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Abstract

This work has open new strategies in the synthesis of large molecules, such as dendri-
mers and metallodendrimers, and other nanostructured materials, in the boron chemistry
field.

The main aim of this work was the preparation of polyanionic boron-rich metalloden-
drimers containing cobaltabisdicarbollide derivaties at the periphery, with potential ap-
plications in biomedicine. For this purpose a set of novel C.-mono- and C_-disubstituted
cobaltabisdicarbollide derivatives with silyl functions, [3]7—[10]", have been prepared
by the reaction of lithium salts of [3,3’-Co(1,2-CoBgHy1)q] , [1] 7, and [8,8"-u-CgHy-3,3'-
Co(1,2-CyBgHig)s] , [2]7, with different chlorosilanes. DFT theoretical studies at the
B3LYP/6-311G(d,p) level of theory were applied to optimise the geometries of these
compounds and calculate their relative energies, showing a good concordance between
theoretical and experimental results. The unexpected formation of a bridge -u—SiMe,—
between both dicarbollide clusters, through the C_ atoms, after the reaction of the mo-
nolithium salt of cobaltabisdicarbollide with HSiMe,Cl, suggested an intramolecular re-
action, in which the acidic C,—H proton reacts with the hydridic Si—H, with subsequent
loss of H,. Some aspects of this reaction have been studied by using DFT and QTAIM
calculations.

From all the previous compounds, the anion [1,1’-u-SiMeH-3,3’-Co(1,2-CsBgHyg)a]
[5], was chosen as hydrosilylating agent for the preparation of different types of me-
tallodendrimers. Thus, different generations of polyanionic metallacarborane-containing
metallodendrimers were constructed via hydrosilylation of various generation of carbosi-
lane and cyclic carbosiloxane dendrimers containing terminal vinyl functions with [5] ", to
achieve the corresponding metallodendrimers with four and eight peripheral cobaltacar-
boranes. For metallodendrimers with high molecular weights, the UV-Vis spectroscopy

was used for corroborating the full functionalization and consequently the unified charac-
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ter of dendrimers. The solubility of these dendrimers is very interesting from the point of
view of potential applications, i.e. in medicine or BNCT. For that reason, some solubility
studies have been carried out by using UV-Vis measurements in water/DMSO solutions
of these metallodendrimers.

Following the same strategy, poly(aryl-ether) type dendrimers with a fluorescente
core and peripheral allyl functions have also been hydrosilylated using the anion [5],
to obtain metallodendrimers with three, six and twelve cobaltacarborane moieties. It is
important to emphasize that photoluminescent measured on these compounds, showed
that after functionalization, the presence of metallacarboranes at the periphery causes a
quenching of the fluorescence previously exhibited by the starting dendrimers. Nowadays,
we have not the explication to this phenomenon that is still under study.

Other type of polyanionic poly-(alkyl aryl-ether) metallodendrimers have also been
prepared by using the ring opening reaction of the 8-dioxanate in [3,3’-Co(8-C4HgOs-1,2-
CoBgHyp)(17,2’-C3BgH11)], by the nucleophilic attack to the oxygen with the alcoholate
functions obtained by deprotonation of the alcohol groups (—OH) located at the starting
dendrimers periphery.

Carborane-containing siloxane and octasilsesquioxane derivatives have been prepared
following a hydrolitic approach by hydrolisis-polycondensation of carboranylchlorosilane
or carboranylethoxysilane. A second approach was a non hydrolytic route using carbo-
ranylchlorosilane and DMSO as oxygen source.

In parallel, we have also worked on the anchoring of cobaltabisdicarbollide derivatives
on the surface of TiO, nanoparticles and oxidized silicon wafers. Thus, adequate orga-
nophosphorous derivatives of [3,3’-Co(1,2-C3BgH11)2] have been prepared to be used as
coupling molecules for the modification of titanium dioxide surfaces. The functionaliza-
tion of the surface results from the formation of Ti—O—P bridges by condensation of
P—OH groups with surface hydroxyl groups and coordination of the phosphoryl groups
to surface Lewis acidic sites. Besides, for anchoring cobaltabisdicarbollide derivatives on
the surface of an oxidized silicon wafer, two different approaches were used, both based
on the ring-opening reaction of the 8-dioxanate [3,3’-Co(8-C4HgO2-1,2-C3BgH;¢) (17,2’
CoBgHyp)] with amines or isocyanate functions previously anchored to the surfaces.

Thus, cobaltabisdicarbollide derivatives have demostrated to be suitable groups for
functionalization of dendrimers and other nanostructures such as nanoparticles and wa-

fers providing a large number of materials with interesting potential applications.
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2 1. Introduccién

1.1. El Boro, una perspectiva histérica

El Boro es el unico elemento del grupo 13 de caracter semi-metalico (o metaloide) y
al igual que los elementos carbono y silicio es capaz de enlazarse consigo mismo y formar
estructuras estables de tipo clister mediante enlaces covalentes. En la Naturaleza se
encuentran dos isétopos de boro estables, "B (80,1%) y "B (19,9%), y no es posible
encontrarlo en su forma elemental, sino enlazado a oxigeno formando boratos de sodio o
calcio en minerales como Na,B,0; - 10H,O (bérax) o Ca,Bz0,; - 5 HyO (colemanita). El
empleo de boérax estd documentado desde hace miles de anos en diversas civilizaciones y
la primera mencién a estos boratos la realizé el alquimista Rhazes (865 - 925 d.C).

En 1808 los quimicos franceses Gay-Lussac y L. J. Thenard, e independientemente el
inglés Humphry Davy, obtuvieron boro elemental. Davy ya dominaba la produccion de
los metales alcalinos mds reactivos,! el paso previo para aislar B elemental. Ninguno de
ellos reconocié la sustancia como un nuevo elemento, algo que haria Jons Jacob Berze-
lius en 1824. En el afio 1912, Alfred Stock sintetiza los primeros boranos,? compuestos
basados exclusivamente de hidrégeno y boro. El carbono y el boro resultan ser los tinicos
elementos capaces de formar una serie compleja y extendida de hidruros, con la diferencia
que los hidrocarburos se encuentran en la Naturaleza y el origen de los boranos es pura-
mente sintético. Las formas estructurales que adoptan los boranos son tridimensionales,
esqueletos de boro poliédricos o clisteres de boro, cerrados o abiertos en sus caras. Los
boranos serian el nexo de union entre las estructuras condensadas basadas en fragmentos
de redes metalicas y las estructuras habituales de tipo lineal y anillos que se dan en las

estructuras quimicas organicas e inorganicas con elementos del bloque p (Figura 1.1).

Figura 1.1: El continuo estructural; desde clisteres metélicos (izquierda) a cadenas y
anillos (derecha) pasando por los clisteres de borano (centro).

Hasta 1948 ningtin borano, a excepcién del diborano (B,Hy), se encontraba caracteri-
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zado estructuralmente. H.C. Longuet-Higgins habia introducido recientemente el concep-
to de enlace tres-centros dos-electrones.® Este tipo de enlace explica la alta conectividad
en los boranos a pesar del bajo nimero de electrones que disponen para hacerlo. Los
boranos representaban en aquella época ser una mera curiosidad académica, pero en los
primeros anos de la Guerra Fria, debido a la posibilidad de usar los hidruros de boro
B;H, y By,H;, como combustibles para cohetes, asent6 los cimientos de la investigacion
de estos hidruros de boro.* Posteriormente, un nuevo avance en la quimica de los bora-
nos lo dié H.C. Brown elaborando los compuestos denominados organoboranos, derivados
orgénicos de BH; que son uno de los reactivos mds importantes en sintesis organica.®
También los estudios que realizo6 W.N. Lipscomb sobre la estructura tridimensional de
los clisteres de borano representan otro hito en el estudio de estos compuestos.©

Pero a pesar de la gran cantidad de informacién y estudios llevados a cabo durante
el siglo pasado, la quimica de los clisteres de boro no estda tan desarrollada como la
quimica organica. La prediccion exitosa del comportamiento quimico de estos compuestos
ocurre en contadas ocasiones, ya que, el conocimiento de estos compuestos denominados

deficientes en electrones es aun insuficiente.

1.2. Boranos, Carboranos y Metalacarboranos

Los boranos son compuestos moleculares diamagnéticos, incoloros, blancos o amarillo
palido que pueden ser neutros o aniénicos y que forman clisteres poliédricos de caras
triangulares cuyos vértices estan formados por la unidad B—H. Los clisteres de menor
nimero de vértices son gases a temperatura ambiente, pero a medida que aumenta su
peso molecular son liquidos volatiles o sélidos. Los boranos de bajo peso molecular son
muy reactivos, llegando algunos a producir combustién espontanea en aire, y sin embargo,
en el otro extremo tenemos especies como el closo [B,H,,]%~ de una estabilidad térmica
excepcional. Estos ultimos ademés poseen una reactividad quimica y unas propiedades

magnéticas tales que a menudo se habla de que poseen aromaticidad tridimensional.”

1.2.1. Carboranos

La sustitucién de uno o mas vértices de boro por algin heteroatomo genera los

denominados heteroboranos y entre éstos, los més estudiados son los carboranos en los
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Figura 1.2: Principales redes de boranos o heteroboranos.

cuales uno o méas atomos de boro han sido substituidos por carbono.® La férmula empirica
de estos compuestos es:
[C,BH

pratr) =[(CH), (BH) H,[*

donde p es el nimero de atomos de carbono en los vértices del clister, ¢ es el nimero de
atomos de boro y r es el nimero de atomos de hidrégeno pontal.

Las reglas que gobiernan la estructura, el enlace y el contaje de electrones en los
boranos y heteroboranos fueron estudiadas por Wade, Rudolph, Mingos y Willians, y
son conocidos como Las reglas de Wade.? Los términos closo, nido y arachno (Figura
1.2) se usan para clasificar los clisteres poliédricos y tienen un papel doble. Por un lado
describen el tipo de cluster, si es cerrado se denomina closo, si es abierto debido a la
eliminacion de uno de los vértices se denomina nido, si se han eliminado dos vértices
se denomina arachno. Por otro lado, indican cuantos electrones se deslocalizan en el
clister, si el clister tiene n + 1 pares de electrones es closo, n + 2 nido y si tiene n + 3
pares de electrones es arachno, donde n es el nimero de vértices del cluster. Conocido
el nimero de vértices y el nimero de pares de electrones que proporcionan cada uno de

ellos se puede determinar la estructura tridimensional del borano. Por ejemplo, el clister



1.2. Boranos, Carboranos y Metalacarboranos 5

Figura 1.3: Enumeracién y reactividad de los diferentes vértices del 1,2-0-C,B,,H,, frente
a bases fuertes, nucleéfilos (Nu™) y electréfilos (ET).

de carborano tiene la férmula empirica C,B, H,,, 12 vértices de los cuales 10 son B—H y
aportan dos electrones al cliuster cada uno y dos vértices C—H que aportan 3 electrones
cada uno. Siguiendo el esquema de las reglas de Wade, esta red tendria 13 pares de
electrones, como la molécula es neutra y tiene 12 vértices (n = 12) el compuesto es un
cluster de tipo closo pues la igualdad ocurre para n + 1 = 13.

0%1% aunque su sintesis no fue publicada hasta

El carborano se descubrié en 195
1963.1! El cltster de o-carborano, también conocido como dicarba-closo-dodecaborano,
1,2-0-C,By Hy, (Figura 1.3), es relativamente estable termodinamica y quimicamente, y

esta estabilidad estd relacionada con la deslocalizacién electrénica en el cluster.

La introduccion de sustituyentes en el claster.

La diferente reactividad de los vértices de B—H frente a los de C_—H da lugar a una
quimica especialmente versatil en la sintesis de compuestos derivados del 1,2-0-C,B;,H;,
con caracteristicas muy diferentes entre sf.'2 A su vez, los vértices de B—H del clister
presentan diferente reactividad dependiendo de la posicién relativa respecto a los C,—H.
En la Figura 1.3 se esquematiza de forma general las distintas posibilidades que posee el
cluster de o-carborano para ser funcionalizado.

Debido a la mayor electronegatividad de los atomos de C frente a los de B (2.5 frente
a 2 en la escala de Pauling), el caracter relativamente dcido de los protones unidos a

C, permite substituirlos por metales alcalinos utilizando bases como el n-BuLi, Figura
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1.4. Posteriormente, se hacen reaccionar estas sales de litio del carborano con derivados
halogenados o el elemento en estado puro (S, Se) y se obtienen los correspondientes

derivados con enlace C,—R.

n- Buli

—_—

Et-OTolueno

Figura 1.4: Reaccion de sustitucion de los hidrégenos unidos a los carbonos del clister.

En una buisqueda en la base de datos cristalogréifica de Cambridge (CSD),!* podemos
encontrar derivados del 1,2-0-C,B;;H;, con un C_ enlazado a una gran variedad de
elementos de los grupos principales como: B, C, N, O, Mg, Si, P, S, Ga, Ge, As, Se,
Br, I, Sn y Te; metales de transicion: Ti, Mn, Co, Ni, Cu, Y, Zr, Ru, Rh, Hf, Pt, Au
y Hg; e incluso metales del bloque f: Nd, Sm, Er y Yb. En este punto cabe resaltar la
versatilidad del 1,2-0-C,B, H;, para actuar de ligando en complejos organometalicos,
como por ejemplo de Au o Ag, en los cuales los carboranos C_-substituidos (S, P, N)
actuan como ligandos complejando estos metales via estos atomos dadores e incluso
directamente con enlaces C_-o hacia el metal.'* En nuestro grupo se han sintetizado
derivados del 1,2-o-carborano (con estructuras cristalina publicada) con C, enlazado a:

silicio, % fésforo, !¢ azufre,!” y selenio.!®

La densidad de carga sobre los &tomos de B més alejados de los C, es mucho mayor que
la de los B conectados simultdneamente a los C_. La reactividad de los primeros favorece
las sustituciones electrofilicas, de donde las posiciones B(9) y B(12) seguidas de las B(8)
y B(10) son las més susceptibles de ser atacadas electrofilicamente (Figura 1.3).%:192
La halogenacion y en concreto la creacion de enlaces B—I es importante en la sintesis de
derivados del o-carborano, ya que permite mediante reacciones de acoplamiento cruzado,
en presencia de catalizadores de Pd(II) y el reactivo de Grignard apropiado, sintetizar
orto-carboranos B-organo substituidos, siendo esta técnica como la mas factible para

crear enlaces B—C en el cluster.?!
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# KOEL + 2E0H —————— g

¢ B(OED; + Hs

Figura 1.5: Reaccién de degradacién parcial del o-carborano.

Degradacién parcial del clister por eliminacién de un vértice.

Otra de las modificaciones importantes que se pueden realizar sobre el clister de 1,2-
0-CyB, H;, vy que da lugar a una quimica bastante rica es la decapitacion o degradacion
parcial del mismo, que consiste basicamente en la eliminacién de un vértice B—H del
cluster. Esta reaccién data de 1964 cuando Wiesboeck y Hawthorne aislaron en alto
rendimiento el 7,8-nido-[C,ByH,,] ~, utilizando reactivos nucleofilicos,?* véase Figura 1.5.
El mayor caracter electronegativo de los C_, respeto a los dtomos de B, provoca una
polarizacién de los enlaces C.—B, dejando una mayor densidad de carga positiva sobre
los dos niicleos de B unidos simultdneamente a los dos C_ (posiciones 3 y 6 en la Figura
1.3), haciendo que sean los mas susceptibles de ser atacados por un nucledfilo. En el 1,2-
0-C,B, Hys, la eliminacién de uno de estos dtomos de boro (formalmente un B*) deja el
clister con una cara pentagonal abierta, C,B5, donde se sitia un dtomo de hidrégeno y el
cluster nido resultante es monoaniénico (Figura 1.5). El d&tomo de hidrégeno situado en la
cara abierta del clister nido, denominado hidrégeno puente o pontal, es 4cido?® y se puede
eliminar en medio acuoso fuertemente basico o en medio anhidro con n-Buli, NaH o t-
BuOK.?* Una vez eliminado este hidrégeno pontal se obtiene un clister nido dianiénico,
con férmula empirica [C,BoH;;]% ", que se denomina dicarballuro. Se considera que este
dianién tiene una hibridacién de tipo sp® en los dtomos de la cara pentagonal abierta
que apuntan a la posicién vacante dejada por el BT. Nétese la similitud con el anién

ciclopentadienuro, [C;H;] ™, Figura 1.6.

1.2.2. Metalacarboranos

La semejanza estructural y electrénica del dianién dicarballuro con el ciclopentadie-
nuro llevo a pensar que el primero deberia tener orbitales con una simetria y energia

apropiada para complejar metales de transicién. Los primeros metalacarboranos se pre-
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Figura 1.6: Representaciones esquematicas del anién dicarballuro (izq.) y el anién ciclo-
pentadienuro (dcha).

"

i e spem
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Figura 1.7: Numero de casos encontrados en la CSD de estructuras cristalinas con deter-
minado elemento central en un complejo tipo sandwich con dos ligados dicarballuro.

pararon en el ano 1965 cuando Hawthorne y su grupo obtuvieron el primer clister de
boro y carbono en el cual dos ligandos dicarballuro complejaban en forma sandwich un
dtomo de Fe, [3,3-Fe(1,2-CyBgH11)2] ,? y pocos meses después se publicé la sintesis del
cobaltabisdicarballuro, [3,3’-Co(1,2-C2BgH;1)s] , también llamado cosane o cosan.? Dos
aflos después este grupo reporta los complejos tipo sandwich con Ni%” y poco después
los de Cr,?® y los de Cu, Au y Pd en 1968.2° Una biisqueda de estructuras cristalografi-
cas en CSD de este tipo de compuestos permite un ejemplo grafico de los compuestos
sintetizados hasta la fecha,3? véase Figura 1.7. Estos metalacarboranos presentan unas
diferencias significativas con los metalocenos, ya que los primeros son mucho més esta-

bles quimica y térmicamente y el par de ligandos dicarballuro permite estabilizar estados
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Figura 1.8: Anién de cobaltabisdicarballuro, [3,3’-Co(1,2-C3BgH11)s] (izq.) y anién pin-
zado en los B(8) y B(8') por puente fenilo, [8,8"-1-CgHy-3,3-Co(1,2-CoBgHyp)s] (dcha.)
con numeraciéon en los vértices.

de oxidacién més altos en el metal que con el analogo con ciclopentadienuro. Como un
ejemplo se puede poner el caso del metaloceno de Cu(Il), el cual es atin desconocido y
del correspondiente con dicarballuro, [3,3’-Cu(1,2-CyBgHy;)s]”, existe estructura crista-

lina. 3!

Reacciones sobre el cobaltabisdicarballuro [3,3’-Co(1,2-C3BgH1q)2] -

El metalacarborano en el que se centra este trabajo, el anién [3,3’-Co(1,2-CoBgHy1)a]
es el mas estudiado (Figura 1.7) y consiste en un atomo de cobalto central en estado
de oxidacién 43 coordinado mediante enlaces 7 (y cierta componente o) a dos ligandos
dicarballuro. Cada dicarballuro tiene dos cargas negativas y por tanto la especie global es
monoanionica. La carga negativa se deslocaliza por todo el gran volumen de la molécula,
por esto se dice que es un anién de baja densidad de carga. En la Figura 1.8 (izq.) se
representa este anién con la numeracién indicada en los vértices.

Este anion presenta dos puntos diferentes de reactividad, los vértices C,—H y los
B—H. Las sustituciones directas en los d4tomos de boro3? han sido mucho més estudia-
das que las sustituciones en los atomos de carbono, y existe relativa facilidad para la
formacién de derivados que tienen conectados los 4tomos de boro B(8) y B(8'),?* como
el derivado con un puente fenilo uniendo los dos clisters (Figura 1.8 (dcha.)).3* Otra via
para derivatizar el complejo [3,3’-Co(1,2-C3BgH11)2] en los vértices B—H es la Susti-

tucién Nucleofilica Inducida Electrofilicamente (SNIE), que aprovecha que en el vértice
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Base de Lewis, N

-
l

Figura 1.9: Esquema de sintesis de la apertura del anillo de dioxano por una base de
Lewis (N).

B(8) esta el hidrégeno més hidruro o rico en electrones y éste reacciona con acidos fuertes
produciéndose su eliminacion y posteriormente la posicion vacante la ocupa el nucledfilo.
De esta forma se sintetiza el zwitterion formado por este complejo y una molécula de
dioxano, [3,3-Co(8-C4HgO4-1,2-C3BgHy)(17,2’-CoBgH11)].3>3¢ que a su vez puede reac-
cionar con bases de Lewis que producen la apertura del anillo de dioxano (Figura 1.9).%7
Los nucledfilos que se han usado para esta reaccion reportados en bibliografia son de
lo més variado, como por ejemplo: pirrolil,3® imidas, cianuro o aminas,?” fenolato, fosfi-

36:42 nucleosidos,*? y recientemente en

44

to,%0 N-alquilcarbamoyldifenilfosfinas,*! alcéxidos,

nuestro grupo por acidos carboxilicos, reactivos de Grignard y tiocarboranos.

Hasta hace relativamente poco tiempo, la principal via de sintesis de C-derivados del
[3,3"-Co(1,2-CyBgH11)2| discurria de forma paralela a la propia sintesis del complejo sin
derivatizar, esto es, se preparaba el o-carborano substituido en los atomos de C_ por
alguno de los métodos descritos en el apartado 1.2.1, a continuacion se degradaba para
obtener la especie monoaniénica [7-R-7,8-C,BoH,;] ", seguido de la desprotonacién del
hidrégeno pontal para dar el dianién dicarballuro, el cual finalmente se hacia reaccionar
con CoCl,, véase Figura 1.10. Este método de sintesis requiere muchos pasos, cada uno de
los cuales necesita un balén de reaccion diferente e implica al menos cuatro purificaciones,
lo que conduce a rendimientos bajos y solo permite substituyentes idénticos en los ligan-
dos dicarballuro. El mayor inconveniente, ademas, es que no permite introducir grupos
funcionales que no soporten las condiciones alcalinas empleadas durante la preparacion
del anién dicarballuro. Por todo esto, recientemente se esta desarrollando una nueva
metodologia para simplificar la sintesis de C-derivados del [3,3’-Co(1,2-CyBgH11)s| . El

método emplea el propio cobaltabisdicarballuro como producto de partida y consiste en
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3/2 CoCly + 12Co" + 3CI°

o B-H -~
e C.-R

Figura 1.10: Esquema de sintesis de un cobaltabisdicarballuro substituido en los C..

adicionar n-Buli para formar las correspondientes sales litiadas del cobaltabisdicarballu-
ro por desprotonacién de los C,—H, para después éstas hacerlas reaccionar con derivados

halogenados. 547

Aplicaciones de los Metalacarboranos.

El campo de aplicacién de los metalacarboranos ha crecido en las ultimas decadas
en direcciones muy diferentes como son la catalisis homogénea, ciencia de materiales,
medioambiente y medicina.?® A continuacién se hace un resumen de las mds importantes
relacionadas con [3,3-Co(1,2-C3BgH1;)2| v derivados.

Una de las principales aplicaciones del anién cobaltabisdicarballuro, y especificamen-
te su B-hexacloro derivado, es la extraccién de radionticlidos.3"4%5 Debido a la gran
solubilidad de estas sales en disolventes organicos, propiedad que los hace facilmente
extraibles desde fases acuosas, y su gran estabilidad quimica, térmica y resistencia a la
radiacién, el anién cobaltabisdicarballuro es uno de los compuestos quimicos mas idéneos
como agente extractante de iones metdlicos procedentes de aguas residuales de centrales
nucleares.® El desarrollo de esta tecnologia con el anién cobaltabisdicarballuro tuvo su
milestone con la puesta en marcha en 1996 en Rusia de una planta de fraccionamiento
de deshechos altamente radioactivos para la separacién de *7Cs y 2°Sr.52

Otras aplicaciones relevantes para los cobaltocarboranos han sido la introduccién
de estos como aniones dopantes en polimeros conductores® y para la construccién de

electrodos selectivos de iones.®*
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OB + ng (0.025e¢V) = [""B]' =  *He+ "Li + 2.31 MeV (94%)

Figura 1.11: Esquema de la reaccién de fisién nuclear que da lugar a que el isétopo B
irradiado con neutrones de baja energia produzca particulas a de alta energia (‘He) y
Li.

En medicina y farmacologia, los cobaltocarboranos encuentran aplicaciones debido
a la anteriormente mencionada estabilidad y a su naturaleza artificial que los hace in-
visibles al metabolismo de los seres vivos, y por tanto presentan baja toxicidad. Una
de las aplicaciones mas prometedoras es el uso del [3,3’-Co(1,2-CyBgH11)2] como pla-
taforma para funcionalizar con otros grupos que presenten actividad bioldgica. En una
reciente investigacion se ha encontrado que unos derivados del cobaltabisdicarballuro
actian como un potente y especifico inhibidor de la proteasa HIV-1.%5 En esta linea ya
se conoce que ciertas sales de ferroceno tienen propiedades antitumorales,®® debido a
la similitud del ligando ciclopentadienuro con algunos carboranos, se sintetizaron unos
complejos semi-sandwich de Fe andlogos usando el ligando [MeC,;B,;Hy| ™ y éste también
presenté propiedades citotéxicas contra algunas variedades de células tumorales.?” En
las ramas de radioinmunoterapia/radioinmunodiagnosis, los metalacarboranos con puen-
tes intramoleculares entre las dos cajas de dicarballuro funcionan como reactivos Venus
Flytrap (VFT) y pueden complejar irreversiblemente radioniclidos como el 57Co, %Tec
o ®Re, dando lugar a radiofdrmacos.®® Se estdn investigando los clisteres yodados de
metalacarboranos o carboranos como agentes de contraste en técnicas de rayos X, debido

a la opacidad de los atomos de yodo a este tipo de radiacién.?®®

La terapia de captura de neutrones por boro (Boron Neutron Capture Therapy,
BNCT) es un tratamiento contra el cancer basado en la reaccién de fision nuclear de
captura de neutrones. Cuando un 4tomo de '°B es irradiado con neutrones de baja
energia se producen particulas o de alta energia (*He) y “Li que destruyen las células
(Figura 1.11).%° Uno de los mayores retos en esta terapia es lograr la correcta distribucién
y la cantidad necesaria de B en las células implicadas. Derivados del cobaltabisdicar-
balluro han sido considerado como unos compuestos prometedores portadores de boro
para BNCT. %1% Estos compuestos de B pueden ser suministrados en células tumorales

usando estrategias como sintetizar biomoléculas que contienen funciones cobaltabisdicar-
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Figura 1.12: Conjugado de porfirina y cobaltacarborano.®

balluro como por ejemplo nucleésidos*? y porfirinas (Figura 1.12).61:66:67

La sal de Li* del [3,3-Co(1,2-CyBgH;;)2] ha sido reportada como un 4cido de Lewis,
en el cual el i6n de litio débilmente coordinado al anién [3,3’-Co(1,2-CyBgHy;)o| cataliza
la reaccion de adicién de acetales silil-cetenes sobre compuestos insaturados carbonili-

cos. %8

1.3. Dendrimeros y Metalodendrimeros

1.3.1. Antecedentes historicos

Los dendrimeros son macromoléculas tridimensionales de medida controlada, ideal-
mente monodispersos y con una estructura ramificada bien definida.% Los dendrimeros
son sintetizados en una secuencia iterativa de reacciones creandose nuevas capas que
aumentan el tamano de la molécula de forma controlada y precisa. La primera sintesis se
remonta a 1978 cuando Votgle y colaboradores describen una sintesis de forma contro-

lada de un polimero de poliamina ramificada aciclica.”™ En 1981, Denkewalter patenta
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Figura 1.13: Representacion esquematica de un dendrimero y un dendrén.

la sintesis de derivados de polilisina ramificados.™ Y en 1984, Tomalia acuiia el termino
dendrimero™ para su polimero de poli(amidoamina) (PAMAM),” coincidiendo con la
comunicacién de la sintesis de micelas unimoleculares de Newkome.™ Desde entonces
el campo de los dendrimeros ha suscitado un gran interés en el mundo cientifico y ha
permitido la construccié sistematica de nanoestructuras a un nivel de control atéomi-
co nunca antes conocido.” "®Algunas referencias seleccionadas de los tltimos tres afos
muestra los principales campos donde se estd investigando con dendrimeros en la actua-

lidad, donde destaca sobre todo las aplicaciones farmacolégicas, ™ catdlisis® 82

83

y diseno

de dispositivos electrénicos.

1.3.2. Generelidades sobre la Estructura y Métodos de Sintesis

de Dendrimeros

La estructura de un dendrimero puede ser dividida en tres regiones: a) core o nucleo,
donde nacen las diferentes ramas; b) ramas y puntos de ramificacién que se repiten dando
lugar a las generaciones del dendrimero; y ¢) periferia, donde se encuentran los grupos
funcionales, que seran los responsables de propiedades como la solubilidad, viscosidad,
comportamiento térmico y quimico (Figura 1.13). Un dendrén o arborol es un dendrimero
que posee un punto focal o grupo funcional desde donde se prolongan las ramas y por
tanto tiene menos forma esférica.

Los dendrimeros se organizan por capas o generaciones. Al nticleo central se le con-
sidera la generacion cero (GO) y asi se van enumerando las sucesivas generaciones hasta

la periferia. En la Figura 1.13, el dendrimero representado llega hasta una generacién
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G4 y el punto focal del dendron esta adornado con una rama de generacién G3. Con-
forme el dendrimero va creciendo en nimero de generaciones, el impedimento estérico
que provoca cada rama, hace que la macromolécula vaya adoptando una conformacién
globular.™ El crecimiento no puede ser ilimitado y llegado un momento el dendrimero
no puede crecer de forma monodispersa, a este fendémeno se le conoce con el nombre de

de Gennes dense-packing phenomenon.®*

Métodos de Sintesis

Las estratégias sintéticas principales que se usan para la construccion de la estructura
dendrimérica son dos, el método convergente y el divergente (Figura 1.14), aunque pueden

mezclarse ambos métodos a tal de conseguir una determinada estructura.

2) y = ‘r*
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Figura 1.14: Métodos de sintesis de dendrimeros: a) divergente, b) convergente.

Método Divergente

La sintesis comienza sobre una molécula polifuncional que desempena el papel de
core en el dendrimero. Los grupos funcionales de esta molécula se hacen crecer mediante
una determinada reaccion y cuando todas las ramas del core han sido funcionalizadas
el proceso se detiene. En este momento, la periferia del dendrimero no tiene grupos
funcionales para proseguir y se da por concluida la primera etapa de crecimiento. La
siguiente etapa en el proceso de construccion del dendrimero es la activacién de estos
grupos funcionales de la periferia para después seguir con una nueva etapa de crecimiento
y asi sucesivamente hasta alcanzar la generacion deseada, la Figura 1.14.a esquematiza

este método.
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Figura 1.15: Sintesis divergente de dendrimeros de tipo carbosilano.

Método Convergente

Este método se publicé por primera vez en 1990 por Fréchet.8> Consiste en sintetizar
primero las ramas del dendrimero (dendrones) y hacerlas reaccionar con una molécula
que actuara de core del dendrimero, véase Figura 1.14.b. La sintesis de las ramas se
realiza en dos etapas, crecimiento y activacion, como en el caso del método divergente
pero como diferencia, en este caso la activacién del grupo funcional se realiza en la
posicién focal y no en la superficie. La sintesis via método convergente finaliza cuando
los dendrones sintetizados se hacen reaccionar con una molécula multifuncional, que es

el core.

1.3.3. Tipologia de sistemas dendriméricos

Los sistemas dendriméricos més ampliamente usados son aquellos que poseen un
esqueleto organico y sus conectividades estan basadas en los grupos amida, éster y éter,
debido a la simplicidad sintética de introducir bloques ramificados con la formacion de
estos enlaces. Si bien la mayoria de los dendrimeros reportados son de base organica,
también han sido sintetizados una variedad de dendrimeros conteniendo heteroatomos
en su esqueleto (Si, P, B, Ge, Bi).%

A continuacién se detallan generalidades de los tipos de estructuras dendriméricas

que se usan en este trabajo.

Dendrimeros de tipo Carbosilano y Carbosiloxano.

Las estructuras dendriméricas cuyo esqueleto esta constituido por dtomos de C y

Si, son los dendrimeros llamados de tipo carbosilano.®” Estos dendrimeros presentan la
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Figura 1.16: Dendrimero de tipo carbosilano 2G-Vig.
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Figura 1.17: Esquema de reaccién genérico de un silano halogenado con un silanol.

principal ventaja de una sintesis sencilla por el método divergente y una amplia ver-
satilidad a la hora de construir diferentes variantes, siguiendo una misma estrategia de
sintesis y cambiando simplemente el tipo de reactivos empleados (Figura 1.15).%8 Las
etapas de crecimiento y activacién son la alquenizacion con un reactivo de Grignard para
hacer crecer las ramas y la reaccién catalizada de hidrosililacién de alquenos (adicién
anti-Markovnikov de una funcién Si—H a un alqueno) utilizando clorosilanos, respecti-
vamente.® Alternando sucesivamente este par de reacciones se formarian las diferentes
generaciones de este dendrimero de tipo carbosilano, como por ejemplo el representado
en la Figura 1.16. Debido a una alta energia de disociaciéon del enlace Si-C y una baja
polaridad del mismo, estos dendrimeros son bastante estables termodinamicamente. Las

moléculas més usadas como core en este tipo de dendrimeros son el tetravinilsilano® y

L aunque se han usado otras moléculas.??

el tetraalilsilano,”

Los dendrimeros de tipo carbosiloxano son preparados por hidrosililacion de dobles
enlaces con clorosilanos para formar enlaces Si-Cl en la estructura dendrimérica. En
uno de los pasos de crecimiento, estos enlaces reaccionaran facilmente con los silanoles
(Figura 1.17). Las estructuras dendriméricas asi sintetizadas ademds de tener enlaces de

tipo Si-O-Si tendran también de tipo —(CH,),— en el esqueleto dendrimérico.5%92



18 1. Introduccién

' @Lbﬁ Qb
O, o —L e G — e 4
e du CS{.

1 KOOy, eter D 8-coroma=0; 1) PPhy, CHr,

Figura 1.18: Sintesis de un dendrén de tipo Fréchet

Dendrimeros de tipo poli(aril-éter) o tipo Fréchet

El procedimiento general de sintesis consiste en la alquilacion selectiva de alcoholes
fenélicos con un bromuro de alquilo o bencilo en presencia de un exceso de carbonato
potasico y del éter 18-corona-6. La segunda etapa consiste en la activacién de un alcohol
bencilico focal mediante la bromacién con tetrabromuro de carbono en presencia de
trifenilfosfina, tal como queda esquematizado en la Figura 1.18.

Estas estructuras dendriméricas de tipo oligoéter, descritas originariamente por
Fréchet y Hawker,® son unas de las més utilizadas y que presentan mayores aplicaciones
debido a la estabilidad del enlace tipo éter y su obtencién en altos rendimientos. % En

la Figura 1.18 se esquematiza el procedimiento de sintesis de un dendrén.

1.3.4. Dendrimeros que incorporan clisteres de Carborano

El primer dendrimero funcionalizado con un derivado con cluster de borano fue di-
seniado con el objetivo de ser usado en BNCT y lo reporté Newkome en 1994.%* En
este contexto, y para aumentar la solubilidad de estos dendrimeros,” también han si-
do sintetizados dendrimeros que incorporan p-carborano en el interior de la estructura
dendrimérica permitiendo que la periferia fuese funcionalizada con grupos hidréfilos.%
Recientemente, nuestro grupo se ha interesado en la preparacion de dendrimeros ricos en
boro, para lo cual ha sintetizado dendrimeros con carboranos (closo y nido) situados en
la periferia de dendrimeros de tipo carbosilano, " (Figura 1.19) y en dendrimeros de ti-
po Fréchet.”® Es importante destacar que los dendrimeros aniénicos con nido-carboranos
presentan cierta solubilidad en agua, en funcién del tipo de catién que posean.”

Segin nuestro conocimiento, existen muy pocos ejemplos de metalodendrimeros que
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Figura 1.19: Dendrimero de carbosilano funcionalizado con ocho carboranos.?”

incorporen boranos, asi se ha descrito un ejemplo de un metalodendrimero sintetizado

por Grimes, funcionalizado en la periferia con complejos de Co tipo sandwich."

1.3.5. Metalodendrimeros

La introduccién de atémos metalicos (metales de transicién) en la estructura de los
dendrimeros da pie a la generacion de los denominados metalodendrimeros. El primer
metalodendrimero se sintetizé en 1992,'% y desde entonces este campo ha estado en
continua expansion. La combinacion de los dendrimeros con su naturaleza monodisper-
sa con compuestos organometdalicos permite la sintesis de unas macromoléculas cuya
caracteristicas estaran muy influenciadas por tal funcionalizacion y dotaran de nuevas
propiedades de interés para los dendrimeros. Los reviews sobre este tema son muchos
pero destacamos el de Newkome en 1999,%! y el de otros autores en el campo de los
Metallodendrimers como Gorman,'*? Cuadrado!®® y Majoral. 1%

La incorporacién de metales de transiciéon en un dendrimero puede realizarse de forma
muy especifica: en el core (Figura 1.20d);1% formando parte de la unidad repetitivas de

las ramas (Figura 1.20c);'% también pueden estar ocluidos en sitios especificos dentro
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Figura 1.20: Diferentes posiciones que puede ocupar un metal en un dendrimero.

del dendrimero (Figura 1.20e)'7 y en la superficie como grupo terminal (Figura 1.20a-
b)).% Esta tiltima es la opcién mds habitual pues es la superficie del dendrimero (en este
caso metalodendrimero (a) o metaloestrella (b)) donde las propiedades fisico-quimicas
del compuesto se muestran con mayor protagonismo pero ante todo, la eleccién de uno

u otro lugar depende de las propiedades buscadas.

1.3.6. Aplicaciones de los Dendrimeros y de los Metalo-

dendrimeros en general.

La razon de incorporar especies metalicas en las estructuras dendriméricas es debi-
da a que las propiedades magnéticas, electronicas, 6pticas y quimicas de los complejos
metalicos se transfieren y se anaden a las ventajas que ofrecen los dendrimeros. Por ello,
los metalodendrimeros tienen un amplio campo de aplicaciones, que abarcan disciplinas
tan dispares como catalisis, nanoelectrénica, detecciéon molecular, nuevos materiales y
medicina.

Catadlisis

Las propiedades cataliticas de unos complejos metélicos unidos a la periferia de un
dendrimero, situaria estos centros cataliticos en la interfase entre la catalisis homogénea y
la heterogénea. En un metalodendrimero, la actividad de los centros cataliticos periféricos
es similar a la encontrada en los complejos monometalicos usados en catdlisis homogénea,
pero la estructura dendritica sobre la que van soportados (de escala nanométrica), podria

permitir una separacién y recuperacién sencilla del catalizador por filtracién.”®® Varios
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reviews abordando este tema han sido publicados. 3182108

Reconocimiento Molecular

El proceso de reconocimiento molecular puede ocurrir tanto en el interior como en
la superficie del dendrimero si se situan ciertos grupos especificos en el core/ramas o en
la periferia, respectivamente.'% Por ejemplo el reconocimiento de guest aniénicos por
receptores neutros o cargados que selectivamente emiten una respuesta redox distinta
cuando se produce la interaccion host-guest han sido ampliamente estudiados como sen-
sores, '3 y también se ha revelado que la topologia del dendrimero en la funcién del
reconocimiento es muy importante.52¢

Cristales Liquidos

La versatil construccion de los dendrimeros, junto a la posibilidad de una alta funcio-
nalizacion y diversidad de los grupos funcionales, permite un control de las propiedades
mesomorficas muy interesante que hace a estas macromoléculas aptas para el desarrollo
de cristales liquidos. 119112

Nanoelectronica y Foto-éptica

Una de las aplicaciones mas interesantes en los metalodendrimeros es preparar com-
puestos luminiscentes o que sean activos a procesos redox. Los dendrimeros funcionali-
zados con metales o compuestos organometalicos suelen retener sus propiedades (aun-
que modificadas por la estructura dendrimérica), como son la capacidad de absorber
y emitir luz visible o experimentar procesos redox multielectrénicos. Estas capacida-
des tienen aplicaciones potenciales en dispositivos moleculares fotoquimicos o electréni-

83,108,113
)

coS y otras aplicaciones como antenas artificiales para la trasformacion de energia

83b,83¢,83g,83h 83e,83f

luminica, o material emisor de luz en OLEDs.

Medicina

Una de las aplicaciones terapéuticas que actualmente estan en desarrollo relacionadas
con dendrimeros es su uso como dosificadores de farmacos o sistemas para drug delivery.
El alto nivel de control en la sintesis de un dendrimero, asi como el hecho de poder mo-
dular la superficie de éste con el niimero y tipo de cargas apropiado, los convierte en un
portador de farmacos éptimo (Figura 1.21).7%114115 Ta5 técnicas de dosificacién usando
nanoestructuras como los dendrimeros presentan mucho interés debido a monodispersi-
dad y su habilidad para penetrar membranas. '

En este punto es importante resaltar, que existen relativamente pocos dendrimeros

polianiénicos descritos en literatura en contraste con los policationicos. Recientemente,
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Figura 1.21: Esquema ideal de un dendrimero multifuncionalizado y cargado de farmaco.

se reportd uno basado en grupos benzoato periféricos con la habilidad de transportar
cationes de intéres biomédico como la acetilcolina. !¢

Otra aplicacion de los dendrimeros bajo investigacion es su uso como portadores de
agentes de contraste. La resonancia magnética de imagen usa complejos de Gd™ para
modificar el tiempo de relajacién de los protones del H,O.7118

Respecto a aplicaciones en BNCT, un estudio sobre un conjugado entre PAMAN G5
y un clister de borano portando en total 1100 atomos de boro en la superficie y con
un anticuerpo especifico para un receptor en la membrana celular de la célula cancerosa
mostré que el conjugado se concentraba preferentemente en estas células respecto a las

sanas. 119120

A modo de conclusién, se postula que la sinergia entre estos dos tipos de compuestos,
dendrimeros y metalacarboranos, generaria un gran abanico de posibles aplicaciones, ya

que combinaran las propiedades que ellos presentan separadamente. 48

1.4. Materiales Nanoestructurados basados en TiO,
y SiO,.

La preparacién de monocapas auto-organizadas (self-assembly monolayers, SAMs)
en sustratos solidos es importante tecnologicamente. En la naturaleza, el proceso de
auto-ensamblaje (self-assembly) da como resultado la formacién de sistemas complejos

supermoleculares. Las SAMs son estructuras altamente ordenadas en dos dimensiones
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Figura 1.23: Representacion esquematica de la reaccion de PhPO5Et, en una superficie
de éxido metélico para formar la especie tridentada PhP(O4Ti)s,.

que ofrecen una oportunidad tnica como modelo de estudio para aumentar la compren-
sion fundamental de esta auto-organizacién, asi como el estudio de las relaciones entre

estructura, propiedades y fendmenos interfaciales. 2!

1.4.1. Modificacién de Superficies de TiO,.

Los &cidos derivados de compuestos organofosforados (Figura 1.22) presentan gran
afinidad hacia 6xidos metalicos como el TiO, y al igual que los organoclorosilanos sirven
para el disefio de materiales hibridos de clase II.122%123

En la modificacion de la superficie de nanoparticulas de TiO, se crean enlaces de tipo
Ti—O—P (Figura 1.23) por la condensacién hidrolitica del grupo P—OH y una ventaja
que presentan estos compuestos es que la homocondensacion de los grupos P—OH no
estd tan favorecida como en el caso de los Si—OH.

El uso de organofosforados para la funcionalizacién de superficies esta menos ex-
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tendido que el de clorosilanos pero esta técnica estd encontrando aplicacion en campos

5 6

como la separacion,'?* catdlisis, '?° células solares'?® o la funcionalizaciéon de implantes

de titanio. 27

1.4.2. Modificaciéon de Superficies de SiO,.

La fijacién convalente de moléculas a sustratos de silicio u oxido de silicio ha recibido
mucha atencién durante la pasada década.?® Hay ejemplos en la literatura de moléculas
soportadas en estas superficies como pueden ser fullerenos, cromoforos, fluoréforos o bio-
moléculas, como péptidos o ADN. Los organosilanos de férmula general RSiX; (donde R
es un grupo funcional orgénico y X es un alcéxido o haluro) forman facilmente SAMs por
quimisorcién.'?® La auto-organizacién espontanea de estas especies al fijarse al sustrato
es la formacion de una monocapa bastante homogénea y las propiedades fisicas de éstas
pueden ser facilmente controladas por la eleccién apropiada de R. La formacién de SAMs
es explicada por dos tipos de mecanismos de crecimiento, dependiendo de las condicio-
nes empleadas. Uno es el modelo de crecimiento de tipo “isla”, y el otro es el modelo
homogéneo del crecimiento dandose este ultimo mecanismo cuando las condiciones en la

condensacién son de muy bajo contenido en agua. 3

Las potenciales aplicaciones de estas nanoestructuras son su uso como sensores, 3!

inmobilizaciéon de biomoleculas, 3*133 patterning,'** OLEDs,' puentes dieléctricos pa-

137

ra transistores de tipo orgdnico en capa fina,®% éptica no lineal,'*” o modificacién de

superficies para la formacién de cristales liquidos. 3%
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La preparacion y caracterizacién de nuevos materiales tienen gran interés cientifico
debido al gran abanico de posibles aplicaciones. La creaciéon de nuevas vias para la
modificacién quimica de la periferia de dendrimeros, recubrimientos de superficies y
funcionalizacién de nanoparticulas, abre la puerta a nuevas posibilidades de aplicacién o
modificacién de las propiedades que presentan estos materiales.

En los tdltimos anos, nuestro grupo se ha interesado en la preparacién de compuestos
ricos en boro que muestran una cierta tendencia a ser solubles en agua y potenciales
aplicaciones en medicina. El objetivo general de este trabajo es desarrollar estrategias
para la incorporacién de derivados de carborano, y en particular del cobaltacarborano
[3,3’-Co(1,2-CyBgH11)2| a diferentes plataformas con el fin de preparar, por un lado,
compuestos aniénicos ricos en boro, y por otro lado, estudiar las propiedades que es-
tos clusteres les puedan transmitir. Para ello se han establecido los siguientes objetivos

concretos:

1. Sintetizar y caracterizar derivados del [3,3-Co(1,2-C3BgH11)s] con funciones Si—H
apropiadas para hacer hidrosililacion sobre dobles enlaces en la periferia de un

dendrimero.

2. Sintetizar estructuras dendriméricas de tipo carbosilano y ciclocarbosiloxano de
diferentes generaciones con grupos vinilo terminales, para después funcionalizarlas
mediante hidrosililacién con un derivado del [3,3’-Co(1,2-CyBgH11)s] que contenga

un grupo Si—H.

3. Funcionalizar estructuras dendriméricas de tipo poli(aril-éter) (dendrimeros tipo
Fréchet) de distinta generacién que presentan grupos alilo terminales, mediante

reacciones de hidrosililacién con derivados del cobaltacarborano.

4. Funcionalizar estructuras dendriméricas de tipo poli(aril-éter) que posean grupos
-OH en la periferia, mediante la apertura de anillo dioxano del derivado de cobal-
tacarborano, [3,3’-Co(8-C4HgO,-1,2-C3BgH10)(17,2’-CoBgHy1)].

5. Obtencién de siloxanos, ciclosiloxanos y octasilsesquioxanos que contengan cluste-

res de carborano, a partir de carboranilclorosilanos y carboraniletoxisilanos.

6. Preparacién de derivados fosforados del [3,3’-Co(1,2-CyBgH11)s] adecuados para

funcionalizar la superficie de nanoparticulas de TiO,.
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7. Preparacién de derivados de [3,3-Co(1,2-C3BgH;;)2] adecuados para ensamblar a

superficies de wafers de silicio oxidado.
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3.1. C.-derivados del [3,3’-Co(1,2-CyBgH;1)2] con grupos silano. 31

3.1. C_-derivados del [3,3-Co(1,2-C3BgH;;1)2] con

grupos silano.

3.1.1. Sintesis.

En este apartado se describe la sintesis y caracterizacion de unos nuevos derivados de
cobaltacarborano, que contienen grupos silano enlazados exo-cluster a los carbonos de los
ligandos [C,ByH,;]? ", utilizando como productos de partida Cs[3,3’-Co(1,2-CyBgHj;)s],
Cs[1] y Cs[8,8-u-CgHy-3,3"-Co(1,2-CoBgHip)2], Cs[2]. El principal objetivo es la prepa-

raciéon de derivados que contengan una funcién Si—H en el clister.*”
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Figura 3.1: Sintesis de cobaltacarboranos Cs[3] y Cs[4] .

Como se ha comentado en la Introduccion, una de las formas de funcionalizar los
atomos de carbono del compuesto Cs[3,3’-Co(1,2-C3BgHj;)s]es haciendo reaccionar la
sal litiada del mismo con derivados halogenados.*>46 En nuestro caso, con el objetivo de
obtener un derivado de [3,3’-Co(1,2-C3BgH;;)2] monosubstituido, se hizo reaccionar una
disolucién de Cs[1] en DME con 1 equivalente de n-BuLi a -78 °C. Después, las sales litia-
das reaccionaron con 1 equivalente de dimetilclorosilano también a -78 °C, Figura 3.1. El
resultado de la reaccién es una mezcla de producto monosubstituido [3]” y un producto
no esperado [4] ", ademds de una considerable cantidad de producto de partida [1]~. Es-
tos compuestos se precipitan con CsCl, para dar lugar a las correspondientes sales: Cs[3],
Cs[4] y Cs[1]. La tnica manera de aislar Cs[3] fue tratando primero la mezcla con Et,0,
donde la especie Cs[4] es mds insoluble, y posteriormente, separar Cs[3] de Cs[1], me-
diante extracciones con CH,Cl,, donde Cs[1] es ligeramente més insoluble. Finalmente,
Cs[3] se obtiene con un rendimiento del 4 %, mientras que utilizando [N(CH,),]™ como

contraién, se obtiene [N(CH;),|[3] en un 11 %. La razén de emplear dichas condiciones
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Figura 3.2: Dos rutas de sintesis para obtener [4]7: a) -40 °C, DME, 1 eq. n-Buli,
(CH,),SiHCI exc. b) -78 °C, DME, 2 eq. n-Buli, (CH,),SiCl, exc.

de reaccion era forzar la formacién del cobaltacarborano monosubstituido con un grupo
—Si(CH,),H, [3]7, ya que la utilizacién de temperaturas mas altas (-40 o 0 °C),'" el
empleo de THF, o la adicién de cantidades estequiométricas de TMEDA,!3? no conducen
a una mejora en el rendimiento de obtenciéon del mismo.

La obtencién de la especie anidnica [4]~ de forma inesperada nos llevé a profundizar
mas en la preparacion y estudio de la misma y para ello se desarrollaron dos rutas al-
ternativas con rendimientos relativamente altos, Figura 3.2. En la primera de las rutas
que vemos en la Figura 3.2a se lleva a cabo la litiacion del compuesto [1]”, usando 1
equivalente de n-Buli a -40 °C en DME, y a continuacion se hace reaccionar la sal litiada
con un exceso de (CH;),SiHCI a la misma temperatura. El anién [4]” se puede aislar
como sal de cesio, Cs[4], rendimiento del 75 %, o como [N(CHj;),][4] si se hace precipitar
con [N(CH;),|CL La segunda de las rutas busca exclusivamente la obtencién de la sal
dilitiada de [1]7, usando dos equivalentes de n-Buli, a -78 °C en DME. Posteriormen-
te, se hace reaccionar esta sal con (CH;),SiCl,, a la misma temperatura, obteniéndose
finalmente el compuesto Cs[4] con un rendimiento del 95 %.

En el primer intento para obtener el compuesto monosubstituido con la funcién Si—H,
Cs[3], el rendimiento fue muy bajo, por eso se decide cambiar de estrategia para derivar
los compuestos de cobaltabisdicarballuro con una funciéon Si—H. El proceso seguido se

esquematiza en la Figura 3.3. Para sintetizar el compuesto Cs[5] se lleva a cabo la
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Figura 3.3: Procedimientos para la sintesis del derivado [5]"

dilitiacién de [1], usando dos equivalentes de n-Buli a -78 °C en DME. A continuacion,
se hace reaccionar la sal dilitiada con un exceso de CH;SiHCl,, en las mismas condiciones
de reaccién. La especie anidnica [5]” se aisla como sal de cesio en un alto rendimiento,
92%. La temperatura juega un papel importante en esta sintesis, ya que, de hacerla
a temperatura mayor de -78 °C nos aparecen una mezcla de isémeros estructurales y
producto de partida [1]".

Para tener mas amplio conocimiento de los diferentes isémeros rotacionales posibles
en este tipo de compuestos, ademas de aportarnos informacién sobre datos espectroscépi-
cos de los grupos silano enlazados a los atomos de C_, se ha estudiado la reactividad de la
sal monolitiada de [1]™ frente al (CH,);SiCl obteniéndose el derivado monosubstituido
Cs[1-SiMes-3,3-Co(1,2-C3BgH10)(17,2’-CyBgH;1 )], Cs[6], en un 33 %. Cuando se hace re-
accionar la sal dilitiada con el mismo clorosilano se obtiene el compuesto con dos grupos
—Si(CH,)4 exo-cluster, el compuesto Cs[1,1°-(SiMes)2-3,3’-Co(1,2-CoBgH1g)2], Cs[T7].

De la misma forma que con los compuestos anteriores, se han sintetizado C-derivados
del [8,8-1-CgHy-3,3-Co(1,2-C3BgHyg)s] , [2], como reactivo de partida. Una de las
caracteristicas méas diferenciadora respecto a [1]~ es que posee la rotacién de los ligandos
sobre el centro metdlico impedida por un grupo fenilo.

Para tratar de obtener el compuesto monosubstituido, se lleva a cabo la reaccion de
Cs[2] con 1 equivalente de n-BuLi a -78 °C en DME;, y a continuacién se hace reaccionar
la sal litiada con el clorodimetilsilano, (CH,),SiHCL. Sin embargo, pese a los intentos
realizados fue imposible obtener el compuesto monosubstituido derivado de Cs[2] con
una funcién Si—H. Al igual que con Cs[1], bajo estas conciones de reaccién se obtuvo

el compuesto pinzado Cs[8], tal como se muestra en la Figura 3.4. La sal de cesio del
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Figura 3.4: Procedimiento para la sintesis del derivado [8]~

anién [8] se aislé con un rendimiento del 85 % y puso en evidencia que el anién [2]”
reaccionaba de una manera muy similar a su homdlogo [1]™ frente a (CH;),SiHCI, dando
lugar de nuevo a un compuesto disubstituido y pinzado en los atomos de C_. de dos
dicarballuros diferentes.

Por tanto, con el objetivo de funcionalizar [2]” con un grupo Si—H exo-clister, se
decide utilizar la misma estrategia que se utiliz6 para obtener [5]”. Se lleva a cabo la
dilitiacién de [2] usando 2 equivalentes de n-Buli a -78 °C en DME. A continuacién,
se hace reaccionar la sal dilitiada con un exceso de diclorometilsilano, CH4SiHCl,, en las
mismas condiciones de reaccion. Los dos grupos Si—Cl de este silano reaccionan con la sal
dilitiada pinzando los dos clisteres y manteniendo la funcién Si—H. El compuesto Cs|8,8’-
p-(CgHy)-1,1-pu-SiMeH-3,3’-Co(1,2-CoBgHy )5, Cs[9], se obtiene con un rendimiento del
65 %.

Es destacable el hecho de que a partir de Cs[2], si intentamos sintetizar el homélogo
a Cs[7], obtenemos como producto mayoritario el compuesto monosubstituido Cs|8,8’-
p-(CgHy)-1-SiMes-3,3’-Co(1,2-CyBgHy ) (17,2’-C3BgH1 )], Cs[10]. Seguramente el impedi-
miento estérico del primer —Si(CH;); y la imposibilidad de rotacién de los ligandos,

impediria substituir el segundo C, para obtener la especie disubstituida.

3.1.2. Caracterizacion.

Los compuestos han sido caracterizados por IR, RMN de 'H, 1B, 13C y 2%Si, en al-
gunos casos COSY MB{'H}-"B{'H}-RMN, espectrometria de masas, analisis elemental
y los compuestos [N(CHj;),][3], [N(CH;),][4] ¥ [N(CH;),][7] por difraccién de rayos X.
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Espectroscopia de Infrarrojo (IR)

La frecuencia de vibracién de los enlaces C,—H aparece como absorciones finas y
poco intensas, entre 3090 y 3034 cm™!. Entre 2584 y 2554 cm ™! aparece una absorcién
muy intensa correspondiente a v(B—H); la zona donde aparece esta absorcién es la
caracteristica para los carboranos tipo nido. Una senal caracteristica de los compuestos
[3] 7, [6] y [9] es la correspondiente a la frecuencia de vibracién del enlace Si—H, que
aparece entorno a 2160 cm™! y que nos confirma la presencia de la funcién Si-H. Otra
banda comiin a todos los compuestos es la correspondiente a v(Si—CHj), que aparece
entre 1250 y 1257 cm™1.

'H-RMN

Los espectros de 'H-RMN se han realizado en acetona deuterada y los desplaza-
mientos quimicos estan referidos a TMS. En la Tabla 3.1 se recogen los desplazamientos
quimicos de protén. A efectos comparativos se han incluido los productos de partida [1]~
y [2] en la tabla.

compuesto Si—H C.—H Si—CH; B-H

terminal
[1]” - 3.94 - 3.37-1.57
3] 4.31 3.85, 3.69 0.29 3.61-1.60
[4] - 45 0.31 3.38-1.43
5] 5.06 4.59 0.44 3.40-1.44
[6] - 402,383,372  0.28 3.57-1.50
[7]” - 419,3.77  0.33,0.30  3.98-1.58
[2]” - 3.58 - 3.76-1.49
8] - 3.48 0.39,0.25  4.00-1.43
9]  5.25,4.97 3.61 048, 0.38  4.11-1.43
[10]~ - 3.52, 3.45 0.28 3.99-1.51

Tabla 3.1: Desplazamientos quimicos de los protones (ppm) en el espectro de "H-{1'B}-
RMN.

En los compuestos [3]” y [5]” se observa una tnica senal a 4.31 y 5.06 ppm, respec-
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Figura 3.5: Espectro de 'H-RMN correspondiente a la zona de desplazamiento quimico
de los protones Si—H: a) [3] 7, b) [5] y ¢) [9] mostrando proporcién relativa de los dos
isémeros 24 y 76 %.

tivamente, atribuible al protén del grupo Si—H. Sin embargo, en el compuesto [9]™ se
observan dos desplazamientos quimicos atribuibles a este protén, a 5.25 y 4.97 ppm, lo
cual nos indica la presencia de isémeros estructurales. El Si—H de los compuestos [3]~,
[5] v [9] se acopla a los protones del grupo metilo, con una constante de 3J=3.4 Hz,

dando un sistema septuplete o cuadruplete segun corresponda, Figura 3.5.

Todos los compuestos disubstituidos y pinzados presentan una sola senal amplia
correspondiente a los C,.—H, debido a su simetria. Contrariamente, el disubstituido no
pinzado en los carbonos [7]” presenta dos senales en distinta proporcién, que indican la
presencia de dos isémeros posicionales. El espectro de "H-RMN del monosubstituido [3]~
muestra dos senales para los C.—H: la primera a 3.85 ppm que integra por un protén y la
segunda a 3.69 ppm, que integra por dos protones. Sin embargo, en el caso del compuesto
monosubstituido [6] aparecen 3 senales integrando por un protén. Los protones metili-
cos del grupo Si—CH; aparecen entre 0.29 y 0.48 ppm. En los compuestos [3], [5] y
[9] estos protones aparecen como dobletes, por el acoplamiento con el protén del Si—H.
En el compuesto [4]~ los protones metilicos dan un tnico singulete, sin embargo, en su

homodlogo [8] se observan dos singuletes debido a la presencia de isémeros estructurales.

Respecto a los protones unidos a boro, aparecen en el intervalo comprendido entre
1.43 y 4.11 ppm, Tabla 3.1.
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BC-RMN

En general las senales correspondientes a los C_, se observan con menor intensidad si
las comparamos con las senales de los carbonos de los metilos unidos a silicio. Ademas,
de todas las senales asignadas a C_, aquellas desplazadas a campo mas alto se pueden
asignar a los C.—Si, ya que, la naturaleza mas electropositiva del silicio hace que los
atomos unidos a él aparezcan mas apantallados. Los desplazamientos quimicos de los
C.—H aparecen en el intervalo amplio de 42.11 a 59.04 ppm y tienden a tener la senal
desplazada a campo bajo respecto a los productos de partida, [1]” y [2]. Los dtomos de
carbono correspondientes a los metilos enlazados a Si estan muy apantallados y aparecen

siempre a campo mas alto en todos los casos, en un intervalo que va desde 3.20 a -6.87

HB-RMN

Los dieciocho &tomos de boro de los compuestos [3]” — [7]” presentan bandas en
los espectros de "B{'H}-RMN, en el rango comprendido entre +9.10 y -22.26 ppm. En
cambio, los atomos de boro de los compuestos [8] — [10]~ aparecen en el intervalo de
+27.47 a -24.51 ppm. En el espectro de "B-RMN, todos los desplazamientos quimicos
de los atomos de boro aparecen como un doblete, por acoplamiento de los dtomos de
boro con el protén al que van enlazados. En los compuestos [8] 7-[10] ", la resonancia a
campo mas bajo (+ 27 ppm) no se desdobla en el espectro de ''B-RMN, debido a que
esta senal se atribuye a los atomos de boro que van enlazados a los carbonos del fenilo.

Si los compuestos funcionalizados con grupos silano se comparan con su precursor
[1] 7, se observa una similitud en el rango donde aparecen los desplazamientos quimicos
de los atomos de boro. En general, la presencia del substituyente en los carbonos del
cluster produce un ligero desplazamiento a campo bajo de todas las senales respecto
a las de sus precursores, y el aumento del nimero de resonancias en los espectros de
UB{'H}-RMN de los C-substituidos. En estos compuestos se produce un desdoblamiento
de las senales atribuidas a los B(4,7,9,12) y B(5,11), debido a que las dos caras C,B,
del cobaltacarborano dejan de ser totalmente paralelas, y por tanto la estructura pierde
simetria. Este hecho no sucede en los derivados de [2]7, debido a la mayor rigidez que
le confiere el grupo fenilo que pinza los dtomos B(8) y B(8').17

El espectro de "B{'H}-RMN del compuesto monosubstituido, [3]~, presenta un
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Figura 3.6: a) Espectro bidimensional COSY ""B{'H} - "B{'H}-RMN. b) Desglose de
seniales del espectro COSY para cada ligando. ¢) Esquema con boros numerados del
compuesto [3]".

patréon de intensidades 1:1:1:1:1:3:4:2:2:1:1, muy distinto a los observados en los com-
puestos que tienen disubstitucion y pinzamiento. Con un mayor niimero de senales de-
bido a su mayor asimetria, nos ha permitido realizar un espectro bidimensional COSY
UB{H}-"B{'H}-RMN (Figura 3.6a), a través del cual se han podido asignar todas las
resonancias de este espectro a los 4tomo de boro. 47140

El compuesto [7]” esta disubstituido pero no pinzado, por lo que no tiene impedida
la rotacién a través del eje que atraviesa el centro metélico. El espectro de "B{'H}-
RMN de este compuesto presenta 9 seniales en el intervalo de +8.25 a -19.99 ppm, con
un patrén de intensidades de 2:2:4:2:2:1:2:1:2, el cual nos sugiere la presencia de varios

isémeros rotacionales.

29Si-RMN

Los desplazamientos quimicos de los 4tomos de Si en los espectros de 2?Si-RMN para

los compuestos sintetizados en este trabajo se muestran en la Tabla 3.2.
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compuesto  Si

3]°  -8.28
[4”  13.98
5] 2.94
6] 1074
[7]-  10.75
8] 1174
[9]” 2.69
[10]” 863

Tabla 3.2: Desplazamientos quimicos de los atomos de Si (ppm) en los espectros de
29Gi-RMN.

Se aprecia que el desplazamiento quimico del atomo de silicio en estos compuestos
estd bastante afectado por sus substituyentes. El a&tomo de Si del grupo -SiH(CHj), en el
compuesto [3]” aparece a campo muy alto (-8.28 ppm), mientras que en los compuestos
pinzados [5]” y [9], el grupo -u-SiH(CH;) aparece alrededor de 2.8 ppm. El dtomo de
Si perteneciente a un grupo -u-Si(CH;), o -Si(CH,), aparece a campo mas bajo, en el

rango de 8.63 a 13.98 ppm.

Ultravioleta-Visible.

Los espectros UV-Vis de los compuestos sintetizados [3]” - [10] fueron medidos
en acetonitrilo. Un ajuste por gausianas'#' fue aplicado para su mejor comparacién con
otros espectros UV-Vis de compuestos similares. Como ejemplo se muestra el espectro
de [4]” en la Figura 3.7

Los aniones presentan tres absorciones comunes alrededor de 280, 340, y 450 nm,
que pueden atribuirse al anién [3,3-Co(1,2-CyBgHj)s] como ya ha sido descrito.'! La
absorcion cerca de 450 nm se asigna a la transicién d-d del Co en el complejo. En el com-
puesto [7]” muestra un desplazamiento batocrémico con respecto a [1]” de alrededor
de 40 nm y las disoluciones de este compuesto son de un tono mas rojo oscuro en com-
paracién con [1]” y [3]” - [6] ", que presentan un color mas anaranjado. Es importante

enfatizar que cuando los ligandos estan pinzados por un grupo silano se muestra una
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Figura 3.7: Espectro UV-Vis de [4]™ (linea negra) y ajuste con curvas gaussianas (lineas
color gris). La seccién expandida muestra una absorcién cerca de 445 nm y estd ampliada
x20.

absorcién adicional entorno a 310 nm. Los compuestos preparados a partir de [2]” exhi-
ben un maximo alrededor de 230 nm atribuido al grupo fenilo.'4? La principal diferencia
entre el precursor y sus derivados obtenidos en este trabajo [8] - [10]” es una senal
entorno a 270 nm y un desplazamiento batocrémico de 10 nm en el segundo maximo

entorno a 320 nm.

Estructuras Cristalinas.

Las estructuras cristalinas de los compuestos [N(CH;),][3], [N(CHj),][4] ¥
[N(CHj),][7] fueron resueltas por difraccién de rayos X. Las tres sales cristalizaron en
una disolucién de acetona y con contraiéon [N(CH;),]*. En las Figura 3.8 se muestra las
representaciones ORTEP de estas tres sales.

Un hecho relevante, comtn a las tres estructuras cristalinas, es que la presencia del
catién [N(CH,),|" ayuda a cristalizar los compuestos. Nunca fueron obtenidos cristales
aptos para resolucién por difraccién de rayos X con otro catién. El anién [3]” tiene
simetria C, la conformacion de los clisteres es cisoide y el grupo —SiH(CHj), estd pro-
yectado entre los dos C, del cluster vecino (Figura 3.8 izq.). El anién [4] tiene simetria o

con el Co, Siy C metilicos en el mismo plano (Figura 3.8 centro). El grupo u—Si(CH,),
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Figura 3.8: Representaciéon ORTEP para las estructuras de los aniones de [N(CHj),][3],
IN(CH;),4][4] ¥ [N(CH;),][7] con los elipsoides de desplazamiento térmico al 30 %.

esta enlazado a ambos clisteres por los C_, lo que hace que los carbonos y boros del
anillo C,B; estén eclipsados en los ligandos. El anién [7]™ tiene simetria Cy con el me-
tal situado en el eje principal y la disposicion de los ligandos es cisoide como se puede
apreciar en la Figura 3.8.

Estas tres estructuras cristalinas representan los tres primeros ejemplos de C-
substituidos del [3,3’-Co(1,2-C3BgH11)2] con grupos silano. Ademds, la estructura del
compuesto monosubstituido [N(CHy),][3] es el primer ejemplo de monosubstitucién en
los C, para el [3,3-Co(1,2-CyBgH;1)a] -

3.1.3. Calculos DFT en los C_-substituidos de [3,3’-Co(1,2-
C2BoHi1)2] -

En este apartado estudiamos ciertos aspectos de la formacion y caracterizacion de
los aniones descritos en el apartado anterior mediante teoria del funcional de la densidad
(DFT, density functional theory).'*® La optimizacién de las geometrias de los aniones
[1] - [10] se realizé con el funcional hibrido B3LYP!* con la base 6-311G(d,p). Tam-

bién se ha llevado a cabo el calculo de los desplazamientos quimicos tedricos en los
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espectros de "B{'H}-RMN para las estructuras optimizadas y as{ comparar espectros

experimentales en disolucién y tedricos en fase gas.*”

Isomeros rotacionales de los compuestos [3] 7, [6] y [7] .

Experimentalmente se conocen tres rotameros para el anién [1]™: cisoide (Cs,), gau-
che y transoide (Cop).'%5 Teéricamente, en fase gas y en ausencia de contraiones, la
conformacién transoide es 12.8 kJ/mol maés estable que la conformacion cisoide, siendo
la intermedia la gauche. Las barreras energéticas de rotaciéon se sitiian entorno a los 35
kJ/mol.'46 En este trabajo se han calculado las energfas de los isémeros rotacionales
de los compuestos [3]7, [6]” v [7]". En este caso, los C-substituidos tienen 5 posibles
isémeros rotacionales. Dos cisoide, dos gauche y una transoide. En el caso del anién [3]™,
el conférmero gauche-1 is mas estable que cisoide-1 por 2.8 kJ/mol (Figura 3.9a). Esta
conformacion cisoide-1 es el rotamero experimental obtenido en la estructura cristalina
(Figura 3.8).

Es interesante notar que el hidrégeno en Si—H esté interaccionando con un C_—H. Si
las estructura cisoide-1 de [3]” es optimizada evitando tal interaccién, la conformacién
cisoide-1 es incluso mas inestable que la gauche-1. Por tanto tal interaccién tiene cierta
importancia a nivel tedrico y a nivel experimental, como veremos mas adelante.

Para el caso del anién monosubstituido, [6]”, de nuevo una conformacién gauche
es la més estable (Figura 3.9a). Para el anién C_-disubstituido [7]”, se optimizaron
solo los rotameros cisoide-2, gauche-2 y transoide, pues la optimizacién de los rotameros
cisoide-1y gauche-1 nunca convergioé debido a su gran impedimento estérico. El rotamero
mas estable en este caso es el cisoide-2 que ademas coincide con el determinado en la

estructura cristalina (3.8).

Is6meros estructurales de los compuestos [4] 7, [5]” y [9] .

Los compuestos pinzados [4] 7, [5]” y [9] no tienen isémeros rotacionales pero pue-
den formar isémeros estructurales que seréan estables en un rango amplio de temperatura,
al estar unidos los dos ligandos dicarballuro por el puente de Si.

El anién [4] tiene la posibilidad de configurar tres isémeros estructurales, una pa-
reja de enantiomeros y un diastereoisémero, cuyas formas estructurales serian la mezcla

racémica, denominada forma [4] -rac, y la forma [4] -meso. En la Figura 3.10 se en-
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Figura 3.9: Energias relativas calculadas para las estructuras optimizadas de a) [3]7,
[6] vy D) [7]".

cuentran representados estos isémeros. Se puede apreciar que los metilos unidos a silicio
en las formas [ y d de [4] -rac son magnética y quimicamente equivalentes. Sin embar-
go, en la forma [4] -meso, con los cuatro dtomos de carbono del clister eclipsados, los
metilos no son equivalentes porque uno de los metilos se pueda proyectar sobre los C_ de
los ligandos, y el otro lo hace sobre los boros. Segun los calculos teéricos, la forma [4] -
rac es 12.7 kJ/mol més estable que la [4] -meso. En las condiciones de sintesis 6ptimas

(-78°C) se obtiene principalmente la forma [4] -rac, y en proporciones minoritarias una
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Figura 3.10: Isémeros estructurales del anion [4] . a) Proyeccién en el plano C,B;, b)
Vista frontal.
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Figura 3.11: Isémeros estructurales del anion[5]”

cierta cantidad de [4] -meso. La estructura cristalina para [4] es la forma -meso y fue
obtenida de una reaccion a - 40 °C.

El anién [5]" puede configurar cuatro isémeros estructurales: una pareja de enan-
tiémeros y dos diastereoisdémeros, que corresponderian a la mezcla racémica o formas
rac y a dos formas meso, respectivamente. En la Figura 3.11 se esquematizan los cua-
tro isémeros estructurales. La forma [5] -meso(M) y la forma [5] -meso(m) tienen en
comun que los cuatro a&tomos de carbono del clister estan eclipsados dos a dos, pero en la

primera el metilo unido a silicio se proyecta sobre los B—H del clister y en la segunda el
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Figura 3.12: Isémeros estructurales del anion [9] .

metilo se proyecta sobre los C.—H. Segin los célculos tedricos, la forma [5] -rac es 10.5
kJ/mol més estable que la forma [5] -meso(M) y 15.4 kJ/mol mas estable que la forma
[5] -meso(m). Si se lleva a cabo la sintesis de [5]” a -78 °C, en el espectro de 'H-RMN
se observa una tnica senal debida al protén Si—H, que corresponderia a [5] -rac. Si la
sintesis se realiza a més de -40 °C, en el espectro de H-RMN aparecen tres resonan-
cias debidas a protones Si—H que pertenecerian a las formas [5] -rac, [5] -meso(M) y
([5] -meso(m), con unas proporciones relativas de 65, 22, y 13 %, respectivamente. La
asignacién a las formas [5] -meso(M) y ([5] -meso(m) se hace en base a las energias
relativas calculadas.

El anién [9] tiene la posibilidad de configurar dos isémeros estructurales que son
diastereoisémeros, cuyas formas estructurales se denominarian [9] -meso(M) y [9] -
meso(m), Figura 3.12. Al tener los ligandos fijados con la rotacién impedida, la forma
-rac de este compuesto no se obtiene en ningtn caso. En la sintesis de este compuesto a
-78 °C se obtiene una mezcla de dos isémeros en una proporcién de 76 % y 24 %, que se
podrian asignar a las formas [9] -meso(M) y [9] -meso(m), respectivamente. Proporcién
que se mantiene incluso realizando la sintesis a 0 °C. Los calculos tedricos indican que
la forma [9] -meso(M) es 5.70 kJ/mol més estable que la y [9] -meso(m).

Podemos concluir este apartado de isomeros estructurales afirmando que, de forma

general, siempre que sea posible formar la mezcla racémica, ésta sera la estructura mayo-
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ritaria, seguida de aquella forma meso, que tenga los metilos proyectados sobre los B—H

del cluster, es decir, la denominada forma -meso(M).

Comparaciéon de espectros tedricos y experimentales de '"B{'H}-RMN para

los aniones [4]” y [5] .

Este apartado tiene una importancia fundamental en relacién con los apartados si-

guiente relacionados con la funcionalizacion de dendrimeros.

A continuacién se presentan los espectros reales de '"B{'H}-RMN de los compuestos
[4] y [5] junto a los espectros tedricos de los mismos. Pese a la similitud, se aprecian
diferencias entre ambos espectros de [4] y de [5]”, una bastante importante es la reso-
nancias correspondientes a los boros B(6) y B(6’). Mientras que [4]” no distingue estos
boros, el compuesto [5]” si lo hace. Este hecho se debe (dado que ambos compuestos
estdn en su forma -rac mayoritariamente) a que el compuesto [5]” tendrd los boros B(6)
y B(6') en entornos diferentes, segiin estén préximos al hidrégeno del puente p — SiH o
sobre el metilo del ;41— SiCH;. En cambio, en la estructura de [4] se espera un tnico tipo
de B(6). A la vez que los B(6) estan afectados, los B(5) y B(11) por cercania, también

podrian estarlo como se aprecia en la Figura 3.13a.

Para corroborar este efecto sobre los atomos de boro que tienen los substituyentes
del silicio a una distancia de tres enlaces, se llevaron a cabo los calculos de los despla-
zamientos quimicos tedricos por el método GIAO, que se muestran como barras en la
Figura 3.13b. Se puede apreciar que esta distincién entre atomos de boro B(6) también

queda reflejada tedricamente.

Este hecho nos ayudara en el futuro en las reacciones de hidrosililacion de dobles
enlaces en la periferia de dendrimeros con el compuesto [5]". El anién [5]” con puente
p — Si(CH,)H tras hidrosililar el doble enlace pasara a ser un puente p — Si(CH;)CH,-,
de mayor similitud con el grupo puente p — Si(CH,), de [4]. Por tanto, se espera que
la resonancia diferenciada de B(6) y B(6') en [5]” desaparezca y se unifique en una sola
senal similar a la que presenta [4], tal como se muestra en los espectros de la Figura
3.13. Este hecho serd una prueba mas de que [5] ha hidrosililado un doble enlace y ya

no tiene la funcién Si—H.
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Figura 3.13: Espectros de [5]” y [4] a) "B{'H}-RMN experimental b) Simulacién de
UB{'H}-RMN por método teérico GIAO.

Estudio tedrico de los mecanismos para la formacién de los compuestos [4]~
y (8]

Una pregunta que intentamos responder en este apartado es: jpor qué formamos el
silano monosubstituido, [3] ", cuando utilizamos [1]~ como producto de partida y nunca
lo detectamos cuando usamos [2]” como precursor? Por otro lado, en la reaccién de la
sintesis del compuesto monosubstituido [3], se nos forma también el anién [4] . Sin
embargo, a partir de [2]” obtenemos siempre exclusivamente el pinzado [8] . Por tanto,
nos parecié de gran interés estudiar la formacién de los compuestos [4] y [8], ya
que, no esperabamos en un principio que se produjera la reaccién del grupo Si—H con el
grupo C,—H, para dar lugar al pinzamiento. Nuestra hipétesis es que ocurre una reaccion
intramolecular que da como resultado el pinzamiento de los clisteres y para explicarla

se ha propuesto un mecanismo de reaccion, Figura 3.14.
El mecanismo propuesto consiste en la formacion del compuesto monosubstituido con
un grupo —SiH(CHjy), y posterior reaccién del protén dcido de un carbono del clister

con el hidrégeno de caracter hidruro Si—H, Figura 3.14. Se han realizado una serie
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especic nuaca observada

Figura 3.14: Posible mecanismo para la reaccién de pinzamiento de los clusteres para
formar el compuesto [8]".

de cdlculos tedricos para corroborar el mecanismo para la formacién de [8] a partir
del supuesto anién monosubstituido. Con el método de Natural Population of Charges
(NPA) hemos constatado que el hidruro de la funcién —SiH(CH,), tiene una densidad
de carga de -0.195 y la densidad de carga del protén acido del C.—H mads cercano es
de +0.282, lo que favorece la interaccién entre ambas funciones, como hemos supuesto.
También se ha encontrado un estado de transicién para la reacciéon de la formacion
de [8]" usando el método Synchronous Transit-Guided quasi-Newton (STQN), véase
la Figura 3.15. El minimo correspondiente al estado de transiciéon tiene una frecuencia
imaginaria correspondiente al modo vibracional de elongacién de enlace de la molécula

de H, involucrada en la reaccién.

También se ha calculado la entalpia de esta reaccion intramolecular que ha resultado
ser endotérmica a -78 °C, A,Hjgs = +37.2 kJ/mol y no espontdnea, A,Gig5 = +13.8
kJ/mol. Siguiendo la evolucién de la temperatura hasta un valor ambiental, a medida
que aumenta la temperatura de la reaccién, alrededor de 32 °C, A, G comienza a tener

valores negativos. 47

Los calculos se hicieron sin considerar el efecto del disolvente. Aun asi, se puede
apreciar una evolucién hacia energias libres de Gibbs negativas, debido a que el término
entréopico de la ecuacion de estado se hace més negativo a medida que aumenta la tem-
peratura. Se concluye entonces que, debido a que la conformacién cisoide y eclipsada en
los derivados de [2]™ es estable en las temperaturas de reaccién investigadas, la reaccién
intramolecular para la formacién de [8] estd muy favorecida, y por eso nunca se ha

detectado la presencia de monosubstituido en estos derivados de [2] 7, porque siempre se
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Figura 3.15: Estado de transiciéon encontrado para la reacciéon intramolecular de obten-
cién de [8] a partir del monosubstituido correspondiente. Lineas punteadas representan
enlaces rotos y lineas sélidas nuevos enlaces creados.

produciria el pinzamiento. Contrariamente, dada la posibilidad de rotacion que tienen
los ligandos en el compuesto [3]7, se debe de establecer un equilibrio entre las 5 con-
formaciones rotacionales alternadas posibles: transoide, gauche-1, cisoide-1, cisoide-2 y
gauche-2. Ademas de requerirse una energia “extra” necesaria para pasar entre confor-
maciones alternadas a eclipsar los ligandos. Sélo dos conformaciones eclipsadas de [3]~
permitirian la reaccién intramolecular. Por todo ello, es posible encontrar cierta cantidad
de este compuesto monosubstituido [3]” sin haber reaccionado intramolecularmente y
por esto mismo, es imposible encontrar compuesto monosubstituido derivado de [2] sin

que haya reaccionado.

Estudio de las interacciones intramoleculares de dihidrégeno Si—H---H—-C,_

del anién [3] .

Las distancias atomicas son el principal indicador para probar la existencia de un
enlace o una interaccién. Esto también es véalido para un enlace de hidrégeno. La estruc-
tura cristalina del derivado C_-monosubstituido [3]~ (Figura 3.8) presenta tres contactos
intramoleculares entre hidrégenos a distancias de 2.409, 2.212 y 2.059 A. Distancias més

cortas de 2.4 A para dos dtomos de H (dos veces el radio atémico de Van der Waals del
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Figura 3.16: Disposicion espacial de las tres distancias cortas presentes en la estructura
cristalina del anién [3].

H) indican que tales dtomos estdn interaccionando. En la Figura 3.16 se representa la
disposicién espacial de estas tres distancias cortas en la estructura cristalina.

Ademas de la estructura cristalina, se observé una notable diferencia en los espectros
'"H-RMN de los aniones monosubstituidos [3] y [6] . Mientras el primeros presentaba
solo dos sefiales correspondientes al protén C,—H, el segundo tenfa tres sefiales. 47 Por
ello, en este apartado se estudiard la naturaleza de estas interacciones intramoleculares
que el grupo protén aceptor Si—H establece con los dos enlaces C,—H (protén donador)
del ligando dicarballuro vecino y también la interaccién Cy;,—H---H—C_ que se observa
en la estructura del anién [3]".

El enlace de dihidrégeno (dihydrogen bond, DHB) es un tipo de enlace poco convencio-
nal de hidrogeno en el que una funcién protéon donadora D—H interactiia con un proton
aceptor A—H, ver Figura 3.17. Estos enlaces muestran caracteristicas muy similares a
8

los enlaces de hidrégeno convencionales. '

Una de las herramientas utilizadas mas a menudo para estudiar un posible DHB es la
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Figura 3.17: Representacion geométrica de los parametros que caracterizan un DHB.

Quantum Theory of Atoms in Molecules (QTAIM) de Bader.'4® Para hacer este estudio
se necesita la densidad electrénica de la molécula y ésta se puede obtener por medios
experimentales'®® o se puede calcular teéricamente. En este estudio hemos usado la den-
sidad electronica tedrica a dos niveles diferentes de DFT. En el primero aprovechamos las
optimizaciones B3LYP/6-311(d,p) del apartado anterior y anadimos otra optimizacién
de la geometria del anién mediante el funcional BP86'441°! con unas bases TZ2P. 52

Primero compararemos la estructura experimental con las dos optimizaciones. La
Tabla 3.3 muestra los parametros mas importantes de las tres interacciones y las dis-
tancias de los enlaces involucrados para la estructura cristalina (nivel 0), la estructura
optimizada con B3LYP/6-311(d,p) (nivel 1) y la optimizada con BP86/TZ2P(+) (nivel
2).

| Estructura  Cristalina [ BBLYP  /6-311(d,p) [ BP86  /TZ2P(+)
interaccién (A,°]
dun 0 P dun 0 Y duH 0 P
H1.--H3 2.409 83.1 108.7 2.440 87.7 112.9 | 2.413 86.1 112.7
H2..-H3 2.212 111.4 115.2 2.167 119.1 122.8 | 2.154 117.7 122.0
H1..-H4 2.059 119.5 155.7 2.224 113.0 150.0 | 2.157 112.1 148.8
enlaces (A]
d d d

C.~H1 1.121 1.079 1.086

C.—H2 1.121 1.080 1.086

Si-H3 1.541 1.488 1.498

Cpo—H4 0.980 1.092 1.099

Tabla 3.3: Pardmetros geométricos de las distancias cortas H---H y distancia de los
enlaces involucrados.

Vemos en la Tabla 3.3 que una de las distancias més cortas en la estructura cristalina
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corresponde a C,;,—H4---H1-C_. Esto es sorprendente debido a la similar naturaleza
de estos hidrégenos. En las otras dos interacciones, Si—H3---H1-C_ y Si—H3--- H2-C_,
Figura 3.16, la diferencia de electronegatividad entre Si y C, (1.90 vs. 2.55) sugiere
que podria formarse un DHB, pero el cutoff marcado por las distancias Van der Waals
descartarfa el DHB que mantiene una distancia de 2.409 A entre sus hidrégenos. La Tabla
3.3 muestra las distancias H- - - H calculadas a nivel 1y 2. La distancia C;,—H4--- H1-C_
y Si—H3- .- H2—C, se mantiene por debajo de los 2.4 A ylaSi—H3--- H1-C, por encima
de 2.4 A, como en el nivel 0 o experimental. Un estudio en la base de datos de estructuras
cristalinas de Cambridge (CSD) sobre DHB basados en B—H---H—N encontr6 que el
rango experimental para el angulo A—H---H, el angulo 6, esta en el rango de 95 - 120°
mientras que el dngulo 1 es mds abierto: 150 - 170°.1% Es mds caracteristico de un
DHB tener un angulo mas cerrado para 6 que mantener un arreglo lineal entre los cuatro
centros. El rango de los DHB de este estudio se mantiene en el rango normal en todos los
niveles (0, 1 y 2) con un angulo ¥ més cerrado, pero seguramente debido a la disposicién
geométrica del conjunto.

Un dato a tener en cuenta en estas interacciones es calcular las cargas atémicas de
los hidrogenos involucrados. En este trabajo hemos determinado estas cargas por dos
métodos diferentes: primero con Natural Population Analysis (NPA) en la estructura
optimizada con B3LYP/6-311(d,p) y Voronoi Deformation Density methods (VDD) en
la optimizada con BP86/TZ2P(+) (Tabla 3.4).

NPA VDD
H hidruro H protén diferencia H hidruro H protén diferencia
H3.--H1 -0.195 +0.267 0.462 -0.085 +0.130 0.215
H3.--H2 -0.195 +0.282 0.477 -0.085 +0.122 0.207
H4.--H1  40.224 +0.267 0.043 +0.025 +0.130 0.105

Tabla 3.4: Cargas atémicas (au) de los hidrégenos involucrados en interacciones H- - - H.

El método NPA da un cardcter més iénico a los dtomos de hidrégeno que el método
VDD. Es interesante notar la similitud de la carga de H1 y H4 en el método NPA,
mientras que en VDD, el H4 es un hidrégeno bastante neutral. De acuerdo con las cargas
atribuidas por ambos métodos, sélo Si—H3.--H1-C_ y Si—H3. .- H2—C_ encajan en la
definicion de DHB de ser una interaccion puramente electrostatica.

Analizando la densidad electrénica obtenida para las estructuras optimizadas a nivel
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Figura 3.18: Lineas de contorno de la densidad electrénica (linea fina), bond paths conec-
tando los nucleos y las zero flur surfaces (linea gruesa) para el plano H1-H2-H3 en el
nivel de teorfa 2. Los dos BCPs (A) y el RCP (o) estan proyectados sobre el plano.

1y 2, las interacciones Si—H3---H1-C_ y Si—H3---H2—C_ tienen un punto critico de
enlace (bond critical point, BCP) entre los dos hidrégenos. De acuerdo con la QTAIM, la
existencia de tal punto es la condicion necesaria y universal para la existencia de enlace
o interaccion entre dos atomos. En la Figura 3.18 se muestra la densidad electrénica en
el plano de los hidrégenos H1, H2 y H3 con la situacién del BCP y bond paths.

Sin embargo, la interaccién C,;,—H4---H1-C_ sélo presenta BCP en la densidad
electronica del nivel 1, y ademas este BCP esta justo en el limite de considerarse BCP
por el criterio de 7%p,,. En la densidad electrénica del nivel 2, ese BCP no se encuentra.
En la Tabla 3.5 se presentan los datos topolégicos que caracterizan los BCP’s en el nivel
2 de teoria. Ademas, se ha incluido una estimacion de la energia de enlace de los dos
DHB’s detectados segin la ecuacién empirica de Espinosa. %4
Por lo tanto, usando QTAIM junto a la determinacién de la carga en los hidrogenos,

se puede concluir que: 4"

1. La distancia corta Cy,,—H4---H1-C_ no es un DHB y que a lo sumo podria ser

una débil H-H bonding interaction segun el nivel de teoria 1.

2. La interaccién Si—H3- - - H2—C_, que sobrepasa el limite establecido de 2.4 A tanto
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Ap.g—VAW (A)  pep (an)  2pep (au) Eppp (keal/mol)

H3---H1 +0.013 0.098 0.0302 1.6
H3- - H2 -0.246 0.0106 0.0316 1.7
H4- .- H1 -0.243 - - -

Tabla 3.5: Parametros topoldgicos para los DHB’s detectados para el nivel 2.

experimentalmente como en los dos niveles de teoria, segiin QTAIM es un DHB.

3. La interaccion Si—H3.--H1—C_ es claramente un DHB y junto con la interaccion
Si—H3. .- H2—C,_ forman un DHB bifurcado (ver Figura 3.16).

4. La presencia del DHB formado por Si—H3.-- H1—C_ corrobora que en condiciones
6ptimas el protén dcido reaccione con el Si—H hidruro para formar la especie [4],

como se estimoé en el apartado anterior.

3.2. Sintesis y funcionalizacién de metalodendrime-
ros con [3,3,—C0(1,2—C2B9H11)2]_

3.2.1. Sintesis de dendrimeros polianiénicos de tipo carbosilano

y carbosiloxano.

Se han sintetizado metalodendrimeros de tipo carbosilano y carbosiloxano que con-
tienen 4 y 8 unidades de [3,3-Co(1,2-C3BgH11)s] en la periferia, mediante una re-
accién de hidrosililacién con el compuesto [5], descrito en el apartado anterior,*’
sobre los vinilos terminales de diversos esqueletos dendriméricos de distinta genera-
cién. 1% Los cores utilizados para funcionalizar son: el tetravinilsilano (TViS) y el
1,3,5,7-tetrametilvinilciclotetrasiloxano (TMViCTS), los cuales son comerciales y a su
vez han servido como core para hacer crecer las distintas generaciones de dendrime-
ros de tipo carbosilano: 1 G—Vi,, 1 G—Vig y 2 G—Vig; y de tipo ciclocarbosiloxano:
1 G-TMYViCTS(SiVi), y 1 G-TMViCTS(SiVi)g, respectivamente (Figuras 3.19 y
3.20). La metodologia usada para obtener estos tltimos es la divergente con las etapas

de alquenizacién e hidrosililacién ya mencionadas en la Introduccién (apartado 1.3.3).
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Figura 3.19: Preparacién del dendrén [11] .

Sintesis

La reaccién de un equivalente del compuesto [5]” con un equivalente de tetravinilsi-
lano (T'ViS), en presencia de catalizador de Karstedt, THF como disolvente y 50 °C de
temperatura, lleva a la sintesis del compuesto monoaniénico [11]” en un 77 % de rendi-
miento (Figura 3.19). Sin embargo, si usamos 4 equivalentes de [5]” con un equivalente
de TVIiS bajo condiciones similares o incluso aumentando la temperatura y el disolven-
te, no se consigue la completa funcionalizacion de éste. Probablemente, el impedimento
estérico debido al volumen del [3,3’-Co(1,2-CyBgH11)s] sea el responsable de no obtener
la tetrafuncionalizacion y en cambio se obtenga una mezcla de productos, mono-, di- y
trifuncionalizados muy dificil de separar y aislar (Figura 3.19). Es destacable el hecho de
que si en lugar de TViS se utiliza tetraalilsilano como core, las evidencias experimentales
muestran que no ocurre ningun tipo de hidrosililaciéon sobre doble enlaces de tipo alilo
conectados a silicio. Este hecho contrasta con el hecho de que la hidrosililaciéon sobre
alilos ha sido ampliamente reportada, pero parece que ciertos complejos organometalicos
funcionalizados con Si—H, como por ejemplo el ferroceno o en nuestro caso el anién [5]”,

tienen completamente inhibida tal hidrosililacién sobre el tetraalilsilano. 156157

Por el contrario, la reaccién de cuatro equivalente de [5]” con un equivalente de
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una primera generacién de dendrimero carbosilano, 1 G—Viy,, en las mismas condiciones
anteriores, lleva a la obtencién del correspondiente metalodendrimero, [12]4_, esta vez
completamente funcionalizado y que se aisla como sal de Cs con un rendimiento del 51 %,
Figura 3.20.

De igual forma y en similares condiciones, utilizando reacciones estequiométricas, se
obtuvieron los metalodendrimeros con estructura dendrimérica basadas en carbosilano
[13]% y [14]®, y los basados en ciclosiloxano [15]"7, [16]*” y [17]%” (Figura 3.20). En
todos los casos los metalodendrimeros se aislan como sales de Cs. En todos los casos, las
reacciones de hidrosililacién fueron monitorizadas por espectroscopia de IR siguiendo la
desaparicién de la sefial de Si—H, y por RMN de 'H siguiendo la desaparicién completa

de las senales de los vinilos que se encuentran en la periferia del dendrimero de partida.®®

Caracterizacion.

El compuesto monoaniénico [11]” y las estructuras dendriméricas, [12]*" — [17]°7,
fueron caracterizadas en base a espectroscopia de FT-IR, UV-Vis, RMN de 'H, !B, 3C
y 29Si; analisis elemental y espectrometria de masas (MALDI-TOF y ESI).

El espectro de IR muestra en todos los casos la tipica banda correspondiente a
v(B—H) alrededor de 2550 cm™! y una banda intensa en 1257 cm™! correspondiente
a d(Si—CH;). Ademds, para los dendrimeros de ciclosiloxano se observa una banda in-

! correspondiente a §(Si—0).

tensa a 1090 cm™

El espectro de "H-{''B}-RMN para [11] muestra los desplazamientos tipicos a 6.12
y 5.82 ppm, para los protones vinilicos que integran por 6 protones indicando que solo
una rama del TVIiS fue hidrosililada. Para todos los compuestos se observa en torno a
4.50 ppm una senal correspondiente a C,—H. El desplazamiento quimico de los protones
del grupo Si—CH, estd alrededor de 0.30 ppm para el metilo enlazado al silicio unido al
cobaltacarborano, y en el rango de 0.10-0.00 ppm para los Si—CH; de las ramas de los
dendrimeros. Los metilenos de las ramas muestran multipletes complejos situados entre
0.50 y 0.85 ppm. Los espectros de 3C-RMN muestran los desplazamientos quimicos de
los C,—H y C.—Si entorno a 56.16 y 40.99 ppm, respectivamente. Los carbonos del grupo
Si—CH, aparecen todos a campo alto, en la regiéon comprendida entre -7.0 y -0.6 ppm,
mientras que los —CH,— aparecen en el rango 2.4 - 8.9 ppm. El espectro de 'B-RMN

muestra un patrén muy similar para todas las estructuras dendriméricas reportadas
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Figura 3.20: Preparacién de los dendrimeros [12]*7, [13]*~, [14]*" y [17]*". En todos
los casos la reaccion se lleva a cabo a 50 °C en THF y usando catalizador de Karstedt.
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(2:2:4:4:2:2:2). El rango tipico va desde +8.3 a -22.0 ppm. En la Figura 3.21 se muestran
los espectros de varias de las estructuras dendriméricas descritas, asi como el compuesto
de partida [5] "y uno de los compuestos que nos ha servido como modelo para comparar,

el compuesto [4] . Se observa una gran similitud de éste tltimo con el de las estructuras

B(4.7.9.12)

B(&) B(10) B(5,11)  Bye)

10 5 o 5 10 1%

o i P )

Figura 3.21: Espectros de "B-RMN para el reactivo de partida, Cs([5]), estructuras
dendriméricas Cs[11], Cs,[12] y Csg[14]; y para el compuesto modelo Cs[4].

dendriméricas, sobre todo, en el desplazamiento quimico del boro B(6), en su unificacién
a una sola senal respecto al compuesto [5] . Este hecho reflejado en "B-RMN, también
se detecta en los espectros de 'H-RMN para los desplazamientos quimicos de protén del
grupo C,—Si—CH, y C,—H.
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La asignacién en los espectros de 2?Si-RMN fue realizada en base a la intensidad

de las senales y en la Tabla 3.6 se muestran los desplazamientos quimicos. De forma

Compuesto  Si,,.. Siama Si—C,
Cs[11] 11.8 12.15
Cs,[12] 5.88 6.65 11.98
Csg[13] 8.28 9.78 11.73
Csg[14] 6.32, 8.03 11.52
Cs,[15] -20.53 11.85
Cs,[16] -19.88 7.63 11.15
Csg[17]  -19.94  8.88 11.74

Tabla 3.6: Desplazamientos quimicos de los atomos de Si (ppm) en los espectros de
29Gi-RMN.

similar que con los anteriores nicleos, en los espectros de ??Si-RMN de estas estructuras
dendriméricas, el desplazamiento del silicio pontal (C,—p—Si) es més similar al del com-
puesto modelo [4]” (13.98 ppm), que al desplazamiento de ese silicio en el compuesto
[5] (2.94 ppm).*7

Se llevaron a cabo los andlisis elementales de C y H para varios de los metalodendrime-
ros. Los resultados se encuentran en el anexo en el articulo correspondiente.'®® Como se
ha podido observar en otras ocasiones, %159 la reproducibilidad y correcta composicién
de los andlisis elementales para compuestos con un elevado porcentaje de boros es dificil
y los margenes de error son mas amplios que en compuestos organicos clasicos.

Dos técnicas diferentes de espectrometria de masas han sido usadas para la caracteri-
zacién de los dendrimeros: MALDI-TOF y ESI. La masa molecular del monoanién [11]~
ha sido bien establecida usando la primera técnica, obteniéndose un pico molecular m/z
= 502.2 con una concordancia perfecta para el patrén isotopico calculado. La espectro-
metrfa de masas del dendrimero [12]*” fue realizada en una disolucién CHCl,/CH,OH
y mostré una senal a m/z = 2490.2, que corresponde a [(M—H)"H,O] . Sin embargo,
la determinacion del resto de estructuras dendriméricas polianiénicas por MALDI-TOF
ha demostrado gran dificultad debido a la gran fragmentacién existente, y por tanto, no
se ha detectado el pico correspondiente al peso molecular. En este aspecto la técnica no

ha servido para confirmar completamente la formacién de los dendrimeros. !5
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Los espectros de UV-Vis se midieron en acetonitrilo y muestran una banda de ab-
sorcion a 310 nm, que es caracteristica para derivados de cobaltabisdicarballuro que
contienen un puente de silicio.4” 1% La técnica de UV-Vis se mostrard muy 1til en la
caracterizacién global de las estructuras dendriméricas como se verd en el apartado si-

guiente 3.2.1.

Método para la identificacion indirecta de funcionalizacion completa con

cobaltacarboranos basado en medidas de UV-Vis.

Como se ha mencionado antes, sélo el compuesto [11]” y el dendrimero de tipo car-
bosilano [12]4_ han sido caracterizados exitosamente por espectrometria de masas. La
dificultad de analizar estructuras dendriméricas con un niimero elevado de cargas ha sido
constatado anteriormente. De hecho, bajo nuestro conocimiento, sélo una vez y muy re-
cientemente se ha reportado en bibliografia un espectro MALDI-TOF de una estructura
dendrimérica que no fuera neutra. %% Un método alternativo, aplicado por Kim et. al., !
utiliza la relacién lineal que se establece entre una determinda estructura con un nimero
de unidades de un grupo que absorbe en UV-Visible y su absortividad molar. En nuestro
caso, hemos escogido la banda de absorcién en el visible entorno a 460 nm y se han cal-
culado las absortividades molares (¢) de todos los dendrimeros a esa longitud de onda.
En la Figura 3.22 se muestra la relacién lineal entre la absortividad molar y el nimero de
[3,3"-Co(1,2-CyBgH11)2] en la periferia de cada una de las estructuras dendriméricas. Se
observa que ¢ es proporcional al nimero de [3,3’-Co(1,2-C3BgH1;)2] que contiene cada
una de ellas. Y por tanto, apoyandonos en el resto de datos experimentales de caracte-
rizaciéon (IR, RMN y MALDI-TOF en algunos casos) esta técnica nos corrobora que las
estructuras dendriméricas supuestas, correlacionan con unas estructuras completamente

funcionalizadas y unificadas.

Solubilidad de las sales de cesio de las estructuras dendriméricas funcionali-
zadas con [3,3’-Co(1,2-C3BgHj4)2] .

Una de las propiedades mas interesantes para estos dendrimeros, y sus potenciales
aplicaciones, es la solubilidad en agua. Aunque este catién no destaca especialmente por
favorecer la solubilidad del anién [3,3’-Co(1,2-C3BgH1;)2] en agua, como otros cationes

tal como sodio o potasio, se ha llevado a cabo un estudio de solubilidad a T ambiente,
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Figura 3.22: Representacion de la absortividad molar a A = 462 nm versus el ntimero
de [3,3'-Co(1,2-C3BgH11)2] en la periferia de cada metalodendrimero: a) DMSO, b)
acetonitrilo.

mediante medidas de UV-Vis. De esta manera, crearemos un referente experimental

constrastable en el futuro con posibles experimentos con cationes biocompatibles.

Para realizar los experimentos, se ha procedido a solubilizar las sales de cesio en un
disolvente organico (y ampliamente usado como excipiente) como es el DMSO.'%? Poste-
riormente, se lleva a cabo una dilucion en agua de manera que no se observe precipitado
o suspension alguna. La correspondiente disolucién se mide espectrofotométricamente
y se obtiene qué cantidad de [3,3’-Co(1,2-C2BgHy1)s] se ha solubilizado en estas di-
soluciones con un alto porcentaje en agua (> 98%). En la Figura 3.23 se muestra un
grafico de la absorbancia (A) vs. la concentracién para las distintas disoluciones de estas
sales. Como referencia patron se construye una recta de calibrado utilizando diferentes
concentraciones del compuesto Cs[4]. En la grafica se aprecia que pese a estar el [3,3’-
Co(1,2-C3BgHj1)2] unido a un esqueleto dendrimérico altamente insoluble en agua como
es el de carbosilano/carbosiloxano, la solubilidad de este no ha cambiado apreciablemente
respecto al compuesto libre Cs[4], mostrando todos los metalodendrimeros un comporta-
miento similar. Este estudio, ademas de darnos informacién sobre la solubilidad en agua

de estos metalodendrimeros, nos indica que ellos son estables en dichas disoluciones.
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Figura 3.23: Medidas de solubilidad para las sales de Cs de los metalodendrimeros po-
lianiénicos.

3.2.2. Funcionalizacién de dendrimeros de tipo poli(aril-éter)
con derivados de [3,3’-Co(1,2-C2BgH;4),] .

Este apartado se ha llevado a cabo en colaboracion con los grupos del Dr. Norberto
Farfan de la Universidad Nacional Auténoma de México y la Dra. Rosa Santillan, del Cen-
tro de Investigacion y Estudios Avanzados del Instituto Politécnico Nacional de México.
Ellos han preparado las estructuras dendriméricas de tipo aril-éter que contienen en la pe-
riferia grupos alilo y que serdn funcionalizadas con derivados de [3,3’-Co(1,2-CoBgHi1)s]

para obtener los correspondientes metalodendrimeros polianiénicos. 163

Sintesis

En esta seccion se resume la sintesis y caracterizacion de una nueva familia de molécu-
las star-shaped y dendrimeros polianiénicos siguiendo el procedimiento de hidrosililacion
de alquenos terminales con el anién [1,1°-p-SiMeH-3,3’-Co(1,2-CoBgHy)2] , [5] . Las es-
tructuras dendriméricas utilizadas para funcionalizar se preparan a partir de un nicleo

fluorescente que actua como core, 1,3,5-trifenilbenceno (TFB), y el crecimiento de las
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generaciones se realiza utilizando el método de Fréchet, dando lugar a ramas de tipo aril-
éter para acabar la periferia con tres, seis, nueve y doce grupos alilo: 0G-TFB(Alil)3,
1G-TFB(Alil)g, 1G-TFB(Alil)g y 2G-TFB(Alil),» (ver estructuras en el apartado
Figuras, al principio del manuscrito).

El nicleo se prepara por ciclocondensacién de acetofenonas substituidas.'®* En la

Figura 3.24 se muestra la triple condensacion del reactivo de partida para dar 0G-
TFB(Alil);3. 163
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Figura 3.24: Sintesis de 0G-TFB(Alil);.

Para hacer crecer el dendrimero de generacién 0 0G-TFB(Alil); a la siguiente ge-
neracion, los grupos alilo de éste son eliminados para dar 0G-TFB(OH); y éste se hace
reaccionar en acetonitrilo en presencia de K,CO; y cantidades cataliticas del éter corona
18-C-6, con el reactivo apropiado para dar 1G-TFB(Alil)s o0 1G-TFB(Alil), (Figura
3.25). Estos dendrimeros pueden seguir creciendo mediante etapas de alquilacién una vez
sustituidos los alilos terminales por el grupo —OH y as{ dar 2G-TFB(Alil),.'%

El procedimento para la funcionalizacién de la periferia de estos dendrimeros consiste
en la reaccién de hidrosililaciéon de los dobles enlaces con [1,1-p-SiMeH-3,3’-Co(1,2-
CoBgHjp)2] en THEF, a 50 °C, en presencia de catalizador de Karstedt. La reaccién de tres
equivalentes de [5]” con un equivalente de 0G-TFB(Alil); da lugar al metalodendrimero
[18]* que se aisla como sal de Cs, con un rendimiento del 54%. Una relacién 6:1 de
[5] /1G-TFB(Alil)g y 12:1 para [5] /2G-TFB(ALil);; bajo las mismas condiciones
da lugar a los metalodendrimeros [19]°” y [20]"*7] (Figura 3.26) que se aislan como sales
de Cs en un 63 % y 51 % de rendimiento, respectivamente. Los tiempos de reaccién han
variado en funcién del nimero de grupos alilo a funcionalizar. En todos los casos, las
reacciones fueron monitorizadas por IR (desaparicién banda Si—H) y por *H-RMN la

desaparicion de los protones del grupo alilo.
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Figura 3.25: Sintesis de dendrimeros 1G-TFB(Alil)s y 1G-TFB(Alil),.
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Figura 3.26: Sintesis del metalodendrimero [20]"*~ a partir de [5]” y 2G-TFB(Alil);,.
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Sin embargo, los intentos de hidrosililacién completa para 1G-TFB(Alil)g fueron
infructuosos debido, seguramente, al impedimento estérico por el volumen del anion
3,3"-Co(1,2-C5BgH11)2]| . Este hecho ya fue observado y comentado para la reaccién de

TVSi con [5] del apartado anterior.'®

Caracterizacion

Las estructuras dendriméricas de [18])°7, [19]°” y [20]"*" fueron caracterizadas en
base a FT-IR, UV-Vis, RMN de 'H, B, 3C y ?°Si, y espectrometria de masas. La
caracterizacion de los precursores terminados con grupo alilo no se ha incluido en este

apartado, pero se encuentra anexada en el articulo.!®3

El espectro de IR muestra en todos los casos la tipica banda correspondiente a
v(B—H) alrededor de 2550 cm™! y una banda intensa en 1257 cm™! correspondiente
a 0(Si—CH,).

Los espectros de 'H-RMN muestran los desplazamientos tipicos para los protones
aromaticos entre 7.80 y 7.00 ppm. Las senales de los protones atribuidos a la funcion alilo
en 0G-TFB(Alil);, 1G-TFB(Alil)s vy 2G-TFB(Alil);, han desaparecido indicando
una completa funcionalizacién y han aparecido las resonancias de los protones —OCH,—
(4.00 ppm), —CH,— (1.85 ppm) y —SiCH,— (1.00 ppm), que confirman la completa
hidrosililaciéon de los grupos alilo. Se observa una resonancia ancha en torno a 4.50
ppm, correspondiente a C,—H del cobaltacarborano. El desplazamiento quimico de los
protones del grupo Si—CHj, se observa alrededor de 0.30 ppm. El espectro de *C-RMN
muestra los desplazamientos quimicos de los carbonos aromaticos en la region de 160.5 a
100.5 ppm y de los grupos —OCH,— en el rango comprendido entre 65.0 y 79.0 ppm. Las
resonancias de C_.—H y C_—Si aparecen alrededor de 55.25 y 40.50 ppm, respectivamente.
Los carbonos del grupo Si—CH, aparecen entorno a -6.5 ppm. El espectro de ''B-RMN
de todas las estructuras dendriméricas muestra el tipico patrén de ligandos dicarballuro
pinzados por dtomo de Si (2:2:4:4:2:2:2) y en el rango tipico de +8.3 a-22.0 ppm. Los tres
metalodendrimeros muestran una resonancia alrededor de 12 ppm en el espectro de 2°Si-
RMN, correspondiente a C_—Si. Este desplazamiento es muy cercano al del compuesto
modelo [4]” (13.98 ppm).*7

Se han usado dos técnicas diferentes de espectrometria de masas para la caracteriza-
cién de los metalodendrimeros: MALDI-TOF y ESI. La masa molecular de Cs;[18] ha
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Figura 3.27: Espectro ESI para [M—Cs|~ donde M= Cs;[18]. Izquierda: simulacién.
Derecha: Experimental.

sido bien establecida por ESI dando un pico molecular a m/z = 1837.1, que corresponde
a [M—Cs|™ (Figura 3.27). Sin embargo, la determinacién del resto de estructuras den-
driméricas polianiénicas por MALDI-TOF ha mostrado gran dificultad, debido a la gran
fragmentacion existente como en el caso de los dendrimeros de carbosilano del apartado
anterior. ' Esta técnica solamente nos ha ayudado a determinar ciertos fragmentos del

dendrimero, pero nunca se observo el correspondiente pico molecular.

Medidas de UV-Vis y Fluorescencia

Las medidas de absorcién de UV-Vis para los precursores 0G-TFB(Alil);, 1G-
TFB(Alil)g, 1G-TFB(Alil)g y 2G-TFB(Alil)y5; y los metalodendrimeros polianiéni-
cos [18]°7, [19]°" y [20]"*" fueron realizadas en acetonitrilo. La Tabla 3.7 muestra los
datos correspondientes a las medidas de estos compuestos y los espectros se muestran en
las Figuras 3.28 y 3.29.

Los dendrimeros de partida muestran un méximo de absorcién en la region 269-272
nm que corresponde a la transiciones 7 - 7* del core aromatico como ocurre en compuestos
de 1,3,5-trifenilbenceno substituidos similares.% Para los compuestos 1G-TFB(Alil)g,
1G-TFB(Alil)y y 2G-TFB(ALlil);; existen absorciones por debajo de 240 que no se
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Absorcién Apaz (e, 103)

0G-TFB(Alil); 269 (127)

1G-TFB(Alil)g 270 (66)

1G-TFB(Alil)g 270 (65)

2G-TFB(Alil) 5 272 (78)
Cs4[18] 271 (86) 310 (52)
Csg[19] 276 (175) 309 (109)
Csy,[20] 272(141) 307(171)

Tabla 3.7: Absorciones maximas (\,q;, nm) para cada compuesto en el espectro de
UV-Vis. El coeficiente de extincién molar (g, dm®mol~'em™') figura entre paréntesis.
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Figura 3.28: Espectro UV-Vis para los dendrimeros precursores.
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Figura 3.29: Espectro UV-Vis para los metalodendrimeros conteniendo [3,3’-Co(1,2-
CyBgHi1)s] -

pueden asignar debido a que solapan con el disolvente (ver Figura 3.28). Los metalo-
dendrimeros por su parte presentan dos absorciones claramente definidas en el espectro
de UV-Vis. Una corresponderia al core aromético, como en los compuestos de partida,
que aparece entre 271 y 276 nm, y la situada entorno a 310 nm corresponde al fragmento
[1,1’-p-Si(CHs-)(CH3)-3,3’-Co(1,2-C2BgHy)2| . Esta tltima sefial es caracteristica para
los derivados del cobaltabisdicarballuro que poseen un puente de silicio. 47> 15163 A] jgual
que ocurria con los metalodendrimeros de carbosilano y carbosiloxano, para estos me-
talodendrimeros se puede apreciar una correlacion lineal entre el numero de unidades
de cobaltabisdicarballuro localizadas en la periferia y el coeficiente de extincion molar
correspondiente a su senal (véase Figura 3.30). De nuevo la técnica de UV-Vis nos ha

servido para corroborar el caracter unificado de los metalodendrimeros.

Respecto a los estudios de fluorescencia, los espectros de emision se midieron en
acetonitrilo y los dendrimeros precursores exhibieron emisién en el azul, alrededor de
364 nm, tras ser excitados a 270 nm. Sin embargo, los dendrimeros funcionalizados con
cobaltabisdicarballuro no muestran una emision apreciable. La Tabla 3.8 muestra los
valores de longitud de onda de la emisién, rendimiento cuantico y tiempo de vida medio

para los dendrimeros precursores. 63
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Figura 3.30: Correlacién lineal entre el nimero de unidades de cobaltabisdicarballuro y
la absortividad a A4 = 309 nm.

Emisién

Compuesto Amaz(nm)  ¢(%)  p(ns)

0G-TFB(Alil); 364 20 9.3
1G-TFB(Alil)g 364 21 9.5
1G-TFB(Alil)g 364 21 9.5
2G-TFB(Alil);; 363 22 9.5

Tabla 3.8: Datos de emisién para los dendrimeros precursores.

El hecho de que los metalodendrimeros no posean en principio propiedades lumi-
niscentes, nos lleva a pensar en la posibilidad de que al funcionalizar el dendrimero de
partida, la fluorescencia sufra un quenching por algin determinado mecanismo. Uno
de los experimentos realizados para comprobar esta drastica variacion de las propie-
dades fluorescentes fue disolver en una proporcién 1:3 el dendrimero precursor 0G-
TFB(Alil); y Cs[5] en acetonitrilo, para comprobar si colisiones (quenching dindmico)
entre el cobaltabisdicarballuro y el fluoréforo o la formacién de un complejo fluoréforo-

cobaltabisdicarballuro (quenching estético) eran las responsables de este quenching. Ni
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Figura 3.31: Espectros calculados para la absorcién y emisiéon de 0G-TFB(ALil)s;.

el espectro de emisiéon de 0G-TFB(ALlil); ni su rendimiento cuéntico varié significati-
vamente en el experimento. Otra posibilidad es que no exista emisién porque se produce
una transferencia de energia por un camino no radiativo para volver al estado Sy. El
mecanismo de este quenching de la fluorescencia en los metalodendrimeros sigue bajo

estudio.

Simulacién de espectros UV-Vis y de Fluorescencia por métodos semiempiri-

COS.

Utilizando el método semiempirico PM6 implementado en MOPAC se calcularon dife-
rentes estados excitados de 0G-TFB(ALil); y asf se simulé su espectro de absorcién. 19
Con un tiempo de vida suficiente, como es el caso, el sistema en estado excitado S;
(primer estado excitado singlete) de la molécula vuelve al estado base Sy con la emisién
de un fotén. El método semiempirico PM6 permite la optimizacion de estados excitados
con lo cual el espectro de fluorescencia también puede ser simulado. En la Figura 3.31
se representan los espectros calculados. Las longitudes de onda calculadas presentan una
buena concordancia con las experimentales. Las longitudes de onda de la absorcién (257
nm) y la emisién (355 nm) calculadas estan en buen acuerdo con las experimentales. La
diferencia de energia de la molécula en estado Sy y S; es de 4.29 eV, mientras que el
desplazamiento de Stokes calculado es aproximadamente 1.34 eV. Por tanto, el rendi-

miento cudntico calculado estarfa entorno al 30 % que es un valor bastante cercano al
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experimental (20 %). En resumen, el grado de concordancia entre los parametros determi-
nados experimentalmente y calculados es bastante bueno, sin embargo, la imposibilidad
de hacer optimizaciones geométricas de compuestos como el [3,3-Co(1,2-CoBoHy1)s] a
nivel semiempirico nos impide profundizar en el mecanismo del quenching de los meta-

lodendrimeros.

Cuantificacion del impedimento estérico en la periferia del dendrimero por

el método de Monte Carlo.

Como se ha visto en los apartados anteriores, la funcionalizacién completa por hidro-
sililacién de los dobles enlaces de tetravinilsilano y el 1G-TFB(Alil)¢ no pudo realizarse.
En nuestra opinion, la razén de tal hecho es debida fundamentalmente al gran impedi-
mento estérico existente en la periferia, que impide tal funcionalizaciéon completa. En este
apartado se muestra un procedimiento tedrico para cuantificar tal impedimento estérico
en todos los dendrimeros estudiados y que es soportado por los datos experimentales. De
esta manera, se podria conocer a priori qué dendrimeros con dobles enlaces terminales
pueden ser completamente funcionalizados con [1,1’-u-SiMeH-3,3’-Co(1,2-CoBgHyg)s] , v
cuales no.

Las simulaciones de dinamica molecular por el método de Monte Carlo son utiliza-
das para conocer propiedades termodindmicas y estructurales de una molécula a una
determinada temperatura.®® El método de Monte Carlo ha sido aplicado aqui para
la generacién de un amplio nimero de conformaciones estructurales de un dendrime-
ro completo o una rama. Para simplificar y reducir el tiempo de céalculo, el fragmento
[1,1-p-Si(CH,-)(CHj)-3,3’-Co(1,2-CoBgHyp)2] ha sido substituido por Si(CH,-)(CHs)s.
Se ha definido un pardmetro teniendo en cuenta los atomos de Si mas externos de las
ramas y mediando todas las distancias que se establecen entre ellos en una determinada
estructura dendrimérica. Este pardmetro (), A) es un valor representativo de cémo de
alejados estan estos Si terminales entre si e indirectamente da informacién del impedi-
mento estérico existente en la periferia de la estructura estudiada, valores bajos de n
indican un gran impedimento estérico y altos lo contrario.®®!03 En la Figura 3.32 se
representan los valores calculados de 7 (A) para los distintos tipos de dendrimeros.

Se puede observar que los compuestos TViS y 1G-TFB(ALlil)g hidrosililados in si-
lico con HSi(CH;)5, vy que dan lugar a TViSOs4 y 1TFBO0s9 tienen ambos un valor de n
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Figura 3.32: Valores del pardmetro  (A) calculados para los dendrimeros de tipo car-
bosilano (izq.) y los de tipo aril - éter de este apartado (dcha.) (Ver texto para mds
detalles).

entorno a 7 A. La hidrosililacién parcial de TViS aumenta el valor de n a valores cerca
de 8 A, sin embargo, la hidrosililacién parcial de 1G-TFB(ALlil)g en alilos adyacentes
1TFB0s9-xx0 disminuye su valor (5.4 A) y en vinilos separados (1TFB0s9-x0x) lo aumen-
ta hasta cerca de 9 A. Los dendrimeros que experimentalmente no presentaron ningin
problema en la hidrosililacién tienen todos en la simulacién un valor de n a partir de 10
A hacia arriba. Tentativamente y acorde con los resultados experimentales obtenidos en
la preparacién de metalodendrimeros con [5]”, podriamos situar un valor frontera en-
torno a 8.5 A a partir del cual no tendrian lugar problemas de impedimento estérico para

la funcionalizacion completa. Es interesante notar, por tanto, que la elongacién de las
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ramas de 1G-TFB(Alil)g con Si—CH,—CH,, 1TFB0-ViS0s9, no produce un aumento
del valor de n y que la falta de funcionalizacion del tetraalilsilano no es debida a razones

de impedimento estérico.

3.2.3. Apertura de anillo de dioxano como mecanismo para la

funcionalizacién de estructuras dendriméricas con [3,3’-
CO(1,2-C2B9H11)2]7.

Las estructuras dendriméricas usadas en este apartado han sido preparadas por el
grupo del Dr. Norberto Farfin,'®” utilizando unas condiciones similares a las sinte-
sis de dendrones de tipo Fréchet.'® La reaccién del «,’—dibromo—p—xileno y el
5 —hidroxi—(dimetil)benzoato a reflujo de acetonitrilo, en presencia de K,COj;, da un
tetraéster que después es reducido para dar un tetraalcohol (Figura 3.33). Este tetraal-
cohol es considerado en este trabajo el dendrimero de generaciéon cero o core y ha sido
obtenido en sus formas para, 0G-p-XBO(OH), y meta, 0G-m-XBO(OH),. Con una
metodologia divergente se puede seguir creciendo estos niucleos; en una etapa de activa-
cion se produce la bromacion de los cuatro alcoholes bencilicos terminales y se sigue con
la secuencia i) y ii) de la Figura 3.33. Se obtienen de esta manera los dendrimeros con 8
alcoholes terminales 1G-p-XBO(OH)s y 1G-p-XBO(OH)sg, respectivamente.

L
1) acetomirlo, BOO, Cnj AlLil tI

Figura 3.33: Sintesis de estructuras dendriméricas de tipo Fréchet. En la figura, secuencia
para la obtencién de 0G-p-XBO(OH),.

Sintesis

Para la funcionalizacién de la periferia de estos dendrimeros con [3,3’-Co(1,2-
CQBQHH)QT se utiliza el zwitterién [3,3"00(8‘(}41—1802—1,2—CQB9H10)(1’72’—CQB9H11>] que
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Figura 3.34: Sintesis del metalodendrimero [23]*": i) DMSO, ¢-BuOK; ii) exc. [3,3’-Co(8-
C4H802—1,2—C2B9H10>(17,27-C2B9H11)]. Los metalondendrimeros [21]4_, [22]4_ y [24]8_
se obtendrian de forma similar.

contiene un anillo de dioxano en el B(8) (Figura 1.9 de la Introduccién). Para la apertura
del dioxano, los nucleéfilos que se utilizaron fueron los grupo alcoholato formados al des-
protonar los alcoholes benzilicos situados en la periferia de los dendrimeros de partida,
Figura 3.34.

La reaccién de 0G-p-XBO(OH), con t-BuOK en DMSO da lugar al correspondiente
tetraalcéxido, que reacciona con mas de cuatro equivalentes de [3,3’-Co(8-C4HgOs-1,2-
CyBgHi0)(17,2'-CoBoHy1 )] para dar [21]*7, con un rendimiento del 51 %. De forma similar
se obtiene [22]" a partir de 0G-m-XBO(OH), con un rendimiento del 62 %. Emplean-
do més de ocho equivalentes de [3,3’-Co(8-C4HgO2-1,2-CoBgHy)(17,2-CyBgHy1)] v tras
la desprotonacién de 1G-p-XBO(OH)g y 1G-m-XBO(OH)g se obtienen [23]° y
[24]8_ con un rendimiento del 41 % y 47 %, respectivamente. La reaccién puede ser mo-
nitorizada por capa fina hasta la desaparicién total del reactivo [3,3’-Co(8-C4HgO-1,2-
CoBgHyp)(17,2’-C3BgH11)]. Tras el proceso de purificacion, la funcionalizacién completa
de estos metalodendrimeros es ficilmente verificable mediante "H-RMN y el desplaza-
miento del pico asignado al metileno de los alcoholes bencilicos. En el del producto de
partida, este metileno es un doblete centrado a 4.60, y en el metalodendrimero es un
singulete a 4.55 ppm.

En este punto, cabe recalcar que la dificultad de las sintesis de estos compuestos

no reside en la funcionalizacion del dendrimero con el cobaltocarborano, sino en la ob-
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tencion del nucledfilo que va a realizar el ataque al dioxano de [3,3’-Co(8-C4HgOs-1,2-
CyBgHy0)(17,2'-C3BgH11)]. La solubilidad de los dendrimeros 0G-p-XBO(OH),, 0G-
m-XBO(OH),, 1G-p-XBO(OH);s y 1G-m-XBO(OH)s en disolventes aprdticos es
ya de por si muy reducida y la forma salina de estos lo es aiin mas. Ademas, la solubilidad
de los cobaltocarboranos queda acotada basicamente al empleo de disolventes polares.
Con todas estas variables tenidas en cuenta, los tinicos disolventes factibles para realizar
la reaccion de la Figura 3.34 son DMSO o DMF. En nuestro caso escogimos DMSO
por la relativa facilidad para secarlo sin que ocurra descomposicién. Es de vital impor-
tancia que el unico nucledfilo presente en el medio de reaccion sea la correspondiente
sal de los dendrimeros, debido a que la presencia de agua y el medio bésico para des-
protonar aumenta la concentraciéon de aniones OH™ y estos aniones rapidamente abren
el anillo de dioxano del derivado [3,3’-Co(8-C4HgO,-1,2-CyBgH10)(17,2-CoBgHy;)], que-
dando éste inservible para la funcionalizacion del dendrimero. Otro punto importante
en la obtencién de los derivados dendriméricos desprotonados es la base a utilizar. Se
realizaron varias pruebas empleando n-BuLi, NaH y finalmente se escogié ¢-BuOK por
ser mas facilmente manipulable y tener el pK, mas apropiado. Excesos en la cantidad
de base introducirian nucledfilos indeseados en el medio de reacciéon que atacarian al
derivado [3,3’-Co(8-C4HgO,-1,2-CyBgH1)(1°,2’-CoBgH;; )], por lo que es importante tra-
bajar en condiciones estequiométricas.'® En este punto es importante destacar que una
vez funcionalizados los dendrimeros con [3,3’-Co(1,2-CoBgHy;)s] , la solubilidad de éstos

aumenta considerablemente hasta asemejarse a la de este complejo aislado.

Caracterizacion

Las estructuras dendriméricas funcionalizadas con [3,3'-Co(1,2-CyBgHy1 )], [21]*7,
[22]"", [23]® y [24]% fueron caracterizadas en base a espectroscopia de FT-IR, UV-Vis,
RMN de 'H, "B y 13C; espectrometria de masas MALDI-TOF y HPLC. La caracteri-
zacion de los precursores dendriméricos terminados con grupo —OH, no se ha incluido

aqui, pero se encuentra en el Anexo de esta tesis.'%

El espectro de IR muestra en todos los casos la tipica banda intensa correspondiente
a v(B—H) alrededor de 2550 cm™! y bandas correspondientes a v(C
2950, 2920, 2870 cm ™.

Los espectros de 'H-RMN muestran los desplazamientos tipicos para los protones

alqui—H) entorno a
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aromaticos entre 7.62 y 6.93 ppm. La senal de los protones del metileno que conecta el
anillo benzenico con el grupo —OH tras funcionalizar pasa de doblete centrado en 4.60 a
un singulete a 4.55 ppm. El desplazamiento de los C.—H es indicativo de que el anillo de
dioxano est4 abierto?! y han aparecido dos resonancias en forma de multiplete debidas
a los protones —OCH,— entorno a 3.65 y 3.55 ppm. El espectro de *C-RMN muestra
los desplazamientos quimicos de los carbonos aromaticos en la region de 160.5 a 100.5
ppm y los del grupo —OCH,— sobre 70 ppm. Las resonancias debidas a C.—H aparecen
como dos singuletes sobre 53 y 46 ppm en todos los casos, indicativo esto también de que
el anillo de dioxano estd abierto para todas las estructuras dendriméricas reportadas. El
espectro de 'B-RMN muestra un patrén tipico de un derivado de cobaltabisdicarballuro
con el anillo de dioxano abierto en el rango de +25 a -20 ppm, siendo la senal entorno a
+25 ppm la tinica que no se desdobla por acoplamiento con el H en el 'B-RMN y que
corresponde a B(8).

El MALDI-TOF ha sido empleado para la caracterizacién de los metalodendrimeros.
Excepto para [23]8_, que se detecta el pico m/z con z=8, el resto de metalodendrimeros
se caracterizan por haber sufrido intercambio de cesios por protones y quedar registrados
con un valor de z variable. Algo tipico de esta técnica de MALDI-TOF que ocurre con
moléculas policargadas. En este caso, como en anteriores, las pruebas dan soporte a la
sintesis pero no establecen claramente el peso molecular completo del metalodendrimero
debido a la gran fragmentacion existente, como en el caso de los dendrimeros de carbo-
silano del apartado anterior. !5

Para este tipo de metalodendrimeros conectados a la estructura dendrimérica por el
B(8) del cobaltabisdicarballuro se han realizado unas medidas de tiempo de retencién
en HPLC que nos ha servido para corroborar el caracter unificado de los diferentes
dendrimeros. El eluyente empleado ha sido metanol y la columna es de fase reversa de tipo
C18. El detector acoplado a la columna esté fijado para senalar compuestos que absorban
a la longitud de onda de 310 nm (la méxima sefial en estos dendrimeros). Los tiempos
de retencion son significativamente diferentes dependiendo de si el metalodendrimero es
de generacién cero o primera, mostrando mayores tiempos de retencion los dendrimeros
con 4 cobaltacarboranos, véase Tabla 3.9.

La explicacion es sencilla ya que los dendrimeros de mayor generacion, [23]8_ y
[24]87, con 8 cobaltacarboranos en la periferia, camuflarian mejor el esqueleto aromético

apolar del dendrimero, mientras que los de menor generacion, al estar este esqueleto
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Compuesto t,(min)

ref. 1.31
[21]* 1.38
[22]* 1.39
[23]% 1.32
[24]% 1.31

Tabla 3.9: Tiempos de retencién para los metalodendrimeros [21]*7-[24]*" y el compues-
to referencia [3,3,—CO(8-O—CH2-CH2—O-CHQ—CHQ—O—CHg—172-CQB9H11)(17,2,—C2B9H11)]_.

23

LS,

U= 310 nm

v = | ml/min

tr (min)

Figura 3.35: Tiempos de retencion en columna de HPLC para los metalondendrimeros
[21]*7, [22]*7, [23]% v [24]°"

mas expuesto tendrian méas afinidad por permanecer en la fase reversa de la columna
y por tanto mostrar mayores tiempos de retencion. Ademads, los tiempos de retencién
de los dendrimeros con mas funcionalizacién son muy similares al del compuesto usado
como referencia. En la Figura 3.35 se muestran los graficos obtenidos con los dendrimeros
estudiados.

Actualmente investigamos la manera de perfeccionar este método usando mezclas
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compuesto Amaz (€)

[21]" 268 (69697) 310 (110909) 372 (16364)
[22]'" 273 (56364) 312 (117576) 371 (18788)
[23°" 274 (99394) 312 (216970) 370 (35758)
(24" 273 (109697) 311 (220000) 369 (35152)

Tabla 3.10: Absorciones maximas (nm) para cada compuesto en el espectro de UV-Vis.
El coeficiente de extincién molar (g, 103dm>mol~'cm™!) figura entre paréntesis al lado
de la senal correspondiente.

de disolventes que maximicen esta diferencia en los tiempos de retencion. El HPLC
por tanto, y seguramente otras técnicas relacionadas como la electroforesis capilar, se
convierte en una prometedora herramienta para caracterizar estos metalodendrimeros
polianidnicos, frente al bajo exito de las técnicas de espectrometria de masas o el analisis

elemental en este tipo de compuestos. 158159

Medidas de UV-Vis

Los espectros de UV-Vis de los compuestos [21]*7, [22]"7, [23]* v [24]®" disueltos
en etanol muestran 3 senales entorno a 270, 310 y 370 nm, véase la Tabla 3.10 y la Figura
3.36. Como en los casos anteriores, para estos metalodendrimeros se puede apreciar una
correlacién lineal entre el nimero de unidades de cobaltabisdicarballuro localizadas en
la periferia y el coeficiente de extinciéon molar correspondiente a su longitud de onda
maxima como ocurria en los apartados anteriores. En la Figura 3.37 se muestra el ajuste

lineal para este tipo de metalodendrimeros disueltos en etanol.

3.2.4. Siloxanos y Octasilsesquioxanos funcionalizados con de-

rivados de o-carborano.

Disiloxanos, ciclosiloxanos y octasilsesquioxanos funcionalizados con derivados del
o-carborano (metil-o-carborano y fenil-o-carborano) han sido preparados mediante el
proceso de hidrélisis-condensacion de los correspondientes carboranilclorosilanos o car-
boraniletoxisilanos, siguiendo la via hidrolitica y también por un proceso no hidrolitico

usando DMSO como fuente de oxigeno.*”
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A (nm)

Figura 3.36: Espectros de Absorcién UV-Vis para los metalodendrimeros [21]*7, [22]*7,
23] v [24]"
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Figura 3.37: Correlacién lineal entre el nimero de unidades de cobaltabisdicarballuro y
la absortividad a A, = 311 nm. También se incluye el punto correspondiente a [3,3-
CO(8-O-CH2-CH2—O-CHQ—CHQ—O—CHg—1,Q-CQBQHH)(1’,27—CQB9H11)]- (referencia).
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Figura 3.38: Preparacién de los dimeros de carboranildisiloxano 27 y 28 usando la ruta
acuosa y la no acuosa con DMSO.

Sintesis

Para la sintesis de los disiloxanos 27 y 28 se prepararon los carbonilclorosilanos 25 y
26 correspondientes?™ y se realizé la hidrdlisis-condensacién en presencia de agua, lo que
dio lugar a la obtencién de los disiloxanos en un alto rendimiento (72-81%). En cambio,
la via no acuosa usando DMSO!™ necesité m4s tiempo para completarse y sin embargo
el rendimiento no mejoré (40 %).

La sintesis de los ciclosiloxanos se llevo a cabo de manera similar usando los carbora-
nildiclorosilanos 29 y 30 (véase Figura 3.39). Ambos métodos conducen a la formacién
de una mezcla de ciclotrisiloxano (Dj3), ciclotetrasiloxano (D) y un porcentaje variable
de oligémeros lineales (L), siendo la principal diferencia entre ambos métodos que por
la via no acuosa la cantidad de oligémeros lineales es significativamente menor que em-
pleando el método acuoso. La mezcla de ciclos y oligémeros lineales, tras purificaciéon en
columna de silica, queda como un aceite incoloro.

La sintesis de octasilsesquioxanos Tg se realizé utilizando dos vias diferentes, a partir
de los precursores triclorosilano 35 y 36 en condiciones no acuosas utilizando DMSO
en CHCl, (Figura 3.40), y con los precursores trietoxisilano 37 y 38 en THF, con la
cantidad estequiométrica de HyO y catalizador (TBAF o NaOH). En todo caso, por el
método no hidrolitico se obtuvo el Ts v no se detecté la formacién del Tg por 2*Si-RMN
. El método acuoso con TBAF y en tiempos de reaccion de 130 dias resulto el mejor
método con rendimientos rondando el 70 %.

Degradaciones parciales sobre los carboranos de los compuestos 27, 28 y 39 nos han
permitido obtener los derivados polianiénicos [41]*”, [42]*" y [43]°”, funcionalizados

con las especies nido en la periferia. Para el caso de los dimeros la degradacién se hizo
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Figura 3.39: Preparacién de los ciclocarboranildisiloxanos usando la ruta acuosa y la no
acuosa con DMSO.
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Figura 3.40: Preparacién de los octasilsesquioxano, Ty, 39 y 40.
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utilizando dos métodos: piperidina en EtOH y KOH en EtOH. En ambos casos se produce
la degradacion del clister closo sin afectar al enlace Si—O—Si. En el caso del Ty las
degradacién se realiza en KOH/EtOH.

Caracterizacion

Las estructuras de los compuestos 27—(43)8_ fueron caracterizadas en base a FT-
IR, RMN de 'H, "B, 3C y *Si; y espectrometria de masas ESI y MALDI-TOF. La
estructura cristalina de 27 también pudo ser determinada por difraccion de rayos X
(3.41).

El espectro de IR de los compuestos con carborano closo muestra una banda corres-
pondiente a v(B—H) alrededor de 2584 cm™! y para los clisteres nido una banda intensa
a 2515 cm™ 1.

Los espectros de 'H-RMN muestran resonancias entre 7.68 y 7.36 ppm para los pro-
tones aromaticos de los compuestos con fenil-o-carborano, mientras que una resonancia
entorno a 2.02 ppm corresponde al metilo en los derivados con metil-o-carborano. Las
resonancias de los protones de las cadenas propilicas se situan en el rango 2.23-0.24 ppm.
Las senales de los protones atribuidos a los metilos del grupo Si—CH; aparecen entorno
a 0.07 y -0.18 ppm. La resonancia amplia, entre -2.60 y -2.19 ppm, en los compuestos
con nido-carborano corresponde al hidrégeno pontal. El espectro de *C-RMN muestra
los desplazamientos quimicos de los carbonos aromaticos en la region de 131 a 127 ppm
para fenil-o-carborano y entorno a 22 ppm para el metilo en compuestos con metil-o-
carborano. Los Si—CH; aparecen alrededor de 0.4 ppm y los atomos de C, aparecen
entorno a 78 ppm. El espectro de 'B-RMN para los compuestos con closo-carborano
tiene un rango tipico de senales que abarca desde -2.6 a -10.0 ppm y cuando el carbo-
rano es de tipo nido las resonancias aparecen entre -5.9 y -36.9 ppm. Los espectros de
29Gi-RMN en los disiloxanos 27 y el 28 muestran un desplazamiento a 6.7 ppm y los Tg
muestran una tnica resonancia en el 2°Si CP-MAS a -66.6 ppm.

La mezcla de estructuras de ciclosiloxanos D3 y D4 fue confirmada por MALDI-TOF,
que junto con las integrales de los desplazamientos de los protones del grupo Si—CH; en
el 'TH-RMN nos permite tentativamente dar los porcentajes relativos de cada especie, D5,
Dy y L, en cada método (hidrolitico o no hidrolitico) y para cada derivado de carborano

(metil- o fenil-o-carborano). El dimero con nido-carborano (41)*” y el Ts 39 fueron
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Figura 3.41: Estructura molecular del compuesto 27.

también caracterizados por ESI-MS. Estos datos se encuentran ampliados en el Capitulo

5 de esta tesis en el articulo correspondiente. 7
97

3.3. Funcionalizacién de Superficies.

3.3.1. Nanoparticulas de TiO, funcionalizadas con derivados de
[3,3,—00(1,2—CzB9H11)2]7.

Dos derivados fosforados del anién [3,3-Co(1,2-CoBgH11)s] , [1,1-u-(HO)(O)P-3,3-
CO(1,2— CQBQHlO)Q]i, [44]_, y [8,87-M-(OH)(O)—P(0)2—C2B9H10)2—3,3’-CO]7, [45]_, han si-
do usados para funcionalizar la superfice de nanoparticulas de TiO, siguiendo un proce-

dimiento previamente descrito con otros derivados de fésforo. 122

Sintesis de precursores.

El derivado de fosfinato, [44], ha sido preparado por metalacién del anién [3,3’-
Co(1,2-CyBgHi1)s] con 2 eq. de n-BuLi seguido de la reaccién con Cl;P(O) en DME.
Después de un tratamiento con NaOH y la correspondiente purificacion, se ha obtenido
Cs[44] como un sélido rojo con un rendimiento del 82 %. Los espectros de RMN de 'H,
HUB, BC y 3!P respaldan la estructura propuesta. '™

El derivado fosfato, [45]~, ha sido preparado de acuerdo con la bibliografia.1™
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Figura 3.42: Nanoparticulas de TiO, funcionalizadas con derivados fosforados del [3,3’-
CO(l,Q—CQBngl)Q]i.

Procedimiento para la funcionalizacion de la superficie.

La superfice de las nanoparticulas de TiO, fue modificada haciendo reaccionar una
suspension de las nanoparticulas con una disolucién EtOH/H,O (3:1) de cada uno de
los derivados, Cs[44] y Cs[45], durante 5 dias. Tras filtrar la suspensién y lavar abun-
dantemente el sélido con EtOH, acetona y H,O, para eliminar todas aquellas moléculas
fisisorbidas, el 6xido de titanio funcionalizado se seca a vacio durante 5 horas a 110°.
La simple inspeccién visual muestra que las nanoparticulas han pasado de tener color

blanco a ser rosa-marron en el caso del 44@QTiO, y amarillo-naranja para 45QTiO,,.

El material obtenido, 44QTi0, y 45QTi0O,, respectivamente (Figura 3.42) es carac-
terizado por IR, 3'P y "B CP-MAS RMN.

Los espectros de IR de las nanoparticulas muestran una senal ancha entorno a 2550

CHli1

correspondiente a v(B—H), lo que indica que los derivados de cobaltabisdicarballuro
han quedado anclados en la superficie. La region de la frecuencia de vibracién de P-O
se muestra muy diferente si se comparan los espectros de los precursores con los del
derivado anclado en el TiO,, Figura 3.43, lo cual es indicativo del acoplamiento en la

superficie de las particulas. '™

El espectro de 1B CP-MAS-RMN en estado sélido de las nanoparticulas modificadas
revela que los desplazamientos quimicos aparecen en los mismos lugares que los precurso-
res, Figura 3.44, lo que confirma la presencia de estos derivados. Aunque las senales son
bastante anchas debido a acoplamientos cuadrupolares.!™ Es importante destacar, sin

embargo, que en la muestra 45QTi0O, es bastante distinguible la senal correspondiente
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Figura 3.43: Espectros de IR para los compuesto [44]~ y [45] (izda.) y para 44QTiO,
y 45QTi0, (dcha.).
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Figura 3.44: Espectro de "B-{"H}-RMN en disolucién para los compuestos [44]~ y [45]~
(arriba) y espectros de "B CP-MAS-RMN para 44@QTi0O, y 45QTiO, (abajo).
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a B(8)-O centrada a 25 ppm en el espectro.

Los espectros de *'P CP-MAS-RMN de las nanoparticulas 44@QTiO, y 45QTiO,
son indicativos de que este fésforo esta anclado en la superficie del material. '™ Asi, el
espectro de 3'P-CP-MAS RMN de 44@TiO, muestra una resonancia a 21.0 ppm que ha
sido desplazada respecto al precursor, Cs[44] (47.5 ppm). Por el contrario, para el caso de
45QTi0,, la resonancia estd a -11.5 ppm y en el precursor (Cs[45]) aparecia a -5.3 ppm.
En este ultimo caso, los desplazamientos quimicos del 4tomo de P son mas parecidos, ya
que el entorno de éste atomo es muy parecido en el precursor y en el producto final.

Teniendo en cuenta los datos expuestos arriba, nos atrevemos a confirmar que los
derivados de fésforo de [3,3'-Co(1,2-C3BgH11)a] se han acoplado a la superficie de las
nanoparticulas de TiO,, a través de los grupos fosfato y fosfinato dando lugar a una
superficie de cargas negativas las cuales se espera prometedoras aplicaciones como por

ejemplo en células de Gratzel.

3.3.2. Funcionalizacion de wafers de Si oxidado con derivados
de [3,3’-C0(1,2-C2B9H11)2]_.

Dos aproximaciones han sido utilizadas para funcionalizar superficies de Si oxidado

con derivados de [3,3’-Co(1,2-CoBgH;1)s] , que se exponen a continuacion.

Preparacién y funcionalizacién de las superficies.

El primer método consiste en la apertura in situ del anillo de dioxano del deriva-
do zwitterion [3,3’-Co(8-C4HgO2-1,2-CoBgH1¢)(17,2’-CyBgHyy )| (Figura 1.9), por ataque
nucleofilico de una amina terminal que previamente ha sido anclada en el wafer de Si
oxidado. 1™

La preparacion de la superficie de silicio oxidado (100) se realizé eliminando la capa
nativa de 6xido por inmersion del wafer en un bano de una disoluciéon acuosa de HF
(40 %), después tras un lavado con agua de calidad HPLC, los substratos son expuestos
a una corriente de ozono durante 30 minutos para obtener de nuevo una superficie lisa
de silice libre de contaminacion organica. Tras este tratamiento, la superficie de silice
hidrofilica presenta angulos de contacto de 10° y el expesor de esta capa de SiO, sobre
el wafer de Si medido por elipsometria estd entorno a 1.8-2.0 nm. La rugosidad medida

por AFM (en modo tapping) es de 0.15 nm.
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Una vez prepara la superficie, el wafer se hace reaccionar con una disolucién de (11-
aminooxi)undeciltrimetoxisilano en TCE seco en un Schlenk bajo atmésfera de nitrogeno
durante 24 horas (0°) y sin agitacién. A continuacién, se retira esta disolucién y se anade
otra con [3,3’-Co(8-C4HgO5-1,2-C3BgH10)(17,2’-CoBgH;1)](50 veces en exceso sobre la
primera). Tras 48 h. el wafer es lavado intensivamente con TCE, THF y CHCl; bajo

sonicacion para dar lugar al wafer funcionalizado 46@SiO, (Figura 3.45).
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Figura 3.45: Procedimiento para el grafting de [3,3’-Co(8-C4HgO9-1,2-CoBgHyp)(17,2-
CyBoHji1)]en un wafer de silicio oxidado para dar 46@SiO,.

4 se prepara la superficie

En el segundo método empleado en este trabajo,!”
de silicio oxidado (100) como anteriormente y ésta se hace reaccionar con 10-
isocianatodeciltriclorosilano a 0° durante 45 minutos, bajo atmédsfera de nitrégeno y

1% Después el wafer funcionalizado con el isocianato terminal se hace re-

sin agitacion.
accionar con una disoluciéon de un derivado del cobaltabisdicarballuro con amina ter-
minal, Cs[3,3’-Co(8-NHy-C4HgO5-1,2-C5BgHy4)(17,2’-C3BgH14 )], preparado siguiendo un
procedimientod descrito en bibliografia,?® en TCE por dos horas a 0° de temperatura.
Finalmente el wafer se lava como en el primer método y se obtiene 47@QSiO, (Figura

3.46).

Caracterizacion de las superficies.

Las superficies de los wafers funcionalizados 46@SiO, y 47@SiO, han sido caracte-
rizadas por medidas de angulo de contacto, FTIR-ATR, AFM, elipsometria y XPS.

Los dngulos de contacto para una gota de agua (calidad HPLC) en las superficies
funcionalizadas 46@SiO, y Cs47@Si0O,, son 81.8 + 2.3 y 75.2 £ 2.0 respectivamente.
El aumento del dangulo de contacto corrobora la funcionalizacién de la superficie con la
especie hidrofébica [3,3’-Co(1,2-CyBgHi1 )] -
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Figura 3.46: Procedimiento para el grafting de [3,3-Co(8-NHy-C4HgOo-1,2-
CoBgHyp)(17,2-C3BgH11)] en un wafer de silicio oxidado para dar 47@SiO,,.

El anclado de los derivados de [3,3’-Co(1,2-CoBgHy1)2] sobre las superficies funcio-
nalizadas fue estudiado in situ por ATR-FTIR. En la Figura 3.47 se representan los
espectros del wafer de partida, NH,-O-(CH,) ,,@SiO,, y el preparado en este trabajo,
46@Si0,. En ambos espectros se observan las bandas v,s(CH,) y vs(CH,) a 2924 y 2853

NH,-0-(CH,), @S0,
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Figura 3.47: Espectros FTIR-ATR de las superficies antes y despues de ser funcionaliza-
dos con [3,3’—00(8—C4H802—1,2—CQB9H10)(1’,2’—C2B9H11)]para dar 46@8102
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cm ™! indicativas de la organizacién de las cadenas alifdticas. En 46@Si0.,, tras funciona-
lizar, aparece una absorcién a 2565 cm ™! correspondiente a la frecuencia de vibracién de
los B—H. En ninguno de los casos se observa la senal de N—H debido a que el espectro
ha sido restado con el espectro del wafer sin funcionalizar, que contiene la banda de los
silanoles que solaparia con la primera.

Para el caso de Cs47@Si0,, la Figura 3.48 presenta los espectros antes y despues de

su funcionalizacién con el derivado de [3,3’-Co(1,2-C3BoH;1)a] -

0=C=N-(CH
—— 47@Si0,

@Sio,

2]10
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Figura 3.48: Espectros FTIR-ATR de las superficies antes y despues de ser funcionaliza-
dos con Cs[3,3’-Co(8-NHy-C4HgO5-1,2-CyBgH1)(17,2’-CoBgHy )] para dar Cs47@Si0O,.

En estos espectros también se pueden apreciar las bandas correspondientes a v,,(CH,)
v vs(CH,) a 2925 y 2854 cm™! indicativas de la organizacién de las cadenas alifdticas.
A 2563 cm~! aparece una absorcién correspondiente a la frecuencia de vibracién de los
B—H y también se puede apreciar que la banda de la funcién isocianato (2274 cm™!)

no ha desaparecido completamente pero a disminuido bastante su intensidad. Aparecen
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nuevas bandas a 1687 y 1528 cm ™! correspondientes al grupo urea.

(.
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J6 0 50 Cs 47 @ 5i0,

Figura 3.49: AFM en modo tapping para los wafers funcionalizados.
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Figura 3.50: Espectro UV-vis de 46Qcuarzo.

Las elipsometria da una distancia experimental para las cadenas
Si—(CH,);;—O—NH, y Si—(CH,);,—N=C=0 de 1.7 y 1.6 nm, respectivamente. '33:175
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Para los wafers preparados en este trabajo, 46@SiO, y Cs47@SiO, se obtuvieron
unos valores de 2.0 y 2.2 nm, respectivamente. Esto nos indica que las ramas no estan
completamente desplegadas, en cuyo caso los valores de espesor rondarian los 3.0 nm.

Las medidas de rugosidad media realizadas por AFM dan valores para 46@SiO,
y Cs47@Si0, de 0.6 nm y 1.0 nm, respectivamente. En la Figura 3.49 se muestra la
superficie de los wafers medida por AFM.

Para el caso de 46@SiO, se pudo hacer una funcionalizaciéon sobre un wafer de cuarzo
y hacer una medida del espectro UV-vis, en la Figura 3.50 se representa el espectro, y
en él se puede observar la banda tipica en los derivados de [3,3’-Co(8-R-C4HgOs-1,2-
CoBgHyp)(17,2-C3BgH11)| entorno a 312 nm.

Respecto a las medidads de XPS sobre las muestras en el caso de Cs47@SiO,, se
detectan todos los picos correspondientes a C, N, B, O, Co y Cs, y en el caso de 46@QSiO,
la senal correspondiente a B se detecta pero no es tan intensa como en el Cs47@Si0O,.

Segin todos estos datos podemos concluir que ambos métodos son efectivos para
poder llevar a cabo la funcionalizacién de los wafers de Si mediante la apertura del
anillo de dioxano del [3,3’-Co(8-C4HgO4-1,2-CoBgHyp)(17,2-CsBgH11)]. Actualmente, se
estd tratando de estudiar las posibles aplicaciones de estos wafers, principalmente el

estudio de las interacciones de estos metalacarboranos con biomoléculas.



92

3. Resultados y Discusién




4

Conclusiones

93



94

4. Conclusiones

. The first C_-mono and C_-disubstituted cobaltabisdicarbollide derivatives contai-

ning different organosilane functions have been successfully prepared by the direct
reaction of the mono or dilithium salts of starting anions, [1]” and [2]”, with the
appropriate chlorosilanes and under careful control of the temperature. The re-
action temperature was a key factor, because at very low temperatures (78 °C)
C.-monosubstituted species and high isomeric purity were obtained, whereas in-
creasing the temperature led to C_-disubstituted anions and structural isomers

mixtures.

. Density functional theory (DFT) at the B3LYP/6-311G (d,p) level was applied

to optimise the geometries of the prepared silyl-containing cobaltabisdicarbollide
derivatives, [3] —[10] ", and calculate their relative energies. The theoretical studies
perfectly agree with the experimental results, indicating that racemic mixtures (rac

isomers) are more stable than meso isomers.

. The anion [1-SiMeyH-3,3-Co(1,2-C3BgH10)(1°,2’-CoBgHy1)] , [3], represents the

first example of a C -monosubstituted cobaltabisdicarbollide fully characterised by
X-ray diffraction. The crystal structure shows three H- - -H short contacts: two
Si—H.--H-C_ and one Si—CH,—H---H—C_ contact. The shortest one corresponds
to Si—CH,—H---H—C, with a H- - -H distance of 2.059 A, whereas the two longest
correspond to Si—H- - -H—C_ with 2.212 and 2.409 A, respectively. However, by
using QTAIM and Charge Analyses Population on the hydrogen atoms, it has
been conclude that the C—H- - -H—C_, is not a dihydrogen bond (DHB) or it is a
weak H—H interaction. On the contrary, both Si—H---H—C_ interactions are DHB

and can be considered part of an asymmetric bifurcated DHB.

. Compounds [1,1’-u-SiMey-3,3’-Co(1,2-CsBgH1)2]| , [4] and [1,1-p-SiMes-8,8’-pu-

CeH4-3,3’-Co(1,2-CyBgHyg)2] , [8], that contain a bridge (-p—SiMe,—) between
both dicarbollide ligands, were obtained unexpectedly from the reaction of the
respective monolithium salt of [1]™ and [2]” with Me,SiHCI at low temperatures.
A hypothetical mechanism has been proposed to explain the formation of these
compounds through an intramolecular reaction, that implies the reaction of an
acidic C,—H with the Si—H hydride, and the loss of hydrogen. This has been

supported by theoretical studies, that are related to the crystal structure of anion
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3]

. A trifunctional molecule containing a cobaltacarborane and three vinylsilane func-
tions, [11]7; as well as, two families of polyanionic carbosilane and cyclic carbo-
siloxane metallodendrimers peripherally decorated with four or eight cobaltabis-
dicarbollide moieties, [12]*~[17]®", have been prepared by hydrosilylation of the
suitable dendritic molecules containing terminal C=C functionalities by using the
anion [1,1’-u-SiMeH-3,3’-Co(1,2-CyBgH1¢)2] , [5] ", in the presence of Karstedt ca-
talyst and optimized reaction conditions. The reaction were monitored by H-NMR

spectroscopy by the desappearance of vinyl-functions.

. Polyanionic boron-rich metallodendrimers based on poly (aryl-eter) dendrimers
with the fluorescence triphenilbenzene (TFB) core, and allyl-terminated functions
at the surface, have been functionalizated with [5] to achieve the metallodendri-
mers [18])°7, [19]°” and [20]"*” that contain three, six and twelve cobaltacarbora-
nes at the periphery. To our knowledge, the last represents the high metallacarbo-

rane containing molecule describe in the literature.

. Poly(alkyl aryl-ether) type star-shape molecules and dendrimers were decorated
by metallacarboranes by using the ring-opening reaction of 8-dioxanate [3,3’-Co(8-
C4HgO9-1,2-C3BgH ) (17,2’-C3BgH11 )], by the nucleophilic attack with the alcoho-
late functions, obtained by deprotonation of alcohol groups (—OH) located at the
starting dendrimers periphery, to give polyanionic species [21]*"[24]°~ with high-

boron-content.

. All metallodendrimers have been characterized by FT-IR, 'H, 1B, 13C and 2°Si
NMR and UV-Vis spectroscopy, and in some cases elemental analysis and mass
spectrometry (MALDI-TOF or ESI). However, for dendrimers with the highest
molecular weights it was not possible to obtain the mass spectra, due to the great

fragmentation.

. The UV-Vis spectroscopy have shown a linear relationship between the absortivity
and the numbers of cobaltabisdicarbollides located at the periphery. Thus, this te-
chnique was used as an undirected method to corroborate the full functionalization
of dendrimers with cobaltabisdicarbollide moieties, and subsequently confirm the

unified character of the dendritic macromolecules.
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10.

11.

12.

13.

The UV-Vis spectroscopy has also been a good tool for the study of the carbosilane
and cyclic carbosiloxane metallodendrimers solubility in water/DMSO solutions, by

measuring the absorptivities of different metallodendrimer solutions.

Carboranyl-containing disiloxanes, cyclic-siloxane and cage-like silsesquioxane ha-
ve been prepared in high yields. Two routes are compared for their preparation: a
classical hydrolytic process based on hydrolysis and condensation of the adequated
carboranylchlorosilane and carboranylethoxysilane precursors and a non-hydrolytic
route based on the specific reactivity of chorosilane toward DMSO, that is the
oxygen source. Based on the typical reactivity of the carboranyl group toward nu-
cleophiles, dianionic disiloxanes ([41]*~ and [42]°7) and octaanionic silsesquioxa-
nes ([43]®7) were obtained without modification of the siloxane bond. The present
results have pointed out the efficiency of the non-hydrolytic route with DMSO,
that is particularly attractive for limiting the formation of linear oligopolysiloxane.
Products are fully characterized by FTIR, NMR and MALDI-TOF methods.

Two phosphorus-containing cobaltabisdicarbollide derivatives, [44]” and [45],
have been prepared to modify the surface of titanium dioxide particle, following
an experimental procedure previously described. The TiO, particles were reacted
with a solution of the phosphate or phosphinate coupling molecules in a 5-fold
excess relative to the amount needed for a full surface coverage on the particles, to
obtain 44QTiO, and 45QTi0,, respectively. These surfaces are fully characterized
by FTIR and 3!'P and !B CP-MAS-NMR.

Anchoring cobaltabisdicarbollide derivatives on the SiO, surface of Si wafers has
been achieved by using two approaches. The first approach is a “in situ” ring-
opening reaction of 8-dioxanate [3,3’-Co(8-C4HgO-1,2-CyBgH1¢)(17,2’-CoBgHy1)]
by nucleophilic attack of previously anchorated amines in the SiO, surface. The
second approach is the reaction of the amine-terminated cobaltabisdicarbollide
Cs[47] with an isocyanate group previously anchoraded in the SiO, surface to give
an urea connection. Both surfaces, 46@Si0,, and Cs47@Si0O,, have been characte-
rized by FTIR-ATR, contact angle, AFM, UV-Vis, ellipsometry and XPS.
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Articulos publicados y presentados a la Comisién de Doctorado de la UAB en Abril

de 2009:

a)

CONTROLLED DIRECT SYNTHESIS OF C-MONO- AND C-DISUBSTITUTED DE-
RIVATIVES OF [3,3’-C0(1,2-C3BgH;;)2] WITH ORGANOSILANE GROUPS: THEO-
RETICAL CALCULATIONS COMPARED WITH EXPERIMENTAL RESULTS. Emilio
José Judrez-Pérez, Clara Vinas, Arantzazu Gonzalez-Campo, Francesc Teixidor, Reijo
Sillanpaa, Raikko Kivekas, Rosario Nunez. Chem. Eur. J. 2008, 14, 4924-4938.

CARBORANYL SUBSTITUTED SILOXANES AND OCTASILSESQUIOXANES: SYNTHE-
s1S, CHARACTERIZATION AND REACTIVITY. Ardntzazu Gonzalez-Campo, Emilio
José Judrez-Pérez, Clara Vinas, Bruno Boury, Reijo Sillanpaé, Raikko Kivekas, Ro-
sario Nunez. Macromolecules 2008, /1, 8458-8466.

FIRST EXAMPLE OF THE FORMATION OF A SI—C BOND FROM AN INTRAMOLE-
CULAR Si1—H: - -H—C DIYHYDROGEN INTERACTION IN A METALLACARBORANE:
A THEORETICAL STUDY. Emilio José Juarez-Pérez, Clara Vinas, Francesc Teixidor,
Rosario Nunez. J. Organomet. Chem. 2009, 694, 1764-1770.
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ves of [3,3’-Co(1,2-C2BgH;;)2| with Organosilane Groups: Theoretical Calcu-

lations Compared with Experimental Results.
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Controlled Direct Synthesis of C-Mono- and C-Disubstituted Derivatives of
[3,3'-Co(1,2-C,B,H,;),]” with Organosilane Groups: Theoretical Calculations
Compared with Experimental Results

Emilio José Juirez-Pérez, Clara Viiias,"”! Arantzazu Gonzalez-Campo,™
Francesc Teixidor,™ Reijo Sillanpii,” Raikko Kivekiis,'! and Rosario Nifiez**!

Abstract: Mono- and dilithium salts of
[3,3-Co(1,2-C,BsH )], (17), react
with different chlorosilanes (Me,SiHCI,
Me,SiCl,, Me;SiCl and MeSiHCl,) with
an accurate control of the temperature
to give a set of novel C.-mono- (C.,=
Cuuster) and C.-disubstituted cobalta-
bis(dicarbollide) derivatives with silyl
functions: [1-SiMe,H-3,3'-Co(1,2-
C,ByH,p)(1',2-C,BoHy )]~ (37); [1,17-p-
SiMe,-3,3'-Co(1,2-C,BoH,),]~ “@);
[1,1"-u-SiMeH-3,3'-Co(1,2-C,BoH,y),]
(57); [1-SiMe;-3,3'-Co(1,2-C,BoH,)-
(1'2-C,BgH )] (67) and [1,1'-(SiMes),-
3,3-Co(1,2-C,ByHy),]™ (77). In a simi-
lar way, the [8,8-u-(1",2"-C¢H,)-1,1"-p-
SiMe,-3,3'-Co(1,2-C,BoHy),]~ 8);
[8,8"-u-(1",2"-CsH,)-1,1"-p-SiMeH-3,3'-
Co(1,2-C,BsHy),]” (97) and [8,8-u-
(17,2"-C¢H,)-1-SiMe;-3,3"-Co(1,2-
C,BoH,)(1',2'-C,BsH )] (107)  ions
have been prepared from [8,8"-pu-(1",2"-

CgH,)-3,3'-Co(1,2-C,BsHy),] (2).
Thus, depending on the chlorosilane,
the temperature and the stoichiometry
of nBuLi used, it has been possible to
control the number of substituents on
the C, atoms and the nature of the at-
tached silyl function. All compounds
were characterised by NMR and UV/
Vis spectroscopy and MALDI-TOF
mass spectrometry; [NMe,]-3, [NMe,]-
4 and [NMe,]-7 were successfully iso-
lated in crystalline forms suitable for
X-ray diffraction analyses. The 4~ and
8~ ions, which contain one bridging -p-
SiMe, group between each of the dicar-
bollide clusters, were unexpectedly ob-
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tained from the reaction of the mono-
lithium salts of 1 and 27, respectively,
with Me,SiHCI at —78°C in 1,2-dime-
thoxyethane. This suggests that an in-
tramolecular reaction has taken place,
in which the acidic C.—H proton reacts
with the hydridic Si—H, with subse-
quent loss of H,. Some aspects of this
reaction have been studied by using
DFT calculations and have been com-
pared with experimental results. In ad-
dition, DFT theoretical studies at the
B3LYP/6-311G(d,p) level of theory
were applied to optimise the geome-
tries of ions 1710~ and calculate their
relative energies. Results indicate that
the racemic mixtures, rac form, are
more stable than the meso isomers. A
good concordance between theoretical
studies and experimental results has
been achieved.

Introduction

In the last four decades, interest in the functionalisation and

application of the cobaltabis(dicarbollide) ion 1~ and its de-
rivatives has grown due to their extraordinary chemical,
thermal and radiation stability, and their similar properties
to the inorganic superacids.l'! In addition, these compounds
are hydrophobic®¥ and weakly coordinating anions,”! which

have made them appropriate to be used as solid electro-

lytes,l strong non-oxidizing acids,”” doping agents in con-
ducting polymers® and extractants of radionuclides.
Cobaltabis(dicarbollide) derivative have also been used in

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

diverse applications such as medical imaging and radiothera-
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py as boron-rich carriers for boron neutron capture therapy
(BNCT)."

Many cobaltabis(dicarbollide) derivatives with substitu-
ents bonded to the cluster, preferably on the boron atoms,
have been described.®” However, there are few examples
of C.-substituted (C.=cluster carbon atom) derivatives of 1~
obtained directly from the deprotonation of C.—H and sub-
sequent attack by an electrophile. In 1997, Chamberlin et al.
published a new synthetic method to bind methyl groups to
the C, atoms obtaining mono- and di-C_-substituted cobalta-
bis(dicarbollide) derivatives.'” More recently, we have re-
ported the preparation of C.-substituted cobaltabis(dicarbol-
lide) derivatives with phosphine groups analogous to 2,2'-
bis(diphenylphosphino)-1,1'-bi-
naphthyl (BINAP) by the reac-
tion of the dilithium salts of 1~
with chlorodiarylphosphine in

FULL PAPER

osubstituted cobaltabis(dicarbollide) derivatives functional-
ised with the silyl group —SiMe,H, the metallation of Cs-
[3,3-Co(1,2-C,ByHy;),]  (Cs-1), with one equivalent of
n-butyllitium (nBuLi) followed by the reaction with
Me,SiHCI (Me = methyl) in 1,2-dimethoxyethane at —78°C
for 1 h was performed. The resulting orange residue was dis-
solved in MeOH to yield, after precipitation with an aque-
ous solution of [NMe,]Cl, a mixture of salts, which according
to the 'H and "B NMR spectra correspond to unreacted
starting material 1~ together with the monosubstituted [1-
SiMe,H-3,3'-Co(1,2-C,BoH,)(1',2'-C,BsH,;)]™ (37), and [1,1'-
u-SiMe,-3,3’-Co(1,2-C,ByH,),]~, (47), obtained in 51 and
18 %, respectively (Scheme 1). Attempts to separate these

1,2-dimethoxyethane (DME).!'! 1) nBuLi /
Our interest in the synthesis 2) (CH,),SiHCI Si )
and functionalisation of boron- - . | H *
rich dendrimeric structures con- DME
taining carboranyl derivatives -78°C
required us to develop new car-
boranylsilane compounds to use T 3 e

as molecular precursors and
building blocks for the desired
dendrimers, peripherally at-
tached to carborane moieties.!"?
Additionally, these carboranylsilane systems have been
useful in the study of the reactivity of carborane derivatives
towards different organosilanes and in testing them as hy-
drosilylating agents.?**! In this work, we have extended our
study to the cobaltabis(dicarbollide) anion due to its attrac-
tive properties and possible applications.'”) Special empha-
sis has been placed on bonding organosilane functions to
the C atoms of the cluster to obtain previously unknown C-
mono- and C_disubstituted cobaltabis(dicarbollide) deriva-
tives with silyl groups. For this purpose, compounds have
been prepared by the direct reaction of the lithium salts of
[3,3-Co(1,2-C,ByH};),]~ (17), and [8,8-u-(1",2"-C¢H,)-3,3"-
Co(1,2-C,B¢H,),]” (27), with different chlorosilanes. Some
of these compounds have been proven to be active as hydro-
silylating agents and can be used to functionalise different
generations of dendrimers. Additionally, a theoretical study,
using B3LYP density functional methods at the 6-311G(d,p)
basis has provided remarkable data on conformational
habits and relative energies of the metallacarborane report-
ed here. The discussion is completed with the X-ray crystal
structures of [NMe,][1-SiMe,H-3,3"-Co(1,2-C,BsH,¢)(1',2'-
C,BoH,))], [NMe,][1,1-u-SiMe,-3,3'-Co(1,2-C,B¢H,),] and
[NMe,][1,1"-(SiMe;),-3,3"-Co(1,2-C,BsH,y),].

Results and Discussion

Synthesis of C -substituted cobaltabis(dicarbollide) deriva-
tives with silyl groups: With the goal of preparing a C.-mon-

Chem. Eur. J. 2008, 14, 49244938
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Scheme 1. Synthesis of ions 3~ and 4°.

compounds by silica or alumina column chromatography
were unsuccessful and led to 17 in all cases. The compound
[NMe,]-3 was isolated in 11% yield after recrystallisation
from CH,Cl,. The 3~ ion was uniquely obtained when the
reaction was carried out at —78°C. At higher temperatures
(e.g. —40 or 0°C) or by using other solvents, such as THF,
3~ was not formed. Crystals of [NMe,]-3 were obtained by
slow evaporation of the compound in a mixture of acetone
and water. The anion 3~ represents the first example of a
C.-monosubstituted cobalta(bisdicarbollide) derivative that
has been fully characterised by X-ray diffraction.

The unexpected synthesis of 4~ motivated us to study its
synthesis in more detail. Two different strategies were used
(Scheme 2): 1) the reaction of Cs-1 with one equivalent of
nBuLi at —40°C in DME, followed by the reaction with an
excess of Me,SiHCI gave, after 3 h at room temperature,
[Li(dme),]-4, according to the 'HNMR spectrum; and 2)
the reaction of Cs-1 with 2 equivalents of nBuLi at —78°C
in DME, followed by the reaction with Me,SiCl,, gave the
same species [Li(dme),]-4. The 4 ion could be isolated by
using cations such as [NMe,]*, Cs* and [PMe(Ph);]T (Ph=
phenyl) by dissolving [Li(dme),]-4 in MeOH and adding
aqueous solutions of [NMe,]Cl, CsCl or a methanolic solu-
tion of [PMe(Ph);]|Br to yield the corresponding salts of 4~
in 45, 62, and 70 % yield, respectively. When 4~ was synthes-
ised at —40°C, a mixture of structural isomers (as will be de-
scribed in depth in a later section) was obtained as shown
by the "B{'"H} NMR spectrum. However, at —78°C mainly
one isomer was formed. Monocrystals of [NMe,]-4 were ob-
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Scheme 2. Synthesis of ion 4~ using two different approaches.

tained by slow evaporation of a solution of the compound
synthesised at —40°C in acetone.

As already mentioned, an attempt to get C.-monosubsti-
tution on cobaltabis(dicarbollide) with a group containing
the —SiH function with SiMe,HCI led to 3™ in low yield. As
we were interested in the reactivity of a Si—H-containing co-
baltabis(dicarbollide) derivative, we used MeSiHCl, as a
chlorosilane source (Scheme 3). Cs-1 was treated with two
equivalents of nBuLi at —78°C in DME followed by an
excess of MeSiHCI, at the same temperature. Then, after
stirring for 6 h at room temperature, the solution was evapo-
rated and the residue treated
with MeOH. The anion 5~ was
isolated as the Cs salt in 76 %
yield by precipitation with an
aqueous solution of CsCl. The
temperature of —78°C used in
this reaction was a key factor to -
produce 5~ in 95% isomeric
purity, according to the NMR
spectra. The use of higher tem-
peratures caused the formation
of a mixture of structural iso-
mers (see later section) along
with unreacted starting material
1.

To learn about the reactivity
of 1 towards chlorosilanes, its
mono- and dilithium salts were
treated with an excess of
Me;SiCl at —78°C in DME.
The monolithium salt of 1° led
to a mixture of products, from
which the C.-monosubstituted

4926
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1) 2 nBuLi
2) CH,SiHCI, excess H

B —
DME
-78°C

Scheme 3. Synthesis of the ion 5.

[NMe,]-6 was isolated in 33% yield. Conversely, the dilithi-
um salt gave the C.-disubstituted 7-, which was isolated as
the [NMe,]-7 and Cs-7 salts in 91 and 90 % yield, respective-
ly. Red crystals of [NMe,]-7 were successfully obtained from
acetone. Metallacarboranes 6~ and 7~ were very convenient
to interpret spectroscopic data and to get information about
the possible rotational isomers in related compounds.
Silyl-functionalised derivatives of the rigid Cs[8,8-p-
(17,2"-C¢H,)-3,3'-Co(1,2-C,BoH,,),] compound (Cs-2) with
chlorosilanes were also studied. The reaction of Cs-2 with
one equivalent of nBuLi at —78°C in DME, followed by the
reaction with chlorodimethylsilane (Me,SiHCl), led uniquely
to  [8,8-u-(1",2"-C¢H,)-1,1"-p-SiMe,-3,3'-Co(1,2-C,ByHy), | -
(8; Scheme 4), which was isolated as a red solid in 77 %
yield by precipitation with an aqueous solution of [NMe,]CL
The spectroscopic study of [NMe,]-8, which will be discussed
later, indicated that 2~ behaves similarly to homologous 1~
with Me,SiHCI. However, the formation of a C,-monosubsti-
tuted species analogous to 3~ was never observed, even at
very low temperatures. Likewise, Cs-2 was treated with two
equivalents of nBuLi at —78°C in DME and subsequently
with an excess of MeSiHCl, to give 9~ (Scheme 4). After

Scheme 4. Synthesis of cobaltabis(dicarbollide) ions 8 and 9.

Chem. Eur. J. 2008, 14, 4924 -4938
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their workup, the compounds [NMe,]-9 and Cs-9 were iso-
lated in 60 and 65% yield, respectively, by precipitation
with aqueous solutions of [NMey]Cl and CsCl, respectively
(Scheme 4).

Similarly, Cs-2 was treated with two equivalents of nBuLi
at —78°C in DME followed by an excess of Me;SiCl under
the same conditions to give mainly the monosubstituted
compound [NMe,]-10 in 69 % yield by precipitation with an
aqueous solution of [NMe,]Cl.

These results show that C.silyl derivatives of cobaltabis-
(dicarbollide) can be produced in good yields. The metalla-
carboranes containing the Si—H function are potential hy-
drosilylation agents and can be used to functionalise dendri-
meric structures.

Characterisation of functionalised cobaltabis(dicarbollide)
derivatives with silyl groups: All of the compounds de-
scribed above were characterised by elemental analysis;
UV/Vis, FTIR, and 'H, *C, "B, and *’Si NMR spectroscopy
and matrix-assisted laser desorption ionisation time of flight
(MALDI-TOF) mass spectrometry. In addition the com-
pounds [NMe,]-3, [NMe,]-4 and [NMe,]-7 were unequivo-
cally confirmed by X-ray diffraction analysis.

Spectroscopic data: The 'H, "B, *C and *Si NMR spectra of
the products reported here agree with the structures pro-
posed in the schemes. The IR spectra of all compounds pres-
ent typical v(B—H) strong bands for closo-clusters between
2554 and 2577 cm™' and, additionally, intense bands in the
region of 1250-1257 cm™ corresponding to &(Si—CHs;).
Complexes 37, 5~ and 9~ show a characteristic band near
2160 cm ™' attributed to v(Si—H). The '"H{"'B} NMR spectra
of compounds 3~ and 5~ exhibit resonances at 4.31 and
5.06 ppm, respectively, which can be assigned to the Si—H
function (Figure 1, Table 1). However, 9~ shows two reso-
nances at 4.97 and 5.25 ppm with different areas. Both peaks
can be attributed to the Si—H proton, indicating the pres-
ence of structural isomers in the solution, (see later). More-
over, 37, 5 and 9~ have a *J(H,H)=3.4 Hz due to Si—H
coupling with the protons on CH; and giving a quartet for
5 and 9~ and a septet for 3~ (Figure 1). The corresponding
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Table 1. Chemical shift values [ppm] of the selected protons in the
'HNMR spectra of C.-substituted derivatives 3™-10~ and the starting
ions 1" and 2°.

6 'HNMR
Si-H CH Si—CH, B-H
1- - 3.94 - 3.37-1.57
3 431 3.85,3.69 0.29 3.61-1.60
4 - 4.50 031 338-1.43
5 5.06 459 0.44 3.40-1.44
6 - 4.02,3.83,3.72 0.28 3.57-1.50
7 - 4.19,3.77 0.33,0.30 3.98-1.58
2" - 3.58 - 3.76-1.49
8- - 348 039, 0.25 4.00-1.43
9- 525,497 3.61 048, 0.38 4.11-1.43
10 - 3.52,3.45 0.28 3.99-1.51

Si—CHj; protons are exhibited at a higher field in the region
0.25-0.48 ppm (Table 1). These resonances appear as a dou-
blet for 37, 5~ and 97, a singlet for 4~ (Figure 2) and two dif-

Si-CH,

CeH

1 UYL L
2l N

48 44 40 36 32 28 24 20 16 12 08 04
J/ ppm

Figure 2. a) 'H{"'B}-NMR spectrum of Cs-4 and b) 'H NMR spectrum of
Cs-4.

ferent singlets for its homologous 8~ due to the presence of
structural isomers. Due to their symmetry, compounds 4,
57, 8 and 9~ have only one resonance attributed to the
C.—H protons, while 7~ shows two signals in different ratios,
indicating the presence of geometrical isomers. The C.-mon-
osubstituted 37, 6° and 10~ exhibit two resonances for C.—H

AN A

4.'-3-! l ﬂ I £12
& ppm

508 5S04 500
&1 ppm

‘!-.H B4 #30 S8 512 508 S04 500 455 4@
&1 ppm

Figure 1. A portion of the "H NMR spectra corresponding to the Si—H protons chemical shifts in compounds: 3~ (left), 5~ (middle) and 9~ (right) with

relative composition of 24 and 76 % for the two structural isomers.
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protons, one assigned to the substituted cluster and the
second from the unsubstituted cluster (Table 1). The cluster
B—H protons appear in the region ranging from 1.43-
411 ppm (Table 1). In the 'H{'B} NMR spectrum of 4,
nine resonances attributed to the nine B—H protons of each
cluster are clearly observed (Figure 2a). The *C{'H} NMR
spectra show low intensity peaks in a wide region between
31.88 and 55.86 ppm. These high field C, atoms can be as-
signed to the C.—Si atoms. Resonances for the carbon atoms
in the Si—CH; groups are high field, from 3.20 to
—6.87 ppm. The "B{'H} NMR spectra of ions 37 display
bands in a typical range from +9.1 to —22.3 ppm, indicative
of closo species with all boron atoms in non-equivalent ver-
tices. However, the resonances for boron atoms in 8, 9~
and 10~ appear between +27.5 and —24.5ppm with a
2:6:4:4:2 pattern. In this case, the low-field resonance does
not split in the "B NMR spectrum, which is attributed to
the B8 atoms bonded to the phenyl group. Figure 3 shows a

4 8
74
6 .
5 .
B4,4,7,7.9,9,12,12'
4 -
34B8.8 B10,10'

2_
1- |

74

B5,5,11,11" B6,6'

22274

64
5
4

34

24

74
64
54

4

Figure 3. Stick representation of the chemical shifts and relative intensi-
ties in the ""B{'H} NMR spectra of some selected compounds.
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schematic representation of the "B{'H} NMR spectra for 4"
and 5~ along with their precursor 1°. Bands assignment has
been done using a bidimensional COSY '"B{'H}/"B{'H}
spectrum. In general, the presence of the silyl substituent at
the C, atoms shifts the "B resonances downfield with re-
spect to the precursor. For 47, the resonances due to B4, 4/,
7,7,9,9,12, 12" and BS, 5, 11, 11, which appear as two
resonances of intensity 8 and 4 in 17, have evolved to three
resonances of intensity 4, 2 and 2 and two resonances of in-
tensity 2 due to the lost of symmetry. For 57, the presence of
two different groups on the Si atom (CH; and H) causes
higher asymmetry in the molecule, and this is reflected in
the "B NMR spectrum. In addition, the ""B{'"H} NMR spec-
trum of 3~ shows a 1:1:1:1:1:4:3:2:2:1:1 pattern in the range
from +9.10 to —2226ppm, while 6  exhibits a
1:1:1:1:1:1:2:2:2:1:1:1:1:1:1 pattern in the region of +8.20 to
—23.00 ppm. Both spectra show a large number of resonan-
ces due to the loss of any symmetry operation besides E.
Figure 4a displays the bidimensional "B{'H}/'"'B{'H}2D

a G
) AB CD E Hl ook

[
-20
o8 B =
s ® 0 o
4 -10
<
& 4 A &
° o e ¢
r @
) 0
o ¥ .
0 @
J @ 10
- - d/ppm
§/ppm 0 -10 -20
b)
A C E F H J
4_
B4',7',9'
B5',11'
24
B8' B10' B12'

J I
10 0 -10 -20
6 /ppm

B D FG
N B4,7,9,12
B5,11
2,
B8 B10
0 | I T ;
10 0 -10 -20
§/ppm

Figure 4. a) "B{'H}-"B{'H}2D COSY NMR spectrum of 3. b) Stick rep-
resentation of the "B{'H} NMR spectra of each dicarbollide ligand in 3°.
¢) Schematic representation of the anion 3~ .
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COSY NMR spectrum of 3~ in which the resonances have
been assigned to the corresponding boron atoms.'! The
spectrum has been assigned on the basis that each dicarbol-
lide moiety behaves independently of the second.™ These
independent spectra are represented as stick diagrams in
Figure 4b with the non-substituted ligand (lower diagram)
and the substituted ligand (upper diagram). The combina-
tion of both produces a realistic image of the experimental
spectrum. The *Si NMR spectra exhibit peaks in the range
of 13.98 to —8.28 ppm (Table 2). The *Si chemical shifts are

Table 2. Chemical shift values [ppm] of the silicon nuclei in the *Si
NMR spectrum of C.-substituted cobaltabis(dicarbollides).

Compound o 2Si Compound 0 ¥Si
3 —8.28 7 10.75
4 13.98 8 11.74
5 2.94 9 2.69
6 10.74 10 8.63

dependent on the substituents
at the Si atom. The high-field

FULL PAPER

peaks. Thus, for 37, 6~ and 107, this technique shows the cor-
responding molecular ion peaks at m/z=382.2, 396.3 and
369.2, respectively, which agrees with the proposed struc-
tures.

UV/Vis spectra: The UV/Vis spectra of 1~ and several exo-
skeletal derivatives in different solvents such as methanol,
but mostly in acetonitrile have been reported in different
publications.’»') There are some differences in the positions
and absorption coefficients of the maxima, indicating that
these values are dependent on the solvent. In this work, the
UV/Vis spectra of the studied compounds were measured in
acetonitrile. In order to perform an adequate comparison of
the parameters of the different UV/Vis spectra, a line-fitting
analysis with Gausssians was performed in a similar manner
to that reported earlier by us.! The results obtained are
shown in Table 3, and the spectrum of 4~ is shown in
Figure 6. Tons 1~ and 3~ give spectra consisting of four ab-

Table 3. UV/Vis spectra for 1 =10~ in acetonitrile. 1 positions [nm] and & values [Lem 'mol '] are reported
and were calculated following line-fitting analysis.

(—8.28 ppm) signal is due to the 2 (¢)
—SiMe,H group in 37, and the 1- 207 (14502) 280 (25943) 340 (2199) 449 (300)
corresponding resonances in 5° 37 209 (15028) 283 (24531) 342 (2269) 461 (436)
and 9 appear at 2.94 and 4 222 (3752) 286 (9941) 309 (12687) 360 (1241) 464 (239)
269 el .Th g 5 213 (12343) 282 (10376) 310 (26940) 353 (2553) 465 (340)
69 ppm,  respectively. The St - 281 (22916) 342 (2528) 460 (560)
atoms of the —SiMe; and bridg-  7- 293 (16583) 363 (2178) 492 (504)
ing —SiMe, groups appear at a
low field, between 1075 and 2 234 (15694) 280 (18672) 314 (5061) 398 (777) 516 (280)
13.98 ppm. Formulas of all the ¢ 236 (9911) 270 (5595) 289 (9983) 316 (4779) 376 (930) 500 (290)
compounds were established by o 235 (6489) 272 (2415) 291 (6068) 307 (3626) 518 (190)
using MALDI-TOF mass spec- 10 234 (12363) 272 (3662) 290 (10887) 324 (4150) 398 (729) 548 (310)

trometry in the negative-ion
mode without a matrix. Fig-
ure 5a displays the MALDI-TOF mass spectrum of the [1,1'-
u-SiMeH-3,3'-Co(1,2-C,BsH¢),]~ ion (57) in which the mo-
lecular ion peak appears at m/z=366.2 with a perfect con-
cordance with the calculated pattern (Figure 5b). For all
anions, a full agreement between the experimental and cal-
culated patterns was also obtained for the molecular ion

a)

30000000

Intensity

320

Figure 5. a) Experimental MALDI-TOF mass spectrum obtained for the
anion 5. b) Calculated MALDI-TOF spectrum for 5.

Chem. Eur. J. 2008, 14, 49244938

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

sorptions near 210, 280, 340, and 450 nm; the first maximum
is one order of magnitude lower than the second. It can be
observed that absorptions near 280, 340 and 450 nm are

x 20

T M T M T M T T T
200 300 400 500 600
Alnm
Figure 6. UV/Vis spectrum (solid line) of 4~ and the result of line fitting
with Gaussians (dash lines). The expanded section on the right shows the
absorption near 445 nm amplified 20 times.
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Figure 7. Top: Drawing of the anion of [NMe,]-3 with 30% thermal dis-
placement ellipsoids. Middle: Drawing of the anion of [NMe,]-4 with
30% thermal displacement ellipsoids. The “a” refers equivalent position
x, —y+1/2, z. Bottom: Drawing of the anion of [NMe,]-7 with 30% ther-
mal displacement ellipsoids. The “b” refers equivalent position —x+2, y,
—z+41/2. In all cases the hydrogen atoms have been omitted for clarity.
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present in all compounds and are attributed to the anion
[3,3-Co(1,2-C,ByH,;),], as has already been reported.’ The
absorption with longest wavelength, near 450 nm, shows a
bathochromic shift with respect to 1° that is larger (about
40 nm) for 7. This represents a dark red colour in solution
or in the solid state. In contrast, the metallacarboranes 1°,
37, 47,5 and 6 are orange. It is important to emphasise
that the 4~ and 5~ ions show an additional absorbance
around 310 nm (Table 3), which could be attributed to the
presence of a silyl bridge between the ligands. Compounds
prepared from 2~ exhibit a maximum around 230 nm attrib-
uted to the benzene moiety.>! However, the main differen-
ces in the UV/Vis spectra between the precursor and com-
pounds 87, 9 and 10~ are due to the presence of an extra
signal around 270 nm and a bathochromic shift of 10 nm in
the second maximum around 320 nm (Table 3).

X-ray crystallography: Single-crystal X-ray analyses of
[NMe,]-3, [NMe,]-4 and [NMe,]-7 confirmed the expected
sandwich structures for the three cobaltabis(dicarbollide)
anions. The 3 ion contains one non-bridging SiMe,H group,
whereas 4~ has a bridging SiMe, group between the dicar-
bollide clusters. In 77, one non-bridging SiMe; group is
bonded to each dicarbollide moiety through the C_ atoms.
The structures of 37, 4™ and 7~ are presented in Figure 7 and
selected bond parameters are listed in Tables 4 and 5. It is
important to note that for each cobaltabis(dicarbollide) clus-
ter, the presence of the [NMe,]* ion is necessary for crystal-

Table 4. Selected bond lengths [A] and angles [°] for [NMe,]-3.

Co3-Cl 2.104(6) Co3-CI' 2.058(6)
Co3-C2 2.056(6) Co3-C2 2.048(6)
Co3-B8 2.110(7) Co3-B§' 2.127(7)
Si—C1 1.907(6) Ccr-c2 1.608(9
c1-c2 1.627(8)

C03-C1-Si 116.8(3) C1-Co3-Cl' 1012(2)
C1-Co3-C2' 103.6(2)

Table 5. Selected bond lengths [A] and angles [°] for [NMe,]-4" and
[NMe,]-7®!.

[NMe,]-4 [NMe,]-7
Co3—Cl1 2.0387(16) 2.139(3)
Co3—C2 2.058(2) 2.085(3)
Co3-B4 2.067(2) 2.084(3)
Co3-B7 2.112(3) 2.108(3)
Co3-B8 2.108(3) 2.117(4)
Si—C1 1.8838(16) 1.944(3)
C1-C2 1.668(2) 1.649(4)
Co3-C1-Si 90.47(7) 122.33(15)
C1-Co3-Cla 85.04(9)
C1-Co3-Clb 132.01(16)
B8-Co3-B8a 93.71(15)
B8-Co3-B8b 84.5(2)

[a] Equivalent positions: a: x, —y+1/2, z; [b] Equivalent positions: b:
—x+2,y, —z+1/2.
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lisation of the compounds, since no crystals were obtained
with other cations.

The cobaltabis(dicarbollide) anion 3~ has crystallographic
C, symmetry. The conformation of the dicarbollide clusters
is cisoid, and the SiMe,H group is projected between the
cluster carbons of the neighbouring C,ByH;;~ moiety. The
conformation can be seen in Figure 7 (top) and by the Cl-c-
¢-C1" and Cl-c-c-C2’ torsion angle values of 28.2(4) and
—41.3(4)° (¢ and ¢ refer to centres of pentagons
C1,C2,B4,B7,B8 and C1',C2',B4',B7' B8, respectively). The
cobaltabis(dicarbollide) anion of [NMe,]-4 assumes ¢ sym-
metry with metal and silicon atoms as well as with the
methyl carbons lying in the mirror plane (Figure 7, middle).
The SiMe, group is bonded to both clusters through carbon
atoms and thus bridge the dicarbollide groups. Owing to the
symmetry, the configuration of the dicarbollide ligands is
meso (the boron cages are in an eclipsed conformation).
The anion of [NMe,]-7 assumes a two-fold symmetry with
the metal lying at the symmetry axis. One SiMe; group is
bonded to a carbon atom of each cage and the groups are
oriented so that their disposition in 7~ is cisoid, as can be
seen in Figure 7 (bottom) and from the Cl-c-c-C1" dihe-
dral angle of —97.6° (c refers to centre of pentagon
C1,C2,B4,B7,B8 and the superscripted b refers equivalent
position —x42, y, —z+1/2) and the Cl-c-c-C2"! dihedral
angle of —26.9°.

A comparison of the structures of 37, 4 and 7" reveals
marked differences because of the different silyl groups and
bonding modes. Comparing the conformation of 4~ with the
ideal cobaltabis(dicarbollide) moiety with parallel coordinat-
ing C,B; pentagons, in 4 the cages are twisted so that the
cluster carbons Cl1 and C1¥ are closer to each other
(C1-+C1la=2.755(9) A, a=x, —y+1/2, z). On the opposite
side of the coordinating pentagon the distance between the
B7 and B7a atoms is increased to 3.10(2) A. The closing
angle on the silicon’s side between the two pentagons is
6.91(10)°. In the structures of 3~ and 7, the influence of the
bulky SiMe,H and SiMe; groups on the orientation of the
coordinating C,B; pentagons is the opposite. The silyl
groups repulse the neighbouring pentagons away from each
other so that the opening dihedral angle on the silicon
atoms’ side between the two pentagons are 6.6(2) and
11.16(10)° for 3~ and 7", respectively.

Theoretical studies related to the formation and conforma-
tional structures of compounds: In this section, some aspects
related to the formation and characterisation of the anions
described above are studied using density functional theory
(DFT) calculations.'" Studies leading to geometric optimi-
sation for ions 1" -10~ and relative energy calculations were
conducted at the B3LYP/6-311G(d,p) level of theory.

Rotational isomers for the metallacarboranes 37, 6~ and 7~
Three broad conformations for metallacarborane sandwich-
es exist: cisoid (C,,), gauche and transoid (C,,).""'® When
relative energy calculations are applied to 17, it has been re-
ported that the transoid conformation is 12.8 kJmol ™' more
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stable than the cisoid.""! Nevertheless, for the 37, 6~ and 7~
ions five different conformations are available due to the
substitution on the Cg., atoms: two cisoid, two gauche and
one transoid rotamers (Figure 8). For 37, the gauche confor-
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Figure 8. Calculated relative energies and conformational isomers for
compounds 3~ (m), 6~ (0) and 7~ (A).

mation (gauche-1) is the more stable than the cisoid rotamer
(cisoid-1) by 2.83 kJmol " (Figure 8). In both conformations
the Si—H is in proximity to C.—H, facilitating a dihydrogen
interaction. In fact, the cisoid-1 corresponds to the rotamer
found in the crystal structure. However, in the C-monosub-
stituted 6~ ion, the gauche conformation (gauche-2) is the
more stable, being 3.03 and 4.20 kJmol™' more stable than
the transoid and cisoid-2 rotamers, respectively (Figure 8).
The difference on the relative energies between rotamers of
3~ and 6 is most probably due to the dihydrogen interac-
tions in the case of 37. In addition, 7-, like other C_-disubsti-
tuted derivatives of cobaltabis(dicarbollide),' revealed that
the synthesised geometrical isomer shows racemic substitu-
tion according to the X-ray diffraction study, and the dicar-
bollide ligands are rotated with respect to each other along
the axis passing through B10 and B10'. Using the B8-Co3-
B10-B8 dihedral angle “q”!") as a parameter for the dicar-
bollide ligands rotation, a rotational energy path profile was
calculated by using optimised structures of 7-. Three
minima for ¢ =38.1° (cisoid-2), 122.3° (gauche-2) and 197.4°
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(transoid) were obtained with relative energies 0, 6.8 and
7.0 kJmol ™', respectively (Figure 8). The minimum energy
conformer found with ¢=38.1° corresponds to the cisoid
rotamer and agrees well with what was found in the crystal
structure. However, for 7-, the relative energies of cisoid-1
and gauche-1 were not possible to calculate due to the steric
hindrance.

Proposed mechanism for the formation of compounds 4~
and 8™ —comparison of the theoretical and experimental re-
sults: In the course of this research two questions have
arisen: 1) why is it possible to get the C.-monosubstitution
on 1 by using one equivalent of nBuLi and Me,SiHCI to
give 37, whereas its homologous derivative from 2~ was
never detected; and 2) why is compound 4~ obtained as a
byproduct in the synthesis of 37, while its homologue 8 is
the main product in a similar reaction from 2~ ?. These ques-
tions may both be answered taking into account an “intra-
molecular reaction” that leads to the formation of the bridg-
ing u-SiMe, group. A possible pathway that explains this in-
tramolecular reaction is shown in Scheme 5. After the for-
mation of the monolithium salt of 1~ or 27, a C_.-monosubsti-
tuted compound with a —SiMe,H group is generated. The
geometrical disposition of one acidic C.—H proton and the
hydride of the Si—H function favours the elimination of H,
with the formation of the second C.—Si bond. Theoretical
calculations were carried out to corroborate this mechanism
in the case of 8 from 2. In the latter, the rotation around
the metallic centre is hindered by the presence of the
phenyl group bonded both to B8 and B8', which provides a
stable eclipsed cisoid configuration (Scheme 5). Thus, the
geometry of a hypothetical C.-monosubstituted intermediate
derivative of 2~ with a SiMe,H group, which has never been

species never obtained

Scheme 5. Suggested pathway for the intramolecular reaction that causes a bridge between both dicarbollide

clusters in ions 4~ and 8.
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isolated (Scheme 5), was optimised. A natural population
analysis (NPA) was carried out to determine the charges of
the hydrogen atoms that may be involved in the intramolec-
ular reaction. The charge on Si—H is —0.194 (more negative
that the Si—H in SiMe,HCIl, which is —0.185), and the
charge of the hydrogen in C.—H is +0.306 (more acidic than
27, which is +0.265). The opposite charges should then
favour the interaction between both hydrogen atoms to give
the C.-disubstituted ion 8 (Scheme 5). Additionally, a tran-
sition state for the formation of 8~ was found by using the
synchronous transit-guided quasi-newton (STQN) method.
Figure 9 shows the optimised structure of this transition

Figure 9. The transition state found for the intramolecular reaction to
obtain 8 . This minimum has a single imaginary frequency corresponding
to the vibrational modes of the hydrogen involved in the reaction. Dash
lines represent the cleaved bonds and solid lines represent the new
bonds.

state. In addition, using the equation AG(T)=
AH(T)—TAS(T), the enthalpy for the intramolecular re-
action proposed in this mecha-
nism has also been calcu-

- lated and is endothermic at

-78°C  (195K), (AH"=
+372kJmol™")  and  not
spontaneous (A,G” =
+13.8kJmol™). Plotting A,G
versus the temperature (7), it is
observed that at 7T=32°C
(305 K) the Gibbs free energy
becomes negative as is shown
in Figure 10. The evolution of
A.G to negative values is a con-
- sequence of the entropic termi-
nus in the state equation. It
may be concluded that due to
the required cisoid conforma-
tion for this reaction to occur,
in the case of 27, the intramo-
lecular reaction leading to 8 is
favoured; in contrast, the corre-
sponding monosubstituted com-
pound from 27, equivalent to
3, is never observed.
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Figure 10. Gibbs free-energy temperature dependence calculated for the
intramolecular reaction: AG(T)=AH(T)—TAS(T).

Theoretical calculations of the relative energy for the op-
timised conformation in 3~ indicated that the cisoid-1 con-
formation observed in the crystal structure, in which the
Si—H group is closest to the C.—H, is 10.96 kJmol~' more
stable than the same rotamer, but with the Si—H rotated
and farthest from the C.—H. The stability of this structure is
then attributed to the existence of two intramolecular dihy-
drogen interactions, C.—H--H—Si, 2.44 and 2.16 A, according
to the DFT calculations. These match well with those found
in the crystal structure, 2.409 and 2.212 A. This provides an
explanation to the first question about the formation of 3.
In addition, experimental results have shown that the tem-
perature is critical in the reaction leading to 3~ and 4°. By
keeping the reagents and solvents at —40°C or higher, only
4~ was formed, whereas at —78°C a mixture of 3~ and 4™ is
obtained (see Scheme 1). Therefore, we hypothesise that the
formation of 4~ is clearly dependent on the temperature,
and the activation barrier of this process is favoured at
higher temperatures. Increasing the reaction temperature fa-
vours the intramolecular dihydrogen contacts (Scheme 5),
which is assumed to precede the formation of H, from the
reaction of one positive and one negative hydrogen atom,
corroborating the mechanism proposed to explain the intra-
molecular process.”™ Consequently, 3~ may be obtained
only if very low reaction temperatures are used.

Geometrical isomers for compounds 4~, 5~ and 97: The ions
47, 57 and 9™ may form structural isomers, which are depen-
dent on the reaction temperature. Complex 4~ has three
geometrical isomers, two enantiomers and one diastereomer,
the structures of which are the racemic mixture rac-4~ and
the meso isomer meso-4~, respectively (Figure 11). In the
rac-4~ isomers, both methyl groups bonded to the Si atom
are equivalent. However, the meso-4~ isomer has eclipsed
C. atoms and non-equivalent methyl groups because one
CH; faces the two non-substituted cluster carbon atoms,
whereas the other does not. Theoretical calculations have
shown that the rac-4~ form is 12.7 kJ mol ' more stable than
meso-4~. Therefore, and if only thermodynamic conditions
are taken into account, it could be hypothesised that when
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rac-4 meso-4

Figure 11. Geometrical isomers of compound 4. Top: Plane projections
of the pentagonal faces. Bottom: rac-4~ sketching of d and / enantiomers
and isomer meso-4 .

4~ was prepared at —78°C, the resonances observed in the
"B{'"H} NMR spectrum were mostly due to the rac-4~, and
other signals of lower intensity were assigned to the less
stable isomer, meso-4~ (Figure 12 top). This was confirmed
when 4~ was synthesised at 0°C and —40°C, at which tem-
peratures the meso-4~ isomer is more abundant according to
the "B NMR spectrum (Figure 12 bottom). To corroborate

. 3 l &

p[=1] 5.0 90 =50 -100 -150 -0
&rppm

100 50 00 =50 =100 =150 =300

Figure 12. "B{'"H} NMR spectra of the anion 4 . The shaded areas are at-
tributed to the boron atoms of meso-4~. Top: 4~ synthesised at —78°C.
Bottom: 4~ synthesised at 7> —40°C.
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this interpretation, the "B{'H} NMR absolute shielding of
meso-4 and rac-4~ were calculated at the GIAO/B3LYP/
6-31++G(d) level of theory.”!! The "B{'H} NMR theoreti-
cal chemical shifts for 4~ exhibit a resonance assigned to B8
atoms and shifted 4.5 ppm to lower field in meso-4~ than in
the rac-4~. In addition, calculations indicate that B6 atoms
in the meso-4~ form are shifted 2 ppm to higher field than
the isomer rac-4~. The experimental values for B8 and B6
for meso-4~ are 10.34 and —23.36 ppm, and for rac-4~ they
are 8.07 and —22.11 ppm, respectively. Although the theo-
retical values do not fit exactly with the experimental
values, they are indicative of the patterns’ tendency. This
confirms that at —78°C the rac-4~ enantiomers are mostly
obtained, whereas at higher temperatures the meso-4~ can
be also isolated. Specifically, the crystal structure of [NMe,]-
4 (Figure 7, middle) corresponds to the meso-4~ isomer and
was obtained from the crystallisation of a reaction carried
out at —40°C.

Four different geometrical isomers could be expected for
57: a pair of enantiomers and two diastereomers, which
should correspond to the racemic mixture (or rac isomers)
and two meso isomers. For the latter, we have used the nota-
tion M and m to identify the major and minor diastereo-
mers, respectively (Figure 13). Theoretical calculations indi-
cate that the rac-5~ form is 10.5 and 15.4 kJmol™' more
stable than isomers meso(M)-5~ and meso(m)-5-, respective-
ly. The stability of meso(M)-5~ over meso(m)-5~ could be
anticipated by considering the possible coulombic interac-
tions shown in the plane projection (Figure 13). When 5~
was prepared at —78°C, the '"H NMR spectrum shows only
one resonance due to the Si—H proton and attributed to the
racemic mixture or rac-5~ (Figure 14a). Nevertheless, when
5~ was prepared at higher temperatures (—40°C), a mixture
of three compounds appeared in the "H NMR spectrum and
were assigned to the Si—H and SiMe protons. Resonances

rac-5

Figure 13. The rac-5~ and meso-5~ structures for 5°.
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Figure 14. '"H NMR spectra of Cs-5 synthesised at different temperatures:
a) —78°C and b) >—40°C.

were assigned according to the relative energies calculated
for isomers, and an integration of signals indicated the for-
mation of rac-5-, meso(M)-5~ and meso(m)-5~ in the per-
centage of 65, 22 and 13, respectively (Figure 14b).

Finally, compound 9~ may form two different diastereo-
mers or meso isomers, denoted as meso(M)-9~ and
meso(m)9~ (Figure 15), because the impossibility of rotating
the ligands prevents the formation of the rac isomer. Theo-
retical calculations indicate again that meso(M)-9~ is just
5.70 kJmol™! more stable than isomer meso(m)9~. Conse-
quently, when 9~ was prepared, even at very low tempera-
tures (—78°C), a mixture of both isomers was observed ac-
cording to the '"HNMR spectrum (see Experimental Sec-
tion).

Therefore, we can confirm that for these metallacarbor-
anes, the racemic mixture (or rac form) is the most stable

meso(M)-5

meso(m)-(5)
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meso(M)-9

Figure 15. The meso isomers for anion 9°.

and the main reaction product, followed by the meso isomer
with the CH; groups projected on the clusters B—H,
meso(M). Finally the least stable would be the meso isomer
with the —CHj group projected on the C.—H, meso(m).

Conclusion

The first C.-mono and C.-disubstituted cobaltabis(dicarbol-
lide) derivatives containing different organosilane functions
have been successfully prepared by the direct reaction of
the mono or dilithium salts of starting anions 1~ and 2~ with
the appropriate chlorosilanes and under careful monitoring
of the temperature. The reaction temperature was a key
factor in the direct reaction to major isomers, since at very
low temperatures (—78°C) C.-monosubstituted species and
high isomeric purity were obtained, whereas increasing the
temperature (—40°C or 0°C) led to C.-disubstituted anions
and structural isomeric mixtures. The ion 3~ represents the
first example of a C.-monosubstituted cobaltabis(dicarbol-
lide) derivative that has been fully characterised by X-ray
diffraction analysis. Compounds 4~ and 87, containing a
bridging (-u-SiMe,) between both dicarbollide ligands, were
obtained unexpectedly from the reaction of the respective
monolithium salt of 1~ or 2~ with Me,SiHCI at low tempera-
tures. A hypothetical mechanism has been proposed to ex-
plain the formation of these compounds through an intra-
molecular interaction and has been supported by theoretical
calculations compared with experimental results. Density
functional theory (DFT) at the B3LYP/6-311G(d,p) level
was applied to optimise the geometries of ions 17-10~ and
calculate their relative energies. The theoretical studies per-
fectly agree with the experimental results, indicating that rac
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isomers are more stable than
meso isomers. Some of the met-
allacarboranes 37, 5~ and 9
functionalised with —SiH have
actually been used as hydrosily-
lating agents to be attached to
the periphery of dendrimeric
structures by the hydrosilylation
of alkenes.

Experimental Section

General considerations: Elemental
analyses were performed by using a
Carlo Erba EA1108 microanalyser.
FTIR spectra were recorded with KBr
pellets on a Shimadzu FTIR-8300
spectrophotometer. UV/Vis spectros-
copy was carried out with a Shimadzu
UV/Vis 1700 spectrophotometer with
1cm cuvettes. The concentration of
the complexes was 1x10*m. UV/Vis
spectra were measured using the fol-
lowing procedure: stock solutions of
the compounds were prepared by
making a solution of several milligrams of the solid compound in 5 mL of
acetonitrile (HPLC grade, Sigma-Aldrich). After this, a sample of this
stock solution was diluted to a concentration of 10~*m. The matrix-assist-
ed laser desorption ionisation time-of-flight mass spectra (MALDI-TOF-
MS) were recorded in the negative ion mode with a Bruker Biflex
MALDI-TOF instrument (N, laser; .. 337 nm (0.5 ns pulses); voltage
ion source 20.00 kV (Uisl) and 17.50 kV (Uis2)). 'H and 'H{"'B} NMR
(300.13 MHz), “C{'H} NMR (75.47MHz), "B and "B{'H} NMR
(96.29 MHz), and *Si{'H} (59.62 MHz) spectra were recorded at room
temperature on a Bruker ARX 300 instrument equipped with the appro-
priate decoupling accessories. All NMR measurements were performed
in [Dglacetone at 22°C. Chemical shift data for 'H, '"H{"'B}, *C{'H}and
»Si{'H} NMR spectra are referenced to SiMe,; those for "B{'H} and
"B NMR spectra are referenced to external BFy-OEt,. Chemical shifts
are reported in ppm, followed by a description of the multiplet (e.g. d=
doublet), its relative intensity and observed coupling constants (in Hz).

Unless otherwise noted, all manipulations were carried out in a nitrogen
atmosphere using standard vacuum line techniques. Solvents were puri-
fied by distillation from appropriate drying agents before use. 1,2-Di-
methoxyethane (DME) was distilled from sodium/benzophenone prior to
use. The metallacarboranes Cs[3,3'-Co(1,2-C,B¢H;),] (Cs-1) and Cs[8,8'-
u-(1",2"-C¢H,)-3,3'-Co(1,2-C,ByH )], (Cs-2) were commercially obtained
from KATCHEM. n-Butyllitium (1.6M in hexane) was purchased from
Alfa Aesar; MeSiHCIl, and Me,SiHCl were obtained from Aldrich;
Me,SiCl, and Me;SiCl were purchased from FluoroChem, and were used
as received. The [NMe,]Cl was purchased from Panreac, and CsCl and
[PMe(Ph);|Br were received from Fluka.

Synthesis  of  [NMe,][1-SiMe,H-3,3"-Co(1,2-C,B,H,,)(1',2’-C,B,H,,) ]
(INMe,]-3): nBuLi (0.50 mL, 0.79 mmol) was added dropwise to a
Schlenk flask containing a stirred solution of Cs-1 (360 mg, 0.79 mmol) in
DME (12mL) at —78°C. The low-temperature bath was removed and
the purple suspension was stirred for 45 min. The suspension was then
cooled to —78°C and Me,SiHCI (0.10 mL, 0.88 mmol) was added drop-
wise. The suspension was stirred at room temperature for 1 h to give an
orange solution and a white solid. The solid was filtered off and the solu-
tion evaporated to dryness. The residue was dissolved in MeOH (0.5 mL)
and an aqueous solution of [NMe,]CI (50 mg, 7 mL) was added dropwise
to give an orange solid. The solid was washed with H,O (2x15 mL) and
hexane (2x15 mL). The resultant solid was purified from a solution of
CH,Cl, to afford [NMe,]-3 (yield: 40 mg, 11 %). Alternatively, the addi-
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tion of an aqueous solution of CsCl to the residue dissolved in MeOH
(0.5mL) gave an orange solid. The solid was washed with H,O (2x
15mL) and hexane (2x15mL) and subsequently purified several times
using a mixture of Et,O/CH,CI, (1:1) to afford Cs-3 (yield: 16 mg, 4%).
'H{""B} NMR: =431 (sept, *J(H,H)=3.4, 1H; Si-H), 3.85 (brs, 1H;
Causier-H), 3.69 (brs, 2H; Cyyger-H), 3.45 (s, 12H; N-CH3), 0.29 ppm (d, *J-
(H,H)=34, 6H; Si-CH;); “C{'H} NMR: 6=57.00 (N-CH;), 55.57 (C.-
H), 51.65 (C-H), 49.26 (C.-Si), —1.34 ppm (Si-CH;); "B NMR: 6=9.10
(d, Y(H,B)=163, 1B; B8), 7.29 (d, 'J(H,B)=146, 1B; BS), 3.56 (d, 'J-
(H,B)=121, 1B; B10'), 2.50 (d, 'J(H,B)=123, 1B; B10), —1.70 (d, 'J-
(HB)=143, 1B; B12), —4.65 (d, 4B; B44.7.9), —-500 (d, 3B;
B4,79,12), —14.25 (d, J(H,B)=159, 2B; B5,11"), —16.79 (d, J(H,B)=
156, 2B; B5,11), —21.15 (d, 'J(H,B)=106, 1B; B6'), —22.26 ppm (d, 'J-
(H,B)=111, 1B; B6); ¥Si{'H} NMR: 6=-8.28 ppm; IR: #=3040 (C—
H), 2557 (B-H), 2160 (Si—H), 1481 (C-N), 1254cm™" (Si—CH,);
MALDI-TOF-MS: m/z caled for [M—NMe,] : 382.3; found: 382.2; ele-
mental analysis caled (%) for C,(H,B3sCoNSi: C 26.34, H 8.84, N 3.07;
found: C 26.55, H 8.85, N 3.12.

Synthesis of Cs[1,1'-u-SiMe,-3,3'-Co(1,2-C,B,H,),] (Cs-4)

Method A: The procedure was similar to that used to prepare Cs-3, with
Cs-1 (105 mg, 0.23 mmol) in DME (10 mL) at —40°C, nBuLi (0.15 mL,
024 mmol) and Me,SiHCl (35pL, 0.31 mmol). After addition of
Me,SiHClI, the suspension was stirred at room temperature for 3 h. The
suspension was filtered and the solution evaporated to dryness giving a
brown-orange residue of [Li(dme),]-4, according to the '"H NMR spec-
trum. At this point, different cations were used to isolate the 4~ ion. [Li-
(dme),]-4 (100 mg, 0.18 mmol) was dissolved in MeOH (0.3 mL) and an
aqueous solution of CsCl was added dropwise to give an orange solid.
The solid was washed with H,O (2x15mL) and hexane (2x15mL) to
obtain Cs-4 (yield: 73 mg, 62%). Alternatively, the addition of an aque-
ous solution of [NMe,]Cl to the orange residue of [Li(dme),]-4 (100 mg,
0.18 mmol) dissolved in MeOH led to[NMe,]-4 (yield: 47 mg, 45%).
Orange crystals suitable for an X-ray diffraction study were grown by
slow evaporation of a solution of [NMe,]-4 in acetoneat room tempera-
ture. Furthermore, [PMe(Ph);]-4 (yield: 83 mg, 70%) was also isolated
from the addition of a methanolic solution of [PMe(Ph);]Br to the
orange residue of [Li(dme),]-4 dissolved in MeOH.

Method B: The procedure was similar to that used to prepare Cs-3, with
Cs-1 (360 mg, 0.79 mmol) in DME (12mL) at —78°C, nBuLi (1 mL,
1.60 mmol) and Me,SiCl, (0.20 mL, 1.66 mmol). After addition of
Me,SiCl,, the suspension was stirred at room temperature for 3 h. Then,
the suspension was filtered and the solution evaporated to dryness giving
a brown-orange residue of [Li(dme),]-4 (426 mg). [Li(dme),]-4 (100 mg,
0.18 mmol) was dissolved in MeOH (0.6 mL) and the dropwise addition
of an aqueous solution of CsCl gave an orange solid. The solid was
washed with H,O (2x15mL) and hexane (2x15mL) to afford Cs-4
(yield: 69 mg, 71%). '"H NMR: 6 =4.50 (brs, 2H; C.-H), 0.31 ppm (s, 6H,
Si-CH;); “C{'H} NMR: 6=55.59 (C.-H), 41.68 (C.-Si), —4.12 ppm (Si-
CH;); "BNMR: 6=8.07 (d, 'J(H,B)=142 Hz; 2B), 2.70 (d, 'J(H,B)=
141 Hz; 2B), —1.83 (d, YJ(H.B)=150 Hz; 4B), —3.78 (d, 'J(H,B)=
138 Hz; 2B), —4.70 (d, J(H,B)=128 Hz, 2B), —14.29 (d, 'J(H.B)=
160 Hz, 2B), —15.61 (d, 'J(H,B) =157 Hz, 2B), —22.11 ppm (d, 'J(H,B) =
165 Hz, 2B); Si{'H} NMR: 6=13.98 ppm; IR: #=3070 (C~H), 2554
(B—H), 1256 cm ™' (Si—CH;); MALDI-TOF-MS: m/z calcd for [M—Cs]:
380.33; found: 380.34; elemental analysis calcd (%) for C4H,B3CoCsSi:
C 14.05, H 5.11; found: C 13.75, H 4.84.

Synthesis of Cs[1,1'-u-SiMeH-3,3"-Co(1,2-C,ByH,),] (Cs-5): The proce-
dure was similar to that used to prepare Cs-4, with Cs-1 (500 mg,
1.10 mmol) in DME (14 mL) at —78°C, nBuLi (1.40 mL, 2.24 mmol) and
MeSiHCl, (0.30 mL, 2.82 mmol). After addition of MeSiHCl,, the suspen-
sion was stirred at room temperature for 6 h. The suspension was filtered
and the solution evaporated to dryness. The residue was dissolved in
MeOH (0.30 mL) and a solution of CsCl in water was added dropwise to
give an orange solid. The solid was washed with H,O (2x15mL) and
hexane (2x 15 mL) to afford of Cs-5 (yield: 417 mg, 76%). '"H NMR: 6 =
5.06 (q, *J(H,H)=3.4 Hz, 1H; Si-H), 4.59 (brs, 2H; C-H), 0.44 ppm (d,
*J(H,H)=3.4Hz, 3H,; Si-CH;); “C{'H} NMR: 6=55.86 (C-H), 53.89
(C-H), 36.67 (C-Si), —6.76 ppm (Si-CH;); "B NMR: 6=820 (d, 'J-
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(H,B)=140 Hz, 2B), 2.80 (d, J(H,B)=141 Hz, 2B), —1.72 (d, J(H,B)=
143 Hz, 4B), —320 (d, Y(HB)=131Hz, 1B), —4.63 (d, J(H,B)=
131 Hz, 3B), —13.95 (d, 'J(H,B)=162 Hz, 1B), —14.37 (d, J(H,B)=
162 Hz, 1B), —16.13 (d, 'J(H,B)=162 Hz, 1B), —16.74 (d, J(H,B)=
162 Hz, 1B), —20.23 (d, 'J(H,B)=108—, 1B), —22.24 ppm (d, 'J(H,B)=
105 Hz, 1B); *Si{'H} NMR: 6 =2.94 ppm; IR: #=3063 (C.—H), 2554 (B—
H), 2160 (Si—H), 1257 cm™" (Si—~CH;); MALDI-TOF-MS: m/z caled for
[M—Cs]™: 366.33; found: 366.2; eclemental analysis caled (%) for
CsH,,B3CoCsSi: C 12.04, H 4.85; found: C 12.62, H 4.95.

Synthesis of Cs[1-SiMe;-3,3-Co(1,2-C,BsH,)(1’,2-C,BgH,;)] (Cs-6): The
procedure was similar to that used to prepare Cs-3, with Cs-1 (205 mg,
0.45 mmol) in DME (8 mL) at —78°C, nBuLi (0.30 mL, 0.48 mmol) and
Me;SiCl (0.10 mL, 0.77 mmol). After addition of Me;SiCl, the suspension
was stirred at room temperature for 5h to give a red solution and a
white solid. The solid was filtered off and the solution evaporated to dry-
ness. The residue was dissolved in MeOH (0.20 mL) and a solution of
[NMe,]CI (50 mg) in water (7 mL) was added dropwise to give a red
solid. The solid was washed with H,O (2x10mL) and hexane (2x
10 mL). The resultant solid was purified from CH,Cl, to afford [NMe,]-6
(yield: 70 mg, 33%). Alternatively, the addition of an aqueous solution
of CsCl to the residue dissolved in MeOH (0.5 mL) gave an orange solid.
The solid was washed with H,O (2x15 mL) and hexane (2x15 mL) and
subsequently purified several times using a mixture of Et,O/CH,Cl, (1:1)
to afford Cs-6 (yield: 36 mg, 15%). 'H{"'B} NMR: 6=4.02 (brs, 1H; C.-
H), 3.83 (brs, 1H; C-H), 3.72 (brs, 1H; C.-H), 0.28 ppm (s, 9H; Si-
CH;); BC{'H} NMR: 6=59.04 (C-H), 52.84 (C.-H), 50.54 (C-H), 48.66
(C.-Si), 3.08 ppm (Si-CH,); "B NMR: 6 =820 (d, 'J(H,B)=181 Hz, 1B),
6.10 (d, 'J(H,B)=180 Hz, 1B), 3.53 (d, 'J(H,B) =155 Hz, 1B), 1.19 (d, 'J-
(H,B)=143 Hz, 1B), —1.95 (d, 'J(H,B)=142 Hz, 1B), —4.04 (1B), —5.60
(2B), —6.32 (2B), —7.32 (2B), —14.26 (d, 'J(H,B)=143 Hz, 1B), —15.15
(d, J(H,B)=154 Hz, 1B), —17.58 (d, 'J(H,B)=154 Hz, 1B), —18.40 (d,
'J(H,B) =144 Hz, 1B), —21.40 (d, 'J(H,B) =165 Hz, 1B), —23.06 ppm (d,
YJ(H,B) =161 Hz, 1B); ¥Si{'H} NMR: 6=10.74 ppm; IR: #=3090 (C.—~
H), 3038 (C—H), 2562 (B-H), 1259 cm™' (Si—CH;); MALDI-TOF-MS:
m/z caled for [M—Cs]: 396.37; found: [M-Cs]~ 396.3; elemental analysis
caled (%) for C;H3,B3CoCsSi: C 15.89, H 5.72; found: C 15.47, H 5.69.
Synthesis of Cs[1,1-(SiMe;),-3,3-Co(1,2-C,B,H,¢),] (Cs-7): nBuLi
(0.60 mL, 0.96 mmol) was added dropwise to a Schlenk flask containing a
stirred solution of Cs-1 (214 mg, 0.47 mmol) in DME (10 mL) at —78°C.
The low-temperature bath was removed and the suspension was stirred
at room temperature for 45 min. Then, Me;SiCl (0.20 mL, 1.55 mmol)
was added at —78°C. After addition of Me;SiCl, the suspension was
stirred at room temperature for 3 h and filtered and the solution evapo-
rated to dryness. The residue was dissolved in MeOH (0.5 mL) and an
aqueous solution of CsCl (200 mg, 20 mL) was added dropwise to give a
red solid. The solid was washed with H,O (2x15mL) and hexane (2x
15 mL) to afford Cs-7 (yield: 254 mg, 90 % ). Alternatively, [NMe,]-7 can
be isolated in 95% yield, by the addition of an aqueous solution of
[NMe,|Cl. Red crystals suitable for an X-ray diffraction study were
grown by slow evaporation of a solution of [NMe,]-7 in acetone at room
temperature. '"H NMR: 6=4.19 (brs, 0.66H; C-H), 3.77 (brs, 1.33H; C.-
H), 0.33 (s, 6H; Si-CH;), 0.30 ppm (s, 12H; Si-CH;); *C{'H} NMR: 6 =
55.84 (C-H), 54.56 (C-H), 51.96 (C-H), 46.85 (C.Si), 3.20 ppm (Si-
CH;); "BNMR: 6=825 (d, 'J(H,B)=140 Hz, 2B), 3.71 (d, J(H,B)=
141 Hz, 2B), —245 (d, Y(HB)=126Hz, 4B), —544 (d, J(HB)=
119 Hz, 2B), —6.52 (d, 'J(H.B)=123 Hz, 2B), —11.59 (d, J(HB)=
172 Hz, 1B), —13.42 (d, 'J(H,B)=158 Hz, 2B), —15.09 (d, 'J(H,B)=
156 Hz, 1B), —19.66 ppm (d, 'J(H,B) =177 Hz, 2B); Si{'H} NMR: 6=
10.75 ppm; IR: #=3055 (C~H), 2561 (B-H), 1250 cm™" (Si—CHs,);
MALDI-TOF-MS: m/z caled for [M—Cs]: 468.42; found: 467.3; elemen-
tal analysis caled (%) for C,(H;3B,5CoCsSi, (601): C 19.98, H 6.37; found:
C20.49, H 6.48.

Synthesis of [NMe,][8,8'-u-(1",2"-C¢H,)-1,1-p-SiMe,-3,3'-Co(1,2-
C,ByH,),] (INMe,]-8): The procedure was similar to that used to prepare
Cs-4, with Cs-2 (95 mg, 0.18 mmol) in DME (5 mL)at —78°C, nBuLi
(0.12 mL, 0.19 mmol) and Me,SiHCl (40 pL, 0.35 mmol). After addition
of Me,SiHCI, the suspension was stirred at room temperature for 3 h,
and subsequently filtered and evaporated to dryness. The residue was dis-
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solved in MeOH (0.1 mL) and an
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Table 6. Crystallographic data for [NMe,]-3, [NMe,]-4 and [NMe,]-7 at —100°C.

aqueous solution of [NMe,]Cl (25 mg,

. ; [NMe,]-3 [NMe,]-4 [NMe,]-7
5mL) was added dropwise to give a
red solid. The solid was washed with ~ empirical formula CioHyoB1sCoNSi CyoH;4B1sCoNSi C4HyoB15sCoNSi,
H,0 (2x10mL) and hexane (2x M: 456.03 0454.01 542.24
10 mL). The resultant solid was puri- crystal system monoclinic monoclinic monoclinic
fied from a solution of CH,Cl, to crystal shape/colour plate/yellow plate/red plate/red
afford [NMe,]-8 (yield: 92 mg, 77%).  Space group P2y/c (no. 14) P2,/m (no. 11) C2/c (no. 15)
'HNMR: 6=678 (s, 4H; C,H,), 348 a[A] 7.1294(5) 7.3092(3) 15.9542(6)
(brs, 2H; C-H), 3.35 (s, 12H, N-CH;) P [A] 30.456(2) 13.7910(11) 14.6275(6)
0.39 (s, 3H, Si-CH;), 025 ppm (s, 3H, ¢ [Al 11.5788(7) 13.6504(8) 13.1513(4)
Si-CH;); “C{'H} NMR: 6=12898 #[’] 91.206(4) 104.204(3) 98.714(2)
(CeH,), 124.83 (C4H,), 55.11 (N-CH;), V [A%] 2513.6(3) 1237.19(14) 3033.69(19)
49.67 (C-H), 36.73 (C.-Si), —4.46 (Si- < 4 2 4
CH,), —5.84 ppm (Si-CH,); "BNMR: P [gem™] 1.205 1219 1.187
0=2593 (s, 2B), 241 (d, Y(HB)= H [em™] 732 7.43 6.54
131 Hz, 3B), 1.69 (d, J(H,B)=75 Hz, goodness-of-fit" 1.084 1.042 1.029
3B), —2.98 (d, 'J(H,B)=131 Hz, 4B), R [1>20(1)] 0.0949 0.0733 0.0524

R [I>20(D)] 0.1646 0.1591 0.1042

~11.76 (d, J(HB)=147Hz, 4B),

—24.51 ppm (d, 'J(H,B)=161 Hz, 2B);
»Si{'H} NMR: 6=11.74 ppm; IR: 7=
3034 (C—H), 2975 (C,y—H), 2954,
2923, 2561 (B-H), 1481 (C-N),
1254 cm™ (Si—CH;); MALDI-TOF-MS: m/z caled for [M—NMe,]:
454.3; found: 454.3; elemental analysis calcd (%) for C;sH,B;3CoNSi: C
30.97, H 6.35 N 2.01; found: C 29.76, H 6.48, N 1.99.

Synthesis of Cs[8,8'-u-(1",2"-C¢H,)-1,1'-p-SiMeH-3,3'-Co(1,2-C,B,Hy),]
(Cs-9): The procedure was similar to that used to prepare Cs-5, with Cs-2
(373 mg, 0.70mmol) in DME (9mL) at —78°C, nBuLi (0.90 mL,
1.44 mmol) and CH;SiHCl, (0.15mL, 1.42 mmol). After addition of
CH,;SiHCl,, the suspension was stirred at room temperature for 3 h and
subsequentely filtered and the solution evaporated to dryness. The resul-
tant residue was dissolved in MeOH, and an aqueous solution of
[NMe,]Cl was added to give [NMe,]-9 (yield 60%). Furthermore, Cs-9
can be isolated from the addition of an aqueous solution of CsCl in a
65% yield. '"HNMR: 6=6.76 (s, 4H; C.H,), 5.25 (q, J(H,H)=3.4 Hz,
0.24H; Si-H), 4.97 (q, *J(H,H)=3.4 Hz, 0.76 H; Si-H), 3.61 (brs, 2H; C,-
H), 0.48 (d, *J(H,H)=3.4 Hz, 2.28H,; Si-CH;), 0.38 ppm (d, *J(H,H)=
3.4 Hz, 0.72H; Si-CH;); “C{'H} NMR: 6=128.96, 124.84 (CH,), 50.84
(C-H), 4856 (C-H), 3230 (C.-Si), 31.88 (C.-Si),-6.32 (Si-CHj;),
—6.87 ppm (Si-CH;); "B NMR: 6=27.47 (s, 2B), 2.56 (d, J(HB)=
131 Hz; 6B), —2.73 (d, J(H,B)=122 Hz; 4B), —11.55 (d, J(H,B)=
132 Hz; 4B), —24.04 ppm (d, 'J(H,B)=144 Hz, 2B); “Si{'H} NMR: 6=
2.69 ppm; IR: 7=3036 (C.—H), 2970 (C,,,—H), 2577 (B—H), 2162 (Si—H),
1257 em™ (Si—CH,;); MALDI-TOF-MS: m/z caled for [M—Cs]™: 440.3;
found: 440.2; elemental analysis calcd (%) for C;;H,sB3CoSiCs (572.8):
C 23.06, H 4.57; found: C 22.96, H 5.00.

Synthesis of [NMe,][8,8'-u-(1",2"-C¢H,)-1-SiMe;-3,3'-Co(1,2-C,BHy)-
(1',2"-C,BgH )] ([NMe,]-10): The procedure was similar to that used to
prepare Cs-7, with Cs-2 (100 mg, 0.19 mmol) in DME (5 mL) at —78°C,
nBuLi (0.25 mL, 0.40 mmol) and Me;SiCl (0.10 mL, 0.77 mmol). After
addition of Me;SiCl, the suspension was stirred at room temperature for
3 h. The suspension was filtered and the solution evaporated to dryness.
The residue was dissolved in MeOH (0.1 mL) and a solution of [NMe,]Cl
(25 mg, 5 mL) in water was added dropwise to give a red solid. The solid
was washed with H)O (2x10mL) and hexane (2x10 mL) and recrystal-
lised from acetone to afford [NMe,]-10 (yield: 72 mg, 69%). 'H NMR:
0=06.78 (s, 4H; C¢H,), 3.52 (brs, 2H; C-H), 3.45 (brs, 1H; C-H), 3.28
(s, 12H; N-CH;), 028 ppm (s, 9H; Si-CH;); “C{'H} NMR: §=128.86,
128.56, 125.16 (C4H,), 55.12 (N-CH,), 50.12 (C.-H), 49.84 (C,-H), 42.11
(C-H), 41.06 (C.-Si), 0.10 ppm (Si-CH;); "B NMR: 6=26.50 (s, 1B),
24.50 (s, 1B), 1.06 (2B), —1.46 (2B), —2.58 (2B), —4.64 (2B), —5.67
(2B), —10.80 (1B), —11.96 (1B), —13.67 (2B), —23.64 (d, J(H,B)=
155 Hz; 1B), —25.00 ppm (d, 'J(H,B)=155 Hz; 1B); *Si{'H} NMR: 6=
8.63 ppm; IR: 7=3036 (C—H), 2954 (C,,—H), 2584 (B—H), 1481 (C-N),
1253 cm™' (Si—CH;); MALDI-TOF-MS: m/z caled for [M—NMe,] :
470.39; found: 469.17; elemental analysis caled (%) for
C,;Hy,B13CoNSi-Me,CO: C 39.88, H 8.37, N 2.33; found: C 39.64, H 8.28,
N 2.32.
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[a] S=[SW(F-F)l(n—p)"™. [b] R=3||F,| = | F.| /£ F,|. [e] R, =[Ew(| Fo | = | F2|)/Sw | FoI*]'™

X-ray diffraction studies—structure determinations of [NMe,]-3, [NMe,]-
4 and [NMe,]-7: Single-crystal data collections for [NMe,]-3, [NMe,]-4
and [NMe,]-7 were performed at —100°C on an Enraf Nonius Kap-
paCCD diffractometer with graphite monochromatised Moy, radiation
(A=0.71073 A). A total of 4538, 2499 and 2976 unique reflections were
collected for [NMe,]-3, [NMe,]-4 and [NMe,]-7, respectively. Crystallo-
graphic data are presented in Table 6. The structures were solved by
direct methods and refined on F* by the SHELX-97 program.”” For each
structure, the carbon and boron atoms could be reliably distinguished.
For [NMe,]-3, non-hydrogen atoms were refined with anisotropic thermal
displacement parameters and hydrogen atoms were treated as riding
atoms using the SHELX-97 default parameters. R values were fairly high
because of the high mosaicity of the crystals.

For [NMe,]-4, the cobaltabis(dicarbollide) anion had a crystallographic
mirror symmetry with the cobalt, silicon and methyl carbon atoms lying
at the symmetry element. The [NMe,]* ion was disordered in two orien-
tations with the partially occupied nitrogen atom and the two partially
occupied methyl carbon atoms of each orientation lying in the mirror
plane. The cation was refined as a rigid group, but as refinement of the
site occupation parameters did not converge well, the parameters were
fixed to 0.6 and 0.4. Non-hydrogen atoms of the anion were refined with
anisotropic thermal displacement parameters, but those of the disordered
cation were refined with isotropic displacement parameters. All hydrogen
atoms were treated as riding atoms using the SHELX-97 default parame-
ters.

For [NMe,]-7, the cobaltabis(dicarbollide) anion had a crystallographic
twofold symmetry with the cobalt atom lying at the symmetry element.
The [NMe,]* ion was disordered in two orientations with the partially oc-
cupied nitrogen atom lying at the vicinity of the twofold axis. The cation
was refined as a rigid group. All non-hydrogen atoms were refined with
anisotropic thermal displacement parameters and the hydrogen atoms
were treated as riding atoms using the SHELX-97 default parameters.
CCDC-659301 ([NMe,]-3), 652272 ([NMe,]-4) and 652273 ([NMe,]-7)
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge Crystallograph-
ic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Calculation details: Geometries of the compounds were optimised with
the B3LYP hybrid functional® and the 6-311G(d,p) basis for all ele-
ments. Unless otherwise noted, energies are reported at this level. Natu-
ral population analysis was performed at the same level. Transition states
were found at the B3LYP/6-31G level, characterised by a single imagina-
ry frequency, and visualisation of the corresponding vibrational modes
ensured that the desired minima are connected. Magnetic shieldings were
computed for optimised geometries by employing gauge-including atomic
orbitals (GIAOs)?! with the B3LYP hybrid functional together with the
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basis 6-31++G(d). The "B chemical shifts were calculated relative to
B,H, and converted to the usual BF;-OEt,. These combinations of func-
tional and basis set gave good results, for more exhaustive calculations
on cobaltacarboranes see Biihl et al.l'”! All computations were performed
with the Gaussian 03 program.*!
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ABSTRACT: Carboranyl-containing disiloxane, cyclic-siloxane and cage-like silsesquioxane have been prepared
in high yields. Two routes are compared for their preparation, a classical hydrolytic process based on hydrolysis
and condensation of the freshly prepared carboranylalkylchlorosilane and ethoxysilane precursors and a
nonhydrolytic route based on the specific reactivity of chorosilane toward DMSO. Based on the typical reactivity
of the carboranyl group toward nucleophiles, dianionic disiloxanes and octaanionic silsesquioxanes were obtained
without modification of the siloxane bond. Products are fully characterized by FTIR, NMR and MALDI-TOF

methods.

Introduction

The 1,2-dicarba-closo-dodecaborane and derivatives present
exceptional characteristics," such as low nucleophilicity,
chemical inertness, thermal stability,’ electron-withdrawing
properties,* and stability and low toxicity in biological systems,’
which have stimulated the development of a wide range of
potential applications based on a molecular approach of the
synthesis of material.®” Moreover, the rigid geometry and
the relative easiness of derivatization of the carborane allows
the preparation of a wide number of compounds in view of the
preparation of precursors of materials.® Indeed, we have reported
the synthesis of carboranyl-containing star-shaped molecules and
dendrimers in which carbosilane cores are used as scaffold.’
Due to the specificity and the versatility of carboranes to be
chemically modified,'® they have been an ideal stable and
suitable group whose partial degradation allows a unique route
to very large carboranyl-containing polyanionic dendrimers.”
On the other hand, as a part of our ongoing studies, hybrid
organic—inorganic silicon-based material have been prepared
by Sol—Gel chemistry."" The resulting insoluble organo-
carboranyl bridged polysilsesquioxanes have been prepared and
have shown to be a versatile class of materials in which the
presence of carborane units provides mesostructuration and a
high thermal and chemical stability.>™'"

Following with our interest on the functionalization of
carborane clusters-containing dendrimers and macromolecules,
we thought that the preparation of a new family of siloxane
compounds was an important field to explore. In this paper, we
report on the association of the cage structure of carborane with
siloxane and silsesquioxane cage-like structure. Such polyhedral
oligomeric silsesquioxanes [POSS; (RSiO;s),; n = 8] are
nanosized building blocks for organic/inorganic hybrid materials;
their high potential for applications is based on the possibility
to control and balance the inorganic and organic moieties in

* To whom correspondence should be addressed. Tel.: +34 93 580 1853.
Fax: +34 93 580 5729. E-mail: rosario@icmab.es.

" Institut de Ciéncia de Materials de Barcelona (CSIC).
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% Institut Charles Gerhardt Montpellier.

' University of Jyviiskyli.

+ University of Helsinki.
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their architecture.'? Therefore, they can be tuned for very
different applications in accordance with the nature of the
organic functionality, as demonstrated by some recent examples:
in biomaterial systems, POSS have been used for preparing a
new generation of silica nanocomposites with particular use in
cardiovascular interventional devices,'? and in material chem-
istry, they are used as coupling agents of metal oxide nanopar-
ticles,'* cross-linking agents into organic polymers,'> and as
octa-arms dendrimers-core.'*"!6:17

Our aim is to obtain new carboranyl-containing molecules
and macromolecules in which the clusters are attached to linear,
cyclic, or cage structures like in siloxanes and silsesquioxanes
as cores, respectively. Such silicon-containing structures are
usually prepared by hydrolysis and condensation of alkylchlo-
rosilanes but this approach is limited due to the formation of
linear siloxanes or resins and a large variety of cages as
byproduct. Nevertheless, their formation can be controlled using
a water-free approach such as employing DMSO as oxygen
source'® or the condensation between Si—H and Si—OMe."
This former method has recently been used to prepare hexas-
ilsesquioxanes (T),'®* silicones,'®® cyclodisiloxanes,'®¢ and
silsesquioxanes particles,'® providing a well controlled way to
obtain Si—O bonds using soft conditions.

The controlled chemical modification of the carborane
moieties in such siloxane structure is, a priori, achievable
according to the known literature procedure, by elimination of
one vertex BH from the closo clusters using nucleophiles, such
as alkoxides,?® amines,?! fluorides,>® or phosphanes.23 One
important point was to clarify if this chemical modification of
the carborane part could be compatible with the siloxane linkage
in the present compounds. It is well-known that the Si—O—Si
bond presents a great thermal, hydrolytic, and photostability;
however, at high temperatures and in the presence of acids or
bases, the Si—O bond in silicones can undergo hydrolytic
scission.**

Although the disiloxyl link is formally analogous to an ether
link, it is considerably more polar so that it is both more
hydrophilic and more susceptible to hydrolysis.

© 2008 American Chemical Society
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Scheme 1. Preparation of Carboranyldisiloxane Dimers 3 and 4
Using Either Water or Dimethylsulfoxyde as an Oxygen Donor
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Scheme 2. Preparation of 7 and 8 as a Mixture of D3 and D4
Cyclosiloxanes via the Hydrolysis of Dichlorosilanes 5 and 6

] R
F-% HSMeCl, (T sy
{' KEmsectcal s =
B = b, 3
Fi=Ph, §
Mithod & H
= Ei,0
lathod B: DMSO
L ..
e ' € 1k g
" = \
F,.“}.! " 5 R
LT - B | 1.4 '
T DI;E‘;-_.: f:_f\ e q'ﬁ:ﬁ's—. g
R y - E"__{' .-'EI -1 ;&

R = M, 7 {03 + D}
R , B (D3 + Dd)

Results and Discussion

Preparation of Disiloxanes, Cyclosiloxanes, and Octasils-
esquioxanes. Recently, we have reported the synthesis of 1-CHs-
2—[CH2CH2CH2(CH3)zsiC1]—1,2—01{)3‘0—C2B10H10 (1) and 1—C6H5—
2-[CH2CH2CH2(CH3)QSiC1]-1,Z—CZOSO—CQB10H10 (2) by hydrosilyla—
tion of the corresponding allylic precursor.”®

Here, monomers 1 and 2 displayed the typical reactivity of
silylchloride in the presence of water leading, respectively, to
the disiloxane [1—CH3—2—CH2CH2CH2(CH3)zsi—1,2—CIOAS‘0—C2B 10-
H10]20, (3) and [1-C6H5-2-CH2CH2CH2(C6H5)zsi-1,2-6105‘0-
CyB1oH0]20 (4; Scheme 1), without any other byproduct and
in high yield. The HCI released by the hydrolysis of the Si—Cl
bond acts as a catalyst for the condensation of the silanol without
hydrolysis of the Si—O bonds that is sometime observed.*

Likewise, a “non-aqueous” approach using DMSO as oxygen
source'®® has also been used to form the carboranyl-containing
disiloxanes 3 and 4. The reaction of 1 and 2 with DMSO in
CHCl; at room temperature overnight led to the formation of
the corresponding siloxane, although the yield is lower than that
of the hydrolytic route.

Following the same general approaches, we intended the
preparation of cyclic siloxanes from dichlorosilanes via hydro-
lytic or DMSO route. In a first step, compounds 1-CH3-2-
[CHQCHchz(CHg)Siclz]—1,2—CIOSO—C2B10H1() (5) and 1—C6H5—
2-[CH2CH2CH2(CH3)SiCIQ]-1,2-CZOS0-C2B 10H10 (6) were prepared
by hydrosilylation of the corresponding allylic compound with
H(CHj3)SiCl, in the presence of Karstedt catalyst (Scheme 2).
Reaction of compounds 5 and 6 in Et;O with the stoichiometric
amount of DMSO for 30 min at room temperature (Method B)
or an excess of H O (Method A) for 2 h give compounds 7 and
8, respectively (Scheme 2). According to the NMR and the
MALDI-TOF data (see results below) 7 and 8 are a mixture of
cyclic siloxanes: Dj (cyclotrisiloxane), D4 (cyclotetrasiloxane),

Substituted Siloxanes and Octasilsesquioxanes 8459

along with different quantities of linear polysiloxanes (L). After
chromatography of the crude over a silica column (hexane/Et;O
(1:1)) the following mixture was identified: the DMSO method
leads to mostly a D3/D4/L (50:50:0) mixture for 7, and a D3/
D4/L (50:44:6) mixture for 8; whereas, the hydrolytic approach
leads to a D3/Dy4/L (33:40:27) mixture for 7 and a D3/D4/L (22:
12:66) mixture for 8. As previously reported,'® when DMSO
was used as oxygen source, the percentage of D3 was slightly
higher compared to D4. In addition, minor amounts of linear
siloxanes were produced by this route, whereas in the hydrolytic
method an elevated concentration of linear polysiloxane was
obtained.

The next step was to prepare the Ty structures'>" either by
the “anhydrous” DMSO methods or the hydrolytic one. The
required precursors were prepared by hydrosilylation of 1-CHs-
2—CH2CH:CH2—1,2—C2B|0H10 and 1—C6H5—2—CH2CH:CH2—1,2—
CzB]QH]o with HSIC13 and HSi(OCHzCHg)'j, respectively.
Compounds 9—12 were obtained quantitatively, and remarkably,
only the a adduct is formed (Scheme 3). Preparation of POSS
by the nonhydrolytic method from trichlorosilanes 9 and 10 was
carried out in DMSO/CHCI; mixture (2:1) or (3:1) at room
temperature leading to Tg cages 13 and 14 in 23 and 21% yields,
respectively (Scheme 3). Remarkably, only one signal at —66
ppm was observed by 2°Si NMR spectroscopy. This is in
accordance with the chemical shifts for Si atoms in Tg cages
(from —65 to —67 ppm),*® and this is clearly different from
the chemical shifts measured for Tg cage (usually between —54
to —57 ppm) reported by Taylor and Bassindale who prepared
them by the DMSO route.'®* POSS 13 and 14 were also obtained
by the hydrolysis of 11 and 12, respectively, using different
reaction conditions for each case. POSS 13 was obtained in
70% yield by adding the stoichiometric amount of water to a
solution of 11 in THF using TBAF as catalyst at room
temperature for a long reaction time (133 days). When the
NaOH was used as catalyst, a longer reaction time was necessary
(180 days), however, a lower yield was obtained (55%). On
the other hand, POSS 14 was also obtained in only 28% yield
by addition of water to a solution of 12 in CHCl;3 using TBAF
at room temperature for 24 h. The TBAF was a better catalyst,
however, attempts to decrease the reaction time led to lower
yields and increasing the amounts of TBAF or NaOH were
unsuccessful because they gave rise to the closo cluster
degradation and formation of nido compounds.

Controlled Chemical Transformation of Disiloxanes
and Octasilsesquioxanes. Partial degradation of the carborane
moiety in 3 and 4 was achieved in a first approach by the
deboronation reaction using soft conditions such as piperidine
in ethanol at reflux with a carborane/piperidine ratio of 1:5.2°
This method was developed by our group to avoid the Cjysier—P
(Cc-P) cleavage by the nucleophilic attack in the degradation
of closo-carboranylphosphines and have been recently used for
the degradation of closo-carboranyldisulfides.?’ In this method,
the nucleophile, the ion EtO™, is smoothly generated by reaction
of the ethanol with piperidine. In the present work, the dianionic
disiloxanes {[1-CH3-2-CH,CH,CH,(CH3),Si-1,2-nido-
C2BoH10],0}%7, [15]%7, and {[1-CgHs-2-CH,CH,CH,(CH3),Si-
1,2-nido-C,BoH19],0}2~, [16]>~ were isolated in high yield
(Scheme 4). The modlﬁcatlon of the carboranyldisiloxanes 3
and 4 was also performed by the classical reaction of KOH in
ethanol at reflux, with a carborane/KOH ratio of 1:5, leading
again to the formation of the dianionic compounds [15]*~ and
[16]%>~. Contrarily, to the closo-carboranyldisulfides, (1-S-2-R-
1,2-closo-CyBoH)¢)2,>” in which the disulfide bridge S—S was
split to give the anionic thiolate fragment [1-S-2-R-1,2-closo-
C,B1oH 0], in our case, the EtO™ act as nucleophile, removing
the B(3) or B(6) from the closo cluster and keeping the
Si—O—Si bond unaltered. In addition, both clusters were
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Scheme 3. Preparation of Precursors 9—12 by Hydrosilylation of 1-R-CH,CH=CH,-1,2-closo-C,B1¢Hyy and the Preparation of
Carboranyl-Containing Silsesquioxanes 13 and 14 by the Hydrolytic and the Nonhydrolytic Methods
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Scheme 4. Chemical Transformation of Carboranyldisiloxanes 3 and 4 Leading to Dianionic Species [15]>~ and [16]>~
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Scheme 5. Chemical Transformation of closo-Carboranylsilsesquioxane 13 Leading to the Octaanionic Species [17]%~

deboronated to obtain the dianionic species, quite the opposite
than for dicarboranylthioether (2-CH3-1,2-closo-C2B1oH10)2S in
which the monoanionic sulfur bridge anion [(2-CHs-1,2-closo-
C,B10H10)S(8-CHj3-7,8-nido-C,BgH )]~ was formed. Dianions
[15]>~ and [16]*>~ were isolated as [N(CHj)4]" salts by
precipitation with a solution of [N(CH3)4]Cl.

Likewise, the chemical modification of Tg cage 13, using
EtO™ as nucleophile, was also achieved using KOH with the
same carboranyl/KOH ratio as used for the carboranyldisilox-
anes, getting the octaanionic species [17]%~ (Scheme 5).

Characterization of Compounds. The structures of com-
pounds 3—[17]%~ were established on the basis of FT-IR, 'H,
1B, 13C, and ?Si NMR spectroscopy, MALDI-TOF and ESI
mass spectrometry in some cases and the structure of 3 was
also confirmed by X-ray diffraction analysis. The IR spectra of
compounds containing closo clusters present the typical v(B—H)

5
(i)

strong bands around 2584 cm™!, whereas for anionic species
the v(B—H) appears at 2515 cm™!, due to the presence of nido
clusters. In compounds 3, 4, 7, and 8, bands near 1256 cm™!
corresponding to 0(Si—CHj3) and characteristic bands between
1065 and 1072 cm™! due to the vibration frequency of the Si—O
bond are presented. In octasilsesquioxanes 13 and 14, the
absorption on this vibration is shifted to 1103—1119 cm™!. The
"H NMR spectra of the methyl-carborane exhibit resonances
around 2.02 ppm attributed to the C.-CHj3 protons, whereas the
phenyl-carborane derivatives show signals in the 7.68—7.36 ppm
due to phenyl protons. Resonances for protons of the propyl
chain -(CHy)s-, in the region 2.23—0.24 ppm, have been
unambiguously assigned in most cases. As can be appreciated,
in the phenyl-carborane derivatives, -(CH»)3- proton resonances
are shifted to a higher field with respect to methyl-carborane
derivatives, probably due to the electronic ring effect caused
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Figure 1. Different isomers for cyclotrisiloxanes D3.

by the phenyl group.?® It has been reported that in carboranyl
derivatives, when hydrogen atoms are placed on the top of the
phenyl ring, a displacement to a high field is observed in the
'TH NMR spectrum.”***® The same effect was observed in
anionic species, in which methylene protons appear in the region
1.68 to 0.46 ppm for [15]2~ and [17]%, whereas [16]>~ appears
between 1.24 and —0.04 ppm. Another important point of the
'"H NMR spectra of compounds 3—8 is the resonances for
Si—CHj protons from 0.07 to —0.18 ppm. For the mixture, the
signals are difficult to assign due to the presence of chains and
isomers of cycles D3 and Dy, in which the methyl groups can
be distributed in axial or equatorial positions, such as shown in
Figure 1 for Ds. Indeed, for D3 and Dy, the Si—CH3 signals in
the 'TH NMR appear as a set of three resonances. A tentative
attribution is given in the experimental part and is based on the
"H NMR integration supported by the MALDI-TOF data. For
anionic compounds, the signal of the B—H—B bridge was
unambiguously characterized by 'H{!'B} NMR spectra, which
appears between —2.60 and —2.19 ppm. The 3C{'H} NMR
spectra for phenyl-o-carborane derivatives show resonances
around 83.0 and 81.1 ppm attributed to the C. atoms and
additional resonances between 131 and 127 ppm due to phenyl
carbon atoms. For methyl-o-carborane derivatives, the reso-
nances attributed to the C, atoms appear at higher fields, between
78.7 and 74.6 ppm, and CH3 groups bonded to the cluster at
22—23 ppm. The Si-CHj3 carbon resonances appear at 0.4 and
0.2 ppm in the "*C{'H} NMR spectra. The ""B{'H} NMR
resonances for 3, 4,7, 8, 9, and 10 appear in the closo region,29
from 0 —2.6 to —9.9 ppm, signals appearing in these cases with
the following patterns 1:1:8 and 2:8, in general. Conversely,
the ''B resonances of anionic compounds appear between —5.9
and —36.3 ppm due to the presence of nido-carboranes with
patterns 1:2:4:1:1 or 1:1:1:2:1:1:1 (see Figure 2).

The 2°Si{'H} NMR spectra of both disiloxanes 3 and 4 exhibit
a single signal around 6.7 ppm. In agreement with the previous
literature, the trichlorosilanes precursors 9 and 10 show
resonances at 11.5 and 11.3 ppm, respectively, whereas the
triethoxysilanes precursors 11 and 12 show resonances at higher
fields, around —46.5 ppm. The *Si CP MAS spectrum for 13
and 14 show a resonance at —66.0 ppm, which confirmed the
formation of Tg cages. The presence of nido carborane clusters
in compounds [15]%7, [16]%>~, and [17]%~ did not affect the 2°Si
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Figure 2. "B NMR spectra for (a) 13 and (b) [17]*".

NMR chemical shifts with respect to their respective precursors
3, 4, and 13. No influence on the Si{"H} NMR chemical shifts
for related closo and nido compounds (3 and [15]>7; 4 and
[16]>7; 13 and [17%7) was observed. Finally, as was remarked
previously, for Tg cages, only one signal was observed at —66
ppm, in agreement with the range for common octasilsesqui-
oxanes.”

The molecular formula of disiloxanes and cyclosiloxanes was
confirmed by using the MALDI-TOF mass spectrometry in the
negative-ion mode without matrix. For all cases, a full agreement
between the experimental and calculated patterns was also
obtained for the molecular ion peaks. The MALDI-TOF mass
spectrum of 3 indicated that the molecular ion peak appears at
mlz = 529.68, with a perfect concordance with the calculated
pattern. For 7, two molecular ion peaks at m/z = 776.34 and
1034.81, corresponding to the respective D3 and Dy, indicated
the presence of both cyclosiloxanes in the solid. In addition, an
elevated number of molecular peaks corresponding to different
fragments were also found, which was higher when the
hydrolytic process was used.

Crystal Structure of 3. The molecular structure of 3 is shown
in Figure 3. Molecule 3 is located around a crystallographic
inversion center, which means that the oxygen atom (Ol) is
disordered in two positions in the vicinity of the inversion center,
and also, each Si, C17, and C18 atom occupies two neighboring
positions (a and b) leading to nonlinear Si—O—Si angles of
about 166° (see Figure 3, only the a form is shown). If the
structure was more ordered, the central oxygen atom would
occupy the center of inversion thus leading to a linear Si—O—Si
angle.

The Si—O—Si angle of 166° that is measured here is in the
range of that recently reported for 40 acyclic disiloxanes varying
from 140 to 180°, with no clear reason for this variation.*°

The quality of the crystal and the structural disorder that
results does not allow for deeper discussion of the bonding
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Figure 3. Molecular structure of [1-CHj;-2-CH,CH,CH,(CH3),Si-1,2-closo-C2B1oH )20 (3).

parameters. However, the bonding parameters in the boron cage
are quite usual. This is exemplified by the C1—C2 bond of
1.664(7) A, which is quite a normal C—C bond in this type of
the boron cages.

Conclusions

The present results have demonstrated the possibility to
combine easily in the same molecule a carboranyl substructure
with the Si—O—Si linkage of either a cyclic siloxane or a cage-
like structure of polysilsesquioxane. Moreover, we point out
the efficiency of the nonhydrolytic route with DMSO, which is
particularly attractive for limiting the formation of linear oligo-
polysiloxane. Finally, in all the cases, the Si—O—Si bond is
chemically stable enough to allow the specific and clean partial
degradation of the carboranyl group. The polyanionic species
that results from this transformation could be further tested for
silicon or ionic liquid applications.

Experimental Section

Instrumentation. Microanalyses were performed in the analyti-
cal laboratory using a Carlo Erba EA1108 microanalyser. IR spectra
were recorded with KBr pellets or NaCl on a Shimadzu FTIR-
8300 spectrophotometer. The electrospray-ionization mass spectra
(ESI-MS) were recorded on a Bruker Esquire 3000 spectrometer
using a source of ionization and an ions trap analyzer. The MALDI-
TOF-MS mass spectra were recorded in the negative ion mode using
a Bruker Biflex MALDI-TOF [Nj laser; Aexc 337 nm (0.5 ns pulses);
voltage ion source 20.00 kV (Uisl) and 17.50 kV (Uis2)]. The
'H,'H{!'B} NMR (300.13 MHz), ''B, "B{'H} NMR (96.29 MHz),
BC{'H} NMR (75.47 MHz), and *°Si NMR (59.62 MHz) spectra
were recorded on a Bruker ARX 300 spectrometer equipped with
the appropriate decoupling accessories at room temperature. 2°Si
CP MAS NMR (at 79.49 MHz) spectra were obtained on a Bruker
Advance ASX400 using a CP MAS sequence. All NMR spectra
were recorded in CDCl; or CD;COCD; solutions at 22 °C. Chemical
shift values for ''"B NMR spectra were referenced to external
BF;+OEt,, and those for 'H, 'H{!'B}, *C{'H}NMR and 2°Si NMR
spectra were referenced to SiMe,. Chemical shifts are reported in
units of parts per million downfield from reference, and all coupling
constants are reported in Hertz.

Materials. All manipulations were carried out under a dinitrogen
atmosphere using standard Schlenck techniques at room temperature
otherwise it is mentioned. Solvents were reagent grade and were
purified by distillation from appropriate drying agents before using.
1-CH;-1,2-closo-C,BgH;; and 1-C¢Hs-1,2-closo-C,BgH|; were
supplied by Katchem Ltd. (Prague) and used as received. Karstedt’s
catalyst (platinum—divinyltetramethyldisiloxane complex, 2.1—2.4%
platinum in vinyl-terminated polydimethylsiloxane in xylene solu-
tion), HSiCls, and HSi(OCH,CH3); were purchased from ABCR

and used as received. Compound [Si(CH=CH,)4] was purchased
from Acros. The n-BuLi solution (1.6 M in hexanes) and
H(CHj3)SiCl, were purchased from Aldrich. The TBAF solution (1
M in THF) and NaOH were purchased from Aldrich and used as
received. 1—(C6H5)-2—CH2CH:CH2-1,2-CZOSO—C2B|0H10, 1—(CH3)-
2-CH2CH:CH2—1 ,2—CIUS()-C2B 10H 105 1-(C(HS)-Z—[CHchQCHQ(CHg)zSICI]—
1,2—CIOSO—C2B1()H1() and 1—(CH})—Z-[CHchchzsl(CHz)zcl]-1,2-
closo-C,BoH o were prepared according to the literature.”® Silica
SDS 60 with 35—70 um and 550 m?g~' was used for column
chromatography.

Preparation of [1-CH;-2-CH,CH,CH,(CH3),Si-1,2-closo-
C,B1yH19]20 (3). Method A. To a round-bottom flask containing
1-(CH3)-2-CH,CH,CH»(CH3),SiCl-1,2-closo-C,BgH (0.28 g, 0.95
mmol), 0.05 mL (2.7 mmol) of H,O, and 5 mL of dried Et,O were
added. The mixture was stirred over a period of 10 min, transferred
to a separatory funnel, and extracted. The organic layer was dried
over MgSO, and concentrated in vacuum to obtain 3 as a white
waxy solid. Yield: 0.18 g, 72%.

Method B. In a Schlenk flask, 1-(CHz)-2-CH,CH,CH,((CH3)),SiCl-
1,2-closo-C,B1oH o (0.28 g, 0.95 mmol), (CH3),SO (0.3 mL, 4.22
mmol), and 4 mL of CHCl; were mixed and stirred overnight. The
mixture was then quenched with 8 mL of H,O and transferred to
a separatory funnel. The organic layer was washed with water (2
x 8 mL), dried over MgSOy,, and concentrated in vacuum to obtain
3 as a white waxy solid. Yield: 0.10 g, 40%. Hexane vapor diffusion
into CHCl; solution of 3 gave single crystals for X-ray analysis.
lH NMR (S 2.20 (t, SJ(H,H) = 85, 4H, CC-CHz), 2.02 (S, 6H, CC-
CH3), 1.59 (m. 4H, CH,CH,CH,), 0.54 (t, 3J@um = 8.5, 4H, CH»-
Si), 0.10 (s, 12H, Si—CHjs). 'H{!'B} NMR 6 2.20 (t, 3Jq ) = 8.5,
4H, C.-CH,), 2.25, 2.21, 2.15, 2.11 (br s, B-H), 2.02 (s, 6H, C.-
CHs), 1.59 (m, 4H, CH,CH,CH,), 0.54 (t, 3Jqu) = 8.5, 4H, CH»-
Si), 0.10 (s, 12H, Si—CH3). "B NMR 6 —3.9 (d, Jpu = 123,
2B), —=5.0 (d, Ypn = 141, 2B), —9.9 (d, Jpu = 132, 16B).
BC{'H} NMR 6 78.0 (C.), 74.6 (C.), 38.7 (CHp), 23.7 CH, or
C.-CH3), 23.1 (CH, or C.-CHj3), 18.2 (Si-CHy), 0.4 (Si-CH3).
Si{'H} NMR 6 6.9. FTIR (KBr), cm™!: 2954—2878 (v (Cyiyi-
H)), 2584 (v (B—H)), 1256 (v (Si-CHz3)), 1076 (v (Si—0)). Anal.
Calcd for CigHs0B20Si,0: C, 36.19; H, 9.49. Found: C, 36.27; H
9.58. MALDI-TOF-MS (m/z): calcd, 530.97; found, 529.68 [M —
1]~

Preparation of [1-C¢Hs-2-CH,CH,CH,(CHj3),Si-1,2-closo-
C,B19H19]20 (4). To a round-bottom flask containing 1-(C¢Hs)-2-
CH,CH,CH,(CHj3),SiCl-1,2-closo-C,BoH ;o (0.28 g, 0.80 mmol),
3 mL of dried Et,0, and 13 4L (0.81 mmol) of H,O were added.
The mixture was stirred over a period of 10 min and transferred to
a separatory funnel. The organic layer was washed with H,O (2 x
5 mL) and the aqueous layer was washed with Et,0 (3 x 5 mL).
Then the organic layer was dried over MgSO, and concentrated in
vacuum to obtain compound 4 as a yellowish oil. Yield: 0.21 g,
81%. '"H NMR 0 7.66—7.40 (m, 10H, C¢Hs), 1.77 (t, 3Jqm = 8.1,
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4H, C.-CH,), 1.38 (m, 4H, CH,CH,CH,), 0.24 (t, Juu = 8.5,
4H, CH,-Si), —0.08 (s, 12H, Si—CH3). 'H{!'B} NMR 0 7.66—7.40
(m, 10H, C¢Hs), 2.73 (br s, 4H, B-H), 2.37 (br s, 12H, B-H), 2.27
(br s, 4H, B-H), 1.77 t, 3Jum = 8.1, 4H, C-CH,), 1.38 (m, 4H,
CH,CH,CH,), 0.24 (t, 3Jqm = 8.5, 4H, CH,-Si), —0.08 (s, 12H,
Si—CHs). "B NMR 6 —2.7 (d, U n = 133, 4B), —9.5 (br s, 16B).
BC{'H} NMR 9 131.1, 130.8, 130.6, 128.9 (C¢Hs), 83.4 (C.), 82.3
(Co), 38.3 (CHy), 23.5 (CH,), 17.9 (CHy), 0.19 (Si-CH3). *Si{'H}
NMR 6 6.6. FTIR (NaCl, cm™!) 3063 (v (Cyyi-H)), 2955—2893 (v
(Caxy-H)), 2584 (v (B—H)), 1257 (6 (Si-CH3)), 1065 (v (Si—0)).
MALDI-TOF-MS (m/z) caled, 655.12; found, 654.42 [M — 1]".

Preparation of 1-CHj;-2-CH,CH,CH,(CH3)SiCl,-1,2-closo-
C,B19Hjg (5). In a Schlenk flask, 1-(CH3)-2-CH,CH=CH,-1,2-
closo-C,B1gH o (0.21 g, 1.03 mmol), Karstedt catalyst (5 uL, 0.01
mmol), and H(CH3)SiCl, (0.13 mL, 1.25 mmol) were mixed and
stirred under dinitrogen for 5 h at room temperature. Evaporation
of the excess of H(CH3)SiCl, gave 5 as a yellow oil. Yield: 0.32 g,
>90%. '"H NMR 6 2.26 (t, *Jun = 8.7, 2H, C-CH>), 2.02 (s, 3H,
C.-CH3), 1.87 (m, 2H, CH,CH,CHy), 1.39 (t, 3J@uu = 8.1, 2H,
Si—CH,), 0.81 (s, 3H, Si—CHs). 'H{!'B} NMR 0 2.26 (t, 3Jun)
= 8.7, 2H, C.-CH,), 2.26, 2.18, 2.11 (br s, B-H), 2.02 (s, 3H, C.-
CH;), 1.87 (m, 2H, CH,CH,CH,), 1.39 (t, 3Juw = 8.1, 2H,
Si—CH>), 0.81 (s, 3H, Si—CH;). "B NMR 6 —4.1 (d, 'Jpu =
]40, lB), —=5.6 (d, IJ(B,H) = 143, ]B), —10.6 (d, IJ(B,H) = ]35, 8B)
BC{'H} NMR 6 77.4 (C.), 74.8 (C.), 37.2 (CHy), 23.1 (CHy), 22.7
(C.-CHj3), 20.9 (Si-CHyp), 5.1 (Si-CH3). ¥Si{'H} NMR 0 31.6.

Preparation of 1-C¢Hs-2-CH,CH,CH,(CH3)SiCl,-1,2-closo-
C;B19Hj9 (6). In a Schlenk flask, 1-(C¢Hs)-2-CH,CH=CH,-1,2-
C;,BjoHj0 (0.25 g, 0.95 mmol), H(CH3)SiCl, (0.12 mL, 1.14 mmol),
and Karstedt catalyst (5 4L, 0.01 mmol) were mixed and stirred
under dinitrogen for 5 h at room temperature. Evaporation of the
excess of H(CH3)SiCl, gave 6 as a yellow oil. Yield: 0.34 g, >90%.
"H NMR 0 7.68—7.36 (m, 5H, C¢Hs), 1.90 (t, 3Jqm = 7.2, 2H,
CC-CHz), 1.65 (m, 2H, CH2CH2CH2), 0.93 (t, SJ(H,H) = 8.1, 2H,
Si—CH,), 0.70 (s, 3H, Si—CH3). 'H{!'B} NMR ¢ 7.68—7.36 (m,
5H, C¢Hs), 2.78 (br s, 2H, B-H), 2.38 (br s, 6H, B-H), 2.32 (br s,
2H, B-H), 1.90 (t, 3Jun = 7.2, 2H, C.-CH,), 1.65 (m, 2H,
CHQCHzCHz), 0.93 (t, SJ(H,H) = 8.1, ZH, Si_CHz), 0.70 (S, 3H,
Si—CHjs). "B NMR 6 —3.5, (d, Ygn = 135, 2B), —10.3 (8B).
BC{'H} NMR 6 129.9, 129.0, 128.9, 127.5 (C¢Hs), 83.7 (C.), 81.7
(Co), 37.2 (CH»), 22.6 (CHy), 20.9 (Si-CH,), 5.1 (Si-CH3). 2°Si{'H}
NMR 0 31.4.

Preparation of [1-CH;-2-CH,CH,CH,(CHj3)Si-1,2-closo-C,B -
Hy]O), (n = 3—4) (7). Method A. To a round-bottom flask
containing a solution of 1-(CHj3)-2-CH,CH,CH,(CHj3)SiCl,-1,2-
closo-C,B1gH) (0.32 g, 1.03 mmol) in 2.5 mL of dried Et,O, 2.5
mL of H,O were added dropwise with continuous vigorous stirring.
After 30 min of reaction at room temperature, the mixture was
transferred to a separatory funnel and the organic phase was
extracted with HO (2 x 10 mL). The organic layer was dried over
MgSOy and concentrated in vacuum to obtain a clear yellow oil.
This oily residue was purified in a SiO, column chromatography
of 15 cm length and 1.5 cm diameter. First, the oil was eluted with
250 mL of C¢H 4 to remove Karstedt catalyst and minor impurities.
After this, 250 mL of a mixture of C¢H 4+/Et,O (1:1) was used as
eluent. The solvents were removed under reduced pressure to obtain
32 mg of 7 as a colorless oil.

Method B. To a Schlenk flask containing a vigorous stirring
solution of 1-(CHj3)-2-CH,CH,CH,(CH3)SiCl,-1,2-closo-C,B1oH
(0.32 g, 1.03 mmol) in 2.5 mL of dried Et,O, 0.1 mL (1.41 mmol)
of dried (CH3),SO was added dropwise. The mixture was stirred
over 2 h at room temperature. Then, the mixture was quenched
with 10 mL of H,O, transferred to a separatory funnel and the
organic layer was washed with brine (2 x 10 mL). The organic
phase was dried over MgSO, and concentrated in vacuum to obtain
a yellow oil. After that, the purification workup was the same than
in Method A to give 45 mg of 7 as a colorless oil. 'H NMR (from
Method A) 0 2.19 (t, 3Jum = 8.5, 2H, C-CH»), 2.01 (s, 3H, C.-
CH3), 1.62 (m. 2H, CH,CH,CHy), 0.60 (m, 2H, CH,-Si), 0.21 (m,
1H, Si—CH3, D3), 0.17 (s, 0.8H, Si—CHj3, linear siloxanes L), 0.14
(m, 1.2H, Si—CHj;, D4). 'H{!'B} NMR (from Method A) 6 2.32,
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2.25, 2.17, 2.10 (br s, B-H), 2.19 (t, 3Jum = 8.5, 2H, C.-CH>),
2.01 (s, 3H, C.-CH3), 1.62 (m. 2H, CH,CH,CH), 0.60 (m, 2H,
CH,-Si), 0.21 (m, 1H, Si—CHs, D3), 0.17 (s, 0.8H, Si—CHjs, linear
siloxanes L), 0.14 (m, 1.2H, Si—CHs, D4). "H NMR (from Method
B) 0 2.19 (t, 3J ) = 8.5, 2H, C-CH>), 2.01 (s, 3H, C.-CH3), 1.63
(m. 2H, CH,CH,CH,), 0.60 (m, 2H, CH,-Si), 0.21 (m, 1.5H,
Si—CHs;, D3), 0.14 (m, 1.5H, Si—CHs, D4). 'H{''B} NMR (from
Method B) 6 2.32, 2.25, 2.17, 2.10 (br s, B-H), 2.19 (t, 3Jqum =
8.5, 2H, C.-CH,), 2.01 (s, 3H, C.-CHj3), 1.63 (m. 2H, CH,CH,CH,),
0.60 (m, 2H, CH,-Si), 0.21 (m, 1.5H, Si—CHj3, D3), 0.14 (m, 1.5H,
Si—CH; D4). "B NMR ¢ —4.4 (d, Ugn = 111, 2B), —5.7 (d,
g = 145,2B), —10.6 (d, 'Jp ) = 133, 16B). 3C{'H} NMR J
77.85 (C,), 74.8 (C.), 38.5 (CH>), 29.65 (CHy), 26.52 (CHy), 23.1
(C~CH3), 16.9 (Si-CH,), —0.5 (Si-CH3). FTIR (NaCl, cm™!)
2957—2878 (v (Caxy-H)), 2590 (v (B—H)), 1261 (v (Si-CH3)), 1072
(v (Si—0)). MALDI-TOF-MS (m/z) calcd, 775.73 [D3]; found,
776.34 [D3]7; calcd [D4], 1034.01; found, 1034.81 [D4]~.

Synthesis of [1-(C¢Hs)-2-CH,CH,CH,(CH3)Si-1,2-closo-C,B1-
H;0]O), (n = 3—4) (8). Method A. To Schlenk flask containing a
vigorous stirring solution of 1-(C¢Hs)-2-CH,CH,CH,(CH3)SiCl,-
1,2-closo-C,BoHjo (0.31 g, 0.84 mmol) in 2.0 mL of dried diethyl
ether, 2.0 mL of water was added drop by drop. The procedure
was the same as for 7 using Method A to give 35 mg of 8 as a
colorless oil.

Method B. To a Schlenk flask containing a vigorous stirring
solution of 1-C¢Hs-2-CH,CH,CH,(CH3)SiCl,-1,2-closo-CoB1oHio
(353 mg, 0.94 mmol) in 2.5 mL of dried diethyl ether, 0.1 mL
(1.41 mmol) of dry DMSO was added dropwise. The mixture was
stirred over 2 h at room temperature. The procedure was the same
as for 7 using the Method B to obtain 33 mg of 8 as a colorless
oil. '"H NMR (from Method A) 6 7.63—7.37 (m, 5H, Cs¢Hs), 1.77
(t, 3Jum = 8.4, 2H, C-CH,), 1.43 (m, 2H, CH,CH,CH,), 0.31 (t,
3wum = 8.4, 2H, CH,-Si), 0.06 (m, 2H, Si—CH; linear siloxanes
L), —0.04 (m, 0.6H, Si—CHj3, D3), —0.08 (m, 0.4H, Si—CH3, D4).
TH{!"B} NMR (from Method A) ¢ 7.63—7.37 (m, 5H, CsHs), 2.70,
2.37,2.32,2.24 (br s, B-H), 1.77 (t, 3Jun = 8.4, 2H, C.-CH>),
1.43 (m, 2H, CH,CH,CHy), 0.31 (t, 3Juu = 8.4, 2H, CH,-Si),
0.06 (m, 2H, Si—CHs, linear siloxanes L), —0.04 (m, 0.6H, Si—CHs,
D3), —0.08 (m, 0.4H, Si—CHj3, D4). '"H NMR (from Method B) 0
7.63—7.37 (m, 5H, C¢Hs), 1.77 (t, 3Jqun = 8.4, 2H, C-CH,), 1.43
(1’1’1, 2H, CH2CH2CH2), 0.31 (t, 3.](].{,]-[) = 84, 2H, CHz-Si), 0.06 (m,
0.2H, Si—CH3, linear siloxanes L), —0.04 (m, 1.5H, Si—CH3, D3),
—0.08 (m, 1.3H, Si—CH; D4). 'H{''B} NMR (from Method B) 0
7.63—7.37 (m, 5H, C¢Hs), 2.70, 2.37, 2.32, 2.24 (br s, B-H), 1.77
(t, 3 = 8.4, 2H, C.-CH,), 1.43 (m, 2H, CH,CH,CH,), 0.31 (t,
3w = 8.4, 2H, CH,CH,CH,), 0.06 (m, 0.2H, Si—CHj, linear
siloxanes L), —0.04 (m, 1.5H, Si—CH;, D3), —0.08 (m, 1.3H,
Si—CH; D4). "B NMR 6 —3.5 (d, YU = 138, 4B), —10.2 (d,
Uem = 123, 16B). C{'H} NMR 6 131.1, 130.7, 130.6, 128.9
(CeHs), 83.5 (Co), 82.1 (C.), 38.0 (CH,), 22.8 (CH,), 16.8 (CH,),
14.1 (CHy), —0.7 (Si-CH3). FTIR (NaCl, cm™!) 3067 (v (Cyyi-H)),
29572872 (v (Caxy-H)), 2582 (v (B—H)), 1261 (5 (Si-CH3)), 1080
(v (Si—0)). MALDI-TOF-MS (m/z) calcd, 961.86 [D3]; found,
962.8 [D3]7; caled, 1282.1 [D4]; found, 1016.45 [D4-{1-C¢Hs-2-
CHzCHzCHz—l,2-C10S0—C2B1()H10}]7.

Synthesis of 1-(CH3)-2-CH2CH2CstiCl3-1,2-L'IDSO-CzB10H10
(9). In a Schlenk flask, 1-(CHj3)-2-CH,CH=CH,-1,2-closo-C,BoH;¢
(0.21 g, 1.05 mmol), HSiCl; (0.21 mL, 2.10 mmol), and Karstedt
catalyst (5 uL, 0.01 mmol) were mixed and stirred under dinitrogen
for 5 h at room temperature. Evaporation of the excess of HSiCl;
gave 9 as a yellow oil. Yield: 0.42 g, >99%. 'H NMR 6 2.29 (t,
3Jum = 8.1, 2H, C.-CH,), 2.02 (s, 3H, C-CH3), 1.88 (m, 2H,
CH,CH,CH,), 1.45 (t, 3Jun = 8.1, 2H, Si—CH>). 'H{''B} NMR
0 226, 2.18 (br s, B-H), 2.02 (s, 3H, C.-CH;), 1.88 (m, 2H,
CHzCHzCHz), 1.45 (t, SJ(H_H) = 8,1, ZH, SI—CHZ) g NMR 6
—3.2(d, Upm = 141, 1B), —4.6 (d, 'Jpu) = 146, 1B), —9.0 (8B).
BC{'H} NMR 0 76.8 (C.), 74.7 (C.), 36.8 (CHy), 23.7 (CHy), 23.2
(Cc-CHa), 22.6 (Si-CHp). Si{'H} NMR 6 11.5.

Synthesis of 1-(C6H5)-2-CHzCHzCHzSiCl3-1,Z-CIDSO-CzBloHlo
(10). In a Schlenk flask, 1-(C¢Hs)-2-CH,CH=CH,-1,2-closo-
C,BoHjo (0.21 g, 0.81 mmol), HSiCl; (0.17 mL, 1.60 mmol), and
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Karstedt catalyst (5 4L, 0.01 mmol) were mixed and stirred under
dinitrogen for 5 h at room temperature. Evaporation of the excess
of HSiCl; gave 10 as a yellow oil. Yield: 0.32 g, >99%. '"H NMR
0 7.67—7.42 (m, SH, C(,Hs), 1.91 (t, SJ(H,H) = 82, 2H, CC—CHz),
1.70 (m, 2H, CH,CH,CH,), 1.21 (t, 3Jny = 8.1, 2H, Si—CH>).
IH{!'B} NMR 6 7.67—7.42 (m, 5H, C¢Hs), 2.74 (br s, 2H, B-H),
2.39 (br s, 6H, B-H), 2.28 (br s, 2H, B-H), 1.91 (t, 3Jquu = 8.2,
2H, C-CHa), 1.70 (m, 2H, CH,CH,CH,), 1.21 (t, 3Jqum = 8.1,
2H, Si—CH,). "B NMR 0 —2.6, (d, Y n = 145, 2B), —9.4 (8B).
BC{'H} NMR ¢ 131.1, 130.8,130.5, 129.0 (C¢Hs), 83.6 (Co), 81.1
(Co), 36.5 (CHy), 23.5 (CHy), 22.3 (Si-CH,). *Si{'H} NMR 11.3.

Synthesis of 1-(CH3)-2-CH,CH,CH,Si(OCH,-CHj3);-1,2-closo-
C,B19Hjp (11). In a Schlenk flask, 1-(CH3)-2-CH,CH=CH,-1,2-
closo-C,BoH (0.80 g, 4.0 mmol), HSi(OCH,CH3); (1.53 mL, 8.04
mmol), and Karstedt catalyst (10 L, 0.02 mmol) were mixed and
stirred under dinitrogen for 5 h at room temperature. Evaporation
of the excess of HSi(OCH,CHj3); at 50 °C gave 11 as a brown oil.
Yield: 1.46 g, >99%. 'H NMR 6 3.83 (q, 3Jum = 6.9, 6H,
O—CH,), 2.20 (t, 3Jqm = 8.1, 2H, C.-CH,), 2.01 (s, 3H, C.-CHs),
1.68 (qllil’lt, SJ(H,H) = 8.1, 6H, CHQCHzCHz), 1.23 (t, 3J(H_H) =6.9,
9H, CH,—CHj), 0.63 (t, 3Juu = 8.1, 2H, CH,CH,CH>). 'H{!'B}
NMR 6 3.83 (q, 3Jun = 6.9, 6H, O—CH,), 2.26, 2.18 (br s, B-H),
2.01 (s, 3H, C-CHs), 1.68 (quint, 3Juu) = 8.1, 6H, CH,CH,CH,),
1.23 (t, 3‘](]-“-[) = 69, 9H, CHz_CHg,), 0.63 (t, 3J(]-[,]-[) = 8.], 2H,
CH,CH,CH,). '"B NMR 6 —3.2 (d, Jpn = 122, 1B), —4.63 (d,
IJ(B,H) = 141, 1B), —9.2 (d, 1](]37].[) = 145, 8B) ISC{IH} NMR 6
78.7 (Co), 75.0 (C.). 58.9 (O-CH,), 38.2 (CHy), 23.7 (CH,), 23.5
(C-CH3), 18.5 (CH,CHj3), 10.6 (Si-CH,). *Si{'H} NMR 0 —46.6.

Synthesis of 1-(C6H5)-2-CH2CH2CH2Si(OCHz-CHg)g-l,z-
C;B19Hj9 (12). In a Schlenk flask, 1-(C¢Hs)-2-CH,CH=CH,-1,2-
closo-C,BoH;o (0.16 g, 0.60 mmol), HSi(OCH,CH3); (0.24 mL,
1.23 mmol), and Karstedt catalyst (5 4L, 0.01 mmol) were mixed
and stirred under dinitrogen for 14 h at room temperature.
Evaporation of the excess of HSi(OCH,CH3); at 50 °C gave 12 as
a brown oil. Yield: 0.26 g, >99%. 'H NMR 6 7.62—7.39 (m, 5H,
C(,Hs), 3.37 (q, SJ(H,H) = 69, 6H, O_CHz), 1.83 (t, SJ(H,H) = 8.1,
2H, C-CH,), 1.53 (m, 2H, CH,CH,CH,), 1.20 (t, g = 6.9,
9H, CH,-CH3), 0.40 (t, 3Jaum = 8.1, 2H, Si-CH,). 'H{!'B} NMR
0 7.62—17.39 (m, 5H, CeHs), 3.37 (q, *Jam = 6.9, 6H, O—CH,),
2.73 (br s, 2H, B-H), 2.36 (br s, 6H, B-H), 2.25 (br s, 2H, B-H),
1.83 (t, 3Jum = 8.1, 2H, C.-CH>), 1.53 (m, 2H, CH,CH,CH,),
1.20 (t, SJ(H,H) = 69, 9H, CHz—CH3), 0.40 (t, SJ(H,H) = 8.1, 2H,
Si-CH,). "B NMR 6 —2.6 (d, V) = 143, 2B), —9.4 (d, Umn)
= 134, 8B). 3C{'H} NMR ¢ 131.1, 130.8, 130.5, 128.8 (C¢Hs),
83.4 (C.), 82.4 (C.), 58.3 (O-CH,), 37.8 (CHy), 23.1 (CH,), 18.1
(CH»-CH3), 10.2 (Si-CHp). °Si{'H} NMR —46.2.

Synthesis of (1-(CH3)-2-CH,CH,CH,SiO; 5-1,2-closo-C,B -
Hyo)s (13). Method A. In a Schlenk flask, 9 (0.42 g, 1.05 mmol),
0.2 mL of CHCl;, and DMSO (0.23 mL, 3.24 mmols) were mixed
and stirred under dinitrogen for 48 h at room temperature. Then
the mixture was washed with water (3 x 10 mL) and dried with
MgSO,. Evaporation of the solvent under reduced pressure gave
an oily product. The addition of EtOH to the residue gave 13 as a
white solid. Yield: 60 mg, 23%.

Method B. In a tube, 0.72 g (1.99 mmol) of 11 was dissolved in
993 uL of dried THF. After, 993 uL of a solution containing 19
uL (19 umol) of TBAF (1 M in THF), 54 uL (2.98 mmol) of H,0,
and 920 uL of dried THF were added. The suspension was stirred
for 10 s. After 133 days at room temperature, evaporation of
volatiles gave a yellowish solid. This solid was washed with ethanol
to isolate 11 as a white solid. Yield: 0.35 g, 70%.

Method C. In a tube, 0.53 g (1.46 mmol) of 11 was dissolved in
731 uL of dried THF. After, 731 uL of a solution containing 0.58
mg (0.015 mmol) of NaOH, 40 u«L (3.95 mmol) of H,O, and 691
uL of dried THF were added. Then the suspension was stirred for
10 s. After 180 days, evaporation of volatiles gave a yellowish solid.
This solid was washed with ethanol to isolate 13 as a white solid.
Yield: 0.20 g, 55%. '"H NMR 0 2.23 (br s, 16H, C.-CH,), 2.03 (br
s, 24H, C.-CHz), 1.70 (br s, 16H, CH,CH,CHy), 0.74 (br s, 16H,
CH,CH,CH,). ''B NMR 0 —4.2 (16B), —8.9 (64B). 3C{'H} NMR
0 75.1 (C), 37.9 (CHy), 23.2 (CH,, C.-CH3), 12.6 (Si-CH,). ¥Si
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CP MAS NMR 6 —66.1. FTIR (KBr, cm™") 2939—2893 (v (Cayky1-
H)), 2592 (v (B—H)), 1119 (v (Si—0)). Anal. Calcd for
CasH,5,B500,Sis: C, 28.66; H, 7.62. Found: C, 28.77; H, 7.52. ESI-
MS (m/z) caled, 2033.0 (13)Na*; found, 2033.8.

Synthesis of (1-(CgHs)-Z-CHzCHzCHzSiO1_5-1,2-6‘10S0-C2B10-
Hjo)s (14). Method A. The procedure was the same as for 13 using
10 (0.31 g, 0.78 mmol), 0.2 mL of CHCls, and DMSO (0.17 mL,
2.39 mmol). The mixture was stirred under dinitrogren for 48 h at
room temperature, washed with water (3 x 10 mL), and dried with
MgSO,. Evaporation of the solvent under reduced pressure gave
an oily product. The addition of EtOH to the residue gave 14 as a
white solid. Yield: 51.6 mg, 21%.

Method B. To a solution of 12 (0.26 g, 0.60 mmol) in CHCl;
(10 mL) was added TBAF (0.3 mL, 0.30 mmol) and the mixture
was stirred for 24 h. The mixture was transferred to a separatory
funnel and the organic phase was extracted with H,O (3 x 10 mL)
for three days consecutively. The organic layer was dried over
MgSO, and concentrated in vacuum to obtain 14 as a white solid.
Yield: 53.7 mg, 28%. 'H NMR 0 7.64—7.39 (m, 40H, C¢Hs), 1.75
(br s, 16H, C.-CH,), 1.43 (br s, 16H, CH,CH,CH,), 0.36 (br s,
16H, CH,CH,CH>). 'H{!'B} NMR 6 7.64—7.39 (m, 40H, C¢Hs),
2.40 (br s, B-H), 2.27 (br s, B-H), 1.75 (br s, 16H, C.-CH,), 1.43
(br s, 16H, CH,CH,CH,), 0.36 (br s, 16H, CH,CH,CH,). ''B NMR
0 —2.0 (16B), —8.6 (64B). BC{'H} NMR 6 131.1, 130.8,130.5,
129.0 (CeHs), 82.6 (C.), 37.5 (CHy), 23.5 (CH,), 12.3 (Si-CH,).
2Si CP MAS NMR 6 —66.0. FTIR (KBr, cm™!) 3063 (v (Caryr-
H)), 2939—2893 (v (Cany-H)), 2584 (v (B—H)), 1103 (v (Si—0)).
Anal. Calcd for CggHi63Bg0O12Sis: C, 42.15; H, 6.75. Found: C,
41.76; H, 7.05.

Synthesis of [N(CHs3)4:[(7-(CH3)-8-CH,CH,CH,(CHj3),Si-7,8-
nido-C,B9Hy(),0] [N(CH3)4]2[15]. Method A. To a two-necked
round-bottom flask containing a solution of 3 (42.6 mg, 0.08 mmol)
in deoxygenated ethanol (4 mL) was added an excess of piperidine
(0.08 mL, 0.80 mmol). The mixture was stirred and refluxed during
20 h. After this time, the solvent was removed and a white solid
was isolated by precipitation after addition of saturated aqueous
solution of [N(CH3)4]ClL. The solid is filtered off, washed with H,O
(3 x 10 mL), and dried under vacuum to obtain 15 as a white
solid. Yield: 21.0 mg, 40%.

Method B. To a two-necked round-bottom flask containing a
solution of KOH (0.13 g, 1.98 mmol) in deoxygenated EtOH (5
mL) was added 3 (0.10 g, 0.19 mmol). The mixture was stirred
and refluxed during 6 h. After this time, the solvent was removed
and a white solid was isolated by precipitation after addition of
saturated aqueous [N(CH3)4]Cl solution. The solid is filtered off,
washed with H,O (3 x 10 mL) and dried under vacuum to obtain
[N(CH3)4],[15]. Yield: 55.3 mg, 44%. '"H NMR (CD;0CD;) 6 3.43
(s, 24H, N(CHj3)4), 1.64 (m, 8H, C.-CH,CH>), 1.39 (br s, 6H, C-
CH}), 0.46 (t, 3]([-{,]-[) = 84, 4H, CHzCchHz), 0.07 (S, 6H,
Si—CHjs), 0.04 (s, 6H, Si—CHs3), —2.60 (br s, 2H, BHB). 'H{!'B}
NMR 6 3.43 (s, 24H, N(CH3),), 1.64 (m, 8H, C.-CH,CH,), 1.39
(br s, 6H, C.-CH3), 0.46 (t, 3Jqun) = 8.4, 4H, CH,CH,CH>), 0.07
(s, 6H, Si—CHj3), 0.04 (s, 6H, Si—CH3), —2.60 (br s, 2H, BHB).
""BNMR 6 —8.2 (d, Jpn = 157, 2B), —10.0 ("Jgu = 151, 4B),
—17.3 (IJ(B,H) = 122, 8B), —33.8 (dd,]J(B'H) = 126, IJ(BA'H) = 45,
2B), —36.3 ({Jgu = 138, 2B). PC{'H} NMR 0 55.2 (N(CHs)a).
40.2, 40.0 (CHp), 24.4 (CHy), 21.5 (C.-CHj3), 18.9, 18.7 (CH,),
—0.1, —0.7 (Si-CH3). »Si{'H} NMR 6 6.7. FTIR (KBr, cm™})
2932—2870 (v (Caxy-H)), 2515 (v (B—H)), 1481 (v (C—N)), 1250
(6 (Si-CHz)), 1034 (v (Si—0)). Anal. Calcd for CosH74B1sN,0Si,:
C, 43.83; H, 11.34; N, 4.26. Found: C, 44.40; H, 11.83; N, 4.27.
ESI-MS (m/z) calcd, 255.2, {[15]-[N(CH3)4]2}?"; found, 254.5.

Synthesis of [N(CHz)4],[(7-(C¢Hs)-CH,CH,CH,(CH3),Si-7,8-
nido-C,BoH(),0] [N(CH3)4]2[16]. To a two-necked round-bottom
flask containing a solution of KOH (0.12 g, 1.78 mmol) in
deoxygenated ethanol (10 mL) was added 4 (0.12 g, 0.18 mmol).
The mixture was stirred and refluxed during 14 h. After this time,
the solvent was evaporated and a white solid was isolated by
precipitation after addition of saturated aqueous [N(CHj)4]Cl
solution. The solid is filtered off, washed with water (3 x 15 mL)
and dried under vacuum to obtain [N(CHj3)4]»[16]. Yield: 0.55 g,
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4IFF. TH NMEB (OO ) TA0-T7.03 (m, 10H, Caffs), 338 (s,
JAH. NICHD), 124 (my S8H, CACHCHY), — 004 dm, 4H, CHyj,
=018 45, 12H. 5i-CHy ) — 219 (br =, 2H, BHEL "H{"B] NME &
LM-T.0% (m. DR, Calfep, 338 (=, 4H, NICH ), 150 (br s,
B-Fp 124 (o, 8H, CACHCH ), 0062 (br 5, B-f), 018 0br 5, B-H).
=006 (m, 4H. CH:). — 018 (s, 12H, Si-CHyb —2.09 (br s, 2H,
BHBY. VB NME & —590d, Wag = 145, 20), —8.0 (d, Vg =
141, 28), = 109 Q285 = 14.00d, g = 156, 2B), =153 (. W
=127, 4By, —16.4 (2B), —30.8 (d, Laan = 131, 2B) —33.8 (d,
g = 144, 200, PSil'H} NME & 6.9, FTIR (KB, cm™
29302870 (v (CamrrHYL 2515 (i (B-Hpy, 1481 (9 (C-N)), 1250
A% (SCHpY 1034 (v (55000

Synthesis of [NICH gl T-0CHRCHACHACH 5000 07 Benidio-
CaBeHyals [MICHLI17]. To a two-necked round-botiom flask
containing o solutin of KOH (0,03 g, 200 mmol ) in deoxypenated
cthaned (10 ml) was added a solution of 13 (0L 10 g, 0,05 mmal )
in 1 ml. of THE. The mixiure was refluxed during 6 b, Then, ihe
volatiles wene evaporaled in ihe vacuum and an excess of
|NECH L]CT mowater was added 10 obtain a white solidd. This was
filiered off, washed with water {3 = 10 mLk and dried under
vacuem 1o abtain [ NOCH ) 17) as a while solid, Yield: 52,6 mg,
A2 TH NME (CIO00T ) & 343 (s, SGH, [NCH LG8 (br s,
A2H. CACHACHCHL 14T dbr s, 24H, C-CHG) 0063 (be 5. 16H,
CHAUHGCH, L THEE] NME A 343 (s, S5H, [NCHL]), LAE (be
s, A2H, C-CHAUHUH, ), LAT (hr s, 24H, CACH, ), 0063 (b s, 16H,
CHAHACH D, 050 thr 5, B-8), 0005 thr 5, B-H), —2.57 (br 5, BH,
ALY, VB NME O 68 (83, —BA (1601, =163 (32E), —322
(dd, g = 115, Yoy = 43, 8B), —34.6 (d, Wy = 138, 880
POPH | NME S 616 () 554 (| NCHa L, 3304 (CH), 238 (CH,
BT A0 L), 13,3 050-CH0, 5007 MAS NMR & =662, FTIR
(KBr, cm~') 29322893 (v (Cuy-HILL 2515 (v (B—Hjp, 1489 (v
CC=ML 100 G (8= Anal, Caled Tor CablaeBa Nl s
O, 38 06: H. 9.95; N, 445 Found: C, 37.62: H, 930 N, 3.9

Xeray Structure Determination of 3. Hesane vapor diffusion
of compound 3 imo CHCL solution gave crystalline material with
the specimen Tormed of very thin plae-like shees connecied
together. Single-crysial data collection for 3 was performed ai

100 wath an Earal Nosius KappaCCD diffractometer using
graphite monochromatized Mo Ko radiation. The sirociune was
solved by direct methads and refinesd on I by the SHELXLY?
program.”’ The structure was refined in cemmsymmelnc space
group P2 as also caleulations in lower symmeiry space groups
mesulies] partial diserdening for the cemnal oxygen wlom. The exygen
atom bs diserdercd in two positiens al the vicinity of inversion
center, amd also 55, C17. and CI18 each occupies two neighboring
peositions, The disordered carbon atoms wene refined wath sotropac
ihermal displacement parameters bui rest of the non-hydrogen atoms
with anisotropic displocement paramesiers. The hydrogen aioms wene
treated as nding atoms using the SHELXYT defaull parameters,
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The recently reported crystal structure of [NMey4][1-SiMe,H-3,3'-Co(1,2-C2BgH10)(1',2'-C2BgH11)] shows
short contacts between the Si-H proton acceptor group and the C.~H proton donor moiety in the dicar-
bollide ligand. These short contacts were studied within the framework of the Quantum Theory of Atoms
in Molecules (QTAIM) at different levels of DFT theory (B3LYP/6-311(d,p) and BP86/TZ2P(+)) that shows
the existence of a bifurcated Si-H- - -H-C. dihydrogen bond. This paper presents the study of an experi-
mental uncommon Si-H group playing as proton acceptor bond in a dihydrogen bond where hydrides like
M-H (M, as metal transition), B-H or Al-H usually perform this role. Furthermore, this paper accounts
with a new simple method to estimate bonding energies for closed-shell intramolecular interactions in
the scheme of Voronoi charge population analysis and Coulomb’s Law.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the course of our investigations to incorporate silane groups
on the cluster carbon of the sandwich complex [3,3'-Co(1,2-
C,BgH11)2]~ we observed an unexpected reaction [1]. By mixing
1 equiv. of Me,SiHCl with 1 equiv. of [1-Li-3,3'-Co(1,2-C;B9H10)
(1,2-C3BgH11)] 7, at —40 °C that expectedly should have produced
[1-M32SiH-3,3/-CO(].2-C2B9H]0)(].Z-CZBQH]])]i, it was obtained
instead [1,1'-pn-Me,Si-3,3'-Co(1,2-C,BgH10)2] . The reaction condi-
tions implied that an intramolecular hydride-protonic reaction
had taken place. This was unanticipated because the charges on
both hydrogen atoms had to be very weak. The reaction is shown
in Scheme 1. Our hypothesis was that a dihydrogen bond develops
as a result of the favorable geometric characteristics of the cob-
altabisdicarbollide anion, that weakens both the C.-H and Si-H
bonds producing a Si-C.. The C.~H stands for the hydrogen bonded
to the cluster carbon. It is well established that agostic C-H inter-
actions can significantly weaken the C-H bond, thereby rendering
it susceptible to a wide range of inter- and intramolecular reac-
tions. Likewise dihydrogen interactions may play an important role
in lowering the activation energy for dihydrogen evolution and in
influencing the generation of new covalent bonds. We could not
find, however, any example in the literature of a Si-H and C-H
interacting groups that at low temperatures evolved to a Si-C

* Corresponding author.
E-mail address: rosario@icmab.es (R. Nuiiez).
! Enrolled in the UAB Ph.D. program.

0022-328X/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2008.12.022

bond. Thus we wanted to confirm first, the existence of a C.—
H---H-Si dihydrogen bond in [1-Me,SiH-3,3'-Co(1,2-C;BgH10)(1,2-
C,BgH11)] and, second, its particular characteristics that made it
to react so uniquely.

The dihydrogen bond (DHB) is a type of unconventional hydro-
gen bond in which a proton donating moiety D-H interacts with a
proton acceptor A-H, see Scheme 2. They display characteristics
similar to conventional hydrogen bonding [2].

The usual functional groups performing proton donating char-
acteristics are F-H, O-H, N-H or C-H with a remarkable excess
of positive charge on the hydrogen atom, and the usual proton
acceptor groups contain hydridic atoms connected to Al, B, Ga, Ir,
Mo, Mn, Os, Re, Ru or W atoms. Other systems have been described
where two interacting hydrogen atoms do not show a clear protic
and hydridic character [3]; it is the case of the H-H bonding inter-
action. The latter results from the close approach of two bonded
hydrogen atoms bearing the same or similar net charges that esta-
bilize the whole system. While it is also a closed shell interaction,
the H-H bonding is distinct from DHB in its atomic and geometric
characteristics [4]. Since the first DHB was found [5] until present,
the DHB has been extensively studied in theoretical and experi-
mental aspects [6]. The Quantum Theory of Atoms in Molecules
of Bader [7] (QTAIM) is an important tool often applied to study
DHB; Popelier established a sort of criteria based on the QTAIM
to characterize DHB [8], and recently, Alkorta and co-workers
[6b] have applied natural bond orbital methods (NBO) to deter-
mine whether intramolecular H- - -H interactions can be classified
as DHB.
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Scheme 1. Suggested pathway for the intramolecular reaction that causes the
clusters’ bridge in anions [1].

Scheme 2. Geometrical representation of the parameters of the DHB. A (Si or Cye),
D (Co).

In this study, we will analyze the factors that have led to this
intramolecular reaction shown in Scheme 1, by using QTAIM at dif-
ferent levels of DFT theory (B3LYP/6-311(d,p) and BP86/TZ2P(+)).
For this purpose the H---H interactions in the crystal structure of
[NME4][1—SiMezH—3,3/—CO(1,2—C289H10)(1,,ZI—CZBQHH)]] have been
studied. Three intramolecular H---H interactions that might be
treated as dihydrogen bonds, H-H bonding interactions or Van
der Waals complexes are observed there. In addition, bonding
energies for closed-shell intramolecular interactions in the scheme
of Voronoi charge population analysis and Coulomb’s Law have
also been calculated.

2. Results and discussion

2.1. Experimental evidences for DHB in the [NMe,j[1-SiMe,H-3,3'-
Co(1,2-C3BgH;0)(1',2'-C5BgH 1)] salt

Atomic distances are one of the main indicators for the exis-
tence of a bond. This is also valid for hydrogen and dihydrogen
bonding [9]. Distances shorter than the Van der Waals radii point
to a some type of interaction. Therefore distances shorter than
2.4 A are indicative of a H.--H interaction. The crystal structure
of [NM€4][1—SiMeZH—3,3’—CO(1,2—C2B9H10)(1',2’—C239H]])] is the
first example of C.-monosubstituted cobaltabisdicarbollide anion
reported in literature [1]. This unique molecular structure presents
an anion with three intramolecular short contacts with distances at
2.409, 2.212 and 2.059 A between the H atoms. Two are clearly be-
low the Van der Waals cut-off while one is slightly longer than
2.4 A. First two short contacts are involving the hydridic hydrogen
atom of the Si-H function and the protonic hydrogen atoms of the
carbon cluster atoms (C.-H) of the dicarbollide ligand. The third
short contact (2.059 A) is established between the hydrogen atom
of a methyl moiety in the silane function (Cye-H) and the hydro-
gen atom of one C.—H function. Fig. 1 shows the spatial disposition
of these three short contacts. Are all of them true DHBs? According
to the crystal data these with 2.212 and 2.059 A should, but what
about the 2.409 A distance?

Fig. 1. XRD molecular structure of the anion [1-SiMe,H-3,3'-Co(1,2-C,BgH10)(1',2'-
C,BgH11)]™ shows intramolecular short contacts Si-H3- - -H1-C,, Si-H3---H2-C. and
Cme—H4- - -H1-C.. The non hydrogen atoms are represented at 40% probability level
thermal ellipsoids.

Furthermore, the shortest contact corresponds to (Si-
CH,)H---H-C. This is surprising due to the equal nature of the
donor and acceptor atoms Cy.—H and C.-H. The two other interac-
tions are Si-H. - -H-C. contacts. The difference in electronegativity
between Si and C, 1.90 versus 2.55 suggests that DHB could be
formed. If this was the case it would imply a shift of the interacting
Cc~H resonance in the 'H NMR. Solution NMR data of weak inter-
molecular dihydrogen bonds is scarce due to the perturbing effect
of the solvent, however, the intramolecular interaction reported
here could afford first details on the C.—H- - -H-Si interaction. For-
tunately, the C.—H chemical shift in the 'H NMR can be informative
because few other types of protons resonate in its region, 3.94 ppm
in pristine [3,3'-Co(1,2-C,BgH1),] . For an adequate comparison of
the chemical shifts involved, [1-SiMes-3,3-Co(1,2-C;BgH10)(1/,2"-
C,BoH11)]™ was taken as a reference. This anion has been recently
described in our group [1] and its "H NMR spectrum shows three
resonances at 4.02, 3.83, and 3.72 ppm due to the three C.~H
bonds. Conversely, in [1-SiMe,H-3,3'-Co(1,2-C;BgH10)(1,2'-C2Bg
Hi1)], only two resonances are observed at 3.85 and 3.69 ppm,
with relative areas 1:2. Therefore, the resonance at 4.02 ppm in
[1-SiMe3-3,3'-Co(1,2-C3BgH10)(1/,2’-C;BgH11)]~ has been shifted to
3.69 ppm in [1-SiMEZH-3,3/-CO(].Z-CngH]o)(],.2/-C2B9H11)]7, see
Fig. 2. It can be interpreted as if H* in C.—H has received electron
density from H™ in Si-H to become more shielded, or more elec-
tron-rich. These experimental data are fully consistent with the
formation of a H.--H interaction, and were supportive of a more
thorough investigation by using computational methods.

After a thorough search at the Cambridge Structural Database
(CSD), it appears that the crystal structures of [NMe4][1-SiMe,H-
3,3,-(:0(1,2-C239H10)(1/,2,-C2B9H]])] and [1,1,-M-M625i-3,3/-co(1.
2-C3BgH10)2]™ are the only pair of related X-ray determined com-
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Fig. 2. "H NMR spectra of [1-SiMe,H-3,3'-Co(1,2-C2BgH10)(1',2'-C2BgH11)]~ (up) and
[1-SiMe3-3,3'-Co(1,2-C3BoH10)(1',2'-C2BoH11)]~ (down).

pounds, one with a Si-H---H-C DHB bond and the second with a
Si-C bond, all other elements being equal. In fact, few examples
of crystal structures with Si-H---H-C contacts in which the Si-H
has an environment comparable to carborane-Si(alkyl),-H are very
scarce. For similar environment we understand aryl-Si(alkyl),-H or
even alkyl-Si(alkyl),-H. In none of these cases the intramolecular
reaction was ever observed [10]. This evidences the difficulty of
dihydrogen evolution to generate a Si-C bond.

A possible explanation for the uniqueness of the Si-H-. - -H-C to
Si-C transformation may arise from the geometric disposition of
substituents on the C,B3 faces. Whereas in the chemical sandwich
complex ferrocene, substituents are coplanar to the Cs framework,
in [3,3’-Co(1,2-C;BgH11)2] ™ the substituents are tilted regarding the
C,B3 plane. This is visualized in Fig. 1, in which the Si atom is closer
to the C.—H proton than would be in ferrocene. Because of the
tilted disposition of the substituents in dicarbollide derivatives,
the formation of the bridging silane does not distort as much the
geometric characteristics of [3,3’-Co(1,2-C;BgH11)2]7, as would

have been the case in other arrangements, this perhaps facilitating
the Si-H- - -H-C to Si-C transformation.

2.2. DFT geometry optimization of the crystal structure and charge
population analysis

Two levels of theory, B3LYP/6-311(d,p) and BP86/TZ2P(+), have
been used for the geometry optimization in gas phase of [1-Si-
Me,H-3,3'-Co(1,2-C;BgH10)(1/,2'-C;BgH11)] . Comparison between
calculated and experimental averaged bond lengths in each type
of bond with their standard deviation is shown in Table 1. It can
there be observed that the optimized structure of the anion at
BP86/TZ2P(+) matches better the crystal structure than B3LYP/6-
311(d,p).

As it is well-known X-ray diffraction methods do not reflect
properly the X-H bond lengths, where X in the case studied here
indicates B, Cye, Cc and Si atoms. The DFT calculations are used
to correct these H atom position. In Table 2 the geometrical param-
eters of the three intramolecular short contacts and the bond
lengths of the Si-H, C.~H and Cy.—H moieties at the different levels
of theory and for the crystal structure are shown. An important
X-H length correction can be seen, mainly with the two stronger
H- - -H interactions.

Table 2 shows that H- - -H distances are below 2.4 A for the short
contacts Cye—H4---H1-C. and Si-H3..-H2-C. in all theory levels
and in the crystal structure. However, the H---H distance for the
Si-H3:--H1-C. short contact is in the range 2.409-2.440 A; the
closest value to 2.4 A is found in the crystal structure whereas
the farthest is in the geometry optimization at B3LYP/6-311(d,p)
level. The angles 0 and i are important geometrical parameters
of a DHB. A Cambridge Structural Database (CSD) investigation
[11] evidenced that the experimental range for the B-H- - -H angle
(0) is in a range of 95-120° and for the N-H.--H angle (y) 150~
170°. It is characteristic of DHB the strong bent in the 0 angle, more
than a linear arrangement that usually is a exception [2b,6e,11].
Our values for 0 are in the range for normal DHBs but / values
are smaller possibly due to the constrained geometry of the intra-
molecular interactions.

Atomic charges and population analysis were computed with
the Natural Population Analysis (NPA) and Voronoi Deformation
Density methods (VDD) at B3LYP/6-311(d,p) and BP86/TZ2P(+) le-
vel of theory, respectively (Table 3).

NPA and VDD are adequate basis set independent methods to
compute atomic charges. Care should be taken, however, with this
data as it is accepted that in general NPA tends to give a too ionic
view of the bonds [12] and more reliable methods already have al-
ready been used to compute atomic charges in heteroboranes
[6y,6z]. In this regard, the NPA charge in the hydrogen atom in
the Cyv.—H4 bond seems to be too positive (+0.224) for a methylen-

Table 1
Average bond lengths for each type of bond in the C-substituted cobaltabisdicarbollide anion (A). In parenthesis standard deviation (A X1000).

Co-C. Co-B C—Cc C-B B-B Si-Cc Si-Cwme
B3LYP/6-311G(d,p)
C-substituted® 2.114(31) 2.120(12) 1.623(0) 1.715(13) 1.780(14) 1.914(0) 1.889(4)
Unsubstituted” 2.078(4) 2.129(10) 1.604(0) 1.703(17) 1.782(13) - -
BP86/TZ2P(+)
C-substituted 2.081(28) 2.102(12) 1.639(0) 1.715(11) 1.783(15) 1.909(0) 1.891(4)
Unsubstituted 2.056(5) 2.112(12) 1.615(0) 1.704(14) 1.781(16) - -
Crystal structure
C-substituted 2.081(25) 2.099(8) 1.627(0) 1.728(14) 1.778(16) 1.906(0) 1.864(1)
Unsubstituted 2.054(4) 2.107(15) 1.608(0) 1.707(14) 1.785(18) - -

2 C-substituded dicarbollide ligand with SiMe,H function.
b Unsubstituted dicarbollide ligand.
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Table 2
Geometrical parameters of the H---H short contacts and X-H bond distances for the crystal structure and optimized geometries. Distances in A, angles in degrees.
Crystal structure B3LYP/6-311G (d,p) BP86/TZ2P (+)
dun 0 v dun 0 v duy 0 v
Short contacts interactions ¢
H3..-H1 2.409 83.1 108.7 2.440 87.7 112.9 2413 86.1 112.7
H3.--H2 2.212 111.4 115.2 2.167 119.1 122.8 2.154 117.7 122.0
H4---H1 2.059 119.5 155.7 2.224 113.0 150.0 2.157 112.1 148.8
d d d
Bond distances”
C-H1 1.121 1.079 1.086
C.~H2 1.121 1.080 1.086
Si-H3 1.541 1.488 1.498
Cme—H4 0.980 1.092 1.099
¢ See Fig. 1 and Scheme 1.
b See Fig. 1.
Table 3 L. . . .
; ) critical points (BCP) are found for Si-H3..-H1-C. and Si-
Atomic charges on H atoms (au). A L.
H3..-H2-C.. The electron density at the BCP (pp) is in a range be-
NPA? vDD" tween 0.0088 and 0.0106 au, whereas for the Cye-H4---H1-C.
Hydride  Proton  Difference  Hydride Proton  Difference hydrogen interaction, the BCP is found only in the optimized struc-
H3...-H1 ~0.195 +0.267 0.462 —0.085 +0.130 0215 ture at B3LYP/6—31 l(d,p) level with a value of Pep equal to
H3.--H2 -0.195 +0.282 0477 —0.085 +0.122  0.207 0.0077 au. We have been unable to find a BCP for Cye-H4---H1-
H4---H1 +0.224 +0.267 0.043 +0.025 +0.130 0.105

¢ Optimized anion at B3LYP/6-311G(d,p).
b Optimized anion at BP86/TZ2P(+).

Table 4
VDD charges on hydrogen atoms (au).
BP86/TZ2P(+)

Methane +0.022
Ethene +0.037
Benzene +0.046
Ethyne +0.098
C—H? +0.125

SiH4 —0.063
SiMe;H" —0.090

2 Protonic hydrogen in [3,3'-Co(C;BgH11)] .
b Hydridic hydrogen in Si-H.

ic hydrogen atom. It is known that the acidity of the C-H bond in
hydrogen bonds increases in the order C(sp3)-H < C(sp2)-
H < C(sp)-H that corresponds with the strength of the C-H...Y
hydrogen bonds. With the aim to compare the possibilities of C.—~
H as a proton-donating bond, a VDD population analysis over
methane, ethene, ethyne and benzene along with the hydridic
hydrogens of two generic silanes has been calculated and com-
pared with C.—H in [3,3'-Co(C;BgH11),] . The results are shown in
Table 4. It is to be noticed that the positive VDD charge of the
hydrogen atom in C.—H is even larger than C-H in ethyne. It is then
clear the importance of the C.—H moiety to generate a DHB with
the appropriate H acceptor.

According to the calculated charges and the adopted geometry
of the H3, H2, H1 and H4 hydrogen atoms, it can be stated that
Si-H3..-H1-C. and Si-H3..--H2-C. short contacts are candidates
to an asymmetric bifurcated Si-H3--.(H-C.), DHB [6] and Cye—
H4..-H1-C, for H-H bonding [2b,4]. Next section offers more in-
sight in the nature of these interactions.

3. QTAIM calculations

The above mentioned dihydrogen short contacts were analyzed
in terms of their calculated electron density with DFT methods. For
the two optimized geometries at different levels of theory, bond

C. at BP86/TZ2P(+) level of theory, even when the length is clearly
lower than the sum of the Van der Waals radii see Table 5.

The corresponding electronic density Laplacian in the BCP
(Vzpcp) is positive for all contacts. It indicates that all interactions
are closed-shell type and their nature is mostly electrostatic [13].
The Vzpcp for Si-H3---H1-C. and Si-H3---H2-C. are in the range
0.0316-0.0269 au for all calculation levels. For Cye—H4---H1-C,
at B3LYP/6-311(d,p) level, Vzpcp is 0.0242 au. According to the
topological criteria for DHB given by Popelier [8], in the BCP the
pep and V2pc, should be within the ranges 0.0020-0.0350 au,
and 0.0240-0.1390 au respectively. Both Si-H3- - -H-C interactions
are in these ranges. However, the Vzpcp for Cpe-H4- - -H1-C. at
B3LYP/6-311(d,p) level is near to the minimum limit according to
V2pep criterion. The bond paths ellipticities (¢) reflect the struc-
tural instability for each interaction [14]. In Table 5 it can be seen
that at B3LYP/6-311(d,p) level, the Cy.—-H4---H1-C. ellipticity is
larger than both Si-H3. - -H-C. interactions confirming that the for-
mer bond is weaker. The ¢ decreases in all levels from Si-H3. . -H1-
C. to Si-H3- - -H2-C,, the last being the strongest according to the ¢
criterion in DHB [8]. In line with these topological parameters from
QTAIM, the observed geometry and the atomic charge populations
above, the Si-H3.--H1-C. and Si-H3.--H2-C, form an asymmetric
bifurcated DHB whereas the Cye—H4---H1-C. would be classified
as a weak H-H interaction (only found at B3LYP/6-311(d,p) level).
Fig. 3 represents the contour lines for p in the plane of the bifur-
cated DHB dihydrogen bond formed by H1, H2 and H3 at BP86/
TZ2P(+) level.

4. Bonding energies in the intramolecular interactions

Dihydrogen bonding has been classified as a medium-strong
interaction with binding energies that generally lie between 0.5
and 7 kcal/mol [2b,6b,6q]. High-level ab initio calculations have al-
ready been performed on dihydrogen-bonded simple molecules
with SiHy4 as a proton-acceptor and HF as a proton-donating mole-
cule shows that H-bond energies for such systems are in the range
0.65-0.89 kcal/mol [6m]. Also, experimental values around 2 kcal/
mol for Si-H3- - -H-0 interactions have been found for mixtures of
phenol-diethylmethylsilane [15]. In the scheme of the QTAIM the-
ory, the strength of a DHB, as a subgroup of hydrogen bond, can be
classified using the criteria of energy density at the BCP (Hp) and
V2pep [69,16]. The weak-medium strength dihydrogen bond
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Table 5
Topological parameters (au) of this H-bonded system at two different levels of theory.
Short contact Ay p — VAW? (P’ V2pept &
B3LYP/6-311G(d,p) H3...-H1 0.040 0.0088 0.0269 0.534
H3.--H2 -0.233 0.0101 0.0293 0.178
H4..- .-H1 -0.176 0.0077 0.0242 1322
BP86/TZ2P(+) H3---H1 0.013 0.0098 0.0302 0.528
H3---H2 —0.246 0.0106 0.0316 0.189
H4.--H1 —0.243 - - -
2 Lengthyy..;-VdW radii, distance H. - -H minus sum of Van der Waalls radii (2.4 A).
b Electronic density at BCP.
¢ Laplacian of electronic density at BCP.
d

Ellipticity.

Fig. 3. Superposition of the contour lines (thin) of the electron density, bond paths
connecting nuclei (bold) and interatomic zero flux surfaces (bold) for the H1-H2-
H3 plane at BP86/TZ2P(+) level of theory. The two BCPs (A) and the RCP (OJ)
corresponding to the bifurcated DHB are depicted as projections on the plane.

(closed shell interactions) has bonding energies of 0.5 < |Eyg| <7
kcal/mol, H---H distances in the range 1.70-2.60A and both
parameters H, and V2p,, with positive values. Strong interaction,
partially covalent has bonding energy of 7 <|Eyg| < 20 kcal/mol,
H..-H distances in 1.20-1.70 A, negative H, and positive V2pp,
and finally, very strong interaction is a covalent hydrogen bond
with 20 < |Eyg| < 30 kcal/mol, H---H distances in 1.06-1.20 A, and
both He, and V2p, are negative.

H, is defined as the sum of potential energy at BCP (V) and ki-
netic energy at BCP (Gcp) [17]. G¢p can be evaluated theoretically

theorem [7]. In Table 6, the values for Gcp, Vep, and He,, for the BCPs
have been calculated at two different levels of theory. H., and
V?p,p are positive values and the H.--H distances are within the
range 1.7-2.6 A that indicate that the H---H interactions reported
here can be classified as of weak-medium strength closed shell
interactions. The H-bond energy (Eyg) has been estimated from
the energy parameters of QTAIM according to the empirical rela-
tionship of Espinosa et al. [18] Values for Eyp in the range
1.24 kcal/mol for Cye-H4---H1-C. at B3LYP/6-311(d,p) level and
1.70 kcal/mol for Si-H3---H2-C. at BP86/TZ2P(+) level have been
calculated.

A second procedure to obtain an estimation of the bonding en-
ergy of these interactions is by optimizing the anion [1-SiMe,H-
3,3’-Co(1,2-C;BgH10)(1/,2'-C3BgH11)] ™ in such a way that the moiety
-SiMe,H is rotated so that it cannot generate the hydrogen interac-
tions in the molecule. However, other effects as the steric hin-
drance could be present that may distort the energy difference
between the two conformations [6b]. Energy difference values of
27.5 at B3LYP/6-311G(d,p) and 30.2 kcal/mol at BP86/TZ2P(+) have
been found. This fact indicates a clear overestimation of the H---H
interaction energy. They are exceedingly large compared to the
sum of the computed H---H bonding energies both at B3LYP/6-
311(d,p) level and BP86/TZ2P(+) level (Table 6), that compute
4.35 and 3.30 kcal/mol, respectively.

As there is a large discrepancy between the two previous meth-
ods, we have applied a new approach to estimate the bonding en-
ergy for each H...H interaction. For this purpose we applied the
simple Coulomb’s Law (Eq. (1)). The charge on each participating
hydrogen atom is known either by NPA or VDD; the distance be-
tween the interacting hydrogen atoms is also known, therefore a
simple application of Eq. (1) led to the Coulombic energy U (see Ta-
ble 6)

- . . . . q1-9>

with the wavefunction [13], and V, can be obtained with the virial U= kf- (1)

Table 6

Topological parameters (au) of this H-bonded system at two different levels of theory.
Short contact Gep? Vi FTs Eng® Ue

B3LYP/6-311G(d,p) H3---H1 0.00572 —0.00471 0.00101 —1.48 —7.08
H3---H2 0.00625 —0.00518 0.00107 -1.63 —8.42
H4..-H1 0.00498 —0.00392 0.00106 -1.24° 8.92

BP86/TZ2P(+) H3..-H1 0.00631 —0.00506 0.00125 —-1.60 -1.52
H3.--H2 0.00665 —0.00540 0.00125 -1.70 —1.60
H4- - -H1 - - - - 0.50

¢ Kinetic electron energy density at BCP.

b Ppotential electron energy density at BCP.

¢ Total electron energy density at BCP.

4 Bonding energy (kcal/mol) according to Espinosa empirical relationship.
¢ Bonding energy (kcal/mol) according to Eq. (1).

f The Espinosa equation is not strictly applicable in this case because according to atomic charges the two atoms are not forming a hydrogen bond (DHB).



136

5. Articulos publicados. Comisién de Doctorado de Abril de 2009.

EJ. Judrez-Pérez et al./Journal of Organometallic Chemistry 694 (2009) 1764-1770 1769

An inspection of the results indicates that NPA charges do not
produce a good matching between Eyg and U. However, this is rea-
sonable when U is evaluated using VDD charges. This procedure to
estimate bonding energies in this kind of intramolecular DHB, ta-
ken it with caution, could be useful as a fast estimation of the inter-
acting energy due to the inherent difficulty to calculate bonding
energies in intramolecular DHB [6b,n].

5. Conclusion

[1,1"-p-SiMe;-3,3'-Co(1,2-C,BgH10)2]~ was generated in very
mild conditions from [1-SiMe,H-3,3'-Co(1,2-C;BgH0)(1',2-
C,BgH11)]™ without the aid of any additional reagent. The reaction
implies a loss of dihydrogen, that presumes the existence of a DHB
in []—SiMezH—3,3’—CO(1,2—C2B9H10)(1I,2’-C239H]1)]7. These two
compounds represent the only examples, at least structurally char-
acterized, of a Si-H- - -H-C, to Si-C. conversion. To get more insight
into this process the crystal structure of [NMey4][1-SiMe,H-3,3'-
Co(1,2-C3BgH10)(1/,2'-C3BgH11)] was carefully studied. Three
H---H short contacts were observed, two Si-H---H-C. and one
SiCH,-H- - -H-C, contact. The shortest one corresponds to SiCH,-
H---H-C. with the H---H distance equal to 2.059 A, whereas the
two longest correspond to Si-H.--H-C. with 2.212 and 2.409 A,
according to X-ray. From this data it could be deduced that the
C-H- - -H-C, and one of the Si-H.--H-C. were clear H- - -H interac-
tions, while the second Si-H---H-C. would not exist or would be
very weak. However, by using QTAIM and Charge Analyses Popula-
tion on the hydrogen atoms, it has been conclude that the C-
H---H-C, is not a DHB or it is a weak H-H interaction. On the
contrary, the Si-H.--H-C. with a 2.409 A distance is a real DHB,
as it is the second Si-H- - -H-C.. Therefore the two Si-H- - -H-C short
contacts can be considered part of an asymmetric bifurcated DHB.
The preorganization of [1-SiMe,H-3,3'-Co(1,2-C;BgH;0)(1/,2-
C,BgH11)]™ generated by the Si-H.--H-C. DHB and the geometrical
characteristics of [3,3'-Co(1,2-C;BgH10)2]” may be the reason for
the singular transformation from Si-H- - -H-C. to Si-C. bond.

6. Experimental
6.1. Computational details

Optimized geometries were performed using Density Func-
tional Methods [19] of the caussian 03 [20] sets of codes using the
hybrid functional B3LYP [21] with the 6-311G(d,p) basis set for
all atoms. Atomic charges and population analysis were computed
within the Natural Population Analysis (NPA) [22]. Also, density
functionals geometries optimizations were carried out using the
Amsterdam Density Functional Package [23]. The generalized gra-
dient approximation (GGA nonlocal) method was used, by means
of Vosko, Wilk and Nusair’s local exchange correlation [24] with
nonlocal exchange corrections by Becke [25] and nonlocal correla-
tion corrections by Perdew [26]. The basis set employed in the cal-
culations for C, B and H atoms are all-electron double-zeta Slater
type orbital in the core and triple-zeta in the valence shell with
two polarization functions (TZ2P according to ADF nomenclature)
and TZ2P+ basis set for the cobalt atom. This TZ2P+ basis set are
nearly identical to TZ2P except for a better description introducing
4 d-functions instead of 3. We label in this paper the choice of basis
set for each atom as TZ2P(+). Atomic charges were computed with-
in Voronoi Deformation Density method (VDD) as implemented in
ADF [12]. Topological Bader analyses [7] were performed using
Xaim software [27] and AIM2000 [28]. QTAIM calculations were
also carried out for the full ionic systems (cation + anion) and no
significantly difference was encountered analyzing the electronic
density.
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ABSTRACT. Carbosilane and carbosiloxane metallodendrimers, that contain one, four and eight peripheral
cobaltabisdicarbollide derivatives have been synthesized using regiospecific hydrosilylation with the anionic
cobaltabisdicarbollide derivative [1,1’-pu-SiMeH-3,3’-Co(1,2-C;BgH 0),], (1), of vinyl terminated dendrimers. A
methodology to synthesize a trifunctional molecule containing one cobaltabisdicarbollide and three vinylsilane moieties,
(2)’, has been developed starting with tetravinylsilane. Different generations of anionic metallacarborane-containing
metallodendrimers were constructed via hydrosilylation of the first and second generation of carbosilane dendrimers
containing four or eight peripheral vinyl functions with (1)” as the hydrosilylation agent to give metallodendrimers (3)*,
@* and (5)%, respectively. Furthermore, it has been possible to apply this methodology to commercial vinyl terminated
cyclocarbosiloxanes and a first generation obtained from this, to yield metallodendrimers, 6)*, (* and (8)* with four,
and eight cobaltabisdicarbollide moieties in the periphery of the dendrimer, respectively. Products are fully characterized
by FTIR, NMR and UV-Vis spectroscopies. For metallodendrimers with high molecular weights, the UV-Vis
absorptions were used for corroborating the full functionalization with cobaltabisdicarbollide moieties attached to the
periphery and consequently the unified character of dendrimers. In addition, UV-Vis spectroscopic measurements have
also allowed to study the solubility and behaviour in water/DMSO solutions of these metallodendrimers.

KEYWORDS. Macromolecules, dendrimer, carborane, cluster compound, sandwich complexes, carbosilane, boron
clusters.
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Introduction

Dendrimers are known for their well-defined
globular  hyperbranched  structures, and low
polydispersity, that combined with the high number of
functional groups and metal fragments, that can be
localized at the core or at the periphery, provides a wide
range of macromolecules with interesting catalytic,
redox, magnetic, photo-optical and biomedical
properties.'? In the last years, carbosilane dendrimers’
have been used as inert scaffolds for attaching
functional groups on the periphery according to the
required application.*> More recently, examples of
cationic carbosilane dendrimers have been described in
order to be wused as potential carriers for
phosphorothioate oligodeoxynucleotide (ODN),® or for
other biocompatible applications.” However, to our
knowledge, few reports exist on anionic silyl-
containing dendrimers designed to have a surface of
negative charges, which could be capable of specific
binding to a number of different cationic species.’* In
the course of our research on high boron-content
molecules,” we recently developed different synthetic
strategies for the preparation of anionic carboranyl-
terminated dendrimeric systems, by using carbosilane
dendrimers as scaffold in which anionic nido-carborane
clusters were placed at the periphery.'® Following our
studies on developing boron-rich anionic dendrimers,
we considered appropriate to use the monoanionic
cobaltabisdicarbollide, [(3,3’-Co-(1,2-C,BoHy),], (1)
) to be peripherally attached to dendrimers. This
metallacarborane is an electron-deficient sandwich with
18 boron atoms, that is characterized by its
extraordinary chemical and thermal stability.'® This
compound is hydrophobic,'* a weakly coordinating and
low nucleophilic anion,"' that has made it suitable for
a wide range of applications,'® such as the extraction of
radionuclides,'® in conducting organic polymers,"” in
ion selective PVC membrane electrodes for tuberculosis
drug analysis,'® or for its use in medicine." For this
purpose, bio-active functionalized metallacarboranes
have been characterized,”® and cobaltabisdicarbollide
derivatives have been attached to different organic
groups and biomolecules.”** Up to today, the usual via
to attach this metallacarborane to the different groups
has been through the boron atom in position §8’, by the
reaction of the dioxane-metallacarborane derivative, [8-
O(CH,CH,),0-3,3-Co(1,2-C,Bo-H,0)(1°,2°-C,BH )]*
with the corresponding nucleophiles.***** Here, we
report the preparation of boron-rich polyanionic
macromolecules by using a new approach to bind
metallacarboranes to carbosilane and carbosiloxane
dendrimers via hydrosilylation reactions® of vinyl-
terminated dendrimers with the recently reported C-
silyl-substituted cobaltabisdicarbollide derivative, [1,1°-
u-SiMeH-3,3°-Co(1,2-C,BsH ),], (1) In addition, a
solubility test of the dendrimers in DMSO/water has
been carried out using the UV-visible spectroscopy.

Results and Discussion
Synthesis of carbosilane and carbosiloxane
metallodendrimers. With the objective to design and
prepare polyanionic carbosilane and carbosiloxane

dendrimers decorated with metallacarboranes on their
periphery, suitable dendritic molecules containing
terminal C=C functionalities were prepared according
to the literature.’ 1,3,5,7-
tetramethylvinylcyclotetrasiloxane (TMViCTS), as core
molecules (generation 0); the carbosilane dendrimers:
1G-Viy,, 1G-Vig, 2G-Vig and the cyclosiloxane
dendrimers 1G-TMVICTS(SiVi), and 1G-
TMViCTS(SiVi)g, that are shown in Schemes 1-3, were
prepared using a divergent methodology by successive
alkenylation and hydrosilylation steps with Karstedt
catalyst, according to well known literature

procedures. ™
All these starting materials can be hydrosilylated with
the recently reported C.-substituted

cobaltabis(dicarbollides) functionalized with the Si-H
group, [1,1’-u-SiMeH-3,3’-Co(1,2-C,BoH )], (1)7%°
The hydrosilylation reaction of one equivalent of (1)
with one equivalent of tetravinylsilane, in the presence
of catalytic amounts of Karstedt catalyst in THF at 50
°C, afforded the monoanion (2)° that was isolated as
caesium salt in 77% yield (Scheme 1). Thus, applying a
1:1 ratio of reagents, only one vinyl group from the
tetravinylsilane was hydrosilylated. However, when a
4:1 ratio (1)/tetravinylsilane was used under the same
conditions, a complex mixture of di- and tri-
hydrosilylated products was obtained, but never the
tetra-functionalized compound, according to the 'H
NMR where residual vinyl protons were always
observed (Scheme 1). Attempts to achieve the
tetrafuntionalization of tetravinylsilane by changing the
temperature, the solvent (i.e. toluene), catalyst, longer
reaction times, etc. were also carried out, but
unsuccessful results were obtained. To our knowledge,
the same problem was already observed by A. Otero
and co-workers for the hydrosilylation of
tetravinylsilane ~ with a  silyl-containing ansa-
metallocene, and even using extreme stoichiometries
only the monofunctionalization was achieved.”’” To our
opinion, most probably, the steric bulk of the
cobaltabisdicarbollide causes the incomplete
hydrosilylation and restricts the number of
metallacarboranes that can be introduced in the core
molecule. Conversely, when the reaction of (1)° with
the first generation of a vinyl-terminated carbosilane
dendrimer (1G-Viy) was carried out in a 4:1 ratio, using
the Karstedt catalyst in THF at 50 °C, the corresponding
polyanionic metallodendrimer peripherally
functionalized with cobaltabisdicarbollide anions, (3)*,
was obtained and isolated as the caesium salt in 51%
yield (Scheme 2). Thus, it was possible the
hydrosilylation of all vinyl functions and bind the four
cobaltabisdicarbollide complexes to the molecule. In
the same way, (1) reacted with 1G-Vig and 2G-Vig to
give dendrimers ?* and (5)%, respectively, in which
eight cobaltabisdicarbollide anions are placed on their
periphery (Schemes 2). These dendrimers were isolated
as caesium salts by precipitation with hexane in 41 and
62 % yield, respectively. In this case, the reactions were
carried out using longer reaction times than those used
for conventional organosilanes. In  addition,
carbosiloxane dendrimers (6)*, (7)*and (8)% were
obtained in 47, 55 and 54 % yield, respectively, by the
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reaction of (1)” with TMVICTS, 1G-TMViVTS(SiVi),
and 1G-TMViVTS(SiVi)g, in a 4:1 or 8:1 ratio, using
similar conditions that those used for the previous
carbosilane dendrimers (Scheme 3). In all cases, the
binding of the cobaltacarborane (1)° to the vinyl-
terminated dendrimers was mainly monitored by 'H
NMR spectroscopy, following the disappearance of the
vinyl protons. In addition, the resonances corresponding
to C.-H and Cc-Si-CH; were shifted respected to the
starting (1)".

By using Monte Carlo Simulations, the steric hindrance
caused by peripheral groups located in the starting
carbosilane dendrimers has been estimated (See
Supplementary Material).

Characterization of carbosilane and carbosiloxane
metallodendrimers. The novel trifunctional molecule
(2) and dendrimeric structures, (3)*, (4)*, (5)*, (6)*,
(7)* and (8)*, were characterized on the basis of FT-IR,
UV-Vis, ]H, ”B, B¢ and ?°Si NMR spectroscopies and
mass spectrometry in some cases, that confirmed the
proposed structures. The IR spectra present typical
v(B-H) strong bands for closo clusters around 2550 cm®
! and intense bands near 1257 cm’ corresponding to the
3(Si—~CHs3). In addition, for (6)*, (7)* and (8)* intense
bands near 1090 cm™ corresponding to the 5(Si—O) are
observed. In all compounds the characteristic band at
2110 ecm™ due to the v(Si—H) is not present, indicating
total hydrosilylation. The 'H{''B} NMR spectrum of
the monoinionic species (2)° shows two resonances
centred at § 6.12 and 5.82 ppm attributed to the vinyl
protons. In all compounds broad resonances around
4.50 ppm corresponding to the C.-H protons of the
cobaltabisdicarbollide are observed. The 'H{''B} and
BC{'H} NMR spectra exhibit resonances at low
frequencies for Si-CH; group (Table S2 in
Supplementary Material), —CH,— proton resonances
appear in the range 0.49 to 0.84 ppm, whereas the -
CH,- carbons are displayed from 2.44 to 8.98 ppm. The
—CH,— protons has not been assigned due to the
complexity of the signals. The “C{'H} NMR spectra
for all dendrimers show resonances at 56.16 and 40.99
ppm attributed to the C.-H and C.-Si atoms,
respectively (Table S2). In addition, for the anion (2)
the presence of vinyl functions was confirmed by
resonances at 134.51 and 134.22 ppm in the “C{'H}
NMR. The "B{'H} NMR for compounds (2)-(8)"
display very similar spectra with bands in a typical
range, from +83 to -22.0 ppm, indicative of
cobaltabisdicarbollide derivatives,” with the general
pattern 2:2:4:4:2:2:2 (Figure 1). Due to the similarity of
these 'B{'"H} NMR spectra with that of the recently
reported [1,1°-u-SiMe,-3,3°-Co(1,2-C,BgHy0)s], (9),%°
we have been able to assign each specific resonance to
the corresponding boron atom. Figure 1 shows the
"B{'HINMR spectra of (1), (2), 3)*, (5)* and (9).
Noticeably, starting (1)” presents a higher asymmetry,
that is reflected on the higher number of signals in the
spectrum. Nevertheless, upon hydrosilylation for (3)*
and (5)* some of the resonances are overlapped to only
one as it is observed. In the *’Si{'H} NMR all
resonances were assigned on the basis of the chemical
shifts and the peak intensities. For (2)" and the first
generation of the cyclosiloxane dendrimer (6)*, the
PSi{'H} NMR spectra exhibit two signals, whereas

three resonances are observed for the rest of dendrimers
(See Supplementary Material, Table S3). The
resonances due to Si-Cyuger appear between 11.15 and
12.15 ppm, shifted around 8.5 ppm to downfield respect
to the starting compound (1)” (&g; = 2.94 ppm). In fact,
these resonances have been easily assigned by
comparison with their homologous (9)" (ds; = 13.98
ppm).%® The Sic atoms appear in the region 5.88 to
11.80 ppm for (2)-(5)*, and at higher field, around -20
ppm, for ciclosiloxanes (6)*=(8)* in which the Si, are
bonded to oxygen atom. The spectra of 3", @Y, -5)*
, (T*and (8)* exhibit additional peaks, in the range
6.65-9.78 ppm, that correspond to the Si atoms of the
dendrimer branches.

The UV-vis spectra of these dendrimers were measured
in acetonitrile and look very similar to that of (1) The
maximum absorbance around 310 nm can be attributed
to the presence of the silyl bridge (u-SiR,) between
ligands, such as was already reported for (1), that is
different to the one observed at 270 nm for
unsubstituted  [Co(1,2-C,BgH; 1)2]',29 A second
absorbance at 462 nm is due to the d-d transition in the
Co metal of the C.-substituted cobaltabisdicarbollide
(1), which shows a bathocromic shift respect to the
signal at 445 nm exhibited for the unsubstituted
[Co(1,2-C,BgH;,),] ™

Two different mass spectrometry techniques have been
used for the characterization of compounds: MALDI-
TOF and electrospray (ESI). The formula of (2)" was
well established by using the MALDI-TOF mass
spectrometry in the negative-ion mode without matrix,
in which the molecular ion peak appears at m/z = 502.2,
with a perfect concordance with the calculated pattern
(see Supplementary Material, Figure S3.) The ESI mass
spectrum of dendrimer (3)* was recorded in
CHCI;/CH3;0H and shows a signal at m/z = 2490.2
corresponding to  [(M-H)+H,O].  Nevertheless,
MALDI-TOF determinations for the higher molecular
weight polyanionic dendrimers have been of difficult
interpretation, due to the fragmentation of compounds
by breaking the molecule into smaller parts. The
technique then supports,®® although does not confirm,
the formation of dendrimeric species. Therefore, we
have tried to assign the peaks, that in more cases are
fragments in high percentage, for example the peak at
324.2 is due to [Co(1,2-C,BgH;),]" and the peak at
3934 is assigned to the fragment [Co(1,2-
C,BoH;,)Si(CH;3)(CH,)].  Furthermore, it has been
observed the presence of trapped solvent molecules.
Elemental analyses (EA) were performed for
polyanionic metallodendrimers, however, in some
cases, it was difficult to obtain reliable results, probably
due to the presence of a high boron content.
Nevertheless, the problem to obtain reproducible results
for EA in boron-containing anions have been observed
by others before.”'

Indirect identification method, based on UV-Vis
spectroscopic measurements, to corroborate the full
functionalization with cobaltacarboranes.

As mentioned before, only for the monoanionic (2)
and the dendrimer (3)* it was possible to obtain the
molecular weight using mass spectrometry. The rest of
compounds only showed fragments, and in no cases the
corresponding molecular ion peak was observed. For



164 Anexo I. Articulos posteriores a la Comisién de Doctorado de Abril de 2009.

such purpose, we have used an alternative method
developed by Kim et al. for ethynylsilane dendrimers.*
This method consists on the measurement of the UV
absorption of a solution containing the functionalized
dendrimers and study the trend of the molar
absorptivity, taking into account that for our particular
case the molar absorptivities (€n.x) of the
cobaltabisdicarbollides-containing dendrimers must be
proportional to the number of metallacarboranes
attached to the periphery. The UV-Vis spectroscopic
measurements were carried out in two different
solvents, DMSO and acetonitrile. In the Supplementary
Material, Table S3 collects the molar absorptivities
values (€) for all dendrimers in both solvents and the
relation between them and the number of
metallacarboranes (X). Figure 2 shows the UV-Vis
spectra in acetonitrile for (2), (5)* and (7)*, which
contain one, eight and four cobaltabisdicarbollide
moieties respectively, with a A, around 310 nm. In
Figure 3 the graphics represent the molar absorptivity
(¢) measured at 462 nm, in acetonitrile and DMSO for
the reported compounds, versus the number of
metallacarboranes (X) attached to different dendrimers.
In our case, it has been more adequate to use the
wavelength at 462 nm, that correspond to the d-d
transition of the C.-silyl-substituted
cobaltabisdicarbollide, instead of the band at 310 nm
because for dendrimers containing a very high number
of cobaltacarboranes, this band is very intense and
requires to work with very low concentrations (around
10® M), however, the band at 462 nm allowed us to
work at more realistic concentrations (107 to 10° M),
as it is specified in the Experimental Part. Using these
concentrations the band at 462 nm is adequate for
measuring the absorption bands and permits to calculate
the absorptivity with accuracy. It is important to notice
that for both solvents the graphic slope is quite similar,
for DMSO solutions is 326.7 M'em™ whereas for
acetonitrile solutions is 354.8 M"'cm™. Consequently,
the molar absorptivity increases as a consequence of the
higher degree of functionalization on the dendrimeric
surface. So we can concluded that this method is
suitable to corroborate the full functionalization and the
unified character of the different metallocarboranes-
containing dendrimers such as can be observed in the
graphics. This has been only an additional method used
for us to confirm the previous spectroscopic data, due to
the difficulty to obtain reliable elemental analyses and
mass spectra.

Solubility of caesium salts of cobaltabisdicarbollide-
containing metallodendrimers.

With the potential applications in biomedicine
previously mentioned for these anionic dendrimers in
mind, it is important to know the behaviour of these
salts and their solubility in different solvents, especially
in water. It has been reported that a challenge in the
development of boron delivery agents for BNCT is to
achieve boron concentrations around 20 pg-g” tumor to
deliver therapeutic doses of radiation to the tumor.'*
The caesium salts of the cobaltabisdicarbollide anion
and their derivatives present good solubilities in organic
polar solvents,*® but a poor solubility in pure water. The
solubility of Cs[Co(1,2-C,ByH;;),] measured by UV-
Vis in water at 22 °C is 9.75-10* M,*® the hexabromo

derivative Cs[Co(1,2-C,BoHgBr3),] is 3-10* M,*
whereas for Cc-substituted Cs[1,1’-u-SiMeH-3,3’-
Co(1,2-C,BgHy(),], Cs(1), and Cs[1,1’-p-SiMe,-3,3’-
Co(1,2-C,BoH p)2], Cs(9), the water solubilities
measured in this work are 8.5-10* M and 1.9-10° M,
respectively. On the other hand, salts of the
cobaltabisdicarbollide with potassium, sodium or
lithium have a higher solubility in water.> In this
respect, there exist two possibilities for enhancing the
solubility of these anionic metallodendrimers in
aqueous solutions; the first is to exchange the caesium
by another cation, such as sodium or potassium, using
ion-exchange resins,”> however, in our case the
resulting salts are difficult to isolate; the second way is
to prepare a concentrated metallodendrimer solution in
an organic solvent such as DMSO,** a pharmaceutical
excipient commonly used,’® followed by dilution with a
buffer or water. The second way is more convenient
when the possible drug to be delivered is in cationic
form, because the solvent mixtures can be tailored for
each anion-cation system. Thus, for testing the
solubility and behaviour of these caesium salts of
metallodendrimers, compound (9)" has been used as
reference compound to construct a calibration curve, by
measuring the absortions at 462 nm in pure DMSO for
different concentrations (see Experimental Data and
Figure 4). Then, different DMSO/water solutions for
the caesium salts of the anions (4)*, (7)* and (2) were
prepared and their absorption values at 462 nm are
represented in Figure 4. It can be there observed that
these metallodendrimers present good solubility at
different concentration ranges, depending on the degree
of functionalization. Therefore, it should be possible to
extrapolate this DMSO-water solubility study to other
systems formed by this kind of anionic
metallodendrimers combined with more complex
cations, which present biological activity or targeting
functionalities.

Conclusions.

The cobaltacarboranyltrivinylsilane (2)° and two
families of  polyanionic  cobaltabisdicarbollide-
containing carbosilane and carbosiloxane
metallodendrimers, (3)* — (5)* and (6)* - (8)%,
respectively, have been prepared by hydrosilylation of
the suitable dendritic molecules containing terminal
C=C functionalities, with the anion [1,1’-u-SiMeH-
3,3’-Co(1,2-C,BoH p),], (1), in the presence of
Karstedt catalyst and optimized reaction conditions.
The synthetic methodology described here has allowed
to produce in one pot reaction polyanionic
metallodendrimers with four and eight negative charges
localized on the periphery. Concerning the
characterization of these compounds, it was not
possible for the dendrimers with the highest molecular
weights to obtain the mass spectra, therefore the UV-
Vis spectroscopy was used as an undirected method to
corroborate the full functionalization of dendrimers
with cobaltabisdicarbollide moieties, and subsequently
confirm the wunified character of the dendritic
macromolecules. In addition, the UV-Vis has also been
a good tool for the study of the metallodendrimers
solubility in water/DMSO solutions, by measuring the
absorptivities of  different metallodendrimers
concentrations.
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Experimental Section

Instrumentation. IR spectra were recorded with KBr
pellets or NaCl on a Shimadzu FTIR-8300
spectrophotometer. UV-visible spectroscopy was carried
out with a Shimadzu UV-Vis 1700 spectrophotometer, at
22 °C temperature, using 1 cm quartz cuvettes. The
Electrospray-lonization mass spectra (ESI-MS) were
recorded on a Bruker Esquire 3000 spectrometer using
a source of ionization and a ions trap analyzer. MALDI-
TOF-MS mass spectra were recorded in the negative
ion mode using a Bruker Biflex MALDI-TOF [N, laser;
Aexe 337 nm (0.5 ns pulses); voltage ion source 20.00
kV (Uisl) and 17.50 kV (Uis2)] and dithranol as
matrix. The 'H, 'H{''B} NMR (300.13 MHz), ''B,
"B{'"H} NMR (96.29 MHz), *C{'H} NMR (75.47
MHz) and *Si{'H} NMR (59.62 MHz) spectra were
recorded on a Bruker ARX 300 spectrometer equipped
with the appropriate decoupling accessories at room
temperature in acetone-ds solutions. Chemical shift
values for "B  NMR and "B{'H} spectra were
referenced to external BF;OEt,, and those for 'H,
'H{""B}, “C{'"HINMR and *Si{'H} NMR spectra
were referenced to SiMe,. Chemical shifts are reported
in units of parts per million downfield from reference,
and all coupling constants are reported in Hertz.

Materials. All manipulations were carried out under
a dinitrogen atmosphere using standard Schlenck
techniques. Solvents were reagent grade and were
purified by distillation from appropriate drying agents
before use. [Si(CH=CH,)(CH;)Ols;, (CH;),HSiCl,
(CH3)HSiCl, and Karstedt’s catalyst (platinum
divinyltetramethyldisiloxane complex, 2.1-2.4%
platinum in vinyl terminated polydimethylsiloxane)
were purchased from ABCR and used as received. The
[Si(CH=CH,),] was purchased from Across. The n-
BuLi solution (1.6 M in hexanes) was purchased from
Lancaster or Aldrich and CH,=CHMgCl 1.6 M in THF
from Aldrich. Compound Cs[1,1’-u-SiMeH-3,3’-
Co(1,2-C,BgHyy),], Cs(1) and Cs[1,1’-p-SiMe,-3,3’-
Co(1,2-C,BoH0),], Cs[9];*° and dendrimers 1G-Vig,
1G-Vig, 2G-Vig, 1G-TMVICTS(SiVi); and 1G-
TMVICTS(SiVi)y were prepared according to the
literature procedures.

Synthesis of Cs[1,1’-p-Si(CH3){(CH,),-Si(CHCH,);}-
3,3’-Co(C;B9Hyp)2], Cs[2]. In a Schlenk flask,
Si(CH=CH,), (72.2 mg, 0.53 mmol), 10 uL of Karstedt
catalyst and 2 mL of THF were stirred for 10 min at
room temperature. To the solution Cs[1,1’-p-Si(CH;)H-
3,3’-Co(1,2-C,BoH p),] 264.3 mg (0.53 mmol) were
added and the mixture was stirred overnight at 50 °C.
After, the addition of hexane to the mixture give Cs(2)
as an orange solid. Yield: 259.1 mg, 77 %. Anal. calcd.
for Cy3H34B3CoCsSiy: C, 24.59; H, 5.71. Found: C,
23.24; H, 5.67. '"H NMR: & 6.12 (m, 3H, -CH=CH),),
5.83-5.81 (m, 6H, -CH=CH,), 4.49 (br s, 2H, C.-H),
0.81-0.76 (m, 4H, -Si-CH,-CH,-Si), 0.32 (s, 3H, Si-
CHs). 'H{"'B} NMR: & 6.12 (m, 3H, -CH=CH,), 5.83-
5.81 (m, 6H, -CH=CH,), 4.49 (br s, 2H, C.-H), 3.39 (br
s, 2H, B-H), 3.28 (br s, 2H, B-H), 3.08 (br s, 2H, B-H),
2.33 (br s, 2H, B-H), 2.20 (br s, 2H, B-H), 1.92 (br s,
2H, B-H), 1.66 (br s, 6H, B-H), 0.81-0.76 (m, 4H, -Si-
CH,-CH,-Si), 0.32 (s, 3H, Si-CH3). "B NMR: § 8.32
(d, 'J(B,H) = 126 Hz, 2B), 2.98 (d, 'J(B,H) = 135 Hz,

2B), -1.60 (d, 'J(B,H) = 141 Hz, 4B), -3.60 (d, 'J(B,H)
= 144 Hz, 2B), -4.53 (d, 'J(B,H) = 128 Hz, 2B), -14.19
(d, 'J(B,H) = 155 Hz, 2B), -16.32 (d, 'J(B,H) = 185 Hz,
2B), -21.84 (d, 'J(B,H) =137 Hz, 2B). "C{'H} NMR: §
134.51 (CH,=CH-), 134.22 (CH,=CH-), 55.30 (C-H),
40.99 (C.-Si), 4.14 (-CH,-), 3.35 (-CH,-), -7.72 (Si-
CH;). ®Si{'H} MR: & 12.15- (p-Si-Copusier), 11.80
(Sicore). FTIR (KBr), cm™: 3051 (v(C-H)), 3008
(0(Calkenyi-H)), 2943 (v(Caiyi-H)), 2885 (v(Cayi-H)),
2550 (v (B-H)), 1257 (§ (Si-CHs)). MALDI-TOF-MS
m/z: 324.2 ([Co(1,2-C,BoH )T, 17 %), 393.2 ([Co(1,2-
C,BoH,0)Si(CH;)(CH,)], 2 %), 502.2 (M - Cs, 100 %).

Synthesis of [Cs]4{2G-[1,1’-p-Si(CH;3)(CH,CH,)-3,3’-
CO(C2B9H10)2]4}, CS4[3]. In a Schlenk ﬂask, 1G—V14
(56.0 mg, 0.12 mmol), 10 uL of Karstedt catalyst and 2
mL of THF were stirred for 10 min. at room
temperature. To the solution of Cs[1,1’-pu-Si(CH;)H-
3,3’-Co(1,2-C,ByH p),], 239.4 mg (0.48 mmol) were
added and the mixture was stirred overnight at 50 °C.
After, the addition of a solution of hexane to the
mixture give Csy(3) as an orange solid. Yield: 150.7
mg, 51 %. Anal. caled. for CsqH;43B7,C04Cs4Sig: C,
21.34; H, 6.02. Found: C, 22.38; H 6.16. '"H NMR: §
4.51 (br s, 8H, C.-H), 0.49 (m, 32H, -Si-CH,-CH,-Si),
0.32 (s, 12H, Si-CHs), 0.01 (s, 24H, Si-CH;). 'H{''B}
NMR: § 4.51 (br s, 8H, C.-H), 0.49 (m, 32H, -Si-CH,-
CH,-Si), 0.32 (s, 12H, Si-CH3), 3.39-1.59 (br, 80 H, B-
H), 0.01(s, 24H, Si-CH;). ''B NMR: & 8.15 (d, 'J(B,H)
=110 Hz, 2B), 2.93 (d, 'J(B,H) = 132 Hz, 2B), -1.54 (d,
'J(B,H) = 145 Hz, 4B), -4.54 (d, 'J(B,H) = 113 Hz, 4B),
-14.61 (d, 'J(B,H) = 185 Hz, 2B), -16.54 (d, 'I(B,H) =
178 Hz, 2B), -21.81 (d, 'J(B,H) =153 Hz, 2B). “C{'H}
NMR: § 55.55 (C.-H), 41.33 (C.-Si), 6.49 (-CH,-), 5.05
(Si-CHy), 4.07 (Si-CH,), 2.44 (Si-CH,), -5.11 (Si-CH,),
=772 (Si-CH3). ®Si{'"H} NMR: & 11.98 (u-Si-Cetusier)s
6.65 (Sipranch), 5.88 (Sicore). FTIR (KBr), cm™: 3062
(0(Ce-H)), 2950 (0(Caiyi-H)), 2905 (v(Canyi-H)), 2550
(v (B-H)), 1257 (& (Si-CH3)). ESI-MS m/z: 2490.2 (M +
H,0, 2 %).

Synthesis of Csg{2G-[1,1’-p-Si(CH;)(CH,CH,)-3,3’-
Co(C,ByH g)1]s}, Cssl4].

In a Schlenk flask, 1G-Vig (32.7 mg, 0.062 mmol), 10
uL of Karstedt catalyst and 2 mL of THF were stirred
for 10 min. at room temperature. To the solution,
Cs[1,1’-u-Si(CH3)H-3,3’-Co(1,2-C,BoHyg),]  246.6mg
(0.496 mmol) were added and the mixture was stirred
for 40 h. at 50 °C. After, 10 ml of CH,Cl, were added
to produce two solvent phases. The halogenated solvent
was discarded by decantation. To the other oily dark
orange phase, 10 ml of hexane was added to give Csg(4)
as an orange solid. Yield: 114.5 mg, 41 %. Anal. calcd.
for C68H244B144C08C53Si132 C, 1807, H, 5.44. Found: C,
20.25; H 5.88. "H NMR: § 4.50 (br s, 16H, C.-H), 0.52
(m, 48H, -Si-CH,-CH,.Si), 0.32 (s, 24H, Si-CHj3), 0.09
(s, 12H, Si-CH;). 'H{"'B} NMR: 4.50 (br s, 16H, C,-
H), 3.39 (br s, 16H, B-H), 3.28 (br s, 16H, B-H), 3.08
(brs, 16H, B-H), 2.33 (br s, 16H, B-H), 2.20 (br s, 16H,
B-H), 1.92 (br s, 16H, B-H), 1.66 (br s, 48H, B-H), 0.52
(m, 48H, -Si-CH,-CH,-Si), 0.32 (s, 24H, Si-CH3), 0.09
(s, 12H, Si-CH;)."'B NMR: § 6.96 (d, 'J(B,H) = 119
Hz, 2B), 1.89 (d, 'J(B,H) =129 Hz, 2B), -2.65 (d,
'J(B,H) =110 Hz, 4B), -5.60 (d, 'J(B,H) = 156 Hz, 2B),
-16.13 (d, 'J(B,H) =166 Hz, 2B), -17.56 (d, 'J(B,H)
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=175 Hz, 2B), -22.95 (d, 1J(B,H) =147 Hz, 2B).
BC{'H} NMR: & 55.32 (Cepusier-H), 41.24 (Cepusier-Si),
8.49, 7.18, 4.13, 3.50 (-CH,-), -1.09 (Si-CH3), -7.63
(Cetusier-Si-CHz). ¥’Si{'H} NMR: 8 11.73 (u-Si-Cayser),
9.78 (Sibranch)s 828 (Sicore). FTIR (KBr), cm™: 3051
(D(Ccluslcr'H))7 2958 (D(Calkyl-H))7 2905 (D(Calkyl'H)):
2557 (v (B-H)), 1257 (& (Si-CHj)). MALDI-TOF-MS
m/z: 3242 ([Co(1,2-C,BgH )], 100 %), 3932
([Co(1,2-C,BoH,0)Si(CH;)(CH,)], 18 %), 435.7 (M +
MeOH)/8, 16 %).

Synthesis of
Co(C,BgH );]s}, Css[S].
This compound was prepared using the same procedure
as for Csg[4], by using 2G-Vig (39.0 mg, 0.032 mmol),
10 pL of Karstedt catalyst, and Cs[1,1’-p-Si(CH;)H-
3,3’-Co(1,2-C,ByH p),] 127.7 mg (0.256 mmol) in 2
mL of THF. The mixture was stirred for 36 h. at 50 °C.
After work up, Csg(5) was obtained as an orange solid.
Yield: 1034 mg, 62 %. Anal. Calcd. for
C100H324B144C08CSgSi21: C, 2306, I‘I7 6.27. Found: C,
24.67; H 6.65. "H NMR: & 4.50 (br s, 16H, C.-H), 0.52
(m, 80H, -Si-CH, CH,-Si), 0.31 (s, 24H, Si-CHj3), 0.10
(br s, 36H, Si-CH;). 'H{''B} NMR: 4.50 (br s, 16H, C,-
H), 3.39 (br s, 16H, B-H), 3.28 (br s, 16H, B-H), 3.08
(brs, 16H, B-H), 2.33 (br's, 16H, B-H), 2.20 (br s, 16H,
B-H), 1.92 (br s, 16H, B-H), 1.66 (br s, 48H, B-H), 0.52
(m, 80H, -Si-CH,.CH,-Si), 0.31 (s, 24H, Si-CHj3), 0.10
(br s, 24H, Si-CH;). ''"B NMR: § 7.58 (d, 'J(B,H) = 131
Hz, 2B), 2.06 (d, 'J(B,H) = 150 Hz, 2B), -2.42 (d,
'J(B,H) = 150 Hz, 4B), -5.02 (d, 'J(B,H) = 131 Hz, 2B),
-15.00 (d, 'J(B,H) = 169 Hz, 2B), -17.27 (d, 'J(B,H) =
188 Hz, 2B), -22.80 (d, 'J(B,H) =169 Hz, 2B). *C{'H}
NMR: 8 55.30 (Cepuster-H), 41.08 (Cpuster-Si), 8.52, 6.60,
4.34,4.10, 3.55, 3.11 (-CH,-), -1.13 (Si-CHj), -5.02 (Si-
CH3), -7.77 (Cepusier-Si-CH3). PSi{'H} NMR: & 11.52
(1-Si-Cetuster)s 8.03, 6.32 (Sipranc). FTIR (KBr), cm’™:
3067 (D(Cclustcr'H))s 2955 (D(Calkyl'H))s 2905 (D(Calkyl'
H)), 2550 (v (B-H)), 1257 (& (Si-CH3)). MALDI-TOF-
MS m/z: 324.1 ([Co(1,2-C,BoH )], 100 %), 393.2
([Co(1,2-C,BgH,0)Si(CH3)(CHy)], 16 %),599.7 (M +
2dithranol+ 6MeOH)/8, 53 %), 633.7 [(M +
4(dithranol)+ H,0)/8, 42 %].

Css{3G-[1,1’-p-Si(CH3)-3,3’-

Synthesis of cyclosiloxane dendrimer Cs;{1G-[1,1’-
1-Si(CH3)-3,3’-Co(C;ByoH )] 4}, Csal6].

This compound was prepared using the same procedure
as for Csgl4], by using 1,3,5,7-
tetramethylvinylcyclotetrasiloxane (19.4 mg, 0.056
mmol), 10 pL of Karstedt catalyst and Cs[1,1’-p-
Si(CH3)H-3,3’-Co(1,2-C,BgHy¢),] (111.7 mg, 0.224
mmol) in 2 mL of THF. After work up, Cs4(6) was
obtained as un orange solid. Yield: 61.6 mg, 47 %. 'H
NMR: 8 4.51 (br s, 8H, C.-H), 0.57 (m, 16H, -Si-CH,-
CH,-Si), 0.34 (s, 12H, Si-CH3), 0.16 (s, 12H, Si-CH;).
'H{''"B} NMR: 4.51 (br s, 16H, C.-H), 3.39 (br s, 16H,
B-H), 3.28 (br s, 16H, B-H), 3.08 (br s, 16H, B-H), 2.33
(brs, 16H, B-H), 2.20 (br s, 16H, B-H), 1.92 (br s, 16H,
B-H), 1.66 (br s, 48H, B-H), 0.57 (m, 16H, -Si-CH,-
CH,-Si), 0.34 (s, 12H, Si-CHj3), 0.16 (s, 12H, Si-CH;).
"B NMR: & 7.55 (d, 'J(B,H) =136 Hz, 2B), 2.02 (d,
'J(B,H) =169 Hz, 2B), -2.75 (d, 'J(B,H) =141 Hz, 4B), -
5.43 (d, 'J(B,H) =144 Hz, 2B), -15.79 (d, 'I(B,H) =155
Hz, 2B), -17.08 (d, 'J(B,H) =150 Hz, 2B), -23.10 (d,
'J(B,H) =131 Hz, 2B). *C{'H} NMR: & 56.16 (Cejuster-

H), 41.93 (Ceusier-Si), 8.44 (-CH,-), 4.21 (-CH,-), -1.04,
(O-Si-CH3), 6.70 (Ceser-Si-CH3). PSi{'H} NMR: &
11.85 (u-Si-Copgier)s -20.53 (O-Si). FTIR (KBr), cm™:
3059 (0(CausierH)), 2955 (0(Canyi-H)), 2905 (0(Canyr-
H)), 2550 (v (B-H)), 1257 (5 (Si-CH3)), 1095 (& (Si-O)).
MALDI-TOF-MS m/z: 3242 ([Co(1,2-C,BoH,))], 51
%), 393.2 ([Co(1,2-C,BsH;0)Si(CH;)(CH,)], 100 %),
494.4 (M + Cs + 2H,0)/4, 21 %).

Synthesis of cyclosiloxane dendrimer Cs {2G-[1,1’-
1-Si(CH3)-3,3’-Co(C,BoH )14}, Cs4[7].

This compound was prepared using the same procedure
as for Csg[4], by using 1G-tetravinylcyclotetrasiloxanes
(60.5 mg, 0.096 mmol), 10 puL of Karstedt and Cs[1,1°-
u-Si(CH;3)H-3,3°-Co(1,2-C,BgH 0),] (191.6 mg, 0.384
mmol) in 2 mL of THF. The mixture was stirred
overnight at 50 °C. After addition and vigorous stirring
of 20 ml of CH,Cl,, Csy[7] was precipitated, filtered
and dried in vacuo. Yield: 138.3 mg, 55 %. Anal
Calcd. for C43H1(,0B72C04CS4O4S1122 C, 2147, H, 6.01.
Found: C, 20.55 ; H 6.01. '"H NMR: & 4.50 (br s, 8H,
C.-H), 0.50 (m, 32H, -Si-CH,-CH,-Si), 0.30 (s, 12H,
Si-CHj), 0.08 (s, 12H, Si-CHj3), 0.00 (s, 24H, -Si-CH;).
'H{"'B} NMR: 4.50 (br s, 16H, C.-H), 3.40 (br s, 16H,
B-H), 3.26 (br s, 16H, B-H), 3.05 (br s, 16H, B-H), 2.33
(brs, 16H, B-H), 2.21 (br's, 16H, B-H), 1.92 (br s, 16H,
B-H), 1.66 (br s, 48H, B-H), 0.50 (m, 32H, -Si-CH,-
CH,-Si), 0.30 (s, 12H, Si-CHj3), 0.08 (s, 12H, Si-CHj),
0.00 (s, 24H, Si-CH;). ''B NMR: § 7.24 (d, 'I(B,H) =
126 Hz, 2B), 1.81 (d, 'J(B,H) = 135 Hz, 2B), -2.92 (d,
'J(B,H) = 141 Hz, 4B), -5.70(d, 'J(B,H) = 144 Hz, 2B),
-15.73 (d, 'J(B,H) = 155 Hz, 2B), -17.50 (d, 'J(B,H) =
185 Hz, 2B), -23.20 (d, 'J(B,H) =137Hz, 2B). “C{'H}
NMR: 8 55.29 (Cepuster-H), 41.16 (Cipuster-Si), 8.98, 5.65,
5.05, 4.04 (-CH,-), -1.05, (O-Si-CH,), -5.15 (Si-CH3), -
7.75 (Cotustr-Si-CH3). PSi{'H} NMR: & 11.85 (u-Si-
Cetuster)s  -20.53  (O-Si). FTIR (KBr), cm™: 3063
(D(Cclustcr'H))7 2955 (D(Calkyl-H))r 2908 (D(Calkyl'H))s
2554 (v (B-H)), 1257 (6 (Si-CH3)), 1080 (5 (Si-O)).
MALDI-TOF-MS m/z: 324.2 ([Co(1,2-C,BoH,;)]’, 100
%), 393.2 ([Co(1,2-C,BoH,0)Si(CH3)(CH>)], 48 %).

Synthesis of cyclosiloxane dendrimer Csg{2G-[1,1’-
p-Si(CH3)-3,3’-Co(C,BgH )]s}, Css[8].

This compound was prepared using the same procedure
as for Cs,[7], by using 1G-octavinylcyclotetrasiloxanes
(18.0 mg, 0.024 mmol), 10 pL of Karstedt catalyst and
Cs[1,1’-u-Si(CH3)H-3,3’-Co(1,2-C,BoHp),] (97.5 mg,
0.195 mmol) in 3 mL of THF. The mixture was stirred
for 48 h at 50 °C. After work up, Csg|[8] was obtained as
an orange solid. Yield: 62 mg, 54 % "H NMR: § 4.51
(br s, 16H, C-H), 0.55 (m, 48H, -Si-CH,.CH,-Si), 0.32
(s, 24H, Si-CH;), 0.12 (s, 24H, Si-CHs). 'H{''B} NMR:
8 4.51 (brs, 16H, C.-H), 3.38 (br s, 16H, B-H), 3.25 (br
s, 16H, B-H), 3.07 (br s, 16H, B-H), 2.30 (br s, 16H, B-
H), 2.21 (br s, 16H, B-H), 1.95 (br s, 16H, B-H), 1.67
(br s, 48H, B-H), 0.55 (m, 48H, -Si-CH,.CH,-Si), 0.32
(s, 24H, Si-CH3), 0.12 (s, 24H, Si-CHs). ''B NMR: &
7.60 (d, 'J(B,H) = 132 Hz, 2B), 2.24 (d, 'I(B,H) = 115
Hz, 2B), -2.54 (d, 'J(B,H) = 131 Hz, 4B), -5.52 (d,
'J(B,H) = 130 Hz, 2B), -15.12 (d, 'J(B,H) = 132 Hz,
2B), -17.46 (d, 'I(B,H) = 151 Hz, 2B), -22.98 (d,
'J(B,H) =124 Hz, 2B). "C{'H} NMR: & 50.95 (Custer-
H), 43.83 (Cepusier-Si), 8.57, 7.68, 5.62, 4.40 (-CH,-), -
0.65, -1.82 (Si-CH3), -7.73 (Cepusier-Si-CHz). ¥Si{'H}
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NMR: 8 11.74 (1-Si-Cotusier), 888 (Sibranch)s -19.94 (O-
Si). FTIR (KBr), cm': 3061 (0(Couse-H)), 2958
((Capgi-H)), 2916 (0(Cai-H)), 2552 (v (B-H)), 1259 (5
(Si-CH:)), 1084 (3 (Si-O)). MALDI-TOF-MS m/z:
3242 ([Co(1,2-C:BoH )], 2 %), 3932 ([Co(1,2-
C,BoH,0)Si(CH3)(CH)], 14 %), 454.7 (M — CH;0)/8,
49 %).

Indirect identification method, based on UV-Vis
spectroscopic measurements, to corroborate the full
functionalization with cobaltacarboranes.

UV-Vis spectra have been measured using the
following procedure: stock solutions of compounds
were obtained by preparing solutions of several
milligrams, in the range of 1-10 mg, of the solids
compound in 4 ml of DMSO or acetonitrile. The molar
concentration for the solutions of Cs[2], Cs4[3], Csg[4],
Csg[5], Cs4[6], Csy[7] and Csg[8] in DMSO are 3.21-10
*M, 7.27:10° M, 2.08:10* M, 1.04-10* M, 2.05-10™* M,
3.87-10* M, 3.27-10"° M, and in acetonitrile are 1.35-10°
M, 2.42:10° M, 1.24:-10" M, 5.76:10° M, 1.28:10* M,
9.65:10° M, 6.80-10° M, respectively. The UV-Vis
absorption at 462 nm was measured and the molar
absorptivity (€) was obtained according to the
relationship €= Ay/M, where M is the molar
concentration of the solution (See Table S4
Supplementary Material). For each sample the A4, was
measured three times.

Test of solubility in water/DMSO for caesium
salts of metallodendrimers.

Calibration Curve of Cs[9] in DMSO (Figure 5).

The UV-Vis absorptions for DMSO solutions of
Cs[9] at 107 M, 5-10° M, 2.5:10° M, 1.25-10° M,
6.25-10* M, 3.13-10* M, 1.56:10* M, 7.8-10° M,
3.9-10° M, 1.95-10° M were measured at 462 nm in
order to construct the calibration curve. The Lambert-
Beer law is applied and the relationship between the
absorptions and concentrations has been calculated as
Ays=368.8-[Cs[9]] (R2 = 0.9997); where Ayq is the
absorption of the solution at 462 nm, 368.8 is the molar
absorptivity € (mol-L'em™) at 462 nm and [Cs[9]] is
the molar concentration (mol-L™") for Cs[9] in DMSO.

Solubility Tests (Table S5 in Supplementary
Material).

Entry 1 in Table S5: 11.3 mg of Cs[2] were dissolved
in 13 mL of DMSO to give a solution 1.37-10°M. This
solution was further diluted to 4.6-10* M by addition of
25 ml of H,O. To 1 mL of this solution were added 2
mL of pure water to give a final concentration of 1.5-10
*M, with 87.9 % of water (w/w).

Entry 2 in Table S5: A solution 7.5-10°M, with 93.9
% of water (w/w), was prepared by addition of 2 mL of
water to 2 mL of the previous solution 1.5-10*M of
Csl2].

Entry 3 in Table S5: 12.5 mg de Csg[4] were
dissolved in 0.25 mL of DMSO to give a concentration
of 1.1-10°M. This solution was further diluted to
1.1-10*M (98.9 % of water) by addition of 25 ml of
H,0.

Entry 4 in Table S5: A solution of concentration
5.5-10°M, with 99.5 % of water (w/w), was prepared
by addition of 2 mL of H,O to 2 mL of the previous
solution 1.1-10*M of Csg[4].

Entry 5 in Table S5: A solution of concentration
2.8:10°M, with 99.7 % of water (w/w), was prepared
from by addition of 2 mL of H,O to 2 mL of the
previous solution 5.5-10°M of Csg[4].

Entry 6 in Table S5: 24 mg of Csy[7] were dissolved
in 2 mL of DMSO to give a concentration of 4.5:10~°M.
This solution was further diluted to 1.2-10*M (97.4 %
of water) by addition of 75 ml of H,O.

Entry 7 in Table S5: A solution 6.0-10°M, with 98.7
% of water (w/w) was prepared by addition of of H,O
(2 mL) to 2 mL of the previous solution 1.2:10*M of
Csy[7].

Entry 8 in Table S5: A solution 3.0-10°M, with 99.4
% of water, was prepared by addition of H,O (2 mL) to
2 mL of the solution 6.0-10°M of Cs,[7].
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Scheme 1. Preparation of compound (2)° by hydrosilylation of tetravinylsilane with

metallacarborane (1)".
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Scheme 2. Preparation of carbosilane dendrimers (3)* and (4)* and (5)*.
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Scheme 3. Preparation of carbosiloxane dendrimers 6)*, (D" and (8)*.
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Figure 1. 11B{IH} NMR spectra for compounds (1), (2), 3)*, (5)* and (9).
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Figure 2. UV-Vis spectra in acetonitrile for compounds Cs(2), Csg(5) and Cs4(7).
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Figure 3. UV molar absorptivity (¢) at A = 462 nm versus number of cobaltabisdicarbollide moieties

(X) attached to the periphery of the dendrimers in a) DMSO, b) acetonitrile.
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Figure 4. Calibration curve of (9) in DMSO and absorption values (A) towards molar

concentrations (M) of Cs(2), Csg(4) and Cs4(7) in water/DMSO solutions.
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Polyanionic carbosilane and carbosiloxane metallodendrimers based on
cobaltabisdicarbollide derivatives.
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Supplementary Material

Steric Hindrance quantification by Monte
Carlo Method.'

The Monte Carlo method has been applied in
this work for the stochastic generation of stable
configurations in the dendrimers studied at 300
K. Solvation is not incorporated into the model
and the bulky [1,1’-p-Si(CH;)CH,-3,3-Co(1,2-
C,BgH,),] fragment has been substituted by a -
Si(CH3); moiety. The aim of these calculations
is to obtain a parameter that quantify the steric
hindrance in the periphery of any carbosilane
dendrimer. It could be achieved taken in
account the most external Si atoms in the
branches and recording the average distance
between them. This average distance for all
configurations simulated by Monte Carlo
method may provide a representative value to
compare between dendrimeric structures about
the steric hindrance in the periphery. We define
this parameter as 1 (A), equation 1.

M
Ui MN = & "'!rr'

s

(M

>0
9
Figure S1. Tetravinylsilane four times

hydrosilylated with HSi(CH3); showing the six
distances measured.

Where M means the number of simulated
configurations, usually 100, and N takes the
value of 1 for disubtituted, 3 for trisubtituted, 6
for tetrasubstituted and 36 for eight-substituted
branches of the dendrimers in the periphery. For
example, the case of the tetravinylsilane (TViSi)

hydrosilylated with four HSi(CH;);, TViS0s4,
the six recorded distances are represented in
Figure S1.

This six distances in the 100 simulated
configurations for TViS0s4 applying equation 1
gives m = 7.0 A. The data for the other
dendrimeric structures is represented
graphically in Figure S2 and the Table S1 show
the values of ).

Low values of this parameter n can be seen as
high steric hindrance and high values as low
steric hindrance. Then, it can be seen that the
tetrasubtituted (TViS0s4) has the lowest value
of m. Also, the trisubstituted (TViS1s3)
dendrimer m is lower than disubstituted
(TViS2s2). The first generation of a
tetrafunctionalized dendrimer, the 1G-Vi0s4,
has a higher value than TViS0s4. Also, 1G-
Vi0s8 has higher value than TViS0s4. However,
the 1G-Vi0s4, has a higher value than 1G-Vi0s8
because 1G-Vi0s4 is less overcrowded. The
comparison between 1G-Vi0s8 and 2G-Vi0s8 is
very interesting, if these dendrimers are drawn
on a plane they seem to be as overcrowded as
TViS0s4, however the m parameter is very
different between them, being the crowdedness
less when the dendrimer generation is higher.
Then, this method permits to know, a priori,
and as an indirect way, which vinyl terminated
dendrimers can be fully hydrosilylated with the
[1,17-p-Si(CH;)-3,3’-Co(1,2-C,BoH ),]
fragment. The experimental findings permit to
draw a frontier line for the [1,1’-p-Si(CH;)-3,3’-
Co(1,2-C,BgHy),] case, that we have placed
around 8.5 A.
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Figure S2. Values of n (A) for the calculated
structures at 300 K. The two zones frontier line
is established according to experimental results
for the case of the cobaltabisdicarbollide.

dendrimer n(A)
TViS0s4 7,0
TViS1s3 7,8
TViS2s2 7,9
1G-Vi0s8 10,1
1G-Vi0s4 12,9
2G-Vi0s8 19,9

Table S1. Values of m for the calculated
structures at 300 K.

Experimental Method

Averages computed from a  properly
equilibrated Monte Carlo simulation correspond
to thermodynamic ensemble averages at 300 K.
A geometry optimization of the initial structure
configuration at semiempirical level PM6' is
the starting point for the Monte Carlo
simulations."®
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Figure S3. MALDI-TOF spectrum for compound (2)".
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Table S2. Chemical shift values [ppm] of the carbon nuclei in the *C{'H} NMR

spectrum of dendrimers functionalizated with cobaltabisdicarbollides.

8 BC{'H}
Metallodendrimer C-H Si-C. -CH,- CH;-Si-O Si-CH; C-Si-CH;
2y 55.30 4099 4.14,3.35 - -1.72
) 55.55 4133  6.49,5.054.07,2.44 - -5.11 -1.72
@* 5532 4124  8.49,7.184.13,3.50 - -1.09 -7.63
6)* 5530 41.08  8.52,6.604.34,4.10 - -1.13,-5.02 -1.77
3.55,3.11
©)* 56.16 41.93 8.44,4.21 -1.04 - -6.70
n* 5529 41.16  8.98,5.65,5.05,4.04 -1.05 -5.15 -1.75
®* 5095 43.83 8.57,7.68, -0.65 -1.82 -1.73

5.62,4.40
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Table S3. Chemical shift values [ppm] of the silicon nuclei in the *’Si{'H} NMR

spectrum of dendrimers functionalizated with cobaltabisdicarbollides.

8 ¥Si{'H}
Metallodendrimer Sicore Sipranch Si-C,
Qy 11.80 _ 12.15
3)* 5.88 6.65 11.98
@* 8.28 9.78 11.73
5)* 6.32, 8.03 11.52
©)* -20.53 - 11.85
n* -19.88 7.63 11.15
@8 -19.94 8.88 11.74

Table S4. UV molar absorptivities (€) in DMSO and CH3;CN for the metallodendrimers.

X represents the number of cobaltabisdicarbollide moieties attached to the dendrimer

periphery.
e(MD) e(MD)

Compound  DMSO CH,;CN X ¢/X (DMSO)  &/X (CH;CN)
Cs(9) 369 239 1 369 239
Cs(2) 335 294 1 335 294
Cs,(3) 1259 1362 4 315 340
Csy(4) 2755 2970 8 344 371
Csy(5) 2518 2726 8 315 341
Cs4(6) 1228 1427 4 307 357
Csy(7) 1345 1476 4 336 369
Csy(8) 2818 3011 8 352 376
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Table S5. Absorption values (A) towards different molar concentration (M) of Cs(2),

Csg(4) and Csy(7) in water/DMSO solutions.

Entry Compound M (mol-L™") Abs. % (w/w) water
1 Cs(2) 1510 0.066 87.9
2 Cs(2) 7.5-10° 0.030 93.9
3 Cs4(8) 1.1-10* 0.045 98.9
4 Cs4(8 55107 0.022 99.5
5 Cs4(8) 2.810° 0.014 99.7
6 Csy(7) 1210* 0.049 97.4
7 Cs«(7) 6.0-10° 0.025 98.7
8 Csy(7) 3.0-10° 0.013 99.4

(1) (a) Allen, M.; Tildesley, P. D. J. Computer Simulation of Liquids, Oxford University
Press, USA, 1989. (b) MOPAC2007 Version 8.205L, Stewart, J. J. P.; Stewart

Computational Chemistry, 2007. (¢) Hyperchem 7.5., Hypercube, 2002.
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b) Polyanionic Aryl-Ether Metallodendrimers Based On Cobaltabisdicarbo-

llide Derivatives. Photoluminescent Properties.



182 Anexo I. Articulos posteriores a la Comisién de Doctorado de Abril de 2009.




183

Polyanionic Aryl-Ether Metallodendrimers Based On
Cobaltabisdicarbollide Derivatives. Photoluminescent

Properties.

1. , , , # . - . . b ’
Emilio José Judrez-Pérez,"" Clara Vifias," Francesc Teixidor," Rosa Santillan,” Norberto Farfin,”

*

d . b . s~
Arturo Abreu,” Rebeca Yépez,” Rosario Nifiez"

* Institut de Ciéncia de Materials, CSIC, Campus U.A.B., 08193 Bellaterra, Spain

®Departamento de Quimica, Centro de Investigacion y de Estudios Avanzados del IPN, 07000, Apdo. Postal 14-740,
México D.F., México

¢ Facultad de Quimica, Departamento de Quimica Orgénica, Universidad Nacional Autdnoma de México, México D.F.

04510, México

Universidad Politécnica de Pachuca, Carretera Pachuca Cd. Sahagun, Km 20, Zempoala, Hidalgo México.

Email address: rosario@icmab.es

Corresponding Author: Dr. Rosario Nufiez, Institut de Ciéncia de Materials, CSIC, Campus U.A.B., 08193 Bellaterra,
Barcelona, Spain. Tel.: +34 93 580 1853. Fax: +34 93 580 5729. rosario@icmab.es

# Enrolled in the UAB PhD program.

Introduction

1,3,5-triaryl(benzenes) (TPB) are a class of C3-
symmetry compounds important in electrodes and
electro luminescent devices. Branched functionalized
benzenoid compounds are versatile organic molecules
for the synthesis of C60, pharmaceuticals, sensitizers
for photographic processes as well as conjugated star
polyaromatics. Dendrimers prepared from
triphenylbenzene have attracted considerable attention
in the last years,) among them, the Fréchet type-
poly(aryl ether) dendrimers are of current interest
because of their properties and multiple applications.

In the last years, the incorporation of boron clusters
in the interior or on the periphery of hydrocarbon,’
poly(lysine)’ and aliphatic polyester dendrimers,® as
well as other macromolecules and dendrimeric systems®
has become an area of great interest. Recently, in our
group we have become interested on the use of different
types of dendrons and dendrimers as platforms for the
incorporation of boron-based molecules.® With the aim
of preparing boron-rich anionic dendrimers, we have
developed different synthetic strategies for the
preparation  of  anionic carboranyl-terminated
carbosilane dendrimeric systems, in which nido-

carborane clusters are placed at the periphery.” We have
previously reported the efficient preparation of
polyanionic macromolecules by using a new approach
to bind metallacarboranes to carbosilane and
carbosiloxane dendrimers via hydrosilylation reactions
of vinyl-terminated dendrimers with the C.-silyl-
substituted cobaltabisdicarbollide derivatives, Cs[1,1’-
u-SiMeH-3,3’-Co(1,2-C,BsH ),], Cs(1).® The reason to
choose the monoanionic cobaltabisdicarbollide, [(3,3’-
Co-(l,Z-CngH“)z]’,9 is due to their boron-rich nature,
extraordinary  chemical and thermal stability,
hydrophobicity,'® weakly coordinating character'' and
low nucleophilicity.'? These features make anionic
dicarbollides suitable for the stabilization of transient
complex cation particles in catalysis, as strong non-
oxidizing acids,”® solid electrolytes,” extractant of
radionuclides," and doping agent in conducting
polymers.”® Our group has reported the use of the
cobaltabisdicarbollide in ion selective PVC membrane
electrodes  for  tuberculosis  drug  analysis.'®
Cobaltabisdicarbollide derivatives have also been
considered promising agents as boron rich carriers for
cancer treatment and diagnosis in Boron Neutron
Capture Therapy (BNCT)."” These boron compounds
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can be delivered into tumor cells using different
strategies for tumor targeting or can be used as building
blocks for the synthesis of boron-containing
biomolecules. For that reason, this metallacarborane has
been attached to different organic groups and
biomolecules, such as nucleosides™ and porphyrins."
The recent emergence of applications of carboranes as
materials for nanotechnology and pharmacophores in
drug design has expanded the potential use of boron
clusters in practice.”® For this purpose, bio-active
functionalized metallacarboranes have been
characterized,”’ In our continuing investigation of
structure/properties relationship in metallacarborane-
containing dendrimers, we now report the synthesis and
characterization of a new family of star-shaped and
dendrimers, that consist of 1,3,5-triphenylbenzene units
as fluorescent cores, Fréchet-type poly(aryl ether)
fragments as connecting groups and three, six and
twelve cobaltabisdicarbollide anions as end moieties.
which contain a core and at the periphery. In addition,
comparison between the photoluminescent properties of
the compounds, before and after functionalization has
been carried out.

Results and Discussion

1. Synthesis of polyphenyl aryl ether star shape
dendrimers with fluorescent cores. The synthesis of
1,3,5-triarylbenzene can be carried out using Suzuki
cross coupling or cyclocondensation reactions from
substituted acetophenones.”? The cyclocondensation
allows the synthesis of many chemical species, such as
multimetallic pincer,” star-shaped thiophenes® and
organic-inorganic hybrid mesoporous materials,”
which can be carried out with triflic acid,” sulfuric
acid-sodium pirosulfate,”® perfluorinated resins®® and
tetrachlorosilane in ethanol.”

In this work we have prepared dendrimers with 1,3,5-
triarylbenzene as core and three, six, nine and twelve
terminal allyl groups to be used as precursors to attach
metallacarborane derivatives at the periphery. The
sequence of reactions used for the preparation of 1,3,5-
tris(4-allyloxyphenyl)benzene 2 is shown in Scheme 1.
4-allyloxyacetophenone, 1, was first synthesized in
quantitative yields from 4-hydroxyacetophenone and
allyl bromide in the presence of potassium carbonate
under reflux of acetone, the spectroscopic data of 1
were compared with those reported in the literature.””
Triple condensation of 1 in absolute ethanol using
tetrachlorosilane led to 2 in 80 % yield. For the
synthesis of 1,3,5-(4-(3,5-bisallyloxy)-
benzyloxyphenyl)benzene, Sa, and 1,3,5-(4-(3,4,5-
trisallyloxy)-benzyloxyphenyl)benzene, Sb, in a first
step the allyl groups of compound 2 were removed with
Pd(OAc), in the presence of the previously™ to give
(3,5-dihydroxy)benzyl alcohol, 3*°, Scheme 1. and the
spectral data of 4a was compared with the literature.?®
The reaction of benzyl chloride derivatives 4a and 4b,
prepared using procedures described in the
literature®®*1*2, with the core 3 at reflux of acetonitrile
in the presence of K,CO; and catalytic amounts of 18-

crown-6 ether’ gave 5a and 5b as amber oils in 95%
and 92% yield, respectively, see Scheme 2. Finally, the
reaction of 3 with 3,5-(bisallyloxy)benzylchloride gave
3,5-bis(3,5-bis-allyloxy)benzyl alcohol which was
reacted with SOCl, and Et;N in CH,Cl, to give 6.
Subsequent reaction of 6 with 3 under reflux of acetone
in the presence of K,CO; and catalytic amounts of
Bu,NF ** gave 7 as amber oil in 53% yield (Scheme 3).

2. General  procedure for peripheral
functionalization with cobaltabisdicarbollides. To
decorate the periphery of fluorescent cores and
dendrimers 2, 5a-b and 7 with cobaltabisdicarbollide,
hydrosilylation reactions of the allyl-terminated groups
with Cs[1,1°-u-SiMeH-3,3’-Co(1,2-C,BoH0),], Cs(8),®
in the presence of Karstedt catalyst in THF at 50 °C
were carried out. The reaction of three equivalents of
Cs(8) with one equivalent of 2 afforded the cesium salt
of the three-functionalized star-shape compound
Cs;(10), in 54% yield (Scheme 4). When the reaction of
Cs(8) with 5a and 7 a 6:1 ratio Cs(8)/5a and 12:1
Cs(8)/7 were used, under the same conditions, a
complete hydrosilylation of dendrimers was observed to
obtain Csg(11) and Cs;,5(12), respectively (Scheme 5).
However, all attempts for full hydrosilylation of
compound Sb, which contains nine terminal allyl
functions, were unsuccessful (Scheme 6). This was
already observed in a previous work, when we tried the
hydrosilylation of tetravinylsilane with Cs(8), it was not
possible the complete hydrosilylation of the four vynil
groups. Most probably, the steric bulk of the
cobaltabisdicarbollide causes the incomplete
hydrosilylation and restricts the number of
metallacarboranes that can be introduced at the
periphery. Supplementary material contains a brief
Montecarlo simulation study about the steric hindrance
in these dendrimers. In all cases, the binding of the
cobaltacarborane anion 8 to the allyl-terminated
dendrimers was monitored by IR and 'H NMR
spectroscopy, following the disappearance of the Si-H
signal in both spectra and the allyl protons in the 'H
NMR.

Characterization of star-shape and dendrimers
before and after functionalization. The starting
compounds 1-7 were characterized on the basis of FT-
IR, 'H, ®C NMR, UV-Vis and mass spectrometry,
whereas compounds Cs;(10), Cse¢(11) and Cs(12)
were also characterized by "B and *’Si NMR. All
compounds show resonances between 7.80 and 7.00
ppm attributed to the aromatic protons at 2,4 and 6
positions of the central phenyl ring of the 1,3,5-
triphenylbenzene core in the 'H NMR spectra.
Compounds 2, 5a, Sb and 7 show resonances in the
range & 6.20 and 5.20 ppm attributed to the allyl
protons, that have been assigned according to the area
and coupling constants. These signals disappear after
hydrosilylation reaction, indicating the addition of the
cobaltacarboranes to the double bonds and formation of
10, 11 and 12 with complete functionalization. In the
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latter compounds, the presence of -CH,- proton
resonances around 4.00 ppm (-OCH,-), 1.85 (-CH,) and
1.00 ppm (-SiCH,-) corroborates their formation. Broad
resonances around 4.50 ppm corresponding to the C.-H
protons of the cobaltabisdicarbollide are also observed
in functionalized dendrimers. The "H NMR spectra also
exhibit resonances at low frequencies, around 0.30
ppm, for C.-Si-CHs protons. The *C{'H} NMR spectra
show aromatic carbons in the range from +160.5 to +
100.5 ppm for all compounds. Different numbers of
resonances attributed to the carbon atoms of the ether
groups (O-CH,-) are observed around 70 ppm for 10,
11 and 12. After functionalization  with
cobaltabisdicarbollide,  dendrimers  10-12  show
resonances around 55.25 and 40.50 ppm attributed to
the C.-H and C.-Si atoms, respectively. The resonances
for the Si-CHj; units bonded to the C. appear between -
6.03 and -7.09 ppm. Finally, the -CH,- carbons are
displayed from 22.3 to 8.41 ppm.

The "B NMR spectra of anions 10-12 exhibit an
identical 2:2:4:2:2:2:2:2 pattern in the range from +8.40
to -22.30 ppm, typical of cobaltabisdicarbollide
derivatives.™® Due to the similarity of these ''B{'H}
NMR spectra with that of Cs[1,1’-pu-SiMe,-3,3’-Co(1,2-
C,BgH0),],¥ Cs(9), it has been possible to assign each
specific resonance to the corresponding boron atom.
Figure 1 shows the '"B{'H}NMR spectra of anion 10.
The boron resonance with a relative intensity of 4 is due
to a coincidental overlap of two resonances with a 2:2
relative intensity. All the three cobaltabisdicarbollide-
functionalized compounds 10, 11 and 12 show only one
peak just about 12.0 ppm in the *’Si NMR spectra,
corresponding to the Si-C,jqe and shifted around 8.5
ppm to downfield respect to the starting compound 8
(8si = 2.94 ppm).® Different mass spectrometry
techniques have been used for the characterization of
compounds: High Resolution mass spectrommetry
(HMRS), ESI-MS and MALDI-TOF-MS. The formula
of the star-shape compound 10 was well established by
using ESI-MS mass spectrometry, in which the
molecular ion peak appears at m/z = 1837.1 (M-Cs), in
concordance with the calculated pattern (Figure 1.) The
MALDI-TOF mass spectra of dendrimers 11 and 12
were recorded in the ion mode without matrix, where a
big fragmentation was observed. The IR spectra present
typical v(B-H) strong bands for closo clusters around
2550 cm!, and intense bands near 1257 cm’
corresponding to the 3(Si-CHj).

Absortion and Emission Measurements. The UV/vis
absorption measurements for compounds 2, 5a-b, 7, 10,
11 and 12 were performed in acetonitrile. Table 2 lists
the spectroscopic and photophysical properties
measured for these compounds. Starting dendrimers 2,
5a-b and 7 display a significant solvatochromic shift
and exhibit bands of absorption maxima in the region
269-272 nm, that correspond to the m to n* transitions
in the aromatic core similar to the maximum at 254 nm
previously observed for 1,3,5-triphenylsubstituted
benzene compounds.1C (Figure 2). Metallacarborane-

functionalized dendrimers show two maxima absorption
bands, one is in the region 271-276 nm due to the core,
and the second band between 307-310 nm, which
corresponds to the [1,1’-u-CH,Si(CH3)1,2-
Co(C,BoHy,),] fragment (Figure 3).

For dendrimers 10-12 it can be appreciated a direct
correlation between the number of
cobaltabisdicarbollide moieties located at the periphery
and the molar absorptivity (€y.). This method was
previously used by us to measure the number of
cobaltacarboranes in the dendrimer, and consists on the
measurement of the UV absorption of a solution
containing the functionalized dendrimers and study the
trend of the molar absorptivity. Figure 4 shows the
molar absorptivities (¢) measured at A = 309 nm in
acetonitrile versus the number of metallacarboranes (n)
attached to the different dendrimers, 10-12, which
contain three, six and twelve cobaltabisdicarbollide
moieties, respectively. In addition the molar
absorptivity for the reference compound [1,1°-p-
Si(CH3),-1,2-Co(CyBoHy1),], (point 1, 12687 in the
graph) is also exhibited.® It can be appreciate that €
increases with functionalization degree of the
dendrimes surface.

It is worth noting that compounds 2, 5a-b and 7 exhibit
blue emission with A, around 364 nm after excitation
at 270 nm in acetonitrile. Nevertheless, dendrimers 10,
11 and 12 do not show appreciable fluorescence
emission. Tabla 1 collects the data and Figure 5 shows
the PL normalized spectra for compounds 2, 5a, Sb and
7.

The lifetime of 2, 5a, 5b, and 7 was measured giving
values around 9.4 ns and their decay is described by a
single exponential. The fluorescence quantum yield, @,
is defined as the ratio of the total number of photons
emitted within the total number of absorbed photons.
The four samples have a quantum yield around 20 %.
However emission of 10, 11, 12 is almost negligible
indicative of quenching of the core dendrimer emission
by the cobaltabisdicarbollide moiety. As a control
experiment, the fluorescence of a mixture of compound
2 and 3 €q. of [1,1,-]J,-Si(CH3)2-(C2B9H11)2]’ was
measured and the result is that quantum yield of this
mixture is ® = 14 %. This fact indicates that the
quenching by the cobaltabisdicarbollide moiety is more
effective when it is chemically bonded to the
fluorescent core. Furthermore, this fact confirms that
the intermolecular effects are not significant, and then
two possible mechanisms, exchange and dipole—dipole,
can be invoked to account for the aromatic core
dendrimer to cobaltabisdicarbollide energy transfer.
Electron exchange can be discarded because saturated
units connecting the respective parts behave like
insulators towards electronic communication because
the HOMO-LUMO energy separation is large. On this
basis, we propose that the occurrence of energy
transfer is due possibly to the dipole—dipole
mechanism.

The starting dendrimers exhibit photoluminescence
properties at room temperature under ultraviolet
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irradiation, due to the core molecule, however, after
functionalization with C-substituted
cobaltabisdicarbollide, the fluorescence properties are
quenched. By using steady-state and time-resolved
luminescence measurements, we show that for these
metallodendrimers, a mechanism different to photon
emission could be available to go from excited singlet
state to the ground electronic state, due mainly to
peripheral functionalization.

Simulation of UV-Vis and Fluorescence spectra.
Excited states of 2 were calculated using a
semiempirical method PM6 implemented in MOPAC*
to simulate their absorption spectra with the effect of a
solvent model (COSMO) surrounding the molecule.*®
If the excited state has a sufficiently long lifetime then
the system returns to the ground state by emission of a
photon, the energy of the emitted photon will be less
than that of the exciting photon. In order for
fluorescence to occur, the photoemission probability
must be quite large, so only transitions of the same spin
are allowed. For example, in this case the ground state
is Sy, then the fluorescing state would be S;. The PM6
semiempirical method permits geometry optimization
of the excited states, therefore the ground-state S, and
the first singlet excited-state S; have been optimized
thus enabling a direct comparison of calculated results
with experimental data for the fluorescence spectrum of
this molecule. The computed absorption and
fluorescence wavelength in acetonitrile for 2 is
represented in Figure 6.

The calculated wavelengths and general trends are in
very good agreement with experiment, with a
theoretical error on the Stokes shift around 16 %. The
computed fluorescence wavelength (355 nm) is in very
good agreement with the measurement (363 nm).
Furthermore, the calculated relative energy difference
between S;y Sy is 4.29 eV and the calculated Stokes
shift is 1.34 eV that would represent about 30% of
quantum yield. If we use the experimental Stokes shifts
this percentage of quantum yield reaches 26 % which is
very close to the experimental value of 20 %. In
summary, the experimental and calculated results
present a high degree of accuracy. However, the
semiempirical optimization for compounds like
cobaltabisdicarbollide is not available and then a deep
insight in the quenching mechanism of the fluorescence
cannot be envisaged. Probably, when this moieties are
attached to the dendrimer surface, the Jablowsky
diagram changes from an emissive system A to another
non emissive system B. (Figure 7).

Experimental Section

Instrumentation

The melting point of 2 was recorded on an
Electrothermal 9200 apparatus and is uncorrected.
Microanalyses were performed in the analytical
laboratory using a Carlo Erba EA1108 microanalyser. IR
spectra were recorded with KBr pellets or NaCl on a
Shimadzu FTIR-8300 spectrophotometer. UV/visible

spectroscopy was carried out with a Shimadzu UV-Vis
1700 spectrophotometer, at 23 °C temperature, using 1 cm
quartz cuvettes. Fluorescence spectra were measured on
Cary Eclipse fluorescence spectrophotometer. The
Electrospray-lonization mass spectra (ESI-MS) were
recorded on a Bruker Esquire 3000 spectrometer using
a source of ionization and a ions trap analyzer. MALDI-
TOF-MS mass spectra were recorded in the negative
ion mode using a Bruker Biflex MALDI-TOF [N, laser;
Aexe 337 nm (0.5 ns pulses); voltage ion source 20.00
kV (Uisl) and 17.50 kV (Uis2)]. Mass spectra were
recorded on a Hewlett—Packard 5989A spectrometer
using Electron Ionization HRMS (High Resolution
Mass Spectroscopy) spectra were obtained on an
Agilent Technologies G1969A, and APCl(atmospheric
pressure chemical ionization)-ionization time-of-flight
spectrometer, coupled to a HPLC model 1100. The 'H,
'H{"'B} NMR (300.13 MHz), "B, "B{'H} NMR
(96.29 MHz), *C{'H} NMR (75.47 MHz) and Si{'H}
NMR (59.62 MHz) spectra were recorded on a Bruker
ARX 300 spectrometer equipped with the appropriate
decoupling accessories at room temperature in
deuterated chloroform or acetone-ds solutions.
Chemical shift values for ''B NMR and ''B{'H} spectra
were referenced to external BF;-OEt,, and those for 'H,
'H{"B}, “C{'H}NMR and *Si{'H} NMR spectra
were referenced to SiMey. Chemical shifts are reported
in units of parts per million downfield from reference,
and all coupling constants are reported in Hertz.

Materials. All manipulations were carried out under
a dinitrogen atmosphere using standard Schlenck
techniques. Solvents were reagent grade and were
purified by distillation from appropriate drying agents
before use. 3,5-dihydroxybenzyl alcohol, 4-
hydroxyacetophenone, palladium (II) acetate and
tetrabutylammoniun fluoride hydrate were purchased
from Aldrich except the Karstedt’s catalyst (platinum
divinyltetramethyldisiloxane complex, 2.1-2.4%
platinum in vinyl terminated polydimethylsiloxane)
from ABCR and used as received. Compounds 1,”™
3,;iError! Marcador no definido. 4a,28 6,37 Cs(8) and
Cs(9)® were prepared according to the literature
procedures.

1,3,5-tris(4-allyloxy-phenyl)benzene, 2.

Compound 2 was prepared from of 1 (4.80 g, 27.27
mmol) and tetrachlorosilane (12.5 ml, 109.08 mmol) in
absolute ethanol at room temperature for 24 h. The
precipitate was filtered and washed with methanol to
give 2 as a white powder, m. p. 83-85 °C, Yield: 80 %
(3.44 g, 7.26 mmol). 'H NMR (300 MHz; CDCl;), &
(ppm): 7.68 (3H, s, H-1), 7.64 (6H, d, J'(H,H) = 8.7, H-
4), 7.04 (6H, d, P(H,H) = 8.7, H-5), 6.11 (3H, ddt, Jysans
= 172’ Jcis = 104, J3allylic =53 H'8)5 5.48 (3H> dds Jtrans
= 17.2, F(HH)= 1.3, H-9a), 5.34 (3H, dd, J; = 10.4,
JF(H,H) = 1.3, H-9b), 4.62 (6H, d, Joyic = 5.3, H-7); °C
NMR (75.46 MHz; CDCly), & (ppm); 158.5 (C-6),
142.0 (C-2), 134.2 (C-3), 133.4 (C-8), 128.5 (C-4),
124.1 (C-1), 118.0 (C-9), 115.2 (C-5), 69.1 (C-7); MS
[m/z], 475 (IM+H]', 35), 474 (M", 100), 434 (27), 433



187

(81), 292 (42), 351 (21). IR (cm™) 3130, 1642, 1608,
1511, 1400, 1325, 1234, 1180, 996, 833, 777. HRMS
C;3H;0; [M+H]', calculated 475.2268, found
475.2266, with an error of 0.361 ppm.

(3,4,5-trisallyloxy)benzyl chloride, 4b.

To a solution of 3,4,5-trisallyloxy(benzyloxy)benzene
(0.91 g, 3.29 mmol) in dry CH,Cl, were added 5 ml
(3.62 mmol) of Et;N under nitrogen atmosphere. The
solution was cooled to 0° C and SOCI, (0.262 mmol)
was added slowly. The reaction mixture was stirred for
24h at RT, after water was added, and the organic phase
extracted with CH,Cl,, dried and evaporated under
vacuum to give 4b as an amber oil. Yield: 95% (0.92
g). '"H NMR (270 MHz; CDCly), 6.60 (2H, s, H-3),
6.18-5.98 (3H, m, H-7,H-7"), 5.44 (2H, dd, Jyans = 17.2,
Jeem=1.5 Hz, H-8), 5.35 (1H, dd, Jyus = 17.2, Jgen=1.5
Hz, H-8%), 5.27 (2H, dd J = 10.4, J=1.5 Hz, H-8 ),
5.19 (IH, d, Jeis= 10.4, J=1.5 Hz, H-8” ),)4.55 (6H, d,
J=5.4 H-6), 4.47 (2H, s, H-1); *C NMR (75.46 MHz;
CDCl;-dg), 0 (ppm); 152.8 (C-4), 138.1 (C-5), 134.6 (C-
7)), 133.3 (C-7), 132.7 (C-2), 117.4 (8°), 117.2 (8),
107.6 (C-3), 73.9 (C-6%), 69.6 (C-6), 46.6 (C-1); IR
(NaCl, cm™) 3080, 1825, 2868, 1590, 1502, 1440,
1422, 1332, 1234, 1128, 1111, 989, 926, 708. MS
[m/z], 296 (M'+2, 8), 294 (M*, 22), 255 (16), 253 (46),
81 (29), 41 (100). HRMS C;cH05Cl 295.1095 error
0.1055 ppm

Synthesis of 5a.

Compound Sa was synthesized from of 1,3,5 tris-(4-
hydroxyphenyl)benzene (3) (0.625 g, 1.76 mmol) and
3,5-(bisallyloxy)benzyl chloride (4a) (1.50 g, 5.30
mmol) under reflux of acetone for 48 h in the presence
of K,CO; and catalytic amounts of 18-crown-6 ether.
The solid residue was removed by filtration, the solvent
evaporated under vacuum to give 5a as an amber The
crude oil product was percolated on silica get eluting
with hexane/EtOAc (8:2). Yield: 95% (1.61g, 1.67
mmol). '"H NMR (300 MHz; CDCl3), & (ppm): 7.67
(3H, s, H-2), 7.61 (6H, d, Jo = 8.8, H-4), 7.08 (6H, d, Jo
= 8.8, H-5), 6.68 (6H, d, Jm = 2.2, H-9), 6.48 (3H, t, Jm
= 2.2, H-11), 6.14-6.00 (6H, m, H-13), 5.46 (6H, dd,
Jans = 17.3, J = 1.5, H-14a) 5.31 (6H, dd, Jcis = 10.5,J
=1. 5 Hz, H-14b), 5.08 (6H, s, H7) 4.56 (12H, dt J(HH)
=53, J(HH) = 1.4, H-12), 5.07 (6H, s H-7); °C NMR
(75.46 MHz; CDCl;-d), & (ppm); 160.2 (C-10), 158.6
(C-6), 142.0 (C-2), 139.5 (C-8), 134.3 (C-3), 133.3 (C-
13), 128.6 (C-4), 124.1 (C-1), 118.0 (C-14), 115.4 (C-
5), 106.3 (C-9), 101.5 (C-11), 70.2 (C-7), 69.1 (C-12).
IR (NaCl, cm™) 3128, 2924, 1643, 1601, 1510, 1400,
1324, 1168, 1016, 828. HRMS CgHg Oy [M+H]',
calculated 961.4310, found 961.4331, with an error of
2.173 ppm.

Synthesis of 5b.

The procedure was the same as for Sa using 1,3,5 tris(4-
hidroxyphenyl)benzene (3) (0.70 g, 1.97 mmol) and of
3,4,5-trisallyloxy)benzyl chloride (4b) (1.90 g, 5.58
mmol) to give an amber oil. 90 % yield, (2.05 g, 1.81

mmol); '"H NMR (400 MHz; CDCl3), & (ppm): 7.67
(3H, s, H-2), 7.63 (6H, d, Jo = 8.6, H-4), 7.07 (6H, d, I,
= 8.6, H-5), 6.69 (6H, s, H-9), 6.12 - 6.04 (9H, m, H-13,
H-13"), 5.43 (6H, dd, Jyan=17.2, J=3.3 m, H-14a), 5.33
(3H, dd, Jyms=17.2, J=33 m, H-14a’), 5.28 (6H, d,
Ji=12.0,, H-14b), 5.21 (3H, d, cis=12, H-14b"), 4.64—
4.59 (18H, m, H-12, H-12%), 4.99 (6H, s, H-7); *C
NMR (75.46 MHz; CDCL), & (ppm); 158.9 (C-6),
153.2 (C-10), 1422 (C-2), 137.9 (C-11), 135.1 (C-3),
134.5 (C-13%), 133.8 (C-13), 132.7 (C-8), 128.8 (C-4),
124.3 (C-1), 118.0 (C-14), 117.9 (C-14), 115.7 (C-5),
107.2 (C-9), 74.6 (C-127), 70.7 (C-7), 70.4 (C-12); IR
(NaCl, cm™) 3126, 2926, 2838, 1643, 1594, 1509,
1439, 1329, 1232, 1112, 992, 926, 828.

Synthesis of 7

Compound 7 was synthesized from 3 (0.78 g, 0.28
mmol) and 3,5- bis[(3,5-bisallyloxy-benzyloxy)benzyl
chloride (6a) (0.50 g, 0.88 mmol) under reflux of
acetone for 56 hours in the presence of K,CO; and
catalytic amounts of BuyNF hydrate. The solid residue
was removed by filtration, the organic phase was
washed with H,0, dried with Na,SO, and evaporated
under vacuum to give 7. The crude product was
percolated over silica get eluting with hexane/EtOAc
(7:3) and washed with pentane to give an amber oil in
53 % yield (0.350 g, 1.67 mmol). 'H NMR (400 MHz;
CDCl), 8 (ppm): 7.68 (3H, s, H-1), 7.63 (6H, d, Jo =
8.9, H-4), 7.07 (6H, d, Jo = 8.9, H-5), 6.72 (6H, d, J=1.8
H-9), 6.62 (12H, d, J=1.8, H-14) 6.58 (3H, t, J=1.5 Hz
H-11), 6.48 (6H, t, J=1.5, H-16), 6.10-6.00 (12H, m, H-
18), 5.42 (12H, dd, Jy.ns=17.4, J=1.5, H-19), 5.27 (12H,
dd, Jeis=11.9, J=1.5, H-19), 5.06 (6H, s, H-7), 4.99
(12H, s, H-12), 4.53 (32H, d, J=5.4 Hz, H-17): C
NMR (75.46 MHz; CDCl;), & (ppm); 160.2 (C-10),
160.0 (C-15), 158.5 (C-6), 141.8 (C-2), 139.5 (C-8),
139.3 (C-13), 134.2 (C-3), 133.2 (C-18), 128.4 (C-4),
123.9 (C-1), 117.8 (C-19), 115.3 (C-5), 106.5 (C-9),
106.3 (C-14), 101.8 (C-11), 101.5 (C-16), 70.1 (C-12,
7), 69.0 (C-17); IR (NaCl, cm™) 3135, 1642, 1597,
1400, 1324, 1167, 1052, 830.

Synthesis of Cs;[10].

In a Schlenk flask, 2 (63.1 mg, 0.133 mmol), 10 pL of
Karstedt catalyst and 2 mL of THF were stirred for 10
min at room temperature. To the solution Cs[1,1’-p-
Si(CH3)H-3,3’-Co(1,2-C,BoHyp),], Cs[8] (200.0 mg,
0.401 mmol) were added and the mixture was stirred
overnight at 50 °C. After, 10 ml of Et,0 were added to
produce two phases. The Et,O phase was discarded by
decantation. To the other oily dark orange phase, 10 ml
of hexane were added to give Cs;[10] as un orange
solid. Yield:, 54 % (142.1 mg). '"H NMR (300 MHz,
Acetone-dg) 8(ppm): 7.77 (m, 9H, C,y), 7.06 (d, 6H,
3J(HH) = 8.5, H- C¢Hs), 4.56 (brs, 6H, C.-H), 4.07 (t,
6H, *J(HH) = 6.4, -O-CH,-CH,-), 1.92 (m, 6H, -CH,-
CH,-CH,), 1.07 (m, 6H, -CH,-CH,Si), 0.38 (s, 9H, Si-
CHs). 'H{''B}-RMN (300 MHz, Acetone-d¢) 8(ppm):
7.77 (m, 9H, Hyy), 7.06 (d, 6H, *J(HH) = 8.5, Hay),



188

Anexo I. Articulos posteriores a la Comisién de Doctorado de Abril de 2009.

4.56 (brs, 6H, C.-H), 4.07 (t, 6H, *J(HH) = 6.4, -O-CH,-
CH,-), 3.43 (brs, 2H, B-H), 3.30 (brs, 2H, B-H), 3.10
(brs, 2H, B-H), 2.38 (brs, 2H, B-H), 2.22 (brs, 2H, B-
H), 1.94 (brs, 2H, B-H), 1.92 (m, 6H, -CH,-CH,-CH,),
1.69 (brs, 6H, B-H), 1.07 (m, 6H, -CH,-CH,-Si), 0.38
(s, 9H, Si-CH;). "B-RMN (96 MHz, Acetone-dg)
3(ppm): 8.26 (d, 2B, 'I(B,H) = 118), 2.84 (d, 2B,
'J(B,H) = 136), -1.68 (d, 4B, 'I(B,H) = 140), -3.47
(2B), -4.68 (d, 2B, 'I(B,H) = 130), -14.34 (d, 2B,
'J(B,H) = 180), -16.62 (d, 2B, 'J(B,H) = 148), -22.10
(d, 2B, 'I(BH)=147). “C{'H}-RMN (75 MHz,
Acetone-dg) O(ppm): 157.2-114.6 (C,yy), 69.50 (O-
CH,), 55.31 (C.-H), 41.29 (C.-Si), 22.3 (-CH,-), 12.01
(Si-CH,), -6.03 (Si-CH3). Si-RMN (59.6 MHz,
Acetone-dg) d(ppm): 11.96. IR (KBr) v (cm-1): 3059
(0L, v(CH), 3030 (pI, v(C-H)uy), 2874 (pl, v(C-
H)aiy), 2546 (ml, v(B-H)), 1257 (I, §(Si-CH,)), 1234
(I, va3(Cyry-O-C)), 1041 (I, v8(Cyryi-0-C)), 829 (I, ¥(Si-
CH;)). ESI-MS: (m/z) exp. 1837.1 (M-Cs), calc. 1837.8

Synthesis of Csg[11].

In a Schlenk flask, 5a (68.0 mg, 0.071 mmol), 10 pL of
Karstedt catalyst and 2 mL of THF were stirred for 10
min at room temperature. To the solution Cs[1,1’-u-
Si(CH3)H-3,3’-Co(1,2-C,BoH1¢),], Cs[8], (211.7 mg,
0.424 mmol) were added and the mixture was stirred
overnight at 50 °C. After, 10 ml of Et,0 were added to
produce two phases. The Et,0O was discarded by
decantation. To the other oily dark orange phase, 10 ml
of hexane were added to give Csg[11] as un orange
solid. Yield: 63% (176.2 mg). 'H NMR (300 MHz,
Acetone-dg) 6(ppm): 7.77 (m, 9H, H,,,), 7.15 (d, 6H,
3J(HH) =12.0, C¢Hs), 6.69 (s, 6H, C¢Hs), 6.50 (s, 3H,
CeHs), 5.12 (s, 6H, O-CH,-Ph), 4.56 (brs, 12H, C.-H),
4.00 (t, 12H, *J(HH) = 6.4, -O-CH,-CH,-), 1.87 (m,
12H, -CH,-CH,-CH,), 1.04 (m, 12H, -CH,-CH,-Si),
0.37 (s, 18H, Si-CH;). 'H{''B}-RMN (300 MHz,
Acetone-dg) 8(ppm): 7.77 (m, 9H, H,y), 7.15 (d, 6H,
3J(HH) = 12.0, C¢Hs), 6.69 (s, 6H, C¢Hs), 6.50 (s, 3H,
CeHs), 5.12 (s, 6H, O-CH,-Ph), 4.56 (brs, 12H, C.-H),
4.00 (t, 12H, *J(HH) = 6.4, -O-CH,-CH,-), 3.40 (brs,
12H, B-H), 3.29 (brs, 12H, B-H), 3.09 (brs, 12H, B-H),
2.38 (brs, 12H, B-H), 2.20 (brs, 12H, B-H), 1.88 (brs,
12H, B-H), 1.87 (m, 12H, -CH,-CH,-CH,), 1.66 (brs,
72H, B-H), 1.04 (m, 12H, -CH,-CH,-Si), 0.37 (s, 18H,
Si-CH3). 'B-RMN (96 MHz, Acetone-dg) 8(ppm): 8.35
(d, 2B, 'J(B,H) = 120), 2.86 (d, 2B, 'I(B,H) = 135), -
1.72 (d, 4B, 'I(B,H) = 146), -3.50 (2B), -4.76 (d, 2B,
'J(B,H) = 130), -14.59 (d, 2B, 'J(B,H) = 189), -16.79
(d, 2B, 'I(B,H) = 140), -22.30 (d, 2B, 'J(B,H) = 166).
BC{'H}-RMN (75 MHz, Acetone-dg) 8(ppm): 160.4-
100.3(C,pi), 69.70 (O-CH,), 55.21 (C.-H), 40.7 (C.-Si),
22.3 (-CH,-), 8.03 (Si-CH,), -7.09 (Si-CH;). *Si-RMN
(59.6 MHz, Acetone-dg) d(ppm): 12.04. IR (KBr) v
(cm-1): 3061 (pI, v(Cc-H), 2976 (pl, v(C-H)uryi), 2874
(pL, v(C-H)uxy1), 2554 (ml, v(B-H)), 1257 (I, &(Si-
CHa)), 1233 (I, vas(Cyy-O-C)), 1053 (I, vs(Cyry1-O-C)),
828 (I, y(Si-CH3)). MALDI-TOE-MS: (m/z) 530.5
((M+H,0)/6, 37 %), 1051.6 (M/2, 3 %).

Synthesis of Cs,[12].

In a Schlenk flask, (41.2 mg, 0.021 mmol) of 7, 10 uL
of Karstedt catalyst and 2 mL of THF were stirred for
10 min at room temperature. To the solution Cs[1,1’-p-
Si(CH;3)H-3,3’-Co(1,2-C,BgHy),], Cs[8], (127.5 mg,
0.255 mmol) were added and the mixture was stirred
overnight at 50 °C. After, 10 ml of Et,0 were added to
produce two solvent phases. The Et,0 was discarded by
decantation. To the other oily dark orange phase, 10 ml
of hexane was added to give Csy[12] as un orange
solid. Yield: 86.0 mg, 51 %. 'H NMR (300 MHz,
Acetone-dg) 8(ppm): 7.77 (m, 6H, H,,,), 7.12 (m, 6H,
Hypy1), 6.78 (s, 6H, CeHs), 6.69 (s, 12H, C¢Hs), 6.54 (s,
6H, C¢Hs), 6.45 (s, 6H, Cyfls), 6.37 (s, 3H, Celis), 5.11
(s, 6H, O-CH,-Ph), 5.06 (s, 12H, O-CH,-Ph), 4.50 (brs,
24H, C.-H), 3.99 (s, 24H, -O-CH,-CH;-), 1.85 (m, 24H,
-CH,-CH,-CH,), 1.01 (m, 24H, -CH,-CH,-Si), 0.32 (s,
36H, Si-CH3). 'B-RMN (96 MHz, Acetone-dg) 3(ppm):
8.40 (d, 2B, J(B,H) = 121), 3.03 (d, 2B, 'J(B,H) =
130), -1.59 (d, 4B, 'I(B,H) = 140), -3.38 (2B), -4.54 (d,
2B, 'J(B,H) = 120), -14.22 (d, 2B, 'J(B,H) = 170), -
16.46 (d, 2B, 'I(B,H) = 141), -21.90 (d, 2B, 'J(B,H) =
160). “C{'H}-RMN (75 MHz, Acetone-ds) d(ppm):
160.6-106.3(C,1), 78.36 (O-CH,), 69.60 (O-CH,),
65.11 (O-CH,), 55.24 (C.-H), 40.6 (C.-Si), 22.3 (-CH,-
), 14.9, 8.41(Si-CH,), 3.70, -1.01, -7.04 (Si-CH3). **Si-
RMN (59.6 MHz, Acetone-ds) 6(ppm): 12.40. IR (KBr)
v (cm-1): 3056 (pl, v(C.-H), 2963 (pI, v(C-H)ypy1), 2872
(pL, v(C-H)auy), 2535 (ml, v(B-H)), 1258 (I, &(Si-
CHsy)), 1226 (I, vas(Cyry-O-C)), 1040 (I, v5(Cyry-O-C)),
834 (I, y(Si-CH;3)). MALDI-TOF-MS: (m/z) 530.4
((M/12 +H,0, 19 %), 1273.3 (M/5 + 3 H,0, 2 %).

UV-Vis and Fluorescence Measurements

UV-Vis, stationary state fluorescent spectra and
fluorescent lifetime measurements have been done at
room temperature using the following procedure: stock
solutions of compounds were obtained by preparing
solutions of several milligrams, in the range of 1-10 mg,
of the compounds 2, 5a-b, 7, and 10-12 and the
quantum yield reference tryptophan®® in acetonitrile.
From stock solutions, three differents concentrantions
ranging between 1.92:10° and 1.95-107 M for each
compound are prepared. Fluorescent measurements are
developed in two situations, with degassed solutions
with N, and with ambient oxygen atempered and no
significance difference in wave number has been noted.

Computational Methods

All calculations have been carried out with PM6
implemented in MOPAC.* The bulk solvent effects on
the geometries are evaluated by means of the
Conductor-like Screening Model (COSMOg continuum
approach using as EPS 37.5 for acetonitrile. 6
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Scheme 6.

Figure 1.

18378

m'z milE



192 Anexo I. Articulos posteriores a la Comisién de Doctorado de Abril de 2009.

Figure 2. UV-Vis spectra for starting dendrimers 2, 5a-b and 7.
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Figure 3. UV-Vis spectra for metallacarborane-containing poly(aryl-ether) dendrimers.
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Figure 4. Linear correlation between the number of cobaltabisdicarbollides attached to the periphery

and the absorptivity at A = 309 nm.
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Figure 5. Normalized fluorescence spectra of compounds 2, Sa-b, 7 in acetonitrile.
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Figure 7. Jabloswky diagram for emissive and no emissive systems.
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Table 1. Spectroscopic and photophysical data.
Absorption Emission

Amax(nm)  €(107 dm’*mol™-cm™) Apax(nm) ®(%) p(ns)

2 269 (127) 364 20 93
5a 270 (66) 364 21 95
5b 270 (65) 364 21 95
7 272 (78) 363 22 95

10 271 (86) 310 (52) ; S
11 276  (175) 309 (109) - S

12 272 (141) 307 (171) - - -

12
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Supplementary Material

Steric Hindrance quantification by Monte
Carlo Method.'

The Monte Carlo method has been applied in
this work for the stochastic generation of stable
configurations in the dendrimers studied at 300
K. Solvation is not incorporated into the model
and the bulky [1,1’-p-Si(CH3)CH,-3,3°-Co(1,2-
C,BgH),] fragment has been substituted by a -
Si(CH;); moiety. The aim of these calculations
is to obtain a parameter that quantify the steric
hindrance in the periphery of any carbosilane
dendrimer. It could be achieved taken in
account the most external Si atoms in the
branches and recording the average distance
between them. This average distance for all
configurations simulated by Monte Carlo
method may provide a representative value to
compare between dendrimeric structures about
the steric hindrance in the periphery. We define
this parameter as 1 (A), equation 1.

M
R I
m=Mr =~ = d;
= (1)
a1
1|
d3

A

Figure S1. Branch 1TFB0s9 with three terminal
-Si(CH;); groups showing the three distances
measured.

Where M means the number of simulated
configurations, usually 100, and N takes the
value of 1 for the disubtituteds 1TFB0s9-x0x,
1TFB0s9-xx0 and a branch of 1TFB0s6 and 3
for trisubtituted 0TFBO0s3, a branch of 1TFB0s9
and a branch of 1TFB0-ViS0s9 . For example,
the case of the branch of 1TFB(allyl)y
hydrosilylated in silico with three HSi(CH;)s,
1TFBO0sY, the three recorded distances are
represented in Figure S1.

This three distances in the 100 simulated
configurations for 1TFB0s9 applying equation 1
gives 1 = 7.1 A. The data for the other
dendrimeric  structures is  representated
graphically in Figure S2 and the Table S1 show
the values of n.

Low values of this parmeter n can be seen as
high steric hindrance and high values as low
steric hindrance. Then, it can be seen that the 3-
subtituted (0TFBOs3) has highest value of n.
Also, a branch of the the 6-subtituted
(1TFBO0s6) has a high 1 value. Also, it can be
seen that a branch of the the 9-subtituted with
two adjacent vynil groups hydrosililated with
HSi(CH;); (1TFB0s9-xx0) has lowest value of
n. And a branch of the the 9-subtituted
(1TFBO0s9, Figure X1) has a low 1 value. The
comparison between adjacent substituted
1TFB0s9-xx0 and vynil in the middle
1TFB0s9-x0x shows that the last is less
overcrowed. This method permits to know a
priori(ref. art. carbosilane) and in an indirect
way, which viniyl terminated dendrimers can be
fully hydrosililated dendrimers with the [1,1’-p-
Si(CH;)-3,3’-Co(1,2-C,BoH),]" fragment. The
experimental findings permits to draw a frontier
line to the [1,1’-u-Si(CH;)-3,3’-Co(1,2-
C,BgHi ),]” case where we place this line
around 8.5 A. In the case of these dendrimers,
the line frontier is located in the same place. It is
interesting to note that the increase with a Si-
CH2CH2- spaciator (1TFBO0-ViS0s9) not
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increase the m value and then a not full dendrimer n(A)
functionalization is waited in this case. 0TFBOs3 20.4
1TFBOs6 11.6
1TFBOs9 7.1
i 1TFB0s9-x0x 8.9
OTFBOs3 — i
L ap i 1TFB0s9-xx0 5.4
1TFB0-ViS0s9 6.6
“=
- Table S1. Values of n for the calculated
- 12 structures at 300 K.
1TFBOsE Full
Functisnalization Experimental Method
F11 Zane

Averages computed from a  properly
equilibrated Monte Carlo simulation correspond
L 10 to thermodynamic ensemble averages at 300 K.
A geometry optimization of the initial structure
configuration at semiempirical level PM6' is

L the starting point for the Monte Carlo
1TFBOs9-x0x —§ 9 simulations."®

-8
1TFBOsS —+1 7 High
Sharic

1TFBRO-YiZ0s9 Hindina nca

Zana

o

1TFBO0s9-xx0 ~
-5

Figure S2. Values of 1 (A) for the calculated
structures at 300 K. The two zones frontier line
is established according to experimental results
for the case of the cobaltabisdicarbollide.

(1) (a) Allen, M.; Tildesley, P. D. J. Computer Simulation of Liquids, Oxford University
Press, USA, 1989. (b) MOPAC2007 Version 8.205L, Stewart, J. J. P.; Stewart

Computational Chemistry, 2007. (c) Hyperchem 7.5., Hypercube, 2002.



199

c) Decorating Poly(Alkyl Aryl-Ether) Dendrimers With Metallacarboranes.



200 Anexo I. Articulos posteriores a la Comisién de Doctorado de Abril de 2009.




201

Decorating Poly(Alkyl Ary-Ether) Dendrimers

With Metallacarboranes.

. ’ o~ .7 , , , # .. . b , -
Rosario Nufiez,© Emilio José Judrez-Pérez,”" Francesc Teixidor,” Rosa Santillan,” Norberto Farfin,‘

Arturo Abreu,d Rebeca Yépez,b Clara Viias™

* Institut de Ciéncia de Materials, CSIC, Campus U.A.B., 08193 Bellaterra, Spain
® Departamento de Quimica, Centro de Investigacion y de Estudios Avanzados del IPN, 07000, Apdo.

Postal 14-740, México D.F., México

¢ Facultad de Quimica, Departamento de Quimica Organica, Universidad Nacional Autonoma de México,

México D.F. 04510, México

Universidad Politécnica de Pachuca, Carretera Pachuca Cd. Sahagiin, Km 20, Zempoala, Hidalgo México.

Email address: clara@icmab.es

RECEIVED DATE (to be automatically inserted after your manuscript is accepted if required
according to the journal that you are submitting your paper to)

Corresponding Author: Prof. Clara Viias, Institut de Ciéncia de Materials, CSIC, Campus U.A.B., 08193
Bellaterra, Barcelona, Spain. Tel.: +34 93 580 1853. Fax: +34 93 580 5729. clara@icmab.es

* Enrolled in the UAB PhD program.

Introduction
The derivative chemistry of the most intensively
studied anionic borate cluster, the

cobaltabisdicarbollide [3,3'-Co(1,2-C,BoH )T,
remains very much unexplored.! The fundamental
reason is the synthetic strategy leading to these
derivatives. Two basic substitutions may occur on
[3,3'-Co(1,2-C,BgH )], either on carbon or on boron.
With few exceptions,” substitutions on carbon have
been achieved only at an early stage of the synthetic
process, that is, on the starting o-carborane,” but not
by direct reaction at the [3,3"-Co(1,2-C,BoH )], cage.
Substitution at boron has been achieved under
Friedel- Crafts conditions’ or with strong alkylating
agents.” Consequently, regioselective substitutions
were not possible, and specific derivatives could be
obtained only after careful separations of complex
mixtures. The high yield synthesis and easy
preparation of the zwitterionic 8-dioxanate [3,3’-
Co(8-C4H50,-1,2-C,BoH )(17,2°-C,BoH )], 3,
derivative has been reported.*” Compound 3 has been
proven to be susceptible to nucleophilic attack on the
positively charged oxygen atom, for example, by

pyrrolyl,®  imide, cyanide or amines,’ phenolate,

dialkyl or diarylphosphite,' N-
alkylcarbamoyldiphenylphosphine oxides,™
alkoxides,”!' and nucleosides, resulting in one

anionic species formed by the opening of the dioxane
ring. A recent review'> covers the known scope of
reactions of different oxonium derivatives of
polyhedral boron hydrides. Cobaltabisdicarbollide,
[3,3"-Co(1,2-C,BgH,;)],, has been proposed in a wide
range of applications, such as the extraction of
radionuclides, 3b-d 14

in conducting organic polymers,” or a use in
medicine.'® Recently, the construction of high-boron-
content molecules has received considerable interest.'”
At the same time, the introduction of carboranes into
different types of dendrimeric structures, at the inner
region or at the surface of the molecules, is also being
explored.'®  The design of watersoluble boron-rich
dendritic or macromolecular systems is of interest for
boron neutron capture therapy (BNCT) or for drug
delivery systems. The closo-carboranes have been
tested for boron delivery into tumors; however, their
extreme lipophilicity often produces water-insoluble
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structures with limited bioavailability, precluding thus
effective application of such compounds in BNCT.
One solution to the problem of the water solubility of
BNCT agents could be to replace a neutral carborane
with an anionic metallacarborane. Following our
studies on metallacarboranes direct substitution, we
report herein on the high-yield synthesis of
polyanionic species as novel high-boron-content
molecules. The synthetic ways were based on the use
of alkoxide functions as nucleophiles in the ring-
opening reaction of cyclic oxonium [3,3’-Co(8-
C4H;50,-1,2-CoBgH 0)(17,2°-C,BoHy1)], 3.

Results

Synthesis and characterization

Tetrabromobenzyl derivatives of 1a and 1b were
prepared as described previously, and reacted with 4
equivalents of 5-hydroisophtalic ethyl ester to give
the corresponding octaesters in 85% and 90 % yields
(Scheme 2). Evidence for the formation of the
compounds was obtained from 'H NMR which
showed the A,X; system for the ethyl ester at
4.38(quarted) y 1.39(triplet) ppm, respectivamente.
Also the benzylic methylene is shifted to high
frequency (5.11 ppm) with respect to the starting
materials. The *C NMR spectra of 2a and 2b show
the signals for the ester at 165.7 (CO), 61.5 (CH,) and
14.4 (CH;) ppm, and new signals at 70.5 (OCH,,
meta) and 70.1 (OCH,, para) ppm.

Reduction of the octaesters with LiAlH, to gave the
corresponding alcohols 2a and 2b in 69 and 94%
yields. Formation of the alcohols was confirmed by
NMR, IR and MS. The '"H NMR spectra showed
disappearence of the signals corresponding to the
ester and a new benzylic methylene signal at 4.45
ppm.

Experimental Section

Instrumentation. Elemental analyses of compound
4a-b, S5a-b were not performed because of the
problems to obtain reliable results in boron rich high
molecular weight compounds.'® Thus, the purity of
this metallodendrimers was assessed by NMR
spectroscopy, UV, MALDI-TOF and HPLC. IR
spectra were recorded from KBr pellets on a
Shimadzu FTIR-8300 spectrophotometer. The 'H
NMR (300.13 MHz), 'B{'H} NMR (96.29 MHz)
and "*C{IH} NMR (7547 MHz) spectra were
recorded on a Bruker ARX 300 spectrometer. All
NMR spectra were recorded in CDCl; or CD;COCD;
solutions at 25 °C. Chemical shift values for '"B{'H}
NMR spectra were referenced to external BF;-OEt,,
and those for 'H and *C{1H} NMR were referenced

to SiMe,. Chemical shifts are reported in units of parts
per million downfield from reference, and all coupling
constants are reported in Hz. UV-vis spectra were
recorded using a Shimadzu UV-1700 Pharmaspec
spectrophotometer, using 1 cm cuvettes, and the
concentration of the compounds was 1.6:10~ mol-L™"
in EtOH. The mass spectra were recorded in the
negative ion mode using a Bruker Biflex MALDI-
TOF-MS (N, laser; Ae. 337 nm, 0.5 ns pulses; voltage
ion source 20.00 kV (Uisl) and 17.50 kV (Uis2)).
Elution times were measured on HPLC.

Materials. All reactions were performed under an
atmosphere of dinitrogen employing standard Schlenk
techniques. Dioxane and DMSO were purchased from
Merck and distilled from standard methods prior to
use. Compounds Cs[3,3'-Co(1,2-C,BoH,;),] were
supplied by Katchem Ltd. (Prague) and used as
received. [3,3'-Co(8-C4Hg0,-1,2-C,BoH)(1',2'-
C,BoH;))], 3, was synthesized according to the
literature.®” Compounds 1a and 1b were synthesized
according to the literature.” Starting materials: sulfuric
acid, o,o'-dibromo-p-xylene; o,o'-dibromo-m-xylene;
3,5-dihydroxybenzoic  acid; triphenylphosphine;
carbon tetrabromide; potassium carbonate; lithium
hydride; potassium tert-butoxide, Et,0, CH,Cl, and
acetonitrile were commercially available from Aldrich
and used as received.

Preparation of precursors 2a .

Compound o, 0’ -bis[3,5-bis-[[3,5-
bis(carboethoxy)phenoxy]methylen]phenoxy]- p-
xylene was prepared from 2.00 g (3.02 mmol) of o, 0’-
bis[3,5-bis(bromomethyl)phenoxy]-p-xylene and 5-
hydroxyisophtalic ethyl ester (2.876 g, 12.08 mmol) in
the presence of 1.667 g (12.08 mmol) of K,CO; under
reflux of acetonitrile for 36 hours. The salts were
filtered off and the filtrate concentrated to give 2a
(3.51 g, 2.72 mmol) as a white solid in 90 %. Mp 136-
138 °C. MS (m/z= (%) [M", 1290 (3)], 1053 (3), 283
(100), 253 (7), 223 (8), 183 (3), 104 (3), 150 (6), 104
(10), 59 (6). '"H NMR (270 MHz, CDCl3) &: 8.28 (4H,
s), 7.81 (8H, d, Jm = 1.5 Hz), 7.45 (1H, s,), 7.05 (4H,
s), 7.12 (2H, s), 5.11 (8H, s), 5.10 (4H, s), 4.38 (16H,
q,J=7.1Hz), 1.39 (24H, t, ] = 7.1 Hz) ppm. °C NMR
(75.47 MHz, CDCl;) &: 165.7, 159.4, 158.6, 138.3,
136.6, 132.2, 127.9, 123.3, 120.1, 119.0, 113.7, 70.1,
69.9, 61.5, 14.4 ppm. Compound «,0’-bis[3,5-bis-
[[3,5-bis(carboethoxy)phenoxy]methylen]phenoxy]- p-
xylene (3.00 g, 2.32 mmol) was added in small
portions to a stirred suspension of LiAlH, (0.707 g,
18.6 mmol) in anhydrous THF. The reaction mixture
was refluxed 48 hrs, followed by addition of a
saturated solution of NH,4CI, filtered and washed with
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CH,Cl,, acetone, metanol and water. The filtrate was
evaporated under vacuum and the alcohol precipitated
in the aqueous phase to give a white solid (2.08 g,
2.18 mmol, 94.0 %). Mp 137-140 °C. IR v (KBr),
3367, 2869, 1710, 1597, 1456, 1296, 1154, 1020, 846
em’'. MS-FAB, m/z (%) [M", 955 (1)], 460 (7), 393
(33), 366 (100), 349 (40), 322 (47), 307 (43), 279
(35), 209 (22). 'H NMR (399.78 MHz, DMSO-dy) &:
7.45 (44, s), 7.11 (2H, s), 7.06 (4H, s), 6.86 (2H, s),
6.83 (4H, s), 5.12 (8H, s), 5.05 (4H, s), 4.45 (16H, s)
ppm. *C NMR (100.52 MHz, DMSO-d¢) &: 159.4,
158.6, 144.5, 139.6, 137.1, 128.4, 119.4, 117.5,
113.7, 111.5,70.1, 69.9, 63.5 ppm.

Preparation of precursors 2b

Compound a,0’-bis[3,5-bis-[[3,5-
bis(carbaethoxy)phenoxy]methylen]penoxy]- m-
xylene was prepared from 2.00 g (3.02 mmol) of
o, 0’ -bis[3,5-bis(bromomethyl)phenoxy]-m-xylene
and 4 equivalents of 5-hydroxyisophtalic ethyl ester
(2.876 g, 12.08 mmol) in the presence of 1.667 g
(12.08 mmol) of K,CO; under reflux of acetonitrile
for 36 hours. The salts were filtered off and the
filtrate concentrated to give 2b (3.31 g, 2.56 mmol) as
a white solid in 85.0 %. Mp 100-106 °C. MS (m/z)
(%) [M', 1290 (3)], 1053 (3), 283 (100), 253 (57),
223 (78), 183 (168), 104 (39). 'H NMR (270 MHz,
CDCl;) &: 8.30 (4H, t, Jm = 1.3 Hz), 7.83 (8H, d, Jm
= 1.3 Hz), 7.55 (1H, s,), 7.43 (2H, s), 7.43 (3H, m),
7.16 (2H, s), 7.08 (4H, s), 5.14 (12H, s), 4.40 (16H,
¢, J=7.1Hz), 1.41 24H, t, ] = 7.1 Hz) ppm. C
NMR (75.47 MHz, CDCl3) &: 165.7, 159.5, 158.7,
138.4, 137.2, 132.3, 129.1, 1274, 126.7, 123.3,
120.1, 119.0, 113.7, 70.5, 70.2, 61.6, 14.4 ppm.
Compound o, 0 -bis[3,5-bis-[[3,5-
bis(carbaethoxy)phenoxy]methylen]penoxy]- m-
xylene (3.0 g, 2.32 mmol) was added in small
portions to a stirred suspension of LiAlH; (0.707 g,
18.6 mmol) in anhydrous THF. The reaction mixture
was refluxed 48 hrs, followed by addition of a
saturated solution of NH,Cl, filtered and washed with
CH,Cl,, acetone, metanol and water. The filtrate was
evaporated under vacuum and the alcohol precipitated
in the aquous phase to give a white solid (1.53 g, 1.18
mmol, 69.0 %). Mp 94-97 °C. IR v (KBr), 3290,
2873, 1698, 1597, 1454, 1296, 1150, 1020, 843, 702
em’'. MS-FAB, m/z (%) [M", 954 (5)], 824 (3), 545
(6), 460 (10), 393 (12), 327 (57), 307 (100), 289
(58), 219 (37). 'HNMR (399.78 MHz, DMSO-dj) &:
7.56 (1H, s), 7.43 (2H, s), 7.37 (1H, s), 7.12 (2H, s),
7.07 (4H, s), 6.85 (2H, s), 6.83 (8H, s), 5.13 (4H, s),
5.05 (8H, s), 4.44 (16H, s) ppm. *C NMR (100.52
MHz, DMSO-dy) 8: 159.1, 158.8, 144.5, 139.6, 137.7,

129.2, 127.9, 127.6, 119.3, 117.4, 113.6, 111.4, 69.8,
69.4, 63.3 ppm.

Preparation of 4a. To a solution of 1a (12.8 mg,
0.0312 mmol) in 4 mL of dry DMSO at room
temperature, -BuOK (16.2 mg, 0.145 mmol) was
added. The suspension was stirred for 30 min at room
temperature. After, compound 3 (51.3 mg, 0.125
mmol) was added and stirred for 24 h. The reaction
was quenched by the addition of 1 mL of water and
one drop of HCI (1 M). Organic solvents were then
evaporated in vacuo to give an orange oily residue, that
was dissolved in the minimum volume of ethanol (~ 1
mL), and 10 mL of an aqueous solution containing an
exces of CsCl was added, resulting in the formation of
a fine orange suspension. The suspension was taken up
with 10 mL of diethyl ether and the mixture was then
transferred to a separatory funnel. The layers were
separated and the organic phase was extracted with
additional diethyl ether (2 x10 mL). Combined diethyl
ether fractions were dried over anhydrous MgSO, and
evaporated. The resulted solid was dissolved in
CH,C1,-CH;CN (1:1) and injected on bottom of a silica
gel plate (25 x 25 cm), and chromatographed in the
same solvent mixture to give Css(4a) as an orange
powder. Yield: 41 mg, 51 %. IR (KBr, cm'): 3042
v(Ce—H), 2971, 2922, 2873 v(Cuy—H), 2561 v(B-H).
'H NMR ((CD;),CO): 7.53 (s, 4H, C¢Hy), 6.97 (s, 4H,
C¢Hs), 6.94 (s, 2H, C¢H3), 5.14 (s, 4H, OCHy,), 4.56 (s,
8H, OCH,), 4.23 (bs, 16H, C-H), 3.64 (m, 24H,
OCH,), 3.56 (t, 8H, ‘*J(HH)=6Hz, OCH,). 'H
{""B}INMR ((CD;),CO): 7.53 (s, 4H, C4H,), 6.97 (s,
4H, C¢Hs), 6.94 (s, 2H, C4H;), 5.14 (s, 4H, OCH,),
4.56 (s, 8H, OCH,), 4.23 (bs, 16H, C.-H), 3.64 (m,
24H, OCH,), 3.56 (t, 8H, *J(H,H)=6Hz, OCH,), 2.89
(s, 16H, B-H), 2.75 (s, 8H, B-H), 2.70 (s, 4H, B-H),
2.07 (s, 4H, B-H), 2.02 (s, 8H, B-H), 1.82 (s, 8H, B-
H), 1.65 (s, 8H, B-H), 1.55 (s, 8H, B-H), 1.47 (s, 4H,
B-H).”C{'H} NMR ((CD;),CO): 158.9 (C-1"), 140.7
(C-1), 140.1 (C-3", 127.9 (C-2), 119.0 (C-4"), 112.7
(C-2"), 72.6 (OCH,), 71.6 (OCH,), 69.9 (OCH,), 69.5
(OCHp), 69.0 (OCH,), 68.23 (OCH,), 53.7 (C-H),
462 (C.-H)."B{'H} NMR ((CD;),CO): 24.7 (s, 4B,
B(8)), 5.9 (d, 'J(B,H)=121, 4B), 1.88 (d, 'J(B,H)=133,
4B), -1.0 (d, 'J(B,H)=139, 4B), -2.9 (d, 'J(B,H)=162,
8B), -5.9 (d, 8B), -6.5 (d, 16B), -15.9 (d, 'J(B,H)=153,
8B), -18.9 (d, 'I(B,H)=154, 8B), -20.4 (d, 4B), -27.0
(d, 'J(B,H)=113, 4B). MALDI-TOF-MS: (m/z) 1024.8
((M-4Cs+2H)/2).

Preparation of 4b. The procedure was the same as for
4a, using 1b (38.4 mg, 0.093 mmol) in 4 mL of
DMSO, #+-BuOK (42 mg, 0.375 mmol) and 3 (156.1
mg, 0.380 mmol). Compound Cs4(4b) was isolated as
an orange solid. Yield: 149 mg, 62%. IR (KBr, cm'):
3041 v(C—H), 2957, 2919, 2870 v(Cuq—H), 2561
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v(B-H). '"H NMR ((CD;),CO): 7.62 (s, 1H, C¢H,),
7.45 (s, 3H, CeHy), 6.98 (s, 4H, C¢Hy), 6.93 (s, 2H,
CeHa), 5.15 (s, 4H, OCH,), 4.55 (s, 8H, OCH,), 4.17
(bs, 16H, C.-H), 3.64 (m, 24H, OCH,), 3.54 (t, 8H,
*J(H,H)=6Hz, OCH,). 'H {''BINMR ((CD5),CO):
7.53 (s, 4H, C¢Hy), 6.97 (s, 4H, C¢Hs), 6.94 (s, 2H,
C¢Hs), 5.14 (s, 4H, OCH,), 4.56 (s, 8H, OCH,), 4.23
(bs, 16H, C.-H), 3.64 (m, 24H, OCH,), 3.56 (t, 8H,
*J(H,H)=6Hz, OCH,), 2.91 (s, 16H, B-H), 2.74 (s,
8H, B-H), 2.70 (s, 4H, B-H), 2.02 (s, 8H, B-H), 1.83
(s, 8H, B-H), 1.69 (s, 4H, B-H), 1.63 (s, 8H, B-H),
1.54 (s, 8H, B-H), 1.44 (s, 4H, B-H)."C{'H} NMR
((CD3),CO): 159.0 (C-1'), 140.2 (C-3", 137.9, 128.6,
126.82, 124.7, 119.4, 113.0 (C-2'), 72.2 (OCH,), 71.8
(OCH,), 69.8 (OCH,), 69.5 (OCH,), 69.2 (OCH,),
68.2 (OCH,), 53.3 (C-H), 462 (C.-H)."'B{'H}
NMR ((CD;),CO): 24.5 (s, 4B, B(8)), 59 (d,
'J(B,H)=125, 4B), 1.3 (d, 'J(B,H)=134, 4B), -1.6 (d,
'J(B,H)=139, 4B), -3.6(d, 'J1(B,H)=173, 8B), -6.3, (d,
8B), -6.5 (d, 16B), -16.4 (d, 'I(B,H)=152, 8B), -19.6
(d, 'I(B,H)=156, 8B), -20.8 (d, 4B), -27.6 (d,
'J(B,H)=124, 4B). MALDI-TOF-MS: (m/z) 547.4
((M-4Cs+2DMSO0)/4).

Preparation of 5a. The procedure was the same as
for 4a, using 2a (12.7 mg, 0.013 mmol) in 6 mL of
DMSO, #-BuOK (13.51 mg, 0.120 mmol) and 3 (53.7
mg, 0.131 mmol). Compound Csg(5a) was isolated as
an orange solid. Yield: 28 mg, 41%. IR (KBr, cm 1):
3040 v(C—H), 2959, 2920, 2862 v(Cuy—H), 2558
v(B-H). '"H NMR ((CD;),CO): 7.55 (s, 4H, C¢H,),
7.22 (s, 2H, C6H3), 7.16 (s, 4H, Cg¢Hs), 7.02 (s, 4H,
CsH3), 6.99 (s, 8H, C¢H3), 5.18 (s, 4H, OCH,), 5.13
(s, 8H, OCH,), 4.55 (s, 16H, OCH;), 4.15 (bs, 32H,
C-H), 3.64 (m, 48H, OCH,), 3.54 (t, 16H,
3J(HH)=6Hz, OCH,).'H{''B} NMR ((CD;),CO):
7.55 (s, 4H, C¢Hy), 7.22 (s, 2H, C6H,), 7.16 (s, 4H,
C¢H3), 7.02 (s, 4H, C¢Hs), 6.99 (s, 8H, CgH3), 5.18 (s,
4H, OCH,), 5.13 (s, 8H, OCH,), 4.55 (s, 16H,
OCH,), 4.15 (bs, 32H, C.-H), 3.64 (m, 48H, OCH,),
3.54 (t, 16H, *J(H,H)=6Hz, OCH,), 2.88 (s, 32H, B-
H), 2.74 (s, 16H, B-H), 2.70 (s, 8H, B-H), 2.03 (s,
16H, B-H), 1.84 (s, 16H, B-H), 1.68 (s, 8H, B-H),
1.63 (s, 16H, B-H), 1.54 (s, 16H, B-H), 1.44 (s, 8H,
B-H).”C{'H} NMR ((CD;),CO): 159.7 (C-1"), 159.1
(C-1"), 140.3 (C-3"), 135.0, 129.5, 127.81, 119.7,
113.3 (C-2"), 72.5 (OCH,), 72.2 (OCH,), 71.9
(OCH,), 70.0 (OCH,), 69.7 (OCH,), 69.4 (OCH,),
68.4 (OCH,), 53.2 (C.-H), 46.5 (C.-H)."'B{'"H} NMR
((CD3),CO): 24.6 (s, 4B, B(8)), 6.5 (d, 'J(B,H)=120,
4B), 1.9 (d, 'J(B,H)=135, 4B), -1.6 (d, 'J(B,H)=130,
4B), -2.6(d, 'J(B,H)=180, 8B), -6.3, (8B), -6.8 (d,

16B), -16.4 (d, 'J(B,H)=150, 8B), -19.7 (d,
'J(B,H)=151, 8B), -20.8 (d, 4B), -27.6 (d,
'J(B,H)=120, 4B). MALDI-TOF-MS: (m/z) 533.4 (M-
8Cs)/8).

Preparation of Sb. The procedure was the same as for
4a, using 2b (29.0 mg, 0.030 mmol) in 6 mL of
DMSO, -BuOK (34.2 mg, 0.264 mmol) and 3 (108
mg, 0.263 mmol). Compound Csg(5b) was isolated as
an orange solid. Yield: 75 mg, 47%. IR (KBr, cm 1):
3043 v(C—H), 2952, 2921, 2869 (Cyy—H), 2562
v(B-H). 'H NMR ((CD3),CO): 7.62 (s, 1H, C¢Hy), 7.45
(s, 3H, C¢Hy), 7.22 (s, 2H, C6H3), 7.15 (s, 4H, CsHs),
7.02 (s, 4H, CgHs), 6.98 (s, 8H, CgHy), 5.19 (s, 4H,
OCH,), 5.13 (s, 8H, OCH,), 4.55 (s, 16H, OCH,),
4.13-4.09 (bs, 32H, C.-H), 3.64 (m, 48H, OCH,), 3.54
(m, 16H, OCH,).'H{''B} NMR ((CD;),CO): 7.62 (s,
1H, C¢H,), 7.45 (s, 3H, C¢Hy), 7.22 (s, 2H, C6Hy), 7.15
(s, 4H, CgH3), 7.02 (s, 4H, CgHs), 6.98 (s, 8H, C¢Hs),
5.19 (s, 4H, OCH,), 5.13 (s, 8H, OCH,), 4.55 (s, 16H,
OCH,), 4.13-4.09 (bs, 32H, C.-H), 3.64 (m, 48H,
OCH,), 3.54 (m, 16H, OCH,), 2.88 (s, 32H, B-H), 2.70
(s, 24H, B-H), 2.03 (s, 16H, B-H), 1.83 (s, 16H, B-H),
1.68 (s, 8H, B-H), 1.62 (s, 16H, B-H), 1.53 (s, 16H, B-
H), 1.44 (s, 8H, B-H).”C{'H} NMR ((CD;),CO):
159.1 (C-1', C-1"), 140.3 (C-3"), 139.3 (C-3), 137.6,
128.7, 127.2, 119.8, 119.12, 1134 (C-2"), 72.8
(OCH,), 72.5 (OCH,), 72.0 (OCH,), 70.0 (OCH,), 69.7
(OCH,), 69.4 (OCH,), 68.4 (OCH,), 53.1 (C.-H), 46.6
(C~H)."B{'H} NMR ((CD5),CO): 24.8 (s, 4B, B(8)),
6.5 (d, 'J(B,H)=125, 4B), 1.5 (d, 'J(B,H)=134, 4B), -
1.5 (d, 'J(B,H)=131, 4B), -3.9 (d, 'J(B,H)=160, 8B), -
6.1, (24B), -16.2 (d, 'I(B,H)=141, 8B), -19.3 (d,
'J(B,H)=153, 8B), -204 (d, 4B), -274 (d,
'J(B,H)=111, 4B). MALDI-TOF-MS: (m/z) 3080.1,
3092.8, 3105.5, 31018.8, 618.2 (M-8Cs+8H)/7).

HPLC

UV-vis Measurements

UV-Vis measurements have been done at room
temperature using stock solutions in EtOH of
compounds 4a-b, Sa-b concentrations of 1 6:10° M.
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Figure 1. UV-Vis spectra for metallacarborane-containing dendrimers 4a-b and 5a-b in

EtOH solutions at 1.6:10° M.
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Figure 2. Linear correlation between the number of cobaltabisdicarbollides attached to

the periphery and the absorptivity at A =310 nm.

250000 -
A= 27662 0 Eh
R'= 0.992
200000 - f!il-
E
& 150000
=, b
=
E BOC000 da
TR
0004 4
g 2 H H 4
fi {n® of coballabisdicarbollides)
Tables 1
Compound t(min)
test 1.31
4a 1.38
4b 1.39
5a 1.32
5b .31
Table 2.
Compound Imax (nm)
4a 268 69697 310 110909 372 16364
4b 273 56364 312 117576 371 18788
5a 274 99394 312 216970 370 35758
5b 273 109697 311 220000 369 35152
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d) Anchoring Phosphorous-containing Cobaltabisdicarbollide Derivatives on

Titania Particles.
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The cobaltabisdicarbollide anion, [3,3-Co(1,2-C,BoH;),]",
is a sandwich complex characterized by an outstanding
chemical and thermal stability." Two different substitutions
can be carried out on the cobaltabisdicarbollide, either on
carbon or on boron. Few examples have been reported
concerning the direct substitutions on carbon atoms (Cy).”
Conversely, numerous cobaltabisdicarbollide derivatives
have been prepared by substitution at boron atoms.’
Cobaltabisdicarbollide has been shown to be an
hydrophobic, weakly coordinating anion with a low
nucleophilicity.® This anion has been proposed in a wide
range of applications such as doping agent in conducting
polymers® or extractant of radionuclides’. Recently, our
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group has reported the use of cobastabisdicarbollide in ion
selective PVC membrane electrodes for tuberculosis drug
analysis.”

In this paper, we report on the anchoring of
cobaltabisdicarbollide derivatives at the surface of TiO,
particles.  Organophosphorus compounds (phosphates,
phosphonates and phosphinates) have been shown to be
attractive coupling molecules for the modification of
titanium dioxide surfaces,*’ offering a valuable alternative to
the employ of organosilanes, carboxylic acids or
organotitanates.m Bonding of organophosphorus acids to the
surface results from the formation of Ti-O-P bridges by
condensation of P-O-H groups with surface hydroxyl groups
and coordination of the phosphoryl groups to surface Lewis
acidic sites.""

Accordingly, two different cobaltabisdicarbollide-
phosphorylated derivatives [1,1’-p-(HO)(O)P-3,3’-Co(1,2-
C:BoHip)] , (1), and [8,87-p-(OH)(0)-P(0),<(1,2-C;BoH0)>-
3,3’-Co] , (2), were prepared with the aim to anchor them to
the surface of TiO, particles (Figure 1).
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Figure 1. Phosphinate Cs(1) and phosphate Cs(2) derivatives of
cobaltabisdicarbollide.

The anionic phosphinate derivative 1 has been prepared,
for the first time, by metallation of [3,3-Co-(1,2-C,BoH;),]
with n-BuLi followed by simple reaction with CI;P(O) in
1,2-dimethoxyethane (DME) at room temperature. After
treatment with a solution of NaOH and corresponding work-
up, compound Cs[1] was isolated as a red solid in 82%
yield.” A similar procedure for attaching

Hubscher-Bruder, V.; Arnaud-Nue, F.; Caslavsky, J.; Selucky, P. Eur. J.
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Dickinson, L.; Grozinger, C.; Morin, F. G.; Reven, L. Langmuir 1996, 12,
6429.
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nBuLi (0.49 mL, 0.79 mmol) was added dropwise to a Schlenk flask
containing a stirred solution of [3,3’-Co(1,2-C;ByH;),]Cs (180 mg, 0.39
mmol) in DME (12mL) at -78 C. The low-temperature bath was removed
and the purple suspension was stirred for 45 min. The suspension was then
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chlorodiphenylphosphines directly to the Cguger (C.) atoms
was previously reported by our group.Zb The anionic
phosphate 2 was prepared according to literature
procedures.”® The ''B, 'H and *'P NMR spectra of 1 agree
well with the proposed structure shown in Figure 1. The 'B
NMR spectrum of 1 a 1:1:1:1:1:1:1:2 pattern (see Figure 2)
in the range in the range +8.0 to -17.0 ppm indicative of a
closo species with all boron atoms in non-equivalent
vertexes. This could seem surprising, since both dicarbollide
ligands are bonded to a phosphinic group through the C,
atoms suggesting a cisoide conformation with the presence
of a symmetry plane. However, as it was previously reported
by our group, the crystal structure of a cobaltabisdicarbollide
with a phenylphosphine oxide group, showed that both C,B;
faces are eclipsed and rotated 72° between them.(REf. Isabel)
On the contrary, the "'B NMR of 2 displays a different
1:1:2:2:2:1 pattern in the range +23.5 to -28.0 ppm.” The
boron resonances with a relative intensity of 2 are due to a
coincidental overlap of two resonances, and the low field
peak at +23.5 ppm is assigned to the boron atoms B(8)
bonded to oxygen. The 3'P NMR spectra show only one
resonance at +47.48 ppm for 1 and at -5.29 ppm for 2.
Finally, the "H NMR for 1 displays a broad singulet at 4.17
ppm atributed to the C.-H protons and a peak at 3.36 ppm
due to the P(OH) group.

Figure 2. Solution ''B NMR spectra for coupling molecules 1 and 2
(up) and ""B MAS NMR solid spectra for modified titania particles
1@TiO, and 2@TiO, (down).

cooled to - 78 °C and CI5P(O) (0.05 mL, 0.40 mmol) was added dropwise.
The suspension was stirred at room temperature for 3 h to give a red solution
and a white solid. The solid was filtered off and the solution concentrated in
vacuum. The residue was dissolved in a solution of NaOH in water (10ml,
0.1 M) and the mixture was stirred over a period of 2 h at room temperature,
transferred to a separatory funnel, and extracted with Et,O, concentrated in
vacuum and an aqueous solution of CsCl (135 mg, 7 mL) was added
dropwise to give an red solid. The solid was washed with H,O (2 x 15 mL)
and hexane (2 x 15 mL). (yield: 178 mg, 82%). 'H {''B} NMR: 8 4.17 (br s,
2H; C-H), 3.36 (br s, 1H; P-OH); “C{'H} NMR: § 50.94 (Cc-H); ''B NMR:
87.67 (d, 'J(H, B) = 149, 2B), 0.07 (d, 'J(H, B) = 147, 2B), -3.58 (d, 'I(H, B)
=158, 2B), -4.13 (d, 'J(H,B) = 153, 2B), -5.72 (d, 'I(H, B) = 178, 2B), -9.90
(d, 'J(H, B)=153, 2B), -11.54 (d, 'J(H, B) = 188, 2B), -16.21 (d, 'J(H, B) =
162, 2B); *'P{'"H} NMR: & 47.48 ppm; IR: v=3042 (C, H), 2538 (B H),
1597, 995, 870, 736.

(13) J. Plesek, B. Gruner, I. Cisarova, J. Baca, P. Selucky, J. Rais, J.
Organomet. Chem. 2002, 657, 59.

Phosphorus-containing anions 1 and 2 have been used to
modify the surface of titanium dioxide particle, following an
experimental procedure previously described.” The TiO,
particles were reacted with a solution of the phosphate or
phosphinate coupling molecules in a 5-fold excess relative to
the amount needed for a full surface coverage on the
particles (assuming an area of 160 A’ per molecule).14 After
anchoring 1 an 2 on the TiO, surface, materials 1@TiO, and
2@TiO, were obtained (Figure 3) and studied by infrared,
*'P and "B NMR spectroscopies.
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Figure 3. Modified titania particles with cobaltabisdicarbollide
derivatives.

The IR spectra in the 2400-3100 cm™ Where are these
spectra? and 800-1400 cm™ regions of the modified titania
particles and those of the starting coupling molecules are
given in Figure 4.
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Figure 4. IR spectra of the coupling molecules 1 and 2 (left) and
modified titania particles 1@TiO, and 2@TiO; (right).

A broad stretching band characteristic of the v(B-H) is
observed at 2540 cm™ in 1 and the respective modified
1@Ti0,, whereas this band appears around 2560 cm™ in 2
and 2@TiO,. The presence of these bands clearly indicates
that cobaltabisdicarbollide derivatives have been attached to
the TiO, surface. The spectra in the P-O stretching region
appear quite different after anchoring on titania. The
coupling molecule 1 shows intense bands at 872 and

(14)Preparation of the sample. 1 or 2 (0.233 mmol) was dissolved in a
flask with 375 mL of ethanol and 125 mL of water, and a suspension of 1 g
of TiO; in 100 mL of water was added. The resulting suspension was stirred
at room temperature for 5 days. After modification, the anchored TiO,
particles were filtered off, washed successively with EtOH, acetone, and
Et,0 to remove unreacted or physisorbed coupling molecules, and dried
under vacuum (110 °C, 5 h, 102 mbar).
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99lcm™ ascribed to P-OH stretching, whereas the
modified particle presents a very broad P-O stretching band
between 900 and 1200 ¢cm™. The disappearance of the P=0
band near 1200-1250 cm™ suggests the coordination of the
phosphoryl oxygen functions to surface Lewis acid sites,
leading to bidentate phosphinate units.

"B NMR spectroscopy has proven to be a powerful tool
for the study of boron-containing compounds both in the
liquid and in the solid state. In solid, this technique has been
applied to Dborosilicate glasses, boron halides and
organoboron compounds, but there are very few examples in
the literature for boron hydrides.” The ''B MAS NMR
spectra of modified TiO, particles are given in Figure 2. The
"B MAS NMR spectra for 1@TiO, and 2@TiO, show very
broad resonances typical of amorphous compounds
However, the ''B resonances appear in the same region as
for the starting anions, which confirms the presence of
cobaltabisdicarbollide units anchored to the TiO, surface. In
the "'B MAS NMR spectrum of 2@Ti0, the resonance at at
25 ppm, corresponding to B(8) boron atoms bonded to O
atoms is clearly distinguished, indicating that molecule 2 has
been efficiently attached to the TiO, surface.

The *'P MAS NMR spectrum (Figure 5) of the modified
particle 1@TiO, shows a major resonance around 21 ppm
and could be attributed to (C.),P(OTi),, that was upfield
shifted compared to the starting compound 1 (47.48 ppm). A
minor peak around 5 ppm was also observed, that could
result from the photodegradation of the phosphinate group,
as previously reported for Ph,P(O)(OH) anchored to TiO,.!
The *'P MAS NMR of 2@TiO, displayed a resonance
centered at -11.5 ppm, upfield shifted compared to the
starting compound 2 (-5.29 ppm).

[ Bei i 0
PEm
Figure 5. *'P MAS NMR spectra of 1@TiO; (up) and 2@TiO,
(down).
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Introduction

The recent emergence on applications of carboranes as
materials for nanotechnology and pharmacophores in
drug design has expanded the potential use of boron
clusters in practice.' The cobaltabisdicarbollide [3,3-
Co(1,2-C,BoH 1),],(1), is a sandwich complex
characterized by its extraordinary chemical and thermal
stability. Two different substitutions can be carried out
on the cobaltabisdicarbollide, either on carbon or on
boron. Few examples have been reported concerning
the direct substitutions on carbon atoms,> however, a
large number of cobaltabisdicarbollide derivatives have
been prepared by substitution at boron.** The
zwitterionic dioxane-metallacarborane derivative, [8-
O(CH,CH,),0-3,3’-Co(1,2-C,B¢-H;0)(1°,2’-C,BoH )],
(2), has been easily prepared with very good yield,? and
has been proven to be susceptible to nucleophilic attack
on the oxygen atom, by different nucleophiles causing
the opening of the dioxane ring.® As a consequence,
compound (2) has been attached to different organic
groups and biomolecules, such as nucleosides,’
porphirines® and calixarenes.” Cobaltabisdicarbollide
(1) has shown to be hydrophobic,'” a weakly
coordinating'' and low nucleophilic anion,'? that makes
it suitable for stabilisation of transient complex cation
particles in catalysis and for using as strong non-
oxidizing acids,” or solid electrolytes. It has been
proposed in a wide range of applications such as
doping agents in conducting polymers'® extractants of
radionuclides,”” or to be wused in medicine.'
Derivatives of this polyhedral metallacarborane have
been recognized as potent and specific inhibitors of
HIV protease.'” Recently, Teixidor ez al. has reported
the use of cobastabisdicarbollide in ion selective PVC

membrane electrodes for tuberculosis drug analysis.'®
Great expectations have risen from these promising
pharmaceutical tectons, and works about their type of
binding in solid state, or association in solution, are
been developed in order to understand the behaviour of
this  borane compounds  facing  biological
mechanisms. "’

In this paper, we report on grafting (2) to different
types of SiO, surfaces (silica gel, quartz and wafers) by
using dioxane ring-opening reaction based on the use
amines and cyanide, covalently attached to the surface,
as nucleophiles.

Experimental Part

Materials

All manipulations were carried out under a dinitrogen
atmosphere using standard Schlenck techniques at
room temperature otherwise it is mentioned. Solvents
were reagent grade and were purified by distillation
from appropriate drying agents before using. Cs[3-Co-
1,2-(C,BgHy1),] was supplied by Katchem Ltd.
(Prague) and used as received. (11-
aminooxy)undecyltrimethoxysilane was purchased
from Sigma and used as received. 10-
Isocyanatodecyltrichlorosilane,”®  [3,3'-Co(8-C4HgO5-
1,2-C,BoH 0)(1',2-C,BsH )],® (1), and  [8-NH,-
C4Hg0,-3,3-Co(1,2-C,BoH 0)(1,2-CoBsH )H,  (2),%
were prepared according to the literature procedures.
Silica gel with pore size of 60 A and particle size of
40-63 pum (230-400 mesh) purchased from SDS
(Chromagel)
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Grafting of cobaltabisdicarbollide on Silica gel
particles using In situ Dioxane ring opening for
surface functionalization.

Silica gel was activated by refluxing in a mixture of
concentrated HCI and distilled water (1:1) for 5 h, and
then washed thoroughly with distilled water and dried
at 110 °C for 2 h under vacuum. The activated silica
(025 g) was added to a solution of (11-
aminooxy)undecyltrimethoxysilane in dry
trichloroethylene (10 ml, 0.12 M) and stirred for 24 h
at room temperature. After, a solution of (1) (575 mg,
1.4 mmol) in trichloroethylene (5 ml) was added and
stirred for 6 h. at room temperature. The functionalized
silica was filtered off, washed with THF, EtOH, CH;Cl,
H,O and Et,0O following this order, and dried in
vacuum at room temperature for 5 h to give a light
orange silica.

Grafting of cobaltabisdicarbollide on Si(100) and
quartz surfaces using In situ Dioxane ring opening
for surface functionalization .

(a) Preparation of Oxidized Silicon Si(100) and quartz
Surfaces. The native oxide layer was removed from the
Si(100) by immersion in aqueous HF solution (40%)
until total dewetting of the surface (about 10 s). The
substrates were cleaned by rinsing with HPLC water.
The substrates were then exposed to a homebuilt UV-
ozone chamber. This technique is well-known to
eliminate all organic impurities from a surface but was
also used to oxidize silicon and obtain a hydrated flat
silica surface free from organic pollution. The wafers
were placed at a maximum distance of 5 mm from a
two-wavelength low-pressure mercury lamp (A = 185
and 254 nm) under an O, stream. The quartz wafer
follows a similar process without HF solution
treatment. After 30 min. of exposition, a hydrophilic
silica surface (contact angle 6 10°) was obtained. The
thickness, measured by ellipsometry, was about 1.8-2.0
nm and the roughness, measured by tapping mode
atomic force microscopy, was about 0.15 nm.

(b) Grafting of (1) on the oxidized silicon surface and
quartz. The oxidized silicon wafer (or quartz wafer)
was placed into a Schlenk tube under a nitrogen
atmosphere. The grafting solution containing (11-
aminooxy)undecyltrimethoxysilane (10% M) in 10 mL
trichloroethylene and one drop of
diisopropylethylamine solution (1M). The wafer was
treated with the solution at 0 °C for 24 h. under a
nitrogen atmosphere without stirring. Then, the
solution was removed and a solution containing (1)
(205 mg, 0.5 mmol) in trichloroethylene (5 ml) was
added. After 48 h. the wafer was washed with
trichloroethylene, THF, again trichloroethylene and
chloroform under sonication.

Grafting of cobaltabisdicarbollide on Si(100)
surfaces using compound 2. Pre-opening of Dioxane
ring and functionalization forming group -NH-
C=0-NH-.

(a) The preparation of Oxidized Silicon Si(100)
Surface follows identical procedure as above.

(b) Grafting of 10-Isocyanatodecyltrichlorosilane on
the Oxidised Silicon Surface. The oxidised silicon
wafer was placed into a Schlenk under a nitrogen
atmosphere. The grafting solution containing 10-

isocyanatodecyltrichlorosilane (10?M) in 10 mL of
TCE and diisopropylethylamine (2 x 10" M) in
trichloroethylene (5 ml) was introduced into the tube.
The wafer was treated with the solution at 0 °C for 45
min under a nitrogen atmosphere without stirring.
Then, the solution was removed, and the wafer was
washed  with  trichloroethylene, THF and
trichloroethylene again.

(c) Reaction of the Immobilised Isocyanate with 2.
After washing the wafer surface in the Schlenk tube, a
solution  containing 2  (64mg, 10°M) in
trichloroethylene (15 mL) was introduced. The wafer
was treated with the solution at 0 °C for 2 h under a
nitrogen atmosphere. Then, the solution was removed,
and the wafer was rinsed with methanol (5 min), THF
(5 min), trichloroethylene (5 min) and dried in a stream
of nitrogen.
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Figure 1. ATR-FTIR measurements for the anchoring process of 1@wafer.
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Figure 3. UV measurements of 1@quarz
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Table 1. Contact Angle and IR measurements.

Us 2 @510,

compound contact angle (degrees) v(B-H) (cm-1)
1@silica - 2551
1@SiO,wafer 81.8+2.3 2565
2@SiO;wafer 75.2+2.0 2563
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f) Thumb Rules to Establish the Rotamer Configuration in Metallacarborane
Sandwiches. The relevance of the Cc-H-..-H-B Self Interactions.
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Abstract

The aim of this work is to explore the self-interaction capability of the anion [3,3’-Co(1,2-C,BoH;),] through C.-
H--H-B dihydrogen bonds. The quaternary ammonium [NMe,]" has been chosen as an expectedly innocent cation. A set of
theoretical and empirical data aiming to establish the main rules that account for the binding mode between the negatively
charged borane framework made by [3,3’-Co(1,2-C,BoH;),]” and the [NMe4]" ions have been compiled. The interaction
between cation and anion is mainly electrostatic but the covalent contribution is also proven and quantified. The existing
intermolecular H---H short contacts have been studied and are compared with available data from the Cambridge Structural
Database. The results show that the electronic configuration of the transition metal atom in the sandwich complex is not
enough to define the preferred [3,3’-Co(1,2-C,BoH;),] rotamer due to the influence of the anion environment and the H---H
interaction present in the solid state.

KEYWORDS

boron clusters, carboranes, sandwich complexes, DFT calculations, QT AIM, short contacts bond.
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Introduction

In the last 50 years a large knowledge about the
cobaltabisdicarbollide anion, [3,3’-Co(1,2-C,BoH ;),], 1,
and its derivatives has been accumulated.! Until now, the
anion 1 and its C, and B substituted derivatives are the
most ubiquitous sandwich metallacarborane compounds.
This metallacarborane shows extraordinary chemical and
thermal stability, hydrophobicity, weakly coordinating
character and low nucleophilicity. 2** These properties
make it suitable for a large number of applications, such
as strong non-oxidizing acids, 4 electroly‘tes,4 as
electroactive species in sensors, doping agent in
conducting polymers,’ in the extraction of radionuclides, ¢
but also medicine. ’ ** Recently, derivatives of this
polyhedral metallacarborane have been recognized as
potent and specific inhibitors of HIV protease.’ Great
expectations have risen from these anions, and theoretical
works about their type of binding in solid state, or
association in solution, have been developed in order to
understand the behaviour of this family of borane
cluster.'” Neverthless, in the literature there exist much
more types of full-sandwich metallacarboranes, in which
the metal atom is coordinated 1’ to the pentagonal C,B;
face of the dicarbollide ligands.'' The main reports are
concerning to their crystal structures and redox properties
due to the similarity of metallacarboranes to
metallocenes. In fact, it has been published that in the
case of redox couples, the electron transfer process will
influence the metallacarborane structure,'’ changing the
distance C,B;-M and providing a conformation rotation.
Besides, it has been noted that such rotation could be
exploited as a molecular motor,'? but in some cases the
rotation appears to be partial, based on the solid state
molecular structures." Furthermore, it is known that the
adopted conformation plays an important role to define
physical properties in the material."* To our knowledge
the C-H--H-B and other X--H-B dihydrogen bonds
(DHBs) have never been used before to interpret the
higher stability of one rotamer vs. another in solid state,
although they have been studied in metallacarboranes,"’
carborane'® or borane derivatives.'™'” This will be one of
the main goal of this work.

In this paper we report details that explain the
preferred cisoid conformation in solid state for anion 1
when the more stable conformation in gas phase would be
transoid. The relevance of hydrogen and dihydrogen
bonds to account for this fact is paramount. To reach this
goal, the crystal structure of [NMey][3,3’-Co(1,2-
C,BoH;)):], [NMegy][1], has been resolved and compare
with their homologous with Ni and Fe. The self-
association of 1 in solid state is studied using a procedure
to calculate the energy of the interactions between 1 and
[NMe,]". In addition, the Quantum Theory of Atoms in
Molecules and inspection of the electrostatic surface
potential has been used.

Experimental Section

General considerations. MALDI-TOF-MS mass spectra
were recorded in the negative and positive ion mode using
a Bruker Biflex MALDI-TOF [N, laser; lexc 337 nm (0.5
ns pulses); voltage ion source 20.00 kV (Uisl) and 17.50
kV (Uis2)]. All manipulations were carried out under a
normal atmosphere. Reagent grade solvents were
purchased from Aldrich and used as supplied. Cs[3,3’-
Co(1,2-C,BgH;;),] was commercially obtained from
KATCHEM and the chemicals [NMe,]Cl, NaOH and HC1
(aq. 33%) from Aldrich.

Preparation of [NMey][3,3’-Co(1,2-C,BoHyy),],
[NMey][1]. [NMegy][1] was prepared in 99% yield from
the corresponding sodium salt Na[3,3’-Co(1,2-
C,BoH),], that was previously prepared from Cs[3,3’-
Co(1,2-C,BoH1),] (91.3 mg, 0.2 mmol), following the
literature procedures.'S [NMey][1] crystallized from an
acetone solution of at room temperature. The NMR and
IR spectra of the product are similar to those earlier
reported in the literature.'” MALDI-TOF-MS: negative
mode, m/z caled. for 1 324.38, found 324.20, positive
mode, m/z caled. for [NMe,]" 74.10 found 74.05.

Theoretical Methods

Optimized geometries of the ground states of
rotamers for the anion 1 and the [NMey][1] salt were
performed using Density Functional Methods®® of the
Amsterdam Density Functional Package®' (ADF-2007).
The generalized gradient approximation (GGA non-local)
method was used, by means of Vosko, Wilk and Nusair’s
local exchange correlation * with nonlocal exchange
corrections by Becke * and non-local correlation
corrections by Perdew.?* The basis set employed in our
calculations are all-electron double- Slater type orbital in
the core and triple-{ in the valence shell with two
polarization functions for C, B and H atoms (TZ2P) and
TZ2P+ basis set for the cobalt atom. This TZ2P+ basis set
is nearly identical to TZ2P except for a better description
introducing 4 d-functions instead of 3. We label in this
paper this basis set combination for the molecular ion as
TZ2P(+). All calculations were no frozen core. Atomic
charges and population analyses were computed within
Voronoi Deformation Density Method as implemented in
ADF. % Topological Bader analysis ** was performed
using Xaim 27 software on the BP86/TZ2P(+) total
electron densities. Magnetic shieldings were computed for
the geometry optimized rotamers at BP86/TZ2P(+) level
employing DFT-GIAO *® method with a “Statistical
Average of Orbital dependent model Potential” (SAOP)
implemented in ADF?*° using TZ2P(+) basis set. ''B-
NMR chemical shifts were calculated relative to B,Hs and
converted to the usual BF;-OEt, scale by using the
experimental value of B,H, of 16.6 ppm.*!
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Search Parameters for Cambridge Structural
Database

Search procedures in Cambridge Structural
Database (CSD) were done using ConQuest.*> The CSD
(version 5.30, February 2009) was examined using the
following criteria: 3D coordinates determined, not
disordered, and without errors. The R factor is below 5%
or as specified in the text.

X-ray crystallography

Single-crystal data collection for [NMey][1] was
performed at —100 °C with an Enraf Nonius KappaCCD
diffractometer using graphite monochromatized Mo K,
radiation. The structures were solved by direct methods
and refined on F? by the SHELXL97 program.** The non-
hydrogen atoms were refined with anisotropic
displacement parameters. The hydrogen atoms were
treated as riding atoms using the SHELXL97 default
parameters. [NMey][1] crystallizes in a non-
centrosymmetric  space group, and its absolute
configuration was determined by refinement of Flack x
parameter.(Ref) Crystallographic parameters, summary
of the structure refinement parameters for [NMey][1] are
gathered in Table 1.

Results and Discussion

1. Rotamers discrepancy for the cobaltabisdicarbollide
anion and explanation from a Kohn-Sham-DFT
geometry optimization. Slow evaporation of an acetone
solution of [NMey][1] at room temperature gave orange
crystals suitable for their structural determination by X-
ray diffraction, that revealed a cisoid conformation for 1
(Figure 1). Selected bonding parameters are shown in
Table 2. In the Cambridge Structural Database (CSD),
there are 18 crystal structures that contain at least one
anion 1 in a cisoid conformation, with R-factor below 5%
(see Experimental part). The average value of the 6
dihedral angles formed by B8’, Co3, B10, B8 atoms in
cisoid rotamers is 38.3%1.7°, which includes our profile of
39.3+0.3°.3*% The average angle between the C,B; planes
for cisoid rotamers of 1 in CSD is 3.1+0.7 degrees.

In a CSD search for 1 (without any restriction),
56 crystal structures have been found, from which it is
noticed that the cisoid conformation is preferred for 1,
whereas only a 10% of [3,3’-Co(1,2-C,BoH),]
fragments present transoid conformation. Figure 2 shows
a graphical representation of the different rotamers
deposited in the CSD.** In 1967 the XRD crystal structure
of Cs[1] was determined for the first time, however, the
carbon atoms were ambiguously located and it was not
possible to distinguish if the anion presented transoid,
gauche or cisoid disposition.”” Thirty years later, it was
reported the first transoid conformation for the dianion
[3,3’-C0(1,2-C2B9H11)2]2', with the cobalt atom as a
formal d’ Co(II).*® Afterward, other crystal structures in
which the anion 1 posses a transoid disposition, with a
formal d® Co(Ill), have also been reported in the
CSD. 43940414283 1y this respect, all crystal structures

containing the transoid rotamer/s present some distinct
characteristics: a) they present more than one type of
rotamer in the asymmetric unit and b) the salt formulation
could be consistent with a cobaltabisdicarbollide either as
Co(II) or Co(Ill) oxidation states, due to the ambivalent
nature of the cation'**’;Error! Marcador no definido.
From the later consideration it could be deduced that the
oxidation state of Co should be capital to define the
rotamer, however, in many of the transoid examples the
oxidation state of Co is unambiguously Co(IIl). In
addition, there are some structural parameters that clearly
point out the non-equivalence between the #ransoid
examples noted with Co(IIl) and that with Co(II),** so
that the centroid distance between C,B; and Co(IIl) is
significantly shorter (1.469-1.477 A) than between C,B;
and Co(II) (1.561 A), which could be attributed to the
distinct ionic radii for a Co atom with d® or d’ electronic
configuration, being higher for the last one. From the
unique data available on a d’ Co(Il), [3,3’-Co(l,2-
C,BoHi1),]%, and the crystal structure of the anion [3,3-
Ni(1,2-C,BoH )] in transoid conformation, with a d’
Ni(IIT),'> * it could be tentatively deduced that d’
electronic configuration favours transoid rotamers
whereas Co(IIl) with d°tends to produce cisoid rotamers,
as will be discuss later. Nevertheless, due to the Co(III)
transoid rotamers found in the CSD (10%) and the
examples with gauche conformation, it is important to
note that the anionic environment shall be taken into
account to define the rotamer.

A DFT study on the isolated anion 1 in gas phase
has been carried out in order to compare the rotamer
energies without the external influence of the cation. The
Kohn-Sham DFT method for geometry optimization was
employed for this purpose.” In a previous theoretical
work,** the Gaussian Type Orbitals (GTO) were used for
the geometry optimization of the rotamers, whereas the
Slater Type Orbitals (STO) have been applied here. Both
theoretical studies have shown parallel results, where the
more stable conformation is the transoid and showing
similar difference of energy (11 kJ/mol) between the
transoid and cisoid rotamers (Figure 3). However, the
theoretical results are the opposite of those found in the
CSD research, where the preferred conformation for the
solid state is the cisoid. From the DFT calculations an
estimation of the dipole moment of the anion for each
rotamer in gas phase has been obtained. The transoid
rotamer has C,, symmetry and presents a null dipole
moment. On the contrary, gauche and cisoid rotamers
present C; symmetry and the calculated profile of the
dipole moment increases from 3.1 to 5.4 D, respectively.
Thus, the increase in energy of the different rotamers
parallels the dipole moment, and this is reflected on the
abundance of the observed rotamers in the CSD.

2. Energy stabilization of the cisoid rotamer of the
cobaltabisdicarbollide anion via ionic bonding and
intermolecular Cc-H--H-B solid state interactions.

The low energetic gap of 11 kJ/mol between the
three rotamers implies that, in solution, all three coexist.
Thus, why is the cisoid rotamer more abundant in solid

3
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state?. With the aim to quantify the energy of the
interaction between the innocent [NMe,]™ cation and 1,
and of the latter with a like anion, an energy
decomposition calculation with the Amsterdam Density
Functional package (ADF*') has been carried out. The
optimized geometry for the cisoid at BP/TZ2P(+) level of
theory shows the best agreement with the experimental
atom positions in the crystal structure (Tables with
selected geometric parameters calculated for the three
rotamers and experimental values are in the Supporting
Information). In addition, theoretical ''B-NMR chemical
shifts for the rotamers of 1 have also been calculated
using the previously optimized geometries showing a well
agreement with the experimental data. (Table S5 and
Figure S1 including calculated chemical shifts are
deposited in the Supported Information). The geometrical
parameters found in the asymmetric unit to locate the
non-hydrogen atoms have been taken. The hydrogen
atoms positions have been optimized at the
BP86/TZ2P(+) level. This approach minimizes the
computing time and allows us to obtain an accurate value
for the bonding energy. The calculated interaction energy
from ADF is presented as a Morokuma—Ziegler energy
decomposition scheme with corrected Dbasis set
superposition error (BSSE).* The calculated cation/anion
and anion/anion interaction energy (AEj,) can be split
into three main components: AEy = AEqyq + AEpay +
AE,;; where AE is the electrostatic interaction between
the ions, AEp,,; are the repulsive interactions and AE,; is
the stabilizing orbital interaction term that accounts for
electron pair bonding, charge transfer and orbital mixing
on one fragment due to the presence of a second
fragment. Table 3 shows the results for the individual
energy term and total energies for these anion/anion and
cation/anion interactions. As expected, AE, is the largest
energy term, although AE,;, is not negligible. In fact, the
AE,; value is remarkable for the anion/anion interaction,
and even though AE;, is positive, thus repulsive, the AE,;
value, that accounts mostly for the H:~-H intermolecular
interaction is negative, -24.1 kJ/mol, thus attractive. All
this shows the relevance of these non-bonding
interactions to define the crystal packing, and so that the
nature of the rotamer. The AE,; value is larger than the
energy difference between the framsoid and cisoid
rotamers (11 kJ/mol), so that it could be the clue to
explain why the cisoid isomer is in general preferred in
the solid state, as will be discuss bellow.

In the crystal structure of [NMey][1], two types
of intermolecular H-'H short contacts have been
observed: a) those involving the B-H and C.-H hydrogens
from the clusters, and b) those involving B-H hydrogens
with hydrogen atoms of a methyl moiety in the [NMe,]"
cation (Cye-H). This short contacts could be considered as
dihydrogen bonds ¥ (DHB) and/or H-H bonding
interactions.*® Figure 4 shows a motif from the crystal
structure where a central cobaltabisdicarbollide anion,
with the dicarbollide clusters named o and f, is
surrounded by three [NMe,]" cations (A, B, C) and four
anions (1, 2, 3, 4), that establish thirteen H--H short
contacts below the cut-off of 2.4 A. These H-~-H short
contacts are hydrogen interactions between the acidic C,-

H hydrogens from the central anion and hydrides B10-H,
B5-H and B11-H from the four surrounding anions. In
addition, H---H short contacts from the central anion via
B7-H, B11’-H and B12’-H to Cy,-H units from the three
neighbouring [NMe,]" are also observed (Table 4).

The Quantum Theory of Atoms In Molecules of
Bader (QTAIM)® has been applied to the study of the
above mentioned H:--H short contacts. Bond critical
points (BCP) have been observed for all of them and the
topological criteria for existence of DHB given by Koch
and Popelier*’ are mainly matched. The calculated energy
density (H) and V?p values at the BCP suggest closed
shell interactions of weak-medium strength (Table 5).5051
Additionally, the H-+H bond energy (Eyg) from the
energy parameters in AIM has been estimated (Table 5)
according to the empirical relationship of Espinosa et. al.
(Eyg = 0.5-V).” The values are in the range -4.24 to -5.94
kJ/mol. Combining these values with the AE, for the
anion/anion interaction given above (-24.1 kJ/mol), it
results that a maximum of four H--H would be for each
pair of interacting anions. In Figure 4 the central ion has
eight interactions with four neighbouring anions
involving two interaction per each pair The fact that the
number of interactions is lower than the maximum of four
is consistent with the fact that AE,; includes other energy
terms besides the H--H interactions and that in Figure 4
only those with a cut-off distance of 2.4 A are shown. The
Voronoi  Deformation  Density (VDD)  method
implemented in ADF has been preferred to calculate the
charge populations in these hydrogen atoms involved in
H-H interactions.”® Table 6 shows the distances between
hydrogen atoms found in the crystal structure (d'), and the
calculated distances after optimization at BP86/TZ2P(+),
(d). The VDD® charge represents the hydrogen charge for
the non-interacting ionic fragment whereas the VDD
charge is the hydrogen charge after interaction. The VDD
are less positive for the protic hydrogens and less negative
for the hydride hydrogens than VDD*, which indicates a
redistribution of charges. This charge redistribution
explains the different nature of the Cy-H--H-B and C,-
H---H-B interactions, so that the different charge sign in
the hydrogen atoms for Cy,.-H:-H-B is representative of
DHB; while the same charges in C.-H:-H-B suggests H-
H bonding interactions.*® These results are supported by
the important AE,; energy term of -24.1 kJ/mol.

Once the relevance of the H---H interactions have
been established, a study to understand the benefits of a
cisoid vs. a transoid rotamer in the crystal was necessary.
For this, the Cisoid-1 conformation for the central
cobaltabisdicarbollide anion depicted in Figure 4 was
taken as energetically benchmark by means of the above
established short contact interactions, Cy-H-*H-B and
C.-H:--H-B. A counterclockwise rotation of the o ligand
was performed to reach gauche-1, transoid, gauche-2 and
cisoid-2 conformations, and for each step the possible
repulsive interactions for Cy-H-/-H-C. or B-H-/-H-B
and attractive interactions Cy-H--H-B and C.-H:-H-B
were computed, found that the cisoid-1 conformation was
the most energetically stable (Figure 5). One possible
explanation is that the cisoid conformation provides a
better synthon to generate a higher number of

4
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energetically favourable H---H non-bonding contacts than
the trans conformation. Although this method is highly
qualitative, and differences of energy have to be taken
with caution, the calculated energy paths give an idea of
the importance of the C.-H---H-B interactions that seem to
be capital to decide the crystal packing, instead of the
[NMe,]", that acts as a spectator cation . In this respect,
when the cation is weakly interacting thus innocent, the
adopted conformer results from the anion/anion
interaction, whereas if the cation is an interacting one, a
balance of the cation/anion and anion/anion interaction
energies shall determine the more appropriate
conformation. If the non-innocent cation has better
hydrogen acceptors than B-H to bind the C.-H proton
donors of the dicarbollide ligand it certainly will
influence on the anion’s conformation. All CSD reported
transoid conformations incorporate a m system in the
cationsgmd CH/m interactions between these cations and
C-H.

Figure 4 shows the motif of the non-bonding
interactions between a central anion 1 and four
neighboring like anions and three cations, according to
the crystal structure of [NMey][1]. Interestingly, a very
similar motif was found in the crystal structure of
[NEt;H][1],> that is graphically shown in Figure 6. In
this structure similar H---H short contacts can be observed
between the central anion 1 and three surrounding cations
via Cg-H-BH, in addition to C.-H---H-B motifs between
1 and two like anions, that govern the crystal packing.

Even in the absence of cation-anion interactions,
the cation has a preferential site to bind the anion, for
[3,3’-Co(1,2-C,BgH}),] the cation is located is in the
vicinity of the negatively charged B-H framework. A
qualitative and effective method to learn where the cation
would be localized is by simple inspection of the potential
electrostatic surfaces (PES) on the anion. The more
negative zones with the highest electrostatic potentials
will be the prevalent localizations of the cation. In Figure
7 it can be seen that these negative zones match the B-H
dominating sites of 1. This method has also been
employed to localize preferential binding zones for
cations in aromatic systems.”

3. Hydrogen interactions between [NMe,]"* cation, the
Cc-H donor and the cluster B-H framework in other
metallacarboranes. There are two further examples
of metallabisdicarbollides containing [NMey]" as
counterion:  [NMey][3,3’-Ni(1,2-C,B,H;),,*  and
[NMey],[3,3’-Fe(1,2-C,B,H ),], *°* in  which  the
metallacarborane display the transoid conformation
(Figure 8). The [3,3’-Ni(1,2-C,B9H;;),]" anion establish
four Cy.-H-*H-B short contacts, whereas in the dianion
[3,3°-Fe(1,2-C,BoH 1),]%, fourteen Cye-H+H-B short
contacts are established between the central anion and
eight cations, but none of the type C.-H--H-B between
like anions. Why do these crystal structures present
transoid conformation? The [3,3’-Ni(1,2-C,BoH;;),]
anion contains a Ni(II)(d") atom, whereas the [3,3’-
Fe(1,2-C,BoH;),]> dianion has a Fe(l)(d®). The
electronic configuration for Co in the crystal structure of

[NMe,4][3,3’-Co(1,2-C;ByH ;)] is Co(I11)(d®).
Comparing the Ni and Co complexes, both are in the
same oxidation state, however, the Ni has one more
electron in the valence shell. On the other hand, both Fe
and Co are d°, but the Fe atom is in a lower oxidation
state. Thus, the Ni and Fe transition metals form more
negatively charged sandwich anions than the Co atom.
The consequence is more electron-rich C.-H hydrogen
atoms as shown by a VDD charge determination, which
reveals that for [3,3’-Ni(1,2-C,BoH1),],, [3,3’-Fe(1,2-
C,BoH )),]* and [3,3>-Co(1,2-C,BoHyy),]" the charge in
the C.-H proton is 0.097, 0.109, 0.125 au, respectively.
Thus, these additional examples with [NMe;]” show that
the acidity of the proton atom in the C.-H moiety
determines the B-H--*H-Cc interaction strength, and may
explain the preferential cisoid conformation observed in
[3,3°-Co(1,2-C,BgH;;),]” crystal structures, and the
innocence of the [NMe,]™ cation. In the first part of the
manuscript, we have already considered the
characteristics of the crystal structures for the dianion
[3,3’-Co(1,2-C,BoH ;)] with d’ Co(I).*® The VDD
charge calculated for C.-H in this complex is 0.118 au,
less acid than for monoanion [3,3’-Co(1,2-C,BoH;y),]".
Subsequently, and according to the previous discussion,
lower C.-H-H-B interactions are expected, and a
transoid configuration should be the more stable in the
presence of an innocent cation. Effectively, the crystal
structure show a transoid rotamer in which no short
contacts C.-H--H-B was observed. Concerning the
preferred cisoid configuration for d® complexes, and
transoid configuration for d’ complexes, it was already
discussed by Chamberlain ef al., however in this case a
different explanation was provided.™®

Nevertheless, even when the oxidation state and
the electronic configuration are capital to provide Cc-
H-H-B interactions and determine the conformation of
the anion, the other important factor is the cation. A non-
innocent counterion can play a fundamental role to
definitively establish the conformation of the anion, such
as is the case for the tetrathiafulvalenium (TTF) in salts of
[3,3-Fe(1,2-C;BHy )], [3,3°-Co(1,2-C;BoH )l ™
and [3,3’-Ni(1,2-C,BoHy),]". 2 In these three cases,
there are abundant similarities: the oxidation state for the
three central atoms is +3; the space group is P21/n, the
sandwich conformation is cisoid and there are hydrogen
interactions between the aromatic C-H of the cation and
the B-H framework of the dicarbollide ligands for the
three crystal structures. The differences between the three
crystal structures are mainly two: a) the first is related to
the electronic configuration of the transition metal, ds, dé
and d’ respectively, that influences to the centroid
distance C,B;-M(III), being 1.528, 1.471 1.541 A,
respectively. Consequently, the density of the crystal
structure is 1.426, 1.446 and 1.437 g/em’; b) the most
important difference is that the Fe(Ill) anion does not
form any Cc-H--H-B interaction, the Co(III) anion forms
two interactions being the shortest H-~-H distance 2.261
A, and the Ni(IIT) forms only one interaction just in the
limit of 2.398 A. This fact prove that the acidity of the
Cc-H for each sandwich remains even that conformation
is changed.
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Conclusion

A CSD research on the [3,3°-Co(1,2-C,BoH ;)]
anion determines that the preferred conformation in solid
state is the cisoid rotamer, just the opposite to that shown
by gas phase theoretical calculations. Several factors
seems to determine the conformation for anion 1 and their
homologous with other metals: a) the electronic
configuration, the experimental distance between C,B;
and the metal depends on this factor, giving higher values
for d° and d° (around 1.54 A) than for d® (1.47 A),
subsequently providing more freedom rotation; b) the
oxidation state of the metallic center is crucial since
affords the acidity of the C.-H protons, higher acidity
gives the larger number of C.-H:-H-B interactions, only
observed in cisoid conformations; c) the cation is the third
factor to determine the rotamer conformation and the
crystal packing. We have found that innocent or non-
innocent cations influence in the adopted conformation in

the following manner: the former drives to adopted
conformers where the anion/anion interaction play the
main rule in the crystal packing, however, if the cation is
an interacting one, a balance of the cation/anion and
anion/anion interaction energies shall determine the more
appropriate conformation. In other words, if a non-
innocent cation has better hydrogen acceptors than B-H to
bind the C.-H proton donors of the dicarbollide ligand it
certainly will influence on the anion’s conformation. In
general these anionic carborane derivatives structures are
capable to form specific intermolecular interactions.
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Figure 1. Structure of [NMe4][3,3’-Co(1,2-C,B9H; )] showing the labeling system. Displacement

ellipsoids are drawn at 30% probability level.
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Figure 2. a) 0 dihedral angle formed by B8’-Co-B10-B8 in crystal structures reported in CSD
containing [3,3’-Co(1,2-C,BoH1)2]". b) Time evolution of the reported crystal structures containing

[3,3’-Co(1,2-C,BoHj;)2]". See search details in CSD in the text.
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Figure 4. Central cobaltabisdicarbollide anion surrounded for other four anions and three cations. The

C. of the dicarbollide ligands are represented in ellipsoidal form.
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Figure 6. [3,3’-Co(1,2-C;BoHj1);| anion establishing H--*H short contacts (VAW cutoff: 2.4 A) with

three [NEt3H]+ cations and two [3,3’-Co(1,2-C,B9H;1);] anions.

Figure 7. Potential electric surface for a cisoid rotamer of [3,3’-Co(1,2-C;B9oH1;)2] anion.
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Figure 8. Central anion and short contact interactions established for [NMe4][3,3-Ni(1,2-C;BoH}2)2]

(16&) and [NMe4][3,3’Fe(1,2—C2B10H12)2] (I‘lght)

o |
o, 8 1 |
y i M )
e | [ L I_-' L ¥ i;f--r
& + 0L
A i ) ~f f
& e AN VT
i T 2- w
Ay L H!‘ I L
. : !

10



237

Table 1 Crystallographic data and structure refinement parameters for

[NMe4][3,3°-Co(1,2-C;BoH 1)1]

Formula

M;

Crystal system
Crystal habit, color
Space group

a/A

b/A

c/A

a/®

Br
y°
VIA®
Z
7°C
MA

Peatcalg cm”)
wmm™
Data/restraints/parameters
goodness-of-fit* on F*

R° [I>206(])]

RS [I>20(D)]

Flack’s parameter x

CgH34B3CoN
358.77
Monoclinic
plate, yellow
Cc(no.9)
6.9009(2)
28.7402(9)
10.7259(4)
90
91.129(2)
90
2126.89(12)
4

-100
0.71073
1.243

0.802
4280/2/257
1.042
0.0399
0.0789
0.033(17)

Y8 =[EWES - FOY V), ° R=Z|F| - |[FI/EIFS), € Ry = [EW(Fo | - [FE) 7EWIF, 172

11
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Table 2 Relevant bond lengths (A), bond angles and dihedral angles (degrees) in the crystal structure of

[NMey4][3,3°-Co(1,2-C;BoH 1)1].

Lenghts

Co3-C1 2.046(3)
Co3-C1" 2.034(3)
Co3-C2 2.042(3)
Co3-C2' 2.037(5)
Co3-B4 2.097(3)
Co3-B4' 2.087(4)
Co3-B7 2.084(4)
Co3-B7' 2.093(3)
Co3-B8 2.108(5)
Co3-B8' 2.115(3)
Cl1-C2 1.618(5)
cr-c2 1.606(6)
Angles

B4-B8-B7 106.4(3)
B4'-B8'-B7' 107.0(3)
B10-Co3-B10' 177.9(1)
Dihedrals

B8-Co03-B10'-B8' 38.9(3)
B8'-C03-B10-B8 39.6(3)

Table 3. Energy Decomposition for the cation/anion and anion/anion interaction. Energies in kJ/mol.

Positive value indicates repulsion.

[NMG4]+/[3,3 i -CO( 1 ,2-C2B9H] 1)2]— [3 ,3 ’ -CO(I ,2-C2B()H] 1)2]_/[3,3 ’-CO( 1 ,2-C2B9H1 1)2]-

AE ¢ -252.21 127.93
AEpyi 33.69 31.53
AE -46.19 -24.1
BSSE 321 2.45
AE iy -261.50 137.81

12
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Table 4. H:--H short contacts for the system depicted in Figure 4.

Interaction Type Anion/Cation tag C-H B-H Distance (A)
C.H-H-B 1 H1 Hl11 2.141
C.H-H-B 1 HI' H10 2.206
C.HH-B 2 H2 H10 2.195
C.H-H-B 2 H2' H5 2.058
C.H-H-B 3 H2 H10 2.195
CH--H-B 3 H2' H5 2.058
C.H--H-B 4 H1 H11 2.141
CH--H-B 4 HI' H10 2.206

Cye-H-H-B A H14 H1l' 2.306
Cye-H-H-B B H15 H12' 2.269
Cye-H"H-B B H16 H12' 2318
Cye-H"H-B C H13 H7 2.380
Cume-HH-B C H14 H7 2.395

Table 5. Topological Parameters (au) of the Bond Critical Point at the H...H short contacts.

Interaction  Cx-H{anion/cation} = B-H p(au) V?p(au) G(au) V(au) H(au) Eyp(kJ/mol)
Cye-HH-B H13{C} H7 0.00830 0.02368 0.00479  -0.00366  0.00113 -4.81
Cye-H--H-B H14{C} H7 0.00710 0.02249 0.00444  -0.00326  0.00118 -4.28

C.H-H-B H1{4} HI11 0.00943 0.02872 0.00585  -0.00453  0.00133 -5.94

CH-H-B H1'{4} H10 0.00720 0.02251 0.00443  -0.00323  0.00120 -4.24

Table 6. VDD Atomic Charges of hydrogen atoms involuctraded in the H---H short contacts. The d and

d' distances in A.

Interaction ~ Cx-H{anion/cation} B-H d’ d vDD" (C-H--H-B) VDD (C-H--H-B)
Cye-H--H-B H13{C} H7 2.395 2.208 0.086/-0.034 0.015/-0.030
Cyme-H--H-B H14{C} H7 2.380 2.401 0.086/-0.034 0.020/-0.030

CH--H-B H1{4} H11 2.141 2.145 0.125/-0.033 0.020/0.009

C.H:-H-B H1'{4} HI10 2.206 2.240 0.125/-0.030 0.021/0.015

13
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