl)-4-((4-((2-((4-methoxybenzyl)oxy)pyrimidin-4-

yl)carbamoyl)phenyl)carbamoyl)-4-methyloxazolidine-3-carboxylate

OPMB
OPMB 0 N)QN
o /sl\;/lﬁ)LNH . 0 NIJQN giziiadnn;??gbfzccos'» e /Q)LNM
tBu)‘NBoc i Q)L”M 3 N
| o. NBoc
tBu

Assay: A flame dried round bottom flask was charged with Cul (21 mg, 0.11 mmol, 0.2 equiv),
anhydrous K;COs; (0.30 mg, 2.16 mmol, 2.0 equiv), A-75 (0.5 g, 1.08 mmol, 1.0 equiv) and A-55 (325
mg, 1.13 mmol, 1.05 equiv), finally N,N’-dimethylethylenediamine (23 ul, 0.22 mmol, 0.2 equiv) was
added and the tube walls were washed with dioxane (4 mL). The flask was then quickly sealed with a
rubber septum and the reaction mixture was stirred at 100 °C for 60 h. The reaction mixture was
then allowed to reach ambient temperature and filtered over Celite (prewashed with EtOAc). It was
concentrated under reduced pressure and purified as such by FC (EtOAc:hexane, 1:5) to give the title
compound contaminated with starting material (A-55, which is not UV active) thus another
purification by FC (EtOAc:toluene, 2:3) gave the title compound (402 mg, 0.65 mmol, 60%).

Analytics: R¢ = 0.21 (EtOAc:hexane, 1:3). *H NMR (400 MHz, CDCl3) § 10.36 (s, 1H), 8.47 (d, J = 5.6 Hz,
1H), 8.44 (s, 1H), 7.96 (d, J = 5.6 Hz, 1H), 7.88 (d, J = 8.7 Hz, 2H), 7.70 (d, J = 8.7 Hz, 2H), 7.41 (d, /= 8.6
Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H), 5.37 (s, 2H), 5.21 (s, 1H), 4.82 (d, / = 8.8 Hz, 1H), 3.82 (d, J = 7.3 Hz,
4H), 1.73 (s, 3H), 1.54 (s, 9H), 0.92 (s, 9H). ®C NMR (101 MHz, Chloroform-d) & 171.86, 165.23,
164.62, 160.58, 159.57, 159.37, 155.98, 142.62, 129.84 (2 C), 128.70 (2 C), 128.51, 128.30, 119.42 (2
C), 113.90 (2 C), 104.23, 98.03, 83.07, 76.08, 68.96, 68.12, 55.33, 38.26, 28.21 (3 C), 26.20 (3 C),
22.15. HRMS (MALDI): 642.2897 [M+Na]*; calculated for [C33sHi1NsNaO-]: 642.2898. [a]*° = -91.20 (c
= 1, CHCIls). IR [ATR, neat]: v = 2949.59 w, 1690.3 s, 1587.13 s, 1509.99 s, 1458.88 w, 1435.74 w,
1395.25m, 1355.71's, 1288.22 s, 1249.65 5, 1175.4 s, 1110.8 m, 830.205 m cm-1. m.p.: 75°C.
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Experimental

A-53 (2R,4S)-tert-butyl 2-(tert-butyl)-4-methyl-4-((4-((2-oxo-1,2-dihydropyrimidin-4-

yl)carbamoyl)phenyl)carbamoyl)oxazolidine-3-carboxylate

OPMB )O]\
(0] NI SN DDQ (0] NI NH
o) NJ\/ CH,Cl,, pH buffer, rt o) NJ\/
Me H ' Me H
o. ,NBoc o. ,NBoc
tBu tBu

Assay: To a stirring solution of A-78 (50 mg, 0.081 mmol, 1.0 equiv) in CHxCl, (0.8 mL) and pH 7 buffer
(0.08 mL), was added DDQ (55 mg, 0.24 mmol, 3.0 equiv) at ambient temperature. The reaction
mixture was stirred as such for 72 h. It was then quenched by the addition of saturated aqueous
NaHCOs; and the sluggish crude was directly filtered over a Nutsch filter. The brownish precipitate
was then washed with saturated aqueous NaHCO3; and H,0. The brown crude was then taken up in
EtOH and recrystallized from MeOH and Hexane and dried in vacuo to give the title compound (39
mg, 0.078 mmol, 96%).

Analytics: No Rs can be given. *H NMR (500 MHz, DMSO-dg) & 11.52 (s, 1H), 9.57 (s, 1H), 8.04 (d, /= 8.6
Hz, 2H), 7.87 (d, J = 6.8 Hz, 1H), 7.66 (d, J = 8.4 Hz, 2H), 6.86 (s, 1H), 5.07 (s, 1H), 4.41 (d, J = 8.6 Hz,
1H), 3.85 (d, J = 8.6 Hz, 1H), 1.64 (s, 3H), 1.44 (s, 9H), 0.91 (s, 9H)."3C NMR (126 MHz, DMSO-ds) &
170.95, 163.98, 156.86, 154.86, 141.82, 129.98 (2 C), 119.71 (2 C), 97.31, 96.45, 81.83, 76.37, 68.08,
38.55, 28.19 (3 C), 26.45 (3 C), 21.62. HRMS (MALDI): 500.2505 [M+H]*; calculated for [C2sH34N5O6]:
500.2504. [a]*°p =-49.00 (c = 0.2, DMSO). IR [ATR, neat]: v = 3673.25 w, 2974.66 s, 2904.27 s, 236093
s, 2337.78 s, 1685.48 m, 1605.93 m, 1453.58 m, 1396.69 m, 1248.68 m, 1052.46 s, 893.84 w cm-1.
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Experimental

A-85 (R)-ethyl 2-((tert-butyldimethylsilyl)oxy)propanoate

TBSCI, imidazole,
OH CH,Cl,, 0°C - rt OTBS
>
CO,Et CO,Et

Assay: A-84 (4.0 g, 33.86 mmol, 1.0 equiv) was dissolved in CH>Cl, (170 mL), imidazole (4.61 g, 67.72
mmol, 2.0 equiv) was added and the reaction mixture was cooled to 0 °C. Under vigorous stirring,
TBSCI (4.64 g, 44.02 mmol, 1.3 equiv) was added and the reaction mixture was allowed to reach
room temperature. After 16 h starting material was fully consumed. The reaction mixture was
filtered into a separatory funnel. The remaining white solids, were washed with dichloromethane.
The organic phase was washed with 1M HCI (60 mL), sat. agueous NaHCOs (60 mL), brine (60 mL) and
dried over MgS0O,. The solvent was evaporated under reduced pressure. The crude yellow oil was
purified by FC (EtOAc:hexane, 1:10) to yield the title compound as a colourless oil (7.55 g, 32.49
mmol, 96%).

Analytics: R¢= 0.63 (EtOAc:hexane, 1:10). *H NMR (400 MHz, CDCls) 6 4.31 (q, J = 6.7 Hz, 1H), 4.25 —
4.08 (m, 2H), 1.39(d, J = 6.8 Hz, 3H), 1.28 (t, J = 7.2 Hz, 3H), 0.90 (s, 9H), 0.10 (s, 3H), 0.07 (s, 3H). 13C
NMR (101 MHz, CDCl3) 6 174.28, 68.62, 60.88, 25.87 (3 C), 21.46, 18.47, 14.34, -4.79, -5.12.

Compound literature known
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Experimental

A-86 (3S,4R)-4-((tert-butyldimethylsilyl)oxy)pent-1-en-3-ol

DIBAL-H, OTBS
oTBS EtZO 78 °C OTBS
\r o and
COzEt /\MgBr HO\

Assay: A-85 (10.70 g, 46.02 mmol, 1.0 equiv) which was co-evaporated in benzene (3 x 5 mL) was
dissolved in diethyl ether (260 mL) and cooled to - 90 °C (in an EtOAc/liquid nitrogen bath). DIBALH (1
M in CH,Cl,, 63.05 mL, 1.37 equiv) was then dropwise added via syringe pump (0.6 mL/min with a
Hamilton glass pipette 25 mL) while the reaction mixture was kept at around — 85 °C. Briefly after
complete DIBALH addition, the starting material was fully consumed (TLC analysis confirmed;
EtOAc:hexane, 1:10). MeOH (10 mL) was then added in order to quench the reaction, followed by the
addition of saturated potassium tartrate (250 mL) and the reaction mixture was allowed to reach
room temperature. The biphasic mixture was stirred for 90 min. The two phases were then separated
and the aqueous phase was extracted with diethyl ether (3 x 25 mL). The combined organic phases
were dried over MgS0O, and the solvent was evaporated under reduced pressure. The clear oil was
purified by FC (diethyl ether:hexane, 1:10) to give the aldehyde in reasonable purity (no

epimerisation took place. Confirmed by ap).

The clear oil was then dissolved in diethyether (260 mL) and again cooled to — 90 °C. Dropwise
addition of the Grignard reagent (1M in THF, 92.04 mL, 2.0 equiv) was conducted (1.1 mL/min with a
Hamilton glass pipette 25 mL. Attention; Grignard can freeze!). After full addition, the reaction
mixture was allowed to stir for another 45 min. The reaction mixture was quenched by the addition
of MeOH (10 mL) and aqueous sat. NaHCOs (150 mL) and stirred as such for 45 min (After quenching,
a sluggish, viscous phase starts to form which dissolves over time -> nicely separable phases). The
two layers were then separated and the aqueous layer was extracted with diethyl ether (3 x 50 mL).
The combined organic phases were dried over MgSO. and the solvent was evaporated under reduced
pressure. The crude oil was purified by FC (diethyl ether:hexane 1:10) to give the title compound 6
(5.76 g, 26.6 mmol, 59%, dr: 3.7:1) and reisolated aldehyde (1.681 g, 8.925 mmol, 19%).

Analytics: Rs= 0.27 (EtOAc:hexane, 1:10). 'H NMR (400 MHz, CDCl3) & 5.88 — 5.69 (m, 1H), 5.29 (dt,
1H), 5.20 (dt, 1H), 4.07 — 4.00 (m, 1H), 3.86 (qd, J = 6.3, 3.6 Hz, 1H), 2.27 (d, J = 4.2 Hz, 1H), 1.08 (d, J =
6.3 Hz, 3H), 0.90 (s, 9H), 0.09 (s, 6H). *C NMR (101 MHz, CDCls) & 136.68, 116.66, 76.68, 71.43, 25.94
(3 C), 18.20, 17.72, -4.28, -4.71. [a]®> = 10.1 (c = 1, CHCl3) for the aldehyde. IR [ATR, neat]: v =
2955.37 w, 2929.34 w, 2884.99 w, 2857.99 w, 1473.35 w, 1463.71 w, 1254.47 m, 1147.44 w, 1093.44
m, 1047.16 m, 979.66 m, 833.10 s, 774.28 s cm-1.

Compound literature known
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Experimental

A-87 (1R,2S)-tert-Butyl-[2-(2-methoxy-ethoxymethoxy)-1-methyl-but-3-enyloxy]dimethylsilane

MEMCI, Et,NiPr,
\EOJBS CH,Cly, 0°C -rt, 18 h \EOJBS
HOW NP MEMO® NF

Assay: Crude A-86 (440 mg, 2.03 mmol, 1.0 equiv) was dissolved in dichloromethane (5 mL) and

DIPEA (1.36 mL, 7.79 mmol, 3.8 equiv) was added. The reaction mixture was cooled to 0 °C and
MEM-chloride (0.58 mL, 5.08 mmol, 2.5 equiv) was added. After full addition, the reaction mixture
was allowed to warm to ambient temperature and was stirred for 18 h. The dark yellow solution was
diluted with H,O and CH.Cl, and saturated aqueous NaHCO; was added. The two phases were
separated and the aqueous phase was washed with CH,Cl, (2 x 5 mL). The yellow oil was purified by
FC (EtOAc:hexane, 1:5) to give the title compound (410.5 mg, 1.35 mmol, 66%).

Analytics: R¢= 0.29 (EtOAc:hexane, 1:5). 'H NMR (400 MHz, Chloroform-d) 6 5.83 — 5.59 (m, 1H), 5.33
—5.10 (m, 2H), 4.73 (dd, J = 32.7, 6.8 Hz, 2H), 3.90 — 3.84 (m, 1H), 3.83 —3.72 (m, 2H), 3.67 — 3.59 (m,
1H), 3.57 — 3.50 (m, 2H), 3.39 (s, 3H), 1.14 (d, J = 6.2 Hz, 3H), 0.87 (s, 9H), 0.05 (d, J = 4.3 Hz, 6H). 13C
NMR (101 MHz, CDCls) 6 135.62, 118.99, 93.15, 81.86, 71.92, 70.84, 67.03, 59.17, 26.00 (3 C), 19.82,
18.29, -4.43, -4.48.
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Experimental

A-88 (2R,35)-3-((2-methoxyethoxy)methoxy)pent-4-en-2-ol

TBAF,

\(O;BS THF, reflux \Eoi
_———
MEMO™ N MEMO™ N

Assay: A-87 (390 mg, 1.80 mmol, 1.0 equiv) was dissolved in THF (14 mL) and TBAF (1 M in THF, 3.60
mL, 2.0 equiv) was added to the reaction mixture and the solution was heated up to 60 °C. After 50
min at elevated temperature the reaction mixture was allowed to reach room temperature. The
reaction mixture was poured onto a biphasic EtOAc / H,O mixture. The two layers were separated
and the aqueous phase was twice extracted with EtOAc (10 mL). The combined organic phases where
dried over MgSO, and the solvent was evaporated under reduced pressure. The crude oil was
purified by FC (EtOAc:hexane, 1:1) giving the title compound (259.1 mg, 1.36 mmol, 76 %) in only
reasonable purity.

Analytics: Ri= 0.13 (EtOAc:hexane, 1:1). *H NMR (400 MHz, CDCl3) § 5.69 (ddd, J = 17.1, 10.7, 7.6 Hz,
1H), 5.22 (dddd, J=17.1, 11.4, 1.8, 1.0 Hz, 2H), 4.87 — 4.56 (m, 2H), 3.91 (dd, /= 7.6, 3.7 Hz, 1H), 3.83
—3.70 (m, 2H), 3.68 — 3.50 (m, 2H), 3.48 (t, 2H), 3.30 (s, 3H), 2.87 (s, 1H), 1.06 (d, J = 6.5 Hz, 3H). 3C
NMR (101 MHz, Chloroform-d) 6 135.44, 135.07, 118.95, 116.62, 93.19, 79.67, 76.98, 71.91, 70.36,
67.04, 59.16, 15.77.
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Experimental

A-89 (8S,9R)-9-methyl-8-vinyl-2,5,7,10-tetraoxatridec-12-ene

o)
\(Oj NaH, THF j\
—_——
0 ' \
MEMO™ 4 /\/Br MEMO |

Assay: To a solution of A-88 (20 mg, 0.11 mmol, 1.0 equiv) in THF (1.5 mL), was given NaH 60 wt % in
mineral oil (8.4 mg, 0.21 mmol, 2.0 equiv) and the reaction mixture was refluxed at 67 °C. After 30
min. allyl bromide (0.03 mL, 0.21 mmol, 2.0 equiv) was added and the reaction mixture was stirred
for another 60 min. at 67 °C. After full consumption of starting material, the reaction mixture was
allowed to reach room temperature. The reaction mixture was poured onto a mixture of H,O (5 mL)
and EtOAc (5 mL). The aqueous phase was then separated and extracted with EtOAc (3 x 5 mL). The
combined organic phases where dried over MgS0O, and concentrated under reduced pressure. The
crude yellow oil was purified by FC (EtOAc:hexane, 1:5) to give the title compound (16 mg, 0.07
mmol, 66 %).

Analytics: Rs= 0.36 (1:5, EtOAc:hexaneane). *H NMR (400 MHz, Chloroform-d) & 5.91 (ddt, J = 17.2,
10.9, 5.5 Hz, 1H), 5.82 - 5.70 (m, 1H), 5.33 — 5.22 (m, 3H), 5.14 (dd, J = 10.4, 1.7 Hz, 1H), 4.78 (d, J =
6.9 Hz, 1H), 4.72 (d, J = 6.9 Hz, 1H), 4.11 — 4.08 (m, 1H), 4.06 (dt, J = 5.5, 1.5 Hz, 2H), 3.87 —3.77 (m,
1H), 3.70 - 3.59 (m, 1H), 3.58 — 3.51 (m, 3H), 3.39 (s, 3H), 1.15 (d, J = 6.4 Hz, 3H). *C NMR (101 MHz,
CDCls) 6 135.44, 135.07, 118.95, 116.62, 93.19, 79.67, 76.98, 71.91, 70.36, 67.04, 59.16, 15.77.
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Experimental

A-90 (2R,3S)-3-((2-methoxyethoxy)methoxy)-2-methyl-3,4-dihydro-2H-pyran

o) toluene, rt NaOH, iPrOH,
j\ 0 100°C 0 |
"t \
\ . -
MEMO™ P(Cy)s MEMOY NF MEMO®
RI «Cl
U=\
c’|l Pn
P(Cy)s

Assay: In the glove box, Grubbs first Generation catalyst (7.8 mg, 9.5 umol, 5 mol %) was given into a
flame dried schlenk tube. Meanwhile, toluene was freeze pumped and set under argon atmosphere.
A-89 (45.5 mg, 0.20 mmol, 1.0 equiv) was then dissolved in toluene (1.0 mL) and given to the
ruthenium catalyst. The reaction mixture was stirred for 24 h at ambient temperature. TLC analysis
showed full consumption of starting material. Then, isopropanol (0.19 mL) and NaOH (pellets, 5.6
mg) were added to the reaction mixture and the temperature was raised to 100 °C. The reaction
mixture was stirred for 1.5 h. The intermediate RCM product was fully consumed and the solution
was washed with H,0. The aqueous phase was then separated and extracted with EtOAc (3 x 5 mL).
The combined organic phases where dried over MgS0O.. All the volatiles were evaporated under
reduced pressure and the residue was purified by FC (EtOAc:hexane, 1:3) to give the title compound
(26 mg, 0.129 mmol, 65%).

Analytics: Rs = 0.48 (EtOAc:hexane 1:1). *H NMR (400 MHz, CDCls) § 6.29 (dt, J = 6.0, 1.9 Hz, 1H), 4.85
(d, J=7.1Hz 1H), 4.78 (d, J = 7.1 Hz, 1H), 4.62 (ddd, J = 6.0, 4.3, 3.3 Hz, 1H), 3.89 (p, / = 6.5 Hz, 1H),
3.76 - 3.68 (m, 2H), 3.59 —3.51 (m, 3H), 3.39 (s, 3H), 2.42 - 2.30 (m, 1H), 2.09 - 1.98 (m, 1H), 1.30 (d,
J = 6.4 Hz, 3H). *C NMR (101 MHz, CDCls) & 142.74, 97.58, 94.26, 73.39, 73.36, 71.85, 67.18, 59.20,
25.99, 17.64.
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Experimental

A-91 (2R,3S)-6-methoxy-3-((2-methoxyethoxy)methoxy)-2-methyltetrahydro-2H-pyran

CSA, MeOH,
\(OJ MeCN 0. _OMe
| ————
MEMO™ MEMO™

Assay: Glycal A-90 (30 mg, 0.15 mmol, 1.0 equiv) was dissolved in MeCN (0.8 mL) and MeOH (0.17
mL). CSA (5.2 mg, 22.2 umol, 0.15 equiv) was then added and the reaction mixture was stirred for 3 h
at ambient temperature. After full consumption of starting material, EtOAc (2 mL) and saturated
aqueous NaHCOs (1 mL) was added and the biphasic mixture was poured into a separatory funnel.
The aqueous phase was then separated and extracted with EtOAc (3 x 3 mL). The combined organic
phases where dried over MgSQO,. The crude oil was purified by FC (EtOAc:hexane, 1:2) giving the title
compound (25.5 mg, 0.11 mmol, 73%).

Analytics: Rf = 0.31 (EtOAc:hexane, 1:1). 'H NMR (400 MHz, CDCl3) 6 4.82 (dd, J = 8.9, 7.0 Hz, 1H),
4.71 (dd, J=7.0, 2.2 Hz, 1H), 4.61 (d, J = 1.8 Hz, 1H), 3.73 — 3.69 (m, 2H), 3.66 (m, 1H), 3.56 (m, 2H),
3.39 (s, 3H), 3.34 (s, 3H), 3.29 — 3.21 (m, 1H), 2.01 — 1.65 (m, 4H), 1.23 (d, J = 6.2 Hz, 3H). 3C NMR
(101 MHz, CDCls) 6 97.47,94.12, 77.22, 71.88, 67.74, 67.11, 59.20, 54.54, 29.34, 24.74, 18.35. HRMS
(ESI): 252.1805 [M+NH,*]*; calculated for [C11H26NOs]: 252.1806.
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Experimental

A-99 (((2R,3S)-3-(benzyloxy)pent-4-en-2-yl)oxy)(tert-butyl)dimethylsilane

NaH, BnBr,
OTBS THF. 0 °C - 1t OTBS

HO™ | 7 s |
Assay: Allylic alcohol A-86 (20 mg, 0.092 mmol, 1.0 equiv) was dissolved in THF (0.6 mL) and NaH
(60% in mineral oil, 5.5 mg, 0.14 mmol, 1.5 equiv) was added and the reaction mixture was stirred at
ambient temperature for 1 h. Then BnBr (13 pl, 0.11 mmol, 1.2 equiv) was added and the reaction
mixture was stirred for 4 h. The reaction was quenched with MeOH (until the effervescence ceased)
and additional NH4CI (3 mL) was added. The biphasic mixture was then poured into a separatory
funnel and was separated. The aqueous phase was extracted with EtOAc (3 x 3 mL). The combined
organic phases were washed with brine, dried over MgSO,s and concentrated under reduced

pressure. Purification by FC (CH.Cl.:MeOH, 98:2) gave the title compound (25 mg, 0.081 mmol, 88%).

Analytics: Rf = 0.28 (EtOAc:hexane 1:49 (trans)) R = 0.21 (EtOAc:hexane 1:49 (cis)). *H NMR (400
MHz, CDCl3) & 7.35 — 7.31 (m, 5H), 5.86 — 5.73 (m, 1H), 5.32 — 5.21 (m, 2H), 4.62 (d, J = 12.0 Hz, 2H),
4.41 (d, J = 12.0 Hz, 1H), 3.88 — 3.76 (m, 1H), 3.56 (ddd, J = 7.6, 5.3, 0.7 Hz, 1H), 1.18 (d, J = 6.2 Hz,
3H), 0.87 (d, J = 0.8 Hz, 9H), 0.04 (d, J = 5.0 Hz, 6H). 3C NMR (101 MHz, CDCl5) & 138.96, 136.61,
128.39 (2 C), 127.86 (2 C), 127.48, 118.76, 85.35, 71.05, 70.65, 26.01 (3 C), 20.33, 18.28, -4.36, -4.43.
HRMS (ESI): 329.1912 [M+Na]*; calculated for [C1sH3oNa0,Si]: 329.1907. [a]*’% = +20.43 (c = 3.04,
CHCIs). IR [ATR, neat]: v = 2955.37 w, 2929.34 w, 2857.99 w, 1252.54 m, 1130.08 w, 1078.98 m,
1024.98 m, 833.10s, 774.28 s cm-1.

Compound literature known
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Experimental

A-100 (2R,3S)-3-(benzyloxy)pent-4-en-2-ol
TBAF, THF,

\EO;BS 0°C - rt \Eoi
BnoY NF BnoY NF

Assay: TBAF (1 M in THF, 1.67 mL, 2.0 equiv) was added to a cooled solution of A-99 (0.26 g, 0.84

mmol, 1.0 equiv) in THF (2 mL) at 0 °C. After full addition, the reaction mixture was allowed to reach
room temperature and was stirred at ambient temperature for 16 h. It was then quenched by the
addition of H,0 (4 mL). The biphasic mixture was transferred to a separatory funnel and the phases
were separated. The aqueous phase was extracted wit EtOAc (3 x 5 mL). Combined organic phases
were dried over MgS0O4 and concentrated under reduced pressure. The crude was purified by FC
(EtOAc:hexane, 1:5) to give the title compound (154.2 mg, 0.80 mmol, 96%).

Analytics: Rf = 0.15 (EtOAc:hexane, 13:87). 'H NMR (400 MHz, CDCl;) 6 7.38 — 7.27 (m, 5H), 5.83
(ddd, J = 17.3, 10.4, 8.1 Hz, 1H), 5.36 (dddd, J = 40.9, 17.3, 1.8, 0.8 Hz, 2H), 4.52 (dd, J = 102.1, 11.9
Hz, 2H), 3.90 (s, 1H), 3.69 (ddd, J = 8.1, 2.7, 2.0 Hz, 1H), 1.15 (d, J = 6.5 Hz, 3H). *C NMR (101 MHz,
CDCls) 6 138.31, 134.56, 128.42 (2 C), 127.77 (2 C), 127.66, 120.38, 84.31, 70.30, 69.32, 17.94. HRMS
(ESI): 215.1047 [M+Na]*; calculated for [Ci12H16NaO;]: 215.1043. [a]*p = +44.27 (c = 3.3, CHCI3). IR
[ATR, neat]: v = 3446.17 w, 2977.55 w, 2869.56 w, 1451.17 w, 11391.39 w, 1302.68 w, 1257.36 w,
1065.48 s, 1023.05 m, 996.05 m, 928.56 m, 736.67 s, 698.11 s cm-1.

Compound literature known
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Experimental

A-101 ((((3S,4R)-4-(allyloxy)pent-1-en-3-yl)oxy)methyl)benzene

NaH, o
OH THF, reflux \I\
E ———— .
BnO™ F NPT BnOY I X

Assay: To a stirring solution of A-100 (2.3 g, 11.96 mmol, 1.0 equiv) dissolved in THF (150 mL), was
added NaH (60 wt % in mineral oil, 0.96 g, 23.93 mmol, 2.0 equiv) at room temperature. After full
addition, the reaction mixture was heated up to 40 °C and stirred for 30 min. Allyl bromide (3.45 mL,
23.93 mmol, 2.0 equiv) was then added and the reaction mixture was stirred at 40 °C for 15 min. It
was then allowed to cool to room temperature and was stirred overnight. The reaction was
guenched by the addition of a few drops MeOH and was then poured onto a mixture of H,0 (15 mL)
and EtOAc (15 mL). The aqueous phase was extracted wit EtOAc (3 x 20 mL). Combined organic
phases were dried over MgS0,4 and concentrated under reduced pressure. The crude was purified by
FC (EtOAc:hexane, 1:5) to give the title compound (2.16 g, 9.28 mmol, 76%).

Analytics: Rs = 0.54 (EtOAc:hexane, 1:10). 'H NMR (400 MHz, CDCl3) § 7.37 - 7.26 (m, 5H), 5.99 - 5.79
(m, 2H), 5.40 - 5.08 (m, 4H), 4.65 (d, J = 12.2 Hz, 1H), 4.43 (d, J = 12.2 Hz, 1H), 4.06 (ddd, J = 5.5, 3.1,
1.6 Hz, 2H), 3.74 (ddt, J = 7.5, 4.4, 0.8 Hz, 1H), 3.57 (qd, / = 6.4, 4.4 Hz, 1H), 1.18 (d, J = 6.4 Hz, 3H). 13C
NMR (101 MHz, CDCls) 6 138.85, 135.93, 135.53, 128.41 (2 C), 127.78 (2 C), 127.52, 118.89, 116.58,
83.37, 77.25, 70.56 (2 C), 16.33. HRMS (El): 174.1040 [M-C3H¢O]*; calculated for [C1,H140]: 174.1045.
[a]*® = +37.50 (c = 1, CHCIl3). IR [ATR, neat]: v = 3114.47 w, 3011.78 w, 2931.75 w, 2836.77 w,
1681.14 w, 1613.16 w, 1569.77 s, 1513.85 s, 1442.49 s, 1356.68 s, 1320.52 m, 1303.16 m, 1247.24 s,
1174.92 m, 1008.59 s, 759.816 m, 534.667 m cm-1.
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Experimental

A-102 (2R,3S)-3-(benzyloxy)-2-methyl-3,4-dihydro-2H-pyran

o) toluene, rt o NaOH, iPrOH, o
100 °C
—_— > _— I
w k . .
BnO | FI’(CY)3 BnO“ Z BnO“
Cl
Ru\\=\
c’l Pn

P(Cy);

Assay: In the glove box, Grubbs first generation catalyst (351 mg, 0.45 mmol, 5 mol %) was given into
a flame dried Schlenk tube. Meanwhile, toluene was freeze pumped (3 times) and set under argon
atmosphere. A-101 (1.98 mg, 8.54 mmol, 1.0 equiv) was then dissolved in toluene (44 mL) and given
to the ruthenium catalyst. The reaction mixture was stirred for 22 h at ambient temperature. Starting
material was fully consumed. Then isopropanol (9 mL) and NaOH (239 mg, 5.98 mmol, 0.7 equiv)
were added and the reaction was stirred add 110 °C for 40 min. Important to carefully monitor the
reaction, since the fully reduced pyran starts to arise as soon the intermediate RCM product is
formed. The reaction mixture was filtered over a pad of Celite (washed with EtOAc) and a short plug
of silica. The resulting solution was concentrated under reduced pressure. The crude brown oil was
then purified by FC (hexane -> EtOAc:hexane, 1:10) to give the title compound (1.44 g, 7.05 mmol,
83%).

Analytics: Rs = 0.55 (EtOAc:hexane, 1:10). *H NMR (400 MHz, CDCl3) 6 7.38 — 7.27 (m, 5H), 6.30 (dt, J
=6.0, 2.0 Hz, 1H), 4.68 (d, /= 11.8 Hz, 1H), 4.64 (ddd, J = 6.0, 4.8, 2.8 Hz, 1H), 4.56 (d, J = 11.8 Hz, 1H),
3.87 (dg, J=12.7,6.3 Hz, 1H), 3.41 (td, J=7.9, 5.6 Hz, 1H), 2.43 - 2.33 (m, 1H), 2.07 (ddt, J = 16.6, 7.9,
2.5 Hz, 1H), 1.35 (d, J = 6.3 Hz, 3H). ®*C NMR (101 MHz, CDCl;) & 143.06, 138.48, 128.55 (2 C), 127.86
(2 C), 127.83, 97.76, 75.42, 73.83, 71.10, 26.32, 17.88. HRMS (El): 204.1145 [M*]*; calculated for
[C13H160,]: 204.1150. [a]*°p = +112.20 (c = 1, CHCIs). IR [ATR, neat]: v = 3062.89 w, 2975.14 w, 2873.9
w, 1652.21 m, 1451.65 w, 1237.59 s, 1091.03 s, 1061.14 s, 884.684 w, 732.335 s, 696.658 s, 612.77
w, 443.065 m, cm-1.
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Experimental

A-103 (2R,3S)-3-(benzyloxy)-6-methoxy-2-methyltetrahydro-2H-pyran
CSA,

0) MeOH, MeCN, rt O _-OMe
\} I » \}
BnOY BnOY

Assay: Glycal A-102 (200 mg, 0.98 mmol, 1.0 equiv) was dissolved in MeCN (5.4 mL) and MeOH (1.2

mL). CSA (34.1 mg, 0.15 mmol, 0.15 equiv) was then added and the reaction mixture was stirred for 1
h at ambient temperature. After full consumption of starting material, EtOAc (2 mL) and saturated
aqueous NaHCOs; (10 mL) was added and the biphasic mixture was poured into a separatory funnel.
The aqueous phase was then separated and extracted with EtOAc (3 x 2 mL). The combined organic
phases where dried over MgSQO,. The crude oil was purified by FC (EtOAc:hexane, 1:5) giving the title
compound (201.5 mg, 0.85 mmol, 87%) as a diastereomeric mixture (dr = 1:2.6).

Analytics: Rs = 0.18 (EtOAc:hexane, 1:10) resp. Rs = 0.21 (EtOAc:hexane, 1:10). *H NMR (400 MHz,
CDCl3) 6 7.37 - 7.26 (m), 4.68 — 4.61 (m), 4.48 (d, J = 11.7 Hz), 4.37 (dd, J = 8.9, 2.1 Hz), 3.72 (dq, J =
9.2, 6.2 Hz), 3.48 (s), 3.46 —3.39 (m), 3.34 (s), 3.14 —3.02 (m), 2.25-2.16 (m), 2.00 (ddd, J = 7.3, 5.6,
3.4 Hz), 1.94 - 1.63 (m), 1.60 — 1.42 (m), 1.33 (d, J = 6.2 Hz), 1.27 (d, J = 6.2 Hz). 3C NMR (101 MHz,
CDCls) 6 138.75, 138.53, 128.54, 128.49, 127.87, 127.83, 127.80, 127.71, 102.63, 97.45, 78.98, 78.66,
74.70, 71.44, 70.77, 67.91, 56.39, 54.48, 30.45, 29.40, 27.55, 24.02, 18.58, 18.46. HRMS (ESI):
252.1806 [M+NH,4]*; calculated for [C12H16BrN3O,]: 252.1805. IR [ATR, neat]: v = 2932.23 w, 2890.77
w, 1453.10 w, 1367.28 w, 1212.04 w, 1126.22 m, 1072.23 m, 1054.87 s, 1019.19 m, 980.63 m, 735.71
m, 697.14 m cm-1.

Remarks: For the 'H NMR & **C NMR all the signals, for both the compounds are given. No integrals

are specified.
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Experimental

A-79 (2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-ol

Pd/C, H.,

\(OJ/OMe EtOH \(OJ/OMe
ﬁ
BnO™ HOW

Assay: A-103 (100 mg, 0.42 mmol, 1.0 equiv) was dissolved in EtOH (4 mL), Pd/C (10 wt %, 45 mg,
0.042 mmol, 10 mol %) was then added and the reaction mixture was set under H, atmosphere
(balloon). After 1.5 hours at ambient temperature, starting material was fully consumed. The
reaction mixture was filtered over a pad of Celite, which was washed with EtOH. The crude sticky
syrup was purified by FC (EtOAc:hexane, 1:3) to give the title compound as an anomeric mixture (55
mg, 0.38 mmol, 89%).

Analytics: Rf = 0.35 (EtOAc:hexane, 1:1) resp. R = 0.41 (EtOAc:hexane, 1:1). 'H NMR (400 MHz,
Chloroform-d) 6 4.69 — 4.54 (m, 1H), 3.56 (dq, J = 9.2, 6.2 Hz, 1H), 3.34 (s, 3H), 3.31 — 3.19 (m, 2H),
1.90 - 1.44 (m, 4H), 1.26 (d, J = 6.2 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) 6 102.65, 97.43, 75.87,
72.20, 71.71, 69.40, 56.42, 54.56, 31.12, 30.69, 29.67, 27.73, 18.18, 18.03. HRMS (El): 115.0755 [M-
CHs0]*; calculated for [CeH1102]: 115.0754. IR [ATR, neat]: v = 3413.39 w, 2929.34 w, 1454.06 w,
1367.28 w, 1126.22 m, 1051.98 s, 980.63 m cm-1.
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Experimental

A-109 N-(1-((5S,6R)-5-hydroxy-6-methyltetrahydro-2H-pyran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-

yl)benzamide

o) oB
Y BSA, SnCl,, 0O o n
\EOJ/OMG O N7 ONH MeCN J «
N | - . 0 NN
. Z
Bno\\ /@)LHJ\) N)l\/
| H
|

Assay: Pyrimidine base A-73 (29 mg, 0.085 mmol, 1.0 equiv) was dried in a 5 mL round bottom flask
over night at high vacuum (103 mbar). It was then suspended in dry MeCN (0.6 mL) and N,O-
bis(trimethylsilyl)acetamid (0.042 mL, 0.17 mmol, 2.0 equiv) was added at room temperature. The
white suspension slowly turned into a homogeneous clear solution. After 30 min of stirring, pyranose
A-103 (20.1 mg, 0.085 mmol, 1.0 equiv) dissolved in MeCN (0.3 mL) was added, followed by dropwise
addition of SnCl, (0.025 mL, 0.21 mmol, 2.5 equiv) in MeCN (0.4 mL), which was prepared as a stock
solution. The reaction mixture was stirred for 50 min at ambient temperature and monitored via LC-
MS. After 50 min the reaction was completed. The solvent was evaporated under reduced pressure
and the oily yellow crude was taken up in EtOAc, transferred to a separatory funnel and mixed with
saturated aqueous NaHCOs (4 mL). The two phases were separated and the aqueous phase was
extracted with EtOAc (3 x 4 mL), combined organic phases were dried over MgS0O, and concentrated
under reduced pressure. Purification by FC (EtOAc:hexane 3:1) gave the title compound (24.7 mg,
0.045 mmol, 53%) presenting exclusively B-anomeric linkage.

Analytics: Rs = 0.37 (EtOAc:hexane, 3:1). 'H NMR (400 MHz, Chloroform-d) 6 8.72 (s, 1H), 7.83 (d, J =
7.5 Hz, 1H), 7.79 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 8.1 Hz, 2H), 7.33 - 7.21 (m, 6H), 5.67 (dd, J = 10.3, 1.6
Hz, 1H), 4.60 (d, J = 11.6 Hz, 1H), 4.43 (d, J = 11.6 Hz, 1H), 3.60 (dq, J = 8.8, 6.1 Hz, 1H), 3.12 - 3.00 (m,
1H), 2.32 = 2.18 (m, 2H), 1.70 — 1.51 (m, 1H), 1.42 — 1.33 (m, 1H), 1.29 (d, J = 6.1 Hz, 3H). **C NMR
(101 MHz, Chloroform-d) 6 161.83, 138.44 (2 C), 138.12, 129.26, 128.63 (2 C), 128.02 (2 C), 127.94 (2
C), 101.01, 83.38, 77.99, 77.67, 71.35, 30.92, 27.94, 18.60. HRMS (MALDI): 568.0704 [M+Nal*;
calculated for [C24H24INsNaOQ,]: 568.0703. HRMS (ESI): 546.0876 [M+H]*; calculated for [C24H25IN304]:
546.0884. [a]*% = +114.5 (c = 0.2, CHCl5). IR [ATR, neat]: v = 3730.14 w, 2924.04 w, 1669.57 m,
1555.79 w, 1484.44 m, 1300.75 w, 1259.29 w, 1106.94 w, 1008.11 w, 670.14 w cm-1.
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Experimental

A-110 (2R,4S)-tert-butyl 4-((4-((1-((2R,5S,6R)-5-(benzyloxy)-6-methyltetrahydro-2H-pyran-2-yl)-2-
ox0-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-2-(tert-butyl)-4-methyloxazolidine-3-

carboxylate

O

OBn
U /©)L )\/l MeCN @ N
_—_—
Bno\\ /’} O )\)

NBoc o

.ll§
.ll§

NBoc H
tBu tBu

Assay: A-53 (153.3 mg, 0.31 mmol, 1.45 equiv) was dried in a 10 mL round bottom flask over night
under high vaccum (103 mbar). It was then suspended in dry MeCN (1.5 mL) and N,O-
bis(trimethylsilyl)acetamid (0.10 mL, 0.42 mmol, 2.0 equiv) was added at room temperature. After 30
min of stirring, A-103 (50.0 mg, 0.21 mmol, 1.0 equiv) dissolved in MeCN (1.1 mL) was added,
followed by dropwise addition of freshly distilled (over P,0s) SnCl4 (0.037 mL, 0.317 mmol, 1.5 equiv)
in MeCN (1 mL), which was prepared as a stock solution. The reaction mixture was stirred for 150
min at ambient temperature and meanwhile monitored via LC-MS. The reaction mixture was then
dropwise given into a stirring solution of saturated aqueous NaHCOs (4 mL) and the aqueous phase
was extracted with EtOAc (3 x 4 mL), combined organic phases were dried over MgSO, and
concentrated under reduced pressure. Purification by FC (EtOAc:hexane 3:1 -> EtOAc) gave the title
compound (106.7 mg, 0.15 mmol, 72%) as a white/yellowish foam.

Analytics: Rf = 0.19 (EtOAc:hexane, 3:1). 'H NMR (400 MHz, Chloroform-d) & 10.39 (s, 1H), 8.69 (s,
1H), 7.91 — 7.86 (m, 3H), 7.69 (d, J = 8.7 Hz, 2H), 7.53 (s, 1H), 7.40 — 7.29 (m, 5H), 5.76 (dd, J = 10.3,
1.6 Hz, 1H), 5.21 (s, 1H), 4.81 (d, J = 8.8 Hz, 1H), 4.67 (d, J = 11.6 Hz, 1H), 4.50 (d, J = 11.6 Hz, 1H), 3.81
(d, J =9.0 Hz, 1H), 3.73 - 3.61 (m, 1H), 3.21 — 3.08 (m, 1H), 2.43 — 2.24 (m, 2H), 1.72 (s, 3H), 1.70 -
1.61 (m, 1H), 1.54 (s, 9H), 1.49 — 1.40 (m, 1H), 1.36 (d, J = 6.1 Hz, 3H), 0.91 (s, 9H).13C NMR (101 MHz,
CDCl3) § 171.93, 162.13, 156.06, 154.51, 144.40, 143.01, 138.40, 138.13, 129.05, 128.61 (2 C), 127.99
(2 C), 127.93 (2 C), 119.49 (2 C), 98.11, 96.88, 83.36, 83.16, 77.93, 77.71, 77.36, 76.15, 71.32, 68.18,
38.33, 30.94, 28.28 (3 C), 27.95, 26.25 (3 C), 22.22, 18.59. HRMS (ESI): 726.3467 [M+Na]*; calculated
for [CsgHaoNsNaOs]: 726.3473. [a]*’% = -06.00 (c = 0.5, CHCl3). IR [ATR, neat]: v = 2971.77 w, 2931.75
w, 1694.16 m, 1666.2 m, 1666.2 m, 1597.73 m, 1484.44 s, 1361.98 m, 1307.5 m, 1249.16 s, 1164.31
m, 1103.57 m, 784.40 w cm-1. m.p. = 110°C.
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Experimental

A-116 tert-butyl(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-yl)oxy)dimethylsilane

TBSCI, imidazole, DMAP

—
HOY TBSOW

Assay: A-79 (31.0 mg, 0.21 mmol) was dissolved in CH,Cl; (1.2 mL), imidazole (28.9 mg, 0.42 mmol,
2.0 equiv), DMAP (1.3 mg, 0.01 mmol, 0.05 equiv) was added and the reaction mixture was cooled to
0 °C. Under vigorous stirring, TBSCI (0.042 mg, 0.28 mmol, 1.30 equiv) was added and the reaction
mixture was allowed to reach room temperature. After 1 h no full consumption of starting material
was observed (via TLC, EtOAc:Hex 1:1), thus the reaction was heated up to 40 °C for 5 h. The reaction
temperature was then lowered to 24 °C and the mixture was stirred over night. The reaction was
guenched with saturated agueous NaHCOs; (5 mL) and the remaining white solids, were washed with
EtOAc (2 mL). The organic phase was again washed with H,O (2 mL) and the aqueous phase was then
extracted with EtOAc (3 x 2 mL) and dried over MgSQO,. The solvent was evaporated under reduced
pressure. The crude oil was purified by FC (EtOAc:hexane, 1:10) giving the desired target molecule

(49.2 mg, 0.19 mmol, 89%) as a clear oil.

Analytics: Rs = 0.56, EtOAc:hexane (1:10). *H NMR (400 MHz, Chloroform-d) § 4.62 — 4.58 (m), 4.34
(dd, J=9.0, 2.1 Hz), 3.58 (dq, J = 9.0, 6.2 Hz), 3.47 (s), 3.34 (s), 3.30—3.19 (m), 1.98 — 1.66 (m), 1.25
(d, J=5.9Hz), 1.19 (d, J = 6.2 Hz), 0.88 (s, 13H), 0.06 (s), 0.06 (s). *C NMR (101 MHz, Chloroform-d) &
102.72, 97.51, 76.28, 72.93, 72.48, 69.53, 56.37, 54.47, 31.77, 30.83, 29.86, 29.69, 28.32, 25.93,
25.86, 18.58, 18.49, 18.11, -2.79, -3.89, -3.99, -4.57, -4.60. HRMS (ESI): 283.1705 [M+Na]*; calculated
for [Ci3H28Na0sSi]: 283.1700. IR [ATR, neat]: v = 2953.45 m, 2931.27 m, 2892.7 m, 2857.02 m,
1467.56 m, 1254.47 m, 1128.15 s, 1057.76 s, 916.022 m, 835.991 s, 774.28 s, 670.143 m cm™™.

Remarks: No integrals are given for the *H due to overlap of signals (anomeric mixture).
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Experimental

A-115 (2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-yl acetate

Ac,0, DMAP, NEt3

O. _OMe CHyCly, rt O _OMe
O —
HOW AcO™

Assay: To a solution of alcohol A-79 (50 mg, 0.34 mmol, 1.0 equiv) in CH,Cl; (3.2 mL) was added NEts
(104 pL, 0.75 mmol, 2.2 equiv), Ac;0 (71 uL, 0.75 mmol, 2.2 equiv) and a catalytic amount of DMAP.
The reaction was monitored via TLC and was found to be completed after 2 h. The reaction was then
qguenched with saturated aqueous NH.Cl solution (2 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (3 x 2 mL). Combined organic phases were dried over
MgS0,4 and concentrated under reduced pressure. The crude oil was purified by FC (ether:pentane,

1:5) to give the acylated product (54.6 mg, 0.29 mmol, 85%).

Analytics: Rf = 0.39, EtOAc:hexane 1:5 resp. Rf = 0.49, EtOAc:hexane 1:5. 'H NMR (400 MHz,
Chloroform-d) 6 4.64 (d, /= 1.9 Hz), 4.53 —4.34 (m), 3.83 - 3.72 (m), 3.48 (s), 3.35 (s), 2.21—2.12 (m),
2.05 (s), 1.97 - 1.84 (m), 1.84—1.73 (m), 1.23 (d, J = 6.3 Hz), 1.16 (d, J = 6.3 Hz).
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Experimental

A-118 (2R,4S)-tert-butyl 2-(tert-butyl)-4-methyl-4-((4-((1-((2R,5S,6R)-6-methyl-5-
((trimethylsilyl)oxy)tetrahydro-2H-pyran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-

yl)carbamoyl)phenyl)carbamoyl)oxazolidine-3-carboxylate

(0]

. NJLNH j\ o OTBS
| BSA, SnCl,, o
O _OMe o NJ\/ MeCN, rt - 40°C O N7ONY
+ Me H > )I\/l
TBSOW B N Q N
H Me H
o\(NBoc o\ N
\ H
NBoc
tBu tBu

Assay: A-53 (27.2 mg, 0.054 mmol, 1.2 equiv) was dried in a flame dried 5 mL round bottom flask
over night at high vaccum (103 mbar). It was then suspended in MeCN (0.3 mL) and N,O-
bis(trimethylsilyl)acetamid (0.022 mL, 0.091 mmol, 2.0 equiv) was added at room temperature which
instantly turns the brown suspension into a homogeneous dark brown solution. After 30 min of
stirring, A-116 (11.8 mg, 0.045 mmol, 1.0 equiv), which was azeotropically dried with benzene (3 x 1
mL), dissolved in MeCN (0.4 mL) was added, followed by freshly distilled SnCl4 (8 ul, 0.068 mmol, 1.5
equiv) in MeCN (0.25 mL), which was prepared as a stock solution. The reaction mixture was stirred
for 16 h at ambient temperature and meanwhile monitored via LC-MS. At that point, starting
material was still existing and therefore the reaction mixture was heated to 40°C for additional 2 h. It
was then allowed to reach ambient temperature and was quenched with saturated aqueous NaHCO;
(few drops). H20 (1 mL) was added. The layers were separated and the aqueous phase was extracted
with EtOAc (5 x 2 mL). The organic layers were combined, dried over MgSO,4 and concentrated under
reduced pressure The brown crude was purified by FC (EtOAc:hexane, 1:1) to give the title compound
as a yellowish powder (10 mg, 0.014 mmol, 30%).

Analytics: Rf = 0.35 (EtOAc:hexane, 1:1). *H NMR (400 MHz, CDCl3) 6 10.36 (s, 1H), 8.85 (s, 1H), 7.96 —
7.85 (m, 3H), 7.69 (d, J = 8.7 Hz, 2H), 7.53 (d, J = 5.4 Hz, 1H), 5.75 (d, J = 10.3 Hz, 1H), 5.21 (s, 1H),
4.81 (d, J = 8.6 Hz, 1H), 3.81 (d, J = 9.0 Hz, 1H), 3.53 (tt, J = 12.2, 6.1 Hz, 1H), 3.31 (td, J = 10.5, 4.6 Hz,
1H), 2.28 (d, J = 12.2 Hz, 1H), 2.14 - 1.99 (m, 1H), 1.73 (s, 3H), 1.74 - 1.62 (m, 1H), 1.54 (s, 9H), 1.55 -
1.42 (m, 1H), 1.29 (d, J = 6.1 Hz, 3H), 0.91 (s, 9H), 0.89 (s, 9H), 0.09 (d, J = 2.4 Hz, 6H). **C NMR (101
MHz, Chloroform-d) 6 171.94, 162.20, 144.56, 143.00, 129.11 (2 C), 119.49 (2 C), 98.12, 83.41, 83.17,
79.48, 76.17, 72.00, 68.20, 38.35, 32.02, 31.27, 29.84, 28.29 (3 C), 26.27 (3 C), 25.87 (3 C), 22.23,
18.60, 18.08, -3.93, -4.59.
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Experimental

A-60 (2R,4S)-tert-butyl 2-(tert-butyl)-4-((4-((1-((2R,5S,6R)-5-hydroxy-6-methyltetrahydro-2H-pyran-2-

yl)-2-oxo0-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-4-methyloxazolidine-3-carboxylate

H B H H
O NJI\N\\‘ DDQ, O NJI\N\\‘
l CH2CI2, rt l
o A _ ot o A

Me H Me H
E N 2 N

H H

o. NBoc o. NBoc

tBu tBu

Assay: To a solution of benzyl protected A-110 (14.5 mg, 20.6 umol, 1.0 equiv) in CHyCl; (0.2 mL) was
added pH 7 phosphate buffer (0.5 M, 20 uL) and DDQ (23.4 mg, 103 umol, 5.0 equiv). The reaction
mixture was stirred at ambient temperature and monitored via LC-MS. After 27 h the reaction did
not proceed any longer and starting material was still existing, thus another 5.0 equiv of DDQ was
added. Again, another 5.0 equiv of DDQ was added after 44 h and additional phosphate buffer (0.5
M, 20 ulL). After 66 h starting material was fully consumed. The crude was then directly applied to a
flash column (EtOAc —> EtOAc:MeOH 5%) without evaporating solvents or working the reaction up.
The fractions containing the product were then collected and extracted with pH 7 buffer to give the
title compound as a yellow powder (8.6 mg, 0.014 mmol, 68%).

Analytics: R = 0.24 (EtOAc:MeOH (5%)). 'H NMR (400 MHz, Chloroform-d) § 10.36 (s, 1H), 9.25 (s,
1H), 7.91(d, J=7.9 Hz, 3H), 7.68 (d, J = 8.7 Hz, 2H), 7.53 (s, 1H), 5.76 (dd, J = 10.4, 1.9 Hz, 1H), 5.20 (s,
1H), 4.80 (d, J = 8.8 Hz, 1H), 3.81 (d, J = 9.0 Hz, 1H), 3.65 (s, 1H), 3.55 (dq, J = 9.0, 6.1 Hz, 1H), 3.40 -
3.28 (m, 1H), 2.29 (d, J = 12.3 Hz, 1H), 2.24 - 2.16 (m, 1H), 1.72 (s, 3H), 1.72 — 1.66 (m, 1H), 1.53 (s,
9H), 1.50 (m, 1H), 1.37 (d, J = 6.1 Hz, 3H), 0.91 (s, 9H). **C NMR (101 MHz, CDCl5) & 171.96, 162.39,
156.05, 154.58, 144.43, 142.95, 129.20 (2 C), 128.10, 119.47 (2 C), 98.11, 97.04, 83.38, 83.17, 79.20,
76.15, 71.27, 68.19, 38.33, 31.58, 31.21, 28.27 (3 C), 26.26 (3 C), 22.22, 18.26. HRMS (ESI): 636.2996
[M+Na]*; calculated for [C31H43NsNaOs]: 636.3004. [a]*% = -35.53 (c = 0.076, MeOH). IR [ATR, neat]: v
=3387.35w, 2971.77 w, 2930.3 w, 1693.19 m, 1657.52 m, 1597.73 m, 1483.96 s, 1305.57 m, 1248.68
s, 1162.87 s, 1051.98 s, 852.383 w, 784.886 m cm-+. m.p.: 155 °C.

Remarks: second proton spectrum shows that upon prolonged drying (remove residual EtOAc) the

compound starts to decompose.
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Experimental

A-60 tert-butyl(2R,4S)-2-(tert-butyl)-4-((4-((1-((2R,5S,6R)-5-hydroxy-6-methyltetrahydro-2H-pyran-2-
yl)-2-oxo0-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-4-methyloxazolidine-3-carboxylate

H TB ; H
1) NJI\N\\‘ NEt3'3HF, 0 NJJ\N\\‘
| THF |
o ANA L ANA
Me H Me H
-, ” -, H
o. ,NBoc o. ,NBoc
tBu tBu

Assay: To a stirring solution of A-118 (7.5 mg, 0.01 mmol, 1.0 equiv) in THF (1.0 mL) was added
NEts:HF (17 pL, 0.1 mmol, 10.0 equiv) at 0 °C. The reaction was allowed to reach ambient
temperature and was stirred for 9 h whereas no conversion of starting material was observed. Thus
another aliquot of NEt;-HF (100 pL) was added and the reaction was allowed to stir over the weekend
at ambient temperature. TLC analysis indicated decomposition of starting material. The reaction
mixture was quenched with saturated aqueous NaHCOs (1 mL). The aqueous phase was extracted
with EtOAc (3 x 2 mL). The combined organic phases were dried over MgSQO,. Purification by FC
(EtOAc) gave a very small amount of product (roughly 1 mg) and several side products.

Analytics: Rf = 0.28 (EtOAc:hexane, 1:1).
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A-60 tert-butyl(2R,4S)-2-(tert-butyl)-4-((4-((1-((2R,5S,6R)-5-hydroxy-6-methyltetrahydro-2H-pyran-2-
yl)-2-oxo0-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-4-methyloxazolidine-3-carboxylate

AOTBS A _OH
0 NJI\N\“ TBAF, AcOH, o) N)LN\“
| THF,0°C - rt |
o A o A
Me H Me H
<, H <, H
o. ,NBoc o. ,NBoc
tBu tBu

Assay: To a solution of TBS protected pyranol (11 mg, 15.1 umol, 1.0 equiv) in THF (0.6 ml) at
ambient temperature was added TBAF (16.6 pl/1M in THF, 16.6 umol, 1.1 equiv) followed by AcOH
(0.2 pl, 3.0 umol, 0.2 equiv). After 8 h at room temperature very little product formation was
observed by TLC (EtOAc:MeOH (5%)). Thus, the reaction was stirred over night. Still a lot of starting
material was present — thus, another 1.1 equiv of TBAF in THF was added. The reaction temperature
was then raised to 40°C and the reaction mixture was stirred as such for 4 h. Starting material was
fully consumed. The reaction was then diluted with EtOAc (2 ml) and quenched with saturated
aqueous NHCIl; (2 ml). The two phases were separated and the aqueous phase was twice extracted
with EtOAc (5 ml). The combined organic phases where dried over Mg,S0O, and the solvent was
evaporated under reduced pressure. The crude oil was purified by FC (EtOAc:MeOH 5%) giving LL109-
5 was a white solid (6.2 mg, 0.101 mmol, 67%).
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Experimental

A-121 (2R,3R,4S,5R,6S)-2-(hydroxymethyl)-6-(phenylthio)tetrahydro-2H-pyran-3,4,5-triol

OAc . OH
o SPh 30% NaOMe,

MeOH, 0 °C O SPh

AcO “OAc HO “IOH
OAc OH

Assay: A-120 (4.9 g, 11.12 mmol, 1.0 equiv) was dissolved in MeOH (73.5 mL) and cooled to 0 °C.
NaOMe (30 wt % in MeOH, 7.6 mL, 33.37 mmol, 3.0 equiv) was then added and the reaction mixture
was stirred for 20 min. TLC analysis confirmed full conversion of starting material. In order to
neutralize the reaction mixture, Amberlyst 15 was added (approximate). After stirring for additional 5
min, the reaction mixture was filtered over cotton wool and the filtrate was concentrated under
reduced pressure. Co-evaporation with toluene gave the title compound as a white powder in
guantitative yield.

Analytics: '"H NMR (400 MHz, MeOD) & 7.57 — 7.53 (m, 2H), 7.31 — 7.19 (m, 3H), 4.59 (d, J = 9.7 Hz,
1H), 3.91 (d, J = 3.2 Hz, 1H), 3.74 (qd, J = 11.5, 6.0 Hz, 2H), 3.61 (t, / = 9.4 Hz, 1H), 3.58 — 3.54 (m, 1H),
3.50 (dd, J = 9.2, 3.3 Hz, 1H). *C NMR (101 MHz, MeOD) & 136.13, 132.09 (2 C), 129.85 (2 C), 127.98,
90.33, 80.61, 76.43, 71.08, 70.50, 62.64.

Compound literature known

191



Experimental

C11LL043-2-crude
pnmr_1H_16 MeOD /v pkanmr 43

J L |
44d 3 52
@S S 223395
- @ QP i
T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3 -4
f1 (ppm)
C11LL043-2-crude 838% @ 2988 3
pnmr_13C_1024 MeOD /v pkanmr 43 anaR s EREE o
VN AN
!
|
!
T T T T T T T T T T T T T T T T T T T T T T T T
50 240 230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

192



Experimental

A-122 (2S,4aR,6S,7R,8R,8aR)-2-phenyl-6-(phenylthio)hexahydropyrano(3,2-d][1,3]dioxine-7,8-diol

OH PhCH(OMe),, O ,SPh
O _»SPh TsOH, MeCN 0
> Ph)\O “OH
l,,
HO OH I
OH

Assay: A-121 (8.1 g, 29.74 mmol, 1.0 equiv) was suspended in MeCN (75 ml) and a,a-
dimethoxytoluene (5.8 ml, 38.67 mmol, 1.3 equiv), pTsOH (85 mg, 0.45 mmol, 0.02 equiv) were then
added. Upon addition of the acid, the starting material is getting completely dissolved. The product is
built within 2 h and precipitates as a white solid, which can then be filtered off. Both, the pTsOH and
a,a-dimethoxytoluene were removed by washing with hexane and very little MeOH. Pure product
was obtained as a white solid (10.02g, 27.8 mmol, 93%).

Analytics: R¢ = 0.23, EtOAc. *H NMR (400 MHz, CDCls) 6 7.69 (dd, J = 8.0, 1.6 Hz, 2H), 7.42 — 7.27 (m,
8H), 5.52 (s, 1H), 4.51 (d, J = 9.2 Hz, 1H), 4.39 (dd, J = 12.5, 1.5 Hz, 1H), 4.23 (d, J = 1.9 Hz, 1H), 4.04
(dd, J = 12.5, 1.8 Hz, 1H), 3.75 — 3.64 (m, 2H), 3.57 (d, J = 1.2 Hz, 1H), 2.52 (dd, J = 11.2, 4.9 Hz, 1H).
13C NMR (101 MHz, CDCls) & 137.70, 133.92, 129.52, 129.11, 128.39, 126.66, 101.58, 87.15, 75.47,
73.97,70.24, 69.44, 68.99.

Compound literature known
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Experimental

A-123 (2S,4aR,6S,7R,8S,8aS)-7,8-bis(benzyloxy)-2-phenyl-6-(phenylthio)hexahydropyrano[3,2-
d][1,3]dioxine

0 SPh NaH, BnBr, (0] SPh
i DMF i
II é II
Ph” O ‘OH Ph” ~O ‘OBn
OH OBn

Assay: In a flame dried round bottom flask A-122 (630 mg, 1.75 mmol, 1.0 equiv) was dissolved in
DMF (17 mL). NaH (60% in mineral oil, 210 mg, 5.24 mmol, 3.0 equiv) was added and the reaction
mixture was stirred for 1 h at ambient temperature before BnBr (0.52 mL, 4.37 mmol, 2.5 equiv) was
given to the reaction mixture. The reaction mixture was stirred over night and then quenched by the
addition of MeOH. Saturated aqueous NH4Cl was added in order to neutralize the reaction. The
biphasic mixture was poured into a separatory funnel and the two phases were separated. The
aqueous phase was washed with CHCI; (3 x 10 mL). The combined organic phases were dried over
MgSO,4 and concentrated under reduced pressure. The pale crystalline crude was purified by FC
(EtOAc:hexane 3:1 -> 1:1 -> pure EtOAc) to give the title compound (703.3 mg, 1.3 mmol, 75%).
Analytics: Rs = 0.42, (EtOAc:hexane, 1:1). 'H NMR (400 MHz, CDCls) § 7.71 (m, 2H), 7.53 (m, 2H), 7.44
—7.27 (m, 13H), 7.24 - 7.15 (m, 3H), 5.49 (s, 1H), 4.71 (dd, J = 7.0, 2.5 Hz, 4H), 4.62 (d, J = 9.6 Hz, 1H),
4.38 (dd, J=12.3,1.5Hz, 1H), 4.16 (d, J = 2.8 Hz, 1H), 3.99 (dd, J = 12.3, 1.6 Hz, 1H), 3.90 (t, J = 9.4 Hz,
1H), 3.63 (dd, J = 9.2, 3.4 Hz, 1H), 3.43 (d, J = 0.9 Hz, 1H). ®*C NMR (101 MHz, CDCl;) & 138.65, 138.28,
138.04, 132.93 (2 C), 132.89, 129.21, 129.02 (2 C), 128.56 (2 C), 128.50 (2 C), 128.36 (2 C), 128.32 (2
C), 127.97 (2 C), 127.86, 127.61, 126.76 (2 C), 101.52, 86.70, 81.55, 75.62, 75.54, 73.88, 72.02 (2 C),
70.02, 69.59.

Compound literature known
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Experimental

A-124 (2R,3S,4S,5R,6S)-4,5-bis(benzyloxy)-2-(hydroxymethyl)-6-(phenylthio)tetrahydro-2H-pyran-3-ol

OH

O ,SPh CSA,
m VoOH O LSPh
’y —_—
Ph” O ‘OB ",
: HO “OBn
OBn
OBn

Assay: A-123 (2.87 g, 5.31 mmol, 1.0 equiv) was suspended in MeOH (50 mL) and CSA (0.62 g, 2.66
mmol, 0.5 equiv) was added. The reaction was stirred at ambient temperature 60 h. Complete
consumption of starting material was observed by TLC, (EtOAc:hexane, 1:1). The reaction was
guenched with saturated aqueous NaHCOs and the biphasic mixture was poured into a separatory
funnel. The aqueous phase was extracted with EtOAc (3 x 15 mL). The combined organic layers were
dried over MgS0, and concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:1)
gave the title compound (2.07 g, 4.57 mmol, 86%).

Analytics: Rs = 0.22, (EtOAc:hexane, 1:1). 'H NMR (400 MHz, CDCl5) & 7.58 — 7.52 (m, 2H), 7.45 — 7.27
(m, 13H), 4.84 (d, J = 10.3 Hz, 1H), 4.75 (d, J = 10.3 Hz, 1H), 4.71 (s, 2H), 4.65 (d, J = 9.8 Hz, 1H), 4.05
(s, 1H), 4.01—-3.92 (m, 1H), 3.80 — 3.70 (m, 2H), 3.59 (dd, J = 8.9, 3.3 Hz, 1H), 3.50 (dd, J = 6.3, 4.6 Hz,
1H), 2.59 (s, 1H), 2.13 — 2.00 (m, 1H). 3C NMR (101 MHz, CDCls) 6 138.23, 137.64, 133.77, 132.00 (2
C), 129.12 (2 C), 128.76 (2 C), 128.55 (2 C), 128.41 (2 C), 128.28, 128.07 (2 C), 128.02, 127.66, 87.73,
82.55, 78.15, 75.93, 72.49 (2 C), 67.56, 62.97.

Compound literature known
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Experimental

A-125 (2R,3R,4S,5R,6S)-4,5-bis(benzyloxy)-3-hydroxy-6-(phenylthio)tetrahydro-2H-pyran-2-yl 4-

methylbenzenesulfonate

OH TsCl, OTs
O_,SPh pyridine, 0°C - rt O_,SPh
>
HO “0Bn HO “0Bn
OBn OBn

Assay: A-124 (2.36 g, 5.21 mmol, 1.0 equiv) was dissolved in pyridine (50 mL) and tosyl chloride (1.49
g, 7.81 mmol, 1.5 equiv) was added at 0 °C. The reaction mixture was then allowed to warm to room
temperature and continued to stir over night. It was then quenched with H,O (70 mL) and extracted
with CHCI3 (3 x 50 mL). The combined organic phases were then again washed with H,O (70 mL),
dried over MgS0, and concentrated under reduced pressure. The clear, viscous liquid was purified by
FC (EtOAc:hexane, 1:2) to give the title compound (2.79 g, 4.60 mmol, 88%).

Analytics: R¢ = 0.33, (EtOAc:Hexane 1:2). *H NMR (400 MHz, CDCl3) § 7.73 (d, J = 8.3 Hz, 2H), 7.46 (m,
2H), 7.36 — 7.17 (m, 15H), 4.75 (d, J = 10.4 Hz, 1H), 4.66 (d, J = 10.4 Hz, 1H), 4.60 (s, 2H), 4.52 (d, J =
9.8 Hz, 1H), 4.26 — 4.14 (m, 2H), 3.93 (d, J = 2.4 Hz, 1H), 3.69 — 3.58 (m, 2H), 3.50 (dd, J = 8.9, 3.2 Hz,
1H), 2.33 (s, 3H). 3C NMR (101 MHz, CDCls) & 145.09, 138.13, 137.49, 133.70, 132.61, 131.77 (2 C),
130.02 (2 C), 129.01 (2 C), 128.68 (2 C), 128.47 (2 C), 128.30 (2 C), 128.22, 128.09 (2 C), 128.01 (2 C),
127.95, 127.56, 87.54, 82.07, 76.74, 75.77, 75.40, 72.46 (2 C), 68.67, 66.23, 21.71.

Compound literature known
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Experimental

A-126 (2R,3S,4S,5R,6S)-4,5-bis(benzyloxy)-2-methyl-6-(phenylthio)tetrahydro-2H-pyran-3-ol

OTs

LIBEtzH, THF 0_,SPh
OSSP then Hy0,, 0°C - 1t
> “0OBn
o "o HO

OBn OBn

Assay: A-125 (7.20 g, 11.86 mmol, 1.0 equiv) was dissolved in THF (28 mL) and super hydride (1 M in
THF, 35.58 mL, 3.0 equiv) was then added via syringe pump (25 mL Hamilton, 0.8 mL/min) at ambient
temperature. An effervescence was observed when adding the first few drops of superhydride. After
full addition the clear solution was stirred for 2.5 h at 24 °C, the reaction mixture was then cooled to
0 °C and MeOH (about 10 mL, until the effervescence has ceased) followed by H,0, 30% (24.22 mL,
added via syringe pump; 25 mL Hamilton, 0.8 mL/min) was added cautiously. After stirring for 10
min, the reaction mixture was stirred at 40°C for 30 min in order to quench the excess H,0,. The
mixture was then extracted with CH,Cl; (3 x 30 mL). The combined organic phases were then dried
over MgSO, and concentrated under reduced pressure. The vicious oil was purified by FC
(EtOAc:hexane, 1:4 -> 1:3 -> 1:2) to give the title compound as a clear oil (3.94 g, 9.01 mmol, 76%)
Analytics: Rf = 0.39 (EtOAc:hexane, 1:2). 'H NMR (400 MHz, Chloroform-d) 6 7.54 — 7.48 (m, 2H), 7.36
—7.32 (m, 2H), 7.30 — 7.20 (m, 11H), 4.76 (d, J = 10.3 Hz, 1H), 4.67 (d, J = 10.4 Hz, 1H), 4.64 (d, J = 1.7
Hz, 2H), 4.53 (d, J = 9.7 Hz, 1H), 3.78 — 3.72 (m, 1H), 3.62 (t, J = 9.3 Hz, 1H), 3.55 — 3.47 (m, 2H), 2.20
(d, J=3.1Hz, 1H), 1.30 (d, J = 6.5 Hz, 3H).3C NMR (101 MHz, Chloroform-d) & 138.37, 137.82, 134.10,
132.10 (2 C), 128.99 (2 C), 128.70 (2 C), 128.52 (2 C), 128.41 (2 C), 128.17, 128.04 (2 C), 127.95,
127.51, 87.68, 83.03, 76.98, 75.85, 74.35, 72.31, 69.54, 16.91.

Compound literature known
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Experimental

A-127 (2R,3S,4R,5R,6S)-4,5-bis(benzyloxy)-2-methyl-6-(phenylthio)tetrahydro-2H-pyran-3-yl

methanesulfonate

0O_,SPh MsCl, O._,SPh NaNg, 0O_,SPh
pyridine, 0 °C DMF, 100 °C
B —_— , —_— ’
HO “OBn MsO “OBn N3 “OBn

OBn OBn OBn

Assay: In a flame dried round bottom flask, A-26 (495 mg, 1.13 mmol, 1.0 equiv) was dissolved in dry
pyridine (6.3 mL) and the reaction mixture was cooled to 0 °C. MsCl (0.26 mL, 3.4 mmol, 3.0 equiv)
was then added dropwise and the reaction mixture was stirred for 3 h at 0 °C. The reaction was then
guenched with H,O (15 mL) and the majority of pyridine was then evaporated under reduced
pressure. The aqueous phase was extracted with diethyl ether (3 x 8 mL). The combined organic
phases were then washed with 0.5 M CuSO4 (3 x 8 mL), H,0 (2 x 4 mL), brine (2 x 8 mL) and dried over
MgSO, and concentrated under reduced pressure. Crucial that all copper is removed - NaN3 forms
highly explosive azides with metals such as Cu.

The crude mesylate was dissolved in DMF (6 mL), NaNs (368.6 mg, 5.67 mmol, 5.0 equiv) was added
and the reaction mixture was heated to 100 °C for 30 h. The reaction was then cooled to ambient
temperature and diluted with diethyl ether, transferred to a separatory funnel and mixed with
saturated aqueous NaHCOs (6 mL). The two phases were separated and the aqueous phase was
extracted with diethyl ether (3 x 6 mL). Combined organic phases were dried over MgSO, and
concentrated under reduced pressure. The crude was then purified by FC (EtOAc:hexane 1:20) to give
the desired title compound (334 mg, 0.72 mmol, 64%).

Analytics: Rf = 0.39 (EtOAc:hexane, 1:10). *H NMR (400 MHz, CDCls3) § 7.48 — 7.43 (m, 2H), 7.35—-7.20
(m, 13H), 4.86 (d, J = 10.3 Hz, 1H), 4.79 (q, J = 10.6 Hz, 2H), 4.65 (d, J = 10.3 Hz, 1H), 4.55 (d, J =9.4
Hz, 1H), 3.44 (dt, J = 19.6, 8.7 Hz, 2H), 3.24 — 3.07 (m, 2H), 1.32 (d, J = 6.0 Hz, 3H). *C NMR (101 MHz,
CDCls) 6 137.98, 137.78, 132.22, 129.12, 128.64, 128.36, 128.29, 128.14, 127.86, 87.76, 84.91, 81.10,
75.95, 75.60, 74.99, 67.91, 18.91. HRMS (ESI): 484.1662 [M+Na]*; calculated for [CasH,7N3NaOsS]:
484.1665. [a]°s = +80.90 (c = 1.0, CHCls). IR [ATR, neat]: v = 2868.59 w, 2105.88 s, 1453.10 w,
1356.68 w, 1128.15 m, 1091.51 m, 1068.37 m, 742.46 m, 696.18 m cm-1.

Compound literature known
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Experimental

A-128 (2R,3R,4S,5R,6S)-4,5-bis(benzyloxy)-N,N, 2-trimethyl-6-(phenylthio)tetrahydro-2H-pyran-3-

O__SPh  Pd/C, Hy, O__SPh  Pd/C, Hy, O ,SPh
MeOH EtOH
N “OBn HNY “OBn R \ril“ “OBn

OBn OBn OBn
HJLH

amine

Assay: To a stirring solution of A-127 (206 mg, 0.45 mmol, 1.0 equiv) in dry MeOH (4.4 mL), was
added Pd/C (10 wt %, 47.5 mg, 10 mol %) and the reaction mixture was set under H, atmosphere
(balloon). After stirring for 3.5 h at 23 °C starting material was fully consumed. The crude was then
filtrated over a pad of Celite which was washed with MeOH. Proton NMR and LC-MS confirmed the
full reduction of the azide. No debenzylation was observed. The crude was then dried under reduced
pressure and subsequently dissolved in EtOH (4.4 mL). To the stirring solution was then added Pd/C
(10 wt %, 47.5 mg, 10 mol %) and the reaction mixture was set under H, atmosphere (balloon).
Formaldehyde 37% in water (83 ul, 1.12 mmol, 2.5 equiv) was added and the reaction mixture was
stirred at ambient temperature for 24 h. The crude was then filtrated over a pad of Celite which was
washed with EtOAc. Purification by FC (EtOAc:hexane 1:5) gave the title compound (183.5 mg, 0.40
mmol, 89%).

Analytics: Rf = 0.59 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) § 7.51 — 7.43 (m, 2H), 7.33
—7.19 (m, 13H), 4.86 (d, J = 10.2 Hz, 1H), 4.84 (d, J = 10.8 Hz, 1H), 4.75 (d, J = 10.8 Hz, 1H), 4.62 (d, J =
10.2 Hz, 1H), 4.52 (d, J = 9.9 Hz, 1H), 3.66 (dd, J = 10.0, 8.4 Hz, 1H), 3.43 (dd, J = 9.9, 8.4 Hz, 1H), 3.36
(dd, J=9.9, 6.1 Hz, 1H), 2.38 (s, 6H), 2.41 — 2.32 (m, 1H), 1.26 (d, J = 6.1 Hz, 3H)."3C NMR (101 MHz,
CDCls) 6 138.88, 138.31, 134.49, 131.78 (2 C), 129.00 (2 C), 128.57 (2 C), 128.50 (2 C), 128.35 (2 C),
127.95, 127.93 (2 C), 127.68, 127.42, 87.64, 82.73, 81.83, 75.36, 74.97, 74.33, 70.08, 42.05 (2 C),
19.70. HRMS (ESI): 464.2247 [M+H]*; calculated for [CasH3sNOsS]: 464.2254. [a]*°> = +39.00 (c = 1.0,
CHCI3). IR [ATR, neat]: v=3671.32 m, 2984.3 s, 2904.27 m, 1406.33 m, 1246.27 m, 1070.3 s, 894.33 w

cm-1.
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Experimental
A-129 (2R,3R,4S,5R)-4,5-bis(benzyloxy)-6-fluoro-N,N,2-trimethyltetrahydro-2H-pyran-3-amine

Me 0) SPh HF-Pyr, NBS Me 0) F
CH,Cly, -35 - 0 °C
N “,  al N, .,
rlu‘ “OBn T\ “0Bn

OBn OBn

Assay: A-128 (166 mg, 0.36 mmol, 1.0 equiv) was dissolved in CH,Cl, (5.0 mL) and cooled to -35 °C (in
an acetonitrile/dry ice bath). HF-pyrdidine (70% HF, 0.37 mL), followed by N-bromosuccinimide (69
mg, 0.39 mmol, 1.08 equiv) were then added. The reaction mixture was slowly allowed to warm to 0
°C over 1 h. An aliquot of the reaction mixture was taken and quenched with saturated aqueous
NaHCOs in order to run a TLC, which showed full conversion. The reaction mixture was then diluted
with EtOAc (5 mL) and carefully quenched with saturated aqueous NaHCOs (8 mL) at 0 °C. The
aqueous phase was extracted with EtOAc (3 x 5 mL). Combined organic layers were washed with
saturated aqueous NaHCOs (4 mL), dried over MgSO,4and concentrated under reduced pressure. The
crude deep yellow oil was then purified by FC (EtOAc:hexane 1:10) to give an anomeric mixture of
glycosyl fluoride (111 mg, 0.30 mmol, 83%) as a colourless sticky syrup.

Analytics: R¢ = 0.18 (EtOAc:hexane, 1:10). *H NMR (400 MHz, Chloroform-d) & 7.32 — 7.20 (m, 10H),
5.40 (dd, J = 53.6, 2.6 Hz, 1H), 4.90 (d, J = 10.8 Hz, 1H), 4.74 (d, J = 10.8 Hz, 1H), 3.97 (t, J = 9.6 Hz,
1H), 3.84 (dq, J = 10.2, 6.2 Hz, 1H), 3.48 (ddd, J = 25.7, 9.2, 2.6 Hz, 1H), 2.39 (s, 6H), 2.30 (t, J = 10.2
Hz, 1H), 1.20 (d, J = 6.2 Hz, 3H). *C NMR (101 MHz, Chloroform-d) & 138.88, 137.89, 128.87, 128.72,
128.69, 128.52, 128.49, 128.16, 128.09, 127.79, 127.70, 125.82, 124.40, 81.79, 81.54, 76.35, 75.07,
74.38, 73.40, 69.41, 68.88, 68.83, 42.37, 29.85, 19.22, 19.08. HRMS (ESI): 374.2126 [M+H]%;
calculated for [C22H29FNO3]: 374.2126. IR [ATR, neat]: v = 2968.87 w, 2926.45 w, 29868.59 w, 1452.14
m, 1368.25m, 1164.79 s, 1107.90 s, 1044.26 s, 836.96 w, 739.57 s cm-1.

Compound literature known
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Experimental

A-130 (3R,4S,5S,6R)-5-(dimethylamino)-2-fluoro-6-methyltetrahydro-2H-pyran-3,4-diol

Me (o) F Na/NHg, Me (o) F
THF, -78 °C
\Tw “to8n — “ton

OBn l OH

Assay: In a flame dried 50 mL Schlenk tube, gaseous ammonia was condensed at -78 °C (roughly 6.5
mL). A-129 (107 mg, 0.29 mmol, 1.0 equiv) dissolved in THF (6.5 mL) was added to the ammonia
followed by solid Na (13.2 mg, 0.57 mmol, 2.0 equiv). The sodium was quickly washed with hexane
and roughly weighted. Solid sodium pieces (about 3 x 3 mg) were then subsequently added until the
reaction mixture turned completely blue, which took about 60 min. The deep blue reaction mixture
was stirred for 10 min and then quenched with saturated aqueous NH4Cl (25 mL). The biphasic
mixture was poured into a separatory funnel. The aqueous phase was then separated and extracted
with EtOAc (6 x 10 mL). Combined organic phases were dried over MgS0O, and concentrated under
reduced pressure. No purification by flash column was performed. The crude was used as such for
the following step. Based on crude mass and purity of the proton NMR, the reaction was high
yielding.

Analytics: Rs = 0.3 (EtOAc). *H NMR (400 MHz, Chloroform-d) 6 5.56 (dd, J = 53.6, 2.7 Hz, 1H), 4.09 —
3.99 (m, 1H), 3.76 (t, J = 9.7 Hz, 1H), 3.61 (ddd, J = 24.5, 9.4, 2.9 Hz, 1H), 2.46 (s, 6H), 2.21 (t, J = 10.1
Hz, 1H), 1.30 (d, J = 6.3 Hz, 3H). HRMS (ESI): 194.1188 [M+H]*; calculated for [CsH1,FNOs]: 194.1187.
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A-137 (3R,4S,5R,6R)-5-(dimethylamino)-2-fluoro-6-methyltetrahydro-2H-pyran-3,4-diyl diacetate

Ac,0, DMAP, NEt3

Me O F CH,Cl Me (O~ F
N > N
lil“ “’OH lil“ “OAc

OH OAc

Assay: To a solution of crude diol A-130 (12.8 mg, 66.2 umol, 1.0 equiv) in CH,Cl, (750 pl) was added
NEts (29 ul, 212 umol, 3.2 equiv), Ac;0 (21 pl, 219 umol, 3.3 equiv) and a catalytic amount of DMAP.
The reaction was monitored via TLC analysis and was found to be completed after 2 h. The reaction
was then quenched with saturated aqueous NH,4Cl solution (2 mL). The phases were separated and
the aqueous phase was extracted with EtOAc (3 x 2 mL). Combined organic phases were dried over
MgS0O, and concentrated under reduced pressure. The crude oil was purified by FC (EtOAc:hexane,
1:5) to give the desired title compund (13.3 mg, 48 umol, 72%).

Analytics: R = 0.21 (EtOAc:hexane, 1:5). *H NMR (400 MHz, Chloroform-d) & 5.60 (dd, J = 53.7, 2.8
Hz, 1H), 5.54 (t, J = 10.1 Hz, 1H), 4.02 (dq, J = 10.1, 6.2 Hz, 1H), 2.52 (t, J = 10.4 Hz, 1H), 2.38 (s, 6H),
2.08 (s, 3H), 2.04 (s, 3H), 1.31 (d, J = 6.2 Hz, 3H).
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A-138 (2R,3R,4S,5R,6R)-6-fluoro-N,N, 2-trimethyl-4,5-bis((triethylsilyl)oxy)tetrahydro-2H-pyran-3-

amine

TES triflate, NEt;,

Me O~ F CH,Cl,, -78 °C Meo O _F
v ol
\T“ “OH SN “OTES

OH I OTES

Assay: Crude A-130 (10 mg, 0.052 mmol, 1.0 equiv) was dissolved in CH,Cl; (2.1 mL) and cooled to -78
°C. NEt3 (36 pl, 0.26 mmol, 5.0 equiv) was then added followed by dropwise addition of TES triflate
(26 pl, 0.11 mmol, 2.2 equiv). The reaction was monitored via TLC whereas full consumption of
starting material was confirmed after 10 min at -78 °C. The reaction mixture was then quenched with
saturated aqueous NaHCOs; (2.1 mL) and the two layers were separated. The aqueous layer was
extracted with CH,Cl; (3 x 2 mL). The combined organic phases were dried over MgSO, and
concentrated under reduced pressure to give a slight yellowish crude. Purification by FC (pure
pentane -> EtOAc:hexane, 1:10) gave the desired title compound (22.1 mg, 0.052 mmol, 67%).
Analytics: 'H NMR (400 MHz, Chloroform-d) 6 5.41 (dd, J = 53.5, 2.7 Hz, 1H), 4.00 (dq, J = 10.5, 6.2
Hz, 1H), 3.79 (t, J = 9.1 Hz, 1H), 3.52 (ddd, J = 25.4, 8.5, 2.8 Hz, 1H), 2.40 (s, 6H), 2.18 (t, J = 9.9 Hz 1H),
1.24 (d, J = 6.2 Hz, 3H), 0.97 (td, J = 7.9, 5.9 Hz, 18H), 0.70 — 0.57 (m, 12H). 3C NMR (101 MHz,
Chloroform-d) & 107.58 (d, J = 225.8 Hz), 75.42 — 74.98 (d, J = 24.3 Hz), 71.15, 71.07, 67.64, 41.68,
20.27 (2C), 7.23, 6.97 (3C), 5.46 (3C), 5.30 (3C). HRMS (ESI): 422.2921 [M+H]*; calculated for
[C20H4sFNOsSi,]: 422.2917. [a]®®s = +40.67 (c = 0.75, CHCl3) for a-anomer. [a]®% = +2.11 (c = 0.76,
CHCIs) for B-anomer. IR [ATR, neat]: v = 2954.41 w, 2877.27 w, 1458.89 w, 1415.49 w, 1238.08 w,
1140.69s, 1115.62 s, 1041.37 5, 1017.27 5, 850.45 s, 737.64 s cm-1.
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Experimental

A-139 (3aR,6R,7R,7aS)-2,2-di-tert-butyl-4-fluoro-N,N,6-trimethyltetrahydro-4H-[1,3,2]dioxasilolo[4,5-

Me O _F tBu,Si(OTf),, pyridine, Me O\ wF
CH20|2, 0°-rt W
~ 3 > \M ,,,O
'il ‘OH |

i
O-sj
OH TS
st

c]pyran-7-amine

Assay: To a cooled solution of A-130 (28.5 mg, 0.15 mmol, 1.0 equiv) in CH,Cl, (1.3 mL) at 0 °C was
added pyridine (60 ul, 0.74 mmol, 5.0 equiv) and DTBS ditriflate (72 ul, 0.22 mmol, 1.5 equiv). The
reaction mixture was stirred at 0 °C for 30 min. The reaction mixture was then diluted with MeOH (1
mL) and quenched with saturated aqueous NaHCOs (2.5 mL) and diluted with CH,Cl, (2 mL). The
phases were separated and the aqueous phase was extracted with CH,Cl, (3 x 3 mL), combined
organic phases were dried over MgS0, and concentrated under reduced pressure. Compound smears
on TLC and obtained fractions after column purification do not look cleaner as the crude. Thus, the
crude was used as such in the following reactions. Calculated yield based on the crude: 45 mg, 0.135
mmol, 92%.

Analytics: *H NMR (400 MHz, Chloroform-d) 6 5.76 (dd, J = 57.0, 2.1 Hz, 1H), 4.25 (t, J = 10.3 Hz, 1H),
3.87 (dqg, J=9.7, 6.2 Hz, 1H), 3.61 (ddd, J = 24.7, 10.0, 2.2 Hz, 1H), 2.48 (s, 6H), 2.38 (t, / = 9.5 Hz, 1H),
1.32 (d, J = 6.3 Hz, 3H), 1.09 (s, 9H), 1.06 (s, 9H). HRMS (ESI): 334.2211 [M+H]*; calculated for
[C16H33FNO3Si]: 334.2208. IR [ATR, neat]: v = 2934.16 m, 2859.92 m, 1475.28 m, 1365.35 w, 1084.76
s,910.24 m, 861.06 m, 837.92 s, 825.38 s, 758.85 s, 654.72 s cm-.
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Experimental

A-140 (2R,4S)-tert-butyl 4-((4-((1-((2R,5S,6R)-5-(((3R,4S,5R,6R)-3,4-bis(benzyloxy)-5-(dimethylamino)-
6-methyltetrahydro-2H-pyran-2-yl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)-2-oxo-1,2-
dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-2-(tert-butyl)-4-methyloxazolidine-3-

carboxylate

OBn
OH
1. O’
0 NJ‘LN“' o_ _F AgOTf, SnCIZ
I Et20 0°C-
o A s )\)

Me H N OBn
X N l OBn

NBoc!! NBoE'

Assay: In a flame dried round bottom flask, A60 (12 mg, 0.02 mmol, 1.0 equiv) was azeotropically
dried with benzene (3 x 1 mL). It was then transferred into the glovebox where activated 4 A
molecular sieves (30.3 mg), AgOTf (12.6 mg, 0.049 mmol, 2.5 equiv) and SnCl; (9.3 mg, 0.049 mmaol,
2.5 equiv) was added. The mixture was then suspended in Et,0 (0.8 mL) and cooled to 0 °C. The
reaction mixture was stirred as such for 5 min, before glycosyl fluoride A-129 (8.4 mg, 0.023 mmol,
1.15 equiv) in Et;0 (0.5 mL) was dropwise added. The reaction mixture was then allowed to reach
ambient temperature and was stirred for 96 h. The reaction mixture was then filtered over cotton
wool and rinsed with EtOAc. The organic phase was washed with water (3 x 2 mL), dried over MgSQO4
and concentrated under reduced pressure. The brown crude was purified by FC (EtOAc:hexane, 3:1)
to give the putative complete amicetin skeleton (impure, roughly 5%) and reisolated starting material
(only traces).

Analytics: Rs = 0.63 (EtOAc:hexane 3:1).
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A-151 2-(Hex-1-yn-1-yl)benzoic acid

MeO.___O 1) PACIy(PPhs),, Cul, NEts, HO__O
MeCN, 0 ° - rt _ nBu
[ . =z
nBu

Z

2) 1M aq. NaOH, THF, 50 °C

Assay: In a flame dried Schlenk tube was given PdCl,(PPhs), (21.4 mg, 30.5 umol, 0.02 equiv), Cul
(11.6 mg, 61.1 umol, 0.05 equiv) and A-150 (0.4 g, 1.53 mmol, 1.0 equiv). The Schlenk tube was
evacuated and backfilled with argon (3 times) before it was rinsed with degassed MeCN (3.0 mL).
NEts (1.69 mL, 12.22 mmol, 1.0 equiv) was added before dropwise addition of 1-hexyne (263 pl, 2.29
mmol, 1.5 equiv) at ambient temperature. Upon the addition of the alkyne, the reaction mixture
turned from orange to deep black. The reaction was allowed to stir over night at ambient
temperature. TLC (EtOAc:hexane, 1:10) analysis showed full conversion of starting material. The
reaction mixture was quenched with saturated aqueous NH4Cl (5 mL) and the aqueous phase was
extracted with EtOAc (3 x 5 mL). The combined organic phases were then dried over MgSQ, and
concentrated under reduced pressure. Purification by FC (hexane -> EtOAc:hexane, 1:10) gave the
desired product as a yellow oil. The oily substance was then transferred to a pear shaped 25 mL flask
and diluted with THF (5 mL). 1 M NaOH aqueous solution (5 mL) was added and the reaction was
stirred at 50 °C over 12 h. Starting material was fully consumed whereupon the reaction mixture was
cooled to 0 °C and acidified with concentrated HCI. The biphasic mixture was then diluted with CH,Cl,
(10 mL) and the organic phase was separated. The aqueous phase was extracted with CH,Cl, (3 x 6
mL). Combined organic phases were dried over MgSO, and concentrated under reduced pressure.
Purification by a short FC (EtOAc:hexane, 1:5 -> 1:3 -> 1:1) gave the target compound as an orange oil
(not quantified).

Analytics: 'H NMR (400 MHz, Chloroform-d) 6 8.25 (ddt, J = 7.9, 1.3, 0.7 Hz, 1H), 7.72 — 7.61 (m, 1H),
7.45 (ddd, J=8.2,7.4,1.2 Hz, 1H), 7.35 (dt, J = 7.9, 0.9 Hz, 1H), 6.25 (d, J = 0.9 Hz, 1H), 2.59 - 2.48 (m,
2H), 1.75-1.63 (m, 2H), 1.41 (h, J = 7.3 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H).

Compound literature known
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A-162 (2R,3R,4S,5R,6S)-2-((benzoyloxy)methyl)-6-(2,2,2-trichloro-1-iminoethoxy)tetrahydro-2H-
pyran-3,4,5-triyl tribenzoate
O._LOH CI3CCN, K>COs, OO _NH
BzO CH,Cl,, 0°C - 1t BzO
CCls

N ‘s, r \ ”
BzO ‘OBz BzO" ‘OBz
OBz OBz

Assay: Tetra-O-benzoylated glucopyranose (100 mg, 0.17 mmol, 1.0 equiv), was dissolved in CHCl,
(1.9 mL), cooled to 0 °C and trichloroacetonitrile (0.17 mL, 1.68 mmol, 10.0 equiv) was added
followed by anhydrous K,COs (115.8 mg, 0.84 mmol, 5.0 equiv). The reaction mixture was stirred for
16 h after which TLC (EtOAc:hexane, 1:1) indicated full consumption of starting material. The
reaction mixture was then filtered over a pad of Celite, concentrated under reduced pressure and
applied on a short FC (Alox, EtOAc:hexane, 1:1) to give the title compound (54.8 mg, 0.074 mmol,
44%) which was immediately used in the following reaction.

Analytics: *H NMR (400 MHz, Chloroform-d) & 8.63 (s, 1H), 8.13 — 7.81 (m, 8H), 7.61 — 7.28 (m, 12H),
6.84 (d, J = 3.7 Hz, 1H), 6.27 (t, J = 10.0 Hz, 1H), 5.81 (t, J = 9.9 Hz, 1H), 5.62 (dd, J = 10.2, 3.7 Hz, 1H),
4.64 (d, J=11.2 Hz, 2H), 4.54 — 4.40 (m, 1H).

Compound literature known
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C15LL274-1-FC.1.1.1r
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A-168 (2R,3R,4S,5R)-6-(benzyloxy)-N,N,2-trimethyl-4,5-bis((triethylsilyl)oxy)tetrahydro-2H-pyran-3-

amine
SnCl,, AgCIO,,
o _F BnOH, O.__OBn
Et,0,0°C-rt
SN “OTES NN “OTES
OTES I Otes

Assay: In the glove box, SnCl, (46.8 mg, 0.25 mmol, 1.3 equiv) and AgClO4 (51.1 mg, 0.25 mmol, 1.3
equiv) were given into a flame dried 10 mL round bottom flask. After exporting the flask, activated
molecular sieves were added and the solids were suspended in Et;0 (1.5 mL) and cooled to 0 °C.
Following addition of benzyl alcohol (196 pl, 1.90 mmol, 10.0 equiv) and A-138 (80 mg, 0.19 mmol,
1.0 equiv) in Et;0 (0.4 mL). The reaction was monitored by TLC and showed no product formation
after 4 h at ambient temperature. Thus, the reaction was allowed to stir over night at ambient
temperature whereas full consumption of starting material was observed. The reaction mixture was
diluted in Et,0 (2 mL) and quenched with saturated aqueous NaHCO; solution (2 mL) and then
filtered over cotton wool. The two phases were separated and the aqueous phase was extracted with
with Et,0 (3 x 3 mL). The combined organic phases were dried over MgSO, and concentrated under
reduced pressure. Purification by FC (EtOAc:hexane, 1:10) gave the desired target molecule (77.8 mg,
0.15 mmol, 80%) as an anomeric mixture (1:1).

Analytics: Rs = 0.36 (EtOAc:hexane 1:10). *H NMR (400 MHz, Chloroform-d) § 7.44 — 7.27 (m, 10H.s),
4.88 (d, J =11.5 Hz, 1H.), 4.71 (d, J = 3.5 Hz, 1H.), 4.67 (d, J = 12.3 Hz, 1H,), 4.50 (d, J = 11.5 Hz, 1H.),
4.49 (d, J = 12.3 Hz, 1Hy), 4.16 (d, J = 7.4 Hz, 1Hy), 3.84 (t, J = 9.0 Hz, 1H.p), 3.79 (dd, J = 10.3, 6.2 Hz,
1Hap), 3.53 (dd, J = 8.7, 3.6 Hz, 1Hap), 3.49 — 3.38 (m, 2Hab), 2.37 (s, 6Hap), 2.36 (s, 6Hap), 2.19 (t, J =
9.5 Hz, 1H,), 2.10 (t, J = 9.7 Hz, 1H.), 1.27 (d, J = 6.3 Hz, 3H.), 1.15 (d, J = 6.3 Hz, 3Hy), 1.01 — 0.83 (m,
36Hab), 0.66 — 0.52 (M, 24Ha,). *C NMR (101 MHz, Chloroform-d) & 138.17, 137.71, 128.35, 128.27,
127.86, 127.61, 102.18, 98.75, 75.53, 75.44, 72.18, 71.84, 71.62, 70.73, 69.54, 69.15, 64.96, 41.63,
20.77, 20.48, 7.34, 7.17, 7.09, 5.52, 5.31. HRMS (ESI): 510.3430 [M+H]*; calculated for [C27Hs52NO4Siy]:
510.3429. [a]*% = +17.10 (c = 1.0, CHCls). IR [ATR, neat]: v = 2953.45 m, 2912.95 m, 2877.27 m,
1457.92 w, 1237.11 w, 1134.90 m, 1095.37 s, 1066.44 m, 1040.41 m, 1009.55 m, 812.85 w, 732.82 s

cm-1.
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Experimental
A-175 (3R,4S,5R,6R)-5-azido-3,4-bis(benzyloxy)-6-methyltetrahydro-2H-pyran-2-ol

o SPh NBS, CH,Cl,:H,0, O OH
0-5°C
N , > “ .
Nt “0Bn Ng* “0Bn

OBn OBn

Assay: A-127 (580 mg, 1.26 mmol, 1.0 equiv) was dissolved in CHxCl, (10.35 mL) and H,0 (1.15 mL)
and cooled to 0 °C. NBS (268.4 mg, 1.51 mmol, 1.2 equiv) was then added in one portion. The
reaction mixture stayed clear. After stirring for 3 h at 0 °C, TLC analysis showed still existing starting
material. The reaction was therefore allowed to slowly warm up. Meanwhile the reaction mixture
turned yellow. After stirring for 5 h the reaction mixture started to turn orange/red. After 5.5 h the
reaction was quenched with saturated aqueous NaHCOs (10 mL) and diluted with CH,Cl, (6 mL). The
two layers were separated and the aqueous phase was extracted with CHxCl; (3 x 7 mL). The
combined organic phases were dried over MgS0, and concentrated under reduced pressure to give a
brown crude. The crude was then purified by FC (EtOAc:hexane, 1:3) to give the pure title compound
as an anomeric mixture (272.6 mg, 0.74 mmol, 59%).

Analytics: R = 0.52 (EtOAc:toluene, 1:3). *H NMR (400 MHz, Chloroform-d) & 7.46 — 7.29 (m, 10H),
5.14 (t, J=3.0 Hz, 1H), 4.93 (d, J = 10.5 Hz, 1H), 4.84 (d, /= 13.0 Hz, 1H), 4.77 (d, J = 11.5 Hz, 1H), 4.68
(d, J=11.8 Hz, 1H), 3.82 (t, J = 9.4 Hz, 1H), 3.56 (dd, J = 9.4, 3.5 Hz, 1H), 3.38 (dd, J = 9.1, 7.7 Hz, 1H),
3.09 (t, /= 9.9 Hz, 1H), 1.28 (d, J = 6.2 Hz, 3H). **C NMR (101 MHz, Chloroform-d) & 138.24, 138.04,
137.90, 137.69, 97.36, 91.27, 83.38, 82.81, 80.25, 79.67, 75.85, 74.98, 73.41, 70.84, 68.03, 67.78,
66.38, 18.64, 18.56. HRMS (ESI): 392.1583 [M+Na]*; calculated for [C20H23N3sNaQ4): 392.1581. [a]*% =
+102.6 (c = 0.5, CHCIs). IR [ATR, neat]: v = 3382.53 m, 2921.63 w, 2108.78 s, 1355.71 w, 1268.93 m,
1103.08 m, 1071.26 s, 1025.94 s, 746.32 m, 695.21 m cm-1. m.p. = 86°C.
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Experimental

A-148 (3R,4S,5R,6R)-5-azido-3,4-bis(benzyloxy)-6-methyltetrahydro-2H-pyran-2-yl 2,2,2-

trichloroacetimidate

o. _OH CI,CCN, K,COs, 0O _CCls
CH,Cly, 0 °C - rt g
L, » A ) NH
Nt OBn Ng" OBn

OBn OBn

Assay: A-175 (9.3 mg, 25.2 umol, 1.0 equiv), was dissolved in CH)Cl, (140 uL), and
trichloroacetonitrile (25 pL, 25.2 umol) was added followed by anhydrous K,COs; (17.4 mg, 12.6
pmol). The reaction mixture was stirred for 9 h after which TLC (EtOAc:hexane, 1:3) indicated full
consumption of starting material. The reaction mixture was then filtered over a pad of Celite which
was washed with EtOAc. The filtrate was then concentrated under reduced pressure and the crude
was purified by FC (basic Alox, EtOAc:hexane, 1:3) to give the title compound (9 mg, 18 umol, 70%) as
an anomeric mixture of a:f3 (1:4).

Analytics: Rs = 0.56 (EtOAc:hexane, 1:3). *H NMR (400 MHz, Chloroform-d) & 8.71 (s, 1H), 7.37 — 7.28
(m, 10H), 5.76 (d, J = 8.1 Hz, 1H), 4.96 (d, J = 10.8 Hz, 1H), 4.91 (d, J = 10.7 Hz, 1H), 4.82 (d, J = 10.7
Hz, 1H), 4.75 (d, J = 10.9 Hz, 1H),, 3.77 — 3.68 (m, 1H), 3.60 (t, J = 9.2 Hz, 1H), 3.42 (dq, J = 10.0, 6.1 Hz,
1H), 3.22 (t, J = 9.7 Hz, 1H), 1.38 (d, J = 6.1 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) & 161.27,
137.88, 137.77, 128.58 (4C), 128.36 (2C), 128.07 (2C), 128.04 (2C), 98.12, 90.96, 82.86, 81.24, 75.83,
75.12, 71.71, 67.52, 18.56. HRMS (ESI): 535.0680 [M+Na]*; calculated for [Ci;H23CIsN4sNaQ,]:
535.0677. [a]*°p = + 99.0 (c = 0.5, CHCl3). IR [ATR, neat]: v = 2107.81 s, 1674.87 m, 1282.43 s, 1094.4
s, 1054.87 s, 1029.8 s, 834.06 w, 796.46 s, 736.67 s, 698.11 s, 647.96 s cm-1.
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Experimental

A-179 (2R,3S,4S,5R)-2-(acetoxymethyl)-6-((4-methoxybenzyl)oxy)tetrahydro-2H-pyran-3,4,5-triyl

O _OAc BnOH, BF3-Et;0, O _OBn
AcO CH,Cly, 0 °C - rt AcO
AcO “OAc o AcO “"OAc

OAc OAc

triacetate

Assay: To a solution of A-178 (50 g, 128.1 mmol, 1.0 equiv) and benzyl alcohol (29.0 mL, 279.24
mmol, 2.18 equiv) in CH,Cl, (1.0 L) at 0 °C was added BF5-Et,0 (20.55 mL, 166.5 mmol, 1.3 equiv)
dropwise (with a syringe pump at a flow rate of 0.7 mL/min), whereas the reaction mixture turned
brightly pink. The reaction mixture was stirred at ambient temperature for 24 h and after that cooled
again to 0 °C. The reaction was carefully quenched with NEt; (23.08 mL) and subsequently diluted
with H,O (250 mL). After the addition of NEts;, the reaction turned into an amber solution. The
biphasic mixture was separated and the organic layer was washed with H,O (2 x 250 mL) before
being dried over MgSO, and concentrated under reduced pressure. The crude compound was used
as such in the following reaction without any further purification. Crude appears as an amber
coloured, sticky syrup.

Compound literature known
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Experimental

A-180 (2R,3R,4S,5R,6R)-2-(benzyloxy)-6-(hydroxymethyl)tetrahydro-2H-pyran-3,4,5-triol

ACO 0._0Bn 35;/5 ma(())]}/lce, HO 0._0Bn
A:Oj/\‘J:OAc - H/Oj/\‘J:OH
OAc OH

Assay: Crude intermediate of A-179 (55 g, 125.45 mmol, 1.0 equiv) was dissolved in MeOH (800 mL)
and cooled to 0 °C. NaOMe (30 wt % in MeOH, 31.5 mL, 137.99 mmol, 1.1 equiv) was then slowly
added over a dropping funnel and the reaction mixture was stirred for 2 h allowing to slowly warm to
ambient temperature. TLC analysis confirmed full consumption of starting material. In order to
neutralize the reaction mixture, Amberlyst 15 hydrogen form was added. After stirring for additional
5 min, the reaction mixture was filtered over cotton wool and the filtrate was concentrated under
reduced pressure giving a yellowish sticky syrup which was purified by FC (MeOH:CHCl,, 1:8 -> 1:5)
to give the desired product as a white solid (23 g, 85.1 mmol, 66% over two steps).

Analytics: Rs = 0.43 (MeOH:CH,Cl,, 1:5). *H NMR (400 MHz, Methanol-d,) § 7.46 — 7.42 (m, 2H), 7.37
—7.25(m, 3H), 4.95 (d, /= 11.8 Hz, 1H), 4.68 (d, J = 11.7 Hz, 1H), 4.33 (d, J = 7.7 Hz, 1H), 3.85 (dd, J =
3.5,1.1 Hz, 1H), 3.78 (qd, J = 11.3, 6.0 Hz, 2H), 3.60 (dd, J = 9.7, 7.7 Hz, 1H), 3.52 (ddd, /= 6.7, 5.3, 1.2
Hz, 1H), 3.47 (dd, J = 9.7, 3.4 Hz, 1H). **C NMR (101 MHz, Chloroform-d) 6 139.20, 129.26 (2 C),
129.20(2 C), 128.64, 103.93, 76.77, 75.02, 72.59, 71.67, 70.36, 62.58.

Compound literature known
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A-180 (2S,3S,4aR,5R, 7R, 8S,8aS)-5-(benzyloxy)-7-(hydroxymethyl)-2,3-dimethoxy-2,3-
dimethylhexahydro-5H-pyrano(3,4-b][1,4]dioxin-8-ol

O. .OBn cat. BF3-OEt,, HO
HO CH(OMe);, MeOH .
5 > HO ‘0
HO OH 0 0 WOMe
OH
MeO

O

Experimental

Assay: To a solution of A-179 (22.5 g, 83.25 mmol, 1.0 equiv), butane-2,3-dione (8.99 mL, 102.39

mmol, 1.23 equiv) and trimethylorthoformate (36.43 mL, 333 mmol, 4.0 equiv) in MeOH (450 mL)

was added BF3-OEt; (1.03 mL, 8.32 mmol, 0.1 equiv) at ambient temperature. The reaction mixture

slowly turned from bright yellow to orange/red. The reaction mixture was stirred as such for 3 d and

was then carefully quenched by the addition of NEt; (6 mL). The mixture was directly concentrated

under reduced pressure. Purification by FC (EtOAc:hexane, 3:1) gave the title compound as a white

solid (23.98 g, 62.38 mmol, 75%).

Analytics: R = 0.51 (EtOAc:hexane, 3:1). 'H NMR (400 MHz, Chloroform-d) 6 7.41 - 7.27 (m, 5H), 4.91

(d, J = 12.3 Hz, 1H), 4.72 (d, J = 12.4 Hz, 1H), 4.61 (d, J = 7.9 Hz, 1H), 4.04 — 3.94 (m, 1H), 3.97 — 3.89

(m, 2H), 3.81 (dd, J = 11.7, 4.7 Hz, 1H), 3.73 (dd, J = 10.3, 3.1 Hz, 1H), 3.61 — 3.53 (m, 1H), 3.29 (s, 3H),

3.25 (s, 3H), 1.33 (s, 3H), 1.32 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 137.87, 128.25 (2C),

127.53, 127.42 (2C), 100.71, 100.29, 99.79, 75.04, 71.08, 70.25, 68.16, 66.91, 62.46, 48.07, 47.92,

17.73, 17.59.
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A-193 ((2S,3S,4aR,5R,7R,8S,8aS)-5-(benzyloxy)-8-hydroxy-2,3-dimethoxy-2,3-dimethylhexahydro-5H-

pyrano(3,4-b][1,4]dioxin-7-yl)methyl 4-methylbenzenesulfonate

B B
HO O#0Bn TsCl, TsO O#0Bn

N pyridine, 0 °C - rt "
HO ‘0 » HO ‘0

Oﬁ'OMe Oﬁ'OMe
MeO MeO

Assay: A-180 (11.55 g, 30.04 mmol, 1.0 equiv) was dissolved in pyridine (200 mL) and freshly purified

p-toluenesulfonyl chloride (7.45 g, 39.06 mmol, 1.3 equiv) was added portionwise at 0 °C. The
reaction mixture was then allowed to warm to ambient temperature and continued to stir for 18 h. It
was then quenched with H,0 (200 mL) and extracted with CHCI, (3 x 80 mL). The combined organic
phases were then dried over MgS0, and concentrated under reduced pressure. The reddish viscous
liquid was filtered over a short plug of silica (EtOAc:hexane, 1:1). The white, fluffy solid was then
taken up in as little CH,Cl; as possible and washed with HCI (1 M, 60 mL) (to remove residual
pyridine). The organic phase was again dried over MgSO, and concentrated under reduced pressure
to give the title compound as a white foam (14.15 g, 26.26 mmol, 87%) which was directly used as
such in in the following reaction. Compound can be purified by FC if needed.

Analytics: No full characterization due to instability. R¢ = 0.5 (EtOAc:hexane, 1:1). 'H NMR (400 MHz,
Chloroform-d) & 7.80 (d, J = 8.4 Hz, 2H), 7.43 — 7.28 (m, 7H), 4.86 (d, J = 12.2 Hz, 1H), 4.61 (d, J = 12.2
Hz, 1H), 4.53 (d, J = 8.0 Hz, 1H), 4.28 (dd, J = 10.3, 5.7 Hz, 1H), 4.19 (dd, J = 10.3, 6.8 Hz, 1H), 3.94 -
3.88 (m, 2H), 3.79 (dd, J = 6.9, 5.6 Hz, 1H), 3.70 (dd, / = 10.4, 3.0 Hz, 1H), 3.25 (d, J = 1.2 Hz, 6H), 2.43
(s, 3H), 2.20 (dd, J = 2.7, 1.3 Hz, 1H), 1.30 (d, J = 4.2 Hz, 6H). HRMS (ESI): 556.2215 [M+NH.]*;
calculated for [C26H3sNO10S]: 556.221. IR [ATR, neat]: v = 3445.21 w, 2944.77 w, 1455.99 w, 1374.03
w, 1115.62's, 1037.73 s, 733.78 5, 698.11 m cm-1.
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Experimental

A-181 (2S,3S,4aR,5R,7R,8S,8aS)-5-(benzyloxy)-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-
pyrano[3,4-b][1,4]dioxin-8-ol
TsO LiBEtsH, THF

" then H,0,, 0 °C - rt .,
HO ‘0 » HO ‘0

Assay: Tosylate A-193 (14.14 g, 26.25 mmol, 1.0 equiv) was dissolved in THF (65 mL) and super
hydride (1M in THF, 78.76 mL, 3.0 equiv) was then added dropwise (carefully via syringe pump, flow
rate 1.1 mL/min) at ambient temperature. An effervescence was observed when adding the first few
drops of superhydride. After full addition, the clear solution was stirred for 14 h at 24 °C. The
reaction mixture was then cooled to 0 °C and the excess of super hydride was quenched by the
addition of MeOH (about 10 mL) followed by carefull addition of hydrogen peroxide (21 mL). After
stirring for 10 min, the reaction mixture was stirred at 40 °C for 30 min in order to quench the excess
H,0,. To the mixture was then added saturated aqueous NaHCOs (100 mL) and CH,Cl, (100 mL). The
aqueous phase was extracted with CH,Cl; (2 x 100 mL). The combined organic phases were then dried
over MgS0O, and concentrated under reduced pressure. The vicious oil was purified by FC
(EtOAc:hexane; 1:1) to give the title compound as a clear sticky foam (8.87 g, 24.08 mmol, 92%).

Analytics: Rf = 0.43 (EtOAc:hexane, 1:1). 'H NMR (400 MHz, Chloroform-d) 6 7.42 — 7.22 (m, 5H), 4.94
(d, J = 12.2 Hz, 1H), 4.66 (d, J = 12.3 Hz, 1H), 4.55 (d, J = 8.0 Hz, 1H), 3.94 (dd, J = 10.3, 8.0 Hz, 1H),
3.73 (dd, J = 10.3, 3.0 Hz, 1H), 3.70 — 3.62 (m, 2H), 3.28 (s, 3H), 3.25 (s, 3H), 2.21 (s, 1H), 1.36 (d, J =
6.5 Hz, 3H), 1.33 (s, 3H), 1.31 (s, 3H). *C NMR (101 MHz, Chloroform-d) & 137.98, 128.17 (2 C),
127.34 (3 C), 100.27, 100.17, 99.72, 71.22, 70.67, 70.45, 70.12, 66.87, 48.01, 47.86, 17.76, 17.63,
16.36. HRMS (ESI): 386.2176 [M+NH,]*; calculated for [C19H32NO5]: 386.2173. [a]*°> = -123.0 (c = 0.5,
CHCL3). IR [ATR, neat]: v = 1455.03 w, 1373.07 w, 1115.62 s, 1076.08 m, 1034.62 s, 921.87 m, 731.85

m cm-1.
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Experimental

A-182  (2R,3R,4S,5R,6S)-3-azido-4,5-bis((4-methoxybenzyl)oxy)-2-methyl-6-(phenylthio)tetrahydro-

2H-pyran
O._,0Bn MsCl, 0 ,0Bn NaN,, o 0 ,0Bn
" pyridine, 0 °C . DMF, 100 °C “ Y
HO / _— 3 MsO ‘0 _ 3 N" ‘0

O%'OMe Oﬁ'OMe Oﬁ'OMe
MeO MeO MeO

Assay: In a flame dried round bottom flask (250 mL), A-181 (8.87 g, 24.08 mmol, 1.0 equiv) was
dissolved in pyridine (150 mL) and the reaction mixture was cooled to 0 °C. MsCl (5.59 mL, 72.23
mmol, 3.0 equiv) was then added dropwise and the reaction was stirred at 0 °C for 5 h. The reaction
was then quenched by the addition of water (150 mL) and extracted with diethyl ether (3 x 60 mL).
The combined organic phases were dried to complete dryness (remove pyridine) under reduced
pressure. The sticky yellowish syrup was taken up in diethyl ether (100 mL) and washed with HCl 1 M
(100 mL), H,0 (100 mL) and was dried over MgS0O,. The crude mixture was then transformed into a
round bottom flask (1 L) and taken up in DMF (300 mL), then NaNs (7.83 g, 120.38 mmol, 5.0 equiv)
was added and the reaction was heated to 100 °C and stirred for 64 h. A substantial amount of
starting material was still present, thus another portion of NaNs; (5.0 equiv) was added and the
reaction was continued to stir for another 24 h. The reaction was then allowed to cool to ambient
temperature, was filtered over cotton wool and the filtrate was mixed with saturated aqueous
NaHCOs (100 mL). The two phases were transferred to a separatory funnel and the aqueous phase
was extracted with diethyl ether (3 x 100 mL), dried over MgSO, and concentrated under reduced
pressure. The crude was then purified by FC (EtOAc:hexane 1:10 -> 1:5) to give the title compound
(7.15 g, 18.17 mmol, 75%) as a white solid.

Analytics: Rf = 0.68 (EtOAc:hexane, 1:1) for mesylate. R = 0.38 (EtOAc:hexane, 1:10) for title
compound. *H NMR (400 MHz, Chloroform-d) & 7.40 — 7.27 (m, 5H), 4.90 (d, J = 12.2 Hz, 1H), 4.65 (d,
J=12.2 Hz, 1H), 4.54 (d, J = 7.9 Hz, 1H), 3.81 — 3.75 (m, 1H), 3.64 (dd, J = 10.0, 7.9 Hz, 1H), 3.34 (s,
3H), 3.30 (s, 3H), 3.28 — 3.24 (m, 2H), 1.35 (s, 3H), 1.36 — 1.34 (m, 3H), 1.33 (s, 3H). 3C NMR (101
MHz, Chloroform-d) & 137.58, 128.26 (2 C), 127.57, 127.39 (2 C), 100.02 (2 C), 99.70, 72.07, 71.41,
70.87, 69.85, 64.02, 48.01 (2 C), 18.29 (2 C), 17.61. [a]*%> = -76.4 (c = 0.5, CHCI3). HRMS (ESI):
416.1781 [M+Na]*; calculated for [Ci9H27N3NaOg]: 416.1792. IR [ATR, neat]: v =2107.81's, 1455.99 w,
1371.14 w, 1264.11 w, 1138.76 s, 1081.87 m, 1043.3 s, 889.02 m, 740.53 m, 698.11 m cm-1. m.p.: 85—
87 °C.
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Experimental

A-153 (2S,3S,4aR,5R,7R,8R,8aS)-8-azido-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-pyrano[3,4-

O OB i) Pd/C, Ha, MeOH O\ °H
\ ) ii) Pd/C, Hp, EtOH - )
N3\\\ l/o » N\\ I/O
oﬁ-OMe j\ | oﬁuowle
MeO H™ H MeO

Assay: To A-182 (3.16 g, 8.03 mmol, 1.0 equiv), dissolved in MeOH (80.0 mL), was added Pd/C (10 wt

b][1,4]dioxin-5-ol

%, 855 mg, 28 umol, 0.1 equiv) in one portion and the reaction vessel was subsequently set under Hs-
atmosphere (balloon pressure). The reaction mixture was stirred as such for 21 h. The reaction
mixture was then filtered over Celite and washed with MeOH. The filtrate was concentrated under
reduced pressure and subsequently dissolved in EtOH (80.0 mL). Formaldehyde (37% in H,0, 1.5 mL,
2.5 equiv) was then added to the reaction mixture followed by Pd/C (10 wt %, 855 mg, 28 umol, 0.1
equiv) and the reaction vessel was subsequently set under H-atmosphere (balloon pressure). It was
stirred at ambient temperature for 48 h. Again, the crude was filtrated over a pad of Celite and the
filtrate was concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:3 -> 1:1) gave
the target compound as a white powder (2.016 g, 6.3 mmol, 82%).

Analytics: Rs = 0.20 (EtOAc:hexane, 1:1). 'H NMR (400 MHz, Chloroform-d) 6 5.13 (d, J = 3.3 Hz, 1H.),
4.68 (d, J = 7.6 Hz, 1Hy), 4.44 (t, J = 10.1 Hz, 1H.), 4.10 (t, J = 10.1 Hz, 1Hy), 4.00 (dq, J = 10.0, 6.2 Hz,
1H.), 3.76 (dd, J = 10.0, 3.5 Hz, 1H.), 3.56 — 3.42 (m, 2Hy), 3.39 (s, 3Hy), 3.38 (s, 3Ha), 3.30 (s, 3Hy),
3.26 (s, 3Ha), 2.89 (s, 1Hy), 2.72 (s, 1H.). 2.48 (s, 3Ha), 2.46 (s, 3HJ), 2.43 — 2.36 (m, 1H,, 1Hy), 1.33 -
1.29 (m, 6Ha, 9Hy), 1.25 (d, J = 6.2 Hz, 3H,). *C NMR (101 MHz, Chloroform-d) & 99.95, 99.57, 94.12,
91.39, 72.44, 71.44, 70.31, 67.98, 67.51, 67.08, 66.99, 64.66, 49.37, 49.17,47.91, 42.11, 41.88, 18.87,
18.19, 18.07, 17.82. [a]*®% = -54.9 (c = 0.38, CHCl3). HRMS (ESI): 306.1914 [M+H]*; calculated for
[C14H28NOg]: 306.1911. IR [ATR, neat]: v = 3421.1 w, 2929.34 m, 1456.96 m, 1375.0 s, 1135.87 w,
1037.52 w, 883.24 w, 844.67 cm-1. m.p.: 161 °C.
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Experimental

A-149 (2S,3S,4aR,7R,8R,8aS)-8-(dimethylamino)-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-
pyrano[3,4-b][1,4]dioxin-5-yl 2,2,2-trichloroacetimidate

O.__,OH 0._,O.__CCl
CI3CCN, K,COs, g 3
N . CH2C|2, 0°C-rt N ‘., NH
N ‘0 » N 0
| Oﬁ'OMe | Oﬁ'OMe
MeO MeO

Assay: A-153(67.0 mg, 0.22 mmol, 1.0 equiv), was dissolved in CH,Cl; (2.0 mL), cooled to 0 °C and

trichloroacetonitrile (0.22 mL, 2.19 mmol, 10.0 equiv) was added followed by anhydrous K,CO; (152
mg, 1.09 mmol, 5.0 equiv). The reaction mixture was allowed to slowly warm to ambient
temperature and was stirred for 13 h. The reaction mixture was then filtrated over a pad of Celite
and the filtrate was concentrated. The yellowish oil was then directly applied on a FC (Alox,
EtOAc:hexane, 1:3) to give the title compound as a clear sticky syrup and an anomeric mixture of 1:1
(35 mg, 0.078 mmol, 35%). The compound was then directly used as such in the following reactions.
Analytics: R = 0.52 resp. 0.61 (EtOAc:hexane, 1:3) on Alox. *H NMR (400 MHz, Chloroform-d) 6 8.56
(s, 1Ha), 8.52 (s, 1Hy), 6.18 (d, J = 3.1 Hz, 1H.), 5.78 (d, J = 8.2 Hz, 1Hy), 4.56 (t, J = 10.2 Hz, 1H,), 4.18
(t, J = 10.1 Hz, 1Hy), 3.94 (dq, J = 10.0, 6.2 Hz, 1H.), 3.90 — 3.79 (m, 2Ha.b), 3.72 (dq, J = 8.7, 6.3 Hz,
1Hp), 3.39 (s, 3Ha), 3.35 (s, 3Ha), 3.29 (s, 3Hb), 3.26 (s, 3H), 2.54 (m, 1H.), 2.51 (m, 1Hy). 2.48 (s, 6H.),
2.46 (s, 6Hy), 1.36 (d, J = 6.3 Hz, 3Ha), 1.33 (s, 3H,), 1.30 — 1.22 (m, 3H, 9H.). **C NMR (101 MHz,
Chloroform-d) 6 161.39, 161.08, 99.76, 99.64, 99.49, 96.11, 94.81, 91.57, 91.11, 72.53, 69.93, 69.30,
67.37, 67.23, 66.95, 64.46, 49.25, 49.08, 47.94, 47.78, 42.11, 41.75, 19.55, 19.12, 18.14, 17.99, 17.76,
17.60. HRMS (ESI): 449.1004 [M+H]*; calculated for [CigH2sClsN,Og]: 449.1007. IR [ATR, neat]: v =
2933.2w, 1673.91 m, 1374.03 m, 1288.22 s, 1134.9, 1111.76 s, 1036.55 s, 795.493 m cm-1.

Remarks: third spectrum represents B-anomer. Purity suffers from extensive purification.
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Experimental

A-184 (2S,3S,4aR,5R,7R,8R,8aR)-5-hydroxy-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-pyrano(3,4-

b][1,4]dioxin-8-yl methanesulfonate

B B O OH
0O _,0Bn MsCl, 0 _,0Bn l\pﬂd/g;_le,
s pyridine, 0 °C , e 3
HO “0 S Vo) “0 ——» MsO “0

Oﬁ'OMe Oﬁ'OMe Oﬁ'OMe
MeO MeO MeO

Assay: In a flame dried round bottom flask (5 mL) A-181 (8.9 g, 24.16 mmol, 1.0 equiv) was dissolved
in pyridine (240 mL) and the reaction mixture was cooled to 0 °C. MsCl (8.3 mL, 72.47 mmol, 3.0
equiv) was then added dropwise and the reaction was stirred at 0 °C for 6 h. The reaction was then
guenched by the addition of water (120 mL) and extracted with diethyl ether (3 x 80 mL). The
combined organic phases were dried over MgS0O, and concentrated under reduced pressure. The
crude mesylate was then dissolved in MeOH (240 mL) and Pd/C (10 wt %, 2.57 g, 10 mol %) was
added and the reaction mixture was set under H, atmosphere (balloon). After stirring for 14 h,
starting material was fully consumed. The reaction mixture was then filtered over Celite, which was
previously washed with MeOH and the filtrate was concentrated under diminished pressure.
Purification by FC (EtOAc:hexane, 1:1) gave the target compound (7 g, 19.6 mmol, 81%) as an
anomeric mixture.

Analytics: Rs = 0.26 (EtOAc:hexane, 1:1). 'H NMR (400 MHz, Chloroform-d) § 5.28 (t, J = 3.3 Hz, 1H),
4.82 —4.73 (m, 2H), 4.70 (dd, J = 2.9, 1.1 Hz, 1H), 4.40 — 4.30 (m, 1H), 4.26 (dd, J = 10.7, 2.9 Hz, 1H),
4.11-4.07 (m, 1H), 3.90 - 3.82 (m, 2H), 3.76 (dd, J = 10.5, 7.7 Hz, 1H), 3.29 (s, 3H), 3.28 (s, 3H), 3.28
(s, 3H), 3.25 (s, 3H), 3.19 (s, 6H), 2.92 (d, J = 6.4 Hz, 1H), 2.81 (dd, J = 2.8, 0.8 Hz, 1H), 1.37 (d, /= 6.4
Hz, 3H), 1.32 (s, 9H), 1.29 (d, J = 6.9 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) & 100.20, 100.11,
99.76, 94.93, 91.61, 81.30, 80.12, 70.41, 68.69, 68.21, 66.09, 65.12, 64.55, 48.33, 48.26, 48.16, 39.16,
17.68, 17.60, 17.48, 16.69, 16.54. HRMS (ESI): 379.1028 [M+Na]*; calculated for [Ci3H24NaOsS]:
379.1033. IR [ATR, neat]: v = 3466.42 w, 2990.09 w, 1350.89 m, 1271.82 m, 1169.61 m, 1113.69 s,
1037.525,921.81 s cm-1.

Remarks: Multiplett report (for *H) accounts for both anomeric compounds.
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Experimental

A-185 (2S,3S,4aR,5R,7R,8R,8aS)-8-azido-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-pyrano(3,4-
b][1,4]dioxin-5-ol

O _OH NaNs, O _OH
. ) DMF, 100 °C . )
MsO™ “0 > N 0
0 110Me o) 1OMe
MeO MeO

Assay: To A-184 (7 g, 19.64 mmol, 1.0 equiv) in DMF (200 mL) was added NaN; (12.77 g, 196.41
mmol, 10.0 equiv) and the suspension was heated to 100 °C over 3 days. It was then allowed to cool
to ambient temperature, was filtered over cotton wool and washed with Et;O. To the yellowish
organic layer was added saturated aqueous NaHCOs (80 mL). The phases were separated followed by
the extraction of the aqueous layer with Et,0 (3 x 50 mL). Combined organic phases were dried over
MgS0O, and concentrated under reduced pressure. The yellowish oil was then purified by FC
(EtOAc:hexane, 1:1) to give the title compound as a white solid (4.55 g, 15 mmol, 76%).

Analytics: R = 0.51 (EtOAc:hexane, 1:1). *H NMR (400 MHz, Chloroform-d) § 5.13 (t, J = 3.3 Hz, 1H.),
4.69 (dd, J = 7.9, 5.5 Hz, 1H), 4.08 (t, J = 10.1 Hz, 1H.), 3.82 — 3.75 (m, 1H.), 3.74 — 3.69 (M, 2H,),
3.43 (dd, J = 10.0, 7.9 Hz, 1Hy), 3.28 (s, 6H.), 3.32 — 3.25 (m, 1Hy), 3.24 (s, 3Hs), 3.21 (s, 3Hy), 3.25 -
3.16 (m, 1Hy), 3.19-3.13 (m, 1H.), 2.88 (d, J = 5.6 Hz, 1Hy), 2.71 (dd, J = 2.8, 0.8 Hz, 1H.), 1.30 - 1.26
(m, 15Ha), 1.22 (d, J = 6.2 Hz, 3H,). 3C NMR (101 MHz, Chloroform-d) & 100.19, 100.03, 99.79, 94.40,
91.30, 71.74, 71.07, 68.85, 67.93, 67.20, 64.51, 63.93, 48.10, 18.26, 17.75, 17.53. HRMS (ESI):
326.1322 [M+Na]*; calculated for [C12H2:N3sNaOg]: 326.1323. IR [ATR, neat]: v = 3443.28 w, 2944.77
w, 1375.96 w, 1265.07 w, 1132.97 s, 1035.59 s, 885.17 s cm-1.
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A-186 (2S,3S,4aR,5R,7R,8R,8aS)-5-(allyloxy)-8-azido-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-
pyrano[3,4-b][1,4]dioxine

O _OH o} o\/\
\\ . NaH, THF . .
N ‘0 _— 3 N ‘0

o \""OMe /\/Br o \""OMe
MeO MeO

Assay: To an anomeric mixture of A-185 (2.19 g, 7.22 mol, 1.0 equiv) dissolved in THF (120 mL) was
added NaH (60% in mineral oil, 577.6 mg, 14.44 mmol, 2.0 equiv) and the greyish reaction mixture
was stirred at ambient temperature for 30 min. Allyl bromide (2.08 mL, 14.44 mmol, 2.0 equiv) was
then added and the reaction mixture was heated to 50 °C. After stirring for 13 h at elevated
temperature, the reaction was carefully quenched by the addition of H,O (100 mL) and diluted with
EtOAc (100 mL). The two phases were separated and the aqueous phase was extracted with EtOAc (3
x 60 mL). The combined organic phases were dried over MgS0O, and the crude was purified by FC
(EtOAc:hexane, 1:5) to give the target compound as an anomeric mixture (1.57 g, 4.57 mmol, 70%).
Analytics: R¢ = 0.45, resp. 0.53 (EtOAc:hexane 1:5). 'H NMR (400 MHz, Chloroform-d) 6 6.00 — 5.79
(m, 2Hap), 5.37 = 5.26 (m, 2H.), 5.25-5.12 (m, 2Hy), 4.83 (d, J = 3.6 Hz, 1H.), 4.47 (d, J = 7.9 Hz, 1Hy),
4.33 (ddt, J=13.1, 5.1, 1.6 Hz, 1Hy), 4.23 — 4.06 (m, 4Hap), 3.83 —3.74 (m, 2Hap), 3.68 — 3.53 (m, 2H,),
3.34 (s, 3H.), 3.34 (s, 3Ha), 3.29 (s, 3Hy), 3.26 (s, 3Hy), 3.27 = 3.17 (m, 2Hap), 1.37 — 1.29 (m, 15H.p),
1.26 (d, J = 6.2 Hz, 3H,). *C NMR (101 MHz, Chloroform-d) 6 133.96, 117.95, 117.04, 100.07, 99.86,
99.65, 99.44, 95.59, 72.09, 71.33, 69.98, 69.77, 68.61, 68.46, 68.36, 66.75, 64.82, 64.03, 48.08, 48.00,
18.28, 18.14, 17.78, 17.61, 17.55.
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Experimental

A-187 (2R,3R,4S,5S,6R)-2-(allyloxy)-5-azido-6-methyltetrahydro-2H-pyran-3,4-diol

N O TFA / H,0,
W ", CH2C|2, rt
N3 0 —_— o .\
o _Amnome N3* ‘OH
OH

OO

MeO

Assay: To A-186 (93.0 mg, 0.27 mmol, 1.0 equiv) in CH,Cl; (10.0 mL) was added dropwise a mixture of
TFA:H,0 (10:1, 0.8 mL, 35.0 equiv of TFA) and the mixture was stirred at ambient temperature for 18
h. The reaction was then carefully quenched by the addition of saturated aqueous NaHCO; (3 mL)
and diluted with CH,Cl; (2 mL). The phases were separated and the aqueous phase was then
extracted with CH,Cl; (6 x 8 mL). The combined organic phases were then dried over MgS0O, and
concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:1) gave the target
compound as a slightly yellowish syrup (47.3 mg, 0.21 mmol, 76%).

Analytics: R = 0.32 resp. 0.41 (EtOAc:hexane, 1:5). 'H NMR (400 MHz, Chloroform-d) 6 6.01 — 5.81
(m, 2Hap), 5.32 (dq, J = 17.2, 1.5 Hz, 1Hy), 5.30 (dq, J = 17.2, 1.6 Hz, 1H.), 5.23 (dq, J = 10.4, 1.2 Hz,
2H.b), 4.88 (d, J = 4.0 Hz, 1H,), 4.37 (ddt, J = 12.5, 5.3, 1.4 Hz, 1Hy), 4.26 (d, J = 7.7 Hz, 1H,), 4.20 (ddt,
J =128, 5.3, 1.5 Hz, 1H,), 4.10 (ddt, J = 12.6, 6.6, 1.3 Hz, 1Hy), 4.02 (ddt, J = 12.9, 6.3, 1.3 Hz, 1H,),
3.77 (td, J = 9.4, 2.4 Hz, 1H,), 3.67 — 3.57 (m, 2Hay), 3.53 (ddd, J = 10.4, 9.4, 4.0 Hz, 1H,), 3.43 (ddd, J =
9.3, 7.8, 2.4 Hz, 1Hp), 3.30 (dq, J = 9.8, 6.1 Hz, 1Hy), 3.11 (t, J = 9.6 Hz, 1Hy), 3.05 (t, / = 9.8 Hz, 1H.),
2.69 (s, 1Hp), 2.63 (s, 1H.), 2.47 (s, 1Hy), 2.03 (dd, J = 10.4, 1.5 Hz, 1H,), 1.37 (d, J = 6.1 Hz, 3Hy), 1.31
(d, J = 6.3 Hz, 3H,). 3C NMR (101 MHz, Chloroform-d) 6§ 133.52, 133.32, 118.29, 118.17, 101.10,
97.02, 75.33, 74.28, 73.77, 72.74, 70.94, 68.71, 67.53, 66.49, 18.33, 18.18. HRMS (ESI): 252.0958
[M+Na]*; calculated for [CoHisN3NaO4]: 252.0955.
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Experimental

A-188 (3R,4S,5R,6R)-2-(allyloxy)-5-azido-3,4-bis((4-methoxybenzyl)oxy)-6-methyltetrahydro-2H-pyran

Oo. .O PMBCI, NaH, Oo. .0
N DMF, 0 °C - rt X
AN ‘, — \ ’y
NN "OH N 'OPMB
OH OPMB

Assay: To A-187 (26 mg, 0.11 mmol, 1.0 equiv) dissolved in DMF (1.0 mL) was added NaH (60% in
mineral oil, 18.6 mg, 0.47 mmol, 4.1 equiv) and PMBCI (34.0 ul, 0.25 mmol, 2.2 equiv) at ambient
temperature. The brown solution was stirred as such over night. The reaction was then cooled to 0 °C
and carefully quenched with MeOH until the effervescent had ceased. Saturated aqueous NH.CI
solution (4 mL) was added and the reaction mixture was stirred as such for 10 min. The biphasic
mixture was separated and the aqueous layer was extracted with CH,Cl, (3 x 4 mL). Combined
organic phases were dried over MgSO4 and concentrated under reduced pressure. The crude was
purified by FC (EtOAc:hexane, 1:5) to give the title compound as an anomeric mixture (51 mg, 0.108
mmol, 96%).

Analytics: R¢ = 0.38 (EtOAc:hexane 1:5). 'H NMR (400 MHz, Chloroform-d) & 7.40 — 7.19 (m), 6.94 —
6.79 (m), 6.02 — 5.84 (m), 5.34 (dq, J = 17.2, 1.7 Hz), 5.31 (dq, / = 17.2, 1.6 Hz), 4.89 (d, J = 10.6 Hz),
5.22 (ddq, J = 10.5, 2.9, 1.3 Hz), 4.88 (d, J = 10.1 Hz), 4.84 (d, J = 10.2 Hz), 4.73 (d, / = 10.5 Hz), 4.70 -
4.67 (m), 4.65 (d, J = 10.8 Hz), 4.57 (d, J =11.7 Hz), 4.46 (s), 4.38 (ddd, J = 6.4, 3.6, 1.6 Hz), 4.21 — 4.08
(m), 4.00 - 3.93 (m), 3.87 - 3.76 (m), 3.58 (dg, J = 10.0, 6.2 Hz), 3.49 (dd, J = 9.6, 3.6 Hz), 3.46 — 3.41
(m), 3.23-3.15 (m), 3.15-3.09 (m), 3.09 — 3.00 (m), 1.33 (d, J = 5.9 Hz), 1.24 (d, J = 6.3 Hz). *C NMR
(101 MHz, Chloroform-d) 6 159.59, 159.49, 134.01, 133.84, 130.63, 130.50, 130.23, 130.16, 130.09,
130.01, 129.83, 129.56, 118.40, 117.64, 114.01, 113.97, 102.61, 95.69, 82.49, 82.14, 79.78, 79.67,
75.49, 75.37,74.71, 72.89, 71.61, 70.58, 70.50, 68.45, 68.20, 67.79, 66.17, 55.42, 18.61, 18.53. HRMS
(ESI): 492.2107 [M+Na]*; calculated for [CasH31N3NaOg]: 492.2105. IR [ATR, neat]: v = 2909.09 w,
1613.16 m, 1512.88 s, 1456.96 w, 1355.71 w, 1245.79 w, 1073.19 s, 1032.69 s, 927.59 w, 819.60 m
cm-.

Remarks: proton integrals are not indicated due to complex anomeric mixture and overlapping of

signals.
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Experimental

A-189 (3R,4S,5R,6R)-5-azido-3,4-bis((4-methoxybenzyl)oxy)-6-methyltetrahydro-2H-pyran-2-ol

0.__0 PdCly, O.__OH
X MeOH:CH,Cl,
" ) —> v )
N ‘OPMB N ‘'OPMB

OPMB OPMB

Assay: To a solution of A-188 in MeOH:CH,Cl, (1:1, 1.0 mL) was added PdCl, (10.0 mg, 21.3 umol, 0.3
equiv) and the reaction was stirred at ambient temperature for 5 h. The colour changed from rusty
red to black. Starting material was fully consumed, the mixture was filtered over a pad of Celite and
concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:3 -> 1:1) gave the target
compound as an anomeric mixture. Product was not quantified.

Analytics: R = 0.18 (EtOAc:hexane 1:3). 'H NMR (400 MHz, Chloroform-d) & 7.36 — 7.22 (m), 6.93 —
6.84 (m), 4.90—4.81 (m), 4.79 — 4.68 (m), 4.66 — 4.57 (m), 3.81 (d, J = 2.2 Hz), 3.56 — 3.40 (m), 3.38 -
3.29 (m), 3.28 - 3.02 (m), 2.94 - 2.87 (m), 1.33 (d, J = 6.1 Hz), 1.26 (d, J = 6.2 Hz). **C NMR (101 MHz,
Chloroform-d) & 159.70, 159.53, 130.43, 130.28, 130.16, 130.10, 129.95, 129.84, 114.13, 114.06,
113.98, 97.36, 91.34, 83.07, 82.48, 79.92, 79.33, 75.47, 75.40, 74.63, 73.07, 70.81, 67.98, 67.78,
66.33, 55.41, 18.64, 18.56. HRMS (ESI): 452.1798 [M+Nal*; calculated for [C2,H27N3NaOg]: 452.1792.
IR [ATR, neat]: v = 2911.98 w, 2104.92 s, 1612.2 m, 1512.88 w, 1245.79 s, 1173.47 w, 1031.73 s,
819.60 s cm-1.

Remarks: proton integrals are not indicated due to complex anomeric mixture and overlapping of

signals.
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Experimental

A-38 (2S,3R,4S,5R,6R)-5-azido-3,4-bis((4-methoxybenzyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl

2,2,2-trichloroacetimidate

O LOH CI3CCN, K,COs3, 0 _O-_CCls
CH,Cly, 0 °C - rt g
N> Y “oPmB NS opnin
3 3 OPMB

OPMB OPMB

Assay: A-189 (53.0 mg, 0.12 mmol, 1.0 equiv), was dissolved in CH,Cl, (1.2 mL), cooled to 0 °C and
trichloroacetonitrile (0.12 mL, 1.23 mmol, 10.0 equiv) was added followed by anhydrous K,CO3 (85.3
mg, 0.62 mmol, 5.0 equiv). The reaction mixture was allowed to slowly warm to ambient
temperature and was stirred for 23 h. The reaction mixture was then filtered over a pad of Celite and
the filtrate was concentrated. The brown oil was then directly filtrated over a short pad of Alox
(EtOAc:hexane, 1:3) to give the title compound as a clear sticky syrup and an anomeric mixture of 1:1
(35 mg, 0.078 mmol, 35%). The compound was directly used as such in the following reaction.

Analytics:

258



Experimental

C44LL237-1-FC.2.1.1r
BBFO_1H_16 CDCI3 /y pkanmr 35

259



Experimental
A-172 (2R,3R,4S,5R)-3-azido-4,5-bis(benzyloxy)-6-(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-
3-yl)oxy)-2-methyltetrahydro-2H-pyran
MeO. O™
0._-0O<_CCcClI TMSOTHf, U
MeO_ O \"/ 3 CH,Cly, -30 °C OH

U + \\\‘ ‘, NH > ‘\\OBn

OH Na “OBn o

o OBn

Zin

3

Assay: In a flame dried 5 mL pear shaped flask, A-79 (18.7 mg, 128.2 umol, 1.08 equiv) was
azeotropically dried with benzene (3 x 2 mL) over 6 h. A-148 (61 mg, 118.7 umol, 1.0 equiv) was dried
under high vacuum over night. Molecular sieves were dried under high vacuum (3*10 mbar) at 250
°C over 20 min. A-148 was then dissolved in dry CH,Cl; (2.1 mL) and given to the acceptor. The
activated molecular sieves (32 mg) was added as quickly as possible. The mixture was then stirred for
an additional hour to thoroughly desiccate the two carbohydrates. Meanwhile, a stock solution of
TMSOTf (0.1 M in CH,Cl,) was prepared. After the before mentioned 60 min, the suspension was
cooled to -78 °C and TMSOTf (356 pl, 0.1 M in CH,Cl,) was carefully added to the reaction mixture.
The reaction was monitored via TLC analysis. Full consumption was observed after 50 min. The
reaction was then quenched with dry NEt; (0.5 mL) and diluted with CH,Cl, (2 mL) and saturated
aqueous NaHCOs (2 mL). The two phases were separated and the aqueous phase was extracted with
CHxCl; (3 x 3 mL). The combined organic phases were dried over MgSO, and the solvents were
evaporated under reduced pressure. The yellowish crude was then purified by FC (EtOAc:hexane,
1:3) to give the target disaccharide (mainly a glycosidic bond, 4:1) (53.9 mg, 0.11 mmol, 91%).
Analytics: R = 0.44 resp. 0.52 (EtOAc:hexane, 1:3). '"H NMR (400 MHz, Chloroform-d) 6 7.43 — 7.28
(m, 10H), 4.95 (d, J = 10.5 Hz, 1H), 4.88 (d, J = 3.7 Hz, 1H), 4.81 (d, J = 10.5 Hz, 1H), 4.74 (d, J = 11.9
Hz, 1H), 4.66 — 4.60 (m, 2H), 3.86 (dd, J = 9.4, 6.2 Hz, 1H), 3.79 (t, /= 9.5 Hz, 1H), 3.60 (dt, J = 10.3, 6.2
Hz, 1H), 3.54 (dd, J = 9.6, 3.7 Hz, 1H), 3.35 (s, 3H), 3.32 - 3.22 (m, 1H), 3.08 (t, J = 9.8 Hz, 1H), 1.96 -
1.80 (m, 2H), 1.72 (ddd, J = 12.7, 9.1, 4.8 Hz, 2H), 1.26 (dd, J = 6.2, 4.4 Hz, 6H). **C NMR (101 MHz,
Chloroform-d) & 138.19, 137.90, 128.69 (2C), 128.57 (2C), 128.46 (2C), 128.36 (2C), 128.22, 128.00,
97.34, 92.40, 79.89 (2C), 75.87, 74.87, 73.41, 68.13, 67.11, 66.54, 54.43, 29.26, 22.79, 18.86, 18.49.
[a]®® = + 145.2 (c = 0.5, CHCl3). HRMS (ESI): 515.2869 [M+NH,]*; calculated for [Ca7H3sN4NaOg]:
515.2864. IR [ATR, neat]: v = 2932.23 w, 2107.81 s, 1453.1 w, 1365.35 w, 1269.89 w, 1074.16 m,
1052.94 s, 740.53 w, 698.10 w cm-1.
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Experimental

A-171 (2R,3R,4S,5R,6R)-4,5-bis(benzyloxy)-6-(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-
yl)oxy)-N,N,2-trimethyltetrahydro-2H-pyran-3-amine

MeO_ O MeO_ O MeO O
U Pd/C, Hy, U Pd/C, Hy, U
(0] (0] (0]

MeOH EtOH

H H H
)Oj:OBn —_— O ‘\\OBn )Oj:OBn
O
OBn OBn )l\ OBn
~

3 NH, P

Zin
Zin

Assay: To A-172 (53 mg, 106.5 umol, 1.0 equiv) in dry MeOH (1.0 mL), was added Pd/C (10 wt %, 11.3
mg, 10 mol %) and the reaction mixture was set under H, atmosphere (balloon). The reaction was
monitored via TLC, starting material was fully consumed after 4 h at ambient temperature. The crude
was then filtrated over a pad of Celite which was washed with MeOH. Solvents were evaporated and
the crude was taken up in dry EtOH (1.0 mL). To the stirring solution was then added Pd/C (10 wt %,
11.3 mg, 10 mol %) and the reaction mixture was set under H, atmosphere. Formaldehyde 37% in
water (20 ul, 266.3 umol, 2.5 equiv) was added and the reaction mixture was stirred at ambient
temperature for 16 h. TLC analysis showed full consumption of starting material. The crude was then
again filtrated over a pad of Celite which was washed with EtOAc. Solvents were evaporated and the
crude was purified by FC (EtOAc:hexane, 1:3) to give disaccharide (39.1 mg, 7.8 umol, 73%) in
reasonable purity.

Analytics: Rf = 0.42 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) & 7.40 — 7.27 (m, 10H),
5.00 (d, J=10.7 Hz, 1H), 4.87 (d, J = 3.7 Hz, 1H), 4.77 (d, / = 10.9 Hz, 1H), 4.70 (d, J = 11.7 Hz, 1H), 4.65
(s, 1H), 4.60 (d, J = 11.7 Hz, 1H), 4.03 (t, / = 9.6 Hz, 1H), 3.89 (dq, / = 9.2, 6.1 Hz, 1H), 3.80 — 3.70 (m,
1H), 3.56 (dd, J = 9.4, 3.5 Hz, 1H), 3.35 (s, 3H), 3.33 (t, / = 1.6 Hz, 1H), 2.46 (s, 6H), 2.31 (t, J = 10.1 Hz,
1H), 1.95-1.81 (m, 2H), 1.77 — 1.66 (m, 2H), 1.28 (d, J = 6.3 Hz, 3H), 1.22 (d, J = 6.3 Hz, 3H).»*C NMR
(101 MHz, Chloroform-d) & 139.23, 138.19, 128.63 (3C), 128.46 (3C), 128.05 (2C), 127.56 (2C), 97.41,
91.87, 81.93, 76.54, 74.21, 74.04, 73.30, 70.29, 67.24, 66.27, 54.38, 42.54 (2C), 29.30, 22.67, 19.24,
18.89. [a]*®p = + 127.4 (c = 0.5, CHCl5). HRMS (ESI): 500.3008 [M+H]*; calculated for [CasH42NOg):
500.3007. IR [ATR, neat]: v = 2929.34 w, 1452.13 w, 1367.28 w, 1128.15 m, 1047.16 s, 983.52 w,
736.67 w, 698.11 w cm-1.
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Experimental
A-190 (2R,3R,4S,5S,6R)-5-(dimethylamino)-2-(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-
yl)oxy)-6-methyltetrahydro-2H-pyran-3,4-diol

MeO. O o MeO O ™

U Na/NHs, U
QH THF, -78 °C H
jj:OBn _ e jj:OH
OBnN OH

e

Zin

~N e

Assay: In a flame dried 10 mL Schlenk tube, gaseous ammonia was condensed at -78 °C (roughly 250
pL). A-171 (3 mg, 6 umol, 1.0 equiv) dissolved in THF (250 pl) was added to the ammonia followed by
solid Na (3.0 pg, 12.0 umol, 2.0 equiv). The sodium was quickly washed with hexane and roughly
weighted. The reaction mixture turned deeply blue within 5 min. The deep blue reaction mixture was
then quenched after 60 s with saturated aqueous NH4Cl (2 mL). The aqueous phase was then
separated and extracted with EtOAc (4 x 1.5 mL). Combined organic phases were dried over MgSQ4
and concentrated under reduced pressure. The title compound was obtained as a crude and not
further purified (3 mg).

Analytics: R¢ = 0.27 (EtOAc). 'H NMR (400 MHz, Chloroform-d) § 4.96 (d, J = 4.0 Hz, 1H), 4.63 (d, J =
2.0 Hz, 1H), 3.86 (dq, /=9.8, 6.2 Hz, 1H), 3.73 (dt, J = 9.4, 6.2 Hz, 1H), 3.69 — 3.62 (m, 1H), 3.59 - 3.51
(m, 1H), 3.34 (s, 3H), 3.36 — 3.28 (m, 1H), 2.45 (s, 6H), 2.14 (t, J = 10.0 Hz, 1H), 1.92 — 1.55 (m, 4H),
1.31 (s, 3H), 1.29 (s, 3H). ®C NMR (101 MHz, Chloroform-d) 6 96.31, 92.96, 73.73, 72.27, 69.27,
68.38, 66.06, 64.44, 53.43, 40.24 (2 C), 28.67, 27.95, 18.50, 17.51.
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Experimental

A-166 (2R,3R,4S,5R,6R)-6-fluoro-N, N, 2-trimethyl-4,5-bis((triethylsilyl)oxy)tetrahydro-2H-pyran-3-

amine

MeO. o™ MeO O ™

W TES triflate, NEts, ‘
CH,Cl,, -78 °C
(o) (o}
H on >~ H oTEs
v” YOH " NOTES
/N\ /N\

Assay: The crude A-190 (9.5 mg, 30 umol, 1.0 equiv) was dissolved in CH,Cl> (1.25 mL) and cooled to -
78 °C. NEt; (21 pl, 0.15 mmol, 5.0 equiv) was then added followed by dropwise addition of TES
triflate (15 pl, 65.4 umol, 2.2 equiv). The reaction was monitored via TLC whereas full consumption of
starting material was confirmed after 15 min at -78 °C. The reaction was then quenched with
saturated aqueous NaHCOs (3.0 mL) and the two layers were separated. The aqueous layer was
extracted with CH,Cl, (3 x 3 mlL). The combined organic phases were dried over MgSO, and
concentrated under reduced pressure to give a slight yellowish crude. MS analysis confirmed product
formation. Purification by FC (EtOAc:hexane, 1:10) gave the target compound (10.0 mg, 18 ummol,
61% calculated from crude of A-190).

Analytics: R = 0.32 (EtOAc:hexane 1:10). *H NMR (400 MHz, Chloroform-d) 6 4.81 (d, J = 3.5 Hz, 1H),
4.63 (m, 1H), 3.86 (dq, J = 10.4, 6.2 Hz, 1H), 3.79 —3.70 (m, 2H), 3.50 (dd, J = 8.7, 3.5 Hz, 1H), 3.35 (s,
3H), 3.31-3.20 (m, 1H), 2.38 (s, 6H), 2.09 (t, /= 10.0 Hz, 1H), 2.02 - 1.94 (m, 1H), 1.91-1.81 (m, 1H),
1.74-1.62 (m, 2H), 1.25 (d, /= 6.4 Hz, 3H), 1.19 (d, /= 6.2 Hz, 3H), 0.96 (td, J = 7.9, 3.8 Hz, 18H), 0.72
—0.44 (m, 12H). 3C NMR (101 MHz, Chloroform-d) 6 97.42, 94.24, 74.99, 73.90, 72.09, 70.99, 67.54,
64.95, 54.41, 41.54 (2C), 29.18, 22.49, 20.35, 18.51, 7.12, 5.31. HRMS (ESI): 548.3801 [M+H]%;
calculated for [C27HssNOeSi,]: 548.3797.
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Experimental

A-191 (2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-yl acetate

MeO.__O_ MeO_ O

\O\o Ac,0, DMAP, \O\o
H NEts, CH,Cl, H
)O\}j‘:OH 07 oA
OH OAc

7

Zin
Zin

~N P

Assay: To a solution of crude A-190 (18.3 mg, 57.3 umol, 1.0 equiv) in CH,Cl, (600 L) was added NEts
(25 pL, 183.3 umol, 3.2 equiv), Ac,O (18.0 pL, 189.1 umol, 3.3 equiv) and a catalytic amount of
DMAP. The reaction was monitored via TLC and was found to be completed after 2 h 45 min. The
reaction was then quenched with saturated aqueous NH.Cl solution (2 mL). The phases were
separated and the aqueous phase was extracted with EtOAc (3 x 2 mL). Combined organic phases
were dried over MgS0O4 and concentrated under reduced pressure. The crude oil was purified by FC
(EtOAc:hexane, 1:3) to give the desired title compound (15.9 mg, 0.039 mmol, 69%).

Analytics: Rs = 0.27 (EtOAc:hexane 1:3). 'H NMR (400 MHz, Chloroform-d) 6 5.50 (t, J = 10.1 Hz, 1H),
5.08 (d, J = 3.9 Hz, 1H), 4.74 (dd, J = 10.0, 3.9 Hz, 1H), 4.62 (d, J = 3.0 Hz, 1H), 3.89 (dqg, J = 10.1, 6.1
Hz, 1H), 3.78 (dq, J = 9.2, 6.2 Hz, 1H), 3.35 (s, 3H), 3.30 — 3.23 (m, 1H), 2.42 (t, /= 10.2 Hz, 1H), 2.36 (s,
6H), 2.03 (s, 3H), 2.02 (s, 3H), 1.90 — 1.78 (m, 2H), 1.71 - 1.48 (m, 2H), 1.26 (dd, J = 6.2, 4.5 Hz, 6H).
13 NMR (101 MHz, Chloroform-d) & 170.78, 170.02, 97.41, 91.87, 75.61, 72.97, 68.98, 68.21, 67.09,
65.96, 54.56, 41.65 (2C), 29.16, 23.08, 21.50, 20.94, 18.95, 18.75. [a]*’» = + 149.2 (c

0.5, CHCl3).
HRMS (ESI): 404.2278 [M+H]*; calculated for [CisH34NOs]: 404.2279. IR [ATR, neat]: v

2932.23 w,
1748.15 s, 1452.14 w, 1369.21 w, 1226.5 m, 1127.19 w, 1054.87 s, 982.554 w cm-1.
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Experimental

A-173 (2R,3R,4S,5R,6R)-3-azido-6-(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-3-yl)oxy)-4,5-

bis((4-methoxybenzyl)oxy)-2-methyltetrahydro-2H-pyran

MeO.__ O MeO__ O

\[;;1‘ PMBCI, NaH, \[;;]\
0 0

DMF, 0 °C - rt
H , H
OH OPMB

3

Zin
Zin

3

Assay: To A-190 (28.0 mg, 0.88 mmol, 1.0 equiv) dissolved in DMF (0.8 mL) was added NaH (60% in
mineral oil, 16.2 mg, 0.41 mmol, 4.6 equiv) and PMBCI (26.0 uL, 0.19 mmol, 2.2 equiv) at ambient
temperature. The yellow/brown solution was stirred as such over night. The reaction was then
cooled to 0 °C and carefully quenched with MeOH until the effervescent had ceased. Saturated
aqueous NH4Cl solution (4 mL) was added and the reaction mixture was stirred as such for 10 min.
The biphasic mixture was separated and the aqueous layer was extracted with CH,Cl; (3 x 4 mL).
Combined organic layers were combined, dried over MgSOs and concentrated under reduced
pressure. The crude was purified by FC (EtOAc:hexane, 1:3) to give the title compound as a slight
yellowish oil (32.8 mg, 0.059 mmol, 67%).

Analytics: R¢ = 0.43 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) 6 7.36 — 7.24 (m, 4H), 6.87
(dd, J = 11.3, 8.6 Hz, 4H), 4.87 (d, J = 10.0 Hz, 1H), 4.82 (d, J = 3.7 Hz, 1H), 4.72 (d, J = 10.1 Hz, 1H),
4.69 (d, J=11.6 Hz, 1H), 4.65 - 4.63 (m, 1H), 4.56 (d, /= 11.6 Hz, 1H), 3.89 - 3.83 (m, 1H), 3.81 (s, 3H),
3.80 (s, 3H), 3.79 — 3.75 (m, 1H), 3.58 (dq, J = 9.8, 6.2 Hz, 1H), 3.50 (dd, J = 9.6, 3.6 Hz, 1H), 3.35 (s,
3H), 3.31-3.23 (m, 1H)., 3.06 (t, J = 9.8 Hz, 1H), 1.87 (d, m, 2H), 1.76 — 1.64 (m, 1H), 1.36 — 1.27 (m,
1H), 1.25(d, J= 2.2 Hz, 3H), 1.24 (d, J = 2.2 Hz, 3H).

270



Experimental

C10LL266-1-FC.1.1.1r
BBFO_1H_16 CDCI3 /v pkanmr 5

271



Experimental

A-192 (3aR,6R,7R,7aS)-2,2-di-tert-butyl-4-fluoro-N,N, 6-trimethyltetrahydro-4H-[1,3,2]dioxasilolo[4,5-

c]pyran-7-amine

MeO O o MeO O ™

\O\ tBu,Si(OTf), U
Q4 pyridine, CH,Cl, 0 ° o
OH
o W\ 0 \\\O\S - {Bu
OH d StBu

Assay: To a cooled solution of crude A-190 (3.0 mg, 15.5 umol, 1.0) in CHyCl; (1.3 pL) at 0 °C was

added pyridine (6 uL, 77.6 umol, 5.0 equiv) and DTBS ditriflate (8.0 pl, 23.3 umol, 1.5 equiv). The
reaction mixture was stirred at 0 °C for 40 min. TLC analysis showed full consumption of starting
material. The reaction mixture was then diluted with MeOH (0.2 mL) and quenched with saturated
aqueous NaHCO; (1.0 mL) and diluted with EtOAc (2 mL). The phases were separated and the
aqueous phase was extracted with EtOAc (3 x 2 mL), combined organic phases were dried over
MgS0O, and concentrated under reduced pressure. A short pipette FC (EtOAc:hexane, 1:3) gave very
little of the expected product. Yield not determined. No pure spectrum was obtained.

Analytics: Rf = 0.34 (EtOAc:hexanel:3). HRMS (ESI): 460.3088 [M+H]*; calculated for [C,3HasNOgSi]:
460.3089.
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Experimental

A-194 (2S,3S,4aR,5R,7R,8R,8aS)-5-(benzyloxy)-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-
pyrano[3,4-b][1,4]dioxin-8-yl acetate

0 OBn acetic anhydride, O p0Bn
. , pyridine, rt . i
HOY “0 I Y Yo “0
Oﬁ'OMe Oﬁ'OMe
MeO MeO

Assay: A-181 (90 mg, 0.244 mmol, 1.0 equiv) was dissolved in pyridine (2.6 mL) and acetic anhydride
(624 pL, 2.44 mmol, 10.0 equiv) was then added at 0 °C and the reaction was allowed to warm to
ambient temperature. After stirring for 84 h the reaction mixture was directly concentrated under
diminished pressure. The yellowish oil was then taken up in CH,Cl, (5 mL) and washed with saturated
aq. NHCl, solution (6 mL). The phases were separated and the organic phase was dried over MgS0O4

and concentrated under reduced pressure. The crude was used as such in the following reaction.
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Experimental

A-195 (2S,3S,4aR,7R,8R,8aS)-5-hydroxy-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-pyrano|[3,4-
b][1,4]dioxin-8-yl acetate

O OBn Pd/C, H,, O OH
. , MeOH, rt . X
AcO™ “0 —  » AcOV “0
(@) \"OMe (0) \"OMe
MeO MeO

Assay: Crude A-194 (330.0 mg, 0.80 mmol, 1.0 equiv) was dissolved in MeOH (8 mL) and Pd/C (10
wt%, 85.6 mg, 80.4 umol, 0.1 equiv) was added in one portion and the reaction vessel was
subsequently set under H,-atmosphere (balloon pressure). The reaction mixture was stirred as such
for 24 h. It was then filtered over a pad of Celite and the organic phase concentrated under
diminished pressure. Purification of the yellow crude oil by FC (EtOAc:hexane, 1:1) gave a 1:1
anomeric mixture of the free hydroxyl-pyranose (140.4 mg, 0.43 mmol, 54% over two steps).
Analytics: Rs = 0.27, EtOAc:hexane (1:1). 'H NMR (400 MHz, Chloroform-d) 6§ 5.28 (t, J = 3.2 Hz, 1H),
5.20 (dd, J = 3.2, 1.3 Hz, 1H), 5.14 (dd, J = 3.1, 1.2 Hz, 1H), 4.79 (dd, J = 7.4, 5.7 Hz, 1H), 4.38 — 4.30
(m, 1H), 4.19 (dd, J = 10.6, 3.3 Hz, 1H), 4.15-4.11 (m, 1H), 4.09 (dd, J = 10.4, 3.7 Hz, 1H), 3.86 — 3.75
(m, 3H), 3.29 (s, 3H), 3.25-3.24 (m, 6H), 2.99 (d, J = 5.8 Hz, 1H), 2.82 (d, J = 2.5 Hz, 1H), 2.18 (s, 3H),
2.17 (s, 3H), 1.31 (s, 3H), 1.30 (s, 3H), 1.25 (s, 3H), 1.23 (s, 3H), 1.19 (d, J = 6.4 Hz, 3H), 1.14 (d, J = 6.6
Hz, 3H). **C NMR (101 MHz, Chloroform-d) 6 170.98, 100.30, 100.15, 99.90, 95.19, 91.96, 71.40,
70.80, 70.65, 68.72, 68.59, 66.38, 65.67, 64.44, 48.21, 48.13, 48.05, 21.07, 17.87, 17.79, 17.67, 16.54,
16.39. HRMS (ESI): 343.1366 [M+Na]*; calculated for [Ci4H22NaOsg]: 343.1363. IR [ATR, neat]: v =
3441.35 w, 2991.05 w, 2950.55 w, 1742.37 m, 1375.00 m, 1234.22 m, 1114.65 s, 1031.73 s, 967.13
w, 935.31w, 883.24 w, 821.53 w, 734.75 w, 629.64 w cm-1.
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A-146 (2S,3S,4aR,7R,8R,8aS)-2,3-dimethoxy-2,3,7-trimethyl-5-(2,2,2-trichloro-1-

iminoethoxy)hexahydro-5H-pyrano[3,4-b][1,4]dioxin-8-yl acetate

O_OH 0._0._CCls
CI3CCN, K,COs, A
. ’ CH,Cl,, 0 °C - rt . . NH
\* /, \V 7
AcO (o) » AcO (o)
o__Anome o__AnoMe
MeO MeO

Assay: A-195 (47.3 mg, 147.7 umol, 1.0 equiv), was dissolved in CH,Cl, (1.5 mL), cooled to 0 °C and
trichloroacetonitrile (148.0 uL, 1.477 mmol, 10.0 equiv) was added followed by anhydrous K,COs
(102.0 mg, 738.3 umol, 5.0 equiv). The reaction mixture was stirred for 6 h. Starting material was
fully consumed and the crude suspension was then filtered over a pad of Celite. The filtrate was
concentrated under reduced pressure and applied to a FC (Alox, EtOAc:Hex, 1:3) to give the desired
trichloroacetimidate (64 mg, 0.138 mmol, 93%) as a mixture of a-&B-anomers (almost 1:1).

Analytics: Rf = 0.16, 0.38 respectively for both anomers (EtOAc:hexane, 1:3). 'H NMR (400 MHz,
Chloroform-d) & 8.61 (s, 1H), 8.56 (s, 1H), 6.36 (d, J = 3.3 Hz, 1H), 5.82 (d, / = 8.3 Hz, 1H), 5.26 (dd, J =
3.4, 1.4 Hz, 1H), 5.18 (dd, J = 3.4, 1.2 Hz, 1H), 4.34 — 4.26 (m, 2H), 4.22 (dd, J = 10.6, 3.3 Hz, 1H), 4.14
—4.04 (m, 1H), 4.00 — 3.89 (m, 2H), 3.28 (s, 3H), 3.25 (s, 3H), 3.25 (s, 3H), 3.21 (s, 3H), 2.20 (s, 3H),
2.18 (s, 3H), 1.26 (s, 3H), 1.25 (s, 3H), 1.23 (d, J = 6.4 Hz, 3H), 1.22 (s, 3H), 1.21 (s, 3H), 1.16 (d, J = 6.5
Hz, 3H). 13C NMR (101 MHz, Chloroform-d) 6 171.01, 170.88, 161.58, 161.29, 100.27, 100.12, 100.04,
99.87, 96.56, 95.11, 71.69, 70.99, 70.24, 69.27, 68.62, 66.33, 64.67, 64.56, 48.23, 48.09, 47.99, 47.91,
21.11, 21.02, 17.83, 17.75, 17.61, 16.42, 16.35. HRMS (ESI): 486.0460 [M+Na]*; calculated for
[C16H24CIsNNaOs]: 486.0460. IR [ATR, neat]: v = 2991.05 w, 2951.52 w, 1745.26 s, 1675.84 m, 1374.03
m, 1294.97 m, 1234.22 s, 1137.80 s, 1113.69 s, 1035.59 s, 965.20 w, 933.34 m, 883.24 w, 835.03 w,
979.42 m, 645.07 w cm-1.
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Experimental
A-196 (2R,3R,4aR,5R,7R,8R,8aS)-2,3-dimethoxy-5-(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-
3-yl)oxy)-2,3,7-trimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxin-8-yl acetate

MeO o ™

TMSOTH, U
MeO O OO~ _-CCl3 CH,Cl,, -78 °C o
OH AcO™ “0 T :t
O><%QOMe O

MeO 5Ac

Assay: In a flame dried 5 ml pear shaped flask, A-79 (22.8 mg, 49.1 umol, 1.0 equiv) and A-146 (7.2
mg, 49.1 umol, 1.0 equiv) were azeotropically dried with benzene (3 x 3 mL) over 2 h. Molecular
sieves were dried under high vacuum (3 * 102 mbar) at 250 °C over 40 min. The dried sugars were
then dissolved in CH,Cl; (1.05 mL) and the activated molecular sieves were added as quickly as
possible. The mixture was then stirred for an additional hour to thoroughly desiccate the two
carbohydrates. Meanwhile, a stock solution of TMSOTf (266 pL of TMSOTf in CH,Cl; (5 mL)) was
prepared. After the before mentioned 60 min, the suspension was cooled to —78 °C and TMSOTf
stock solution (53.0 uL) was carefully added to the reaction mixture. The reaction was monitored via
TLC analysis. After 2 h at -78 °C starting material was fully consumed. The product mass was clearly
detected on TLC-MS. The reaction was quenched by addition of NEt; (few drops) and saturated
aqueous NaHCOs (3 mL) solution. The aqueous phase was extracted with CH,Cl, (3 x 3 mL). Combined
organic phases were dried over MgSQ,. Purification by FC (EtOAc:hexane, 1:3) gave a slightly yellow
sticky syrup (13.7 mg, 0.031 mmol, 62%, impure).

Analytics: Rf = 0.31 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) 6 5.16 — 5.14 (m, 1H), 5.11
—5.08 (m, 1H), 4.98 — 4.96 (m, 1H), 4.63 — 4.56 (m, 1H), 4.50 (dd, J = 4.5, 3.3 Hz, 1H), 4.06 — 4.04 (m,
1H), 3.81 - 3.78 (m, 2H), 3.46 (d, / = 4.1 Hz, 1H), 3.33 (s, 3H), 3.31 (s, 3H), 3.24 — 3.22 (m, 6H), 3.22 (s,
3H), 3.20 (s, 3H), 2.14 (s, 6H), 1.26 (s, 3H), 1.24 (s, 12H), 1.23 - 1.21 (m, 6H), 1.14 (d, J = 6.5 Hz, 3H),
1.11 (d, J = 6.6 Hz, 3H). 3C NMR (101 MHz, Chloroform-d) 6§ 171.31, 102.34, 100.42, 100.15, 99.96,
99.91, 99.74, 97.46, 97.39, 93.93, 82.41, 75.92, 71.44, 70.52, 70.24, 68.85, 67.67, 67.36, 67.04, 66.19,
65.08, 64.79, 56.39, 54.44, 48.13, 47.99, 47.86, 29.45, 29.28, 26.26, 22.90, 21.16, 21.12, 20.99, 18.63,
17.97, 17.83, 17.79, 17.61, 16.66, 16.24, 14.30. HRMS (ESI): 471.2203 [M+Na]*; calculated for
[C21H36Na010]: 471.2201.
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Experimental

A-197 (2S,3S,4aR,5S,7R,8R,8aS)-8-(dimethylamino)-2,3-dimethoxy-2,3,7-trimethylhexahydro-5H-
pyrano(3,4-b][1,4]dioxin-5-yl (Z)-2,2,2-trifluoro-N-phenylacetimidate

O OH CF3(=NPh)CI, K,COs, O 0) CF3
CH,Cl,, 0 °C - rt
N N W 'l/,o > N N W '/,,O NPh
I (0) MOMe I (0) MOMe
MeO MeO

Assay: To A-153 dissolved in CH,Cl; (2.0 mL) was given, at 0 °C, trifluoroacetimidoyl chloride (70.0 pL,
0.439 mmol, 2.0 equiv.) and potassium carbonate (60.6 mg, 0.439 mmol, 2.0 equiv). The reaction
mixture was allowed to reach ambient temperature and was stirred for 16 h. Only little starting
material was consumed, therefore another portion of trifluoroacetimidoyl chloride (4.0 equiv) was
added and stirring was continued. After another 24 h, staring material still present but less. Potential
product observed on TLC-MS. Another portion of trifluoroacetimidoyl chloride (4.0 equiv) was added
and stirring was continued for again 24 h. Little starting material was detected, nevertheless the
reaction mixture was filtered over a pad of Celite. The filtrate was concentrated under reduced
pressure and the brown cure was purified by FC (EtOAc:Hex, 1:10) to give a brown sticky syrup (53.1
mg, 0.111 mmol, 51%). The glycosyl donor was directly used as such in the following reaction.

Analytics: full characterisation could not be done due to the reactivity of the compound.
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A-200 (2R,3R,4aR,5R,7R,8R,8aS)-8-azido-2,3-dimethoxy-5-(((2R,3S)-6-methoxy-2-methyltetrahydro-

2H-pyran-3-yl)oxy)-2,3,7-trimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxine

0O
MeO oL
W H
U\ ’ N;Q:O A > o WO
OH OKQ-OMe |
3

o0~ 2
MeO OMe

MeO_ _ O ™

\H/CC's TMSOT, Uo
N

CH2C|2, 78 °C -rt

Zin

Assay: In a flame dried 5 ml pear shaped flask, A-79 (55.3 mg, 378.3 umol, 1.0 equiv) and A-199
(223.5 mg, 499.3 umol, 1.0 equiv) was azeotropically dried with benzene (3 x 3 mL) over 2 h.
Molecular sieves were dried under high vacuum (3 * 103 mbar) at 250 °C over 40 min. The dried
sugars were then dissolved in CH,Cl; (3.8 mL) and the activated molecular sieves was added as
quickly as possible. The mixture was then stirred for an additional hour to thoroughly desiccate the
two carbohydrates. Meanwhile, a stock solution of TMSOTf (210 pL of TMSOTf in 2 mL CH,Cl,) was
prepared. After the before mentioned 60 min, the suspension was cooled to —78 °C and TMSOTf
stock solution (221 pL) was carefully added to the reaction mixture. The reaction was monitored via
TLC analysis. After 2 h at -78 °C, the reaction was quenched with dry NEt; (few drops) and the
mixture was filtered over Celite. The filtrate was concentrated under reduced pressure.

The clear crude oil was then purified by FC (EtOAc:Hex, 1:3) to give impure product (157 mg, 0.364
mmol, 96%)

Analytics: Rs = 0.36 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) 6 4.90 (d, J = 3.6 Hz, 1H),
4.62 (d, J = 3.0 Hz, 1H), 4.07 — 4.00 (m, 1H), 3.88 — 3.81 (m, 1H), 3.74 (ddd, J = 10.2, 3.6, 1.7 Hz, 2H),
3.34 (s, 6H), 3.33 (s, 3H), 3.25 (s, 3H), 1.98 — 1.90 (m, 2H), 1.88 — 1.80 (m, 2H), 1.76 — 1.65 (m, 2H),
1.32 (s, 6H), 1.29 (s, 6H), 1.27 (s, 3H), 1.26 (s, 3H). 3C NMR (101 MHz, Chloroform-d) 6 100.02, 97.48,
93.37, 75.88, 68.46, 67.27, 67.04, 64.91, 48.07, 29.29, 22.92, 18.73, 18.35, 17.94, 17.72. HRMS (ESI):
454.2164 [M+Na]*; calculated for [C19H33N3NaOg]: 454.2160.
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Experimental

A-198 (2R,3R,4aR,5R,7R,8R,8aS)-2,3-dimethoxy-5-(((2R,3S)-6-methoxy-2-methyltetrahydro-2H-pyran-
3-yl)oxy)-N,N,2,3,7-pentamethylhexahydro-5H-pyrano[3,4-b][1,4]dioxin-8-amine

MeO o™ MeO o™ Pd/C, H,, MeO oL
U Pd/C, H,, U formaldehyde, U
MeOH, rt (0] EtOH,rt @)

o
H OMe H OMe H OMe
—_— —_— Ne)
j\)jio:t o) “‘Ot o7\ t
z 0 6Me H o 6Me z o OMe
N3 NH, _N_

Assay: To disaccharide LL258 (1.3 mg, 3.0 umol, 1.0 equiv) in dry MeOH (130 L), was added Pd/C (10
wt %, 0.3 mg, 10 mol%) and the reaction mixture was set under H, atmosphere (balloon). The
reaction was monitored via TLC analysis, starting material was fully consumed after 30 min at
ambient temperature. The crude was then filtrated over a pad of Celite which was washed with
MeOH. Solvents were evaporated and the crude was taken up in dry EtOH (130 pL). To the stirring
solution was then added Pd/C (10 wt %, 0.3 mg, 10 mol%) and the reaction mixture was set under H,
atmosphere. Formaldehyde 37% in water (1 uL, 7.5 umol, 2.5 equiv) was added and the reaction
mixture was stirred at ambient temperature for 2 h. TLC analysis showed full consumption of starting
material. The crude was then again filtrated over a pad of Celite which was washed with EtOAc.
Solvents were evaporated and the crude was purified by FC (EtOAc:hexane, 1:3) to give only traces of
disaccharide.

Analytics: Rf = 0.42 (EtOAc:hexane, 1:3). HRMS (ESI): 434.2753 [M+H]*; calculated for [C21H4oNOs]:
434.2748.
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A-203 tert-butyl (2R,4S)-2-(tert-butyl)-4-((4-((1-((2R,5S,6R)-5-(((2R,3R,4S,5R,6R)-5-(dimethylamino)-
3,4-bis((4-methoxybenzyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-6-methyltetrahydro-2H-
pyran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-4-methyloxazolidine-3-

carboxylate

Jig
2 )N|\)NH BSA, SnCl,, o o 0o OPMB
H o NTNF MeCN L o M
ALOPME e N e 0 NN "
/”ekﬁ NM !
. 0
¥~ YoPuB o\(NBoc Me N
. e d

[O - N
tBu
)‘NBoc H
tBu

Assay: A-53 (3.3 mg, 10.5 umol, 1.3 equiv) was dried in a flame dried pear shaped 5 mL flask over
night under high vaccum (1 x 103 mbar). It was then suspended in MeCN (70 pL) and N,O-
bis(trimethylsilyl)acetamid (4 uL, 16.1 umol, 2.0 equiv) was added at room temperature. After 40 min
of stirring, A-173 (4.5 mg, 8.0 umol, 1.0 equiv) dissolved in MeCN (70 pL) was added, followed by
dropwise addition of SnCl, (prior distilled over P,Os at 115 °C and atmospheric pressure) (1.4 uL, 12.1
pmol, 1.5 equiv) in MeCN (40 pL), which was prepared as a stock solution. The reaction mixture was
stirred at ambient temperature and meanwhile monitored via LC-MS and TLC. The reaction mixture
was directly filtered over a short pad of Alox and concentrated under reduced pressure. A short FC
(EtOAc:hexane, 3:1) gave traces of the target compound (impure) along with reisolated A-173.

Analytics: Rf = 0.21 (EtOAc:hexane, 3:1).
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Experimental

A-201 (2R,4S)-tert-butyl 4-((4-((1-((2R,5S,6R)-5-(benzyloxy)-6-methyltetrahydro-2H-pyran-2-yl)-2-
ox0-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-2-(tert-butyl)-4-methyloxazolidine-3-

carboxylate

o}
JL MeO.
0 N7ONH
| U BSA, SnCl,, OAC
0 NJ\% On _MecN
Me H + “WOAC O’
v o
2 N
H

@* e

)‘NBoc

Assay: A-53 (6.4 mg, 12.8 umol, 1.2 equiv) was dried in a flame dried microwave vial (0.2 — 0.5 mL
vial) over night under high vaccum (1*103 mbar). It was then suspended in MeCN (70 pL) and N,O-
bis(trimethylsilyl)acetamid (5 uL, 21.3 umol, 2.0 equiv) was added at room temperature. After 40 min
of stirring, A-191 (4.3 mg, 10.7 umol, 1.0 equiv) dissolved in MeCN (70 pL) was added, followed by
dropwise addition of freshly distilled SnCl; (1.6 pL, 13.7 umol, 1.5 equiv) in MeCN (40 uL), which was
prepared as a stock solution. The reaction mixture was stirred for 4.5 h at ambient temperature and
meanwhile monitored via LC-MS and TLC. At some point, the reaction did no longer proceed. It was
then decided to quench the reaction mixture with pH 7 buffer. The phases were separated and the
aqueous phase was extracted with EtOAc (3 x 2 mL), combined organic phases were dried over
MgS0O, and concentrated under reduced pressure. A short pipette FC (EtOAc:hexane, 3:1) gave the

target compound (impure) and reisolated A-191 in quantities below 1 mg.

286



Experimental

C02LL164-1-FC.2.fid
BBFO_1H_256 CDCI3 /v pkanmr 28

=

1 SR i
...... - 0 n o
16 15 14 13 12 11 10 9 8 5 3 2 1 0 1 -2 3 4

287



Experimental

A-208 tert-butyl (2R,4S)-2-(tert-butyl)-4-((4-((1-((2R,5S,6R)-5-((dimethylglycyl)oxy)-6-
methyltetrahydro-2H-pyran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-4-

methyloxazolidine-3-carboxylate

OH
o) NJ\N“' DCC, DMAP, o NJLN“-
I CH,Cl, I
(0] N)\% + ;Y — 0 N)\% PAN
Me H HO 'i‘ Me H

Assay: To pyranose A-60 (20 mg, 32.6 umol, 1.0 equiv) dissolved in DMF (0.3 mL) was added A-206
(7.5 mg, 48.9 umol, 1.5 equiv), DCC (10.1 mg, 48.9 umol, 1.5 equiv) and DMAP (6.0 mg, 48.9 umol,
1.5 equiv) at ambient temperature. The reaction mixture was stirred as such for 6 h whereas full
consumption of starting material was observed. The crude was filtered over cotton wool and
concentrated under reduced pressure. The brown crude was then taken up in very little MeOH and
absorbed in as little silica as possible. Purification by FC (CHCl;:MeOH:H,0, 85:13:2) gave clean
product (7.4 mg, 0.01 mmol, 32%).

Analytics: Rs = 0.56 (CHCl3:MeOH:H,0, 85:13:2). *H NMR (400 MHz, Chloroform-d) & 7.84 (dd, J = 8.1,
3.2 Hz, 3H), 7.63 (d, J = 8.8 Hz, 2H), 7.48 (s, 1H), 5.74 (dd, J = 10.4, 2.1 Hz, 1H), 5.14 (s, 1H), 4.74 (d, J =
9.1 Hz, 1H), 4.51 (ddd, J = 10.9, 9.5, 4.5 Hz, 1H), 3.75 (d, J = 9.0 Hz, 1H), 3.67 (dq, J = 9.6, 6.1 Hz, 1H),
2.57 (t,J=7.2 Hz, 2H), 2.44 (t, J = 7.1 Hz, 2H), 2.24 (m, 2H), 2.19 (s, 6H), 1.66 (s, 3H), 1.67 — 1.57 (m,
1H), 1.58 — 1.47 (m, 1H), 1.47 (s, 9H), 1.21 (d, J = 6.1 Hz, 3H), 0.84 (s, 9H). *C NMR (101 MHz,
Chloroform-d) 6 171.81, 171.65, 162.22, 159.21, 155.93, 144.18, 142.90, 129.00 (2C), 119.37 (2C),
97.99, 83.11, 83.04, 77.24, 76.52, 76.04, 72.00, 68.07, 54.67, 45.17 (2C), 38.21, 33.03, 30.62, 28.16
(3C), 27.98, 26.13 (2C), 22.10, 18.01. HRMS (ESI): 713.3859 [M+H]"; calculated for [C3Hs3NgOs]:
713.3869. [a]*% = -24.39 (c = 0.41, MeOH). IR [ATR, neat]: v = 2928.38 w, 1671.02 s, 1598.7 m,
1544.7 m, 1483.95 s, 1366.32 m, 1248.68 s, 1165.76 m, 1095.37 m, 783.92 s cm-1.
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Experimental

A-209 tert-butyl (2R,4S)-2-(tert-butyl)-4-((4-((1-((2R,5S,6R)-5-((4-(dimethylamino)butanoyl)oxy)-6-
methyltetrahydro-2H-pyran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)carbamoyl)phenyl)carbamoyl)-4-

methyloxazolidine-3-carboxylate

OH
5,107 S ORE
o N N o HCi ggcélDMAP, o NIJLN“-
2Clp
. A S - S BN
Me H Me H |
/,-:éLN PN < N

Assay: To A-60 (13.2 mg, 21.5 umol, 1.0 equiv) dissolved in DMF (0.3 mL) was added A-207 (5.4 mg,
32.3 umol, 1.5 equiv), DCC (6.7 mg, 32.3 umol, 1.5 equiv) and DMAP (3.9 mg, 32.3 umol, 1.5 equiv) at
ambient temperature. The reaction mixture was stirred as such for 18 h. The crude was filtered over
cotton wool and concentrated under reduced pressure. The brown crude was then purified by FC
(CHCl3:MeOH:H,0, 85:13:2) to give the desired product (10 mg, 0.013 mmol, 64%).

Analytics: R¢ = 0.47 (CHCl3:MeOH:H,0, 85:13:2). 'H NMR (400 MHz, Chloroform-d) & 7.93 — 7.81 (m,
3H), 7.69 (d, J = 8.8 Hz, 2H), 7.56 — 7.50 (m, 1H), 5.81 (dd, J = 10.4, 2.2 Hz, 1H), 5.21 (s, 1H), 4.81 (d, J
= 9.0 Hz, 1H), 4.60 — 4.49 (m, 1H), 3.81 (d, J = 9.0 Hz, 1H), 3.74 (dq, J = 9.6, 6.1 Hz, 1H), 2.37 (t, /= 7.4
Hz, 2H), 2.33 - 2.27 (m, 4H), 2.23 (s, 6H), 1.86 — 1.76 (m, 2H), 1.72 (s, 3H), 1.70 — 1.66 (m, 1H), 1.54 (s,
9H), 1.53 — 1.52 (m, 1H), 1.25 (s, 3H), 0.91 (s, 9H). 3C NMR (101 MHz, Chloroform-d) & 172.76,
171.82, 162.15, 155.93, 144.16, 142.90, 128.95 (2C), 119.38 (2C), 118.84, 97.99, 83.12, 83.04, 76.48,
76.04, 71.96, 68.07, 58.67, 45.31 (2C), 38.21, 32.18, 30.62, 28.16 (3C), 27.98, 26.13 (3C), 22.83, 22.10,
18.06. HRMS (ESI): 727.4021 [M+H]*; calculated for [C3;HssNgOs]: 727.4025. [a]*% = -25.56 (c = 0.133,
MeOH) IR [ATR, neat]: v = 2925.48 m, 2855.09 m, 1697.05 s, 1669.09 s, 1597.73 m, 1483.95 s,
1376.92 m, 1247.72s,1162.87 m, 1093.44 m, 785.85 s cm-1.
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Experimental

A-214 4-((S)-2-amino-3-hydroxy-2-methylpropanamido)-N-(1-((2R,5S,6R)-5-hydroxy-6-
methyltetrahydro-2H-pyran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)benzamide

A __,OH OH
iy O’ I O’
\\ CH,Cly, rt \\
v O NN\

O N N ——
I I
o) NJ\/ (o) N)\yl
Me H Me H
<, ” <, N
o. NBoc HO NH;
tBu

Assay: A-60 (4.0 mg, 6.5 umol, 1.0 equiv.) was dissolved in CH,Cl; (400 uL) and TFA (37.0 uL, 482.3
pmol, 74.0 equiv) was added in one portion at room temperature. The reaction mixture was stirred
for 7 h and meanwhile monitored via TLC. Deuterated DMSO was then added and the
dichloromethane was evaporated under diminished pressure. Crude NMR was measured (see
C21LL176-3-DMSO0). The reddish solution was then again dried to complete dryness.

Analytics: Rf = 0.51, EtOAc:MeOH (5%) for oxazolidine opened compound (TLC-MS: 658 m/z). *H
NMR (400 MHz, Methanol-ds) 6 8.21 (d, J = 7.6 Hz, 1H), 8.01 (d, J = 8.6 Hz, 2H), 7.84 (d, J = 8.8 Hz,
2H), 7.56 (d, J = 7.6 Hz, 1H), 5.79 — 5.65 (m, 1H), 4.09 (d, J = 11.8 Hz, 1H), 3.82 (d, J = 11.8 Hz, 1H),
3.55-3.49 (m, 1H), 3.30 - 3.25 (m, 1H), 2.20 - 2.10 (m, 2H), 1.74 - 1.66 (m, 2H), 1.65 (s, 3H), 1.35 (d,
J=6.2 Hz, 3H). HRMS (MALDI/ESI): 468.1863 [M+Na]*; calculated for [C;1H27NsNaOg]: 468.1854
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Experimental

A-215 (2R,3S,6R)-6-(4-(4-((S)-2-amino-3-hydroxy-2-methylpropanamido)benzamido)-2-oxopyrimidin-
1(2H)-yl)-2-methyltetrahydro-2H-pyran-3-yl 3-(dimethylamino)propanoate

O (0] =
O (@) z 1) 0
. 0 o
o) N N\‘ TFA, JL
| CH,Cl 0O N\

o NJ\/ A —— A N
Me H 0 N7 NF PN
2 N Me H

N

Assay: To a solution of A-208 (4.0 mg, 5.6 umol, 1.0 equiv.) in CH,Cl; (0.4 mL) was given TFA (32 pL,
0.42 mmol, 74.0 equiv) in one portion at room temperature. The reaction mixture was stirred for 4.5
h and meanwhile monitored via TLC. The reaction mixture was then directly concentrated under
diminished pressure to obtain a crude sticky oil. Purification by HPLC (RP-semiPrep 2 min isocratic
5/95 followed by 5/95 to 90/10 ACN/H,0) gave the title compound as a white powder (2.63 mg, 4.8
pmol, 86%).

Analytics: *H NMR (500 MHz, Methanol-ds) & 8.18 (dd, J = 7.5, 2.6 Hz, 1H), 8.00 — 7.93 (m, 2H), 7.79
(dd, J = 8.8, 3.6 Hz, 2H), 7.56 (d, J = 7.5 Hz, 1H), 5.79 (dd, J = 7.1, 2.9 Hz, 1H), 4.63 (td, J = 9.9, 3.3 Hg,
1H), 4.17 (d, J = 11.9 Hz, 1H), 3.89 (d, J = 12.3 Hz, 1H), 3.80 (ddd, J = 9.8, 6.2, 4.0 Hz, 1H), 3.46 (t, J =
7.0 Hz, 2H), 2.97 — 2.88 (m, 8H), 2.32 —2.28 (m, 1H), 2.22 - 2.12 (m, 1H), 1.78 (td, /=9.7, 9.2, 4.7 Hz,
2H), 1.68 (s, 3H), 1.27 (dd, J = 6.2, 1.6 Hz, 3H). 3C NMR (126 MHz, Methanol-ds) § 171.07, 170.38,
168.13, 164.66, 157.10, 146.37, 143.63, 130.26 (2 C), 130.10 (2 C), 121.32, 98.84, 84.44, 77.34, 74.42,
65.53, 63.60, 54.19, 43.74 (2 C), 30.80, 30.07, 28.79, 18.84, 18.35. [a]*% = +34.24 (c = 0.146, MeOH).
IR [ATR, neat]: v = 1674.87 s, 1635.34 m, 1481.06 m, 1243.86 w, 1201.43 m, 1133.94 w, 1016.3 s,
669.18 m cm-1. HRMS was not found.
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Experimental

A-216 (2R,3S,6R)-6-(4-(4-((S)-2-amino-3-hydroxy-2-methylpropanamido)benzamido)-2-oxopyrimidin-
1(2H)-yl)-2-methyltetrahydro-2H-pyran-3-yl 4-(dimethylamino)butanoate

0O O
o A R
CH,Cl, 0 NNV

|
0 A SN ——— AL J <
e H I 0 N N

N Me H |
O. NBof ﬁej\”

‘Bu

< }ulll
(@]
(@]
-
u
>
Q
< >ulll
(@]
(@]

U

Assay: A-209 (4.6 mg, 6.3 umol, 1.0 equiv.) was dissolved in CH,Cl; (0.4 mL) and TFA (41 pL, 0.53
mmol, 74.0 equiv) was added in one portion at room temperature. The reaction mixture was stirred
for 180 min and meanwhile monitored via TLC. The reaction mixture was then directly concentrated
under diminished pressure to obtain a crude brown oil. Purification by HPLC (RP-semiPrep 2 min
isocratic 5/95 followed by 5/95 to 90/10 ACN/H,0) gave the title compound as a white solid (2.45
mg, 0.44 umol, 70%).

Analytics: '"H NMR (400 MHz, Methanol-ds) 6 8.21 (d, J = 7.6 Hz, 1H), 8.01 (d, J = 8.9 Hz, 2H), 7.84 (d, J
=8.9Hz, 2H), 7.62 (d, J = 7.5 Hz, 1H), 5.87 = 5.72 (m, 1H), 4.63 (td, J=9.9, 4.6 Hz, 1H), 4.09 (d, /= 11.8
Hz, 1H), 3.91 - 3.68 (m, 2H), 3.24 — 3.14 (m, 2H), 2.92 (s, 6H), 2.53 (t, J = 7.1 Hz, 2H), 2.33 — 2.26 (m,
1H), 2.17 (dt, J = 8.5, 2.4 Hz, 1H), 2.09 — 1.97 (m, 2H), 1.89 — 1.72 (m, 2H), 1.65 (s, 3H), 1.28 (d, J = 6.1
Hz, 3H). 3C NMR (126 MHz, Methanol-ds) & 171.63, 168.87, 166.84, 163.39, 155.83, 144.97, 142.28,
128.88 (2 C), 128.82, 119.94 (2 C), 97.50, 83.14, 76.12, 72.46, 64.09, 62.18, 56.68, 42.09 (2 C), 30.07,
29.50, 27.54, 19.44, 17.48, 17.00. [a]*°% = +86.19 (c = 0.058, MeOH). HRMS (ESI): 559.2871 [M+H];
calculated for [C27H39NsO7]: 559.2875. IR [ATR, neat]: v = 1671.98 s, 1601.59 m, 1482.99 m, 1397.17
w, 1305.57 w, 1250.61 w, 1186.97 s, 1131.05 s, 1095.37 m, 1006.66 m, 835.03 m, 800.31 m, 720.28

m cm-1.
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Experimental

3.2.2  Nummularine H (N-1)
N-32 5-hydroxy-2-methoxybenzaldehyde

KOH, Pd,(dba)s,
OMe Me4tBuXphos, OMe
H,O:dioxane (1:1), 80 °C

Br | > HO |
) 0]

Assay: In a microwave vial, N-31 (106 mg, 0.49 mmol, 1.0 equiv), Pd>dbas (9.0 mg, 9.9 umol, 2 mol%),
phosphine ligand (1.9 mg, 3.9 umol, 1 mol%) and KOH (55.3 mg, 0.99 mmol, 2.0 equiv) were
combined. The reaction vessel was set under vacuum and refilled with argon (3 times) followed by
the addition of degassed dioxane (0.4 mL) and H,0 (0.4 mL). The reaction mixture was then heated
up in an oil bath to 80 °C and was stirred as such for 18 h. Filtration over Celite and evaporation of
solvents gave a yellowish crude which was then purified by FC (EtOAc:hexane, 1:2) to give an impure
mixture of the desired product as a yellow solid.
Analytics: *H NMR (400 MHz, Chloroform-d) 6 10.41 (s, 1H), 7.09 (dd, J = 9.0, 3.2 Hz, 1H), 6.90 (d, J =
9.0 Hz, 1H), 6.75 (d, J = 8.7 Hz, 1H), 4.65 (s, 1H), 3.89 (s, 3H).

Compound literature known
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Experimental

N-33 5-(benzyloxy)-2-methoxybenzaldehyde

OH Mel, K,COs, OMe
DMF

—>
BnO | BnO |

Assay: To a solution of N-65 (913.0 mg, 4.0 mmol, 1.0 equiv) in DMF (10.0 mL) was added K,COs
(829.0 mg, 6.0 mmol, 1.5 equiv) and the reaction was stirred at ambient temperature for 30 min
before Mel (375.0 pL, 6.0 mmol, 1.5 equiv) was added dropwise. The reaction mixture was stirred as
such over the weekend and meanwhile turned yellow. Full consumption of starting material was
observed. The solvents were then fully removed under diminished pressure. The crude was purified
by FC (EtOAc:hexane, 1:10 -> 1:5) to give the target compound as a white crystalline solid (953 mg,
3.933 mmol, 98%).

Analytics: R = 0.14 (EtOAc:hexane, 1:10). 'H NMR (400 MHz, Chloroform-d) § 10.44 (s, 1H), 7.49 —
7.30 (m, 6H), 7.21 (dd, J = 9.1, 3.3 Hz, 1H), 6.95 (d, J = 9.1 Hz, 1H), 5.05 (s, 2H), 3.90 (s, 3H). 3C NMR
(101 MHz, Chloroform-d) & 189.67, 157.01, 152.90, 136.81, 128.77 (2C), 128.23, 127.73 (2C), 125.13,
124.40, 113.49, 112.01, 70.83, 56.30. HRMS (ESI): 265.0836 [M+Na]*; calculated for [CisH12NaOs]:
396.9433. IR [ATR, neat]: v = 3035.41 w, 2875.34 w, 1679.69 s, 1609.31 w, 1585.20 w, 1492.63 s,
1454.06 s, 1421.28 s, 1395.25 s, 1382.71 m, 1313.29 m, 1274.72 s, 1220.72 s, 1159.97 s, 1104.05 w,
1024.98 s, 1011.48 s, 873.60 m, 848.53 m, 823.46 m, 762.71 m, 723.18 s cm-1.

Compound literature known
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Experimental

N-30 4-(benzyloxy)-2-(2,2-dibromovinyl)-1-methoxybenzene

OMe CBr4, PPhs,
CH2C|2, 0°C-rt OMe
BnO > /Br
n
I BnO Br
O

Assay: To a solution of aldehyde N-33 (953 mg, 3.93 mmol, 1.0 equiv) in CHxCl, (30 mL) at 0 °C was

added CBr4 (2.61 g, 7.87 mmol, 2.0 equiv) followed by the addition of PPh;3 (4.13 g, 15.73 mmol, 4.0
equiv). The reaction was allowed to slowly warm to ambient temperature and meanwhile turned
from yellow to orange. After stirring for 1.5 h the reaction mixture was diluted with hexane and
filtered over a pad of Celite/silica (pre-washed with CH,Cl;) in order to remove the
triphenylphosphine oxide. The filtrate was concentrated and purified via FC (EtOAc:hexane, 1:10) to
give the title compound as a brown oil (1.16 g, 2.9 mmol, 74%) which crystallized after exposing to air
to a slightly yellow solid.

Analytics: R = 0.39 (EtOAc:hexane, 1:10). *H NMR (400 MHz, Chloroform-d) § 7.59 (s, 1H), 7.45 —
7.28 (m, 6H), 6.94 (dd, J = 8.9, 3.1 Hz, 1H), 6.79 (d, J = 9.0 Hz, 1H), 5.04 (s, 2H), 3.79 (s, 3H). **C NMR
(101 MHz, Chloroform-d) & 152.29, 151.30, 137.23, 132.66, 128.74 (2C), 128.08, 127.60 (2C), 124.99,
116.59, 115.81, 111.72, 90.03, 70.96, 56.20. HRMS (ESI): 396.9438 [M+H]*; calculated for
[C16H15Br20,]: 396.9433. IR [ATR, neat]: v =2938.02 w, 2835.81 w, 1578.45 w, 1487.81 w, 1283.39 m,
1214.93s,1180.22 s, 1026.91 s, 874.56 m, 798.39 s, 730.89 s cm-1. m.p.: 77.1 °C.
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Experimental

N-34 4-(benzyloxy)-2-(bromoethynyl)-1-methoxybenzene

Cs,CO3, DMA, OMe
OMe 50 °C
JO @ -
B
BnO Z gy no X

Assay: To dibromovinyl compound N-30 (151 mg, 0.38 mmol, 1.0 equiv) in DMA (1.8 mL) was added

Br

Cs,C03 (247.2 mg, 0.76 mmol, 2.0 equiv) and the reaction mixture was heated up to 50 °C and stirred
as such for 16 h. The reaction mixture was then diluted with distilled H,O (3 mL) and EtOAc (3 mL).
The phases were separated and the aqueous phase was extracted with EtOAc (3 x 3 mL). The
combined organic phases were dried over MgSO, and concentrated under reduced pressure.
Purification by FC (EtAOc:hexane, 1:10) gave the title compound as a yellow solid (needles) (52.3 mg,
0.17 mmol, 44%).

Analytics: R¢ = 0.36 (EtOAc:hexane, 1:10). HRMS (ESI): 334.0441 [M+NH.]*; calculated for
[C16H17BrNO,]: 334.0437. *H NMR (400 MHz, Chloroform-d) 6 7.47 — 7.29 (m, 5H), 7.05 (d, J = 3.1 Hz,
1H), 6.93 (dd, J = 9.1, 3.1 Hz, 1H), 6.79 (d, J = 9.1 Hz, 1H), 5.00 (s, 2H), 3.84 (s, 3H). 3C NMR (101 MHz,
Chloroform-d) 6 155.54, 152.41, 137.01, 128.74 (2C), 128.15, 127.62 (2C), 119.99, 117.36, 112.45,
112.07, 76.49, 70.89, 56.51, 53.41. IR [ATR, neat]: v = 1497.45 s, 1455.99 w, 1282.43 w, 1229.40 s,
1027.87 m, 736.67 m, 696.18 m cm-1. m.p.: 76.3 °C.
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Experimental

N-36 N-benzyl-N-((5-(benzyloxy)-2-methoxyphenyl)ethynyl)-4-methylbenzenesulfonamide

Cul, DMEDA, OMe

/CG/MBC Cs,CO3, dioxane, 60 °C
p
.
BnO X
BnO Z Br ©/\NHTS S

Assay: A flame dried Schlenk tube was charged with N-benzyl-4-methylbenzenesulfonamide (450 mg,

NTsBn

1.72 mmol, 1.0 equiv) and dibromovinyl N-30 (754 mg, 1.89 mmol, 1.1 equiv). It was then evacuated
under high vacuum and backfilled with argon (5 times). The Schlenk tube was then channeled into
the glovebox where Cul (41 mg, 0.22 mmol, 0.13 equiv) and Cs,COs (2.24 g, 6.89 mmol, 4.0 equiv)
were added. Again outside the glovebox, degassed dioxane (6 mL) was added followed by DMEDA
(35.0 pL, 0.32 mmol, 0.19 equiv) which was prior bubbled through by a stream of argon over 15 min.
The reaction mixture was stirred for 25 h at 60 °C resulting in a green suspension. The mixture was
filtered over a pad of Celite and was subsequently concentrated under reduced pressure. Purification
by FC (EtOAc:hexane, 1:5) gave the target compound (753.5 mg, 1.51 mmol, 88%) along with existing
starting material (sulfonamide — slightly impure, 100.0 mg, 0.25 mmol, 15%).

Analytics: Rs = 0.2 (EtOAc:hexane, 1:5). 'H NMR (400 MHz, Chloroform-d) & 7.83 (d, J = 8.4 Hz, 2H),
7.42 — 7.26 (m, 12H), 6.84 — 6.80 (m, 2H), 6.73 (d, J = 9.8 Hz, 1H), 4.96 (s, 2H), 4.59 (s, 2H), 3.76 (s,
3H), 2.43 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 154.47, 152.51, 144.57, 137.15, 134.96, 134.67,
129.73 (2 C), 129.14 (2 C), 128.72 (2 C), 128.57 (2 C), 128.37, 128.12, 128.00 (2 C), 127.63 (2 C),
118.96, 115.72, 113.20, 112.33, 86.73, 70.86, 67.93, 56.61, 55.95, 21.80.
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Experimental

N-36 N-benzyl-N-((5-(benzyloxy)-2-methoxyphenyl)ethynyl)-4-methylbenzenesulfonamide

K3PO4, CUSO4'5H20,
1,10-phenanthroline,

OMe toluene, 75°C

OMe

>

BnO \\ N/Ts BnO \\
Br H NTsBn

Assay: A flame dried microwave vial was charged with sulfonamide (40 mg, 0.15 mmol, 1.0 equiv),

alkyne N-34 (53.4 mg, 0.17 mmol, 1.1 equiv) and KisPO. (39 mg, 183.7 mmol, 1.2 equiv),
phenantroline (55 mg, 30.6 umol, 0.2 equiv) and CuSQO4-5H,0 (3.8 mg, 15.3 umol, 0.1 equiv) the
reaction vessel was then evacuated under high vacuum and backfilled with argon. Toluene (1.5 mL)
was then added and again; the reaction vessel was evacuated under high vacuum and backfilled with
argon. The microwave vial was sealed with a lid. The reaction mixture was stirred for 18 h at 75 °C
resulting in a brown suspension. The mixture was filtered over a pad of Celite and was subsequently
concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:5) gave the desired title

compound (76.1 mg, 0.15 mmol, 83%).
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Experimental

N-37 N-benzyl-N-((5-(benzyloxy)-2-methoxyphenyl)ethynyl)-4-nitrobenzenesulfonamide

Cul, DMEDA, OMe

/@iﬁ;\ Cs,CO3, dioxane, 60 °C
f
>
BnO N
BnO Z g ©/\NHNS A

Assay: A flame dried Schlenk tube was charged with sulfonamide (130 mg, 0.45 mmol, 1.0 equiv) and

NNsBn

dibromovinyl N-30 (195 mg, 0.49 mmol, 1.1 equiv). It was then evacuated under high vacuum and
backfilled with argon (5 times). The Schlenk tube was then channeled into the glovebox where Cul
(10.6 mg, 55.6 umol, 0.13 equiv) and Cs,CO3 (579.6 mg, 1.78 mmol, 4.0 equiv) were added. Outside
the glovebox, degassed dioxane (1.6 mL) was added followed by DMEDA (9.0 pL, 83.4 umol, 0.19
equiv) which was prior bubbled through by a stream of argon over 15 min. The reaction mixture was
stirred for 24 h at 60 °C resulting in a brown suspension. The mixture was filtered over a pad of Celite
and was subsequently concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:5)
gave the target compound (as a yellow oil, slightly impure) along with existing starting material
(sulfonamide).

Analytics: Rs = 0.23 (EtOAc:hexane, 1:5). 'H NMR (400 MHz, Chloroform-d) 6 8.24 (d, J = 8.9 Hz, 2H),
8.01 (d, J = 8.9 Hz, 2H), 7.45 - 7.24 (m, 10H), 6.91 — 6.85 (m, 2H), 6.79 (t, J = 9.5 Hz, 1H), 4.99 (s, 2H),
4.69 (s, 2H), 3.80 (s, 3H).
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Experimental

N-38 N-((5-(benzyloxy)-2-methoxyphenyl)ethynyl)-N-(4-methoxybenzyl)-4-nitrobenzenesulfonamide

Cul, DMEDA, OMe

OMe Cs,CO3, dioxane, 60 °C
/J:::[;/ji g ono X
BnO Z Br /@/\NHNS X
MeO

Assay: A flame dried microwave tube was charged with sulfonamide N-41 (12 mg, 37 umol, 1.0

NNsPMB

equiv) and dibromovinyl N-30 (16 mg, 41 umol, 1.1 equiv). It was then evacuated under high vacuum
and backfilled with argon (5 times). Cul (1.0 mg, 4.7 umol, 0.13 equiv) and Cs,CO; (48.5 mg, 0.15
mmol, 4.0 equiv) were added followed by the addition of DMEDA (1 uL, 7 umol, 0.19 equiv) which
was prior bubbled through by a stream of argon over 15 min. The reaction mixture was stirred over
the weekend. The brown suspension was allowed to cool to ambient temperature and was then
filtered over a pad of Celite. The brownish crude was then purified by FC (1:3, EtOAc:hexane) to give
the title compound in low yields as a yellow oil (2.46 mg, 4.4 umol, 12%).

Analytics: Rf = 0.26 (EtOAc:hexane, 1:5). 'H NMR (400 MHz, Chloroform-d) 6 8.30 — 8.18 (m, 2H), 8.08
—7.98 (m, 2H), 7.47 - 7.24 (m, 9H), 6.91 — 6.84 (m, 1H), 6.81 — 6.73 (m, 2H), 4.99 (s, 2H), 4.63 (s, 2H),
3.81 (s, 3H), 3.77 (s, 3H). **C NMR (101 MHz, Chloroform-d) & 160.08, 154.65, 152.50, 150.40, 143.36,
137.04, 130.66 (2 C), 129.12 (2 C), 128.74 (2 C), 128.16, 127.60 (2 C), 126.04, 124.04 (2 C), 119.15,
116.26, 114.46, 114.00 (2 C), 112.08, 85.73, 70.86, 68.55, 56.48, 56.31, 55.43. HRMS (ESI): 581.1350
[M+Na]*; calculated for [C3oH26N2NaO,S]: 581.1353. IR [ATR, neat]: v = 1682.59 w, 1604.48 w,
1530.24 m, 1512.88 m, 1499.38 m, 1462.74 w, 1422.24 w, 1370.18 m, 1313.29 m, 1248.68 m,
1171.54 s, 1085.73 m, 1026.91 s, 883.24 m, 853.35m, 736.67 s, 697.14 m, 683.64 m, 601.68 s cm-1.
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Experimental

N-41 N-(4-methoxybenzyl)-4-nitrobenzenesulfonamide

NEt;,

o OMe
\ Cl o H
NH, ‘s( CH,Clp, 0 °C - 1t Q /N\/©/
N OLA - %
M )
0 on (j
O,N

Assay: To a solution of 4-methoxybenzylamine (0.1 mg, 0.73 mmol, 1.0 equiv) in CH,Cl, (6.5 mL) at 0

°C was given NEts (81.0 pL, 1.09 mmol, 1.5 equiv). Nosylchloride (242.3 mg, 1.5 mmol, 1.5 equiv) was
then added in one portion whereas the reaction mixture turned yellow/orange. The mixture was
allowed to warm to ambient temperature and was stirred as such over night. After stirring for 16 h.
The reaction mixture was concentrated under reduced pressure and the orange crude was purified
by FC (EtOAc:hexane; 1:3) to give the target compound as a white solid (183.1 mg, 0.57 mmol, 78%).
Analytics: R¢= 0.19 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) 6 8.40 — 8.06 (m, 2H), 8.00
(d, J = 8.9 Hz, 2H), 7.13 — 7.00 (m, 2H), 6.79 (d, J = 8.7 Hz, 2H), 4.78 (t, J = 5.7 Hz, 1H), 4.17 (s, 1H),
4.16 (s, 1H), 3.77 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 159.75, 146.29, 129.50 (2 C), 128.47 (2
C), 127.56, 124.45 (2 C), 114.35 (2 C), 55.47, 47.14. HRMS (ESI): 345.0520 [M+Na]*; calculated for
[C14aH1aN,NaOsS]: 335.345.0516. IR [ATR, neat]: v = 3289.96 w, 1610.27 w, 1528.31 s, 1348.0 s,
1250.61 m, 1161.9s, 1031.73 m, 850.45 m, 740.53 m, 613.25 m cm-1.
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Experimental

N-56 (Z)-N-benzyl-N-(5-(benzyloxy)-2-methoxystyryl)-4-methylbenzenesulfonamide
OMe lindlar cat, Hp, OMe
EtOAc

BnO A BnO i
NTsBn BnTsN

Assay: To a solution of sulfonamide N-36 (97 mg, 0.19 mmol, 1.0 equiv) in EtOAc (2 mL) was given
Lindlar cat. (6.2 mg, 29 umol, 15 mol %) and the reaction vessel was set under hydrogen atmosphere
(balloon). The reaction mixture was stirred over the weekend but no full conversion was observed
after 63 h. Therefore another portion of Lindlar cat. (6.2 mg, 29 umol, 15 mol %) was added and the
reaction was stirred at 40 °C for another 5 h to achieve full conversion. The reaction was filtered over
a pad of Celite and concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:3) gave
the target compound as a turbid oil (68 mg, 0.14 mmol, 70%) along with reisolated SM (not
quantified).

Analytics: R¢ = 0.48 (EtOAc:hexane 1:3). *H NMR (400 MHz, Chloroform-d) 6 7.76 (d, J = 8.3 Hz, 2H),
7.41 (d, J = 4.4 Hz, 4H), 7.38 = 7.31 (m, 1H), 7.29 (d, J = 8.1 Hz, 2H), 7.19 — 7.08 (m, 3H), 6.96 — 6.89
(m, 2H), 6.81 (dd, J = 9.0, 3.1 Hz, 1H), 6.66 (d, J = 8.9 Hz, 1H), 6.63 (d, J = 3.1 Hz, 1H), 6.21 (d, /=9.1
Hz, 1H), 6.14 (d, J = 9.1 Hz, 1H), 4.77 (s, 2H), 4.34 (s, 2H), 3.57 (s, 3H), 2.32 (s, 3H). ®*C NMR (101 MHz,
Chloroform-d) & 152.08, 151.44, 143.72, 137.19, 136.28, 135.90, 129.82, 128.58, 128.28, 128.04,
127.99, 127.75, 127.36, 127.28, 124.78, 124.46, 118.70, 116.01, 115.83, 111.45, 70.49, 55.83, 51.59,
21.48. HRMS (ESI): 522.1705 [M+Na]*; calculated for [C3oH2sNNaQ,S]: 522.1710. IR [ATR, neat]: v =
1492.63 m, 1455.03 m, 1343.18 m, 1219.75 m, 1159.97 s, 1090.55 m, 1027.87 m, 733.78 m, 695.21 s,
681.71 s cm-1.
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Experimental

N-65 5-(benzyloxy)-2-hydroxybenzaldehyde

NaOH, CHCl;, OH

OH H,0, reflux
1 = oo
BnO " (|)

Assay: To a suspension of N-64 (20 g, 99.88 mmol, 1.0 equiv) in water (80.0 mL) was added sodium

hydroxide (26.37 g, 659.2 mmol, 6.6 equiv) carefully. The suspension became greyish and the white
solid started to dissolve slowly. The reaction mixture was heated up to 70 °C. Chloroform (16.11 mL,
199.76 mmol, 2.0 equiv) was then carefully (extremely slowly) added whereas a strong bubbling and
a change in color (to yellow) was observed. The reaction mixture was kept as such for 4 h. The
reaction was then allowed to cool to ambient temperature and acidified with HCl (1 M, to a pH of 4)
and extracted with EtOAc (3 x 80 mL). Combined organic layers were dried over MgSO, and
concentrated under reduced pressure. Purification by FC (EtOAc:hexane, 1:10 -> 1:5) gave the target
compound as a yellow solid (4.78 g, 20.94 mmol, 21%) and recovered SM (9.81 g, 48.99 mmol, 49%).
Analytics: Rs = 0.31 (EtOAc:hexane, 1:10). *H NMR (400 MHz, Chloroform-d) § 10.66 (s, 1H), 9.84 (s,
1H), 7.45-7.31 (m, 5H), 7.22 (dd, J = 9.0, 3.1 Hz, 1H), 7.08 (d, J = 3.1 Hz, 1H), 6.94 (d, J = 9.1 Hz, 1H),
5.07 (s, 2H). *C NMR (101 MHz, Chloroform-d) § 196.26, 156.43, 151.97, 136.66, 128.85 (2 C),
128.35,127.63 (2 C), 126.27, 120.23, 118.92, 117.00, 71.15.

Compound literature known
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Experimental

N-66 2-amino-1-(5-(benzyloxy)-2-methoxyphenyl)ethan-1-ol

i) MeNO,, MeCN
OMe ii) TBSCI, imidazole, OMe
DMF

BnO | BnO NO,
OTBS

Assay: A stock solution of NaOMe (25 wt% in MeOH, 7.5 mL) in additional MeOH (10 mL) and MeNO;
(11.13 mL, 205.95 mmol, 36.0 equiv) was first prepared. The stock solution (15 mL) was then added
dropwise to a stirring solution of N-33 (1.39 g, 5.72 mmol, 1.0 equiv) in MeOH (60.0 mL). The
reaction mixture stayed clear but turned orange. After stirring over night, the starting material was
fully consumed. The reaction mixture was carefully quenched with saturated aqueous NHCl, (60 mL)
and extracted with EtOAc (3 x 25 mL). The solvent was evaporated and the crude was taken up in
DMF (60 mL). TBSCI (2.24 g, 14.87 mmol, 2.6 equiv) and imidazole (1.95 g, 28.60 mmol, 5.0 equiv)
were added in one portion. Starting material was fully consumed after 6 h. The organic solvent was
evaporated under diminished pressure and the crude was purified by FC (EtOAc:hexane, 1:10 -> 1:5)
to give the desired product (1.40 g, 3.35 mmol, 59% over two steps).

Analytics: R¢= 0.34 (EtOAc:hexane, 1:1). *H NMR *H NMR (400 MHz, Chloroform-d) & 7.45 — 7.29 (m,
5H), 7.17 (d, J = 3.0 Hz, 1H), 6.88 (dd, J = 8.8, 3.2 Hz, 1H), 6.78 (d, J = 8.9 Hz, 1H), 5.76 (dd, J = 9.5, 2.7
Hz, 1H), 5.05 (d, J = 11.7 Hz, 1H), 5.00 (d, J = 11.8 Hz, 1H), 4.51 (dd, J = 11.8, 2.7 Hz, 1H), 4.34 (dd, J =
11.8, 9.5 Hz, 1H), 3.83 (s, 3H), 0.88 (s, 9H), 0.04 (s, 3H), -0.10 (s, 3H). **C NMR (101 MHz, Chloroform-
d) 6 153.02, 149.65, 137.12, 128.57 (2C), 128.42, 127.93, 127.40 (2C), 115.58, 113.86, 111.20, 81.19,
70.70, 67.09, 55.75, 25.67, -4.84, -5.65. HRMS (ESI): 440.1865 [M+Na]*; calculated for
[C22H31NNaOsSi]: 440.1864 . IR [ATR, neat]: v = 2954.41 w, 2929.34 w, 2857.02 w, 1557.24 s, 1553.38
s, 1497.45 s, 1379.82 w, 1276.65 w, 1254.47 m, 1206.26 m, 1091.51 m, 961.34 m, 829.24 s 780.07 m,
735.71 w cm-1.
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Experimental

N-61 2-(5-(benzyloxy)-2-methoxyphenyl)-2-((tert-butyldimethylsilyl)oxy)ethan-1-amine

OMe NiCl,-6H,0, NaBH,, OMe
MeOH, THF, 0 °C

’
BnO NO, BnO NH,

OTBS OTBS

Assay: N-66 (1.15 g, 2.75 mmol, 1.0 equiv) was dissolved in MeOH (30 mL) and THF (15 mL) and
cooled to 0 °C. NiCl,-6H,0 (2.62 g, 11.02 mmol, 4.0 equiv) was added followed by stepwise addition
of NaBH,4 (7 x 111.6 mg, 20.65 mmol, 7.5 equiv). The reaction turns instantly black and a strong
effervescent was observed. Product formation was observed rapidly (within 5 min) and full starting
material consumption was obtained after 50 min. The reaction mixture was filtered over a pad of
Celite and concentrated under reduced pressure. The crude brown/black oil was purified by FC
(CHxClr:MeOH, 9:1) to give the desired product as a yellowish foam/powder (969.1 mg, 2.5 mmol,
91%).

Analytics: Ri= 0.47 (CH,Cl,:MeOH, 9:1). *H NMR (400 MHz, Chloroform-d) § 7.45 — 7.28 (m, 5H), 7.12
(d, J=3.0 Hz, 1H), 6.83 (dd, J = 8.9, 3.1 Hz, 1H), 6.76 (d, J = 8.9 Hz, 1H), 5.40 (dd, J = 8.0, 3.4 Hz, 1H),
5.04 (d, J =11.8 Hz, 1H), 5.00 (d, J = 11.7 Hz, 1H), 3.78 (s, 3H), 3.48 (s, 2H), 3.13 (dd, J = 13.1, 3.4 Hz,
1H), 2.91 (dd, J = 13.0, 8.1 Hz, 1H), 0.92 (s, 9H), 0.09 (s, 3H), -0.09 (s, 3H). *C NMR (101 MHz,
Chloroform-d) 6 153.00, 150.03, 137.36, 132.32, 128.53 (2C), 127.84, 127.45 (2C), 114.44, 113.87,
111.33, 70.65, 65.57, 60.54, 55.92, 25.89, -4.75, -5.23. HRMS (ESI): 388.2297 [M+H]; calculated for
[C22H34NOsSi]: 388.2302. IR [ATR, neat]: v = 3419.17 w, 2951.52 w, 2928.38 w, 2856.06 w, 1496.49 s,
1462.74 w, 1254.47 m, 1208.18 m, 1074.16 m, 1027.87 m, 905.42 m, 835.99 m, 779.10 m, 732.82 s

cm-1.
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Experimental

N-67 benzyl ((2S,3R)-1-((2-(5-(benzyloxy)-2-methoxyphenyl)-2-((tert-

butyldimethylsilyl)oxy)ethyl)amino)-3-methyl-1-oxopentan-2-yl)carbamate

OMe
OMe DCC, HOB, BnO OTBS
NMM, CH,Cl,
> HN
BnO NH, Z-L-Isoleucine NHCbz
OTBS O

., 'I/

Assay: N-61 (954 mg, 2.46 mmol, 1.0 equiv) and Z-L-lle (718 mg, 2.71 mol, 1.1 equiv) were dissolved
in CH,Cl; (20 mL) and cooled to 0 °C. DCC (566 mg, 2.95 mmol, 1.2 equiv), HOBt (432 mg, 3.2 mmol,
1.3 equiv) and NMM (298 L, 2.77 mmol, 1.1 equiv) were added subsequently and the reaction was
allowed to warm to ambient temperature and stirred as such over 16 h. The reaction mixture was
filtrated over a pad of Celite and the filtrate was concentrated under reduced pressure. Purification
by FC (EtOAc:hexane, 1:3) gave the pure product as a white powder (1.40 g, 2.21 mmol , 90 %).
Analytics: Rf = 0.2 (EtOAc:hexane, 1:3). 'H NMR (400 MHz, Chloroform-d) 6 7.45 - 7.28 (m, 10H), 7.10
(t, J = 2.9 Hz, 1H), 6.82 (dt, J = 8.9, 3.7 Hz, 1H), 6.74 (dd, J = 9.0, 1.8 Hz, 1H), 5.98 (d, J = 6.5 Hz, 1H),
5.30 (dd, J = 21.8, 8.8 Hz, 1H), 5.17 (t, J = 5.0 Hz, 1H), 5.15 — 4.95 (m, 4H), 4.06 — 3.91 (m, 1H), 3.77 (s,
3H), 3.64 — 3.35 (m, 2H), 1.92 — 1.74 (m, 1H), 1.36 (dq, J = 8.0, 4.6, 4.1 Hz, 1H), 1.02 (dtd, J = 16.4, 9.4,
8.3, 5.3 Hz, 1H), 0.90 (s, 9H), 0.89 — 0.82 (m, 4H), 0.78 (d, J = 6.8 Hz, 2H), 0.06 (s, 3H), -0.07 (d, J = 2.7
Hz, 3H). 13C NMR (101 MHz, Chloroform-d) & 170.85, 170.75, 156.33, 156.22, 152.99, 150.09, 137.45,
136.46, 136.39, 131.20, 128.65, 128.27, 128.18, 127.99, 127.56, 114.61, 114.51, 114.04, 113.97,
111.35, 111.27, 70.67, 67.43, 67.29, 67.12, 67.05, 60.09, 59.98, 55.93, 45.87, 37.81, 37.62, 25.97,
24.84, 24.72, 18.31, 15.56, 15.32, 11.67, -4.70, -4.99. HRMS (ESI): 657.3316 [M+Na]*; calculated for
[C36Hs50N2NaOsSi]: 657.3330. IR [ATR, neat]: v = 2957.3 w, 2929.34 w, 1711.51 m, 1661.37 m, 1496.49
m, 1248.68 m, 1214.93 m, 1074.16 m, 1040.41 m, 1027.87 m, 908.31 m, 834.06 m, 777.12 m, 729.93
s,695.21 m cm-1.
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Experimental

N-60 (2S,3R)-2-amino-N-(2-((tert-butyldimethylsilyl)oxy)-2-(5-hydroxy-2-methoxyphenyl)ethyl)-3-

methylpentanamide

OMe OMe
OTBS OTBS
BnO Pd/C, HO
EtOH
HN —_— HN
NHCbz o NH,

%, " II"//

Assay: N-67 (1.4 g, 2.8 mmol, 1.0 equiv) was dissolved in EtOH (28 mL), Pd/C (298.2 mg, 0.28 mmol,
0.1 equiv) was added and the reaction vessel was set under hydrogen atmosphere (balloon). Starting
material was fully consumed within 2 h. The mixture was then filtrated over a pad of Celite and the
filtrate was concentrated under reduced pressure. Purification by FC (CH,Cl,:MeOH, 9:1) gave the
desired product as a sticky white foam (884.1 mg, 2.15 mmol, 77%).

Analytics: R¢ = 0.57 (CH,Cl;:MeOH, 9:1). *H NMR (400 MHz, Chloroform-d) § 7.44 (s, 1H), 6.98 — 6.90
(m, 1H), 6.67 (s, 2H), 5.16 (q, J = 5.3, 4.9 Hz, 1H), 3.76 (s, 3H), 3.59 — 3.48 (m, 1H), 3.45 — 3.32 (m, 1H),
3.23 (dd, J = 18.5, 3.9 Hz, 1H), 2.01 — 1.83 (m, 1H), 1.39 — 1.16 (m, 1H), 1.12 — 0.97 (m, 1H), 0.91 (m,
9H), 0.89 — 0.80 (m, 6H), 0.06 (s, 3H), -0.07 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 174.14,
173.63, 149.79, 149.72, 149.64, 131.63, 131.53, 114.46 (2C), 111.23, 67.32, 67.27, 60.04, 59.94,
55.86, 45.58, 37.79, 37.63, 25.87, 23.64, 18.18, 16.05, 15.94, 11.90, 11.83, -4.78, -5.09. HRMS (ESI):
433.2490 [M+Na]*; calculated for [Ca1H3sN2NaO,4Si]: 433.2493. IR [ATR, neat]: v = 2957.3 w, 2929.34
w, 2857.02 w, 1647.87 m, 1498.42 m, 1461.78 m, 1254.47 m, 1210.11 m, 1075.12 m, 834.06 s,
777.17 s, 734.75 m cm-1.
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Experimental

N-59 tert-butyl (2S,3R)-2-(((2S,3R)-1-((2-((tert-butyldimethylsilyl)oxy)-2-(5-hydroxy-2-
methoxyphenyl)ethyl)amino)-3-methyl-1-oxopentan-2-yl)carbamoyl)-3-hydroxypyrrolidine-1-

carboxylate

OMe OMe
HO OTBS EDC, HOBL, HO OTBS
DMAP, DCM OH 4
HN > HN
NH N-Boc-3-OH-Pro HN
(0] 2 NBoc ' @]

D I’I/

Assay: N-60 (0.81 g, 1.98 mmol, 1.0 equiv), the free acid LL288 (0.54 g, 2.31 mmol, 1.17 equiv),
EDC-HCI (0.46 g, 2.37 mmol, 1.2 equiv) and HOBt (0.27 g, 1.98 mmol, 1.0 equiv) followed by DMAP
(0.29 g, 2.37 mmol, 1.2 equiv) were suspended in CH,Cl; (20 mL). The reaction mixture was stirred as
such over night before being quenched by the addition of saturated aqueous NaHCO; (15 mL) and
diluted with CH,Cl,. The two phases were separated and the aqueous phase was extracted with
CHxCl; (3 x 15 mL). The organic phases were dried over MgS0O, and concentrated under reduced
pressure. The crude was then purified by FC (CH,Cl,:MeOH, 95:5) to give the target compound as a
white powder (1.15 g, 1.72 mmol, 87%).

Analytics: Rs = 0.22 (EtOAc:hexane, 5:1). 'H NMR (400 MHz, Methanol-ds) & 6.91 (d, J = 3.1 Hz, 1H),
6.76 (dd, J = 8.8, 3.9 Hz, 1H), 6.65 (dt, J = 8.8, 2.8 Hz, 1H), 5.28 — 5.14 (m, 1H), 4.58 — 4.46 (m, 1H),
4.39-4.24 (m, 2H), 3.77 (s, 3H), 3.63 — 3.54 (m, 1H), 3.51 —3.32 (m, 3H), 2.15 - 1.88 (m, 3H), 1.40 (s,
10H), 1.18 — 1.06 (m, 1H), 0.96 — 0.83 (m, 15H), 0.06 (s, 3H), -0.09 (s, 3H). 3C NMR (101 MHz,
Methanol-ds) & 173.46, 172.63, 156.14, 152.10, 150.94, 132.88, 115.61, 115.48, 112.70, 81.49, 73.19,
68.34, 64.77, 59.77, 56.47, 47.31, 45.08, 37.59, 32.77, 28.68 (3C), 26.49 (3C), 25.31, 19.12, 16.36,
12.08, -4.72 (2C).

IR [ATR, neat]: v = 3323.71 w, 2959.23 w, 2931.27 w, 1651.73 s, 1501.31 m, 1458.89 m, 1397.17 m,
1254.47 m, 1213.01 m, 1167.69 m, 1075.12 m, 835.99 m, 777.17 m cm-1.. HRMS (ESI): 646.3487
[M+Na]*; calculated for [C31Hs3N3sNaOsSi]: 646.3494.
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Experimental

N-68 tert-butyl (125,13S,85)-8-((R)-sec-butyl)-4-((tert-butyldimethylsilyl)oxy)-34-methoxy-7,10-dioxo-

2-oxa-6,9-diaza-1(3,2)-pyrrolidina-3(1,3)-benzenacyclodecaphane-11-carboxylate

OMe OMe
o OTBS  Leap. pPH,, HO OTBS
OH 5 THF l o
é)( HN > N HN
HN Boc
NBoc ' 0 HN. o)

Assay: N-59 (1.07 g, 1.72 mol, 1.0 equiv) was dissolved in THF (18 mL) and PPHs (0.56 mg, 2.14 mmol,
1.25 equiv) was added followed by DEAD (0.34 mL, 2.14 mmol, 1.25 equiv). The reaction mixture
turned into a soft yellow. Starting material was fully consumed within 30 min. The reaction was
guenched by the addition of saturated aqueous NaHCOs (15 mL) and diluted with CH,Cl, (20 mL). The
two phases were separated and the aqueous phase was extracted with CH,Cl; (3 x 15 mL). The
organic phases were dried over MgSO, and concentrated under reduced pressure. Purification by FC
(EtOAc:hexane, 1:1) gave the desired macrocycle as a white powder (910 mg, 1.42 mmol, 88%).
Analytics: Rs = 0.22 (EtOAc:hexane, 1:1). *H NMR (400 MHz, Methanol-d,) 6 6.93 (dd, J = 3.0, 1.8 Hz,
1H), 6.77 (dd, J = 8.8, 2.0 Hz, 1H), 6.65 (ddd, J = 8.7, 3.1, 1.3 Hz, 1H), 5.64 (dt, J = 4.1, 2.9 Hz, 1H), 5.06
(td, J = 6.9, 4.1 Hz, 1H), 4.28 (dd, J = 6.8, 4.8 Hz, 1H), 3.89 (t, J = 9.0 Hz, 2H), 3.76 (d, J = 2.2 Hz, 3H),
3.59 — 3.35 (m, 2H), 2.65 (ddd, J = 9.7, 7.7, 2.7 Hz, 2H), 1.89 (s, 1H), 1.59 — 1.47 (m, 1H), 1.22 — 1.09
(m, 1H), 0.95 — 0.84 (m, 6H). 3C NMR (101 MHz, Methanol-ds) 8§ 172.31, 163.93, 152.95, 150.84,
149.67, 138.67, 131.19, 131.12, 116.24, 116.12, 113.95, 113.62, 111.36, 81.07, 67.13, 66.88, 58.30,
58.21, 55.00, 45.32, 45.21, 36.60, 27.78, 27.16, 24.58, 24.50, 14.54, 10.35. HRMS (ESI): 628.3379
[M+Na]*; calculated for [C31Hs:N3sNaO,Si]: 628.3388. IR [ATR, neat]: v = 3315.03 w, 2959.23 w,
2932.23 w, 2857.99 w, 1655.59 s, 1500.35 m, 1457.92 m, 1393.32 m, 1255.43 m, 1213.01 m, 1137.80
m, 835.99 m, 772.35 m cm-1.
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Experimental

N-72 tert-butyl(1-(5-fluoro-2-methoxyphenyl)-2-nitroethoxy)dimethylsilane

i) MeNO,, MeCN
OMe ii) TBSCI, imidazole, OMe
DMF
OTBS

Assay: A stock solution of NaOMe (25 wt% in MeOH, 10.5 mL) in additional MeOH (10 mL) and
MeNO, (14.6 mL, 45 mmol, 18.0 equiv) was first prepared. The complete stock solution was then
added dropwise to a stirring solution of N-71 (2.3 g, 15 mmol, 1.0 equiv) in MeOH (150.0 mL). The
reaction mixture stayed clear but turned orange. After stirring overnight, the starting material was
fully consumed. The reaction mixture was concentrated to a volume of roughly 10 mL and
subsequently carefully quenched with saturated aqueous NHCl, (60 mL) and extracted with EtOAc (3
x 25 mL). The solvent was evaporated and the crude was taken up in DMF (100 mL). TBSCI (5.88 g, 39
mmol, 2.60 equiv) and imidazole (5.1 g, 75 mmol, 5.0 equiv) were added in one portion. Starting
material was fully consumed after 16 h. The organic solvent was evaporated under diminished
pressure and the crude was purified by FC (EtOAc:hexane, 1:10 -> 1:5) to give the desired product
(21%) along with impure fractions.

Analytics: R¢ = 0.33 (EtOAc:hexane, 1:10). *H NMR (400 MHz, Chloroform-d) & 7.23 (ddd, J = 9.1, 3.2,
0.8 Hz, 1H), 6.97 (ddd, J = 9.0, 7.8, 3.1 Hz, 1H), 6.80 (dd, J = 9.0, 4.2 Hz, 1H), 5.75 (dd, / = 9.4, 2.5 Hg,
1H), 4.52 (dd, J = 11.8, 2.7 Hz, 1H), 4.34 (dd, J = 11.8, 9.4 Hz, 1H), 3.86 (s, 3H), 0.89 (s, 9H), 0.05 (s,
3H), -0.08 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 157.42 (d, J = 240.5 Hz), 151.45, 129.42 (d, J =
6.8 Hz), 115.39 (d, J = 23.6 Hz), 114.30 (d, J = 25.4 Hz), 111.23 (d, J = 8.5 Hz), 81.06, 66.97, 56.00,
25.77 3C, 18.23, -4.73, -5.52. HRMS (ESI): 352.1351 [M+Na]*; calculated for [CisH24FNNaQ,Si]:
352.1351. IR [ATR, neat]: v = 2954.41 w, 2933.20 w, 2857.99 w, 1555.31 s, 1494.56 s, 1465.63 m,
1425.14 w, 1378.85 w, 1254.47 s, 1197.58 w, 1124.30 m, 1086.69 m, 958.49 m, 832.13 s, 780.07 s

cm-1.
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Experimental

N-73 2-((tert-butyldimethylsilyl)oxy)-2-(5-fluoro-2-methoxyphenyl)ethan-1-amine

OMe NiCl,-6H;0, NaBHy, OMe
MeOH, THF, 0 °C

>
F NO, F NH,

OTBS OTBS

Assay: N-72 (990 0g, 3 mmol, 1.0 equiv) was dissolved in MeOH (30 mL) and THF (15 mL) and cooled
to 0 °C. NiCl,-6H,0 (2.62 g, 11.02 mmol, 4.0 equiv) was added followed by stepwise addition of NaBH,
(1.36 g, 36.1 mmol, 12.0 equiv). The reaction turns instantly black and a strong effervescent was
observed. The reaction was completed within 50 min. The reaction mixture was cooled to 0 °C and
carefully quenched with a solution of saturated NHCls (30 mL). The organic solvent was removed
under diminished pressure and the aqueous phase was extracted with EtOAc (3 x 30 mL). Combined
organic phases were dried over MgSO, and concentrated under reduced pressure. The crude
brown/black oil was purified by FC (CH,Cl,:MeOH, 9:1) to give the desired product as a yellowish
foam/powder (70%).

Analytics: R¢ = 0.45 (CH,Cl;:MeOH, 9:1). *H NMR (400 MHz, Chloroform-d) & 7.16 (dd, J = 9.3, 3.2 Hz,
1H), 6.89 (ddd, J = 8.9, 7.9, 3.2 Hz, 1H), 6.75 (dd, J = 9.0, 4.3 Hz, 1H), 5.09 — 5.01 (m, 1H), 3.79 (s, 3H),
2.88 (dd, J = 13.0, 3.5 Hz, 1H), 2.76 (dd, J = 13.2, 5.8 Hz, 1H), 2.15 (s, 2H), 0.92 (s, 9H), 0.08 (s, 3H), -
0.06 (s, 3H). **C NMR (126 MHz, Chloroform-d) & 157.34 (d, J = 238.0 Hz), 151.68 (d, J = 2.0 Hz),
132.88 (d, J = 6.4 Hz), 114.37 (d, J = 24.5 Hz), 113.96 (d, J = 23.1 Hz), 110.97 (d, J = 8.1 Hz), 69.80,
55.89, 48.54, 26.04 (3C), 18.37, -4.64, -4.79. HRMS (ESI): 300.1790 [M+H]*; calculated for
[C1sH27FNO,SIi]: 300.1790. IR [ATR, neat]: v = 2953.45 w, 2929.34 w, 2857.02 w, 1493.60 s, 1463.71 s,
1249.65s,1199.51 w, 1178.29 w, 1068.37 m, 921.81 w, 834.06 s, 805.14 s, 776.21s, 712.57 s cm-1.

Remarks: Proton NMR was measured in CDCl; and not in MeOD as indicated on the spectrum.
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Experimental

N-74 benzyl ((2S,3R)-1-((2-((tert-butyldimethylsilyl)oxy)-2-(5-fluoro-2-methoxyphenyl)ethyl)amino)-3-

methyl-1-oxopentan-2-yl)carbamate

OMe
OMe DCC, HOB, F OTBS
NMM, CH,Cl,
> HN
F NH, Z-L-Isoleucine NHCbz
OTBS O

.y, 'I/

Assay: N-73 (24 mg, 63 umol, 1.0 equiv) and Z-L-lle (18 mg, 69 umol, 1.1 equiv) were dissolved in
CHCl; (0.5 mL) and cooled to 0 °C. DCC (14 mg, 75 umol, 1.2 equiv), HOBt (11 mg, 82 umol, 1.3
equiv) and NMM (8 uL, 69 umol, 1.1 equiv) were added subsequently and the reaction was allowed
to warm to ambient temperature and stirred as such over 16 h. The reaction mixture was filtrated
over a pad of Celite and the filtrate was concentrated under reduced pressure. Purification by FC
(EtOAc:hexane, 3:7) gave the pure product as an oil (93 %).

Analytics: R = 0.45 (EtOAc:hexane, 3:7). 'H NMR (400 MHz, Chloroform-d) & 7.40 — 7.28 (m, 5H.s),
7.13 (dd, J=9.3, 3.2 Hz, 1Hap), 6.89 (dddd, J = 8.9, 7.9, 3.2, 2.3 Hz, 1H.), 6.74 (ddd, J = 8.9, 4.3, 1.7 Hz,
1Ha,p), 6.05 = 5.93 (m, 1H,p), 5.35 = 5.02 (m, 4H,p), 3.94 (dd, J = 8.8, 5.9 Hz, 1H,), 3.81 (s, 1.5H.), 3.80
(s, 1.5Hp), 3.61 — 3.43 (m, 2Hap), 1.91 — 1.72 (m, 1Ha), 1.40 — 1.29 (m, 1Hab), 1.09 — 0.95 (m, 1Hab),
0.92 (s, 4.5H,), 0.91 (s, 4.5Hy), 0.89 — 0.83 (m, 4.5Hap), 0.76 (d, J = 6.8 Hz, 1.5H,p), 0.06 (s, 3Hab), -0.05
(s, 1.5H.), -0.06 (s, 1.5Hp). 3C NMR (101 MHz, Chloroform-d) 6 170.96, 170.84, 158.49, 156.13,
151.75, 132.04, 128.68, 128.34, 128.29, 128.23, 114.49, 114.27, 114.02, 111.10, 67.33, 67.21, 60.15,
60.01, 55.99, 45.47, 37.76, 37.39, 25.96, 25.92, 24.81, 24.68, 18.31, 15.62, 15.27, 11.61, -4.76, -4.97.
HRMS (ESI): 569.2813 [M+Na]*; calculated for [CisHa3FN,NaOsSi]: 569.2817. IR [ATR, neat]: v =
3310.21 w, 2958.27 w, 2930.31 w, 2857.02 w, 1704.76 m, 1655.59 s, 1494.56 s, 1463.71 m, 1247.72
s, 1071.26 m, 1028.84 m, 834.06 s, 777.17 s, 735.71 m, 697.14 m cm-1.
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Experimental

N-75 (2S,3R)-2-amino-N-(2-((tert-butyldimethylsilyl)oxy)-2-(5-fluoro-2-methoxyphenyl)ethyl)-3-

OTBS Pd/C, OTBS
EtOH
NHCbz
"I/I ’I//

Assay: N-74 (760 mg, 1.39 mmol, 1.0 equiv) was dissolved in EtOH (30 mL), Pd/C (38 mg, 139 umol,

methylpentanamide

0.1 equiv) was added and the reaction vessel was set under hydrogen atmosphere (rotavap, balloon).
Starting material was fully consumed within 2 h. The mixture was then filtrated over a pad of Celite
and the filtrate was concentrated under reduced pressure. Purification by FC (CH,Cl,:MeOH, 9:1)
gave the desired product (99%).

Analytics: Rs = 0.63 (CH2CI2:MeOH, 9:1). 'H NMR (400 MHz, Chloroform-d) & 7.64 (s, 1H.), 7.45 (s,
1Hp), 7.20 — 7.11 (m, 1H.b), 6.88 (tt, J = 8.0, 3.4 Hz, 1H,), 6.74 (ddd, J = 9.0, 4.3, 2.4 Hz, 1Ha), 5.20 -
5.12 (m, 1Hab), 3.81 (s, 3Hab), 3.61 — 3.33 (m, 3Hab), 3.19 (dd, J = 18.9, 3.7 Hz, 2Hap), 1.99-1.88 (m, J =
13.7, 8.1, 6.8, 3.4 Hz, 1Hap), 1.39 — 1.27 (m, 1Hap), 1.16 — 0.96 (M, 1Hap), 0.93 (s, 9Ha), 0.93 (s, 9Hy),
0.91 — 0.77 (m, 6Hab), 0.08 (s, 3Hab), -0.06 (s, 3Hab). 3C NMR (101 MHz, Chloroform-d) 6 173.75 Cap,
157.29 Ca (d, J = 237.2 Hz), 151.80 Cab, 132.52 C,, 132.45 Cy,, 114.32 C,, 114.25 Gy, 114.07 C,, 114.02
Cb, 111.10 C,, 111.02 Cy, 67.57 C,, 67.45 Cy,, 60.12 C,, 60.01 Cp, 55.99 Cab, 45.29 Cap, 37.83 C,, 37.60 Co,
25.96 3Cap, 23.86 C,, 23.49 Cy, 18.30 Cap, 16.17 C,, 16.04 Cy, 12.04 C,, 11.97 Cp, -4.72 Cap, -4.93 Cap.
HRMS (ESI): 435.2450 [M+Na]*; calculated for [C,1H37FN;NaOsSi]: 435.2450. IR [ATR, neat]: v =
2956.34 w, 2931.27 w, 2857.99 w, 1664.27 m, 1494.56 m, 1464.67 m, 1250.61 s, 1073.19 m, 834.06
s, 777.17 s, 710.64 w cm-1.

337



Experimental

!

C17-KH-160-1_F.1.1.1r

KH-160-1,F

/v pkanmr 11

BBFO_1H_256 CDCI3

m

Ul

= 8¥'€
= e

00'C
H\‘ 8L'v
%m.e
J LT

%0

EpTT

orT
Feve

= 6S°E
=ST1

=8T'T
61T
ST
=050
=050

-3

10

11

12

13

14

15

16

f1 (ppm)

€6'b-
Wy

L6°TT
+0°CT

09T

o
0£°8T
6v'ET—
ow.ﬁ*
96'ST

09°2E~,
ege”
675t —
66'SS ~
1009

2ros >

S¥'L9 v

L5749

[{n991
oT'TTT /.
[{'n491
L0PTT
STYIT

TEPIT

SPZET v

[4x431

08'1ST —
TT9ST ~
Lb'8ST —

SLELT —

{1H}_1024 CDCI3 /v pkanmr 1

C18-KH-160-1,F.2.1.1r

KH-160-1,F
BBFO_13C.

e

™

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

240

338



Experimental

N-76 tert-butyl (2S,3R)-2-(((2S,3R)-1-((2-((tert-butyldimethylsilyl)oxy)-2-(5-fluoro-2-
methoxyphenyl)ethyl)amino)-3-methyl-1-oxopentan-2-yl)carbamoyl)-3-hydroxypyrrolidine-1-

carboxylate

OMe OMe
HO OTBS EDC, HOBL, . OTBS
DMAP, CH,Cl, OH 4
HN > HN
NH N-Boc-3-OH-Pro HN
(@) 2 NBoc ' O

D I'I/

Assay: N-75 (0.55 g, 1.33 mmol, 1.0 equiv), N-28 (0.36 g, 1.56 mmol, 1.17 equiv), EDC-HCI (0.31 g, 1.6
mmol, 1.6 equiv) and HOBt (0.18 g, 1.33 mmol, 1.0 equiv) followed by DMAP (0.20 g, 1.6 mmol, 1.6
equiv) were suspended in CH,Cl; (20 mL). The reaction mixture was stirred as such over night before
being quenched by the addition of saturated aqueous NaHCOs; (15 mL) and diluted with CH,Cl,. The
two phases were separated and the aqueous phase was extracted with CH,Cl; (3 x 15 mL). The
organic phases were dried over MgS0O, and concentrated under reduced pressure. The crude was
then purified by FC (CH,Cl,:MeOH, 9:1) to give the target compound (98%).

Analytics: *H NMR (400 MHz, DMSO-d6) 6 7.83 — 7.68 (m, 1H), 7.55 — 7.34 (m, 1H), 7.09 (dd, J = 9.6,
2.9 Hz, 1H), 7.07 = 6.99 (m, 1H), 6.95 (td, J = 9.1, 4.5 Hz, 1H), 5.30 (dd, J = 50.3, 4.6 Hz, 1H), 5.10 (dt, J
=10.0, 5.3 Hz, 1H), 4.43 — 4.30 (m, 1H), 4.29 - 4.12 (m, 1H), 3.77 (s, 3H), 3.44 - 3.34 (m, 2H), 3.28 -
3.12 (m, 2H), 1.97 — 1.84 (m, 1H), 1.83 — 1.61 (m, 2H), 1.42 — 1.26 (m, 10H), 1.10 — 0.97 (m, 1H), 0.82
(d, J=5.8 Hz, 9H), 0.80 — 0.72 (m, 6H), 0.03 (d, J = 1.3 Hz, 3H), -0.13 (d, J = 1.5 Hz, 3H). ®*C NMR (101
MHz, DMSO-dg) & 171.42 Ca, 171.35 Cb, 169.96 Ca, 169.85 Cb, 156.84 (dd, J = 235.2, 6.2 Hz, Cab),
154.04 Cab, 152.52 Cab, 133.03 — 132.83 (m, Cab), 114.61 (d, J = 22.7 Hz, Cab), 114.17 (dd, J = 24.0,
5.0 Hz, Cab), 112.66 — 112.34 (m, Cab), 78.86 Cab, 71.78 Ca, 71.73 Cb, 67.09 Cab, 63.49 Ca, 63.37 Cb,
57.68 Cab, 56.56 Ca, 56.49 Cb, 45.56 Cab, 44.21 Cab, 36.75 Cab, 31.66 Cab, 28.41 3Cab, 26.16 3Cab,
24.13 Cab, 18.34 Cab, 16.00 Ca, 15.87 Cb, 12.04 Cab, -4.47 2Ca, -4.63 Cb, -4.76 Cb. HRMS (ESI):
648.3442 [M+Na]*; calculated for [C3iHs2FN3NaO,Si]: 648.3451. IR [ATR, neat]: v = 2960.20 m,
2931.27 m, 1698.01 s, 1683.55 s, 1670.05 s, 1652.70 s, 1540.84 s, 1522.52 s, 1496.49 s, 1473.35 m,
1395.25 s, 1366.32 m, 1252.54 s, 1176.36 m, 1119.47 m, 1071.26 m, 836.95 m, 765.60 m, 752.10 m,
669.18 m cm-1.
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Experimental
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Experimental

N-79 tert-butyl (2S,3R)-2-(((2S,3R)-1-((2-((tert-butyldimethylsilyl)oxy)-2-(5-fluoro-2-
methoxyphenyl)ethyl)amino)-3-methyl-1-oxopentan-2-yl)carbamoyl)-3-
((trimethylsilyl)oxy)pyrrolidine-1-carboxylate

OMe OMe
F OTBS TMSCI, imidazole, F OTBS
CH,Cl,
OH o HN OTMSO HN
N—;/&O MN—(&O
NBoc H = NBoc H =

Assay: To a solution of N-76 (40 mg, 63.9 umol, 1.0 equiv) in CH,Cl, (0.8 mL) was added imidazole (3
mg, 44.7 umol, 0.7 equiv) followed by the addition of TMSCI (10 uL, 76.7 umol, 1.2 equiv) at ambient
temperature. The reaction immediately turned turbid after TMSCI addition. After stirring over 16 h
product formation was observed along with starting material. Nevertheless, the reaction was
qguenched by the addition of water. The two phases were separated and the aqueous phase was
extracted with CH,Cl; (3 x 3 mL). Combined organic phases were dried over MgSQO, and concentrated
under reduced pressure. The blurry crude was purified by FC (EtOAc:Hex, 3:1) to give only undesired

products.
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