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1. Summary of Typical Strategies for Synthesis of Favipiravir

The first strategy-route, developed by FUJIFILM Toyama Chemical Company in 2000, involved
seven reaction steps from methyl 3-amino-6-bromopyrazine-2-carboxylate with a poor overall
yield of 2 % (route a in Scheme 1A, A in Scheme 1S)'** and serious limitation to scale. The
second-generation strategy, also was developed by Toyoma Company and the strategy consisted
of five-step route from 3-hydroxypyrazine-2-carboxamide, which was scalable with a better
overall yield of 17%, but two purifications by column chromatography were needed (route b in
Scheme 1A, B in Scheme 1S).!3 A improvements of the second-generation route provided a
scalable six-step route to favipiravir in 33% yield with the use of the commercially available
aminomalonic acid diamide (route ¢ in Scheme 1A, C in Scheme S1).1:¢ However, that second
generation strategy involves the formation of a high skin irritant and volatile compound like 3,6-
difluoropyrazine-2-carbonitrile, which required of the use of a special equipment for handling.
Then, a third-generation route (nine-step route) was developed by Toyama in 2013, focusing on
the construction of pyrazine core from simple and inexpensive starting materials such as ethyl
diethoxyacetate and amino-acetonitrile with an overall yield of 9 %.!-% Nevertheless, the multiple
step-synthetic route (nine step-reaction), lower yield and unpractical isolation of their
intermediates became to the third generation in a less attractive synthetic strategy than the second-
generation route.

In general, the routes a, b, and ¢, that were developed between 2000 and 2013, are considered
as the main synthetic strategies for the synthesis of favipiravir with scalable industrial production
(Scheme 1S).! However, they involve multiple steps (five to seven steps) with poor or modest
overall reaction yields (2 to 33 %) as well as multiple drawbacks including column
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chromatography to purify intermediates, generation of toxic and volatile intermediate (e.g. 3,6-
difluoropyrazine-2-carbonitrile, Scheme 1S), limitation to scale some reaction step, the use of
unfriendly agents (e.g. Olha's reagent (pyridine-HF), phosphorous oxychloride) or high-cost
catalyst (e.g. (S)-BINAP)) and the use of class II solvents (e.g. acetonitrile, methanol).! To
minimize the mentioned disadvantages, some new strategies have been developed. Recently, J.
Zheng and co-workers disclosed an attractive three-step strategy from 6-nitro-3-hydroxy-2-
acetamidepyrazine (route d, Scheme 1A) with an overall yield by about 34 %.!7 From the
academy, six-step strategies with overall yields from 18 to 22 % have been developed (routes e
and f, Scheme 1A).%° More advances are directed to the facile preparation of the 6-bromo-3-
hydroxy-2-acetamidepyrazine intermediate or toward the facile conversion of 3,6-
dichloropyrazine-2-carbonitrile to favipiravir to elude the skin irritant 3,6-fluoropyrazine-2-

carbonitrile.!
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A) First generation Toyoma's strategy
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B) Second generation Toyoma's strategy
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Scheme S1. First (A) and second (B and C) generation strategies for the synthesis of favipiravir.
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A) Route d of Chart 1 (Liu Feng, 2017)
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B) Route d of Chart 1 (Liu Feng, 2017)
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C) Route f of Chart 1 (Y. Xie, 2019)
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Scheme S2. Detailed synthetic routes d, e and f for the synthesis of favipiravir shown in Scheme

1A.
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2. General Considerations and Reaction Procedures

2.1. General Information

Reagents and solvents were purchased at the highest commercial quality and used without
purification. Reactions were monitored by fluorometric measurements taken advantage on the high
fluorescence of the favipiravir product.!® Maximum fluorescence was measured at 430 nm
emission band upon 360 excitation band. Conversion percentage was determined from
corresponding calibration curve of fluorescence for favipiravir. Fluorescence was recorded on a
Thermo Scientific Varioskans Flash Multimode instrument for air-equilibrated solutions at 25 °C.
Conversion percentage were corroborated HPLC-UV (Reverse phase-high performance liquid
chromatography (RP-HPLC) on an Agilent 1200 Series Infinity Star equipped with GABI detector,
a UV detector and a ThermoScientific Hypersil ODS reverse phase C18 column (300 mm % 4.6 x
10 microns). The measurements were performed using an isocratic mode (flow rate 1 mL/min) and
mobile phase consisted of a mixture of phosphate buffer 0.05 M, pH 5.1 (40 %) and acetonitrile
(60 %). The injection volume was 30 pL and, the detection was performed at a wavelength of 340
nm. The reaction yields percent are derived from two separated experiments. NMR spectra were
recorded on a 400 MHz NMR-spectrometer (Bruker-400) and calibrated using residual
undeuterated solvent as an internal reference (CDClz: 'TH NMR: 7.26 ppm, 3C-NMR: 77.16 ppm;
DMF-D;: '"H-NMR: 8.04 ppm (CH) and 2.93/2.77 (CH3), 3C-NMR: 166.22 and 34.66/29.58 ppm,;
D,0: 'H-NMR: 4.60 ppm; CD;0D: 'H-NMR: 4.63 (OH) and 3.32 (CH3) ppm, '3C-NMR: 47.60
ppm); acetone-ds: '"H-NMR: 2.07 ppm, 3C-NMR: 205.57 and 28.94 ppm). NMR spectroscopy
data was obtained either from 1D-experiments such as 'TH-NMR, 3C-NMR, '"F-NMR or from 2D
experiments such as 'H/'H-COSY, 'H/C-HSQC, 'H/'*C-HMBC, 'H/"F-HETEROCOSY,
'H/N-HMBC. Multiplicity is indicated as follows: s (singlet), d (doublet), t (triplet), m
(multiplet), dd (doublet of doublets), brs (broad singlet); chemical shifts were measured in parts
per million (&) and coupling constant (J) are given in Hz. The mass spectra (MS) were recorded
on a Shimadzu DI-2010 instrument using the electron impact mode (70 eV ionizing voltage). Mass

spectra are presented as m/z (% rel int.).
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2.2. Synthesis of Intermediates

2.2.1. Synthesis of 3-hydroxy-pyrazine-2-carboxamide 1a'!!

H3PO4/NaOH N Q
j: rj\ i) NaOH [ fJ\NH
i) HCI (c) N~ O
H 1a

The starting pyrazine 1a was prepared following a reported protocol with a few modifications.!!

2-Amino malondiamida (2 g, 17.1 mmol, 1 eq) was added into a phosphate buffer solution (12
mL) constituted by 0.3 g of NaOH (7.5 mmol, 0.44 eq), 0.4 g de H3;PO,4 85 % (4.1 mmol, 0.24 eq).
Subsequently, NaOH (0.76 g, 19 mmol, 1.1 eq) dissolved in water (2 mL) and glioxal 40% (2.64
g, 45.5 mmol, 2.7 eq.) were added to the mixture. The reaction mixture was stirred at room
temperature for 1 hour. Then, concentrated hydrochloric acid (0.5 mL) was added, the mixture was
heated at 80 °C for 2 h. When the reaction was completed, hydrochloric acid (30 mL, 3 M) was
added. The reaction was cooled at room temperature and the resulting precipitate was collected,
dried in vacuum to give a beige solid (1.9 g, 80 %). The data matches those previously reported.!
Rf.: 0.2 (AcOEt). M.p.: 247-250 °C (dec.) (Lit.! 251-253 °C). 'H-NMR (400 MHz, DMSO-dj): 4
7.80-8.30 (m, 3H); 8.71 (s, 1H); 13.36 (s, 1H). 3C-NMR (100 MHz, DMSO-dy): 6 167.36; 159.68;
140.10 (CH); 130.24 (CH); 122.02. EI-MS ([M]"): 139.04. Found: 139.10.
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ure S1. "H-NMR of starting 3-hydroxy-pyrazine-2-carboxamide 1a in DMSO-dj.
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Figure S2. 3C-NMR of starting 3-hydroxy-pyrazine-2-carboxamide 1a in DMSO-dj.
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Figure S3. 2D-'H/'H-COSY of 3-hydroxy-pyrazine-2-carboxamide 1a in DMSO-d.
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Figure S4. 2D-'H/13C-HSQC of 3-hydroxy-pyrazine-2-carboxamide 1a in DMSO-dj.

S9

1 (ppm)



Ch BC3 C\GCMSsolution\Data'Organica\Ming\BC3.qed

1,336,333

mmn
Spectrum

Line#:1 R Tume:2.185(Scan#:262)

MassPeaks:89

RawMode: Averaged 1.510-3.018(181-362) BasePeak:139(183081)
BG Mode:Averaged 2.993-9.902(359-1188) Group 1 - Event |

100

wal o8 13 o

R0

bl .o [ N NH;

40

44 11
3 “ 2 -
T | 8 1
I T

‘]-“1 | ‘

T T T T T T T T T
30 40 50 60 70 80 90 100 1o 120 130 140 150 160 170 180 190

Fo
B
5
z
F3

Mass Tal o
Line#:1 R.Time:2.185(Scan#:262)
MassPeaks:89

RawMode:Averaged 1.510-3.018(181-362) BasePeak:139(183081)
BG Mode:Averaged 2.993-9.902(359-1188) Group 1 - Event 1

# m/z Abs. Int. Rel. Int. # m/z Abs. Int. Rel. Int. # m/z Abs. Int. Rel. Int.
1 37.05 185 0.10 22 61.00 560 0.31 43 86.05 501 0.27
2 38.00 5510 3.01 23 63.95 33 0.18 44 87.00 324 0.18
3 39.00 12955 7.08 24 65.00 1193 0.65 45 92.00 282 0.15
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6 41.95 20479 11.19 27 68.05 168528 92.05 48 95.00 35247 19.25
7 43.05 8919 4.87 28 69.00 19170 10.47 49 96.00 31254 17.07
8 43.95 43530 23.78 29 70.05 1385 0.76 50 97.05 3526 1.93
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Figure S5. Chromatogram, EI-MS spectrum and data of 3-hydroxy-pyrazine-2-carboxamide 1a.
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2.2.2. Synthesis of 3-(methoxy)pyrazine-2-carboxamide 1b
O
Nop N TRAMH,SO, NS NH,
(L (.
N~ OMe N~ "OMe
1b’ 1b

The compound 1b was prepared following a reported protocol with a few modifications.!>? A

solution of 0.3 mmol of 3-methoxypyrazine-2-carbonitrile in a ca. 0.6 mL mixture of TFA-H,SO4
(4:1, v/v) was stirred either at room temperature. The progress of the reaction in each case was
monitored by TLC analysis. After completion of the reaction, the reaction mixture was poured into
ice-cold water. Then, reaction mixture was extracted with dichlorometane, and purified by a flash
chromatography. The resulting solution was dried in vacuum to give a white solid (0.034 g, 85 %).
Rf.: 0.9 (AcOEt). 'H-NMR (400 MHz, CDCls): 6 8.30 (d, 1H, J= 8.0); 8.20 (s, 1H); 4.10 (s, 3H).
I3C-NMR (100 MHz, CDCl3): 6 164.95; 159.34; 144.37 (CH); 135.70 (CH); 133.70; 54.58 (CH3).
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Figure S6. 'H-NMR of 3-methoxy-pyrazine-2-carboxamide 1b in CDCl;.
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Figure S7. Ampliation of 'H-NMR of 3-methoxy-pyrazine-2-carboxamide 1b in CDCls.
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Figure S8a. 3C-NMR of 3-methoxy-pyrazine-2-carboxamide 1b in CDCls.
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Figure S8b. Ampliation of 3C-NMR of 3-methoxy-pyrazine-2-carboxamide 1b.

2.3. Optimization Procedure for Favipiravir Synthesis

3-Hydroxy-pyrazine-2-carboxamide (20 mg, 1 eq., 0.14 mmol) and fluorinating agent (0.8-2.4
eq., 0.12-0.28 mmol) were added in a sealed tube in presence of the corresponding solvent, then
the reaction mixture was stirred at 50-100 °C for 4-24 h. Selectfluor®, NFSI, N-fluoro-2,6-
dichloropyridinium, N-fluoro-2,4,6-trimethylpyridinium and silver (II) difluoride were employed
as fluorinating agent. Different solvents such as DCE, DMF, THF, dioxane, toluene, ethanol,
methanol, water, DCE-DMF and some ionic liquids (ILs) such BF;-BMIM, PF¢-BMIM and Cl-
BMIM were used. Range of temperatures including 50, 70, 80, 90 and 100 °C and reaction time of
4,8, 12 and 24 h were employed. Reactions were monitored by TLC with a solvent n-hexane/ethyl
acetate (7/3). Percentage of conversion was determined from fluorormetric measurements and

HPLC measurements through UV-Vis detection.
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2.3.1. Fluorescence Yield Measurement

The organic solvent was evaporated by vacuum and, resulting reaction mixture was diluted with
methanol/water (4:1) (5 mL). Resulting solid consisting of Selectfluor®, defluorinated
Selectfluor® (H-TEDA-BF,), starting pyrazine and “self-addition sub-product” 9 (Scheme 4A)
and fluoride salt were filtered and resulting solvent was used to prepare stock solutions. Then, 20
pL of this solution was diluted in water (2 mL) to prepare stock solution for fluorescence
measurements. In a 96-well microplate, 20 pL of stock solution was added to 180 pL of water and,
the fluorescence was recorded at 430 nm upon 360 nm excitation. This condition allowed us to
work in the linear range of calibration curve: fluorescence intensities from 30 to 1600 R.F.U. and
favipiravir concentrations from 0.098 to 25 uM. With calibration curve of the fluorescence of
favipiravir, amount of favipiravir of the reactions were determined and then, their conversion
percent to favipiravir were calculated. BF,-BMIM quenched discretely the fluorescence of the
favipiravir. Then, two calibration curves were performed: (i) one of them in presence of BF;-
BMIM and, (i1) other in absence of the IL, being each one of them depending on reaction
conditions (Figure S9A-B). Curve B (Figure S9) was employed for determining reaction yields for
reaction solution containing BF4~-BMIM, were calibration curve A was used for solution in absence
of ILs. Importantly, starting 3-hydroxy-pyrazine-2-carboxamide, Selectfluor® and H-TEDA-BF,

did not show fluorescence.
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Figure S9. Calibration curves for (A) solution in presence of BF4;~-BMIM or absence of BF4;~-BMIM

(B). Each point was derived from two separated experiments with a SD below 5 %.
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2.3.2. HPLC Yield Measurement

The organic solvent was evaporated by vacuum and, resulting reaction mixture was diluted with
methanol/water (4:1) (5§ mL). Resulting solid consisting of Selectfluor®, H-TEDA-BF,, starting
3-hydroxy-pyrazine-2-carboxamide, fluoride salt and other sub-products, i.e. “self-addition
subproduct” 9 (Scheme 4A), were filtered and resulting solvent was used to prepare stock
solutions. Stock solution of starting pyrazine also were prepared. Conversion percentages were

then determined from HPLC-UV/Vis analysis.

2.4. Effect of Water

General procedure: 3-Hydroxy-pyrazine-2-carboxamide or favipiravir (20 mg, 1 eq., 0.141 mmol)

and Selectfluor® agent (84 mg, 1.7 eq., 0.238 mmol) were added in a sealed tube in deuterated
water. Then, the reaction mixture was stirred at 80 °C for 24 h. Reactions were monitored by TLC
with a solvent n-hexane/ethyl acetate (7/3). Percentage of conversion was determined from
fluorometric and HPLC measurements. Some control experiments in deuterated water such as; (i)
favipiravir in presence of Seletfluor and water and, (ii) favipiravir only in presence of water under
heating, were performed. It is important to mention that favipiravir and 3-hydroxy-2-
pyrazinecarboxamide were inert in aqueous solution in absence of Selectfluor®. Only a smaller
traces of hydrolysis-product on carboxamide moiety was detected for favipiravir (blue spectrum

in Figures S10-S11), the rest of component was favipiravir.
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Figure S10. 'H-NMR of spectra of favipiravir upon water: (A) hydrolysis sub-product (blue

spectra) (spectra from trace product); (B) major product (green spectra) and (C) standard

favipiravir (red spectra).
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Figure S11. ""F-NMR spectra of favipiravir upon water: (A) hydrolysis sub-product (trace
product, blue spectra); (B) major product (green spectra) and (C) standard favipiravir (red spectra).
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From NMR experiments, a complete route was proposed for the decomposition of starting 3-
hydroxy-pyrazine-2-carboxamide or favipiravir in presence of Selectfluor® in aqueous solution
(Figure S12). Detection of fluoride anion, intermediates 2 (favipiravir), 3, 4, 7 and H-TEDA cation
allowed us to suggest that the decomposition of 3-hydroxy-pyrazine-2-carboxamide was favored
by a simultaneous mechanism of nucleophilic addition-electrophilic addition as depicted in Figure
S12. Intermediate 4 and 7 also were detected by treatment of favipiravir with Selectfluor® in
aqueous solution. This type of mechanism is very common in non-aromatic chemical systems
featuring a double bond and, it is favored by the presence of a nucleophile and electrophilic species
at same time in the reaction environment.!3-!” The 3-hydroxy-pyrazine-2-carboxamide can present
two tautomeric forms in turn to 3-hydroxy moiety: the enolic tautomer (1-E) and the ketonic
tautomer (1-K). This last can be taken as a pseudo-aromatic, which could be more susceptible to
simultaneous nucleophilic addition-electrophilic addition mechanism. Previously, we
demonstrated that either starting pyrazine or favipivarir were under ketonic tautomeric form in
aqueous solution.!® However, it is possible to suppose that the ketonic form react, whereas non
reacting enolic form regenerated the enoli-ketonic equilibrium to form further ketonic tautomer
until total consumption of the 3-hydroxy2-pyrazinecarboxamide. Then, the decomposition
initiated with nucleophilic addition of one water molecule at C5 of pyrazine and simultaneous
electrophilic addition to fluorine atom of Selectfluor® through C6 to form intermediate 3. That
intermediate was detected and possibly, the favipiravir is formed immediately through a
dehydration to give 2-K (favipiravir under keto-form in aqueous solution). The favipiravir is
detected in traces either in "TH-NMR spectrum (Hj, at 8.25 ppm (d, 8 Hz), Figure S17) or '’F-NMR
(-90.76 ppm, Figure S18). Subsequently, other simultaneous nucleophilic addition-electrophilic
addition mechanism occur on favipiravir to give intermediate 4, which also was detected in traces
from '"F-NMR by a two double doubletet (dd) at -143.23 ppm with constants coupling of 40 and
20 Hz (Figure S18, S23 and S24), which is in concordance with structure 4.!° Then, intermediate
4 dehydrogenates to intermediate 5, which suffers other simultaneous nucleophilic addition-
electrophilic addition to give intermediate 6. Subsequently, successive reactions led the final
decomposition to compound 7, oxalic acid (that was not detected from NMR) and fluoride anion
(F). Evidences of intermediate 7 were supported from '"H-NMR (Figure S13, S15, S17, S19 and
S20), 3C-NMR (Figure S21) and 2D-COSY. The triplet at 7.15 ppm can be attributed to no

equivalent NH-protons by intermolecular bonding (7 in Scheme 12), whereas small peak at 8.28
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ppm could be attributed to NH-hemiamidal proton. From '3C-NMR, a good correspondence was
found for structure of 7, having two peak at 118 and 167 ppm, which correspond to the hemiaminal
carbon, C-NH,(OH)(CONH;), and carboxamide carbons, respectively. The large intensity at 118
ppm also supports the existence of a hemiaminal carbon. From 2D-spectra, no H-H and C-H
correlations were identified from COSY and HSQC and HMBC experiments, respectively, which
is in good concordance with the structure of hemiaminal compound 7. Finally, fluoride anion was
analyzed from 'H-NMR, "F-NMR (Figure S14, S16, S18 and S22). Then, the 3-hydroxy-2-
pyrazinecarboxamide is not compatible for the direct fluorination with Selectfluor® in aqueous
solution. Complete spectra for favipiravir and 3-hydroxy-2-pyrazinecarboxamide in presence of
Selectfluor® in aqueous solution can be found in Figures S19-S27 and Figure S28-S31,
respectively. Interestingly, a partial decomposition of starting material to the intermediate 3 was
observed under basic media in aqueous solution with Selectfluor® (Fig. S32-S38), whereas a total

decomposition was favored in acidic environment (Fig. S39-S43).
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Figure S12. Decomposition of starting pyrazine and favipiravir in presence of Selectfluor® upon

water environment.
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Figure S13. 'H-NMR of favipiravir reaction in presence of Selectfluor® and water: (A) reaction
product (blue spectra); standard favipiravir (B) (green spectra) and Selectfluor® (C) (red spectra).
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Figure S14. 'F-NMR of favipiravir reaction in presence of Selectfluor® and water: (A) reaction
product (blue spectra); standard favipiravir (B) (green spectra) and Selectfluor® (C) (red spectra).
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Figure S16. 'H-NMR of favipiravir in reaction with Selectfluor® and H,O: (A) at 80 °C (blue
spectrum); (B) at 80 °C in BF4-BMIM (green spectrum) and, (C) at 25 °C (red spectrum).
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Figure S17. '"H-NMR of starting pyrazine in presence of Selectfluor® and H,O: reaction product
(blue spectra); standard Selectfluor® (cyan), favipiravir (green) and starting pyrazine (red).
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Figure S19. '"H-NMR of starting pyrazine in presence of Selectfluor® and water.
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Figure S20. Ampliation of "TH-NMR of starting pyrazine in presence of Selectfluor® and water.
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Figure S25. COSY of favipiravir in presence of Selectfluor® and water.
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Figure S26. '"H-'*C-HSQC of starting pyrazine in presence of Selectfluor® and water.
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Figure S27. '"H-13C-HMBC of starting pyrazine in presence of Selectfluor® and water.
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2.5. Effect of Acid and Base in Aqueous Solution
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Figure S28. 1H-NMR of starting pyrazme in presence of Selectfluor® and water.
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Figure S29. Ampliation of "TH-NMR of starting pyrazine in presence of Selectfluor® and water.
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Figure S30. ’"F-NMR of starting pyrazine in presence of Selectfluor® and water.

ar.35546_R7 PYR SF D20 BMIM MEJOR.5.1.1r 0g
AR PR7 e
F19CPD_lab D20 {C:\Espectros\HCerecetto} aumm?tirm 3

F1.90E+11

F1.80E+11

—-144.16
—-145.98

F1.70E+11

r1.60E+11

F1.50E+11

F1.40E+11

r1.30E+11

F1.20E+11

F1.10E+11

r1.00E+11

9.00E+10

8.00E+10

r7.00E+10

6.00E+10

5.00E+10

r4.00E+10

3.00E+10

r2.00E+10

r1.00E+10

-0.00E+00

r-1.00E+10

T T T T T T T T

T T T T T T T
-145.0 -145.4 -145.8 -146.2 -146.6 -147.0 -147.4

f1 (ppm)

Figure S31. Ampliation of "F-NMR of starting pyrazine in presence of Selectfluor® and water.
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Figure S32. '"H-NMR spectra of starting pyrazine with Selectfluor® in presence of K,COs.
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Figure S33. Ampliation of 'H-NMR spectra of pyrazine with Selectfluor® in presence of K,COs.
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e S34. ’F-NMR spectra of starting pyrazine with Selectfluor® in presence of K,COs.
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Figure S35. "’F-NMR spectra of starting pyrazine with Selectfluor® in presence of K,COs.
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Figure S36. '"H/'"H-COSY spectra of starting pyrazine with Selectfluor® in presence of K,COs.
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Figure S37. Ampliation of 'H/'H-COSY spectra of starting pyrazine with Selectfluor® in presence
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Figure S38. '"H/'3C-HSQC spectra of starting pyrazine with Selectfluor® in presence of K,CO;.
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Figure S39. 'H-NMR spectra of starting pyrazine with Selectfluor® in presence of TFA.
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Figure S40. Ampliation of'H-NMR spectra of starting pyrazine with Selectfluor® in presence of
TFA.
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Figure S41. "F-NMR spectra of starting pyrazine with Selectfluor® in presence of TFA.
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Figure S42. Ampliation of'’F-NMR spectra of starting pyrazine with Selectfluor® in TFA.
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Figure S43. "H/'H-COSY spectra of starting pyrazine with Selectfluor® in presence of TFA.

2.6. Effect of Fluorinating agent

The best conversion of 3-hydroxy-pyrazine-2-carboxamide to favipiravir was found by using
Selectfluor® with a reaction yield (50.08%) in BF4,-BMIM (entry 1, Table S1), which was
improved by 1.7-fold more than reaction in acetonitrile (entry 2, Table S1). The rest of fluorinating
agents showed so lower conversion than Selectfluor®, finding the best results for N-
fluorosulphoimide (NFSI) (11.12 %) in BF,-BMIM (entry 3, Table S1). N-Fluoropyridinums, N-
fluoro-2,6-dochloropyridinium and N-fluoro-2,4,6-trimtehylpyridinium, showed poor yields of
2.26 and 4.96 % (entries 7 and 11, Table S1), respectively, whereas only traces were detected from
silver (II) difluoride as fluorinating agent (entries 15-17, Table S1). BF4~-BMIM improved the
fluorination with NFSI and N-fluoropyridiums compared to those reaction performed in
acetonitrile or water (entries 5-6, 9-10 and 13-14, Table S1), but the fluorination was limited.
Increase of temperature did not improved the fluorination efficacy (entries 4, 8 and 12, Table S1).
The poor reactivity of N-fluoropyridinium supposed that the fluorination of 3-hydroxy-pyrazine-

2-carboxamide seems to be incompatible with ionic mechanism.
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Table S1. Effect of fluorinating agent

BF, F
fime % ,,0 .\,O F o Me N Me
[ ICONHZ - \[ ICONHZ N Fic S Ser, © \@ja »
Solvent F BF . F Z
T C), time Selectf?uor NFSI Py(Cl)-NF Py'(vl\llli)yNF
Entries Solvent? Fluorinating agente T (°C)® Yield (%)¢

1 BF,-BMIM (20 eq.) Selectfluor® (1.4) 80 50
2 MeCN Selectfluor® (1.4) 80 30
3 BF,-BMIM (20 eq.) NFSI (1.4) 80 11
4 BF,-BMIM (20 eq.) NFSI (1.4) 100 11
5 MeCN NFSI (1.4) 80 3
6 MeCN-H,0 (8 eq.) NFSI (1.4) 80 6
7 BF,-BMIM (20 eq.) Py(CI),NF (1.4) 80 2
8 BF,-BMIM (20 eq.) Py(CI),NF (1.4) 100 2
9 MeCN Py(CI),NF (1.4) 80 1
10 MeCN-H,O (8 eq.) Py(CI),NF (1.4) 80 3
11 BF,-BMIM (20 eq.) Py(Me);NF (1.4) 80 5
12 BF,-BMIM (20 eq.) Py(Me);NF (1.4) 100 4
13 MeCN Py(Me);NF (1.4) 80 2
14 MeCN-H,0 (8 eq.) Py(Me);NF (1.4) 80 5

15 MeCN AgF,(3.0) 25 Traces

16 THF AgF,(3.0) 25 Traces

17 MeCN AgF,-K,S,04(0.3) 25 Traces

BMIM: n-butyl-methylimidazolium. *The reactions in organic solvent were conducted at 0.1 M concentration. "Reactions were performed for 24

h. “Purification yield was determined from HPLC/UV-Vis and fluorescence measurements.

2.7. Effect of Metallic Catalyst and Additives

We explored the effect of metallic catalyst, that typically are used for radical fluorination by
using Selectfluor® such as AgNO; and CuSOy (entries 3 and 4, Table S2),'314 some Lewis acids
like Fe(IT), AICI;, BF5;-THF, Pb(AcO), and HgO (entries 5-14, Table S2), additives of ILs (entries
15-25, Table S2) and, a Bronsted acid (TFA) (entries 26-27, Table S2). The use of Lewis acids
sought to activate the N---F bond in Selectfluor® by direct interaction M---F---N and, the reactions
were performed in acetonitrile. ILs as additive were explored in order to develop a less-dependent
IL protocol for a more suitable scalable purpose. From the catalysts, silver (I) was the most
convenient giving a moderate reaction yield by about 46 %, followed by Pb(OAc), (40 %) and
AI(NO3); (38 %). Decrease in reaction yields were found for Cu (II) (17 %), Fe (II) (22 %), Hg
(IT) (24 %) and more for BF; (6 %). Lower reaction yields were obtained with decrease of reaction
temperature to percentages from 18 to 21 for the better catalyst of Ag (I), Pb (II) and Al (IIT)
(entries 10-12, Table S2). Use of pyridine as convenient radical initiator in presence of silver (I)'4

affected the fluorination compared to silver (I) as sole catalyst (entries 14-15, Table S2). With the
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IL as additive, BF;-BMIM provided improvements in reaction yield compared to reaction in
absence of the IL (entry 15 vs. entry 1, Table S2). PF¢-BMIM did not provided improvements
(entry 16, Table S2). Change of solvent did not provide improvements in reaction yields (entries
17-20, Table S2). Reduction of yield from 42 to 38 % was obtained with decrease of BF,-BMIM
quantity (entry 21, Table S2) and, interestingly, large amount of the IL (10 eq.) in acetonitrile lead
a significant decrease of reaction yield from 42 to 26 % (entry 22, Table S2). Regarding to
equivalent of Selectfluor®, 1.4 and 1.7 equivalent of Selectfluor® were appropriated for the
highest yields, whereas 2.0 equivalent did not provide improvements (entries 23-24, Table S2).
TFA as Lewis acid catalyst or additive increased barely the reaction yields compared to reaction

in without acid (entries 26-27, Table S2).

Table S2. Effect of metallic catalysts and additives

[ ICONHZ Selectfluor™ \[ ICONHZ

Hy MeCN, T (° C)
time, addltlve

Entries Solvent? Catalyts/additive Eq.SF T (°C) t(h) Yield (%)
1 MeCN None 1.7 80 24 31
2 BF,-BMIM (20 eq.) None 1.7 80 24 50
3 MeCN AgNO; (0.12 eq.) 1.4 80 24 46
4 MeCN CuSO0y4 (0.30 eq.) 1.4 80 24 17
5 MeCN BF; (0.6 eq.) 1.4 80 24 6
6 MeCN AI(NO3); (0.14 eq.) 1.4 80 24 38
7 MeCN HgO (0.30 eq.) 1.4 80 24 24
8 MeCN Pb(OAc), (0.14 eq.) 1.4 80 24 39
9 MeCN FeSO,4 (0.3 eq.) 1.4 80 24 24
10 MeCN AgNO; (0.12 eq.) 1.4 65 48 22
11 MeCN AI(NOs); (0.13 eq.) 1.4 65 48 19
12 MeCN Pb(OAc), (0.14 eq.) 1.4 65 48 17
13 MeCN AgNO; (0.12 eq.)-Py 1.4 80 24 22
14 MeCN AgNO;(0.12 eq.)-4DAMP 1.4 80 24 19
15 MeCN BF,-BMIM (2.0 eq.) 1.4 80 24 43
16 MeCN PF¢-BMIM (0.48 eq.) 1.4 80 24 32
17 DCE:DMF (10:1) BF,-BMIM (2.0 eq.) 1.4 80 24 5
18 THF BF;-BMIM (2.0 eq.) 1.4 80 24 9
19 Dioxane BF,-BMIM (2.0 eq.) 1.4 80 24 22

20 DMF BF,-BMIM (2.0 eq.) 1.4 80 24 21
21 MeCN BF,-BMIM (0.68 eq.) 1.4 80 24 38
22 MeCN BF,-BMIM (10 eq.) 1.4 80 24 26
23 MeCN BF,-BMIM (2.0 eq.) 1.7 80 24 42
24 MeCN BF,-BMIM (2.0 eq.) 2.0 80 24 35
25 MeCN BF,-BMIM (2.0 eq.) 1.4 65 48 23
26 MeCN TFA (0.39 eq.) 1.4 80 24 36
27 MeCN TFA (1.2 eq.) 1.4 80 24 36

BMIM: n-butyl-methylimidazolium; Py: pyridine, 4DAMP: N’,N'-dimethylaminopyridine. *The reactions in organic solvent were conducted at 0.1 M

concentration. PPurification yield was determined from HPLC/UV-Vis and fluorescence measurements.
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2.8.

Effect of Energy Source

Other energy source such as ultrasound, microwave and UV light were proven; however, not

improvements were found with respect to standard condition (entries 1-2, Table S3). Reaction

upon excitation under different conditions of temperature, solvent or fluorinating agent

(Selectfluor® or NFSI) did not lead improvements in reaction yields (entries 3-10, Table S3).

Ultrasound provided good results, more approximated to standard condition with reaction yield of

38 and 42% for acetonitrile-BF,-BMIM (2 eq.) and BF4~-BMIM (20 eq.), respectively, but it is not

an accurate solution regard to standard condition (50 %, entry 1, Table S3). Microwave tool

provided conversion of 20 % in 10 minutes, which was an improvement compared to the

prolongated times needed for conventional heating, but it is not represent an alternative for

obtaining accurate reaction yields (> 50 %). High energy and prolongation in times induced

decomposition of IL.

Tabla S3. Effect of energy source (ultrasound, MW and UV light)
CONH,

nEn F N\ CONH,
\[ I
/
Solvent N OH

(X

OH

energy source,

T (°C), time
Entry Solvent? F*-source (eq.) Eq. SF T (°C) t (h) Yield (%)"
1 MeCN SF (1.7) 1.7 80 24 31
2 BF,BMIM (20 eq.) SF (1.7) 1.7 80 24 50
3 BF,BMIM (20 eq.) SF (1.7 eq.) uv 70 12 29
4 BF,BMIM (20 eq.):40 eq H,O SF (1.7 eq.) uv 70 12 31
5 BF;BMIM (20 eq.):40 eq H,O SF (1.7 eq.) uv 50 12 19
6 DCE SF (1.7 eq.) uv 70 12 5
7 MeCN SF (1.7 eq.) uv 70 12 8
8 DMF SF (1.7 eq.) uv 70 12 6
9 BF,-BMIM (20 eq.) NFSI (1.5) uv 80 12 7
10 BF,-BMIM (20 eq.) NFSI (1.5) uv 70 24 6
11 BF,-BMIM (20 eq.) SF (1.7 eq.) Ultrasound 80 12 42
12 MeCN-BF4-BMIM (2 eq.) SF (1.7 eq.) Ultrasound 80 12 38
13 BF,-BMIM (20 eq.) SF (1.7 eq.) MW 80 10 min desc. IL
14 MeCN + BF4-BMIM (0.4 eq.) SF (1.7 eq.) MW 80 10 min 20
15 MeCN + BF4-BMIM (0.4 eq.) SF (1.7 eq.) MW 80 20 min. 15
16 MeCN SF (1.7 eq.) MW 80 10 min 4
17 MeCN-BF,-BMIM (0.4 eq.) NFSI (1.5) MW 80 10 min Traces

BMIM: n-butyl-methylimidazolium. *The reactions in organic solvent were conducted at 0.1 M concentration. Purification yield was determined

from HPLC/UV-Vis and fluorescence measurements.
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2.9. Fluorination Comparison Under Different Selectfluor® Quantities

From spectra S44 to S46, it should be noted that the efficacy of the reaction was clearly dependent
on the amount of Selectfluor®. The best conversion to favipiravir was appreciated to 1.7 equivalent

of Selectfluor®, followed by 1.5 and lowest ratio of favipiravir was observed by using 0.8

equivalent of fluorinating agent.
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Figure S44. Reaction of starting pyrazine with Selectfluor® (S.F.) in acetonitrile: standard starting

pyrazine (purple), favipiravir (blue), starting pyrazine + SF (1.7 eq.) (cyan), SF (1.4 eq.) (green),
SF (0.8 eq.) (gold), SF (1.4 eq.) at 120 °C (red).
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Figure S45. Standard starting pyrazine (purple), favipiravir (blue), starting pyrazine + SF (1.7 eq.)
(cyan), SF (1.4 eq.) (green), SF (0.8 eq.) (gold), SF (1.4 eq.) at 120 °C (red).
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2.10.Tautomeric studies (preliminary view)

Table S4A. Keto-enol proportion for the 3-hydroxy-2-pyrazinecarboxamide 1 under different

solvents.
0 0
N
(= L,
7 E o
N OH N 0]
H
1-E "enol-tautomer” 1-K "keto-tautomer"
Aaps (nm) (enol-keto ratio)?
Gas phase® H,0 MeOH MeCN DMSO DMSO/BF,-BMIM | AcOH
1 | 279.4/320.0 310/348 (0.0) | 312/346 (1.2) | 302/348 (4.8) | 308/356 (1.9) 308/356 (1.6) 344 (0.0)

aEnol-keto ratio was estimated from a mean between the total areas of the absorption enol- (lower band) and keto- (higher band) wavelengths as

follow: Anoi/Asero- *Theoretical absorption wavelengths calculated in gas phase (B3LYP/6-31G(d,p)).

Table S4B. Chemical shift differences between carboxamide (NH)-protons in 'H-NMR spectra

for the 3-hydroxy-2-pyrazinecarboxamide 1e under different solvents at 25 °C.

Hq<

N O
Hy -~
N~ o N~ o H
H

1e (E_A)

__.» equivalent chemical
-7 shifts in TH-NMR

-Hp

1e” (K_A)

"\ different chemical

--=7 shifts in TH-NMR

46 (ppm) (range)

H,O

MeOH

MeCN

DMSO

DMSO/BF,-BMIM

le | 1.04(8.93-7.89)

0.82 (8.86-8.04)

0.65 (8.74-8.09)

0.58 (8.70-8.12) 0.64 (8.82-8.18)

Details can be found in our next publication about the tautomerism of 3-hydroxy-2-

pyrazinecarboxamide in solid and solution states. In general, from Tables S4a and S4b, it should

be noted that that keto-tautomer is dominant in protic solvent like water and acetic acid and

dominance of the enol-tautomer under no protic solvent like acetonitrile and DMSO. It suggested

that the 3-hydroxy-2-pyrazinecarboxamide was found under enol-tautomer for reaction, which

were performed in acetonitrile in most of the case. The addition of BF,~-BMIM in DMSO increased

barely the keto-tautomerism, which was evidenced by higher differences in chemical shifts of

carboxamide-protons. The latter reflects the potential of the BF,~-BMIM for favoring the keto-

tautomerism, although further investigation are needed for a higher keto-tautomerization.

S$41




3. Mechanistic Experiments

3.1. Reactions with Radical Scavengers

General procedure: In determining whether or not our reaction occurred via a radical pathway,

(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO, 24 mg, 0.16 mmol, 1.2 equiv.) or 2,6-di(t-

butyl)-4-hydroxytoluene (BHT, 37 mg, 0.17 mmol, 1.2 equiv.) was added to reactions and
observed how it affected the product yields. NMR spectra were then obtained. From TEMPO
experiment, only 3-hydroxy-pyrazine-2-carboxamide, H-TEDA-BF, and different forms of
TEMPO were appreciated from 'H-NMR, *C-NMR and 'H/'"H-COSY (Figure S47-S50). Then,
the no detection of product suggested that a radical mechanism could be involved. A tentative
mechanism was proposed for the disruption of the radical fluorination, where the radical forms of
pyrazine and Selectfluor® derived from pyrazine-Selectfluor® interaction were trapped by
TEMPO as electron-donor regenerating the starting pyrazine and H-TEDA-BF, (Figure S51). It
generated two molecules of oxidized form of TEMPO.

Meanwhile, from reactions in presence of BHT, a chemical specie derived from coupling between
3-hydroxy-pyrazine-2-carboxamide and BHT was identified (Figure S53), where the oxygen of
pyrazine is covalently connected with benzylic carbon of BHT to form intermediate. From 'H-
NMR, no evidence of starting pyrazine and small amount of BHT was observed. Aromatic proton
of pyrazine ring change from values by about 8.10-8.00 to 6.75 and 6.81 ppm (Figure S54-S55),
which were correlated accordingly 'H/'H-COSY (Figure S56). 'H/3C-HSQC confirmed the
different CH aromatic protons (Figure S57). 'H/'3C-HMBC confirmed correlation between
pyrazine proton with benzylic carbon and CH aromation proton of BHT fragment (Figure S58).
All these evidences suggested that the fluorination of the 3-hydroxy-pyrazine-2-carboxamide by
Selectfluor® is mediated by a radical pathway, which involves the formation of a radical derived
from Selectfluor® and a radical from starting pyrazine also is formed. Mechanism radical pathway

for the fluorination was proposed in the main manuscript (Scheme 5).
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Figure S47. 'H-NMR of 3-hydroxy-pyrazine-2-carboxamide in BF,-BMIM in

Selectfluor® and TEMPO.
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Figure S49. BC-NMR of 3-hydroxy-pyrazine-2-carboxamide in BF;,-BMIM in presence of
Selectfluor® and TEMPO.
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Figure S50. 'H/'H-COSY of 3-hydroxy-pyrazine-2-carboxamide in BF4~-BMIM in presence of
Selectfluor® and TEMPO.
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Figure S53. 'H-NMR of 3-hydroxy-pyrazine-2-carboxamide in BF4;BMIM in presence of
Selectfluor® and BHT.
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Figure S55. Superposition between 'H-NMR spectra of 3-hydroxy-pyrazine-2-carboxamide in
BF,-BMIM in presence of Selectfluor® and BHT (red spectrum) and sole BHT (blue spectrum).
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4. Mini-Scalable and Gram-scalable Synthesis of Favipiravir

4.1. General Procedure: 3-Hydroxy-pyrazine-2-carboxamide (200 mg, 1 eq., 1.44

mmol) and fluorinating agent (866-561 mg, 1.7-1.1 eq., 2.45-1.58 mmol) were added in a
bottom-round flask in presence of the corresponding solvent (MeCN at 0.15 M, MeCN at
0.15 M in combination with BF,~-BMIM (2 eq.) or BF4~-BMIM (20 eq.). Then, the reaction
mixture was stirred at 80 °C for 24 h. Reactions were monitored by TLC with a solvent n-
hexane/ethyl acetate (7/3). After 24 h, the reaction mixture was cooled at room temperature
and an isolation procedure was applied depending on the nature of the solvent. For
acetonitrile, solvent was evaporated though vacuum and, the resulting solid was treated
with water and successive extractions with ethyl acetate (5x20 mL) were performed to
obtain organic product. The solvent was evaporated to obtain a yellow solid product.

For reaction in pure BF,-BMIM, the reaction mixture was treated with ethyl acetate (5x20
mL) to extract the favipiravir product. Solvent was evaporated through vacuum to obtain a
yellow solid. The resulting solution of BF4~-BMIM was treated with chloroform to extract
the IL, giving: (i) an organic phase that was evaporated to obtain the pure IL and, (ii) a
solid precipitate corresponding to H-TEDA-BF, and “self-addition subproduct” 9 (Scheme
4A).

For acetonitrile in combination with BF4-BMIM, first acetonitrile was evaporated and the
resulting mixture was treated following the previous isolation procedure for pure BF,-
BMIM.

Finally, the resulting yellow solid for each reaction was purified through a flash
chromatographic column using silice gel and n-hexane/ethyl acetate (7/3) to give a beige
solid (0.095 g, 42.2 %). The reaction yield was reported from two separated experiments
for isolated product (Table S4). The IL from chloroform phase was purified through a
flash chromatographic column using alumina and chloroform as eluent obtaining a pure
BF4-BMIM (Figure S87 to S93). IL was used at least eight time without negative effect in
reaction yield. Reaction was repeated at 1g-scale using 3-hydroxy-2-pyrazinecarboxamide
(1.0023 g; 7.2 mmol), Selectfluor (4.3321 g; 1.7 eq.) and BF,-BMIM (30.23 g; ~ 20 eq.),
giving the desired favipiravir in a 39.6 % yield. Data for isolated product: Rf.: 0.59
(AcOEt). M.p.: 247-250 °C (dec.) (Lit.! 251-253 °C). 'H-NMR (400 MHz, DMSO-dy): 6
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8.50-8.52 (m, 2H); 8.74 (s, 1H); 13.39 (s, 1H). 3C-NMR (100 MHz, DMSO-dy): 6 169.2;
160.2; 154.1-151.7 (J=242.0 Hz, 1C); 136.2-135.9 (J = 35.0 Hz, 1C), 122.7 (J = 7.0 Hz,
1C). YF-NMR (500 MHz, CDCl5): $ -92.73. EI-MS ([M]"): 157.03. Found: 157.05. Spectra
from Figure S83 to S86.

Table SS. Scalable synthesis of favipiravir

[N\:[CONHZ selectfluor F\[NICONHZ
N/ OH solvent, T (° C) N/ OH
time
Entry Solvent Eq. T (°C) (time, h)  Yields (%)?
Selectfluor®

1 MeCN 1.7 80 (24) 25.28 £ 1.01°
2 MeCN-BF4-BMIM (2 eq.) 1.7 80 (24) 31.45+1.41°
3 BF,-BMIM (20 eq.) 1.7 80 (24) 42.51 £2.12b
4 BF,-BMIM (20 eq.) 14 80 (24) 37.07 £ 2.04>
5 BF,-BMIM (20 eq.) 1.1 80 (24) 30.34 £2.10°
6 BF,-BMIM (20 eq.) 1.7 80 (24) 39.6°

Purification yield was from isolated product.1Yield percentage derived from three independent experiments. “Reaction yield derived from a gram-

scale experiment, 1 g (7.2 mmol).
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Figure S59. "TH-NMR spectrum of favipiravir derived from fluorination of 3-hydroxy-
pyrazine-2-carboxamide.
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Figure S60. 3C-NMR spectrum of favipiravir derived from fluorination of 3-hydroxy-
pyrazine-2-carboxamide.
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Figure S61. "F-NMR spectrum of favipiravir derived from fluorination of 3-hydroxy-
pyrazine-2-carboxamide.
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Figure S62. Chromatogram, EI-MS spectrum of favipiravir derived from fluorination.
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Figure S62. Superposition of 'TH-NMR spectra of commercial BF;-BMIM (red spectrum) with
that derived from the reaction after two reactions (blue spectrum).
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Figure S63. Ampliation of superposed "H-NMR spectra of commercial BF;-BMIM (red
spectrum) with that derived from the reaction after two reactions (blue spectrum).
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Figure S64. Superposition of ’F-NMR spectra of commercial BF4-BMIM (red spectrum) with
that derived from the reaction after two reactions (blue spectrum).
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Figure S65. Complete 'H-NMR spectrum of BF4-BMIM derived from the reaction after two
reactions.
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Figure S66. Complete ’"F-NMR spectrum of BF;-BMIM derived from the reaction after two
reactions.
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Figure S67. Complete 'H-NMR spectrum of commercial BF4-BMIM.
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Figure S68. Complete '’F-NMR spectrum of commercial BF4-BMIM.
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Figure S69. 'H-NMR spectrum for “self-addition sub-product” 9 (Scheme 4A), collected after
purification as last insoluble fraction derived from reaction.
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Figure S70. '"H-NMR spectrum for “s

purification as last insoluble fraction derived from reaction (Ampliation aromatic zone).
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Figure S71. ’F-NMR spectrum fluoride anion (-124 ppm) and “HF” (-168 ppm), collected after
purification as last insoluble fraction derived from reaction.
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Figure S72. Ampliation of "F-NMR spectrum for “self-addition sub-product” 9 (Scheme 4A),
collected after purification as last insoluble fraction derived from reaction. Traces of fluoride at -
129 ppm and other fluorinated sub-product in traces (-143 to -145 ppm). The self-addition sub-

product containing fluorine, that can be derived from 9, are found in traces.
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