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Resumen

El trabajo desarrollado en esta Tesis se enmarca en el campo de la Quimica
de Coordinacion y el Magnetismo Molecular, vectores base para el desarrollo de
multiples aplicaciones en Nanomedicina y Nanotecnologia. El estudio de los com-
puestos de coordinaciéon tiene una larga historia que se remonta a principios del
siglo XIX, con notables contribuciones de quimicos como Berzelius y Jgrgensen.
Esta rama de la quimica se centra en la comprension de las propiedades de
unién de los ligandos (moléculas o aniones donadores de electrones) a los iones
metalicos. Las teorias de Alfred Werner sobre la coordinacién de iones metalicos
a principios del siglo XX marcaron un hito importante en este campo. El Mag-
netismo Molecular, un area de investigacion multidisciplinar, se origind hace
aproximadamente tres décadas con el objetivo principal de sintetizar y estu-
diar los compuestos metalicos de coordinacién. Este campo ha experimentado
un crecimiento significativo gracias a los esfuerzos de colaboracién de cientificos
de diversas disciplinas, como la Quimica, la Fisica y la Biologia. La comple-
mentariedad de las técnicas experimentales y los conocimientos generados por
distintas ramas de la ciencia han contribuido al rdpido progreso del Magnetismo
Molecular. La Quimica Inorganica, en particular la Quimica de Coordinacién, ha
desempenado un papel fundamental en el diseno y la sintesis de complejos con

estructuras y propiedades magnéticas predecibles. El estudio del magnetismo
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molecular se centrd inicialmente en los complejos mononucleares, que aportaron
valiosos conocimientos sobre la estructura y el enlace de los compuestos de co-
ordinacién. El campo empez6 a florecer a finales de la década de 1970, cuando
los investigadores trataron de crear imanes basados en moléculas que imitaran
las propiedades de los imanes inorganicos. Estas investigaciones se centraron
principalmente en los iones metalicos 3d, mientras que los iones metalicos 4d y
5d permanecieron relativamente inexplorados debido a su quimica desafiante y
su complejo comportamiento magnético. Sin embargo, las propiedades tnicas de
los iones metalicos mas pesados, como una mayor anisotropia magnética y una
difusividad mas larga, han llamado la atencion, lo que ha llevado a la exploracién

del Magnetismo Molecular basado en iones 4d y 5d.

“Single-Molecule Magnet” (SMM) es un fenémeno fascinante que se descubri6
a principios de la década de 1990 y revolucion6 este campo al demostrar que
determinados complejos polinucleares poseen la capacidad de mostrar magneti-
zacion sin interacciones cooperativas de largo alcance. Los origenes de SMM se
remontan a los trabajos realizados en el grupo de Christou durante la década de
1980, centrados en la sintesis de compuestos modelo del complejo de evolucion
del oxigeno en el Fotosistema II. Aunque esta investigacion produjo varios com-
plejos polinucleares de manganeso de valencia mixta, ain faltaba un modelo
para el estado de oxidacién maéas alto del ciclo biolégico. Durante la buisqueda
para desarrollar tal modelo, se aislé un intrigante compuesto con la férmula
[Mnj5012(02CPh)16(H20),] mediante la oxidacion de acetato de manganeso con
permanganato. La propuesta de un complejo dodecanuclear de manganeso a par-
tir de este tipo de reaccion fue realizada por primera vez en 1921 por Weinland
y Fischer. Sin embargo, no fue hasta la llegada de los experimentos con rayos

X monocristalinos cuando se pudo confirmar la estructura del compuesto como
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Resumen

[Mnlgolg(OQCCHg)lG(HQO)4]' 4H20 . 20H3COOH (6] [MH12]7 tal y como publicé
Lis en 1980. Lis incluyé datos preliminares de susceptibilidad magnética en su

publicacién, pero no proporcioné ninguna interpretacion.

Un estudio posterior de Boyd y colaboradores examino las propiedades magné-
ticas del derivado benzoato del [Mn3012(O2CPh)16(H20)4] y dedujo erréneamen-
te un estado basico de espin de S = 14. En aquel momento, el espin més
alto conocido para una molécula era S = 12, como informé el grupo de Gat-
teschi. En respuesta al articulo de Boyd y colaboradores, el grupo de Gatteschi
reexaminé el compuesto de Lis utilizando diferentes técnicas, como la magne-
tizacion de alto campo y la espectroscopia de Resonancia Paramagnética de
Electrones (EPR) de alta frecuencia. Los resultados, publicados por Caneschi
y colaboradores en 1991, describian la congelacion de la magnetizacion a cam-
pos bajos y demostraban la existencia de un estado fundamental S = 10 para
el compuesto [Mn;3012(O5CPh)16(H20)4]. El descubrimiento pionero de una
anisotropia magnética significativa en el complejo dodecanuclear de manganeso
[Mnj,] por Lis y los estudios posteriores condujeron a la identificacién de la
histéresis magnética molecular y supusieron un avance significativo en el campo
de los SMM, que se manifiesta como una relajaciéon lenta de la magnetizacién
del compuesto cuando se apaga el campo magnético aplicado. En 1996, Thomas
y colaboradores demostraron que este fenémeno era de naturaleza molecular y
describieron la relajacién cuantica, logrando asi un avance significativo. Esta
observacion de un comportamiento superparamagnético en moléculas discretas
marcé el comienzo de la era de la SMM, aunque Caneschi y colaboradores atin no
utilizaban el término SMM. Por lo tanto, el estudio de los SMMs ha hecho avan-
zar significativamente nuestra comprensién del comportamiento magnético a nivel

molecular. El descubrimiento y la caracterizacién del [Mnjs] y sus propiedades
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Unicas han allanado el camino para seguir explorando y utilizando los SMMs en
diversos campos, como la electronica molecular, el almacenamiento de datos y
la computaciéon cuantica. La investigacién de los SMMs sigue cautivando a los
investigadores, ya que ofrece un rico campo de estudio con un inmenso potencial

para los avances tecnologicos.

En un principio, la atencién se centré en las moléculas polimetélicas basadas
en iones 3d, incluidas familias como [Mnys], [V4], [Fes], [Cos] ¥ [Nija]. Posteri-
ormente, la atencion se centrd en explorar el potencial de los iones metalicos 4d
y 5d para mostrar un comportamiento SMM. Entre los iones metélicos 4d y 5d,
se han estudiado ampliamente los sistemas basados en Mo(III), Ru(III), Re(IV)
y Os(V). La elevada anisotropia magnética y los valores de espin favorables de
los complejos de Re(IV) los han hecho especialmente interesantes para investi-
gar la relajaciéon magnética lenta. Por otro lado, los lantanidos que inicialmente
se pasaron por alto en Magnetismo Molecular debido a sus débiles interacciones
magnéticas y a las dificultades técnicas, se han convertido en un tema de interés
en los tultimos anos. Los complejos basados en lantanidos han mostrado una
relajacién magnética lenta similar a la de los SMMs, pero tienen propiedades
intrinsecas inherentes a los iones metdlicos aislados dentro de estructuras molec-
ulares. La utilizacién de los lantanidos en espintréonica molecular ha realzado ain

mas su importancia.

Los compuestos de coordinacién pueden utilizarse en biomedicina para tratar
enfermedades mediante el uso de farmacos basados en metales; para tratar disfun-
ciones metabdlicas o eliminar el envenenamiento por metales pesados en el cuerpo
humano mediante el uso de agentes quelantes o complejantes; y para transportar
metales a lugares especificos del cuerpo como ayuda en la obtencién de imégenes,

mediante el uso de complejos de coordinacién paramagnéticos. La bioquimica
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Resumen

inorganica, también conocida como quimica de la biocoordinacién, es un campo
en rapida evolucion centrado en la investigacion de la reactividad quimica de
los iones metalicos en entornos biolégicos. La interaccion entre iones metalicos
y biomoléculas ha despertado gran interés en la investigaciéon bioquimica de las
ultimas décadas. La quimica de coordinacion ofrece valiosas herramientas para
desarrollar moléculas y nanomateriales biolégicamente activos. Seleccionando
cuidadosamente los centros metalicos, modulando los niimeros de coordinacién
e incorporando ligandos bioactivos o auxiliares, pueden crearse nanomateriales
con discretos modos de accién bioldgica para el diagnostico de enfermedades, la
deteccion y la terapia. La exploracién continua de las interacciones entre iones
metalicos y biomoléculas en el marco de la bioquimica inorganica encierra un
inmenso potencial para avanzar en diversos campos y abordar importantes retos
biologicos. Las caracteristicas de la quimica de coordinacién resultan atractivas
para sintetizar compuestos fisiolégicamente activos y nanomateriales. Eligiendo
cuidadosamente los centros metalicos, modificando el niimero de coordinacién,
sus grupos labiles y los ligandos bioactivos o accesorios, se podrian desarrollar
y explotar nanomateriales con modos de accién bioldgica discretos para detec-
tar, diagnosticar y tratar enfermedades. Investigadores de diversas disciplinas se
han sentido atraidos por este amplio tema, impulsados por el creciente interés
en comprender las interacciones entre los iones metélicos y las biomoléculas, en
particular las nucleobases. Estas investigaciones han dado lugar a avances sig-
nificativos en este campo, allanando el camino para el desarrollo de polimeros
de coordinacién (PC) mediante el autoensamblaje de nucleobases, nucleésidos
y nucledtidos con iones metélicos. La reactividad de las nucleobases frente a
los iones metdlicos varia en funcién del ion metalico especifico y de la nucle-

obase implicada. Las nucleobases poseen pares solitarios de nitrégeno y oxigeno
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accesibles, lo que les permite actuar como ligandos. La exploracion de las in-
teracciones entre iones metalicos y nucleobases reviste gran importancia debido
al papel crucial que desempenan los iones metélicos en la estructura y funcion
de los acidos nucleicos, incluida la transferencia de informacion genética. Las
posiciones donante y aceptora de enlaces de hidrégeno dentro de las nucleobases
generan compuestos con propiedades tnicas, posibilitadas por su capacidad com-
plementaria de enlace de hidrégeno. Este enlace especifico, observado en los pares
de bases del ADN, constituye la base quimica de la genética. El aprovechamiento
de este potente sistema de reconocimiento molecular en nanotecnologia permite
el ensamblaje dirigido de materiales altamente estructurados con caracteristicas
especificas a nanoescala. Del mismo modo, en la computacion del ADN, facilita el
procesamiento de informacién compleja. Mediante un diseno racional, se pueden
adaptar las propiedades de estos materiales, incluyendo aplicaciones en luminis-
cencia, magnetismo, conductividad eléctrica y actividad catalitica, capitalizando
su naturaleza hibrida metal-organica. Sin embargo, el estudio de las propiedades

magnéticas en sistemas inorganicos basados en biomoléculas sigue siendo escaso.

Otra importante area de investigacién dentro de las interacciones ion metélico-
biomolécula surgié con el descubrimiento de la actividad antitumoral del cis-
platino. Aunque el mecanismo exacto de accién in vivo sigue siendo objeto de
debate, los compuestos de platino(II), incluido el cisplatino, han demostrado su
eficacia en el tratamiento de diversas formas de cancer. No obstante, la re-
sistencia a los farmacos y los importantes efectos secundarios han limitado su
utilidad clinica. En consecuencia, los investigadores se han visto motivados a
explorar otros complejos de metales de transicion como posibles alternativas a
los farmacos basados en el platino. Los complejos de rutenio, como los complejos

aminicos de Ru(Il) y Ru(IIl), se unen selectivamente a los sitios iminicos de las

XX



Resumen

biomoléculas, dejando sus pares solitarios de nitrogeno disponibles para la coordi-
nacién de los iones metalicos. Esta selectividad permite a los complejos de rutenio
dirigirse a tejidos especificos coordinandose con los nitrogenos histidilo imidazol
de las protefnas y con el sitio N7 del anillo imidazol de los nucleétidos de pu-
rina. Por tanto, estos complejos pueden utilizar las propiedades de las proteinas,
los oligonucledtidos y los acidos nucleicos para disenar agentes terapéuticos di-
rigidos. Los aminoacidos, componentes fundamentales de proteinas y enzimas,
también sirven como precursores de biomoléculas esenciales como hormonas y
neurotransmisores. Con una inmunogenicidad minima, baja toxicidad y afinidad
por receptores corporales especificos, los aminodcidos son excelentes candidatos
para crear nanomateriales en aplicaciones bioldgicas. Su diversidad estructural,
quiralidad y grupos funcionales los convierten en bloques versatiles para la sintesis
de nanomateriales. Por otro lado, cabe decir que es crucial la seleccion de ligan-
dos de tipo carboxilato apropiados de naturaleza biolégica para obtener nuevos
complejos multifuncionales y polimeros de coordinaciéon que presenten biocom-
patibilidad. El uso de ligandos carboxilato en el disefio de complejos metalicos ha
suscitado una gran atencion debido a sus versatiles modos de coordinacion y a su
capacidad para servir como ligandos puente, permitiendo la formacién de diversas
arquitecturas metal-ligando. Entre los ligandos carboxilato, el oxalato, el dianion
dicarboxilato mas simple, ha sido elegido como ligando clave en esta investigacion.
El oxalato esta omnipresente en la naturaleza, se encuentra en diversas plantas y
minerales, y puede tener origenes bioldgicos. La producciéon endégena primaria
de oxalato se produce a través de la conversion metabdlica de glioxalato en ox-
alato por la enzima lactato deshidrogenasa (LDH) del higado. Los peroxisomas
de las células hepaticas desempenan un papel crucial en el metabolismo interme-

dio de la glicina, la hidroxiprolina y el glicolato, que conduce a la generacién de
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glioxalato y oxalato. Esta via metabdlica pone en relieve la relevancia biolégica
del oxalato y motiva su investigacion como ligando en la sintesis de complejos
multifuncionales. La eleccion del oxalato como ligando se justifica por su versatil-
idad, derivada de su capacidad para adoptar numerosos modos de coordinacién
al formar complejos metalicos con otros coligandos. Esta flexibilidad permite
la construccién de diversos marcos metal-ligando, ofreciendo oportunidades para
disenar materiales novedosos con propiedades a medida. Ademas, el oxalato es un
excelente mediador de las interacciones magnéticas entre iones metalicos cuando
se utiliza como ligando puente. La fuerza y la naturaleza de estas interacciones
contribuyen a las propiedades magnéticas exhibidas por los complejos y polimeros

de coordinacién resultantes.

El objetivo de esta Tesis Doctoral es investigar la quimica de coordinacién y la
magnetoquimica de varios iones metalicos paramagnéticos utilizando biomoléculas
y ligandos biocompatibles. En general, esta Tesis Doctoral presenta una ex-
ploracién exhaustiva de los complejos de rutenio y lantanidos, sus propiedades
Unicas y sus aplicaciones potenciales en diversos campos. El estudio de estos
complejos metélicos proporciona informacién valiosa para el diseno y desarrollo
de materiales funcionales con propiedades Opticas, espectroscépicas y magnéticas
a medida, abriendo vias para futuras investigaciones y avances tecnolégicos en
diferentes areas como la electrénica molecular, el almacenamiento de datos, la
terapia molecular, la detecciéon molecular, la imagen médica y la refrigeracién
magnética criogénica.

La investigacion realizada en esta tesis consiste en la sintesis de varios comple-
jos metalicos que incorporan ligandos oxalato y otros coligandos complementarios.
Los complejos resultantes se caracterizan mediante diversas técnicas analiticas,

como cristalografia de rayos X, métodos espectroscopicos y medidas magnéticas.
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Los conocimientos estructurales obtenidos a partir de estas caracterizaciones pro-
porcionan informacion valiosa sobre los modos de coordinacion, las interacciones

de enlace y la arquitectura general de los complejos.

La investigacion realizada en esta Tesis Doctoral se ha centrado en la carac-

terizacion estructural, estudio de propiedades magnéticas y posibles aplicaciones

de sistemas basados en iones metdlicos Ru(III)/(IV) [4d] y Gd(III)/Dy(III) [4f].

El presente trabajo de Tesis Doctoral se recoge en formato de “compendio de
articulos”, de acuerdo con la normativa para el depésito, evaluacion y defensa de
Tesis Doctorales de la Universitat de Valencia (ACCUV 266/2011) y se divide en
dos capitulos principales: capitulo 2 y capitulo 3.

El capitulo 2 se centra en la Quimica de Coordinacion y las propiedades de
los complejos de rutenio, con especial énfasis en dos estados de oxidacién: rute-
nio(IIl) y rutenio(IV). El rutenio (Ru), un metal de la serie 4d, presenta una
amplia gama de estados de oxidacién formales (-2 a +8) y es conocido por su
estabilidad en los estados de oxidacién +2, +3 y +4 en condiciones fisioldgicas.
Esta caracteristica, combinada con su coordinacién octaédrica dominante y su
fuerte estabilizacion ligando-campo, ha despertado un gran interés en el estudio
de la coordinacion del rutenio y la quimica organometalica. Los complejos de
rutenio han encontrado aplicaciones en diversos campos, como la biomedicina, la
catalisis, la nanociencia, los sistemas redox y los materiales fotoactivos. Los com-
plejos de rutenio(III) presentan una amplia quimica de coordinacién, formando
complejos mononucleares neutros, cationicos y aniénicos estables con propiedades
cinéticamente inertes. Estos complejos suelen poseer una estructura octaédrica
de bajo espin con caracteristicas paramagnéticas. Por otra parte, los complejos
de rutenio(IV) presentan una quimica acuosa compleja, principalmente en forma

de especies dinucleares, mientras que los aductos mononucleares estan relativa-
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mente menos estudiados. La configuracion electrénica del rutenio(IV) suele dar
lugar a sistemas mononucleares paramagnéticos de bajo espin o a sistemas din-
ucleares diamagnéticos fuertemente acoplados antiferromagnéticamente. Aqui se
exploran mas a fondo las intrigantes propiedades de los complejos de dirutenio
oxobridados, que se han estudiado ampliamente debido a su actividad catalitica
molecular en reacciones de oxidacién del agua y a su potencial como modelos ar-
tificiales del centro del Fotosistema II. Estos complejos, como el Ru360, también
han demostrado efectos inhibidores sobre el uniportador de calcio mitocondrial
(MCU), lo que los hace titiles para la investigacién bioldgica. Aunque los comple-
jos de rutenio han mostrado un potencial prometedor en aplicaciones biomédicas,
sobre todo como metalodrogas, su comportamiento magnético y su magnetismo
molecular han recibido relativamente menos atencién en comparacion con sus
homologos de la serie 3d. Las propiedades unicas de los iones de la serie 4d,
incluido su alto grado de anisotropia magnética, los convierten en candidatos in-
teresantes para investigar la relajacién de la red de espin y explorar su potencial

en Magnetismo Molecular.

El capitulo también profundiza en las diversas aplicaciones de los complejos
de rutenio en la investigacién antitumoral, destacando las propiedades favorables
de los complejos de rutenio(I1T), como su capacidad para imitar al hierro, pre-
sentar estados de oxidacién accesibles desde el punto de vista redox, su baja
toxicidad y su interaccion con el ADN y las proteinas. En particular, los com-
plejos de rutenio(I1T) con ligandos de imidazol y benzopirazol, como NAMI-A y
KP1019, se han sometido a ensayos clinicos y han mostrado notables propiedades
antimetastasicas. Ademas, la formacién de enlaces metal-metal, incluidos los en-
laces multiples, es un rasgo caracteristico de los metales de transicion 4d como

el rutenio, que los distingue de sus homélogos de la serie 3d. Se han estudiado
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ampliamente complejos dinucleares de rutenio con estructuras “paddle-wheel”,
bioctaédricas con caras compartidas y planares biscuadradas. FEstos comple-
jos presentan diversos estados de oxidacion y sus propiedades electroquimicas
pueden adaptarse seleccionando los ligandos puente adecuados. Estos comple-
jos de dirutenio han encontrado aplicaciones en electronica molecular, materiales
magnéticos, bioquimica y quimica medicinal.

En resumen, el capitulo 2 ofrece una visién global de la quimica de coordi-
nacioén, las propiedades magnéticas y las aplicaciones biomédicas de los complejos
de rutenio. Destaca el potencial de los compuestos basados en el rutenio en di-
versos campos y subraya la necesidad de seguir explorando y desarrollando estas

fascinantes moléculas.

El capitulo 3 se centra en la quimica de coordinacién y las propiedades de los
complejos de lantdnidos, con especial énfasis en el gadolinio (III) y el disprosio
(III). A principios del siglo XXI, los lantdnidos, inicialmente poco explorados en
Magnetismo Molecular, cobraron importancia. Los informes sobre complejos que
contienen lantanidos y presentan una relajacién magnética lenta similar a la de
los SMM dieron lugar a la aparicién de los “Single-lon Magnets” (SIMs). Los
lantanidos, con su alto espin y su anisotropia magnética intrinseca, se convirtieron
en componentes esenciales en el desarrollo de los SIMs. Los compuestos de co-
ordinacién se utilizan en aplicaciones en diversos campos, como la biomedicina,
la nanomedicina y la nanotecnologia. Los farmacos basados en metales, como
el cis-diclorodiaminoplatino (CISPLATINO), han demostrado su eficacia en el
tratamiento del cancer. Los agentes quelantes se han empleado para tratar dis-
funciones metabdlicas y eliminar del organismo venenos de metales pesados. Los
complejos de coordinacion también se han utilizado para transportar metales con

fines de imagen, mejorando técnicas de diagndstico como la Resonancia Magnética
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(RM). Una de las principales aplicaciones de los imanes permanentes en la medic-
ina moderna es la IRM. La utilizacion de compuestos de coordinacion en la IRM,
especialmente los complejos de gadolinio(II), ha revolucionado el diagnéstico
médico por imagen. Los tiempos de relajacion, asi como el tiempo de relajacién
longitudinal 77 y el tiempo de relajacién transversal T, desempenan un papel

crucial en la IRM.

El desarrollo de agentes de contraste ha mejorado el contraste y la resolucién
de las imagenes clinicas, abriendo nuevas vias de investigacién. La RMN esta
directamente relacionada con el fenémeno de la IRM, en la que la técnica de
imagen se centra en un nucleo atéomico especifico para generar imagenes de dis-
tribucion espacial, a menudo centradas en los protones del agua. A diferencia de
otras técnicas espectroscopicas, la escasa diferencia de energia entre los estados
excitado y basico requiere una relajacion estimulada. El tiempo de relajacién
longitudinal, 77, representa el retorno al equilibrio de magnetizaciéon a lo largo
del eje z y estd influido por la interaccion entédlpica del nicleo excitado con los
agentes magnéticos activos del entorno. En consecuencia, T} depende de la movil-
idad y viscosidad del entorno. El tiempo de relajacion transversal, T, caracteriza
el decaimiento de la senal en el plano xy. En IRM, se suele utilizar el parametro
T3, que engloba T5 y las contribuciones de la falta de homogeneidad del campo
magnético dentro de la muestra. 77 proporciona informacién valiosa sobre las
propiedades de los tejidos y tiene una amplia aplicacién en la IRM médica. La
RM, en su forma basica, no requiere el uso de agentes de contraste, ya que éstos
no contribuyen directamente al contraste visible. En su lugar, los agentes de
contraste de la RM interactian con los protones del agua (HO) y modifican sus
tiempos de relajacién o participan en la magnetizacion de estos protones. No ob-

stante, para mejorar la calidad de la imagen, cada vez se utilizan més agentes de
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contraste de RM. La clase méas extendida se basa en el mecanismo de relajacién
longitudinal, en el que el movimiento de los protones ' H cercanos crea un campo
magnético oscilante que favorece la vuelta al equilibrio de los protones H,O. La
introduccién de moléculas que contienen electrones no apareados en el entorno del
H>0O acelera eficazmente el proceso de relajacion debido al momento magnético
mas fuerte de los electrones en comparacién con los protones. Los complejos
que contienen iones de gadolinio(IIT), que poseen siete electrones no apareados,
se emplean habitualmente como agentes de contraste de RMN. Estos complejos
reducen la constante de tiempo de relajacion T, lo que aumenta el brillo de las
imégenes de RM. Durante la adquisicion de datos, los agentes de contraste de

gadolinio reducen el tiempo de retorno de la magnetizacion al equilibrio.

Por otra parte, en las ultimas décadas, los complejos de gadolinio(I1I) también
han despertado un gran interés debido a sus posibles aplicaciones tecnologicas en
entornos de baja y ultrabaja temperatura, asi como en la refrigeracion magneto-
calérica (RMC). La RMC es una tecnologia criogénica esténdar capaz de alcanzar
temperaturas extremadamente bajas, incluso en el rango sub-Kelvin. Las aplica-
ciones de la RMC abarcan los imanes superconductores y los licuadores de helio,
entre otros, proporcionando una alternativa a las costosas tecnologias de refrig-
eracién basadas en diluciones de *He/*He. Las raices de la RMC se remontan a
finales de la década de 1920, con los trabajos de Debye y Giauque sobre la desmag-
netizacion adiabatica del octahidrato de sulfato de gadolinio(I1I), que permitieron
alcanzar temperaturas ultrabajas. El fendmeno responsable de las variaciones de
temperatura que se producen en un material magnético al conectar/desconectar
un campo magnético externo en condiciones adiabaticas se conoce como efecto
magnetocalérico (EMC). En consecuencia, el equilibrio entre los cambios en la

entropia de la red y la entropia magnética isotérmica durante el ciclo de magne-
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tizacién/desmagnetizacion determina los cambios de temperatura. Atendiendo a
esto, el capitulo 3 se centra en el estudio de los complejos de lantanidos, en par-
ticular los lantanidos en quimica de coordinaciéon y supramolecular, asi como sus
propiedades Opticas, espectroscopicas y magnéticas unicas. La investigacion ex-
plora las aplicaciones potenciales de los complejos de lantanido(I1I) con ligandos
quelantes en diversos campos, como los dispositivos organicos emisores de luz, los
materiales cristalinos liquidos, los sensores y los agentes de contraste en resonan-
cia magnética. Las propiedades de luminiscencia de estos complejos, resultantes
del llenado de los orbitales 4f, pueden ajustarse desde la regiéon visible a la in-
frarroja seleccionando el ion lantdnido(III) apropiado. En esta tesis también se
analizan las propiedades magnéticas de los lantanidos debido a su naturaleza al-
tamente electropositiva y reactiva, que conduce a un comportamiento magnético
peculiar y notable. Asimismo, en el capitulo 3 se profundiza en los SMMs basados
en iones de lantdnido(I1T), que han suscitado gran interés debido a sus posibles
aplicaciones en el almacenamiento de datos cuanticos y de alta densidad, el proce-
samiento cuantico de la informacion, la refrigeraciéon molecular y la espintronica.
En concreto, nos centramos en los SMMs que contienen iones disprosio(IIl) y
gadolinio(III). Los complejos de disprosio(III), especialmente los dinucleares, se
han estudiado ampliamente por sus propiedades magnéticas, mientras que los
complejos mononucleares de disprosio(I1I) han recibido menos atencién a pesar
de mostrar un comportamiento SMM prometedor. Por otra parte, los complejos
de gadolinio(IIT), aunque altamente paramagnéticos, pueden mostrar una lenta
relajacion magnética en determinadas condiciones, lo que los hace interesantes
para aplicaciones especificas. La tesis aborda el diseno y la sintesis de complejos
mononucleares de gadolinio(IIT) y disprosio(III) con diversos ligandos y explora

sus propiedades magnéticas y su comportamiento de relajacion.
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El capitulo 2 se centré en la investigacion de las propiedades magnéticas
de complejos mono- y dinucleares de rutenio(III) basados en nucleobases. Es-
tos complejos demostraron propiedades bioldgicas y bioquimicas, lo que los hace
atractivos para aplicaciones en catdlisis redox y otras areas de investigacion. Sin
embargo, se necesitan mas estudios tedricos y experimentales para comprender
plenamente la dindmica de relajaciéon de estos intrigantes imanes de un solo ion

basados en rutenio(III).

Se demuestra el potencial de los complejos de rutenio(III) basados en puri-
nas como dispositivos sensores. La sensibilidad, reproducibilidad y estabilidad
de los sistemas de dirutenio los convierten en candidatos prometedores para de-
tectar biomoléculas como la hipoxantina. Ademas, un complejo dinuclear de
rutenio(IIl) basado en adenina muestra potencial como agente quimioterapéutico
contra lineas celulares cancerosas, lo que justifica nuevas investigaciones. Por otro
lado, se exploraron las propiedades multifuncionales de los complejos sintetizados,

haciendo especial hincapié en su biocompatibilidad.

La biocompatibilidad es un aspecto crucial en el desarrollo de materiales para
aplicaciones biomédicas. Se ha investigado la capacidad de los complejos basa-
dos en oxalato para interactuar con los sistemas bioldgicos y su potencial de uso
en aplicaciones terapéuticas y de diagndstico. Los estudios de biocompatibilidad
incluyen evaluaciones in wvitro e in vivo de la citotoxicidad, la absorcién celu-
lar y la eficacia terapéutica de los complejos. Inspirados por el éxito inicial del
complejo dinuclear de rutenio(III) basado en adenina frente a lineas celulares can-
cerosas, la investigacién avanzo hacia el desarrollo de una familia de compuestos
con propiedades similares. Uno de estos compuestos, Runat-BI, resulta ser mas
eficaz contra varios tipos de cancer y posee un perfil de toxicidad mejor que el

complejo de rutenio(IIl) basado en la adenina. Runat-BI presenta un mecan-
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ismo de accién multiobjetivo que lo convierte en una prometedora alternativa a
los actuales farmacos quimioterapéuticos. Asimismo, el andlisis de la estructura
cristalina de los complejos de dirutenio(IV) revela su potencial como bloques de
construccién para ensamblar nuevas estructuras supramoleculares. Utilizando
enlaces organicos adecuados, estos compuestos podrian encontrar aplicaciones en
dispositivos eléctricos basados en sus propiedades redox. Se estan llevando a cabo

nuevas investigaciones en este campo.

En el capitulo 3, se exploran complejos basados en lantanidos de diferente di-
mensionalidad, descubriendo sus interesantes propiedades magnéticas, incluidos
los comportamientos SIM y SMM en MOFs unidimensionales y bidimensionales,
respectivamente. Estos complejos presentan temperaturas de bloqueo moder-
adamente altas y efectos magnetocaldricos significativos, lo que los convierte en
candidatos potenciales para materiales refrigerantes magnéticos moleculares de
baja temperatura y relajacion lenta. La investigacién también se centra en la
preparacion de peliculas delgadas de estos MOF para estudiar sus efectos SIM
y magnetocaléricos en dispositivos practicos. El trabajo pone en relieve las lim-
itaciones de los agentes de contraste actuales y subraya la necesidad de agentes
de contraste basados en gadolinio (GBCA) con mayor estabilidad y resistencia
a largo plazo a la transmetalacién/transquelacién. Se anima a los quimicos de
coordinacién a emplear enfoques innovadores para construir GBCA més estables
y mejorar el diseno de los agentes de contraste. Este trabajo presenta el poten-
cial de los compuestos de gadolinio(III) basados en la nucleobase timina como

candidatos prometedores para futuras investigaciones en RMN.

La combinaciéon de las propiedades inherentes del gadolinio como agente de
contraste y la incorporaciéon de biomoléculas como ligandos abre vias para el

desarrollo de agentes de contraste versatiles, asi como la incorporacion de difer-
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entes biomoléculas, como antibidticos y vitaminas en nuevos compuestos puede
dar lugar a agentes de contraste con multiples propiedades.

Los resultados de esta tesis doctoral contribuyen al creciente campo de la
quimica bioinorganica y la ciencia de materiales, ofreciendo nuevos conocimien-
tos sobre el diseno y la sintesis de complejos multifuncionales y polimeros de
coordinacion con ligandos biocompatibles. En otras palabras, se ha profundizado
en la quimica de coordinacion y la magnetoquimica de iones metéalicos param-
agnéticos. La investigacion explora las aplicaciones potenciales de los compuestos
moleculares magnéticos en diversos campos y destaca la importancia de los en-
foques innovadores en el desarrollo de agentes de contraste y técnicas de imagen
molecular. Los hallazgos contribuyen al avance de las herramientas terapéuticas
y de diagndstico en campos como la terapia molecular, la bioimagen molecular,

la refrigeracion molecular y la deteccién molecular.
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Abstract

The work developed in this Thesis falls within the field of Coordination Chem-
istry and Molecular Magnetism, which are the basis vectors for the development
of multiple applications in Nanomedicine and Nanotechnology. The study of co-
ordination compounds has a long history dating back to the early 19th century,
with notable contributions from chemists such as Berzelius and Jgrgensen. This
branch of chemistry focuses on understanding the binding properties of ligands
(electron-donating molecules or anions) to metal ions. Alfred Werner’s theories
on metal ion coordination in the early 20th century marked a significant milestone
in the field.

Molecular Magnetism, a multidisciplinary area of research, originated approxi-
mately three decades ago with a primary focus on synthesising and studying metal
coordination compounds. This field has experienced significant growth due to
the collaborative efforts of scientists from various disciplines, such as Chemistry,
Physics, and Biology. The complementary nature of experimental techniques
and the knowledge generated by different branches of science have contributed
to the rapid progress of Molecular Magnetism. Inorganic Chemistry, particularly
Coordination Chemistry, has played a vital role in designing and synthesising
complexes with predictable structures and magnetic properties. The study of

Molecular Magnetism initially concentrated on mononuclear complexes, which
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provided valuable insights into the structure and bonding of coordination com-
pounds. The field started to flourish in the late 1970s when researchers sought
to create molecule-based magnets mimicking the properties of inorganic mag-
nets. These investigations were primarily centred around 3d metal ions, while
the 4d and 5d metal ions remained relatively unexplored due to their challenging
chemistry and complex magnetic behaviour. However, the unique properties of
the heavier metal ions, such as higher magnetic anisotropy and longer diffusivity,
have garnered attention, leading to the exploration of 4d and 5d-based Molecular

Magnetism.

Single-Molecule Magnetism (SMM), is a fascinating phenomenon that was
discovered in the early 1990s, revolutionised the field by demonstrating that spe-
cific polynuclear complexes possess the ability to exhibit magnetisation without
long-range cooperative interactions. The origins of SMM can be traced back
to the work conducted in the Christou group during the 1980s, which focused
on synthesising model compounds of the oxygen-evolving complex in Photosys-
tem II. Although this research produced several polynuclear mixed-valence man-
ganese complexes, a model for the highest oxidation state of the biological cycle
was still lacking. During the quest to develop such a model, an intriguing com-
pound with the formula [Mn;3012(O2CPh);6(H20)4] was isolated through the
oxidation of manganese acetate with permanganate. The proposal of a dode-
canuclear manganese complex from this type of reaction was first made in 1921
by Weinland and Fischer. However, it was not until the advent of monocrys-
tal X-ray experiments that the structure of the compound could be confirmed as
[Mn15012(02CCH3)16(Hy0)4)- 4 HyO - 2 CH;COOH or [Mnys], as published by Lis
in 1980. Lis included preliminary magnetic susceptibility data in his publication,

but no interpretation was provided. A subsequent study by Boyd et al. examined
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the magnetic properties of the benzoate derivative of [Mnj2015(0O2CPh)16(H0) 4]
and erroneously deduced a spin ground state of S = 14. At that time, the highest
spin known for a molecule was S = 12, as reported by Gatteschi’s group. In re-
sponse to Boyd et al.’s paper, the Gatteschi group reexamined the Lis compound
using different techniques, including high-field magnetisation and high-frequency
Electron Paramagnetic Resonance (EPR) spectroscopy. The results, published
by Caneschi et al. in 1991, described the freezing of magnetisation at low fields
and provided evidence of a S = 10 ground state for [Mn;3015(O2CPh)16(H20),).
The pioneering discovery of significant magnetic anisotropy on the dodecanuclear
manganese complex [Mnj,] by Lis, and subsequent studies led to the identifica-
tion of molecular magnetic hysteresis and marked a significant advancement in
the field of SMMs, which manifests as a slow relaxation of the compound’s mag-
netisation when the applied magnetic field is turned off. This phenomenon was
demonstrated to be of a molecular nature in 1996 by Thomas et al., who reported
quantum relaxation, thereby achieving a significant breakthrough. This observa-
tion of superparamagnetic-like behaviour in discrete molecules marked the advent
of the SMM era, even though the term SMM was not yet in use by Caneschi et
al. Therefore, the study of SMM has significantly advanced our understanding
of magnetic behaviour at the molecular level. The discovery and characterisation
of [Mnj,] and its unique properties have paved the way for further exploration
and utilisation of SMM in various fields, including molecular electronics, data
storage, and quantum computing. The investigation of Single-Molecule Magnets
continues to captivate researchers, offering a rich area of study with immense

potential for technological advancements.

The initial focus was on 3d-based polymetallic molecules, including families

such as [Mnyo], [V4], [Fes], [Cos], and [Nijp]. Subsequently, attention shifted
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towards exploring the potential of 4d and 5d metal ions in exhibiting SMM be-
haviour. Among the 4d and 5d metal ions, systems based on Mo(III), Ru(III),
Re(IV), and Os(V) have been extensively studied. The high magnetic anisotropy
and favourable spin values of Re(IV) complexes have made them particularly
intriguing for investigating slow magnetic relaxation. Lanthanides, initially over-
looked in Molecular Magnetism due to weak magnetic interactions and technical
challenges, have emerged as a focal point in recent years. Lanthanide-based com-
plexes have exhibited slow magnetic relaxation similar to Single-Molecule Mag-
nets but have intrinsic properties inherent to isolated metal ions within molecular
structures. The utilisation of lanthanides in molecular spintronics has further en-

hanced their significance.

Coordination compounds can be used in biomedicine to treat diseases through
the use of metal-based drugs; to treat metabolic dysfunction or to remove heavy
metal poisoning in the human body through the use of chelating or complexing
agents; and to transport metals to specific sites in the body to aid in imaging,
through the use of paramagnetic coordination complexes. Inorganic biochemistry,
also known as biocoordination chemistry, is a rapidly evolving field focused on
investigating the chemical reactivity of metal ions within biological environments.
The interaction between metal ions and biomolecules has attracted much interest

in biochemical research over the past decades.

Coordination Chemistry offers valuable tools for developing biologically active
molecules and nanomaterials. By carefully selecting metal centres, modulating
coordination numbers, and incorporating bioactive or ancillary ligands, nanoma-
terials with discrete biological modes of action can be created for disease diagnos-
tics, sensing, and therapy. The continuous exploration of metal ion-biomolecule

interactions within the framework of inorganic biochemistry holds immense po-
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tential for advancing various fields and addressing important biological challenges.
Coordination Chemistry’s characteristics are enticing for synthesising physiolog-
ically active compounds and nanomaterials. By carefully choosing metal centres,
modifying the coordination number, their labile groups and bioactive or accessory
ligands, nanomaterials with discrete biological modes of action could be developed
and exploited for detecting, diagnosing and treating diseases. Researchers from
diverse disciplines have been attracted to this broad subject, driven by a growing
interest in understanding the interactions between metal ions and biomolecules,
particularly nucleobases. These investigations have led to significant advance-
ments in the field, paving the way for developing coordination polymers (CPs)
through the self-assembly of nucleobases, nucleosides, and nucleotides with metal
ions. The reactivity of nucleobases towards metal ions varies depending on the
specific metal ion and the nucleobase involved. Nucleobases possess accessible
nitrogen and oxygen lone pairs, allowing them to act as ligands. Exploring the
interactions between metal ions and nucleobases holds great significance due to
the crucial role metal ions play in the structure and function of nucleic acids,
including the transfer of genetic information. The hydrogen bond donor and
acceptor positions within nucleobases generate compounds with unique proper-
ties, enabled by their complementary hydrogen bonding capability. This specific
bonding, observed in DNA base pairs, forms the chemical foundation for genetics.
Leveraging this powerful molecular recognition system in nanotechnology enables
the directed assembly of highly structured materials with specific nanoscale fea-

tures.

Similarly, in DNA computation, it facilitates the processing of complex infor-
mation. Through rational design, the properties of these materials can be tai-

lored, including applications in luminescence, Magnetism, electrical conductivity,
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and catalytic activity, capitalising on their hybrid metal-organic nature. However,
studying magnetic properties in inorganic systems based on biomolecules remains
scarce. Another significant area of research within the metal ion-biomolecule
interactions emerged with the discovery of the antitumor activity of cisplatin.
Although the exact in vivo mechanism of action remains a topic of debate, plat-
inum(IT) compounds, including cisplatin, have shown effectiveness in treating var-
ious forms of cancer. Nonetheless, drug resistance and significant side effects have
limited their clinical utility. Consequently, researchers have been motivated to ex-
plore other transition metal complexes as potential alternatives to platinum-based
drugs. Ruthenium complexes, such as amine complexes of Ru(Il) and Ru(III),
exhibit selective binding to imine sites in biomolecules, leaving their nitrogen lone
pairs available for metal ion coordination. This selectivity allows ruthenium com-
plexes to target specific tissues by coordinating with histidyl imidazole nitrogens
on proteins and the N7 site on the imidazole ring of purine nucleotides. There-
fore, these complexes can use the properties of proteins, oligonucleotides, and
nucleic acids to design targeted therapeutic agents. Amino acids, the fundamen-
tal building blocks of proteins and enzymes, also serve as precursors for essential
biomolecules such as hormones and neurotransmitters. With minimal immuno-
genicity, low toxicity, and affinity for specific body receptors, amino acids are
excellent candidates for creating nanomaterials in biological applications. Their
structural diversity, chirality, and functional groups make them versatile building

blocks for nanomaterial synthesis.

On the other hand, it is worth saying that the selection of appropriate carboxy-
late-type ligands of biological nature to obtain new multifunctional complexes
and coordination polymers that exhibit biocompatibility is crucial. The use of

carboxylate ligands in the design of metal complexes has gained significant at-
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tention due to their versatile coordination modes and ability to serve as bridging
ligands, enabling the formation of diverse metal-ligand architectures. Among the
carboxylate ligands, oxalate, the simplest dicarboxylate dianion, has been chosen
as a key ligand in this research. Oxalate is ubiquitously present in nature, found
in various plants and minerals, and it may have biological origins. The primary
endogenous production of oxalate occurs through the metabolic conversion of
glyoxalate to oxalate by the liver’s lactate dehydrogenase (LDH) enzyme. The
peroxisomes of hepatic cells play a crucial role in the intermediate metabolism
of glycine, hydroxyproline, and glycolate, leading to the generation of glyoxalate
and oxalate. This metabolic pathway highlights the biological relevance of ox-
alate and motivates its investigation as a ligand in the synthesis of multifunctional
complexes. The choice of oxalate as a ligand is justified by its versatility, which
stems from its ability to adopt numerous coordination modes when forming metal
complexes with other coligands. This flexibility enables the construction of di-
verse metal-ligand frameworks, offering opportunities to design novel materials
with tailored properties. Moreover, oxalate serves as an excellent mediator of
magnetic interactions between metal ions when used as a bridging ligand. The
strength and nature of these interactions contribute to the magnetic properties

exhibited by the resulting complexes and coordination polymers.

The aim of this doctoral Thesis is to investigate the coordination chemistry
and magnetochemistry of various paramagnetic metal ions using biomolecules
and biocompatible ligands. Overall, this PhD thesis presents a comprehensive
exploration of ruthenium and lanthanide complexes, their unique properties, and
potential applications in various fields. The study of these metal-based com-
plexes provides valuable insights into the design and development of functional

materials with tailored optical, spectroscopic, and magnetic properties, open-
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ing avenues for future research and technological advancements in different areas
such as molecular electronics, data storage, molecular therapy, Molecular Sens-
ing, medical imaging, and cryogenic magnetic cooling. The research performed in
this thesis involves the synthesis of various metal complexes incorporating oxalate
ligands and other complementary coligands. The resulting complexes are charac-
terised using various analytical techniques, including X-ray crystallography, spec-
troscopic methods, and magnetic measurements. The structural insights obtained
from these characterisations provide valuable information about the complexes
coordination modes, bonding interactions, and overall architecture.

The research carried out in this Doctoral Thesis has focused on the struc-
tural characterisation, study of magnetic properties and possible applications of
systems based on Ru(III)/(IV) [4d] and Gd(III)/Dy(III) [4f] metal ions.

The present Doctoral Thesis work is collected in the format of a “compendium
of articles”, in accordance with the regulations for the deposit, evaluation and
defence of Doctoral Thesis of the Universitat de Valencia (ACCUV 266,/2011)
and is divided into two main chapters: chapter 2 and chapter 3.

Chapter 2 focuses on the Coordination Chemistry and properties of ruthe-
nium complexes with specific emphasis on two oxidation states: ruthenium(III)
and ruthenium(IV). Ruthenium (Ru), a 4d-series metal, exhibits a wide range
of formal oxidation states (-2 to +8) and is known for its stability in oxida-
tion states +2, +3, and +4 under physiological conditions. This characteristic,
combined with its dominant octahedral coordination and strong ligand-field sta-
bilisation, has attracted significant research interest in the study of ruthenium
coordination and organometallic chemistry. Ruthenium complexes have found
applications in diverse fields, such as biomedicine, catalysis, nanoscience, redox

systems, and photoactive materials. Ruthenium(III) complexes exhibit extensive
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coordination chemistry, forming stable neutral, cationic, and anionic mononu-
clear complexes with kinetically inert properties. These complexes commonly
possess a low-spin six-coordinate structure with paramagnetic characteristics.
On the other hand, ruthenium(IV) complexes display complex aqueous chem-
istry, primarily in the form of dinuclear species, while mononuclear adducts are
relatively less studied. The electronic configuration of ruthenium(IV) often gives
rise to paramagnetic low-spin mononuclear or strong antiferromagnetically cou-
pled diamagnetic dinuclear systems. Here, it is further explored the intriguing
properties of oxo-bridged diruthenium complexes, have been studied extensively
due to their molecular catalytic activity in water oxidation reactions and their
potential as artificial models of the Photosystem II centre. These complexes,
such as Ru360, have also demonstrated inhibitory effects on the mitochondrial
calcium uniporter (MCU), making them useful for biological research. While
ruthenium complexes have shown promising potential in biomedical applications,
particularly as metallodrugs, their magnetic behaviour and Molecular Magnetism
have received relatively less attention compared to their 3d-series counterparts.
The unique properties of 4d-series ions, including their high degree of magnetic
anisotropy, make them interesting candidates for investigating spin-lattice relax-
ation and exploring their potential in Molecular Magnetism. The chapter also
delves into the various applications of ruthenium complexes in antitumor re-
search, highlighting the favourable properties of ruthenium(III) complexes, such
as their ability to mimic iron, exhibit redox-accessible oxidation states, low tox-
icity, and interaction with DNA and proteins. Notably, ruthenium(III) com-
plexes with imidazole and benzopyrazole ligands, such as NAMI-A and KP1019,
have entered clinical trials and displayed remarkable antimetastatic properties.

Moreover, the formation of metal-metal bonds, including multiple bonds, is a

xli



characteristic feature of 4d transition metals like ruthenium, distinguishing them
from their 3d-series counterparts. Dinuclear ruthenium complexes with paddle-
wheel structures, face-sharing bioctahedral, and bisquare planar structures have
been extensively studied. These complexes exhibit diverse oxidation states, and
their electrochemical properties can be tailored by selecting appropriate bridg-
ing ligands. Such diruthenium complexes have found applications in molecular

electronics, magnetic materials, biochemistry, and medicinal chemistry.

In sum, chapter 2 provides a comprehensive overview of the coordination
chemistry, magnetic properties, and biomedical applications of ruthenium com-
plexes. It highlights the potential of ruthenium-based compounds in various
fields and underscores the need for further exploration and development of these

fascinating molecules.

Chapter 3 focuses on the coordination chemistry and properties of lanthanide
complexes with specific emphasis on Gadolinium(III) and Dysprosium(III). In
the early 21st century, lanthanides, initially underexplored in Molecular Mag-
netism, gained significance. Reports on lanthanide-containing complexes exhibit-
ing slow magnetic relaxation similar to SMMs led to the emergence of Single-
Ion Magnetism (SIM). Lanthanides, with their high spin and intrinsic magnetic
anisotropy, became essential components in the development of SIMs. Coordina-
tion compounds have found applications in various fields, including biomedicine,
nanomedicine, and nanotechnology. Metal-based drugs, such as cis-dichlorodiam-
mineplatinum (CISPLATIN), have shown efficacy in cancer treatment. Chelat-
ing agents have been employed to treat metabolic dysfunction and remove heavy
metal poisons from the body. Coordination complexes have also been used to
transport metals for imaging purposes, enhancing diagnostic techniques like Mag-

netic Resonance Imaging (MRI). One of the prominent applications of permanent
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magnets in modern medicine is MRI. The utilisation of coordination compounds
in magnetic resonance imaging, especially gadolinium(III) complexes, has rev-
olutionised medical imaging. Relaxation times, such as longitudinal relaxation
time 7T} and transversal relaxation time 75, play crucial roles in MRI. The de-
velopment of contrast agents has improved the contrast and resolution of clinical
images, opening new avenues for research. NMR is directly related to the MRI
phenomenon, wherein the imaging technique focuses on a specific atomic nucleus
to generate spatial distribution images, often centered on water protons. Un-
like other spectroscopic techniques, the low energy difference between the excited
and ground states necessitates stimulated relaxation. The longitudinal relaxation
time, 77, represents the return to magnetisation equilibrium along the z-axis and
is influenced by the enthalpic interaction of the excited nucleus with magnetic
active agents in the environment. Consequently, 7} depends on the environ-
ment’s mobility and viscosity. The transversal relaxation time, T5, characterises
the signal decay in the xy-plane. In MRI, the parameter 77 is commonly used,
encompassing 75 and contributions from magnetic field inhomogeneity within the
sample. T3 provides valuable information about tissue properties and finds ex-
tensive application in medical MRI. MRI, in its basic form, does not require the
use of contrast agents, as they do not directly contribute to the visible contrast.
Instead, MRI contrast agents interact with water protons (H,O) and modify their
relaxation times or participate in the magnetisation of these protons. Neverthe-
less, to improve image quality, there is a growing utilisation of MRI contrast
agents. The most prevalent class relies on the mechanism of longitudinal relax-
ation, where the motion of the nearby ! H protons creates an oscillating magnetic
field that promotes the return to equilibrium of the HyO protons. The introduc-

tion of molecules containing unpaired electrons into the HoO environment effec-
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tively accelerates the relaxation process due to the stronger magnetic moment of
electrons compared to protons. Gadolinium(III) ion-containing complexes, pos-
sessing seven unpaired electrons, are commonly employed as MRI contrast agents.
These complexes decrease the relaxation time constant 77, resulting in enhanced
brightness in molecular resonance images. During data acquisition, gadolinium
contrast agents reduce the magnetisation’s return to equilibrium time. In re-
cent decades, on the other hand, gadolinium(III) complexes have also garnered
significant interest due to their potential technological applications in low and
ultra-low temperature settings, as well as magnetocaloric refrigeration (CMR).
CMR serves as a standard cryogenics technology capable of achieving extremely
low temperatures, even in the sub-Kelvin range. The applications of CMR encom-
pass superconducting magnets and helium liquefiers, among others, providing an
alternative to expensive cooling technologies reliant on >He/*He dilutions. The
roots of CMR trace back to the late 1920s, initiated by Debye and Giauque’s
work involving the adiabatic demagnetisation of gadolinium(III) sulfate octahy-
drate, which enabled the attainment of ultra-low temperatures. The phenomenon
is responsible for temperature variations occurring in a magnetic material upon
connection/disconnection of an external magnetic field under adiabatic conditions
is known as the magnetocaloric effect (MCE). Consequently, the balance between
changes in lattice entropy and isothermal magnetic entropy during the magneti-
sation/demagnetisation cycle determines the temperature changes. Attending to
that, chapter 3 focuses on the study of lanthanide complexes, particularly the lan-
thanides in coordination and supramolecular chemistry, as well as their unique op-
tical, spectroscopic, and magnetic properties. The research explores the potential
applications of lanthanide(III) complexes with chelating ligands in various fields

such as organic light-emitting devices, liquid crystalline materials, sensors, and
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contrast agents in MRI. The luminescence properties of these complexes, resulting
from the filling of the 4f orbitals, can be adjusted from the visible to the infrared
region by selecting the appropriate lanthanide(I1I) ion. The dissertation also dis-
cusses the magnetic properties of lanthanides due to their highly electropositive
and reactive nature, leading to peculiar and remarkable magnetic behaviour. Also
in chapter 3, there is a further investigation in Single Molecule Magnets (SMMs)
based on lanthanide(III) ions, which have gained significant attention due to
their potential applications in quantum and high-density data storage, quantum
information processing, molecular refrigeration, and spintronics. Specifically, the
focus is on SMMs containing dysprosium(III) and gadolinium(III) ions. Dyspro-
sium(III) complexes, especially dinuclear ones, have been extensively studied for
their magnetism properties, while mononuclear dysprosium(III) complexes have
received less attention despite showing promising SMM behaviour. On the other
hand, gadolinium(IIT) complexes, although highly paramagnetic, can exhibit slow
magnetic relaxation under certain conditions, making them interesting for spe-
cific applications. The dissertation discusses the design and synthesis of mononu-
clear gadolinium(IIT) and dysprosium(IIT) complexes with various ligands and
explores their magnetic properties and relaxation behaviour. Chapter 2 focused
on the investigation of the magnetic properties of mono- and dinuclear com-
plexes of ruthenium(III) based on nucleobases. These complexes demonstrated
biological and biochemical properties, making them appealing for applications in
redox catalysis and other research areas. However, further theoretical and exper-
imental studies are needed to fully comprehend the relaxation dynamics of these
intriguing ruthenium(I11)-based Single-Ion Magnets. Additionally, the Thesis
demonstrated the potential of purine-based ruthenium(III) complexes as sensor

devices. The sensitivity, reproducibility, and stability of diruthenium systems
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make them promising candidates for detecting biomolecules like hypoxanthine.
Moreover, a dinuclear ruthenium(III) complex based on adenine shows poten-
tial as a chemotherapeutic agent against cancer cell lines, warranting further
investigations. Furthermore, the multifunctional properties of the synthesised
complexes were explored, with a particular emphasis on their biocompatibility.
Biocompatibility is a crucial aspect in the development of materials for biomed-
ical applications. The ability of the oxalate-based complexes to interact with
biological systems and their potential for use in therapeutic and diagnostic appli-
cations are investigated. The biocompatibility studies involve in vitro and in vivo
assessments, evaluating the complexes’ cytotoxicity, cellular uptake, and thera-
peutic efficacy. Inspired by the initial success of the dinuclear ruthenium(III)
complex based on adenine against cancer cell lines, the research progressed to-
wards the development of a family of compounds with similar properties. One
such compound, Runat-BI, proves to be more effective against various cancers
and possesses a better toxicity profile than the adenine-based ruthenium(III)
complex. Runat-BI exhibits a multitargeted mechanism of action, making it a
promising alternative to current chemotherapy drugs. Also, the crystal structure
analysis of diruthenium(IV) complexes reveals their potential as building blocks
for assembling new supramolecular structures. By utilising appropriate organic
linkers, these compounds could find applications in electrical devices based on
their redox properties. Further investigations in this area are ongoing. In Chap-
ter 3, lanthanide-based complexes of different dimensionality, uncovering their
interesting magnetic properties, including SIM and SMM behaviours in one- and
two-dimensional metal-organic frameworks (MOFSs), respectively, were explored.
These complexes exhibit moderately high blocking temperatures and significant

magnetocaloric effects, making them potential candidates for low-temperature,
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slow-relaxing molecular magnetic refrigerant materials. The research also focuses
on the preparation of thin films of these MOF's for studying their SIM and mag-
netocaloric effects in practical devices. The Thesis highlights the limitations of
current contrast agents and emphasises the need for gadolinium-based contrast
agents (GBCAs) with enhanced stability and long-term resistance to transmetal-
lation /transchelation. Coordination chemists are encouraged to employ innova-
tive approaches to build more stable GBCAs and improve contrast agent design.
This work presents the potential of gadolinium(IIT) compounds based on thymine
nucleobase as promising candidates for further MRI research. The combination
of inherent gadolinium properties as a contrast agent and the incorporation of
biomolecules as ligands open avenues for the development of versatile contrast
agents. The incorporation of different biomolecules, such as antibiotics and vita-
mins, in new compounds can lead to multi-property contrast agents.

The findings from this PhD thesis contribute to the growing field of bioinor-
ganic chemistry and materials science, offering new insights into the design and
synthesis of multifunctional complexes and coordination polymers with biocom-
patible ligands. In other words, comprehensive insights into the Coordination
Chemistry and Magnetochemistry of paramagnetic metal ions were done. The
research explores the potential applications of magnetic molecular compounds in
various fields and highlights the significance of innovative approaches in develop-
ing contrast agents and molecular imaging techniques. The findings contribute to
the advancement of therapeutic and diagnostic tools in fields such as Molecular

Therapy, Molecular Bioimaging, Molecular Refrigeration, and Molecular Sensing.
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Chapter 1. Introduction and background

1.1 Coordination Chemistry in Molecular Mag-

netism

Since the appearance of water on the Earth, metal-aqua complexes must have ex-
isted. The subsequent appearance of life depended on the interaction of metal ions
with organic molecules. Coordination Chemistry is, quite simply, the chemistry
of coordination compounds. Attempts to understand the metal-binding proper-
ties of what are now recognised as electron-donating molecules or anions (ligands)
date from the development of analytical procedures for metals by Berzelius and his
contemporaries (Larboki Kemien, vol. 1, 1808), establishing that the elements
in inorganic substances are bound together in definite proportions by weight.
The synthesis of the great variety of metal complexes that could be isolated and
crystallised was being rapidly developed by chemists such as S. M. Jgrgensen in
Copenhagen. Subsequently, by the late XIX century, there were numerous exam-
ples of the complexing metal ions. Studies on the ‘residual affinity’” of metal ions
for other molecules and anions culminated in the theories of Alfred Werner, al-
though they were universally accepted in the mid 1920s. Molecular Magnetism is
a wide ranging area of research that began only 30 years ago, primarily involving

the synthesis and study of mainly metal based compounds.

The pioneering research on the magnetic properties of mononuclear complexes
has largely contributed to the basic knowledge of the structure and bonding in
coordination compounds. In fact, Molecular Magnetism appears intimately re-
lated to Coordination Chemistry. The flexibility thus provided, regarding the
different nature and oxidation degree of the metal ions and the plasticity of their

coordination environment, the variety of the blocking and bridging ligands with



potential optical, redox, and photochemical properties, or the different stability
and solubility of the corresponding metal complexes in solution, constitute invalu-
able tools when aiming at preparing tailor-made, discrete polynuclear complexes
and extended coordination polymers under mild conditions. In this respect, the
history of the Coordination Chemistry-based approach to Molecular Magnetism
flows back and forth between the two limiting cases of lower to higher nuclearity
and dimensionality, creating a plethora of multimetallic coordination compounds
with unique structures and magnetic or physical properties through this perpetual

pendular movement.

Molecular Magnetism is a wide-ranging area of research that began focusing
mainly on the synthesis and the study of metal coordination compounds, which
has experienced an increase in the attention of scientists from different speciali-
ties, such as Chemistry, Physics or Biology. This convergence of disciplines has
led to the rapid development of this area due to the complementarity of both the
experimental techniques used and the knowledge generated. The knowledge pro-
vided by Inorganic Chemistry (specifically Coordination Chemistry) is of great
help since it is intended to prepare complexes with predictable structures and

magnetic properties from chemical reactions in solution.

Molecular Magnetism targets the design, synthesis and investigation of the
magnetic properties of molecular materials. The start of Molecular Magnetism
can be dated from the attempts made in the late 1970s of the last century to
obtain molecule-based magnets. Molecule-based magnets can mimic the unique
magnetic properties exhibited by conventional inorganic magnets (metal alloys
and oxides), while incorporating additional properties to the magnetic ones (op-
tical, electronic, conducting, sensing or adsorbing). These coexisting properties

would lead to new magnetic phenomena resulting from the synergy between them.
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For a few years, researchers in this field made efforts to design coordination com-
pounds ordering ferromagnetically. Finally, it was in 1987 when Kahn et al. re-
ported the first molecule-based ferromagnet of formula [MnCu(pba)(H,0)3]- 2 H,O
(pba = 1,3-propylene-bis(oxamato)), a heterobimetallic 1D coordination polymer
built up from the regular alternation of Mn(II) and Cu(II) ions across the oxam-
ato bridges, which exhibits a long-range ferromagnetic order at a very low critical

temperature of Tc = 4.6 K (Figure 1.1) [1].
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Figure 1.1: (a) View along the ¢ axis of a fragment of the chain structure of
[MnCu(pba)(H20)3]- 2H20. Colour code: purple, Mn; orange, Cu; red, O; blue,
N; grey, C. Hydrogen atoms have been omitted for clarity. (b) Experimental (e)
and theoretical (-) temperature dependence of /T

The study of the magnetic properties of the molecular compounds was cen-
tered mainly on 3d (and 4f) ions, remaining the 4d and 5d ions almost unexplored.
The possible reason for that could be the more difficult chemistry that 4d and
5d ions present as well as the complication to model and interpret their mag-
netic data. Besides, these heavier metal ions tend to lead to low-spin complexes,
which, in most cases, present all paired electrons, losing the interest in this field.
In contrast, when having unpaired electrons, these ions remain attractive as they

show longer diffusivity and anisotropy, which can increase the intensity of the



magnetic exchange compared to the 3d ions.

Magnets are widely used for a large number of applications. Among all of
them, information storage is certainly one of the future applications for magnets.
Like in all information technologies, there is a tendency to reduce the size of the
magnetic memory elements.

The phenomenon of Single-Molecule Magnetism was established in the early
1990s, when it was discovered that specific polynuclear complexes, so-called
molecular metal compounds, possessed the ability to be magnetised without the
necessity of long-range cooperative magnetic interactions. In some ways, Single-
Molecule Magnet (SMM) story starts with the work performed in the Christou
group during the 1980s [2]. The research was dedicated to the synthesis of model
compounds of the oxygen-evolving complex in Photosystem II. The work resulted
in many polynuclear mixed-valence manganese complexes being made, but lacked
a model for the highest oxidation state of the biological cycle.

In attempting to make such a model by oxidation of manganese acetate with
permanganate, a compound of formula [Mn;2015(O5CPh)16(H20)4] was isolated.
The first proposal of a dodecanuclear manganese complex from this type of reac-
tion was made in 1921 by Weinland and Fischer [3]. Nevertheless, only when
monocrystal X-ray experiments were commonly used it was possible to con-
firm the structure of the compound as [Mn;3012(OsCCHjz)16(H20)4] - 4 HoO -
2 CH3COOH or [Mn;s], published in 1980 by Lis [4], who included the prelimi-
nary magnetic susceptibility data from 4-300 K, but did not interpret them.

Boyd et al. measured the magnetic properties of the benzoate derivative of
formula [Mn;3012(O2CPh)16(H20)4] and deduced an incorrect spin ground state
of § = 14. At that time, the highest spin known for a molecule was § = 12, as

reported by Gatteschi’s group [5]. As a result of the paper by Boyd et al., the
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Gatteschi group reinvestigated the Lis compound by different techniques, such as
high-field magnetisation and high-frequency Electron Paramagnetic Resonance
(EPR) spectroscopy. The results were published by Caneschi et al. in 1991
[6], describing the freezing of the magnetisation at low fields. The use of these
techniques provided evidence of a S = 10 ground state and later, measurements
confirmed that [Mnj5015(02CPh)14(H20)4] also had a S = 10 ground state [7,
8].

The identification of a large magnetic anisotropy in [Mnis] led to the first
observation of molecular magnetic hysteresis (Figure 1.2) [7]. This hysteresis
appears due to a slow relaxation of the magnetisation of the compound when
switched off the applied magnetic field. The phenomenon was molecular, and
in 1996, the quantum relaxation was reported by Thomas et al. reaching a
total success [9]. In this manner, superparamagnetic-like behaviour was shown
unambiguously in discrete molecules. Caneschi et al. did not use the term SMM

at that moment. However, these molecules are now universally known, forming

the basis for the SMM era.

The initial area of interest for the development of SMMs was 3d-based poly-
metallic molecules in the vein of [Mnjs], where exchange interactions were har-
nessed to construct molecules with giant total spin [10]. These studies were
also performed on systems like [Vy], [Fes], [Coy], [Nij2] and other [Mn,,] families,
among others.

Finally, the less explored 4d and 5d metal ions started to draw attention
since, as mentioned before, the 4d and 5d metal ions possess higher magnetic
anisotropy and longer diffusivity than the systems proceeding from 3d ions. After
approximately a decade of the finding of the pioneering SMM, the first SMMs

based on 4d and 5d metal ions were reported [11].
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Figure 1.2: (a) Molecular structure of [Mn;5012(O2CPh);6(H50)4]. Colour code:
purple, Mn(III); lavender, Mn(IV); red, O; grey, C. Hydrogen atoms have been
omitted for clarity. (b) Magnetisation versus magnetic field hysteresis loop for
Mn,-acetate complex on a single crystal with the magnetic field applied along
the tetragonal axis of each [Mnjs] molecule. The vertical parts of the “steps”
correspond to critical values of the field where resonant magnetisation tunnelling

is allowed.

From the Molecular Magnetism point of view, the most explored and studied
systems are those based on Mo(III), Ru(IIl), Re(IV) and Os(V). Among them,
Re(IV) systems have been the most studied due to its high magnetic anisotropy
and spin value (S = 3/2) of the ground state. On the contrary, the strong
quantum signatures of the 4d metal ions, such as Ru(III), make their compounds
less likely to exhibit typical SMM behaviour. As a result, the motivation to
investigate the slow magnetic relaxation in such molecules diminished for an

extended period of time.

On the other hand, lanthanides were fairly unexplored in Molecular Mag-
netism till the beginning of this century. The main reasons for the lack of inter-
est were (i) the weak magnetic interactions, (ii) the difficulties associated with
a large unquenched orbital contribution, which demands high doses of quantum
mechanics and (iii) the need for routine magnetic measurements below 4K, which

were not available in chemistry labs.
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The very weak interaction between f orbitals and ligand orbitals led to a less
rich variety of coordination compounds. Later, compared to transition metal
ions, lanthanides became one of the focal points of molecular spintronics, where
they provided the advantages of their unquenched orbital momentum.

The change in attitude towards all the issues presented above came at the be-
ginning of this century when two reports on completely different materials showed
that isolated lanthanide ions could give rise to slow magnetic relaxation, not due
to cooperative phenomena but to intrinsic properties of the metal ions that are
present in a molecular structure, analogous to what was observed in SMMs. The
first example of a mononuclear complex that showed Single-lon Magnet (SIM)
behaviour was reported in 2003 by N. Ishikawa et al. [12]. This compound of
formula (NBuy)[TbPcs] (HoPc = phthalocyanine) presents an energy barrier of
331 K, which is higher than those observed for the most representative SMMs
of the manganese family until that moment (Figure 1.3). Therefore, lanthanides
have constituted the foundation for the development of the first families of SIMs
due to their high spin and intrinsic magnetic anisotropy values. So, many of these

lanthanide-containing complexes have been reported during the last decades.

1.2 Other applications of coordination compounds:
from biology to nanomedicine and nanotech-
nology

Coordination compounds can be employed in the treatment, management or
diagnosis of diseases. Metal complexes can be formed in the body to handle

dysfunction due to metal poisoning. There are four main areas of the use of
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Figure 1.3: (a) Molecular structure of [Tb™Pcy]” complex viewed along the b
and c axes. Colour code: purple, Tb; blue, N; grey, C. Hydrogen atoms and
NBuy* cations are omitted for clarity. (b) Magnetisation vs field plot measured
at 1.7 K for the [TbPcs]™ complex.

transition metal compounds in biomedicine: (i) The application of coordination
compounds, or metal-based drugs, to treat diseases. An example can be the ef-
fectiveness of cis-dichlorodiammineplatinum (CISPLATIN) in the treatment of
certain types of cancer [13] or the use (for 50 years) of complexes of gold in the
treatment of rheumatoid arthritis [14]; (ii) The employment of chelating or com-
plexing agents to treat metabolic dysfunction. The classic example is the use of
D-penicillamine to treat Wilson’s disease [15], which is caused by an inability of
the body to metabolise copper in the normal way; (iii) The utilisation of com-
plexing, chelating or sequestering agents to remove heavy metal poisons from the
body (Chelation therapy may be the only acceptable treatment); (iv) The use of
complexes to transport metals to specific sites in the body to aid in imaging. The
classic example is the applicability of these complexes in radioimaging. Recently,

with the advent of Nuclear Magnetic Resonance (NMR) imaging of the human
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Chapter 1. Introduction and background

body, there has been much interest in using paramagnetic complexes, which go
to specific sites in the body to improve the contrast of clinical images [16]. Thus,
there is a growing area of research on the design of ligands that will go to a
specific organ in the body and can be used to take any metal as needed to that

site.

One of the most recent and popular applications of permanent magnets in
modern-day medicine is Magnetic Resonance Imaging (MRI). The discovery of
gadolinium (IIT) complexes inducing shifts in the NMR spectra and increasing res-
olution was an important step towards this research field. NMR is directly related
to the MRI phenomenon. In most cases, MRI focuses on one type of atomic nu-
cleus and can generate an image showing the spatial distribution of spin density
of a specific type of atom, usually the water protons [17]. Unlike other spectro-
scopic techniques, the difference between the excited and the ground states is too
low to allow spontaneous relaxation, so relaxation needs to be stimulated. The
longitudinal relaxation time T} is characteristic of the return to equilibrium of
the magnetisation along z axis, corresponding this phenomenon to the enthalpic
interaction of the excited nucleus with the magnetic active agents of the envi-
ronment. Therefore, 77 will depend on the mobility and, in consequence, on the
viscosity of the environment. The transversal relaxation time 7T is characteristic
of the disappearance of the signal in the zy plane. In MRI, the parameter of the
relaxation time 7% is often used and contains both 75 and the contribution of
all magnetic field lack of homogeneity characteristic of the sample. T3 is, thus,

linked to specific properties of the tissue under study and is very useful in medical

MRI.

MRI does not require the use of contrast agents, and it is not the contrast

agent itself that is visible. Indeed, the MRI contrast agents interact with HyO
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protons and either modify their relaxation times or are directly involved in the
H;O proton magnetisation level. Nevertheless, with the aim of improving the
quality of MRI images, there is a continuous increase in the use of the so-called
MRI contrast agents [18]. The most widely used class of MRI contrast agents is
based on the mechanism of longitudinal relaxation. It is usually the motion of the
'H protons from the neighbourhood which creates an oscillating magnetic field
that stimulates a return to equilibrium of the H,O protons. Suppose we introduce
molecules that contain unpaired electrons into the HoO molecule environment. In
that case, they will activate the return to equilibrium of the HyO protons more
effectively due to the strength of the magnetic moment of the electron, which
is 658 times stronger than that of the proton. Based on that, gadolinium(III)
ion-containing seven unpaired electrons is commonly used as an MRI contrast
agent. Therefore, the activity of gadolinium(I1T) complexes will cause a decrease
in the 77 relaxation time constant, resulting in a brightening of the MR image
[19]. When acquiring data, the gadolinium contrast agent will reduce the time of

return to equilibrium of the magnetisation.

Gadolinium(ITT) complexes have also attracted much attention in the last two
decades because of their potential technological applications in low and ultra-low
temperatures or Cryogenic Magnetic Refrigeration (CMR). Magnetic refrigera-
tion is a standar cryogenics technology proven effective in cooling temperatures as
low as a few Kelvin degrees. The applications of CMR include superconducting
magnets and helium liquefiers, among others, and serve as a viable alternative to
the costly cooling technologies based on *He/*He dilutions [20, 21]. The origins
of CMR may be traced back to the late 1920s, starting with the work of Debye
and Giauque, who achieved ultra-low temperatures in the sub-Kelvin realm by

adiabatic demagnetisation of gadolinium(III) sulphate octahydrate [22, 23].
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Chapter 1. Introduction and background

The increase or decrease in temperature that occurs in a magnetic material
when an external magnetic field is connected to/disconnected from it under adia-
batic conditions (7,4) is known as the Magnetocaloric Effect (MCE). As a result,
the lattice entropy changes balance out the isothermal magnetic entropy ones (S

= Sy + Sp = 0) during the magnetisation/demagnetisation cycle [24, 25].

1.3 Biomolecules as ligands

Inorganic biochemistry (or biocoordination chemistry) may be described as the
study of the chemical reactivity of metal ions in biological environments. It is a
broad and emerging subject that has attracted researchers from various unrelated
disciplines [26].

The interest in the interactions of metal ions with nucleobases and other
biomolecules during the past few decades has led to considerable advances in
inorganic biochemistry [27, 28]. With multiple metal binding sites, nucleobases,
nucleosides and nucleotides form coordination polymers (CPs) with metal ions
(Figure 1.4). These self-assembled materials are especially appealing due to their
ease of preparation, highly tunable structure and properties and outstanding bio-
compatibility. The reactivity of nucleobases towards metal ions varies, depending
on the nature of the metal ions and the selected nucleobases.

The presence of accessible nitrogen and oxygen lone pairs in the nucleobases
allows these molecules to act as ligands [29]. Studies on the metal ion—nucleobase
interactions are of great interest since metal ions play a crucial role in the struc-
ture and function of nucleic acids and genetic information transfer. The capacity
of the compounds generated with these biomolecules comes from the rich and di-

verse combination of hydrogen bond donor and acceptor positions, in many cases
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Figure 1.4: Structure of natural nucleobases, nucleosides and nucleotides with
deoxyribose.

close enough to provide complementary hydrogen bonding capability [30]. This
specific bonding of DNA base pairs provides the chemical foundation for genet-
ics. This powerful molecular recognition system can be used in nanotechnology
to direct the assembly of highly structured materials with specific nanoscale fea-
tures [31] and in DNA computation to process complex information. A rational
design of this type of material leads to different properties that can be tuned
at will, providing in this way materials with applications in areas such as lumi-
nescence [32], magnetism [33-35], electrical conductivity [36] or catalytic activity
[37], since they benefit from their hybrid metal-organic nature. Despite all these
features, there are scarce examples of inorganic systems based on biomolecules

to study the magnetic properties in this field [30, 34, 35].

On the other hand, the research on metal ion-nucleic acid complexes was ad-
vanced when antitumour activity of CISPLATIN was discovered [13]. The exact

mechanism of the in vivo action is still a matter of debate [38], but platinum (II)
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Chapter 1. Introduction and background

compounds have been tested in treating several forms of cancer. Despite its suc-
cess in the treatment of tumours, the clinical effectiveness of this compound has
been greatly limited by drug resistance and significant side effects [39]. As a
consequence of these limitations, researchers found an incentive to research other
transition metal complexes further to develop new drugs that would overcome
the disadvantages of the platinum ones. Many amine complexes of Ru(Il) and
Ru(III) tend to selectively bind to imine sites in biomolecules (which do not pro-
tonate at neutral pH), leaving their nitrogen lone pairs available for metal ion
coordination. For this reason, ruthenium complexes often selectively coordinate
histidyl imidazole nitrogens on proteins [40, 41] and the N7 site on the imida-
zole ring of purine nucleotides. Thus, it can take advantage of the properties of
proteins, oligonucleotides and nucleic acids to target specific tissues.

Amino acids, additionally, are the basic building blocks of proteins and en-
zymes, and also serve as precursors for the creation of other significant biomolecules,
including hormones and neurotransmitters (Figure 1.5). Amino acids have a
strong affinity for some body receptors and minimal immunogenicity and toxic-
ity. Because of their structural variety, chirality, and various functional groups,
are excellent building blocks for creating nanomaterials for their use in biological
applications [42].

In the framework of this PhD Thesis, selecting appropriate carboxylate-type
ligands of biological nature is crucial to obtain new multifunctional complexes
and coordination polymers, which are biocompatible.

Oxalate is the simplest dicarboxylate dianion. Oxalic acid and oxalate salts
are present in a variety of plants, and oxalate found in minerals may be of bi-
ological origin [43]. Oxalate is primarily produced by endogenous metabolism

(Figure 1.6), with just a minor contribution from food. Glyoxalate is converted
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Figure 1.5: Structure of natural amino acids.

into oxalate by the liver’s lactate dehydrogenase (LDH) enzyme. This molecule
is formed during the intermediate metabolism of glycine, hydroxyproline, and

glycolate in the peroxisomes of hepatic cells [44].

The choice of oxalate as ligand relies on its versatility due to the significant
number of coordination modes that can adopt in its metal complexes with other
coligands (Figure 1.7). Furthermore, while serving as a bridge, it is an excellent
mediator of magnetic interactions between metal ions, with the strength and

nature of these interactions.

Coordination Chemistry has appealing tools for the development of biologi-
cally active molecules and nanomaterials. Nanomaterials displaying discrete bio-

logical modes of action might be created and used for disease diagnostics, sensing,
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Figure 1.6: Oxalic acid metabolism diagram.

and therapy by carefully selecting metal centres, modulating coordination num-

ber, their labile groups and bioactive or ancillary ligands [45].

1.4 General Objectives

The current PhD Thesis is centred on Coordination Chemistry, aiming to ex-
plore and research novel classes of molecules that combine chemical and physical
features that are fundamentally important for commercial and technological ap-
plications. As a result, the focus of this effort will be on the design, synthesis,
and structural characterisation of new metal complexes that can provide a link
between Molecular Magnetism and the next step in nanoscience and nanotechnol-
ogy, using biomolecules and biocompatible ligands as a common thread. Along
this line, we have undertaken a research project in this PhD Thesis to develop

further the 4d and 4f Coordination Chemistry and magnetochemistry, dividing
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Figure 1.7: Different coordination modes in oxalato complexes.

the content of this Thesis into two main Chapters, each of which focuses on a

different metal type.

In Chapter 2, it is shown that metal complexes based on biomolecules can
be a very useful tool in the diagnosis and treatment of some diseases as well as
in other biomedical applications. Some ruthenium(III) complexes such as trans-
[tetrachloro(DMSO) (imidazole)ruthenate(II1)] (NAMI-A), trans-|tetrachlorobis-
(indazole)ruthenate(I1I)](KP1019) and others, as we mentioned before, show a
clinically proven biological activity against diseases and pathologies of different
type. Nevertheless, the study of their magnetic properties has not been performed
yet. This Chapter, presents a more complete analysis of this kind of complexes,

where the biological applications, other interesting properties and their magnetic
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Chapter 1. Introduction and background

behaviour are studied.

Finally, since most of the commercial contrast agents (Magnevist, Dotaremt,
Omniscan, etc.) have been developed for their use in 1T MRI scanners, and
the current equipment in hospitals are based on 3T devices, new lanthanide-
based contrast agents must be developed. In this sense, in Chapter 3, the choice
of biocompatible ligands such as amino acids, vitamins or nucleobases towards
gadolinium(IIT) and dysprosium(III) ions will let us to prepare and investigate
novel and stable compounds, which would minimise the toxicity (due to its intrin-
sic composition) and will be tested in the current equipment placed in hospitals.

On the other hand, compounds showing a significant MCE often include atoms
with a large number of unpaired electrons, each of which creates its own small
magnetic moment. An external magnetic field forces these atomic magnetic mo-
ments to line up in the same direction during magnetic refrigeration. The temper-
ature of the material rises as the magnetism of the atoms becomes more organised
(reducing the entropy of the system). The reason why gadolinium(III) is a fre-
quent component of magnetic refrigerant materials is because its ground state has
the highest entropy per single ion. Additionally, the quenched orbital momentum
indicates that the effects of the crystal field are negligibly minor. In this regard,
gadolinium(IIT) can be combined with bridging ligands like oxalate to create Gd-
MOFs, whose MCE effectiveness will be higher than its gadolinium(III) SIMs

equivalents.
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Chapter 2. Mono- and dinuclear ruthenium(IIT)/(IV)-chloride complexes based on
nucleobases, polyazines and polyazoles: From SIMs to biosensors and antitumour drugs

2.1 Prologue

Ruthenium (Ru), with an atomic number of 44, is one of the 4d-series metals.
It is known to be stable in oxidation states +2, 43, and +4 under physiological
conditions, but forms complexes in a wide range of formal oxidation states (from
-2 to +8) [1]. It is characterised by dominant octahedral coordination, due to
strong ligand-field stabilisation. Only ruthenium complexes with high oxidation
states show tetragonal pyramidal, trigonal bipyramidal, or tetrahedral geometries
that deviate from the octahedral environment [2].

As ruthenium can exist in multiple oxidation states, there has been remarkable
growth in the study of its coordination and organometallic chemistry during the
last decades [3]. As a result, there are many publications on the formation of Ru-
based complexes and their applications in areas such as biomedicine [4], catalysis
[5, 6], nanoscience [7], redox systems [8] and photoactive materials [9].

In particular, ruthenium(I1I) displays extensive Coordination Chemistry, form-
ing many stable neutral, cationic and anionic mononuclear complexes, which are
kinetically inert. In addition, the electronic configuration of ruthenium(III) com-
monly gives rise to paramagnetic (S = 1/2) low-spin six-coordinate mononuclear
complexes [10].

On the contrary, ruthenium(IV) shows a complex aqueous chemistry, domi-
nated mainly by dinuclear species. Very few mononuclear adducts have been well
characterised. The electronic configuration of ruthenium(IV) frequently gives rise
to paramagnetic low-spin (S = 1) six-coordinate mononuclear or very strong an-
tiferromagnetically coupled diamagnetic dinuclear systems [11]. In recent years,
an insight has been gained into the bonding in the diamagnetic oxo- and nitrido-

bridged diruthenium(IV) complexes.
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In fact, oxo-bridged diruthenium complexes have attracted the interest of
researchers due to their properties as molecular catalysts in water oxidation re-
actions and, thus, as artificial models of the Photosystem II centre (PSII) [12]. It
has been discovered that oxo-bridged diruthenium complexes containing the Ru-
O-Ru core, such as Rusgy (Figure 2.1), have potent inhibitory effects on the mi-
tochondrial calcium uniporter (MCU), that regulates the mitochondrial calcium
uptake and modulates physiological functions like metabolism and cell death [13,
14]. As a result, the chemical properties of these ruthenium complexes also make

them useful for this kind of biological research.

(¥ ]

HaN  NH; HsN  NHs

NS N/

OHCO——Ru O—Ru——0CHO

H3N

NH5; HsN NH3
Figure 2.1: Molecular structure of Rugsg.

Very little work has been done on the magnetic behaviour of paramagnetic
complexes belonging to the 4d-series. The complexes containing 4d-series ions
differ from those of the first transition (3d) elements, mainly because of four
factors: (i) the stronger crystal field; (ii) the stronger spin-orbit coupling; (iii)
an interelectronic repulsion comparable to spin-orbit coupling and (iv) a larger
overlap of the 4d magnetic orbitals with those of the ligands [15].

One of the most important features of the 4d metal ions is their high degree of
magnetic anisotropy, which can arise from both the local and global origins. The
Landeé factors (g) for the 4d metal centres are often highly anisotropic, and the
magnetic anisotropy (D) values are significantly higher than those found for 3d

metal ions. The spin—orbit coupling is proportional to fo s (Zeyy is the effective
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atomic number) and the spin-orbit coupling constant () value of the 4d ions is
close to 1000 cm ™" [16].

However, their strong quantum signatures make ruthenium(III) less possible
to exhibit typical SMM behaviour. As a result, the enthusiasm to investigate the
spin-lattice relaxation in such molecules diminished for a long period of time. This
fact may partly explain why the mononuclear complexes incorporating 4d-block
ions are less studied in Molecular Magnetism when compared with the 3d-based
species, although 4d-based building blocks have been adopted for constructing
various intriguing magnetic polynuclear molecules [17]. Figure 2.2 shows the
first mononuclear ruthenium (III) complex, without second-order anisotropy, dis-
playing slow magnetic relaxation, namely, the octahedral ruthenium(III)-chloride
complex of formula [RuCl;(PPhs)s(MeCN)] (PPhs = triphenylphosphine, MeCN

= acetonitrile).
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Figure 2.2: (a) Molecular structure of the [RuCls(PPhs)s(MeCN)| complex.
Colour code: purple, Ru; blue, N; orange, P; green, Cl; grey, C. Hydrogen atoms
have been omitted for clarity. (b) Temperature dependent out-of-phase ac mag-
netic susceptibility (x”) as a function of the frequency.

Ruthenium systems can also have applications as metallodrugs. Complexes

containing this metal in their core present several advantages, such as mimick-
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ing iron, redox accessible oxidation states, low toxicity compared to other met-
als, smooth interaction and binding with DNA and proteins. These properties
highlight their ability to act as metallodrugs and make them attractive in this
research area [18]. Ruthenium(III) complexes have demonstrated similar favor-
able ligand exchange kinetics to those of platinum(II) antitumour drugs, already
used in the clinic. Although they have very little in common with the exist-
ing platinum-based drugs, like the well-known CISPLATIN, the ruthenium(IIT)
complexes display lower toxicity, as previously reported [3].

Due to the octahedral geometry of ruthenium(III) complexes, as opposed to
the square-planar geometry of platinum(II)-based ones, their antitumour mech-
anisms should be different, even though the initial DNA binding site of many
ruthenium complexes is the same as that of CISPLATIN [19]. Nevertheless,
ruthenium compounds appear to penetrate tumours well and bind to cellular
DNA by crosslinking adjacent N7 of guanine, thereby causing a type of DNA
binding proteins to adhere to the target [20].

The slow ligand exchange rates of ruthenium-based complexes, which are close
to those of cellular processes, make ruthenium compounds suitable for their use
in biological applications [21].

Among the numerous ruthenium complexes extensively studied, the antitu-
mour efficiency is reflected in the discovery of the promising ruthenium(III) com-
plexes with N-donor imidazole and benzopyrazole ligands: NAMI-A and KP1019
(Figure 2.3) [3], NAMI-A being the most widely studied because of its remarkable
antimetastatic properties [22]. These complexes have entered clinical trials. They
adopt octahedral coordination geometry with respect to the ruthenium(I1T) metal
center, but they exhibit different biological activities despite their structural and

chemical similarities.
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Chapter 2. Mono- and dinuclear ruthenium(IIT)/(IV)-chloride complexes based on
nucleobases, polyazines and polyazoles: From SIMs to biosensors and antitumour drugs
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Figure 2.3: Molecular structure of (a) NAMI-A and (b) KP1019.

The versatile synthetic chemistry of ruthenium opens the door to get a great
family of complexes based on a variety of ligands that could provide interesting
compounds for clinical uses. The interactions of various ruthenium compounds
with purine base derivatives have attracted attention to study its binding to DNA
[23]. In 2004, the first mononuclear ruthenium(III)-chloride complex containing
monoprotonated guanine (Hgua) of formula trans— [Ru" Cl,(Hgua)(DMSO)]- 2 H,O
was reported, showing a weak activity against tumour cell proliferation, but an
interesting pro-adhesive effect that suggests possible activity against tumour ma-
lignancy [24].

Apart from that, the 4d transition metals tend to form stable metal-metal
bonds, including multiple bonds, which is not common for the 3d metals. In
1982, the first edition of the book “Multiple Bonds between Metal Atoms” was
published by Cotton et al.; then, in 2005, the third edition appeared [25]. More
recently, one more book on metal-metal bond complexes has been published [26].
From the reading of these references, it is extracted that the majority of dinuclear

Ruy complexes adopt the paddlewheel structure, in which four bidentate bridging
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ligands are arranged symmetrically around the two multiply-bonded Ru atoms,
or the face-sharing bioctahedral and bisquare planar structures (Figure 2.4) [16].
Typical examples of bridging ligands are carboxylates, amidates or hydroxipyrid-

inates and aminopyridinates, triazenates, benzamidinates or formamidinates [27].

L. L
L. L L [ty pus],
— '."’ / \ _."“ M
:Qi: L‘-—:P\/I\.“'L"u-\){l—ﬂ-‘l “ |
[-".‘ \ / "’L o \Mn ..... .
i L LJ/\ \L L

a b c

Figure 2.4: (a) Paddlewheel and (b, c) face-sharing bioctahedral and bisquare
planar structures.

In these dinuclear systems, the metal atoms can be in the same oxidation state,
usually 42 or +3. However, the mixed-valence complexes with formal oxidation
state +2 and 43 are also known, in which the odd electron is delocalised between
the metals [28-30].

Diruthenium complexes of the paddlewheel framework have been isolated in
three different formal oxidation states: Rus?™, Rus®" and Rus®". Those with
the Ru,”t core are the most common [31]. In 1966, the first synthesis of these
paddlewheel-type compounds, in which ruthenium form dinuclear carboxylate-
bridged species with metal-metal bonds, was reported by Stephenson and Wilkin-
son [32]. Applications of these bimetallic compounds have also been described in
the areas of biochemistry [33-35] and medicinal chemistry [36-38].

Diruthenium complexes coordinated by ligands containing different ¢ and =
donor/acceptor groups have been synthesised and characterised, attending to

their spectroscopic and electrochemical properties [39-43]. For example, higher
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Chapter 2. Mono- and dinuclear ruthenium(IIT)/(IV)-chloride complexes based on
nucleobases, polyazines and polyazoles: From SIMs to biosensors and antitumour drugs

oxidation states of the diruthenium unit are electrochemically accessed by re-
placing the tetracarboxylate O,0’- bridging ligands with mono-anionic O,N- or
N,N’- bridging ligands. In fact, the use of electron-rich N,N’- donor ligands, like
aminopyridinates, formamidinates, benzamidinates and pyrimidinate (hpp), with
or without the assistance of axial coligands, are known to stabilise the dimetal

units in high oxidation states (Figure 2.5), exhibiting rich redox activities [44].

Type of Complex Reduction Oxidation
0,0'- ligands Ru,"" +e° =—= Ru," Ru,” -0 == Ru,"
O,N- ligands Ru,”" +¢ == Ru," Ru,’ -e == Ru,°
N,N'- ligands Ru,*" +e° == Ru, Ruy’ -e == Ru’
Ru* "+ == Ru," Ru," -¢0 == Ru,"
Ru*' +¢¢ =——= Ru,” Ru' e =—= Ru,"

Figure 2.5: Various oxidation states reported for complexes containing O,0’-,
O,N- and N,N’- bridging ligands.

Attending to this, it is clear that the four different diruthenium core oxidation
states (Rup®", Ruy®, Ruy”" or Ruy®) could be electrogenerated depending in
large part on the bridging ligands. Recent advances in Ruy paddlewheels focus
on their applications as building blocks in molecular electronic wires and devices,
as well as in magnetic materials. Magnetic materials composed of metal-metal
bonded compounds within paddlewheel Ruy cores are relatively rare, but they
have been recognised and highlighted because of their unique ferrimagnetic prop-
erties [45-47].

Besides, the Ru,”" tetracarboxylate complexes have been used in antitumour
activity studies. In attempts to understand the mechanism of antitumour activity,

the binding of the guanidinate derivative 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-

33



a]pyrimidinate (hpp) and guanine bases to Ruy”" tetracarboxylate complexes has
also been studied [31]. In 1996, Dunbar and coworkers investigated the binding
of guanine derivatives to various dimetal carboxylates, Ruy”" species included
(Figure 2.6a) [48]. On the other hand, adenine and adenosine derivatives of
[Ruy(0oCCH3)y]" cation were synthesised and characterised from a magnetic
point of view by S. Gangopadhyay et al. However, no crystal structures for these

systems were reported (Figure 2.6b) [49].

M—=FRu Ru——~N Cl

Figure 2.6: (a) Molecular structure of the
[Rup(0O2CMe)s_, (0O2CCF3),(9-EtHgua)s] complex. Colour code:  purple,
Ru; blue, N; red, O; pale green, F; grey, C. Hydrogen atoms have been omitted
for clarity. (b) Proposed chemical structure of adenosine derivative of tetraac-
etatodiruthenium (ILIII) chloride (R = g-D-Ribofuronosyl group).

Besides the binding of biologically relevant ligands, the importance of these

complexes relies on their lesser toxicity than other diruthenium complexes. This

property allows the use of increased concentrations in antitumour activity tests.

2.2 Contents

In this Chapter 2, six works have been included. In the first one, titled “Ferro-

magnetic Coupling and Single-Ion Magnet Phenomenon in Mononu-
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Chapter 2. Mono- and dinuclear ruthenium(IIT)/(IV)-chloride complexes based on
nucleobases, polyazines and polyazoles: From SIMs to biosensors and antitumour drugs

clear Ruthenium(III) Complexes Based on Guanine Nucleobase”, two
Ru'™ complexes of formula trans—[RuCly(Hgua)(DMSO)]- 2 H,O and trans— [RuCly
(Hgua)(gua)]- 3HyO are reported, along with their synthesis and magnetostruc-
tural characterisation.

In the second work, titled “Molecular Self-Assembly of an Unusual
Dinuclear Ruthenium(III) Complex Based on the Nucleobase Gua-
nine”, a novel dinuclear ruthenium(III) complex based on guanine, of formula
[{Ru(p— Cl)(p-gua) }2Cly|Cly- 2 HyO, has been synthesised and characterised by
FT-IR, SEM-EDX, single-crystal X-ray diffraction (XRD), Hirshfeld surface
analysis and cyclic voltammetry (CV).

In the third work, titled “Detection of Hypoxanthine from Inosine
and Unusual Hydrolysis of Immunosuppressive Drug Azathioprine
through the Formation of a Diruthenium(III) System”, it is reported
the synthesis and characterisation of a stable diruthenium(III) compound in
its hydrated and dehydrated form with formula [{Ru(u-Cl)(u-hpx)}2Cly] and
[{Ru(u-Cl)(pu-hpx)}2Cly]- 2 Ho O, respectively. Electrochemical studies have been
performed to demonstrate the ability of this type of complex to be employed as
a possible sensor device to detect hypoxantine.

The fourth work, titled “A novel adenine-based diruthenium(I111) com-
plex: Synthesis, crystal structure, electrochemical properties and eval-
uation of the anticancer activity”, reports the synthesis and characterisa-
tion, through different techniques, of a dinuclear ruthenium(III) complex based
on the adenine nucleobase, with formula [{Ru(u— CI)(u-Hade)}2Cly|Cly- 2 HoO.
The anticancer activity of this compound has been evaluated in different cancer
cell lines.

The fifth work, titled “RUNAT-BI: A Ruthenium(I1I) Complex as
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a Selective Anti-Tumor Drug Candidate against Highly Aggressive
Cancer Cell Lines”, describes the analysis of the activity of Runat-BI, a
racemic Ru(IIl) mixture, and of one of its isomers, against eight tumour cell
lines of breast, colon and gastric cancer as well as on a non-tumoural con-
trol. These results led the obtaining of an international patent with certificate
PCT/ES2022/070415.

The sixth work, titled “Molecular Self-Assembly in a Family of Oxo-
Bridged Dinuclear Ruthenium(IV) Systems”, describes a series of six
novel Ru(IV) compounds of formula (Hybpy)a[{RuCls}2(u-0)], (PPhy)a[{RuCly
(Ho0) }2(p-0)]- 4 HoO, (PPhy)2[{RuCly(MeCN) }o(u-O)], (PPhy)o[{ RuCly(dmf)}o
(1-0)], (PPhy)s[{RuCly(py)}2(p-O)] and [{RuCls(bpym)}a(u-O)]- 6 H,O, which

have been spectroscopically, electrochemically and magnetically characterised.
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Abstract: Two mononuclear Rull

complexes of formula trans-[RuCly(Hgua)(dmso)]-2H,O (1) and
trans-[RuCly(Hgua)(gua)]-3H,O (2) [Hgua = protonated guanine (gua), dmso = dimethyl sulfoxide]
have been synthesized and characterized magnetostructurally. 1 and 2 crystallize in the monoclinic

IT jon in 1 and 2 is bonded to four

system with space groups P21 /n and Pc, respectively. Each Ru
chloride ions and one (1) or two (2) nitrogen atoms from guanine molecules and one sulfur atom (1)
of a dmso solvent molecule, generating axially compressed octahedral geometries in both cases. In
their crystal packing, the Ru'! complexes are connected through an extended network of N-H.- - - Cl
hydrogen bonds and - - - Cl intermolecular interactions, forming novel supramolecular structures
of this paramagnetic 4d ion. Variable-temperature dc magnetic susceptibility data were obtained
from polycrystalline samples of 1 and 2 and their plots show a different magnetic behavior. While
1is a ferromagnetic compound at low temperature, 2 exhibits a behavior of magnetically isolated

mononuclear Ru'l

complexes with S = 1/2. The study on ac magnetic susceptibility data reveal slow
relaxation of the magnetization, when external dc fields are applied, only for 2. These results highlight
the presence of field-induced single-ion magnet (SIM) behavior for this mononuclear guanine-based

Rulll complex.

Keywords: ruthenium; crystal structures; ferromagnetic coupling; molecular magnetism; single-ion
magnet

1. Introduction

Heteroleptic mononuclear Ru(Ill) complexes are especially relevant for the study of
molecular systems with very appealing biological and biochemical properties [1]. The most
successful examples of Ru(Ill) complexes are prepared with imidazole and indazole ligands,
namely the anionic complexes trans-[tetrachloro(dimethyl sulfoxide)(imidazole)ruthenate(III)]
(NAMI-A) and trans-[tetrachlorobis(indazole)ruthenate(IlT)] (KP1019), which are effective
anticancer and antimetastatic compounds that have been investigated in clinical trials [2,3].
Most metal-based anti-tumor compounds interact strongly with DNA, however, NAMI-A
acts as an inhibitor of the metastatic potential of tumor and its activity is not related with
DNA binding in cancer cells [4].

Similar studies have been performed on ruthenium complexes based on nitroge-
nous bases [5-8]. In 2004, the first guanine-based Ru(Ill) compound of formula trans-
[RuCly(Hgua)(dmso)]-2H,O (Hgua = monoprotonated guanine) was investigated [5]. It
was prepared by refluxing a mixture of trans-[RuCly(dmso);]~ complex and acyclovir in
ethanol and HCL. It was characterized by single-crystal X-ray diffraction and the in vitro
antitumor activity was also evaluated [5], but the study of its magnetic properties, as for
the most of these mononuclear Ru"' complexes, remain largely unexplored. Indeed, in the
literature there exists only one mononuclear Ru' complex exhibiting Single-Ton Magnet
(SIM) behavior reported up to déké, the Ru'l system of formula [RuCl3(PPh3),(MeCN)]

Magnetochemistry 2022, 8, 93. https:/ /doi.org/10.3390/ magnetochemistry8080093
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(PPhj = triphenylphosphine) [9]. This low number of works dealing with Ru(IIl)-based
SIMs could be due to the complexity of the treatment of the experimental magnetic data of
this 4d ion with a 2T2g ground term and orbital contribution.

In this work, we report the synthesis, crystal structure and the study of the magnetic
properties of two Ru'll complexes of formula trans-[RuCly(Hgua)(dmso)]-2H,O (1) and
trans-[RuCly (Hgua)(gua)]-3H,O (2) [Hgua = protonated guanine (gua), dmso = dimethyl
sulfoxide], which are based on the guanine ligand (Scheme 1). While 1 is a novel ferromag-
netic complex, 2 is the second reported example of SIM based on Ru'l metal ion.

0
N
HN
S
HQNA\N N

Scheme 1. Molecular structure of guanine.

2. Results and Discussion
2.1. Description of the Crystal Structures

The crystal structure of compound 1 was previously reported elsewhere, and was
deposited with identifier ARAMUB [5]. Nevertheless, we include here some structural data
and details, which are useful to discuss and understand its magnetic properties (Table 1).
Compounds 1 and 2 crystallize in monoclinic space groups (P2;/n and Pc for 1 and 2,
respectively). The crystal structure of 1 is made up of neutral [RuCly(Hgua)(dmso)] units,
whereas that of 2 is made up of neutral [RuCly(Hgua)(gua)] units. In both crystal structures,
hydration H,O molecules are also present (Figure 1).

Table 1. Crystal data along with structure refinement values for compounds 1 and 2.

Compound 1 2
Formula C7H16N5045C14R11 C10H11N1005C14Ru
M;/g mol ! 509.18 594.16
Crystal system monoclinic monoclinic
Space group P2y /n Pc
a/A 9.836(1) 7.319(1)
b/A 13.326(1) 11.433(1)
c/A 12.886(1) 11.402(1)
o/° 90(1) 90(1)
B/° 93.04(1) 91.64(1)
Y/° 90(1) 90(1)
V/A3 1686.6(1) 953.7(1)
z 4 2
D./gcm™3 2.005 2.069
1(Mo-Ky)/mm 1 1.708 1.433
F(000) 1012 586
Goodness-of-fit on F? 1.435 1.073
Ry [T >20(I)] 0.0340 0.0591
wRy [I > 20(I)] 0.0350 0.1552
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(a) (b)

Figure 1. View of the [RuCly(Hgua)(dmso)] and [RuCly(Hgua)(gua)] complexes showing the atom
numbering of the Ru(Ill) metal ions together with those of their chromophores in 1 (a) and 2 (b).
Water molecules and H atoms have been omitted for clarity. Thermal ellipsoids are shown at the 50%
of probability.

In 1, the Ru(IIl) ion is six-coordinate and bonded to four chloride ions, one sulfur atom
from a dimethyl sulfoxide molecule and one nitrogen atom from one protonated guanine
molecule. In 2, the Ru(Ill) ion is bonded to four chloride ions and two nitrogen atoms
from two guanine ligands (Figure 1). The average values of the Ru-Cl bond lengths are
2.353(1) and 2.350(1) A for1and 2, respectively. The Ru-N bond length in 1 [2.107(4) Al
is somewhat longer than the average value of the Ru-N bond lengths in 2 [2.081(1) A]. In
both cases, the central metal ion exhibits two axial bonds [Ru-S (1) and Ru-N (1 and 2)]
which are shorter than those of the equatorial bonds [Ru-Cl (1 and 2)], generating axially
compressed octahedral geometries. In 2, the two guanine molecules are pretty much planar
and form an intramolecular angle between them of approximately 2.0(1)°. In 1 and 2, the
C-C, C-N and C-O bond lengths of the guanine ligands are as previously reported for this
molecule when coordinated through N9 to 4d/5d metal centers [10-13].

In the crystal lattice of compound 1, adjacent [RuCly(Hgua)(dmso)] units are con-
nected through H-bonding interactions between carbonyl and amino groups of proto-
nated guanine and dmso ligands, which generate one-dimensional motifs growing off-
shore the b crystallographic axis [O-:-N distances covering the range ca. 2.72(1)-2.81(1) A;
(@)=—x+3/2,y+1/2, —z +5/2]. These chains are also linked through additional H bonds
involving water molecules and forming a 2D framework (Figure 2) [Ow---N and Ow---Cl
distances of ca. 2.734(1) and 3.367(1) A, respectively; (b) =x+3/2,y+1/2,—z+3/2]. In
1, Cl---7t contacts covering the range 3.24(1)-3.53(1) A occur and lead to the formation of
Ru-Cl---7t---Cl-Ru interactions between neighboring [RuCly(Hgua)(dmso)] units (Figure 2),
this being a motif which have been observed previously in systems displaying intermolecular
ferromagnetic coupling [14,15].

In the crystal packing of 2, N—H---(Cl), type hydrogen bonds between amino groups
and chloride ions of adjacent [RuCly(Hgua)(gua)] units form zig-zag 1D motifs, that
grow along the crystallographic ¢ axis [Cl1---N22a distance = 3.273 A and Cl4b---N22
distance = 3.285 A; being (a) = x, —y +2, z-1/2 and (b) =x, —y + 2, z + 1/2, respectively] (Fig-
ure 3). Longer H-bonded N—H---Cl interactions of ca. 3.377 A connect these chains forming
a 2D framework [CI3---N2c distance = 3.377 A; (c) = x + 1, —y +1,2z-1/2]in 2 (Figure 3). The
shortest intermolecular Cl---Cl distance is ca. 4.073 A [CI1---CI3d; (d) = x — 1, y, z], whereas
the shortest Ru---Ru separation is approximately 6.996 A [Ru(1)---Ru(le); (e) = x, —y + 1,
z-1/2]. Finally, 7t---Cl contacts, which cover the range ca. 3.18(1)-3.47(1) A, stabilize the
crystal structure of 2. 47
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(@) (b)

Figure 2. (a) A fragment of the crystal of 1 showing hydrogen bonds involving [RuCly(Hgua)(dmso)]
units (dashed green lines), and [RuCly(Hgua)(dmso)] complexes and water molecules (dashed red
lines), along the crystallographic a axis; (b) Detail of the Ru—Cl.--7---Cl-Ru interaction (dashed red
lines) generated by alternate [RuCly(Hgua)(dmso)] complexes in 1.

(a) (b)

Figure 3. (a) Detail of the zig-zag chain formed through bifurcated three-centered hydrogen bonds

(dashed green lines) between mononuclear [RuCly(Hgua)(gua)] units in 2; (b) 2D arrangement of
[RuCly(Hgua)(gua)] complexes in 2 connected through additional hydrogen bonds (dashed red lines)
and viewed along the crystallographic b axis.

2.2. Computed Hirshfeld Surfaces

The Hirshfeld surfaces, along with their fingerprint maps, for complexes 1 and 2 are
given in Figures 4 and 5, respectively. Shorter contacts are displayed by using red color,
whereas white color is assigned to interactions around the van der Waals distance [16,17].
In 1, the most relevant contacts are H---O interactions involving water molecules and also
interactions between carbonyl and amino groups of neighboring guanine molecules. These
contacts gave ca. 26.4% of the fingerprint plot (Figure 4). Moreover, intermolecular Cl---H
interactions, which are mainly generated by chloride ions and water molecules, cover
approximately 21.8% of the full fingerprint plot of 1 (Figure 4). In compound 2, the Cl---H
interactions, with a value of 17.5% of the full fingerprint plot, represent a percentage lower
than that found in 1, whereas the H-bonding H---O interactions cover pretty much the same
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value in both compounds, this value being approximately 26.5% of the complete fingerprint
plot of 2 (Figure 5).
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Figure 4. (a) Hirshfeld surface of 1 calculated through dnorm function; (b) Fingerprint maps for

compound 1 (see text).
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Figure 5. (a) Hirshfeld surface of 2 calculated through dnorm function; (b) Fingerprint maps for
compound 2 (see text).

Hirshfeld surfaces of the neutral [RuCly(Hgua)(dmso)] and [RuCly(Hgua)(gua)] com-
plexes were thus obtained and their intermolecular contacts were studied by means of
CrystalExplorer [16,17]. The surfaces were drawn considering the distances from a point
on the surface to the nearest atom outside (d.) and inside (d;) their surfaces. Any restriction
associated to the size of the involved atoms was corrected through a normalized distance,
named dnorm, which was analyzed as previously done [18-20].

2.3. Magnetic Properties
2.3.1. Dc Magnetic Susceptibility

The magnetic properties of 1 and 2 were investigated through direct current (dc) mag-
netic susceptibility measurements on polycrystalline samples in the range of temperature
300-2 K and along with an external dc magnetic field (Hg. = 0.5 T). xmT vs. T plots for
compounds 1 and 2 [xy being the molar magnetic susceptibility per Ru(Ill) ion] are given
in Figure 6. At T =300 K, x\T values are approximately 0.58 (1) and 0.54 cm®*mol 'K (2),
which are very close to those earlier published for mononuclear Ru(Ill) compounds with
low-spin configuration (t2g5) and S = 1/2 for this 4d° metal ion [21-24]. Upon cooling, xpT
for 1 decreases constantly to ca. 70 K and then more slowly with decreasing temperature,
reaching a minimum value of 0.49 ¢gn>mol 'K at 30 K. Then, it increases gradually to a max-
imum value of ca. 0.66 cm®mol 'K at 2.0 K (Figure 6). In contrast, xT for 2 continuously
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#, T/ em® mol" K

0.0

decreases with decreasing temperature, showing a linear dependence and reaching a final
value of approximately 0.46 cm®>mol 'K at 2.0 K (Figure 6). The decrease observed for the
xMT value of both compounds at medium-high temperature would occur as a result of the
spin-orbit coupling (SOC) of the 2T2g ground term and its orbital contribution [21,22]. The
increase of the xT value observed at low T values for 1 would indicate the phenomenon
of an unprecedented intermolecular ferromagnetic exchange in a mononuclear Ru(III)
complex. This magnetic behavior has been previously studied in complexes containing a
magnetically-active 5d ion, but never before on a paramagnetic 4d metal ion [14,15].

H = —kLS + A[Lz% — (1/3)L(L + 1)] + BH(—KL + 25) 1)

0.8 1

o2
0.7 5 ——Fit

0.6

0.5 1

® 4K

0.4

. Tl em®mol' K
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0.2 4

0.1 7

5 L] 1

4

2 3 4
wHIT
T T

0 50

20y

#HIT
T T 1 0.0 L e e e o e B A e B ]
100 150 200 250 300 0 50 100 150 200 250 300

T/K TIK
(@) (b)

Figure 6. (a) Plot of T vs. T obtained for compound 1, the solid red line being the best fit. The
inset displays the M vs. H plot for 1; (b) Plot of x\mT vs. T obtained for compound 2, the solid red
line being the best fit. The inset displays the M vs. H plot for 2.

To investigate the magnetic properties of 1 and 2, the Hamiltonian of equation (1)
and its theoretical expression for the magnetic susceptibility, adding a 0 parameter to
explain any intermolecular interaction, was used as previously done for similar com-
plexes with S =1/2[25,26]. Besides, the PHI program was employed for comparing the
results of some of the fitted values [27]. The three sections in equation (1) can be assigned
to the SOC, the field-ligand axial distortion and the Zeeman effect, respectively. It de-
serves to be mentioned that the three main parameters in Equation (1) [considering L =1,
S=1/2and g|| =g, = g for both 1 and 2], namely, energy gap (A), orbital reduction
factor (k) and the spin-orbit coupling constant (A), are strongly correlated [25,26]. The
experimental data of the xT vs. T curves of 1 and 2 can be reproduced with the fol-
lowing parameters: A =913 cm ™!, k = 0.86, A = —865 cm~! and 0 = +0.57 cm ™! for 1 and
A=1140cm !, k =0.81 and A = —885 cm ! for 2. Besides, the g and 0 values were in good
agreement with the simulation obtained through PHI program [g = 2.26, 0 = +0.57 cm !
and x7rp = 326 x 107 cm®mol~! for 1 and g =223, and xTp = 244 x 107 cm3®mol ! for
2] and were used to simultaneously fit the field dependence of the molar magnetization
(M) plots at several temperatures for 1 and 2 [9], which are given in the respective in-
sets of Figure 6. In general, the computed curves fit well the experimental data at the
studied temperatures. The parameters thus obtained are very close to those of earlier
published Ru(IIl) compounds [21-24]. The positive 0 value obtained for 1 would indicate
the presence of a ferromagnetic exchange coupling for this compound. It is well-known
that short halogen:--halogen intermolecular contacts can transmit antiferromagnetic cou-
plings between neigborifig paramagnetic metal ions [28-34], but ferromagnetic exchange
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couplings thus obtained are uncommon [14,15]. A suitable spatial arrangement of the
mononuclear [RuCly(Hgua)(gua)] units with Ru—Cl---7r---Cl-Ru interactions, as shown in
Figure 2b, would generate a spin polarization by means of guanine rings between close
[RuCly(Hgua)(gua)] units, and would explain the unprecedented ferromagnetic behavior
observed only for 1.

2.3.2. Ac Magnetic Susceptibility

Alternating current (ac) magnetic susceptibility studies on polycrystalline samples of
1 and 2 were carried out, and it was observed that none of them showed out-of-phase ac
signals (x"'m) at Hge = 0 G. Nonetheless, compound 2 displays ac signals at low tempera-
tures when an external dc magnetic field is utilized (Hg. = 2500 and 5000 G). In the case of
compound 1, structural factors and/or a strong quantum tunneling of the magnetization
(QTM), would cancel any slow relaxation of the magnetization for this other mononuclear
Ru(III) complex. The features observed for 2 are characteristic of compounds displaying
slow relaxation of magnetization, what is called Single-Ion Magnet (SIM) behavior when
they are mononuclear systems [19,35]. These out-of-phase ac signals obtained at 2500
and 5000 G are given as X"\ vs. v plots in Figure 7. As one can observe, the number of
x’M maxima, as well as their intensity, increase with increasing the utilized dc magnetic
field. Besides, these x''\; maxima shift to higher frequencies with increasing the external
magnetic field (Figure 7).

-1 _ -1 -1 -1 -1
T =T ORBACH + T DIRECT + T RAMAN + T QTM (2)
0.06 0.06
—8—20K -10.0 H, =2500G —=—20K 00 H, _=5000G
—a—23K —s—23K
—s—25K
0.05 528K 0.05
- —=—33K -
—_— —8—35K —
=3 = o
g ooa]iKT £ 0.04
> 43K = -
g —a— 48K E
~ 0.03]—=—s50k —~ 0.03
H £ =
N 5
0.02
0.01
0.00 ¥&=
(a) (b)

Figure 7. (a) Out-of-phase ac susceptibility vs. frequency plot under an external dc field of 2500 G
for 2. The inset is the In(t) vs. 1/T plot with the fit considering the contribution of two relaxation
mechanisms (direct + Raman); (b) Out-of-phase ac susceptibility vs. frequency plot under an external
dc field of 5000 G for 2. The inset is the In(T) vs. 1/T plot with the fit considering the contribution of
two relaxation mechanisms (direct + Raman).

Through the data of the out-of-phase ac susceptibility, the In(t) vs. 1/T plots at 2500
and 5000 G were obtained for complex 2 (insets in Figure 7). These data draw curved lines
which would account for the occurrence of at least two relaxation processes in compound
2. As a result, the whole In(t) vs. 1/T curve could be fitted through equation (2), where
several mechanisms for spin-lattice relaxation of magnetization could be examined, that is,
Orbach [Toflexp(— Ut/ kpT); with T, being the preexponential factor, T is the relaxation
time, U, is the anisotropy energy barrier to the magnetization reorientation, and kg is
the Boltzmann constant], direct (AT), Raman (CT"), and Quantum Tunnelling (QTM). All
these relaxation processes were analyzed during the fitting method of the In(t) vs. 1/T
curves for 2, even though the best fits were obtained when considering the Orbach and
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direct mechanisms and the direct + Raman mechanisms. Thus, taking into account only
Orbach and direct processes, the best least-squares fit of the experimental data of 2 gave
as result: To =2.6 x 1077's, Uy = 17.1 cm~ ! and A = 17,464 s~ K~! for data obtained at
2500 Gand 7o, = 1.7 x 1078 s, Uugs = 36.6 cm™! and A = 17,454 s~ K~! for data obtained
at 5000 G. If we consider only direct and Raman processes, the best least-squares fit of
the experimental data of 2 give the following values: A = 169145 1 K1, C =18.5257!
K" and n = 4.4 for data obtained at 2500 G and A =17,330s ! K~1,C=0.04 s~ K™ and
n = 7.0 for data obtained at 5000 G. From these results, which are somewhat unsimilar to
those of other SIMs of metal ions with S = 1/2 [36,37], it is worthy to point out that the
energy barrier value (Ue¢) increases with increasing field, the external dc magnetic field
of 5000 G being optimal for 2. Indeed, the values of the Uy parameter computed for 2
are higher than that reported for the first Ru(Ill)-based SIM, the [RuClz(PPhs),(MeCN)]
complex, with T, = 9.8 x 107% s and U = 15.3 cm ™!, these values being obtained through
the Arrhenius equation [9]. Nevertheless, for this other Ru(IlI)-based SIM, it was suggested
a phonon-bottlenecked direct relaxation for temperatures up to 10 K [9]. The n > 4 values
obtained for 2 fall into the range typical of metal ions with relaxation through optical and
acoustic Raman-like process, this fact suggesting that only a phonon-bottlenecked direct
process could not be expected in the relaxation dynamics of compound 2.

In any case, this comparison shows that both Ru(Ill) SIMs display relaxation dynamics
with distinct relaxation pathways and further detailed magnetic and theoretical studies
performed on different Ru(Ill) complexes will be necessary to correctly understand the
relaxation dynamics of Ru(Ill)-based SIMs.

3. Materials and Methods
3.1. Reagents and Instruments

All the synthesis were carried out under aerobic conditions, by using reagents as received.
The ruthenium precursor (PPhy);[{RuCly(H,0)}2(1-O)]-4H,0O was obtained following the
synthetic method previously described in the literature [18]. SEM-EDX analyses were obtained
through a Hitachi S-4800 field emission scanning electron microscope, and elemental analyses
(C, H, N) were performed by the Central Service for the Support to Experimental Research
(SCSIE) at the University of Valencia (Hitachi High-Tech, GLOBAL). Infrared spectra of 1 and
2 were recorded with a PerkinElmer Spectrum 65 FT-IR spectrometer (4000-400 cm ! region,
PerkinElmer, Inc., Waltham, MA, USA) (Figure S1). Variable-temperature, solid-state (dc and
ac) magnetic susceptibility data down to 2.0 K were collected on a Quantum Design MPMS-XL
SQUID magnetometer equipped with a 5 T dc magnet (Quantum Design, San Diego, CA,
USA). Experimental magnetic data were corrected for the diamagnetic contributions of the
involved atoms by using Pascal’s constants [38].

3.2. Preparation of the Compounds
3.2.1. Synthesis of [RuCly(Hgua)(dmso)]-2H,O (1)

Guanine (0.06g, 0.40 mmol) was dissolved in a dmso:HCI mixture (20 mL, 1.0 M, 5:1,
v/v) and added drop by drop to a refluxing solution of (PPhy),[{RuCls(H,O)},(n-0)]-4H,O
(0.198 g, 0.15 mmol) in dmso (30 mL). Then, the reflux was kept for 24 h. The resulting
reddish-brown solution was filtered and then heated at 60 °C until the solvent was left
to evaporate. The solid residue was collected with HCI (10 mL, 1.0 M) and the generated
solution was filtered. EtOH (10 mL) was poured to the final solution that was left to
evaporate at room temperature. Red crystals of 1 were obtained in 2 weeks. Yield: ca.
45%. Anal. Calcd. for C;H14Cl4N5O4SRu (1): C, 16.5; H, 3.2; N, 13.8%. Found: C, 16.7; H,
3.4; N, 13.7%. SEM-EDX analysis gave 1:1 (Ru/S) and 1:4 (Ru/Cl) molar ratios for 1. IR
(KBr pellets/cm™!): the absorption associated to HoO molecule occurs at 3423br and bands
assigned to the coordinated/protonated guanine and dmso appear at 3240(m), 3194(s),
3117(w), 3005(w), 1718(s), 1669(vs), 1635(m), 1578(m), 1457(m), 1457(m), 1406(m), 1385(m),
1158(m), 1099(s), 765(m)5 867(m), 545(m), and 497(m).
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3.2.2. Synthesis of [RuCly(Hgua)(gua)]-3H,0 (2)

K> [RuCl5(H>0)] (11.2 mg, 0.03 mmol) and guanine (6.80 mg, 0.03 mmol) were reacted
by means of a solvothermal synthesis in HCI (2.5 mL, 6.0 M) at 90 °C for two days, then a
48 h cooling process took place to room temperature. Orange cubes of 2 were thus obtained.
Yield: ca. 35%. Anal. Calcd. for C19H17Cl4N19OsRu (2): C, 20.0; H, 2.9; N, 23.3%. Found: C,
20.3; H,2.9; N, 23.6%. SEM-EDX analysis gave a 1:4 (Ru/Cl) molar ratio for 2. IR peaks (KBr
pellets, v/ cm™1): 3402(m), 3330(sh), 3220(m), 3123(m), 2568(w), 2924(w), 1732(s), 1669(vs),
1635(s), 1559(m), 1473(m), 1456(m), 1370(m), 1300(w), 1258(w), 1204(m), 1149(s), 1052(m),
976(m), 760(s), 709(m), and 668(m).

3.3. X-ray Data Collection and Structure Refinement

X-ray diffraction data from a single crystal of dimensions 0.13 x 0.10 x 0.09 mm?

(2) were collected on a Bruker D8 Venture diffractometer with graphite-monochromated
Mo-K radiation (A = 0.71073 A). The resulting crystal and refinement parameters for 1
and 2 are given in Table 1. The structure of 2 was solved by standard direct methods
and in turn completed by Fourier recycling by using the SHELXTL software packages
(Shelxtl-2018/1, Bruker Analytical X-ray Instruments, Madison, WI, USA). The model
thus obtained was refined through version 2018/1 of SHELXL against F on all data by
full-matrix least squares [39]. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms of the guanine molecules were set in calculated positions and refined
isotropically by using the riding model. The H atoms of the disordered H,O molecules in 2
were neither detected nor included in the model. Graphical manipulations were carried
out through DIAMOND [40]. CCDC code for 2: 2191993.

4. Conclusions

In summary, we have characterized magnetostructurally two novel mononuclear
guanine-based Ru(Ill) compounds of formula trans-[RuCly(Hgua)(dmso)]-2H,O (1) and
trans-[RuCly(Hgua)(gua)]-3H,O (2) [Hgua = protonated guanine (gua), dmso = dimethyl
sulfoxide]. The two Ru'l complexes are self-assembled through an extended network of
N-H- - - Cl hydrogen bonds and 7t- - - Cl intermolecular contacts, which generates novel
supramolecular structures based on this 4d metal ion. The investigation of the magnetic
properties of 1 and 2 by means of dc magnetic susceptibility data reveals a different
magnetic behavior. While 1 is a ferromagnetic compound at low temperatures, 2 exhibits
a behavior characteristic of magnetically isolated mononuclear Ru(Ill) complexes with
S =1/2. In addition, the ac magnetic susceptibility experimental data reveal slow relaxation
of the magnetization in the presence of external dc fields only for 2, hence indicating the
occurrence of field-induced single-ion magnet (SIM) behavior in this mononuclear guanine-
based Ru(Ill) complex. In fact, the U, value for 1 is higher than that of an earlier published
Ru(Ill)-based SIM. Anyway, more theoretical and experimental studies will need to fully
understand the relaxation dynamics of the very interesting Ru(Ill)-based SIMs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /magnetochemistry8080093/s1. Figure S1 and X-ray crystallographic
data in CIF format for compound 2.
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Abstract: The study of crystal structures based on complexes containing purine nucleobases is a
significant research subject, mainly regarding the diagnosis and treatment of some diseases and the
investigation of genetic mutations and biochemical structures in life sciences. We have obtained
and characterized a new dinuclear ruthenium(Ill) complex based on guanine with the formula
[{Ru(u-Cl)(n-gua)}oCly]-2H,0 (1) (gua = guanine). 1 was characterized by means of Fourier trans-
form infrared spectroscopy (FT-IR), scanning electron microscopy and energy dispersive X-ray
analysis (SEM-EDX), single-crystal X-ray diffraction (XRD), Hirshfeld surface analysis and cyclic
voltammetry (CV). The study of its electrochemical properties allowed us to investigate the presence
of guanine molecules when linked to the ruthenium(IIl) ion in 1. The well-resolved voltammetric
response together with the reliability and stability achieved through 1 could provide a step forward
to developing new ruthenium-based platforms, devices and modified electrodes adequate to study
this purine nucleobase.

Keywords: guanine; ruthenium; FT-IR spectroscopy; Hirshfeld surface; SEM-EDX; cyclic voltammetry

1. Introduction

Guanine is one of the main nitrogenous bases found in the nucleotides of the nucleic
acids (DNA and RNA) present in the cells of living organisms and viruses. Besides being
involved in the storage and the expression of genetic information, it participates in many
other cellular biochemical processes and structures [1-3]. Given that this purine nucleobase
can be present in the fluids of human beings, their levels have been proposed as direct
and indirect biomarkers for a variety of diseases and pathologies, such as Alzheimer’s
disease [4], epilepsy [5] and human immunodeficiency virus (HIV) infection [6,7]. Hence,
sensitive and selective methods for determining both this and other purine nucleobases are
being investigated in several research areas [8,9].

Ruthenium complexes have undergone significant development in different research
areas for the last 20 years [10], displaying a wide variety of technological applications,
and ranging from catalysis to anticancer drugs [11-18]. Following our ongoing investi-
gation into biomolecule-based complexes [19-27], we have focused also on the purine
nucleobase guanine (Scheme 1). There exists only one guanine-containing Ru(IIl) com-
plex, of the formula trans-[RuCly(Hgua)(DMSO)]-2H,0 (Hgua = protonated guanine),
which was reported in 2004 [28]. This compound was characterized by single-crystal
X-ray diffraction and its in vitro antitumor activity was also evaluated, showing a mild
antiproliferative effect but an interesting proadhesive effect [28]. Herein, we report the
synthesis and characterization of a new guanine-bridged diruthenium(IIl) complex, of
formula [{Ru(p-Cl)(p-gua)}rCls]-2H>0 (1) (gua = guanine). To our knowledge, 1 is the first
dinuclear ruthenium(III) compound based on guanine which has been reported so far.
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Scheme 1. Molecular structure of guanine.

2. Materials and Methods
2.1. Reagents and Instruments

Guanine (99.90%) was purchased from Acros Organics and the ruthenium precursor
K> [RuCl5(H0)] (99.95%) was acquired from Alfa Aesar. The elemental analyses (C, H,
N) and X-ray microanalysis were performed through Central Service for the Support to
Experimental Research (SCSIE) at the University of Valencia. Images and results of scanning
electron microscopy (SEM-EDX) were obtained through a Hitachi S5-4800 field emission
scanning electron microscope, with 20 kV and 9.0 mm of accelerating voltage and working
distance, respectively. Each infrared spectrum (FI-IR) was performed on KBr pellets and
was obtained through a PerkinElmer Spectrum 65 FT-IR spectrometer in the 4000-500 range
(em~1) with 25 scans and a spectral resolution of 4 cm~L. The study of the electrochemical
properties was carried out on 1 by means of an Autolab/PGSTAT 204 scanning potentiostat
at a scan rate working in the 10-250 range (mVs~!) and with Metrohm electrodes. CV
curves were obtained with a 0.1 M (NBuy)[PFg] solution, as supporting electrolyte, and
a 1073 M solution of 1 in dry N,N’-dimethylformamide (DMF). A glassy carbon disk of
0.32 cm? was used as working electrode, polished with 1.0 um diamond powder, which
was sonicated and then washed with absolute ethanol and acetone, and air-dried. The
AgCl/Ag reference electrode was separated from the test solution through a salt bridge
with the solvent and supporting electrolyte. The platinum electrode was auxiliary. The
study was performed in a standard electrochemical cell at 20 °C with flowing argon. The
studied potential range was from —1.5 to +1.5 V vs. AgCl/Ag. Ferrocene (Fc) was added
as an internal standard at the end of the measurements.

2.2. Preparation
Synthesis of [{Ru(p-Cl)(p-gua)},Cly]-2H,0 (1)

K> [RuCl5(H>0)] (11.2 mg, 0.03 mmol) and guanine (6.80 mg, 0.03 mmol) were reacted
through a solvothermal synthesis in HCI (4 mL, 3.0 M) at 90 °C for three days, thena 12 h
cooling process took place to room temperature. Dark brown parallelepipeds of 1 were
obtained. Yield: ca. 53%. Anal. Calcd. for C1gH19ClgN19O2Ru, (1): C, 16.8; H, 1.4; N, 19.5.
Found: C, 16.7; H, 1.7; N, 19.2. SEM-EDX: a molar ratio of 1:3 for Ru/Cl was found for
1. IR peaks (KBr pellets): 3419(s), 3325(m), 3208(m), 3114(m), 3062(m), 3012(m), 2922(m),
2853(m), 1708(vs), 1635(vs), 1594(m), 1559(m), 1540(s), 1506(w), 1457(m), 1394(s), 1270(w),
1210(m), 1124(w), 1095(w), 983(w), 873(m), 768(m), 704(w), 612(w), 573(w), 474(w) cm L.

2.3. X-ray Diffraction Data Collection and Structure Refinement

Data collection from a single crystal of 1 (with dimensions of 0.46 x 0.13 x 0.09 mm?)
was performed on a Bruker D8 Venture diffractometer with graphite-monochromated
Mo-K 4 radiation (A = 0.71073 A). Table 1 summarizes the crystal parameters and refine-
ment results for 1. The structure of 1 was solved by standard direct methods and then
completed by Fourier recycling through the SHELXTL program. The model was refined
with version 2018/1 of SHELXL against F? on all data by full-matrix least-squares [29].
The non-hydrogen atoms were anisotropically refined, and the H atoms of the guanine
molecules were set in cglgulated positions and refined isotropically. The H atoms of the
water molecules in 1 were neither detected nor included in the model, this fact being due
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to the thermal disorder observed on the water molecules, which increases the Ry and wR»
parameters in this system (Table 1). The graphic manipulations were performed with the
DIAMOND program [30] of CCDC 2081706.

Table 1. Summary of the crystal data and structure refinement parameters for 1 (see
Supplementary Material).

Compound 1
CIF 2081706
Formula C10H10C16N1()O4Ru2
M;/gmol ! 749.12
Crystal system Monoclinic
Space group C2/c
a/A 22.462(4)
b/A 11.330(2)
c/A 12.446(2)
o/° 20
B/° 122.42(1)
v/° 90
Vv/A3 2673.6(9)
Z 4
D¢/gcm™3 1.861
u(Mo-Ky)/mm~1 1.765
F(000) 1448
Goodness-of-fit on F2 1.080
Ry [I > 20(D]/(all) 0.0616/0.0745
wRy [I > 20(1)]/(all) 0.1775/0.1896

3. Results and Discussion
3.1. Synthetic Procedure

The ruthenium(Ill) precursor K;[RuCls(H,O)] was made to react with guanine in hy-
drochloric acid (3.0 M) solutions, thus we prepared a new purine-based ruthenium(Ill) com-
plex of the formula [{Ru(p-Cl)(n-gua)}>Cls]-2H,O (1) (Figure 1). The synthetic procedure was
carried out by means of heating this mixture at 90 °C in a solvothermal reaction and, in order
to crystallize, the process continued for a further 12 h cooling step to room temperature. In
this way, dark brown crystals of 1 were obtained with a satisfactory yield (53%). It is worth
mentioning that compound 1 was also obtained by replacing hydrochloric acid with acetic
acid, but the yield was too low (less than 10%). These results support the fact that this is an
adequate synthesis to prepare purine-based dinuclear ruthenium(IIl) complexes.

3.2. Infrared Spectroscopy

The infrared (IR) spectra of 1 and that of the free guanine ligand are given in Figure 2.
The IR spectrum of guanine has been previously studied [31,32], so that it has been added
in this work only for comparison. In general, the vibrational bands mainly associated with
N-H symmetric (vs) and asymmetric (v,s) stretching for the free guanine molecule were more
intense and complex than those of 1 in the ca. 3800-2000 cm~! region (Figure 2), which
would be due to a more ordered hydrogen-bonding network in the crystalline solid for the
free nucleobase [31,32]. In the case of the IR spectrum of 1, the values associated to the
vibrational vas(NHp) (3325 cm™ 1) and vs(NH,) (3114 and 3062 cm 1) bands were very similar
to those obtained for the free guanine [31,32] (Figure 2). In the 1800-500 cm ™! region, the most
interesting features were the two strong vibrational bands associated to the stretching v(C=N)
and v(C=C) and bending 6(NHj), mainly scissoring, which were found at 1695 and 1672 cem™!
for the guanine molecule [31,32]. In the IR spectrum of 1, these two vibrational bands were
shifted to 1708 and 1635 cm ™1, respectively, with this fact indicating the coordination of the
Ru(IlII) metal ions to guanine moleéliles in compound 1 (Figure 2).
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Figure 1. Molecular structure of the neutral [{Ru(u-Cl)(n-gua)}»Cly] complex in 1 along with the
atom labels scheme, the green-dashed line indicating a metal-metal bond. Water molecules have
been omitted for clarity.

Guanine

alaa

Compound 1

Transmittance / a.u.
P 'Y

PR 1

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers / cm”

Figure 2. FT-IR spectra for guanine (red) and compound 1 (blue).

3.3. Description of the Crystal Structure

The crystal structure of 1 was obtained by single-crystal X-ray diffraction. A CSD
survey revealed that 1 displays the first reported crystal structure based on a dinuclear
Ru(IIl) compound containing guanine. Compound 1 crystallizes in the monoclinic sys-
tem with space group C2/c (Table 1). The crystal structure of 1 is made up of neutral
[{Ru(p-Cl)(n-gua)}oCly] units and HpO molecules. The asymmetric unit of 1 consists of half
a [{Ru(p-Cl)(p-gua)}>Clggomplex and one H,O molecule (Figure 1).



Crystals 2022, 12, 448

50f10

In this dinuclear complex, each Ru(Ill) ion is linked to four chloride ions and two
nitrogen atoms (these are N3 and N9) from two guanine molecules in an almost regular
Oh geometry. The two Ru(lll) ions are connected to each other through two guanine
molecules and two chloro-bridges (Figure 1). A very short intramolecular Ru---Ru distance
[Ru(1)---Ru(la) = 2.644 A, (a) = —x—1/2, —y + 1/2, —z—2] indicates the formation of a
metal-metal bond (dashed line in Figure 1). The average values of the Ru—Cl [2.318(1) A]
and Ru-N [2.103(1) A] bond lengths are in agreement with those values published for
previously reported Ru(Ill) systems with a similar metal environment [17,25].

In the crystal of 1, H-bonding interactions between neighboring guanine molecules
[O(6)- - - N(7b) distance of ca. 2.745(1) A, (b) = —x, —y, —z—1] afford chains of neutral
[{Ru(u-Cl)(p-gua)}»Cly] units (Figure 3). These chains are linked by additional H-bonds
involving C1~ anions and NHj groups of adjacent guanine molecules [C1(3)---N(2c) distance
of ca. 3.345(1) A, (¢) = —x—1/2, y—1/2, —z—3/2], which set up a two-dimensional network.
The cohesiveness of the structure is further strengthened by the presence of intermolecular
Cl---m interactions among [{Ru(p-Cl)(p-gua)}»Cls] units [Cl---7r interactions ranging with
3.52-3.81 A values]. The thus packed [{Ru(p-Cl)(p-gua)},Cly] units generate cavities with
a diameter of ca. 13 A, where most of the water molecules are located in 1 (Figure 4).
The supramolecular network is supported by additional H-bonding interactions, which
stabilize the crystal structure in compound 1.

J

(9

Figure 3. View along the crystallographic a axis of a fragment of the crystal packing of 1. H-bonding
interactions between O atoms and N-H groups of adjacent [{Ru(u-Cl)(p-gua)}>Cly] units are shown
as red-dashed lines. Water molecules have been omitted for clarity.

3.4. Hirshfeld Surface Analysis

The intermolecular interactions of the neutral [{Ru(p-Cl)(p-gua)}oCly] complex were
further studied through the CrystalExplorer program [33,34]. This program calculated the
surfaces which allowed us the qualitative and quantitative investigation as well as the
visualization of the main intermolecular contacts in 1 by mapping the distances from the
surface to the nearest atom outside (d.) and inside (d;) this surface. Besides, a normalized
contact distance called dyorm Was also taken into account to overcome some limitations
generated by the atom size [33,34]. The Hirshfeld surfaces for complex 1 are given in
Figure 5, the shorter contacts being shown with red color [34]. The intermolecular H---O
contacts generated among the N-H and carbonyl groups of adjacent guanine molecules
are approximately 16% of the complete fingerprint plot (Figure 5). The Cl.--H contacts
involving CI~ anions and N-H groups of neighboring dinuclear [{Ru(u-Cl)(pu-gua)}»Cly]
units are the main interactions observed on the Hirshfeld surface, which covers ca. 24%
(Figure 5). Finally, further O---H contacts involving solvent water molecules and N-H
groups of the guanine molecules gre close to the 6% of the fingerprint plot (Figure 5).
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Figure 4. View along the crystallographic c axis of a fragment of the crystal packing of 1. Water
molecules have been omitted for clarity.

¢

.
LU L1310 16 LU 22 25 20 Lo

Figure 5. Hirshfeld surface mapped with dporm function for 1 (left); Full fingerprint plot for the
dinuclear Ru(III) complex of 1 (right).

3.5. Scanning Electron Microscopy—Energy Dispersive X-ray Analysis

Compound 1 was studied by means of scanning electron microscopy and energy
dispersive X-ray analysis (SEM-EDX), these analyses being carried out as previously per-
formed for other ruthenium systems [35,36]. The results of the microanalysis gave a Ru/Cl
molar ratio of 1:3 for 1. A recorded image of 1 is given in Figure 6. Crystals of 1 are shown
as crystallized parallelepipeds in Figure 6.

64
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Figure 6. Energy dispersive X-ray analysis (EDX) spectrum for 1 (a); scanning electron microscopy
(SEM) image of crystals of 1 (b).

3.6. Cyclic Voltammetry (CV)

The study of the electrochemical properties of compound 1 was performed employing
cyclic voltammetry (CV) in N,N’-dimethylformamide (DMF), containing 0.1 M [NBuy][PFs],
in the range of potential values of +1.5 and —1.5 V and at 20 °C. The CV curve for 1 is
shown in Figure 7.

60
w]
201
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3 ]
= 0
&
E ]
G 201 o
-10
-40 4 o
1 -301‘ 1.2 Il‘«BS 06 04
-60 ""I""I""I"rl"r;‘r'-"-l""-'
1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
El/Vvs.Fc

Figure 7. Cyclic voltammogram of 1 in a dry DMF 10~3 M solution (with 0.1 M [NBuy][PFg]) at 20 °C
and scan rate 200 mV/s. The area of the working electrode is 0.32 cm?.

Dinuclear ruthenium compounds containing metal-metal bonds have been studied
for many years [37]. They show redox properties that are strongly dependent upon the
solvent and the supporting electrgjgte and are generally well known [38-40]. So, this type
of Ru-Ru compound could be an acceptable reference in electrochemical studies [38—40].
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In the CV curve of 1, three reduction processes can be observed (Figure 7). The first
two reduction peaks were found between 0.0 V and —0.50 V, which would be associated
with the formation of the mixed-valent Ru(II)-Ru(IIl) species (at —0.30 V) and also to
that of the Ru(II)-Ru(II) system (at —0.50 V). These reduction potential values are close to
those published for other dinuclear ruthenium complexes [38—40]. Nevertheless, much
more interesting would be the third detected reduction peak at —0.89 V, which would
be generated by the influence of the guanine molecule, see inset in Figure 7. It is worth
mentioning that this value assigned to guanine is in agreement with those previously
reported for this purine nucleobase in electrochemistry research works performed through
modified electrodes based on polyaniline-MnO, [41] and graphite-WS, [42], which have
shown high accuracy and promising redox activity toward purine nucleobases [41,42]. In
order to analyze the repeatability of the CV curve, it was measured five times. Indeed, a
relative standard deviation value of ca. 1.2% for the current response was obtained for 1.
In any case, these results could establish a first step to develop new sensor devices suitable
for the detection of purine nucleobases as guanine [25]. Nevertheless, this is an early
stage of the research and, therefore, this type of diruthenium(Ill) systems must be further
investigated. The comparison with other methods together with the study of the nature of
the samples to be measured will be addressed subsequently in future works [25].

4. Conclusions

An unusual guanine-based dinuclear ruthenium(Ill) complex, of the formula
[{Ru(p-Cl)(n-gua)}»Cls]-2H,0 (1) (gua = guanine), was prepared and characterized. Com-
pound 1 is the first dinuclear ruthenium(Ill) compound based on guanine reported so far.
Compound 1 was characterized by FT-IR, SEM-EDX, single-crystal X-ray diffraction (XRD),
Hirshfeld surface analysis and cyclic voltammetry (CV). The study of its electrochemical
properties revealed well-resolved, potentially useful, current peaks, which allowed us to
investigate the guanine when linked to the ruthenium ion in 1.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/cryst12040448 /s1, X-ray crystallographic data in CIF format for compound 1.
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Abstract: Hypoxanthine (hpx) is an important molecule for both biochemistry research and biomed-
ical applications. It is involved in several biological processes associated to energy and purine
metabolism and has been proposed as a biomarker for a variety of disease states. Consequently, the
discovery and development of systems suitable for the detection of hypoxanthine is pretty appealing
in this research field. Thus, we have obtained a stable diruthenium (III) compound in its dehydrated
and hydrated forms with formula [{Ru(p-Cl)(u-hpx)},Cly] (1a) and [{Ru(p-Cl)(pu-hpx)},Clg]-2H,O
(1b), respectively. This purine-based diruthenium(III) system was prepared from two very different
starting materials, namely, inosine and azathioprine, the latter being an immunosuppressive drug.
Remarkably, it was observed that an unusual azathioprine hydrolysis occurs in the presence of
ruthenium, thus generating hypoxanthine instead of the expected 6-mercaptopurine antimetabolite,
so that the hpx molecule is linked to two ruthenium(IIl) ions. 1a and 1b were characterized through
IR, SEM, powder and single-crystal X-ray Diffraction and Cyclic Voltammetry (CV). The electrochem-
ical studies allowed us to detect the hpx molecule when coordinated to ruthenium in the reported
compound. The grade of sensitivity, repeatability and stability reached by this diruthenium system
make it potentially useful and could provide a first step to develop new sensor devices suitable to
detect hypoxanthine.

Keywords: hypoxanthine; inosine; azathioprine; 6-mercaptopurine; biomarker; ruthenium

1. Introduction

Hypoxanthine (6-hydroxypurine) is a deaminated form of adenine and a constituent
of the nucleoside inosine (Scheme 1). It is formed during purine metabolism and is
found in both tissues and body fluids of human beings and animals. The identification
of hypoxanthine (hpx) as a biomarker for hypoxia has long been known [1,2]. More
recently, hpx has also been proposed as a biomarker for colorectal cancer [3], Alzheimer’s
disease [4], multiple sclerosis [5] and cardiac ischemia [6] and as checkpoint metabolite for
other inflammatory processes [7] and toxicity levels [8]. In addition, hpx has been studied
as a strong predictor of performance in highly trained athletes in sports and physical
exertion, the hpx concentration indicating the training status and adaptation in consecutive
phases of long training cycles [9,10]. Moreover, the determination of levels of hpx in meat
and fish products has been established to be an important and convenient indicator of
freshness and quality control in the food industry [11,12].

As a continuation of our interest in investigating biomolecule-based complexes of
several metal ions [13-17] and their implementation in devices [18,19], we have studied
the synthesis of ruthenium with some purine-based compounds that either contain hy-
poxanthine or could generate this analyte. Thus, we have investigated the products of the
hydrolysis reactions with inosine and azathioprine (Scheme 1).
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The nucleoside inosine is formed by a hpx molecule that is connected to a ribose
ring through N(9)-glycosidic bond. It belongs to a group of purine antimetabolites rec-
ommended for treatment of measles and herpes infections, among others [20]. Studies
on the inosine hydrolysis have been previously reported [21,22]. Azathioprine is a slow-
release prodrug of the antimetabolite 6-mercaptopurine (Scheme 1), which is used as an
anticancer and immunosuppressive drug [23,24]. It is used as an established clinical agent
for the treatment of several pathologies, such as rheumatoid arthritis, ulcerative colitis,
systemic lupus and Crohn’s disease, and also as an anti-rejection medication in human
organ transplantation [23,24]. The N-methylnitroimidazolyl group of the azathioprine
molecule protects the active form 6-mercaptopurine. Azathioprine undergoes hydrolysis
in vivo to alter the metabolism and distribution of the drug toward its target [23,24].

N N
{ | /)N ; a NH
CHZ%H NN <H N /)
OH OH

N S
T ’
/N S <NﬁN
HC NH \ I
N~ | /> N H)

(c) (d)

Scheme 1. Molecular structure of: (a) Inosine, (b) Hypoxanthine, (c) Azathioprine and (d) 6-Mercaptopurine.

Previously reported methods of determination of hpx include high-performance liquid
chromatography [25-28], capillary electrophoresis [29,30], spectrophotometry [31,32] and
electrochemiluminescence [33,34], which are usually costly and laborious and require a
long analysis time. On the other hand, electrochemical methods offer several advantages,
such as relatively simple and cheap instrumentation, high selectivity and sensitivity, high
stability and rapid response time [35-37]. Nevertheless, given the wide range of potentially
interfering purine-based compounds that can affect the detection of hpx generated in
biological processes, more selective methods of analysis are needed.

Herein, we report the preparation, characterization and electrochemical properties
of a new diruthenium system (Figure 1), which shows great stability and also selectivity
for the hypoxanthine molecule, and therefore, could establish a first step to develop new
sensor devices suitable for hypoxanthine detection.
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(a) (b)

(c)

Figure 1. (a) Molecular structure of the [{Ru(u-Cl)(pu-hpx)}Cly] complex in 1a and 1b; (b) view along the crystallographic c
axis of a fragment of the crystal packing of 1a; (c) view along the crystallographic c axis of a fragment of the crystal packing
of 1b.

2. Materials and Methods
2.1. Reagents and Instruments

All of the manipulations were performed under aerobic conditions. Azathioprine and
inosine were purchased from Alfa Aesar and Sigma Aldrich, respectively. Ruthenium pre-
cursors, RuCl3-H,O and K;[RuCl5(H,0)], and the rest of materials were used as-received
and were of reagent grade. Elemental analyses (C, H, N) and X-ray microanalysis were
performed by the Central Service for the Support to Experimental Research (SCSIE) at
the University of Valencia. Scanning electron microscopy (SEM) images and results were
obtained from a Hitachi 5-4800 field emission scanning electron microscope. Infrared spec-
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a.u.
1

tra (IR) of 1a and 1b (in the Supplementary Materials) were recorded with a PerkinElmer
Spectrum 65 FT-IR spectrometer in the range of 400 to 4000 cm ! (Figure 2).

| — 1b (dehyaratea) |

W < ol

4000 3500 3000 2500 2000 1500 1000 500 | S S T S S B S L BN S A N |

0 10 20 30 40 50
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(a) (b)

Wavenumbers / cm”

Figure 2. (a) IR spectra (Transmission mode) for 1a (blue) and 1b (red); (b) plot of the experimental powder X-ray diffraction
(PXRD) patterns profile (20/°) in the range 0-50° for 1a (blue) and dehydrated 1b (red).

Electrochemical studies were performed by using an Autolab/PGSTAT 204 scanning
potentiostat operating at a scan rate range of 10-250 mV s~ . Cyclic voltammograms were
carried out by using 0.1 M NBuyPFg as supporting electrolyte and 0.001 M solutions of
1a, inosine and azathioprine in dry dimethylformamide (dmf). The working electrode
was a glassy carbon disk (0.32 cm?) that was polished with 1.0 um of diamond pow-
der, sonicated, washed with absolute ethanol and acetone and air dried. The reference
electrode was AgCl/Ag, separated from the test solution by a salt bridge containing the
solvent/supporting electrolyte, with platinum as an auxiliary electrode. All experiments
were performed in standard electrochemical cells at 25 °C under argon. The investigated
potential range was in the range of —2.0 to +2.0 V vs. AgCl/Ag. Ferrocene (F.) was
added as internal standard at the end of all the measurements. The formal potentials were
measured at a scan rate of 200 mV s~! and were referred to the ferrocenium /ferrocene
(Fc* /Fc) redox couple.

2.2. Preparation of the Compounds
2.2.1. Synthesis of [{Ru(p-Cl)(u-hpx)},Cly] (1a)

A solvothermal reaction of K>[RuCls(H,0O)] (3.52 mg, 0.01 mmol) and inosine (2.66 mg,
0.01 mmol) was performed in HCI (4 mL, 3 M) at 90 °C for 3 days, followed by a 12-h
cooling process to room temperature. Dark brown crystals of 1a were obtained and were
suitable for X-ray data collection. Yield: ca. 55%. Anal. Calcd. for C1oHgClgNgOsRu, (1a):
C,17.5; H,1.2; N, 16.3. Found: C, 17.7; H, 1.3; N, 16.5. IR peaks (KBr pellets, v/em™h):
3202(m), 3132(m), 3110(m), 3046(m), 2905(m), 1718(vs), 1653(m), 1555(m), 1522(w), 1447(m),
1407(m), 1318(m), 1267(m), 1196(s), 1160(w), 1137(m), 1118(s), 984(w), 779(m), 723(w),
674(m), 610(m), 550(m), 478(w) and 412(w).

2.2.2. Synthesis of [{Ru(p-Cl)(u-hpx)}»,Cls]-2H,O (1b)

RuCl3-H;0O (6.60 mg, 0.03 mmol) and azathioprine (6.80 mg, 0.03 mmol) reacted
through a solvothermal yepction in HCl (4 mL, 3 M) at 90 °C for 3 days, followed by a 12-h
cooling process to room temperature. Dark brown crystals of 1b were thus obtained, which
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were suitable for X-ray data collection. Yield: ca. 72%. Anal. Calcd. for C19H;2ClgNgO4Ru,
(1b): C,16.6; H,1.7; N, 15.5. Found: C, 16.7; H, 1.9; N, 15.2. IR peaks (KBr pellets, v/em™1):
3433(br), 3202(m), 3133(m), 3110(m), 3047(m), 2905(m), 1718(vs), 1653(m), 1615(m), 1554(m),
1522(w), 1447(m), 1407(m), 1318(m), 1267(m), 1196(s), 1160(w), 1137(m), 1118(s), 984(w),
779(m), 723(w), 674(m), 610(m), 550(m), 478(w) and 412(w).

2.3. X-ray Data Collection and Structure Refinement

X-ray diffraction data from single crystals of dimensions 0.18 x 0.06 x 0.04 (1a)
and 0.27 x 0.14 x 0.11 mm? (1b) were collected on a Bruker D8 Venture diffractometer
with graphite-monochromated Mo-K radiation (A = 0.71073 A). Crystal parameters and
refinement results for 1a and 1b are summarized in Table 1. The structures were solved
by standard direct methods and subsequently completed by Fourier recycling by using
the SHELXTL software packages. The obtained models were refined with version 2017/1
of SHELXL against F? on all data by full-matrix least squares [38]. In the two samples, all
non-hydrogen atoms were anisotropically refined, whereas the hydrogen atoms of the hpx
molecules were set in calculated positions and refined isotropically by using the riding
model. The graphical manipulations were performed with the DIAMOND program [39].
The CCDC codes for 1a and 1b are 2046049 and 2046050, respectively. In addition, X-ray
powder diffraction (PXRD) measurements were performed through a capillary sample
holder in a PANalytical Empyrean diffractometer containing a hybrid monochromator
(Cu-K 41 radiation) and a PIXcel detector.

Table 1. Summary of the crystal data and structure refinement parameters for 1a and 1b.

Compound 1a 1b
CCDC 2046049 2046050
Formula C10H8C16N802RUQ C10H12C16N804RUQ
M;/g mol~! 687.08 723.12
Crystal system monoclinic monoclinic
Space group P2 /c P21/c
a/A 7.161(1) 8.714(1)
b/A 10.720(1) 11.865(1)
c/A 11.666(1) 10.286(1)
«/° 90 90
B/° 90.81(1) 112.32(1)
v/° 90 90
V/A3 895.52(9) 983.81(3)
z 2 2
D./gcm™3 2.548 2.441
u(Mo-Ky)/mm~1 2,611 2.390
F(000) 660.0 700.0
Goodness-of-fit on F2 1.170 1.066
Ry [I>20(D)] 0.0726 0.0844
wRy [1> 20(])] 0.1811 0.2014

3. Results and Discussion
3.1. Synthetic Procedure

By reacting K;[RuCls(H,O)] with inosine (for 1a) and RuCl;-H;O with azathioprine
(for 1b) in hydrochloric acid (3 M) solutions, we obtained the same diruthenium(III) com-
plex, but in its dehydrated and hydrated forms [{Ru(p-Cl)(p-hpx)},Cly] (1a) and [{Ru(u-
CI)(p-hpx)}2Clsg]-2H,O (1b), respectively. In both cases, the synthesis process was per-
formed by heating the reaction mixture at 90 °C through a solvothermal method, followed
by a 12-h cooling process to room temperature as the crystallization technique. Thus, dark
brown crystals of 1a and 1b were obtained in satisfactory yields. Inosine was chosen in
this work as starting material be%lse it is a suitable source of hypoxanthine (Scheme 1),
and given the synthetic conditions; this purine nucleoside can easily undergo hydrolysis
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through a N(9)-glycosidic bond with a rapid release of hypoxanthine along with the ribose
sugar [21]. The released hypoxanthine molecule acts as a ligand towards the ruthenium
metal ions, generating the stable complex 1a. In the case of the synthesis with azathio-
prine, 1b was obtained as an unexpected product in a reaction which was intended to
replace some of the Cl groups linked to the ruthenium(III) ions by the potentially chelating
6-mercaptopurine antimetabolite (Scheme 1). Instead, the species 1b was formed. The
hydrolytic reaction that azathioprine undergoes during its mechanism of drug action, that
is, the cleavage of the N-methylnitroimidazolyl group from the sulfur atom, and therefore,
the release of 6-mercaptopurine [23,24], in the presence of ruthenium(Ill) ions and in an
acid medium, would be modified. After releasing the 6-mercaptopurine molecule, water
attacks it, generating hypoxanthine, which in turn would lead to the formation of the
species 1b, so that the reported syntheses constitute new preparative methods to obtain
purine-based Ru(Ill) compounds.

3.2. Description of the Crystal Structure

The crystal structure and exact chemical composition of 1a and 1b were established by
single-crystal X-ray diffraction. 1a and 1b crystallize in the monoclinic system with space
group P21 /c (Table 1). Their structures are made up of the neutral dinuclear [{Ru(p-Cl)(p-
hpx)},Cly] units. Only in 1b there are solvent molecules of crystallization, which are H,O
molecules. In their asymmetric units, half a [{Ru(p-Cl)(p-hpx)}»Cls] complex is in both 1a
and 1b, and one HyO molecule of crystallization is also present in 1b (Figure 1).

In the dinuclear complex of 1a and 1b, each six-coordinate Ru!! jon is bonded to four
chloride ions and two nitrogen atoms (N3 and N9) from two hpx molecules in a distorted
octahedral environment. No significant differences are found in the Ru-Cl [average value,
2.329(1) A in 1a and 2.310(1) A in 1b] and Ru-N [2.066(1) A in 1a and 2.061(1) A in 1b]
bond lengths, which are similar in both compounds and are in agreement with those values
found in previously reported Ru'"! systems [40,41]. The two Ru'! ions are linked each other
through two hpx molecules and a double Ru-CI-Ru bridge and the short intramolecular
Ru---Ru distance that is generated (ca. 2.6 A) indicates the formation of a metal-metal bond
(dashed line in Figure 1a). The hpx molecule in 1a and 1b is planar and its bond lengths
and angles agree with those found in the literature for similar dinuclear complexes [42,43].

In the crystal lattice of 1a and 1b the dinuclear [{Ru(u-Cl)(p-hpx)}oCly] units pack in
different ways (Figure 1b,c), because of their pseudopolymorphism. Thus, 7-- -7t stacking
interactions between neighboring rings of coordinated hpx molecules occur in 1b [with
the shortest intercentroid distance being ca. 3.85 A], whereas no 7t- - - 7t type interactions
are observed in 1a. Cl---7r interactions between adjacent [{Ru(u-Cl)(p-hpx)},Cly] units
take place in both Ru™ compounds [CI---7t distances varying in the ranges 3.16-3.37 and
3.46-3.73 A for 1a and 1b, respectively]. In addition, H-bonding interactions contribute
to stabilizing the crystal structure in both systems. Finally, the powder X-ray diffraction
(PXRD) patterns of 1a and 1b, which are quite different to that of the hpx molecule [44],
confirmed the homogeneity of their bulk samples (Figure 2).

3.3. Scanning Electron Microscopy (SEM)

The study of X-ray microanalysis through of scanning electron microscopy (SEM)
gave an Ru/Cl molar ratio of 1:3 for both studied samples (1a and 1b) and was performed
as previously done for other ruthenium systems [45,46]. Sulfur was not detected in 1a nor
1b. The pseudopolymorphism of 1a and 1b was evident in the recorded images that are
given in Figure 3, where crystals of 1a are shown as needles, whereas crystals of 1b are
displayed as crystallized plates.

3.4. Cyclic Voltammetry (CV)

The electrochemical properties of the diruthenium(Ill) complex were investigated
through cyclic voltammetry (CV) in dry dmf and at room temperature. Figure 4 shows
a comparison of CV curifes obtained in the same conditions for 1a, inosine and azathio-
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prine. The electrochemical behavior of azathioprine has been studied in detail in previous
works [47-50]; nevertheless, we have included it for the purpose of our investigation. The
most characteristic feature observed during the electrochemical reduction of azathioprine
is the peak detected at a potential of about —1.30 V, which can be assigned to the reduc-
tion of the nitro group (-NO,) to the corresponding hydroxylamine (-NHOH) that the
N-methylnitroimidazolyl moiety of the molecule contains [47-50]. The CV curve obtained
for inosine is very similar to that of hypoxantine, which makes the detection of hypoxantine
in the presence of inosine quite difficult [51,52].

(b)

Figure 3. Scanning electron microscopy (SEM) images of: (a) crystals of 1a; (b) crystals of 1b.

15 1 I I 1 1 I I

Azathioprine
10 | Inosine e
1a

Current | pA

5 |

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
E/Vvs. Fc

Figure 4. Cyclic voltammograms of 1a (green), inosine (blue) and azathioprine (red) in dry dmf
(0.1 M NBuyPF) at 25 °C and scan rate 200 mV/s.

Diruthenium complexes exhibiting metal-metal bonding have been extensively inves-
tigated for decades [53]. In general, this type of Ru, compounds show electronic structures
and redox properties that are unique [54-56]. Only one or up to three redox processes
can be observed in the CV curves of these systems, depending on the solvent and the
supporting electrolyte [54-56]. In dimethylformamide (dmf), only a single reduction would
be expected, which would occur between 0.0 V and —0.30 V, so that the first reduction peak
observed at —0.11 V for 1a wouldBe associated to the Ru'™ /Ru!! reduction process, which
is very close to that reported for similar Ru, M systems [54]. A second peak at —0.82 V
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would be generated by the influence of the analyte, in this case the hpx molecule (Figure 4).
For testing repeatability of the CV curve of the studied Ru,'" system (1a), it was measured
five times. Thus, a relative standard deviation of approximately 1.5% of the current re-
sponse was obtained. It is evident from Figure 4 that there is a marked difference between
the reported reductions waves for these three compounds, their current peaks being found
to be well-resolved at the employed conditions, and the coordination of the hpx molecule
being responsible of the CV curve observed for 1a. Therefore, given the possibility of
coexistence of hypoxanthine and inosine, or azathioprine, in singular biological processes
or biomedical studies, our results can be used for the designing and development of new
ruthenium-based devices that act as sensors for the detection of hypoxanthine.

4. Conclusions

In summary, a new purine-based diruthenium(IIl) system of formula [{Ru(p-CI)(u-
hpx)},Cly] (hpx = hypoxanthine) has been prepared from two different starting mate-
rials, namely, inosine and azathioprine, the latter being an immunosuppressant drug.
Remarkably, it was observed that during the synthetic process azathioprine undergoes
hydrolytic reaction that in the presence of ruthenium generates hpx, instead of the expected
6-mercaptopurine antimetabolite, which in turn was detected through the formation of the
diruthenium(III) system. The diruthenium(Ill) system was obtained in its dehydrated and
hydrated forms and characterized by IR, SEM, powder and single-crystal X-ray diffraction
and cyclic voltammetry (CV). The study on the CV curves allowed us to detect hpx when
coordinated to ruthenium in the reported compound. The grade of sensitivity, repeatability
and stability reached by this diruthenium system make it potentially useful and could
provide a first step to develop sensor devices suitable to detect the hpx molecule. Further
investigations on the synthesis and characterization of this type of ruthenium systems is
now in progress for similar target molecules in our group.

Supplementary Materials: X-ray crystallographic data in CIF format for compounds 1a and 1b are
available online at https:/ /www.mdpi.com/2079-6374/11/1/19/s1.
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ARTICLE INFO ABSTRACT

Keywords: Metal complexes based on purine nucleobases can be a very useful tool in the diagnosis and treatment of some
Ruthenium(IID) diseases as well as in other biomedical applications. We have prepared and characterized a novel dinuclear
Adenine

ruthenium(III) complex based on the nucleobase adenine of formula [{Ru(p-Cl)(p-Hade)}2Cly]lCla-2H20 (1)
[Hade = protonated adenine]. Complex 1 was characterized through Fourier transform infrared spectroscopy
(FT-IR), scanning electron microscopy and energy dispersive X-ray analysis (SEM-EDX), magnetometer (SQUID)
and cyclic voltammetry (CV) techniques. The crystal structure of 1 was determined by single-crystal X-ray
diffraction. 1 crystallizes in the monoclinic system with space group P2;/n. Each ruthenium(III) ion is six-
coordinate and bonded to four Cl atoms [the average value of the Ru™™-Cl bonds lengths is ca. 2.329(1) A]
and two N atoms (N3 and N9) from two adenine molecules, the N1 atom being protonated in both of them. The
anticancer activity was evaluated through cell viability assays performed on a colon cancer (HCT116) and a
gastric cancer cell lines (AGS), 1 showing an incipient anticancer effect on the AGS cell line at the highest
concentration used in the study.

Crystal structure
Cyclic voltammetry
Cancer cell lines
Cell viability

1. Introduction

Ruthenium coordination chemistry has undergone a considerable
development in different research fields during the last two decades [1],
including promising systems for current and future investigations that
involve several oxidation states, which display a wide variety of tech-
nological applications covering from catalysis to anticancer drugs
[2-11].

Heteroleptic mononuclear Ru™ complexes have proven to be

particularly important for the design of metallic systems with exciting
biological properties [12]. Some examples are the Ru' complexes based
on imidazole and indazole ligands [13,14], namely, the anionic com-
plexes trans-[tetrachloro(dimethyl sulfoxide)(imidazole)ruthenate(II)]
(NAMI-A) and trans-[tetrachlorobis(indazole)ruthenate(III)] (KP1019),
which behave as anticancer and antimetastatic agents that have entered
clinical trials [15-17].

In the literature, there exist a few ruthenium complexes based on
nucleobases with tested antitumor activity [18-21], as for instance, the

Abbreviations: FT-IR, fourier transform infrared spectroscopy; SEM-EDX, scanning electron microscopy and energy dispersive X-ray analysis; CV, cyclic vol-
tammetry; HCT116, colon cancer cell line; AGS, gastric cancer cell line; NAMI-A, trans-[tetrachloro(dimethyl sulfoxide)(imidazole)ruthenate(III)]; KP1019, trans-
[tetrachlorobis(indazole)ruthenate(III)]; DMSO, dimethyl sulfoxide; PTA, 1,3,5-triaza-7-phosphaadamantane; 5'-AMP, adenosine 5-monophosphate; MPMS, mag-
netic properties measurement system; SQUID, superconducting quantum interference device; DMF, N,N’-dimethylformamide; Fc, ferrocene; CCDC, cambridge
crystallographic data centre; MTT, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide; PI, propidium iodide; PBS, phosphate buffered saline; FITC,
fluorescein isothiocyanate; PXRD, powder X-ray diffraction.
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thymine-based Ru! complex [Ru(PPh3),(thy)(bpy)]PF¢ [where PPhg =
triphenylphosphine, thy = thymine and bpy = 2,2’-bipyridine], which is
a potent cytotoxic agent that by DNA-binding induces apoptotic cell
death in human colon carcinoma [18,19]. The first guanine-containing
Rul complex of formula trans—[RuHIC14(nga)(DMSO)]-2H20 (Hgua
= monoprotonated guanine) was reported in 2004 [20]. This compound
was characterized by single-crystal X-ray diffraction and its in vitro
antitumor activity was also evaluated, showing a mild antiproliferative
effect but an interesting proadhesive effect [20]. With deprotonated
adenine, the Ru(I)-arene complex [RuCp(adeninate-kN7)(PPh3)(PTA)]
(PTA = 1,3,5-triaza-7-phosphaadamantane) was obtained and its anti-
proliferative activity was also analyzed. This complex displayed results
comparable to those of cisplatin, and better than those of the deproto-
nated guanine derivative [21].

Herein we report a novel dinuclear Ru™ complex of formula [{Ru
(p-CD(p-Hade)}2Cl41Cly-2H20 (1) (Hade = protonated adenine). 1 is the
first dinuclear ruthenium(III) system based on adenine. In this work, we
discuss its preparation, crystal structure, electrochemical properties and
anticancer activity.

Jits

2. Experimental
2.1. Materials

All starting chemicals and solvents used in the synthesis of 1 were
purchased from commercial sources and used without further purifica-
tion. Adenosine 5’-monophosphate (5'-AMP) (99.00%) was purchased
from Acros Organics and the ruthenium precursor Ks[RuCls(H50)]
(99.95%) was acquired from Alfa Aesar.

2.2. Synthesis

2.2.1. Synthesis of [{Ru(u-Cl)(u-Hade)}2Cl4]Cl2-2H20 (1)

A solvothermal reaction of Ky[RuCls(H20)] (11.2 mg, 0.03 mmol)
and adenosine 5'-monophosphate monohydrate (11.0 mg, 0.03 mmol)
was carried out in HCI (4 mL, 3.0 M) at 90 °C for 3 days, followed by a
12 h cooling process to room temperature. Dark brown plates of 1 were
thus grown and were suitable for X-ray diffraction studies. Yield: ca.
65%. Anal. Calcd. for C10H16C18N802R1121 C, 15.1; H, 2.0; N, 17.6.
Found: C, 15.2; H, 1.9; N, 17.7. SEM-EDX: a molar ratio of 1:4 for Ru/Cl
was found for 1. IR peaks (KBr pellets, v/cm’l): 3405(m), 3327(m),
3116(m), 3056(m), 2955(m), 2923(m), 2853(m), 1706(vs), 1653(m),
1616(m), 1559(m), 1521(w), 1466(s), 1404(m), 1320(m), 1234(s),
1180(m), 1135(m), 940(w), 800(w), 669(w), 608(m), 562(m), 414(w).

2.3. Physical measurements

Elemental analyses (C, H, N) and X-ray microanalysis were per-
formed by the Central Service for the Support to Experimental Research
(SCSIE) at the University of Valencia. The images and results of scanning
electron microscopy (SEM-EDX) were obtained from a Hitachi S-4800
field emission scanning electron microscope, with 20 kV and 9.0 mm of
accelerating voltage and working distance, respectively. Infrared spec-
trum (FT-IR) of 1 was recorded as a KBr pellet with a PerkinElmer
Spectrum 65 FT-IR spectrometer in the range of 400 to 4000 em ! with
25 scans and a spectral resolution of 4 cm™' (OMNIC 7.1a spectra
software). Direct current (dc) magnetic susceptibility data were
collected on a Quantum Design MPMS-XL SQUID magnetometer. The
experimental magnetic data were corrected for the diamagnetic contri-
butions of the constituent atoms as well as for the sample holder. Elec-
trochemical studies were carried out on 1 by means of an Autolab/
PGSTAT 204 scanning potentiostat operating at a scan rate range of
10-250 mV/s with Metrohm electrodes (NOVA 2.0 software). Cyclic
voltammograms were performed by using 0.1 M (NBuy)[PF¢] as sup-
porting electrolyte and a 102 M solution of 1 in dry N,N'-dime-
thylformamide (DMF). A glassy carbon disk of 0.32 cm? was us%14as
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Table 1
Crystal data and structure refinement for 1.
Formula C10H12ClgN7905Ruy
Formula weight 790.04
Crystal system monoclinic
Space group P2,/n
Z 2
ad) 6.961(1)
b (A) 19.042(2)
c(A) 9.197(1)
o (®) 90
(1@ 101.20(1)
v (©) 90
V(A% 1195.9(2)
D (g cm™) 2.194
F(000) 764.0
u (mm™1) 2.189
Goodness-of-fit on F? 1.175
Ry [I > 20(D]" / all 0.0589 / 0.0719
WR, "¢ / all 0.1630 / 0.1780

* Ry = Z||Fo|-|Fel| /2| Fo-
> WR, = {ZIW(F,>F)1/ [w(FD1H2
¢ w=1/[6%(F,) + (aP)? + bP] with P = [F,2 + 2F.21/3.

working electrode, which was polished with 1.0 pm diamond powder,
sonicated, washed with absolute ethanol and acetone, and air-dried. The
AgCl/Ag reference electrode was separated from the test solution by a
salt bridge containing the solvent/supporting electrolyte, with platinum
as auxiliary electrode. All experiments were performed in standard
electrochemical cells at 25 °C under argon. The investigated potential
range was in the range of —1.5 to +1.5 V vs. AgCl/Ag. Ferrocene (Fc)
was added as internal standard at the end of all the measurements.

2.4. Crystallographic data collection and structure determination

X-ray diffraction data collection from a single crystal of dimensions
0.16 x 0.06 x 0.02 mm> was performed on a Bruker D8 Venture
diffractometer with graphite-monochromated Mo-K, radiation (A =
0.71073 A). Crystal parameters and refinement results for 1 are sum-
marized in Table 1. The structure of 1 was solved by standard direct
methods and subsequently completed by Fourier recycling by using the
SHELXTL software packages. The obtained model was refined with
version 2017/1 of SHELXL against F% on all data by full-matrix least
squares [22]. All non-hydrogen atoms were anisotropically refined,
whereas the hydrogen atoms of the adenine molecule were set in
calculated positions and refined isotropically by using the riding model.
The hydrogen atoms of the water molecules were neither detected nor
included into the model. The graphical manipulations were performed
with DIAMOND program [23]. The CCDC code for 1 is 2.081.705.

2.5. Cancer cell line cultures

Two cancer cell lines from American Type Culture Collection (ATCC
Rockville, MD) were used to test compound 1: AGS (gastric cancer) and
HCT116 (colon cancer). Cell lines were cultured following the condi-
tions recommended by the supplier. The culture medium used in all
cases was RPMI 1640 (Roswell Park Memorial Institute), supplemented
with 10% Fetal Bovine Serum (GIBCO, New York, NY) and 1% Penicillin,
under conditions of 37 °C at 5% CO».

2.6. Cell proliferation assays: MTT

Three thousand cells were cultured in 96-well plates during 24 h.
After that, the cells were treated with 1, 10, 20 and 31 pM concentra-
tions of 1 (the solvent being Polyethylene glycol 3350) in triplicate and
the effect was measured at 48 and 72 h after treatment.

A 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium  bromide
(MTT) assay was used to evaluate cell proliferation. MTT is a



M. Orts-Arroyo et al.

colorimetric assay indicating cell survival and proliferation, which is
based on the metabolic reduction of the MTT by the mitochondrial
enzyme succinate dehydrogenase, under defined conditions, to a purple-
coloured compound (formazan), thus allowing the determination of the
mitochondrial function of the treated cells. MTT, a yellow tetrazole, is
reduced to purple in living cells. A dimethyl sulfoxide (DMSO) solution
is added to solubilize the compound and convert the insoluble purple
formazan into a coloured solution, the absorbance of which is measured
at 560 nm in the spectrophotometer. An increase in absorbance corre-
sponds to an increase in cell proliferation, while a decrease in absor-
bance means a decrease in cell proliferation. Each value is repeated in
triplicate and the mean is calculated. Each absorbance of the tested
compound is checked with its respective untreated control. Viability is
calculated according to the following equation: % Viability = (Optical
Density treated cells x 100) / Optical Density control cells.

2.7. Apoptosis evaluation by cytometry

Three thousand cells were cultured in 96-well plates during 24 h.
After that, the cells were treated with 1, 10, 20 and 31 pM of compound
1 in triplicate, and the effect was measured at 48 and 72 h after
treatment.

Cells were washed with cold phosphate buffered saline (PBS) and
trypsinized with 0.05% trypsin and the collected cells were then
centrifuged at 1500 rpm at 4 °C for 5 min.

The pellet collection was staining for Annexin V-FITC and
phycoerythrin-Cyanine7 (PE-Cy7)-A using an apoptosis detection kit II
(Pharmingen, San Diego, CA, USA) based on the binding properties of
annexin A5 to phosphatidylserine with a vital dye such as propidium
iodide (PI). Samples were diluted in binding buffer. From this solution
and aliquot of 100 mL was stained with 5 mL Protein A conjugated with
fluorescein isothiocyanate (A-FITC) solution and 10 mL PI solution.
Samples were incubated for 15 min, and 400 mL of binding buffer was
added. Samples were analyzed within 1 h. The samples were analyzed
using a BD FACSVERSE Cell Analyzer (BD Bioscience) equipped with
standard optics. An Ar-ion laser INNOVA 90, Coherent, Santa Clara, CA,
USA) tuned at 488 nm and running at 200 mW was used as light source.
From each cell, forward light scatter (FSC), orthogonal light scatter
(SSC), A-FITC fluorescence, and PI fluorescence were evaluated using
Cellquest version 3.3 (Becton Dickinson, San Jose, CA, USA). The per-
centages of Annexin-V negative or positive, and PI negative or positive
as well as double positive cells were evaluated, based on quadrants
determined from single-stained and unstained control samples.

3. Results and discussion
3.1. Synthetic procedure

By reacting the ruthenium(Ill) precursor K3[RuCls(H20)] with
adenine 5'-monophosphate (5-AMP) in a hydrochloric acid (3.0 M)
solution, we prepared a novel purine-based ruthenium(III) complex of
formula [{Ru(p-Cl)(p-Hade)}oClylCly-2H20 (1). The synthetic proced-
ure was performed by heating the reaction mixture at 90 °C through a
solvothermal method. As crystallization technique, the process
continued during a further 12 h cooling step to room temperature. In this
way, dark brown crystals of 1 were obtained in satisfactory yield (65%).
The nucleotide 5'-AMP was used here as starting material of 1 because it
is a suitable source of adenine. Besides, a better yield was obtained when
5'-AMP was employed instead of just adenine. To obtain compound 1
the combination of the solvothermal method and strong acid medium is
mandatory, leading to the hydrolysis of the nucleotide precursor and the
protonation of the adenine moiety at N1 atom. These results support the
fact that this is an adequate synthetic method to obtain purine-based
diruthenium(III) compounds [24].
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Fig. 1. Molecular structure of the [{Ru(p—Cl)Q.t—Hade)}2(714]2+ complex in 1
along with the atom labels scheme.

3.2. Crystal structure of [{Ru(u-CD (u-Hade) }2Cl4]Cly-2H20 (1)

The crystal structure of 1 was obtained by single-crystal X-ray
diffraction. A Cambridge Structural Database (CSD) survey revealed that
1 is the first reported compound with a crystal structure based on a
dinuclear Ru(Ill) compound containing adenine. 1 crystallizes in the
monoclinic system, with space group P2;/n (Table 1), and its core is very
similar to that of the previously reported neutral [{Ru(p-Cl)
(p-hpx)}2Cly] (hpx = hypoxanthine molecule) complex, which crystal-
lizes in the monoclinic system with space group P2;/c [24]. The crystal
structure of 1 is made up of dinuclear cationic [{Ru(p-Cl)
(u-Hade)}2C14]2+ complexes, chloride anions and HyO molecules. The
asymmetric unit of 1 consists of half a [{Ru(p-Cl)(p-Hade)}2C14]2Jr
complex, one chloride and one water molecule (Fig. 1).

Each Ru(IIl) ion is bonded to four chloride ions and two nitrogen
atoms (N3 and N9) from two purine bases in a distorted octahedral
environment, the N1 being protonated in both adenine molecules. The
two Ru(IIl) ions are connected each other through two adenine mole-
cules and two chloro-bridges (Fig. 1). In 1, a very short intramolecular
Ru---Ru distance [Ru(1)---Ru(la) = 2.713 7\, @=-x+1,-y+1,-z+
2] indicates the formation of a metal-metal bond (dashed lines in Fig. 1).
The average values of the Ru—Cl [2.329(1) 10\] and Ru—N [2.067(1) A]
bond lengths are in agreement with those values found in the literature
for previously reported Ru(Ill) complexes with a similar environment
[24,25]. The adenine molecules in 1 show C—C and C—N bond lengths
with values which are in agreement with those previously reported for

85
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Fig. 2. View along the crystallographic c axis of a fragment of the crystal packing of 1. H-bonding interactions between Cl~ anions and N—H groups of adjacent [{Ru
(p-CD(p-Hade) }2Cls] 2+ units are shown as red-dashed lines. Non-coordinating Cl™ anions and water molecules have been omitted for clarity. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Theoretical

IR

Experimental

0 10 20 30 40
20/°

Fig. 3. Plot of the experimental (red) and theoretical (blue) powder X-ray
diffraction (PXRD) patterns profile (20/°) in the range 0-45° for 1. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

compounds containing this nucleobase [26-33].

In the crystal packing of 1, the [{Ru(u-Cl)(u-Hade)}2C14]2+ cations
and Cl™ anions are arranged in an alternate way. The shortest inter-
molecular Cl--Cl interaction of ca. 3.373(2) A connects the [{Ru(p-CD
(p-Hade)}5Cl4]%* units each other generating chains that grow along the
crystallographic a axis [Cl(3)---Cl(3b), (b) = —x, -y + 2, —z + 2]
(Fig. 2). H-bonding interactions between Cl™ anions and N—H groups of
adjacent [{Ru(p-Cl)(p-Hade)}ZCl4]2+ units [with Cl---N separations of
ca. 3.193(3) A] lead these chains to the formation of a two-dimensional
network, which is extended along the ab plane (Fig. 2). The shortest
intermolecular Ru---Ru distance is ca. 6.76 A [Ru(1)---Ru(lc), (c) = —x
+ 1, -y + 2, —z + 1]. Although no =---n interactions are observed in 1
[the shortest centroid---centroid distance being approximately 5.7%61)

Compound 1 |

Transmittance / a.u.
ol o s a1l e a a1 o g a1 e a1 s s a1l o o a1

[rrrryryrrrr[rrrrrrrrrrrrrrrrrrrrrrT I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers / cm™

Fig. 4. FT-IR spectra for adenine (red) and compound 1 (blue), see text. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Al, Cl--- interactions of approximately 3.501(1) A take place between
intercalated Cl™ anions and the pyrimidine ring of adenine molecules.
The supramolecular network is supported by additional H-bonding in-
teractions, which stabilize the crystal structure in 1. The powder X-ray
diffraction (PXRD) pattern of 1 confirmed the homogeneity of the bulk
sample (Fig. 3).

3.3. Infrared spectroscopy

The infrared (IR) spectrum of 1 along with that of the free adenine
ligand are given in Fig. 4. The IR spectrum of adenine has been previ-
ously studied [34,35], so that it has been added in this work only for
comparison. In general, the vibrational bands mainly associated to the
N—H symmetric (vs) and asymmetric (v,) stretching for the free adenine
molecule were more intense and complex that those of 1 in the ca.
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Fig. 5. (Top) Energy dispersive X-ray analysis (EDX) spectrum for 1. (Bottom)
Scanning electron microscopy (SEM) image of crystals of 1.

3800-2000 cm ! region (Fig. 4), which would be due to a more ordered
hydrogen-bonding network in the crystalline solid for the free ligand
[34,35]. The experimental v,(NHp) value of the adenine molecule
observed at 3296 cm™! was slightly shifted to higher wavenumbers
when compared with that detected for 1 [3327 cm’l], whereas the
experimental vs(NH2) value remained pretty much unaltered in the IR
spectrum of 1 [3116 cm™ 1 (Fig. 4). In the 1800-500 cm™? region, the
most interesting features were the two strong vibrational bands associ-
ated to the stretching v(C=N) and v(C=C) and bending 3(NH;), mainly
scissoring, which were found at 1680 and 1600 cm ™ for the adenine
molecule [34,35]. These vibrational bands were transformed into only
one band, which was observed at 1706 cm™! for 1, with this fact indi-
cating the coordination of the Ru™ metal ions to adenine molecules in
compound 1 (Fig. 4). The Ru—Cl band is expected to be found around
310-330 ecm™l. Unfortunately, we cannot report this value for com-
pound 1 given that our IR device works in the 4000-400 cm ™! range.

3.4. Scanning electron microscopy - energy dispersive X-ray analysis

A sample of compound 1 was measured through of scanning electron
microscopy and energy dispersive X-ray analysis (SEM-EDX), these an-
alyses being carried out as previously performed for other ruthenium
systems [36,37]. The results of the microanalysis gave a Ru/Cl molar
ratio of 1:4. An example of the recorded images of 1 is given in Fig. 5,
where crystals of 1 are shown as plates.
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Fig. 6. Cyclic voltammogram of 1 in a dry DMF 102 M solution with 0.1 M
(NBuy)[PFg] at 25 °C and scan rate 200 mV/s. The area of the working electrode
is 0.32 cm. The inset shows a detail of reduction peak assigned to adenine.

3.5. Magnetic properties

Direct current (dc) magnetic susceptibility measurements were car-
ried out on a microcrystalline sample of compound 1 and under an
external magnetic field of 1000 G. These measurements revealed that 1
is diamagnetic at room temperature. The value of its molar magnetic
susceptibility (yu) was calculated to be —0.0296 cm®mol ! at 300 K. The
diamagnetic nature observed for 1 is mainly due to a very strong anti-
ferromagnetic coupling between the involved ruthenium ions (4d®
configuration and S = 1/2 each), that are connected through two ade-
ninium ligands and two chloro bridges, which lead to the formation of a
metal-metal bond and hence generating a ruthenium system with S = 0.

3.6. Electrochemical properties

The electrochemical properties of 1 were investigated by means of
cyclic voltammetry (CV) in dry N,N'-dimethylformamide (DMF), con-
taining 0.1 M (NBuy)[PFs], in the range of potential between +1.5 and
— 1.5 V and at room temperature. The CV plot obtained is shown in
Fig. 6.

Dinuclear ruthenium compounds containing metal-metal bonds
have been studied for several decades [38]. They show electronic
structures and redox properties which are strongly depending on the
solvent and the supporting electrolyte and, in general, are well-known
[39-41]. Therefore, this type of Ru—Ru compounds could be an
acceptable reference in electrochemical studies applied in several areas
of investigation [39-41]. In the CV curves of 1, three reduction processes
can be observed (Fig. 6). The first two reduction peaks were found be-
tween 0.0 V and — 0.50 V, which would be associated to the formation of
the mixed-valent Ru(II)-Ru(III) species [at —0.27 V] and also to that of
the Ru(II)-Ru(Il) system [at —0.43 V]. These reduction potential values
are very close to those reported for similar diruthenium compounds
[39-41]. Nevertheless, much more interesting would be the third
detected reduction peak, which would be generated by the influence of
the adenine ligand and would be observed at —1.00 V, see inset in Fig. 6.
It is worth mention that this value assigned to adenine is in agreement
with those previously reported for this purine nucleobase in electro-
chemistry studies performed through modified electrodes based on
dig?rent polianiline-MnO, [42] and graphite-WS, composite materials
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Fig. 7. Cell viability obtained by MTT assay. Cells were seeded in 12-well plates at a density of 3 x 10° cells/mL and allowed to grow for 24 h before treatments.
Concentrations: 1, 10, 20 and 31 pM. Treatment duration was performed at 48 (A) and 72 h (B). Cell viability was determined by MTT assay at each time point,
including the baseline and the DMSO (1:1000), and for each treatment. The method was carried out at least three times in triplicate.
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[43], which shown high accuracy and promising redox activity toward
purine nucleobases [42,43]. In addition, a similar electrochemical
behavior was observed in the case of the hypoxanthine molecule when
linked to this type of diruthenium compound, with a reduction peak for
this other purine found at —0.82 V [24]. In order to analyze the
repeatability of the CV curves they were measured for five times. Indeed,
a relative standard deviation value of approximately 1.4% for the cur-
rent response was obtained for 1. This latter fact shows the reliability
and stability achieved by this type of diruthenium compounds [44].

3.7. Viability of AGS and HCT116 cells treated with 1

Cytotoxicity of 1 was analyzed in HCT116 and AGS cell lines by MTT
assay and cell cytometry. The cell lines were subjected to increasing
concentrations of 1 (1, 10, 20 and 31 pM) for 48 and 72 h. As shown in
Fig. 7A, it is observed a small dose-time-dependent reduction in cell
proliferation when 1 is tested in the AGS cell lines and 48 h incubatiglgat

Treatment

10 and 20 pM concentrations. However, MTT assay showed 42%
viability reduction at 31 pM (Fig. 7A). Again, when MTT assay was
performed at 72 h incubation a strong reduction of more than 90%
viability can be detected at 31 pM (Fig. 7B). Therefore, ICso for 1 was
detected at 23.25 pM when 72 h incubation were tested. In addition, our
results showed that compound 1 displays low to none activity against
HCT116 cells. In Fig. 8, a small increase of early apoptotic cells can be
seen at the highest concentration (31 pM) of 1.

4. Conclusions

A novel dinuclear ruthenium(IIl) complex of formula [{Ru(p-Cl)
(p-Hade)}2Cl4]1Clo-2H20 (1) was synthesized by reacting the precursor
K3[RuCl5(H20)] with adenine 5'-monophosphate (5'-AMP) in a hydro-
chloric acid solution. 1 is the first dinuclear ruthenium(III) system based
on adenine. This adenine-based diruthenium complex was characterized
through Fourier transform infrared spectroscopy (FT-IR), scanning
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electron microscopy, energy dispersive X-ray analysis (SEM-EDX),
magnetometer (SQUID) and single-crystal X-ray diffraction. The study of
its electrochemical properties by means of cyclic voltammetry (CV)
technique revealed a behavior typical of dinuclear Ru(III) compounds
containing a metal-metal bond, displaying a well-resolved reduction
peak assignable to the adenine molecule.

Compound 1 has only shown anticancer activity on gastric cancer
cells (AGS), by inducing apoptosis at the highest concentration.
Cisplatin is one of the most active drugs for cancer treatment, but also a
high toxicity inducer. In comparison, cisplatin has been tested in AGS
cell lines of gastric origin detecting anticancer activities at ICso of 4.84
puM and 16.6 pM [45,46]. Our results obtained with 1 show higher ICsg
(but in a similar range of molarity) than those previously published with
the same cell line being treated with cisplatin. In our study, the drug
activity was not tested on normal cell lines for comparison. Neverthe-
less, we have used a negative control group using the cell lines treated
with the vehicle compound without the chemotherapy drug in each
experiment. In any case, this is the first time that a dinuclear ruthenium
(III) complex based on adenine has been tested toward cancer cell lines,
and further studies will be performed to get new insights into its po-
tential chemotherapeutic action.
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Simple Summary: To overcome some limitations of platinum-based chemotherapy agents, new active
metallodrugs based on other transition metals are being researched. Runat-BI is a ruthenium-based
compound which was synthesized and characterized at the University of Valencia. We investigated
the in vitro effect of this compound on eight cell lines of different cancer types. Runat-BI reduced
tumor growth and migration significantly in three cancer cell lines, showing selectivity for tumoral

check for

updates cells and little effect on non-tumoral ones. Its mechanism of action is still unknown but seems related
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to DNA synthesis as the cells with higher growth rates are the most affected by this chemotherapy
agent. However, additional mechanism(s) likely play a role in its selectivity for several cancer

cell lines. Moreover, Runat-BI slightly increases expression of the proapoptotic genes BAX and
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CASPASE-3. All these findings support its study as a potential anticancer therapy.

Abstract: Ruthenium compounds have demonstrated promising activity in different cancer types,

overcoming several limitations of platinum-based drugs, yet their global structure-activity is still
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) ) under debate. We analyzed the activity of Runat-BI, a racemic Ru(IIl) compound, and of one of its
Aggressive Cancer Cell Lines.
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isomers in eight tumor cell lines of breast, colon and gastric cancer as well as in a non-tumoral control.
Runat-BI was prepared with 2,2’-biimidazole and dissolved in polyethylene glycol. We performed
assays of time- and dose-dependent viability, migration, proliferation, and expression of pro- and
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the apoptotic effect of Runat-Bl. As a racemic mixture, Runat-BI caused a significant reduction in the
viability and migration of three cancer cell lines from colon, gastric and breast cancer, all of which
displayed fast proliferation rates. This compound also demonstrated selectivity between tumor and
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non-tumor lines and increased proapoptotic gene expression. However, the isolated isomer did not
show any effect. Racemic Runat-Bl is a potential drug candidate for treatment of highly aggressive
tumors. Further studies should be addressed at evaluating the role of the other isomer, for a more
precise understanding of its antitumoral potential and mechanism of action.
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1. Introduction

Cancer represents a major public health problem. With an estimated 19.3 million
new cases worldwide in 2020, it remains among the main causes of death (10.0 million
deaths) [1,2]. By percentage of new cases, the most frequent cancer types are female breast
cancer with 11.7% (2.3 million), colon with 6% (1.1 million) and gastric with 5.6% (1.1 mil-
lion) [2]. Cancer is defined as uncontrolled growth of abnormal cells anywhere in the
body. It has traditionally been treated with surgery, chemotherapy, and radiation therapy;
however, increasing studies in cancer research have extended new approaches such as
immunotherapy, hormone therapy, gene therapy, and targeted therapy [3]. Nevertheless,
treatment fails in certain tumors, predominantly due to metastasis, recurrence, hetero-
geneity, resistance to chemotherapy and radiotherapy and avoidance of immunological
surveillance [4-6]. Current chemotherapy agents are greatly limited by their side effects
and intrinsic or acquired drug resistance [7], prompting renewed research effort within the
scientific community to obtain new highly effective agents for cancer treatment.

The most widely used drugs in conventional chemotherapy are platinum-based,
among which cisplatin is one of the most commonly utilized to treat various solid cancers,
either as a single agent or in combination. Cisplatin exerts anticancer activity via multiple
mechanisms, mainly by generating DNA damage followed by activation of several signal
transduction pathways which finally lead to apoptosis [8]. Despite the success of these
compounds, drug resistance and several undesirable side effects have been reported,
especially due to their lack of selectivity for cancerous over normal tissues. It is therefore of
interest to seek out alternative therapeutic metal-based compounds that could overcome
the limitations of these platinum-based drugs [9-11].

Ruthenium species have demonstrated promise in different cancer types, opening the
door to the design of novel metal-based chemotherapeutic agents [9]. Those agents are
most typically multitargeted, with specific activities against different cancers, a favorable
toxicity profile and clearance properties, as they are eliminated from the kidneys, liver and
bloodstream [7,12,13]. Ruthenium complexes such as RAPTA-C, NAMI-A and KP1019 have
undergone preclinical or clinical trials for the treatment of different cancers [11,13]. KP1019
is a cytotoxic agent for the treatment of platinum-resistant colorectal cancers, whereas the
non-cytotoxic NAMI-A is considered a very effective antimetastatic drug [14]. NAMI-A was
the first ruthenium-based agent to enter phase I clinical trials, showing disease stabilization
in patients with non-small-cell lung cancer. In a clinical phase-I/1I study, however, the
combination of NAMI-A with gemcitabine was less active than gemcitabine alone [12,15].

Global structure-activity relationships are still under debate for ruthenium metallo-
drugs as regards in vitro antiproliferative/cytotoxic activity and in vivo tumor-inhibiting
properties as well as pharmacokinetics [12]. The mechanism of action of many of these
complexes remains unclear. DNA was considered the main target of action [16]; however,
RAPTA-C was found to bind exclusively on the histone proteins, unlike platinum met-
allodrugs [12,17]. KP1019 and KP1339, which are under clinical investigation, induced
apoptosis predominantly by the intrinsic mitochondrial pathway [18]. The chaperone
protein GRP78 (glucose regulatory protein 78) was its main target [19].

The increasing focus on and promising results shown by ruthenium-based antitumor
agents led to our study and synthesis of new Ru(IlI)-based anticancer compounds. Among
these, we selected Runat-BI to study antitumor activity, with the aim of analyzing its effect
on viability, migration, cell doubling time (CDT) and expression of pro- and antiapoptotic
genes in six breast cancer (BC) cell lines (HCC1937, HCC1500, HCC1806, MCF-7, MDA-
MB-231, BT474), a colon cancer cell line (HCT116), and a gastric cancer cell line (AGS).
The MCF10A cell line from a human mammary gland was used as the non-tumoral cell
line control.

96



Cancers 2023, 15, 69

30f 14

2. Materials and Methods
2.1. Reagents and Instruments

All starting chemicals and solvents used in the synthesis of Runat-BI were purchased
from commercial sources and used without further purification. The elemental analyses
(C, H, N) and X-ray microanalysis were performed through Central Support Service for
Experimental Research (SCSIE) at the University of Valencia. The results of scanning
electron microscopy (SEM-EDX) were obtained through a Hitachi S5-4800 field emission
scanning electron microscope with 20 kV of accelerating voltage and 9.0 mm of working
distance. Electrospray Ionization Mass (ESI-MS) spectrum of Runat-BI was performed on a
SCIEX TripleTOF 6600+ mass spectrometer by using a direct infusion electrospray ionization
source (Figure S1). The infrared spectra (FI-IR) data for Runat-BI and 2,2’-biimidazole
molecules were obtained through a Perkin Elmer Spectrum 65 FT-IR spectrometer in the
4000-500 range (cm™1) with 25 scans and a spectral resolution of 4 cm~! (Figure S2).
X-ray diffraction data collection was performed on a Bruker D8 Venture diffractometer
with graphite-monochromated Mo-K radiation (A = 0.71073 A). Crystal parameters and
refinement data, along with selected bond lengths and angles, for Runat-BI are summarized
in Tables 51 and S2.

2.2. Cell Line Culture and Treatment

Breast, gastric and colon cancer cell lines were obtained from the American Type
Culture Collection (ATCC, Rockville, MD, USA). Cell lines were cultured in RPMI 1640 or
DMEM medium supplemented with 1% L-glutamine and 10% fetal bovine serum (GIBCO,
New York, NY, USA). The culture conditions were identical in all cell lines: 37 °C and 5%
COs,. Cells were seeded for 24 h before treatment with Runat-BI or PEG (control) for MTT,
wound healing and CDT (Table S3).

2.3. Cell Proliferation Assay

Cell proliferation was analyzed by colorimetric MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assay. We seeded and cultured 3000 cells in 96-well plates.
Next, cells were treated with a specific drug dose and the MTT assay was performed 24,
48 and 72 h after treatment. DMSO was used as a dissolvent to solubilize the compound
and convert the formazan into a colored solution. Absorbance of this colored solution was
quantified by measuring through a spectrophotometer at 590 nm. Each experiment was
performed in triplicate and repeated at least twice. Average values for triplicates were
calculated. Absorbance observed at different drug concentrations was compared with the
respective non-treated controls and cell viability was calculated. The ICsy was calculated
using GraphPad Prism, with the R indicating the goodness of fit.

2.4. Scratch/Wound Healing Assay

Cells were seeded in 6-well plates at a density of 4 x 10° cells/well and incubated
overnight until they reached 70% confluence. A pipette tip was used to create a wound
in the cell layer. Cells were then treated with Runat-BI (21 uM). Each experiment was
performed in triplicate and repeated at least twice. Images were obtained at 0, 24, 48 and
72 h at the same position and closure area of migrating cells was measured using Image J
software, and the percentage of wound closure was calculated and compared with time
zero. The assay is particularly suitable for studying the effects of cell-matrix and cell—cell
interactions on cell migration.

2.5. Cell Doubling Time (CDT)

We investigated the growth rate and CDT of the nine cell lines used in this study.
On day 0, cells were plated in 6-well plates with an initial concentration of 1 x 10° cells.
Duplicate counts were made in a Neubauer chamber using Automated Cell Counter
TC10TM (BioRad) every 24 h for, 10 days after staining cells with trypan blue. Each
cell line was cultured in duplicat%? From the cell count data, the cell growth curve was
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constructed during the time studied and the CDT was calculated using the online tool
http:/ /www.doubling-time.com /compute.php (accessed on 20 March 2020).

2.6. RNA Extraction and Gene Expression by Real Time PCR (RT-qPCR)

Total RNA from all cell lines was isolated using High Pure RNA Isolation Kit from
Roche following the manufacturer’s protocol. RNA was extracted from cellular pellet
from around 1 x 10° total cells. RNA concentration was measured using a NanoDrop
ND 2000-UV-vis Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA).
c¢DNA synthesis was performed using the High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems TM by Life Technologies TM, Carlsbad, CA, USA). We used TagMan®
Gene Expression Assays (Applied Biosystems™ by Life Technologies™, Carlsbad, CA,
USA). Primers used in the assay were BAX and CASPASA-3 (proapoptotic genes); BCL-2
(antiapoptotic gene) and GAPDH as endogenous control, carried out by quantitative real
time-PCR (qRT-PCR) in RNA extracted from cell lines. Normalization was performed with
GAPDH. The data were managed using the QuantStudio™ Design & Analysis Software
v1.4 (Applied Biosystems ™ by Life Technologies ™, Carlsbad, California, USA). Relative
expression was calculated using the comparative Ct method and obtaining the fold-change
value (AACt).

2.7. Statistical Analysis

All statistical analyses were performed using R Bioconductor. Results were consid-
ered significant when p-value < 0.05. The ICsj analysis and graph representations were
performed using GraphPad Prism.

3. Results
3.1. Preparation of Runat-BI

RuCl3-H;O (6.6 mg, 0.03 mmol) and 2,2’-biimidazole (12.1 mg, 0.09 mmol) were
reacted by means of a solvothermal synthesis in HCI (2.5 mL, 3.0 M) at 90 °C for 20.5 h,
followed by a 20.5 h cooling process to room temperature. Dark blue crystals of Runat-BI
were thus obtained and were suitable for X-ray diffraction data collection (Figure 1). Yield:
ca. 30%. The same synthesis was performed in a concentrated solution and in a 1:1 ratio
of the reactants, thus allowing us to isolate the isomer 1 (Figure 1). Anal. Calcd. for
C12Hy16NgO,Cl3Ru: C, 28.2; H, 3.2; N, 21.9%. Found: C, 28.5; H, 3.3; N, 22.2%. SEM-EDX
analysis gave a Ru:Cl molar ratio of 1:3 for Runat-BI. ESI-MS (m/z): 445.90 (4.8%), 444.93
(5.4%), 442.89 (16.4%), 441.82 (94.6%), 440.94 (41.9%), 439.97 (100%), 438.90 (62.0%), 437.93
(36.5%), 436.86 (30.6%), 435.98 (12.7%), 434.90 (3.1%), these m/z values support the stability
of Runat-Bl in solution (Figure S1). Infrared (IR) peaks (sample prepared as KBr pellets):
3278 (m), 3147 (m), 3129 (m), 3010 (m), 2923 (w), 2924 (m), 2765 (m), 1638 (s), 1526 (s),
1417 (m), 1394 (m), 1319 (w), 1252 (w), 1177 (m), 1129 (m), 1078 (m), 1008 (w), 922 (m),
870 (w), 811 (w), 754 (s) and 682 (m) cm~! (Figure S2).
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Figure 1. (a) Molecular structure of the mononuclear (inactive) isomer 1 of the {cis-
[RuCl, (Hpbiim),]Cl},-4H;O racemic mixture in Runat-BI. (b) Molecular structure of the mononuclear
isomer 2 of the {cis-[RuCl,(H,biim);]Cl},-4H,O racemic mixture in Runat-BI. Water molecules,
hydrogen atoms and chloride counter anions were omitted for clarity.

3.2. Runat-BI Reduces Proliferation in Cancer Cell Lines

Cytotoxicity of Runat-BI was analyzed in HCC1937, HCC1500, HCC1806, MCF-7,
MDA-MB-231, BT474, HCT116, AGS and MCF10A cell lines by MTT assay. The nine
cell lines used were subjected to increasing concentrations of Runat-BI (0, 5.25, 10.5, 21
and 42 pM in PEG) for 24, 48 and 72 h. As shown in Figure 2A-C, a dose- and time-
dependent reduction in cell proliferation was observed for some cell lines. MTT assay
showed significant viability reduction at 48 h for HCT116 and HCC1806 cell lines, reaching
41% and 36% viability, respectively, which presented the lowest ICsy (<25 uM) [Table S4].
At 72 h after treatment, we detected an around 50% reduction in BT474 and AGS cell line
viability. The three lines (HCT116, HCC1806 and AGS) remained highly aggressive tumors
with rapid growth and proliferation. In contrast, the MDA-MB-231 cell line displayed a
moderate viability reduction (61%) after 72 h of treatment. Our results showed that Runat-
BI compound is not active against HCC1937 (ICsy 94.23 M), HCC1500 (ICso 76.03 pM) or
MCE-7 (ICs5p > 200 uM), all belonging to BC cell lines; these were not significantly affected
in terms of viability, which remained above 80% at 72 h. Table S4 displays the ICs( after 48
and 72 h of Runat-BI treatment. Nonetheless, viability of the non-tumor mammary gland
cell line MCF10A was not reduced at any time or at any concentration (Figure 2D). The
Runat-BI compound is not active against this cell line despite its rapid growth rate. These
results support the specificity of the Ru(Ill) compound to affect tumor cells but not normal
cell lines like MCF10A.
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Figure 2. Viability percentages of the nine cell lines treated with Runat-Bl at 24, 48 and 72 h. The breast
cancer cell lines (MCF-7, HCC1937, MDA-MB-231, BT474, HCC1806, HCC1500), gastric cancer cell
line (AGS) and colon cancer cell line (HCT116) were treated with Runat-BI at different concentrations
(0 to 42 uM) for 24 h (A), 48 h (B), and 72 h (C). The mammary gland cell line MCF10A was used as a
non-tumor cell line and was treated with Runat-BI at the same concentrations and time: 24 h (blue),
48 h (red) and 72 h (green) (D). Cell proliferation was determined with the MTT assay. Dots indicate
the mean of three independent experiments.

3.3. Isomer 1 of Runat-BI Showed No Effect on Viability in the Cell Lines Studied

We selected the two cell lines AGS and MDA-MB-231, with different responses against
Runat-BI compound, to test the isolated isomer 1 of Runat-BI. The concentrations tested for
isomer 1 were slightly higher (0, 6.25, 12.5, 25 and 50 uM). Results showed no reduction in
cell viability at any concentration or at any time (24, 48 and 72 h) [Figure S3]. In contrast
to the viability reduction observed with Runat-BI, cells treated with isomer 1 showed
increased viability at low concentrations of the compound after 48 and 72 h of treatment
(Figure S3B,C). These findings showed no effect on isomer 1 from Runat-BI in the cell lines
tested. These results open two potential hypotheses that could explain the Runat-BI effect
in cancer cell lines: (1) The cytotoxic effect of the Runat-BI compound requires the presence
of both isomers 1 and 2, or (2) the cytotoxic effect of Runat-BI is mainly attributed to isomer
2, which has not been isolated as yet.

3.4. Migration Reduction in Cell Lines Treated with Runat-BI Measured by Wound Healing Assay

All cell lines were treated with 21 uM of Runat-BI. The concentration was established
according to the results observed in the viability assays, which showed a block in viability
reduction for doses higher than 21 uM. A scratch was performed at 0 h and the percentage
of wound closure was measured using images from 0 to 72 h (Figures 3A and 54).
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Figure 3. Effect of Runat-BI treatment on cell migration. Cell migration of HCC1806, MDA-MB-231,
AGS, HCT116 and MCF10A lines was measured by scratch/wound-healing assay after treatment
with Runat-BI (21 uM) or PEG/control for 48 and 72 h. (A): Images of cell migration at 0, 48 and
72 h after Runat-BI (21 pM) treatment or PEG (control). Three separate experiments were performed,
and the most representative results are presented (5x amplification). Columns express the mean +
SD of the percentage of closure in three independent experiments for 48 h (B) and 72 h (C). Green
bars represent control/PEG and dark blue bars represent Runat-Bl-treated cells. * p < 0.1, ** p < 0.05,
*** p < 0.01 were considered statistically significant.

Wound healing assays demonstrated that Runat-BI significantly reduced cell migration
in the HCC1806, AGS, HCT116 and MDA-MB-231 cell lines. More specifically, the HCC1806
cell line showed a reduction in migration of ~47.1% at 48 h and ~65.7% at 72 h. AGS also
exhibited a significant decrease, mainly at 72 h, reaching approximately 54.3%. This cell
line maintained its high growth rate and CDT but showed a substantial reduction in cell
migration. No significant differi@cles in cell migration were found in HCT116 between
48 h and 72 h, and the wound remained between 21 and 22% from closure in both cases.
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However, a significant reduction in cell growth rate was observed in the sample treated
with Runat-BI compared to PEG. These results agree with those previously observed
in MTT assays, where these three lines showed a significant drop in cell viability with
Runat-BI treatment. MDA-MB-231 exhibited greater reduction in cell viability at 48 h
than at 72 h (approximately 39.1% and 14.5%, respectively). Given the fast growth of
this line, the wound was almost closed with both treatments, as observed in Figure 3A.
The 21 pM concentration of Runat-BI at 72 h was probably not sufficient for this cell line,
as indicated by the MTT results. BT474 showed hardly any reduction in cell migration,
although it experienced prominent cell death. MCE-7, HCC1937 and HCC1500 showed
both less viability reduction and low impact on cell migration when treated with Runat-BI
(Figure S4). In MCF10A no differences in cell migration were found between Runat-BI
treatment and control (Figure 3A).

The results obtained in cell migration assay support those obtained in viability assays,
with the HCT116, AGS and HCC1806 cell lines clearly showing the most important cytotoxic
effect from Runat-BI. The selective action against tumor lines compared with the non-tumor
cell line (MCF10A) is again demonstrated by the results obtained in the wound healing
assay, which showed no migration differences between treatment and control condition
(Figure 3B,C).

Figure S5 shows the comparison of cell migration at 48 h and 72 h in the five lines
showing statistical significance in either PEG or Runat-BI, or in both. Generally, the fastest
growing lines were more successful in closing the scratch in the control samples at 48
and/or 72 h. However, none of the tumoral cell samples treated with Runat-BI were able to
completely close the scratch, demonstrating a clear reduction in cell invasiveness, and in
some cell lines, such as BT474, HCC1806 and HCT116, pronounced cell death.

3.5. Relationship between Runat-Bl Effect and Cell Growth Rate

Ru-based compounds target various DNA conformations and affect DNA processing
enzymes. Runat-BI may intercalate in DNA, with the ability to cause DNA condensation
and cleavage, inducing cell cycle arrest and/or apoptosis [20]. Cancer cells present higher
division rates and are consequently more exposed to the effect of anticancer drugs that
act on DNA. Due to the faster growth rates of cancer cell lines, we sought to analyze the
possible relationship between CDT and Runat-BI effectiveness.

HCT116, HCC1806 and AGS cell lines showed lower CDT rates (Figure 4). Interestingly,
these three cell lines displayed higher viability and migration reduction when they were
exposed to Runat-Bl, indicating that the compound has higher effectiveness against cell
lines with higher growth rates. An intermedia effect of Runat-BI was observed for cell lines
with intermedia growth rates, such as BT474 and MDA-MB-231. Consequently, cell lines
with slow growth rates (higher number of CDT days), such as HCC1500 and HCC1937,
exhibited low or absent treatment effect with Runat-Bl. However, the relationship is not
completely clear since MCF-7 is relatively fast dividing yet Runat-BI displays no significant
effect on this cell line. A similar situation is observed with MCF10A, which despite
undergoing fast division, is resistant to Runat-BI. These findings partially support that
Runat-BI acts against cells with higher growth rates due to their mechanism of biological
action. However, we hypothesize the existence of some additional mechanism(s) leading
to the selectivity displayed in some cancer cell lines, and which would explain the lack of
effectiveness against luminal A subtype MCF-7 and non-tumoral cell line MCF10A.
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Figure 4. Cell growth over 7 days in cell lines treated with Runat-BI. Cell growth was measured with
the Neubauer chamber using “Automated Cell Counter TC10™”. Dots indicate the mean of two
independent experiments.

3.6. Apoptosis Induced by Runat-BI Treatment

Ruthenium-based complexes may induce apoptosis in cancer cells, acting as potential
cancer treatments [21]. Given that most ruthenium-based agents are multitarget, we
investigated whether Runat-BI had a different target apart from binding to nuclear DNA
and subsequently interference with the transcription. We studied the apoptotic induction
of Runat-Bl in the nine cell lines, analyzing the expression of the proapoptotic genes BAX
and CASPASE-3 and the antiapoptotic gene BCL-2. Our results indicated an increase
in BAX and CASPASE-3 in most cell lines treated with Runat-BI compared with control
samples (Figure 5A,B), although this did not reach statistical significance as analyzed by
t-test (p-value 0.2 for BAX and 0.19 for CASPASE-3). However, the non-tumoral cell line
MCF-10A did not present gene expression deregulation between the two conditions. Slight
downregulation of BCL-2 was observed in some cell lines treated with Runat-BI, but these
results were not significant (p-value 0.84) [Figure 5C]. Therefore, Runat-BI slightly increases
expression of the proapoptotic genes BAX and CASPASE-3 but seemingly fails to affect
expression of the antiapoptotic gene BCL-2.
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Figure 5. Expression of proapoptotic genes BAX (A), CASPASE-3 (B) and the antiapoptotic gene
BCL-2 (C) in cancer cell lines after Runat-BI treatment. Fold-change (FC) results were obtained by
quantitative RT-PCR for the BC lines HCC1500, HCC1937, HCC1806, MDA-MB-231, MCF-7, BT474;
colon cancer line HCT116, gastric cancer line AGS and non-tumor line MCF10A. Dark blue represents
control/PEG-treated samples and light blue represents Runat-Bl-treated samples.

4. Discussion

In the search for more effective metal-based antitumor agents with fewer adverse
effects, those based on ruthenium have attracted particular research interest [22-25]. Ruthe-
nium complexes have emerged as potential pro-oxidant and multitarget chemotherapeutics
to replace platinum-based drugs [26]. We have synthesized a novel compound: Runat-BI,
a ruthenium(III) and 2,2’-biimidazole racemic compound, a mixture of two isomers (1:1),
of which one (isomer 1) has been isolated. Among the advantages of complexes based
on ruthenium(Ill) with 2,2’-biimidazole are the interactions between nucleobase pairs,
which further facilitate the mechanism of action with cancer cell DNA. Furthermore, the
ruthenium(Ill) structure allows them to be more robust and inert when reacting in redox
processes or ligand substitution reactions, thus increasing stability and extending the shelf-
life of the compound in the physiological environment [27,28]. Ruthenium compounds can
carry a high number of potential accessory molecules and show the possibility to exist in
biological fluids in almost all the most important oxidation states, from II to IV [29,30].

The results of our experiments with Runat-BI showed a considerable reduction of
viability and migration in three cell lines, from three different cancer types: HCT116, from
colon cancer, AGS from gastric cancer and HCC1806 from BC. These three cell lines had
the lowest CDT rates, proving that Runat-Bl is especially active against highly aggressive
tumors. Moreover, the reduction in cell migration might prevent tumor expansion to other
tissues and thus inhibit metastasis. The ICs( results obtained with Runat-BI showed to
be similar to those of cisplatin; the cell lines that displayed lower values for cisplatin also
display them for Runat-BI, which seems to indicate that both compounds share some
mechanism of action. 104
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The compound did not show great effectiveness against HCC1500, HCC1937 and
MCEF-7, all belonging to BC. Furthermore, BC cell lines belonging to the TNBC subtype
(HCC1806 and MDA-MB-231) and luminal B (BT474) exhibited a greater response to Runat-
BI treatment than those belonging to the luminal A subtype, such as MCF-7, which showed
less remarkable results in both viability and migration assays. Despite the lack of specificity
of Runat-BI for a particular cancer type, a selective effect has been observed between
non-tumorigenic cell lines such as MCF10A and tumorigenic cell lines. The MCF10A cell
line was not affected by the agent, showing no reduction in viability or migration. Similar
results in the selectivity of action in non-tumor cell lines have already been demonstrated
with other ruthenium agents [16,22,25,31]. Popolin et al. studied four ruthenium-based
antitumor complexes with different ligands, among which [Ru(CH3CO;)(dppb)(bipy)]PFg
[where dppb = 1,4-bis(diphenylphosphino)butane and bipy = 2,2"-bipyridine] showed the
best results and was selected to be studied in three BC cell lines: MDA-MB-231, MCF-7 and
MCEF-10A. This complex was more efficient in inhibiting proliferation, adhesion, migration
and invasion in MDA-MB-231 cells than non-tumor cells (MCF10A). Nevertheless, the
Ru(IlI) complex showed inconsistent results in MCF-7 [29]. Similarly, Naves et al. reported
a selective effect of a ruthenium-biphosphine complex containing gallic acid as a ligand,
with selective cytotoxicity against the TNBC cell line (MDA-MB-231) over non-tumor
cells (MCF10A), inhibiting its migration and invasion and inducing apoptosis [16,25]. Our
in vitro studies support the use of Runat-Bl as a potent drug candidate for highly aggressive
and proliferative cancers.

Despite the anticancer properties found in Runat-BI, no significant results were ob-
tained for isolated isomer 1 from this complex, which is therefore not solely responsible for
its antitumor action. Work is currently underway on the isolation and purification of the
second isomer to verify whether Runat-BI agent requires both isomers to exert its action or
if only one is responsible for the activity.

There seems to be a relationship between Runat-BI effectiveness and the growth rate
of cell lines, since the fastest growing ones generally show the greatest response, probably
due to the binding to DNA, which has been considered the main target of action of the
agent. However, the relationship is still unclear, as Ru-based drugs seem to exert their
anticancer effects through a multitarget mechanism [26], which makes these agents less
prone to drug resistance [32,33]. Several studies have revealed that DNA is not necessarily
the primary target of ruthenium compounds but rather that these compounds have shown
a higher affinity for DNA-related proteins [12,17,32]. In our study, MCF-7 and MCF10A
were not affected by Runat-BI despite their rapid growth rates, warranting exploration in
future studies of other mechanism(s) of action potentially at play.

We further investigated the expression of proapoptotic genes BAX and CASPASE-3 and
the antiapoptotic gene BCL-2. Our results showed that Runat-BI upregulated the expression
of proapoptotic genes BAX and CASPASE-3 (although no statistically significant differences
were obtained) but exerted no effect the antiapoptotic gene expression of BCL-2. This is in
agreement with results obtained in previous studies on BC cell lines [16,29]. However, the
cell lines with the highest rise in antiapoptotic gene expression were not the ones with the
most compromised viability, thus potentially ruling this out as the main factor underlying
this increased gene expression and indicating a need for further studies for a more precise
understanding of this possible pathway of action.

Runat-BI has shown very positive in vitro results, better even than other earlier re-
ported ruthenium systems [34]. Nevertheless, in vivo trials are also necessary to confirm
its selective action and possible indications. Another interesting focus would be to study
Runat-BI in combination with other commercialized therapeutic agents to evaluate the
possible benefits of several targets of action and their joint effect. The combination of
previously reported ruthenium compounds with standard anticancer agents that target
DNA has shown to be a reasonable combination strategy, particularly in TNBC [35].
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5. Conclusions

Ruthenium-based antitumor agents such as Runat-BI are an interesting alternative to
current chemotherapy agents, overcoming many disadvantages of the latter due to their
specific activity against different cancers, more favorable toxicity profile and multitargeted
mechanism of action. Altogether, our novel complex Runat-BI significantly reduced viabil-
ity and migration in three cancer cell lines taken from colon, gastric and breast cancer, all of
which displayed fast proliferation rates. This supports the effectiveness of the complex in
highly proliferative and aggressive cancers that have limited available therapeutic options.
Its selective action between tumor and non-tumor lines as well as its potential multitargeted
effect on DNA and upregulation of proapoptotic gene expression make it a potential drug
candidate for cancer treatment. The effectiveness of the racemic mixture Runat-BI is not
due to the isolated isomer 1, and hence further studies should be addressed at evaluating
the role of isomer 2 to more precisely elucidate the anticancer potential of Runat-BI and its
mechanism of action.

6. Patents

Runat-BI has the international patent certificate PCT/ES2022/070415, Universitat de
Valencia and Fundacién INCLIVA (2021): Ruthenium-biimidazole compound (RUNAT-BI)
and its therapeutic use. It has been registered in Oficina Esparfiola de Patentes y Marcas (OEPM)
with No. P202130624. https://www.uv.es/oferta-cientifico-tecnologica/es/resultados/
salud/salud-lo-largo-todo-ciclo-vital-1286222426775/ OCTResultats.html1?id=128623658202
5 (accessed on 15 November 2022).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/cancers15010069/s1. Figure S1: Electrospray ionization mass
spectrum (ESI-MS) for Runat-BI showing the isotopic distribution for the [RuCl, (Hpbiim),]* cation.
Figure S2: FT-IR spectra for 2,2’-biimidazole (Hpbiim) and Runat-BI. Table S1: Crystal data and
structure refinement for Runat-BI. Table S2: Selected bond lengths (A) and angles (°) for Runat-BI.
Table S3: Cell line characteristics and culture conditions. BC: breast cancer; EGFR: epidermal growth
factor receptor; EGP2: epithelial glycoprotein 2; ER: estrogen receptor; FBS: fetal bovine serum;
HER?2: hormonal estrogen receptor 2; IDC: invasive ductal carcinoma; IGFBP: insulin growth factor
binding protein; L-glu: L-glutamine; PR: progesterone receptor; RPMI: RPMI 1640 medium; TGF-3 / «:
transforming growth factor 3/«. *MCF10A is non-tumorigenic human mammary epithelial cells.
Table S4: ICsp in uM of the nine cancer cell lines studied after 48 h and 72 h of Runat-BI treatment and
of Cisplatin. The R square indicates the goodness of fit. ICs: half maximal inhibitory concentration.
Figure S3: Percentage of viability for AGS and MDA-MB-231 cell lines treated with isomer 1 of
Runat-BI at 24, 48 and 72 h. The gastric cancer cell line: AGS and the BC cell line: MDA-MB-231,
were treated with isomer 1 of Runat-BI (from 0 to 50 uM) for 24 h (A), 48 h (B) and 72 h (C). Cell
proliferation was determined with the MTT assay. Dots indicate the mean of two independent
experiments. Figure S4: Effect of Runat-BI treatment on cell migration. Cell migration in HCC1500,
HCC1937, MCF-7 and BT-474 cell lines was measured via wound-healing assay after treatment with
Runat-BI (21 uM) or control/PEG for 48 and 72 h. Images of cell migration at 0, 48 and 72 h after
Runat-BI (21 uM) treatment or PEG (control). Three separate experiments were performed, and the
most representative results are presented (5x amplification). Figure S5: Comparison of percentage
of wound closure of cell lines treated with Runat-BI (21 pM) or control/PEG for 48 h (green) and
72 h (blue). Columns express the mean + SD of the percentage of closure in three independent
experiments by cell line. * p < 0.1, ** p < 0.05, *** p < 0.01 were considered statistically significant.
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[{RuCIS}Z(/t-O)] (1), (PPh4)z[{RUCI4(H20)}2(/4'O)]'4H20 (2); (PPh4)2'

ABSTRACT: A series of six novel Ru" compounds of formula (H,bpy),- 7. f

[{RuCl4(MeCN)}2(/4—O)] (3); (PPh4)2[{RuCI4(dmf)}z(u—O)] (4)1 (PPh4)2‘

[{RuCl,(py)}2(4-0)] (5), and [{RuCly(bpym)},(s-0)]-6H,0 (6) [Hbpy™ =
4,4'-bipyridine-1,1'-diium cation; PPh," = tetraphenylphosphonium cation; dmf =

N,N’-dimethylformamide; py = pyridine; bpym = 2,2’-bipyrimidine] have been
prepared and spectroscopically, electrochemically, and magnetically characterized.
Compounds 1, 2, 5, and 6 crystallize in the triclinic system with space group PI,
whereas 3 and 4 crystallize in the monoclinic system with space group P2,/c. While
1-5 are salts based on anionic dinuclear Ru"V species, 6 is a neutral
diruthenium(IV) complex. The Ru—O—Ru core is present in 1—6 [with values
of the Ru—0,,, bond length covering the range of 1.774(1)—1.816(1) A and the

values of the Ru—O—Ru angle (0) varying in the range of 164.3—180.0°]. In their

crystal lattice, intermolecular Ru™—Cl---CI-Ru" halogen bonds (1 and 6), Cl---z (1 and 3—6), and 7~z (5 and 6) type interactions
as well as hydrogen bonds (1, 2, and 6) are present. These intermolecular interactions generate novel supramolecular structures
based on the self-assembly of (u-oxo)diruthenium(IV) complexes. Magnetic susceptibility measurements performed on
microcrystalline samples of 1—6 confirmed the diamagnetic nature for the six compounds, which are strongly antiferromagnetically
coupled. The study of the electrochemical properties of 2—6 through cyclic voltammetry (CV) in dmf allowed us to evaluate the
effect of the ligand nature on the rich redox features along this series of (y-oxo)diruthenium(IV) complexes.

Ruthenium coordination chemistry has undergone a
considerable development in a wide variety of research
fields during the last two decades." Promising ruthenium
systems for current and future investigations, involving several
oxidation states, display a broad array of technological
applications that spans from catalysis to chemotherapy.”™"”

Oxo-bridged diruthenium complexes have attracted great
interest for their properties of molecular catalysts in water
oxidation reactions and, therefore, as artificial models of the
Photosystem II center (PSII).'*™*° In addition, compounds
containing the Ru—O—Ru core have been investigated as
potent inhibitors of the mitochondrial calcium uniporter
(MCU) that regulates the mitochondrial calcium uptake and
modulates physiological functions, such as control of
metabolism and cell death.”’ The features of this type of
ruthenium system make them valuable for biological studies as
well.”* Hence, this wide range of multiproperties motivated us
to investigate the crystal structure of oxo-bridged diruthenium
complexes.

A current search of the literature and Cambridge Structural
Database (CSD) revealed that 24 crystal structures exist
containing the (CI)Ru—O—Ru(Cl) core reported to date. The
same search gave 27 hits for systems based on the Ru—O-—
Ru(H,0) core, but found only one example with the (Cl)Ru—
O—Ru(MeCN) core,” none based on the Ru—O—Ru(dmf)

© 2020 American Chemical Society

7 ACS Publications

2044

[dmf = N,N’-dimethylformamide] core, only one crystal
structure containing the (Cl)Ru—O—Ru(py) core,”* and only
one system with the Ru—O—Ru(bpym) [bpym = 2,2'-
bipyrimidine] core.” In all cases, the ruthenium metal ions
were oxo-bridged.

Herein we report the synthesis and characterization of a
novel series of six Ru'"Y compounds of formula (H,bpy),-
[{RuCls},(#-0)] (1), (PPhy),[{RuCl,(H,0)},(u-0)]-4H,0
(2), (PPhy),[{RuCl(MeCN)},(1-0)] (3), (PPh,),[{RuCl,-
(dmf)},(u-0)] (4), (PPhy),[{RuCl(py)},(k-O)] (5), and
[{RuCl;(bpym)},(#-0)]-6H,0 (6) [H,bpy** = 4,4'-bipyr-
idine-1,1’-diijum cation; PPh,” = tetraphenylphosphonium
cation; dmf = N,N’-dimethylformamide; py = pyridine; bpym
= 2,2/-bipyrimidine]. From this family, 4 is the first example of
a ruthenium system exhibiting the Ru—O—Ru(dmf) core, and
6 is the first reported crystal structure of an oxo-bridged Ru'"
system containing 2,2’-bipyrimidine.
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Chart 1. Molecular Structure of Compounds 1-6
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B RESULTS AND DISCUSSION

Preparation of 1-6. Compounds 1, 2, and 6 are
synthesized from the Ru'™ salts RuCl;-H,O (1) and
K,[RuCli(H,0)] (2 and 6) in HCI solutions of different
concentration. During the synthesis process the reaction
mixture is heated, allowing the oxidation to Ru". 3 and §
are synthesized from 2, and compound 4 is obtained from 3. In
the case of 1, §, and 6, they are prepared in the presence of
4,4'-bipyridine, pyridine, and 2,2'-bipyrimidine, respectively
(see Experimental Section for full details). With the exception
of 1, all of them are barely soluble in water, but highly soluble
in dimethylformamide (dmf).

Structure Description of 1-6. Compounds 1, 2, §, and 6
crystallize in the triclinic system with space group P1, whereas
3 and 4 crystallize in the monoclinic system with space group
P2,/c (Table 1). The six compounds are based on oxo-bridged
dinuclear Ru" complexes, but each one exhibits singular
crystallographic features. 1—5 are made up of dinuclear
[{RuCls},(-0)]* (1), [{RuCl(H,0)},(u-0)]*" (2),
[{RuCl,(MeCN)},(#-0)]*~ (3), [{RuCl,(dmf)},(u-0)]*"

(4), and [{RuClL(py)},(#-O)]*~ (5) anions together with
(H,bpy)** (1) and PPh,* (2—5) cations (Figures 1—5). The

a

Figure 1. Molecular structure of the diprotonated (H,bpy)** cation
and the dinuclear [{RuCls},(4-O)]*" anion in 1. Thermal ellipsoids
are depicted at the 50% probability level [symmetry code: (a) = —x +
1, =y + 1, —z].

crystal structure of 6 is mainly composed of neutral dinuclear
[{RuCl;(bpym)},(#-O)] complexes (Figure 6). While there
are no solvent molecules in 1 and 3—5, water molecules of
crystallization are present in 2 and 6. In the lattice of 1—6, a
molecular self-assembly occurs through an intricate and
extended network of hydrogen bonds (1, 2 and 6), Cl---Cl
halogen bonds (1 and 6), Cl-z (1 and 3—6) and 77 type
interactions (5 and 6).

The asymmetric unit in 1—6 consists of half a [{RuCl},(u-
0)]*" anion and a whole molecule of 4,4'-bipyridinium in 1, a
[{RuCl,(H,0)},(u-O)]*" anion, two PPh,* cations and four
water molecules in 2, half a [{RuCL,L},(4-O)]*" anion [L =
MeCN (3), dmf (4), py (5)] and one PPh,* cation in 3-S,
and half a [{RuCl;(bpym)},(#-O)] complex along with three

Table 1. Summary of the Crystal Data and Structure Refinement Parameters for 1—6

compound 1 2 3 4 S 6
formula CyoHyClLgN,ORu,  CyugH,CliO-P,Ru,  Co,Hu,CLGN,OP,Ru,  CgH,CN,O3P,Ru,  CggHgoClN,OP,Ru,  C,¢H,,CIN;O,Ru,
M,/g mol™ 889.04 1282.53 1262.59 1326.67 1338.68 855.27
crystal system triclinic triclinic monoclinic monoclinic triclinic triclinic
space group P1 P1 P2,/c P2,/c P1 P1
a/A 8.117(1) 10.316(1) 13.034(1) 13.127(1) 11.512(1) 8.174(1)
b/A 9.661(1) 12.662(1) 12.853(1) 12.792(1) 11.833(1) 9.078(1)
/A 10.760(1) 21.402(1) 16.088(1) 16.783(1) 12.078(1) 10.523(2)
a/® 67.87(1) 90.27(1) 90 90 83.85(1) 85.79(1)
pr° 74.18(1) 99.96(1) 107.28(1) 105.50(1) 68.69(1) 67.77(1)
y/° 66.18(1) 102.81(1) 90 90 68.69(1) 86.00(1)
V/A3 707.8(1) 2682.2(4) 2573.5(1) 2715.7(1) 1427.27(1) 720.1(2)
z 1 2 2 2 1 1
D./g cm™ 2.086 1.588 1.629 1.622 1.557 1.972
u/mm™" 2.036 1.069 1.105 1.054 1.001 1.657
F(000) 434 1288 1268 1340 674 422
GOF on F? 1.080 1.113 0.952 1.115 0.907 0.944
R, [I>20(I)] 0.0357 0.0280 0.0298 0.0247 0.0281 0.0248
wR, [I>26(I)] 0.0753 0.0761 0.0737 0.0692 0.0801 0.0612
Ap,ixx_/énm/ 1.944/—-1.511 1.103/-0.780 0.590/—0.963 0.503/-0.801 0.821/—-0.994 0.934/—0.436
€
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water molecules in 6 (Figures 1—6). In compounds 1 and 3—6,
there a center of symmetry exists on the O(1) atom.

Each six-coordinate Ru" ion in 1 is bonded to five chloride
ions and an oxygen atom from an oxo group forming a
distorted octahedral environment (Figure 1). The Ru—O bond
length is 1.780(1) A, whereas the average value of the Ru—Cl
bond lengths is 2.362(1) A. These values are in agreement with
those previously reported for this anion in its potassium
[YAQZIC] and benzamidinium [AMEWIA] salts,** the latter
being reported as a CSD communication. The Ru—O—Ru
angle value () subtended by the oxo ligand is 180.0° [Ru(1)—
O(1)-Ru(1a); (a) = —x + 1, —y + 1, —z]. The intramolecular
Ru--Ru distance across the oxo bridge is 3.560(1) A. The
doubly protonated 4,4'-bipyridine molecule acts in 1 as a
cation, the two pyridyl rings being non-coplanar (Table 2).

Table 2. Hydrogen-Bonding Interactions in 1°

D-H--A D-H/A H-A/A D--A/A  (DHA)/°
N(2)—H(2A)--Cl(5¢) 0.860 2.515(1) 3.257(1) 144.9(1)
N(1)-H(1B)---CI(3d) 0.860 2476(1)  3.171(1) 138.5(1)
N(2)—H(2A)---Cl(5e) 0.860 2.606(1)  3.288(4) 137.1(1)

“Symmetry codes: (c) =x+ 1,5,z (d) =%y — 1,z (e) = —x + 2,
-y, —z+ L

Indeed, the dihedral angle through the inter-ring carbon—
carbon bond is approximately 24.3°. The average values of the
C—C and C-N bond lengths are in agreement with those
found in salts based on this doubly protonated organic
cation.”™?

Each one of the two Ru" ions in 2 is six-coordinate and
bonded to four chloride ions and two oxygen atoms, one from
an oxo group and one from a water molecule, in a distorted
octahedral geometry (Figure 2). The Ru—Cl and Ru—O,.,
bond lengths exhibit average values of 2.339(1) and 2.113(1)
A, respectively. The average value of the Ru—O,,, bond length
in 2 is 1.781(1) A.

In complex 2, two coordinated water molecules are involved
in intramolecular H-bonds with chloride ions [average O---Cl
distance of ca. 3.12 A], which induce great distortion in the
complex and reduce the Ru—O—Ru angle value [6 angle =
164.3°], in comparison with that of complex 1 (Table 3). In 2,
the intramolecular Ru---Ru distance across the oxo group is

Figure 2. Molecular structure of the dinuclear [{RuCl,(H,0)},(u-
0)]*" anion in 2. Thermal ellipsoids are depicted at the 50%
probability level. PPh,* cations and noncoordinating water molecules
have been omitted for clarity.

2046 113

o

Figure 3. Molecular structure of the dinuclear [{RuCl,(MeCN)},(u-
0)]*" anion in 3. Thermal ellipsoids are depicted at the 50%
probability level. PPh,* cations have been omitted for clarity
[symmetry code: (a) = —x + 1, —y + 2, —z + 1].

3.529(1) A, which is somewhat shorter than that of 1. Two
tetraphenylphosphonium cations counterbalance the negative
charges in 2. As expected, they show values of C—C and C—P
bond lengths typical of the phenyl groups linked to the central
phosphorus atom in this bulky organic cation.

In compounds 3—5, each Ru'" ion is six-coordinate and
bonded to four chloride ions, an oxygen atom from an oxo
group, and one nitrogen (3 and 5)/oxygen (4) atom from the
MeCN (3), dmf (4) and py (5) ligands, forming a distorted
octahedral environment (Figures 3, 4, and S). As in 2, PPh,*
cations counterbalance the negative charges in the crystal
structure of 3—S5.

The Ru" ion in 3 exhibits a Ru—O bond length of 1.785(2)
A. The average value of the Ru—Cl bond lengths is 2.346(2) A.
The Ru—O—Ru angle value (6) is 180.0° [Ru(1)—O(1)-—
Ru(la); (a) = —x + 1, —y + 2, —z + 1], and the intramolecular
Ru--Ru distance across the oxo bridge is 3.571(1) A (Figure
3). The MeCN molecule in 3 shows values of the C—C and
C—N bond lengths that are in agreement with those found for
this ligand when coordinated to other metal ions.”*

In 4, the Ru—O bond length involving the oxygen atom of
the oxo group is 1.797(1) A, and the Ru—O bond length of the
oxygen atom of the dmf molecule is 2.094(2) A. The average
value of the Ru—Cl bond lengths is 2.349(2) A. The Ru—O—
Ru angle value is 180.0° [Ru(1)—O(1)—Ru(la); (a) = —x + 1,
—y, —z + 1], and the intramolecular Ru---Ru distance across
the oxo bridge is 3.593(1) A. The coordinated dmf molecule in
4 is quite planar, and the maximum deviation from planarity is
0.199(1) A at the C(3) atom. The C—C, C—N, and C-O
bond lengths agree with those found in the literature for dmf-
based metal complexes.35 Remarkably, 4 is the first example of
a ruthenium system exhibiting the Ru—O—Ru(dmf) core.

In 5, the Ru'” ion shows a Ru—O bond length of 1.774(1) A,
and the value of the Ru—N bond length, involving the N atom

https://dx.doi.org/10.1021/acs.cgd.9b01702
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Table 3. Hydrogen-Bonding Interactions in 2“

D—-H--A D-H/A
O(1w)—H(1wA)--Cl(6) 0.956
O(1w)—H(1wB)---O(5Swa) 0.957
O(2w)—H(2wA)--O(3w) 0.943
O(2w)—H(2wB)---CI(1) 0.945
O(Sw)—H(SwA)--0(6w) 0.954
O(Sw)—H(SwB)---Cl(7e) 0.955

aSymmetry codes: (a) =x+ 1,9z (e) =x—1yz

H--A/A D--A/A (DHA)/°
2.27(1) 3.080(1) 142.1(1)
1.66(1) 2.612(1) 170.8(1)
1.74(1) 2.646(1) 160.0(1)
2.25(1) 3.156(1) 160.1(1)
1.78(1) 2.729(1) 175.6(1)
2.40(1) 3.347(1) 169.9(1)

Cl4

Figure 4. Molecular structure of the dinuclear [{RuCl,(dmf)},(u-
0)]*” anion in 4. Thermal ellipsoids are depicted at the 30%
probability level. PPh,* cations have been omitted for clarity
[symmetry code: (a) = —x + 1, —y, —z + 1].

Figure 5. Molecular structure of the dinuclear [{RuClL(py)},(u-
0)]*” anion in $. Thermal ellipsoids are depicted at the 50%
probability level. PPh,* cations have been omitted for clarity
[symmetry code: (a) = —x + 2, —y + 2, —z].

of the pyridine molecule, is 2.154(2) A. The average value of
the Ru—Cl bond lengths is 2.356(1) A. The Ru—O—Ru angle
value is 180.0° [Ru(1)—O(1)—Ru(la); (a) = —x + 2, =y + 2,
—z], and the intramolecular Ru--Ru distance across the oxo
bridge is 3.547(1) A.

The Ru" ion in 6 is six-coordinate and bonded to three
chloride ions, with a fac geometry, two nitrogen atoms of a
bpym molecule, and an oxygen atom from an oxo ligand in a
distorted octahedral environment. The Ru—N and Ru—Cl
bond lengths present average values of 2.062(1) and 2.372(1)

114 5047

A, respectively. The Ru—O bond length is 1.816(1) A, and the
Ru—O-Ru angle value obtained through the oxo group is
180.0° [Ru(1)—O(1)—Ru(la); (a) = —x + 1, =y + 1, —z + 2].
The intramolecular Ru--Ru distance in 6 is 3.632(1) A, which
is the longest intramolecular Ru---Ru separation in this family
of dinuclear Ru" systems, and it could be justified by the
presence of the two bpym molecules and the values of the Ru—
N bond lengths. The bpym ligand is coordinated to the Ru(1)
ion in a bidentate fashion, showing a short bite angle [79.5(1)°
for the N(1)—Ru(1)—N(2) atoms set], which is the main
distortion of the ideal octahedral geometry in 6. The C—C and
C—N bond lengths of the chelating bpym molecule show
expected values. The two pyridyl rings are non-coplanar and
exhibit a dihedral angle between them of approximately 6.5°.
In the dinuclear complex 6, intramolecular Cl---7 interactions
take place between the pyridyl rings of the bpym molecule
coordinated to one Ru' ion and two chloride ions from the
other Ru" center, with Cl--centroid distances of approx-
imately 3.7 and 3.8 A for the intramolecular CI(3)--7 and
CI(2)-7 separations, respectively.*® In addition, intramolecu-
lar C—H---Cl interactions are also observed in this complex
[average C-+-Cl distance of ca. 3.4 A] (Figure S1). Remarkably,
6 is the first reported crystal structure of an oxo-bridged Ru'"
system containing 2,2’-bipyrimidine.

In the crystal packing of compound 1, the shortest Cl---Cl
contact of 3.225(1) A [CI(5)--CI(5b); (b) = —x + 1, —y, —z +
1] generates chains of [{RuCl;},(#-O)]* anions (Figure S2).
Thus, the shortest intermolecular Ru---Ru separation in 1 is
7.881(1) A [Ru(1)---Ru(1b)]. These anionic chains are
connected to each other through bifurcated three-centered
N—H-+(Cl)2 hydrogen bonds that are provided by the doubly
protonated 4,4’-bipyridine molecule [the average value of the
N---Cl distances is ca. 3.24(1) A] (Table 2),>**7°® which act as
spacers in 1 (Figure 7). These intermolecular interactions lead
to the formation of a two-dimensional supramolecular network
in the crystal structure of 1 (Figures 7 and S3). Additional
longer Cl-+-Cl interactions of 3.535(1) A [CI(4)---Cl(2¢); (c) =
x + 1, y, z] and weak C—H:-Cl contacts (Table S1) tied
together the 2D sheets into the overall three-dimensional
structure (Figure 8).

In the crystal packing of compound 2, the [{RuCl,
(H,0)},(4-0O)]*" anions are well separated from each other
by means of the bulky PPh," cations (Figure 9). The shortest
intermolecular Ru—Cl---Cl-Ru separation is 5.298(1) A
[CI(1)-+Cl(1a), (a) = « + 1, y, z], and the shortest Ru-Ru
distance is 8.165(1) A [Ru(1)---Ru(2a)]. Nevertheless,
crystallization water molecules are H-bonded and linked to
coordinate water molecules (Olw and O2w) that connect
[{RuCl,(H,0)},(¢-0)]*" anions through the O2w--O3w-
Cl4a and CI8--O6w--OSw--Olwa pathways (Table 3). A
small water aggregate is formed by Olw, O5w, and O6w,
resulting in the arrangement of anionic chains that grow along

https://dx.doi.org/10.1021/acs.cgd.9b01702
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Figure 6. Molecular structure of the centrosymmetric dinuclear
[{RuCl;(bpym)},(u-O)] complex in 6. Thermal ellipsoids are
depicted at the 50% probability level. Water molecules have been
omitted for clarity [symmetry code: (a) = —x + 1, =y + 1, —z + 2].

Figure 7. Perspective view of the two-dimensional motif generated by
bifurcated three-centered hydrogen bonds (dashed blue lines)
between (H,bpy)>" organic cations and [{RuCls},(u-O)]*" anions
in the crystal of 1. Color code: orange, Ru; green, Cl; red, O; blue, N;
black, C; white, H.

the a-axis direction (Figure 10). The supramolecular network
is supported by additional H-bonding interactions that stabilize
the crystal structure in 2 (Table 3).

In the crystal packing of compounds 3-S5, the
[{RuCLL},(4-O)]*" anions [L = MeCN (3), dmf (4), py
(5)] are intercalated between the bulky PPh," cations. In the
case of 3, intermolecular interactions of the type C—H---Cl
[3.408(3) A; C(2)-CI(1b); (b) = x, —y + 3/2, z + 1/2]
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Figure 8. View along the crystallographic [011] direction of the
anionic grid of [{RuCl},(u-O)]*" entities connected through
intermolecular Cl--Cl interactions in the supramolecular 2D (dashed
red lines) and 3D (dashed red and green lines) assemblies of 1. Color
code: orange, Ru; green, Cl; red, O.
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Figure 9. View along the a axis of the arrangement of [{RuCl,-
(H,0)},(4-0O)]*" anions separated from each other by PPh," cations
(wireframe model) in 2. H atoms and noncoordinating water
molecules have been omitted for clarity. Color code: orange, Ru;
green, Cl; pink, P; red, O; gray, C.

Figure 10. Detail of the one-dimensional motif generated by H-bonds
(dashed blue lines) connecting [{RuCl,(H,0)},(4-0)]*™ anions and
water molecules in 2. H atoms and PPh," cations have been omitted
for clarity. Color code: orange, Ru; green, Cl; red, O.

connect adjacent [{RuCl,(MeCN)},(u-O)]* anions generat-
ing chains that grow along the b axis (Figure 11). An anionic
two-dimensional layer, growing on the bc plane, can be
described taking into account additional C—H---Cl interactions
between neighboring chains (Figure 11). The C—H--Cl
interactions vary in the range 3.33—3.85 A in 3. The shortest
intermolecular Ru---Ru distance is 9.130(1) A [Ru(l)--
Ru(1c); (¢) = x, —y + 3/2,z — 1/2].

As in 3, in the crystal packing of 4 take place intermolecular
C—H:--Cl interactions, which cover the range 3.23—3.88 A

https://dx.doi.org/10.1021/acs.cgd.9b01702
Cryst. Growth Des. 2020, 20, 2044—2056
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Figure 11. View along the a axis of the arrangement of
[{RuCl,(MeCN)},(4-O)]*" anions connected by means of inter-
molecular C—H--Cl interactions in 3. PPh," cations and H atoms
have been omitted for clarity. Color code: orange, Ru; green, Cl; red,
O; blue, N; gray, C

This type of intermolecular interactions leads to the formation
of chains of anionic [{RuCl,(dmf)},(x-0)]*" complexes
[3.411(3) A; C(3)--CI(3b); (b) = x, =y — 1/2, z + 1/2]
(Figure 12). Additional C—H:---Cl interactions between
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Figure 12. View along the a axis of the arrangement of
[{RuCl,(dmf)},(u-O)]*" anions connected by means of intermo-
lecular C—H---Cl interactions in 4. PPh," cations have been omitted
for clarity. Color code: orange, Ru; green, Cl; red, O; blue, N; gray, C;
white, H

neighboring chains generate two-dimensional sheets that
grow on the bc plane (Figure 12). In 4, the shortest
intermolecular Ru--Ru distance is 9.448(1) A [Ru(1)--
Ru(1b)].

Despite the presence of bulky PPh," cations in § (Figure
13), face-to-face stacked 77 interactions [centroid—centroid
distance of ca. 3.76 A] occur between pyridine rings of
[{RuClL,(py)},(u-O)]*>" anions, which generate 1D motifs
(Figure S4). Besides, in S there are C—H:--Cl interactions that
vary in the range 3.60—3.82 A (Figure SS). This group of
interactions makes the value of the shortest intermolecular
Ru---Ru distance to be 8.213(1) A [Ru(1)---Ru(1b); (b) = —x

1, =y + 2, —z].
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Figure 13. View along the a axis of the arrangement of
[{RuCl,(py)},(u-0)]* anions separated each other by PPh,* cations
(wireframe model) in §. H atoms have been omitted for clarity. Color
code: orange, Ru; green, Cl; pink, P; red, O; blue, N; gray, C

In the crystal packing of compound 6, the shortest
intermolecular Cl---Cl interaction of 3.978(1) A [CI(3)--
CI(3b); (b) = —x, —y + 1, —z + 2] leads to the formation of
neutral chains of [{RuCly(bpym)},(4-O)] complexes, which
grow along the a-axis direction (Figure S6). The shortest
intermolecular Ru---Ru distance is 7.363(1) A [Ru(1)--
Ru(lc); (c) = —x, —y + 1, —z + 1]. 77 stacking interactions
of offset type [centroid—centroid distance of ca. 3.56 A] take
place between pyridyl rings of adjacent bpym molecules

(Figure 14). These intermolecular interactions, together with

Figure 14. Perspective view of the two-dimensional arrangement of
neutral [{RuCl;(bpym)},(u-O)] entities linked through 77 stacking
(dashed red lines) and Cl--Cl (dashed green lines) intermolecular
interactions in 6. Water molecules have been omitted for clarity.
Color code: orange, Ru; green, Cl; red, O; blue, N; black, C; white, H

additional intermolecular CI---& contacts between pyridyl rings
and neighboring chloride ions of approximately 3.88 A, result
in a layered structure that grows along the ac plane of 6 (Figure
14).

The adjacent layers of [{RuCly(bpym)},(#-O)] complexes
are linked by means of H-bonding interactions, involving water
molecules and Cl ions of each plane [3.17(1) A for the shortest
O--Cl distance], which form -Cl-(H,0),-(H,0),-Cl- ring

https://dx.doi.org/10.1021/acs.cgd.9b01702
Cryst. Growth Des. 2020, 20, 2044—2056



Crystal Growth & Design

pubs.acs.org/crystal

Table 4. Hydrogen-Bonding Interactions in 6

D-H--A D-H/A
O(1w)—H(1wA)--Cl(2d) 0.916
O(1w)—H(1wB)--Cl(2e) 0.935
O(1w)—H(1wB)--Cl(3e) 0.935
O(2w)—H(2wB)---CI(1f) 0.949
O(2w)—H(2wB)--CI(3f) 0.949
O(3w)—H(3wB)---CI(3f) 0.904

“Symmetry codes: (d) =

H--A/A D--A/A (DHA)/°
2.35(1) 3.201(1) 154.9(1)
2.84(1) 3.358(1) 116.4(1)
2.28(1) 3.172(1) 159.3(1)
2.91(1) 3411(1) 114.6(1)
2.30(1) 3.196(1) 158.3(1)
2.57(1) 3.177(1) 125.1(1)

—x+2,—y+1l,—z+L(e)=ax+1l,y—lLz—1 () =—x+1,—y+1, —z+1

arrangements (Table 4). Thus, these interactions between the
neutral oxo-bridged diruthenium complexes and crystallization
water molecules, along with weaker intermolecular C—H---Cl
contacts [average C---Cl distance of ca. 3.7 A] (Table S6),
support the cohesion of the whole supramolecular network in
the crystal structure of 6 (Figure 15).

Figure 15. Fragment of the 3D crystal packing of 6 showing adjacent
[{RuCly(bpym)},(4-O)] layers connected through interlayer H-
bonding interactions (dashed blue lines). Color code: orange, Ru;
green, Cl; red, O; blue, N; black, C; white, H.

Finally, the PPh," cations in 2—5 display different
intermolecular phenyl—phenyl interactions, which provide
previously reported supramolecular conformations.**~*' The
shortest P---P distance between cations is ca. 6.2 A, which is
found among adjacent PPh," dimers exhibiting multiple phenyl
embraces (Figure S7). These intermolecular phenyl—phenyl
connections generate an example of sextuple phenyl embrace
(SPE), which combines both edge-to-face and offset face-to-
face type interactions (Figure S7). The six interacting rings in
these moieties occur as three parallel pairs of phenyl groups.
The rings involved in edge-to-face interactions show
intercentroid distances of approximately 5.7 A and form an
angle of ca. 69.5°, these values being in agreement with those
previously reported for SPEs.*® In addition, a parallel
quadruple phenyl embrace (PQPE) motif is also observed in
these Ru' compounds, with a P---P distance between cations
of ca. 8.9 A and intercentroid separations of approximately 5.6
A (Figure S8). According to previous examinations of the
Cambridge Structural Database (CSD),””~*" most of the
crystal structures reported with SPE and PQPE pairs are
centrosymmetric, as observed in 2—S§.

Magnetic Properties. Direct current (dc) magnetic
susceptibility measurements were carried out on microcrystal-
line samples of 1—6 and under an external magnetic field of

1000 G. These measurements revealed that the six studied
compounds are diamagnetic at room temperature. The values
of their molar magnetic susceptibility (y,;) were calculated to
be —0.0127 (1), —0.0178 (2), —0.0120 (3), —0.0085 (4),
—0.0158 (5), and —0.0015 cm® mol™ (6) at 300 K. The
diamagnetic nature observed for 1—6 is mainly due to a very
strong antiferromagnetic coupling between the involved
ruthenium ions connected through the oxo ligand, which
could be affected, at least in part, for the different terminal
ligands present in this family of dinuclear Ru' systems. In
Figure S9 is shown a linear trend observed when we plot the
¥ values versus the intramolecular Ru—Ru distance. The value
of the diamagnetism (negative y values) increases when the
Ru—Ru separation shortens (Figure S9), compound 6 being
the family member that shows the longer intramolecular Ru—
Ru distance along with the lower diamagnetic value, which is
somewhat close to paramagnetism. Hence, in this family, the
shorter the Ru—Ru distance, the stronger the diamagnetism.

The very strong antiferromagnetic coupling between the two
low-spin (LS) Ru" ions (S = 1) through the almost linear oxo
bridge in 1-6 (0 = 164.3—180.0°) can be nicely explained
within the framework of the orbital model of the electron
exchange magnetic interaction developed by Kahn and co-
workers, as illustrated in Chart 2.

Chart 2. Illustration of the Magnetic Interaction through
d.d,, (a) and d ,*d,, (b) Orbital Pathways in 1-6

_Hllv_o Rl]v_ —RuV——-o0
N | M
z —RulV—
Nl |
0=180° y 6=90°
(a)
{%@—@ e {35—@ o
d; | d d, @
@ dxz
JXZ,XZ < O JXZ,XZ < O
(b)
dyz dyz
Jyz,yz <0 J\/Zd,Z >0
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Within the framework of the Kahn’s model, the magnitude
of the antiferromagnetic coupling contribution is proportional
to the square of the orbital overlap between the involved
magnetic orbitals in the bridge region. Hence, a maximum
orbital overlap between the d,.- and d,-type magnetic orbitals
is expected for a linear Ru—O—Ru bridge (6 = 180°, Chart
2a,b, left). When increasing the bending of the Ru—O—Ru
bridge, the orbital overlap between the d,-type magnetic
orbitals remains equal, while that between the d, -type
magnetic orbitals decreases down to zero (6 = 90°, Chart
2a,b, right).

Electrochemical Properties. The electrochemical proper-
ties of 2—6 have been investigated through cyclic voltammetry
(CV) in dry dmf at room temperature, in order to evaluate the
influence of the ligand nature on the rich redox features along
this series of (u-oxo)diruthenium(IV) complexes. The cyclic
voltammograms of 4—6 are depicted in Figure 16, while those
of 2 and 3 are shown in Figure S10 for comparison.

2—S show a qualitatively similar electrochemical behavior
with two more or less resolved, almost irreversible reduction
waves [E; = —0.75 (2), —0.77 (3), —0.77 (4), and —0.80 V vs
Fc (5) and E, = —1.34 (2), —1.60 (3), —1.59 (4), and —1.68 V
vs Fc (§); Table S7]. Interestingly, the reduction through the
first irreversible reduction wave gives rise to the appearance of
either one (2 and §) or two (3 and 4) additional pretty much
reversible oxidation waves (Figure 16 (top) and (center) and
Figure S10). In contrast, the cyclic voltammogram of 6 shows
up to four well-resolved, pseudoreversible reduction waves (E,
= —061, E, = —0.78, Ey = —1.05, and E, = —1.26 V vs Eg;
Table S7), together with one reversible oxidation wave (E; =
+0.17 V vs Fc; Table S7) (Figure 16 (bottom)). In fact, the
values of the anodic peak to cathodic peak separation for the
reduction waves in 6 are somewhat greater than that of the
oxidation wave (AE; = —0.072, AE, = —0.097, AE, = —0.138,
AE, = —0.144, and AE = —0.075 V vs Fc; Table S7), which is
comparable to that of the ferricinium/ferrocene couple under
the same conditions [AE,(Fc) = 80 mV]. However, a perfect
linear plot of the peak current against the square root of the
scan rate is only obtained for the oxidation wave, which is then
stated to be completely reversible on the voltammetric time-
scale. In this case, an additional oxidation wave also appears
after reduction through the two first irreversible reduction
waves.

The first pair of well-separated pseudoreversible reduction
waves of 6 can be assigned to the stepwise one-electron
reduction of the Ru'" ions to give the hetero- and homovalent
Ru"™™,0 and Ru™,0 species, while the second pair of well-
separated pseudoreversible reduction waves is likely attributed
to the further stepwise one-electron reduction of the Ru'" ions
to give the hetero- and homovalent Ru'™0 and Ru',O
species. Alternatively, the reversible oxidation wave of 6
corresponds to the one-electron oxidation of the homovalent
Ru'",0 compound to afford the heterovalent Ru"/",0 species.
This rich multiredox behavior of the bpym derivative 6, both
thermodynamic and kinetic, contrasts with that of 2—S5. In all
cases, however, the additional oxidation waves past the first
reduction waves would correspond to the reversible oxidation
of the products, which result from the partial decomposition of
the relatively unstable Ru™,0 dimer following protonation of
the oxo bridge and/or cleavage of the resulting hydroxo bridge
in Ru"™,OH to give the corresponding Ru"" monomers, as
previously suggested for related oxo-bridged ruthenium(III)
dimers.*~

118 2051

2 s A 05 0 0.5
E (V vs. Fe)

| B e e e

g P T . _0,5 e (,) —rr .0-5
E (V vs. Fc)

2 -5 A 0.5 0 0.5
E (V vs. Fc)

Figure 16. Cyclic voltammograms of 4 (top), S (center), and 6
(bottom) in dry dmf (0.1 M NBu,PFy) at 25 °C and 200 mV s~". The
pale blue curves show the cyclic voltammograms of the oxidation
waves when the potential is scanned through the first reversible
reduction waves.

Electronic Absorption Spectroscopy. The electronic
absorption spectra of 2—6 in dmf are shown in Figure 17. The
spectra of 2—4 show a similar pattern consisting of an intense
peak in the visible region centered at 398 (2) and 399 nm (3
and 4) together with a distinct shoulder around 493 (2) and
495 nm (3 and 4) (Table S8), which are responsible for their
deep yellow color in solution (Figure 17). Interestingly, the
spectra of 3 and 4 are pretty much identical, suggesting thus a
solvolysis process, with the replacement of the coordinated
acetonitrile by dmf molecules in 3 to give 4. On the other
hand, the spectra of § shows two intense peaks at 437 and 501
nm (Table S8), while that of 6 exhibits one UV peak at 358
nm and two Vis peaks at 397 and 498 nm (Table S8), which
accounts for their light and deep red color, respectively. The
higher energy UV bands for 2—6 (¢ = 0.75—2.84 x 10° M!
cm™; Table S8) are likely assigned to ligand-to-metal charge

https://dx.doi.org/10.1021/acs.cgd.9b01702
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Figure 17. Absorption spectra (& vs A) covering the range of 300—900
nm for compounds 2 (blue), 3 (dark green), 4 (pale green), 5 (red),
and 6 (brown).

transfer (LMCT) transitions from the bridging oxo group to
the Ru' ions, whereas the additional lower energy Vis peaks
would be assigned to metal-to-ligand charge transfer (MLCT)
transitions from the Ru" ions to the aromatic pyridine and
bipyrimidine terminal ligands in $ and 6, respectively.

Bond Valence Sum (BVS) Calculations. The bond
valence sum (BVS) method is a very useful tool to predict the
oxidation state of metal ions in crystal structures. This model is
based on the valence sum rule from the Pauling’s electrostatic
valence concept, which implies that the amount of valence in
each bond is directly correlated with its length,%’46 and it can
be expressed by eq 1,

s = exp[(R, — R)/B] (1)

where s is the bond valence and R is the bond length value,
whereas Ry and B are empirically determined parameters that
have been previously tabulated.*’ ' The sum of bond
valences for each atom in the studied compound is equal to
the oxidation state of that atom and is frequently used in the
analysis and modeling of crystal structures, as for instance, for
determining the oxidation state of metal centers in metal-
loproteins, including those of oxo-bridged diiron enzyrnes.49
The method estimates correctly the oxidation state for 3d
metal ions,>> "> but some discrepancies are found for heavier
ions.’”*! Indeed, the B parameter, which measures the softness
of the interaction between the two bonded atoms, in general
adopts a fixed value (B = 0.37), but larger B values are also
used when one of the involved atoms is much softer.

During our BVS calculations for determining the oxidation
state of the ruthenium ions in 1—6, B was kept constant at
0.37, and the R, values were taken from previously reported
tables, when available.*” Nevertheless, some R, values for +2
and +4 oxidation states of ruthenium metal ion [Ru—N, Ru—
O, and Ru—Cl pairs of atoms] were not found as tabulated
data, and their values were satisfactorily computed following
the approach previously reported by Brown et al.** Our final
results are given in Table 5, where the bold value is the one
closest to the charge for which it was calculated, the oxidation
state being the nearest integer number to the bold value, so
that the oxidation state for all the ruthenium ions in 1—6 is +4.
As far as we know, this is the first time this method is applied
to oxo-bridged ruthenium complexes.

Computed Hirshfeld Surfaces. The calculated Hirshfeld

surface of a molecule can be a very useful tool to identify
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Table 5. Bond Valence Sum (BVS) Values for the
Ruthenium Ions in Compounds 1-6

ion Ru" Ru' Ru'v
Compound 1

Ru(1) 44 48 41
Compound 2

Ru(1) 42 47 43
Ru(2) 4.3 4.7 4.2
Compound 3

Ru(1) 4.5 48 43
Compound 4

Ru(1) 43 47 43
Compound §

Ru(1) 4.5 4.8 4.3
Compound 6

Ru(1) 43 48 4.1

“The oxidation state calculated for each ion is the nearest integer
number to the bold value.

L . . . 6,57
strong, directional, reliable noncovalent interactions.’®*

Hirshfeld surface is defined by the molecule and the proximity
of its nearest neighbors, and hence encodes information about
intermolecular interactions that can be analyzed through the
CrystalExplorer program.””*® The distances d, (distance from a
point on the surface to the nearest atom outside the surface)
and d; (distance from a point on the surface to the nearest
atom inside the surface) mapped on the Hirshfeld surface
provide a three-dimensional picture of intermolecular close
contacts, which are used to generate a fingerprint, that is, a
two-dimensional summarized plot of intermolecular interac-
tions (Figures 18 and 19 and Figures S11 and S12).

IO T2 1416 18202272426 7?

Figure 18. Hirshfeld surface mapped with d,,,, function (left) and
fingerprint plots (right) for compound 2. Intermolecular Cl--H (right,
top) and O---H (right, bottom) contacts are highlighted from the full
fingerprint.

Nevertheless, even though d, and d; are mapped, they do not
take into account the relative sizes of atoms, so that closer
contacts between heavier atoms (in our case, Ru or Cl atoms)
are often not effectively highlighted. To overcome this
limitation, it is defined as a normalized contact distance,

dnorm (eq 2);
dnorm = [(dl - rinW)/(rinW)] + [(de - T'ede)/(‘fede)]
2)

https://dx.doi.org/10.1021/acs.cgd.9b01702
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Figure 19. Hirshfeld surfaces mapped with d.,, function and
fingerprints plots for the anionic [{RuCl,(L)},(#-O)]*" unmit of
compounds 3 (a), 4 (b), and 5 (c). Intermolecular Cl--H contacts are
highlighted from the full fingerprint.

where '™ is the van der Waals radius of the suitable atom

internal or external to the surface. d,., is negative when
contacts are shorter than van der Waals separations and
positive for contacts greater than van der Waals distances. It is
displayed using a red—white—blue set of colors, red being used
for shorter contacts, white indicates contacts around the van
der Waals separation, and blue is for longer contacts.

Hirshfeld surfaces were calculated for compounds 1-6
(Figures 18 and 19 and Figures S11 and S12), which reflect the
variety of intermolecular contacts and different levels of
importance that take place in their crystal lattice. For
compound 1, the most important intermolecular interactions
are Cl---H contacts (Figure S11), involving H-bonds between
(H,bpy)** cations and [{RuCl},(u-O)]*" anions, which are
approximately 90% of the complete fingerprint plot (Figure
S11). H-bonding interactions involving water molecules and
chlorine atoms are also detected on the Hirshfeld surface of 2,
which have been highlighted from the full fingerprint as
intermolecular Cl---H (Figure 18, right, top) and O---H (Figure
18, right, bottom) contacts. The Hirshfeld surfaces of 3—S are
shown in Figure 19, where the shorter contacts are those
involving Cl-~-H interactions between [{RuClL},(u-0)]*"
anions and PPh," cations. These contacts cover approximately
40—60% of the fingerprint (Figure 19). Finally, short Cl---H
and N--H contacts between water molecules and neutral
[{RuCl;(bpym)},(¢-O)] entities are detected on the Hirshfeld
surface of 6 and have been highlighted separately from the full
fingerprint as intermolecular Cl---H (Figure S12, right, top)
and N--H (Figure S12, right, bottom) contacts.

B CONCLUSIONS

In summary, we have reported the synthesis and character-
ization of a family of six oxo-bridged dinuclear Ru'Y
compounds (1—6). Magnetic susceptibility measurements
along with BVS calculations support the diamagnetic nature
and oxidation state +4 for all the ruthenium metal ions in
compounds 1—6. Remarkably, 4 is the first example of a
ruthenium system exhibiting the Ru—O—Ru(dmf) core, and 6
is the first reported example of oxo-bridged Ru'v system
containing 2,2’-bipyrimidine. Given the diverse type of
intermolecular interactions (halogen and hydrogen bonds, as
well as halogen-+-7 and 77 contacts) that 1—6 exhibit in their
crystal lattice, they are good candidates to be used as building
blocks to synthesize new supramolecular structures based on
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the self-assembly of diruthenium(IV) complexes. Besides,
because of their redox properties, some of them could exhibit
potential applications in different research areas, as for instance
in redox catalysis, or, by incorporating suitable organic linkers,
they could even be employed in electronic devices. This latter
work is in progress.

B EXPERIMENTAL SECTION

Materials and Physical Measurements. All manipulations were
performed under aerobic conditions, using materials as received
(reagent grade). Elemental analyses (C, H, N) and X-ray micro-
analysis were performed by the Central Service for the Support to
Experimental Research (SCSIE) at the University of Valencia.
Infrared spectra of 1—6 were recorded (as KBr pellets) with a
PerkinElmer Spectrum 65 FT-IR spectrometer in the 4000—400 cm™
region. Solid-state direct current (dc) magnetic susceptibility data
were collected on a Quantum Design MPMS-XL SQUID magneto-
meter. The experimental magnetic data were corrected for the
diamagnetic contributions of the constituent atoms as well as for the
sample holder.

The electrochemical studies were performed using an AUTOLAB
PGSTAT 204 scanning potentiostat operating at a scan rate range of
10—250 mV s™". Cyclic voltammograms were carried out using 0.1 M
NBu,PF as supporting electrolyte and 1.0 mM of 2—6 in dry
dimethylformamide (dmf). The working electrode was a glassy carbon
disk (0.32 cm?) that was polished with 1.0 um diamond powder,
sonicated, washed with absolute ethanol and acetone, and air-dried.
The reference electrode was AgCl/Ag separated from the test solution
by a salt bridge containing the solvent/supporting electrolyte, with
platinum as auxiliary electrode. All experiments were performed in
standard electrochemical cells at 25 °C under argon. The investigated
potential range was in the range of —2.0 to +0.5 V vs AgCl/Ag.
Ferrocene (Fc) was added as internal standard at the end of the
measurements. The formal potentials were measured at a scan rate of
200 mV s™! and were referred to the ferrocenium/ferrocene (Fc*/Fc)
redox couple. The values of the measured formal potential and the
anodic to cathodic peaks separation of ferrocene under the same
conditions are E(Fc) = +0.55 V vs AgCl/Ag and AE,(Fc) = 79 mV
(DMF, 0.1 M NBu,PF,, 25 °C).

Preparation of Compounds 1-6. 1. A solvothermal reaction of
RuCl;-H,0 (6.6 mg, 0.03 mmol) and 4,4'-bipyridine (4.7 mg, 0.03
mmol) was performed in HCl (4 mL, 6 M) at 90 °C for 3 days,
followed by a 12 h cooling process to room temperature. Dark red
crystals of 1 were thus obtained, which were suitable for X-ray data
collection. Yield: ca. 70%. Found: C, 27.3; H, 2.2; N, 5.9. Calc. for
CyH,0Cl,,ON,Ru, (1): C, 27.0; H, 2.3; N, 6.3%. X-ray microanalysis
gave a Ru/Cl molar ratio of 1:5. IR (KBr pellets/cm™"): bands
assigned to the [H,bpy]** cation are found at 3202 (m), 3189 (m),
3124 (m), 3088 (m), 3057 (m), 1635 (s), 1624 (s), 1590 (m), 1474
(m), 1375 (m), 1268 (w), 1232 (m), 1200 (m), 1125 (w), 1098 (w),
874 (m), 824 (m), 770 (s), 710 (w), 672 (m), $09 (m).

2. K,[RuCls(H,0)] (0.30 g, 0.84 mmol) was dissolved in HCI (10
mL, 1.0 M) at 50 °C with continuous stirring. A solution of PPh,Cl
(1.00 g, 2.60 mmol) in HCI (10 mL, 1 M) was added, and the heating
and stirring were kept for 15 min, generating a dark brown precipitate
of 2. The precipitate was separated by filtration at room temperature,
and the mother liquor was left to evaporate. Brown crystals of 2 were
grown in 1-2 days and were suitable for X-ray diffraction studies.
Yield: ca. 83%. Found: C, 44.8; H, 3.8. Calc. for C,4H;,Cl;0,P,Ru,
(2): C, 44.7; H, 4.1%. X-ray microanalysis gave Ru/P and Ru/Cl
molar ratios of 1:1 and 1:4, respectively. IR (KBr pellets/cm™"):
absorption associated to water molecules appears at 3475 (br), and
bands assigned to PPh," cation appear at 3044(m), 1437 (vs), 1188
(m), 1165 (m), 1107 (vs), 722 (vs), 690 (s), 528 (vs).

3. Compound 1 (0.27 g 0.2 mmol) was dissolved in MeCN (10
mL). The solution was stirred for 10 min and left to evaporate at
room temperature. Reddish-brown crystals were formed in 1 day,
which were suitable for X-ray data collection. Yield: ca. 88%. Found:
C, 50.0; H, 3.5; N, 2.1. Calc. for Co,H,<CIN,OP,Ru, (3): C, 49.5; H,
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3.7; N, 2.2%. X-ray microanalysis gave Ru/P and Ru/Cl molar ratios
of 1:1 and 1:4, respectively. IR (KBr pellets/cm™): absorption
associated with coordinated MeCN molecules appears at 2920(s),
2318 (s) and 2284 (w), and bands assigned to the PPh," cation
appear at 3044(m), 1436 (vs), 1166 (m), 1109 (vs), 725 (vs), 690
(s), 530 (vs).

4. Compound 3 (0.14 g, 0.1 mmol) was dissolved in dmf (20 mL).
The solution was stirred for 30 min at 80 °C. Brown crystals of 4
appeared in 1 week through vapor diffusion with ether. Yield: ca. 40%.
Found: C, 49.0; H, 4.2; N, 2.0. Calc. for C¢,H,CI;N,0;P,Ru, (4): C,
48.9; H, 4.1; N, 2.1%. X-ray microanalysis gave Ru/P and Ru/Cl
molar ratios of 1:1 and 1:4, respectively. IR (KBr pellets/cm™"):
absorption associated to coordinated dmf molecules appears at
2920(s), 1632 (vs) and 713 (w), and bands assigned to the PPh,*
cation appear at 3045(m), 1435 (vs), 1165 (m), 1108 (vs), 723 (vs),
691 (s), 527 (vs).

5. Compound 1 (0.11 g, 0.08 mmol) was dissolved in MeCN (20
mL). The solution was stirred for S min at 40 °C. Then, pyridine (1
mL, 12.4 mmol) was added, and the mixture was stirred for a further §
min. A red solution was obtained, cooled at room temperature, and
filtered off. Orange parallelepipeds were obtained in 1 week through
vapor diffusion with ether. These crystals were suitable for X-ray
diffraction studies. Yield: ca. 25%. Found: C, 53.0; H, 3.7; N, 2.0.
Calc. for CsgHgoClgN,OP,Ru, (5): C, 52.0; H, 3.8; N, 2.1%. X-ray
microanalysis gave Ru/P and Ru/Cl molar ratios of 1:1 and 1:4,
respectively. IR (KBr pellets/cm™): absorption associated to
coordinated py molecules appears at 1608 (m), 1220 (m) and 643
(m), and bands assigned to the PPh," cation appear at 1436 (vs),
1163 (m), 1108 (vs), 724 (vs), 690 (s), 531 (vs).

6. A solvothermal reaction of K,[RuClL(H,0)] (10.9 mg, 0.03
mmol) and 2,2'-bipyrimidine (9.4 mg, 0.06 mmol) was performed in
HCI (S mL, 3 M) at 75 °C for 20.5 h, followed by a 20.5 h cooling
process to room temperature. Brown crystals of 6 were obtained and
were suitable for X-ray diffraction studies. Yield: ca. 50%. Found: C,
22.0; H, 2.7; N, 12.8. Calc. for C;4H,,Cl;O,NgRu, (6): C, 22.5; H,
2.8; N, 13.1%. X-ray microanalysis gave a Ru/Cl molar ratio of 1:3. IR
(KBr pellets/cm™"): absorption associated to water molecules appears
at 3443 (br) and bands assigned to coordinated bpym molecule are
found at 3061 (m), 1577 (vs), 1558 (m), 1407 (vs), 1388 (m), 1212
(w), 1026 (m), 826 (m), 748 (s), 693 (w), 672 (s), S10 (m).

X-ray Data Collection and Structure Refinement. X-ray
diffraction data on single crystals of dimensions 0.21 X 0.19 X 0.18
(1), 0.32 X 0.10 X 0.07 (2), 0.17 X 0.09 X 0.08 (3), 0.32 X 023 X
0.18 (4), 0.20 X 0.09 X 0.07 (5), and 0.85 X 0.52 X 0.12 mm> (6)
were collected on a Bruker D8 Venture diffractometer with
PHOTON II detector and by using monochromatized Mo—K,
radiation (4 = 0.71073 A). The structures were solved by standard
direct methods and completed by Fourier recycling using the
SHELXL* software packages and refined by the full-matrix least-
squares refinements based on F* with all observed reflections. All non-
hydrogen atoms were refined anisotropically. The hydrogen atoms on
the water molecules Olw, O2w, and OSw in 2 and Olw, O2w, and
O3w in 6 were located on the AF map and refined with restraints,
whereas for the rest of water molecules (03w, O4w, and O6w in 2)
the hydrogen atoms were neither found nor calculated. The final
graphical manipulations were performed with the DIAMOND
program.”” CCDC 1898600 (1), 1898601 (2), 1972100 (3),
1972101 (4), 1972102 (5), and 1898602 (6).
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Chapter 3. Gadolinium(III) and dysprosium(III) complexes based on nucleobases, amino
acids and oxalic acid: From SMMs to MRI contrast agents and magnetic coolers

3.1 Prologue

Lanthanides are a group of elements with atomic number increasing from 57
(lanthanum) to 71 (lutetium). They are named lanthanides because the lighter
elements in the series are chemically similar to lanthanum. They are also known
as f-block elements since the 4f shell gets filled progressively. In contrast to
transition metal complexes, where the coordination number for a particular com-
bination of metal ion and oxidation state is often limited to a particular value,
the coordination number in lanthanide complexes appears to be essentially deter-
mined by populating the coordination sphere, while bearing in mind the strength
of the positively-charged metal ion and the electron-rich ligand [1]. In any case,
high coordination numbers are predicted for the lanthanides, simply on the basis
of the large size of the metal ion.

Lanthanide complexes, as well as their simple salts, have attracted increased
interest in recent decades because of their unique optical, spectroscopic and mag-
netic properties, which generate an interesting field of research in coordination
and supramolecular chemistry [2-7]. Some of the lanthanide(III) complexes with
chelating ligands display several potential applications, such as organic light-
emitting devices [8-11], liquid crystalline materials [12], sensors and contrast
agents in MRI [13]. The luminescence of these lanthanide(III) complexes having
an attached absorbing chromophore is originated from their gradual filling of the
4f orbitals, and can be readily adjusted from visible to the infrared region simply
by the selection of the lanthanide(III) ion [14]. As a result, the characteristic lu-
minescence properties of these lanthanide(IIT) complexes, and their applications,
have been recently reviewed [15].

Besides, valence electrons in 4f orbitals make lanthanides highly electroposi-
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tive and reactive, giving them peculiar and remarkable magnetic properties. Con-
sidering this fact, a basic requirement for observing SMM behaviour is the pres-
ence of a large total spin angular momentum in a single molecule, as observed in
those SMMs containing polynuclear 3d-5d metal ions [16-21]. Special attention
has been paid to the elements whose single-ion anisotropy is relatively high in
recent years. In this sense, lanthanides have gained special relevance because the
ligand effect is almost negligible (the f orbitals are core orbitals, and thus interact
poorly with those of the ligand), and because most of them are characterised by
a significant spin-orbit coupling and a large unquenched orbital angular momen-
tum. This fact is associated with the nature of the valence f orbitals in the systems
containing 4f ions [22]. These features lead to a significant magnetic anisotropy
that allows lanthanide(III) complexes to exhibit slow magnetic relaxation [23-
26]. In order to increase the spin, the magnetic anisotropy and subsequently, the
energy barrier, much of the current SMM research has shifted towards lanthanide-
based complexes. Except for gadolinium(IIT) and europium(II), which have an f*
electron configuration and an orbitally non-degenerate ground state, all the rare-
earth ions exhibit orbitally degenerate ground states, which are split by spin-orbit

coupling and crystal-field effects [27].

Although the interactions involving lanthanide(III) ions are weak, magnetic
anisotropy can yield novel phenomena. As indicated before, this singular mag-
netic behaviour allows SMMs to become promising candidates for potential ap-
plications in quantum and high-density data storage at the molecular and atomic
scale, quantum information processing, molecular refrigeration and spintronic
investigations [28].

During the last two decades, SMMs based on heterometallic 3d—4f mixed sys-

tems [29-31], radical bridged compounds, mono- and polynuclear lanthanide(III)

128



Chapter 3. Gadolinium(III) and dysprosium(III) complexes based on nucleobases, amino
acids and oxalic acid: From SMMs to MRI contrast agents and magnetic coolers

complexes containing highly anisotropic 4f ions [32, 33] have been studied. The
lanthanide ions most commonly used in SMMs are terbium(III), dysprosium(III),
erbium(III) and holmium(III). The electronic structures of terbium(III) and dys-
prosium(III) ions possess substantial anisotropy because of the strong angular

dependence of their 4f orbitals (Figure 3.1) [34, 35].
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Figure 3.1: Low energy electronic structure of the Dy(III) ion with sequential
perturbations of electron-electron repulsion, spin—orbit coupling and the crystal

field.

SMMs based on dysprosium(III) are the most numerous in this family of
compounds. The ground state of an isolated dysprosium(III) is H,; /2, wWhich is
characterised by a g;=4/3 value [36]. A low-symmetry environment can generate
an isolated Kramer’s doublet as the ground state, meaning that the ground state
will always be bistable irrespective of the ligand field symmetry.

Many examples of SMMs based on dinuclear dysprosium(I1T) complexes have
been studied from a magnetism point of view [37-42]. The nature of the ligands

used to bridge the metals in these dinuclear SMMs are wide and includes ph-
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thalocyanines, phenolates, halides, thiolates, and carboxylates. Nevertheless, 1D
dysprosium(III) complexes showing slow relaxation of magnetisation have been
much less investigated [43-45], despite the fact that SMM behaviour has been
observed in complexes that contain only a single lanthanide ion, so-called SIMs.

Since the discovery of the mononuclear Pc-based lanthanide(III) complexes
by Ishikawa et al. [46, 47], of formula [NBuy][LnPc,] (Ln™=Tb and Dy) display-
ing unusual relaxation behaviour, many efforts have focused on the synthesis and
development of lanthanide(III)-based (see Chapter 1). Recently, a mononuclear
dysprosium(III) metallocene of formula [(n°-Cp*)Dy(n°-Cp™™)][B(CeFs)4] was
reported [48]. This dysprocene(III) compound displays a record energy barrier of
magnetisation reversal exceeding the 1500 c¢m ! value and a record blocking tem-
perature above the liquid nitrogen (> 77K), presumably being a new benchmark

in this research area (Figure 3.2).

00 01 02 03 04 05
7K'

Figure 3.2: (a) Asymmetric unit of the dysprocene(Ill) compound
[(n°-Cp*)Dy (n°-Cp't*®)][B(CeF5)4]. Colour code: purple, Dy; grey, C. Hydrogen
atoms and [B(CgF5)4] cations are omitted for clarity. (b) Frequency dependence
of the out-of-phase x” ), molar magnetic susceptibility. (¢) Temperature depen-
dence of the relaxation time. The red dots are from the ac susceptibility data and
the blue dots are from measurements of the dc magnetic relaxation time. The
solid green line is the best fit to the equation 771 = Tgle_Ueff/kBT+C’T”+T§%M.

In comparison, the gadolinium(III) ion is highly paramagnetic and usually

considered as magnetically isotropic because of its half-occupied 47 electron con-
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figuration, as mentioned above, and the lack of orbital contribution (S = 7/2,
L = 0), with an 83, /2 ground state and a spherical quadrupole moment. As a
result, the energy levels are almost degenerated and the magnetic relaxation rates
are usually very fast, due to the presence of strong Quantum Tunneling of the
Magnetisation (QTM). However, when an external dc magnetic field is applied,

the degeneracy can be removed and the QTM suppressed [32].

Indeed, there are some complexes based on gadolinium(III) exhibiting slow
magnetic relaxation, which have recently been reported, but most of them are
either polynuclear [49-51] or polymeric complexes [31, 52]. These compounds
possess non-negligible magnetic interactions between the gadolinium(III) ions,
which results in mixed mechanisms of spin-lattice, spin-phonon and spin—spin
relaxations. To date, only two works are reported in the literature dealing with
mononuclear gadolinium(III) based field-induced magnets. In 2013, Gao et al. re-
ported two new mononuclear gadolinium(III) complexes exhibiting field induced
magnetic relaxation and MCE [53]. Recently, Yan-Cong et al. reported another
mononuclear gadolinium(III) complex, that shows slow relaxation of magnetisa-
tion when an external field is applied [54]. The reason why gadolinium(III) is
selected for some technological applications, among others, is because its sym-
metric 887/2 ground state leads to a much slower electronic relaxation rate [55],
despite dysprosium(III) or holmium(III) exhibit a larger magnetic moment than
that of gadolinium(III). Because of that, it is widely used for applications in
technological fields such as neutron capture cancer therapy [56, 57].

In addition, gadolinium(III) complexes are commonly used as contrast agents
in MRI, because gadolinium(III) chelates reduce the longitudinal relaxation time
(T}) of water molecules [13, 55, 58]. A significant challenge in this area is to

balance the need for higher relaxivity with acceptable stability. Unfortunately,
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this 4f ion is very toxic in a free state when it is injected into the human body
in concentrations necessary for their use as a contrast agent. Therefore, only
a few stable and inert mononuclear complexes of this ion with polyaminocar-
boxylate chelating ligands are employed (Figure 3.3). The successful penetration
of gadolinium(III) chelates into radiologic practice and biomedicine started with
the study of the complex [Gd(DTPA)(H;0)]> (DTPA = Diethylenetriamine
pentaacetic acid), reported by D.H Carr et al. in 1984 [59]. The off-the-shelf lig-
ands, such as DTPA, form complexes strong enough so that there is no detectable

dissociation for the period that the agent is in the body.
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Figure 3.3: Typical commercial gadolinium(III)-based contrast agents.

Besides, some of the reported gadolinium(III)-based complexes can act as
magnetic refrigerators due to their low Curie temperature and significant MCE
[60-65]. The MCE explains the heating or cooling of a magnetic material under
the change of the external magnetic field [63]. To pursue the ideal molecular re-
frigerant, it is necessary to have a large spin ground state .S, a negligible magnetic
anisotropy, the presence of low-lying excited spin states, a dominant ferromag-
netic exchange and a relatively low molecular mass (or a large metal /ligand ratio)
(66, 67].

Therefore, the trend in this area of molecular cryomagnetic refrigerant materi-

als has been to switch from paramagnetic transition metal ions to lanthanides, and
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from discrete zero-dimensional (0D), mono-, di-, and polynuclear complexes to
extended one-, two- and three-dimensional (nD, n = 1-3) coordination polymers,
respectively. Metal-Organic Frameworks (MOFs) of different dimensionalities
and topologies with Gd™ ions, and light mono-, di-, and tricarboxylate organic
ligands (formate, acetate, iminodiacetate, oxalate, malonate, succinate, fumarate,
glutarate, benzene-, aminobenzene-, azobenzene-, furan- or thiophenedicarboxy-
late, and benzenetricarboxylate) have been investigated as cryogenic magnetic
coolers due to their extremely low magnetic ordering temperatures (7) and

large MCE, as well as their inherent chemical stability and high density.

For instance, as seen in Figure 3.4, gadolinium(I1T) formate has been suggested
as a molecular refrigerant in the sub-Kelvin temperature range. The adiabatic
temperature (- ASy =55.9Jkg 'K 'at T=2Kfor AH=7T and AT,y =3 K
for AH =1 T) and large isothermal magnetic entropy changes of this 3D Gd-MOF
with the formula Gd(form); are barely above the long-range antiferromagnetic

order temperature (Ty = 0.8 K) [68].

Temparses /K

(h )

aH

Figure 3.4: Illustration of the magnetocaloric properties of gadolinium(III) for-
mate as an example of Ln MOF proposed as a cryomagnetic refrigerant: (a)
Crystal structure of the 3D lattice (Gd, purple; O, red; C, grey). Hydrogen
atoms are omitted for clarity. (b) Thermodynamic cycle where isothermal mag-
netic entropy (AD) and adiabatic temperature (AC or BD) changes accompany-
ing the magnetisation/demagnetisation processes are highlighted. (c) Magneti-
sation/demagnetisation cycle where the adiabatic temperature change is high-
lighted.
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As opposed to conventional oxides like gadolinium gallium garnet (GGG) and
its iron-substituted derivatives (GGIG) with general formula Gd;Gas_,Fe,Os,
which operate in the low-temperature (supra-Kelvin) regime, this type of Ln
MOFs are good candidates for multifunctional molecular-based magnetic mate-

rials for cryogenic magnetic refrigeration.

3.2 Contents

In this Chapter 3, four works are included. The first one, titled “A Gadolin-
tum(I111) Complex Based on the Thymine Nucleobase with Properties
Suitable for Magnetic Resonance Imaging”, describes the synthesis of a
gadolinium (IIT) complex of formula [Gd(thy)s(H20)6](ClOy4)3- 2 HoO and its mag-
netic and relaxometric characteristics are tested.

The second work, titled “Field-induced slow relaxation of magneti-
sation in two one-dimensional homometallic dysprosium(III) com-
plexes based on alpha- and beta-amino acids”, depicts two 1D dysprosium
complexes based on the a-glycine and [-alanine amino acids. The compounds
{[Dy2(gly)s(H20)4](Cl04)g- 5 H2O}, and {[Dy(5-ala)s(H20)4](Cl04)s- H2O -, ha
ve been structurally and magnetically characterised.

The third work, titled “Omne-Dimensional Gadolinium (III) Com-
plexes Based on Alpha and Beta-Amino Acids Exhibiting Field-Indu-
ced Slow Relaxation of Magnetization”, describes the preparation of two
one-dimensional gadolinium(III) complexes based on a-glycine and [-alanine
amino acids, with the formulas {[Gdz(gly)s(H20)4](ClOy4)s- 5 H2O},, and {[Gda (8~
ala)g(H20)4)(ClOy4)¢- H2O},,. These compounds were magneto-structurally char-

acterised.
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The last work in this chapter is titled “Field-induced slow magnetic re-
laxation and magnetocaloric effects in an oxalato-bridged gadolinium
(I111)-based 2D MOF”, and displays the synthesis and characterisation of a
2D compound with the formula [Gda(0x)3(H20)g),- 4n HoO. The observation of
field-induced slow magnetic relaxation coexisting with moderately large mag-
netocaloric efficiency in the supra-Kelvin temperature region can be used as a
proof-of-concept design of a new class of slow-relaxing magnetic materials for

cryogenic magnetic cooling.
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Abstract: The paramagnetic gadolinium(IIl) ion is used as contrast agent in magnetic resonance
(MR) imaging to improve the lesion detection and characterization. It generates a signal by changing
the relaxivity of protons from associated water molecules and creates a clearer physical distinction
between the molecule and the surrounding tissues. New gadolinium-based contrast agents displaying
larger relaxivity values and specifically targeted might provide higher resolution and better functional
images. We have synthesized the gadolinium(III) complex of formula [Gd(thy), (H20)](ClO4)3-2H,0
(1) [thy = 5-methyl-1H-pyrimidine-2,4-dione or thymine], which is the first reported compound based
on gadolinium and thymine nucleobase. 1 has been characterized through UV-vis, IR, SEM-EDAX,
and single-crystal X-ray diffraction techniques, and its magnetic and relaxometric properties have
been investigated by means of SQUID magnetometer and MR imaging phantom studies, respectively.
On the basis of its high relaxivity values, this gadolinium(III) complex can be considered a suitable
candidate for contrast-enhanced magnetic resonance imaging.

Keywords: thymine; gadolinium; contrast agent; magnetic resonance; metal complexes; crystal
structure; relaxivity

1. Introduction

Thymine is one of the four natural nitrogen bases that are precursors and part of
the structure of the deoxyribonucleic acid (DNA) macromolecule [1,2]. This pyrimidine
base has been widely studied, in part because of the common mutations of DNA caused
when adjacent thymines are irradiated by UV light and are dimerized, generating the
well-known thymine dimers [2,3]. Furthermore, considerable effort has also been devoted
to the rational design of drugs that might selectively inhibit thymine biosynthesis, thereby
blocking DNA replication, especially in rapidly dividing malignant cells [2].

In comparison with other natural nucleobases, the coordination chemistry of thymine-
based metal complexes has been much less investigated. Most of the thymine-containing
complexes have been prepared with the nucleobase in the form of thyminate anion, that is,
releasing one or two protons of its N-H groups, whereas the reported examples obtained
with the thymine molecule acting through its carbonyl groups as a neutral ligand toward
the metal are much scarcer [4-7]. In that respect, theoretical studies have been performed
on metal clusters to investigate the preferential binding sites of the thymine molecule [8].

There exist some published thymine-based complexes that exhibit singular proper-
ties, as, for instance, the RuH—thymine complex [Ru(PPhs), (thy)(bpy)]PFs [where PPh; =
triphenylphosphine and bpy = 2,2’-bipyridine], which is a potent cytotoxic agent with
the ability to bind to DNA, inducing apoptotic cell death in human colon carcinoma [6,7].
Thymine has also shown to be aHighly specific ligand toward Hg!! metal ion [9,10]. The
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discovery of the linear thymine-Hg!'-thymine structure, which affords a high stabilization
of thymine-thymine pairs in DNA, has led to the designing and development of recent
thymine-based sensors [11-13].

Regarding lanthanide complexes, only two structures based on thyminate anion
have been published so far, namely, the heteropolynuclear complexes of general for-
mula [{Cp*RhIH(u—thym)}4{LnIH (NO3),}1*, where Ln = DyHI and Er'™™, which form cationic
metallacalix[4]arene-type systems [14]. Hence, no crystal structure of gadolinium complex
based on thymine has been reported up to date.

As a continuation of our interest in investigating biomolecule-based complexes [15-20],
herein we report the synthesis and characterization of a new gadolinium(III) complex of
formula [Gd(thy),(H20)6](ClO4)3-2H,0 (1) [thy = thymine], which exhibits a linearly
disposed thymine-Gd™-thymine structure (Figure 1 and Figure S1). 1 displays the first
reported crystal structure based on gadolinium and thymine and is a suitable candidate for
contrast-enhanced magnetic resonance (MR) imaging applications.

(b)

Figure 1. (a) Molecular structure of the thymine nucleobase (thy); (b) Mononuclear [Gc:l(thy)z(HZO)é]3+ complex in 1.

CIO4~ anions and non-coordinated water molecules have been omitted for clarity. Color code: purple, Gd; red, O; blue, N;

black, C; white, H.

2. Results and Discussion
2.1. Synthetic Procedure

Compound 1 was prepared from a mixture of Gd,O3 and thymine, which reacted in an
aqueous suspension acidulated with perchloric acid, and was stirred at 60 °C for 1 h. The
resulting solution was left to evaporate at room temperature for 1 week, thus generating
colorless parallelepipeds of 1. Once synthesized, 1 is air-stable over a period of several
days. In order to study its stability further, electronic absorption spectra of 1 were collected
both in solid state and in aqueous solution (Figure 2 and Figure S2). Remarkably, the two
spectra show the same absorption bands and different ones to that of the free thymine
ligand (Figure 52), with this fact indicating the stability of 1 in aqueous solution (Figure 2a).
SEM-EDAX analysis gave a molar ratio of 1:3 for the Gd/Cl relation in 1 (Figure 2b).

2.2. IR Spectroscopy

The infrared spectra of 1 and free thymine ligand are given in Figure S3. The infrared
spectrum of thymine has been studied in detail in previous works [21,22], nevertheless, it
has been included here just for comparison. The most interesting feature that is observed
are the main vibrational bands associated to the two C=0 groups, whose values for the free
thymine ligand are 1735 and 1679 cm L, respectively [21,22]. For 1, these vibrational bands
are observed at 1747 and 1679 cm ™! (Figure S3), which is consistent with the coordination
of the ligand through of only one C=0 group [23].

The main vibrational bands associated to perchlorate anion are observed at 1145, 1112,
and 1089 cm ™!, which indicate the presence of this anion counterbalancing the positive
charges of the cationic [Gd(thy)>(H20)s]** complex of 1 (Figure S3).
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Figure 2. (a) Electronic absorption spectra from samples of compound 1 in solid state (top) and in aqueous solution (bottom);
(b) SEM-EDAX spectrum for compound 1.
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2.3. Description of the Crystal Structure

Crystal data and structure refinement parameters are summarized in Table 1. Com-
pound 1 crystallizes in the monoclinic system with space group P2, /c. Its crystal structure
is made up of [Gd(thy)z(HzO)6]3+ cations, C1O4 ™~ anions, and water molecules of crystalliza-
tion, which are held together mainly by electrostatic forces and H-bonding interactions. A
[Gd(thy),(H,0)s]3* cation, three CIO4~ anions, and two non-coordinating water molecules
are present in the asymmetric unit of 1.

Table 1. Summary of the crystal data and structure refinement parameters for 1.

Compound 1
CCDC 2009091
Formula C10H28N4024C13Gd
M;/g mol ! 851.96
Crystal system Monoclinic
Space group P21/c
a/A 13.192 (1)
b/A 9.901 (1)
c/A 20.985 (1)
w/° 90
B/° 95.18 (1)
v/° 90
Vv/A3 2729.8 (2)
Z 4
D./gcm™3 2.073
1 (Mo — Ku)/mm™? 2.832
Goodness-of-fit on F2 1.081
Ry [1> 20 ()]/all 0.0280/0.0325
wRy [I > 20 (I)]/all 0.0703/0.0733

The Gd ion in 1 is eight-coordinate and bonded to eight oxygen atoms, two oxygen
atoms from carbonyl groups of two neutral thymine ligands, and six oxygen atoms of
six water molecules (Figure 1). Given the neutral nature of the thymine molecule, coor-
dination through the O(1) and O(3) atoms is expected (Figures S1 and S4). The average
value of the Gd-O bond lengths [2.3§1(1) A] is somewhat shorter than that of the Gd-Oyyater
bond lengths [2.390(1) A] (Table S1). The O-Gd-O bond angles show values covering the
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range of 70.24(6)-148.57(7)°. These values are in agreement with those reported for other
species with a similar Gd'"! environment [24-26]. In 1, the thymine molecules are planar
and form an angle between them of ca. 7.8(1)° with an intramolecular thymine-thymine
separation of ca. 4.08 A, which corresponds to the O(1)---O(3) distance. The C—C, C—N,
and C—O bond lengths agree with those found in the literature for the thymine molecule
(Table S1) [27].

In the crystal packing of 1, adjacent [Gd(thy), (H,O)6]3* cations are connected through H-
bonding interactions that occur between thymine pairs, linking them into chains [N(3)---O(4a)
=2.763(3) A and O(2)---N(10a) = 2.785(3) A; (a) = x, y — 1, z], which grow along the b
crystallographic axis (Figure S5). These chains are separated from each other through
perchlorate anions, which interact with coordinated water molecules by means of H-bonding
interactions involving the following set of atoms: O(3w)---O(11b) [2.944(3) A;(b)= —x+1,
—y +1, —z + 1], O(d4w)---O(10b) [2.870(3) A], O(4w)---O(15¢) [2.847(3) A; (¢) = —x + 1,y — 1/2,
—z+3/2],and O(5w)---O(12) [2.713(3) A] (Figure 3). The chains based on [Gd(thy),(H,0)s]*
cations are arranged forming a herringbone type structure, generating thymine planes that
exhibit an angle of ca. 64(1)° (Figure 3b). The shortest Gd---Gd separation is 8.256(1) A
[Gd(1)---Gd(1d) distance; (d) = -x, —y + 1, —z + 1]. A supramolecular network is generated
by additional H-bonding interactions involving coordinated and non-coordinated water
molecules, along with weaker C-H:--O interactions [the average value of the C---O distance
being ca. 3.34 A for C(13)---O(16), C(6)---O(5d) and C(13)---O(11e); (e) = —x + 1, y+1/2,
—z + 3/2], which contribute to stabilizing the crystal structure in 1 (Table 2).

o8 /J .\.. -/ .‘.. Q& ./ .‘.-
e PaN o o\ e o\
A .‘(x ,.; O r;' O
)\ - ) % >y »
v - () - () N,
« )7 \] . N -/ N
. o.. . - . . -
- - . - ®
/1 =3 "N /1 CEY /1 NS
) ¢ Y O RONe I ) )
4 / y / \
. —e . @ N ~ace
® L4 v 4 «
'l\ .\ . .\
= . .
)\ ZEOIES BN ¢ 32 (s ¢ )
/ Q y /
PRSI O]
= A S < \° S
@) Y ) O )
b \ - ! N
A
- C
(a) (b)

Figure 3. (a) View along the crystallographic c axis of the H-bonding interactions (green dashed lines) between perchlorate
anions (capped sticks model) and [Gd(thy)z(HZO)d3+ cations in 1. For the sake of clarity, H atoms are omitted and only
coordinated water molecules are shown. Color code: purple, Gd; green, Cl; red, O; blue, N; grey, C; (b) View along the
crystallographic a axis of the herringbone type structure of 1. H atoms, perchlorate anions, and non-coordinating water
molecules have been omitted for clarity. Color code: purple, Gd; red, O; blue, N; grey, C.

To further analyze the coordination environment and geometry of the Gd' ion in 1,
the SHAPE program was used [28]. In 1, the single Gd'"! ion exhibits a coordination number
(CN) equal to 8. For Gd(1), a value of 0.307 was obtained and associated with a square
antiprism (SAPR) geometry, the next and closer computed value being 1.733, which was as-
signed to a biaugmented trigonal prism (BTPR) geometry (Table 3). Hence, these calculated
values allow us to assign the Dyq symmetry to the Gd(1) ion in complex 1 (Table 3).
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Table 2. Selected hydrogen-bonding interactions in 1 2.

D-H-A D-H/A H-A/A D-A/A (DHA)/°
N(1)-H(1)---O(8f) 0.880 2.12(1) 2.982(1) 165.4(1)
N(3)-H(3)---O(4a) 0.880 1.89(1) 2.763(1) 175.6(1)
N(10)-H(10)---O(2g) 0.880 1.92(1) 2.785(1) 168.7(1)
O(1w)-H(1wA)---O(7) 0.951 2.05(1) 2.986(1) 168.4(1)
O(1w)-H(1wB)---O(4a) 0.953 1.77(1) 2.677(1) 159.1(1)
O@2w)-HQ2wA)--0(2g) 0.948 1.75(1) 2.691(1) 169.2(1)
O@Bw)-H(BwA)---O(11b) 0.953 2.07(1) 2.944(1) 151.0(1)
O(B3w)-H(3wB)---O(7wf) 0.950 1.76(1) 2.660(1) 156.0(1)
O(4w)-H(4wA):--O(10b) 0.951 2.01(1) 2.870(1) 149.4(1)
O(4w)-H(4wB)---O(15¢) 0.953 1.944(1) 2.847(1) 157.4(1)
O(5w)-H(BWA)---0(12) 0.950 1.77(1) 2.713(1) 169.2(1)
O(5w)-H(BWB)---O(14) 0.950 1.87(1) 2.810(1) 169.1(1)
O(6w)-H(6wA)---O(9h) 0.951 2.27(1) 2.939(1) 126.9(1)
O(6W)-H(6WA)---O(7wf) 0.951 2.31(1) 2.986(1) 127.4(1)
O(6w)-H(6WB)---O(8w) 0.953 1.75(1) 2.694(1) 171.9(1)
O(7w)-H(7wB)---O(8wc) 0.961 1.91(1) 2.896(1) 172.5(1)
O(8w)-H(8wA)---O(13) 0.954 1.91(1) 2.855(1) 170.8(1)
O(8w)-H(8wB)---O(15€) 0.953 1.92(1) 2.846(1) 163.9(1)

2 Symmetry codes: (a) =x,y — 1,z (b) = —x+1, -y +1, —z+1;(c)= —x+ 1,y —1/2, —z+3/2;(e) = —x+ 1,y +
1/2,-z+3/2;()=x, -y +3/2,z—-1/2;(g)=x,y+ 1,z (h)= —x+1, -y +2, —z+ 1.

Table 3. Selected values for possible geometries with coordination number (CN) equal to 8 obtained
through the SHAPE program and from the structural parameters of complex 1 2.

HPY HBPY CcU SAPR TDD JGBF JETBPY BTPR JSD TT

23.392 16.322 9.171 0.307 1.913 15.656  28.471 1.733 4.830 10.015
2 HPY: heptagonal pyramid (Cyy); HBPY: hexagonal bipyramid (Dgp,); CU: cube (Oh); SAPR: square antiprism
(Dy4q); TDD: triangular dodecahedron (D,q); JGBF: Johnson gyrobifastigium (D,q4); JETBPY: Johnson elongated

triangular bipyramid (Dsp); BTPR: biaugmented trigonal prism (Cay); JSD: snub disphenoid (Dyq); TT: triakis
tetrahedron (Td).

2.4. Analysis of the Hirshfeld Surfaces

Hirshfeld surfaces of the cationic [Gd(thy)z(HZO)d3+ complex were calculated, and its
closer intermolecular interactions were analyzed through the CrystalExplorer program [29,30].
These surfaces were mapped taking into account the distance from a point on the surface
to the nearest atom outside (de) and inside (d;) the surface. To overcome limitations related
to the size of atoms, a normalized contact distance (dnorm) Was also considered [29,30]. For
compound 1, Hirshfeld surfaces are shown in Figure 4 and Figure S6, where the shorter
contacts are displayed using red color [31]. Intermolecular O---H contacts between water
molecules and between water molecules and carbonyl groups of the thymine molecules
are the main interactions detected on the Hirshfeld surface (Figure 4 and Figure S6). The
most important O---H contacts are those involving H-bonds between non-coordinated and
coordinated water molecules, which are approximately 48% of the complete fingerprint plot,
whereas the O---H interactions involving non-coordinated water molecules and carbonyl
groups are highlighted from the full fingerprint as ca. 19% of the plot. Finally, additional
N---H contacts involving non-coordinated water molecules and N-H groups of the thymine
molecules only cover approximately 2% of the fingerprint plot (Figure 4).

2.5. Magnetic Properties

Dc magnetic susceptibility measurements were carried out on a freshly prepared
microcrystalline sample of 1 in the 2-300 K temperature range and under an external
magnetic field of 0.5 T. The x\T vs. T plot (xm being the molar magnetic susceptibility
per Gd" ion) for compound 1 is given in Figure 5. At room temperature, the x\T value is
ca. 7.89 cm®mol 'K, which is vefiyjglose to that expected for a magnetically isolated Gd!!
ion (4f” ion with ggq = 2.0, Sgq = 7/2 and Lgq = 0), that is, 7.88 cm®mol 'K [26,32]. Upon
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cooling, the xmT value approximately follows the Curie law to ca. 25 K with decreasing
temperature, before x\T decreases, reaching a minimum value of ca. 7.21 cm®mol~1 K at
2 K. The decrease of the xpT value observed for complex 1 would likely be assignable to
intermolecular interactions and/or very small zero-field splitting (ZFS) effects [32].
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Figure 4. (Top) Hirshfeld surface mapped with dnorm function for 1; (bottom) Fingerprint plots for
1; (bottom, left) Intermolecular O---H contacts between non-coordinated and coordinated water
molecules are highlighted from the full fingerprint; (bottom, right) Non-coordinated water molecules
and thymine carbonyl groups are highlighted from the full fingerprint.
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Figure 5. x\(T vs. T plot obtained for compound 1. The inset shows the field dependence of the molar
magnetization (M) plot at 2.0 K for 1. The solid red lines represent the best fit of the experimental data.

To analyze the magnetic behavior and fit the experimental data of the x)T vs. T plot
for complex 1, the theoretical expression for the magnetic susceptibility of a single and
isotropic Sgq = 7/2 center was used [xym = (Nup?9Ga2/3ks)Sca(Sca + 1)/(T — @)] [25].
Due to possible intermolecular interactions that can take place in 1, a ® parameter was also
included in this expression. The best least-squares fit gave the parameters ggq = 2.008 (1)
and @ = —0.039 (1) K with R = 1.9 x 107° for 1 {R being the agreement factor defined as
S0 — TR/ [mT)i ).

Field dependence of the molar magnetization (M) plot for 1 at 2 K is given in the inset
of Figure 5. This plot exhibits a continuous increase of M with the applied magnetic field,
showing a maximum vl of M obtained for 1 (ca. 6.92 ug) at 5.0 T, which is as expected
for a mononuclear Gd™"' complex [25]. The experimental data of the M vs. H plot were
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(c)

close to the Brillouin curve generated, with values of g and S of 2.0 and 7/2, respectively
(Figure 5) [32].

2.6. MR Imaging Phantom Studies

The relaxometric properties of compound 1 as a potential high-field MR imaging
contrast agent were evaluated [33]. Thirteen samples of 1 were prepared in physiological
serum with concentrations covering the range of 0.0-3.2 mM and were measured on a
clinical MR scanner (Achieva 3T TX, Philips Healthcare, Best, The Netherlands) by using
the volumetric head eight channels SENSE coil (Figure 6 and Figure S7).

~pE

(d)

Figure 6. (a) MR imaging scanner (Philips Achieva 3T); (b) Samples of 1 prepared in physiological serum with concentrations

covering the range of 0.0-3.2 mM; (c) MR images of the tube phantoms of 1; (d) T, parametric map analysis.

The relaxation rate, denoted by R (and expressed in s’l), was obtained for each
concentration through the calculation of the corresponding relaxation time T. Ry was
obtained by calculating the T; time from FFE sequences with 2°, 5°, 10°, 15°, 25°, and 45°
flip angles, whereas r, and r,* values were obtained after calculating T, and T,* relaxation
times from TSE and GRE sequences with 32 echo times each, TE; = 10 ms, ATE = 10 ms
and TE1 = 0.9 ms, ATE = 0.7 ms, respectively [34]. Thus, the longitudinal relaxivity (r;) of
1 at 3 T was determined to be 16.1 mM~!s~1, whereas the transversal relaxivities r, and
r2* values were 13.5 and 14.5 mM s}, respectively (Figures 7 and 8). These results show
relaxivity values for 1 that are much higher than those of commercial MR imaging contrast
agents currently employed on 3 T equipment [33], such as Magnevist, Gadovist, Prohance,
Multihance, Dotarem, and Omniscan, among others [34], which makes 1 potentially useful.
The fact that the Gd'"! ion in 1 exhibits a higher number of coordinate water molecules
than the typical commercial contrast agents would enhance, at least in part, the common
relaxivity values reported for these commercial contrast agents [34].
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Figure 7. Relaxation rate vs. contrast concentration plot obtained for the relaxivities r; (a) and r; (b) of compound 1. The
red line represents the best linear fit of the experimental data.
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Figure 8. Relaxation rate vs. contrast concentration plot obtained for the relaxivity »* of compound
1. The red line represents the best linear fit of the experimental data.

3. Materials and Methods
3.1. Reagents and Instruments

All of the manipulations were performed under aerobic conditions. All the commercial
chemicals were used as received. CAUTION: Although no problems were encountered in
this work, care should be taken when using the potentially explosive perchlorate anion
(ClO4 7).

Elemental analyses (C, H, N) and X-ray microanalysis were performed by the Central
Service for the Support to Experimental Research (SCSIE) at the University of Valencia.
Scanning electron microscopy (SEM) images and results were obtained from a Hitachi
S-4800 field emission gegmning electron microscope (Hitachi Ltd., Tokyo, Japan). The
electronic absorption spectra of 1 and thymine were measured at room temperature in
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a Jasco V-670 UV-vis-NIR spectrophotometer (Jasco Ltd., Tokyo, Japan) in the range of
600 to 1400 nm. Infrared spectra (IR) of 1 and thymine were recorded with a PerkinElmer
Spectrum 65 FT-IR spectrometer (PerkinElmer Inc., Waltham, USA) in the range of 400 to
4000 cm ™!, Variable-temperature, solid-state direct current (DC) magnetic susceptibility
data down to 2.0 K were collected on a Quantum Design MPMS-XL SQUID magnetometer
(Quantum Design, Inc., San Diego, CA, USA) equipped with a 5 T DC magnet. The experi-
mental magnetic data were corrected for the diamagnetic contributions of the constituent
atoms and also for the sample holder. MR data were collected on a Philips Achieva 3T
clinical scanner (Philips Healthcare, Best, The Netherlands) with a volumetric head eight
channels SENSE coil at La Fe University and Polytechnic Hospital.

3.2. Preparation of Compound

Synthesis of [Gd(thy),(H,0)](ClO4)3-2H,0 (1)

A mixture of Gd;O3 (0.091 g, 0.25 mmol) and thymine (0.063 g, 0.50 mmol) in an aque-
ous suspension (5 mL) was acidulated with perchloric acid (1.0 mL, 2 M) and was stirred
and heated at 60 °C for 1 h. The resulting solution was left to evaporate at room temperature
for 1 week. Colorless parallelepipeds were obtained and were suitable for single-crystal
X-ray diffraction studies. Yield: ca. 45%. Anal. Calcd. for C;oHpsN4O2Cl3Gd: C, 14.7; H,
3.0; N, 6.9. Found: C, 14.5; H, 3.0; N, 6.8. SEM-EDAX: a molar ratio of 1:3 for Gd/Cl was
found for 1. IR (KBr pellet/cm~!): peaks were observed at 3399 (br), 3218 (m), 3063 (m),
2928 (m), 2813 (m), 1747 (s), 1679 (vs), 1635 (m), 1483 (w), 1449 (m), 1427 (w), 1383 (m),
1246 (m), 1205 (m), 1145 (vs), 1112 (vs), 1089 (vs), 935 (m), 835 (m), 815 (m), 760 (m), 744 (m),
627 (vs), 560 (m), 477 (m), 432 (m).

3.3. X-ray Data Collection and Structure Refinement

X-ray diffraction data from a single crystal of 1 with dimensions 0.34 x 0.12 x 0.05 mm3
was collected on a Bruker D8 Venture diffractometer (Bruker, Billerica, MA, USA) with
graphite-monochromated Mo-K, radiation (A = 0.71073 A). The structures were solved by
standard direct methods and subsequently completed by Fourier recycling by using the
SHELXTL software packages. The obtained model was refined with version 2018/1 of
SHELXL against F2 on all data by full-matrix least squares [35]. All non-hydrogen atoms
were anisotropically refined, whereas the hydrogen atoms of the thymine molecules were set
in calculated positions and refined isotropically by using the riding model. The graphical
manipulations were performed with the DIAMOND program [36]. The CCDC code for 1
is 2009091.

4. Conclusions

In summary, the preparation, crystal structure, magnetic properties, and MR imaging
phantom studies of a novel Gd'"' complex based on the thymine nucleobase, of formula
[Gd(thy)2(H20)6](ClO4)3-2H,0 (1) [thy = thymine], have been reported. 1 displays the
first reported crystal structure based on gadolinium and thymine. Furthermore, 1 exhibits
high relaxivity values and, therefore, can be considered a suitable candidate for further
developments and MR analysis. Given that most of the thymine-containing complexes
have been reported with this ligand in the form of thyminate anion, we presented in this
work a singular strategy to prepare lanthanide compounds where the thymine molecule
acts as a neutral ligand toward the metal ion. Further investigations dealing with the
synthesis and characterization of this type of lanthanide complexes are now in progress in
our group, incorporating other 4f ions and similar biomolecules.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10

.3390/ijms22094586/s1, X-ray crystallographic data in CIF format for compound 1, Figures S1-57,
and Table S1.
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Marta Orts-Arroyo, Isabel Castro,* Francesc Lloret and José Martinez-Lillo (2 *

Two one-dimensional dysprosium(i) complexes based on a-glycine (gly) and p-alanine (B-ala) amino
acids, with the formula {[Dy2(gly)s(H20)4](ClO4)e-5H20}, (1) and {[Dy.(p-ala)s(H20)41(ClO4)e-H,0}, (2),
have been synthesised and characterised structurally and magnetically. Both compounds crystallise in the
triclinic system with the space group P1. In 1, two Dy"' ions are eight-coordinate and bound to six oxygen
atoms from six gly ligands and two oxygen atoms from two water molecules, showing different geome-
tries (bicapped trigonal prism and square antiprism). In 2, two Dy'" ions are nine-coordinate and bound to
seven oxygen atoms from six -ala ligands and two oxygen atoms from two water molecules in the same
geometry (capped square antiprism). In the crystal packing of both compounds, cationic
{IDy>(L(H20)41%}, IL = a-glycine (1) and p-alanine (2)] chains, ClO,4~ anions, and water molecules generate a

Received 25th March 2020, network connected through H-bonding interactions. The study of the magnetic properties of 1 and 2 through
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dc magnetic susceptibility measurements reveals different magnetic behaviour 1 and 2. In addition, ac mag-
netic susceptibility measurements show a field-induced slow relaxation of magnetisation for both com-
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Introduction

Amino acids (AAs) are currently being used to prepare new
technological materials. Natural and synthetic amino acid-
based materials, due to their chemical versatility, are being
investigated for several applications such as gas storage and
separation,” proton conduction,” catalysis® and biomedicine.*
The nature of the AA residue, its chirality, and its ability for
hydrogen bond formation strongly influence the molecular
self-assembly of many amino acid-based systems and the
macroscopic properties of the final material.'™

On the other hand, Dy™ coordination chemistry has under-
gone rapid development in the multidisciplinary research field
of molecular magnetism.>"" Dy" compounds have been
widely studied as suitable candidates for obtaining single-
molecule magnets (SMMs) due to the high magnetic an-
isotropy and magnetic moment that this 4f metal ion
exhibits."* " Indeed, the records for molecular blocking temp-
erature () and effective energy barrier (Ues) (as high as ca.
80 K and ca. 1541 cm™", respectively) are currently held by
mononuclear Dy™ complexes. It has been found that the local

Instituto de Ciencia Molecular (ICMol), Universitat de Valéncia, c/Catedrdtico José
Beltrdn 2, 46980 Paterna, Valencia, Spain. E-mail: fjose.martinez@uv.es
tElectronic supplementary information (ESI) available: Fig. S1-S8 and Tables
S$1-S5. CCDC 1991872 and 1991873 for 1 and 2, respectively. For crystallographic
data in CIF or other electronic format see DOI: 10.1039/DODT01126F

This journal is © The Royal Society of Chemistry 2020

pounds, pointing out that the single-molecule magnet (SMM) phenomenon occurs in both 1 and 2.

jons such as Ceoyy Dad, Dsn, Dea, OF Dgp, can

8,9,17-19

symmetries of Dy
generate better SMMs with larger U.s and Ty values.

SMMs composed of dinuclear [DyX!] units are also found to
be quite interesting as candidates to achieve high effective
energy barriers, besides magnetic anisotropy, because of the
possible ferromagnetic exchange interaction that can take
place between the involved spin centres,”® with the intra-
molecular Dy---Dy distance and the relative orientation of the
Dy"" anisotropy axes being highly investigated parameters.>"*>

During the last two decades, many examples of SMMs
based on dinuclear Dy""" complexes have been studied from a
magnetism point of view.>>° Nevertheless, one-dimensional
Dy" complexes showing slow relaxation of magnetisation have
been much less explored.>*?”~*>

In the literature, there exist only two magnetostructural
studies based on homometallic Dy"™ compounds and AAs.****
In the first one, a family of four pentanuclear
[Dys(OH)s(a-AA),(Phjacac)s] complexes (oa-AA = p-PhGly, 1-Pro,
1-Trp, and Ph,Gly; Phyacac = dibenzoylmethanide) showing SMM
behaviour was reported.** The second one deals with a 3D com-
pound of the formula {Dy,(OH),(asp)s;(H,0)s](ClO,4),-10H,0},
that was obtained with aspartic acid and that exhibits weak anti-
ferromagnetic coupling between the involved Dy™ ions.**

In this context, we have focused our research work on Dy™
and glycine, the simplest amino acid, and on f-alanine that
has the amino group at the p-position from the carboxylate
group (Scheme 1).
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Scheme 1 Structures of the amino acids a-glycine (A) and p-alanine
(B).

Herein, we report the synthesis, crystal structure and mag-
netic properties of two carboxylato-bridged Dy™ 1D coordi-
nation polymers of the formula {[Dy,(gly)s(H20).]
(Cl04)e5H,0}, (1) and {[Dy,(B-ala)s(H,0),](Cl04)s-H,0}, (2)
[gly = a-glycine and p-ala = B-alanine]. To the best of our knowl-
edge, no magneto-structural study on one-dimensional homo-
metallic dysprosium(ur) complexes based on amino acids has
been reported so far.

Experimental section
Materials and physical measurements

All reagents were of commercial origin and were used as
received. All manipulations were performed under aerobic con-
ditions. CAUTION!: although no problems were encountered
in this work, care should be taken when using the potentially
explosive perchlorate anion (ClO,7).

Elemental analyses (C, H, and N) were performed by using
an elemental analyzer (CE Instruments CHNS1100) and the
molar ratio between the heavier elements was found by means of
a Philips XL-30 scanning electron microscope (SEM/EDAX),
equipped with an X-ray microanalysis system, in the Central
Service for the Support to Experimental Research (SCSIE) at the
University of Valencia. Infrared spectra (IR) of complexes 1 and 2
were recorded with a PerkinElmer Spectrum 65 FT-IR spectro-
meter in the 4000-400 cm™" region. Variable-temperature and
solid-state (dc and ac) magnetic susceptibility data were collected
by using a Quantum Design MPMS-XL SQUID magnetometer
equipped with a 5 T dc magnet. Experimental magnetic data
were corrected for the diamagnetic contributions of both the
sample holder and eicosene. The diamagnetic contribution of
the involved atoms was corrected by using Pascal’s constants.*’

Preparation of compounds 1 and 2

Compound 1. A solvothermal reaction of Dy,0; (0.072 g,
0.2 mmol) and glycine (0.030 g, 0.4 mmol) was performed in
an aqueous suspension (4 mL) acidulated with perchloric acid
(1.5 mL, 2 M) at 80 °C for 48 h, followed by a cooling process
at 4.5 °C h™' to room temperature. Colourless parallelepipeds
were obtained and were suitable for single-crystal X-ray diffrac-
tion studies. Yield: ca. 70%. Anal. calcd for C;,H,gNgO45ClgDy,
(1): C, 9.4; H, 3.2; N, 5.5. Found: C, 8.9; H, 3.0; N, 5.2. SEM
(EDAX): a molar ratio of 1: 3 for Dy/Cl was found for 1. IR (KBr
pellet/cm™): peaks assigned to the glycine ligand are observed
at 3313 (s), 1631 (m), 1603 (m), 1570 (m), 1451 (m), 1145 (w),
1108 (s), 1088 (s), 905 (w), and 627 (s) cm ™.
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Compound 2. A mixture of Dy,0O; (0.093 g, 0.25 mmol) and
B-alanine (0.022 g, 0.25 mmol) in an aqueous suspension
(5 mL) acidulated with perchloric acid (1.5 mL, 2 M) was
stirred and heated at 60 °C for 1 h. The resulting solution was
left to evaporate at room temperature for 2 weeks. Colourless
parallelepipeds were obtained and were suitable for single-crystal
Xray diffraction studies. Yield: ca. 60%. Anal. caled for
C15H5,Ng04,ClgDy, (2): C, 14.0; H, 3.4; N, 5.4. Found: C, 13.8; H,
3.2; N, 5.4. SEM (EDAX): a molar ratio of 1: 3 for Dy/Cl was found
for 2. IR (KBr pellet/cm™"): peaks assigned to the f-alanine ligand
are observed at 3369 (s), 1624 (m), 1577 (m), 1457 (m), 1145 (w),
1109 (s), 1090 (s), 963 (W), 940 (W), and 627 (s) cm™".

X-ray data collection and structure refinement

X-ray diffraction data of single crystals of dimensions 0.13 x
0.13 x 0.06 (1) and 0.23 x 0.14 x 0.05 mm? (2) were collected by
using a Bruker D8 Venture diffractometer with a PHOTON II
detector and by using monochromatised Mo-K,, radiation (4 =
0.71073 A). Crystal parameters and refinement results of 1 and
2 are summarized in Table 1. The structures were solved by
standard direct methods and subsequently completed by
Fourier recycling using the SHELXTL"® software packages and
refined by the full-matrix least-square refinements based on F*
with all observed reflections. The final graphical manipula-
tions were performed with the DIAMONDY  and
CRYSTALMAKER™® programs. Crystallographic data have been
deposited in the Cambridge Structural Data Centre (CCDC)
with numbers 1991872 and 1991873 for 1 and 2, respectively.f

Results and discussion
Structure description of 1 and 2

Single-crystal X-ray analysis reveals that both compounds (1
and 2) crystallise in the triclinic system with the centro-
symmetric space group P1 (Table 1). As shown in Fig. 1 and 2,

Table 1 Summary of the crystal data and structure refinement para-
meters for 1 and 2

Compound 1 2
Formula C12HygNgO,45CleDy,  Cy5H5,NgO4;ClgDy,
M, 1534.26 1546.35
Crystal system Triclinic Triclinic
Space group P1 P1

alA 11.399(1) 9.123(1)
b/A 13.972(1) 12.741(1)
c/A 15.469(1) 21.566(1)
al® 96.43(1) 76.28(1)
pl° 102.60(1) 81.27(1)
7/° 106.04(1) 82.23(1)
VIA® 2271.5(2) 2394.1(4)
z 2 2

D./g em™ 2.243 2.145
p(Mo-K,)/mm™" 3.752 3.555
F(000) 1512 1528
Goodness-of-fit on F* 1.083 0.982

Ry [I>20(I)] (all data)
WR, [I> 20(I)] (all data)

0.0213 (0.0344)
0.0439 (0.0509)

0.0230 (0.0507)
0.0320 (0.0554)

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 View of a detailed structure of the dinuclear [Dy,(gly)s(H,0)41%*

unit in 1. Perchlorate anions and non-coordinating water molecules
have been omitted for clarity. Thermal ellipsoids are depicted at the 50%
probability level.

Fig.2 View of a detailed structure of the dinuclear
[Dy,(p-ala)(H20)41%* unit in 2. Perchlorate anions and non-coordinating
water molecules have been omitted for clarity. Thermal ellipsoids are
depicted at the 50% probability level.

View Article Online
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the crystal structures of both 1 and 2 are mainly described as
cationic dinuclear [Dy']°" units that are linked through car-
boxylate groups from glycine (1) and f-alanine (2) amino acids,
generating one-dimensional {[Dyl']*'}, system structures
(Fig. 3 and 4), with ClO,~ anions counterbalancing the positive
charges. H,O solvent molecules are present in the crystal lattice
of both 1 and 2. The asymmetric unit in 1 consists of a dinuclear
[Dy,(gly)s(H,0)4]*" entity, six ClO,~ anions, and five non-coordi-
nating water molecules, whereas in 2 two halves of crystallogra-
phically independent dinuclear [Dy,(p-ala)s(H,0),]°" units, six
ClO,” anions, and one non-coordinating water molecule are
present in the asymmetric unit.

In 1, the two Dy™ ions of the dinuclear [Dy,(gly)s(H,0)4]*"
unit are connected with each other by four bridging carboxy-
late groups from four glycine (gly) ligands and are separated
by a distance of 4.237(1) A. Two additional gly ligands link
these two Dy ions to neighbouring dinuclear units, with sep-
arations of 5.200(1) [Dy(1)---Dy(1a); (a) =1 — x, =y, 1 — z] and
5.101(1) A [Dy(2)---Dy(2b); (b) =2 — x, 1 — y, 2 — z], thus gener-
ating a one-dimensional {[Dy']°*}, coordination polymer
(Fig. 3 and S1%).

Each Dy™ ion in 1 is eight-coordinate and bound to six
oxygen atoms from six carboxylate groups, of their respective
gly ligands, and two oxygen atoms of two water molecules
(Fig. 1).

The average value of the Dy-O bond lengths [2.347(1) A] is
somewhat shorter than that of the Dy-Oyuaer bond lengths
[2.482(1) A] (see Table S1f). The coordinated water molecules
connect further the dinuclear units of the 1D system through
intramolecular H-bonding interactions with O(1w)---O(2wa)
and O(3w)---O(4wb) distances of 2.842(2) and 2.774(2) A,
respectively (Table S2t). All the gly ligands are present in the
zwitterionic form, and their C-C, C-N, and C-O bond lengths
agree with those found in the literature for similar lanthanide-
based complexes (Table $17).*>*°

In the crystal lattice of 1, the cationic {{Dy}']*'},, chains are
quite separated from each other by ClO,” anions (Fig. 5).
Indeed, the shortest interchain Dy---Dy distance is ca. 11.4(1)
A. Nevertheless, adjacent chains are interlinked at long-range

Fig. 3 A fragment of the one-dimensional motif of the homometallic {[Dy,(gly)s(H20)41(ClO4)s-5H,0}, chain in 1. Perchlorate anions and non-coor-
dinating water molecules have been omitted for clarity. Colour code: purple, Dy; red, O; blue, N; grey, C; white, H.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 A fragment of the one-dimensional motif of the homometallic {[Dy,($-ala)g(H20)41(ClO4)6-H20},, chain in 2. Perchlorate anions and non-
coordinating water molecules have been omitted for clarity. Colour code: purple, Dy; red, O; blue, N; grey, C; white, H.

Fig. 5 View along the crystallographic [111] direction of the homome-
tallic [Dy»(gly)s(H»0)41* chains, ClO,~ anions and H,O molecules con-
nected by H-bonding interactions (dashed lines) in 1. Perchlorate anions
are depicted as red and yellow capped sticks, and coordinated and non-
coordinated water molecules are shown as red spheres.

through hydrogen bonds involving the protonated —NH,
groups of the gly ligands and ClO,~ anions (Table S27), as pre-
viously reported in similar structures.’’

The supramolecular network is supported by additional
H-bonding interactions involving coordinated and non-co-
ordinated water molecules, together with weaker C-H:---O
interactions [the shortest C---O distance is ca. 3.12 A, C(2)---O
(31d)], which stabilize the crystal structure in 1 (Table S27).

In 2, two Dy ions are connected with each other by means
of four bridging carboxylate groups from four p-alanine (B-ala)
ligands to form the dinuclear [Dy,(p-ala)s(H,0)4]°" unit. These
two Dy ions are separated by an average distance of 3.984(1)
A (Fig. 4 and S11), [the symmetry codes for the Dy(1)---Dy(1a)
and Dy(2)---Dy(2b) distances being (a) =2 — x, 1 —y, 2 — z and
(b) =3 —x,2 —y, 1 — 2, respectively]. Neighbouring dinuclear
units are connected through additional p-ala ligands, with sep-
arations of 5.172(1) [Dy(1)---Dy(1c); (¢) =1 — x, 1 — y, 2 — 2] and
5.182(1) A [Dy(2)---Dy(2d); (d) =2 — x, 2 — y, 1 — 2], to afford a
cationic 1D system that grows along the a axis (Fig. 4 and S17).

162
9158 | Dalton Trans., 2020, 49, 9155-9163

Each Dy" ion in 2 is nine-coordinate and bound to seven
oxygen atoms from six carboxylate groups of f-ala ligands and
two oxygen atoms of two water molecules (Fig. 2). As in 1, the
average value of the Dy-O bond lengths [2.389(1) A] is shorter
than that of the Dy-Ouaer bond lengths [2.505(1) A]
(Table S1t). The two coordinated water molecules additionally
link the dinuclear units through intramolecular H-bonding
interactions with adjacent coordinated water molecules
[O(1w)---O(2wc) and O(3w)---O(4wd) distances of 2.887(3) and
2.943(3) A, respectively] (Fig. S2 and Table S31). Remarkably, 2
is the first reported example of a crystal structure containing
Dy and p-alanine. The p-ala ligands are coordinated in 2 as
zwitterionic molecules and the values of the C-C, C-N, and
C-0O bond lengths agree with those found in the literature for
similar systems based on other lanthanide(m) complexes
(Table S17).°*°°

In the crystal packing of 2, cationic {{Dy}']*"},, chains and
ClO,” anions are arranged in an alternate way (Fig. 6).
Together with the non-coordinated water molecules, they are
connected through intermolecular H-bonding interactions
(Table S31). The shortest interchain Dy---Dy distance is some-
what shorter than that of compound 1 [11.001(1) A for the
Dy(2)---Dy(1a) distance]. As in 1, the supramolecular structure
in 2 is tied up by means of additional H-bonding interactions
(Fig. 6 and Table S37).

To further analyse the coordination environment and geo-
metry of the Dy™ ions in compounds 1 and 2, the SHAPE
program was used.”®® In 1, the two Dy ions show a coordi-
nation number (CN) equal to 8 (Fig. S3t). For Dy(1), a value of
0.712 was associated with a bicapped trigonal prism [BCTPR]
geometry, whereas a value of 0.882 was assigned to a square
antiprism [SAPR] geometry of Dy(2) (Fig. 7), these features
suggesting different geometries for Dy(1) and Dy(2). In 2, the
two Dy ions exhibit a CN = 9 (Fig. S47). Similar SHAPE values
were computed for these two Dy"" ions (1.091 and 1.186 for Dy
(1) and Dy(2), respectively), which were assigned to a capped
square antiprism [CSAPR] geometry (Fig. 7), hence indicating
the same geometry for the Dy™ ions in the dinuclear [Dy:!]**
unit of 2. Additional crystallographic parameters (Tables S4
and S57) support these results obtained from SHAPE and, in
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Fig. 6 Perspective view along the crystallographic a axis of the homo-
metallic [Dyz([3—al<31)5(H20)4]6+ chains and ClO,~ anions (red and yellow
capped sticks) connected by H-bonding interactions (dashed lines) in 2.

CN

]
©

TCTPR CSAPR

Fig. 7 Schematic of the more common geometries for complexes with
coordination number 8: bicapped trigonal prism [BCTPR] and square
antiprism [SAPR] (top), and those for complexes with coordination
number 9: tricapped trigonal prism [TCTPR] and capped square anti-
prism [CSAPR] (bottom).

the case of 1, they allow us to assign the C,, and D,q sym-
metries to the Dy(1) and Dy(2) ions, respectively. In 2, both
Dy™ ions [Dy(1) and Dy(2)] exhibit C,, symmetry (Tables S4
and S5t). It seems that the diverse synthetic processes would
lead to the difference in the coordination environment of the
metal ions of 1 and 2.

Magnetic properties

Dc magnetic susceptibility. Dc magnetic susceptibility
measurements were carried out on freshly prepared microcrys-
talline samples of compounds 1 and 2 in the 2-300 K tempera-
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ture range and under an external magnetic field of 0.5 T.
Powder XRD results previously confirmed the purity and hom-
ogeneity of these bulk samples (Fig. S51). To keep the samples
both immobilized and well isolated from the moisture of the
air at all moments, the organic compound eicosene was used.

Given that both compounds are structurally formed by
dinuclear Dy™ subunits (see the Structure description
section), we have considered this fact in order to study their
magnetic properties.

The ymT versus T plots (ym being the molar magnetic sus-
ceptibility per two Dy™ ions) for 1 and 2 are given in Fig. 8
and 9, respectively. For compound 1, the y\T value at room
temperature is ca. 27.8 cm® mol™" K, which is somewhat lower
than that expected for two magnetically uncoupled Dy™
ions (28.3 ecm® mol ™" K, with °H;5/, ground state, J = 15/2 and
g = 4/3). Upon cooling, the yT value remains approximately
constant at ca. 90 K, and then it decreases gradually with
decreasing temperature, more abruptly at ca. 20 K, reaching a

X
©
£
-
£
)
~
NE 15 4
—-3K
——4K
10 —-5K
——6K
——8K
54
3 4 5

HIT
T T T 1

T
0 50 100 150 200 250 300
T/K

Fig. 8 Thermal variation of the yuT product obtained for 1. The inset
shows details of the field dependence of the molar magnetisation (M)
plots at several temperatures (2—8 K) for 1. The solid lines are a guide for
the eye.

IaT! cm® mol™ K

2 3 4 5
uHIT
T

0 - T T T T 1
0 50 100 150 200 250 300
T/K

Fig. 9 Thermal variation of the yuT product obtained for 2. The inset
shows details of the field dependence of the molar magnetisation (M)
plots at several temperatures (2—8 K) for 2. The solid lines are a guide for
the eye.
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minimum value of ca. 17.4 cm® mol ™" K at 2 K. For compound
2, the y\T value at 300 K is ca. 28.1 cm® mol™" K, which is very
close to that expected for two magnetically uncoupled Dy"
ions. The y\T value decreases very slowly to ca. 50 K upon
cooling and decreases faster with decreasing temperature to
reach a minimum value of 23.0 cm® mol™ K at ca. 7 K, and
then it increases to reach a maximum value of 30.0 cm® mol ™
K at 2 K. These features are suggestive of the occurrence of a
dominant ferromagnetic exchange between Dy™ ions at low
temperatures in 2, whereas the decrease observed for the yyT
value in 1 would be due to antiferromagnetic interactions and/
or the thermal depopulation of the Stark sublevels of +M;
states of the ®H, 5/, term, as previously reported.>*° It is more
likely that the low y\7 value at 300 K is due to the high orbital
contribution to the magnetic moment that the Dy™ ions
exhibit. The difference between the experimental values of yy 7T
at room temperature could be due to the different magnetic
exchanges in 1 and 2. In any case, these values are consistent
with those reported from other research
groups.”?~3¢

The field dependence of the molar magnetisation (M) plots
for both compounds are given in the insets of Fig. 8 and 9.
These M versus H plots show substantial differences between
them, thus evidencing a different magnetic behaviour for 1
and 2 (see insets in Fig. 8 and 9, respectively). While a continu-
ous increase of M with the applied magnetic field is observed
for 1 (with a maximum value of ca. 10.543), compound 2 exhi-
bits a faster increase at a low field of the M value reaching a
higher maximum value (ca. 11.5u3), as previously observed for
two ferromagnetically coupled Dy™ spins.*® In any case, these
experimental values for 1 and 2 are lower than that expected
theoretically to reach the saturation of the two Dy™ ions (ca.
20.043), which is most likely because of a combination of mag-
netic anisotropy and crystal-field effects that modify the degen-
eracy of the ®Hy;, ground state.>’

These features observed in both y\T vs. T and M vs. H plots
would suggest the occurrence of antiferromagnetic and ferro-
magnetic exchanges in the compounds 1 and 2, respectively.

The molecular structures of 1 and 2 are described as cat-
ionic {{Dy']*"},, chains, but these chains present alternating
intrachain Dy---Dy distances, being shorter in the above-
described dinuclear [Dy!']*" units [covering the range of 3.984
(1)-4.237(1) A] and longer among neighbouring dinuclear
[Dy!']*" units [varying in the range of 5.101(1)-5.200(1) Al].
Having this fact in mind, the different magnetic behaviour
observed for these very similar Dy™ complexes could be
explained by comparing the diverse exchange pathways
through the carboxylate bridges, the metal coordination
environments and the Dy---Dy distances in the dinuclear
[Dy]°* units of 1 and 2. While there is just one possible
pathway to transmit the magnetic exchange (Dy-O-C-O-Dy
with a Dy---Dy separation as short as ca. 4.24 A) in the dinuc-
lear [Dy}"]°* unit of 1, two pathways, Dy-O-C-O-Dy and Dy-O-
Dy (with an even shorter intradinuclear Dy---Dy distance of ca.
3.98 A), occur in 2. In any case, besides these diverse values of
the Dy---Dy distances, the relative orientation of the magnetic

previously
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anisotropy axes of the involved Dy™ ions would lead to the
different magnetic behaviour observed in 1 and 2.

The fact that yT reaches a maximum value of ca. 30.0 cm?
mol ™! K at 2.0 K for 2, which has been previously reported for
ferromagnetically coupled dinuclear Dy"" complexes,”*** sup-
ports the consideration that the predominant magnetic behav-
iour in both compounds is that of the dinuclear [Dy']°" unit
rather than that of the whole chain.

Ac magnetic susceptibility. Alternating current (ac) magnetic
susceptibility measurements were performed on freshly pre-
pared microcrystalline samples of 1 and 2 in the temperature
range of 2-7 K and in a 5.0 G ac field oscillating at different
frequencies. No out-of-phase ac signals (y”y) were observed at
Hg. = 0 G, most likely due to the occurrence of Quantum
Tunnelling of Magnetisation (QTM) in both compounds.
Nevertheless, out-of-phase ac signals were observed at low
temperatures in 1 and 2 when an external dc magnetic field
(Hge = 1000 and 2500 G) was applied. These features would
indicate that both compounds show field-induced slow relax-
ation of magnetisation, which is reminiscent of single-mole-
cule magnet (SMM) behaviour.>**°

The y‘v and y"y versus v plots for 1 and 2 are given in
Fig. 10 and 11 (and also in Fig. S6 and S77), which indicate a
quite different relaxation dynamics for both compounds. For
compound 1, no y"y maxima covering the temperature range
of 2-8 K are observable when a dc magnetic field of 2500 G is

B / em® mol™

2] [—e—20K—e—33K — 5K —e—5.8K
—e—23K —o—35K —e—4.8K —e—6.0K
—e—25K —o—38K —e—5.0 K —e—6.3K

17 |—e—28K—e—4.0K —e—6.5K
—e—30K —e—43K — —e—6.8K
0 T
10? 10° 10*
v/ Hz
1.6
144 [——20K ——33K ——45K ——58K
—e—23K —e—35K —e—4.8K ——6.0K
= —e—25K —o—38K —e—5.0K —e—6.3K
= 12 [——28K ——40K ——6.5K
g —e—30K —e—43K —e—55K —e—6.8K
o 1.0
€
o
-

Zn

10° 10° 10

Fig. 10 Frequency dependence of the in-phase (top) and out-of-phase
(bottom) ac magnetic susceptibility signals for compound 1.
Measurements performed at different temperatures and under a dc field
of 1000 G.
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Fig. 11 Frequency dependence of the in-phase (top) and out-of-phase
(bottom) ac magnetic susceptibility signals for compound 2.
Measurements performed at different temperatures and under a dc field
of 1000 G.

applied (Fig. S6T), whereas y"y; maxima are present when an
optimal field of 1000 G is used (Fig. 10). However, the best
experimental data for 2 are obtained by applying an external
dc field of 2500 G (Fig. S7T).

The In (z) versus 1/T curve for 1 shown in Fig. 12 is plotted
with the data of the out-of-phase ac signals obtained at Hy. =
1000 G. It shows experimental data drawing a straight line
(high-temperature region) followed by a curved line (low-temp-
erature region), accounting for the presence of several relax-
ation mechanisms in 1 (Fig. 12).

The high-temperature region data were fitted to the
Arrhenius equation [z = 7, exp(Ues/kpT), where 7, is the pre-
exponential factor, 7 is the relaxation time, U is the barrier to
the relaxation of magnetisation and kg is the Boltzmann con-
stant], by considering that magnetisation relaxation only
involves an Orbach process in this region for 1 (Fig. 12). The
values of Ueg and 7, are 18.5 cm™" (26.6 K) and 1.3 x 107% s,
respectively.

77t =1, exp(—Uest/ksT) + AT + CT" + tqrm " (1)

In order to fit the whole curve, several relaxation mecha-
nisms were considered for 1 at low temperatures. In conse-
quence, the whole In (z) versus 1/T curve was fitted through
eqn (1) in which four mechanisms for the relaxation of magne-
tisation were considered, namely, Orbach [z, exp(—Ue/ksT)],
direct [AT], Raman [CT"] and quantum tunnelling (QTM)."*">
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Fig. 12 In(z) versus 1/T plot for 1, obtained with out-of-phase ac data
at Hyqe = 1000 G, showing the fit to the Arrhenius law (dashed line) and
the fit considering the contribution of Orbach, direct, Raman and QTM
mechanisms (solid line).

The least-squares fit of the experimental data of 1 through
eqn (1) leads to the following set of parameters: Ueg =
31.6 cm™"' (45.4 K), 7,=8.7 x107"° 5, A =252.9 s 'K}, C=22.2
sT'K™, n=5.1and QTM = 6.2 x 10~* s, which are very close to
those previously reported for similar Dy"" complexes.>*°

The In (7) versus 1/T curve for 2 obtained with the out-of-
phase ac data at Hyg. = 1000 G is shown in Fig. S8.1 In this
case, the experimental data drew just a straight line that was
fitted to the Arrhenius equation, affording values of U.y and 7,
of 20.4 em™ (29.4 K) and 4.6 x 1077 s, respectively (Fig. S87).
However, a different magnetic behaviour was reflected in the
In (z) versus 1/T curve for 2 obtained at Hy. = 2500 G (Fig. 13),
where the experimental points do exhibit a curved line. As in
1, these data were fitted through eqn (1), considering four
possible mechanisms for the relaxation of magnetisation
leading to the following parameters: Ueg = 43.7 cm™ " (62.9 K),
7o=7.6%x10"""s A=538.4s' K, C=43s"' K" n=59and
QTM =5.9%x 107" s.

The values of the effective energy barrier (Ueg) obtained for
1 and 2 are the first ones reported for one-dimensional homo-
metallic Dy™ complexes based on amino acids, even though
they are very similar to previously reported 1D SMMs based on
Dy"" metal ions.**

In all these cases, the U value calculated for 2 is higher
than that of 1. These results are consistent with the fact that
the main magnetic exchange coupling between the Dy"™ ions
of the dinuclear [Dy}']°* units is ferromagnetic in 2. Taking
into account the previous works dealing with Dy"™ complexes,
the local symmetry Dyq found in 1 would lead to better SMM
properties. Nevertheless, this fact relies on the relative orien-
tation of the magnetic anisotropy axes of all the spin carriers.
The local symmetries exhibited in these dinuclear Dy™ units
are C,, and D,q in 1 and only C,, in 2, which would make it
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Fig. 13 In(7) versus 1/T plot for 2, obtained with out-of-phase ac data
at Hyqc = 2500 G, showing the fit to the Arrhenius law (dashed line) and
the fit considering the contribution of Orbach, direct, Raman and QTM
mechanisms (solid line).

more feasible to obtain the same orientation in 2 rather
than in 1.%%

The 7, values obtained for both 1 and 2 (ca. ~107°-107"" s)
agree with those in the typical range for single-ion or single-mole-
cule magnets, which also supports our consideration that the
predominant magnetic behaviour in both 1 and 2 would be that
of single-molecule magnets and not of single-chain magnets.

Finally, the n values calculated for 1 and 2 are close to 6,
and hence they fall into the common range of metal ions with
a relaxation involving at least a Raman-like process, as pre-

viously reported.' %7396

Conclusions

In summary, the synthesis, crystal structure and magnetic pro-
perties of two novel one-dimensional Dy™ complexes based on
the a-glycine (gly) and p-alanine (B-ala) amino acids (AAs), with
the formula {[Dy,(gly)s(H,0),](ClO,)s5H,0}, (1) and
{[Dy(p-ala)s(H20)4](ClO4)s-H,O}, (2), have been reported.
Remarkably, 2 is the first reported example of a crystal struc-
ture containing Dy"" and B-alanine, and both compounds are
the first examples of 1D systems based on Dy and AAs that
have been structurally and magnetically characterised.
Different symmetries of the Dy™ ions, namely, C,, and D,q in
1 and C4, in 2, have been found in the study of their coordi-
nation environment.

The investigation of the magnetic properties of 1 and 2
through dc magnetic susceptibility measurements reveals
different magnetic behaviour for both compounds, with 2
showing ferromagnetic behaviour. Ac magnetic susceptibility
measurements show field-induced slow relaxation of magneti-
sation for both 1 and 2, which indicates that the single-mole-
cule magnet (SMM) phenomenon occurs in these novel one-
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dimensional Dy"™ complexes based on AAs. Further work
based on other lanthanide ions and AAs is in progress.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Financial support from the Spanish Ministry of Science,
Innovation and Universities [projects CTQ2016-75068P and
MDM-2015-0538 (Excellence Unit “Marfa de Maeztu”)] is grate-
fully acknowledged. M. O. A. and ]J. M. L. thank the Spanish “FPI
fellowships” and “Ramon y Cajal” Programmes, respectively.

Notes and references

1 M. Mon, R. Bruno, E. Tiburcio, A. Grau-Atienza,
A. Sepulveda-Escribano, E. V. Ramos-Fernandez, A. Fuoco,
E. Esposito, M. Monteleone, J. C. Jansen, ]. Cano,
J. Ferrando-Soria, D. Armentano and E. Pardo, Chem.
Mater., 2019, 31, 5856-5866.

2 S. Wang, M. Wahiduzzaman, L. Davis, A. Tissot,
W. Shepard, J. Marrot, C. Martineau-Corcos, D. Hamdane,
G. Maurin, S. Devautour-Vinot and C. Serre, Nat. Commun.,
2018, 9, 4937.

3 A. C. Kathalikkattil, R. Babu, R. K. Roshan, H. Lee, H. Kim,
J. Tharun, E. Suresh and D.-W. Park, J. Mater. Chem. A,
2015, 3, 22636-22647.

4 S. Begum, Z. Hassan, S. Bridse, C. Woll and M. Tsotsalas,
Acc. Chem. Res., 2019, 52, 1598-1610.

5 D. N. Woodruff, R. E. P. Winpenny and R. A. Layfield,
Chem. Rev., 2013, 113, 5110-5148.

6 S. Gémez-Coca, D. Aravena, R. Morales and E. Ruiz, Coord.
Chem. Rev., 2015, 289-290, 379-392.

7 S.-S. Liu, L. Xu, S.-D. Jiang, Y.-Q. Zhang, Y.-S. Meng,
Z. Wang, B.-W. Wang, W.-X. Zhang, Z. Xi and S. Gao, Inorg.
Chem., 2015, 54, 5162-5168.

8 Y.-C. Chen, J.-L. Liu, L. Ungur, J. Liu, Q.-W. Li, L.-F. Wang,
Z.-P. Ni, L. F. Chibotaru, X.-M. Chen and M.-L. Tong, J. Am.
Chem. Soc., 2016, 138, 2829-2837.

9 J. Liu, Y.-C. Chen, J.-L. Liu, V. Vieru, L. Ungur, J.-H. Jia,
L. F. Chibotaru, Y. Lan, W. Wernsdorfer, S. Gao, X.-M. Chen
and M.-L. Tong, J. Am. Chem. Soc., 2016, 138, 5441-5450.

10 S. G. McAdams, A.-M. Ariciu, A. K. Kostopoulos, J. P. S. Walsh
and F. Tuna, Coord. Chem. Rev., 2017, 346, 216-239.

11 J. Li, S. Gémez-Coca, B. S. Dolinar, L. Yang, F. Yu, M. Kong,
Y.-Q. Zhang, Y. Song and K. R. Dunbar, Inorg. Chem., 2019,
58, 2610-2617.

12 N. Ishikawa, M. Sugita, T. Ishikawa, S.-y. Koshihara and
Y. Kaizu, J. Am. Chem. Soc., 2003, 125, 8694-8695.

13 R. A. Layfield and M. Murugesu, Lanthanides and Actinides
in Molecular Magnetism, Wiley-VCH Verlag GmbH & Co.
KGaA, 2015.

This journal is © The Royal Society of Chemistry 2020



Published on 10 June 2020. Downloaded by Universitat de Valéncia on 4/5/2022 11:19:19 AM.

Dalton Transactions

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

S. Biswas, S. Das, ]J. Acharya, V. Kumar, J. van Leusen,
P. Kogerler, J. M. Herrera, E. Colacio and
V. Chandrasekhar, Chem. - Eur. J., 2017, 23, 5154-5170.

I. Cimatti, X. Yi, R. Sessoli, M. Puget, B. Le Guennic,
J. Jung, T. Guizouarn, A. Magnani, K. Bernot and
M. Mannini, Appl. Surf. Sci., 2018, 432, 7-14.

A. Ullah, J. Cerda, J. J. Baldovi, S. A. Varganov, ]J. Arag6 and
A. Gaita-Arifio, J. Phys. Chem. Lett., 2019, 10, 7678-7683.

C. A. P. Goodwin, F. Ortu, D. Reta, N. F. Chilton and
D. P. Mills, Nature, 2017, 548, 439-442.

F.-S. Guo, B. M. Day, Y.-C. Chen, M.-L. Tong, A. Mansikkamik
and R. A. Layfield, Science, 2018, 362, 1400-1403.

A. B. Canaj, S. Dey, E. Regincds-Marti, C. Wilson, G. Rajaraman
and M. Murrie, Angew. Chem., Int. Ed., 2019, 58, 1-7.

P.-H. Lin, T. J. Burchell, R. Clérac and M. Murugesu, Angew.
Chem., Int. Ed., 2008, 47, 8848-8851.

X. Zhang, S. Liu, V. Vieru, N. Xu, C. Gao, B.-W. Wang,
W. Shi, L. F. Chibotaru, S. Gao, P. Cheng and A. K. Powell,
Chem. - Eur. J., 2018, 24, 6079-6086.

G. Huang, G. Fernandez-Garcia, 1. Badiane, M. Camarra,
S. Freslon, O. Guillou, C. Daiguebonne, F. Totti, O. Cador,
T. Guizouarn, B. Le Guennic and K. Bernot, Chem. — Eur. J.,
2018, 24, 6983-6991.

G.-F. Xu, Q.-L. Wang, P. Gamez, Y. Ma, R. Clérac, J. Tang,
S.-P. Yan, P. Cheng and D.-Z. Liao, Chem. Commun., 2010,
46, 1506-1508.

F. Habib, G. Brunet, V. Vieru, I. Korobkov, L. F. Chibotaru
and M. Murugesu, J. Am. Chem. Soc., 2013, 135(36), 13242-
13245.

L. Zhang, Y.-Q. Zhang, P. Zhang, L. Zhao, M. Guo and
J. Tang, Inorg. Chem., 2017, 56, 7882-7889.

D. Pinkowicz, M. Ren, L.-M. Zheng, S. Sato, M. Hasegawa,
M. Morimoto, M. Irie, B. K. Breedlove, G. Cosquer,
K. Katoh and M. Yamashita, Chem. - Eur. J., 2014, 20,
12502-12513.

P. Kalita, J. Goura, J. M. Herrera-Martinez, E. Colacio and
V. Chandrasekhar, Eur. J. Inorg. Chem., 2019, 212-220.

B. S. Sran, J. Flores-Gonzalez, V. Montigaud, B. Le Guennic,
F. Pointillart, O. Cador and G. Hundal, Dalton Trans., 2019,
48, 3922-3929.

X. Ma, B. Chen, Y.-Q. Zhang, J. Yang, Q. Shi, Y. Ma and
X. Liu, Dalton Trans., 2019, 48, 12622-12631.

S. Biswas, L. Mandal, Y. Shen and M. Yamashita, Dalton
Trans., 2019, 48, 14096-14102.

G. Huang, X. Yi, F. Gendron, B. Le Guennic, T. Guizouarn,
C. Daiguebonne, G. Calvez, Y. Suffren, O. Guillou and
K. Bernot, Dalton Trans., 2019, 48, 16053-16061.

P. Cen, X. Liu, Y.-Q. Zhang, ]. Ferrando-Soria, G. Xie,
S. Chen and E. Pardo, Dalton Trans., 2020, 49, 808-816.

Y.-J. Wang, D.-F. Wu, J. Gou, Y.-Y. Duan, L. Li, H.-H. Chen,
H.-L. Gao and ].-Z. Cui, Dalton Trans., 2020, 49, 2850-2861.
F. Habib and M. Murugesu, Chem. Soc. Rev., 2013, 42,
3278-3288.

C. Y. Chow, H. Bolvin, V. E. Campbell, R. Guillot,
J. W. Kampf, W. Wernsdorfer, F. Gendron, J. Autschbach,
V. L. Pecoraro and T. Mallah, Chem. Sci., 2015, 6, 4148-4159.

This journal is © The Royal Society of Chemistry 2020

36

37

38

39

40

41

42

43

44

45
46

47
48

49

50

51

52

53

54

55

56

57

58

59

60

View Article Online

Paper

J. Xiong, H.-Y. Ding, Y.-S. Meng, C. Gao, X.-J. Zhang,
Z.-S. Meng, Y.-Q. Zhang, W. Shi, B.-W. Wang and S. Gao,
Chem. Sci., 2017, 8, 1288-1294.

F. Luo, Z.-W. Liao, Y.-M. Song, H.-X. Huang, X.-Z. Tian,
G.-M. Sun, Y. Zhu, Z.-Z. Yuan, M.-B. Luo, S.-]. Liu, W.-Y. Xu
and X.-F. Feng, Dalton Trans., 2011, 40, 12651-12655.

F. Luo, Y-M. Song, H.-X. Huang, X.-Z. Tian, G.-M. Sun,
Y. Zhu and X.-F. Feng, Aust. J. Chem., 2012, 65, 1436-1442.
Y. Zhu, F. Luo, Y.-M. Song, H.-X. Huang, G.-M. Sun,
X.-Z. Tian, Z.-Z. Yuan, Z.-W. Liao, M.-B. Luo, S.-J. Liu,
W.-Y. Xu and X.-F. Feng, Dalton Trans., 2012, 41, 6749-
6755.

E. Bartolomé, ]J. Bartolomé, S. Melnic, D. Prodius, S. Shova,
A. Arauzo, J. Luzon, F. Luis and C. Turta, Dalton Trans.,
2013, 42, 10153-10171.

J. Jung, F. Le Natur, O. Cador, F. Pointillart, G. Calvez,
C. Daiguebonne, O. Guillou, T. Guizouarn, B. Le Guennic
and K. Bernot, Chem. Commun., 2014, 50, 13346-13348.
G.-J. Zhou, Y.-S. Ding and Y.-Z. Zheng, Dalton Trans., 2017,
46, 3100-3104.

D. T. Thielemanna, A. T. Wagnera, Y. Lan, C. E. Ansona,
M. T. Gamera, A. K. Powell and P. W. Roesky, Dalton Trans.,
2013, 42, 14794-14800.

B.-Q. Ma, D.-S. Zhang, S. Gao, T.-Z. Jin, C.-H. Yan and
G.-X. Xu, Angew. Chem., Int. Ed., 2000, 39, 3644-3646.

G. A. Bain and J. F. Berry, J. Chem. Educ., 2008, 85, 532-536.
SHELXTL-2013/4, Bruker Analytical X-ray Instruments,
Madison, WI, 2013.

Diamond 4.5.0, Crystal Impact GbR, CRYSTAL IMPACT, 2018.
CrystalMaker 8.5.1, CrystalMaker Software Ltd, Oxford,
England.

J. Legendziewicz, E. Huskowska, A. Waskowska and
G. Argay, Inorg. Chim. Acta, 1984, 92, 151-157.

J. Legendziewicz, E. Huskowska, G. Argay
A. Waskowska, J. Less-Common Met., 1989, 146, 33-47.
J. Martinez-Lillo, N. Dolan and E. K. Brechin, Dalton Trans.,
2013, 42, 12824-12827.

J. Martinez-Lillo, N. Dolan and E. K. Brechin, Dalton Trans.,
2014, 43, 4408-4414.

C. Rojas-Dotti, N. Moliner, F. Lloret and J. Martinez-Lillo,
Crystals, 2019, 9, 23.

X. Zheng, L. Jin, S. Lu and Y. Zheng, Z. Anorg. Allg. Chem.,
2003, 629, 2577-2584.

X.-J. Zheng and L.-P. Jin, J. Mol. Struct., 2003, 655, 7-15.

M. Llunell, D. Casanova, J. Cirera, P. Alemany and
S. Alvarez, SHAPE 2.1, Universitat de Barcelona, Barcelona,
Spain, 2013.

S. Alvarez, P. Alemany, D. Casanova, J. Cirera, M. Llunell
and D. Avnir, Coord. Chem. Rev., 2005, 249, 1693-1708.

A. Ruiz-Martinez, D. Casanova and S. Alvarez, Chem. — Eur.
J., 2008, 14, 1291-1303.

C. Rojas-Dotti, A. Sanchis-Perucho, M. Orts-Arroyo,
N. Moliner, R. Gonzalez, F. Lloret and J. Martinez-Lillo,
Magnetochemistry, 2020, 6, 20.

A. Sanchis-Perucho and ]. Martinez-Lillo, Dalton Trans.,
2019, 48, 13925-13930.

and

167

Dalton Trans., 2020, 49, 9155-9163 | 9163






ARTICLE 9

One-Dimensional Gadolintum
(I11) Complexes Based on Alpha
and Beta-Amino Acids

Exhibiting Field-Induced Slow

Relaxation of Magnetization






A inorganics

Article

One-Dimensional Gadolinium (IIT) Complexes Based on Alpha-
and Beta-Amino Acids Exhibiting Field-Induced Slow
Relaxation of Magnetization

Marta Orts-Arroyo, Adrian Sanchis-Perucho, Nicolas Moliner, Isabel Castro

and José Martinez-Lillo *

check for
updates

Citation: Orts-Arroyo, M.;
Sanchis-Perucho, A.; Moliner, N.;
Castro, I.; Lloret, F.; Martinez-Lillo, J.
One-Dimensional Gadolinium (III)
Complexes Based on Alpha- and
Beta-Amino Acids Exhibiting
Field-Induced Slow Relaxation of
Magnetization. Inorganics 2022, 10, 32.
https://doi.org/10.3390/
inorganics10030032

Academic Editor: Akseli
Mansikkaméaki

Received: 8 February 2022
Accepted: 28 February 2022
Published: 3 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Francesc Lloret

Departament de Quimica Inorganica, Instituto de Ciencia Molecular (ICMol), Universitat de Valencia,
c/Catedratico José Beltran 2, Paterna, 46980 Valéncia, Spain; marta.orts-arroyo@uv.es (M.O.-A.);
adrian.sanchis@uv.es (A.S.-P.); fernando.moliner@uv.es (N.M.); isabel.castro@uv.es (1.C.);
francisco.lloret@uv.es (F.L.)

* Correspondence: f.jose.martinez@uv.es; Tel.: +34-9635-44460

Abstract: Gadolinium (III) complexes exhibiting slow relaxation of magnetization are uncommon
and have been much less studied than other compounds based on anisotropic lanthanide (III)
ions. We prepared two one-dimensional gadolinium (III) complexes based on «-glycine (gly) and
f-alanine (3-ala) amino acids, with the formula {[Gd,(gly)s(H20)41(ClO4)s-5H2O}n (1) and {[Gda (-
ala)g(H20)4](ClO4)6-H,O}n (2), which were magneto-structurally characterized. Compounds 1 and
2 crystallize in the triclinic system (space group Pi). In complex 1, two Gd (III) ions are eight-
coordinate and bound to six oxygen atoms from six gly ligands and two oxygen atoms from two
water molecules, the metal ions showing different geometries (bicapped trigonal prism and square
antiprism). In complex 2, two Gd (III) ions are nine-coordinate and bound to seven oxygen atoms from
six B-ala ligands and two oxygen atoms from two water molecules in the same geometry (capped
square antiprism). Variable-temperature dc magnetic susceptibility measurements performed on
microcrystalline samples of 1 and 2 show similar magnetic behavior for both compounds, with
antiferromagnetic coupling between the Gd (III) ions connected through carboxylate groups. Ac
magnetic susceptibility measurements reveal slow relaxation of magnetization in the presence of
an external dc field in both compounds, hence indicating the occurrence of the field-induced single-
molecule magnet (SMM) phenomenon in both 1 and 2.

Keywords: amino acids; glycine; 3-alanine; gadolinium; metal complexes; crystal structure; magnetic
properties; single-molecule magnet

1. Introduction

Since the discovery of the mononuclear phthalocyanine-based lanthanide (III) com-
plexes, which exhibit the single-molecule magnet (SMM) phenomenon, in 2003 [1,2], many
efforts have focused on the synthesis and development of lanthanide(IlI)-based complexes
in order to study this singular magnetic behavior, which allows SMMs to become promising
candidates for potential applications in high-density data storage, quantum computing,
molecular refrigeration and spintronics investigations [3-8].

Heterometallic 3d—4f mixed systems, radical bridged compounds, mono- and polynu-
clear lanthanide (III) complexes containing highly anisotropic 4f ions, mainly Dy (III) and
to a lesser extent Tb (III), Ho (III) and Er (III), were investigated during the last two decades
in the field of molecular magnetism [9-17]. More recently, mononuclear SMMs, also known
as single-ion magnets (SIMs), based on dysprosium metallocenes were reported displaying
energy barriers of magnetization reversal exceeding the 1500 cm™ value and blocking
temperatures as high as that of the liquid nitrogen (>77 K), which exemplify the current
progress in this research area [181%].
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In comparison with other members of the lanthanides family, the Gd (III) ion has been
largely ignored in this type of study. This metal ion is considered magnetically isotropic
due to the half-occupied 4f electron configuration and the lack of orbital contribution
(S=7/2,L=0) with an 8S; , ground state and a spherical quadrupole moment. Hence, the
number of reported Gd (III) complexes that exhibit slow relaxation of magnetization is quite
scarce [20,21]. Nevertheless, in some cases, Gd (III) cations show a very low or negligible
value of the zero-field splitting (D), which induces the occurrence of ac signals for complexes
of this quasi-isotropic 4f metal ion. In this way, when an external magnetic field is applied,
the degeneracy between energy levels can be removed and the Quantum Tunnelling of
Magnetisation (QTM) can be suppressed, which could result in mixed mechanisms of
spin-lattice, spin-phonon and spin—spin relaxations [20]. This fact makes this type of study
on both new and old Gd(III) systems very appealing.

Herein, we report the synthesis, crystal structure and magnetic properties of two
carboxylate-bridged Gd™ 1D coordination polymers of the formula {[Gd,(gly)s(H20)4]
(ClO4)-5H70}5 (1) and {[Gda(B-ala)(H20)4](ClO4)6-Ho O}y (2) [gly = a-glycine and (3-ala
= (3-alanine]. To the best of our knowledge, no magneto-structural study on homometallic
gadolinium (IIT) complexes based on these amino acids has been reported so far (Scheme 1).

A) B)
O

0
ki JkOH HZN/\)J\OH

Scheme 1. Molecular structure of the amino acids x-glycine (A) and (-alanine (B).

2. Results and Discussion
2.1. Synthetic Procedure

Compounds 1 and 2 are prepared from a mixture of Gd,O3 and glycine (1)/3-alanine
(2). Both mixtures react in an aqueous solution acidulated with perchloric acid. However,
the employed crystallization technique was different. While for preparing 1 the reaction
mixture was heated at 80 °C for 48 h and then cooled at a rate of 4.5 °C/h to room
temperature, the reaction mixture that generates compound 2 was heated at 60 °C for 1h
and the resulting solution was left to evaporate at room temperature for 2 weeks. It is
important to mention that, although no problems were encountered in this work, care
should be taken when using the potentially explosive perchlorate anion (C1O4 ™), which
comes from the perchloric acid.

2.2. Description of the Crystal Structures

Crystal data and structure refinement parameters for 1 and 2 are summarized in
Table 1, where we indicate that both compounds crystallize in the triclinic system with
centrosymmetric space group P1. A recent review of the Cambridge Structural Database
(CSD) revealed that the crystal structures of 1 and 2 were previously deposited with
identifiers UKIKIJ and TEHKUN, respectively. Nevertheless, they were collected at room
temperature and were deposited with refinement and resolution levels lower than the ones
reported in this work [22,23].

The crystal structures of 1 and 2 are better described as cationic dinuclear [GdM, 16+
units which are connected through carboxylate groups from glycine (1) and 3-alanine (2),
forming one-dimensional {[Gd™!;]¢*},, systems, the positive charges being counterbalanced
by means of ClO4 ™ anions. H,O solvent molecules are also present in their crystal structure
(Figure 1).
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Table 1. Summary of the crystal data and structure refinement parameters for 1 and 2.

Compound 1 2
CIF 2149741 2149742
Formula C12H48C16N6045Gd2 C18H52C16N6O41Gd2
Fw/gmol ™! 1523.76 1535.85
Temperature/K 120 (2) 120 (2)
Crystal system Triclinic Triclinic
Space group P1 P1
a/A 11.401 (1) 9.172 (1)
b/A 13.986 (1) 12.733 (1)
c/A 15.506 (1) 21.558 (1)
«/° 96.47 (1) 76.39 (1)
B/° 102.59 (1) 81.26 (1)
v/° 105.99 (1) 82.47 (1)
V/A3 2280.1 (2) 2406.9 (2)
z 2 2
D./gcem™3 2.219 2.119
1 (Mo — Kg)/mm™! 3.370 3.187
F (000) 1504 1520
Goodness-of-fit on F2 1.013 0.989
Ry [I>20(I)]/all data 0.0160/0.0175 0.0274/0.0302
WR, [I > 20()]/all data 0.0417/0.0426 0.0741/0.0760

CIF in Supplementary Materials.

(b)

Figure 1. (a) Detail of the dinuclear [Gdz(gly)é(H20)4]6+ unit in 1; (b) Detail of the dinuclear [Gd,(p-
ala)g(H0)4]°* unit in 2. In both cases, perchlorate anions and non-coordinating water molecules
were omitted for clarity. Thermal ellipsoids are depicted at the 50% probability level.

In complex 1, two Gd™ jons of the dinuclear [Gdz(gly)6(HZO)4]6+ unit are linked
between them through four bridging carboxylate groups of four glycinate ligands (gly).
These two Gd'! ions are separated by a distance of 4.223(1) A. Another two glycinate
ligands connect these two Gd'! ions to adjacent dinuclear units with separations of 5.229
(1) [Gd (1)---Gd (1a); (@) =2 — x,1 — y, 1 — z] and 5.135 (1) A [Gd (2)---Gd (2b); (b) =3 — X,
2 — vy, 2 — z], thus generating a 1D {([GdM1,16+}, chain (Figure 2). Each GdM ion of the
dinuclear [Gdz(gly)6(H20)4]6+ unit is eight-coordinate and bonded to six oxygen atoms
from six glycinate ligands and two oxygen atoms of two water molecules (Figure 1).

173



Inorganics 2022, 10, 32

40f12

Figure 2. View of the one-dimensional motif of the homometallic {[Gd(gly)s(H20)4](ClO4)g-5H20}n
chain in 1. Perchlorate anions and non-coordinating water molecules were omitted for clarity. Colour
code: violet, Gd; red, O; blue, N; grey, C; white, H.

The Gd-O bond lengths exhibit an average value of 2.419 (1) A, which is somewhat
shorter than that of the Gd-Ow bond lengths [2.506 (1) A] [24]. The glycinate ligands are
present in their zwitterionic form with C—C, C—N, and C—O bond lengths, which are in
agreement with those found in the literature for similar lanthanide-based complexes [25,26].

In the packing of 1, the cationic {[Gd™1,]6*}),, chains are intercalated by ClO4~ an-
ions. The shortest interchain Gd---Gd distance is approximately 11.0(1) A. The dinuclear
[Gdz(gly)6(H20)4]6+ units in the chains of 1 are connected through H-bonding interac-
tions, which involve coordinated water molecules [O (Iw)---O (2wa) and O (3w)---O (4wb)
distances of 2.844 (1) and 2.780 (1) A, respectively]. Further H-bonding interactions gen-
erated by protonated —NH, groups of the glycinate ligands and ClO4~ anions link the
{[GdM™,16*}, chains in the structure of 1, as previously reported in the study of other SMMs
structures [27-29].

In complex 2, two Gd™ jons are connected between them through four bridging
carboxylate groups from four -alanine (3-ala) ligands to form the dinuclear [Gdj(j3-
ala)s(Hp0)4]%" unit. The two Gd'! ions are distanced from each other by an average
separation of ca. 4.008 (1) A (Figure 1), (the symmetry codes for the Gd (1)---Gd (1a) and Gd
(2)---Gd (2b) distances being (a) = —x,1 —y, —zand (b) =1 — x, — y, 1 — z, respectively).
Additional (3-ala ligands link adjacent dinuclear units with separations of 5.196 (1) [Gd
(1)---Gd (1c); (¢)=1 —x,1 —y, —z] and 5.203 (1) A[Gd (2)---Gd (2d); (d) =2 — x, — y, 1 —z],
generating a cationic 1D coordination polymer that grows along the crystallographic a-axis
(Figure 3).

Figure 3. View of the one-dimensional motif of the homometallic {[Gdy(p-
ala)(H20)4](ClO4)6-HyO)}n chain in 2. Perchlorate anions and non-coordinating water molecules
were omitted for clarity. Colour code: violet, Gd; red, O; blue, N; grey, C; white, H.

Each Gd'"! ion in 2 is nine-coordinate and bonded to seven oxygen atoms from six car-
boxylate groups of 3-alg figands and two oxygen atoms of two water molecules (Figure 1).
The average value of the Gd-O bond lengths [2.388 (1) A] is shorter than that of the Gd-Ow
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bond lengths [2.522 (1) A]. The p-ala ligands are coordinated in 2 as zwitterionic molecules
and the values of the C—C, C—N, and C—O bond lengths agree with those found in the
literature for similar complexes based on other lanthanide (III) ions [26,30].

In the packing of 2, the cationic {[Gd™,]6*},, chains and ClO4~ anions are arranged in
an alternate way. They are linked through intermolecular H-bonding interactions involving
non-coordinated water molecules and protonated —NH, groups of (3-ala ligands. The
shortest interchain Gd---Gd distance in 2 is approximately 11.0 A, which is for the Gd
(2)---Gd (1c) separation. The supramolecular structure of 2 is generated through additional
H-bonding interactions.

2.3. Analysis of the Polyhedral Structures

The coordination environment and geometry of the Gd'! ions in 1 and 2 were further
analyzed through the SHAPE program [31-33]. In 1, the two Gd™ ions show a coordination
number equal to eight (Figure 1). The lower computed value for Gd (1) was 0.732, which
was associated with a bicapped trigonal prism (BCTPR) geometry (Table 2). For Gd (2),
however, a value of 0.915 was assigned to a square antiprism (SAPR) geometry (Figure 4
and Table 2). These features would suggest different geometries for the metal centers Gd
(1) and Gd (2) in compound 1 (Figure 4).

Table 2. Selected values for possible geometries with coordination number (CN) equal to 8 obtained
through the SHAPE program and from structural parameters of complex 1 2.

Metal Ion HBPY CU SAPR TDD JGBF JETBPY BTPR JSD TT
Gd(1) 17.116 11.317 1.254 1.763 13.137 27.406 0.732 3.440 11.813
Gd(2) 13.944 9.336 0.915 2.077 12.464 28.179 1.167 3.889 9.984

2 HBPY: Hexagonal bipyramid (D¢} ); CU: Cube (Oh); SAPR: Square antiprism (D,q); TDD: Triangular dodecahe-
dron (Dyq); JGBE: Johnson gyrobifastigum (D,q); JETBPY: Johnson elongated triangular bipyramid (Dj3},); BTPR:
Biaugmented trigonal prism (Cpy); JSD: Snub diphenoid (D,g); TT: Triakis tetrahedron (Td).

Figure 4. Polyhedral view of the coordination sphere around the gadolinium (III) ions of the dinuclear
[GA™,]* unit in complex 1 [Gd (1), (left); Gd (2) (right)].

Unlike 1, the two Gd™ ions of the dinuclear [Gd™,]%* unit in compound 2 exhibit a
coordination number equal to nine (Figure 1). The lower SHAPE values computed for these
two Gd™ jons were 1.117 and 1.208 for Gd (1) and Gd (2), respectively (Table 3). These
calculated values were assigned to a capped square antiprism (CSAPR) geometry (Figure 5),
hence indicating the same geometry for the Gd™ jons in the dinuclear [Gd™,]°* unit of 2.

Table 3. Selected values for possible geometries with coordination number (CN) equal to 9 obtained
through the SHAPE program and from structural parameters of complex 2 2.

Metal Ion HPY JTC JCCU CSAPR JTCTPR TCTPR JTDIC HH MFF
Gd(1) 19.213 15.400 10.340 1.117 2.255 1.543 12.866 10.100 1.368
Gd(2) 18.545 14.843 10.477 1.208 2.134 1.561 13.375 9.502 1.489

2 HPY: Heptagonal bipyramid (D7},); JTC: Johnson triangular cupola (Ca,); JCCU: Capped cube (Cyy); CSAPR:
Spherical capped square antiprism (Cay, ) JJTETPR: Tricapped trigonal prism (Dsy,); TCTPR: Spherical tricapped
trigonal prism (D3, ); JTDIC: Tridiminished icosahedron (Csy); HH: Hula-hoop (Cay); MFF: Muffin (Cs).
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Figure 5. Polyhedral view of the coordination sphere around the gadolinium (III) ions of the dinuclear
[GA™,]6* unit in complex 2 [Gd (1), (left); Gd (2) (right)].

As shown in Tables 2 and 3, these computed values for 1 allow us to assign the Cy, and
D,q symmetries to the Gd (1) and Gd (2) ions, respectively, whereas both Gd" ions (Gd (1)
and Gd (2)) exhibit C4, symmetry in 2. In any case, they would be approximate symmetries.

2.4. Magnetic Properties

Dc magnetic susceptibility measurements were carried out on microcrystalline samples
of 1 and 2 in the 2-300 K temperature range and under an external magnetic field of 0.5 T.
In order to keep the samples both immobilized and well isolated from the moisture of
the air at all moments, the organic compound eicosene was used. The x\T versus T plots
(xm being the molar magnetic susceptibility per two Gd'' ions) for compounds 1 and
2 are given in Figure 6. At room temperature, the x\T values are ca. 15.7 (1) and ca.
15.9 cm®mol ~'K (2), which are very close to that expected for two magnetically uncoupled
Gd" ions (4f” ion with ggq = 2.0, Sgq = 7/2 and Lgq = 0) [34]. Upon cooling, the x\ T values
approximately follow the Curie law with decreasing temperature to ca. 20 K, before they
decrease reaching minimum values of approximately 13.4 (1) and 14.0 cm®mol ~'K (2) at 2 K.
The decrease in the xpT value observed for both compounds would likely be assignable to
antiferromagnetic interactions and/or small zero-field splitting (ZFS) effects [20,21].

The field dependence of the molar magnetization (M) plots for 1 and 2 are given in the
respective insets of Figure 6. The M values display a continuous increase with the applied
magnetic field at 2 K. The higher M value is ca. 14.0 ug for both compounds, which is in
agreement with those of similar Gd'' compounds containing dinuclear units [35,36].

20 - 20 -
X 4
5 154 T 154 r
° g ]
E £
-
- £
Q Q
= 10 = = 10 =
~ i ~ z
o5 s N s
54 54
o 1 2 3 4 5 1
wHIT
0 - v T T T T v 0+ T T T T T 1
0 50 100 150 200 250 300 0 50 100 150 200 250 300
TIK TIK

Figure 6. Thermal variation of the x\T product for complexes 1 (left) and 2 (right). The solid red
line represents the theoretical fit of the experimental data and the inset shows the M versus H plot at
20K

Taking into account fige crystal structures described for 1 and 2, which are made up of
linked dinuclear Gd™ units, we considered them as magnetically isolated dinuclear Gd™
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systems. Thus, we performed the treatment of the experimental data of the xT versus T
plots through the isotropic Hamiltonian of Equation (1):

H=—]5-5, + uggHS @

The best least-squares fit gave the parameters | = —0.042 (1) cm~! and g = 2.003(1)
with R=4.7 x 1075 for 1, and ] = —0.030 (3) cm ! and g = 2.002 (1) with R =5.2 x 1075
for 2 {R being the agreement factor defined as il oemD)i%P — (xmD)i412 /[ (epmT)i 0512}
As shown in Figure 6, the calculated curves (solid red lines) reproduce the experimental
magnetic data in the whole temperature range quite well. The sign and magnitude of the |
values indicate the presence of weak antiferromagnetic exchanges between the Gd'! ions
connected through carboxylate bridges of the x-glycine and (3-alanine amino acids in 1
and 2, respectively. As far as we know, these ] values are the first ones reported for Gd'!
complexes based on these two amino acids. Nevertheless, they are in agreement with those
previously reported for Gd'!' systems linked through similar carboxylate bridges [36].

Ac magnetic susceptibility measurements were performed on 1 and 2 in the tem-
perature range of 2-25 K and in a 5.0 G ac field oscillating at different frequencies. No
out-of-phase ac signals (x ") were observed at Hg. = 0 G, which may be caused by a very
fast Quantum Tunnelling of Magnetization (QTM) in 1 and 2. Nevertheless, out-of-phase ac
signals were observed in both compounds when an external dc magnetic field (the optimal
field being Hy. = 2500 G) was applied. This applied dc magnetic field suppresses QTM
and breaks the Kramer’s doublet, leading to the observed slow relaxation [17,20,21]. In
this way, both compounds show field-induced slow relaxation of magnetization, which
is indicative of single-molecule magnet (SMM) behavior [4,7]. This magnetic relaxation
observed for 1 and 2 was studied through both in-phase (xn1”) and out-of-phase (xam”) ac
susceptibilities versus frequency (v/Hz) plots, which are given in Figures 7 and 8, respec-
tively. The experimental data of the maxima in 2 display higher intensity than those of 1,
even though similar relaxation dynamics could be a priori expected for both compounds.

2.5 3.0+

-1
Xl cm® mol

! cm® mol”

——5K —8—9K —— 7K —8—21K

——GK —B—10K —=— 14} 22K :+:§—l—$nKK . . ! +17K+§;£
—— 7K —8—11K - —— 23 K
—m—0K —m— 12K —E—16K —S—20K —=—24K = = e o
0.0 = r 1 0.0 . .
10 10 10 102 10° 10*
viHz vl Hz

Figure 7. Frequency dependence of the in-phase ac susceptibility signals under a dc field of 2500 G
for 1 (left) and 2 (right).

The insets in Figure 8 show the In(t) versus 1/T curves for 1 and 2. In both compounds,
the experimental data draw a straight line along the ranges of ca. 0.03-0.15 (1) and ca.
0.04-0.07 K~ (2) of the high-temperature region of 1 and 2, which connect with other
straight-line behavior in the ranges of ca. 0.20-0.47 (1) and ca. 0.09-0.44 K~1 (2) of the
low-temperature region. In order to fit the experimental data of the In (T) versus 1/T plots,
several relaxation mechanisms were considered for both compounds [7,9]. Nevertheless,
the whole In(t) versus 1/T curves were reasonably fitted through two mechanisms for the

177
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relaxation of magnetization, namely, Orbach [to7 ! exp (—Ueg/kpgT)] and Raman [CT™],
according to Equation (2):

7 =15t exp (—Ueg/kpT) + CT" 2)

The least-squares fit of the experimental data of 1 and 2 through Equation (2) leads to
the following set of parameters: Ugg =26.3 (2) em 1, 1,=31(2) x107%s,C=168 (5) s 1K™
andn=15(2) for1,and Uy =78 (2) cm ™!, 70 =2.6 (1) x 107°5,C=2.6 (2) s 'K™, and
n = 3.1 (2) for 2. Although these values are the first ones reported for one-dimensional
homometallic G complexes based on these amino acids, they are close to those previ-
ously reported for similar Gd'' complexes [12,13]. The values of the effective energy barrier
(Uegr) obtained for 1 and 2 are lower than those reported for the derivatives complexes
containing DyHI ion [26]. Nevertheless, the Uy values reported for 1 and 2 should be
carefully considered as they could not correspond to any excited Gd' states and therefore
would not be real effective energy barrier values [13,21].

3 -1
X" 1cm” mol

Figure 8. Frequency dependence of the out-of-phase ac susceptibility signals under a dc field of
2500 G for 1 (left) and 2 (right). The inset shows the In (1) versus 1/T plot with the fit considering
the contribution of two mechanisms (Orbach + Raman).

The local symmetries displayed in the dinuclear Gd"! units are Cp, and Dyq in 1
and Cyy in 2. According to previous lanthanide (III) complexes studies, a priori, the local
symmetry Dyq found in 1 would lead to better SMM properties [5-7], as observed for its
Uegs value when compared with that of 2, but this fact relies at last on the relative orientation
of the magnetic anisotropy axes of all the spin carriers [26].

The T, values obtained for 1and 2, being approximately 10-°~107° s, are in agreement
with those previously reported for single-ion and single-molecule magnets [13,17], which
supports our consideration that the predominant magnetic behavior in both compounds
would be that of dinuclear single-molecule magnets, rather than a single-chain magnet.

Finally, according to our results, the relaxation pathway for 1 and 2 should be a
combination of different processes, namely, Orbach (at a higher temperature) and Raman
(at a lower temperature), both of them involving two phonons. The reported n value for 1
(n =~ 2) would indicate the presence at least of a phonon bottleneck effect, whereas the n
value for 3 (n ~ 3) would indicate the contribution of a Raman mechanism, as previously
reported [37]. These n values suggest that only a direct process would not be operative in
the relaxation dynamics of 1 and 2. In any case, further detailed magnetic and theoretical
studies performed on different Gd'"' complexes will be necessary to correctly understand
the relaxation dynamics of Gd'"' SMMs.
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3. Experimental Section
3.1. Preparation of the Complexes
3.1.1. Synthesis of {[Gd2(gly)s(H20)4](ClO4)6-5H20}n (1)

A solvothermal reaction of Gd, O3 (0.072 g, 0.20 mmol) and glycine (0.030 g, 0.40 mmol)
was performed in an aqueous suspension (2 mL) acidulated with perchloric acid (1.0 mL,
2 M) at 80 °C for 48 h, followed by a cooling process at 4.5 °C/h to room temperature.
Colourless parallelepipeds were obtained and were suitable for single-crystal X-ray diffrac-
tion studies. Yield: ca. 60%. Anal. Calcd. for C1p,HygNgO45ClgGd, (1): C, 9.5; H, 3.2, N, 5.5.
Found: C,9.9; H, 3.0; N, 5.3. SEM-EDAX: a molar ratio of 1:3 for Gd/Cl was found for 1. IR
(KBr pellet): peaks associated mainly to the glycine ligand and also to the perchlorate anion
are observed at 3407 (s), 3080(m), 3006 (m), 2781 (w), 2708 (w), 1628 (vs), 1609 (vs), 1570 (m),
1499 (m), 1466 (m), 1413 (m), 1335 (m), 1144 (vs), 1109 (vs), 1088 (s), 905 (m), 626 (s), 536 (w),
507 (w) cm ™ L.

3.1.2. Synthesis of {{Gda(B-ala)s(H,0)4](C1O4)s-HyO)}n (2)

A mixture of Gd;O3 (0.090 g, 0.25 mmol) and (-alanine (0.022 g, 0.25 mmol) in an
aqueous suspension (5 mL) acidulated with perchloric acid (1.0 mL, 2 M) was stirred and
heated at 60 °C for 1h. The resulting solution was left to evaporate at room temperature for
2 weeks. Colourless needles were obtained, which were suitable for single-crystal X-ray
diffraction. Yield: ca. 55%. Anal. Calcd for CigHs,NgO41CleGd, (2): C,14.1; H, 3.4; N, 5.5.
Found: C, 14.0; H, 3.3; N, 5.6. SEM-EDAX: a molar ratio of 1:3 for Gd/Cl was found for 2.
IR (KBr pellet): peaks associated to (3-alanine ligand and perchlorate anion are observed at
3396 (s), 1622 (s), 1578 (s), 1460 (s), 1406 (m), 1336 (m), 1312 (w), 1264 (w), 1144 (vs), 1116
(vs), 1090 (s), 958 (m), 941 (w), 641 (m), 627 (s), 590 (w), 520 (w) cm~ 1.

3.2. X-ray Data Collection and Structure Refinement

X-ray diffraction data collection on single crystals of dimensions 0.18 x 0.11 x 0.09
(1) and 0.18 x 0.09 x 0.06 mm?3 (2) were collected on a Bruker D8 Venture diffractometer
with PHOTON II detector and by using monochromatised Mo-K, radiation (A = 0.71073
A). Crystal parameters and refinement results for 1 and 2 are summarized in Table 1.
The structures were solved by standard direct methods and subsequently completed by
Fourier recycling using the SHELXTL [38] software packages and refined by the full-matrix
least-squares refinements based on F? with all observed reflections. The final graphical
manipulations were performed with the DIAMOND [39] and CRYSTALMAKER [40]
programs. CCDC 2,149,741 and 2,149,742 for 1 and 2, respectively.

3.3. Physical Measurements

Elemental analyses (C, H, N) were performed in an Elemental Analyzer CE Instrument
CHNS1100 and the molar ratio between heavier elements was found by means of a Philips
XL-30 scanning electron microscope (SEM-EDAX), equipped with a system of X-ray micro-
analysis, in the Central Service for the Support to Experimental Research (SCSIE) at the
University of Valencia. Infrared spectra (IR) of 1 and 2 were recorded with a PerkinElmer
Spectrum 65 FT-IR spectrometer in the 4000400 cm~! range. Variable-temperature, solid-
state (dc and ac) magnetic susceptibility data were collected on Quantum Design MPMS-XL
SQUID and Physical Property Measurement System (PPMS) magnetometers. Experimental
magnetic data were corrected for the diamagnetic contributions of both the sample holder
and the eicosene. The diamagnetic contribution of the involved atoms was corrected by
using Pascal’s constants [41].

4. Conclusions

In summary, the synthesis, crystal structure and magnetic properties of two one-dimensional
Gd™ complexes based on the a-glycine (gly) and B-alanine ((3-ala) amino acids, with the
formula {[Gda(gly)e(H20)4)(C1O4)g: 535120} (1) and {[Gd;(B-ala)e(H20)41(ClO4)s- H2Oln (2),
were reported. Their structures are described as cationic dinuclear [GAM,]6* units which
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are connected through carboxylate groups from glycine (1) and -alanine (2), forming
one-dimensional {[Gd™,]0*}, systems. Different symmetries of the Gd™ jons, namely, Cy,
and Dyq in 1 and Cy4y in 2, were found in the study of their coordination environment.

The investigation of the magnetic properties of 1 and 2 through dc magnetic suscepti-
bility measurements reveals a similar magnetic behavior, with both compounds exhibiting
weak antiferromagnetic exchange couplings between Gd'"! ions. In addition, ac magnetic
susceptibility measurements show field-induced slow relaxation of magnetization for both
1 and 2, which indicates that the single-molecule magnet (SMM) phenomenon takes place
in these novel one-dimensional Gd'"' complexes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics10030032/s1, CIF files 2149741 (1) and 2149742 (2).
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The coexistence of field-induced slow magnetic relaxation and
moderately large magnetocaloric efficiency in the supra-Kelvin
temperature region occurs in the 2D compound [Gd}'
(ox)3(H20)6l,,-4nH,0O (1), a feature that can be exploited in the
proof-of-concept design of a new class of slow-relaxing magnetic
materials for cryogenic magnetic refrigeration.

Lanthanide(m) metal-organic frameworks (MOFs) have
attracted much attention in the last decade because of their
potential technological applications in Quantum Information
Processing (QIP) and Cryogenic Magnetic Refrigeration
(CMR)."® The high spin ground state and almost-negligible
magnetic anisotropy of Gd"" ions, combined with an extremely
low magnetic ordering temperature due to the weak exchange
magnetic interactions, make gadolinium(m)-based MOFs of
varying dimensionalities very good candidates as magnetic
molecular coolers for CMR.”'® Among them, a rare class of
Gd"™ MOFs with field-induced slow magnetic relaxation (SMR),
typical of mononuclear gadolinium(m) single-ion magnets
(SIMs),"”"*® referred to as Gd"™" SIM-MOFs, are ideally suited for
CMR investigations due to their well-known magnetocaloric
(MCE) and spin-lattice relaxation (SLR) effects.'®*° Hence,
large changes in the isothermal magnetic entropy (AS,,) and
adiabatic temperature (AT,4) are expected to occur when
switching off the applied magnetic field in the neighborhood
of the magnetization blocking temperature. In terms of not
only chemical stability and tunability but also addressing scal-
ability, Gd"™ SIM-MOFs are superior to their Gd™ SIMs ana-
logues, which have been recently investigated both as proto-
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types of quantum bits (qubits) for QIP and ultra-low tempera-
ture (sub-Kelvin) molecular coolers for CMR.**

We are particularly interested in the well-known family of
2D and 3D Ln MOFs prepared by using the simplest dicar-
boxylic acid, oxalic acid, as a lightweight organic bridging
ligand for the design and synthesis of cryogenic magnetic
coolers (Table S1, ESIt). Herein, we report our first results
along this line concerning the synthesis, structural characteriz-
ation, and magnetic and magnetothermal properties of a gado-
linium(m) sesquioxalate decahydrate of formula [Gd}"
(0x)3(H0)6],-4nH,0 (1). Compound 1 is a rare example of 2D
Gd™ SIM-MOFs displaying SMR and MCE at the same time,
being proposed as a new class of low-temperature (supra-
Kelvin) slow-relaxing magnetic refrigerant material.

Colorless plates of 1 suitable for single-crystal X-ray diffrac-
tion (XRD) have been obtained in a pure form and good yield
(ca. 70%) by slow diffusion of aqueous solutions of oxalic acid
(Hyox) and GdCl;-6H,O (3:2 molar ratio) into an H-shaped
tube after several weeks at 50 °C (see the Experimental section
and Table S2, ESIt). The crystal structure of 1 is made up of
neutral oxalato-bridged gadolinium(u) layers of honeycomb
type with a hexagonal net topology (6>-hcb), together with both
coordinated and disordered hydrogen-bonded crystallization
water (Fig. 1 and Fig. S1-S3, ESI}), as reported earlier for [Gd}!
(0X)3(H,0)g]n-2.5nH,0 (1').%*

The crystallographically independent gadolinium atom of 1
has a nine-coordinate environment formed by six oxygen
atoms from three bis-bidentate oxalato bridging ligands
(n-oxalato-x>0,0":x*0',0"") plus three oxygen atoms from the
three coordinated water molecules (Fig. S1t). The spherical-
type distorted metal coordination polyhedron is an intermedi-
ate between a tricapped trigonal prism (TCTPR) and a mono-
capped square antiprism (CSAPR), as supported by the con-
tinuous shape measures (CShM = 0.714 and 0.790, respect-
ively).>® Interestingly, the asymmetric propeller-like tris
(chelate) mononuclear units are chiral, as reported earlier for
1> so that the two helical enantiomers, (M)- and (P)-
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Fig. 1 Projection views of the neutral oxalato-bridged gadolinium(in)
hexagonal layer and the crystal packing of adjacent layers of 1 along the
crystallographic b (top) and a axes (bottom). The two centrosymmetri-
cally related mononuclear units of opposite chiralities are shown as dark
and light purple spheres (top), while the adjacent layers are shown in
different colors for clarity (bottom). Hydrogen bonds between the co-
ordinated water molecules and the oxalato bridges are shown as dashed
lines.

[Gd™(0x);/,(H,0);], are present in their crystal structures
giving rise to achiral p-oxalato-x*0,0":xk0",0""-gadolinium (i)
layers growing in the ac plane (Fig. 1, top).

In the crystal lattice of 1, the adjacent oxalato-bridged gado-
linium(m) hexagonal layers are stacked along the crystallo-
graphic b axis (Fig. 1, bottom). However, they are not eclipsed
but displaced by half a unit cell along the crystallographic ¢
axis giving rise to an -ABA- sequence (Fig. S3,1 left). Overall,
this interlayer packing leads to small hexagonal pores along
the [011] direction, in which the hydrogen-bonded, co-
ordinated and free water molecules are placed (Fig. S3,T right).

The intralayer voids within the hexagonal rings are occu-
pied by free water molecules that are hydrogen-bonded to each
other [Ow---Ow = 2.85 A] or to the oxalato bridging groups
[Ow---O = 3.01 A] (Fig. S2,t top). The interlayer space is occu-
pied by additional free water molecules that establish moder-
ate hydrogen bonds with the oxalato bridges (Ow---O =
2.75-2.76 A) and with both the intralayer crystallized (Ow---Ow
= 2.67-2.80 A) and coordinated water molecules (Ow:--Ow =
2.68-2.85 A) (Fig. S2, bottom). In addition, moderate to weak
hydrogen bonds are formed among the coordinated water
molecules and the oxalato bridging groups from adjacent
layers [Ow---O = 2.68-3.03 A], thereby leading to a dense
packed, hydrogen-bonded multilayer structure (Fig. 1, bottom).
Hence, the shortest interlayer metal separation through the
hydrogen-bonded coordinated water molecules (Gd---Gd =
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6.127 A) is even shorter than the intralayer metal distances
across the oxalato bridges (Gd---Gd = 6.306-6.457 A).

The static magnetic properties of 1 were measured on
frozen matrix water suspensions to prevent partial water loss
(see the Experimental section). The y\T vs. T plot shows very
small deviations from the Curie law behaviour in the tempera-
ture range 2.0-300 K (Fig. S4, ESIT). The small decay of y\T at
low temperatures is likely due to the very weak intralayer anti-
ferromagnetic interactions between the Gd™ ions across the
oxalato bridge, as reported earlier for 1'.>> The least-squares fit
of the magnetic susceptibility data of 1 through an empirical
law (x/S(S + 1) vs. T/JS(S + 1) with S = 7/2) obtained from a
Monte Carlo simulation on a 2D honeycomb network using a
classical spin approach gave g = 2.0040(7) and J = -0.0205(5)
em™, where g is the isotropic Landé factor of the Gd™ ion and
J is the magnetic coupling parameter (Fig. S4,f inset).”* The
calculated —J value for 1 is very small but non-negligible, being
four-fold higher than that previously reported for 1’ [-] =
0.0050(2) K].>*> This scenario agrees with the isothermal mag-
netisation at 2 K that slightly deviates from the Brillouin func-
tion for the sum of two isolated octets (S = 7/2) reflecting a
very weak intralayer antiferromagnetic interaction between the
Gd™ ions (Fig. S5, ESIT). The M vs. H/T plots in the tempera-
ture range of T' = 2.0-20 K show superimposable curves, indi-
cating a negligible anisotropy of the Gd™ ions (Fig. S5,T inset).

When measuring the dynamic magnetic properties of 1 at a
fixed frequency of v = 1000 Hz under different applied dc mag-
netic fields (H = 0, 0.1 and 0.25 T), a field-induced SMR behav-
iour was observed (Fig. S6, ESIf). When no bias field is
applied, neither y’,y maximum nor "y signal were observed.
However, when a relatively small dc magnetic field is applied
(H = 0.1 T), a shoulder appears in the high-temperature tail of
the y'u vs. T plot (Fig. S6,t left), while the y"y vs. T plot shows
a distinct maximum at T, = 5.0 K for v = 1000 Hz (Fig. S6,}
right). Moreover, upon increasing the magnitude of the dc
magnetic field (H = 0.25 T), a distinct y, maximum is
observed (Fig. S6,T left), while the y”y; maximum increases in
intensity and shifts towards higher temperatures, up to Tax =
8.0 K for v = 1000 Hz (Fig. S6,T right).

A magnetic field of H = 0.25 T was then selected to scan the
¥'m and y"u vs. temperature response for 1 in the frequency
range of v = 40-10 000 Hz (Fig. 2). Under these conditions, a
single maximum appears in the y"y; vs. T plot, whose intensity
decreases continuously upon increasing the frequency of the
oscillating ac field of +5 Oe and progressively shifts toward
higher blocking temperatures, from Ty,.x = 4.0 up to 12.0 K
(Fig. 2, bottom).

The values of the magnetic relaxation time (7) for 1 at H =
0.25 T can be calculated from the joint analysis of the y'y; and
x"m vs. frequency plots through the generalised Debye model
(Fig. S7, ESIY), which considers the adiabatic (ys) and iso-
thermal (yr) magnetic susceptibilities, as well as the exponen-
tial factor (a), as additional fitting parameters. The corres-
ponding Argand plots at H = 0.25 T in the temperature range
2.5-11.0 K can be perfectly simulated with the calculated
values of «, ys and yr parameters obtained from the general-

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Temperature dependence of y'v (top) and y“m (bottom) for 1 at
an oscillating magnetic field of +5 Oe in the frequency range v =
40-10 000 Hz (blue to red) and H = 0.25 T. The solid lines are only eye-
guides. The inset shows the Arrhenius plot in the temperature range
2.5-11 K. The solid line is the best-fit curve (see text).

ised Debye model fitting (Fig. S8, ESIT). This fact suggests a
single relaxation path in contrast to the double magnetic relax-
ation process earlier reported for the related dysprosium(i)
oxalate decahydrate analogue of formula [Dyl"(0x);(H,0)e],
4nH,0.*® The calculated relatively low values of the a para-
meter (@ = 0.075-0.195) support a narrow distribution of 7 in
the single magnetic relaxation process.

The calculated 7 values for 1 at H = 0.25 T are represented
in the form of the In(z) vs. 1/T (so-called Arrhenius) plot (in
agreement with was done the ordinate scale in the inset of
Fig. 2 bottom). The experimental data deviate from the linear
Arrhenius law characteristic of a single thermally activated
magnetic relaxation process. Instead, they begin to saturate at
low temperatures indicating the presence of a temperature-
independent magnetic relaxation. The fitting of the Arrhenius
plot between 2.5 and 11.0 K is in good agreement with the fol-
lowing equation:

771 = T]K71 + CTH7 (1)

This journal is © The Royal Society of Chemistry 2021
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where the two terms correspond to intraKramers (IK) and
Raman relaxation mechanisms, respectively, yielding the best
fitting values of 7;x = 0.0162(6) s, C = 0.028(3) s ' K " and n =
5.83(4).

The IK contribution in the low-temperature region (7 < 3 K)
should be seen as a zero-order term associated with a slower
passage between the two components mg = +1/2 (S = 7/2),
where the conversion is feasible, and not as a quantum tunnel-
ing of the magnetisation (QTM) of the Zeeman-splitted ms
levels, which is inconsistent with an isotropic Gd™ ion.
Remarkably, the calculated 7 value for 1 at H = 0.25 T is
rather high, being comparable with those earlier reported for
the QTM regime in mononuclear gadolinium(u)-based polyox-
ometalates (POMs) which exhibit SMR effects at very low temp-
eratures (T < 0.1 K) in the absence of an applied magnetic
field (zqrm = 0.000015-0.05 s)."” On the other hand, the calcu-
lated n value for 1 at H = 0.25 T is slightly lower than that
expected for a Kramer ion (accepted n = 6-8). However, it is
higher than those previously reported for the related example
of 3D Gd™ SIM-MOFs, namely the gadolinium(m) fumarate
heptahydrate of formula [Gd}(fum);(H,0)4],-3nH,0 (Gd-fum),
which has been recently proposed as a cryogenic magnetic
cooler.'® In this case, the authors argued that the SMR effects
are not associated with a magnetic anisotropy energy barrier
but with a resonant phonon trapping through a phonon-bottle-
neck process (n = 2.6 at H = 0.1 T).>° The two different pro-
cesses in the relaxation are represented in the different slopes
of a log-log plot (Fig. S107).

The magnetothermal properties of 1 have been investigated
by variable-temperature (T = 2.0-20 K, with AT = 1 K) and vari-
able-field (H = 0-8 T, with AH = 0.2 T) magnetisation measure-
ments (see the Experimental section, Fig. S9, ESIT). The mag-
netic entropy change (ASy) for a selected magnetic field
change (AH = H — H, with H,, = 0) can then be estimated from
the M vs. T and H plots using the Maxwell equation.>®

The -ASy vs. T and H plots for 1 increase monotonically
upon increasing the magnetic field variation or decreasing the
temperature, respectively (Fig. 3). No maximum of -ASy
was observed at T > 2 K for AH < 8 T. In contrast, the
related 2D gadolinium(m) sesquioxalate hydrate of formula
[GdL(0x)3(H,0)6],0.6nH,0 (1") shows a -ASy; maximum for 1
around 2.75 K for magnetic field changes higher than 7.0 T,
even if it remains paramagnetic with no field-induced SMR
behaviour above 2 K.** The lack of ~AS,; maxima for 1 suggests
that the SMR effects do not enable the observation of a large
MCE in the pure IK quantum regime of this Gd"™" SIM-MOF (T
< 3 K). In fact, the ~ASy; values (in molar units) of 31.5 (1) and
33.1Jmol " K™ (1")at T=2 K and AH = 8 T are similar, being
close to the limiting value for two magnetically isolated, isotro-
pic Gd™ ions [ASy = 2RIn(2S + 1) = 4.16R = 34.6 ] mol ™" K"
with § = 7/2].

The MCE efficiency of 1 is among the largest ones yet
reported for the related Gd™ MOFs proposed as cryogenic
magnetic coolers (Table S3, ESI). Hence, the —ASy, value (in
gravimetric units) of 41.5 J kg™ K™ for 1at T=2 K and AH =8
T compares well with those of the more dense 3D Gd"™ MOFs
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Fig. 3 Temperature dependence of —ASy for 1 in the magnetic field
range 0-8 T (blue to red) (top). Field dependence of —ASy in the temp-
erature range 2—-20 K (blue to red)(bottom). The solid lines are only eye-
guides.

reported in the literature (-ASy = 40.6-60.0 J kg™' K" at T =
2 K and AH = 7 T; Table S3,1 entries 2, 4-8, 12, and 13).” "
This situation conforms with the presence of the lightweight
oxalate ligand, which leads to a relatively high percentage
mass ratio of magnetic/non-magnetic atoms.™*'® Moreover,
the —~ASy; value of 21.9 J kg™' K" for1at T=2Kand AH=2T
are somewhat higher than that of the aforementioned Gd™
SIM-MOF with the heavier fumarate bridging ligand (-ASy =
18.0 ] kg™ K" at T=1 K and AH = 2 T)."® This low magnetic
field is sufficiently close to the stronger one that can be
achieved with the common permanent magnets used commer-
cially (ranging from 0.5 to 1 T for ceramic magnets and up to
1.4 T for the neodymium ones). This feature is mandatory for
the practical applications of 2D gadolinium(m) sesquioxalates
as cryogenic magnetic coolers.

In summary, compound 1 constitutes a unique example of
Gd™ SIM-MOF displaying SMR effects at moderately high
blocking temperatures in the presence of a relatively low
applied magnetic field. Interestingly, it exhibits moderate to
large MCE for relatively low variations in the applied magnetic
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field. Both features allow this novel class of field-induced Gd™
SIM-MOFs with a dense-packed oxalato-bridged gadolinium(ur)
hexagonal layer structure to be proposed as candidates as low-
temperature molecular magnetic refrigerant materials for
CMR. Current efforts are devoted to preparing magnetically
diluted samples in order to further investigate the SMR behav-
iour, as well as the quantum coherence properties in this
ordered 2D array of potential qubits for QIP.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the Spanish MINECO (Project
PID2019-109735GB-100 and Unidad de Excelencia Maria
de Maeztu CEX2019-000919-M) and Generalitat Valenciana
(A1CO/2020/183). M. O.-A. and R. R. thank the MICIU and
the Generalitat Valenciana (GRISOLIA/2017/057) for doctoral
grants, respectively. J. M. acknowledges the MINECO for a Juan
de la Cierva contract.

References

1 M. J. Graham, J. M. Zadrozny, M. S. Fataftah and
D. E. Freedman, Chem. Mater., 2017, 29, 1885.

2 M. Atzori and R. Sessoli, J. Am. Chem. Soc., 2019, 141,
11339.

3 M. R. Wasielewski, M. D. E. Forbes, N. L. Frank,
K. Kowalski, G. D. Scholes, J. Yuen-Zhou, M. A. Baldo,
D. E. Freedman, R. H. Goldsmith, T. Goodson III,
M. L. Kirk, J. K. McCusker, J. P. Ogilvie, D. A. Shultz,
S. Stoll and B. Whaley, Nat. Rev. Chem., 2020, 4, 490.

4 M. Evangelisti, Molecule-based magnetic coolers: measure-
ment, design and application in Molecular Magnets: Physics
and Applications, ed. ]. Bartolomé, F. Luis and
J. F. Fernandez, Springer-Verlag, Heidelberg, 2014, ch. 14,
pp- 365.

5 Y.-Z. Zheng, G.-]J. Zhou, Z. Zheng and R. E. P. Winpenny,
Chem. Soc. Rev., 2014, 43, 1462.

6 J.-L. Liu, Y.-C. Chen, F.-S. Guo and M.-L. Tong, Coord.
Chem. Rev., 2014, 281, 26.

7 G. Lorusso, M. A. Palacios, G. S. Nichol, E. K. Brechin,
R. Sessoli, O. Roubeau and M. Evangelisti, Chem. Commun.,
2012, 48, 7592.

8 J.-M. Jia, S.J. Liu, Y. Cui, S.-D. Han, T.-L. Hu and X.-H. Bu,
Cryst. Growth Des., 2013, 13, 4631.

9 R. Sibille, T. Mazet, B. Malaman and M. Francois, Chem. —
Eur. J., 2012, 18, 12970.

10 G. Lorusso, J. W. Sharples, E. Palacios, O. Roubeau,
E. K. Brechin, R. Sessoli, A. Rossin, F. Tuna,
E. J. L. McInnes, D. Collison and M. Evangelisti, Adv.
Mater., 2015, 25, 4653.

This journal is © The Royal Society of Chemistry 2021



Published on 03 March 2021. Downloaded by Universitat de VValéncia on 4/5/2022 11:17:53 AM.

Dalton Transactions

11 S. Biswas, A. K. Mondal and S. Konar, Inorg. Chem., 2016,
55, 2085.

12 C. Das, A. Upadhyay, K. U. Ansari, N. Ogiwara, T. Kitao,
S. Horike and M. Shanmugam, Inorg. Chem., 2018, 57,
6584.

13 S. Biswas, H. S. Jena, A. Adhikary and S. Konar, Inorg.
Chem., 2014, 53, 3926.

14 R. Sibille, E. Didelot, T. Mazet, B. Malaman and
M. Francois, APL. Mater., 2014, 2, 124402.

15 M. N. Akhtar, Y.-C. Chen, M. A. AlIDamen and M.-L. Tong,
Dalton Trans., 2017, 46, 116.

16 S.-D. Han, J.-H. Li, H.-H. Liu and G.-M. Wang, Dalton
Trans., 2017, 46, 10023.

17 M.-J. Martinez-Pérez, S. Cardona-Serra, C. Schlegel,
F. Moro, P. J. Alonso, H. Primo-Garcia, J. M. Clemente-
Juan, M. Evangelisti, A. Gaita-Arifio, J. Sesé, J. van Slageren,
E. Coronado and F. Luis, Phys. Rev. Lett.,, 2012, 108,
247213.

18 M.-]J. Martinez-Pérez, O. Montero, M. Evangelisti, F. Luis,
J. Sesé, S. Cardona-Serra and E. Coronado, Adv. Mater.,
2012, 24, 4301.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

19 L. Sedlakova, J. Hanko, A. Orendcov, M. Orendac,
C. L. Zhou, W. H. Zhu, B. W. Wang, Z. M. Wang and S. Gao,
J. Alloys Compd., 2009, 487, 425.

20 M. Orendac, L. Sedlakova, E. Cizmar, A. Orendacova,
A. Feher, S. A. Zvyagin, J. Wosnitza, W. H. Zhu, Z. M. Wang
and S. Gao, Phys. Rev. B: Condens. Matter Mater. Phys., 2010,
81, 214410.

21 F. Luis and M. Evangelisti, Struct. Bond., 2015, 164, 431-460.

22 L. Cafadillas-Delgado, J. Pasan, O. Fabelo, M. Hernandez-
Molina, F. Lloret, M. Julve and C. Ruiz-Perez, Inorg. Chem.,
2006, 45, 10585.

23 Electronic Structure Group, SHAPE (Version 2.1), Universitat
de Barcelona, 2013.

24 J. Cano and Y. Journaux, Monte Carlo simulations: a tool to
analyse magnetic properties in Magnetism: Molecules to
Materials V, ed. J. S. Miller and M. Drillon, Wiley-VCH,
Weinheim, 2005, ch. 6, pp. 189.

25 S. Zhang, H. Ke, X. Liu, Q. Wei, G. Xie and S. Chen, Chem.
Commun., 2015, 51, 15188.

26 L. Tocado, E. Palacios and R. Burriel, J. Appl. Phys., 2009,
105, 093918.

189

Dalton Trans., 2021, 50, 3801-3805 | 3805






CHAPTER /4

Conclusions and Perspectives






Chapter 4. Conclusions and Perspectives

We have established in the general objectives that investigating the Coordina-
tion Chemistry and magnetochemistry of different paramagnetic metal ions, by
using biomole-cules and biocompatible ligands can allow us to develop magnetic
molecular compounds in different fields such as Molecular Therapy, which utilise
antitumour agents and miscellaneous drugs, or Molecular Bioimaging, which em-
ploys MRI contrast agents and radioactive markers. On the other hand, mag-
netic coordination polymers can be exploited in Molecular Refrigeration via low-
temperature magnetic cooling, or in Molecular Sensing through chemical sensors
and biosensors.

In this regard, in Chapter 2, we investigated the magnetic properties of mono-
and dinuclear complexes of ruthenium(III) based on nucleobases. These systems
could also exhibit relevant biological and biochemical properties and, in some
cases, the properties of these systems make them potentially appealing for appli-
cations in different research areas such as redox catalysis, but further theoretical
and experimental studies will be required to fully understand the relaxation dy-
namics of the very interesting ruthenium(III)-based SIMs.

On the other hand, we have demonstrated that some purine-based ruthe-
nium(III) complexes can be helpful as a first step in the development of sensor
devices. The diruthenium systems display such sensitivity, reproducibility and
stability that make these compounds viable candidates for detecting the hypox-
anthine and other biomolecules. In addition, we have reported for the first time
that a dinuclear ruthenium(I11) complex based on adenine has been tested toward
cancer cell lines, and further studies will be performed to get new insights into
its potential chemotherapeutic action.

Apart from that, the initial test of the dinuclear ruthenium (III) complex based

on adenine against cancer cell lines inspired us to develop a family of this type
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of compound. As a result, we continued researching novel ruthenium-based an-
titumour agents like Runat-BI, which offers an intriguing alternative to current
chemotherapy drugs and overcomes many of the drawbacks of the ruthenium(I1I)
complex based on adenine by being in vitro more effective against a variety of
cancers, having a better toxicity profile and having a multitargeted mechanism of
action. Three cancer cell lines derived from colon, stomach, and breast cancers,
all of which had rapid proliferation rates, were drastically decreased in viability
and migration by Runat-Bl. This fact demonstrates the complex efficacy in treat-

ing aggressive, highly proliferative tumours that have few therapy alternatives.

On the other hand, analysis of the crystal structure of diruthenium(IV) com-
plexes revealed that they are ideal candidates to be used as building blocks to
assemble new supramolecular structures. In addition, by using the correct or-
ganic linkers, these compounds might potentially be used in electrical devices,
as demonstrated by the study of its redox properties. This later work is still
ongoing.

Finally, in Chapter 3, lanthanide-based complexes of different dimensionality
were studied, revealing interesting magnetic properties, such as SIM and SMM
behaviours in 1D and 2D MOFs (referred to as SIM-MOFs), respectively. They
display moderately high blocking temperatures (Tg) in the presence of a rela-
tively low applied magnetic field, and moderate to large MCE for relatively low
variations in the applied magnetic field.

Our approach in this topic will be to focus on homoleptic oxalato-bridged 2D
and 3D Ln SIM-MOF's built on the well-known family of lanthanide(III) sesquiox-
alate hydrates that experience blocking of the magnetisation in the presence of an
applied magnetic field (Figure 4.1). In both situations, activating the magnetic

field below the Tg would cause each of the Ln™! ions that constitute the network
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Chapter 4. Conclusions and Perspectives

nodes to function as an individual magnet. We may suggest them as novel candi-
dates for low-temperature, slow-relaxing molecular magnetic refrigerant materials
thanks to all of their structural, magnetic, and magnetothermal features. The
preparation of thin films of these 2D and 3D Gd SIM-MOFs is another current

focus for research into the SIM and MCE when used in actual devices.
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Figure 4.1: (a) Illustration of the MCE upon on-off switching of the ap-
plied magnetic field in field-induced Ln SMM-MOFs based on the family of
lanthanide(III) sesquioxalates hydrates with 2D hexagonal layer (b) or 3D
mixed hexagonal/decagonal net (c) structures. The boxed structure shows
the tris(oxalate)lanthanide(III)-triaqua mononuclear building units acting as
tris(bidentate) molecular tectons.

On the other hand, lanthanide-based complexes, with their diverse magnetic
and optical properties and extensive coordination chemistry, provide limitless op-
portunities for the development of molecular imaging and theranostic agents. It

is necessary to develop certain contrast agents that change relaxivity after break-
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ing certain bonds, that are sensitive to the presence of particular ions, metabo-
lites and so on. As mentioned in the introduction, the currently used contrast
agents have limited effectiveness and are not entirely appropriate for the new
scanner devices operating at 3 T or more magnetic fields. The primary issue
with using heavy metal ions for medicinal purposes, such as the gadolinium(III)
ion, is the considerable toxicity of their “free” (aqua-ion) form. Gadolinium(III)
must thus be contained in a complex with high stability for therapeutic usage
and, even more crucially, it must exhibit long-term resistance to a transmetalla-
tion/transchelation loss of the gadolinium(IIT) ion.

Due to the fact that trivalent gadolinium prefers a coordination number of 9
in current commercial contrast agents, this leaves one accessible coordination site
open for an inner sphere water molecule, enabling it to relax more quickly and
provide contrast. Therefore, increasing the the number of molecules the complex
can enhance the relaxivity of the contrast agents. The range of techniques and
concepts needed to build more stable gadolinium-based contrast agents (GBCAs)
must be developed by coordination chemists with creativity.

Much effort has been put into designing more efficient contrast agents. How-
ever, the design has been primarily focused on modifying the structural motifs
of commercial contrast agents such as Gd-DOTA and Gd-DTPA. Perhaps, the
most effective of these methods has been the rigidification of the ligand backbone
with the addition of a cyclohexyl motif. These ligands just aren’t inert enough,
which is a crucial component that precludes them from producing the subsequent
generation of GBCAs. As a consequence, many of the advancements have been
focused on acyclic ligands.

The high relaxivity values of the 0D gadolinium(III) compound based on the

thymine nucleobase, presented in this Thesis work, make this complex a potential
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Chapter 4. Conclusions and Perspectives

candidate for further MRI research. This is due to both the inherent gadolinium
properties as a contrast agent as well as the use of biomolecules as ligands in
their preparation, which adds new properties that can be combined with the
intrinsic ones, to generate a “new era” of more versatile contrast agents. This
can be extended to new compounds that present multiproperties by incorporating

different biomolecules, such as antibiotics, vitamins, etc.
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Figure S1. FT-IR spectra for compound 1 (red) and compound 2 (blue).
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check CIF/PLATON report

You have not supplied any structure factors. As a result the full set of tests cannot be run.

THIS REPORT IS FOR GUIDANCE ONLY. IF USED AS PART OF A REVIEW PROCEDURE
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CRYSTALLOGRAPHIC REFEREE.

No syntax errors found. CIF dictionary Interpreting this report

Datablock: compound_1

Bond precision: C-C =0.0135A Wavelength=0.71073
Cell: a=6.9610(8) b=19.042(2) €=9.1971(9)
alpha=90 beta=101.195(4) gamma=90

Temperature: 296 K
Calculated Reported

Volume 1195.9(2) 1195.9(2)

Space group P 21/n P 21/n

Hall group -P 2yn -P 2yn

Moiety formula C10 H12 CI6 N10 Ru2, C10 H12 CI6 N10 Ru2,
2(Cl), 2(0) 2(Cl), 2(0)

Sum formula C10 H12 CI8 N10 O2 Ru2 C10 H12 CI8 N10 O2 Ru2

Mr 790.04 790.04

Dx,g cm-3 2.194 2.194

z 2 2

Mu (mm-1) 2.189 2.189

FO00 764.0 764.0

FO00’ 761.45

h,k,Imax 9,26,12 9,26,12

Nref 3412 3158

Tmin, Tmax 0.854,0.968 0.624,0.768

Tmin’ 0.705

Correction method= # Reported T Limits: Tmin=0.624 Tmax=0.768
AbsCorr = MULTI-SCAN

Data completeness= 0.926

R(reflections)= 0.0589( 2712)

S=1.175

Npar= 145

Theta(max)= 29.765

wR2(reflections)= 0.1780( 3158)

207



The following ALERTS were generated. Each ALERT has the format
test-nanme_ALERT alert-type_alert-Ievel.
Click on the hyperlinks for more details of the test.

@ Aert level B
PLAT306_ALERT_2_B Isolated Oxygen Atom (H-atoms Missing ?) ....... O1W Check
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PLAT230_ALERT_2_C Hirshfeld Test Diff for N6  --C6 . 54 s.u.
PLAT230_ALERT_2_C Hirshfeld Test Diff for N7  --C5 . 6.7 s.u.
PLAT230_ALERT_2_C Hirshfeld Test Diff for C4  --C5 . 5.3 s.u.

PLAT242_ALERT_2 CLow 'MainMol’ Ueq as Compared to Neighbors of Rul Check
PLAT242_ALERT_2_C Low 'MainMol’ Ueq as Compared to Neighbors of N1 Check
PLAT342_ALERT_3_C Low Bond Precision on C-C Bonds ............... 0.0135 Ang.

“ Alert level G

PLAT002_ALERT_2_G Number of Distance or Angle Restraints on AtSite 3 Note
PLATO003_ALERT_2_G Number of Uiso or Uij Restrained non-H Atoms ... 4 Report
PLATO007_ALERT_5_G Number of Unrefined Donor-H Atoms .............. 4 Report
PLAT012 _ALERT_1 G N.O.K. _shelx_res checksum Found in CIF ...... Please Check
PLAT172_ALERT_4 G The CIF-Embedded .res File Contains DFIX Records 2 Report
PLAT186_ALERT_4 G The CIF-Embedded .res File Contains ISOR Records 2 Report
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Rul  --CI3 . 7.7 s.u.
PLAT232_ALERT_2_G Hirshfeld Test Diff (M-X) Rul  --CI3_a . 9.6 s.U.
PLAT431_ALERT_2_G Short Inter HL..A Contact Cl4 .0O1W . 3.13 Ang.
X,¥,z = 1_555 Check

PLAT434_ALERT_2_G Short Inter HL..HL Contact CI3  ..CI3 3.37 Ang.

-x,2-y,2-z =  3_577 Check
PLAT860_ALERT_3_ G Number of Least-Squares Restraints ............. 26 Note

PLAT883_ALERT_1_G No Info/Value for _atom_sites_solution_primary .  Please Do !
PLAT965 ALERT_2_ G The SHELXL WEIGHT Optimisation has not Converged Please Check

ALERT | evel A= Most likely a serious problem - resolve or explain

ALERT | evel B = A potentially serious problem, consider carefully

ALERT | evel C=Check. Ensure itis not caused by an omission or oversight
ALERT | evel G= General information/check it is not something unexpected

[y
w oo

2 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
13 ALERT type 2 Indicator that the structure model may be wrong or deficient
2 ALERT type 3 Indicator that the structure quality may be low

2 ALERT type 4 Improvement, methodology, query or suggestion

1 ALERT type 5 Informative message, check
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It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journalgdta Crystallographica, Journal of Applied
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit f&ta
Crystallographica Section C or E or IUCrData, you should make sure that full publication checks
are run on the final version of your CIF prior to submission.

Publication of your CIF in other journals

Please refer to thidotes for Authors of the relevant journal for any special instructions relating to
CIF submission.

PLATON version of 22/03/2021; check.def file version of 19/03/2021
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Figure S1. Electrospray ionization mass spectrum (ESI-MS) for Runat-Bl showing the isotopic
distribution for the [RuCl,(Hzbiim),]* cation with m/z: 439.97 (100%).
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Table S1. Crystal data and structure refinement for Runat-Bl.

Compound Runat-BI
Formula C12H12N302C|3RU
M./g mol* 507.72
Crystal system monoclinic
Space group P2,
alA 13.457(1)
b/A 11.317(1)
c/A 13.749(1)
al° 90

Bl° 115.6(1)
yl° 90
viIA® 1888.14(1)
z 4

D/g cm? 1.785
w(Mo-K,)/mm™ 1.279
F(000) 1004
Goodness-of-fit on F? 1.073

R1 [I > 25(1)] 0.0423

WR: [1 > 26(1)]

0.1301

Table S2. Selected bond lengths (A) and angles (°) for Runat-BlI.

Bond lengths
Rul-CI5
Rul-Cl6
Rul-N1
Rul-N2
Rul-N5
Rul-N6
Angles

CI5-Rul-CI6
CI5-Rul-N1
Cl5-Rul-N2
CI5-Rul-N5
CI5-Rul-N6
Cl6-Rul-N1
Cl6-Rul-N2
Cl6-Rul-N5
Cl6-Rul-N6

2.362
2.340
2.050
2.075
2.055
2.069

92.97
90.48
91.72
169.60
92.48
176.00
92.75
92.21
90.66
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Bond lengths

Ru2-CI3 2.362
Ru2-Cl4 2.340
Ru2-N9 2.050
Ru2-N10 2.075
Ru2-N14 2.055
Ru2-N14 2.069
Angles
CI3-Ru2-Cl4 96.19
CI3-Ru2-N9 85.84
CI3-Ru2-N10 170.85
CI3-Ru2-N13 94.13
CI3-Ru2-N14 118.65
Cl4-Ru2-N9 169.60
Cl4-Ru2-N10 92.96
Cl4-Ru2-N13 88.98
Cl4-Ru2-N14 92.12



Table S3. Cell line characteristics and culture conditions.

Cell line Cancer type Cancer Receptor Tumor type Culture Conditions  Supplements
Subtype expression medium

HCC1500 BC Luminal A ER,PR IDC RPMI 5%CO, 1% L-glu
37TC 10% FBS
HCC1937 BC Basal EGP2 IDC RPMI 5%CO, 1% L-glu
37C 10% FBS
MDA-MB-231 BC Basal EGFR, Carcinoma RPMI 5%CO, 1% L-glu
TGF-B 37C 10% FBS
MCF-7 BC Luminal A ER, IGFBP IDC RPMI 5%CO, 1% L-glu
37C 10% FBS
BT474 BC Luminal B ER, PR, IDC DMEM 5%CO, 1% L-glu
HER2 37TC 10% FBS
HCC1806 BC Basal EGP2 Carcinoma RPMI 5%CO, 1% L-glu
37TC 10% FBS
AGS Gastric cancer - - Adenocarcinoma  DMEM 5%CO, 1% L-glu
37TC 10% FBS
HCT116 Colon cancer - - Carcinoma DMEM 5%CO, 1% L-glu
37TC 10% FBS
MCF10A  "Mammary - - DMEM/ 5%CO, 1% L-glu
epithelial F-12 37C 10% FBS

BC: Breast cancer; EGFR: Epidermal growth factor receptor; EGP2: Epithelial glycoprotein 2; ER: estrogen receptor; FBS: fetal
bovine serum; HER2: hormonal estrogen receptor 2; IDC: Invasive ductal carcinoma; IGFBP: Insulin growth factor binding protein;
L-glu: L-glutamine; PR: progesterone receptor; RPMI: RPMI 1640 medium; TGF-B / a: transforming growth factor p / a. *MCF10A
is non-tumorigenic human mammary epithelial cells.

Table S4. ICs in uM of the nine cancer cell lines studied after 48 h and 72 h of Runat-BI treatment
and Cisplatin. The R square indicates the goodness of fit. 1Csp: half maximal inhibitory

concentration.

Cell line ICSA‘;QEM) R (48h) ICS;Z(EM) R (72h) ICCIZ‘;(I‘;ZIIZ
MCF-7 269.00 0.008946 4943 -0.1836 100.36
HCC1937 94.23 0.401200 65.81 0.4829 133.50
MDA-MB-231 107.40 0.822000 48.89 0.7822 4315
BT474 68.78 0.794400 32.63 0.8595 1140.20
HCC1806 24.55 0.970300 27.62 0.8830 9.29
HCC1500 76.03 0.127000 192.3 0.3431 97.28
HCT116 2243 0.918100 15.54 0.8630 14.45
AGS 4353 0.746200 29.57 0.6740 13.37
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Figure S3. Percentage of viability for AGS and MDA-MB-231 cell lines treated with isomer 1 of
Runat-Bl at 24, 48 and 72 h. The gastric cancer cell line AGS and the BC cell line MDA-MB-231
were treated with isomer 1 of Runat-Bl (from 0 to 50 puM) for 24 h (A); 48 h (B) and 72 h (C). Cell
proliferation was determined with the MTT assay. Dots indicate the mean of two independent
experiments.
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HCC1500 - PEG HCC1500 - Runat-BlI HCC1937 - PEG HCC1937 - Runat-BI

MCEF-7 - PEG

Oh

48h
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Figure S4. Effect of Runat-BI treatment in cell migration. Cell migration in HCC1500, HCC1937,
MCF-7 and BT-474 cell lines was measured with the "wound-healing" assay after treatment with
Runat-Bl (21 pM) or control/PEG for 48 and 72 h. Images of cell migration at 0, 48 and 72 h after
Runat-BI (21 uM) treatment or PEG (control). Three separate experiments were performed and the
most representative results are presented (5x amplification).
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Figure S5. Comparison of percentage of wound closure of cell lines treated with Runat-Bl (21 uM)
and control/PEG for 48 h (green) and 72 h (blue). Columns express the mean £SD of the percentage
of closure in three independent experiments by cell line. *P < 0.1, **P < 0.05, ***P < 0.01
statistically significant.
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Figure S1. Detail of the intramolecular Cl---xt (dashed red lines) and Cl---H-C (dashed
green lines) interactions that occur in the dinuclear [{RuCls(bpym)}.(u-O)] complex of
6. Thermal ellipsoids are depicted at the 50% probability level. Crystallization water
molecules have been omitted for clarity. Color code: orange, Ru; green, ClI; red, O; blue,
N; grey, C; white, H.
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Figure S2. Detail of the one-dimensional motif generated by intermolecular Cl---Cl
contacts (dashed red lines) between neighboring [{RuCls}»(1-O)]* complexes in the
crystal of 1. Color code: orange, Ru; green, CI; red, O.

Figure S3. Perspective view along the c-axis direction of the two-dimensional motif
formed by means of bifurcated three-centered hydrogen bonds (dashed blue lines)
between (H.bpy)?* cations and [{RuCls},(1-O)]* anions in the crystal of 1. Color code:
orange, Ru; green, Cl; red, O; blue, N; black, C; white, H.
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Table S1. Values of the C-H---Cl interactions in compound 1.

C-H---Cl C-H/A H---ClI/A C---Cl/A (CHCI)/°

C(1)-H(1C)--CI(3b)  0.930 2.95(1) 3.579(1) 125.9
C(1)-H(1C)---CI(3d)  0.930 2.90(1) 3.393(1) 114.7
C(4)-H(@4A)---CI(4f)  0.930 2.91(1) 3.477(1) 121.0
C(5)-H(BA)---Cl(2g)  0.930 2.84(1) 3.700(1) 155.2
C(5)-H(BA)---CI(4f) 0930 2.79(1) 3.419(1) 126.2
C(8)-H(8A)---Cl(4e)  0.930 2.55(1) 3.468(1) 168.1
C(8)-H(8A)---CI(5¢)  0.930 2.93(1) 3.458(1) 117.5
C(9)-H(9A)---CI(1c)  0.930 2.89(1) 3.791(1) 163.1
C(9)-H(9A)---Cl(2c)  0.930 2.81(1) 3.425(1) 1245
C(10)-H(10A)---CI(1f) 0.930 2.84(1) 3.334(1) 114.6

aSymmetry codes: (b) = -x+1, -y, -z+1; (¢) = x+1,, z; (d) = X, y-1, ; () = -X+2, -y, -z+1;
(f) = -x+2, -y, -z.

Table S2. Values of the C-H---Cl interactions in compound 2.

C-H---Cl C-H/A H---CI/A C---CIIA (CHCI)/°

C(18)-H(18A)---CI(4) 0.950 2.81(1) 3.578(1) 138.7
C(20)-H(20A)---CI(1) 0.950 2.81(1) 3.727(1) 163.3
C(30)-H(30A)---CI(5d) 0.950 2.82(1) 3.672(1) 149.7
C(32)-H(32A)---CI(8) 0.950 2.95(1) 3.610(1) 127.8

dSymmetry codes: (d) = -x+1, -y, -z+1.

Table S3. Values of the C-H---Cl interactions in compound 3.

C-H---Cl C-H/A H---CI/A C---CUA (CHCI)F

C(20)-H(20)--Cl(2a) 0.950 2.72(1) 3.666(1) 178.2
C(22)-H(22)---CI(3a) 0.950 2.85(1) 3.664(1) 1445
C(2)-H(2A)---CI(2b)  0.980 2.95(1) 3.848(1) 152.6
C(4)-H@4)---CI(1b) 00950 2.57(1) 3.331(1) 1375
C(16)-H(16)---Cl(4d) 0.950 2.96(1) 3.514(1) 118.7
C(26)-H(26)--CI(3e) 0.950 2.78(1) 3.631(1) 150.0

aSymmetry codes: (a) = -x+1, -y+2, -z+1; (b) = X, -y+3/2, z+1/2; (d) = x+1, -y+3/2, z+1/2; (e) = -x+1, y-
1/2, -z+3/2.
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Table S4. Values of the C-H---Cl interactions in compound 4.

C-H---Cl C-H/A H---CI/A C---CUA (CHCI)F

C(1)-H(1)--Cl(la) 0.950 2.75(1) 3.228(1) 112.0
C(3)-H(3A)---CI(1b) 0.980 2.94(1) 3.869(1) 158.3
C(3)-H(3A)---CI(3b) 0.980 2.80(1) 3.411(1) 121.1
C(5)-H(5)---Cl(3a) 0.950 2.69(1) 3.393(1) 1315
C(21)-H(21)---CI(1b) 0.950 2.94(1) 3.881(1) 1725
C(23)-H(23)---CI(2b) 0.950 2.84(1) 3.602(1) 137.6
C(27)-H(27)---CI(2) 0.950 2.98(1) 3.867(1)  155.7

dSymmetry codes: (a) = -x+1, -y, -z+1, (b) = X, -y-1/2, z+1/2.

Table S5. Values of the C-H---Cl interactions in compound 5.

C-H---Cl C-H/A H---CI/A C---CUA (CHCI)P

C(7)-H(7)---Cl(4c)  0.950 2.99(1) 3.815(1) 1465
C(17)-H(17)---CI(1b) 0.950 2.68(1) 3.598(1)  162.9

dSymmetry codes: (b) = -x+1, -y+2, -z, (¢) = X, y-1, Z.

Table S6. Values of the C-H---Cl interactions in compound 6.

C-H---Cl C-H/A H---CI/A C---CI/A (CHCI)/°

C(1)-H(1B)---CI(2) 0.950 2.79(1) 3.380(1) 121.0
C(1)-H(1B)---O(2wd) 0.950 2.56(1) 3.363(1)  143.1
C(2)-H(2A)---Cl(1g) 0.950 2.89(1) 3.832(1) 174.1
C(3)-H(3B)---Cl(1d) 0.950 2.89(1) 3.717(1) 146.8
C(6)-H(BA)---CI(3) 0.950 2.73(1) 3.332(1) 1223
C(6)-H(6A)---CI(3b) 0.950 2.77(1) 3.584(1)  144.7

dSymmetry codes: (b) = -, -y+1, -z+2; (d) = -x+2, -y+1, -z+1; (g) = x+1, Y, Z.
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Figure S4. Detail of the face-to-face stacked m---m interactions [centroid-centroid
distance of ca. 3.7 A] between pyridine rings of [{RuCls(py)}»(n-O)]* anions in the
crystal of 5. Color code: orange, Ru; green, CI; red, O; blue, N; white, C.

Figure S5. View along the a axis of the C-H---Cl interactions between PPh," cations
and one [{RuCl.(py)}»(1-O)]* anion in the crystal of 5. Color code: orange, Ru; green,
Cl; P, pink; red, O; blue, N; white, C; grey, H.
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Figure S6. Detail of the one-dimensional motif generated through intermolecular
Cl---Cl interactions (dashed green lines) between neighboring [{RuClz(bpym)}2(u-O)]
complexes in the crystal of 6. Crystallization water molecules have been omitted for
clarity. Color code: orange, Ru; green, ClI; red, O; blue, N; black, C; white, H.
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Figure S7. Sextuple phenyl embrace (SPE) supramolecular conformation of the PPh,"
cations (space-filling model) in 2. H atoms have been omitted for clarity. Color code: P,
pink; grey, C. [Symmetry code: (b) = -x+1, -y-1, -z+1].

Figure S8. Quadruple phenyl embrace (PQPE) motif of the PPh," cations (space-filling
model) in 2. H atoms have been omitted for clarity. Color code: P, pink; grey, C.
[Symmetry code: (c) = -x+1, -y, -z].
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Figure S9. Plot of the molar magnetic susceptibility (yw) versus the intramolecular Ru-
Ru distance for 1-6. The solid line represents the best-fit of the experimental data.
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Figure S10. Cyclic voltammograms of 2 (top) and 3 (bottom) in dry dmf (0.1 M
NBusPFs) at 25 °C and 200 mV s . The pale blue curves show the cyclic
voltammograms of the oxidation waves when the potential is scanned through the first
reversible reduction waves.
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Table S7. Electrochemical potential data for 2-6*"
2 3 4 5 6
E,(AE,) -075 -0.77 -0.77 -080 -0.61(-92)
E,(AE,) -1.34 -1.60 -159 -1.68 -0.78(-97)

E; (AE;) - - - - -1.05(-138)
E,(AE) - ; - - -1.26 (-144)
Es (AEs) - - - - +0.17 (-75)

®Formal potentials are defined as the half-wave potentials for reversible waves or as the cathodic
potentials for the irreversible (i) reduction waves (in V). AE, are the values of the peak-to-peak
separations (in mV).

®In dry DMF and at room temperature (0.1M NBu,PF).

Table S8. Experimental absorption spectroscopic data for 2-6*°

Annm 2 3 4 5 6
(€-105/M-1cm1)

21 (€1) 398 399 399 437 358
(2.69) (2.35) (2.31) (1.31) (1.67)

22 (€2) 493 495 495 501 397
(0.86) (0.76) (0.75) (0.76) (2.84)

A3 (€3) - - - - 498
(1.84)

4 In dry DMF and at room temperature.
®\/alues of the absorption maxima. The extinction coefficient values are given in parenthesis.
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Figure S11. Hirshfeld surface mapped with dnom function (left) and fingerprint plot
(right) for compound 1. Intermolecular Cl---H contacts are approximatelly the 90% of
the complete fingerprint.
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Figure S12. Hirshfeld surface mapped with dnom function (left) and fingerprint plots
(right) for compound 6. Intermolecular Cl---H (righ, top) and N---H (right, bottom)
contacts are highlighted from the full fingerprint.
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Figure S1. Perspective view of the cationic [Gd(thy).(H,0)s]** complex showing the
atom numbering scheme in 1. Thermal ellipsoids are drawn at 50% probability level.
Perchlorate anions and non-coordinated water molecules have been omitted for clarity.

E

Absorbance / a.u.

1 after 2 weeks I

Compound 1 E

T T T T T T T T T T T T T T T

1000 1100 1200
Alnm

Absorbance / a.u.

T T T T T T T T T T T
800 900 1000 1100 1200 800 900

Alnm

(a) (b)

Figure S2. (a) Electronic absorption spectra from samples of thymine (red) and
compound 1 (blue) in solid state (range: 800-1250 nm); (b) electronic absorption
spectra from a sample of compound 1 (green) and the same sample after 2 weeks (blue)

(range: 800-1250 nm).
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Figure S3. FT-IR spectra for thymine (red) and compound 1 (blue).
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Table S1. Selected bond lengths (A) for compound 1.

Compound 1

Gd(1)-0(1) 2.385(2)
Gd(1)-0(3) 2.377(2)
Gd(1)-0(1w) 2.402(2)
Gd(1)-0(2w) 2.386(2)
Gd(1)-0(3w) 2.371(2)
Gd(1)-0(4w) 2.401(2)
Gd(1)-0(5w) 2.403(2)
Gd(1)-0(6w) 2.379(2)
C(4)-C(5) 1.441(3)
C(5)-C(6) 1.353(3)
C(5)-C(7) 1.499(3)
C(11)-C(12) 1.438(3)
C(12)-C(13) 1.350(3)
C(12)-C(14) 1.495(3)
C(2)-N(1) 1.352(3)
C(6)-N(1) 1.375(3)
C(2)-N(3) 1.357(3)
C(4)-N(3) 1.379(3)
C(9)-N(8) 1.348(3)
C(13)-N(8) 1.380(3)
C(9)-N(10) 1.358(3)
C(11)-N(10) 1.382(3)
C(2)-0(1) 1.245(3)
C(4)-0(2) 1.241(3)
C(9)-0(3) 1.245(3)
C(11)-0(4) 1.240(3)
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Figure S5. View of a fragment of the crystal packing of 1 showing the 1D motif
generated by H-bonded thymine ligands (green dashed lines) of adjacent
[Gd(thy)2(H20)e]** cations. H atoms, perchlorate anions and non-coordinating water
molecules have been omitted for clarity. Color code: purple, Gd; red, O; blue, N; grey,

C.

Figure S6. Hirshfeld surface mapped with d,om function, showing the shorter
intermolecular O---H contacts (dashed lines) between non-coordinated and coordinated

water molecules for 1.
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“ Concentration /mM

1 0.00
2 0.72
@ 3 0.80
AOEO &
5 0.96
COOKI"
7 1.20
OB 13
@ 9 1.36
10 1.44
11 1.52
12 1.60
13 3.20

(@) (b)

Figure S7. (a) Schematic of the placement of the 13 samples of 1 studied in the
volumetric head 8 channels SENSE MR imaging coil; (b) Concentration in mM of the
13 samples of 1 prepared in physiological serum.
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Figure S1. View of neighbouring dinuclear [Dy",]®* units connected through additional carboxylate
groups from glycine (1, top) and B-alanine (2, bottom) amino acids that generate a cationic 1D system.
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Figure S2. Detail of intramolecular H-bonding interactions between coordinated water molecules and
also between O atoms of carboxylate and protonated —NH, groups, which connect further the
neighbouring dinuclear [Dy"',]®* units in 2.
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Table S1. Selected bond lengths (A) for compounds 1 and 2.

Compound 1 2
Dy(1)-0(1) 2.470(2) 2.286(2)
Dy(1)-0(2) 2.882(2) 2.327(2)
Dy(1)-0(3) 2.337(2) 2.317(2)
Dy(1)-0(4) 2.455(2)
Dy(1)-0(5) 2.291(2) 2.363(2)
Dy(1)-0(6) 2.387(2)
Dy(1)-0(7) 2.369(2)

Dy(1)-0(9) 2.285(2)

Dy(1)-0(1w) 2.495(2) 2.516(2)
Dy(1)-0(2w) 2.537(2) 2.524(2)
Dy(2)-0(3w) 2.501(2) 2.487(2)
Dy(2)-O(4w) 2.395(2) 2.493(2)
Dy(2)-0(2) 2.281(2)

Dy(2)-0(4) 2.336(2)

Dy(2)-0(6) 2.398(2)

Dy(2)-0(7) 2.312(2)
Dy(2)-0(8) 2.358(2) 2.322(2)
Dy(2)-0(9) 2.361(2)
Dy(2)-0(11) 2.319(2) 2.294(2)
C(1)-C(2) 1.506(3) 1.515(3)
C(5)-C(6) 1.509(3) 1.515(3)
C(11)-C(12) 1.517(3) 1.516(4)
C(3)-N(1) 1.495(3)
C(4)-N(2) 1.489(3)

C(6)-N(2) 1.499(3)
C(6)-N(3) 1.485(3)

C(1)-0(1) 1.255(3) 1.257(3)
C(1)-0(2) 1.257(3) 1.259(3)
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Table S2. Hydrogen-Bonding Interactions in 1°.

“Symmetry codes: (a) = -x+1, -y, -z+1; (b) = -x+2, -y+1, -z+1; (c) = -x+2,

(8)=xv¥-1,2z (h)=x-1,y,z

D-H---A D-H/A H---AJA D---A/JA  (DHA)/®
N(1)-H(1A)---O(13c) ~ 0.910 2.08(1) 2.944(1) 158.1(1)
N(1)-H(1A)---O(31d) ~ 0.910 2.45(1) 2.980(1) 117.5(1)
N(1)-H(1B)---O(30e) ~ 0.910 2.32(1) 2.954(1) 126.6(1)
N(1)-H(1C)---O(16c)  0.910 256(1) 3.022(1) 112.2(1)
N(1)-H(1C)---O(20) 0.910 228(1) 3.014(1) 137.3(1)
N(2)-H(2A)---0(21) 0.910 2.09(1) 2.933(1) 152.7(1)
N(2)-H(2A)---O(33a) ~ 0.910 2.56(1) 3.014(1) 111.5(1)
N(2)-H(2B)---O(9w) 0.910 1.94(1) 2.841(1) 172.7(1)
N(3)-H(3A)---O(22f)  0.910 2.10(1) 2.936(1) 152.4(1)
N(3)-H(3C)---0(24) 0.910 2.14(1) 2.929(1) 144.9(1)
N(4)-H(4A)---O(5w)  0.910 2.03(1) 2.866(1) 152.9(1)
N(4)-H(4B)---O(6wb) ~ 0.910 1.95(1) 2.847(1) 166.6(1)
N(4)-H(4C)---O(30) 0.910 2.05(1) 2.891(1) 154.2(1)
N(5)-H(5A)---O(31d) ~ 0.910 253(1) 2.995(1) 112.3(1)
N(5)-H(5B)---O(27g) ~ 0.910 2.13(1) 2.986(1) 157.1(1)
N(6)-H(6A)---O(25) 0.910 2.30(1) 2.843(1) 118.4(1)
N(6)-H(6B)---O(6) 0.910 2.01(1) 2.914(1) 174.6(1)
N(6)-H(6C)---O(8w) 0.910 1.87(1) 2771(1) 168.8(1)
O(1w)-H(IwA)---O(9w) 0.900 1.87(1) 2.734(1) 159.4(1)
O(2w)-H(2wA)---O(1wa) 0.898 1.95(1) 2.842(1) 175.1(1)
O(2w)-H(2wB)---O(17h) 0.891 2.28(1) 2.912(1) 127.4(1)
O(3w)-H(BWA)---O(7w) 0.900 1.89(1) 2.765(1) 165.2(1)
O(3w)-H(3wB)---O(19) 0.898 1.98(1) 2.855(1) 166.3(1)
O(4w)-H(4wA)---O(5w) 0.899 1.89(1) 2.783(1) 173.2(1)
O(4w)-H(4wB)---O(3wb) 0.902 1.89(1) 2.774(1) 167.3(1)
O(5w)-H(5wB)---0(28) 0.923 2.01(1) 2.914(1) 165.5(1)
O(7Tw)-H(7wA)---O(28e) 0.901 2.03(1) 2.881(1) 157.2(1)
O(7w)-H(7wB)---O(6w) 0.885 2.00(1) 2.876(1) 170.3(1)
O(8w)-H(BWA)---O(7w) 0.930 1.87(1) 2.779(1) 166.5(1)
O(9w)-H(9wWA)---O(16) 0.860 1.99(1) 2.841(1) 168.5(1)
O(9w)-H(9wB)---0(20) 0.923 1.94(1) 2.843(1) 164.5(1)

o, 241 (d) = 31, -y, 2423 (€) = x4, y, 7 () = x4, v+, -2+1;
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Table S3. Hydrogen-Bonding Interactions in 2°.

D-H---A D-H/A H---AJA D---A/JA  (DHA)/®
N(1)-H(01A)---0(20)  0.910 2.03(1) 2.854(1) 150.5(1)
N(1)-H(01B)---O(2) 0.910 2.25(1) 2.858(1) 123.5(1)
N(1)-H(01B)---O(6f)  0.910 2.11(1) 2.943(1) 151.3(1)
N(1)-H(01C)---O(14g)  0.910 2.42(1) 2.959(1) 118.0(1)
N(2)-H(02A)---O(32h)  0.910 2.05(1) 2.944(1) 168.7(1)
N(2)-H(02B)---O(4) 0.910 2.15(1) 2.818(1) 129.3(1)
N(2)-H(02C)---O(35)  0.910 2.33(1) 2.902(1) 120.7(1)
N(3)-H(03A)---0(5) 0910 2.17(1) 2.762(1) 122.0(1)
N(3)-H(03C)---O(14g)  0.910 2.44(1) 3.023(1) 122.6(1)
N(3)-H(03C)---O(15g)  0.910 2.05(1) 2.954(1) 170.8(1)
N(4)-H(04B)---O(10f)  0.910 2.03(1) 2.885(1) 156.1(1)
N(5)-H(05A)---0(9) 0910 2.05(1) 2.738(1) 131.0(1)
N(5)-H(05B)---O(5we)  0.910 1.95(1) 2.858(1) 172.1(1)
N(5)-H(05C)---O(28d) ~ 0.910 2.18(1) 2.948(1) 142.0(1)
N(6)-H(06A)---O(34i)  0.910 2.26(1) 2.941(1) 131.7(1)
N(6)-H(06B)---O(26¢)  0.910 2.23(1) 2.997(1) 142.1(1)
N(6)-H(06C)---O(12)  0.910 2.17(1) 2.829(1) 128.8(1)
N(6)-H(06C)---O(33¢) ~ 0.910 2.15(1) 2.952(1) 147.2(1)
O(1w)-H(1WA)---O(25¢) 0.893 2.14(1) 2.989(1) 159.8(1)
O(1w)-H(1wB)---O(25c) 0.890 2.06(1) 2.887(1) 154.0(1)
O(2w)-H(2wA)---0(28) 0.926 1.96(1) 2.861(1) 164.3(1)
O(2w)-H(2wB)---O(14e) 0.902 2.58(1) 2.584(1) 127.4(1)
O(2w)-H(2wB)---O(16e) 0.902 2.15(1) 3.022(1) 162.8(1)
O(3w)-H(3WA)---O(35) 0.889 2.06(1) 2.927(1) 163.9(1)
O(3w)-H(3wB)---0(23e) 0.921 1.87(1) 2.778(1) 167.7(1)
O(4w)-H(4wA)---O(3wd) 0.883 2.19(1) 2.943(1) 142.5(1)
O(4w)-H(4wA)---O(8)  0.883 2.29(1) 3.030(1) 141.5(1)
O(4w)-H(4wB)---O(33d) 0.888 2.03(1) 2.889(1) 162.8(1)
“Symmetry codes: (c) = -x+1, -y+1, -z+2; (d) = -x+2, -y+2, -z+1; (€) = x+1, y, ; (f) = x-1, y, Z; (g) = -X, -y+1, -z+2; (h) = -x+2, -y+1, -z+1; (i) = -x+3,

-y+1, -z+1.
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X X

Figure S3. Perspective view of the environment of the dysprosium atoms of the dinuclear [Dy"';]**
unit in compound 1 [Dy(1), left; Dy(2), right].

L .

Figure S4. Perspective view of the environment of the dysprosium atoms of the dinuclear [Dy"',]®*
units in compound 2 [Dy(1), left; Dy(2), right].
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Table S4. Selected Structural Data for 1°

Dy(1) Dy(2)
S(SAPR)” 1.207 0.882
S(BCTPR)* 0.712 1.170
M-0° (&) 2.470 2.398
M-0°(A) 2.324 2.334
m-0,/ (A) 2,516 2.448
0-M-07 () 123.67 122.35
A" (R) 0.01 0.01
59(°) 170.26 164.95
5" 18.27 20.66
() 2.54 5.70
() 42.95 49.50
v/h* 1.089 1.059
v/h' 0.997 1.039

“ Selected structural data for the two crystallographically independent dysprosium atoms (Dy1 and Dy2) for compound 1. ®Value of the SHAPE parameter
relative to the ideal spherical version of the square antiprismatic (SAPR) polyhedron. ¢ Value of the SHAPE parameter relative to the ideal spherical version of
the bicapped trigonal prismatic (BCTPR) polyhedron. “Value of the long metal-oxygen bond length from the carboxylate group. © Average value of the short
metal-oxygen bond lengths from the carboxylate groups. fAverage value of the metal-oxygen bond lengths from the coordinated water molecules. ? Value of
the metal-oxygen bond angles from the capping oxygen atoms. " Value of the metal deviation from the mean plane formed by the capping oxygen atoms. ¢
Value of the dihedral angle between the two opposite triangular faces of the BCTPR. " Value of the dihedral angle between the two adjacent triangular
prismatic faces of the basal square face of the SAPR. /Value of the trigonal twist angle between the two opposite basal triangular faces of the BCTPR. " Value
of the tetragonal twist angle between the two opposite basal square faces of the SAPR. ¥ Values of the compression (or elongation) parameter of the lateral
rectangular faces of the BCTPR. "Values of the compression (or elongation) parameter of the lateral triangular faces of the SAPR.

Table S5. Selected Structural Data for 2°

Dy(1) Dy(2)
S(CSAPR)® 1.091 1.186
S(TCTPR)* 1.530 1.541
M-0° (A) 2.597 2.550
M-0°(A) 2.356 2.360
M-0,/ () 2.520 2.490
0-M-0° () 103.0/125.2/130.8 104.9/124.8/126.6
4" (A) 0.140 0.112
59(°) 169.12 170.82
") 19.06 22.28
) 6.20 5.02
() 44.44 42.975
v/t 1.12 1.08
v/h 0.98 0.99

“ Selected structural data for the two crystallographically independent dysprosium atoms (Dy1 and Dy2) for compound 2. ®Value of the SHAPE parameter
relative to the ideal spherical version of the capped square antiprismatic (CSAPR) polyhedron. ¢ Value of the SHAPE parameter relative to the ideal spherical
version of the tricapped trigonal prismatic (TCTPR) polyhedron. “Value of the long metal-oxygen bond length from the carboxylate group. ¢ Average value of
the short metal-oxygen bond lengths from the carboxylate groups. fAverage value of the metal-oxygen bond lengths from the coordinated water molecules. ¢
Values of the metal-oxygen bond angles from the three capping oxygen atoms of the TCTPR. " Value of the metal deviation from the mean plane formed by
the three capping oxygen atoms of the TCTPR. ? Value of the dihedral angle between the two opposite triangular faces of the TCTPR. " Value of the dihedral
angle between the two adjacent triangular prismatic faces of the basal square face of the CSAPR.’ Value of the trigonal twist angle between the two opposite
basal triangular faces of the TCTPR. /" Value of the tetragonal twist angle between the two opposite basal square faces of the CSAPR. ¥ Values of the
compression (or elongation) parameter of the lateral rectangular faces of the TCTPR. "Values of the compression (or elongation) parameter of the lateral
triangular faces of the CSAPR.
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—— Theoretical

Experimental

20/°

Figure S5. Plots of the theoretical and experimental XRD patterns profile (26/°) in the range 5-45° for
compounds 1 (top) and 2 (bottom).
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Figure S6. Frequency dependence of the in-phase (top) and out-of-phase (bottom) ac magnetic
susceptibility signals for compound 1 under a dc field of 2500 G.
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Figure S7. Frequency dependence of the in-phase (top) and out-of-phase (bottom) ac magnetic
susceptibility signals for compound 2 under a dc field of 2500 G.
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Figure S8. Ln(t) versus 1/T plot for 2, obtained with out-of-phase ac data at Hy, = 1000 G, showing
the fit to the Arrhenius law (solid line).
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Experimental

Materials

Oxalic acid (H,0x) and gadolinium(III) chloride hexahydrate were of reagent grade

and they were used as received.
Synthetic procedures

[Gd™,(0x)3(H,0)6]n-4nH,O (1). Aqueous concentrated solutions (0.5 mL) of
H,o0x (0.068 g, 0.75 mmol) and GdCl;-6H,0 (0.190 g, 0.5 mmol) were placed at
the bottom of each of the two arms of an H-shaped tube and then it was completely
filled with water and closed with parafilm. Colorless prisms of 1 were obtained
after several weeks of slow diffussion at 50 °C within a thermostated oven. Yield:
0.130 g (68.5%). Anal. caled (M, = 758.7 g mol™): C, 9.50; H, 2.66%. Found: C,
9.55;H,2.61%. IR (KBr, cm™'): v=23421s (br) (O-H from H,0), 1671s and 1317m

(C=0 from ox).
Physical techniques

Elemental analyses (C, H) were performed by the Servei Central de Suport a la
Investigacié Experimental de la Universitat de Valeéncia. FT-IR spectra were

recorded on a Nicolet-5700 spectrophotometer as KBr pellets.
Magnetic measurements

Direct current (dc) and alternating current (ac) magnetic measurements were
performed on frozen matrix water suspensions of 1 to prevent for partial water loss
upon vacuum, with a Quantum Design SQUID (Superconducting Quantum

Interference Device) magnetometer and a Quantum Design Physical Property
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Measurement System (PPMS). The magnetic susceptibility data were corrected for

the diamagnetism of the constituent atoms and the sample holder.
Crystallographic data collection and refinement

X-ray diffraction data of a single crystal of 1 were collected on a Bruker D8
Venture diffractometer with PHOTON II detector by using monochromatized Mo-
K radiation (A= 0.71073 A). The structure was solved by standard direct methods
and subsequently completed by Fourier recycling by using the SHELXTL software
packages. The obtained models were refined with version 2013/4 of SHELXL
against F? on all data by full-matrix least squares.! A face absorption correction
has been done by using empirical/numerical methods (Fig. S11).All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms from the coordinated water
molecules were set on geometrical positions and refined with a riding model, while
those from the crystallisation water molecules were neither found nor fixed. The
oxygen atoms from the crystallisation water molecules were disordered. A half
occupation factor was assigned within each of the two O4Aw/O4Bw and
O5Aw/O5Bw pairs. Due to the disorder of the crystallisation water molecules, their
connectivity through hydrogen bonding interactions is very difficult to establish..
Yet a possible model is given in Fig. S2 which takes into account reasonable values
for the intermolecular hydrogen bonding distances and angles. The graphical

manipulations were performed with the CRYSTAL MAKER program.?

Crystallographic data (excluding structure factors) for 1 (Table S1) have been
deposited with the Cambridge Crystallographic Data Centre as supplementary

publication number CCDC-2047766. Copies of the data can be obtained free of

1 SHELXTL-2013/4, Bruker Analytical X-ray Instruments; Bruker: Madison, WI, USA, 2013.
2 CrystalMaker, CrystalMaker Software, Bicester, England, 20055



charge on application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:

(+44) 1223—336—033; e-mail: deposit@ccdc.cam.ac.uk).

Table S2. Summary of crystallographic data for 1

Formula

M (g mol™)
Crystal system
Space group

Reflect. collcd.

Reflect. obs. [/ > 20(])]
Data/Restraints/Parameters
R*[1>20(])]

WRy" [1>20(1)]

Sc

C3H10Gd01
379.36
Monoclinic
P2 1/C
11.0564(5)
9.5549(4)
10.0477(4)
90
114.5420(10)
90

965.57(7)
4

2.610
6.917
150(2)
2172

2041
2172/6/179
0.0209
0.0463
1.157

“ Ry = L(\Fo| = [F)/ZIFo|. ? wRy = [Ew(Fo? — F&P Xw(F?)]"2. « § = [Zw([Fo| = [Fel)/(No — Np)]'"2.
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Table S3. Selected structural, magnetic, and magnetocaloric data for homo- and heteroleptic Gd™ MOFs with light organic mono- and/or dicarboxylate linkers
proposed as cryogenic molecular magnetic coolers.

Entry  Compound® D TR AF)  AsfURCED MK Flear) K IR R

1 Gdy(fom);(H,0)4-3H,0 3D 10 2 18.0 252 -16 0.2 19
13 5 20.7 7.5

2 Gd(form)(ac),(H,0), 1D 00 2 371 240 7
18 7 459

3 Gdy(abdc)s(dmf)s 3D 18 7 200 142 —0.18 7

4 Gdy(ida);-2H,0 3D 20 2 225 248 —0.90 8
20 4 349
20 7 40.6

5 Gd(form)(bdc) 3D 19 2 257 9
19 3 333
225 5 424
225 7 460
225 9 47.0

6 Gd(form); 3D 11 2 437 386 —0.30 0.8 10
20 7 559 225

7 Gds(OH);0(COs)x(form)a(sq) (H:O) 3D 20 3 355 337 _1.64 11
20 7 60.0
30 9 64.0

8 Gdy(0x),(sq)(H,0)s 3D 30 2 250 290 018 13
30 7 4.0

9 Gdy(0x);-6.6H,0 2D 20 1 11.0 3.00 —0.75 14
20 2 253
20 3 344
20 5 430
20 7 46.6

10 (Hsedte) Gdx(0x):(H:0) 3D 200 1 99 230 —0.00 15
20 3 272
20 9 359

11 Gd(0x)(H:PO)(H:0): 2D 20 3 354 288 022 16
20 7 46.6

12 Gdy(ox)(fum),(H,0)y-4H,0 3D 30 3 310 +0.03 12
30 5 384
30 7 41.6

13 Gdy(ox)(fum), 30 3 337 —0.28 12
30 5 472
30 7 525

14 Gdj(ox):-10H0 (1) 2D 20 1 10.2 261 -0.27 This work
20 2 219
20 3 201
20 4 338
20 5 370
20 6 301
20 7 40.6
20 8 415

@ Ligand abbreviations: fum = fumarate; ac = acetate: abde = 2-amino-1.4-benzenedicarboxylate; ida = iminodiacetate: bde = 1.4-

E)euzenedicarboxylgte: form = formate: sq = squarate: ox = oxalate; Hyedte = NN, N, N'-tetrakis(2-hydroxy-ethyl)ethylenediamine:; fum = fumarate.
Structural dimensionality. ¢ Value of the temperature, 9 Value of the magnetic ficld change. ¢ Value of thie maximui magnetic entropy change (in
gravimetric units) estimafed from indirect variable-ficld magnetization or heat capacity measurements. / Value of the adiabatic temperature change
estimated from direct or indirect or indirect heat capacity measurements. £ Value of the caleulated erystal density. " Value of the Weiss temperature
obtained from the fitting of the magnetic susceptibility data to the Curie-Weiss law. ' Value “of the Néel temperature for the long-range
antiferromagnetic order.
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Fig. S1. Coordination environment around each crystallographically independent Gd(I1I)

ion for 1 with the atom numbering scheme [symmetry code: IV = 1-x, -y, 1-2]. The two
alternative ideal tricapped trigonal prism (TCTPR) and monocapped square antiprism
(CSAPR) polyhedra are shown for comparison. The grey arrows represent the simple
pathway for the structural transformation between each other.

Fig. S2 Top and front views of the hexagonal ring of the neutral oxalato-bridged
gadolinium(IIT) hexagonal layer of 1 with the atom numbering scheme showing the
hydrogen-bonded crystallization water molecules occupying the intra- and interlayer
spaces. The two sets of disordered crystallisation water molecules with half-occupancy
factors are represented by yellow anggrange spheres. Hydrogen bonds are shown as
dashed lines.
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Fig. S3 Projection views of the crystal packing of 1 along the [010] (left) and [011] (right)
directions. The two sets of disordered crystallization water molecules with half-

occupancy factors are represented by yellow and orange spheres.
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Fig. S4. Temperature dependence of 7 for 1 under applied dc magnetic fields of H =
0.025 (T<20K) and 5 T (T > 20 K). Solid line is the best-fit curve through the Monte

Carlo simulations (see text).
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Fig. S5. Magnetisation curve (left) at 7= 2 K and reduced magnetisation curves (right)
in the temperature range of 7' = 2-20 K (blue to red) for 1. Solid line is the simulated

curve through the Brillouin function (see text).
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Fig. S6 Temperature dependence of y\' (left) and yv" (right) for 1 at v= 1000 Hz of the
14 Oe oscillating field and under an applied static magnetic field of H =0 (), 0.1 (O),

and 0.25 T (3k). Solid lines are only eye-guides.

270



X, (cm® mol™)
Xy (cm? mol™)

v (kHz) v (kHz)

Fig. S7 Frequency dependence of y\' and yv" of 1 in the temperature range of 7= 2.5—

11.0 K (gray to yellow) at H=0.25 T. Solid lines are the best-fit curves through the
generalised Debye model (see text).
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Fig. S8 Argand plots of 1 in the temperature range of 7= 2.5-11.0 K (grey to yellow) at

H=0.25T. The solid lines are the simulated curves through the generalised Debye model
(see text).
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Fig. S9 Temperature (left) and field dependence (right) of M for 1 in the magnetic field
and temperature ranges of H = 0-8 T and 7'=2-20 K (blue to red), respectively.

Fig. S10. Temperature dependence of the relaxation time of complound 1 represented in
a log-log plot. In the representation is evident the two different slopes regime

corresponding to the Raman and IK contributions (see text).
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Fig. S11. Face indexing of a crystal of 1, mounted on a goniometer head and indicating
the crystallographic planes (dimensions: 0.21 x 0.07 x 0.04 mm?3).
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