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RESUMEN

La reduccién catddica de 4-fluorobenzonitrilo, 4-yodobenzonitrilo, 4-cianofenil triflato,
4-yodonitrobenceno, 3-yodonitrobenceno, 2-yodonitrobenceno y yodobenceno en
DMF/Benceno (20/80)+0.6 M BusNBF,4, durante una electrdlisis en discontinuo y en un solo paso
a temperatura ambiente, da lugar al producto de acoplamiento cruzado correspondiente:
4-fenilbenzonitrilo, 4-fenilnitrobenceno, 3-fenilnitrobenceno, 2-fenilnitrobenceno y bifenilo con
rendimientos de bajos a moderados. El mecanismo propuesto, investigado por voltametria
ciclica, y analogamente a lo descrito en ausencia de benceno, implica la formacién del anidn
arilo. El anién arilo reacciona con benceno para formar el o"-complejo que es oxidado en las
condiciones de reaccidn, esta reaccién compite con la protonacién del anién arilo, en todos los
casos. La reactividad de cada anion arilo determina, entre otros, la viabilidad de la reaccién. Asi,
en las mismas condiciones experimentales, 4-cianofenil tosilato, 4-cianofenil mesilato,
4-yodotolueno y 4-yodoanisol no muestran la formacién de los productos de acoplamiento
cruzado correspondientes.

Los productos de acoplamiento cruzado obtenidos se reducen a potenciales muy préximos o
mas positivos que los reactivos. Lo que ha motivado el estudio de la sustitucion de la electrdlisis
en batch por la electrélisis en continuo. Para ello se ha construido un reactor modular de flujo
del tipo ‘plate-to-plate’ con un cuerpo no conductor y con una placa de carbono vitreo de 1 cm
x 10 cm como electrodo de trabajo y una placa de cobre de 1 cm x 10 cm sobre la que se deposita
electroquimicamente una capa de Pt como contraelectrodo. Diversos parametros
electroquimicos (tales como potencial o carga consumida) y parametros de celda (tales como
caudal volumétrico, distancia inter-electrédica o geometria del canal) han sido evaluados y
optimizados. Se ha escogido como ejemplo la sintesis de 4,4’-dinitroestilbeno mediante la
electrorreduccion de 4,4’-dinitrobibencilo en DMF+0.1 M BusNBF,. Los resultados obtenidos son
comparables, pero no mejoran en esta primera aproximacion, a los obtenidos en batch.

The electrochemical reduction of 4-fluorobenzonitrile, 4-iodobenzonitrile, 4-cyanophenyl
triflate, 4-iodonitrobenzene, 3-iodonitrobenzene, 2-iodonitrobenzene and iodobenzene in
DMF/Benzene (20/80)+0.6 M BusNBF;, in one-pot reaction and at room temperature, leads to
the corresponding cross-coupling product: 4-phenylbenzonitrile, 4-phenynitrobenzene,
3-phenynitrobenzene, 2-phenynitrobenzene and biphenyl with low to moderate yields. The
proposed mechanism involves the formation of the aryl anion that is consistent with the number
of transferred electrons. The aryl anion reacts with benzene to form a o"-complex that is
oxidized to the cross-coupling product in the reaction conditions. In identical conditions,
4-cyanophenyl tosylate, 4-cyanophenyl mesylate, 4-iodotolune and 4-iodoanisole do not show
the formation of the corresponding cross-coupling products.

The obtained cross-coupling products are reduced at very close or more positive potential than
the reagents. This fact has motivated the substitution of batch electrolysis with flow electrolysis.
For this purpose, a plate-to-plate modular flow reactor with a non-conducting housing with 1
cm x 10 cm glassy carbon plate as working electrode and a 1 cm x 10 cm copper plate with
completely electrodeposited Pt has been built. Several electrochemical parameters (as potential
or charge) and cell parameters (as flow rate, inter-electrodic distance or geometry of the
channels) are evaluated and optimized. Synthesis of 4,4’-dinitrostilbene via electroreducion of

\Y



4,4’-dinitrobibenzyl in DMF+0.1 M BusNBF, is presented. The obtained results are comparable
to obtained batch electrolysis results.

VI
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Figura 3.2.1: Voltametria ciclica de 4-fluorobenzonitrilo 9.2 mM (A), 4-clorobenzonitrilo 9.9 mM
(B), 4-bromobenzonitrilo 10.9 Mm (C) y 4-yodobenzonitrilo 7.4 mM (D) en DMF+0.1 M BusNBF,

en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera
inerte y a temperatura ambiente.
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Figura 3.2.2: Voltametria ciclica de 2-fluorobenzonitrilo 13.7 mM (A), 3-fluorobenzonitrilo 10.4
mM (B) y 4-fluorobenzonitrilo 9.2 mM (C) en DMF+0.1 M Bu,NBF, en electrodo de carbono
vitreo (O ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera inerte y a temperatura
ambiente.
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Figura 3.2.3: Voltametria ciclica de 4FBN 5.3 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (® ca. 1 mm), velocidad de barrido de 1.0 V s, barrido: -1.00/-2.70/-1.00 V,
bajo atmosfera inerte y a temperatura ambiente.
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C/mM v/Vs!| Ex/VvsSCE | AE,c/mV | Z
0.5 -2.36 60 2.0
1.0 -2.36 74 1.8
10 -2.37 74 1.4
>3 50 -2.38 89 1.2
100 -2.39 89 1.1
500 -2.42 104 0.9
0.5 -2.37 89 1.9
1.0 -2.37 60 1.5
5.0 -2.41 104 1.9
10 -2.42 104 1.7
154 50 -2.45 133 1.4
100 -2.51 163 1.3
200 -2.50 163 1.2
300 -2.54 207 1.1
0.5 -2.28 89 1.5
1.0 -2.31 89 1.5
5.0 -2.46 118 1.3
341 10 -2.49 118 1.1
50 -2.62 237 1.2
100 -2.65 237 1.0

Tabla 3.2.1: Pardmetros electroquimicos correspondientes a voltametrias de 4FBN 5.3, 15.4 y
34.1 mM en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm) a diferentes
velocidades de barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.2.4: Voltametrias ciclicas de 4FBN 5.3, 15.4 y 34.1 mM en DMF+0.1 M BusNBF, en
electrodo de carbono vitreo (@ ca. 1 mm) a velocidades de barrido de 1.0 y 100 V s, bajo
atmosfera inerte y a temperatura ambiente.



Figuras y tablas
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Figura 3.2.5: Voltametria ciclica de una electrdlisis de 4FBN 5.5 mM en DMF+0.1 M BusNBF, en
electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00
/-3.00/0.00 Vy a temperatura ambiente antes (—) y después (----) de la electrdlisis.
Electrdlisis realizada a un potencial controlado de -2.40 V, 1 F, bajo atmosfera inerte y a
temperatura ambiente.
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Figura 3.2.6: Voltametria ciclica de 4,4’-DCNBPh 8.2 mM en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-2.40/0.00 V,
bajo atmosfera inerte y a temperatura ambiente.



Figuras y tablas

Caran/ MM | Conversion® / % | Selectividad® / % | Rendimiento®/ %
5.5 48 23 11
12.5 48 19 9
34.1 44 16 8

Tabla 3.2.2: Conversion y selectividad de la electrorreduccion del 4FBN DMF+0.1 M BusNBF, a
diferentes concentraciones aplicando un potencial controlado de -2.40 V, 1F, bajo atmosfera
inerte y a temperatura ambiente. ° Del 4FBN. ® Del 4,4’-DCNBPh. € Rendimiento = [Conversidn x
Selectividad]/100.

F / Cmol?) | Conversién® /% | Selectividad® /% | Rendimiento®/ %
1 48 19 9
2 88 6
3 90 2 2
4 92 1

Tabla 3.2.3: Conversion y selectividad de la electrorreduccion del 4FBN 12.2 mM DMF+0.1 M
BusNBF, aplicando un potencial controlado de -2.40V, 1, 2, 3 y 4 F, bajo atmosfera inerte y a
temperatura ambiente. ° 4FBN. ® 4,4’-DCNBPh. ¢ Rendimiento = [Conversion x Selectividad]/100.
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Figura 3.2.7: Voltametria ciclica de 4FBN en DMF+0.1 M BusNBF, en electrodo de carbono
vitreo (O ca. 1 mm), pseudo-electrdlisis a -2.40 V (30 s), bajo atmosfera inerte y a temperatura
ambiente. C4rsn=5.3 mM, barrido: -2.70 /-1.00 /-2.70 V y velocidad de barrido 10 V s (A).
Curen=34.1 mM, barrido: -2.80 /-1.00 / -2.80 y velocidad de barrido 5.0 V s(B).
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Figura 3.2.8: Voltametria ciclica de una disolucién de 4FBN 15.7 mM en DMF/benceno
(40/60)+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm), velocidad de barrido de
0.5 Vs, barrido: 0.00 /-3.00/0.00 V y a temperatura ambiente antes (—) y después (----) de la
electrdlisis. Electrdlisis realizada a un potencial controlado de -2.50 V, 1 F, bajo atmosfera
inerte y a temperatura ambiente.
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Figura 3.2.9: Voltametria ciclica de 4PhBN 6.4 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-2.70 /0.00 V
bajo atmosfera inerte y a temperatura ambiente.
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% Benceno | E.p /VvsSCE | % 4PhBN | % 4,4’-DCNBF

0 -2.40 0 100
10 -2.40 8 92

16,7 -2.40 22 78
20 -2.40 33 67
30 -2.40 27 73
50 -2.45 35 65
60 -2.50 36 64
70 -2.60 52 48
80 -2.85 82 18

Tabla 3.2.4: Relacion de productos de acoplamiento de la electrorreduccion del 4FBN ca. 10
mM DMF/benceno+0.1 M BusNBF, aplicando un potencial controlado mds negativo al
potencial de pico del 4FBN, 1F, bajo atmosfera inerte y a temperatura ambiente.

Conc. BusNBF; /M | Eo./ V vs SCE) | AE, / mV
0.1 -1.39 120
0.2 -1.30 90
0.3 -1.26 78
0.4 -1.25 78
0.5 -1.23 73
0.6 -1.21 60

Tabla 3.2.5: Pardmetros electroquimicos correspondientes a voltametrias de 9-fluorenona en
DMF/benceno (20/80) a diferentes concentraciones de BusNBF, en electrodo de carbono vitreo
(® ca. 1 mm), T=10 °C bajo atmosfera inerte.

F/Cmol' | Conv.?/% Sel.b /% Rend.” / % Sel.¢/ % Rend.c/ %

1 15 47 7 47 7
2 77 9 7 17 13
3 93 0 0 10 9

Tabla 3.2.6: Conversion y selectividad de la electrorreduccion 4FBN 13.4 mM DMF/benceno
(20/80)+0.6 M BusNBF, aplicando un potencial controlado de -2.40V, 1, 2y 3 F, T°=10 °C bajo
atmosfera inerte. °4FBN. ? 4,4’-DCNBPh.c 4PhBN. ° Rendimiento = [Conversion x
Selectividad]/100.
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— Antes de la electrdlisis
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- - - - Después de la electrdlisis [2F]
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Figura 3.2.10: Voltametria ciclica de una disolucion de 4FBN 13.4 mM en DMF/benceno
(20/80)+0.6 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm), velocidad de barrido de
0.5 Vs, barrido: 0.00 /-3.00/0.00 V y a temperatura ambiente antes (—) y después de la
electrdlisis. Electrdlisis realizada a un potencial controlado de -2.40 V, con una carga
consumida de 1 (--+), 2 (-—)y 3 (—-—) F, T=10 °C bajo atmosfera inerte.
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Figura 3.2.11: Voltametria ciclica de 2FBN 9.0 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (® ca. 1 mm), velocidad de barrido: 0.1 V s, barrido: 0.00 /-2.50 / 0.00 V, bajo
atmosfera inerte y a temperatura ambiente.
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C/mM | v/Vs? | Ex/VvsSCE | E°/VvsSCE | AE,./ mV | Ipc/ pA z

0,1 2.1 - 44 8,34 1,15

1 2.14 2.1 60 25,60 | 1,12

4.0 5 -2.2 -2.17 60 47,41 0,93
10 -2.23 -2.19 60 67,32 0,93

50 -2.25 -2.18 60 137,48 | 0,85

100 -2.26 -2.18 89 184,89 | 0,81

0,1 -2,11 - 44 16,96 1,0

0,5 -2,14 - 60 36,78 1,0

1 -2,17 - 60 49,67 0,9

9.0 5 -2,18 - 89 105,07 0,9
10 -2,21 - 89 143,28 0,8

50 -2,22 -2,20 89 243,58 0,6

1 -2,17 -2,13 60 85,33 0,96

5 -2,17 -2,13 60 189,63 | 0,96
155 10 -2,17 -2,13 60 251,26 | 0,90
50 -2,20 -2,13 89 455,11 | 0,73
100 -2,23 -2,14 89 625,78 | 0,71
500 -2,38 -2,17 210 1019,26 | 0,52

Tabla 3.2.7: Pardmetros electroquimicos correspondientes a voltametrias de 2FBN en DMF+0.1
M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm) a diferentes concentraciones y
velocidades de barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.2.12: Voltametria ciclica de 2FBN en DMF+0.1 M Bu,NBF, en electrodo de carbono
vitreo (@ ca. 1 mm), velocidad de barrido 1.0 V s, bajo atmosfera inerte y a temperatura
ambiente. C2F3N=4.0 mM (A) C2F3N=9.0 mM (B) CZFBN:15-5 mM (C)
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Figura 3.2.13: Voltametria ciclica de 2FBN 9.0 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), bajo atmosfera inerte y a temperatura ambiente. Velocidad de
barrido 0.1 Vs (A). Velocidad de barrido 50 V s (B).
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Figura 3.2.14: Voltametria ciclica de 2FBN 10.9 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), realizando dos ciclos a una velocidad de barrido 0.5 V s, bajo
atmosfera inerte y a temperatura ambiente. Barrido: -0.50/-2.50/-0.50 V (A). Barrido: -1.20/-
2.50/-1.20 V (B).

18



Figuras y tablas

=

A

L L S L B I L B LA R LA R R
-24 -22 -20 -18 -16 -14 -12 -1.0 -0.8 -06 -04 -0.2 0.0

=

B
r—rr—Trr—TrTTrrTTr T T 1T T 1T T T T 1T T T T

24 -22 20 -1.8 -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0
Potencial (V vs. SCE)

10 pA

_—

10 pA

Figura 3.2.15: Voltametria ciclica de 2FBN en DMF+0.1 M BusNBF, en electrodo de carbono
vitreo (@ ca. 1 mm), pseudo-electrdlisis a -2.50 V (30 s), barrido: -2.50/0.00/-2.50 V y velocidad
de barrido 1.0 V s%, bajo atmosfera inerte y a temperatura ambiente. Carsn=4.0 mM (A) y 15.5

mM (B).
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Figura 3.2.16: Voltametria ciclica de una disolucion de 2FBN 9.0 mM en DMF+0.1 M Bu,NBF, en
electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: -0.50
/-2.50/-0.50 V y a temperatura ambiente antes (—) y después (----) de la electrdlisis.
Electrdlisis realizada a un potencial controlado de -2.15 V, 1 F, bajo atmosfera inerte y a
temperatura ambiente.
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Figura 3.2.17: Voltametria ciclica de 2FBN 11.1 mM en DMF/benceno (20/80)+0.6 M BusNBF,

en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: -0.50
/-2.70/-0.50 V, T=10 °C bajo atmosfera inerte.
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Figura 3.2.18: Voltametria ciclica de 2FBN 11.1 mM en DMF/benceno (20/80)+0.6 M Bu,NBF,
en electrodo de carbono vitreo (O ca. 1 mm, T=10 °C bajo atmosfera inerte, pseudo-electrdlisis
a-2.70 V (30s), barrido: -2.70 /-0.50 / -2.70 V y velocidad de barrido 0.5 V s™.
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Figura 3.2.19: Voltametria ciclica de 3FBN 10.4 mM en DMF+0.1 M BusNBF4 en electrodo de
carbono vitreo (O ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera inerte, barrido: -
1.50/-2.50/-1.50 Vy a temperatura ambiente.
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Figura 3.2.20: Voltametria ciclica de 41BN 10.1 mM en DMF+0.1 M Bu4sNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-2.70 /1.50 /
0.00 V, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.2.21: Voltametria ciclica de 41BN 10.1 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), barrido: -2.50/1.50/-2.50 V y velocidad de barrido 0.5 V s, bajo
atmosfera inerte y a temperatura ambiente. Pseudo-electrdlisis a -2.00 V / 30 s (A). Pseudo-
electrdlisis a -2.50 V /30 s (B).
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Después de la electrolisis [2F]
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Figura 3.2.22: Voltametria ciclica de una disolucion de 41BN 10.3 mM en DMF+0.1 M BusNBF,
en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/ -
2.50/0.00 Vy a temperatura ambiente antes (—) y después (----) de la electrdlisis. Electrdlisis
realizada a un potencial controlado de -1.90 V, 2 F, bajo atmosfera inerte y a temperatura
ambiente.
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Figura 3.2.23: Voltametria ciclica de 41BN 10.0 mM en DMF/benceno (20/80)+0.6 M BusNBF,
en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 1.50
/-2.50/1.50 Vy T=10 °C bajo atmosfera inerte.

25



Figuras y tablas

10 uAI

T T T T T T T
-2.5 -2.0 -15 -1.0 -0.5 0.0 0.5 1.0 15
Potencial (V vs. SCE)
Figura 3.2.24: Voltametria ciclica de 4FBN 10.0 mM en DMF/benceno (20/80)+0.6 M BusNBF4

en electrodo de carbono vitreo (D ca. 1 mm), T=10 °C bajo atmosfera inerte, pseudo-electrolisis
a-1.90 V (30s), barrido: -2.70 /1.50 /-2.70 V y velocidad de barrido 0.5 V s™.
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Figura 3.2.25: Voltametria ciclica de una disolucién de 41BN 10.3 mM en DMF/benceno
(20/80)+0.6 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm), velocidad de barrido de
0.5 Vs, barrido: 1.50 /-2.50 / 1.50 V antes (—) y después (---) de la electrdlisis. Electrdlisis
realizada a un potencial controlado de -1.90 V, 2 F, T=10 °C bajo atmosfera inerte.
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Figura 3.3.1: Voltametria ciclica de 3,5-DFBN 10.4 mM (A), 2,5-DFBN 15.9 mM (B), 2,6-DFBN
10.3 Mm (C), 2,4-DFBN 11.7 mM (D) y 3,4-DFBN 9.3 mM (E) en DMF+0.1 M Bu,NBF, en
electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera
inerte y a temperatura ambiente.
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Figura 3.3.2: Voltametria ciclica de 3,5-DFBN 10.4 mM en DMF+0.1 M BusNBF4 en electrodo de
carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-2.50/0.00 V,
bajo atmosfera inerte y a temperatura ambiente.
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v/Vs?! | Epc/VvsSCE | E°/VvsSCE | AEpc/ mV | lpc/ pA z
0,5 -1.86 -1.85 60 34.2 1.0
1 -1.88 -1.86 60 48.4 1.0
5 -1.92 -1.86 60 113.8 1.0
10 -1.95 -1.88. 90 151 1.2
25 -1.99 -1.90 90 222.8 1.1
50 -1.99 -1.90 90 293.9 1.0

Tabla 3.3.1: Pardmetros electroquimicos correspondientes a voltametrias de 3,5-DFBN 10.4
mM en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm) a diferentes
velocidades de barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.3.3: Voltametria ciclica en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (® ca.
1 mm), velocidad de barrido de 0.50 V s, barrido: bajo atmosfera inerte y a temperatura

ambiente. 2,5-DFBN 15.9 mM con barrido: 0.00 /-2.50/0.00 V (A). 2,6-DFBN 10.3 mM con
barrido: 0.00 /-2.50 /0.00 V (B).
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v/Vs! | Eoc/VVsSSCE | E°/VvsSCE | AE,c/ mV | I/ HA Y4

0,5 -1.88 - 60 66.4 | 1.2

z 1 -1.89 - 60 863 | 1.1
~SIE -1.90 60 1825 | 1.1
2010 -1.93 - 75 251.3 | 1.2
50 -1.95 -1.87 90 4741 | 11

0,5 -1.92 - 60 522 | 15

1 -1.94 - 60 721 | 15

= 10 -1.97 - 75 206.2 | 1.5
= 50 -2.07 - 136 355.6 | 1.5
S| 100 -2.08 - 136 512.0 | 1.6
250 -2.09 -1.98 150 692.2 | 1.4

500 2,11 -2.00 166 900.7 | 1.4

Tabla 3.3.2: Pardmetros electroquimicos correspondientes a voltametrias de 2,5-DFBN 15.9
mM 'y 2,6-DFBN 10.3 mM en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (@ ca. 1 mm)
a diferentes velocidades de barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.3.4: Voltametrias ciclicas de 2,5-DFBN 15.9 mM en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (® ca. 1 mm) a velocidades de barrido de 0.5 (A), 10 (B) y 50 (C) V s, bajo
atmosfera inerte y a temperatura ambiente
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Figura 3.3.5: Voltametrias ciclicas de 2,6-DFBN 10.3 mM en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (@ ca. 1 mm) a velocidades de barrido de 0.5 (A), 50 (B) y 250 (C) V s, bajo

atmosfera inerte y a temperatura ambiente.
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Figura 3.3.6: Voltametria ciclica de 2,5-DFBN 15.9 mM (A) y de 2,6-DFBN 10.3 mM (B) en
DMF+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm), pseudo-electrdlisis a -2.50 V
(30's), barrido 0.00 / -2.50 / 0.00 V y velocidad de barrido 0.5 V s, bajo atmosfera inerte y a
temperatura ambiente.
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Figura 3.3.7: Voltametria ciclica de una disolucion DFBN en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s y a temperatura ambiente
antes (—) y después (----) de la electrdlisis. Electrdlisis de 2,5-DFBN 15.9 mM realizada a un

potencial controlado de -2.10 V, 1 F, bajo atmosfera inerte y a temperatura ambiente (A).
Electrdlisis de 2,6-DFBN 10.3 mM realizada a un potencial controlado de -2.20 V, 1 F, bajo

atmosfera inerte y a temperatura ambiente (B).
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Figura 3.3.8: Voltametria ciclica en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (® ca.
1 mm), bajo atmosfera inerte y a temperatura ambiente. 2,4-DFBN 11.7 mM, velocidad de
barrido de 1.0 V s con barrido: 0.00 /-2.70/0.00 V (A). 3,4-DFBN 9.3 mM, velocidad de
barrido de 0.5 V s con barrido: 0.00 /-2.80/0.00 V (B).
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v/Vst! | Eoc/VVs.SCE | E°/VvsSCE | AEpc/ mV | lpc/ pA z

0,5 -2.13 - 60 702 | 1.8
> 1 -2.13 - 60 97.7 | 1.8
g 10 -2.16 - 90 256.0 | 1.8
< 50 -2.26 - 136 483.6 | 1.9
~ [ 100 -2.29 - 151 616.3 | 1.8

500 -2.38 - 210 900.7 | 1.4
> 0.1 -2.04 - 60 346 | 2.5
g 0,5 -2.07 - 60 654 | 2.1
< 1 -2.10 - 60 99.6 | 2.3
SO TS 2.13 - 75 258.4 | 2.1

Tabla 3.3.3: Pardmetros electroquimicos correspondientes a voltametrias de 2,4-DFBN 11.7
mM y 3,4-DFBN 9.3 mM en DMF+0.1 M BusNBF4 en electrodo de carbono vitreo (O ca. 1 mm) a
diferentes velocidades de barrido, bajo atmosfera inerte y a temperatura ambiente.

37



Figuras y tablas

10 uAI

A
T T T T T 1
2.5 2.0 1.5 1.0 0.5 0.0
50 uAI
T T T T T T T T T T 1
-2.5 -2.0 -15 -1.0 -0.5 0.0
100 pAI
T T T T T T T T T T 1
-2.5 -2.0 -1.5 -1.0 -0.5 0.0

Potencial (V vs. SCE)

Figura 3.3.9: Voltametrias ciclicas de 2,4-DFBN 11.7 mM en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (® ca. 1 mm) a velocidades de barrido de 0.5 (A), 10 (B) y 100 (C) V s, bajo
atmosfera inerte y a temperatura ambiente

38



Figuras y tablas

10 pAI

A
T T T T T T T T T 1
-2.5 -2.0 -1.5 -1.0 -0.5 0.0
10 uAI
B
T T T T T T T T T 1
-2.5 -2.0 -15 -1.0 -0.5 0.0
50 uA[
T T T T T T T T T T 1
-25 -2.0 -15 -1.0 -0.5 0.0

Potencial (V vs. SCE)

Figura 3.3.10: Voltametrias ciclicas de 3,4-DFBN 9.3 mM en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (® ca. 1 mm) a velocidades de barrido de 0.1 (A), 0.5 (B) y 10 (C) V s, bajo

atmosfera inerte y a temperatura ambiente
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Figura 3.3.11: Voltametria ciclica de 2,4-DFBN 11.7 mM en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (O ca. 1 mm), pseudo-electrdlisis a -2.20 (A), -2.40 (B) y -2.60 (C) V (30 s),
barrido 0.00 / -2.80 / 0.00 V y velocidad de barrido 0.5 V s, bajo atmosfera inerte y a
temperatura ambiente.
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Figura 3.3.12: Voltametria ciclica de 3,4-DFBN 9.3 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (O ca. 1 mm), pseudo-electrdlisis a -2.20 (A), -2.50 (B) y -2.70 (C) V (30 s),
barrido 0.00 /-2.80 / 0.00 V y velocidad de barrido 1.0 V s, bajo atmosfera inerte y a

temperatura ambiente.
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Figura 3.3.13: Voltametria ciclica de una disolucion DFBN en DMF+0.1 M BusNBF, en electrodo
de carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s y a temperatura ambiente
antes (—) y después (---) de la electrdlisis. Electrdlisis de 2,4-DFBN 11.7 mM realizada a un
potencial controlado de -2.20 V, 1.3 F, bajo atmosfera inerte y a temperatura ambiente (A).
Electrdlisis de 3,4-DFBN 10.1 mM realizada a un potencial controlado de -2.20 V, 1.6 F, bajo

atmosfera inerte y a temperatura ambiente (B).
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Figura 3.3.14: Voltametria ciclica de 2,4-DFBN 11.7 mM (A) y 3,4-DFBN 10.1 mM (B) en
DMF/benceno (20/80)+0.6 M BusNBF, en electrodo de carbono vitreo (@ ca. 1 mm), velocidad

de barrido de 0.5 V s, T=10 °C bajo atmosfera inerte.
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Figura 3.3.15: Voltametria ciclica de una disolucion DFBN en DMF/benceno (20/80)+0.6 M
BusNBF, en electrodo de carbono vitreo (O ca. 1 mm), velocidad de barrido de 0.5V sty a
temperatura ambiente antes (—) y después (---) de la electrdlisis. Electrdlisis de 2,4-DFBN 11.7
mM realizada a un potencial controlado de -2.20 V, 1.3 F, bajo atmosfera inerte y a
temperatura ambiente (A). Electrdlisis de 3,4-DFBN 10.1 mM realizada a un potencial
controlado de -2.20 V, 1.6 F, bajo atmosfera inerte y a temperatura ambiente (B).
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Figura 3.4.1: Voltametria ciclica de 4-fluoronitrobenceno 4.8 mM (A), 4-cloronitrobenceno 9.6
mM (B), 4-Bromonitrobenceno 5.3 mM (C) y 4-yodonitrobenceno 4.9 mM (D) en DMF+0.1 M
BusNBF, en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, bajo

atmosfera inerte y a temperatura ambiente.
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Figura 3.4.2: Voltametria ciclica de 2-yodonitrobenceno 13.7 mM (A), 3-yodonitrobenceno 10.4
mM (B) y 4-yodonitrobenceno 4.9 mM (C) en DMF+0.1 M BusNBF, en electrodo de carbono
vitreo (O ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera inerte y a temperatura
ambiente.
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Figura 3.4.3: Voltametria ciclica de 4INB 9.9 mM en DMF+0.1 M BusNBF, en electrodo de

carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-1.50/1.50/
0.00 V, bajo atmosfera inerte y a temperatura ambiente.

47



Figuras y tablas

v/Vs!| Ex/VvsSCE |AE,./ mV | Z
0.05 -1.04 60 13
0.1 -1.04 60 1.2
0.5 -1.04 60 1.1
1.0 -1.01 66 1.1
5.0 -1.04 72 1.0
10 -1.05 72 1.0

Tabla 3.4.1: Pardmetros electroquimicos correspondientes a voltametrias de 4INB 9.9 mM en
DMF+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm) a diferentes velocidades de
barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.4.4: Voltametrias ciclicas de 4INB 9.9 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm) a velocidades de barrido de 0.05 (A), 0.5 (B) y 10 (C) V s, bajo
atmosfera inerte y a temperatura ambiente.
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Figura 3.4.5: Voltametria ciclica de 4INB 9.9 mM en DMF+0.1 M BusNBF; en electrodo de
carbono vitreo (@ ca. 1 mm), pseudo-electrdlisis a -1.05 V (30 s), barrido -1.50 / 1.50/ -1.50V y
velocidad de barrido 0.5 V s, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.4.6: Voltametria ciclica de 4INB en DMF+0.1 M BusNBF, en electrodo de carbono vitreo
(® ca. 1 mm), pseudo-electrdlisis a -1.05 V (30 s), barrido: 0.50 / -1.50 / -0.50 V' y velocidad de
barrido 0.05 V s, bajo atmosfera inerte y a temperatura ambiente.Cynz=9.9 mM (A),
Cuns=20 mM (B).
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Figura 3.4.7: Voltametria ciclica de 4,4’-DNBPh 3.8 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: -0.60 /-1.20 /-0.60 V,
bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.4.8: Voltametria ciclica de una disolucion de 4INB 8.9 mM en DMF+0.1 M BusNBF4 en
electrodo de carbono vitreo (® ca. 1 mm), barrido: 0.00 /-1.50/1.50 / 0.00 V y velocidad de
barrido de 0.5 V s y a temperatura ambiente antes (—) y después (--+) de la electrdlisis.
Electrdlisis realizada a un potencial controlado de -1.50 V, 1 F, bajo atmosfera inerte y a
temperatura ambiente.
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Figura 3.4.9: Voltametria ciclica de 4INB 10.8 mM en DMF/benceno (20/80)+0.6 M BusNBF, en

electrodo de carbono vitreo (O ca. 1 mm) a velocidades de barrido de 0.5 (A), 0.05 (B) y 0.005
(C) Vs, T=10 °C bajo atmosfera inerte.
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Figura 3.4.10: Voltametria ciclica de 4INB 10.8 mM en DMF/benceno (20/80)+0.6 M BusNBF, en
electrodo de carbono vitreo (D ca. 1 mm), T=10 °C bajo atmosfera inerte, pseudo-electralisis a -
1.40V (30 s), barrido: -1.40 / -0.50 / -1.40 V y velocidad de barrido 0.005 V s

— Antes de la electrélisis
' Después de la electrdlisis [1F]
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Potencial (V vs. SCE)

Figura 3.4.11: Voltametria ciclica de una disolucién de 4INB 10.3 mM en DMF/benceno
(20/80)+0.6 M BusNBF, en electrodo de carbono vitreo (® ca. 1 mm), barrido: -0.50 /-1.30/ -
0.50 V y velocidad de barrido de 0.05 V s antes (—) y después (----) de la electrdlisis. Electrdlisis
realizada a un potencial controlado de -1.10 V, 1 F, T=10 °C bajo atmosfera inerte.
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Figura 3.4.12: Voltametria ciclica de 4PhNB 5.5 mM en DMF+0.1 M BusNBF, en electrodo de

carbono vitreo (O ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera inerte y a
temperatura ambiente.
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v/Vs!| Ex/VvsSCE |AE,./ mV | Z
0.05 -1.00 60 1.5
0.1 -1.00 60 1.5
0.5 -1.01 60 1.2
1.0 -1.01 60 1.1
2.5 -1.02 60 1.1
5.0 -1.02 60 1.0

Tabla 3.4.2: Pardmetros electroquimicos correspondientes a voltametrias de 3INB 12.8 mM en
DMF+0.1 M Bu4sNBF, en electrodo de carbono vitreo (® ca. 1 mm) a diferentes velocidades de
barrido, bajo atmosfera inerte y a temperatura ambiente.

v/Vs?| Ep/VVsSCE |AE,/mV | Z
0.05 -1.00 60 1.2
0.1 -1.02 66 1.2
0.5 -1.10 108 1.2
1.0 -1.11 108 1.1

Tabla 3.4.3: Pardmetros electroquimicos correspondientes a voltametrias de 2INB 12.1 mM en
DMF+0.1 M BusNBF4 en electrodo de carbono vitreo (D ca. 1 mm) a diferentes velocidades de
barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.4.13: Voltametrias ciclicas de 3INB 12.8 mM en DMF+0.1 M Bu4NBF, en electrodo de
carbono vitreo (O ca. 1 mm) a velocidades de barrido de 0.05 (A), 0.5 (B) y 2.5 (C) V s, bajo
atmosfera inerte y a temperatura ambiente
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Figura 3.4.14: Voltametrias ciclicas de 2INB 12.1 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (® ca. 1 mm) a velocidades de barrido de 0.05 (A), 0.1 (B), 1.0 (C) V s, bajo
atmosfera inerte y a temperatura ambiente.
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Figura 3.4.15: Voltametria ciclica en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (@ ca.
1 mm), bajo atmosfera inerte y a temperatura ambiente. 3INB 12.8 pseudo-electrdlisis a -1.05
V (30s), barrido: -0.50/-1.50/-0.50 V y velocidad de barrido 0.05 V s(A). 2INB 12.1 mM,
pseudo-electrdlisis a -1.05 V (30 s), barrido -1.50/0.50/-1.50 V y velocidad de barrido 0.50 V' s

1(B).
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Figura 3.4.16: Voltametria ciclica en DMF/benceno (20/80)+0.6 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.05 V s, T=10 °C bajo atmosfera inerte.
3INB 11.2 mM, barrido: -0.20/-1.20 /-0.20 V (A). 2INB 10.7 mM, barrido: -0.50 /-1.50 / -0.50

Vv (B).
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Figura 3.4.17: Voltametria ciclica de una disolucién de 3INB 11.2 mM en DMF/benceno
(20/80)+0.6 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm),
barrido: -0.20 /-1.20 /-0.2 V y velocidad de barrido de 0.05 V s antes (—) y después (--) de la
electrdlisis. Electrdlisis realizada a un potencial controlado de —0.95 V, 1 F, T = 10 °C bajo
atmosfera inerte (A). Voltametria ciclica de 3PhNB 11.3 mM en DMF+0.1 M Bu,NBF, en
electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera
inerte y a temperatura ambiente (B).
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Figura 3.4.29: Voltametria ciclica de una disolucién de 2INB 10.3 mM en DMF/benceno
(20/80)+0.6 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm),
barrido: -0.50 /-1.50 / -0.50 V y velocidad de barrido de 0.05 V s antes (—) y después (-+--) de
la electrdlisis. Electrdlisis realizada a un potencial controlado de —1.05V, 1 F, T = 10 °C bajo
atmosfera inerte (A). Voltametria ciclica de 2PhNB 10.5 mM en DMF+0.1 M BusNBF, en
electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera
inerte y a temperatura ambiente (B).
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Figura 3.5.1: Voltametria ciclica de yodobenceno 12.7 mM (A), 4-yodotolueno 11.0 mM (B) y
4-yodoanisol 10.9 mM (C) en DMF+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm),
velocidad de barrido de 0.5 V s, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.5.2: Voltametria ciclica de fluorobenceno 7.9 mM (A), clorobenceno 8.6 mM (B),
bromobenceno 11.4 Mm (C) y yodobenceno 12.7 Mm (D) en DMF+0.1 M Bu,sNBF, en electrodo
de carbono vitreo (O ca. 1 mm), velocidad de barrido de 0.5 V s, bajo atmosfera inerte y a
temperatura ambiente.
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Figura 3.5.3: Voltametria ciclica de IB 12.7 mM en DMF+0.1 M Bu4NBF, en electrodo de
carbono vitreo (® ca. 1 mm), bajo atmosfera inerte y a temperatura ambiente. Velocidad de
barrido de 0.5 V s, barrido: -0.00/-2.70/1.50/0.00 V (A). Pseudo-electrdlisis a -1.70 V (30 s),
barrido 0.00 / -2.70 / 1.50 / 0.00 V y velocidad de barrido 1.0 V s (B).
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v/Vs! | Epc/VvsSCE | E°/VvsSCE | AE,c/mV | lpc/pA | z
0.1 -2.37 - 150 30.34 1.9
0.25 -2.37 - 150 46.93 1.9
0.50 -2.37 - 180 58.79 1.9
1.0 -2.37 - 180 84.39 1.8
5.0 -2.37 - 180 227.56 | 2.0
10 -2.49 - 180 279.70 | 1.9
50 -2.56 - 210 597.33 | 2.0
100 -2.59 - 210 786.96 | 2.0

Tabla 3.5.1: Pardmetros electroquimicos correspondientes a voltametrias de IB 12.7 mM en
DMF+0.1 M BusNBF, en electrodo de carbono vitreo (O ca. 1 mm) a diferentes velocidades de
barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.5.4: Voltametria ciclica de IB 11.8 mM en DMF/benceno (20/80)+0.6 M Bu,NBF, en
electrodo de carbono vitreo (D ca. 1 mm), T = 10 °C bajo atmosfera inerte. Velocidad de barrido
de 0.5V s, barrido: 0.00/-2.80/1.50/0.00 V (A). Pseudo-electrdlisis a -2.60 V (30 s), barrido
-2.80/1.50/-2.80V y velocidad de barrido 0.5 V s (B). Velocidad de barrido de 0.5 V s antes
(—) y después (----) de la electrdlisis, barrido: 0.00 /-2.80/1.20 / 0.00 V, electrdlisis realizada a

un potencial controlado de -2.60 V, 2 F, T=10 °C bajo atmosfera inerte (C).
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Figura 3.5.5: Voltametria ciclica de BPh 10.0 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-2.80/0.00 V,
bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.5.6: Voltametria ciclica de 41T 11.0 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (® ca. 1 mm), bajo atmosfera inerte y a temperatura ambiente. Velocidad de
barrido de 0.5 V s, barrido: -0.00/-2.80/1.70/0.00 V (A). Pseudo-electrdlisis a -2.80 V (30 s),
barrido 0.00 /-2.80/1.70 / 0.00 V y velocidad de barrido 1.0 V s** (B).
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Figura 3.5.7: Voltametria ciclica de 41A 10.0 mM en DMF+0.1 M BusNBF, en electrodo de
carbono vitreo (O ca. 1 mm), bajo atmosfera inerte y a temperatura ambiente. Velocidad de

barrido de 0.5 V s, barrido: -0.00/-2.70 /1.50 /0.00 V (A). Pseudo-electrélisis a -2.70 V (30 s),
barrido 1.50 / -2.70 / 1.50 V y velocidad de barrido 1.0 V s (B).
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v/Vs?! | Epc/VvVvsSCE | E°/VvsSCE | AE,c/mV | Ipc/pA | z
0,10 -2.19 - 180 23.23 1,9
0,25 -2.19 - 180 28.44 1.5
0,50 -2.19 - 180 54.04 1.9

1,0 -2.28 - 180 82.49 1.8
5,0 -2.41 - 180 182.52 | 2.0
10 -2.41 - 180 246.52 | 2.0
50 -2.63 - 240 44563 | 2.0

Tabla 3.5.2: Pardmetros electroquimicos correspondientes a voltametrias de 41T 11.0 mM en
DMF+0.1 M BusNBF,4 en electrodo de carbono vitreo (O ca. 1 mm) a diferentes velocidades de

barrido, bajo atmosfera inerte y a temperatura ambiente.
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Figura 3.5.8: Voltametria ciclica de 41T 10.8 mM en DMF/benceno (20/80)+0.6 M BusNBF, en
electrodo de carbono vitreo (O ca. 1 mm), T = 10 °C bajo atmosfera inerte. Velocidad de barrido
de 0.5V s, barrido: 0.00/-2.60/1.70/0.00 V (A). Pseudo-electrdlisis a -2.60 V (30 s), barrido
0.00/-2.60/1.70/0.00 V y velocidad de barrido 0.5 V s** (B). Velocidad de barrido de 0.5 V s

antes (—) y después (----) de la electrdlisis, barrido: 0.00 /-2.50 / 1.30 / 0.00 V, electrdlisis
realizada a un potencial controlado de -2.40 V, 2 F, T=10 °C bajo atmosfera inerte (C).
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Figura 3.5.9: Voltametria ciclica de 4I1A 10.0 mM en DMF/benceno (20/80)+0.6 M BusNBF, en
electrodo de carbono vitreo (O ca. 1 mm), T=10 °C bajo atmosfera inerte. Velocidad de barrido
de 0.5V s, barrido: 0.00/-2.50/1.50/0.00 V (A). Pseudo-electrdlisis a -2.80 V (30 s), barrido
-2.80/1.50/-2.80 V y velocidad de barrido 0.5 V s** (B). Velocidad de barrido de 0.5 V s antes
(—) y después (----) de la electrdlisis, barrido: 0.00 /-2.50/ 1.50 / 0.00 V, electrdlisis realizada a

un potencial controlado de -2.40 V, 2 F, T=10 °C bajo atmosfera inerte (C).
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Figura 4.2.1: Voltametria ciclica 4TsOBN 9.7 mM (A), 4MsOBN 9.8 mM (B) y 4TfOBN 11.0 mM
(C) en ACN+0.1 M BusNBF, en electrodo de carbono vitreo (Q ca. 1 mm), velocidad de barrido
de 0.5 Vs, T=10 °C bajo atmosfera inerte.
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Figura 4.2.2: Voltametria ciclica de 4TsOBN 9.7 mM en ACN+0.1 M Bu4NBF, en electrodo de
carbono vitreo (O ca. 1 mm), T = 10 °C bajo atmosfera inerte. Velocidad de barrido de 0.5 V s,
barrido: 1.00/-2.50/1.00 V (A). Velocidad de barrido de 0.5 V s antes (—) y después (--+) de

la electrdlisis, barrido: 0.00 /-2.20 / 0.00 V, electrdlisis realizada a un potencial controlado

de-2.15V, 1.5 F, T=10 °C bajo atmosfera inerte (B).
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Figura 4.2.3: Voltametria ciclica de tereftalonitrilo 7.3 mM en ACN+0.1 M Bu,NBF, en electrodo

de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-1.80/0.00 V,

T=10 °C bajo atmosfera inerte (A). Voltametria ciclica de una electrélisis de 4TsOBN 9.8 mM en

ACN+0.1 M BusNBF, en electrodo de carbono vitreo (© ca. 1 mm), velocidad de barrido de 0.5 V
s, barrido: 0.00 /-2.20 / 0.00, T=10 °C bajo atmosfera inerte antes (—) y después (---) de la

electrdlisis. Electrdlisis realizada a un potencial controlado de -1.70 V, 1 F, utilizando
tereftalonitrilo como mediador, T=10 °C bajo atmosfera inerte. Las curvas (- - -) y (- - -)

corresponden a 4TsOBN 9.7 mM y tereftatalonitrilo 7.3 mM, respectivamente, en ACN+0.1 M

BusNBF, en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, T=10 °C

bajo atmosfera inerte (B).
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Figura 4.2.4: Voltametria ciclica de 4TsOBN 9.7 mM en ACN/benceno (20/80)+0.6 M BusNBF,
en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/ -
2.20/0.00 V, T = 10 °C bajo atmosfera inerte (A). Antes (—) y después (----) de la electrdlisis.
Electrdlisis realizada a un potencial controlado de -2.10 V, 1.5 F, T = 10 °C bajo atmosfera inerte

(B).
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Figura 4.2.5: Voltametria ciclica de 4MsOBN 9.8 mM en ACN+0.1 M BusNBF, en electrodo de
carbono vitreo (O ca. 1 mm), T = 10 °C bajo atmosfera inerte. Velocidad de barrido de 0.5 V s,
barrido: 1.00/-2.60/1.00 V (A). Velocidad de barrido de 0.5 V s antes (—) y después (--+) de

la electrdlisis, barrido: 0.00 / -2.50 / 0.00 V, electrdlisis realizada a un potencial controlado

de-2.15V, 1 F, T=10 °C bajo atmosfera inerte (B).
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Figura 4.2.6: Voltametria ciclica de ftalonitrilo 8.3 mM en ACN+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 0.00/-2.00/0.00 V,
T=10 °C bajo atmosfera inerte (A). Voltametria ciclica de una electrélisis de 4MsOBN 11.3 mM
en ACN+0.1 M Bu4NBF, en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de
0.5 Vs, barrido: 0.00 /-2.20 /0.00, T=10 °C bajo atmosfera inerte antes (—) y después (---) de
la electrdlisis. Electrdlisis realizada a un potencial controlado de -1.85 V, 1 F, utilizando
ftalonitrilo como mediador, T=10 °C bajo atmosfera inerte. Las curvas (- - -) y (- --)
corresponden a 4MsOBN 9.8 mM y ftatalonitrilo 8.3 mM, respectivamente, en ACN+0.1 M
Bu4NBF, en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, T=10 °C

bajo atmosfera inerte (B).
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Figura 4.2.7: Voltametria ciclica de 4MsOBN 10.4 mM en ACN/benceno (20/80)+0.6 M Bu,NBF,
en electrodo de carbono vitreo (0 ca. 1 mm), T = 10 °C bajo atmosfera inerte. velocidad de
barrido de 0.5 V s, barrido: 0.00 /-2.40 /0.00 V (A). Velocidad de barrido de 0.5 V s antes
(—) y después (----) de la electrdlisis, barrido: 0.00 / -2.40 / 0.00 V, electrdlisis realizada a un
potencial controlado de -2.15 V, 1 F, T=10 °C bajo atmosfera inerte (B).

83



Figuras y tablas

10 uAl

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Antes de la electr6lisis
Después de la electrdlisis [1.5F]B
T T T T T T T 1
2.5 2.0 -1.5 -1.0 -0.5 0.0
Potencial (V vs. SCE)

Figura 4.2.8: Voltametria ciclica de 4TfOBN 11.0 mM en ACN+0.1 M BusNBF, en electrodo de
carbono vitreo (@ ca. 1 mm), velocidad de barrido de 0.5 V s, barrido: 1.00/-2.50/1.00 V,
T=10 °C bajo atmosfera inerte (A). Voltametria ciclica de una electrdlisis de 4TfOBN 14.6 mM
en ACN+0.1 M Bu4NBF, en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de
0.5 Vs, barrido: 0.00/-2.50/0.00 V, T = 10 °C bajo atmosfera inerte antes (—) y después (--+)
de la electrdlisis. Electrdlisis realizada a un potencial controlado de -1.95 V, 1.5 F, T=10 °C bajo
atmosfera inerte (B).
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Figura 4.2.9: Voltametria ciclica de una electrdlisis de 4TfOBN 11.4 mM en ACN+0.1 M BusNBF,

en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, barrido:

0.00/-2.20/0.00 V, T=10 °C bajo atmosfera inerte antes (—) y después (----) de la electrélisis.
Electrdlisis realizada a un potencial controlado de -1.70 V, 1 F, utilizando terephtalonitrilo como

mediador, bajo atmosfera inerte y a temperatura ambiente. Las curvas (- - -) y (- - -)
corresponden a 4TfOBN 11.4 mM y tereftatalonitrilo 9.0 mM, respectivamente, en ACN+0.1 M
Bu4NBF, en electrodo de carbono vitreo (® ca. 1 mm), velocidad de barrido de 0.5 V s, T=10 °C

bajo atmosfera inerte (B).
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Figura 4.2.10: Voltametria ciclica de 4TfOBN 11.8 mM en ACN/benceno (20/80)+0.6 M BusNBF,
en electrodo de carbono vitreo (O ca. 1 mm), T =10 °C bajo atmosfera inerte. Velocidad de
barrido de 0.5 V s, barrido: 0.00 /-2.50 /0.00 V (A). Velocidad de barrido de 0.5 V s antes
(—) y después (----) de la electrdlisis, barrido: 0.00 /-2.50 / 0.00 V, electrdlisis realizada a un
potencial controlado de -1.95 V, 1.5 F, T=10 °C bajo atmosfera inerte (B).
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Figure 5.2.1: Cyclic voltammetry in DM+0.1 M BusNBF, at glassy carbon electrode (@ ca. 1
mm), scan rate 0.50 V s, under inert atmosphere and at room temperature. DNB 10 mM, scan:
0.00/-1.50/0.00 V (A). tDNS 10 mM, scan: 0.00 /-1.20/0.00 V (B). DNB 10 mM , scan: 0.00 /

-1.50/0.00 V, under inert atmosphere and at room temperature before (—) and after (---)

electrolysis. Electrolysis at controlled potential of -1.30 V, 1.2F under inert atmosphere and at
room temperature (C).
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Figure 5.2.2: Conversion and selectivity of the divided batch electroreduction of DNB 10 mM in
DMF+0.1 M BusNBF, at a controlled potential of -1.30 V, 0 - 2 F, under inert atmosphere at
room temperature.
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Figure 5.3.1: Conversion and selectivity of flow cell electroreduction of DNB 10 mM in DMF+0.1
M BusNBF, at room temperature. Controlled potential of -1.30 V and flow rate: 30 — 70 pl min!
(A). Controlled potential between -1.00 and -1.40 V and flow rate: 60 pl min (B). Conversion of
electrolysis at controlled potential of -1.30 V and flow rate: 30 — 70 ul min using different
spacer thickness (C).
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10. PUBLICACIONES

A continuacidn, se presenta la publicacidon derivada del trabajo realizado durante la presente
tesis doctoral titulada Electrochemically promoted arylation of iodoaromatics.

Por otra parte, se espera la publicacién de otros dos articulos durante los préximos meses. Uno
trata el comportamiento electroquimico de diferentes dinitrobibencilos y el otro la sintesis
electroquimica en continuo del trans-4,4’-dinitroestilbeno, cubriendo la estancia en el grupo de
investigacion ‘Advanced Reactor Technology’ en la University of Antwerp.
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Journal of Electroanalytical Chemistry 799 (2017) 9-16

Contents lists available at ScienceDirect

jgurnal o
Electroanalytical

Hemistry

Journal of Electroanalytical Chemistry

ELSEVIER journal homepage: www.elsevier.com/locate/jelechem

Electrochemically promoted arylation of iodoaromatics @ e

[luminada Gallardo-, Sergio Soler

Laboratori d’El quirmi lecular, De de Quimica, Uni Autd de Barcelona, 08193, Bellaterra, Barcelona, Spain

ARTICLE INFO ABSTRACT

Keywords: The electrochemical reduction of iodobenzene, 4-iodobenzonitrile and 4-iodonitrobenzene in DMF:benzene

Cross-coupling reaction (2:8), in one-pot reaction and at room temperature, leads to cross-coupling products, biphenyl, 4-phenylbenzo-

Electrochemistry nitrile and 4-phenylnitrobenzene in low to moderate yields. The proposed mechanism involves the formation of

lodoarenes the aryl anion that is consistent with the number electrons transferred. The aryl anion reacts with benzene to

Benzene form a o"-complex that is oxidized to the cross-coupling product in the reaction conditions. In identical
conditions, 4-iodotol and 4-iodoanisole forms tol and anisole, showing that electron donating groups in

the iodoarene disfavour cross-coupling reaction.

1. Introduction examples of haloaryl heterocoupling reactions, involving a transition
metal catalyst, in addition to electrons have been reported [13-17]. An

The synthesis of biaryls by homo- or cross-coupling reactions has efficient method for C—H/C—H cross-coupling of two unactivated

been known for a long time [1-3]. Currently, the most efficient and best aromatic compounds has been developed using “radical-cation pools”

established approach for this reaction is the coupling of an aryl halide accumulated by low temperature electrolysis [18]. However, to best of

with an organometallic reagent promoted by transition metal catalysts our knowledge, the cathodic promoted arylation of an arylic C—H bond

[4,5], although high temperature homocoupling can be also achieved has been never reported. For this reason, we decided to investigate the

from an aryl halide and the use of a stoichiometric amount of a metal electrochemically promoted cross-coupling reaction between a series of

(i.e. copper), this acting as a reducing agent, Scheme 1 [6]. However, iodoaromatics and benzene, Scheme 3.

both strategies show a poor atom economy, with the amount of salts

produced as side products, as well as the price of the reagents, being a 2. Experimental part

limitation for the scale-up of the reaction, except for the synthesis of

very high added value products. 2.1. Chemicals
An attractive alternative to overcome the drawbacks of the reactions
above described is to consider the aryl C—H bond as a functional group, N,N-dimethylformamide (DMF) and tetrahydrofuran (THF) were
playing the role of the carbon-metal bond, Scheme 2 [7,8]. purchased with the highest quality available, and stored with molecular
Along this line, a recent report showed that t-BuOK promotes the sieves, under inert atmosphere. The rest of reagents were also pur-

biaryl coupling of electron-deficient nitrogen heterocycles and haloar- chased with the highest quality available, and they were used as
enes, under microwave radiation, at moderated temperatures, without received.
the addition of any exogenous transition metal species [9]. Further-

more, another recent report describes that N,N’-dimethylethylenedia- 2.2. Electrochemical cell
mine plus +BuOK catalyses the arylation of benzene with iodoarenes at
moderate temperatures [10]. In a related reaction, the room tempera- Voltammetry and electrolysis experiments were carried out in a

ture photo-induced coupling of iodoarenes and benzene, also in the jacketed five neck conical cell. Three of the necks were used for the
presence of t-BuOK, was also reported [11]. In both reactions the working, counter, and reference electrodes, while the other two necks
authors propose aryl radical anion and aryl radical as intermediates. If were used for the argon inlet and outlet. Voltammetry and electrolysis

this proposal is true, electrochemistry could be a useful tool to promote in mixtures of DMF and benzene as solvent were performed at 10 °C,

this reaction. It should be mentioned, that the electrochemical homo- using a HAAKE F3 circulation system in order to avoid the evaporation

coupling of haloarenes is a well-established process [12]. Moreover, of benzene. The rest of electrochemical experiments were run at 20 °C.
* Corresponding author.

E-mail address: iluminada.gallardo@uab.cat (I. Gallardo).
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Scheme 1. Examples of homo- and cross-coupling reactions.
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h 2. Cross: li of C-H Bonds.

2.3. Cyclic voltammetry experiments

For cyclic voltammetry experiments a glassy carbon disk with a
1 mm diameter was used as working electrode, with the counter
electrode being a 1 mm diameter Pt disk. The reference electrode is a
saturated calomel electrode (SCE), separated from the working elec-
trode compartment by a salt bridge with a ceramic frit. Electrochemical
characterisation of 9-fluorenone was used as an electrochemical
standard in DMF and in DMF/benzene solvent mixtures. 9-Fluorenene
shows a one-electron transfer. The current values were standardised
with respect to concentration and scan rate square-root, in order to
determine the number of electrons associated with an unknown
electronic transfer.

2.4. Bulk electrolysis experiments

Electrolysis of iodoarenes were performed at controlled potential
(ca. 100 mV more negative than peak potential) using a carbon graphite
rod as a working electrode (8.0 cm? of surface), a Pt rod as a counter
electrode, and a saturated calomel electrode (SCE) as a reference
electrode. The counter electrode and the SCE were isolated from the
working electrode compartment by a salt bridge, with a glass frit for the
counter electrode, and a ceramic frit for the reference electrode. The
electrolysed solution was extracted with water/toluene, and the organic
phase was dried with Na,SO, and carefully evaporated in vacuum,
leaving a residue that was analysed using GC, GC-MS and/or NMR.

2.5. Reaction of PhLi with benzene

110 pL of a dibutyl-ether solution of PhLi (ca. 1.9 M) were dissolved
in 20 mL of a mixture of THF:benzene (2:8) under Ar atmosphere. The

mixture was stirred for 1h at room temperature and the resulting
solution was analysed using GC and, after adding 0.60 M Bu,NBF,, the
solution was also analysed using cyclic voltammetry (CV).

2.6. Instrumentation

Cyclic voltammetry experiments were performed using a homemade
potentiostat [19], whereas controlled potential electrolysis was per-
formed using a PAR 273A potentiostat. GC and GC/MS analyses were
carried out using an Agilent Technology 6890 and a Hewlett-Packard
5973 MS apparatus, respectively.

3. Results and discussion

lodobenzene (Phl), 4-iodotoluene (CH3CgH4l), 4-iodoanisole
(CH30CgH4I), 4-iodobenzonitrile (NCCgH4l), and 4-iodonitrobenzene
(O2NCeH4I) were chosen to study the cross-coupling reaction of the
iodoarenes with benzene, promoted by cathodic reduction. This
electrochemical study was performed in DMF:benzene (2:8 v/v)
(+0.60 M BuyNBF,) The mixture of solvents and the background
electrolyte concentration was optimized for the best electrochemical
response and yield of the cross-coupling products. In addition to the
experiments in DMF:benzene, for comparative purposes the CV and
bulk electrolysis were carried out in DMF (+ 0.10 M BuyNBF,).

Cyclic voltammetry experiments were performed in the range of
0.05-10 Vs~ '. Some I-E curves were recorded at scan rates (v) below
0.05 and above 10 Vs~ ! to highlight the qualitative effects. In order to
measure the products of the electrochemical cross-coupling, the follow-
ing products were previously analysed by CV: the cross-coupling
products, namely biphenyl (Ph-Ph), 4-phenyltoluene (CH3CsH4Ph), 4-
phenylanisole (CH;0CgH4Ph), 4-phenylbenzonitrile (NCC¢H4Ph) and 4-
phenylnitrobenzene (02NCsH4Ph); the reduction products of the io-
doarenes, namely benzene (PhH), toluene (PhCHj), anisole (PhOCHj),
nitrobenzene (PhNO,) and benzonitrile (PhCN), and the homocoupling
products, namely 4,4’-dimethylbiphenyl (CH;C¢H,-CqH,CH3), 4,4’-di-
methoxbiphenyl (CH,;0C¢H,4-C¢H,0CH3), 4,4’-dicyanobiphenyl
(NCCgH,-C¢H4,CN) and 4,4’-dinitrobiphenyl (O,NCsH4-CsH4NO,). All
these products were also characterised using GC and GC-MS.

O D = OO

R = CH;, OCH3, H, CN, NO,

Scheme 3. Direct arylation of C-H bonds electrochemically promoted.
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Fig. 1. CV of iododerivatives (10 mM) in DMF + 0.10 M BuyNBF, at glassy carbon electrode. Scan rate 0.50 Vs~ 1

CH30CsH,l, 1D: NCCeH,l, 1E: O2NCgHyl, and 1F: O:NCgH4I (10 Vs™ 1),

Table 1

Cathodic peak potential, E; peak widths, AE,. = E,. — E,, /2 and number of electrons,
2 for the first reduction peak. Standard potential, E°, for the second reversible cathodic
peak. All compounds in DMF + 0.10 M Bu,NBF, at glassy carbon working electrode at a
scan rate of 0.50 Vs~ . Temperature 20 °C.

Epe (V) AE,. (mV) z E° (V)
PhI” -2.37 178 1.9 -
CHaCeH,l" -2.19 178 19 -
CH30CsH 1" -231 178 1.9 -
NCCeH,1" -1.86 118 2 -231
02NCeH,1 -1.04 59 1.1 -1.12
* vs. SCE.

Remains irreversible at v = 1000V s~ .
¢ Becomes reversibleat v = 10 Vs~ '

11
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Potential (V vs. SCE)

20°C; Ar here. 1A: Phl, 1B: CH3GHyl, 1C:

3.1. Electrochemical behaviour in DMF + 0.10 M BusNBF;

Atv < 1.0Vs~ ', CV's of all iodoarenes show a first irreversible
reduction wave corresponding to a number of electrons between 1 and
2. A second one-electron reversible wave was observed for NCCqH,4I and
0,NCCgH,I. The oxidation waves at 0.70 V and 0.92V, due to the
iodide [20], appear in all CV's after the first reduction wave, and in the
consecutive oxidation scan. A small anodic peak at 0.0 V, corresponding
to an uncharacterised species, was also observed in the CV of all the
iodoaromatics. The CV's of the products are shown in Fig. 1.

At v =10Vs !, 0,NCCsH,4I shows a reversible wave in the first
cathodic scan corresponding to the reversible formation of the anion
radical. Under these conditions, no second reduction wave, neither
oxidation waves were observed. For the rest of the iodoarenes
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Fig. 2. CV of O,NCgH,I (10 mM), 2A, and NCC-H,I (10 mM), 2B, in DMF + 0.10 M Bu,NBF, at glassy carbon electrode. Scan rate 0.50 Vs~ L 20°C; Ar b Before

(—) and after (---) electrolysis.

Stepwise mechanism

= Arl"™

Arl + 1e”

Al — Ar +1

Ar +1¢ == Ar

Arl' "+ Ar — Arl + Ar

Ar +H* —> ArH

Concerted mechanism

Arl+1e —> Ar +1

Ar +1e == Ar

Ar +HY —> ArH

Ar = Ph, C¢H,CH; C¢H,0CH; C¢H,NO, C¢H,CN

Qoh h

4. Proposed by electr

reduction of Arl in DMF + 0.10 BusNBF;.

Table 2
Standard potential, E°, values by CV in DMF + 0.10 M
BuyNBF, at glassy carbon electrode at glassy carbon electrode.

Temperature 20 “C.
EO (V)**

PhNO, - 1.05
PhCN -226
0,NCzH,Ph -1.03
NCCeH,4Ph -1.94
Ph-Ph —-2.54
02NCsH;-CeHyNO, -0.94
NCCsH4-CH4CN* =1.57
* vs. SCE.

" PhH, PhCH; PhOCH; CHsCeH4Ph, CH,OCsH,Ph,

OHCoH,-CoH (CH; and CH30CoH,-CoH ,OCH; are not electro-
active in the range of potential, between + 2.0 and — 3.0 V vs.

SCE.
< Exhibits a second irreversible wave at — 2.55 V vs. SCE.
¢ Exhibits a second reversible wave at E® = —2.02V vs.
SCE.

investigated, the first reduction wave was irreversible until high scan
rates (1000 Vs~ '). Table 1 summarises the cathodic peak potentials,
E,., peak widths, AE,, and number of electrons, z, for first irreversible
cathodic wave, and the E° for the products showing a second reversible
wave. As expected, Phl, CH3CqH,4l, and CH30C¢H,I are reduced at a
very negative potential. The presence of the nitro and cyano electron

12

98

withdrawing groups in O,NCqH,4I and NCCeH,I shifts the peak potential
to more positive values. There is a clear difference between the AE,.
and z values of these iodoarenes. O2NCsH4I shows the smallest AE,.
value (59 mV), and z values slightly above 1, while PhI, CH3Ce¢H4l, and
CH30CgH4I show values of z close to 2, and large AE, values
(ca.180 mV) in good agreement with an EC concerted mechanism
[21-23]. Finally, NCCgH,I has an intermediate behaviour.

Bulk electrolysis in DMF was carried out for O,NCH,I and
NCCgH,4I. Electrolysed solutions for the first at —1.50 V (1F) were
analysed using CV before any treatment, and by GC-MS after the work-
up described in the experimental part, showing that nitrobenzene is the
only product (75% conversion, 100% selectivity). When solutions
resulting from the electrolysis of NCC,H,I at —2.00V (2F) were
analysed, benzonitrile was the only product of the reaction (86%
conversion, 100% selectivity). Fig. 2 shows the CV of the two electro-
lytic solutions.

Considering the data set collected, and the literature reports in the
field [24-32], two mechanisms can be envisaged for the electroreduc-
tion of the iodoarenes, a stepwise one that would be followed by
mechanisms by O,NCH,I, and a concerted mechanism followed by PhI,
CH,CgH,l and CH30CH,4I, Scheme 4. Finally, NCCH,4I would follow an
intermediate mechanism between these two paths.

In the stepwise mechanism, the first step is an electron transfer
reaction with formation of anion radical, Arl-~. The second step
corresponds to a C—I bond break with concomitant formation of the
radical aryl and iodide. The radical formed evolves to Ar~ through an
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Fig. 3. CV of iododerivatives (10 mM) in DMF:benzene (2:8) + 0.60 M BuyNBF, at glassy carbon electrode. Temp

CH;CgH,l, 3C: CH;0CgH,1, 3D: NCCgH (1. Before (=) and after (---) electrolysis.

electron transfer heterogeneous or homogeneous reaction. The anion is
protonated during the work-up the electrolysis or extracts a H' from
the BuyN* of the background electrolyte in the CV experiment.
Therefore, at v=10Vs ' the first wave of O,NC4H,I becomes
reversible and iodide is not detected in the CV. Furthermore, for
02NCgH4l, nitrobenzene is detected in the CV before and after the
electrolysis. Also, in the case of NCCgH,l, in which its first wave does
not show reversibility up to the highest rate essayed (1000 Vs~ 1),
iodide and benzonitrile are detected in both CV experiments. No dimers
derived from the homocoupling reactions were formed in the electro-
lysis of O,NCgH,4I or NCCgH,l, Table 2.

In the concerted mechanism, the first electron transfer and the C—I
bond breaking are simultaneous, forming the radical aryl and iodide in
one step. After this point, the reaction follows the path of the previous
mechanism, but in this case the electron transfer to the aryl radical can
be only heterogeneous. Therefore, for the iodoarenes reduced through
this mechanism, Phl, CH,C¢H,I and CH;0CgH,l, the CV shows the
iodide waves regardless of the scan rate used. However, since the
corresponding arenes, benzene, toluene, and anisole are not detected
because they are reduced at potentials more negative than the reduc-
tion of BuyNBF,; in DMF.

3.2. Electrochemical behaviour in DMF:benzene (2:8) + 0.60 M Bu,NBF,

The CV's of CH3CgH4l and CH;0CgH,l, run in the presence of
benzene, show similar waves than those registered in pure DMF
(Figs. 3, 4, and Table 3). That is to say, both iodoarenes show large
irreversible bielectronic waves at — 2.25 V (178 mV), corresponding to
the one-step electroreductive cleavage of the C—I bond. No other
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Potential (V vs. SCE)

ure 10 °C. Ar h Scan rate 0.50 Vs~ '. 3A: Phl, 3B:

reduction waves were observed, but a small anodic wave corresponding
to iodide appears in the subsequent oxidation scan. Analysis by GC-MS
of the electrolysed solutions of these iodoarenes does not show the
formation of the cross-coupled product, namely CH,C¢H,Ph or
CH,0CgH,Ph.

The CV's of PhI and NCCgH4], in the presence of benzene, show new
waves compatible with corresponding cross-coupling products, Ph-Ph
and NCC¢H4Ph (Table 2). Bulk-electrolysis of both iodoarenes, carried
out at —2.60 V (2F) and — 1.90 V (2F), respectively, consistently show
the formation of both cross-coupling products, either by the CV of the
untreated solutions, as well as GC-MS analysis of the reaction mixture
after their work-up. A low selectivity of Ph-Ph was achieved (13%) at
62% conversion, with benzene being the major reaction product (87%).
For NCCgH,4I, a moderate selectivity of NCC4H,Ph was obtained (50%)
at 67% conversion, with the rest of the converted product being
benzonitrile.

The CV of 4-iodonitrobenzene in the presence of benzene shows a
reversible one-electron wave at lower rates (0.05 V s~ ') than those that
makes the wave reversible in pure DMF (10Vs™'). Only a
v = 0.005 Vs~ ! one irreversible wave followed by a reversible wave
was observed in DMF:benzene (2:8). This implies that the bond-break-
ing reaction become slower (k = 0.2s ' vs. 405~ ') in the mixed
solvent. The reversible wave might correspond either to nitrobenzene
or 4-phenylnitrobenzene (Table 2). After bulk-electrolysis (at —1.10V,
1F) and treatment of electrolysed solution, the analysis by GC-MS
reveals a 25% selectivity of the converted material in the cross-coupled
product at 80% conversion of the iodoarene, the rest being of the
converted material nitrobenzene.

It should be mentioned that low to moderate selectivity of the cross-
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Fig. 4. CV of O;NCgH,4I (10 mM) in DMF:benzene (2:8) + 0.60 M Bu,NBF, at glassy carbon electrode. T

0.05 Vs~ 1. Before (—) and after (---) electrolysis.

Table 3

Cathodic peak potential, E.; peak widths, AE,. = E,. — E,, /2 and number of electrons,
z for the first peak. Standard potential, E° for the second reversible cathodic peak. All
compounds in DMF:benzene + 0.60 M Bu,NBF, at glassy carbon working electrode.
Temperature 10 °C.

Epc (V) AE,, (mV) z E° (V)
Phl -231 178 19 -
CHCH,1" —-2.25 178 19 =
CH30CsH4I" -2.25 178 1.7 -
NCCsH,4I" -1.75 118 1.7 -221
O2NCgH41° -0.96 72 19 -1.07
* vs. SCE.
" Scan rate = 0.5Vs™ .
© Scan rate = 0.005 Vs ™',
Table 4
Optimization of the cross-coupling reaction b 4-iodob itrile’ and b

L% VF

NCCgH4l —— NCCgH4Ph
DMF: benzene (2:8) + 0.60 M BugNBFj
Aramosphere.10°C

F(Cmol™ Y Conversion” (%) Selectivity" (%) Yield® (%)

NCCsH4l NCCsH4Ph NCCsH4Ph
0.5 38 5 2
1.0 54 15 7
1.5 58 35 19
2.0 67 50
25 88 8 7

“ Reaction conditions: 10 mM of NCCgHg4l in 10 mL of DMF:benzene (2:8) + 0.60 M
BuyNBF,.

" Determined by CV and GC.

© Corresponds to product of conversion by selectivity.

10 °C; Ar phy

4A: 0.50 Vs~ !, 4B: at 0.005V s~ ! and 4C: at

coupling products biphenyl (13%), 4-phenylnitrobenzene (25%), and 4-
phenylbenzonitrile (50%) were achieved at conversions ranging from
60 to 80%. Electrolysis could not be exhaustive because the products
formed are also reduced at the working potentials, diminishing the
overall yield. Therefore, all electrosyntheses were optimized to obtain
the highest possible yields and these are values reported. As an
example, Table 4 shows the effect of the Faradays consumed on the
conversion, the selectivity and yield of the cross-coupling reaction
between 4-iodobenzonitrile and benzene.

The CV and electrolysis results suggest that the aryl anion, formed
through the stepwise or concerted mechanism, is the key product of the
reaction. This is consistent with the fact that the CV of the iodoarenes
also shows a two electron transfer in this mixed media. Once formed,
the aryl anion can follow two different paths (Scheme 5).

The aryl anion can be protonated during the electrolysis, with
BuyN" being the source of H", or during the working-up, or in a
competitive reaction, Ar~ reacts with benzene forming a o"-complex.
Since the cross-coupling species are detected in the electrolysed
solutions (by CV) that are carried out under Ar atmosphere, the o''-
complexes Ar-CeHes  must be oxidized to the cross-coupling products
Ar-C¢Hs plus H™ in the electrode at the working potential used in the
electrolysis [20,33,34]. Alternatively, the oxidant could be the iodoaro-
matic in a homogenous electron transfer process [35]. Like the cross-
coupling products of CH;CsH4I and CH;0CH,4I were not observed, it
can be induced that electron donating groups favour the protonation
path vs. o"-complex leading to the cross-coupling product.

In order to corroborate the nucleophilic attack of the aryl anions on
the benzene molecule, the reaction of PhLi in THF:benzene (2:8) was
investigated. The resulting solution was analysed using GC and CV,
both showing the unequivocal presence of biphenyl.
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Ar = Ph, C6H4CH3’ C6H4OCH3, C6H4N02’ C6H4CN

h

Scheme 5. Proposed by electroct

4. Conclusion

The electroreduction of iodoarenes containing electron withdrawing
groups, as well as iodobenzene, evolve to an aryl anion intermediate.
This then reacts with benzene forming the cross-coupling products in
moderate yields in a competitive reaction with the protonation of the
anion. The yield in the cross-coupling products is also limited, as these
are further reduced at the potential used. When iodoarenes containing
electron donating groups were assayed, only the protonated product
was detected in the reaction mixture. These results pave the way to a
new electrochemical approach to prepare cross-coupling products.
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