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ABSTRACT

The C-aryl-ribosyles are of utmost interest for the development of antiviral and anticancer
agents. Even if several synthetic pathways have been disclosed for the preparation of these
nucleosides, a direct, few steps and modular approaches are still lacking. In line with our
previous efforts, we report herein a one step - eco-friendly PB-ribosylation of aryles and
heteroaryles through a direct Friedel-Craft ribosylation mediated by bismuth triflate,
Bi(OTf)s. The resulting carbohydrates have been functionalized by cross-coupling reactions,
leading to a series of new C-aryl-nucleosides (32 compounds). Among them, we observed that
Sd exerts promising anti-proliferative effects against two human Chronic Myeloid Leukemia
(CML) cell lines, both sensitive (K562-S) or resistant (K562-R) to imatinib, the “gold
standard of care” used in this pathology. Moreover, we demonstrated that 5d kills CML cells

by a non-conventional mechanism of cell death.
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Nucleosides have been considered for a long time as ideal pharmacophores in medicinal
chemistry, since several nucleoside analogues are routinely used in antiviral and anticancer
chemotherapies. For example, N-ribonucleosides have been used in antiviral chemotherapy as
reverse transcriptase inhibitors against either DNA- and RNA-viruses.' Among them, the
ribavirin is routinely used for the treatment of hepatitis C virus (HCV), in monotherapy or in
combination with interferon.’ Very recently, Sofosbuvir (Solvadi®), another nucleoside
analogue, has revolutionized the treatment of HCV in curing this disease. Several anticancer
nucleosides such as 5-azacytidine and decitabine,” have been recently approved for the
treatment of myelodysplastic syndromes and acute myeloid leukemia. Another relevant
bioactive ribonucleoside is AICAR (acadesine), an anti-proliferative ‘agent exhibiting an

interesting mode of action involving a pure autophagy cell death.*

While the N-nucleosides are relatively less stable to enzymatic and chemical degradation, by
cleavage of the C-N glycosidic bond, their C-analogues featuring a carbon-carbon bond are
much more stable.” Moreover, several C-nucleoside analogues have been reported for their
therapeutic applications such as thiazofurin, a potent inhibitor of inosine 5’-monophosphate
dehydrogenase (IMPDH).® BCX-4430 was recently reported for its strong activity against
aggressive viruses such as Ebola, Marburg and Zika virus (Figure 1).” Therefore, a large
number of synthetic approaches to C-nucleosides have been recently 1rep01rted.8 However,
synthetic difficulties in terms of the required steps, yield and/or stereoselectivity have been

frequently encountered.’
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Figure 1. Relevant examples of bioactive N- and C-nucleosides analogues with antiviral of anticancer

activity.

In continuation of our studies directed at the development of efficient synthetic routes to C-
nucleosides,'’ we report herein a one-step modular Friedel-Craft ribosylation of aryles and
heteroaryles using metal-triflates and particularly Bi(OTf); as the most efficient catalyst for

the C-C ribosylation reaction.

Our strategy was based on the preparation of a common halogenated intermediate, iodo-
methoxy-phenyl nucleoside 3a, for further post-synthetic transformations. In our first attempt,
we used the rare-earth salts Sc(OTf); and Yb(OTf); (Table 1, entries 2-3), known to
efficiently catalyze Friedel-Craft reactions between alcohol or acetate and various hetero-
aromatic rings due to their strong Lewis acidity.'' However, in our case, the expected C-aryl-
nucleoside (3a) was obtained in very low yields (31 % and 15 %, respectively) even under
hard conditions (100°C, 12h). We next focused on the other metal triflates Mg(OTf),,
Zn(OTf),, Cu(OTf), and AI(OTf); (Table 1, entries 4—7).12 Unfortunately, only poor
conversion rates and yields were obtained, with Al(OTf); being the best (30%, entry 7).
Interestingly, the use of eco-friendly catalyst Bi(OTf)3,"”* 5% molar in nitromethane at 50°C
afforded 3a in 64% yield (Table 1, entry 9). Moreover, by heating the reaction in refluxing
nitromethane, the reaction time was decreased gradually to 10 min, and the yield was
increased to 68% (Table 1, entry 10). The efficiency of Bi(OTf); over the other metals may be

explained by its remarkable acidity and the weak shielding effect of its 4f electrons.'



Furthermore, the use of increased amount of catalyst led to decreased ribosylation yields

(Table 1, entries 11-12).

Table 1. Survey of the ribosylation reaction conditions.

AcO AcO
O\ 0Ac Metal triflate © o,
s A r

Aco™ Y Solvent AcO™ Y
OAc 6AC
1 2ad 3ad
Entry Ar Catalyst Solvent Conditions Yield
1 SnCl, (1.1 eq.) CH,Cl, 0°C tort, 16h 72 %
2 Sc(0TH; (5%) CH;NO;, 50°C, 12h 31 %
3 Yb(OTH); (5%) CH;NO; 50°C, 12h 15 %
4 Mg(OTf), (5 %) CH;NO, 50°C, 12h -
5 Zn(0OTY), (5 %) CH;NO, 50°C, 12h Traces
6 Cu(OTH, (5 %) CH3NO, 50°C, 12h 10 %
7 AI(OT; (5 %) CH;NO, 50°C, 12h 30 %
8 Bi(OT), (5 %) CH;NO;, i, 12h 56 %
9 MeO Bi(OT), (5 %) CH;NO;, 50°C, 3h 64 %
10 \©\ Bi(OTf), (5 %) CH;NO, | Reflux, 10 min | 68 %
11 3 ' Bi(OT), (10 %) CH;NO;, Reflux, 10 min 56 %
a
12 Bi(OT), (20 %) CH;NO;, Reflux, 10 min 35 %
13 Bi(OTH), (5 %) CH,CN 50°C, 24h _
14 Bi(OTf), (5 %) CH,Cl, it, 24h Traces
15 Bi(OTH), (5 %) CHsCl 50°C, 24h Traces
16 Bi(OT), (5 %) Xylene 50°C, 24h _
17 Bi(OT), (5 %) THF 50°C, 24h Traces
18 Bi(OT), (5 %) DMF 50°C, 24h Traces
MeO
19 \©\Br Bi(OTf), (5 %) CH;NO, Reflux, 10 min 58 %
2b
MeO
20 \©\ ome | BiOTD, 6 %) CH;NO, Reflux, 10 min 52 %
2c
-
21 s~ Br Bi(OTH), (5 %) CH;NO;, Reflux, 10 min 56 %
2d

Reaction conditions: 1’-B-ribofuranose-1°,2’,3’,5’-tetraacetate (1.0 eq.), (hetero)aryle (2.0 aq.),
catalyst (0.05 to 1.1 eq.), solvent (10 ml/mmol), heating at 50°C. After work up, crude material is
purified by silica gel column chromatography (see supporting information for details).



Interestingly, the use of other solvents such as acetonitrile, dichloromethane, xylene, THF and
DMEF completely hampered the reaction (entries 13-18), which could be ascribed to solubility
and solvation issues. Finally, this methodology was tested with three other aromatic
compounds (p-iodoanisole 2b, p-dimethoxybenzene 2¢ and 2-bromothiophene 2d, Table 1
entries 19-21). By applying the same reaction conditions, the corresponding C-aryl-

nucleosides 3b, 3¢ and 3d were isolated in 52% - 58 % non-optimized yields.

Importantly, we observed that the ribosylation reaction is stereoselective in favor of the [3-
anomer."” This stereoselectivity is probably due to a [-stereofacial addition of aryl
nucleophile on the oxonium intermediate, which is stabilized by the acetate group at C-2
position of the ribose (anchimeric assistance).'® Moreover, we do not observe any
racemization at the anomeric position. For example, in the case of compound 3a, we observed
in the 2D NMR spectra a clear NOESY correlations between H;” and Hs> and HMBC
correlations between H;’-C; and H;’-C; unambiguously attesting for a B configuration (Figure

2).

Figure 2. Significant 2D NMR correlations (NOESY and HMBC experiments).

AcO o :l'| -\(é)Me
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With this optimized procedure in hand, we decided to take advantage of the aromatic iodine to
perform post synthetic transformations by means of Pd-catalyzed cross-coupling reactions:

Sonogashira, Buchwald-Hartwig and Stille cross-coupling reactions (Figure 3 and Table 2).



Figure 3. Post-functionalization of the C-aryl-nucleoside 3a.
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We first started by Pd-catalyzed Sonogashira coupling.”’18 After several optimizations, the
coupling of 3a with various terminal alkynes at 75°C afforded the expected products 4a-e in
high yield (82-85%).

On the other hand, two series of C-biaryl-ribosyles have been synthesized through Stille and
Suzuki cross coupling reactions.'? First, a selection of aryl stannane derivatives have been
coupled under argon atmosphere to compound 3a in presence of Pd(PPhs)s (5% mol) in
toluene. After warming at 75°C for 12h, the expected biaryle C-nucleoside (Sa-e) have been
isolated in good yields, depending on the aryl group. We have obtained very good conversion
rates when using tributyl(furan-2-yl)stannane (Sc, 80%) and tributyl(thiophen-2-yl)stannane
(5b, 88%); however, in the other cases, low yields were obtained (30-40%), due to the

concomitant formation of the homocoupling products.

Next, compound 3a was allowed to react with p-tolylboronic acid in presence of Pd(PPhs),
and cesium carbonate. However, no coupling occurred after 12h in refluxing toluene. When
water was used as co-solvent (toluene/water 4/1), the expected product 6a was obtained in
low yield (28%). Interestingly, the best conversion rates (80%) have been obtained when
adding TBAF, as it combines solvation and basic properties.”” Moreover, this catalytic system
allowed the coupling of very bulky boronic acid, such as naphthalene-1-yl boronic acid. In

this case, the corresponding coupling product 6b has been isolated in 68 % yield.



Lastly, all the functionalized compounds (4a-e, Sa-e and 6a-c) have been deprotected under
mild conditions (Na,COj3 in methanol), to quantitatively afford the corresponding unprotected

C-nucleosides (Scheme 2, 7a-e, 8a-e and 9a-c).

All these newly synthesized compounds have been characterized by NMR spectroscopies and

the corresponding data are given in the supplementary material section.

Table 2. List of the functionalized C-aryl-nucleosides synthesized.

MeO,
Acom
AcO" Y R
OAc

Sonogashira coupling reactions

Y N N
o OCH4 CH, F

K
Cpd. 4a 4b 4c 4d 4e
Yield 83% 84% 85% 82% 82%

Stille coupling reactions

-0 B b & @

¥ Y \ \CH3
Cpd. Sa 5b 5c 5d Se
Yield 30% 88% 80% 41% 40%

Suzuki coupling reactions

x| 0L, Ty

Cpd. 6a 6b 6¢
Yield 80% 68% 40%

All the above-mentioned products have been first screened at the single dose of 10uM (except
for compounds 3a-d, which have been evaluated at 20 pM) against K562-S, a human
myelogenous leukemia cell line sensitive to the kinase inhibitor imatinib (Gleevec®), the

current drug used for the treatment of patients suffering this malignancy. The cell viability has



been evaluated through an XTT assay, performed after 48h of incubation, and compared to

these measured with AICAR (Figure 4) and Imatinib (see table 3); results are reported Figure
2.21

Figure 4. Cytotoxicity of post-functionalized C-nucleosides. (CML K562-S cell line,
measured by XTT assay, and after 48h. incubation with selected compounds at 10 uM).
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stronger than those observed with the parent compounds 3a-d (no effect on K562-S viability
at 20 uM, see SI Table 1). Second, we found that these products are more efficient than
AICAR, previously reported as a promising anti-CML agent particularly against imatinib-
resistant cells (no cytotoxic effect at 10 uM on sensitive cells).**** Among these 32 newly
synthesized molecules, four compounds (4b, 5b, 5d, 6b) reduce by more than 30% the K562-
S viability, which remains significant. Lastly, it is to note that the deacetylated compounds
(7a-e, 8a-e and 9a-c) appear less active than the protected ones; this is particularly highlighted
by comparison of 5d vs 8d (K536-S viability reduction at 10uM: 81 % vs 16%).

Furthermore, this screening pointed out the inhibitory effect of compound 5d, substituted by a
bulky biaryle group, since it kills more than 80% of the K562-S cells at 10 uM. Indeed, this



molecule reduces the K562-S viability in a dose dependent manner (ICso = 4.0 £ 0.2 uM); it is
thereby 200-fold more active than AICAR, and only 4-fold less cytotoxic than imatinib (ICsq
= 1.1 uM). More interestingly, 5d retains a similar cytotoxicity, when assayed against the

K562-R cells (ICsp = 2.9 + 0.2 uM), which are resistant to imatinib (Table 3).

Table 3. ICsy of compound 5d compared to those of AICAR and imatinib (Gleevec©). in
K562-S and K562-R cell lines.

ICso (uM)
Compound K562-S K562-R
5d 40202 29+02
AICAR 800 800
Imatinib 1.1 >50

This result prompted us to investigate the mechanism by which compound 5d could kill K562
cells. Thus, we first analyzed by western blot the expression of procaspase 3, an essential
executioner caspase and of one of its preferential substrate Poly ADP-Ribose Polymerase
(PARP). Compound S5d failed to induce caspase 3 and PARP cleavage after 6 and 24 h ruling
out the possibility that it exerted its anti-leukemic effect in K562-S and K562-R cells by
inducing apoptosis (Figure 5). We next analyzed the effect of compound Sd on the lipidation
and cleavage of microtubule-associated protein 1A/1B-light chain 3 (LC3). LC3-I cleavage
into LC3-II represents a hallmark of autophagy induction. A high rate of autophagy was found
in both K562-S and K562-R cells, as attested by an important accumulation of LC3-II in
untreated cells. Of note, compound 5d decreased LC3-II accumulation in both cell lines at 24
h, suggesting an- inhibition of the autophagy rate. In K562 cells, induction of autophagy has
been reported as a prosurvival mechanism.?'*> Whether or not this inhibition in the autophagy
rate mediated by compound 5d is responsible for its anti-leukemic activity remains however
to be established. Altogether, these results suggest a non-conventional mechanism of cell
death by compound 5d that may occur through a reduction of the high basal protective
autophagy rate present in CML cell lines. > Nonetheless, this observation is of great interest
for the development of future anti-cancer agents, able to overcome tumor resistance against

conventional drugs.**

Figure 5. Immunobloting analysis of selected markers of apoptosis and autophagy
mechanisms.
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In summary, we report herein a 2-steps modular synthesis of C-nucleosides, consisting in: (i)
an eco-friendly and stereoselective Friedel Craft ribosylation reaction catalyzed by Bi(OTf)s,
and (ii) a post-functionalization of iodo-aryl C-nucleoside through Sonogashira, Stille and
Suzuki cross-coupling reactions. The expected products have been obtained in good yields
and fully characterized. The cytotoxicity of the 32 newly synthesized C-nucleosides has been
evaluated against two human CML cell lines, sensitive and resistant to Imatinib. This
preliminary screening showed the potential of compound 5d as an interesting hit for further
structural optimizations, and particularly for the treatment of Imatinib-resistant patients.
Lastly, our preliminary assays suggest that biological effect of 5d, is due to its ability to

induce a non-conventional mechanism of cell death in K562-S and K562-R cells.
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