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Azido Functionalized Nucleosides Linked to Controlled
Pore Glass as Suitable Starting Materials for
Oligonucleotide Synthesis by the Phosphoramidite
Approach
Frederik Miiggenburg,” Alexander Biallas,”’ Mégane Debiais,”™ Michael Smietana,” and

Sabine Miiller*®

In memory of Klaus Hafner

It has long been debated whether easily reducible azide groups
can withstand the conditions of oligonucleotide synthesis by
phosphoramidite chemistry. We have synthesized various 2'-
and 3’-azido modified nucleosides and immobilized them on
controlled pore glass (CPG) to be used as starting material for
the synthesis of oligonucleotides (ONs) with 3'-terminal azide
(attached to C2' or C3'). In a model study, immobilized 3'-
azidoadenosine was used as a starting block for the synthesis of
a series of oligodeoxynucleotides (ODNs) of increasing length.
Upon synthesis, the ODNs were enzymatically digested into

Introduction

Over the past decade, techniques for covalent labeling of
nucleic acids have tremendously developed and nowadays a
number of orthogonal methods are offered for attaching a
specific dye or other probe to the nucleic acid of interest."
Among those, the copper catalyzed azide alkyne cycloaddition
(CuAAQ) or the copper free strain-promoted azide alkyne
cycloaddition (SPAAC) are often utilized to form DNA- or RNA-
bioconjugates.”™ Both methods require one reactant carrying
an azido group and the other offering an alkyne moiety.
Interestingly, when it comes to the necessary functionalization
of RNA or DNA, one observes that usually the group to be
conjugated carries the azido moiety, while the oligonucleotide
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monomers and analyzed by RP-HPLC. A peak corresponding to
3'-azidoadenosine was clearly identified in all samples. Quanti-
tative analysis showed that 3'-azidoadenosine was present in
nearly the expected ratio to deoxycytidine, which was used as
an internal standard. Most importantly, the ratio remained the
same for all three ODNs regardless of their length, demonstrat-
ing that a higher number of coupling cycles does not lead to
higher degradation of the azide. Thus, 2"- or 3'-azido nucleo-
sides attached to a solid support are excellent starting materials
for the synthesis of oligonucleotides with 3’-terminal azide.

(ON) is functionalized with the alkyne.®*”" Presumably, this is
caused by the widely held view that azido groups cannot
withstand the conditions of the standard phosphoramidite
procedure for chemical ON synthesis.®'? In fact, the azido
group is easily reduced, while phosphoramidites are easily
oxidized, which makes unfavorable interactions between these
two groups seem likely. As a matter of fact, azido modified
phosphoramidites have been reported to be inherently unsta-
ble as they degrade quickly when dissolved."" Although, some
specially designed phorphoramidite azides have been success-
fully used for the chemical synthesis of 5-azido-modified ONs
on solid phase."” Furthermore, the reactivity of azides towards
phosphoramidites has been used intentionally to produce cyclic
phosphoramidates and phosphorazides."® Owing to this reac-
tivity, azido modifications are often inserted into oligonucleo-
tides enzymatically,"'™ or chemically after solid phase ON
synthesis has been concluded."®'® H-phosphonate or phospho-
triester chemistry was also used instead of the phosphoramidite
approach for the synthesis of azido-modified
oligonucleotides, " or synthesis of 3'-terminal azido modified
ODNs was conducted in reverse orientation from 5’ to 3'-end."”
Yet, there have been reports on the chemical synthesis of azido
modified ONs by the standard phosphoramidite strategy.”>* It
seems that the azido group can generally withstand the
conditions of ON synthesis on solid phase as long as it is not
part of a phosphoramidite building block, but is used instead as
a polymer-bound 3'-terminal nucleoside from which the syn-
thesis starts. Although the chemical synthesis of ONs with an
azido group at the 3-end of the sequence seems to be
generally possible, to our knowledge there have been no

© 2021 The Authors. European Journal of Organic Chemistry
published by Wiley-VCH GmbH
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attempts to quantitatively investigate the stability of the azide
as a function of the length of the ON constructed from the 3'-
azido modified starting material. The 3’-terminal azide can be
introduced by linking a 2'- or 3’-azido modified nucleoside to
solid support, which is then used as starting material in ON
synthesis. This requires the preparation of the modified nucleo-
side and its immobilization by an appropriate chemistry. Here,
we report on the synthesis of three azido functionalized
nucleosides, their conjugation to CPG, and the evaluation of
azide stability over multiple phosphoramidite coupling cycles.

Results and Discussion

With the aim to prepare 3'-azido functionalized oligonucleo-
tides for our projects involving postsynthetic conjugation of
fluorescence dyes to ONs of interest by CuAAC, or Click ligation
of RNA molecules,”” we have prepared several 2’- and 3'-azide
modified monomers, namely 2’-azidoadenosine, 3'-azidoadeno-
sine and 3’-azidouridine, appropriately protected to be linked to
solid support and as such to be used as starting material in
DNA or RNA synthesis. The preparation of the 3'-azido modified
adenosine derivative 7 described here was based on a strategy
previously used in our laboratory,”” but with some variation in
the order of reaction steps to prevent unwanted decomposition
of the azide (Scheme 1).

The synthesis was started from the arabinose derivative of
adenosine 1, which is commercially available. First, the exocyclic
amino function was protected using isobutyryl chloride in
tandem with transient protection of the hydroxyl groups with
trimethylsilyl chloride (TMS—CI),”*" which yielded the N-pro-
tected nucleoside 2. Next step was the selective masking of the
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Scheme 1. Synthesis of functionalized 3'-azidoadenosine 7. Reaction con-
ditions: (i a) 5 eq. TMS—Cl in pyridine, 1 h, RT; (i b) 2 eq. isobutyryl chloride in
pyridine, overnight, RT; (i ) NH;/H,0, in pyridine, 30 min, RT, 74 %; (i) 1.3 eq.
DMTr—Cl, in pyridine, overnight, RT, 53 %; (iii) 1.85 eq. PPh,, 1.85 eq. DIAD, in
DMF, 1 h, 55°C, 85%; (iv) 5 eq. LiN; in DMF, 3 h, 55°C, 40%; (v a) 3 eq.
DMAP, 1.5 eq. trifluormethanesulfonyl chloride in CH,Cl,, 30 min, 0°C; (v b)
5 eq. CF;COO™ K¥, 2 eq. 18-crown-6, 1.5 eq. DIPEA in toluene, 2 h, 60°C,

64 %; (vi) 1 eq. DMAP, 4.9 eq. Pfp adipic acid ester in pyridine/DMF (1:1), 2 h,
RT, 58 %.
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5’-hydroxyl group using 4,4’-dimethoxytrityl chloride (DMTr—Cl).
The tritylated compound 3 was easily converted into the
epoxide 4 by reaction with triphenylphosphine and diisopropyl
azodicarboxylate (DIAD).”® The latter was used as a substitute
for the potentially explosive diethyl azodicarboxylate (DEAD).
Due to the steric influence of the nucleobase, the 3’-hydroxyl
group appears to be the preferred leaving group yielding the
epoxide 4. Indeed, we have observed the clear formation of a
single product, which by NMR analysis and further downstream
reactions was confirmed to be the expected epoxide 4. The
epoxide was treated with lithium azide to obtain the 3’-azido
functionalized nucleoside 5, whose identity was clearly con-
firmed by NMR. The generation of the desired 3’-azido
derivative is generally favored over the respective 2’-azido
isomer,”” although in our case the preference for the 3'-isomer
was somewhat diminished, presumably due to the influence of
the DMTr-group. This influence of the C5" substituent has been
discussed previously by Goodman et al.”” who showed that
the absence of an electronegative moiety at the C5' position
increases the likelihood of a nucleophilic attack at the C2'. The
correct placement of the azido group at C3’ was confirmed by
2D COSY NMR characterization (Figure S1). The introduction of
the azido function left the nucleoside again in the arabinose
configuration. Epimerization of 5 was carried out following a
procedure by Micura et. al.”® converting the nucleoside into
the desired ribose configuration 6. The last step was the
esterification of the 2'-hydroxyl group with a dipentafluoro-
phenyl (Pfp) ester of adipic acid.”® The final compound 7 was
then used for immobilization onto amino functionalized CPG
support.

For our future studies regarding the influence of the
position of the azide (2'- or 3’-) on its functionality, the 2"-azido
isomer 13 was synthesized, also starting from the arabinose
derivative of adenosine 1 (Scheme 2). The overall strategy was
adapted from a procedure of the Micura group for preparation
of 2’-azido guanosine.’™ The first step of the synthesis was
identical to the one for the synthesis of the 3'-azido derivative.
However, now the resulting N-protected nucleoside 2 was
treated with tetraisopropyldisiloxane dichloride (TIPDS—CI) for
selective protection of the 3- and 5-hydroxyl group. The
resulting diprotected nucleoside 8 was treated with trifluorme-
thanesulfonyl chloride in order to activate the 2’-hydroxyl
function as leaving group in intermediate 9. Next step was an
Sy2-reaction with lithium azide, which furnished the azido
modified nucleoside 10 in excellent yields. The removal of the
TIPDS group was easily performed using a solution of
tetrabutylammonium fluoride and acetic acid. The deprotected
nucleoside 11 was tritylated with DMTr—Cl, and in the last step
the 3’-hydroxyl group of derivative 12 was reacted with the Pfp
ester of adipic acid as described above for the 3’-azido
derivative 6 (Scheme 1). Accordingly, the obtained final product
13 was then used for immobilization onto amino-functionalized
CPG.

In order to extend the set of azido modified nucleosides to
a pyrimidine derivative, 3’-azido uridine was synthesized and
converted into compound 20 (Scheme 3), following a previous
strategy by Amin et. al. for preparation of a 3-azido modified
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Scheme 2. Synthesis of functionalized 2'-azido adenosine 13. Reaction
conditions: (i) 1.2 eq. 1,3-dichloro-1,1,3,3-tetraisopropyl-disiloxane, in
pyridine overnight, RT, 67 %; (ii) 1.5 eq. DMAP, 2.5 eq. Et;N, 1.5 eq.
trifluormethanesulfonyl chloride, in CH,Cl,, 30 min, 0°C; (iii) 5 eq. LiN; in
DMF, overnight, RT, 90%; (iv) 1 M tetrabutylammonium fluoride, 1.9 eq.
acetic acid, in THF, 30 min, RT, 71%; (v) 1.3 eq. DMTr—Cl, in pyridine, 4.5 h,
RT, 57 %; (vi) 1 eq. DMAP, 4.9 eq. Pfp adipic acid ester in pyridine/DMF (1:1),
2 h, RT, 60 %.
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Scheme 3. Synthesis of 3'-azido modified uridine derivative 20. Reaction
conditions: (i) 1.3 eq. DMTr—Cl, in pyridine, overnight, RT, 67 %; (ii) 15 eq.
methanesulfonyl chloride, in pyridine, 1.5 h, 0-25°C, 98 %; (iii) 1 M NaOH, in
ethanol, 1 h, 60°C, 89%; (iv) 5 eq. LiN; in DMF, overnight, 55°C, 44%; (v a)

3 eq. DMAP, 1.5 eq. trifluormethanesulfonyl chloride in CH,Cl,, 30 min, 0°C;
(v b) 5 eq. CF,COO™ K*, 2 eq. 18-crown-6, 1.5 eq. DIPEA in toluene, 2 h, 60°C,
73 %j; (vi) 1 eq. DMAP, 4.9 eq. Pfp adipic acid ester in pyridine/DMF (1:1), 2 h,
RT, 54 %.

arabino nucleoside.”” First, uridine was 5'-tritylated with

DMTr—Cl. The 2'- and 3'-hydroxyl groups were then activated
with methanesulfonyl chloride to obtain compound 16 in
excellent yields. The conversion of 16 into the epoxide 17 was
carried out by treatment with a 1T M NaOH solution in ethanol.
Reaction with lithium azide produced the desired 3'-azido

Eur. J. Org. Chem. 2021, 6408-6416 www.eurjoc.org

isomer 18. Analogous to compound 5, the correct placement of
the azido group was confirmed by 2D COSY NMR character-
ization (Figure S2). Again, epimerization was necessary to
convert compound 18 into the desired ribonucleoside 19.
Treatment with the adipic acid ester as described above
delivered the activated ester 20.

All three azidonucleoside derivatives (7, 13 and 20) were
linked to amino functionalized CPG. The subsequently deter-
mined loading densities ranged from 44 to 74 umol/g (see SI
for more detailed information).

All three immobilized azido modified nucleosides were used
as starting material for oligonucleotide synthesis by the
phosphoramidite approach to produce ONs functionalized with
an azide at the 3’-terminus (attached to either the 2'- or 3'-
position of the 3'-terminal nucleoside, FiguresS13 to S18).
Actually, we have performed such syntheses already in the past,
however without exact examination of the stability of the azido
group over multiple synthesis cycles.”” In order to closer
investigate the stability of the azido group under the conditions
of ON synthesis, the performance of one of the synthesized
azido modified derivatives, 3'-azido adenosine linked to CPG,
was systematically investigated in a representative study. Three
different ODNs of increasing length (11-, 16- and 21-mer) were
synthesized (Table 1). For the sake of simplicity, we decided for
DNA synthesis, assuming that the results would be transferable
also to the synthesis of 3'-azido modified RNA.

Upon chain assembly, oligonucleotides were cleaved from
the solid support, deprotected and purified by ion exchange
HPLC. Purity and correct sequence length were confirmed by
gel electrophoresis and MALDI-TOF analysis (Figure S3).

To further investigate whether the azido group stayed intact
during the iterative treatments with phosphoramidite solution
over multiple coupling cycles, oligonucleotides were digested
into monomers by phosphodiesterase (PDE) and alkaline shrimp
phosphatase (ASP). Monomers were then separated via re-
versed phase-HPLC (Figure 1A). For each ODN the enzymatic
digestion and subsequent HPLC analysis were carried out in
triplets.

Nucleoside standards were used for identification of peaks
(Figures S4-S8). Additionally, the RP HPLC fraction containing
3’-azidoadenosine was analysed by LC-MS to confirm that the
azido group indeed stayed intact (Figure S9). For internal
standardization, the area of the 3'-azidoadenosine peak was set
in relation to the peak area corresponding to deoxycytidine,
and the determined ratio (3'-azido A to dC) in comparison to
the theoretically expected ratio was taken as a measure of the
stability of 3’-azidoadenosine in the individual samples (Ta-
ble 2).

Table 1. Synthesized DNA sequences.

Sequence® Length (nt)
ODN 1 5'-GTTCC GTTCC A*-3' 11
ODN 2 5-GTTCC GTTCC GTTCC A*-3' 16
ODN 3 5-GTTCC GTTCC GTTCC GTTCC A*-3’ 21
[a] A*=3"-azido modified adenosine.
6410 © 2021 The Authors. European Journal of Organic Chemistry published
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Figure 1. A: Workflow for the stability assay: First step was the synthesis of
the azido modified starting block, which was used in chemical ODN
synthesis. The isolated DNA sequences were then enzymatically digested
into monomers and analysed with RP-HPLC. B: RP-HPLC analysis of enzymati-
cally digested ODN 1; C: RP-HPLC analysis of enzymatically digested ODN 2;
D: RP-HPLC analysis of enzymatically digested ODN 3; blue line: absorption
at 260 nm; orange line: percentage of buffer B; peak 1: dC; peak 2: dG+T;
peak 3: 3’-azido A; horizontal axis: buffer volume (ml); primary vertical axis:
absorption (mAU); secondary vertical axis: percentage of buffer B. Enlarged
versions of the individual chromatograms can be found in the SI

(Figures S10-512).

Table 2. Nucleoside ratios.

Expected Ratio Detected Ratio Normalized Ratio

of A* to dC® of A* to dC® of A* to dC®
ODN 1 1to4 1to44 091to1
ODN 2 1to6 1to 6.4 0.96 to 1
ODN 3 1to8 1t0 8.7 092to1

[a] A*=3'-azido modified adenosine.

If the azido group is inherently unstable during the chemical
ODN synthesis, the detected ratio should clearly deviate from
the expected one, and the discrepancy should become more
pronounced with increasing sequence length.

Peak areas corresponding to 3’-azido A and dC (Figure 1B-
D) were integrated and divided by the extinction coefficients of
the respective nucleosides. In the absence of an exact
extinction coefficient for 3’-azidoadenosine the coefficient of
adenosine was used as an approximation.®?” Furthermore, for
the sake of comparability, the calculated values for the dC
peaks were normalized to the amount of dC in the respective
ODN. Thus, ideally, the normalized ratio between deoxycytidine
and 3'-azidoadenosine peaks should be 1 to 1. A detailed
description of the analysis and all the performed calculations is
provided in the SI (Tables S1-S3).

As shown in Table 2, the detected ratio of the two peaks for
3’-azidoadenosine (A*) and dC nearly matches the expected
one, although the data shows a slightly smaller amount of 3'-
azidoadenosine than expected. However, this appears to be a
general phenomenon in all three samples, possibly resulting
from the approximate extinction coefficient for 3’-azidoadeno-
sine used for normalization of peak areas (see above). Most
importantly, there is no trend that would indicate increased
decomposition with increasing lengths of the oligonucleotide.
On the contrary, the best result with a 3’-azido:dC ratio of

Eur. J. Org. Chem. 2021, 6408-6416 www.eurjoc.org

0.96:1 was obtained for the 16mer sequence (ODN2), while for
the 11mer and the 21mer a slightly stronger deviation from the
1:1 ratio is observed (Table 1 and 2). In summary, this indicates,
that there is no significant reduction of the 3'-terminal azide by
the iterative treatment, in the individual coupling steps, of the
growing oligonucleotide chain with phosphoramidite solution.
Thus, the 3'-terminal azido function is largely stable under the
conditions of ON synthesis by the standard phosphoramidite
approach.

Conclusion

The suitability of solid supports loaded with 2'- or 3'-
azidonucleosides for oligonucleotide synthesis by the phos-
phoramidite method has long been controversial. It has been
reported that phosphoramidites of azido-modified nucleosides
are inherently unstable, and this was considered to be a
problem that would apply to any azidonucleoside that
iteratively interacts with phosphoramidites during ON synthesis.
There are very few reports on the synthesis of 3’-azido modified
oligonucleotides by the phosphoramidite approach.””¥ How-
ever, there is a lack of information on the stability of the azide
and the extent of possible decomposition by reduction. Here
we have shown that a 3’-azido nucleoside linked to CPG is an
excellent starting material for oligonucleotide synthesis by the
phosphoramidite method, and we concluded that this applies
also to 2’-azido nucleosides. The azido function remains largely
stable during chain extension, regardless of the number of
coupling cycles and thus the number of repeated contacts with
phosphoramidites, which could act as reducing agents. Thus,
we have provided evidence that oligonucleotides with 3'-
terminal azide can be synthesized by the standard phosphor-
amidite approach without the need for special protocols such
as enzymatic or postsynthetic conjugation of an azide function-
ality or ON synthesis in the reverse direction. Furthermore, we
have provided protocols for the synthesis of three different
sugar azido modified nucleosides and their immobilization onto
CPG. These materials can be used for the synthesis of DNA or
RNA fragments with 3'-terminal C2'- or C3’-azide. Such modified
nucleic acids are important synthons, well suited for click
ligation to an alkyne-modified nucleic acid® or click conjuga-
tion of other functionalities, such as for example dyes or spin
probes.™

Experimental Section

General

Unless otherwise stated, all reactions were carried out under argon
atmosphere and all reagents were bought from commercial
suppliers. Dry solvents for reactions were obtained commercially
(DMF, CH,Cl,, pyridine) and used without further purification.
Toluene was dried over CaH, and distilled onto 3 A molecular sieve.
'H, "*C and "F NMR spectra were recorded on a Bruker Avance lll
400 or 500 MHz instrument or a Bruker Avance Neo 600 MHz
spectrometer. The chemical shifts were referenced to the residual

6411 © 2021 The Authors. European Journal of Organic Chemistry published
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proton signal of the deuterated solvents relative to TMS: DMSO-d,
(2.50 ppm) for '"H NMR spectra; DMSO-d, (39.52 ppm) for *C NMR
spectra. '°F NMR spectra were indirectly referenced to CCI;F.B" 'H
and "C assignments were based on COSY, HSQC and HMBC
experiments. MS measurements were performed on a Bruker
microflex MALDI-Tof MS with 3-hydroxypyridine-2-carboxylic acid
(HPA) being used as a matrix.

Synthesis of 6-N-isobutyryl-9-f-D-arabinofuranosyladenine (2): 9-
[-D-arabinofuranosyladenine 1 (1.6 g, 6 mmol) was co-evaporated
three times with 12 ml dry pyridine and suspended in 42 ml dry
pyridine. The solution was cooled to 0°C and TMS—Cl (3.8 ml,
30 mmol, 5 eq.) was added. The solution was stirred for 1 h at room
temperature under argon. The reaction mixture was again cooled
to 0°C and isobutyryl chloride (1.26 ml, 12 mmol, 2 eq.) was added
and the mixture was stirred over night at, room temperature, under
argon atmosphere. The following day the mixture was cooled to
0°C for a final time and H,0 and concentrated ammonia solution
(9 ml respectively) were added dropwise to the solution. The
mixture was stirred for 30 min at room temperature after which the
solvents were removed. The oily residue was co-evaporated three
times with 10 ml toluene and purified by column chromatography
(CH,Cl,/MeOH 95:5—90:10). The product 2 (1.499g 4.42 mmol,
74%) was isolated as white foam. R;=0.20 (CH,Cl,/MeOH 9:1); 'H
NMR (600 MHz, DMSO-d6) & 10.65 (s, 1H, H-N(6)), 8.58 (s, 1H,
H—C(2)), 8.57 (s, 1H, H—(C(8)), 7.35 (m, 2H, DMT H—C(ar)), 7.22 (m,
7H, DMTr H—C(ar)), 6.82 (m, 4H, DMTr H—C(ar)), 6.03 (d, J=4.6 Hz,
1H, H—C(1")), 5.60 (d, J=5.6 Hz, TH, HO—C(2")), 5.26 (d, J=5.8 Hz, 1H,
HO—C(3), 4.76 (q, J=5.1 Hz, 1H, H—C(2"), 433 (q, J=5.4Hz 1H,
H—C(3'), 4.10 (q, J=4.7 Hz, 1H, H—C(4")), 3.72 (2’5, 6H, O—CH;), 3.23
(m, 2H, H,-C(5), 2.96 (sept, J=6.8 Hz, TH, —CH—(CH,),), 1.13 (dd,
J,=0.9 Hz, J,=6.8 Hz, 6H, —CH—(CH,),); "*C NMR (150 MHz, DMSO-
dg): & 175.31 (C=0), 158.03 (C(ar)-DMTr), 158.01 (C(ar)-DMTr), 151.69
(C(6)), 151.65 (C(2)), 149.87 (C(4)), 144.82 (C(ar)-DMTr), 142.92 (C(8)),
135.54, 135.49, 129.68, 129.64, 127.76, 127.65, 126.63 (C(ar)-DMTr),
124.13 (C(5)), 113.12, 113.11 (C(ar)-DMTr), 88.18 (C(1")), 85.46 (tert.
C-DMTr), 83.20 (C(4")), 72.91 (C(2"), 70.30 (C(3), 63.66 (C(5), 55.00,
54.99 (OCH,), 34.34 (CH—(CHs),), 19.24, 19.22 (CH—(CH,),); m/z calcd
for C,4H1oNsOs +H™': 338.15 [M+H] *; found: 338.61.

Synthesis of 5'-0-(4,4'-dimethoxytrityl)-6-N-isobutyryl-9-f-D-ara-
bino-furanosyl-adenine (3): Compound 2 (683 mg, 2 mmol) was
co-evaporated three times with dry pyridine and suspended in
15ml dry pyridine. 4,4-dimethoxytrityl chloride (900 mg,
2.65 mmol, 1.3 eq.) was added in two portions over 1h. The
reaction was carried out overnight. The next day the reaction was
quenched with 12 ml methanol and the solvents were removed
(not to complete dryness). The residue was diluted with CH,Cl, and
added to 40 ml saturated NaHCO; solution. The aqueous phase was
extracted three times with 30 ml CH,Cl,. The organic phases were
pooled, dried over Na,SO, and evaporated. The residue was co-
evaporated twice with 12 ml toluene and the crude product was
purified by column chromatography (CH,Cl,/MeOH, 98:2—95:5).
The product (694 mg, 1.08 mmol, 53 %) was isolated as white foam.
R;=0.35 (CH,Cl,/MeOH 95:5); '"H NMR (600 MHz, DMSO-d,) & 10.65
(s, TH, H-N(6)), 8.58 (s, 1H, H—C(2)), 8.57 (s, 1H, H—(C(8)), 7.35 (m,
2H, DMTr H—C(ar)), 7.22 (m, 7H, DMTr H—C(ar)), 6.82 (m, 4H, DMTr
H—C(ar)), 6.03 (d, J=4.6 Hz, 1H, H-C(1)), 5.60 (d, J=5.6 Hz, 1H,
HO—C(2'), 5.26 (d, J=5.8 Hz, TH, HO—C(3"), 4.76 (q, /J=5.1 Hz, 1H,
H—C(2")), 433 (q, J/=5.4Hz, 1H, H-C(3'), 410 (q, J=4.7Hz, 1H,
H-C(4), 3.72 (2's, 6H, O—CH), 3.23 (m, 2H, H,-C(5'), 2.96 (sept, J=
6.8 Hz, 1H, —CH—(CH,),), 1.13 (dd, J,=009Hz, J,=6.8Hz, 6H,
—CH—(CHs),, 6H, —CH—(CH,),); C NMR (150 MHz, DMSO-d): &
175.31 (C=0), 158.03 (C(ar)-DMTr), 158.01 (C(ar)-DMTr), 151.69
(C(6)), 151.65 (C(2)), 149.87 (C(4)), 144.82 (C(ar)-DMTr), 142.92 (C(8)),
135.54, 135.49, 129.68, 129.64, 127.76, 127.65, 126.63 (C(ar)-DMTr),
124.13 (C(5)), 113.12, 113.11 (C(ar)-DMTr), 88.18 (C(1')), 85.46 (tert.
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C-DMTr), 83.20 (C(4'), 72.91 (C(21), 70.30 (C(3"), 63.66 (C(5)), 55.00,
54.99 (OCH;), 34.34 (CH—(CH,),), 19.24, 19.22 (CH—(CH,),); m/z calcd
for C35H;,N-O, +Na': 662.68 [M+Nal*; found: 662.95.

Synthesis of 2',3'-anhydro-5-O-(4,4'-dimethoxytrityl)-6-N-isobu-
tyryl-9-p-D-lyxofuranosyl-adenine (4): Compound 3 (694 mg,
1.08 mmol) and triphenylphosphine (425 mg, 1.62 mmol, 1.85 eq.)
were co-evaporated two times with 12 ml dry CH,Cl, and dissolved
in 15ml dry DMF. The solution was heated to 55°C and DIAD
(320 wl, 1.62 mmol, 1.85eq.) was added dropwise. The reaction
proceeded for 1 h, during which the colour of the solution turned
from orange to yellow. After the reaction was concluded, the
solvent was removed under vacuum. The oily residue was dissolved
in 30 ml CH,Cl, and added to 40 ml saturated NaHCO; solution. The
aqueous phase was extracted three times with 30 ml CH,Cl,. The
organic phases were pooled, dried over Na,SO, and evaporated.
the crude product was purified by column chromatography
(CH,Cl,/MeOH, 99:1—98:2). The product (567 mg, 0.91 mmol,
85%) was isolated as white foam. R;=0.50 (CH,Cl,/MeOH 95:5); 'H
NMR (600 MHz, DMSO-d;) 6 10.71 (s, 1H, H-N(6)), 8.69 (s, TH,
H—C(2)), 8.31 (s, TH, H—(C(8)), 7.41 (m, 2H, DMTr H—C(ar)), 7.28 (m,
7H, DMTr H—C(ar)), 6.86 (m, DMTr H—C(ar)), 6.45 (d, J=0.8 Hz, 1H,
H—C(1), 4.36 (m, 2H H—C(2')/H-C(4)), 4.27 (m, TH, H—C(3")), 3.73
(2's, J=1.3 Hz, 6H, O—CH;), 3.25 (m, 2H, H2-C(5)), 2.96 (sept, J=
6.9Hz, 1H, —CH—(CHJ),, 1.13 (,=09Hz, J,=69Hz, 6H,
—CH—(CH;),); *C NMR (150 MHz, DMSO-d,) & 175.30 ((C=0)), 158.12,
158.11 (C(ar)-DMTr), 152.10 (C(6)), 151.68 (C(2)), 149.90 (C(4)), 144.73
(C(ar)-DMTr), 141.60 (C(8)), 135.38, 135.33, 131.51, 131.45, 129.71,
129.69, 127.84, 127.65, 126.73 (C(ar)-DMTr), 123.13 (C(5)), 113.20
(C(ar)-DMTr), 85.70 (tert. C-DMTr), 80.74 (C(1")), 76.65 (C(4')), 62.39
(C(57), 56.94 (C(3"), 56.27 (C(2), 55.02 (OCH;), 34.35 (CH—(CH,),),
19.24, 19.21 (CH—(CH,),); m/z calcd for Cy5H3sNsOg+H™: 622,27 [M+
H]*; found: 622.09.

Synthesis of 3'-azido-3'-deoxy-5"-0-(4,4"-dimethoxytrityl)-6-N-iso-
butyryl-9-p-D-arabinofuranosyl-adenine  (5): Compound 4
(567 mg, 0.91) was co-evaporated twice with 12 ml dry CH,Cl, and
dissolved in 12 ml dry DMF. The solution was heated to 55°C and
LiN; (223 mg, 4.56 mmol, 5 eq.) was added. After 3 h the solvent
was removed under vacuum. The oily residue was dissolved in
30 ml CH,Cl, and added to 20 ml saturated NaHCO; solution. The
aqueous phase was extracted three times with 30 ml CH,Cl,. The
organic phases were pooled, dried over Na,SO, and evaporated.
the crude product was purified by column chromatography
(CH,Cl,/MeOH, 99:1—98:2). The product (224 mg, 0.37 mmol,
40%) was isolated as white foam. R;=0.40 (CH,Cl,/MeOH 95:5); 'H
NMR (600 MHz, DMSO-dg) & 10.64 (s, TH, H-N(6)), 8.59 (s, TH,
H—C(2)), 8.46 (s, TH, H—(C(8)), 7.37 (m, 2H, DMTr H—C(ar)), 7.24 (m,
7H, DMTr H—C(ar)), 6.83 (m, 4H, DMTr H—C(ar)), 6.41 (d, J=6.5 Hz,
1H, H—C(1"), 6.19 (d, J=5.5 Hz, TH, HO—C(2)), 4.63 (m, 1H, H—C(2")),
4,53 (t, J=8.2 Hz, 1H, H—C(3")), 3.96 (m, 1H, H—C(4")), 3.72 (2’5, 6H,
OCH,), 3.37 (m, TH, H,-C(5)), 3.28 (m, TH, H,-C(5"), 2.97 (sept, J=
6.8Hz, 1H, CH—(CH,),), 1.13 (dd, J,=14Hz, J,=69Hz, 6H,
—CH—(CH;,),); *C NMR (150 MHz, DMSO-d,) & 175.31 ((C=0)), 158.09,
158.07 (C(ar)-DMTr), 151.99 (C(6)), 151.59 (C(2)), 149.68 (C(4)), 144.61
(C(ar)-DMTr), 143.42 (C(8)), 135.33, 135.30, 129.67, 129.64, 127.81,
127.65, 126.73 (C(ar)-DMTr)), 123.41 (C(5)), 113.17, 113.15 (C(ar)-
DMTY), 85.70 (tert. C-DMTr), 82.52 (C(1)), 78.28 (C(4)), 74.14 (C(2"),
64.85 (C(3"), 63.30 (C(5"), 55.00 (OCH,), 34.33 (CH—(CH,),), 19.26,
19.23 (CH—(CH,),); m/z calcd for C35H3sNsOg+H™': 665.28 [M+H]™;
found: 665.56.

Synthesis of 3’-azido-3'-deoxy-5'-O-(4,4'-dimethoxytrityl)-6-N-iso-
butyryl-adenine (6): Compound 5 (224 mg, 0.37 mmol) and 4-
dimethylaminopyridine (DMAP) (136 mg, 1.11 mol, 3 eq.) were co-
evaporated two times with dry CH,Cl, and dissolved in 20 ml dry
CH.Cl,. Trifluormethanesulfonyl chloride (53 pl, 0.56 mmol, 1.5 eq.)
was added dropwise at 0°C. The reaction proceeded for 30 min at
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0°C after which the solution was diluted with 30 ml CH,Cl, and
treated with 20 ml saturated NaHCO3 solution. The aqueous phase
was extracted three times with 30 ml CH,Cl,. The organic phases
were pooled, dried and evaporated. The residue was dissolved in
20ml dry toluene and potassium trifluoracetate (281 mg,
1.85 mmol, 5 eq.) as well as 18-crown-6 (196 mg, 0.74 mmol, 2 eq.)
and DIPEA (96 pl, 0.56 mmol, 1.5 eq.) were added. The solution was
heated to 60°C and the reaction proceeded for 2 h. The solvent
was removed under vacuum. The residue was dissolved in 20 ml
CH,Cl, and added to 20 ml saturated NaHCO, solution. The aqueous
phase was extracted three times with 20 ml CH,Cl,. The organic
phases were pooled, dried over Na,SO, and evaporated. the crude
product was purified by column chromatography (CH,Cl,/MeOH,
99:1—98:2). The product (158 mg, 0.24 mmol, 64 %) was isolated
as white foam. R;=0.40 (CH,Cl,/MeOH 95:5); '"H NMR (600 MHz,
DMSO-d¢) & 10.67 (s, TH, H—N(6)), 8.59 (s, 1H, H—C(2)), 8.58 (s, 1H,
H—(C(8)), 7.33 (m, 2H, DMTr H—C(ar)), 7.22 (m, 7H, DMTr H—C(ar)),
6.82 (m, 4H, DMTr H—C(ar)), 6.39 (d, J=5.4 Hz, 1H, HO—C(2")), 6.05
(d, J=4.3 Hz, 1H, H—C(1)), 5.18 (g, J=5.1 Hz, TH, H-C(2)), 447 (t,
J=5.7 Hz, 1H, H—C(3"), 4.15 (m, TH, H—C(4")), 3.72 (2 s, 6H, OCH,),
3.27 (m, 2H, H,-C(5), 2.96 (sept, J=6.9 Hz, TH CH—(CH,),), 1.13 (dd,
J,=0.6 Hz, J,=6.9 Hz, 6H, CH—(CH,),); >*C NMR (150 MHz, DMSO-d)
0 17531 ((C=0)), 158.08, 158.06 (C(ar)-DMTr), 151.72 (C(6)), 151.61
(C(2)), 149.95 (C(4)), 144.66 (C(ar)-DMTr), 142.97 (C(8)), 135.34,
129.66, 129.63, 127.80, 127.61, 126.70 (C(ar)-DMTr)), 124.12 (C(5)),
113.16 (C(ar)-DMTr), 88.35 (C(1")), 85.68 (tert. C-DMTr), 80.29 (C(4)),
7352 (C(2)), 63.16 (C(5)), 61.02 (C(3), 55.00 (OCH,), 34.34
(CH—(CH3),), 19.23, 19.21 (CH—(CH,),); m/z calcd for C35H;gNgOg +H™:
665.28 [M+H]"; found: 665.10.

Synthesis of 3'-azido-3'-deoxy-2'-O-[1,6-dioxo-6-(pentafluoro-
phenyl-oxy)hexyl]-5'-0-(4,4'-dimethoxytrityl)-6-N-isobutyryl-ad-
enosine (7): Compound 6 (158 mg, 0.24 mmol) and DMAP (29 mg,
0.24, 1 eq.) were co-evaporated twice with 6 ml dry CH,Cl, and
dissolved in 4 ml dry DMF/pyridine (1:1). The dipentafluorophenyl
adipic acid ester (561 mg, 1.17 mmol, 49 eq.) was added. The
solution was stirred for 2 h, after which the solvent was removed
under vacuum. The oily residue was co-evaporated twice with dry
CH,Cl, and then immediately purified via column chromatography
(CH,Cl,/acetone, 96:4). The product (154 mg, 0.14 mmol, 58 %) was
isolated as white crystals. R;=0.20 (CH,Cl,/acetone 96:4); '"H NMR
(600 MHz, DMSO-d) 6 10.70 (s, 1H, H-N(6)), 8.63 (s, 1H, H-C(2)),
8.62 (s, 1H, H—C(8)), 7.30 (m, 2H, DMTr—H—C(ar)), 7.20 (m, 7H,
DMTr—H—C(ar)), 6.80 (m, 4H, DMTr—H—C(ar)), 6.30 (d, J=3.1 Hz, 1H,
H—C(1"), 6.18 (dd, J;=3.1 Hz, J,=5.7 Hz, TH, H-C(2)), 5.03 (dd, J,=
5.7 Hz, J,=7.6 Hz, 1H, H—C(3)), 4.15 (m, 1H, H—C(4')), 3.71 (2 s, 6H,
O—CH,), 3.26 (m, 2H, H,-C(5)), 2.95 (sept, J=6.8 Hz, TH, CH—(CH,),),
2.81 (t, J=6.9 Hz, 2H, CH,), 1.69 (m, 4H, CH,), 1.12 (d, /=6.8 Hz, 6H,
CH—(CH,),); ®C NMR (150 MHz, DMSO-d,) 6 175.28, 171.73, 162.30
(C=0), 158.08 (C(ar)-DMTr), 151.89 (C(2)), 151.35 (C(4), 150.03 (C(6)),
144.53 (C(ar)-DMTr), 142,93 (C(8), 135.25 (C(ar)-DMTr), 129.61,
127.78, 127.56, 126.70 (C(ar)-DMTr), 123.95 (C(5), 113.14 (C(ar)-
DMTr), 86.44 (C(1'), 85.68 (tert. C~-DMTr), 80.56 (C(4'), 74.48 (C(2)),
62.07 (C(5), 59.57 (C(3), 54.99 (OCH,), 34.35 (CH—(CH,),), 32.62
(CH,), 32.08 (CH,), 23.46 (CH,), 23.32 (CH,), 19.20 (CH—(CH,),); "°F
NMR (565 MHz, DMSO-ds) & —153.58 (F—C(ar)), —158.07 (F—C(ar)),
—162.62 (F—C(ar)); m/z calcd for C4H,3FsNgOs +H™: 959.31 [M+H]™;
found: 959.49.

Synthesis of 3',5'-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-6-N-
isobutyryl-9-f-D-arabinofuranosyl-adenine (8): Compound 2
(1.48 g 4.4 mmol) was co-evaporated three times with 12 ml dry
pyridine and dissolved in 36 ml dry pyridine. 1,3-dichloro-1,1,3,3-
tetraisopropyl-disiloxane (1.69 ml, 5.28 mmol, 1.2 eq.) was added
and the solution was stirred overnight. After the reaction was
completed the solvent was removed and the oily residue was co-
evaporated twice with 10 ml toluene. The oily crude product was
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diluted with CH,Cl, and added to 40 ml of saturated NaHCO;-
Solution. The aqueous phase was extracted 3 times with 30 ml
CH,Cl,. The organic phases were pooled, washed with 40 ml H,O
and dried over Na,SO,. The solvent was removed and the crude
product was purified by column chromatography (CH,Cl,/MeOH
98:2). The product (1.7 g, 2.93 mmol 67 %) was isolated as white
foam. R;=0.35 (CH,Cl,/MeOH 95:5); 'H NMR (400 MHz, DMSO-d,) &
10.64 (s, 1H, H-N(6)), 8.61 (s, 1H, H—C(2)), 8.31 (s, TH, H—(C8)), 6.35
(d, J=6.3 Hz, TH, H—(C1"), 5.82 (d, J=5.7 Hz, TH, HO-(C2"), 4.58 (m,
2H, H—(C2)/H—C(3"), 414 (m, 1H, H,-C(5), 3.95 (m, 1H, H,-(C5%),
3.84 (m, TH, H—(C4"), 2.97 (sept, J=6.8 Hz, 1H, (CH)—CH.),), 1.17-
—0.94 (m, 34H, CH—(CH,),/ (CH),(CH,)¢0Si,); *C NMR (100 MHz,
DMSO-dg) 6 175.30 (C=0), 151.95 (C(4)), 151.45 (C(2)), 149.70 (C(6)),
142.81 (C(8)), 123.51 (C(5)), 82.13 (C1), 79.65 (C(4"), 75.32 (C(2),
7491 (C(3)), 61.52 (C(5", 3434 (CH—(CH)),), 19.26, 19.24
(CH—(CHy),), 17.37, 17.25, 17.24, 17.21, 16.94, 16.90, 16.84, 16.79
((CH),(CH4)z0S1,)), 12.78, 12.45, 12.27, 11.98 ((CH),(CH,);0Si,)); m/z
caled for CqH,sN5O4Si, +H*: 580.30 [M + H]™; found: 580.47.

Synthesis of 3',5'-0-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-2'-
O-[(trifluoromethyl)sulfonyl]-6-N-isobutyryl-9--D-arabinofurano-
syl-adenine (9): Compound 8 (1.39 g, 2.4 mmol) and 440 mg DMAP
(3.6 mmol, 1.5 eq.) were co-evaporated three times with 16 ml dry
CH,Cl, and dissolved in 100 ml dry CH,Cl,. The solution was cooled
to 0°C and triethylamine (840 ul, 6 mmol, 2.5 eq.) was added. The
reaction was started by the addition of trifluormethanesulfonyl
chloride (385 pl, 3.6 mmol, 1.5 eq.). The reaction mixture was stirred
for 30 min at 0°C under argon. The solution was diluted with
CH,Cl,, washed with 40 ml saturated NaHCO,-Solution dried over
Na,SO, and evaporated. The crude product was used in the next
step without further purification.

Synthesis of 2’-azido-2'-deoxy-3',5-0-(1,1,3,3-tetraisopropyl-disi-
loxane-1,3-diyl)-6-N-isobutyryl-adenosine (10): The intermediate 9
(1.07 g, 1.5 mmol) was dissolved in dry DMF and treated with LiN,
(367 mg, 7.5 mmol, 5 eq.). The solution was stirred for 16 h at room
temperature. The solvent was removed under high vacuum. The
oily residue was co-evaporated twice with toluene, dissolved in
40 ml ethyl acetate and added to 40 ml of saturated NaHCO,-
solution. The aqueous phase was extracted three times with 40 ml
of ethyl acetate. The organic phases were pooled, dried over Na,SO,
and evaporated. The crude product was purified by column
chromatography (hexane/ethyl acetate 1:1). The product (817 mg,
1.35 mmol, 90%) was isolated as a white foam. R;=0.45 (CH,Cl,/
MeOH 95:5); '"H NMR (500 MHz, DMSO-d,) & 10.69 (s, 1H, H-N(6)),
8.56 (s, 1H,H—C(2)), 852 (s, 1H, H-C(8), 5.93 (d, J=1.4Hz, 1H,
H-C(1"), 541 (dd, J;=5.9 Hz, J,=8.35Hz, 1H, H-C(2)), 5.09 (dd,
J,=14Hz, J,=59 Hz, TH), 4.06-3.95 (m, 3H, H—C(4)/H,-C(5)), 2.95
(sept, J/=6.8Hz, 1H, CH(CH;),), 1.17-1.01 (m, 34H, CH—(CH,),/
(CH)4(CH,)40Si,); *C NMR (125 MHz, DMSO-d¢) & 175.30 (C=0),
151.45 (C(2)), 150.99 (C(4)), 150.03 (C(6), 143.18 (C(8)), 124.36 (C(5),
86.37 (C(1"), 81.05 (C(4"), 71.66 (C(2"), 64.42 (C(3")), 60.55 (C(5"),
3435 (CH—(CH,),), 19.24, 19.21 (CH—(CH,),), 17.28 17.16, 17.14,
17.13, 17.07, 16.90, 16.81, 16.76 ((CH),(CH;)¢0Si,)), 12.73, 12.36,
12.18, 12.15 ((CH),(CH,)40Si,)); m/z caled for C,gH,NgOsSi,+H™:
605.31 [M+H]"; found: 605.14.

Synthesis of 2'-azido-2’-deoxy-6-N-isobutyryl-adenosine (11):
Compound 10 (817 mg, 1.35 mmol) was dissolved in 5.3 ml 1M
tetrabutylammonium fluoride in THF and acetic acid (153 pl,
2.57 mmol 1.9 eq.) was immediately added to the solution. The
mixture was stirred for 30 min at room temperature under argon.
The solvent was evaporated and the residue was co-evaporated
twice with 15 ml CH,Cl,. The crude product was purified by column
chromatography (CH,Cl,/MeOH 97:3). The product (345 mg,
0.96 mmol, 71%) was isolated as a white foam. R,=0.30 (CH,Cl,/
MeOH 95:5); '"H NMR (400 MHz, DMSO-d) 6 10.68 (s, 1H, H-N(6)),
8.69 (s, TH, H-C(8)), 8.67 (s, 1H, H—C(2)), 6.14 (d, J=5.6 Hz, 1H,
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H-C(1"), 6.07 (d, J=5.4Hz, 1H, HO-C(3"), 5.15 (t, J=5.5Hz, 1H,
HO—C(5"), 4.71 (t, J=5.4Hz, 1H, H-C(2"), 459 (q, J=5.0Hz, 1H,
H—C(3"), 4.01 (q, J=4.0 Hz, 1H, H—C(4")), 3.70 (m, 1H, H,-C(5"), 3.59
(m, TH, H-C(5"), 2.96 (m, J=6.8 Hz, 1H, CH(CH,),)), 1.13 (d, J=
6.8 Hz, 6H, CH(CH,),); *C NMR (100 MHz, DMSO-d;) 8 175.34 (C=0),
151.87 (C(2)), 151.58 (C(4)), 149.96 (C(6)), 142.42 (C(8)), 124.08 (C(5)),
85.88 (C(4')), 85.30 (C(11), 70.86 (C(3"), 64.48 (C(2"), 60.72 (C(5)),
34.35 (CH(CH,),)), 19.24, 19.22 (CH(CH,),)); m/z calcd for C;,H,gNgO,
+H":363.15 [M+H]*; found: 363.53;

Synthesis of 2'-azido-2'-deoxy-5'-O-(4,4'-dimethoxytrityl)-6-N-iso-
butyryl-adenosine (12): Compound 11 (380 mg, 1.05 mmol) was
co-evaporated twice with 10 ml dry CH,Cl, and dissolved in 8 ml
dry pyridine. DMTr—Cl (482 mg, 1.42 mmol, 1.35 eq.) was added to
the solution in three portions over 1.5 h. After 3 h the reaction was
quenched with 2 ml MeOH and the solvents were evaporated. The
residue was dissolved in 15 ml CH,Cl, and washed with 10 ml
saturated NaHCO; solution. The organic phase was dried over
Na,SO, and the solvent was evaporated. The oily residue was co-
evaporated twice with CH,CL,. The crude product was purified by
column chromatography (CH,Cl,/MeOH 98:2—95:5). The product
(400 mg, 0.6 mmol, 57 %) was isolated as a white foam. R;=0.40
(CH,Cl,/MeOH 95:5); 'H NMR (400 MHz, DMSO-dg) & 10.69 (s, TH,
H-N(6)), 8.61, 8.60 (2 s, 2H, H—C(2)/H—(C(8)), 7.32 (m, 2H, H-DMTr),
7.20 (m, 7H, H—-DMTr), 6.80 (m, 4H, H-DMTr), 6.12 (d, J=4.2 Hz, 1H,
H—C(1"), 6.07 (d, J=5.7 Hz, 1H, HO—C(3")), 4.96 (m, 1H, H—C(2"), 4.82
(g, J=5.8 Hz, 1H, H—C(3")), 4.10 (m, 1H, H—C(4'), 3.71 (2 s, 6H, OCH,),
3.24 (m, 2H, H,-C(5"), 2.97 (sept, J=6.8 Hz, TH, CH(CH,),)), 1.13 (d,
J=6.8 Hz, 1H, CH(CH;),)); *C NMR (100 MHz, DMSO-d¢) & 175.32
(C=0), 158.03, 158.01 (C(ar)-DMTr), 151.77 (C(2)), 151.37 (C(4)),
150.00 (C(6)), 144.75 (C(ar)-DMTr), 143.07 (C(8)), 135.45, 13543,
129.67, 129.63, 127.74, 127.64, 126.63 (C(ar)-DMTr), 124.13 (C(5)),
113.11, 113.09 (C(ar)-DMTr), 86.09 (C(1")), 85.46 (tert. C-DMTr), 83.16
(C(4), 70.79 (C(3), 63.99 (C(27), 63.05 (C(5), 54.99 (DMTr-OCHj),
34.36 (CH(CH,),), 19.24, 19.22 (CH(CH,),); m/z calcd for C35H36NgOg +
H*:665.28 [M+H]"; found: 665.08.

Synthesis of 2'-azido-2"-deoxy-3'-0-[1,6-dioxo-6-(pentafluoro-phe-
nyloxy)hexyll-5'-O-(4,4'-dimethoxytrityl)-6-N-isobutyryl-adeno-
sine (13): Compound 12 (140 mg, 0.21 mmol) and DMAP (26 mg,
0.21 mmol, 1eq.) were co-evaporated three times with 6 ml dry
CH.,Cl, and dissolved in 4.8 ml dry DMF/pyridine (1:1). The
dipentafluorophenyl adipic acid ester (495 mg, 1.03 mmol, 4.9 eq.)
was added and the solution was stirred for 3 h at room temper-
ature. The solvent was removed under high vacuum and the
residue was co-evaporated twice with CH,Cl,. The crude product
was immediately purified by column chromatography (CH,CL/
acetone 96:4). The product (120 mg, 0.125 mmol, 60%) was
isolated as white foam. R;=0.20 (CH,Cl,/acetone 96:4); '"H NMR
(600 MHz, DMSO-d¢) 6 10.72 (s, 1H, H-N(6)), 8.63 (s, 1H, H-C(8)),
8.55 (s, 1TH, H—C(2)), 7.32 (m, 2H, H—DMTr) 7.21 (m, 7H, H—DMTr),
6.81 (m, 4H, H-DMTr), 6.15 (d, J=6.1 Hz, 1H, H-C(1)), 5.71 (dd, J,=
44 Hz, J,=5.8 Hz, 1H, H—C(3')), 5.47 (t, J=6.1 Hz, TH, H—C(2"), 4.26
(m, TH, H—C(4"), 3.71 (2's, 6H, OCH,), 3.30 (m, 2H, H,-C(5"), 2.96
(sept, J=6.9 Hz, 1H, CH(CH,),), 2.83 (t, J=7.1 Hz, 2H, CH,), 2.52 (t,
2H, CH,), 1.71 (m, 4H, 2x CH,), 1.13 (dd, J,;=1.1 Hz, J,=6.9 Hz, 6H,
CH(CH,),); C NMR (150 MHz, DMSO-dy) & 175.32, 171.89, 169.38
((C=0)), 158.08, 158.07 (C(ar)-DMTr), 151.79 (C(2)), 151.54 (C(4)),
150.10 (C(6)), 144.63 (C(ar)-DMTr), 143.23 (C(8)), 135.29, 129.66,
129.61, 127.75, 127.60, 126.68 (C(ar)-DMTr), 124.26 (C(5), 113.10
(C(ar)-DMTT), 86.04 (C(1"), 85.71 (tert. C-DMTr), 81.37 (C(4")), 72.09
(C(37), 62.91 (C(27), 61.86 (C(5), 54.99, 54.98 (DMTr-OCH,), 34.36
(CH(CH,),), 32.69 (CH,), 32.10 (CH,), 23.52 (CH,), 23.40 (CH,), 19.23,
19.20 (CH(CH,),); °F NMR (565 MHz, DMSO-dg) & —153.55 (F—C(ar)),
—158.07 (F—C(ar)), —162.62 (F—C(ar)); m/z calcd for C,,H,;FsNzO,+
H*:959.31 [M+H]"; found: 959.83.
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Synthesis of 5'-0-(4,4-dimethoxytrityl)-uridine (15): Uridine
(976.8 mg, 4 mmol) was co-evaporated three times with dry CH,Cl,
and suspended in 30 ml dry pyridine. DMTr—Cl (1.36 g, 4 mmol,
1 eq.) was added in two portions over 1 h. The reaction was carried
out overnight. The next day the reaction was quenched with 12 ml
methanol and the solvents were removed. The residue was diluted
with CH,Cl, and added to 40 ml saturated NaHCO; solution. The
aqueous phase was extracted three times with 30 ml CH,Cl,. The
organic phases were pooled, dried over Na,SO, and evaporated.
The residue was co-evaporated twice with 12 ml toluene and the
crude product was purified by column chromatography (CH,Cl,/
MeOH, 98:2—95:5). The product (1.46 g, 2.67 mmol, 67%) was
isolated as white foam. R;=0.30 (CH,Cl,/MeOH 95:5); '"H NMR
(600 MHz, DMSO-dg) 6 11.35 (s, 1H, H-N(3)), 7.71 (d, J=8.1 Hz, 1H,
H—-C(6)), 7.42-7.20 (m, 9H, DMTr H—C(ar)), 6.90 (m, 4H, DMTr
H—C(ar)), 5.74 (d, /=43 Hz, 1H, H-C(1)), 55 (d, J/=48Hz, TH,
HO—C(2Y)), 5.30 (d, J=8.1 Hz, 1H, H-C(5)), 5.17 (d, J=5.8 Hz, 1H,
HO—C(3%), 4.08 (m, 2H, H—C(2"), H—(C3)), 3.95 (m, 1H, H—C(4")), 3.74
(s, 6H, OCH,)), 3.23 (m, 2H, H,-C(5)); *C NMR (DMSO-d,, 150 MHz): 6
163.13 (C(4)), 158.21 (C(ar)-DMTr), 150.56 (C(2)), 144.74 (C(ar)-DMTr),
140.73 (C(6)), 135.47, 135.23, 129.85, 128.01, 127.77, 126.89, 113.34
(C(ar)-DMTTr), 101.53 (C(5)), 88.96 (C(1)), 85.93 (tert. C-DMTr), 82.48
(C(4), 73.57 (C (3), 69.64 (C (21), 63.31 (C(5), 55.14 (OCH,); m/z
calcd for C3oH;0N,05+Na™: 569.19 [M+ Na] *; found: 569.51.

Synthesis  of  2,3'-di-O-(methanesulfonyl)-5-0-(4,4 -dimeth-
oxytrityl)-uridine (16): Compound 15 (1.4 g, 2.56 mmol) was co-
evaporated three times with 15 ml dry CH,Cl, and dissolved in
15 ml dry pyridine. The solution was cooled to 0°C and methane-
sulfonyl chloride (2.97 ml, 38.42 mmol, 15eq.) was added. The
reaction was stirred under argon at 0°C for 30 min and for 1 h at
room temperature after which the solution was again cooled to
0°C, diluted with 40 ml CH,Cl, and treated with 40 ml 5% NaHCO,
solution for 10 min. During the next step the phases were
separated and the aqueous phase was extracted three times with
40 ml CH,Cl,. The organic phases were pooled, dried over Na,SO,
and evaporated. The oily residue was co-evaporated twice with
10 ml toluene. The crude product was purified by column
chromatography (CH,Cl,/MeOH 99:1—98:2). The product (1.76 g,
2.5 mmol, 98%) was isolated as yellowish foam. R;=0.40 (CH,Cl,/
MeOH 95:5); '"H NMR (600 MHz, DMSO-d¢) & 11.54 (s, 1H, H-N(3)),
7.72 (d, J=8.1 Hz, 1H, H—C(6)), 7.20-7.42 (m 9H, DMT H—C(ar)), 6.89
(m, 4H, DMT H—C(ar)), 5.96 (d, J=3.7 Hz, 1H, H-C(1"), 5.59 (m, 1H,
H—C(2)), 5.38-5.46 (m, 2H, H—C(3'), H—(C5)), 4.26 (m, 1H, H—C(4")),
3.74 (s, 6H, OCH,), 3.34-3.46 (m, 2 H, H,-C(5)), 3.37 (s, 3 H, O-
SO,—CH;), 3.27 (s, 3 H, 0-SO,—CH,); *C NMR (DMSO-d, 150 MHz): &
163.02 (C(4)); 157.21 (C(ar)-DMTr), 150.56 (C(2)), 148.39 (C(ar)-DMTr),
140.24 (C(6)), 140.21, 128.89, 127.67, 127.41, 126.43, 112.78 (C(ar)-
DMTY), 102.46 (C(5)), 85.98 (C(1"), 82.55 (C(4)), 79.92 (tert. C~-DMTY),
76.77 (C(3"), 75.72 (C(2'), 59.48 (C(5)), 55.04 (OCH,), 37.99, 37.97
(0-SO,—CH;); m/z caled for C;,H;N,O,,+Na®: 725.15 [M+Nal*;
found: 725.53.

Synthesis of 2',3-anhydro-5"-O-(4,4'-dimethoxytrityl)-1-$-D-lyxo-
furanosyl-uracil (17): Compound 15 (1.75g, 2.49 mmol) was
dissolved in 50 ml ethanol and 21 ml 1 M NaOH. The solution was
heated to 60°C and stirred for 1h. During the next step the
solution was cooled to 20°C, adjusted to pH 7 and the solvent was
evaporated to ca. 20 ml. Following this, the solution was diluted
with 30 ml CH,Cl, and treated witch 30 ml saturated NaHCO,
solution. The aqueous phase was extracted three times with 30 ml
CH,Cl,. The organic phases were pooled, dried over Na,SO, and
evaporated. The crude product was purified by column chromatog-
raphy (CH,Cl,/MeOH 99:1—98:2). The product (1.17 g, 2.2 mmol,
89%) was isolated as white foam. R;=0.40 (CH,Cl,/MeOH 95:5); 'H
NMR (600 MHz, DMSO-d;) & 11.45 (s, TH, H-N(3)), 7.51 (d, J/=8.1 Hz,
1H, H—C(6)), 7.20-7.42 (m 9H, DMTr H—C(ar)), 6.89 (m, 4H, DMTr
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H—C(ar)), 6.10 (s, TH, H—C(1")), 5.62 (d, J=8.1 Hz, 1H, H—(C5)), 4.24 (t,
J=5.7 Hz, 1H, H—C(4"), 411 (m, 2H, H—C(2"), H-C(3"), 3.74 (s, 6H,
OCH,), 3.19 (m, 2 H, H,-C(5)); *C NMR (150 MHz, DMSO-d,) & 163.05
(C(4)), 158.03 (C(ar)-DMTr), 150.41 (C(2)), 144.69 (C(ar)-DMTr), 140.99
(C(6)), 135.45, 135.27, 129.71, 127.91, 127.64, 126.79, 113.26 (C(ar)-
DMTr), 101.98 (C(5)), 85.73 (tert. C~-DMTr) 80.94 (C(1')), 75.96 (C(4"),
62.21 (C(5"), 55.71 (C(3)), 55.58 (C(2")), 55.04 (OCH,); m/z calcd for
CsoH,N,0,+Na*: 551.18 [M+Na] *; found: 551.38.

Synthesis of 3’-azido-3'-deoxy-5-O-(4,4’-dimethoxytrityl)-1--D-
arabinofuranosyl-uracil (18): Compound 17 (1.75g, 2.49 mmol)
was dissolved in 12 ml dry DMF and heated to 55 °C. LiN; (233 mg,
4.75 mmol, 5 eq.) was added and the reaction solution was stirred
for 20 h. After the reaction was completed the solvent was removed
under high vacuum. The oily residue was dissolved in 30 ml CH,Cl,
and treated with 30 ml saturated NaHCO; solution. The aqueous
phase was extracted three times with 30 ml CH,Cl,. The organic
phases were pooled, dried over Na,SO, and evaporated. The crude
product was purified by column chromatography (CH,Cl,/MeOH
99:1—98:2). The product (247 mg, 0.42 mmol, 44%) was isolated
as white foam. R=0.40 (CH,Cl,/MeOH 95:5); '"H NMR (600 MHz,
DMSO-dy) & 11.34 (s, 1H, H-N(3)), 7.59 (d, J=8.1 Hz, TH, H-C(6)),
7.20-7.42 (m 9H, DMTr H—C(ar)), 6.89 (m, 4H, DMTr H—C(ar)), 6.15 (d,
J=5.4Hz, 1H, HO—C(2"), 6.06 (d, J=6.1 Hz, TH, H—C(1")), 537 (d, J=
8.1 Hz, 1H, H—(C5)), 4,36 (dd, J;=6.19Hz, J,=10.23, Hz, 1H,
H-C(27), 411 (m, 1H, H—C(3), 3,83 (m, 1H, H-C(4")), 3.74 (s, 6H,
OCH,), 3.30 (m, 2 H, H,-C(5"); *C NMR (150 MHz, DMSO-d;) & 163.05
(C (4)), 158.18 (C(ar)-DMTr), 150.48 (C (2)), 144.55 (C(ar)-DMTr),
141.85 (C (6)), 135.25, 135.15, 129.74, 127.94, 127.64, 126.88, 113.29
(C(ar)-DMTr), 100.54 (C(5)), 85.96 (tert. C-DMTr), 83.38 (C(1")), 78.09
(C(4), 73.91 (C(21), 64.82 (C(3), 62.17 (C(5"), 55.07 (OCH,); m/z
calcd for C3yH,0NsO, + Na*: 594.20 [M + Na]*; found: 594.25.

Synthesis of 3’-azido-3'-deoxy-5'-0-(4,4'-dimethoxytrityl)-uridine
(19): Compound 18 (270 mg, 0.47 mmol) and DMAP (172 mg,
1.41 mmol, 3 eq.) were co-evaporated three times with 12 ml dry
CH,Cl, and dissolved in 18 ml dry CH,Cl,. The solution was cooled
to 0°C and trifluoromethanesulfonyl chloride (76 ul, 0.71 mmol,
1.5 eq.) was added dropwise. After 15 min the solution was diluted
with 20 ml CH,Cl,, washed with 30 ml saturated NaHCO; solution,
dried over Na,SO, and evaporated. The intermediate was dissolved
in 20 dry toluene and treated with potassium trifluoroacetate
(358 mg, 2.35 mmol, 5 eq.), 18-crown-6 (248 mg, 0.94 mmol, 2 eq.)
and DIPEA (121 ul, 0.7 mmol, 1.5 eq.) The suspension was stirred for
2 h at 60°C. After the reaction was completed the solvent was
removed under high vacuum. The oily residue was dissolved in
30 ml CH,Cl, and washed with 30 ml saturated NaHCO, solution.
The phases were separated and the aqueous phase was extracted
three times with 30 ml CH,Cl,. The organic phases were pooled,
dried over Na,SO, and evaporated. The crude product was purified
by column chromatography (CH,Cl,/MeOH 99:1—98:2). The prod-
uct (195 mg, 0.34 mmol, 73%) was isolated as white foam. R;=0.40
(CH,Cl,/MeOH 95:5); 'H NMR (600 MHz, DMSO-dg) & 11.39 (s, 1H,
H-N(3)), 7.69 (d, J=8.1 Hz, 1H, H—C(6)), 7.23-7.41 (m, 9H, DMTr
H—C(ar), 6.91 (m, 4H, DMTr H—C(ar)), 6.26 (d, J=5.4Hz, 1H, 1H,
HO—C(2'), 5.73 (d, J=4.1 Hz, 1H, H-C(1)), 5.35 (d, /=8.1 Hz, 1H,
H—(C(5)), 4.49 (m, TH, H—C(2"), 417 (m, 1H, H—C(3"), 4.01 (m, 1H,
H-C(4), 3.74 (s, 6H, OCH,), 3.23-3.31 (m, 2 H, H,-C(5)). *C NMR
(150 MHz, DMSO-d¢) & 162.97 (C(4)), 158.18 (C(ar)-DMTr), 150.48
(C(2)), 144.54 (C(ar)-DMTr), 140.53 (C(6)), 135.20, 134.99, 129.77,
127.96, 127.67, 126.85, 113.31, 113.29 (C(ar)-DMTr), 101.61 (C(5)),
89.03 (C(1")), 86.12 (tert. C-DMTr), 79.70 (C(4)), 73.98 (C(2"), 62.68
(C(5)), 60.30 (C(3"), 55.06 (OCH,); m/z calcd for C3,H,oN;O,+Na*:
594.20 [M+ Na]*; found: 595.40.

Synthesis of 3’-azido-3'-deoxy-5'-O-(4,4'-dimethoxytrityl)-2'-O-
[1,6-dioxo-6-(pentafluoro-phenyloxy)hexyl]-uridine (20): Com-
pound 19 (190 mg, 0.33 mmol) and DMAP (41 mg, 0.33 mmol,
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1 eq.) were co-evaporated three times with 10 ml dry CH,Cl, and
dissolved in 6 ml dry DMF/pyridine (1:1). Compound 7 (772 mg,
1.61 mmol, 4.89 eq.) was added and the solution was stirred for 3 h
at room temperature under argon. The solvent was removed under
high vacuum and the residue was co-evaporated twice with dry
toluene. The crude product was immediately purified by column
chromatography (CH,Cl,/acetone 96:4). The product (170 mg,
0.2 mmol, 54%) was isolated as white foam. R;=0.20 (CH,Cl/
acetone 96:4); '"H NMR (600 MHz, DMSO-dg) & 11.44 (s, 1H, H-N(3)),
7.51 (d, J=8.1 Hz, 1H, H—C(6)), 7.23-7.41 (m, 9H, DMTr H—C(ar)),
6.91 (m, 4H, DMTr H—C(ar)), 5.83 (d, J=3.2 Hz, 1H, H—C(1")), 5.61 (dd,
J,=3.2 Hz, J,=5.8 Hz, 1H, H-C(2)), 5.44 (d, J=8.1, 1H, H—(C5)), 4.69
(dd, J;=5.9Hz, J,=7.8 Hz, 1 H, H—C(3"), 3.96. (m, 1H, H—C(4")), 3.73
(2's, 6H, OCH,), 3.26-3.31 (m, 2H, H,-C(5")), 2.82 (t, J=6.9 Hz, 2H,
CH,), 1.69 (m, 4H, CH,); 2.51 (m, 2H, CH,). *C NMR 150 MHz, DMSO-
de¢) 0 171.68, 169.38 (C=0), 162.30 (C(4)), 158.18 (C(ar)-DMTr), 150.18
(C(2)), 144.46 C(ar)-DMTr), 140.90 (C(6), 135.11, 134.97, 129.74,
127.92, 127.66, 126.84, 113.27 (C(ar)-DMTr), 101.78 (C(5), 87.94
(C(17), 86.10 (tert. C~-DMTTr), 80.06 (C(4)), 74.66 (C(2)), 61.90 (C(5")),
59.23 (C(3"), 55.04 (OCH,), 32.63 (CH,), 32.09 (CH,), 23.47, 23.40
(CH,); "F NMR (565 MHz, DMSO-d¢) & —153.56 (F—C(ar)), —158.09
(F—C(ar)), —162.63 (F—C(ar)); m/z calcd for C,H;FsNsO;+Na™:
888.23 [M -+ Na]™; found: 888.59.

Acknowledgements

We kindly thank Dr. Gerald Drdger for performing the LC-MS
measurements. We also thank Prof. Klaus Weisz and his working
group for granting access to their NMR instruments and for
performing a multitude of measurements. The Agence Nationale
de la Recherche and the Deutsche Forschungsgemeinschaft are
gratefully acknowledged for financial support (ANR PCRI “TEM-
PLAR"-16-CE92- 0010-01; DFG MU1396/11). Open Access funding
enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Azide Nucleosides
Phosphoramidite - Solid-phase synthesis

Oligonucleotides

[11 N. Klocker, F. P. Weissenboeck, A. Rentmeister, Chem. Soc. Rev. 2020, 49,
8749-8773.

[2] A. A. Sawant, P.P. Mukherjee, R. K. Jangid, S. Galande, S.G. Srivatsan,
Org. Biomol. Chem. 2016, 14, 5832-5842.

[3]1 M. Nikan, M. Tanowitz, C. A. Dwyer, M. Jackson, H. J. Gaus, E. E. Swayze,
F. Rigo, P. P. Seth, T. P. Prakash, J. Med. Chem. 2020, 63, 8471-8484.

[4] L. Massaad-Massade, S. Boutary, M. Caillaud, C. Gracia, B. Parola, S.B.
Gnaouiya, B. Stella, S. Arpicco, E. Buchy, D. Desmaéle, P. Couvreur, G.
Urbinati, Bioconjugate Chem. 2018, 29, 1961-1972.

[5] M. Honcharenko, D. Honcharenko, R. Strdmberg, Bioconjugate Chem.
2019, 30, 1622-1628.

[6] A.V. Maerle, M. A. Simonova, V.D. Pivovarov, D.V. Voronina, P.E.
Drobyazina, D. Yu Trofimov, L. P. Alekseev, S. K. Zavriev, D. Yu Ryazant-
sev, PLoS One 2019, 14, e0209860.

[7] T. Lauria, C. Slator, V. McKee, M. Mdiller, S. Stazzoni, A. L. Crisp, T. Carell,
A. Kellett, Chem. Eur. J. 2020, 26, 16782-16792.

[8] M.-L. Winz, A. Samanta, D. Benzinger, A. Jaschke, Nucleic Acids Res. 2012,
40, e78.

[9] H. Yang, F. Seela, Chem. Eur. J. 2016, 22, 1435-1444.

6415 © 2021 The Authors. European Journal of Organic Chemistry published

by Wiley-VCH GmbH

95UB017 SUOLUWIOD 9A11ER1D) 3[cedl|dde 8Ly Aq peuenob a.1e sajole YO 9SN Jo Sa|nJ 10} A1q1T 8UlUO AB|IM UO (SUORIPUOD-PUE-SWLBI LD A3 | IM Afed 1[Bu 1 UO//Sdiy) SUONIPUOD pue SWis 1 8} 39S " [7202/90/Tz] U0 Akeiqi8uliuo Ao|im “=ijjpdiuo N nig Aq 0¥ TTOTZ0Z 20/200T 0T/I0pwW0d Ao M ARiq 1 puljuoadoine-Auis Iweyo//sdny Wwolj pepeojumod ‘ov “§20Z ‘0690660T


https://doi.org/10.1039/D0CS00600A
https://doi.org/10.1039/D0CS00600A
https://doi.org/10.1039/C6OB00576D
https://doi.org/10.1021/acs.jmedchem.0c00840
https://doi.org/10.1021/acs.bioconjchem.8b00205
https://doi.org/10.1021/acs.bioconjchem.9b00217
https://doi.org/10.1021/acs.bioconjchem.9b00217
https://doi.org/10.1371/journal.pone.0209860
https://doi.org/10.1002/chem.202002860
https://doi.org/10.1093/nar/gks062
https://doi.org/10.1093/nar/gks062
https://doi.org/10.1002/chem.201503615
www.eurjoc.org

EurJOC Full Papers

European Journal of Organic Chemistry

Chemistry
Europe

doi.org/10.1002/ejoc.202101140 Socienes puiehing

[10]
[11]
[12]

[3
[14

[15]
[16]
[17]

[18

[19]

[20

[21

[22]

A. H. El-Sagheer, T. Brown, J. Am. Chem. Soc. 2009, 131, 3958-3964.

A. M. Jawalekar, N. Meeuwenoord, J. (Sjef) G O Cremers, H. S. Overkleeft,
G. A. van der Marel, F. P.J. T. Rutjes, F. L. van Delft, J. Org. Chem. 2008,
73, 287-290.

M. A. Fomich, M. V. Kvach, M. J. Navakouski, C. Weise, A. V. Baranovsky,
V. A. Korshun, V. V. Shmanai, Org. Lett. 2014, 16, 4590-4593.

J. Wu, L. Bishop, J. Guo, Z. Guo, Synlett 2019, 30, 348-352.

J. M. Holstein, L. Anhduser, A. Rentmeister, Angew. Chem. Int. Ed. 2016,
55,10899-10903; Angew. Chem. 2016, 128, 11059-11063.

H. Rao, A. A. Tanpure, A. A. Sawant, S. G. Srivatsan, Nat. Protoc. 2012, 7,
1097-1112.

E. A. Osman, T. Gadzikwa, J. M. Gibbs, ChemBioChem 2018, 19, 2081-
2087.

A. P. Sanzone, A. H. El-Sagheer, T. Brown, A. Tavassoli, Nucleic Acids Res.
2012, 40, 10567-10575.

O. A. Krasheninina, J. Thaler, M. D. Erlacher, R. Micura, Angew. Chem. Int.
Ed. 2021, 60, 6970-6974.

T. Wada, A. Mochizuki, S. Higashiya, H. Tsuruoka, S. Kawahara, M.
Ishikawa, M. Sekine, Tetrahedron Lett. 2001, 42, 9215-9219.

K. Fauster, M. Hartl, T. Santner, M. Aigner, C. Kreutz, K. Bister, E. Ennifar,
R. Micura, ACS Chem. Biol. 2012, 7, 581-589.

A. Kiviniemi, P. Virta, H. Lonnberg, Bioconjugate Chem. 2008, 19, 1726—
1734.

J. Frommer, R. Hieronymus, T. Selvi Arunachalam, S. Heeren, M. Jenckel,
A. Strahl, B. Appel, S. Miiller, RNA Biol. 2014, 11, 609-623.

[23] J. Steger, D. Graber, H. Moroder, A.-S. Geiermann, M. Aigner, R. Micura,
Angew. Chem. Int. Ed. 2010, 49, 7470-7472; Angew. Chem. 2010, 122,

7632-7634.

[24] T. Santner, M. Hartl, K. Bister, R. Micura, Bioconjugate Chem. 2014, 25,
188-195.

[25] G.S. Ti, B.L. Gaffney, R. A. Jones, J. Am. Chem. Soc. 1982, 104, 1316—
1319.

[26] Y.C.J. Chen, F. Hansske, K. D. Janda, M. J. Robins, J. Org. Chem. 1991,
56, 3410-3413.

[27] E. ). Reist, D. F. Calkins, L. Goodman, J. Org. Chem. 1967, 32, 2538-2541.

[28] H. Moroder, J. Steger, D. Graber, K. Fauster, K. Trappl, V. Marquez, N.
Polacek, D. N. Wilson, R. Micura, Angew. Chem. Int. Ed. 2009, 48, 4056—
4060; Angew. Chem. 2009, 121, 4116-4120.

[29] M. A. Amin, Tetrahedron 2011, 67, 1703-1708.

[30] M. Basanta-Sanchez, S. Temple, S.A. Ansari, A. D’Amico, P.F. Agris,
Nucleic Acids Res. 2016, 44, e26.

[31] R. K. Harris, E. D. Becker, R. Goodfellow, S. M. C. de Menezes, P. Granger,
Pure Appl. Chem. 2001, 73, 1795-1818.

Manuscript received: September 15, 2021
Revised manuscript received: November 9, 2021
Accepted manuscript online: November 11, 2021

Eur. J. Org. Chem. 2021, 6408-6416 www.eurjoc.org

6416 © 2021 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH

95UB017 SUOLUWIOD 9A11ER1D) 3[cedl|dde 8Ly Aq peuenob a.1e sajole YO 9SN Jo Sa|nJ 10} A1q1T 8UlUO AB|IM UO (SUORIPUOD-PUE-SWLBI LD A3 | IM Afed 1[Bu 1 UO//Sdiy) SUONIPUOD pue SWis 1 8} 39S " [7202/90/Tz] U0 Akeiqi8uliuo Ao|im “=ijjpdiuo N nig Aq 0¥ TTOTZ0Z 20/200T 0T/I0pwW0d Ao M ARiq 1 puljuoadoine-Auis Iweyo//sdny Wwolj pepeojumod ‘ov “§20Z ‘0690660T


https://doi.org/10.1021/ja8065896
https://doi.org/10.1021/ol502155g
https://doi.org/10.1002/anie.201604107
https://doi.org/10.1002/anie.201604107
https://doi.org/10.1002/ange.201604107
https://doi.org/10.1038/nprot.2012.046
https://doi.org/10.1038/nprot.2012.046
https://doi.org/10.1002/cbic.201800305
https://doi.org/10.1002/cbic.201800305
https://doi.org/10.1093/nar/gks756
https://doi.org/10.1093/nar/gks756
https://doi.org/10.1002/anie.202015034
https://doi.org/10.1002/anie.202015034
https://doi.org/10.1016/S0040-4039(01)02028-7
https://doi.org/10.1021/cb200510k
https://doi.org/10.1021/bc800221p
https://doi.org/10.1021/bc800221p
https://doi.org/10.4161/rna.28526
https://doi.org/10.1002/anie.201003424
https://doi.org/10.1002/ange.201003424
https://doi.org/10.1002/ange.201003424
https://doi.org/10.1021/bc400513z
https://doi.org/10.1021/bc400513z
https://doi.org/10.1021/ja00369a029
https://doi.org/10.1021/ja00369a029
https://doi.org/10.1021/jo00010a042
https://doi.org/10.1021/jo00010a042
https://doi.org/10.1021/jo01283a037
https://doi.org/10.1002/anie.200900939
https://doi.org/10.1002/anie.200900939
https://doi.org/10.1002/ange.200900939
https://doi.org/10.1016/j.tet.2010.12.054
https://doi.org/10.1093/nar/gkv971
www.eurjoc.org

