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Correlated SpectroscopY. Espectroscopia de correlacion homonuclear a
corta distancia.

Density Functional Theory. Teoria del funcional de la densidad

ElectroSpray lonisation-Mass Spectrometry. Espectrometria de masas de
ionizacion por electrospray
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Introduccion

Una de las

caracteristicas de los iones calcogenuro

principales

E” (E =S, Se, Te) es que presentan una
elevada carga negativa y una notable
La
coordinativa de estos iones con cationes

polarizabilidad. versatilidad
metalicos se refleja en la gran tendencia
para formar calcogenuros metalicos con
estructuras poliméricas, ya que pueden
actuar como ligandos puente entre la
mayoria de metales de transicion y del
Estas
coordinativas dan lugar a conexiones

bloque p. propiedades
infinitas en una, dos o tres direcciones
del espacio generando compuestos con
una gran diversidad en cuanto a
estructura y propiedades. Esta gran
diversidad estructural se refleja en
numerosos minerales que habitualmente
son las menas primarias de los metales
contienen. Los

que compuestos y

polimeros M-E presentan una gran
estabilidad frente a la hidrolisis y son
insolubles en los medios con los que no
Las
quimicas mostradas por muchos de

reaccionan. propiedades fisico-
estos calcogenuros han promovido un
gran interés en el campo de la ciencia de
Asi,
aplicacion como lubricantes a altas

los materiales. se conoce su
temperaturas,’ componentes de fibra
c’>ptica,2 catodos en baterias,” sensores
electroquimicos,4 elementos ()p‘[icos,5 0
catalizadores.’

Los sulfuros metalicos son, por
variedad y diversidad, los calcogenuros
mas abundantes en la corteza terrestre.
Son soélidos a temperaturas ordinarias y
suelen clasificarse en funcion de la
estructura cristalina y, dentro de ésta, en
tres subgrupos: estructuras en cadena,
en capas y tridimensionales infinitas.

Tabla I.1. Estructuras cristalinas de sulfuros metalicos

Tipo de NuUmeros de Nombre de Ejemplos
estructura coordinacion la estructura
M:S
Estructuras 4:8 Antifluorita Li,S, Na,S, K,S, Rb,S
gllgﬁz‘sls‘onal“ 6:6 Cloruro sédico MgS, CaS, SrS, BaS, MnS, PbS, LaS,
CeS, PrS, NdS, SmS, EuS, TbS, HoS,
ThS, US, PuS
6:6 Arseniuro de niquel FeS, CoS, NiS,® VS, TiS
6:6® Pirita o marcasita FeS,, CoS,, NiS,, MnS,, OsS,, RuS,
4:4 Blenda de Zn BeS, ZnS, CdS, HgS
Wurtzita ZnS, CdS, MnS
4:4 Cooperita PtS
Estructuras 6:3 Toduro de cadmio TiS,, Z1S,, SnS,, PtS,, TaS,, HfS,
en capas Cloruro de cadmio TaS,
6:3 Sulfuro de molibdeno MoS,, WS,

Estructuras en
cadenas

szS3, Bi253, HgS

@
(b)

También la estructura de la millerita (coordinacion 5:5).
Los nameros de coordinacion se refieren a la relacion M>": S,>.
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Si
semejanzas estructurales entre sulfuros

bien existen  algunas
y oxidos, los 6xidos se parecen mas a
los fluoruros mientras que los sulfuros
tienden a cristalizar con el mismo tipo
de estructura que cloruros, bromuros y
yoduros con el mismo tipo de féormula
(especialmente la estructura en capas).
La de

comportamiento radica en que el enlace

clave este distinto
M-S es mas covalente que el M-O,
permitiendo mayor variedad estructural.
Ademas de enlaces M-S, las estructuras
cristalinas de varios sulfuros de metales
de transicion muestran enlaces M-M
como, por ejemplo, en monosulfuros
con estructura de NiAs, en sulfuros de
cromo y en muchos ‘“sub-sulfuros”
como Hf,S, Ta,S, PdsS y TasS. Ademas,
muchos sulfuros se comportan como
aleaciones, semejanza que se muestra
por sus formulas (donde los elementos
no presentan sus valencias quimicas

habituales, como Co¢Sg, PdsS, TiS3), su
composicion variable y sus propiedades
fisicas, brillo metalico, poder reflexivo
y conductividad.

Dentro de la gran variedad de
sulfuros metalicos binarios en forma
mineral que aparecen en la corteza
terrestre se encuentra la Cooperita, un
sulfuro poco usual de platino (PtS)
donde el Pt forma cuatro enlaces
coplanarios y el S cuatro enlaces en
disposicion tetraédrica (figura I. 1). Los
angulos del enlace para el Pt y el S no
son los ideales para la coordinacion
citada. De hecho, el Pt presenta dos
angulos de enlace de 82.5° y dos de
97.5° y los del S son dos de 97.5° y
cuatro de 115°.

En general, los agregados M-S
muestran  interesantes  propiedades
de

L, . . 8 . .,
optica no lineal,® semiconduccion,’ etc.)

(fotoluminiscencia,”  fenémenos

que los hacen potencialmente utiles para

Figura I. 1. Estructura cristalina y detalle de los distintos angulos de enlace de la Cooperita
(arriba). Dos muestras minerales de este sulfuro de platino (abajo)
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diversas aplicaciones tecnologicas. En
el campo de la biologia también tiene
un elevado interés ya que diversas
metaloproteinas que contienen centros
activos M,S,, especialmente proteinas
Fe-S (ferredoxinas, enzimas nitrogenasa,
hidrogenasas), intervienen en procesos
de transferencia electrénica,'® cuyos
mecanismos no estan perfectamente
establecidos. En este sentido, existe un
gran interés en sintetizar modelos
capaces de mimetizar el papel de un
centro metalico concreto en un
determinado proceso catalitico. Una de
las finalidades de estas aproximaciones
es, por ejemplo, ofrecer nuevas formas
de abordar el estudio de la relacion
estructura-propiedades en  diversas
metaloproteinas.''

También a nivel biologico, una
observaciéon muy importante a raiz de
estudios de coordinaciéon del Pt(Il) con
cisteinicos  contenidos

azufres en

algunas proteinas, ha sido que Ila
formacion de enlaces Pt-S es un factor

determinante en la nefrotoxicidad y la

desactivacion de farmacos
antitumorales que contienen este centro
metalico.'”> De ahi la importancia

biomédica del estudio de la naturaleza
coordinativa del azufre con el platino.
Desde un punto de vista quimico,
la afinidad del azufre por la mayoria de
de
transicionales se puede entender en base

metales transicion 'y  post-
a la teoria de Pearson (interacciones
acido-base duro-blando). El azufre se
clasifica como una base blanda, por lo
que tiene afinidad por centros metalicos
que se comporten como acidos blandos
(Pt(I) y Pd(IT) son idéneos para formar

complejos M-S con elevada estabilidad).

Su poder coordinativo proporciona una
de
coordinacion extensible a ligandos que

gran riqueza a su quimica
portan el azufre como atomo donador
(sulfuros, S%: tiolatos, RS’ y tioéteres,
RSR). Comparativamente, la estabilidad
de estos complejos aumenta en funcion
de

compartidos y la polarizabilidad sobre

los pares electronicos  no
el azufre, generando el orden de
estabilidad: S>> RS> RSR."

El estudio de la gran diversidad
de

complejos M-S tuvo un gran auge a

y posibilidades la quimica de
partir del estudio, en los afios 70, de
compuestos no poliméricos formados
por especies moleculares discretas. La
obtencidn de estas especies se basaba en
la sintesis de complejos con centros
conteniendo

metal-azufre ligandos

terminales que impedian la
polimerizaciéon tan frecuente en la
sintesis de compuestos M-S. Un tipo
muy concreto de complejos M-S que
presentan una gran riqueza quimica son
las especies con formula general
[PtL4(pn-S)2]. La densidad electronica
que presentan los atomos de azufre en el
anillo central {Pt(u-S),Pt} permiten que
estas especies actien como
metaloligandos, coordindndose a gran
cantidad de centros metélicos y, por
extension, reaccionen con especies no
métalicas aceptoras de electrones
(CH,Cl,, CH;1, PhCH,Br, H).

Pero sin duda,
donde
M-S

relevancia es la industria quimica. No

uno de los
de
especial

terrenos la  quimica

coordinacion tiene
obstante, una gran parte de catalizadores
heterogéneos utilizados industrialmente
14
son sulfuros de metales de transicion
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que intervienen, entre otros procesos, en

la  catdlisis de reacciones de

hidrogenacion de hidrocarburos

insaturados y aromaticos en procesos de
15a-d

refinado del petroleo,
15¢

o en electro- y
fotocatalisis.

En los ultimos afios se han
desarrollado gran cantidad de estudios
de
catalizadores metalicos utilizados en

dirigidos a la optimizacion
diferentes procesos quimicos. Uno de
los procesos industriales mas estudiados
en los ultimos 30 afios esta relacionado
la abstraccion del azufre en
Las de

hidrodesulfuracion (HDS)'® y el proceso

con
hidrocarburos. reacciones
Clauss!” han recibido una atencién

considerable, especialmente con el
objetivo de optimizar el procesado del

crudo del petréleo a nivel industrial.

(hidrodesulfuracion)
R-S-R +2H; — SH, + 2RH

(proceso Clauss)
2SH, + SO, — 3S + 2H,0O

Recientemente, el interés en el
del de
hidrodesulfuracion se ha acrecentado en

estudio proceso
respuesta a la nueva legislacion'® que
exige la reduccion de niveles de azufre
actuales (300-500 ppm) en gasolina y
diesel a un maximo de 10 ppm para el
2010. A nivel industrial, este proceso
comporta la utilizacién de catalizadores
consistentes en sulfuros metalicos
soportados sobre alimina (ej. Mo/Co) y
la aplicacion de elevadas presiones de
hidrogeno (1200 atm) y temperaturas
por encima de 450 °C. El conseguir
la

de

catalizadores mas efectivos y

moderacion de las condiciones

reaccion son los objetivos principales de
los grupos de investigacion dedicados a
este campo.

A pesar de que la gran mayoria
de procesos cataliticos industriales se
llevan a cabo en fase heterogénea, en
los ultimos afos se han realizado
grandes esfuerzos dirigidos hacia la
obtencion de catalizadores en fase
homogénea que reporten una mayor
efectividad catalitica a un determinado
proceso 'y una mejora en las
de

Ademas, los trabajos con complejos que

prestaciones los catalizadores.
incluyen metales de transicion se han
como una alternativa al
de

reacciones que tienen lugar en procesos

perfilado

estudio  mecanistico diversas
de importancia industrial.
En

polihidruros de metales de la segunda y

esta linea, complejos
tercera serie de transicion conteniendo
ligandos fosfina han mostrado actividad
en la hidrogenacion, en fase homogénea,
de compuestos organicos insaturados'’
de

organosulfurados

y en la hidrodesulfuracion

compuestos
7. 20 .
aromaticos.” En cuanto a complejos de
varios de los productos
de

compuestos organosulfurados utilizando

platino,

obtenidos la desulfuraciéon de

complejos conteniendo este centro
metalico responden a férmulas con
fragmentos  {Pty(u-S)2}, {Pto(u-S)},
{Pho(p-S)(u-H)} o {PYSH)(H)}."" En
este contexto, los compuestos Pt-S,
aparte de mostrar una gran diversidad
quimica, también parecen presentar una
especial relevancia en el proceso de
hidrodesulfuracion.

El compendio de trabajos que se

presentan en esta tesis muestra dos
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partes diferenciadas, pero con una clara
conexion entre ellas. Asi, por un lado,
una parte del trabajo se ha dedicado a
de
de
compuestos que contienen el anillo
{Pt(u-S),}** desde el punto de vista de
la influencia de los ligandos terminales

ampliar el conocimiento las

particularidades  quimicas los

en la nucleofilicidad de los atomos de
Se ha demostrado que
densidad

responsable de la riqueza quimica de los

azufre. su

elevada electronica  es

mismos y, en ese sentido, se ha
pretendido abordar el estudio de la
modificacién de la reactividad de estas
especies causada por el cambio en la
naturaleza de los atomos donadores en
los ligandos terminales.

Por otro lado, la obtencion de
{Ma(u-S)2}

como productos del proceso de la

complejos  dinucleares

desulfuracion en fase homogénea de
diversas especies organosulfuradas y la

actividad mostrada por  especies

metalicas con hidrégeno activado

(hidruros metalicos) en procesos HDS,
nos ha animado a introducirnos en el
estudio de la relevancia de estas
complejos en el proceso de HDS. En
esta linea, se ha estudiado la gran
diversidad e interconversion de especies
sulfuradas obtenidas a partir de la
reaccion de un complejo dinuclear
trihidruro de platino, conteniendo el
{Pt,H3},
compuestos  sulfurados  inorganicos
(NayS, NaSH). Ademas, la busqueda de

un complejo capaz de activar enlaces

fragmento  central con

C-S en especies modelo para el estudio
del proceso HDS (tiofeno, benzotiofeno,
dibenzotiofeno) y el establecimiento del
mecanismo implicado también nos ha
llevado a estudiar la reaccion del
complejo {Pt,H3} con tiofeno. Se ha
pretendido, pues, ampliar el
conocimiento entorno al proceso HDS
desde el punto de vista de la quimica de
coordinacion de compuestos platino-

azufre.

I.1. Estructura molecular y electronica del anillo central

{Pt,S,}

de de
compuestos Pt-S destacan los complejos

Dentro la quimica
con el fragmento central {Pt,S,} y de
formula general [L,Pt(u-S),PtL,] (L, =

ligandos fosfina), sobre los que se ha

desarrollado un gran numero de
estudios en este grupo de
investigacion.” Estos complejos

presentan un anillo central de cuatro

atomos en el cual dos azufres actian
como ligandos puente entre dos centros
metalicos de platino (II), que completan
su coordinacion con ligandos fosfina. El
entorno de coordinacion del Pt(IT) es
plano cuadrado como corresponde a la
mayoria de centros metalicos con una
& La
caracterizacion por difraccion de rayos

configuracién  electronica
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X de un gran numero de estos
complejos ha permitido establecer las
diferencias geométricas entre especies

2l1c, 24 ;g
©<" Una de las caracteristicas

analogas.
principales de esta familia de complejos
es el angulo diedro (¢) entre los dos
planos PtS,. Se ha observado que la
de

diversos

versatilidad  coordinativa estas

especies frente a iones
metalicos estd directamente relacionada
con este angulo que, con un coste
energético bajo, se adapta a diferentes
geometrias de coordinacion.

ya habia

descrito que el factor principal del

Anteriormente se
plegamiento del anillo {Pt,S,} es la
interaccion metal-metal a larga distancia
en la que entran en juego un orbital dz
de
metalicos de Pt(II) y un orbital p, vacio

ocupado de unos los centros
del otro Pt(Il), siempre que el ligando
puente permita un distancia Optima
entre los centros metélicos (figura I.
2).”* De hecho, complejos analogos con
puentes Se’” o Te” tienen una geometria

plana (¢ = 180 °C).

Figura I. 2. Descripcion grafica del plegamiento
del anillo central Pt,S; y angulo diédro ¢.

Se ha observado que el valor de
¢ se puede modificar variando la
naturaleza de las fosfinas terminales
presentes y que, en general, los ligandos
voluminosos el

mas impiden

plegamiento de la estructura debido a la

repulsion estérica entre ellos. Sirvan
como ejemplos los casos limite del
[Pt2(PPhaopy)a(p-S)2],
presenta una geometria plana, y el
[Pto(PMe,Ph)a(p-S)2],
muestra un angulo ¢ de 121 °. Otros

compuesto que

analogo que
factores como el angulo de mordedura
(bite angle), en el caso de los ligandos
quelato, o cambios electronicos en el
anillo M,X, (generados por métodos
electroquimicos o quimicos), también
determina el grado de plegamiento de la
molécula provocando un cambio
estructural.*® *® Todos estos estudios
nos ofrecen una primera base para poder
los factores

llegar a sistematizar

implicados en la modificacion del
valor ¢ que caracteriza a este tipo de
complejos denominados comunmente
“compuestos tipo mariposa”.

Estas especies suscitan un gran
interés debido a la elevada densidad
electronica que presentan los atomos de
azufre puente en el anillo central
{Pt2(1-S)2} y que habilita su capacidad
para actuar como electrodonadores. Este
comportamiento nucleofilico es la base
de toda la reactividad descrita hasta el
momento por esta familia de
compuestos.

A pesar de que es esperable que
pequefios cambios estructurales o
electronicos afecten al poder nucleofilo
del anillo {Pt;S,} y repercutan en la
de de

compuestos,”> no se ha realizado hasta

reactividad este  tipo
el momento un estudio sistematico de
como afecta a esta naturaleza reactiva el
cambio en los atomos donadores de los
ligandos terminales. Las repercusiones
estructurales y reactivas en complejos
[L,Pt(u-S),PtL;] los cuales

cn S€
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cambia L, = fosfina por el andlogo L, =
arsina ha sido uno de los objetivos del

1.2. Antecedentes en el

estudio de

trabajo incluido en esta tesis.

la reactividad de

compuestos con anillo central {Pt,(u-S).}

Los de
obtencion de compuestos Pt-S datan de

primeros  trabajos

principios del siglo XX. El primer
ejemplo corresponde a una molécula
de

inorganica,

quiral naturaleza  puramente

[Pt(n*-S5)s]",
referenciada en un trabajo de Hofmann

el anion
y Hoéchlen en 19037 Sin embargo,
hasta principios de los 60 no se tiene
de
bimetalicos donde el azufre actua como

noticia de estudios complejos

centros
(1960)
de
complejos bimetalicos de platino con

ligando puente entre los

Chatt
el

metalicos. y Hart

realizaron primer estudio
tiolatos puente de formula general
[Pt2(PR3)4(1-SR*)2]*" y propusieron la
estructura electronica del anillo central
{Pt(u-S),}, consistente en un sistema
aromatico donde predominaban las
interacciones dm-pr.®® Afios mas tarde,
Baird y Wilkinson (1966), publican la
consecucion del primer compuesto
bimetalico con puente sulfuro (S*). Se
trataba del

[Pt2(PPh3)3(CO)(p-S)],

presentaba un enlace metal-metal y

compuesto
el cual

cierta reactividad respecto a la
sustitucion de los ligandos CO y PPhs.”

Por otro parte, los estudios de la
reactividad asociada a los puentes

sulfuro se desarrollaron paralelamente a

la sintesis de compuestos bimetélicos
conteniendo dos puentes sulfuro. Los
trabajos de Chatt y Mingos con el
compuesto [Pty(PMe,Ph)4(p-S),] y Ugo
et al. con el analogo [Pty(PPhs3)4(p-S),]
mostraron la capacidad de estas
especies para reaccionar con electrofilos
organicos (CH3l, PhCH,Br) generando
especies monoalquiladas
[PtoLs(u-S)(u-SR)]” (R = CH; o
PhCH,).*® Adicionalmente, en el trabajo
de Chatt y Mingos se sintetizo el
complejo trimetalico
[Pt3(PMe,Ph)e(p3-S2)2]Cl,, siendo ésta
la primera vez que se puso de
manifiesto el potencial de las especies
{Pta(u-S)2}

metaloligandos en la obtencion de

para  actuar  como
complejos con nuclearidad controlada.
Pero no va a ser hasta mitad de
la década de los 80 que se van a
empezar a explotar las posibilidades que
ofrecen este tipo de
Destacable ha sido la labor de Mingos y
Hor

estudios de sintesis y reactividad de

compuestos.
que han aportado numerosos

estas especies principalmente centrada
en el compuesto [Pty(PPhs)s(p-S)]. A
continuacion, se hace una cronologia de
los diferentes estudios en funcidn de las
propiedades quimicas mas notables que
han mostrado estas especies.



Introduccion

Propiedades como metaloligandos:
Destacan los estudios del
comportamiento del complejo

[Pto(PPh3)4(p-S)2] como metaloligando
bidentado frente a diversos metales de
transicion obteniéndose especies del
[{Pty(PPh3)s(us-S)2} ML, 1> El
de  ensamblaje

tipo

primer
de dos metaloligandos
la sintesis del compuesto
[{Pt2(PPhs)a(ui-S),}2Ag:]*" por parte de
Mingos et al. (1983).%* Posteriormente,
Bos et al. sintetizaron diversos
agregados [ {Pta(PPh3)4(u-S)2} {AuCl},],

ejemplo
lo presenta

[{Pt2(PPh3)a(11-S)2} Au(PPhs)]* y
[ {Pt2(PPhs)a(u-S)2} {Au(PPhs)}o]""
donde cada fragmento {AuCl} o

{Au(PPh3)}" se coordinaba a un unico
puente sulfuro.”® Ya en los afios 90 la
versatilidad del
[Pto(PPh3)4(p-S)2] como metaloligando
se extiende a metales post-transicionales
como TI(I), Pb(Il), Ga(Ill), In(Ill) y
Bi(IID).**

Todos estos trabajos fueron la

compuesto

base de estudios posteriores en los que
se llegaron a obtener especies con
elevada nuclearidad y con entornos de
inéditos

coordinacion para algunos

centros metalicos. Asi, complejos como
[ {Pt2(PPhopy)a(p-S)}2Ag:]™ (Yam et
al., 1996) mostraron que, aparte de la
coordinacion del heterometal con los
sulfuros  puente, se  observaba
interaccion metal-metal entre Pt y Ag,
de

especie

la cual era responsable la

de
polimetalica.”> Trabajos anteriores del

estabilizacion esta
grupo de investigacion en el que me
integro han permitido la obtencion del
primer complejo bimetalico con el
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anillo {Pt;(u-S),} con ligandos fosfina
quelato [Pto(dppe)2(u-S)2] (dppe = 1,2-
bis(difenil)fosfina) y los compuestos
heterometalicos derivados de férmula
general [{Pty(dppe)s(u-S):}aMJ*" (M =
Cu(Il), Zn(Il), Cd(II), Hg(II)).** *
Destaca la estabilidad del compuesto de
Cu(Il) ya que este centro metalico se
encuentra coordinado a cuatro 4tomos
de azufre, a pesar de que es bien
conocida la dificultad de obtener este
entorno de coordinaciéon en complejos
de Cu(II) con ligandos tiolato a los que
suele oxidar a disulfuro reduciéndose a
Cu(D).

En la figura 1.3 se esquematizan
los diferentes complejos obtenidos por
coordinacion de diversos heterometales
con metaloligandos {Pt,L4(p-S)2}.

Muy
desarrollado,

ha
una

recientemente
grupo,
novedosa ruta sintética basada en el
autoensamblaje de compuestos de
formula [L,Pt(u-S),PtL,] (figura 1. 4)
para obtener agregados polimetalicos
{Pt,S>},.>"  Este
método de sintesis permite el control de

SC

en este

conteniendo COres

la nuclearidad del cluster y se puede

extender a otros metales con

La
estrategia desarrollada consiste en la
expansion de anillos {Pt;S;} a
complejos del tipo [{Pt,S,}PtL’;] (L’
ligando terminal 1abil) en los cuales L’

coordinacién  plano-cuadrada.

se reemplazan por ligandos sulfuro
generando especies [{Pt;S,}2{Pt:S,}].
La consiguiente expansion a especies
[{Pt2S,}3PtL’;] inicia de nuevo el ciclo.
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{Pt(u-S),Pt}.

Reaccidn con especies electrofilas: En
el afio 1983 se publicé un trabajo de
gran trascendencia en el estudio de la
de
conteniendo el anillo {Pt,S,}. En éste se

reactividad los complejos
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observo que el complejo [Pty(PPhs)a(p-
S),] es capaz de activar la molécula de
CH,Cl, obteniéndose complejo
monoalquilado de
[Pta(PPh3)s(u-S)(n-SCHACDICL™
de
experimento, la elevada nucleofilicidad
de los sulfuro puente del anillo {Pt,S,}
y la capacidad de estos complejos para
romper enlaces C-X (X = CI, Br, I) en

un

formula
Se
manifiesto, este

ponia con

compuestos organohalogenados. Desde
entonces, han sido muchos lo trabajos
que han estudiado la reactividad de este
tipo de complejos con
halogenadas R-X y X-R-X.*

Recientemente, se ha estudiado

especies

de forma sistematica la reactividad de
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Figura 1.5. Evolucién de compuestos [L,Pt(u-S),PtL,] al ser disueltos en CH,Cl,, en funcién del tiempo y

a temperatura ambiente.

especies {Pt;S;} con CH,Cl, y se ha
propuesto un mecanismo para dicha
reacciéon, ampliando el conocimiento
entorno a las caracteristicas quimicas

del anillo central {Pt;(u-S)2} en
complejos de  féormula  general
[PL(PNP)(u-S)] (PP = dppe,
dppp).* Los resultados tedrico-

experimentales corroboraban la notable
nucleofilicidad de los ligandos sulfuro
puente y se empezaba a sugerir una
cierta influencia de la naturaleza de los
ligando terminales en la basicidad de los
atomos de azufre puente. De hecho, se
llegd a la conclusion de que el aumento
de la nucleofilicidad que se observaba
con dppp frente a dppe era debido a una
mayor donacién electrénica por parte
del
comparacion

fosforo del ligando dppp en

con dppe, siendo la
longitud de la cadena alquilica o el bite
angle los posibles causantes del distinto

comportamiento electronico.
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Otra especie electroaceptora que

reacciona con  estos  complejos
conteniendo el anillo {Pt;(u-S),} es el
(H). Hor et al. (2001)
describieron la obtencion de
[Pto(PPhs)4(u-S)(n-SH)]" como
resultado de Ia de
[Pty(PPhs)4(pi-S),] con 4cidos proticos.*!

Simultaneamente, en este grupo, se

proton

reaccion

analizd en detalle la reaccion de
monoprotonacion y el proceso quimico
desencadenado por la protonacién del
segundo puente sulfuro del anillo {Pt,S;}
en complejos [Pt2(PNP)2(p-S)2] (PNP =
dppe, dppp).”* Asi, mientras que la
adicion de un equivalente de acido
genera la especie monoprotonada
[P(PNP)(u-S)(u-SH)T',
protonacion del segundo puente sulfuro

la

provoca la ruptura del anillo {Pt,S,}
dando lugar a la formacién de especies
intermedias como [Pt(PNP)(SH),] y
productos finales que no sufren una
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con HCI, en funcién del tiempo y a temperatura ambiente.

evolucion posterior como [Pt(PNP)Cl,]
y [Pts(PNP)3(k3-S)a]”".

Propiedades redox: La quimica
redox de complejos bimetalicos
conteniendo centros {M,X,} (X =0, S)
tienen gran interés debido a su similitud
de
biomoléculas (cuproproteinas, proteinas

con centros activos diversas

hierro-azufre) que intervienen en
procesos redox, como son el transporte
electronico o la activacion del oxigeno.
De ahi

comportamiento redox de esta familia.

el interés del estudio del
Una cuestion importante en el estudio
de los procesos redox en compuestos
modelo radica en conocer donde se
produce la alteracion electronica y qué
repercusiones tiene dicha alteracion.

alteraciones
de

A  menudo, las

electrénicas van acompanadas
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cambios estructurales en los compuestos
estudiados. Asi, se observdo que la
oxidaciéon quimica del

[Pt2(CoFs)a(u-PPhy)2 J(NBuy),
un decrecimiento de la distancia Pt-Pt

compuesto

provoca

de acuerdo con la formacion de un
complejo binuclear de Pt(III) con enlace
Pt-Pt.*** * Sin embargo, cuando se
estudian especies {Ma(u-X)} (X = S,
Se, Te) también entran en juego las
los aniones

propiedades redox de

calcogenuro. De hecho, la oxidacion de

[Pt2(PEt;3)a(u-Te),]
genera un acortamiento en la distancia

los  complejos

Te-Te en el dication indicando la
de Te-Te
obteniéndose el complejo [Pty(PEts)s

formacion un enlace
2+ 44 -
(u-Te),]”".™ Los datos electronicos de
este ultimo complejo, obtenidos por
voltametria ciclica, permitieron disefiar

la sintesis de [Ptz(PEt3)4(M-TC)z]2+ a
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partir de la reaccion de [Pty(PEt;)4(u-Te),]
con la especie
[Fe(CsHs),](SbFg).

Por otro lado, la quimica redox

oxidante

de complejos {Pty(u-S),} no se habia
explorado con detenimiento hasta hace
poco. Las tnicas referencias de las que
se disponian eran los trabajos de
Matsumoto et al. en la década de los 90
en los que se estudiaron las propiedades
electroquimicas (reduccion) de clusters
trimetalicos [Pt3(PNP)3(us-S)]*" (PNP
= dppm, dppe, dppp, dppb). En estos
estudios ya se observo que la diferencia
en el tamafio del quelato implicaba una
modificacién en los amperogramas.®’
Un estudio mas detallado combinando

[Pt2(PNP)2(p-S)2] (PNP = dppe, dppp),
también puso de manifiesto que las
propiedades redox de estos compuestos
se ven afectadas por el cambio en la
naturaleza de los ligandos terminales*® y
que la oxidacion afecta principalmente a
la densidad electronica entorno a los
sulfuros puente, provocando cambios
estructurales analogos a los observados
para el complejo [Pty(PEts)s(u-Te)s],
anteriormente citado. Asi, los complejos
[Pt2(PMP)2(u-S)2] (PNP = dppe, dppp)
sufren una primera oxidacion para

generar las especies monooxidadas

[Pt2(PNP)(p-S)2]"
sicion compite con la formacion de la

cuya descompo-

especie dicalcogenuro [Pty(PNP)y(u-S).]*"

medidas electroquimicas 'y calculos resultado de una segunda oxidacion
DFT, centrado en complejos (figura L. 7).
Desintegracion del
core {Pt,S,}
g 5, ' b 2+
o /ﬁ&“’ : f |?g;_
A R : _ P
Py W --P'{"S%‘}&P* L
¥ L™ P " U, e %,
N T e B U

Figura I. 7. Comportamiento redox de los complejos [L,Pt(u-S),PtL,] (L, = dppe, dppp).

1.3. Influencia del ligando terminal en la reactividad y
propiedades redox de los complejos [L,Pt(u-S),PtL,]

Los resultados de los estudios

anteriores con  compuestos

{PtzSz}
establecido los principios que rigen la

que

contienen el anillo han

- 14 -

versatilidad y diversidad quimica de
estas especies. Dichos estudios permiten
intuir la reactividad potencial de los
compuestos [L,Pt(u-S),PtL,] frente a un
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de
y  prever

gran nimero especies

electroaceptoras que un
pequefio cambio en la naturaleza del
ligando puede comportar una notable
variacion en las propiedades fisico-
quimicas de estos complejos metalicos.
Como ya se ha descrito, Ila
nucleofilicidad del anillo {Pt(u-S),Pt}
en compuestos [LoPt(u-S),PtL,] (L, =
fosfina) permite que se comporten como
metaloligandos con diversos metales
formando agregados. A su vez, las
y
moleculares de estas especies presentan

caracteristicas electronicas
una gran riqueza quimica en la reaccion

con especies electrofilas o acidos
proticos.

Si bien los complejos de metales
de
fosfina han sido objeto de un gran
debido a

catalitica y la ventaja del uso RMN de

transicion conteniendo ligandos

estudio su importancia
'P para su caracterizacién, son muy
pocos los estudios comparativos entre
complejos con ligandos fosfinas y
analogos conteniendo atomos donadores
diferentes (N, As, Sb).*” A pesar de esta
escasez de trabajos, los resultados de los
mismos muestran que el cambio de
atomo donador en los ligandos provoca
modificaciones en el comportamiento
quimico de especies analogas.

Respecto a los complejos del
tipo [L,Pt(u-S),PtL,] (L, = fosfinas), no
se encuentran estudios de sintesis o
reactividad de especies andlogas con
ligandos que contengan nitrégeno,
arsénico 0 antimonio como 4tomos
donadores, a pesar de que estudios
tedricos recientes muestran que es
posible obtener complejos dinucleares

estables con puentes calcogenuro y

-15 -

ligandos terminales conteniendo
elementos del grupo 15 como atomos
donadores.” Si bien con Sb no hay

de
debido

principalmente a que las estibinas tienen

referencias bibliograficas

compuestos parecidos,
. . 4

un poder coordinante y muy bajo,” la

familia de compuestos mas cercana con

ligandos  amina

son  complejos

binucleares con  puentes tiolato
obtenidos por reaccion de compuestos
analogos al cis-platino con especies
sulfuradas™ o complejos del
[Pty(en)»(u-SR),]*"  obtenidos

reaccion de [Pt(en)Br;] con diversas

tipo
por

mercaptoaminas.’’

Ante la dificultad de disponer de
ligandos comerciales con atomos
donadores N andlogos a las fosfinas
estudiadas anteriormente en el grupo de
investigacion 'y la complejidad de

sintetizar complejos  estables con

ligandos estibina, especialmente
ligandos quelato, los ligandos arsina
presentan propiedades y una naturaleza
coordinativa similares al fosforo por lo
que parece la opcion mas idonea para
estudio Si

deciamos conocian

un comparativo. bien

que no se
antecedentes de estudios con ligandos
arsina para este tipo de complejos antes
de la publicacion del trabajo (articulo 1
presentado en la tesis), poco después se
public6 un trabajo en el que se
comparaba la nucleofilicidad de los
ligandos sulfuro y la labilidad de los
ligandos terminales del
[Pt2(AsPhs)s(u-S);] respecto a
analogo [Pty(PPhs3)4(u-S)2] en base a la

reactividad

complejo
su
con diversas especies
electrofilas y centros metélicos.”> Las

conclusiones detallan una disminucion
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de la basicidad de los sulfuros en el caso
de los arsino-complejos y una mayor
labilidad del ligando AsPhs, resultados
comparables a los obtenidos en el
trabajo presentado en esta tesis.

A pesar de que la quimica de
coordinacion de ligandos arsina data de
mas de 100 afos (ya en 1870 se habia
reportado la sintesis de complejos de
trietilarsina con Pd, Pt y Au), de que
1900-1930  hubo gran
de de
organoarseniatos con fines terapéuticos

entre un

desarroll6 la  quimica
y bélicos, y de que notables trabajos

contribuyeron al desarrollo de Ia
quimica de ligandos arsina, a partir de
mitad de los afios 60 la quimica de
coordinacion de los ligandos fosfina
desbancd a las arsinas debido a sus
mejores propiedades coordinativas y la
enorme ventaja de poder contar con
RMN de *'P.

Debido a que la diferencia
fundamental entre ligandos conteniendo
P o As como atomos donadores es la
capacidad o donadora y m aceptora que
presentan (ambas mayores en el caso
del P)> y que, a menudo, las diferencias
estructurales entre andlogos PR3 y AsRj
de

comparacion de las propiedades de

son pequeias, la importancia

complejos andlogos puede resultar
interesante. Por ejemplo, se observo que
en haluros de metales del grupo del
platino como [Os(ER3)2X4] y
[Ir(ER3),X4] la modificacion de los
potenciales redox al cambiar R de Me a
Ph es similar a la que se observa cuando
se cambia E de P a As, y es mucho
mayor que si se cambia X de Cl a Br.”*
Wendt et al. reportaron la sintesis de
de Pt(Il) del

complejos tipo
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[PtI;(EPhs)] (E =P, As, Sb) y el estudio
mecanistico de su reaccion con piridina
en el que se demostraba que el efecto
trans para los ligandos seguia el orden
Ph;Sb > Ph;P > Phs;As y la influencia
trans PhsP > PhsAs > Ph3Sb.>” Otro
factor interesante es que complejos
metalicos con ligandos arsinas pueden
presentar un incremento notable en la
velocidad de reaccién respecto a sus
analogos con ligandos fosfina en
reacciones como las cross-coupling de
Still*®* o Suzuki’.

anticipan que la sustitucion del atomo

Estos resultados

donador en el ligando afecta a las
caracteristicas quimicas de complejos
andlogos. Sin embargo, las razones de
los distintos cambios observados
todavia siguen siendo objeto de estudio.

Respecto a los complejos que
contienen el anillo central {Pty(u-S),},
estudios recientes con complejos
[LoPt(u-S)2PtL,] (L2 = dppp, dppe) han
permitido establecer diferencias
quimicas influenciadas por el cambio de
la naturaleza de los ligandos fosfina.*
El resultado de estos estudios concluye
y

electronicas en complejos andlogos con

que las diferencias estructurales
diferentes ligandos fosfina permiten
observar pequefias modificaciones en la
reactividad y propiedades redox de los
mismos. Sin embargo no se ha llegado a
evaluar la influencia que puede ejercer
sobre las propiedades fisico-quimicas de
estos complejos el cambio de atomo
donador en los ligandos unidos
directamente a los centros metalicos. La
investigacion entorno a estos factores
puede abrir nuevas puertas de cara a
futuras sintéticas

aplicaciones 0

cataliticas y permitir una mayor
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comprension de procesos bioldgicos o
industriales.

En esta tesis hemos estudiado las
repercusiones a nivel estructural y de
reactividad al reemplazar ligandos
fosfina por sus andlogos arsina en
complejos con formula [Pty(LNL)(p-S),]
(LNL = dppe, dpae). El estudio se ha

centrado en la observacion de coémo

afecta este cambio a las propiedades
redox, a las caracteristicas coordinativas
y a la reactividad frente a especies

de
complejos metalicos. La finalidad del

electrofilas los correspondientes
trabajo es la profundizacion en la
estrategia adecuada para modular Ia
nucleofilicidad y, consecuentemente, la

reactividad del anillo {Pt,S,}.

1.4. Complejos metalicos en fase homogenea: Una alternativa
al estudio del proceso de hidrodesulfuracion (HDS)

Fl
hidrodesulfuracion

campo de la
(HDS)

atrayendo la atencion de investigadores

continua

pertenecientes a multitud de disciplinas
conectadas por uno de los principales
retos quimicos de la industria petrolera
actual en vista de la gran implicacion

medioambiental y comercial que supone.

El estudio de este proceso, consistente
en la eliminacion del azufre del crudo
del
investigados a nivel industrial hoy en

petroleo, es uno de los mas
dia y se va acrecentando a medida que
la nueva legislacion obliga a reducir
drasticamente el nivel permitido de
azufre en derivados del petroleo para
que puedan salir al mercado. De hecho,
es significativa la gran cantidad de
articulos de revisién, monograficos y
trabajos que cada afio

nuevos SC

publican en todo el mundo entorno a
esta cuestion.”

Una de las areas que ha ido en
aumento desde hace poco mas de 20
afios es la quimica organometalica de
y Dichos

tiofenos derivados.
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compuestos se han considerado modelo
de las reacciones implicadas en el
proceso HDS, y permiten complementar
los procedimientos estandar de quimica
en superficies y de catalizadores
El

estudios es llegar a comprender el

heterogéneos. objetivo de estos

complejo entramado de reacciones
implicadas en dicho proceso.”

A pesar de que la tecnologia
actual es capaz de eliminar el 90% del
azufre del crudo del petroleo (0.1% de
azufre en el producto acabado), la nueva
legislacion es muy severa y esto ha
estimulado la intensificacion de Ia
investigacion con el objetivo de obtener
productos en los cuales se haya
eliminado como minimo el 95% del
azufre. Este interés se ve acrecentado
por el volumen de petroleo procesado
por dia en las refinerias a nivel mundial
(varias decenas de millones de litros) y
por el hecho de que esta industria
abarca el 10% del mercado mundial de

catalizadores.
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A
hidrodesulfuracion (HDS) consiste en la

nivel industrial, la
eliminacion del azufre en el crudo del
petréleo provocada por la reaccidon con
hidrégeno sobre un catalizador sélido
bajo condiciones severas de presion
(10-250 atm) y temperatura (300-400
°C).
puede representarse como:

Esquematicamente, la reaccion

[R-S] + Hy =5 H,S + [R-H]

El
compleja de

petrdleo es una mezcla
hidrocarburos 'y otros
compuestos organicos que, dependiendo
de la procedencia del crudo, pueden
contener diversos heteroatomos (azufre,
El

heterodtomo mas abundante es siempre

nitrogeno, oxigeno y metales).
el azufre (0.1-5% en peso) en forma de
mercaptanos, sulfuros de dialquilo y
diarilo y tiofenos. El hidrotratamiento
estandar, capaz de eliminar facilmente
tioles, sulfuros y disulfuros, resulta
insuficiente a la hora de eliminar azufre
de compuestos menos reactivos como
son los derivados tiofénicos (tiofeno, T;
benzotiofeno, BT; y dibenzotiofeno,
DBT), de ahi que la mayoria de estudios
HDS
compuestos.59

estén focalizados en estos

El estudio de la reaccion de
tiofenos con complejos metalicos de
transicion en fase homogénea se ha
descrito como una buena estrategia para
el estudio mecanistico y optimizacion
de la reaccion de hidrodesulfuracion.”
El modelo organometdlico pretende ser
una aproximacion y una herramienta
adicional a los estudios en superficies
(catalisis heterogénea) con el fin de

aportar nuevas ideas y servir como
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alternativa en el entendimiento general
del
complejos de metales del grupo del

problema. En esta linea, Ilos
platino han sido muy utiles y han
mostrado una elevada actividad HDS.
de

innumerables trabajos relacionados con

Paraddjicamente, a pesar los
el proceso HDS, el mecanismo de las
reacciones que tienen lugar es todavia
motivo de debate.

Industrialmente es un proceso en
utilizan  catalizadores

el se

(e].
durante la reaccion se convierten en sus

que
metalicos Co-Mo/alumina) que
respectivos sulfuros. En las condiciones
de reaccion, el catalizador favorece la
de
insaturados, lo que se considera una

hidrogenacion hidrocarburos
desventaja ya que requiere un gasto
excesivo y costoso de H,. Muchos
metales han mostrado ser activos en
catalisis HDS observandose que Ila
capacidad para desulfurar derivados
tiofénicos estd relacionada con la
posicion de los metales en la tabla
periddica. Esta tendencia se refleja en
los diagramas denominados “volcano-
type” (figura 1. 8),° en los cuales se
representa  la

capacidad de un

determinado sulfuro metalico, puro o

depositado  sobre  alimina, para
desulfurar un sustrato  sulfurado
concreto. Los resultados de estos

estudios han repercutido en que la
mayoria de trabajos de investigacion
desarrollados en los ultimos afios
respecto a procesos HDS se centrasen
en la reactividad de complejos
metalicos con metales de la segunda y
de

presentan una mayor actividad en

tercera  serie transiciéon, que

comparacion con los metales de la
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| A JI e 1° Serie
/o 1 A 2% Serie
A 'T'" ! m 3? Serie

Figura I. 8. Actividad HDS (velocidad de reaccion de conversion del tiofeno) mostrada por diversos
metales de transicion (en forma de sulfuros) en funcion de su posicion en la tabla periddica. (a) Tamafio
de particula 10-25 A; (b) tamafio normalizado a 5 A.

primera serie. Asi, se conocen trabajos
con complejos metalicos de Ru, Os, Rh,
o Ir, que muestran su alta capacidad
para desulfurar.® Los complejos de Pt
también han mostrado un notable
de
desulfuracion.'*® A pesar de que el

potencial en reacciones
elevado coste de la mayoria de estos

metales impide su uso comercial, la

reactividad ~ HDS de modelos
organometalicos es interesante desde el
punto de vista del estudio y

entendimiento del papel del metal en el
catalizador.

Se ha visto que las reacciones
que tienen lugar en el proceso industrial
HDS son muy complejas y muy dificiles
de sistematizar. De hecho, aun sigue
habiendo controversia entorno a la
naturaleza y estructura de los sitios
activos en los catalizadores estandar®' a
pesar de que se tienen referencias de
estudios complejos en los que se intenta
mimetizar la superficie del
catalizador.*®

Por otro lado, los tiofenos se han
clasificado habitualmente como
compuestos aromaticos en base a su
estructura y reactividad, aunque la

deslocalizacion electronica es
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considerablemente menor que para
especies como el benceno.” Los puntos
de coordinacion del tiofeno (los de mas
alta densidad electronica) son los
enlaces C=C y el par electronico del
azufre. El estudio por espectroscopia
RMN vy difraccion de rayos X de un
gran numero de complejos metélicos
nos ha dado a conocer la gran variedad
de modos de coordinacién del tiofeno.*”
%63 Asi, se sabe que el tiofeno puede
coordinarse a un centro metalico de
cuatro formas posibles (x-S, 0, 0, n°)
segun se indica en la figura L. 9.

En consonancia con los datos
teoricos

experimentales,  calculos

realizados para complejos metal-
tiofeno® han contribuido a entender las
estructuras electronicas de los mismos,
de

coordinacion depende principalmente

observandose que el modo
de factores como densidad electronica y
vacantes coordinativas del metal y/o
factores estéricos.

Por otro lado, se ha observado
que una gran variedad de complejos
metalicos mono- o dinucleares (Co, Rh,
Ru, Pt) conteniendo hidrogeno activado
hidruro) de

hidrogenar compuestos aromaticos en

(ligandos son capaces
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condiciones considerablemente mas
suaves que en sistemas heterogéneos.”’
Asi, el complejo dinuclear trihidruro de
platino que hemos utilizado en esta tesis
[Pty(dppp).H3]", ha mostrado ser capaz
de hidrogenar compuestos olefinicos.®’
Sorprendentemente, a pesar de la
gran cantidad de estudios realizados
entorno a esta reactividad, los
mecanismos que rigen la hidrogenacioén
homogénea es todavia objeto de estudio.
Sin esta reactividad

embargo, es

importante de cara al estudio de
reacciones de hidrodesulfuracion ya que
la hidrogenacion de la cadena tiofénica
provoca una pérdida de aromaticidad y
genera  especies  saturadas = mas
facilmente desulfurables. La opinion
mas generalizada entre los
investigadores es que la hidrogenacion
de

sulfurados parece ser el paso previo a la

los  compuestos  aromaticos
rotura de los enlaces C-S. Sin embargo,
otra parte cree que la abstraccion del
azufre predomina o se da al mismo
tiempo que la hidrogenacion. De hecho,
no es posible generalizar ya que este
tipo de reacciones son enormemente
dependientes del substrato, catalizador y
condiciones de reaccion.

La gran cantidad de estudios que
de

complejos metalicos con tiofeno nos

incluyen  reacciones diversos
aportan pistas sobre posibles rutas de
reaccion en solucion y la influencia de
diferentes  factores  cinéticos o
termodinamicos. Recientemente, estan
emergiendo sistemas cataliticos
homogéneos capaces de hidrogenar e
hidrodesulfurar tiofenos °° pero que no
en el

tienen cabida, de momento,

proceso industrial de HDS debido a su
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escaso desarrollo y la dificultad de su
viabilidad industrial. Sin embargo, la
informacion mecanistica que se extrae
de dichos estudios puede ayudar a
entender el proceso en fase heterogénea.

Es importante tener en cuenta
que las energias de un enlace C-S son
del orden de unas 62 kcal/mol en tioles
o tioéteres alifaticos, mientras que el
enlace C-S de los derivados tiofénicos
le corresponde unas 114 kcal/mol. Por
tanto, la barrera energética a superar es
considerable. Una de las reacciones mas
de
derivados tiofénicos es la apertura del

estudiadas activacion C-S en
anillo a través de lo que formalmente se
denomina adicion oxidativa del enlace
C-S a un centro metalico. El resultado
de estas reacciones es la obtencion de
los correspondientes tiametalaciclos. Se
han publicado numerosos trabajos
donde se han obtenido este tipo de
complejos con diversos metales (Co, Rh,
Ir, Ru, Ni, Pt) en bajo estado de
oxidacion. Esta es una de las reacciones
mas discutidas en literatura y que se

puede esquematizar como se observa en

[
A TN
N D 2

N

L
x

Figura 1. 9. Diferentes modos posibles de
coordinacion del tiofeno previos a la formacion
del metalaciclo por rotura de un enlace C-S.

la figura I. 9.
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De
relacionados con la desulfuracion de

todos los trabajos

derivados tiofénicos utilizando
complejos de platino se pueden deducir
factores importantes que determinan su
actividad catalitica. Principalmente se
de

desulfuracion con compuestos de Pt(0)

han ensayado reacciones
y Pt(I) ricos en electrones. En estos
trabajos, el primer paso en la reaccion
es la insercion del platino en uno de los
C-S
tiaplatinaciclo de seis miembros de
formula general [Pt(P)y(n>-S,C-C,HyS)]
(P = fosfina; para T, a =b = 4; para BT,
a=28,b=06ypara BDT, a=12,b=238).
En trabajos recientes se detalla que la

enlaces formandose el

presencia de acidos protonicos provoca
la degradacion del tiaplatinaciclo pero
no la desulfuracion del derivado de
tiofeno.®” En cambio, la presencia de
una fuente de hidruros puede provocar
la rotura de los enlaces C-S de modo
que se llega a obtener la completa

de
Esta
compuestos dinucleares de formulas

[Pt:P4(u-S)2] ' 0 [Pt2(PNP)2(1-S)1,>'"" o

desulfuracion los tiofeno-

2la

derivados. reaccion  genera

mononucleares de formula
[Pt(P)(H)(SH)].*"*

Las especies anteriores, junto
con la especie catidnica

[Pt2(PNP),(u-H)(1-S)]" (obtenida como
resultado de la activacion del enlace C-S

de especies ditiolato),*'®

0 compuestos
{Pt(SH),} (propuestos como candidatos
para la catalisis homogénea del proceso
Clauss o intermedios en procesos
HDS),*® * presentan una coleccion de
Pt-S, Pt-SH y PtH

relacionados con el proceso HDS y que

compuestos
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pueden reportar informacion valiosa
sobre el mismo.

Por otro lado, se ha observado
que un factor importante en la catalisis
del proceso HDS
habilidad de los sulfuros metalicos para

industrial es la

activar el hidrogeno.” Los 4tomos de
hidrégeno activados en la superficie se
pueden considerar como protones (-SH),
hidruros terminales (en los centros
metalicos M-H) o como hidruros puente
(M-H-M). Se ha propuesto que este
hidrégeno adsorbido tiene una notable
movilidad siguiendo caminos de baja
energia al tiempo que se forman o
Estos
la

rompen enlaces M-S o S-H."!

hechos estan relacionados con

naturaleza dinamica de los sitios activos

y
observadas en el proceso HDS.

reactividades
Del
mismo modo, la adsorcion y reaccion de

las diferentes

especies SH™y S* sobre un determinado
centro metalico esta en conexion con la
creacion y la desactivacion de sitios
activos en los catalizadores utilizados

. . 6 1
industrialmente.’"?

Incluso se propone
S-H

transferencia de

que los grupos estan

implicados en la

hidrogeno necesaria para la

hidrodesulfuracion’ (figura 1. 10). En

‘;C"C

=

* )

I/Qs !

A

I K 1

N4+ r:i_;..;...._i_- i i
L |

F

Figura I. 10. Mecanismo propuesto por R. J.
Angelici” para la desulfuracion del tiofeno
sobre la superficie del catalizador.
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este sentido, la quimica de complejos
metalicos conteniendo fragmentos M-S,
M-SH y M-H puede proporcionar
interesantes modelos de interaccion H/S
en la superficie de los catalizadores.
Una idea muy extendida es que
se necesita de la presencia de mas de un
metal para romper los dos enlaces C-S y
generar la completa desulfuracion de los
De este modo, la
bi-
centros

derivados tiofénicos.”
de
con diferentes

utilizacion complejos 0
polinucleares
metalicos parece una solucion adecuada
para modelizar o catalizar reacciones de
et al

compuesto

desulfuracion.  Sweighart

obtuvieron el

[Pt2(PPh3)4(u-S)2]  por
espontanea del producto de reaccion de
[Pt2(PPh3)4CyHy]
n°-coordinado al fragmento
[(CO);Mo]".*'® Este trabajo no hace mas
que resaltar

la evolucion

con dibenzotiofeno

la importancia de la
presencia de dos centros metéalicos para
que se produzca la desulfuracion
completa de compuestos tiofénicos a
través de una quimica cooperativa. A
pesar de que los sulfuros metalicos
conteniendo dos metales diferentes (ej.
Co/Mo) o complejos heterobimetalicos
se consideran modelos mas proximos al
proceso HDS industrial, esta quimica
debido al

incremento en la dificultad que entrafia

estd menos desarrollada

el estudio de estos sistemas mas
complicados.

Si a la presencia de mas de un
metal sumamos la necesidad de
disponer de una fuente de hidrogeno (Ha,
H' o H) que facilite la hidrogenacion
y/o hidrogendlisis de las moléculas
los

organosulfuradas, complejos

metalicos polihidruro parecen unos

-22 .

buenos candidatos a tener en cuenta
para el estudio del proceso HDS. Si bien
se han reportado diferentes trabajos
utilizando polihidruros polinucleares,’
los sistemas mas sencillos para estudio
detallado del mecanismo de reaccion
son los polihidruro dinucleares. En este
sentido, Jones et al. publicaron en 1994
el primer estudio de un complejo
dinuclear polihidruro de Ir de férmula
[[rCp*Hs], que, en presencia de un
aceptor de hidrogeno, era capaz de
reaccionar con tiofeno generando la

C-S e
Cy4
coordinado a los centros

rotura de los dos enlaces

hidrogenar el fragmento que

permanece

5
75 cuando

metalicos. Sin embargo,
reacciona en las mismas condiciones
con un tiofeno substituido
(2-metiltiofeno) unicamente se logra
romper uno de los dos enlaces C-S a la
vez que se produce una transferencia de
hidruros al fragmento tiofénico y una

migracion olefinica.”

L‘f‘ j&«_.’&(
%‘In” ’PT‘
1_.}_{ A
R

Figura I. 11. Reactividad de [Cp*IrH;], frente a
tiofeno y 2-metiltiofeno.

Si nos cefiimos a los estudios
realizados con complejos de platino, se
observd que el complejo dihidruro de
P(I)  [Pt(dippe)H];
tiofeno generando el metalaciclo de
gran estabilidad [Pt(dippe)(C4H4S)]"®

y
un

reacciona con

también de
C-S

€S capaz romper

anico enlace del
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4,6-dimetildibenzotiofeno generando el

derivado tiametalaciclo correspondiente.

La posterior reaccion de este ultimo con
1 equivalente de complejo dihidruro de
partida aporta la completa desulfuracion
el

obteniéndose complejo

[Pto(dippe)a(p-S)] y 3.3 -dimetilbifenilo.

21b e S,
En esta ocasion, la participacion de

un segundo centro metalico también
parece determinante en la completa
desulfuracion del derivado tiofénico.
Una reactividad similar la muestra el
de
[Ni(dippe)H], presentado en el mismo

complejo analogo niquel
trabajo.

En resumen, la actividad de un
complejo metalico en el proceso HDS
depende de factores como la naturaleza
del derivado tiofénico, el tipo de metal y
Los

resultados de los estudios realizados

otros  coligandos  presentes.

hasta el momento permiten hacer
predicciones respecto al disefio de
especies reactivas en el proceso de
hidrodesulfuracion y, en un futuro,
disefiar catalizadores futiles a nivel
Las

que debe poseer un

industrial. principales
caracteristicas

complejo, y que parecen ser propicias

para generar la hidrodesulfuracion
completa, son la presencia de dos
centros metdlicos como minimo y

ligandos hidruro, o una fuente de
hidrégeno en el medio, que permita la
hidrogenacion 0

de

hidrogenolisis

necesaria los compuestos

sulfurados.”’

-3 .

En esta tesis hemos realizado el
estudio de la reactividad del complejo
dinuclear  trihidruro  de  platino
[Pt2(dppp).H3]ClO4 con Na,S y NaSH
en diversas condiciones experimentales,
y con tiofeno. Se ha observado que
especies con fragmentos Pt-S, Pt-SH y
Pt-H describen una quimica muy rica en
las que se incluyen reacciones de
interreconversion entre ellas. De hecho,
el estudio de la reactividad de estos
compuestos, que parecen recrear la
superficie del catalizador donde el
hidrégeno ya se encuentra activado, °'®
¥ nos puede reportar las claves de los
diferentes procesos que tienen lugar en
la superficie de un catalizador metalico.
complejos  estudiados

Ademas, los

presentan una gran analogia con

diversas obtenidas como

de
desulfuracion, lo que convierte a este

especies

productos en reacciones
trabajo en el primero en el cual se ha
establecido una relacion, no estudiada
anteriormente, de interconversion entre
dichas especies.

La ultima parte de la tesis ha
consistido en evaluar la reactividad de
[Pt2(dppp)2H3]CIO4 con tiofeno. Los
resultados obtenidos han permitido
establecer esta reactividad como un
modelo valido para el estudio de la
C-S de

tiofénicos en fase homogénea.

activacion compuestos
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1.5. Descripcion de los objetivos de la tesis

El trabajo que se presenta en esta
memoria ha pretendido abordar una
serie de cuestiones relevantes en la
sintesis, estructura y comportamiento
quimico de los compuestos
[Pto(PhoX(CH2)nXPhy)o(p-S)2] (X = P,
As; n =2, 3). El objetivo del estudio ha
consistido en ampliar el conocimiento
la  modificacion de la
{Pt2S,}
causada por un cambio en la naturaleza

entorno a

nucleofilicidad del anillo
de los 4tomos donadores en los ligandos
La
especies analogas conteniendo ligandos

terminales. comparacion  con
fosfina ha aportado informacion valiosa
respecto a la sistematizacion de estas
modificaciones.

Por otro lado, el estudio de la

reaccion del complejo polihidruro
dimetalico de platino
[Pt2(dppp)2H3]Cl104 con sulfuros

inorganicos (NaS, NaSH) ha tenido
como objetivo el recrear, utilizando
diversas condiciones experimentales, la
superficie de un catalizador heterogéneo
en el proceso HDS. Asi mismo, se ha
pretendido estudiar la interconversion
entre las especies sulfuradas obtenidas y
su analogia con determinados complejos
Pt-S obtenidos en estudios anteriores, en
fase homogénea, como productos de
de de
(tiofeno,

reacciones desulfuracion

compuestos modelo
benzotiofeno, dibenzotiofeno).
Por ultimo, se ha explorado la
capacidad del
[Pt2(dppp).H3]C1O4 para activar los

enlaces C-S del tiofeno (paso clave en

complejo

la reaccion de hidrodesulfuracion). Se

-4 -

ha pretendido ampliar el conocimiento
sobre los mecanismos que rigen los
procesos HDS desde el punto de vista
de la reactividad potencial de los
hidruros metalicos y con el objetivo de
de
cooperacion metalica en dicho proceso.

Asi,
doctoral ha tenido tres objetivos muy

evaluar la  importancia la

en conjunto, esta tesis

concretos que S€ cnumeran a

continuacion:

OBJETIVO 1: Estudio de Ia
influencia del ligando terminal en la
reactividad y propiedades redox del
anillo {Pt,S,} en complejos
[Ptg(thX(CHZ)ZXPhz)z(u-S)g] (X =P
0 As).

A pesar de los numerosos
estudios sobre las caracteristicas
quimicas de los compuestos

[LoPt(u-S),PtL,] (L, = ligandos fosfina)
realizados desde mediados del siglo XX,
la modificacion de la nucleofilicidad
que presenta el puente sulfuro del anillo
{Pt,S,} sigue siendo foco de atencion.
Mientras que muchos de los trabajos se
han centrado en estudiar los efectos
producidos por el cambio de los
ligandos terminales manteniendo como
atomo donador el fosforo (PPhs, PPhypy,
PMe,Ph, dppe, dppp, dppf...), no se
conocia, hasta el momento de la
publicacion del trabajo contenido en el
articulo 1 presentado en esta tesis,
ningun estudio entorno a la influencia
dicha

nucleofilicidad el cambio del atomo

que puede generar sobre

donador en el ligando. Desde hace
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tiempo, nuestro grupo de investigacion
se dedica al estudio de la riqueza
quimica de los compuestos
[LoPt(u-S),PtL,] y ha profundizado en
el conocimiento de los factores que
determinan y/o modulan la
nucleofilicidad del anillo {Pt,S,}. Como
continuacion de las investigaciones que
nos preceden, nos propusimos analizar
los cambios a nivel estructural y de
reactividad en  los  compuestos
[Pt2(Ph,X(CH;3)2XPhy)o(u-S)7]
consecuencia del cambio del atomo
donador X =P por X = As.

Asi, partiendo de la base del
grupo  de
investigacion entorno a la propiedades y

como

conocimiento en el
reactividad de los complejos de formula
[L,Pt(u-S),PtL,] (L, = dppp, dppe), el
estudio realizado en la primera parte de

la tesis se ha centrado en:

1. Estudio del comportamiento del
complejo [L,Pt(u-S),PtL,] (L, = dpae =
Ph,AsCH,CH,AsPh,)
ligando en la reaccién de obtencion de
complejos heterometalicos del tipo
[M{(dpae)Pt(p-S):Pt(dpae)}o]”", M
Cu, Zn, Cd, Hg.

como metalo-

2. Analisis de las propiedades
redox de los complejos
[(dpae)Pt(u-S) Pt(dpae)] y

[{(dpae)Pt(u-S),Pt(dpae)} Pt(dpae)]*".

3. Estudio de la reactividad del
complejo [(dpae)Pt(u-S),Pt(dpae)] con
electrofilos débiles como CH,Cl,.

4. Estudio de
complejo [(dpae)Pt(u-S),Pt(dpae)] con

la reactividad del

acidos proticos en presencia (HCI) o

_25.-

ausencia  (HCIO4) de aniones

coordinantes.
Los resultados obtenidos en cada

caso se han comparado

sistematicamente con el comporta-

miento en idénticas condiciones de los
compuestos andlogos ya estudiados
[L2Pt(p-S)2PtL,] (L2 = dppp, dppe).

OBJETIVO Estudio de la
reactividad e interconversion de
complejos de platino conteniendo
fragmentos Pt-H, Pt-SH y Pt-S
partiendo del trihidruro dinuclear de
platino (I1) [Pt2(dppp).H3]ClO,.

2:

El hidrégeno es uno de los

componentes clave en la
hidrodesulfuracion (HDS), asi como
todas las reacciones implicadas en el
hidrotratamiento a nivel industrial. El
modo en que el hidrégeno reacciona con
el catalizador y la naturaleza de los
sitios activos todavia es motivo de
discusion, a pesar de que la propuesta
mas aceptada es la que implica la
activacion heterolitica del H, sobre
grupos M=S y M-S-M generando los
centros activos M-SH y M-H. Debido a
la dificultad de obtener evidencias
experimentales de esta la reactividad en
fase heterogénea, el estudio de la
formacion de especies conteniendo los
fragmentos Pt-H y Pt-SH empleando
modelos organometéalicos presenta un
gran atractivo.’" "

En este sentido, la reactividad de
complejos Pt-S con especies hidruro (H)

o de complejos Pt-H con especies

2. . .
sulfuradas (S™, SH’), en diversas
condiciones experimentales, pueden
reportarnos  informacion  relevante
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entorno a lo que sucede en la superficie
del catalizador, cuales son las especies
sulfuradas que se podrian esperar de la
desulfuracion de compuestos modelo
utilizados en el estudio del proceso
HDS (T, BT, DBT) y la relacion de
interconversion que existe entre dichas
especies. En este trabajo se ha estudiado
la reactividad de especies conteniendo
Pt-S, Pt-SH y PtH
obtenidas a partir de la reaccion del
complejo de partida [Pty(dppp).H3]C104
con especies
(NayS, NaSH).

Dicho estudio ha constado de los

fragmentos

sulfuradas inorganicas

siguientes puntos:

1. Estudio de la reactividad de
[Pt2(dppp)2H3]ClO4 con Na,S o NaSH
en diversas condiciones experimentales.

2. Andlisis de la reactividad de las
especies sulfuradas obtenidas frente a
acidos proticos, bases o fuentes de

hidruros.

3. Estudio detallado teorico-
experimental de las reacciones de
interconversion  entre las  especies

detectadas y aisladas.

OBJETIVO 3: Estudio y analisis de la
reaccion del tiofeno con el complejo
[Pt2(dppp).H3]CIO, en fase
homogénea.

Formalmente, a nivel industrial,
la hidrodesulfuracion es un proceso que
consiste en la rotura de enlaces C-S, la
formaciéon de un compuesto M-S previo
a la eliminacion del azufre como SH; y
la obtencion de la especie desulfurada
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hidrogenada. A pesar de que este
proceso ha sido estudiado desde hace
mas de 30 afos, el mecanismo o

mecanismos  implicados en  las
reacciones que tienen lugar siguen
siendo motivo de debate. Si bien los
estudios en solucion se han propuesto
como una alternativa para modelizar

estos procesos y aportar un mayor

conocimiento de los mecanismos
implicados, la principal dificultad es
encontrar un sistema capaz de

hidrogenar las cadenas de compuestos
tiofénicos y de romper ambos enlaces
C-S de dichos compuestos.

Como ya se comentd en la
introduccion,

complejos polihidruros

dinucleares de metales nobles son

de
derivados

potencialmente capaces
C-S de
En este sentido,

especies
activar  enlaces
tiofénicos. se ha
estudiado la reactividad del complejo
dinuclear trihidruro de platino (II)

[Pt2(dppp)2H3]ClO4 con tiofeno con el

objetivo de realizar un estudio
pormenorizado del mecanismo de
reaccion  combinando evidencias
experimentales y calculos DFT.

El estudio ha tenido como
puntos mas resaltables:
1. Estudio experimental de Ila

reactividad de [Pty(dppp).H3]ClO4 con

tiofeno en diversas condiciones

experimentales.

2. Caracterizacion y reactividad de
los productos de reaccion.

3. Elucidaciéon del mecanismo de

reaccion en base a los datos

experimentales y calculos teoricos.
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1.6. Colaboraciones
investigadores

y

En la elaboracion de esta tesis
ha
combinacion de diferentes

doctoral sido necesaria la

técnicas
experimentales asi como
Las

con

consideraciones teoricas.

colaboraciones y discusiones
especialistas en diversos campos han
sido muy valiosas.

Asi,
colaboracion del Dr.

quisiera  destacar la
Antonio Luis
de

Universidad de Santiago de Compostela

Llamas y Bruno Dacuia la
(USC) responsables de la resolucion de
las estructuras cristalinas por difraccion
de rayos X. En la discusion de espectros
de RMN ha sido de gran ayuda la
experiencia de los Drs. Teodor Parella y
Joan Sola de la Universitat Autonoma
de Barcelona (UAB). En la obtencion
de espectros de RMN de Hg y Cd ha
sido importante la aportacion de R.
Gesto perteneciente a la unidad de
resonancia magnética de la USC y F.
Cérdenas de la Unitat de RMN de la
Universitat de Barcelona (UB). El Dr.
Jos¢ Vidal del Instituto de Ciencias de
los Materiales de Barcelona (ICMAB)
ha realizado las medidas de EPR del
compuesto [{Pty(dpae),(p-S),}.Cu](BF4)..
Asimismo, las Dras. Marta Vilaseca e
del

Masses

Servei
de del
Departament de Quimica Organica de la

Irene Fernandez

d’Espectrometria

UB han colaborado en el registro de los

espectros de masas mediante las

aportes
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cientificos de otros

técnicas MALDI-TOF, FABS y ESI-
MS. Los andlisis elementales y Ia
cromatografia CG-MS se han realizado
en el Servei d’Analisis Quimica de la
UAB. La obtencion de las medidas
electroquimicas e interpretacion de las
mismas se han llevado a cabo bajo la
direccion de la Dra. Iluminada Gallardo,
con la colaboracion de la Dra. Neus
Vila, ambas de la Unitat de Quimica
Fisica del Dept. de Quimica de la UAB.
Los correspondientes
reactividad de la especie
[Pty(dhae)(pu-S)2] con CH,Clp, acidos
proticos y al comportamiento redox han

calculos a la

sido realizados por el Dr. Rubén Mas-
Ballest¢ bajo la supervision del Dr.
Agusti Lledés, que ha llevado a cabo

personalmente los calculos de la
reactividad de los complejos con
fragmentos Pt-S, Pt-SH y Pt-H,

propuesta de mecanismos y elucidacion
de especies intermedias no detectadas.
El tedrico que estudia
reactividad del complejo
[(dhpp).Pt;H3]ClO4 con tiofeno ha sido
realizado

trabajo la

en su totalidad por la
doctoranda Ainara Nova bajo la
direcciéon del Dr. Agusti Lledos. Mi
agradecimiento a todos ellos por el
tiempo dedicado y la profesionalidad
que siempre han mostrado
contribuyendo de manera muy notable
al desarrollo y a la calidad de este

trabajo.
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Los de
investigacion llevada a cabo a lo largo

resultados la

de esta tesis doctoral han dado lugar a la
de Los
resultados obtenidos dotan de una nueva

confeccion tres  trabajos.
perspectiva al estudio de la modulacion
de la reactividad de complejos que
contienen el anillo {Pt;S;}. Por otro
lado, la reactividad de complejos que
contenienen fragmentos Pt-H, Pt-SH y
Pt-S y su relacioén con el proceso HDS
también ha sido objeto de estudio. Por
ultimo, se ha explorado la reaccion de
hidrodesulfuracion a partir del estudio
reaccion  del
de

con tiofeno,

pormenorizado de la
complejo  dimetalico
[Pt2(dppp)2H3]Cl104

organosulfurado

platino
un
compuesto modelo
para la investigacion de mecanismos

HDS.

Articulo 1: Como ya se explicd
en la introduccién, mientras que la
reactividad frente a especies electrofilas
no metalicas, las propiedades redox y la
actuar

capacidad para

metaloligandos de los complejos
[Pt2(PNP)2(u-S)] (PNP = dppe, dppp)
ya han sido descritas recientemente en

como

trabajos anteriores del grupo en el que

me integro,”” complejos analogos
conteniendo ligandos quelato arsina no
Los

preceden al estudio aqui

eran conocidos. trabajos que
mostrado
pusieron de manifiesto que la riqueza
quimica de estas especies tiene su
densidad

electronica que presentan los aniones

origen en la elevada
sulfuro puente del anillo central {Pt,S,}.
Partiendo de esta base, en la primera
parte de esta tesis se ha analizado y

profundizado en la sistematizacién de la
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de
quimicas de estos complejos cambiando

modulacion las  caracteristicas

los atomos donadores en los ligandos

terminales. Por tanto, este primer

estudio se ha dedicado a la sintesis y

caracterizacion del compuesto
[Pta(dpae)a(p-S)o] (dpae =
Ph,As(CH,),AsPh;), asi como el

estudio de sus propiedades redox, su

capacidad para actuar como

metaloligando y su reactividad frente a
CH,Cl; o acidos proéticos (HCI, HCIOy).
La comparacion con sus analogos
ha

permitido establecer la relacion entre las

conteniendo  ligandos  fosfina
propiedades quimicas de estas especies
y la naturaleza de los 4tomos donadores

en los ligandos terminales.

Articulo 2: En el
trabajo presentado se ha explorado la

segundo

quimica que ofrecen diversos complejos
de platino con ligandos fosfina (dppp)
que contienen los fragmentos Pt-S,
Pt-SH y Pt-H tomando como especie de
partida el trihidruro dimetalico de

platino [Pt;(dppp).H3]Cl04. Estudios
previos referentes al proceso de
hidrodesulfuracion (HDS) en

superficies sugieren que en el proceso
industrial la activacion del hidrogeno

sobre los catalizadores  (sulfuros
metalicos) genera especies M-H vy
M-SH, ademas de las M-S vya

presentes.”’ Por tanto, el estudio de la
reactividad de estas especies en diversas
condiciones experimentales nos puede
aportar informacion valiosa acerca del
de
analogos en la superficie del catalizador.

comportamiento fragmentos

Este trabajo describe todo un entramado
de reacciones que tienen como punto de
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partida la reactividad de
[Pt2(dppp).H3]ClO4 con Na,S o NaSH
en diversas condiciones y que ha
reportado la obtenciébn de varios
complejos platino-azufre que presentan
de
interconvertirse entre si. Se observéd que
de

analogos a productos obtenidos en

la particularidad poder

muchos estos complejos  son
reacciones de modelizaciéon en fase
homogénea del proceso HDS.*' De
hecho, la posibilidad de que el complejo
[Pt2(dppp)2H3]Cl104 de
desulfurar el tiofeno (compuesto

modelo en el estudio del proceso HDS)

fuese capaz

nos llevo a desarrollar la tercera parte de
esta tesis.

Articulo 3: En la ultima parte de
la tesis se ha estudiado la reactividad
del complejo [Pty(dppp).H3]ClO4 con
tiofeno en un intento de evaluar su
capacidad para desulfurar moléculas
que presenten este anillo
pseudoaromatico y las variables que
dicha La

complementariedad entre el estudio

afectan a reactividad.
experimental y céalculos tedricos nos ha

permitido  proponer un  posible
mecanismo de una reaccion que se
muestra notablemente dependiente de

las condiciones experimentales.

I1. 1. Influencia de los ligandos terminales en la propiedades redox del

anillo central

{Pta(u-S)2}

en

los complejos de férmula

[Pt2(PhoX(CH,),XPh,)2(u-S),] (X =P 6 As) y su reactividad con centros
metalicos, acidos proticos y electréfilos organicos.

La capacidad de los sulfuro
puente en los complejos [LoPt(p-S),PtL,]
para coordinar centros metalicos ha sido
aprovechada en este trabajo para
obtener un complejo trimero homo-
metalico [Pts(dpae)s(us-S):2](BPhs), vy
cuatro  complejos  heterometalicos
[M{Pt:(dpae)s(n-S)2}21X> (M= Cu', X
= BF4; M= Zn", X = BPhs; M= Cd", X
= Clog; M= Hg", X = Cl 6 X, =

Cl, s[HCl,]o s a partir de la reaccion del

complejo dimetalico [Pty(dpae)a(u-S).]
La
caracterizacion del dimero y todos los

con diversos centros metalicos.

complejos derivados se realiz6 mediante

habituales vy

las técnicas se
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determinaron las estructuras de todos
ellos por difraccion de rayos X.

El complejo [Pty(dpae).(u-S):]
se ha obtenido por reaccion del
complejo monometéalico [Pt(dpae)Cl,]
con Na,S-9H,O. La resolucion de su
estructura por difraccion de rayos X
(figura II. 1) ha permitido el analisis
comparativo con el analogo
[Pta(dppe)2(u-S)2]. El mayor tamafo y
la coordinacion mas débil de las arsinas
respecto a las fosfinas inducen
pequefios cambios en el anillo central
{Pt,S,} que se extienden a las demas
especies homo y heterometalicas. Asi,

en el caso de las arsinas, se observa un
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pequefio decrecimiento (entorno al 1%)
de las distancias Pt-S, S--S y Pt-Pt, y
una minima diferencia en el angulo
diedro ¢ (139.7°) respecto al analogo

[Pt2(dppe)a(u-S).] (140.2°).

Il. 1. Estructura del

Figura
[Pta(dpae)y(pu-S)s].

complejo

En concordancia con estos datos
de
calculos

las
DFT
corroboraron estas pequefias diferencias

experimentales, el calculo

estructuras mediante
estructurales.

A pesar de no observarse una
modificacién estructural notable, el
cambio del 4tomo donador P por As
afecta notablemente a la capacidad

coordinativa de estos metaloligandos.

A

Las distancias M-S observadas tanto en
trimero  [Pt3(dpae)s(us-S)2](BPhy),
como en los complejos pentametéalicos
[M{Pty(dpac)y(1-S)2}2]*" (M= Cu', Zn",
Cd") son ligeramente mayores (entorno
1%)
analogos con dppe,

el

al en comparaciébn con Ssus

denotando una
menor capacidad coordinativa del anillo
central {Pt;S,}. De hecho, la situacion
extrema la encontramos en el complejo
[Hg {Pty(dpae),(u-S),}.]>". Mientras que
en anteriores el

los  complejos

heterodtomo presenta un entorno

tetraédrico regular (figura II. 2), el
complejo de mercurio presenta un
entorno tetraédrico tan distorsionado
que se puede describir como la
coordinacion del centro metalico a uno
de de

metaloligando, mostrando

los azufres puente cada
una
geometria lineal, e interacciones de
segundo orden con los otros dos azufres
puente, uno de cada metaloligando
(véase figura II. 3). La carga del cation,
en este caso, se compensa por 1.5 iones
CI' y 0.5 [HCI,] que interaccionan entre
de

incluyendo moléculas de agua y etanol.

si mediante enlace hidrogeno

N

/

B

Figura 11.2: Estructuras simplificadas del complejo dicationico pentametélico [Cu{Pty(dpae),(ui-S),}-]*"
(A) y del trimero [Pty(dpae)s(p3-S),]*" (B). Se han eliminado los fenilos para mayor claridad.

-33 .
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Figura Il. 3. Estructura simplificada del complejo [Hg{Pt,(dpae),(u-S),},]Cl, s[HCl;]o 5 incluyendo las
interacciones por enlace de hidrogeno entre Cl, [CIHCI] y moléculas de disolvente (A); detalle del

fragmento [Hg {Pt(u-S)s -] (B).

El decrecimiento de la capacidad
coordinativa de los complejos con
arsinas permite pensar que la diferencia
fundamental estd en la modificacion de
la densidad electronica de los iones
sulfuro puente, inducido por el cambio
de los atomos donadores en los ligandos
terminales. Una forma de determinar la
idoneidad de esta hipodtesis es la
exploracion del comportamiento redox
de este complejo mediante voltametria
ciclica.

La reactividad descrita hasta el
momento demuestra que los complejos
[Pt2(POP)2(p-S):]

electrodonadoras y, por tanto, capaces

son especies
de actuar como reductoras. El primer
trabajo en el que se han estudiado los
procesos redox a nivel experimental y
teorico en estos complejos dimetalicos
evidencié la formacion de enlaces S-S
por la oxidacion bielectronica de los
complejos [Pto(PNP)(u-S),] (PNP
dppp, dppe).* El
[Pta(dpae)a(p-S),], de forma similar a su

complejo

analogo [Pty(dppe)2(un-S),], presenta una

primera oxidacion monoelectronica

irreversible a +0.15 V y una segunda

-34 -

también irreversible a +0.86 V (figura II.
4). Un incremento en la velocidad de
barrido (de 1.0 V/s a 10 V/s) va
acompanada por un aumento de la
reversibilidad de las dos oxidaciones.

Cown el (JLA)

0.0 =

1.0

Valtage IV 5CF)

Figura Il. 4. Espectros superpuestos de
voltametria ciclica de [Pty(dpae),(u-S),] (=) y
[Pty(dppe)2(-S),] (---). Condiciones: 3.0 mM en
DMF / 0.1 M nBuyNBF, a 293 K. Velocidad de
escaneo: 1.0 Vs'.

A su vez, el producto de la
primera oxidacion monoelectronica es
capaz de evolucionar lentamente a la
especie trimera de gran estabilidad
{Pt3(n3-S),}>". De hecho, si realizamos
una electrdlisis a un  potencial
ligeramente superior al potencial de la

oxidacion o si  hacemos
[Pt2(dpae)a(pu-S)a]

primera

reaccionar con



Resultados y discusién

como el
de 4-
se obtiene el

especies oxidantes,
tetrafluoroborato

nitrobencenodiazonio,
complejo trimero como  producto
mayoritario. Célculos teodricos indican

que la reaccion mas probable es:

2 [Ptz(dpae)z(;,t—S)zr—)
[Pts(dpae)s(ps-S)2] > + [Pi(dpae)(Sy)]

AG = -90.7 kJ.mol™

De hecho, la oxidacion de la
especie [Pt(dpae)(S2)] probablemente es
la responsable de una pequena banda de
oxidacioén detectada experimentalmente
sobre 0.33V.

Si
experimentales
P/As
en

comparamos los  datos

obtenidos para los
mecanismo
. 1

observamos que el primer potencial de

analogos (véase

propuesto el esquema
oxidacion es mas elevado en el caso del
complejo con arsinas (+0.15 V) que con
fosfinas (+0.02 V), lo que esta de
acuerdo con una menor densidad de
carga en los sulfuros del complejo

arsina que dificulta su oxidacién. Sin

P“t&\\/SQ'Pt — pi-
S\\\l\"‘ ”II/II/A\ 015V S\\\\u--
G Mas) G
— — 2+
A\S/-\\AS
lPi
“4‘\8\\ N\ %,
R Ptuag
S
L As)

embargo, la segunda oxidacion es mas
facil en el caso del complejo con arsinas
(+0.86 V frente a +0.92 V del analogo
con fosfinas).

Esta observacion concuerda con
una mayor estabilizacion de la especie
dioxidada en el caso del derivado arsina,
actuando como driving force en el
proceso redox. De hecho, ya se habia
propuesto en un reciente trabajo teérico
que la influencia de los 4tomos
donadores es crucial en la estabilizacion
de que
complejos de formula [Pty(XH3)4(2-S),]
con X = As o Sb estabilizan mejor la
forma dioxidada [Pty(XH3)a(z+-S)2]*"

conteniendo el enlace S-S que los

estas especies, viéndose

analogos X = P.* Este orden de
estabilidad, que se invierte cuando se
considera la especie no oxidada
[Pta2(XH3)4(1-S)2], responde al cambio
de la naturaleza del atomo donador y a
la diferencia del bite angle entre
analogos.

De forma complementaria se

evalud la viabilidad termodinamica de

los procesos propuestos mediante
2+
+
N -1e SaSa
S\’g —_ = \\\\th o
Pt""’”’AS 0.86 V 65\/ \,////AS
s AS A
P Ottt
+ (AS/ ~¢ 0.33V

Esquema Il. 1. Mecanismo de la oxidacion electroquimica del complejo [Pty(dpae),(p-S),].
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calculos DFT, lo que nos ha permitido
caracterizar el comportamiento redox de

y
tedricamente unos valores aproximados

este sistema quimico estimar
del potencial redox. Se demostr6é que la
abstraccion de dos electrones sobre los
sulfuros da lugar a la formacién de un
enlace S-S en la molécula oxidada
[Pta(dpae)(u-S)2]”".  Los

redox de los diversos

propuestos,

potenciales
procesos
estimados tedricamente,
muestran una buena concordancia con
obtenidos

(tabla II. 1),

teniendo en cuenta que este calculo en

los valores

experimentalmente

sistemas complejos incluyendo metales

de transicion solo puede aportar
resultados semicuantitativos.*
Calc. Exp.

Complejos vs SCE (V) vs SCE (V)

DMF
[Pty(dpae)y(u-S).] *
M = M -0.16 0.15

0.33
M*— M* 0.63 0.86
[Pto(dppe)z(p-S)2]”
M = M -0.20 0.06

0.30
M= M* 0.59 1.01
Tabla Il. 1. Comparacion de potenciales

estandar (E") obtenidos experimentalmente y
calculados  para [Pty(dpae)(u-S),] v
[Pty(dppe)a(u-S).]-

Ademads, como ya se comento,
ha demostrado viabilidad
termodindmica  del de
degradacion de la especie monooxidada
[Pts(dpae)s
(113-S),]*" y la especie monometélica

se la

proceso
para generar el trimero

[Pt(dpae)(S,)], para la cual se calcul6 su
potencial redox (0.17 V) mostrando una
razonable el

concordancia con

observado experimentalmente (0.33 V).

-36 -

La influencia de la naturaleza
del ligando también se hace evidente en
Asi,
podido comparar el comportamiento

las especies trimeras. hemos
redox de las especies que se obtienen
como productos de la oxidacion de estos
dimeros anélogos: las especies trimeras
[Pts(dppe)s(ps-S)]* y
[Ptg(dpae)3(u3—S)2]2+. El resultado del
estudio por voltametria ciclica de las
mismas, en igualdad de condiciones,
nos describe un comportamiento
notablemente diferente dependiendo de
cudl sea el atomo donador presente en
los ligandos terminales.

de

Matsumoto et al.* se observd que el

En un trabajo anterior

complejo [Pts(dppe)s(p3-S)2]*"
presentaba una  Unica  reduccion
bielectronica irreversible entorno a

-2.10 V. El estudio por voltametria
ciclica del analogo [Pt3(dpae)s(ps-S).]*
muestra dos reducciones
monoelectronicas irreversibles a -1.49 y
-2.20 V (figura IL. 5).

Segun se propone en el trabajo
de Matsumoto y colaboradores, los

procesos de reduccidn tienen lugar en

los centros metélicos.* Por tanto,
el
0y —
3
T Il:l.ﬂ: A
H
L

-1.60 Valtage (V/SCE} e

Figura Il. 5. Espectro de voltametria ciclica
de [Pty(dpae)s(us-S),]*". Condiciones: 3.0 mM
en DMF / 0.1 M nBuNBF, a 293 K.
Velocidad de escaneo: 1.0 V s'.
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mientras que en el trimero con fosfinas

se produce la  reduccion  de
[Pt"Pt"Pt" (dppe)s(us-S)a]* a
[P‘[lPthtH(dppe)g(m—S)z]0 por un
proceso de transferencia de dos

electrones, en el caso del complejo con
arsinas se produce una reduccion de
[Pt"Pt"Pt" (dpae)s(us-S)a]*" a
[Pt'Pt"Pt"(dpae)s(u3-S),]” y posterior-
[Pt'Pt'Pt" (dpae)s(us-S),]°
dos

mente a

mediante reducciones
monoelectronicas consecutivas.
En

experimentales, la primera reduccion

base a los resultados
del trimero con L, = dpae estd mas
favorecida (-1.49 V) que la doble
reduccion del andlogo con fosfinas
(-2.10 V), sin embargo la segunda
(-2.20 V) lo estd menos. Otra forma de
evaluar la influencia del cambio de los
donadores en los
de especies
[Pt2(LNL)2(u-S)2] es la comparacion de

la reactividad del anillo central {Pt,;S,}

atomos ligandos

terminales las

con CH,Cl, y con acidos préticos (HCI,
HCIOy,).

A pesar de que se habian
descrito  varios ejemplos de la
reactividad de diversos complejos

[PtoL4(p1-S)2] con haluros de alquilo, el
del
mecanismo implicado en la reaccion de
complejos [Pt2(PNP)2(n-S)2] (PNP
dppp, dppe) con CH,Cl, se realizd en

primer  estudio  sistematico

este grupo de investigacion.” En este
trabajo se propone que el primer paso
en la reaccion es la monoalquilacion del
anillo central {Pt,S,;} generando Ia
especie [Pto(PNP),(u-S)(n-SCH,CI)]Cl
que, previo paso por el intermedio
[Pt2(PNP),(u-S,CH,)]Cl,, evoluciona a
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la mezcla de mondmeros
[Pt(PNP)(u-S,CH,)] y [Pt(PNP)Cl,].
En el caso del dimero

[Pta(dpae)a(p-S)2] se pudo hacer un
seguimiento de su reaccion por RMN de
'H y ESI-MS ya que no se puede
utilizar  RMN de ° 1P, herramienta
en los estudios

ventajosa con

compuestos  conteniendo  ligandos
fosfina. Se observd que dicho dimero
evoluciona en presencia de CH,Cl, para
generar rapidamente, sin deteccion de
intermedios, una mezcla equimolecular
de dos complejos monometalicos
[Pt(dpae)(u-S,CH,)] y [Pt(dpae)Cl;]. Si
se mantiene el complejo
[Pt(dpae)(u-S2CH,)] en CHyCly, éste
desaparece al cabo de varios dias para
generar la  especie  dimetalica
[Pto(dpae),(u-SCH,SCH,S)-S,S)|Cl,
(figura II. 6).

Se puede decir que la evolucion
quimica descrita (esquema II. 2) es
comparable con el andlogo fosfina
[Pty(dppe)(p-S)].*

existen dos puntos que evidencian la

Sin  embargo,
influencia del cambio en los atomos
donadores en los ligandos terminales:
a) A de
analogos con dppe o dppp, no se

diferencia los
llega a detectar el intermedio
[Pt2(LNL)2(u-S)(u-SCH,CHCl 1o que
indica una menor estabilidad de este
la

con arsinas. Ademas

de

complejo

la reaccion hasta la

de
monometalicos

cinética
obtencion los productos
es considerablemente
mas rapida (15 min.) que en el caso del
analogo dppe (2 h.).

b) Otra diferencia notable con

respecto al complejo [Pto(dppe)(p-S)2]
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Figura I1. 6. Seguimiento por RMN de 'H de la evolucién del complejo [Pty(dpae)(pi-S),] en CH,Cl,.

estd relacionada con la estabilidad
del complejo monometalico
[Pt(dpae)(u-S.CH,)] en CH,ClL.
Mientras que en el caso del ligando
dppe el complejo monometalico no
experimenta evolucion alguna, la
especie [Pt(dpae)(u-S,CH,)] evoluciona
lentamente para dar la especie
dimetélica [Pty(dpae),(u-SCH,SCH,S)-
S,8)]Cl,, que si se forma cuando se
utiliza dppp como ligando terminal.*’
En su momento se explico que
este distinto comportamiento entre
complejos dppp/dppe era debido al
diferente bite angle de los ligandos y a

los posibles efectos electronicos

asociados a la modificacion de Ila
cadena alquilica de los ligandos. Ahora,
en base a lo observado con el ligando
dpae, podemos establecer que, ademas
de estos factores, la estabilidad cinética
del complejo bimetalico esta
relacionada con efectos electronicos ya
que la diferencia estructural entre los
analogos dppe y dpae son muy
pequenas.

La reaccion de [Pty(dppe)a(un-S)2]
con HCl1 o HCI1Oy4 corrobora la idea de
que los efectos electronicos determinan
tanto la estabilidad de los productos de
reaccion como la de las especies
intermedias. Mientras que en los

$ H, *
CHCI, I
oS, oS,
S, R, Asiy,, | WSS A, w0 Cl
g \Pth,,% ap — i \”'le Ol (P s+ ( el
A . o,
Caf A S/ o)

CH,Cl,
1/n (CH,S),,
4

oh,
S,
WP,

o Ny

S

Cl

Esquema I1. 2. Reaccion de [Pty(dpae),(p-S),] con CH,Cly. (* Especies no detectadas)
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Figura Il. 7. Estructura de los complejos monometalicos [Pt(dpae)Cl,] (A) y [Pt(dpae)(u-S,CH,)] (B).

analogos fosfina la primera protonacion
con un equivalente de acido genera la
especie monoprotonada
[Pt2(PNP),(u-S)(u-SH)]", la segunda
protonacidon y posterior evolucion del
complejo no se consigue si no se utiliza
un exceso de acido (mas de 4
equivalentes) y tiempo largos de
reacciéon (una semana). Los productos
de reaccion posteriores a la segunda
protonacion son el complejo
monometalico [Pt(PNP)Cl,] y el trimero
[Pt:(PNP)3(p3-S)2]%", si se afiade HCL, o
unicamente el trimero, si se adiciona un
acido no coordinante (HCIO4). En el

caso del dimero con arsinas (esquema II.

3), la adicion de un equivalente de acido
HCIOy)

(HCI o genera  casi

Py sl 2|
e
& n W

instantdneamente una mezcla de
la especie
[Pta(dpae)a(u-S)(u-SH)]", el trimero
[Pt(PNP)s(us-S)a*"  y

complejo de partida que no ha

monoprotonada

parte  del

reaccionado. La adicion de un segundo
equivalente de 4cido acaba por
desplazar totalmente la reaccion hacia la
consecucion de la especie trimera.
Curiosamente, si se anade en un inicio
un exceso muy grande de HCIl el
resultado es una mezcla de la especie
monometalica [Pt(dpae)Cl;] y la especie
trimera, mientras que en el caso del
analogo fosfina se obtiene Unicamente
el complejo mononuclear [Pt(dppe)Cl,].
En el esquema II. 3 se presenta la
reactividad general del compuesto con

H

R g«

]

Esquema 11. 3. Evolucion de complejo [Pty(dpae),(-S),] con acidos préticos. (* solo si se afiade un

exceso grande de HCI al inicio de la reaccion)
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el anillo central Pt,S, y ligandos arsina

[Pta(dpae)a(u-S):]
proticos.

frente a A4cidos

Se observa de nuevo que la
especie intermedia (en este caso el
complejo monoprotonado) tiene una
estabilidad notablemente inferior a la
analoga fosfina

con ligandos

evolucionando répidamente a los
productos. A pesar de que los productos
de reaccién son andlogos en ambos
casos, la preferencia por [Pt(LNL)CL;] o
[Pt3(LNL)3(p3-S)21>"

entre el complejo conteniendo arsina y

marca la diferencia

el andlogo fosfina. Mientras que
[Pt(dppe)Cl,] es el producto mayoritario
en el caso del complejo fosfina, el
producto trimetalico lo es en el caso de
la arsina. Esta diferencia hace pensar
que la rotura del complejo dimero
ocurre de manera diferente en ambos
casos, de manera que se produce una
rotura simétrica en el caso de L, = dpae
(esquema II. 4A) y asimétrica en el caso
de L, = dppe (esquema II. 4B).

Calculos DFT permitieron hacer

una comparaciéon de la viabilidad

preferencia por formacion de [PtL,Cl;]

o [PtsLe(n-S)2]*"
dpae o dppe. Dichos estudios muestran

en funciéon de L, =

un decrecimiento en la basicidad de

[Pta(dpae)a(p-S)a] respecto a
[Pta(dppe)2(u-S):] (la primera
protonacion es 9.2 kJ/mol menos

favorable en el caso del complejo

arsina). Sin embargo, las diferencias
termodindmicas entre en complejo con
arsinas y el andlogo con fosfinas para
las reacciones posteriores son muy
pequenas.

Por tanto, el cambio de X = P
por As en los complejos
[Pt2(PhaX(CH3)2XPhy)a(u-S),] repercute
en un detrimento de la donacion
electronica por parte de los ligandos
{Pt;S,}. La

disminucion de la densidad de carga

quelato al anillo
sobre los atomos de azufre puente puede
explicar la mayor resistencia a la

primera oxidacion, el decrecimiento en

la  basicidad  respecto a la
monoprotonacion/monoalquilacion y la
menor habilidad coordinativa.  Sin

embargo, la velocidad de la reaccion

termodinamica de la reaccion de estos posterior a la primera oxidacion
dimeros con 4cidos préticos y de la monoelectronica 0 la
- As/\:As -
" i
WS, Rot ASi,, _anSH
A3 A"“'"'/WP{"S\M ,,,,,,,,, As Clz Slcr)ngtr?lca 6 (AS/P ~c| ~ 2 “.Pt..»“‘%%.m“ Cly
AS H \Ay ¥ A s
2 H,S (_AS s )
K & il
2Hcl
- o -
3HCl ‘T
Pm,,,,,”m wSH P, $ cl
H 3<p/ Pt\SH 3 <P/ P[\CI § \N.Pf Pt ’
! P \JP
B 3 WSy, ¢, Rotura . 3H,S ZS N3 . P
pum Pt’§\Pt " Cl2"Asimétrica + = -
Cp” M o Hel

Py,
3 ( /Pt\u

Esquema I1. 4. Distinta evolucién quimica de los complejos diprotonados [Pt,L,(u-SH),]|Cl,. L, = dpae

(A), dppe (B).
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monoprotonacion/monoalquilacion  del

[Pta(dpae)x(p-S).]
superior a la del complejo analogo.

dimero es muy

Como conclusion principal de
este trabajo se establece que, tanto la
cinética como la naturaleza de los
productos de reaccion, estd gobernada
por factores electronicos. La similitud
estructural entre andlogos ha permitido
desestimar la influencia de factores
estéricos en la modificacion de la
La

evidente dependencia de la reactividad

reactividad de estas especies.

del anillo {Pt,S,} con la naturaleza del
ligando terminal abre nuevas puertas

hacia la modulacion del

de
especies. A pesar de que dppe y dpae

comportamiento  quimico estas
son muy similares y generan complejos
1soestructurales, la diferente naturaleza

electronica (donacion o + retrodonacion

n) se perfila como la causa mas
importante del cambio en el
comportamiento quimico de estos

compuestos. En este trabajo se ha visto
que la repercusion de este cambio afecta
tanto a la estabilidad de
especies

diversas

intermedias como a las
cinéticas de las reacciones o a la
naturaleza de los productos de las

mismas.

11.2. Reaccidn quimica de complejos conteniendo los fragmentos Pt-H,
Pt-SH o Pt-S y estudio de su interconversion

de
estudios dirigidos a la elucidacion de las

A pesar los numerosos
reacciones que tienen lugar en la
superficie de los catalizadores utilizados
en el proceso de hidrodesulfuracion
(HDS) a nivel industrial (principalmente
sulfuros metélicos), todavia son motivo
de debate

naturaleza

cuestiones como la
de
implicados en la reaccion y cual es el
de

compuestos

los sitios activos

mecanismo responsable la

de
sulfurados menos reactivos (derivados

desulfuracion los
tiofénicos).
Actualmente, la propuesta de
mayor aceptacion es que, en las
condiciones de reaccion (altas presiones
de H, y celevadas temperaturas), se

produce la activacion del enlace H-H en

-4] -

la superficie de los sulfuros metélicos
M-H, M-SH o
incluso M-H-M.?" Se propone que el

generando especies

hidruro metalico toma parte en la
catalisis HDS a pesar de que es dificil
obtener  evidencias  experimentales
directas de la reaccion que tiene lugar.
Por ejemplo, la deteccion por RMN de
estado solido de dos tipos de ntcleos de
hidrégeno en la superficie en RuS,
de
interpreté como la existencia de grupos
Ru-H y Ru-SH, hecho

correlaciona bien con reacciones de

después su hidrogenacién se

que se
hidrogenacion heterolitica.”’ De hecho,
estudios tedricos de la interaccion de
hidrégeno con MoS; han demostrado la
viabilidad de la rotura heterolitica del
dihidrégeno.™
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Por otro lado, estudios anteriores
utilizando complejos de Pt con ligandos
fosfina como especies activas en el
proceso HDS en fase homogénea han
de
derivados de la activacion de enlaces

aportado una serie productos

C-S, y que presentan férmulas generales
[PoPa(u-S)2], [Pt2Pa(p-S)],
[PLPy(u-H)(-S)I",  [PPo(H)(SH)].!
Sin embargo, no se habia estudiado
la fecha la posibilidad de
interconversion entre dichas especies.

hasta

En este trabajo, se ha observado
que la reaccion de [Pty(dppp).H3]ClO4
con NaS o NaSH dan
complejos conteniendo fragmentos Pt-S,

lugar a

Pt-SH y/o Pt-H. La posterior evolucion
de
condiciones

estas  especies en  diversas

experimentales  (medio
acido, medio basico, exceso de NaSH,
adicion de fuente de hidruros o aumento
de
interconversion entre dichas especies
de

diversos

temperatura) provoca la

obteniéndose  una  coleccidén

complejos  andlogos a
productos obtenidos por activacion de
los enlaces C-S de diversos compuestos
tiofénicos en fase homogénea.

El complejo [Pto(dppp).H3]ClO4
se ha sintetizado con un elevado
rendimiento siguiendo un
procedimiento one-pot, por reaccion
directa del [Pt(dppp)Clz] con 2 eq de
NaBH4

presencia de 1 eq NaClOs. Se ha

en etanol absoluto y en
optimizado la sintesis de este complejo
ya que anteriormente se habia obtenido
en un proceso consistente en dos pasos
y que aportaba la consecucion del
rendimiento

83 La

menor.
obtencion de monocristales con calidad

dimero con un

considerablemente

-4 -

optima para la resolucion  por

espectroscopia de rayos X ha permitido
de manera inequivoca
8),

resolucion comparable a estudios por

resolver su

estructura (figura 1L con una
difraccion de neutrones para el analogo
[Pt(dppe),Hs]".**

La estructura del complejo
[Pt2(dppp)2H3]ClO4 se puede describir
como la resultante de la contribucién de
tres modelos limite, en funcién de la
de
presentan los dos centros metalicos

geometria coordinaciéon  que
considerando, o no, las distancias
H2-Ptl (2.07 A) y H3-Ptl (1.84 A)
como distancias de enlace (figura II. 2).
Asi, los tres modelos posibles son: a)
plano cuadrada + T-shape (si se
considera que no existen enlaces H2-Pt1
y H3-Ptl);

bipiramide trigonal (si se consideran los

b) plano cuadrada +
dos enlaces); y c¢) plano cuadrada +

plano cuadrada (si Uunicamente se

considera el enlace H3-Pt1).

1.
[Pty(dppp),Hs]" determinada por difraccion de
rayos X. Distancias de enlace Pt-H en A: Ptl-
H1: 1.56(3); Pt1-H3: 1.84(3); Pt1-H2: 2.07(4);
Pt2-H2: 1.58(4); Pt2-H3: 1.64(3).

Figura 8. Estructura del catién

Ninguno de los tres modelos
describe perfectamente la geometria del
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complejo, sin embargo dicha geometria
fue optimizada mediante céalculos DFT
resultando que el modelo que mejor
representa la estructura es el que
dispone los dos centros metéalicos con
una geometria plano cuadrada donde
cada platino esta directamente enlazado
a un hidruro terminal y uno puente que
une los dos centros metalicos.

Para corroborar que en dicho
modelo H2 no esta enlazado a Ptl se
analizd6 desde el punto de vista
energético la repercusion de variar la
distancia H2--Ptl entre 2.05 y 2.65 A
en intervalos de 0.1 A. El resultado
reporta un coste energético muy
pequeio (< 0.2 kcal/mol), lo que indica

que no existe un enlace H2-Ptl y por

I A I e Y
-3.0 3.2 -34 -3.6 -38 4.0 -42 44 46 48

T
14 -16 -1.8 2.0 22 24 2.6 2.8 5.0 -52 -5.4 5.6 -58

VPO ———

T A R T
26 24 22 20 18 16 14 12108 6 4 2 0 2

-49‘10 -49‘20 -49‘30 -49‘40 -49‘50 -49‘60 -49‘70 -49‘80 -49‘90 -50‘00 -50‘10 -50‘20 -50‘30 -50‘40
Figura 1. 9. Caracterizacion de
[Pty(dppp),H3]ClO4 por RMN utilizando CD,Cl,
como disolvente: a) Espectro de 'H en
zona de desplazamiento de hidruros, b) Espectro
de *'P{'H} y ¢) Espectro de '*°Pt.
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tanto la presencia de un unico hidruro
puente.

de
naturaleza de los ligandos hidruro, el

A pesar la  diferente

rapido  equilibrio  dindmico  entre
posiciones terminales y puente hace que
se observen los tres hidruros como
equivalentes en RMN ('H, *'P, '°Pt)
incluso a baja temperatura (figura I1.9).
Esta equivalencia es el resultado
de dos tipos de procesos dinamicos: a)
la rotura y formacion de enlaces
Pt-Hpueniey y b) las rotaciones sucesivas
a través del puente Pt-Hpyente) (€Squema
II. 5). Los célculos tedricos indican que
la formacion de un enlace Pt-Hpyenie) Va
acompafiada de la rotura de otro con
una barrera energética practicamente
inexistente (< 0.3 kcal/mol). Asimismo,
la diferencia energética entre las dos
posibles conformaciones generadas en
la rotacion de los platinos respecto al
hidruro puente no sobrepasa las 3
kcal/mol, de ahi el rapido equilibrio
dindmico observado.
He

‘ Intercambio P H
R Terminal-Puente <”’~

v Hp,,
Pt Pt
P/ A~y Ha ‘ h\P
P

He
\\\\\\

<P//,,,” o Hp
Pt,. Pt
P/ a\Ha/‘ b
P

Rotacion

e T TC p

Pu, Rotacion ‘
Pt pe P T P, P
| a\Ha/‘ b F.’ta\H/Plb\ )

b P Hp
Esquema Il. 5. Equilibrios dindmicos de

intercambio de la naturaleza coordinativa de los
ligandos hidruro y de rotacion de los centros
metalicos.

Toda la reactividad estudiada

que se comentard a partir de ahora y las
de
presentan en el esquema II. 6 para

etiquetas cada compuesto se

facilitar el seguimiento de las distintas
reacciones.



Resultados y discusién

H
P//////u,,,,, ot H | WP, Py, WS, P
<‘P/Pt Pt ) | clo > epr et > ClO ,~
\H/ | 4 / \v (P/ \H - \P 4
P
1) Na,S NaH )
NaSH A
* H
(P// lil (@) 2
NaH lin,,, pro H R
P \S /Tt Clo,
H
NaSH ~ P
exceso
NaSH
NEH SH, exceso
NaClOy4
Pinu,, W H \
(prPt NaClO,
Y P sn 4
Pu Pu )
11y, K
( ///////,,,,Pt.-un\\\\H |:(P i "PtQH C104
P / S
SH
NaOH 3) HCIO,4 H,0 +
a
NaH + NaSH
exceso ‘ NaOH NaClOy4 : *
H,O \ \ /A
+ \j
NaH SH, + H,
Py H HS
SO S 11, K A i, “, N
o Sl - " Pt. + G
Pl pt Pt iy, Pt
( NP " Nsu Hs” N
P @) p) P
Nfzs
2NaBH, BH; S
| P/I/Ilu,,,,Pt.\\\“\\\\\ ///”"'n Pt,ﬂ..m\\P HCIO,4
- W \ )
H, P ©) P

Esquema Il. 6. Esquema global de reactividad del complejo [Pty(dppp).H3]Cl1O, (1) con NaSH o
Na,S y reacciones de interconversion. (* Especies no detectadas experimentalmente).

Asi, la reaccion de
[Pt2(dppp)2H3]Cl104 (1) con exceso de
Na;S-9H,O permitio la identificacion
del complejo [Pto(dppp)a(u-H)(p-S)IC1O,
(2) como unico producto. Esta reaccion
resulta de gran interés porque es la
primera vez que se reporta un método
reproducible para la obtencion de

complejos con el anillo central
{Pt(u-H)(u-S)Pt}. Anteriormente, so6lo
se tenia referencia de un complejo con
este anillo central, el cual fue obtenido
de manera fortuita como consecuencia
de la activacion del enlace C-S en un
ditiolato metalico por reaccion con

algln tipo de impureza presente en los

_44 -

disolventes utilizados que actuase como
fuente de hidruros.*'
La

monocristales,

de
el

calidad
para

buena
adecuados

del
determinada

cation
por

Figura IlI. 10. Estructura

[Pto(dppp)a(-H)(1-S)]
difraccion de rayos X.
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analisis por rayos X, permitid la
resolucion de la estructura del complejo
2 (figura II. 10).

La elevada estabilidad de este
complejo, que contrasta con la
reactividad del dimero [Pty(dppp)2(u-S)a],
lo convierte en un pozo de potencial de
de

estudiadas en este trabajo. De hecho, se

las reacciones interconversion

puede  obtener directamente  por
reacciéon del complejo de partida con
NaSH en relacion molar 1:1. Por el
contrario, si la reaccidén se realiza con
un gran exceso de hidrogenosulfuro se
obtiene la especie monometélica
[Pt(dppp)(H)(SH)] (3), analoga al
complejo [Pt(Et;P)>(H)(SH)] obtenido
como producto de la desulfuracion del

[Pt(Et;P)2(SC4Hs-C,9)]

2la

tiaplatinaciclo
por reaccion con Et;SiH.

La naturaleza anfotera del grupo
—SH dota al complejo monometalico 3
de una riqueza quimica que hace
diferente su reactividad dependiendo de
La
complejo

si se enfrenta a 4cidos o bases.
de
monometalico con acidos proticos (HCI,
HCIOy,)

complejo

reaccion este

genera  directamente el

2.
evidencian que tanto la reaccion de 1

Célculos  tedricos
con NaSH (1:1) como la de 3 con 4cido

tienen el intermedio comun

[(dppp)PtH(1-SH)HPt(dppp)]*
detectado experimentalmente.

no

Se pudo optimizar la geometria
de este complejo por medio de calculos
teoricos observandose que presenta una
disposicion en la que la distancia entre
un hidruro terminal y el hidrogeno del
puente pu-SH ( = 2.6 A) estan a una
idonea reaccionar

distancia para

liberdndose H; (figura II. 11) y generar

- 45 -

FiPie3.877
38 -]-“' _,..l
2 566 - a 1 -
R [ &
-‘l,\- |~\, cR4 1,353 2408 1
LY B s l|I
4 1 L Fitn}
.I_.-“:F:| - > 278 'w.,.".ij o
A¥ iz 2761 [y a7 X
2423 -y 7
i - *
o ‘4‘ 4
4
Figura Il. 11. Geometria optimizada para

[(dhpp)PtH(u-SH)HPt(dhpp)]*

la especie de gran estabilidad 2. De
hecho, esta tultima reaccion se puede
entender como el proceso contrario a la
activacion heterolitica del hidrogeno
molecular en la superficie de un sulfuro
metalico, asociada a la creaciéon de
sitios activos M-H y M-SH (figura II.
12), 2085

Figura 1l. 12. Propuesta de activacion

heterolitica del hidrégeno sobre la superficie del
catalizador.

-nlllm

de
intermedios, calculos DFT corroboraron

A pesar no detectarse

la wviabilidad termodinamica de esta

reaccion partiendo de la especie
protonada  [Pt(dppp)(H)(SH,)]". Esta,
reacciona  rdpidamente con  otra
molécula de 3 para dar el
complejo  catidnico  bimetalico 2

previo paso por el intermedio no de-
tectado  [(dppp)PtH(u-SH)HPt(dppp)]”
(tabla II. 2).

Por otro lado, la reaccion de 3
con bases genera complejos diferentes
dependiendo de las condiciones de
reacciéon. Si se hace reaccionar con
NaOH en relacion molar 1:1 se obtiene
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Reaccion AE

SH,

.
P, wSH

s QueneSH_ )

(©)]

[E=EG

T e
Coeped " pe 274
} b

H H
WS, |

F:/ Pl\ = Pt)ﬂ

P

H,

2 +
- . {(ﬁ”’;nx‘“ :"’\D} +6.5

@

Tabla Il. 2. Energias de reaccion (kcal/mol)
paraelpasode 33— 2.
el dimero monocatidonico 2. Sin

embargo, si se afiade un exceso de base
se obtiene el complejo neutro
dimetalico [Pty(dppp)2(u-S)2] (4). Asi,
en el primer caso (relacion molar 1:1),
la especie
[Pt(dppp)(H)(S)],
azufre altamente nucledfilo, es capaz de

desprotonada
que presenta un
atacar al centro metélico de la especie

no desprotonada y promover la
formaciéon de 2 previo desplazamiento
de un ligando —SH y un —H (esquema II.
7A). Cuando se afiade un exceso de
base, Unicamente estaran presentes las
especies desprotonadas, lo que provoca
un ataque nucleofilo del azufre de cada
especie al centro metdlico de la otra
generando el complejo 4 previa
eliminacion de dos ligandos hidruro
(esquema II. 7B). Como también se
pudo constatar experimentalmente, una

ruta alternativa para obtener el complejo

P, wnH
P
b su
A
NaOH
(P/ ,_Pt_...‘.-u:[H (]I)’u ,,,,,,,,,, Pt wH
; S
(3 H,0+Na*
B
(I]://”””””'PtQH
o

{Pt,S,} a partir de la especie 3 consiste

en hacerla reaccionar

[Pt(dppp)(SH).]
temperatura de reflujo (esquema II. 6).

Este complejo 4

[Pta(PPhs)a(u-S)2],
producto en la desulfuracion de 2-

con

en benceno a

es andlogo a
obtenido  como
metilbenzotiofeno por una reaccién de
cooperacion entre un complejo de
platino y uno de manganeso.*'

La exploracion de la quimica
implicada en la sustitucion de un
ligando S* por uno H™ y viceversa nos
ha de

reactividad de estas especies teniendo

permitido cerrar el ciclo
como objetivo la interconversion entre
los complejos 2 y 4. La gran estabilidad
del complejo 2 en cualquier disolvente,
a altas temperaturas o frente a acidos y
bases, hacia prever su naturaleza no
reactiva. Sin embargo, si es capaz de
reaccionar con un gran exceso de NaSH
(10 eq.) para generar una mezcla
equimolar de 3 vy
[Pt(dppp)(SH):] previo

calentamiento, reaccionan para dar el

las especies

que,

complejo dimetélico 4 (esquema II. 6).

Los complejos [PtLo(SH);], que
también participan en este entramado de
reacciones, se han  considerado
intermedios en  procesos HDS.%
Ademas, se han propuesto como
/\ SH +H
Pr,, K, . 2 P” w S, u\
(‘)/PQH_/“S\;M{ L/Pt\ ~P \Pﬁ
@
2H S,
Pu,, m —L. " ——\‘\S/\p
Ce gt N
S @

Esquema Il. 7. Reactividad del complejo monometalico [Pt(dppp)(H)(SH)] (3) con NaOH; con leq. (A)

y con exceso de base (B).
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candidatos para la catalisis homogénea
del proceso Clauss ® el cual consiste en
transformar el SH, obtenido en procesos
HDS en azufre elemental.

El de
interconversion entre el complejo 4 y 3

proceso inverso
también se realiza en dos etapas en las
que se ven implicados procesos redox: a)
una primera reduccion de Pt(Il) a Pt(I)
por reaccion con H y b) una posterior
oxidacion de Pt(I) a Pt(Il) por reaccion
con H". Asi, la primera etapa, que
consiste en la reaccion de 4 con exceso
de NaBH4 en etanol absoluto, genera un
complejo dimetdlico de platino (I)
[Pt2(dppp)a(u-S)]  (5)  andlogo
complejo [Pty(dippe)2(u-S)]
como producto de desulfuracion de 4,6-

al

obtenido

dimetildibenzotiofeno con el complejo
dihidruro [Pt(dippe)H],.*'® La relativa
inestabilidad de 5, no ha permitido
obtener cristales adecuados para su
analisis por difraccion de rayos X, pero
si se realizé su completa caracterizacion
por RMN, anélisis elemental y ESI-MS.
2
comporta la reaccion de 5 con una

El paso siguiente para obtener

especie acida no coordinante (HClOj).

En la bibliografia se encuentra
precedentes de esta reactividad en
la obtencion del complejo

[(dippe)Ni(u-H)(u-S)Ni(dippe)]”

reaccion del dimero de niquel (I)

[(dippe)Ni(u-S)Ni(dippe)] con HPF.*
Como parte de la caracterizacion

por

de los dimeros 2 y 5 se realizaron las
simulaciones de los espectros de RMN
de *'P{'H} de segundo orden que
dichas Estos
pudieron ser simulados teniendo en

presentan especies.

cuenta acoplamientos P-Pt y P-P a larga
distancia y, los resultados, mostraron

-47 -

una muy buena concordancia entre los
espectros experimentales y los teoricos
como se muestra en la figura II. 13.

Para confirmar que el compuesto
de partida 1 contituye la tinica fuente de
ligandos hidruro de los complejos 2y 3,
se ensayaron de nuevo todas las
reactividades anteriores utilizando el
analogo deuterado [Pty(dppp).D;]ClOs.
La de los productos
deuterados [Pt(dppp)(D)(SH)] y
[Pt2(dppp)2(u-D)(p-S)]C104 en  todos

los casos descarto otras posibles fuentes

obtencion

de ligandos hidruro.
ha
constatado que complejos conteniendo

Con este trabajo se

fragmentos Pt-S, Pt-SH y Pt-H
presentan una quimica compleja
enormemente  dependiente de las
condiciones de reaccion. Los

principales factores desencadenantes de
esta riqueza quimica son la elevada
los sulfuro e

avidez de ligandos

hidrogenosulfuro por el platino, la
capacidad que muestra el azufre para
formar puentes entre centros metélicos
y grupo
hidrogenosulfuro en el fragmento Pt-SH.

el caracter anfbOtero del

Se ha observado que las especies

generadas en este estudio
([Pt(dppp)(H)(SH)],  [Pt(dppp)(SH):]
[Pta(dppp)2(n-H)(1-S)I",  [Pta(dppp):

(u-S)2], [Pt2(dppp)2(1-S)]) son analogas
a diversos complejos de platino
obtenidos como productos en reacciones
de modelizacién del proceso HDS?' o
como especies clave en el proceso
Clauss.®® % De hecho, se ha establecido
una relacion nunca antes estudiada de
interconversion entre dichas especies .
Este detallado
reactividad basado en

de
resultados

estudio
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experimentales y teoricos puede aportar homogénea y puede abrir puertas hacia
valiosa informacion respecto a la el un mayor acercamiento a lo que
comprension del proceso HDS en fase sucede en fase heterogénea.

8=-6.3ppm §=-10.4 ppm
| | .

(P//////,, i S///,,,, o

P/P\ - \

Yp-py = 2702 Hz

(ﬂ) Lppy = 3684 Hz

|5 |3 1 i |] T T 1 t } T T
i

T S T T S Y P e

L Wﬂ“‘w“‘

=

8=-1.3 ppm 8 =-6.8 ppm
| |
(P///////,,,' .‘““\\\\“ S/////,,“ ‘“\\\\\\\
P/Pt Pt\D
(H) lJ(p .y = 2288 Hz
. ey = 3147 Hz
._. .s ._. - I 5 -] E

(b)

Figura I1. 13. Espectros de RMN de *'P{H} del complejo [Pto(dppp).(n-H)(u-S)]C10; (2) (arriba) y
[Pto(dppp)2(1-S)] (5) (abajo): (a) espectro experimental en CDCl; y (b) el correspondiente a la
simulacién por ordenador.
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11.3. Activacion del enlace C-S e hidrogenacion parcial del tiofeno por
parte del complejo trihidruro dinuclear de platino [Pty(dppp).H3]CIO,

Como ya se comento, el estudio
de la reaccion de compuestos tiofénicos
con complejos metalicos en fase
homogénea ha sido empleado por varios
autores como una estrategia para el
estudio mecanistico del proceso de
hidrodesulfuraciéon del petroleo
(HDS).” ® 7 Ta utilizacion de
condiciones experimentales mas suaves
que en el caso de la catalisis
heterogénea y la posibilidad de detectar
intermedios de reaccion que faciliten la
explicacion mecanistica han potenciado
este tipo de estudios. El objetivo
principal consiste en recrear lo mas
fielmente posible, en fase homogénea,
los procesos que se sugieren que
ocurren en la catalisis heterogénea. Se
busca un sistema capaz de activar los
C-S de

organosulfuradas ~ menos

enlaces las  especies
reactivas
(derivados tiofénicos) presentes en los
crudos del petroleo, de modo que se
produzca la eliminacion de azufre
preferentemente como SH, y se generen
desulfuradas.

Actualmente, una de las ideas mas

especies  hidrogenadas
defendidas por los investigadores es que
la hidrogenacion de la cadena carbonada
es el paso previo a la desulfuracion, ya
que comporta una rotura de la
aromaticidad del anillo tiofénico.

Las reacciones del tiofeno y sus
metalicos

derivados con complejos

solubles han aportado informacion
relevante respecto al proceso HDS a
pesar de la dificultad para detectar
especies intermedias. Es remarcable que

algunos hidruro-complejos de metales

-49 .

de
conteniendo

transicion  (Co,

ligandos

Rh, Ru)
fosfina

y
son

capaces de reaccionar con hidrocarburos
aromaticos como el benceno, naftaleno

y
correspondientes derivados saturados.®’

o  antraceno generar  los
Dichos complejos presentan una familia
atractiva desde el punto de vista del
estudio, en fase homogénea, de la
reaccion de hidrodesulfuracion. Ademas,
se ha constatado que los metales de la
segunda y tercera serie de los grupos 8,
9 y 10, tienen enormes posibilidades
para el estudio del proceso HDS debido
a la elevada actividad que presentan en
comparacion con los metales de la
primera serie de transicion.”

Mientras que se han reportado
una gran cantidad de reacciones y
estudios mecanisticos de la apertura por
adicion oxidativa de anillos tiofénicos,
son pocos los ejemplos de desulfuracion
completa. Si nos cefiimos Unicamente a
complejos mono- y dimetalicos, el
unico complejo que ha logrado la
desulfuracion del tiofeno a butadieno ha
sido un polihidruro de iridio en
presencia de tert-butiletileno, que actua
de

hidrogeno (esquema II. 8).”* La especie

como una especie aceptora
reactiva en este caso es el complejo
dinuclear [IrCp*H], procedente de Ia
deshidrogenacion  del de
[II’Cp*H_v,]z del

tert-butiletileno. El mecanismo de la

complejo

partida por parte
reaccion se establecio en base a diversas

especies intermedias detectadas por
RMN vy se puso de manifiesto la

necesidad de la cooperacion de dos
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7T N
+
*Cp\ /CO
h\\ Ir\ /Ir\
H HO H /B /is:\ | yoc/ 57 cpr
*Cp—lr/—lrécw e

[Cp*IrH], ———> Ir—lr\
W SR see 60°C  wcp” g7 CP*N o
2

+

&?

Esquema Il. 8. Reaccion del complejo [IrCp*Hj;], con tiofeno.

centros metalicos para generar la con la menor accesibilidad del enlace
activacion de los dos enlaces C-S. De C-S debido a factores estéricos y/o a
hecho, son muchos los investigadores efectos electronicos.”'™ ® Sin embargo,
que sostienen que esa cooperacion entre los factores que estan implicados en la
centros metalicos es la base de los mayor o menor dificultad para romper
procesos de desulfuracion en la el segundo enlace C-S son todavia
superficie de los  catalizadores motivo de debate, a pesar de que
heterogéneos.** 64b, 88 algunos trabajos experimentales
En estudios previos acerca de la sugieren que el aumento en Ia
desulfuracion de compuestos tiofénicos condensacion de anillos entorno al
(tiofeno, T;  benzotiofeno, BT; tiofeno facilita la reaccion de
dibenzotiofeno, DBT) con complejos hidrogenacion.™
metalicos de platino se presentan una
gran cantidad de complejos e erecr (%
tiaplatinaciclos  derivados de la f S\ e | CHIOHECHCHS (1%
activacion de un solo enlace C-S. En e PI\; T T A o cumntiioado
estos estudios, se ha observado que BT Lew”

y DBT son notablemente menos ( 569
A~ ) e o
\Pt/ Et3SiH D

reactivos que T respecto a la rotura del ER_
/
primer enlace C-S.*'* El tratamiento EP O AN

SH
(50%)
L EtsP H

posterior de estos complejos con fuentes

de hidruros (NaBH4, Et;SiH o hidruro- o \S_J>j> ( \_Q (61%)
N/ Et3SiH
Pt —

complejos de metales de transicion) s SNV
3 Pt %,
puede aportar la desulfuracion total de Lewr” w
. 2la-b,86 § 1
estas especies. Mientras que en el Esquema Il. 9. Productos de desulfurizacion
caso de los tiaplatinaciclos derivados de completa de los tiaplatinaciclos [Pt(Et;P),(n*-

. .y SC,Hy-C,S)] (para T, a=b = 4; para BT, a=8§,
BT y DBT la desulfurizacion t9tal es b= 6y para BDT, a = 12, b = 8) con Et;SiH.
mas efectiva, en el caso de los derivados

del tiofeno la desulfuracion es muy

2la

pobre (esquema II. 9). En este trabajo se ha investigado

La menor reactividad de BT o la capacidad del complejo bimetalico
DBT respecto a T para formar los trihidruro de platino [Ptx(dppp).H3]ClO4
tiametalaciclos parece estar relacionada (1), que presenta cierta analogia con el

-50 -



Resultados y discusién

H

1 1, ool
CI/Pt\“\:(%tﬁ ClO4 + / \ - <§
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", /S \: +
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Clo
\PB 4
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Esquema I1. 10. Productos de reaccion del complejo [Pty(dppp),H3]ClO, con tiofeno

complejo de Ir presentado anteriormente,
para activar los enlaces C-S del tiofeno.
Como hecho resaltable, las pruebas

y
dibenzotiofeno no propiciaron reaccion

realizadas con benzotiofeno

alguna evidenciando la dificultad de la

rotura del primer enlace C-S, en

consonancia con lo  explicado
. 76b, 87

anteriormente.”

La reacciéon de este complejo
con tiofeno purificado (usado como
disolvente y reactivo) a temperatura de
reflujo nos reporta una mezcla de dos

complejos de diferente naturaleza
(esquema II.  10): un complejo
monometalico tiaplatinaciclo de
formula [Pt(dppp)(SC4H4)] (1),
producto de la activacion de un
unico enlace C-S del tiofeno,
y el complejo dimetalico

[Pt2(dppp)2(1-SC4Hs-C,S)]CI0,  (111),
resultado de la hidrogenacion parcial
del tiofeno y activacion de un enlace
C-S, en una relacion molar 2:3. Si se
utiliza benceno o tolueno como
disolvente, se obtiene principalmente la
especie dimetdlica y una muy pequefia
cantidad del complejo monometalico
(relacion molar 1:9). La ausencia de
de

ambas especies indica la presencia de

equilibrios interconversion entre
dos mecanismos de reaccion.

A pesar de variar las condiciones
de temperatura y concentracion de
reactivos ha sido imposible detectar

-51] -

intermedios de reaccion, lo que nos
hace presuponer una baja estabilidad de
los mismos en las condiciones de
reaccion empleadas.

Es interesante observar que el
dimero de partida es notablemente
estable y que no se disocia ni se degrada
a temperaturas de reflujo del benceno o
tolueno. Si mantenemos una mezcla
equimolar del complejo
[Pt2(dppp)2H3]CIO4 (1) y su anélogo
deuterado [Pty(dppp)D;]ClOs (I-d3) a
reflujo en benceno no se observa

variacion en la concentracion ni
naturaleza de las especies iniciales. En
cambio, si se afiade tiofeno entonces si
que se observa una mezcla de especies
con centros {Pt,DH,} y {Pt,D,H},
ademas de los {Pt;Hs} y {Pt;D3;} ya
presentes, resultado de la rotura y
regeneracion de las especies dimeras.
En virtud de estos resultados, se
evidencia que el factor desencadenante
de la rotura del dimero es el ataque
nucleoéfilo del tiofeno al platino.
Ademas, el uso del reactivo de
ha

informacién sobre la localizacion del

partida  deuterado aportado

hidrogeno insertado en la cadena
tiofénica de I11. La reaccion de 1-ds con
T en tolueno a temperatura de reflujo
aporta Il y I111-d;, en el cual el deuterio
se encuentra en el carbono mas cercano

al azufre.
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La viabilidad termodindmica en
benceno de este proceso fue estudiada
mediante calculos tedricos,
proponiéndose un mecanismo para la
rotura del dimero asistida por el tiofeno
en la que se obtienen como productos

a)
especie neutra [Pt(dppp)Hz] y b) Ia

dos especies monometalicas: la
especie cationica [Pt(dppp)H(C4H4S-x5)]"
(esquema II. 11). Esta reaccion presenta
de 21

kcal/mol de los productos respecto a los

una diferencia energética
reactivos. Sin embargo, el proceso es
entropicamente favorable lo que explica
dicha reactividad en las condiciones

experimentales utilizadas.

[
S y T+
F "Pt'y\Hf>F"1y " —_— P\Pt/H + H\PI/P>
o M . s / s e
P &
Esquema Il. 11. Mecanismo de rotura y
regeneracion  del  dimero de  partida

[Pt,(dppp),Hs]" en presencia de tiofeno.

El célculo de la rotura del
trihidruro en ausencia de tiofeno, para
cuantificar la asistencia de este ultimo
en la fragmentacion, nos aportd una
diferencia energética de 39.5 kcal/mol,
A
pesar de que el proceso de rotura de la

considerablemente mas elevada.

especie dimetalica es notablemente
endotérmico, incluso en presencia de
tiofeno, la elevada concentracion de
tiofeno y las elevadas temperaturas
hacen posible este paso en la reaccion.
La del
monometalico Il como producto de la

presencia complejo
reaccion indica que en el transcurso de
la misma se produce la rotura del
dimero de partida generando especies

-52.-

monometalicas con un centro metalico
con elevada densidad -electronica, y
capaces de activar uno de los enlaces
C-S del La
obtencion de tiaplatinaciclos a partir de

tiofeno. reaccion de
especies [Pt’L,] (L, = ligandos fosfina)
estd muy bien documentada, por lo que
es logico pensar que la formacion del
primer complejo pudiese provenir de la
reaccion del fragmento con tiofeno.
Esta reaccion disociativa, en la
que se produce la reduccion del platino
y eliminacion de H, para generar
[Pt(dppp)], 24.7 kcal/mol menos estable
que [Pt(dppp)H2], es consistente con
trabajos experimentales” y teéricos’ '
anteriores. Ademas estd favorecida por
factores entropicos (+14.5 kcal/mol,
calculado a 298 K). El siguiente paso es
la coordinacion de tiofeno al fragmento
{Pt(dppp)}. Los célculos sugieren dos
minimos, uno en donde el azufre del
tiofeno se coordina al platino y otro, en

equilibrio con éste, donde Ia
coordinacion se produce por uno de los
dobles enlaces del anillo. Se ha

observado que para que se produzca la
activacion del enlace C-S es necesario
que el centro metalico esté coordinado
directamente al azufre, lo que implica
una barrera energética entre la
eliminacion de H, y la insercion C-S de
342  kcal/mol.

viabilidad del proceso (esquema II. 12)

Sin embargo, la
descansa en la exotermicidad mostrada
por la reaccion desde la consecucion de
la especie {Pt(dppp)} hasta la obtencion
del producto de insercion Il (figura II.
14).

Si del
tiaplatinaciclo se explica bien en base a

bien la obtencion

referencias de trabajos anteriores y con
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B
Cordl 2 (o e Cr0—CO

Esquema I1. 12. Reaccion del fragmento [Pt(dppp)H,] con tiofeno.

la
i,
producto de la hidrogenacion parcial del

el apoyo de la quimica teorica,
obtencion del complejo dimero

anillo tiofénico y activacion del enlace
C-S, no resulta tan evidente. Se descarta
que provenga de Il ya que la no
interconversion durante el tiempo que
reaccion y diversas

transcurre la

pruebas utilizando varios reactivos
(acidos, bases, fuentes de hidruros) y
condiciones experimentales asi lo
determinan.

Los
ayudado a proponer un mecanismo para
del 11
considerando una amplia gama de
de de

generadas rotura del

calculos tedricos han

la  obtencion complejo

posibilidades reaccion las

especies por
dimero de partida. La propuesta mas
viable de las consideradas establece un
camino de reaccidon en el que en la
especie monometalica
[Pt(dppp)H(C4H4S-x85)]" se produce una

migracion del ligando hidruro a uno de

-
POH P H P_ _H_H
A Pt == (Pt —< Pt
P75 P S p” S
) — —
P P
N N
B ( Pt 4 < /Pt\’\
P p” S

los carbonos « del tiofeno. La rotacion
del anillo tiofénico con una barrera de
5.3 kcal/mol genera una especie alilica
mas estable en la que el platino esta
coordinado al azufre tiofénico y al
carbono C; del anillo.

Es éste momento se produce la
activacion del enlace C-S con una
barrera energética de 21.0 kcal/mol
obteniéndose

una especie

considerablemente inestable
[Pt(dppp)(n2—S,C—SC4H5)]+ (esquema II.
13A)
coordinacion del fragmento {Pt(dppp)},

que se estabiliza por la
procedente de la eliminacidon reductiva
de H, en el compuesto [Pt(dppp)Ha],
generandose la especie dimera 111
13B). La estabilidad

termodindmica de este dimero es muy

(esquema II.

superior a los reactivos de partida y la
reaccion de obtencion del mismo esta
favorecida en términos de energia de
Gibbs (AGpenceno = - 20.8 kcal/mol,
calculado a 298 K).

Esquema Il. 13. Mecanismo propuesto de transferencia del anion hidruro del centro metalico al
carbono o del anillo tiofénico y activacion del enlace C-S (A). Formacion del complejo

[Pta(dppp)2(1-SC4Hs-C,S)]" (B)
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Anteriormente, ya se habia
descrito el ataque nucleofilo del tiofeno
por transferencia de aniones hidruro (H’)
presentes en hidruro-complejos.®” 7> *2

En el caso del tiofeno, si no se

encuentra impedida, la posicion 2
(carbono o) muestra ser el punto mas
idoéneo para el ataque nucleofilo. Los
calculos teodricos asi lo indican,
reflejando que ésta es la forma mas
viable de transferencia del H. Este es
un paso clave en el conjunto de
reacciones consideradas, ya que supone
la desestabilizacidon aromatica del anillo
tiofénico y la rotura de un enlace C-S
generando un sulfuro alilico que
supuestamente es mdas reactivo. De
hecho, este tipo de reaccion en la que
primero se produce la hidrogenacion
parcial del anillo aromético previo a la
rotura del enlace C-S es una de las

propuestas mecanisticas del proceso

40

30

AE (kcalimol)

-1d

=20 A

=30 1

40 -

HDS defendidas por un gran niimero de
investigadores.

Los célculos tedricos indican
una mayor estabilidad termodindmica
para la especie dimetalica en detrimento
del otro producto monometalico de la
reaccion, pero las diferencias en las
barreras cinéticas para la obtencion de
(34.2

kcal/mol para la obtencion de Il 'y 31.0

cada uno de los productos
kcal/mol para la obtencion de Ill) no
son significativas (figura II. 14). Estas
pequeias diferencias hacen que las
condiciones de reaccion utilizadas sean
determinantes en la preferencia de
formacién de uno u otro. Por otro lado,
si consideramos que para la formacion
de Il a partir de | se necesita el doble de
tiofeno que para formar Ill, parece
logico que la relacion molar de Il
respecto a Il sea mayor en el caso que
el propio tiofeno como

utilizamos

Figure 11. 14. Perfil de energias de la reaccion de obtencion de los complejos Il y 111, mostrandose las

rutas desde la disociacion de 1.
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Figura 1l. 15. Espectros de *'P{H} RMN de [Pt(dppp).(n-SC,Hs-C,8)]CIO4 (111): (a) espectro
experimental en CDCl; ; (b) el espectro simulado por ordenador.

disolvente (2:3), a diferencia de cuando
se utiliza benceno o tolueno como
disolvente (1:9).

La caracterizacion por RMN, IR,
y ESI-MS del
complejo Il muestra una molécula

analisis elemental

dimetalica simétrica, en la cual el &tomo
de
procedentes del anillo tiofénico estan

azufre y el carbono terminal

formando un puente entre ambos

centros  metalicos.  Ademas = se
caracterizd inequivocamente el puente
tiolato estableciendo la conectividad
{S*-CH,-CH=CH-C*-H}. Estudios de
RMN de *'P{'H} a baja temperatura no
muestran un cambio significativo en las
sefales caracteristicas del complejo, lo
que sugiere la naturaleza no fluxional
del mismo. Ademads, se realizé la
simulacion del espectro por ordenador
teniendo en cuenta acoplamientos P-P y
P-Pt a largo alcance. El resultado fue

una muy buena correlacion entre el
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espectro experimental de segundo orden
y el tedrico, confirmando la naturaleza
dimérica del complejo (figura II. 15).
Esta
estable en forma solida y en disolventes

especie, relativamente

secos no clorados, reacciona con
especies acidas. Cuando reacciona con
un acido fuerte no coordinante como
HBF, se produce la protonacién de la
tercera posicion (C;) del anillo tiofénico
generandose la especie dicatidnica
[Pta(dppp)a(1-SC4Hs-C.S)F(BFy): (V)
aumentando asi el grado de
hidrogenacion de la cadena carbonada
(esquema II. 14). Curiosamente, esta
reacciéon es reversible y es posible
i
reaccionar la especie dicatidonica con
bases como NaMeO o Et;N. De hecho,
es conocido que la coordinacion de
de

catidnicos promueve la reaccion de

regenerar el complejo haciendo

olefinas a complejos platino
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Esquema Il. 14,  Equilibrio
[Pty(dppp)2(1-SCsHs-C, )™ (V).

desprotonacié en la posicion arilica por
reaccion de diversas especies basicas.”

La caracterizacion por RMN
confirmo la secuencia del puente tiolato
estableciendo una cadena {S-CH,-CH,-
CH=CH} resultado de la insercion
de un hidrégeno en el C; en la
cadena  tiofénica del  complejo
[Pt(dppp)2(n-SC4Hs-C,S)]"  y el
consiguiente desplazamiento del doble
enlace. Las demds técnicas analiticas
corroboraron la naturaleza de este
complejo.

La obtencion de monocristales
de esta especie dicatidnica permitid su
resolucion estructural por difraccion de
rayos X. La estructura (figura II. 16)
desvela un complejo dinuclear con un
puente tiolato entre los dos centros
metalicos de platino. Este puente tiolato

P
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entre  [Pt(dppp)a(n-SCHs-CS)" (1) y

presenta  dos  disposiciones  con
orientaciones opuestas en las que el
azufre y el doble enlace C=C
intercambian posiciones y, a la vez, el
doble enlace cambia de 4atomo de
platino al que estd unido de forma #°.
En realidad se puede interpretar como
una rotaciéon C, de la cadena tiofénica
perpendicular al eje Pt-Pt. A pesar del
desorden observado en el puente tiolato,
las distancias de enlace que presenta
dicho puente en la estructura estan de
acuerdo con la secuencia deducida a
raiz de los estudios de RMN en solucion.

Las dos disposiciones del puente
tiolato establecen dos entornos de
coordinacion diferentes para los centros
metalicos, mostrando una  clara
asimetria en el complejo. Asi, mientras

que los dos platinos estan unidos por un

Figura I1. 16. A) Estructura del cation [Pty(dppp).(u-SCsHe-C,8)]*" (V) con la doble disposicion del
puente tiolato. B) Detalle de las distancias de enlace en el fragmento tiofénico.
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atomo de azufre puente, uno de los
platinos estd coordinado de forma o al
atomo de carbono terminal (Cs) y el
otro estd coordinado de forma  al doble
enlace C,~=Cs;.

El hecho de que existan dos
entornos diferentes de coordinacion
para los atomos de platino, como se
deduce de la resolucion estructural, y
que los estudios de RMN en solucion a
temperatura ambiente denoten un
compuesto  simétrico, sugiere un
comportamiento  fluxional de este
complejo.”® De hecho, el registro de
espectros de RMN de *'P{H} a baja
temperatura evidencia este tipo de
comportamiento. Al ir disminuyendo la
temperatura se observa que una de las
dos senales iniciales de fésforo (0.10
ppm) es mas sensible a esta variacion
presentando una sefial cada vez mas
ancha que se intuye se separaria en dos
sefiales si se bajase mas la temperatura.
La otra sefial de fosforo (-0.92 ppm) se
mantiene sin mostrar una alteracion
notable. (figura II. 17). Si se lograse
congelar el movimiento fluxional se
deberian de observar la separacion de

|
' 25°C
i i anr A | WM b i

-25°C

o “Ppbmli i M et Ay A e G et i g

-50°C

e e 00T T1 T el e e M T il

-90 °C
Figura I1. 17. Espectros de RMN de *'P{'H} del
complejo  [Pty(dppp)a(p-SCyHe-C.S)](BF4),  en
acetona-dg a baja temperatura.

cada una de las sefiales de *'P en dos
seflales. Ya que la temperatura de
coalescencia es dependiente de Ila
diferencia entre los desplazamientos de
cada uno de los fosforos que confluyen
en una misma sefial, probablemente, la
diferencia de los desplazamientos de los
fosforos que integran la senal de 0.10
ppm es considerablemente mayor que
las correspondientes a la sefial de -0.92
ppm a la misma temperatura.

No se pudo modelar el
comportamiento de coalescencia en
funcion de la temperatura al no
observarse una separacion completa de
las sefales, necesaria para determinar la
velocidad de interconversion entre los
dos minimos de energia. Sin embargo,
el comportamiento observado corrobora
la fluxionalidad de V a diferencia del
complejo 111 en el que el puente tiolato
no presenta este comportamiento
fluxional.

Como hemos visto, la reaccion
del dimero trimetalico de platino
[Pt2(dppp)2H3]ClO4 con tiofeno genera
productos derivados de la activacion de
un unico enlace C-S. Los estudios en
fase heterogénea sugieren que la
presencia de fuentes de H y/o H'
pueden promover la activacion del
segundo enlace C-S del fragmento

20 2 :
»778.72 B este sentido,

tiofénico abierto.
se realizaron diversas pruebas haciendo
reaccionar los diferentes productos
obtenidos con acidos protonicos (HBF4
y HCl) y fuentes de hidruros (NaBH4 y
[Pt2(dppp)2H3]1C10,).

Asi, se ha observado que la
reaccion del compuesto monometalico
[Pt(dppp)(SC4H4)] (1) con HBF,4

genera la especie dimetalica ditiolato
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[Pt2(dppp)2(4-SCsHs)2](BF4), (1V) y la
reaccion del complejo  dinuclear
[Ptr(dppp)a(1-SCaHs-C,9)ICI0; (1)
con HBF, aporta, como ya se detallo, el
complejo [Pty(dppp)a(1-SC4Hg-C,S)|(BF ),
(V). Por otro lado, de forma general, la
reaccion  por separado de los
compuestos I11-V con HCI genera el
complejo monometélico [Pt(dppp)Cly] y
diversos tioles (esquema II. 15). En el
caso de IV + HCl también se detecta una
pequena cantidad de tiofeno y en el caso
Il + HCI, el tiofeno es la tnica especie
sulfurada detectada, lo que evidencia
una cierta reversibilidad de la reaccion
en este sistema.

Respecto a la reaccion de estas
especies (11-V) con fuentes de hidruros
([Pt2(dppp)H3]CIO4 o NaBH4), se
observd que: a) la reacciéon de estos
complejos con el dimero trihidruro de
partida no tiene lugar ni tan siquiera a
b)  todos
reaccionan con NaBHy produciéndose la

elevada  temperatura,
degradacion del complejo y la deteccion
unicamente de tiofeno (en el caso de 1)
o de SH; (en de caso de I11-V).

s
[P + SH, Po+ )

’ NaBH, ‘NaBH4
N

|
\

X

A

I - p, S
Pt Pt P) BF,), <HBFa (™ /7 N\ %
<P/ \S/ ~p (BF4)2 (P,Pt L

En base a lo observado, mientras
que las reacciones con acidos generan
especies mas facilmente desulfurables
(tioles) desde el punto de vista del
proceso HDS, la activacion del segundo
enlace C-S llega a conseguirse por
reaccion de H en el caso de los
compuestos |l11-V. Curiosamente son
los compuestos que previamente habian
sufrido una hidrogenacion de la cadena
tiofénica. De este modo, se refuerza la
idea de que la hidrogenacion inicial de
la cadena tiofénica promueve o facilita
la reaccion de desulfuracion.

La reaccion del  dimero
[Ptz(dppp)2H3]CIO4 con
tiofeno muestra una serie de reacciones

trihidruro

en las que se obtiene la activacion del
tiofeno en fase homogénea partiendo de
un complejo metélico de platino. Asi los
productos de dicha reaccion implican,
por un lado, la activacion de un enlace
C-S ([Pt(dppp)(SC4H4-C,S)]) y, por otro,
la activacion de un enlace C-S e
hidrogenacion simultanea de la cadena
tiofénica (esquema II. 16). El desarrollo
de experimentos adicionales y los

[P

+
NaBH, SH, NaBH,

Cl HCI

I
x HCl
HCl S H
C4HeS \;/ P, _Cl
+ (e
cl

Pt
s i ‘.
N sy

Esquema 11. 15. Reactividad estudiada para los complejos 11-V.
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Esquema I1. 16: Esquema global de la reactividad del dimero [Pt,(dppp),H3]" con tiofeno.

resultados de la quimica tedrica han
mostrado el papel del tiofeno en la
rotura de dimero de partida. En este
sentido, los calculos tedricos han
permitido proponer un mecanismo de
reaccion partiendo de la rotura inicial
del compuesto de partida en dos
fragmentos monometalicos que generan
de

competitivas e interconectadas por la

dos rutas reaccion  distintas,

especie comun [Pt(dppp)].

Por ultimo, en base a los

resultados experimentales y tedricos, se

puede concluir que los complejos

conteniendo hidruros metalicos son

piezas clave en la hidrogenacion previa
al proceso de desulfuracion y que la

-59 -

participacion de un segundo centro

y
estabilizacion del complejo dimetalico

[Pta(dppp)a(u-SC4Hs-C,S)]"  apoya la
idea de la importancia de la cooperacion

metalico en la  consecucidon

entre varios centros metalicos para
facilitar la reaccion de desulfuracion de
derivados tiofénicos. Desde este punto
de vista, en este trabajo se ha detallado
un posible mecanismo de activacion e
hidrogenacion del tiofeno y se ha
aportado una nueva vision entorno al
mecanismo HDS en fase homogénea
que puede ayudar a establecer los
puntos clave de esta reactividad.
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In order o explore possible ways for modulaiimg the unuswally rich chemisiny shown by complexes of formula
[L:Pifp-5)PtL, ] we have studied ihe influepce of the nature of the terminal ligand L on the chemical properties of the
[ Ptyp-5]; | core The systematic study we now report allows comparizon of the behaviour of [P {dpagiu-5),]
(dpae = PhoAs(CH. ) AsPhy) o) with the already reported analogue [Pridppe)p-5p] (dppe = Ph.PCH..PPD.).
Complex 1 as well as the corresponding multimetallic dernatives [Pidpae)| Ply(dpaeip-5) HJ{BPhy) 2,
[M{Pta(dpac)(u-S g} [X: (M = Cu®, X = BF, 3 M = Zn" X = BPh, 4 M = Cd", X = Cl0, 5: M = Hg". X = Cl 6
or X. = Cl, JHCL: .. &) have been characterized in the solid phase and in solution. Comparison of structural
parameters of 1 and 36" with those of the corresponding phosphine analogues, together with the results of the
electirochemical study for 1, allow us to conclude that replacement of dppe by dpae causes a decrease in basicity of
the {Prip-5).} core. The study of the reactivity of 1 wowands CH.CL and protic acids has led 1o the structoral
charactenzation of [Pi{dpae)i5.CH, )] 9 and [PIOCLidpae)] 100 Moreover, companson with the reactivity of

[Praid ppe)ap-5)] indicates that the stability of the intermediate species as well as the nature of the final products in
both multistep reactions are sensitive to the nature of the terminal ligand.

Introduction

The high nucleophibcity of the bridging sulfido hgands of
the |Py5;] core in [LPtp-5kPL;) compounds accounts
for their rich reaction chemisiry in the presence of a wide
range of electrophilic species' In this comtext, we ex-
plored by means of experimental data and theoretical cal-
culations the redox properiies of complexes [PLdPOPLp-5).].
where PAP = 1, 2-bisidipheny lphosphino ethane (dppe) or 1,3-
bisidiphenylphosphinojpropane (dpppy.’ their meactivity 1o
wards organic ¢lectrophiles.® protic acids® and metal centres®
as well as the influence of the {Pt:5:] core on the reactivity
of organic or inorganic L ligands in [ML’, { L-Pi{p-5)PiLs § . F
aggregates” Remarkably, all reported studies on the chemistry
of the { P1:5; } cone have been carried out using [L.Prp-5).P1L;)
compounds where the terminal ligands are unidentate (Ly or
bidentaie (L) phosphines.

Transition metal complexes containing phosphine ligands
have been the objeciz of intense study.® Interest in this famiky of
complexes has been mainly fuelled by the diverse coondination
features offered by phosphine ligands, by the possibility of
tuning their steric and eloctronic propertics, and by the wse of
phosphing complexes in various catalytic reactions.” Remark-
ably, whereas the first metal complexes containing arsine ligands
were reporied well over 10 yvears ago, the development of arsine
coordination chemistry has receivad much less attention than its
phosphine analogue™ The suitability of P nucki for NMR
studies and the toxicity of some arsine precursors could aceount
for the great prevalence of phosphine complexes and also for the
scarce mumber of comparative siudies between the phosphine
and arsine families. " Notwithstanding this, it has been reporned
that replacement of phosphine ligands by their arsine analogues
affeets the acid-hase.® catalytic® and redox™ properties of the
corresponding metal complexes. In addition, theoretical data

have revealed that the M=-X (X = P or As) bond dissociation

emergy as well as the lizand w metal charge transfer are highly
dependent on the nature of the donor atom, P or As"

We hercin report the svathesis, structural characterization
and electrochemical behaviowr of [PLidpaepip-5);] 1, where
dpae denotes 1.2-bis{diphenylarsinojethane, and its reactivity
towards the same chemical species as those already studied
with [P dppe)(p-50.] under similar experimental conditions, &
comparative analysis of both sets of resulls shows that the change
of the domor atom, Por As in comparable terminal ligands can
be taken as a good strategy for modulsting the nucleophilicity
of the { P15, } core

Experimental
Materials and methods

All the manipulmions were carricd om @l room lemperaturne
under an atmosphere of pure dinitrogen, and conventionally
dried and degassed solvents were used throwghout, These were
Purex Analvtical Grade from 5DS Complex [PCL{dpae)] was
obtained by replacing dppe with dpae in the procedure reported
for the synthesis of the dppe analogue™

Elemenial analyses wene performed on a Carlo-Erba CHNS
EA-1108 analyzer. Microanalytical data for 2 have been ommtted
because those referring 1o the carbon content were unsatisfac-
tory, as already reported in some related phosphing platinwm
complexes.™ All complexes have been characterized by ES1-MS.
MMR and, when single crystals were mailable, by X-ray diffrac-
tion data. The ESL-MS measurements wene performed on a VG
Quattre Micromass Instrument, The experimental conditions
were as follows: 10ul of sample imjected at 15 pl min='; capillary-
counter electrode voltage, 4.5 KY: lens-counter electrode voltage
10 EV: cong potential, 33V, source wemperature, W 50 m/ =
range, W o 1600, The carrier was a | @ | acetonitrile/ water
mixture or methanol containing formic acid (1%6-2000).
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Tablke 1 "H KMR, "C-{'"H} NMR= and ESI-MS data for complexes
1=T and %12

Compound iz Calod MW & Has (ppan)
1 [Pialddpae):5;] 142674 42659 2.21

2 [PraddpachS:F* 10524 21070 2.59

3 [Cud Pl dpmie kS, b 1458% 19174

4 [Enf Pro(dpoey: 5. ) 7 14597 2%]%.2 241

3 [Cd{ Pridpae), s, 1™ 1484, 4* 20664 2.3

6 [Hg | Pryidpae). S, ) 1 153382 Wid 4 245

T [Plyldpaehin=3Hp=S3CH O 14765 14755

o [Pridpae S, CH ) w02 7395 259

I [FCidpasy] Tleg 7323 255

11 [Paidpaelip-SqCH 07 74410 14864 2,

12 [Pyidpae b ipeSHpe-5H )" 14267 14279 2

“Solvents in NME measurements: Lo 2, 9 10, 11, 12 i d-DMSO,
4. 56 COLCL A miz =M 4 Lomdz = M2 A Mass of fragmem
[PICldpael]. *SHISCH,) = 6.06 ppm: *J,, 4(SCH,} = 40.2 Hz,
ACISCH, = 44,6 ppm. FAH(SCH, b= 416 ppm; "y 0l SCH ) = 66,6 Hr,
SCSCH, b = 23,5 ppm.

'H and "C-{"H} NMR spectra werne recorded from samples
in {CDy ) 50, CDCL or CDOD solutions at room temperature,
unless otherwise indicated, using a Bruker AC2M) spectrometer.
H and "C chemacal shalts are relative to SiMe,. ESI-MS and
"H and "C—{'"H} NMR data for the synthesized complexes 1-
6, %, 10 as well as for the detected species 7, 11 (Scheme 3)
and 12 (Scheme 4) are given in Table 1, " Cd-{"H} (300 MHz.
(CDy),50) and "™Hg |'H} (500 MHz, CD,OD) NMR spectra
were recorded at 66,5 and 39,5 MHz. respectively, 'Y Cd chemical
shifts are relative to external (L] mol dm=* Cd{NO, b aqueons
solutions, "Hg to external HgMe, in D0, The " Cd-{"H} and
M Hg-{'H} spectra were simulated on a Pentium- 200 computer
using the gNMR V4011 program. '™

Further characterization of 3 in CHCN solution was per-
formed by means of EPR (Bruker ESP 304, at room temperatune
orat 113 Kjand UV-Vig-NIE (SHIMADZLU UV-3H01PC, 200
1500 o ) mzasuremens

In order to achieve a pure product with maximum yield in
the synthesis of 1, 2, 9 and 10 the reaction time was fied after
monitoring the reaction by "H NMR.#

Preparations

[Pt (o =50, ) 1. [PUCLd pae)] (0,250 g, (033 mmol) was
added 1o a suspension of NaSOH.O (00150 g, 062 mmaoly in
bemzene (75 mil) and the mixture stirred at room temperature for
8 h. The excess of Ma,5.9H,0, the NaCl formed, and the unre-
acted [PtClidpae)] were filtered ofl. Bemoval of the solvent from
the filtrate under vacuum vielded an orange solid. Yield 200
(Found: C. 43.26; H, 345§, 502, Calk. for Co: HauAs, PS5 C,
4377 H. 239 5, 44900 X-Ray quality crystals were obiained
by sl evaporation of a saturated solution of 1 in benzene

|Ptidpachip-SkEBPh); 2. [PiClidpae)] (0106 g
14 mmol) was added stepwise o a CH.CN solution of
Loo2on g 0014 mmol) and the mixire stirred a0 room
femperaiure for 24 h. The resuliing soluiion was filtered
through Celite Addinon of NaBPh, (0009 g, 028 mmaol) e
the filtrate caused formation of NaC'l that was filtered off. The
salvent was removed from the filtrate under vacuum o vield
the title compound as a vellow solid. Yield 75%. X-Ray quality
crysials were oblained by slow evaporation of a saiuraied
solution of 2 i DMSCL

[Cuf Ptyidpac)(p-S); }WBE), 3. A solution of CulBEF ),
GHLO (0024 2, 007 mmaoal) in 10 ml of CHyOMN was added
o a solution of 1 (02000 2, 014 mmol) in the same solvent
(10 mly and the mixture stirred for 1 b, The resultant Blue
solution was filtered through Celite and the iltrate concentrated
w5 ml. Addition of diethy] ether resulied in the appearance

of a bue solid. This suspension was kept at 4 "C for M min
and the solid filvered off, washed with diethyl ether and dried
under vacuum. Yield 84% (Found: C, 40,208 H, 3201 5 4,10k
Cale. for CHyAs, B.CuF,PLS,: C, 40.41: H, 3.13; 8, 4.15%).
Slow evaporation of a saturated solution {1 : 1 ethanol facetone
mixture) of the selid aerded violet X-ray quality crystals of the
title compound.

[£n{ Py idpac) (p-5). b liBPh), 4. A soluiion of ZnCl,
(010 g, 007 mmoljin 10 mlof CH,CMN was added toa solution
of 1 (20 g, 0004 mmol) in the same solvent (100 ml} and
the mixture stirred for 1 h. The resultan pale yvellow solution
was filtered through Celite, NaBPh, (0,050 g, 0,14 mmol) was
added to the filtrate and the NaCl thus formed filtered off and
the filtrate concentrated to 5 ml. Then, addition of digthv] ether
resulted in the appearance of a pale vellow solid, This suspension
was kept at 4 “C for 30 min and the solid filtered off, washed
with diethy ether and dried under vacuum. Yield 805 ( Found:
C.50.21 H. 3,725, 347, Cale. for CHy o As B PLS, EZn4H O:
O, 300307 H, 3.9 5, 3.5%%). Crystallization of 4 from a 1@ 1
ethanel/ acetone mixture gave pale vellow crystals suitable for
Xe-ray diffraction.

I(Id{ Pt:fﬁpﬂﬂh{ll-slt I':I"[IIDJ]'J 5. Cd{Cloy a0l I:\D‘ﬂ.ﬂ.‘sg.
007 mmaol) was added toa CHoCMN solution { H0ml peontaming
e, 200 g, 0,14 pumol), Afer 1 hour of stirring the solution was
conceptrated to 5 ml towhich addition of diethyl ether resulted
in the appearance of a pale vellow solid. This suspension was
kept at 4 °C for 30 min and the solid filtered off, washed with
diethyl ether and dried under vacuum. Yield 805 (Foumd: C.
3990 H, 312 8 4.9 Cale. for O uHeAsCdOLOL LS, O
30da; H, 3.06; 5 4.05%). Crysials suitable for X-ray diffraction
wiere obtained by slow evaporation of Sina 1 ; 1 ¢thanol/actone
mixture,

[ Progdpeaac =50, 4O 6. A salution of HaCL (00009 g,
0.07) i 10 mL of CH,CN was added o a CH,CN solution
(100 mlpcomtaming 10200 g, 014 mmaol). Afer 1 h of stirring
the pale green solution was concentrated. Addition of diethyl
cther resulted in the appearance of a pale yellow solid, This
suspension was kept at 4 °C for 30 min and filbered, The solid
was washed with diethyl ether and dried vnder vacuum. Yield

Yo llound: C, 40.50; H, 3.22: 5, 304, Cale, for CpaHaAzCle-
HgPu5.: C, 3997 H, 31k 5, 4.10). Slow evaporation of a
concentrated solution of 6 in a L1 ¢thanol/acetone mixture
alforded vellow crystals of [Hg| Ptidpael (-5); ) KL HC L L
(6°) The presence of the [Cl-H-Cl]- anion as coumterion is
precedented in bis{aminophosphiney complexes of platinum. "’

[Pt{dpaehS, CHL & CH.CL (0.5 ml, 7.5 mmaly and
[Pl (e ] (0. 1000 @, 0.1 3 mmol ) wers subsaquently added toa
suspension of Ma, 5 9H.0(0.080 g, 0,33 mmol) in benzene. After
6 h of stirring the excess of MNa,59H, 0 and the NaCl formed
were filiered off. The filtrate was concentrated todrvness giving a
vellow solid. Yield 705 { Found: O, 43,30 H, 3.60: 5 8,21, Cale.
for O HoyAs PS.: O, 42,700 H, 3.45; 5, 8.44%). Crystallization
of 9 from acetoniirile vielded vellow X-ray quality crystals

[PtClLidpacy] 10, To a solution of [PrCLicody] (0 190 g,
0,51 mmoly i CHLCL (30 ml) solid dpag (L2530 g, .31 mmol)
wins gdded and the mixture stirred at room temperature for 3 he
Then, the suspension was filtersd and the solid was washed
with digthy] ether and vacuum dried. Yield 88% (Found: C,
41.76; H, 3.15. Cale. for CoHo As,CLPG C, 41.51; H, 3.21%).
Recrystallization from acelone gave colourkess erystals of 10
suitnhle for X-ray diffraction.

Remetiviry of 1 towards non-nictallic clectrophiles

Protic acids, To analyze the evolution of 1 in the presence
of protons as a function of tme as well as the corresponding re-
action pathway an already published procedure was followed ™
In this case controlled amounts of either concentrated or 2 M

| Dalton Trans., 2005, 2743-2753
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Articulo 1

solutions of HCl or HCIO, were added with stirring at room
temperature toa solution of 1in 3 10ml of CH,CMN. An aligquot
of this solution was removed at different times, evaporated to
dryness and the solid abained characterized by *H NMR in d,-
DME0r and by ESI-MS daia. The moles of acud added ranged
between | and 40 tmes those of 1, whose mitial concentration
usually was 3.5 mM. Under these experimental conditions the
reaction of 1 with protons progresses oo rapidly to enable the
analysis of the influence of the time variable, Overall, the nature
and relative amounts of the reaction products are mainly deter-
mined by the number of equivalents added of HC or HCTO,,

Orreanic eleetrophiles. The reaction of 1 with CH.CLL was
followed similarly o that of the [Prddppe)dp-5).] analoguoe*
Thus. aliguots taken at different times from a 1.4 mM solution
of 1 in CHLCL: at room temperature were evaporated (o dryness,
and the "*H and “C-{"H} NME (both in d.- DRS0). as well as
the ESI-MS spectra of the solid residue were recorded. These
data showed that after 13 min of exposure to CH.CL compound
I has fully evolved to 9 and 10, After 12 b the concentration of
9 shows a significant decrease with the concomitant formation
of & new species, probably [P id pac ) (=500 He ) CL (11), onby
partially characterized. Afver several weeks, the initial solution
contams mamly 10 and 11 with a small amount of 9.

Tn order to confirm that 11 comes Trom the reaction of 9 with
CH,CL a pure sample of 9 (0050 g, 0.07 mmaol) was added
with stirring to CH.CL, (5 mlp After 30 days the solution was
evaporated 1o divoess, the solid residue dissolved in toluene and
the filtered solution concentrated o yvield a pale vellow solid.
Characterization of this solid by "H and "C NMRE and by ESI-
MS data indicated that it conzists of a mixture of 9 and 11 a1 a
15 85 mole ratio,

Oxidation of 1 with 4-nitrobenzenedimronium tetratuoroborate

A solution of 4-nitrobenzenediazoniom tetrafluoroborate
(0007 &, 0,07 mmoljin CH.OCNwas added dropwisetoa CHOCN
solution of 1 (0100 g, 0.07 mmol) in an eefwater bath and
the mixture stirred for 10 min. The solution was filtered and
the filtrate concentrated to dryness giving a brown solid. This
wis dissolved in methanol, and addition of NaBPhy (0032 g,
0.0 mmol) 1o the solution affordad a yellow solid thar was fil-
tered ofl, washed with diethy] ether and vacoom dried. 'H NME
amd ESI-MS data are fully consistent with the isolmed solid
being the already characterized complex 2 with an 85% yvield.

Electrochemical meastrements

Cyclic voltammograms were carried out at room temperaturs
m an electrochemical comcal cell which can be used for three
electrodes. For oyelic voltammelry expeniments, the working
electrode was in all cases a glassy carbon dise of 0.5 mm
diameter, This was polished by using a 1 pm diamond paste
The counter electrode was a platinum disc of | mm diameter.
All the potentials are reporied ve. an aqueons saturated calomel
electrode isolated from the working electrode compartment by
a sl bridge, The cychic vollammetny apparalus was composed
of a home-built-solid-state amphfier potentiostat with positive
feedback iR drop compensation and a Tacussel GSTP 4
generator. The voltammograms were displaved on a Tekironix
(2212). Electrotyses were carried out in the same electrochemical
cell as the arclic vollammetny expenments using a PAR 2734
poleniiosial. A graphite rod was used as the working electrode
and a platinum wire as a counter electrode isolmed from the
anodic compartment.

A-Rav crystallographic characterieation of complexes 1-6°, 9
and 10

A summary of erystal data, data collection, and refinement
parameters for the structural analyses of the ttle complexes
i5 given in Table 2, Measwrements of diffraction intensity data
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Table 2 Crestallographic dats For compheses 1-6', 9 and 10
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Articulo 1

were collected on a Bruker SMART CCL- HHKD area-detector
diffractometer with grafiie-monochromated Mo-Ka radiation
(4 = (0L7107% A). Absorption correction was carried out by
semempinical methods based on redundant and symmetry-
equivalent reflections with the aid of the SADARS program. '™
Cell parameters were obained from a least-squares fit on the
observed selling angles of all significant intensity reflections.
The structures were resolved by direct methods and refined w
full-matrix leasi-squares based on /2, with the aid of SHELX-
97 software' All non-lydrogen atoms were anisotropically
refimed except for the lightest atoms in 5. Hydrogen atoms
were included at geometrically caleulated positions with thermal
parameters derived from the parent atoms. Molecular graphics
are represented by Ortep-3 for Windows,

In compound 4 the solvent molecules appear to be highly
disordered thus hampenng the relable modelling of iis position
amd distnbution. Therefore, the SQUEEZE lunction®™ was used
1o eliminate from the measured intensity data the contribution of
the electron density i the disordered solvent region and thus the
solveni-free data was employed in the final refinement. The unit
cell contains four cavities located an { —0.052, 0,052, 0.000) and
symmetry-related positions. The volume of each cawity is $40 47
and contains 390 electrons.

CODAC reference numbers 262977 (1), 262978 (10), 262979 (3},
202UE0 (4). 262981 (67, 263121 (%), 263122 (5) and 263123 (2).

See hutpedSdy doi.orgd 10,1039/ B302196k for crystallographic
data in CIF or other electronic format.

Computational details

Calculations were performed with the GAUSSIAN 98 series
of programs.” Density functional theory (DFT) was applied
with the BILY functional ® Effective core potentials (ECP)
were usad 1o represent the innermost electrons of the platinum
atom*™ as well as the electron core of the As and § atoms** The
basis set for Pt was that associated with the psewdopotential,
with a standard double-0 LANLIDL contraction.*' The basis
set for the As and S atoms was that associated with the pseuw-
dopotential, with a standard double-D LANLZDE contraction™
supplemented with a sei of d-polarization functions™ A 6-31G
basis set was used for the C and H atoms™ Solvent effects wene
fnken mio aceount by means of polarizable contmuum madel
(PCM) caleulations™ using standard options of PCM and cavity
keywords.™ Free solvation energics were caleulated with CH.Cly
(e=893por CH,CN (& = 36.64) as solvent, keeping the geometry
optimised for the isolated species (single-point cakculations).

Results and discussion
Muolecular structure of [P (dpacy,p-50,] (1)

The synthetic procedure followed 1o obtain metalloligand 1 was
similar o that of [Pt(dppe)ip-5)]*= In the present case, the
abserved senzitivity of the chemical shilt corresponding 1o the
arsme CH. groups with regard 1o the nature of the complex
species allowed the reaction to be monitored by "TH NME and
thus enabled determination of the optimum reaction time for a
maximum yield, Complex 1 has been characterized by ESI-MS
and '"H NMR data (Table 1), X-Ray diflfraction of 1 {(Fig. 1)
constitutes the first example of a complex of formula [P L p-
5):] (L £ phosphineg) to be structurally characterized,
Comparison between  the  geomelric  parameters  of
[Praidppe)dp-5k] and [Ptydpackin-Sk] (1) (Table 3) provides
the first evidence of the effect of replacing phosphorus by arsenic
as donor atom. One difference between the structures consists
of an increase in the Pi-X distances when X = As with respeci
1o that observed for X = P An additional structural varation
is observed i the PL-S distances that average 2,349 A in
[Proqdppe)p-5).] and 2.324 Ain [P fchpaes pof p=50.] (1) Similar
variations have been found by means of DFT calculations using
H.PICH, ). PH; (dhype)* and H ASCH,), AsH; idhae) as maodel

Table 1 Selected distances (A ) and angles (%) for [Pldpae khip-S5] (1)
aned [Pleidppebie=51] Average values ane given in parentheses

[Profdpachin-S1] (1) [Praidppehin-5k]

Pt s 2an 2358
2319 2341
2333 2344
A5 2355
(2324} (2. 340)
P X* 2,351 231
2,371 2254
1353 2%
2,367 2.254
(2 34K {2.M5)
5-5 3101 3034
PL-F1 3282 3202
M-8 BL65 53,62
§1.70 8373
(&367) (83.67)
X-r-x* 86,22 B b
B5.38 £5.51
(85 8T 186,22
i* 134,75 14018

* Dribedral angle between two {PLS.) plancs * X = As in dpae and P in
dppe.

frn, i

-
ol i

Fig. 1 Molecular structure of complex 1 with key atoms labelled and
S0y probabiliny ellipsoids.

ligands, (dip s = 2398 A for [P(H.PCH ). PH:L(p-5).] and
sy = 2.375 A for [PraH. ACH. pAH. ) (p=5)] ). Calculated
siructiural parameiers are given in Tahle &

Theoretical and experimental structural data indicate that
the longer Pr-X distance for X = As (if compared 1o X = )
entails a weaker P-X interaction and, as a consequence, a lower
rrans influence, which iz evidenced by the decrease in the Pi-5
distances. This trend has also been observed i the hiterature Tor
the set of complexes ci-[PUIC LI Ph, )7 and cis-[PUCLUXER )™
(X =P As), where the Pi-Cl distances are lower for X = As.

Compound [Fridpacip-5k] (1) as metalloligamd to metal
cemires

The peaction of 1 with [PCl{dpae)] and MNalPhs afforded
the trinuclear complex [Prdpaspps-5 ) BPha): (2), and with
various divalent cations led 1o pentanuclear species of general
formula [M{Pdpaci(p-Sk 1] (M = Cu X, Zo 4, Cd 5, and
Hg ). by similar procedures to those already described for the
corresponding phosphing analogues® Complexes 2-6 have been
characterized by ESI-MS and 'H NME data (Table 1y and X-ray
dilfraction { Tables 4 and 51

The EPR specirum of 3 in CH,CM solution at room em-
perature displays o signal m g, = 2062 and the hyperfine
coupling constant to the copper ion (f = 321 Ao s 5385 x
107 ey, The electronic spectrum of this complex in the same

Dalten Trans., 2005, 2742-2753%
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Table 4  Selected distances | A) and angles (%) for complexes 36

F(M = Cu) (M = Zn) S(M =Cd) 0 M = Hg)
M-S 2.35103), 255104 2ATR(3), 2ATR() 2.573(4), 2.57044) 2488(3), 2.466(1)
2.327(4), 2.3254) AT, 2ITHH) 2.569(4), 2.560(3) 2TRH ), 200203
P15 2347045, 2.34303) 2.352(3), 2.3542) 2.H803), 235203 2.337(3), 2,349 3)
2.34003), 2.3260 3) 2.353(2), 23543 2.33704), 2.33404) 2SI 23N
2.347(3), 2,333 2.350(2), 2. 246(3) 238704y, 2.338(4) 2.3543), 2378 3)
2.352(4), 2.335(4) 2.350(2), 2. 346{3) 2.346(4), 2.349(4) 23AN ), 234603
Pr-As 2.370(13), 2.364(15) 2361(11), 235710 2A5517), 2356(1T) AIEY12), 136N 1Y)
2.366014), 2.364(14) 23600110, 2357011 2.360(2), 2.358(2) 2.364013), 2,382(12)
2367(16), 2.357(14) 2AS4(11), 214712 2.344015), 23560 16) 2640 13), 2. 36012)
2.369(17), 2360 14) 2.354(11), 2.347(12) 2.357(17), 2. 347(16) 2.36012), 2.371(13)
S-M-5e 81.52012), #1851 3) H2.72(13), 82.62(14) TH00{11), T562(12) TIEX9), T1.228)
LR 108, 30013), 147,760 14) 1354909, 135.499) T17.32012), 1460612 110.3749), 168,759
146 58 145, 10697 13) 114.49(5), 1 14.49(K) 1450012, | 1030(12) 133 1K), 112.50(%)
5P BLIS1) B1L312) BLET(10), $2E410) B 360 13), 84.70012) 477010}, $3.43(%)
§1.24(11), 81.28(12) HLAT(10), S3.8410) 54.34(13), 84.67(12) ST 10}, £4.50(%)
As-PLoAs 85.24(5), B5.16(5) £5.97(4), 85.97(d) B6.44(6), 55, 52(8) B5.20(4), £35.55(4)

BrIHT) BN 5}

BET(4), BoEN4)

B EH ), B o)

BP0 ), B4.ER(4)

* The two 3 atoms belong (o the same {FL,5, ] core. * The twe 5 atoms belong 1o different {F1,5, | cores

Table & Selected distances (A) and angles (*) for complexes 2, 9 and 10

Complex 2

Pul-5i0) 233510 Pl =542} 236511
Pi(2y-5(1) LAY Pui2)p-5() ol T B
P35} 2.326011) P 3)-5(2) 2.367(12)
Pl p-Asil)y 2.351(6) Pl -As2) 2360 6)
Py 2p-As3) 2350 7) P2 }-As4) 2. 36146)
Pui 3 As ) 235506) P 3 ) Asit) 2 3636)
Si1-%2) 10E P 1 =P 2) 045( %)
P -F 3 L IER(5) Pu2-Pu ) L061(5)
SO - 2 B 4 S -M2-52) BOS14)
S -PFuly-=2) sl.144) Asl-Pulp-As2y  =4.3015)
A3 PUIAsd) B5.6R(1T) As{5PU I AsG)  BS1219)
1+ = 120,00

Complex 9

Puly-Si1) 229103 Pril}-5(2) 230402
Pii 1y As(1) DAEMIOF  Pal)-As(2) 2ATE(10)
S0 LETH 16) S2-0H1 L9617
S(1=-502) .

S1C(1-5(2) A T) Asl P As(2y BRI
PUTS0-000) B 5) P25 Z-00 1) G160 5)
S -Fulp-=2p TEELND)

Complex 10

Pl p=Cli 1) 23360 14) Pl -CH2) 2413
PuilyAsl) 23347 Pl As(2) 23357
CI =P 1= 2 12X 5) As 1-PUL-ASZ)  Bb.342)

* Dihedral angle between two [P5,] planes.

solvent shows a very broad band with maximum intensity at
v = 8550 em™ (1170 . & = 720 dm’ mol™ ¢m™) a band at
vy = 17360 cm™ (576 nm, £ = 5300 dm” mol™ ¢m™' ) and a very
atrong absorption betwesen XT000- 50000 co ' { 360- 200 nm, © =
0000 dm’ mol™' cm™'). The magnetic and spectroscopic features
of complex 3, which are very close to those found for the dppe
analogue, are consistent with a distorted tetrahedral geometry
about the heterometal and confirm that it is a coppen{l) rather
than a copperii) ion.~

Concerning complexes 5 and 6, the " Cd-{'H} NMR spec-
trum of 5 in d-DMSO and the " Hg-{'H} NMR spectrum of
6 i CT, O display a quiniel cenired al 4 = 467 ppm and
=18 ppm respectively, as expocted i disregarding the bess
intense bands of the theoretical splitting dve to coupling with
Four platinum nuclei Cdy, o = 213 Ha, °F g g = 330 Hz), These

Dalvon Trans., 2005, 2742-2753% |

data areconsistent with the ""C'd and ""Hg NM R features found
for the dppe analogue™

The struciure of 2 that consists of discrete tnnuclear
[Pr, (elpaishyf -5, cations (Fig. 2)can be deseribed similarly o
that of the previously reported dppe analogue™ The structure
of the cations in complexes 3, 4 and 5 can be considered as
formed by two [Ptadpae):(p-5): ] metalloligands linked through
sulfur to the heterometal Cu, Zn or Cd, which shows a distorted
tetrahedral coordination (Fig. 3). In 3 for each cation there are
wor BF,- anions, one ethanol and one water molecule. One
of the anions i disordered over three different positions with
populations of 050, 0,25 and 0,25, respectively. In 3, one of the
two perchlorate anions is disordered in two different positions,
each with 3% population.

Flg. 2 Structore of the cation in complex 2 with 50% probability
dsplacement ellipsonds amd selected atoms labels

Comparison between the structure of phosphine and arsine
containing pentametallic cations (Table &) provides further
evidence of the mfuence of the nature of the donor atom,
P or As, on the chemical properiies of the {PLS,} core
Thus, the longer M-8 distances observed in the pentanuclear
[M{ P (dpaeip=51; 11 cations indicate a minor coordinating
ability for the {Pry(p-5)} core. These findings corroborate that
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Tahle 6 Comparison of average hond lengths (A ) and angles (%) for analogua [ Pt Pl O HL X Pl De- 53, P complexes, X = As P

M = Cu {3) M= Cue M = Zn (4) M = Znb- M = Cd (%) M = Cd* M = Hg (i) M = Hg
Xo=As K=P X o= As X=P X o= As X=Pp X o= As A
M-S 2,333 2314 2378 2,386 2.56% 2.8587 26524 2,500
Pt-5 2341 1368 2350 1372 2346 247 1351 2370
PtX 2365 1352 ERTT 1,362 21354 2344 2,368 2,247
he% 5052 1054 3140 ER A 1155 £} 3.152 3178
PL-Pt 5178 1099 3129 1066 3154 1107 3192 1128
5-M-5° 81.68 §3.59 82.67 81,60 75,81 77.11 72.52 75,60
b S 12746 12520 124949 125,55 1 3d6 125.61 131.53 1071
-8 E1.29 §1.92 51,45 §2,20 14,52 E4.47 84,10 £4,20
X-P-X 85,18 §5.95 §5.92 85,60 85.96 85,80 §5.14 86,58
e 127.3 19,7 127.0 1244, 135.0 124.5 132.8 125.3
' 51.4 0 02 1.0 561 fifs 4 56,0 S30

= Ref. 6. * Rl fb, * Poorly diffracting ervatals, < In & the twa short and twa long He S distances average 2.462 and 2842 A, respectively. * The tws
£ atoms belang to the same] PyS; ) eore. f The twa § atoma belong 1o different | Pr,S; | eores. @ Dihadral angle between two {PS; ] planes * Dikedral

angle between two [ MS: ) planes.

Flg. 3 Structore of the cation in complex 5 with 50%% prohabiling
displacement ellipsoids and selected atoms labels

the changes in the electronic structure associated with the
substitotion of phosphorus by arsenic entail a decrease in the
availability of the eleciron density on the sulfur atoms, which is
evidenced by weaker M-5 interactions.

An additional consequence of the electronic efflects accom-
panving the replacement of phosphorus by arsenic in com-
pounds [L.Pup-5)PiL,] is provided by the molecular strsc-
ture of the corresponding [Hg{ L. Py p-5)Pil, | [+ derivative,
which shows an essentially weirahedral environment abou Hg
in [Hg{Plidppebip-5) 1] bul hnear with two secondary
Hg--- 8 imteractions in [He{ Prddpaeidp-5) 4P (Fig. 4). On
the other hand, the X-ray analysis of 6 shows that the charge
of the lawer cation is compensated by 1.5 C17 and 0.5 [HCL,)"
anions whose assogiation with the water and ethancel molscules
via liydrogen bonding gives rise to two different units.

The ™Hg-{'"H} NMR data at room temperature for complex
& displays one quintet centred al — 1043 ppm. The '"H NMR
spectruom al room temperature shows only one signal meluding
all the CH, groups of the terminal ligand (Takle 1). thus
indicating a greater symmetry in solution than that observed
in the solid-phase siruciure,

This apparent inconsistency can be attributed 1o fast Auxion-
ality of the cation of & in solution as shown i Scheme 1. In
arder o corroborate this hypothesis, variable wempersune 'H
MMR and ™Hg HMR spectra were recorded (Fig. 55, Despite
not being able to determine the temperature of coalescence, the

Fig. 4 Structure of the cation in complex & with 504 probability
displacement ellipsoids and selected atoms labels Phenyl nngs are
omitted for clarity. Dotted lines denote the two longest Hg... %
distances.

widening of the signals with decreasing temperatuns is consistent
with the oecurrence at room temperature of the dynamic process
depicted in Scheme 1.

:;‘- N, = 5 : |3 | il I- i
e St g
-l | 1]
M.'IF | tm— Ill" | r— -I.
4 ) |
"!"h-. | EL )L
" "‘?J gt -:.‘:_! Al
mchem |
Redox propertics

In order 1o explore the redox behaviour of 1. as well as
the influence of the terminal hgands on the electron-donor
properties of the { PGS core i complexes [LPip-5) ML, ], we
performed electrochemical measurements and DIFT caleulations
following the same methodology as already reported for the
[Prdppe),(p-5).] analogue.*

In the anmlic scan, cyclic voltammograms of 1 m CH,CH,
DMF and DMSO/0. 0 M nBu,MBF, show two consecutive and
well-defined chemically rreversible oxidation wives at low scan
rates (Fig. 6al. At relatively high scan rates (from 10V s7'), the
two oxidation waves become reversible with £ values of 0L15

Dalren Trans., 2005, 2742-27513
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Fig. & VT ™ pp-{'H} and "H NMR spectra recorded for a salution of & in CDy00

shows a one-clectron process for cach wave (in comparison with
the oxidation of tris-4-bromophenylaming in the same medium).
Varation in the shape of the voltammograms with scan rate
suggests the presence of chemical reactions coupled with both
the first and second oxidation waves. A minor oxidalion wine ap-
pears w33V in DMF (Fig. 6). The main tmaits of the oxidation
processes are similar for the [Pridppeldp-5),] analogue,.’

The nature of the products obtained after the chemical
evolution of the monooxidized species [Prdpae)ip-5)] was
| T | elucidated from electralysis up to | F at a slightly more positive

petential than the first peak potential of 1 and subsequent '"H
MMRE and ESI-MS measuremenis in the resulting solution.
Spectroscopic data showed that regardless of the solvent used
trimetallic species 2 is the major product obtained (897 yield).
To corroborate that the monooxidized specics evolves 10 2,
complex 1 was made to react at a 1 1 molar ratio with the one-
eleciron oxdant 4-nitrobenzenediazomum  letrafluorhorate
The presence ol 2 i the final selution was conflirmed by 'H MMER
and ESI-MS data. The former data allowed estimation of o 91796
reaction vield, In addition. the redox features of the compound
formed by the total electrolysis of 1 were fully consistent with
those obtained from pure complex 2. The cvelic voltammograny

=¥, i \'.h:r[\-‘.lﬂm 140

| T | of 2in CHLOMN, DME and DMSO/0, ] M nBe, NBE,, shows two
. irreversible one-electron reduction waves at — .49 and =220V
AN, 160
\'lh'l‘rﬁ.l'ﬁ(.ﬂp E]'_"Ill- .

Fig. 6  Cvelie voltammetny of 1350 mb)m DMEF/D.D M aBuNBEF,
al 293 K. Glassy carbon working dise electrode (0.5 mm diameter).
Thee scan is within the potential range: =060 160 <060 Scan rate: a)

1OY 51 aor b) 1O 51, i —
and 0.86 ¥, respectively, in DMF (Fig. 6b). The experimental i
standard potentials in all solvents studied are summarized in
T i - e tm it . r— ' 0.5 A
Table 7. Analysis of peak intensity. at low and high sweep rates _i
W
Tabke 7 Comparnson of the standard potentials, £7, found for [P1,
{dpase) p-55] (1) and [Pradppei(e-SkF with those calenlated for the
corresponding model componnds® I T l
Exp. v SCE/V -1.460 Valtage (V/3CE) 050
Compounds Cale wSCESY CHON DME - DMSO Fie. 7 Ovelic voltwmmetry of 2 (30 mbdym DMEA T M nBuNBE;
ot 293 K. Glussy carbon working dise electrode (.5 mum diometery. The
[PLafdpeae b p-S)]* scan i within the potential range: =060/ =2 60/ 060 V. Scan rate
M- M* i l6 .14 0.1 1% [ETRUF L
0,54 ! 025
M= M* [XCK] (4 (1, 4 . . - .
[PLidppelip-Sh]* I'hese results show that the alectrochemical oxidation of 1
M — M* —ih20 k2 044 — follows the mechanism depicted in Scheme 2. The monooxidized
025 01, 3400 - species [P dpae)dp-5),]* resulting from single electron removal
M= - M* 0.59 0.92 Lol from complex 1 parially evolves at a slow mie (o trimetallic

* Ref. 3, excep fordara obained in DM Caleulations performed with species 2. ]_.", addition, [Pl"[dp:'ﬂ’w‘i!’]' is capuble of 'I'|::'|31g
dhae or dhpe model ligands in CH,CM further oxidized o [Prodpachiu=-5)1* at a more positive

potential,
2748 I Dalren Trans., 2005, 2742-2753
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Table 8 Calewlated geometrical parametzrs (bond distances in A, and angles in *) for the series of complexes [Ptyidhasl(p-5LF (n=10,1, 3}

PPt 5...% -5 Pl-As M-5-Pi 55 As-Pl-As  @*
[Plyidhaciip-SlF 339703250 32003000 2ATS(2325) 243 (23600 L3 (SE&) SS1GSET) SSA(SS A 152.3(1808)
[PLidhaeip-SL] 3403 2,852 2367 1439 919 77.2 85.3 1338
[Piaidhachip-S P  3.528 3,075 2454 2427 9.9 0.4 854 10,5

* Experimental values for complexes with dpae ligand, or the corpesponding mverage, are given in parcnthesis. * Dikedral angle between two (P15, )

planes.
B =
.| A e
.?'“ h\_:'_ﬁ‘ | ;h"“’j il 4 oy

Seheme 2

Theoretical caleulations of the energetic and structural fiea-
tures cormesponding 1o the species obtained from 1 (Table 8)
indicate that aner oo copsecutive monoglectronic axidations
the {PLip-5), } core evolves mto { PLdp-5,) 3, which contains
a bridging disulfide hgand (Scheme 2). Morcover, DFT results
allow the determination of theoretical redox potentinls whose
degree of concordance with the experimental data (Table 7) is
comparable 1o that found [or the [Pidppe)in-5);] analogue*

Despite the limitations inherent to the solvent used the
abserved and cakoulated differsnces between the oxidation
potentials associated to M = M* and M* = M* are fairly
comacident. The methodology used alsoallows a thermodynamic
estimation of the possible evolution pathways for [P Laiup-515]".
The results abiained are fully consistemt with the reaction that
ivolves the concomitant formation of monometallic [PiLa(5:)]
and rimetallic [P, Lap-5). ] species according vo:

2 [Pddpaskipn-5)]* — [PLidpael(p,-5kF* + [Pudpaeys,)]

Al = =tHLT k] mol-*

In addition, [Pydpac5.)] could be responsible for the
cxcidation that follows the first monoclectronic oxidation of the
{Pip-53) )} core in 1 (ealoulated standard potential, 17 W
experimental value (.33 V).

i= Ik imbailed

Comparison of theoretical and experimental duta obuined
from the phosphine and arsine analogue complexes gives further
ingight into the role of the werminal ligands in the electronic
features of the {Plip-5), } core Drrespective of the solvent used.
the first oxidation potential 15 higher for the dpae containing
complex, which indicates a greater reluciance of 1w be
oXidised than its phosphine analogue. These results together
with the longer M- S distances i [M [ P1,Ldp-5), ) complexes
with L. = dpag if comparad 1o L. = dppe are consistent with
a decrease in the basicity of the sulfur atoms in the {Pt(p-5). }
core when it 15 bound o tlerminal dpae higands. However, despate
the first oxidation of [PLL(p-58)] occurs ai higher polentials
fior Ly = dpac, the second oxidation process is mone fvourable
for the dpae containing ¢complex. The latter observation ¢an
b attributed to the stabilization provided by dpae to the final
disulfide containmg complex [P L (p=5: 0. i agreement with
a receni theoretical report.®

Additional evidence for the mfluence of the nature of L on
the clectronic features of the {PLip-5)} core arise from the
different redox properties observed for the trimetallic complexes
[Ptyidppedu-3k* and [Pi(dpae)ip,-S)F. Thus, whereas
cyelic voltammetry measurements on the former species show
a biglectronic irreversible reduction at =210 V {in DMF @
00V 5™, under the same conditions the Litter displays two
monoelectrone irreversible reductions al =149V and =220V

(Fig. 7).

Reactivity of [Prdpae), (p-5=5] (1) towards non-metallic
electrophiles

The seres of "H NMR and ESL-MS data recorded as a function
of time for the reaction of 1 with CH:Cl: (Fig. 8) leads to
the multistage pathway shown in Scheme 3. The first step of
the reaction involves monoalkylation of the |[Pi.5.} core (o
yiehd [P dpaepdp-Snp-SCHLCH]CH(T), which possibly evolves
tor [Prafdpac)(p=-5.CHOJCL (8) to finally aflford a mixture of
[Pridpack S:;CH. ] (9% and [PCLdd paeh] (10), Complexes 9 and
10 have been characterized by '"H MME and ESI-M5 (Table 1)
aswell as by X-ray diffraction data ( Table 5 and Fig. 9 and 1.

i

£ 1 pdmates
‘ £= Lk lesimre
i Ly
i= 20 daye L 1,
ki I
. - e gt

T N '
oo aF  ded SH A4 L) Ao 48 46 ds4 47 dii AE ORA R4 WT i IR Fa I 3 3

Fig. % Evolution of 1in CHyCly 35 3 function of time monitored by 'H NME. Spectra of the different aliquots were recordad in d,-DMSO. The

siggnul ot oo, 2.0 ppn s probably dee to acetone impunly.
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Flz. 9 Structure of complex 9 with 30% probability displacement
ellipsaids and selacted stoms labels

While ESI-MS measurements gave evidence for the formation
of T ime/z = 1476.5), both 7 and & could not be detected by 'H
MNME.

The patiemn of evolution of the {PLS} core and the elusive
nature of the alkylaed intermediate species compare well with
the behaviour of the phosphine analogue [Pridppeli p-51] wpon
exposure to CH.OLA It 5 worth noting that [P L{p-SHp-
SCH,CHC] could be detected by NME techniques for L, =
dppe and dppp but it is elusive i’ L. = dpae, thos indicating a
greater reactiviiy of this species with arsine ligands,

Cme main difference in the reactivity of complexes [L:Pujp-
kML ] refers 1o the stability of [ML(5;,CH;)] in CHCL with
time. Thus, this complex evolves spontancousty o [P Lyp-
SHCH 0L alter several weeks in the presence of CH.Cl.
il L. = dpag, but no evolution was observed for L, = dppe
However, an analogous product to [Pradpag)(p-5,(CH. ). ))CLL
(11 Takle 1ywas fully characterieed for dppp as terminal lipand.

Flg. 1 Structure of complex 10 with 50% probability displacement
ellipsaids and selected atams labels

Within this context, it seems that replacement of dppe by dppp
it [PLAS:CH: )] has the same ¢ffect as changing dppe for dpae,

Following the methodology already used in the theoretical
study of the reactivity of [PLidppe).ip=5).] with CH.CL., DFT
calculations have been performed in order 1o compare the
energetic profiles of the reaction pathway corresponding 1o
arsing or phosphine containing compounds (Table 9). Similarly
1o the results reported for dppe and dppp. the differences found
im the evolution of [Pi(d ppel(pu-5); | and [Pt.d pae),p-5)] (1) in
CH.CL do not find translation in the caleulated thermodynamic
values, Hence, it 18 reasonable to conclude that the differences
observed arse from a combination of thermodynamic and
kmmetic factors

The set of reactions triggered by the protonation of the { Prip-
Skt core in complex [Pl{dppekip-5)] has been the object of
recent studies®™ The final producis of thiz multistep process
dapend on the coordinating ability of the conjugate base of the
protic acid. Thus, protonation with HCD leads 1o the formation

Tablke % Calculated resction energies (k3 mol™') correspomding o the evolution of [P hoe):(u-5)] and [Piaidhpehia-SkF m CH:C:

Reaction L = dhae L = dhpe
[PLLi-S)] + CH.CL, — [P L, (1-SHu-SCH,CHICT 6.7 +6.7
1% g =5 W =5 ] = [Pl =S )0 ) 1802 41856
[ Ll pa- 50 H: O — [PCLL ;] 4 [Pl sipn-5: 0 H: J) — 25T b —296.4
Tuotal - 17 - 04,1

*Rel 4
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of a mixture of [PrCl (dppe)] and [Pdd ppe)pg-5)]Cl, batonly
o [P dppe =5 e 0CI0 ), iF HOLOY, §2 the sonrce of protons.

Present results obtaimed on the reactivity of 1 towards the
same protic acids (Fig. 1) evidence a comparable behaviour
for the arsine analogue, [Pridpae)y(p-5)] (1), as depicied in
Schene 4.

)

1-2q

A

W MW im  AW N AW a8 AN A i
Fig. 11 Evolution of 1 with HCl as a function of the number of

equivalents of acid added. Monitored by 'H NMRE in d.-DMSO
w0l uiian.

Addition of one equivalent of acid (HCl or HCW) to
a solution of 1 in acetoniirile aflords & mixiure consisting
of monoprotonated [Pridpaep -5 )0pe-5H)]"(12) and rinuelear
[Ptatd pachip=Si]™ (2) species coexisting with unaltered start-
ing complex 1. Unlike 2, which had been isolated { Tables 1 and 5)
and thus could be easily identified in solution, 12 could only be
characterized by means of ESlI-MS and "H MMRE data (Table 1.
Moreaver, on the basis of provieus resulis™ complex 2 zhould

form from the evelution of a diprotonated [Praddpach.(p-5SH )]
apecies that was undetected among thess reactions. On the ather
hand. addition of two or more eguivalents of HCIW, or HCL
results i the total conversion of 1 1o 2. Remarkably, addition
of an exeess of HC over 30 equivalents causes formation of the
monometallic complex [PtClddppe)] (10, which coexists with 2
in the final solution,

Despite the fact that the reaction of [L.Ptip-5):ML:|] in the
presence of protic acids leads eventually (o complexes of formula
[P1CL L] amd [PLLAp-5E]*, L: = dppe or dpae, some differ-
ences ohserved during this evolution deserve consideration. The
first one refers 1o the different stability of the menoprotonated
species [Py Lylp-SKp-SH )", which rapidly evolves to the final
products if L. = dpae, but instead, for L. = dppe. the same
reaction requires a significant excess of acid. This different
stabality 15 consistent with the Gact that only [PLddppe)p-Shiip-
SH* has been isolated and structurally characterized by X-ray
diffraction.

The second difference refers to the préference for the forma-

tion of [PuCl, L] over [P, Lo(u-5), )™ as a result of the reaction of

[L:Ptip-8),P1L.] with HCL. Thus, for L, = dppe, [PtCL{dppe)]
is uswally the major product. In conirasi, the reaction of 1
with HCL vields the trimetallic compound 2 almost exclusively.
These findings mdicate that the type of cleavage undergone
by the {Ptyp-3H),} ring in the intermediate diprotonated
species formed in the reaction of |LPtp-5kPiL.] with HCl
{Scheme 4) occur differently. The breakage of this ring is
preferemtially symmetrical for L, = dpag and asymmetrical for
dppe. As already discussed ™ an asymmetne cleavage leads Lo
an equimolar mixture of [PCLL] and [Prl.8H).), while i n
occurs symmetrically it leads o two [PrCIL.0SH)) species that
eventually give rise 1o the trinuclear [P Lop-5);] complex,
DFT calculations have allowed comparison of the thermo-
dynamic feasibility for the formation of [PtCLL.] or [Pt Laip-
Sh]™ as a funetion of Ly = dppe or dpae ( Table 10). Hewever, no

N
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Tabbe 10 Caleulated energies (kI mol™ ') corresponding 1o the reaction of [Prafdhsejsip=5)] and [Pridhpeiip-SEF* with HCin CHyCN solution

Reaction L = dhue L = dhpe
[Pt Laip-Shs] + HOl = [P Lalp-SHp-SHIC! =045 = 19.65
[P Lo - S0 SHIJCT & HOT = [PrLafu-SHICL 73,15 719
(4627 (45225
[P Lo p-SHJCH + 2HOT — 2[PLCTL L] 4 25H, —2236 —232%
{ = Ll 9 =186
AP L p-SHEICE — HP Lalpa-5 1K 4+ 3SH:+ YHCT K T
(=192 (=259

* Relative energy per diner { Pt ). * Per mvol of [P La(p-SHREJCL.
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significant differences have been found in the thermodynamics of
thess processes, Thus, as already observed for the reaction with
CH.CL. not omly thermody namic but also Kinetic factors have to
b taken mioaccount in order to explain the differences observed
in the reaction of [Pridpperip-5)] and [Puidpac)ip-5)] (1)
with HCL Notwithstanding this, the caleulations reflect a subtle
decrease in the basicity of 1 with respect 1o [PLidppekip-5k].
the reaction energy of the first protonation being 9.2 kJ mol™'
less favourable in the case of 1. This decrease in basicity of the
{P1,5; } core when it is bound 1o arsine ligands s consistent with
the electrochemical properties of 1 as well as wiih the structural
features of the corresponding metal derivatives,

Owverall, comparison of the structural parameters of the
pentanuclear derivatives and the electrochemical data obiained
for complexes [L.Pup-5).PtL.], L. = dppe and dpae, indicate
that the sulfur atoms of the {Pi,5,} core are less basic with
the diarsine than with the diphosphine terminal ligands On this
basis, the first functionalization of the { P15, ) ring by reaction of
L Ptip=5), PtL, ] with CH,CL or protic acids, e the formation
of [P Lap=-Sip-8CH, CHICT or [Pi;Lap-Sp-5H)]*. should be
less favoured for L = arsine. However, the previous reactions
procesd extensively and rapidly in all cazes, and thus the previous
order of basicity cammaot be cormoborated. Notwithstanding this,
the species first formed by activation of the { PL{p-S) } core, via
alkvlation or protonation. seem o be more reactive if diarsine
is the terminal ligand.

Conclusion

All data presented in this work reveal that the substitution of
phosphorus by arsenic as donor atom in complexes of formula
[Pt PheX0CH: X Phs jap-5):] 15 a main factor influencing the
chemical features of the {PS; ) core. Thus, from a structural
point of view, the lower frons influence of the arsine ligand
entails a decrease n the Pi-5 distance in [Piaidpaebipn-5))
with respect to that observed for [Pidpped,(n-5);]. This «ffect
also implies an increase of the M-S distances in complexes
[M{PLLAp-Sk}:* (M = Cu, Zn, Cd) when the diarsine dpae
iz wsed as terminal ligand instead of the diphosphine dppe. The
latter findings show that the metalloligand [Pr.L,(p-5),] has a
weaker interaction with the heterometal M when L. = diarsine,
and sccount for the distinet coondination geometries observed
for the mercury centre in [He{PrLip=51 )] for L, = dppe,
dpae,

Additional evidence for the decrease in basicity of the { Ptap-
5k} core associated to the use of arsines as terminal ligands
comes from its electrochemical characterization. Hence, the first
monoelectronic oxidation observed for [Pl Ldp-5)] complexes
appears at a slightly higher potential if L; = diarsine, thus
indicating a major resistance to oxidation. In contrast, the
second monoelectronic oxidation appears at lower potentials
when L. = diarzine, which indicates that the final dioxidzed
product 15 more stabilized by diarsine than by diphosphine
ligamls 17 assuming that the dieidized product contains a
bridping disulfide ligand, the extra stabilcation provided by
diarsines is consistent with recent theoretical findings.

A different chemical evolution of [P Lap-5 )] in the présence
ol CHLClLy o protons hias also been observed depending on L, =
dppe or dpae. According to the above mentioned data, the
first (unctionalization of the {Ptp-5)} core by means of
s reaction with CHyClL or protic acds, ce the formation
of [PraLp-Sup-5H)" or [PryLyp-Syp-5CHCD)*. should be
less favourable for L. = dpae. However, further evolution of
iheze monofunciionalized species is boosted if arsine i= used as
terminal ligand.

Cwerall, the rich and diverse chemistry of [PLIPAP)Lp-
&) complexes has been extended by taking advaniage of the
influence of the terminal ligands on the reactivity of the { P15}
Cone.

Dalvon Trans., 2005, 2742-2753% |

Acknowledgements

This research was supported by the Ministerio de Educacion
y Ciencia (MEC, Spain, Granis CTO2M4-01463, ROLI2003-
05457 and BOUNR-04110-CO202). FNV s indebled 1o
MEC for a pre=doctoral scholarship. We are grateful to De L
Vidal from ICMAB and Dr J. Sola from UAB for the EPR
meeasurements. Dr A, L. Llamas and D B, Dacufa from USC
fior crvstal structure determination, B, Gesto from USC for Hg
NMR measurements, and F Cardenaz from UR for Cd NMR
measuremenls

References

I P Gonealez-Druarte, A, Lledis and B Mas-Ballestie, Eve S Tuorg.
Cleern,, 206K, 1585,

}E-W AL Fong and T. & A Hor, S Clemn Sov, Dalton Trane, 1999,
3%,

1R, Mos-Balleste, M. Capdevila, B Gonzilez-Duarte, M. Hamidi,
Ac Lledbs, O Mégret and T de Montawson, Palion Traes, 2004,
Tk,

4 K. Mas-Balleste, M. Capdevila, P A, Champkin, W, Clegg. K. A.
Coxall, A, Lledds, ©. Meégret and P Gongllez- Duarte, frarg. Che,
M2, 41, 3218,

5w G Aullon, M. Capdevila, W, Clege, P Gonealeg-Duarte, A
Lledhos and B, Mas-Balleste, Ampew: Cheme Jur. Ed, 2002, 41, 2776;
i) K. Mas=Balleste, G, Aullon, I A, Champkin, W, Clegg, C.
Migret. P Gonedler-Duarte and A, Lledos, Cher Eur 0, 2003, 9,
523

6 fa) M. Capdevila, ¥. Carmases, W Clege, R. AL Coxall, P Gonzdilez-
Duarte, A, Lledds, L Solaand G, Upgue, Chom, Covnmnn,, 1995, 597;
(B ML Capdevila, Y. Corrosco, W, Clegg. R, AL Coxall, B Gonedlez-
Duarte, A Lledis and 1A, Ramirez, J Chenr. Soc, Dafton Troams
10, 3103,

Ty K. Mas-Balleste, I A Champkm, W Clegg. P Goneiles-
Duarte, A, Lledis and G, Ujogque, Orgononefaffios, 2004, X3, 2522:
{h) B Mas-Ballesté, W Clege, A, Lladis and P Gonedlez- Duarte,
Eur X Toorg, Chere, 2004, 3223

§ 4 M. Dowmng and M. B South, i Compredensive Coordimation
Chemisiry {1, ed. )0 A, MoCleverty and T. I Mever, Elsevier
Pergaman, Amsterdam, 20603, vol 1, ch. 12, pp 253296,

Gy W M M. wan Lespwen, PO L Kamer, 1 M. H. Reek and
IDnerkes, Chem, Kev,, 2000, 100, 27415 (01 B Dias, M. E. Minas
die Predade and 1. AL Martinho Simees, Ceod Chene. Rev, 1994,
13550136, 737, (o) L B Sowa, Ie and B 1 Angelics, Tuorg. Clen,
1991, 30, 3530 () . AL Tolman, Chene Rew, 197777, 313

10 W, Levason and G Reid. in Comprefensive Coordination Chemnisiry
Moed. LA MeCleverty and T 1 Mever, Elsevier Pergamon,
Amsterduom, 2003, vol. 1, ch. 16, pp. 377-389,

Il far A, Cingolani, Effendy, 1 V. Hanma, M. Pellei, C. Pettinan, C.
Santing, B W, Skelton and A, H. White, Jnorg Cheme, 2003, 42,
4938 (4) G Fergnson, Y. Li, AL MeAlees, B MeCrindel and K.
Xung., Organemeciolfics, 1999, 18, 2425 (¢} M Kwemk and O, F
Wendt, £ Chen Soc, Dalton Trars,, 2002, 3074,

12 1R, Sowa, Jr., V. Zanooti, G Facchin and K. L Angelici, J Am.
Chem Soc, 19492, 114, 160,

13 (o) R, B, Bediond, C. % L Caan, 8 1 Coles, T, Gelbneh, M. B.
Hursthouse and V. 1. M. Scordia, Dafton Trar, 2003, 3350 (b C.
Amatore, A. Bucaille, A. Fuxa, A. Jutand, G Meyer and A. N
Mrepe, Ol Ewe 4, 2000, 7,203 (o) Y. Farina, B Krishnan, 1B
Marshall and G, P Roth, J Org. Cho, 1992, 58, 3434,

14 (o) B. A, Cipriano, W, Levason, R. A, S Mould, [ Flechter
amd M. Websier, 4 Chon, Soc, Dafron Tranc, 19800, 2606 (6 W
Levason, 5 R, Presce and O 5 Frampton, Polphedron, 1996, 15,
271% oy MoK Chomipniess, W, Levoson, 5 B Precoe, M. Webster
amd C. 5 Frampton, fmorg Chine Acta, 1996, 244, 65 (d) M. L
Haolmes, W Levason and M. Webster, J Cheme Soe, Dafron Trans,
1997, 4223 (o) B 13, Yeomans, [ G, Humphrey amd G, A, Healh,
J Chem Soe, Daltor Trane, 1997, 4153,

15 A. Y. Tumoshkin, A, V. Suvoroy, H. F. Bettinger and H, F. Schucler,
W1, S Aiee Chere S, |90, 121, 5657

I P H. M. Budreelar, gNWR FL ], Cherwell Scientific Publishing
L., Dmford, UK, 1997,

17 AL Habtemanam, B Waichman, B, 5. Poller, B, Palmer, 8 Parsons,
A Parkin and B L Sadler, £ Chon, Soc, Dalton Trans, 2001,
1 30w

1% G M. Sheldrick, 54 D4ARS, Aras-Detector ABsorption Cormection.
Siemens Industnal Avtomation Inc., Muodison, W1, 1996,

-R1 -



Articulo 1

19 G, M. Sheldrick, SHELX.O7 (SHELXS9T and SHELXL-07),

Frograms for Crysial Siruciire Aralvsis, Instiuin (o Anorganische
Chemie der Universitit Gottingen, Germany, 1995,

2 P ovan der Sluis and A. L. Spek, Acva Crysealloge, Secr. A, 1900, 46,

4

194 AL L. Spek, S Appl. Cresallopr., 2003, 34, 7.

M. 1 Frsch, GoW. Trucks, H. B, Schlegel. G, E. Scusena, M. A
Raobb, 1 B Cheesseman, V. G Zakrrewski, 1A Momgomery, R. E
Stratmann, J. C. Burant, 5. Dappnch, J b, Millam, A, D Dansels,
K. N Kudin, M. C. Strain, ©. Farkas, 1 Tomas, V. Barone, M.
Cossi, B, Cammi, . Mennueo, O Pomelli, C. Adamao, S Clifford,
I Dchterski, G AL Petersson, P Y. Avala, Q. Cuoi. K. Morokuma,
I K. Malick, A. I Rahuck, K. Raghavachari, 1. B FRoresman,
). Crosdowskn, ¥ Oz, B B Stelanov, G Liv. A, Lisshenko, F
Piskorz, 1. Komaromi, B. Gomperts, B, L. Martin, D0 L Fox, T.
Keith, M. A, AkLiham, C. Y. Peng A. Nanayakkara, C. Gonzalez.
M. Challacombe, . M. W Gill, B. Johnson, W Chen, M. W Wong,
L L. Andres, . Gonzaler, M. Head-Gordon, E. & RBeplogle and
). A, Pople, Granssian®® ( Revission A.7 ), Gaussan Ing.. Pillsbargh,
P, 1998,

22 {ah O Lee. W, Yang amd B, G, Parr, P, Bev B, 1988, 37, 785

i AL D Becke, £ Cheme Pliys, 1993, 98, 5648 (0 P ) Stephens,

F. L Debvin, . F. Chabalowski and M. 1 Frisch, £ Phvs Che,
194, 98, 11623,

23 ey P L Hay and W R Wady, £ Chen, Phys 1985, 82, 299, (F) W, R.

Wadt and P 1 Hay, J Chene Phoes, 1985, 82, 284,

M AL Hollwarh, M. Bohme, 5 Dapprich, A. W Ehlers, AL Gobhi, V.
Jonas. K. E Kohler, B, Stegman. A, Veldkamp and G, Frenking.
Chem. Plivs Levr, 1993, 208, 237

25 W, L Hehre, B Ditchifiehd amd L A, Pople. £ Chemn. Phys, 1972, 56,
2250,

M ey O Amowilli, V. Barone, B, Cammi, E. Cancés, M. Cossi, B
Mennuecs, C. S Pomelli and L Tomaosi. Adv. Qeenl. Chenn, 1995,
a2, 227 M 1 Tomasi and M. Persico, Chese Bev, 1994, 94,
2027,

s oo and M. H. Johansson, fmorg Chinn dcta, 2002, 319,
135

s O and A L Muller, Acre Crystaffegr, Secr. ©, N0l 57,
1405,

29 G, Aullén, M. Hamadh, A, Lledos and 5, Alvaree, foorg Chene,, 2004,
43, 3702,

3 K. Matsumoto, k. Takahashe, M. ouzawa, H. Kimote and 5, Okeya.
Trorg. Chime. Acea, 1998, 281, 174

Dalton Trans., 2005, 2742-2753 “

- 87 .-



CHEMISTR

A EUROPEAN JOUF
13/4

SWILEY-VCH

Articulo 2

Autores: Fernando Novio, Pilar Gonzélez-Duarte, Agusti Lledds, Rubén Mas-Balleste.

Titulo: Reaction chemistry of complexes containing Pt-H, Pt-SH or Pt-S fragments:
from their apparent simplicity to the maze of reactions underlying their interconversion

Revista: Chemistry an European Journal

Afo: 2007 Vol./paginas: 13 /1047-1063






Articulo 2

FULL PAPER

DOI: 10.1002/chem.200600693

Reaction Chemistry of Complexes Containing Pt—H, Pt—SH, or Pt—S
Fragments: From Their Apparent Simplicity to the Maze of Reactions
Underlying Their Interconversion

Fernando Novio, Pilar Gonzilez-Duarte,* Agusti Lledés,* and Rubén Mas-Ballesté!®!

Abstract: The relevance of platinum in
the reaction of thiophene and deriva-
tives with homogeneous transition-
metal complexes as models for hydro-
desulfurization has led us to the study
of the reaction chemistry of complexes
containing Pt—H, Pt—SH, and Pt—S
fragments. Exploration of the reactions
triggered by addition of controlled
amounts of Na,S or NaSH to [Pt,(H),-
(w-H)(dppp),]CIO, (1) has provided
evidence of the formation of complexes

4, and [Pt(SH),(dppp)] have been ob-
tained and fully characterized spectro-
scopically. Also the crystal structures of
1 and 2 have been solved. Complexes
1-5 constitute the main framework of
the network of reactions that account
for the evolution of 1 under various ex-
perimental conditions as shown in
Scheme 1. Apparently, this network has
complexes 2 and 4 as dead-ends. How-
ever, their reciprocal interconversion
by means of the replacement of one

{Pt(u-S),Pt} cores enables the closure
of the reaction cycle involving com-
plexes 1-5. Theoretical calculations
support the existence of the undetected
intermediates proposed for conversion
from 1 to 2 and from 3 to 2 and also
account for the fluxional behavior of 1
in solution. The intermediates pro-
posed are consistent with the experi-
mental results obtained in comparable
reactions carried out with labeled re-
agents, which have provided evidence

[Pt2(u-H)(u-S)(dppp),]C1O,4 2),
[PUEDSH)(dppp)]  (3),  [Po(-S).-
(dppp).] (4), [Pto(1-S)(dppp).] (5) and
[Pt(SH),(dppp)], in which dppp de-
notes 1,3-bis(diphenylphosphanyl)pro-
pane. Consequently, complexes 1, 2,
and 5 as well as the already reported 3,

the respective

Introduction

The removal of sulfur from petroleum feedstock is one of
the most extensively investigated industrial processes.!]
Over the past decade, interest in this process has been
fueled by new legislation directed at reducing the current
sulfur levels of 300-500 ppm in gasoline and diesel,” and
also by the need to avoid poisoning of the precious metal-
based catalysts that are used in producing high octane gaso-
line. Hydrodesulfurization (HDS) is the commonly used

[a] Dipl.-Chem. F. Novio, Prof. Dr. P. Gonzdlez-Duarte,
Prof. Dr. A. Lledés, Dr. R. Mas-Ballesté
Departament de Quimica, Universitat Autonoma de Barcelona
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Chem. Eur. J. 2007, 13, 1047-1063

bridging hydride or sulfide ligand in
{Pt(n-H)(p-S)Pt} and

Keywords: hydride ligands -
phane ligands - platinum - S ligands -
structure elucidation
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that complex 1 is the source of the hy-
dride ligands in complexes 2 and 3.
Opverall, our results show the strong de-
pendence on the experimental condi-
tions for the formation of complexes 1-
5 as well as for their further conversion
in solution.

phos-

commercial process for removing sulfur from organosulfur
compounds that are present in petroleum distillates; this in-
volves a reaction with hydrogen gas (up to 200 atm pres-
sure) at temperatures of 300-450°C over a heterogeneous
catalyst such as cobalt-molybdenum sulfide species support-
ed on alumina.”! Interestingly, despite the widespread use of
HDS for many years, the mechanism of the reactions in-
volved is still a matter of debate. In order to understand
how the reactants are absorbed and react on the catalyst
surface under the conditions used for HDS, the study of the
reaction of thiophene and derivatives with homogeneous
transition-metal complexes has been considered a good
strategy.! Although model studies represent very different
situations to those used in the commercial HDS process, the
insights obtained have proven highly valuable, as summar-
ized by Angelici in an earlier review.”) Complexes of plati-
num group metals have been particularly useful to this end,
showing very high HDS activity.[!
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Outstanding features can be deduced from the various ap-
proaches developed to provide information about platinum-
mediated desulfurization of thiophene (T), benzothiophene
(BT) and dibenzothiophene (DBT) and related compounds.
These can be summarized as follows:

1) Essentially electron-rich Pt° and also Pt' complexes have
been assayed

2) The first step of the HDS reaction usually leads to the
insertion of platinum into the C—S bond and therefore to
the formation of a six-membered thiaplatinacycle of gen-
eral formula [Pt(n*S,C-C,H,S)(P),] (P=phosphane; for
T, a=b=4; for BT, a=8, b=6; for BDT, a=12, b=8)."

3) The presence of protonic acids causes degradation of the
thiaplatinacycle without achieving desulfurization of the
initially coordinated organosulfur ligand; thus, acids with
noncoordinating anions give rise to cleavage of the Pt—C
bond and yield dinuclear thiolate complexes of formula
[Pt,(u-SR),P,J**, while the reaction with HCI cleaves
both the Pt—C and Pt—S bonds to afford the very stable

Abstract in Catalan: La importancia del plati en les reacci-
ons del tiofé i llur derivats amb complexos de metalls de tran-
sicié en fase homogenia, les quals es consideren models del
procés de hidrodesulfuracio, ens ha dut a I'estudi de la quimi-
ca de complexos que contenen els fragments Pt—H, Pt—SH i
Pt=S. L’exploracio de les reaccions que es desencadenen per
addicié de quantitats controlades de Na,S o NaSH a
[Pt,(H),(u-H)(dppp),]ClO, (1) ha fet palesa la formacio de
[Pty (u-H)(u-S)(dppp),]CIO, (2), [Pt(H)(SH)(dppp)] (3),
[Pt (u-S)>(dppp).]  (4), [Pt(u-S)(dppp),] (5) i [Pi(SH)>
(dppp)], on dppp representa 1,3-bis(difenilfosfanil)propa. En
consegqiiéncia, els complexos 1, 2 i 5, aixi com els anterior-
ment descrits 3, 4 i [Pt(SH),(dppp)], han estat sintetitzats i
caracteritzats espectroscopicament. També s’ha resolt Uestruc-
tura cristallina de 1 i 2. Els complexos 1-5 constitueixen [’es-
quelet basic del conjunt de reaccions que expliquen I’evolucio
de 1 sota diferents condicions experimentals, com es mostra a
I’Esquema 1. Aparentment, els complexos 2 and 4 constituei-
xen els punts morts de la xarxa de reaccions. Ara bé, la seva
interconversié reciproca, mitjancant la substitucié d’un lli-
gand pont hidrur o sulfur en els respectius cores {Pt(u-H)(u-
S)Pt} i {Pt(u-S),Pt}, permet el tancament del cicle de reacci-
ons que uneix als complexos 1-5. Calculs teorics donen
suport a lexisténcia de espécies intermediaries no detectades,
les quals s’han proposat per la conversié de 1 a2ide 3 a2, i
també justifiquen el comportament fluxional de 1 en solucio.
La naturalesa de les espécies intermedidries proposades esta
d’acord amb els resultats experimentals obtinguts en reacci-
ons andlogues amb reactius marcats isotopicament, les quals
han fet pales que 1 és la font dels lligands hidrur presents en
els complexos 2 i 3. En conjunt, els nostres resultats mostren
que tant la formacié dels complexos 1-5 com la seva evolu-
cié en solucié son fortament dependents de les condicions ex-
perimentals.
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[PtCL,P,] species together with thiols and/or other sulfur-
containing organic compounds,®

4) In contrast, conversion of thiaplatinacycle over time!” or
its further reaction with various hydrides? causes
cleavage of the Pt-S-C linkage at the S—C bond thus
leading to the formation of dinuclear [Pt,(u-S),P,]® or
[Pt,(u-S)(PNP),],™ or mononuclear [Pt(H)(SH)P,] spe-
cies,"™ which evidently involve desulfurization of the or-
ganic ligand.

These platinum complexes, together with the cationic spe-
cies [Pt,(un-H)(u-S)(PNP),]* that was characterized in our
lab as a result of the activation of the C—S(thiolate) bond,”
find a parallel in Ni-mediated HDS studies in which [Ni,(p-
S),(PNP),], [Niy(u-S)(PNP),], and [Niy(p-H)(p-S)(PNP),]*
have been characterized.!')

The nature of the platinum complexes obtained as a
result of the degradation of the thiaplatinacycles and subse-
quent desulfuration reactions attracted our attention, mainly
because some of these complexes were also formed either
within the cascade of reactions following the protonation of
the {Pt,(u-S),} corel or by S—C cleavage in the mononu-
clear thiolate complex [Pt(SR),(PNP)].'! Understanding the
rich chemistry of [Pt,(u-S),(PNP),] complexes has been the
aim of our research for several years."¥! Now, taking advant-
age of the knowledge accumulated over this time, we have
studied how [Pt,(u-S),(dppp).] (dppp =1,3-bis(diphenylphos-
phanyl)propane) and other compounds that can be consid-
ered relevant to the HDS process, such as [Pt(H)(SH)-
(dppp)]. [Pt(SH),(dppp)]. [Pty(1-S)(dppp),] and [Pty(u-H)-
(u-S)(dppp),]*, may be interrelated, taking the cationic bi-
nuclear trihydride complex [Pt,(H),(u-H)(dppp),]* as the
starting point. As shown in Scheme 1 the equilibria govern-
ing their mutual interconversion as well as the correspond-
ing reaction pathways have been analyzed. These results not
only show the remarkable diversity of the reactions under-
gone between complexes containing Pt—H, Pt—SH, and Pt—S
fragments and their strong dependence on the experimental
conditions, but also provide an adequate base for further ad-
dressing studies of platinum-mediated homogeneous hydro-
desulfurization reactions.

Results and Discussion

General description of the reactivity of complexes contain-
ing Pt—H, Pt—SH, and Pt—S fragments that are obtained
from [Pt,(H),(n-H)(dppp),ICl1O,: The set of complexes 2-5
that are obtained by the reaction of the binuclear trihydride
complex [Pt,(H),(u-H)(dppp),]ClO, (1) with Na,S or NaHS
and subsequent treatment of the resulting species with pro-
tons, hydride, hydroxide, or hydrogen sulfide ions is shown
in Scheme 1. This also includes the network of reactions
that have been established between these complexes. Infor-
mation about the progress of each reaction was obtained
through monitoring the reactions as function of time by
means of NMR spectroscopy and mass spectrometry mea-

Chem. Eur. J. 2007, 13, 1047 -1063
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Scheme 1. Reactions pathways from 1 to 2-5 and corresponding interconversion reactions. All platinum complexes have been isolated and characterized.
The nature of the undetected intermediate species Intl and Int2 is based on theoretical calculations and it is consistent with the reactions carried out

with labeled reagents.

surements. These data made it possible not only to detect
and make a preliminary identification of a new complex, but
also to establish the optimal conditions for its synthesis,
which, in turn, enabled its full characterization. In general,
the disappearance of the starting complex was concomitant
with the formation of the product without detection of inter-

mediate species. Details of all these reactions, the theoreti-
cal studies that support the undetected intermediates pro-
posed and the results of comparable reactions carried out
with labeled reagents are discussed below. Main spectro-
scopic data of all platinum complexes are given in Table 1.
The various experimental conditions under which the reac-

Table 1. ESI MS and NMR data for the platinum complexes involved in Scheme 1.

miz oC'P) o('H) YHPt)  J(HP) 2J(PPt) LJ(P,Pt) J(PP) o(" Pyl Ref.
(caled mass)  [ppm] [ppm] [Hz] [Hz] [Hz] [Hz] [Hz] [ppm]
[PtCL(dppp)] 642.9 -3.7 - - - - 3408 - —4505 [20]
(643)9
1 1217.7 10.2 —3.67 458.8 40.0 173.6 2914 7.7 —4976¢! [15]
(1217)
2 1248.3 —6.3 (P) -5.23 552.5 69.4 (P) 47 (P) 3684 (P') 33,10 plel —5491 this work
(1248) —10.4 (P") 8.0 (P") 28 (P") 2702 (P") 65, o
3 640.9 1.0 (P) —3.92 (H) 936.8 195.1 (P) - 3068 (P') 23.0 —4889 [16b]
(641)11 4.0 (P") 0.03 (SH) 10.7 (P") 1747 (P”)
4 1279.7 —0.1 - - - 2615 - —4370.5 [20]
(1279)
5 1248.3M —6.8 (P) - - - 60 (P) 3147 (P') 28,1l glm! —4315.5 this work
(1248) -1.3 (P") 28 (P”) 2288 (P”) 15, 10!
[Pt(SH),(dppp)] 640.1 —1.30 —1.00 - - - 2768 - —4791 [12b]
(640)[pl

[a] Solvents in NMR measurements: 1, 2, 3 in CD;Cl; [PtCl,(dppp)], 4, 5, [Pt(SH),(dppp)] in [Ds]DMSO. P’ and P” denote phosphorus atoms in cis or
trans position to sulfur, respectively. [b] Pt NMR data for all complexes is unreported. [c] Calcd mass for [PtCl(dppp)]™ ion. [d] Calcd mass for the
cation of the corresponding complex. [e] In CD,CL,. [f] 2/(P’,P"). [g] *J(P",P"). [h] *J(P",P"). [i] *J(P’,P"). [j] Calcd mass for [Pt(H)(SH)(dppp)]™. [k] Con-
sistent with the reaction observed for 5§ with HCIO,, the species detected by ESI-MS corresponds to the cation of complex 2. [1] %/(P’,P”). [m] *J(P",P").

[n]37(P",P"). [0] >J(P',P"). [p] Calcd mass for [Pt(SH)(dppp)]™.

Chem. Eur. J. 2007, 13, 1047 -1063

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemeurj.org

— 1049

-87 -


www.chemeurj.org
fnovio
Cuadro de texto
Artículo 2                                                                                                                                                                                    _




fnovio
Cuadro de texto
      - 87 -




Articulo 2

CHEMEISTRY

P. Gonzalez-Duarte, A. Lledés et al.

A EUROPEAN JOURNAL

tions were monitored by NMR spectroscopy and mass spec-
trometry are shown in Table 2. Analogous information for
the reactions involving deuterated compounds is summar-
ized in Table 3.

Table 2. Reaction conditions and complex species formed throughout different processes at room temperature

as deduced by NMR and ESI MS data.

{Pt,D,4sH, 35}, or that the deuterium to hydrogen content in
this complex is 88:12.

The synthetic procedure we followed to obtain 1 has al-
ready been reported for the [Pt,(H);(dcype),|X (dcype=1,2-
bis(dicyclohexylphosphanyl)-
ethane; X=BF,, Cl, OH, and
BPh,) analogues,'Y and affords

much better yields than the two

Reagents Solvent Molar Time [h]® Yield Identified . .
ratiol [%] species synthetic alternatives used [g?]
1 + Na,$9H,0 C.H, 12 6 85 2 obtain  [Pty(H)s(dppp),]BF,,
1 + NaSH C¢H, 1:1 8 70 2 which includes the same di-
1:15 3 75 3 phosphane ligand as 1. Addi-
2 + NaSH CeH," 1:2 12 45 4 PHSHD,( 1 tion of the sodium salts of

CsHj 1:10 12 71 3 + [Pt(SH),(dppp _ ~ .
2 + HCIO,¥ CH,CN 11 no reaction BF,”, BPh,", or PF;" instead of
1:20 10 reaction CIO,  led us to unsatisfactory
3 + HCloW CH,CN 1:1 1 80 2 yields, and that of CI™ reversed
" 1:10 0.25 68 2 the reaction by causing forma-
: I iaggm gﬁ*gg HO Z ;S Z tion of the starting complex
al 3 :

34 [Pt(SH)z(dppp)] CGHGM 11 12 63 4 [PtClz(dppp)]. The X-ra.y Str.uc-
4 + NaBH, EtOH abs. 1:4 6 85 5 ture of the binuclear trihydrido
5 4+ HCIO,M CH;CN'¢! 1:1.5 2 74 2 cation of 1 and the theoretical

[a] Platinum complex to reagent molar ratio. [b] Reaction time for maximum yield. [c] Reflux temperature.
[d] 12m HCIO,. [e] 2m NaOH. [f] 4m NaOH. [g] The same results are obtained in EtOH solvent.

Table 3. Ancillary reactions with deuterated reagents monitored by *'P,
'H, and *H NMR: experimental conditions and corresponding products.

Reagents!! Solvent ~ Molar  Time Identified  Yield"
ratio®  [h])  species [%]
1d + Na,S C.H, 12 6 [D]2d 86
1 + Na,S + D,O CeH, 12 6 pure 2 0
1d + NaSH C.H, 1:1 8 [D]2d 78
1:15 3 [D]3d 82
3d + HCIO,® CH;CN 1:1 1 [D]2d 79
1:10 025 [D]2d 71
3d + NaOH!" CH,CN  1:1 2 [D]2d 80
2d + H,0 CH;CN 1:20 no reaction
2 + D,0 CH;CN 1:20 no reaction

[a] Details of the synthesis of 1d-3d as well as their main 'H and
’H NMR features are given in the Experimental Section. All reactions
were performed at room temperature. [b] Platinum complex to reagent
molar ratio. [c] Reaction time for complete disappearance of the starting
platinum complex. [d] The percentage of moles of deuterated species
with respect to the sum of deuterated and non deuterated compound. In
all reactions the deuterium transferred from the reagent to the product is
within the range of 87-98%. [e] 12m HCIO,. [f] 2m NaOH.

Complex 1 was synthesized in high yields by using a one-
pot reaction procedure that involves the mixing of [PtCl,-
(dppp),] and NaBH, at a 1:2 molar ratio in ethanol at room
temperature and the subsequent addition of NaClO,. The
same procedure with NaBD, at a 1:4 molar ratio afforded
the deuterated analogue 1d in 72% yield. On the basis of
'H and “H NMR data complex 1d encloses an isotopic mix-
ture of the {PtD;Pt}, {PtD,HPt}, and {PtDH,Pt} fragments in
75:15:10 molar ratios (see Experimental Section). This data
shows that the resulting stoichiometry for the core of 1d is

1050 ——
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calculations that account for its
fluxional behavior in solution
are described in the next sec-
tion.

The reaction of 1 with Na,S-9H,O at a 1:2 molar ratio in
benzene solution (Table 2), or alternatively with anhydrous
Na,S in the presence of D,O (Table 3), affords 2 in high
yield, the X-ray structure of which, described below, has en-
abled identification of the unusual {Pt(p-H)(u-S)Pt} core. To
ascertain the source of the bridging hydrogen ligand in 2,
complex 1 was replaced by 1d in the reaction with anhy-
drous Na,S (Table 3). On the basis of NMR data, the prod-
uct thus obtained includes a {Pt(pu-D)(p-S)Pt} core and cor-
responds to the deuterated analogue [D]2d, which remains
unaffected after addition of water. These results show that
the {Pt,H;} core in complex 1 is the only source of the bridg-
ing hydride ligand in the {Pt(p-H)(u-S)Pt} core of 2. Despite
its remarkable stability in the solid phase and in solution
even in the presence of acids or bases, the only precedents
of this core reduce to [Pt,(u-H)(p-S)(dppe),]t (dppe=1,2-
bis(diphenylphosphanyl)ethane)!”  and  [Niy(u-H)(p-S)-
(dippe),]* (dippe =1,2-bis(diisopropylphosphanyl)-
ethane).'"! However, the formation of [Pt(u-H)(u-S)-
(dppe),]* was due to the result of a serendipitous prepara-
tion and the presence of the bridging sulfide was attributed
to the S—C bond cleavage of the aminothiolate ligand in the
starting complex [Pt(SCsHoNMe),(dppe)]. On the one hand,
the synthesis reported here for 2 provides a reproducible
method to obtain the {Pt(u-H)(u-S)Pt} core with phosphine
terminal ligands. On the other hand, the corresponding spec-
troscopic parameters enable identification of the formation
of such a core as the result of reactions that may involve ac-
tivation of the S—C bond.

Another method for obtaining 2 from 1 is reaction with
NaSH at a 1:1 molar ratio. Monitoring of this reaction by
3P and 'H NMR spectroscopy gave no evidence of inter-
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mediate species and thus formation of known mononuclear
complexes such as 3 and/or [Pt(SH),(dppp)]'*! was discard-
ed. On this basis, it seems reasonable to propose the path-
way shown in Scheme 1, the first step of which would consist
of the substitution of a bridging hydride in 1 by the hydro-
gensulfide anion. Then, the intermediate [Pt,(H),(u-SH)-
(dppp).]™ (Intl) thus formed would convert rapidly into 2.
This could occur by means of an intramolecular acid-base
reaction between one remaining terminal hydride ligand
and the proton of the SH™ group. On the one hand, this pro-
posal is consistent with the results obtained in the reaction
of 1d with NaSH at a 1:1 molar ratio. This reaction affords
2d (Table 3) and thus shows that the {Pt,Hs} core and not
the hydrogensulfide anion is the source of the bridging hy-
drogen ligand in 2. On the other hand, thermodynamic via-
bility of this proposal has been corroborated by the theoreti-
cal calculations discussed below.

Interestingly, if complex 1 is treated with excess NaSH, in-
stead of a 1:1 molar ratio, the reaction affords 3 in high
yield, a mononuclear platinum(II) complex, which, on the
basis of NMR data, contains the {Pt(SH)(H)} fragment. It is
also remarkable that the reaction of 1d with excess NaSH
yields the [D]3d analogue that contains the {Pt(SH)(D)}
fragment (Table 3). Under inert atmosphere complex 3 is
highly stable not only in the solid phase, but also in benzene
at reflux temperature. This stability indicates that although
both H™ and SH™ ligands are bound to the same platinum
atom they do not undergo the intramolecular acid-base re-
action that could lead to 4 by the mechanism proposed
above for the conversion of the intermediate [Pt,(H),(u-
SH)(dppp),]ClO, species. Notwithstanding this stability, our
attempts to obtain single crystals of 3 were unsuccessful.
This is consistent with the fact that while complexes of the
same formula have been synthesized as a result of the oxida-
tive—addition reaction of SH,!'®! or thiophenel™ to zero-
valent platinum compounds or by the reaction of chloro
complexes of Pt" with NaSH,!"” their X-ray structures are
unreported. Under open atmosphere, the monitoring of sol-
utions of 3 by *'P NMR spectroscopy and ESI MS shows the
slow appearance of the dinuclear complex 2.

The stability of 3 under inert atmosphere contrasts with
the richness of its chemistry in the presence of acids or
bases, which probably stems from the amphoteric behavior
of the SH ligand bound to platinum. Thus, 3 reacts with
both HCIO, and NaOH, and in the latter case, depending
on the complex to base molar ratio, the reaction affords dif-
ferent products.

The reaction of 3 with HCIO, in acetonitrile yields 2
quantitatively. Monitoring this reaction by 'H and *'P NMR
spectroscopy, we were unable to detect any intermediate
species. However, the reactions of 3d with HCIO, at 1:1 and
1:10 molar ratio afforded 2d (Table 3), which is consistent
with the protonation of the SH group and its subsequent
leaving as an SH, compound. These results and theoretical
calculations showing that in 3 the hydrogensulfide ligand is
more basic than the hydride together with other theoretical
data described below are consistent with the three-step
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pathway depicted in Scheme 1. The first involves the proto-
nation of the SH ligand in 3 to give the unknown [Pt(H)-
(SH,)(dppp)] ™ ion (Int2), then this species rapidly dimerizes
with the remaining unprotonated fraction of 3 to afford the
intermediate [Pt,(H),(u-SH)(dppp),]Cl1O, (Intl) complex,
which eventually converts into 2. The first two steps are cor-
roborated by the reaction of 3 with HCI instead of HCIO,.
Therefore, the slow addition of one equivalent of HCI to 3
enables identification of the already known [PtCI(H)(dppp)]
complex™ as an intermediate species in the reaction that
eventually leads to 2. Formation of [PtCI(H)(dppp)] can be
attributed to the binding properties of the chloride ion,
which, unlike CIO,", causes the replacement of SH, in the
[Pt(H)(SH,)(dppp)]* cation. The subsequent conversion of
[PtCI(H)(dppp)] could take place in accordance with the re-
ported reaction between [PtCI(H)(PEt;),] and [Pt(H)(SH)-
(PEt;),], which affords [(PEt;),Pt(H)(u-SH)(H)Pt(PEt;),]*.[*")
The reason why this last complex has been isolated, while
its dppp analogue has been undetected, and presumably
converts into 2 with the concomitant release of H,, must be
related to the different nature of the phosphane ligands. In
contrast to the slow reaction with moderate amounts of
HCI, the fast addition of excess HCI to 3 immediately leads
to the starting [PtCl,(dppp)] complex.

The reaction of 3 with NaOH in acetonitrile shows excep-
tional features as it leads to 2 if performed at a 1:1 molar
ratio, but to 4 with excess NaOH (1:10), in both cases with
high yields (about 70 %). The monitoring of these reactions
by NMR spectroscopy and ESI MS provides no evidence of
intermediate species, but shows that the disappearance of 3
is concomitant with the formation of either 2 or 4, depend-
ing on the reaction conditions. The spectroscopic data of the
former is described in this work and those of the latter, al-
ready obtained by the reaction of [PtCl,(dppp)] with
Na,S-9H,0, have been reported elsewhere.”” On the basis
of DFT calculations the proposed reaction pathways from 3
to either 2 or 4 are shown in Scheme 2. The first step, which
involves deprotonation of the SH ligand in 3, is common in
both pathways. From this stage there are two possibilities. In
one, the intermediate [Pt(H)(S)(dppp)]~ species reacts with
itself, which occurs in the reaction where excess of NaOH is
present. In the other pathway the [Pt(H)(S)(dppp)]~ species
reacts with 3 as in this case the amount of base added has
enabled deprotonation of only a fraction of the initial com-
plex. The reaction of two [Pt(H)(S)(dppp)]~ species to yield
4 probably involves the nucleophilic attack of each sulfide
ligand to the platinum center of the other species, which
causes displacement of the two initially bound hydride
anions. In contrast, the formation of 2 would involve the nu-
cleophilic attack of the sulfide ligand in [Pt(H)(S)(dppp)]”
to the platinum center in 3, this being followed by the leav-
ing of one hydrogensulfide and one hydride anion.

To obtain 4, an alternative procedure to the addition of
excess NaOH to 3 is the reaction of this complex with
[Pt(SH),(dppp)] in benzene at reflux temperature. The syn-
thesis and X-ray structural characterization of compound 4,
which we identified within the set of reactions following the
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Scheme 2. Reaction pathways proposed for the reaction of 3 with NaOH at 1:1 (A) and 1:10 (B) molar ratio.

protonation of the {Pt,S,} core, have already been repor-
ted.'?! Significantly, analogue complexes such as cis-
[Pt(SH),(PPh;),] have been described as homogeneous cata-
lysts in model studies for the Claus process,”!! in which the
SH, generated in HDS reacts with SO, over alumina at
300°C to give sulfur and water.

A perspective view of the reactions described up to this
point could easily suggest that complexes 2 and 4 are the
dead ends of the system studied. Within this context, the
mutual interconversion of the {Pt(u-H)(u-S)Pt} and {Pt(u-
S),Pt} cores posed us with a challenge. Exploration of the
chemistry involved in the replacement of one bridging hy-
dride or sulfide ligand in the dinuclear complexes 2 and 4,
respectively, provided unprecedented results and enabled
the closure of an otherwise open cycle.

Treatment of 2 with slight excess of NaSH (1:2 molar
ratio) in benzene at room temperature gives no reaction,
but yields 4 quantitatively if the mixture is heated at reflux
temperature. To elucidate the influence of the amount of
NaSH and temperature in this reaction, 2 was treated with a
great excess of NaSH in benzene at room temperature and
the reaction monitored by 'H and *'P NMR spectroscopy.
This data provided evidence for the complete conversion of
2 into an equimolar mixture of 3 and [Pt(SH),(dppp)].
Heating the resulting solution at reflux temperature yielded
4, as expected on the basis of the data obtained in the syn-
thesis of 4 from 3 and [Pt(SH),(dppp)].

Analogously to the evolution from 2 to 4, the reverse re-
action also occurs in two steps, as the reaction of 4 with
excess NaBH, in absolute ethanol at room temperature af-
fords the unreported dinuclear complex S5 with very high
yield. Its relatively low stability over time, even under inert
atmosphere, probably accounts for the difficulties encoun-
tered for obtaining single crystals. Consistently, not one X-
ray structure of complexes of formula [Pt,(u-S)L,], L =phos-
phane, has been reported. Complex 5 has been spectroscopi-
cally characterized and its NMR parameters are consistent
with data in the literature as discussed below. In addition,
closely related species have been obtained in model studies
of HDS with nickel and platinum complexes.'t’ Overall,
the use of NaBH, made it possible to establish an unprece-
dented path in order to achieve the reductive desulfurization
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of a {Pt,S,} core and therefore the formation of a Pt—Pt
bonded {Pt,'S} triangle, the only precedent for which refers
to the reaction of [Pty(u-S),(PPh;),] with CO.??! However, 4
did not react with CO at various temperatures and pres-
sures, possibly because the bidentate phosphane ligands do
not facilitate the coordination of CO to platinum as terminal
ligand, as proposed in the mechanism for the reduction of
[Pty(u-S),(PPhs),]. Concerning the synthesis of 5, the evolu-
tion from {Pt,S,} to a {Pt,S} core by reaction with NaBH, is
remarkable as this reagent usually causes either reduction of
Pt to Pt°® or cluster degradation, as shown in its reaction
with {M;S,} aggregates to afford {M;S} clusters.?! On this
basis, it appears that the bidentate chelating dppp ligand
plays a significant role in the specificity of the reducing
agent to yield 5 as well as in the stabilization of Pt' in this
complex.

In a subsequent step, the addition of HCIO, to § in either
ethanol or acetonitrile afforded 2, which was easily identi-
fied on the basis of the NMR and ESI MS data given in
Table 1. This synthetic procedure has precedents in the reac-
tion of [Ni,(u-S)(dippe),] with HPF that affords [Ni,(u-H)-
(u-S)(dippe),] ' already mentioned as one of the few ex-
amples of complexes with a {M,(u-H)(p-S)} core.

Spectroscopic and structural characterization of complexes
1-5: All reactions depicted in Scheme 1 were monitored by
means of multinuclear NMR ('H, *P, 'Pt) spectroscopy
and ESI mass spectrometry (MS). Owing to the unique
3P{'"H} NMR spectral features of the complexes involved,
this technique was the main tool used to detect their forma-
tion. However, full characterization of the species identified
by using this technique requires knowledge of additional
structural and spectroscopic data. To this end, the synthesis
and spectroscopic characterization of complexes 1-5, [PtCl,-
(dppp)] and [Pt(SH),(dppp)] were undertaken. Those of 2
and 5 together with the Pt NMR parameters for all the
complexes are unprecedented. These are given in Table 1
and are discussed below. However, the same cationic com-
plex as that found in 1 had already been reported as the tet-
rafluoroborate salt.'’! Spectroscopic data for compounds
1,015 3 01681 4 291 [PtCL,(dppp)]?” and [Pt(SH),(dppp)]®® were
fully consistent with previously reported data for these com-
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plexes. Concerning the structural parameters in the solid
phase, the X-ray structures of 1 and 2 are described below
and that of 4,2 [PtClL,(dppp)]®' and [Pt(SH),(dppp)]'*! are
already known. The main NMR and ESI-MS parameters for
complexes 1-5, [PtCl,(dppp)] and [Pt(SH),(dppp)] are sum-
marized in Table 1.

Regarding complex 1, it is worth noting that the high sym-
metry observed in the proton, phosphorus, and platinum
NMR spectra is not consistent with the crystal structure.
This apparent discrepancy is the result of a fluxional behav-
ior for bridging and terminal hydrido ligands in the [Pt,(H),-
(uw-H)(dppp),]™* ion, as already reported.'™! Both, the crystal
structure of 1 and the theoretical calculations that account
for this dynamic process are discussed below.

The 'H, *'P, and Pt NMR features of 2 provide relevant
information about its structure in solution and compare well
with those reported for the analogues [Pt,(u-H)(u-S)-
(dppe),]*"" and  [Pty(u-H)(u-CO)(PNP),]*  (PNP=dppe,
dppp, dppb; dppb =1,4-bis(diphenylphosphanyl)butane),?"!
the latter at low temperature. The 'H, 'H{*'P} and *'P{'H}
spectra are depicted in Figures 1 and 2. The "HJ>'P} spec-

b)

S |

-6 -7 -8

-3
S/ ppm

Figure 1. '"H NMR high-field region for 2 in CDCl; solvent: a) 'H{*'P}
and b) 'H NMR.

trum in the high-field region (Figure 1a) displays a pseudo-
quintet structure centered at —5.22 ppm arising from cou-
pling 'J(H,Pt) (552 Hz) to two equivalent Pt atoms. This un-
ambiguously demonstrates the presence of a bridging hydro-
gen atom between two PtP, units. In the 'H spectrum (Fig-
ure 1b) each of these signals is split into a triplet of triplets,
owing to the coupling of this hydrogen atom with the phos-
phorus nuclei located in trans (P’) and cis (P"") positions (%/-
(H,P)=69 Hz, *J(H,P")=8 Hz). The two non-equivalent
sets of phosphorus nuclei become evident in the *'P{'H}
spectrum (Figure 2a), which displays an unsymmetrical
second-order pattern characteristic of bimetallic species con-
taining two {Pt"(PNP)} moieties. It therefore shows two dis-
tinct signals centered at d=—6.3 ("J(P',Pt)=3684 Hz) and
0=-104 ppm (J(P",Pt)=2702 Hz), respectively, and ob-
served as an apparent doublet of doublets. However, full in-
terpretation of this spectrum requires consideration of J-
(P,Pt) and J(P,P) couplings through the platinum-platinum
axis.’l On this basis, the values 2J(P',Pt) =47, 2J(P",Pt) =28,
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Figure 2. *'P{H} NMR spectra of 2: a) experimental spectrum in CDCl,
and b) the corresponding computer simulation.

2J(P'P")=33, *J(P',P')=65 and *J(P",P")=6 Hz were ob-
tained. The good match between the experimental and simu-
lated spectra is shown in Figure 2b. The difference between
the two 'J(PPt) and the two 2J(P,Pt) provides evidence of
the distinct trans influence of the bridging ligands, S*~ and
H™. '"H,'H NOE and *'P'H HMBC experiments meant we
could establish that the bridging hydride is located in cis po-
sition with respect to P” and therefore that the trans influ-
ence follows the order: S*”>H". On this basis, the highest
1J(P,Pt) and %J(P,Pt) values were assigned to the couplings
with the phosphorus atoms cis to sulfur as shown in Table 1.
As expected, the NMR parameters found for 2 are similar
to those reported for the [Pt(u-H)(p-S)(dppe),]*!"” ana-
logue, but are significantly different from those for [Pt,(p-
H)(u-CO)(dppp),] ") Comparison of the J(P"Pt) values
in the three complexes is consistent with the following order
of trans influence for the bridging ligands: CO >S*">H", as
the 'J(P",Pt) value in 2 is greater than in the CO analogue.
The presence of the hydride bridge in 2 is confirmed in the
1%5pt spectrum and corroborated by X-ray data in the solid
phase. Concerning variable-temperature (VT) NMR data
for 2, all features remained unaltered throughout the tem-
perature range —70 to +120°C, which provides evidence for
the stereochemical rigidity of the {Pt(u-H)(u-S)Pt} core in
contrast to the dynamic properties shown by complexes [Pt,-
(w-H)(u-CO)(PNP),]* (PNP=dppe, dppp, dppb) in solu-
tion.”!

The structural information obtained from NMR data for 2
is consistent with the ESI MS spectrum with a major peak
at m/z=1248.3, which corresponds to the molecular weight
of the [Pt,(u-H)(u-S)(dppp),]t ion. Overall, NMR and MS
data are clearly indicative of its presence in solution with a
similar structure to that found for the [Pt,(u-H)(u-S)-
(dppp),]* ion in the solid phase by X-ray diffraction.

While the spectroscopic data that makes it possible to
identify complexes 3 and 4 are reported elsewhere,®*?]
characterization of complex § is unprecedented. This com-
plex displays a very similar *'P{'H} spectrum (Figure 3a) to
that observed for bimetallic complexes containing the {Pt',S}
core,””! the pattern of which is typical of a second-order
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Figure 3. 'P{H} NMR spectra of (5); a) experimental spectrum in
[D¢]DMSO; b) the corresponding computer simulated spectrum.

spectrum. Therefore, the two distinct resonances for the
phosphorus nuclei in 5 are observed as apparent doublets
centered at 6=—1.3 ('J(P,Pt)=2260 Hz) and —6.8 ppm ('J-
(P,Pt)=3161 Hz). These data, together with %/(PP) and the
sets of *J(P,P) and %/(P,Pt) couplings found for 2 (Table 1) as
initial values in the computer program, enabled a good sim-
ulation of the *'P{'H} spectrum of 5 (Figure 3b). According
to this simulation, */(P",P") and *J(P’,P”) in 5 have a positive
sign, while %/(P’,P”) has a negative sign; and the signs of
these three coupling constants are independent of those of
the remaining couplings. The two different values found for
J(PPt) and %J(P,Pt) clearly indicate a different trans envi-
ronment for each of the two sets of equivalent phosphorus
nuclei, P’ and P”. The assignment of the highest J values to
the P—Pt bond involving the phosphorus nuclei trans to
sulfur, J(P",Pt)=3161 and %/(P",Pt)=60 Hz (Table 1), is
based on data in the literature for related compounds.”””!
Additional Pt NMR data not only corroborate the pres-
ence of the {Pt',S} core, but also the absence of hydride ions
as terminal or bridging ligands, which is fully confirmed in
the 'H and HMBC Pt,H NMR spectra. The lack of terminal
hydride ligands in the solid complex 5 is consistent with the
absence of a broad absorption around 2000 cm™! in the in-
frared spectrum. ESI-MS under acidic conditions (see Ex-
perimental Section) shows a major peak at m/z=1248.3,
which is exactly the same value as that observed for com-
plex 2. This observation is fully consistent with the reactivity
of 5 with protic acids, which gives 2. Overall, the whole set
of spectroscopic data lead us to propose that complex 5 cor-
responds to a Pt' species of formula [Pt,(u-S)(dppp),] with a
single sulfide bridge and a Pt—Pt bond. Interestingly, this
bridging sulfide moiety is a common structural feature of
homogeneous desulfurization products previously found for
thiophene and benzothiophene substrates."*!!]

To further characterize complexes 1-5, [PtCl,(dppp)] and
[Pt(SH),(dppp)], and therefore corroborate the interpreta-
tion of 'H and *P NMR spectra, a study was made of their
Pt NMR parameters, including Pt—H correlation experi-
ments for 1-3 and [Pt(SH),(dppp)] (Table 1).
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The '"Pt{'H} NMR spectra of complexes [PtCl,(dppp)]
and [Pt(SH),(dppp)] share common features as both display
a triplet centered at 0 =—4505 and —4791 ppm, respectively,
due to the coupling of platinum with two equivalent phos-
phorus nuclei. For the latter complex, this pattern converts
into a triplet of triplets in the non-H-decoupled Pt spec-
trum owing to couplings %/(H(SH),Pt) =48.5 Hz, thus con-
firming the binding of two SH groups to platinum. The dinu-
clear complexes 1 and 4 are symmetrical and therefore the
two platinum as well as the four phosphorus nuclei are
chemically equivalent. Accordingly, the triplet signal in the
pt{'TH} NMR spectra, centered at d=-4976 (1) and
—4370 ppm (4), is due to the 'J(Pt,P) coupling of each plati-
num with two phosphorus nuclei. In the non-H-decoupled
Pt spectrum of 1, all the peaks observed in the '’Pt{H]}
spectrum split into quartets ("Jp ;=459 Hz), which makes it
possible to unequivocally establish that the number of equi-
librating hydrido ligands is three. For both 1 and 4, the pat-
tern of the Pt spectra compares well with the respectively
related [Pt,(H);(dppe),]*™! and [Pty(u-SR),(dppe),]® com-
plexes.

The 'Pt{H} NMR spectrum of the unsymmetrical mono-
nuclear complex 3 is simple and well defined, displaying a
doublet of doublets owing to coupling of platinum with two
non-equivalent phosphorus nuclei. The non-H-decoupled
Pt spectrum exhibits a 16-line pattern arising from
2J(H(SH),Pt)=63.4Hz and J(H,Pt) couplings (Table 1).
These values are fully consistent with those obtained from
the corresponding 'H and *'P spectra, which are given in
Table 1. Complexes 2 and 5 show a similar "Pt{H} NMR
spectrum; in both cases the resonance of the two equivalent
platinum atoms (0=-5491 (2), —4315 ppm (5)) is split by
coupling to the phosphorus either in trans or cis positions to
the sulfide ligand. As a result of this coupling, the spectrum
has four peaks that are observed as a doublet of doublets.
However, the broadness of the signals do not enable corrob-
oration of the %/(P,Pt) values obtained for 2 and 5 from the
corresponding *'P{H} NMR spectrum. The 'J(H,Pt) coupling
observed in the non-H-decoupled *°Pt spectrum of 2 unam-
biguously confirms the presence of a hydrido bridge, as it
exhibits eight peaks of equal intensity corresponding to a
doublet of double doublets. The 'J(H,Pt) value is consistent
with that calculated from the 'H and 'H{*'P} spectra of 2
and also with previously reported data for [Pt,(p-H)(u-S)-
(dppe),]*.1"

Overall, the chemical shift values found for platinum in
complexes 1-5, [PtClL(dppp)] and [Pt(SH),(dppp)] (Table 1)
suggest that they can be organized into three groups. Thus,
dinuclear platinum complexes with only sulfide ions as
bridging ligands exhibit the highest values (0~ —4350 ppm).
These are followed by the mononuclear complexes contain-
ing Cl, SH and/or H as terminal ligands (—4900<6<
—4500 ppm). The smallest values are shown by the dinuclear
complexes with hydride ions as bridging ligands (0<
—4950 ppm). It is worth noting the similarity between the
chemical shift values found for complexes 4 (—4370.5 ppm)
and 5 (—4315.5 ppm) despite the different oxidation state of
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the platinum atoms, which is consistent with values in the
literature. "%

Molecular structures

Crystal Structure of [(dppp)Pt(H),(w-H)Pt(dppp)]CIO, (1):
The structure of 1 consists of dinuclear [(dppp)Pt(H),(u-
H)Pt(dppp)]* ions (Figure 4) and ClO,  counterions held
together by electrostatic interactions, and solvent molecules.
Selected bond angles and distances are given in Table 4. The
good quality of the crystal made it possible to unequivocally

o 3
R F3

Figure 4. Structure of the cation in complex 1 with 50% probability dis-
placement ellipsoids and selected atoms labels. H atoms are omitted
except for those in the {PtH(u-H)PtH} core.

Table 4. Selected bond lengths [A] and angles [°] for complex 1. In brackets are the calculated values for 1t.

FULL PAPER

locate the hydride ligands. The overall geometry of the
Pt,H; core in 1 compares well with that previously found by
neutron diffraction studies for the [Pt,H;(dppe),]t ana-
logue.” The main difference between the structures con-
taining dppp or dppe arises from the diverse values of the
bite angles, which are characteristic of each diphosphane
ligand. To compensate for the increase in the P-Pt-P angles
in 1 (94.5 and 95.5°) with respect to its dppe analogue (86.1,
86.2°), the H-Pt-H angles involving the two central hydride
ligands decrease significantly (for 1: 69.1 and 87.2°; for its
dppe analogue: 75.53 and 91.55°) with the concomitant
shortening of the H-+-H distance (for 1: 2.21 A; for its dppe
analogue: 2.40 A).

To account for the structure of the highly unsymmetrical
{Pt,H;} core in 1 it could be considered as resulting from the
contribution of the three connectivity models depicted in
Scheme 3. Their examination reveals that the coordination
geometry for one of the platinum centers (Pt2) can be de-
scribed as square-planar (maximum deviation from planarity
0.09 A) with two hydride ligands showing short Pt2—H dis-
tances (1.58 and 1.64 A). Differences between the models
proposed arise from consideration of how many hydride li-
gands coordinated to Pt2 are also bound to the second plati-
num center, the so-called Ptl.

The {Pt,H;} core in model A can be described as a donor—
acceptor complex in which the [(dppp)(Pt2)H,] moiety acts
as a hydride donor towards an acceptor [(dppp)(Pt1)H]*
ion. According to this model, the geometry of Pt1 should be
considered T-shaped (P-Ptl-H angle of 176.5°), with a very
short Pt1—H distance indicating that this hydrogen atom be-
haves like a purely terminal hydride ligand (1.56 A). How-
ever, the hydrides belonging to the [(dppp)(Pt2)H,] moiety
are at significantly long distances (2.07 A and 1.84 A) with
respect to Ptl. These large values suggest a weak nonbond-
ing interaction between Ptl and the supposedly bridging hy-
dride ligands, and therefore, for the significance of model A.
However, if we consider that
these distances are compatible
with two Ptl-H bonds, the

P1-Ptl 2.313(4) [2.416] Pt1-H3
P2-Ptl 2.222(4) [2.279] Pt1-Pt2
P3-P2 2.269(4) [2.387] Pt2-H2
P4-P(2 2.250(4) [2.308] P12-H3
Pt1-H1 1.56(3) [1.584] H2--H3
Pt1-H2 2.07(4) [2.337]

HI1-Pt1-H2 88.4(16) [87.7] P1-Pt1-Pt2
HI1-Pt1-H3 86.5(16) [87.2] H2-P12-H3
HI1-Pt1-P2 84.00(13) [85.3] H2-P12-P3
HI1-Pt1-P1 176.5(13) [179.9] H2-P(2-P4
HI1-Pt1-P12 76.5(13) [81.0] H2-P12-Ptl
H2-Pt1-H3 69.1(14) [68.1] H3-P12-P3
H2-Pt1-P2 139.0(10) [132.9] H3-Pt2-P4
H2-Pt1-P1 90.8(10) [92.2] H3-P12-Ptl
H2-Pt1-P12 35.5(10) [34.3] P3-P12-P4
H3-Pt1-P2 149.7(10) [157.2] P3-Pt2-Ptl
H3-Pt1-P1 96.4(10) [92.8] P4-P12-Ptl
H3-Pt1-P12 36.3(11) [34.7) Pt2-H3-Ptl
P2-Pt1-P1 94.50(16) [94.7] Pt2-H2-Ptl
P2-Ptl-P12 159.355(12) [161.3]

structure could be described as

1.84(3) [1.799]

2.70983(14) [2.850] being formed by a [(dppp)-

1.58(4) [1.608]  (Pt1)H;] moiety with a very dis-

1.64(3) (L71] torted trigonal bipyramidal co-

2215 [2.359] . .

ordination geometry (=
0.56)P" that shares two hydride

104.673(11) [98.9] ligands with the square-planar
87.2(17) [90.6] d P2)H fragment
1750013) [177.8] Egngggl)(B) )1112] (:ontrastr %;n the
88.8(13) [88.3] o P
49.4(13) [ss.1] Ptl—H distance of 1.84 A is in-
88.8(12) [87.3]  terpreted as a bonding distance,
172.7(12) [177.6] but 2.07 A is considered too
41.5(12) [36.8] long for a chemical bond, the
95.454(16) [93.9]
125.78(11) [1227] Structure of the {Pt,H;} aggre-
136.639(11) [142.5] gate should be described on the
102.23 [108.6] basis of model C. In this case,
95.44 [906]  one bridging hydride ligand

connects two square -pl anar

Chem. Eur. J. 2007, 13, 1047 -1063
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Scheme 3. Structural models contributing to the structure of complex 1.

platinum centers, the respective coordination planes of
which are almost perpendicular on the basis of the 83.4°
angle that forms between the P1-Pt1-P2 and P3-Pt2-P4
planes (Figure 4). Notwithstanding this description, a high
distortion is observed in the square-planar coordination ge-
ometry around Ptl as, considering the mean plane formed
by P1, P2, Ptl, H1, and H3 atoms, the maximum deviation
from planarity is 0.47 A.

None of the three models alone completely matches the
observed structure, which, consequently, should be described
as arising from the contribution of the three proposed struc-
tural types. However, DFT calculations performed in the 1t
model of 1 suggest that model C could be the most accurate
way to describe complex 1.

Crystal Structure of [(dppp)Pt(u-H)(u-S)Pt(dppp)]ClO, (2):
Crystals of 2 are cubic and consist of discrete [(dppp)Pt(u-
H)(u-S)Pt(dppp)]* ions and disordered ClO,” counterions
that fill the holes generated by the cations in the unit cell.
Due to disorder problems these counterions were not been
directly observed in the crystal structure. However, the pres-
ence of ClO, ions in 2 is consistent with the reaction proce-
dure and elemental analysis as well as with the intense
broad band at 1100 cm ™' in the infrared spectrum. The over-
all geometry of the cation and the system used in labeling
the principal atoms are shown in Figure 5. Selected bond
distances and angles are presented in Table 5.

The dinuclear [(dppp)Pt(u-H)(u-S)Pt(dppp)]* ion has
crystallographic C, symmetry, the rotation axis passing
through the bridging sulfide and hydride ions. The latter
could be directly located and successfully refined in the X-
ray experiment. The main framework of this species can be
described as being formed by a central {Pt(u-H)(u-S)Pt}
core with an exactly planar, dihedral angle between the two
PtHS planes 6=180°; the metal centers complete their coor-
dination environment with chelating dppp ligands. As a
result, two symmetry-related PtP,C; rings with a distorted
chair conformation are fused to the central core. The dispo-
sition of the two phosphorus atoms that belong to the same
dppp ligand together with the bridging sulfide and hydride
ions determine a slightly distorted square-planar configura-
tion about each platinum atom, deviations from planarity
being less than 0.04 A. Other main structural features refer
to the Pt—Pt distance of 2.825 A, which is indicative of
metal-metal interactions, and to the angle of 95.16° formed
by the diphosphine ligand with the platinum atom, both
values being consistent with data in the literature for related
compounds,?*31-3
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The structural parameters ob-
served for [(dppp)Pt(u-H)(u-

S)Pt(dppp)]t agree well with
those reported for the closely
C related [(dppe)Pt(u-H)(u-S)Pt-
(dppe)

]7F4 and

[(dppp)Pt(p-

Figure 5. Structure of the cation in complex 2 with 50% probability dis-
placement ellipsoids and selected atoms labels. H atoms are omitted,
except for the bridging hydride.

Table 5. Selected bond lengths [A] and angles [°] for complex 2.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Pt—Pt'?! 2.825(10) Pt—P1 2.270(3)
Pt=S 2.288(3) Pt—P2 2.280(3)
Pt—H1 1.74(10) S--H1 2.837
Pt-S-Pt'? 76.23(12) P1-Pt-Pt' 144.00(8)
Pt-H1-Pt 107.44 P2-Pt-S 172.60(11)
P1-Pt-P2 95.16(13) P2-Pt-H1 85(4)
P1-Pt-S 92.24(10) P2-Pt-Pt' 120.72(9)
P1-Pt-H1 176.7(18) S-Pt-H1 88(4)

[a] Symmetry code: '/, —x, y, '/p—z.

S),Pt(dppp)]”! complexes. Comparison of the geometries of
the {Pt(u-H)(u-S)Pt} core in the two former species shows
that the nature of the terminal diphosphane ligand mainly
affects the bond distances and angles that involve the bridg-
ing hydride ion. Therefore, the Pt—H bond distance is about
0.16 A shorter and the Pt-H-Pt’ angle 14.7° greater in
[(dppp)Pt(u-H)(u-S)Pt(dppp)]*, this being concomitant with
a slight lengthening in the Pt—Pt separation. Besides, while
the {Pt(u-H)(u-S)Pt} core is strictly planar in 2, the dihedral
angle between the two PtHS planes is 177.6° for the dppe
analogue.

Comparison between complexes [(dppp)Pt(u-H)(p-S)Pt-

(dppp)]* and [(dppp)Pt(u-S),Pt(dppp)] also shows signifi-
cant features. Therefore, the most remarkable effect accom-

Chem. Eur. J. 2007, 13, 1047 -1063
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panying the replacement of a bridging S by H in the {Pt(p-
X)(u-S)Pt} core is that it is hinged for X=S (6=134.8°)
with a platinum-platinum distance of 3.235 A, but exactly
planar for X=H (6=180°), for which this distance becomes
0.41 A shorter. To make the planarity of the ring compatible
with the shortening of the Pt—Pt distance, the Pt-S-Pt angle
in 2 decreases up to 76.23°, compared with 87.52° in
[(dppp)Pt(u-S),Pt(dppp)]. However, the Pt—S bond length
in 2, 2.29 A, is only slightly shorter than the average Pt—S
distance in [(dppp)Pt(p-S),Pt(dppp)], 2.34 A. Analogously,
the bite angle of the diphosphane ligand and the Pt—P dis-
tances are not significantly affected by the nature of X, S, or
H in the mentioned core. The difference between the two
Pt—P bond lengths in 2 (P trans to p-S, 2.280 A; P trans to p-
H 2.270 A) is small but consistent with a frans-influence fol-
lowing the order: pu-S>p-H. The “J(Pt,P) couplings found
for 2 in solution, 2707 for Pt—P,,....s and 3752 Hz for Pt—
P, s are also consistent with this ordering.

Theoretical study: Theoretical calculations have been per-
formed in order to evaluate the feasibility of the processes
described above. In calculations, the current dppp ligand has
been modeled by H,P(CH,);PH, (dhpp). Calculated model
species are labeled by adding a t to the number of the
parent compound. In addition to determining the relative
stabilities of the species proposed and thus obtaining the en-
ergetic picture of the aforementioned reactions, this study
provides an insight into the structural features of the com-
pounds involved. Some of the proposed intermediates have
not been detected. Moreover, all the species bear hydrido li-
gands, and the intrinsic difficulty of using X-ray methods to
accurately locate hydrogen atoms is well known. In contrast,
quantum mechanical calculations have proven to be a cost-
effective high-quality technique for precise location of hy-
dride positions.*™ Overall, the theoretical study was made in
order to contribute to the search for an answer to the fol-
lowing questions, which are difficult to address from an ex-
perimental point of view: 1) structure and fluxional behavior
of [P(H),(-H)(dppp)a]* (1) 2) structure of [Pt,(H),(-
SH)(dppp),]* (Intl); 3) preferred protonation site in
[Pt(H)(SH)(dppp)] (3); and 4) thermodynamic feasibility of
the proposed pathways for the reaction from 3 to 2.

Structure and fluxional behavior of [Pt,(H),(uw-H)(dppp),]™:
Trihydride cations [Pt,(H)s(PNP),]* have been widely inves-
tigated.® In solution they show fluxional behavior on the
NMR timescale over a wide temperature range, and conse-
quently only one resonance is observed for the hydrides in
the '"H NMR spectrum. However, in the solid state two dis-
tinct types of structures have been observed with either a
{(H)Pt(u-H),Pt} or a {(H)Pt(u-H)Pt(H)} core, both depicted
in Scheme 3, labeled B and C, respectively.

One terminal and two bridging hydride ligands have been
found in the solid state structures of [Pt,(H)(dppe),]*®”
(neutron diffraction) and [Pt,(H);{(Ph,PCsH,),Fe},]*.*! In
contrast, the presence of one bridging and two terminal hy-
drides has been noted in the structures of [Pt,(H),(dtbpp),]*

Chem. Eur. J. 2007, 13, 1047 -1063
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J [Pty(H)s(butaphos),]*.*" and [Pty(H)s(deype),] """ As
described in this work, the X-ray diffraction of 1 made it
possible to determine the structure of this complex, includ-
ing the direct location of the hydrogen atoms. Overall, the
structure of 1 is consistent with that reported in neutron dif-
fraction studies for its dppe-containing analogue. Before
commenting on the theoretical result, we should stress that
factors such as the bite angle of the chelating ligands, the
steric demand of the substituents on the phosphorous atoms
and even more subtle factors such as crystal-packing forces
could be responsible for the existence of different struc-
tures.'¥ Calculations have been performed in a simplified
model (dhpp instead of the actual dppp) in gas phase, which
therefore does not consider the full subtlety of real systems.
However, a joint analysis of the structural and energetic the-
oretical results and comparison with the experimental re-
sults can help to describe the bonding scheme on [Pt,(H);-
(dppe),]*. The calculated structure of 1t is shown in
Figure 6. Selected bond angles are given in Table 4 for com-

Figure 6. Optimized geometry of [Pt,(H),(u-H)(dhpp),]* (1t) with distan-
ces in A.

parison with the experimental values of 1. Despite the sim-
plifications, a relatively good agreement with the X-ray data
is found in the optimized bond angles, suggesting that the
model retains the main bonding features of 1. Regarding the
bond lengths in 1t, one central hydride (H3) shows two Pt—
H distances (1.799 and 1.711 A) within the usual range for a
Pt—H bridging bond, while the Pt—H distances for the other
central hydride H2 (1.608 and 2.337 A) are consistent with
the existence of only one Pt—H bond. The presence of the
three hydride ligands with different trans influence is reflect-
ed in the very different Pt—P bond lengths, ranging from
2279 A and 2308 A for the P trans to H3 to 2.387 and
2.416 A for the P trans to H2 and HI, respectively. Never-
theless a significant discrepancy with the X-ray data is found
on the Pt1—H2 distance (exptl: 2.07 A, calcd: 2.337 A).
Although, overall, the optimized geometry of 1t seems to
fit better with a type C structure (see Scheme 3), it remains
unclear whether there is a bonding interaction between H2
and Ptl. This question has been theoretically analyzed from
an energetic point of view. In our calculations we varied the
Pt1--H2 distance between 2.05 and 2.65 A by intervals of
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0.1 A. At each fixed value of this distance the remaining
geometrical parameters were optimized. An extremely flat
potential energy curve was eventually obtained, showing
that Pt1—H2 stretching has a very low energy cost (less than
0.2 kcalmol ™). These results support the non-existence of a
bond between the Ptl and H2 atoms and thus the presence
of only one bridging hydride. The striking difference in the
Pt1—H2 distance between the experimental and calculated
structures can also be explained. With such a small energy
change for Pt1—H?2 stretching, this distance could be affect-
ed by crystal packing effects in the experimental system.

Inelastic neutron spectroscopy (INS) was used to investi-
gate the vibrational modes of hydride ligands in [Pt,(H);-
(PNP),]* complexes." The different disposition of the H li-
gands around the Pt centers in structures B and C causes re-
markable differences in the vibrational spectra. The stretch-
ing frequency for a terminal Pt—H group is expected to be
in the region of 1900-2100 cm™!, while the modes involving
the p-bridging H may be described in terms of symmetric
and antisymmetric M-H-M stretching modes in the region of
1000-1400 cm™'.") The calculated Pt—H frequencies fully
agree with the ascription of a type C structure to 1t. For the
Pt—H stretching vibration that involves the non-bridging hy-
drides H1 and H2 two frequencies at 2119 cm ™' (Pt1-H1)
and 1996 cm™' (Pt2—H2) are obtained. The symmetric and
anti-symmetric Pt-H3-Pt vibrational modes appear at 1240
and 1529 cm ™!, respectively.

Considering the X-ray structure of 1 and the set of calcu-
lations performed in the model complex 1t, complex 1 can
be considered to be formed by two square-planar {Pt(H),-
(dppp)} fragments that share the H3 hydride ligand. The di-
hedral angle between the planes defined by each metal
center and its four ligands is about 90°, in agreement with
the conformation detected in related cations.

Although the fast exchange of the hydride ligands in the
{Pt,H;} fragment, as shown by the equivalence of the three
hydrides in the NMR spectra of [Pt,(H);(PNP),]* com-
plexes, is a well known phenomenon, the mechanism of the
process remained unclear. Our computational study has
shown that this phenomenon can be understood as a combi-
nation of the two dynamic processes depicted in Schemes 4
and 5.

The fluxional process depicted in Scheme 4 accounts for
the equivalence of the bridging and non-bridging central hy-
drides H, and H;. A set of calculations decreasing the
Pt,--H, distance from 2.05 A to 1.75 A and optimizing all
the geometrical parameters at each fixed value of the
Pt,--H, distance has been carried out. Taking the energy
values at the Pt,--H, distance of 2.05, 1.95, 1.85, and 1.75 A,
the energy variation is negligi-
ble, less than 0.3 kcalmol™'. Tt

has been observed that the for- - H, He
mation of the Pt,--H, bond is (P)H&H P
concomitant with the breaking }\)/

of the Pt,---H, bond. Therefore,
the dynamic process shown in 1a
Scheme 4 easily occurs with an
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almost inexistent energy barrier.

In addition to the above process (Scheme 4), the dynamic
process shown in Scheme 5 is also a major contributor to
the observed equivalence of all the hydride ligands of com-
plex 1 in solution. This process consists of successive rota-
tions along the Pt—H, bonds. The thermodynamic feasibility
of this process is confirmed by the low value (2.5 kcalmol ™)
of the energy difference between the two possible conforma-
tions (1a and 1b, Scheme 5) of complex 1t. The small in-
crease in energy when going to structure 1b in which no
bonding interaction of H, with Pt, can be at work offers fur-
ther proof of the very weak interaction between H, and Pt,
in 1a. The Pt—Pt bond is very weakly affected by the rota-
tion. The Pt-Pt distance in 1b is 2.932 A, only 0.08 A
longer than in 1a. The Pt—Pt interaction does not appear to
be affected by this rotation, which contributes to the low
energy cost of the process.

Structure of [Pt,(H),(w-SH)(dppp),]T: We have proposed
that the formation of 2 by reaction of 1 with NaSH at 1:1
molar ratio takes place via an undetected intermediate com-
plex, [Pt,(H),(u-SH)(dppp),]* (Intl). To make a structural
proposal for this intermediate, DFT calculations were car-
ried out considering that there are two possible arrange-
ments for this species, one entailing a bridging SH group
(Intlgy,,) and the other a bridging hydride (Intly,,). The op-
timized structures are shown in Figure 7. The Pt—Pt distance
varies notably by changing the bridging ligand, being much
longer in the u-SH (3.677 A) than in the p-H isomer
(2.980 A). The p-SH isomer is notably more stable than the
hydrido-bridged one, as Intlgy, lies 11.3 kcalmol™' below
Intly,. Even if [Pt,(H)(u-H)(SH)(dppp),]t were initially
formed by the substitution of a terminal hydride in 1 by the
hydrogensulfide anion, it could easily convert into the more
stable [Pt,(H),(u-SH)(dppp),]* form. As shown in Figure 7,
the Intlgy, species displays a remarkable structural feature,
probably relevant for its subsequent reactivity. The structure
of Intlgy, can be described as two square-planar platinum
units sharing a bridging SH ligand. The coordination planes
of the two square-planar units are almost parallel. With this

<P~,
"By
P / \H - ‘) ! ‘b\P
P/
Scheme 4. Mechanism underlying the equivalence of the bridging hydride
ligands.

[ O
pre ~. o — P | He, P)
| THT [~ n e~y
H, H,
1b 12'

Scheme 5. Mechanism underlying the equivalence of the bridging and terminal hydride ligands.
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y Intl,,

Figure 7. Optimized geometries for the p-SH (Intlgy,) and p-H isomers
(Intly,) of [Pt,(H),(SH)(dhpp),]*.

spatial arrangement the Pt—H and S—H bonds are aligned so
that a four-sided ring defined by the Pt-H-H-S atoms is
formed. This disposition places a proton and a hydride ion
in close spatial vicinity, thus setting the system ready to give
rise to the formation of H,.

Preferred protonation site in [Pt(H)(SH)(dppp)] (3): Our
mechanistic proposal for the formation of 2 by addition of
HCIO, to 3 involves as a first step the protonation of the
latter species, in which the SH and H ligands are potential
protonation sites. Therefore, two isomers can be envisaged
for the protonated intermediate Int2, depending on whether
the SH (Int2gyy) or H (Int2yy) is protonated. The opti-
mized structures are shown in Figure 8. The Int2gy 4 species
is 19.4 kcalmol ™' more stable than Int2yy, providing evi-
dence that the SH group is considerably more basic than the
hydride ligand. Accordingly, it is reasonable to formulate
Int2 as [Pt(H)(SH,)(dppp)]™.

Comparison of the optimized structure of the protonated
intermediates with that of the parent complex 3t reveals
two structural features of these two isomers. On the one
hand, the H-protonated species has a dihydrogen ligand, as
proved by the short H-H distance (0.787 A). On the other,
the protonation of the SH ligand causes considerable weak-
ening of the Pt—S bond, as shown by the lengthening of the
Pt—S distance from 2.381 A in 3 to 2.457 A in Int2gy. Con-

Chem. Eur. J. 2007, 13, 1047 -1063
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Imi2

It

=1i-H

Figure 8. Optimized geometries of [Pt(H)(SH)(dhpp)] 3t and correspond-
ing S-protonated (Int2gy.y) and H-protonated (Int2y.) derivatives.

sistently, an easy SH, release from [Pt(H)(SH,)(dppp)]™ can
be expected.

Thermodynamic feasibility of the proposed pathway for the
reaction from 3 to 2: DFT calculations were performed in
order to discuss the thermodynamic feasibility of the path-
way depicted in Scheme 1 for the formation of 2 from 3 in
acidic medium. Calculated values of the reaction energies
are collected in Table 6.

The proposed pathway for the reaction from 3 to 2 in-

Table 6. Reaction energies [kcalmol™'] for the 3—2 process.

Reaction AE
. SH, H 1]-[ +
Pro. SH, P... .wSH P, S, | WP
Pt Pt
A {(P/H\H e . (e ~y ! 274
P
H H + H
<P,,,‘ lem\su,,,v [l’[ \\\\\ P 2 . +
B P ) . WS N 465
A ) (pen el

volves three steps. Following protonation of 3, the second
step involves the condensation of the protonated species
[Pt(H)(SH,)(dppp)]* with an additional molecule of 3,
which is accompanied by the release of SH, (reaction A in
Table 6) and the formation of the [Pt,(H),(u-SH)(dppp),]*
intermediate (Intlgy,). This is a highly exothermic process
(AE=—27.4 kcalmol ™). The third step (reaction B) is an in-
tramolecular reaction in the Intlgy, species that consists of
the formation of H, from a hydride ligand and the proton of
the SH group. We have already commented that the spatial
arrangement of the proton and the hydride in Intlgy,
(Figure 7) should facilitate this reaction. The release of the
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H, molecule enables the remaining terminal hydride to shift
to a bridging position and thus give rise to the {Pt(u-S)(u-
H)Pt} core in 2 (Figure 9). Interestingly, the optimized struc-

Figure 9. Optimized geometry of [Pt,(u-H)(u-S)(dhpp),]*.

ture of [Pt,(u-H)(u-S)(dhpp),]* (2t) is fully consistent with
the geometric parameters obtained from X-ray data. The
Pt—P distances, although not very different, follow the same
trend than those determined by X-ray (Pt—P trans to p-S>
Pt—P trans to p-H) and are consistent with a trans influence
following the trend p-S > p-H.

The reversal of the reaction of H, formation from S—H
and Pt—H is the heterolytic splitting of H—H bond by means
of a transition-metal bonded to an S ligand. This reaction is
well documented in the literature.® Reaction B is slightly
endothermic (46.5 kcalmol™'). However, this value is large-
ly compensated by the exothermicity of reaction A. Overall,
the proposed pathway from 3 to 2 through intermediate
Intlgy,, is highly favored on thermodynamic grounds (AE =
—20.9 kcalmol ™).

We have also invoked the role of the intermediate Intlgy,,
in the conversion of 1 to 2 by reaction of the former with
NaSH. Once Intlgy, is formed, the release of H, leads to 2,
as already proposed as the third step in the reaction from 3
to 2 (reaction B in Table 6). Although this process is slightly
endothermic, it could be favored by the liberation of H,.

Conclusions

The set of reactions investigated in this work provides solid
evidence that behind the apparent simplicity of platinum
complexes containing Pt—H, Pt—SH, or Pt—S fragments, they
have an outstanding chemistry. This can be attributed to a
combination of several factors that are put to work at the
same time. A perspective view of the reactions depicted in
Scheme 1 indicates that the strong tendency of sulfide and
hydrogensulfide ligands to bind to platinum, the ability of
the sulfide ion to bridge two platinum centers, and the am-
photeric behavior of the hydrogen sulfide group in the Pt—
SH fragment are key aspects of the observed reactivity. Fur-
thermore, the ability of the hydride ligand in the Pt—H frag-
ment to act as a base capable of forming H, by reaction
with the proton of the SH group accounts for the conver-
sion: from 1 to 2 and from 2 to 4, by addition of NaSH;
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from 3 to 2 by addition of HCIO,; and from 3 to 4 by addi-
tion of [Pt(dppp)(SH),]. Interestingly, while the conversion
of the {Pt(u-H)(u-S)Pt} core in 2 into {Pt(u-S),Pt} in 4 is
easily achieved by addition of excess NaSH, the reverse re-
action, which implies the replacement of a sulfide with a hy-
dride ligand, requires previous formation of 5, an unprece-
dented dinuclear complex containing a Pt—Pt bonded {Pt,-
(u-S)} core, which was unreported.

Our previous studies of the chemistry of [Pt,(u-S),(PNP),]
complexes showed the exceptional ability of the {Pt,S,} core
to react with virtually any electron-acceptor species.'’ The
reactions described here extend the richness of this chemis-
try. They also show that the formation and further evolution
of platinum complexes containing Pt—H, Pt—SH, or Pt—S
fragments is highly dependent on the reaction conditions
such as acid-base properties and solution temperature, and
thus, prediction of their exact nature in solution should not
be considered obvious. Within the context of this reactivity,
the reported findings may be relevant in the study of plati-
num-mediated homogeneous hydrodesulfurization processes.
Research in this direction is being pursued by our group.

Experimental Section

Materials and methods: All reactions were carried out at room tempera-
ture under an atmosphere of pure dinitrogen, and conventionally dried
and degassed solvents were used throughout. These were Purex Analyti-
cal Grade from SDS. Metal complexes of formula [PtClL(dppp)] and
[Pt(SH),(dppp)] were prepared in accordance with published meth-
0ds.* 21 Complexes [Pt(H)(SH)(dppp)] (3), [Pt:(H)y(dppp),]*, and
[(dppp)Pt(u-S),Pt(dppp)] (4) were obtained by alternative procedur-
es.1%15200 Commercial Na,S, Na,S-9H,0, NaBH,, and NaBD, compounds
were used without further purification. NaSH was obtained from com-
mercial NaSH-xH,O by keeping it under vacuum overnight. Elemental
Analyses were performed on a Carlo-Erba CHNS EA-1108 analyzer. IR
spectra were recorded on a Perkin-Elmer FT-2000 spectrophotometer
using KBr pellets (s =strong, m =medium, br=broad band). 'H, 'H{*'P},
3p, 3'P{'H} '°Pt, and 'Pt{'H} NMR spectra as well as the 'Pt,'H and
3'P'H HMBC (heteronuclear multiple-bond correlation) and 'H,'H NOE
(nuclear Overhauser effect) experiments were performed from samples
in (CDj3),SO or CDCI; at room temperature, unless otherwise indicated,
with a Bruker Avance DRX-360 spectrometer operating at 360.13 MHz
for 'H, 145.79 MHz for *'P and 77.42 MHz for 'Pt. 'H chemical shifts
are relative to SiMe,, *'P chemical shifts to external 85% H,PO, and
Pt chemical shifts are relative to external 1M Na,[PtClg] in D,O.
HNMR experiments were performed from samples in CDCly/CHCI,
mixtures at room temperature with a Bruker Avance 500 operating at
76.75 MHz. "H NMR chemical shifts are relative to CDCl,. *'P{'"H} NMR
spectra were simulated on a Pentium-200 computer using the gNMR
V4.0.1 program."*’! The ESI-MS measurements were performed on a VG
Quattro Micromass Instrument. Experimental conditions were as follows:
10 L of sample was injected at 15 pLmin~'; capillary-counter electrode
voltage, 4.5 kV; lens-counter electrode voltage 1.0 kV; cone potential,
55 V; source temperature, 90°C; m/z range, 300-1600. The carrier was a
1:1 mixture of acetonitrile and water containing formic acid (1-20%).
ESI-MS and NMR data for complexes 1-5 synthesized in this work are
given in Table 1.

Evolution of complexes 1-5 under various experimental conditions as
well as the optimal conditions for their synthesis was obtained by moni-
toring the corresponding reactions by means of 'H and P NMR spec-
troscopy. These results are summarized in Table 2. The general procedure
consisted of adding controlled amounts of the reagent to a solution of
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the corresponding pure compound (50 mg) in solvent (10 mL). At differ-
ent times, usually every 20 min, aliquots were taken from the mother so-
lution, and were evaporated to dryness, and the 'H and *'P NMR spectra
in [D¢]DMSO or CDCl; were recorded. These showed that, except for
the reaction of 2 with excess NaSH that leads to an equimolar mixture of
two platinum complexes, the disappearance of the starting platinum com-
plex is concomitant with the formation of a new platinum species, which
does not undergo further conversion. However, the reaction times in-
volved for a maximum yield vary, ranging from 1 to 12 h. On the basis of
all these data, the synthetic procedures selected are described below.

Caution: Although no problem has been encountered in this work, all per-
chlorate compounds are potentially explosive, and should be handled in
small quantities and with great care!

Synthesis of [(dppp)Pt(H),(u-H)Pt(dppp)]ClO, (1): Solid [PtCl,(dppp)]
(500 mg, 0.74 mmol) was added to a solution of NaBH, (56 mg,
1.48 mmol) in absolute ethanol (100 mL) and the mixture was stirred at
room temperature for 4h. Addition of NaClO, (45 mg, 0.37 mmol)
caused precipitation of an off-white solid. This was collected by filtration,
washed with ethanol and diethyl ether, and vacuum dried. Yield 85 %; el-
emental analysis calced (%) for Cy,HssCIOP,Pt,: C 49.23, H 4.21; found:
C 49.12, H 4.13; IR: #=2033 (m; Pt—H); 1094 cm™' (s, br; ClO,). Diffu-
sion of diethyl ether into a solution of the solid complex in acetonitrile
afforded colorless crystals suitable for X-ray diffraction.

The deuterated analogue 1d was obtained by the same procedure with
[PtCl,(dppp)] and NaBD, at a 1:4 molar ratio. On the one hand, the
*H NMR spectrum of 1d is fully consistent with the deuteration of the
{Pt,H;} core: ZHNMR (CDCl; + CHCL) 6=-3.65ppm (t 2/(D,P)<
10 Hz, 'J(H,Pt)=71 Hz). On the other, the '"HNMR spectrum in the
high-field region gives evidence of the presence of {PtD,HPt} (6=
—3.62 ppm (qq, 2J(H,P)=40.2 Hz, 'J(H,Pt)=460.6 Hz), {PtDH,Pt} (6=
—3.65 ppm (qq, >J(H,P)=39.9 Hz, 'J(H,Pt)=459.0 Hz) and {PtH;Pt} (9,
%J(H,P) and 'J(H,Pt) values are given in Table 1). These results and ESI-
MS data show that complex 1d is an isotopic mixture of the trideuteride,
hydridodideuteride, dihydridodeuteride, and trihydrido complexes. The
three former species are in 75:15:10 molar ratios, while there is a negligi-
ble amount of the latter (<1%). The relative amounts are deduced from
the integration of the signals of the hydrido ligands with respect to the
protons of the aliphatic CH, groups in the phosphane ligands. The pres-
ence of all different isotopomers in the cation of 1d has already been re-
ported.[*!)

Synthesis of [(dppp)Pt(n-H)(u-S)Pt(dppp)1C1O, (2): Complex 1 (200 mg,
0.15 mmol) was added to a solution of Na,S-9H,0O (88 mg, 0.36 mmol) in
benzene (50 mL) and the mixture was stirred at room temperature for
6 h. The excess Na,S-9H,0 was filtered off. Concentration of the result-
ing solution to about 5mL and addition of diethyl ether yielded a
yellow-orange solid. This was washed with diethyl ether and vacuum
dried. Yield 85%; elemental analysis calcd (%) for CyH;;CIOP,Pt,S: C
48.13, H 3.96, S 2.38; found: C 48.01, H 3.82, S 2.49; IR: v=1094 cm™" (s,
br; ClO,). Recrystallization of this compound in benzene gave yellow
crystals suitable for X-ray diffraction.

The deuterated analogue 2d was obtained in about 75 % yield by replac-
ing 1 with 1d in the above procedure with Na,S at a 1:2 molar ratio. On
the basis of 'H and *H NMR data, 2d consists of a mixture of the {Pt(u-
D)(u-S)} and {Pt(u-H)(p-S)} cores at an approximate 86:14 molar ratio.
*H NMR (CDCl; + CHCly) 6 =—5.17 ppm (t, 2J(D,P(cis)) <5 Hz; /(D,P-
(trans)) =10.5 Hz; with satellites, 'J(D,Pt) =43.1 Hz).

Synthesis of [Pt(H)(SH)(dppp)] (3): Complex 1 (200 mg, 0.15 mmol) was
added to a solution of NaSH (126 mg, 2.25 mmol) in benzene (50 mL)
and the mixture was stirred at room temperature for 3 h. The remaining
solid residue was filtered off and the solution was concentrated to about
SmL. Addition of diethyl ether yielded a yellow solid. This was washed
with diethyl ether and vacuum dried. Yield 75%; elemental analysis
caled (%) for C,;H,P,PtS: C 50.54, H 4.40, S 5.00; found: C 50.49, H
4.36, S 5.12.

The deuterated analogue 3d was obtained in about 71 % yield by replac-
ing 1 with 1d in the above procedure. On the basis of 'H and *H NMR
data 3d consists of a mixture of the two {Pt(D)(SH)} and {Pt(H)(SH)}
fragments at an approximate 82:18 molar ratio. "H NMR (CDCl; +
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CHCl;, 6): —3.93 ppm (td, */(D,P(cis)) <5 Hz; %J(D,P(trans))=29.5 Hz;
'J(D,Pt) =145 Hz).

Synthesis of [(dppp)Pt(n-S)Pt(dppp)] (5): Complex 4 (200 mg,
0.16 mmol) was added to an solution of NaBH, (24 mg, 0.64 mmol) in ab-
solute ethanol (50 mL) and the mixture was stirred at room temperature
for 6 h. The resultant solution was filtered through Celite and the filtrate
evaporated to dryness. The solid residue was extracted with a few millili-
ters of benzene. The crude product was precipitated from the benzene so-
lution by addition of diethyl ether. The yellow solid thus obtained was
collected by filtration, washed with diethyl ether and vacuum dried.
Yield 85%; elemental analysis caled (%) for CsHs,P,Pt,S: C 52.00, H
4.20, S 2.57; found: C 51.92, H 4.22, S 2.60. Attempts to obtain crystals
suitable for X-ray diffraction were unsuccessful.

X-ray crystallographic characterization: A summary of crystal data, data
collection, and refinement parameters for the structural analysis of com-
plexes 1 and 2 is given in Table 7. Measurements of diffraction intensity

Table 7. Crystallographic data for complexes 1 and 2.
1:0.5(C;H;,0) 2

formula Cs,H;;ClO,P,Pt,-0.5C,H,,0 Cs,H;;ClO,P,Pt,SI
M, 1354.6 1347.5
crystal system monoclinic cubic

space group P2,n 143d

a[A] 17.1193(8) 31.1962(16)
b [A] 17.9197(9) 31.1962(16)
c[A] 17.1544(8) 31.1962(16)
a ] 90 90

B 102.027(2) 90

7 [°] 90 90

vV [AY 5147.0(4) 30360(2)

T [K] 100.0(1) 120(1)

z 4 24

Peatea [gEM ] 1.742 1.638

u [mm™'] 5.653 5.725
reflns collected 31887 78467

unique reflns (R;,) 26229 (0.0703) 4326 (0.084)
parameters/restraints  818/0 277172
goodness-of-fit on F*  1.079 1.094

R1, wR2 [I>20(])] 0.0244, 0.0512 0.0437, 0.0994
R1, wR2 (all data) 0.0386, 0.057 0.0635, 0.1118
largest diff. peak/hole  1.38/—1.387 0.652/—-0.859
[eA~]

[a] The ClO,™ ions show disorder (see text).

data were collected on a Bruker SMART CCD-1000 area-detector dif-
fractometer with graphite-monochromated Mok, radiation (A=
0.71073 A). Absorption correction was carried out by semiempirical
methods based on redundant and symmetry-equivalent reflections with
the aid of the SADABS program.”?! Cell parameters were obtained from
a least-squares fit on the observed setting angles of all significant intensi-
ty reflections. The structures were resolved by direct methods and refined
by full-matrix least-squares based on F?, with the aid of SHELX-97 soft-
ware.®! All non-hydrogen atoms were anisotropically refined. Hydrogen
atoms, except for hydride ligands, were included at geometrically calcu-
lated positions with thermal parameters derived from the parent atoms.
In compound 2 the solvent and anion molecules appear to be highly dis-
ordered thus making it difficult to model its position and distribution reli-
ably. Therefore, the SQUEEZE function was used to eliminate the con-
tribution of the electron density in the disordered solvent region from
the measured intensity data and therefore the solvent-free data was em-
ployed in the final refinement. The contribution of the disordered anions
to the diffraction pattern was incorporated in the model using PLATON/
SQUEEZE.M* A total of 1178 e~ were found in several voids with a total
volume of 3003 A%, The total amount of charge approximately accounts
for the remaining 24 ClO,~ ions disordered in the unit cell (24x50e™=
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1200 ¢”) needed to counterbalance the positive charge of the complex.
Molecular graphics are represented by Ortep-3 for Windows.

CCDC-606465 (1) and CCDC-606466 (2) contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Computational details: Calculations were performed with the GAUSSI-
AN 98 series of programs.*”! Density functional theory (DFT) was ap-
plied with the B3LYP functional.*) Effective core potentials (ECP) were
used to represent the innermost electrons of the platinum atom as well as
the electron core of P and S atoms.*”! The basis set for Pt was that associ-
ated with the pseudopotential, with a standard double-{ LANL2DZ con-
traction.*”) The basis set for the P and S atoms was that associated with
the pseudopotential, with a standard double-; LANL2DZ contraction!®!
supplemented with a set of d-polarization functions.*®! A 6-31G basis set
was used for C and the H bound to P or C atoms.””) For H atoms bound
to the Pt and S atoms or in H, molecule, a 6-31G(d,p) basis set was
used.®!
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Abstract: [(dppp).Pt2H3]C1O4 (1, dppp = PhoP(CH;);PPh,) was found to activate the C-S bond and
to cause partial hydrogenation of thiophene. Thus, the reaction of | with neat thiophene (T) at reflux
temperature yields [(dppp)Pt(SC4H4-C,S)] (I1) and [(dppp):Pt2(1-SC4Hs-C,S)]C104 (111) at a 2:3
molar ratio. The same reaction in toluene or benzene solvent affords the same complexes Il and 11
but in a 1:9 molar ratio. The concomitant formation of Il and Il1l was interpreted on the basis of
theoretical calculations (DFT), which have provided a detailed insight into the reaction mechanism.
Thus, the presence of T causes | to dissociate into [(dppp)PtH,] and [(dppp)PtH(C4H4S-«S)], this
process being a common step for the two ensuing reaction pathways. After dissociation, the
activation of thiophene C-S bond to yield Il involves participation of [(dppp)PtH2] exclusively.
However, the reaction leading to 11l requires the internal migration of the coordinated hydride to
thiophene ligand in [(dppp)PtH(C4sH4S-xS)] and the subsequent assistance of the {(dppp)Pt}
fragment formed from [(dppp)PtH2] by hydrogen elimination. As a result of the involvement of
[(dppp)PtH;] in the formation of both Il and Il the two reaction pathways are competitive. The
reactivity of Il and 111 with various sources of hydride ligands and different protonic acids has also
been examined. Thus, the reaction of Il with HBF4 leads to the thiolate bridged dinuclear complex
[(dppp)2Pt2(1-SC4Hs),](BF4), (1V). In the case of 111 the addition of HBF, leads to [(dppp)2Pt2(x-
SC4He)](BF4), (V), which transforms into Il by addition of base. The X-ray structural

characterization of the unprecedented complex V is here reported.
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Introduction

The reaction of thiophenes with homogeneous transition metals is considered a good strategy for
modeling heterogeneous reactions that occur during the hydrodesulfurization (HDS) of petroleum.!"”
%I This is a step in industrial oil refining in which sulfur is removed from crude oil by it being
chemically converted to H,S and hydrocarbon products.l” ¥ Conventionally, the HDS process
involves a reaction with hydrogen gas (up to 200 atm. pressure) at temperatures of 300-450 °C over
an alumina supported cobalt (or nickel) molybdenum catalyst. The evident importance of HDS
together with environmental regulations that dictate increasingly smaller amounts of sulfur in

[9, 10]

gasoline and gasoil fuels account for the current interest in developing more efficient

technologies. Several reviews of the results obtained in the search for new heterogeneous

11-15 [1,2,4,16-18

catalysts,"' "> in homogeneous modeling studies with transition metal complexes I'and in

St have already

computational studies dealing with several aspects of heterogeneous HD
appeared. Remarkably, despite the large number of studies, the mechanism for the heterogeneous
HDS of thiophenic molecules is not completely known and current technology has been
unsuccessful in treating these compounds to achieve the sulfur levels required by new legislation.
The reactions of thiophenes with soluble metal complexes have provided mechanistic

[1, 5, 24-26

knowledge of the HDS process. I Significantly, many metals (Ru, Os, Ir, Re, Pt, Pd) have

shown to be more active as HDS promoters than the molybdenum-cobalt (or nickel) mixtures

10.12-14.2730] Thyg. the reaction of thiophene (T) with mono- or

usually employed in industrial HDS.!
dinuclear transition metal complexes has usually led to the cleavage of a single thiophene C-S bond
and thus to the formation of a thiametallacycle as the product'® *'*!1 (Scheme 1, right hand side).
Concerning these reactions, the most thorough mechanistic study involves a mononuclear rhodium
species.™ Although no intermediates were detected in this reaction, the use of selectively
deuterated reagents and theoretical calculations made it possible to propose the corresponding

mechanism.!

#2441 In terms of mono- and dinuclear transition metal complexes, the only example of
a complete desulfurization of thiophene to butadiene was achieved by means of a binuclear
polyhydride iridium complex in the presence of a hydrogen acceptor compound.*! Several
intermediate species identified by NMR showed how the activation of the second C-S bond is
subsequent to the hydrogenation of the thiophenic chain. Within this context, it is worth noting that
in the examples where the first C-S bond activation is accompanied by hydrogenation (Scheme 1,

left hand side),*****"! the complete desulfurization has usually required further treatment with H,.

However, the same reaction with the thiametallacycle products is unreported.
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[M3] M1 = Mo, W, Fe,
Co, Rh, Ir, Pt, Ni
M3=Rh,Ir! \ / _____ L
Hydrogenation and S C-S Bond Activation
C-S Bond Activation [MH,] + i\ /;

Scheme 1. Reported products obtained in the reaction of T with [MHx] (x=0-3) transition metal
complexes.

In this paper, a binuclear polyhydride platinum complex was investigated for its ability to
react with T. An approach followed in earlier studies of platinum-mediated desulfurization of
thiophene, benzothiophene and dibenzothiophene involved their reaction with [(PEt;);Pt] and
subsequent treatment with various hydride reagents.”>) While the completely desulfurized
hydrocarbons were obtained from the three heterocycles, the amount of desulfurization in the case
of T was about 4%. Overall, the notion that two metal centers might be required for cleavage of

.91 and the fact

both thiophenic C-S bonds,"'” the high HDS activity shown by platinum metals!
that a polyhydride complex already contains the hydrogen needed for thiophene hydrogenolysis led
us to explore the reaction of [(dppp).Pt2H3]Cl1O4 (dppp = 1,3-bis(diphenylphosphanyl)propane) with
T and the mechanism of this reaction. Within the context of its possible relevance in the modeling
of HDS studies, we first investigated the reactivity of [(dppp).Pt:H3]ClO4 toward sulfur containing
species such as Na,S or NaSH. The set of reactions obtained provided solid evidence that behind
the apparent simplicity of platinum complexes containing Pt-H, Pt-SH or Pt-S fragments, there is an

outstanding chemistry.””

Results and Discussion

Experimental Results

The reaction between [(dppp):Pt:H3]C104 (1) and T was monitored by 'H and*'P NMR and mass
measurements until no further progress was observed. Consistently with literature data.l*> 3¢ #*!
high temperature, significant excess of thiophene with respect to the platinum complex and several

hours are required for optimum rate and yield. While under these experimental conditions we
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always observed the concomitant formation of two platinum complexes, their relative amounts were
dependent on the presence or absence of benzene or toluene solvent. The isolation procedure and

complete characterization of the complexes obtained are given in the Experimental Section.

The reaction of [(dppp):Pt2Hs]CIO, (1) with thiophene: Monitoring by *'P NMR spectroscopy
(Figure 1) indicated concomitant formation of a mononuclear and a dinuclear platinum species
(Scheme 2). However, neither the NMR nor the ESI MS data gave evidence of intermediate species
being formed. Similar observations were obtained in the monitoring of the reaction of I (0.15 mmol)
with thiophene (15 mL) in toluene or benzene solvent (15-20 mL) at reflux temperature. The only
difference in these reactions was the relative molar ratio of the two new platinum complexes formed
(2:3 in neat thiophene and 1:9 in toluene or benzene). According to the *'P and '"H NMR data
recorded during the reaction, both Il and Il not only form simultaneously but also maintain a

constant molar ratio until the end of the reaction.

-----
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Scheme 2. The mono and dinuclear platinum complexes obtained in the
reaction of | with thiophene.

The *'P NMR features of the reaction mixture that were attributable to a mononuclear
platinum complex, literature data®>**! and the peak at m/z = 692.2 in the ESI MS spectrum were
consistent with the formation of an unsymmetrical species by insertion of the {(dppp)Pt} fragment
into one thiophenic C-S bond. The formulation of this complex as [(dppp)Pt(SC4sH4-C,S)] (1) was
fully confirmed by *'P, '*°Pt-{'H} and bidimensional 'H and "*C spectra (NOESY, COSY, HMQC
C-H and HSQC-edit C-H). 'H and ">C NMR data were consistent with those reported for the related
[(PEt3),Pt(SC4H,4-C.S)] complex.*!
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Figure 1. Monitoring by S'P{'"H} NMR in CL1CD of the reaction of
[(dppp).Pt,H3]CIO4 (1) with neat thiophene evidences formation of

[(dppp)Pt(SC4H4-C,S)] (I1) and  [(dppp)2Pta(1-SC4Hs-C,S)]C104 (111)
after 6 h. and total consumntion of | after 20 h.

The remaining signals in the *'P NMR spectrum of the reaction mixture, together with 'H
NMR and ESI MS data obtained during the monitoring of the reaction of | with T gave evidence
that 111 was probably a dinuclear platinum complex. Full characterization of this complex after its
isolation by column chromatography from crude mixture after 20 hours of reaction allowed us to
formulate it as [(dppp).Pt2(1-SC4Hs-C,S)]C104 (111).

Thus, the *'P{'"H} NMR spectrum of 11 is second-order, consisting of two broad signals
(Figure 1) that fit well with the simulation of this spectrum including long-range P-Pt couplings
(Supporting Information). Concerning the '*>Pt{'"H} NMR spectrum, it displays the same pattern as
Il with broader signals. These features corroborate the dinuclear nature of 111 and the symmetrical
behavior of the bridging ligand. The SC4Hs ligand in 111 was fully characterized by 'H NMR, with
additional NOESY and COSY experiments, as well as by HMBC P-H and *C NMR (DEPT),
HSQC-edit C-H data. The °C chemical shifts at 126.10 and 137.10 ppm, which are in the proper
range for olefins, gave evidence of one double bond. This fact, in addition to the symmetry of the
complex, even at low temperatures, allows discarding an 77> coordination for this bridge and makes
the formulation {S-CH,-CH=CH-CH} as the most reasonable alternative.”" The stoichiometric

ratio of dppp to SC4Hs ligands in Il is 2:1 as deduced from the integration of the signals of the

- 111 -



Articulo 3

proton resonating at 5.43 or 5.61 ppm (corresponding to the -CH=CH- fragment) with respect to
those of the aliphatic CH, groups in the phosphane ligands, in agreement with the dinuclear nature
of I11. The absence of hydride ligands is fully confirmed by 'H and HMBC Pt-H NMR, and agrees
with infrared data. Finally, the ESI-MS spectrum shows a major peak at m/z = 1299.2401 [M'] that
fits well to the [(dppp):Pt2(SC4Hs)]" cation. Elemental analyses and IR data are consistent with 111

being an ionic molecule with ClO4™ as counterion.

Additional reactions: In order to further elucidate the mechanism leading to Il and Ill, and to
further analyze the reactivity of these complexes, we carried out complementary reactions. These
were monitored for several hours by *>'P and "H NMR as earlier described for the reaction of | with
T. In some reactions the deuterated analog of I, [(dppp).Pt.D3]ClO4 (1-d3), was employed, and in
these cases “H NMR spectra were also recorded. The synthesis and NMR features of |-d; have
already been reported.”” On the whole the NMR features allowed identification of the compounds
formed and eventually led to the synthesis and characterization of new complexes, as depicted in
Scheme 3.

The reactions involving I-d; gave evidence that complex | cleaves in the presence of
thiophene. Thus, the heating at reflux temperature of a 1:1 mixture of | and I-d; in the presence of
thiophene showed that after 6 hours all isotopomers [(dppp)Pt:HDx]’, x = 0-3, were present in
comparable amounts. However, when the same process was carried out in the absence of thiophene,
only negligible amounts of mixed species were present after 12 hours of heating. This indicated that
T, and not the presence of solvent, causes the cleavage of I, and that the breaking of the dinuclear
platinum complex | is a reversible process, both issues being consistent with literature data.”* In
addition to the above reactions, the use of |-d; provided information on the source and location of
the inserted hydrogen atom into the thiophenic chain of I1l. This was obtained by the reaction of |-
d;and T in toluene at reflux temperature, which afforded Il and I11-d;. Characterization of I11-d; by
'H, *H and "°C DEPT-135 NMR data allowed establishing that deuterium was bound to the carbon
atom next to sulfur.

Another set of experiments aimed at examining whether Il and 1l could convert into each
other even though the fact that their concentrations increased concomitantly during the reaction of |
with T, both in the presence and absence of toluene or benzene solvent, was indicative of parallel
reaction pathways. Within this context, Il and 11l were independently heated in toluene solvent at
reflux temperature for several hours, during which time no changes were observed. The same
procedure with a mixture of | (as a possible platinum and hydride source) and Il at various molar

ratios in toluene did not afford 111, thus reinforcing that Il and 11 are independently formed.
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While the reaction of | with T involves the activation of one C-S bond of thiophene, the
conditions for the cleavage of the second S-C bond in Il and Il were also examined. To this end,
complexes Il and 11l were made to react with protonic acids (HBF4, HCl) and hydride sources
(NaBHy, I). These reactions are summarized in Scheme 3 and the corresponding conditions given in

the Experimental Section.

The reaction of Il and III with HBF,. The reaction of Il with HBF, yielded the di-p-thiolato
dinuclear complex [(dppp)2Pt2(1-SCsHs)2](BF4)2 (1V) in high yield. Identification of this complex
was achieved on the basis of NMR data, which were fully consistent with those reported for the
[(PEt3)4Pto(1-SC4Hs),](BF4), analog, also obtained in a parallel reaction.™”

Remarkably, replacement of Il by Ill in the above reaction led to the unprecedented
complex [(dppp)2Pt2(1-SCsHg)](BF4)2 (V), whose formation involves the insertion of a proton in the
thiophenic chain of Il without cleavage of the dinuclear species. As shown in Scheme 3 this
reaction is easily reversed by addition of a base (NaMeO, NEt;). Characterization of V by solution
NMR measurements at room temperature evidenced the symmetrical behavior of the bridging
ligand with respect to the two platinum centers. They also allowed establishing that the proton
insertion in the bridging S-CH,-CH=CH-CH ligand in Ill had caused an electronic rearrangement
leading to an S-CH,-CH,-CH=CH species in V. As a result, one of the two o Pt-Cs bonds in 111l
evolved into a m-interaction with the C,=Cs double bond in V, consistently with '"H and *C-NMR
data. However, the symmetry observed in the latter complex for the phosphorus nuclei in the *'P{'H}
NMR spectrum indicated a fluxional behavior for the CH=CH ligand moiety, which was consistent
with low temperature *'P{'"H} NMR data. These showed that the two signals corresponding to the
phosphorous nuclei, particularly that at & 0.1 ppm, widen with decreasing temperature without
reaching complete decoalescence. According to the structure determined by single crystal X-ray
diffraction (see below), the features above are consistent with a fluxional behaviour for the bridging
ligand, which involves the ¢ Pt-Cs bond and the C,=C;s double bond to exchange sites between the

two platinum centres.

The reaction of II-V with HCI: The reaction of 11-V with a slight excess of HCI always led to the
separation of solid [(dppp)PtCl,] in high yield (ca. 75%). The ease of formation of this complex in
related systems is well known."® In the case of 111-V various thiols were also detected in the
reaction mixture by CG-MS, as depicted in Scheme 3. Thiophene was also identified in the reaction
of IV, and it was the only additional product in the case of I, both results being consistent with

reported data.l>
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Overall, the reaction of 11-V with HBF4 or HCI does not involve activation of the second
thiophenic C-S bond. Instead, these reactions allow the formation of thiols and, in the case of HCI,

the recovery of platinum as [(dppp)PtCL].

The reaction of II-V with I and NaBH,. Complexes I1-V did not react with | in toluene at reflux
temperature but started degrading after 12 h of heating as evidenced by the darkening of the
reaction mixture, which was attributed to the formation of Pt’. The same features were observed in
the attempts of reacting I1-V with NaBH4 at room temperature. However, with NaBH, the
darkening of the solution was accompanied by the formation of either T (Il) or H,S (111-V), the
former detected by GC-MS, and the latter by formation of silver sulfide. Significantly, no other

sulfur containing species were identified in these reactions.

On the basis of the reactions above it becomes apparent that the activation of the second
thiophenic S-C bond by hydride sources is only achieved in compounds I11-V. The reluctance of
this bond to be activated in Il is probably due to the greater aromatic character of the corresponding
thiametallacycle. In fact, the cleavage of the C-S bond in Il requires previous treatment with
protons in the presence of non coordinating counter ions (HBF4), which leads to 1V. Overall, the

activation of the C-S bond in 11-V by NaBH, involves the total decomposition of these complexes.

S
[Pt] + SH, P + @
AN ‘NaBHA ’NaBH4

N

NaBH, NaBH,

Pl P SN, A S
@,Pt\S/Pt‘D} (BF)p<HBFa. Q;P‘Q 74 k;ym PtQ,F,j,

\%

X

I
I
x HCl
HCl S HCl HCl
CqHeS @ o o
s
+ Pt
<F’ ~c

) A

+

AN "Nsn

Scheme 3. Overall reactivity of complexes I-V: a) No interconversion between Il and
111 is observed; b) Il with HBF, affords 1V and, similarly, I11 gives V; c¢) V goes back
to I11 by addition of a base (B = MeO’", Et;N); d) Complexes I1-V react with HCI, and
also with NaBH4 but not with .
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X-ray structure of the [(dppp)Pt(u-SC4Hg)Pt(dppp)]** cation: The structure showed evidence
for a twined crystal having two components related by a 2-fold rotation along the reciprocal axis c*.
The asymmetric unit of the unit cell contains two cations [(dppp)Pt(u-SC4He)Pt(dppp)]*" together
with three BF,” and one ClO4 anions, three acetone and one water molecules.”®! As the bonding
parameters of the two cations are comparable, the geometry and selected bond distances and angles
given in the text correspond to one of them (Figure 2, Tables 1 and 2).

While solution of the structure of the cation showed evidence for disorder of the bridging
SC4Hg¢ ligand, on the basis of the NMR data already described it was modeled as S-CH,-CH;-
CH=CH. On the other hand, crystallographic resolution of a related cobalt complex*!! allowed us to
consider that there were two bridging ligands with opposite orientation, in which the sulfur and
C=C double bond exchange sites and the double bond changes the platinum atom to which it is #’-
bound (effectively a C, rotation of the SC4Hg group perpendicular to Pt-Pt axis). Moreover, there
was no evidence for disordered atoms corresponding to {(dppp)Pt} moieties, suggesting that these
atoms lie in virtually the same locations in the disordered partners.

The bond lengths and angles observed for the SC4H¢ ligand are fully consistent with the
sequence S-CH,-CH,-CH=CH, whose atoms are puckered in such a fashion so that sulfur, C(2),
C(3) and C(4) are nearly planar, but with C(5) lying above this plane. While one of the platinum
atoms (Pt(1)) is bound to the SC4Hg bridge through sulfur and the C(4)-C(5) double bond, the other
platinum (Pt(2)) binds to the same sulfur but only to C(5) through a o-bond. As a result of the
different coordinative behavior of the bridging ligand two different square planar environments are
observed for the platinum centers. The platinum-platinum distance of 3.2272(6) A is consistent with
the only reported related species, where a weak metal-metal interaction is proposed.”*! Concerning
the terminal dppp ligands, they adopt a distorted chair conformation that compares very well with
that usually found in dinuclear complexes enclosing different bridging ligands between two
{(dppp)Pt"} fragments.">) This is the first example structurally characterized of a dinuclear

platinum compound resulting from the S-C activation of thiophene.
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Figure 2. Structure of the cation in complex V with 50%
probability displacement ellipsoids showing the two opposite
orientations (a/b) of the thiolate bridge. Anions, hydrogen atoms
and phenyl rings are omitted for clarity.

Table 1. Selected distances (A) for the
cation of complex V.

Distances™
Pt(1)-S(1A)  2339(4)  Pt(2)-S(1B) 2.343(6)
Pt2)-S(1A)  2.357(4)  Pt(1)-S(1B) 2.391(6)
Pt(1)-C(GA)  2.255(12)  Pt(2)-C(5B) 2.3002)
Pt(2-CGA)  2119(12)  Pt(1)-C(SB) 2.23(2)
P(1)-C(4A)  2.376(15)  Pt(2)-C(4B) 2.38(2)

S(1A)-C(2A)  1.789(11)  S(1B)-C(2B) 1.786(13)
C(2A)-C(3A)  1569(14) C(2B)-C(3B) 1.572(15)
C(3A)-C(4A)  1616(14) C(3B)-C(4B) 1.618(15)
C(4A)-C(5A)  1.131(14) C(4B)-C(5B) 1.131(15)

Pt(1)-P(1) 2273(2)  Pt(2)-P(3) 2.261(2)
Pt(1)-P(2) 2284(2)  Pt(2)-P(4) 2.281(2)
Pt(1)-Pt(2) 3.2272(6)

[a] The a/b labels refer to the two
disordered SC4H, fragments
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Table 2. Selected angles (deg) for the cation of
complex V.

Angles?

Pt(1)-Pt(2)-S(LA) 46.36(10)  Pt(2)-Pt(1)-S(1B)  47.64(16)
Pt(2)-Pt(1)-S(LA) 46.83(11)  Pt(1)-Pt(2)-S(1B)  46.41(15)

Pt(1)-Pt(2)-C(5A)  44.1(3) Pt(2)-Pt(1)-C(5B)  45.4(6)
Pt(2)-Pt(1)-C(5A)  40.8(3) Pt(1)-Pt(2)-C(5B)  43.8(6)
Pt(1)-S(1A)-Pt(2) 86.81(13)  Pt(2)-S(1B)-Pt(1)  85.9(2)
Pt(1)-C(5A)-Pt(2)  95.0(5) Pt(2)-C(5B)-Pt(1)  90.8(7)
S(LA)-Pt(1)-C(5A)  80.5(3) S(1B)-Pt(2)-C(5B)  80.4(5)
S(1A)-Pt(1)-C(4A)  79.1(3) S(1B)-Pt(2)-C(4B)  77.4(4)
S(1A)-Pt(2)-C(5A)  82.9(3) S(1B)-Pt(1)-C(5B)  82.8(5)

S(1A)-C(2A)-C(3A)  113.4(8)  S(1B)-C(2B)-C(3B)  110.4(10)
C(2A)-C(3A)-C(4A) 1152(10)  C(2B)-C(3B)-C(4B) 116.0(12)
C(3A)-C(4A)-C(5A) 137.3(12)  C(3B)-C(4B)-C(5B) 141.2(16)
Pt(1)-S(1A)-C(2A)  102.9(5)  Pt(2)-S(1B)-C(2B)  104.8(7)

Pt(2)-S(1A)-C(2A)  92.7(6) Pt(1)-S(1B)-C(2B)  90.7(10)
Pt(1)-C(5A)-C(4A)  81.9(9) Pt(2)-C(5B)-C(4B)  80.0(16)
Pt(2)-C(5A)-C(4A)  1150(10)  Pt(1)-C(SB)-C(4B)  114.5(14)
P(1)-Pt(1)-S(1A) 94.37(11)  P(3)-Pt(2)-S(1B) 94.64(16)
P(4)-Pt(2)-S(1A) 94.34(11)  P(2)-Pt(1)-S(1B) 94.29(16)
P(2)-Pt(1)-C(5A) 93.8(3) P(4)-Pt(2)-C(5B) 92.4(6)
P(3)-Pt(2)-C(5A) 90.1(3) P(1)-Pt(1)-C(5B) 90.7(5)
P(1)-Pt(1)-C(5A) 164.4(3)  P(4)-Pt(2)-S(1B) 171.63(17)
P(2)-Pt(1)-S(1A) 173.08(11)  P(1)-Pt(1)-S(1B) 173.54(16)
P(3)-Pt(2)-S(1A) 172.45(11)  P(3)-Pt(2)-C(5B) 171.9(5)
P(4)-Pt(2)-C(5A) 171.4(4)  P(2)-Pt(1)-C(5B) 174.6(7)
C(5A)-Pt(1)-C(4A)  28.1(4) C(5B)-Pt(2)-C(4B)  27.9(4)
P(1)-Pt(1)-P(2) 92.13(8)  P(3)-Pt(2)-P(4) 92.99(8)
P(1)-Pt(1)-Pt(2) 126.72(6)  P(3)-Pt(2)-Pt(1) 128.55(6)
P(2)-Pt(1)-Pt(2) 129.58(6)  P(4)-Pt(2)-Pt(1) 129.30(6)
[a] The a/b labels refer to the two disordered
SC4Hg fragments

Computational study of the reaction mechanism of I with T

Computational chemistry has proven to be a useful tool in mechanistic studies of homogenous
catalytic processes.”® >"! However, theoretical analyses of HDS mechanisms using organometallic

[43-44] and in general have focused on investigating the nature and energetics

reagents are still scarce,
of the interactions between T and single-metal organometallic complexes.”*®* In this section we
present a complete computational study of the reaction mechanism of | with T using DFT methods.
From this study and the experimental results presented above we propose a plausible reaction
pathway for the formation of complexes Il and I11.

All complexes have been modeled using H,P(CH;),PH, (dhpp) instead of the actual dppp
ligand. The calculated intermediates are numbered from 1 to 10 and the transition states are labeled
as TS1, TS2, etc... The van der Waals complexes are indicated by 2a:-:2b while 2a+2b indicates

the sum of the energies of the individual species. Giving the cationic nature of some intermediates

the inclusion of solvent is mandatory to obtain a reliable energy profile. Thus, the relative energies
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of intermediates and reaction barriers calculated in benzene are given in the Schemes. The resulting
AG values in benzene, and details of geometries of the transition states are given in the Supporting

Information.

Fragmentation of the dinuclear [(dhpp).Pt,Hs]" cation (1): All attempts to make 1 to react with
T have led to the cleavage of the dinuclear platinum complex with the concomitant coordination of
T to one of the platinum centers. In this way two mononuclear Pt(II) complexes are formed:
[(dhpp)PtH,] (2a) and either [(dhpp)PtH(C4H4S-x5)]" (2b) or [(dhpp)PtH(77-C4HiS)]™ (3b),
depending whether the coordination mode of thiophene to platinum is through sulfur or a double
bond, respectively. As shown in Scheme 4, both types of coordination involve similar energy
barriers: 16.0 kcal/mol (TS1) to give 2a and 2b; and 17.4 kcal/mol (TS2) to give 2a and 3b. Also,

both pathways are clearly endothermic with the products being 21 kcal/mol above reactants.

P//,, \H \\P
1+T < Pt 17.8
0.0 - 7| \TSZ
P [17.4] by H. _PY
1T < o P > 2a+3b
2.1 P u \\7 P 21.4
2a---3b
16.2

Scheme 4. Reaction pathway proposed for the fragmentation of | (1). Relative energies of
intermediates and energy barriers (in brackets) are included. All values calculated in benzene
solvent (kcal/mol).

The energy for the cleavage of 1 was also calculated in the absence of T in order to quantify
the thiophene-assistance to the fragmentation process. The energy cost associated to the formation
of [(dhpp)PtH]" and [(dhpp)PtH:] (2a) from [(dhpp)Pt;H3]" in benzene is 39.5 kcal/mol, thus,
considerably higher than in the presence of thiophene (21.7 kcal/mol).

Formation of [(dhpp)Pt(C4H4S-C,S)] (6a): Both 2a and 2b species are candidates to afford the

{(dhpp)Pto} fragment, which is the precursor of 6a (11). However, theoretical calculations show that
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formation of this fragment by reductive elimination of H, from 2a is much more easily achieved
than the elimination of a S-protonated thiophene from 2b. The calculated energy for the latter
reaction is 69.5 kcal/mol, too high to be feasible. Consequently, only the reaction from 2a to yield
6a has been taken into account. Concerning energy values, as 2a and 2b can exist as separate
entities in solution, they are taken as the zero of energy in the following discussions.

The set of reactions that account for the evolution from 2a to 6a (Scheme 5) is initiated by
the concomitant reduction of platinum and elimination of H; (2a) to give [(dhpp)Pt] (3a), which is
24.7 keal/mol less stable than 2a. This is consistent with already reported experimental®*” and

68-991 studies. The energy barrier for the H, elimination is given by the energy difference

theoreticall
between 3a+H; and 2a. However, as this energy increases monotonously along the H; elimination
process the TS cannot be found. This dissociative reaction is entropically favored and,

consequently, considering AGpenzene Values, 3a+Hj lie only 14.5 kcal/mol above 2a.

AN = TS4

—_—

P. P\ S A
T < PUS < /Pt\__>
/ P e 28 P
P M <P\ 21.4 0.7
-

P —~" Pt
<p “H M, P~ TS3|| [12.4]
2a 3a
0.0 247 1 <P\Pt—'l/s
e
4a
15.3

Scheme 5. Reaction pathway proposed for the formation of Il (6a). Relative
energies of intermediates and energy barriers (in brackets) are included. All values
calculated in benzene solvent (kcal/mol).

The next step is the coordination of thiophene to 3a, which, analogously to the [(dhpp)PtH]"
fragment (Scheme 4), can occur through either the sulfur atom or the double bond, thus forming
[(dhpp)Pt(C4H4S-&S)] (5a) or [(dhpp)Pt(7*-C4H4S)] (4a), respectively. The conversion of 4a to 5a
is possible through an energy barrier of 12.4 kcal/mol (TS3). In addition, despite 4a being more
stable than 5a (see Scheme 5), the oxidative addition of platinum to the C-S bond requires that T is
bound through sulfur. The energy barrier for the oxidative addition process is 12.8 kcal/mol (TS4).
Considering the two steps (H, elimination + C-S insertion) TS4 lies 34.2 kcal/mol above 2a.
However, the insertion product [(dhpp)Pt(C4H4S-C,S)] (6a, Scheme 5) is remarkably stable, as

shown by the exothermicity of the insertion process (from 3a to 6a).
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Transfer of hydride from the metal to thiophene: The cationic complex 2b formed in the first
step of the reaction (Scheme 4) follows a different route than 2a. First, the apparent rotation of
thiophene from xS to 7°-C,C coordination mode gives way to complex [(dhpp)PtH(7’-C4H4S)]"
(3b) with an energy barrier of 5.0 kcal/mol (TS5) (Scheme 6). 3b can also be formed by direct
reaction of 1 with T through TS2 (Scheme 4).

! 4b 5b 6 | 7b
: 9.9 3.6 + -8.8 ! 6.3
1
ks H] I
! BN MHH TS7 p H ng P. 1t E TS9 P
: —/  [26] P~ 53] S~ S 1 [2L0] N s
i HoH: noH
! '
i T8 12.6) i ’
i H T+
' S ' 1+
:<P\ H TS5 <P\p/H TSlO < Pt\gj TSll < @H ' TS12 <P\Pt B H
1 ~
P Q p/ \/ S [11.9] B3 s/ ips3 P e
E 2b 0.8 _5_3 E 15.5
H |

Scheme 6. Reaction pathway proposed for hydride insertion in 2b. Relative energies of
intermediates and energy barriers (in brackets) are included. All values calculated in benzene
solvent (kcal/mol).

Once 3b is formed, the hydride migration to the double bond in C, or C; becomes feasible.
The migration to C, gives an agostic intermediate 4b with an energy barrier of 12.6 kcal/mol (TS6).
In going from 4b to 5b the agostic interaction is lost and the thiophene ring rotates in order to adopt
a 1 coordination. The energy cost of this process is very low, only 2.6 kcal/mol (TS7). Finally,
from 5b a subsequent rotation of the thiophene ring with an energy barrier of 5.3 kcal/mol (TS8)
gives the most stable conformation of this system (6b), 8.8 kcal/mol more stable than 2b. In 6b the
platinum is bonded to Cs and to the sulfur, and the m-system has been rearranged.

From 3b the hydride migration to C; proceeds in a similar way with an energy barrier of
11.9 kcal/mol. After the first transition state (TS10) an agostic intermediate 8b is formed. The
rotation of the thiophenic group in this case gives compound 9b, where Pt is bonded to the C, and
sulfur atoms. This product is 5.3 kcal/mol more stable than 2b.

Considering the energy barriers for the hydride transfer and for the thiophene ring rotation,
all species displayed in Scheme 6 within the dashed-line square are in equilibrium with each other,
although it is displaced towards formation of 6b. From this complex, the C-S bond activation of
thiophene to give complex 7b is accessible with an energy barrier of 21.0 kcal/mol. It was also
considered the C-S bond activation from the less stable 9b complex. This activation has not only a

higher energy barrier (25.3 kcal/mol) but also it is a more endothermic reaction. Thus, while 7b is
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6.3 kcal/mol above 2b, 10b is 15.5 kcal/mol, so the activated product 7b is clearly favored with
respect to 10b.

Formation of the [(dhpp)Pt(u-SC4Hs-C,S)Pt(dhpp)]* cation (10): Up to now the successive
pathways leading to complexes 6a and 7b have been considered separately (Schemes 4 to 6). In this
subsection they will be assembled to enable the formation of 10, model of the experimental
complex I1l. The overall mechanism is summarized in Scheme 7, where the complexes described in
the experimental section are high-lighted within dashed-line squares. The energy profile for the
sequence of reactions that take place after fragmentation of | to finally afford 6a and 10 is depicted
in Figure 3.

As shown in Scheme 7, fragmentation of the binuclear platinum trihydride leads to 2a and
2b. At this point, these complexes react through different pathways. On the one hand, complex 2a
undergoes H, elimination to give 3a, which subsequently reacts with thiophene to yield 6a (11). On
the other, the hydride migration to C, in complex 2b (more favored than to C;) leads to 6b. This
intermediate is able to activate the C-S bond to give the very unstable 7b complex. Reaction of the
latter species with 3a gives the dinuclear platinum complex 10 without energy barrier (Figure 3).
The energy of this complex is 29.5 kcal/mol below that of 2a+2b and, despite the unfavorable
entropic contribution of the association process, the 2a+2b — 10 reaction is also favored in Gibbs

energy grounds with AGpenzene = - 20.8 kcal/mol.

_______________________________ P. Hl1T *

6b 7b
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Scheme 7. Reaction pathways proposed for the formation of 6a (I1) and 10 (111).
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Figure 3. Energy profile of the reaction leading to complexes 6a (I1) and 10 (I11),
showing the pathway: a) from the dissociation of 1 (2a+2b) either to product 6a or to
intermediate 7b, by means of plain or discontinuous lines, respectively, and b) from
3a+7b to 10 by dotted lines.

Calculations versus experiments: All previous considerations account for the overall mechanism
from 1(l) to either 6a (Il) or 10 (I1l). The next step is to analyze their consistency with the
experimental results. Thus, concerning the reaction of | with I-ds, the formation of a mixture of
isotopomers 1-dy (x=0-3) was experimentally observed only in the presence of thiophene at reflux
temperature. This is consistent with the equilibrium between 1+T and 2a+2b depicted in Scheme 4.
This reaction has an energy cost of 21.7 kcal/mol while the fragmentation of | without the presence
of thiophene requires 39.5 kcal/mol. On other hand, replacement of | by |-d3in the synthesis of 111
showed that the hydrogen atom inserted into the thiophenic ring comes from | and adds to the C;
atom. This result fits well with the mechanism showed in Scheme 7, in which the formation of
10(11T) involves an initial insertion of the hydride into the C; position of the coordinated thiophene
in 2b.

The general mechanism proposed can also account for the non interconversion between 11
and 11 even in the presence of external hydride ligands. Comparison of Il and I11 indicates that this
transformation would imply the hydride insertion into the thiophenic ring of 1l and the subsequent
coordination of an additional {(dppp)Pt} fragment. On the basis of Scheme 7 two steps leading to

I11 deserve special consideration. First, the intramolecular hydride migration in species 2b, which
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entails a low energy barrier, and second, the stabilization of the intermediate 7b by means of its
coordination to a [(dppp)Pt] fragment. Remarkably, none of these two features can be accomplished
in the experimental system. On the one hand, Il does not enclose platinum bound hydride ligands,
thus hampering an intramolecular hydride migration. On the other, formation of 111 would require
the assistance of the [(dppp)Pt] fragment, which only forms from the thiophene-promoted
dissociation of . Overall, theoretical results account for the fact that Il does not evolve into 111
even in the presence of | or NaBHa.

Another experimental feature of the reaction of | with T refers to the different relative
amounts of the reaction products, Il and Ill, depending on the reaction conditions. Thus, the
reaction affords Il (6a) and 111 (10) in a 2:3 or 1:9 molar ratio using neat thiophene or organic
solvent (toluene or benzene), respectively. The energy profile depicted in Figure 3 shows that the
highest energies involved in the formation of 6a and 10 (TS4 : 34.2 kcal/mol and 3a+7b: 31.0
kcal/mol, respectively) are very similar. Consequently, small changes in the reaction conditions can
affect these energies modifying the molar ratio of products. In addition, the concentration of
thiophene also influences the 11 to 1l molar ratio because the two parallel pathways leading to 6a
and 10 involve a different number of thiophene molecules. The minor relative amount obtained for
Il in benzene or toluene can be explained considering that two molecules of T are required to form
this complex, one to dissociate the starting complex 1 and the other to react with 3a (see Scheme 7).
Overall, the formation of Il in toluene or benzene will be disfavored versus Il whose formation

requires only one molecule of T.
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Conclusions

C-S bond activation of thiophene (T) by the binuclear trihydride platinum complex
[(dppp).Pt,H3]CIO4 (1) afforded the mononuclear [(dppp)Pt(SC4Hs-C,S)] (I1) metallacycle that
involves activation of the thiophenic C-S bond exclusively, and the dinuclear [(dppp).Pt2(1~-SC4Hs-
C.9)]ClO4 (Il) complex, where activation of this bond is concomitant with the partial
hydrogenation of thiophene (Scheme 2).

Additional experiments and computational results have evidenced the role of T as promoter
of the cleavage of | into the [(dppp)PtH.] and [(dppp)PtH(C4H4S-xS)]" fragments in the first step of
the reaction. Also, experimental observations showing the non interconversion equilibrium between
/111 indicate that two concurrent mechanisms are at work. This is fully consistent with the
theoretical calculations, which allow us to propose two different reaction pathways that originate
after the dissociation of I. While formation of Il involves exclusive participation of the former
fragment, both are required to take part in the pathway leading to Ill. In fact, formation of this
complex implies the coordination of {(dppp)Pt} to [(dppp)Pt(x-SC4Hs-C,S)]" (Scheme 7). The
former species, that originates from [(dppp)PtH:], is responsible for the stabilization of the latter,
which arises from the hydride migration into the thiophenic ring in [(dppp)PtH(C4H4S-xS)]" and
subsequent C-S bond activation. Remarkably, complex Il is the first example of a platinum
complex involving C-S bond activation and hydrogenation of thiophene.

The reactions of platinum complexes I1-V with protonic acids and hydride sources have
shown the ability of these reagents to give total desulfurization (Scheme 3). Thus, the reaction of 11
and I11 with protonic acids affords either partial hydrogenation of the thiophenic chain (with HBF,)
or formation of thiols (with HCI). On the other hand, the reaction with NaBHj4 entails the formation
of H,S only from complexes where the thiophenic chain has been partially hydrogenated (111-V).
This result is consistent with the assumption that metal hydride complexes are keystones in the
desulfurization of thiophene.

Overall, the combination of experimental and theoretical studies of the reaction of
[(dppp).Pt,H3]CIO4 with thiophene has provided new insights into the mechanism of the
homogeneous HDS. Notwithstanding this progress, designing systems able to perform the reaction
of completely and efficiently desulfurizing thiophene and in softer conditions still appears to be the

main goal. The importance of this reaction makes any effort in this direction worthwhile.
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Experimental section

Materials and methods
All reactions were carried out under an atmosphere of pure dinitrogen, and conventionally dried and
degassed solvents were used throughout. These were Purex Analytical Grade from SDS. Thiophene
(>99%) was purchased from Aldrich. It was purified following a reported procedure!’”,
Commercial 0.5 M NaMeO in methanol and NEt; (99%, d = 0.726 g/cm3) were used without
further purification. The synthesis and spectroscopic characterization of [(dppp).Pt.H3]CIO4 (1) and
[(dppp)-Pt,D3]C10,4 (1-d3) as well as the X-ray structure of | have already been reported.”™”
Elemental Analyses were performed on a Carlo-Erba CHNS EA-1108 analyzer. IR spectra were
recorded on a Perkin Elmer FT-2000 spectrophotometer using KBr pellets. 'H, 'H{*'P}, '°C DEPT,
'p, 3'p('H} 'P-"H HMBC '°Pt and '°Pt{'"H} NMR and 'H-'H NOESY, 'H-'H COSY, “C-'H
HMQC and "C-"H HSQC-edit spectra were performed unless otherwise indicated from samples in
solution at room temperature with a Bruker Avance DRX-360 spectrometer operating at 360.13
MHz for lH, 90.56 MHz for 13C, 145.79 MHz for *'P and 77.42 MHz for '*’Pt. 'H and *C chemical
shifts are relative to SiMes, *'P to external 85% H3PO4 and '*°Pt to external 1M Na,[PtCly] in D-O.
The *'P{'H} NMR spectrum of Il was simulated on a Pentium-200 computer using the gNMR
V4.0.1 program.’"! ?H NMR experiments were performed from samples in CDCly/CHCl; mixture
solutions at room temperature with a Bruker Avance-500 operating at 76.75 MHz. ‘H NMR
chemical shifts are relative to CDCl;. ""F NMR experiments for 1V and V were performed from
samples in acetone solutions at room temperature with a Bruker DPX-250 operating at 235.33
MHz. ’F NMR chemical shifts are relative to CFCls. H and C labels for complexes I11-V are
shown in Figure 4.

The ESI-MS measurements were performed on a VG Quattro Micromass Instrument under

(597 The carrier was a 1:1 mixture of acetonitrile and

already described experimental conditions.
water containing formic acid (1-10 %). The exact mass for 1l was determined on a micrOTOF-Q
instrument using direct injection from HPLC 1200RR and Apollo II ESI ionization source. GC-MS
spectra were recorded using a Hewlett-Packard 6890 instrument and a Hewlett-Packard 5973
electronic impact mass detector.

Caution: Although no problem has been encountered in this work, all perchlorate compounds are

potentially explosive, and should be handled in small quantities and with great care!
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Figure 4. H and C labels for complexes 111-V

Synthesis of [(dppp)Pt(SC4H4-C,S)] (I1): The white-beige suspension formed by addition of |
(200 mg, 0.15 mmol) to 15 mL of degassed neat thiophene was heated at reflux temperature (100 °C)
for 24 h, by which time it had turned into a red-brown solution containing a minor amount of a
black solid residue. This was separated by filtration through Celite and the remaining solution
evaporated under vacuum to yield a brown residue. This solid was dissolved in toluene and the
solution chromatographed on a neutral alumina column. Elution with a hexane/benzene mixture at
20% ratio showed separation of two bands, yellow and red-brown, which respectively contained
complexes Il and Ill. Extraction of the former band followed by removal of the solvent under
vacuum produced a residue that was dissolved in acetone and precipitated with diethyl ether. The
yellow solid thus formed was collected by filtration, washed with diethyl ether, and vacuum dried.
Yield: 52 mg, 25%. 'H NMR (360 MHz, CDCls, 25 °C): & = 6.75 (t, 1H, CH), 6.92 (1H, CH), 7.18
(1H, CH), 7.34 (1H, CH) ppm. >C NMR (91 MHz, CDCls, 25 °C): 8 = 119.11 (CH), 120.80 (CH),
124.44 (CH), 130.19 (CH) ppm. *'P{'H} NMR (146 MHz, CDCls, 25 °C): & = 6.56 (d, 'Jpp =
3064.42 Hz, “Jpp = 33 Hz), -1.10 (d, 'Jpip = 1601.85 Hz, Jpp = 33 Hz) ppm. '*°Pt NMR (77 MHz,
CDCl3, 25 °C): & = -4525 (dd, lJp,pt = 3066 and 1605 Hz) ppm. ESI-MS: m/z = 692.2 [M+1]".
Cs1H30P2PtS (691.2): caled. C 53.83, H 4.37, S 4.64; found C 53.95, H 4.29, S 4.75. Attempts to

obtain crystals suitable for X-ray diffraction were unsuccessful.

Synthesis of [(dppp)2Ptz(u-SC4Hs-C,S)]CIO,4 (111): The same reaction procedure as for Il but in
the presence of toluene or benzene leads essentially to I11. Thus, 1 (200 mg, 0.15 mmol) and 15 mL
of neat thiophene were made to react in 20 ml of degassed toluene or benzene. Column
chromatography under the same experimental conditions as above allowed elution of the second
red-brown band with benzene. Removal of the solvent under vacuum produced a residue that was
dissolved in acetone and precipitated with diethyl ether. The precipitated yellow brown solid was

collected by filtration, washed with diethyl ether, and vacuum dried. Yield: 83 mg, 43%. 'H NMR
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(360 MHz, d¢-acetone, 25 °C): & = 1.62 (br, 2H,), 2.77 (br, Hy), 5.36 (dt, 3JHbHa = 3.6 Hz, 3JHb,HC =
9.4 Hz, Hy), 5.46 (dt, *Jucmy = 9.4 Hz, *Jucna = 8.2 Hz, H) ppm. >C- DEPT NMR (91 MHz, d¢-
acetone, 25 °C): 8 = 33.0 (Cy), 42.7 (Cs), 126.10 (C3), 137.10 (C,) ppm. *'P{'"H} NMR (146 MHz,
ds-acetone, 25 °C): & =3.02 (d, 'Jpp = 3869.61 Hz), 1.96 ('Jpp = 1857.00 Hz) ppm. On the basis of
the simulation of the *'P{'H} NMR spectrum including long-range P-P and P-Pt couplings: *Jp: p =
22 Hz, 3JP’,P” =475 Hz and 2Jp’,p»» = -22.3 Hz, where P’ and P’’ are non equivalent phosphorus
nuclei, and “Jp.p = 56 Hz (P at 1.96 ppm) and 37 Hz (P at 3.02 ppm). "’Pt{'"H} NMR (77 MHz, ds-
acetone, 25 °C): & = -4670 (dd, 'Jpp = 3872 and 1867 Hz) ppm. ESI-MS: m/z = 1299.2401 [M-
ClO4]". CsgHs7P4Pt,SClOy4 (1399.64): caled. C 49.77, H 4.10, S 2.29; found C 49.02, H 3.82, S 2.11.
IR (cm™): v = 1094 i, br (ClO4). Attempts to obtain crystals suitable for X-ray diffraction were
unsuccessful.

Replacement of | by I-d;in the above reaction procedure allowed unequivocal identification
of [(dppp)2Pta(1-SC4H4D-C,S)]™ (111-d;) on the basis of NMR data. 'H NMR (360 MHz, dg-acetone,
25 °C): & = 1.63 (br, H,), 2.77 (br, Hy), 5.36 (br, Hy), 5.46 (br, H) ppm. *H NMR (77 MHz,
CDCIl3/CHCls, 25 °C): 8 = 1.58 (br, D,) ppm. C-DEPT NMR (91 MHz, de-acetone, 25 °C): & =
32.6 (C,), 42.7 (Cs), 126.10 (C3), 137.10 (C4) ppm. NMR features corresponding to the dppp

terminal ligands were coincident with those of 111.

Synthesis of [(dppp)2Pt2(u-SCsHs)2](BF4)2 (1V): Aqueous HBF4 (70 puL of 4M solution, 0.28
mmol) was added to a solution of Il (50 mg, 0.07 mmol) in CH;CN (10 ml). The mixture was
stirred (15 min) and then evaporated to 5 mL under vacuum. Addition of diethyl ether gave a white
precipitate, which was dissolved in ethyl acetate and purified on a neutral alumina column using the
same solvent as eluent. Evaporation of the solvent afforded a white solid. Yield: 47 mg, 84%. 'H
NMR (360 MHz, CD;CN, 25 °C): 8 =4.75 (d, *Jianie = 10 Hz, *Jian < 1 Hz, Hy), 4.90 (d, *Jip 11 =
16.5 Hz, Hp), 5.34 (dt, *Jicra = Jiena = 10 Hz, *Jiew = 16 Hz, He), 5.45 (d, *Jiena = 10 Hz, Ho),
5.74 (t, *Juape = Juane =10 Hz, Hg) ppm. C-DEPT NMR (91 MHz, CDsCN, 25 °C): 136.62 (C,),
127.44 (C3), 120.80 (C), 117.42 (Cs) ppm. *'P{'H} NMR (146 MHz, CD;CN, 25 °C): -2.00 ('Jp.p
= 2897.39 Hz) ppm. '’F NMR (235 MHz, dg-acetone, 25 °C): -152.2 ppm. '’Pt{'"H} NMR (77
MHz, CD;CN, -20 °C): -4415.84 ppm. Ce,Hg:B2FsP4Pt2S, (1558.94): caled. C 47.77, H 4.01, S
4.11; found: C 4796, H 4.16, S 4.27. ESI MS (m/z): 693.5 (25%) corresponding to
[(dppp)2Pt2(SC4Hs),]*", and 1387.0 (100%) corresponding to [(dppp)2Pt2(SC4Hs),]". IR (cm™): v =
1051 1, br (BF3).
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Synthesis of [(dppp)2Pt2(1-SC4He)](BF4)2 (V): Aqueous HBF4 (50ul of 4M solution, 0.20 mmol)

was added to a solution of 111 (75 mg, 0.05 mmol) in degassed acetonitrile (10 mL) and the mixture
stirred for 30 min. Then, it was filtered through Celite, concentrated to 1-2 ml and precipitated with
addition of diethyl ether to yield a yellow solid. The solid was collected by filtration, washed with
diethyl ether, and vacuum dried. Yield: 65 mg, 82%. "H NMR (360 MHz, dg-acetone, 25 °C): & =
2.67 (br, 2Hy), 2.78 (br, 2H,), 5.31 (dt, *Jien = 3.2 Hz, *Juena = 9.2 Hz, He), 5.90 (d, *Jiq e = 9.2
Hz, Hg) ppm. “C-DEPT NMR (91 MHz, dg-acetone, 25 °C): & = 26.81 (C>), 33.32 (C3), 119.73 (C5),
129.74 (C,) ppm.”'P{'H} NMR (146 MHz, dg-acetone, 25 °C): & = 0.10 (d, 'Jpp = 2612.45 Hz), -
0.92 ("Jpip = 2965.30 Hz) ppm. ’Pt{'"H} NMR (77 MHz, de-acetone, 25 °C): & = -4675 (dd, ' Jpp =
2612 and 2966 Hz) ppm. '°’F NMR (235 MHz, de-acetone, 25 °C): & = -152.2 ppm. ESI-MS: m/z =
650.3 (15%) and 1300.3 (100%) corresponding to [(dppp)2Pt2(SC4He)]*" and [(dppp)2Pt2(SC4He)]",
respectively. CssHsgB,FgP4Pt,S (1474.80): caled. C 47.23, H 3.96, S 2.17; found: C 47.14, H4.01, S
2.12. IR (cm™): v=1051 i, br (BF,).

The same reaction procedure but using only 1.2 equivalents of HBF, allowed separation of a

yellow solid, whose acetone solution afforded adequate crystals for X-ray diffraction.

Reaction of V with bases (NaMeO, Et3;N). To a suspension of V (75 mg, 0.05 mmol) in CH;CN
(10 mL) was added a methanol solution of NaMeO (100 uL, 0.05 mmol) or Et;N (17.5 pL, 0.125
mmol). In both cases the resulting solution was stirred at room temperature for 30 min, after which
time it was concentrated to dryness. Then, the solid was redissolved in benzene, filtered and
precipitated by addition of diethyl ether. '"H and *'P NMR data of this solid in acetone solution

evidenced the complete transformation of V into I11.

Reaction of 11-V with HCI. An excess of HCI was added to separate stirred CH,Cl, (10 ml)
solutions containing 25 mg of I, I11, IV or V in a 3-4:1 molar ratio at room temperature. The initial
yellow-brown solution turned pale yellow and a white solid precipitated. After 30 min of stirring,
the mixture was filtered and the soluble part analyzed by CG-MS. The solid was unequivocally
identified as [(dppp)PtCLy] (65-80% yield) by NMR."* ") The solution was shown to be composed
mainly of thiophene in the case of 11, thiapentadiene or an isomer thereof (C4HS) and thiophenel®”
in a 4:1 molar ratio for 1V, and a mixture of HS—CHz—CH:CH—CH3[74] and HS-CH,-CH,-

CH=CH,,"*"in 4:1 and 1:1 molar ratios, for 11l and V, respectively.

Reaction of 11-V with NaBH,. Solid NaBH4 was made to react with separate stirred THF/EtOH s
solutions (10 ml) containing 25 mg of I, I1l, IV or V in a 4:1 molar ratio at room temperature

under closed atmosphere. In the reactions involving 111-V, formation of a black precipitate of Ag,S
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on a filter paper soaked with silver nitrate gave evidence of formation of H,S. In all cases, after 20 h
of stirring the initial yellow-brown solution became a dark-brown suspension. The black solid was
separated and the solution analyzed by CG-MS. The solution was shown to contain thiophene in the

case of 11, but no thiols and/or organic volatiles were detected.

X-ray crystallographic characterization: A summary of crystal data, data collection, and
refinement parameters for the structural analysis of complex [(dppp)Pt(u-SCsHe)Pt(dppp)]2(BF4)2.05
(ClO4)1 05 1s given in Table 3. Measurements of diffraction intensity data were collected on a Bruker
SMART CCD-1000 area-detector diffractometer with graphite-monochromated Mo-Ko radiation
(A=0.71073 A). During the initial unit cell determination it was recognized that the crystal was
twinned. Several crystals were assayed but all possessed the same diffraction pattern, so a small but
diffracting crystal was chosen. The collected reflections were processed with the program
CELLNOW!! that established two twin components with a ratio of 0.72/0.28. In order to process
the twinned data the absorption correction was applied using the multi-scan TWINABS!"*! program.
Cell parameters were obtained from least-squares fit on the observed setting angles of all significant
intensity reflections. A Patterson map solution of the structure to locate platinum atoms, followed

by expansion of the structure with the program DIRDIF,®

revealed all non-hydrogen atoms. The
structure was resolved by direct methods and refined by full-matrix least-squares based on F2, with
the aid of SHELX-97"! software. The thiolate ligand was modeled as two disordered
SCH,CH,CH=CH moieties with opposite orientations, finding a refined population ratio of 63/37 in
one dinuclear complex and 69/31 in the other. All non-hydrogen atoms were anisotropically refined.
All hydrogen atoms were included at geometrically calculated positions with thermal parameters
derived from the parent atoms. Molecular graphics are represented by Ortep-3 for Windows.

CCDC reference number 651579 ([(dppp)Pt(u-SC4He)Pt(dppp)]2(BF4)2.05 (C1O4)1 05), contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Centre,

12 Union Road, Cambridge CD2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:

deposit@ccdc.cam.ac.uk)
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Table 3.

Crystallographic ~ data  for

SC4H6)Pt(dppp)]2(BF4)2.95(C104) 1.05-

2[(dppp).Pta(u-SC4He)]-2.95(BF4)-1.05(Cl04)

3(C3Hg0)-H,0

Empirical formula

2(C58H56P4SPT,2)295(BF4)
1.05(C104)-3(C;HgO)-(H,0)

M 3153.06

Crystal system Monoclinic

Space group Cc

alA 43.8827(12)

b/ A 14.1377(4)

cl/A 22.2630(6)

al® 90

p/° 116.223(1)

y!° 90

v/ A? 12390.5(6)

T/K 100.0(1)

Z 4

D./gcm? 1.690

4/ mm’ 4.735

Ref. col./ref. uniq./Riy 222291/45071/0.0826
Parameters/restraints 1289/68
Goodness-of-fit on F* 0.926

Twin law 2-fold axis along c*
Twin domain populations 0.720(4)/0.280(4)
Absolute structure parameter 0.000(4)

R1, wR2 [1>206(])]
RI1, wR2 (all data)

0.0437, 0.0970
0.0776, 0.1056

[(dppp)Pt(u-

Largest diff. peak,

hole / e-A™ 1.228,-1.130

Computational details: The calculations have been performed with the Gaussian03 package,’”™
using Density Functional Theory with the B3LYP functional.”**" For the Pt, P and S atoms, the

2 o
[78. 82, 83] \Vhereas their

lanl2dz effective core potential has been used to describe the inner electrons,
associated double-C basis set has been employed for the remaining electrons. An extra series of d-
polarization functions has also been added for P (exp. 0.387) and S (exp. 0.503).*Y The three
hydrides and the carbon atoms of thiophene have been described by the 6-31G(d,p) basis set®! and
the remaining C and H atoms have been described by the 6-31G basis set. The structures of the
reactants, intermediates, transition states, and products were fully optimized in gas phase without
any symmetry restriction. Frequency calculations were performed on all optimized structures, using
the B3LYP functional, to characterize the stationary points as minima or TSs, as well as for the
calculation of gas-phase Gibbs energies (G) at 298 K. Single point solvent calculations were

86, 87]

performed at optimized gas-phase geometries, using the CPCM approach,[ which is an
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implementation of the conductor-like screening solvation model (COSMO) in Gaussian03.*"
Benzene, the solvent used in some experiments, was chosen as solvent (dielectric constant ¢ =

2.247). In this way AEpenzene, resulting from adding the contribution of the Gibbs energy of solvation

to the gas phase internal energies were obtained.
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Conclusiones

1.- Se ha observado que la sustitucion del fosforo por arsénico como atomo
donador en ligandos terminales en complejos de formula [(Ph,X(CH,),XPh;),Pto(p-S):]
(X = P, As) provoca cambios en el comportamiento quimico del core {Pt,S,} como

consecuencia de la modificacion de la basicidad asociada a los atomos de sulfuro puente.

Las observaciones mas importantes son:

a) Desde el punto de vista estructural, la menor influencia trans del ligando
arsina como indica la disminucion de las distancias Pt-S tanto en la especie dimera
[Pta(dpae)a(p-S)2] como trimera [Ptg(dpae)3(u3—S)2]2+. Esto conlleva el aumento de las
distancias M-S en complejos [M{Pt,L4(u-S),} »J*" (M = Cu, Zn, Cd) cuando la diarsina
se utiliza como ligando terminal en vez de la difosfina, indicando una disminucion de la
capacidad coordinativa. El ejemplo mas representativo corresponde al complejo de
mercurio, que muestra una enorme distorsion de la geometria tetraédrica, tipica en estos

compuestos, para mostrar una disposicion cuasi-lineal.

b) La caracterizacion electroquimica de los complejos dimeros indica que el uso
de ligandos arsina propicia una disminucioén de la basicidad del core {Pt,(u-S),} con
respecto a los analogos fosfina, observandose una mayor resistencia a la primera
oxidacion. Sin embargo la segunda oxidacion es mas facil, indicando que el producto
dioxidado se estabiliza mejor con diarsinas que con difosfinas, de acuerdo con los

resultados teoricos recientes.

c) En la evolucion quimica del complejo [Pty(dpae),(u-S).] en presencia de
CH,CI, o protones se observa que las especies intermedias implicadas muestran una
estabilidad mucho menor que en el caso de los derivados con difosfinas, evolucionando
mas rapidamente a los productos de reaccion. El cambio de &tomo donador influye en la
cinética de las reacciones atribuyéndose dicho efecto a la diferente densidad electronica
en los ligando sulfuro puente, como consecuencia de la distinta naturaleza electronica

entre los ligandos arsina y fosfina.
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Como conclusion general, la sustitucion de P por As implica una disminucion en
la basicidad o densidad electronica sobre los sulfuro puente, lo que provoca una
disminucién de su poder coordinante frente a heterometales y una mayor velocidad de
transformacion de las especies intermedias en las reacciones con electrofilos organicos
0 protones.

La reactividad estudiada del complejo [Pty(dpae)r(pu-S),] se resume en el

siguiente esquema:

s—CH, ¢l
S Cluwm
AsPt + Clvept—
&As T A
s CH,
o cl
LAAS\\-}F’t S\pt S) 2
S As
[y T AQS 2+
_ Pt
CH,CI s/s
@S cl Pt' ot
w PO PLA As" A
s v
7CAS, T 55 MS \AS H.S

wAS Pt';.s‘:i:’tw
~ As™ As
A)| " e 54 “As)

2
N
[ CcH,CI, el
H + H 2+
43 2+ oS * .S é S
{As o Pt':s‘i’t } { } Redox s 28elp H 250 H S8
CAs - CAs' D R/ H

Cu, Zn2*, Cd2* Hg?* AswPt

[Pt(dpae)Cl,]

2+ 2+
As, AN As., SAs
Asm— Pl pt=AS Asf\:As 2+ Asmlz Pt pt'—‘A9
TG \ 's™
=/ /P.t
M Hg
5/ :"'s Pt"g%m \
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P PLA CAS AS) Ay Pt A
(As As Cas As

2.- Los complejos obtenidos a partir de la reacciéon del trimero dinuclear
polihidruro de platino [Pty(dppp).H3]ClO4 con Na,S o NaSH demuestran: a) la
diversidad de especies, aparentemente sencillas, que contienen fragmentos Pt-H, Pt-SH
o Pt-S, b) las diferentes vias sintéticas que permiten obtener una especie determinada, y
c) la facil interconversion entre las especies obtenidas, en funcion de las condiciones

experimentales.

- 138 -



Conclusiones
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Las claves de todo este entramado de reacciones estan en la elevada tendencia de
los ligandos sulfuro para unirse al platino y para formar puentes entre los centros

metalicos, en el comportamiento anfotero del grupo —SH, y en la habilidad del ligando

hidruro para formar H; por reaccion con el ligando SH.

La reactividad de estas especies nos aporta informacién sobre las distintas
reacciones que pueden tener lugar en la superficie de los catalizadores utilizados en
procesos HDS. Ademas, muchos de los compuestos analogos de platino descritos en la

bibliografia como productos de la desulfurizacion de compuestos organosulfurados se

encuentran incluidos en el esquema general de reactividad que se muestra.
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3.- La reaccion del dimero polihidruro de platino [Pt(dppp).H3]ClO4 con tiofeno
en exceso genera los complejos, [Pt(dppp)(SCsH4-C,S)] (11) y [Pto(dppp)2(-SCyHs-
C,5)]CIO4 (111), cuya concentraciéon va aumentando en paralelo hasta la desaparicion
del compuesto de platino de partida.

Un detallado estudio tedrico mediante célculos DFT ha permitido proponer el

mecanismo siguiente:

gl
H 5 H
P T ( D
------------------------------ P/ \H
sz
P\Pt
e

Con la finalidad de obtener informacién sobre la posible interconversion entre 11
y I11, asi como su la reactividad frente acidos protonicos, bases y fuentes de hidruros se

han llevado a cabo las reacciones que se resumen a continuacion:

S
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De acuerdo con los esquemas anteriores, la combinacion de los resultados

experimentales y teoricos permite concluir que:

a) La reaccion de [Pty(dppp).H3|ClO4 + T transcurre previa rotura del trihidruro de

partida, para lo cual es imprescindible la presencia de tiofeno.

b) La obtencion de [Pt(dppp)(SCsH4-C,S)] implica la activacion de un enlace C-S
del tiofeno. En cambio, la obtencion de [Pto(dppp)2(u-SCsHs-C,S)]CIO4 supone la

activacion C-S y ademas la hidrogenacion parcial de la cadena tiofénica.

c) Mientras que para la formacion de [Pt(dppp)(SC4H4-C,S)] so6lo se requiere el
fragmento [Pt(dppp)H:], para obtener el complejo [Pto(dppp).(1~-SC4Hs-C,S)]C1O04 es
necesaria la participacion de los dos fragmentos resultantes de la rotura del trihidruro de

partida. Por tanto, ambas reacciones son competitivas.

d) De acuerdo con el mecanismo de reaccion propuesto, los complejos
[Pt(dppp)(SC4H4-C,S)] (1) 'y  [Pto(dppp)a(4-SC4Hs-C,5)]CIO4  (I11) no  pueden
interconvertirse entre si. Por una parte, el complejo Il no dispone de un ligando H™ que
pudiera dar lugar a la migracion intramolecular necesaria para la formacion de I11. Por
otra, la formacion de Il a partir de Il requiere la presencia de [Pt’(dppp)], y esta
especie solo se forma cuando el complejo [Pto(dppp).H3]ClO4 estd en presencia de

tiofeno.

e) La desulfurizacion total de T requiere una hidrogenacion previa del fragmento

tiofénico activado como se observo en la reaccion de los complejos III-V con NaBHy,
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4.- A lo largo de esta tesis se han monitorizado cerca de cincuenta reacciones y
se han sintetizado y caracterizado espectroscopicamente los siguientes compuestos,

determinandose la estructura cristalina de aquellos que se indican con asterisco:

[Ptz(dpae)a(p-S).].* [Pt2(dppp)H2D]ClO4,
[Pts(dpae)s(p3-S)2](BPhs)s,* [Pt2(dppp)2(p-H)(p-S)]C104,*
[Cu{Ptz(dpae)>(p-S)2}2](BF4)2,* [Pt2(dppp)2(p-D)(1-S)]C1O04,
[Zn{Pty(dpae)a(p-S)2}2](BPhs),,* [Pt(dppp)(H)(SH)],
[Cd{Ptx(dpae)z(p-S)2}2](ClO04)2,* [Pt(dppp)(D)(SH)],

[Hg {Pt2(dpae)a(u-S)242]Cl, [Pt2(dppp)2(1-S)2],

[Hg {Pta(dpae)a(u-S)2}2][HCl2]osCly 5,* [Pt2(dppp)2(p-S)1,
[Pt(dpae)(S:CH,)],* [Pt(dppp)(SC4H4-C,5)],
[Pt(dpae)Cl2],* [Pt2(dppp)2(1-SC4H;5-C,S)]ClO,,
[Pto(dpae)a(p-S3(CH,),)ICL, [Pt2(dppp)2(4-SC4H4D-C,S)]CIOs,
[Pt2(dppp)2H3]C104,* [Pt2(dppp)2(1-SC4Hs)2](BF4)2,
[Pt2(dppp)2D3]ClO4, [Pt2(dppp)2(1-SC4He)[(BFa4)z,
[Pt2(dppp)2HD;]ClO,, [Pt2(dppp)2(1-SC4He) |(BF4)1 5(ClO4)o.5 *

5.- Como conclusion final, se puede decir que el conjunto de trabajos
presentados en esta tesis amplia el conocimiento que se tenia entorno a la modificacion
de las caracteristicas quimicas de especies que contienen el core {Pt,S,} atendiendo a
un campo inexplorado hasta ahora como es la substitucion de atomos donadores en los
ligandos terminales. Se ha contribuido a avanzar en la modulacion de dicha reactividad
centrada en la nucleofilicidad de los sulfuros puente, lo que puede tener interés de cara a
aplicaciones sintéticas o cataliticas.

Por otro lado, se ha observado la relevancia de los compuestos platino-azufre en
el proceso HDS tanto desde el punto de vista de la reactividad e interconversion de
complejos conteniendo fragmentos Pt-H, Pt-S y Pt-SH, como de la capacidad de
complejos polihidruros de platino para activar enlaces C-S y participar en reacciones de
hidrodesulfuracion de compuestos organosulfurados aromaticos. Sin embargo,
conseguir una mayor eficacia y menor coste de estas reacciones todavia merece

proseguir estos estudios.
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