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Abstract

As they make up DNA and RNA, nucleosides are considered the key to life. Synthetic
nucleosides also constitute many drugs that treat viral infections and cancer. As a result, more
efficient methods to access these crucial molecules would have implications that extend beyond
a synthetic chemist’s benchtop and into medicinal chemistry and medical research. One of the
most challenging steps in the synthesis of nucleosides is the glycosylation step between the
acceptor heterocycle (nucleobase) and the saccharide-based donor. Often to obtain satisfactory
yield of this step with good regio- and stereochemical control the extensive use of protecting
groups must be employed to squelch reactivity at unwanted reactive groups. Consequently, this
process of protection—glycosylation—deprotection is laborious, inefficient, and often requires
the use of toxic reagents. It would be, therefore, highly welcomed if new methodology to effect
this glycosylation step was designed that reduces or removes the need to use protecting groups,
but would still provide nucleosides in good yield, regio- and stercoselectively. Herein, this
thesis presents my efforts into achieving this end. By employing modified Mitsunobu
conditions, I determined that it is possible to directly glycosylate a nucleobase with D-ribose to
afford stereoselectively B-ribopyranosyl nucleosides in the complete absence of protecting
groups. By then employing a 5-O-monoprotected ribosyl unit, [ could use a two-step one-pot
process to provide the more medicinally and physiologically relevant [B-ribofuranosyl
nucleosides, but with some shortcomings to be discussed. In our second study, I improved the
reaction conditions and elucidated a plausible mechanism that proceeds through an in situ-
formed a-1,2-anhydrosugar (termed “anhydrose”) that is then opened nucleophilically by the
nucleobase stereoselectively at gram scale. This key anhydrose intermediate is stable
indefinitely in situ and can be formed using other C5-modified ribosyl monomers as well. It
can also be opened by other non-nucleobase-based substrates still perfectly stereoselectively
for the B-anomer. We demonstrate that this anhydrose is a powerful electrophilic intermediate
that can glycosylate a wide range of nucleobases and other nucleophiles to provide a host of -
ribosyl glycosides. This research provides the foundation for a new stereoselective reaction for
medicinal chemists to add to their toolbox of reactions to aid in the design of novel drugs and

therapeutics.



Abstrakt

Nukleosidy jsou jako stézejni slozka DNA a RNA povazovany za zaklad zivota. Na bazi
nukleosidi je také zalozeno mnozstvi protinadorovych a protivirovych 1é¢iv. Efektivnéjsi
metody pro ziskani téchto dulezitych molekul by proto mély dopady, které presahuji ramec
prace syntetického chemika a zasahuji az do medicinalni chemie a lékaiského vyzkumu.
Jednim 7z nejnarocnéjSich krokd syntézy nukleosidi je glykosylacni krok mezi
heterocyklickym akceptorem (nukleobaze) a donorem na bazi sacharidu. Pro zabranéni
nezadoucich reakci dalSich reaktivnich skupin a ziskani uspokojivych vytézki s dobrymi regio-
a stereochemickymi vlastnostmi je casto nutné pouzit chranici skupiny. Tento proces
protekce—glykosylace—deprotekce je pracny, neefektivni a ¢asto vyzaduje pouziti toxickych
¢inidel. Nova metoda, ktera by sniZovala nebo odstrafiovala potiebu pouziti protektivnich
skupin pii glykosylaci, a pfesto regio- a stereoselektivné poskytovala dostatecny vytézek
nukleosidii, by proto byla nanejvy$ vitana. Tato disertacni prace predstavuje moji snahu
dosahnout tohoto cile. Bylo zjisténo, ze za pouziti modifikovanych podminek Mitsunobuovi
rekce je mozné bez potieby chranéni ostatnich skupin piimo a stereoselektivné glykosylovat
nukleobazi D-ribosou za vzniku B-ribopyranosyl nukleosidd. Pouziti 5-O-monochranéné
ribosylové jednotky bylo mozné postupovat tzv. ,,dvoustupnovém, one-pot™ procesem, ktery
poskytoval medicinsky a fyziologicky relevantni ribofuranosyl nukleosidy. Tento proces ma
vsak urcité nedostatky, které¢ budou dale diskutovany. V nasi druhé studii jsem optimalizoval
reakéni podminky a objasnil pravdépodobny mechanismus reakce. Ten probiha ptes in situ
pripraveny a-1,2-anhydrocukr (tzv. anhydrosa), ktery se nukleofilnim ptisobenim nukleobaze
stereoselektivné. Reakci je mozné provést rovnéz v gramovych navazkach s velmi dobrym
vytézkem. Tento kliCovy intermediat v podob¢ anhydrosy je stabilni in situ a mlze byt
vytvofen i za pouziti dalSich C5-modifikovanych sacharidovych jednotek. Pfi zachovani
stereoselektivity reakce pro B-anomer mohou otevieni cyklického intermediatu zajistovat i
dalsi substraty, které nejsou zaloZeny na nukleobazich. Zde demonstrujeme, Ze tato anhydrosa
je silny elektrofilni intermediat, schopny glykosylovat Sirokou $kalu nukleobéazi a dalSich
nukleofilll za zisku tady B-ribosyl glykosidi. Tento vyzkum poskytuje zaklad pro novou
stereoselektivni reakci, kterou mohou medicindlni chemici vyuzit pfi ndvrhu novych 1ékia a

terapeutik
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1. Introduction

Nucleosides are crucial to life as they constitute the fundamental components of
deoxyribonucleic acids (DNA) and ribonucleic acids (RNA) in nature. Synthetic nucleosides
(those not found in nature) are also extremely valuable as they are a component of many
medicines, especially anticancer and antiviral agents.!” It would be of tremendous value to
medical community if the saccharide component and the nucleobase component could be
coupled directly, potentially dramatically expediting access to the precious compounds
(conceptually shown in Scheme 1.1).

NH,
N \N

NH </ |
N i HO N N/)
D-ribose + </ f)N conditions N _%27
NN ?

H HO OH
adenine adenosine

Scheme 1.1: Streamlining the approach to nucleosides by considering a direct coupling of a

saccharide to a nucleobase.

Glycosylation is one of the most important chemical transformation known in nature as it
is thought to be the most prevalent post-translational modification process.* Glycosylation is a
coupling reaction that ligates the anomeric centre (C1-OH) of a carbohydrate, called the donor,
to a second molecule, called the acceptor to afford a glycoside (the product). In the chemical
synthesis of glycosides the donor molecule is electrophilic. This means that typically the other
potentially nucleophilic hydroxyl groups on the saccharide must be protected to prevent the
donor from reacting with itself. The acceptor molecule serves as the nucleophile and very often
the other reactive groups on the molecule must be blocked to prevent glycosylation at unwanted
molecular sites. This results in what is very often a laborious, multistep process that can require
the employment of toxic reagents and organic solvents.>8

The most widely utilized chemical glycosylation strategy for the synthesis of ribosyl-based
nucleosides, is the Vorbriiggen variation®'? of the Hilbert—Johnson reaction.!%!! The reaction
is Lewis acid-promoted (typically trimethylsilyl trifluoromethanesulfonate (TMSOTY) or
SnCly4) and is highly robust as it works for a host of pyrimidines and purine nucleobases. The
stereoselectivity of the reaction can be explained by the phenomenom of neighboring group
participation (or anchimeric assistance) by the C2-OH acyl group. Described in Scheme 1.2 is

the proposed mechanism using TMSOTT as the Lewis acid catalyst as it considered to be
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milder, easier to handle, and has better regiochemical control than its most common

counterpart, SnCly.!>-14
OTMS OTMS
~ [N | =N
MeSi—OTf - e S PS
BzO . -.OAc BzO AcO 0 S) BzO N )
02 207 oz OTf 0 ot =~ o
D ———
1) 09
BzO OBz  tMsoAc Bz0 0, 2O AcO Q7 TMSOTf BzO OBz
neighboring acyloxonium ion stereoselective
group P-anomeric
participation nucleoside

Scheme 1.2: The most commonly employed method for the synthesis of nucleosides—the

Vorbriiggen reaction.

The very obvious drawback of this procedure is the extensive employment of protecting
groups. As a result, it is very clear that a more streamlined approach to effect glycosylation to
produce glycosides (specifically nucleosides herein) is a highly attractive area of research for
synthetic chemists as these methods could find utility in applications that extend well beyond
a chemical laboratory, including medicine.

Very interestingly, classical totally synthetic protecting group-free strategies date back to
well over 100 years with the discovery of the Fischer glycosylation.!>!'¢ In Fischer’s seminal
work methanol was glycosylated by D-glucose in the presence of HCI to provide the methyl
glycoside. The reaction does proceed chemoselectively at the anomeric position, but suffers
generally from a complete lack of regio- or stereochemical control (Scheme 1.3A).

The Mitsunobu reaction is one the key reactions used widely in organic synthesis
developed within the last 50 years.!” It has such high utility in organic synthesis that it or partial
variants of the procedure are now being employed in glycosylation reactions of unprotected
and unactivated saccharides. One of the most attractive features of this procedure is its ability
to operate in a non-pH dependent manner and the reagents are generally considered to have
low toxicity. The first example utilizing the Mitsunobu reaction for glycosylation using free
saccharide donors was first described in 1979 to synthesize aryl glycosides.'3!° In this seminal
work a small series of both pentoses and hexoses were used as donors to furnish phenolic
glycosides in moderate to good yield with the 1,2-trans diastereomer presenting in large excess

or exclusively (Scheme 1.3B). Although the paper did not provide any concrete mechanistic

10



insight, the author did shrewdly suggest that perhaps there was a directing effect or neighboring
group participation from the C2 hydroxyl group which could account for the stereochemistry.

A HO

OH
OH OH oH
o -
HO (0] HCI(g) Hﬁo one + OMe
HO OH  MeOH (solvent) OH
OH . __OH
major minor
B o o
HO PBus, DEAD, ArOH R Hom/om
HO OH DMF, rt, 1 h HO

1,2-trans isomer
major or exclusive

Scheme 1.3: Known protecting group-free syntheses of glycosides. A) Fischer glycosylation,

B) Mitsunobu reaction to access aryl glycosides.

We published a review on other known protecting group-free glycosylation strategies in

2017 in the Beilstein Journal of Organic Chemistry.*°

2. Specific aims of the thesis

1) To develop and optimize the conditions for and to synthesize nucleosides under totally
protecting group-free conditions.

2) To devise conditions to obtain the biologically relevant furanosyl regioisomer.

3) To elucidate a plausible reaction mechanism by either observing key intermediates in situ
via NMR techniques or by direct isolation of the intermediates.

4) To expand of substrate scope to include more-difficult-to-access nucleobase acceptors and
non-nucleobase aglycones.

5) To demonstrate the amenability of the method to synthesize medicinally relevant

compounds and potential building blocks for solid phase oligonucleotide chemistry.

11



3. Results and discussion

3.1 Development of a method for protecting group-free synthesis of

nucleosides

The primary goal of this work was to design a completely protecting group-free method for the
synthesis of nucleosides by glycosylating nucleobases with totally unprotected and unactivated
D-ribose. My initial inspiration to reach this end came from the seminal work G. Grynkiewicz
in his 1979 publication in the Polish Journal of Chemistry.'®

I envisioned that perhaps these conditions could be amenable to the synthesis of
nucleosides if a nucleobase was substituted for the phenolic alcohol. Furthermore, there is
precedence for the synthesis of acyclic nucleosides using the Mitsunobu reaction, however,
this has only been described when there is but one free hydroxyl group.?!?> For the
optimization study, I used 6-chloropurine, a soluble, but still reasonably inexpensive,
alternative and is still a very common precursor in nucleoside synthesis. I supposed that the
five most important variables to consider in the optimization of the glycosylation would be the
appropriate selection of a base to deprotonate the nucleobase acceptor, the phosphine, the
electron acceptor, the solvent, and whether any glycosylation promotor would be useful. The
optimization data are shown in Table 3.1. Throughout the optimization study, I was encouraged
that the a-anomer was never detected by '"H NMR analysis of the crude reaction mixture. The

conditions were also optimized at a semipreparative (1 mmol) scale.

Table 3.1: Optimization study for the formation of nucleosides with a total lack of protecting
groups.

HO
0]

oH - T -
N N—"SN
HO OH Cl NQCI HO </N | N/)
/N =N Conditions ~ HO 0 N 0
< | /) e —— N~ +
+ N
l MY OH

OH HO OH
nucleobase = -

(NB)
OH"OH

OH

Isolated

Entry Base Conditions vield
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NB (1.5 equiv.), D-ribose (1.0 equiv.), P(rBu)s (1.5 equiv.),

r.t.

0/a

! o€ | DEAD (1.5 equiv.), DMF, 1 h, r.t. 22%
NB (1.0 equiv.), D-ribose (1.0 equiv.), P(nBu)z (1.05 o/a

2 NaH equiv.), CCls (10.0 equiv.), THF, 1 h, r.t. 24 %
NB (1.0 equiv.), D-ribose (1.0 equiv.), PPhs, (1.6 equiv.) o/a

3 none CBr4 (2 equiv.), ribose (1.5 equiv.), DMF, 1 h, r.t. 27%

4 Nall NB (1.0 equiv.), D-ribose (1.5 equiv.), PPhs, (0.1 equiv.) No
CBr4 (0.1 equiv.), DMF, 1 h, r.t. reaction
NB (1.0 equiv.), D-ribose (1.0 equiv.), P(nBu)s (1.2 equiv.), o/a

> NaH 1 o1y (2 equiv.), DMF, 12 b, rit. 26 %
NB (1.0 equiv.), D-ribose (1.0 equiv.), P(rBu); (1.2 equiv.),

6| €COs | el (2 equiv.), DMF, 12 b, rit. trace

7 NaH NB (1.0 equiv.), D-ribose (1.0 equiv.), P(rBu)s; (1.2 equiv.), 12
DIAD (2 equiv.), DMF, 12 h, r.t.

3 NaH NB (1.0 equiv.), D-ribose (1.0 equiv.), P(rnBu); (1.2 equiv.), 33
CCls (2 equiv.), MeCN, 12 h, r.t.

9 Nall NB (1.0 equiv.), D-ribose (1.0 equiv.), P(rBu)s; (1.2 equiv.), 23 b
CCla (2 equiv.), MeCN, AgCOs (1 equiv.), 12 h, r.t. ?
NB (1.0 equiv.), D-ribose (2 equiv.), P(nBu); (1.2 equiv.),

101 NaH 1\ pDP (2 equiv.), MeCN, 12 h, 0 °C to r.t. trace

1 DBU NB (1.0 equiv.), D-ribose (2 equiv.), P(nBu); (2 equiv.), | 52 %°
DIAD (2.1 equiv.), MeCN, 12 h, 0 °C to r.t. (76 %)¢
NB (1.0 equiv.), D-ribose (2 equiv.), P(nBu)s (3 equiv.),

12 DBU | DIAD (3.1 equiv.), ribose (2 equiv.), MeCN, 12 h, 0 °C to | 29 %*

(a) Product contaminated with phosphine oxide. (b) Furanoside was also isolated in 12%. (c)

Furanoside was also isolated in 3%. (d) Yield after triturating crude reaction through Et,O—pet.

ether prior to purification.

3.1.1 Synthesis of B-ribopyranosyl nucleosides

With the conditions optimized, I was primed to examine whether these conditions could

provide a series of nucleosides containing heterocyles with common synthetic precursor

functional groups, alkyl or aromatic substituents, and natural occurring nucleobases at a 1

mmol scale. I must acknowledge the collaboration with C. Richter from the Mahrwald group
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(Humbolt University in Berlin) for his contributions to this series. He synthesized all of the
pyrimidinyl nucleosides. We synthesized a total of 13 nucleosides at this semi-preparative
scale. In all cases solely the B-anomer was observed as determined by '"H NMR analysis of the
crude reaction mixture and as a general trend the reactivity of the purines was greater than that
of the pyrimidines. Also, the thermodynamic pyranoside regioisomer presented in very large

excess over the furanoside as we expected (Scheme 3.1).

i) DBU, NB, MeCN: HO—  NB
HO% ii) DIAD, PBus, HO/?&NB N —%_?‘
opyOH + Nucleobase (NB) i e 0oCtort, 12h OH
OH : OH HO OH
excess limiting S anomer only large excess minor

typically 0-10 %

Synthesized by me

NB= CI NH,
N S
/ ap f f /f 4
<Nf f* <ﬁ XY (D Ty
by o whv
76 % 38 % 80 % 85 % 54 % 66 % 65 %

Synthesized by Celin Richter

O
B
/’\LH l /’lH F5C ‘ NH | ‘ NH r ‘ /I\LH Cl ‘ /,\i_i
. v v e o
36 %? 33 %? 31 %° 21 %2 29 %2 26 %2

Scheme 3.1: Direct synthesis of pyranosyl nucleosides from unactivated and unprotected
ribose using optimized Mitsunobu conditions. “As determined by '"H NMR. The products were
inseparable from the furanoside using silica gel chromatography3.1.2 Synthesis of biologically

relevant -ribofuranosyl nucleosides

Armed with suitable stereoselective glycosylation conditions, I next strived for the best method
to synthesize B-ribofuranosyl nucleosides as these are almost exclusively the biologically
relevant regioisomer. Therefore, this methodology would be most likely to have the biggest
impact outside of a synthetic laboratory. I postulated that the easiest way to provide the
furanosyl product would be to first select a suitable protecting group that is bulky enough to
react exclusively or with very great preference for primary alcohols and could be cleaved in
situ simply using mineral acid. Thus, I selected the 4-methoxytrityl (MMTr) group for the next
study.

14



3.1.2.1 Synthesis of [-ribofuranosyl nucleosides in a two-step one-pot process

With the appropriate conditions in hand, I, with the collaborative effort of C. Richter, pursued
the glycosylation of the same series of nucleobases as in the pyranoside series in a one-pot
process using 1 M HCl(aq) to cleave the MMTr group in situ. Once again, the general trend
of the purines being more reactive than the pyrimidines held true, and fortuitously, the same
series was accessible with little to no complications. In most instances the yields were
comparable to those of the pyranoside series, indicating once again, that the MMTr cleavage
proceeded quantitatively without compromising the anomeric position at all (Scheme 3.2).
Even more encouraging was that 6 of the 13 nucleosides we synthesized were provided in

higher yield than ever described previously.
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MMTrO

OH 4+ Nucleobase (NB)

HO OH
60 % from ribose

slight limiting

excess

1. i) DBU, NB, MeCN;
ii) DIAD, PBus,
i) sugar, 0°C tor.t., 12 h

HO NB
O

2. 1 M HCl(aq), 70 °C, 15 min
OR 90 min, r.t.

HO OH
this regioisomer and
p anomer only

Synthesized by me

Cl Cl Cl
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& ST STy
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HO OH
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HO N z
O N
HO OH
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HO OH
28 %

HO OH

Ph

NH,
N
¢ J@
N —
e
HO OH
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Synthesized by Celin Richter
0O

T

HO N~ ~O

HO OH
20 %

HO OH
31 %

HO OH
28 %

I Cl
HO N N/)
o)
HO OH
76 %
o)
FachNH
HO N)\\o
o)
HO OH
31 %
o)
|
C%NH
HO N/&O
o
HO OH
28 %

Scheme 3.2: The two-step, one-pot synthesis of nucleosides in the first study. “Yield in

parentheses is after crystallization from MeOH due to trace impurities after chromatographic

purification.

3.1.3 Shortcomings

Despite the operationally simple and conceptually novel nature of this first study, some

shortcomings and blockades were encountered. They included the fact that cytosine, guanine,

16



and 5-fluorouracil, an anticancer drug so important it is on the World Health Organization
(WHO)’s List of Essential Medicines, were also not compatible. I was also surprised to find
out that 7-deazapurine moieties that are unsubstituted at position 7 were also none viable.
Moreover, I was unable to find other nucleophiles that were compatible with the conditions,
such azide, cyano, thiolate, or fluoride. This necessitated improved conditions and a

mechanistic study. We published this study in Organic Letters in 2015.2

3.2 Mechanistic investigation

The obvious first step in the mechanistic study was to first confirm that all of the reagents were
required for the reaction to take place, hence, indicating that the reaction proceeds through a
Mitsunobu-like mechanism. I confirmed this. Then, in collaboration with Dr. R. Pohl (I0OCB),
we carried out an NMR study to determine the mechanism by which the reaction proceeds
(Scheme 3.3). We showed that a 1,2 anhydro sugar is formed (termed anhydrose) via a cis-1,3-
dioxaphospholane intermediate. In collaboration with Prof. J. Roithova a computational study
at the DFT level of B3LYP-D3/6-311+G** was enacted that predicted the formation of the

anhydrose via collapse of the cis-1,3-dioxaphospholane.

TrO pKa~11.8 TrO o
\/\ / —_ 3 \W /
HE ™S D HO OH N—NH
HO OH 7N +
N PBU3 ROC
ROC
R = piperidinyl
correlation seen
ﬁin ROESY
TrO
N Ko
- O+
o { _COR PBus
HO O\ HN—NH HO O
PBU3 / H
ROC ¢ COR
/N*NH
TrO o II:I’BU3 ROC
(0]
HO © TrO o
not observed
Ho ©

Scheme 3.3: Plausible reaction mechanism for the formation of the anhydrose.
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3.3 Development of an improved protocol

3.3.1 Synthesis and isolation of 5-O-monoprotected nucleosides

Armed with a mechanism and the improved conditions I sought to expand the substrate
scope to include all of nucleosides that were not available in the first study on both a semi-
preparative (0.25 mmol) and preparative scale (2.5 mmol). The new conditions dictated that
the anhydrose be formed first in sifu using this time 1,1’-azodicarbonyl dipiperidine (ADDP)
as the electron acceptor, then the nucleophile (nucleobase) be added after the formation was
complete. One very convenient aspect of using ADDP in the Mitsunobu reaction is that ADDP
is an orange solid with high solubility in MeCN and the reduced hydrazine is a white solid with
low solubility so it can be easily determined when the Mitsunobu reaction-dictated conversion
to the epoxide was complete.

With the epoxide forming in a separate flask, I would deprotonate the nucleobase and then
add it to the epoxide to perform the glycosylation after the epoxide was formed. Despite the
high boiling nature of DMF, I still determined that this solvent was best due to its increased
solubilizing capacity of many of the nucleobases. I also discovered that NaH was the optimal
base for deprotonation because in many cases the deprotected nucleoside was so polar
separation of the desired product from DBU proved to be extremely difficult or impossible
using either reverse phase or normal phase chromatography. I also wanted to demonstrate the
possibility of being able to isolate both the monoprotected and deprotected nucleoside on a
preparative scale (Scheme 3.4, yields shown only at 2.5 mmol scale). With the improved
conditions and order of addition of the reagents in hand, I synthesized a series of nucleosides
to address the shortcomings of the previous study. As in my first study, the reaction was
perfectly stereoselective for the B-anomer as determined by 'H NMR of the crude reaction
mixture. Furthermore, in each case, the pyrimidines proved less reactive than the purines,
consistent with the first study.

Despite the perfect stereoselectivity of the reaction, some of the nucleobases were not
perfectly regioselective for the N° regioisomer. As shown in Scheme 3.4, these nucleobases
were adenine, guanine, 7-deazaadenine, 3-deazaadenine, and 1-deazaadenine. In each case a
separable or inseparable mixture of two regioisomers presented. Armed with the knowledge
that the nucleosides can be isolated in 5’-O-monoprotected form, I endeavoured to find general
conditions to allow for in situ deprotection that would not compromise the anomeric position

to any extent.
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MeCN, r.t., 15 min. r.t., 15 min
HO OH HO HO OH

100 mg or 1.00 g anhydrose B-anomer only
~100 % conversion by NMR
- Stable in situ

TrO 1.5 equiv. ADDP, TrO 1.5 equiv. nucleobase (NB) T1rO NB
o) oy 1-6equiv. P(nBu)s, —%32\ 1.5 equiv. NaH, DMF, o
0

gi NH, 0 cl
NH X F N AN
| Y K\N [ NH ¢ f\N
TO— "NTTO TrO N/l%o TrO N/l\\o TrO N
HO_OH HO OH HO OH HO OH
29% 37 % 21% 58 %
NH, | Cl
N
o IS B JIEe o 9
2= TrO N = TrO N Z TrO N =
o= o NT°N o N™ “NH, o N 0 N
HO OH HO OH HO OH HO OH
64 % (+ N3-i$0mer, 24 % (+ N7-isomer’ 36 % 52 %
inseparable 3:2) inseparable 3:1)
0 7-deazaadenine NH> 1-deazaadenine NH: 3-deazaadenine NH2
N N
N X XN
an. 0 R «N]Q
= T N r r
TrO o N N NH, ro—w _%37 N o
HO OH HO OH
"o OH38 % 36 %I:|-ON3OiIs—|omer only 17 % 49 %
° + N3 regioisomer 38 % + N7 regioisomer 8 %

Scheme 3.4: Synthesis of ribofuranosides using a monoprotected ribosyl donor via an

anhydrose intermediate.

3.3.2 Synthesis of the free nucleoside in one-pot.

Analogous to our initial work, I wanted to prove that the deprotection step could be carried out
in a two-step, one pot process. Initially, I tried the duplicate conditions from our first
investigation (1 M HCl(aq), pH ~1) at both room temperature or at 50 °C. Although these
conditions proved to be compatible and no degradation of the anomeric centre was observed
with many of the substrates, the 7-deaza-7-unsubstituted purines did show some destruction.
As a result, I substituted the acid for 90 % trifluoroacetic acid (TFA) in water which solved

this issue. I do note an increased length of time (12 h) at room temperature was required for
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detritylation. In order to avoid any problems of contamination of the products by
trifluoroacetate salts and to avoid cleavage of the nucleobase during work-up, I increased the
pH of the reaction mixture using Dowex 1 x 2 resin in the “OH form (to pH ~1). The reaction
mixture could then be concentrated in vacuo under normal conditions (Scheme 3.5).
TrO 1.5 equiv. ADDP, TrO 1.5 equiv. NB,
O ..oy 16equiv. P(nBu)s, o 1.5 equiv. NaH, DMF,
MeCN, r.t., 15 min. r.t., 15 min
> (6]

HO OH HO
100 mg or 1.00 g

TrO o NB 1. TFA:H20 (9:1), 12 h, r.t. HO NB
2. Dowex 1 x 2 resin (OH form) topH 1 0
one-pot in situ deprotection
HO OH HO OH
[anomer only

not isolated

HO OH HO OH HO OH HO OH
28 % 36 % 31 % 56 %
NH, 0] I Cl
</N B N NH /SN
HO N N/) <N | 2N N | /)
0 HO o N” "NH, HO o N
HO OH HO OH HO OH
66 % (in mixture with N3-isomer, 3:1) 14 % (pure after iterative 51 9%
33 % (pure, isolated by crystallization after chromatography)
chromotography) 1-deazaadenine 3-deazaadenine
Cl O NH, NH,
B N AN N
Yoy e ¢ ]@
HO N™ "N~ HO N™ N HO N™ N N
o 0 NH, o HO o
HO OH HO OH HO OH HO OH
49 % 51 % 15 % 49 %
+ N3 regioisomer 12 % + N7 regioisomer

traces only

Scheme 3.5: The conditions and scope for the two-step one-pot synthesis of fully deprotected

nucleosides at a preparative scale.
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Fortuitously, the yield of the desired nucleosides did not dramatically decrease between
the one-step and the two-step procedure with the one inexplicable example of 5-fluorouridine,
suggesting that the deprotection step took place quantitatively without any destruction at the
anomeric position. What was very interesting was the regioisomeric nucleosides did tend to
destruct. In fact, in the case of 7-deazaadenine none of the free nucleoside was observed at all
(not shown). This suggests that these undesired kinetic products are definitely less stable than

the desired thermodynamic N° product.

3.3.5 Synthesis of medicinally- or biologically-relevant nucleosides.

To further demonstrate the utility of this methodology, I endeavored to expand the
methodology to include medicinally- and biologically-relevant nucleosides. I also sought to
demonstrate that this methodology could be amenable to the synthesis of building blocks for
automated solid-phase phosphoramidite synthesis. Three obvious sugars to carry out this study
were 5-deoxy-D-ribose, 5-deoxy-5-fluoro-D-ribose, 5-O-dimethoxytrityl(DMT)-D-ribose. The
reasons being because the antitumor prodrug doxifluridine?* and organic fluoride precursor 5'-
deoxy-5'-fluoroadenosine?> bear these sugar scaffolds. It is important to note that 5'-O-
tritylated ribonucleosides in general are also useful intermediates in the synthesis of
phosphoramidites for automated synthesis of oligonucleotides on solid support.?® I synthesized
a small series of nucleosides bearing these modifications at the C5 position using the same
conditions as in the 5-O-tritylribose series. Once again 7-deazaadenine was glycosylated
exclusively at position N3, Interestingly, and positively, when using N®-benzoyl adenine as the
acceptor the reaction is perfectly regioselective for the desired N° position as showcased by the

synthesis of the 5-O-DMTribosyl nucleoside bearing this group (Scheme 3.6).
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0 oH 1.6equiv. P(nBu)s, —%22\ 1.5 equiv. NaH, DMF, 0
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MeCN, r.t., 15 min. r.t., 15 min
HO OH HO HO OH
R =H, F, or ODMT ~100 % conversion by NMR
-- stable in situ
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LA T g, e
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HO OH HO OH HO OH HO OH
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NH, 0

C N
F N~ F N~ "N pmMTO N/l%o DMTO <NfN\

HO OH HO OH HO OH HO OH
51 % 46 % - this isomer 54 % 51 %

Scheme 3.6: Important nucleosides bearing C5-modified ribosyl scaffolding.

3.3.6 Synthesis of non-nucleoside ribofuranosyl glycosides.

With a robust array of nucleosides, including analogs bearing synthetic bases and
saccharide components, now available under the improved conditions, I endeavoured to effect
the ring opening of the anhydrose with other non-nucleobase nucleophiles that could act as
precursors for other biologically relevant molecules. I envisioned, once again, forming the
anhydrose in situ, and then adding the nucleophile, along with some DMF, to the anhydrose
(Scheme 3.7). One very logical starting target was the "N3 moiety as a potential precursor for
click chemistry. Utilizing the interesting nucleophile 1,1,1',1'-tetramethylguanidinium azide
formed in situ, I could synthesize the glycosyl azide in good yield when employing mild (45
°C) heating. Also, I note very encouragingly, that despite the small size of the nucleophile, the
B-anomer was still formed perfectly stereoselectively as determined by NMR analysis of the
crude reaction mixture.

I focussed next on the possibility of installing a fluoride?” or thiolate moiety at the anomeric
position as they are known glycosyl donor moieties. Much to my delight, both were formed
easily using the first nucleophile employed. I utilized zerz-butylammonium fluoride (TBAF) as

the nucleophile to provide smoothly in 70 % overall yield, the stereoselective P-glycosyl
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fluoride. To provide the thiolate, I utilized sodium thiolphenolate as the nucleophile to
smoothly form in moderate-to-good yield (52 %) stereoselectively the product.

I next sought to examine the feasibility of forming the cyano glycoside as a precursor for
C-nucleosides. I tried first NaCN and KCN as the nucleophiles to open the epoxide, however,
no product was formed. I supposed this was due to low solubility of the nucleophile and the
incompatibility of the method with high temperatures. [ was very pleased, however, to observe
that if I changed the nucleophile to freshly dried tetraecthylammonium cyanide I could form the

anomeric cyanide is good yield and perfect stereoselectivity for the B-anomer (66 % yield).

3.0 equiv. or 4.0 equiv.

TrO 1.5 equiv. ADDP, TrO : Tro Nu
0 oH 1.6 equiv. P(nBu)s, 0 nucleophile (Nu), 0
MeCN, r.t.,, 15 min. DMF, 45°C, 12 h _
HO OH Ho © HO OH
100 mg ~100 % convers.ion.by NMR
-- stable in situ
F\IHZN; TrO o N; TrO CN
Nu: => >SN~ Nu: = NEt,CN
L HO OH HO OH
3.0 equiv. 3.0 equiv.
q 75 % d 0.25 mmol: 75 %
2.5 mmol: 66 %
F SPh
Nu: = NBuyF Tro 0] Nu:= Nasph 1" o
4.0 equiv. HO OH 3.0 equiv. HO OH
70 % 52 %

Schem 3.7: Formation of non-nucleoside glycosyl adducts via epoxide ring opening of the

anhydrose at 0.25 mmol scale unless otherwise noted.

As final proof that my deprotection strategy extends beyond nucleosides, I deprotected the
cyano glycoside using the same the conditions as described in section 3.3.2 to afford the
deprotected cyano sugar in 64 % overall yield (Scheme 3.8). This, once again, showed that the
deprotection step proceeds quantitively without compromising the anomeric. These
experiments represented the final dataset before we published this work in Chemistry—A

European Journal where 1 was again the first author of the study.?®
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1. P(nBu); (1.6 equiv.), ADDP (1.5 equiv.),
TrO

0O MeCN, r.t, 15 min. TrO CN
OH 5 NEt,CN (4.0 equiv.), DMF, 45 °C, 12 h 0
HO OH
HO OH
1. TFA:H20 (9:1), 12 h, r.t. HO CN
2. Dowex 1 x 2 resin (OH form) to pH 1 O

64 % in two steps, one-pot
HO OH

Scheme 3.8: Synthesis of deprotected potential C-nucleoside precursor in a two-step one-pot

process.

4. Conclusions

In my thesis, [ developed two novel methods for the stereoselective synthesis of nucleosides
from either fully unprotected D-ribose or from 5-O-monoprotected ribose under modified
Mitsunobu conditions. After extensive optimization, I determined that P(nBu); was the ideal
phosphine source and DIAD the ideal electron acceptor. I optimized the order of addition of
the reagents as well and I discovered that the nucleophilicity of the heterocycle could be
improved by deprotonating the N’ nitrogen with DBU. Using these conditions, in the first study,
I determined that unprotected D-ribose could be used to glycosylate a series of purine and
pyrimidine nucleobases to provide in moderate-to-good yield stereoselectively B-ribopyranosyl
nucleosides as the major product.

This unprecedented reactivity and methodology served as a very convenient proof-of-
principal, however, for biologically study, the ribofuranosyl nucleosides are more valuable. As
a result, I chose to employ a bulky protecting group (MMTr) that reacts preferentially with
primary alcohols that is known to be acid-labile. Hence, when reacted with D-ribose in solution
only the furanosyl conformation will react with this group, locking ribose in the furanose form.
With the monoprotected ribosyl donor in hand, I demonstrated that the same conditions as in
the pyranosyl series could still be used to glycosylate the same series of nucleobases. I then
showed that the MMTr group could be cleaved with 1 M HCl(aq) in situ in a two-step one-pot
glycosylation—deprotection strategy to provide [-ribofuranosyl nucleosides perfectly
stereoselectively. I also demonstrated that the C2-OH group provides either a directing effect

or anchimeric assistance in the reaction.
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This first study demonstrated a very elegant method to synthesize this series of nucleosides,
however, there were still some shortcomings. Most notably cytosine, guanine, 5-fluorouracil,
7-deazapurines unsubstituted at the 7-position, as well as other non-heterocyclic nucleophiles
were incompatible. A plausible reaction mechanism was also necessitated. By modifying the
electron acceptor to ADDP and removing the nucleophile (nucleobase), we could observe the
quantitative conversion of the starting monoprotected ribosyl moiety to a 1,2-anhydrosugar
(termed “anhydrose”) via cis-dioxaphospholane intermediate using NMR spectroscopy, thus
confirming the neighboring group participation of the C2-OH group.

With this knowledge in hand, I improved the reaction conditions to address the
shortcomings of the previous study. I was successfully able to glycosylate cytosine, guanine,
5-fluorouracil, and 7-deazapurines unsubstituted at the 7-position using 5-O-tritylribose as the
donor. I also demonstrated that the 5’-O-monoprotected nucleoside could be isolated
separately. Furthermore, I determined the free nucleoside could still be accessed in a two-step
one-pot glycosylation—deprotection process using 90 % TFA in H2O over 12 h without
compromising the anomeric position at all. A further demonstration of the power of this
methodology, was the three-step one-pot synthesis of adenosine starting from 6-chloropurine
(not discussed in this thesis summary). Furthermore, I demonstrated that small nucleophiles
such as N3~, CN-, “SPh, and F~ could all nucleophilically open the epoxide of the anhydrose
perfectly stereoselectively for the B-anomer. Still, some nucleophiles failed to open the epoxide
and I hope this will be addressed in the future.

The final demonstration of the power of the methodology came by synthesizing
medicinally active or potentially medicinally active C5-modified sugar nucleosides, including
the valuable anticancer drug doxifluridine. I also proved that my procedure may be amenable
to the synthesis of the building blocks for solid phase oligonucleotide synthesis as well by

synthesizing 3-5-O-DMTribosyl nucleosides that had surprising stability.
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1. Uvod

Nukleotidy maji zasadni vyznam pro zivou piirodu. Jsou to totiz fundamentalni slozky
deoxyribonukleovych kyselin (DNA) a ribonukleovych kyselin (RNA). Syntetické nukleotidy
(takové, které nenalezneme v piirod€) jsou rovnéz nesmirné uzite¢né jakozto komponenty
mnoha 1é¢iv, konkrétng protinadorova a antivirova terapeutika.'- P¥imé propojeni sacharidové
slozky s nukleobazi (koncep¢né znazornéno na schématu 1.1) by vyrazné zrychlilo ptfipravu

téchto sloucenin a tento postup by mé¢l zasadni vyznam zejména v medicinalnich oborech.

NH,
N AN
N
NH < |
N 2 dmink HO (0] N N/)
~
D-ribosa + </ | )N podminty
~
N™ "N ? HO OH
adenin adenosin

Schéma 1.1: Zjednodusena syntéza nukleosidt za predpokladu pifimého propojeni sacharidu a

nukleobéze.

vvvvvv

pievladajici posttranslaéni modifikaci.* Glykosylace je couplingova reakce, ve které dochazi
k vazbé anomerniho centra (C1-OH) sacharidu — donoru — k druhé molecule, takzvanému
akceptoru za vzniku glykosidu (produktu). V chemické syntéze glykosidt vystupuje molekula
donoru elektrofil. To znamena, ze ostatni nukleofilni hydroxylové skupiny na sacharidu musi
byt chranény, aby zabranily donoru reagovat sam se sebou. Akceptorova molekula slouzi jako
nukleofil. Velmi ¢asto musi byt chranény ostatni reaktivni skupiny na molekule akceptoru, aby
se zabranilo glykosylaci v nezadoucich polohach. Z toho vyplyna ukazuji, Ze se ¢asto jedna o
velmi naro¢ny vicestupiiovy proces, ktery miize vyzadovat pouziti toxickych cinidel a
organickych rozpoustédel.>?

Nejcastéji pouzivand strategie chemické glykosylace pro synthesu nukleosidii na bazi
ribosidd je Vorbriiggenova varianta®'? Hilbert-Johnsonovy reakce.'%!! Reakce je katalyzovana
Lewisovou kyselinou (typicky trimethylsilyltrifluormethansulfonatu (TMSOTT) nebo SnCly),
je velmi robustni, a tak funguje pro celou fadu pyrimidinovych a purinovych nukleobazi.
Stereoselektivita reakce je vysvétlovana participaci sousedni skupiny (nebo anchimerni
asistenci) C2-OH acylové skupiny. Ve schématu 1.2 je popsan navrhovany mechanismus, ktery
pouziva TMSOTT jako katalyzator. TMSOTTf se povazuje za mirn¢j$i, snaze manipulovatenou

variantu SnCls s lepsi regioselektivitou. !4
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Schéma 1.2: Nejcastéji pouzivana metoda pro synthesu nukleosidi—Vorbriiggenova reakce.

Ziejmou nevyhodou tohoto postupu je rozsahlé vyuzivani chranicich skupin. Z toho

vyplyva, ze produkce glykosidl (zde zejména nukleosidil) za vyuziti glykosylace je velmi
atraktivni oblasti vyzkumu organické syntézy. Tyto metody mohou mimo jiné najit uplatnéni
v aplikacich, které piesahuji chemickou laboratof, jako je naptiklad medicina.
Klasické strategie glykosylace bez chranicich skupin byly popsany jiz 100 let pfed objevem
Fischerovy glykosylace.'3'¢ Ve Fisherové kli¢ové praci byl methanol glykosylovan D-
glukosou v pritomnosti HCI, ¢imz byl ziskan methylglykosid. Reakce probiha chemoselektivné
v anomerni poloze, ale obecné trpi uplnym nedostatkem regio- ¢i stereochemické kontroly
(schéma 1.3A).

Mitsunobuova reakce byla vyvinuta béhem poslednich 50 let a je jednou z kli¢ovych reakci
pouzivanych v organické syntéze.!” Tato reakce ma natolik vysokou pouzitelnost v organické
syntéze, ze se nyni pouziva (at’ uz celd nebo jen nékteré jeji procedury) v glykosylacnich
reakcich nechranénych a neaktivovanych sacharidii. Jedny z nejatraktivnéjSich vlastnosti
tohoto postupu jsou: jednak jeho schopnost pracovat nezavisle na pH a zaroven pouZzité
reagencie jsou obecné povazovany za latky s nizkou toxicitou. Prvni piiklad pouZiti
Mitsunobuovy reakce pro glykosylaci za pouziti nechranénych sacharidovych donorti byl
poprvé popsan v roce 1979 za ucelem syntézy arylovych glykosidt. '8! V této praci byly jako
pouzité donory popsany malé série pentos a hexos pro pfipravu fenolickych glykosidi v
mensim az dobrém vytézku s 1,2-frans diastereomerem, ktery prevladal ve velkém nadbytku a
nebo byl izolovan vyhradné (schéma 1.3B). Ackoli tento ¢lanek nepfinesl zadny konkrétni
mechanisticky vhled, autor naznacuje, ze zde mozna byl pfitomen efekt ucasti sousedni

skupiny od C2 hydroxylové skupiny, ktera mtize zasahovat do stereochemie.
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Schéma 1.3: Znamé syntézy glykosidii bez chranicich skupin. A) Fischerova glykosylace, B)

Mitsunobuova reakce vedouci k aryl glykosidim.

Publikovali jsme piehled o dalsich zndmych strategiich glykosylace bez ochranné skupiny

v roce 2017 v publikaci Beilstein Journal of Organic Chemistry.?°

2. Cile prace

1) Vyvinout a optimalizovat podminky pro syntézu nukleosidii zcela bez ochrannych skupin.
2) Vytvoteni podminek pro ziskani biologicky relevantniho furanosylového regioisomeru.

3) Vysvétleni piijatelného reakéniho mechanismu bud’ pozorovanim kli¢ovych meziprodukt

in situ pomoci NMR technik, nebo pfimou izolaci meziproduktti.

4) Rozsifit ramec substratd tak, aby zahrnoval obtizné pfipravitelné akceptory nukleobazi a

aglykony nenukleobazi.

5) Prokazat schopnost metody syntetizovat medicinalné relevantni slouceniny a potencialni

stavebni bloky pro chemickou syntézu oligonukleotidi na pevné fazi.

3. Vysledky a diskuse

3.1 Vyvoj metody syntézy nukleosidi bez chranicich skupin

Primarnim cilem této prace bylo navrhnout podminky pro syntézu nuklesidii glykosylaci

nukleovych kyselin s pln¢ nechranénou a neaktivovanou D-ribozou. Moje pocate¢ni inspirace
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k dosazeni tohoto cile pochézela z klicové prace G. Grynkiewicze publikované v roce 1979 v
Polish Journal of Chemistry.'?

Predpokladal jsem, ze tyto podminky budou vhodné pro syntézu nukleosidl, pokud
fenolicky alkohol vyménim za nukleobazi. Mimo to existuje precedens syntézy acyklickych
nukleosidil za pouziti Mitsunobuovy reakce, nicméné toto bylo popsano pouze v ptipadé, kdy
je volna pravé jedna hydroxylova skupina®!-?2. Pro optimaliza¢ni studii jsem pouzil 6-
chlorpurin, rozpustnou, ale stale pfiméfené levnou alternativu, ktera je Castym prekursorem
v uvahu pii optimalizaci glykosylace: vhodnd volba baze pro deprotonizaci akceptoru
nukleobdaze, fosfin, akceptor elektronti, rozpoustédla a glykosyla¢ni katalyzator. Optimaliza¢ni
udaje jsou uvedeny v tabulce 3.1. B€hem optimalizac¢ni studie jsem o-anomer detekoval
pomoci '"H NMR ze surové reakéni smési, kde jej piede mnou dosud nikdo neanalyzoval.

Podminky byly rovnéz optimalizovany v semipreparativni (1 mmol) skale.

Tabulka 3.1: Optimalizacni studie tvorby nukleosidi s uplnou absenci chranicich skupin.
HO

0 OH B cr
N N—"SN
HO OH cl NQQ o </N | N/)
N AN — (@)
N 1 )
. </ f\/) Podminky HO/WN\&N .\ —%_7
l N™ "N on OH HO OH
OH OH OH
Izolovany
Pokus Baze Podminky ek
vytéze

NB (1,5 ekv.), D-ribosa (1,0 ekv.), P(nBu); (1,5 ekv..),
1 zadna 22 %*
DEAD (1,5 ekv.), DMF, 1 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,0 ekv.), P(nBu)s (1,05 ekv.),
2 NaH 24 %?
CCls (10,0 ekv.), THF, 1 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,0 ekv.), PPhs, (1,6 ekv.) CBr4 (2
3 zadna 27 %*
ekv.), ribose (1,5 ekv.), DMF, 1 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,5 ekv.), PPhs, (0,1 ekv.) CBr4 No
(0,1 ekv.), DMF, 1 h, lab.t. reaction

4 NaH
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NB (1,0 ekv.), D-ribosa (1,0 ekv.), P(nBu); (1,2 ekv.), CCl4
5 NaH 26 %*
(2 ekv.), DMF, 12 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,0 ekv.), P(nBu)s (1,2 ekv.), CCls
6 CsCOs trace
(2 ekv.), DMF, 12 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,0 ekv.), P(nBu); (1,2 ekv.),
7 NaH 12
DIAD (2 ekv.), DMF, 12 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,0 ekv.), P(nBu); (1,2 ekv.), CCls
8 NaH 33
(2 ekv.), MeCN, 12 h, lab.t.

NB (1,0 ekv.), D-ribosa (1,0 ekv.), P(nBu)s (1,2 ekv.), CCly4
9 NaH 23 %P
(2 ekv.), MeCN, AgCOs (1 ekv.), 12 h, lab.t.

NB (1,0 ekv.), D-ribosa (2 ekv.), P(nBu)s (1,2 ekv.), ADDP
10 NaH trace
(2 ekv.), MeCN, 12 h, 0 °C to lab.t.
NB (1,0 ekv.), D-ribosa (2 ekv.), P(nBu); (2 ekv.), DIAD 52 %°

(2,1 ekv.), MeCN, 12 h, 0 °C to lab.t. (76 %)4
NB (1,0 ekv.), P(nBu); (3 ekv.), DIAD (3,1 ekv.), D-ribosa

12 DBU 29 %*
(2 ekv.), MeCN, 12 h, 0 °C to lab.t.

11 DBU

(a) Produkt kontaminovan fosfinoxidem. (b) Furanosid byl rovnéz izolovan (12 %). (c)
Furanosid byl rovnéZ izolovan (3 %). (d) Vytézek byl po trituraci surové reakéni smési smési

Et,O—petrolether pred purifikaci.

3.1.1 Syntéza B-ribopyranosylovach nukleosidii

S optimalizovanymi podminkami jsme se pokusil provéfit, zda by tyto podminky mohly
poskytnout fadu nukleosidli obsahujici heterocykly s béznymi synthetickymi prekursory
funk¢nich skupin s alkylovymi nebo aromatickymi substituenty a pfirozen¢ se vyskytujicimi
nukleovymi bazemi v 1 mmol skale. Na tomto misté bych rad podckoval za spolupraci C.
Richterovi za skupiny Prof. R. Mahrwalda (Humboltova Univerzita v Berlin€¢) za jeho
prispévek k této Casti prace. Richter pfipravil vSechny pyrimidinyl-nukleosidy. V této
semipreparativni Skale jsme piipavali celkem 13 nukleosidii. Ve vSech pfipadech byl
pozorovéan vyhradné B-anomer, jak bylo stanoveno analyzou surové reakéni smési pomoci 'H
NMR. Jako obecny trend byla pozorovana vyssi reaktivita purini nez pyrimidind. Jak jsme
oc¢ekavali, termodynamicky pyranosidovy regioisomer byl pfitomen ve velkém ptebytku nad

furanosidem (schéma 3.1).
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i) DBU, NB, MeCN; HO—  NB
Ho% + Nukleobaze (NB) ) DD PBUs HOwNB + —%_?‘
44 OH OH * Nukleobaze (NB) w o oca 09C dolabit, 12 h On OH nye

prebytek limitujici  anomer pouze velky prebytek vedlejsi
typicky 0-10 %

Syntetizovano mnou

NB= Cl Cl NH, cl Ph | Cl
Nf N S N N N BN N
N N SN SN N SN SN
TN« f ¢ f ¢ f ¢ f ¢ f a
N N/) N N/)\CI N N/) N N//kNH N N/) N N/) N N/)
o e v v 2 v wlv
76 % 38 % 80 % 85 % 54 % 66 % 65 %
Syntetizoval Celin Richter
0
B
| /I\LH | /’\f FaC | NH ! | NH ’ | /rlH cl | /’\f
N~ O N~ O N/go N/go N~ O N~ O
. . . e o o
36 %?2 33 %3 31 %32 21 %32 29 %3 26 %3

Schéma 3.1: Pfima syntéza pyranosylovych nukleosidil z neaktivované a nechranéné ribosy za
pouziti optimalizovanych podminek pro Mitsunobuovu reakci. Produkty reakce byly

neseparovatelné silikagelu a byly indentifikovany '"H NMR spektroskopii.

3.1.2 Syntéza biologicky relevantnich p-ribofuranosyl nukleosidii

Se vhodnymi stereoselektivnimi glykosylacnimi podminkami jsem se dale snazil vyvinout
nejlepsi metodu syntézy B-ribofuranosyl nukleosidi, jakozto témét vyhradné biologicky
relevantnich regioisomert. Tato metodika by méla nejvétsi dopad mimo syntetické laboratote.
Predpokladal jsem, ze nejjednodu$sim zptsobem jak ziskat furanosylovy produkt je volba
vhodné chranici skupiny, ktera je dostatecné objemna, aby reagovala jednoduse vyhradné nebo
s velkou preferenci s primarmi alkoholy a mohla byt odchranéna in situ pouzitim anorganické

kyseliny. Proto jsem pro dalsi studii zvolil 4-methoxytritylovou (MMTr) skupinu.

3.1.2.1 Syntéza P-furanosylovych nukleosidii ve dvoustupiiovém ,,one-pot“ procesu

S vhodnymi podminkami a se spole¢nym usilim C. Richtera jsem glykosyloval stejné série
nukloevych basi jako v sérii pyranosidl, v ,,one-pot procesu za pouziti IM HCl(aq) pro
odchranéni MMTr skupiny in situ. Opét plati obecny trend purind, Ze jsou reaktivnéjsi nez
pyrimidiny a nastésti byla stejné série dostupna s malymi komplikacemi. Ve vétSin€ ptipadi

vvvvv

MMTr probiha kvantitativng, aniz by doglo k naruseni anomerni polohy (schéma 3.2). Sest ze
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tfinacti nukleosidil, které jsme piipravili, bylo ziskdno ve vy$§im vytézku, nez bylo dfive

popsano.
OH i i) DIAD, PBusg, O
*+ Nukleobdze (NB) iy cukr 0°Ctort, 12 h
HO OH - : HO OH
60 % vyteZek z p-ribozy 2.1 M HCl(aq), 70 °C, 15 min regioizomerne a anomerne
mirny limitujici nebo 90 min, r.t. cisty produkt
prebytek

Syntetizovano mnou
Cl

N AN
o)

N

cl cl
.y p: .y
Ho7 oY N/)\CI Ho—ki?’f N/)\NHZ N/)

NH,

HO N
o

HO OH HO OH HO OH HO OH
52 % 28 % 68 % (40 %)2
Ph | cl
</N ’ \J\l </N I SN g/jl\)kj\l
HO N = HO N = HO N =
o N o N o N
HO OH HO OH HO OH
65 % (47 %)2 59 % 76 %
Syntetizoval Celin Richter
o} 0 0
HO N o HO N/&O HO N/&O
HO OH HO OH HO OH
39 % 31% 31 %
0 (0] (0]
|\T:J\NH Bn\[%\NH CMW:J\NH
HO N)§o HO NA\O HO NA\O
HO OH HO OH HO OH
20 % 28 % 28 %

Schéma 3.2: Dvoustupiiova ,,one-pot* syntéza nukleosidi v jedné studii. *Vytézek v zavorkach

je po krystalizaci z MeOH v dasledku stopovych necistot po chromatografické purifikaci.

3.1.3 Nedostatky

Navzdory jednoduché avsak koncepcné nové povaze této prvni studie, byly zjistény nékteré

prekazky a nedostatky. Ty zahrnuji nekompatibilitu G¢innych protinddorovych 1é¢iv (cytosin,
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guanin a 5-fluorouracil), kterd jsou na seznamu zakladnich 1éCivych pripravkd Svétové
zdravotnické organizace (z anglictiny ,,World Health Organization®, WHO). Také jsem byl
prekvapen, ze 7-deazapurinové baze, které jsou v pozici 7 nesubstituované, nereagovaly. Navic
jsem nebyl schopen nalézt nukleofily kompatibilni s podminkami, jako je azido a kyano
skupina, thiolat nebo fluorid. To si vyzadalo lepsi podminky a mechanistickou studii. Tuto

studii jsme zveiejnili v Organic Letters v roce 2015.23

3.2 Mechanisticka studie

Prvnim krokem v mechanistickém studiu bylo potvrdit, ze vSechna reakcni ¢inidla jsou
nezbytna pro to, aby reakce prob¢hla. Tim bychom indikovali, Ze reakce probiha ,,Mitsunobu-
like* mechanismem. Takto jsem potvrdil, Zze reakce vskutku probihd timto mechanismem.
Potom jsem ve spolupraci s Dr. R. Pohlem (UOCHB) provedli NMR studii, kterou jsme
stanovili mechanismus, jimz reakce probiha (schéma 3.3). Ukazalo se, ze se vytvori 1,2
anhydro sacharid (nazvany anhydrosa) pies cis-1,3-dioxafosfolanovy intermediat. Ve
spolupraci s Prof. J. Roithovou byla provedena vypocetni studie na bazi B3LYP-D3/6-

311+G**, ktera predpovidala tvorbu anhydrosy skrze kolaps cis-1,3-dioxafosfolanu.

TrO pKa~11.8 TrO o
_%3?“8\ SOR _%_?wo_/—*a?sp\\' _COR
HE™S D N—NH

. HO OH
\PBU3 ROC

ROC
R = piperidinyl

korelace v
ROESY

HO O\ HN—NH HO O
ROC Q, COR
/N—NH
Tro_%ig Il:I’Bug ROC
o
HO O TrO o
nebylo pozorovano
Ho ©

Schéma 3.3: Reak¢ni mechanismus tvorby anhydrosy.
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3.3 Vypracovani vylepSeného protokolu

3.3.1 Syntéza a izolace 5-O-mono-chranénych nukleosidu

Se znalosti mechanismu a optimalizovanymi podminkami jsem se snazil roz§ifit rozsah
substratd tak, aby zahrnoval vSechny nukleosidy, které nebyly dostupné v prvni studii jak na
semipreparativni (0,25 mmol), tak na preparativni $kéale (2,5 mmol). Nové podminky ukazuji,
7e anhydrosa se vytvofi nejprve in situ za pouziti 1,1'-azodikarbonyl dipiperidinu (ADDP) jako
akceptoru elektronti. Pak dojede k reakci s nukleofilem (nukleobézi). Pouziti ADDP v
Mitsunobuové reakci mé jeden vyhodny aspekt: ADDP je pevna oranzova latka, dobie
rozpustnd v MeCN a redukovany hydrazin je bila pevna latka s nizkou rozpustnosti. Tudiz lze
snadno sledovat tvorbu epoxidu Mitsunobuovou reakci ji 1ze snadno stanovit.

Pokud bych deprotonovanou nukleobazi ptidal k jiz hotovému epoxidu, N-glykosidace by
probéhla a v reakci by bylo méné vedlejsich produkti. Navzdory vysokovrouci povaze DMF
jsem zjistil, Ze toto rozpoustédlo bylo nejlepsi diky jeho sohopnosti rozpoustét mnoho
nukleobazi. Také jsem zjistil, ze NaH je optimalni bazi pro deprotonaci, protoze v mnoha
ptipadech byl odchranény nuleosid tak polarni, ze separace pozadované¢ho produktu od DBU
byla extrémné obtizna nebo nemozna za pouziti reversni faze nebo chromatografie na normalni
fazi. Také jsem chtél prokdzat, ze budu schopen izolovat monochranény a odchranény
nukleosid v preparativnim méftitku (schéma 3.4, vytézky jsou uvedeny pouze ve skale 2,5
mmol). S vylepsenymi podminkami a optimalizovanym pofadim pfidani cinidel jsem
synthetisoval fadu nukleosidd, odstranil nedostatky pfedchozich studii. Stejn€ jako v mé prvni
studii byla reakce dokonale stereoselektivni pro B-anomer, jak je stanoveno 'H NMR surové
reakéni smési. Dale se pyrimidiny ve vSech ptipadech ukazaly byt méné reaktivni nez puriny,
coz je v souladu s prvni studii.

Navzdory vyborné stereoselektivité rekce, nékteré¢ nukleobaze nebyly periferné selektivni
pro regioisomer N°. Jak je ukdzano na schématu 3.4, byly tyto nukleobaze: adenin, guanin, 7-
deazaadenin, 3-deazaadenin a 1-deazaadenin. V kazdém piipad¢ byla pfitomna délitelna a
nedélitelna smés dvou regioisomerti. Vzhledem k tomu, Ze nukleosidy mohou byt izolovany v
5’-0O-monochranéné formé, rozhodl jsem se nalézt obecné podminky umoziujici odstranéni

chranéni in situ, které by neohrozilo anomerni polohu.
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TrO 1,5 ekv. ADDP, TrO 1,5 ekv. NB, TrO NB
o) oy 1.8 ekv. P(nBu)s, ) 1,5 ekv. NaH, DMF, )
MeCN, lab.t., 15 min. lab.t., 15 min
HO OH Ho © HO OH

100 mg nebo 1,00 g

anhydrosa
~ 100% konverze, detekce NMR
-- stabilni in situ

pouze p-anomer

gi NH, cl
NH S F N AN
‘ ‘ N ‘ NH </ / N
TrO NAO TrO N/go TrO N/&O TrO N
0 o) o)
HO_OH HO OH HO OH HO OH
29 % 37 % 21 % 58 %
NH, 0 | Cl Cl
N X N NH SN 74 >N
TrO </N , /J\j TrO </ka/)\ TrO f\l I /) TrO N I /)
HO OH HO OH HO OH HO OH
64 % (+ NB-izomer, 24 % (+ N-izomer, 36 % 52 %
neoddelitelny 3:2) neoddelitelny 3:1)
) 7-deazaadenin 112 1-deazaadenin  NH2 3-deazaadenin NH2
X N N
4o N o= 2NN o is
~ N ~ /
TrO o N N NH, TrO o N TrO o N N o N
HO OH HO OH HO OH HO OH
38 % 36 % -- pouze N® izomer 17 % 49 %

+ N3 regioizomer 38 % + N7 regioizomer 8 %
Scheme 3.4: Syntéza ribofuranosidii za pouziti monochranénych ribosidli ptes anhydrosovy

meziprodukt.

3.3.2 ,,One-pot* syntéza odchranénych nukleosidi

Podobné jako u nasi pocatecni prace jsem chtél dokazat, Ze krok odstranéni chranicich skupin
mize byt proveden ve dvoustupniovém procesu v jedné reakéni nadobé (,,one-pot®). Zpocatku
jsem zkousel duplicitni podminky z nasi prvni studie (1 M HCI (aq), pH ~ 1) jak pii pokojové
teploté, tak pti 50 °C. Piestoze se tyto podminky ukazaly byt kompatibilni a u mnoha substratt
nebyla pozorovana zadna degradace anomerniho centra, u 7-deaza-7-nesubstituovanych purinti
byl pozorovan rozklad. Ve vysledku byl tento problém vyfesen pouzitim kyseliny
triflouroctové (z angliétiny ,,trifluoroacetic acid“, TFA) ve vod¢. Poznamenavam, ze

detritylace vyzadovala delsi dobu (12 h) pii pokojové teploté. Aby se zabranilo kontaminaci
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produkti trifluoroctanovymi solemi a zaroven Stépeni nukleobdzi béhem zpracovavani,
odstranil jsem trifluoracetat pomoci ionexu Dowex 1 X 2 (na pH ~ 1). Reakéni smés pak moha
byt za normalnich podminek zahusténa pod vakuem (schéma 3.5).

Pii pfechodu z jednokrokového na dvoukrokovy postup nedoslo k dramatickému poklesu
vytézku pozadovanych nukleosidd. S jednou nevysvétlitelnou vyjimkou: 5-fluoruridinu, coz
naznacuje, ze krok odstranéni chranici skupiny probihal kvantitativné bez jakéhokoli
poskozeni v anomerni poloze. Povsiml jsem si, Ze regioisomerni nukleosidy maji sklon k
dekompozici. V ptipad¢ 7-deazaadeninu nebylo pozorovan zadny volny nukleosid (neni
ukdzano). To naznacuje, Ze tyto nezddouci kinetické produkty jsou méné stabilni nez

pozadovany termodynamicky produkt N°.
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1,5 ekv. ADDP,
@) OH 1,6 ekv. P(nBu)3,

TrO

1,5 ekv. NB,
1,5 ekv. NaH, DMF,

TrO
TQ
0

MeCN, lab.t., 15 min. lab.t., 15 min
HO OH HO
100 mg nebo 1,00 g
TrO o NB 1. TFA:H50 (9:1), 12 h, lab.t. HO NB
2. Dowex 1 x 2 (OH cyklus) do pH 1 0
"one-pot” in situ odchraneni
HO OH HO OH
neizolovano pouze franomer
0 NH, o) Cl
F N
NH ~N NH ~N
| | \LA <7
—
HO NAO HO N/J%O HO NAO HO N N)
HO OH HO OH HO OH HO OH
28 % 36 % 31 % 56 %
NH, 0 | Cl
N ~N N S
N N
HO OH HO OH HO OH
66 % (ve smesi s N°-izomerem, 3:1) 14 % (cisty po nekolikanasobné 519%
33 % (cisty, izolovany chromatografii, chromatografii)
krystalizaci po chromatografii) 1-deazaadenin 3 deazaadenin
NH NH,
X N— X N
A NERAD STy
HO N">NT HO N">N">NH, HO NN Ho N~ ~F
o] o] 2 o] o
HO OH HO OH HO OH HO OH
49 % 51 % 15 % 49 %

+ N3 regioizomer 12 %

+ N7 regioizomer
pouze stopy

Schéma 3.5: Podminky a rozsah dvoustupnové ,,one-pot* syntézy se zcela nechranénymi

nukleotidy v preparativni skale.

3.3.5 Syntéza medicinalné ¢i biologicky relevantnich nukleosidii

Abychom dale prokazali uzite¢nost této metodiky, snazil jsem se ji rozsitit tak, aby zahrnovala

nukleosidy vyznamné pro lécebné a biologické ucely. Také jsem se snazil ukazat, ze tato

metodika by mohla byt vhodna pro synthézu stavebnich blokil pro automatizovanou syntézu
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fosforamiditu na pevné fazi. Pro tuto studii jsem vybral tyto sacharidy: 5-deoxy-D-ribosu, 5-
deoxy-5-fluor-D-ribosu, 5-O-dimethoxytrityl(DMT)-D-ribosu. Divodem byla skute¢nost, ze
protindadorové prekursory doxifluridinu?* a organické fluorévané prekursory 5'-deoxy-5'-
fluoradenosinu?® nesou sacharidovou skupinu. Je dilleZité, ze 5'-O-tritylované ribonukleosidy
jsou obecné uzitecné meziprodukty pii syntéze fosforamiditli pro automatizovanou syntézu
oligonukleotidi na pevné fazi*°. Pfipravil jsem malou sérii nukleosidli nesoucich tyto
modifikace v poloze C5 za stejnych podminek jako v 5-O-tritylribosové fad€. Opét byl 7-
deazaadenin glykosylovan vyhradné v poloze N°. Je zajimavé, Ze pii pouziti NS-
benzoyladeninu jako akceptoru se stane reakce dokonale regioselektivni pro pozadovanou
polohu N°. To bylo ukdzano synthesou 5-O-DMTribosyl nukleosidu nesouciho tuto skupinu
(schéma 3.6).

R 1,5 ekv. ADDP, R 1,5 ekv. NB, R NB
0] OH 1,6 ekv. P(nBu)s, ) 1,5 ekv. NaH, DMF, 0
MeCN, lab.t., 15 min. lab.t., 15 min
HO OH Ho © HO OH
R =H, F, or ODMT ~ 100% konverze, detekce NMR
-- stablini in situ
o cl cl | cl

HO OH HO OH HO OH HO OH
54 % 70 % 63 % 48 %
NH2 O

Cl NHBz
N N
Y e (L T
| J kN N pmTO | N/&O DMTO <N | N/J

HO OH HO OH HO OH HO OH
51 % 46 % -- tento regioizomer 54 % 51 %

Schéma 3.6: Dulezité nukleosidy nesouci C5-modifikovany zbytek ribosy.

3.3.6 Syntéza nenukleosidovych ribofuranosyl glykosidi

S robustnim souborem nukleosidii v€etné analogti nesoucich syntetické baze a sacharidové
slozky, kter¢ jiz byly dostupné za vylepsenych podminek, jsem se snazil ovlivnit otevieni kruhu
anhydrosy s dal$imi nukleofily mimo nukleobaze, které by mohly ptisobit jako prekurzory pro

biologicky relevantni molekuly. Prvnim navrhem byla tvorba anhydrosy in situ a poté ptidani
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rozpusténého nukleofilu v DMF k anhydrose (schéma 3.7). Jednim z logickych vychozich cili
byla N3~ skupina jako potencialni prekurzor ,,click® chemie. PouZitim nukleofilniho 1,1,1',1'-
tetramethylguanidinazidu, ktery se vytvoftil in sifu, jsem mohl nasynthetisovat glykosylazid v
dobrém vytézku za mirného zahtivani (45 °C). Navzdory malé velikosti nukleofilu byl -
anomer stale dokonale stereoselektivni, coz bylo potvrzeno NMR analyzou surové reakéni
smesi.

Poté jsem se zaméfil na moznost zavedeni fluoru nebo thiolatové skupiny do anomerni polohy,
protoze jsou to znamé pro donorové skupiny glykosylu. Ob¢ skupiny bylo mozné snadno zavést
s pouzitim prvniho zvoleného nukleofilu. Jako nukleofil jsem pouzil tert-
butylammoniumfluorid (TBAF), ktery poskytl stereoselektivni glykosylfluorid v 70 %
celkového vytézku. K ziskani thiolatu jsem jako nukleofil pouzil thiofenolat sodny, ktery
vytvofil stereoselektivni produkt ve sttednim az dobrém vytézku (52 %).

Dale jsem se snazil provérit proveditelnost tvorby kyanoglykosidu jako prekursoru C-
nukleosidil. Nejprve jsem jako nukleofily k otevieni epoxidu vyzkousel NaCN a KCN, ovSem
nenalezl jsem Zadny produkt. Predpokladal jsem, Ze to bylo zplisobeno nizkou rozpustnosti
nukleofilu a neslucitelnosti metody s vysokymi teplotami. Zménou nukleofilu na Cerstve
vysuSeny tetracthylammoniumkyanid, bylo mozné vytvofit dokonale stereoselektivni [-

anomerni kyanid v dobrém vytézku (66 %).

0 1,5 ekv. ADDP, 0 3-4 ekv. Tr0 Nu
0 oH 1.8 ekv. P(nBu)s, 0 nukleofilu (Nu), 0
MeCN, lab.t., 15 min. DMF, 45°C, 12 h
HO OH Ho © HO OH

~100 % NMR konverze

700 mg — staly in situ
?\JHZN3 Tro o N; TrO CN
Nu: =~~~ Nu: = NEt,CN
I HO OH HO OH
3,0 ekv. 3,0 ekv.
75 % 0,25 mmol: 75 %
2,5 mmol: 66 %
F SPh
Nu: = NBu4F o 0 Nu:= Nasph 1O o
4,0 ekv. HO OH 3,0 ekv. HO OH
70 % 52 %

Schéma 3.7: Tvorba nenukleosidovych glykosylovych adukti pomoci otevieni epoxidového

kruhu anhydrosy v 0,25 mmol skale, pokud neni uvedeno jinak.
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Jako zavérecny dikaz, ze moje strategie pro odstranéni chranici skupiny ptesahuje
nukleosidy, jsem odchranil kyanoglykosid za pouziti stejnych podminek jako bylo popsano v
¢asti 3.3.2 za t¢elem ziskani odchranéného kyanosacharidu v celkovém vytézku 64 % (Schéma
3.8). Tento experiment opét ukazal, ze krok odstranéni chranici skupiny probiha kvantitativné
bez naruseni anomeru. Tyto pokusy ptedstavovaly zavérecny soubor dat, tato prace byla

publikovéana v Chemistry—A European Journal, kde jsem byl opét prvnim autorem studie?®.

1. P(nBu); (1,6 ekviv.), ADDP (1,5 ekviv.),

™o 5 MeCN, lab.t., 15 min. 10 N
OH 5 NEt4CN (4,0 ekviv.), DMF, 45°C, 12 h o
HO OH
HO OH

1. TFA:H,0 (9:1), 12 h, lab.t. HO CN

2. Dowex 1 x 2 ("OH cyklus) do pH 1 0

64 % ve dvoustupnové "one-pot" reakci

HO OH

Scheme 3.8: Syntéza potencialniho C-nukleosidového prekursoru, ktery je zbaven chranicich

upin, ve dvou novém ,,one- u.
skupin, ve dvoustupniovém ,,one-pot* proces

4. Shrnuti

Ve své praci jsem vyvinul dvé nové metody pro stereoselektivni syntézu nukleosidli jednak z
plné nechranéné D-ribosy, a jednak z 5-O-monochranéné ribosy za modifikovanych podminek
Mitsunobuovy reakce. Po rozsahlé optimalizaci jsem zjistil, ze P(nBu);3 je idedlnim zdrojem
fosfinu a DIAD idealnim akceptorem elektronti. Optimalizoval jsem i potadi pridani ¢inidel a
zjistil jsem, Ze nukleofilnost hetrocyklu by se mohla zlepsit deprotonaci dusiku N° pomoci
DBU. Za pouziti téchto podminek jsem v prvni studii zjistil, Ze nechranéna D-ribosa mtze byt
pouzita ke glykosidaci tfady purinovych a pyrimidinovych nukleobdze, za tvorby
stereoselektivnich B-ribopyranosidovych nukleosidti jako hlavniho produktu.

Tato nova reaktivita a metodika poslouzila jako diikaz principu, avSak pro biologickou
studii jsou ribofuranosylové nukleosidy cennéjsi. V dasledku toho jsem zvolil objemnou
chranici skupinu (MMTr), ktera reaguje prednostné s primarnimi alkoholy, o kterych je znamo,
7e jsou nestale v kyselém prostiedi. Diky tomu budu v roztoku pfi reakei D-ribosa ptitomna
pouze ve své furanosové konformaci. Pomoci monochranéného ribosylovaného donoru jsem

prokazal, ze stejné podminky jako v pyranosidové fadé mohou byt pouzity i ke glykosylaci
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stejné série nukleovych basi. Potom jsem prokazal, ze skupina MMTr mze byt stépena HCI
(aq) in situ ve dvoustupiiové ,,one-pot™ strategii glykosyla¢niho odchranéni, abychom ziskali
dokonale stereoselektivni B-ribofuranosid. Také jsem prokazal, ze dochazi pii reakci k
participaci sousedni C2-OH skupiny.

Tato prvni studie demonstruje velmi elegantni metodu syntézy série nukleosidd, ale stale
obsahuje nedostatky. Zejména cytosin, guanin, 5-fluoruracil, 7-deazapuriny nesubstituované v
poloze 7, stejné¢ jako ostatni neheterocyklické nukleofily nebyly s touto metodikou
kompatibilni. Rovnéz bylo zapotiebi zjistit mozny reakéni mechanismus. Modifikaci akceptoru
elektrontt na ADDP a odstranénim nukleofilu (nukleobaze) jsem mohl pozorovat kvantitativni
konverzi vychozi monochranéné ribosy na 1,2-anhydrosacharid (anhydrosu) pies cis-
dioxafosfolanovy meziprodukt za pouziti NMR spektroskopie, coz potvrzuje ucinek sousedni
C2-OH skupiny.

Diky témto znalostem jsem zlepSil reak¢éni podminky, a tim vyfesil nedostatky predchozi
studie. Nyni jsem schopen uspésné glykosyl cytosin, guanin, 5-fluoruracil a 7-deazapuriny
nesubstituované v poloze 7 za pouziti 5-O-tritylribosy jako donoru. Také jsem prokazal, ze 5'-
O-monochranény nukleosid mtize byt izolovan oddélené. Dale jsem zjistil, ze volny nukleosid
by mohl byt stale dostupny v dvoustupnovém ,,one-pot* glykosylacnim odchranovacim
procesu za pouZiti 90 % TFA ve vodé po dobu 12 h, aniz by doslo k naruSeni anomerni polohy.
Dalsi casti této metodiky byla tfistupnova ,,one-pot™ syntéza adenosinu, vychazejici z 6-
chloropurinu (o ¢emz se v tomto shrnuti nezminuji). Dale jsem prokazal, ze malé nukleofily,
jako jsou N37, CN~, SPh™ a F~ mohou nukleofilné otevfit epoxid anhydrosy a tim vytvofit zcela
stereoselektivni f-anomer. Nekteré nukleofily piesto nebyly schopné oteviit epoxid, avSak
doufam, ze tyto problémy budou vyieSeny v budoucnu.

Robustnost této metodiky byla demonstrovana na syntéze medicinaln¢ aktivnich (nebo
potencialné medicinalné aktivnich) nukleosidii s C5-modifikovanym sacharidem, vcetné
protinddorového lé¢iva doxifluridinu. Rovnéz jsem prokdzal, ze mtyj postup mize byt vhodny
pro synthézu stavebnich blokl urc¢enych pro synthézu oligonukleotidd na pevné fazi i pro

synthézu prekvapive stabilnich B-5-O-DMTribosyl nukleosidt.
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