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Summary

In medicinal chemistry, 7-deazapurine ribonucleosides are important analogues to purine
nucleosides and represent a privileged scaffold in the research for new treatments against
cancer, leukemia, and diseases caused by viruses. This thesis discusses the synthesis of new
heteroaryl-fused 7-deazapurine ribonucleosides and reports on the biological activity of the
target nucleosides against different cancer cell lines and viruses in vitro.

In the first part of the thesis, the focus lies on the comparison of strategies for the synthesis of
different methylpyrazolo-fused 7-deazapurine ribonucleosides. The tricyclic nucleobase was
furnished by (i) a six-step classical heterocyclization approach starting from 5-chloro-1-
methyl-4-nitropyrazole, and by (ii) a three-step cross-coupling and cyclization approach
starting from the zincated 4,6-dichloropyrimidine and 5-iodo-1-methylpyrazole. Both
strategies resulted in comparable yields overall. Then, three different glycosylation methods
were explored to give the f-anomeric nucleoside intermediate. Only the Vorbriiggen
glycosylation yielded the intermediate as a pure f-anomer. Derivatization and deprotection
gave a series of eight different pyrazolo-fused deazapurine ribonucleosides, some of which
were weakly fluorescent. Methyl, amino, and methylsulfanyl derivatives exerted
submicromolar cytotoxic effects in vitro against a panel of cancer and leukemia cell lines as
well as antiviral effects against the Hepatitis C virus in the replicon assay.

In the second part of the thesis, the focus lies on the systematic study of the C-H
functionalization of 5-membered heterocycles through the formation of different sulfonium
salts and their use as an alternative substrate to heteroaryl iodides in the Negishi cross-
coupling reaction with zincated 4,6-dichloropyrimidine. Twelve different 5-membered
heterocycles bearing one or two heteroatoms were subjected to thianthrenation and
dibenzothiophenation with thianthrene S-oxide (TT=O0) and dibenzothiophene S-oxide
(DBT=0), respectively. For both sulfoxides, only the corresponding aryl sulfonium salts with
pyrrole, 1-methylpyrrole, thiophene, and 1-methylpyrazole were formed. The Negishi cross-
coupling between the methylpyrazol-4-yl-thianthrenium salt and zincated 4,6-dichloro-
pyrimidine did not yield the desired pyrazolyl pyrimidine cross-coupling product. The same
reaction was performed also with the dibenzothiophenium salts but only the corresponding
thiophene derivative gave the desired cross-coupling product.

In the third part of the thesis, the focus lies on the synthesis of different quinolino-fused 7-
deazapurine ribonucleosides and their application in biochemistry. The synthesis of the
tetracyclic nucleobase was based on the cross-coupling and cyclization approach. Different
cyclization methods were explored and compared. The Vorbriiggen glycosylation gave the
desired nucleoside intermediate as pure f-anomer. Derivatization and deprotection gave a
series of seven different quinolino-fused ribonucleosides which showed moderate to weak
cytotoxic activity against cancer cell lines and fluorescent properties. The amino derivative
was then triphosphorylated and, as an ATP analogue, successfully incorporated into RNA
using in vitro transcription with T7 RNA polymerase.
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Souhrn

V medicinalni chemii jsou 7-deazapurinové ribonukleosidy dalezitymi analogy purinovych
nukleosidii a pfedstavuji vysadni strukturu ve vyzkumu novych lécebnych piipravkli na
rakovinu, leukémii a virova onemocnéni. Tato prace diskutuje syntézu novych heteroaryl-
fazovanych 7-deazapurinovych ribonukleosidi a uvadi biologickou aktivitu cilovych
nukleosidil proti riznym liniim rakovinnych bun¢k a viriim in vitro.

Prvni Cést prace se zaméfuje na porovnani strategii pro syntézu riiznych methylpyrazolo-
fizovanych 7-deazapurinovych ribonukleosidi. Tricyklickd nukleobaze byla piipravena (i)
Sestikrokovym klasickym heterocykliza¢nim piistupem vychdzejicim z 5-chlor-1-methyl-4-
nitropyrazolu a (ii) tfikrokovym pfistupem s vyuzitim cross-couplingu a cyklizace
vychézejicim ze zinkovaného 4,6-dichloropyrimidinu a 5-jod-1-methylpyrazolu. Ob¢ strategie
vedly celkové ke srovnatelnym vytézkiim. Poté byly prozkoumany tfi rizné metody
glykosylace pro ziskani f-anomerniho nukleosidového intermedidtu. Pouze glykosylace podle
Vorbriiggena poskytla intermediat jako Cisty f-anomer. Derivatizace a deprotekce poskytly
sérii osmi raznych pyrazolo-fuzovanych deazapurinovych ribonukleosidl, z nichz nékteré
byly slabé fluorescenéni. Methyl-, amin- a methylsulfanylderivaty prokazaly
submikromolarni cytotoxické ucinky in vitro proti fad€ linii bun€k rakoviny a leukémie,
stejné jako antivirové ucinky proti viru hepatitidy C.

Druhd ¢ast prace se zaméfuje na systematické studium funkéniho nahrazeni C-H u
péticlennych heterocyklii formovanim riznych sulfoniovych soli a jejich vyuzitim jako
alternativniho substratu k heteroaryl jodidim v Negishiho cross-couplingu se zinkovanym
4,6-dichloropyrimidinem. Dvanact riznych péti¢lennych heterocykli nesoucich jeden nebo
dva heteroatomy bylo podrobeno thianthrenaci a dibenzothiofenaci s thianthren S-oxidem
(TT=0) a dibenzothiofen S-oxidem (DBT=0), v tomto potfadi. Pro oba sulfoxidy byly
vytvofeny pouze odpovidajici arylsulfoniové soli s pyrrolem, 1-methylpyrrolem, thiofenem a
1-methylpyrazolem. Negishiho cross-coupling mezi methylpyrazol-4-yl-thianthreniovou soli
a zinkovanym 4,6-dichloropyrimidinem neposkytl kyzeny pyrazolyl pyrimidin produkt. Tato
reakce byla provedena také s dibenzothiofeniovymi solemi, ale pouze odpovidajici derivat
thiofenu poskytl pozadovany produkt.

Treti ¢ast prace se zaméfuje na syntézu ruznych chinolin-fizovanych 7-deazapurinovych
ribonukleosidt a jejich aplikaci v biochemii. Syntéza tetracyklické nukleobaze byla zalozena
na pfistupu kombinujicim cross-coupling a cyklizaci. Byly prozkoumany a porovnany rizné
metody cyklizace. Glykosylace podle Vorbriiggena poskytla kyZeny nukleosidovy intermediat
jako Cisty p-anomer. Derivatizace a deprotekce poskytly sérii sedmi raznych chinolin-
fuzovanych ribonukleosidii, které vykazovaly mirnou aZz slabou cytotoxickou aktivitu proti
liniim rakovinnych bunék a fluorescencni vlastnosti. Aminovy derivat byl poté
trifosforylovén a jako analog ATP uspésné zaclenén do RNA pomoci in vitro transkripce s T7
RNA polymerazou.
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1. Introduction

1.1. Nucleosides and Nucleotides in Nature

Nucleosides and Nucleotides are essential biomolecules and are involved in all aspects of
cellular life. They are the building blocks of nucleic acids that store and carry the genetic
information for all biochemical processes. They regulate the cell metabolism and are involved
in many biochemical pathways.

Chemically speaking, nucleosides consist of a heteroaromatic nucleobase and a sugar moiety
(ribose). They are linked via an N-glycosidic bond resulting in a f-anomeric center at the 1’-C
of the sugar. The 2’-position of the sugar either bears a hydroxyl group (in RNA) or is
deoxygenated (in DNA). Nucleotides are phosphorylated at the 5’-hydroxyl group of the
sugar. One differentiates between mono-, di- and triphosphates depending on the number of
attached phosphate groups. Nucleoside triphosphates are used for the biosynthesis of DNA
and RNA. In these polymers, a phosphate group connects the primary 5’-hydroxyl group of a
nucleoside and the secondary 3’-hydroxyl group of the next monomer. (Figure 1)
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Nucleoside Triphosphate in DNA/RNA

Figure 1. Nucleosides and nucleotides as building blocks of DNA and RNA.

The nucleobases are divided into two groups: pyrimidines and purines. The pyrimidines
cytosine, thymine (in DNA), and uracil (in RNA), consist of a 6-membered heterocyclic
structure similar to pyridine. The scaffold of the purine nucleobases, adenine and guanine,
consists of a pyrimidine ring fused to an imidazole ring. The nucleosides and nucleoside
analogues described and discussed in this thesis are based on adenosine and modifications to
its scaffold.

Adenosine is one of the four canonical nucleosides which make up the nucleic acids in the
cell. Its function goes beyond that of a simple building block. Its triphosphate, adenosine
triphosphate (ATP) is the energy provider for all cellular processes.! The cyclic adenosine
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1. Introduction

monophosphate (¢cAMP) is essential for intracellular signal transduction.? Coenzyme A is
involved in several metabolic pathways and its acetylated counterpart is a key intermediate in
Krebs’ citric acid cycle.> Nicotinamide adenine diphosphate (NAD"/NADH) is a redox
cofactor and can be found in all living cells.* (Figure 2)
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Figure 2. Adenine, adenosine and its derivatives are essential for cellular life.

Nicotinamide Adenine
Diphosphate (NAD™)

Beyond the four canonical nucleosides that make up the majority of RNA building blocks in
nature, more than 100 modified RNA nucleosides alone are found throughout all domains of
life. The modifications can be small, such as methylations, hydroxylations, or thiolations; or
can be more complex such as glycosylations or acylations. Almost all modifications are
introduced by an enzyme, only a few are the result of oxidative stress or nonenzymatic
processes. In general, these modifications are necessary for the cell’s survival. Repair and
control mechanisms in every cell make sure that the cellular processes are not affected by any
unwanted modifications.’



1. Introduction

1.2. Nucleosides and Nucleotides in Medicinal Chemistry

Nature is an excellent resource; and the naturally occurring nucleosides and nucleotides are an
outstanding starting point for medicinal chemists in drug design. Through modifications of
their structures, large libraries of potential target compounds can be synthesized, tested, and
adapted. Ideally, these newly developed nucleoside analogues mimic the structure of their
natural precursors in such a way that they are recognized by their target enzymes solely to
disrupt or terminate the cellular process altogether.®

When considering any potential modifications to the nucleoside scaffold, one needs to take
into account which molecular feature is necessary for the recognition by and the interaction
with the target enzyme and which features can be altered. Modifications can be made by
simply adding a substituent to the scaffold, exchanging atoms in the scaffold, or via an
extension of the scaffold. These changes to the nucleoside structure can be categorized into:
(1) phosphate modifications, (2) sugar modifications, and (3) nucleobase modifications. Most
nucleoside analogues bear modifications in more than one moiety.” (Figure 3)

Nucleobase modifications
- Substitution

- Azotation
- Scaffold expansion

On_p_
S 0) Sugar modifications

|
Phosphate modification/ o {——= - Halogenation
- Protection s - Methylation
- Phosphoramidation HO  OH - De-/Hydroxylation
- other 5'-modifications - Saturation
- Ring opening

Figure 3. Nucleoside modifications in drug design.

Each modification introduced can develop its influence in a different cellular process that
originally involved the unmodified nucleoside. Hence, a broad range of potential modes of
action are available. In general, nucleoside analogues can be used as cytotoxic agents when
they induce irreversible cell damage or apoptosis; as cytostatic agents when they inhibit cell
growth and proliferation; or as antivirals when they specifically inhibit the replication of a
virus. The efficacy of this influence can be quantified by the ICso value determined during
biological testing.

Any modification, big or small, to the adenosine scaffold may influence different aspects of
the cell’s biochemistry. Accordingly, the impact of any such change to the structure cannot be
predicted. Thus, each derivative has to be prepared and tested separately for its suitability as
an active pharmaceutical ingredient. Some of the success stories are depicted in Figure 4 (in
alphabetical order):
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Figure 4. A selection of success stories of adenosine analogues as active pharmaceutical
ingredients. Changes to the adenosine scaffold are color-coded.

Adefovir is an acyclic nucleotide analogue based on adenosine. While the nucleobase structure
remains unchanged, the sugar moiety has been altered significantly. Furthermore, Adefovir
contains a phosphonate group instead of a phosphate group. The molecule was first
synthesized in 1987 by the Holy group at IOCB Prague and was initially developed as an anti-
HIV drug by Gilead Sciences. Unfortunately, the required dose for the treatment resulted in
liver damage. Its prodrug Adefovir dipivoxil is effective at much lower concentrations and was
approved by the FDA in 2002 as an antiviral drug against chronic Hepatitis B (HBV).?

Cladribine and Clofarabine, both mimic deoxyadenosine while bearing an isosteric chloride
in the pyrimidine ring (position C2). In fast proliferating cells, Cladribine is converted to its
triphosphate and competes with ATP in DNA synthesis where it interferes with DNA repair.’
In 1993, it was approved by the FDA for the treatment of hairy cell leukemia, chronic
lymphocytic leukemia, and low-grade non-Hodgkin's lymphoma.' In 2002, the EMA
approved the use of Cladribine for the treatment of relapsing—remitting multiple sclerosis.!!
Clofarabine has a fluorinated position in the sugar moiety derived from arabinose and
interferes with the DNA synthesis and repair using a different pathway. It was approved by
the FDA in 2004 for the treatment of pediatric acute lymphoblastic leukemia if two prior
treatments have failed.'?

Fludarabine is chemically similar to Cladribine and Clofarabine. Instead of the chloro
modification in the nucleobase, the same position is fluorinated. The sugar moiety is not
derived from ribose but from arabinose and the 5’-hydroxyl group is phosphorylated. In 1991,
it was approved by the FDA for the treatment of different forms of leukemia and lymphoma,
such as chronic lymphocytic leukemia, non-Hodgkin's lymphoma, acute myeloid leukemia,
and acute lymphocytic leukemia.!® In 2015, it was added to the list of essential medicines by
the WHO.'

Galidesivir has modifications in both, the sugar moiety and the nucleobase. After activation, it
inhibits the viral RNA-dependent RNA polymerase. In vitro studies showed broad-spectrum
activity against more than 20 RNA viruses in nine different families. In the animal model,
Galidesivir exerts antiviral effects against Ebola, Marburg and Zika viruses among others.
Clinical studies are ongoing.'
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Remdesivir is a prodrug and has modifications to the adenosine scaffold in all three domains
mentioned above. After activation, its triphosphate inhibits the viral RNA-dependent RNA
polymerase in the cell. Although originally developed for the treatment of Hepatitis C
followed by the investigation of efficacy against Ebola and Marburg infections, it was
approved by the FDA for the treatment of COVID-19 and became well known also to the
general public.!®

Tenofovir is an acyclic phosphonate analogue of adenosine monophosphate (AMP). After
activation of its prodrug, Tenofovir is phosphorylated to its diphosphate and inhibits the viral
reverse transcriptase of retroviruses in infected cells. The molecule was developed by Antonin
Holy at IOCB Prague and Erik DeClerq at KU Leuven (Belgium) together with John C.
Martin from Gilead Sciences. Tenofovir is on the WHO’s list of essential medicines for the
treatment of HIV and chronic Hepatitis B.!*!”

1.3. Evolution of 7-Deazapurines and their Ribonucleosides
in Drug Discovery

A simple but important structural change to the purine scaffold opens a lot of possibilities for
further modifications: By exchanging the N7 nitrogen with a carbon atom, the newly formed
7-deazapurine (7H-pyrrolo[2,3-d|pyrimidine) moiety is susceptible to further modifications at
C7 and C8.!* (Figure 5)

6 4
3 > 4a 5
k/i \>8 ) k \ 8 = ’\t ‘ N 6
N 2 N
N 4 H9 l:j 7a H7
Purine 7-Deazapurine 7H-Pyrrolo[2,3-d]pyrimidine

(IUPAC nomenclature)

Figure 5. Purine nomenclature and numbering used throughout the introduction.

Over the years, some correlations between modifications of the (deaza)purine scaffold and the
biological activity of the corresponding nucleosides were discovered. ' Structural changes to
the pyrimidine ring in the (deaza)purine scaffold, such as replacing the N1 or the N3 nitrogen,
as well as large substitution in the C2 position, lead to a significant drop in biological activity
or the complete loss thereof.?’ (Figure 6)

only small modifications allowed modifications allowed:
NHy, Me, OMe, SMe, NMep, S H, F, CN, C(O)NH,, ethynyl,
5-membered hetaryl s 2 . 5-membered hetaryl
essential for \ 8 (——— limited modifications
molecular recognition ‘\
0}
HO
HO OH

7-Deazaadenosine

Figure 6. Structure-activity relationship (SAR study) of 7-deazapurine nucleosides.
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1.3.1. Natural 7-Deazapurine Nucleosides with intriguing Biological Activities
Several of the 7-deazapurine nucleosides occur in nature and show interesting biological
activities. Tubercidin (7-dazaadenosine) was first isolated in the 1950s from bacterial
Streptomyces tubercidicus cultures. Its biological activity ranges from antibiotic properties
against tuberculosis to antitumor properties against animal fibroblasts and KB cells?! as well
as antiviral properties against vaccinia viruses (DNA virus), mengovirus (ssRNA virus), and
reoviruses (dsSRNA virus).?? Its derivative toyocamycin bearing a cyano group in position 7
was isolated from a different Strepfomyces strain and has similar antibiotic and antitumor
properties but is too cytotoxic for clinical use.?*> Sangivamycin bearing a carboxamido group
in position 7 is active against cancer cells with low toxicity in human cells.?* Additionally,
Sangivamycin can also be used as a competitive inhibitor for protein kinases (competition
with ATP).? (Figure 7)

NH, NH, NH, N NHZO NH,
o ol o
SN N N N N N SN N

o)

0} 0} O
HO HO HO HO
HO OH HO OH HO OH HO OH
Adenosine Tubercidin Toyocamycin Sangivamycin
antibiotic and antiviral cytotoxic kinase inhibitor

Figure 7. Adenosine and naturally occurring 7-deazapurine nucleosides with interesting biological
activities.

These 7-dezapurine nucleosides strongly resemble adenosine and their biological activities
suggest that this class of derivatives is recognized by their biological targets where it can
disrupt the nucleic-acid metabolism and kinase-related signaling pathways.?°

1.3.2. 6-Substituted 7-Deazapurine Nucleosides

Exchanging the amino group in position 6 with the non-polar methyl group leads to 6-methyl-
7-deazapurine nucleoside which is a highly potent antiviral agent against polio and Dengue as
its cytotoxic profile is improved compared to tubercidin.?’ The isosteric 7-dezapurine
nucleoside bearing a CF3 group in position 6 shows similar cytotoxicity against cancer cell
lines.?® Even though less toxic than tubercidin, the 6-methyl and the 6-trifluoromethyl-7-
deazapurine nucleosides are still too cytotoxic for clinical use as antiviral agents. (Figure 8)
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6-Methyl-7-deazapurine 6-trifluoromethyl-7-deazapurine R = OMe, SMe, NMe, R = hetaryl

anti-Dengue cytotoxic inactive cytostatic

Figure 8. 6-Substituted 7-deazapurine nucleosides with biological activities.

The amino group (H-bond donor) can also be replaced by H-bond acceptors such as methoxy,
methylsulfanyl, dimethylamino groups. 7-Deazapurines with only this single modification in
position 6 are not biologically active by themselves.”” However, the substituent in this
position can finetune the activity introduced by modifications in other positions of the
heterocyclic nucleobase. Introducing a heteroaryl substituent in position 6 leads to a group of
cytostatic derivatives with submicromolar activity against several cancer cell lines.’* As a
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prodrug with a cycloSal-phosphate group at the 5’-hydroxyl group of the sugar moiety, the
cytostatic activity is similar. 5-membered heteroaryl group are well accepted whereas larger
substituents render the derivative inactive.*!

1.3.3. 7-Substituted 7-Deazapurine Nucleosides

Switching from the purine framework to the 7-deazapurine framework opens up the
possibility for modifications in position 7. After introducing a methyl group, 7-
methyltubercidin is no longer cytotoxic but shows promising antitrypanosomal effects
instead. Further derivatization in position 6 leads to different 6-alkoxy-7-methyl-7-
deazapurine nucleosides with submicromolar activities giving promising lead structures for
the development of treatments against sleeping sickness.** Modifications bearing aryl groups
in position 7 lead to cytotoxic derivatives which inhibit RNA synthesis in treated cells,
inducing apoptosis. The corresponding heteroaryl derivatives are cytostatic even at low
nanomolar concentrations.*® Its most prominent derivative (AB-61) bears a thienyl group in
position 7 and exerts subnanomolar cytotoxic activity against human lymphoblastic leukemia
(CCRF-CEM).** Even larger substituents are tolerated, and the dibenzofuranyl derivative
selectively inhibits the mycobacterial adenosine kinase while not showing any cytotoxicity.>®

(Figure 9)
NHy  Me NH, / NH, NS NH, OO
gk ' gl VI
O

N N N N N N
o} (o} (o}
HO HO HO HO
HO OH HO OH HO OH HO OH
7-Methyltubercidin 7-Ethynyltubercidin AB-61
anti-parasitic ADK inhibitor cytotoxic mycobacterial ADK inhibitor

Figure 9. 7-Substituted 7-deazapurine nucleosides with biological activities.

This wide range of 7-(het)aryl-7-deazaadenosine derivatives (over 30 examples) proved that
there is enough room in position 7 for future modifications without sterically compromising
the interaction with the target.

1.3.4. 8-Substituted 7-Deazapurine Nucleosides

With sangivamycin as a parent structure (Figure 7), the carboxamide substituent can be
replaced by other carboxylic-like substituents or an additional substituent can be introduced in
position 8. One of these sangivamycin-like molecules (SLM) is SLM6 bearing a
carbohydrazonamide group in position 7. SLM6 inhibits the cyclin-dependent kinase 9
(CDKD9) which leads to cytotoxicity in multiple myeloma cells (MM), a hematologic form of
cancer.’® 8-Hydrazinosangivamycin (ARC) exerts cytotoxic activities against several cancer
cell lines.>” Xylocydine is a 8-bromosangivamycin analogue with a modified a-anomeric
sugar moiety. It selectively inhibits several cyclin-dependent kinases (CDK1, CDK2, CDK?7,
and CDK9) which leads to apoptosis in hepatocellular carcinoma.’® However, derivatives
bearing larger groups in position 8 such as p-tolyl, m- or p-methoxyphenyl, and m- or p-
bromophenyl groups are inactive and no longer inhibit CDK1 or CDK2. Most probably, this
loss in biological activity correlates with a change in the conformational structure of the sugar
moiety as 8-unsubstituted nucleosides prefer an anti-conformation of the nucleoside, whereas
large substituents in position 8 lead to the syn-conformer.*® (Figure 10)
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Figure 10. 8-Substituted 7-deazapurine nucleosides based on sangivamycin with biological
activities.

1.3.5. Fused 7-Deazapurine Nucleosides

After the modification of the 7-deazapurine nucleoside scaffold with diverse substituents, the
heterocyclic nucleobase can be further extended by annulation of (het)aryl rings leading to
fused nucleosides. As one of the first tricyclic nucleosides, triciribine was synthesized in 1971
and selectively inhibits AKT kinases overexpressed in tumor cells. Its more soluble 5’-
monophosphate showed cytotoxic tendencies at higher concentrations. With the introduction
of phosphoramidite prodrugs, the corresponding triciribine derivative showed much better
bioavailability and is now in clinical testing against breast and ovarian cancer.*’ In 1975, the
Leonard group synthesized three different benzoadenosines where the annulation of the
benzene ring is positioned in between the pyrimidine and the imidazole ring of the purine
moiety. With the extension of the aromatic system, the polarizability of the tricyclic
nucleobase was increased compared to purine. This increased n-m stacking ability was used to
study enzyme binding sites.*! The thieno-expanded adenosine exerted antiviral activity
against HCV.** A further class of tricyclic nucleosides are pyrimido-fused 7-deazapurines.
These Janus-type nucleosides can present as either adenosine or as guanosine during Watson-
Crick base-pairing and therefore can form stable base pairs with two different canonical
nucleobases. They show only moderate cytotoxicity but are active against HCV.* (Figure 11)
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HO OH HO OH HO OH HO OH
Triciribine lin-benzoadenosine thieno-expanded adenosine  Janus-type nucleoside (J-AG)
AKT kinase inhibitor increased aromaticity anti-HCV cytotoxic, anti-HCV

Figure 11. Tricyclic nucleosides with biological activities.

After the successful introduction of differently sized substituents in position 7, it was clear
that there is sufficient room for the annulation of (het)aryl rings onto the C7/C8 bond of 7-
deazapurine nucleosides. This led to a large library with several series of different (het)aryl-
fused 7-deazapurine nucleosides. (Figure 12 and Figure 13)
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Figure 12. Fused 7-deazapurine nucleosides bearing a tricyclic nucleobase.

First, the benzo-fused 7-deazapurine nucleoside series (1) was synthesized in our group.
Unfortunately, none of the derivatives exerted any cytotoxicity. Its methyl derivative showed
antiviral activity against Hepatitis C (HCV).* In the chloro-substituted benzo-fused series (2),
the 2-furyl, 2-thienyl, and 2-benzofuryl derivatives displayed antiviral activity against Dengue
virus.*® Then, all four isomeric pyrido-fused 7-deazapurine nucleosides (3) were synthesized
which are derived from the benzo-fused nucleosides by formal introduction of nitrogen into
the fused 6-membered ring. The methoxy, methylsulfanyl, amino, and methyl derivatives (3,
1somer shown in Figure 12) exerted submicromolar cytotoxic activity against a broad panel of
cancer cells with good selectivity.** A comparison between the biological activities of the
benzo-fused 7-deazapurines (1) and of the pyrido-fused 7-deazapurines (3) revealed that the
strategic placement of nitrogen into the fused ring can result in a strong increase in biological
activity. Then, by annulation of 5-membered rings, the furo-fused 7-deazapurine nucleosides
4 were prepared. Their methoxy, methylsulfanyl and methyl derivatives all showed
submicromolar cytostatic activity against the same panel of cancer cells. The “N-up” (5) and
“N-down” methylpyrrolo-fused 7-deazapurine nucleosides (6) were prepared as well. The
methoxy, methylsulfanyl and methyl derivatives in the “N-up” series 5 showed similar
biological activities as the corresponding derivatives in the furo-fused series 4. However, the
“N-down” series 6 proved to be biologically inactive, probably due to the steric influence of
the N-methyl group on the syn/anti-conformational equilibrium of the nucleoside.*’” The
derivatives in both thieno-fused 7-deazapurine series 7 and 8 showed cytostatic properties
against a broad panel of cancer cells as well as antiviral properties against HCV. Furthermore,
the methyl derivatives of 3 and 4 both efficiently underwent intracellular phosphorylation by
ADK in BJ fibroblasts and in HCT116 cancer cells.*® (Figure 12) This library of tricyclic
(het)aryl-fused 7-deazapurine nucleosides can be extended with the annulation of 5-
membered rings bearing two heteroatoms.*

The library was further extended to tetracyclic and polycyclic 7-deazapurine nucleosides. The
“angular” naptho-fused series (9) proved to be too bulky and none of its derivatives were
biologically active. The 2-furyl and 2-benzofuryl derivatives in the “linear” series 10 showed
moderate cytostatic activity.® Next, two benzothieno-fused series 11 and 12 were prepared.
Only the benzofuryl derivative in series 12 exerted antiviral properties against HCV. All the
other derivatives in both series 11 and 12 were inactive.’! In the benzofuro-fused series 13,
the sequence of annulation is different: the 7-deazapurine scaffold was first extended by a

9
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benzene ring before the furan moiety is fused onto it. Only the amino derivative of this series
was cytotoxic.’? As the thieno-fused series 7 and 8 showed cytotoxic and antiviral properties,
the scaffold was extended by annulation of additional thiophene ring(s). The bithieno-fused
series (14) was inactive. However, the amino derivative of the corresponding bithieno-fused
7-deazapurine deoxynucleoside d14 was cytotoxic against T-lymphoblastic leukemia (CCRF-
CEM). The same was observed with the polythieno-fused series 15: while the amino
derivative of 15 was inactive, the one of the deoxyseries d15 was cytotoxic.”® (Figure 13)
This library of tetra- and polycyclic nucleosides can be further extended by annulation of
heteroaryl-fused ring systems bearing a nitrogen to the 7-deazapurine scaffold.>*

NN \/ \/\S

HO  OH HO  OH HO  OH HO OH

7
\
=
Z

"angular" naphtho-fused (9) "linear" naphtho-fused (10) benzothieno-fused (11) isomeric benzothieno-fused (12)
R = 2-furyl, benzofuryl R = benzofuryl
inactive moderately cytostatic inactive anti-HCV
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Figure 13. Fused 7-deazapurine nucleosides bearing a tetra- or polycyclic nucleobase.
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1.4. Synthetic Strategy

The synthesis of (het)aryl-fused 7-deazapurine nucleosides can be divided into three parts: (1)
Formation of the heterocyclic nucleobase, (2) glycosylation of the key nucleoside
intermediate and (3) derivatization and deprotection furnishing a series of free nucleosides.
For the application in biochemistry, the nucleosides can be phosphorylated to their nucleotide
triphosphates.

1.4.1. Heteroaryl-fused 7-Deazapurine Nucleobases

The annulation of (het)aryl rings to the parent 7-deazapurine scaffold forms tricyclic
heterocycles. They consist of three parts: the “western” pyrimidine is responsible for the
molecular recognition, the “central” pyrrole ring connects the nucleobase to the sugar moiety
and the “eastern” ring system represents the heterocycle fused to the C7/C8 bond of the 7-

deazapurine scaffold. (Figure 14)
N%

oo N= s
pyrimidine » fused heterocycle
"western" ring 4\2 "eastern” ring
NN
H

Figure 14. Schematic of the (het)aryl-fused 7-deazapurine scaffold.

When looking at the (het)aryl-fused 7-deazapurine scaffold (16) from a retrosynthetic point of
view, these tricyclic nucleobases can be built in four different ways: (A) A horizontal strategy
involving a heterocyclic build-up ring by ring either in the east-west direction starting from
the chloro-nitro bifunctionalized (het)arenes or in the west-east direction starting from 6-
chloro-7-deazapurine. (B) A vertical strategy starting by connecting the outer rings either by a
cross-coupling reaction forming the northern bond or by amination forming the southern
connection followed by cyclization and formation of the “central” pyrrole ring. (Scheme 1)
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Scheme 1. Retrosynthetic analysis of (het)aryl-fused 7-deazapurine nucleobases.

In our group, two approaches are established: Approach A (direction east-west) relies on a
multistep reaction cascade starting from the “eastern” (het)aromatic ring system with a
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chloro-nitro bifunctionality (17). The nucleobase is built up ring by ring: first, the “central”
pyrrole ring is formed; then, the “western” pyrimidine is established.”> Approach B (direction
north-south) starts with the cross-coupling reaction between the “western” pyrimidine ring
and the “eastern” (het)aromatic iodide (18) forming the “northern” bond. Then, the “central”
pyrrole ring is closed.*748:50-52

1.4.1.1. Classical Heterocyclization (Approach A)

Most chloro-nitro bifunctionalized (het)arenes (17) are either commercially available or can
be established in one or two steps. In the first step of the reaction cascade, the chloro position
of the (het)arene 17 undergoes nucleophilic aromatic substitution with the anion of ethyl
cyanoacetate furnishing 19. In the second step, the nitro group is reduced to the amine with
zinc dust in hot acetic acid followed by spontaneous cyclization during the work-up with satd
NaHCO; yielding 20 with the newly formed “central” pyrrole ring.’® For establishing the
“western” pyrimidine ring and the formation of the (het)aryl-fused 7-deazahypoxanthine 21,
the intermediate 20 undergoes Niementowski condensation with formamide which requires
elevated temperatures.’’ Different formamide sources are known and will be discussed in the
main part of this thesis. In the last step of the cascade, 21 is transformed to its 6-chloro-7-
deazapurine analogue 16 with freshly distilled POCls, N,N-dimethylaniline and benzyl-
triethylammonium chloride (BTEA-CI).>® (Scheme 2)
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Scheme 2. Heterocyclization approach starting from the chloro-nitro bifunctionalized (het)arene
17 to the desired tricyclic (het)aryl-fused 7-deazapurine 16.

This heterocyclization approach was employed to furnish the benzo-fused (1,2)*** as well as
the pyrido-fused 7-deazapurines (3)* previously reported by our group. I used this approach
for the synthesis of the pyrazolo-fused 7-deazapurine.*

1.4.1.2. Cross-Coupling & Cyclization (Approach B)

Alternatively, (het)arenes can be accessed through their iodo derivatives (18). A Negishi
cross-coupling reaction between the zincated 4,6-dichloropyrimidine 22 and the (het)aryl
iodide 18 furnishes the intermediate 23. Azidation of 23 with NaN3; and LiCl results in 24.
The equilibrium between its azide form 24a and its tetrazole form 25b highly depends on the
environment.* To form the desired (het)aryl-fused 7-deazapurine 16, the azide 24a undergoes
a cyclization reaction which resembles the carbazole formation from o-azidobiaryls.®® To
accomplish this transformation, N> can be cleaved from the azide using different techniques.
The nitrene intermediate then undergoes an electrocyclic ring-closure (forming the “central”
pyrrole ring) followed by an intramolecular hydrogen shift furnishing the desired nucleobase
16. (Scheme 3)
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Scheme 3. Cross-coupling and cyclization approach starting from the (het)aryl iodide 18 to the
desired tricyclic (het)aryl-fused 7-deazapurine 16.

Three different principles have been employed for the cyclization: (1) Thermal cyclization of
24 in 1,4-dibromobenzene, a high-boiling solvent;®! (2) rhodium-catalyzed cyclization using
Rhyesp,,%2 Rhodium octanoate dimer (Rha(O.CC7Hjs)s) or Rhodium heptafluorobutyrate
dimer (Rhy(O2CC3F7)4)®® as a catalyst to form the nitrene intermediate; and (3)
photocyclization in trifluoroacetic acid (TFA), a solvent that shifts the 24a/24b equilibrium to
the azide by protonation of the N1-nitrogen in the pyrimidine ring.%*

This cross-coupling and cyclization approach was used for the synthesis of the (het)aryl-fused
7-deazapurines in the preparation of the corresponding nucleosides 4-13.472 I used this
approach for the synthesis of the pyrazolo-fused and the (iso)quinoline-fused 7-
deazapurine.*->*

1.4.1.3. Alternatives to Heteroaryl lodides for Approach B

Not all the (het)aryl iodides 18 are commercially available. Some can be prepared by
lithiation/iodination of their (het)aryl bromides or by direct lithiation/iodination of their
unsubstituted (het)arenes.*”* For other (het)arenes, this option is not available.

Recently, the Ritter group published a new C-H functionalization approach by using aryl
sulfonium salts as an alternative to the inaccessible (het)aryl halides.®>"%7 First, the (het)arene
25 undergoes site-selective substitution by an aryl sulfoxide forming the sulfonium salts 26-
28. Then, the intermediates 26-28 can be used as a substrate in a variety of palladium-
catalyzed cross-coupling reactions such as Heck, Sonogashira, Negishi or Suzuki. Also, the
exchange of the sulfonium salt by another functionality via photoredox catalysis is possible
furnishing the borylated, phosphorylated, cyanated or halogenated product 29.° (Scheme 4)

Aryl Sulfonium Salt @ [M]-cat. Cross-Coupling,
Formation S Photoredox Catalysis Nu
e I - T - )
(el DBT=0, TT=0 [+ Nu® source &=
25 or TFT=0 26-28 29

Scheme 4. C-H functionalization through the formation of the aryl sulfonium salt as
intermediates.

Depending on the nature of the (het)arene, one of three aryl sulfoxides were used in the
formation of the aryl sulfonium salt (26-28). The thianthrenation of the (het)arenes with
thianthrene S-oxide (TT=0) in the presence of trifluoroacetic anhydride (TFAA) is the most
reliable (26).° In some cases, its fluorinated analogue 2,3,7,8-tetrafluorothianthrene S-oxide
(TFT=0) furnished 27 more successfully.®> A third option is the use of dibenzothiophene S-
oxide (DBT=0) in the presence of either TFAA or triflic anhydride (Tf>O) for the formation
of the sulfonium salt 28.%" (Figure 15)
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Figure 15. Aryl sulfonium salts are formed from the (het)arene with TT=0 (26), with TFT=0
(27), or with DBT=0 (28),

When studying the published examples of aryl sulfonium salts (26-28),% there is no
specific trend or correlation visible between the electronic nature of (het)arene 25 and the
successfully prepared sulfonium salts 26-28.

1.4.2. Glycosylation

With the desired nucleobase 16 in hand, the N-glycosylation can be performed to connect the
base to the sugar moiety. Different glycosylation options are available, each with its own
scope, and its own advantages and disadvantages:%® (1) The Vorbriiggen glycosylation is a
modified Silyl-Hilbert-Johnson reaction and very reliable in the preparation of nucleosides.®
(2) A great alternative is the nucleobase-anion glycosylation even though the reaction is not
stereo selective at the anomeric center.”’ (3) Recently, my former co-worker A. Michael
Downey developed a glycosylation procedure based on the Mitsunobu reaction.”! All of the
N-glycosylation reactions have in common that the used sugars 30-32 are activated first.
Then, the glycosyl intermediates are subjected to the nucleophilic attack by nucleobase 16
furnishing the corresponding nucleosides 33-35. (Scheme 5)

Cl
Pel
Vorbriiggen Glycosylation <\N /
(mod. Hilbert-Johnson conditions) N
3 7777777777777777777777777777777777777777777777 - /\(i;
1 O _0A ) 0o
3 BzO0 OBz B0 00 Ph BzO 0Bz

OH cl
N Teomso” )" (31) via: Teomso” ()" /Si-o

| 6_b 5_b s 3
16 3 Pas < ol c><3

‘ N=

: | e

' Downey Glycosylation N

3 (mod. Mitsunobu conditions) N

S " /\(ﬁ

O_.OH ) o
ro” ™ (32), viar 10y oS
HO  OH HO' HO ©OH

Scheme 5. Glycosylation of nucleobase 16 to form the nucleosides 33-35 as a key intermediate.

For the Vorbriiggen glycosylation, the nucleobase 16 is first silylated with N,O-
bis(trimethylsilyl)acetamide (BSA) in the amine position N9. The newly installed N-Si bond
enhances the nucleophilic character of the base.”? Then, 1-O-acetyl-2,3,5-tri-O-benzoyl-S-D-
ribofuranose (30) reacts with trimethylsilyl triflate (TMSOTT), a Lewis acid, in the glycosyl
position forming a 1,3-dioxolane cation with the neighboring benzoyl protecting group in
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1. Introduction

situ.” Finally, the stabilized cation reacts with the previously silylated nucleobase giving the
desired ribonucleoside 33 as a pure f-anomer.

For the nucleobase-anion glycosylation,”® the nucleobase 16 is first deprotonated by KOH. To
improve the solubility of the formed potassium salt, the phase-transfer catalyst tris[2-(2-
methoxyethoxy)ethyllamine (TDA-1) is used. Separately, the halosugar is prepared from its
hydroxy precursor (31)”* by treatment with CCls and tris(dimethylamino)phosphine (HMPT).
Then, the mixtures are combined and the newly installed chloride acts as a leaving group
during the nucleophilic attack of the nucleobase anion on the sugar. As the chloride cannot be
installed stereoselectively, the resulting nucleoside 34 is obtained as an anomeric mixture.

The Downey glycosylation’! uses a 5-monotritylated ribose” (32) treated with 1,1'-(azodi-
carbonyl)dipiperidine (ADDP) and tributylphosphine to form the reactive epoxide
intermediate. The previously deprotonated nucleobase 16 undergoes a nucleophilic attack on
the sugar and opens the epoxide furnishing the desired ribonucleoside 35 as a pure f-anomer.

1.4.3. Derivatization and Deprotection

The protected nucleoside 33 is used as a key building block in the preparation of free
nucleosides bearing different substituents in position 6 (37). Based on prior biological testing
with 6-substituted 7-deazapurine ribonucleosides,?’? a selection of 8 different modifications
were chosen for the library of (het)aryl-fused 7-deazapurine ribonucleosides 37a-e: The 2-
furyl (a) and 3-furyl (b) are 5-membered heteroaryl substituents, the 2-benzofuryl (c)
represents a bulky modification, the methyl group (d) is a small nonpolar substituent, the
amino group (f) is a H bond donor while the N,N-dimethylamino (e), the methoxy (g) and the
methylsulfanyl (h) are considered H bond acceptors. (Scheme 6) The library can be extended
with further modifications in position 6 if the initial testing reveals any interesting biological
activity.*

direct derivatization & deprotection

77777777777777777777777777777777777777777777777777777777777777777777777777777777

Cl R R
N= N= N=
<\N / @ derivatization <\N / @ deprotection <\N / @
NT e - NT e - N
(0] (0] (o)
BzO BzO HO
BzO OBz BzO OBz HO  OH
33 36a-e 37a-h
— 0 )
(@) (@)
R= T/ Q 7 Me NMe; NH, OMe SMe
a b c d e f g h

Scheme 6. Preparation of a library with the ribonucleosides 37a-h either by stepwise
derivatization and deprotection via 36a-e or by simultaneous derivatization and deprotection
directly from 33 (for 37f-h).

The nucleosides 37a-e are prepared in two steps, first derivatization, then deprotection: The 2-
furyl derivative 36a can be prepared via cross-coupling of 33 with 2-(tributylstannyl)furan.
Both, the 3-furyl and the 2-benzofuryl derivatives 36b and 36¢ can be synthesized from 33
and their corresponding boronic acids. The methyl derivative 36d is the result of cross-
coupling reaction between 33 and AlMes. The N,N-dimethylamino derivative 36e is obtained
by nucleophilic substitution of 33 with dimethylamine. The protected nucleoside derivatives
36a-e are then subjected to the Zemplén deprotection of the sugar moiety with NaOMe in
MeOH giving the free ribonucleosides 37a-e.”®
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1. Introduction

The derivatives 37f-h are prepared from 33 directly by nucleophilic substitution in position 6
and the simultaneous deprotection of the sugar moiety with ammonia, NaOMe, or with
NaSMe, respectively.

1.4.4. Triphosphorylation

The biological testing is performed with the free ribonucleosides (37). For experiments in
biochemistry, the corresponding triphosphates (40) are required. One of the most well-known
methods is the Yoshikawa protocol which makes the selective 5’-phosphorylation of the
unprotected sugar moiety possible.”’

N= N= N=
4\ e’ Pa
N~y NNy % N>y

0 HO-P-0 O
/\@ POCI; R CI—P—O\@ pyrophosphate,’ lo} p_o\d
HO PO(OMe)s cl \__/ MeCN Ho-f-0
HO  OH HO  OH HO  OH
37 38 R 39
N=
W
o o0 o N
aq.work-up  HO-P-0-P-0-P-O—_ O
"""""""" > OH OH OH
HO  OH
40

Scheme 7. Triphosphorylation of the free ribonucleoside 37 furnishing the corresponding
tiphosphate 40.

The unprotected ribonucleoside 37 is treated with POCI; to furnish the highly reactive 5°-
monophosphorodichlorate intermediate 38. Aqueous work-up after this step would give the
monophosphate. Instead, 38 then reacts in situ with pyrophosphate resulting in the formation
of the cyclic triphosphate 39. During aqueous work-up, 39 is hydrolyzed to the desired
triphosphate 40.
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2. Aim of Thesis

1. Synthesis of a library of pyrazolo-fused 7-deazapurine ribonucleosides and comparison of
different synthetic strategies

2. Systematic study of C-H functionalization of five-membered heterocycles by
dibenzothiophenation and thianthrenation

3. Synthesis of (iso)quinolino-fused 7-deazapurine ribonucleosides and their application as
triphosphates in biochemistry.

Rationale of the Specific Aims

As discussed in the previous section, nucleoside analogues are an important class of
compounds for the development of new treatments against cancers and viral diseases.”® The
canonical nucleoside adenosine is involved in nearly every cellular process and its
triphosphate is the cell’s energy currency. Changes to its scaffold, even small ones, can
influence biochemical reactions heavily but the effects of each possible modification can not
be predicted. Thus, each target structure has to be synthesized and tested individually. 7-
Deazapurine nucleosides are a new class of adenosine analogues and allow modifications in
position 6 and 7 as well as the annulation of (het)aryl rings to the C7/C8 bond."”

After the success of 7-(2-thienyl)-7-deazaadenosine (AB-61) during biological screening,”
(het)aryl-fused 7-deazapurine nucleosides were prepared and tested against a broad panel of
cancer cell lines and against several viruses. While the benzo-fused deazapurines*** proved
only active against Hepatitis B or Dengue, the thieno-fused 7-deazapurines also showed broad
anticancer properties.* Furo- and methylpyrrolo-fused 7-deazapurines were biologically
active as well.*” My goal was to extend the library of 5-membered heteroaryl-fused 7-
deazapurine nucleosides with the annulation of 5-membered rings bearing two heteroatoms.
During the synthesis of the pyrazolo-fused 7-deazapurine nucleosides, I also compared the
synthetic strategies for the preparation of the nucleobase as well as for the glycosylation
established in our group.

As not all 5-membered heterocycles can be accessed through established strategies, an
alternative strategy for the annulation of these heterocycles to the 7-deazapurine scaffold is
needed. My goal was to apply sulfonium chemistry to unsubstituted 5-membered
heteroaromatic rings and use the prepared aryl sulfonium salts as substrates for the Negishi
cross-coupling in the preparation of additional (het)aryl-fused nucleosides.

Unfortunately, the “angular” naphtho-fused 7-deazapurine was completely inactive during the
biological screening.’® Previously, with the introduction of a nitrogen to the benzo-fused
system giving the pyrido-fused 7-deazapurine nucleosides, the biological activity was
recovered.*® My goal was to introduce a nitrogen to the naphtho-fused system, resulting in the
(iso)quinolino-fused system, to determine whether the biological activity can be recovered as
well. Furthermore, the naphtho-fused nucleosides were already too bulky for the incorporation
into DNA. Hence, the incorporation of quinolino-fused nucleosides was studied as well.
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3. Results and Discussion

The structure of this chapter can be divided into three parts. In the first part, I discuss the
synthesis of all target compounds. I start with the pyrazolo-fused 7-dazapurine nucleosides
where I compare synthetic strategies for the formation of the nucleobase as well as for the
glycosylation towards the key intermediate nucleoside.** Then, I have a look at other 5-
membered heterocycles and their availability as a substrate for the Negishi cross-coupling and
discuss the use of aryl sulfonium salts as a possible alternative to the iodo derivatives.>
Finally, I shift my focus towards nitrogen-containing tetracyclic heteroaryl-fused 7-
deazapurines and their ribonucleosides. During the preparation of the quinolino-fused
nucleobase, a more detailed discussion of the cyclization step will be provided.** Throughout
the discussion, I am using the systematic numbering. (Figure 16)

pyrazolo-fused quinolino-fused
7-Deazapurine 7-Deazapurine

Figure 16. Systematic numbering used throughout this chapter.

After the synthetic part, I evaluate these ribonucleoside libraries for their photophysical
properties as well as their biological activities. The biological testing for this evaluation was
performed by the research group under Prof. M. Hajduch at the Institute of Molecular and
Translational Medicine of the Palacky University in Olomouc, Czech Republic as well as the
research-service groups under Dr. H. Mertlikova-Kaiserova, and under Dr. J. Weber at IOCB
Prague.*>*

In the last part, I will discuss a possible application of the amino-substituted quinolino-fused
7-deazapurine ribonucleoside triphosphate as an ATP analogue for transcription together with
the photophysical properties of the products. This work was done in cooperation with Tania
Sénchez Quirante from our research group.>*
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3. Results and Discussion

3.1. Pyrazolo-Fused 7-Deazapurine Ribonucleosides

3.1.1. Synthesis of the Pyrazolo-fused 7-Deazapurine Nucleobase

The fused 7-deazapurine nucleobase (16) can be synthesized using two different approaches:
Approach A starts from the chloro-nitro derivative 17 of the “eastern” ring and builds each
ring up step by step resulting in the desired tricyclic nucleobase. Approach B starts from the
iodo derivative 18 of the “eastern” ring undergoing a cross-coupling reaction with the
“western” pyrimidine ring followed by azidation and ends with cyclization of the “middle”
ring resulting in the desired tricyclic nucleobase. (Scheme 8)

Cl
Cl Approach A N= Approach B |
~~~~~~~~ e U@
O,N Classical Heterocyclization N Cross-Coupling & Cyclization
(4 steps) H (3 steps)
17 18

16

Scheme 8. Synthetic strategy for the formation of the nucleobase: Approach A involves a classical
heterocyclization with a stepwise heterocycle built-up (4 steps). Approach B starts with a cross-
coupling reaction and results in a cyclization step (3 steps).

Both approaches have been used in the synthesis of tricyclic nucleobases. The classical
heterocyclization approach (Approach A) was used in the synthesis of benzo-**** and pyrido-
fused nucleobases.*® Whereas the cross-coupling approach (Approach B) was used in the
synthesis of the thieno-*%, pyrrolo- and furano-fused nucleobases.*’ Furthermore, the tetra->*>2
and polycyclic nucleobases™ were synthesized in the same manner.

For the synthesis of the pyrazolo-fused nucleobase, both approaches were utilized and then
compared.

3.1.1.1. Classical Heterocyclization (Approach A)

One of the key conditions for the classical heterocyclization leading to the nucleobase is the
presence of the ortho-chloro-nitro bifunctionality. In the case of the pyrazolo-fused 7-
deazapurine, this was achieved in two steps from the commercially available 4-nitropyrazole
(41). (Scheme 9) In the first step, the 4-nitropyrazole (41) was methylated at one of the
nitrogen positions using methyl iodide and K>CO3 in DMF resulting in the 1-methyl-4-
nitropyrazole (42) in nearly quantitative yield (98%).* Scale-up is non-problematic and the
reaction can be performed even with 20.0 g of starting material.

1) 1.03 equiv. C,Clg,

H 1.2 equiv. K,COs3, Me  2)1.5 equiv. LIHMDS Me
N 1.2 equiv. Mel, N (1M in THF), N
N N cl N
\ \ \
DMF, 20°C, 18h DCM, 20°C, 4h
O,N O,N OzN
41 42 (98%) 43 (88%)

Scheme 9. Preparation of the starting material with the chloro-nitro bifunctionality.

In the second step, 42 was selectively chlorinated in position 5 with hexachloroethane and
LiHMDS in DCM giving the desired 5-chloro-4-nitropyrazole 43 in 88% yield.®! The slow
addition of LIHMDS was crucial for the success of the reaction especially for larger batch
sizes (e.g. 22.0 g of 42). The deprotonation in position 5 is regioselective as this is the most
acidic position in the pyrazole ring while position 3 is the least reactive.?

With the chloro-nitro-bifunctionality installed, the pyrazole 43 underwent heterocyclization to
build up the neighboring rings towards the tricyclic nucleobase. First, the pyrrole moiety is
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3. Results and Discussion

built, then the pyrimidine ring. The formation of the fused pyrrole ring was achieved in two
steps.> (Scheme 10)

Me 2.0 equiv. NG-CHCOOEt, Et0_/° Me  1)AcOH,80°C, O Me
N 2.1 equiv. KOtBu, \ 2) Zn dust EtO N
Cl N N. N
W) N ) e —— A
1,4-Dioxane, 100°C, 48h / 95°C, 2h HoN
ON ON N
43 44 (97%) 45 (55%)

Scheme 10. Formation of the fused pyrrolo[3,2-c]pyrazole ring system.

First, the nucleophilic aromatic substitution in the chloro position of 43 with an excess of
ethyl cyanoacetate and KO7Bu in 1,4-dioxane gave 44 in 97% yield. The reaction worked best
with 2.0 equiv. ethyl cyanoacetate; when using only 1.5 equiv. of ethyl cyanoacetate, a
significant drop in yield (76%) was observed. Unfortunately, the required excess proved
problematic during the purification process. Flash chromatography (FC) worked nicely with
small batch sizes (e.g. 1.0 g of 43); however, it was impractical at larger scales since ethyl
cyanoacetate is not UV active and was present in nearly all fractions. Instead, for larger
batches, the excess of ethyl cyanoacetate was removed by vacuum distillation (1it®*: b.p. =
208-210 °C at 1 bar; 98 °C at 22 mbar) prior to solidification in the freezer and washing with
ice-cold DCM.

In the next step, the nitro group in intermediate 44 was reduced by zinc dust in AcOH to the
amine which underwent spontaneous cyclization during the work-up with satd NaHCO3
forming the desired pyrrole ring. Filtration and washing with cold water gave the desired
product 45 (43%). The volume of the filtrate was reduced in vacuo and was neutralized with
diluted AcOH resulting in further precipitation 45 (+12%). Small traces of zinc were
confirmed by ED-XRF* but they did not interfere in the next step. I also tried to use activated
zinc dust® for this reaction but it did not improve the yield. For the work-up, I also tried to
dilute the crude oil with EtOAc instead and extract it with satd NaHCO3s. However, the
subsequent HPFC of the organic layers gave the product 45 in low purity as everything was
washed out within the first 5 min at 5% EtOAc in cHex.

The formation of the pyrimidine moiety resulting in the 7-deazahypoxanthine 46 and the
chlorination in the pyrimidine position 4 gave the pyrazolo-fused 7-deazapurine nucleobase
47. (Scheme 11)

1) 2.0 equiv. NaOMe 1.1 equiv. N,N-Dimethylaniline,
Me  (25wt% in MeOH), P Me 20 equiv. BTEA-CI, Cl Me
EtO N. sonication for 10min, HN N_. 6.0 equiv. POCl3 Nm
N N N
\ N
HoN / \ /) 2) 20 equiv. Formamide, <N / \ / MeCN, 90°C, 75min <N / \ !
2 N 90°C, 48h N N
H ’ H H
3) 2.0 equiv. HCI, 0°C
45 46 (55%) 47 (86%)

Scheme 11. Formation of the tricyclic 7-deazahypoxanthine 46 and transformation towards the
pyrazolo-fused 7-deazapurine 47.

The commonly used procedure for the formation of the fused 7-deazahypoxanthine 46
involves an excess of formamide, elevated temperature (150—190 °C) and stirring under reflux
conditions overnight.®® Unfortunately, this resulted in decomposition for my pyrazolo-fused
ring system. Hence, extensive testing of different conditions was warranted. (Table 1)
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3. Results and Discussion

Table 1. Conditions for the condensation reaction with a formamide source furnishing 46. A
sample from the reaction mixture was diluted in MeOH and the ratio between the starting material
45 and the product 46 was determined by HPLC-MS.

Entry Conditions Temp. Time ratio 45:46 Ref.
1 formamide (45 equiv.) 150°C  22h - (decomp.) 86
2 formamide (45 equiv.) 100 °C 66 h 4:1
3 ~ammonium formate (1.2 equiv.), 170 °C 19h - (decomp.) g7

formamide
4 ~ammonium formate (1.2 equiv.), R0 °C 54 17:3
formamide
5 molecular sieves (3 A), 80 °C 10d 23
formamide
6 HN=CHNH,-AcOH (1.5 equiv.), 77 oC 45d n/a @ 88
ethanol
7  formamide/formic acid/DMF (4:1:2) 80 °C 10d 43:7 8
v .
3 NaOMe, 25 wt% in MeOH (2.0 equiv.) 90 °C 40h product 46 only 90

formamide (20 equiv.)
“ precipitation during the reaction, the ratio was not determined by HPLC-MS.

Reducing the temperature from 150 °C to 100° C resulted in the formation of 46 without
decomposition. After 66 hours, a substantial amount of 45 remained. (Table 1, entry 2) When
using ammonium formate as an additive in formamide at 170 °C, decomposition was
observed after 19 hours. The same conditions at 80 °C resulted in 46 with poor conversion.
These four conditions (Table 1, entries 1-4) demonstrated that reduced heating had to be
employed to avoid decomposition. The reaction in formamide with molecular sieves (3 A) to
trap the formed ethanol gave the desired 46 after 10 days at 80 °C with moderate
conversion.”  (Table1, entry5) The reaction with formamidinium acetate
(HN=CHNH>'AcOH) in ethanol at 77 °C resulted in precipitation. Filtration and analysis by
"H NMR revealed that the precipitate was not the desired product. (Table 1, entry 6) When
using formamide, formic acid and DMF with the ratio 4:1:2, only a small amount of product
46 was formed after 10 days. (Table 1, entry 7) Finally, the reaction in formamide with
NaOMe as an additive resulted in the full consumption of 45 after 40 hours at 90 °C.
(Table 1, entry 8) During my literature search, I also came across some conditions that asked
for triethyl orthoformate.”! I did not try these after obtaining the results depicted in Table 1.

To obtain an optimal yield, the powdered 45 was treated with NaOMe (25 wt% in MeOH)
and sonicated for 10 min to improve solubility. Formamide was added and the mixture was
stirred at 90 °C for 48 hours. After neutralization and precipitation, the product 46 was
obtained in only 46% yield despite full consumption of the starting material (confirmed by
HPLC-MS). After the filtration step, the mother liquor was analyzed by HPLC-MS and only
small amounts of product were detected. Thus, it is likely that the lower yield can be
explained by the formation of a side product which I was not able to identify.

The last step towards the desired nucleobase 47 is the chlorination of 46 in position 8.%2
(Scheme 11) Accordingly, 46 was treated with an excess of POCI; in the presence of BTEA-
Cl and N,N-dimethylaniline in acetonitrile giving the nucleobase 47 in 86% yield. It was
essential that the POCI3 was freshly distilled. During work-up, the mixture was slowly treated
with diluted ammonia (1 M in water) until pH 4-5 to avoid accidental amination of 47 in
position 8.

In short, the starting material 43 required for the classical heterocyclization (Approach A) was
prepared in two steps from the commercially available 4-nitropyrazole 41 in 81% yield.
(Scheme 9) Then, the nucleobase 47 was prepared with 21% vyield over four steps.
(Scheme 10 and Scheme 11)
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3. Results and Discussion

3.1.1.2. Cross-Coupling & Cyclization (Approach B)

The second approach to the nucleobase 47 consists of three steps: (1) Negishi cross-coupling
of the zincated “western” pyrimidine ring with the iodo derivative of the “eastern” pyrazole
ring forming the “northern” bond of the future pyrrole ring, (2) azidation and (3) cyclization
of the “central” pyrrole ring.

Under standard conditions, the Negishi cross-coupling between the commercially available 5-
1odo-1-methyl-pyrazole (48) and the zincated 4,6-dichloropyrimidine 22 in the presence of
5 mol% Pd(PPhs)s gave the cross-coupling product 49 with low conversion (24%). Hence, an
optimization of the reaction conditions was pivotal:

First, I confirmed that the zincation of 22 with (TMP),Zn-2MgCl>-2LiCl, a Turbo-Hauser
base, was indeed successful. The base itself was prepared in sifu from ZnCl; and a solution of
(TMP)MgCI-LiCl. Usually after stirring the mixture for 12 hours, the ZnCl, was completely
dissolved. If this was not the case, I sonicated the mixture for 5 min to improve the solubility
of ZnCl,. In the end, the mixture was stirred for at least 8—10 hours without any visible solids
present before adding 22. As the zincated pyrimidine cannot be isolated in this form, I treated
a sample of the zincated pyrimidine with large excess of I in THF, followed by stirring for
1 hour at 20 °C. Then, I performed the same work-up as published by Prof. P. Knochel and
his team.”® '"H NMR of the crude mixture in CDCl; agreed well with the published data when
looking at the H-2 signal of the pyrimidine ring: 90% of the zincated pyrimidine was
converted to the 4,6-dichloro-5-iodopyrimidine 50 (J0n-2 = 8.65 ppm) and 10% did not react
resulting in the starting 22 after the work-up with water (ou-> = 8.81 ppm). This corresponds
well with the published yield of 91% for 4,6-dichloro-5-iodopyrimidine 50.>* (Scheme 12)

1) 0.6 equiv. ZnCl,,
1.2 equiv. (TMP)MgCI ' LiCl

cl (1M in THF/toluene), cl [¢]]
prestirred at 20°C, 24h, N I, (excess), N
N/i ¢ N zn — Ny 422 (10%)
Q _ 2) THF, 0°C, 1h, N= THF, 20°C, 1h N=
N then 20°C, 1h Ci7z cl
22 50

(90% conv.)

Scheme 12. Confirmation of the zincation step by trapping the zincated pyrimidine with excess of
iodine.

Then, a detailed reaction screening was performed. I first looked at different catalytic systems
(Table 2, entries 1-6), then at different catalyst loadings of Pd(PPh3)4 (Table 3, entries 2—4).
All reactions were performed in THF at 65 °C for 19 hours. After extraction with EtOAc and
concentration in vacuo, the conversion of the reaction mixture was determined by '"H NMR in
CDCI3 by comparing H-2 in the pyrimidine moiety as these signals are very distinct. The
signal of H-2 in the starting material 22 is at ou-> = 8.81 ppm. The signal of H-2 in the cross-
coupling product 49 is shifted downfield (du-2 = 8.88 ppm).
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Me
|
. Coli N
1) (TMP);Zn - 2MgCly 2LiCI 1 l\(;/N 48),
cl (solution in THF/toluene), Cl \ cl I\(Ie
THF, 0°C, 1h, N catalyst, THF, prestirred for 20min N N~
- hh ' N
0L {2 {2
L 2) 20°C, 1h N= 2) 65°C, 19h N=
N™ Cl Cl/2 cl
22 49

Table 2. Screening of the Negishi cross-coupling reaction between 48 and zincated 22 with the
corresponding catalyst system in THF at 65 °C for 19 hours towards 49. The conversion from 22
to 49 was determined by 'H NMR in CDCl;.

22 48 49

Entry et Teamin Catalytic system o) unreacted 22
1 1.0 1.1 5 mol%. Pd(PPhs)4 24% 42%
2 1.0 1.1 5 mol% Pd»(dba)s, 10 mol% JohnPhos 3% 61%
3 1.0 1.1 5 mol% Pdx(dba)s;, 10 mol% XPhos 4% 28%
4 1.0 1.1 5 mol% Pdy(dba)s, 10 mol% P(zBu); - HBF4 4% 75%
5 1.0 1.1 5 mol% PEPPSI-IPr 0% 71%
6 1.0 1.1 5 mol% Pd(dppf)Clz, 10 mol% DIBAL-H 0% 62%

As mentioned above, the Negishi coupling between 48 and zincated 22 with the initial
catalytic system (5 mol% Pd(PPhs)4) resulted in 49 with only 24% conversion. (Table 2,
entry 1) Next, I tried Pdx(dba)s as a palladium(0) source with 3 different phosphine ligands
giving 49 with marginal conversion of 3—4%. (Table 2, entries 2—4) Additionally, I also tried
PEPPSI-IPr and Pd(dppf)Cl> (reduced by DIBAL-H) as catalysts, but these reactions did not
proceed at all. (Table 2, entries 5 and 6)

Finally, 1 decided to use the pyrazole 48 in excess (2.0 equiv.) and increase the catalyst
loading from 5 mol% to 20 mol% of Pd(PPhs3)4 resulting in 45% of 49 after purification.
(Table 3)

Table 3. Screening of the Negishi cross-coupling reaction between 48 and zincated 22 with
catalyst loading in THF at 65 °C for 19 hours towards 49.

Entry [eqzuziv.] lesut Catalytic system 49 (yield)
1 1.0 1.1 5 mol%. Pd(PPhs)s 10%
2 1.0 2.0 5 mol% Pd(PPhs)4 14%°
3 1.0 2.0 10 mol% Pd(PPhs)4 34%"
4 1.0 2.0 20 mol% Pd(PPhs)4 45%"

With these results in hand, the optimized cross-coupling reaction between 48 and 22 was
performed at a larger scale. (Scheme 13) First, ZnCl, was treated with a solution of
(TMP)MgCI-LiCl resulting in the Turbo-Hauser base (TMP)>Zn-2MgCl,-2LiCl which was
used to zincate 4,6-dichloropyrimidine 22. Then, the in sifu formed zincated pyrimidine
underwent Negishi coupling with 5-iodo-1-methylpyrazole (48) in presence of Pd(PPhs)s at
65 °C for 18 hours giving the coupling product 49 in 20-50% yield depending on the reaction
scale.
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Me Cl l\(le
N 1) 0.2 equiv. Pd(PPhg),, THF, 20°C, 20min, N N
2.0 equiv. ! \ °N </ 3 \ |
/ 2) 65°C, 18h N=
48 Cl
49 (42%)

1) 0.6 equiv. ZnCl,,
1.2 equiv. (TMP)MgCI - LiCl

cl (1M in THF/toluene), cl
prestirred at 20°C, 24h, N
N ¢ Nz
L 2) THF, 0°C, 1h, N=
N Cl/2
then 20°C, 1h
22

Scheme 13. Optimized Negishi cross-coupling towards 49.

The second step in the reaction cascade towards the nucleobase 47 was the nucleophilic
substitution: The Negishi cross-coupling product 49 was treated with NaN3 and LiCl in THF
giving 51 in 70% yield. (Scheme 14)

Cl h(le 1.0 equiv. NaN3, cl 'Yle N ¢ Me

° . N . 3 . . N~

</N S L\j N 1.0 equiv. LiCl, </N N {\‘ N % ¢ \ S ‘N
= THF, 20°C, 26h N= N

o] Ns Y

N
49 51 (70%)

Scheme 14. Azidation of 10 with NaN3 and LiCl in THF resulting in 51.

Working with inorganic azides (e.g. NaN3) can be dangerous. So, I took the following
precautions: (1) I used a plastic spatula instead of a metallic one, (2) I used a fresh resp.
designated stirring bar for this reaction as any metal residues from a previous reactions could
form highly explosive, shock-, friction- and static-sensitive azide salts and (3) I did not work
with anything in parallel involving halogenated solvents to avoid any accidental contact as
e.g. in the presence of DCM, inorganic azides can easily form diazidomethane which is highly
explosive and shock-sensitive.”* Additionally, exact weighing is required as even a small
excess of NaN; can lead to double azidation due to the simila reactivity of the chloro-
positions in 49 and in 51. To avoid any other side reactions or decomposition of the product
51, the reaction vessel was wrapped in aluminium foil and the reaction was run under light
seclusion. Even product 51 had to be handled with care as with a molecular formula of
CsHsN7Cl its characteristic C/N ratio is close to 1 which is an indicator for potentially
explosive materials that should not be concentrated.”

The product 51 can be present in its azide 51a or its tetrazole form 51b, the equilibrium
between these isomers is highly dependent on the environment.>® This can be easily observed
during '"H NMR measurements, where the azide 51a occurs exclusively in CDCls; but in
DMSO-ds, the tetrazole 51b is the major form. This can be best observed by looking at the
shift of H-2 in the pyrimidine moiety. (Table 4)
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Cl Me Cl Me
- izati N N~
;\l 3\ N~N isomerization </ N\ N
¢ N ——— \
N= N
Ng N\\N,N
51a 51b

Table 4. 'H NMR measurements to determine the azide/tetrazole equilibrium of 51.

. azide 51a tetrazole 51b .
Entry Measurement in ratio S1a : 51b
Y (312 [ppm]) (3u2 [ppm])
1 CDCl; 8.75¢ - 100:0
2 DMSO-ds 8.94 10.35 23:77

@ The presence of the azide 51a in CDCl; was confirmed by IR measurement (¥ = 2145 cm™).

The third and final step of Approach B is the cyclization and formation of the “central”
pyrrole ring. Three different cyclization procedures were used in our group: (1) thermal
cyclization in 1,4-dibromobenzene,®® (2) rhodium-catalyzed cyclization,*>% and (3)
photocyclization in TFA.%'>%* (Table 5)

ol e ol e o e
N N~ isomerization N N~ conditions !
¢ A N o— . ¢ \ N . N= Ny
\ _/ N\ YW
N N NNy
N. _N N
N N H
51b 51a 47

Table 5. Photo-, thermal and Rh""-catalyzed cyclization of 51 towards the tricyclic nucleobase 47.

Entry Conditions Temp. Time Yield

44%
(30% of 51 recovered)

90 °C 24h - (no reaction)

1 1,4-dibromobenzene (500 w%) 170 °C 0.5h

10 mol% Rhaesp,, molecular sieves (4 A),
toluene/TFA (1:1)

3 UV (254 nm, 4 W), TFA 20 °C 48 h - (decomposition)

2

The thermal cyclization of 51 in 1,4-dibromobenzene at 170 °C for 30 min gave 47 with 44%
yield (60% pure). The purification by HPFC was tedious due to the poor solubility of 47.
(Table S, entry 1) The catalytic cyclization with Rhaesp: in toluene/TFA (1:1) did not proceed
at all while the photocyclization with UV light (254 nm, 4 W) in TFA resulted in
decomposition. (Table 5, entry 2 and 3)

In short, using the cross-coupling and cyclization approach (Approach B) gave nucleobase 47
with 6-15% yield over three steps. (Scheme 13, Scheme 14 and Table 5)
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3. Results and Discussion

3.1.1.3. Summary

After a detailed discussion of both synthetic procedures (the classical heterocyclization
approach A in Chapter 3.1.1.1 and the cross-coupling/cyclization approach B in
Chapter 3.1.1.2), both strategies are summarized, and the main advantages and disadvantages
of each strategy are discussed. (Scheme 15)

Me Cl Me

cl [\‘j\ Approach A N= N Approach B Me
N < N
\ . .. AW N
Classical Heterocyclization N Cross-Coupling & Cyclization
O,N (21% over 4 steps) H (6-15% over 3 steps)
43 a7 48

Scheme 15. Synthetic strategy for the formation of the nucleobase 47: Approach A requires four
steps, approach B only three steps.

Approach A

The starting material 3 with the required chloro-nitro-bifunctionality is not commercially
available and has to be prepared (81% over 2 steps). Both, the methylation and the
chlorination with C>Cls have been performed at a multi-gram scale (20 g of 41 resp. 22 g of
42) and only require a short chromatographic puriﬁcation each. (Scheme 16)

H 1) methylation (96%) Me 0 Me
N.  2)chlorination (84%) N SNAr(97%) reduction ( 5%) EtO N
§JN N — Wi
ortho-bifunctionality / 1 ring closure H.N / /)
O:N (81% over 2 steps) O,N 2 H
41 43 45
9 ’Y'e chlorination Cl l\llle
Niementowski rxn (46%) HN N. with POCI; (86%) N= N.
N N
2. ring closure 4\ / \ 4\ / \
) NSy N N
H H
46 47

Scheme 16. Approach A — Synthesis of the nucleobase 7 from 3 in 4 steps (21% overall) or from
the commercially available 1 in 6 steps (18% overall).

The nucleophilic aromatic substitution of 43 was performed at a multi-gram scale as well
(10 g of 43) and required vacuum distillation and solidification in the freezer followed by a
simple filtration. The reduction of the nitro group followed by spontaneous cyclization during
work-up was performed with 4 g of 44 and required a simple filtration after precipitation in
the fridge overnight. Non-precipitated product during the filtration was recovered together
with the filtrate, reduced in volume in vacuo, neutralized, and subjected to precipitation again.
Both, the Niementowski reaction resulting in the second ring closure and the chlorination with
POCI3 were performed at a smaller scale (<1 g each) and only required filtration after
precipitation in the fridge overnight. The yield for this classical heterocyclization approach
from the chloro-nitro bifunctionalized pyrazole 43 to the tricyclic nucleobase 47 was 21%
over 4 steps. The overall yield for this reaction cascade from the commercially available 4-
nitropyrazole 41 was 18% over 6 steps. (Scheme 16)
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3. Results and Discussion

Approach B
The required iodo heteroaryl derivative 48 for the Negishi cross-coupling reaction is
commercially available and the zincated species of 22 was prepared in situ. The reaction itself
requires a large excess of 8 (2 equiv.) and high catalyst loading (20 mol% Pd(PPh3)4) and the
purification is tedious. A large batch with 4 g of 48 and 1.6 g of 22 gave 49 with 42% yield.
(Scheme 17)

Me  2) Negishi coupling Cl Me  azidation Cl Me cyclization o] Me
N. (20-50%) Ny (70%) N~ (44%) _ !
| N N N
\MN ! — < CON
cross-coupling \ /
N
48 N
1) zincation 47 (60% pure)
isomerization
Cl
N 22 Cl Me
U N
— N~
N" 7 N\ N
¢ \
\
N. N 51b
N

Scheme 17. Approach B — Synthesis of the nucleobase 47 from the commercially available 48 in
three steps (6—15% overall).

The azidation of 51 requires equimolar amounts of NaN3: Any excess of NaN3 could lead to
undesired azidation of both chloro positions. For safety reasons, the reaction was performed in
smaller batches and multi-gram reactions are not advisable. Several cyclization options are
available and only the thermal cyclization of 51 gave the nucleobase 47 successfully. The
purification was difficult and the resulting product 47 was only 60% pure. The yield for this
cross-coupling and cyclization approach from 48 to the tricyclic nucleobase 47 was 6—-15%
yield over 3 steps. (Scheme 17)
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3. Results and Discussion

Comparison: Approach A vs. Approach B

Even though approach B is shorter (3 steps) than approach A (4 resp. 6 steps), the overall
yield of approach A is higher (21% resp. 18%) than approach B (6—-15%). Additionally, the
large-scale synthesis of nucleobase 47 using approach A is far less problematic as no
chromatography is required and the synthesis does not involve a nitrogen-rich intermediate
for the potentially hazardous thermal cyclization (Approach B, step 3). (Table 6)

Table 6. Comparison of both synthetic approaches towards the tricyclic nucleobase 47.

Approach A Approach B
Strategy Classical heterocyclization Cross-coupling and cyclization
(overall yield)  (21% over 4 steps or 18% over 6 steps) (6—15% yield over 3 steps)
Key steps 1) Aromatic substitution 1) Negishi coupling

2) Reduction and 1. ring closure 2) Azidation

3) Niementowski rxn (2. ring closure) ~ 3) Thermal cyclization
4) Chlorination with POCI;

Advantages: + large-scale synthesis unproblematic  + shorter reaction cascade (3 steps)

+no chromatography required, + milder reaction conditions
only precipitation and filtration

Disadvantages: - starting material not commercially =~ —tedious chromatography after each
available step
(synthesis: 81% yield over 2 steps)  _Negishi coupling requires high
—longer reaction cascade catalyst loading and large excess of 48
(4 resp. 6 steps) —nitrogen-rich intermediate 51
(C/N=1.14})

—nucleobase 47 is not pure

rxn = reaction

In approach A, there are two key elements in the synthesis of the nucleobase that strongly
depend on the used heterocycle: (1) installation of the chloro-nitro ortho-bifunctionality and
(2) the Niementowski reaction resulting in the 2. ring closure and formation of the heteroaryl-
fused 7-deazahypoxanthine. As the pyrazole-moiety is already a highly deactivated ring
system, other heterocyclic systems might pose fewer problems in this step.

In approach B, the Negishi cross-coupling and the cyclization reactions are both crucial for
the success of the strategy. Especially for small heterocycles, the nitrogen-rich azide might
pose a safety risk and has to be handled with care by an experienced chemist. For this
pyrazolo ring system, thermal cyclization was the only option otherwise any other cyclization
option is definitively to be preferred.

In conclusion, there are two different synthetic strategies to obtain the heteroaryl-fused 7-
deazapurine nucleobase. (Scheme 15) For the tricyclic pyrazolo-fused nucleobase 47, the
classical heterocyclization (Approach A) is longer but results in better yield overall with less
tedious purification. However, this comparison for the synthesis of pyrazolo-fused 7-
deazapurine 47 cannot be generalized for all heterocycles and their synthesis towards their
respective heteroaryl-fused 7-deazapurines.
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3. Results and Discussion

3.1.1.4. Isomeric pyrazolo-fused Nucleobase
Next, I also attempted to prepare the isomeric pyrazolo-fused 7-deazapurine using the cross-
coupling and cyclization approach B.

First, 4-iodopyrazole (52) was methylated with iodomethane in the presence of sodium
hydride (60% dispersion in mineral oil) in THF furnishing 53 in 96% yield.”® Then, the
Negishi cross-coupling between 53 and the zincated pyrimidine 22 furnished 54 in 25% yield.
(Scheme 18) I also tried the same reaction conditions and Cul (0.05 equiv.) but it didn’t
improve the outcome.”’

1) 1.2 equiv. NaH

H (60wt% in mineral oil), Me 1) 0.1 equiv. Pd(PPhgz),, Cl
N. THF, 20°C, 3h, N THF, 20°C, 20min, N =N
W LN ¢ ) Nt
2) 2.0 equiv. Mel, / 2) 65°C, 18h N= NV
| 20°C, 12h | cl
52 53 (96%) 54 (25%)

1) 0.6 equiv. ZnCly,
1.2 equiv. (TMP)MgCI - LiCI
cl (1M in THF/toluene), cl

prestirred at 20°C, 24h, N
) (=™
° N=
N/ al 2) THF, 0°C, 1h,

then 20°C, 1h

22

Scheme 18. Methylation of 52 and subsequent Negishi cross-coupling of 53 with zincated 22 gave
54 in 25% yield.

After the azidation of 54 with equimolar amounts of sodium azide and LiCl in DMF at 30 °C
for 55 hours, the reaction mixture was treated with water. Precipitation and filtration gave the
desired azide 55 in 89% yield. (Scheme 19)

Cl 1.0 equiv. NaN3, Cl Cl

N ~ 1.0 equiv. LiCl, N ~ 1,4-dibromobenzene —
€L, oo < et
— o — o N \ /
N "Me DMF, 30°C, 55h N "Me 170°C, 30min N N,
Cl N3 ” Me
54 55 (89%) 56
(incomplete conversion)
isomerization
Cl
N
¢
\_N.
N Me
Ns N

N

Scheme 19. Azidation of 54 and cyclization of 55 furnished the desired nucleobase 56.

The initial test reactions for the cyclization of 55 were performed with the same conditions as
for 47 (Table 7).

Table 7. Photo-, thermal and Rh'-catalyzed cyclization of 55 towards the tricyclic nucleobase 56.

Entry Conditions Temp. Time Outcome

incomplete reaction
(ratio 55:56 = 7:3)

90 °C 24h - (no reaction)

1 1,4-dibromobenzene (500 w%) 170 °C 0.5h

10 mol% Rhaesp,, molecular sieves (4 A),
toluene/TFA (1:1)

3 UV (254 nm, 4 W), TFA 20 °C 48h - (decomposition)

Only the thermal cyclization of 55 in 1,4-dibromobenzene at 170 °C gave 56. 'H NMR
analysis of the reaction mixture in DMSO-ds after 30 min revealed the reaction was

2
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3. Results and Discussion

incomplete and the ratio of 55:56 was 7:3. A common side reaction is the complex
polymerization of 55. Its characteristic is the formation of dark insoluble mass.”® Hence,
longer reaction times do not necessarily lead to higher amounts of 56. (Table 7, entry 1) The
reaction of 55 with Rhzespz in toluene/TFA (1:1) did not proceed and the photocyclization of
55 in TFA resulted in decomposition. (Table 7, entries 2 and 3)

3.1.2. Glycosylation towards the protected Ribonucleoside as a key
Intermediate

With the pyrazolo-fused 7-deazapurine 47 in hand, three different glycosylation procedures
were tested: (1) The Vorbriiggen glycosylation is a modified Hilbert-Johnson reaction where
the silylated nucleobase reacts with a benzoyl-stabilized sugar cation. (2) The Nucleobase-
anion glycosylation uses the deprotonated nucleobase for an Sy2 reaction with an in situ-
formed halosugar with a chloride acting as a leaving group. (3) The recently developed
Downey glycosylation uses modified Mitsunobu conditions for the Sy2 attack of the
deprotonated nucleobase on an epoxide formed in sifu from a tritylated sugar. (Scheme 20)

Cl Me
|

Vorbriiggen Glycosylation __.---7 BzO OBz
(mod. Hilbert-Johnson cond.) .-~~~

N= ,\‘j Nucleobase-anion Glycosylation N
\N 7777777777777777777777777777777777777777777777777 -
<\N / \ / \ o
N Si- 58
H i O o -
a7 o._ 0
cl Me P
Downey glycosylation Teell i
(mod. Mitsunobu conditions) Tea N= N‘N
& N\
Ny
0]
TrO/\d %
HO  ©OH

Scheme 20. Glycosylation strategies to obtain the pyrazolo-fused 7-deazapurine f-ribonucleosides
57-59.

30



3. Results and Discussion

3.1.2.1. Vorbriiggen glycosylation (modified Hilbert-Johnson reaction)

The Vorbriiggen procedure for N-glycosylation of the nucleobase 47 can be used, resulting in
the desired ribonucleoside 57 as a pure f-anomer. This method is based on the Hilbert-
Johnson reaction and gives very reliable results.”” (Scheme 21) It has been used successfully

with all heteroaryl-fused 7-deazapurines prepared in our group.*48-50-53
Cl Me
1) 1.5 equiv. BSA, MeCN, N= N
Cl Me sonication for 30min, N
_ \ then 60°C, 1h, <\N W
N N N
(\N J \ O _onc o
N 0 equiv. A@’ 30 57 (51%
N 2) 2.0 equiv. BzO / (30), B20 (51%)
47 Bz0 OBz BzO\‘ ”OBz

2.0 equiv. TMSOTf, 60°C, 36h

Scheme 21. Vorbriiggen glycosylation of nucleobase 47 towards the pyrazolo-fused 7-deazapurine
ribonucleoside 57 as a pure f-anomer.

The nucleobase 47 was silylated in position 4 with BSA and reacted with the protected sugar
30 in the presence of TMSOTT furnishing the desired ribonucleoside 57 as a pure f-anomer in
51% yield. The complete silylation of the nucleobase 57 with BSA is essential for the success
of the glycosylation reaction and is normally done at r.t. but it can be challenging. I tried
several options: Longer silylation times at r.t. did not improve the outcome. A larger excess of
BSA (2 equiv. instead of 1.5 equiv.) led to unwanted silylation of nitrogen in the pyrimidine
ring. In the end, I prepared the silylation mixture, sonicated the suspension for 30 min and
stirred it at 60 °C for 1 hour resulting in a homogenous solution before continuing with the
addition of the protected sugar 30.

The stereochemistry of 57 was confirmed by H,H-ROESY using the relations between H-3 of
the nucleobase and H-2’ and H-3” as well as between H-1" and H-4" of the sugar moiety.

3.1.2.2. Nucleobase-anion glycosylation

In one previous case, the nucleobase-anion glycosylation was performed for fused 7-
deazapurines.'” Unfortunately, this procedure is not stereoselective as the halosugar formed
in situ 1s not anomerically pure. (Scheme 22)

Cl Me
1) 2.0 equiv. KOH, N= N
1.5 equiv. TDA-1, < °N
Cl Me THF, 20°C, 30min, \ I\
N= N then 0°C, N
Ny aw
\N 1 2) 0°C, 1h, (o)
N then 20°C, 36h  TBDMSO
58-pand 58-a
inseparable mixture
0} OH (0] cl B/Z, =1:0.7
TBDMSO/\Q”“ 1) THF, -30°C, TBDMSO/\Q”" (61% overall)
0. 0 2) 2.0 equiv. CClj, 3
e 2.0 equiv. HVPT, Pl
-30°C, 1h, then 20°C
1.5 equiv. 31

Scheme 22. Nucleobase-anion glycosylation of 47 furnishing the pyrazolo-fused 7-deazapurine -
ribonucleoside 58-f in an inseparable mixture with the a-anomer 58-a.

Nucleobase 47 was deprotonated with KOH in the presence of TDA-1. Separately, the
halosugar precursor 31 was dissolved in THF and treated with CCl4 and HMPT at —30 °C for
1 hour before the addition of the deprotonated nucleobase solution. After purification by
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3. Results and Discussion

HPFC, the desired ribonucleoside 58-# was obtained in an inseparable mixture with its
corresponding a-anomer 58-a with 61% overall yield (f/a = 1:0.7). I was not successful in
separating the anomers, but I was able to collect a few early fractions for the characterization
of the desired f-anomer 58-4.

The stereochemistry of 58-f was confirmed by H,H-ROESY using the same relations between
H-3 of the nucleobase and H-2’ and H-3’ as well as between H-1" and H-4’ of the sugar
moiety as above.

3.1.2.3. Downey glycosylation (modified Mitsunobu conditions)

A previous co-worker in our group, A. Michael Downey, developed a novel glycosylation
method for pyrimidine, purine and 7-deazapurine bases with 5-O-protected ribose (32). So, |
attempted these modified Mitsunobu conditions with the nucleobase 47 to see whether the
substrate scope could be extended to tricyclic nucleobases. (Scheme 23)

Cl Me
|
1) 2.0 equiv. NaH N= N
Cl Me (60 wt% in mineral oil), < LN
N= N DMF, 20°C, 15min, N
2.0 equiv. < e °N N
\N / 2) 20°C, 12h o
N
H TrO
47 HO  OH
59 (traces)

1.5 equiv. ADDP,
o d o

OH 1.6 equiv. P(nBu)s, )
o () o (%o

HO\‘ ’/OH MeCN, 20°C, 15min HO¢

32

Scheme 23. Strategy for the glycosylation of 47 was developed by A. M. Downey based on
modified Mitsunobu conditions.

5-O-trityl ribose (32) was treated with ADDP and tributylphosphine in MeCN forming the
epoxide intermediate which then reacted with the previously deprotonated nucleobase 47.
After purification, only a small fraction contained traces of the desired ribonucleoside 59.
Unfortunately, these results were not reproducible.'®!
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3.1.2.3. Summary

The pyrazolo-fused and sugar-protected p-ribonucleosides 57-59 were prepared from
nucleobase 47 via different N-glycosylation methods. The Vorbriiggen procedure yielded the
desired nucleoside 57 as a pure f-anomer in 51% yield. The nucleobase-anion glycosylation
gave the desired nucleoside 58-# together with its a-anomer 58-a in an inseparable mixture in
the ratio of f/a = 1:0.7 with 61% yield overall. The Downey glycosylation resulted in traces
of 59 only. (Scheme 24)
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N= N.
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TBDMSO/\QNO(:“) inseparable mixture
S B/o. = 1:0.7 (61% overall)

Iz

6._0

. < o
Cl Me

|
N= N
Downey Glycosylation 4\ T\ /N
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Scheme 24. Overview of the tested glycosylation options.

The protected sugar 30 for the Vorbriiggen glycosylation is commercially available. The
halosugar precursor 31 used in the nucleobase-anion glycosylation can be prepared from D-
ribose in two steps (multi-gram scale).”* The chromatographic purification after each step has
to be done by hand as the product is not UV active. The tritylated sugar 32 used for the
Downey glycosylation can be prepared from D-ribose in one step at a multi-gram scale.”

In conclusion, the Vorbriiggen glycosylation was the only method which furnished the
ribonucleoside as a pure f-anomer with acceptable yield. Additionally, the required sugar 30
1s commercially available and does not need to be prepared from D-ribose.
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3.1.3. Derivatization and Deprotection
The key nucleoside intermediate 18 was used for the derivatization in position 8 and
deprotection to give a series of different 8-substituted free ribonucleosides 25a-h. (Table 8)

derivatization & deprotection conditions

Cl l\(le R |Y|e R l\(le
= N = N = N
E‘ °N derivatization 2‘ N deprotection Z‘ N
\N /I N\ conditions \N I\ conditions \N I\
N _ N E—— N
(o) o o
BzO BzO HO
BzO OBz BzO OBz HO  ©OH
57 60a-e 61a-h
— 0 )
(e} o
R= 7 Q 7 Me NMe, NH, OMe SMe
a b c d e f g h

Table 8. Preparation of a library with the ribonucleosides 61a-h either by stepwise derivatization
and deprotection via 60a-e or by simultaneous derivatization and deprotection directly from 57

(for 611-h).
Entry R= Conditions Temp. Time Product Yield
I 2-furyl 1.2 equiv. 2-(tributylstannyl)furan, 100°C  10h 60a  69%

0.1 equiv. PdCl>(PPhs),, DMF

1.5 equiv. 3-furylboronic acid,
2 3-furyl 2.0 equiv. K»COs, 100°C 48h 60b  32%
0.1 equiv. Pd(PPh3)4, toluene

1.5 equiv. 2-benzofurylboronic acid,
3 2-benzofuryl 2.0 equiv. K,COs, 100°C 48h 60c  38%
0.1 equiv. Pd(PPh3)a4, toluene

2.0 equiv. AlMe3,

[e} o
4 methyl 0.05 equiv. PA(PPhs)s, THF 65°C  3h  60d 6%
5  dimethylamino 1.5 equiv. MeoNH, 2-propanol 60°C 24h 60e  47%
6  2-furyl 6h 6la 87%
7 3-furyl ) o 6h 61b  72%
8  2-benzofuryl 1?/[36 8;1;““ NaOMe (25 wi% in MeOH), - ghoc 61, 61c  98%
9  methyl 4h 61d 73%
10  dimethylamino 6h 6le 98%
11 amino aq. ammonia/l,4-dioxane (5:2) 120°C 24 h 61f 81%
2.2 equiv. NaOMe (25 wt% in MeOH), o o
12 methoxy McOH 25°C 76h 61g  80%
13 methylsulfanyl 6.0 equiv. NaSMe, 1,4-dioxane 60°C 14h 61h 51%

The 2-furyl derivative 60a was prepared in 69% yield via Stille cross-coupling of 57 with 2-
(tributylstannyl)furan in the presence of PdCl2(PPhs), in DMF at 100 °C. (Table 8, entry 1)
During the purification by HPFC, the organotin residue is usually removed from the column
by flushing with immense amounts of cHex prior to running the gradient. Instead, I attempted
to remove the Sn species by precipitation first. Based on the publications by the Mascaretti
group'®? and Leibner/Jacobus,!® a solution containing BusSnCl can be treated with KF or
with CsF/CsOH resulting in the formation of the insoluble organotin fluoride which then can

be removed by simple filtration. Thus, I concentrated the reaction mixture in vacuo, dissolved
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it in EtOAc and treated it with 1.2 equiv. of KF in MeOH. Unfortunately, the expected
precipitation was not observed. I then continued with the purification by HPFC (SiO2;
cHex/EtOAc, gradient 0—100% EtOAc) unfortunately with the initial cHex washing step.

The Suzuki-Miyaura cross-coupling of 57 with 3-furyl- or with 2-benzofurylboronic acid in
the presence of KoCOs and Pd(PPhs3)4 in toluene at 100 °C for 48 h gave 60b and 60c in
moderate yields (32% and 38%, respectively). (Table 8, entries2 and 3) The methyl
derivative 60d was prepared by cross-coupling reaction of 57 with AIMe; and Pd(PPhs)s in
THF at 65°C for 3h in good 64% yield. (Table8, entry4) The N,N-dimethylamino
derivative 60e was obtained by nucleophilic substitution of 57 with dimethylamine in 2-
propanol at 60 °C for 24 h in 47% yield. (Table 8, entry 5)

The protected nucleoside derivatives 60a-e underwent the Zemplén deprotection of the sugar
moiety with NaOMe in methanol at 60 °C for 4-6 h and gave the free nucleosides 61a-e in
very good to excellent yields (72-98%). (Table 8, entries 6—10)

The preparation of 61f-h included the nucleophilic substitution at position 8 directly with
simultaneous deprotection. The amino derivative 61f was obtained in 81% yield through
treatment of 57 with aqueous ammonia/l,4-dioxane (5:2) at 120 °C for 24 h in a screw-cap
pressure tube. (Table 8, entry 11) The reaction of 57 with NaOMe in methanol at 25 °C after
76 h gave 61g in 80% vyield. (Table 8, entry 12) The methylsulfanyl derivative 61h was
obtained from 57 using NaSMe in 1,4-dioxane at 60 °C for 14 h in 51% yield. (Table 8,
entry 13) I first performed this reaction in MeOH but I obtained 61h together with 61g as an
inseparable mixture.
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3.2. Aryl Sulfonium salts as an Alternative Substrate for
Negishi Coupling
Most tricyclic nucleobases containing one heteroatom in the “eastern” 5-membered ring have

been synthesized using the corresponding iodo derivatives as a starting material for the cross-
coupling and cyclization approach (Approach B, discussed in Chapter 3.1.1.2). (Figure 17)

Cl Me Cl Cl
N= N N= o N= S
NyaY & N\ & N\
N7y N7y NT™y
H H H
Cl Cl
N= N=
b ey
N N N N N
H Me H

Figure 17. Previously prepared 5-membered heteroaryl-fused 7-deazapurines with the “eastern”
ring containing only one heteroatom.

To expand the library of fused-deazapurine nucleosides further, a second heteroatom is
introduced in the “eastern” ring of the tricyclic nucleobase. The formation of the pyrazolo-
fused nucleobase has already been discussed in detail in the previous chapter. One of the main
problems is the availability and accessibility of the iodo-substituted 5S-membered heterocycles
required for the Negishi cross-coupling reaction. (see Table Alin the Appendix)

Recently, the Ritter group published several papers on the C-H functionalization of
(het)arenes through the formation of sulfonium salts and their application as a potential
alternative to the corresponding iodo-substituted substrates in palladium-catalyzed cross-
coupling reactions.®>%” The published substrate scope for these sulfonium salts contained a
large selection of aryl-substituted 5- and 6-membered (het)aryl rings as well as fused ring
systems — but none of the published compounds have been prepared from simple 5-membered
heterocycles so far. While my co-worker Chao Yang was working with mostly published
examples of aryl sulfonium salts and focused on their application in the Negishi cross-
coupling reaction with the zincated pyrimidine 22 and the subsequent preparation of further
fused 7-deazapurines; 1 was tasked to apply the published concepts to prepare the sulfonium
salts of simple 5-membered heterocycles.
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3. Results and Discussion

3.2.1. Thianthrenium Salts from 5-membered Heterocycles

The Ritter group published the formation of sulfonium salts with different sulfoxide species:
The thianthrenation of (het)arenes with thianthrene S-oxide (TT=0) was the most reliable
one. In some cases, the fluorinated analogue 2,3,7,8-tetrafluorothianthrene S-oxide (TFT=0)
was the better alternative. The required sulfoxides for the reaction screening were prepared
according to literature.®

For the thianthrenation of nitrogen-containing heterocycles, most published examples were
prepared using the following conditions: TT=0 or TFT=0 either with (a) TFAA in DCM,
with (b) TFAA in MeCN, or with (¢) TFAA and tetrafluoroboric acid (HBF4-OEt;) in MeCN.
I applied all six conditions to the thianthrenation of 1-methylpyrazole (62). After the reaction,
the mixtures were neutralized with satd NaHCO3 and extracted with DCM and washed with
aqueous NaBF4 (10 wt% in water). The organic layers were concentrated in vacuo and the
conversion was determined by '"H NMR in CDCls. (Scheme 25)

9
S S
1.0 equiv. @: :@ (TT=0), 5 TTX
: a5 s

a) 1.5 equiv. TFAA, DCM, -78°C — 20°C, 40h Z/ '\ N
; b) 1.5 equiv. TFAA, MeCN, -78°C — 20°C, 16h e N Me
¢) 3.0 equiv. TFAA, 1.2 equiv. HBF 4~OEt,, 4 Me
Zj\ | MeCN, 0°C — 20°C, 40h
N’N (@] F
) I
Me F S F
62 1.0 equiv. j@: :@[ (TFT=0), S’@’F TFTX
F S F X O = 2/ Y
a) 1.5 equiv. TFAA, DCM, -78°C — 20°C, 12h F Zj\ N
b) 1.5 equiv. TFAA, MeCN, -78°C — 20°C, 12h - N Me
c) 3.0 equiv. TFAA, 1.2 equiv. HBF4*OEt,, BFe ’}‘
MeCN, 0°C — 20°C, 24h 4 Me

Scheme 25. Preparation of aryl sulfonium salts from 1-methylpyrazole (62).

The reaction of 62 with TT=0 in the presence of TFAA in DCM resulted in 5% conversion
towards the desired sulfonium salt 63. Thus, the reaction mixture was not purified. The same
reaction in MeCN resulted in 66% of 63 after 16 hours. Using a larger excess of TFAA
(3 equiv.) as well as tetrafluoroboric acid (HBF4-OEt2) in MeCN resulted in full conversion
after 40 hours and 86% yield of 63. The substitution in position 4 was selective and no other
isomers were detected. The same reaction of 62 with TFT=0 did not proceed to the desired
sulfonium salt 64 with any of the conditions used above.

With the successful preparation of 62 in hand, I applied the same conditions to the
thianthrenation of other 5-membered heterocycles bearing one or two heteroatoms. After
24 hours, the same work-up was performed as before and then, the crude mixtures were
analyzed by "H NMR in CDCls. (Table 9)

5 I\'l/:e H S \
9O OO i
€ <) € £ BFL
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3. Results and Discussion

Table 9. Reaction screening with 5-membered heterocycles and TT=O towards their
thianthrenium salts. After work-up, the crude mixtures were analyzed by '"H NMR in CDCl;.

Entry Heterocycle reaction outcome determined by NMR“
1 furan TT
2 l-methylpyrrole 65 and TT (4:7)
3 rrole inconclusive NMR
py after HPFC: inseparable mixture of 66 and TT (4:1)
4 thiophene 67 and TT (10:3)
5  isoxazole TT=0 and TT (1 : 2.45)

full conversion after 40 hours

6 I-methylpyrazole after HPFC: 63 (86% at larger scale)

7  pyrazole TT=0 and TT (2 : 0.9)
8  isothiazole TT=0and TT (1 : 3.5)
9  oxazole TT

10 1-methylimidazole TT=0 and TT (1 : 14.5)
11  imidazole TT=0 and TT (1 : 0.95)

12 thiazole TT

“ NMR presence of the starting heterocycle omitted for clarity, most starting heterocycle are
volatile and were removed during the concentration in vacuo prior to the NMR measurement.

The reaction with furan resulted in deoxygenation of TT=O giving thianthrene (TT).
(Table 9, entry 1) The reaction with 1-methylpyrrole resulted in 5-(1-methyl-1H-pyrrol-3-yl)-
5H-thianthren-5-ium tetrafluoroborate (65) and TT with a 4:7 ratio.(Table 9, entry 2) After
the reaction with pyrrole, the 'TH NMR of the crude mixture was inconclusive and purification
by HPFC gave the 5-(1H-pyrrol-3-yl)-5H-thianthren-5-ium tetrafluoroborate (66) together
with thianthrene (TT) as an inseparable mixture (ratio 4:1). (Table 9, entry 3) The reaction
with thiophene gave 5-(thiophene-2-yl)-5H-thianthren-5-ium tetrafluoroborate (67) and TT
(ratio 10:3). (Table 9, entry 4) As these S-membered heterocycles containing one heteroatom
can be accessed through their iodo derivatives for the Negishi coupling, further purification or
characterization was not performed.

During the reactions involving 5-membered rings with two heteroatoms, (Table 9, entries 5—
12), no product was formed, instead partial deoxygenation of TT=0O towards TT was
observed. The only exception was the reaction with 1-methylpyrazole which resulted in full
conversion and the isolation of 5-(1-methylpyrazol-4-yl)-5H-thianthren-5-ium tetrafluoro-
borate (63) in 86% yield.

In summary, 5-membered heterocycles bearing one heteroatom (furan), two neighboring
heteroatoms (isoxazole, pyrazole, isothiazole), or two non-neighboring heteroatoms (oxazole,
l-methylimidazole, imidazole, thiazole) did not react with TT=0O in the presence of TFAA
and HBF4-OEt,. Instead TT=0O was fully or partially deoxygenated to TT. However, the
thianthrenium salts (63, 65-67) were successfully formed from 1-methylpyrrole, pyrrole,
thiophene and 1-methylpyrazole. All the substitutions were regioselective in the most
nucleophilic position of the ring. This is in agreement with the published results by the Ritter
group. 65
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3. Results and Discussion

3.2.2. Dibenzothiophenium Salts from 5-membered Heterocycles

Another source for sulfonium salts is dibenzothiophene S-oxide (DBT=0). My co-worker
Chao Yang successfully employed DBT=0 to form the sulfonium salts of aryl-substituted and
fused thiophenes. Thus, I speculated that the dibenzothiophenation of other 5-membered
heterocycles might be more successful than their thianthrenation.

The initial reaction of 1-methylpyrazole (62) with DBT=0 (1.0 equiv.), large excess of TFAA
(3.0 equiv.) in MeCN, direct warming up from —78 °C to 20 °C and stirring for 24 hours
overall, did not give the desired dibenzothiophenium salt 68. Hence, the reaction screening
with the 5-membered heterocycles tested above, was performed using the following three
methods: Method A used equimolar amounts of DBT=0, a smaller excess of TFAA
(1.5 equiv.) and was stirred at —78 °C for 2 h prior to warming up. Compared to method A,
method B employed the heterocycle using a small excess (1.05 equiv.) and stopped the
reaction after stirring for 1 hour at 20 °C. Method C used equimolar amounts of triflic
anhydride (Tf20) instead of TFAA, the reaction times were kept the same as in method B.
(Scheme 26)

N ) ¢
o N N S
H@ H@ H@ H@ i TFA®

o N § s (DBT=0)
T .

g ¢ N ¢ N
H/‘\ /] H/\\ /i H/‘\ /] H/‘\ 1/ Method A, Bor C

S
Scheme 26. Formation of dibenzothiophenium salts with DBT=0 using three different methods.
Method A: with DBT=0 and TFAA in MeCN at —78 °C for 2 h, then slowly warmed to 20 °C
within 2 h and stirred for 48 h; Method B: with DBT=0 and TFAA in MeCN at —78 °C for 1 h, —
78 °C to 20 °C within 2 h, then 20 °C for 1 h; or Method C: with DBT=0 and Tf,0 in MeCN at —
78 °C for 1 h, =78 °C to 20 °C within 2 h, then 20 °C for 1 h.
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I started with the same selection of twelve different S-membered heterocycles bearing one or
two heteroatoms and subjected them to dibenzothiophenation with DBT=0 and TFAA in
MeCN using method A. (Table 10)
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3. Results and Discussion

Table 10. Reaction screening with 5-membered heterocycles and DBT=O towards their
dibenzothiophenium salts using method A: Heterocycle (1.0 equiv.), DBT=0 (1.0 equiv.), TFAA
(1.5 equiv.) in MeCN at —78 °C for 2 h, then slowly warmed to 20 °C within 2 h and stirred for

48 h.

Entry Heterocycle reaction outcome
1 furan - “(DBT only)
2 l-methylpyrrole inseparable mixture of 69 and 70 (3:5, 54%) and DBT
3 pyrrole 71 (7%) and DBT
4 thiophene 72 (91%) and DBT
5 isoxazole - 4 (DBT=O0 only)
6  1-methylpyrazole 68 (82%) and DBT
7  pyrazole - 4 (DBT=O0 only)
8  isothiazole dimer (no product isolated)
9  oxazole - “ (DBT only)
10  1-methylimidazole - 4 (dimer only)
11 imidazole - (DBT and dimer, 5:1)
12 thiazole - % (DBT and dimer)

“NMR analysis of crude mixture, no HPFC performed

The reaction with furan resulted in deoxygenation of DBT=0 yielding dibenzothiophene
(DBT). (Table 10, entry 1) The reaction with 1-methylpyrrole gave an inseparable mixture of
two different regioisomers: the dibenzothiophenium substitution in position 2 of the pyrrole
ring (69) as well as the substitution in position 3 (70) in 3:5 ratio (54% yield overall).
(Table 10, entry 2) The reaction with pyrrole furnished 5-(1H-pyrrole-2-yl)dibenzothio-
phenium trifluoroacetate (71) in 7% yield. A major side product was DBT. (Table 10,
entry 3) The reaction with thiophene led to the formation of 5-(thiophen-2-yl)dibenzo-
thiophenium trifluoroacetate (72) and partial deoxygenation of DBT=0. (Table 10, entry 4)

The reactions with isoxazole and with 1H-pyrazole did not proceed at all and DBT=0 was
recovered. (Table 10, entries 5 and 7) The reaction with 1-methylpyrazole yielded 5-(1-
methylpyrazol-4-yl)dibenzothiophenium trifluoroacetate (68, 82%). (Table 10, entry 6) The
reaction with isothiazole resulted in the dimerization of DBT=0. (Table 10, entry 8) The
reactions with oxazole, 1-methylimidazole, imidazole and thiazole led to deoxygenation of
DBT=0 and/or to dimerization of DBT=0. (Table 10, entries 10-12)

The deoxygenation of DBT=0 as well as the dimerization and trimerization of DBT=0 are
known side reactions and have previously been described by the Alcarazo group. (Figure 18)

<

/S\
% 2TFA

DBT dimer trimer

Figure 18. Known side products observed during the formation of dibenzothiophenium salts.
DBT = deoxygenation of DBT=0, dimer = dimerization of DBT, trimer = symmetrical poly-
merization of DBT=O0.
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3. Results and Discussion

As the dibenzothiophenation using method A was successful with the same 5-membered
heterocycles as the thianthrenation (chapter 3.2.1), method B was employed with only the
most intriguing heterocycles bearing two heteroatoms. (Table 11)

Table 11. Reaction screening with 5-membered heterocycles and DBT=O towards their
dibenzothiophenium salts using method B: Heterocycle (1.05 equiv.), DBT=0 (1.0 equiv.), TFAA
(1.5 equiv.) in MeCN at —78 °C for 1 h, —78 °C to 20 °C within 2 h, then 20 °C for 1 h.

Entry Heterocycle reaction outcome
1  isoxazole DBT=O0 and dimer (no product isolated)
2 isothiazole DBT=O0 and dimer (no product isolated)
3 oxazole DBT=0 and DBT (no product isolated)
4 thiazole dimer (no product isolated)
5  thiophene 72 (84%)'%
6  1-methylpyrazole 68 (93%)!%4

Unfortunately, the reactions with isoxazole, isothiazole, oxazole and thiazole did not proceed
to any of the possible dibenzothiophenium salts. Instead, deoxygenation and dimerization of
DBT=0 occurred. (Table 11, entries 1-4) Larger scale reactions using method B with
thiophene and with 1-methylpyrazole gave 72 (84%) and 68 (93%), respectively.

Looking at the examples prepared by Chao Yang, sometimes using Tf,0 instead of TFAA
worked better. So, the four heterocycles, isoxazole, isothiazole, oxazole and thiazole, were
subjected to method C as well. (Table 12)

Table 12. Reaction screening with 5-membered heterocycles and DBT=0O towards their
dibenzothiophenium salts using method C: Heterocycle (1.05 equiv.), DBT=0 (1.0 equiv.), Tf,0
(1.0 equiv.) in MeCN at —78 °C for 1 h, —78 °C to 20 °C within 2 h, then 20 °C for 1 h.

Entry Heterocycle reaction outcome
1  isoxazole - (no product isolated)
2 isothiazole trimer (no product isolated)
3 oxazole trimer (no product isolated)
4  thiazole trimer (no product isolated)

Unfortunately, none of the reactions gave the desired sulfonium salts. Instead, trimerization
occurred. (Table 12, entries 1-4)

In summary, I was not able to access more 5S-membered heterocycles by dibenzothiophenation
than the ones already accessed by thianthrenation. 1-methylpyrrole gave an inseparable
mixture of two regioisomers 69 and 70 (3:5, 54% overall) using method A. Under the same
conditions dibenzothiophenium salt 71 was prepared from pyrrole in 7% yield. Methods A
and B, both successfully yielded the sulfonium salt 72 from thiophene in similar yield (91%
vs. 84%). Both methods also furnished pyrazole derivative 68 in 82% and 91%, respectively.
All other reactions with any of the heterocycles resulted in the formation of side products
even though methods B and C were successfully used for aryl-substituted and fused
thiophenes.”
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3. Results and Discussion

3.2.3. Sulfonium Salts as Substrates for the Negishi Cross-coupling
With the prepared thianthrenium salts (Chapter 3.2.1) and dibenzothiophenium salts
(Chapter 3.2.2) in hand, their use as substrate for the Negishi cross-coupling with the
zincated pyrimidine 22 was explored.

Unfortunately, the initial test reaction with the sulfonium salt 63 derived from 1-
methylpyrazole under standard conditions showed substantial solubility problems. When
adding the solution of 63 and Pd(PPh3)4 to the zincated pyrimidine 22, instant agglutination
occurred. This solid rock-like clump persisted, and I was not able to break up the insoluble
mass even by extensive sonication or by prolonged heating. Hence, an extensive solvent
screening was warranted. (Table 13)

| TTA
2 \\ ; \\
1.1 equiv. / _N or / N
) )
Me Me

53

1) 0.6 equiv. ZnCl,,
1.2 equiv. (TMP)MgCI - LiCl

Cl

(1M in THF/toluene),
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prestirred at 20°C, 24h,
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Table 13. Solvent screening for the Negishi coupling with 63 as an alternative for 53.

53 or 63

Entry . Solvent Time Conversion® Comment?
(1.1 equiv.)
1 53 THF 48 h n/a (25%°)
2 63 THF 48 h 0% Agglutination after addition
3 63 (Volzrkxllz <2) 48 h 0% Agglutination after addition
. Agglutination after addition
- 0, )
4 63 1,4-dioxane 48h 0% resolved after 4 h at 65 °C
5 63 DMF 48 h 0%
6 63 DMAc 48 h 0%
Slurry, solubility improved after
0 ’
7 63 DMSO 24 h 0% 12 h at 65 °C
8 63 NMP 24 h 0%
THEF, 0 Agglutination after addition,
0 63 then CHCl; (x2) 24h 0% resolved after 1 h at 65 °C

¢ Conversion was determined by 'H NMR of the crude mixture in CDCl3 by comparing H-2 in the
pyrimidine moiety (du-2 (22) = 8.81 ppm, Ju-» (54) = 8.88 ppm), additionally a shift of the methyl
group signal in the pyrazole moiety was observed (dnwe (53) = 3.92 ppm, dnae (63) = 3.91 ppm,

onme (54) =4.01 ppm).
b Observation after the addition of the 54 mixture to the solution with the zincated pyrimidine.
¢ isolated yield.

The (TMP)2Zn-2MgCl>-2LiCl solution for the zincation step was prepared in bulk and used
for the 4,6-dichloropyrimidine (22) solutions in the solvents indicated in the table above. As a
reference, the reaction with 1.1 equiv. of 4-iodo-1-methyl-pyrazole (53) and 0.1 equiv.
Pd(PPh3)s in THF gave the desired cross-coupling product 54 with 25% yield. (Table 13,

entry 1)
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The initial test reaction with 1.1 equiv. of the thianthrenium salt 63 and 0.1 equiv. Pd(PPh3)4
in THF resulted in instant agglutination after the addition of the solution containing 63 to the
zincated pyrimidine. Neither sonication nor heating the reaction mixture to 65°C for several
hours helped with solubility. (Table 13, entry 2) Increasing the amount of THF in the reaction
mixture twofold did not help with the problem of agglutination either. (Table 13, entry 3)
When changing the solvent to 1,4-dioxane, the agglutination still occurred after the addition
of the 63 to the zincated pyrimidine in 1,4-dioxane but it resolved after several hours of
stirring the resulting mixture at 65°C. But after 48 hours, the desired cross-coupling product
54 was still not formed. (Table 13, entry 4) While solubility was not an issue in DMF,
DMAc, or in NMP, no product was formed nonetheless. (Table 13, entries 5, 6 and 8) For the
reaction in DMSO, a slurry formed after the addition of the 63 and the solubility improved
after continuous stirring for 12 hours at 65 °C. (Table 13, entry 7) In a last attempt to solve
the solubility problems, I went back to the basics. As the sulfonium salt 63 was characterized
in CDCl3, I prepared the solution of 63 in chloroform and added it to the zincated pyrimidine
22 in THF. Unfortunately, I still observed agglutination after the addition and increasing the
volume of chloroform twofold did not improve the solubility of the mixture. After stirring at
65 °C for 1 hour, the agglutination resolved on its own. Unfortunately, the reaction did not
result in the formation of 54 after 24 hours. (Table 13, entry 9) I also tried toluene as a
solvent, the reaction mixture turned gelatinous after the addition of 63. This slime-like
consistency made the stirring impossible — neither sonication nor heating were able to resolve
this problem and the reaction was abandoned.

In conclusion, the Negishi cross-coupling between the sulfonium salt 63 and the zincated
pyrimidine 22 was unsuccessful. Instead, solubility was an great issue. Changing the solvent
system did not lead to the formation of the desired cross-coupling product 54. The possible
side reactions were not investigated further. However, some kind of polymerization in the
reaction mixture might explain the change of consistency observed. Thus, thianthrenium salts
of 5-membered heterocycles were deemed to be unsuitable as substrates for the Negishi cross-
coupling with the zincated pyrimidine 22.

Instead, dibenzothiophenium salts of biaryl and fused heterocycles had been successfully
employed in Negishi cross-coupling reactions with the zincated pyrimidine 22 using a
THF/MeCN solvent system. Thus, the same conditions were applied for the sulfonium salts
68 and 72.'%

1) 0.08 equiv. Pd(PPhs),, Cl
s THF/MeCN 4:3, 20°C, 20min, N S
DBT* N\ <
\_/ 2) 65°C, 18h =
72 Cl
73 (56%)

1) 1.2 equiv. ZnCl,,
2.4 equiv. (TMP)MgCI - LiCl

al (1M in THF/toluene), cl
prestirred at 20°C, 24h, N
2.0 equiv. N~ </ N\ Zn
L 2) THF, 0°C, 1h, N=
N Cl/2
then 20°C, 1h

22
Scheme 27. Successful Negishi cross-coupling with sulfonium salt 72.

Only the reaction with the thiophene derivative 72 was successful and furnished the cross-

coupling product 73 in 56% yield. (Scheme 27) The reaction with the pyrazole derivative 68

led to the decomposition of the sulfonium salt and the cross-coupling product 54 was not
formed.
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In conclusion, sulfonium salts can be a feasible substitute for their corresponding iodo
derivatives if they cannot be accessed themselves. Unfortunately, it requires larger than 5-
membered ring systems such as biaryl or fused ring systems for this tool to work reliably. To
make otherwise unsubstituted S5-membered heterocycles containing two heteroatoms
(exception: 1-methylpyrazole) accessible as substrates for cross-coupling reactions, one must
find an approach other than sulfonium salts or change the synthetic strategy altogether.

As the Negishi cross-coupling between 4-iodo-1-methylpyrazole (53) and the zincated
pyrimidine 22 only gave the cross-coupling product 54 in 20-25% yield, the synthesis
towards the corresponding nucleobase 56 is not feasible. (Scheme 28)
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N=
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53 56 ,
HO  ©OH

most likely inactive

Scheme 28. Synthetic strategy towards the library of isomeric pyrazolo-fused 7-deazapurine
ribonucleosides.

Additionally, biological testing revealed that the isosteric methylpyrrolo-fused 7-deazapurine
ribonucleosides are inactive.*’ Most probably, the methyl group sterically hinders the
interaction with the target as the corresponding thieno-fused series showed interesting
activities in vitro.*® Hence, the project was terminated and I shifted my focus towards
(iso)quinoline fused 7-deazapurines.
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3.3. Quinolino-Fused 7-Deazapurine Ribonucleosides

Pyrido-fused 7-deazapurine ribonucleosides 3 synthesized by my former co-worker Lucia
Sirotova (née Veselovskd) showed interesting biological activities and were easily
incorporated into RNA and into DNA.* The naphtho-fused 7-deazapurine ribonucleosides 9
synthesized by co-workers Ketaki Ghosh and Chao Yang were no longer incorporated into
DNA but showed interesting fluorescent properties.’® So, I was tasked to combine the two
structural motives and prepare a library with (iso)quinolino-fused deazapurine ribonucleosides

74. (Figure 19)
N N N N  — N
HO HO HO
74

N
HO OH HO OH HO
3 9

Figure 19. Previously prepared pyrido-fused and naphtho-fused 7-deazapurine ribonucleosides (3
and 9) led to the proposition of (iso)quinolino-fused 7-deazapurine nucleosides (74).

The isomeric pyrido-fused 7-deazapurines were prepared from their corresponding
chloronitropyridines in 4-46% overall yield using the same classical heterocyclization
strategy as discussed in Chapter 3.1.1.1 (Approach A).*® The tetracyclic naphtho-fused 7-
deazapurine was prepared from 1-iodonaphthalene (12% overall) using the cross-coupling and
cyclization strategy discussed in Chapter 3.1.1.2. (Approach B).>°

As the iodo(iso)quinolines (75) are commercially available in small quantities, I intended to
use the shorter approach B for the synthesis of the tetracyclic nucleobases (78). (Scheme 29)
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Scheme 29. Synthetic Strategy towards the tetracyclic nucleobase 78.

The first key step is the Negishi cross-coupling reaction between the zincated pyrimidine 22
and the iodo(iso)quinonline 75 and will be discussed in detail in Chapter 3.3.1. The second
key step is the cyclization of 77 yielding the tetracyclic nucleobase 78 and will be discussed
in Chapter 3.3.2. With the optimization of both key steps in place, the large-scale synthesis
of the nucleobase is described in Chapter 3.3.3 and Chapter 3.3.4 followed by glycosylation
and derivatization.
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3.3.1. Key step 1: Negishi Cross-Coupling

The zincation of pyrimidine 22 is a two-step one-pot process: First, the Turbo-Hauser base
(TMP)2Zn-2MgCl,-2LiCl is prepared in situ with (TMP)MgCI-LiCl and ZnCl,. Then, 4,6-
chloropyrimidine (22) is added to form the zincated species. The details are discussed in
Chapter 3.1.1.2 and the same procedure is used for the synthesis discussed here.

The initial Negishi cross-coupling between the zincated pyrimidine 22 and 1.1 equiv. of 5-
iodoquinoline (79) in the presence of Pd(PPhs)s in THF at 65 °C for 24 hours did not result in
83 with full conversion; instead, 32% of 43 was recovered. This called for adjustment of the
reaction conditions. In the previous synthesis of the pyrazolo-fused 7-deazapurine (47), 5-
iodo-1-methylpyrazole (48) was used in large excess (Scheme 13). As the iodo(iso)quinolines
(79-82) are not cheap, conditions with the zincated pyrimidine 22 in excess were tried first. At
the same time, I also tested the same conditions with the other three isomeric
1odo(iso)quinolines: 5-iodoisoquinline (80), 8-iodoisoquinoline (81) and 8-iodoquinoline (82).
(Table 14)

|
1) (TMP),Zn - 2 MgCly 2LiCl " (79-82),

cl (solution in THF/toluene), cl 0.10 equiv. Pd(PPhy),, cl @
THF, 0°C, 1h, N 3\ THF, prestirred for 20min, N N
> e ale
H\ = 2)20°C,1h N= 2) 65°C, 24h N=
N el i/ .
2 83-86

Table 14. Optimization of the Negishi cross-coupling between the zincated pyrimidine 22 and
iodo(iso)quinoline 79-82 in THF at 65 °C for 24 hours forming 83-86.

(TMP)2Zn 79-82  [equiv.] 83-86 Yield recovered

Entry 22 [equiv.]

[equiv.] (conv.) 79-82
|
1 1.0 0.6 @ﬁ 1.1 AN 6% 32%
- -
Cl
2 2.0 1.2 o 1.0 %3 83% -
| N
3 1.0 0.6 ©® 1.1 o ) 45% 26%
N </
Cl
4 2.0 1.2 %0 1.0 2 50% -
| N
5 1.0 0.6 @Q 1.1 e ) 27% 41%
- ( %é ;
&
6 2.0 1.2 a1 1.0 as 44% 24%
|
7 1.0 0.6 oLl <N§8 0% 46%
&
8 2.0 1.2 % 1.0 36 - (0%) - (ndt)

“ not isolated, conversion determined by '"H NMR of the reaction mixture in CDCl;,
ndt = not determined.

The reaction with 2.0 equiv. of zincated pyrimidine 22 and 1.0 equiv. of 5-iodoquinoline (79)
resulted in full conversion and 83 was obtained in 83% yield which is an increase of 17%
compared to the initial conditions with 1.0 equiv. of 22. (Table 14, entries 1 and 2) The
reaction with 1.0 equiv. of 22 and 1.1 equiv. of 5-iodoisoquinoline (80) gave 45% of 84;
additionally, 26% of 80 was recovered during purification by HPFC. Increasing the amount of
zincated pyrimidine 22 (2.0 equiv.) resulted in full conversion and 84 was isolated in 50%
yield (+5%). (Table 14, entries 3 and 4) An increase of zincated pyrimidine 22 in the reaction
with 8-iodoisoquinoline (81) improved the yield of 85 by 17% (44%), and the amount of
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3. Results and Discussion

recovered 81 dropped significantly (41 vs. 24%). (Table 14, entries 5 and 6) The reactions
with 8-iodoquinoline (82) did not proceed to 86 at all. (Table 14, entries 7 and 8)

It seems that the position of the nitrogen in the quinoline ring system plays a significant role
in the success of the Negishi cross-coupling reaction with the zincated pyrimidine 9. The
further apart the nitrogen position is from the iodo position, the better the outcome of the
Negishi cross-coupling: the aryl halides 82 — 81 — 80 — 79 correspond to 0% — 44% — 50% —
83% vyield. The reason for this correlation was not investigated further but a side reaction
during the transmetalation step is possible.

3.3.2. Key step 2: Cyclization

In preparation for the cyclization of 87 towards the tetracyclic nucleobase 88, the intermediate
87 with its two isomers was studied by 'HNMR in different solvents. The equilibrium
between the azide 87a and the tetrazole form 87b highly depends on the polarity of the
solvent and can be easily observed when looking at the shift of H-2 in the pyrimidine
moiety.*® (Table 15)

\ \
Cl / N Cl / N
N Isomerisation N
¢ A ¢ A
N= N
N3 N+ N
N
87a 87b

Table 15. 'H NMR measurements to determine the azide/tetrazole equilibrium of intermediate 51.

Entrv  Measurement in azide 87a tetrazole 87b ratio
v (312 [ppm]) (12 [ppm]) 87a : 87b

1 Benzene-ds 8.43 - 100: 0
2 CDCl; 8.82¢ - 100:0
3  THF-ds 8.82 10.03 5:1
4 DMF-d; 9.03 10.51 32:68
5 DMSO-ds 8.99 10:40 23:77
6 TFA-d, 9.08 - 100:0

@ The presence of the azide 87a in CDCIl; was confirmed by IR measurement (v = 2138 cm™).

The NMR study showed a preference for the azide 87a in apolar solvents (benzene-ds, CDCIl3)
resp. in protonating solvents such as TFA (protonation of N-1 prevents tetrazole formation)
which corresponds to the findings in Chapter 3.1.1.2. In THF-ds, DMSO-ds and DMF-d7
both forms, azide 87a and tetrazole 87b, are detected in various ratios.
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3. Results and Discussion

With these findings in mind, I performed the initial cyclization screening with 87 using three
different concepts: (1) thermal cyclization,® (2) rhodium-catalyzed cyclization,®>% and (3)
photocyclization.®* (Table 16)

\ \

a ¢ N a ¢ N ca ¢ \N
N isomerization N conditions N=
¢ A 4 \ - 5

- S

o\ N
N¢N,N N3 H

87b 87a 88

Table 16. Photo-, thermal and Rh!-catalyzed cyclization of 87 towards nucleobase 88.

Entry Conditions Temp. Time Yield
1 6 equiv. 1,4-dibromobenzene 170 °C 0.5h 11% (21% of 87 recovered)
10 mol% Rhzespa,

2 100 wt% molecular sieves (4 A), 90 °C 24h - (no reaction)
toluene/TFA (1:1)

3 UV (254 nm, 4 W), TFA 20 °C 48 h - (decomposition)

The thermal cyclization of 87 in 1,4-dibromobenzene at 170 °C for 30 min gave 88 with 11%
yield. (Table 16, entry 1) The catalytic cyclization with Rhaesp in toluene/TFA (1:1) did not
proceed at all while the photocyclization with UV light (254 nm, 4 W) in TFA resulted in
decomposition. (Table 16, entries 2 and 3)

3.3.2.1. Thermal Cyclization

During the initial cyclization screening, the thermal cyclization in 1,4-dibromobenzene was
the only one that furnished the desired nucleobase 88. Thus, this strategy was pursued and I
tried to improve its yield. (Table 17)

Table 17. Thermal cyclization of 87 in 1,4-dibromobenzene.

Entry Conditions Temp. Time Yield ICCOSY; =
1 6 equiv. 1,4-dibromobenzene 170 °C 30 min 11% 21%
2 6equiv. 1,4-dibromobenzene 170°C 10 min 8% 59%
3 6 equiv. 1,4-dibromobenzene 170 °C  3x10 min 17% 31%

The initial reaction of 87 in 1,4-dibromobenzene at 170 °C for 30 min resulted in the
formation of the desired nucleobase 88 (11%). Additionally, 21% of 87 recovered and a
substantial amount of a dark insoluble mass was formed by polymerization, a known side
reaction during the thermal cyclization of azides.’® (Table 17, entry 1) Hence, the reaction
time cannot be prolonged indefinitely. A shorter reaction time of only 10 min resulted in 8%
of product 88 and 59% of 87 was recovered. (Table 17, entry 2) The thermal cyclization of 87
with three iterations of 10 min reaction time gave 88 in 17% yield. After each iteration, the
product was removed from the reaction mixture by HPFC. By the third iteration, only a small
amount of 88 was formed as the ratio between 87 and 1,4-dibromobenzene in the reaction
mixture was no longer favorable and polymerization became predominant.!> (Table 17,
entry 3)
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3. Results and Discussion

A different way to control short reaction times is the use of a flow reactor.!’® The starting
material is dissolved in the reaction feed which leads to an HPLC pump. From there, the feed
runs through a stainless steel capillary (@ = 1.0 mm, length = 10 m, internal volume = 8 mL)
coiled around a heating block. After cooling to r.t., the output feed passes through an
automatic backpressure regulator and can then be collected. (Figure 20)

Backpressure Regulator

Heated Block

Heat

Exchanger
Reactionh Feed Product

Figure 20. Schematic of a flow reactor, courtesy of Dr. Jifi Rybacek, Stary group at IOCB
Prague.'%’

For this to work, two conditions have to be fulfilled: (1) All reaction partners such as starting
material, reagents, products and any potential side products have to be soluble in the chosen
solvent at room temperature. (2) Monomolecular reactions are preferred as their reaction rate
is not concentration-dependent.

As the azide form of intermediate 87 is required, an apolar solvent such as benzene or
chloroform is recommended. Unfortunately, the nucleobase 88 is only soluble in very polar
solvents such as DMSO or MeOH. As a compromise, a polar solvent such as MeOH with 1%
TFA was chosen, where the azide 87a is protonated and the nucleobase 88 is soluble.

A reaction screening with different temperatures (130—170 °C) and various flow rates
resulting in different reaction times (tresidence) Was performed. The output feed was collected
and analyzed by TLC (SiO2; cHex/EtOAc 1:1, UV 254 nm) and/or by 'H NMR in DMSO-d.
(Table 18)

Table 18. Thermal cyclization of 87 using a flow reactor set-up. The reaction scale was 5 mg resp.

10 mg of azide and 2 mL of solvent. The post input feed was pure solvent without any TFA. The
reaction output was analyzed by TLC and/or by 'H NMR in DMSO-d.

Entry Conditions Temp. Flow rate tresidence Outcome

I MeOH with 1% TFA (0.035M)  170°C 1 mL/min 8 min gﬂfﬁ?&% ccomp.
2 MeOH with 1% TFA (0.035M)  170°C 2mL/min 4 min Sﬂfﬁfﬁfz‘ ccomp.
3 MeOH with 1% TFA (0.035M)  130°C 2mL/min 4 min ;Iifﬁflgfz ccomp.
4 MeOH with 1% TFA (0.035M)  150°C 2mL/min 4 min ;Iifﬁ?gizecomp.
5 MeOH with 1% TFA (0.035M)  170°C 3 mL/min 2.6 min Eﬂfﬁfﬁgﬁ ccomp.
6  NMP with 1% TFA (0.07 M) 170°C 2mL/min 4 min L&

NMR: traces of 88
7 TFA (0.07 m) 170°C 2 mL/min 4 min IE%ACﬁ:-decomp.

decomp. = decomposition

Unfortunately, the thermal cyclization of 87 in MeOH with 1% TFA using a flow reactor set-
up did not give the desired product 88 but resulted in the amine side product 89 instead.
Interestingly, the amine 89 has the same Rr value as the nucleobase 88. (Table 18, entries 1—
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5) The same reaction in NMP with 1% TFA gave only traces of product 88. (Table 18,
entry 6) The reaction in TFA led to decomposition. (Table 18, entries 7)

Next, I tried the thermal cyclization of 87 in toluene at 170 °C under microwave conditions.
(Table 19)

Table 19. Thermal cyclization of 87 under m.w. conditions in toluene.

Entry Conditions Temp. Time Yield rec08V7e =l
1  m.w., toluene (0.025 M) 170 °C 60 min 10%
2 m.w., toluene (0.05 M) 170 °C 60 min 14%

The initial reaction of 87 gave 88 with 10% yield. (Table 19, entry 1) Increasing the
concentration of 87 in toluene twofold to 0.05 M gave 88 with 14% yield (+4%). (Table 19,
entry 1) During both reactions, the formation of a dark insoluble mass was observed.’® Further
increasing the concentration of 87 increases the risk of more unwanted side products as seen
in 1,4-dibromobenzene. Additionally, reactions at a larger scale could be potentially
hazardous due to pressure build-up caused by the released nitrogen during the cyclization
which can be problematic in a closed system such as a microwave reactor.

In conclusion, the thermal cyclization of 87 at 170 °C is less than ideal. The reaction in 1,4-
dibromobenzene only gives up to 17% yield after three iterations. The cyclization in the flow
reactor results in the undesired amine 89. The reaction under microwave conditions gave 88 in
10-14%.

Before performing the thermal cyclization of 87 at a larger scale, I took another look at the
Rh-catalyzed reactions as well as at the photocyclization.

3.3.2.2. Rhodium-catalyzed Cyclization

The initial test reaction with Rhyesp, in toluene/TFA (1:1) was not successful (Table 16) but I
wanted to extend the testing scope: (1) Previously in our group, the solvent system
toluene/TFA (1:1) has been used to shift the azide/tetrazole equilibrium towards the azide for
such reactions.’’ As the NMR study in benzene-ds showed the equilibrium of 87a:87b to be
100:0 (Table 15), pure toluene as a solvent was tested as well. (2) Rh-catalyzed cyclizations
of azides towards carbazoles have been published using three different catalysts: Rhaespo,®
Rhodium octanoate dimer (Rh2(O2CC7His5)s) and Rhodium heptafluorobutyrate dimer
(Rh2(02CC3F7)4).% (3) Some of the published reaction conditions called for molecular sieves
(4 A) and some did not, so both conditions were tested.

After 24 hours, the reaction mixtures were concentrated in vacuo, treated with DMSO-ds and
filtered through a syringe filter (nylon membrane, 0.45 um pore size). The conversion was
determined by '"H NMR in DMSO-ds by comparing H-2 in the pyrimidine moiety. The signal
of H-2 in tetrazole 87b is ou2 = 10.40 ppm. The signal of H-2 in nucleobase 88 is shifted
upfield (du-2 = 8.80 ppm). (Table 20)
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Table 20. Reaction screening of Rh-catalyzed cyclization of 87 towards nucleobase 88.

Entry Conditions Temp. Time Outcome

10 mol% Rha(esp)a, o .

1 toluene (0.2 M) 90 °C 24h no reaction (87 only)
10 mol% Rha(esp)a,

2 50 wt% molecular sieves (4 A), 90 °C 24h no reaction (87 only)
toluene (0.2 M)
10 mol% Rha(esp)a, o .

3 toluene/TFA 1:1 (0.2 M) 90 °C 24h  decomposition
10 mol% Rha(esp)a,

4 50 wt% mol. sieves (4 A), 90 °C 24h  decomposition
toluene/TFA 1:1 (0.2 M)

0
5 10 mol% Rha(0:CCH1s)s, 90 °C 24h  no reaction (87 only)

toluene (0.2 M)

10 mol% Rhy(O,CC7His)s,
6 50 wt% mol. sieves (4 A), 90 °C 24h  no reaction (87 only)
toluene (0.2 M)

10 mol% Rhy(0,CC7Hjs)4,

7 toluene/TFA 1:1 (0.2 M) 90 °C 24h  decomposition
10 mol% ha(OzCC7H15)4,

8 50 wt% mol. sieves (4 A), 90 °C 24h  decomposition
toluene/TFA 1:1 (0.2 M)
10 mol% ha(OzCC3F7)4, ° .

9 toluene (0.2 M) 90 °C 24h  no reaction (87 only)
10 mol% ha(OzCC3F7)4,

10 50 wt% mol. sieves (4 A), 90 °C 24h  no reaction (87 only)
toluene (0.2 M)

o,
11 10 mol% Rhy(0CC;F7)s, 90 °C 24h  decomposition

toluene/TFA 1:1 (0.2 M)

10 mol% ha(OzCC3F7)4,
12 50 wt% mol. sieves (4 A), 90 °C 24h  decomposition
toluene/TFA 1:1 (0.2 M)

Independent of the catalyst, all the reactions in toluene did not proceed at all, only starting
material was recovered. On the other hand, all the reactions in toluene/TFA led to the
decomposition of intermediate 87. No product 88 was observed in any rhodium-catalyzed
cyclization reaction.

3.3.2.3. Photocyclization

The initial photocyclization of 87 under UV light (254 nm, 4 W) in TFA under ambient
atmosphere resulted in decomposition (Table 21, entry 1). During the extended testing for
conditions using thermal cyclization (Table 18, entry 7) as well as using rhodium catalysis
(Table 20), all reactions involving TFA resulted in decomposition. Hence, TFA-free
conditions were required. As the azide 87a is soluble in DCM, I also determined its UV
absorbance with the maxima at Aasps = 232, 271 and 317 nm.

In photo-induced reactions, the starting azide can either be directly excited with a UV light
source (Amax = 225-300 nm), or a photosensitizer can be excited which then transfers this
energy to the azide.!”® (Figure 21)
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+ Sn 81
+ ISC ISC
T4 i Ty Ty
shv shv o
excitation
transfer
? SO SO So 1
A) Azide B) Photosensitizer Azide

Figure 21. Jablonski diagram of photochemical pathways from the ground state to the triplet
state:'” A) Direct excitation of the azide and access of the excited triplet state Ty via inter-system
crossing (ISC) from a highly excited singlet state S,; B) Photosensitization and access of T, via
excitation transfer from the T-So of the photosensitizer.

I tested different photocyclization conditions with various light sources and photosensitizers
under Argon atmosphere. (Table 21)

Table 21. Photocyclization of 87 towards the nucleobase 88.

Entry Conditions Temp. Time Yield f6008V7ered
uv (}hmax =254 nm), o 0%
! TFA (0.05 M) 20°C 48h (decomposition) )
= 39%,
2 UV (Ao =254 nm), 20 °C 96 h inseparable mixture 13%

DCM (0.025 m) of 88 and 89 (3:2)

0,
UV (Amax = 275 nm), 19%,

3 20 °C 96 h inseparable mixture 7%
DCM (0.025 M) of 88 and 89 (3:2)
5 mol% fac-Ir(ppy)s, 0%

4 UV (Amax = 400 nm), 20°C 96h . -
DCM (0.025 M) (31% of 89)
5 mol% [Ir(ppy)2(tbbpy)]PFs,

5 UV (Mmax = 400 nm), 20 °C 6d 0% -
DCM (0.025 M)

7 o 0,
6 }l"JI\{/F(}EZ)na(X)ZZ 52]3; nm), lt}(l)enc’ then 4é h insepar:glf’mixture -
: 20 °C of 88 and 89 (4:1)

UV (Amax = 254 nm), o o

7 THF (0025 ) 20°C 6 days 19% -
1.0 equiv. pyrene,

8 UV (Mmax = 254 nm), 20 °C 72 h 26% -

THF (0.025 M)

The reactions of 87 in DCM under UV light with different wavelengths (Amax = 254 and
275 nm) were still not complete after 96 hours. Both resulted in the formation of the desired
nucleobase 88 as well as the formation of the unwanted amine 89. (Table 21, entries 2 and 3)
The reaction in the presence of fac-Ir(ppy)s, a known triplet photosensitizer (lit''%: AEr =
58 kcal/mol) and UV light (Amax = 400 nm) furnished the amine 89 exclusively (31%).
(Table 21, entry 4) The reaction of 87 in the presence of [Ir(ppy)2(tbbpy)]PFs, a different
photosensitizer (lit'!%: AET = 50 kcal/mol) and the same UV light source did not proceed at
all. (Table 21, entry 5)

Additionally, my co-worker Chao Yang once performed the photocyclization in THF with
reduced temperature for naphtho-fused 7-deazapurines.’® So, I tried these as well: The
reaction was still not complete after 4 days. Then, it was warmed to r.t. and stirred for a
further 2 days until all the azide was consumed furnishing 88 and 89 as an inseparable
mixture. (Table 21, entry 6)
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With these experiments, I learned the following: (1) TFA-free conditions are crucial. (2)
Direct excitation of the azide 87a in DCM leads to a mixture of product 88 and amine 89. As
both, 88 and 89, have the same Ry, they cannot be separated by HPFC. So, it is pivotal to find
conditions where 88 is formed exclusively. (3) The amine is formed via the triplet state

nitrene. (Scheme 30)

t
\
Cl 7 N cl 74
N Cyclization
— ¢\ Y R Z‘/
-Nj N= N
A\ . N
Cl / N N H
</N N\ +hv singlet nitrene 88
—_—
N= %
\
N3 ca ¢ N a ¢ N
87a N
L - |¢ N\ — - ¢ N\
- N, N= N=
N NH,
triplet nitrene 89

Scheme 30. Decomposition of the azide 87a and formation of the singlet nitrene resulting in the
cyclized product 88. If triplet nitrene is formed, the reaction results in the formation of the amine

89.

With this new information in mind, I performed two more experiments: The reaction of 87 in
THF under UV light (Amax = 254 nm) took 6 days to complete and resulted in 19% of 88.
(Table 21, entry 7) The same reaction with 1.0 equiv. of pyrene, a singlet photosensitizer and

triplet quencher,!!!

entry 8)
As a result, the Jablonski diagram in Figure 21 can be updated as well. (Figure 22)

singlet nitrene | triplet nitrene

—
A)% Azide
Sy
ISC VR
T Ty S1 Sy
whv excitation ohv excitation
transfer transfer
SO SO 1] SO S0 — 1
B) Triplet Photosensitizer Azide C) Singlet Photosensitizer Azide

Figure 22. Updated Jablonski diagram of the photochemical pathways from the ground state of the
azide 87a to the nitrene formation: A) Direct excitation of azide 87a yields a highly excited singlet
state S, and subsequent relaxation forms the lowest excited triplet state T; via inter-system
crossing (ISC) or the lowest excited singlet state S; via internal conversion (IC). T; leads to the
triplet nitrene and the amine 89 while S; leads to the singlet nitrene and the desired ring closure
(88). B) Photosensitization and access to T; via excitation transfer from the Ti-So of the triplet
photosensitizer. C) Photosensitization and access to S; via vibrational relaxation (VR) and

subsequent excitation transfer from the S;-Sy of the singlet photosensitizer.

was complete after 3 days yielding 26% of nucleobase 88. (Table 21,
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3.3.3. From 5-Aminoquinoline to quinolino-fused 7-deazapurine nucleobase
With both key steps, the Negishi cross-coupling (Chapter 3.3.1) and the cyclization
(Chapter 3.3.2) optimized, I was able to prepare the quinolino-fused 7-deazapurine
nucleobase 88 at a larger scale. First, I prepared the S5-iodoquinoline 79 from 5-
aminoquinoline 90 via Staudinger reaction.!'? (Scheme 31)

1) 5.3 equiv. HCI (1.6M in H,0), 0°C, 30min,

NH, 2) 3.3 equiv. NaNO,, 0°C, 30min, |
3) 1.2 equiv. Cul, 0°C, 30min,
X X
_ 4) 11 equiv. HI (57 wt% in H,0), P
N 0°C, 15min, then 60°C, 3h N
90 79 (75%)

Scheme 31. Staudinger reaction of 90 towards 79.

In the first step, aminoquinoline 90 was protonated with HCI and treated with NaNO> forming
the diazonium salt. Subsequently, Cul and HI were added leading to the formation of the
desired 5-iodoquinoline (79). After neutralization with NaOH and extraction, the crude was
purified by HPFC. Prior to the cHex/EtOAc gradient, a violet impurity (probably ) was
washed out with pure cHex. The product 79 was obtained with 75% yield. Extensive gas
formation during the addition of NaNO>, or the addition of Cul led to a significant drop in
yield. Not removing the violet discoloration at the beginning of the chromatographic
purification led to problems in the next step.

In the second step, the iodoquinoline 79 underwent Negishi cross-coupling with the in situ
formed zincated pyrimidine 22 in the presence of Pd(PPh3)s in THF at 65 °C for 24 hours
furnishing the cross-coupling product 83 in 50-78% yield. (Scheme 32) The details of the
reaction, including the zincation step have already been discussed in Chapter 3.1.1.2.

\
' a ¢ N
(j\/j 1) 0.1 equiv. Pd(PPhj),, THF, 20°C, 20min, </N N
NG 2) 65°C, 24h N=
79 cl
83 (50-78%)

1) 1.2 equiv. ZnCly,
2.4 equiv. (TMP)MgCI - LiCl

al (1M in THF/toluene), Cl
prestirred at 20°C, 24h, N N
2.0 equiv. N </ Zn
L 2) THF, 0°C, 1h, N=
N Cl/2
then 20°C, 1h

22

Scheme 32. Negishi cross-coupling between the zincated pyrimidine 22 and iodoquinoline 79.

In the third step, the cross-coupling product 83 underwent aromatic nucleophilic substitution
with sodium azide in the presence of LiCl in THF giving 87 in 88% yield. The equilibrium
between azide 87a and tetrazole 87b is highly dependent on the polarity of the solvent and is
discussed at the beginning of Chapter 3.3.2 in preparation for the cyclization reactions.

The photocyclization of 87 was performed in THF with pyrene as a singlet sensitizer and
triplet quencher under UV light (254 nm, 4 W) and furnished the nucleobase 88 in 26% yield.
(Scheme 33)
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A N
a ¢ N c ¢ N UViight (254nm), c Y

N isomerization N 1.0 equiv. pyrene,

</ \ T </ \ a Py N=

N— N= THF, 20°C, 72h <\N /

i N

N\\N,N N3 H
87b 87a 88 (26%)

Scheme 33. Photocyclization of intermediate 87 with pyrene in THF resulted in the formation of
the desired nucleobase 88.

With the available UV lamp (Amax = 254 nm, 4 W) in our group, the maximal batch size per
cyclization was 300 mg of 87. Every 12 hours, the reaction mixture was sonicated for
30 seconds to remove any precipitation from the light source. I usually ran two batches at the
same time and combined them prior to purification.

The overall yield of this three-step reaction cascade from 5-iodoquinoline 79 towards the
quinolino-fused 7-deazapurine 88 was 11-18%. The yield from 5-aminoquinoline 90 to the
nucleobase 88 was 9-13% over four steps.

3.3.4. From 5-Aminoisoquinoline to isoquinolino-fused 7-deazapurine
nucleobase

Analog to the formation of the quinolino-fused nucleobase in Chapter 3.3.4, the synthesis
towards the isoquinolino-fused nucleobase was explored:

In the first step, the 5-aminoisoquinoline (91) underwent a Staudinger reaction in the presence
of HCI and NaNO> to form the diazonium salt. Subsequent treatment with KI led to the
formation of 5-iodoisoquinoline (80) in 47% yield.!!* (Scheme 34)

NH, 1) 4.7 equiv. aq. HCI, -10°C, 30min, |
2) 1.2 equiv. NaNO,, -10°C, 15min,
X X
_N 3) 2.0 equiv. KI, 100°C, 2h _N
91 80 (47%)

Scheme 34. Staudinger reaction of 91 towards 80.

In the second step, the iodoquinoline 80 underwent Negishi cross-coupling with the in situ
formed zincated pyrimidine 22 in the presence of Pd(PPhs)s4 in THF at 65 °C for 24 hours
furnishing the cross-coupling product 84 in with up to 50% yield. Any impurities from the
previous step led to a significant drop in yield. (Scheme 35)

N

\

I a ¢

@é 1) 0.1 equiv. Pd(PPh3)4, THF, 20°C, 20min, </N \
2 2) 65°C, 24h N=

80 Cl
84 (max 50%)

1) 1.2 equiv. ZnCly,
2.4 equiv. (TMP)MgCI - LiCl

cl (1M in THF/toluene), cl
prestirred at 20°C, 24h, N \
2.0 equiv. N)j ¢ Zn
L 2) THF, 0°C, 1h, N=
N Cl/2
then 20°C, 1h
22

Scheme 35. Negishi coupling between the zincated pyrimidine 22 and 5-iodoisoquinoline 80.

In the third step, the cross-coupling product 84 underwent aromatic nucleophilic substitution
with sodium azide in the presence of LiCl in THF giving 92 in 64% yield. Then, I attempted
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to perform the cyclization of 92 furnishing the isoquinolino-fused 7-deazapurine 93.
(Table 22)

N N
ad N ca ¢ N - .
N isomerization N conditions N
!\l \ N= \N /
No N N, N
92b 92a 93

Table 22. Photo-, thermal and metal-catalyzed cyclization of 92 towards nucleobase 93. For
entries 3—7: After 36 h, the reaction mixtures were concentrated in vacuo, dissolved in DMSO-ds
prior to analysis by 'H NMR. Afterwards, the NMR samples were analyzed by MS.

Entry Conditions Temp. Time Outcome
1.0 equiv. pyrene,
I UV (Amax = 254 nm), 20 °C 5d - (decomposition)
THF (0.025 M)

2 6 equiv. 1,4-dibromobenzene 170°C  0.5h - (decomposition)

5 mol% Rhx(esp)a,

3 100 wt% molecular sieves (4 A), 100°C 36 h
toluene (0.1 M)
5 mol% ha(OzCC7H15)4,

NMR: 92 and decomposition
MS: ratio 0f 92:93 = 1:3

NMR: 92 and decomposition

4 100 wt% mol. sieves (4 A), 100°C  36h S 01 _ .

toluene/TFA 1:1 (0.1 M) MS: ratio 0f 92:93 =2:3

V)

> mol/g Rh2(02.CC3F7)4’ o NMR: 92 and decomposition

5 100 wt% mol. sieves (4 A), 100°C  36h S o
MS: ratio of 92:93 = 1:3

toluene (0.1 M)

10 mol% RuCls, o NMR: 92 and decomposition
6 DME (0.1 m) 60°C 36h MS: ratio of 92:93 = 8:1

10 mol% Cul
7 100 wt% mol. sieves (4 A), 60 °C 36 h NMR and MS: decomposition

toluene (0.1 M)

First, I tried the conditions which were successful with 87: The photocyclization of 92 with
equimolar amounts of pyrene did not furnish the desired nucleobase 93. (Table 22, entry 1)
The thermal cyclization of 92 in 1,4-dibromobenzene at 170 °C for 30 min mainly resulted in
decomposition. (Table 22, entry 2)

Next, I tried the Rh-catalyzed cyclizations using the same catalysts as in Chapter 3.3.2.2:
Rhyesp,,%? Rhodium octanoate dimer (Rha(O2CC7His)s) and Rhodium heptafluorobutyrate
dimer (Rhx(O2CC3F7)4).%® Analysis of the NMR samples by ESI-MS showed a mass
corresponding to 93. (Table 22, entries 3—5) The analysis of the reaction of 92 with RuCl3 in
DME gave the same result.!'* (Table 22, entry 6) The reaction of 92 with Cul and molecular
sieves in toluene resulted in decomposition. (Table 22, entry 7)

Then, I combined the crude mixtures from Rh- and Ru-catalyzed reactions (entries 3—6) and
tried to isolate an analytical sample whose mass in the MS would correspond to nucleobase
93. Unfortunately, I was unable to do so: I tried filtration with different solvents. I also tried
Soxhlet extraction from a larger sample, but I was unable to isolate the desired product.
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3. Results and Discussion

3.3.5. Glycosylation

With the quinolino-fused 5-deazapurine 88 in hand, I performed the Vorbriiggen
glycosylation, (Scheme 36) and compared the results to the nucleobase anion glycosylation.
(Scheme 37)

During the Vorbriiggen glycosylation, the nucleobase 88 was first silylated in position 7 with
BSA and then underwent glycosylation with the protected sugar 30 in the presence of
TMSOTT producing the key nucleoside 94 as pure f-anomer in 52% yield (Scheme 36).

o (N
ca ¢\ 2\‘ - )
N= 1) 1.5 equiv. BSA, MeCN, 60°C, 15min, N N
<\N / _ O _40Ac o .
H 2) 2.0 equiv. BZO/\q (30), B20 94 (75% pure)
88 B20 0Bz B20 "/OBz

2.0 equiv. TMSOTf, 60°C, 48h

Scheme 36. Vorbriiggen glycosylation of nucleobase 88 towards the quinolino-fused 7-
deazapurine ribonucleoside 94 as a pure f-anomer.

Details of this reaction were discussed in Chapter 3.1.2. Unfortunately, the purification at a
larger scale proved to be difficult and I used the crude material (ca. 75% pure) directly for the
derivatization. The impurity most likely stemmed from decomposition of the sugar. A small,
repurified sample was used for characterization.

The stereochemistry of 94 was confirmed by H,H-ROESY using the relations between H-6 of
the nucleobase and H-2’ resp. H-3” as well as between H-1" and H-4’ of the sugar moiety.

For the anion base glycosylation, the required halogenase was formed in situ from the
protected sugar’® 31 with CCls and HMPT first. Then, it reacted with the deprotonated
nucleobase 88 in the presence of KOH and TDA-1 resulting in a mixture of 95-f and 95-«a
(2:1) with 29% overall yield (Scheme 37).

1) 2.0 equiv. KOH,
c ¢ Y, "20equiv. TDA, &
THF, 20°C, 30min, then 0°C,

N=
<\N / 2) 20°C, 36h o
H TBDMSO

8 00
95-gand 95-a
(1:2, 29% overall)
O .~OH . O ~Cl
TBDMSO/\QW 1) THF, then -30°C, TBDMSO/\QW
6. © 2) 2.0 equiv. CCl, )
Pl 2.0 equiv. HMPT, <
-30°C, 1h, then 20°C
1.5 equiv. 31

Scheme 37. Nucleobase-anion glycosylation of 88 towards the quinolino-fused 7-deazapurine f-
ribonucleoside 95-f in a mixture with the a-anomer 95-a.

The stereochemistry of the f-anomer 95-f was also confirmed by H,H-ROESY using the
same relations between H-6 of the nucleobase and H-2" resp. H-3" as well as between H-1’
and H-4" of the sugar moiety. The a-anomer 95-a was confirmed by using the relations
between H-6 of the nucleobase, H-4” and the methyl in the isopropylidene protecting group as
well as between H-1", H-2” and H-3’ of the sugar moiety.
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3. Results and Discussion

3.3.6. Derivatization and Deprotection

The crude nucleoside intermediate 94 (75% pure) was used in a series of reactions for the
derivatization in position 11 and subsequent deprotection of the sugar moiety to give the
desired 11-substituted quinolino-fused 7-deazapurine ribonucleosides 97a-h (Table 23).

derivatization & deprotection conditions

Z‘ derivatization deprotection Z‘
\ / condmons condltlons \ /
BzO BzO HO
BzO OBz BzO OBz HO OH
94 96a-e 97a-h
— O \
(e} } O
7 Q 7 l\(le I\‘JMez I\‘IHQ (?Me S‘Me
a b c d e f g h

Table 23. Preparation of a library with the ribonucleosides 97a-h either by stepwise derivatization
and deprotection via 96a-e or by simultaneous derivatization and deprotection directly from 94

(for 97f-h).
Entry R= Conditions Temp. Time Product Yield
I 2-furyl 1.2 equiv. 2-(tributylstannyl)furan, 100°C 24 h 96a  26%

0.1 equiV. PdClz(PPh3)2, DMF

2.0 equiv. 3-furylboronic acid,
2 3-furyl 2.5 or 3.0 equiv. K»,COs, 100°C 24h 96b  crude
0.1 equiv. Pd(PPh3)4, toluene

2.0 equiv. 2-benzofurylboronic acid,
3 2-benzofuryl 2.5 equiv. K»COs, 100°C 24h 96¢c  82%
0.1 equiv. Pd(PPh3)4, toluene

3.0 equiv. AlMes,

[e} o
4 methyl 0.05 equiv. Pd(PPhs)s, THF 65°C 3h 9%6d  42%
5  dimethylamino 2 equiv. Me>NH, 2-propanol 60°C 24h 96e  64%
6 2-furyl 24 h 97a  27%
7 3-furyl ) A 24 h 97b
8 2benzofuryl |0 SAuV-NOMeGAMIMMEOR), 6ooc  1gn 97 g%
9  methyl 18h 97d  53%
10 dimethylamino 24 h 97e¢  64%
11 amino aq. ammonia/l,4-dioxane (5:2) 120°C  24h 97t 52%
6.0 equiv. NaOMe (5.4 M in MeOH), o o
12 methoxy McOH 60°C 4h 97¢  22%
13 methylsulfanyl 6.0 equiv. NaSMe, THF 60°C 18h 97h  29%

The Stille cross-coupling of 94 with 2-(tributylstannyl)furan in the presence of PdCl2(PPhs)>
in DMF at 100 °C for 24 h gave the 2-furyl derivative 96a (26%). (Table 23, entry 1) The
Suzuki-Miyaura cross-coupling of 94 with 3-furylboronic acid, KCO3 and Pd(PPhs)s gave
96b. I performed this reaction twice (starting from 425 mg and from 200 mg of 94); but both
times, I was unable to purify the product. I used the crude 96b in the Zemplén deprotection
with NaOMe in MeOH. After purification by HPFC (C18; water/MeOH, gradient 0—100%

58



3. Results and Discussion

MeOH), I was left with less than 10 mg of impure 97b. (Table 23, entries 2 and 7) The same
Suzuki-Miyaura cross-coupling reaction of 94 with 2-benzofurylboronic acid gave the 2-
benzofuryl derivative 96c¢ in high 82% yield. (Table 23, entry 3) The cross-coupling of 94
with AlMes and Pd(PPhs)4 in THF at 65 °C for 3 h gave the methyl derivative 96d with 42%
yield. (Table 23, entry 4) The nucleophilic substitution of 94 with dimethylamine in 2-
propanol at 60 °C for 24 h gave the N,N-dimethylamino derivative 96e (64%). (Table 23,
entry 5)

Then, the sugar moiety of the protected nucleosides 96a-e underwent Zemplén deprotection
with NaOMe in MeOH at 60 °C for 18-24 h providing the free nucleosides 97a-e in 27-64%
yield. (Table 23, entries 6 and 8—10)

The nucleosides 97f-h were obtained from 94 in a single step as the derivatization in position
11 and the deprotection of the sugar moiety happened simultaneously. Treating 94 with
aqueous ammonia/l,4-dioxane (5:2) in a screw-cap pressure vial at 120 °C for 18 hours
resulted in the formation of the free amino derivative 97f (52%). (Table 23, entry 11) The
reaction of 94 with NaOMe in MeOH at 60 °C for 4 hours gave the free methoxy derivative
97g in 22% vyield. (Table 23, entry 12) The reaction with NaSMe in THF at 60 °C for
18 hours gave the free methylsulfanyl derivative 97h (29%). (Table 23, entry 13)

59



3. Results and Discussion

3.4. Photophysical Properties of Heteroaryl-fused
Nucleosides

Some of the previously synthesized heteroaryl-fused 7-deazapurine ribonucleosides showed
interesting spectroscopic properties. Several derivatives in the thieno-,*® furano-,*’ naphtho->
and pyrido-fused 7-deazapurine ribonucleoside*® series exhibit strong fluorescence with
quantum yields of 39-79%. Anisolo-fused 7-deazapurine 2’-deoxyribonucleosides have been
used as nucleic acid probes.'!?

3.4.1. Pyrazolo-fused 7-Deazapurine Ribonucleosides

The absorption and emission spectra of the nucleosides 61a-h were measured in MeOH and
their quantum yields ®r. were determined using quinine sulfate in 0.1 M H2SO4 as a standard
(Or=0.546 at 25 °C).''® (Table 24) The exact procedure is described in Appendix 7.2.

R l\(le
N= N =\ P
NYRY rR= OV N N e
NT>y o o B PR
a b c d
o)
HO
NMe, NH, OMe SMe
HO OH e Y VR VR
61a-h e f g h

Table 24. UV and fluorescence maxima of nucleosides 61a-h in MeOH.

il Absorption _ _ Emission  Quantum Yield

max. Aaps (€) [nm (M cm™)] max. Aem [Nm] D

61a 284 (10700), 323 (12000), 254 (29800) 506 0.077

61b 301 (4600), 250 (24200) 476 0.060

61c 336 (19800), 258 (20900) 534 0.014

61d 281 (6600), 246 (39300) 434 -

6le 305 (7400) 417 0.045

61f 287 (7000) 390 -

61g 271(9300) 398 -

61h 303 (5000) 449 0.076

UV and fluorescence maxima were measured in MeOH. The used excitation wavelength for
fluorescence are in italics. Fluorescence quantum yields @¢ were determined using quinine sulfate
in 0.1 M H,SOy4 as a standard (®r= 0.546 at 25 °C).!"”

The nucleosides 61a-c,e,h exhibited fluorescence with moderate ®r 1.4-7.7%. The quantum
yields @r for nucleosides with maximal absorbance Aaps below 300 nm were not determined
(61d, 61f, 61g), as these values could no longer be compared with quinine sulfate as a
standard.
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3. Results and Discussion

3.4.1. Quinolino-fused 7-Deazapurine Ribonucleosides

The absorption and emission spectra of the nucleosides 97a-h were measured in MeOH. 1
then determined their molar extinction coefficient € as well as their quantum yields ®r using
quinine sulfate in 0.1 M H2SO4 as a standard (®¢= 0.546 at 25 °C).''® (Table 25) The exact
procedure is described in Appendix 7.2.

. _
0 } 0
(\N/ R= 4 7 Me  NMe,

N v

a c d e
0}
HO

NH; OMe SMe

97a-h f g h

Table 25. UV and fluorescence maxima of nucleosides 97a-h in MeOH.

eoipd Absorption o Emission  Quantum Yield
max. Agps (€) [nm (M cm™)] max. Aem [Nm] @
97a 255 (27500), 330 (5400) 436 0.073
97¢ 259 (38200), 355 (13600) 466 0.510
97d 259 (50300), 379 (12900), 353 (4800) 383 0.402
97e 256 (29800), 298 (7700), 339 (7900), 359 (7100) 439,610 0.136
97f 219 (13600), 330 (6300) 426 0.046
97g 255 (38000), 282 (16300), 315 (9900), 346 (5700) 375,502 0.163
97h 252 (36600), 329 (10100), 359 (6600) 390 0.255

UV and fluorescence maxima were measured in MeOH. Used excitation wavelength for
fluorescence are in ifalics. Fluorescence quantum yields @¢ were determined using quinine sulfate
in 0.1 M H,SOy4 as a standard (®r= 0.546 at 25 °C).!"7

The nucleosides 97a and 97f exhibited fluorescence with moderate ®r of 4.6-7.3%.
Intermediate quantum yields were observed with nucleosides 97e,g,h (®r = 14-26%). The
methyl derivative 97d exhibited fluorescence with very good ®r of 40%. The benzofuryl
derivative 97¢ even exhibited excellent fluorescence quantum yield @ of 51%.

The quinolino-fused nucleoside 97¢ exhibited higher fluorescence than the corresponding
naphtho-fused derivative (®r = 40%),>° but not as high as the fluorescence of the
corresponding pyrido-fused derivative (®r= 62%).4
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3. Results and Discussion

3.5. Biological Evaluation

The nucleosides 61a-h and 97a-h were tested for their cytotoxic activity. The MTS assay was
performed by the research group under Prof. M. Hajduch at the Institute of Molecular and
Translational Medicine of the Palacky University in Olomouc, Czech Republic. The XTT and
CellTiter-Glo assays were performed by the Biochemical Pharmacology group under Dr. H.
Mertlikova-Kaiserova at IOCB Prague.

The nucleosides 61a-h and 97a-h were also evaluated for antiviral activity. The required
testing was performed by the Virology group under Dr. J. Weber at IOCB Prague and the
Anti-HCV screening for 61a-h was performed at Gilead Sciences, Inc.

3.5.1. Pyrazolo-fused 7-Deazapurine Ribonucleosides

The following cancer cell lines were used for the study of in vitro cytotoxic activity: A549
(lung cancer), CCRF-CEM and CEM-DNR (acute T-lymphoblastic leukemia without and
with drug resistance), HCT116 and HCT116p53” (colon carcinoma), K562 and K562-TAX
(chronic myelogenous leukemia without or with multi-drug resistance), U20S (bone
osteosarcoma) in a MTS assay; as well as HeLaS3 ( cervical cancer), HepG2 (hepatocellular
liver carcinoma) and HL60 (acute promyelocytic leukemia) in an XTT assay.!'® For
comparison, non-malignant fibroblast cell lines (BJ and MRC-5) were used in the MTS assay.
The required concentrations of 61a-h for the reduction of the respective cell viability by 50%
(ICs0) were determined by colorimetric assays.!! In the MTS assay,'?° after a 3-day treatment
of the cell line with the respective nucleoside, the samples were stained with 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium (MTS)
followed by detection at 492 nm. Initial testing is done with 50 uM concentration. In the XTT
assay,!?! after incubation for 3 days the samples were treated with 2,3-bis-(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) prior to visualization. The initial
testing concentration was 10 uM. (Table 26)

Table 26. Cytotoxic activities of nucleosides 61a—h.

MTS assay: ICso [um] XTT assay: ICso [um]
compd
CCRF- CEM- HCT116 K562-
BJ] MRC-5 AS549 CEM DNR HCT116 5 K562 TAX U20S | HeLa HepG2 HL60

61a | >50 >50 >50 39 35 49 >50 498 3.6 >50,>10 >10 >10
61b | >50 >50 >50 >50 >50 >50 >50 >50 >50 >50|>10 >10 >10
61c | >50 >50 >50 28 42 34 48 48 33 >50(>10 >10 >10
61d | 27 >50 - 046 20 1.8 49 19 22 29 >10 38 14
6le | >50 >50 >50 >50 >50 >50 >50 >50 >50 >50,>10 >10 >10
61f | 47 >50 36 054 1.1 08 20 14 058 23 |>10 115 I1.11
61g | >50 >50 >50 06 >50 18 17 12 >50 19 |>10 >10 1.39
61h | 32 >50 37 051 13 032 043 049 09 20 [>10 >10 1.2

Out of the tested compounds 61a-h, the most cytotoxic were the 8-methyl derivative 61d, 8-
amino derivative 61f and 8-methylsulfanyl derivative 61h that exhibited low micromolar
activity in most leukemia and cancer cell lines and submicromolar activity in CCRF-CEM
leukemia cell line. Compounds 61d and 61f were less cytotoxic in non-cancerous BJ and
MRC-5 fibroblasts, while 61h showed micromolar cytotoxicity in BJ cells.

In general, the methylpyrazolo-fused deazapurine nucleosides 61a-h were found to be less
cytotoxic than the methylpyrrolo-fused nucleosides*’ but still, the compounds 61d and 61e
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3. Results and Discussion

show an interesting potential therapeutic window between the cytotoxicity in the cancer cell
lines and non-proliferating cells.

The antiviral activity testing of compounds 61a-h was performed against influenza, hepatitis
C virus (HCV), herpes simplex, Coxsackie, human immunodeficiency virus (HIV) and
dengue viruses. All the nucleosides were inactive against most of these viruses.

Table 27. Antiviral activities of nucleosides 61a—h.

HCV replicon 1B HCYV replicon 2A
compd ECso [uM] CCso [uM] ECso [uM] CCsp [uM]
61a 13.9 >44.4 30.4 >44.4
61b >44 .4 >44.4 >44.4 >44.4
6lc 34.9 >44.4 >44.4 >44.4
61d 0.6 >44 .4 0.3 >44.4
6le >44 .4 >44.4 >44.4 >44.4
61f >44.4 35.1 0.1 >44.4
61g 0.5 >44.4 0.2 >44.4
61h 0.3 >44.4 0.08 >44 .4

Only the anti-HCV screening'?*> showed that the 8-methyl, 8-amino-, 8-methoxy- and 8-

methylsulfanyl derivatives 61d,f,g,h exerted submicromolar activity in 1B and 2A replicon
assays (Table27) with low toxicity against the Huh-7 cells. Unfortunately, the same
compounds also exerted cytotoxicity at submicromolar concentrations against several
leukemia and cancer cell lines so the selectivity is not sufficient for further development of
these compounds as antivirals.
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3.5.2. Quinolino-fused 7-Deazapurine Ribonucleosides

All the quinolino-fused nucleosides 97a-h were tested for their in vitro cytotoxic activity. The
following cancer cell lines were used for the study: A549 (lung cancer), CCRF-CEM (acute
T-lymphoblastic leukemia), HCT116 and HCT116p53~ (colon carcinoma, parental and p53
deficient), K562 (chronic myelogenous leukemia), U20S (bone osteosarcoma) using a
colorimetric MTS assay.!!®120 Additionally, HeLa (cervical cancer), HepG2 (hepatocellular
liver carcinoma) and HL60 (acute promyelocytic leukemia) cell lines were tested using the
luminescent CellTiter-Glo assay. For comparison, non-malignant fibroblast cell lines (BJ and
MRC-5) were included in the MTS assay, while non-cancerous human dermal fibroblasts
(NHDF) were assessed with the CellTiter-Glo assay.'!® Initial screenings were done at 50 um
concentration for the MTS assay and 10 uM for the CellTiter-Glo assay. (Table 28)

Table 28. Cytotoxic activities of nucleosides 97a—h.

MTS assay: ICs [uM] CellTiter-Glo assay: ICsy [uM]
compd
BJ] MRC-5 A549 CCC];{]\F[_ HCT1 léHig;_l6 K562 U20S | NHDF HelLa HepG2 HL60

97a | >50 >50 >50 385 >50 >50 >50 >50 |>10 >10 >10 >I0
97¢ | >50 >50 >50 18.6 36.0 432 >50 >50 | >10 >10 28 >10
97d | >50 >50 264 6.5 170 170 119 13.1|>10 >10 >10 6.7
97e | >50 >50 >50 >50 >50 >50 >50 >50 | >10 >10 =>10 >10
97f | >50 >50 >50 85 189 173 10.0 17.1 | >10 >10 8.6 52
97g | >50 >50 274 8.0 9.8 231 402 173 |>10 >10 >10 5.2
97h | 36.8 368 170 51 93 162 186 150 | >10 >10 >10 93

Of all the title nucleosides, the dimethylamino derivative 97e is the only one that did not show
any cytotoxicity whatsoever, which is consistent with all other heteroaryl-fused nucleosides.
Both 2-furyl and benzofuryl derivatives 97a and 97c¢, respectively, showed only weak activity
against CCRF-CEM leukemia line, the methyl derivative 97d also exhibited activity against
both HCT116/HCT115p53- colon carcinoma lines and pronounced effect on the HepG2
hepatocellular carcinoma cell line, with an ICso value of 2.8 uM indicating a specificity not
observed in 97a. The methylsulfanyl derivative 97h displayed moderate cytotoxic activity
against a spectrum of tested cell lines including non-malignant BJ and MRC-5, thus showing
no significant selectivity toward cancerous cells.

The most promising nucleosides in this series are methyl 97d, amino 97f, and methoxy
derivative 97g, which all showed comparable activities against several cancer cell lines, with
CCRF-CEM and HL60 being the most sensitive ones with single-digit micromolar ICso values
and no toxicity against non-malignant cell lines BJ, MRC-5 or NHDF. Although the
nucleosides 97d, 97f and 97g are more potent against CCRF-CEM line compared to their
naphtho-fused analogs (6-8 uM vs 20-23 uM),>* their activities are still two orders of
magnitude lower than their tricyclic thieno-,*® furo-, N-methylpyrrolo*’ and pyrido-fused*
analogues.

These findings together with the findings from the benzothieno->! and benzofuro-fused
series>? suggest that ribonucleosides with tetracyclic nucleobases might already be too bulky
to be activated by phosphorylation and to interact with their biological target(s).
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3.6. Biochemistry

The amino derivative 97f was used as an adenosine analogue to study its incorporation by in
vitro transcription and its fluorescent properties. This part of my thesis was done in
cooperation with my colleague Tania Sanchez Quirante at IOCB Prague.

3.6.1. Triphosphorylation
The adenosine analogue 97f was triphosphorylated at the 5’-OH according to standard
procedures'?® resulting in the triphosphate 98 (AQTP) with good 59% yield. (Scheme 38)

NH; ¢ \N NH; 7 \N
N= N=
<\N | 1) 2.0 equiv. POCl3, <\N /
N PO(OMe)s, 0°C, 2h, o o o N
1} i} 1}
HO-P-0-P-0-P-0
/\(ﬂ 2) 5.0 equiv. (HNBU3),H,P,07, RN 0o
HO 5.0 equiv. BusN,
s - MeCN, 0°C, 1h . R
HO OH 2-Et3N HO OH
97f 98, AQTP (59%)

Scheme 38. Triphosphorylation of the adenosine analogue 97f furnishing the ATP analogue 98
(AQTP).

The formation of the monophosphate and cyclic triphosphate intermediates was indicated by a
distinct color change and was monitored by TLC. The number of triethylammonium
counterions was determined by '"H NMR in D;O.

3.6.2. In vitro Transcription124

The AQTP was then used as a substrate for the T7 RNA polymerase in the in vitro
transcription (IVT) experiments.'?> We used 3SDNA_A7 DNA template encoding for 35-mer
RNA containing seven AQ modifications (Table 29). We used the 77 High Yield RNA
Synthesis Kit with a high concentration of NTPs (7.5 mM each) but without any further
additives. The reaction time at 37 °C was 16 hours.

T7 RNA polymerase,

ATP or A®TP, natural NTPs, a q a Q

37°C, 16h

35DNA_A7 35RNA_A7 35RNA_A®7
DNA template natural RNA template modified RNA template
(positive control)

Table 29. Sequences of oligonucleotides and RNA products

Oligonucleotide ~Sequence

5’-TAATACGACTCACTATAGGGCTTGCACGTGAATCGCTCTTAATGGATCGCGA-3’
3’-ATTATGCTGAGTGATATCCCGAACGTGCACTTAGCGAGAATTACCTAGCGC[mT]-5’

35DNA_A7

3SRNA_A7 5’-pppGGGCUUGCACGUGAAUCGCUCUUAAUGGAUCGCGA

35RNA_AQ7  5-pppGGGCUUGCARCGUGARACUCGCUCUUARAQUGGAQUCGCGAQ

The positive control experiment was performed with all four natural NTPs giving non-
modified transcript 3SRNA_A7 (lane 2). The negative control contained only the natural
CTP, GTP, and UTP in the absence of ATP (lane 3). The real IVT experiment was performed
with AQTP and three natural NTPs (lane 4). The transcription products were visualized by
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denaturing 20% denaturating PAGE (Figure 23A) and characterized by LC-MS (Figure 23B

and Figure 23C).
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Figure 23. A) Denaturing PAGE analysis of the in vitro transcription reaction with T7 RNA
polymerase and 3SDNA_A7 template which provides 7 incorporations of the modified nucleotide.
Lane 1: RNA ladder, lane 2: positive control (all natural NTPs), lane 3: negative control (CTP,
GTP, UTP), lane 4: modification (A?TP, CTP, GTP, UTP). B) After IVT, the natural 33 RNA_A7
(positive control) was analyzed by LC-ESI-MS. Deconvoluted mass spectrum of 35RNA_A7:
caled 11471 Da, found 11512 Da [+K']. C) After IVT, the modified 3SRNA_A?7 was analyzed
by LC-ESI-MS. Deconvoluted mass spectrum of 3SRNA_A?7: calcd 12174 Da, found 12212 Da

Y )X ))) )

)

)

[V]

W

w
R

»

-

[+K'] and 12557 Da [+G,+K'].

100

|

l

B)

00

3

o

)

6000

6000

8000

8000

10000

Mass (Da)

10000
Mass (Da)

12000

12212

2,557

12000

14000

14000

We observed the formation of a full-length RNA resulting in the modified RNA 35RNA_AQ7
containing seven AQ modifications and partial formation of an n+1 product containing
additional guanosine at the 3’-end of the RNA strand as a result of non-templated addition.
Unfortunately, also some truncated products were observed indicating that the incorporation
of this bulky modified nucleotide by the T7 RNA polymerase was less efficient compared to
standard 7-substituted 7-deaza-ATP derivatives.
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3.6.3. Spectroscopic Properties

With the IVT products in hand, I also studied the absorption and emission spectra of the
triphosphate 98 (AQTP) and the oligonucleotide 35RNA_AQ7 in water. (Table 30).

Table 30. UV and fluorescence maxima of nucleoside 97f, triphosphate 98 (ACTP), natural ATP

and all transcription products in water.

Absorption Quantum Yield
max. Aws (€) [nm (M~ cm™)] max. Aem [NM] (OR
Nucleoside 97f 290 (11200), 333 (5700) 0.02855
Triphosphate 98
(ACTP) 258 (21000), 290 (12600), 333 (6600) 0.00005
Natural ATP 256 (6300)
Positive control
(35RNA_A7) 256
Negative control )
(IVT without T7 polymerase)
Modification
(35RNA_A27) 256, 333 0.01120

UV and fluorescence maxima were measured in MilliQ water. The emission spectra were recorded
after excitation at Aex = 333 nm. The molar extinction coefficient € was not calculated for the
transcription products as their absolute concentration cannot be determined by Nanodrop.
Fluorescence quantum yields ®r were determined using quinine sulfate in 0.1 M H>SO4 as a

standard (@¢= 0.546 at 25 °C).!'1¢

The real quantum yield of nucleoside 97f in water might be masked by the presence of DMSO
in the first solvation sphere of 97f from the stock solution prior to the dilution in water. This
would also explain the drop in fluorescence after triphosphorylation (stock solution in water).
The fluorescence of the triphosphate 98 is very weak (®r= 0.05%o). Once incorporated into
RNA, the fluorescence increased more than 200-fold with only seven modifications in the
35mer (®r= 11.2%0). This increase is significant but the quantum yield of the modified RNA
template is still low. High concentration of RNA would be required for the detection. Thus,
the triphosphate 98 might not be the best choice for fluorescent labelling of RNA in vitro.
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4. Conclusion

Ribonucleosides with tri- and tetracyclic nucleobases (1-methylpyrazolo- and quinolino-fused
7-deazapurines) were prepared and the different synthetic strategies were evaluated. The final
ribonucleoside derivatives 61a-h and 97a-h were tested for their biological activity against a
broad panel of cancer cell lines as well as different viruses in vitro.

The tricyclic pyrazolo-fused 7-deazapurine nucleobase 47 was synthesized using two different
approaches: (i) a six-step classical heterocyclization approach starting from 5-chloro-1-
methyl-4-nitropyrazole 43 with 18% overall yield, and (ii) a three-step cross-coupling and
cyclization approach starting from the zincated 4,6-dichloropyrimidine 22 and 5-iodo-1-
methylpyrazole 48 with 6-15% overall yield. Neither one of these approaches was superior
and the choice for the synthetic strategy of other heterocycles mainly depends on the
availability of starting materials. The f-anomeric nucleoside intermediate was prepared using
three different glycosylation methods. Only the Vorbriiggen glycosylation yielded the
intermediate 57 as a pure f-anomer in 51% yield. The nucleobase-anion glycosylation
furnished the corresponding nucleoside 58 in an inseparable anomeric mixture in total 61%
yield. The Downey glycosylation under modified Mitsunobu conditions gave only traces of
the desired product 59. This is in agreement with the existing view that the Vorbriiggen
procedure is the first choice. Derivatization and deprotection of the nucleoside intermediate
57 gave a series of eight different pyrazolo-fused deazapurine ribonucleosides 61a-h.

These fused nucleoside derivatives exerted fluorescence with low to moderate quantum yields
in methanol (1.4—7.7%). The methyl, amino, and methylsulfanyl derivatives (61d,g,h) exerted
submicromolar cytotoxic effects in vitro against a panel of cancer and leukemia cell lines with
low toxicity to non-proliferating fibroblasts. The same derivatives, as well as the methoxy
derivative exerted submicromolar anti-HCV activities.

To access additional tricyclic heteroaryl-fused 7-deazapurine nucleobases, the C-H
functionalization of S5-membered heterocycles through the formation of different aryl
sulfonium salts was studied. These sulfonium salts would then serve as an alternative to
heteroaryl iodides in the Negishi cross-coupling with the zincated 4,6-dichloropyrimidine 22.
The systematic study of 5-membered heterocycles with one or two heteroatoms contained
twelve different examples. Each of them was subjected to the thianthrenation and
dibenzothiophenation with thianthrene S-oxide (TT=O0) and dibenzothiophene S-oxide
(DBT=0), respectively, in the presence of TFAA. For both sulfoxides, only the corresponding
sulfonium salts with pyrrole, 1-methylpyrrole, thiophene, and 1-methylpyrazole were formed.
The other heterocycles were unreactive. The Negishi cross-coupling reaction between the
methylpyrazol-4-yl-thianthrenium salt 63 and the zincated 4,6-dichloropyrimidine 22 did not
yield the desired pyrazolyl pyrimidine cross-coupling product. The same reaction was
performed also with the dibenzothiophenium salt 68 but only resulted in the decomposition of
the sulfonium salt. The Negishi cross-coupling between the thiophen-2-yl
dibenzothiophenium salt 72 and the zincated 4,6-dichloropyrimidine 22 resulted in the desired
cross-coupling product 73 with 56% yield. The same reaction with 2-iodothiophene gave the
same cross-coupling product 73 with 60-80% yield. To this day, the C-H functionalization of
heterocycles through the formation of aryl sulfonium salts is a great concept, but stays limited
to fused and biaryl heterocyclic ring systems.

The tetracyclic quinolino-fused 7-deazapurine was synthesized using the three-step cross-
coupling and cyclization approach. Four different iodo(iso)quinolines (79-82) were subjected
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to the Negishi cross-coupling requiring an increased amount of the zincated 4,6-
dichloropyrimidine 22. The reaction with 5-iodoquinoline gave the desired cross-coupling
product 83 with 78% yield. The other iodo(iso)quinolines gave the corresponding cross-
coupling products 84 and 85 in significant lower yields. Apparently the position of the
nitrogen in the quinoline ring system correlates with the yield of the coupling reaction. The
further apart the nitrogen position is from the iodo position, the better the outcome. The
reason for this correlation was not investigated further but a side reaction during the
transmetalation step is possible. The synthesis was continued only with the most successful
cross-coupling product. After azidation, the cyclization required extensive optimization: The
thermal cyclization gave the desired tetracyclic nucleobase 88 in only 11-18% yield. In a flow
reactor, the thermal cyclization did not give the desired product but the amine side product 89
instead. The rhodium-catalyzed reaction did not give the desired product neither; and the
photocyclization in TFA resulted in decomposition of the azide. Only the photocyclization in
THF with pyrene, a singlet photosensitizer and triplet quencher, resulted in the formation of
the quinolino-fused 7-deazapurine 88 with 26% yield. Although the Vorbriiggen
glycosylation gave the benzoylated nucleoside intermediate 94 as a pure f-anomer with only
75% purity (but 52% yield), it was still better than the anion base glycosylation, which gave
the nucleoside intermediate 95 in an anomeric mixture with only 29% total yield (f/a = 2:1).
The benzoylated nucleoside was used for the final derivatization and deprotection of seven
different quinolino-fused 7-deazapurine ribonucleoside derivatives which exerted
fluorescence with moderate to excellent yields in methanol (3—51%).

The methyl, amino, and methoxy derivatives (97d,f,g) showed moderate cytotoxic effects in
vitro against a panel of cancer and leukemia cell lines with low toxicity to non-proliferating
fibroblasts. This makes them more potent than their naphtho-fused analogues®® suggesting
certain positive effect of a nitrogen atom in the fused ring. However, the quinolino moiety
might be too bulky for the for the interaction with their biological target and the efficient
intracellular phosphorylation required for the incorporation into DNA and/or RNA.

The amino derivative 97f was triphosphorylated (59% yield) and used as an ATP analogue in
in vitro transcription experiments with the T7 RNA polymerase. The corresponding full-
length RNA strand was 35 nucleotides long, contained 7 modifications, and exerted only low
fluorescence in water (1.1%).
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5.1. General Remarks

5.1.1. Materials and Experimental Methods

All reagents purchased from suppliers were of analytical grade and were used directly without
further purification. Pre-dried compounds were dried under vacuum for at least 4 hours.
Unless otherwise stated, all reactions were carried out under argon atmosphere. An oil bath or
a metal heating block were used for reactions requiring heating. All solvents for reactions
were anhydrous and of analytical grade from Acros and used without further purification.
Solvents used for extraction and for chromatography were from Lach-Ner and used without
prior distillation. Solvents used for washing after filtration of precipitated products were
cooled to —18 °C resp. 4 °C for water prior to use. All products were dried under vacuum
overnight prior to analytical characterization.

Thin-layer chromatography (TLC) was performed on Merck silica gel 60 F-254 aluminum
sheets. Visualization was obtained by UV light (Amax = 254 nm or 366 nm). High Pressure
Liquid Chromatography — Mass Spectroscopy (HPLC-MS) for reaction control was
performed on a /1260 Automated LC/UV Purification System with an InfinityLab Poroshell
120 EC-C18 column (3.0 x 50 mm, particle size 2.7 um) coupled with a 6530 Accurate-Mass
QTOF LC/MS spectrometer from Agilent Technologies Inc. The solvent system 0.1% formic
acid in water / MeCN at 0.400 mL min! flow rate was run (gradient from 95:5 to 0:100
within 8 min, 0:100 for 5 min, 95:5 for 3 min).

Flash chromatography (FC) was performed with SiO2 (particle size 0.040—0.063 mm, 230—
400 mesh) from either Merck or Fluorochem in a glass column (@ = 8 cm) with the solvent
gradient indicated in the corresponding procedures. The separation was directly monitored by
connecting the column output to a UV monitor'?® (Amax = 254 nm) before collecting. High-
performance flash chromatography (HPFC) was conducted with a Combi Flash Ry instrument
from Teledyne Isco Inc. using the same SiO; from either Merck or Fluorochem in refillable
flash columns or using HP CI8 Redi Sep Rs gold flash columns with the solvent gradient
indicated in the corresponding procedures. Preparative high-pressure liquid chromatography
(prep. HPLC) was performed on a Waters 2535 Quaternary Gradient System with a fraction
collector.
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5.1.2. Characterization

Melting points (m.p.) were measured by Bohunka Sperlichova at Charles University Prague
on a Biichi Melting Point B-545 apparatus using open glass capillaries and are uncorrected.
Optical rotation of final nucleosides was measured by the analytical laboratory at IOCB
Prague using an AUTOPOL 1V automatic polarimeter from Rudolph Research Analytical at
20 °C and 589 nm. The sample concentration ¢ is given in g mL”. 'H and *C{'H} NMR
spectra were measured on a Bruker Avance Il HD 400 MHz, on a Bruker Avance III 500 MHz
or on a Bruker Avance I1I 600 MHz spectrometer at 20 °C in CDCI3 referenced to the residual
solvent signal (ou = 7.26 ppm, dc = 77.16 ppm), in deuterated dimethyl sulfoxide (DMSO-dp)
referenced to the residual solvent signal (du = 2.50 ppm, dc = 39.52 ppm], or in D>O with
tBuOD-d\o as the internal standard [dn = 1.25 ppm, dc = 31.6 ppm]. '°F NMR spectra and *'P
NMR spectra were measured without any internal reference. Coupling constants (J) are given
in Hz and the multiplets are described as s (singlet), d (doublet), t (triplet), q (quartet),
m (multiplet), and b (broad). "*C{'H} NMR experiments are broadband proton-decoupled and
were performed using APT pulse sequence. DFQ-COSY, HSQC and HMBC experiments
were used to assign the '"H and '*C NMR signals where required. ROESY experiments were
used to confirm the relative stereochemistry of nucleosides 57, 58, 94, and 95. To simplify the
assignment, the benzoyl group attached to the 2’-hydroxy group of the ribofuranose ring was
given the letter A, the one attached to 3’-hydroxy group is considered B and the benzoyl
group at the 5°-OH is called C (Figure 24). The Spectra can be found in the supporting
information of the corresponding publications.**>* In these ROESY spectra for nucleosides
57, 58-5, 94, 95-f and 95-a, the important relations for the determination of the
stereochemistry are highlighted.
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Figure 24: Numbering used in the assignment of NMR signals: examples of key intermediates 57
(left) and 94 (right).

Infrared spectra (IR) were recorded on a Bruker ALPHA FT-IR spectrometer with a single-
reflexion Platinum ATR module. The compounds were measured in their initial state of
appearance at 20 °C, and their absorption bands were reported in wavenumbers (V) in the
range between 4000400 cm™!. Intensities are described as strong (s), medium (m) and weak
(w). UV/Vis spectra were measured on a Varian Cary 100 Bio UV-Visible spectrophotometer
in the range 250-800 nm using transparent 1.5 mL quartz cuvettes. Fluorescence spectra were
recorded on a Fluoromax 4 spectrofluorimeter from HORIBA Scientific. The sample
concentration was adjusted to have an UV absorbance of 0.05-0.10. The excitation was
performed at the absorption maximum with the highest wavelength Aaps with the slit set at
2 nm. The emission spectra were recorded from Aaps + 20 nm to 2 X Japs — 20 nm with a 2 nm
slit opening. High-resolution mass spectrometry (HR-MS) was measured by the MS service at
IOCB Prague on an LTQ Orbitrap XL instrument from Thermo Fisher Scientific using
electrospray ionization (ESI) or on a Waters GCT Premier instrument using electron
ionization (EI).

The purity of the final nucleosides 57a-h (>95%) was confirmed by analytical HPLC on a
Waters 717 Autosampler system with a Waters 2996 Photodiode Array Detector using a
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Gemini 5 um C18 110 A column (250 x 4.60 mm) from Phenomenex. Samples were dissolved
in DMSO (10 pL injection volume). Whereas the purity of the final nucleosides 94a-h
(>95%) was confirmed by UPLC-MS on an Agilent 1260 Infinity II LC system with an
Agilent 1260 Photodiode Array Detector using a KinetexEVO C18 100 A column (2.1 x
150 mm) from Phenomenex. Samples were dissolved in DMSO (1 uL injection volume).

5.1.3. Biochemistry

Single stranded DNA oligonucleotides for the preparation of the double stranded DNA
template 3SDNA A7 were purchased from Generi Biotech. The T7 Hight yield RNA Kit,
DNase I, EDTA (50 mM), and the Monarch RNA purification kit (50 pg) were purchased from
New England Biolabs. RNase/DNase free solutions for biochemical reactions were prepared
using MilliQ water, that was treated with DEPC and sterilized by autoclaving.

The precision RNA mass marker 10-100nt was purchased in Future Synthesis. The
denaturating PAGE gel was analyzed by fluorescence (Aex = 532 nm) using Typhoon FLA
9500 from GE Healthcare Life Sciences. LC-ESI-MS analysis of oligonucleotides was carried
out on an Agilent 1260 Infinity Il LC system with an Agilent InfinityLab LS/MSD XT Detector
using a BioZen C18 100 A column (2.1 x 150 mm) from Phenomenex with the mobile phases
A (12.2 mM EtN, 300 mm HFIP in water) and B (12.2 mM Et3N, 300 mM HFIP in 100%
MeOH) and a gradient from 95:5 to 0:100 within 10 min. Deconvolutions of the HPLC-ESI-
MS spectra were carried out using a UniDec program.
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5.2. Experimental Procedures

5.2.1. Synthesis of pyrazolo-fused 7-Deazapurine Nucleosides
1-Methyl-4-nitro-1H-pyrazole (42)

A colorless solution of pre-dried 4-nitro-1H-pyrazole (41, 20.0 g, 177 mmol) in DMF
(100 mL) was stirred at 20 °C for 15 min and treated with K>CO3 (29.4 g, 213 mmol)
resulting in a white suspension. After adding iodomethane (13.2 mL, 212 mmol), the pale-
yellow suspension was stirred at 20 °C for 18 hours. The resulting bright-yellow suspension
was treated with water (200 mL) and extracted with EtOAc (3 x 200 mL). The combined
organic layers were washed with brine (600 mL), dried over NaxSO4 and concentrated in
vacuo. Purification by FC (SiO2; Hex/EtOAc, gradient 0 — 50% EtOAc) gave 42 (22.1 g,
98%) as a white solid.

R = 0.49 (SiO2; Hex/EtOAc 1:1); m.p. = 91 °C (Lit.!?”: 91-92 °C); '"H NMR (500 MHz,
CDCls): 6 = 3.95 (s, 3 H; NMe), 8.01 (s, 1 H; H-3), 8.12 ppm (s, 1 H; H-5); *C{!H} NMR
(125.7 MHz, CDCl3): 6 = 40.2 (NMe), 129.3 (C-5), 135.8 (C-3), 135.7 ppm (C-4); IR (ATR):
¥ =3112 (m), 1504 (m), 1421 (m), 1398 (s), 1310 (s), 1129 (m), 999 (m), 968 (m), 885 (s),
818 (s), 753 (s), 692 (W), 648 cm™' (w); HR MS (EI) for C4HsN30," [M]": caled 127.0382,
found 127.0383.

5-Chloro-1-methyl-4-nitro-1H-pyrazole (43)

LiHMDS (260 mL, 1.0 M in THF, 260 mmol) was added dropwise (over 50 min) to a stirring
solution of 42 (22.04 g, 173.40 mmol) and hexachloroethane (42.6 g, 178.2 mmol) in DCM
(340 mL). The resulting bordeaux-red solution was stirred at 20 °C for 4 hours and then
treated with water (400 mL). After extraction, the organic layer was washed with satd
NaHCO; (2 x 400 mL) and brine (400 mL), dried over Na;SO4 and concentrated in vacuo.
Purification by FC (SiO2; Hex/EtOAc, gradient 0 — 50% EtOAc) gave 43 (24.6 g, 88%) as
an off-white solid.

Rf = 0.70 (SiOy; Hex/EtOAc 1:1); m.p. = 67 °C (Lit.'*®; 59-60 °C); 'H NMR (500 MHz,
CDCls): 6 = 3.92 (s, 3 H; NMe), 8.14 ppm (s, 1 H; H-3); *C{'H} NMR (125.7 MHz, CDCl5):
5 =37.6 (NMe), 127.6 (C-5), 130.4 (C-4), 136.6 ppm (C-3); IR (ATR): ¥ = 3124 (w), 1493
(s), 1397 (s), 1312 (s), 1180 (m), 1129 (m), 1047 (w), 975 (m), 883 (m), 827 (s), 756 (s), 735
(m), 588 cm™! (w); HRMS (EI) for C4HsN3;O0*°Cl* [M(PCD]*: caled 160.9992, found
160.9991; for C4HaN30.*C1* [M(P’C1)]": caled 162.9963, found 162.9972.

Ethyl 2-cyano-2-(1-methyl-4-nitro-1H-pyrazol-5-yl)acetate (44)

A white suspension of pre-dried potassium tert-butoxide (14.6 g, 130.4 mmol) in 1,4-dioxane
(120 mL) was treated with ethyl cyanoacetate (13.2 mL, 123.8 mmol) and stirred at 20 °C for
15 min. Pre-dried 43 (10.0 g, 61.9 mmol) was dissolved in 1,4-dioxane (80 mL) and added via
syringe. The reaction mixture was stirred at 100 °C for 48 hours. This orange suspension was
treated with water (~20 mL) resulting in a red solution; followed by addition of hydrochloric
acid (~50 mL, 1M in water) until pH = 2 was reached. After extraction with Et2O (3 x
200 mL), the combined organic layers were washed with brine (400 mL), dried over MgSO4
and concentrated in vacuo giving a brown oil. Excess of unreacted ethyl cyanoacetate was
removed by vacuum distillation at 95 °C / 24 mbar prior to solidification at —18 °C during 1
week. The solid was then washed with an ice-cold DCM and dried in vacuo giving 44 (14.3 g,
97%) as colorless crystals.
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Ri=0.38 (SiO2; DCM/MeOH 95:5); m.p. = 140 °C; 'H NMR (500 MHz, CDCls): 6 = 1.36 (4,
Jo1» =72Hz, 3 H; H-2""), 4.03 (s, 3 H; NMe), 4.38 (m, 2 H; H-1""), 6.18 (s, 1 H; H-1"),
8.16 ppm (s, 1 H; H-3); C{'H} NMR (125.7 MHz, CDCl3): 6 = 14.1 (C-2""), 33.1 (C-1"),
39.0 (NMe), 65.0 (C-1""), 111.7 (CN),129.7 (C-5), 133.4 (C-4), 136.4 (C-3), 161.4 ppm
(CO0); IR (ATR): v=3118 (W), 2990 (W), 2945 (w), 2899 (w), 2262 (w), 1743 (s), 1560 (m),
1509 (s), 1497 (s), 1453 (m), 1445 (m), 1398 (m), 1310 (s), 1261 (s), 1221 (m), 1190 (m),
1027 (s), 1000 (w), 984 (m), 894 (w), 856 (m), 825 (s), 795 (w), 759 (m), 705 (w), 644 cm!
(w); HR MS (ESI) for CoH0N4O4Na" [M + Na]": caled 261.0594, found 261.0594.

Ethyl 5-amino-1-methyl-1,4-dihydropyrrolo[3,2-c]pyrazole-6-carboxylate (45)

A solution of 44 (3.93 g, 16.5 mmol) in glacial acetic acid (37 mL) was heated to 80 °C; and
under an argon stream, treated with zinc dust (5.49 g, 83.9 mmol) in small portions in order to
avoid extensive gas formation. After stirring at 95 °C for 2 hours, HPLC-MS showed
completion of the reaction (fr = 2.53 min, m/z = 209). The greenish suspension was cooled
down and the zinc species was removed by filtration through a celite plug (5 cm) followed by
washing with fresh acetic acid (~50 mL). The filtrate was concentrated in vacuo giving a
brown oil. Neutralization with satd NaHCO3 (~50 mL) resulted in precipitation of the
cyclized product. Filtration and washing with cold water gave 45 (1.91 g, 55%) as a light-grey
solid.

Ry = 0.33 (SiO2; (DCM with 1% TEA)/MeOH 9:1); m.p.>300°C (dec.); 'HNMR
(500 MHz, DMSO-ds): 6 = 1.28 (t, J>,- = 7.1 Hz, 3 H; H-2"), 3.96 (s, 3 H; NMe), 4.18 (q,
Jir2=7.1Hz, 2 H; H-1"), 6.40 (bs, 2 H; NH»), 6.99 (s, 1 H; H-3), 10.01 ppm (bs, 1 H; NH);
BC{'H} NMR (125.7 MHz, DMSO-ds): 6 = 14.6 (C-2"), 38.1 (NMe), 58.4 (C-1"), 118.5 (C-
3), 120.3 (C-3a), 134.3 (C-6a), 164.2 ppm (COO); IR (ATR): v = 3337 (broad w), 1652 (w),
1610 (w), 1427 (s), 1379 (m), 1322 m), 1278 (w), 1238 (w), 1121 (w), 1095 (w), 962 (w), 843
(m), 754 (m), 694 cm™! (w); HR MS (ESI) for CoHi3N4O2" [M]*: caled 209.1033, found
209.1033.

1-Methyl-4,7-dihydropyrazolo[3',4".4,5]pyrrolo[2,3-d]pyrimidin-8(1H)-one (46)
Powdered compound 45 (1.0 g, 4.8 mmol) was treated with sodium methoxide (2.2 mL,
25 wt% in MeOH, 9.62 mmol) and sonicated for 10 min to improve solubility. After adding
formamide (3.82 mL, 96.15 mmol), the solution was stirred at 90 °C for 48 hours, until
HPLC-MS showed completion of the reaction (g = 1.07 min, m/z = 190). Ice was added;
followed by addition of concd HCIl (0.85 mL, 35 wt% in water, 9.6 mmol) resulting in
precipitation. Filtration and washing with ice-cold water (100 mL) gave 46 (418 mg, 46%) as
a brown solid.

Ri=0.38 (SiO2; DCM/MeOH 9:1); m.p. > 300 °C (dec.); 'H NMR (500 MHz, DMSO-ds): 6 =
4.16 (s, 3 H; NMe), 7.46 (s, 1 H; H-3), 7.99 (s, 1 H; H-6), 11.75 (bs, 1 H; H-4), 12.19 ppm
(bs, 1 H; H-7); *C{'H} NMR (125.7 MHz, DMSO-d;): § = 38.4 (NMe), 93.9 (C-8a), 119.9
(C-3), 125.2 (C-3a), 132.0 (C-8b), 145.8 (C-6), 154.6 and 157.1 ppm (2 C; C-4a, C-8); IR
(ATR): v=3130 (m), 3066 (m), 3017 (m), 2898 (m), 1669 (s), 1619 (m), 1584 (m), 1537 (m),
1495 (w), 1424 (w), 1362 (m), 1330 (s), 1291 (m), 1236 (w), 1105 (m), 1014 (m), 990 (m),
884 (m), 860 (m), 825 (m), 797 (m), 777 (m), 721 (m), 687 (m), 640 cm™' (m); HR MS (ESI)
for CsH7NsONa" [M + Na]": calcd 212.0543, found 212.0544.
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8-Chloro-1-methyl-1,4-dihydropyrazolo[3’,4":4,5]pyrrolo[2,3-d]pyrimidine (47)
Approach A: A suspension of 46 (451 mg, 2.38 mmol) in MeCN (4.5 mL) was treated with
BTEA-CI (1.09 g, 4.80 mmol) and N,N-dimethylaniline (0.33 mL, 2.60 mmol). After 15 min,
freshly distilled POCI; (1.35 mL, 14.48 mmol) was added dropwise and the brown mixture
was stirred at 90 °C for 75 min, until HPLC-MS showed completion of the reaction (fr =
4.20 min, m/z = 208, 210). After concentration in vacuo, ice was added followed by ammonia
(1 M in water) until pH 4-5 was reached, resulting in precipitation. Filtration and washing
with ice-cold water (50 mL) gave crude 47 (425 mg, 86%, NMR pure) as a grey-brown solid.

Approach B: A yellow mixture of 51 (72.2mg, 0.306 mmol) and 1,4-dibromobenzene
(365 mg, 1.55 mmol) was heated to 170 °C. An argon balloon and airlock (filled with EtOAc)
were connected to the reaction mixture. During the reaction under argon flow, an increased
gas evolution can be observed due to the formation of N». After 30 min, the reaction was
complete, and the flow rate returned back to normal, and the stirring mixture was cooled
down. When the dark mixture reached approx. 80 °C, EtOAc was added before cooling down
to r.t. completely. After loading the mixture onto silica, 1,4-dibromobenzene was washed
directly from the solid depot in the pre-column with cHex/DCM (1:1) into a beaker prior to
the purification by HPFC (Si02; cHex/DCM 1:1/EtOAc, gradient 0 — 50% EtOAc) which
gave crude 47 (46.8 mg, 60% pure, 44%) as a white solid.

Ri=0.29 (SiO2; cHex/EtOAc 1:1); m.p. > 300 °C (dec.); '"H NMR (500 MHz, DMSO-ds): 6 =
431 (s, 3H; NMe), 7.72 (s, 1 H; H-3), 8.66 (s, 1 H; H-6), 12.46 ppm (bs, 1 H; NH);
BC{H} NMR (125.7 MHz, DMSO-ds): 6 = 39.7 (NMe), 103.5 (C-8a), 119.9 (C-3), 126.3
(C-8b), 129.9 (C-3a), 152.0 (C-6), 150.0 and 157.2 ppm (2 C; C-4a, C-8); IR (ATR): v =3025
(W), 2851 (w), 1619 (w), 1575 (w), 1531 (m), 1436 (m), 1306 (w), 1234 (m), 1087 (s), 1015
(s), 982 (s), 967 (s), 939 (s), 819 (m), 797 (s), 777 (s), 632 (m), 614 cm™' (m); HR MS (EI) for
CsHeNs*>C1" [M(**C1)]": caled 207.0312, found 207.0313; for CsHeNs>’CI™ [M(P’CD)]*: caled
209.0282, found 209.0271.

4,6-Dichloro-5-(1-methyl-1H-pyrazol-5-yl)pyrimidine (49)

ZnClz (789 mg, 5.79 mmol) was pre-dried at 250 °C for 20 min and allowed to cool down
under vacuum before being treated with a solution of (TMP)MgCl - LiCl (11.5mL, 1.0 M
solution in THF/toluene, 11.5 mmol) and stirred at 20 °C for 24 hours. The solution was
cooled to 0 °C (water/ice) and treated with a solution of 4,6-dichloropyrimidine (22, 1.41 g,
9.45 mmol) in THF (8 mL). After 1 hour, the solution was stirred at 20 °C for an additional
hour resulting in the zincated pyrimidine. Separately, a solution of 5-iodo-1-methyl-1H-
pyrazole (48, 4.00 g, 19.24 mmol) and Pd(PPh3)4 (2.22 g, 1.92 mmol) in THF (8 mL) was pre-
stirred at 20 °C for 20 min before addition to the zincated pyrimidine. The resulting solution
was stirred at 65 °C for 18 hours. After adding water (2 mL), the mixture was loaded on silica
and filtered through a silica plug (1 cm) with DCM (500 mL). Purification by HPFC (SiO»;
cHex/EtOAc, gradient 0 — 50% EtOAc) gave 49 (925.7 mg, 42%) as a yellow solid.

Rt = 0.41 (SiO2; cHex/EtOAc 2:1); m.p. = 86 °C; 'H NMR (500 MHz, CDClz): § = 3.73 (s,
3 H; NMe), 6.39 (d, Jo3 = 2.0 Hz, 1 H; H-4"), 7.62 (d, J>4- = 2.0 Hz, 1 H; H-3"), 8.86 ppm
(s, 1 H; H-2); BC{'H} NMR (125.7 MHz, CDCls): § = 37.2 (NMe), 108.4 (C-4"), 124.9 (C-5),
133.4 (CH-5"), 139.3 (C-3"), 158.5 (C-2), 162.9 ppm (2 C; C-4, C-6); IR (ATR): v = 3127
(W), 2919 (w), 2850 (w), 1572 (w), 1518 (m), 1505 (m), 1470 (w), 1436 (w), 1404 (m), 1378
(m), 1359 (m), 1291 (w), 1272 (w), 1235 (w), 1200 (w), 1166 (w), 1094 (w), 1063 (w), 1029
(W), 975 (w), 926 (w), 807 (s), 782 (m), 774 (m), 744 (w), 698 (m), 685 (W), 649 (W), 599 cm™
' (w); HR MS (ESI) for CsH7/N4**CL" [M(**Cl) + H]": caled 229.00478, found 229.00429;
CsH7NCICIT [M(PCIP7C1) + H]': caled 231.00183, found 231.00139; for CsH7N4*’Cl,"
[MCCI) + H]": caled 232.9989, found 232.9988.
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4-Azido-6-chloro-5-(1-methyl-1H-pyrazol-5-yl)pyrimidine (51a) /
7-chloro-8-(1-methyl-1H-pyrazol-5-yl)tetrazolo[1,5-c]pyrimidine (51b)

A solution of 49 (271 mg, 1.18 mmol) in THF (6 mL) was treated with sodium azide
(77.6 mg, 1.18 mmol) and lithium chloride (52.8 mg, 1.24 mmol) and stirred under light
exclusion at 20 °C for 26 hours. After adding water (1 mL), the mixture was concentrated in
vacuo. Purification by HPFC (SiO2; cHex/EtOAc, gradient 0 — 25% EtOAc) gave 51
(196 mg, 70%) as a light-yellow oil.

Rf = 0.40 (SiO2; cHex/EtOAc 2:1); 'H NMR of 51a (500 MHz, CDCls): 6 = 3.73 (s, 3 H;
NMe), 6.33 (d, J»3» = 2.0 Hz, 1 H; H-4"), 7.60 (d, J34 = 2.0 Hz, 1 H; H-3"), 8.76 ppm (s,
1 H; H-2); *C{'H} NMR of 51a (125.7 MHz, CDCl): § = 37.3 (NMe), 108.5 (C-4"), 113.7
(C-5), 132.3 (C-5°), 139.1 (C-37), 158.4 (C-2), 162.3 and 163.2 ppm (2 C; C-4, C-6);
tautomer 51b was not observed in CDCl3; "H NMR of 51a (500 MHz, DMSO-ds): 6 = 3.67 (s,
3 H; NMe), 6.40 (d, J»3> = 2.0 Hz, 1 H; H-4"), 7.54 (d, J3’4 = 2.0 Hz, 1 H; H-3"), 8.94 ppm
(s, 1 H; H-2); BC{'H} NMR of 51a (125.7 MHz, DMSO-d): 6 = 36.8 (NMe), 108.3 (C-4"),
113.2 C-5), 132.1 (C-5), 138.3 (C-3"), 158.5 (C-2), 162.6 ppm (2 C; C-4, C-6); '"H NMR of
51b (500 MHz, DMSO-ds): 0 = 3.74 (s, 3 H; NMe), 6.63 (d, J»3> = 2.0 Hz, 1 H; H-4"), 7.68
(d, J4 = 2.0 Hz, 1 H; H-3"), 10.35 ppm (s, 1 H; H-5); *C{!H} NMR of 51b (125.7 MHz,
DMSO-ds): 6 = 37.6 (NMe), 109.0 (C-4’), 112.6 (c-8), 131.5 (C-5’), 138.7 (C-3°), 140.4 (C-
5), 147.8 and 150.5 ppm (2 C; C-7, C-9); IR (ATR): ¥ = 3374 (broad w), 2931 (w), 2856 (w),
2322 (w), 2143 (s), 2082 (w), 1604 (w), 1581 (w), 1549 (m), 1530 (s), 1464 (w), 1403 (s),
1385 (m), 1369 (m), 1321 (m), 1294 (m), 1276 (m), 1242 (m), 1203 (m), 1180 (m), 1150 (m),
1079 (w), 1057 (w), 976 (m), 936 (w), 897 (m), 848 (W), 786 (m), 752 (m), 701 (m), 649 cm™!
(w); HRMS (EI) for CsHeN7CI" [M(°CD)]*: caled 235.0373, found 235.0374; for
CsHeN7'CI" [M(’CI)]*: caled 237.0344, found 237.0393.

4-lodo-1-methyl-1H-pyrazole (53)

In an extra-large flask, NaH (4.91 g, 60 w% dispersion in mineral oil, 123 mmol) was washed
with cHex (3 x 40 mL) followed by THF (2 x 50 mL) to remove the mineral oil. After each
washing step, the volatiles were removed by vacuum. THF (340 mL) was added, and the
resulting suspension was cooled to 0 °C (water/ice). A solution of 4-iodopyrazole (52, 19.8 g,
102 mmol) in THF (40 mL) was added dropwise to the suspension. After stirring at 20 °C for
3 hours, the reaction mixture was treated with iodomethane (12.7 mL, 204 mmol), stirred
further at 20 °C for additional 12 hours, and then treated with water (600 mL). After
extraction with Et20 (2 x 600 mL), the combined organic layers were washed with brine
(600 mL), dried over Na>SO4 and concentrated in vacuo giving 53 (20.5 g, 96%) as ivory
crystals. 'HNMR of the product 53 showed that the removal of mineral oil prior to the
reaction made a purification afterwards unnecessary.

Ri=0.63 (SiO2; cHex/EtOAc 1:1); 'H NMR (400 MHz, CDCl3): 6 = 3.92 (s, 3 H; NMe), 7.40
(s, 1 H; H-3), 7.49 ppm (s, 1 H; H-5), this is in agreement with literature.”®
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4,6-Dichloro-5-(1-methyl-1H-pyrazol-4-yl)pyrimidine (54)

ZnCl> (208 mg, 1.53 mmol) was pre-dried at 250 °C for 20 min and allowed to cool down
under vacuum before being treated with a solution of (TMP)MgCl - LiCl (3.0 mL, 1.0 M
solution in THF/toluene, 3.0 mmol) and stirred at 20 °C for 24 hours. The solution was cooled
to 0°C (water/ice) and treated with a solution of 4,6-dichloropyrimidine (22, 375 mg,
2.52 mmol) in THF (2 mL). After 1 hour, the solution was stirred at 20 °C for an additional
hour resulting in the zincated pyrimidine. Separately, a solution of 53 (520 mg, 2.50 mmol)
and Pd(PPhs)s (291.6 mg, 0.25 mmol) in THF (2 mL) was pre-stirred at 20 °C for 20 min
before addition to the zincated pyrimidine. The resulting solution was stirred at 65 °C for
18 hours. After adding water (0.5 mL), the mixture was loaded on silica. Purification by
HPFC (Si02; cHex/EtOAc, gradient 0 — 15% EtOAc) gave 54 (142 mg, 25%) as a yellow
solid.

Ri=0.68 (SiO2; cHex/EtOAc 1:1); "H NMR (500 MHz, CDCLs): § = 4.01 (s, 3 H; NMe), 7.68
(s, 1 H; H-5"), 7.74 (s, 1 H; H-3"), 8.67 ppm (s, 1 H; H-2); 3C{'H} NMR (125.7 MHz,
CDCL): § = 39.31 (NMe), 111.91 (C-4°), 126.43 (C-5), 131.20 (CH-5"), 140.03 (C-3"),
155.49 (C-2), 161.14 ppm (2 C; C-4, C-6).

4-Azido-6-chloro-5-(1-methyl-1H-pyrazol-4-yl)pyrimidine (55a) /
7-chloro-8-(1-methyl-1H-pyrazol-4-yl)tetrazolo[1,5-c]pyrimidine (55b)

A solution of 16 (350 mg, 1.53 mmol) in DMF (3.82 mL) was treated with sodium azide
(101 mg, 1.57 mmol) and lithium chloride (66.0 mg, 1.56 mmol) and stirred under light
exclusion at 30 °C for 55 hours. Adding water (2 mL) resulted in precipitation. Filtration, and
washing with cold water (~50 mL) gave 17 (320 mg, 89%) as a beige solid.

'HNMR of 55b (500 MHz, DMSO-d): 6 = 4.02 (s, 3 H; NMe), 8.51 (s, 1 H; H-5"), 8.85 (s,
1 H; H-3"), 10.04 ppm (s, 1 H; H-2).

8-Chloro-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo-
[2,3-d]pyrimidine (57)

A suspension of nucleobase 47 (406 mg, 1.96 mmol) in MeCN (18 mL) was treated with BSA
(0.72 mL, 2.95 mmol), sonicated for 30 min to maximize solubility and stirred at 60 °C for
1 hour. A solution of 1-O-acetyl-2,3,5-tri-O-benzoyl-f-D-ribofuranose (30, 1.99 g,
3.95 mmol; dried under vacuum at 60 °C for 6 hours) in MeCN (2 mL) was added, followed
by TMSOTTf (0.72 mL, 3.95 mmol). After stirring at 60 °C for 36 hours, the resulting mixture
was treated with water (20 mL) and extracted with EtOAc (2 x 50 mL). The combined
organic layers were washed with satd NaHCO3 (100 mL) and water (100 mL), dried over
MgSO4 and concentrated in vacuo. Purification by HPFC (S10;; cHex/EtOAc, gradient 0 —
50% EtOAc) gave 57 (407 mg, 51%) as a pearl-colored foam. A small amount was
recrystallized from DCM/MeOH prior to characterization.

Ri = 0.64 (SiO2; cHex/EtOAc 1:1); m.p. = 97 °C; '"H NMR (500 MHz, CDCls): 6 = 4.38 (s,
3 H; NMe), 4.68 (dd, Jsasb = 12.0 Hz, Jsaa = 3.6 Hz, 1 H; H-5’a), 4.82 (m, 1 H; H-4"), 4.85
(dd, Jsbs5a = 12.0 Hz, Jsv4 = 2.9 Hz, 1 H; H-5b), 6.11 (dd, J> 2> = 5.9 Hz, J» 4 = 4.4 Hz,
1 H; H-3), 6.33 (t, Jo,;r =J>»3 =59 Hz, 1 H; H-2), 6.88 (d, Ji'>» = 5.9 Hz, 1 H; H-17), 7.35
(m, 2 H; H-A3, H-AS5), 7.42 (m, 2 H; H-B3, H-BS5), 7.46 (m, 2 H; H-C3, H-C5), 7.53 (tt,
Jaaas = Jasas = 7.5 Hz, Jasar = Jasae = 1.3 Hz, 1 H; H-A4), 7.60 (m, 2 H; H-B4, H-C4),
7.67 (s, 1 H; H-3), 7.90 (dd, Jaz,a3 = Jas.as = 8.4 Hz, Jaz,a4 = Jas.as = 1.3 Hz, 2 H; H-A2, H-
A6), 8.01 (dd, Je2,3 = Jres = 8.4 Hz, Jr2gs = JBeg4 = 1.3 Hz, 2 H; H-B2, H-B6), 8.05 (dd,
Jeocs = Jescs = 8.4 Hz, Jeo,ca = Jos,cs = 1.3 Hz, 2 H; H-C2, H-C6), 8.69 ppm (s, 1 H; H-6);
BC{'H} NMR (125.7 MHz, CDCl3): 6 = 40.2 (NMe), 63.8 (C-5"), 71.3 (C-3°), 72.6 (C-2°),
80.1 (C-4°), 85.7 (C-1°), 106.0 (C-8a), 120.2 (C-3), 127.5 (C-8b), 128.5, 128.8 and 129.3
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(3 C; C-Al, C-B1, C-C1), 128.6 (2 C; C-A3, C-AS5), 128.7 and 128.8 (4 C; C-B3, C-BS5, C-
C3, C-C5), 129.0 (C-3a), 129.8, 129.9 and 130.0 (6 C; C-A2, C-A6, C-B2, C-B6, C-C2, C-
C6), 133.7 and 133.9 (3 C; C-Ad, C-B4, C-C4), 149.5 (C-8), 152.5 (C-6), 157.4 (C-4a), 165.2
(C=0 A), 165.6 (C=0 B), 166.3 ppm (C=0 C); IR (ATR): ¥ = 2927 (very w), 1720 (m), 1601
(W), 1553 (w), 1495 (w), 1450 (w), 1372 (w), 1315 (w), 1262 (s), 1176 (w), 1093 (m), 1067
(m), 1024 (m), 978 (m), 936 (m), 805 (w), 706 (s), 686 (m), 616 cm' (m); HR MS (ESI) for
C3sHz6NsO7°CINa®  [M(¥CI) + Na]™:  caled 674.1413, found 674.1405; for
C34H26N507°7CINa’ [M(*’Cl) + Na]": caled 676.1389, found 676.1362.

8-Chloro-1-methyl-4-(2,3-O-isopropylidene-5-O-tert-butyldimethylsilyl-B-D-
ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]pyrimidine (58-8) & a-anomer (58-a)

A solution of the previously synthesized halosugar precursor, 2,3-O-isopropylidene-5-O-tert-
butyldimethylsilyl-S-D-ribofuranose’ (31, 117 mg, 0.37 mmol) in THF (1.8 mL) was cooled
to =30 °C and treated with CCls (47 uL, 0.48 mmol). Then, HMPT (86 pL, 0.48 mmol) was
added dropwise. The resulting solution was stirred vigorously for 1 hour resulting in the
desired halosugar. In a separate flask, a suspension of nucleobase 47 (50.0 mg, 0.24 mmol) in
MeCN (1.5 mL) and powdered KOH (37.5 mg, 0.67 mmol) was treated with TDA-1 (77 uL,
0.24 mmol) and stirred for 30 min. After cooling it to 0 °C (water/ice), the halosugar solution
was added via syringe. The resulting mixture was first stirred at 0 °C for 1 hour, then at 20 °C
for 36 hours before being treated with water (0.25 mL). After concentration in vacuo,
purification by HPFC (SiO2; cHex/EtOAc, gradient 0 — 20% EtOAc) gave an inseparable
mixture of 58-4/58-a. 1:0.7 (70.4 mg, 59%) as white sticky solid.

Collecting of several early fractions gave a small sample of pure f-anomer 58-f (3.2 mg, 2%)
as a white amorphous solid, which was used for characterization:

Ri = 0.50 (SiO2; cHex/EtOAc 2:1); 'H NMR (500 MHz, CDCl3): § = 0.00 (s, 3 H; SiMe),
0.03 (s, 3 H; SiMe2), 0.86 (s, 9 H; SiCMes), 1.39 (s, 3 H; OCMe), 1.65 (s, 3 H; OCMe), 3.81
(dd, Jsasb = 11.3 Hz, Js'as4 = 3.9 Hz, 1 H; H-5"a), 3.86 (dd, Js'b5'a = 11.3 Hz, Jsb4 = 3.8 Hz,
1 H; H-5"b), 4.29 (q, Ja3 = Jusa = Joso = 3.7 Hz, 1 H; H-4), 4.41 (s, 3 H; NMe), 4.98 (dd,
Jy2» =6.5Hz, Jy4 =3.6 Hz, 1 H; H-3), 5.21 (dd, J> 3> = 6.6 Hz, J> 1> = 3.6 Hz, 1 H; H-2),
6.49 (d, Ji2» = 3.6 Hz, 1 H; H-1"), 7.66 (s, 1 H; H-3), 8.71 ppm (s, 1 H; H-6); *C{'H} NMR
(125.7 MHz, CDCl): 6 = -5.3 (SiMes), -5.2 (SiMe2), 18.7 (SiCMes), 25.7 (OCMe), 26.1
(SiCMes), 27.5 (OCMes), 40.2 (NMe), 63.1 (C-57), 80.6 (C-3"), 83.4 (C-2°), 85.4 (C-4"), 89.7
(C-17), 105.6 (C-8a), 115.0 (OCMey), 121.1 (C-3), 127.3 (C-8b), 129.7 (C-3a), 149.4 (C-8),
152.5 (C-6), 156.7 ppm (C-4a); HR MS (ESI) for C2:H3NsOsSi¥CI* [M(3Cl) +H]": caled
494.1990, found 494.1992; for C22H3:Ns04Si**CINa” [M(**Cl) + Na]": caled 516.1810, found
516.1812.

8-Chloro-1-methyl-4-(5-O-trityl-B3-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-
d]pyrimidine (59)

A solution of 5-O-trityl-D-ribose”® (32, 47 mg, 0.12 mmol) in MeCN (2 mL) was treated with
P(nBu)s (48 puL, 93.5%, 0.19 mmol) and ADDP (42 mg, 0.18 mmol). After stirring at 20 °C
for 15 min, the homogenous orange solution turned into a heterogeneous white suspension
forming the sugar epoxide in situ. Separately, a suspension of nucleobase 47 (50.0 mg,
0.24 mmol) in DMF (1.5 mL) was treated with NaH (9.6 mg, 60 w% dispersion in mineral oil,
0.24 mmol), stirred at 20 °C for 15 min, and then transferred via syringe to the epoxide
mixture. After stirring at 20 °C for 12 h, the reaction mixture was neutralized with HCI (1 M
in water). Concentration in vacuo, followed by co-evaporation with toluene multiple times
gave a crude oil. The oil diluted with MeOH (~3 mL) and loaded on silica. Purification by
HPFC (SiO2; CHCI3/MeOH, gradient 0 — 10% MeOH) gave a fraction containing the crude
product 59 (4.2 mg).
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"HNMR (400 MHz, DMSO-ds): 6 = 4.07-4.10 (m, 1 H; H-5’a), 4.20-4.25 (m, 1 H; H-5"b),
4.33 (s, 3 H; NMe), 4.59 (q, J& 3 = Jo 52 = Jo 5 = 6.0 Hz, 1 H; H-4"), 5.32 (m, 1 H; H-3"),
5.52 (m, 1 H; H-2), 6.35 (d, Ji2>» = 6.2 Hz, 1 H; H-1"), 7.20-7.37 (m, 15 H; H-Ar), 7.59 (s,
1 H; H-3), 8.77 ppm (s, 1 H; H-6); HR MS (ESI) for C3,H2sN5043CINa* [M + Na]": calcd
604.1722, found 604.1726.

8-(Furan-2-yl)-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrazolo[3',4":4,5]-
pyrrolo[2,3-d]pyrimidine (60a)

A solution of 57 (300 mg, 0.46 mmol) in DMF (4.6 mL) was treated with PdCl(PPhs)>
(35.7 mg, 0.05 mmol) and 2-(tributylstannyl)furan (0.175 mL, 0.55 mmol). After stirring at
100 °C for 10 hours, DMF was removed in vacuo. EtOAc (2.5 mL) and a solution of KF
(32 mg, 0.551 mmol) in MeOH (2.5 mL) were added. The mixture was concentrated in vacuo
and filtered through a silica plug (5 cm) with cHex (100 mL) followed by EtOAc (500 mL).
Purification by HPFC (Si02; cHex/EtOAc, gradient 0 — 100% EtOAc) gave 60a (216 mg,
69%) as a pale-yellow foam.

Ri = 0.40 (SiO2; cHex/EtOAc 1:1); m.p. = 71 °C; 'H NMR (500 MHz, CDCls): § = 4.27 (s,
3 H; NMe), 4.72 (m, 1 H; H-5"a), 4.81-4.87 (m, 2 H; H-4’, H-5’b), 6.12 (dd, J3° 2> = 6.0 Hz,
Jy4 =43 Hz, 1 H; H-3”), 6.33 (t, J>,1r = J2 3> = 6.1 Hz, 1 H; H-2"), 6.76 (dd, Js3 = 3.5 Hz,
Jas = 1.7 Hz, 1 H; H-4-furyl), 6.99 (d, J1-»» = 6.3 Hz, 1 H; H-1"), 7.35, 7.42 and 7.46 (3 x m,
3 x 2 H; H-A3, H-AS5, H-B3, H-B5, H-C3, H-C5), 7.48 (dd, J34 = 3.5 Hz, J35 = 0.9 Hz, 1 H;
H-3-furyl), 7.53, 7.58 and 7.59 (3 x m, 3 H; H-A4, H-B4, HC4), 7.70 (s, 1 H; H-3), 7.75 (bd,
Js4=1.7 Hz, 1 H; H-5-furyl), 7.91, 8.02 and 8.09 (3 x m, 3 x 2 H; H-A2, H-A6, H-B2, H-B6,
H-C2, H-C6), 8.89 ppm (s, 1 H; H-6); *C{'H} NMR (125.7 MHz, CDCl5): 6 = 41.8 (NMe),
64.0 (C-5”), 71.3 (C-3°), 72.5 (C-2°), 80.1 (C-4°), 85.3 (C-1°), 101.5 (C-8a), 113.9 (C-4-
furyl), 119.9 (C-3), 128.5, 128.9 and 129.4 (3 C; C-Al, C-B1, C-C1), 128.6 (C-8b), 128.6,
128.7 and 128.8 (6 C; C-A3, C-AS5, C-B3, C-B5, C-C3, C-C5), 129.9 (C-3a), 129.9, 130.0 and
130.1 (6 C; C-A2, C-A6, C-B2, C-B6, C-C2, C-C6), 133.6, 133.8 and 133.9 (3 C; C-A4, C-
B4, C-C4), 145.1 (C-5-furyl), 150.4 (C-2-furyl), 151.2 (C-6), 158.1 (C-4a), 165.2, 165.6 and
166.3 ppm (3 C; C=0), C-8 and C-3-furyl hidden by noise; IR (ATR): v = 2956 (w), 1720 (s),
1599 (w), 1555 (w), 15332 (w), 1488 (w), 1442 (m), 1414 (w), 1315 (w), 1261 (s), 1176 (W),
1117 (m), 1092 (m), 1067 (m), 1024 (m), 1009 (m), 973 (m), 944 (w), 885 (w), 793 (m), 745
(w), 705 (s), 685 (w), 616 cm™ (w); HRMS (ESI) for CisH3oNsOs" [M + H]": calcd
684.2089, found 684.2086; for C3sH20NsOgNa" [M + Na]": calcd 706.1908, found 706.1905.

8-(Furan-3-yl)-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrazolo[3',4":4,5]-
pyrrolo[2,3-d]pyrimidine (60b)

A solution of 57 (300 mg, 0.46 mmol) in toluene (3.1 mL) was treated with furan-3-ylboronic
acid (77.1 mg, 0.69 mmol), K>COz (127 mg, 0.92 mmol) and Pd(PPh3)s (54.88 mg,
0.05 mmol). After stirring at 100 °C for 48 hours, the suspension was filtered through a celite
plug (2 cm). Purification by HPFC (S102; cHex/EtOAc, gradient 0 — 25% EtOAc) gave 60b
(101 mg, 32%) as a yellow film.

Rr=0.56 (SiO2; cHex/EtOAc 1:1); '"H NMR (500 MHz, CDCls): § = 3.81 (s, 3 H; NMe), 4.70
(m, 1 H; H-5’a), 4.83 (m, 1 H; H-4"), 4.84 (m, 1 H; H-5’b), 6.15 (dd, J»» = 6.0 Hz, J» 4 =
43 Hz, 1 H; H-3%), 6.38 (t, Jo1* = J»3 = 6.1 Hz, 1 H; H-2"), 6.85 (dd, Jas = 1.8 Hz, Jap =
0.8 Hz, 1 H; H-4-furyl), 6.98 (d, Ji-> = 6.2 Hz, 1 H; H-1), 7.34, 7.40 and 7.45 3 x t, J =
7.7 Hz, 3 x 2 H; H-A3, H-A5, H-B3, H-B5, H-C3, H-C5), 7.49-7.59 (3 x m, 3 H; H-A4, H-
B4, H-C4), 7.61 (t, Js4 = Js» = 1.7 Hz, 1 H; H-5-furyl), 7.66 (s, 1 H; H-3), 7.91 (dd, J>5 =
1.5 Hz, Jo4 = 0.8 Hz, 1 H; H-2-furyl), 7.92, 8.01 and 8.09 (3 x m, 3 x 2 H; H-A2, H-A6, H-
B2, H-B6, H-C2, H-C6), 8.92 ppm (s, 1 H; H-6); *C{'H} NMR (125.7 MHz, CDCl3): § =
40.4 (NMe), 63.9 (C-5"), 71.3 (C-3°), 72.4 (C-2°), 79.8 (C-4’), 85.1 (C-1), 105.9 (C-8a),
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111.2 (C-4-furyl), 120.5 (C-3), 125.0 (C-3-furyl), 128.5, 128.6 and 128.7 (6 C; C-A3, C-AS,
C-B3, C-B5, C-C3, C-C5), 128.8, 128.9, 129.1 and 129.4 (5 C; C-Al, C-B1, C-C1, C-3a, C-
8b), 129.8 and 129.9 (6 C; C-A2, C-A6, C-B2, C-B6, C-C2, C-C6), 133.5, 133.8 and 133.8
(3 C; C-Ad, C-B4, C-C4), 142.9 (C-2-furyl), 143.9 (C-5-furyl), 150.4 (C-8), 152.8 (C-6),
157.6 (C-4a), 165.2, 165.6 and 166.2 ppm (3 C; C=0); IR (ATR): ¥ = 2924 (w), 2852 (W),
1722 (s), 1602 (w), 1562 (w), 1525 (w), 1492 (w), 1451 (w), 1368 (w), 1315 (w), 1260 (s),
1177 (w), 1119 (m), 1089 (m), 1068 (m), 1024 (m), 1000 (m), 977 (m), 906 (w), 802 (w), 706
(s), 685 (m), 615 (w), 601 cm™ (w); HRMS (ESI) for CisH3oNsOs™ [M + H]": calcd
684.2089, found 684.2086; for C3sH20NsOgNa" [M + Na]": calcd 706.1908, found 706.1903.

8-(Benzofuran-2-yl)-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)-
pyrazolo[3',4":4,5]pyrrolo[2,3-d]pyrimidine (60c)

A solution of 57 (301 mg, 0.46 mmol) in toluene (3.1 mL) was treated with benzofuran-2-
ylboronic acid (112 mg, 0.69 mmol), K»CO3 (128.3 mg, 0.93 mmol) and Pd(PPhs)4 (54.7 mg,
0.05 mmol). After stirring at 100 °C for 48 hours, the suspension was filtered through a celite
plug (2 cm). Purification by HPFC (SiO2; cHex/EtOAc, gradient 0 — 25% EtOAc) gave 60c
(127 mg, 38%) as a colorless film.

Ri=0.74 (SiO2; cHex/EtOAc 1:1); 'H NMR (500 MHz, CDCl3): § = 4.31 (s, 3 H; NMe), 4.73
(m, 1 H; H-5’a), 4.84 (m, 1 H; H-4"), 4.85 (m, 1 H; H-5’b), 6.16 (dd, J3'»> = 6.0 Hz, J» 4 =
4.4 Hz, 1 H; H-3"), 6.40 (t, J>,;» = J»3 = 6.1 Hz, 1 H; H-2’), 7.01 (d, Jir2>» = 6.2 Hz, 1 H; H-
1’), 7.32-7.37 (m, 3 H; H-5-benzofuryl, H-C3, H-C5), 7.38-7.49 (m, 5 H; H-6-benzofuryl, H-
A3, H-AS, H-B3, H-B5), 7.52 (m, 1 H; H-C4), 7.55-7.61 (m, 3 H; H-7-benzofuryl, H-A4, H-
B4), 7.73 (s, 1 H; H-3), 7.76 (m, Js5 = 7.8 Hz, 1 H; H-4-benzofuryl), 7.79 (bs, 1 H; H-3-
benzofuryl), 7.93, 8.02 and 8.09 (3 x m, 3 x 2 H; H-A2, H-A6, H-B2, H-B6, H-C2, H-C6),
8.93 ppm (s, 1 H; H-6); *C{!H} NMR (125.7 MHz, CDCl3): 6 = 41.7 (NMe), 64.0 (C-5),
71.3 (C-3°), 72.4 (C-27), 80.0 (C-4’), 85.3 (C-1"), 102.9 (C-8a), 110.0 (C-3-benzofuryl), 111.5
(C-7-benzofuryl), 119.9 (C-3), 122.8 (C-4-benzofuryl), 124.2 (C-5-benzofuryl), 126.6 (C-6-
benzofuryl), 128.4, 128.8, 128.9 and 129.4 (6 C; C-3a, C-8b, C-3a-benzofuryl, C-Al, C-Bl,
C-Cl), 128.6, 128.7 and 128.7 (6 C; C-A3, C-AS, C-B3, C-B5, C-C3, C-C5), 129.8 and 129.9
(6 C; C-A2, C-A6, C-B2, C-B6, C-C2, C-C6), 133.6, 133.7 and 133.8 (3 C; C-A4, C-B4, C-
C4), 146.0 (C-8), 152.2 (C-6), 153.4 (C-2-benzofuryl), 155.5 (C-7a-benzofuryl), 158.4 (C-
4a), 165.2, 165.6 and 166.3 ppm (3 C; C=0); IR (ATR): v = 2969 (w), 2953 (w), 2882 (w),
2249 (w), 2180 (w), 2153 (w), 2042 (w), 2016 (w), 1987 (w), 1979 (w), 1970 (w), 1922 (w),
1870 (w), 1718 (m), 1583 (m), 1543 (s), 1498 (m), 1451 (w), 1431 (m), 1408 (m), 1364 (m),
1315 (m), 1245 (s), 1119 (m), 1081 (s), 1054 (s), 1046 (s), 1021 (s), 994 (s), 975 (s), 949 (m),
814 (m), 803 (m), 777 (m), 734 (m), 716 (s), 709 (s), 688 (m), 676 (m), 669 (m), 649 (m), 621
(m), 610 (s), 598 cm™' (s); HR MS (ESI) for C4H32NsOs" [M + H]*: caled 734.2245, found
734.2239; for C42H31NsOgNa™ [M + H]": caled 756.2065, found 756.2060.

1,8-Dimethyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]-
pyrimidine (60d)

A solution of 57 (249 mg, 0.38 mmol) in THF (10.1 mL) was treated with Pd(PPhs)4
(23.6 mg, 0.02 mmol) and MesAl (0.38 mL, 2.0 M in toluene, 0.78 mmol). After stirring at
65 °C for 3 hours, the resulting red-brown solution was treated with MeOH (1 mL) before
being concentrated in vacuo. Purification by HPFC (Si02; cHex/EtOAc, gradient 25 — 75%
EtOAc) gave 60d (156 mg, 64%) as an off-white foam.

Ri = 0.19 (SiO2; cHex/EtOAc 1:2); m.p. = 79 °C; '"H NMR (500 MHz, CDCls): 6 = 2.98 (s,
3 H; CMe), 4.30 (s, 3 H; NMe), 4.68 (m, 1 H; H-5’a), 4.80 (m, 1 H; H-4"), 4.82 (m, 1 H; H-
5’b), 6.12 (dd, J3'»> =5.9 Hz, J3» 4 = 4.2 Hz, 1 H; H-3’), 6.43 (t, J>>,r =J> 3 = 6.0 Hz, 1 H; H-
2%), 693 (d, Jrp» = 6.2 Hz, 1 H; H-1"), 7.33 (m, 2 H; H-A3, H-AS5), 7.40 (m, 2 H; H-B3, H-
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BS), 7.45 (m, 2 H; H-C3, H-C5), 7.49-7.61 (m, 3 H; H-A4, H-B4, H-C4), 7.63 (s, 1 H; H-3),
7.90 (m, 2 H; H-A2, H-A6), 8.00 (m, 2 H; H-B2, H-B6), 8.07 (m, 2 H; H-C2, H-C6),
8.82 ppm (s, 1 H; H-6); *C{'H} NMR (125.7 MHz, CDCl3): 6 = 24.6 (CMe), 40.1 (NMe),
63.9 (C-5%), 71.3 (C-3"), 72.4 (C-27), 79.8 (C-4"), 85.1 (C-17), 106.4 (C-8a), 120.2 (C-3),
128.5 (C-3a), 128.5, 128.6 and 128.7 (6 C; C-A3, C-AS5, C-B3, C-BS5, C-C3, C-C5), 128.6,
128.9 and 129.2 (3 C; C-Al, C-B1, C-C1), 129.4 (C-8b), 129.8 and 129.9 (6 C; C-A2, C-A6,
C-B2, C-B6, C-C2, C-C6); 133.5, 133.7 and 133.80 (3 C; C-A4, C-B4, C-C4), 152.8 (C-6),
156.5 (C-8), 157.0 (C-4a), 165.2 (C=0 A), 165.6 (C=0 B), 166.2 ppm (C=0 C); IR (ATR): ©
= 3060 (W), 2923 (w), 2853 (w), 1720 (m), 1601 (w), 1558 (w), 1499 (w), 1451 (m), 1315
(W), 1262 (s), 1177 (m), 1118 (m), 1091 (s), 1067 (m), 1024 (m), 978 (m), 803 (w), 784 (W),
707 (s), 615 (m), 540 cm™ (s); HR MS (ESI) for Cs3sHzoNsO7* [M + H]": caled 632.2140,
found 632.2134; for C3sH29NsO7Na" [M + Na]*: caled 654.1959, found 654.1953.

8-(N,N-Dimethylamino)-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)-
pyrazolo[3',4":4,5]pyrrolo[2,3-d]pyrimidine (60e)

A suspension of 57 (136 mg, 0.21 mmol) in 2-propanol (6.71 mL) was treated with
dimethylamine (0.155 mL, 2.0 M in THF, 0.31 mmol) and stirred at 60 °C for 24 hours.
Purification by HPFC (SiO2; cHex/EtOAc, gradient 0 — 100% EtOAc) gave 60e (63.9 mg,
47%) as a colorless film.

Ri = 0.54 (SiO2; cHex/EtOAc 1:1); 'THNMR (500 MHz, CDCl3): § = 3.17 (s, 6 H; NMe>),
4.22 (s, 3 H; NMe), 4.69 (m, 1 H; H-5"a), 4.78 (m, 1 H; H-4"), 4.79 (m, 1 H; H-5"b), 6.11 (dd,
Jy 2 =6.0Hz, J»»» = 4.1 Hz, 1 H; H-3"), 6.32 (t, J>»,ir = J2»3» = 6.2 Hz, 1 H; H-2"), 6.93 (d,
Jrp» =64Hz 1 H; H-1"), 7.34 (m, 2 H; H-A3, H-AS5), 7.39 (m, 2 H; H-B3, H-B5), 7.46 (m,
2 H; H-C3, H-C5), 7.52, 7.56 and 7.59 (3 x m, 3 H; H-A4, H-B4, H-C4), 7.63 (s, 1 H; H-3),
7.93 (m, 2 H; H-A2, H-A6), 7.99 (m, 2 H; H-B2, H-B6), 8.11 (m, 2 H; H-C2, H-Co6),
8.51 ppm (s, 1 H; H-6); BC{'H} NMR (125.7 MHz, CDCl3): § = 39.7 (NMe), 41.3 (2 C;
NMey>), 64.1 (C-5), 71.3 (C-3°), 72.4 (C-2’), 79.8 (C-4’), 84.9 (C-1"), 94.4 (C-8a), 121.2 (C-
3), 126.3 (C-3a), 128.5 and 128.6 (4 C; C-A3, C-AS5, C-B3, C-BS), 128.7, 128.9 and 129.5
(3 C; C-Al, C-B1, C-C1), 128.7 (2 C; C-C3, C-C5), 129.9 and 130.0 (6 C; C-A2, C-A6, C-
B2, C-B6, C-C2, C-C6), 130.8 (C-8b), 133.6, 133.7 and 133.8 (3 C; C-A4, C-B4, C-C4),
152.1 (C-6), 158.2 (C-4a), 159.9 (C-8), 165.2 (C=0 A), 165.6 (C=0 B), 166.3 ppm (C=0 C);
IR (ATR): ¥ = 2953 (w), 1720 (m), 1584 (w), 1555 (w), 1493 (w), 1450 (w), 1435 (w), 1413
(w), 1367 (w), 1315 (w), 1259 (s), 1177 (w), 1085 (m), 1067 (m), 1024 (m), 993 (w), 973 (w),
948 (w), 835 (w), 803 (w), 733 (w), 705 (s), 686 (m), 611 cm™! (w); HR MS (ESI) for
C36H33N6O7" [M +H]": caled 661.2405, found 661.2398; for C3cH3:N6O7Na™ [M + Na]':
calcd 683.2225, found 683.2217.

8-(Furan-2-yl)-1-methyl-4-(B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]-
pyrimidine (61a)

A suspension of 60a (137 mg, 0.20 mmol) in MeOH (10 mL) was treated with NaOMe
(14 uL, 25 wt% in MeOH, 0.06 mmol) and stirred at 60 °C for 6 hours. After co-evaporation
with MeOH (3 x 10 mL), purification by HPFC (Si102; DCM/MeOH, gradient 0 — 10%
MeOH) gave 61a (64.6 mg, 87%) as a light-beige solid.

Ri=0.42 (SiO2; DCM/MeOH 9:1); m.p. = 217 °C; [a]p** = 0 (¢ = 0.167 in DMSO); 'H NMR
(500 MHz, DMSO-de): 6 = 3.59 and 3.62 (2 x dd, Jeem = 11.8 Hz, J5' 4> = 4.0 Hz, 2 H; H-5"),
3.94 (td, Jaosa = Jrsv = 4.0 Hz, Jos3 = 2.3 Hz, 1 H; H-4"), 4.13 (dd, Jy» = 5.3 Hz, Jy 4 =
2.3 Hz, 1 H; H-3"), 4.22 (s, 3 H; NMe), 4.55 (bt, Jo,i» = Jo3» = 6.4 Hz, 1 H; H-2"), 5.08 (bs,
1 H; OH-5"), 5.24 (bs, 1 H; OH-3"), 5.33 (bs, 1 H; OH-2), 6.41 (d, Ji'>» = 7.4 Hz, 1 H; H-1"),
6.87 (dd, Ja3 = 3.4 Hz, Js5 = 1.7 Hz, 1 H; H-4-furyl), 7.45 (dd, /34 = 3.4 Hz, J35 = 0.8 Hz,
1 H; H-3-furyl), 7.92 (s, 1 H; H-3), 8.19 (dd, Js4 = 1.7 Hz, Js3 = 0.8 Hz, 1 H; H-5-furyl),
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8.83 ppm (s, 1 H; H-6); 3C{'H} NMR (125.7 MHz, DMSO-de): 6 = 41.3 (NMe), 61.8 (C-5),
70.6 (C-3°), 71.7 (C-2°), 85.2 (C-4"), 85.4 (C-1°), 100.2 (C-8a), 113.2 (C-4-furyl), 113.6 (C-3-
furyl), 120.8 (C-3), 127.7 (C-8b), 129.6 (C-3a), 145.2 (C-8), 146.0 (C-5-furyl), 151.3 (C-2-
furyl), 151.9 (C-6), 157.7 ppm (C-4a); IR (ATR): ¥ = 3248 (m), 3129 (m), 2923 (m), 2854
(m), 1728 (w), 1667 (w), 1596 (m), 1552 (m), 1531 (m), 1484 (m), 1444 (s), 1415 (s). 1319
(m), 1289 (s), 1258 (m), 1236 (m), 1206 (w), 1180 (w), 1124 (s), 1070 (m), 1021 (s), 968 (s),
936 (m), 883(s), 861 (m), 790 (s), 757 (s), 718 (s), 617 cm™! (s); UV/Vis (MeOH): Amax (€) =
284 (10700), 323 (12000), 254 nm (29800 M 'cm™'); HR MS (ESI) for for Ci7H;sNsOs*
[M +H]": caled 372.1303, found 372.1298; for Ci7H;7NsOsNa" [M + Na]": caled 394.1122,
found 394.1120.

8-(Furan-3-yl)-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrazolo[3',4":4,5]-
pyrrolo[2,3-d]pyrimidine (61b)

A suspension of 60b (80.9 mg, 0.12 mmol) in MeOH (6 mL) was treated with NaOMe (8 pL,
25 wt% in MeOH, 0.03 mmol) and stirred at 60 °C for 6 hours. Co-evaporation with MeOH
(3 x 10 mL) and purification by HPFC (C18; water/MeOH, gradient 0 — 100% MeOH) gave
61b (31.6 mg, 72%) as an ocher-yellow film.

R¢=0.38 (SiO2; DCM/MeOH 9:1); [a]p?® =—15.0 (¢ = 0.171 in DMSO); '"H NMR (500 MHz,
DMSO-ds): 6 = 3.58 (ddd, Js»asb = 11.7 Hz, Jsaon = 5.1 Hz, Js:a4 = 4.0 Hz, 1 H; H-5a), 3.61
(ddd, Jsv,55a = 11.7 Hz, Jsbon = 5.3 Hz, Jsb4 = 4.1 Hz, 1 H; H-5’b), 3.81 (s, 3 H; NMe), 3.94
(td, Jo 5a = Jr 50 =4.0 Hz, Jo 3> = 2.3 Hz, 1 H; H-4"), 4.12 (btd, J3'»> = J3on =4.9 Hz, J3 4 =
2.3 Hz, 1 H; H-3"), 4.54 (btd, J>>1> = J»on = 7.1 Hz, J» 3> = 5.2 Hz, 1 H; H-2"), 5.07 (bt,
Jon,sa = Jou,sv = 5.2 Hz, 1 H; OH-5"), 5.26 (bd, Jons> = 4.5 Hz, 1 H; OH-3"), 5.33 (bd, Jon,>’
= 6.7 Hz, 1 H; OH-2"), 6.39 (d, Ji'»> = 7.4 Hz, 1 H; H-1"), 7.03 (dd, Js5 = 1.9 Hz, Jap =
0.9 Hz, 1 H; H-4-furyl), 7.88 (s, 1 H; H-3), 7.94 (t, Js4 = Js, = 1.7 Hz, 1 H; H-5-furyl), 8.41
(dd, Jo5 = 1.5Hz, Jo4 = 0.8 Hz, 1 H; H-2-furyl), 8.87 ppm (s, 1 H; H-6); *C{'H} NMR
(125.7 MHz, DMSO-ds): 6 = 40.1 (NMe), 61.8 (C-5"), 70.7 (C-3”), 71.9 (C-2), 85.2 (C-4"),
85.5 (C-17°), 104.4 (C-8a), 111.4 (C-4-furyl), 121.4 (C-3), 124.8 (C-3-furyl), 128.1 (C-8Db),
128.8 (C-3a), 144.0 (C-2-furyl), 144.3 (C-5-furyl), 150.0 (C-8), 152.4 (C-6), 157.1 ppm (C-
4a); IR (ATR): v = 3346 (m), 3249 (m), 2925 (w), 1662 (w), 1602 (w), 1552 (m), 1499 (m),
1447 (m), 1416 (s), 1344 (s), 1317 (s), 1283 (m), 1253 (m), 1208 (m), 1161 (m), 1120 (s),
1083 (s), 1041 (s), 1008 (m), 980 (s), 873 (s), 834 (m), 822 (m), 795 (s), 745 (m), 717 (m),
682 (m), 649 (m), 615 (m), 600 cm™! (s); UV/Vis (MeOH): Jmax (¢) = 301 (4600), 250 nm
(24200 M 'em™!); HR MS (ESI) for C17H1sNsOs™ [M + H]": caled 372.1303, found 372.1230;
for C17H;7NsOsNa" [M + Na]": calcd 394.1122, found 394.1119.

8-(Benzofuran-2-yl)-1-methyl-4-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrazolo-
[3',4":4,5]pyrrolo[2,3-d]pyrimidine (61c)

A suspension of 60¢ (121 mg, 0.17 mmol) in MeOH (8.25 mL) was treated with NaOMe
(11 uL, 25 wt% in MeOH, 0.05 mmol) and stirred at 60 °C for 6 hours. Co-evaporation with
MeOH (3 x 10 mL) and purification by HPFC (C18; water/MeOH, gradient 0 — 100%
MeOH) gave 61c¢ (69.6 mg, 98%) as a light yellow solid.

Rt = 0.47 (SiO2; DCM/MeOH 9:1); m.p. = 257 °C; [a]p®® = + 19.6 (¢ = 0.176 in DMSO);
'HNMR (500 MHz, DMSO-dg): d = 3.58-3.67 (m, 2 H; H-5"), 3.96 (td, Jo50 = Ja5 =
4.0Hz, Jy3 =2.4Hz, 1 H; H4’), 4.14 (dd, J3'»» = 5.3 Hz, J»» 4 = 2.4 Hz, 1 H; H-3"), 4.29 (s,
3 H; NMe), 4.57 (dd, - = 7.4 Hz, Jr3 = 5.3 Hz, 1 H; H-2"), 5.10 (m, 1 H; OH-5"), 5.20—
5.52 (m, 2 H; OH-2’, OH-3’), 6.44 (d, J1'»» = 7.4 Hz, 1 H; H-1"), 7.41 (ddd, J5.4 = 7.7 Hz, Js5¢
= 7.2 Hz, Js; = 1.0 Hz, 1 H; H-5-benzofuryl), 7.50 (ddd, Je7 = 8.4 Hz, Js5 = 7.2 Hz, Js 4 =
1.2 Hz, 1 H; H-6-benzofuryl), 7.87 (dq, Jas = 7.7 Hz, Jss = 1.1 Hz, 1 H; H-4-benzofuryl),
7.88 (dq, J7,6 = 8.4 Hz, J73 = J74 = J75 = 0.9 Hz, 1 H; H-7-benzofuryl), 7.90 (d, /37 = 1.0 Hz,
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1 H; H-3-benzofuryl), 7.97 (s, 1 H; H-3), 8.94 ppm (s, 1 H; H-6); *C{'H} NMR (125.7 MHz,
DMSO-de): 6 = 41.4 (NMe), 61.8 (C-5°). 70.6 (C-3"), 71.8 (C-2°), 85.3 (C-4’), 85.6 (C-1).
101.5 (C-8a), 109.4 (C-3-benzofuryl), 111.9 (C-7-benzofuryl), 121.1 (C-3), 122.7 (C-4-
benzofuryl), 124.1 (C-5-benzofuryl), 126.5 (C-6-benzofuryl), 127.7 (C-8b), 128.0 (C-3a-
benzofuryl), 129.9 (C-3a), 145.2 (C-8), 152.0 (C-6), 153.4 (C-2-benzofuryl), 154.9 (C-7a-
benzofuryl), 157.9 ppm (C-4a); IR (ATR): ¥ = 3240 (w), 3084 (w), 2920 (m), 2852 (w), 1739
(W), 1652 (w), 1597 (m), 1559 (m), 1530 (m), 1489 (w), 1447 (s), 1412 (m), 1351 (m), 1331
(m), 1291 (m), 1259 (m), 1215 (w), 1191 (w), 1173 (m), 1135 (m), 1118 (m), 1074 (s), 1038
(s). 1008 (s), 982 (s), 976 (s), 965 (m), 926 (m), 887 (m), 823 (s), 793 (s), 747 (s), 731 (m),
685 (m), 663 (m), 612 cm™ (m); UV/Vis (MeOH): Zmax (£) = 336 (19800), 258 nm (20900 M-
lem™); HRMS (ESI) for CatHaoNsOs® [M + HJ": caled 422.1459, found 422.1456; for
C21H19NsOsNa”™ [M + Na]*: calcd 444.1278, found 444.1276.

1,8-Dimethyl-4-(B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]pyrimidine (61d)

A suspension of 60d (135 mg, 0.21 mmol) in MeOH (10 mL) was treated with NaOMe
(15 uL, 25 wt% in MeOH, 0.07 mmol) and stirred at 60 °C for 4 hours. Co-evaporation with
MeOH (3 x 10 mL) and purification by HPFC (C18; water/MeOH, gradient 0 — 100%
MeOH) gave 61d (50.4 mg, 73%) as a white solid.

Re = 0.33 (SiO2; DCM/MeOH 9:1); m.p. = 286 °C; [a]p*® = —50.3 (¢ = 0.173 in DMSO);
'"H NMR (500 MHz, DMSO-ds): 6 = 2.96 (s, 3 H; CMe), 3.53-3.62 (m, 2 H; H-5"), 3.91 (td,
Jysa=Jysy=4.1Hz, Jy3 = 2.4Hz, 1 H; H-4"), 4.10 (m, 1 H; H-3"), 4.29 (s, 3 H; NMe),
4.51 (td, Jo,1» = J»on = 6.9 Hz, J> 3> = 5.3 Hz, 1 H; H-2"), 5.09 (t, Jon,5’a = Jon,s'b = 5.2 Hz,
1 H; OH-5"), 5.26 (d, Jon3 = 4.3 Hz, 1 H; OH-3"), 5.32 (d, Jou2’ = 6.6 Hz, 1 H; OH-2’), 6.33
(d, Ji2» = 7.3 Hz, 1 H; H-1°), 7.79 (s, 1 H; H-3), 8.73 ppm (s, 1 H; H-6); *C{'H} NMR
(125.7 MHz, DMSO-dg): 6 = 24.3 (CMe), 39.7 (NMe), 62.0 (C-5), 70.8 (C-37), 71.8 (C-2’),
85.2 (C-4’), 85.6 (C-1’), 105.1 (C-8a), 120.9 (C-3), 128.3 (C-3a), 128.5 (C-8b), 152.6 (C-6),
156.5 (C-4a), 157.0 ppm (C-8); IR (ATR): v =3213 (m), 2918 (w), 1606 (w), 1551 (m), 1503
(m), 1477 (m), 1455 (m), 1415 (m), 1374 (m), 1316 (m), 1244 (m), 1218 (m), 1124 (s), 1098
(s), 1077 (s), 1047 (s), 1020 (s), 983 (s), 931 (m), 882 (m), 854 (m), 828 (m), 785 (m), 720
(s), 647 (s), 617 cm™" (s); UV/Vis (MeOH): Amax (£) = 281 (6600), 246 nm (39300 M 'cm™);
HR MS (ESI) for CisHisNsOs© [M+H]": caled 320.1353, found 320.1351; for
C14H17N504Na" [M + Na]*: caled 342.1173, found 342.1170.

1-Methyl-8-(N,N-dimethylamino)-4-(3-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-
d]pyrimidine (61e)

A suspension of 60e (116 mg, 0.18 mmol) in MeOH (8.8 mL) was treated with NaOMe
(12 uL, 25 wt% in MeOH, 0.05 mmol) and stirred at 60 °C for 6 hours. Concentration in
vacuo, followed by co-evaporation with MeOH (3 x 10 mL) and purification by HPFC (Si02;
DCM/MeOH, gradient 0 — 10% MeOH) gave 61e (61.0 mg, 98%) as a light-beige film.

Ry = 0.38 (SiO2; DCM/MeOH 9:1); [a]p®® = +16.1 (¢ = 0.261 in DMSO); 'HNMR
(500 MHz, DMSO-ds): 6 = 3.11 (s, 6 H; NMe>), 3.55 (ddd, Jsa50 = 11.8 Hz, Jsa0n = 5.1 Hz,
Jsaa =42 Hz, 1 H; H-5’a), 3.58 (ddd, J5'b.5 = 11.8 Hz, Jsb.on = 5.5 Hz, Jsva = 4.2 Hz, 1 H;
H-5’b), 3.88 (td, Jas:a = Ja 50 = 42 Hz, Jo3» = 2.4 Hz, 1 H; H-4"), 4.09 (btd, J3»* = J3 o1 =
49 Hz, Jy 4 =2.4 Hz, 1 H; H-3"), 4.18 (s, 3 H; NMe), 4.51 (td, Jo» 1> = Jron = 7.1 Hz, Jo 3> =
5.3 Hz, 1 H; H-2"), 5.04 (t, Jousa = Jonsb = 5.3 Hz, 1 H; OH-5"), 5.27 (d, Jou3 = 4.5 Hz,
1 H; OH-3"), 5.27 (d, Jon2' = 6.9 Hz, 1 H; OH-2"), 6.27 (d, Ji-»» = 7.4 Hz, 1 H; H-1), 7.79 (s,
1 H; H-3), 8.36 ppm (s, 1 H; H-6); 3C{'H} NMR (125.7 MHz, DMSO-ds): 6 = 39.8 (NMe),
40.5 (2 C; NMey), 61.9 (C-5%), 70.6 (C-3), 71.8 (C-2°), 85.0 (C-4"), 85.5 (C-17), 92.6 (C-8a),
121.8 (C-3), 126.2 (C-3a), 129.6 (C-8b), 151.8 (C-6), 157.7 (C-4a), 159.6 ppm (C-8); IR
(ATR): ¥ = 3261 (broad w), 2925 (w), 2855 (w), 1732 (w), 1636 (w), 1594 (m), 1559 (m),
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1496 (w), 1441 (m), 1412 (m), 1391 (m), 1317 (w), 1263 (m), 1093 (s), 1044 (s), 995 (s), 974
(m), 942 (m), 787 (s), 710 (s), 594 cm™ (s); UV/Vis (MeOH): Amax (¢) = 305 nm (7400 M'cm™
; HRMS (ESI) for CisH2iNgOs" [M+H]": caled 349.1619, found 349.1617; for
C15sH20N6O4Na" [M + Na]*: caled 371.1438, found 371.1436.

8-Amino-1-methyl-4-(B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]pyrimidine

(61f)

In a screw-cap pressure glass tube, a solution of nucleoside 57 (201 mg, 0.31 mmol) in 1,4-
dioxane (1 mL) was treated with aq. ammonia (2.5 mL, 25 wt% in water, 16.23 mmol). After
stirring at 120 °C for 24 hours (HPLC-MS: #r = 0.82 min, m/z = 321), the solution was cooled
down and concentrated in vacuo. Recrystallisation from DCM/MeOH (9:1, 2.5 mL), followed
by filtration and rigorous washing with ice-cold DCM/MeOH solution (9:1) gave 61f
(79.3 mg, 81%) as an ocher-yellow solid.

Rr = 0.15 (SiO2; DCM/MeOH 9:1); m.p. = 264 °C; [a]p?® = —25.7 (¢ = 0.198 in DMSO);
"H NMR (500 MHz, DMSO-ds): 6 = 3.53 and 3.57 (2 dd, Jeem = 11.7 Hz, J5: 4 = 4.2 Hz, 2 H;
H-5%), 3.87 (td, Jy 52 = Jo5b = 4.2 Hz, Jy3» = 2.5 Hz, 1 H; H-4"), 4.08 (dd, J3»» = 5.3 Hz,
Jy4=2.5Hz, 1 H; H-3"),4.22 (s, 3 H; NMe); 4.48 (dd, J»'1» = 7.2 Hz, J» 3 = 5.3 Hz, 1 H; H-
2%), 4.78-5.53 (m, 3 H; OH-2’, OH-3’, OH-5"), 6.20 (d, Ji’>» = 7.3 Hz, 1 H; H-1"), 6.76 (bs,
2 H; NH»), 7.64 (s, 1 H; H-3), 8.21 ppm (s, 1 H; H-6); *C{'H} NMR (125.7 MHz, DMSO-
ds): 0 =39.1 (NMe), 61.9 (C-5"), 70.7 (C-3’), 71.8 (C-2’), 84.8 (C-4’), 85.5 (C-1"), 89.7 (C-
8a), 120.6 (C-3), 126.2 (C-3a), 129.1 (C-8a), 153.3 (C-6), 156.2 (C-8), 157.3 ppm (C-4a); IR
(ATR, neat): v = 3229 (m), 3042 (m), 2935 (m), 2898 (m), 1643 (s), 1612 (m), 1570 (m),
1524 (m), 1505 (m), 1487 (m), 1435 (m), 1359 (m), 1328 (m), 1278 (m), 1239 (m), 1193 (m),
1127 (m), 1101 (s), 1064 (s), 1013 (s), 990 (s), 976 (s), 945 (m), 905 (m), 870 (m), 789 (s),
737 (s), 725 (m), 626 (s), 610 cm™! (s); UV/Vis (MeOH): Amax (¢) = 281 nm (7000 M 'ecm™);
HRMS (ESI) for CisHi7NeOs" [M+H]": caled 321.1306, found 321.1303; for
Ci3Hi16N6OsNa" [M + Na]": calcd 343.1125, found 343.1122.

8-Methoxy-1-methyl-4-(B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]pyrimidine
(619)

A suspension of nucleoside 57 (201 mg, 0.31 mmol) in MeOH (20 mL) was treated with
sodium methoxide (0.15 mL, 25 wt% in MeOH, 0.66 mmol) and stirred at 25 °C for 76 hours,
followed by concentration in vacuo. Purification by HPFC (C18; water/MeOH, gradient 0 —
100% MeOH) gave 61g (82.1 mg, 80%) as a white solid.

Re = 0.54 (SiO2; DCM/MeOH 9:1); m.p. = 207 °C; [a]p?® = =37.6 (¢ = 0.173 in DMSO);
"HNMR (500 MHz, DMSO-de): 6 = 3.53-3.62 (m, 2 H; H-5"), 3.91 (td, Jasa = Jas5p =
4.1Hz, Jy3 =2.4Hz 1 H; H-4"),4.11 (dd, J3:»» = 5.3 Hz, J3»» = 2.4 Hz, 1 H; H-3"), 4.14 (s,
3 H, OMe), 4.16 (s, 3 H; NMe), 4.51 (dd, J>-1> = 7.3 Hz, J>3» = 5.3 Hz, 1 H; H-2"), 5.00-5.43
(m, 3 H; OH-2’, OH-3’, OH-5’), 6.28 (d, Jrrp> = 7.3 Hz, 1 H; H-17), 7.77 (s, 1 H; H-3),
8.54 ppm (s, 1 H; H-6); *C{'H} NMR (125.7 MHz, DMSO-dj): 6 = 38.4 (NMe), 54.5 (OMe),
62.0 (C-57), 70.8 (C-3”), 72.2 (C-2"), 85.2 (C-4’), 85.9 (C-1"), 91.5 (C-8a), 121.6 (C-3), 126.8
(C-3a), 128.4 (C-8a), 152.9 (C-6), 158.1 (C-4a), 161.3 ppm (C-8); IR (ATR): v = 3197 (w),
2919 (w), 1723 (m), 1679 (w), 1602 (w), 1569 (w), 1537 (w), 1450 (m), 1315 (w), 1266 (s),
1177 (w), 1121 (s), 1096 (m), 1067 (m), 1046 (m), 1025 (s), 987 (m), 973 (m), 940 (w), 803
(W), 786 (w), 707 (s), 686 (m), 620 (m), 600 cm™" (m); UV/Vis (MeOH): Amax (¢) = 271 nm
(9300 M 'em™); HR MS (ESI) for CisHi7NsOsNa® [M + Na]": caled 358.1122, found
358.1126.

84



5. Experimental

1-Methyl-8-(methylthio)-4-(B-D-ribofuranosyl)pyrazolo[3',4":4,5]pyrrolo[2,3-d]-
pyrimidine (61h)

A solution of 57 (30.5 mg, 0.05 mmol) in 1,4-dioxane (2 mL) was treated with NaSMe
(17.3 mg, 0.32 mmol) and stirred at 60 °C for 14 hours. Purification by HPFC (CI18;
water/MeOH, gradient 0 — 100% MeOH) gave 61h (8.2 mg, 51%) as a beige oil.

Ri=0.56 (Si02; DCM/MeOH 9:1); [a]p*® = —23.3 (¢ = 0.031 in DMSO); 'H NMR (500 MHz,
DMSO-ds): 6 =2.71 (s, 3 H; SMe), 3.53-3.63 (m, 2 H; H-5"), 3.91 (td, Jo 572 = Jo 50 = 4.7 Hz,
Jr3 =23 Hz, | H; H-4"), 4.10 (td, J3 2> = J3.0ou = 4.8 Hz, J» 4 = 2.3 Hz, 1 H; H-3"), 4.36 (s,
3 H; NMe), 4.51 (btd, J>1> = J»on = 7.0Hz, J» 3> = 5.3 Hz, 1 H; H-2"), 5.07 (t, Jon,5a =
Jon,sv = 5.3 Hz, OH-5"), 5.24 (d, Jon3 = 4.5 Hz, 1 H; OH-3"), 5.32 (d, Jon,>’ = 6.6 Hz, 1 H;
OH-2"), 6.31 (d, Jir» = 74Hz, 1 H; H-1°), 7.83 (s, 1 H; H-3), 8.73 ppm (s, 1 H; H-6);
BC{'H} NMR (125.7 MHz, DMSO-ds): = 12.3 (SMe), 40.1 (NMe), 61.8 (C-5"), 70.7 (C-
3%), 77.9 (C-2"), 85.3 (C-4"), 85.6 (C-1°), 102.6 (C-8a), 121.3 (C-3), 127.8 and 127.9 (2 C; C-
3a, C-8b), 152.1 (C-6), 154.8 (C-4a), 158.5 ppm (C-8); IR (ATR): ¥ = 2964 (w), 1718 (m),
1583 (w), 1555 (w), 1491 (w), 1451 (w), 1413 (w), 1246 (m), 1177 (w), 1084 (m), 1066 (m),
1024 (w), 992 (w), 972 (w), 946 (W), 842 (w), 793 (w), 734 (w), 703 (s), 685 (m), 611 cm!
(w); UV/Vis (MeOH): Amax (€) = 303 nm (5000 M 'ecm™'); HR MS (ESI) for C14HisNs04S*
[M + H]": caled 352.1074, found 352.1071; for C14Hi7NsO4SNa* [M + Na]': caled 374.0894,
found 374.0891.
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5.2.2. Preparation of Aryl Sulfonium Salts

The sulfoxides TT=0, TFT=0 and DBT=0O were synthesized according to published
procedures and 'HNMR measurements of all products were in agreement with the
literature.®>-7¢

5-(1-Methyl-1H-pyrazol-4-yl)-5H-thianthren-5-ium tetrafluoroborate (63)

A solution of 1-methyl-1H-pyrazole (62, 0.50 mL, 5.96 mmol) in MeCN (6.0 mL) under
ambient atmosphere was cooled to 0 °C (water/ice) and treated with HBF4-OEt, (0.97 mL,
7.13 mmol) resulting in a colorless solution. After the addition of TT=0 (1.46 g, 5.97 mmol),
the white suspension was treated with TFAA (2.55 mL, 17.9 mmol) resulting in a violet-blue
solution which was allowed to slowly warm up to 25 °C over 1 hour and then stirred for
48 hours. After treating the solution with satd NaHCO; (0.5 mL), the solution was stirred for
5 min prior to concentration in vacuo. The resulting oil was diluted with DCM (25 mL) and
washed with satd NaHCO3 (25 mL) and aq. NaBFs (10 wt% in water, 4 %< 25 mL). The
organic layers were dried over MgSO4 and concentrated in vacuo. Purification by HPFC
(Si02; DCM/MeOH gradient, 0 — 10% MeOH) gave 63 (1.96 g, 86%) as a white solid.

'H NMR (500 MHz, CDCls): § = 3.91 (s, 3 H; NMe), 7.64 (btd, Js2 = Jsa = 7.7 Hz, J51 =
1.4 Hz, 2 H; H-3, H-7), 7.73 (td, J2,1 = Jo3 = 7.7 Hz, J»4 = 1.4 Hz, 2 H; H-2, H-8), 7.74 (s,
1 H; H-3"), 7.84 (dd, /12, = 7.9 Hz, Ji3 = 1.4 Hz, 2 H; H-1, H-9), 8.29 (dd, Js3 = 8.0 Hz, Js» =
1.4 Hz, 2 H; H-4, H-6), 8.63 ppm (s,1 H; H-5"); BC{'H} NMR (125.7 MHz, CDCl3): 6 =
40.15 (NMe), 100.17 (C-4"), 121.29 (2 C; C-4a, C-5a), 130.07 (2 C; C-1, C-9), 130.22 2 C;
C-3, C-7), 133.09 (2 C; C-4, C-6), 134.25 (2 C; C-2, C-8), 135.42 (2 C; C-9a, C-10a), 136.80
(C-5), 139.61 ppm (C-3’); ’F NMR (470.4 MHz, CDCls): 6 =—176.16 ppm (s, 4 F; BFs).

5-(1-methyl-1H-pyrazol-4-yl)-5H-dibenzo[b,d]thiophen-5-ium 2,2,2-trifluoroacetate
(68)

Under ambient atmosphere, a white suspension of DBT=0 (301 mg, 1.50 mmol) in MeCN
(4.5 mL) was treated with 1-methyl-1H-pyrazole (62, 0.13 mL, 1.53 mmol) and cooled to —
78 °C (acetone/dry ice). TFAA (0.32 mL, 6.10 mmol) was added dropwise, and the mixture
was stirred at —78 °C for 2 hours. Then, the reaction mixture was allowed to slowly warm-up
over the course of 2 hours and continued stirring at 20 °C for 48 hours. The now transparent
solution was treated with water (0.5 mL) and stirred for 5 min prior to concentration in vacuo.
Purification by HPFC (SiO2; DCM/MeOH, gradient 0 — 10% MeOH) gave 68 (464 mg,
82%) as a light-yellow solid.

"H NMR (500 MHz, DMSO-ds): 6 = 3.84 (s, 3 H; NMe), 7.74 (btd, J32 = J34 = J16 = J78 =
7.7 Hz, J3,1 = J79 = 1.2 Hz, 2 H; H-3, H-7), 7.76 (d, J»5»» = 0.8 Hz, 1 H; H-3"), 7.93 (td, J>,1 =
J3=Js7=J39 =7.6 Hz, o4 = Jss = 1.1 Hz, 2 H; H-2, H-8), 8.31 (bd, Js3 = Js7 = 8.1 Hz,
2 H; H-4, H-6), 8.33 (s, 1 H; H-5"), 8.48 ppm (dd, J;,>-7.9 Hz, J;3- 1.2 Hz, 2 H; H-1, H-9);
BC{'H} NMR (125.7 MHz, DMSO-ds): 6 = 39.33 (NMe), 102.30 (C-2"), 117.43 (q, Jcr =
301.6 Hz; F3CCOO0), 124.28 (2 C; C-1, C-9), 127.65 (2 C; C-4, C-6), 131.12 (2 C; C-3, C-7),
133.52 (2 C; C-2, C-8), 134.76 (2 C; C-4a, C-5a), 133.73 (C-5"), 138.39 (2 C; C-9a, C-9b),
140.45 (C-3°), 157.55 ppm (q, Jcr = 30.1 Hz; F3CCOO); F NMR (470.4 MHz, DMSO-d):
0 =-73.40 ppm (s, 3 F; F3CCOO).

5-(1H-Pyrrol-2-yl)-5H-dibenzo[b,d]thiophen-5-ium 2,2,2-trifluoroacetate (71)

Under ambient atmosphere, a white suspension of DBT=0 (301 mg, 1.50 mmol) in MeCN
(4.5mL) was treated with 1H-pyrrole (0.11 mL, 1.55 mmol) and cooled to —-78 °C
(acetone/dry ice). TFAA (0.32 mL, 6.10 mmol) was added dropwise, and the mixture was
stirred at —78 °C for 2 hours. Then, the reaction mixture was allowed to slowly warm-up over
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the course of 2 hours and continued stirring at 20 °C for 48 hours. The resulting solution was
treated with water (0.5 mL) and stirred for 5 min prior to concentration in vacuo. Purification by

HPFC (Si0O2; DCM/MeOH, gradient 0 — 10% MeOH) gave 71 (40 mg, 7%) as a light film.

"H NMR (500 MHz, DMSO-ds): § = 6.35 (btd, Ja3* = Jars» = 3.3 Hz, Jo-xu = 0.9 Hz, 1 H; H-
4%, 7.18 (dt, J>»4 = 3.9 Hz, J35»» = Jy»nu = 1.5 Hz, 1 H; H-3"), 7.31 (btd, J>'4 = Jsnu =
2.5Hz, Js3» = 1.7 Hz, 1 H; H-5"), 7.72 (btd, J32 = J34 = J76 = J78 = 7.7 Hz, 31 = J79 =
1.2 Hz, 2 H; H-3, H-7), 7.93 (td, J21 =23 =J37=J3o=T7.6 Hz, o4 =Jgs = 1.1 Hz, 2 H; H-2,
H-8), 8.19 (bd, Ja3 = Js,7 = 8.1 Hz, 2 H; H-4, H-6), 8.49 (dd, J12 =Jog = 7.8 Hz, J13 =Jo7 =
1.2 Hz, 2 H; H-1, H-9), 12.12 ppm (bs, 1 H; NH); *C{'H} NMR (125.7 MHz, DMSO-ds): 6
=104.07 (C-2°), 111.28 (C-4’), 117.42 (q, Jcr = 301.2 Hz, F3CCOOQO), 123.17 (C-3’), 124.35
(2C; C-1, C-9), 127.44 (2 C; C-4, C-6), 130.07 (C-5°), 131.01 (2 C; C-3, C-7), 133.09 (2 C;
C-4a, C-5a), 133.63 (2 C; C-2, C-8), 138.79 (2 C; C-9a, C-9b), 157.69 ppm (q, Jc,r = 30.5 Hz,
F3CCOO0); F NMR (470.4 MHz, DMSO-ds): 6 = —73.44 ppm (s, 3 F; F3CCOO).

5-(Thiophen-2-yl)-5H-dibenzo[b,d]thiophen-5-ium 2,2,2-trifluoroacetate (72)

Under ambient atmosphere, a white suspension of DBT=0 (301 mg, 1.50 mmol) in MeCN
(4.5 mL) was treated with thiophene (0.13 mL, 1.61 mmol) and cooled to —78 °C (acetone/dry
ice). TFAA (0.32 mL, 6.10 mmol) was added dropwise, and the mixture was stirred at —78 °C
for 2 hours. Then, the reaction mixture was allowed to slowly warm-up over the course of
2 hours and continued stirring at 20 °C for 48 hours. The resulting solution was treated with

water (0.5 mL) and stirred for 5 min prior to concentration in vacuo. Purification by HPFC
(Si02; DCM/MeOH, gradient 0 — 10% MeOH) gave 72 (517 mg, 91%) as a grey solid.

"H NMR (500 MHz, DMSO-ds): 6 = 7.31 (dd, Jos» = 5.2 Hz, Ja3 = 3.9 Hz, H-4"), 7.76
(bddd, J34 =J76=8.0 Hz, 3, =J78 = 7.5 Hz, J3,1 = J70 = 1.2 Hz, 2 H; H-3, H-7), 7.96 (td, J>,1
=h3=J7=J390=7.6Hz, Joa=Jss= 1.1 Hz, 2 H; H-2, H-8), 8.06 (dd, Js' 4 = 5.2 Hz, J5 3° =
1.4 Hz, 1 H; H-5"), 8.31 (dd, J3' 4 = 3.9 Hz, J3:5» = 1.4 Hz, H-3"), 8.41 (bd, J43 = Js7 = 8.0 Hz,
2 H; H-4, H-6), 8.50 ppm (dd, J12 = Jog = 7.8 Hz, J13 = Jo7 = 1.1 Hz, 2 H; H-1, H-9);
BC{'H} NMR (125.7 MHz, DMSO-ds): § = 117.38 (q, Jcr = 300.2 Hz; F3CCOO), 124.41
(2 C; C-1,C-9), 124.59 (C-2°), 128.03 (2 C; C-4, C-6), 129.30 (C-4"), 131.31 (2 C; C-3, C-7),
134.03 (2 C; C-2, C-8), 135.44 (2 C; C-4a, C-5a), 137.49 (C-5°), 138.24 (2 C; C-9a, C-9b),
140.29 (C-3"), 157.68 (q, Jcr = 30.4 Hz; F3CCOO); ’F NMR (470.4 MHz, DMSO-d): 6 = —
73.45 ppm (s, 3 F; F3CCOO).

4,6-Dichloro-5(thiophen-2-yl)pyrimidine (73)

ZnCly (215 mg, 1.58 mmol) was treated with a solution of (TMP)MgCl - LiCl (3.20 mL,
1.0 M solution in THF/toluene, 3.20 mmol) and stirred at 20 °C for 24 hours. The solution was
cooled to 0 °C (water/ice) and treated with a solution of 4,6-dichloropyrimidine (22, 391 mg,
2.63 mmol) in THF (2 mL). After 1 hour, the solution was stirred at 20 °C for an additional
hour resulting in the zincated pyrimidine. Separately, a solution of 72 (500 mg, 1.31 mmol)
and Pd(PPh3)s (122 mg, 0.11 mmol) in THF (4.1 mL) and MeCN (3 mL) was pre-stirred at
20 °C for 20 min before addition to the zincated pyrimidine. The resulting solution was stirred
at 65 °C for 18 hours. After adding water (0.5 mL), the mixture concentrated in vacuo.
Purification by HPFC (Si0»; cHex/EtOAc, gradient 0 — 1% EtOAc) gave 73 (171 mg, 56%)
as a white solid.

"H NMR is in agreement with literature.*®
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5.2.3. Synthesis of (iso)quinolino-fused 7-Deazapurine Nucleosides
5-lodoquinoline (79)

A suspension of 5-aminoquinoline (90, 7.27 g, 49.4 mmol) in water (165 mL) under ambient
atmosphere was cooled to 0 °C (water/ice) and treated with concd HCl (23.3 mL, 35 wt% in
water, 264 mmol) resulting in a red solution. After stirring for 30 min, a solution of NaNO;
(11.6 g, 164 mmol) in water (85.6 mL) was added slowly, followed by stirring for further
30 min resulting in a brown solution. A suspension of Cul (11.5 g, 59.5 mmol) in water
(144 mL) was slowly added in small portions under vigorous stirring to avoid excessive gas
and foam formation. The mixture was then stirred further until the foaming subsided
completely. Only then, HI (71.7 mL, 57 wt% in water, 545 mmol) was added followed by
further stirring at 0 °C for 15 min. Then, the mixture was stirred at 60 °C for 3 hours. The
mixture was poured over ice, its pH was increased to ~10 with aq. NaOH (4 M in water) and
stirred for 20 min before being extracted with EtOAc (3 x 500 mL). The combined organic
layers were dried over MgSO4 and concentrated in vacuo. Purification by HPFC (SiO»;
Hex/EtOAc, gradient 0 — 20% EtOAc) gave 79 (9.38 g, 75%) as an off-white solid.

Ri=0.51 (SiOy; cHex/EtOAc 2:1); 'H NMR is in agreement with literature.!!”

5-lodoisoquinoline (80)

A suspension of 5-aminoisoquinoline (91, 14.4 g, 100 mmol) in water (41.2 mL) was treated
with concd HCI (41.2 mL, 35 wt% in water, 467 mmol) and cooled to —10 °C (ice/acetone).
After 30 min, NaNO: (8.23 g, 119 mmol) in water (31.0 mL) was added slowly resulting in a
clear brown solution. After further 15 min, KI (33.4 g, 201 mmol) in water (41.0 mL) was
added slowly. Then, the mixture was stirred at 100 °C for 2 hours. After cooling to r.t., the
mixture was neutralized with aq. NH3 resulting in precipitation. Immediate filtration, washing
with cold water and purification by HPFC (SiO2; DCM/MeOH, gradient 0 — 10% MeOH)
gave 80 (11.9 g, 47%) as brown solid.

R¢=0.37 (SiO2; cHex/EtOAc 2:1); '"H NMR is in agreement with literature.''

5-(4,6-Dichloropyrimidin-5-yl)quinoline (83)

ZnCly (2.44 g, 17.9 mmol) was pre-dried at 250 °C for 20 min and allowed to cool down
under vacuum before being treated with a solution of (TMP)MgCl - LiCl (35.7mL, 1.0 M
solution in THF/toluene, 35.7 mmol) and stirred at 20 °C for 24 hours. The solution was
cooled to 0 °C (water/ice) and treated with a solution of 4,6-dichloropyrimidine (22, 4.43 g,
29.7 mmol) in THF (5.0 mL). After 1 hour, the solution was stirred at 20 °C for an additional
hour resulting in the zincated pyrimidine. Separately, a solution of 79 (3.79 g, 14.9 mmol) and
Pd(PPh3)s (1.72 g, 1.49 mmol) in THF (20.0 mL) was pre-stirred at 20 °C for 20 min before
addition to the zincated pyrimidine. The resulting solution was stirred at 65 °C for 24 hours.
After adding water (2 mL), the mixture was loaded on silica. Purification by HPFC (SiO;
cHex/EtOAc, gradient 0 — 25% EtOAc) gave 83 (3.19 g, 78%) as a pale-yellow solid.

Re=0.45 (SiO2; cHex/EtOAc 2:1); m.p. = 179 °C; 'H NMR (500 MHz, CDCl3): 6 = 7.83 (dd,
Jo7 = 1.2 Hz, Jes = 1.0 Hz, 1 H; H-6), 7.91 (dd, J3.4 = 8.6 Hz, J52 = 5.1 Hz, 1 H; H-3), 8.20
(dd, J78 = 8.7Hz, J;6 = 7.2 Hz, 1 H; H-7), 8.30 (d, Js3 = 8.5 Hz, 1 H; H-4), 9.01 (s, 1 H; H-
2), 9.09 (d, Js7 = 8.7 Hz, 1 H; H-8), 9.15 ppm (dd, Jo3 = 5.1 Hz, Joa = 1.5 Hz, 1 H; H-2);
BC{'H} NMR (125.7 MHz, CDCl3): 6 = 122.30 (C-3), 124.89 (C-8), 126.73 (C-4a), 129.31
(C-5%), 131.68 (C-5), 132.00 (C-6), 134.39 (C-7), 139.65 (C-8a), 141.50 (C-4), 144.21 (C-2),
158.86 (C-2’), 162.41 ppm (2 C; C-4’, C-6’); IR (ATR, neat): v = 3053 (w), 2991 (w), 2750—
1700 (br w), 1601 (w), 1571 (w), 1548 (w), 1511 (m), 1500 (s), 1403 (s), 1377 (m), 1351 (m),
1311 (w), 1225 (m), 1162 (w), 1095 (w), 1036 (w), 1022 (w), 977 (w), 954 (m), 846 (w), 829
(w), 802 (s), 784 (s), 743 (m), 663 (m), 642 (W), 589 (W), 572 (W), 540 (W), 510 (w), 473 (),

88



5. Experimental

459 (w), 441 (w), 429 cm™' (w); HR MS (ESI) for Ci13HsN3¥CL" [M(**Cl) + H]": caled
276.0095, found 276.0089; for C13HsN3¥CI7C1™ [M(PCIP'Cl) + H]': caled 278.0066, found
278.0058; for C13HsN3>’CL" [M(P’Cl) + H]": caled 280.0036, found 280.0028.

5-(4,6-dichloropyrimidin-5-yl)isoquinoline (84)

ZnCl> (215 mg, 1.56 mmol) was pre-dried at 250 °C for 20 min and allowed to cool down
under vacuum before being treated with a solution of (TMP)MgCl - LiCl (3.2 mL, 1.0 M
solution in THF/toluene, 3.2 mmol) and stirred at 20 °C for 24 hours. The solution was cooled
to 0 °C (water/ice) and treated with a solution of 22 (392 mg, 2.63 mmol) in THF (0.5 mL).
After 1 hour, the solution was stirred at 20 °C for an additional hour resulting in the zincated
pyrimidine. Separately, a solution of 80 (336 mg, 1.32 mmol) and Pd(PPh3)s (154 mg,
0.13 mmol) in THF (1.7 mL) was pre-stirred at 20 °C for 20 min before addition to the
zincated pyrimidine. The resulting solution was stirred at 65 °C for 24 hours. After adding
water (0.5 mL), the mixture was loaded on silica. Purification by HPFC (SiO2; cHex/EtOAc,
gradient 0 — 25% EtOAc) gave 84 (182 mg, 50%) as a orange solid.

Rr=0.46 (SiO2; cHex/EtOAc 2:1); 'H NMR (400 MHz, CDCls): 6 = 7.12 (bd, J34 = 5.9 Hz,
1 H; H-3), 7.65 (dd, Js;7 = 7.1 Hz, Jsg = 1.1 Hz, 1 H; H-6), 7.76 (dd, J75 = 8.2 Hz, J76 =
7.2 Hz, 1 H; H-7), 8.16 (bd, Js7 = 8.3 Hz, 1 H; H-8), 8.55 (d, Ja3 = 5.9 Hz, 1 H; H-4), 8.93 (s,
1 H; H-2"), 9.39 ppm (bs, 1 H; H-1); BC{'H} NMR (100 MHz, CDCl3): § = 116.94 (C-3),
127.11 (C-7), 128.79 (C-8a), 129.65 (C-5), 129.85 (C-8), 131.96 (C-6), 133.30 (C-4a),
144.46 (C-4), 153.45 (C-1), 157.94 (C-2"), 162.56 ppm (2 C; C-4°, C-6").

8-(4,6-dichloropyrimidin-5-yl)isoquinoline (85)

ZnCl> (215 mg, 1.56 mmol) was pre-dried at 250 °C for 20 min and allowed to cool down
under vacuum before being treated with a solution of (TMP)MgCl - LiCl (3.2 mL, 1.0 M
solution in THF/toluene, 3.2 mmol) and stirred at 20 °C for 24 hours. The solution was cooled
to 0 °C (water/ice) and treated with a solution of 22 (392 mg, 2.63 mmol) in THF (0.5 mL).
After 1 hour, the solution was stirred at 20 °C for an additional hour resulting in the zincated
pyrimidine. Separately, a solution of 81 (335 mg, 1.31 mmol) and Pd(PPhs)s (153 mg,
0.13 mmol) in THF (1.7 mL) was pre-stirred at 20 °C for 20 min before addition to the
zincated pyrimidine. The resulting solution was stirred at 65 °C for 24 hours. After adding
water (0.5 mL), the mixture was loaded on silica. Purification by HPFC (Si0O2; cHex/EtOAc,
gradient 0 — 25% EtOAc) gave 85 (160 mg, 44%) as a mustard-yellow solid.

Re=0.32 (SiO2; cHex/EtOAc 2:1); 'H NMR (500 MHz, CDCl3): 6 = 7.51 (dd, J6 = 7.1 Hz,
Jis = 1.1 Hz, 1 H; H-7), 7.79 (bdd, Jus = 5.7 Hz, Jus = 1.0 Hz, 1 H; H-4), 7.83 (dd, Jss =
8.4 Hz, Jor = 7.1 Hz, 1 H; H-6), 8.01 (bdt, Jsc = 8.4 Hz, Js4 = Js7 = 1.1 Hz, 1 H; H-5), 8.63
(d, 54 = 5.7Hz, 1 H; H-3), 8.79 (bs, 1 H; H-1), 8.95 ppm (s, 1 H; H-2"); *C{'H} NMR
(125.7 MHz, CDCl3): 6 =121.25 (C-4), 125.59 (C-8a), 128.84 (C-5), 129.09 (C-7), 130.24 (C-
6), 131.05 (C-8), 131.17 (C-5°), 136.33 (C-4a), 143.84 (C-3), 149.00 (C-1), 158.00 (CH-2"),
162.44 ppm (2 C; C-4’, C-6"); HR MS (EI) for C13H:N3*Cly" [M(SCD)]": caled 275.0017,
found 275.0010; for C13H/N3¥CI7ClY [M(CCI'CD]: caled 276.9988, found 276.9982; for
CisHNCL* [M(CI)]*: caled 278.9958, found 278.9952.

5-(4-Azido-6-chloropyrimidin-5-yl)quinoline (87a) /
5-(7-Chlorotetrazolo[1,5-c]pyrimidin-8-yl)quinoline (87b)

A solution of 83 (4.07 g, 14.7 mmol) in THF (60.0 mL) was treated with sodium azide
(957 mg, 14.7 mmol) and lithium chloride (628 mg, 14.8 mmol) and stirred under light
exclusion at 20 °C for 24 hours. After adding water (1 mL), the mixture was concentrated in
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vacuo. Purification by HPFC (Si102; cHex/EtOAc, gradient 0 — 50% EtOAc) gave 87 (3.65 g,
88%) as an off-white solid.

R¢=0.64 (SiO2; cHex/EtOAc 1:1); m.p. = 154-158 °C (decomp.); 'H NMR of 87a (500 MHz,
CDCl3): 6 = 7.43 (dd, J34 = 8.5 Hz, J3» = 4.2 Hz, 1 H; H-3), 7.45 (dd, Js7 = 7.1 Hz, Js s =
1.0 Hz, 1 H; H-6), 7.70 (bd, J13 = 8.5 Hz, 1 H; H-4), 7.83 (dd, J73 = 8.5 Hz, J76 = 7.1 Hz,
1 H; H-7), 8.28 (bd, Js;7 = 8.5 Hz, 1 H; H-8), 8.82 (s, 1 H; H-2), 8.99 ppm (dd, J>3 = 4.2 Hz,
Joa = 1.6 Hz, 1 H; H-2); BC{'H} NMR of 87a (125.7 MHz, CDCl5): § = 120.86 (C-5°),
121.97 (C-3), 126.24 (C-4a), 128.65 (C-6), 129.30 (C-7), 129.39 (C-5), 131.15 (C-8), 133.15
(C-4), 148.02 (C-8a), 150. 70 (C-2"), 147.59 (C-2), 157.83 (C-2’), 161.82 and 163.04 ppm
(2 C; C-4’, C-6"); 87b was not observed in CDCl3; 'H NMR of 87a (500 MHz, DMSO-ds): &
=17.53 (dd, J34 = 8.5 Hz, J3» =4.2 Hz, 1 H; H-3), 7.62 (dd, Js7 = 7.1 Hz, Jes = 1.2 Hz, 1 H;
H-6), 7.88 (dd, J78 = 8.5 Hz, J76 = 7.1 Hz, 1 H; H-7), 7.98 (ddd, Js3 = 8.5 Hz, J42> = 1.6 Hz,
Jag = 0.9 Hz, 1 H; H-4), 8.15 (dt, J3,7 = 8.5 Hz, J3,s = Js4 = 1.0 Hz, 1 H; H-8), 8.97 (dd, J>3 =
42 Hz, Joa = 1.7 Hz, 1 H; H-2), 8.99 ppm (s, 1 H; H-2"); *C{'H} NMR of 87a (125.7 MHz,
DMSO-ds): 0 = 120.46 (C-5), 122.22 (C-3), 125.84 (C-4a), 128.59 (C-6), 129.24 (C-7),
129.59 (C-5), 130.34 (C-8), 133.35 (C-4), 147.53 (C-8a), 150.89 (C-2), 157.86 (C-2’), 160.43
and 162.35 ppm (2 C; C-4°, C-6’); 'H NMR of 87b (500 MHz, DMSO-ds): 6 = 7.52 (dd, J34 =
8.5 Hz, /3, =4.1 Hz, 1 H; H-3), 7.77 (dd, Js7 = 7.1 Hz, Jss = 1.2 Hz, 1 H; H-6), 7.99 (dd, J78
=8.5Hz, J;6=7.1 Hz, 1 H; H-7), 8.08 (ddd, J43 = 8.5 Hz, Js» = 1.6 Hz, J4g = 1.0 Hz, 1 H; H-
4), 8.27 (dt, Js,7 = 8.5 Hz, Jss = Jg4 = 1.1 Hz, 1 H; H-8), 9.00 (dd, J>3 =4.2 Hz, J>4 = 1.7 Hz,
1 H; H-2), 10.41 ppm (s, 1 H; H-5"); *C{'H} NMR of 87b (125.7 MHz, DMSO-ds): ¢ =
120.00 (C-8%), 122.11 (C-3), 125.95 (C-4a), 128.57 (C-5), 128.82 (C-6), 129.33 (C-7), 131.07
(C-8), 133.72 (C-4), 139.91 (C-5°), 147.29 (C-9°), 147.59 (C-8a), 151.13 (C-2), 151.58 ppm
(C-7); IR (ATR, neat): v = 2294 (w), 2203 (w), 2137 (s), 2041 (w), 1599 (w), 1571 (w), 1550
(W), 1524 (s), 1499 (m), 1425 (w), 1402 (s), 1358 (s), 1316 (m), 1305 (s), 1225 (w), 1200 (W),
1178 (w), 1145 (s), 1078 (w), 1058 (w), 1023 (w), 978 (w), 954 (m), 919 (w), 896 (s), 847
(w), 830 (w), 802 (s), 793 (s), 771 (s), 751 (m), 736 (m), 694 (w), 663 (W), 637 (m), 586 (m),
539 (m), 510 (m), 492 (w), 459 (w), 437 cm™' (m); HR MS (ESI) for Ci3HsNg>*CI*
[M(**C1) + H]": caled 283.0499, found 283.0495; for Ci3HsNg*’CI™ [M(*’Cl) + H]": caled
285.0470, found 285.0464.

11-Chloro-7H-pyrimido[5',4".4,5]pyrrolo[3,2-flquinoline (88)

Two batches were prepared at the same time. For each batch, a solution of 87 (300 mg,
1.06 mmol) and pyrene (215 mg, 1.06 mmol) in THF (42.4 mL) was irradiated under UV light
(254 nm, 4 W) at r.t. under ambient atmosphere. Every 12 hours, the reaction mixtures were
sonicated for 30 seconds to remove any precipitation from the light source. After 72 hours, the
batches were combined, concentrated in vacuo and purified by HPFC (Si02; DCM/EtOAc,
gradient 0 — 100% EtOAc) giving 88 (138 mg, 26%) as a light-brown solid.

Rf = 0.11 (SiO2; cHex/EtOAc 1:1); m.p. = 170-185 °C (decomp.); 'H NMR (500 MHz,
DMSO-ds): 6 =7.69 (dd, 1 H, J>,1 =8.7 Hz, J>3-4.2 Hz; H-2), 8.00 (bd, 1 H, Js5=9.0 Hz; H-
6), 8.19 (bd, 1 H, Js6 = 9.0 Hz; H-5), 8.80 (s, 1 H; H-9), 8.90 (dd, 1 H, J3» = 4.2 Hz, J51 =
1.5 Hz; H-3), 9.83 (bd, 1 H, Ji» = 8.7 Hz; H-1), 13.43 ppm (s, 1 H; NH); BC{'H} NMR
(125.7 MHz, DMSO-ds): 6 = 110.43 (C-11b), 112.79 (C-11a), 116.10 (C-6), 121.56 (C-2),
123.70 (C-11c¢), 131.58 (C-5), 133.51 (C-1), 136.95 (C-6a), 145.22 (C-4a), 147.59 (C-3),
150.54 (C-11), 152.39 (C-9), 155.33 ppm (C-4a); IR (ATR, neat): ¥ = 3500-2250 (br w),
1727 (m), 1684 (m), 1590 (m), 1562 (m), 1542 (m), 1503 (m), 1465 (m), 1439 (m), 1412 (m),
1385 (m), 1367 (m), 1306 (m), 1234 (s), 1188 (m), 1161 (m), 1094 (m), 1055 (m), 1016 (m),
978 (m), 947 (s), 845 (m), 806 (s), 785 (s), 767 (s), 693 (m), 663 (s), 631 (s), 586 (s), 542 (s),
509 (s), 468 (m), 435 (s), 425 cm™' (m); HR MS (ESI) for C13HsN4**CI" [M(*°Cl) + H]": calcd
255.0438, found 255.0432; for Ci3HsN’CI" [M('Cl)+H]": caled 257.0408, found
257.0402.
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5-(4-Azido-6-chloropyrimidin-5-yl)isoquinoline (92a) /
5-(7-Chlorotetrazolo[1,5-c]pyrimidin-8-yl)isoquinoline (92b)

A solution of 84 (340 mg, 1.23 mmol) in THF (6.2 mL) was treated with sodium azide
(80.0 mg, 1.23 mmol) and lithium chloride (56.2 mg, 1.23 mmol) and stirred under light
exclusion at 20 °C for 24 hours. After adding water (0.5 mL), the mixture was concentrated in
vacuo. Purification by HPFC (SiO2; cHex/EtOAc, gradient 0 — 50% EtOAc) gave 92
(222 mg, 60%) as an off-white solid.

'H NMR of 92a (400 MHz, CDCls): 6 = 7.16 (dt, J54 = 6.0 Hz, J5, = 1.0 Hz, 1 H; H-3), 7.61
(dd, Jo7 = 7.2 Hz, Jog = 1.2 Hz, 1 H; H-6), 7.75 (dd, J75 = 8.3 Hz, J15 = 7.2 Hz, 1 H; H-7),
8.13 (dt, Js7 = 6.4 Hz, Jss = 1.2 Hz, 1 H; H-8), 8.53 (d, Jaz = 6.0 Hz, 1 H; H-4), 8.84 (s, 1 H;
H-2°), 9.36 ppm (d, Ji3 = 1.0 Hz, 1 H; H-1).

11-Chloro-7-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-1]-
quinoline (94)

A suspension of nucleobase 88 (221 mg, 0.87 mmol) in MeCN (26.5 mL) was treated with
BSA (0.32mL, 1.31 mmol) and stirred at 60 °C for 15 min. The sugar 30 (876 mg,
1.74 mmol; dried under vacuum at 60 °C for 6 h) was added under argon flow, followed by
TMSOTT (0.32 mL, 1.74 mmol). After being stirred at 60 °C for 48 h, the resulting mixture
was treated with water (25 mL), concentrated in vacuo to remove MeCN and extracted with
EtOAc (2 x 25 mL). The combined organic layers were washed with saturated NaHCOs3
(50 mL) and water (50 mL), dried over MgSQOs, and concentrated in vacuo. Purification by
HPFC (Si02; cHex/EtOAc, gradient 0 — 60% EtOAc) gave crude 94 (419 mg, 75% pure,
52%) as a light grey foam. A small amount was repurified by preparative TLC (C18; pure
MeCN) resulting in a white foam prior to characterization.

R = 0.40 (SiO2; cHex/EtOAc 1:1); 'HNMR (500 MHz, CDCl3): 6 = 4.76 (dd, Jsasb =
12.3 Hz, Js'as = 3.9 Hz, 1 H; H-5"a), 4.87 (dt, Js» 3> = 6.1 Hz, Js 5a = Jo 5 = 3.4 Hz, 1 H; H-
4°),4.99 (dd, Jsvs5a=12.3 Hz, Jsb4 = 2.9 Hz, 1 H; H-5’b), 6.44 (t, J3:»» =J3 4 = 6.3 Hz, 1 H;
H-3), 6.67 (dd, J>»»3» = 6.5 Hz, J»1» = 5.1 Hz, 1 H; H-2"), 7.02 (d, Ji’r>» = 5.1 Hz, 1 H; H-1"),
7.34,7.42 and 7.45 (3 x m, 3 x 2 H; H-A3, H-AS5, H-B3, H-B5, H-C3, H-C5), 7.53, 7.59 and
7.61 (3 x m, 3 H; H-A4, H-B4, H-C4), 7.61 (dd, J>,1 - 8.9 Hz, J>3-4.1 Hz, 1 H; H-2), 7.88,
8.03 and 8.07 (3 x m, 3 x 2 H; H-A2, H-A6, H-B2, H-B6, H-C2, H-C6), 8.12 (d, Js56 =
9.3 Hz, 1 H; H-5), 8.17 (d, Js5s = 9.3 Hz, 1 H; H-6), 8.77 (s, 1 H; H-9), 8.97 (dd, J3, = 4.1 Hz,
J3.1 = 1.3 Hz, 1 H; H-3), 10.00 ppm (d, Ji> = 8.9 Hz, 1 H; H-1); 3C{'H} NMR (125.7 MHz,
CDCl3): 6 = 63.35 (C-5), 70.89 (C-3”), 73.03 (C-2), 80.23 (C-4’), 87.01 (C-1"), 113.13 (C-
11b), 114.65 (C-6), 114.83 (C-11a), 121.63 (C-2), 124.53 (C-11¢), 128.64 (C-Al), 128.66,
128.71 and 128.77 (3 x 2 C; C-A3, C-AS, C-B3, C-B5, C-C3, C-C5), 128.92 and 129.49 (2 C;
C-B1, C-Cl1), 129.85, 129.93 and 130.00 (3 x 2 C; C-A2, C-A6, C-B2, C-B6, C-C2, C-C6),
132.72 (C-5), 133.71, 133.87 and 133.90 (3 C; C-A4, C-B4, C-C4), 134.95 (C-1), 136.77 (C-
6a), 146.15 (C-4a), 148.75 (C-3), 152.28 (C-11), 152.40 (C-9), 155.40 (C-7a), 165.37, 165.60
and 166.27 ppm (3 C; C=0); IR (ATR, neat): v = 2921 (w), 2851 (w), 1721 (m), 1601 (w),
1585 (w), 1560 (w), 1533 (w), 1518 (w), 1467 (w), 1450 (w), 1406 (w), 1375 (w), 1314 (W),
1262 (s), 1243 (m), 1176 (w), 1157 (w), 1090 (m), 1068 (m), 1024 (m), 945 (w), 847 (w), 810
(m), 787 (m), 768 (w), 707 (s), 686 (m), 617 (w), 546 (W), 509 (w), 461 (w), 436 (W), 421 cm™
' (w); HR MS (ESI) for C39H2sN4O07*°CI" [M(**Cl) + H]": calcd 699.1647, found 699.1634;
for C39H2sN4O7*’C1* [M(P’C1) + H]": caled 701.1617, found 701.1610.
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11-Chloro-7-(2,3-O-isopropylidene-5-O-tert-butyldimethylsilyl-3-D-
ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline (95-B) / a-anomer (95-a)

A solution of the previously synthesized halosugar precursor, 2,3-O-isopropylidene-5-O-tert-
butyldimethylsilyl-D-ribofuranose’ (31, 180 mg, 0.59 mmol) in THF (2.9 mL) was cooled to
—30 °C and treated with CCls (77 uL, 0.79 mmol). Then, HMPT (141 uL, 0.79 mmol) was
added dropwise. The resulting solution was stirred vigorously for 1 h, resulting in the desired
halosugar. In a separate flask, a suspension of 88 (100 mg, 0.40 mmol) in MeCN (2.5 mL)
and powdered KOH (44.5 mg, 0.79 mmol) was treated with TDA-1 (0.13 mL, 0.40 mmol)
and stirred for 30 min. After being cooled to 0 °C, the halosugar solution was added via
syringe. The resulting mixture was first stirred at 0 °C for 30 min and then at r.t. for 36 h
before being treated with water (0.25 mL). After concentration in vacuo, purification by
HPFC (SiO2; cHex/EtOAc, gradient 0 — 25% EtOAc) gave the pure p-anomer 95-f
(14.4 mg, 7%), a light beige solid, which was used for characterization, together with a mixed
fraction containing an anomeric mixture 95-f/-a 0.8:0.2 (32.4 mg, 15%) as a light-yellow
solid and 95-a (16.4 mg, 8%) as a sticky yellow solid. Additionally, some starting material 88
(16.0 mg, 16%) was recovered.

f-anomer (95-8): Ry = 0.55 (SiO2; cHex/EtOAc 2:1); '"H NMR (500 MHz, CDCl3): 6 = 0.11
and 0.12 (2 x s, 2 x 3 H; SiMey), 0.95 (s, 9 H; CMe3), 1.39 and 1.70 (2 X s, 2 X 3 H; OCMe»),
3.91 (dd, Jsasb = 11.4 Hz, Jsas = 3.7 Hz, 1 H; H-5’a), 4.01 (dd, Jsbsa = 11.4 Hz, Jsbs =
3.3Hz, 1 H; H-5’b), 431 (q, Jo3 = Jo5a = Josv = 3.7Hz, 1 H; H-4"), 5.21 (dd, J32> =
6.9 Hz, J3 4 =43 Hz, 1 H; H-3’), 5.41 (dd, J>3- = 6.9 Hz, J>1 =4.0 Hz, 1 H; H-2’), 6.92 (d,
Jrp =4.0Hz, 1 H; H-1°), 7.62 (dd, J>,1 = 8.7 Hz, J»3 = 4.2 Hz, 1 H; H-2), 8.28 (d, Js5s =
9.2 Hz, 1 H; H-6), 8.32 (d, Jss = 9.2 Hz, 1 H; H-5), 8.84 (s, 1 H; H-9), 8.98 (dd, J32, =4.2 Hz,
J31=1.6 Hz, 1 H; H-3), 10.02 ppm (dd, Ji» = 8.7 Hz, Ji13 = 1.6 Hz, 1 H; H-1); *C{'H} NMR
(125.7 MHz, CDCl3): 0 = —-5.25 and -5.10 (2 C; SiMe), 18.71 (SiCMe3), 25.68 and 27.56
(2 C; OCMe), 26.17 (SiCMe3), 62.69 (C-57), 80.00 (C-37), 82.87 (C-27), 85.32 (C-4’), 88.82
(C-17), 113.07 (C-11b), 114.38 (C-11a), 115.54 (OCMe,), 115.99 (C-6), 121.56 (C-2), 124.47
(C-11c¢), 132.52 (C-5), 13491 (C-1), 136.58 (C-6a), 146.14 (C-4a), 148.65 (C-3), 152.08 (C-
11), 152.43 (C-9), 155.32 ppm (C-7a); IR (ATR, neat): v = 2929 (w), 2856 (w), 1737 (very
w), 1610 (w), 1588 (w), 1559 (w), 1531 (w), 1518 (m), 1468 (m), 1440 (w), 1427 (w), 1382
(W), 1372 (w), 1316 (w), 1242 (m), 1211 (m), 1136 (m), 1080 (s), 1007 (m), 974 (w), 946 (W),
929 (m), 888 (w), 832 (s), 810 (s), 777 (s), 670 (W), 627 (W), 567 (W), 546 (W), 512 (w), 469
(W), 432 cm™ (w); HR MS (ESI) for C27H34N404°°CISi* [M(*°Cl) + H]": caled 541.20379,
found 541.20359; for C27H3aN404*"CISi" [M(?’Cl) + H]": calcd 543.20084, found 543.20082;
C27H33N404CISiNa™  [M(*Cl) + Na]*:  caled 563.18573, found 563.18567; for
C27H33N404*7CISiNa’” [M(P’Cl) + Na]*: calcd 565.18278, found 565.18286.

a-anomer (95-a): Ry = 0.44 (SiO2; cHex/EtOAc 2:1); 'H NMR (500 MHz, CDCls): 6 = 0.16
and 0.19 (2 x s, 2 x 3 H; SiMe»), 1.03 (s, 9 H; CMe3), 1.27 and 1.34 (2 x s, 2 x 3 H; OCMey),
3.91 (dd, Jsa5 = 10.9 Hz, Jsa4 = 1.8 Hz, 1 H; H-5’a), 4.01 (dd, Js'b5'a = 10.9 Hz, Js'v4 =
2.4 Hz, 1 H; H-5’b), 4.66 (t, J+ 502 = Jo 50 = 2.2 Hz, 1 H; H-4"), 5.04-5.08 (m, 2 H; H-2’, H-
3’), 745 (m, 1 H; H-1"), 7.57 (dd, J>, = 8.7 Hz, J»3 = 4.2 Hz, 1 H; H-2), 8.24 (d, Js56 =
9.2 Hz, 1 H; H-5), 8.57 (d, Js5 = 9.2 Hz, 1 H; H-6), 8.76 (s, 1 H; H-9), 8.93 (dd, J3, = 4.2 Hz,
J31=1.6 Hz, 1 H; H-3), 10.00 ppm (dm, Ji» = 8.7 Hz, 1 H; H-1); *C{'H} NMR (125.7 MHz,
CDCl3): 0 = —5.33 and —5.34 (2 C; SiMe»), 18.35 (SiCMe3), 23.51 and 25.38 (2 C; OCMe»),
26.08 (SiCMe3), 66.24 (C-5°), 80.79 (C-37), 82.49 (C-2’), 83.07 (C-4"), 88.78 (C-1), 112.55
(C-11b), 113.47 (OCMe»), 113.95 (C-11a), 120.07 (C-6), 121.08 (C-2), 124.25 (C-11¢),
130.88 (C-5), 134.88 (C-1), 38.37 (C-6a), 146.02 (C-4a), 148.15 (C-3), 151.60 (C-11), 152.12
(C-9), 154.86 ppm (C-7a); IR (ATR, neat): v =2929 (w), 2856 (w), 1610 (w), 1588 (w), 1558
(w), 1532 (m), 1515 (m), 1469 (m), 1438 (w), 1383 (w), 1375 (w), 1337 (w), 1316 (w), 1272
(w), 1241 (s), 1206 (m), 1161 (m), 1124 (m), 1076 (s), 1053 (m), 1026 (w), 989 (m), 973 (m),
939 (m), 912 (m), 881 (w), 833 (s), 810 (s), 777 (s), 728 (s), 674 (W), 640 (W), 608 (W), 578
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(W), 544 (w), 515 (w), 472 (w), 440 cm™ (w); HRMS (ESI) for CaHaN;045CISi*
[M(**C1) + H]": caled 541.20379, found 541.20366; for C27H34N404*’CISi* [M(*’Cl) + H]*:
calced 543.20084, found 543.20080; C27H33N404PCISiNa* [M(*°Cl) + Na]™: caled 563.1857,
found 563.1856: for C27H33N4047CISiNa* [M('CI) + Na]': caled 565.1828, found 565.1829.

11-(Furan-2-yl)-7-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-
flquinoline (96a)

A solution of the crude nucleoside 94 (427 mg, 75%, 0.46 mmol) in DMF (4.6 mL) was
treated with PdCl2(PPh3), (32.4 mg, 0.05 mmol) and 2-(tributylstannyl)furan (0.18 mL,
0.55 mmol) and stirred at 100 °C for 24 hours. Purification by HPFC (SiO2; cHex/EtOAc,
gradient 0 — 25% EtOAc) gave 96a (85.3 mg, 26%) as a yellow film.

Rr = 0.39 (SiO2; cHex/EtOAc 1:1); 'HNMR (500 MHz, CDCl3): 6 = 4.78 (dd, Jsasb =
12.2 Hz, J5s'04=4.2 Hz, 1 H; H-5"a), 4.89 (ddd, J4 3= 6.3 Hz, Jy'5a =4.1 Hz, J4'5, = 3.1 Hz,
1 H; H-4"), 4.99 (dd, Jsbvs5a = 12.2 Hz, J54° = 3.0 Hz, 1 H; H-5’b), 6.48 (t, J3,2' = J3.4' =
6.3 Hz, 1 H; H-3), 6.71 (bdd, J2>:3 = 6.5Hz, J>.; = 4.9 Hz, 1 H; H-2"), 6.75 (dd, J43 =
3.5Hz, J45 = 1.8 Hz, 1 H; H-4-furyl), 6.99 (d, J;:>- = 49 Hz, 1 H; H-1), 7.25 (d, J34 =
3.5 Hz, H-3-furyl), 7.34 (m, 2 H; H-A3, H-A5), 7.39 (m, 1 H; H-6), 7.42 and 7.45 (2 x m, 2 X
2 H; H-B3, H-B5, H-C3, H-CS5), 7.53 (m, 1 H; H-A4), 7.56-7.63 (m, 3 H, H-5-furyl, H-B4,
H-C4), 7.85 (m, 1 H; H-1), 7.90, 8.04 and 8.08 (3 x m, 3 x 2 H; H-A2, H-A6, H-B2, H-B6, H-
C2, H-C6), 8.23 (d, Js5 = 9.2 Hz, H-6), 8.35 (bm, 1 H; H-5), 8.87 (dd, J3> = 4.5 Hz, J3; =
1.6 Hz, 1 H; H-3), 9.01 ppm (s, 1 H; H-9); 3C{'H} NMR (125.7 MHz, CDCls): § = 63.51 (C-
5%), 71.03 (C-3’), 73.24 (C-2’), 80.24 (C-4’), 87.03 (C-1°), 111.57 (C-11a), 113.30 (C-4-
furyl), 114.01 (C-3-furyl), 114.11 (C-11b), 116.10 (C-6), 120.84 (C-2), 124.78 (C-11c), 128.7
(C-A1), 128.67, 128.71 and 128.77 (6 C; C-A3, C-AS, C-B3, C-B5, C-C3, C-C5), 128.94 and
129.52 (2 C; C-B1, C-C1), 129.86, 129.94 and 130.00 (6 C; C-A2, C-A6, C-B2, C-B6, C-C2,
C-C6), 133.69, 133.86 and 133.91 (3 C; C-A4, C-B4, C-C4), 137.44 (C-6a), 145.18 and
145.20 (2 C; C-3, C-5-furyl), 150.00 (C-11), 151.97 (C-2-furyl), 153.19 (C-9), 155.76 (C-7a),
165.47, 165.61 and 166.32 ppm (3 C; C=0), 3 C (C-1, C-4a, C-5) not detected; IR (ATR,
neat): v = 3065 (w), 2919 (w), 2852 (w), 1724 (s), 1601 (w), 1584 (w), 1562 (m), 1538 (w),
1518 (m), 1491 (w), 1464 (w), 1451 (m), 1375 (w), 1315 (w), 1264 (s), 1177 (w), 1161 (w),
1116 (s), 1093 (s), 1069 (m), 1025 (m), 932 (w), 885 (w), 850 (w), 813 (w), 798 (w), 751 (s),
708 (m), 687 (W), 633 (W), 617 (W), 595 (W), 548 (w), 463 (W), 444 (w), 416 cm™' (w);
HR MS (ESI) for CaH3NsOg™ [M+H]": caled 731.2142, found 731.2133; for
C43H30N4OsNa”™ [M + Na]*: caled 753.1961, found 753.1953.

11-(Benzofuran-2-yl)-7-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrimido[5',4":4,5]-
pyrrolo[3,2-flquinoline (96¢)

A solution of the crude nucleoside 94 (300 mg, 75%, 0.32 mmol) in toluene (4.3 mL) was
treated with benzofuran-2-ylboronic acid (105 mg, 0.65 mmol), K»COs (114 mg, 0.82 mmol)
and Pd(PPhs)s (38.2 mg, 0.33 mmol). After stirring at 100 °C for 24 hours, the suspension
was filtered through a celite plug (2 cm). Purification by HPFC (SiO»; cHex/EtOAc, gradient
0 — 25% EtOAc) gave 96¢ (207 mg, 82%) as a bright-yellow solid.

Ri = 0.62 (SiO2; cHex/EtOAc 1:1); m.p. = 93°C; 'H NMR (500 MHz, CDCls): § = 4.80 (dd,
Jsasb=12.2 Hz, Jsas = 4.0 Hz, 1 H; H-5"a), 4.88 (m, 1 H; H-4"), 5.00 (dd, J5b,5°a = 12.2 Hz,
Jsva =2.9 Hz, 1 H; H-5’b), 6.49 (t, J3:»» =J3 4 = 6.1 Hz, 1 H; H-3"), 6.74 (dd, J»' 3> = 6.5 Hz,
Jr 1 =53Hz, 1 H; H-2°), 6.94 (dd, J>1 = 8.6 Hz, J>3 - 4.2 Hz, 1 H; H-2), 7.08 (d, Ji'p»> =
5.3 Hz, 1H; H-1°), 7.29 (m, 1 H; H-7-benzofuryl), 7.32—7.39 (m, 4 H; H-A3, H-AS5, H-5-
benzofuryl, H-6-benzofuryl), 7.41 (m, 2 H; H-B3, H-B5), 7.46 (m, 2 H; H-C3, H-C5), 7.53
(m, 1 H; H-A4), 7.56 (d, J3,.r = 0.9 Hz, 1 H; H-3-benzofuryl), 7.59 and 7.60 (2 x m, 2 x 1 H;
H-B4, H-C4), 7.66 (bd, Ji12 = 8.6 Hz, 1 H; H-1), 7.76 (m, 1 H; H-4-benzofuryl), 7.92 (m, 2 H;
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H-A2, H-A6), 8.04 (m, 2 H; H-B2, H-B6), 8.07 (d, Js.c = 9.2 Hz, 1 H; H-5), 8.12 (m, 2 H; H-
C2, H-C6), 8.17 (d, Js = 9.2 Hz, 1 H; H-6), 8.80 (dd, J3» = 4.2 Hz, J5,, = 1.6 Hz, 1 H; H-3),
9.07 ppm (s, 1 H; H-9); 3C{'H} NMR (125.7 MHz, CDCl3): & = 63.62 (C-5), 71.04 (C-3"),
73.03 (C-27), 80.25 (C-4’), 86.69 (C-1’), 110.18 (C-3-benzofuryl), 112.26 (C-7-benzofuryl),
112.41 (C-11a), 114.04 (C-11b), 114.71 (C-6), 120.60 (C-2), 122.53 (C-4-benzofuryl), 123.93
(C-5-benzofuryl), 124.33 (C-11c¢), 126.43 (C-6-benzofuryl), 128.35 (C-3a-benzofuryl), 128.64
and 128.69 (4 C; C-A3, C-AS5, C-B3, C-B5), 128.74 (C-Al), 128.77 (2 C; C-C3, C-C)),
129.00 (C-B1), 129.57 (C-C1), 129.91, 129.95 and 131.01 (6 C; C-A2, C-A6, C-B2, C-B6, C-
C2, C-C6), 132.11 (C-5), 133.64 and 133.83 (3 C, C-A4, C-B4, C-C4), 134.43 (C-1), 137.31
(C-6a), 145.86 (C-4a), 148.44 (C-3), 149.48 (C-11), 152.70 (C-9), 153.66 (C-2-benzofuryl),
155.48 (C-Ta-benzofuryl), 155.89 (C-7a), 165.40 (C=0 A), 165.63 (C=O B), 166.35 ppm
(C=0 C); IR (ATR, neat): 7 = 3062 (w), 2932 (w), 1723 (s), 1601 (m), 1585 (w), 1561 (m),
1533 (w), 1516 (m), 1464 (w), 1450 (m), 1424 (w), 1377 (w), 1315 (m), 1257 (s), 1165 (m),
1109 (s), 1092 (s), 1068 (s), 1025 (m), 933 (w), 885 (m), 851 (w), 813 (w), 797 (m), 751 (W),
708 (s), 687 (m), 634 (w), 616 (w), 578 (W), 547 (W), 516 (W), 492 (W), 445 (W), 430 (W),
407 cm™! (w); HR MS (ESI) for C47H33N40s" [M + H]": caled 781.2298, found 781.2299; for
C47H32N4OsNa" [M + Na]": calcd 803.2118, found 803.2119.

11-Methyl-7-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-
flquinoline (96d)

A solution of the crude nucleoside 94 (268 mg, 75%, 0.29 mmol) in THF (7.2 mL) was
treated with Pd(PPh3)4 (18.2 mg, 0.02 mmol) and Mes3Al (0.43 mL, 2.0 M in toluene,
0.86 mmol). After stirring at 65 °C for 3 hours, the resulting mixture was treated with MeOH
(1 mL) before being concentrated in vacuo. Purification by HPFC (SiO2; cHex/EtOAc,
gradient 0 — 50% EtOAc) gave 96d (81.6 mg, 42%) as a brown sticky solid.

R¢=0.39 (SiO2; cHex/EtOAc 1:1); 'H NMR (500 MHz, CDCI3): 6 = 3.32 (s, 3 H; CMe), 4.77
(dd, Jsa5b = 12.2 Hz, Js'as> = 4.0 Hz, 1 Hz; H-5"a), 4.85 (bddd, J+ 3> = 6.0 Hz, Js 5°a = 4.0 Hz,
Jy s =29 Hz, 1 Hz; H-4), 4.98 (dd, Jsb5a=12.2 Hz, Jsv4 = 2.9 Hz, 1 Hz; H-5’b), 6.47 (t,
Jyo2 =Jy 4 =63 Hz, 1 Hz; H-3”), 6.69 (dd, J2> 3> = 6.6 Hz, J>> > = 5.1 Hz, 1 Hz; H-2), 7.05
(d, Jir» = 5.1 Hz, 1 Hz; H-1"), 7.33, 7.40 and 7.46 (3 x m, 3 x 2 H: H-A3, H-A5, H-B3, H-
B5, H-C3, H-C5), 7.53, 7.58 and 7.61 (3 x m, 3 x 1 H, H-A4, H-B4, H-C4), 7.58 (dd, /2,1 =
8.7 Hz, Jo3 = 4.2 Hz, H-2), 7.90, 8.02 and 8.10 (3 x m, 3 x 2 H; H-A2, H-A6, H-B2, H-B6,
H-C2, H-C6), 8.06 (d, Jsc = 9.2 Hz, H-5), 8.17 (d, Js5 = 9.2 Hz, 1 Hz; H-6), 8.92 (s, 1 H; H-
9), 8.95 (dd, J3» =4.2 Hz, J3,1 = 1.6 Hz, 1 Hz; H-3), 9.23 ppm (bd, J12> = 8.7 Hz, 1 Hz; H-1);
BC{H} NMR (125.7 MHz, CDCl;5): 6 = 28.89 (CMe), 63.58 (C-5"), 70.97 (C-3"), 73.03 (C-
2%), 80.07 (C-4"), 86.69 (C-1°), 114.66 (C-11b), 114.93 (C-6), 115.10 (C-11a), 121.37 (C-2),
124.35 (C-11c¢), 128.62, 128.67 and 128.74 (6 C; C-A3, C-AS, C-B3, C-B5, C-C3, C-C5),
128.75, 129.00 and 129.58 (3 C; C-Al, C-B1, C-C1), 129.90, 129.93 and 129.99 (6 C; C-A2,
C-A6, C-B2, C-B6, C-C2, C-C6), 131.29 (C-5), 133.27 (C-1), 133.62 and 133.80 (3 C; C-A4,
C-B4, C-C4), 136.12 (C-4a), 146.05 (C-4a), 148.30 (C-3), 153.01 (C-9), 154.49 (C-7a),
159.80 (C-11), 165.38, 165.61 and 166.34 ppm (3 C; C=0); IR (ATR, neat): v = 3062 (w),
2923 (w), 2853 (w), 1719 (m), 1601 (w), 1584 (w), 1554 (w), 1519 (w), 1492 (w), 1468 (w),
1451 (w), 1376 (w), 1314 (w), 1261 (s), 1176 (m), 1116 (m), 1092 (s), 1067 (s), 1024 (m),
1000 (m), 939 (m), 803 (w), 757 (w), 706 (s), 617 (m), 600 (m), 540 (m), 481 (m), 423 (m),
402 cm™!' (m); HR MS (ESI) for C40H31N4O7" [M + H]": caled 679.2193, found 679.2183; for
C10H30N4O7Na" [M + Na]*: calcd 701.2012, found 701.2003.
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11-(N,N-dimethylamino)-7-(2,3,5-tri-O-benzoyl-B-D-ribofuranosyl)pyrimido[5',4":4,5]-
pyrrolo[3,2-flquinoline (96e)

A suspension of the crude nucleoside 94 (250.9 mg, 75%, 0.27 mmol) in 2-propanol
(10.7 mL) was treated with dimethylamine (0.27 mL, 2.0 M in THF, 0.54 mmol) and stirred at
60 °C for 24 hours. Purification by HPFC (Si02; Hex/EtOAc, gradient 0 — 30% EtOAc) gave
96e (126.4 mg, 64%) as a sunflower-yellow solid.

Re = 0.40 (SiO2; cHex/EtOAc 1:1); m.p. = 240 °C; 'H NMR (500 MHz, CDCls): 6 = 3.08 (s,
6 H; NMey), 4.78 (dd, Jsasb = 12.0 Hz, Jsaa = 4.1 Hz, 1 Hz; H-57), 4.83 (m, 1 Hz; H-4"),
4.96 (dd, Jsv55a = 12.0 Hz, J54° = 2.9 Hz, 1 Hz; H-5’b), 6.47 (t, J» 2> = J3' 4 = 6.2 Hz, 1 Hz;
H-3), 6.67 (bdd, J»' 3> = 6.5 Hz, J»1» = 5.2 Hz, 1 Hz; H-2"), 7.01 (d, Jir2» = 5.2 Hz, 1 Hz; H-
17), 7.34 (m, 2 Hz; H-A3, H-A5), 7.38 (m, 2 H; H-B3, H-B5), 7.46 (m, 2 H; H-C3, H-C5),
7.52 (dd, Jo1 = 8.5 Hz, Joz = 4.2 Hz, 1 Hz; H-2), 7.52 (m, 1 H; H-A4), 7.56 (m, 1 H; H-B4),
7.60 (m, 1 H; H-C4), 7.92 (m, 2 H; H-A2, H-A6), 7.94 (d, Js = 9.2 Hz, 1 Hz; H-5), 8.00 (m,
2 H; H-B2, H-B6), 8.10 (d, Js5s = 9.2 Hz, 1 Hz; H-6), 8.12 (m, 2 H, H-C2, H-C6), 8.61 (s, 1 H;
H-9), 8.90 (dd, J76 = 4.2 Hz, J75 = 1.6 Hz, 1 Hz; H-7), 9.12 ppm (bdd, J12> = 8.6 Hz, Ji13 =
1.5 Hz, H-1); PC{'H} NMR (125.7 MHz, CDCl3): § = 41.76 and 41.86 (NMe>), 63.82 (C-5"),
71.03 (C-3"), 73.13 (C-27), 80.07 (C-4"), 86.66 (C-1), 102.70 (C-11a), 114.70 (C-6), 115.15
(C-11b), 120.57 (C-2), 124.50 (C-11c¢), 128.60, 128.62 and 128.74 (6 C; C-A3, C-A5, C-B3,
C-B5, C-C3, C-C5), 128.88 (C-Al), 129.04 (C-B1), 129.17 (C-5), 129.65 (C-C1), 129.94,
129.95 and 129.98 (6 C; C-A2, C-A6, C-B2, C-B6, C-C2, C-C6), 133.56 and 133.73 (3 C; C-
A4, C-B4, C-C4), 134.03 (C-6a), 134.89 (C-1), 145.79 (C-4a), 148.16 (C-3), 152.58 (C-9),
155.96 (C-7a), 163.13 (C-11), 165.38 (C=0 A), 165.59 (C=0O B), 166.40 ppm (C=0 C); IR
(ATR, neat): v = 2920 (w), 2852 (w), 1724 (m), 1561 (m), 1517 (w), 1450 (w), 1420 (m),
1372 (w), 1315 (w), 1261 (s), 1176 (m), 1091 (s), 1068 (s), 1024 (s), 950 (m), 879 (w), 854
(W), 798 (m), 708 (s), 686 (m), 650 (m), 617 (m), 555 (m), 451 (s), 408 cm™! (m); HR MS
(ESI) for C41H3NsO7" [M +H]": caled 708.2458, found 708.2458; for CaiH33NsO7Na*
[M + Na]": calcd 730.2278, found 730.2278.

11-(Furan-2-yl)-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline (97a)

A suspension of 96a (94.6 mg, 0.13 mmol) in MeOH (6.5 mL) was treated with NaOMe
(14 uL, 25 wt% in MeOH, 0.08 mmol) and stirred at 60 °C for 24 hours. Concentration in
vacuo, followed by co-evaporation with MeOH (3 % 10 mL) and purification by HPFC (C18;
water/MeOH, gradient 0 — 100% MeOH) gave 97a (14.6 mg, 27%) as a brown film.

R¢=0.44 (SiO2; DCM/MeOH 9:1); [a]p*® = —65.7 (¢ = 0.023 in DMSO); '"H NMR (500 MHz,
DMSO-ds): 0 = 3.68-3.84 (m, 2 H; H-5"), 4.07 (q, J+ 3 =Jo5» = 3.4 Hz, 1 H; H-4"), 431 (m,
1 H; H-3), 4.86 (m, 1 H; H-2), 5.19-5.43 (m, 3 H; OH-2’, OH-3°, OH-5"), 6.70 (d, Ji-»> =
7.4 Hz, 1 H; H-1°), 6.89 (dd, J1s3 = 3.4 Hz, Js5 = 1.8 Hz, 1 H; H-4-furyl), 7.336 (bd, J34 =
3.4 Hz, 1 H; H-3-furyl), 7.344 (bdd, J>,1 = 8.6 Hz, J»3 = 4.2 Hz, 1 H; H-2), 7.50 (bdd, Ji» =
8.7Hz, Jiz=1.6 Hz, 1 H; H-1), 7.92 (dd, J54 = 1.9 Hz, J5s3 = 0.7 Hz, 1 H; H-5-furyl), 8.16 (d,
Js6=9.3 Hz, 1 H; H-5), 8.61 (d, Js;5 = 9.3 Hz, 1 H; H-6), 8.83 (dd, J3», =4.2 Hz, J3,1 = 1.6 Hz,
1 H; H-3), 9.03 ppm (s, 1 H; H-9); *C{'H} NMR (125.7 MHz, DMSO-ds): 6 = 61.57 (C-5"),
70.05 (C-3°), 71.24 (C-2°), 85.79 (C-4°), 87.09 (C-1°), 110.72 (C-11a), 112.98 (C-11Db),
113.20 and 113.34 (2 C; C-3-furyl, C-4-furyl), 117.06 (C-6), 120.94 (C-2), 123.48 (C-11¢),
130.69 (C-5), 133.05 (C-1), 136.68 (C-6a), 145.03 (C-4a), 145.82 (C-5-furyl), 148.06 (C-3),
148.95 (C-11), 151.65 (C-2-furyl), 152.34 (C-9), 155.43 ppm (C-7a); IR (ATR, neat): v =
3500-2500 (br w), 1669 (w), 1592 (m), 1558 (m), 1518 (m), 1466 (m), 1426 (m), 1372 (w),
1324 (m), 1242 (m), 1160 (m), 1119 (m), 1090 (m), 1045 (s), 1022 (s), 999 (s), 929 (m), 884
(m), 822 (m), 799 (m), 761 (m), 626 (m), 593 (m), 547 cm™' (m); UV/Vis (MeOH): Amax (€) =
255 (27500), 330 nm (5400 M 'em™); HRMS (ESI) for C2HioN4Os* [M + H]": caled
419.1356, found 419.1353; for C20H1sN4OsNa* [M + Na]": caled 441.1175, found 441.1172.

95



5. Experimental

11-(Benzofuran-2-yl)-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline
(97c)

A suspension of 96¢ (180 mg, 0.23 mmol) in MeOH (12.8 mL) was treated with NaOMe
(14 uL, 25 wt% in MeOH, 0.08 mmol) and stirred at 60 °C for 18 hours. Concentration in
vacuo, followed by co-evaporation with MeOH (3 x 10 mL) and purification by HPFC (C18;
water/MeOH, gradient 0 — 100% MeOH) gave 97¢ (51.4 mg, 48%) as a bright yellow solid.

Rr = 0.46 (SiO2; DCM/MeOH 9:1); m.p. = 124 °C; [a]p*® = 46.4 (¢ = 0.115 in DMSO);
"H NMR (500 MHz, DMSO-ds): 6 = 3.76 (bdt, Js:a5b = 12.0 Hz, Js:won = Js,4- = 4.3 Hz, 1 H;
H-5"a), 3.81 (ddd, Jsvsa = 12.0 Hz, Jswom = 4.7 Hz, Js»4 = 3.4 Hz, 1 H; H-5"b), 4.09 (q,
Je3=Jgps5 =33 Hz, 1 H; H-4"), 4.33 (dt, J3,2>' = 6.1 Hz, J3:0u = J3:4 = 3.1 Hz, 1 H; H-3"),
4.88 (q, J2,1'=J200=J23-= 6.0 Hz, 1 H; H-2"), 5.28-5.33 (m, 2 H; OH-3’, OH-5"), 5.40 (d,
Jown2 = 6.1 Hz, 1 H; OH-2"), 6.74 (d, J;.2= 7.4 Hz, 1 H; H-1"), 6.96 (dd, Js5 = 8.5 Hz, Js7 =
4.2 Hz, 1 H; H-6), 7.34 (m, 1 H; H-7-benzofuryl), 7.39-7.44 (m, 2 H; H-5-benzofuryl, H-6-
benzofuryl), 7.50 (bddd, J;> = 8.6 Hz, J;3 = 1.7 Hz, J;5 = 0.7 Hz, 1 H; H-1), 7.82 (d, J31r =
0.9 Hz, 1 H; H-3-benzofuryl), 7.90 (m, 1 H; H-4-benzofuryl), 8.20 (dd, J5s = 9.2 Hz, Js5; =
0.7 Hz, 1 H; H-5), 8.66 (d, Js5 = 9.2 Hz, 1 H; H-6), 8.78 (dd, J32=4.2 Hz, J3; = 1.6 Hz, 1 H;
H-3), 9.13 ppm (s, 1 H; H-9); *C{'H} NMR (125.7 MHz, DMSO-ds): 6 = 61.59 (C-5"), 70.07
(C-3%), 71.30 (C-2’), 85.84 (C-4’), 87.13 (C-1’), 109.59 (C-3-benzofuryl), 111.20 (C-11a),
111.84 (C-7-benzofuryl), 112.85 (C-11b), 117.09 (C-6), 120.45 (C-2), 122.70 (C-4-
benzofuryl), 123.39 (C-11c), 123.97 (C-5-benzofuryl), 126.42 (C-6-benzofuryl), 127.99 (C-
3a-benzofuryl), 131.03 (C-5), 133.19 (C-1), 137.04 (C-6a), 144.99 (C-4a), 148.14 (C-3),
148.56 (C-11), 152.39 (C-9), 153.48 (C-2-benzofuryl), 154.66 (C-7a-benzofuryl), 155.57 ppm
(C-7a); IR (ATR, neat): v = 3278 (br w), 2922 (w), 1655 (w), 1590 (w), 1559 (m), 1536 (m),
1517 (s), 1467 (m), 1447 (m), 1427 (m), 1370 (w), 1346 (w), 1299 (m), 1256 (m), 1167 (m),
1115 (s), 1088 (s), 1045 (s), 1017 (m), 960 (m), 932 (m), 915 (m), 883 (m), 853 (m), 815 (s),
796 (s), 751 (s), 697 (m), 634 (m), 612 (s), 580 (s), 568 (m), 548 (s), 518 (s), 498 (m), 485
(m), 451 (m), 432 (s), 419 (m), 405 cm™' (m); UV/Vis (MeOH): Amax (¢) = 259 (38200), 355
(13600 M'em™!); HR MS (ESI) for C26H21N4Os* [M + H]*: calcd 469.1512, found 469.1510;
for C26H20N4OsNa”™ [M + Na]™: caled 491.1331, found 491.1330.

11-Methyl-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline (97d)

A suspension of 96d (60.0 mg, 0.08 mmol) in MeOH (4.4 mL) was treated with NaOMe
(5 uL, 25 wt% in MeOH, 0.04 mmol) and stirred at 60 °C for 18 hours. Concentration in
vacuo, followed by co-evaporation with MeOH (3 x 10 mL) and purification by HPFC (C18;
water/MeOH, gradient 0 — 100% MeOH) gave 97d (17.0 mg, 53%) as an off-white solid.

Re = 0.34 (SiO2; DCM/MeOH 9:1); m.p. = 256 °C; [a]p?® = —47.9 (¢ = 0.073 in DMSO);
"H NMR (500 MHz, DMSO-ds): 6 = 3.30 (s, 3 H; CMe), 3.73 (bdd, Jsa50 = 11.9 Hz, Js:0n =
5.5Hz, Jsa4 = 3.8 Hz, 1 H; H-5’a), 3.77 (ddd, Jsbs5a = 11.9 Hz, Jsvou = 5.1 Hz, Jsbs =
3.2 Hz, 1 H; H-5"b), 4.04 (q, Jo3 =Jas = 3.4 Hz, | H; H-4"), 4.29 (td, J3»» = J3ou = 5.3 Hz,
Jy4 =3.1Hz, 1 H; H-3"), 4.83 (q, J2>,;r = J2 00 = J23» = 6.5 Hz, 1 H; H-2’), 5.24 (d, Jons =
4.8 Hz, 1 H; OH-3"), 5.27-5.31 (m, 2 H; OH-2’, OH-5"), 6.70 (d, Ji°»» = 7.4 Hz, 1 H; H-1"),
7.74 (dd, Jo1 = 8.6 Hz, Jo3 = 4.1 Hz, 1 H; H-2), 8.18 (bd, J56 = 9.2 Hz, 1 H; H-5), 8.61 (d, Js5
= 9.2 Hz, 1 H; H-6), 8.91 (s, 1 H; H-9), 8.94 (dd, J5» = 4.1 Hz, J;; = 1.5Hz, 1 H; H-3),
9.32 ppm (bd, Ji2 = 8.6 Hz, 1 H; H-1); C{'H} NMR (125.7 MHz, DMSO-ds): 6§ = 28.28
(CMe), 61.57 (C-5%), 70.00 (C-3), 71.12 (C-2"), 85.65 (C-4’), 86.98 (C-1"), 113.56 and
113.68 (2 C; C-11a, C-11b), 117.03 (C-6), 121.52 (C-2), 123.44 (C-11c), 130.10 (C-5),
133.29 (C-1), 135.70 (C-6a), 145.15 (C-4a), 148.03 (C-3), 152.48 (C-9), 154.08 (C-7a);
159.82 ppm (C-11); IR (ATR, neat): 7 = 3481 (w), 3225m-2275 (bw), 1587 (w), 1559 (m),
1521 (s), 1470 (m), 1441 (m), 1407 (w), 1370 (m), 1321 (m), 1307 (w), 1270 (w), 1245 (m),
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1174 (m), 1124 (m), 1110 (m), 1080 (m), 1058 (s), 1033 (s), 1024 (s), 966 (m), 946 (W), 922
(m), 882 (m),858 (W), 819 (s), 790 (m), 771 (W), 729 (W), 688 (W), 660 (m), 632 (W), 603 (m),
581 (w), 564 (w), 538 (m), 514 (m), 438 cm™! (m); UV/Vis (MeOH): Zmax (¢) = 259 (50400),
319 (12900), 353 nm (4700 M 'em™); HR MS (ESI) for CioHioN4O4* [M +H]: caled
367.1406, found 367.1403; for C19H;sNsOsNa' [M + Na]': calcd 389.1226, found 389.1223.

11-(N,N-dimethylamino)-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline
(97e)

A suspension of 96e (100 mg, 0.14 mmol) in MeOH (7.1 mL) was treated with NaOMe
(16 uL, 25 wt% in MeOH, 0.08 mmol) and stirred at 60 °C for 24 hours. Concentration in
vacuo, followed by co-evaporation with MeOH (3 % 10 mL) and purification by HPFC (C18;
water/MeOH, gradient 0 — 100% MeOH) gave 97e (35.5 mg, 64%) as a light-yellow solid.

R = 0.42 (SiO2; DCM/MeOH 9:1); m.p. = 240 °C; [a]p*® = —5.0 (¢ = 0.119 in DMSO);
"H NMR (500 MHz, DMSO-ds): 6 = 3.03 and 3.05 (2 x s, 2 x 3 H; NMey), 3.70 (ddd, J5wa5b =
11.9 Hz, Js»aou = 6.0 Hz, Jsa4 = 3.8 Hz, 1 H; H-5’a), 3.76 (ddd, Js5»5« = 11.9 Hz, Jsb,on =
4.8 Hz, Jsv4 = 3.2 Hz, 1 H; H-5’b), 4.03 (q, J» 3> = Ja 5> = 3.3 Hz, 1 H; H-4"), 4.27 (dt, J3° 2’ =
6.3 Hz, J» 4 = J3.on = 3.3 Hz, 1 H; H-3"), 4.87 (q, J2»,ir = J>,on = J»3» = 6.3 Hz, 1 H; H-2"),
5.25 (d, Jon = 4.4 Hz, 1 H; OH-3"), 5.31 (d, Jon,> = 6.1 Hz, 1 H; OH-2"), 5.38 (t, Jons =
5.4 Hz, 1 H; OH-5"), 6.58 (d, Ji'»» = 7.3 Hz, 1 H; H-1"), 7.68 (dd, Js,5s = 8.6 Hz, Js7 = 4.2 Hz,
1 H; H-2), 8.07 (d, Jo,10 = 9.2 Hz, 1 H; H-5), 8.47 (d, Ji00 = 9.2 Hz, 1 H; H-6), 8.55 (s, 1 H; H-
9), 8.90 (dd, J76=4.2 Hz, J7;5 = 1.7 Hz, 1 H; H-3), 9.07 ppm (dm, Js6 = 8.6 Hz,1 H; H-1);
BC{'H} NMR (125.7 MHz, DMSO-de): 6 = 40.99 and 41.40 (2 C; NMe,), 61.76 (C-5"),
70.20 (C-3’), 71.28 (C-2’), 85.67 (C-4°), 87.28 (C-1’), 101.06 (C-11a), 113.82 (C-11Db),
116.54 (C-6), 120.80 (C-2), 123.50 (C-11c¢), 128.18 (C-5), 133.80 (C-6a), 134.15 (C-1),
144.99 (C-4a), 147.86 (C-3), 151.94 (C-9), 155.52 (C-7a), 162.41 ppm (C-11); IR (ATR,
neat): v = 3500-2000 (br w), 1561 (s), 1519 (s), 1462 (m), 1418 (m), 1396 (m), 1373 (m),
1352 (m), 1304 (m), 1284 (m), 1234 (m), 1182 (m), 1156 (m), 1121 (s), 1054 (s), 1031 (s),
993 (m), 958 (m), 919 (m), 901 (m), 877 (m), 858 (s), 817 (s), 797 (m), 736 (m), 714 (m), 694
(m), 661 (m), 634 (s), 599 (s), 584 (s), 553 (s), 540 (s), 522 (m), 484 (m), 444 (m), 431 (m),
415 cm™ (m); UV/Vis (MeOH): Amax (€) = 256 (29800), 298 (7700), 339 (7900), 359 nm
(7100 M 'em™); HR MS (ESI) for C20H22Ns04" [M + HJ*: caled 396.1672, found 396.1669;
for C20H21Ns5O4Na" [M + Na]": calcd 418.1491, found 418.1488.

11-Amino-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline (97f)

In a screw-cap pressure glass tube, a solution of the crude nucleoside 94 (245 mg, 75%,
0.26 mmol) in 1,4-dioxane (0.9 mL) was treated with aq. ammonia (2.0 mL, 25 wt% in water,
13.14 mmol). After being stirred at 120 °C for 24 h, the solution was cooled and concentrated
in vacuo. Purification by HPFC (C18; water/MeOH, gradient 0 — 100% MeOH) gave 97f
(50.0 mg, 52%) as a beige solid.

R¢=0.31 (SiO2; DCM/MeOH 9:1); m.p. = 210-235 °C (decomp.); [a]p*® = 26.3 (¢ = 0.024 in
DMSO); 'HNMR (500 MHz, DMSO-ds): 6 = 3.69 (ddd, Js:asb = 11.9 Hz, Json = 6.3 Hz,
Jsaa = 3.6 Hz, 1 H; H-5"a), 3.76 (ddd, J5b.5:a = 11.9 Hz, Jsb.ou = 4.6 Hz, Jsva = 3.1 Hz, 1 H;
H-5’b), 4.02 (q, Jy3 = Jo5a = Jo 5 = 3.2 Hz, 1 H; H-4"), 4.25 (td, J3°»> = J3' on = 5.0 Hz,
Jy4 =2.8Hz, 1 H; H-3"), 4.85 (q, J»1» = J2on = J2 3 = 6.6 Hz, 1 H; H-2"), 5.20 (d, Jons =
4.8 Hz, 1 H; OH-3"), 5.26 (d, Joua' = 6.7 Hz, 1 H; OH-2"), 5.47 (bt, Jon.s'a = Jousn = 5.5 Hz,
1 H; OH-5"), 6.54 (d, Ji'»» = 7.4 Hz, 1 H; H-1"), 7.24 (bs, 2 H; NH>), 7.66 (dd, J>1 = 8.5 Hz,
Jo3 =42Hz 1H; H-2), 8.03 (d, Js5 = 9.2 Hz, 1 H; H-5), 8.37 (s, 1 H; H-9), 8.41 (d, Jo5 =
9.2 Hz, 1 H; H-6), 8.88 (dd, J3» = 42 Hz, J5; = 1.6 Hz, 1 H; H-3), 9.19 ppm (bd, Ji» =
8.5 Hz, 1 H; H-1); BC{'H} NMR (125.7 MHz, DMSO-d): § = 61.82 (C-5"), 70.26 (C-3°),
71.23 (C-2), 85.68 (C-4"), 87.21 (C-1°), 98.72 (C-11a), 114.42 (C-11b), 116.32 (C-6), 120.66
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(C-2), 122.90 (C-11c¢), 127.61 (C-5), 133.75 (C-1), 133.76 (C-6a), 144.99 (C-4a), 147.60 (C-
3), 153.38 (C-9), 154.87 (C-7a), 159.13 ppm (C-11); IR (ATR, neat): v = 3600-22500 (br w),
1633 (m), 1589 (m), 1574 (m), 1558 (m), 1522 (m), 1465 (m), 1441 (m), 1368 (m), 1317 (m),
1288 (m), 1188 (m), 1117 (s), 1035 (s), 961 (m), 930 (m), 903 (m), 888 (m), 859 (w), 811
(m), 793 (s), 767 (m), 697 (m), 672 (s), 602 (s), 578 (s), 541 (s), 511 (s), 466 (s), 424 cm™! (s);
UV/Vis (MeOH): Amax (€) = 291 (13600), 330 nm (6800 M 'em™); UV/Vis (water): Amax (€) =
290 (11200), 333 nm (5700 M 'em™); HRMS (ESI) for CisHisNsO4" [M + HJ": caled
368.1359, found 368.1351; for C1sH;7NsOsNa" [M + Na]": caled 390.1178, found 390.1171.

11-Methoxy-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline (979)

A suspension of the crude nucleoside 94 (208 mg, 75%, 0.22 mmol) in MeOH (17.8 mL) was
treated with sodium methoxide (0.25 mL, 30 wt% in MeOH, 1.31 mmol) and stirred at 60 °C
for 4 h. Purification by HPFC (C18; water/MeOH, gradient 0 — 100% MeOH) gave 97g
(24.7 mg, 22%) as a beige solid.

Ri = 0.58 (SiO2; DCM/MeOH 9:1); m.p. = 190-205 °C (decomp.); [a]p** = -36.9 (c = 0.096
in DMSO); '"H NMR (600 MHz, DMSO-de): 6 = 3.72 (dd, 1 H, Jsasb = 12.0 Hz, Jsu ¢ =
3.8 Hz; H-5’a), 3.97 (dd, 1 H, Js'v5a = 12.0 Hz, J5,4° = 3.3 Hz; H-5’b), 4.04 (q, 1 H, J4 3 =
Jy s =3.4Hz; H4),4.29 (dd, 1 H, J3,2 = 5.8 Hz, J;:4- = 3.1 Hz; H-3"), 4.34 (s, 3 H; OMe),
4.84 (dd, 1 H, J>;;- = 7.3 Hz, J>:3- = 5.8 Hz; H-2’), 6.65 (d, 1 H, J;:2- = 7.3 Hz; H-1"), 7.71
(dd, 1 H, J>; = 8.6 Hz, J>3 = 4.2 Hz; H-2), 8.11 (dd, 1 H, J55 = 9.2 Hz, J5; = 0.7 Hz; H-5),
8.55(d, 1 H, Js5 =9.2 Hz; H-6), 8.73 (s, 1 H; H-9), 8.92 (dd, 1 H, J3>=4.2 Hz, J3; = 1.7 Hz;
H-3),9.77 ppm (ddd, 1 H, J;>=8.6 Hz, J; 3= 1.6 Hz, J; 5= 0.7 Hz; H-1); OH-2", OH-3", OH-
5’ not detectable due to water content in the NMR sample; *C{'H} NMR (150.9 MHz,
DMSO-ds): 6 = 54.59 (OMe), 61.62 (C-5’), 70.05 (C-3’), 71.32 (C-2’), 85.69 (C-4’), 87.35
(C-17), 100.45 (C-11b), 113.40 (C-11a), 116.88 (C-6), 121.70 (C-2), 123.45 (C-11c¢), 128.91
(C-5), 133.95 (C-1), 134.35 (C-6a), 145.07 (C-4a), 148.24 (C-3), 153.18 (C-9), 155.62 (C-7a),
162.63 ppm (C-11); IR (ATR, neat): ¥ = 3203 (br m), 2929 (br m), 1673 (br w), 1592 (m),
1573 (m), 1556 (s), 1521 (s), 1468 (s), 1442 (m), 1429 (m), 1375 (m), 1311 (s), 1272 (m),
1207 (m), 1181 (m), 1115 (s), 1068 (s), 1039 (s), 984 (s), 960 (s), 918 (m), 887 (m), 857 (m),
812 (s), 793 (s), 715 (m), 685 (m), 636 (s), 586 (m), 542 (s), 506 (s), 466 (m), 435 (m),
410 cm™! (m); UV/Vis (MeOH): Amax (£) = 255 (38000), 282 (16300), 315 nm (9900 M 'cm™);
HRMS (ESI) for CioHi9N4Os" [M+H]": caled 383.1356, found 383.1351; for
Ci9H1sN4OsNa" [M + Na]": calcd 405.1175, found 405.1171.

11-Methylthio-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline (97h)

A solution of the crude nucleoside 94 (200.3 mg, 75%, 0.22 mmol) in THF (8.6 mL) was
treated with NaSMe (92.3 mg, 1.32 mmol) and stirred at 60 °C for 18 h. Purification by HPFC
(C18; water/MeOH, gradient 0 — 100% MeOH) gave 97h (24.5 mg, 29%) as a pale-yellow
solid.

Ri = 0.50 (SiO2; DCM/MeOH 9:1); m.p. = 228-242 °C (decomp.); [a]p** = —18.0 (¢ = 0.067
in DMSO); 'HNMR (500 MHz, DMSO-ds): 6 = 2.84 (s, 3 H, SMe), 3.73 (bdd, Jsas5b =
12.0 Hz, Jsw4' = 3.7 Hz, 1 H; H-5"a), 3.79 (d, Jsb5 = 12.0 Hz, 1 H; H-5"b), 4.04 (q, Ja 3 =
Jys=3.4Hz, 1 H; H-4"), 4.29 (dd, J»»» = 5.9 Hz, J»» + = 3.1 Hz, 1 H; H-3"), 4.81 (dd, J> 1> =
73 Hz, J»3 =59 Hz, 1 H; H-2"), 5.23-5.47 (m, 3 H; OH-2’, OH-3’, OH-5"), 6.71 (d, Ji'2»* =
7.3 Hz, 1 H; H-1°), 7.74 (dd, J>,1 = 8.6 Hz, Jo3 = 4.2 Hz, 1 H; H-2), 8.17 (bd, J56 = 9.3 Hz,
1 H; H-5), 8.62 (d, Jo.5s = 9.2 Hz, 1 H; H-6), 8.89 (s, 1 H; H-9), 8.94 (dd, J;2 =42 Hz, J51 =
1.6 Hz, 1 H; H-3), 9.95 ppm (dm, Ji» = 8.7 Hz, 1H; H-1); BC{'H} NMR (125.7 MHz,
DMSO-ds): 6 = 13.86 (SMe); 61.54 (C-5"), 69.96 (C-3°), 71.24 (C-2"), 85.73 (C-4"), 87.15
(C-1°), 111.69 (C-11a), 113.26 (C-11b), 117.10 (C-6), 120.83 (C-2), 122.88 (C-11c), 130.15
(C-5), 133.82 (C-1), 135.15 (C-6a), 145.24 (C-4a), 148.12 (C-3), 151.84 (C-9), 152.80 (C-6a),
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161.70 ppm (C-11); IR (ATR, neat): v = 3600-2000 (m), 1665 (w),1591 (w), 1547 (m), 1516
(s), 1465 (m), 1437 (m), 1413 (m), 1369 (m), 1337 (m), 1303 (m), 1281 (w), 1260 (s), 1214
(m), 1178 (m), 1160 (m), 1123 (s), 1080 (s), 1067 (s), 1001 (s), 958 (m), 932 (s), 913 (m), 886
(m), 852 (m), 838 (s), 812 (s), 785 (s), 725 (m), 687 (s), 672 (s), 650 (s), 627 (s), 579 (s), 542
(s), 517 (s), 459 (s), 434 (s), 419 cm™' (s); UV/Vis (MeOH): Amax (¢) = 252 (36600), 329
(10100), 359 nm (6600 M 'cm™'); HR MS (ESI) for C19H19N4O4S™ [M + H]": caled 399.1127,
found 399.1125; for C19HisN4O4sSNa" [M + Na]": caled 421.0946, found 421.0945.

11-Amino-7-(B-D-ribofuranosyl)pyrimido[5',4":4,5]pyrrolo[3,2-flquinoline 5'-O-
Triphosphate Bistriethylammonium Salt (98, A9TP)

A solution of 97f (25.1 mg, 0.07 mmol; dried under vacuum at 45 °C overnight) in PO(OMe)s
(1.0 mL) was cooled to 0 °C and treated with POCl; (13 pL, 0.14 mmol). After 2 hours, the
solution turned sunflower yellow and TLC showed the completion of the transformation
towards the monophosphate (Rr = 0.00; SiO>, DCM/MeOH 9:1). In a separate flask, a solution
of bis(tributylammonium) pyrophosphate (187 mg, 0.34 mmol) in MeCN (1.0 mL) was
treated with NBusz (0.08 mL, 0.34 mmol) and stirred for 5 min before being transferred to the
monophosphate solution via syringe. The resulting pale yellow solution was stirred at 0 °C
(water/ice) for 1 hour until TLC showed the completion of the reaction (Rf = 0.32; SiO»,
iPrOH/water/NH4OH 11:2:7). The mixture was concentrated in vacuo at 38 °C, co-evaporated
with water (2 x 10 mL) and dissolved in water (25 mL) followed by washing with CHCl3 (3 %
25 mL) to remove any traces of PO(OMe)s. Purification by prep. HPLC (Sepharose; 21.2 x
165 mm, flow rate = 12 mL min!, water / 800 mM TEAB, gradient 100:0 for 5 min, from
100:0 to 0:100 within 60 min) gave triphosphate 98 (32.4 mg, 59%) as a pale yellow solid.

prep. HPLC: tr = 30 min (Sepharose, 21.2 x 165 mm, flow rate = 12 mL min!, water /
800 mM TEAB, gradient 100:0 for 5 min, from 100:0 to 0:100 within 60 min); '"H NMR
(500 MHz, D20): 6 =4.40 (m, 1 H; H-4"), 4.42-4.48 (m, 2 H; H-5"), 4.70 (dd, J3 »» = 6.4 Hz,
Jya =4.1Hz, 1 H; H-3), 4.88 (t, J1» = J» 3 = 6.8 Hz, 1 H; H-2"), 6.33 (d, Ji'2>» = 7.1 Hz,
1 H; H-1"), 7.36 (m, 1 H; H-2), 7.69 (d, Js, = 9.2 Hz, 1 H; H-5), 8.02 (s, 1 H; H-11), 8.04 (d,
Jss = 9.2 Hz, 1 H; H-6), 8.23 (bd, Ji2 = 7.9 Hz, 1 H; H-1), 855 ppm (m, 1H; H-3);
BC{'H} NMR (125.7 MHz, D;0): 6 = 67.45 (d, Jcpa = 5.6 Hz, 1 C; C-5°), 71.16 (C-3°),
73.20 (C-2°), 85.18 (d, Jcpa = 9.1 Hz, 1 C; C-47), 88.85 (C-17), 99.91 (C-11a), 115.86 (C-
11b), 119.14 (C-6), 123.02 (C-2), 123.79 (C-11c¢), 128.14 (C-5), 134.89 (C-6a), 135.87 (C-1),
144.58 (C-4a), 148.72 (C-3), 154.30 (C-9), 155.61 (C-7a), 158.71 ppm (C-11); *'P NMR
(202.4 MHz, D20): 0 =-21.74 (t, Jga = Jpy, = 19.6 Hz, 1 P; Pp), —10.59 (d, Jo,p= 19.5 Hz, 1 P;
Po), =7.56 ppm (d, J,5 = 19.7Hz, 1P; P)); UV/Vis (water): Amax (¢) = 258 (21000), 289
(12200), 333 nm (6600 M 'cm™); HRMS (ESI) for CisHi9NsOi;3Ps* [M—H]": calcd
606.01922, found 606.01923.

5.2.4. Biochemistry

Preparation of dsDNA template for transcription (35DNA_AT7)

A solution of complementary single stranded DNA oligonucleotide (100 uM each) in water
was heated up to 95 °C for 5 min in a thermal cycler, and then slowly cooled down to 25 °C.
The resulting dsDNA (50 uM) was used as the template 3SDNA_A7 for the transcription
reaction.

Transcription experiment with T7 polymerase

Four in vitro transcription reactions were performed in parallel using the HiScribe T7 High
yield RNA synthesis Kit: positive control, negative control, modification and negative control
for spectroscopy.
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Each reaction mixture (100 pL) contained Tris buffer (40 mMm, pH 7.9), the three natural NTPs
(7.5 mM each), the dsDNA template 35SDNA_A7 (1 pg) and the T7 RNA polymerase
(7.5 uL). Additionally, the positive control contained natural ATP (7.5 mM), the negative
control contained water instead of ATP or AQTP, the modification contained AQTP (7.5 mMm)
and the negative control for spectroscopy contained the modified AQTP (7.5 mM) but no T7
polymerase. All 4 reaction mixtures were incubated at 37 °C for 16 hours. Then, the reactions
were stopped by treatment with DNase I (0.1 U/uL) at 37 °C for 15 min followed by
treatment with EDTA (0.05 M) at 70 °C for 10 min. Afterwards, the mixtures were purified by
the Monarch RNA Cleanup Kit (50 pg) resulting in solutions of 40 uL each.

Aliquots of the first 3 reactions (50 ng) were separated by denaturating PAGE (20%) with
urea at 23 mV for 1 h and visualized by fluorescence imaging.

Aliquots of the positive control (35RNA_A7) and the modified RNA (35RNA_AQ7) were
analyzed by UPLC-ESI-MS confirming the full transcription without any misincorporation
(see Figure 25 and Figure 26 in the Appendix).
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7. Appendix

7.1. Accessibility of 5-membered Heterocycles through

their iodo-substituted Derivatives

In chapter 3.1.2., I have discussed the use of iodo-substituted heterocycles as a coupling
partner for the zincated 4,6-dichloropyrimidine during the Negishi cross-coupling reaction.
Unfortunately, not all the iodo derivatives are commercially available (Table A1) or
accessible in one or two steps with nearly quantitative yield. Hence, using aryl sulfonium salts
potential alternatives to the iodo derivative in the Negishi cross-coupling reaction was

explored in Chapter 3.2.

Table Al. Commercial availability of 5-membered heterocycles with iodo-substitution: The price
of the largest available package size was taken into account and recalculated for 1 g. All prices are
given in Euro (1 EUR = 25.30 CZK) and the corresponding supplier is given in brackets.

X.
\/(\_//Y

Iodo derivative for:

Cl

N= X,
§ N7
N

N
H

Cl

Q\N/ \X/

N
H

Me
N
T N
S

4.12 EUR/g (BLDpharm)
CAS 34091-51-5

not available in Europe®
CAS 1934714-58-5

226.90 EUR/g (Enamine)
CAS 49602-30-4

35.20 EUR/g (BLDpharm)
CAS 71759-88-1

not available in Europe®
CAS 2174001-43-3

423.60 EUR/g (Enamine)
CAS 108306-61-2

0.48 EUR/g (BLDpharm)
CAS 39806-90-1

23.57 EUR/g (Fluorochem)
CAS 847490-69-1

215.00 EUR/g (Enamine)
CAS 49602-28-0

5.98 EUR/g (BLDpharm)
CAS 71759-87-0

not available in Europe®
CAS 122474-18-0

639 EUR/g (Enamine)
CAS 108306-60-1

Last Update: March 2024. ¢ not available from Apollo Scientific, BLDpharm, Enamine,
Fluorochem, Sigma-Aldrich (Merck), TCI Europe or Thermofisher (Fisher Scientific).
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7. Appendix

7.2. HPLC Purity of the final Ribonucleosides

7.2.1. Pyrazolo-fused 7-Deazapurine Ribonucleosides

The purity of final nucleosides 61a-h was confirmed by analytical HPLC on a Waters 717
Autosampler system with a Waters 2996 Photodiode Array Detector using a Gemini 5 um Cjs
110 4 column (250 x 4.60 mm) from Phenomenex. Samples were dissolved in DMSO (10 pL
injection volume). Two methods were used (flow 1 mL/min):

A) water/MeOH gradient from 95:5 to 50:50 within 10 min, from 50:50 to 0:100 within
10 min, 0:100 for 10 min;
B) water/MeCN gradient from 95:5 to 50:50 within 10 min, from 50:50 to 0:100 within
10 min, 0:100 for 10 min.

The chromatogram was analyzed at 254 nm. After automatic integration, peaks with lower
than 0.10% area were dismissed as noise.

Table A2. HPLC purity of the final nucleosides 61a-h.

Method A (water —» MeOH) Method B (water — MeCN)
Compound | Retention time #z [min] Purity [%] Retention time #z [min] Purity [%]
6l1a 29.86 99.38 24.78 98.77
61b 28.53 98.87 24.24 99.14
61c 33.39 95.79 27.42 96.73
61d 26.42 99.63 22.75 99.60
6le 27.95 94.69 23.65 95.10
61f 25.15 94.99 7.79 96.30
61g 28.80 98.87 23.89 98.89
61h 30.53 96.33 2491 95.42
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7. Appendix

7.2.2. Quinolino-fused 7-Deazapurine Ribonucleosides

The purity of final nucleosides 97a-h was confirmed by analytical UPLC on an Agilent 1260
Infinity Il LC system with a Agilent 1260 Photodiode Array Detector using a KinetexEVO Cis
100 4 column (2.1 x 150 mm) from Phenomenex. Samples were dissolved in DMSO (1 pL
injection volume). Two methods were used (flow 0.2 mL/min):

A) water (0.1% formic acid)/MeOH gradient 100:0 for 0.5 min, from 100:0 to 0:100 within
7 min, 0:100 for 2 min, from 0:100 to 100:0 within 0.1 min, 100:0 for 4 min

B) water (0.1% formic acid)/MeCN gradient 100:0 for 0.5 min, from 100:0 to 0:100 within
7 min, 0:100 for 2 min, from 0:100 to 100:0 within 0.1 min, 100:0 for 4 min

Table A3. HPLC purity of final nucleosides 97a-h.

Method A (water —» MeOH) Method B (water — MeCN)
Compound | Retention time ¢z [min] Purity [%] Retention time #r [min] Purity [%]
97a 8.30 95.14 6.47 95.42
97c 9.59 95.45 7.38 96.10
97d 7.19 99.26 5.87 98.70
97e 7.58 96.24 6.16 97.48
97f 6.43 96.47 5.58 95.15
97¢g 7.87 99.22 7.87 99.24
97h 8.96 95.13 7.57 96.79
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7. Appendix

7.3. UV/Vis and Fluorescence Spectra

7.3.1. Heteroaryl-fused 7-deazapurine ribonucleosides

UV/Vis spectra of the final nucleosides were measured in methanol (HPLC grade) on a
Varian Cary 100 Bio UV-Visible spectrophotometer in the range 250-800 nm using
transparent 1.5 mL quartz cuvettes. The absorption coefficient € was calculated using the
Lambert-Beer equation 4 =c -/ ¢, where 4 is the absorbance of the sample, ¢ the exact
concentration of the sample, / the length of the cuvette (1 cm). The samples were measured at
three different concentrations and its average absorption coefficient was calculated.

Fluorescence spectra were recorded on a Fluoromax 4 spectrofluorimeter from HORIBA
Scientific. The sample concentration was adjusted to have a UV absorbance of 0.05-0.10. The
excitation was performed at the absorption maximum with the highest wavelength A.bs with
the slit set at 2 nm. The emission spectra were recorded from Aups + 20 nm to 2 X Aaps — 20 nm
with a 2 nm slit opening. For each nucleoside 25a—h and 58a—h, the sample for measuring
optical rotation in DMSO was used as a stock solution. Then, three samples with the same
dilution in MeOH were prepared and measured.

For nucleosides with an absorption maximum above 300 nm, their fluorescence quantum
yield @y was determined with quinine sulfate as a standard (equation S1),!!

Fx (1-1074%) | 13

@ry = Pros I_FQS (1_10—AQ_S) % (Eq. S1)

where @y, is the quantum yield of the sample x, @rps is the quantum yield of the standard
quinine sulfate in 0.1 M H2SO4 (Lit.'"": 0.546), Fy and Fys are the integrals of the emission
spectra between Aups + 20 nm to 2 X Aaps — 20 nm, A, and Ags are the absorbance coefficients
maxima during the UV/Vis measurement (Aups = Aex), #x 1S the refractive index of methanol at
the excitation wavelength,'” #os is the refractive index of water at the excitation
wavelength.'*°

Standard deviations for the extinction coefficient ¢ and for the fluorescence quantum yield &y
are calculated using the STEV.P function in excel.

7.3.2. Products from in vitro Transcription

The nucleoside 58f, the triphosphate 59 and all biochemistry products were measured in
MilliQ water as described above. The fluorescence quantum yield @, was determined with an
excitation wavelength of A.. =333 nm and a 2 nm slit opening. The emission spectra were
recorded from 353 nm to 646 nm with the same 2 nm slit opening.
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7.4. Biochemistry

7.4.1. MS spectra of oligonucleotides

LC-ESI-MS analysis of oligonucleotides was carried out on an Agilent 1260 Infinity 11 LC
system with an Agilent InfinityLab LS/MSD XT Detector using a BioZen Cis 100 A column
(2.1 x 150 mm) from Phenomenex with the mobile phases A (12.2 mM EtsN, 300 mM HFIP in
water) and B (12.2 mM EtsN, 300 mM HFIP in 100% MeOH) and a gradient from 95:5 to
0:100 within 10 min. Deconvolutions of the LC-ESI-MS spectra were carried out using a
UniDec program.

Positive Control: 35RNA_A7

11,512
100 1 @

% 1

Y N TV PO IJ’J,_.

T 1 T
6000 8000 10000 12000 14000
Mass (Da)

Figure 25: MS spectrum after LC-ESI-MS analysis of the positive control (3SRNA_A7) from the IVT
experiment. Deconvoluted mass spectrum.

Calcd. Mass Found mass
Sequence

[Da] [Da]
35RNA_A7 5-pppGGGCUUGCACGUGAAUCGCUCUUAAUGGAUCGCGA 11471 11512 [+K']
Modified RNA: 35RNA_AQ7

12,212
100 ®
2,557
A 4
%
6000 8000 10000 12000 14000

Mass (Da)

Figure 26: MS spectrum after LC-ESI-MS analysis of the modified 35RNA_A®7 from the IVT experiment.
Deconvoluted mass spectrum.

Calcd. Mass  Found mass
[Da] [Da]

12212 [+K*]

12557 [+G,+K"]

Sequence

35RNA_AQ7 5’-pppGGGCUUGCA®CGUGA®A®UCGCUCUUARARUGGA®ACUCGCGA® 12174
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