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Abstract: The ring-opening reaction of functionalized oxetanes opens a direct access to tri- and tetra-substituted alkenes,
including fluoroalkenes. The introduction of adenosine nucleic base allows the preparation of alkenyl and fluoroalkenyl derivatives
that were evaluated towards DItA enzyme as potential nucleoside mimics.

Introduction

The emergence of viral and bacterial diseases, illustrated by the recent viral pandemic and the apparition of bacterial
resistance phenomena, needs to identify new biological targets and develop new drugs.['"! Modified nucleosides and their
analogues represent an important class of compounds to treat these diseases.?® The structural modification of naturally
occurring nucleosides was essential to improve their in vivo stability and efficacity towards a viral target. The synthesis of
acyclonucleosides was early explored leading to the discovery of Acyclovir, Cidofovir, and Tenofovir to fight viruses such
as Herpes or HIV, and more recently Ebola.l"® Since these pioneering works, acyclonucleosides synthesis are still an
ongoing task in drug discovery to develop new drugs targeting specific enzymes related to diseases caused by bacteria
or parasites.* Alkylated nucleic bases by a B-hydroxy- or -amino-phosphonates alkyl chain were described as potent
inhibitors of parasites growth,7-'"1 and antibacterial agents, controlling bacterial growth.['2'31To limit conformational change
of acyclonucleosides the incorporation of a carbon—carbon double bond onto the backbone was benefit. Indeed, alkylated
nucleic bases containing a functionalized butenyl alkyl chain, such as (E)-butenylphosphonates, were described as
efficient substrate of kinases (TK) and polymerases (Figure 1).1'*?2 This successful backbone modification was also found
in novel class of human deoxyuridine inhibitors and new generation of modified oligonucleotides (Figure 1).2% While the
introduction of a fluorine atom onto nucleos(t)ides has been intensively studied to prepare new drugs for cancer therapy
or antivirals,?*l the synthesis of fluoroalkenyl acyclonucleosides related to (E)-butenyl, such as compounds 1 or 2, was
scarcely described (Figure 1).252% The introduction of a fluorine atom onto the carbon-carbon double bond was achieved
to modify the polarity and the electronic distribution of the molecule. Except these works no other examples were reported
due to limited access to diversely functionalized fluorobutenyl nucleosides. Indeed, diol 2 cannot be selectively
functionalized.
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Figure 1. (Fluoro)-Alkenylacyclonucleosides.

In addition, in contrast to (E)-butenyl derivatives that can be easily prepare by cross metathesis reactions, synthesis of
tetrasubstituted fluoroalkenes are not possible directly by this way.®%3" To extend the scope of the preparation diversely
substituted acyclonucleoside analogues from functionalized fluoroalkenyls we explored an alternative approach based on
the ring-opening reaction of oxetanes.

Results and Discussion

In our preliminary report we described a ring-opening reaction of functionalized fluoroalkylidene-oxetanes to access to
tetrasubstituted fluoroalkenes instead of an olefination reaction of carbonyl compounds.? This reaction was investigated
to prepare fluoro-alkenyls substituted by a nucleic base to access to acyclonucleoside analogues related to (E)-butenyl
derivatives. Alkylidene oxetanes 3 substituted by a 5-iodo-uracil was tested to study the ring-opening reaction (Scheme
1). Conducted in the presence of TBAB (BusNBr) as bromide source and a Lewis acid (BF3-Et20), the corresponding allylic
derivatives 4 was obtained in high yields (76%) and excellent E-selectivity up to 9:1 (Scheme 1). Importantly, the oxetane
ring-opening reaction with bromide ion was observed being highly selective. Based on this first result we were engaged in
the preparation of functionalized analogues of butenyl acyclonucleosides.
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Scheme 1. Ring-opening reaction of an oxetane containing a nucleic base.

We focused this work on the synthesis of analogues of functionalized adenine derivatives as enzyme inhibitors. In
connection with our recent work related to the preparation of inhibitors of a protein implicated in the antibioresistance,**
31 we wanted to know what would be the influence of the fluorinated derivative 5 containing an alkenyl chain in place of
the ribosyl ring onto its biological activity (Scheme 3). Based on the preliminary work realized with iodo-uracil derivative 3
the ring-opening reaction of fluoroalkylidene 7 substituted with an adenine was explored to access to tetrasubstituted
alkene 8 (Scheme 2). This latter was obtained from 3-oxetanone and an appropriate sulfone 6 engaged in the modified
Julia reaction to afford oxetane 7 in 76% vyield.”® %1 From compound 7 the reaction was conducted in the presence of
TBAB (BusNBr) as bromide source and a Lewis acid (BF3-Et20). To our delight, the corresponding allylic derivatives 8 was
obtained in high yield (72%) and with an excellent E-selectivity up to 9:1 (Scheme 2).57
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Scheme 2. Preparation of tetra-substituted fluoroalkene derivative by ring-opening reaction. (a) LIHMDS, 3-oxetanone, THF, =78 °C to 20 °C, 4 h,
76%. (b) TBAB, BF3-OEt2, CH2Clz, —20 °C, 3 h, 72%.

To access to the final target compound 5, the preparation of fluorinated azide 10 was realized from tetrasubstituted (E)-
alkene 8. The substitution of the bromine atom was performed with KOAc to afford intermediate acetylated alcohol 9,
which was mesylated then treated with NaNs to give azide 10 in 74% overall yield. Finally, the expected fluorinated triazolyl
11 was obtained in 79% yield from 10 and N-Boc 4-amino-pentynone. Compound 11 was treated by an acidic methanolic
solution to give 5 in 76% yield (Scheme 3).
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Scheme 3. Preparation of triazolyl derivatives in F-series. (a) KOAc, DMF, 20 °C, 16 h, 86%. (b) MsClI, EtsN, CH2Cl2, 0 °C, 2 h, (c) NaN3, DMF,
20 °C, 12 h, 74% (2 steps). (d) N-Boc-amino-pentynone, CuS04.5H20, sodium ascorbate, -BuOH, H20, 40 °C, 24 h, 79%. (d) HClaq (3N), MeOH,
20 °C, 20 h, 76%.

The preparation of non-fluorinated trans-butenyl series was investigated. The disubstituted (E)-
butenyl derivative 13 was easily obtained in one step in 60% yield by an olefin cross-metathesis
reaction from allylic alcohol and N-allyl N-Bocz-adenine 12, following previous reported
methods (Scheme 4).1*81 However, the preparation of alkene 20 cannot be performed by an
olefin cross-metathesis reaction due to a moderate control of the carbon-carbon double bond
geometry. Thus, the ring-opening reaction of alkylidene oxetane 19 was tested. To access to 19
the olefination reaction of 3-oxetanone was not successful,*® and compound 19 was prepared
from the known carboxylic ester 14 (Scheme 4). Ester 14 was transformed in sulfoxide 18 in
four steps in 60% overall yield, including a thiol conjugate addition and the adenine
introduction steps. The intermediate sulfoxide 18 was submitted to elimination of sulfenic acid
to install the required carbon-carbon double bond. A fast elimination reaction was observed
when this sulfoxide 18 was heated at 160 °C under micro-wave irradiation (200 W) over 45
minutes to afford the expected alkylidene oxetane 19 in 74% yield.

The oxetane ring-opening reaction was studied from 19 and conducted following our reported
procedure (HBr 33% in AcOH, TBAB).*?!In this case, the reaction was selective and when



performed with 19 the (E)-bromoalcohol 20 was obtained exclusively in good yield (77%),
the Z isomer was not detected in the crude.
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Scheme 4. Preparation of alkenes by ring-opening reaction and metathesis. *Conditions: (a)
PhSH, TBAF cat, THF, 20 °C, 12 h, 89%. (b) LiAlH4, THF, 20 °C, 2 h, 88%. (c) N®-(Boc):-
Adenine, DIAD, PPh;, THF, 20 °C, 12 h, 90%. (d) NalO4, MeOH/H20 (5:1), 40 °C, 12 h,
85%. (e) 160 °C, 45 mn, toluene, MW, 200 W, 74%. (f) HBr, AcOH, TBAB, CH>Cl,, Et,0O, —
20°C, 1 h, 77%. (g) Allylic alcohol, Grubb’s II (10 mol%), CH2Cla, 40 °C, 16 h, 60%.

The incorporation of the triazolyl linker was investigated from these alkenyl derivatives 20
and 13 (Scheme 5). From bromide 20 the direct introduction of the azide function with NaNj3
led to a mixture of primary and secondary azides 21a and 21b in 92% yield (64/36 ratio) due
to a competitive azide-sigmatropic rearrangement.[4"]
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Scheme 5. Preparation of triazolyl derivatives in H-series. (a) for 20: NaN3, DMF 20 °C, 12
h, 92%. (b) for 13: (b) MsCl, Et;N, CH2Cla, 0 °C, 2 h. (¢) NaN3, DMF 20 °C, 12 h, 90% (2
steps). (d) N-Boc-amino-pentynone, CuSO4.5H>0, sodium ascorbate, t-BuOH, H>O, 40 °C, 24
h, 52-69%. (e) HClaq (3N), MeOH, 20 °C, 20 h, 70-82%.

From alcohol 13, the preparation of the intermediate mesylate was achieved prior to the azide
substitution reaction. Again, during the treatment of the intermediate mesylate with NaN3 an
azide-sigmatropic rearrangement occurred to give a mixture of 22a and 22b (74/26 ratio) in
90% vyield. In these two cases, the separation of the azides was difficult and the mixture of
isomers was submitted to the next step without further purification. The mixtures of azides
21a,b and 22a,b were engaged in the cycloaddition reaction with N-Boc 4-amino-pentynone to
give a mixture of corresponding triazolyl derivatives, which were easily separated by flash
chromatography. Finally, triazolyl derivatives 23 and 24 were isolated in 52% and 69% yields,
respectively. Triazolyl derivatives 23, 24 were fully deprotected with HCI (3N) in MeOH to
afford compounds 25 and 26 in 70-82% yields.

Finally, a last series was prepared containing the alkyl chain of the acyclovir. The triazolyl
acyclonucleoside 32 containing an alkylether chain was prepared following a similar approach
(Scheme 6). Alcohol 27 was transformed into the corresponding azide 30 after formation of the
intermediate mesylate. This latter involved in the 1,3-cycloaddition reaction gave the triazolyl
derivative 31, and the expected acyclonucleoside analogue 32 after cleavage of the protecting
groups. Having in hand the acyclonucleosides 5, 25, 26, 32 their inhibitory activity towards
DItA enzyme was evaluated and compared to the corresponding nucleosides.
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Scheme 6. Preparation of triazolyl derivative. (a) Né-(Boc).-Adenine, NaH, THF, 20 °C, 6 h, 62%. (b) K2CO3, MeOH, 20 °C, 0.5 h, 67%. (c) MsCl,
EtsN, CH2Cl2, 20 °C, 2 h. (d) NaNs, DMF, 85 °C, 4 h, 80% (2 steps). (d) N-Boc-amino-pentynone, CuS0O4.5H20, sodium ascorbate, -BuOH, H20,
40 °C, 24 h, 75%. (e) TFA, H20, CH2Clz, 20 °C, 5 h, 84%.

Biological evaluation.®¥ The inhibition activities of all new compounds towards DItA enzyme (Enterroccus faecalis) were
investigated and the values were compared to nucleoside 33 and triazolyl 34 (Table 1). The inhibition activity of compound
34 was evaluated and it appeared that the introduction of a triazolyl ring did not perturb the activity. Indeed, compound 34
appeared as potent inhibitor as acylsulfamate 33 with an ICso value of 3.4 uM. The replacement of the ribosyl ring by a
fluoro trans-butenyl moiety was also well tolerated and compound 5 was recognized by the DItA enzyme. In the case of
triazolyl 5 an ICso value of 7.4 uM was obtained, slightly higher to the value observed with adenosine derivative 34. This
first example of the use of fluorinated acyclonucleoside shows clearly that the fluorobutenyl moiety can be considered as
a surrogate of the ribosyl moiety of nucleoside in view of the observed ICso. The ICso values observed for triazolyl



derivatives 25 and 26 (10.5 puM and 13.8 uM, respectively), confirmed the mimicry between a butenyl moiety and a ribosyl
ring of a nucleoside. In the present case the carbon-carbon double bond is crucial to improve the activity of
acyclonucleosides, as reported for thymidylate kinase trans-butenyl substrates.?>?"l Indeed, the acyclic analogue 32
containing an alkylether chain (2-oxa-butyl) instead of a (fluoro)alkenyl chain was the less efficient inhibitor of DItA enzyme
with an inhibition constant of 20.1 uM. This lost in activity was probably related to the high flexibility of the alkyl chain
allowing conformational changes. Importantly, the presence of the hydroxymethyl function onto the carbon-carbon double
bond is also essential to improve the activity of butenyl derivatives (25 vs 26), and the presence of a fluorine atom appeared
to be benefit. The (E)-fluorobutenyl moiety appeared as the best nucleoside mimic in the butenyl series (25 vs 5).

Table 1. Measured ICso values of compounds 3-8 towards DItA of E. faecalis.
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[a] Determined with the HCI salts for compounds 5, 25, 26 and CF3COOH salts for compounds 33, 34, 32.

Conclusion

The selective ring-opening reaction of oxetane opened a direct access to tri- and tetrasubstituted allylic bromoalcohol in
high E selectivity. These were involved in the synthesis of modified nucleosides in few steps. Some representative
compounds revelated an inhibitory activity towards DItA enzyme close to the original nucleosides used in this study. In
particular an acyclonucleoside containing an undescribed (fluoro)-alkenyl backbone instead of a ribose ring appears as
efficient as a triazolyl nucleoside. This fluorinated backbone would be considered as a new nucleoside surrogate.

Experimental Section

General procedure for Oxetane Ring Opening Reaction of compounds (7) and (19).



(Method A): To a solution of alkylidene-oxetane (1 equiv.) in CH2Cl2/Et20 (0.05 M, 4:10, v/v) was added nBu4Br (2.5 equiv.). A solution of
33% HBrin AcOH (1 equiv.) was added dropwise to the previous solution at —20 °C. The mixture was stirred for 1 h then the mixture was
quenched with an aqueous solution of saturated NaHCOs. The aqueous layer was extracted three times with EtOAc then combined organic
layers was washed with brine/H20 (1:1), dried over MgSOsq, filtered and concentrated under reduced pressure.

(Method B): To a solution of alkylidene-oxetane (1 equiv.) in CH2Cl2 (0.03 M) was added nBusBr (2.5 equiv.) followed by addition of
BF3.0Et2 (1.2 equiv.) to the previous solution at —20 °C. The mixture was stirred for 3 h then the mixture was quenched with an aqueous
solution of saturated NaHCOs. The aqueous layer was extracted three times with Et2O then combined organic layers was washed with
brine/H20 (1:1), dried over MgSOs, filtered and concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel to give bromo-alcohol.

N&,Né-Bis(tert-butoxycarbonyl)-(E)-(9-(4-bromo-2-fluoro-3-(hydroxymethyl)but-2-en-1-yl)-9H-purin-6-amine  (8). The general
procedure for Oxetane Ring Opening Reaction (Method B) was followed with (fluoro)alkenyl-oxetane 7 (128 mg, 0.29 mmol), nBuBr (242
mg, 0.73 mmol) and BF3.Et20 (45 pL, 0.35 mmol) in CH2Clz (10.8 mL). The crude product was purified by column chromatography on
silica gel (Eluent Pentane/EtOAc 4:6) to give (E)-8 (110 mg, 0.21 mmol, 72%) as a colorless oil. 'H NMR (500 MHz, CDCls) & 1.44 (s,
18H), 4.36 (d, J = 3.2 Hz, 2H), 4.44 (d, J = 1.1 Hz, 2H), 5.11 (d, J = 21.6 Hz, 2H), 8.17 (s, 1H), 8.85 (s, 1H); '°F NMR (470 MHz, CDCl3) &
—-107.8 (t, J= 21.6 Hz, 1F); '3C NMR (125 MHz, CDCl3)  153.2, 152.6, 151.8 (d, J = 258.9 Hz), 150.7, 150.6, 144.3, 128.5, 121.1 (d, J =
15.2 Hz), 84.1, 56.4 (d, J = 8.1 Hz), 41.0 (d, J = 30.1 Hz), 28.0, 26.8 (d, J = 9.1 Hz); HRMS (ESI) m/z [M + H]* calcd for C20H2sBrFNsOs,
516.1258; found 516.1255.

N&,Né-Bis(tert-butoxycarbonyl)-(E)-(9-(4-bromo-3-(hydroxymethyl) but-2-en-1-yl)-9H-purin-6-amine (20). The general procedure for
Oxetane Ring Opening Reaction (Method A) was followed with alkenyl-oxetane 19 (325 mg, 0.78 mmol), tetra-n-butylammonium bromide
(628 mg, 1.95 mmol) and HBr (33% wt) in AcOH (0.13 mL, 0.78 mmol) in CH2Cl2/Et20 (4:12 mL). The crude product was purified by
column chromatography on silica gel (Eluent EtOAc/Pentane 8:2) to give (E)-20 (300 mg, 0.60 mmol, 77%) as a colorless oil. '"H NMR
(500 MHz, CDCls) 5 8.82 (s, 1H), 8.11 (s, 1H), 5.79 (t, J = 7.8 Hz, 1H), 5.06 (d, J = 7.8 Hz, 2H), 4.54 (s, 2H), 4.04 (s, 2H), 1.47 (s, 18H);
3C NMR (125 MHz, CDCl3) & 152.8, 151.9, 150.9, 150.6, 144.7, 142.8, 129.4, 124.1, 84.2, 58.7, 41.8, 35.2, 27.9; HRMS (ESI) m/z [M +
H]* calcd for C20H29N505Br, 498.1352; found 498.1349.

All experimental details are provided in the Supporting Information, including details on a) reaction condition; b) analytical data, 'H, '3C
and "°F NMR spectroscopy, high-resolution mass spectrometry; and ¢) NMR spectra for all compounds.

Acknowledgements

This work was supported by the Agence National de la Recherche the DALATAR project
(ANR-19-CE18-0008) and the excellence laboratory LabEx SYNORG (ANR-11-LABX-
0029), the Conseil Régional de Normandie and ERDF funding.

[1] M. F. Chellat, L. Raguz, R. Riedl, Angew. Chem. Int. Ed. 2016, 55, 6600—6626.

[2] N. Bischofberger, M. Hitchcock, M. S. Chen, D. B. Barkhimer, K. C. Cundy, K. M. Kent, S. A. Lacy, W. A. Lee, Z-H. Li, D. B. Mendel,
Antimicrob. Agents Chemother. 1994, 38, 2387-2391.

[3] a) G. B. Evans, P. C. Tyler, V. L. Schramm, ACS Infect. Dis. 2018, 4, 107-117; b) K. Izawa, J. L. Acena, J. Wang, V. A. Soloshonok, H. Liu,
Eur. J. Org. chem. 2016, 8-16.

[4] M-S. Xie, H-Y. Niu, G-R. Qu, H-M. Guo, Tetrahedron Lett. 2014, 55, 7156—-7166.

[5] B. Roy, A. Depaix, C. Périgaud, S. Peyrottes, Chem. Rev. 2016, 116, 7854—7898.

[6] U. Pradere, E. C. Garnier-Amblard, S. J. Coats, F. Amblard, R. F. Schinazi, Chem. Rev. 2014, 114, 9154-9218.

[7] M. Kasthuri, C. ElI Amri, V. Lefort, C. Périgaud, S. Peyrottes, New J. Chem. 2014, 38, 4736-4742.

[8] T. Cheviet, S. Wein, G. Bourchenin, M. Lagacherie, C. Périgaud, R. Cerdan, S. Peyrottes, J. Med. Chem. 2020, 63, 8069-8087.

[9] T. Cheviet, |. Lefebvre-Tournier, S. Wein, S. Peyrottes, J. Med. Chem. 2019, 62, 8365-8391.

[10] V.L.Schramm, Chem. Rev. 2018, 118, 11194—11258.

[11] K. Z. Hazleton, M.-C. Ho, M. B. Cassera, K. Clinch, D. R. Crump, |. Rosario, E. F. Merino, S. C. Almo, P. C. Tyler, V. L. Schramm, Chem.
Biol. 2012, 19, 721-730.

[12] A. Parchina, M. Froeyen, L. Margamuljana, J. Rozenski, S. De Jonghe, Y. Briers, R. Lavigne, P. Herdewijn, E. Lescrinier, ChemMedChem.
2013, 8, 1373-1383.

[13] D.T.Keough, S. J. Wun, O. Baszczynski, W. S. Eng, P. Spacek, S. Panjikar, L. Naesens, R. Pohl, D. Rejman, D. Hockova, R. L. Ferrero, L.
W. Guddat, J. Med. Chem. 2021, 64, 5710-5729.

[14] A-l. Hernandez, J. Balzarini, A. Karlsson, M-J. Camarasa, M-J. Pérez-Pérez, J. Med. Chem. 2002, 45, 4254—-4263.

[15] F.Bravo, A. Viso, S. Castillon, J. Org. Chem. 2003, 68, 1172—-1175.

[16] E. A. Shirokova, N. B. Tarussova, A. V. Shipitsin, D. G. Semizarov, A. A. Krayevsky, J. Med. Chem. 1994, 37, 3739-3748.

[17] H.Choo, J. R. Beadle, E. R. Kern, M. N. Prichard, K. A. Keith, C. B. Hartline, J. Trahan, K. A. Aldern, B. E. Korba, K. Y. Hostetler, Antimicrob.
Agents Chemother. 2007, 51, 611-615.

[18] H. Choo, J. R. Beadle, Y. Chong, J. Trahan, K.Y. Hostetler, Bioorg. Med. Chem. 2007, 15, 1771-1779.

[19] D.R. Borcherding, S. Narayanan, M. Hasobe, J. G. McKee, B. T. Keller, R. T. Borchardt, J. Med. Chem. 1988, 31, 1729-1738.



[20]

[21]

[22]

[23]

[24]
[25]
[26]
[27]
[28]
[29]

[30]
[31]

[32]
[33]

[34]
[33]
[36]
[37]
[38]

[39]
[40]

D. Topalis, H. Kumamoto, M-F. A. Velasco, L. Dugué, A. Haouz, J. A. C. Alexandre, S. Gallois-Montbrun, P. M. Alzari, S. Pochet, L. A.
Agrofoglio, D. Deville-Bonne, FEBS J. 2007, 274, 3704-3714.

D. Topalis, U. Pradére, V. Roy, C. Caillat, A. Azzouzi, J. Broggi, R. Snoeck, G. Andrei, J. Lin, S. Eriksson, J. A. C. Alexandre, C. EI-Amri, D.
Deville-Bonne, P. Meyer, J. Balzarini, L. A. Agrofoglio, J. Med. Chem. 2011, 54, 222-232.

T. Abuduaini, V. Roy, J. Marlet, C. Gaudin-Graffin, D. Brand, C. Baronti, F. Touret, B. Coutard, T. R. McBrayer, R. F. Schinazi, L. A. Agrofoglio,
Molecules 2021, 26, 1493.

a) S. Miyahara, H. Miyakoshi, T. Yokogawa, K. T. Chong, J. Taguchi, T. Muto, K. Endoh, W. Yanao, T. Wakasa, H. Ueno, Y. Takao, A.
Fujioka, A. Hashimoto, K. Itou, K. Yamamura, M. Nomura, H. Nagasawa, S. Shuto, M. Fukuoka, J. Med. Chem. 2012, 55, 5483-5496. b) M.
Varada, N. D. Erande, V. A. Kumar, RSC Adv. 2015, 5, 97825-97830.

For a recent review see: S. Pal, G. Chandra, S. Patel, S. Sungh, Chem. Rec. 2022, €202100335.

M-H. Choi, C-K. Lee, L. S. Jeong, M. W. Chun, H-D. Kim, Nucleosides Nucleotides and Nucleic Acids 2001, 20, 681-684.

Q. Shen, J. H. Hong, Nucleosides Nucleotides and Nucleic Acids 2008, 27, 213-223.

M-H. Choi, H-D. Kim, Arch. Pharm. Res. 1997, 20, 501-506.

A. Prunier, C. Calata, J. Legros, J. Maddaluno, E. Pfund, T. Lequeux, J. Org. Chem. 2013, 78, 8083-8097.

S. Mahmoud, H. Li, T. R. McBrayer, L. Bassit, S. F. Hammad, S. J. Coats, F. Amblard, R. F. Schinazi, Nucleosides Nucleotides and Nucleic
Acids 2017, 36, 66-82.

G. Landelle, M. Bergeron, M-O. Turcotte-Savard, J-F. Paquin, Chem. Soc. Rev. 2011, 40, 2867-2908.

a) S. Fustero, A. Simon-Fuentes, P. Barrio, G. Haufe, Chem. Rev. 2015, 115, 871-930. b) A. Nouaille, X. Pannecoucke, T. Poisson, S.
Couve-Bonnaire, Adv. Synth. Catal. 2021, 363, 2140-2147.

C. Q. Fontenelle, T. Thierry, R. Laporte, E. Pfund, T. Lequeux, Beilstein J. Org. Chem. 2020, 16, 1936—1946.

D. Coupri, A. Budin-Vernueil, A. Hartke, A. Benachour, L. Léger, T. Lequeux, E. Pfund, N. Verneuil, J. Antimicrob. Chemother. 2019, 74,
3162-3169.

D. Coupri, N. Verneuil, A. Hartke, A. Liebaut, T. Lequeux, E. Pfund, A. Budin-Vernueil, J. Antimicrob. Chemother. 2021, 76, 2778-2786.

J. J. May, R. Finking, F. Wiegeshoff T. T. Weber, N. Bandur, U. Koert, M. A. Marahiel, FEBS J. 2005, 272, 2993-3003.

R. Laporte, A. Prunier, E. Pfund, V. Roy, L. A. Agrofoglio, T. Lequeux, Eur. J. Org. Chem. 2015, 3121-3128.

Alkene geometry was confirmed by NMR experiments [see Supporting Information for detail).

a) O. Sari, M. Hamada, V. Roy, S. P. Nolan, L. A. Agrofoglio, Org. Lett. 2013, 15, 4390-4393. b) F. Amblard, V. Aucagne, P. Guenot, R. F.
Schinazi, L. A. Agrofoglio, Bioorg. Med. Chem. 2005, 13, 1239—-1248.

Direct olefination reaction of 3-oxetanone gave 21 in 24-37%.

A. K. Feldman, B. Colasson, K. B. Sharpless, V. V. Fokin, J. Am. Chem. Soc. 2005, 127, 13444—-13445.



