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RESUMEN

El cancer es una de las principales causas de muerte en México y para su
tratamiento, la quimioterapia sigue uno de los recursos mas usados. La toxicidad de
los farmacos actuales, ha despertado la inquietud de obtener nuevos compuestos
biomimeticos a la enzima superoxido dismutasa de cobre (Cu-SOD), dada su
actividad anticancerigena probada. Dicha actividad esta asociada a su capacidad
de dismutar al ion superdxido, dado su valor potencial redox. Se han reportado en
la literatura para compuestos biomiméticos, correlaciones entre su valor de
potencial redox y su actividad SOD, medida en agua. Sin embargo estas
correlaciones deben ser tomadas con reserva, dada la inestabilidad del superdxido

en medios acuosos.

Por lo tanto, en este trabajo se presenta un estudio de que indique la capacidad de
compuestos de Cu(ll) con potencial redox modulado, [Cu(N-N)2NQOz]* y de un
compuesto con actividad biolégica demostrada [Cu(pdto)(H20)]?* para la
dismutacion del ion superoxido en sistemas no acuosos, utilizando técnica

electroquimicas




ABSTRACT

Cancer is one of on the main causes of death in Mexico, and for its treatment,
chemotherapy is still one of the most used resources. The toxicity of current drugs,
has encouraged to obtain new biomimetic compounds to the enzyme superoxide
dismutase (Cu-SOD), due to its proven anti-cancer activity. This activity is
associated with its ability to dismute superoxide ion, which is related to its redox
potential value. It has been informed in literature that for biomimetic compounds,
linear relationships between the redox potential and the SOD activity, measured in
water. However, these correlations should be taken with caution, given the instability
of superoxide in aqueous media. Therefore, in this work we present a study that
indicates the ability of Cu(ll) compounds with modulated redox potential [Cu(N-
N)2NOz]+ and the with the compound [Cu(pdto)(H20)]?* , with demonstrated
biological activity for the dismutation of superoxide ion in non-agueous systems

using electrochemical techniques.
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1.-ANTECEDENTES
1.1.-Problematica del cancer

El cancer es actualmente la segunda causa de muerte en México segun la
Secretaria de Salud [1,2]. Este padecimiento es considerado como un conjunto de
enfermedades en las cuales el organismo produce un exceso de células malignas
conocidas como cancerigenas, con crecimiento y division méas alla de los limites
normales, que produce tumores, en algun 6rgano o tejido. Su manifestacion
depende de una interaccion de multiples factores. La edad o el envejecimiento se
consideran como el principal factor de riesgo seguido por el tabaquismo, la dieta,

el sedentarismo, la exposicion solar y el estilo de vida.

El tratamiento para el cancer es muy variable y depende de su tipo, asi como el
estado fisico del paciente y son disefiados para remover directamente a las células
cancerosas o para llevarlas a su muerte [3]. Las medidas terapéuticas tradicionales
incluyen la cirugia, la radiacion y la quimioterapia. Sin embargo, la quimioterapia

sigue siendo un recurso indispensable para el tratamiento médico.

La quimioterapia se define como la utilizacién de farmacos que tiene la propiedad
de interferir con el ciclo celular, ocasionando la muerte celular, de preferencia de
manera programada. En la actualidad hay un gran numero de farmacos
antineoplasicos aprobados para uso clinico por la FDA (Food and Drug
Administration, U.S.A.), los cuales pueden ser clasificados como organicos e
inorganicos. Existen mas de 100 farmacos antineoplasicos que se suelen usar en
combinacion, para el tratamiento de cancer. A continuacion se presenta una breve

descripcion [4,5].



http://es.wikipedia.org/wiki/Enfermedad
http://es.wikipedia.org/wiki/C%C3%A9lula
http://es.wikipedia.org/wiki/Tumor
http://es.wikipedia.org/wiki/%C3%93rgano_(biolog%C3%ADa)
http://es.wikipedia.org/wiki/Factor_de_riesgo
http://es.wikipedia.org/wiki/Tabaquismo
http://es.wikipedia.org/wiki/Dieta
http://es.wikipedia.org/wiki/Sedentarismo
http://es.wikipedia.org/wiki/Estilo_de_vida
http://es.wikipedia.org/wiki/Ciclo_celular
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1.2.- Compuestos anticancerigenos

La quimioterapia fue desarrollada en 1909 por el patélogo aleman Paul Ehrlich, con
el estudio del gas mostaza y en 1942 se iniciaron estudios clinicos con los
compuestos organicos nitrogenados similares, después de los estudios reportado
por Goodman y Gilman en tumores de ratas; hecho que marco el inicio de la

utilizacion de la quimioterapia para el cancer [5].

A partir de 1960, el Instituto Nacional para el Cancer en U.S.A. (NCI) inicié un
programa disefiado para probar extractos de diversas plantas como antitumorales.
Gracias a esto, dos aflos después se encontré que el extracto del arbol japonés
Taxus brevifolia, el cual tenia actividad antitumoral. No fue hasta 1992 que la FDA
aprobo el uso del Taxol contra el cancer de ovario y en 1994 se aprobé el uso contra

el cancer de mama [6].

El primer farmaco anticancerigeno base metalica fue descubierto al azar cuando
Barnett Rosenberg, profesor de Biofisica de la Universidad del estado de Michigan,
examinaba el efecto de campos eléctricos en células en crecimiento. El cultivo de
células, que crecia en un aparato que contenia platino, comenzo6 a mostrar inhibicién
del crecimiento celular. Se descubrié que este efecto fue causado por un producto
de electrdlisis entre el platino de la celda y el amonio del medio de cultivo; este
compuesto fue identificado como cis-[PtCl2(NHz3)2], conocido hoy en dia como
Cisplatino. La molécula como tal ya habia sido sintetizada en 1844 por Michele
Peyrone; sin embargo, nunca se le habia dado un uso como quimioterapéutico. Los
descubrimientos de Rosenberg trajeron como consecuencia en 1978 el cisplatino
fue aprobado para el tratamiento de cancer de ovario y testicular por la FDA.[7] El
segundo compuesto de naturaleza inorganica fue el Carboplatino, introducido en la
practica clinica en 1981[7]. Posteriormente en el 2002, el Oxaliplatino también fue
aprobado para su uso clinico como agente para quimioterapias [8]. Actualmente, el
principal quimioterapéutico es el cis- platino y sus derivados. Sin embargo, este
farmaco es caro y toxico, provocando un deterioro fisico a los pacientes con cancer,

dado que ataca a todas las células cercanas no solo a las malignas [7,8].

e
3
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En la actualidad existen diferentes compuestos representativos de una nueva clase
de farmacos utilizados para combatir el cancer principalmente, entre los cuales
sobresalen el texaphyrin, el motexafin gadolium, entre otros, con la caracteristica de
poseer actividad redox [9,10]. En este sentido se ha postulado que las propiedades
redox juegan un papel importante en el disefio de nuevos farmacos para el cancer

y otras enfermedades [9-15].

1.3.-Compuestos anticancerigenos de cobre

En los ultimos afios se ha despertado el interés en la busqueda de nuevos farmacos
contra el cancer de menor toxicidad y costo, comparados con los que contienen
platino. Ruiz-Azuara y colaboradores han desarrollado una serie de compuestos de
coordinacién de cobre (11), los cuales fueron disefiados basandose en la familiaridad
de este metal con el organismo, por su posible interaccién con el ADN asi como
por su particularidad para participar en reacciones redox que involucran los estados
de oxidacion Cu(ll) y Cu(l). A esta familia de compuestos se les registré con el
nombre de CASIOPEINAS® (Figura 1.1) [16,17]. Cabe destacar que estos
compuestos han mostrado actividad antineoplasica en distintas lineas celulares que
correlacionan con el potencial redox, asociado a reacciones con especies de
oxigeno o reacciones tipo Fenton, donde al ser reducido el complejo a su estado de
oxidacion Cu(l) reacciona con H202 para generar el radical OH-, ocasionado un

dafo celular en general.

N
N\ ND%
u Cu

N~ 6 S~

Figura 1.1.- Estructuras quimicas generales de las casiopeinas ® (O-O = acetil-
acetonatos o sus derivados, el N-N= bipiridinas o 1,10 fenantrolinas, O-N= aminoacidos).
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1.4.-Enzima superdxido dismutasa como agente anticancerigeno

Por otro lado se ha reportado en la literatura que una diferencia entre células
normales y células tumorales es la diminucién y baja actividad de las enzimas
superoxido dismutasa Mn-SOD y ZnCu-SOD [18-20]. Este hecho ha llevado a
realizar estudios donde se han demostrado el aumento de la supervivencia en
ratones con tumores sélidos después de administrar via intravenosa la enzima de
ZnCu-SOD [21]. La superoxido dismutasa (SOD) es una metaloenzima
normalmente intracelular, cuya funcion biolégica en condiciones normales, es la de
proteger a la célula de la agresion que se produce por la formacion de radicales
superoxido (O2~) generados en los procesos de respiracion celular [22]. Esta enzima
fue descubierta en 1972 por McCord y Fridovich, publicandose una revision sobre
su papel en los procesos de inflamacion y la lesion tisular en 1978 y desde entonces

se ha utilizado en farmacologia humana.

Se han identificado cuatro clases de SOD: una de ellas presenta un cofactor de
Cu(Il) y Zn(Il). El resto de estas enzimas presentan cofactores mononucleares de
Fe(lll), Mn(lll) 6 Ni(lll). Entre todo el grupo de estas enzimas se presentan
homologias en sus secuencias de aminoacidos, en estructura tridimensional y
residuos coordinados en el centro metalico, dos ejemplos se presentan en las
figuras 1.2 y 1.3. La enzima Cu/Zn-SOD tiene su sitio activo constituido por un centro
metélico de Cu(ll) y Zn(ll) rodeado de atomos de nitrégeno (N), provenientes de
residuos de histidinas de la parte proteica. En la enzima Fe-SOD, el cual cuenta con
un centro metalico de Fe(lll) rodeado de atomos de nitrogeno (N) de histidinas, un
atomo de oxigeno (O) proveniente de grupos carboxilico, asi como con una

molécula de agua.




Figura 1.3.- SOD de Fe y su sitio activo

El mecanismo de accién de las enzimas tipo SOD consiste en dismutar los radicales
superoéxido, que son altamente téxicos para la célula, convirtiéndolos en oxigeno y
perdxido de hidrogeno. La clave de accion de estas enzimas es el ion metélico con
estados de oxidacién variable, pueda actuar tanto como oxidante como reductor.
En el caso de la enzima Cu/Zn-SOD, ha sido demostrado la coordinacién del ion
superoéxido al Cu (Il) previo a la transferencia electrénica que logra la dismutacion
de este ion a especies de menor toxicidad. Esto se ilustra en el mecanismo de
accion de la enzima Cu/Zn-SOD, ver figura 1.4, donde se observa como primer paso
la coordinacion del ion superoxido, para generar posteriormente el oxigeno
molecular y el peréxido de hidrogeno. Las reacciones que se llevan a cabo se

presentan a continuacion [23-27]:
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Coordinacién MO+ + O™ — [M(™D) O2" ]
Oxidacion [M™*D) 02" ] -M™ + O2
Reduccion MM + 02 + 2H* — [MD Oz'] »M®*D* + H,02
}'f‘-“ \I\'-!,f } N
H.N O H.N
=" "N-H - N-H
| (
H N, T H JO
1 N .
N-—Cu-N N vzn’r s
/ ‘ Cu—N N-2Zn
N N His-61 O /
1 H
H0s =
HN H HN
H-N e o . J
2 N-H 5O~ ) H* H o
- O( = e H
)
2 A
H N 2 H Zn
oy N in cd N N2t
- 7

Figura 1.4.- Mecanismo de accion de la enzima Cu/Zn-SOD.

En el caso de las enzimas tipo SOD, con otros metales, no se ha demostrado si
estas presentan un mecanismo similar. Sin embargo hasta la fecha este puede ser

considerada como una buena aproximacion.
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1.5.- lon superoéxido
1.5.1- Caracteristicas bioldgicas del ion superoxido

La fuente més importante de las especies reactivas de oxigeno (ERO) en las células
aerobicas ocurren en la mitocondria, donde el oxigeno es metabolizado durante la
cadena respiratoria. Cuando la célula se encuentra en un estado anormal, el
resultado es un gran nimero de radicales libres, los cuales son neutralizados para
proteger a la célula [28-30]. Entre los radicales libres, el ion superoxido (O2") es uno
de los mas dafiinos [31]. Las especies reactivas de oxigeno han sido asociadas con
algunas enfermedades inflamatorias, envejecimiento y enfermedades
degenerativas tales como artritis, cancer, Alzheimer y Parkinson [32-36]. A pesar de
todas las implicaciones biolégicas ya mencionadas, a nivel laboratorio es dificil de
estudiar al ion superoéxido debido a su reactividad, lo cual se presenta en la siguiente

seccion.

1.5.2- Caracteristicas quimicas del ion superoxido

El ion superéxido es un radical libre que se forma a partir de la captacién de un
electron por una molécula de oxigeno, por esta razén es altamente reactivo
considerado como un agente reductor y una base de Bronsted. El tiempo de vida
del ion superoxido es limitado en soluciones acuosas, convirtiéndose rapidamente
en oxigeno molecular y peroxido o hidroperoxido, con un tiempo de vida media

alrededor de 108 stver figura 1.5.
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—H00 . HOOH + 0, k,~10°M~'s™

033V 03 HA . HOO- + A~

02+(’

0;

HOO™ + 0, k,~105M~' 5!

Figural.5.- Formacion y degradacién del ion superéxido O2* en disolucién acuosa:

En las figuras 1.6 y 1.7 se presentan potenciales estandar de reduccidon para
procesos redox que involucran al ion superéxido en medio acuoso y en un medio
aprético (acetonitrilo) respectivamente [37]. Conforme aumenta el valor de pH en
agua la dismutacion del ion superoxido se ve menos favorecida, tal como lo
muestran sus volares de constante de equilibrio a pH=0 y pH=14, 1.79x10%° y

9.6x108 respectivamente.
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HOO- Anfolito >
pH=0
|’1-‘”1 > Fuerza oxidante |

I / E°(V/ENH) Kegq=1.79X10%

o e Anfolito
| -0.33 Jo.go PH=7.0
| | e
/ E°(V/ENH) Keq=4.76 X 102
O H.O,
D..‘ ().~ Anfolito
|-0.33 1020\ , e P
I I / E°(V/ENH) Keq=9.6X 10° Fuerzareductora
O.e- HOO- :

Figura 1.6.- Potenciales estandar de reduccién para especies de oxigeno molecular en

agua a diferentes valores de pH.

En el caso donde se emplea acetonitrilo como disolvente, ver figura 1.7, se observa
la misma tendencia para la estabilidad termodinamica del superdoxido observada
en agua, es decir, a mayor valor de pH el equilibrio de dismutacion se ve menos
favorecido. Sin embargo, a diferencia del agua, en un medio aproético, para un valor
alto de pH de 30.4, predice la existencia del superéxido, Kdis= 1.42x1011,

Debido a la inestabilidad quimica del ion super6xido en medios donadores de
protones como acidos y el agua, se recomienda el uso de disolventes aproticos,
como acetonitrilo (CHsCN) y el dimetilsulféxido (DMSO) para estudiar de una

manera controlada su reactividad frente a alguna especie de interés.

10
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pH=-8.8
064 196 » [1MH,0)CIO] | Fuerza oxidante
Anfolito | ] E°(V/ENH) Keg=2.35 X102
HOQ- H,0,
HDG_AnmI:m
H=10
| *3'4? |ﬂ‘35 > [p1:1{Et3MH]CIIEt3M]
D E*(V/ENH) Keq=2.359X 102
HUCJ' -2
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| -1.27 | -0.63 > ﬁm;ah,moH]
I I Anfolito  E°(V/ENH) b
HOC- O Kegq=142X10-"

< I Fuerzareductora |

Figura 1.7.- Potenciales estdndar de reduccion para especies de oxigeno molecular en

acetonitrilo a diferentes valores de pH.

1.6.- Compuestos biomiméticos

Regresando al potencial uso de enzimas tipo SOD en aplicaciones médicas,
evidenciadas por Oberley y Buettner, se presentan dificultades practicas, como su
dificultad de atravesar membranas celulares, debido a su tamafio asi como métodos
de preparacion y costos. Esto ha motivado, a los quimicos sintéticos a desarrollar

compuestos miméticos de la SOD.

11
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Es importante recalcar que en dichos compuestos deben presentar la capacidad de

dismutar al ion superéxido, tal como se ilustra en la siguiente reaccion [38]:

2H*+ 02 + 02 —- H202+ 02

Para el caso de compuestos de coordinacion, se ha planteado que una de las
caracteristicas que debe cumplir para ser considerado como biomiméticos de la
enzima SOD, es que su valor de potencial redox ML/ M™1L debe estar en el
intervalo de =330 mV (vs. NHE at pH 7; 02/02¢") a +890 mV (vs. NHE at pH 7;
02:7/H202, asociado a la dismutacion del O27[38]. Esta aseveracion debe ser
tomada con cuidado, ya que existe una gran cantidad de complejos con diferentes
metales que cumplen este criterio y que no presentaran actividad tipo SOD.
Adicionalmente la dismutacion del superéxido en agua, favorecida

termodinamicamente con cinética rapida, debe ser considerada también.

Existen varios trabajos correspondientes a compuestos biomiméticos de cobre-
zinc, entre los cuales destaca el reportado por Shunichiy colaboradores, en el que
se reporta complejos bimetalicos heteronucleares de Cu-Zny homonuclerares Cu-
Cu con el ligante Hbdpi (4,5-bis(di(2-piridil-metil)aminometil)imidazol), el cual cuenta
con anillos imidazolicos que funcionan como puente entre los centros metélicos
[CuZn(bdpi)(MeCN)2]** y [Cuz(bdpi)(MeCN)2]3*, ver figura 1.8. En estos complejos,
el centro metalico se encuentra en una geometria pentacoordinada con atomos
donadores de nitr6geno, provenientes de los dos anillos piridinicos, asi como de un
anillo imidazol y de una amina ternaria. En la quinta posicién se encuentra una
molécula de MeCN, la cual es susceptible de ser intercambiada por el ion
superoxido, para experimentar su transferencia electronica. El valor de potenciales
redox del complejo [CuZn(bdpi)(MeCN)2]** E°= -0.03 V/Ag-AgCl, sugiri6 su
potencial actividad biomimética SOD, la cual fue confirmada mediante el ensayo

bioldgico xantina-xantina oxidasa.
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Figura 1.8.- Compuesto de coordinacion de (a) Cu/Zn-bdpi y (b) Cu/Cu-bdpi (c) Ligante
es Hbdpi.

Por otro lado, la flexibilidad que presenta el ligante pdto, (1,8-bis(2-piridil)-3-6-
ditioctano) (figura 1.9) hacia la geometria preferencial del atomo central,
estabilizando asi diversos estados de oxidacion, asi como la interaccion del
complejo Cu(ll)-pdto con ADN vy su valor de potencial redox en agua a pH=7.0 [39],
motivé a Ruiz-Azuara y colaboradores a estudiar su actividad biolégica en varias
lineas tumorales. Dicho compuesto present6 una actividad similar al cis-platino, en
la linea tumoral HelLa. La respuesta biol6gica se ha relacionado con un mecanismo
mimético a la enzima de cobre superoxido dismutasa Cu-SOD, sin embargo este

hecho no se ha confirmado hasta la fecha [40].
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Figura.1.9.- Estructura del ligante 1,8-bis(2-piridil)-3,6-ditioctano (pdto).

Existe en la literatura una gran cantidad de compuestos de coordinacion donde se
reporta una correlacion entre actividad SOD con sus valores potenciales redox,
donde se empleando el ensayo biolégico en agua Xantina-Xantina Oxidasa para
evaluar su actividad SOD [41-44]. Cabe resaltar que dichas correlaciones deben
ser tomadas con reservas, debido al hecho que la actividad SOD se determina en

agua, donde la estabilidad del ion superéxido es baja.

Por lo tanto en este trabajo se plantea estudiar la respuesta electroquimica de la
interaccion del ion superéxido con complejos Cu(ll) con potencial redox modulado
por efecto de las ligantes diiminicos, y con el complejo Cu(ll)-pdto en el disolvente
aprotico DMSO, con la finalidad explorar la el papel del potencial redox en la
dismutacion de esta especie reactiva de oxigeno mediante el uso de técnicas
electroquimicas. En los esquemas 1.1. y 1.2 se ilustran los compuestos de

coordinacion a emplear.
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Sistemas modelo Cu(ll){(N-N),

E° =f(pKa)
E° =f(L) P
+ [Cul1,10-fen)x(NO,J]NO,
- [Cuf4-metil-1,10-fen),(NO,)] NO, : pKa=6.0
- [Cu(4,7-dimetil-1,10-fen),(NO3)JNO, 5
+  [Cu(5-metil-1,10-fen),(NO,JINO, g oka=3.2
» [Cu(3,4,7,8,tm-1,10-fen),(NO,)] NO, -
- [Cu(S-nitro-1,10-fen),{NO,)]NO, *aH0
+ [Cu(5-C1-1,10-fen),(NO,JINO; '5_5::‘“_}
. HyC
=N N== ——1 3
- = wg e I'\:N N= H H=
pia=4.93 pKaz6.3
pKa=4.07 pla=5.3

Esquema 1.1. Complejos de Cu(ll) con potencial redox modulado

H,0

s

S100015 Cllang
M(|I -
—

Esquemas 1.2. Compuesto de coordinaciéon [Cu(pdto)(H20)]*
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JUSTIFICACION

La elevada incidencia de cancer ha despertado la inquietud de obtener nuevos
compuestos para esta enfermedad con menor toxicidad a los ya existentes en el
mercado. En este sentido aquellos compuestos que mimeticen los sitios activos de
la enzima SOD podrian ser idoneos. Se ha reportado que el potencial redox juega
un papel importante en estos compuestos ya que correlaciona con la actividad SOD,
determinada con el ensayo bioldgico en agua Xantina-Xantina Oxidasa. Sin
embargo, la inestabilidad en agua del ion superéxido hace que estas correlaciones
no sean confiables del todo. Por lo tanto, un estudio que indique el papel del
potencial redox en compuestos con estructura similar al sitio activo de la enzima
SOD, en su reaccion con el ion superéxido en sistemas no acuosos, puede contribuir

al conocimiento para el disefio de nuevos farmacos anticancerigenos.

HIPOTESIS

En compuestos de coordinaciéon de Cu(ll) en un disolventes apréticos, el aumento
del potencial redox, favorecera la reaccion de dismutuacion del ion superoéxido,

cuantificada mediante su respuesta electroquimica.
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OBJETIVOS

Objetivo General

Estudiar el efecto del potencial redox en compuestos de coordinacion de Cu(ll) en

un disolvente aprotico, sobre la dismutacion del el ion superoxido.

Objetivos Particulares

Caracterizar por técnicas espectroscépicas y analiticas la sal precursora Cu(NO3)2¢
nH20 en DMSO.

Sintetizar y caracterizar por técnicas espectroscépicas y analiticas compuestos de

coordinacion de Cu(ll) con ligantes diiminicos, del tipo Cu(ll)-(N-N)2

Caracterizar electroquimicamente, con las técnicas de voltamperometria ciclica y
cronoamperometria compuestos de coordinacion de Cu(ll) con ligantes diiminicos,
del tipo Cu(Il)-(N-N)2 en DMSO.

Estudiar el comportamiento electroquimico, con las técnicas de voltamperometria
ciclica y cronoamperometria la estabilidad y generacion del ion superéxido en
DMSO.

Estudiar la reaccion de los compuestos coordinacion de Cu(ll) con ligantes
diiminicos, del tipo Cu(N-N)2 y Cu(ll)-pdto con el ion superoxido mediante técnicas

electroquimicas en DMSO.
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2.- Desarrollo experimental

2.1- Reactivos utilizados

La pureza de los reactivos usados fue grado reactivo analitico. La lista de estos se

presentan a continuacion:

Nitrato de cobre hidratado Cu(NOs3)2 « 2.5 H20 99.999% SIGMA ALDRICH.
Hexafluorofosfato de tetrabutilamonio, Ci2HssFsNP, 98+%, SIGMA
ALDRICH.

Superoéxido de potasio, KO2 99% SIGMA ALDRICH.

Eter corona 99%, Alfa Aesar.

Alumina (Buehler).

Polvo de diamante (Buehler).

Eter de petroleo, 30-60 °C, para analisis de residuos organicos J.T. BAKER.
Dimetilsulfoxido (Acros Organics, 99.7% anhidro sobre malla molecular).
Ferroceno, CioHioFe, 98+%, SIGMA-ALDRICH

Bromuro de potasio para espectroscopia grado IR, KBr, 99+%, SIGMA-
ALDRICH.

Metanol, CH3OH, para analisis, ACROS ORGANICS.

Eter Dietilico anhidro, (CH3CHz2)20, 99.7%, SIGMA ALDRICH.

Agua Destilada y Tri-destilada J.T. Baker

10-fenantrolina monohidratada, Ci2HsN2*H20, PM. 198.22 g/mol, reactivo
Baker Analyzed ® A.C.S., J.T Baker.

3,4,7,8-Tetrametil-1,10-fenantrolina, CisHisN2, 99+%, PM. 236.31 g/mol,
reactivo Aldrich Chem. Co., SIGMA-ALDRICH.

5-Cloro-1,10-fenantrolina, Ci2H7CIN2, 98%, PM. 214.65 g/mol, SIGMA-
ALDRICH.

5-Metil-1,10-fenantrolina, C13HioN2, 99%, PM. 194.23, reactivo Aldrich Chem.
Co., SIGMA-ALDRICH.

5-Nitro-1,10-fenantrolina, Ci2H7N3O2, 97+%, PM. 225.20 g/mol, SIGMA-
ALDRICH.
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e 4-Metil-1,10-fenantrolina, CisHioN2, 98%, PM. 194.23 g/mol, SIGMA-
ALDRICH.

e 4,7-dimetil-1,10-fenantrolina, Ci4Hi2N2, 98%, PM. 208.26 g/mol, SIGMA
ALDRICH

e 2,2-etanoditiol, C2HeSz2, grado reactivo, PM 94.2 g/mol.

e 2-vinilpiridina, C7H7N, 97%, PM 105 g/mol. SIGMA-ALDRICH

e Eter de petréleo, 30-60 °C, para andlisis de residuos organicos, J.T BAKER.

2.2 Equipos utilizados

Los andlisis elementales se realizaron en el equipo Fissons anayzer, modelo EA
1108, utilizando un estandar de sulfanilamida. Los espectros IR fueron obtenidos en
pastillas de KBr, usando un espectrofotdmetro Nexus Thermo Nicolet en un rango
espectral de 4000-400cm™. Los espectros electrénicos se obtuvieron en un
espectrofotometro Thermo evolucion array en un rango de 200-1100 nm. Los
espectros UV-Vis-NIR (reflectancia difusa, 40000-4000 cm) se obtuvieron en un
espectrofotometro Cary-Varian. Las mediciones de conductividad se realizaron
utilizando un conductimetro YSI 3200 con placas paralelas (¢ = 1cm™?). Las
mediciones termogravimétricas (TGA) se realizaron de 25 a 200°C, con una rampa
de 1°C/5min.

2.3. Determinacion de la estructura de Rayos X

En el caso de los compuestos [Cu(1,10-fen)2NO3]NOs y [Cu(3,4,7,8,tm-1,10-
fen)2NOs]NOs, se obtuvieron cristales Gtiles para ser analizados por difraccion de
rayos X de cristal Unico. Los datos de las estructuras cristalinas, fueron obtenidas
con un difractometro Oxford Gemini “A”, CCD con un detector (ACuka = 1.54184 A,
monocromador: grafito) equipado con una fuente de rayos X tubo sellado, usando
cristales prismaticos de los compuestos sintetizados, montado en fibra de vidrio. Se
utilizaron los paquetes de software CrysAlis Pro y CrysAlis para la recoleccion de

datos e integracion de datos [45]. Los datos se corrigieron para la absorbancia

e
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utilizando la correccién de la absorcion numérica analitica [46]. La solucion de la
estructura y refinamiento se realizaron con el programas SHELXS97 y SHELXL97
[47]. Para los graficos moleculares, se emple6 ORTEP-3 para Windows y WinGX
[48,49]. El refinamiento de la matriz completa de minimos cuadrados se llevé a cabo
mediante la minimizacién (Fo? - Fc?)2. Todos los atomos excepto el hidrégeno fueron
refinados anisotrépicamente. Las posiciones de los atomos de hidrégeno fueron
generadas geomeétricamente e incluidas en el refinamiento con parametros térmicos
isotrépicos con Uiso(H)=1.5 Ueg. Los atomos de H unidos a los atomos de C fueron
localizados en posiciones geométricamente idealizadas. Los datos cristalograficos
de la coleccion y refinamiento se encuentran detallados en la tabla del anexo 6.

2.4 Caracterizaciéon de la sal Cu(NOs)2°2.5H20

Se prepar6 una disolucion de Cu(NOs3)2 <2.5H20 1 mM en DMSO, observandose un
cambio de color de trasparente a azul-verde al disolver la sal. Se adquiri6 el espectro
UV-Vis y se realizaron mediciones de conductividad.

2.5- Sintesis de complejos de cobre Cu(ll)-(N-N)2

Para la sintesis de estos compuestos, se utilizé un equivalente de Cu (NO3)2 @ 2.5
H20 (20 mM en 5 ml) y 2 equivalentes (40 mM en 5mL) del ligante (N-N) ambos
disueltos en etanol, (en el caso de algunos ligantes fue necesario calentar a 70 °C,
para su disolucién). Se afiadié gota a gota a la disolucién Cu (ll) la disolucion de
ligante. La mezcla de reaccion se mantiene a temperatura ambiente bajo agitacion
constante durante dos horas. Después de este tiempo, se obtuvieron precipitados,

de diferentes tonos de color azul y verde, los cuales fueron lavados con éter etilico.

2.6- Sintesis del complejo Cu(ll)-pdto

El ligante pdto se sintetizd6 de acuerdo al método reportado por Harold A. Goodwin

y Francis Lions [60]. EI compuesto [Cu(pdto)(H20)](PFs)2 se obtuvo mezclando

e
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0.304 g (1,0 mmol) de pdto y 0.294 g de Cu (NO3)2 -2.5 H20 (1.0 mmol) en 50 mL
de metanol anhidro. La disolucion se agita y se observa un color azul intenso.
Posteriormente se agregan dos equivalentes de hexafluorofosfato de amonio
(0,0088 @) a la mezcla de reaccion. Se obtiene un precipitado azul fuerte. Analisis
elemental: Calc. CuC16H21N2S20P2F12; %C, 28.4; %H, 3.1; %N, 4.2; %S, 9.5. Exp:
%C, 28.1; %H, 3.0; %N, 4.7; %S, 9.3.

2.7.- Estudios Electroquimicos

Las medidas electroquimicas se realizaron a la concentracion de 1x10-3 M para los
complejos [Cu(N-N)2NO3]NOsz en DMSO anhidro en presencia hexafluorofosfato de
tetrabutilamonio (TBAPFs) 0.1M, utilizando un potenciostato/ galvanostato Bioldgic
SP-50. Para los estudios del complejo [Cu(pdto)(H20)](PFs)2 se empled una
concentracion de 11x102 M en dimetilsulféxido (sobre malla molecular) en
presencia de tetrafluroborato de tetrabutilamonio (TBABF4 0.1M) como electrolito
soporte usando un potenciostato/galvanostato PGZ 301, Radiometer Copenhagen.
Se utilizé una celda de tres electrodos, un disco de platino (¢ = 1.5 mm) como
electrodo de trabajo, un alambre de platino como contra-electrodo y un alambre de
plata como electrodo de pseudo referencia. Todos los potenciales se registraron
frente al par redox Fc/Fc*, de acuerdo con la IUPAC [50]. EI comportamiento
electroquimico se exploré utilizando voltametria ciclica a diferentes velocidades de
barrido (10-1000 mV), realizando compensacion de la caida 6hmica con interrupcién
de corriente. Se obtuvieron experimentos de cronoamperometria de pulso simple,
aplicando el potencial de circuito abierto Ei = Eca, durante 0.1 s, para posteriormente
imponer un potencial E1 en un valor mas negativo al potencial de pico catédico de

interés durante un tiempo t = 5s.
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2.7.1.-Estudio electroquimico de la sal precursora Cu(NO3s)2 e 2.5 H20

Con la finalidad de tener sal precursora de Cu(ll) con una cantidad de agua
constante se prepararon disoluciones en DMSO de esta (5 ml), las cuales se
sometieron a calentamiento con agitacion a 90°C durante hora y media. Se deja

enfriar y se realizan los experimentos electroquimicos correspondientes.

2.7.2.-Estudio electroquimico de los compuestos de coordinacidén Cu(ll)-(N-N)2
y Cu(ll)-pdto

Se prepararon disoluciones en DMSO anhidro de los compuestos de coordinacién
(5 ml), las cuales se sometieron a calentamiento con agitacion a 90°C durante hora
y media, con la finalidad de garantizar una cantidad minima de agua. Se deja enfriar

y se realizan los experimentos electroquimicos correspondientes.

2.7.3.-Estudio electroquimico oxigeno molecular para generacion in situ del
superoxido

Se obtuvieron voltamperometrias ciclicas cada cinco minutos a una disolucién de
electrolito soporte TBABFs 0.1M en DMSO anhidro, previamente burbujeada con N2
por 10 minutos, monitoreando la respuesta del Oz disuelto durante un tiempo de 2

horas.

2.7.4.- Estudio electroquimico KO2

Se prepararon disoluciones de superoxido de potasio 0.01M en DMSO anhidro en
presencia de éter corona. Se pesaron 7.4 mg (0.1mmol) de KOz en polvo y 26.2 mg
(0.20 mmol) de éter corona/18-corona-6 y se colocaron en un matraz seco, al cual
se adicionaron 10 mL de DMSO, mas el electrolito soporte 0.1M (TBABF4 0
TBAPFs). La relacion 1:2 de estos reactivos, se establece para desplazar el

equilibro, dada la baja solubilidad del KO2en DMSO. La mezcla fue agitada durante
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1 hora hasta obtener una disolucion de color amarillo pélido. A partir de esta

disolucion se realizaron los experimentos electroquimicos para su caracterizacion.

2.8.-Estudio electroquimico de la interaccién de los compuestos Cu(ll)-(N-N)2

con el ion superdxido generado a partir de oxigeno

Se tomaron 5ml de la disolucion de los compuestos de coordinacion Cu(ll)-(N-N) 1
mM en DMSO anhidro, saturada con oxigeno ambiental 2.1 mM. Se monitorea la
interaccion de cada compuesto con el ion superédxido electrogenerado, mediante

voltamperometrias ciclicas.

2.9.- Estudio electroquimico de la interaccion de los compuestos Cu(ll)-(N-N)2
y Cu(ll)-pdto con KOz

Se prepararon por separado disoluciones 0.01M de KOz y Cu(ll)-pdto en DMSO
en presencia de electrolito soporte y se mezclaron sus respectivos volumenes para
tener una concentracién 11mM de cada especie, en relacién 1:1 complejo de Cu(ll):
superéxido. Se obtuvieron voltametrias ciclicas antes y después de la mezcla. En
el caso de los compuestos Cu(ll)-(N-N)2 se sigue el mismo procedimiento, con una
concentraciones finales en la mezcla de reaccion 1mM del complejo y del KOz2.
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5. Perspectivas

Se propone utilizar otros compuestos de cobre (ll), utilizando diferentes sales
precursoras para la sintesis de los complejos, para verificar los resultados

obtenidos.

Es necesario realizar experimentos con técnicas espectroscopicas rapidas, para
comparar los resultados obtenidos mediante voltamerometria ciclica, respecto al
mecanismo de reaccion que se presenta en la mezcla de los complejos sintetizados

y el ion superoxido.

Se sugiere la utilizacion de otros compuestos de coordinacion de metales como
Ni(ll) y Fe(ll), presentes en sitios cataliticos de la enzima SOD, con actividad
biolégica probada, para poder contribuir con informacién mas especifica para el

disefio de compuestos biomiméticos tipo SOD (superdxido dismutasa).
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Anexo |
Espectroscopia IR

[Cu(3,4,7,8,tm-1,10-fen)2NO3]NOa-H20
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[Cu(5-metil-1,10-fen)2NO3s]NO3-3H20
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[Cu(4,7-dimetil-1,10-fen)2 NO3]NOs
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Anexo Il. Reflectancia Difusa

[Cu(3,4,7,8,tm-1,10-fen)2NO3]NO3-H20
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[Cu(5-metil-1,10-fen)2NO3s]NO3-3H20

| —— Cu-5m,1,10-Fen-NO3 |

1.2 4
A= 981 nm
A =758 nm
max
0.8
<
=}
< 0.4 1
0.0
T T T T T T T T T
600 800 1000 1200 1400
A/ nm

[Cu(4-metil-1,10-fen)2NO3]NOs-H20

Cu-4m,1,10-Fen-NO3]

kax=738nm

m:

A/ UuA
o
[e:]
1

T T T T T T T T
600 800 1000 1200 1400
A/ nm




Glesis do dsct

[Cu(4,7-dimetil-1,10-fen)2 NO3]NOs
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Anexo lll. UV-vis en solucidén

[Cu(3,4,7,8,tm-1,10-fen)2NO3]NO3-H20
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[Cu(5-metil-1,10-fen)2NO3]NO3-3H20

80 4
| —— Cu-5m-1,10-fen-NO3]
60
Ma= 697 NM
£
(&)
¥ 40
S
E
= = 1018 nm
w
20 H
0 T T T T T T T T T
600 800 1000 1200 1400

A/nm

[Cu(4-metil-1,10-fen)2NO3]NOz-H20

100
| —— Cu-4m-1,10-fen-NO3|
80
o A= 700 NM
= 601 ma:
jo
S
S 40 1 A= 992 NM
w
20 H
0 T T T T T T 1
600 900 1200 1500

A/nm




Glesis do dsct

[Cu(4,7-dimetil-1,10-fen)2 NO3]NOs
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Anexo IV. Voltamperometria ciclica

[Cu(3,4,7,8,tm-1,10-fen)2NO3]NO3-H20
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[Cu(1,10-fen)2NO3]NO3-H20
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[Cu(5-metil-1,10-fen)2NO3]NO3-3H20

4.0y

3.0y

2.0p

1.0p

i/A

0.0 +

-1 Ou -

2.0u4E,_

Ic
T T T T T T T T
2.0 15 1.0 05 0.0 05
E/V Fc-Fc¢'

= 1000 mV

4011 —— 500 mV la

2.0u H

0.0 +

i/A

-2.0u H

_40u -

Ic

T
04 0.3 0.2
E/V Fc-Fc'

T
-0.7 -0.6 -0.5

98



Glesis do dsct

[Cu(4-metil-1,10-fen)2NO3]NO3-H20
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[Cu(4,7-dimetil-1,10-fen)2 NO3]NOs
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[Cu(5-Cloro-1,10-fen)2NO3]NOs
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[Cu(5-nitro-1,10-fen)2NO3]NOs3
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Anexo V. Voltametrias KO2 1mM en DMSO + TBAPFs 0.1 M
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Voltamperograma ciclico del KO, 1 mM en DMSO en presencia de TBAPFs 0.1 M + 2

equiv. de 6-éter-18-corona, obtenido en sentido anédico. E.T. Pt, v=0.1 V/s.
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Fig. 3.25.-Voltamperograma ciclico del KO, 1 mM en DMSO en presencia de TBAPFs 0.1
M + 2 equiv. de 6-éter-18-corona, obtenido en sentido catddico. E.T. Pt, v=0.1 V/s
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Tabla 1.1 Datos cristalogréficos y del refinamiento de las los complejos

Compuesto [Cu(tm-1,10-fen),NO3]NO3 H,O [Cu(1,10-fen).NO3]NO3

Formula empirica C32H34CuNO~ C24H16CuUNsOs

Masa molecular 678.19 547.97

Temperatura 130(2) K 130(2) K

Longitud de onda 0.71073 A 0.71073 A

Sistema cristalino Monoclinico Monoclinico

Grupo especial P 21/c Cc

Celda unitaria a=7.7233(6) A a =30.7195(14) A
o=90°y=90° o=90°y =90°

b = 23.202(2) A

b =37.429(2) A

B= 95.772(6)°

B= 100.929(4)°

c = 16.8592(11) A

c =7.3603(3) A

Volumen 3005.8(4) A3 8309.3(7) A3
Z 4 16

Densidad (calculada) 1.499 Mg/m3 1.752 Mg/m3
Coeficiente de absorcién 0.787 mm-1 1.113 mm-1
F(000) 1412 4464

Intervalo theta para la

3.41to 26.05°.

3.42 to 25.35°.

coleccion

Reflexiones colectadas 13635 30546

Reflexiones independientes | 5940 [R(int) = 0.0411] 12167 [R(int) = 0.0403]
% de theta completado 99.8 % 99.7 %

Método de refinamiento

Minimos cuadrados en matriz
completa en F2

Minimos cuadrados en
matriz completa en F2

Bondad del ajuste en F2

1.042

1.021

indice final R [I>2sigma(l)]

R1 =0.0427, wR2 = 0.0873

R1 =0.0394, wR2 =
0.0847

indice R (todos los datos)

R1 = 0.0649, wR2 = 0.0978

R1 =0.0493, wR2 =
0.0901

Dif. mayor de pico and

hueco

0.382y-0.421 e.A-3

0.827y-0.614 e.A-3
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Electrochemical behaviour of metal complexes with N2S2 and (N-N)
ligands

Luis Ortiz-Frade**, Lena Ruiz-Azuara?, Marcos Flores-Alamo?, Vanessa Ramirez-Delgado ?,
Mayra E. Manzanera-Estrada’, Juan Carlos Garcia-Ramos?

1 Centro de Investigacion y Desarrollo Tecnolégico en Electroquimica S.C. CIDETEQ, Parque
Tecnoldgico Querétaro, Sanfandila, Pedro de Escobedo, C.P. 76703. Querétaro, México
2 Universidad Nacional Auténoma de México, Facultad de Quimica, Departamento de Quimica
Inorganica, México, D.F., 04510.México
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Metal complexes with ligands containing nitrogen and sulfur donor atoms (N2S;) and (N-N), have
attracted the attention of several research groups around the world because of their applications in
medicinal chemistry, homogeneous catalysis, electrocatalysis, and their use as biomimetic systems
[1-3]. Particularly, the open chain N2S; ligand, 1,8-bis-(2-pyridyl)-3,6-dithiaoctane (pdto), has
increased interest in the field of coordination chemistry due to its high flexibility towards the
preferential geometry of the metal center [4]. In this work, we synthesized and characterized a
series of metal complexes of Ni(ll), Cu(ll) and Co(ll) with pdto, [Cu(pdto)H.O](NOs),,
[Cu(pdto)H.O](PFs)2, [Ni(pdto)(NO3)]NOs, [Ni(pdto)(CHsCN)2](BF4)2, [Co(pdto)Cl;] and, (N-N)
ligands, [Cu(1,10-phen)2(NO3)]NOs, [Cu(3,4,7,8-tetramethyl-1,10-phen)>(NO3)]NOs, [Ni(1,10-
phen)s](BF4)2 and [Co(1,10-phen)s](BF4)2. The characterization was carried out in solid sate and in
solution, with conventional techniques, such as IR, UV-visible, X-ray diffraction, conductimetric
and magnetic measurements. The electrochemical behavior of these complexes was explored using
cyclic voltammetry and chronoamperometry in non aqueous solvents, in order to understand the
role of the chemical structure and the flexibility of pdto and (N-N) ligands in the electrochemical
processes of the each metal center.
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Abstract. This work presents the electrochemical characterization of
Cu(NOs3),*2.5H,0, [Cu(pdto)H,O](PF¢), and superoxide ion in DMSO.
The electrochemical processes Cu(II) + 2e — Cu(0), [Cu(pdto)(H,0)]**
+ 1e = [Cu(pdto)]™, [Cu(pdto)]” + le = Cu(0), O, <> O, + le~, and
0, + le + H" — OOH™ were identified. The electrochemical response
of a mixture of the complex [Cu(pdto)(H,0)]** with superoxide was
studied and, according to this result, it was possible to establish a
simple methodology that indicates if a compound presents a superox-
ide dismutase (SOD)-like mechanism.

Keywords: Copper (I11) complex, pdfo=1,8-bis-(2-pyridyl)-3,6-dithia-
octane, SOD mechanism, electrochemistry.

Resumen. En este trabajo se presenta la caracterizacion electroquimi-
ca de Cu(NO3),*2.5H,0, [Cu(pdto)H,0](PF¢), y del ion superdxido en
DMSO. Se identificaron los procesos electroquimicos Cu(Il) + 2e —
Cu(0), [Cu(pdto)(H,0)]*" + le — [Cu(pdto)]", [Cu(pdto)]" + le —
Cu(0), 0, <> O, + le” y Oy~ + le + H" — OOH". Posteriormente,
se estudio la respuesta electroquimica de una mezcla del complejo
[Cu(pdto)(H,0)]*" con el ion superoxido y de acuerdo con este resul-
tado, fue posible establecer una metodologia sencilla que indica si un
compuesto presenta un mecanismo tipo superoxido dismutasa, SOD.
Palabras clave: Complejos de Cu(ll), pdto=1,8-bis-(2-piridil)-3,6-
ditioctano, mecanismo SOD, electroquimica.

Introduction

Intracellular enzyme superoxide dismutase (SOD) in normal
conditions, has the role of protecting the cell against oxygen
radicals generated in the processes of cellular respiration. SOD
enzyme transforms two superoxide radicals to hydrogen per-
oxide and molecular oxygen. Its active site is a coordination
compound with transition metals, such as Cu, Zn, Fe, Mn or Ni,
depending on the place where the biosynthesis takes place, with
homologies in their sequences and three-dimensional structure
[1, 2]. Several studies have proposed that a decrease in Mn-
SOD and Cu-Zn SOD activities is one of the most important
differences between normal cells and tumor cells [3-5]. The
role of ZnCu-SOD is manifested in a significant survival of
mice with solid tumors, after a single administration dose (IV/
IM) of this enzyme [6]. The above-mentioned have attracted at-
tention to design new SOD biomimetic compounds [7-13]. The
catalytic reaction mechanism that presents the ZnCu-SOD, and
therefore a biomimetic compound, consists in a disproportion
of superoxide radical in two steps, first to generate molecular
oxygen, O,, and subsequently the formation of hydrogen per-
oxide, H,0,, see equations 1 and 2. It has been proposed that
for a SOD biomimetic complex, its formal electrode potential
(Cu?**L/Cu*L) should be ranging from -330 to 890 mV/NHE
at pH = 7.0, [14, 15].

Cu*L + 0,” — Cu'L + O, (1)

Cu'L + 0,” + 2H" — Cu>'L + H,0, )

The aqueous formal electrode potential value for the com-
plex [Cu(pdto)(H,0)]*" (pdto = 1,8-bis-(2-pyridyl)-3,6-dithia-
octane) see figure 1, and its interaction with DNA, led to our
group to explore the biological activity of this complex with
several tumor lines, finding a similar activity than those ob-
tained for the compound cis-platin in the tumor line Hela [16-
20]. However, in this study the reaction between the copper
complex and the superoxide ion was not studied.

A widely used test for determining if a compound presents
a SOD-like mechanism is the Xanthine oxidase bioassay. In
the standard procedure the Xanthine/Xanthine oxidase system
is used as a source of superoxide radicals and the native cyto-
chrome c is used as a radical trapping. When the SOD enzyme
is added in the assay, the reduction of cytochrome c presents a
decrease, due to the disproportion of superoxide by the enzyme
[21]. The reaction between superoxide and cytochrome c is fol-
lowed spectrophotometrically at 550 nm. To evaluate the SOD
activity, the enzyme is replaced by a compound of interest. The
change in absorbance represents the percentage transformed,
with the use of a plot concentration vs. volume, a value of SOD
activity is obtained and referenced to the activity of the SOD en-
zyme [9, 22]. However, this method has several disadvantages
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Fig. 1. Ligand pdto = 1,8-bis-(2-pyridyl)-3,6-dithiaoctane.



Electrochemical Study of the Complex [Cu(pdto)(H,0)]** (pdto =1,8-bis-(2-pyridyl)-3,6-dithiaoctane) in the Presence of the Superoxide. 193

which include the use of expensive reagents, highly controlled
conditions, and interferences associated to interactions between
the compound of interest with the radical generator (xanthine/
xanthine oxidase) and the radical trapping (cytochrome c) [21].
These interferences can be avoided by using dimethylsulfoxide
in alkaline conditions, which promote the generation of super-
oxide radicals [23]. Furthermore, in this bioassay the short half-
life of the superoxide in aqueous solution is not considered,
thus the values of SOD activity are under estimated. Several
electrochemical methods have been proposed for SOD activ-
ity measurements, based in the generation of superoxide ion
by autoxidation of pyrogallol, 6-hydroxy-dopamine or O, [24,
25]. These methods present disadvantages, such as: being an
indirect way to detect and to generate the superoxide ion, the
presence of parallel reactions, the use of surfactants and the
use of hanging drop mercury electrode (HDME). Therefore, it
is necessary to find alternative methods that show evidence of
a SOD-like mechanism, considering the stability of the super-
oxide and with easy implementation in laboratory. According
to the above-mentioned, this work presents the electrochemical
response of Cu(NO;),*2.5H,0 and Cu(Il)-(pdto) in a solvent
that stabilizes the superoxide ion, such as DMSO, in order to
study the reaction between the complex and superoxide using
simple electrochemical methods. The results obtained in this
work allowed us to establish the feasibility of using simple
electrochemical techniques to measure SOD activity.

Results and Discussion

Spectroscopic and electrochemical characterization in
DMSO of Cu(NO;),°2.5H,0

The electronic spectrum of Cu(NO3),*2.5H,0 in DMSO shows
a broad signal with maximum wavelength at 840 nm, attrib-
uted to an electronic transition d-d, with a molar extinction
coefficient value of 27 Lmol~lcm™' [26]. Figure 2 shows the
voltammetric response, recorded in cathodic direction, of 1.6
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Fig. 2. Cyclic voltammogram of 1.6 mM Cu(NO3),*2.5H,0 in DMSO
in the presence of 0.1 M TBABF, obtained in cathodic direction. The
working electrode was Pt. Scan rate 0.1 V/s.

mM Cu(NO;),*2.5H,0 in DMSO, in the presence of 0.1 M
TBABF, as supporting electrolyte. In this experiment, one re-
duction process Ic, with a peak potential value E,(I) = —0.538
V/Fc-Fc*, was observed. When the potential scan was inverted
to anodic direction, two oxidation signals, Ila and Ia, are de-
tected with peak potential values E,,(II) = —0.566 V/Fc-Fc*
and E,(I) = —0.323 V/Fc-Fc". The low oxidation barrier near
0.6 V V/Fc-Fc" is indicative of the presence of water from
the copper salt. When the experiments were performed with a
dehydrated copper salt, the oxidation barrier was observed near
1 V/Fc-Fc*, experiments not shown. The immediate increase
in cathodic current when the experiment was initiated could
be related to the presence of two chemical species from dif-
ferent redox couples, being one of these the chemical species
of Cu(Il) that generate a mixed potential. Figure 3 presents a
series of cyclic voltammograms with different switching po-
tential values (E_;) in cathodic direction. As can be seen from
this figure, the current associated to the processes Ia and Ila
present an increase at switching potential values (E_;) near to
potentials where the reduction process Ic is recorded; therefore,
dependence between reduction and oxidation processes can be
established.

The process Ic corresponds to the electrochemical reac-
tion Cu(Il) + 2e — Cu(0), while processes Ia and Ila can be
associated with two copper stripping reactions, each one for a
different chemical species of Cu(Il) [27].

Study of the metal complex formation Cu(II)-pdto in
DMSO

In order to study the formation of coordination compound
Cu(Il)-pdto in DMSO, spectroscopic and electrochemical ex-
periments were carried out. Figure 4 shows typical UV-Vis
spectra of 2.5 mM Cu(NO3),°2.5H,0 in DMSO in the presence
of different amounts of pdto. This figure shows two electronic
transitions at 840 nm and 584 nm, related to a Cu(II) complex
with a Jahn Teller distortion [26].
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Fig. 3. Cyclic voltammogram of 1.6 mM Cu(NOj3),*2.5H,0 in DMSO
in the presence of 0.1 M TBABF, obtained in cathodic direction with
different switching potential values (E_;). The working electrode was
Pt. Scan rate 0.1 V/s.
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The spectroscopic experiments allowed us to establish the
formation of the metal complex. However, this response did
not indicate the stabilization of Cu(I) and Cu(II) species, which
is the first step to propose a SOD like mechanism. Therefore,
electrochemical experiments were carried out. Figure 5 presents
typical cyclic voltammograms of 2.5 mM Cu(NO3),*2.5H,0 in
DMSO + 0.1 M TBABF; in the presence of different equiva-
lents of pdto. It is observed that the addition of pdfo decreases
the current associated with the processes I¢, Ia and Ila. Simul-
taneously, three new signals I'c, II'c and II"a are observed,
with peak potential values at —0.250, —0.970, and —0.626 V/Fc
+ Fc, respectively.

These results indicate that the chemical species [Cu(pdto)]*
is stabilized at the electrode interface as a consequence of the
flexibility of the pdto ligand towards the preferential geometry
of the central atom, such as in their corresponding Cu (II) and
Cu(I) complexes reported in literature [17]. Hence, it is possible
to propose the next reduction processes:

[Cu(ID-(pdto)L]*" + 1e = [Cu(I)-(pdto)]" +L I'c
L=DMSO or H,0O

i_ = 840 nm

0E o

0E o

— 0.0 equiv. pdto
m— .2 equiv. pdio
0.4 equiv. pdio
—— 0.6 equiv. pdio
— 0.8 equiv. pdto
m— .0 eguiv. pdio

Absorbance ! au
=
=

Fig. 4. Electronic spectra of 2.5 mM Cu(NOj3),2.5H,0 in DMSO in
the presence of different amounts of pdro.

I
[y J—, ¥ equiv. pdto a
—— 0.2 equiv. pdto
8049 0.4 equiv. pdto
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6014 0.8 equiv. pdto
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Fig. 5. Cyclic voltammogram of 1.6 mM Cu(NO3),*2.5H,0 in DMSO
+ 0.1 M TBABF, in the presence of different amounts of pdro. The
working electrode was Pt. Scan rate 0.1 V/s.
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[Cu(D)-(pdto)]+ 1e — Cu(0) II'e

The anodic processes Ia, Ila and II’a correspond to the
stripping of Cu(0). The shift to more negative peak potential
value for signal II’a compared with Ila is caused by the for-
mation and stabilization of [Cu(pdfe)]” in the redissolution
process. A detailed study of these signals is beyond the scope
of this paper.

In situ reaction between Cu(NO;),°2.5H,0 and pdfo in
DMSO release water from the copper salt to the medium, making
the superoxide ion unstable and causing a low oxidation barrier.
Therefore, we decided to obtain the corresponding complex
[Cu(pdto)(H,0)](PFg),, which contains the minimum amount
of water, to study its reaction with the superoxide ion.

Electrochemical behavior of the compound
[Cu(pdto)H,0](PF),

Figure 6 presents a cyclic voltammogram, obtained in cathod-
ic direction, for a 1mM solution of [Cu(pdto)(H,0)](PF¢), in
DMSO containing 0.1 M TBABF, as supporting electrolyte.
In the whole potential scan two reduction processes, Ic and
Ilc, and three main oxidation processes, I1*a, Ila and Ia, were
observed; with their corresponding values E () = —0.249 V/
Fe-Fc', E, (Il) = —0.846 V/Fc-Fc', Ey,(I*a) = -0.111 V/Fc-
Fc', Ejy(Ila) = —0.015 V/Fc-Fc" and E,,(Ia) = 0.649 V/Fc-Fc™.
When the experiment was performed in anodic direction, see
figure 7, the same signals were observed, with the exception of
signal Ia. This last signal indicates the stabilization of a copper
(I) species generated after the copper (0) stripping, due to the
low content of water in the solution.

Considering the facultative nature of pdto, already men-
tioned, it is possible to propose for the principal reduction
processes the following electrochemical reactions with their
corresponding values of half wave potential E;,:

[Cu(pdto)(H,0)]*" + le — [Cu(pdto)]" Ic
E;=-0.047V vs Fc-Fc*

0.0

30.0p -

20.0p <

10.0u 4

1

oo+

1000 <

20,0y

3.0p

45 Ap @5 0o 05 10 15
EiW vs Fe-Fe'
Fig. 6. Cyclic voltammogram of 11 mM [Cu(pdto)(H,0)]*" in DM-

SO containing of 0.1 M TBABE, in cathodic direction. The working
electrode was Pt. Scan rate 0.1 V/s.
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[Cu(pdto)]" + le ->Cu(0) E;,=—-0.735 V vs Fc-Fc* IIe’

The anodic processes, II*a, III*a, and Ila can be also
related with the formation of different chemical species from
the copper stripping processes. Electrochemical Quartz Crystal
Microbalance (EQCM) should be performed in order to con-
firm this idea, but this is beyond the scope of this paper.

Electrochemical characterization of superoxide in DMSO

Figure 8 shows the voltammetric response of superoxide O,*~
(KO, + 2 equiv. of 18-crown-6 ether) in DMSO containing
supporting electrolyte, recorded in anodic direction. It can be
observed one oxidation process, Ia, and two reduction pro-
cesses, Ic and Ile, with peak potential values E,(1a) = —0.856,
Epc(Ie) = —1.073 and E(Ile) = —1.596 V/Fc-Fc'. The absence
of the corresponding oxidation signal for Ile suggests a EC
mechanism O,*~ + le + H" — OOH™ [27,28]. Water traces in

5000 - I
a
400y -]
KA LVTRY
2000 |
<
iy 10003
E.
00 *
=100
-20:0u
-3y - . - T T T ¥
20 1.5 -10 05 4] 05 1.0 15

ENV ws Fe-Fe'
Fig. 7. Cyclic voltammogram of 11 mM [Cu(pdto)(H,0)]*" in DMSO
containing 0.1 M TBABF, in anodic direction. The working electrode
was Pt. Scan rate 0.1 V/s.
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Fig. 8. Cyclic voltammogram obtained in anodic direction of 11 mM
KO, in DMSO + 0.1 M TBABF, in the presence of 2 equivalents of
18-crown-6 ether. The working electrode was Pt and the scan rate
was 0.1 V/s.

the experimental conditions could be the source of proton donor
in the coupled reaction.

Additionally, the voltammetric response of superoxide O,*~
(KO, + of 2 equiv. of 18-crown-6 ether) in cathodic direction
was recorded, see figure 9. In this case one reduction process,
IIc (Epc = —1.561 V/Fc-Fc"), and one oxidation process, Ia
(Epa = —0.818 V/Fc-Fc") are observed. This fact confirms the
chemical reaction coupled in process Ile and indicates that their
products affect the process I.

Based on the literature, process I is attributed to the elec-
trochemical reaction O,*~ <> O, + le™ (E° =-0.965 V/Fc-Fc"),
while II corresponds to the irreversible process O,*~ + le + H*
— OOH™ [28]. In order to establish the stability of the super-
oxide solutions, voltammetric experiments were recorded as a
function of time. The results shown that there are not signifi-
cant changes in peak potential values and current peak values
for processes I and II (experiment not shown for simplicity)
during three hours, indicating that the ion O,*" is stable in this
time window.

Electrochemical response of the reaction of complex
[Cu(pdto)(H,0)]|** with superoxide

Figures 10 and 11 show typical cyclic voltammograms in
cathodic and anodic directions of [Cu(pdto)(H,0)]*" and its
mixture with the superoxide ion (O,*”). An inspection of the
reaction mixture voltammogram allow us to see a displacement
in the peak potential value for process Ic, and a decrease in the
current for processes Ila and Ila*. Additionally, the signals re-
lated to superoxide after the reaction mixtures are not observed.
On the other hand, when the experiments were performed in
anodic direction, the current Ia associated with the presence of
[Cu(pdto)]" in solution was detected, figure 11. This species
was generated from the homogeneous electron transfer between
the complex [Cu(pdto)(H,0)]*" and the superoxide ion, ac-
cording to their respective values E;, = —0.047 V/Fc-Fc* for
process [Cu(pdto)(H,0)]>" + 1e — [Cu(pdto)]* and E° = —-0.965

M —kKo2
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=100y 4
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Fig. 9. Cyclic voltammogram obtained in cathodic direction of 11 mM
KO, in DMSO + 0.1 M TBABF; in the presence of 2 equivalents of
18-crown-6 ether. The working electrode was Pt and the scan rate
was 0.1 V/s.
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Fig. 10. Cyclic voltammogram of (a) 11 mM [Cu(pdto)(H,0)]*" so-
lution, b) 11 mM [Cu(pdto)(H,0)]>+ 11 mM KO, . The experiments
were acquired in cathodic direction in DMSO + 0.1 M TBABF,. The
working electrode was Pt and the scan rate was 0.1 V/s.
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Fig. 11. Cyclic voltammogram of (a) 11 mM [Cu(pdto)(H,0)]*" so-
lution, b) 11 mM [Cu(pdto)(H,0)]>"+ 11 mM KO,. The experiments
were acquired in anodic direction in DMSO + 0.1 M TBABF,. The
working electrode was Pt and the scan rate was 0.1 V/s.

V/Fe-Fc* for the process O,*” <> O, + le. These values also
suggest that the coordination compound did not present a cata-
lytic SOD mechanism. The presence of the species [Cu(pdto)]*
and the shift in the peak potential value for signal I¢, attributed
to chemical species with different coordination sphere, prob-
ably [Cu(pdto)(OH)]" or [Cu(pdto)O,*~]" confirm this idea. The
results obtained in this work encourage us to study a system
with a well-known SOD-like activity in a future paper.

Conclusions

By using cyclic voltammetry it was possible to study the electro-
chemical response of Cu(NOs),*2.5H,0 and [Cu(pdto)(H,0)]**
in a solvent that stabilizes the superoxide ion as DMSO. The
facultative nature of the ligand pdto, allowed us to observe
the processes [Cu(pdto)(H,0)]*" + le — [Cu(pdto)]" and

Mayra Manzanera-Estrada et al.

[Cu(pdto)]” + le — Cu(0) in DMSO. It was established that
the metal complex [Cu(pdto)(H,0)]*" did not present a SOD-
like catalytic mechanism. However, the results presented here
support the idea that it is possible to study by electrochemical
techniques the reaction between superoxide and a compound
of interest, in order to associate the biological activity with its
ability to participate in a SOD-like catalytic mechanism.

Experimental
Chemicals

All chemicals were purchased from Aldrich or Acros Organics
and were used as received. DMSO 99.7% Extra Dry over mo-
lecular sieve (Acros Organics) was used in all experiments.

Synthesis

The ligand 1,8-Bis(2-pyridyl)-3,6-dithioctane (pdto) was pre-
pared by the method described by Goodwin and Lions. Yield
70% [29]. Elemental analysis: Calcd. for CigHyoN»S,: %C,
63.1; %H, 6.6; %N, 9.2; %S, 20.1. Found: %C, 63.1; %H, 6.2;
%N, 9.7; %S, 20.5.

The compound Aquo 1,8-bis(2-pyridyl)-3,6-dithiaoctane
copper (II) hexaflurophosphate, [Cu(pdto)(H,O)](PFy), was
obtained by mixing 0.304 g (1.0 mmol) of pdfo and 0.294
g of Cu(NO3), 2.5 H,O (1.0 mmol) in 50 mL of anhydrous
methanol. The solution was stirred and a deep blue color was
observed. Two equivalents of ammonium hexafluorophos-
phate (0.0088 g) were added to the reaction mixtures and a
blue precipitate was obtained. Elemental analysis: Calcd. for
CUC16H21N282OP2F12; %C, 284, %H, 31, %N, 42, %S, 9.5.
Found: %C, 28.1; %H, 3.0; %N, 4.7; %S, 9.3.

UV-Visible spectroscopy

UV-Vis spectra were obtained with a Thermo Evolution Ar-
ray spectrophotometer in a range from 200 to 1000 nm. All
measurements were performed in a quartz cell with optical
path of lem. The measurements were performed in anhydrous
DMSO.

Electrochemical experiments

The electrochemical experiments were performed using a po-
tentiostat/galvanostat VoltaLab, PGZ 301, Radiometer Copen-
hagen, controlled with a PC. DMSO solutions containing 0.1
M TBABF, were used as supporting electrolyte. All electro-
chemical measurements were performed using a typical three-
electrode arrangement. A commercial platinum disk electrode
(diameter = 2 mm) was used as working electrode, a platinum
wire was used as auxiliary electrode and a silver wire was em-
ployed as pseudo-reference electrode in all experiments. Prior
to using the working electrode, it was polished with diamond
powder, rinsed with distilled water and sonicated for 2 min-
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utes. Before each measurement the electrode is polished with
a-alumina (0.6 micron), rinsed with distilled water and dried.
The solutions were also bubbled with nitrogen before each
experiment. All potential values are reported vs the couple
Fc/Fc*, according to the TUPAC convention [30]. Under the
above conditions, cyclic voltammetry experiments were carried
out in cathodic and anodic direction starting from open circuit
potential (Ei—o).

Preparation of superoxide solutions in DMSO

7.4 mg (10mmol) of KO, and 26.2 mg (20 mmol) of 18-
crown-6 ether were added to 10 mL of DMSO containing 0.1
M TBABF,, the mixture was stirred for 1 hour, until a pale
yellow solution was obtained [31]. This solution was used for
electrochemical measurements.
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In the title compound, [Cu(C;cH,oN,S,)(H,O)](NO;),:-
CH;CN, the Cu'" atom displays a distorted square-pyramidal
coordination, in which a water molecule occupies the apical
position and the basal plane is formed by two N atoms and two
S atoms of a 1,8-bis(pyridin-2-yl)-3,6-dithiaoctane ligand. The
crystal packing is stabilized by O—H---O and C—H---O
hydrogen bonds.

Related literature

For a related compound, see: Rodriguez-Torres et al. (2009).
For related structures of Cu(Il) complexes with 1,8-bis-
(pyridin-2-yl)-3,6-dithiaoctane ligands, see: Brubaker et al.
(1979); Humphery et al. (1988). For a description of the
geometry of complexes with five-coordinate Cu" ions, see:
Addison et al. (1984).

(NO3), - CH,CN

Experimental

Crystal data

[Cu(CsH20N,S,)(H,0)[(NO3),-- M, = 551.09
GC,H;N Triclinic, P1

a=288409 (5) A
b =10.8140 (5) A
c=135141 (6) A
o = 79.895 (4)°

B = 71.500 (4)°

y = 69.817 (4)°

Data collection

Oxford Diffraction Gemini Atlas
diffractometer

Absorption correction: multi-scan
(CrysAlis RED; Oxford

V = 1146.86 (10) A®
Z=2

Mo Ko radiation
u=118 mm™!
T=138K

0.59 x 0.30 x 0.08 mm

8086 measured reflections
4509 independent reflections
3744 reflections with 7 > 20(1)
Rine = 0.023

Diffraction, 2006)
Tnin = 0.624, Trax = 0.914

Refinement

R[F? > 20(F%)] = 0.030
wR(F?) = 0.076

S =1.06

4509 reflections

305 parameters

H atoms treated by a mixture of
independent and constrained
refinement

APrmax = 0.66 € A7

APmin = —042 ¢ A3

Table 1 .

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A D---A D—H---A
OlW—HI1D.-.05' 0.74 (3) 1.94 (3) 2.669 (2) 169 (3)
O1W—HIE-- -0l 0.77 (2) 2.00 (3) 2.754 (3) 166 (2)
C3—H3.--02" 0.95 2.55 3.487 (3) 168
C8—HB8A. - .01 0.99 2.54 3.447 (3) 152
C8—HS8B- - 04 0.99 2.55 3341 (3) 137
C10—HI10A- - -O1% 0.99 2.43 3.228 (3) 137
C10—H10B---05" 0.99 2.45 3271 (3) 140
C13—H13.--06" 0.95 242 3277 (3) 149
Cl4—H14---02" 0.95 2.56 3.220 (3) 127
C16—H16- - -06" 0.95 2.36 3.126 (3) 137
C17—H17A. --06 0.98 2.26 3.145 (3) 150

Symmetry codes: (i) —x+1,-y+1,—-z+1; (i) —x+1,-y+1,-z+2; (i)
x+Ly,zz(iv)x+1Ly+1,z,(v)x,y+1,z

Data collection: CrysAlis CCD (Oxford Diffraction, 2006); cell
refinement: CrysAlis RED (Oxford Diffraction, 2006); data reduc-
tion: CrysAlis RED; program(s) used to solve structure: SHELXS97
(Sheldrick, 2008); program(s) used to refine structure: SHELXL97
(Sheldrick, 2008); molecular graphics: ORTEP-3 (Farrugia, 1997);
software used to prepare material for publication: WinGX (Farrugia,
1999).

The authors thank CONACyT (130500) for financial
support.

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: HY2502).
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Comment

Cu(II)-[1,8-bis(pyridin-2-yl)-3,6-dithiaoctane] complex has demonstrated biological activity against human tumor cervix
line HeLa, which can be related to bio-mimetic Cu-SOD activity. Electrochemical studies indicate that the high flexibility
of the 1,8-bis(pyridin-2-yl)-3,6-dithiaoctane ligand towards the preferential geometry of central atom could be an important
factor in biological activity. However, the crystal structure of this compound was not obtained (Rodriguez-Torres ef al.,
2009).

The asymmetric unit of the title compound contains one complex cation [Cu(pd‘[o)(HZO)]2+ [pdto = 1,8-bis(pyridin-2-
yl)-3,6-dithiaoctane], two nitrate anions and one acetonitrile solvent molecule (Fig. 1). The complex cation consists of a
five-coordinated Cu'! ion in a distorted squared-pyramidal environment. The basal sites are occupied by N1, N2, S1 and
S2 of the 1,8-bis(pyridin-2-yl)-3,6-dithiaoctane ligand (Humphery et al., 1988). The basal Cu—N/S bond lengths are in a
range of 2.0169 (17)-2.3488 (6) A. The aqua ligand in the apical position has a Cul—O1W bond distance of 2.1342 (16)
A, 0.129 A shorter than that of 2.263 A observed in [Cu(pdto)(C104)]ClO4 (Brubaker et al., 1979). The basal CuN,S, plane

presents a slight distortion from planarity (t = 0.1621) (Addison ef al., 1984), as shown by the displacements of the atoms
from a mean plane through them; the metal ion is situated 0.2260 (5) A above the N1/N2/S1/S2 plane [least-squares plane:
7.663 (2)x + 1.291 (4)y +9.420 (4)z = 14.302 (4)].

The nitrate anions and acetonitrile molecule are not involved in the coordination sphere of the Cu ion. In the crystal,
O—H--+O and weak C—H---O hydrogen bonds stabilize the crystal packing (Table 1). The water molecule (O1W) interacts

with O1 and OS5 acceptor atoms of the nitrate anions, forming a C22(5) motif.

Experimental

Cu(NO3).2.5H>0 (0.129 g, 0.56 mmol) was dissolved in 20 ml of anhydrous acetonitrile, followed by slow addition of 1,8-

bis(pyridin-2-yl)-3,6-dithiaoctane (0.1693 g, 0.56 mmol) contained in 5 ml of anhydrous acetonitrile. A deep blue solution
was obtained, and by slow ether diffusion, crystals suitable for X-ray analysis were obtained after 3 days.

Refinement

H atoms bonded to O atom were located in difference Fourier maps and refined with Ujso(H) = Ueq(O). H atoms attached

to C atoms were positioned geometrically and refined as riding on their parent atoms, with C—H = 0.95 (aromatic), 0.98
(methyl) and 0.99 (methylene) A and with Ujgo(H) = 1.2(1.5 for methyl) Ueq(C).
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Figures

Fig. 1. The molecular structure for the title compound. Displacement ellipsoids are drawn at
the 50% probability level.

Aqual1,8-bis(pyridin-2-yl)-3,6-dithiaoctane- K4N,S,S',N']copper(ll) dinitrate acetonitrile monosolvate

Crystal data
[Cu(C16H20N252)(H20)](NO3)2 CoH3N
M, =551.09
Triclinic, PT
a=8.8409 (5) A
b=10.8140 (5) A
c=13.5141 (6) A
o= 79.895 (4)°
B=71.500 (4)°
v=69.817 (4)°
V=1146.86 (10) A>

Data collection

Oxford Diffraction Gemini Atlas
diffractometer

graphite

Detector resolution: 10.4685 pixels mm’'

o Scans

Absorption correction: multi-scan
(CrysAlis RED; Oxford Diffraction, 2006)

Tinin = 0.624, Tax = 0.914
8086 measured reflections

Refinement

Refinement on F>

Least-squares matrix: full

R[F? > 206(F%)] = 0.030
WR(F?)=0.076
5=1.06

4509 reflections

zZ=2

F(000) =570

Dy=1.596 Mg m >

Mo Ka radiation, A =0.71073 A

Cell parameters from 5580 reflections

0 =3.5-26.0°
p=1.18 mm !
T=138K

Lamina, dark-blue
0.59 x 0.30 x 0.08 mm

4509 independent reflections
3744 reflections with /> 20(J)
Rine = 0.023

Omax = 26.1°, Opyin = 3.5°

h=-10-9
k=-13—>12
[=-15—16

Primary atom site location: structure-invariant direct
methods

Secondary atom site location: difference Fourier map

Hydrogen site location: inferred from neighbouring
sites

H atoms treated by a mixture of independent and
constrained refinement

w=1/[c2(Fy?) + (0.0411P)*]
where P = (F,> + 2F2)/3
(A/6)max = 0.001
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305 parameters APmax = 0.66 ¢ A3
0 restraints Apmin=—042¢ A
Special details

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two 1.s. planes) are estimated using the full covariance mat-

rix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations
between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of
cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of /2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F* 2, convention-
al R-factors R are based on F, with F set to zero for negative F. The threshold expression of F> G(Fz) is used only for calculating R-

factors(gt) efc. and is not relevant to the choice of reflections for refinement. R-factors based on F? are statistically about twice as large
as those based on F, and R- factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (/fz )

X y z Uiso*/Ueq
Cl 0.5834 (3) 0.7615 (2) 0.83597 (16) 0.0179 (5)
H1 0.5363 0.8284 0.7887 0.021*
2 0.4779 (3) 0.7292 (2) 0.92882 (17) 0.0204 (5)
H2 0.3603 0.7723 0.945 0.024*
c3 0.5462 (3) 0.6329 (2) 0.99811 (17) 0.0218 (5)
H3 0.477 0.6107 1.0638 0.026*
C4 0.7164 (3) 0.5699 (2) 0.97001 (16) 0.0191 (5)
H4 0.765 0.5021 1.0161 0.023*
Cs 0.8173 (3) 0.6045 (2) 0.87531 (16) 0.0158 (4)
C6 1.0013 (3) 0.5327 (2) 0.84063 (16) 0.0174 (5)
H6A 1.0365 0.4776 0.901 0.021*
Hé6B 1.0633 0.5981 0.8174 0.021*
C7 1.0492 (3) 0.4443 (2) 0.75161 (16) 0.0192 (5)
H7A 0.9807 0.3835 0.7731 0.023*
H7B 1.1683 0.3898 0.7403 0.023*
C8 1.2318 (3) 0.5431 (2) 0.56171 (17) 0.0199 (5)
H8A 1.2805 0.5627 0.6115 0.024*
H&B 1.3047 0.4573 0.5331 0.024*
C9 1.2209 (3) 0.6514 (2) 0.47372 (17) 0.0219 (5)
HO9A 1.1771 0.6282 0.4229 0.026*
H9B 1.3349 0.6567 0.4367 0.026*
C10 1.2157 (3) 0.8567 (2) 0.58109 (16) 0.0181 (5)
H10A 1.3303 0.7931 0.5631 0.022*
H10B 1.2242 0.9452 0.5509 0.022*
Cl11 1.1507 (3) 0.8592 (2) 0.70013 (16) 0.0175 (5)
H11A 1.1456 0.7703 0.7313 0.021*
H11B 1.2298 0.8815 0.7266 0.021*
c12 0.9796 (3) 0.9581 (2) 0.73364 (15) 0.0156 (4)
C13 0.9532 (3) 1.0732 (2) 0.77730 (17) 0.0200 (5)
H13 1.0416 1.087 0.795 0.024*
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Cl4
Hl14
Cl15
H15
Cl6
H16
C17
H17A
H17B
H17C
CI18
N1
N2
N3
N4
N5
(0]
02
O1wW
03
04
05
06

S1
S2
Cul
HI1D
HI1E

0.7971 (3)
0.7773
0.6700 (3)
0.5634
0.7027 (3)
0.6155
0.2700 (3)
0.3251
0.2791
0.3244
0.0950 (4)
0.7503 (2)
0.8527 (2)
~0.0409 (4)
0.3300 (2)
0.5198 (2)
0.5078 (2)
0.65264 (19)
0.6855 (2)
0.3987 (2)
0.4269 (2)
0.2323 (3)
0.3220 (2)
1.02040 (7)
1.08663 (7)
0.88876 (3)
0.696 (3)
0.650 (3)

1.1677 (2)
1.2464
1.1474 (2)
1.213

1.0283 (2)
1.0126
0.0954 (2)
0.0748
0.0131
0.1485
0.1690 (3)
0.70242 (16)
0.93454 (16)
0.2285 (3)
0.15790 (18)
0.52975 (17)
0.61883 (15)
0.48347 (14)
0.79702 (17)
0.48851 (19)
0.22261 (17)
0.1471 (2)
0.10636 (19)
0.53473 (5)
0.81202 (5)
0.75583 (2)
0.815 (2)
0.739 (2)

Atomic displacement parameters (142 )

Cl1
C2
C3
C4
C5
C6
C7
C8
C9
C10
Cl11
C12
Cl13
Cl14
Cl15
Cl16

Ull

0.0170 (12)
0.0150 (11)
0.0239 (13)
0.0247 (13)
0.0205 (11)
0.0180 (11)
0.0196 (12)
0.0157 (11)
0.0244 (13)
0.0142 (11)
0.0140 (11)
0.0159 (11)
0.0207 (12)
0.0250 (13)
0.0182 (12)
0.0139 (11)

U22

0.0159 (11)
0.0211 (12)
0.0236 (12)
0.0191 (11)
0.0156 (11)
0.0198 (11)
0.0167 (11)
0.0186 (11)
0.0239 (12)
0.0188 (11)
0.0170 (11)
0.0183 (11)
0.0226 (12)
0.0169 (11)
0.0164 (11)
0.0186 (11)

0.79486 (17)
0.8256
0.76767 (17)
0.7762
0.72745 (16)
0.7098
0.98358 (19)
0.9105
1.0286
1.0036
0.99553 (19)
0.80927 (13)
0.71257 (13)
1.0044 (2)
0.65069 (14)
0.72843 (14)
0.65457 (12)
0.75472 (12)
0.60155 (13)

0.77325 (13)

0.60683 (13)

0.60526 (14)

0.74130 (12)

0.62853 (4)

0.51967 (4)

0.667678 (18)

0.545 (2)

0.6110 (19)
U33 U12
0.0193 (11) ~0.0044 (9)
0.0215 (12) ~0.0058 (10)
0.0160 (11) ~0.0113 (10)
0.0142 (11) ~0.0090 (10)
0.0131 (10) ~0.0068 (9)
0.0151 (11) ~0.0071 (9)
0.0174 (11) ~0.0042 (10)
0.0210 (12) ~0.0040 (9)
0.0148 (11) ~0.0086 (10)
0.0208 (12) ~0.0071 (9)
0.0218 (11) ~0.0046 (9)
0.0120 (10) ~0.0077 (9)
0.0183 (11) ~0.0113 (10)
0.0239 (12) ~0.0092 (10)
0.0210 (12) ~0.0016 (10)
0.0198 (11) ~0.0056 (9)

0.0231 (5)
0.028*
0.0212 (5)
0.025*
0.0180 (5)
0.022*
0.0329 (6)
0.049*
0.049*
0.049*
0.0324 (6)
0.0147 (4)
0.0139 (4)
0.0611 (8)
0.0209 (4)
0.0188 (4)
0.0275 (4)
0.0234 (4)
0.0223 (4)
0.0399 (5)
0.0333 (4)
0.0507 (6)
0.0373 (5)
0.01695 (13)
0.01743 (13)
0.01329 (9)
0.02*

0.02*

U13
~0.0038 (9)
0.0007 (9)
0.0029 (9)
~0.0052 (9)
~0.0050 (9)
~0.0065 (9)
~0.0031 (9)
0.0011 (9)
0.0024 (9)
~0.0018 (9)
~0.0058 (9)
~0.0023 (8)
~0.0017 (9)
0.0023 (10)
~0.0001 (9)
~0.0041 (9)

U23
~0.0015 (9)
~0.0030 (9)
~0.0046 (9)
0.0012 (9)
~0.0026 (8)
0.0032 (9)
0.0017 (9)
~0.0047 (9)
~0.0078 (9)
~0.0020 (9)
~0.0014 (9)
0.0024 (8)
~0.0034 (9)
~0.0041 (9)
0.0008 (9)
0.0026 (9)
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C17
C18
N1
N2
N3
N4
N5
01
02
O1wW
03
04
05
06
S1
S2
Cul

0.0342 (15)
0.0366 (16)
0.0167 (10)
0.0134 (9)
0.0369 (16)
0.0180 (10)
0.0207 (10)
0.0310 (10)
0.0190 (9)
0.0265 (9)
0.0311 (10)
0.0285 (10)
0.0662 (14)
0.0240 (9)
0.0190 (3)
0.0174 (3)
0.01294 (14)

Geometric parameters (4, °)

Cl—NI1
Cl—C2
Cl—H1
C2—C3
C2—H2
C3—C4
C3—H3
C4—Cs
C4—H4
C5—N1
C5—C6
C6—C7
C6—HO6A
C6—H6B
C7—S1
C7—H7A
C7—H7B
C8—C9
C8—S1
C8—HBA
C8—HSB
C9—S2
C9—H9A
C9—H9B
C10—Cl11
C10—S2
C10—H10A
C10—H10B
Cl11—C12

0.0361 (14)
0.0307 (14)
0.0147 (9)
0.0147 (9)
0.0621 (18)
0.0246 (10)
0.0196 (10)
0.0262 (8)
0.0237 (8)
0.0306 (10)
0.0629 (13)
0.0412 (10)
0.0919 (16)
0.0706 (13)
0.0175 (3)
0.0196 (3)
0.01486 (14)

1.345 (3)
1.376 (3)
0.95
1.382 (3)
0.95
1.376 (3)
0.95
1.382 (3)
0.95
1.356 (2)
1.498 (3)
1.530 (3)
0.99
0.99
1.820 (2)
0.99
0.99
1.517 (3)
1.826 (2)
0.99
0.99
1.817 (2)
0.99
0.99
1.529 (3)
1.830 (2)
0.99
0.99
1.501 (3)

~0.0078 (11)
~0.0067 (12)
~0.0023 (7)
~0.0030 (7)
~0.0147 (14)
~0.0026 (8)
~0.0019 (8)
~0.0157 (8)
~0.0114 (7)
~0.0102 (7)
~0.0073 (8)
~0.0069 (8)
~0.0203 (9)
~0.0069 (7)
~0.0022 (2)
~0.0022 (2)
~0.00217 (10)

~0.0044 (11)
~0.0025 (11)
~0.0010 (7)
0.0015 (7)
~0.0030 (15)
~0.0029 (8)
~0.0052 (8)
0.0123 (7)
~0.0029 (7)
0.0058 (7)
0.0128 (9)
0.0032 (8)
0.0136 (10)
0.0111 (8)
~0.0026 (2)
0.0012 (2)
0.00008 (10)

0.0242 (13) —0.0051 (12)
0.0284 (14) —0.0107 (13)
0.0123 (9) —0.0060 (8)
0.0129 (9) —0.0051 (7)
0.074 (2) —0.0040 (14)
0.0180 (10) —0.0055 (9)
0.0158 (9) —0.0068 (8)
0.0294 (9) —0.0141 (8)
0.0277 (9) —0.0018 (7)
0.0163 (8) —0.0168 (8)
0.0322 (10) —0.0318 (10)
0.0362 (10) —0.0229 (9)
0.0228 (10) —0.0612 (13)
0.0171 (9) —0.0205 (9)
0.0142 (3) —0.0070 (2)
0.0139 (3) —0.0070 (2)
0.01176 (14) —0.00559 (11)

Cl11—HI11B

C12—N2

C12—C13

C13—Cl14

C13—H13

C14—CI15

Cl4—H14

C15—Cl16

C15—H15

Cl16—N2

Cl6—H16

C17—C18

C17—H17A

C17—H17B

C17—H17C

C18—N3

N1—Cul

N2—Cul

N4—04

N4—O06

N4—O05

N5—03

N5—02

N5—O01

O1W—Cul

O1W—HID

O1W—HIE

S1—Cul

S2—Cul

0.99
1.353 (3)
1.387 (3)
1.381 (3)
0.95

1.381 (3)
0.95

1.388 (3)
0.95

1.342 (3)
0.95

1.445 (4)
0.98

0.98

0.98

1.129 (3)
2.0265 (17)
2.0169 (17)
1.233 (2)
1.244 (2)
1.252(2)
1.239 (2)
1.246 (2)
1.263 (2)
2.1342 (16)
0.74 (2)
0.77 (3)
2.3419 (6)
2.3488 (6)

sup-5



supplementary materials

CI1—HI1A
N1I—C1—C2
N1—C1—H1
C2—Cl1—H1
C1—C2—C3
Cl—C2—H2
C3—C2—H2
C4—C3—C2
C4—C3—H3
C2—C3—H3
C3—C4—C5
C3—C4—H4
C5—C4—H4
N1—C5—C4
N1—C5—C6
C4—C5—C6
C5—Co6—C7
C5—C6—H6A
C7—C6—H6A
C5—C6—H6B
C7—C6—H6B

H6A—C6—HO6B

C6—C7—S1

C6—C7—HT7A
S1—C7—H7A
C6—C7—H7B
S1—C7—H7B

H7A—C7—H7B

C9—C8—S1

C9—C8—HSA
S1—C8—HBA
C9—C8—HS8B
S1—C8—H8&B

H8A—C8—HSB

C8—C9—S2

C8—C9—HOA
S2—C9—H9A
C8—C9—H9B
S2—C9—H9B

H9A—C9—H9B

C11—C10—S2

C11—C10—H10A
S2—C10—H10A
C11—C10—H10B
S2—C10—H10B
H10A—C10—H10B
C12—CI11—C10
Cl12—CI1—HI11A
C10—CI1—HI11A

0.99

122.79 (19)
118.6

118.6

118.7 (2)
120.6
120.6

118.7 (2)
120.7
120.7
120.56 (19)
119.7

119.7
120.49 (19)
117.97 (18)
121.51 (18)
113.22 (17)
108.9
108.9
108.9
108.9
107.7
113.97 (14)
108.8

108.8

108.8

108.8
107.7
108.29 (15)
110

110

110

110

108.4
112.79 (15)
109

109

109

109

107.8
114.91 (15)
108.5
108.5
108.5
108.5
107.5
111.75 (17)
109.3

109.3

N2—C12—C11
C13—C12—C11
C14—C13—Cl12
C14—C13—H13
C12—C13—H13
C15—C14—C13
C15—C14—H14
C13—C14—H14
C14—C15—Cl16
C14—C15—HI15
Cl16—C15—HI15
N2—C16—C15
N2—C16—H16
C15—Cl16—HI16
C18—C17—HI17A
C18—C17—H17B
H17A—C17—H17B
C18—C17—H17C
H17A—C17—H17C
H17B—C17—H17C
N3—C18—C17
C1—N1—C5
Cl—N1—Cul
C5—N1—Cul
Cl16—N2—Cl12
C16—N2—Cul
C12—N2—Cul
04—N4—06
04—N4—O05
06—N4—O05
03—N5—02
03—N5—01
02—N5—01
Cul—O1W—HI1D
Cul—O1W—HIE
HID—O1W—HIE
C7—S1—C8
C7—S1—Cul
C8—S1—Cul
C9—S2—C10
C9—S2—Cul
C10—S2—Cul
N2—Cul—N1
N2—Cul—O1W
NI—Cul—O1W
N2—Cul—S1
NI—Cul—S1
O1W—Cul—S1

116.83 (18)
122.20 (19)
119.4 (2)
120.3

120.3

119.8 (2)
120.1

120.1

117.9 (2)
121

121

122.6 (2)
118.7

118.7

109.5

109.5

109.5

109.5

109.5

109.5

178.7 3)
118.68 (18)
118.34 (13)
122.85 (14)
119.15 (18)
121.40 (14)
119.34 (14)
121.63 (19)
119.84 (18)
118.48 (19)
120.81 (18)
119.09 (19)
120.10 (18)
121 (2)
112.8 (18)
102 (3)
101.14 (10)
105.19 (7)
98.81 (7)
102.25 (10)
102.29 (7)
100.95 (7)
92.23 (7)
101.61 (7)
91.34 (7)
159.72 (5)
91.39 (5)
98.25 (5)
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Cl12—C11—HI11B
C10—C11—HI11B
H11A—C11—HI11B
N2—C12—C13
N1I—C1—C2—C3
Cl—C2—C3—C4
C2—C3—C4—C5
C3—C4—C5—N1
C3—C4—C5—C6
N1—C5—C6—C7
C4—C5—C6—C7
C5—C6—C7—S1
S1—C8—C9—S2
S2—C10—C11—C12
C10—C11—C12—N2
C10—C11—C12—C13
N2—C12—C13—C14
Cl11—C12—C13—C14
C12—C13—C14—C15
C13—C14—C15—C16
C14—C15—C16—N2
C2—C1—N1—C5
C2—C1—N1—Cul
C4—C5—N1—C1
C6—C5—N1—C1
C4—C5—N1—Cul
C6—C5—N1—Cul
C15—C16—N2—C12
C15—C16—N2—Cul
C13—C12—N2—C16
C11—C12—N2—C16
C13—C12—N2—Cul
C11—C12—N2—Cul
C6—C7—S1—C8
C6—C7—S1—Cul
C9—C8—S1—C7
C9—C8—S1—Cul
C8—C9—S2—C10
C8—C9—S2—Cul

Hydrogen-bond geometry (4, ©)

D—H-4
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C8—H8A--O1!
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109.3
109.3

107.9

120.82 (19)
0.6 (3)
-2203)

1.4 (3)

1.0 (3)
~176.8 (2)
~70.0 (2)
107.9 (2)
67.2 (2)
58.91 (18)
~60.7 (2)
65.2 (2)
~110.3 (2)
-3.103)
172.21 (18)
-0.8(3)
2.9(3)
-1203)

1.8 (3)
177.89 (16)
-2503)
175.32 (18)
~178.48 (15)
-0.6(3)
-2.603)
173.80 (16)
47 (3)
~170.80 (17)
~171.73 (15)
12.8(2)
96.11 (17)
-6.32(17)
~161.96 (15)
~54.46 (15)
73.74 (18)
-30.51 (17)

N2—Cul—S2
N1I—Cul—S2
O1W—Cul—S2
S1—Cul—S2
C11—C10—S2—C9
C11—C10—S2—Cul
C16—N2—Cul—N1
C12—N2—Cul—N1
Cl16—N2—Cul—O1W
C12—N2—Cul—O1W
C16—N2—Cul—S1
C12—N2—Cul—S1
Cl16—N2—Cul—S2
C12—N2—Cul—S2
Cl—N1—Cul—N2
C5—N1—Cul—N2
Cl1—N1—Cul—O1W
C5—N1—Cul—O1W
Cl1—N1—Cul—S1
C5—NI1—Cul—S1
Cl1—N1—Cul—S82
C5—N1—Cul—S82
C7—S1—Cul—N2
C8—S1—Cul—N2
C7—S1—Cul—N1
C8—S1—Cul—N1
C7—S1—Cul—O1W
C8—S1—Cul—O1W
C7—S1—Cul—S2
C8—S1—Cul—S2
C9—S2—Cul—N2
C10—S2—Cul—N2
C9—S2—Cul—N1
C10—S2—Cul—N1
C9—S2—Cul—O1W
C10—S2—Cul—O1W
C9—S2—Cul—S1
C10—S2—Cul—Sl1

H-A
1.94 (3)
2.00 (3)
2.55
2.54
2.55

DA
2.669 (2)
2.754 (3)
3.487 (3)
3.447 (3)
3.341 (3)

84.82 (5)
169.43 (5)
99.19 (5)
88.00 (2)

~111.41 (16)
~6.11 (16)
~71.14 (15)
105.23 (15)
20.69 (16)
~162.94 (15)
~171.24 (11)
5.1(3)
119.04 (15)
—64.60 (14)
70.66 (16)
~113.39 (16)
~31.02 (16)
144.93 (16)
~129.30 (15)
46.64 (15)
144.2 (2)
-39.9 (4)
62.99 (16)
~41.17 (16)
~37.25 (9)
~141.42 (9)
~128.81 (9)
127.03 (9)
132.19 (8)
28.02 (7)
157.96 (9)
52.70 (8)
83.8 (3)
—21.5(3)
~101.09 (9)
153.65 (9)
-3.05 (8)
~108.31 (7)

D—H-A
169 (3)
166 (2)
168

152
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Cl14—H14-02"
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Symmetry codes: (i) —x+1, —y+1, —z+1; (ii) —x+1, —p+1, —z+2; (iii) x+1, y, z; (iv) x+1, y+1, z; (V) x, y+1, z.
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Abstract

In this work we present a solid state characterization and the electrochemical behavior of metal complexes with Cu(II) and Co(II)
and the ligand 1,8-bis(2-pyridyl)-3,6-dithiaoctane pdto;[Cu(pdto)H,0](NOs),, [Cu(pdto)H,0](PFs),, and [Co(pdto)Cl,] in non-
aqueous solvents, in order to understand how the flexibility and the electronic properties of pdto affect the electrochemical
response of each coordination compound.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. Introduction

Metal complexes with ligands containing nitrogen and sulfur donor atoms (N,S,) have been used in catalysis,
electro-catalysis, in medical chemistry and as bio-mimetic systems for activation of small molecules . Particularly
the ligand 1,8-bis-(2-piridyl)-3,6-ditiacone (pdto) (Fig.1), has widely been used in coordination chemistry due to its
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flexibility toward the preferential geometry of the metal center *. However this behavior has only been described in
solid state and no solution studies have been reported. Therefore in this work we present the electrochemical
behavior of metal complexes with Cu(ll), Co(Il) and the ligand 1,8-bis(2-pyridyl)-3,6-dithiaoctane pdto,
[Cu(pdto)H,O](NO;),, [Cu(pdto)H,0](PFs),, and [Co(pdto)Cl,] using cyclic voltammetry in non-aqueous solvents,
in order to understand how the flexibility of the tetradentate ligand pdfo affect the electrochemical response of their
corresponding metal complexes.

o /N
\_/ /N -

Fig. 1. The chemical structure of the ligand 1,8-bis(2-pyridyl)-3,6-dithiaoctane (pdto)

Nomenclature

pdto 1,8-bis(2-pyridyl)-3,6-dithiaoctane
DMSO Dimethyl sulfoxide

MeCN Acetonitrile

uv Ultraviolet

TBABF, Tetrabutylammonium Tetrafluoroborate
Fc Ferrocene

Fc' Ferrocinium

2. Experimental section
2.1. Synthesis and characterization of metal complexes

The synthesis of the metal complexes has been descried elsewhere **. The elemental analysis was obtained with a
Fissons Instruments Analyzer model EA 1108 using a sulfanilamide standard. IR spectra were acquired with a
Nicolet AVATAR 320 FT-IR en el spectrometer (400 a 4000 cm™). Single crystal X-ray experiments were acquired
with a Gemini Oxford difractometer. All structures were solved and refined with SHELXS 97-2 and SHELXL-97-2
?. Conductivity measurements were performed with an YSI 3200 conductimeter. Electronic spectra were obtained
with a Thermo Evolution Array spectrophotometer (190-1000 nm). Diffuse reflectance UV-Vis-NIR was obtained
with a Cary-5E Varian spectrophotometer.

2.2. Electrochemical studies

The electrochemical experiments were performed using a potentiostat/galvanostat Biologic SP-50, controlled
with a PC. DMSO or MeCN solutions containing 0.1 M TBABF, were used as supporting electrolyte. All
electrochemical measurements were performed using a typical three-electrode array. A commercial platinum disk
electrode (diameter = 2 mm) was used as working electrode, a platinum wire was used as auxiliary electrode and a
silver wire was employed as pseudo-reference electrode in all experiments. Before each measurement the electrode
was polished with a-alumina (0.6 micron), rinsed with distilled water and dried. The solutions were bubbled with
nitrogen before each experiment. All potential values are reported vs the couple Fc/Fc', according to the [UPAC
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convention '. Cyclic voltammetry experiments were carried out in cathodic and anodic direction starting from open
circuit potential (Eiy) using a scan rate of 0.1 V/s.

3. Results and discussion
3.1. Solid state and solution characterization Cu(Il)-pdto

In solid state the complexes [Cu(pdfo)H,O](NO;), and [Cu(pdto)H,O](PFs), have a square base pyramid
geometry around the metal center with nitrogen and sulfur atoms in the base of the pyramid and one water molecule
occupying the apical position (Fig. 2). Using UV-visible spectroscopy and conductimetric measurements it was
established the chemical species [Cu"(pdto)H,0]*" and [Cu'\(pdto)(DMSO),]*" in MeCN and DMSO with square
base pyramid geometry and octahedral geometry respectively '' (Fig. 3).

Fig. 2. The molecular structure of the cationic complex [Cu(pdto)H,01*".
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Fig. 3. Electronic spectra of the complexes a) [Cu(pdto)H,0]*" in MeCN and b) [Cu(pdto)(DMS0),]*" in DMSO.
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3.2. Electrochemical response Cu(Il)-pdto complexes

Figure 4a shows a typical cyclic voltammogram of [Cu" (pdto)H,0](PFs), ImM in MeCN + 0.1M TBABF, at
scan rate of 0.1V/s using a Pt electrode. It can be observed two consecutive electrochemical reduction processes
associated to [Cu'(pdto)H,01*" +1e — [Cu'(pdto)]” + H,O (I) and [Cu'(pdto)]” +1e — Cu(0) + pdto (II). Their
corresponding half wave potential values are E;,(I) = 0.165 V/Fc-Fc™ and E,,(IT) = -1.110 V/Fc-Fc" respectively.
The electrochemical response for the starting salt Cu(NOs) 2.5 H,O presented the processes [Cu" (MeCN);NOs5]"
+le — [Cu" (MeCN),]" (I") and [Cu'(MeCN),]” +1e — Cu(0) + MeCN (II"), with half wave potential values E,(I)
=0.387 V/Fc-Fc™ and E,;(II)=-0-892 V/Fc-Fc" (Fig. 4b). The shift to more cathodic half wave potential values for
the complex [Cu"(pdto)H,01*" compared with its starting Cu(II) salt indicates that pdto stabilizes the Cu(II) metal
complex. It can be also noticed that for the first electrochemical processes, the lower AEp value of 0.861V for the
complex [Cu'(pdto)H,0]*" in comparison with [Cu" (MeCN);NO;]" is in agreement with the flexibility of the
ligand pdto observed in solid state.

1(uA)

: : . T : :
20 -15 -10 -05 00 05 10 15
E/V vs Fc-F¢’

Fig. 4. Cyclic voltammogram of a) [Cu(pdto)H,0]*" and b) Cu(NO5),2.5 H,O MeCN + 0.1 M TBABF,. Scan rate 0.1 V s™'. Pt electrode.
Cyclic voltammetry experiments were also carried out in DMSO. For the metal complex [Cu"(pdto)(DMSO),]**
two irreversible reduction processes with cathodic peak potential values E(I) = -0.246 V/Fc-Fc' and E(Il,) = -
0.870 V/Fc-Fc" were observed. When the scan was completed two oxidation processes with anodic peak potential
values E,(IIT,) = 0.018 V/Fc-Fc" and E,,(I,)= 0.615 V/Fc-Fc' were observed. For the starting salt Cu(NO3) 2.5 H,O
the same electrochemical process were detected with potential peak values of E,(I'c) = -0.581, E,(II";) = -0.731,
E(Ill")) = -0.445 and E,(IV'.)= -0.218 V/Fc-Fc'. Despite no redox potential values for these process can be
calculated, the shift to more anodic values for cathodic peak potentials for the complex [Cu'(pdto)(DMSO),]*" in
comparison with the salt Cu(NO3) 2.5 H,O could be attributed to a higher stabilization of Cu(I) complex in the
presence of pdto (Fig. 5). Moreover the first electrochemical processes corresponding to the couple Cu(Il)/Cu(I)
presented a lower AEp for complex [Cu"(pdto)(DMS0),]*" in comparison with the starting salt due to the flexibility
of the ligand pdfto, and to solvation effects.
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Fig. 5. Cyclic voltammogram of a) [Cu(pdto)H,0]*" and b) Cu(NO3),2.5 H,0 DMSO + 0.1 M TBABF,. Scan rate 0.1 V s Pt electrode
3.3. Solid state and solution characterization Co(Il)-pdto

In solid state the complex [Co(pdfo)Cl,] shows a tetrahedral geometry around the metal center according to
single crystal X-ray diffraction, its magnetic moment (L= 4.70 BM) and their corresponding electronic transitions
v, = *Ay(F) — *T|(F) and v; = *A,(F) — *T(P), observed at 8168 and 16290 cm™. The X-ray diffraction analysis
also reveals a polymeric array where the metallic center is four-coordinated by two nitrogen atoms from two
different pdto ligands in a monodentate mode and two chloride ions, where the sulfur atoms are not coordinated
(Fig. 6) *. The electronic spectrum of the complex [Co(pdto)Cl,] in MeCN shows a group of signals at 593, 644 and
667 nm corresponding for the electronic transition *A(F) — *T;(P) for tetrahedral complexes ''. This evidence and
conductivity measurements allow us to propose the when [Co(pdfo)Cl,] is dissolved in MeCN the chemical species
[Co(pdto)(MeCN)Cl,] is formed, where only one nitrogen atom from pdfo ligand is coordinated.

Fig. 6. The molecular structure of the complex [Co(pdto)Cl,] in a polymeric array. For simplicity it is only shown the neutral asymmetric unit.
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3.4. Electrochemical response Co(Il)-pdto complex

The electrochemical behavior of the complex [Co(pdto)Cl,] in MECN was explored using cyclic voltammetry in
the same conditions described above. When the scan was initiated from open circuit potential to positive direction
two irreversible oxidation processes I, and II, were observed with potential peak values E,(I,)= 0.816 V/F c-Fc',
and E,,(I,)= 1.240 V/Fc-Fc', which can be attributed to the oxidation non coordinated sulfur atoms in the pdto
ligand '2. When the scan was completed a reduction signals III, was recorded with its corresponding potential peak
values of E,(Ill)= -2.17 V/Fc-Fc¢', which is attributed to the electrochemical process Co(Il)+2e— Co(0). Two
additional signals Ic and IIc related to adsorption processes were also detected.

Conclusions

Electrochemical methods were a powerful tool to study the flexibility of the ligand 1,8-bis-(2-piridyl)-3,6-
ditiacone (pdto) in their corresponding Cu(Il) and Cu(Il) complexes. It was observed a higher reversibility in the
Cu(Il)-(pdto) complex compared with its precursor salt Cu(NOs), in MeCN and in DMSO, due to the flexible
behavior of the N,S, ligand (pdto) and to solvation and coordination effects. For the [Co(pdto)Cl,] complex is was
detected the oxidation non coordinated sulfur atoms also as a consequence of the versatility of this ligand.
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