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1. INTRODUCCIÓN 

Los compuestos nitroimidazólicos presentan un diverso espectro de actividad 

biológica donde sobresalen, entre otros,  su uso como  drogas radiosensibilizadoras y 

drogas antibacterianas o antiprotozoarias. Su uso como radiosensibilizadores aprovecha 

su característica de citotoxicidad en células mamíferas hipóxicas, lo que permite 

aumentar la sensibilidad a la radiación de los tumores cancerígenos (1-4). Su 

característica antimicrobiana aprovecha su toxicidad selectiva hacia microorganismos 

anaeróbicos y permite que estos compuestos sean usados extensamente en el tratamiento 

de enfermedades infecciosas tanto en la terapéutica humana como animal (5-11). No 

obstante la genotoxicidad mostrada por estos compuestos, que les hace tan útiles en el 

tratamiento de infecciones microbianas, se puede manifestar también contra las mismas 

células sanas del organismo; así algunos estudios en animales relacionan el uso de estos 

compuestos con un descenso en la tasa de fertilidad (12) y otros estudios les achacan 

propiedades mutagénicas y cancerígenas (13-16).  

La acción antimicrobiana de los compuestos nitroimidazólicos es producida 

dentro de los microorganismos patógenos debido a que algunas formas reducidas del 

grupo nitro interaccionan con el DNA del microorganismo causándole daño estructural 

e impidiendo su reproducción. En consecuencia, resulta vital para el mecanismo de 

acción que los microorganismos tengan un sistema enzimático capaz de reducir el grupo 

nitro. La reducción de estos compuestos nitroimidazólicos puede ser producida por dos 

rutas diferentes de acuerdo a si las condiciones del medio son aeróbicas o anaeróbicas 

(7,12), sin embargo, ambas rutas comparten una primera etapa común que corresponde 

a la reducción monoelectrónica del grupo nitro para formar el anión radical nitro de 

acuerdo a:  

RNO
2
   +   e

-
   →    RNO

2

.-
     (1)  
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Bajo condiciones anaeróbicas, el anión radical nitro (RNO
2

.-
) formado 

inicialmente puede seguir reduciéndose hasta formar los productos de reducción: 

derivado nitroso (RNO), derivado hidroxilamina (RNHOH) y derivado amina (RNH
2
) 

de acuerdo a las siguientes reacciones de transferencia electrónica:  

RNO
2

.-
    +   e

-
   +   2H

+
   →    RNO   +   H

2
O      (2)  

RNO   +   2e
-
   +   2H

+
   →   RNHOH     (3)  

RNHOH   +   2e
-
   +   2H

+
   →   RNH

2
   +   H

2
O     (4)   

Por otra parte, bajo condiciones aeróbicas, el anión radical nitro formado sería re-

oxidado por  oxígeno para producir superóxido y regenerar el nitroderivado inicial 

provocando el llamado “ciclo fútil” (17,18):  

RNO
2

.-
    +   O

2
   →   RNO

2
   +   O

2

.-
     (5)  

Posteriormente el anión superóxido podrá generar otras especies reactivas de oxígeno 

como radical hidroxilo, peróxido de hidrógeno, etc.. .  

En definitiva, la reducción del grupo nitro juega un rol crucial en el mecanismo 

de acción biológico de los compuestos nitroimidazólicos  y consecuentemente el 

conocimiento de su comportamiento REDOX es de trascendental importancia debido a 

que su química radicalaria es determinante para su uso en medicina.  

Las propiedades prototrópicas y los tiempos de vida media de los aniones 

radicales nitro han sido estudiados principalmente usando técnicas como la resonancia 

de Spin Electrónico y la Radiólisis de Pulso (8,19-21), sin embargo, técnicas 

electroquímicas como la Voltamperometría Cíclica han demostrado jugar un rol 

ventajoso en el estudio de estos radicales (22-32). Bajo condiciones adecuadas del 

medio, la reducción monoelectrónica de nitro a anión radical nitro produce 
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Voltamperogramas cíclicos muy bien resueltos debidos al par redox RNO
2
/RNO

2

.-
. En 

consecuencia, usando apropiadamente la versatilidad de la técnica de Voltamperometría 

Cíclica es posible estudiar la factibilidad de formación del anión radical nitro (22) así 

como su comportamiento prototrópico (23), sus tiempos de vida media naturales (24,25) 

y su reactividad con otras moléculas (26,27).  

Dentro de los derivados nitroimidazólicos se distinguen los derivados 2, 4 y 5-

nitroimidazólicos de acuerdo a la posición del sustituyente nitro en el anillo 

imidazólico. En el siguiente esquema se muestran sus estructuras.  

    

   

  

Estructuras de (a) 2-Nitroimidazol, (b) 4-nitroimidazol y (c) 5-nitroimidazol  

  

Desde el punto de vista de su actividad biológica se encuentra descrito que los 

derivados 2-nitroimidazólicos son empleados preferentemente como 

radiosensibilizadores, mientras que los derivados 5-nitroimidazólicos son más usados 

por su toxicidad hacia microorganismos y los derivados 4-nitroimidazólicos son 

relativamente más inertes biológicamente (33).  

Hay numerosos estudios apuntando a aspectos electroquímicos de los 

compuestos nitroimidazólicos. Sin embargo, en su mayoría, estos trabajos están 

enfocados a la determinación electroanalítica de algunos 5-nitroimidazoles de 

importancia en medicina tales como: metronidazol (34), ornidazol (35), secnidazol (36), 
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tinidazol (37) y megazol (38). Además se ha usado la técnica de Voltamperometría 

Cíclica en el estudio de los aniones radicales nitro generados desde 5-nitroimidazoles 

tales como misonidazol, metronidazol y megazol (39-43). Principalmente en estos 

últimos estudios se demuestra la utilidad de la Voltamperometría Cíclica para el estudio 

de la formación y estabilidad de los aniones radicales generados. En principio, en medio 

mixto a pH básico, así como en medio totalmente no acuoso, es posible obtener una 

respuesta reversible que da cuenta de la transferencia monoelectrónica. En el caso del 

estudio electroquímico de derivados del 4-nitroimidazol estos son mucho más escasos y 

el primer trabajo registrado data de los años 80 por el grupo de Vianello (44). En ese 

trabajo se revisó el comportamiento  polarográfico, ciclovoltamétrico y EPC-

culombiométrico del 4-nitroimidazol sólo en medio aprótico. Mediante VC se encontró 

dos picos de reducción. El primer pico fue irreversible hasta una velocidad de 250 V/s 

mientras que el segundo resultó ser reversible aún a bajas velocidades de barrido. El 

primer pico irreversible fue atribuido a la siguiente reacción global:  

5HRNO
2
   +   4e

-
   →   HRNHOH   +   4RNO

2

-
   +   H

2
O     (6)  

y el segundo pico reversible se atribuyó a la siguiente reacción de reducción que genera 

un radical dianión nitro:  

RNO
2

-
   +   e

-
      RNO

2

2.-
     (7)  

Además, en ese estudio se informó que el par RNO
2
/RNO

2

.-
 no pudo ser aislado 

debido al rápido decaimiento del RNO
2

.-
 producto de una rápida reacción de 

protonación por el protón ácido del 4-nitroimidazol inicial (reacción padre-hijo) 

generando la base conjugada (RNO
2
)

-
 y el radical neutro RNO

2
H

.
.   

Recientemente y en virtud de la escasez de investigación electroquímica básica 

sobre 4-nitroimidazol nuestro grupo (45) realizó un exhaustivo estudio acerca del 
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comportamiento electroquímico de este compuesto en medio prótico en una amplia 

escala de pH. Nuestros resultados en medio prótico fueron sustancialmente diferentes a 

los descritos anteriormente por Vianello en medio aprótico, ya que mostraron que la 

reducción del 4-nitroimidazol, en medio prótico a pH básicos, produjo un anión radical 

nitro estable dentro de la escala de tiempo de la Voltamperometría cíclica, lo que no 

había sido posible en medio aprótico. Este resultado resultó sorprendente y paradójico 

ya que lo esperable es que el anión radical nitro sea mas estable en medio aprótico que 

en prótico y no como muestran estos resultados. En el medio prótico estudiado el anión 

radical nitro decayó de acuerdo a una reacción de 2º orden (disproporcionación) de tal 

manera que la reducción monoelectrónica del 4-nitroimidazol y el posterior decaimiento 

del anión radical siguieron un esquema EC
2
 de acuerdo a:  

  

RNO
2
   +   e

-
   →   RNO

2

.- 
     (1)  

  

2 RNO
2

.- 
  +   2H

+
   →   RNO

2
   +   RNO   +   H

2
O     (8)  

  

En este trabajo se obtuvo las constantes de velocidad de disproporcionación (k
2
) 

mediante la teoría de Voltamperometría cíclica para reacciones de disproporcionación 

descrita por Olmstead y Nicholson (46). Se encontró que las constantes de velocidad de 

disproporcionación dependen fuertemente tanto del pH como del contenido de co-

solvente de acuerdo a las siguientes ecuaciones de regresión: log k
2
 = -0.932 pH + 

12.771 y log (10
-3

 k
2
) = -1.998 log [% EtOH] + 3.873.   

Los estudios electroquímicos acerca del derivado 2-nitroimidazol son aún más 

escasos y están restringidos casi exclusivamente a un trabajo (47) donde se describe su 
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reducción electrocatalítica sobre electrodos de oro y de oro modificados. El mecanismo 

descrito en este trabajo involucró dos rutas distintas en medio ácido, una de tipo 

electrocatalítica y la otra de intercambio electrónico. En el mecanismo electrocatalítico 

se asume que la reacción procede a través de la quimisorción del grupo nitro y el 

rompimiento reductivo de uno de los enlaces N-O. En el mecanismo de intercambio 

electrónico se propuso que la reacción procedió a través de la reducción inicial a la 

dihidroxilamina la cual posteriormente pierde agua irreversiblemente para formar el 

derivado nitroso, el cual se reduce a la correspondiente hidroxilamina. Ninguna 

referencia se hace en este trabajo a la aparición de intermediarios radicalarios ni a 

reacciones de protonación involucradas.  

 

Esta escasez de investigación electroquímica en relación a los derivados 

nitroimidazólicos y la importancia que representa la reducción de estos compuestos en 

sus aplicaciones médicas nos ha llevado a considerar un estudio electroquímico 

exhaustivo en medios no acuoso y mixto con el fin de contribuir a su conocimiento 

REDOX básico.   

Específicamente, para el estudio de los mecanismos electroquímicos de los 

compuestos nitroimidazólicos se utilizará fundamentalmente la técnica de 

Voltamperometría cíclica que se muestra muy adecuada para el estudio de procesos 

electroquímicos donde aparecen reacciones químicas acopladas a la transferencia 

electrónica. En estos casos, la velocidad de barrido será un parámetro importante que 

influirá en los procesos de electrodo y se utilizará ya sea como criterio de diagnóstico o 

como variable que permitirá el cálculo de los parámetros cuantitativos que 

caracterizarán la especie radicalaria.  
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2. EXPERIMENTAL 

  

2.1. Equipo instrumental 

Se utilizó diverso material para la preparación homogénea de las disoluciones y 

para la realización de las medidas voltamétricas:  

 • Balanza analítica de precisión: METTLER TOLEDO AB104. Sensibilidad 0.1 mg  

 • Medidor de pH:   pH-metro CRISON BASIC 20 con electrodo de vidrio CRISON 

52-01 con resolución de 0.01 y precisión ± 0.01 unidades de pH.  

 • Agitador magnético: SCHARLAU SCIENCE HI190M.  

 • Baño ultrasónico: SELECTA.  

 • Termostato/criostato de recirculación: SELECTA Frigiterm-10. Resolución 0.1 °C.  

 • Equipo de análisis voltamétrico: El registro de los voltamperogramas se realizó en 

un equipo analizador electroquímico BAS 100B/W conectado a un PC con el 

software (BAS 100W 2.3 para Windows) para el control y tratamiento de las 

experiencias realizadas.  

 • Electrodos: En todas las experiencias se utilizó como electrodo de trabajo un 

electrodo de mercurio de crecimiento controlado (BASi  EF-1400) dispensando las 

gotas de mercurio de 0.43 mm
2
 de superficie en el modo SMDE (electrodo de 

mercurio de gota estática). Las medidas de potencial se realizaron tomando como 

referencia un electrodo de plata/cloruro de plata cuyo electrolito era una disolución 

de cloruro de sodio 3 M: Ag/AgCl/NaCl (3M) (BASi MF-2052). Como 

contraelectrodo se empleó uno de platino (BASi MW-1032).   

 • Para la realización de las medidas espectrofotométricas se utilizó un equipo Varian 

Cary.  

 • Los puntos de fusión se determinaron en un aparato Block-Monoscop Werk -
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NRZA (50-60 Hz, 220V). 

 • Los espectros FT-IR se realizaron en un instrumento Bruker FT-IR Paragon 100 

PC, con pastilla de KBr para los compuestos sólidos.  

 • Los espectros 1H-RMN y 13C-RMN se realizaron en un espectrómetro Bruker 

WM 300. Los desplazamientos químicos se informan en partes por millón (δ) 

relativo al TMS como estándar interno. Todos los espectros son consistentes con las 

estructuras asignadas.  

 • Los análisis elemental (C, H, N) se realizaron en un instrumento Perkin Elmer 

2400 y están dentro de los límites aceptables de ± 0,4% de los valores teóricos. 

  

   

  

2.2. Reactivos. 

 

2.2.1. Nitroimidazoles:  

 
Los nitroimidazoles estudiados en este trabajo tienen distinta procedencia, tal y 

como se indica a continuación:  

a) Adquiridos en laboratorios comerciales: 

• 2-nitroimidazol y 4-nitroimidazol, 97%. Aldrich. Chem. Co.  

 
b) Sintetizados por G. Chauviere del laboratorio de Química Orgánica Biológica de la 

Universidad Paul Sabatier, Toulousse, Francia. 

• 1-metil-5-nitroimidazol 

• 1-metil-4-yodo-5-nitroimidazol, 

• 1-metil-2,4-diodo-5-nitroimidazol 
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b) Sintetizados por en los laboratorios de la Universidad de Chile, conforme al 

procedimiento que se indica para cada uno de ellos: 

 
• 1-metil–2-hidroximetil-4-nitroimidazol (4-MNImOH): Se forma una mezcla 

con 2-hidroximetil-1-metilimidazol y nitrato de potasio, la cual se agrega 

lentamente sobre ácido sulfúrico sin sobrepasar los 50° C. Luego, se calienta con 

un baño de agua por 3 horas, se agita a temperatura ambiente por 15 horas. El 

producto se neutraliza con bicarbonato de sodio hasta pH 7-8. Se extrae con 

acetato de etilo, se seca con sulfato de sodio anhidro y se evapora al vacío. El 

sólido se recristaliza en etanol, obteniéndose cristales blancos. 

 Rendimiento: 40%;P.F. 180,0 – 181,0 ºC;IR  (KBr):  νmax.  2982,4.  2800,0.  

1253,8,8.  1250,0.  1073,5.  588,2;1HRMN  (300 MHz, agua-d): δ  3,2 (s, 1H, 

OH).  3,8 (s, 3H, -N-CH3).  4,5 (s, 2H,           -CH2-).  8,0 (s, 1H, -C=CH-N-

CH3);13CRMN (75 MHz, agua-d):  30,0.  55,0.  120,0.  (2x149,8). 

Anal. Elem. Cuant. Calculado para C5H7O3N3: C: 38,22; H: 4,46; N: 26,75. 

Encontrado: C: 37,90; H: 4,58; N: 26,52. 

 

• 1-metil-4-nitroimidazol-2-carboxialdehído (4-MNImCHO): Se disuelve el 

dicromato de potasio en la mínima cantidad de agua caliente y se adiciona el 

volumen necesario de ácido sulfúrico, gota a gota. Se enfría a temperatura 

ambiente. Se disuelve la cantidad calculada de 2-hidroximetil-1-metil-4-

nitroimidazol,  en  la  mínima cantidad de agua posible. La solución se enfría 

entre 5º - 10º C en un baño de hielo-agua, se adiciona la mezcla sulfocrómica 

gota a gota, muy lentamente y con agitación vigorosa, manteniendo la 

temperatura entre 5º - 10º C. Luego, se calienta suavemente entre 70º y 80º C 
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por tres horas; la solución toma un color verde amarillenta. Se agita a 

temperatura ambiente por 48 horas, la solución toma un color verdosa. Se 

neutraliza con bicarbonato de sodio hasta pH 7-8, se extrae con acetato de etilo y 

se evapora al vacío. Se recristaliza en acetona seca, obteniéndose cristales 

amarillos. 

Rendimiento: 90%; P.F. 131,0 – 133,0 ºC; IR  (KBr):  νmax.  3490,0.  3137,6.  

2800,0.  1740,0.  1544,4.  1327,1;1HRMN  (300 MHz, agua-d): δ  4,0 (s, 3H, -

N-CH3).  8,3 (s, 1H, -C=CH-N-CH3). 9,6 (s, 1H, -CHO);13CRMN (75 MHz, 

agua-d):  31,5.  119,1.  150,0.  175,2.  180,0. 

Anal. Elem. Cuant. Calculado para C5H5O3N3: C: 38,71; H: 3,23; N: 27,10. 

Encontrado: : 38,38; H: 3,29; N: 26,73. 

 
• Ácido 1-metil-4-nitroimidazol-2-carboxílico (4-MNImCOOH): Se mezclan 

1-metil-4-nitroimidazol-2-carboxialdehído, dicromato de sodio dihidratado y 

agua; con agitación se agrega ácido sulfúrico durante 30 minutos. Se calienta a 

reflujo por 1 hora. Se enfría y se vierte la mezcla de reacción en agua. Se filtra al 

vacío y se lava con agua. Se remueve las sales de cromo con una solución de 

ácido sulfúrico al 5%, se enfría y se filtra nuevamente. Se lava con abundante 

agua fría y se seca con sulfato de sodio anhidro. Se recristaliza en acetona, 

obteniéndose cristales blancos. 

Rendimiento: 85%;P.F. 146,0 – 147,0 ºC;IR  (KBr):  νmax.  3333,0.  3250,5.  

2950,0.  1725,0.  1520,5.  1350,0. 1HRMN  (300 MHz, agua-d): δ  4,2 (s, 3H, -

N-CH3).  8,6 (s, 1H, -C=CH-N-CH3). 9,8 (s, 1H, -COOH);13CRMN (75 MHz, 

agua-d):  35,5.  119,9.  145,0.  157,0.  158,0 

Anal. Elem. Cuant. Calculado para C5H5O4N3: C: 35,09; H: 2,94; N: 24,56. 

Encontrado: : 35,20; H: 2,93; N: 24,50. 
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• 2-hidroximetil-4-nitroimidazol (4-NImOH): Se forma una mezcla con 2-

hidroximetilimidazol y nitrato de potasio, la cual se agrega lentamente sobre 

ácido sulfúrico sin sobrepasar los 50° C. Luego, se calienta con un baño de agua 

por 2 horas, se agita a temperatura ambiente por 15 horas. El producto se 

neutraliza con bicarbonato de sodio hasta pH 7-8. Se extrae con acetato de etilo, 

se seca con sulfato de sodio anhidro y se evapora al vacío. El líquido viscoso de 

color amarillo se cristaliza con carbono activado en acetona seca, obteniéndose 

cristales amarillos. 

Rendimiento: 30%; P.F. 148,0 – 150,0 ºC; IR  (KBr):  νmax.  3423,7.   2996,9.   

1693,3.  1462,9.  1416,2.  1339,8.  1135,3.  769,9.   1HRMN   (300 MHz, agua-

d): δ 4,5 (s, 2H, -CH2-). 6,9 (s,2H, -NH; OH). 7,3 (s, 1H, -C=CH-NH).13CRMN 

(75 MHz, agua-d):  55,5.  120,0.  144,5.  150,8. 

Anal. Elem. Cuant. Calculado para C4H5O3N3: C: 33,57; H: 3,50; N: 29,37. 

Encontrado: C: 33,84; H: 3,58; N: 29,04. 

 
• 4-nitroimidazol-2-carboxialdehído (4-NImCHO): Se disuelve el dicromato de 

potasio en la mínima cantidad de agua caliente y se adiciona el volumen 

necesario de ácido sulfúrico, gota a gota. Se enfría a temperatura ambiente. Se 

disuelve la cantidad calculada de 2-hidroximetil-4-nitroimidazol, en la mínima 

cantidad de agua posible La solución se enfría entre 5º - 10º C en un baño de 

hielo-agua, se adiciona la mezcla sulfocrómica, gota a gota, con agitación 

vigorosa, manteniendo la temperatura entre 5º - 10º C. La solución toma un 

color café ladrillo. Luego, se calienta suavemente entre 70º y 80º C por una 

hora; la solución toma un color verde amarillenta y se agita a temperatura 

ambiente por 48 horas, la solución toma un color verdosa. Se neutraliza con 
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bicarbonato de sodio hasta pH 7-8, se extrae con acetato de etilo y la fase 

orgánica de color amarillo claro se evapora al vacío. Se recristaliza con carbón 

activado en acetona seca, obteniéndose cristales amarillos. 

Rendimiento: 80%; P.F. 150,0 – 152,0 ºC;1HRMN  (300 MHz, agua-d): δ  6,9 

(s, 1H, -C=CH-NH).  7,6 (s, 1H, -NH).  9,6 (s, 1H,-CHO);13CRMN (75 MHz, 

agua-d):  1214.  150,8.  175,1.  181,0. 

Anal. Elem. Cuant. Calculado para C4H3O3N3: C: 34,04; H: 2,13; N: 29,79. 

Encontrado: C:34,01; H:2,11; N:29,81. 

  

2.2.2. Reactivos para síntesis y preparación de disoluciones :  

Para la preparación de las disoluciones y la síntesis de los nitroimidazoles 

mencionados anteriormente se emplearon los siguientes reactivos con la calidad que se 

indica para cada uno de ellos : 

• Ácido bórico. Sigma Minimum 99.5%  

• Ácido cítrico anhidro.   

• Ácido clorhídrico 35 %. Panreac  

• Ácido perclórico 70-72 % para análisis. Merck   

• Cloruro de potasio para análisis. Merck  

• Etanol absoluto para análisis. Merck  

• Hexafluorofosfato de tetrabutilamonio (HFTBA). Grado electroquímico. Fluka  

• Hidróxido de sodio para análisis. Merck  

• Hidróxido de tetrabutilamonio (TBAOH) 0.1 M. Merck  

• N,N-dimetilformamida (DMF) para análisis. Merck  

• 1-metilimidazol 

• Formalina 37%, Sigma. 
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• Metanol, Merck. 

• Etanol absoluto, Merck. 

• Nitrato de potasio, Merck. 

• Ácido sulfúrico, Merck. 

• Bicarbonato de sodio, Equilab. 

• Hidróxido de potasio, (pellets) Merck. 

• Acetato de etilo, Equilab. 

• Sulfato de sodio anhidro, (p.a) Merck. 

• Dicromato de potasio, Merck. 

• Nitrato de potasio, Merck. 

• Carbón activado. 

• Perclorato de tetrabutilamonio (TBAP). Grado electroquímico. Fluka  

• Nitrógeno gaseoso. (impurezas máx: H
2
O< 3ppm; O

2
< 2 ppm; C

n
H

m
< 0.5 ppm) 

ALPHAGAZ-AIR LIQUIDE  

 
2.3. Disoluciones de trabajo: 

Todas las experiencias se realizaron tras eliminar el oxígeno disuelto; para ello 

se hizo pasar una corriente de nitrógeno a través de la disolución en célula durante los 

diez minutos anteriores a la realización de las medidas.  

La temperatura de la disolución de la célula se mantuvo constante a 25 °C, en 

todas las experiencias.  

 Disolución buffer Britton-Robinson 0,1 M 

Para la preparación de 1 L de disolución de buffer Britton Robinson, se pesa 

6,18 g de ácido bórico, se disuelve en un poco de agua Milli-Q, luego se agrega 5,71 

mL de ácido acético glacial y 6,75 mL ácido fosfórico, se sonica por diez minutos para 

eliminar micro burbujas. Se afora en  matraz de 1000 mL. 
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Disolución buffer Citrato 0,15 M + KCl 0,3 M + H3BO3 0,03 M 

Para la preparación de 1L de disolución de buffer citrato, se pesa y se disuelve 

7,21 g de ácido cítrico, 55,91 g de cloruro de potasio y 1,84 g de ácido bórico en agua 

Milli-Q, luego se afora a 1L. 

Soluciones Stock 

Se prepararon 2 mL de disolución stock de concentración 1 mM de derivado 

nitroimidazólico, para esto se pesaron 2 mg de este compuesto en un eppendorf y se 

agregó con micropipeta 2 mL de disolución madre correspondiente al medio de trabajo 

que se desea preparar. 

Soluciones de Trabajo 

Se usaron diferentes soluciones de trabajo para cada medio en el que se 

realizaron estudios electroquímicos, todas las soluciones fueron de 10 mL. 

  Medio Acuoso. 

La disolución de trabajo en medio acuoso se prepara con buffer 100% Britton 

Robinson, se toma una alícuota de disolución stock de derivado nitroimidazólico 

preparada en este buffer y se afora a 10 mL. 

  Medio Mixto. Britton Robinson – Etanol (70/30). 

La disolución de trabajo para este medio se prepara tomando una alícuota de 

disolución stock de derivado nitroimidazólico preparada en buffer Britton Robinson, se 

agrega a un matraz de 10 mL, se agregan 3 mL de etanol (p.a.), luego se afora con 

disolución buffer Britton Robinson. Se ajusta al pH deseado en la celda electroquímica 

con pequeñas alícuotas de NaOH conc o HCl conc. 

  Medio buffer citrato – DMF (60/40). 

La disolución se prepara tomando una alícuota de disolución stock de derivado 

nitroimidazólico preparada anteriormente en buffer citrato, se agrega a un matraz de 10 
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mL, luego se agrega 4 mL de DMF y se afora con buffer Citrato. Se ajusta al pH 

deseado en la celda electroquímica. 

  Medio no acuoso. 100% DMF. 

Se toma una alícuota de disolución stock de derivado nitroimidazólico preparada 

en DMF o se disuelve la cantidad apropiada de ácido en DMF, se agrega a un matraz de 

10 mL, luego se agrega 0,34192 g de PTBA, y se afora con DMF. 

También se realizaron experiencias en un medio DMF (0.1 M HFTBA) para una 

concentración 1 mM de derivado nitroimidazólico. 

  Medio no acuoso. 100% DMSO. 

Se toma una alícuota de disolución stock de derivado nitroimidazólico preparada 

en DMSO, se agrega a un matraz de 10 mL, luego se agrega 0,34192 g de PTBA y se 

afora con DMSO. 

El ajuste del pH se llevó a cabo añadiendo pequeñas cantidades de disoluciones, 

previamente preparadas, de NaOH o HCl concentrados a la disolución componente del 

medio, según la variación de pH deseada; terminándose con un ajuste fino, justo antes 

de introducir la disolución en la célula, ya con presencia del derivado nitroimidazólico.  

Para estudiar la influencia de procesos ácido-base en el mecanismo electródico 

en medio no acuoso, se adicionaron alícuotas de hidróxido de tetrabutilamonio 

comercial 0.1 M y de ácido perclórico 0.2 M en etanol, respectivamente.  
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3. RESULTADOS Y DISCUSIÓN 

3.1.-   2-Nitroimidazol 

3.1.a Medio no acuoso  

Primeramente se procede al estudio del comportamiento del 2-nitroimidazol 

(2NMZ) en medio no acuoso, para ello se ha utilizado DMF (dimetilformamida) como 

disolvente y  0.1 M HFTBA (hexafluoruro de tetrabutilamonio) como electrolito 

soporte.  

 En los voltamperogramas obtenidos, para las diferentes velocidades de barrido 

de potencial, se registran dos picos en el sentido del barrido catódico (Fig. 1).  
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Fig. 1. Voltamperograma cíclico completo y de sólo el primer pico (color rojo) de la reducción del 
2NMZ en DMF con 0.1M HFTBA. C°= 1 mM;  v= 0.5 V/s. 

 

El primer pico tiene un potencial de pico, E
p,c

, de – 890 mV y el segundo un E
p,c

 

de – 1950 mV, a la velocidad de 0.5 V/s. La segunda de estas señales manifiesta un 

comportamiento aparentemente reversible, ya que se aprecia el correspondiente pico en 

el barrido anódico (E
p,a 

= -1760 mV). Sin embargo, para la primera señal no se aprecia 
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ninguna señal cuando se barre en el sentido anódico, lo que indica que corresponde a un 

proceso irreversible.  

  A objeto de ver el comportamiento de las respuestas voltamperométricas a 

diferentes escalas de tiempo del experimento, se realizaron medidas en las que se fue 

cambiando la velocidad de barrido del potencial. En todas las medidas, los 

Voltamperogramas obtenidos muestran las mismas señales, cambiando, como es 

esperado, la intensidad de los diferentes picos. A continuación se recogen las 

experiencias registradas:  
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 Fig. 2. Voltamogramas cíclicos completos correspondientes a la reducción del 2-nitroimidazol en DMF 

con 0.1M HFTBA a diferentes velocidades de barrido. C° = 1 mM. 
 

De los voltamperogramas mostrados en la Fig. 2 se aprecia que la diferencia de 

 17



 

los potenciales de pico catódicos y anódicos, ∆E
p
, para la onda aparentemente reversible 

exceden con mucho el valor teórico de 60 mV para un proceso monoelectrónico y más 

aún, esta diferencia se incrementa considerablemente con la velocidad de barrido 

pasando de un valor de aproximadamente 120 mV a la velocidad más lenta hasta 

aproximadamente 380 mV a la velocidad más rápida. Este resultado nos hace descartar 

la aparente reversibilidad de dicha onda ya que en realidad la transferencia electrónica 

involucrada obedecería a un proceso cuasi-reversible.  

Para analizar el comportamiento del primer pico se realizó barridos cortos que 

involucraran sólo a dicha señal evitando cualquier otro efecto interferente. Estos 

resultados están reflejados en los voltamperogramas correspondientes mostrados en la 

Figura 3:  
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Fig. 3. Voltamogramas cíclicos del primer pico correspondiente a la reducción del 2-nitroimidazol en 

DMF con 0.1M HFTBA a diferentes velocidades de barrido. C°= 1 mM.  
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 Con los datos de Epc e ipc obtenidos de los anteriores se obtuvieron las 

representaciones de las Figuras 4 y 5:  
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En la Figura 4, se observa una dependencia lineal del logaritmo de la intensidad 

de pico catódico con el logaritmo de la velocidad de barrido de potencial, obteniéndose 

un valor para la pendiente de 0.44864. Este valor, nos indica que el proceso está regido 

por difusión; ya que se encuentra próximo al valor teórico de 0.5. Por otra parte, en la 

Figura 5, se muestra una dependencia lineal entre el potencial del pico y el logaritmo de 

la velocidad de barrido, siendo en este caso la pendiente de 0.03343 V. Desde ambas 

representaciones podemos desprender que el primer pico de apariencia irreversible 

obedecería a un proceso controlado por difusión en el que una reacción de transferencia 

monoelectrónica lenta es seguida por una reacción química rápida.  

En consecuencia, la primera señal obtenida corresponde a un proceso en el que 

se produce la reducción al tomar un electrón. Como al efectuar el barrido de vuelta, no 

se registra ninguna señal, se evidencia que la especie reducida en el barrido catódico no 

es oxidada inmediatamente en el correspondiente barrido anódico, probablemente 

debido a que se favorece la ocurrencia de una reacción química para dicha especie antes 

que su oxidación. En consecuencia se trata de un proceso que combina una primera 

etapa de transferencia de carga seguida de una etapa de tipo químico de acuerdo al 

siguiente esquema de reacción:  

HNRNO
2
   +   e

-
     →      HNRNO

2
•

¯  
(9)  

 HNR-NO
2
•

¯
  →          Productos  (10)  

  

A partir de esta primera etapa, se plantean varias posibilidades de decaimiento 

del anión radical formado. Así podría proseguir el proceso mediante algún tipo de 

reacción ya sea de primer o segundo orden como: protonación con alguna especie que 

los aporte del medio, dismutación, dimerización o reacción con el reactivo en una 
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reacción tipo padre-hijo. 

Adición de TBAOH 

El 2NMZ es un anillo heterocíclico con dos átomos de N de los cuales uno (N1) 

está enlazado a un átomo de hidrógeno el que puede actuar como dador de protones. El 

otro N (N3) puede actuar como aceptor de protones. En consecuencia la molécula puede 

actuar como un ácido y una base de tal manera que este tipo de equilibrios pueden 

afectar fuertemente su química. Específicamente, con el objeto de considerar este tipo 

de influencias ácido-base y su incidencia en el mecanismo electródico, se realizaron una 

serie de experiencias, las primeras de ellas consistieron en adicionar sucesivas 

cantidades de una base como el hidróxido de tetrabutilamonio (TBA-OH) y estudiar su 

efecto en los voltamperogramas (Figura 6).   

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Fig. 6. Voltamperograma cíclico completo de la reducción del 2-nitroimidazol en DMF con 0.1M 

HFTBA y sucesivas adiciones de TBA-OH. C°= 1 mM ;  v= 0.5 V/s.  
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La evolución de estos voltamperogramas indica que al adicionar la base (TBA-

OH) la señal obtenida es menor, lo que significa que la concentración del reactivo 

inicial disminuye; es decir va desapareciendo la especie que se reduce dando la primera 

señal. Este resultado nos muestra la existencia de un proceso ácido-base y que 

probablemente el hidrógeno unido al N1 manifiesta un comportamiento ácido. Además, 

como se espera para un comportamiento tipo ácido-base, al añadir un ácido al medio 

alcalinizado se produce la regeneración del compuesto y los picos de los 

Voltamperogramas del barrido de reducción vuelven a registrarse a valores mayores de 

intensidad.   

Estas experiencias se realizaron para el barrido completo de potencial y  

consistieron en adiciones sucesivas de HClO
4
 sobre la solución previamente 

alcalinizada con el exceso de base, como se muestra en la Fig. 7:  

 

 

 
 Fig. 7. Voltamperograma cíclico completo de la reducción de 1mM 2-nitroimidazol en DMF + 0.1 M 

HFTBA. Voltamperogramas dela adición de HClO
4
0.2 M (en etanol) a la disolución con 100 µL 

de TBA-OH. C°= 1 mM ;  v= 0.5 V/s.  
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De los experimentos anteriores se deduce que el primer pico se debe a la 

reducción de una especie con carácter ácido la cual desaparece al alcalinizar el medio y 

que se explica de acuerdo al siguiente equilibrio:  

  

HNRNO
2
                 

–
NRNO

2
   +     H

+
 (11)  

    

donde la especie  HNRNO
2
 se refiere al 2NMZ y la especie 

−
NRNO

2
 corresponde al 

correspondiente nitranión generado como resultado de la cesión del H débilmente ácido 

unido al N1. En consecuencia la especie que se reduce generando el primer pico 

corresponde al compuesto 2NMZ en cambio la especie que se reduce generando el 

segundo pico corresponde a la reducción del nitranión. La generación de este tipo de 

especies estables tipo nitranión ha sido también recientemente descrita para otro tipo de 

heterociclos de nitrógeno como derivados dihidropiridínicos (47). En este caso la 

reducción de la especie nitranión del 2NMZ se reduce a potenciales casi 1000 mV más 

negativos indicando que el centro de carga negativo del nitranión está muy cercano al 

sitio de entrada del electrón para la reducción, lo que explica la considerable mayor 

dificultad que implica la reducción del nitranión.  

De esta manera el primer pico se podría representar como causado por la anterior 

Ecuación 9 y el segundo por la siguiente ecuación:  

  

–
NRNO

2
 +        ē     →   

–
NRNO

2
•¯ (12)  

  

donde el nitranión del 2NMZ se reduce al correspondiente dianión radical el cual se 

oxida en el barrido de vuelta en un proceso cuasireversible, como se mencionó 
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anteriormente, generando el pico u onda 2.   

En el caso del anión radical formado en el primer pico, de acuerdo a la anterior 

ecuación 9, éste tiene un carácter suficientemente básico como para interaccionar con el 

2NMZ original deprotonándolo para generar el radical protonado y el correspondiente 

nitranión de acuerdo a la siguiente reacción del tipo padre-hijo:  

  

HNRNO
2 
   +   HNRNO

2
•

¯

   
→      HNRNO

2
H•   +  

–
NRNO

2
 (13)  

  

La ocurrencia de la reacción padre-hijo explica que no se observe un pico de 

vuelta en la señal 1 ya que la especie generada en vez de oxidarse reacciona más fácil 

con el reactivo inicial. Además, la ocurrencia de esta reacción es fácilmente verificable, 

ya que la existencia de ella implica que la generación de la especie HNRNO
2
•

¯

 
 lleva 

asociada el consumo del reactivo inicial HNRNO
2
. En consecuencia si nosotros 

producimos la reacción 13 en macroescala (Electrólisis a Potencial controlado) 

deberíamos observar la desaparición del pico 1 por agotamiento del reactivo inicial.  

 
Electrólisis a Potencial Controlado 

Estas experiencias consistieron en la electrólisis de la disolución de 2NMZ para 

producir exhaustivamente la reducción de 2NMZ. Como se observa en los 

voltamperogramas realizados antes y después de la electrólisis, según se recoge en la 

Figura 8, la especie que da lugar al primer pico, se ha consumido prácticamente en su 

totalidad, comprobando la validez de la anterior ecuación 13.  

Además, con el objeto de comprobar que el rol del anión radical generado 

electroquímicamente en la reacción de tipo padre-hijo es el de una base se comparó los 

espectros UV-Vis de una solución sometida a electrólisis con una en que se ha agregado 

base (Figura 9).  
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Al analizar esta Figura 9, se observa una banda (λ = 328 nm) correspondiente al 

2NMZ (línea roja). Igualmente se observa que dicha señal desaparece en los espectros 
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correspondientes a la disolución electrolizada (línea negra) y a la disolución resultante 

de añadir la base TBAH a la disolución de 2NMZ (línea verde). Además, la señal 

obtenida en ambos casos presenta un máximo para la misma longitud de onda (λ =370 

nm), lo que parece indicar que en ambos procesos se obtiene un mismo compuesto 

derivado del 2NMZ, el cual correspondería al derivado nitranión de acuerdo a lo 

indicado en el anterior equilibrio representado por la ecuación 11.  

De estos resultados se desprende que la reacción padre-hijo (Ecuación 13) está 

soportada por los resultados experimentales  obtenidos, que comprueban el consumo del 

reactivo por el anión radical y además la generación del nitranión. No obstante lo 

anterior, la Ecuación 13 todavía no da cuenta del proceso electroquímico total, ya que 

considera una especie inestable como el producto de reacción (HNRNO
2
H•) y no 

explica la aparición del pico de oxidación que aparece en la zona de potenciales 

cercanos a -500 mV en medios en que se ha agregado base (ver Figuras 6 y 7). De 

acuerdo a la evidencia anterior (48), atingente a la reducción de derivados nitro, se 

puede asegurar que el dicho pico de oxidación corresponde a la oxidación de un 

derivado hidroxilamínico para producir el derivado nitroso, lo que indicaría que como 

producto de la reducción se genera el derivado hidroxilamínico correspondiente.  

En definitiva, el mecanismo de reducción total, debe dar cuenta de la generación 

de tanto el derivado hidroxilamínico como del nitranión entre los productos de la 

reacción total, para lo cual se pueden considerar las siguientes etapas:  

 HNRNO
2
   +   e

-
     →      HNRNO

2
•

¯
               (9)  

HNRNO
2 
   +   HNRNO

2
•

¯

   
→      HNRNO

2
H•   +  

–
NRNO

2
  (13)  

HRNO
2
H•  + HNRNO

2
    +   e

–
  →    HNRNO   +  

–
NRNO

2
   +   H

2
O      (14)  

HNRNO   +   2 HNRNO
2
 +     2 e

–
   →    HNRNHOH    +   2 

–
NRNO

2     
(15)  
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 Siendo la reacción global de este proceso la suma de las cuatro etapas 

anteriores:  

 5 HNRNO
2   

+   4 e
–
     →     4 

–
NRNO

2   
 +   HNRNHOH   +  H

2
O       (16)  

 Esta ecuación sí está de acuerdo con la evidencia experimental que implica el 

consumo del reactivo inicial (HNRNO
2
) y la generación tanto de un derivado 

hidroxilamínico (HNRNHOH) como del derivado nitranión (
-
NRNO

2
). Además, un 

mecanismo en que se describen etapas totalmente análogas ha sido previamente descrito 

por Vianello y col. (44) para el caso del 4-nitroimidazol.  

Una reacción como ésta, implicaría que se debe producir una transferencia 

global de cuatro electrones por cada cinco moléculas de 2NMZ que participen en el 

proceso; es decir, el número de electrones transferidos (los equivalentes por mol) 

debería tender a un valor de (4e) / (5 mol) = 0.8.  

Los resultados obtenidos correspondientes a las electrólisis correspondientes a 

una concentración 4 mM de 2NMZ, indican que la transferencia electrónica por mol de 

2NMZ es de 0.801. Con ello se pone de manifiesto la tendencia hacia el valor de 0.8 y 

que indican que la reacción transcurre a través del mecanismo padre-hijo previsto.  

 

3.1.b -   Medio acuoso mixto (60%DMF) 

 En medio acuoso, como es de esperar, la situación cambia y se encuentra un 

comportamiento diferente dependiendo del pH. A pH ácidos se encuentra un solo pico 

irreversible en cambio a pH alcalinos se aprecia una onda reversible seguida por un pico 

irreversible a potenciales mas catódicos. Este comportamiento está bien reflejado en las 

siguientes figuras 12 y 13 donde se muestran los voltamperogramas obtenidos en un 

amplio rango de pHs.  
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Fig.1

2.  Voltamperogramas de soluciones de 1mM 2NMZ en DMFa 1 V/s en función del pH; 60% 
DMF (0.1 M TBAP)/40%H

2
O (0.3M KCl+0.015 M ac. cit.+0.03 M ac. bor.)  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Fig. 13. Voltamperogramas de soluciones de 1mM 2NMZ en DMFa 1 V/s a distintos pH; 60% DMF (0.1 

M TBAP)/40% H
2
O(0.3M KCl+0.015 M ac. cit.+0.03 M ac. bor.)  
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El desdoblamiento que se aprecia en el pico irreversible entre pHs 2 y 3 se debe 

a uno de los pK de la molécula y correspondería al equilibrio que se genera al 

protonarse el N en la posición 3 del anillo nitroimidazólico. Lo anterior significa que a 

los pH más ácidos (< 2.8) prevalece la especie protonada en el N3, que tiene capacidad 

de aceptar protones, mientras que a pH superiores prevalece la especie deprotonada.   

En general, el comportamiento observado en medio acuoso mixto se ajusta al 

comportamiento clásico para especies nitroaromáticas reivindicando el comportamiento 

de tipo aromático que tiene el anillo imidazólico. De acuerdo a este comportamiento, en 

el medio ácido, el pico obedece a la siguiente reacción:  

  

RNO
2
   +   4H

+
   +   4e

-
   →   RNHOH   +   H

2
O (17)  

  

 Por otra parte, en el medio alcalino la onda aparentemente reversible que 

aparece a potenciales menos catódicos correspondería a la transferencia 

monoelectrónica del grupo nitro para generar el correspondiente anión radical nitro de 

acuerdo a la bien conocida ecuación:  

RNO
2
   +   e

-
       RNO

2
•

¯
     (1) 

y el pico irreversible que aparece a potenciales mayores correspondería a la posterior 

reducción del anión radical nitro para generar el derivado hidroxilamínico:  

RNO
2
•

¯
   +   3e

-
   +   4H

+
    →  RNHOH   +   H

2
O            (18) 

  De acuerdo a la anterior Ec. 17, el comportamiento del único pico observado en medio 

ácido es fuertemente dependiente del pH, como queda reflejado cuantitativamente en las 

representaciones del Potencial y Corriente de pico que se muestra en las figuras 14 y 15.  

 En la Fig. 14 se muestra la dependencia del potencial del primer pico con el pH para lo 
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cual se ha considerado sólo el pico de la especie deprotonada. Se aprecia un 

comportamiento lineal con el pH  con una pendiente de 30 mV.  

   

 Fig. 14. Variación del Potencial de Pico (E
PC1

) para el primer pico en medio ácido.  O. Or = 519.1; Pend. 

= 30.830, r
2
 = 0.9950. Cº=1mM, v = 1V/s .  

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Variación da la corriente de pico (i
PC1

) para el primer pico en medio ácido. Cº=1mM, v = 1V/s.  
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En la Fig. 15 se puede apreciar claramente el cambio de mecanismo que ocurre a 

pH cercanos a 7, en donde disminuye claramente la corriente del primer pico y aparece 

un segundo pico con corrientes crecientes. También se aprecia a pH ácidos, entre pH 2 y 

4 un cambio en la corriente debido al equilibrio producto de la protonación del N3.  

En los voltamperogramas sobre pH 7 se observa la aparición de un pico anódico 

asociado al primer pico catódico, generando una onda de aspecto aparentemente 

reversible. Esta onda, como se ha mencionado, corresponde a la generación de un 

radical nitro estable en la escala de tiempo de la Voltamperometría Cíclica lo que no fue 

posible de obtener en el medio no acuoso. Este hecho resuelta paradójico ya que es 

esperable que en un medio no acuoso sea más estable una especie radicalaria.  

En consecuencia, a pH superiores a 7 y modificando adecuadamente las 

condiciones del barrido de potencial (Potencial de inicio y de cambio) es posible 

obtener un voltamperograma muy bien definido y que en definitiva corresponde a una 

visualización voltamperométrica del radical libre generado del 2NMZ.   

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
Fig. 16. Voltamperogramas cíclicos de la formación del radical libre de 2NMZ. Cº=1mM, Medio mixto, 

pH = 7.96.  
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Como se observa en la anterior Fig. 16, un efecto muy importante es la 

influencia que tiene sobre el voltamperograma la velocidad de barrido de potencial. Esta 

variación que se ilustra para algunas velocidades de barrido a un pH de 7.89 también se 

cumple para otros pH. A partir de estos voltamperogramas es posible calcular las 

razones de las corrientes de pico los cuales se han calculado de acuerdo a la expresión 

propuesta por Nicholson (49). En la siguiente Figura 17 se muestra la dependencia de la 

razón de corrientes, i
p,a

/i
p,c

, con la velocidad de barrido encontrando que ésta aumenta 

con el aumento de la velocidad de barrido hasta alcanzar un valor de 1 a velocidades 

suficientemente altas.  

log [ v (V/s) ]

1,0 1,2 1,4 1,6 1,8

ip
a 

/ i
pc

0,7

0,8

0,9

1,0

  

Fig. 17. Dependencia de las razones de corriente de los Voltamperogramas Cíclicos de la formación del 
radical libre de 2NMZ. Cº=1mM, Medio mixto, pH = 7.96.  

 

El resultado encontrado implica que la reducción monoelectrónica del 2NMZ no 

corresponde a un proceso reversible ya que no se obtiene una razón de corriente igual a 

1, a todas las velocidades analizadas. Por el contrario, en este caso, los resultados 
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encontrados implican que el anión radical nitro producido en el barrido catódico de ida 

no se oxida en un 100 % en el barrido anódico de vuelta, generando valores de razones 

de corriente diferentes de 1. La explicación se debe a que el anión radical nitro lleva a 

cabo una reacción química que consume al radical, impidiendo que éste se oxide en 

forma cuantitativa en el barrido de vuelta. En el caso de aniones radicales nitro en 

medios acuosos mixtos se ha descrito que esta reacción química es una 

disproporcionación (48). En consecuencia, el proceso que mejor representaría a la onda 

de aspecto reversible que aparece en los voltamperogramas obtenidos en medio acuoso 

mixto sería una primera etapa de transferencia de carga reversible seguida por una 

reacción de disproporcionación de acuerdo al siguiente esquema:  

RNO
2
   +   e

-
       RNO

2
•

¯
   (1)  

2 RNO
2
•

¯
   +   2 H

+
 →   RNO

2
   +  RNO   +   H

2
O (19)  

 Considerando que la reacción de disproporcionación es la vía de descomposición del 

radical en este medio es posible aplicar el procedimiento descrito por Olmstead y 

Nicholson (46), quien desarrolló una teoría la cual permite  a partir de los 

voltamperogramas cíclicos obtener la constante cinética de segundo orden, k
2,disp

, para 

la reacción química de disproporcionación.  

 A partir de los valores de razones de corrientes medidos experimentalmente desde los 

voltamperogramas cíclicos a distintas velocidades de barrido, es posible interpolar  el 

valor del log ω desde las curvas teóricas descritas por Olmstead y Nicholson (46), ya 

que estas curvas relacionan las razones de corriente con el log ω. Este parámetro ω, se 

conoce como el parámetro cinético, se define para el caso de la disproporcionación 

como:  

ω = k
2,disp

 Cº τ (20)  
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donde k
2,disp

 es la constante cinética para la reacción de disproporcionación, Cº es la 

concentración de 2NMZ en el seno de la disolución y τ es la constante de tiempo 

definida como :  

τ  =  | E
ps

 – E
1/2

 | / υ   (21)  

donde υ es la velocidad de barrido de potencial, E
ps

 representa el potencial de cambio 

(Potencial de Switching) y E
1/2

 el potencial de media onda.  

De acuerdo a la Ec. 20 existiría una relación lineal entre el parámetro cinético ω, 

obtenido interpolando en las curvas teóricas los valores experimentales de i
p,a

/i
p,c

, y la 

constante de tiempo τ, parámetro conocido de las condiciones experimentales aplicadas. 

En efecto, de acuerdo a lo que se aprecia en la siguiente Figura 18 la relación entre 

dichas variables es lineal.  

   

  

 

 

 

 

 

 

 

 
 
 
 
 

Fig. 18. Dependencia de ω versus τ para la disproporcionación de 2MNZ. Cº=1mM, Medio mixto, 
pH = 7.96.  
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Esta relación lineal entre ω y τ, es indicativa de que, efectivamente, la reacción 

química se ajusta bien al proceso propuesto inicialmente, quedando confirmada que 

dicha reacción corresponde a una disproporcionación del radical. Además, del valor de 

la pendiente de la recta se obtiene el valor de la constante k
2,disp

. Para 2NMZ y 

considerando una concentración de 1 mM se obtiene una  k
2,disp 

= 677.8 × 10
3
 M

-1
s

-1
 

para la disproporcionación del anión radical nitro del 2NMZ a un pH = 7.96 en el medio 

mixto acuoso estudiado. Considerando una reacción de segundo orden corresponde a un 

tiempo de vida media, t
1/2

, para el anión radical nitro de 1.47 ms.   

 
3.2.-   5-Nitroimidazoles 

 
3.2.a Medio no acuoso  

 
El estudio de los derivados 5-nitroimidazólicos se realizó sobre los compuestos 

1-metil-5-nitroimidazol (M-NIm) y los derivados iodados: 1-metil-4-iodo-5-

nitroimidazol (M-I-NIm) y 1-metil-2-iodo-4-iodo-5-nitroimidazol (M-I2-NIm).   

N

N

CH3

NO2

I

IN

N

CH3

NO2

I

N

N

CH3

NO2

 (M-NIm)   (M-I-NIm)    (M-I2-NIm) 

 

Se procede al estudio del comportamiento de los derivados 5-nitroimidazólicos 

en medio no acuoso, para ello se ha utilizado DMF (dimetilformamida) como disolvente 

y  0.1 M TBAP (Perclorato de tetrabutilamonio) como electrolito soporte.  

 En los voltamperogramas obtenidos, para las diferentes velocidades de barrido 
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de potencial, se registró la aparición de un pico catódico en el sentido del barrido 

catódico  y su correspondiente pico anódico en el barrido anódico que corresponde a 

una onda aparentemente reversible que corresponde a la transferencia monoelectrónica 

del grupo nitro para generar el correspondiente anión radical nitro de acuerdo a la 

ecuación:  

 
RNO

2
   +   e

-
       RNO

2
•¯     (1) 

 

A objeto de ver el comportamiento de las respuestas voltamperométricas a diferentes 

escalas de tiempo del experimento, se realizaron medidas en las que se fue cambiando la 

velocidad de barrido del potencial. En todas las medidas, los Voltamperogramas para 

los derivados M-NIm y M-I-NIm resultaron ser equivalentes como se aprecia en la 

Figura 19. 
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Fig. 19. Par redox RNO2/ RNO2

.- a distintas velocidades de barrido para 1mM de M-NIm y M-I-MIm en  
DMF. 
 

 

En el caso del compuesto di-iodado el comportamiento fue algo distinto ya que se 

apreció un pre-pico el que desapareció con el agregado de una base como NaOH 
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alcohólica (Figura 20). Este efecto fue interpretado en una primera etapa como  

-800 -900 -1000 -1100 -1200
-10

-5

0

5

10

15

20
 0.5 V/s
 1 V/s 
 5 V/s
 10 V/s

I / µA

E / mV

 
Fig. 20. Par redox RNO2/ RNO2

.- con y sin NaOH para 1mM de M-I2-MIm en  DMF. 
 
debido a la existencia de un equilibrio ácido-base como el que se observó con el 2-

nitroimidazol, sin embargo, esta conjetura fue descartada ya que no se observó la 

reversión del efecto cuando se agregó un ácido. En consecuencia, para el caso del 

compuesto di-iodado, se puede trabajar con la cupla completamente aislada sólo en 

presencia de la base. En la figura 21 se observa los voltamogramas cíclicos obtenidos 

usando NaOH para obtener una cupla sin pre-pico. 

-200 -400 -600 -800 -1000 -1200 -1400

-4

0

4

8

12

16  s/NaOH
 c/NaOH

I / µA

E / mV

Fig. 21. Par redox RNO2/ RNO2
.- a distintas velocidades de barrido para 1mM de M-I2-MIm en  DMF con 

NaOH agregado. 
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A partir de las razones de corrientes calculadas para cada una de los cuplas  y usando un 

procedimiento idéntico al especificado para el caso del derivado 2-nitroimidazol, tratado 

anteriormente, fue posible calcular la constante de estabilidad de segundo orden 

(dimerización) para el anión radical nitro  del compuesto M-NIm y los correspondientes 

derivados iodados. 

 

Compuesto Epc (mV) k2 (M-1s-1) 
 

t 1/2  (s) 

M-NIm -1101 5.81×102 1.71 

M-I-NIm -1071 1.32×104 0.075 

M-I2-NIm -1056 1.10×105 0.018 

 

Tabla 1.- Valores de potenciales de pico catódico, (Epc), para la reducción de los derivados 5-
nitroimidazólicos y constantes de decaimiento y tiempos de vida media para el correspondiente anión 
radical nitro en medio aprótico . 
 

En la tabla 1 se recoge los valores obtenidos tanto para la reducción de los derivados 5-

nitroimidazólicos así como los parámetros que dan cuenta de la estabilidad del anión 

radical nitro generado. Si se compara los valores de  EPC se puede concluir que la 

presencia de los sustituyentes I en la molécula produce compuestos más fácilmente  

reducibles. Este efecto puede ser explicado por el carácter electro-atractor de electrones 

del sustituyente I, lo que provoca una disminución de la densidad electrónica en el 

anillo facilitando la reducción del grupo 5-nitro. Por otra parte la sustitución con I 

produce una considerable disminución en la estabilidad del anión radical nitro, lo que 

nos indica que el carácter electronegativo de los sustituyentes favorece la reactividad 

del radical libre. Probablemente los sustituyentes I ejercen su efecto electro-atractor 

sobre el anión radical disminuyendo su exceso de carga negativa facilitando la 

dimerización. 
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3.2.b Medio acuoso  

 El estudio en medio acuoso se realizó en buffer Britton-Robinson 0.1 M + 0.3 M 

KCl /EtOH : 70/30. Todos los compuestos 5-nitroimidazólicos fueron reducidos en el 

electrodo de goteo de mercurio (EGM) con señales que fueron dependientes del número 

de sustituyentes I en la molécula. En la figura 22 se puede observar los polarogramas de 

pulso diferencial (PPD) a 4 diferentes pH para cada uno de los 5-nitroimidazoles 

estudiados. 
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Fig. 22. Polarogramas de pulso diferencial para 0.1 mM de los derivados 5-nitroimidazólicos en buffer 
Britton-Robinson 0.1 M + 0.3 M KCl /EtOH : 70/30, a diferentes pH. 
 

De acuerdo a estos polarogramas se aprecia una directa relación entre el número de los 

sustituyentes I y la complejidad de la respuesta observada. En el caso de los compuestos 

iodados los polarogramas están alterados por señales que corresponden a señales de 

adsorción como se comprobó en los polarogramas Tast (figuras no mostradas). En el 

caso del derivado M-NIm muestra una señal de reducción entre pHs 2 y 7.5 y dos 

señales sobre pH 8. Este mismo comportamiento fue previamente observado para el 4-

nitroimidazol en medio acuoso [45], en donde la primera señal  (I) corresponde a la 

reducción via 4-electrones y 4-protones como la anterior ecuación (17). El número de 

electrones transferidos fue corroborado por análisis culométrico donde se obtuvo un n = 

4.02 ± 0.07. A pH superiores a 8 se produce la división de la onda (I) en las ondas (I) y 
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(II). Este comportamiento polarográfico para el M-NIm fue también corroborado y 

profundizado por voltamperometría cíclica. En la figura 23 se observa los 

voltamperogramas cíclicos para el derivado M-NIm a pH ácido y básico. 
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Fig. 23. Voltamperograma cíclica para 1 mM de M-NIm en buffer Britton-Robinson 0.1 M + 0.3 
M KCl /EtOH : 70/30, a diferentes pH, 5 V/s. 

 

A pH 5 se aprecian dos picos de reducción, el pico Ic que aparece con un Ep = – 0.71 V 

corresponde a la reducción via 4-electrones y 4-protones como la anterior ecuación (17) 

y el pico IIc que aparece con un Ep = - 1450 mV corresponde a la reducción del C=N del 

anillo imidazólico. En el barrido de vuelta no aparece ningún pico de oxidación 

indicando que ambos picos son irreversibles. En una zona de pH básico, pH = 10, el 

comportamiento es marcadamente diferente con la aparición de tres picos catódicos y 

dos picos anódicos. El pico catódico, Ic, que aparece a – 730 mV y el correspondiente 

pico anódico, IIa , que aparece a -670 mV, se debe a la cupla RNO2/ RNO2.-. El pico 

irreversible, IIIc, que aparece a – 1080 mV corresponde a la reducción a 3 e- y 4 H+ 

como se describe en la ecuación (18). El pico IIc que aparece con un Ep = -700 mV 

corresponde a la reducción del C=N del anillo imidazólico. El pico IIIa anódico que 

aparece con un Ep = -190 mV corresponde a la oxidación del derivado hidroxilamínico 

generado en el barrido de ida de acuerdo a la ecuación: 

RNHOH → RNO + 2e- + 2H+ (22) 
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 En el caso de los derivados iodados se concluyó que en medio acuoso y en el 

electrodo de mercurio producían señales debidas a fenómenos de adsorción debido a 

alguna interacción del I de los derivados iodados con el Hg. 

Como se puede apreciar del anterior resultado, la cupla que da cuenta del par redox 

RNO2/ RNO2
.- se manifiesta nítidamente a pH básico, lo que permite mediante una 

selección adecuada de los parámetros de potencial inicial y potencial de switching 

trabajar con dicha cupla en forma aislada. En el caso de los derivados iodados no se 

aprecia este comportamiento lo que implica que el radical de esos derivados no es 

estable en este medio. En la Figura 23 se puede apreciar el voltamperograma aislado 

para la cupla RNO2/ RNO2
.- la que se caracteriza de acuerdo a sus razones de corriente 

ipa/ipc. 
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Fig. 23. Voltamperograma cíclico para 1 mM de M-NIm en buffer Britton-Robinson 0.1 M + 0.3 M KCl 
/EtOH : 70/30, pH = 10, 7 V/s. 
 

A partir del aislamiento de la señal del par redox para el M-NIm, se realizaron estudios 

utilizando la aproximación de Nicholson para obtener los valores de Ipa/Ipc y evaluar su 

comportamiento con las velocidades de barrido. Se observó que a velocidades de 

barrido bajas la razón de corrientes presenta valores cercanos a 0.75 el cual aumenta  a 

velocidades más altas, indicando que existe una reacción química acoplada a la etapa 
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electroquímica. También se analizó el comportamiento del potencial con la velocidad, 

observándose que el potencial de pico catódico es independiente de la velocidad de 

barrido, confirmándose que la reducción monoelectrónica del grupo nitro es reversible. 

 

Usando el mismo procedimiento descrito en detalle para el caso del 2-nitroimidazol se 

obtuvo las constantes de estabilidad y tiempos de vida media para el derivado anión 

radical nitro del compuesto M-NIm a 3 pH distintos en medio básico. Estos resultados 

se recogen en la Tabla 2. 

M-NIm k2 (M-1s-1) t1/2 (s)* 
pH 10 4.64 × 103 0.25 
pH 11 2.18 × 103 0.45 
pH 12 1.33× 103 0.75 

 
Tabla 2.- Valores de constantes de decaimiento y tiempos de vida media para el correspondiente anión 
radical nitro en medio acuoso básico, para la reducción del derivado M-NIm. * calculados a 1mM 
 

La Figura 24 muestra la correlación que existe entre k2 y el pH del medio de reacción, 

concluyendo que el anión radical es más inestable mientras bajo es el pH. Además, la 

dependencia de k2 con el pH obedece a la siguiente ecuación de regresión: 

Log k2 = 6.36 – 0.27 pH (r = 0.993) 

 

 

 

 

 

 

 

Fig. 24. Dependencia de la constante de decaimiento con el pH para el anión radical nitro de M-NIm. 
 
Por extrapolación de la anterior relación con el pH es posible obtener el valor de k2 a 
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diferentes pH. De acuerdo con esto el valor extrapolado para el pH fisiológico de 7.4 es 

2.2 × 10-4 M-1s-1. 

Como en el caso de los derivados iodados se concluyó que existían fenómenos de 

adsorción debido a interacciones químicas entre el I y el mercurio se estudió también el 

comportamiento en medio acuoso sobre electrodo de carbón. 
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Fig. 25. Voltamperogramas de pulso diferencial sobre electrodo de carbono vítreo para los derivados 5-
nitroimidazólicos a diferentes pH. 
 
 
 
Como se aprecia en los voltamperogramas sobre electrodo de carbono, los tres 

compuestos presentaron una sola señal voltamétrica sin presentar fenómenos de 

adsorción lo que demuestra que estos se deberían a una interacción entre el I y el Hg. 

Como se observa en la figura anterior, los potenciales de pico se desplazan a potenciales 

más negativos a medida que aumenta el pH del medio, es decir, la reducción 

involucrada necesita de mayor energía para llevarse a cabo en medio básico. Al 

comparar el potencial de pico de los compuestos a cualquier pH se observa que al igual 

que sobre mercurio, la substitución con yodo produce una marcada disminución del 

potencial de pico y por consiguiente una mayor facilidad de reducción, como se observa 

en la Tabla 3. 
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Compuesto Ep (mV) 
M-NIm -752 

M-I-NIm -612 

M-I2-NIm -572 
 
Tabla 3.- Valores de potenciales de pico a pH 7, 0.1mM derivados 5-nitroimidazólicos, medio mixto.  
 
 

 
3.3.-   4-Nitroimidazoles 

 El estudio de los derivados 4-nitroimidazólicos se realizó sobre los compuestos: 

2-carboxialdehído- 4-nitroimidazol (NIm-CHO); 2-hidroximetil-4-nitroimidazol (NIm-

OH); 1-metil-2-carboxialdehído- 4-nitroimidazol (M-NIm-CHO); 1-metil-2-

hidroximetil- 4-nitroimidazol (M-NIm-OH) ; 1-metil-4-nitro-2-carboxiimidazole (M-

NIm-COOH)  

N
H

N

N
+O

-

O

O

N
H

N

N
+O

-

O

N
H

N

N
+O

-

O

N
H

N

N
+O

-

O

OH
N

N

CH3
O

N
+O

-

O

N

N

CH3

N
+O

-

O

OH

N

N

CH3

N
+O

-

O

O

OH

 
      NIm-CHO          NIm-OH           M-NIm-CHO M-NIm-OH          M-NIm-COOH 
 

3.3.a. Medio no acuoso  

El estudio mediante voltamperometría cíclica de los compuestos NIm-OH y M-

NIm-OH en medio DMF con PTBA como soporte, arrojó los resultados que se 

detallan. Lo primero que se debe destacar es la gran diferencia que se aprecia en sus 

respuestas voltamperométricas, en donde para el caso del derivado M-NIm-OH 

muestra una señal correspondiente a un proceso reversible, la cual da cuenta de la 

reducción del grupo nitro a su anión radical nitro. Esto difiere con lo observado para el 

compuesto NIm-OH en este mismo medio, donde se ve una señal correspondiente a la 

reducción del grupo nitro a su anión radical nitro la cual no presenta reversibilidad.   
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Además, el compuesto NIm-OH presenta una señal cuasi-reversible a potenciales 

cercanos a -200 mV, lo cual se debería a la oxidación que experimenta el derivado  

hidroxilamínico formado. 

La figura 26 nos muestra los voltamperogramas cíclicos para ambos 

compuestos a diferentes velocidades de barrido apreciándose que la sustitución en el 

N-1 afecta notoriamente dicho comportamiento, dónde para el caso del compuesto M-

NIm-OH se observa un aumento en la intensidad de las corrientes de pico catódicas y 

anódicas a medida que se aumenta la velocidad de barrido.  Por otra parte el anión 

radical nitro formado para el compuesto MNIm-OH experimenta un aumento en la 

intensidad de corriente de pico catódico a medida que aumentamos la velocidad de 

barrido, no observándose corrientes de pico anódicas, corroborando así la 

irreversibilidad del proceso de reducción del compuesto MNIm-OH en medio 

aprótico. 
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Figura 26.- Voltamperogramas cíclicos realizados a distintas velocidades de barrido (0.1; 0.5; 1.0; 4.0; 
7.0; 10.0V/s) para los compuestos M-MNIm-OH y MNIm-OH en medio DMF. 
 

 Ahora bien, el comportamiento observado para el M-NIm-OH en medio 

aprótico es similar al observado por Vianello [44] para el 4-nitroimidazol en DMF. En 
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consecuencia los resultados muestran que no es posible aislar el par redox 

RNO2/RNO2
.- en DMF debido a una rápida reacción de autoprotonación que involucra 

la participación del NIm-OH inicial en lo que se denomina una reacción de tipo padre-

hijo. 

Para el caso del derivado M-NIm-OH se procedió a calcular la estabilidad del 

anión radical nitro de acuerdo al procedimiento mencionado anteriormente en esta 

tesis. Se procedió a utilizar el método propuesto por Olmstead para el cálculo de las 

razones de corriente, Ipa/Ipc, cuyo comportamiento a diferentes velocidades de barrido 

se aprecia en la Figura 27. 
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Figura 27.- Gráfico de la razón de corrientes (Ipa/Ipc) versus  el logaritmo de la velocidad de barrido 
para M-MNIm-OH a una concentración 1mM. En medio aprotico. 
 

 Es importante señalar que a diferencia de los medios acuosos o mixtos donde 

el anión radical nitro formado sufre reacciones de decaimiento químico debido a la 

disponibilidad de protones en el medio, en este caso se plantea la dimerización como 

la reacción más probable, debido a la no disponibilidad de estos en el medio.  
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 Considerando un procedimiento análogo al dado en la sección 3.1.b,  podemos 

obtener para  la reacción química de tipo dimerización [45], se puede calcular el valor 

de la constante   k2 dim desde la pendiente del gráfico Ω vs τ que se muestra a 

continuación.  
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Figura 28.- Gráfico de  ω versus τ para 1mM M-NIm-OH en medio no acuoso. 

 
Se obtuvo un valor de kdim= 1.1 × 103 M-1s-1 y un tiempo de vida medio, t1/2 = 0.88 s 

para una concentración 1mM de M-NIm-OH. 

 De estos resultados se puede concluir que la sustitución con –CH3 en la posición 1 del 

anillo nitroimidazólico produce  la estabilización del anión radical nitro en medio no 

acuoso ya que bloquea la ocurrencia de la reacción de autoprotonación ya mencionada. 

También se estudió el comportamiento ciclo voltámetrico de los derivados aldehído 

sustituido en posición 2, NIm-CHO y M-NIm-CHO, en medio DMF con PTBA como 

soporte.  

En el caso del derivado NIm-CHO el comportamiento fue similar al del derivado NIm-

OH ya que no fue posible obtener la estabilización de la señal para el anión radical nitro 

producto de la existencia de la reacción acoplada tipo padre-hijo gatillada por la 
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existencia del H en N-1. En el voltamperograma que se observa en la Figura 29 se 

aprecia los dos picos irreversibles originados por la reducción del grupo nitro, en forma 

análoga a lo observado en el derivado alcohólico. El pico de aparencia cuasi-reversible 

que aparece con un Epc de aproximadamente -2000 mV corresponde a una señal del 

blanco.  
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Figura 29.- Voltamperograma cíclico para el compuesto MNIm-CHO en medio DMF. V = 1V=s. 
 
 
El compuesto M-MNIm-CHO presenta un comportamiento bastante diferente como se 

puede apreciar en la figura 30. En efecto al reemplazar el H del N imidazólico por el –

CH3 se evita el fenómeno de la reacción tipo padre-hijo y aparece una cupla cuasi-

reversible debido a la reacción de reducción mono-electrónica del derivado nitro para 

producir el anión radical nitro el cual queda estabilizado en este medio. 

 
 

 

 

 

 

 

 

Figure 30.- Voltamperograma cíclico para 1mM de derivado M-NIm-CHO en medio 100 % DMF a 
distintas velocidades de barrido. 
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El derivado  M-NIm-COOH presenta un comportamiento un tanto distinto a los 

anteriores compuestos producto del protón ácido que tiene en su estructura. En la figura 

31 se muestra el voltamperograma cíclico de una solución que contiene 1 mM de M-

NImCOOH en 100% DMSO con 0.1 M TBAP como soporte.  
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Figure 31.- Voltamperograma cíclico para 1mM de derivado M-NIm-COOH en medio 100 % DMSO 
sin y con diferentes cantidades agregadas de hidróxido de tetrabutil amonio. v = 1V/s. 

 

En dicho voltamperograma se aprecian dos picos catódicos con potenciales de 

pico de -970 mV y -1270 mV, aproximadamente. El pico que aparece a potenciales más 

catódicos tiene un correspondiente pico anódico lo que origina una cupla aparentemente 

cuasi-reversible. Como se aprecia en la figura el pico que aparece a potenciales menos 

catódicos desaparece concomitante con el agregado de la base. Este fenómeno se 

revertió con el agregado de ácido (figura no mostrada). Estos experimentos apoyan la 

existencia de un equilibrio de disociación entre la especie neutra y la correspondiente 

base conjugada de acuerdo a:  

 
M-NIm-COOH =  M-NIm-COO-  + H+  (23) 

 

Además, el mismo efecto se observó cuando se realizaron sucesivos barridos sobre el 

mismo electrodo (resultados no mostrados). Este hecho implica que el procedimiento de 
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electrólisis generó una especie (nitro radicales anión) que actúa como una base 

deprotonando el compuesto padre en una reacción de tipo padre-hijo según el siguiente 

esquema: 

RNO2COOH + e- → (RNO2).-COOH  (24) 

(RNO2).-COOH + RNO2COOH → RNO2COO- + (RNO2).COOH (25) 

 
 
Además, mediante la apropiada selección del potencial de switching, el primer pico se 

estudió en forma aislada. En la figura 32 se aprecia el voltamperograma cíclico del  

primer pico de la reducción de N-MNIm-COOH a distintas velocidades de barrido. Se 

aprecia que el potencial de pico se desplaza hacia valores más catódicos con el aumento 

de la velocidad de barrido tal como se espera para un pico irreversible. Considerando 

los resultados anteriores y la información de trabajos previos [44] se puede concluir que 

el primer pico debido a la reducción del derivado M-NIm-COOH obedece a la siguiente 

reacción general: 

5 RNO2COOH + 4e-  → 4RNO2COO- + RNHOHCOOH + H2O (26) 
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Figure 32.- Voltamperograma cíclico para el primer pico de 1mM de derivado M-NIm-COOH en medio 
100 % DMSO a diferentes velocidades de barrido. 
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Por otra parte, el segundo pico sólo puede ser estudiado en forma aislada después de 

agregar base (TBAOH) y así eliminar la primera señal. En esta condición la respuesta 

voltamperométrica fue una cupla de apariencia reversible de acuerdo a la siguiente 

ecuación: 

 

RNO2COO- + e-  →  (RNO2).-COO-  (27) 

En la figura 33 se aprecia la respuesta voltamperométrica que se obtiene a diferentes 

velocidades de barrido.  De esta figura se puede apreciar que las separaciones de los 

picos anódicos y catódicos (∆EP) son más grandes que la esperada para un proceso 

reversible mono-electrónico (60 mV), ajustándose mejor a un proceso cuasi-reversible.  
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Figura 32.- Voltamperograma cíclico para la cupla cuasi-reversible de 1mM de derivado M-NIm-
COOH en medio 100 % DMSO con TBOH agregado, a diferentes velocidades de barrido. 
 

Desde estas condiciones de cuasi-reversibilidad, usando el método descrito por 

Nicholson [50]  es posible estudiar la cinética de la reacción electródica y calcular la 

constante de velocidad heterogénea, k0,  para la reacción descrita en la ecuación 27. Los 
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valores de ∆Ep medidos desde los voltamperogramas son introducidos en la curva de 

trabajo descrita por Nicholson [50] para obtener el parámetro de transferencia ψ, desde 

el cual es posible obtener k0 de acuerdo al procedimiento detallado en un trabajo previo 

[51]. Desde los valores obtenidos de los voltamperogramas de la figura 32 se obtuvo 

una k0 = 9.74×10-3cm s-1. 

 

3.3.b Medio Acuoso 

Los experimentos realizados por las técnicas de polarografía de pulso diferencial 

(PPD) y polarografía Tast arrojaron para ambos compuestos, NIm-OH y M-NIm-OH a 

pHs ácidos (Figura 33 se muestra sólo los resultados para M-NIm-OH)  una señal inicial 

(I) bien definida. A medida que aumenta el pH de la solución, esta señal se desplaza a 

valores de potencial más negativos, junto con observarse a pHs básicos una segunda 

señal (II) la cual no se desplaza con el pH. Finalmente sobre pH 8.5 se advierte la 

formación de una tercera señal (III).   
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Figura 33.- Polarogramas de pulso diferencial (izquierda) y Tast (derecha) para la reducción de 0,1 mM 
de M-NIm-OH en 0,1 M EtOH/Britton Robinson (30/70). 
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En  la  Figura 34 se observa el comportamiento del potencial de pico de cada 

señal con respecto al pH para ambos compuestos, NIm-OH y M-NIm-OH.  Para ambos 

casos la señal principal, la  señal I,  se observa en todo el rango de pH estudiado. Esta 

señal corresponde a la reducción del grupo nitro al correspondiente derivado 

hidroxilamínico de acuerdo a la siguiente ecuación: 

 
RNO2   +   4H+   +   4e-   →   RNHOH   +   H2O (28) 

 
En la línea que marca el comportamiento del potencial de pico con el pH para la 

señal I se observan dos quiebres de tendencia, a pHs de aproximadamente 4 y 8,5, lo 

que podría indicar la existencia de dos pKa polarográficos a pHs cercanos a dichos 

valores, lo que se corroborará más adelante mediante espectrofotometría UV-Vis. 
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Figura 34.- Variación del potencial de pico (Ep) en función del pH  a una concentración de 0,1mM para el 
M-NIn-OH (izquierda) y el NIm-OH (derecha). En medio EtOH/Britton Robinson (30/70) 0,1M. 
 

 
En relación a los picos II y III que aparecen en los polarogramas se esperará el 

análisis por voltamperometría cíclica para realizar su asignación. Del anterior 

comportamiento con el pH podemos extraer los valores de potenciales de pico que 

reflejan el grado de dificultad de la reducción del grupo nitro en los dos compuestos y 

diferentes pHs. En la Tabla 4 se aprecia los valores de los potenciales de pico para 
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ambos compuestos en condiciones ácida, neutra y básica. 

 
COMPUESTO EP / V (pH = 3) EP / V (pH = 7) EP / V (pH = 11) 

M-NIm-OH -0,45 -0,70 -0,76 

NIm-OH -0,48 -0,74 -0,88 

 
Tabla 4.- Potenciales de pico catódicos para la reducción polarográfica de los derivados 4-
nitroimidazólicos en distintas condiciones de acidez del medio EtOH/britton Robinson (30/70). 
 
 
De acuerdo a los resultados mostrados en la Tabla 4 se puede concluir que para ambos 

compuestos la reducción del grupo nitro ocurre más fácil a pH ácidos, lo que estaría de 

acuerdo con el mecanismo de la ecuación 28. Por otra parte, al comparar los potenciales 

de pico (Ep) obtenidos para ambos nitrocompuestos a pHs 3, 7 y 11, se observa que el 

compuesto M-NIm-OH presenta menores potenciales de reducción que el compuesto 

NIm-OH, lo que explica por la presencia del substituyente metil en la posición 1 del 

anillo imidazólico, el cual produciría un bloqueo estérico parcial entre los electrones no 

enlazantes del N1 del anillo imidazólico,  provocando que estos electrones no 

contribuyan al sistema π del anillo, disminuyendo así la densidad de electrones sobre el 

grupo nitro y por ende facilitando su reducción.  

 Con el objeto de explicar los quiebres que se aprecian en la línea que describe el 

comportamiento EP-pH de la señal principal se procedió a estudiar el comportamiento 

espectroscópico a distintos grados de acidez del medio. El estudio espectrofotómetrico 

del compuesto M-NIm-OH mostró como resultado espectros de absorción dependientes 

del pH de la solución, observándose dos bandas de absorción a 245nm (I) y 304nm (II). 

La primera banda de absorción (I) muestra una absorbancia mínima a pH 6,0 donde 

posteriormente comienza  a  aumentar hasta llegar a un máximo a pH 12,0.  Por otro 

parte el segundo máximo de absorción (II) presenta una absorbancia mínima a pH 2,5, 

punto en el cual comienza a aumentar hasta llegar a un máximo a pH 8,0, donde 
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posteriormente se mantiene en niveles de absorbancia constantes (Figura 35). 
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Figura 35.- Espectro UV-visible  del compuesto M-NIm-OH a una concentración de 5x10-5M en medio 
Britton Robinson 0,1M , a diferentes pH. 
 
En el caso del compuesto demetilado en la posición N-1, NIm-OH, el espectro de 

absorción arrojó 3 bandas  de absorción  a 224, 298 y 352 nm . Esta última es dependiente 

del pH  y permitió determinar un valor de pKa  aparente que fue igual a 9,2 ± 0.1  (Fig. 

36).   Este pKa  se debería a la desprotonación del N en posición 1, que en el otro 

compuesto  esta sustituido,  por lo que no presenta este equilibrio.  Por otra parte la banda  

a las  longitudes de onda  más bajas ( 220- 240 nm ) se debería  al protón   del  N en 

posición 3 del anillo  imidazólico que origina un pKa de aproximadamente 5.  
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Figura 35.- Espectro UV-visible  del compuesto NIm-OH a una concentración de 5x10-5M en medio 
Britton Robinson 0,1M , a diferentes pH. 
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Comparando estos valores de pK con los valores de pKa polarográficos se encuentra una 

adecuada correspondencia indicando que los quiebres en el gráfico Ep-pH se deben a 

cambios en el mecanismo electródico como consecuencia de la presencia de distintas 

especies. En los siguientes esquemas se muestran las distintas especies y los 

correspondientes equilibrios que originan los pKa: 
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La Figura 36 resume el comportamiento ciclo voltamperométrico de los 

derivados M-NIm-OH y NIm-OH a diferentes pHs y a una velocidad de barrido de 

1V/seg. Observándose que la señal correspondiente a la reducción del grupo nitro a su 

derivado hidroxilamínico tiende a desplazarse a valores de potencial más negativos a 

medida que se aumenta el pH y que existe un desdoblamiento de esta señal principal en 

la zona de pHs básicos.  
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Figura 36.- Voltamperogramas cíclicos realizados a pH 3 , 7  y 11 , a una velocidad de barrido de 1 
V/s para los compuestos M-NIm-OH (izquierda) y NIm-OH (derecha) a una concentración 1 mM, 
en medio EtOH/Britton Robinson (30/70) 0,1 M. 
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Como se puede apreciar,  los picos catódicos que aparecen en los 

voltamperogramas coinciden con los picos (I, II, III) de los polarogramas de pulso 

diferencial vistos anteriormente. No obstante lo anterior desde los voltamperogramas se 

puede apreciar claramente como a pH básicos ocurre el desdoblamiento del pico 

principal generando una cupla reversible y un pico irreversible que estaría de acuerdo 

con un mecanismo descrito por las anteriores ecuaciones (1) y (18). Esto significa que 

en medio básico es posible estabilizar el anión radical observándose claramente la cupla 

redox RNO2/RNO2
.- la cual puede ser aislada y estudiada con mayor detalle. 

 

Dado la reversibilidad observada a pHs básicos en los dos compuestos 

nitroimidazólicos en estudio, se procedió a analizar la formación y estabilidad de los 

correspondientes aniones radicales nitro  a pHs  9, 10, 11.    
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Figura 37.-   Voltamperogramas cíclicos del par redox reversible realizados a pH 9 , 10  y 11 , a una 
velocidad de barrido de 1V/s para los compuestos M-NIm-OH (izquierda) y NIm-OH (derecha) a 
una concentración 1mM. En medio EtOH/Britton Robinson (30/70) 0,1M. 

 

En la figura 37 se observa como el cambio de pH  afecta notoriamente los 

voltamogramas cíclicos de la cupla RNO2/RNO2
.-, especialmente en lo que se refiere, 
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primero, al corrimiento de las señales a valores más negativos de potencial (en el caso 

del NIm-OH) y segundo, al cambio de la intensidad de corriente observando un 

decrecimiento en la corriente de pico catódico (Ipc) y un incremento en la corriente de 

pico anódica (Ipa) a medida que aumenta el pH.  Se observa claramente una 

diferencia entre el comportamiento de los compuestos metilado y no-metilado en la 

posición 1 en relación al pH. En el caso del derivado metilado el potencial de pico 

permanece constante con el pH lo que está de acuerdo con  el mecanismo mono-

electrónico descrito por la anterior Ec. 1. En el caso del derivado de-metilado se observa 

un leve desplazamiento del potencial de pico lo que se debe a que en este compuesto la 

reducción está afectada por el equilibrio que ocurre entre la especie protonada y la no-

protonada en el N-1. De hecho el pKa para dicho equilibrio se midió como 

anteriormente como 9,1. Al cambiar la velocidad de barrido del experimento (Fig. 38) 

se observa que con el aumento de dicha velocidad se produce el aumento de la 

intensidad de las corrientes en ambos compuestos estudiados.   

-400 -500 -600 -700 -800 -900 -1000
-10

-5

0

5

10

15 10.0

7.0

4.0

1.0
0.5

0.1

I/µA

E / mV
-400 -500 -600 -700 -800 -900 -1000

-10

-5

0

5

10

15
10.0

7.0

4.0

1.0
0.5
0.1

I/µA

E / mV

 

Figura 38.-   Voltamperogramas cíclicos a pH 11, a distintas velocidades de barrido (0,1; 0,5; 1,0; 
4,0; 7,0; 10,0V/s) para los compuestos M-NIm-OH (izquierda) y NIm-OH (derecha) a una 
concentración 1mM. En medio EtOH/Britton Robinson (30/70) 0,1M. 
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Si bien ambas corrientes aumentan sus valores, la razón entre ellas no se mantiene 

constante (Fig. 39 )observándose que  los valores de Ipa/Ipc tienden a 1.0 a medida que 

aumenta la velocidad de barrido.  
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Figura 39.-   Gráfico de la razón de corrientes (Ipa/Ipc) versus  el logaritmo de la velocidad de 
barrido (Log V)  a pH 9, 10 y 11 , para los compuestos  M-NIm-OH (izquierda)  y NIm-OH 
(derecha) a una concentración 1mM. En medio EtOH/Britton Robinson (30/70) 0.1M 
 

 

De acuerdo a este comportamiento de las razones de corriente se puede afirmar que el 

proceso involucrado para ambos nitrocompuestos estudiados  corresponde a un 

mecanismo de tipo Eci, es decir, que a la transferencia electrónica se encuentra acoplada 

a una reacción química la cual corresponde a una dismutación tal cual lo describe la 

ecuación (19). Posteriormente se procedió a aplicar el procedimiento de acuerdo a lo 

descrito por Olmstead y Nicholson [46] y que ya fue detallado en el caso de los 2-

nitroimidazoles. La linealidad de los gráficos Ω versus τ (resultados no mostrados) 

confirma el carácter de segundo orden de la reacción química acoplada (dismutación).  
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En la Tabla 5 se muestran los resultados obtenidos para las constantes de degradación 

con sus correspondientes tiempos de vida media calculados para una concentración de 

anión radical nitro de 1 mM. 

 

pH Compuesto k2 ·10-3/ M-1s-1 t1/2 / s 
M-NIm-OH 50.6  ±  14.2 0.019 

pH 9.00 
NIm-OH 126.3  ±  5.6 0.008 

M-NIm-OH 4.21  ±  0.1 0.237 
pH 10.00 

NIm-OH 7.23  ±  1.2 0.138 

M-NIm-OH 1.70  ±  0.1 0.588 
pH 11.00 

NIm-OH 1.98  ±  0.2 0.505 

Tabla 5.- Valores de las constantes de decaimiento (k2) y tiempos de vida media (t1/2), para los 

nitrocompuestos M-NIm-OH y NIm-OH a pH 9, 10 y 11  a una concentración de 1mM. En medio 

EtOH/Britton Robinson (30/70) 0.1M. 

 

 

Al analizar los valores obtenidos para las constantes de decaimiento del anión radical 

nitro en medio acuoso, se observa  que el nitrocompuesto M-NIm-OH presenta un menor  

valor de k2 que el NIm-OH, indicándonos que el anión radical nitro formado a partir del 

derivado metilado  es más estable. Esto significa que el grupo metilo en la posición 1 

estabiliza al anión radical probablemente por la menor densidad electrónica de la nube π 

debido al efecto estérico del grupo metilo sobre los electrones desapareados del N-1. 

El estudio del compuesto NIm-CHO  arrojó un comportamiento diferente al de 

su compuesto análogo revisado arriba.  En efecto este derivado nitroimidazólico sólo 

produce una señal irreversible en todo el rango de pH, sin aparición de un derivado 

anión radical nitro estabilizado (Figura 40), lo que implica que el cambio del 

sustituyente  en la posición 2, desde –CH2OH a –CHO, produjo dicha desestabilización. 

Como se aprecia en la figura 40 la variación del potencial de pico con la velocidad de 

barrido obedece a una respuesta irreversible la cual se ajusta a una reducción del grupo 
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Figura 40.-  Voltamperogramas cíclicos  para el compuesto  NIm-CHO en medio EtOH/Britton 
Robinson (30/70) 0,1M a dos distintos pHs y gráfico que muestra la variación del Potencial de Pico 
con la velocidad de barrido a pH 4, 9 y 12 (izquierda)  y MNIm-OH (derecha) a una concentración 
1mM.  
 

nitro mediante 4-electrones y 4-protones para generar un derivado hidroxilamínico de 

acuerdo a la anterior ecuación (17).  

 

Para el caso del compuesto metilado, M-NIm-CHO el comportamiento resultó un tanto 

diferente ya que en este caso aparecen dos picos irreversibles en todo el rango de pH 

estudiado. En la figura 41 se aprecia un pico catódico irreversible principal Ic que 

aparece a potenciales de aproximadamente – 0,63 V a pH 3 y que se desplaza a valores 

más catódicos a medida que el pH aumenta. Este pico corresponde a la reducción del 

grupo nitro mediante 4-electrones y 4-protones para generar un derivado 

hidroxilamínico de acuerdo a la anterior ecuación (17), tal como se observó para el 

derivado NIm-CHO. Además, se aprecia el pico IIc irreversible que aparece a 

potenciales de aproximadamente -0,80 V a pH 3 y que también se desplaza a 

potenciales más catódicos a medida que sube el pH. El pico IIc se asignó como debido a 

la reducción del C=O del sustituyente en posición 2, lo que fue corroborado por 

comparación con el voltamperograma cíclico correspondiente al 2-carboxialdehido-1-

metilimidazol. 

 61



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figura 41.-  Voltamperogramas cíclicos  para el compuesto  M-NIm-CHO en medio EtOH/Britton 
Robinson (30/70) 0,1M a tres distintos pHs. v = 1 V/s. 
 
Para el caso del derivado M-NIm-COOH es posible trabajar en un medio 100 % 

Britton-Robinson para lo cual  se realizaron polarogramas de pulso diferencial (PPD) y 

Tast a diferentes pH, desde pH 2 a 11. En los polarogramas se observa una única señal 

de reducción en todo el rango de pH, tanto en PPD como por Tast (Figura 42) . Las 

señales obtenidas se desplazan a potenciales más negativos a medida que aumenta el 

valor de pH. La onda o pico polarográfico obedece a la respuesta debida a la reducción 

vía 4-electrones, 4-protones del grupo nitro para generar el correspondiente derivado 

hidroxilamínico como se detalló en la anterior ecuación (17). 
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Figura 42.-  Polarogramas de pulso diferencial (izquierda) y polarogramas tast (derecha) para 0,1 
mM del compuesto  M-NIm-COOH en medio 100 % Britton Robinson a diferentes pHs. v = 1 V/s. 
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La respuesta ciclovoltamperométrica resultó equivalente a lo encontrado por la técnica 

polarográfica encontrándose sólo un pico irreversible y dependiente del pH en todo el 

rango de pH entre 1 y 12. Sin embargo al agregar al medio 100 % Britton Robinson un 

co-solvente como Et-OH de tal manera que el nuevo medio de trabajo sea  

EtOH/Britton Robinson (30/70).  

En la Figura 43 se despliegan los polarogramas PPD como TAST donde se observa una 

única señal de reducción hasta pH 7, la cual se desplaza a potenciales más negativos a 

medida que aumenta el pH de la solución. A partir de pH 8 se produce un 

desdoblamiento de la señal de reducción.  
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Fig 43.-  Polarogramas de Pulso Diferencial (izquierda) y Polarogramas TAST (derecha) a distintos 
pH, para 0,1 mM de M-NIm-COOH en medio Britton Robinson – Etanol (70/30).   
 

Mediante la técnica de polarografía tast  se aprecia en forma muy clara el 

desdoblamiento que ocurre en la onda de reducción del grupo nitro a 4-electrones y 4-

protones para generar dos nuevas ondas en medio básico. Este comportamiento revela el 

cambio de mecanismo que ocurre en la reducción del grupo nitro en un medio donde 

escasean los protones. La escasez de protones provoca que la protonación del anión 

radical ocurra con mayor dificultad, lo que genera una separación de la onda debido a la 

transferencia monoelectrónica del grupo nitro para formar el anión radical nitro y la 

posterior reducción del anión vía 3-electrones y 4-protones para generar el derivado 
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hidroxilamínico (Ecuación 18).  

Además, lo anterior se corroboró por voltamperometría cíclica en la solución 

Britton Robinson – Etanol (70/30) a distintos pH como se observa en la figura 44. En 

ésta se observa que a pH ácido se obtiene una sola señal irreversible, la que corresponde 

a la reducción vía cuatro electrones cuatro protones para generar un derivado 

hidroxilamínico (Ecuación 17). A pH básico se observa la aparición de una cupla I/I’de 

aspecto reversible, debido a la formación del dianión radical nitro a partir de la forma 

aniónica del compuesto nitro derivado (Ej.-  M-NIm-COO-), (Ecuación 27), en una 

primera etapa, y la formación del  derivado hidroxilamínico en la etapa posterior (II) 

(Ecuación 18). Además se observa una señal (III) correspondiente a la oxidación del 

derivado hidroxilamínico a derivado nitroso, (Ecuación 22). 
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Fig 44.-  Voltamperogramas de M-NIm-COOH 1 mM a pH 3, 9, 11. Velocidad de barrido 500 mV/s 
en medio Britton Robinson – Etanol (70/30).   
 

Debido a que a pH 11 se obtiene una mejor estabilización del anión radical, se 

aisló la señal correspondiente al anión radical nitro desde -600 a -910 mV (Fig. 45), la 

cual se muestra a diferentes velocidades de barrido (desde 0,5 hasta 30 V/s). Se observa 

que al aumentar la velocidad de barrido, se obtiene un aumento en la intensidad de la 
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corriente y la señal tiende a ser más cuasi-reversible. 
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Fig 45.-  Voltamperogramas de 1 mM de M-NIm-COOH a pH 11 y par redox (I/I’) en rojo 
(izquierda). Par redox aislado a diferentes velocidades de barrido, pH 11, en medio Britton 
Robinson - Etanol (70/30). 
 

Este comportamiento de cuasi-reversibilidad (∆Ep > 57 mV), es confirmado por los 

gráficos Epc vs Log v y ∆Ep vs Log v (Resultados no mostrados), en los cuales se 

observa que al aumentar la velocidad de barrido, el potencial de pico catódico se 

desplaza a potenciales más negativos, y el ∆Ep mínimo es  de 80 mV el cual aumenta 

con la velocidad. Además, se encontró que la pendiente de la relación lineal log Ipc vs 

log v, es aproximadamente 0,5 lo que indica que el proceso está controlado por difusión. 

Se utilizó el método descrito por Nicholson [50] para la determinación de la constante 

de transferencia heterogénea en reacciones cuasi-reversibles, siendo el valor obtenido de 

la constante heterogénea en este medio de k° = 2,98 ×10-2  cm/s. De acuerdo al 

comportamiento obtenido anteriormente para este mismo compuesto en medio 100 % 

no acuoso se había obtenido una k° = 9,74 ×10-3  cm/s confirmando que el carácter 

prótico del medio favorece la reacción de transferencia. 
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3.3.c. Medio micelar 
 
 
Con el objeto de encontrar condiciones que nos permitieran trabajar en condiciones 

similares a condiciones de pH in-vivo, soluciones acuosas de pH 7,4, se estudió el 

comportamiento del anión radical nitro generado en estos derivados 4-nitroimidazólicos 

en medios micelares. Para este estudio se tomó como modelo el compuesto M-NIm-OH. 

Se utilizó diferentes compuestos surfactantes, entre ellos, surfactantes aniónicos como 

SDS (Sulfato de dodecil sodio), no iónicos como Triton X y catiónicos como Hyamina 

y CTAB (Bromuro de cetil trimetil amonio). Se estudió que las micelas catiónicas son 

las que mejor estabilizan el anión radical.  
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Fig 46.-  Voltamperogramas de 1 mM de M-NIm-OH en 0,1 M Britton Robinson a pH 8,4 con 15 
mM de CTAB (izquierda) y Hyamina (derecha). La línea completa indica el par redox 
RNO2/RNO2

.-. 
 
 

En la Figura 46 se aprecia que es posible obtener la generación de la cupla 

correspondiente al anión radical nitro en buffer Britton Robinson en presencia de 

surfactantes catiónicos. En esta condición es posible estudiar la respuesta del anión 

radical en forma aislada a diferentes velocidades de barrido. 
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En la figura 47 se muestran los voltamperogramas cíclicos obtenidos para 

soluciones de M-NIm-OH en buffer Britton Robinson a pH 8,4 donde se ha agregado 15 

mM de Hyamina como surfactante.  
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Fig 47.-  Voltamperogramas de 1 mM de M-NIm-OH en 0,1 M Britton Robinson a pH 8,4 con 15 
mM de Hyamina. En el inserto se muestra los gráficos de la dependencia entre la razón de corriente 
y la velocidad de barrido. 
 

 Aplicando el mismo procedimiento ya descrito anteriormente en esta tesis se 

calcularon los valores de la constante de estabilidad del anión radical nitro y los 

correspondientes tiempos de vida media para una concentración de 1 mM de M-NIm-

OH en diferentes medios y pH. Estos resultados se muestran en la Tabla 6 en donde los 

datos a pH 9.4a son para una solución acuosa en 100 % buffer Britton Robinson con 

5mM de micelas de Hyamina. Los resultados del pH 10b corresponde a soluciones en un 

medio mixto 30/70: Etanol/ Buffer Britton-Robinson sin micelas y la solución de pH 

10c corresponde a soluciones en un medio mixto 60/40 : DMF/ buffer citrato, KCl sin 

micelas. De los resultados obtenidos con la misma concentración de micelas pero a 

distintos pH se observa que el pH afecta fuertemente la estabilidad del anión radical 
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(valores de k2) sin embargo no afectan la energética de la reducción del grupo nitro 

(valores de Ep,c). Estos resultados confirman la pH-dependencia de la reacción de 

disproporcionación y la pH-independencia de la reducción mono electrónica para 

generar el anión radical nitro. 

 

 

pH   k2 × 10-4 / l mol-1s-1  t1/2 / ms  - EP,C / mV 

7.4   104 ± 2.11    0.96    804 

8.4   4.30 ± 0.43   23.25    802 

9.4   1.37 ± 0.21   72.99    796 

9.4a  8.77 ± 0.62   11.40    774 

10b   0.59 ± 0.03   169.49    760 

10c   1.36 ± 0.21   73.52    727 

 
Tabla 6.- Constantes de estabilidad y tiempos de vida media para el anión radical nitro, y 
potenciales de pico catódico para el par RNO2/ RNO2

• formado desde soluciones acuosas con 15 
mM de micelas Hyamina a diferentes pH. 
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4. CONCLUSIONES 

 

- Todos los compuestos nitroimidazólicos estudiados fueron suceptibles de ser 

reducidos tanto en medios próticos como apróticos no obstante que el mecanismo de la 

reducción es fuertemente influenciada por el grado de proticidad del medio.  

 - Al comparar compuestos equivalentes de 2-nitroimidazol, 4-nitroimidazol y 5-

nitroimidazol en el mismo medio (Buffer acuoso, pH 8: etanol, 70:30) se encontró que 

el orden de facilidad de reducción sigue la siguiente secuencia para los derivados 2-

Nitroimidazol (EP = -660 mV) > 5-Nitroimidazol (-750 mV) > 4-Nitroimidazol (- 830 

mV). Probablemente la mayor facilidad de reducción de los derivados de 2-

nitroimidazol se debe a que en estos compuestos el grupo nitro se encuentra en medio 

de dos átomos de N electronegativos que provocan una disminución de la densidad 

electrónica sobre el grupo nitro facilitando así su reducción. 

 - A pesar que los derivados 2-nitroimidazol y 4-nitroimidazol presentan una 

notoria diferencia en su facilidad de reducción siguen mecanismos similares. En medio 

no acuoso el mecanismo está fuertemente influenciado por la ionización del N imino en 

la posición 1 del anillo nitroimidazólico generando un equilibrio entre la especie neutra 

y la base conjugada. La especie neutra produce una respuesta irreversible debido a la 

siguiente ecuación: 

5 HNRNO
2   

+   4 e
–
     →     4 

–
NRNO

2   
 +   HNRNHOH   +  H

2
O 

Por otra parte la base conjugada o nitranión produce una onda cuasi reversible debido a 

la reducción monoelectrónica del nitranión generando un dianión. 

 -El anión radical nitro producido del 2-nitroimidazol resulta ser bastante más 

reactivo que el del 4-nitroimidazol, lo que podría explicar, en parte, la mayor 

inactividad biológica que se ha encontrado para los derivados 4-Nitroimidazólicos 

 69



 

De acuerdo al estudio con distintos sustituyentes realizados con el derivado 4-

nitroimidazol se puede concluir que la sustitución en posición 2 del anillo 

nitroimidazólico no produce diferencias significativas en la capacidad de reducción del 

grupo nitro. Sin embargo el reemplazo del H en la posición 1 del N imidazólico por un 

grupo CH3 produjo diferencias notables en la energética de la reducción del nitro, en la 

estabilidad del anión radical generado y en el mecanismo de la reducción.  

-El efecto que genera el grupo metilo en la posición N-1 del anillo imidazólico se debe 

al efecto estérico que ejerce sobre los electrones no enlazantes del N que hace que estos 

electrones no contribuyan al sistema π del anillo, disminuyendo así la densidad de 

electrones sobre el grupo nitro y por ende facilitando su reducción. Por otra parte el 

cambio del H en la posición N-1 por el grupo metilo genera cambios en el mecanismo 

ya que evita la generación de reacciones acopladas del tipo padre-hijo que impiden la 

estabilización del anión radical. 
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J. Carbajo b, S. Bollo a, L.J. Núñez-Vergara a, A. Campero b, J.A. Squella a,*
a Bioelectrochemistry Laboratory, Chemical and Pharmaceutical Sciences Faculty, University of Chile, P.O. Box 233, 1007 Olivos, Santiago 1, Chile

b Departamento de Quı́mica Fı́sica y Quı́mica Orgánica, Escuela Politécnica Superior, Universidad de Huelva, Huelva, Spain
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Abstract

We have chosen 4-nitroimidazole (4-NIm) as a prototype of nitroimidazolic compounds in order to carry out an exhaustive cyclic

voltammetric study in protic media, 0.1 M Britton�/Robinson buffer�/0.3 M KCl with ethanol as a co-solvent. The one electron

reduction of 4-NIm in protic media at alkaline pH produces a stable nitro radical anion on the time scale of the cyclic voltammetric

technique. The nitro radical anion decays according to a coupled chemical reaction and we have focused the study to follow this

reaction using cyclic voltammetric methodology. The one electron reduction of the 4-NIm to form the nitro radical anion and the

subsequent reaction of the radical obey an EC2 mechanism that follows very well the cyclic voltammetry theory for the

disproportionation reactions previously described by Olmstead and Nicholson (Anal. Chem. 41 (1969) 862). We have obtained the

disproportionation rate constant k2 which is strongly dependent on both pH and ethanol content according to the following

regression equations: log k2�/�/0.932pH�/12.771 and log(10-3 k2)�/�/1.998log[% EtOH]�/3.873. The results obtained from this

study in protic media differ substantially from previous studies in aprotic media wherein the nitro radical anion was not stabilized.

# 2002 Elsevier Science B.V. All rights reserved.

Keywords: 4-Nitroimidazole; Nitro radical anion; Cyclic voltammetry

1. Introduction

Nitroimidazoles are used extensively in the treatment

of infectious illnesses in both human and non-human

therapeutics [1,2]. The antimicrobial action of nitroimi-

dazoles is produced inside pathogenic microorganisms

wherein some reduced form of the nitro group interacts

with the microbial DNA, thus causing damage in the

microbial structure hindering its reproduction. Conse-

quently, it is vital for the mechanism of action that the

microorganisms have an enzymatic system capable of

reducing the nitro group. The reduction of nitroimida-

zoles can be produced via two different routes according

to the media conditions i.e. aerobic or anaerobic [3,4],

but under both conditions the requirement of the first

step of the reduction is the one-electron reduction to

form the nitro radical anion:

RNO2�e� 0 RNO
+�
2 (1)

Under anaerobic conditions, the nitro radical anion

formed can undergo further reductions producing

nitroso, hydroxylamine and amine derivatives:

RNO
+�
2 �e��2H� 0 RNO�H2O (2)

RNO�2e��2H�0 RNHOH (3)

RNHOH�2e��2H�0 RNH2�H2O (4)

On the other hand, under aerobic conditions, the
nitro radical anion formed would be re-oxidized to

regenerate the initial nitro compound and to produce

superoxide (O
+�
2 ) provoking a so called ‘futile cycle’:

RNO
+�
2 �O2 0 RNO2�O

+�
2 (5)

As can be seen the nitro radical anion plays a crucial and

important role in the mechanism of the action of

nitroimidazole compounds and consequently a knowl-
edge of its behaviour is a permanent challenge because

its radical chemistry is central to the use of nitroimida-

zoles in medicine.
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The prototropic properties and natural lifetimes of

nitro radical anions have been studied mainly by using

electron spin resonance (ESR) and pulse radiolysis

techniques [5�/7] but lately electrochemical techniques
i.e. cyclic voltammetry, have also been shown to play an

advantageous role in the study of nitro radical anions

[8�/14]. Under suitable conditions of the medium, the

one electron reduction of nitroaromatic and nitroheter-

ocyclic compounds produces very well resolved cyclic

voltammograms due to the nitro/nitro radical anion

couple (RNO2=RNO
+�
2 ): By using appropriately the

wide versatility of the cyclic voltammetric technique, it is
possible to study the feasibility of formation of nitro

radical anions [8,9], their prototropic behavior [10], their

natural lifetimes [11,12] and their reactivity with other

molecules [13,14].

There are numerous studies related to electrochemical

aspects of nitroimidazoles. Generally these are focused

on the electroanalytical determination of some nitroi-

midazoles of importance in medicine such as metroni-
dazole [15], ornidazole [16], secnidazole [17], tinidazole

[18], and megazol [19]. Furthermore, the use of cyclic

voltammetry in order to obtain the lifetimes of nitro

radical anions from some nitroimidazoles such as

misonidazole, metronidazole and megazol [20�/22] has

been also reported.

In this work we have centered our study on the nitro

radical anion produced from a molecule such as 4-
nitroimidazole (4-NIm) wherein the only substituent on

the nitroimidazole moiety is the nitro group thus

avoiding any possible distortion effect from other

substituents. There has been only one previous report

devoted to the electrochemical behaviour of 4-NIm in

aprotic media wherein the autoprotonation of the nitro

radical anion was shown but, consequently, that work

did not involve a study of the nitro radical anion [23]. In
the present study we report an exhaustive cyclic

voltammetric study of the prototropic properties and

the natural lifetime of the nitro radical anion obtained

from 4-NIm. Specifically we have focused our study on

the disproportionation reaction of the nitro radical

anion from 4-NIm in a protic medium containing

ethanol as a co-solvent. The influences of pH, ethanol

content and 4-NIm concentrations on the disproportio-
nation rate constant were investigated in depth.

2. Experimental

2.1. Reagents and solutions

4-NIm 97% pure was obtained from Aldrich Chem.
Co. and was used without prior purification. All the

other reagents employed were of analytical grade.

Nitrogen gas was from Alphagas-Air liquide with

maximum impurities of H2OB/3 ppm; O2B/2 ppm;

CnHm B/0.05 ppm.

All the voltammetric experiments were obtained after

bubbling with N2 for 10 min in the cell before each run.
The temperature was kept constant at 259/0.1 8C in all

experiments.

Solutions for cyclic voltammetry were prepared start-

ing from a 0.2 M stock solution of 4-NIm in DMF

prepared daily. Final solutions (20 ml) in the voltam-

metric cell were prepared by diluting an appropriate

quantity of the stock solution in order to obtain a final

concentration of 1 mM (Except in the 4-NIm concen-
tration study).

Experiments for the pH study were made in Britton�/

Robinson buffer 0.1 M�/0.3 M KCl�/EtOH (70//30).

The pH was adjusted by addition of concentrated

solutions of NaOH or HCl depending on the desired

final pH. For the study of the dependence on the EtOH

content, the EtOH% was varied appropriately in the

above solution.

2.2. Apparatus

Voltammetric curves were recorded on an Autolab

(Eco Chemie model PGSTAT 20) instrument attached

to a PC computer with appropriate software (GPES 4.8

for Windows) for total control of the experiments and

data acquisition and treatment. A static mercury drop

electrode (SMDE) (Metrohm VA 663) with a drop area
of 0.42 mm2 was used as the working electrode and a

glassy carbon rod as the counter electrode. All potentials

were measured against Ag/AgCl/3 M KCl.

All pH measurements were carried out with a Crison

model Basic 20 pH meter equipped with a glass electrode

Crison 52-01 (resolution 0.01, precision9/0.01). The

standard solutions used for calibration were Crison

4.00 and 7.02 and Probus 10.00.

2.3. Methods

The return-to-forward peak current ratio Ipa/Ipc, for

the reversible first electron transfer (the

R�NO2=R�NO
+�
2 couple) was measured for each cyclic

voltammogram, varying the scan rate from 0.05 up to

150 V s�1 according to the procedure described by
Nicholson [24]. A reproducibility study involving ten

independent runs at different sweep rates (0.5, 1 and 10

V s�1) produced variation coefficients of 0.1 and 0.7%

for potential peak and current ratio measurements,

respectively.

Using the theoretical approach of Olmstead and

Nicholson [25], the Ipa/Ipc values measured experimen-

tally at each scan rate were inserted into a working curve
to determine the parameter v , which incorporates the

effects of the rate constant, 4-NIm concentration and

scan rate. A plot of v versus t resulted in a linear
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relationship described by the equation

v�k2cot

where k2 is the second-order rate constant for the

decomposition of RNO
+�
2 ; co is the nitrocompound

concentration and t�/(El�/E1/2)/n. Consequently we

can obtain the second order rate constant for the

decomposition of the nitro radical anion from the slope

of the straight line v versus t .

3. Results and discussion

4-NIm can be electrochemically reduced over the
whole pH range at the mercury electrode in protic

media (0.1 M Britton�/Robinson buffer�/0.3 M KCl

with ethanol as a co-solvent), but its reduction is

strongly affected by pH changes. Consequently, the

cyclic voltammetric response of the 4-NIm reduction is

also pH-dependent. In fact, at pH valuesB/7 the cyclic

voltammetric response corresponds to only one irrever-

sible reduction peak without any oxidation peak
appearing in the corresponding positive sweep. Ob-

viously this reduction peak is due to the well-known

[26] four-electron four-proton reduction of the nitro

group to produce the corresponding hydroxylamine

derivative:

RNO2�4H��4e 0 RNHOH�H2O (6)

In Fig. 1 we can observe the behaviour of this voltam-

metric reduction peak in acidic media. At pH values �/7
the cyclic voltammetric response is rather different but

follows the well-known [27] general pattern due to

nitrocompound in aprotic media or in the presence of

inhibitors. In fact the single signal observed in acidic

media was divided into two different new signals

according to the pH increase (Fig. 1). Consequently, at

alkaline pH, the equations describing the new two
signals correspond to:

RNO2�e�?RNO
+�
2 (7)

RNO
+�
2 �3e��4H� 0 RNHOH (8)

In Fig. 2 we have summarized the pH effect on both

cathodic peak current and negative peak potentials of

both signals. As the aim of this paper is the cyclic

voltammetric study of the nitro radical anion (RNO
+�
2 )

produced by the one electron reduction of 4-NIm we

have centered our study on the corresponding first

reversible couple obtained at pH values �/7.

By working at sufficiently alkaline pH and adjusting

the switching potential appropriately we can study the

nitro/nitro radical anion couple (RNO2=RNO
+�
2 ) in

isolation. In Fig. 3, a very good resolved cyclic

voltammograms obtained after two consecutives sweeps
is shown. Furthermore, we have obtained a DEp value of

approximately 60 mV (Table 1) confirming the one

electron character of the couple.

With the aim of obtaining the pH-dependence of the

RNO2=RNO
+�
2 couple we have carried out a very

Fig. 1. Cyclic voltammograms of 1 mM 4-NIm in protic media (0.1 M

Britton�/Robinson buffer�/0.3 M KCl�/EtOH (70//30)) at different

pH values. Sweep rate 1 V s�1.

Fig. 2. Peak potential (A) and peak current (B) dependence with pH

for 1 mM 4-NIm in protic media. j, first peak; ', second peak. Other

conditions as in Fig. 1.
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exhaustive study in a rather narrow zone (8B/pHB/10).

The change of pH clearly affects the cyclic voltammo-

grams of the RNO2=RNO
+�
2 couple. Specifically, we

observe two main changes when the pH increases; first,

a shift of the wave to more negative values and second, a

change in the peak current intensities, i.e. a decrease in

the cathodic peak current and an increase in the anodic

peak current. These changes are summarized in Fig. 4.

Obviously, this observed pH-influence indicates that the

one electron reduction of 4-NIm is not explained well by

only one equation such as the above Eq. (7). Probably a

chemical reaction involving protons should be coupled

with the one-electron electrochemical reaction. This

assumption is also supported by the observed behaviour

of the couple when the sweep rate is varied. According

to the Nicholson and Shain criteria [28] we can affirm

that the process corresponds to an electron transfer with

a coupled chemical reaction i.e. an EC mechanism.

Consequently an increase of the current ratio (Ipa/Ipc)

with an increase of the sweep rate (n) was observed at all

the pH values studied, as is shown in Fig. 5. In order to

investigate the order of the coupled chemical reaction we

have tested cyclic voltammograms at different 4-NIm

concentrations. According to the dependence obtained

between Ipa/Ipc and the 4-NIm concentration (Fig. 6a)

we can affirm that the order of the coupled reaction was

different from order 1 and from the slope of the plot of

the half-wave potential (E1/2) versus the natural loga-

rithm of 4NIm concentration (Fig. 6b) [29] we obtained

an order of 2 for the coupled chemical reaction.

Consequently from this conclusive experimental evi-

Fig. 3. Two consecutives cyclic voltammograms due to the

RNO2=RNO
+�
2 couple from 1 mM 4-NIm in protic media. pH 9.10,

v�/1.0 V s�1. Other conditions as in Fig. 1.

Table 1

DEp values of the RNO2=RNO
+�
2 couple obtained from 1 mM 4-NIm

cyclic voltammograms in protic media, 30% EtOH, pH 9.15 at

different sweep rates

n /V s�1 DEp/V

1.0 0.070

2.0 0.067

3.0 0.062

5.0 0.061

7.0 0.059

Fig. 4. Half-wave potential (A) and peak current (B) dependence on

pH of the RNO2=RNO
+�
2 couple from cyclic voltammograms of 1 mM

4-NIm in protic media at different pH values. ', Ipc; j, Ipa. Sweep

rate 1 V s�1. Other conditions as in Fig. 1.

Fig. 5. Current ratio dependence on sweep rates of the RNO2=RNO
+�
2

couple from cyclic voltammograms of 1 mM 4-NIm in protic media at

different pH values. \, 9.45; %, 9.19; k, 8.95; m, 8.70, I, 8.44; j,

8.19. Other conditions as in Fig. 1.
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dence and the well-known fact (7) that nitro radical
anions can suffer a disproportionation reaction we can

affirm that the second order coupled chemical reaction

corresponds to a disproportionation reaction, producing

the following EC2 mechanism:

RNO2�e�?RNO
+�
2 (7a)

2RNO
+�
2 �2H� 0 RNO2�RNO�H2O (9)

In order to confirm the proposed mechanism we applied

the cyclic voltammetry theory for the disproportiona-

tion reaction described by Olmstead and Nicholson [25].

In fact we obtained straight lines in the plots of the

kinetic parameters v versus t in perfect accordance with
that anticipated by the theory (Fig. 7A). Furthermore,

according to the theory, for values at�/4, it should be

noted that v�/k2cot ; consequently, we can obtain the

disproportionation rate constant (k2) from the slope of

the straight lines between v and t . We have calculated

the k2 values and the corresponding half-life times (t1/2)

for the nitro radical anion from 4-NIm at different pH

values (Table 2). As can be seen from these results the
stability of the nitro radical anion is related directly to

the proton concentration of the medium i.e. a lower

proton concentration implies higher stability. Moreover,

the logarithm of the disproportionation rate constant

follows a linear dependence with pH (Fig. 7B). From

this behaviour it is possible to obtain the following

regression curve: log k2�/�/0.932pH�/12.771 (r2�/

0.9949); which permits the k2 value at different pH

values to be calculated by extrapolation. By using the

above equation we have obtained a k2 value of 7.48�/

105 M�1 s�1 and a t1/2 of 1.33�/10�3 s at pH 7.4.

Obviously these values are in accord with the experi-

mental fact that the nitro radical anion cannot be

observed on the time scale of the cyclic voltammetric

experiment at pH 7.4 in protic media.
In order to study the dependence of 4-NIm concen-

tration on the stability of the nitro radical anion we have

selected pH 9.10. As was shown above (Fig. 6) both the

Ipa/Ipc and the E1/2 fulfilled the requirements for a

second order chemical reaction. In order to examine the

character of the limiting current we have studied the

behaviour of the cathodic peak current, Ipc, with the

sweep rate at different 4-NIm concentrations. The
logarithmic plot of these parameters is shown in Fig.

8. As can be observed we have obtained a linear

dependence with a slope of 0.5 showing that the one-

electron reduction of 4-NIm corresponds to a diffusion

controlled process without adsorption interference.

Furthermore, in a similar way as shown above, we

have used the theory described by Olmstead and

Nicholson [25] to calculate the disproportionation rate
constant, k2, at different 4-NIm concentrations. In Fig.

9 we can observe the experimentally obtained linear

behaviour of the kinetic parameters v versus t at

different 4-NIm concentrations. From the slopes of

these lines we have obtained both k2 and t1/2 at different

4-NIm concentrations (Table 3). From these results we

can observe that k2 remains practically constant at

different 4-NIm concentrations as is expected for a
rate constant. However, as is expected for a second

order chemical reaction, the t1/2 of the nitro radical

anion is dependent of the 4-NIm concentration. At

lower concentrations of 4-NIm the nitro radical anion is

more stable. As in-vivo concentrations would be rela-

tively low, probably the in-vivo nitro radical anion

stability would be high which could have dangerous

consequences.
In order to study the influence of the media in the

stability of the nitro radical anion we have varied the

ethanol content in the solutions studied. The appearance

of the cyclic voltammogram of the one-electron redox

couple was affected by the quantity of ethanol in the

medium. This change can be shown clearly from some

cyclic voltammetric parameters such as E1/2 and Ipa/Ipc

as is shown in Fig. 10. From these results it is clear that
an increase in the ethanol content produces both a shift

in E1/2 and an increase in Ipa/Ipc; however, different

quantities of ethanol did not affect the mechanism of the

disproportionation reaction as is deduced from the

Fig. 6. (A) Current ratio dependence on the 4-NIm concentration at

different sweep rates: ', 7.0; m, 5.0; j, 4.0 V s�1 and (B) half-wave

potential dependence with the natural logarithm of 4-NIm concentra-

tion in protic media. pH 9.10. Other conditions as in Fig. 1.
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linear behaviour obtained for v versus t shown in Fig.

7C. From the slopes of these lines we have obtained

both k2 and t1/2 at different ethanol contents. As can be

seen from the results in Table 4, both the disproportio-

nation rate constant, k2, and the half-life time, t1/2, have

a strong dependence on the ethanol content in the

medium. At lower ethanol concentrations (B/10%) the

variation of k2 and t1/2 are very pronounced but at

ethanol concentrations �/20%, the k2 and t1/2 values

remain practically constant. Moreover, the logarithm of

the disproportionation rate constant follows a linear

dependence with the ethanol content in the medium

Fig. 7. (A�/C) Plots of the kinetic parameter, v , with the time constant, t , for 1 mM 4-NIm and 30% EtOH at different pHs: j, 8.19; I, 8.44; m,

8.70; k, 8.95; ', 9.19; ^, 9.45 (plot A) and at different ethanol percentages, pH 9.10: j, 2.5; I, 5.0; m, 7.5; k, 10.0; ', 20.0, ^, 30.0% (plot C).

(B�/D) Disproportionation rate constant dependence on pH for 30% EtOH (plot B) and for an ethanol content at pH 9.10 (plot D) for 1 mM 4-NIm

in protic media. Other conditions as in Fig. 1.

Table 2

Disproportionation rate constant and half life times values for

RNO2=RNO
+�
2 couple obtained from 1 mM 4-NIm in protic media,

30% EtOH at different pHs

pH 10�3 k2/l mol�1 s�1 102 t1/2/s

8.19 145 0.68

8.29 120 0.83

8.44 73.7 1.5

8.70 41.2 2.6

8.95 27.9 3.6

9.12 20.7 5.2

9.19 15.8 6.3

9.35 11.3 8.8

9.45 9.31 12

Fig. 8. Log�/log dependence of the cathodic peak current of the

RNO2=RNO
+�
2 couple on sweep rate at different 4-NIm concentra-

tions in protic media, pH 9.10. ', 4.65; k, 3.72; m, 2.79; I, 1.86; j,

0.93 M. Other conditions as in Fig. 1.
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(Fig. 7D). From this behaviour, it is possible to obtain

the following regression equation: log 10�3k2�/�/

1.998 log[% EtOH]�/3.873 (r�/0.998), for [% EtOH]5/

20%. Then, by using this linear relationship we obtained

an extrapolated k2 value of 7.46�/106 M�1 s�1 and a
t1/2 value of 1.33�/10�4 s at 1% EtOH concentration.

Obviously from these results we can conclude that

ethanol in the medium stabilizes the nitro radical anion

strongly.

4. Conclusion

The results of experimental work presented above as
well as those of previous workers can be summarized in

the following points.

4-NIm was easily reduced in a protic media but by a

totally different mechanism to that previously reported

for this compound in aprotic (DMF, AN) media by

Roffia et al. [23]. The cyclic voltammogram in aprotic

media displayed two reduction peaks. The first peak was

irreversible up to a sweep rate of 250 V s�1 while the
second one appeared to be reversible even at low sweep

rates. The first irreversible peak was attributed to the

following overall electron reaction:

Fig. 9. Plot of the kinetic parameter, v , vs. the time constant, t , for

different concentrations of 4-NIm in protic media, pH 9.10. j, 0.93;

I, 1.86; m, 2.79; k, 4.65 M. Other conditions as in Fig. 1.

Table 3

Disproportionation rate constant and half life times values for

RNO2=RNO
+�
2 couple obtained from different concentrations of 4-

NIm in protic media, 30% EtOH, pH 9.15

[4-NIm]/mM 10�3 k2/l mol�1 s�1 102 t1/2/s

0.93 20.7 5.2

1.86 18.9 2.9

2.79 19.7 1.8

3.72 21.0 1.3

4.65 20.0 1.1

Fig. 10. (A) Half-wave potential dependence on the ethanol concen-

tration and (B) peak current ratio dependence with the sweep rate at

different ethanol concentrations: j, 2.5; I, 5; m, 7.5; k, 10; ', 20;

and ^, 30%, for the RNO2=RNO
+�
2 couple from 1 mM 4NIm in

protic medium at pH 9.10. Other conditions as in Fig. 1.

Table 4

Disproportionation rate constant and half life times values for

RNO2=RNO
+�
2 couple obtained from 1 mM 4-NIm in protic media,

pH 9.15, at different EtOH percentages

EtOH/% 10�3 k2/l mol�1 s�1 102 t1/2/s

2.5 1300 0.08

5.0 385 0.26

7.5 93.2 1.1

10.0 59.4 1.7

20.0 24.5 4.1

30.0 21.9 4.6
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5HRNO2�4e� 0 HRNHOH�4RNO�
2 �H2O (10)

and the second reversible peak was attributed to the

following reduction reaction which generates a radical

nitro dianion:

RNO�
2 �e�?RNO2�+

2 (11)

On the other hand our results in protic media reveal

cyclic voltammograms displaying: (a) at pHB/7; one

irreversible reduction peak described by Eq. (6); and (b)

at pH�/7; one reversible and one irreversible peak

described by Eqs. (7) and (8).

According to Vianello’s paper in aprotic media the

RNO2=RNO
+�
2 couple cannot be recorded due to a

rapid decay of the RNO
+�
2 because of a fast protonation

reaction by the starting nitroimidazole (a father�/son

type of reaction) with the formation of the conjugate

base RNO
+�
2 and of the neutral radical RNO2H+.

Paradoxically our results demonstrate that the

RNO2=RNO
+�
2 couple can be very well stabilized in

protic media but at alkaline pH, due to the autoproto-

nation, the couple is not favoured in this medium.
On the other hand, 4-NIm is a rare case wherein its

nitro radical anion is sufficiently stabilized in protic

media to be detected on the time scale of the cyclic

voltammetric technique. Usually the detection of this

radical requires the presence of inhibitors or aprotic

solvent, besides alkaline pH. Furthermore, this nitro

radical anion, generated from 4-NIm, is a very good

example of the accomplishment of the theory for the
disproportionation reactions previously described [29].

In spite of cyclic voltammetry results proving to be a

very good tool in the study of nitro radical anions, care

should be taken in the use of a co-solvent because it

affects the stability of the radicals strongly.
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Voltammetric Behavior of a 4-Nitroimidazole Derivative
Nitro Radical Anion Formation and Stability
C. Yañez, J. Pezoa, M. Rodríguez, L. J. Núñez-Vergara, and J. A. Squellaz

Bioelectrochemistry Laboratory, University of Chile, Santiago, Chile

A new synthesized compound, 1-methyl-4-nitro-2-hydroxymethylimidazole~4-MNImOH!, was electrochemically reduced at the
mercury electrode in aqueous, mixed, and aprotic media. In an aqueous medium, only one voltammetric peak was observed
because of the four-electron, four-proton reduction of the nitro group to the hydroxylamine derivative in the 2-12 pH range. For
the mixed and nonaqueous media, it was possible to observe a reversible couple due to the first one-electron reduction step of the
nitro group to the nitro radical anion.The nitro radical anion decays by a disproportionation reaction in mixed media and by
dimerization in a nonaqueous medium. Both disproportionation and dimerization rate constants,k2, were determined according to
Olmstead’s approach, obtaining a value of 1460 ± 110 M−1 s−1 in aprotic medium. In mixed media, the values were dependent
both on pH and on the nature of the cosolvent.After comparison of 4-MNImOH with the parent compound, 4-nitroimidazole, we
concluded that the substitution with 1-methyl and 2-hydroxymethyl produces a more easily reducible nitro compound and a less
stable nitro radical anion than the unsubstituted 4-nitroimidazole. According to the electrochemical results, the 4-MNImOH
derivative would be more suitable for enzymatic reduction and less toxic to the host than 4-nitroimidazole.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1904983# All rights reserved.
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In the last decades, nitroimidazoles have been the sour
many investigations because of their properties as antibiotics,
osensitizers, and antiprotozoans.1-3 The biological activity of ni
troimidazoles is dependent on the nitro group reduction proces
to the formation of active intermediate species that interact
DNA and cause biochemical damage. The reduction of these
pounds can follow two different routes depending on whethe
medium is aerobic or anaerobic,4,5 however, both routes share
common first step,i.e., the one-electron reduction of the nitro gro
to form the nitro radical anionsRNO2

•−d. Consequently, RNO2
•− is a

key intermediate in the biological activity, and the understandin
its behavior is a permanent challenge for these type of compo

Three types of nitroimidazole derivatives have been curre
used, namely, 2-, 4-, and 5-nitrosubstituted derivatives; how
there are still no conclusive results about the incidence of the
substitution in their biological activity. A study on the reduction
2-, 4- and 5-nitroimidazole drugs by hydrogenase 1 inClostridium
pasteurianum6 revealed that the rate of reduction of the nitroimi
zole compounds correlated with their one-electron reduction p
tial. However, the reduction rates for the drugs did not correlate
the antibacterial activity againstClostridium pasteurianum, suggest
ing that other factors are also important for determining the an
crobial potencies of these compounds. Another study on the ac
of nitroimidazoles againstTrichomonas vaginalis7 revealed that th
potency of this activity follows the order 5-nitroimidazo
. 2-nitroimidazole. 4-nitroimidazole. However, the descripti

of the mutagenic and carcinogenic properties of some 2-
5-nitroimidazoles have increased interest in the minor mutag
4-nitroimidazoles.8-14

The electrochemical studies of nitroimidazoles are mainly
cused on the analytical determination of some pharmacolog
important 5-nitroimidazoles, such as metronidazole, ornidazole
nidazole, tinidazole, and megazol.15-19 In addition, cyclic voltam
metric studies of nitro radical anions produced fr
5-nitroimidazole derivatives have been reported, demonstratin
usefulness of this technique to the study of nitro free radicals20-24

However, electrochemical studies of 4-nitroimidazole derivat
are scarce and restricted to a polarographic study of se
1,2-dialkyl-4-nitroimidazoles25 and some electrochemical studies
the cyclic voltammetric behavior of 4-nitroimidazole in aport26

and protic media.27 The results obtained from these studies d
widely, depending on the protic or aprotic medium. The one-ele
reduction of 4-nitroimidazole in protic medium at alkaline pH p
duces a stable nitro radical anion on the time scale of the c

z E-mail: asquella@ciq.uchile.cl
f
-

e

-

.

-

l

voltammetry. But, in aprotic medium, the nitro radical anion ca
be stabilized because of a rapid decay of the nitro radical prod
by a fast protonation reaction by the starting 4-nitroimida
~father-son type reaction!.

In the scope of our current investigations to find new pharm
logical important compounds that use the nitro radical anion a
active specie, we have synthesized 1-methyl-4-nitr
hydroxymethylimidazole ~4-MNImOH! ~Fig. 1!, a new
4-nitroimidazole derivative substituted in positions 1 and 2. Our
aim is studying its electrochemical behavior with the focus on
formation and stability of the nitro radical anion in aqueous, mi
and nonaqueous media. This is our first attempt to reveal the
dence of different substitutions in the 4-nitroimidazole ring to
nitro radical anions with improved pharmacological potency.

Experimental

Reagents and solutions.—4-MNImOH was synthesized a
characterized in our laboratory. All the other reagents empl
were of analytical grade. Ultrapure waters18.2 MV cmd obtained
from interchanged columns~Millipore Milli-Q system! was used.

Stock solutions of 4-MNImOH were prepared at a constant
centration of 10−2 M in ethanol. The polarographic and cyclic v
tammetric working solutions were prepared by diluting the s
solution until final concentrations of 0.1 or 1 mM were obtain
The dilution solutions were Britton-Robinson buffer~0.1 M! for
aqueous media, a mixture of 30/70: ethanol/Britton-Robinson b
~0.1 M! or 60/40: dimethylformamide~DMF!/citrate buffer~0.015
M! KCl ~0.3 M! for mixed media, and 100% DMF containing 0.1
tetrabutylammonium perchlorate~TBAP!, as supporting electrolyt
for nonaqueous solvent. The pH was adjusted with small aliquo
concentrated NaOH or HCl, respectively, in the aqueous and m
solvents. All the polarographic experiments were obtained af
purge with N2 for ten min in the cell before each run. All the e
periments were carried out at room temperature.

Synthesis of 4-MNImOH.—4-MNImOH ~10 g, 0.09 mol! and
potassium nitrate~20.5 g, 0.20 mol! were mixed and added slowly
sulfuric acid~5.4 mL, 0.10 mol! taking care not to exceed 50°C. T
mixture was then maintained in a hot water bath for 3 h and stirred
for 15 h at room temperature. The solution was carefully neutra
with sodium hydrogen carbonate. The product was extracted
ethyl acetate. The white solid was desiccated in vacuum. The
of the recrystallized product in ethanol was 40%.1H NMR ~300
MHz, D2O!: d 3.2 ~s, 1H,u OH! 3.8 ~s, 3H,uN u CH3! 4.5 ~s,
2H,uCH2u! 8.0 ~s, 1H,uC v CH u N u CH3!

13C NMR ~75
MHz, D2O!: 30.0 suCH3d. 55.0 suCH2 u OHd. 120.0
sO N u C v CH u N u CH d. s2 3 149.8d sO N
2 3 2
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u CsvCHd u N v C u CH2OHd. Elemental analysis fo
C5H7O3N3. Calculated: C: 38.22; H: 4.49; N: 26.74. Fou
C: 37.90; H: 4.58; N: 26.52. melting point: 180-181
Rfsbenzene:methanol:acetic acid/45:8:1; Silica Gel 60 F, Med
= 0.38

Apparatus.—Electrochemical experiments, differential pulse
larography~DPP!, tast polarography, coulometry, and cyclic vo
mmetry were performed with a totally automated BAS-100 volt
metric analyzer attached to a PC with proper BAS 100W versio
software for total control of the experiments and data acquis
and treatment. A controlling growth mercury electrode~CGME! po-
larographic stand was used with a dropping mercury elec
~DME! as the working electrode, a platinum wire as the cou
electrode, and an Ag/AgCl electrode as the reference electrod
differential pulse~DP! and tast polarography, the CGME stand w
used in a CGME mode and for cyclic voltammetric experimen
static mercury drop electrode mode was used.

Spectrophotometric measurements were carried out with a
Unicam Model UV3, UV-vis spectrophotometer using a 1 cmquartz
cell and equipped with a PC with the Vision acquisition and tr
ment program.

All pH measurements were carried out with a WT
microprocessor-controlled standard pH ion meter pMX 3000
equipped with a glass pH-electrode Sen Tix 81. The standard
tions used for calibration were WTW 4.006, 6.865, and 9.180. M
surements of pH were corrected according to the follow
equation:28 pH* − B = logUo

H, where pH* equals −logaH in the
mixed solvent,B is the pH meter reading, and the term logUo

H is the
correction factor for the glass electrode, which was calculated
the different mixtures of DMF and aqueous solvent, according
procedure reported previously.29

Methods.—Polarography.—Differential pulse polarogram
were carried out with a DME under the following operating co
tions: scan rate 4 mV/s, pulse amplitude 50 mV, pulse width 50
sample width 17 ms, and drop time 1000 ms. TAST polarog
~TPs! were carried out using a DME with the following operat
conditions: scan rate 4 mV/s, sample width 17 ms, and drop
1000 ms.

Cyclic voltammetry.—For the kinetic analysis carried out in alk
line pH, the return-to-forward peak current ratioIpa/Ipc for the re-
versible one-electron couplesArNO2/ArNO2

•−d was measured fo
each cyclic voltammogram~CV! according to the procedure d
scribed by Nicholson.30 The scan ratesvd ranged from 0.1 t
10 V s−1. Using the theoretical approaches of Olmsteadet al.,31,32

the I /I values measured experimentally at each scan rate

Figure 1. Chemical structure of 1-methyl-4-nitro-2-hydroxymethylimidaz
~4-MNImOH!.
pa pc
r

-

inserted into a working curve to determine the parameterv, which
incorporates the effects of the rate constant, nitro compound co
tration, and scan rate. A plot ofv vs.t resulted in a linear relatio
ship described by the equationv = k2C

ot, wherek2 is the second
order rate constant for the chemical reaction of ArNO2

•−, Co is the
nitro compound concentration,t = sEl−E1/2d/y, El is the switching
potential, andE1/2 is the cyclic voltammetric half-wave potenti
and v is the sweep rate. Consequently, we can obtain the se
order rate constant for the decomposition of the nitro radical a
from the slope of the straight linev vs. t. The assumption that th
decomposition of ArNO2

•− follows second-order kinetics is su
ported by the linear relation between the kinetic parameterv and the
time constantt.

Considering that the decay of ArNO2
•− follows second-order k

netics, it is possible to calculate the half-lifetime,t1/2, from the well-
known equation,t1/2 = sk2C

od−1.

Coulometry.—Coulometry was carried out on a mercury pool e
trode in 0.1 M Britton-Robinson buffer/ethanol 70/30 at pH 4 an
The potential applied was −530 and −676 mV for pH 4 an
respectively. Oxygen was removed with pure and dry presatu
nitrogen. A three-electrode circuit with an Ag/AgCl electrode
used as reference and a platinum mesh as a counter electr
BAS-CV 50 assembly was used to electrolyze the compound.

Solutions containing an accurately weighed amount
4-MNIm-OH were subjected to successive short electrolysis
min to ensure that all the original compound had been consu
This procedure was followed until the charge obtained was equ
the background charge. The net charge was calculated by corr
the estimated background current. The total net charge corres
to the sum of all the individual processes. The number of electro
obtained by application of the well-known Coulomb law

Q = nFe f1g

where, Q = total net charge, n = mole number of electroactiv
specie in solution, F = Faraday’s constant, and e = the num
of electrons. The number of electrons was obtained after five ru
each pH.

Spectrophotometry: determination ofpKa8.—The sensitivity of the
band at 304 nm with pH was used to determine the spectrop
metric apparent pKa8. The pH solution was changed each 0.5 u
The temperature was kept constant at 25°C. The concentratio
1 3 10−4 M for the entire pH scale. The value of pKa8 obtained wa
calculated by the linear regression method.33

Simulations.—Simulated CV curves were obtained by using
DIGISIM 2.1 CV simulator for Windows software~BAS, USA!.
The software was run using a Gateway 2000 PC.

Electrolysis: Electron spin resonance (ESR) meas
ments.—The ESR spectra from the nitroimidazole derivative w
recordedin situ in the cavity of a Bruker ECS 106 spectrome
with 100 kHz field modulation at microwave band X~9.68 GHz!
and at room temperature. The hyperfine splitting constants
considered to be accurate within 0.05 G. The electrolysis
performed by reduction at −900 mV in the ESR cell usin
platinum wire electrode and an Ag/AgCl/KClsat reference electrod
The concentration of the 4-MNImOH was 5 mM in DMF w
0.1 M of TBAP as supporting electrolyte.

Results and Discussion

The new synthesized compound, 4-MNImOH, was electroch
cally reduced at the mercury electrode in different media, bu
reduction was strongly affected by solvent and pH changes.
totally aqueous medium containing 100% Britton-Robinson 0.1
only one signal in all the pH scale was detected~Fig. 2a!. In the
polarograms~mainly at acid pH! one can observe a polarograp
maximum, probably because of the adsorption of the 4-MNImO
some reaction product on the mercury surface. This assumptio
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corroborated by electrocapillary curves~data not shown!. Conse
quently, to avoid adsorption problems, we changed the electr
from aqueous to mixed media, adding a cosolvent to the bufferi.e.,
ethanol or DMF. As observed in Fig. 2b, the addition of a cosol

Figure 2. Differential pulse and tast polarograms of 4-MNImOH in~a! aque-
ous ~0.1 M, Britton-Robinson buffer! and mixed:~b! DMF/citrate and~c!
ethanol/Britton-Robinson buffer media at different pH.
permitted us to eliminate the polarographic maxima by avoi
adsorption problems in the electrodic process.

For mixed media, using either ethanol or DMF as cosolvent
behavior was different, showing two peaks~or waves! at alkaline pH
~Fig. 2b and c!. In this medium, the peak appearing at acid pH s
into two peaks at pH. 8. Under all conditions, the signal was
dependent only up to pH 8, as observed in the potential peakvs.pH
plot displayed in Fig. 3. At pH values beyond 8, the signals wer
independent, showing a change in the mechanism, meanin
there are no protons involved before the rate-determining step
thermore, the limiting currents obtained by tast polarography
pH independent, claiming a diffusion-controlled process.

From theEP vs. pH plot, we can observe two different brea
First, the previously mentioned break at pH 8 as a consequen
the change of mechanism and second the break at pH 3.5 due

Figure 3. Peak potential dependence with pH in~a! aqueous medium~0.1
M, Britton-Robinson buffer! and mixed media:~b! DMF/citrate and~c!
ethanol/Britton-Robinson buffers.
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pKa of the nitro-nitro protonated acid base equilibrium. To valid
this point, we have calculated an equivalent pKa value by using
UV-spectrophotometry. UV spectra at different pH values revea
pH-dependent absorption signal at 304 nm. The sensitivity of
signal to pH was used to determine the spectroscopic apparenKa
~Fig. 4!. The value of pKa obtained for 4-MNImOH was 4.3, and
was calculated by the linear regression method. This value a
with the break at 3.5 in theEp vs. pH plot obtained with the DP
technique.

To elucidate the number of electrons transferred in the redu
process, we compared the limiting current of 4-MNImOH with
limiting current of equimolar solutions of the previously stud
4-nitroimidazole27 under the same experimental conditionsspH
, 7d. 4-MNImOH showed the same value of the limiting curr
measured by tast polarography, which indicates that the sam
electrons are transferred~data not shown!. We also carried out cou
lometric experiments at pH 7, finding that the number of elect
transferred was slightly lower than four, as shown in Tab
s3.7 ± 0.1d. However, coulometric experiments at pH, 4 pro-
vided lower values, indicating that probably a part of the sta
material is disappearing in a nonfaradaic process, as report
Vianello et al.26

According to the well-known mechanism of 4-nitroimidazole27

we can assume that the observed irreversible peak at acid an

Figure 4. ~a! Absorbance dependence of wave atl = 304 nm of
4-MNImOH at different pH.~b! pKa calculation according to linear regre
sion method.
s

r

y

u-

tral pH is due to the four-electron, four-proton reduction of the
troimidazole group to yield the hydroxylamine derivative accor
to the following overall reaction

R-NO2 + 4ē + 4H+ → R-NHOH + H2O f2g
In the same way, the equations describing the two new sign
alkaline pH correspond to

R-NO2 + ē� RNO2
•− f3g

RNO2
•− + 3ē + 4H+ → R-NHOH + H2O f4g

The observed splitting at alkaline pH by using DPP was also
firmed by cyclic voltammetry. Figure 5 displays CVs at three di
ent pH conditions. In acid and neutral media, it is possible to
serve only one irreversible signal due to the four-electron,
proton reduction of the nitro compound to generate
hydroxylamine derivative according to Reaction 2. In alkaline
ditions, we can observe the reversible couple, Ia/Ic, corresponding t
the one-electron reduction of the 4-MNImOH according to Rea
3 and the irreversible peak IIc corresponding to the further reduct
of the nitro radical anion to the hydroxylamine derivative, accor
to Reaction 4. Furthermore, in the reverse sweep, an anodic

Table I. DPP cathodic peak potentials „Ep,c… obtained from
4-MNImOH solutions in ethanol/Britton-Robinson buffer.

pH −Ep,c smVd na

4 530 3.3 ± 0.1
7 676 3.7 ± 0.1

a The number of electrons transferredsnd was coulometrically obtained
as the mean of five runs.

Figure 5. CVs of 1 mM 4-MNImOH in ethanol/Britton-Robinson buffer 0
M at different pH values. Sweep rate 1 V s−1. Dashed line shows a sh

sweep with RNO2/RNO2
•− isolated couple. Arrow indicates the scan dir

tion.
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II a, at −256 mV was observed. This corresponds to the two-ele
oxidation of the hydroxylamine derivative, which forms during
first negative-going sweep, to form the nitroso derivative

R-NHOH → R-NO + 2ē+ 4H+ f5g
Adjusting the switching potential appropriately, we can study

nitro/nitro radical anion couplesRNO2/RNO2
•−d in isolation~dashed

line in Fig. 5!. To complete the electrochemical characterizatio
study the properties of the nitro radical anion in the absenc
protonation reactions, we also studied an aprotic medium. In
tally nonaqueous medium containing 100% DMF with 0.1 M TB
we obtained a perfectly isolated couple~Fig. 6! corresponding to th
one-electron reduction of the nitroimidazole parent compoun
produce the nitroimidazole radical anion derivative. The gener
of the nitro radical anion derivative was also characterized by
The radical was preparedin situ by controlled potential electrolys
at −900 mVvs. Ag/AgCl in DMF. The nitroimidazole free radic
displays a well-resolved ESR spectrum~Fig. 7!. The interpretatio
of the ESR spectra led us to determine the coupling constants

Figure 6. CVs showing the reversible couple due to the one-electron re
tion of 4-MNImOH in nonaqueous medium at different sweep rates. A
indicates the scan direction.

Figure 7. ESR experimental spectrum of radical anion of 4-MNImOH
DMF. Spectrometer conditions: microwave frequency 9.68 GHz, micro
power 20 mW, modulation amplitude 0.2 G, scan rate 1.25 G/s, time
stant 0.5 s, number of scans: 15.
l

magnetic nuclei. Thus, the obtained hyperfine constants
aNsNO2d = 14.0 G, aH = 4.5 G, aN sringd = 2.0 G, aN sringd
= 1.2 G, andaH sCH3d = 0.4 G.

Using the preceding cyclic voltammetric response, we can s
the kinetic stability of the nitro radical anion species in all the m
conditions. In Fig. 8, we can observe the effect of different sw
rates on the current ratio, showing a similar general trend i
media, i.e., the ip,a/ip,c current ratio increases as the scan rat
increased. These results fulfill the requirements for an irrever
chemical reaction following a reversible charge-transfer step ac
ing to the classical Nicholson criteria,30 but we also found that th
current ratio was dependent on the 4-MNImOH concentration~data
not shown!, implying a second-order chemical step. To check w
kind of second-order chemical reaction is involved, we tried
disproportionation and dimerization approaches. Using the the
cal approach of Olmsteadet al. for disproportionation31 and
dimerization,32 we calculated the second-order rate constant,k2, ob-
taining different values depending on whether disproportionatio
dimerization was assumed. To decide what type of mechanis
justs better with the real mechanism, we used the simulation p
dure described in a previous paper.34 That procedure is based on
comparison between experimental and simulated curves, wh
the latter is simulated by both disproportionation and dimeriza
In Fig. 9, we can observe a comparison of experimental and
lated CVs for 4-MNImOH considering either disproportionation

Figure 8. Current ratio dependence on sweep rates of RNO2/RNO2
•− couple

from CVs of 1 mM 4-MNImOH in ethanol/Britton-Robinson buffer at d
ferent pH values.

Figure 9. Comparison of experimental~solid line! and simulated~dashed
line! CVs for 4-MNImOH in mixed medium considering~a! dimerization o
~b! disproportionation as the chemical coupled reaction.
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dimerization in a mixed medium. From these results, one ca
that in the case where disproportionation was considered, t
between the simulation and experimental curves was clearly b
Moreover, we have obtained optimum correlation between ex
mental and simulated curves for disproportionation in mixed m
~using ethanol or DMF as cosolvents! and dimerization in nonaqu
ous medium~100% DMF!. Consequently, the change from mixed
nonaqueous medium produces a change in the decay mechan
the radical anion passing from disproportionation in mixed med
to dimerization in a nonaqueous medium. This finding is in ac
with previous results obtained for nitro radical anion produced
some nitrofuran derivatives.34

The obtained kinetic second-order rate constant,k2, and the cor
responding half-lifetime values for the nitro radical anion fr
4-MNImOH in different media are shown in Table II. From th
values, we can state that, as expected, the nitro radical anio
more stabilized in a totally nonaqueous medium, confirming th
optimal environment is the lipophilic one. However, when we c
pared different buffers at the same pH, we found different stabi
for the radical, showing that the proton activity is not the only fa
promoting its decay. For the same buffer at strong alkaline co
tions ~pH 11-12!, the results were statistically similar, showing
same stability. Furthermore, in Table III we compared the re
obtained for 4-MNImOH with those obtained with 4-nitroimidazo
From these results, we can conclude that the new comp
4-MNImOH is more easily reducible than the 4-nitroimidazole, t
requiring less energy to produce the nitro radical anion. How
from the kinetic constants, we can conclude that the nitro ra
anion from 4-MNImOH is less stable than the corresponding
radical from 4-nitroimidazole. Both of these results point to a p
uct with enhanced capabilities to become a more useful bioa
compound than the parent molecule, 4-nitroimidazole. The
compound would be more suitable for enzymatic reduction and
toxic to the host than 4-nitroimidazole, meaning it would be a
tential new bioactive 4-nitroimidazole compound.

Conclusions

The new synthesized compound, 4-MNImOH, was easily re
ible in aqueous, mixed, and nonaqueous media, but only in m
and nonaqueous media was it able to generate nitro radical a
capable of being detected in the time scale of the cyclic voltam
ric technique. The nitro radical decayed according to a second-
chemical reaction, disproportionation in mixed media, and dime
tion in a totally nonaqueous medium.

Table II. Disproportionation and dimerization rate constant and
half-lifetime values for RNO2/RNO2

•− couple obtained for
4-MNlmOH in different media.

Medium 10−3k2 sM−1 s−1d t1/2 ssd

B/EtOH pH 10a 5.97 ± 0.25~disp! 0.17
B/EtOH pH 11 1.93 ± 0.24~disp! 0.5
B/EtOH pH 12 2.23 ± 0.23~disp! 0.45
DMF/citrateb pH 10 13.64 ± 2.13~disp! 0.08
DMF 1.46 ± 0.11~dim! 0.69

a 30/70: Ethanol/Britton-Robinson buffer~0.1 M!.
b 60/40: DMF/citrate buffer~0.015 M!, KCl ~0.1 M!.

Table III. Comparison between cathodic potential peak values
and nitro radical anion decay constants for one-electron reduc-
tion of 4-nitroimidazole and 4-MNImOH obtained in 30/70:
ethanol/Britton-Robinson buffer (0.1 M), pH 10.

Compound −Ep,c smVd 10−3 k2 sM−1 s−1d

4-Nitroimidazole 850 2.82 ± 0.1

4-MNImOH 760 5.97 ± 0.2
t
.

of

s

s

r

According to the results, the new substituted 4-nitroimida
derivative was more easily reducible than the nonsubstituted p
compound, and the corresponding nitro radical anion decays
rapidly than the nonsubstituted nitro radical. Both of these as
are promising for finding more efficient bioactive compounds
sufficiently low reduction potentials in order to be enzymatic
reduced and at the same time to have radicals not stable eno
produce damage in the host.

In addition, we believe that for compounds that act via free
cals, e.g., nitroimidazole derivatives, the voltammetric determ
tion of simple parameters, such as the reduction potential an
bility constants, may be a very good option to carry out anin vitro
first step screening to select a bioactive compound, avoiding
expensive and tedious procedures.
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Abstract
The electrochemical behavior of iodo nitroimidazole derivatives such as 1-methyl-4-iodo-5-nitroimidazole (M-I-NIm)
and 1-methyl-2,4-diiodo-5-nitroimidazole (M-I2-NIm) and the parent compound 1-methyl-5-nitroimidazole (M-NIm),
was studied in protic, mixed and non-aqueous media. The electrochemical study was carried out using Differential
Pulse Polarography (DPP), Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV) and coulometry and as
working electrodes mercury and glassy carbon were used. As can be expected, in all media, the effect of introduce
iodo as substituent in the nitroimidazole ring produced a decrease of the energy requirements of the nitro group
reduction. Certainly, this fact can be explained by the electron withdrawing character of the iodo substituent that acts
diminishing the electronic density on the nitro group thus facilitating their reduction. In all the studied media the
reduction of M-NIm produced a detectable signal for a nitro radical anion derivative. In the case of M-I-NIm the nitro
radical anion was only detectable in both mixed and non-aqueous media. On the other hand the nitro radical anion for
the M-I2-NIm was detected only in non-aqueous medium. When glassy carbon electrode was used as the working
electrode in a mixed medium a detectable nitro radical anion derivative appeared for all compounds, thus permitting
an adequate comparison between them. The obtained values of k2 for M-NIm, M-I-NIm and M-I2-NIm in non-
aqueous medium were 5.81� 102, 132� 102 and 1100� 102 M�1 s�1, respectively. From the obtained k2 and t1/2 values in
this medium, it is concluded that there is a direct dependence between the presence of iodo substitution in the
nitroimidazole ring with the stability of the nitro radical anion.

Keywords: Nitro radical anion, Nitroimidazoles, Reduction, Decay constants

1. Introduction

The investigation of different types of nitrocompounds has
beenaveryactive research topicduring several yearsprobably
due to its many applications. There are a lot of nitrocom-
pounds which possess interesting biological properties such as
antimicrobial [1, 2], antituberculosis [3], anti-protozoa and
anticancer [4, 5] activities. Increasingly, the treatment of
protozoa infections, such as Chagas disease, has become an
important problem due to the emergence of drug resistance.
Consequently, a series of nitro derivatives has been synthe-
sizedwith theaimof findingnewdrugs. Inprevious studies, a 5-
nitroimidazole derivative, megazol, showed a good activity
against Trypanosoma cruzi, the causative agent of Chagas
disease, better than the classic antichagasic drugs nifurtimox
and benznidazole [6]. In that work the results indicated that
nifurtimox and related compounds act as redox cycles,
whereas, the 5-nitroimidazolemegazol essentially acts as thiol
scavenger particularly for trypanothione, the cofactor for
trypanothione reductase, an essential enzyme in the detox-
ification process. The mechanism of megazol would imply the
nitro radical anion formationwhich is converted to the nitroso
derivative as a consequence of a disproportionation reaction.
In view of the good results obtained with megazol, a

renewal interest in to obtain new synthesized nitroimidazole

compounds required for pharmacological and toxicological
investigations have been generated. In this way, a series of
iodo nitroimidazole derivatives (Figure 1) were generated
in the new synthetic route for obtaining megazol and are
being studied for possible pharmacological applications.
In our laboratory we have conducted several electro-

chemical studies of nitro compounds in order to characterize
the redox activation that implies the one electron transfer of
the nitro group to produce the nitro radical anion [7, 8 – 11]
In such studies we characterized the reduction potential of
the RNO2/RNO2

.� couple, a well recognized parameter as a
very appropriate index to define the type of biological

Fig. 1. Chemical structure of iodo nitroimidazole derivatives 1-
methyl-4-iodo-5-nitroimidazole (M-I-NIm), 1-metil-2,4-diiode-5-
nitroimidazole (M-I2-NIm) and the parent compound 1-methyl-5-
nitroimidazole (M-NIm).
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properties of the different nitrocompounds as was demon-
strate by Olive [12] on a series of nitroheterocyclic
compounds. Furthermore, in those previous studies was
revealed the voltammetric feasibility of quantitatively
characterize the formation and stabilization of the nitro
radical anion.
In the present work we are interested in to study the

electrochemical significance of adding one or two iodo
atoms in the 1-methyl-5-nitroimidazole moiety. The study
will be mainly focused to reveal the effect of these iodo
substituents in the formation and stability of the nitro
radical anion derivatives in different media.

2. Experimental

2.1. Reagents and Solutions

All the compounds were synthesized and characterized by
oneof us.All the other reagents employedwere of analytical
grade.
Stock solutions of each compound were prepared at a

constant concentration of 0.025 M in DMF. The polaro-
graphic and cyclic voltammetric working solutions were
prepared by diluting the stock solution until to obtain final
concentrations of 0.1 and 1 mM respectively. A mixture of
30/70: ethanol/Britton-Robinson buffer (KCl 0.3 M) for a
protic medium and 60/40:DMF/citrate buffer (0.015 M)þ
KCl (0.3 M) for mixed media were used. The pH was
adjusted with little aliquots of concentrated NaOH or HCl,
respectively. Dimethylformamide (DMF) and tetrabutyl
ammonium perchlorate (TBAP) as solvent and supporting
electrolyte were used in non-aqueous media.

2.2. Apparatus

Electrochemical experiments were performed with a totally
automated BAS CV-50W voltammetric analyzer. All ex-
perimentswere carried out at a constant temperature of 25.0
� 0.1 8C using a 10 mL thermostated cell. A mercury drop
electrode (Controlling Growth Mercury Electrode, CGME
stand of BAS) with a drop area of 0.42 mm2 and a glassy
carbon as working electrodes and a platinum wire as a
counter electrode were used. All potentials were measured
against Ag/AgCl 3 M.
For Differential Pulse Polarography (DPP) the CGME

stand was used in a CGME mode, for cyclic voltammetric
experiments the CGME stand was used as SMDE mode
(static mercury drop electrode) and for DPV the GCME
stand was used as C2 mode, i.e., for solid electrode
operation, under the following conditions: scan rate
20 mV/s, pulse amplitude 50 mV, pulse width 50 mV, sample
width 20 ms and pulse period 200 ms.
For the kinetic analysis, the return-to-forward peak

current ratio Ipa/Ipc for the reversible one electron couple
(RNO2/RNO2

.�) was measured for each individual cyclic
voltammogram according to the procedure described by

Nicholson [13]. The scan rate was varied between 0.1 to
10 V/s.
Using the theoretical approach of Olmstead et al. for

dimerization or disproportionation [14, 15], the Ipa/Ipc values
measured experimentally at each scan rate were inserted
into a working curve to determine the parameter w, which
incorporates the effects of rate constant, drug concentration
and scan rate. A plot of w versus t resulted in a linear
relationship described by the equation

w¼ k2 Co t

Where k2 is the second-order rate constant for the decom-
position of RNO2

.� ,Co is the nitrocompound concentration
and t¼ (El –E1/2)/n, whereEl is the switching potential,E1/2

is the half wave potential and n is the scan rate. Conse-
quently we can obtain the second order rate constant for the
decomposition of the nitro radical anion from the slope of
the straight line w versus t. The assumption that the
decomposition of RNO2

.� follows second-order kinetics is
supported by the obtained linearity between the kinetic
parameters w and t.

3. Results and Discussion

In order to investigate the influence of electronwithdrawing
substituents in the nitroimidazole moiety on the electro-
chemical reduction of the nitro group we have synthesized
two iodo derivatives (Figure 1).

3.1. Electrochemical Behavior in Protic Medium

In protic medium (0.1 M Britton-Robinson bufferþ 0.3 M
KCl / EtOH:70/30) all compounds were reduced at drop-
ping mercury electrode (DME), producing signals which
were dependent of the number of iodo substituents in the
molecule. Figure 2 shows the differential pulse polarograms
(DPP) at four different pHs for each nitroimidazole
derivative. A direct relation between the number of iodo
and the complexity of the signals can be observed. In this
way, M-NIm (Figure 2A) shows one reduction signal
between pHs 2 and 7.5 and two signals above pH 8. This
behaviour was previously observed [16] for the 4-nitro-
imidazole reduction in protic medium wherein the signal I
corresponds to the 4-electron and 4-protons nitro reduction
to form the hydroxylamine derivative. This mechanism was
corroborated by coulometry where at pH 5 the calculated
total transferred electrons were 4.02� 0.065. Consequently,
the overall mechanism at acid and neutral media is
described by:

RNO2þ 4e�þ 4Hþ!RNHOHþH2O (1)

When the pH increased a splitting of this signal is produced,
being possible to obtain an isolated signal due to the one
electron reduction of the nitro group, to produce the nitro

1666 S. Bollo et al.
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radical anion,which is further reduced to the hydroxylamine
derivative (signals II and II in Fig. 2A):

RNO2þ e�>RNO2
.� (2)

RNO2
.�þ 3e�þ 4Hþ!RNHOHþH2O (3)

The above observed behavior was corroborated by cyclic
voltammetry at themercury electrode.At pH 5 (Fig. 3A)we
can observe two reduction peaks, peak I due to the four
electron reduction of the nitro group to the hydroxylamine
derivative, andpeak III, at sufficiently higher potentials, due
to the C¼N reduction of the imidazole ring. In the reverse
scan a new peak IIa, due to the hydroxylamine oxidation, is
observed according to the following equation:

RNHOH>RNOþ 2e�þ 2 Hþ (4)

Changing the pH to the basic zone (Fig. 3B) a splitting of
peak I in the new peaks I’c and IIc is observed, also a new
anodic peak IIa appear, which correspond to the nitro
radical anion oxidation. In this Figure a short cyclic
voltammogram is included (dotted line) showing the
isolation of the redox couple RNO2/RNO2

.�. Furthermore,
from this Figure we can observe a notorious increase of the
oxidation current IIa, which is due to the nitro radical anion
oxidation, when short and large scans are compared. This
result agreewith the fact that in the case of the short scan the
radical remains much less time in the immediacy of the
electrode before oxidizing in the back scan thus avoiding
further reactions.

Selecting appropriately the switching potential is possible
to work with the couple in isolation which is characterized
by its current ratio values, Ip, a/Ip, c. For M-NIm in basic
medium anECmechanismwas determined since the Ip, a/Ip, c
value increases concomitant the sweep rate of the experi-
ment was increased too (Figure 3C).
According to the literature information [17] the chemical

reaction coupled to the electron transfer in the EC
mechanism in a basic protic medium correspond to a
disproportionation reaction (Eq. 5) which can be charac-
terized by its corresponding rate constant, k2:

2 RNO2
.�þ 2Hþ!RNO2þRNOþH2O (5)

According to the previously informed methodology [14] we
have obtained the decay rate constant (k2) at different pH
values. Figure 3D shows the correlation existing between k2

values and the pH of reaction medium, concluding that the
nitro radical anion ismore unstablewhereas the pH is lower.
Moreover, the dependence of thek2 valuewith pHobeys the
following regression curve: log k2¼ 6.36 – 0.27 pH (r¼
0.993). By extrapolation from this relation the k2 value at
different pHswas obtained. In this way and considering that
the physiological aqueous pH is 7.4, the extrapolated rate
constant was 2.2� 104 M�1s�1. Comparing this value to that
previously obtained using the same procedure for 4-NIm,
7.48� 105 M�1s�1 [16] it is clear that the methyl substitution
in position 1 of the imidazole ring produces a more stable
nitro radical anion.
When iodo was incorporated in the M-NIm moiety

producing both M-I-NIm and M-I2-NIm compounds, a

Fig. 2. Differential pulse polarograms of M-NIm (A), M-I-NIm (B) and M-I2-NIm (C) in ethanol/Britton-Robinson buffer medium at
different pHs.
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completely different redox behavior was observed in
comparison with M-NIm. The presence of iodo in the
molecule produced not reliable polarograms with a series of
minor peaks probably due to an interference between
mercury and iodo (Fig. 2B, C).
With the aim of deepening in the redox mechanism, a

series of cyclic voltammetric experiments were conducted.
Avery sharp peaks were obtained then we can conclude the
adsorptive character of the nitro reduction peak (data not
shown). Also, the slope of log Ip vs. log V plots, were very
close to 1 for both compounds, corroborating the strong
adsorption of the molecule over the mercury electrode.
Thinking that the adsorption phenomenon could be due

to interactions between mercury and the iodo atoms, we
change the electrodematerial by glassy carbon, to avoid this

interaction. Surprisingly the observed voltammogram was
modified considerably when carbon was changed by mer-
cury as the electrode material. Figure 4 shows the differ-
ential pulse voltammograms at pHs 3, 7 and 10, revealing
only one signal, which is due to the 4-electrons and 4-protons
nitro reduction. Consequently no distortions and new
signals in the voltammograms for M-I-NIm and M-I2-NIm
wereobserved.Consequentlywe can confirm thehypothesis
that an interaction between mercury and iodo affects
considerably the voltammetric response over mercury in
aqueous protic medium. With the objective of quantify the
effect of the iodo substitutions on the energetic of the nitro
reduction process, we have calculated the corresponding
peak potential values. The potential peak values for the
nitro group reduction at glassy carbon electrode are shown

Fig. 3. Cyclic voltammograms on mercury electrode of 1 mM M-NIm in ethanol/Britton-Robinson buffer 0.1 M at pH 5 (A) and pH 10
(B). Sweep rate 1 Vs�1 . Dashed line shows a short sweep with the RNO2/RNO2

.� isolated couple. C) Current ratio dependence on sweep
rates of the RNO2/RNO2

.� couple from cyclic voltammograms of 1mM M-NIm in ethanol/Britton Robinson buffer at pH 10. D) pH
dependence of the natural decay, k2, of the nitro radical anion.

Fig. 4. Differential pulse voltammograms of M-NIm (A), M-I-NIm (B) and M-I2-NIm (C) in ethanol/Britton-Robinson buffer medium
at different pHs obtained using glassy carbon electrode. ( ·· · · · · · · ) pH 3; (—) pH 7 and ( ·· – ·· – ·· ) pH 10.
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in Table 1, being clear that the presence of iodo in the
molecules produced a more easy reduction of the nitro
group. Certainly, this fact can be explained by the electron
withdrawing character of the iodo substitution that acts
diminishing the electronic density on the nitro group thus
facilitating their reduction.
Themost important difference between both electrodes is

that only in the case of the mercury electrode is possible to
appreciate the splitting of the reduction signal due to the
one-electron reduction of M-NIm to produce the corre-
sponding nitro radical anion derivative.

3.2. Electrochemical Behavior in Mixed Medium

In mixedmedium (60/40 :DMF/Citrate bufferþ 0.3 MKCl)
the redox behavior ofM-NIm, obtained by differential pulse
polarography, was very close to that observed in protic
medium. In the case of the iodo substituted compounds the
observed adsorption interference in the mercury electrode
at protic medium was substantially diminished in mixed
medium. However exists an important difference between
both reaction media, since in mixed medium, i.e., in the
presence of an non-aqueous solvent as major component,
the splitting of signal I was observed for the three
compounds, indicating that the nitro radical anion is more
stable in this medium.
By using cyclic voltammetry, the signals for M-NIm and

M-I-NImhad a diffusion control, which permit us to identify
clearly each electron transfer (Fig. 5A and 5B). At acid
medium, the nitro reduction (signal I) occurs via 4-electron

and 4-protons according to Equation 1 but when pH was
increased, the splitting of this signal in two new signals
occurred i.e. a first reversible couple (I’c, I’a) and a second
irreversible peak (IIc) (Eqs. 2 and 3). On the other hand,M-
I2-NIm (Fig. 5C) shows a very sharp distortion due to an
adsorption phenomenon complicating the cyclic voltammo-
grams. However also is possible to observe some anodic
signal due to the nitro radical anion formation (signal I’a).
By changing the working electrode from mercury to glassy
carbon, a cyclic voltammetric response without adsorption
complications was obtained for the three compounds (Figs.
6 A, B andC). In this case, the reduction process of the nitro
group showsone signal betweenpH 2and8, and the splitting
of this signal over this pH value. Comparing the peak
potential values (Fig. 6D) obtained for each cathodic signal,
it is clear that the nitro group of M-I2-NIm is easier to be
reduced in all the pH range, and is still more clear the effect
of iodo substitution on the nitro radical anion reduction
potential (Signal IIc), where the quantity of iodo present in
the molecule is proportional to the peak potential values. In
Table 2 we can observe a similar behaviour that observed in
protic medium, with lower values in the iodo substituted
compounds, revealing thewithdrawing character of the iodo
substituent.
As the nitro radical anion signal was observed using both

mercury and glassy carbon electrodes, a detailed study in
order to determinate its stability and the effect of substitu-
ents in its stability was conducted in both media.
Figure 7 shows the cyclic voltammogramsobtained for the

redox coupleRNO2/RNO2
.�usingmercury electrode forM-

NIm and M-I-NIm (Fig. 7A and B) and glassy carbon

Table 1. Peak potentials values (mV), obtained from cyclic
voltammetric experiments using glassy carbon electrodes at
different pH in protic medium.

pH M-NIm M-I-NIm M-I2-NIm

4 �432 �422 �412
8 �620 �612 �572
12 �672 �667 �630

Fig. 5. Cyclic voltammograms of 1 mM of M-Nim (A), M-I-NIm (B) and M-I2-NIm (C) at pH 3, 7 and 11 in DMF/CitrateþKCl 0.3 M
medium at Static mercury drop electrode. Sweep rate 1 V s�1.

Table 2. Peak potentials values (mV), obtained from cyclic
voltammetric experiments using glassy carbon electrodes, for
signal Ic and IIc at different pH in mixed medium.

pH M-NIm M-I-NIm M-I2-NIm

Ic IIc Ic IIc Ic IIc

4 751 – �735 – �646 –
8 �855 �1329 �836 – �778 –
12 �839 �1377 �825 �1306 �782 �1189
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Fig. 6. Cyclic voltammograms of 1 mM of M-Nim (A), M-I-NIm (B) and M-I2-NIm (C) at pH 3, 7 and 11 in DMF/CitrateþKCl 0.3 M
medium at glassy carbon electrode. Sweep rate 1 Vs�1. D) Peak potential dependence with pH for M-NIm (&), M-I-NIm (*) and M-I2-
NIm (~) in DMF/CitrateþKCl 0.3 M medium.

Fig. 7. Cyclic voltammograms showing the reversible couple due to the one-electron reduction of M-NIm (A), M-I-NIm (B) at mercury
electrode, pH 10 and M-NIm (C), M-I-NIm (D) and M-I2-NIm (E) at glassy carbon electrode pH 12 in DMF/CitrateþKCl 0.3 M
medium. Inset: Current ratio dependence on sweep rates of the RNO2/RNO2

.� couple from cyclic voltammograms for each experiment.
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electrode for all the compounds (Fig. 7C, D, andE), also the
corresponding dependence of the current ratio (Ip, a/Ip, c)
with the sweep rate are shown (Inset Fig. 7). From these
experiments and studying the effect of the nitro compound
concentration on the current ratio (data not shown) we
concluded that in thismedium the nitro radical anion decays
according to an ECi mechanism, wherein the chemical
reaction corresponds to a disproportionation in the same
way that in protic medium.
Consequently, in mixed medium, we have calculated the

decay constant values, k2, at different pHs and different
electrodes, which are shown in Table 3. From these results
we can conclude that the stability of nitro radical anion is not
affected by the presence of iodo as substituent in the
molecule since the constant values of the three compounds
are quite similar when the pH remain constant using both
mercury and glassy carbon electrodes.However the stability
of the radical is strongly affected with pH changes showing
an enhanced stability at alkaline pHs (Table 3).
Finally the electrode material seems to affect also the

stability of the radical, although we have only one pH value
to compare (pH 10), the decay constant values obtained
with mercury are slightly higher than that obtained below
the same conditions with glassy carbon electrode.

3.3. Electrochemical Behavior in Non-Aqueous Medium

With the aim of eliminate all adsorption interferences we
have also studied a totally non-aqueous medium (100%
DMFþTBAP 0.1 M). The stability of the nitro radical
anion was studied by cyclic voltammetry using mercury
electrode. On these conditions the couple RNO2/RNO2

.�

was detected without any adsorption complications (Fig. 8)
for the three compounds. This behavior was confirmed
according to the slopes of the log Ip vs. log vplots, with values
of 0.46, 0.41 and 0.44 for M-NIm, M-I-NIm and M-I2-NIm
respectively.
ForM-I2-NIm, in non-aqueous medium, the behavior was

markedly different with the emergence of a prepeak before
the nitro reduction couple (Fig. 8C). In a first instant this
prepeak was evaluated as a consequence of an acid-base
equilibrium, since this phenomenon had been observed
previously with other nitro imidazole compound [18]. Thus
we added drops of a strong alkaline solution to the nitro

compound solution in order to affect the equilibrium. In fact
we saw the complete disappearance of the prepeak after
alkalinization of the medium (Fig. 8 D), nevertheless this
effect was not reverted with the later addition of acid, as
would expected if an acid-base equilibrium was present.
Consequently, we discarded the existence of the acid-base
equilibrium as the cause of producing the prepeak and
probably the observed change in the prepeak is due to the
occurrence of an irreversible chemical reaction whose
elucidation needs further investigation. In the present study
we have evaluated the RNO2/ RNO2

.� couple, without
prepeak, i.e. after the addition of base generating a named
OH-M-I2-NIm compound.
In Figure 8D the cyclic voltammogram of M-I2-NIm in

presence of NaOH is displayed, showing a similar behavior
with the sweep rate thatM-NIm andM-I-NIm (Figs. 8A and
B). From those experiments we calculated the stability of
each nitro radical anion (Table 4). A completely different
behavior between the compounds was found, being the
radical generated from the two iodo substituted nitro-
imidazoles considerably more unstable than the M-NIm.
Then it is possible to conclude that the iodo substitutions
increase the nitro radical anion instability. The difference in
the stability of the radicals was observed in this non aqueous
medium, but not in mixed medium were the radicals decay
with the same rate. This fact could be explained considering

Fig. 8. Cyclic voltammograms at different sweep rates showing
the reversible couple due to the one-electron reduction of M-NIm
(A), M-I-NIm (B) at mercury electrode, in non-aqueous medium
(100% DMF). C) Cyclic voltammograms of M-I2-NIm without
added NaOH (solid lines) and with added NaOH drops (dashed
line). D) Cyclic voltammograms at different sweep rates showing
the reversible couple due to the one-electron reduction of M-I2-
NIm with added NaOH.

Table 3. Decay constant (k2�10
�2 [Ms]�1) for the nitro radical

anion electrochemically formed in mixed medium at different pHs
and different electrodes.

M-NIm M-I-NIm M-I2-NIm

Mercury
pH 9 175 173 –
pH 10 41 64 –
Glassy carbon
pH 10 10.4 12.4 10.9
pH 11 7.1 6.5 7.3
pH 12 3.3 3.5 6.6
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that the decay reaction in non aqueous medium is the
dimerization of the radicals and not the disproportionation
as in mixed medium.
Comparing the peak potential of the one electron nitro

reduction (Ep values in Table 4) we can observe that the
presence of iodo substituents in themolecule producesmore
easily reducible compounds, in a similar way that in protic
and mixed media.
Under biological point of view the difference in the redox

potential as function of the medium used to carried out the
electrochemical experiments is relevant since that in several
cases the redox potential of nitrocompounds, obtained in
mixed or non-aqueous media, do not show correlation with
biological activity. However, as has been previously descri-
bed exists a good correlation between the cathodic peak
potential, obtained in non-aqueous medium, with the E1

7

value obtained by pulse radiolysis [19]. The E1
7 value is a

parameter that account for the energy necessary to transfer
the first electron to an electroactive group, at pH 7 in
aqueousmedium, to forma radical anionand it is considered
as indicative of nitro radical anion formation in vivo [17].
Consequently, with the experimental obtained values by
cyclic voltammetry in non-aqueous medium we can calcu-
late theE1

7 parameter for all the studied compounds.Table 4
lists the peak potential values obtained by cyclic voltam-
metry in non-aqueousmediumand the calculatedE1

7 values.
This result is very significant because the obtained values for
the E1

7 parameter are very closed with the described
parameters of other nitroimidazole derivatives of biological
significance such as metronidazole, ronidazole and tinida-
zole [17] meaning that our synthesized derivatives are also
candidates to being enzymatically reducible.

4. Conclusions

According to the above results we can conclude that all the
studied compoundswere reducible in protic,mixed andnon-
aqueous media at both, mercury and glassy carbon electro-
des.However in the case of the iodo substituted derivatives a
strong interaction with mercury in protic medium was
found. This interaction was only partial in mixed medium
and nonexistent in totally non-aqueous medium. According
to the measurements on glassy carbon electrode we have
found that the inclusion of iodo in the molecule produces a
more easy reduction of the nitro group as expected from the
electron withdrawing character of the iodo atom.

According to the voltammetrically obtainedE1
7 valueswe

can conclude that the nitro radical anion fromall the studied
compounds could be biologically formed via enzymatic
reduction, because the energy requirements of reduction
are similar with that obtained for other well-known
enzymatic reducible nitroimidazole drugs.
Related to the formation and stability of the nitro radical

anions it is possible to conclude that in protic medium
(mercury electrode) only the M-NIm derivative produced
radicals in the time schedule of the voltammetric experi-
ment. From this results (k2¼ 2.2� 104 M�1s�1) and compar-
ing the decay constant with that previously reported for 4-
NIm(k2¼ 7.48� 105 M�1s�1) [16], using the sameprocedure,
it is possible to conclude that the methyl substitution in
position 1 of the imidazole ring produced a substantially
more stable nitro radical anion. In mixed medium the
radicals decay by a disproportionation reaction and its
stability is not affected by the presence of iodo as
substituent. However, in non-aqueous medium the nitro
radical anion decays by a dimerization reaction and the
stability is strongly diminished by the presence of iodo as
substituent in the molecule.
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bstract

The electrochemical reduction of 2-nitroimidazole in a non-aqueous medium using cyclic voltammetry (CV) at a mercury electrode was carried
ut.

The 2-nitroimidazole derivative in DMF + 0.1 M tetra(n-butyl)ammonium hexafluorophosphate (TBAHFP6) resulted in the following dissociation
quilibrium:

NRNO2 � −NRNO2 + H+

he neutral species (HNRNO2) and the corresponding conjugate base (−NRNO2) are characterized by UV absorption bands at 328 and 370 nm,
espectively.

The voltammograms of 2-nitroimidazole produced two well-defined signals, which were determined by the above dissociation equilibrium. The
rst reduction peak was caused by the reduction of the neutral species according to the following overall mechanism:

HNRNO2 + 4e− → 4−NRNO2 + HNRNHOH + H2O
he second quasi-reversible couple was caused by the reduction of the conjugate base according to the following equation:

NRNO2 + e− → NRNO2
•−

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Nitroimidazolic compounds display a wide range of biolog-
cal activities, mainly their use as radiosensitizers, antibacterial
nd antiprotozoans drugs. Their use as radiosensitizers takes
dvantage of their cytotoxicity in hypoxic mammalian cells,
ncreasing sensitivity to the radiation of cancerigenic tumors

1–4]. Their antimicrobial characteristic takes advantage of their
elective toxicity towards anaerobic microorganisms, permitting
heir extensive use in the treatment of infectious diseases [5–11].

∗ Corresponding author. Tel.: +56 2 9782927; fax: +56 2 7371241.
E-mail address: asquella@ciq.uchile.cl (J.A. Squella).
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According to the position of the nitro substituent in the
midazolic ring, it is possible to classify the nitroimidazolic
erivatives as 2-, 3- and 4-nitroimidazolic derivatives (Fig. 1). In
elation to their biological activity, 2-nitroimidazolic derivatives
re preferably used as radiosensitizers, while 5-nitroimidazolic
erivatives are mainly used because of their toxicity towards
icroorganisms and 4-nitroimidazolic derivatives are relatively
ore inert [12]. However, the descriptions of the mutagenic

nd carcinogenic properties of some 2- and 5-nitroimidazole
erivatives have also increased the interest in minor mutagenic

-nitroimidazoles [13,14]. Although the nitro reduction is
rucial for any biological activity, there are still no conclusive
esults about the incidence of the nitro position in their biological
ctivity.
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ig. 1. Molecular structure of the isomers: (a) 2-nitroimidazole; (b) 4-
itroimidazole (tautomer); (c) 5-nitroimidazole (tautomer).

There are numerous studies aiming at the electrochemi-
al aspects of nitroimidazolic compounds. Nevertheless, those
orks are mostly focused on the electroanalytical determina-

ion of some 5-nitroimidazoles of importance in medicine such
s: metronidazol [15], ornidazol [16], secnidazol [17], tinida-
ol [18] and megazol [19]. In addition, cyclic voltammetry has
een used in the study of nitro radical anions generated by 5-
itroimidazoles such as misonidazol, metronidazol and megazol
20–24]. These studies demonstrated the utility of cyclic voltam-
etry (CV) for the study of the formation and stability of nitro

adical anions.
The studies of 4-nitroimidazole derivatives are restricted to

couple of works. The first report in the 1980s was done
y Roffia et al. [25]. In that study, the voltammetric behavior
f 4-nitroimidazole in an aprotic medium was presented. Two
eduction peaks were displayed using CV. The first peak was
rreversible, whereas the second was reversible. The first irre-
ersible peak was attributed to the following global reaction:

HRNO2 + 4e− → HRNHOH + 4RNO2
− + H2O (1)

he second reversible peak was attributed to Eq. (2):

NO2
− + e− � RNO2

2− (2)

rom that study, it was concluded that the nitro radical anion
ecays fast because of a protonation reaction by the proton acid
f the initial 4-nitroimidazole (father–son reaction).

Furthermore, the electrochemical behavior of 4-
itroimidazole was also exhaustively studied in a protic
edium using a wide pH scale [26]. The results in a protic
edium were substantially different from those previously

escribed for aprotic medium, since they showed that the reduc-
ion of 4-nitroimidazole produced stable nitro radical anion
ithin the time scale of the CV, which had not been possible in

he aprotic medium. The nitro radical anion decayed according
o a disproportionation reaction wherein the disproportionation
onstants (k2) were calculated according to a CV approach. The
isproportionation constants relied strongly on both pH and
o-solvent content.

The electrochemical studies about the 2-nitroimidazole
erivative are scarce and are restricted almost exclusively to
study where its electrocatalytic reduction on gold and modi-

ed gold electrodes is described [27]. The mechanism described

n that report involved two different routes in acid medium, an
lectrocatalytic and an electronic interchange. There were no
eferences in that study to the formation of radical intermedi-

t
v
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tes. Moreover, it does not exist studies in the literature that
emonstrate the reduction mechanism of 2-nitroimidazole.

Thus, the lack of electrochemical investigation in relation to
-nitroimidazole and the importance of its reduction in medical
pplications have prompted us to carry out a study with the
urpose of contributing to its basic REDOX understanding.

. Experimental

.1. Reagents and solutions

2-Nitroimidazole and 4-nitroimidazole (Fig. 1a), 97% pure,
ere obtained from Aldrich Chem. Co., and were used with-
ut prior purification. All the other reagents employed were of
nalytical grade. Nitrogen gas was obtained from ALPHAGAZ-
IR LIQUIDE with maximum impurities of H2O < 3 ppm;
2 < 2 ppm; CnHm < 0.5 ppm.
All the voltammetric experiments were obtained after bub-

ling with N2 for 10 min in the cell before each run. Temperature
as kept constant at 25 ± 0.1 ◦C in all experiments.
Solutions for cyclic voltammetry were prepared starting from

0.2 M stock solution of the nitroimidazole derivative in DMF
aily prepared. Final solutions in the voltammetric cell were
repared by diluting an appropriate quantity of the stock solution
n order to obtain a final concentration of 1 mM.

Experiments in aprotic medium were made in DMF
ith 0.1 M tetra(n-butyl)ammonium hexafluorophosphate

TBAHFP6) as supporting electrolyte.

.2. Apparatus and methods

Voltammetric curves were recorded on an Electrochemical
nalyzer type BAS 100B/W (Bioanalytical System) attached to
PC computer with appropriate software (BAS 100W 2.3 for
indows) for total control of the experiments and data acqui-

ition and treatment. A static mercury drop electrode (SMDE)
BASi EF-1400) with mercury drop area of 0.43 mm2 was used
s the working electrode and a platinum wire (BASi MW-1032)
s the counter electrode. All potentials were measured against
g|AgCl|NaCl (3 M) (BASi MF-2052).
Controlled potential electrolysis (CPE) was carried out at

onstant electrode potential (−1.1 or 2.0 V) on a mercury pool
lectrode. Oxygen was removed with pure and dry pre-saturated
itrogen. A three-electrode circuit with an Ag|AgCl|NaCl (3 M)
lectrode was used as reference and platinum wire as a counter
lectrode. A BAS-CV 50 assembly was used to electrolyze the
-nitroimidazole solutions.

UV–vis spectra were recorded in the 200–600 nm range,
sing an UNICAM UV-3 spectrophotometer.

Temperature was controlled with a Thermostat/cryostat
ELECTA Frigiterm-10, resolution of 0.1 ◦C.

. Results and discussion
2-Nitroimidazole was reduced in a non-aqueous medium con-
aining 0.1 M TBAHFP6 in DMF when it is subjected to a cyclic
oltammetric (CV) experiment on Hg surface. As observed in
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ig. 2. Cyclic voltammograms (dotted line = large sweep and whole line = short
weep) of 1 mM 2-nitroimidazole in DMF, 0.1 M TBAHFP6. v = 0.5 V/s.

ig. 2, two cathodic peaks are displayed. The first peak has a
athodic peak potential, Epc, of −0.9 V and the second one an
pc of −1.96 V, at a sweep rate of 0.5 V/s. The last of these peaks
hows an apparently reversible behavior, since the correspond-
ng anodic peak is observed in the anodic sweep with an Epa
f −1.76 V. With the aim to study the voltammetric behavior
t different time scales of the experiment, measurements were

ade at different sweep rates (Fig. 3). From the voltammograms

hown in Fig. 3, the difference between cathodic and anodic peak
otentials, �Ep, for the apparently reversible couple exceeds
he theoretical value of 0.060 V for a one-electron reversible

ig. 3. Cyclic voltammograms of 1 mM 2-nitroimidazole in DMF, 0.1 M
BAHFP6 at different sweep rates.
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ig. 4. First peak cyclic voltammograms of 1 mM 2-nitroimidazole in DMF,
.1 M TBAHFP6 at different sweep rates.

rocess. This difference increases considerably with the sweep
ate changing from approximately 0.12 V at the slowest rate to
pproximately 0.38 V at the fastest rate. This result led us to
iscard the reversibility of this wave since in fact the involved
lectron transfer would obey to a quasi-reversible process.

Cyclic voltammograms of the isolated first peak at different
weep rates are shown in Fig. 4. In addition, the data correspond-
ng to the current intensities and the peak potentials of the first
athodic peak are shown in Table 1. From these data we obtained
linear relation between the cathodic peak current and the loga-

ithm of the sweep rate with a slope of 0.45 as shown in the plot
f Fig. 5a. This slope value is indicative of a diffusion-controlled
rocess since it is near the theoretical value of 0.5 for this type
f process. In Fig. 5a, on the other hand, a linear dependence
etween the peak potentials of the first cathodic peak and the log-
rithm of the sweep rate with a slope of 0.033 V is shown. From
oth plots in Fig. 5 we conclude that the first peak would obey
o a diffusion controlled process wherein a slow one-electron
rocess is followed by a first fast chemical reaction according

o the following reaction scheme:

NRNO2 + e− → HNRNO2
•− (3)

NRNO2
•− → product (4)

able 1
urrent and potential values from the first peak obtained from CV of 1 mM
-nitroimidazole in DMF, 0.1 M TBAHFP6 at different sweep rates

(V/s) log(v) (V/s) ipc (�A) −Epc (V) log(ipc) (�A)

.1 −1.00000 1.563 0.875 0.19396

.2 −0.69897 2.13 0.885 0.32838

.5 −0.30103 3.196 0.901 0.50461

.0 0.00000 4.332 0.909 0.63669

.0 0.30103 6.034 0.918 0.78061
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pKa of 2-nitroimidazol in a mixture CH3OH–water, 1:1 [28].
ig. 5. (a) log ipc vs. log v and (b) Epc vs. log v, of the first peak of the reduction
f 2-nitroimidazole in DMF with 0.1 M TBAHFP6. C0 = 1 mm.

herein HNRNO2 represents the neutral species of 2-
itroimidazole and HNRNO2

•− represents its radical anion.
This reaction scheme corresponds to a coupled process

herein the radical anion produced in the first step (Eq. (3))
ecays chemically in a second step (Eq. (4)). As the chemical
tep is fast compared with the one-electron transfer, no back oxi-
ation of the radical anion will be possible, thus the shape of the
rst peak will be irreversible (no anodic peak). However, there
re several possibilities for the chemical decay of the radical

nion, i.e. protonation, dimerization, dismutation or father–son
eactions. Consequently, our next step will be to find the nature
f the decay reaction.

S
f
p

ig. 6. Cyclic voltammograms of 1 mM 2-nitroimidazole in DMF, 0.1 M
BAHFP6 with different quantities of 0.1 M TBA-OH added. v = 0.5 V/s.

2-Nitroimidazole is a heterocyclic ring with two N atoms
herein one of them (N1) is linked to an H atom, which can act

s a proton donor. On the other hand, the other N (N3) can act
s a proton acceptor. Consequently, the molecule can act as acid
r base, in such way that a dissociation equilibrium can affect
ts voltammetric behavior. Fig. 6 shows the effect of adding dif-
erent quantities of a base as tetrabutyl ammonium hydroxide
TBA-OH) on a solution containing 1 mM of 2-nitroimidazole.
rom this figure, we observe that the addition of a base produces
decrease in the first cathodic peak, which means a decrease in

he concentration of the initial reactant. Obviously, this result
upports the existence of a dissociation equilibrium wherein
robably the H linked to the N1 shows an acid behavior. If the
ypothesis of a dissociation equilibrium is correct, the subse-
uent addition of an acid, to the previously alkalinized solution,
ould produce the reversion of the equilibrium to the initial

ondition. As observed in Fig. 7, the addition of an acid as
ClO4 (in ethanol) over the previous alkalinized solution pro-
uced the reversion of the reaction toward the regeneration of
he electroactive species responsible for the first cathodic peak
hus confirming the existence of dissociation equilibrium. The
quilibrium can be represented by the following equation:

NRNO2 �−NRNO2 + H+ (5)

herein the nitranion species −NRNO2 represents the conju-
ate base formed as a consequence of the loss of the weakly
cid proton on the N1 of the neutral HNRNO2 species in the
lkalinized solution. The pKa for 2-nitroimidazole in DMF have
ot been described but a value of 7.15 was informed for the
o, considering this equilibrium we can explain both peaks
or the reduction of 2-nitroimidazole. The electroactive species
roducing the first cathodic peak corresponds to the neutral
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Fig. 7. Cyclic voltammograms of an alkalinized solution (100 �l of 0.1 M
T
q

s
s
b
s
i

F
p
H
c
f
i
h

m
E

−

w
t
i
p
c
f
b
t
q

i
a
H

H

w
d
p
(
e
r
i
t

E
t
t
i
b
o
p
fi
m
t
t
p
i
(
a
a
o
3
i
s
t
t
d
a
t
t
g
t
(
C
a
e

H

H

I
a
h
r
f

BA-OH) of 1 mM 2-nitroimidazole in DMF, 0.1 M TBAHFP6 with different
uantities of 0.2 M HCLO4 (in ethanol) added. v = 0.5 V/s.

pecies HNRNO2 and the electroactive species producing the
econd quasi-reversible couple corresponds to the conjugate
ase −NRNO2. The generation of this type of stable nitranion
pecies has been also described for other nitrogen heterocycles
n aprotic medium [29].

As can be appreciated from the voltammograms of
igs. 2, 3, 6 or 7 there are big differences between the reduction
otential of both peaks (approximately, 1.0 V), meaning that the
NRNO2 species is substantially more easily reducible than its

orresponding nitranion. In the case of the nitranion, this dif-
erence can be explained by its negative center of charge that
s localized very near the site of entrance of the electron, thus
indering its reduction.

According to the above experimental evidences, we can sum-
arize that the first reduction peak is due to the above-mentioned
qs. (3) and (4) and the second one by the following equation:

NRNO2 + e− → NRNO2
•− (6)

here the nitranion species of the 2-nitroimidazole is reduced
o the corresponding dianion radical (radical anion of the nitran-
on), which is oxidized in the reverse sweep in a quasi-reversible
rocess. The heterogeneous electron transfer rate constant was
alculated by CV from the variation of the �Ep values at dif-
erent sweep rates according to the theoretical curve described
y Nicholson [30]. We have obtained a heterogeneous electron
ransfer rate constant, khet, of (1.24 ± 0.013) × 10−3 cm/s for the

uasi-reversible reduction of the nitranion.

On the other hand, in the case of the radical anion generated
n the first reduction peak (according to the above Eq. (3)) it has
sufficiently basic character to interact with the initial reactant,
NRNO2, generating the following father–son reaction:

m

H

H

a Acta 52 (2006) 511–518 515

NRNO2 + HNRNO2
•− → HNRNO2H• + −NRNO2 (7)

here the sufficiently basic radical anion species (HNRNO2
•−)

eprotonates the initial reactive (HNRNO2), generating the
rotonated radical (HNRNO2H•) and the nitranion species
−NRNO2). Obviously, the occurrence of the above reaction (7)
xplains the irreversible character of peak 1 because the formed
adical anion reacts more easily with the parent compound than
ts possible oxidation in the reverse sweep, thus not producing
he corresponding anodic peak.

Furthermore in order to prove the existence of the above
q. (7) we have carried out experiments of controlled poten-

ial electrolysis (CPE) and then track both the consumption of
he parent compound HNRNO2 and the formation of the nitran-
on. In Fig. 8a, we show the cyclic voltammograms recorded
efore and after the CPE carried out at a controlled potential
f −1.1 V. From this experiment, it is clear that the electrolytic
rocess consumed all the electroactive specie responsible for the
rst cathodic peak. Moreover we have compared the UV spectra
axima of 2-nitroimidazole in DMF solution in order to show

he similarity between the effect of both to alkalinize or to elec-
rolyze the solution. According to the UV spectra in Fig. 8b, it is
ossible to distinguish two different absorption maxima for the
nitial solution of 2-nitroimidazole in DMF. The neutral species
HNRNO2 according to Eq. (5)) shows a maximum at 328 nm
nd the conjugate base (the nitranion according to Eq. (5)) shows
shoulder at 370 nm. This result is in accord with the previ-

usly reported by Gallo et al. [28] wherein absorption bands at
72 nm (conjugate base) and 325 nm (neutral molecule) were
nformed for 2-nitroimidazole solutions. Furthermore, Fig. 8
hows the comparative spectra of both alkalinized and elec-
rolyzed solutions of 2-nitroimidazole. The comparison shows
hat both procedures, addition of a base and electrolysis, pro-
uced the same effect i.e. the vanishing of absorption at 328 nm
nd the enhanced absorption at 370 nm. In the case of the elec-
rolysis the explanation for this fact is that electrolysis produced
he reduction of the initial HNRNO2 (vanishing of 328 nm band),
enerating the radical anion, which is sufficiently basic to depro-
onate the parent compound generating the nitranion derivative
increase of the 370 nm band) according to the above Eq. (7).
onsequently, the above experiments support the occurrence of
father–son type reaction as the chemical reaction following the
lectron transfer, obeying the following scheme:

NRNO2 + e− → HNRNO2
•− (3)

NRNO2 + HNRNO2
•− → HNRNO2H• + −NRNO2 (7)

n order to obtain only stable products in the overall reaction
nd also based on previous evidences [31], where nitroso and
ydroxylamine derivatives are intermediates or products in the
eduction of nitro compounds, it is possible to postulate the
ollowing steps (8) and (9) and thus originate the following

echanism to explain the cathodic peak 1:

NRNO2 + e− → HNRNO2
•− (3)

NRNO2 + HNRNO2
•− → HNRNO2H• + −NRNO2 (7)
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Fig. 8. (a) Cyclic voltammograms of 1 mM 2-nitroimidazole in DMF, 0.1 M
TBAHFP6 before (whole line) and after (dotted line) controlled potential
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potential of −1.1 V for concentrations of 1 mM (Fig. 9a) and
4 mM (Fig. 9b) of 2-nitroimidazole in DMF. From Fig. 9a the
charge accumulated during the electrolysis was 0.852 C. As we
added 10 ml of 1 mM 2-nitroimidazole solution to the electrol-
lectrolysis at −1.1 V. v = 0.5 V/s. (b) Comparative UV spectra of 1 mM 2-
itroimidazole in DMF, 0.1 M TBAHFP6 solution and the corresponding alka-
inized and electrolyzed solutions.

RNO2H• + HNRNO2 + e−

→ HNRNO + −NRNO2 + H2O (8)

NRNO + 2HNRNO2 + 2e−

→ HNRNHOH + 2−NRNO2 (9)
he overall reaction being the following Eq. (10):

HNRNO2 + 4e− → 4−NRNO2 + HNRNHOH + H2O

(10)
F
n

a Acta 52 (2006) 511–518

he above overall reaction is in accord with the experimen-
al evidences showing the consumption of the initial reac-
ant (HNRNO2) and the generation of the nitranion derivative
−NRNO2), furthermore, the proposed mechanism turns out to
e analogous to the previously proposed for 4-nitroimidazole by
ianello and co-workers [25].

Moreover, according to the above proposed mechanism, the
verall reaction would imply the consumption of 4 electrons for
ach five molecules of 2-nitroimidazole, consequently, the num-
er of electrons per mol would be a value of (4 e)/(5 mol) = 0.8.
n Fig. 9, we show the results of electrolysis at a controlled
ig. 9. Controlled potencial electrolysis of: (a) 1 mM and (b) 4 mM, of 2-
itroimidazole in DMF, 0.1 M TBAHFP6. E = −1.1 V.
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sis vessel, a value of 0.880 e mol−1 was obtained. Similarly,
rom the results of Fig. 9b, we obtained 0.801 e mol−1 of 2-
itroimidazole. Both results reveal a tendency to a value near
.8, as theoretically predicted for the proposed mechanism, thus
onfirming this proposal.

On the other hand, CPE carried out at −2.0 V potential causes
he disappearance of the first cathodic peak without apprecia-
le modification of the second peak. After disappearance of the
rst peak, i.e. for Q > 0.8 e mol−1, the second peak continues
ven if electrolysis is continued for long times and the electrol-
sis current reached a steady-state value, significantly higher
han the background. Furthermore we have detected tri-n-butyl
mine and 1-butene in the electrolyzed solution. All of these
spects suggest that protons would have come from the elec-
rolyte through a Hoffmann degradation.

According to our results, although 2-nitroimidazole dif-
ers structurally from 4-nitroimidazole, both molecules follow
xactly the same reduction mechanism in non-aqueous medium.
owever, the energetics of both reduction reactions is differ-

nt. In Fig. 10 shows comparative CV of equimolar solutions
f 2-nitroimidazole and 4-nitroimidazole in DMF plus 0.1 M
BAHFP6. From these voltammograms, it is clear that there is
great difference in the reduction potential of the first cathodic
eak, wherein the HNRNO2 species in the 2-nitroimidazole
erivative is more easily reduced (approximate difference, 0.3 V)
han the corresponding species in the 4-nitroimidazole deriva-
ive. This difference is explained because the nitro group in
-position possesses two electronegative N atoms adjacent, thus
iminishing the electronic density on the nitro group. On the

ther hand, in the case of the second cathodic peak, the reduction
eak potential for both 2-nitroimidazole and 4-nitroimidazole
re similar, which means that the nitranion species on both
erivatives are reduced with similar energy requirements. This

ig. 10. Cyclic voltammograms of 1 mM 2-nitroimidazole (dotted line) and 4-
itroimidazole (whole line) in DMF, 0.1 M TBAHFP6. v = 0.5 V/s.
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act can be explained if we consider that in the case of the nitran-
on species there is a ionic negative charge on the N(1) whose
ffect is predominant over the effect caused by the charge den-
ities that accounted for the first peak differences.

. Conclusions

In the studied medium containing DMF + 0.1 M tetra(n-
utyl)ammonium hexafluorophosphate (TBAHFP6) the 2-
itroimidazole derivative originates an equilibrium between the
eutral species (HNRNO2) and the corresponding conjugate
ase (−NRNO2) according to the following equation:

NRNO2 �−NRNO2 + H+

his equilibrium is caused by the ionization of the imino-
itrogen N(1) and determined the electro-reduction mechanism.
urthermore, the HNRNO2 (neutral species) showed an UV
bsorption maximum at 328 nm and the nitranion −NRNO2
conjugate base) showed a maximum at 370 nm. The reduction
V of the HNRNO2 species produced an irreversible reduction
eak with a cathodic peak potential of −0.9 V versus Ag|AgCl.
n the other hand, the CV of the nitranion species (−NRNO2)
roduced a quasi-reversible couple with a cathodic reduction
eak of −1.96 V versus Ag|AgCl and a heterogeneous electron
ransfer rate constant, khet, of (1.24 ± 0.013) × 10−3 cm/s.

According to the above results we demonstrated that 2-
itroimidazole follows a similar reduction mechanism that the
reviously described by Roffia et al. [25] for the 4-nitroimidazole
erivative. This is a non-obvious matter because both isomers
re structurally different with nitro groups suffering different
lectronic influences from its neighborhood, aspects that could
ffect its mechanism. In fact there is not information in the state
f the art revealing that 2- and 4-isomers would share a similar
echanism. However, in spite of sharing the same mechanism,

oth derivatives differ strongly in the energetic of the reaction,
eing 2-nitroimidazole far more easily reduced than the 4-
itroimidazole derivative, thus confirming that 2-nitroimidazole
erivatives are better radiopotentiators than 4-nitroimidazole
erivatives.
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Electrochemical Reduction of 2-Nitroimidazole in Aqueous
Mixed Medium
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A detailed investigation of the electrochemical reduction of 2-nitroimidazole �2-NIm� in a mixed aqueous medium was carried out
by means of cyclic voltammetry �CV� at a mercury electrode. The voltammetric behavior of 2-NIm in 60% dimethylformamide
�DMF� �0.1 M tetrabutyl ammonium perchlorate, TBAP�/40% aqueous buffer �0.3 M KCl + 0.015 M citric acid
+ 0.03 M boric acid� is pH-dependent, changing from one irreversible reduction peak at acid pHs to two reduction peaks at
alkaline pHs. At pH 2.5 it is possible to obtain a voltammetric pK which is due to the protonation-deprotonation equilibrium
produced by the hydroxylamine derivative formed from the reduction of 2-NIm. This indicates that 2-NIm is reduced to the
unprotonated hydroxylamine derivative above pH 2.5 and to its protonated form below it. At pH � 7 it is possible to observe a
cyclic voltammetric couple due to the one-electron reduction of 2-NIm to produce the corresponding nitro radical anion. Further-
more, the nitro radical anion disproportionates with a rate constant, k2, of 6.78 � 105 M s−1 and a half-life, t1/2, of 1.5 ms for the
first half-life. The voltammetric behavior of 2-NIm in aqueous mixed medium is substantially different from that described in
nonaqueous medium; in fact, only in the aqueous medium is it possible to study in isolation the nitro radical anion.
© 2007 The Electrochemical Society. �DOI: 10.1149/1.2472553� All rights reserved.
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It is possible to distinguish 2-, 4-, and 5-nitroimidazole deriva-
tives �Fig. 1� according to the position of the nitro substituent in the
imidazole ring. From the point of view of biological activity,
2-nitroimidazolic derivatives are used preferably as radiosensitizers
and as cytotoxins in hypoxic cells, whereas 5-nitroimidazole deriva-
tives are mainly used for their toxicity towards microorganisms and
4-nitroimidazole derivatives are relatively more inert biologically.1

The 2-nitroimidazoles have been used clinically to radiosensitize
resistant hypoxic cells. Their use as radiosensitizers takes advantage
of their cytotoxicity in hypoxic mammalian cells that allows the
sensitivity to the radiation of cancerigenic tumors to be increased.2-4

The mechanism of action usually involves the reduction of the nitro
group via single or multiple reduction steps with one, two, four, or
six electrons.5 The nitro group is “electron-attractive” and thus may
interact with damages on DNA induced by radiation in a manner
analogous to oxygen; hence, they are called oxygen mimetic radi-
osensitizers or classic radiosensitizers.6 Electron transfer from a
damaged DNA site to the NO2 group prevents charge recombination
and produces the radical anion �RNO2

−�. As a consequence, the sub-
sequent irreversible reactions may lead to a DNA strand breakage
and cause the fixation of the damages.7 The selective toxicity of
nitroaromatics toward hypoxic cells is due to the production of re-
active intermediates, such as nitroso and hydroxylamine derivatives.
Their reactivities, and thus cytotoxicities, are modulated by aromatic
ring substituents as well as by the pH of the medium.8

Although nitro reduction and redox behavior are crucial for all
biological activity, there are still no conclusive studies about the
electrochemistry of 2-nitroimidazole. In fact, electrochemical stud-
ies about 2-nitroimidazole derivatives are restricted almost exclu-
sively to work where electrocatalytic reduction on gold and modi-
fied gold electrodes is described.9 The mechanism described in that
work involved two different routes in an acid medium, one of an
electrocatalytic type and the other of an electronic interchange. No
reference in that work refers to the formation of radical intermedi-
ates. Moreover, no previous studies devoted to elucidating the re-
duction mechanism of 2-nitroimidazole have been published. In a
recent paper,10 we have discussed the electrochemical reduction of
2-nitroimidazole in a nonaqueous medium. In an aprotic medium the

* Electrochemical Society Active Member.
z E-mail: asquella@ciq.uchile.cl
voltammogram of 2-nitroimidazole is strongly influenced by the ex-
istence of a dissociation equilibrium between the neutral species
�HNRNO2� and the corresponding conjugate base � −NRNO2�. Con-
sequently, the voltammograms of 2-nitroimidazole produce two
well-defined reduction peaks. The first is caused by the reduction of
the neutral species according to the following overall mechanism

5HNRNO2 + 4e− → 4−NRNO2 + HNRNHOH + H2O �1�
The second peak is caused by the reduction of the conjugate base to
form the corresponding dianion radical according to the following
equation

−NRNO2 + e− → −NRNO2
−

Curiously, in the nonaqueous medium, it was not possible to isolate
and characterize the nitro radical anion intermediate of the mono-
electronic reduction process.

According to the above results we hypothesize that the behavior
in the aqueous medium will vary because the mentioned equilibrium
in nonaqueous medium will not exist. Consequently, our current
interest is to elucidate the voltammetric behavior in an aqueous
mixed medium and to investigate the possible stabilization of the
nitro radical anion derivative in this medium.

Experimental

Reagents and solutions.— 2-nitroimidazole �2-NIm� and 4-
nitroimidazole �4-NIm� �Fig. 1a�, 97% pure, were obtained from
Aldrich Chemical Co. and were used without prior purification. All
other reagents employed were of analytical grade. Nitrogen gas was

Figure 1. Molecular structures of �a� 2-NIm, �b� 4-NIm, and �c� 5-NIm.
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obtained from Alphagaz-Air Liquide with maximum impurities of
H2O � 3 ppm, O2 � 2 ppm, and CnHm � 0.5 ppm.

All voltammetric experiments were conducted after bubbling
with N2 for 10 min in the cell before each run. Temperature was
kept constant at 25 ± 0.1°C in all experiments.

Solutions for cyclic voltammetry �CV� were prepared starting
from a 0.2 M stock solution of the nitroimidazole derivative in di-
methylformamide �DMF� prepared daily. Final solutions in the vol-
tammetric cell were prepared by diluting an appropriate quantity of
the stock solution to obtain a final concentration of 1 mM.

Experiments for the pH study were made in a buffer containing
0.05 M boric acid � 0.015 M citric acid �anhydrous� � 0.3 M
KCl//DMF �0.2 M tetrabutyl ammonium perchlorate �TBAP��
�40:60�. For comparative studies we also used a different aqueous
organic medium containing 0.1 M Brittton–Robinson buffer
+ 0.3 M KCl//EtOH �70:30� at pH 8.0. The pH was adjusted by the
addition of concentrated solutions of NaOH or HCl, depending on
the desired final pH.

All pH measurements were carried out with a Crison model Ba-
sic 20 pH meter equipped with a glass electrode Crison 52-01 �reso-
lution 0.01, precision ±0.01�. The standard solutions used for cali-
bration were Crison 4.00 and 7.02 and Probus 10.00. Measurements
of pH were corrected according to the following equation:11 pH*

− B = log UH
o , where pH* equals −log aH in the mixed solvent, B is

the pH meter reading, and the term log UH
o is the correction factor

for the glass electrode, which was calculated for the different mix-
tures of DMF or EtOH and aqueous solvent, according to a proce-
dure previously described.12

Apparatus and methods.— Voltammetric curves were recorded
on an electrochemical analyzer type BAS 100B/W �Bioanalytical
System� attached to a PC computer with appropriate software �BAS
100W 2.3 for Windows� for total control of the experiments, data
acquisition, and treatment. A static mercury drop electrode �SMDE�
�BASi EF-1400� with a mercury drop area of 0.43 mm2 was used as
the working electrode and a platinum wire �BASi MW-1032� served
as the counter electrode. All potentials were measured against
Ag�AgCl�NaCl �3 M� �BASi MF-2052�; E = −0.045 V vs saturated
calomel electrode �SCE�.

The peak current ratio, ip,a/ip,c, for the reversible first electron
transfer �RNO2/RNO2

− couple� was measured for each cyclic volta-
mmogram, according to the procedure described by Nicholson.13 A
reproducibility study involving 10 independent runs at different
sweep rates �5 and 40 V s−1� produced variation coefficients of 0.5
and 1.1% for peak potential and current-ratio measurements, respec-
tively.

Using the theoretical approach of Olmstead and Nicholson,14 the
ip,a/ip,c values experimentally measured at each scan rate were in-
serted into a working curve to determine the parameter �, which
incorporates the effects of the rate constant, 2-NIm concentration,
and scan rate. A plot of � vs � resulted in a linear relationship
described by the equation � = k2C°�, where k2 is the second-order
rate constant for the decomposition of RNO2

−, C° is the 2-NIm con-
centration, and � = �E� − E1/2�/�. Consequently, we can obtain the
second-order rate constant for the decomposition of the nitro radical
anion from the slope of the � vs � straight line.

Spectrophotometric measurements were recorded in the
250–450 nm range, using an ATI Unicam model UV-2 spectropho-
tometer in a 1 cm quartz cell and equipped with Vision 2.1 acquisi-
tion and treatment software.

Temperature was controlled with a Thermostat/cryostat Selecta
Frigiterm-10 with a precision of 0.1°C.

Results and Discussion

2-NIm was electrochemically reduced in a mixed medium con-
taining an aqueous buffer of boric acid 0.05 M � anhydrous citric
acid 0.015 M � 0.3 M KCl//DMF �0.2 M TBAP 40:60 by means of
CV with a Hg electrode. The voltammetric behavior was found to be
pH-dependent, changing from one irreversible reduction peak at
acid pH to two peaks at alkaline pH. Figure 2a shows the voltam-
metric reduction peak in acidic medium. At pH between 2–3 �ap-
prox. 2.5� it is possible to observe a splitting of the peak, which is

Figure 2. CVs of 1 mM 2-NIm in 60% DMF �0.1 M TBAP�/40% H2O
�0.3 M KCl + 0.015 M citric acid + 0.03 M boric acid� at pH �a� 2–5 and
�c� 5–10 �v = 1 V/s�. �b� UV spectra of 0.05 mM 2-NIm in the same pH
conditions of a.
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also observed in the EP vs pH plot in Fig. 3. The change of the slope
in the EP vs pH plot means a change in the overall reaction, prob-
ably provoked by the existence of a voltammetric pKa at approxi-
mately 2.5 in 2-NIm compound. No change was observed in the UV
spectra of 2-NIm in the same pH range �Fig. 2b�.

Our first hypothesis for explaining the voltammetric pK implied
the existence of a protonation–deprotonation equilibrium on the
acidic N of the imidazole moiety. However, this hypothesis was
discarded because the pKa value of −0.8 described for 2-NIm15 is
very different. Furthermore, in the same previous paper, UV-
absorption bands with �max at 298, 325, and 372 nm for conjugate
base, neutral molecule, and conjugate acid, respectively, were de-
scribed. In our case the UV spectra with an absorption band at 325
nm at pHs between 1 and 5 �Fig. 2b� proved that the only species is
the neutral molecule of 2-NIm. A second hypothesis was the pos-
sible protonation of the nitro group, but this protonation is very
difficult according to the described values of −11 for the case of
nitrobenzene.16 A third hypothesis assumed that the change in the
mechanism is due to the pKa of the product of the electrode reac-
tion, i.e., the hydroxylamine derivative. This hypothesis was sup-
ported by a previous work of Laviron et al.17 In that paper, a pKa of
2.5 for the equilibrium between protonated and deprotonated hy-
droxylamine derivatives from nitrosobenzene was reported. In our
case the pKa of 2.5 corresponds to the protonation–deprotonation
equilibrium of the hydroxylamine derivative from 2-NIm. This in-
dicates that 2-NIm is reduced to the unprotonated hydroxylamine
derivative above pH 2.5 and to its protonated form below it. Con-
sequently, the reduction peaks in acidic medium are due to the
well-known18 four-electron reduction of the nitro group to produce
the hydroxylamine derivative according to

pH � pKa RNO2 + 5H+ + 4e− → RNHOH2
+ + H2O

pH � pKa RNO2 + 4H+ + 4e− → RNHOH + H2O �2�

At pH � 7 the voltammetric behavior changes, revealing two other
cathodic peaks as shown in Fig. 2c. The single peak observed in
acidic medium splits into two new peaks as the pH increases. This
behavior follows the well-known general pattern, previously
described19 for nitro compounds in an aprotic medium or in the
presence of inhibitors. Consequently, at pH � 7, the equations de-
scribing the two new cathodic peaks correspond to

RNO2 + e− � RNO2
− �3�

RNO2
− + 3e− + 4H+ → RNHOH + H2O �4�

Figure 3. Peak–potential dependence on pH of both peaks for the reduction
of 2-NIm in 60% DMF �0.1 M TBAP�/40% H2O �0.3 M KCl � 0.015 M
citric acid � 0.03 M boric acid� in acidic and neutral medium.
In Fig. 4 we have summarized the pH effect on cathodic peak
current. As can be seen, the peak current is strongly pH dependent,
showing the decrease in peak current at acidic pH due to the proto-
nation of the hydroxylamine derivative. Furthermore, at pH near 7
the presence of a new peak and the diminution of the first peak show
the change of the mechanism passing from an overall reaction ac-
cording to Eq. 2 to a new one according to Eq. 3 and 4.

In the voltammograms at pH � 7 it is possible to observe an
anodic peak associated with the first cathodic peak. However, the
current of this anodic peak is considerably enhanced when the
sweep range is narrowed. In fact, if the width of the sweep is re-
stricted to involve only the first peak, it is possible to observe a
very-well-defined couple, as seen in Fig. 5. From this couple we
have measured a 	Ep value of approximately 60 mV, confirming

Figure 4. Peak–current dependence on pH of the �circles� first and �squares�
second peaks for the reduction of 2-NIm in 60% DMF �0.1 M TBAP�/40%
H2O �0.3 M KCl + 0.015 M citric acid + 0.03 M boric acid� in acidic and
alkaline medium �v = 1 V/s�.

Figure 5. CVs showing the RNO2/RNO2
− couple from 1 mM 2-NIm in 60%

DMF �0.1 M TBAP�/40% H2O �0.3 M KCl � 0.015 M citric acid � 0.03 M
boric acid� at different sweep rates �pH 8�.



F80 Journal of The Electrochemical Society, 154 �4� F77-F81 �2007�F80
the one-electron character of the couple. Consequently, the observed
couple is the one-electron reduction of 2-NIm to form the corre-
sponding nitro radical anion, according to Eq. 3. From the CVs it is
possible to calculate the current ratio, ip,a/ip,c, and the variation of
the current ratio with the sweep rate as shown in Fig. 6a. From this
figure we observe an increase of the current ratio with an increase of
the sweep rate, reaching a value of 1 at sufficiently high rates. These
results imply that the monoelectronic reduction does not correspond
to a simple reversible process �i.e., ip,a/ip,c = 1�; on the contrary, the
above results are indicative of a coupled chemical reaction. In fact,
the results indicate that the nitro radical anion generated in the ca-
thodic sweep is not totally oxidized in the back anodic sweep, pro-
ducing a current ratio lower than 1. This means that part of the nitro
radical anion is consumed by the coupled chemical reaction. In the
case of nitro radical anions in mixed medium, the coupled chemical
reaction probably is a disproportionation reaction.20 Consequently,
the process that better defines the monoelectronic couple should be
represented by the following reactions

RNO2 + e− � RNO2
−

Figure 6. �a� Current-ratio dependence on sweep rates of the RNO2/RNO2
−

couple from CVs of 1 mM 2-NIm in 60% DMF �0.1 M TBAP�/40% H2O
�0.3 M KCl + 0.015 M citric acid + 0.03 M boric acid� at different sweep
rates at pH 8 and �b� plot of the kinetic parameter, �, with the time constant,
�, for 1, 2, and 10 mM 2-NIm in 60% DMF �0.1 M TBAP�/40% H2O
�0.3 M KCl + 0.015 M citric acid + 0.03 M boric acid� at pH 8.
2RNO2
− + 2H+ → RNO2 + RNO + H2O �5�

In order to confirm the proposed mechanism, we applied the CV
theory for the disproportionation reaction described by Olmstead
and Nicholson.14 By applying this theory we obtained straight lines
for plots of the kinetic parameter � vs � at different concentrations
of 2-NIm, in perfect accordance with that anticipated by the theory
�Fig. 6b�. Furthermore, according to the theory, for a� = 4, it should
be noted that � = k2C°�; consequently, we can obtain the dispropor-
tionation rate constant �k2� from the slope of the straight lines be-
tween � and �. We have calculated the k2 values and the correspond-
ing half-lives �t1/2� for the nitro radical anion of 2-NIm. For
comparative purposes we have also calculated the k2 and t1/2 values
for two different aqueous media at the same pH. These results and a
comparison with analogous parameters obtained for the 4-NIm
isomer21 are shown in Table I. From these results is clear that 2-NIm
is more easily reducible than 4-Nim. This difference is explained
because the nitro group in the 2-position possesses two adjacent
electronegative N atoms, thus diminishing the electron density on
the nitro group. Exactly the same effect was found in an aprotic
medium.10 From the results in Table I it is possible to deduce that
the k2 and t1/2 values for the nitro radical anion from 2-NIm are very
similar in both mixed aqueous organic mediums. However, the
cathodic-peak potential is strongly affected by the nature of the me-
dium. According to these results, the stability of the nitro radical
anion appears to be independent of the nature of the aqueous-
organic medium, but the ease of formation of the nitro radical anion,
expressed in the EP,C values, is strongly dependent on the medium.
When a more aqueous medium is used, but at the same pH, the
reduction of 2-NIm is easier by 120 mV.

Furthermore, in Table I, we see that the disproportionation rate
constant, k2, is almost five times larger for the 2-NIm derivative than
for the 4-NIm derivative. This result is in accord with the fact that
2-NIm derivatives are used as radiosensitizers and as cytotoxins in
hypoxic cells. The highest values of k2 imply more production of the
nitroso intermediate and consequently improved conditions for act-
ing as a cytotoxic agent against hypoxic mammalian cells. Thus, the
k2 parameter can be considered as an index to account for produc-
tion of the nitroso derivative.

Conclusions

Although 2-NIm is a relatively simple heterocyclic molecule, its
complex behavior is strongly determined by the existence of two N
atoms with different characteristics in the molecule. One of them
�N1� is linked to an H atom, which can act as an ionizable proton;
the other N �N3� can act as a proton acceptor. Consequently, the
molecule is very sensitive to the nature of the media. In the previous
study in a nonaqueous medium,10 we reported the existence of an
equilibrium between the neutral species �HNRNO2� and the corre-
sponding conjugate base � −NRNO2� arising from loss of a proton
from the imino nitrogen �N1�. In the present study in aqueous mixed
medium, we have detected that the only present species was the

Table I. Disproportionation rate constants: half-lives (first half-
live) for the nitro radical anion and cathodic peak potentials for
the RNO2/RNO2

− couple for 2- and 4-NIm derivatives in mixed
aquo-organic media at pH 8.

Compound k2 � 10−3 �l mol−1 s−1� t1/2 �ms� −Ep,c �V�

2-NIma 678 1.5 780
2-NImb 610 1.6 660
4-NImc 145 6.8 830

a Values obtained in 0.05 M boric acid � 0.015 M citric acid �anhy-
drous� � 0.3 M KCl//DMF �0.2 M TBAP� �40:60� at pH 8.

b Values obtained in 0.1 M Britton–Robinson buffer � 0.3 M KCl//
EtOH �70:30� at pH 8.0.

c Values obtained from Ref. 21.
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neutral molecule. However, the overall electrodic reaction was in-
fluenced with the protonation of the hydroxylamine derivative gen-
erated in the reduction of 2-NIm.

According to the above results the voltammetric reduction of
2-NIm in a mixed aqueous medium is substantially different from
that seen previously in totally nonaqueous medium.10 The most im-
portant difference is related to the formation and stability of the nitro
radical anion. In spite of what seems to be a contradiction, the nitro
radical anion is stabilized only in the mixed aqueous medium. This
result is rather paradoxical considering that free radicals are nor-
mally better stabilized in nonaqueous media. In this paper we have
studied the couple in isolation, showing the formation of the nitro
radical anion. According to this study we have postulated that a
coupled disproportionation reaction follows the one-electron transfer
and we have calculated the rate constant, k2, for this disproportion-
ation reaction. Considering that the disproportionation reaction pro-
duces the toxic nitroso species, which is responsible for the selective
toxicity of 2-NIm derivatives toward hypoxic cells, we propose the
k2 parameter as an index to account for production of the nitroso
derivative.
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Abstract
The reductive electrochemistry of 1-methyl-4-nitro-2-hydroxymethylimidazole, a 4-nitroimidazole derivative, was
examined in the presence of surfactants anionic as sodium dodecyl sulfate (SDS), nonionic, Triton-X, Cationic,
Hyamine and Cetyl Trimethyl Ammonium Bromide (CTAB). The reductive mechanism of the nitroimidazole
derivative was found to be dependent of both, nature and concentration of the surfactants.
By using appropriately the wide versatility of the cyclic voltammetric technique it was possible to study the generation
of the nitroradical anion and their stability in different micellar media. The experimental scheme involved the
measurement of the current ratio, ip, a/ip, c, from the cyclic voltammograms and its interpolation into theoretical
working curves to determine the w parameter. A plot of w versus t resulted in a linear relation described by w¼ k2 C t
where k2 is the second order rate constant for the decomposition of the nitroradical anion.
Cyclic voltammetric experiments demonstrated that the reduction of the 4-nitroimidazole derivative in presence of
cationic micelles generated a sufficiently well stabilized nitroradical anion in aqueous medium at pH 7.4.
The aim of this study is to investigate the electrochemistry of 4-MNImOH in a micellar medium with the objective to
obtain a better approach to the in-vivo conditions and to improve the detection and quantification of the nitroradical
anion species.

Keywords: 4-Nitroimidazole, Micelles, Cyclic voltammetry, Nitroradical anion

DOI: 10.1002/elan.200703863

1. Introduction

Nitroimidazoles have been the source of many investiga-
tions because of their properties as antibiotics, radiosensi-
tizers and antiprotozoans. Its use as radiosensitizers takes
advantage of its cytotoxicity in hypoxic mammalian cells
what allows to increase sensitivity to the radiation of tumors
[1 – 4]. Its antimicrobial characteristic takes advantage of its
selective toxicity towards anaerobic microorganisms and
allows that these compounds are used extensively in the
treatment of infectious diseases in human and animal
therapeutic [5 – 10]. Furthermore, is very well-known that
nitroradical anion is a key intermediate in the biological
activity of nitroimidazole derivatives [11]. Consequently,
the understanding of the nitroradical behavior is a perma-
nent challenge for this type of compounds and the electro-
chemistry can play an important role in its study.
The unique properties of surfactants, in particular their

adsorption at interfaces and ability to form a variety of
organized assemblies in solutions has been exploited in
several fields of chemistry such as the electrochemistry.
Saveant et al. [12] have reported a remarkable stabilization
of the electrogenerated anion radical of phthalonitrile in the
presence of cationic micelles and suggested that the
observed 250-fold decrease in the rate of protonation of

the anion radical was due to its association with the
positively charged micelles. On the other hand, McIntire
et al. [13], examined the electrochemistry of nitrobenzene in
anionic, cationic and nonionicmicelles.Results indicate that
only anionic micelles stabilized the nitrobenzene anion
radical due to a strong surface interaction.
In the scope of our current investigations to find new

pharmacological important compounds that use the nitro-
radical anion as the active specie, we synthesized 1-methyl-
4-nitro-2-hydroxymethylimidazole (4-MNImOH) a new 4-
nitroimidazole derivative 1, 2- substituted. In a previous
study [14], we studied the nitroradical anion formation in
aqueous, mixed and nonaqueousmedia, but the nitroradical
anion was detected only in mixed and nonaqueous media.
Taking into account that the micellar environment is

considered to be a primitive, although simple, model for
biological membranes [15], the present cyclic voltammetric
studywould be a very useful tool to quantify the stability and
reactivity of the nitroradical anion in conditions that
resembling the cell environmental.
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2. Experimental

2.1. Reagents and Solutions

1-Methyl-4-nitro-2-hydroxymethylimidazole (4-MNImOH)
(Fig. 1) was synthesized and characterized in our laboratory
according to the procedure previously described [15]. The
surfactants employed: sodium dodecyl sulfate (SDS) anion-
ic; Triton-X, nonionic; Hyamine, Cationic and Cetyl Tri-
methyl Ammonium Bromide (CTAB) cationic were ob-
tained from Sigma-Aldrich. All the other reagents em-
ployed were of analytical grade and were used without prior
purification. Nitrogen gas was obtained from AGA Chile
S. A. with maximum impurities of H2O< 3 ppm; O2<
2 ppm; CnHm< 0.5 ppm.
All the voltammetric experiments were obtained after

bubbling with N2 for 10 min in the cell before each run.
Temperature was kept constant at 25� 0.1 8C in all experi-
ments.
0.1 M Britton –Robinson buffer was prepared dissolving

6.18 g of boric acid, 5.7 mL of glacial acetic acid, 6.7 mL of
phosphoric acid and completing up to 1000 mL with water,
and then the desired pH was adjusted with concentrate
solutions of NaOH. The water used was purified with Milli-
Q Ultra-Pure Water System.
Solutions containing surfactants were prepared with

concentrations higher than the critical micelle concentra-
tion (CMC) in 0.1 M Britton –Robinson buffer.
4-MNImOH stock drug solution was prepared dissolving

7.85 mg and diluted up to 5 mL with 0.1 M Britton –Ro-
binson buffer, to obtain a final concentration of 0.01 M.
Work solution was prepared taken an aliquot of the stock

solution anddiluted to 10 mLwith 0.1 MBritton –Robinson
buffer with and without surfactants.

2.2. Apparatus and Methods

Voltammetric curves were recorded on an Electrochemical
Analyzer BAS CV-50W (Bioanalytical System) attached to
a PC computer with appropriate software (BAS 100 W 2.3
for Windows) for total control of the experiments and data
acquisition and treatment. A static mercury drop electrode
with mercury drop area of 0.43 mm2 (SMDE) (BASi EF-

1400) for CV and a controlled growth mercury electrode
(CGME) for polarography was used as the working
electrode and a platinum wire (BASi MW-1032) as the
counter electrode. All the potential measurements were
carried out using an Ag jAgCl jNaCl (3 M) (BASi MF-
2052) as the reference electrode.
For the kinetic analysis the return-to-forward peak

current ratio ip, a/ip, c for the one-electron couple (RNO2/
RNO2

.�) was measured for each cyclic voltammogram
followed by a data treatment procedure detailed previously
[14].

3. Results and Discussion

4-MNImOH was electrochemically reduced in aqueous
medium containing 0.1 MBritton –Robinson buffer when it
is submitted to differential pulse polarography (DPP) and
Tast polarography (TP) between pH 2 – 12. As can be
observed in Figure 2, only one cathodic peak in all the pH
range is observed. The peak has a cathodic peak potential,
Ep, c, of �470 mV at pH 7 but the peak is strongly pH-
dependent. In order to study the pH influence on the
nitroreduction we have evaluated the behavior of the peak
potential, (Ep) obtained by DPP, and the limiting current
(Ilim) obtainedbyTP, at different pHbetween2and12. In the
insert of Figure 2, the Ep vs. pH plot shows that the peak
potential is pH-dependent shifting to more negative poten-
tials when pH increased up to pH 9.5, but upon pH 9.5 the
peak potential remained constant. The limiting currents

Fig. 1. Molecular structure of 1-methyl-4-nitro-2-hydroxymethy-
limidazole (4-MNImOH).

Fig. 2. Differential pulse polarograms of 0.1 mM 4-MNImOH in
0.1 M Britton –Robinson buffer at different pHs between 2 – 11.
Insert: The corresponding peak potential dependence with pH: 1.8
(a), 5.0 (b), 7.5 (c), 8.6 (d), 9.2 (e), 9.7 (f), 10.5 (g), 11.0 (h).
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remain practically pH independent between pH 2 – 9.5,
according to a diffusion controlled process (Fig. 3). As can
be proved in a previous paper [14] the reduction of 4-
MNImOH produces the hydroxylamine derivative accord-
ing to the well-known Equation 1:

RNO2þ 4e�þ 4 Hþ!RNHOHþH2O (1)

The cyclic voltammogram of 4-MNImOH in aqueous
medium containing 0.1 M Britton –Robinson buffer also
shows a single peak with not any signal in the anodic sweep,
which indicates that this peak corresponds to an irreversible
process.
As can be observed from the above experiments it was not

possible to stabilize the nitroradical anion in the aqueous
medium. Considering that micelles could produce changes
in the stability of the nitroradical anion we have added
different types of surfactants to the aqueous solution to
study the reduction of the nitroderivative.
The cathodic behavior of 4-MNImOH in aqueous me-

dium was altered when surfactants were added to the
solutions. We have tested anionic (SDS), nonionic (Triton
X-100) and cationic (Hyamine and CTAB) surfactants but
the observed modifications were dependent of the type of
used surfactants. In the case of cationic surfactants the
changes were more significant. The DPP of 4-MNImOH in
CTAB and Hyamine micelles at different pHs are reflected
in Figures 4A andB, respectively. From these figures is clear
that the polarographic behavior was different from the
situationwithoutmicelles (Fig. 2). Specifically themorphol-
ogy of the polarographic peak changed i.e., the only peak
observed in all the solutions without micelles is changed by
two peaks in the new situation with micelles. In fact the
change in the morphology of the polarographic response
represents a change in the mechanism of the electrodic
process changing from one overall step described in
Equation 1 to two steps mechanism described by the well-
known [15] following Equations 2 and 3:

RNO2þ e�!RNO2
.� (2)

RNO2
.�þ 3 Hþþ 4 Hþ!RNHOHþH2O (3)

Also, both potential peaks and current peaks for the
reduction of 4-MNImOH changed with the addition of
surfactants in all the pH range. The change of the potential
peak (DEp) for the nitroreduction resulting of the addition
of CTAB and Hyamine in all the pH scale is shown in
Figures 5A, B. As is noted from this Figure the DEp is
strongly pH-dependent exhibiting decreasing values when
pH increased. TheEp values changed from about 400 mVat
pH 2 to about 100 mV at pH> 10 meaning that in any pH
condition the reduction of the nitrocompound in the
micelles environment is more difficult than the situation
without micelles. The Ep shift is consistent with the
association of 4-MNImOH to the micellar aggregates
showing that the NO2 group is inserted into the CTAB or
Hyamine micelles and hence more difficult electron-trans-
fer associated with the reduction of the nitrogroup would be
expected.
In the case of the anionic (SDS) and nonionic (Triton-X)

surfactants the situation was totally different because the

Fig. 3. Limiting current versus pH dependence obtained from
Tast polarograms of 0.1 mM 4-MNImOH in 0.1 M Britton –Ro-
binson buffer at different pHs between 2 and 11.

Fig. 4. DPP curves obtained 0.1 mM 4-MNImOH in 0.1 M
Britton –Robinson buffer at different pHs between 2 and 11
with: A) 15 mM CTAB; B) 15 mM Hyamine. pH: 1.8 (a), 5.0 (b),
7.5 (c), 8.6 (d), 9.2 (e), 9.7 (f), 10.5 (g), 11.0 (h).
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presence of the surfactants did not change the character-
istics of the electrochemical processes, consequently only
one DPP peak due to the 4-electron reduction of the
nitrogroup was observed with and without surfactants
added.
The observed splitting when cationic surfactants were

added it was also confirmed by cyclic voltammetry (CV).
Figure 6 displays CVs at the same pH by using different
surfactants but only in the case wherein cationic surfactants
(CTAB and Hyamine) were used it was possible to observe
the splitting of the nitroreduction peak according to the
aboveEquations 2 and 3. Notice that in the presence of SDS
and Triton, the morphology of the nitroreduction peak is
essentially the same as that in its absence, indicating that
SDS or Triton-X micelles do not modify the characteristics
of the electrochemical processes. According to these results
we found the possibility of stabilizing the nitroradical anion
at the interfaces of cationic micelles meaning a very good
alternative to study this free radical in an aqueous medium.
Our results are in accordwith the previous results of Saveant
et al. [12], which have reported a remarkable stabilization of
the anion radical of phthalonitrile in the presence of cationic
micelles and suggested that the observed 250-fold decrease
in the rate of protonation of the anion radical was due to its
association with the positively charged micelles. However,

our results are contradictorywith the previously reported by
Mc Intire et al. [13] which examined the reductive electro-
chemistry of nitrobenzene in anionic, cationic and nonionic
micelles, and found that the only medium capable of
stabilizing the nitroradical anion to the point where it
became detectable by cyclic voltammetry was not the
cationic, but rather the anionic micelles. The combined
results suggest that the influence of micellar systems on the
electrochemistry of a particular substrate cannot be pre-
dicted only on the basis of simple electrostatic consider-
ations and thatmicellar effects are strongly dependent upon
the substrate and surfactants structures [16]. However,
considering that our results show that the nitroradical anion
is more persistent in the presence of cationic micelles
(Hyamine and CTAB) that in either isotropic aqueous
solution or nonionic (Triton-X) or anionic (SDS)micelles an
explanation based in electrostatic considerations appear to
be more important. Consequently the effect of cationic
micelles on the stabilization of the nitroradical anions is: (a)
the nitroradical anions are more strongly bound to the
cationic micelle than the parent compound due to favorable
coulombic interaction; (b) the cationic micelles do protect
the anion radical against protonation by water.
Using the preceding cyclic voltammetric response, we can

study the kinetic stability of the nitroradical species from 4-
MNImOH in a micellar medium. As can be observed from
Figure 6 (whole line), in the case of Hyamine and CTAB
micelles a very well resolved CV for the nitro/nitroradical
anion couple (RNO2/RNO2

.�) can be obtained by adjusting
the switching potential appropriately. In Figure 7, we can
observe the isolated CV for theRNO2/RNO2

.� couple from
4-MNImOH solutions containing Hyamine as surfactant at
different sweep rates. Furthermore, in the insert of Figure 7,
the effect of different sweep rates on the current ratio for
solutions having Hyamine as surfactant at three different
pHs is shown. A similar general trend in all cationic
surfactants was observed, i.e., the ip, a/ip, c current ratio
increases as the scan rate is increased. These results fulfill
the requirements for an irreversible chemical reaction
following a reversible charge-transfer step according to
the Nicholson – Shain criteria [17]. Furthermore the current
ratio was dependent on the 4-MNImOH concentration
implying a second-order chemical step. According to the
previously observed for the same compound in a mixed
medium [14], the second-order chemical reaction is the
disproportionation of the nitroradical anion, consequently,
we have used the theoretical approach of Olmstead et al.
[18] for disproportionation, to calculate the kinetic second-
order rate constant, k2, and the corresponding half-lifetime
for the first half-life. The obtained kinetic second-order rate
constant, k2, and the corresponding half-lifetime values for
the nitroradical anion from 4-MNImOH in aqueous me-
dium with micellas at different pHs are shown in Table 1.
Furthermore we have included the comparison of solutions
containing different micellar concentration and solutions in
mixed media without micelles. From these results we can
state that the use of micellas is the only condition capable to
stabilizing the nitroradical anion from 4-MNImOH to the

Fig. 5. Comparative Ep vs. pH plots obtained from 0.1 mM 4-
MNImOH in 0.1 M Britton –Robinson buffer at different pHs
between 2 – 11 with different surfactants: A) &¼without surfac-
tants, *¼ peak I and ~¼ peak II with 15 mM CTAB; B) *¼
without surfactants, &¼ peak I and ^¼ peak II with 15 mM
Hyamine.
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pointwhere it becamedetectable byCV, in aqueous solution
in thepHs 7 – 9 zone. Inmixedmediawithout surfactants the
CV study it was possible only since pH 10. Probably this fact
is due to the decrease in the rate of protonation of the anion
radical. On the other hand, when the concentration of
Hyamine diminished from 15 to 5 mM the k2 values shows a
six-fold increase and the cathodic peak potential diminish-
ing about 20 mV. Both facts can be rationalized by the
adsorption of the surfactants at the electrode surface which
may alter the overvoltage of the electrode and by the
formation of micellar aggregates which influences the
disproportionation reaction. Furthermore, in all the cases,

when micelles were incorporated in the aqueous solution
the cathodic peak potentials were cathodically shifting
making the reduction of the nitroderivative more difficult.
Also, if we compare the results obtained with the same
concentrations of micelles but at different pHs we found
that the pH affected strongly the stability of the nitroradical
anion (k2 values) however did not affect the energetic of the
reduction of the nitrogroup (Ep, c values). These results
confirmed the pH-dependence of the disproportionation
reaction and the pH-independence of the one-electron
reduction of the nitroderivative to form the corresponding
nitroradical anion according to the above Equation 2.

Fig. 6. CVs of 1 mM 4-MNImOH in 0.1 M Britton –Robinson buffer at pH 8.4 containing 15 mM of different surfactants: A) CTAB, B)
Triton-X, C) without surfactant, D) SDS and E) Hyamine. Sweep rate¼ 1 V/s. Whole lines in A), E) shows a short sweep with RNO2/
RNO2

.� couple isolated.
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4. Conclusions

Wehave found that reduction of 4-nitroimidazole derivative
in aqueous medium in presence of cationic micelles
generated a nitroradical anion sufficiently stable to be
detected in the time scale of the cyclic voltammetric
technique. This finding provides a very useful tool to
quantify the formation, stability and reactivity of the
nitroradical anion in conditions that resembling the cell
environmental in biological membranes.
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Fig. 7. Cyclic voltammograms showing the RNO2/RNO2
.� couple of 1 mM 4-MNImOH in 0.1 M Britton –Robinson buffer at pH 8.4

containing 15 mM Hyamine at different sweep rates. Insert: Current ratio dependence on sweep rates of RNO2/RNO2
.� couple of 1 mM

4-MNImOH in 0.1 M Britton –Robinson buffer containing 15 mM Hyamine at pHs 7.4, 8,4 and 9.4

Table 1. Disproportionation rate constants, half-lifetime for the
nitroradical anion, and cathodic peak potentials for the RNO2/
RNO2

.� couple from 4-MNImOH aqueous solutions in 15 mM
Hyamine micelles at different pH.

pH k2� 10�4 (L mol�1s�1) t1/2 (ms) �Ep, c (mV)

7.4 104� 2.11 0.96 804
8.4 4.30� 0.43 23.25 802
9.4 1.37� 0.21 72.99 796
9.4[a] 8.77� 0.62 11.40 774
10[b] 0.59� 0.03 169.49 760
10[c] 1.36� 0.21 73.52 727

[a] Aqueous solution in 5 mM Hyamine micelles. Data obtained [15] from
solutions containing a mixed medium. [b] 30/70: Ethanol/ Britton –Ro-
binson buffer without micelles. [c] 60/40: DMF/citrate buffer, KCl without
micelles.

1495Reduction of 4-Nitroimidazole Derivative

Electroanalysis 19, 2007, No. 14, 1490 – 1495 www.electroanalysis.wiley-vch.de C 2007 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim

www.electroanalysis.wiley-vch.de

	InsertarPag
	Copia de Juan Arturo Squella
	JEC 531(2002).pdf
	JEC 531(2002).pdf
	Cyclic voltammetric study of the disproportionation reaction of the nitro radical anion from 4-nitroimidazole in protic media
	Introduction
	Experimental
	Reagents and solutions
	Apparatus
	Methods

	Results and discussion
	Conclusion
	Acknowledgements
	References



	EActa52(2)(2006).pdf
	Electrochemical reduction of 2-nitroimidazole in aprotic medium: Influence of its dissociation equilibrium on the reduction mechanism
	Introduction
	Experimental
	Reagents and solutions
	Apparatus and methods

	Results and discussion
	Conclusions
	Acknowledgement
	References




