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Fe and Ni-catalyzed electrochemical perfluoroalkylation
of C—H bonds of coumarins*
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A new method for the preparation of perfluoroalkylcoumarins in a single step is devel-
oped. The compounds are prepared via electrocatalytic reduction of a 1 : 1 mixture of an
aromatic compound (coumarin, 6-methylcoumarin, and 7-methylcoumarin) and a fluoro-
alkylating reagent under mild conditions (room temperature, normal pressure) using [bipyFell]
or [bipyNill] complexes as catalysts. The developed method makes it possible to ob-
tain perfluoroalkylcoumarins in high yields and 100% conversion of the fluoroalkylating

reagent.
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Nowadays, fluorine and fluoroalkyl-substituted aro-
matic compounds attract the attention of the researchers
in the pharmacy, agrochemistry, and other areas.1—12
Among these classes of compounds, fluoroalkylated cou-
marins occupy a particular place.12:13 Tt is known that
coumarin and its derivatives belong to the most impor-
tant heterocyclic compounds and are found in a variety of
natural substances and pharmaceutically active mole-
cules.3 Many of coumarin derivatives exhibit anticoagu-
lant, antitumor, antiviral, anti-inflammatory, antioxi-
dant, antimicrobial, and inhibitory properties.45 Besides,
they are useful synthetic building blocks in organic and
medicinal chemistry. It is known that the introduction of
fluorine or fluorine-containing fragments into organic
molecules can lead to appreciable changes in their bio-
logical properties.1:2 Thus, it was found®7 that fluorinat-
ed heterocycles show more pronounced antibacterial
activity in a comparison with their non-fluorinated ana-
logs. The fluorinated compounds often have specific bio-
logical activity, good solubility, and lipophilicity. These
lead to an increase in the permeability of cell membranes
and better bioavailability of fluorinated compounds
compared to their non-fluorinated analogs. In addi-
tion, fluorinated compounds are stable in the course of
metabolism, since they are more resistant to the oxida-
tion.8—10 The introduction of a perfluoroalkyl group into
potentially useful organic molecules can significantly
improve physical, chemical, and their biological proper-
ties.10-11 Coumarins containing the perfluoroalkyl group

* Based on the Materials of the XX Mendeleev Congress on
General and Applied Chemistry (September 26—30, 2016,
Ekaterinburg, Russia).

can be used as anticancer agents, fluorescent markers,
and optical molecular sensors.12:13

Despite considerable progress in the investigation of
the fluoroalkylation reactions, catalytic fluoroalkylation
reactions have been little studied as yet.14—18 The reac-
tions of direct fluoroalkylation of C—H bonds are even
less known,19—22 although the latter approach is interest-
ing because of its atom-economy level is high and it is
connected with low-waste technologies.23

Among the catalysts used for CH-fluoroalkylation,
copper,24:25 iridium or ruthenium,26 palladium,?7 ytter-
bium?28 are most used, and nickel?? and iron3? are used less
often. Taking into account the trend to introduce inex-
pensive catalysts, it is important to develop catalytic systems
for the functionalization of C—H bonds based on more
affordable and cheap metals such as Fe, Ni, and Co.23

Metal complexes both in high (Nill/Nill and
Pdlll/pdlly 21.31-33 and in low (Fe!l,30 Nil,22 Ni° (see
Refs 18, 34)) oxidation states are used for the electro-
chemical fluoroalkylation.

Note that there is practically no description of the
methods for obtaining fluoroalkyl coumarins by electro-
catalytic reactions. Synthesis of 3-trifluoroalkylated
coumarin from bis(trifluoroacetyl) peroxide was reported
in 1991 by Matsui and co-workers.33 Despite the relative-
ly short reaction time (4 h), the preparative yield was
33%. Sometime later the reaction of Langlois reagent
(RESO;Na) with unsubstituted coumarins in the pres-
ence of Mn!!l was described.3¢ The reaction resulted in
the formation of 3-perfluoroalkyl-2 H-chromen-2-ones in
moderate yields (60—65%). However, for the reaction to
proceed successfully a high temperature (80 °C) and a two-
fold excess of the fluoroalkylating reagent were required.
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In the 21 century the baton to study the fluoroalkylation
reaction of coumarins was passed on the Domowski group.
They reported the preparation of 3-(trifluoromethyl)-
coumarin and 3-(trifluoromethyl)-6-nitrocoumarin by
treating the corresponding commercially available cou-
marin-3-carboxylic acid with sulfur tetrafluoride.3” The
reaction proceeded within 3—6 h at high temperatures
giving the product yield not exceeding 36%. Quite re-
cently, in 2014, Zu and co-workers38 proposed modifica-
tion of the reaction described in Ref. 36: i.e., introduc-
tion of the trifluoromethyl group by direct radical Csp—H
substitution in coumarins. The reaction proceeds under
mild conditions to give 3-(trifluoromethyl)coumarins in
moderate yields (up to 56% in the presence of excess
Mn(OAc); in acetic acid).38 In the same year Ding and
co-workers presented the reaction of alkynes with Togni
and Umemoto reagents, catalyzed by copper salts (ace-
tates, oxides, and halides) leading to 3-(trifluoromethyl)-
coumarins in moderate yields (up to 60%).3% The reac-
tion proceeds in the presence of excess K,CO3 upon heating.

Taking into account the method of metal-induced per-
fluoroalkylation of benzene and caffeine that we proposed
earlier, we attempted to realize a single step electrocata-
Iytic fluoroalkylation of the C—H bonds of coumarins
under mild conditions at room temperature.

Results and Discussion

The complexes of iron [bipyFe!lCl,] and nickel
[bipyNi'(BF,),] were selected as catalysts for the fluoro-
alkylation of coumarins. The choice of these complexes
is due to the values of their redox potentials and availabil-

Table 1. Electrocatalytic fluoroalkylation of coumarins 1—34

Scheme 1

(10%) [bipyM"],
2 e, 25 °C, DMF

H,, —Hal
1-3
1 F
R XN RFX
e —
R2 (0) O
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1—3:R'"=R2=H (1), R'=Me, R2=H (2); R =H, R2= Me (3)
X =1, SO,CI, M = Fe, Ni

Compound R' R2 RF Compound R' R2 RF

4 H H CeFyz 7 Me H CFy
5 H H CF3 8 H Me C6F1 3
6 Me H CsF13 9 H Me CFS

ity. In addition, we have previously found that these com-
plexes in a mixture with fluoroorganic reagents are re-
duced at lower negative potentials (in average by 300 mV
to the anodic side) compared with the fluoroalkylating
agents. Distinctive features of the reaction are the equimo-
lar ratio of coumarin : fluoroalkylating agent and room
temperature of the reaction (Scheme 1, Table 1). In the
absence of a catalyst, the fluoroalkylation proceeds very
slowly and unselectively. As a result different isomeric
coumarin derivatives were isolated in the yield not ex-
ceeding 25%.

It should be noted that under conditions of electro-
catalysis, after passing 2 F of electricity, a 100% conver-

Coumarin RFX Catalyst —E/Vb Product Yield¢ Isomer ratio?
%) C()RF  C(6)RF  C(7)RF

1 CgFy5l [(bipy)Fe!l] 0.9 4 73 (61) 25 1 2
1 CeFpal [(bipy)Nill] 1.0 4 65 (55) 35 1 2
1 CF3S0,Cl [(bipy)Fel] 0.3 5 67 (56) by 1 1
1 CF3S0,Cl [(bipy)Nill] 0.5 5 45 (34) 30 1 1
2 CgF 5l [(bipy)Fe!l] 0.9 6 78 (64) 25 — 1
2 CgFy5l [(bipy)Ni'l] 1.0 6 66 (54) 30 — 1
2 CF;50,Cl1 [(bipy)Fe!l] 0.3 7 63 (53) 30 — 1
2 CF3S0,Cl [(bipy)Nill] 0.5 7 57 (45) 1 — 0
3 C¢Fysl [(bipy)Fel] 0.9 8 67 (52) 20 1 —
3 CeFpal [(bipy)Nill] 1.0 8 62 (52) 30 1 —
3 CF;50,Cl1 [(bipy)Fe!l] 0.3 9 65 (54) 35 1

3 CF;50,Cl1 [(bipy)Ni!l] 0.5 9 59 (49) 1 0 —

@ Reaction conditions: coumarin : RF = 1 : 1, DMF, argon, 23 °C, galvanostatic mode, Q = 2 F per 1 mole RFX,

Zn-anode, Pt-cathode.
b In respect to Ag/AgCl.

¢ The yield was determined from the integrated intensity of the signals in the !9F NMR spectra of the reaction mixture.
The preparative yield of the products is indicated in parenthesis. The current output coincides with the preparative yield

with accuracy of +0.3%.

4 The ratio of isomers was determined from the intensity of the signals in the F NMR spectra.
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sion of the fluoroalkylating reagent is achieved. It should
be emphasized that electrochemistry allows one to avoid
the use of any additional chemical reagents (bases, oxi-
dants or reducing agents). This is especially important
from the point of view of possible upscaling of the devel-
oped method.

An analysis of the isomer ratio of fluoroalkylcoumarins
formed in the presence of different metals (see Table 1)
shows that the reactions in each case probably follows its
own specific mechanism. This is in good agreement with
the previously published experimental data obtained by
our group.21:30 The mechanisms of the observed transforma-
tions will be discussed in detail in our next publications.

Thus, the electrocatalytic synthesis of fluoroalkylcou-
marins proceeds under mild conditions (room temperature,
normal pressure) with an equimolar ratio of the reagents
and allows the preparation of products in high yield (up to
78%) and 100% conversion of the fluoroalkylating reagent
by using [(bipy)Nil] or [(bipy)Fe!l] as the catalysts.

Experimental

Preparative electrosynthesis was carried out using a direct
current source B5-49 in a 40 mL three-electrode cell. The val-
ue of the potential of the working Pt electrode (S = 48 cm?) was
fixed using a DC voltmeter B7-27 relative to the Ag/AgCl ref-
erence electrode (C=0.01 M) in MeCN. The anode was a zinc
rod with a diameter of 1 cm. During electrolysis, the electrolyte
was constantly stirred by means of a magnetic stirrer at a con-
stant flow of an inert gas that passed through a purification
system (to remove oxygen and other impurity gases).

Coumarin (99%), 6-methylcoumarin (99%), 7-methyl-
coumarin (98%), CF;SO,Cl (all Sigma-Aldrich), and C¢F 51
(P&M Invest, Russia) were used as received.

Dimethylformamide (extra pure, Acros Organics) served as
a solvent in the synthesis; DMF was distilled over calcium
hydride under argon atmosphere before experiment.

Tetraethylammonium tetrafluoroborate (Et;NBF,) was pre-
pared by mixing a 30—35% aqueous solution of tetraethyl-
ammonium hydroxide, Et(4NOH, and HBF, until neutral pH
was reached. Precipitated white crystalline solid was filtrated
and dried. Obtained powder salt was recrystallized from etha-
nol and dried 2—3 days in vacuum oven at 55 °C.

NMR spectra were recorded using Bruker AVANCE-400
multinuclear spectrometer (400.1 MHz ({H) and 162.0 MHz
(3'P)). Chemical shifts are represented against internal stan-
dard, deuterated solvent ('H) and C¢Fg (9F).

Mass spectra were recorded using AmazonX spectrometer
(Bruker Daltonik GmbH, Germany). Electrospray was used as
ionization method. Nitrogen at 22 °C was used as nebulizer gas
in the source. Source voltage was 4.5 kV. The solutions of the
samples were diluted with acetonitrile to ~10~3 mg mL~!. The
introduction of the samples was performed using autosampler
of the liquid chromatograph Agilent 1260 Infinity (Agilent
Technologies, USA).

Synthesis of metal complex (general procedure). To the
solution of metal salt MX, (1.83 mol) in ethanol (100 mL), 2,2"-bi-
pyridine (1.83+10~2 mol) in ethanol (30—50 mL) was added

slowly under stirring. Reaction mixture was stirred at constant
temperature (25 °C) for 3—24 h till formation of crystalline
precipitate. The precipitate was filtered under an argon atmo-
sphere and washed with cold (0 °C) ethanol. The obtained com-
plexes [bipyFeCl,]3! and [bipyNi(BF,),]?? were dried for
2—3 days in vacuum oven at 25—55 °C. Physicochemical char-
acteristics of complexes correspond to the literature data.

Electrocatalytic fluoroalkylation of coumarins (general pro-
cedure). Fluoroalkylating reagent (1.2 mmol), heterocyclic
compound 1—3 (1.2 mmol), metal complex MX,L (0.12 mmol),
and DMF (40 mL) were placed in the electrochemical cell.
The electrolysis was carried out in the electrochemical cell
with separated anodic and cathodic compartments at 23 °C
under the atmosphere of dry argon in a galvanostatic mode.
The potentials of the working electrode are indicated in Table 1.
The amount of electricity transmitted was 2 F per 1 mol of the
fluoroalkylating agent. After completion of the electrolysis, the
reaction mixture was washed with a saturated solution of am-
monium chloride (3x50 mL) and extracted with chloroform
(3x70 mL). After separation, the organic layer was dried over
magnesium sulfate and the solvent was evaporated. The residue
was purified by column chromatography on silica gel (eluent
was ethyl acetate—hexane, 10 : 1). The yields of products 4—9
are shown in Table 1.

3-(Perfluorohexyl)-2 H-chromen-2-one (4). Light crystals,
m.p. 115—118 °C. IR, v/cm™ 3063, 1740, 1629, 1611, 1515,
1461, 1201. 'H NMR (600 MHz, CDCls), & 8.15 (s, 1 H,
H(4)); 7.71—7.23 (m, 3 H). 13C (100.6 MHz, CDCl,), &: 156.1,
154.6, 146.2, 143.1, 129.1, 126.4, 121.5, 117.6, 116.4, 114.4,
22.0. F NMR (376 MHz, CDCls), 5: —81.03 (t, 3 F); —111.32
(t, 2 F); —120.8 (br.s, 2 F); —121.3 (br.s, 2 F); —122.47 (br.s,
2 F); —126.35 (br.s, 2 F). MS, m/z: 464 [M]*. Found (%):
C, 38.71; H, 1.03. C;sH;5F30,. Calculated (%): C, 38.81; H, 1.09.
Physicochemical characteristics of complexes correspond to
the literature data.36

3-(Trifluoromethyl)-2 H-chromen-2-one (5). White crystals,
m.p. 130—133°C. '"H NMR (600 MHz, CDCl5), 8: 8.17 (s, | H,
C(4)H); 7.69 (t, 1 H, ArH, J = 7.9 Hz); 7.63 (d, 1 H, ArH,
J=17.9 Hz); 7.42—7.37 (m, 2 H, ArH). 3C NMR (100.6 MHz,
CDCly), &: 155.9, 154.6, 143.4, 134.4, 129.5, 125.3, 121.3,
117.6, 116.7, 115.9. ’F NMR (376.5 MHz, CDCly), §: —66.3
(s, 3F). MS, m/z: 214.56 [M]*. Found (%): C, 56.12; H, 2.31.
C,oH;5F30,. Calculated (%): C, 56.09; H, 2.35. Physicochemical
characteristics of complexes correspond to the literature data.38

6-Methyl-3-(perfluorohexyl)-2 H-chromen-2-one (6). Light-
beige crystals, m.p. 144—146 °C. IR, v/cm™: 3063, 1608, 1505,
1461, 1199. 'H NMR (600 MHz, CDCly), &: 8.54 (br.s, 1 H,
H(4)); 7.61—7.21 (m, 3 H); 2.41 (s, 3 H). 13C NMR (100.6
MHz, CDCly), &: 156.4, 152.7, 143.3, 135.5, 135.1, 129.2,
121.6,117.4, 116.8, 116.5, 20.7. 19F NMR (376 MHz, CDCl,),
8. —82.00 (t, 3 F, J=9.8 Hz); —106.01 (t, 2 F, J = 14.5 Hz);
—120.53 (br.s, 2 F); —122.03 (br.s, 2 F); —122.72 (br.s, 2 F);
—126.05 (br.s, 2 F). MS, m/z: 478 [M]*. Found (%): C, 40.16;
H, 1.40. C{cH,F50,. Calculated (%) C, 40.19; H, 1.48.

6-Methyl-3-(trifluoromethyl)-2 H-chromen-2-one (7). White
crystals, m.p. 140—143 °C. '"H NMR (600 MHz, CDCly), &:
8.09 (s, 1 H,C(4)H);7.48 (d, 1 H, ArH,/=8.5Hz);7.39 (s,  H,
ArH); 7.29 (d, 1 H, ArH, J = 8.5 Hz); 2.44 (s, 3 H, C(6)Me).
13C NMR (100.6 MHz, CDCly), 8: 156.2, 152.8, 143.3, 135.5,
135.2, 129.1, 121.4, 117.5, 116.8, 116.5, 20.7. 'F NMR
(376 MHz, CDCls), 8: —65.3 (s, 3 F). MS, m/z: 228.98 [M]*.
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Found (%): C, 57.93; H, 3.02. C, HgF;0,. Calculated (%):
C, 57.90; H, 3.09. Physicochemical characteristics of com-
plexes correspond to the literature data.38

7-Methyl-3-(perfluorohexyl)-2 H-chromen-2-one (8). White
crystals with a pink tint, m.p. 123—125 °C. 'H NMR (600 MHz,
CDCly), 8:8.34 (s, 1 H, H(4)); 7.74—7.20 (m, 3 H); 2.43 (s, 3 H).
13C NMR (100.6 MHz, CDCls), 8: 156.3, 154.8, 146.3, 143.2,
129.1,126.5,121.5,117.2,116.4, 114.4,22.2. Y FNMR (376 MHz,
CDCly), &: —81.33 (t, 3 F, J = 9.8 Hz); —105.32 (t, 2 F,
J=14.5Hz); —120.19 (br.s, 2 F); —121.93 (br.s, 2 F); —122.47
(br.s, 2 F); —126.05 (br.s, 2 F). IR, v/cm™: 3072, 1604, 1510,
1462, 1195. MS, m/z: 478 [M] ™. Found (%): C, 40.17; H, 1.41.
C,6H7F50,. Calculated (%): C, 40.19; H, 1.48.

7-Methyl-3-(trifluoromethyl)-2 H-chromen-2-one (9). White
crystals, m.p. 120—122 °C. 'H NMR (600 MHz, CDCly), &:
8.11(s, 1 H,C(4)H);7.49(d, 1 H,ArH, /=8.0Hz);7.18 (d,2 H,
ArH, J=7.6 Hz); 2.5 (s, 3 H, C(7)Me). 13C NMR (100.6 MHz,
CDCly), &: 156.2, 154.8, 146.4, 143.2, 129.1, 126.5, 121.5,
117.5, 116.4, 114.4, 22.0. F NMR (376 MHz, CDCls), &:
—65.5 (s, 3 F). MS, m/z: 229.05 [M]*. Found (%): C, 57.95;
H, 3.00. C;Hg4F;0,. Calculated (%): C, 57.90; H, 3.09. Physi-
cochemical characteristics of complexes correspond to the lit-
erature data.38
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