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ABSTRACT: 4'-Selective alkylation of nucleosides has been recognized
as one of the ideal and straightforward approaches to chemically  _ S| _\j)‘x S e s, _\\/

modified nucleosides, but such a transformation has been scarce and less  ip/ >

“Buelep P’

explored. In this Letter, we combine a visible-light-mediated photoredox

catalysis and hydrogen atom transfer (HAT) auxiliary to achieve f-

C(sp®)—H alkylation of alcohol on tetrahydrofurfuryl alcohol scaffolds and exploit it for 4’-selective alkylation of nucleosides. The
reaction involves an intramolecular 1,5-HAT process and stereocontrolled Giese addition of the resultant radicals.

Over the past several decades, chemically modified
nucleosides have gained much attention in drug
discovery. Specifically, 4'-carbon-substituted nucleosides are
one of the important classes of them and are found in
nucleoside analogue reverse transcriptase inhibitors (NRTIs)"
and oligonucleotide therapeutics” (Scheme 1A, left). However,
synthetic approaches to such nucleosides have conventionally
relied on ionic functionalization of the 4'-position of
nucleosides. For example, in the chemical synthesis of
Islatravir, one of representative NRTI for HIV treatment,
ethynyl group at 4'-position of a nucleoside scaffold is
introduced via alkynylation of dihydroxyacetone or ketones
derived from 2-deoxy-D-ribose.” The synthesis of locked
nucleic acid (LNA) involves aldol reaction of the aldehyde
derived from nucleosides with formaldehyde.” However, these
synthetic routes require appropriate oxidation and reduction
steps to introduce carbon fragments in an ionic manner,
resulting in preactivation of natural nucleosides or preparation
from non-nucleoside substrates.

Recently, hydrogen atom transfer (HAT) from organic
molecules has emerged as a powerful and straightforward
process to generate a carbon-centered radical on aliphatic
chains that can be exploited for diverse functionalizations.®
Therefore, radical functionalization of natural nucleosides
through the 4’-selective HAT process has become an efficient
way to access 4'-carbon-substituted nucleosides (Scheme 1A,
right).6 However, this approach has two intrinsic problems,
with respect to the regioselectivity of HAT and the
stereochemistry of radical functionalization. Since furanose
sugar scaffolds contain several weak C(sp®)—H bonds
connected to the hydroxy group, regioselective HAT at the
4’-position remains an unavoidable problem. Additionally, we
anticipated that the stereochemistry of the 4’-position would
be lost after the HAT process and that the stereochemical
course of the radical reaction would be also perceived as
another problem with this strategy. Pioneeringly, Hari and co-
workers demonstrated catalytic generation of a 4'-carbon-
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centered radical on nucleoside scaffolds through intramolecular
1,5-HAT by an iminyl radical generated on a 5’-O-substituent
(Scheme 1B).” The generated 4’-carbon radical was added to
an alkene group at the 2'- or 3’-position to afford the
corresponding bridged nucleosides. Although this report
demonstrated that positioning of an appropriate HAT auxiliary
on furanose sugar scaffolds leads to 4’-selective radical
generation and intramolecular functionalization, an intermo-
lecular radical functionalization was not explored. Therein, we
commenced our investigation of intermolecular C4'-selective
alkylation of nucleosides.

According to Hari’s report, we explored a photoredox-
catalyzed Giese addition of O-imidoyl-substituted tetrahydro-
furfuryl alcohol and ethyl acrylate (see Supporting Informa-
tion). However, the reaction did not produce the desired
product at all. Therefore, we aimed to identify a suitable HAT
auxiliary that is easily installed and removed. After our
literature survey, an iodomethylsilyl group was found to be a
suitable HAT auxiliary, which undergoes 1,5-HAT in the
tetrahydrofurfuryl alcohol moiety.® Based on this finding, we
created our working hypothesis on site-selective intermolecular
C(sp®)—H alkylation of tetrahydrofurfuryl alcohol derivatives
utilizing a visible-light-mediated photoredox catalysis and
iodomethylsilyl-type HAT auxiliary (Scheme 1C). First, blue
light irradiation converts a ground state (A) of the photoredox
catalyst to the excited state (B), which can oxidize an
alkylamine reductant (C) to the corresponding radical cation.
The subsequent deprotonation of the radical cation occurs to
afford an @-aminoalkyl radical (E),” which acts as a halogen
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Scheme 1. Synthetic Approaches to 4’-Carbon-Substituted Nucleosides

A. Synthetic approach to 4’-Carbon-substituted nucleosides
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atom transfer (XAT)" reagent and abstracts an iodine atom
from the iodomethylsilyl group of tetrahydrofurfuryl alcohol
substrate 1. The resultant a-silylmethyl radical (G) undergoes
1,S-HAT to form a tertiary alkyl radical (H). The radical
addition of H to an electron-deficient alkene 2 generates a
prolonged radical (I), which can be reduced by a radical anion
form of a photoredox catalyst (D) and then protonated to
produce 3.

According to our working hypothesis, we commenced our
investigation of intermolecular C(sp’)—H alkylation of O-
(iodomethyl)diisopropylsilyl-substituted tetrahydrofurfuryl al-
cohol 1a with ethyl acrylate 2a under visible-light irradiation

conditions. Then, we found that the desired reaction

proceeded in the presence of Ir[dF(CF;)ppy],(dtbbpy)PF
(2 mol %) and pentamethylpiperidine (PMP) in a mixed
solvent system of acetonitrile (MeCN) and water under blue
LED irradiation to afford C(sp®)—H alkylation product 3aa
with an alkylated product on HAT auxiliary group 3aa-1 and
dehalogenative protonation product la-1 (Table 1, entry 1).
The effects of each reaction component were summarized in
Table 1. When other photoredox catalysts, such as 4CzIPN'’
and Ir(ppy),(dtbbpy)PF,, were tested, 3aa was obtained in
moderate and comparable yields. 4CzIPN (E,4* = 1.35 V vs
SCE)"" and Ir(ppy),(dtbbpy)PFy (E.q* = 0.92 V vs SCE)"
are sufficient for the single electron oxidation of PMP (E,, =
0.78 V vs SCE)."”” On the other hand, the reaction with
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Table 1. Screening of Reaction Conditions on C(sp*)—H Alkylation of 1a

Ir[dF(CF3)ppylo(dtbbpy)PFg (2 mol %)

. o
Pr-si O

PMP

N (2 equiv.) 0

Pl ) + ZOCo,Et
|

1a 2a

Ir[dF(CF3)ppylx(dtbbpy)PFe

Entry Change from standard conditions

1 none

2 4CzIPN instead of Ir[dF(CF;)ppyl,(dtbbpy)PF,
3 Ir(ppy),(dtbbpy)PFy instead of Ir[dF(CF;)ppy],(dtbbpy)PF,
4 Ir(ppy); instead of Ir[dF(CF;)ppy],(dtbbpy)PF;
S Et;N instead of PMP

6 Et'Pr,N instead of PMP

7 Bn;N instead of PMP

8 DMSO instead of MeCN

9 DMF instead of MeCN
10 acetone instead of MeCN
11 THF instead of MeCN
12 toluene instead of MeCN
13 only MeCN (0.09 M)
14 MeCN/H,O (10:1, 0.1 M) 10-fold diluted
15 without light
16 without Ir[dF(CF;)ppyl,(dtbbpy)PF,
17 without PMP

MeCN/H,0 (10:1)

Prsi 0
ipd \

Blue LED, 2 h EtO,C
3aa
+
byproducts
o o)
"P‘r*/Si O ipr—si 0
Pr i P \—H
EtO,C
3aa-1 1a-1

Yield of 3aa (%)" Yield of 3aa-1 (%) Yield of 1a-1 (%)”

68 (67)° 15 9
44 6 16
66 13 14
22 0 16
63 12 18
65 11 17
0 0 0
42 10 11
37 8 4
s1 9 15
30 s 41
45 7 24
24 0 22
27 30 8
0 0 0
0 0 0
0 0 0

“Reaction was carried out with 1a (0.1 mmol), 2a (0.15 mmol), photoredox catalyst (0.002 mmol), and PMP (0.2 mmol) in solvent (10 mL) and
water (1 mL) under blue LED irradiation for 2 h. “'H NMR yield based on 1a. “Isolated yield.

Ir(ppy); resulted in low conversion due to the insufficient
oxidation ability of Ir(ppy); (E.eq* = 0.31 V vs SCE)'* (entry
4). Although triethylamine (E,, = 0.77 V vs SCE)" and
diisopropylethylamine (E,, = 0.67 V vs SCE)'® exhibited
comparable reactivities with PMP as an amine reductant,
tribenzylamine (E,, = 1.18 V vs SCE)" did not work at all
(entries 5—7). The effects of the reaction solvents were also
evaluated. Other solvents, such as DMSO, DMF, acetones,
THEF, and toluene, were found to be effective (entries 8—12).
However, a significant amount of byproduct 1a-1 was obtained
with the use of THF as solvent. It might be due to the
competing intermolecular HAT reaction between G and THF.
Water was necessary to promote the reaction in high efficiency
(entry 13). When the reaction was conducted under
concentrated conditions, the yield of 3aa-1 was increased
(entry 14). This result indicated that low concentration would
be important for 1,5-HAT over Giese addition on a-silyl
radical intermediate G (Scheme 1C). Control experiments
revealed that light irradiation, photoredox catalyst, and PMP
are essential for this reaction (entries 15—17).

With the optimized reaction conditions in hand, we aimed
to investigate the substrate scope of this reaction. First, the
scope of alkenes was examined using la (Figure 1, top).
Various electron-deficient alkenes were demonstrated and used
as an alkylation reagent. The reactions with benzyl acrylate,
methyl vinyl ketone, and cyclopentenone afforded the
corresponding alkylation products in high yields (3ab—3ad).
A broad range of functional groups including amide, nitrile,
sulfone, and phosphonate were compatible (3ae—3ah).
Additionally, 4-vinylpyridine also acts as a radical acceptor
(3ai). When the reaction with phenylallyl sulfone was
conducted, the C(sp*)—H allylation product was obtained,
albeit in low yield (3aj).

Subsequently, we evaluated the scope of tetrahydrofurfuryl
alcohol derivatives (Figure 1, bottom). Our protocol was
applicable to tetrahydropyran-2-methanol (3ba). The reaction
with a substrate prepared from a-p-xylofuranose proceeded
well to produce alkylation product 3ca with moderate
diastereoselectivity. Encouraged by this result, 3’-epimerized
thymidine substrate was subjected to the optimal reaction
conditions, and we found that the reaction proceeded well to
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Figure 1. Substrate scope. Reaction was carried out with 1 (0.1 mmol), 2 (0.15 mmol), Ir[dF(CF;)ppy],(dtbbpy)PF (0.002 mmol), and PMP
(0.2 mmol) in MeCN (10 mL) and water (1 mL) under blue LED irradiation for 2 h. Isolated yield based on 1. “Isolated as desilylated product.

Isolated yield in 2 steps including 4'-alkylation and desilylation.

afford a single isomer in good yield (3da). The stereochemistry
was determined by NOESY (nuclear overhauser effect
spectroscopy). In contrast, our protocol was not applicable
to 4’-alkylation of thymidine with natural stereoconfiguration
(3ea). We could not analyze the reaction due to the
complexity of the crude. Along with 3’-epimerized thymidine,
4’-alkylated 3-epimerized deoxyadenosine was obtained as a
single stereoisomer by this protocol (3fa). These results
indicated that 3’ stereochemistry would significantly affect 1,5-
HAT and the Giese addition step. Also, the stereochemistry of
the 4’-position was retained under the reaction conditions.
To gain mechanistic information on this C—H alkylation
reaction, several experiments were conducted (Figure 2).
When the reaction of 1c and 2a was performed with deuterium
oxide instead of water, deuterium incorporation at the a-

carbonyl position of the product was observed (Figure 2A).
Next, we found that the reaction was significantly inhibited by
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl radical) (Figure
2B). These results were consistent with the proposed reaction
pathway shown in Scheme 1C. When the HAT auxiliary was
introduced at the 3’-position, 4’-C—H was also cleavable via
the 1,5-HAT process. Then, the reaction with 1g bearing an
iodomethylsilyl directing group on the 3'-O position was
conducted under optimal reaction conditions, and we found
that the desired 4'-alkylated product 3ga was obtained albeit in
low yield (Figure 2C). Encouraged by this result, we
reevaluated the thymidine derivatives bearing natural stereo-
configuration and found that the reaction of 1h afforded the
desired product 3ha (5%) with the formation of 3h-1 (15%),
3ha-1 (28%), and 3ha-2 (25%) (Figure 2D). This result
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A. Reaction with D,O
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Figure 2. Mechanistic studies.

indicated that 1,6-HAT and Giese addition of the a-silylmethyl
radical compete with 1,5-HAT on thymidine substrates.

We performed density functional theory (DFT) calculations
to understand the regioselectivity on HAT observed in 1d and
contrasting results induced by 3’-stereochemistry observed in
1d and 1e or 1h (Figure 3)."” On the basis of recent reports by
Gevorgyan’s group, * an alcohol-tethered silylmethyl radical
has the potential to reach C(sp’)—H bonds at the $ and y
position of alcohol via the 1,5-HAT and 1,6-HAT manner,
respectively. In the reaction of 1d, only the 1,5-HAT product
was obtained (Figure 3A). Thus, HAT and Giese addition
steps on the reaction of 1d were examined, and then 1,5-HAT
was found to be kinetically favored over 1,6-HAT (AG* = 13.1
kcal/mol for 1,5-HAT[TS1-—1] vs 20.7 kcal/mol for 1,6-
HAT[TS2—1]). Subsequently, the facial selectivity on Giese
addition of 4’-carbon-centered radical [Int1—2] to methyl
acrylate was explored. Although 4'-epimerized conformational
isomer Intl—2’ was more stable than Intl—2, the radical
addition preferentially proceeds on the opposite side of the

nucleobase (AGi = 19.1 kcal/mol for [TS1—3] vs 22.5 kcal/
mol for [TS1—3']). These results were consistent with the
experimental results. As shown as 3aa-1 in Table 1, Giese
addition of the a-silylmethyl radical to methyl acrylate was also
considered as one of the competing pathways and calculated.
The energy barrier was found to be higher than that of 1,5-
HAT (AG* = 17.0 kcal/mol for [TS1—5] vs 13.1 kcal/mol for
[TS1-1]). Subsequently, an energy diagram of the reaction of
le was explored to understand why this reaction did not
proceed well (Figure 3B). In the reaction of 1e or 1h, both 1,5-
HAT and 1,6-HAT processes have a slightly higher energy
barrier than 1,5-HAT on the reaction of 1d (AGi = 17.5 kcal/
mol for [TS3—1] vs 16.2 kcal/mol for [TS4—1]), and the
Giese addition of a-silylmethyl radical to methyl acrylate has a
comparable activation barrier (AG* = 17.5 kcal/mol for
[TS3—5]). These results provided a reasonable explanation for
the product distribution observed in Figure 2D.

In summary, we developed a photoredox-catalyzed protocol
for site-selective intermolecular C(sp®)—H alkylation of
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A. Gibbs free energy diagram of of 1d at (U)B3LYP/6-311++G(d,p)/SMDI//(U)B3LYP/6-31++G(d,p)
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Figure 3. Computational studies.
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tetrahydrofurfuryl alcohol derivatives using a photoredox
catalyst and radical-based directing group. This protocol was
extended to 4’-carbofunctionalization of 3'-epimerized nucleo-
sides. DFT calculations indicated that the stereochemistry of
the 3'-position affects the efficiency of the 1,5-HAT process.
This report exhibits the synthetic potentials for stereo-
controlled intermolecular functionalization with carbon-cen-

tered radicals on nucleoside scaffolds.
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