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Sintesis General

1. SINTESIS GENERAL

La presente memoria se encuentra enmarcada dentro de la quimica de la coordinacion de
complejos de renio(I) con ligandos bidentados de tipo diimina. En concreto, durante el
desarrollo de la memoria se describe la sintesis, caracterizacion y las propiedades fisicas de
nuevos complejos con el fragmento fac-“Re(CO);” coordinado a ligandos amidinos bidentados,
formados bien a partir del acoplamiento de un nitrilo y un pirazol, bien de un nitrilo y una

nucleobase.

El presente trabajo se presenta como compendio de publicaciones. En la Introduccion,
con el objetivo de que el lector se familiarice con la tematica de este trabajo, se repasa el estado
actual de los elementos centrales de la memoria, es decir, el fragmento fac-“Re(CO);” y el
ligando amidino. A continuacion, en los Capitulos 3 y 4, se discuten respectivamente los

objetivos y los resultados del trabajo, que se enumeran muy brevemente a continuacion:

Primero se realiza un estudio sistematico y exhaustivo del mecanismo de la reaccion de
formacion de los ligandos pirazolilamidino coordinados a un fragmento metalico,
concretamente al fragmento fac-“Re(CO);”. Se estudia la influencia que ejercen en la reaccion
diversos factores como son el pirazol, el disolvente, la temperatura y la presencia de sales en la
disolucién. Como consecuencia de este estudio, se han podido desarrollar nuevos métodos de
sintesis de complejos pirazolilamidino. Se pretende encontrar vias de sintesis alternativas a la
clasica térmica que reduzcan los tiempos de reaccion y mejoren los rendimientos hasta ahora
obtenidos. Esta apertura de nuevas vias sintéticas podria abrir el camino a la sintesis de nuevas

especies amidino que hasta ahora no eran accesibles.

La eleccion para este trabajo del fragmento fac-“Re(CO);” se basa en las interesantes
propiedades que generalmente poseen los complejos que contienen coordinados ligandos del
tipo diimina. Por ello, el segundo objetivo del trabajo se centra en el estudio de las propiedades
fotofisicas y electroquimicas de los compuestos obtenidos. Para complementar estos estudios se
realizaron célculos teoricos DFT y TD-DFT de los compuestos sintetizados que apoyan las

conclusiones extraidas de los datos experimentales.

Como tercer objetivo, se procede a extender la reaccion de acoplamiento con nitrilo a
otro sistema de interés como son las nucleobases. De este modo se aborda un aspecto de
creciente interés en el campo de la quimica médica, como es la incorporacion de biomoléculas

al fragmento fac-“Re(CO);” y sus posibles usos como marcador o biosonda.
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Los resultados obtenidos de los objetivos anteriores se encuentran recogidos en el
Capitulo 4 y dieron lugar a la publicacion de una serie de articulos, los cuales conforman esta

memoria, y se encuentran recogidos en los Capitulos 5, 6 y 7.

En el desarrollo de la presente tesis doctoral se realizaron dos estancias cortas. Durante
la primera de ellas, en el grupo del Prof. Michael Knorr en la Universidad Franche-Comté
(Francia), se realizaron las primeras medidas de luminiscencia y electroquimica de complejos de
renio(I) y manganeso(I) con el fragmento pirazolilamidino. Algunos de dichos resultados se
recogen en el segundo articulo que conforma esta tesis. La segunda estancia se realizo en el
grupo del Prof. Philip Gale en la Universidad de Southampton (Reino Unido). En aras de
obtener el titulo de doctorado internacional se incluye el Capitulo 8, en el que se expone el
trabajo realizado durante dicha estancia. Dicho trabajo, unido al que se estaba desarrollando en
aquel momento por el grupo del Prof. Gale, dio lugar a un articulo que se encuentra recogido en

el Anexo 1.

Las principales conclusiones que se derivan de la investigacion desarrollada se recogen
en el Capitulo 9. Tras las conclusiones, en el Capitulo 10 se detalla la metodologia de sintesis y
la caracterizacion estructural seguida durante el trabajo. Por ultimo, en el Capitulo 11 se
encuentra la relacion de referencias bibliograficas empleadas en la elaboracion de la presente

memoria.

Para finalizar, en los anexos finales se incluyen una serie de articulos ordenados
cronoldgicamente en los que la doctoranda ha trabajado durante la realizacion de la tesis aunque
no formen parte del nucleo de la misma. En los Anexos II, III, IV y VIII se encuentran los
articulos centrados en la sintesis y caracterizacion de complejos con el fragmento
fac-“Mn(CO);” y el ligando pirazolilamidino, mientras que en los Anexos V, VI y VII se

recogen articulos en los que la doctoranda ha trabajo en colaboracidén con otros grupos.



Summary

1.1. Summary

This thesis deals with rhenium(I) tricarbonyl complexes containing coordinated diimine type
ligands. In particular, the synthesis, characterization and several physical properties of new fac-
“Re(CO);” complexes with bidentate amidino ligands are herein described. These amidino
ligands are obtained by the coupling reaction of either a nitrile and a pirazol or a nitrile and a

nucleobase.

This work is being presented as “compendium of publications”, what means that the
thesis should contain at least three indexed papers. The Chapter “Introduccion” is intended to
establish the state of the art of the thesis main topics, which include the fac-“Re(CO);” fragment
and the amidino ligand. The objectives and results of the thesis are thereafter discussed in

Chapters 3 and 4, and they are now briefly summarized:

First of all, a systematic study of the metal-mediated reaction mechanism between
organonitriles and amines is performed. The metal fragment used is fac-“Re(CO);” and the
influence of the pirazol, the solvent, the temperature and the presence of ionic salts is evaluated.
This study has allowed the understanding of the coupling reaction. The ultimate target is to find
new synthetic pathways in order to improve the reaction yields and to reach less
time-consuming reactions. Also developing new synthetic methods could open the way to

obtain new pyrazolylamidino complexes in the future.

The photophysical properties of rhenium(I) tricarbonyl complexes have been intensively
studied due to their interesting luminescent properties. Therefore, the second objective of this
thesis is centered on the study of the promising photophysical and electrochemical properties of
the amidine complexes synthetized. DFT and TD-DFT computational studies were also

performed in order to support the previous experimental data.

Finally, the coupling reaction between metal activated nitriles and biologically relevant
substrates, such as nucleobases, is studied in the third part of the work. The incorporation of
biomolecules to the fac-“Re(CO);” fragment and their possible use as probes is one of the main

topics of medical chemistry.

The above mentioned work resulted in the publication of three papers, which form this

thesis and are collected in Chapters 5, 6 and 7.

I have carried out two short stays in foreign universities in order to improve my
academic training. The first one was in the UTINAM institute, at Franche-Comté University
(France), under the supervision of Prof. Michael Knorr. The first photophysical and

electrochemical measurements of rhenium(I) and manganese(I) pyrazolylamidino tricarbonyl
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complexes collected in this work were performed during this stay. The second one took place at
Southampton University, under the supervision of Prof. Philip Gale. In order to obtain the
“Doctorado Internacional” degree a brief summary of the work carried out during this stay is
included in Chapter 8. The results of this work along with the results of other members of the

group lead to the publication of an article which is collected in Appendix L.

The main conclusions of the thesis and the experimental section are collected in Chapter
9 and 10, respectively. The references used during the thesis are listed in Chapter 11. Finally, in
the final Appendixes a series of articles that [ have co-authored are attached. Those in Appendix
II, I, IV and VII deal with pyrazolylamidino manganese (I) tricarbonyl complexes whereas
those in Appendix V, VI and VII are the result of different collaboration projects with other

research groups.
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2. INTRODUCCION

Todos los compuestos de este trabajo tienen como nexo de unién el fragmento fac-“Re(CO);”,
por lo que el primer apartado de la Introduccion se dedica a repasar las aportaciones mas

relevantes sobre sus propiedades y sus aplicaciones de mayor interés.

En esta memoria, los ligandos que se coordinan al citado fragmento metalico son de tipo
amidino. Debido a ello, se revisa su quimica en sucesivos apartados, haciendo especial hincapié
en los amidinos derivados de pirazol y de nucleobases, que son los que se describen en este
trabajo. Para finalizar, se incluye un breve apartado dedicado al mecanismo de formacion del

ligando pirazolilamidino.

2.1.El fragmento fac-“Re(CO);”

El nimero de complejos con el fragmento reniotricarbonilo ha crecido
exponencialmente en los Ultimos afios, convirtiéndose en el fragmento mas empleado dentro de
la extensa quimica de este metal. Los tres ligandos carbonilo en los complejos octaédricos de
configuracién d° con estequiometria [Re(CO);L3]” (z = 0 cuando L son ligandos neutros; z = 1
cuando uno de los ligandos es anionico) pueden presentar dos conformaciones estereoquimicas:
facial (fac) o meridional (mer). La configuracion fac es abrumadoramente predominante, debido
al fuerte caracter m-aceptor de los carbonilos, que tienden a tener ligandos dadores coordinados
en trans. De hecho, se conoce un niimero relativamente escaso de complejos que presentan
geometria mer.'"” La gran mayoria de los complejos fac-[Re(CO);Ls]* descritos en la
bibliografia se han preparado teniendo en mente el estudio de sus propiedades, bien sea para
entender los mecanismos relacionados con sus propiedades fotofisicas, bien sea para conseguir
objetivos especificos dentro de areas biologicas aplicadas. En la Figura 1 se representan
diferentes complejos fac-[Re(CO);L3]* en funcion de la carga del complejo y de la denticidad
del ligando.
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Figura 1. Tipos de complejos fac-[Re(CO);L;]” en funcion de los ligandos coordinados.

En la mayoria de los complejos descritos en la bibliografia el ligando X (Figura 1)
corresponde a un halégeno o pseudohaldogeno, mientras que los ligandos bidentados son
generalmente ligandos de tipo diimina, como la bipiridina o la fenantrolina, aunque también se
han disefiado numerosos ligandos bidentados N-L (L = N, P, O, S) para propositos especificos.
El nimero de complejos anionicos de los tipos I-111 es relativamente pequefio, ya que no tienen
aplicacion practica. Algunos presentan interés sintético como compuestos de partida, como por
ejemplo el complejo fac-[Re(CO);X5]>, (X = Cl, Br), que se ha utilizado como precursor de
diferentes complejos de renio. Lo mismo ocurre con los complejos de tipo VIII, que
generalmente se emplean como compuestos de partida. El resto de los complejos suelen estar
disefiados para una aplicacién concreta, como se detalla a continuacion para las mas

importantes.

2.1.1.  Luminiscencia, estudios fotofisicos y dispositivos moleculares fotoactivos

El termino luminiscencia fue utilizado por primera vez en 1888 por Eilhard Wiedemann para
denominar cualquier fenomeno en que la emision de la luz no estuviese solamente producido

por el incremento de la temperatura, es decir por la incandescencia. Actualmente la

10
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luminiscencia se define como “la emision espontanea de radiacion de una especie excitada
electronicamente o vibracionalmente que no este en equilibrio térmico con el medio”.’ Los
diferentes tipos de luminiscencia existentes se clasifican en funcion del modo de excitacion, de
esta manera existe la quimioluminiscencia, bioluminiscencia, fotoluminiscencia,
electroluminiscencia, catodoluminiscencia, radioluminiscencia, sonoluminiscencia,
termoluminiscenica y triboluminiscencia. La fotoluminiscencia es aquella luminiscencia en que
el estado excitado desde el que se produce la emision de luz se genera mediante la absorcion de
racion ultravioleta, visible o infrarroja. Este tipo de luminiscencia es de gran importancia en
muchos campos cientificos y tecnoldgicos como son la fisica, la quimica, la ciencia de los
materiales, la biologia o la medicina. La fluorescencia y la fosforescencia son tipos de
fotoluminiscencia. Durante mucho tiempo después de que G. G. Stokes introdujese el término
fluorescencia, la distincion entre fluorescencia y fosforescencia estaba basada en la duracion de
la emisién al finalizar la excitacion.” La fluorescencia se consideraba como la emision de luz
que desaparecia a la vez que la fuente de excitacion, mientras que en la fosforescencia la
emision perduraba después del fin de la excitacion. Pero este criterio dejo de ser valido debido a
la existencia de fluorescencia de vida larga (sales de europio divalentes) y de fosforescencias de
vida corta (sulfuro de zinc). En 1929, F. Perrin propuso por primera que la condicion para que
ocurra la fosforescencia es que la especia excitada pase por un estado intermedio antes de la
emision.” Por la tanto, actualmente la fluorescencia se definiria como una emisién de radiaciéon
espontanea desde un estado molecular excitado con retencion de la multiplicidad de espin
mientras que la fosforescencia incluye un cambio en la multiplicidad de espin, generalmente de

triplete a singlete o viceversa (Figura 2).}
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Figura 2. Representacion de la fluorescencia y la fosforescencia.

El interés en las propiedades fotofisicas y fotoquimicas de los complejos

fac-[ReX(CO)s(0-diimina)] y fac-[ReL(CO);(a-diimina)]" comenzo6 en la década de los setenta,
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cuando Wrighton describi6 por primera vez la luminiscencia del complejo
fac-[ReCI(CO)5(bipy)].>” Después de la excitacion de los complejos octaédricos d° de bajo
espin, los estados energéticos mas altos se pueblan como resultado de varias transiciones
electronicas: centrada en el metal (MC), centrada en el ligando (LC), transferencia de carga del
metal al ligando (MLCT) y transferencia de carga del ligando al metal (LMCT).* Mientras que
en los complejos @ predominan las emisiones centradas en el metal, en estos complejos de
renio(I) se observan todas las posibles excepto las transferencias de carga del ligando al metal
(LMCT).* Debido a esta riqueza de posibilidades se publicaron un gran niimero de trabajos en
los que se estudiaban las propiedades de estos compuestos, haciendo especial hincapié en su
fotoactividad.”"> La mayoria de los trabajos iniciales estaban enfocados al estudio de la
luminiscencia de los complejos, a la identificacion de los estados emisivos envueltos en el
proceso y a la determinacion de los procesos de transferencia energética que dependen de la
naturaleza del ligando. También se han publicado varias revisiones sobre las diversas
aplicaciones de las propiedades fotofisicas de estos compuestos, entre las que destacan su

actividad como emisores de luz (OLED)'® o como fotointerruptores '"'*

2.1.2.  Quimica bioorganometalica

El descubrimiento de la estabilidad en agua y en aire de los complejos con el fragmento
fac-“Re(CO);”, unido al hecho de que también pueden ser sintetizados en disoluciones acuosas,
llevo a la expansion de la tecnologia llamada “Re(CO); core” utilizada mayoritariamente en el
desarrollo de aplicaciones radioterapéuticas y de radio-imagen.'"”® El interés de este tipo de
compuestos como sensores o agentes de contraste en bio-imagen se debe a las siguientes

caracteristicas:>*?°

(a) alta fotoestabilidad, que permite la exposicion continua de los complejos
a la fuente de irradiacion; (b) largos tiempos de vida de fosforescencia (t = ps); (¢) los estados
tripletes desde los que ocurre la emision en complejos de metales de transicion generalmente
estan asociados a transiciones de Stoke amplias, lo que minimiza posibles efectos de
autodesactivacion; (d) alta capacidad de absorcion a través de los tejidos. En los complejos con
ligandos tridentados (Figura 1, tipo X) se ha observado un perfil farmacocinético mas favorable

que en los del tipo VIII (Figura 1), como [Re(CO);L,(H,0)]", ya que in vivo se eliminan mas

;. . . . . 22
facilmente, lo que es un factor muy importante en sustancias radioactivas.

El uso de este tipo de complejos como marcadores bioldgicos estd en constante

. 21,24
crecimiento,”

por ejemplo para la deteccion de especies marcadas mediante biotina (ADN,
péptidos o proteinas).””*® Otros complejos con el fragmento fac-“Re(CO);” han empezado a ser

. . , 29
estudiados como agentes anticancerigenos.

12
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2.1.3.  Reduccion de CO,

Es bien sabido que el incremento del uso de combustibles fosiles ha producido un aumento en la
concentracion del dioxido de carbono atmosférico, dando lugar a problemas medioambientales
como el efecto invernadero. Por ello, han cobrado especial interés los procesos de eliminacion
de CO,, entre los que destaca su reduccion a CO u otros productos. Se han descrito varios
intentos para conseguirlo, basados en mecanismos bioldgicos,”® en técnicas de
copolimerizacion,’' en técnicas de hidrogenacion,™ o en la reduccion del CO, a CO mediante
via fotoquimica® o electroquimica.*® En estos dos Gltimos métodos es donde el papel del
fragmento fac-“Re(CO);” presenta especial interés. El detonante de este interés fue un articulo
publicado en 1983 por Lehn y su grupo en el que demostraban que el complejo
fac-[ReC1(CO)5(bipy)] catalizaba la reduccion de CO, a CO bajo condiciones fotoquimicas.”
Desde entonces se han ido sucediendo diversos estudios sobre las propiedades del sistema, y

sobre como mejorar su efectividad.

2.1.4. Electroquimica

En 1978, el grupo de Wrighton observo una transferencia electronica fotoinducida en el
complejo fac-[ReCl(CO);L] (L = 1,10-fenantrolina, 4,7-difenil-1,10-fenantrolina) y la
formacion de productos de vida larga como resultado de la transferencia de un electron. Este
hecho les llevé a caracterizar las propiedades electroquimicas de estos complejos de renio
mediante voltamperiometria ciclica.” La reactividad de una molécula en su més bajo estado
excitado posible de un electron debe de estar relacionada con el estado fundamental de la
molécula oxidada tras eliminar un electron y del mismo estado de la molécula reducida por
adicion de un electron. Una vision muy simplificada de esta situacion se muestra en la Figura 3,
en la que se observan las diferentes ocupaciones de los orbitales HOMO y LUMO de un
complejo. La localizacion de los electrones en los orbitales moleculares es de vital importancia
para entender la reactividad y la estructura de los estados reducidos, dado que el HOMO vy el
LUMO de las moléculas generalmente juegan un papel muy diferente e importante en el enlace.
Por ejemplo, se observa como la sustraccion de un electréon del HOMO genera labilizacion del

ligando L, mientras que la adicién de un electrén al LUMO no produce labilizacion.”

13



Capitulo 2

L) — + + -

woo 4 A A

M-L]° M-L] [M-L]*- [M-L]™*

Figura 3. Diagramas orbitales de un electrén para un complejo metalico M-L, es su estado base, en su estado

excitado MLCT, reducido con un electrén y oxidado con un electron.

2.1.5. Enlaces supramoleculares y especies polinucleares, aparatos y aplicaciones

Debido a la capacidad coordinativa y alta estabilidad del fragmento fac-“Re(CO);”, el numero
de complejos bi- y polinucleares formados a partir de este fragmento es muy alto. Sus
aplicaciones van desde la catalisis a la formacion de sistemas con interesantes propiedades
luminiscentes o redox.”® Este es un campo de investigacién muy activo, ya que los complejos
polinucleares de metales de transicion con el fragmento fac-“Re(CO);” podrian llegar a
presentar funcionalidad inducida por la luz y/o redox. Un ejemplo seria la catalisis fotoinducida,

para la que ya han mostrado su utilidad diversos complejos polinucleares de renio(T).*’

Las especies polinucleares simples pueden estar unidas por medio de ligandos puente
que funcionan como espaciadores entre los centros metalicos. Para este papel se han utilizado

1438 ya que ofrecen distancias y fragmentos electrénicos bien

ampliamente diversas polipiridinas,
definidos, aunque también se han empleado espaciadores de otras caracteristicas, incluso unidos
en algiin caso por enlaces de hidrogeno."” También se ha descrito el uso de estos compuestos
como fotointerruptores, como la serie de complejos [{fac-[Re(CO)s(a-diimina)]s}* (u-L)*]
donde L es un ligando fotoisomerizable de cis a trans y viceversa.”® Otro area en la que estos
fragmentos supramoleculares se han utilizado exhaustivamente es el reconocimiento de aniones,

4041 Un tema de reciente interés

debido a su alta sensibilidad y a sus bajos limites de deteccion.
en el que los compuestos con el fragmento fac-“Re(CO);” también estan implicados es la
formacion de nuevos materiales supramoleculares con forma rectangular, cuadrada o triangular.
Debido a sus propiedades luminiscentes, estos suprametalaciclos de renio(I) son una excelente
plataforma para el estudio de interacciones huésped-anfitrion con moléculas aromaticas
planas.*** Un paso més all4 es la construccion de estructuras tridimensionales tipo caja, en las
que las paredes serian grandes moléculas planas, como las porfirinas.** Este tipo de compuestos

podria albergar una gran variedad de especies moleculares en la cavidad formada y por lo tanto

podria ser usado como sensor.*
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2.2. El ligando amidino

El grupo amidina fue sintetizado por primera vez por Gerhardt en 1858 mediante la reaccion de
anilina con cloruro de N-fenilbenzamida.*® Su interés radica en su versatilidad sintética en

4748

;. , . . . ., 49 , g
quimica organica” "™ y en su capacidad de coordinacion a metales.” Ademas, el grupo amidina

se encuentra en varias moléculas bioldgicas como: histidina, citosina, adenina, guanina y

vitamina B12, lo que le hace atractivo por su actividad en quimica médica.”’

Es bien conocido que el desarrollo de un método eficiente y catalitico para la formaciéon
de enlaces C-N que conduzca a la formacion de amidas es de extraordinaria importancia, debido
a la gran utilidad sintética de las amidas en general y de las amidinas en particular. La reaccion
de Pinner (Esquema 1) se describi6 por primera vez en 1877 pero sigue siendo el método mas
comun para preparar amidinas primarias.” Un tercio de todos las amidinas obtenidas a partir de
nitrilos en el periodo 1994-2003, fueron sintetizados por el método de Pinner.”> En ¢l se hace
reaccionar al nitrilo con alcohol en condiciones anhidras en presencia de cloruro o bromuro de
hidrogeno para obtener la sal de iminoéster. La posterior reaccion de este compuesto con
amoniaco o aminas genera la correspondiente amidina (Esquema 1). Esta via sintética basada en
reactivos de bajo coste puede ser apropiada para la sintesis a gran escala pero consume mucho

tiempo.

NH, NH
R—C=N — R1—< —> Ry
HCl R ReRaNH NRsR.

ROH

Esquema 1. Reaccion de Pinner.

Los complejos con el ligando amidino se preparan generalmente por adicion directa del
ligando amidino, previamente sintetizado, al metal. La posibilidad de generar complejos
amidinos in situ por medio de reacciones asistidas por metales entre nitrilos coordinados y
aminas constituye una ruta alternativa al método anterior muy atractiva. Tanto en el laboratorio
como en la industria las transformaciones de organonitrilos juegan un papel muy importante
debido a su gran versatilidad quimica. La adicion de nucleéfilos,” electrofilos™ o la

233 4] triple enlace C=N son rutas de interés para la formacion de

cicloadicion asimétrica dipolar
nuevos enlaces C-C, C-N, C-O y C-S. Uno de los principales problemas que se producen en
estas reacciones de adicidon nucleofila es la insuficiente activacion electrofila del carbono del

nitrilo RC=N, incluso cuando R es un grupo con elevado caracter aceptor. Sin embargo, estas

15



Capitulo 2

dificultades se superan facilmente coordinando el nitrilo a iones metalicos. El centro metalico se
comporta como un fuerte acido de Lewis activando el carbono del nitrilo para que se pueda
producir el ataque nucleofilo. De hecho, esta activacion puede resultar en un incremento de la
velocidad de reaccion, que se puede llegar a multiplicar por 10° y hasta por 10°, incluso
pudiendo llegar ocasionalmente a 10'®. Por esta razon la sintesis de fragmentos amidino a partir
de nitrilos activados por metales es una alternativa muy atractiva respecto a la reaccion de

Pinner.

La reaccion se produce mediante el ataque del nucledfilo sobre el carbono del nitrilo,
formandose un nuevo enlace carbono-nucledfilo y pasando el triple enlace C=N a doble enlace,
ya que el atomo de nitrogeno del nitrilo termina enlazandose al hidrogeno del nucleofilo. Esta
reaccion se puede producir a partir de diferentes nucledfilos como son alcoholes, oximas,
pentacloruro de fosforo o aminas. En el Esquema 2 se representa la reaccion general para la

formacion de amidinos.

_R3

N

[M]—rLEC—R + N — >  [MI—/N=C

T
-
Py

Esquema 2. Esquema general de formacion de amidinos a partir de nitrilos coordinados.

El producto final es el resultado de la insercion formal del nitrilo en el enlace Nu-H
presente en el nucleofilo inicial, motivo por el que esta reaccion se puede denominar de
insercion. A la vez, puesto que se produce la unién de dos fragmentos organicos para formar
una sola molécula, se puede entender también como una reaccion de acoplamiento. Por lo tanto
esta reaccion se puede denominar de acoplamiento o de insercién y ambos términos son

utilizados indistintamente en esta memoria.

En los ultimos afios en nuestro grupo de investigacion se ha estudiado el
comportamiento de un tipo especial de ligandos quelato nitrégeno dadores en los que cada
atomo de nitrogeno forma parte de un grupo dador diferente.””® Estos ligandos se suelen
denominar "mixtos" y presentan un atractivo especial, debido a la diferente estabilidad y
reactividad de cada uno de los fragmentos. Tras estos precedentes y lo expuesto anteriormente
sobre el ligando amidino, decidimos centrar nuestros estudios en el ligando pirazolilamidino
(Figura 4, B). Este ligando fue uno de los temas centrales del trabajo desarrollado con ligandos

quelato con fragmentos pirazol por la Dra. Arroyo en su tesis doctoral.”” En la presente memoria
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se continua el estudio sobre el fragmento pirazolilamidino y en la parte final se extiende a otros
complejos con ligandos amidino derivados de la 1-metilcitosina (Figura 4, C). Como se observa
en la Figura 4 el ligando pirazolilamidino puede formar quelatos estables de cinco eslabones
mediante su coordinacion a centros metalicos. Del mismo modo, el amidino derivado del
acoplamiento de la 1-metilcitosina con un nitrilo coordinado generaria un quelato de seis
eslabones. En ambos casos se obtendria un ligando quelato neutro mixto, en el que dos atomos
de nitrogeno de grupos dadores diferentes estan coordinados al centro metalico. En los

apartados 2.2.1 y 2.2.3 se detalla el estado del arte de estos dos tipos de ligandos en concreto.

CHs
R e \N
o2
)N|\ R2 \ R4 O:< \
R \ N=—
N4
Ri T /N_N M/ NH
\ <
R3 M\N)\R1 N—
R4
A B c

Figura 4. Esquema general de (A) amidinas; (B) pirazolilamidinos; (C) amidino derivado de la 1-metilcitosina.

2.2.1. Elligando pirazolilamidino

Los ligandos bidentados con fragmentos derivados del pirazol han despertado siempre interés,
como se desprende de la revision de Mukherjee del afio 2000.”" Dentro de esta familia de
ligandos, el ligando pirazolilamidino presenta, como su nombre indica, un grupo pirazol y un
fragmento amidino. Cuando actia como ligando, estos dos grupos se encuentran coordinados
formando un quelato de cinco miembros coordinado al metal por dos atomos de nitrogeno. El

interés del ligando pirazolilamidino se debe a sus especiales caracteristicas:

a) Los electrones del ligando pirazolilamidino se encuentran deslocalizados de la misma
forma que en los ligandos bipiridina o fenantrolina, por lo que las propiedades de un complejo
con un ligando de este tipo deberian ser muy similares a las de los complejos que contienen
coordinados estos ligandos. Hay que recordar que este tipo de ligandos nitrogeno dadores de
tipo diimina se han venido utilizando tradicionalmente, tanto en Quimica de la Coordinacion
como en Quimica Organometalica, donde han cumplido generalmente un papel de ligandos
estabilizadores. Todos ellos se caracterizan por ser buenos dadores, y por su capacidad para

formar quelatos relativamente fuertes y estables.”” No suelen participar en la reactividad de los
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complejos, ya que no se activan facilmente, por lo que se comportan generalmente como

ligandos espectadores.

b) Se genera in situ por acoplamiento entre un pirazol y un nitrilo coordinado,
permitiendo asi controlar las propiedades electronicas y estéricas del ligando quelato final, lo
que permite acceder de manera sencilla a diferentes pirazolilamidino con sélo variar los
sustituyentes del nitrilo y del pirazol (Esquema 3). Esta es una ventaja evidente respecto a los
ligandos diimina que se utilizan habitualmente, en los que la introduccion de sustituyentes
requiere métodos sintéticos generalmente complicados y tediosos. En cambio, por medio de este

sencillo método sintético se pueden obtener ligandos pirazolilamidino "a la carta".

o
0 /SN
M—N=Cc—R *+ | M]

N—NH \N/
H R

Esquema 3. Mecanismo general de la sintesis del ligando pirazolilamidino.

¢) El hidrogeno enlazado al atomo nitrogeno dador del ligando pirazolilamidino que
proviene del nitrilo es ligeramente acido, por lo que es previsible que juegue un papel relevante
a la hora de formar enlaces de hidrogeno o que pueda ser deprotonado, generando en ambos
casos nuevas especies de interés. En el primer caso, la formacion de enlaces de hidroégeno
podria generar agregados polimetalicos, lo que esta relacionado con uno de los grandes retos de
la quimica actual, como es comprender y controlar como se organizan las moléculas.”>™ En el
segundo, la deprotonacion también permitiria el acceso a especies polimetalicas, en este caso
enlazadas por enlaces covalentes. El interés de los complejos en los que hay dos o mas atomos
metalicos proximos se basa en que pueden considerarse como un nexo de uniéon entre los

complejos de coordinacion y las superficies solidas.”

A pesar de estas interesantes propiedades, se han descrito relativamente pocos
compuestos con este ligando, la mayoria de ellos con rutenio y solo con elementos de los grupos
6 al 10. Esta escasez de ejemplos permite que se pueda hacer aqui una revision exhaustiva, que

se detalla a continuacion.

Los primeros complejos con el ligando pirazolilamidino fueron descritos en 1986 casi a
la vez, por los grupos de McCleverty y Santos, ambos con rutenio(Il) como atomo central

(Figura 5). McCleverty describe la reaccion como una adicion nucleofila del enlace N-H del

18



Introduccién

pirazol al enlace C=N del nitrilo, cuyo caracter electrofilo se ve aumentado por coordinacion al
fragmento metalico que actiia como un 4cido de Lewis.”® El grupo de Romero ef al. fue el
primero en publicar la estructura cristalina de un complejo con el ligando pirazolilamidino
(Figura 5, B).” En un trabajo posterior realizaron un estudio mas extenso sobre la reacciéon de
diferentes complejos de rutenio(Il) con pirazol y 3,5-dimetilpirazol. El estudio de la fortaleza
del ligando pirazolilamidino formado les permitié concluir que es analoga a la de otros ligandos

bidentados como bipiridina o fenantrolina.”®

Figura 5. Primeros compuestos de rutenio descritos por McCleverty (A) y Romero (B).

A continuacion la revision de complejos con ligandos pirazolilamidino prosigue en

funcion del grupo del metal al que estan coordinados.

En el grupo 6 se han descrito ejemplos de ligandos pirazolilamidino coordinados a
molibdeno o wolframio. Los dos tnicos ejemplos de molibdeno con el ligando pirazolilamidino
fueron obtenidos por casualidad. En 1987 el grupo de Trotter cristalizd inesperadamente un
complejo pirazolilamidino de molibdeno (Figura 6, A), cuando intentaba sintetizar un
compuesto bimetalico de molibdeno y galio.” Mas recientemente, en 2001, el grupo de Bolte
describi6é la estructura cristalina de un nuevo oxocomplejo de molibdeno con el ligando
pirazolilamidino, cuando un compuesto previamente sintetizado fue expuesto a la humedad y al

aire (Figura 6, B).%
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Figura 6. Unicos compuesto de molibdeno con el ligando pirazolilamidino.

Los ejemplos con wolframio se deben a resultados previos de nuestro grupo de
investigacion que estan incluidos en la tesis de la Dra. Arroyo. Los complejos
fac-[WI,(CO);(NH=C(CHs)pz*-k’N,N)] (pz* = pirazol o 3,5-dimetilpirazol) se sintetizaron al
hacer reaccionar fac-[WI,(CO);(NCMe);] con los correspondientes pirazoles en proporciones
molares 1/1 en acetonitrilo. El interés de la estructura del complejo
fac-[WI,(CO);(NH=C(CHs)dmpz-k°N,N)] (Figura 7) radica en la escasez de ejemplos®'™ de
complejos de estequiometria [MX,(CO);L,] (X = halégeno, L = ligando N dador) con una
disposicion cis de los halégenos, ya que generalmente los haldgenos estan coordinados en trans

cuando L es un ligando nitrégeno dador y en cis cuando L es distinto a nitrogeno.™

N2 (E

Figura 7. Vista en perspectiva de fac-[W12(CO)3(NH=C(CH3)dmpz-K2N,N)].

Todos los ejemplos del grupo 7 corresponden a trabajos previos de nuestro grupo de

9,84

investigacion. Hasta la fecha, hemos descrito diferentes complejos de manganeso®®* y renio,”
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tanto neutros como cationicos, en los que el ligando pirazolilamidino se forma a partir de un
nitrilo y un pirazol (Figura 8). También se estudio la capacidad de algunos complejos de renio

. .7 : 7 85
para captar aniones, en este caso en colaboracion con el Prof. Julio Pérez.

BrR LR +
R e
OCuuy, M e N m—\| OCuy, " e NE TN
oc™” | ~v= oc™” | ~v=\
H R’ H CHj
CcO Cco
M= Mn, Re; R=H, CHj3; R"=CHj; M = Mn; L = Hy0; R =H, CH3
M = Mn R =H, CH;; R"=Ph M = Mn; L =CNXyl; R=H, CH3
M = Mn, Re; L = pzH; R=H
M = Mn, Re; L =dmpzH; R=CHj
M = Mn, Re; L=NCMe; R=H, CHj;

Figura 8. Complejos de renio y manganeso conteniendo el ligando pirazolilamidino.

Nuestro grupo también amplio el estudio de este tipo de compuestos a otros precursores
para dar reacciones de acoplamiento entre pirazoles y nitrilos no convencionales, como es el
caso de la dicianamida’’. Las conclusiones de este trabajo remarcan la importancia del centro
metalico para la formacién del ligando pirazolilamidino, ya que s6lo se observan procesos de
insercion para el manganeso, pero no para renio o molibdeno. El trabajo permitié acceder a
nuevos ligandos pirazolilamidino coordinados a un centro metalico (Esquema 4) o como puente

entre dos atomos metalicos, como se vera al final de este apartado (Esquema 5).

Br COR
| R R | =
OC g NEME W + Na(NCNCN) ——» OC"""”Mn“““““NTN
oc™ | “WNCMe _ oc™ | WN=R
N NH H N —N
co N
R— nH
R=H, CH3 R

Esquema 4. Complejos con el ligando pirazolilamidino generados a partir de dicianamida y pirazoles.

Como se expuso anteriormente, el elemento para el que se encuentra la mayor variedad

de ejemplos de pirazolilamidino coordinados es el rutenio. Tras el trabajo de McCleverty, al que

86,87

se ha hecho referencia anteriormente, el grupo de Kollipara™®’ publicod varios trabajos en los
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que estudio la reactividad de n°-arenos de rutenio(II) frente a pirazoles usando acetonitrilo como
disolvente. Estos estudios permitieron concluir que el tamafio de los sustituyentes presentes en
el resto n’-areno es determinante para la formacién del ligando pirazolilamidino. Asi, cuando el
resto es muy voluminoso (1°-CsMes) solo se produce la coordinacion del pirazol, mientras que

la insercion ocurre con renos menos voluminosos, como 1°-p-cimeno (Figura 9).

_ .
> < ]> R,R' =H
R | R =H, CH,
RU-/// ” = C6H5
SNT N = CHa, CeHs
\ =N -
N\ _NH \\ R = OCHs
= OC,Hs
— R pu—

Figura 9. Complejos con pirazolilamidino obtenidos por el grupo de Kollipara.

El grupo de Arion y Kepler publico un par de articulos sobre compuestos de rutenio con
el ligando pirazolilamidino. En el primero de ellos, de 2005, se presenta por primera vez un
complejo con pirazolilamidino en el que el pirazol es un indazol®™ y sugieren un mecanismo
intramolecular para la reaccion de formacion de este pirazolilamidino de rutenio(Il).
Posteriormente en 2008, describieron los primeros ejemplos de rutenio(Ill) con un ligando
pirazolilamidino coordinado. Como cabria esperar, con rutenio(Ill) la reacciéon ocurre mucho
mas rapidamente que con rutenio(Il), ya que los altos estados de oxidacion potencian la
activacion del nitrilo,” de modo que la reaccion para obtener el complejo
mer, trans-[RuCly(indH)(NH=C(Me)ind-k’N,N)] tarda solo unos segundos. Ademas en este
articulo se describe por primera vez un compuesto que contiene dos ligandos pirazolilamidino

coordinados a un unico centro metalico (Figura 10).
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Figura 10. Primer compuesto con dos ligandos pirazolilamidino coordinados.

En 2012 el grupo de Chen describio el complejo
[Ru(L)(NCCH;)(NH=C(CH;)dmpz-k*N,N)]PF, (L = bis(N-piridilimidazonildenil)metano), que
es el ultimo ejemplo publicado hasta la fecha de un complejo de rutenio(Il) con el ligando

3,5-dimetilpirazolilamidino.”

El grupo de Carmona et al. describid los tnicos ejemplos descritos hasta la fecha de
complejos con iridio que contienen el ligando pirazolilamidino coordinado:

[Ir(n’-CsMes)(pzH)(NH=C(R)pz-i’N,N)][BF,], (R = Me, Bz).”!

En cuanto al grupo 10, se han descrito complejos pirazolilamidino de niquel y de
platino. En 2009, el grupo de Horng describié nuevos complejos bis(pirazolilamidino) de
niquel, y ademas realizé un estudio sobre el papel que juega la presencia de contraiones en la
reaccion de formacion de los complejos.”> Dos grupos diferentes han descrito complejos de
platino con el ligando pirazolilamidino coordinado (Figura 11). Los complejos
[PtCL(NH=C(R)pz-k’N,N)] (R = Me, Ph) fueron descritos por Cinellu et al. en 1989.”
Posteriormente, en 2006, Kukushkin y colaboradores publicaron un extenso estudio sobre la
formacion y reactividad de los ligandos pirazolilamidino, en el que discuten la influencia del

centro metalico empleado (platino(II) vs. platino(IV)) y el tipo de pirazol.”*

Hvastijovd et al. estudiaron la reactividad de complejos de cobre con pirazoles y
nitrilos de especiales caracteristicas, como tricianometanuro (C(CN);’) o dicianamida (N(CN),),
y plantearon la posible formacién de complejos de cobre con el ligando pirazolilamidino.”
Afios mas tarde conseguirian cristalizar el complejo [Cu(NH=C(pz)(CH(CN),)-k’N,N),]*, que es
uno de los complejos pirazolilamidino de cobre descritos hasta la fecha, el Unico metal del

grupo 11 para el que se conocen este tipo de complejos. Otro ejemplo con cobre es el
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compuesto [CuTp*(NH=C(CHs)dmpz-k’N,N] ]Cl0,,°" donde el ligando pirazolilamidino se forma
por la condensacion del 3,5-dimetilpirazol (formado por la descomposicién del NaTp*) con el

acetonitrilo usado como disolvente.

R

cl N >R L N N\
ity oW NN 1117 oW N cl
Pt Pt = n
cI” INFNR: 1IN E
H H
R=H,; R’ = CHj, Et, Ph L=Cl,pzH; n=1
R=CHs R =Et L =pzH, pzH; n=2

Figura 11. Complejos pirazolilamidino de platino obtenidos hasta la fecha.

En todos los ejemplos revisados hasta el momento, el ligando pirazolilamidino forma
unicamente complejos monometalicos en los que actia como ligando quelato. Sin embargo,
existen algunos ejemplos de complejos polimetalicos en los que el ligando pirazolilamidino se
coordina como puente entre dos atomos metalicos. En este caso, el ligando pirazolilamidino
puede exhibir dos formas de coordinacion; la primera de ellas seria a causa de la deprotonacion
del grupo amino del amidino (Figura 12, a), y la segunda a través de la coordinacion del grupo

R del amidino a otro centro metalico (Figura 12, b).

M1]

Figura 12. Coordinacion del ligando pirazolilamidino como puente entre centros metalicos.

Existen dos ejemplos de complejos polimetalicos en los que el ligando pirazolilamidino
actia como puente tras la deprotonacion del grupo NH. El primero de estos ejemplos fue
publicado en 1987 por Alberts et al., quienes describieron por primera vez un ligando amidino
coordinado a la vez como quelato y como puente entre dos atomos metalicos.”® Este inusual
complejo agostico de dirutenio de 18 y 16 electrones,

[RuH(n*-CsH 5) {u-N=C(Me)pz-k’N,N} (u-pz)(u-H)] es el resultado de la fragmentacion del
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bis(1-pirazolil)borato y del acoplamiento entre el pirazol y el acetonitrilo. El segundo ejemplo
de este tipo de coordinaciéon del ligando pirazolilamidino esta descrito por el grupo de Carmona
y Oro y es el complejo tetranuclear [ {Ir(n’-CsMes)(u-pz)(n-N=C(R)pz-k*N,N)Ag},][BFs], (R =
Me, Ph, Bz).”!

El ultimo ejemplo de este grupo de complejos polimetalicos corresponde a un complejo
en el que el metal se coordina a través del grupo R del amidino. Este complejo, que fue
sintetizado por nuestro grupo de investigacion, se sintetiza a partir del complejo
fac-[Mn(CO);(pzH)(NH=C(NCN)pz-k’N,N)], visto con anterioridad, por acoplamiento con
fac-[MnBr(CO)s(pzH),] (Esquema 5).”’

Br
COR OC////,,,/M “\“\\\\\pZH
N Xx,—R oc™ n\sz
OCu iy M n“““““ N= N ‘ — ~ +
OC/ ‘ \N"';J\\\ CcO . A, .
H N—=N AN _
N _— \N/ | ! N/ Br
R—FA L L
" |C>zH(CO)3Mn/NH “Mn(CO)spzH
R

Esquema 5. Formacién del complejo [ {fac-Mn(CO)s(pzH)} »(u-NH=C(pz)NC(pz)-k*N,N,N,N)|Br.

2.2.2.  Mecanismo de formacion del ligando pirazolilamidino

Dado el niimero relativamente bajo de complejos pirazolilamidino descritos previamente en la
bibliografia, no sorprende que las aportaciones acerca del mecanismo de su formacion sean
también reducidas. Como se observa en el Esquema 3 (pagina 18) el pirazol posee dos atomos
de nitrégeno diferentes, denominados comiinmente piridinico y pirrélico por su similitud a los
grupos a los que hacen referencia. Las diferentes propiedades electronicas de estos atomos
hacen que se puedan proponer varias vias para el mecanismo de formacion de los
pirazolilamidino. Generalmente, en trabajos anteriores se ha asumido que la reaccion transcurre
mediante un ataque intramolecular del pirazol, que actia como nucleéfilo, sobre el nitrilo
cuando ambos estan coordinados en cis al centro metalico.”””! Los grupos que hacen esta
propuesta se basan en el mecanismo de formacion de otros ligandos amidinos publicados con
anterioridad.””'® Este planteamiento presenta un problema conceptual ya que el nitrogeno tipo
pirrolico del pirazol no presenta propiedades nucleodfilas debido a que su par electronico

pertenece al sistema aromatico. El grupo de Arion y Kepler plantearon una posible solucion a
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este problema, postulando que la capacidad del metal para retener los electrones del nitrogeno
coordinado aumenta la acidez del proton del N-H. La deprotonacion de este grupo dejaria un par
de electrones en el nitrogeno, que estarian disponibles para el ataque nucleéfilo sobre el carbono
del nitrilo, cuya capacidad electrofila ha sido simultaneamente incrementada debido también a
la coordinacién al centro metalico (Esquema 6, ruta a).*® Mas tarde, el grupo de Kukushkin y
Pompeiro propusieron que la reaccion pueda transcurrir mediante un mecanismo intermolecular
o intramolecular en funcion de la configuracion electronica del centro metalico.”* En el
mecanismo intermolecular la reaccion transcurriria a través del ataque del nitrogeno piridinico
del pirazol al carbono del nitrilo, seguido de una transferencia de un protén (bien directamente
del nitrégeno pirrolico del pirazol o mediante un mecanismo asistido por el disolvente) al grupo

iminato coordinado al metal formado después de la adicion (Esquema 6, ruta b).

L oD A

/ a / TN H—nN
[M] _— M - M
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Esquema 6. Mecanismos intramolecular (a) e intermolecular (b) de la reaccion de acoplamiento entre nitrilos y

pirazoles.

Hasta el presente trabajo, la tultima aportacion al mecanismo de formacion de los
ligandos pirazolilamidino habia sido propuesta por el grupo de Horng en 2009.” En ella se
planteaba un mecanismo plausible para la deprotonacion del pirazol coordinado al metal y para
la transferencia del proton durante la reaccion de acoplamiento. En esta propuesta la reaccion de
acoplamiento del nitrilo activado por coordinacion y el pirazol transcurriria a través de una ruta
asistida por medio de un enlace de hidrégeno con un anion presente en el medio de reaccion.
Esta propuesta se basa en el hecho de que la reaccion es mas rapida cuanto mas fuerte es el
enlace de hidrogeno entre el nitrogeno pirrdlico del pirazol y el anion. El estado de transicion
propuesto se representa en el Figura 13. El anién catalitico, que actia a la vez como acido y

como base, realiza la transferencia del proton del pirazol al nitrilo.
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Figura 13. Estado de transicion propuesto para la formacion del ligando pirazolilamidino (X = anion catalitico).

2.2.3.  Ligandos amidino derivados de nucleobases

Como se ha comentado en el apartado 2.1.2, el fragmento fac-“Re(CO);” es de gran interés por
su posible uso como marcador o sonda de biomoléculas. Por lo tanto la incorporacién de
sustratos biolégicamente relevantes a este fragmento es uno de los grandes retos de la quimica
inorganica medicinal. Tras la experiencia adquirida previamente por nuestro grupo y los
estudios realizados a lo largo de este trabajo sobre el mecanismo de formacion de los ligandos
pirazolilamidino y sobre las propiedades luminiscentes de sus complejos con el fragmento
fac-“Re(CO);”, parecidé una buena idea completar este trabajo coordinando al fragmento
fac-“Re(CO);” un ligandos amidino que contuviera un fragmento de interés biologico, como es
una nucleobase, ya que esta reaccion no habia sido descrita con anterioridad para este fragmento

metalico.

Se han descrito numerosos ejemplos en los que una nucleobase estd coordinada
directamente al metal.'”"'® Pero cuando se considera la coordinacion de biomoléculas a
fragmentos del tipo fac-[ReX(CO);(N-N)]", (donde N-N es un ligando quelato tipo diimina; y si
n = 0 entonces X es un haldogeno o pseudohaldgeno mientras que n = +1 cuando X es un ligando
tipo piridina) hasta la fecha s6lo se han descrito tres posibles estrategias. El primero de estos
métodos consiste en que la biomolécula se encuentre enlazada directamente al ligando
diimina.'”"'"” El ligando diimina participa en los estados emisivos de transferencia electronica
metal-ligando (MLCT) y la emision MLCT de los complejos polipiridina de renio(I) es
normalmente muy sensible a cambios es su entorno, por lo que el enlace con la biomolécula
tendra una fuerte influencia sobre las propiedades de emision del complejo y podria actuar
adecuadamente como sonda o marcador. Un segundo método seria la incorporaciéon de la
biomolécula al ligando tipo piridina.'® "'’ En este caso, como en el anterior, se espera un
cambio en las propiedades luminiscentes del complejo. Por tltimo, la tercera opcion es enlazar
la biomolécula en un ligando tridentado nitrogeno dador, en un complejo tipo

fac-[Re(CO)3(N-N-N)] (N-N-N) = ligando tripode nitrégeno dador).''""''*

27



Capitulo 2

El método que se propone en la presente memoria para incorporar biomoléculas al
fragmento fac-“Re(CO);” consiste en la formacion de un nuevo ligando quelato amidino
mediante la reaccion de la nucleobase con un nitrilo previamente coordinado al metal.
Presumiblemente este nuevo ligando quelato tendra interesantes propiedades fotofisicas, como
la mayoria de los complejos del fragmento fac-“Re(CO);” que contienen coordinados ligandos
de tipo diimina. Aunque hay numerosos estudios dedicados a la coordinacién de nucleobases a
fragmentos metalicos,'” " hay muy pocos precedentes de reacciones de acoplamiento entre
nitrilos coordinados a metales y nucleobases o sus derivados. A continuacioén se recopilan los

pocos ejemplos existentes.

El tnico ejemplo de una reaccion de acoplamiento entre una nucleobase y un nitrilo data
de 1998. El grupo de Beauchamp hizo reaccionar el complejo cis-[ReCl4(NCMe),] con
N°,N°-dimetiladenina (Me,Ad) en acetonitrilo, obteniendo el complejo con el ligando amidino
derivado del ataque del nitrogeno aminico N°-H sobre el carbono del nitrilo,

[ReCly(NH=C(CH;)Me,Ad-k’N,N)] (Figura 14, A).'"

En el resto de los ejemplos que se pueden encontrar en la bibliografia la reaccion de
acoplamiento entre la nucleobase y el nitrilo se produce siempre con deprotonacion de la
nucleobase. Las reacciones de 1-metilcitosina (MeCyH,) o 9-metiladenina (MeAd) con el
hidroxocomplejo cis-[PtL,(n-OH)],(NOs), (L = PPh;, PMePh,; R = CHj3, Ph) da lugar a los
complejos cis-[PtLy(NH=C(R){MeAd(-2H)-i>N,N} )]NO; (Figura 14, B) y
cis-[PtLy(NH=C(R){MeCy-«k’N,N}]NO; (Figura 14, C). Los autores proponen que en primer
lugar se produce la deprotonacion del grupo amino de las nucleobases y a continuacion tiene
lugar la coordinacion del nitrilo (que es a la vez disolvente) al centro metalico. Por tanto, el
grupo amino deprotonado actia como nucleofilo, atacando al carbono del nitrilo y

produciéndose la reaccion de acoplamiento.

_ VT
N2 B T+
N3 W \N1
s
<. >—N7 L. N L. NS
ol N3 I
CCII',RIe:NH_ No— \Pt< N \P< N
cl L/ HN:< L/ HN:<
L R _ B R
A B c

Figura 14. Representacion de los ligandos amidinos derivados de nucleobases existentes en la bibliografia, (L =

PPh;, PMePhy; R = CHs, Ph).
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3. OBJETIVOS

En la Tesis Doctoral de la Dra. Arroyo se pudo aislar un complejo de renio que contenia
coordinado a la vez un ligando pirazol y un ligando acetonitrilo. Este complejo es un posible
precursor en la formacion del ligando pirazolilamidino, que seria el resultado de su
acoplamiento. Los primeros experimentos llevados a cabo en aquel trabajo no permitieron
obtener los datos suficientes sobre el mecanismo de esta reaccion, por lo que el objetivo inicial
de este trabajo fue completar aquellos estudios iniciales con un estudio exhaustivo y
sistematico, con el objeto de elucidar en lo posible el mecanismo de la reaccion. Ello permitiria
ademas mejorar los rendimientos de este atractivo tipo de complejos e incluso la sintesis de

nuevos pirazolilamidino hasta el momento inaccesibles.

Alcanzado el primer objetivo, la posibilidad de acceder de manera mas selectiva a
nuevos complejos pirazolilamidino con diferentes sustituyentes y el hecho de trabajar con el
sistema fac-“Re(CO);” nos llevd a plantearnos la posibilidad de estudiar sus propiedades
fotofisicas y electroquimicas, que se verian completadas con un estudio tedrico de los complejos
obtenidos. Para ello fue determinante la estancia de esta doctoranda en el grupo del Prof.
Michael Knorr, donde pude comenzar estos experimentos. Como se ha comentado en la
Introduccion, la ventaja evidente del ligando pirazolilamidino frente a las diiminas

’»

convencionales es que permite la obtencion de los ligandos a la carta “in situ”, evitando
tediosos procesos sintéticos previos. El segundo objetivo seria por tanto hacer un estudio
sistematico de la influencia de los sustituyentes del ligando pirazolilamidino y del resto de

ligandos en la variacion de las propiedades fotofisicas de los complejos obtenidos.

La posibilidad de obtener nuevos ligandos amidino nos llevo a completar este trabajo
con nuevas reacciones de acoplamiento entre un nitrilo coordinado y nucleéfilos diferentes al
pirazol. De entre todas las posibilidades que se nos ofrecian nos parecié de interés estudiar la
incorporacion de nucleobases al fragmento fac-“Re(CO);”, ya que la luminiscencia de estos
complejos permitiria la posible utilizacion de esta técnica para marcaje o sonda de las citadas

nucleobases. Este seria el tercer y tltimo objetivo del presente trabajo.
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Resumen de Resultados

4. RESUMEN DE RESULTADOS

Los resumenes de los resultados de este trabajo se presentan divididos de acuerdo a las

publicaciones que lo componen.

4.1. Estudio del mecanismo de formacién del pirazolilamidino

Como se ha sefialado en la Introduccion, la mayoria de los trabajos publicados hasta la fecha
postulaban que la formacion del ligando pirazolilamidino puede provenir de un complejo en el
que tanto el pirazol como en nitrilo estuvieran coordinados en cis al centro metalico.
Previamente en nuestro grupo de investigacion se habia obtenido el compuesto
fac-[ReBr(CO);(NCMe)(dmpzH)],*> que cumple las caracteristicas necesarias para ser un
precursor adecuado para la formacion del ligando pirazolilamidino. Por ello, pareci6 interesante
centrar los estudios del mecanismo de formacion de los pirazolilamidino en el uso de los

complejos fac-[ReBr(CO);(NCMe)(pz*H)] (pz*H = dmpzH, indH), como productos de partida.

Cuando se procedi6é al calentamiento de estos compuestos y monitorizacion de la

reaccion por RMN se obtuvieron los siguientes datos:

a) La reaccion de insercién solo se produce a altas temperaturas (T* = 80 °C). A

temperaturas inferiores solo se obtienen rendimientos muy bajos tras largos tiempo de reaccion.

b) Cuando la reaccion se lleva a cabo en disolventes distintos al acetonitrilo solo se
obtienen pequenas cantidades del producto de acoplamiento. Este es un resultado esperado ya
que las condiciones de reaccion que desfavorezcan la coordinacion del nitrilo al metal impiden
la reaccion de acoplamiento. Sin embargo, como se ve mas abajo, el desarrollo de este trabajo
nos ha permitido finalmente llevar a cabo reacciones de acoplamiento en disolventes diferentes

al nitrilo coordinado.

c¢) Al calentar durante 12 horas los complejos fac-[ReBr(CO);(NCMe)(pz*H)] (pz*H =
dmpzH, indzH) en CD;CN a 80°C se obtienen mezclas en las que estan presentes diferentes
complejos (Esquema 7): el propio producto de partida fac-[ReBr(CO);(NCCD;)(pz*H)] (A), el
producto de insercién buscado fac-[ReBr(CO);(NH=C(CD;)pz*-k’N,N)] (B), y otros
subproductos, como son fac-[ReBr(CO);(pz*H),] (C) y fac-[ReBr(CO);(NCCD;),] (D).

También se detectan otras sefales minoritarias que corresponden a los complejos catidonicos
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fac-[Re(CO);(NCMe)(NH=C(CDs)pz*-k’N,N)]" (E)
fac-[Re(CO)s(pz*H)(NH=C(CD;)pz*-k’N,N)]" (F), cuya presencia no es sorprendente ya que la

y

sustitucion del haldégeno por un acetonitrilo a altas temperaturas es un proceso bien conocido

para compuestos de renio y manganeso.

R
Br
s Ne==NH

[Re]
NCCHs

Esquema 7. Complejos detectados al calentar el complejo A en acetonitrilo deuterado a T* = 80° C durante 12 h.
([Re] = fac-[Re(CO);]; pz*H = dmpzH, indzH).
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La presencia de estos compuestos cationicos en la mezcla de reaccion es indicativa de

que el paso clave de la reaccion de insercion de los complejos neutros se podria producir a

través de sus derivados catidnicos. Esta suposicion tiene sentido ya que en dichos complejos el

nitrilo va a poseer un cardcter mas electrofilo y por lo tanto serd mas susceptible al ataque

nucledfilo del pirazol. A la vez, esta carga positiva en el metal incrementa el caracter acido del

hidrégeno del NH en el pirazol, aumentando la nucleofilia del &tomo de nitrégeno del pirazolato

formado (Esquema 6, a). Estos hechos llevaron a proponer una posible via para esta reaccioén

(Esquema 8) en la que se produciria en primer lugar la descoordinacion del bromuro del metal

(paso 1); a continuacion sucederia el paso determinante de la reaccion que es la formacion del

ligando pirazolilamidino (paso II), una vez formado dicho ligando el ultimo paso seria la vuelta

a la esfera de coordinacion del i6n bromuro (paso III).
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Esquema 8. Via sintética propuesta para la sintesis de pirazolilamidinos neutros a través de sus derivados catiénicos.

Debido a la complejidad del sistema con complejos neutros se decidio simplificar el
sistema abordando el estudio del paso en el que realmente se produce el acoplamiento (Esquema
8, paso II). Para ello se sintetizaron los complejos cationicos fac-[Re(CO)3;(NCMe)(pz*H),]"
(pz*H = pzH, dmpzH, indzH) y se estudio su comportamiento.

El  seguimiento por RMN del calentamiento de los complejos
fac-[Re(CO);(NCMe)(pz*H),]" (pz*H = pzH, dmpzH, indzH) en acetonitrilo y condujo a los

siguientes resultados:

a) Su conversion en los complejos pirazolilamidino
fac-[Re(CO)s(pz*H)(NH=C(Me)pz*-k*N,N)]* se produce limpiamente sin ningan subproducto,

lo que indica que se trata de un proceso intramolecular (Figura 15).
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Figura 15. Seguimiento por RMN de la conversion del complejo fac-[Re(CO);(NCMe)(dmpzH),]OTf en
fac-[Re(CO)3(dmpzH)(NH=C(Me)dmpz-«*N,N)]OTf al calentar a 40 °C en acetonitrilo deuterado. [Re] =
fac-[Re(CO);dmpzH]OTH.

b) Se determind que la reaccion ocurre a través de un proceso intramolecular en el que
el pirazol y el nitrilo estan coordinados en cis al centro metalico. Esta suposicion se pudo
demostrar cuando se hizo reaccionar un equivalente de fac-[Re(CO)3;(NCMe)(pz*H),]" con un
equivalente de un pirazol diferente al coordinado, obteniéndose siempre tnicamente el producto
de acoplamiento con el pirazol que estaba previamente coordinado. El resultado fue el mismo
cuando se llevaron a cabo las reacciones del complejo con dmpzH coordinado en presencia de
indzH, asi como la contraria, es decir del complejo con indzH coordinado en presencia de

dmpzH libre.

¢) Se pudo determinar la temperatura Optima para que la reaccion de acoplamiento
conduzca unicamente al complejo pirazolilamidino buscado. A temperaturas inferiores a 40°C
la reaccidon de acoplamiento no tiene lugar. Cuando la temperatura es superior a 60°C, después
de la formacion del complejo fac-[Re(CO)s(pz*H)(NH=C(Me)pz*-k’N,N)]* se produce una
reaccion secundaria en la que el pz*H coordinado es sustituido por una molécula de acetonitrilo
del disolvente (Esquema 9). Este proceso secundario vendra favorecido por la mayor
temperatura de reaccion y por el fuerte caracter cis-labilizador de los ligandos pirazolilamidino.

Por lo tanto el intervalo 6ptimo de temperaturas se veria comprendido entre los 40 y 60 °C.

d) La reaccion de insercion en este tipo de complejos es un proceso de equilibrio
quimico entre los productos inicial y final. Para comprobarlo se calentaron los complejos
pirazolilamidino finales fac-[Re(CO)s(pz*H)(NH=C(Me)pz*-k°N,N)]" obteniéndose en todos
los casos una mezcla de dicho compuesto y de complejo inicial fac-[Re(CO);(NCMe)(pz*H),]

en una proporcion igual a la de la reaccion directa.
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Esquema 9. Reaccion de acoplamiento en funcion de la temperatura.

e) No es necesario que la reaccion de insercion se produzca usando acetonitrilo como
disolvente, también tiene lugar en disolventes no coordinantes como nitrometano o

tetrahidrofurano.

La conclusion final de los experimentos resefiados es que los complejos catidonicos
fac-[Re(CO);(NCMe)(pz*H),]" son los tnicos precursores de los correspondientes complejos
pirazolilamidino, y que este es un proceso reversible e intramolecular. Para obtener mas
informacién acerca de este mecanismo de acoplamiento, decidimos abordar un estudio
sistematico para determinar el papel que juegan todos los posibles factores que afectan a la
reaccion, es decir: temperatura, naturaleza del pirazol y del anidén presente como contraiéon y
disolvente. Como los anteriores, este estudio se llevo a cabo siguiendo las reacciones por RMN

y como se ve a continuacion, nos permitié encontrar un catalizador para esta reaccion.

a) Un estudio dentro el rango de temperaturas donde no tienen lugar reacciones
secundarias permitié determinar que las temperaturas moderadas favorecen el equilibrio a favor

del complejo que contiene el ligando pirazolilamidino.

b) En idénticas condiciones de reaccion se ha observado que el orden de velocidad de
reaccion varia en funcidon del pirazol coordinado en el complejo de partida de la siguiente
manera: indzH > pzH > dmpzH. Este hecho esta en correlacion con la acidez del nitrégeno

1617y estaria en consonancia con el mecanismo

pirrélico del pirazol que sigue el mismo orden,
intramolecular que se expuso anteriormente en el que se producia la deprotonacioén del NH del

pirazol como primer paso para la reaccion de insercion (Esquema 6, ruta a).

c¢) Tomando como referencia un trabajo previamente publicado’” se estudio la influencia

del contraion en la velocidad de reaccion. Se sintetizaron los complejos
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fac-[Re(CO);(NCMe)(pz*H),]JA (A = BF,, ClO,, OTf), y se estudiaron las diferentes
velocidades de reaccion en cada caso (OTf > ClO4 > BF,"), que no se pudieron relacionar con
ninguna propiedad (basicidad, capacidad dadora) del contraion presente en la disolucion. Este
hecho nos llevd proponer que el factor que aceleraba las reacciones no estaba en la propia
naturaleza del anion, sino en alguna impureza que catalizase el proceso de insercion. De la
bibliografia se deduce que algunas de las reacciones de adicion de nitrilos activadas por metales
estan catalizadas por bases. La medida del pH de una disolucion 1 M de las sales en disolucion,
nos permitié concluir que la mayor velocidad estaba relacionada con una mayor presencia de
impurezas basicas en las sales empleadas (OTf 11.1 > ClO4,~ 9.3 > BF, 2.6). Cuando el
experimento se repitio con sales puras (pH = 7 de disoluciones 1 M), no se produjo ningun
efecto sobre la reaccion. Por tanto, se repitieron las reacciones en presencia de cantidades
cataliticas de bases, acidos y agua. El resultado de estos experimentos fue una evidente
aceleracion del proceso en presencia de bases (0.5% de NaOH en una disolucion acuosa 0.02
M), mientras que la presencia de &cidos o el medio acuoso neutro tiene una menor y similar
incidencia sobre la velocidad de reaccion (Figura 16). En presencia de una cantidad catalitica de
base las reacciones de formacion de los complejos pirazolilamidino son practicamente
instantaneas para los complejos catidnicos y muy rapidas para los complejos neutros. Conviene
recordar aqui que los bromocomplejos neutros no conducian limpiamente a los complejos
pirazolilamidino por simple calentamiento. Estos datos permiten concluir por tanto, que el
proceso de formacion de los pirazolilamidino es un proceso catalizado por bases. Este hecho es
de especial interés para la sintesis de los complejos neutros ya que permite suavizar en gran
medida las condiciones de reaccion lo que permite la practica desaparicion de productos
secundarios y un incremento en el rendimiento de la reaccion. En cuanto al papel que juega el
medio basico en la catalisis, parece evidente que es facilitar la deprotonacion del pirazol

coordinado (Esquema 6, a, pagina 26).

d) La rapidez con que se producen las reacciones en presencia de una cantidad catalitica
de base nos llevo a reexaminar la posibilidad de llevar a cabo estas reacciones en disolventes
diferentes al acetonitrilo. Para los compuestos neutros, las reacciones de insercion solo se
pueden llevar a cabo con éxito en acetonitrilo, pero las inserciones de los complejos cationicos
se pueden realizar en otros disolventes, como nitrometano o acetona de forma practicamente

cuantitativa, muy rapida y a temperatura ambiente.
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Figura 16. Representacion de las concentraciones observadas cuando fac-[Re(CO);(NCMe)(dmpzH),]" (a) se
calienta 40 °C, o se afiade (b) 6.2 pL de NaOH (aq) al 0,5 %, (¢) 6.2 uL de HBF, (aq) al 0.5 %, (d) 6.2 uL de H,O.

Todas las reacciones se llevaron a cabo en CD;CN. 0.05 M es el rendimiento del 100 %.

4.2. Estudio de las propiedades fotofisicas de los complejos

Como se ha sefalado en la Introduccién, en la bibliografia se pueden encontrar multitud de
ligandos del tipo diimina coordinados al fragmento fac-“Re(CO);”, sin embargo uno de los retos
pendientes en este campo es encontrar un método de sintesis accesible para este tipo de
ligandos. Los ligandos pirazolilamidino podrian son una buena opcion, debido a la posibilidad
de sintetizarlos “in situ” y la facilidad para variar las propiedades del complejo simplemente
variando el pirazol o el nitrilo. Por ello nos propusimos abordar la sintesis de una familia de
compuestos en los que se variaba el pirazol, el sustituyente del nitrilo o el “sexto” ligando que
acompaiia a los carbonilos y al quelato nitrogeno dador, para llevar a cabo un estudio sobre la
variacion de sus propiedades fotofisicas y electroquimicas. También se realizd6 un estudio
teorico sobre la composicion de los orbitales moleculares de los complejos para justificar los

resultados experimentales.

Para poder evaluar la contribucion de cada uno de los fragmentos del pirazolilamidino
se sintetizo la familia de compuestos que aparece en la Tabla 1. Como se comentd en el
apartado anterior, para la sintesis de complejos pirazolilamidino neutros la catalisis basica
aporta grandes ventajas, ya que reduce el tiempo de reaccion y permite el uso de condiciones
mas suaves de reaccion. Por ello este método resultd muy efectivo para la sintesis de los
complejos 3 - 8 (Tabla 1). En el caso de los complejos 1 y 2 (Tabla 1), este método no resulto
ventajoso ya que el equilibrio quimico de la reaccion esta desplazado hacia los complejos

fac-[ReCl(CO);(pz*H),] (pz*H = pzH, dmpzH).
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Tabla 1. Complejos con el ligando pirazolilamidino sintetizados para el estudio de sus propiedades fotofisicas. * Se

presentan como sales de C10,". T Complejos sintetizados para esta memoria.

n L pz-R R" ref.
1 0 Cl pz Me ¥
2 0 Cl dmpz Me ¥
3 0 Cl indz Me ¢
4 0 Br pz Me ¥ .
85 L
: g Er C?mpz Me ‘ \“Ni\/y
r indz Me ¢ OC////,,,, “\\\\\ N
7 0 Br dmpz Ph ‘
8 0 Br indz Ph ¥
9° 1 NCMe dmpz Me ¥
10° 1 NCMe indz Me
11° 1 dmpzH dmpz Me ®
12° 1 indzH indz Me ¢

4.2.1. Estudios fotofisicos

Uno de los principales objetivos de este trabajo es determinar la influencia de los sustituyentes
en las propiedades luminiscentes de los complejos pirazolilamidino, para ello se procedio a
medir los espectros de absorcion y de emision de los complejos anteriormente citados. Todos
los complejos presentan espectros de absorcion con maximos entre 230 y 300 nm y una cola que
llega a 480 nm. Los espectros de absorcion de los complejos coinciden cualitativamente con el
de otros complejos fac-“Re(CO);” ya publicados,''*'*° debido a ello se asignaron las bandas de
absorcion de manera analoga que en estos casos. Las bandas de mas alta energia (230 - 300 nm)
se asignan a transiciones dentro del ligando (IL), mientras que las bandas de menor energia
corresponderian a una mezcla de transiciones metal - ligando (MLCT), ligando - ligando

(LLCT) y haldgeno - ligando (XLCT).

El estudio detallado de los espectros de emision de los complejos permite llegar a las

siguientes conclusiones:

a) La introduccion de grupos dadores en el esqueleto del pirazol produce un débil
desplazamiento de A., a valores mas bajos. Este hecho se observa en los ejemplos en los que los

hidrogenos en las posiciones 3 y 5 del pirazol son sustituidos por metilos.

b) La sustitucion del sustituyente del grupo amidino de un grupo metilo por un grupo

fenilo produce un aumento de Ay,
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¢) La sustitucion de un bromo por un cloro produce un efecto hipsocromico. Este es el

perfil tipico de la emision desde estados excitados MLCT/XLCT.'"’

d) La sustitucion en el “sexto” ligando de un ligando aniénico o-donador/n-donador
(como un halégeno) por un ligando neutro o-donador (como acetonitrilo o pirazol) produce un
marcado desplazamiento hacia el azul, produciéndose a la vez un incremento en el valor de la
constante de desexcitacion no radiativa. Esto se debe a la generacion de un camino de
desexcitacion vibracional no emisivo, y se comprueba por la fuerte caida en el valor del tiempo
de vida. El hecho contrario se da cuando en el complejo
fac-[Re(CO)5(indzH)(NH=C(Me)indz-x’N,N)]" el indazol coordinado es sustituido por
acetonitrilo. En este caso una disminucion considerable de la constante no-radiativa da lugar a

un incremento sustancial en el tiempo de vida medio.

e) Todos los complejos son fosforescentes y el valor de su rendimiento cuantico

coincide con el de otros complejos previamente descritos con el fragmento fac-“Re(CO);”.

4.2.2.  Estudios electroquimicos

Un estudio en profundidad de la electroquimica de los complejos de la Tabla 1 (pagina 42) ha
permitido correlacionar las propiedades fotofisicas con la electroquimica de los complejos y
caracterizar los productos que resultan de los procesos rédox. El estudio de las propiedades
electroquimicas de los complejos permite proponer los procesos electroquimicos recogidos en el
Esquema 10, que se resumen a continuacion. Se observa una onda catidnica irreversible entre
-1.80 y —2.25 V, que se asigna a una reduccion centrada en el pirazolilamidino. Este proceso
estd mas favorecido para los complejos indazolilamidino que para sus analogos con pirazol o
3,5-dimetilpirazol. Este hecho esta en consonancia con lo obtenido en los célculos teodricos en
los que se observa que el LUMO, principalmente formado por la contribucion del grupo

amidino, es mas estable para los indazolilamidino.

En los voltamperogramas de los compuestos neutros se observan dos procesos de
oxidacion, siendo el primero de ellos irreversible mientras que el segundo es reversible. En los
complejos cationicos solo se observa el segundo de ellos, es decir el proceso de oxidacion
reversible. Debido a que estos potenciales de oxidacion son independientes del ligando, el
proceso se considera una oxidacion centrada en el metal. Con los datos obtenidos en los
voltamperogramas se propone el proceso que se detalla en el Esquema 10. En los complejos
neutros lo primero que ocurre es una oxidacion centrada en el metal que lleva a la formacion de

la especia monocationica de 17 electrones, A. La sustraccion de un electron del HOMO produce
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la labilizacion del enlace Re-X, lo que conduce a la posterior disociacion del halogeno y a la
consiguiente coordinacion de una molécula de acetonitrilo del disolvente para dar el compuesto
B. Este complejo de renio(Il) se reduce por reaccion con el halogenuro liberado para generar el

cation de renio(I) de 18 electrones C, que a su vez se oxida reversiblemente para dar D.

cl |+
[ReM| +cCI

1/2 Cl,
+e”
[Re'] + X= —=——
Epred
- MeCN
[Re]
R c
N
ocC wN~y _
N 27 S 112 —e
Rel] = 'Re. _ E™ox
(Rel oc” | \NA,
co | R
H NCMe -2+
[Re"]

D

Esquema 10. Proceso electroquimico propuesto para los complejos neutros fac-[Re(X)(CO);(NH=C(R)pz*)].
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4.2.3.  Calculos teoricos

Todos los compuestos presentados en esta parte del trabajo fueron estudiados tedricamente para
corroborar y reforzar los resultados obtenidos mediante los estudios fotofisicos y
electroquimicos. Los complejos pirazolilamidino fueron estudiados teéricamente mediante la
teoria de funcionales de la densidad (DFT) y mediante la teoria de funcionales de la densidad
dependientes del tiempo (TD-DFT). La geometria calculada de los estados fundamentales de los
complejos en el nivel de exactitud PBE1PBE coincidié con la estructura obtenida mediante
difraccion de rayos X. De manera general se puede observar que el HOMO tiene principalmente
un caracter Re/CO/X para los compuestos neutros (Tabla 2), mientras que para los compuestos
cationicos la contribucion del ligando pirazolilamidino no puede ser desestimada (Tabla 3). En
ambos casos el LUMO esta principalmente centrado en ligando amidino. Esta distribucion de

los orbitales apoya el proceso electroquimico expuesto en el apartado 4.2.2.

Tabla 2. Composicién de los orbitales moleculares frontera (%) en el estado fundamental para el complejo

fac-[ReCl(CO);(NH=C(Me)pz-x°N,N)] calculado con PBE1PBE.

) Cl N
\
{ OC////,,,,R. ot NN
e ___
CO

Contribucién (%0)

Orbital Energia Re: Cl: CO: amidino:  Tipo principal de enlace
(eV):

HOMO-4 -7.76 12.29 55.89 3.97 27.85 d(Re) + p(Cl) + m(amidino)

HOMO-3 —7.66 9.84 58.90 3.35 2791 d(Re) + p(Cl) + m(amidino)

HOMO-2 —6.98 68.90 0.53 28.57 2.00 d(Re) + (CO)

HOMO-1 —6.40 46.90 25.98 20.78 6.33 d(Re) + p(Cl) +n(CO)

HOMO -6.32 47.08 25.77 22.84 432 d(Re) + p(Cl) + ©(CO)

LUMO -2.04 4.60 1.68 5.82 87.91 n*(amidino)

LUMO+1 -0.55 29.29 1.08 65.50 4.14 p(Re) + 7*(CO)

LUMO+2 -0.31 27.97 2.90 61.25 7.89 p(Re) + n*(CO)
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Tabla 3. Composicion de los orbitales moleculares frontera (%) en el estado fundamental para el complejo

fac-[Re(NCCH3)(CO)3(NH=C(Me)pz-KZN,N)]ClO4 calculado con PBE1PBE.

ClO4
CH3CN 4
3 . 1 \
J, OC////,,,, “\\\\\\“N =N
- oc™” N
H
CcoO

Contribucion (%0)

Orbital Energia Re: NCCHas: CO: amidino:  Tipo principal de enlace
(eV):

HOMO-3 -8.39 6.21 1.44 2.11 90.25 n(amidino)

HOMO-2 -1.5 69.58 0 27.9 2.52 d(Re) + n(CO)

HOMO-1 -7.17 59.02 4.74 23.04 13.21 d(Re) + (CO) + n(amidino)

HOMO -7.11 54 4.09 21.28 20.63 d(Re) + (CO) + n(amidino)

LUMO -2.37 5.65 0.5 7.38 86.48 n*(amidino)

LUMO+1 -1.27 26.08 18.09 51.59 4.23 p(Re) + n*(CO) + n*(NCCHs)

LUMO+2 -0.93 19.19 25.13 51.32 4.36 p(Re) + *(CO) + n*(NCCHs)

El célculo de la energia de absorcidon asociada con la fortaleza del oscilador y el caracter
de la transicion permitié concluir que los valores tedricos obtenidos para los compuestos estan
en correlacion con los maximos de absorcion observados experimentalmente. De hecho, en los
datos calculados se observa como los complejos cationicos son hipsocromicos de sus derivados
neutros, como se justifica comprobando la composicion de los orbitales moleculares
involucrados en cada caso. En los complejos cationicos la contribucion al HOMO y al HOMO-1
del fragmento amidino del complejo es mucho mayor que en el caso de los complejos neutros,
lo que hace que el caracter de transferencia de carga de esta transicion sea menor. Dado que la
transicion MLCT juega un papel importante en la excitacion, la intensidad de la absorcion de
los complejos cationicos sera mas fuerte que la de los complejos neutros, como se observa

experimentalmente.

Por ultimo, para calcular la emision fosforescente se llevaron a cabo una serie de
calculos TD-DFT. Se calcul6 el estado triplete de mas baja energia T, para todos los complejos,
obteniéndose una composicion muy similar de los orbitales HOMO y LUMO a la del estado
fundamental singlete. Aunque los calculos TD-DFT no han permitido reproducir con exactitud
los valores experimentales, si se han obtenido valores razonables que siguen la misma tendencia

que los experimentales.
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4.3. Formacion de complejos amidino a partir de nucleobases

Como se ha sefialado en la Introduccion, la ultima parte del trabajo versa sobre la incorporacion
de biomoléculas al fragmento fac-“Re(CO;)”, y mas concretamente sobre la formacion de
ligandos quelato amidinos mediante el acoplamiento de un nitrilo y 1-metilcitosina. De este
modo se obtuvieron complejos neutros y catidonicos con el fragmento fac-“Re(CO);” (Esquema
11). Cabe recalcar que estos son los primeros ejemplos en los que se produce la incorporacion

de nucleobases a este fragmento por formacién de un ligando amidino.

\ \
— I e
Blr o=<" To=( 3
N=—=7 WN=—
OCmy, \\\\\“‘“ OCumy g W
Re NH Re NH |BF4
oc” | YN== oc” | ‘N=-(
coH % i coH k|
R = Me, Ph

Esquema 11. Complejos sintetizados mediante inserciones de nitrilos y 1-metilcitosina.

En esta parte del trabajo se consigui6é dar un paso mas en la mejora de la reaccion de
sintesis de complejos con el ligando amidino mediante la introduccion del uso de radiacion
microondas como método sintético. La sintesis de los complejos anteriores se realizo por dos
vias, la térmica convencional y la asistida por microondas. A continuacion se comparan los
resultados obtenidos por cada una de las vias. Para la sintesis de los complejos neutros se
calienta a reflujo durante 5 h el complejo fac-[ReBr(CO);(NCMe),] en presencia de la
nucleobase y se usa como disolvente el nitrilo deseado (Esquema 12, a). Los catidnicos se
obtienen a partir de los complejos amidinos formados mediante reaccion con AgBF, usando
como disolvente el correspondiente nitrilo (Esquema 12, b). Cuando las mismas reacciones se
realizan en microondas se hace reaccionar los complejos fac-[ReBr(CO);(NCMe),] o
fac-[Re(CO)3(NCMe);]" con la nucleobase usando como disolvente el nitrilo correspondiente 10
min a 180 °C en el equipo de microondas (Esquema 12, a y ¢). Aparte de una reduccioén
significativa en los tiempos de reaccion y en la cantidad de disolvente empleada, en el caso de
los catidnicos se obtiene también un incremento en el rendimiento global de la reaccion. Por lo
tanto, considerando la economia atémica total, el uso de microondas para la sintesis de las
especies cationicas es una clara mejora sintética. Sin embargo para la sintesis de las especies

neutras los rendimientos obtenidos por la via asistida por microondas son inferiores. Creemos
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que este es el primer trabajo en el que se utiliza la radiacion de microondas para la sintesis de

amidinos a partir de nitrilos y aminas.

fac-[ReBr(CO)3(MeCN),] coH
RCN
b
0
)k . AgBF4
N| N RCN R = Me, Ph
A
HoN Z MW _ _
fac-[Re(CO)3(MeCN)3]BF, | | \
N
RCN NO )
WTN=
OCuy, | et
Re NH [BF4
oc” | IN=¢
coH R

Esquema 12. Sintesis de los complejos con el ligando amidino y 1-metilcitosina.

En las estructuras de rayos X (Figura 17) de los complejos se observa que las distancias
y angulos del ligando amidino concuerdan esencialmente con las esperadas para el tautomero
esperado, representado en el Esquema 11. Sin embargo, puesto que se pueden proponer mas
formas resonantes, se calcularon los indices de Wilberg del ligando quelato (Figura 18) que

confirman que puede haber una pequefia contribucion de otras formas resonantes.

Figura 17. Estructura de rayos X del complejo fac-[ReBr(CO);{]\/H=C(Me)(MeCyH-K2N,N)}].
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Me
\
100 N
1.67
H
1.08
0.41/
M N—H
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Br/o.so\N g<‘-°9
/
H Me

Figura 18. indices de Wilberg y cargas NBO calculadas para fac-[ReBr(CO)3{NHZC(Me)(MeCyH-KZN,N)}].

El interés de la coordinacion del amidino derivado de la nucleobase al fragmento
fac-“Re(CO); se basa en la luminiscencia de estos complejos para su posible utilizacion
posterior como sonda o marcador. El estudio de las propiedades fotofisicas de estos compuestos
revel6 que los derivados de acetonitrilo son fosforescentes. Como se hizo en el apartado 4.2.3 se
llevaron a cabo calculos teodricos para confirmar la asignacion de las bandas de transferencia
metal-ligando. Se calcul6 la composicion de los orbitales moleculares HOMO y LUMO en los

estados fundamental, y se comprobd que el LUMO esta principalmente centrado en el ligando,

confirmando la naturaleza MLCT de las transiciones observadas.
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ABSTRACT: Mixed pyrazole—acetonitrile complexes, both neutral fac-[ReBr-
(CO);(NCMe)(pz*H)] (pz*H = pzH, pyrazole; dmpzH, 3,5-dimethylpyrazole;
or indzH, indazole) and cationic fac-[Re(CO);(NCMe)(pz*H),]A (A = BF,, CIO,,

L
.tg'a\
e B

or OTY), are described. Their role as the only starting products to obtain final N—N, ~

pyrazolylamidino complexes fac-[ReBr(CO),(NH=C(Me)pz*-<’N,N)] and fac-
[Re(CO),(pz*H)(NH=C(Me)pz*-k’N,N)]A, respectively, is examined. Other
products involved in the processes, such as fac-[ReBr(CO)i(pz*H),], fac-
[Re(CO),(NCMe) (NH=C(Me)pz*-x’N,N)]A, and fac-[Re(CO),(pz*H),(OTH)]

"~

72 i
LG LU
Ny, g N=Ung
\H L]

are also described. Warming CD,CN solutions of fac-[Re(CO);(NCMe)(pz*H),]A

at 40 °C gives cleanly the pyrazolylamidino complexes [Re(CO);(pz*H)(NH=C(Me)pz*-x’N,N)]A as the only products,
pointing to an intramolecular process. This is confirmed by carrying out reactions in the presence of one equivalent of a pyrazole
different from that coordinated, which affords complexes where the pyrazolylamidino ligand contains only the pyrazole
previously coordinated. When the reactions lead to an equilibrium mixture of the final and starting products, the reverse reaction
gives the same equilibrium mixture, which indicates that the coupling reaction of pyrazoles and nitriles to obtain
pyrazolylamidino ligands is a reversible intramolecular process. A systematic study of the possible factors which may affect the
reaction gives the following results: (a) the yields of the direct reactions are higher for lower temperatures; (b) the tendency of
the pyrazoles to give pyrazolylamidino complexes follows the sequence indzH > pzH > dmpzH; and (c) the reaction rates do not
depend on the nature of the anion even when a large excess is added. The presence of a small amount of aqueous solution of
NaOH catalyzes the reaction. Thus, addition of 0.5—1% of NaOH (aq) to solutions of fac-[ReBr(CO);(NCMe)(pz*H)] (in
CD;CN) or fac-[Re(CO);(NCMe)(pz*H),]A (in CD;CN, CD;NO, or (CD;),CO) allowed the syntheses of the corresponding
pyrazolylamidino complexes [ReBr(CO),(NH=C(Me)pz*-+’N,N)] or [Re(CO);(pz*H)(NH=C(Me)pz*-x’N,N)]A with

better yields, more rapidly, and in milder conditions.

B INTRODUCTION

The electrophilic character of nitriles is enhanced by
coordination to a Lewis-acidic metal fragment, and therefore,
coordinated nitriles react with different nucleophiles to obtain a
wide variety of ligands." When the nucleophile is a ﬂrrazole,
pyrazolylamidino complexes are obtained (Scheme 1).”
Pyrazolylamidino ligands belong to the family of pyrazole- or
pyrazolyl-containing chelating ligands. Complexes containing
these ligands are receiving the most attention because they are
involved in different and interdisciplinary aspects, such as
synthesis of supramolecular assemblies, design of molecules

Scheme 1. Coupling Reaction of a Coordinated Nitrile and a
Pyrazole To Obtain a Pyrazolylamidino Ligand

e L
[M[—N=—wR + N—I'{I [M]< |
X ’N;C\
H

< ACS Publications  © 2014 American Chemical Society

displaying physical properties of interest, or their role in catalysis
or materials science.* In particular, pyrazolylamidino ligands
present several appealing features: (a) their synthesis in situ
(Scheme 1) allows one to obtain easily new bidentate chelating
ligands of distinct electronic and steric properties just using
different nitriles and pyrazoles, both readily available; (b) the
different properties of the two donor atoms and the electron
delocalization within the ligand makes them potentially
interesting for electron transfer processes and related physical
properties; and (c) the NH group may give rise to further
reactivity, as it may be involved in noncovalent interactions or
may be deprotonated.

Although the reaction displayed in Scheme 1 has been
described for several metals, the mechanism of this process
remains unclear. It is generally assumed to be an intramolecular
nucleophilic attack of the pyrazole to the nitrile, once both are
coordinated cis (Scheme 2).**7 This suggestion is difficult to
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Scheme 2. Intramolecular (a) and Intermolecular (b)
Mechanisms for the Coupling Reaction of a Pyrazole and a
Coordinated Nitrile
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reconcile with the lack of nucleophilicity of the uncoordinated
nitrogen of the pyrazole, similar to a pyrrole. A possible solution
to this problem has been proposed by considering the previous
deprotonation of the NH group (Scheme 2, path a).?

The group of Kukushkin and Pombeiro reported both
intramolecular or intermolecular paths degending on the
electronic configuration of the metal center. ® The intermo-
lecular mechanism, based on the attack of a uncoordinated
pyrazole, is depicted in Scheme 2, path b. The more recent
contribution to this problem is the report of a mechanism driven
by anion-mediated/hydrogen-bonding proton transfer.**

No direct evidence supporting either intra- or intermolecular
coupling has been given so far. Path a in Scheme 2 shows that
complexes containing both pyrazoles and nitriles can be
considered as the only precursors of pyrazolylamidino complexes
if the mechanism is intramolecular. There are very few reports of
this type of complex.za’e’6 During the course of our studies on
pyrazolylamidino rhenium complexes we were able to obtain
mixed acetonitrile—pyrazole complexes such as fac-[ReBr-
(CO);(NCMe)(pzH)] (pzH = pyrazole), fac-[ReBr-
(CO)S(NCME)(dmsz)] (dmsz = S,S-djmethylpyrazole),
and cationic fac-[Re(CO);(NCMe)(dmpzH),]*.* Therefore,
we decided to explore their reactivity as well as the processes
where they are involved in order to support or discard the
intramolecular mechanism. On the other hand, no previous
research has been carried out on the ideal conditions to obtain
pyrazolylamidino complexes. Herein, a systematic study of the
factors which may affect the process is reported.

B RESULTS AND DISCUSSION

All complexes involved in this study are collected in Table 1 and
Chart 1. In addition to the mixed acetonitrile—pyrazole
complexes fac-[ReBr(CO);(NCMe)(pz*H)] (1) (pz*H =
pzH, pyrazole; dmpzH, 3,5-dimethylpyrazole; or indzH,
indazole) and cationic fac-[Re(CO);(NCMe)(pz*H),]" (4),
which play the leading role in this work as starting materials, we
also describe herein other complexes which are either byproducts
(3, 5) or final products of the processes studied (2, 6, and 7).
Most of the pzH and dmpzH complexes had been previously
reported by the group of Ardizzoia and Masciocchi” or by us.*
We decided to synthesize a similar family of complexes with a
third pyrazole, i.e., indazole, in order to have a wider range of
complexes to carry out in the study. The syntheses and
characterization of the species involved in these processes are
described next, before discussing the coupling reaction.

Table 1. Complexes Used in This Study”

pzH  dmpzH indzH

fac-[ReBr(CO);(NCMe)(pz*H)| 1a* 1b* 1c
fac-[ReBr(CO);(NH=C(Me)pz*-c’N,N)] 2a%  2b* 2c
fac-[ReBr(CO),(pz*H),] 32’ 3b7 3c
fac-[Re(CO)3(NCMe)(pz*H),]* 4a 4" 4
fac-[Re(CO);(pz*H),(OTF)]* Sa sb 5c
Jac-[Re(CO);(pz*H)(NH=C(Me)pz*->NN)]* 6™  6b* 6¢c
fur-[Re()(iO);(NCME)(NH=C(Me)pz*- 7a%  7b*F 7e
NN)]

“Complexes 4, 6, and 7 have been isolated as BF,, ClO,, or OTf salts.
Only one of them is described for each complex in the Experimental
Section, since the spectroscopic data are esentially the same.
bPreviously described with the anion BAr’, (Ar’ = 3,5-bis-
(trifluoromethyl)phenyl). “Complexes with coordinated perchlorate
gave similar spectroscopic data.

Syntheses and Characterization of the Complexes.
Reactions between fac-[ReBr(CO);(MeCN),] and indzH occur
similarly to those previously reported for pzH or dmpzH,**”
giving the substitution (¢, 3¢) or the insertion (2c) products
depending on the ratio and temperature used (eqs 1—3). Thus, 0
°C and a 1/1 ratio allow one to obtain the mixed acetonitrile—
indazole complex fac-[ReBr(CO);(NCMe)(indzH)] (1c),
whereas a 1/2 ratio at room temperature gives the disubstituted
product, fac-[ReBr(CO)4(indzH), ], 3c. A 1/1 ratio, but at 80 °C,
leads to the pyrazolylamidino ligand resulting from the coupling
of indazole and acetonitrile, that is, fac-[ReBr(CO),(NH=
C(Me)indz-K*N,N)], 2c.

fac-[ReBr(CO),(MeCN),] + indzH

% fac-[ReBr(CO), (NCMe) (indzH)] (16)

fac-[ReBr(CO),(MeCN), ] + indzH

1/1,80°C

——— fac-[ReBr(CO);(NH=C(Me)(indz-x’N, N)]
—MeCN
(2¢) (2

fac-[ReBr(CO),(MeCN), ] + 2indzH
1/2,r.t.

mfac-[ReBr(CO)j(indzH)z](3c) (3)

Their spectroscopic data are collected in the Experimental
Section. 2¢, 3b,® and 3c were subjected to crystallographic
studies, shown in Figure 1 (2c), 2 (3c), and S1 (3b), Supporting
Information. The distances and angles (available from the CIF in
the Supporting Information) are similar to those found in other
pyrazolylamidino- and bis(pyrazole)rhenium complexes.3’7 As
observed in the structures of similar manganese complexes,™
dimethylpyrazole ligands in 3b are tilted in the same sense
around the Re—N bonds in order to reduce the steric hindrance
of the methyl groups, in this case 34° and 39° with respect to the
“ideal” orientation, perpendicular to the ReN, plane. This is not
observed in the structure of 3¢, where less hindered indazoles are
coordinated perpendicular to the ReN, plane.

Cationic acetonitrile—pyrazole mixed complexes fac-[Re-
(CO);(NCMe)(pz*H),]*, 4, are easily obtained from com-
plexes 3 by extracting the bromido ligand with the appropriate
silver salt in THF and ulterior addition of an excess of MeCN (eq
4). Synthesis and characterization of the pyrazole and indazole
complexes 4a and 4c are herein described, whereas the

dx.doi.org/10.1021/ic5018054 | Inorg. Chem. 2014, 53, 1243712448
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Chart 1. Complexes Used in This Study

R 3 XXy
. & o i,
roA | oc. N—NH
OC..,, | N—NH ocC..,, .‘-'N‘--N "-,R .\'\
"Rl ; -
oc” | ncwe oc” | \HV,K oc (|:O N—NH
co é/\)
1 a: pzH 3
b: dmpzH
c: indzH
o}
Me R ) X R
C XX o7 S R g
Ny o ¢ C
oc wN—NH oc.. N—NH o P
'J,Re.u --,,Re g d W LN N
~ R
<Lyl by e
co
\/) £
4 %
6 (L = pz*H)
4 7 (L = NCMe)

Figure 1. Perspective view of fac-[ReBr(CO),(NH=C(Me)indz-
KN\N)], 2¢, showing the atom numbering. Ellipsoids are drawn at
30% probability.

Figure 2. Perspective view of fac-[ReBr(CO),(indzH),], 3¢, showing
the atom numbering. Ellipsoids are drawn at 30% probability.

dimethylpyrazole complex 4b has been previously reported.* As
indicated in Table 1, they can be isolated as BF,, ClO,, or OTf
salts, although only one of them (BF, salts) is described in the
Experimental Section, since the spectroscopic data are esentially
the same. Their spectroscopic and analytical data support the
proposed structure, which was confirmed by an X-ray diffraction
study for 4a-ClO,. Figure 3 shows a perspective view of the

Figure 3. Perspective view showing the atom numbering (top, ellipsoids
are drawn at 30% probability) and hydrogen bonds (bottom) of fac-
[Re(CO),(NCMe)(pzH),]*, 4a-ClO,.

molecule as well as the hydrogen bonds detected in the solid state
structure: the N-bound hydrogens of each pyrazole and the
oxygens of the perchlorate form a chain structure. The distances
and angles detected (H(2)--0(92) 1.974(10) A, N(2)--0(92)
2953(12) A, N(2)=H(2)--0(92) 157.9(5)°, and H(4)-
0(94), 1.869(7) A; N(4)---0(94) 2.893(10) A, N(4)—H(4)--
0(94)9171.9(5)°) may be considered as “moderate” hydrogen
bonds.

Jac-[ReBr(CO);(pz*H), ] (3)
(1)+Ag A, AgBr

fac-[Re(CO),(NCMe)(pz*H), " A" (4)
(2)+MeCN
(4)
Substitution of the acetonitrile ligand present in complexes 4
by the corresponding counterion was observed during their
reactivity studies. Therefore, we decided to isolate and
characterize the neutral complexes containing the coordinated
anion. Their synthesis was carried out by extracting the bromido
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ligand of complexes 3 with the appropriate silver salt in the
absence of MeCN (see eq S for OTf complexes). As expected,
tetrafluoroborate complexes were shown to be very unstable,
which precluded their characterization. Both perchlorate and
triflate could be isolated, giving almost coincident spectroscopic
data, and again only one of them (containing coordinated OTf)
is described in the Experimental Section. The crystal structure of
the dimethylpyrazole complex 5b containing either triflato or
perchlorato ligands could be obtained. They are shown in Figures
4 and S2, Supporting Information, respectively. Distances and

(NH=C(Me)indz-k’N,N)]*, 7¢, were obtained as previously
described for similar pyrazolilamidino complexes with pyrazole
or dimethylpyrazole. Alternatively, 6¢ could also be obtained by
substituting the coordinated anion in 5 by MeCN and
subsequent coupling (eqs 6—8). Their spectroscopic and analytic
data (Experimental Section) are as expected given this analogy.*
As discussed below, the reaction conditions are milder for
pyrazolilamidino complexes derived from indazole with respect
to pyrazole or dimethylpyrazole. The crystal structure of 7¢-ClO,

Figure 4. Perspective view of fac-[Re(CO);(dmpzH),(OTf)], Sb-OTf
(above), and hydrogen bonds (below), showing atom numbering,
Ellipsoids are drawn at 30% probability.

angles, which are available from the CIF in the Supporting
Information, show the analogy between these structures and that
of 3b.

fac-[ReBr(CO),(pz*H),] (3)
22O, fac-[Re(CO), (p2*H), (OTH]( 5-OT)
—AgBr (5)
Opposite to 4a, which forms anion—cations hydrogen-bonded
chains (Figure 3, below), the solid crystal structure of Sb
indicates that in these cases hydrogen bonds generate discrete
dimer jonic pairs (Figure 4, below). Uncoordinated oxygen
atoms of the coordinated triflate are hydrogen bonded with N-
bound hydrogens of dimethylpyrazoles. The distances and angles
detected (H(2)--O(56) 1.938(6) A, N(2)--O(56) 2.933(9) A,
N(2)-H(2)--0(56) 161.5(4)°, and H(4)-~O(5) 1.903(5) A;
N(4)--0(5) 2.862(8) A; N(4)—H(4)--O(5) 153.4(5)° for Sb-
OTY) indicate that these may be considered again as “moderate”
hydrogen bonds.”
Cationic pyrazolylamidino complexes fac-[Re(CO);(indzH)-
(NH=C(Me)indz-’N,N)]*, 6¢, and fac-[Re(CO);(NCMe)-

Figure 5. Perspective view of fac-[Re(CO)3(NCMe)(NH=C(Me)-
indz-’N,N)]ClO,, 7c-ClO,, showing the atom numbering. Ellipsoids
are drawn at 30% probability.

is depicted in Figure 5, and distances and angles are available
from the CIF in the Supporting Information.
fac-[Re(CO),(NCMe)(indzH), JOTF (4c-OTF) —
fac-[Re(CO), (indzH)(NH=C(Me)indz-*N, N)JOTf (6¢-OTf) (6)

fac-[Re(CO),(indzH), J(OTF) (§e-OT) o

fac-[Re(CO); (indzH)(NH=C(Me )indz-*N, N)JOT (6¢-OTf) (7)
(1)+AgOTf,—AgBe
(2)4+MeCN

fac-[Re(CO),(NCMe) (NH=C(Me)indz-c*N, N)]OTE (7c-0Tf)  (8)

fac-[ReBr(CO),(NH=C(Me)indz-x*N,N)] (2¢)

Kinetic Studies of the Coupling Processes. The first
attempt to obtain pyrazolylamidino complexes from mixed
acetonitrile—pyrazole complexes as the only starting material was
carried out using neutral bromido complexes 1b or 1cin CD,CN
solution.'® Heating any of these complexes at 80 °C leads to a
mixture of complexes 2 and 3, unreacted 1, as well as other very
minor products, which were identified mainly as a mixture of 6
and 7. Figure 6 shows the concentrations of the species present in
solution when 1b is heated in CD,CN at 80 °C. Similar mixtures
were obtained when using 1c as starting material or solutions of
different concentrations. When the processes were attempted at
lower temperatures, the reactions were too slow. On the other
hand, the reactions were repeated with a noncoordinating
solvent, but heating 1 at 80 °C in CD;NO, led to residual
amounts of the pyrazolylamidino complexes 2b or 2¢, with
bis(pyrazole) complexes 3 being the main products (ca. 50%).
This expected result shows that conditions favoring uncoordi-
nation of acetonitrile preclude the coupling process.

dx.doi.org/10.1021/ic5018054 | Inorg. Chem. 2014, 53, 1243712448
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Figure 6. Representation of the concentrations of 1b, 2b, 3b, and the mixture 6b + 7b vs time when 1b is heated in CD;CN at 80 °C. Final ratio: 1b/2b/

3b/(6b + 7b) = 25/50/10/5."*

The most striking feature about the processes carried out in
CD,CN at 80 °C was the presence of small amounts of the
cationic complexes 6 and 7. In a cationic complex, the
coordinated acetonitrile should be more activated than when
coordinated to a neutral complex, and therefore, the coupling
process to form the pyrazolylamidino ligand should be easier.
This led us to consider the possibility of the presence of cationic
complexes as intermediates for the process, as depicted in
Scheme 3. It is well known that MeCN may coordinate to Mn

Scheme 3. Proposal of the Coupling Process of Neutral
Complexes through Cationic Intermediates

R R
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and Re complexes by substituting the halide ligand."" This
process would give rise to cationic complexes, where the
electrophilic character of the nitrile should be enhanced, and
thus, the coupling process should be favored. Therefore, we
decided to focus our work on the cationic acetonitrile—pyrazole
complexes and investigate whether they could be intermediates
in the coupling process to obtain cationic pyrazolylamidino
complexes.

Heating cationic complexes 4 in the same conditions, CD,CN
at 80 °C, gave a mixture of the pyrazolylamidino cationic
complexes 6 and 7 as well as unreacted 4 and free pyrazole.
Figure 7 shows the concentrations of the species detected in

12441

solution for reaction of 4b-BF,. Although this result may seem
disappointing, close study of the first minutes of the process
reveals that conversion of 4b to 6b is clean (Scheme 4, framed
reaction). Only after ca. 30 min, the concentration of 6b reaches a
maximum and starts to decrease whereas the concentations of
equimolar amounts of 7b and free pyrazole increase. This
indicates that the pyrazole coordinated in 6b is being substituted
by acetonitrile from the solvent to give 7b and free pyrazole
(Scheme 4, right). This is a somehow surprising result, because
pyrazoles are better ligands than nitriles, but in this case the high
temperature might favor this entropy-driven process. As this
secondary process is favored by higher temperatures and the
coupling process should be easier for cationic complexes, the
reaction was repeated at 40 °C.

In these conditions, conversion of 4 into 6 is clean (Scheme 4,
framed reaction), as shown in Figure 8 for 4b-OTf (see Figure
$3, Supporting Information, for 4a-ClO, and 4¢-ClO,), which
supports that the coupling reaction of pyrazoles and nitriles to
obtain pyrazolylamidino ligands is an intramolecular process.
However, mild temperatures are crucial to obtain this result, as at
60 °C or higher temperatures substitution of the coordinated
pyrazole in 6 by CD;CN from the solvent to get 7 and free
pyrazole is favored (Scheme 4, right). Another process observed
when the reaction is carried out above 40 °C is the scrambling of
the coordinated CH;CN with the solvent, CD,CN. This
scrambling process is detected by examining the methyl group
signal in the '"H NMR spectra, which integrates at lower values
than expected. In fact, the framed reaction leads to a mixture of
6b and “deuterated” 6b in a ca. 40/60 ratio when the reaction was
carried out at 80 °C but to neat 6b when the reaction ocurs at 40
°C. However, this scrambling at higher temperatures should
occur before the coupling process and does not affect the
intramolecular nature of the reaction. Therefore, all data support
that the methyl group in the pyrazolylamidino ligand, either
deuterated or not, is present in the coordinated acetonitrile.

When the same reaction was attempted using CD;NO, as
solvent, conversion of 4 into 6 was not so clean as in CD;CN,
because the final pyrazolylamidino complexes 6 were usually
mixed with neutral complexes § (Scheme 4, left, and Figure $4,
Supporting Information). However, addition of a slight excess of
MeCN to complexes 5 did not afford back 4 in the reaction
conditions.

Clean conversion of 4 into 6 (Figure 8 and Scheme 4, framed
reaction) clearly demonstates that the coupling reaction occurs
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Figure 7. Representation of the observed concentrations of 4b-BF,, 6b-BF,, 7b-BF,, and dmpzH vs time when 4b is heated in CD,CN at 80 °C. Final

ratio 4b-BF,/6b-BF,/7b-BF, = 22/34/44.

Scheme 4. Conversions of 4 Into 6 in CD;CN (framed
reaction) and Byproducts Detected When the Process Is
Carried out at Higher Temperatures (right) and in CD;NO,
(left)
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when both the nitrile and the pyrazole are coordinated, and
therefore, it is an intramolecular process. In order to confirm this
proposal, the coupling process was carried out in the presence of
apyrazole different from that coordinated. Thus, a solution of 4b-
OTfand an equimolar amount of indzH in CD;CN was heated at
40 °C, giving only 6b-OTf and unreacted indzH (Scheme 5,
above). The results were the same after exchanging the role of the
pyrazoles, and reaction of 4¢-ClO, and a equimolar amount of
dmpzH in CD;CN at room temperature again gave only 6¢-ClO,,
and unreacted dmpzH (Scheme 5, below). These results confirm
that the pyrazole which undergoes the coupling process is that
previously coordinated, thus supporting definitively a intra-
molecular mechanism for this reaction.
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Figure 8. Representation of the observed concentrations of 4b-OTfand

6b-OTf when 4b-OTTf is heated in CD,CN at 40 °C. Final ratio: 4b-
OTf/6b-OTf = 21/79.

A 100% conversion is not usually achieved in all these
processes where mixed acetonitrile—pyrazole cationic complexes
convert into the corresponding pyrazolylamidino ligands;
instead, a constant ratio mixture of species is commonly obtained
(for example, 79/21 for the process depicted in Figure 8,
although 100/0 for that shown in Figure S3, Supporting
Information). According to the principle of microscopic
reversibility, if the reaction were reversible the same mixture
should be obtained by the reverse reaction, which is using the
final product as starting material. In order to confirm this,
different experiments were designed in order to carry out the
inverse experiments to those described in the framed reaction of
Scheme 4. Thus, heating 6b-OTf at 40 °C in CD,CN afforded a
mixture of 6b-OTf and 4b-OTfin a 80/20 ratio, that is, similar to
that obtained in the direct process described in Figure 8.

On the other hand, in a separate experiment, reaction of 4b-
OTf in CD;CN at 40 °C was allowed to reach to the final

dx.doi.org/10.1021/ic5018054 | Inorg. Chem. 2014, 53, 1243712448
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Scheme 5. Reactions Supporting That the Coupling Process
Proceeds via an Intramolecular Mechanism
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equilibrium, giving the expected mixture of 79/21 of 6b-OT1/4b-
OTf (Figure 8), and then 5§ mg of 4b-OTf was added. When the
reaction was heated again to 40 °C, the final ratio was the same
(Figure SS, Supporting Information), thus supporting that the
coupling reaction of pyrazoles and nitriles to obtain pyrazoly-
lamidino ligands is a reversible intramolecular process.

In order to obtain more information about the mechanism of
the coupling process, a systematic study was carried out
considering the possible factors which may affect the reaction,
that is, temperature, pyrazole, anion, and solvent. As shown
below, this study allowed us to find a catalyst for this reaction.

All of the following experiments were carried out with cationic
complexes 4, since conversion of neutral bromido complexes 1 to
the corresponding pyrazolylamidino complexes 2 is not clean nor
reversible. The proposal suggested in Scheme 3 for the neutral
bromido complexes is confirmed by the experiments just
described, carried out with cationic complexes 4. Removal of
the bromido ligand in 1 and substitution by acetonitrile would
afford cationic complexes of the type fac-[Re-
(CO);(NCMe),(pz*H)]*,"* which would give the pyrazolyla-
midino complexes 7 by the reversible intramolecular process
explained above. Substitution of the labile acetonitrile in 7 by the
bromide present in solution would afford the neutral
pyrazolylamidino complexes 2 (Scheme 3). However, the high
temperatures needed to remove the bromido ligand and thus to
start the coupling process may give rise to other secondary
reactions, such as substitution of nitriles by pyrazoles to afford
bis(pyrazole) complexes 3.'* However, the proposed path
through cationic complexes might not be the only way to obtain
pyrazolylamidino neutral ligands, because they are also formed,
although in lower yield, when the process is carried out with an
excess of "Bu,NBr, which should prevent formation of cationic
complexes. Nevertheless, drawing conclusions from the latter
experiment is difficult, since new species (probably polybromide
anionic complexes) are present and contaminate the whole
process.

(a) Temperature. As indicated above, clean conversion of 4 to
6 occurs at 40 °C in CD;CN, whereas at 80 °C substitution of the
pyrazole by CD;CN is observed (Scheme 4). In order to know
the optimal temperature for this process, we determined the
yields for the synthesis of 6¢-OTf from 4c-OTf at different
temperatures (from 20 to 60 °C) in CD;CN. In this range of
temperatures the results (Table S1, Supporting Information)

demonstrate that yields are higher for low temperatures,
indicating that the reverse reaction (formation of the
pyrazole—nitrile mixed complex from the pyrazolylamidino
complex) is more favorable at higher temperatures. This result
might be explained considering that the presence of a chelating
ligand in the pyrazolylamidino complexes 6 represents a decrease
in the entropy, and therefore, increasing temperatures prevents
its formation.

(b) Pyrazole. Considering the temperatures and the time
needed to achieve the reaction, the tendency of the pyrazoles
used in this study to give pyrazolylamidino complexes follow the
sequence indzH > pzH > dmpzH (Figure 9, Table S2,
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Figure 9. Representation of the observed concentrations vs time of
complexes 6 when 4 are heated in CD;CN at 40 °C.

Supporting Information). This is in accordance with the acidity
of the pyrazoles used, which has been experimentally
demonstrated to be that theorically expected, indzH > pzH >
dmpzH."* Therefore, the more acidic pyrazoles facilitate proton
transfer from the pyrazole to the donor nitrogen atom of the
pyrazolylamidino ligand. This is in accordance with a coupling
process with concomitant deprotonation of the pyrazole, as
mentioned in the Introduction (Scheme 2, path a).

(c) Anion. As indicated also in the Introduction, the influence
of the anion in the coupling process of a coordinated nitrile and
pyrazole to give pyrazolylamidino complexes has been already
reported, and a transition state for the metal-activated pyrazole—
nitrile coupling reaction was then pn:)pc)sed.;’“a However, in our
case, use of different anions (BE,~, ClO,~, OTf") did not allow
us to establish clear differences between them. Therefore,
conversion reactions of 4 to 6 were repeated using an excess of
sodium salts (usually 3/1, as a larger excess causes precipitation
of the salts). Surprisingly, addition of a sodium salt of the anion
present in the complex has two effects on the process: reducing
both the reaction time and the temperature needed to observe
the coupling process. On the other hand, the product/substrate
final ratio does not change compared to that obtained without an
excess of anion. These experiments allowed us to propose the
following sequence for the accelerating role of the anions used in
this reaction: OTf™ > ClO,” > BF,”. However, this sequence
does not coincide with the strength of the acids involved, neither
in the gas phase nor in MeCN."® Therefore, there must be
something else accelerating the reaction, and it might be an
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impurity present in the sodium salts used, which points to a
catalyst, given the small amount present and its decisive effect on
the reaction.

The review of Kukushkin and Pombeiro on additions to metal-
activated organonitriles described that some of them are base
catalyzed,lc although this had not been previously reported for
additions of pyrazoles to metal-activated organonitriles. This led
us to conclude that the sodium salts used might be mixed with
small amounts of a base. Then we measured the pH of 1 M
solutions in H,O of the sodium salts used, and the amount of
impure base is directly related to the observed sequence (pH of 1
M solutions in H,0): OTf™ (11.1) > C1O,~ (9.3) > BE,™ (2.6)).
When the experiment was repeated with pure salts (pH of 1 M
solutions in H,O = 7) the excess of anions did not have any
evident effect on the reaction time nor on the reaction yield
(Figure S6, Supporting Information).

(d) Catalyst for the reaction. Therefore, we decided to repeat
the coupling process in the presence of a small amount of
aqueous solution of NaOH. Formation of pyrazolylamidino
complexes 6 after addition of a 0.5% NaOH (as ca. 0.02 M
aqueous solution) to CD;CN solutions of 4 was immediate,
occurring at room temperature and quantitatively (for pzH or
indzH) or with very high yield (for dmpzH),

As described above, formation of pyrazolylamidino neutral
bromo complexes 2 from 1 was not clean (Figure 6). However,
when these processes were repeated in the presence of 1% of
NaOH (again as ca. 0.02 M aqueous solution), formation of 2
occurred in milder conditions and with higher yields with respect
to those reactions carried out without base (see the synthesis of
2c in the Experimental Section, carried out by both methods, and
Table 3, Supporting Information). As indicated above, reactions
are not so favored for neutral complexes as for cationic
complexes, since the nitrile is less activated. These experiments
lead us to conclude that the coupling reaction of pyrazoles and
acetonitrile to give pyrazolylamidino ligands is base catalyzed.

As we are using an aqueous solution of NaOH, we decided to
explore the role in the reaction of (a) water and (b) acids (since
the NaBF, first used was contaminated with acid). Figure 10
shows the concentration vs time of 6a, when the parent complex
4a was heated at 40 °C in dry CD;CN or treated with either 0.5%
of NaOH (aq), 0.5% of HBF, (aq), or the same amount of
neutral H,O in CD;CN at room temperature. Figure 10 shows
that the reaction is immediate when NaOH (aq) is added (the
reaction had already concluded when the first NMR spectrum is
obtained), whereas the reaction carried out in the presence of the
same amount of H,O is slower. The reaction rate of the latter is
almost identical to that carried out when of 0.5% of HBF, is
added; therefore, strong acids have no effect on the reaction rate.
The concentration of the final product when the reaction is
carried out in dry CD;CN is shown at the bottom, but these data
correspond to the reaction at 40 °C, because it is too slow in dry
CD,CN at room temperature.

We also explored the behavior of weaker bases than NaOH.
Figure S7, Supporting Information, shows how addition of
weaker bases than NaOH (aq), such as acetate or fluoride,
produces the expected results considering their pH, which is a
faster process than those with neutral or acid water but slower
than those with the same amount of NaOH (aq). Surprisingly,
addition of cyanide gives rise to an even slower process.
Unfortunately, so far we have no explanation for this surprising
behavior of the cyanide ion.

As indicated in the Introduction, intramolecular nucleophilic
attack of the pyrazole to the coordinated nitrile coordinated cis is

Concentration / [M]

0.0 05 Time / [h] L0 15
Me R * +
(SR S RN
5 19"
| N—NH N
[Re] — | Ny
N—NH Rel L
&7 y
R
4 6

[Re] = Re(CO);

Figure 10. Representation of the observed concentrations of 6a when
(a) 4a—ClO, is heated at 40 °C and when 4a—BF,, is stirred at room
temperature with (b) 6.2 uL of 0.5% of NaOH (aq), (c) 6.2 uL of 0.5%
of HBE, (aq), or (d) 6.2 uL of H,O are added. All reactions are carried
out in CD;CN; 0.05 M is 100% yield.

only possible by considering the previous deprotonation of the
NH group (Scheme 2, path a). Therefore, the actual role of the
base as catalyst for this process may be facilitating this
deprotonation. The fact that small amounts of water (either
neutral or acidic) also accelerate the process (although less
efectively compared to the aqueous base solution, Figure 10)
might indicate that autoprotolysis occurring in aqueous media
may also help this deprotonation and therefore the coupling
process. Furthermore, a clear dependence of the basicity is
established, as the effect of weaker bases is feebler than that of
NaOH.

(e). Solvent. As indicated above, all kinetic studies were carried
out in CD;CN because the attempts to carry out the reactions in
CD;NO, led to total or partial substitution of the acetonitrile
ligand. However, as the reactions base catalyzed are immediate
(starting from cationic complexes 4) or very fast (for neutral
complexes 1), we decided to explore the use of other solvents in
this case. For the latter, the processes could be carried out only in
CD,CN, since use of other solvents led again to mixtures of
products. However, for cationic complexes 4, the results of the
base-catalyzed coupling processes in CD;NO, or (CD;),CO are
similar to those obtained in CD,CN, that is, the reactions are
quantitative and immediate and occurred at room temperature.

B CONCLUSIONS

Synthesis of different rhenium complexes containing both
pyrazole and nitrile ligands has allowed us to study the
mechanism of the coupling reaction between these two ligands
to afford pyrazolylamidino complexes. The study was carried out
on cationic complexes because the nitrile is more electrophilic
than in neutral complexes, and thus, for the latter higher
temperatures are needed, which facilitates formation of different
byproducts. All of the data obtained starting from pyrazole—
nitrile mixed cationic complexes support that the coupling
process to give pyrazolylamidino ligands occurs by a reversible
intramolecular mechanism. The systematic study carried out on
this process revealed that the coupling process is favored: (a) at
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moderate temperatures (and unfavored as the temperature
increases), opposite to what was commonly accepted, since
pyrazolylamidino complexes had been traditionally synthesized
by refluxing or heating pyrazole complexes in nitriles as solvents,
and (b) with the acidity of the pyrazole. We found that the
coupling process is base catalyzed, and the reactions to obtain
cationic pyrazolylamidino complexes are quantitative and
immediate and occurred at room temperature for different
solvents when <1% of NaOH (aq) is added to the parent
complex solution. Neutral bromido pyrazolylamidino complexes
are obtained rapidly and at room temperature when 1% of NaOH
(aq) is added to the parent complex CD,CN solution. We believe
that these results open a broad range of synthetic possibilities to
obtain new pyrazolylamidino complexes in the future.

B EXPERIMENTAL SECTION

General Remarks. All manipulations were performed under N,
atmosphere following conventional Schlenk techniques. Solvents were
purified according to standard procedures.'® fac-[ReBr-
(CO);(NCMe),] was obtained as previously described.'” Table 1
collects references for the preparation and characterization of some of
the complexes herein used. All other reagents were obtained from the
usual commercial suppliers and used as received. Caution! Although no
difficulties were experienced with the perchlorate complexes described herein,
all perchlorate species should be treated as potentially explosive and handled
with care. Infrared spectra were recorded in a PerkinElmer FT-IR
spectrum BX apparatus using 0.2 mm CaF, cells for solutions or on KBr
pellets for solid samples. NMR spectra were recorded in Bruker AV-400
or Varian MRS00 instruments at room temperature and are referred to
the internal residual solvent peak for 'H and *C{'H} NMR. Assignment
of the “C{'H} NMR data was supported by 2D heteronuclear
experiments and relative intensities of the resonance signals. Elemental
analyses were performed on a PerkinElmer 2400B microanalyzer.

fac-[ReBr(CO);(NCMe)(indzH)], T¢. Indazole (0.059 g, 0.50 mmol)
was added to a solution of fac-[ReBr(CO);(NCMe),] (0.216 g, 0.50
mmol) in THE (15 mL). The solution was stirred at 0 °C for 10 min.
Hexane (ca. 25 mL) was added, and the solution was concentrated in
vacuo and cooled to =20 °C, giving a colorless microcrystalline solid,
which was decanted, washed with hexane (3 X 3 mL approximately), and
dried in vacuo, yielding 0.154 g (61%). IR (THF, cm™"): 2030 vs, 1930
vs, 1900 vs. IR (KBr, em™'): 3378 m, 2028 vs, 1903 vs br, 1628 w, 1560
w, 1508 w, 1438 w, 1358 m, 1273 w, 1246 w, 1150 w, 1096 m, 1029 w,
964 w, 749 m, 640 w, 529 w, 487 w. "H NMR (399.8 MHz, Me,CO-d,):
2.58 (s, NCCH,, 3 H), 7.30 (t, ] = 7.5 Hz, H® indzH, 1 H), 7.56 (t, ] = 7.5
Hz, B indzH, 1 H), 7.76 (d, ] = 8.5 Hz, H indzH, 1 H), 791 (d, ] = 8.0
Hz, H indzH, 1 H), 8.68 (s, H® indzH, 1 H), 12.64 (s, NH, 1 H).
BC{'H} NMR (100.5 MHz, Me,CO-d,): 112.1 (s, C*indzH), 122.1 (s,
NCCH,), 122.4 (s, C’H indzH), 1239 (s, C* indzH), 124.5 (s, C*
indzH), 130.6 (s, C* indzH), 141.2 (s, C* indzH), 142.4 (s, C"* indzH),
163.6 (s, NCCH;), CO not observed. Anal. Caled for C ,HyBrN;O;Re:
C, 28.30; H, 1.78; N, 8.25. Found: C, 27.98; H, 2.00; N, 8.58.

fac-[ReBr(CO);(NH=C(Me)indz-’N,N)], 2c. Method A. Indazole
(0.059 g 0.50 mmol) was added to a solution of fac-[ReBr-
(CO);(NCMe),] (0216 g, 0.50 mmol) in CH;CN (15 mL). The
solution was stirred at 80 °C for 17 h. Volatiles were removed in vacuo,
and the yellow residue was crystallized in acetone/hexane at —20 °C,
giving a yellow microcrystalline solid, which was decanted, washed with
hexane (3 X 3 mL approximately), and dried in vacuo, yielding 0.172g
(679%). Method B. Indazole (0.035 g, 0.30 mmol) was added to a solution
of fac-[ReBr(CO);(NCMe),] (0.130 g 0.30 mmol) in CH,CN (15
mL), and the solution was stirred for 20 min at 40 °C. Then 0.17 mL of
NaOH aqueous solution (0.018 M, 0.003 mmol) was added, and the
solution was stirred for another 30 min at 40 °C. Volatiles were removed
in vacuo, and the residue was crystallized in acetone/hexane at —20 °C,
yielding 135 mg (89%). IR (THF, cm™): 2021 vs, 1923 vs, 1894 vs. IR
(KBr,cm™"): 3183 5,2020 vs, 1925 vs, 1889 vs, 1632 m, 1509 m, 1474 m,
1449 m, 1355 m, 1280 m, 1218 w, 1201 m, 1160 w, 1102 w, 1063 m,
1016 w, 984 w, 913 w, 883 w, 839 w, 788 w, 768 m, 646 w, 623 w, 532m,

506 w, 492 w, 471 m. 'H NMR (399.8 MHz, Me,CO-d): 3.28 (s,
NCCH,, 3 H), 7.59 (t, ] = 7.5 Hz, H®indz, 1 H), 7.82 (t, ] = 8.0 Hz, H®
indz, 1 H),8.11 (d, J= 8.0 Hz, H' indz, 1 H), 8.19 (d, ] = 9.0 Hz, H' inde,
1 H),9.07 (s, H* indz, 1 H), 10.92 (s, NH, 1 H). "C{'H} NMR (100.5
MHz, Me,CO-d;): 20.3 (s, NCCH,), 112.2 (s, C* indz), 122.6 (s, C7
indz), 125.1 (s, C®indz), 131.3 (s, C’indz), 143.8 (s, C* indz), 163.6 (s,
NCCHj;), C* (indz), C”* (indz) and CO were not observed due to the
low solubility of the compound. Anal. Caled for C),HgBrN;O;Re: C,
28.30; H, 1.78; N, 8.25. Found: C, 28.36; H, 1.73; N, 8.28.
fac-[ReBr(CO),(indzH),], 3c. Indazole (0.071 g 0.60 mmol) was
added to a solution of fac-[ReBr(CQ);(MeCN),| (0.130 g, 0.30 mmol)
in THF (20 mL). The solution was stirred for 1 h at room temperature.
Hexane (ca. 20 mL) was added, and the solution was concentrated and
cooled to —20 °C, giving a colorless microcrystalline solid, which was
decanted, washed with hexane (3 X 3 mL approximately), and dried in
vacuo, yielding 0.143 g (81%). IR (THF, cm™"): 2026 vs, 1924 vs, 1895
vs. IR (KBr, cm™'): 3311 s, 2020 vs, 1910 vs, 1891 vs, 1629 m, 1511 w,
1356 m, 1244 m, 1002 w, 961 w, 832 m, 752 m, 744 m, 673 w, 660 m, 648
m, 542 m, 430 w. "H NMR (399.8 MHz, Me,CO-d;): 7.26 (t, ] = 7.5 Hz,
HE indzH, 2 H), 7.52 (t, ] = 7.5 Hz, H® indzH, 2 H), 7.69 (d, ] = 8.5 Hz,
H'indzH, 2 H), 7.85 (d, ] = 8.0 Hz, H' indzH, 2 H), 8.56 (s, H’ indzH, 2
H), 12.63 (s, NH, 2 H). “C{'H} NMR (100.5 MHz, Me,CO-d): 112.3
(s, C* indzH), 122.7 (s, C" indzH), 124.2 (s, C°® indzH), 124.8 (s, C*
indzH), 130.8 (s, C° indzH), 141.6 (s, C* indzH), 142.7 (s, C"* indzH),
191.9 (br, 1 CO), 197.4 (br, 2 CO). Anal. Caled for C,;H,,BrN,O;Re:
C, 34.82; H, 2.06; N, 9.55. Found: C, 34.75; H, 1.86; N, 9.09.
fac-[Re(CO);(NCMe)(pzH),IBF,, 4a-BF,. Silver tetrafluoroborate
(0.054 g, 0.28 mmol) was added to a solution of 3a (0.122 g, 0.25
mmol) in THF (20 mL), and the mixture was stirred for 1 h at 40 °C in
the absence of light. The reaction mixture was dried in vacuo, and the
residue was extracted with CH,Cl, (20 mL), filtered, and dried in vacuo.
The white residue was dissolved in CHCl,/MeCN (5 mL/$ mL), and
the solution was stirred for 4 h at 0 °C. The solvent was then removed in
vacuo to give a white solid, which was recrystallized from CHCI;/hexane
at —20 °C, giving a colorless microcrystalline solid, which was decanted,
washed with hexane (3 X 3 mL approximately), and dried in vacuo,
yielding 87 mg (60%). IR (THF, cm™'): 2034 vs, 1934 vs, 1922 vs. IR
(KBr, em™"): 3222 m, 3160 m, 2040 vs, 1950 vs, 1918 vs, 12905, 1257 s,
12445, 1224 m, 1182 s, 1131 m, 1070 w, 1055 m, 1026 s, 950 w, 878 w,
777 m, 652 w, 637 m, 606 w, 575 w, 519 w, 494 w, 411w. 'H NMR
(399.8 MHz, CDCl;): 2.67 (s, NCCHj, 3H), 6.39 (s, H' pzH,2 H), 7.71
(s, H** pzH, 2 H), 7.77 (s, H** pzH, 2 H), 12.19 (s, NH, 2 H). *C{'H}
NMR (100.5 MHz, CDCl,): 5.8 (s, NCCH3), 107.7 (s, C* pzH), 125.3
(s, NCCH3), 133.5 (s, C>* pzH), 145.3 (s, C>* pzH), 191.7 (s, 3 CO).
F NMR (376.2 MHz, CDCl;): —149.8 (s, '°BF,, 4 F), —149,9 (s,
UBE,, 4 F). Anal. Caled for C,,H,,BE,N.O;Re: C, 24.67; H, 2.07; N,
13.08. Found: C, 24.44; H, 1.71; N, 12.78.
fac-[Re(CO);(NCMe)(indzH),IBF, 4c¢-BF,. Silver tetrafluoroborate
(0.107 g, 0.55 mmol) was added to a solution of 3¢ (0.293 g, 0.50 mmol)
in THF (30 mL). Working up as for 4a-BF, gave 173 mg (53%) of 4c-
BF, as a colorless microcrystalline solid. IR (THF, em™): 2036 vs, 1929
vs. IR (KBr cm_l): 3338 m, 3138 m, 2291 w, 2041 vs, 1943 vs, 1925 vs,
1630 m, 1515 m, 1388 m, 1377 m, 1360 m, 1285 w, 1247 w, 1226 w,
1084 vs, 1062 vs, 1031 s, 902 w, 840 w, 782 w, 753 m, 647 w, 534 w, 482
w, 432 w. "H NMR (499.7 MHz, CDCl,): 2.82 (s, NCCH,, 3 H), 7.24
(partially overlapped by the solvent signal, H® indzH, 2 H), 7.51 (t,] =
8.0 Hz, H' indzH, 2 H), 7.69 (d,] = 7.5 Hz, H" indzH, 2 H), 7.82 (d, ] =
8.5 Hz, H' indzH, 2 H), 8.32 (s, H* indzH, 2 H), 11.74 (s, br, NH, 2 H).
BC{'H} NMR (499.7 MHz, CDCL;): 59 (s, NCCH,), 112.1 (s, C'
indzH), 120.4 (s, C7 indzH), 122.8 (s, C** indzH), 123.5 (s, C® indzH),
126.4 (s, NCCHS,), 1302 (s, C° indzH), 141.0 (s, C* indzH), 141.8 (s,
C™ indzH), 191.3 (s, 2 CO), 192.0 (s, CO). 'F NMR (470.2 MHz,
CDCly): —149.97 (s, ""BF,, 4 F), —150.2 (s, "'BF,, 4 F). Anal. Calcd for
C o, BE,N,O,Re: C, 35.90; H, 2.38; N, 11.02. Found: C, 35,62 ; H,
2.11; N, 10.77.
fac-[Re(CO)s(pzH),(OTH)], 5a. Silver triflate (0.084 g, 0.33 mmol) was
added to a solution of 3a (0.146 g, 0.3 mmol) in THEF (15 mL), and the
mixture was stirred for 1 h at room temperature in the absence of light.
The reaction mixture was filtered, and hexane was added to the filtrate.
The solution was concentrated and cooled to —20 °C, giving a colorless
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microcrystalline solid, which was decanted, washed with hexane (3 x 3
mL approximately), and dried in vacuo, yielding 0.145 g (87%). IR
(THF, cm™"): 2037 vs, 1932 vs, 1905 vs. IR (KBr, cm™): 3291 5, 3270,
2036 vs, 1930 vs, 1917 vs, 1654 w,1560 w, 1540 w, 1491 w, 1412 w, 1364
w, 13145, 123655, 1212 5, 1191 m, 1139 m, 1070 w, 1057 m, 1031 m, 952
w, 912 w, 863 w, 777 m, 659 w, 633 m, 606 w, 573 w, 537 w. '"H NMR
(399.8 MHz, CDCl,): 6.45 (s, H* pzH, 1 H), 7.58 (s, H** pzH, 1 H),
7.71 (s, H pzH, 1 H), 11,42 (s, NH, 1 H). “C{'H} NMR (100.5 MHz,
CDCL): 107.8 (5, C* pzH), 119.1 (5, CF,805), 131.5 (s, C>* pzH), 143.1
(s, C* pzH), 192.3 (s, 1 CO), 193.0 (s, 2 CO). "F NMR (376.2 MHz,
CDCL): =755 (s, CF80,). Anal. Caled for C,oHgF,N,OReS: C,
21.58; H, 1.45; N, 10.07. Found: C, 21.77; H, 1.36 ; N, 9.90.

fac-[Re(CO)s(dmpzH),(OTH)], 5b. Silver triflate (0.056 g, 0.22 mmol)
was added to a solution of 3b (0.108 g, 0.2 mmol) in THF (15 mL), and
the mixture was stirred for 2 h at room temperature in the absence of
light. Working up as for 5a gave 0.103 g (84%) of 5b as a colorless solid.
IR (THF, em™): 2034 5, 1928 vs, 1901 vs. IR (KBr, em™): 3446 m,
3349 m, 3288 m, 2036 vs, 1923 vs, 1917 vs, 1654 w, 1636 w, 1578 w,
1419 w, 1379 w, 1316 m, 1294 m, 1261 m, 1233 m, 1205 m, 1186 m,
1053 w, 1026 m, 819 w, 800 w, 661 w, 636 m, 518 w, 458 w, 419 w. 'H
NMR (399.8 MHz, CDCl,): 2.11 (s, C*H, dmpzH, 6 H), 2.21 (s, C*H,
dmpzH, 6 H), 5.93 (s, H' dmpzH, 2 H), 10.63 (s, NH, 2 H). *C{'H}
NMR (100.5 MHz, CDCl;): 10.9 (s, C°H; dmpzH), 14.5 (s, C*H,
dmpzH), 106.7 (s, C'H dmpzH), 1192 (q, ] = 318.5 Hz, CF,S0;7),
143.2 (s, CCH; dmpzH), 153.7 (s, CCH; dmpzH), 193.4 (s, CO), 193.5
(s, 2 CO). F NMR (376.2 MHz, CDCLy): —75.6 (s, CF;S0;). Anal.
Caled for Cy,H ¢F,N,O4ReS: C, 27.49; H, 2.64; N, 9.16. Found: C,
27.24; H, 2.36 ; N, 8.99.

fac-[Re(CQ),(indzH),(OTf)], 5c. Silver triflate (0.056 g, 0.22 mmol)
was added to a solution of 3¢ (0.117 g, 0.2 mmol) in THF (15 mL), and
the mixture was stirred for 2 h at room temperature in the absence of
light. Working up as for 5a gave 0.123 g (94%) of 5c as a colorless solid.
IR (THF, cm™): 2038 vs, 1937 vs, 1910 vs. IR (KBr, cm™'): 3415 m,
3134 m, 3055 m, 2974 m, 2880 m, 2036 vs, 1924 vs, 1906 vs, 1630m,
1516 w, 1360m, 1338m, 12345, 11995, 1174 5, 1150 m, 1084 w, 1050 m,
1014 s, 886 w, 839 w, 751 m, 658 w, 631 m, 572 w, 526 w, 482 w, 433 w.
"HNMR (399.8 MHz, CDCl,): 7.26 (m, H indzH 2 H), 7.51—7.53 (m,
H*and H indzH, 4 H), 7.71 (d, ] = 8.5 Hz, H* indzH, 2H), 8.15 (s, H*
indzH, 2 H), 11.39 (s, NH indzH, 2 H). “C{'H} NMR (100.5 MHz,
CDCL): 110.5 (s, €7 indzH), 119.1 (q, ] = 314.0 Hz, CF,80,7), 120.1
(s, C* indzH), 122.6 (s, C** indzH), 123.2 (s, C® indzH), 129.9 (s, C*
indzH), 138.8 (s, C* indzH), 140.6 (s, C" indzH), 192.4 (br, 1 CO),
192.9 (br, 2 CO). "F NMR (376.2 MHz, CDCL,): —=75.4 (s, CF,SO,).
Anal. Caled for C\gH ,F;N,O4ReS: C, 32.98; H, 1.84; N, 8.55. Found:
C, 32.68; H, 1.76; N, 8.49.

fac-[Re(CO)s(indzH)(NH=C(Me)indz-’N,N)]OTf, 6¢-OTF.'® A sol-
ution of $¢-OTf (0.197 g, 0.3 mmol) in MeCN (15 mL) was stirred for
10 h at room temperature. Volatiles were removed in vacuo to give a
yellow solid, which was recrystallized from THF/hexane at =20 °C,
giving a yellow microcrystalline solid, which was decanted, washed with
hexane (3 X 3 mL approximately), and dried in vacuo, yielding 0.186 g
(89%). IR (THF, cm™): 2035 vs, 1939 vs, 1924 vs. IR (KBr, cm™):
3434 m, 3125 m, 2976 m, 2874 w, 2031 vs, 1916 vs br, 1631 m, 1514 w,
1480 m, 1463 w, 1425 m, 1356 m, 1281 w, 1194 w, 1117 5, 1086 s, 1044
m, 915 w, 884 w, 845 w, 795 w, 753 m, 624 m, 535 w, 521 w, 475w. 'H
NMR (399.8 MHz, Me,CO-d;): 3.32 (s, NH=CCH,, 3H), 7.19 (t, ] =
7.5 Hz, H® indzH, 1 H), 7.47 (t, J = 7.5 Hz, H® indzH, 1 H), 7.55 (d, ] =
8.5 Hz, H' indzH, 1 H), 7.59 (t, ] = 7.5 Hz, H® indz, 1 H), 7.71 (d, ] = 8.5
Hz, H'indzH, 1 H), 7.82 (t, ] = 8.0, H*indz 1 H), 8.11 (d, J = 9.0 Hz, H’
indz, 1 H), 8.14 (d, ] = 9.0 Hz, H* indz, 1 H), 8.36 (s, H® indzH, 1 H),
9.47 (s, H® indz, 1 H), 10.86 (s, NH=CCH,, 1 H), 12.81 (s, NH indH, 1
H). BC{'H} NMR (100.5 MHz, Me,CO-dg): 21.6 (s, NH=CCH,),
111.2 (s, C" indzH), 113.7 (s, C indz), 121.8 (s, C' indzH), 123.5 (5, C°
indzH), 124.4 (s, C* indz), 126.6 (s, C* indz), 127.2 (C*, the other C**
was not observed), 130.3 (s, C®indzH), 133.4 (s, C* indzH), 140.6 (C™),
142.1 (C™), 148.0 (s, C* indz), 168.3 (s, NH=CCHj), 191.6 (s, CO),
195.2 (s, CO), 1954 (s, CO). "F NMR (376.2 MHz, Me,CO-dg):
~73.7 (s, CF,S0;). Anal. Caled for CyoH,F;N;OgReS: C, 34.43; H,
2.17; N, 10.04. Found: C, 34.79; H, 2.29; N, 9.86.

fac-[Re(CO);(NCMe)(NH=C(Me)indz-+*>N,N)JOTf, 7¢-OTf. Silver
triflate (0.085 g, 0.33 mmol) was added to a solution of 2¢ (0.152 mg,
0.30 mmol) in MeCN (30 mL). The mixture was refluxed for 2 h in the
absence of light. The reaction mixture was then filtered and dried in
vacuo. The yellow residue was crystallized in acetone/hexane at =20 °C,
giving a yellow microcrystalline solid, which was decanted, washed with
hexane (3 X 3 mL approximately), and dried in vacuo, yielding 0.158 g
(85%). IR (THF, cm™"): 2035 vs, 1939 vs, 1924 vs. IR (KBr, cm™):
3194 w, 2027 vs, 1902 vs br, 1638 m, 1512 w, 1484w, 1424 m, 1355 m,
1276's, 12535, 12225, 1149’5, 1091 w, 1030 w, 876 w, 800w, 758 5, 668 w,
637 s, 572 w, 517 m, 485 m, 431 w. "H NMR (376.2 MHz, Me,CO-dy):
2.38 (s, NCCH,, 3 H), 3.30 (s, NH=CCHj,, 3 H), 7.64 (t, ] = 8.0 Hz, H*
indz, 1 H), 7.91 (t, ] = 8.0 Hz, H® indz, 1 H), 8.17 (d, ] = 8.0 Hz, H' indz,
1 H), 822 (d, ] = 9.0 Hz, H indz, 1 H), 9.29 (s, HF indz, 1 H), 10.87 (s,
br, NH, 1 H). *C{'H} NMR (1257 MHz, Me,CO-d): 3.2 (s,
NCCH,), 21.4 (s, NH=CCHj,), 113.7 (s, C* indz), 123.41 (s, C indz),
126.5 (s, C® indz), 127.2 (s, C** indz), 133.4 (s, C° indz), 140.5 (s, C*
indz), 147.4 (s, C* indz), 167.8 (s, NCCH,), 190.2 (s, CO), 194.1 (s, 2
CO). "F NMR (470.2 MHz, Me,CO-d;): —73.69 (s, CF;50;). Anal.
Caled for CyH,,F;N,OgReS: C, 29.03; H, 1.95; N, 9.03. Found: C,
28.74; H, 1.71; N, 8.88.

Kinetic Studies. Reactions were monitored by 'H NMR using 0.05
M solutions prepared under Ar atmosphere. Pure NaBF,, NaClO,, and
NaOTf were prepared by adding NaOH solutions to the corresponding
acid solutions until pH = 7 (measured with a pH meter) and drying to
dryness. Studies with excess of NaOH (aq) were carried out by mixing
0.025 M solutions of the complex and a recently prepared 0.02 M
aqueous solution of NaOH. The NMR probe temperature was
calibrated using an ethylene glycol standard before and after the
experiment.

Crystal Structure Determination for Compounds 2¢, 3b, 3¢,
4a-ClO,, 5b-0Tf, 5b-ClO,, and 7¢-ClO,. Crystals were grown by slow
diffusion of hexane into concentrated solutions of the complexes in
chloroform (for 3b, 3¢, 4a-ClO,, 5b-OTf) or acetone (for 2¢, 7¢-ClO,)
at —20 °C. Relevant crystallographic details can be found in the CIF. For
all complexes except 2c, a crystal was attached to a glass fiber and
transferred to a Bruker AXS SMART 1000 diffractometer with graphite
monochromatized Mo Ka X-radiation and a CCD area detector. Raw
frame data were integrated with the SAINT program.w The structure
was solved by direct methods with SHELXTL.>® A semiempirical
absorption correction was applied with the program SADABS.*' All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were set in calculated positions and refined as riding atoms, with a
common thermal parameter. All calculations and graphics were made
with  SHELXTL. Distances and angles of hydrogen bonds were
calculated with PARST?” (normalized values).> For 2c, crystal structure
determination was accomplished on an Oxford Diffraction Xcalibur §
diffractometer: data collection, CrysAlis CCD;** cell refinement,
CrysAlis RED;** data reduction, CrysAlis RED; absorption correction,
multiscan.** Crystal structure determinations were effected at —100 °C
(Mo Karadiation, @ = 0.71073 A). The structure was solved by applying
direct and Fourier methods using SHELXS97 and SHELXL-97.2° All
nonhydrogen atoms were refined anisotropically. Hydrogen atoms were
placed in geometrically calculated positions, and each was assigned a
fixed isotropic displacement parameter based on a riding model.
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Figure S1. Perspective view of fac-[ReBr(CO)3;(dmpzH),], 3b showing the atom numbering.
Ellipsoids are drawn at 30 % probability.
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Figure S2. Perspective view of fac-[Re(CO)3(dmpzH),(OClOs3)], 5b-ClO;4 (above), and hydrogen
bonds (below),showing the atom numbering. Ellipsoids are drawn at 30 % probability.

H(2)--0(57), 1.957(8) A; N(2)--0(57) 2.969(11) A; N(2)-H(2)-~0(57) 166.7(5)°, and H(4)--O(5),

2.009(7) A; N(4)--0(5) 2.957(9) A; N(4)-H(4)--0(5) 151.7(5)° for 5b-ClO4
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Figure S3. Representation of the observed concentrations of 4-C104 and 6-C104, when 4-ClOy are
heated in CDsCN at 40 °C; for (a) complexes a (pzH), and (b) complexes ¢ (indzH).
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Figure S4. Representation of the observed concentrations of 4b-OTf, 5b and 6b-Otf , when 4b-OTf
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Figure S5. Representation of the observed concentrations of 4b-OTf and 6b-OTf, when 4b-OTf is

heated in CDsCN at 40 °C. After 5 h, 5 mg of 4b-OTf were added .
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Figure S6. Representation of the observed normalized concentrations of 6b, when 0.5 M 4b-BF, is
heated in CD3;CN at 40 °C (a) without extra anion; (b) with 3/1 excess of NaClOy; (c) with 3/1
excess of NaOTT;(d) with 3/1 excess of NaBF,.
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Figure S7. Representation of the observed normalized concentrations of 6b-BF; when 0.5 M 4b-
BEF, is stirred at r.t. with 6.2 pL of H,0, or with the aqueous solutions indicated. All the reactions

are carried out in CD3CN.

S5

69



70

Table S1. Final ratios and reactions time (from "H NMR spectra) for the synthesis of 6¢-BF; and
6b-OTf from 4c-BF, and 4b-OTf respectively at different temperatures in CD;CN.

Conversion Temp. (°C) Reaction time Final ratio 6/4
4¢-BF,; — 6¢-BF, 20 9h 100/0
4¢-BF,; — 6¢-BF, 40 1h 98/2

4b-OTf —> 6b-OTf' 40 6h 79/21
4b-OTf — 6b-OTf" 60 2h 69/31

T'Van’t Hoff analysis of these data gave the following results: AH° = —23 k] mol; AS® = —62 ] K!
mol’!

Table S2. Final ratios and reaction times (from 'H NMR spectra) for the synthesis of 6 from 4 in
CDsCN at 40 °C for each pyrazole.

Reaction Reaction time Final ratio 6/4
4a-ClO4 — 6a-ClO4 6h 95/5
4b-OTf — 6b-OTf 6h 79/21
4¢-BF; — 6¢-BF, lh 98/2

Table S3. Final ratios and reaction times (from 'H NMR spectra) for the synthesis of 2 from 1* in
CDsCN at r.t. for each pyrazole in the presence of 1% of 0.02 M NaOH.

Reaction Reaction time Final ratio 2/1

1b—> 2b 30 min 65/35
Ic—> 2c 10 min 98/2

* 1a could not be obtained pure (ref. S1).

Ref. S1 The synthesis and characterization of 3b was described in ref. S2, but the cystal structure was not reported.
Ref. S2. Ardizzoia, G. A.; LaMonica, G.; Maspero, A; Moret, M.; Masciocchi, N. Eur. J. Inorg. Chem. 1998, 1503-
1512.
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New pyrazolylamidino complexes fac-[ReCl(CO)s(NH=C(Me)pz*-k°N.N)] (pz*H = pyrazole, pzH; 3,5-di-
methylpyrazole, dmpzH; indazole, indzH) and fac-[ReBr(CO)s(NH—C(Ph)pz*-k?N,N)] are synthesized via
base-catalyzed coupling of the appropriate nitrile with pyrazole, or via metathesis by halide abstraction
with AgBF4 from a bromido pyrazolylamidino complex and the subsequent addition of LiCl. In order to
study both the influence of the substituents present at the pyrazolylamidino ligand, and that of the "sixth”
ligand in the complex, photophysical, electrochemical, and computational studies have been carried out
on this series and other complexes previously described by us, of the general formula fac-[Rel-
(CO)5(NH=C(R)pz*-x*N.N)]™* (L = CL, Br; R' = Me, Ph, n = 0; or L = NCMe, dmpzH, indzH, R’ = Me, n = 1).
All complexes exhibit phosphorescent decays from a prevalently SMLCT excited state with quantum yields
(#) in the range between 0.007 and 0.039, and long lifetimes (r ~ 81900 ns). The electrochemical study
reveals irreversible reduction for all complexes. The oxidation of the neutral complexes was found to be
irreversible due to halido-dissociation, whereas the cationic species display a reversible process implying
the Rel/Rell couple. Density functional and time-dependent density functional theory (TD-DFT)
calculations provide a reasonable trend for the values of emission energies in line with the experimental
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1. Introduction

Since the first report on the photophysical properties of
rhenium(i) tricarbonyl diimine complexes 40 years ago, this
class of chelate compounds has been intensively studied.'
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photophysical data, supporting the MLCT based character of the emissions.

In the meantime, an important number of luminescent
fac-[ReX(CO)3(N-N)] complexes showing rich excited-state pro-
perties associated with their long-lived triplet metal-to-ligand
charge transfer (*MLCT) excited state have been widely
reported.>® Their photophysical properties may be adequately
tuned by varying the diimine ligand, the “sixth” ligand “X”
(a halide or pseudo-halide for neutral complexes, a neutral
ligand for cationic complexes), and the solvent. These pro-
perties have led to the development of diverse applications for
this type of compound,® for example as biomolecular agents,®
as photocatalysts for the reduction of CO,,” as light-emitting
devices,® or as molecular sensors or photoswitches.’

A panoply of diimine ligands, usually derived from bipy or
phen, may be found in the literature. Nonetheless, finding a
straightforward, synthetically accessible way to obtain new
N,N-chelating ligands is one of the remaining challenges in
this field. The photophysical properties may be adjusted by
choosing the appropriate ligand, but most of the ordinarily
used diimine ligands usually require synthetic methods which
are often difficult and tiresome. Therefore, the possibility of
using “a la carte” and “easy to make” ligands would be very
welcome to scientists working in this field. Pyrazolylamidino
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Scheme 1 Coupling reaction between a coordinated nitrile and a pyra-
zole to obtain a pyrazolylamidino ligand.

ligands fulfill all these requirements, since they can be readily
obtained in situ by the coupling reaction of pyrazoles and co-
ordinated nitriles (Scheme 1). Although reports on the synthesis
of complexes containing pyrazolylamidino ligands are relatively
scarce,'™'" a wide panel of pyrazolylamidino complexes can be
synthesized by using different nitriles and pyrazoles, providing
the opportunity of controlling both the electronic and steric pro-
perties of the ligand. We have recently published a systematic
study on the mechanism of the metal-mediated coupling of
pyrazoles and nitriles.'"* This reversible intramolecular base-
catalysed coupling reaction opens a broad range of synthetic
possibilities to obtain new pyrazolylamidino complexes.

Since there are no previous reports dealing with the photo-
physical studies of pyrazolylamidino complexes, we report
herein the first spectroscopic, electrochemical, and compu-
tational studies of rhenium(i) tricarbonyl complexes contain-
ing pyrazolylamidino ligands.

2. Results and discussion
2.1. Synthesis and characterization

All the complexes investigated in this study are collected in
Table 1. In order to study the influence of the substituents on
the pyrazolylamidino ligand and of the “sixth” ligand in a
given complex, a panel of complexes was synthesized, some of
them previously reported by us.''®'* The pyrazolylamidino
ligands result from the coupling of pyrazole (pzH), 3,5-di-
methylpyrazole (dmpzH) or indazole (indzH) (labelled as pz-R
in Table 1) with either acetonitrile or benzonitrile (NCR' in
Table 1). In the neutral complexes, chlorido or bromido
ligands were used, whereas acetonitrile and pyrazole (dmpzH
or indzH) were coordinated in the cationic complexes (L in
Table 1). This diversity allows us to discriminate the influence
of different stereo-electronic factors on the luminescence and
electrochemical properties.

The syntheses and characterization of the species subjected
to this study are described first, before discussing their pro-
perties. The syntheses of the new pyrazolylamidino complexes
are presented in Scheme 2. Complexes 3, 7, and 8 were
obtained by the coupling of nitrile with pyrazole, using NaOH
(ag.) as a catalyst, as previously reported by us.'” Chlorido
complexes 1 and 2 were instead obtained from the previously
synthesized bromido pyrazolylamidino complexes by abstract-
ing the bromido ligand with AgBF, and the subsequent
addition of chloride. Alternatively, complexes 1 and 2 can also
be obtained by the same manner as complex 3, that is by coup-
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Table 1 Pyrazolylamidino complexes used in this study
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1 0 Cl pz Me This work
2 0 cl dmpz Me This work
3 0 Cl indz Me This work
4 0 Br pz Me  11c
5 0 Br dmpz Me 11c
6 0 Br indz Me 12
7 0 Br dmpz Ph This work
8 0 Br indz Ph This work
9 1(ClO,~ salt) NCMe dmpz Me 11c¢
10 1(Clo,~ salt) NCMe indz Me 12
11 1 (ClO,” salt) dmpzH dmpz Me 11c
12 1 (ClO,~ salt) indzH indz Me 12
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Scheme 2 Syntheses of the new pyrazolylamidino complexes.

ling of the corresponding nitrile with pyrazole. However, when
using this latter route the yields are much lower, as these pro-
cesses usually reach equilibrium between the mixed nitrile-
pyrazole and the final pyrazolylamidino complexes.'? This
equilibrium is shifted to the starting mixture for chlorido
complexes 1-3, whereas for bromido complexes 4-8 it is driven
to the final pyrazolylamidino complexes.

The spectroscopic and analytical data support the proposed
geometries and are included in the Experimental section. The
hydrogen atoms at the ortho position of the phenyl substitu-
ents in benzonitrile-derived complexes 7 and 8 display broad
signals in the '"H NMR spectra at room temperature, probably
due to the slowing down of the phenyl group rotation. Spectra
recorded at lower temperatures gave the expected pattern (see
the Experimental section). Furthermore, complexes 1 (Fig. 1),
2 (Fig. 811), and 7 (Fig. 2) were characterized by single-crystal
X-ray diffraction studies. The distances and angles (CCDC
1414405-1414407) are similar to those found in other
pyrazolylamidinorhenium complexes.'™'* In complexes 2 and
7, the N-bound hydrogens of the pyrazolylamidino ligands are
involved in hydrogen bonding with a chlorido ligand of an

This journal is © The Rayal Society of Chernistry 2015
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Cll

Fig. 1 Perspective view of fac-[ReCHCO)sz(NH=C(Me)pz-x°N,N)],
1, showing the atom numbering. Thermal ellipsoids are drawn at 50%
probability. Selected bond lengths (A) and angles (°): N1-Rel 2.164(6),
N1-N2 1.365(11), C21-N2 1.399(13), C21-N3 1.289(12), N3—-Rel 2.158(8),
Cl1-Rel 2.500(2); C1-Rel-Cll 176.8(2), C1-Rel-N1 89.9(3), C1-Rel-
N3 95.0(4), C2-Rel-Cll 95.0(3), C2-Rel-N1 170.7(4), C2-Rel-N3
97.8(4), C3-Rel-Cl1 91.5(4), C3-Rel-N1 99.6(4), C3-Rel-N3 171.4(4),
N1-Rel-Cl1 87.0(2), N3-Rel-Cl1 83.3(2), N3—Rel-N1 73.3(3), N2=N1-
Rel 114.4(5), N1-N2-C21 118.1(7), N3-C21-N2 114.7(8).

Fig. 2 Perspective view of fac-[ReBr(CO)s(NH=C(Ph)dmpz-x°N,N)],
7, showing the atom numbering. Thermal ellipsoids are drawn at 50%
probability. Selected bond lengths (A) and angles (°): Rel-N1 2.169(4),
N1-N2 1.385(6), N2-C21 1.411(7), N3-C21 1.266(7), Rel-N3 2.130(5),
Rel-Brl 2.6274(7); N1-Rel-Brl 84.02(12), N3—-Rel-Brl 84.97(13), N3—
Rel-N172.98(17), C1-Rel-Brl 176.81(19), C1-Rel-N193.8(2), C1-Rel-
N3 92.2(2), C2-Rel-Brl 92.49(17), C2—-Rel-N1 169.9(2), C2-Rel-N3
97.3(2), C3-Rel-Brl 91.15(19), C3-Rel-N1 100.9(2), C3-Rel-N3
173.0(2), N2-N1-Rel 114.4(3), N1-N2-C21 116.1(4), N3-C21-N2
115.0(5), C21 N3 Rel 121.3(4).

adjacent molecule, or with the oxygen atom of a THF molecule
present in the crystal, respectively. The distances and angles
detected (H(3)---Cl(1) 2.279(8) A, N(3)---Cl(1) 3.267(8) A, N(3)-
H(3)---Cl(1) 160.2(4)°, for 2, and H(3)--0(91), 1.815(8) A; N(3)
--0(91) 2.837(8) A, N(4)-H(3)---0(91) 171.8(4)°) for 7 may be
considered respectively as “weak” and “moderate” hydrogen
bonds. "

2.2. Photophysical studies

One main objective of this work was the investigation of the
photophysical properties of our family of rhenium(i) tricarb-
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onyl complexes containing pyrazolylamidino ligands, as there
are no previous reports on the photophysical properties of
complexes bearing these ligands. The absorption and emis-
sion spectral data collected for all complexes are summarized
in Table 2. The electronic absorption and emission spectra of
complexes 1 to 12 have been measured at 298 K using CH,Cl,
as the solvent. Fig. 3 shows representative absorption and
emission spectra of the neutral chlorido complex 1 and of the
cationic complex 9, respectively. The absorption spectra of all
complexes (see the ESI, Fig. S2f) exhibit high-energy tran-
sitions with maxima between 230 and 300 nm, and a tail
reaching up to 480 nm. The absorption data of the complexes
are qualitatively similar to the related Re(1) compounds already
published.*™'* Selected examples displaying similar absorp-
tion spectra are fac{ReX(CO);(N-N)] where X = Cl or Br, and
N-N represents a bidentate N-heterocyclic carbene,'” or
pyridyl-triazole derivatives'® possessing imine-type N-donor
sites. Therefore it seems justified to interpret the absorption
features of our rhenium(i) complexes in an analogous manner.
As described below, the results of the computational study also
support this assignment. Intense bands due to an intraligand
(IL) origin are observed in the UV region at high energy
(230-300 nm). The lowest energy absorption bands listed in
Table 2 are assigned to a mixture of MLCT Re — n*(L), ligand-
to-ligand charge-transfer (LLCT), and halide-to-ligand charge-
transfer (XLCT) transitions. The XLCT character is supported
by the fact that the absorption maxima shifts to lower energy
upon changing the halide ligands from CI to Br, because
the oxidation of the metal becomes progressively easier
upon decreasing the electronegativity of the halide. The same
behaviour was also observed for the series [Re,(p-X),(CO)e-
{p-(1,2-diazine)}] when changing the nature of the halide (X =
Cl, Br, 1)."

In order to evaluate the halide influence on the photo-
physical properties, the series of chlorido complexes (1-3) is
compared with their bromido-substituted analogues (4-6).
After excitation at 390 nm, the comparison of the emission
bands reveals that those of the chlorido complexes 1, 2 and 3
show a slight hypsochromic shift with respect to their bromido
counterparts 4, 5 and 6. As reported by Bertrand et al.,'® these
profiles are typical of the emission from MLCT/XLCT excited
states when considering band shapes and the values of the
emission wavelengths.

The luminescence quantum yields @ of the pyrazolyl-
amidino complexes were determined using cresyl violet as a
luminescence quantum yield standard,'® all measurements
have been performed in deaerated solvents. The quantum
yields of our complexes are relatively weak, independent of the
halide or counter ion, and fall in the range reported for other
“fac-Re(CO);" complexes.'™'” Nevertheless, in the case of
halide series 1-6, somewhat higher quantum yields are found
for the bromido-derivatives 4-6 (@ 0.017-0.026%) compared to
those of chlorido-derivatives 1-3 (@ 0.015-0.022%). However
complexes 4 and 5 emit at lower excited energy states, thus
contradicting trends dictated by the energy gap law (EGL),*®
the shorter lifetime values for complexes 1, 2, 3 and 6 might
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Table 2 Absorption and emission data of complexes 1 to 12 in CH,Cl, at 298 K*
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Absorption Emission
Aem (M) 0x107

Comp Anm(ex10° M ' em™) [Aexcit = 390 nm] (+8%) 7 (ns) k/10* s71 kne/10° 57!
1 264 sh (13), 360 (7) 570 15 220 6.8 4.5
2 232 (16.7), 261 sh (10.9), 352 (5) 557 92 254 8.6 3.85
3 260 (15.1), 304 (5), 316 (5), 367 (6.7) 559 18 210 8.6 4.7
4 246 (17.1), 267 sh (15.8), 368 (2) 572 17 890 1.9 1.1
5 248 (17.4), 283 (20.2), 356 (21.3) 564 26 430 6.0 2.3
6 251 (20.1), 269 sh (18.9), 379 (3.8) 581 21 180 11.7 5.4
8 233 (19.1), 273 (19.4), 310 sh (4.2),323 sh (3.3), 381 (3.7) 606 11 35 31.4 28.3
9 233 (19.5), 254 (20.2), 324 (10.3) 524 12 17 7.1 58.1
10 246 (21.1), 313 (8.4), 340 (8.5) 532 16 8 200 123
11 260 (10.2), 346 (16) 536 7 560 1.25 1.77
12 254 (21.7), 282 (24.1), 359 (13.7) 544 39 1900 2.1 0.5

“No reliable spectra could be obtained for 7 due to its instability in CH,Cl, solution.

l —Abs i Abs 9
! N Em1 A o) Emg
os 4| o] |
LETY I""I 508
o] | o | / N“'\_

o2{ | /N 02

530 430
Adnm) At}

Fig. 3 Emission (red) and absorption (blue) spectra recorded in CH2Clz
of complexes 1 (left) and 9 (right) at 298 K.

be caused by competing photochemical pathways triggered
upon excitation. Despite a long-lived emission due to the
*MLCT transition of pz-complex 4 (890 ns), with 7 being twice
that of the dmpz complex 5 (430 ns), the quantum yields of
both compounds are quite close, around 0.02-0.03%.

The following trends are noticed: (i) introduction of
electron-donating groups in the pyrazole core causes a weak
shift to lower A.,,. This effect can be observed when comparing
pyrazole complexes 1 and 4 with 3,5-dimethylpyrazole com-
plexes 2 and 5, resulting in Al., ~ [13 nm/409 em '] and
[8 nm/248 cm™'] respectively. (ii) When the “sixth” ligand is
replaced from an anionie s-donor/z-donor ligand (chlorido in
complexes 2, 3, and bromido in complexes 5, 6) by a neutral
o-donor ligand (acetonitrile in complexes 9, 10) there is an
hypsochromic shift in the emission that ranges from Al =
[33 nm/1130 ¢cm™'] when comparing complexes 2 and 9, to
Adem = [49 nm/1585 em™'] when comparing complexes 6 and
10. A simultaneous enhancement of the non-radiative constant
is observed, which may be induced by the change of the
o-donor/rn-donor character of chlorido/bromido by the s-donor
character of acetonitrile in the complex, thus favouring a non-
emissive vibrational de-excitation pathway. This is reflected by
a strong drop of the lifetime 7 from 430 to 17 ns. (iii) The repla-
cement of the imine-methyl group in bromido complex 6 by a
phenyl group in indz-complex 8 induces a red-shift of the
emission with Ale, ~ [25 nm/710 em™'], concomitant with an
enhanced non-radiative constant.
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This same effect is also noticed when comparing the emis-
sion maxima of complex 6 with those of 12 (Ade, ~ [17 nm/
1170 em™']) and 10 (Adem ~ [49 nm/1585 em™']). Note that a
considerable diminution of the non-radiative constant, evi-
denced by a longer emission lifetime, is observed when the
indazole ligand in 12 is replaced by an acetonitrile ligand in
10. A similar long life-time emission at 536 nm is observed for
cationic complex 11, where the Re centre is coordinated by a
chelating pyrazolylamidino ligand containing a dmpz frag-
ment, and a N-bound 3,5-dimethylpyrazole ligand. The emit-
ting level can be assigned to the MLCT transition according
to the usual considerations of the position and shape of the
emission band for complexes 9 to 12. This interpretation is
consistent with those previously reported for similar carbonyl
and diimine ligands coordinated to a Re(r) d® low-spin centre
assigned to *MLCT emitters,”” and with the results of the
theoretical calculations carried out on this complexes (see
below).

In summary, the substitution of chloride in complexes 1-3
by bromide (complexes 4-6) is translated by a small hypsochromic
shift. The same behavior is observed when the hydrogens
at the 3- and 5-positions of the pyrazole core (in 4) are substi-
tuted by two electron-donating methyl groups (in 5). The sub-
stitution of the bromido ligand in the dmpz complex 5 by
acetonitrile (in 9) gives rise to an increase of the energy of the
emitter level by 1354 em™. The replacement of the methyl
group at the amidino fragment (in 6) by a phenyl group (in 8)
induces a red-shift of the emission by 710 em™". All the com-
plexes exhibit phosphorescent decays from the *MLCT excited
state, and their quantum yields (@ ~ 0.007-0.039) correspond
to those reported previously for other rhenium(i) tricarbonyl
complexes. Their long lifetimes (r ~ 8-1900 ns) are a further
proof that the emissions arise from a prevalently *MLCT state.

2.3. Electrochemical study

The redox properties of each compound have been investigated
by cyclic voltammetry in MeCN solution in the potential
region from —2.30 V to 1.50 V. Scan rates between 0.025 and

This journal is © The Royal Society of Chemistry 2015
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Table 3 Redox potentials of the pyrazolylamidino complexes

Compd Fia ER, Eoe

1 -2.08 +0.92 +1.34
2 -2.25 +0.89 +1.30
3 & +0.93 @

4 -2.10 +0.91 +1.34
5 —-2.20 +0.88 +1.31
[ —-1.47 +0.91 +1.32
7 —1.87 and -2.14 +0.91 +1.33
8 -1.84 +0.92 +1.34
9 -1.96 +1.32
10 —=1.80 +1.34
11 -1.96 +1.15
12 =2.04 +1.32

“The low solubility of 3 in MeCN precluded a clear determination of
EY*and EP.,.

2.5 V 57" were examined. Cyclic voltammograms have also
been recorded for some samples in CH,Cl, in order to probe
the influence of a non-coordinating solvent on their redox pro-
perties. Table 3 lists the measured redox potentials in MeCN.

All compounds display an irreversible cathodic wave
between —1.80 V and —2.25 V.} Due to the significant shift of
the cathodic peak potential (£%.q) when changing the nature of
the pyrazolylamidino ligand, a pyrazolylamidino-based
reduction is assigned to this wave. Thus, reductions are more
favored for indazolylamidino ligands compared to those con-
taining pz or dmpz groups in the order indz > pz > dmpz
(Table 3). This is supported by the results of the computational
study (see below), since the LUMO, which has mainly an
amidino contribution, is more stabilised for amidino ligands
containing indz fragments (3 and 6) than for similar pz (1 and
4) or dmpz (2 and 5) derivatives. For the neutral complexes,
the irreversibility of the process is attributed to the halide dis-
sociation, as reported for related compounds.® This is corro-
borated by the observation of an anodic wave at ca. +0.5 V for
the bromido complexes 4-8, which may result from the oxi-
dation of bromide when the scan starts towards reduction
before the oxidation potentials (see curves corresponding to
the 2nd and 3rd scans of 5 in Fig. 4).

Neutral complexes (1-8) exhibit two oxidation processes
(see Fig. 4 for 5). An irreversible peak is observed, even for a
scan rate of 2.5 V s, at 0.90 + 0.02 V, followed by an electro-
chemically reversible one at 1.32 + 0.02 V. In contrast, the cat-
ionic species (9-12) display only one quasi-reversible wave in
the range 1.15-1.34 V (see Fig. 4 for 9). For compounds 9-11,
the ratio of peak currents (ip./ic) is equal to 1 at a scan rate of
100 mV s~ ', whereas the reversibility is observed only for scan
rates above 500 mV s~' for compound 12. For the bromido
complexes 4-8 the oxidation peak at 0.90 V is coupled in the
following scan to a reduction peak at ca. 0.55 V (see Fig. 4 for

{As shown in Table 3, compound 7 displays a second wave at —2.14 V, whereas a
second wave at potential lower than the lower limit recorded (below —2.5 V) may
be also perceived for compound 8. Therefore, this second wave might be attribu-
ted to the presence of a phenyl substituent in the pyrazolylamidino ligand.

This journal is @ The Royal Society of Chemistry 2015
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Fig. 4 Cyclic voltammograms recorded in MeCN solutions of 15 mM 5
(blue, 3 scans) and 16 mM 9 (red, 1 scan). Scan rate: 100 mV s, Initial
potential: —-0.3 V.

5). Overall, the cyclic voltammograms of the neutral com-
pounds investigated here are comparable to that of fac{ReCl-
(CO),(dmbipy)] (dmbipy = 4,4-dimethyl-2,2-bipyridyl).” In
this case the first oxidation was found to produce chlorine and
fac-[Re(MeCN)(CO);(dmbipy)]’. We propose a similar EC mech-
anism for pyrazolylamidino halido complexes 1-8 in the first
stage (Scheme 3). The potentials Ef, are independent of the
nature of the ligands (Table 3), and therefore the process is
assigned to a metal centred oxidation, leading to the formal
17-electron monocationic species fac-[Re"X(CO);(NH=C(R)
pz*x"N,N)|"", A. This is followed by dissociation of the halide
with concomitant coordination of a molecule of MeCN to give
the 17-electron cationic species fac{Re"(NCMe)(CO)s(NH=C
(R)pz*«’N,N)]"", B. This Re" adduct is reduced by reaction
with halide to give X, and the 18-electron cation fac-
[Re'(NCMe)(CO)5(NH=C(R)pz*-«’N,N)|', €, which is electro-
chemically reversibly oxidized at 1.32 + 0.02 V, to give fac-
[Re"'(NCMe)(CO)5(NH=C(R')pz*-’N,N)|**, D (Scheme 3). The
very close half-wave potentials of dmpz complexes 2, 5 and 9
on the one hand, and of the indz complexes 6 and 10 on the
other hand§ (Table 3 and Fig. 4) support this proposal. More-
over, the wave observed at 1.32 + 0.02 V is irreversible when the
cyclic voltammograms of the halido complexes are performed
in CH,Cl, (Fig. S37), as expected for the oxidation of fac-Re-
(CO);(NH=C(R')pz*-x’N,N)]"*, which would lead to a very
unstable 15 electron species. The relatively limited deviation
between all the half-wave potentials collected (EL> in Table 3)
points to an electronic transfer implying the Re(1)/Re(u) couple,
as indicated in Scheme 3.

The cathodic wave observed at 0.55 V for the bromido com-
plexes 4-8 is assigned to the reduction of molecular bromine
to bromide,” which reacts with fac-[Re"(NCMe)(CO);(NH=
C(R)pz*’N,N)]"", C, to regenerate the starting materials
(Scheme 3). Thus, a wave due to oxidation of the bromine is

§ Complex 3 should present the same behaviour as 6 or 10 but the EY? was not

clear in the CV probably due to the low solubility of this compound in MeCN (as
indicated in the footnote in Table 3).

Dalton Trans.

77



78

Paper
cl ]+
[Re"| +cCI
112 Cl
Re] + X > L
EPreg
- MeCN
-
Re'] = .
el oc”” | N
H NCMe |-2+
[Re")

Scheme 3 Electrochemical processes proposed for the pyrazolyl-
amidino complexes.

observed when the scan is cyclized between —0.3 and +1.5 V at
a scan rate of 100 mV s~

In the cyclic voltammograms of the chlorido complexes
1-3, the reduction of chlorine is not detected. Chlorine is a
stronger oxidizing agent than bromine, and therefore should
oxidize the starting complexes 1-3 (Scheme 3).

The irreversibility of the oxidation herein observed for the
neutral pyrazolylamidino complexes is not a general feature
for the neutral rhenium(i) tricarbonyl diimine complexes. For
example, fac-[ReX(CO);("Bu-DAB)] (X = Cl or Br; ‘Bu-DAB = 1,4-
di-tert-butyl-1,4-diazabutadiene) exhibits a reversible oxidation
at a potential similar to those listed as EB, in Table 3.*° In
order to assess the influence of the pyrazolylamidino ligands
on the redox properties of these fac|{ReX(CO),(diimine)] com-
plexes, this study was completed by the characterization of
the electrochemical behaviour of fac-[ReBr(CO);(dmpzH),]**
and fac-[ReBr(CO);(MeCN)(dmpzH)|''* complexes. fac[ReBr-
(CO);(dmpzH),] exhibits a reversible wave at 0.93 V (Fig. S47),
whereas for fac-[ReBr(CO);(MeCN)(dmpzH)] the ratio ipa/ipe
centred at 0.99 V is equal to 0.4 at a scan rate of 100 mV s~ ", It
is noteworthy that in both cases reduction of bromine is not
detected in the following scan. Thus, the stabilities of fac-
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[Re""Br(CO);(dmpzH),|" and fac-[Re"Br(CO)3(MeCN)(dmpzH)]"*
contrast with that of fac-[Re"Br(CO);(pyrazolylamidino)]™,
which may be interpreted by considering the difference in the
lability of the Re-Br bond in these compounds.

2.4. Computational study

All the complexes were also studied theoretically by means of
density functional and time-dependent density functional
theory (TD-DFT) calculations. Computational details can be
found in the Experimental section, the relevant types of com-
plexes are discussed here, and the complete list of results are
included in the ESL{ The ground-state geometry was opti-
mized at the PBEI1PBE level (PBEO) with no symmetry
restraints for all the complexes and the minimum obtained
compares well with the structure obtained by X-ray diffraction
when available (see Tables S1 and S2 in the ESIT).

The partial frontier molecular orbital compositions and
energy levels of compounds 1 and 9, as models for neutral
(1-8) and cationic (9-12) complexes are listed in Tables 4 and
5, respectively.

It can be seen that the highest occupied molecular orbitals
(HOMOs) have a mixed Re/CO/CI character with different con-
tributions in the case of the neutral complex 1, while for the
cationic complex 9 there is also a non-negligible contribution
from the pyrazolylamidino ligand. In both cases the LUMO is
mainly centred in the amidino ligand.

The calculated absorption energies associated with their
oscillator strengths, the main configuration and their assign-
ments, together with the experimental results for complexes 1
and 9 are given in Tables 6 and 7, respectively.

For the neutral complex 1, the low lying absorption
measured experimentally at 360 nm can be assigned to the
singlet excited state S, (366 nm), which consists primarily of
the excitation from HOMO-1 with d(Re) + p(Cl) + n(CO) main

Table 4 Frontier molecular orbital compositions (%) in the ground state
for complex 1 at the PBELPBE level (L = amidino)

Contribution (%)

Orbital E(eV) Re cl Cco L Main bond type
HOMO-4 -7.76 12.29 55.89 3.97 27.85 d(Re)+ p(Cl)+n(L)
HOMO-3 =-7.66 9.84 5890 3.35 27.91 d(Re)+ p(Cl)+x(L)
HOMO-2 -6.98 6890 0.53 2857 2.00 d(Re)+x(CO)
HOMO-1 -6.40 46.90 2598 20.78 6.33 d(Re)+ p(Cl)+ n(CO)
HOMO  -6.32 47.08 2577 22.84 432 d(Re)+ p(Cl) + x(CO)
LUMO -2.04 460 168 5.82 87.91 =n*(L)

LUMO+1 —0.55 29.29 1.08 6550 4.14 p(Re)+x*(CO)
LUMO+2 —0.31 27.97 290 6125 7.89 p(Re)+x*(CO)

This journal is © The Royal Society of Chemistry 2015
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Table 5 Frontier molecular orbital compositions (%) in the ground state
for complex 9 at the PBE1PBE level (L = amidino)

Contribution (%)

Orbital E(eV) Re MeCN CO L Main bond type

HOMO-3 -8.39 6.21 1.44 2.11 90.25 =(L)

HOMO-2 -7.5 69.58 0 27.9 252 d(Re)+n(CO)

HOMO-1 -7.17 59.02 4.74 23.04 13.21 d(Re)+ n(CO) + n(L)

HOMO  —7.11 54 4.09 21.28 20.63 d(Re)+x(CO)+ n(L)

LUMO -2.37 5.65 0.5 7.38 86.48 7n*(L)

LUMO+1 —1.27 26.08 18.09 51.59 4.23 p(Re)+n*(CO)+
n*(MeCN)

LUMO+2 -0.93 19.19 25.13 51.32 4.36 p(Re) + n*(CO) +
n*(MeCN)

bond type to LUMO with n*(amidino) main bond type. Thus,
this transition has a MLCT/LLCT/XLCT character, consistent
with the trends experimentally observed for the absorption
maxima shifts, already discussed in the photophysical study
section above.

On the other hand, when the halide ligand is replaced by a
neutral ligand (acetonitrile or a pyrazole) to obtain a cationic
complex, the lowest experimental absorption is blue-shifted
(found at 324 nm in complex 9 with respect to 352 nm in the
chlorido-dmpz neutral complex 2). The calculated singlet
excited state (S, also in this case) now consists of two tran-
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Table 8 Molecular orbital compositions in the excited states
Contribution (%)
Energy “Sixth”
Complex  Orbital  (eV) Re ligand CcO Amidino
1 HOMO =5.87 46.33 18.86 17.50 17.31
LUMO =2.37 5.66 2.43 8.96 82.95
9 HOMO —6.61 47.79 3.87 18.38 29.97
LUMO —-2.78 5.19 0.61 7.48 86.72

sitions, from HOMO-1 and HOMO to LUMO, which contrib-
ute almost equally. The composition of HOMO-1 and HOMO
orbitals has a significant contribution from the amidino
moiety, 13 and 21% respectively, and therefore, the transition
has a less marked charge transfer character than in the case of
the neutral complexes (Table 8). The MLCT transition plays
an important role in the excitation and, consequently, the
absorption intensity of 9 is stronger than 1, as observed experi-
mentally. Moreover, the weaker n-donating ability of aceto-
nitrile with respect to the halido ligand, makes the HOMO and
HOMO-1 orbitals less energetic, which is consistent with the
blue-shift observed in the absorption.

The MLCT character of the low lying absorption transitions
for complexes 1 and 9 can be observed in Fig. 5, where the
relevant molecular orbitals are depicted for both compounds.

The lowest triplet states T, of all the complexes have been
optimized by the UPBEO method and, from the geometry thus
obtained, the TD-DFT method has been applied to calculate
their phosphorescence emission. The composition of the
HOMO and LUMO orbitals is very similar to those of the
singlet ground state, as can be seen by inspection of the values
shown in Table 7. Therefore, the character of the emissions
is *MLCTPLLCTFXLCT for the neutral complexes and
SMLCT/’LLCT/PILCT for the cationic complexes, and the calcu-

Table 6 Calculated excited energies, dominant orbital excitations, and oscillator strength (f) from TD-DFT calculations for complex 1

State Excitation Coef. Ecate (eV) Acale (NM) i Aexp (nm) Character

54 HOMO - LUMO 0.70 3.21 386 0.0035 MLCT/LLCT/XLCT

S, HOMO-1 - LUMO 0.69 3.39 366 0.0964 360 MLCT/LLCT/XLCT

Sy HOMO-4 — LUMO 0.64 4.76 261 0.1178 264 MLCT/XLCT/ILCT
HOMO=-3 = LUMO 0.27

Table 7 Calculated excited energies, dominant orbital excitations, and oscillator strength (f) from TD-DFT calculations for complex 9

State Excitation Coef. Ecale (€V) Aeate (NM) i Aexp (NM) Character

S, HOMO-1 — LUMO 0.46 3.70 355 0.0133 MLCT/LLCT/ILCT
HOMO — LUMO 0.53

Sz HOMO-1 - LUMO 0.52 3.86 321 0.1784 324 MLCT/LLCT/ILCT
HOMO — LUMO 0.45

Ss HOMO-2 — LUMO+2 0.40 4.97 250 0.0561 254 MLCT/LLCT/ILCT/LXCT
HOMO — LUMO+2 0.40

Sg HOMO-3 — LUMO 0.67 5.12 242 0.1457 233 ILCT
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Fig. 5 Single electron transitions for the low lying absorptions of com-
plexes 1 and 9, calculated at the TD-DFT/PBEO level.

lated emission energies and the corresponding transition
characters for both types of complexes are shown in Table 9.

Although the TD-DFT computing methods cannot exactly
reproduce the experimental values of the emission wave-
lengths, it can provide reasonable values that follow the same
trend. In this respect, the substitution of the halide in the
neutral complexes by a weaker n-donor stabilizes the HOMO,
makes the HOMO-LUMO energy gap wider and, as in
the absorption transitions, a blue-shift in the wavelength is
observed.

3. Experimental section

3.1. General remarks

All manipulations were performed under a N, atmosphere fol-
lowing conventional Schlenk techniques. Solvents were puri-
fied according to standard procedures.”” fac-[ReCl(CO);-
(NCMe),],**  fac-[ReBr(CO),(NCMe),],"* fac-[ReBr(CO);(NH=
C(Me)pz-k*N,N)|,"*¢ fac-[ReBr(CO);(NH=C(Me)dmpz-x*N,N)],"*
and fac{ReBr(CO);(NH=C(Me)indz-x’N,N)],'* were obtained as
previously described. Table 1 provides references for the prepa-
ration and characterization of some of the complexes herein
studied. All other reagents were obtained from the usual com-
mercial suppliers, and used as received. Infrared spectra were
recorded in a Perkin-Elmer FT-IR spectrum BX apparatus
using 0.2 mm CaF, cells for solutions or KBr pellets for solid
samples. NMR spectra were recorded in a Varian MR500
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instrument at room temperature (r.t.) unless otherwise indi-
cated, and are referred to the internal residual solvent peak for
'H and "*C{'H} NMR. Assignment of the “C{'H} NMR data
was supported by 2D heteronuclear experiments and relative
intensities of the resonance signals. Elemental analyses were
performed on a Perkin-Elmer 2400B microanalyzer.

3.2. fac[ReCl(CO);(NH=C(Me)pz-k’N,N)], 1

fac-[ReBr(CO);(NH=C(Me)pz-x’N,N)] (0.138 g, 0.3 mmol) and
AgBF, (0.068 g, 0.35 mmol) were stirred in THF (25 mL) for 1 h
at 40 °C. The solvent was removed in vacuo, the complex was
extracted with CH,Cl, (40 mL), filtered, and the solvent was
removed in vacuo. The pale yellow residue was then dissolved
in acetone (20 mL) and LiCl (0.063 g, 1.5 mmol) was added.
The mixture was stirred at r.t. overnight. The solvent was
removed in vacuo, and the complex was extracted with THF
(20 mL), filtered, and the yellow residue was crystallized in
THF/hexane at —20 °C, giving a yellow microcrystalline solid,
which was decanted, washed with hexane (3 x 3 mL, approxi-
mately), and dried in vacuo, yielding 0.111 g (89%). IR (THF,
em™): 2021 vs, 1919 vs, 1891 vs. IR (KBr, em™'): 3175 m,
3138 m, 2025 vs, 1919 vs, 1893 vs, 1653 m, 1560 w, 1524 w,
1431 w, 1409 m, 1398 w, 1376 w, 1328 w, 1241 m, 1129 w,
1073 w, 1053 w, 1043 w, 1000 w, 961 w, 873 w, 775 m, 684 w,
630 w, 562 w, 517 w, 496 w, 472 w. 'H NMR (500 MHz, Me,CO-
dg): 2.96 (s, CHs, 3 H), 6.85 (dd, J = 3.0 and 2.0 Hz, H', 1 H),
8.34 (d, J = 2.0 Hz, H*®, 1 H), 8.66 (d, / = 3.0 Hz, H™, 1 H),
11.21 (br s, NH, 1 H). *C{'H} NMR (126 MHz, Me,CO-d,): 19.0
(s, NCCH,), 112.3 (s, C*H pz), 134.1 (s, C*>* pz), 147.4 (s, C>°
pz), 164.1 (s, NH—CCH;), 189.5 (s, CO), 197.9 (s, CO), 198.1 (s,
CO). Anal. Caled for CgH,CIN;O5Re C, 23.13; H, 1.70; N, 10.12.
Found: C, 23. 40; H, 1.66; N, 9.98.

3.3. fac[ReCl(CO);(NH=C(Me)dmpz-k’N,N)], 2

The same procedure as for 1, using fac-[ReBr(CO);(NH=C(Me)-
dmpz-«*N,N)] (0.170 g, 0.35 mmol) as starting material, gave
0.140 g (92%) of 2 as a pale yellow microcrystalline solid. IR
(THF, em™"): 2018 vs, 1915 vs, 1887 vs. IR (KBr, cm™'): 3154 m,
3103 m, 2017 vs, 1923 vs, 1896 vs, 1882 vs, 1648 m, 1567 w,
1449 w, 1407 m, 1356 m, 1256 m, 1131 w, 1100 w, 1046 w,
895 w, 841 w, 645 w, 627 w, 516 w, 494 w, 478 w. '"H NMR
(500 MHz, Me,CO-d): 2.51 (s, CH; dmpz, 3 H), 2.76 (s, CH,
dmpz, 3 H), 2.97 (s, NH=CCHj;, 3 H), 6.46 (s, H' dmpz, 1 H),
10.82 (br s, NH, 1 H). *C{'H} NMR (126 MHz, Me,CO-d,): 14.3
(s, CH; dmpz), 16.1 (s, CH; dmpz), 21.5 (s, N—=CCHs;), 113.8 (s,
C'H dmpz), 146.8 (s, CCH; dmpz), 156.5 (s, CCH; dmpz),
165.4 (s, NH=CCH,), 189.6 (s, CO), 198.4 (s, CO), 198.9 (s,

Table 9 Calculated emission energies and dominant orbital emissions from TD-DFT calculations

Complex State Transition Coef. Eeale (eV) Acale (Nm) Aexp (NM) Character
1 Ty LUMO — HOMO 0.69 1.88 659 570 *MLCT/LLCT/*XLCT
9 T LUMO — HOMO 0.67 2.07 599 524 *MLCT/*LLCT/ILCT
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CO). Anal. Caled for C,,H;,CIN;O;Re C, 27.08; H, 2.50; N, 9.48.
Found: C, 26.91; H, 2.44; N, 9.35.

3.4. fac[ReCl(CO);(NH=C(Me)indz-x’N,N)], 3

fac-[ReCI(CO);(NCMe),] (0.116 g, 0.3 mmol) and indazole
(0.035 g, 0.3 mmol) were stirred in CH;CN (15 mL) for 30 min
at 60 ©°C, then 0.016 mL of aqueous 0.02 M NaOH
(0.003 mmol) was added and the solution was stirred for
30 min at 60 °C. The volatiles were removed in vacuo and the
yellow residue was crystallized from acetone/hexane at —20 °C,
giving a yellow microcrystalline solid, which was decanted,
washed with hexane (3 x 3 mL approximately), and dried
in vacuo, yielding 0.126 g (91%). IR (THF, cm™'): 2020 vs, 1920
vs, 1891 vs. IR (KBr, cm™'): 3178 m, 3116 w, 2021 vs, 1923 vs,
1885 br vs, 1637 m, 1583 w, 1560 w, 1542 w, 1511 m, 1481 m,
1464 m, 1424 m, 1354 m, 1283 w, 1214 w, 1196 m, 1089 w,
1044 w, 912 w, 874 w, 793 w, 757 m, 649 w, 324 w, 536 w,
519 w, 493 w, 470 w, 420 w. '"H NMR (500 MHz, Me,CO-d,):
3.27 (s, NH—CCH3, 3 H), 7.59 (t, ] = 8 Hz, H® indz, 1 H), 7.83
(t,] = 8 Hz, H® indz, 1 H), 8.12 (d, J = 8 Hz, H’ indz, 1 H), 8.18
(d,/ = 8 Hz, H" indz, 1 H), 9.06 (s, H#® indz, 1 H), 10.84 (br s,
NH, 1 H). “C{'H} NMR (126 MHz, Me,CO-dg): 20.1 (s,
N=CCH,), 112.3 (s, C'H indz), 123.0 (C’H indz), 125.3 (C°H
indz), 126.4 (C*H indz), 131.2 (C°H indz), 139.0 (C"*H indz),
143.9 (C°H indz), 163.7 (N=CCH,), CO was not observed due
to the low solubility of the compound. Anal. Caled for
C1,HCIN;O4Re C, 30.97; H, 1.95; N, 9.03. Found: C, 31.31;
H, 2.03; N, 8.88.

3.5. fac|{ReBr(CO);(NH=C(Ph)dmpz-k°N,N)], 7

fac-[ReBr(CO);(NCMe),] (0.130 g, 0.3 mmol) and 3,5-dimethyl-
pyrazole (0.029 g, 0.3 mmol) were stirred in benzonitrile
(5 mL) for 5 min at 80 °C, then 0.053 ml of 0.056 M aqueous
NaOH (0.003 mmol) was added, and the solution was stirred
for 20 min at 80 °C. The solvent was removed in vacuo and the
yellow residue was crystallized from acetone/hexane at —20 °C,
giving a yellow microcrystalline solid, which was decanted,
washed with hexane (3 x 3 mL approximately), and dried
in vacuo, yielding 0.076 g (46%). IR (THF, em™"): 2020 vs, 1920
vs, 1892 vs. IR (KBr, cm_‘): 3119 m, 3059 m, 2974 m, 2870 w,
2020 vs, 1914 vs, 1899 vs, 1638 m, 1598 w, 1569 m, 1474 w,
1445 m, 1437 m, 1354 m, 1284 w, 1261 w, 1176 w, 1120 w,
1050 m, 1000 w, 949 w, 919 w, 886 w, 827 m, 803 w, 758 w,
709 m, 648 m, 635 w, 526 w, 496 w, 478 w. 'H NMR (500 MHz,
Me,CO-dg, 298 K): 1.85 (s, CH; dmpz, 3 H), 2.58 (s, CH; dmpz,
3 H), 6.47 (s, C'H dmpz, 1 H), 7.54 (s br, ortho-CgHs, 1 H),
7.66-7.69 (m, meta-CsHs, 2 H), 7.74 (t, ] = 7.5 Hz, para-CsHs,
1 H), 7.86 (s br, ortho-C¢Hs, 1H), 11.25 (s br, NH, 1 H). '"H NMR
(500 MHz, Me,CO-d, 253 K): 1.84 (s, CH; dmpz, 3 H), 2.57 (s,
CH; dmpz, 3 H), 6.51 (s, C'H dmpz, 1 H), 7.52 (d, J = 9.0 Hz,
ortho-CgHs, 1 H), 7.65-7.72 (m, meta-CeHs, 2 H), 7.75 (t, J =
7.5 Hz, para-C¢Hs, 1 H), 7.91 (d, J = 7.0 Hz, ortho-C¢Hs, 1 H),
11.40 (s, NH, 1 H). "*C{"H} NMR (126 MHz, Me,CO-d,): 14.2 (s,
CH; dmpz), 16.2 (s, CH; dmpz), 114.2 (s, C' dmpz), 129.2 (s,
ortho-CgHs), 130.1 (s, meta-Ce¢Hs), 130.9 (s, ipso-CeHs), 133.0 (s,
para-C¢Hs), 147.4 (s, CCH; dmpz), 157.7 (s, CCH; dmpz), 165.9

This journal is © The Royal Society of Chemistry 2015
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(s, NH=C(CqHs)), 188.9 (s, CO), 197.6 (s, CO), 198.4 (s, CO).
Anal. Caled for C,;H,3BrN;O;Re C, 32.79; H, 2.38; N, 7.65.
Found: C, 33.07; H, 2.46; N, 7.77. This complex is rather
unstable both in solid and in solution, so the NMR spectra of
old samples maintained either in the solid state or in solution
gave new unidentified signals. This instability precluded
reliable measurement of its photophysical and electrochemical
properties.

3.6. fac-[ReBr(CO);(NH=C(Ph)indz-k’N,N)], 8

The same procedure as for 7, using indazole (0.035 g,
0.3 mmol) as starting material, gave 0.087 g (51%) of 8 as a
yellow microcrystalline solid. IR (THF, em™"): 2022 vs, 1925 vs,
1896 vs. IR (KBr, cm™'): 3448 m, 3370 m, 2023 vs, 1930 vs,
1881 vs, 1617 m, 1498 w, 1455 m, 1441 m, 1351 w, 1331 w,
1267 w, 1107 w, 1053 w, 919 w, 900 w, 789 w, 757 m, 706 w,
644 w, 623 w, 527 w, 493 w, 422 w. 'H NMR (500 MHz, Me,CO-
de, 298 K): 6.45 (d, J = 8.5 Hz, C*H indz, 1 H), 7.49-7.50 (m,
C°H and C°H indz, 2 H), 7.66 (s br, ortho-CeHs, 1 H), 7.78 (m,
meta-C¢Hs, 2 H), 7.87 (t, ] = 7.5 Hz, para-C¢Hs, 1 H), 7.98 (s br,
ortho-CgHs, 1 H), 8.09 (d, J = 8.5 Hz, C’H indz, 1H), 9.20 (s,
C’H indz, 1 H), 11.28 (s, NH, 1 H). 'H NMR (500 MHz, Me,CO-
dg, 253 K): 6.43 (d, ] = 8.0 Hz, C*H indz, 1 H), 7.51-7.53 (m,
C°H and C°H indz, 2 H), 7.64 (d, J = 7.5 Hz, ortho-CoHs, 1 H),
7.79 (m, meta-CsHs, 2 H), 7.88 (t, ] = 7.5 Hz, para-CsHs, 1 H),
8.03 (d, J = 8.0 Hz, ortho-C¢Hs, 1 H), 8.10 (d, J = 8.0 Hz, C'H
indz, 1H), 9.28 (s, C’H indz, 1 H), 11.43 (s, NH, 1 H). “c{'H}
NMR (126 MHz, Me,CO-dg): 113.6 (s, C'H indz), 124.4 (s, C'H
indz), 127.0 (s, C°H indz), 128.3 (s, C** indz), 130.1 (s, ortho-
CeHs), 131.0 (s, ipso-CgHs), 131.2 (s, meta-CgHs), 132.6 (s, C°H
indz), 134.3 (s, para-CH;), 141.3 (s, € indz), 146.7 (s, C'H
indz), 165.6 (s, NH=C(C4Hs)), 189.9 (CO), 198.2 (CO), 198.3
(CO). Anal. Caled for C,;H,;BrN;O;Re C, 35.73; H, 1.94;
N, 7.36. Found: C, 35.92; H, 2.01; N, 7.29.

3.7. Photophysical experiments

UV-vis spectra were recorded with a VARIAN-Cary 100 Spectro-
photometer and emission spectra were recorded on a Jobin-
Yvon FluoroLog 3.2.2 in CH,Cl, at room temperature. Lumine-
scence lifetimes were measured on a spectrofluorimeter
Edinburgh Instrument FI-900, using software with time-
correlated single photon mode coupled to a stroboscopic
system. The excitation source was a laser diode (1 320 nm).
The instrument response function was determined by using a
light-scattering solution (LUDOX).

3.8. Electrochemical experiments

Voltammetric analyses were carried out in a standard three-
electrode cell with a Radiometer PGP 201 potentiostat at
ambient temperature. The electrolyte consisted of 0.2 M
N"Bu,PF, solution in MeCN or CH,Cl,. The working electrode
was a platinum disk electrode and the auxiliary electrode was a
platinum wire. The reference electrode was a silver-silver ion
electrode, Ag/Ag” (0.1 M AgClO, in MeCN) separated from the
analyzed solution by a sintered glass disk. After each measure-
ment the reference was checked against the ferrocene-ferrici-

Dalton Trans.

81



82

Paper

nium couple (+0.025 V and +0.16 V against this reference elec-
trode in MeCN and in CH,Cl, solution respectively).

3.9. Computational details

All calculations have been performed using the Gaussian 09
program package,”” in which the PBEIPBE method was
applied. This hybrid Hartree-Fock/density functional model is
based on the Perdew-Burke-Ernzerhof (PBE) functional,
where the HF/DFT exchange ratio is fixed a priori to 1/4, and
was used to optimize the ground and excited state geometries.
Geometry optimizations were performed under no symmetry
restrictions, using initial coordinates derived from X-ray data
of the same complexes when available, and frequency analyses
were performed to ensure that a minimum structure with no
imaginary frequencies was achieved in each case. On the basis
of the optimized ground and excited state geometries, the
absorption and emission properties in dichloromethane solu-
tion were calculated by TD-DFT' at the PBE1PBE level associ-
ated with the PCM method to introduce the solvent effects.™
Spin-orbit coupling is not included in the current TD-DFT
method, and it influences the excitation energies in which the
Re electrons are involved,™ whereas it has a negligible effect
on the transition character of this complexes. Hence, although
TD-DFT cannot exactly estimate the excitation energies, it can
still provide a reasonable spectral feature for our investigated
complexes. This kind of theoretical approach has been proven
to be reliable for transition-metal complex systems.” In the
calculations, effective core potentials (ECP) and their associ-
ated double-{ LANL2DZ basis set were used for the rhenium
and bromide atoms,*® while the light elements (O, N, C, and
H) were described with the 6-31+G(d,p) basis set.’® To explain
the rationality of the PBE1PBE method and LANL2DZ/6-31+G-
(d,p) basis set, complex 1 was selected to perform the calcu-
lation test with different functionals and basis sets. Table S1
(ESIt) shows the main bond distances obtained by LANL2DZ/
6-31+G(d,p) basis set with different functionals, the results
obtained with PBE1PBE being the most accurate. The calcu-
lated results obtained by other larger basis sets including
SDD/6-311+G(d,p) and def2-TZVPP?” are shown in Table S2,}
and no significant improvement in the accuracy is detected,
therefore, the LANL2DZ/6-31+G(d,p) basis set was selected to
perform the calculations without the computational cost
demanded by the larger basis sets. The contribution of every
fragment in the molecules studied to the different orbitals
involved in the optical transitions was calculated with the
AOMix program,”® and the graphical representation of the
orbitals was made with the help of GaussView.*

3.10. Crystal structure determination for compounds 1, 2,
and 7

Crystals were grown by slow diffusion of hexane into concen-
trated solutions of the complexes in acetone (for 1) or THF
(for 2, and 7) at —20 °C. Relevant crystallographic details can
be found in the CIF.T A crystal was attached to a glass fibre
and transferred to an Agilent SuperNova diffractometer fitted
with an Atlas CCD detector. The crystals were maintained at
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293(2) K during data collection. Using Olex2,"’ the structure
was solved for complexes 1 and 7 with the olex2.solve structure
solution program,’’ or with the ShelXT structure solution
program for complex 2,"* and then the structures were refined
with the ShelXL refinement package using least squares mini-
misation.”® All non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were set in calculated positions and
refined as riding atoms, with a common thermal parameter.
All  graphics were preparedwith Olex2, and distances
and angles of hydrogen bonds were calculated with PARST"
(normalized values).*

4. Conclusions

Novel neutral and cationic rhenium(i) pyrazolylamidino com-
plexes have been synthesized and characterized. The main
advantage of pyrazolylamidino with respect to other bidentate
chelating N-donor ligands is the facile introduction of
different substituents starting from the appropriate pyrazole
and nitrile. Once coordinated, the pyrazolylamidino ligand is
robust enough to allow the substitution of the halide by
another halide or by different neutral ligands, so a broad
panel of chelate complexes with different substituents are
easily obtained. The effect of several substituents on the pyr-
azolylamidino ligand has been evaluated, as well as the effect
of the coordination of chlorido vs. bromido, and their substi-
tution by neutral acetonitrile or pyrazole ligands yielding cat-
ionic complexes. All the complexes exhibit phosphorescence
decays, their quantum yields and long lifetimes are similar to
those of other literature-known rhenium(i) tricarbonyl com-
plexes, and prove that the emission arises from a prevalently
*MLCT state. The electrochemical study reveals an irreversible
reduction for all the complexes. The oxidation of the neutral
complexes was found to be irreversible due to halido dis-
sociation, whereas the cationic species display a reversible
process implying the Re'/Re" couple. Finally, TD-DFT methods
provide reasonable values for emission energies, which
follow the same trend of experimental values of the emission
wavelengths. Therefore, this report provides a new strategy
to design new versatile phosphorescent complexes of the
rhenium(i)tricarbonyl family, since the targeted chelating
N-donor ligand with the appropriate substituents for requested
applications may be easily obtained in a one-pot reaction from
readily available pyrazole and nitrile ligands.
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Figure S1. Perspective view of fac-[ReCl(CO)s(NH=C(Me)dmpz-x°N,N)], 2, showing the atom

numbering. Thermal ellipsoids are drawn at 50% probability.
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Figure S2. Normalized emission (red) and absorption (blue) spectra recorded in CH,Cl, of complexes
2-6, 8, 10-12 at 298 K. As indicated in Table 1, not reliable spectra could be obtained for 7 due to its

instability in CH,CI; solution.
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Figure S4. Cyclic voltammogram recorded in MeCN solution of 8.6 mM fac-[ReBr(CO)s;(dmpzH),].

Scan rate: 100 mV/s.
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Table S1. Deviation from the geometry found by X-ray diffraction for selected bond distances of
complex 1 calculated with different functionals and using LANL2DZ for the Re atom and 6-31G+(d,p)
for the rest of the atoms (Calculated distance - experimental distance).

Functional Rel-Cl1 Rel-N3 Rel-N1 Rel-C1 Rel-C2 Rel-C3 Average
deviation
B3LYP 0.040 0.008 0.010 0.005 0.041 0.002 0.018
BMK 0.036 0.010 0.011 0.011 0.047 0.006 0.020
CAM-B3LYP 0.022 0.003 -0.002 -0.003 0.038 -0.004 0.012
MO6 0.019 0.009 -0.002 -0.0002 0.038 -0.005 0.012
PBE 0.019 -0.013 -0.008 0.003 0.034 -0.005 0.014
TPSS 0.018 -0.016 -0.014 0.010 0.043 0.004 0.018
WB97XD 0.026 0.012 0.002 -0.010 0.032 -0.011 0.016
PBE1PBE -0,003 -0.018 -0.021 -0.008 0.030 -0.011 0.015

Table S2. Deviation from the geometry found by X-ray diffraction for selected bond distances of
complex 1 calculated with different basis sets and using the PBE1PBE functional (Calculated
distance - experimental distance).

Basis set Rel-Cl1 Rel-N3 Rel-N1 Rel-C1 Rel-C2 Rel-C3 Average
deviation

LANL2DZ (Re) -0.003 -0.018 -0.021 -0.008 0.030 -0.011 0.015

6-31G+(d,p) (rest)

LANL2DZ (Re) 0.010 -0.021 -0.024 -0.009 0.031 -0.010 0.018

6-311G+(d,p) (rest)

SDD (Re) 0.003 -0.001 -0.003 0.004 0.041 0.001 0.009

6-31G+(d,p) (rest)

SDD (Re) 0.009 -0.002 -0.002 0.004 0.041 0.001 0.010

6-311G+(d,p) (rest)

TZVPDD -0.043 0.013 0.028 0.001 0.034 -0.006 0.021
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Table S3. Frontier Molecular Orbital Compositions (%) in the Ground State for

Complex 1 at the PBE1PBE Level

Contribution (%)

Orbital Energy Re: Cl: CO: amidino: main bond type

(eV):
HOMO-4 -7.76 | 12.29 55.89 3.97 27.85 | d(Re) + p(Cl) + m(amidino)
HOMO-3 -7.66 9.84 58.90 3.35 27.91 | d(Re) + p(Cl) + w(amidino)
HOMO-2 -6.98 | 68.90 0.53 28.57 2.00 | d(Re) + =t(CO)
HOMO-1 -6.40 | 46.90 25.98 20.78 6.33 | d(Re) + p(Cl) + (CO)
HOMO -6.32 | 47.08 25.77 22.84 4.32 | d(Re) + p(Cl) + (CO)
LUMO -2.04 4.60 1.68 5.82 87.91 | m*(amidino)
LUMO+1 -0.55 | 29.29 1.08 65.50 4.14 | p(Re) + m*(CO)
LUMO+2 -0.31| 27.97 2.90 61.25 7.89 | p(Re) + *(CO)

Table S4. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 2 at the PBE1PBE Level

e
>
J‘: J

0Cy, |

\-\N ‘-_.,,

c" "’N"k

Contribution (%)

Orbital Energy | Re: Cl: Co: amidino: | main bond type

(eV):
HOMO-4 -7.60 6.55 45.17 2.21 46.07 | p(Cl) + n(amidino)
HOMO-3 -7.43 5.30 54.17 1.88 38.65 | p(Cl) + m(amidino)
HOMO-2 -6.90 | 67.66 0.26 28.86 3.22 | d(Re) + m(CO)
HOMO-1 -6.32 | 46.95 22.99 20.99 9.07 | d(Re) + p(Cl) + 7(CO)
HOMO -6.26 | 47.34 24.58 22.89 5.20 | d(Re) + p(Cl) + (CO)
LUMO -1.87 5.72 1.80 6.78 85.70 | m*(amidino)
LUMO+1 -0.45 | 27.90 1.02 66.44 4.63 | p(Re) + ©*(CO)
LUMO+2 -0.25 | 26.72 2.72 60.20 10.36 | p(Re) + n*(CO)
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Table S5. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 3 at the PBE1PBE Level

&
’ J);:J Cl \
; J OC,,,“‘Rl .-“‘\\N\N
‘ ) oc?” | \H'}K

coO

Contribution (%)

Orbital Energy Re: Cl: CO: amidino: main bond type

(eV):
HOMO-4 -7.55 4.21 39.33 1.50 54.95 | p(Cl) + n(amidino)
HOMO-3 -7.20 3.00 18.84 1.26 76.89 | p(Cl) + m(amidino)
HOMO-2 -6.95 | 66.34 0.24 27.71 5.71 | d(Re) + (CO)
HOMO-1 -6.36 | 45.98 23.72 20.47 9.83 | d(Re) + p(Cl) + (CO)
HOMO -6.29 | 46.34 24.92 22.16 6.58 | d(Re) + p(Cl) + (CO)
LUMO -2.12 3.97 1.58 5.25 89.20 | m*(amidino)
LUMO+1 -0.96 0.96 0.13 2.94 95.97 | m*(amidino)
LUMO+2 -0.53 | 28.55 1.08 66.23 4.15 | p(Re) + ©*(CO)

Table S6. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 4 at the PBE1PBE Level

o Br /j,’->
0Cy, | Ny
"Re’ ’J\
‘ 99 oc™ | ‘H’"’
co

Contribution (%)

Orbital Energy Re: Br: CO: amidino: main bond type

(eV):
HOMO-4 -7.46 | 22.14 51.4 7.8 18.66 | d(Re) + p(Br) + n(amidino)
HOMO-3 -7.35| 17.76 54.04 6.07 22.13 | d(Re) + p(Br) + n(amidino)
HOMO-2 -6.99 68.7 0.52 28.53 2.26 | d(Re) + 7t(CO)
HOMO-1 -6.34 | 38.37 39.86 16.81 4.95 | d(Re) + p(Br) + n(CO)
HOMO -6.28 | 38.97 38.68 19.04 3.3 | d(Re) + p(Br) + n(CO)
LUMO -2.05 4.4 2.48 5.83 87.29 | m*(amidino)
LUMO+1 -0.59 | 30.24 1.02 64.71 4.03 | p(Re) + n*(CO)
LUMO+2 -0.36 | 27.72 4.52 59.84 7.92 | p(Re) + *(CO)

Table S7. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 5 at the PBE1PBE Level
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Br
0Cy, |

. ‘\\

N -

\N -_.__N

"] Re
OC" | \ﬁ-—;f\
CcO

Contribution (%)

Orbital Energy Re: Br: CO: amidino: main bond type
(eV):
HOMO-4 -7.34 | 16.88 48.95 6.14 28.02 | p(Br) + m(amidino)
HOMO-3 -7.16 | 14.14 52.8 4.91 28.15 | p(Br) + n(amidino)
HOMO-2 -6.91 | 64.93 1.81 27.89 5.37 | d(Re) + m(CO)
HOMO-1 -6.27 | 39.56 35.73 17.49 7.22 | d(Re) + p(Br) + 7(CO)
HOMO -6.22 | 39.73 36.95 19.31 4.01 | d(Re) + p(Br) + (CO)
LUMO -1.87 5.45 2.7 6.81 85.03 | m*(amidino)
LUMO+1 -0.49 | 2891 0.98 65.55 4.56 | p(Re) + m*(CO)
LUMO+2 -0.31| 26.48 4.2 58.97 10.35 | p(Re) + n*(CO)

Table S8. Frontier Molecular Orbital Compositions (%) in the Ground State for

Complex 6 at the PBE1PBE Level

Contribution (%)

Orbital Energy | Re: Br: Co: amidino: | main bond type

(eV):
HOMO-3 -7.09 | 14.84 30.61 5.64 48.91 | d(Re) + p(Br) + n(amidino)
HOMO-2 -6.95 | 57.13 3.88 24.07 14.92 | d(Re) + m(CO) + m(amidino)
HOMO-1 -6.32 | 38.54 36.9 17.02 7.54 | d(Re) + p(Br) + 7(CO)
HOMO -6.26 | 38.75 37.42 18.6 5.22 | d(Re) + p(Br) + n(CO)
LUMO -2.13 3.84 2.31 5.27 88.58 | m*(amidino)
LUMO+1 -0.96 0.98 0.21 3.07 95.74 | m*(amidino)
LUMO+2 -0.57 | 29.53 1.02 65.4 4.06 | p(Re) + n*(CO)
LUMO+3 -0.36 | 26.62 4.53 58.19 10.65 | p(Re) + n*(CO)

Table S9. Frontier Molecular Orbital Compositions (%) in the Ground State for

Complex 7 at the PBE1PBE Level
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CO
Contribution (%)
Orbital Energy | Re: Br: co: amidino: | main bond type
(eV):
HOMO-6 -7.82 0.9 1.62 0.45 97.03 | m(amidino)
HOMO-5 -7.74 2.09 2.18 0.81 94.92 | m(amidino)
HOMO-4 -7.33 15.39 45.45 5.81 33.35 | d(Re) + p(Br) + t(amidino)
HOMO-3 -7.17 13.69 52.25 4.69 29.37 | d(Re) + p(Br) + T(amidino)
HOMO-2 -6.93 65.15 1.67 27.82 5.37 | d(Re) + (CO)
HOMO-1 -6.29 | 39.26 36.34 17.26 7.14 | d(Re) + p(Br) + n(CO)
HOMO -6.24 39.52 36.86 19.34 4.28 | d(Re) + p(Br) + n(CO)
LUMO -2.01 4.72 2.49 6.06 86.74 | m*(amidino)
LUMO+1 -0.84 5.83 0.46 7.79 85.92 | m*(amidino)
LUMO+2 -0.53 1.5 0.24 3.06 95.19 | m*(amidino)
LUMO+3 -0.47 26.04 1.34 61.75 10.88 | p(Re) + ©*(CO) + *(amidino)
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Table S10. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 8 at the PBE1PBE Level

D9 Br ||
. i");f OCy, | \\‘\N ~
, N N
@ - J Re
.ﬁJ ocC N
- ‘ H
J ’ cO
P
)
Contribution (%)
Orbital Energy Re: Br: CO: amidino: main bond type
(eV):
HOMO-5 -7.55 14.5 20.43 5.43 59.65 | d(Re) + p(Br) + m(amidino)
HOMO-4 -7.35 | 12.98 41.12 4.69 41.2 | d(Re) + p(Br) + n(amidino)
HOMO-3 -7.07 | 15.01 30.52 5.73 48.74 | d(Re) + p(Br) + n(amidino)
HOMO-2 -6.97 56.7 3.83 23.8 15.68 | d(Re) + (CO) + w(amidino)
HOMO-1 -6.32 | 38.19 36.44 16.86 8.52 | d(Re) + p(Br) + n(CO)
HOMO -6.28 | 38.57 38.32 18.65 4.46 | d(Re) + p(Br) + (CO)
LUMO -2.19 3.8 2.32 5.2 88.69 | m*(amidino)
LUMO+1 -1.24 0.48 0.04 1.85 97.63 | m*(amidino)
LUMO+2 -0.71 | 13.12 0.61 23.48 62.79 | p(Re) + m*(CO) + m*(amidino)
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Table S11. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 9 at the PBE1PBE Level

1+
|
7 N
0C, | N—y
] JJ oc ! "’J\
) H
CO
Contribution (%)
Orbital Energy Re: MeCN: CO: amidino: main bond type
(eV):
HOMO-3 -8.39 6.21 1.44 2.11 90.25 | m(amidino)
HOMO-2 75| 69.58 0 27.9 2.52 | d(Re) + n(CO)
HOMO-1 -7.17 59.02 4.74 23.04 13.21 | d(Re) + ©(CO) + m(amidino)
HOMO -7.11 54 4.09 21.28 20.63 | d(Re) + ©(CO) + w(amidino)
LUMO -2.37 5.65 0.5 7.38 86.48 | m*(amidino)
LUMO+1 -1.27 26.08 18.09 51.59 4.23 | p(Re) + *(CO) + ©*(MeCN)
LUMO+2 -0.93 | 19.19 25.13 51.32 4.36 | p(Re) + ©*(CO) + =*(MeCN)
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Table S12. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 10 at the PBE1PBE Level

Contribution (%)

Clo,

Orbital Energy Re: MeCN: CO: amidino: main bond type

(eV):
HOMO-4 -8.38 | 10.66 2.24 3.39 83.71 | d(Re) + m(amidino)
HOMO-3 -7.79 | 15.58 1.72 5.37 77.33 | d(Re) + n(amidino)
HOMO-2 -7.54 | 68.75 0.01 27.13 4.12 | d(Re) + 1t(CO)
HOMO-1 -7.21| 57.16 4.63 22.67 15.54 | d(Re) + m(CO) + m(amidino)
HOMO -7.12 45.5 3.47 17.45 33.58 | d(Re) + (CO) + n(amidino)
LUMO -2.6 4.23 0.45 5.9 89.42 | m*(amidino)
LUMO+1 -1.36 | 10.51 6.9 20.56 62.03 | *(CO) + m*(amidino)
LUMO+2 -1.31| 17.45 9.94 35.79 36.82 | p(Re) + n*(CO) + m*(amidino)
LUMO+3 -0.97 | 19.45 23.74 51.89 4.91 | p(Re) + ©*(CO) + n*(MeCN)
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Table S13. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 11 at the PBE1PBE Level

Contribution (%)

ClO,

Orbital Energy Re: dmpz: CO: amidino: main bond type

(eV):
HOMO-4 -8.10 6.49 74.87 2.42 16.22 | w(dmpz) + (amidino)
HOMO-3 -7.85 1.79 90.14 0.91 7.15 | m(dmpz) + t(amidino)
HOMO-2 -7.52 68.78 0.84 28.62 1.76 | d(Re) + ©(CO)
HOMO-1 -7.20 59.52 0.98 24.36 15.14 | d(Re) + n(CO) + w(amidino)
HOMO -6.88 46.28 22.68 19.57 11.48 | d(Re) + n(dmpz) + ©(CO)
LUMO -2.34 5.56 1.36 7.55 85.53 | m*(amidino)
LUMO+1 -1.14 | 29.03 3.64 62.59 4.74 | p(Re) + t*(CO)
LUMO+2 -0.82 18.50 17.13 56.85 7.52 | p(Re) + ©*(dmpz) + *(CO)
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Table S14. Frontier Molecular Orbital Compositions (%) in the Ground State for

Complex 12 at the PBE1PBE Level

.,1
| \ /K

/

\\\\ \

Contribution (%)

ClO,

Orbital Energy Re: indz: CO: amidino: main bond type
(eV):
HOMO-2 -7.22 46.02 2.75 17.87 33.35 | d(Re) + ©(CO) + w(amidino)
HOMO-1 -7.13 4.93 91 1.56 2.51 | m(indazol)
HOMO -7 42.34 30.35 18.64 8.67 | d(Re) + m(CO) + n(indazol)
LUMO -2.67 4.47 0.86 6.17 88.49 | m*(amidino)
LUMO+1 -1.77 6.81 79.25 12.68 1.25 | m*(indazol)
LUMO+2 -1.39 1.1 0.18 3.9 94.83 | m*(amidino)
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Table S15. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 1

state | excitation Coef. Ecalc Acalc f Aexp Character
(eV) | (nm) (nm)
S; HOMO — LUMO 0.70 3.21 386 0.0035 MLCT/LLCT/XLCT
S, HOMO-1 = LUMO 0.69 3.39 366 0.0964 360 MLCT/LLCT/XLCT
Sg HOMO-4 = LUMO 0.64 4.76 261 0.1178 264 MLCT/XLCT/ILCT
HOMO-3 = LUMO 0.27

Table S16. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 2

state | excitation Coef. Ecalc Aealc f Aexp Character
(eV) | (nm) (nm)
S; HOMO — LUMO 0.69 3.33 372 0.0033 MLCT/LLCT/XLCT
S, HOMO-1 = LUMO 0.69 3.49 356 0.1067 352 MLCT/LLCT/XLCT
S; HOMO-3 = LUMO 0.67 4.62 268 0.0855 261 XLCT/ILCT
Sg HOMO-4 = LUMO 0.67 476 261 0.0850 XLCT/ILCT

Table S17. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 3

state | excitation Coef. Ecalc Acalc f Aexp Character
(eV) | (nm) (nm)
S; HOMO — LUMO 0.68 3.17 391 0.0031 MLCT/LLCT/XLCT
S, HOMO-1 — LUMO 0.67 3.34 371 0.1680 367 MLCT/LLCT/XLCT
Ss HOMO-3 = LUMO 0.66 4.24 292 0.1652 304 XLCT/ILCT

Table S18. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 4

state | excitation Coef. Ecalc Acale f Aexp Character
(eV) | (nm) (nm)
S: HOMO — LUMO 0.69 3.18 389 0.0023 MLCT/LLCT/XLCT
S2 HOMO-1 — LUMO 0.69 3.32 373 0.0693 368 MLCT/LLCT/XLCT
S; HOMO-4 — LUMO 0.58 4.46 278 0.1262 267 MLCT/XLCT/ILCT
HOMO-3 — LUMO 0.33
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Table S19. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 5

state | excitation Coef. Ecalc Acale f hexp | Character
(eV) | (nm) (nm)
S; HOMO — LUMO 0.69 3.32 374 0.0021 MLCT/LLCT/XLCT
S, HOMO-1 — LUMO 0.69 3.44 361 0.0795 356 | MLCT/LLCT/XLCT
Ss HOMO-3 = LUMO 0.63 4.35 285 0.0916 283 | LLCT/ILCT
S; HOMO-4 = LUMO 0.64 4.48 277 0.0636 LLCT/ILCT
Sq HOMO-1 = LUMO+2 0.59 4.85 255 0.0340 248 | MLCT/LLCT/ILCT

Table S20. Calculated Excited Energies, Dominant Orbital

Oscillator Strength (f) from TD-DFT Calculations for Complex 6

Excitations, and

state | excitation Coef. Ecalc Acale f hexp | Character
(eV) | (nm) (nm)
Sq HOMO — LUMO 0.68 3.15 393 0.0025 MLCT/LLCT/XLCT
S, HOMO-1 = LUMO 0.67 3.29 377 0.1261 379 | MLCT/LLCT/XLCT
Sa HOMO-3 = LUMO 0.64 4.13 | 300 | 0.2239 | 269 | MLCT/XLCT/ILCT
HOMO-2 = LUMO -0.22
S10 HOMO — LUMO+1 0.40 4.49 276 0.0818 251 MLCT/LLCT/XLCT
HOMO — LUMO+3 0.39
HOMO-1 = LUMO+1 -0.30

Table S21. Calculated Excited Energies, Dominant Orbital
Oscillator Strength (f) from TD-DFT Calculations for Complex 7

Excitations, and

state | excitation Coef. Ecalc Acale f hexp | Character
(eV) | (nm) (nm)

S: HOMO — LUMO 0.70 3.20 | 387 | 0.0019 MLCT/LLCT/XLCT
S, HOMO-1 = LUMO 0.70 3.33 372 0.0827 MLCT/LLCT/XLCT
Sa HOMO-3 = LUMO 0.66 4.23 293 0.0996 MLCT/XLCT/ILCT
Ss HOMO-4 = LUMO 0.54 4.34 286 0.0443 MLCT/LLCT/XLCT/

HOMO-1 = LUMO+3 0.27 JILCT
S1o HOMO-6 —» LUMO 0.66 4.74 | 261 0.0462 ILCT
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Table S22. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 8

state | excitation Coef. Ecalc Acalc f Aexp | Character
(eV) | (nm) (nm)
S; HOMO — LUMO 0.69 3.11 399 0.0026 MLCT/LLCT/XLCT
S, HOMO-1 = LUMO 0.69 3.24 | 383 0.1225 381 | MLCT/LLCT/XLCT
S4 HOMO-3 = LUMO 0.63 4.05 | 306 0.2035 310 | MLCT/XLCT/ILCT
S1o HOMO-5 = LUMO 0.65 4.32 287 0.1437 273 | MLCT/XLCT/ILCT

Table S23. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 9

state | excitation Coef. Ecae | Acac f Mexp | Character
(eV) | (nm) (nm)

S; HOMO-1 — LUMO 0.46 3.70 | 355 0.0133 MLCT/LLCT/ILCT
HOMO — LUMO 0.53

S, HOMO-1 — LUMO 0.52 3.86 321 0.1784 324 | MLCT/LLCT/ILCT
HOMO — LUMO 0.45

Sg HOMO-2 — LUMO+2 0.40 497 | 250 0.0561 254 | MLCT/LLCT/ILCT/
HOMO — LUMO+2 0.40 JLXCT

Sq HOMO-3 = LUMO 0.67 512 | 242 0.1457 233 | ILCT

Table S24. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 10

state | excitation Coef. Ecale | Acalc f hexp | Character
(eV) | (nm) (nm)

S1 HOMO-1 — LUMO 0.62 3.59 346 0.0078 MLCT/LLCT/ILCT
HOMO — LUMO 0.32

S, HOMO-1 —» LUMO 0.31 3.72 | 333 | 0.3427 | 340 | MLCT/LLCT/ILCT
HOMO — LUMO 0.60

S4 HOMO-3 —» LUMO 0.67 433 | 286 | 0.0975 MLCT/ILCT

Sio HOMO-4 —» LUMO 0.30 | 4.97 | 250 | 0.0670 | 246 | MLCT/LLCT/ILCT/
HOMO — LUMO+3 0.24 JLXCT

103




Table S25. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 11

state | excitation Coef. Ecalc Acalc f Aexp | Character
(eV) | (nm) (nm)
S, HOMO — LUMO 0.70 3.64 341 0.1508 346 | MLCT/LLCT/XLCT
S, HOMO-1 = LUMO 0.70 3.77 329 0.0035 MLCT/LLCT/ILCT
Sg HOMO-4 — LUMO 0.61 485 | 256 | 0.0713 | 260 | XLCT/ILCT
HOMO-1 = LUMO+2 0.26
So HOMO — LUMO+2 0.52 4.87 | 255 | 0.0727 MLCT/LLCT/LXCT
HOMO-1 = LUMO+1 0.23

Table S26. Calculated Excited Energies, Dominant Orbital

Oscillator Strength (f) from TD-DFT Calculations for Complex 12

Excitations, and

state | excitation Coef. Ecalc Acalc f Aexp | Character
(eV) | (nm) (nm)
S; HOMO — LUMO 0.68 3.38 367 0.0053 MLCT/LLCT/XLCT
S, HOMO-2 = LUMO 0.64 3.73 | 332 0.3409 359 | MLCT/LLCT/ILCT
Se HOMO — LUMO+1 0.56 4.25 | 291 0.1982 282 | MLCT/LXCT/ILCT
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Table S27. Molecular orbital Compositions in the Excited States.

Contribution (%)
Complex Orbital Energy Re: “sixth” Co: amidino:
(eV): ligand:
1 HOMO -5.87 46.33 18.86 17.50 17.31
LUMO -2.37 5.66 2.43 8.96 82.95
2 HOMO -5.72 44.18 17.81 18.08 19.93
LUMO -2.24 6.12 1.97 9.17 82.74
3 HOMO -5.76 | 43.27 17.96 17.58 21.18
LUMO -2.40 5.03 2.06 8.16 84.75
4 HOMO -5.85 | 42.77 25.28 16.02 15.93
LUMO -2.37 5.03 3.41 8.60 82.96
5 HOMO -5.72 40.88 24.02 16.62 18.48
LUMO -2.24 5.49 2.86 8.88 82.77
6 HOMO -5.76 | 39.84 24.25 16.03 19.88
LUMO -2.40 4.59 2.83 7.85 84.74
7 HOMO -5.66 | 39.02 24.30 17.13 19.55
LUMO -2.65 5.55 1.69 6.35 86.41
8 HOMO -5.77 | 39.68 22.66 16.11 21.56
LUMO -2.65 4.86 2.04 6.43 86.67
9 HOMO -6.61 47.79 3.87 18.38 29.97
LUMO -2.78 5.19 0.61 7.48 86.72
10 HOMO -6.75 41.81 3.31 15.71 39.17
LUMO -2.99 4.57 0.59 6.85 87.99
11 HOMO -6.27 | 45.69 18.99 18.48 16.83
LUMO -3.07 4.44 1.92 5.38 88.26
12 HOMO -6.60 42.39 13.71 16.14 27.76
LUMO -3.01 4.72 1.08 7.41 86.80
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Table S28. Calculated Emission Energies and Dominant Orbital Emissions from
TD-DFT Calculations.

Complex | state | Excitation Coef. Ecalc Acale Aexp Character
(eV) | (hm) | (nm)
1 T. | HOMO — LUMO 0.69 | 1.88 | 659 570 | *MLCT/’LLCT/’XLCT
2 T. | HOMO — LUMO 0.69 | 1.82 | 682 557 | *MLCT/’LLCT/?XLCT
3 T. | HOMO — LUMO 0.68 | 1.84 | 672 559 | *MLCT/’LLCT/?XLCT
4 T. | HOMO — LUMO 0.68 | 1.91 | 648 572 | *MLCT/2LLCT/?XLCT
5 T. | HOMO — LUMO 0.68 | 1.88 | 661 564 | *MLCT/ALLCT/XLCT
6 T. | HOMO — LUMO 0.66 | 1.86 | 667 581 | *MLCT/’LLCT/?XLCT
7 T. | HOMO — LUMO 0.68 | 1.48 | 840 *MLCT/ALLCT/?XLCT
8 T. | HOMO — LUMO 068 | 1.61 | 769 606 | *MLCT/?LLCT/>XLCT
9 T. | HOMO — LUMO 0.67 | 2.07 | 599 524 | *MLCT/ALLCT/AILCT
10 T. | HOMO — LUMO 0.66 | 1.93 | 644 532 | *MLCT/ALLCT/AILCT
11 T. | HOMO — LUMO 0.67 | 1.77 | 699 536 | *MLCT/’LLCT/?XLCT
12 T. | HOMO — LUMO 0.65 | 1.90 | 653 544 | *MLCT/ALLCT/AILCT
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7. Articulo 3:

Incorporating Bromolecules as Amidino Ligands in Re(CO); complexes by

m situ coupling
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The formation of an amidino chelating ligand from the coupling
reaction of 1-methylcytosine and nitrile is a new method herein
reported for the incorporation of biologically relevant substrates
into rhenium() tricarbonyl complexes. The reactions are carried
out thermally or are microwave assisted.

The use of luminescent rhenium(i) tricarbonyl complexes as
labels and probes for biomolecules relies both on their intense
and long-lived emission properties and on the activity and
binding selectivity of the biomolecules, which are retained in
almost all cases.! Therefore, the incorporation of biologically
relevant substrates into these complexes is one of the most
important challenges for the future in inorganic medicinal
chemistry."> More recently, IR spectroscopy has been used on
these complexes to know about the local environment without
the need of labels or staining, allowing one to combine
bimodal IR and luminescent probes. This method has been
proposed and named as SCoMPI, for “Single Core Multimodal
Probe for Imaging”, by Policar’s group.®

Besides direct coordination of the nucleobase to the fac-
Re(CO); fragment,” three main strategies have been developed
in order to graft biomolecules to the fac-[ReX(CO);(N-N)J”
(N-N = diimine chelating ligand; X = halogen or pseudohalo-
gen, n = 0; X = pyridyl type ligand, n = +1) complexes:® the bio-
molecule may be attached either to the diimine chelating
ligand® or to the pyridyl type ligand;” whereas the third option
is attaching the biomolecule in a tripodal nitrogen-donor
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1 Electronic supplementary information (ESI) available: Synthesis and character-
ization of the complexes, NBO charges and Wiberg indices for 1a, photophysical
data, figure of the crystal structure of 2a, frontier molecular orbital compositions
in the ground and excited states, and calculated excited energies and dominant
orbital excitations from TD-DFT for 1a and 2a. CCDC 1415524 and 1415525. For
ESI and crystallographic data in CIF or other electronic format see DOI: 10,1039/
c5dt03221k
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Re(CO); complexesy

Patricia Gomez-Iglesias, Jose Miguel Martin-Alvarez, Daniel Miguel and

ligand on complexes fac-[Re(CO);(N-N-N)] (N-N-N = tripodal
nitrogen-donor ligand).”

Herein we present a new method to incorporate bio-
molecules, in this case a nucleobase, into the rhenium(i) tri-
carbonyl moiety: instead of attaching a biomolecule to a
chelating diimine previously coordinated, a new chelating
ligand is formed by the reaction of the nucleobase with a co-
ordinated nitrile. This process may be carried out thermally or
is microwave assisted.

This reaction is based on the activation of coordinated
nitriles by the metal centre, which results in an enhancement
of the electrophilicity of the carbon atom, and facilitates the
addition of different nucleophiles.” For instance, the addition
of amines bearing a proton leads to amidines, of particular
interest due to their organic, medicinal, or coordination che-
mistries.” When the amine belongs to a heterocycle contain-
ing a donor atom in the appropriate position, the involvement
of their electron pair in aromatization makes the resulting che-
lating amidino ligand significantly interesting. Our previous
studies on pyrazole complexes'” led us to conclude that the
formation of pyrazolylamidino complexes is base-catalysed,'”
and to study their photochemistry'” or their properties as
anion receptors.'®” We envisaged a logical continuation of this
previous work by attempting to make a new amidino complex
from the reaction of a nucleobase and a rhenium(i) tricarbonyl
nitrile precursor, since this reaction has not been previously
reported for this metallic moiety, as indicated above. In fact,
the field of metal ion-induced modifications to nucleobases is
practically unexplored, although the coordination of nucleo-
bases to metals has been profusely reported.” The only pre-
cedent of metal-mediated transformation coupling reactions
with nitriles and nucleobases is the amidino complex
[ReCl,{NH=C(Me)(Me,AdH-x*N,N}], obtained after the reac-
tion of N°N°-dimethyladenine (Me,AdH) with  cis-
[ReCl,(NCMe),]."" The rest of the processes of this type pre-
viously reported included the deprotonation of the nucleobase,
affording an anionic chelating amidino ligand in the com-
plexes cis-[L,P{NH=CR(MeAd-x’N,N}|" (MeAdH = 9-methyl-
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adenine) or cis-[L,P{NH=CR(MeCy-«’N,N}|" (L =
PPhy; R = Me, Ph; MeCyH, = 1-methyleytosine)."

The reactions of fac-[ReBr{CO);(NCMe),|"* with equimolar
amounts of MeCyH, in refluxing NCR (R = Me, Ph) led cleanly
to fac{ReBr(CO);{NH=C(R)(MeCyH-k’N,N}] (R = Me, 1a; R =
Ph, 1b) as yellow microcrystalline solids (Scheme 1). The for-
mation of the amidino chelating ligand by the coupling of
1-methyleytosine and one molecule of acetonitrile is evident in
the X-ray crystal structure of 1a, shown in Fig. 1 together with
selected distances and angles. Tables with details of the struc-
ture determination, and the rest of the spectroscopic data for
both complexes in accordance with the geometry deduced by
X-ray diffraction can be found in the ESLf

As indicated above, there are no previous reports of crystal
structures containing amidino ligands derived from the coup-
ling of nitriles and MeCyH,. The chelate six-membered ring

PMePh,,

\

pS,

NH
o™ T‘\N;-{
Br H g
+ [ReBr(CO)y(NCMe),] TaR=1e)
+RCN 1b (R = Ph)
oM
S #AGBF | pop
| +RCN
Ny
NH Mw
2
\ +
+ [Re(CO)(NCMe)3IBF, 0::\,“ A
+RCN OT it
OGuuyyy ) o
L NH | BF,
oc™” 1 ~ ¢

2b (R = Ph)

Scheme 1 Syntheses of the amidino complexes from the coupling of
MeCyH, and NCR.

Fig. 1 Perspective view of fac-[ReBr(CO)s{NH=C(Me)(MeCyH-x*N,N}],
1a, showing the atom numbering. Ellipsoids are drawn at 50% prob-
ability. Selected bond lengths (A) and angles (°): Rel-N1 2.242(3), N1-
C14 1.331(5), N3-C14 1.356(5), N3-C21 1.370(5), N4-C21 1.271(5), Rel-
N4 2.132(3), N1-C11 1.409(5), N2-C11 1.400(4), N2-C12 1.346(5), C12-
C13 1.322(6), C14-C13 1.417(5); Cl4-N1-Rel 125.5(2), N1-C14-N3
122.8(3), C14-N3-C21 133.3(3), N4-C21-N3 121.3(4), C21-N4-Rel
132.2(3), N4—Rel-N1 83.28(11).
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containing the rhenium atom is almost planar, with a very
slight distortion towards a boat conformation, where Rel and
N3 are 0.245(6) and 0.065(6) A above the mean plane formed
by N1, C14, C21 and N4. The latter mean plane forms an angle
of 6.36(15)° with the cytosine ring, resulting in a twisted
nucleobase ligand. Moreover, the mean plane of the whole
nucleobase forms an angle of 12.79(12)° with the coordination
plane defined by the C2, C3, N1, and N4 atoms. All these dis-
tortions seem to be intended to move away the carbonyl group
in the methylcytosine fragment from the carbonyl ligand in cis
to the nitrogen donor atom of the nucleobase fragment. In
fact, the 011-03 and O11-C3 distances (2.948(4) and 2.591(6)
fs) are well below the sum of the respective van der Waals radii,
3.04 and 3.22 A, respectively. Obviously, the high steric crowd-
ing on this side of the molecule brings these two carbonyls
apart from each other, and any chemical interaction between
them should be discarded. The Re-N distances (2.242(3) and
2.132(3) A) are similar to those previously found in pyrazolyl-
amidino complexes,'” whereas two different C-N distances are
found in the chelate six membered ring: those where C=N
bonds may be proposed (N1-C14 1.331(5) and N4-C21 1.271(5)
A) are in the expected range for double C(sp?)=N(sp?)
bonds,'* but the other CN distances (N3-C14 1.356(5) and N3-
C21 1.370(5) A) are shorter than those expected for a single
C(sp*)-N(sp”®) bond."* The tricoordinate N3 atom should be
labelled as sp” since it is planar, which implies that its elec-
tron pair should be delocalized. In order to support this, an
NBO study was performed on the minimum geometry to calcu-
late the Wiberg indices of the bonds in the coordinated chelat-
ing ligand. The results, collected in Fig. S1,T support that the
bond distances found in the crystal structure have an elec-
tronic origin and they are not due to packing effects. There-
fore, the best description for this ligand is that depicted in
Scheme 1, although resonance forms where the C-N3 bonds
have a double character also contribute to the resonance
hybrid, as expected for the planar geometry of N3. Concerning
this point, it should be pointed out that determining the
energy of the possible tautomers is essential in biological pro-
cesses, since those energetically less stable may be active inter-
mediates for many transformations, which affects the
mechanism of the processes where the biomolecule is
involved.'” In fact, both the monodeprotonated cytosine anion
and the involvement of cytosine in hydrogen bonds or in
coordination with metals have been theoretically evaluated.'®

The N-bound hydrogen atom of the amidino ligand is
involved in a hydrogen bond with the oxygen atom of a Me,CO
molecule present in the crystal. The distances and angles
detected (H(3)--0(91), 2.015(3) A; N(3)---0(91) 2.874(4) A, N(3)-
H(3)---0(91) 176.6(3)°) led us to consider this hydrogen bond
as “moderate”."”

The new chelating ligands are robust enough so they
remain unchanged when the complexes undergo further reac-
tivity. Thus, the reactions of complexes 1 with AgBF, in NCR
afford the cationic complexes fac-[Re(CO);(NCR){NH=C(R)
(MeCyH-k*N,N}]BF, (R = Me, 2a; R = Ph, 2b) after substituting
the bromido ligand by NCR (Scheme 1). The crystallographic

This journal is © The Royal Society of Chemistry 2015



Dalton Transactions

data for 2a may be found in the ESIt as well as its spectro-
scopic data. The distances and angles found in the crystal
structure of 2a are very similar to those found for the structure
of 1a, discussed above.

These cationic complexes can also be obtained in a one-pot
process from fac-{Re(CO)s(NCMe);]BF,,"® 1-methyleytosine,
and the nitrile by a microwave assisted reaction, in 10 min at
180 °C. The yields are slightly lower than those obtained when
the reaction is carried out by traditional methods (76% vs.
92% for 2a, 60% vs. 83% for 2b). However, they are clearly
higher than those once the yields of the necessary previous
steps of 1a and 1b are considered (global yields 53% and 46%
respectively, considering that the yields of both parent com-
plexes fac-[ReBr(CO);(NCMe),] and fac-{Re(CO);(NCMe);]|BF,
from fac-[ReBr(CO);] are higher than 90% and are therefore
almost quantitative). Therefore the microwave assisted reaction
is a better synthetic method considering the whole atom
economy, since the microwave assisted processes start from
Jac|Re(CO);(NCMe),|BF,. We are not aware of previous reports
on the use of microwave to form amidines from nitriles and
amines. However, the use of microwaves is not a suitable
method to obtain the neutral bromido complexes 1, as the
yields in this case are much lower than those obtained by
refluxing the nitriles.

As indicated above, the interest in these complexes relies
on the incorporation of the nucleobase into a luminescent
complex. It is well known that Re(CO); complexes with chelate
N-donor ligands are likely to be phosphorescent.'” In this way,
we have recently described some similar complexes with pyra-
zolylamidino ligands, and discussed what changes occur in
the emission features when structural modifications are
made."” Nonetheless, we have measured some photophysical
properties of compounds 1a and 2a, in order to check the
luminescent behaviour of these nucleobase complexes. Their
absorption spectra (see Fig. S2 and Table S1 in the ESIt) are
very similar to those of pyrazolylamidino Re(CO), complexes.'”
Thus, the intense bands observed in the UV region at high
energy (250-320 nm) have an intraligand (IL) origin, while the
lowest energy absorption bands are assigned to a mixture of
MLCT Re — n*(L), ligand-to-ligand charge-transfer (LLCT), and
halide-to-ligand charge-transfer (XLCT) transitions. As
expected, the substitution of the anionic o-donor/z-donor
bromido ligand by a neutral o-donor acetonitrile ligand led to
a hypsochromic shift, in this case of ca. 60 nm in the low
energy absorptions. Emission spectra showed bands in the
range 500-580 nm, with quantum yields from 0.009 to 0.013%,
values that are in accordance with those found for the pyrazo-
lylamidino complexes.

In order to support the assignment of the low-lying absorp-
tion transitions as MLCT, theoretical calculations at the same
level of theory as for the pyrazolylamidino complexes dis-
cussed above have been carried out for complexes 1a and 2a.
These calculations showed that the highest occupied mole-
cular orbitals (HOMOs) have a mixed Re/CO/Br character with
different contributions in the case of the neutral complex 1a,
while the HOMOs of the cationic complex 2a have a Re/CO
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character. In both cases the LUMO is mainly centred in the
nucleobase ligand, confirming the metal to ligand charge
transfer nature of the optical transitions (full details can be
found in the ESIF).

In summary, new luminescent rhenium(i) tricarbonyl com-
plexes containing amidino chelating ligands are obtained by
the coupling of nitriles and 1-methylcytosine. The formation
of new amidino chelating ligands in this system by extending
this reaction to couple different nitriles and new nucleobases
(besides cytosine, adenine and guanine contain donor atoms
in the appropriate position to form new amidino ligands) is to
be expected. Neutral and cationic complexes have been syn-
thesized, and the latter may also be obtained in a microwave
reactor, which opens the door to the coordination of a wide
range of substrates to the system.

The authors wish to acknowledge Dr A. Kathyr (Université
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and the Spanish Ministerio de Ciencia e Innovacion
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Synthesis and characterization of the complexes

General Remarks. All manipulations were performed under N atmosphere following conventional
Schlenk techniques. Solvents were purified according to standard laboratory methods." fac-
[ReBr(CO):(NCMe),],” fac-[Re(CO):(NCMe);|BF,,” and 1-methylcytosine’ were obtained as
previously described. The microwave assisted reactions were carried out in an Anton Paar
Monowave 300 apparatus. Infrared spectra were recorded in a Perkin-Elmer FT-IR spectrum BX
apparatus using 0.2 mm CaF; cells for solutions or in a Perkin-Elmer Frontier spectrometer coupled
to a Pike GladiATR-210 accessory for solid samples. NMR spectra were recorded in Varian MR500
instrument at room temperature (r.t.), and are referred to the internal residual solvent peak for 'H
and “C{'H} NMR. Assignment of the *C{'H} NMR data was supported by 2D HSQC and HMBC
experiments and relative intensities of the resonance signals. UV-vis spectra were measured with a
VARIAN-Cary 100 or Shimadzu UV-2550 spectrophotometers and emission spectra were recorded
on a Jobin-Yvon FluoroLog 3.2.2 or in a Perkin—Elmer LS-55 luminescence spectrometer at room
temperature. The luminescence quantum yields @ of the complexes were determined using cresyl
violet as a luminescence quantum vield standard.” All measurements were performed in deaerated

solvents. Elemental analyses were performed on a Perkin-Elmer 2400B microanalyzer.

!hc-[ReBr(CO);;{NH:C(Me)(MeCyH-sz,N)}], la. A solution of fac-[ReBr(CO);(NCMe);]
(0.216 g, 0.5 mmol) and 1-methylcytosine (MeCyH,, 0.063 g, 0.5 mmol) in NCMe (20 mL) was
stirred for 5 h at reflux. The volatiles were removed in vacuo and the yellow residue was
crystallized in acetone/hexane at —20°C, giving a yellow microcrystalline solid, which was
decanted, washed with hexane (3 x 3 mL approximately), and dried in vacuo, yielding 0.149 g (58
%). IR (THF, cm_'): 2018 vs, 1912 vs, 1881 vs. IR (neat solid, cm_l): 3462 m, 3225 m, 2027 vs,
1925 vs, 1902 vs, 1670 m, 1597 m, 1524 w, 1467 m, 1421 m, 1339 m, 1317 m, 1213 m, 1182 w,

1115 w, 1043 w, 806 w, 780 w, 650 w, 632 w, 552 w, 523 w. '"H NMR (499.7 MHz, CD;NO,): 2.41
2



(s, NH=CCH;, 3 H), 3.56 (s, CH; MeCy, 3 H), 6.21 (d, J= 7.0 Hz, C’H MeCy, 1 H), 7.86 (d, J =
7.0 Hz, C°"HMeCy, 1 H), 8.73 (s, NHMeCy, 1 H), 9.89 (s, NH=CCH,, 1 H). "C{'H} NMR (125.7
MHz, CD;NO,): 24.3 (s, NH=CCH;), 40.5 (s, NCH3), 97.1 (s, C'H MeCy), 150.9 (s, C°'H MeCy),
155.7 (s, CO MeCy), 161.6 (s, NH=CCH3), 162.1 (s, C'MeCy), 197.1 (s, ReC0), 198.0 (s, ReCO),
198.5 (s, ReCO). Anal. Calcd. for CoH;(BrN,O4Re: C, 23.26; H, 1.95; N, 10.85. Found: C, 22.99;

H, 2.01; N, 10.69.

fac-|[ReBr(CO);{N H=C(Ph)(MeCyH-A.j N,N)}], 1b. The same procedure as for 1a, using NCPh (7
mL) as solvent, gave 0.158 g (55%) of 1b as a yellow microcrystalline solid. IR (THF, cm™): 2018
vs, 1913 vs, 1884 vs. IR (neat solid, cm*]): 3194 w, 2918 m, 2849 m, 2015 vs, 1918 s, 1894 vs,
1867 vs, 1680 m, 1575 m, 1509 m, 1455 m, 1442 m, 1415 m, 1332 m, 1303 w, 1254 m, 1174 w,
1127 w, 1041 m, 1024 w, 874 w, 797 w, 776 w, 697 m, 650 w, 624 w, 607 w, 556 w, 523 m, 481 w,
399 w, 360 w, 303 w. "H NMR (499.7 MHz, CD3;NO,): 3.61 (s, CH; MeCy, 3 H), 6.34 (d, J=7.0
Hz, CSHMeCy, 1 H), 7.6 (t, J=7.5 Hz, meta-CsHs, 2 H), 7.69 (tt, J="7.5 and 1.5 Hz, para-C¢Hs, |
H), 7.77 (d, J= 7.5 Hz, ortho-C¢Hs, 2 H), 7.95 (d, J= 7.0 Hz, C°HMeCy, 1H), 8.89 (s, NH MeCy,
1 H), 9.12 (s, NH=CCHj, 1 H). "C{'H} NMR (125.7 MHz, CD3sNO,): 40.5 (s, NCH3), 97.5 (s, C'H
MeCy), 128.2 (s, ortho-C¢Hs), 130.7 (s, meta-C¢Hs), 134.1(s, para-CeHs), 134.3 (s, ipso-CeHs),
151.1 (s, C°'H MeCy), 155.8 (s, CO MeCy), 161.8 (s, N=CPhs), 162.8 (s, C* MeCy), 197.2 (s,
Re(0), 197.7 (s, ReC0), 198.4 (s, ReCO). Anal. Calcd. for C;sH;;BrN;O4Re: C, 31.14; H, 2.09; N,

9.69. Found: 30.93; H, 2.28; N, 9.89.

fac-[Re(CO)3(NCMe){NH=C(Me) (MeCyH-x’N,N)}|BF,, 2a. Method A. A mixture of 1a (0.103
g, 0.2 mmol) and AgBF, (0.045 g, 0.23 mmol) in NCMe (20 mL) was stirred at 30°C for 30 min
with exclusion of light. Then the reaction mixture was filtered, the volatiles were dried in vacuo,
and the yellow residue was crystallized in THF/Et,0O giving a pale yellow microcrystalline solid,

which was decanted, washed with diethyl ether (3 x 3 mL approximately), and dried in vacuo,

3
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yielding 0.103 g (92 %). Method B. fac-[Re(CO);(NCMe);]BF, (0.048 g, 0.10 mmol),
1-methylcytosine (0.012 g, 0.10 mmol), and NCMe (2 mL) were placed in a dry 10 mL glass vessel
equipped with a magnetic stirbar. The vessel was sealed with a septum and placed in the microwave
apparatus, and heated at 180°C during 10 min. The reaction mixture was then cooled to 50 °C, and
the contents were transferred into a schlenk flask, and the volatiles were removed in vacuo.
Crystallization from THF/Et,0 yielded 0.044 g (76 %) of 2a. IR (THF, cm™): 2031 vs, 1932 vs,
1912 vs. IR (neat solid, cm_]): 3274 m, 2961 w, 2028 vs, 1949 w, 1899 vs, 1697 m, 1673 m, 1582
m, 1525 w, 1464 w,1418 w, 1346 w, 1313 m, 1260 w, 1188 w, 1078 vs, 1053 vs, 1004 vs, 878 w,
781 m, 709 w, 649 w, 626 m, 553 w, 536 w, 477 w, 399 w, 375 w. 'H NMR (499.7 MHz,
CD3NO;): 2.35 (s, NCCH;, 3 H), 2.46 (s, NH=CCHj, 3 H), 3.59 (s, CH; MeCy, 3 H), 6.28 (d, J=
7.0 Hz, C’HMeCy, 1 H), 7.95 (d, J= 7.0 Hz, C°HMeCy, 1 H), 8.73 (s, NHMeCy, 1 H), 9.02 (s,
NH=CCHs, 1 H). ’F NMR (470.2 MHz, CD3NO,): —152.87 (s, '’BF4, 4 F), —=152.92 (s, "'BF,, 4 F).
BC{'H} NMR (125.7 MHz, CD3NO,): 3.0 (s, NCCH3), 24.1 (s, NH=C CH3), 40.5 (s, NCH3), 97.1
(s, CCHMeCy), 122.8 (s, NCCH3) 151.6 (s, C"H MeCy), 155.9 (s, CO MeCy), 162.1 (s,
NH=CCH3), 163.6 (s, C' MeCy), 194.4 (s, ReCO), 195.5 (s, ReC0), 197.0 (s, ReCO). Anal. Calcd.

for C12H1aBF4NsO4Re: C, 25.54; H, 2.32; N, 12.41. Found: C, 25.63; H, 2.44; N, 12.15.

fac-[Re(CO)3(NCPh){NH=C(Ph) (MeCyH-x’N,N}}IBF,, 2b. Method A. A mixture of 1b (0.056 g,
0.1 mmol) and AgBF, (0.023 g, 0.12 mmol) in THF (10 mL) was stirred at 30°C for 30 min with
exclusion of light. Then the reaction mixture was filtered, the volatiles were dried in vacuo, and the
yellow residue was redissolved in NCPh (3 mL) and stirred for 30 min. The volatiles were again
dried in vacuo, and the yellow residue was crystallized in THF/Et,O giving a pale yellow
microcrystalline solid, which was decanted, washed with diethyl ether (3 x 3 mL approximately),
and dried in vacuo, yielding 0.057 g (83 %). Method B. The same microwave procedure as for 1b,
using NCPh (2 mL) as solvent gave 0.041 g (60 %) of 2b. IR (THF, cm™'): 2027 vs, 1920 vs, 1900

vs. IR (neat solid, cm™): 3293 m, 3262 m, 3196 w, 3112 w, 2027 vs, 1926 m, 1897 vs, 1654 m,
4



1567 m, 1506 w, 1492 w, 1454 m, 1447 m, 1406 m, 1338 w, 1302 w, 1243 w, 1131 w, 1054 s, 1025
s, 998 m, 809 w, 796 w, 779 w, 761 m, 699 m, 686 m, 633 m, 562 w, 529 m, 401 w, 363 w. 'H
NMR (499.7 MHz, CD;NO,): 3.66 (s, CH; MeCy, 3 H), 6.52 (d, J= 7.5 Hz, C’HMeCy, 1 H), 7.58
(t, J=17.5, meta-C¢Hs, 2 H), 7.62 (t, J= 7.5 Hz, meta-C¢Hs, 2 H), 7.73 (m, para-C¢Hs, 2 H), 7.81
(d, J=17.5 Hz, ortho-C¢Hs, 2 H), 7.86 (d, J= 7.5 Hz, ortho-C¢Hs, 2 H), 8.06 (d, J=7.5 Hz, C°H
MeCy, 1 H), 9.20 (s, NH, 1 H), 9.21 (s, NH, 1H). "’F NMR (470.2 MHz, CD;NO,): —152.87 (s,
"“BF,, 4 F), —152.92 (s, "'BF4, 4 F). “C{'H} NMR (125.7 MHz, CD;NO>): 40.6 (s, NCH3), 97.3 (s,
C°H), 128.6 (s, ortho-C¢Hs),130.6 (s, ortho-C¢Hs), 130.8 (s, meta-CgHs), 133.5 (s, meta-CgHs),
134.7 (s, para-CgHs), 136.4 (s, para-C¢Hs), 152.3 (s, C*H MeCy), 156.0 (s, CO MeCy), 163.0 (s,
N=CPh3), 163.1 (s, ct MeCy), 194.1 (s, ReCO), 195.1 (s, ReCO), 196.9 (s, ReCO). ipso-CsHs and
NCPh not detected. Anal. Calcd. for CooH;sBF4;NsO4Re: C, 38.38; H, 2.49; N, 10.17. Found: C,

38.59;H, 2.29; N, 10.37.
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Figure S1. NBO charges and Wiberg indexes found for 1a.
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Figure S2. Normalized emission (red) and absorption (blue) spectra recorded in CH2CI2 of

complexes 1a and 2a at 298 K.

Table S1. Photophysical data:™

Absorption Emission
CH,Cl1,"™ at 298 K CH,C1,"™ at 298 K Oy, x10™
Aabs nm & (Mem™) Aem (NM) [Aexeit =390 nm] (%)
la 316 (16100), 326 sh (14200), 399 (3580) 455 sh, 501 9
2a | 259 sh (16800), 308 (17200), 337 sh (12700) 505 sh, 576 13

(a) Measurement Conditions: Concentration = 10~ M; Excitation: 390 nm; Range: 420-800 nm.

(b) NMR and IR spectra demonstrate that some donor solvents such as MeCN produce partial

substitution of the "sixth" ligand (Br in 1a, MeCN in 1b) and therefore the photophysical

measurements in these solvents are not reliable. CH,Cl; has been chosen because both complexes

are stable, even though their solubility is low.
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Figure S3. Perspective view of fac-[Re(CO)3:(NCMe){ NH=C(Me)(MeCyH-+*N,N} |BF,, 2a,
showing the atom numbering. Ellipsoids are drawn at 50 % probability. Selected bond lengths (A)
and angles (deg): Re1-N1 2.219(4), N1-C14 1.329 (6) N3—-C14 1.379(6), N3—C21 1.379(6),
N4-C21 1.255(6), Rel-N4 2.133(4); N1-C11 1.408(6), N2-C11 1.391(6), N2—-C12 1.336(0),
C12-C13 1.335(7), C14-C13 1.413(7); C14-N1-Rel 124.7(3), N1-C14-N3 122.8(5),

C14-N3-C21 131.5(4), N4-C21-N3 122.0(4), C21-N4-Rel 131.1(4), N4-Rel-N1 83.65(14).



Computational Details.

All calculations have been performed using the Gaussian 09 program package,’ in which the
PBE1PBE method was applied. This hybrid Hartree-Fock/ density functional model is based on the
Perdew-Burke-Erzenhof (PBE) functional,” where the HF/DFT exchange ratio is fixed a priori to
1/4, and was used to optimize the ground and excited state geometries. Geometry optimizations
were performed under no symmetry restrictions, using initial coordinates derived from X-ray data
of the same complexes, and frequency analyses were performed to ensure that a minimum structure
with no imaginary frequencies was achieved in each case. On the basis of the optimized ground and
excited state geometries, the absorption and emission properties in dichloromethane solution were
calculated by TD-DFT® at the PBEIPBE level associated with the PCM method to introduce the
solvent effects.” Spin-orbital coupling is not included in the current TD-DFT method, and it
influences the excitation energies in which the Re electrons are involved,'” whereas it has a
negligible effect on the transition character of this complexes. Hence, although TD-DFT cannot
exactly estimate the excitation energies, it can still provide a reasonable spectral feature for our
investigated complexes. This kind of theoretical approach has been proven to be reliable for
transition-metal complex systems.'" In the calculations, effective core potentials (ECP) and their
associated double-, LANL2DZ basis set were used for the rhenium and bromide atoms,'* while the
light elements (O, N, C, and H) were described with the 6-31+G(d,p) basis."® This level of theory
was proved to be adequate in our previous theoretical study of the similar pirazolylamidino
complexes.'* The contribution of every fragment in the molecules studied to the different orbitals
involved in the optical transitions was calculated with the AOMix program,'® and the graphical
representation of the orbitals was made with the help of GaussView.'® Wiberg bond indexes'’ were

calculated with the NBO 5.9 program.'®

Crystal Structure Determination for Compounds 1a and 2a. Crystals were grown by slow

diffusion of hexane into concentrated solutions of the complexes in acetone (for 1a) or THF (for 2a)

9
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at —20 °C. Relevant crystallographic details can be found in the CIF. A crystal was attached to a
glass fiber and transferred to an Agilent SuperNova diffractometer fitted with an Atlas CCD
detector. The crystals were kept at 293(2) K during data collection. Using Olex2," the structure was

20 and with

solved for complex 1a with the Shel XS structure solution program using direct methods,
olex2.solve structure solution program using Charge Flipping for complex 2a,%’ and then, the

structures were refined with the Shel XL refinement package using least squares minimisation.' All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were set in calculated positions

and refined as riding atoms, with a common thermal parameter. All graphics were made with Olex2,

and distances and angles of hydrogen bonds were calculated with PARST*? (normalized values).”

10
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Table S2. Frontier Molecular Orbital Compositions (%) in the Ground State for

Complex 1a at the PBE1PBE Level

\
N
oc>( \
0C""|=a| S NH
e
oc” | =
Br H
Contribution (%)
Orbital Energy | Re: Br: CO: nucleob: | main bond type
(eV):
HOMO-3 -727 | 810| 3261 2.57 56.73 | p(Br) + T(nucleob)
HOMO-2 -6.80 | 64.02 7.42 | 24.69 3.87 | d(Re) + m(CO)
HOMO-1 -6.42 | 4464 | 3245| 19.79 3.12 | d(Re) + p(Br) + m(CO)
HOMO -6.32 | 48.88 24.50 19.53 7.08 | d(Re) + p(Br) + (CO)
LUMO -2.15 0.97 0.07 2.82 96.14 | m*(nucleob)
LUMO+1 -0.92 | 27.18 464 | 21.20 46.98 | p(Re) + T*(CO) + *(nucleob)
LUMO+2 -0.54 | 12.37 1.49 30.90 55.24 | p(Re) + *(CO) + m*(nucleob)
Table S3. Frontier Molecular Orbital Compositions (%) in the Ground State for
Complex 2a at the PBE1PBE Level
\ 1+
N
oc O
OC""'R'e“"""N R NH
oc” | Sy=
N H
I’I
Contribution (%)
Orbital Energy | Re: NCMe: | CO: nucleob: | main bond type
(eV):
HOMO-3 -7.89 7.56 1.11 2.42 88.91 | m(nucleob)
HOMO-2 737 | 68.88 0.98 | 25.95 4.19 | d(Re) + 7(CO)
HOMO-1 -7.22 | 58.19 3.90 24.43 13.48 | d(Re) + (CO)
HOMO -7.03 | 58.13 333 | 23.15 15.40 | d(Re) + 7(CO)
LUMO -2.57 0.85 0.00 2.79 96.52 | m*(nucleob)
LUMO+1 -1.32 | 23.38 1.85| 2537 49.40 | p(Re) + *(CO) + *(nucleob)
LUMO+2 -1.18 | 33.48| 2226 43.01 1.24 | p(Re) + T*(NCMe) + t*(CO)

11
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Table S4. Calculated Excited Energies, Dominant Orbital Excitations, and
Oscillator Strength (f) from TD-DFT Calculations for Complex 1a

state | excitation Coef. | Ecalc Nocali f Aexo | Character
(eV) | (nm) (nm)
S HOMO — LUMO 0.66 | 3.23 384 0.0192 399 MLCT/LLCT/XLCT
HOMO-1 = LUMO 0.25
S, HOMO — LUMO -0.25 | 3.35 370 0.0426 MLCT/LLCT/XLCT
HOMO-1 = LUMO 0.66
Ss HOMO-3 = LUMO 0.68 | 4.23 293 0.1858 316 XLCT/ILCT
Table S5. Calculated Excited Energies, Dominant Orbital Excitations,

Oscillator Strength (f) from TD-DFT Calculations for Complex 2a

state | excitation Coef. | Ecac Acale f Aexo | Character
(eV) | (nm) (hm)
S; | HOMO — LUMO 0.69 | 3.50 354 0.0203 337 | MLCT/LLCT
S; | HOMO-1—LUMO | 0.68 | 3.78 328 0.1331 | 308 | MLCT/LLCT
Ss | HOMO-3 =+ LUMO | -0.35 | 4.39 282 0.0441 MLCT/LLCT/ILCT
HOMO = LUMO+1 | -0.35
HOMO — LUMO+2 | 0.45
Ss | HOMO-3 = LUMO | 0.48 | 4.44 279 0.1103 | 259 |ILCT
HOMO — LUMO+2 | 0.44

Table S6. Molecular orbital Compositions in the Excited States.

Contribution (%)
Complex Orbital Energy | Re: NCMe: CO: nucleob:
(eV):

la HOMO -6.79 | 30.02 15.64 | 11.02 43.32
LUMO -3.83 1.57 0.05 3.01 95.38

2a HOMO -7.48 | 43.04 2.10| 13.80 41.06
LUMO -4.28 | 14.05 0.56 4.76 80.62

12
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Table S7. Calculated Emission Energies and Dominant Orbital Emissions from TD-
DFT Calculations.

Complex | state | Excitation Coef. Ecalc Nl Aexp Character
(ev) | (nm) (nm)
la T, | HOMO — LUMO | 0.94 1.71 725 501 | *MLCT/AILCT/
2a T, | HOMO — LUMO | 0.86 1.63 762 576 | *MLCT/AILCT/
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Doctorado Internacional

8. DOCTORADO INTERNACIONAL

8.1. Introduccion

Para poder optar al doctorado internacional, en 2011 realicé una estancia de tres meses en la
Universidad de Southampton, en el grupo del Prof. Philip A. Gale. Durante este periodo trabajé
en la sintesis de pequeiias moléculas que sean capaces de actuar como transportadores idnicos
entre membranas lipidicas. Estos compuestos forman parte de un proyecto mas amplio que se

detalla a continuacion.

Las células de los seres vivos estan rodeadas de una membrana apolar de fosfolipidos
que impide la libre difusion a través de ella de especies cargadas, como son los aniones. De
hecho, los aniones son transportados a través de la membrana celular por medio de unas
proteinas especializadas, que estan embebidas en la membrana celular y que se encargan de
mantener la concentracion correcta de cada anion dentro de la célula. Sin embargo, en estas
proteinas se pueden producir fallos que inhabiliten el transporte de aniones a través de la
membrana celular, lo que se ha relacionado con una serie de enfermedades como la fibrosis

123,124 ,
" el sindrome de

quistica,'*' la enfermedad de Dent,'** algunos tipos del sindrome de Bartter,
Pendred'” u otras enfermedades genéticas.'”® Por esta razon uno de los temas de trabajo de
mayor interés que estin desarrollando los quimicos supramoleculares en los ultimos afios
consiste en la sintesis y desarrollo de moléculas que puedan reemplazar a las proteinas que no
funcionan correctamente. Para ello se deben crear receptores de aniones que sean capaces de
transportar aniones a través de la membrana de fosfolipidos'”’, que se pueden dividir en dos
grandes grupos: canales o transportadores moviles (Figura 19). Los canales son estructuras que
crean poros polares en la membrana a través de los cuales los aniones se pueden difundir. Por
otro lado, los transportadores moéviles son moléculas que se unen al anién en un lado de la
membrana, atraviesan la membrana como un complejo y liberan el anidon al otro lado de la
membrana. Por todo lo explicado anteriormente, la sintesis de moléculas capaces de imitar la
funcionalidad de las proteinas transportadoras de cloruros o bicarbonato a través de la
membrana podria posibilitar el desarrollo de nuevos tratamientos para este tipo de

enfermedades.'**!?
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Capitulo 8

Figura 19. Representacion esquematica del transporte anidnico a través de una membrana por medio de (a) un canal

y (b) un transportador moévil.

En el momento en el que se produjo la estancia predoctoral, otros grupos habian hecho
progresos en el area de disefio de transportadores moviles, pero ain no sé comprendia
perfectamente como disefiar un receptor anionico adecuado. En este sentido, los trabajos previos
del Prof. Gale en el disefio de receptores aniénicos'** les habian permitido desarrollar nuevas
series de transportadores moviles a través de membranas para aniones. Estos estudios se
limitaban a compuestos relativamente simples, lo que les permitia variar sistematicamente sus
estructuras y propiedades para conseguir una mayor compresion sobre qué propiedades

moleculares son necesarias para producir un transportador eficiente.'*

El trabajo desarrollado durante mi estancia estuvo dividido en dos partes. Una primera
parte sintética, en la que debia sintetizar una serie de compuestos derivados del indol que
contuviesen los grupos urea y tiourea (Figura 20), asi como conseguir una ruta sintética para el
2-butil-5-metil-7-nitro-1H-indol, que es uno de los precursores de estos compuestos. Se
pretendia realizar la sintesis de estos compuestos y de sus derivados trifluorometilados para
comparar coOmo variaba su capacidad transportadora. En la segunda parte estudiariamos la
eficacia de los compuestos sintetizados como transportadores de aniones. El transporte de
aniones a través de las membranas lipidicas se puede medir de diferentes maneras, pero el
método mas comunmente usado consiste en la preparacion de vesiculas compuestas por un solo
tipo de lipido o de un lipido y colesterol, y aceptarlo como un modelo simple de membrana. Las
disoluciones intra- y extravesiculares se preparan de acuerdo a lo que sea necesario para el

experimento.
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) J\
N N/\/\/\
H H
1X=0; R'=H; R?=H
N 2x=s; R'=H, R2®=H
3X=0; R'=CHj R?="Bu
R2 4X=S; R'=CHs; R?="Bu

Figura 20. Compuestos sintetizados en Southampton.

8.2. Discusion de resultados

8.2.1. Sintesis de los compuestos

La sintesis de 2-butil-5-metil-7-nitro-1H-indol se realiza tras la bromacion de
3-nitro-4-aminotolueno para obtener 3-bromo-4-amino-5-nitrotolueno. Posteriormente, se
arilalquila este compuesto por medio de un acoplamiento de Sonogashira. Por ultimo, se cierra
el ciclo mediante una adicion del NH del amino al triple enlace formado anteriormente. El

rendimiento total de las etapas de reaccion es del 43% (Esquema 13).

O,N NH, O,N NH, O,N NH,
I I
—_— Br —_— —
Br,, AcH 1. [Pd(PPh3)2ICl,
PPhs
n-hexino
5 g(ftk m | KotBu
LU NMP
NO,
H
N

Esquema 13. Sintesis de 2-butil-5-metil-7-nitro-1H-indol.

136
1

Los compuestos y 3 se sintetizan a partir de 7-nitro-1H-indol y de

2-butil-5-metil-7-nitro-1H-indol respectivamente (Esquema 14). Se parte de la reduccion de los
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nitrocompuestos para formar la amina correspondiente. Posteriormente, la amina formada se
hace reaccionar con 1,l-carbonildiimidazol para conseguir un intermedio activado, el cual
posteriormente es sometido a un acoplamiento con hexilamina para dar lugar a los compuestos

buscados, que se obtienen con un rendimiento total del 48 % y el 25 % respectivamente.

1 1 1
R R R )oJ\
NO, NH, H N\

- o — N
H> / Pd(C) 1,1-carbonildiimidazol

\ NH \ NH \ NH

R2 R2 R2
hexilamina
]
R 0

1R'=H; R?=H
3R'=CH; R?="Bu

\NH

Esquema 14. Sintesis de los derivados de urea.

2% 'y 4 se sintetizaron a partir del 7-nitro-1H-indol y

Las tioureas
2-butil-5-metil-7-nitro-1H-indol respectivamente (Esquema 15). Se realizé la reduccion de los
nitrocompuestos a la amina correspondiente. Posteriormente se hace reaccionar a las aminas con
tiofosgeno para conseguir un intermedio lo suficientemente activo como para que reaccione con
la hexilamina y conduzca a los productos buscados con un rendimiento global del 45 % y 36 %

respectivamente.
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R1

R! R!
NO, NH, NCS
—_— _—
Ho / Pd(C) cscl,
\ NH \ NH \ NH
R2 R?

R2
hexilamina

1
R S

2R"=H; R?=H )L
1= . 2_n
4R"=CHj; R?="Bu N NH.  _CH,
H (CHa)s

\NH

Esquema 15. Sintesis de los derivados de urea.

8.2.2. Estudios de la capacidad transportadora en vesiculas

Para evaluar la capacidad transportadora de aniones de nuestros compuestos (1-4), se
prepararon una serie de liposomas unilamelares de 200 nm de diametro compuestos de
1-palmitol-2-oleoelfosfatidilcolina (POPC). Estos liposomas contienen una disolucion de
cloruro sodico (489mM con 5 mM de buffer de fosfato a pH = 7.2) y estan suspendidos en un
medio formado por una disolucion de nitrato sddico (489 mM con 5 mM de buffer de fosfato a
pH = 7.2).*"* Los compuestos 1-4 (2 % molar con respecto al lipido) se afiadieron disueltos
en DMSO vy el flujo de cloruros resultante fue determinado con un electrodo selectivo de
cloruros. A los 5 minutos se afiade detergente (octaetilenglicol monododecil éter) para romper
las vesiculas, usando la ultima medida para calibrar el electrodo al 100 % de liberacion de

cloruros.
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Figura 21. Flujo de cloruros promovido por disoluciones de los compuestos 1 - 4 en DMSO al 2 %. Cada punto

representa una media de tres intentos. Se us6 DMSO como control.

Los resultados (Figura 21) demuestran que los receptores que contienen grupos tiourea
poseen un comportamiento mucho mas activo que los derivados analogos de urea. Este hecho ya
se habia observado con anterioridad y puede deberse a la mayor lipofilia de los grupos tiourea,
que haria mas favorable el paso del receptor y de su complejo aniénico dentro de la bicapa
lipidica.**'*

En estas condiciones, el transporte de los aniones a través de la membrana es un proceso
pasivo, en el que el balance de cargas a través de la membrana debe mantenerse, ya sea
mediante un proceso de simporte (dos moléculas de diferente carga pero que se complementan
se mueven a favor de gradiente) o de antiporte (una molécula en el interior de la célula y otra en
el exterior de la célula se mueven al mismo tiempo pero en direccion contraria). Por lo tanto, el
flujo de cloruros de la Figura 21 podria deberse a un proceso de simporte de NaCl o HCI, o a un
proceso de antiporte CI'/NO;~. Aunque los estudios anteriores demostraron que otros
transportadores similares funcionan predominantemente bajo un mecanismo de antiporte,*>'*!
decidimos realizar un experimento en el que la disolucion interna de NaCl de la vesicula fuera

remplazada por otra disolucion interna de CsCl. Al no observarse diferencias en la velocidad de

transporte se descarto la posibilidad de un simporte M*CI".

A continuacion se midid la capacidad de los compuestos para trabajar en un sistema
bioloégicamente mas relevante como es el intercambio cloruro/bicarbonato antiporte (Figura
22).126-142196 para este experimento las vesiculas contienen una disolucion de cloruro sodico
(0.450 mM con 20 mM de buffer de fosfato a pH = 7.2) y se suspenden en una disolucion de
sulfato sdédico (162 mM y 20mM de buffer de fosfato a pH = 7.2). Los compuestos 1-4 se

afladen disueltos en DMSO. El ion sulfato es méas dificil de transportar a través de la bicapa

134



Doctorado Internacional

lipidica que el ion nitrato, a causa de la diferente hidrofilia entre los dos aniones.'” El ion
bicarbonato se afiade cuando han pasado los dos primeros minutos de reaccion, y en este tiempo
se observa que no hay flujo de cloruros a través de la membrana. Cuando a los dos minutos se
afade el ion bicarbonato, se observa un incremento en el flujo de iones cloruro debido a un
mecanismo de antiporte CI /HCO; . Comparando este experimento con el anterior se observa
que la velocidad de intercambio CI /HCO;~ es inferior a la CI'/NO;", lo que se debe a que el i6n

bicarbonato es menos lipofilo que el ion cloruro.'"’
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Figura 22. Flujo de cloruros promovido por una disolucion de los compuestos 1-4 en DMSO al 2 %. Cada punto

representa una media de tres intentos. Se us6 DMSO como control.

Para cuantificar la actividad transportadora de los compuestos 1-4 en los sistemas
CI'/NO;” y CI'/HCOs", y poder establecer una comparacion con la de otros sistemas se llevo a
cabo un andlisis de Hill.'*® El analisis de Hill permite determinar el valor ECsg270, que es la
concentracion de transportador necesaria para transportar el 50 % de los iones cloruro 270
segundos después de la adicion del receptor (o de la adicion del bicarbonato). Este valor nos
permite comparar la capacidad transportadora de los compuestos con otros compuestos analogos
y solo pudo ser calculado para los derivados con tiourea (2 y 4) ya que sus analogos de urea
presentaban una actividad demasiado baja. Los valores de ECsg270 y logP se presentan en la

iError! No se encuentra el origen de la referencia..
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Tabla 4. * es la concentracion (% molar del transportador con respecto al lipido) necesaria para obtener un flujo del
50 % de los iones cloruro a los 270 s. ° Coeficiente de Hill. © no se pudo llevar a cabo el analisis de Hill debido a su

baja actividad.

logP ECso.270 n ECso270 n
(CI'/NO;)? (CI'/NOy")° (CI/HCO5)®  (CI/HCO5)°
1 2.52 ¢ -c -c -c
2 3.67 0.03 0.8 0.18 0.7
3 3.96 ¢ -c ¢ ¢
4 5.10 0.01 1.4 0.04 1.4

8.3. Parte experimental

8.3.1. Preparacion de las vesiculas

El método general de preparacion de las vesiculas consta de la evaporacion de una disolucion de
1-palmitol-2-oleoelfosfatidilcolina (POPC) (22.32mg / mL) en cloroformo, para dar un film
delgado. Este film se seca a vacio durante 12 h y se centrifuga para rehidratarlo con la solucion
interna. Posteriormente esta suspension de lipidos se somete a nueve ciclos de congelacion-
descongelacion y a 29 pasos a través de una membrana de 200nm de policarbonato, usando un
LiposoFast Basic extruder (Avestin, Inc.) para obtener vesiculas unilamelares. A continuacion
se lleva a cabo la dialisis de los liposomas en la disolucion externa durante 2 horas. Se prepara
una disoluciéon madre de los lipidos diluyéndola con la disolucion externa. Las muestras se
preparan diluyendo la disolucion madre (con la disolucion externa) para preparar 5 mL de una
disolucion 1 mM. El flujo de iones cloruro se determina con un electrodo selectivo de cloruros
(Accumet) que ha sido calibrado con muestras patron. Para iniciar los experimentos se afiaden
los transportadores disueltos en dimetil sulféxido (DMSO), de manera que la proporcion del
compuesto en moles frente al lipido sea 2 %. Al final del experimento se anaden 50 pl de
detergente (octaetilenglicol monododecil éter) para determinar el valor del 100% de Ia
liberacion de los iones cloruro. Los experimentos se repiten por triplicado y en las graficas se

representa la media de los tres ensayos.
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8.3.2.  Sintesis de los compuestos

2-butil-5-metil-7-nitro-1H-indol.  Paso 1. La reaccion de bromaciéon de
3-nitro-4-aminotolueno y posterior purificacion se lleva a cabo tal y como se describe en la
bibliografia, obteniéndose 3-bromo-4-amino-5-nitrotolueno.'” Paso 2: Una mezcla de
3-bromo-4-amino-5-nitrotolueno (1.155 g, 5 mmol), [PdCI(PPh;),] (0.175 g, 0.25 mmol),
trieltilamina (1.01 g, 7.5 mmol), trifenilfosfina (0.033 mg, 0.125 mmol) y n-hexino (0.86 mL,
7.5mmol) en 20 mL de tetrahidrofurano se agita durante 20 minutos a temperatura ambiente
dando lugar a una disolucion amarilla. A continuacion se afade yoduro de cobre(I) (0.012 mg,
0.06 mmol) y la reaccion se agita toda la noche bajo N, a temperatura ambiente. El disolvente se
elimna a vacio y el solido resultante se purifica en una columna de silicagel
hexano:diclorometano 2:1. Tras evaporar se obtiene 3-hexino-4-amino-5-nitrotolueno con un
rendimiento del 96 % (1.124 g)."*° "H RMN (300 MHz, DMSO-d;): 7.79 (s, aril CH, 1 H), 7.40
(s, aril CH, 1 H), 6.96 (s, NH, 2 H), 2.52-2.49 (m, CH,, 2 H), 2.17 (s, CH;, 3 H), 1.59-1.49 (m,
CH,, 2 H), 1.46-1.36 (m, CH,, 2 H), 0.90 (t, J = 7.2 Hz, CH;, 3 H). Paso 3: Se disuelve
3-hexino-4-amino-5-nitrotolueno (1.124 g, 4.8 mmol) en N-metil-2-pirrolidina (5 mL) y se
anade sobre una disolucion de tercbutoxido potasico (0.730 g, 6.5 mmol) en
N-metil-2-pirrolidina (20 mL). La disolucion vira a morada y la mezcla de reaccion se agita 4 h
a temperatura ambiente. A la disolucidon resultante de color rojo se le anade agua (5 mL) y
acetato de etilo (50 mL), se lava con una disolucion acuosa saturada de NaCl y se seca con
MgSO,. El disolvente se elimina a vacio y se purifica en una columna de silicagel con
diclorometano:hexano 7:3. Tras evaporar se obtienen 0.1058 g (88 %) de un so6lido amarillo,
2-butil-5-metil-7-nitro-1H-indol."”>' "H RMN (300 MHz, DMSO-d;): 11.54 (s, NH, 1 H), 7.82 (s,
CH, 1 H), 7.72 (s, CH, 1 H), 6.34 (s, CH, 1 H), 3.32 (s, CH;, 3 H), 2.80 (t, /= 7.5 Hz, CH,, 2
H), 1.73 - 1.61 (m, CH,, 2 H), 1.45 - 1.26 (m, CH,, 2 H), 0.92 (t, /= 7.5 Hz, CH;, 3 H).

1-Hexyl-3-(1H-indol-7-yl)urea, 1. Se disuelve 7-nitro-1H-indol (0.175 g, 1.08 mmol) en
metanol (10 mL) y se afiade Pd(C) (aprox. 0.05 g). El matraz de reaccion se llena con H,. La
mezcla de reaccion se agita durante 90 min a temperatura ambiente. A continuacion se filtra la
mezcla de reaccion para eliminar el catalizador y el disolvente se evapora a vacio, dando lugar a
un aceite. Este aceite se disuelve en diclorometano (50 mL) y se afiade 1,1-carbonildiimidazol
(0.650 mg, 4 mmol), y se agita bajo N, durante 6 h, formandose un precipitado blanco. El
precipitado blanco (N-(1H-indol-7-yl)-1H-imidazole-1-carboxamida) se filtra, se disuelve en
diclorometano (50 mL) y se afiade hexilamina (1 mL, 7.5 mmol). La mezcla de reaccion se agita
a reflujo durante 16 h. Después la mezcla de reaccion se lava con agua (3 x 50 mL) y la fraccion
organica se lleva a sequedad y se purifica en columna cristalografica de silicagel (10 % metanol
en diclorometano) para dar lugar a un sélido blanco con un rendimiento del 48 % (0.124 g).'H

RMN (300 MHz, DMSO-dy): 10.65 (sa, NH, 1 H), 8.27 (s, NH, 1 H,), 7.29 (t, J = 2.8 Hz,
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ArCH, 1 H), 7.20 (d, J= 8.1 Hz, ArCH, 1 H), 7.04 (d, /= 7.6 Hz, ArCH, 1 H), 6.82-6.92 (m,
ArCH, 1 H), 6.39 (dd, J= 3.0, 2.0 Hz, ArCH, 1 H), 6.18 (t, /= 5.6 Hz, NH, 1 H), 3.06-3.18 (m,
CH,, 2 H), 1.40-1.54 (m, CH,, 2 H), 1.23-1.37 (m, 3 CH>, 6 H), 0.87 (t, J = 7.5 Hz, CH;, 3 H).
BC{'H} RMN (75 MHz, DMSO-d,): 155.7 (CO), 129.2 (ArC), 127.9 (ArC), 125.0 (ArC),
124.8 (ArCH), 119.1 (ArCH), 114.6 (ArCH), 111.8 (ArCH), 101.5 (ArCH), 39.4 (CH,), 31.0
(CH,), 29.7 (CH,), 26.1 (CHy), 22.1 (CHy), 13.9 (CH;). LRMS (ESI) m/z: 260.2 ([M+H]"),
282.2 ([M+Na]"), 541.4 ([2M+Na]"). HRMS (ES) m/z: [M+Na]" calculado 282.1577,
encontrado 282.1574. IR (film, cm™): 3410 (f), 3350 (m), 3290 (d), 2950 (d), 2930 (f), 2860
(m), 1630 (f). Punto de fusion: 136°C.

1-Hexyl-3-(1H-indol-7-yl)tiourea, 2. Se disuelve 7-nitro-1H-indol (0.205 g, 1.260 mmol) en
metanol (30 mL) y se afiade Pd(C) (aprox. 0.05 g) llenandose el matraz de reaccion con H,. La
mezcla de reaccion se agita durante 3 h a temperatura ambiente. A continuacion se filtra la
mezcla de reaccion para separar el catalizador y el disolvente se evapora a vacio, dando lugar a
un aceite. Este aceite se disuelve en diclorometano (40 mL) y se afiaden 60 mL de una
disolucion acuosa saturada de NaHCO;. Se anade el tiofosgeno y se agita toda la noche a
temperatura ambiente. Se lava la disolucion, se seca con MgSO, y se elimina el disolvente a
vacio, dando lugar a un aceite naranja. Este aceite se disuelve en diclorometano (50 mL) y se
aflade hexilamina (0.6 mL, 4.4 mmol). La disolucion se agita 15 h bajo N, a reflujo. Después el
disolvente se elimina a vacio y el aceite amarillo resultante se purifica en columna de silicagel
(metanol:diclorometano 1:10), tras evaporar se obtienen 0.221 mg (64 %) de un so6lido blanco.
"H RMN (300 MHz, DMSO-dp): 10.89 (s, indol NH, 1 H), 9.22 (s, tiourea NH, 1 H), 7.51-7.40
(m, Ar CH, 2 H), 7.29 (t, J=2.5 Hz, Ar CH, 1 H), 7.02-6.93 (m, Ar CH, tiourea NH, 2 H), 6.46
(dd, /= 2.0, 3.0 Hz, Ar CH, 1 H), 3.55-3.40 (m, CH,, 2 H), 1.56-1.46 (m, CH,, 2 H), 1.32-1.22
(m, CH,, 6 H,), 0.87 (t, J = 6.5 Hz, CH;, 3 H). °C RMN (100 MHz, DMSO-d;): 180.7 (CS),
131.2 (Ar C), 129.5 (Ar C), 125.6 (Ar CH),122.9 (C), 119.0 (Ar CH), 118.0 (Ar CH), 118.0 (Ar
CH), 101.6 (Ar CH), 44.3 (CH,), 31.0 (CH,), 28.5 (CH), 26.0 (CH,), 22.0 (CH,), 13.9 (CHj3).
LRMS (ES") m/z: 274.2 [M-H]". HRMS (ES") m/z: encontrado 298.1356 [M+Na]", calculado
298.1354. IR (Golden Gate) vpu/cm™: 3380 (indol NH tension), 3330, 3190 (tiourea NH
tension), 3020, 2920, 2860 (CH tension). Punto de fusion: 92-94°C.

1-(2-butil-5-metil-1H-indol-7-il)-3-hexilurea, 3. Se disuelve 2-butil-5-metil-7-nitro-1H-indol
(0.200 g, 0.860 mmol) en metanol (10 mL) y se afiade Pd(C) (aprox. 0.05 g). El matraz de
reaccion se llena con H, y la mezcla de reaccion se agita durante 30 min a temperatura
ambiente. A continuacion se filtra la mezcla para eliminar el catalizador y el disolvente se
evapora a vacio, dando lugar a un sé6lido blanco. Este solido se disuelve en diclorometano (50

mL), se afiade 1,1-carbonildiimidazol (0.325 mg, 2 mmol) y se agita bajo N, durante 4 h. A
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continuacion la disolucion se lava con agua, se seca con MgSQ,, y se lleva a vacio. El sélido
formado se disuelve en diclorometano (60 mL) y se afiade hexilamina (1 mL, 7.6 mmol). Tras
agitar a reflujo durante 18 h, la disolucion se lleva a sequedad a vacio y se purifica por columna
cristalografica en silicagel (acetonitrilo:diclorometano 5:95) para dar lugar a un sélido blanco,
con un rendimiento del 25 % (0.050 g). '"H RMN (400 MHz, DMSO-dq): 10.32 (s, NH, 1 H),
8.07 (s, NH, 1 H), 6.85 (s, ArCH,1 H), 6.83 (s, ArCH, 1 H), 6.14 (s, ArCH, 1 H), 6.01 (s, NH, 1
H), 3.12 (t, /= 7.0 Hz, CH,, 2 H), 2.69 (t, J= 7.6 Hz, CH,, 2 H), 2.28 (s, CH3, 3 H), 1.69-1.59
(m, CH,, 2 H), 1.51-1.42 (m, CH,, 2 H), 1.40-1.24 (m, 4 CH,, 8 H), 0.96-0.84 (m, 2 CH;, 6 H).
BC{'H} RMN (101 MHz, DMSO-d;): 155.64 (CO), 139.58 (ArC), 130.01 (ArC), 127.30
(ArC), 125.96 (ArC), 123.83 (ArC), 113.45 (ArCH), 112.60 (ArCH), 98.40 (ArCH), 39.52
(CHy), 31.05 (CHy), 31.01 (CHy), 29.76 (CH,), 27.31 (CH,), 26.08 (CH,), 22.10 (CH,), 21.83
(CH,), 21.29 (CHj3), 13.92 (CHj;), 13.71 (CHj3). Punto de fusion: 118-120°C.

1-(2-butil-5-metil-1H-indol-7-il)-3-hexiltiourea, 4. En metanol (10 mL) se disuelve
2-butil-5-metil-7-nitro-1H-indol (0.150 g, 0.640 mmol) y se afiade Pd(C) (aprox. 0.05 g). El
matraz de reaccion se llena con H, y la mezcla de reaccion se agita durante 30 min a
temperatura ambiente. A continuacidn se filtra para eliminar el catalizador y el disolvente se
evapora a vacio, dando lugar a un sélido blanco. Este solido se disuelve en diclorometano (50
mL) y se afiaden 100 mL de una disolucion acuosa saturada de NaHCO;. Se afiade el tiofosgeno
y se agita toda la noche a temperatura ambiente. Se lava la disolucion, se seca con MgSO, y se
elimina el disolvente a vacio, formandose un aceite rojo. Este aceite se disuelve en
diclorometano (50 mL) y se afiade hexilamina (1.0 mL, 7.6 mmol). La disolucioén se agita
durante 16 h bajo N, a reflujo. A continuacion el disolvente se elimina a vacio y el aceite
amarillo resultante se purifica en columna de silicagel (acetonitrilo:diclorometano, 5:95), tras

evaporar se obtienen 0.080 mg (36 %) de un sdlido blanco. Punto de fusién: 72-74 °C.
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9. CONCLUSIONES

I.  La sintesis de varios complejos en los que el nitrilo y el pirazol estan coordinados en cis
al fragmento metalico fac-"Re(CO);" ha permitido el estudio de la reaccion de acoplamiento de
estos ligandos para obtener los correspondientes complejos pirazolilamidino. Este estudio
mecanistico se ha realizado a partir de los complejos catidnicos ya que ofrecian una serie de
ventajas sobre los neutros. La principal ventaja es que el nitrilo es méas electrofilo, lo que se
traduce en un descenso de la temperatura necesaria para la reaccion y en la minima formacion
de subproductos. Todos los datos obtenidos del estudio estos complejos cationicos indican que
el proceso de formacion de los complejos pirazolilamidino transcurre a través de un mecanismo

intramolecular y reversible.

II. El estudio sistematico de esta reaccion, revela que el proceso de insercion esta
favorecido cuanto mas acido sea el pirazol y a temperaturas moderadas. Este ultimo factor esta
en desacuerdo con lo que se creia comiinmente ya que estos complejos generalmente se venian

sintetizando calentando a reflujo en el correspondiente nitrilo.

III. El proceso de acoplamiento de nitrilos y pirazoles esta catalizado por bases. En el caso
de los complejos neutros se consigue una disminucion dréstica de la temperatura y del tiempo
de reaccion cuando la reaccion se lleva a cabo usando acetonitrilo como disolvente. En el caso
de los complejos catidnicos, aparte de las ventajas sefialadas para los complejos neutros, la
presencia de base también permite llevar a cabo la reaccion en disolventes distintos a nitrilos.
Por tanto, esta aportacion abrira nuevas vias para facilitar la sintesis de nuevos complejos con

pirazolilamidinos.

IV. Se han sintetizado nuevos complejos con el ligando pirazolilamidino, tanto neutros
como cationicos. La principal ventaja de este ligando sobre otros ligandos bidentados quelato
nitrogeno dadores es la facilidad para introducir diferentes sustituyentes en el anillo quelato,
pudiendo de esta manera modular las propiedades del compuesto final. Ademas el ligando
pirazolilamidino es lo suficientemente robusto como para permitir la sustitucion del halégeno
coordinado por otro ligando, ya sea neutro o anidnico, lo que abre la posibilidad de sintetizar

complejos con el mismo quelato pero diferentes ligandos de una manera muy sencilla.

V. Se ha evaluado tanto el efecto de diversos sustituyentes en el pirazolilamidino como la
variacion de la naturaleza del ligando en la "sexta" posicion de coordinacion sobre las
propiedades fotofisicas de los complejos de renio(I). De estos datos se han podido extraer

tendencias acerca de la influencia de dichos cambios en los espectros de emision. Todos los
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complejos son fosforescentes y sus rendimientos cudnticos y tiempos de vida son similares a los
de otros compuestos similares descritos en la bibliografia, lo que apoya el hecho de que la

emision se produzca a partir de un estado *"MLCT.

VI. En los estudios electroquimicos se puede observar la reduccion irreversible de todos
complejos, asi como la oxidacion irreversible de los complejos neutros, que se produce con
disociacion del haldgeno. Los complejos cationicos muestran ademas un proceso de oxidacion

reversible que afecta al metal.

VII. Los estudios fotofisicos y electroquimicos han sido justificados tedricamente a través de
calculos DFT y TD-DFT. Las energias obtenidas teéricamente siguen las mismas tendencias

que los obtenidos experimentalmente.

VIIL Se ha conseguido introducir biomoléculas en el fragmento metalico fac-
"Re(CO);" por acoplamiento de nitrilos con 1-metilcitosina. Es previsible que este método se

pueda extender a otros nitrilos y otras nucleobases.

IX. Se ha utilizado por primera vez un reactor microondas para la sintesis de complejos

amidinos, tanto neutros como cationicos, lo que abre nuevas vias sintéticas.

X. Por ultimo, durante la estancia en la Universidad de Southampton para optar al titulo de
Doctorado Internacional, se consiguid la sintesis de diversas moléculas capaces de transportar

iones a través de una membrana de POPC.
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9.1. Conclusions

I. The synthesis of different rhenium(I) tricarbonyl complexes containing both pyrazole
and nitrile ligands has allowed us to study the mechanism of the coupling reaction between
these two ligands to afford pyrazolylamidino complexes. The study was carried out on cationic
complexes because the nitrile is more electrophilic than in neutral complexes, and thus, for the
latter higher temperatures are needed, which facilitates formation of different byproducts. All
the data obtained starting from pyrazole—nitrile mixed cationic complexes support that the
coupling process to give pyrazolylamidino ligands occurs by a reversible intramolecular

mechanism.

II. The systematic study carried out on this process revealed that the coupling process is
favored: (a) with the acidity of the pyrazole, and (b) at moderate temperatures (and unfavored as
the temperature increases), opposite to what was commonly accepted, since pyrazolylamidino
complexes had been traditionally synthesized by refluxing or heating pyrazole complexes in

nitriles as solvents.

III. The coupling process is base catalyzed, and the reactions to obtain cationic
pyrazolylamidino complexes are quantitative, immediate and occurred at room temperature for
different solvents when <1% of NaOH (aq) is added to the parent complex solution. Neutral
bromido pyrazolylamidino complexes are obtained rapidly and at room temperature when 1% of
NaOH (aq) is added to the parent complex CD;CN solution. These results open a broad range of

synthetic possibilities to obtain new pyrazolylamidino complexes in the future.

IV. Novel neutral and cationic rhenium(l) pyrazolylamidino complexes have been
synthesized and characterized. The main advantage of pyrazolylamidino with respect to other
bidentate chelating N-donor ligands is the facile introduction of different substituents starting
from the appropriate pyrazole and nitrile. Once coordinated, the pyrazolylamidino ligand is
robust enough to allow the substitution of the halide by another halide or by a different neutral

ligand, so a broad panel of chelate complexes with different substituents is easily obtained.

V. The effect of several substituents at the pyrazolylamidino ligand has been evaluated, as
well as the effect of the coordination of chlorido vs. bromido, and their substitution by neutral
acetonitrile or pyrazole ligands yielding cationic complexes. All the complexes exhibit
phosphorescence decays, their quantum yields and long lifetimes are similar to those of other
literature-known rhenium(I) tricarbonyl complexes, and proof that emission arises from a

prevalently *MLCT state.
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VI. The electrochemical study reveals an irreversible reduction for all the complexes
studied. The oxidation of the neutral complexes was found to be irreversible due to halido
dissociation, whereas the cationic species display a reversible process implying the Rel/Rell

couple.

VIL TD-DFT methods provide reasonable values for emission energies for all the
complexes studied, which follow the same trend of experimental values of the emission

wavelengths.

VIII. New luminescent rhenium(I) tricarbonyl complexes containing amidino
chelating ligands are obtained by coupling nitriles and 1-methylcytosine. The formation of new
amidino chelating ligands in this system by extending this reaction to couple different nitriles

and new nucleobases is to be expected.

IX. Neutral and cationic amidino complexes have been synthesized, the latter may also be
obtained in a microwave reactor, which opens the door to the coordination of a wide range of

substrates to the system.

X. Finally, during my stay at the University of Southampton, carried out in order to obtain
the "International Doctorate", the syntheses of different molecules able to transport ions through

a POPC membrane was achieved.
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10. METODOLOGIA EMPLEADA

10.1.  Condiciones generales de reaccion

Las reacciones descritas en la presente memoria han sido realizadas en atmodsfera de nitrogeno
siguiendo las técnicas convencionales de Schlenk. Se ha evitado en todo momento el contacto
de las disoluciones de los compuestos con el aire y la humedad atmosférica, salvo que se
indique lo contrario. Los compuestos obtenidos pueden ser inestables en disolucion en contacto
con la atmosfera, por ello, las operaciones de purificacion habituales (filtracion, cristalizacion,
etc.) se han llevado a cabo bajo atmosfera de nitrogeno. Las filtraciones se han realizado sobre
tierra de diatomeas seca. Los reactivos solidos se desoxigenaron a vacio antes de ser empleados.
Los disolventes se han purificado de acuerdo a los procedimientos convencionales.'”> Las
reacciones que requieren tratamiento térmico se llevaron a cabo en bafios de aceite o con
dispositivos que permitan que el calentamiento sea homogéneo en toda la superficie del
recipiente empleado. Los reactivos se adquirieron de fuentes comerciales y se utilizaron sin
purificacion previa. Los compuestos de partida han sido sintetizados siguiendo los

procedimientos descritos en la bibliografia (Tabla 5).

Tabla 5. Compuestos de partida y su referencia bibliografica.

Compuesto Referencia
fac-[ReBr(NCMe),(CO);] .
fac-[ReCI(NCMe),(CO);] "

1-Methylcytosine 154

10.2. Caracterizacion

10.2.1. Espectroscopia de infrarrojo

Esta técnica ha sido empleada tanto para el seguimiento de las reacciones que implicasen
compuestos organometalicos con ligandos carbonilos en fac (en disoluciéon) como para la
caracterizacion de los compuestos finales (en estado sélido y disolucion). Los espectros se han

registrado en un espectrometro Perkin-Elmer RX I FT-IR para los espectros en disolucion o en
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solido en pastilla de KBr, o en un espectrometro Perkin-Elmer Frontier equipado con un
accesorio Pike GladiATR-210 cuando se ha realizado el espectro directamente sobre el solido,
ambos pertenecientes al area de Quimica Inorganica de la Universidad de Valladolid. La
posicion de las bandas se expresa en cm . Los espectros de infrarrojo en disolucion se
registraron en la zona comprendida entre 2200 cm™' y 1800 cm', donde aparecen las
absorciones debidas a las bandas de tension C-O de los carbonilos y para ello se utilizaron
ventanas de CaF, de 0.1 mm de espesor. Los espectros de infrarrojo en estado so6lido se

registraron en la zona comprendida entre 4000 y 400 cm .

10.2.2. Espectroscopia de resonancia magnética nuclear

Los espectros de resonancia magnética nuclear se han registrado en instrumentos Bruker
AV400, Varian MR 400, MR 500 o VNMRS 500 pertenecientes al Laboratorio de Técnicas
Instrumentales de la Universidad de Valladolid. Los espectros se han realizado a temperatura
ambiente a menos que se indique lo contrario, empleando en todos los casos la sefal del
deuterio para el mantenimiento y ajuste de la homogeneidad del campo magnético. Los valores
de los desplazamientos quimicos (8) se expresan en partes por millon (ppm) siendo valores
positivos los que indican desplazamientos a frecuencias mas altas o campos mas bajos. Las

constantes de acoplamiento (J) se expresan en Hz.

Los espectros de °C se han efectuado con desacoplamiento total del proton, lo que se
expresa como C{'H}. La asignacion de los protones y de los carbonos se ha llevado a cabo
mediante la realizacion de experimentos bidimensionales COSY, HSQC, HMBC, y 1D selective
NOESY.

Todos los espectros de 'Hy “C{'H} RMN estan referidos a la sefial del TMS.

10.2.3. Andlisis elemental de C, Hy N.

Los analisis elementales de C, H y N se han realizados en un microanalizador Perkin Elmer
2400B perteneciente al area de Quimica Inorgéanica de la Universidad de Valladolid. El criterio
seguido para considerar los resultados satisfactorios es la admision de un error absoluto maximo

del 0,4% para los tres elementos.
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10.2.4. Difraccion de Rayos X

Para la determinacioén estructural por difraccion de rayos X, los monocristales se ha utilizado un
difractometro Bruker AXS SMART 1000 o un Oxford Diffraction Super Nova, provistos de
detector CCD, usando radiacion Mo-Ka monocromada mediante un cristal de grafito, ambos
pertenecientes al Laboratorio de Técnicas Instrumentales de la Universidad de Valladolid.
Generalmente los cristales se obtuvieron por difusion lenta en hexano de una disolucién del
complejo en acetona o tetrahidrofurano. Los cristales se midieron a 293 K. Los datos se han
integrado con el programa SAINT'> o CRISAlisPro.'*® En general se ha usado una correccion
analitica mediante indexacion de caras, con el programa CrysAlisPro. Las estructuras fueron
resultas con ShelXTL" o con olex2.solve'™® . Los célculos de parametros geométricos se han
hecho con PARST"™'® vy Jlos graficos con OLEX2. La estructura del complejo fac-
[ReBr(CO)3(NH=C(Me)indz—D2]V,N)] fue resuelta por el Prof. Carsten Strohmann en la
Universidad Técnica de Dortmund (Alemania). Se midio en un difractometro Oxford
Diffraction Xcalibur S, usando radiacion Mo-Ka monocromada a —100 °C. La reduccion de los
datos se realizo con CrysAlis y la correccion de la absorcion fue multiscan. La estructura fue

resuelta usando el SHELXS97 y SHELXL.97.

10.2.5. Experimentos fotofisicos

Los espectros de UV-Vis se midieron en un espectrometro VARIAN-Cary 100 y los espectros
de emision en un Jobin-Yvon Fluorong 3.2.2 en diclorometano a temperatura ambiente, ambos
equipos pertenecen al instituto UTINAM de la Universidad Franche-Comté (Francia). Los
tiempos de vida medio se midieron en un espectofluorimetro Edinburgh FI-900, mediante un
software con método de correlacion temporal de un tunico fotdén acoplado a un sistema
Stroboscopic. La fuente de excitacion fue un laser de diodo (320 nm). El mecanismo de
respuesta del equipo se determiné usando una disolucion dispersadora de la luz (LUDOX). Este
equipo pertenece a la Universidad de Estrasburgo (Francia). Las medidas se llevaron a cabo por

Dr. A. Kathyr y Dr. G. Ulrich respectivamente.

10.2.6. Estudios electroquimicos

Los analisis voltamperométricos se llevaron a cabo en una celda voltamperométrica estandar de

tres electrodos con un potenciador Radiometer PGP 201 a temperatura ambiente. El electrolito
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fue una disolucion 0.2 M de "BuyPFs en acetonitrilo o diclorometano. El electrodo de trabajo es
de disco de platino y el auxiliar de hilo de platino. El electrodo de referencia es Ag/Ag’.
Después de cada medida la referencia se comprob6 con la pareja ferroceno-ferricinio (+0.025 V
y +0.16 V en el electrodo de referencia en disoluciones de acetonitrilo y diclorometano
respectivamente). El Dr. F. Guyon realiz6 las medidas en el instituto UTINAM de la

Universidad Franche-Comté (Francia).

10.2.7. Detalles computacionales

Todos los calculos se han realizado con el programa Gaussian 09'°' y se aplicé el método
PBE1PBE. Este modelo hibrido Hartree-Fock / funcional de densidad se basa en el funcional
Perdew-Burke-Erzenhof (PBE),'*'* en el cual la tasa de intercambio HF / DFT se fija a priori
en 74 y se utiliz6 para optimizar las geometrias de los estados fundamental y excitado. La
optimizacion de la geometria se realizd sin restricciones de simetria y se usaron como
coordenadas iniciales las obtenidas por difraccion de Rayos X de los compuestos cuando se
pudieron obtener. Un analisis de la frecuencia se llevd a cabo para asegurar que el estado de
minima energia de la estructura se habia alcanzado sin frecuencias imaginarias. Las propiedades
de emision y absorcion de los complejos se calcularon usando los datos de las geometrias

165-167 .
T al nivel

optimizadas. Se calcularon en disolucion de diclorometano por medio de TD-DF
PBEIPBE asociado a un método PCM para incluir los efectos del disolvente.'®'”° No se ha
incluido el acoplamiento espin-orbital en los métodos TD-DFT y esto influye en las energias de

. ., . . . : 171
excitacion en las que los electrones de renio estén implicados,'”

aunque su efecto sobre el
caracter de las transiciones de los complejos no es significativo. Por lo tanto, aunque el TD-DFT
no puede calcular exactamente las energias de excitacion, puede proporcionar rasgos espectrales
razonables para los complejos estudiados. Se ha demostrado que este tipo de aproximacién
tedrica es adecuada para complejos con metales de transicion.'’>'”” En los calculos, se usaron
potenciales efectivos de core (ECP) y la base doble-{ asociada a LANL2DZ para los atomos de

. 178,179
renio y bromo,

mientras que los atomos ligeros (O, N, C y H) se describieron con las bases
6-31+G(d,p)."""® Para asegurar que el método era el correcto, un complejo de cada tipo se
midié con grupos diferentes de funcionales y bases diferentes. Los resultados obtenidos
permiten afirmar que las condiciones elegidas son suficientemente precisas y no es necesario el
uso de otras bases o funcionales que requieran mas coste computacional. La contribucion de
cada fragmento de las moléculas estudiadas a los diferentes orbitales moleculares implicados en
las transiciones Opticas se calcularon con el programa AOMix."**'® La representacion grafica

. ., . 1 , , o
de los orbitales se realizé con el Gaussview.'*® Los calculos teéricos fueron llevados a cabo por

el Dr. José M. Martin-Alvarez.
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A series of mono-ureas and mono-thioureas, some incorporating a trifluoromethyl group, have been
synthesised and their ability to facilitate ion transport assessed using a combination of ion selective
electrode and fluorescence techniques. Chloride/nitrate and chloride/bicarbonate antiport and HCl
symport processes were examined using phospholipid vesicles as a model system. In general, the
trifluoromethyl functionalised receptors showed greater transport activity than unfluorinated
analogous systems, corresponding with increased clogP. The most active transporter facilitated
chloride efflux from phospholipid vesicles at receptor to lipid ratios as low as 1 : 20 000. In addition,
in vitre fluorescence and viability assays indicated that the most potent anion transporters induced

apoptosis in human cancer cell lines.

Introduction

Biological membranes function as semi-permeable hydrophobic
barriers, separating cellular contents from their surroundings.
Consequently the transmembrane transport of ionic species
requires facilitation by membrane spanning transporter proteins.’
Faulty chloride transport proteins are linked to a number of
diseases including Bartter’s Syndrome, cystic fibrosis and Dent’s
disease.” In patients with cystic fibrosis, bicarbonate transport
through the CFTR channels in epithelial cell membranes is also
reduced and this has been linked by Quinton to the production of
sticky mucus in the lungs of these patients.®* By synthesising
molecules capable of restoring the functionality of impaired
chloride and bicarbonate transporter proteins, it may be possible
to develop new treatments for these types of disease.*

The design of molecules capable of functioning as membrane
resident mobile carriers for anionic species is of particular
interest to our group and others.® A rare example of a class of
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natural products capable of facilitating transmembrane anion
transport are the prodigiosins, a naturally occurring family of
tripyrrolic anionophores capable of facilitating both symport
and antiport processes.® The H*/Cl~ symport and ClI'/HCO5
antiport properties of this family of molecules have been linked
to their biological activity as anticancer agents.” Transport of
HCl from acidic compartments within cells by these compounds
results in acidification of the cytoplasm within the cell. This is an
early event in apoptosis; the prodigiosins have been shown to
trigger apoptosis in cancer cells.®

Indole (as tryptophan) is found in the anion binding sites of
the nitrate-binding protein NrtA,” the bicarbonate-binding
protein CmpA," and the sulfate-binding protein.'* Inspired by
nature, synthetic indole containing receptors have been used for
anion complexation and transport.'? In a recent study, we
demonstrated that ise-pentyl functionalised indolylthioureas are
potent anion antiporters,” and when used in conjunction with
a suitable chloride carrier, can facilitate bicarbonate uniport.'*

Transporters for use in biological systems should ideally
facilitate high ion fluxes at low carrier concentrations and have
suitable absorption, distribution, metabolism, excretion, and
toxicity (ADMET) characteristics. One strategy to optimise the
drug-like properties of a mobile carrier is to use isosteres for
potentially toxic moieties. We have previously shown that cya-
noguanidines can replace the thiourea group' in a simple
phenylthiourea.’® An alternative strategy is to fluorinate the
mobile carrier. Fluorinated drug molecules often display lower
toxicity and higher metabolic stability than their unfluorinated
analogues.” Aromatic fluorination can increase both lip-
ophilicity and hydrogen-bond acidity, enhancing membrane
partitioning and leading to stronger anion-receptor interactions.
Fluorination has been used in this way to enhance the transport
properties of cholapods'® and calix[4]pyrroles.' Our studies on

This journal is © The Royal Society of Chemistry 2012
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structurally simple transmembrane anion transporters led to the
development of tris-urea and tris-thiourea systems based upon
tris(2-aminoethyl)amine (tren) scaffolds.® In this latter case,
fluorination of the tripodal transporters led to compounds that
displayed in vitro activity, inducing apoptosis in human cancer
cells.?' There are a number of rules of thumb, such as Lipinski’s
rule of five, that define ranges for various molecular parameters
including molecular mass, numbers of atoms, numbers of
hydrogen bond donors and acceptors and hydrophobicity in
order to maximise the chances of compounds having acceptable
absorption, distribution, metabolism and excretion properties.*
Our previous generation of fluorinated tren systems had molec-
ular masses outside the acceptable range and the most active
compounds had lipophilicities that were also too high (see
ESI¥).?' In order to reduce the mass and lipophilicity of our
transport motifs we decided to produce fluorinated derivatives of
transporters based upon single urea and thiourea groups.

In this paper we report the transmembrane transport proper-
ties of indolylurea/thiourea compounds 1-8 and the structurally
related ureas/thioureas 9-12. The anion transport properties of
compounds 1 and 10 have been studied previously,?®'® whilst
compound 5 has been used as a carbamate complexation agent.**
The anion binding properties of this series of compounds were
analysed in the solution and in some cases in the solid state. The
anion transport properties of these compounds were studied
using a combination of ion selective electrode assays and fluo-
rescence techniques in phospholipid vesicles and in vitro. The
trifluoromethyl bearing compounds display higher anion trans-
port activity than the unfluorinated analogues. This is presum-
ably due to a combination of increased lipophilicity and
improved anion affinity. The most active transporters exhibit
anticancer properties.

i
1X=0,R'=H,R"=H
X 2X=S,A'=H,R"=H
HLan~, 3X=0,R'=CFysR"="8u
\ N B 4X=S5,R'=CFs R"="Bu
NH
=
” R 5X=0,R=H
il /©/ 6X=S,R=H
N N 7X=0,R=CF3
\ oy HOH 8X=S,R=CF,
9X=0,R=H
10X=S,R=H

11X =0, R=CF;
12X=S,R=CF,

Results and discussion
Synthesis

We have previously reported the synthesis of compounds 1,2* 5,2*
and 10."* Compound 2 was synthesised in 64% yield from
7-nitroindole, using our previously published method for
generating thioureas.'* Compounds 3 and 4 were derived from 2-
butyl-7-nitro-5-(trifluoromethyl)-1 H-indole*® and synthesised in

60% and 47% yields respectively.'* Compounds 6, 7 and 8 were
prepared from 7-nitroindole. Hydrogenation in methanol with
Pd/C catalyst, followed by reaction with 4-(trifluoromethyl)
phenylisocyanate in dichloromethane afforded compound 7 in
51% yield, whilst reaction with the corresponding isothiocyanate
gave compounds 6 and 8, each in 20% yield. Compounds 9,2 11
and 12 were obtained by reaction of hexylamine with the corre-
sponding isocyanate or isothiocyanate in dichloromethane in
98%, 69% and 47% yields respectively. Further synthetic details
and characterisation of the compounds are described in the
supporting information.¥

Anion binding in solution

The ability of compounds 1-12 to bind anions in solution was
investigated using '"H NMR titration techniques in DMSO-d/
0.5% water (with the anions added either as tetrabutylammo-
nium (TBA) or tetraethylammonium (TEA) salts). The binding
studies were performed for anions relevant to both biological
systems and our transmembrane transport assays. Where
possible the change in chemical shift of the most upfield urea/
thiourea NH signal was fitted to a 1:1 binding model using
WinEQNMR2 software.*” A summary of the results is presented
in Table 1. Previously reported stability constants are included
for comparison.'®* Fitted NMR titration curves and Job plots
can be found in the supporting information.

Compounds 1-12 were found to exhibit strong 1 : 1 binding
with tetraethylammonium bicarbonate, moderate 1 : | interac-
tions with tetrabutylammonium chloride and no significant
interaction with tetrabutylammonium nitrate.'* Peak broadening
of the urea NH signal was observed with the basic bicarbonate
anion for compounds 4 and 12. Compounds 6 and 8 exhibited
thiourea NH peak broadening upon addition of tetraethy-
lammonium bicarbonate and the resulting sigmoidal binding
curves did not fit the available models. Although Job plot

Table 1 Stability constants K, (M~') for compounds 1-12 with chloride
and nitrate (added as tetrabutylammonium salts) and bicarbonate (added
as the tetraethylammonium salt) in DMSO-dg/0.5% water at 298 K“

Chloride Bicarbonate Nitrate
1 64 2330 ¢
2 17 414 £
3 154 =10 ¢
4 40 2150¢ ¢
5 95 3860 il
6 25 ¢ ¢
7 101 4050 (19% error) ¢
8 26 * “
9 16 121 ¢
10 14 262 ¢
11 23 329 s
12 26 931/ ¢
“ All errors <15% unless stated otherwise. Data fitted to a 1 : 1 binding

model. Binding constant obtained by following most upfield NH unless
stated otherwise. * Binding constant obtained by following downfield
urea NH due to peak overlap. © No significant interaction observed.
“ Binding constant obtained by following indole NH due to broadening
of urea NH signals. “ Sigmoidal curve could not be fitted to a suitable
binding model. / Binding constant obtained by following aromatic CH
due to significant broadening of thiourea NHs.

2502 | Chem. Sci, 2012, 3, 2501-2509
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analysis suggests 1:1 binding in both instances, the observed
binding curve is perhaps indicative of more complex solution
phase behaviour.*"**

Thioureas are more acidic than analogous ureas and conse-
quently may be expected to display higher stability constants
with anionic guests.”® For the structurally simple ureas and
thioureas 9-12 this trend was observed, but for indolyl
compounds 1-8 this trend was reversed, as we have observed
previously."* The incorporation of electron-withdrawing tri-
fluoromethyl substituents onto the transporter scaffold was
found to increase receptor affinity for both chloride and bicar-
bonate, presumably due to the increased acidity of the hydrogen
bonding NH groups."”

Solid-state analysis

The solid-state behaviour of compounds 3, 6 and 11 was exam-
ined using single-crystal X-ray diffraction (Fig. 1). Tables of
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Fig. 1 X-Ray crystal structures of the chloride complex of 3 (a), the
chloride complex of 6 (b) and 11 (¢). Non-acidic hydrogen atoms and
counter cations have been omitted for clarity.

hydrogen bonds, data collection and refinement details, and
thermal ellipsoid plots can be found for each structure in the
supporting information.¥

Crystal structures were obtained for complexes of 3§ with
tetrabutylammonium chloride by slow evaporation of a solution
of the receptor in DMSO with warming in the presence of excess
tetrabutylammonium chloride and 649 by slow evaporation of the
mixture diethyl ether/dichloromethane/isopropanol solution of
the receptor in the presence of the same salt. Compound 3 forms
three N-H hydrogen bonds with the chloride ion (N-Cl distances
3.140(5)-3.406(5) A, N-H---Cl angles 151.2-170.1°). Thiourea 6
similarly forms three N-H hydrogen bonds with the chloride ion
(N-CI distances 3.181(2)-3.235(2) A, N-H---Cl angles 141.6—
160.1°) with the thiourea group twisted with respect to the indole
functionality. A crystal structure was also obtained for free
receptor 11|| by slow evaporation of a warmed DMSO solution
of the receptor. The structure of compound 11 shows charac-
teristic intermolecular hydrogen bonding between the urea NHs
and adjacent urea oxygen atoms (N-O distances 2.923(3) and
2.936(3) A, N-H:--O angles 146.9 and 150.3°).3

Transport studies

We assessed the ability of compounds 1-12 to transport ions
across phospholipid bilayers using a combination of ion selective
electrode and fluorescence techniques. In a typical assay uni-
lamellar, [-palmitoyl-2-oleoylphosphatidyl-choline (POPC)
vesicles (200 nm diameter) were prepared containing sodium
chloride (489 mM with 5 mM phosphate buffer at pH 7.2) and
suspended in a solution of sodium nitrate (489 mM with 5 mM
phosphate buffer at pH 7.2).*' Compounds 1-12 were added as
solutions in DMSO and the resulting chloride efflux from vesicles
monitored using a chloride selective electrode (Accumet). At the
end of the experiment detergent (octaethylene glycol mono-
dodecyl ether) was added to lyse the vesicles. The final reading
was used to calibrate the electrode to 100% chloride release.

The results (Fig. 2) show in general higher rates of transport by
thioureas vs. ureas (expect for compounds 5-8 where this order is
reversed) and by fluorinated systems vs. non-fluorinated
analogues. Under these conditions, the transmembrane transport
of ions across the lipid bilayer is a passive process, with charge
balance across the membrane maintained by either a symport or
an antiport mechanism.**' The chloride efflux in Fig. 2 could be
the consequence of NaCl or HCl symport processes or a chloride/
nitrate antiport process. Previous studies have shown that similar
carriers operate predominately vig an antiport mechanism,'*
and it is likely that the observed chloride efflux is predominantly
due to chloride/nitrate exchange. To confirm an antiport trans-
port mechanism in this experiment NaCl was replaced with CsCl
as the encapsulated chloride salt. No significant change in
transport rates was observed, ruling out the possibility of M*/Cl-
cotransport (see ESIT).

We also tested the compounds for their ability to mediate the
more biologically relevant chloride/bicarbonate antiport proc-
ess. 26432 Vegicles containing sodium chloride (0.450 mM with
20 mM phosphate buffer at pH 7.2) were suspended in a solution
of sodium sulfate (162 mM with 20 mM phosphate buffer at pH
7.2). Compounds 1-12 were added as solutions in DMSO. After
two minutes a sodium bicarbonate ‘pulse’ was added such that

This journal is © The Royal Society of Chemistry 2012
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Fig.2 Chloride efflux promoted by a DMSO solution of compounds 1-
12 (2 mol% carrier to lipid) from unilamellar POPC vesicles loaded with
489 mM NaCl buffered to pH 7.2 with 5 mM sodium phosphate salts.
The vesicles were dispersed in 489 mM NaNOj; buffered to pH 7.2 with
5 mM sodium phosphate salts. At the end of the experiment, detergent
was added to lyse the vesicles and calibrate the ISE to 100% chloride
efflux. Each point represents an average of three trials. DMSO was used
as a control.

the external concentration of bicarbonate was 40mM. Chloride
efflux was monitored throughout the experiment using a chloride
selective electrode.

As a consequence of the difference in hydrophilicity, the
doubly negatively charged sulfate anion is more difficult to
transport across lipid bilayers than the nitrate anion.* It follows
that for the first two minutes of the bicarbonate pulse assay (i.e.
before the pulse) we do not expect chloride transport to occur as

the result of an antiport mechanism. Upon addition of the pulse,
chloride/bicarbonate exchange becomes possible, and a marked
increase in chloride efflux for the majority of the compounds was
observed (Fig. 3). Although significant, the rate of bicarbonate
transport was less than that observed with nitrate as the external
anion. This can be rationalised by the observation that bicar-
bonate is less lipophilic than nitrate.®

For some of the compounds, low levels of chloride efflux were
recorded in the two minutes before the chloride pulse in the
aforementioned assay. To investigate this effect further, the
experiment was repeated without the bicarbonate ‘pulse’.
Significant chloride efflux (>15% after 420 s) was observed only
for thiourea compound 4 (see ESIT). Under the experimental
conditions, transport could only be due to HCl symport or
chloride/sulfate antiport (Fig. 4).

To examine the possibility of transmembrane sulfate trans-
port* unilamellar POPC vesicles were prepared containing
100 mM NaCl and 2 mM lucigenin buffered to pH 7.2 with
20 mM phosphate buffer. These vesicles were suspended in
100 mM NaCl solution buffered to pH 7.2 with 20 mM phos-
phate salts. A solution of sodium sulfate was added such that the
external concentration of sulfate was 40 mM. For compounds 1-
12 no evidence of sulfate transport was observed using this assay
(see ESIT).

To confirm that the chloride efflux observed with compound 4
was therefore the result of HCI co-transport, a pH gradient study
was performed.** Vesicles containing 450 mM sodium chloride
buffered to pH 4.0 with 20 mM citric acid buffer were suspended
in a solution of 162 mM sodium sulfate buffered to pH 7.2 with
20 mM sodium phosphate salts. Fig. 4 shows that the rate of
chloride transport facilitated by compound 4 under gradient
conditions is greater than in the absence of a pH gradient,
evidence in favour of a HCI symport mechanism.

Proton transport was confirmed in an analogous assay, with
POPC vesicles loaded with NaCl (489 mM) and 1| mM 8-
hydroxy-1,3,6-pyrenetrisulfonate (HPTS), a pH sensitive dye.**
These vesicles were suspended in a solution of Na,S0O, and the
HPTS fluorescence measured upon addition of a DMSO solution
of compound 4. An increase in intravesicular pH was observed,
corresponding to deacidification of the vesicles via either H*/Cl
co-transport or an equivalent CI /OH  antiport pathway (see
ESI?).

Transmembrane ion transport is typically facilitated by
a mobile carrier mechanism,* a relay mechanism.* or channel
formation.* Addition of cholesterol, to increase bilayer viscosity,
is one method to test for mobile carrier activity,’” however results
using this method were inconclusive. We have observed previ-
ously that structurally related compounds have been shown to
operate vig a mobile carrier mechanism'*'® and it is understood
that cholesterol can alter properties other than membrane
viscosity.® hence U-tube assays were used to examine the
transport mechanism.>' The membrane is modelled by a bulk
organic phase separating two aqueous phases. For solubility
reasons nitrobenzene was used as the organic phase. The source
phase was loaded with sodium chloride (489 mM buffered to pH
7.2 with 5 mM sodium phosphate salts) and the receiving phase
was loaded with sodium nitrate (489 mM buffered to pH 7.2 with
sodium phosphate salts). The carrier (1 mM) was dissolved in
a nitrobenzene organic phase and chloride transport into the

2504 | Chem. Sci, 2012, 3, 2501-2509
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Fig. 3 Chloride efflux promoted by a DMSO solution of compounds 1-
12 (2 mol% carrier to lipid) from unilamellar POPC vesicles loaded with
450 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate salts.
The vesicles were dispersed in 162 mM Na,SO; buffered to pH 7.2 with
20 mM sodium phosphate salts. At 1 = 20 s a solution of sodium bicar-
bonate was added such that the external concentration of bicarbonate
was 40 mM. At the end of the experiment, detergent was added to lyse the
vesicles and calibrate the ISE to 100% chloride efflux. Each point
represents an average of three trials. DMSO was used as a control.

receiving phase was monitored using an ion selective electrode.
Owing to the separation of the two aqueous phases, transport by
a channel mechanism is not possible.” Compounds 2, 3, 4, 7, 8,
11 and 12 were tested by this method and all yielded a higher
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Fig. 4 Chloride efflux promoted by a DMSO solution of compound 4
(2 mol% carrier to lipid) from unilamellar POPC vesicles loaded with
either 450 mM NaCl buffered to pH 7.2 with 20 mM sodium phosphate
salts or 450 mM NaCl buffered to pH 4.0 with 20 mM sodium citrate
salts. The vesicles were dispersed in 162 mM Na,SO, buffered to pH 7.2
with 20 mM sodium phosphate salts. At the end of the experiment,
detergent was added to lyse the vesicles and calibrate the ISE to 100%
chloride efflux. Each point represents an average of three trials.

concentration of chloride in the receiving phase than in the
control (see ESIT). These results, coupled with low n values by
Hill analysis (Table 2) suggest that this series of compounds
facilitate ion transport vie a mobile carrier mechanism rather
than by channel formation.

To quantify the transport activity of compounds 1-12 Hill
analyses® for the chloride/nitrate and chloride/bicarbonate
antiport assays were performed (see ESIT). Hill analysis allowed
determination of an ECsy_57¢ ¢ value: the concentration of carrier
(mol% with respect to lipid) required to afford 50% chloride
efflux 270 s after addition of the carrier (or after the bicarbonate
‘pulse’), enabling us to compare the transport activity of the
compounds. These values are summarised in Table 2, together
with the Hill co-efficients and the calculated values for clogP.*!

By examining the data in Table 2 we can see that the tri-
fluoromethyl functionalised receptors are more active than their
unfluorinated analogues in the chloride/nitrate and chloride/
bicarbonate assays in all instances. Correspondingly, the clogP
of the trifluoromethyl functionalised compounds is higher than
that of their unfluorinated analogues. It is known that intro-
ducing a trifluoromethyl group onto an aromatic system
increases lipophilicity.'"” The enhanced membrane partitioning
afforded by the addition of the trifluoromethyl moiety, combined
with stronger anion binding properties through electron with-
drawing effects (Table 1) afford the trifluoromethyl functional-
ised compounds enhanced ion transport activity. We have
observed previously that thiourea transporters are often more
active than their analogous ureas owing to differences in lip-
ophilicity.'**® In this series, thioureas are more active than ureas
for compounds 1-4 and 9-12, but the reverse is true for
compounds 5-8 although it should be noted that this series of
compounds is significantly less efficient at anion transport than
the other two. For these latter compounds there may be a steric
factors to consider, since we observed twisting of the indole
moiety in the solid state for compound 6.

In summary, we have found that the chloride efflux is depen-
dent on the external anion, of the order NO; > HCO; >
S04, correlating with the hydrophilicity of the anion.

This journal is © The Royal Society of Chemistry 2012
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Table 2 Overview of transport assays and lipophilicity of compounds 1-12

('ngPa EC5[;_ 270 sh (Ci IrNO'; ) i (CIJ'NO'q ) ECsn_ 270 ;’ (C]’."HCO\) nt (C] ”‘ICO\’)
1 3.87 o d d o
2 4.03 0.029 0.8 0.18 0.7
3 6.23 0.47 1.3 1.2 2.0
4 6.40 0.016° 1.7¢ 0.081¢ 1.5¢
5 3.81 d d d d
6 3.98 d d (." d
7 4.83 1.1 1.6 “ “
8 5.00 2.6 1.2 g ?
9 3.39 d . d d d
10 3.55 2.0-3.0 0.9 3.1 0.6
11 441 1.4 24 4 i
12 4.57 0.44 1.6 0.89 1.0

“ clogP calculated using Fieldview 2.0.2 for Macintosh (Wildman—Crippen model). # ECsq_ 270 defined as concentration (mol% carrier with respect to
lipid) needed to obtain 50% efflux after 270 s. © Hill coefficient. ¥ Accurate Hill analysis could not be performed due to low activity. © Some of the
observed activity is from H*/Cl- co-transport.” Range of values from four experiments. See ESIf for more details.

Compound 4, the most active transporter, facilitated chloride
transport at carrier to lipid ratios as low as 1 : 20 000. Evidence
for compound 4 acting as an HCl symport agent was also
observed. This compound has a molecular mass of 399.52 and
contains three hydrogen bond donor groups. The clogP for the
most active transporter was 6.40. Although this is outside the
range specified by Lipinski, it may be that for compounds
designed as transmembrane transporters a higher logP will
ensure the system remains in the cell membrane.??

Cell based assays

Modulation of intracellular pH (pH;) has been proposed as a new
strategy for cancer treatment.” The anion transport activity of
our receptors thus encouraged us to investigate their potential as
cytotoxic agents in cancerous cell lines through the evaluation of
cell viability, intracellular pH changes and apoptotic bodies’
formation (for experimental details see ESIT).

The in vitro cytotoxic activity of receptors 1-12 was assessed
on several cancer cell lines of diverse origin; including human
small-cell lung carcinoma (SCLC) GLC4, human melanoma
A375, human colon adenocarcinoma SW480, and human oral
adenosquamos carcinoma CAL27 cell lines. Initially, a single-
point screening at 10 pM was performed using the cell viability
MTT assay in order to evaluate cytotoxic effects after receptor
exposure (48 h). As observed in Fig. 5, receptors 3. 4, 7, 11, and
12 showed significant cytotoxicity, especially in GLC4 and A375
cells, while no significant effect was observed after treatment with
the other receptors at the same dose and time.

Dose-response curve experiments were performed and ICsg
values (Inhibitory Concentration of 50% of cell population) were
calculated for cytotoxic compounds in the most sensitive
cancerous cell lines and also in a non-cancerous human
MCF10A mammary epithelial cell line (Table 3). These results
corroborate the potency of these cytotoxic receptors, showing
ICsy values around 10uM in GLC-4 cells. Interestingly, we
observe a significant reduction in cytotoxicity in MCFI10A
compared to cancerous cells, suggesting some cytotoxic speci-
ficity of these receptors towards cancerous cells.

We have shown that fluorinated compounds exhibit higher
anion affinity in solution, and have improved anion transport

properties in comparison to their unfluorinated analogues. All of
the significantly active compounds contain a trifluoromethyl
substituent, and the one inactive fluorinated compound, 8,
showed the lowest transport activity in the ISE assays.

The pH; is important for many cellular processes, including
control of the cell cycle, proliferation and cell death. It is regu-
lated by several pH; homeostatic mechanisms, the most relevant
are Na'/H* cotransport, ClI'/HCO; antiport, Na*/HCO;"
symport and H*-translocation by ATPases.*? Since our receptors
showed anion transport activity in the vesicle assays, we sought
to determine whether they could show transport activity inside
cells, contributing to their cytotoxicity. The in vitro ionophoric
activity of the cytotoxic compounds was studied in A375 mela-
noma cells using vital staining with acridine orange (AO). This
cell-permeable dye shows an orange fluorescence emission when
it is protonated and accumulated in cellular acidic compart-
ments. Conversely, AO exhibits green fluorescence when it is at
higher pH in the cytosol.* Cells in basal conditions were stained
with AO and showed typical granular orange fluorescence, cor-
responding to cellular acidic compartments such as lysosomes
(Fig. 6a and b). After cell exposure to cytotoxic compounds 3, 4,

BGLCA WA37S WSW4B0 mCAL27
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Fig. 5 Cell viability after 48 h of compound treatment measured by
MTT assay. Single-point screening of compounds 1-12 (10 pM) on
a collection of different cancer cell lines, from left to right, GLC4, A375,
SW480 and CAL27.
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Table 3 1Csq values (uM) of cytotoxic compounds 3,4, 7, 11 and 12 on
GLC4, A375 cancerous cell lines and MCF10A non-cancerous cell line

GLC4 A375 MCFI10A
3 6.0+ 1.1 17.4 £ 5.5 =70
4 6.3 =05 14.3 = 0.1 =40
7 9, 71:4=:1.7 P29 20 >200
11 16.8 + 0.4 13.7+ 20 >200
12 14.9 + 0.1 21.1+08 >30

7, 11, and 12, orange fluorescence completely disappeared in all
cases (c, d, e, fand g; respectively). This indicates the increase of
pH in the acidic organelles through the acidification of the
cytoplasm. On the other hand, the non-cytotoxic compound 5
was evaluated and we observed that exposure to this receptor did

C) ()

N
o
=
3

Fig. 6 Acridine Orange staining of melanoma A375 cells after 1 h
exposure to different compounds (10 uM): (a, b) untreated cells, (c)
compound 3, (d) compound 4, (e) compound 7, (f) compound 11, (g)
compound 12, (h) compound 5. Cells with cytoplasmic granular orange
fluorescence (a, b, h); cells with complete disappearance of cytoplasmic
orange fluorescence (c-g).

not alter the pH;, as the acidic organelles still showed orange
fluorescence (h). It has been reported that a sufficiently large
reduction in pH; alters the normal function of the cell, inducing
cell damage may be sufficient to provoke cancer cell death.** In
fact, several molecules with cytotoxic properties, such as prodi-
ginines,* tambjamines*” and tripodal transmembrane anion
transporters,?' are able to lower pH; presumably through either
HCI cotransport or CI'/HCO; ™~ antiport across cell membranes
thus favouring apoptosis.

All of the compounds that facilitated a decrease in the pH of
acidic organelles in the AO assay are potent chloride/nitrate
antiport agents. Compounds 3, 4 and 12 show good activity as
chloride/bicarbonate antiport agents and compound 4 can
facilitate HCl co-transport. The biological activity of these
compounds may result from the transport of HCI or basic
bicarbonate, but equally could be the consequence of ion trans-
port processes coupled to the uniport of chloride. We have
previously reported that antiport agents can facilitate chloride
uniport when linked to a complementary transport process.'***

Finally, to better characterize the cellular influence of these
receptors, the type of cell death induced by the compounds was
analysed. Apoptosis is programmed cell death that controls
removal of damaged cells without inducing inflammation in an
organism.* This feature differentiates this process from other
types of cell death that cause inflammation, an undesirable effect
in patient treatment. Moreover, apoptosis has been reported to
be induced after changes in pH;.* This type of cell death can be
identified by the provoked changes in nuclear morphology
including nuclear condensation, fragmentation and the forma-
tion of apoptotic bodies. All these nuclear alterations can be
analysed by Hoechst 33342 staining, a fluorescent nuclear dye.
Cells exposed to cytotoxic compounds were stained to evaluate
whether the cell death triggered by these receptors was apoptosis.
In Fig. 7 we can observe non-treated A375 cells with the typical
rounded nuclei morphology (a) and cells treated with cytotoxic
compounds 3, 4, 7, 11, and 12 showing nuclear condensation and
apoptotic bodies” formation (b, ¢, d, e, f, respectively). These
results confirm that the type of cell death induced by these
compounds is apoptosis.

.

L
.
Fig. 7 Hoechst 33342 staining of A375 cells after 48 h exposure to
different receptors (10 uM): (a) untreated cells, (b) compound 3, (c)
compound 4, (d) compound 7, (¢) compound 11. (f) compound 12. Cells

with typical nuclear morphology (a), cells with nuclear condensation and
apoptotic bodies (b-f).
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In summary, these results support the hypothesis that the
cytotoxic effect caused in cancerous cells by these receptors is due
to apoptosis and this process may be induced by sustained
changes in the internal pH regulation as a result of the anion
transport activity of these receptors. Further experiments are
required in order to confirm the mechanism of deacidification.

Conclusions

We have shown that the fluorination of a series of structurally
simple urea and thiourea compounds yields a significant increase
in the transmembrane ion transport activity, and can promote
new mechanistic pathways (namely HCI symport, as observed
with compound 4). The trifluoromethyl group increased the
anion affinity and the lipophilicity of the receptors, producing
transporters capable of functioning as anticancer agents in vitro.
Fluorination is proving to be a general strategy in the develop-
ment of more active anion transport agents.®® The systems
reported in this paper are significantly smaller and more ‘drug-
like’ than our previous generation of biologically active trans-
membrane anion transporters® and yet retain their transport
properties and biological activity. We believe this is a significant
step towards more biologically compatible synthetic trans-
membrane transport systems.
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The reactions of fac-|MnBr(CO)s(NH=C(CHa)pz -x’N.N)] (pz’ = pz, dmpz; pzH = pyrazole; dmpzH = 3,5-
dimethylpyrazole) with wet AgBF, in a 1:1 ratio lead to the cationic pyrazolylamidino complexes fac-
[Mn(OH,)(CO)s(NH=C(CHs)pz -x%N,N)|BFs. The aquo ligand is readily substituted by 2,6-xylylisocyanide
(CNXyl) to give fac-[Mn(CNXyl)(CO)s(NH=C(CHs)pz -x°N,N)|BF;. The pyrazole complexes fac-
[Mn(pz H){CO)3(NH=C(CH3)pz -*N,N)|BF, are obtained by treating fac-[MnBr(CO);(NCMe),] with AgBF,
and then with pyrazole (pzH or dmpzH), in a 1:1:2 ratio. A similar reaction using 1:1:1 ratio and AgClO,4
leads to the acetonitrile complexes fac-[Mn(NCMe)(CO)s(NH=C(CH;)pz -+*N.N)|ClO4. The X-ray struc-
tures of the complexes show moderate hydrogen bonds interactions between the N-bond hydrogen of
the pyrazolylamidino ligand and the anion. In the aquo complex, one of the hydrogens of the coordinated
water molecule is also involved in a hydrogen bond.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The interest of pyrazolylamidine ligands is based on several fea-
tures: (a) the different properties of the two donor atoms and the
electron delocalization within the ligand makes them potentially
interesting for electron transfer processes and related physical
properties; (b) the pyrazolylamidino ligands are synthesized
in situ (Scheme 1), thus using different nitriles and pyrazoles al-
lows the opportunity of controlling both the electronic and steric
properties of the metal complexes; (c) the NH group might be
deprotonated, giving rise to further reactivity. However, there are
not many examples of pyrazolylamidino complexes [1], even
though the amidino has been described as a promising ligand [2].

We have recently reported manganese and rhenium pyrazoly-
lamidino neutral complexes [3]. An enhancement on the acidity
of the H atom in the amidino unit should be expected for pyrazol-
ylamidino cationic complexes. In fact, we have reported several
cationic rhenium complexes, which show activity as anion recep-
tors [3b]. Herein, we report the synthesis and structural character-
ization of manganese pyrazolylamidino cationic complexes.

2. Results and discussion
2.1. Syntheses of the complexes

The reactions affording to the complexes herein described are
collected in Scheme 2.

* Corresponding author. Tel.: +34 983 184620; fax: +34 983 423013.
E-mail address: fervilla@qi.uva.es (F. Villafafie).

0022-328X/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi: 10.1016/j jorganchem.2008.06.029

The complexes fac-|MnBr(CO)s(NH=C(CH3)pz-x*N,N)] or fac-
[MnBr({CO)3(NH=C(CH;)dmpz-#*N,N)] (pzH or 3,5-dimethylpyra-
zole, dmpzH) [3a] react with wet AgBF4 in a 1:1 ratio in thf at room
temperature, leading to the cationic pyrazolylamidino aquocom-
plexes fac-[Mn(OH,)(CO)s(NH=C(CH3)pz-1’N,N)]BF; (1a) or fac-
[Mn(OH,)(CO)3(NH=C(CH3)dmpz-x’N,N)]BF, (1b), respectively.
The moisture present in the acetone solution of AgBF, is the source
of the aquo ligand. The formation of carbonylmanganese(l) cationic
aquocomplexes is well documented in the literature [4].

When solutions of 1a or 1b synthesized in situ are treated with
the stoichiometric amount of 2,6-xylylisocyanide (CNXyl), the
aquo ligand is readily substituted by the isocyanide affording
fac-|[Mn(CNXy1)(CO)3(NH=C(CH3)pz-x’N,N)|BFs (2a) and fac-
[Mn(CNXyl)(CO)3(NH=C(CH;)dmpz-x°N,N)|BF, (2b).

Similar pyrazole complexes fac-[Mn(pzH)(CO)3(NH=C(CH3)pz-
IN,N)|BF; (3a) and fac-[Mn(dmpzH)(CO)3(NH=C(CHs)dmpz-
I°N,N)|BF; (3b) were obtained in a one pot process from
fac-[MnBr(CO)s;(NCMe),], AgBF4, and pyrazole (pzH or dmpzH), in
a1:1:2 ratio. Therefore, there is no need to isolate the bromopyraz-
olylamidino complexes, nor the aquo cationic complexes 1, which
should be intermediates in the whole process.

When similar reactions are carried out using AgClO, instead of
AgBF4and 1:1:1 ratio, the incoming pyrazole prefers to become a part
of the pyrazolylamidino ligand, whereas the remaining coordination
site is occupied by an acetonitrile coming from the solvent, affording
the complexes fac-[Mn(NCMe)(CO)s(NH=C(CH3)pz-i°N,N)]BF, (4a)
and fac-|Mn(NCMe)(CO)s(NH=C(CH3)dmpz-1’N,N)]BF, (4b).

2.2. Solid-state structural characterization

The structure of the complexes 1b, 2a, 3a, 3b, and 4a are shown
in Figs. 1-4; whereas Tables 1-4 collect relevant distances and
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Scheme 1. General method for the synthesis of pyrazolylamidino complexes.

angles. Due to the low quality of the crystal of 2a, the resulting
determination is poor (high residuals) and contains an incipent
disorder of the BF;~ anion which could not be modelled properly.
Nevertheless, the structure is included here since it confirms
unambiguously the connectivity of the molecule.

The structural data of all the structures herein described are
very similar to those of pyrazolylamidino ligands found in other
pyrazolylamidino complexes previously reported [1], and also sim-
ilar to other structures of halotricarbonylmanganese(l) complexes
containing a bidentate N-donor ligand in the literature [5].

The anion and the cationic complex are linked by hydrogen
bonds. Table 5 collects the strongest interactions detected. All of
them may be considered as “moderate” [6]. In all the cases the
hydrogen involved is the N-bond hydrogen of the pyrazolylamidi-
no ligand, whereas in 1b, one of the hydrogens of the coordinated
water molecule is also involved.

2.3. Characterization in solution

The IR spectra of all the complexes show three bands in the C-0
stretching region in solution, as expected for a fac-tricarbonyl geom-
etry. The frequencies are higher than those previously reported for
the parent neutral bromo complexes fac-[MnBr(CO)s(NH=
C(CH3)pz-k°N,N)] or fac-[MnBr(CO)s(NH=C(CHs)dmpz-1*N,N)],
and also slightly higher for complexes with pzH than those with
dmpzH. Both features are to be expected considering the lower elec-
tronic density at the metal center in cationic vs. neutral complexes,
and the better donor properties of Hdmpz compared to Hpz. The
xylylisocyanide in complexes 2 show one band at ca. 2170 cm ™! cor-
responding to C-N stretching.

012)

Fig. 1. Perspective view of fac-[Mn(OH3)(CO)3(NH=C(CH5)dmpz-x*N,N)|BF, (1b)
showing the atom numbering.

The "H and "*C NMR data (see Section 3) do not provide impor-
tant structural information. In the spectra of complexes 3 contain-
ing both pyrazole and pirazolylamidino ligands, the signals of the
latter give higher chemical shifts. Concerning the amidino frag-
ment, both the 'H and '*C NMR spectra show also higher chemical
shifts respect to those reported for coordinated nitrile [7]. The sig-
nals of the aquo ligands in 1a and 1b in the 'H NMR spectra are
sharp singlets, suggesting the absence of exchange process be-
tween coordinated water and the solvent [8].

The '®F NMR spectra of complexes 1-3, display a broad signal
around —150 ppm corresponding to the BFz group. This anion usu-
ally display two singlets, respectively, assigned to ''BFz (80%) and
19BF; (20%). In our case, the broadness of this signal points to a fast
scrambling of the fluorine atom(s) involved in the hydrogen bonds
with the cation. The broad signal does not sharpens at low temper-
ature, indicating that this scrambling process remains fast even
at low temperature. No further studies have been carried out to
determine the strength of these interactions in solution, as was

B —
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Scheme 2. Syntheses of the complexes.
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Fi3)
Fl2)
Fin Bl1)
Fi4)

Fig. 2. Perspective view of fac-|Mn(CNXyl)(CO)s(NH=C(CHs)pz-x’N,N)|BF, (2a)
showing the atom numbering.

Fig. 3. Perspective views of fac-[Mn(pzH){CO)s( NH=C(CH;)pz-*N,N)]BF, (3a) and
fac-[Mn(dmpzH)(CO)s(NH=C(CH3)dmpz-i*N,N)|BF; (3b) showing the atom
numbering.

previously reported for similar pyrazolylamidino rhenium com-
plexes [3b].

Fig. 4. Perspective view of fac-[Mn(NCMe)(CO)3(NH=C(CH;)pz-x’N.N)|ClO, (4a)
showing the atom numbering.

Table 1
Selected distances (A) and angles () for fac-|Mn(OH,)(CO)s(NH=C(CH;)dmpz-
2N,N)|BF; (1b)

Mn(1)-C(1) 1.796(6)
Mn(1)-C(2) 1.810(6)
Mn(1)-C(3) 1.833(6)
Mn(1)-N(1) 2.048(4)
Mn(1)-N(3) 2.015(4)
Mn(1)-0(4) 2.108(5)
N(1)-N(2) 1.389(5)
N(2)-C(4) 1.400(6)
N(3)-C(4) 1.267(6)
C(1)-0(1) 1.132(7)
C(2)-0(2) 1.149(6)
C(3)-0(3) 1.138(6)
C(1)-Mn(1)-C(3) 89.6(2)
C(1)-Mn(1)-C(2) 88.3(2)
C(3)-Mn(1)-C(2) 89.6(2)
C(1)-Mn(1)-N(3) 91.5(2)
C(3)-Mn(1)-N(3) 95.7(2)
C(2)-Mn(1)-N(3) 174.7(2)
C(1)-Mn(1)-N(1) 92.6(2)
C(3)-Mn(1)-N(1) 171.8(2)
C(2)-Mn(1)-N(1) 98.34(19)
N(3)-Mn(1)-N(1) 76.40(16)
C(1)-Mn(1)-0(4) 177.1(2)
C(3)-Mn(1)-0(4) 91.6(2)
C(2)-Mn(1)-0(4) 94.4(2)
N(3)-Mn(1)-0(4) 85.73(19)
N(1)-Mn(1)-0(4) 85.80(16)
N(2)-N(1)-Mn(1) 113.3(3)
N(1)-N(2)-C(4) 114.4(4)
C(4)-N(3)-Mn(1) 119.8(3)

3. Experimental
3.1. General remarks

All manipulations were performed under N, atmosphere fol-
lowing conventional Schlenk techniques. Filtrations were carried
out on dry Celite under N». Solvents were purified according to
standard procedures [9]. fac-[MnBr(CO)y(NH=C(CH;)pz-1>N,N)]
and fac-[MnBr(CO)s(NH=C(CHs)dmpz-x°N,N)] were obtained as
previously described [3a]. All other reagents were obtained from
the usual commercial suppliers, and used as received. CAUTION!:
Although no difficulties were experienced with the perchlorate
complexes described herein, all perchlorate species should be trea-
ted as potentially explosive and handled with care. Infrared spectra
were recorded in Perkin-Elmer RX I FT-IR apparatus on KBr pellets
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Table 2
Selected distances (A) and angles (°) for fac-|Mn(CNXyl)(CO)s(NH=C(CH;)pz-
1’N,N)]BE, (2a)

Table 4
Selected distances (A) and angles (°) for fac-[Mn(NCMe)(CO)s(NH=C(CH;)pz-
K2N,N)]ClO, (4a)

Mn(1)-C(1) 1.846(18) Mn(1)-C(1) 1.798(6)
Mn(1)-C(2) 1.804(18) Mn(1)-C(2) 1.806(5)
Mn(1)-C(3) 1.80(2) Mn(1)-C(3) 1.799(6)
Mn(1)-C(4) 1.972(18) Mn(1)-N(1) 2017(4)
Mn(1)-N(1) 1.983(16) Mn(1)-N(3) 2.029(4)
Mn(1)-N(3) 2.107(17) Mn(1)-N(4) 2.016(4)
N(1)-N(2) 1.46(2) N(1)-N(2) 1.364(4)
N(2)-C(14) 1.28(2) N(2)-C(4) 1.401(5)
N(3)-C(14) 1.19(3) N(3)-C(4) 1.259(5)
C(1)-0(1) 1.147(17) C(1)-0(1) 1.136(6)
C(2)-0(2) 1.127(17) C(2)-0(2) 1.133(5)
C(3)-0(3) 1.155(19) C(3)-0(3) 1.151(6)
C(1)-Mn(1)-C(3) 90.6(7) C(1)-Mn(1)-C(3) 89.5(2)
C(1)-Mn(1)-C(2) 90.5(7) C(1)-Mn(1)-C(2) 88.6(2)
C(3)-Mn(1)-C(2) 88.4(8) C(3)-Mn(1)-C(2) 92.9(2)
C(1)-Mn(1)-N(3) 92.2(6) C(1)-Mn(1)-N(3) 90.97(18)
C(3)-Mn(1)-N(3) 174.5(8) C(3)-Mn(1)-N(3) 94.74(19)
C(2)-Mn(1)-N(3) 96.2(7) C(2)-Mn(1)-N(3) 172.37(18)
C(1)-Mn{1)-N(1) 91.1(6) C(1)-Mn(1)-N(1) 93.83(19)
C(3)-Mn(1)-N(1) 96.9(8) C(3)-Mn(1)-N(1) 170.98(18)
C(2)-Mn(1)-N(1) 174.4(7) C(2)-Mn(1)-N(1) 95.57(18)
N(3)-Mn(1)-N(1) 78.3(6) N(3)-Mn(1)-N(1) 76.85(14)
C(1)-Mn(1)-C(4) 177.9(7) C(1)-Mn(1)-N(4) 178.94(19)
C(3)-Mn(1)-C(4) 91.3(7) C(3)-Mn(1)-N(4) 91.3(2)
C(2)-Mn(1)-C(4) 88.6(6) C(2)-Mn(1)-N(4) 92.02(19)
N(3)-Mn(1)-C(4) 86.0(6) N(3)-Mn(1)-N(4) 88.31(15)
N(1)-Mn(1)-C(4) 89.7(5) N(1)-Mn(1)-N(4) 85.25(14)
N(2)-N(1)-Mn(1) 109.0(11) N(2)-N(1)-Mn(1) 113.5(3)
N(1)-N(2)-C(14) 118.2(18) N(1)-N(2)-C(4) 116.7(3)
C(14)-N(3)-Mn(1) 113.9(16) C(4)-N(3)-Mn(1) 119.4(3)
Table 3 Table 5
Selected distances (A) and angles (°) for fac-[Mn(pzH)(CO)s(NH=C(CHs)pz-«°N.N)|BF4 Hydrogen bonds detected in the crystal structures of 1b, 2a, 3a, 3b, and 4a
(3a) and fac-|Mn(dmpzH)(CO)s(NH=C(CHs)dmpz-rZN,N)]BF4 (3h)
1b H(4B):--(1) 1.908 A 0(4)---F(1) 2.686 A

3a 3b 1b H(3)---F(4) 2.230 A N(3)---F(4) 2.995 A®
Mn(1)-C(1) 1.816(10) 1.805(8) 2a H(3)---F(3) 2.227 A N(3)---F(3) 3.003 A
Mn(1)-C(2) 1.821(9) 1.803(8) 3a H(3)---F(1) 2233 A N(3):--F(1) 3.063 A
Mn(1)-C(3) 1.826(11) 1.811(9) 3a H(5)---F(3) 2.257 A N(5):--F(3) 3.085 A
Mn(1)-N(1) 2.034(7) 2.053(5) 3b H(3)---F(1) 2.448 A N(3)---F(1) 3.169 A
Mn(1)-N(3) 2.041(7) 2.013(5) 3b H(5)---F(3) 2.104 A N(5)---F(3) 2.898 A
Mn(1)-N(4) 2.078(6) 2.117(5) 4a H(3)---0(92) 2.127 A N(3)---0(92) 2917 A
N(1)-N(2) 1.409(9) 1.386(6) PP - - — - .
N(2)-C(4) 1.350(11) 1.395(8) aniolh:;o:ndr:r?;t;ni;stggtﬁdllsilayed in Fig. 1 since F(4) belongs to another BF4
N(3)-C(4) 1.250(11) 1.270(8) P EUIEs
C(1)-0(1) 1.129(10) 1.141(7)
C(2)-0(2) 1.127(9) 1.154(7)
C(3)-0(3 1.134(10 1.136(8 .
CEI;*M(I'IEU*C[.") Ssg?él ) 892(3(]) 13C[1H] NMR data was Suppm’ted by DEPT experlments and rela-
C(1)-Mn(1)-C(2) 89.6(4) 85.9(3) tive intensities of the resonance signals. Elemental analyses were
C€(3)-Mn(1)-C(2) 88.6(4) 88.4(3) performed on a Perkin-Elmer 2400B microanalyzer.
C(1)-Mn(1)-N(3) 91.0(3) 91.6(2)
C(3)-Mn(1)-N(3 97.7(4 95.3(3
e E B et Yoy 32 fac-[Mn(OH,)(CO)(NH=C(CH3)pz-k*N,N)[BF4 (1a)
C(1)-Mn(1)-N(1) 92.3(3) 92.9(2)
C(3)-Mn(1)-N(1) 175.0(3) 171.4(3) To a solution of fac-|[MnBr(CO)s(NH=C(CHs)pz-x2N,N)],
C(2)-Mn(1)-N(1) 96.3(3) 100.0(2) (0.131g, 0.4 mmol) in thf (10 mL), a 0.1 M solution of AgBF, in
?{3;_‘:::}:;_‘3{;; g;‘g;] :gsg%] wet acetone (4 mL, 0.4 mmol) was added. The mixture was stirred
C(3)-Mn(1)-N(4) 91.5{3) 90_3'(2] at room temperature excluded from the sunlight for 30 min, and
C(2)-Mn(1)-N(4) 92.5(3) 95.1(2) the volatiles were removed in vacuo and the yellow residue was
N(3)-Mn(1)-N(4) 86.8(2) 87.47(19) extracted with thf (ca. 20 mL) and filtered. Hexane was added
i(;)‘xr;mh‘n”(‘]‘) ?%’?; ?;’-3‘“;(;3) (ca. 10mL) and the solution was concentrated and cooled to
NEl;zNEZ}:C[E() ) ”8'2%7; ”5'2E5§ —20°C, giving a yellow microcrystalline solid, which was decanted,
C(4)-N(3)-Mn(1) 118:6(6) ]20:2(5) washed with hexane (3 x 3 mL approximately), and dried in vacuo,

from 4000 to 400 cm~'. NMR spectra were recorded in Bruker AC-
300 or ARX-300 instruments in (CDs),CO, at room temperature un-
less otherwise stated. NMR spectra are referred to the internal
residual solvent peak for 'H and >C{'H} NMR. Assignment of the

yielding 0.102 g (72%) of 1a. IR (thf, cm'): 2044 vs, 1948 vs, 1936
vs. IR (KBr, cm™'): 3444 m, 3153 w, 2054 s, 1957 vs, 1940 vs br,
1657 m, 1537 w, 1465 w, 1408 s, 1336 w, 1250 w, 1133 s, 1046
s, 1002 s, 768 w, 631 m, 514 w. '"H NMR (Me,CO-dg): 2.90 (s,
N=C(CH3), 3H), 4.76 (s, OH,, 2H), 6.92 (s, H* pz, 1H), 8.63 (br s,
H? pz, 1H), 8.73 (br s, H® pz, 1H), 10.97 (br, HN, 1H). *C{'H}
NMR (Me,CO-dg): 18.8 (s, HN=C(CH3)), 113.0 (s, C* pz), 135.0 (s,
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3% pz), 149.6 (s, C*- pz), 166.3 (s, HN=C(CH3)), 219.1 (s, C0O), 220.1
(s, €O), 221.6 (s, CO). ®F NMR (Me,CO-dg): —148.1 (br, '°BF,, 4F
and "'BF,, 4F). Anal. Calc. for CgHoBFsMnN304: C, 27.23; H, 2.57;
N, 11.91. Found: C, 26.89; H, 2.36; N, 11.69%.

3.3. fac-[Mn(OH.)(CO)x(NH=C(CH:)dmpz-x2N,N)]BE; (1b)

To a solution of fac-[MnBr(CO)(NH=C(CHs)dmpz-x°N,N)],
(0.036 g, 0.1 mmol) in thf (10 mL), a 0.17 M solution of AgBF, in
wet acetone (0.60 mL, 0.1 mmol) was added. The mixture was stir-
red at room temperature excluded from the sunlight for 30 min,
and the volatiles were removed in vacuo. The yellow residue was
extracted with CH,Cl; (ca. 20 mL) and filtered. Hexane was added
(ca. 10mL) and the solution was concentrated and cooled to
—20 °C, giving a yellow microcrystalline solid, which was decanted,
washed with hexane (3 x 3 mL approximately), and dried in vacuo,
yielding 0.097 g (51%) of 1b. IR (thf, cm~1): 2040 vs, 1940 vs, 1934
vs. IR (KBr,cm™1): 3448 m, 3327 m, 2048 vs, 1956 vs, 1924 vs, 1647
m, 1575 w, 1453 w, 1416 m, 1356 w, 1251 w, 1100 s, 1048 s, 829
w, 639 w, 514 w. "H NMR (Me;CO-ds): 2.69 (s, CH; dmpz, 3H), 2.71
(s, CHs dmpz, 3H), 2.98 (s, N=C(CH3), 3H), 4.72 (s, OH;, 2 H), 6.57 (s,
H*dmpz, 1H), 10.80 (br, HN, 1H). "*C{'H} NMR (Me,CO-dg): 14.1 (s,
CHz dmpz), 15.3 (s, CH3 dmpz), 21.4 (s, HN=C(CH3)), 115.1 (s, C*
dmpz), 1474 (s, (>3 dmpz), 159.2 (s, (> dmpz), 167.7 (s,
HN=C(CHs)), 219.9 (s, CO), 220.7 (s, CO), 221.2 (s, CO). '°F NMR
(MesCO-dg): —148.1 (br, '°BF,4, 4F and ''BE,, 4F). Anal. Calc. for
CyoH13BF4sMnN5O4: C, 31.53; H, 3.40; N, 11.03. Found: C, 31.84;
H, 3.10; N, 10.91%.

3.4. fac-[Mn(CNXyl)(CO)s(NH=C(CHs)pz-1°N,N)]BF4 (2a)

A recently prepared solution of 1a (starting from 0.098 g,
0.3mmol of fac-[MnBr(CO)s(NH=C(CHs)pz-x’N,N)]) in thf
(10 mL) was synthesized as described above. After filtering to re-
move AgBr, CNXyl (0.039 g, 0.3 mmol) was added and the solution
was stirred at room temperature for 5 h. Hexane was added (ca.
10 mL) and the solution was concentrated and cooled to —20 °C,
giving a pale yellow microcrystalline solid, which was decanted,
washed with hexane (3 x 3 mL approximately), and dried in vacuo,
yielding 0.098 g (70%) of 2a. IR (thf, cm~'): 2171 w, 2048 vs, 1985 s,
1955 vs. IR (KBr, cm™'): 3311 w, 2172 m, 2045 vs, 1979 s, 1951 s,
1654 m, 1083 s, 786 w, 628 w. 'H NMR (Me,CO-dg): 2.24 (s,
CNCgH3(CHa),, 6H), 2.93 (s, N=C(CHs), 3H), 6.98 (s, H* pz, 1H),
720 and 7.28 (AB, system, CNCgH3(CHs3), 3 H), 857 (d,
J=1.2Hz, H* pz, 1H), 8.85 (d, J = 3.1 Hz, H® pz, 1H), 10.73 (br, HN,
1H). *C{'H} NMR (Me;CO-ds): 18.2 (s, CNCgH3(CH3);), 18.9 (s,
HN=C(CH3)), 113.5 (s, C* dmpz), 127.1 (s, Cipso CNCgH3(CH3)z),
128.9 (s, meta-CNCgH5(CHs)z), 130.7 (s, para- CNCgH3(CHs)z),
135.1 (s, C*° pz), 136.1 (s, ortho-CNCgH5(CHs),), 150.2 (s, €3 pz),
164.6 (s, HN=C(CH3)), 206.5 (s, CNXyl), 218.7 (br s, CO). '9F NMR
(MesCO-dg): —148.8 (br, '°BF4, 4F and ''BF,, 4F). Anal. Calc. for
Cy7H 6BFsMnN4O3: C, 43.81; H, 3.46; N, 12.02. Found: C, 43.52;
H, 3.31; N, 11.85%. X-ray diffraction: high values for residuals Rjq,
R and wR; are obtained due to the low quality of the crystal.

3.5. fac-[Mn(CNXyl)(CO)s( NH=C(CH3)dmpz-i°N,N)]BF, (2b)

A recently prepared solution of 1b (starting from 0.071g,
02 mmol of fac-[MnBr(CO);(NH=C(CH;)dmpz-x*N,N)]) in thf
(10 mL) was synthesized as described above. After filtering to re-
move AgBr, CNXy!l (0.026 g, 0.2 mmol) was added and the solution
was stirred at room temperature for 5 h. Work-up as for 2a gave
0.088 g (90%) of 2b as a pale yellow microcrystalline solid. IR
(thf, em™"): 2169 w, 2046 vs, 1983 s, 1948 s. IR (KBr, cm 1):
3338 m, 3318 w, 2179 s, 2045 vs, 1982 vs, 1946 vs, 1655 m,
1575 m, 1478 m, 1452 s, 1412 s, 1355 m, 1246 w, 1073 vs, 786

m, 674 m, 636 s. '"H NMR (Me,CO-dg): 2.27 (s, CNCgH3(CH3)2, 6
H), 2.66 (s, CH; dmpz, 3H), 2.73 (s, CH3 dmpz, 3H), 2.99 (s,
N=C(CHj;), 3H), 6.61 (s, H* dmpz, 1H), 7.23 and 7.31 (AB; system,
CNCgH3(CHs)z, 3H), 10.48 (br, HN, 1H). '*C{'"H} NMR (Me,CO-dg):
14.2 (s, CH3 dmpz), 154 (s, CH; dmpz), 18.2 (s, CNCgH3(CH3).),
215 (s, HN=C(CHs)), 1154 (s, C* dmpz), 128.9 (s, meta-
CNCgH3(CHs),), 129.2 (s, para-CNCgH3(CHs)z), 130.7 (s, Cipso
CNCgH3(CHs)), 136.1 (s, ortho-CNCgH3(CHa)), 147.9 (s, C*° dmpz),
159.6 (s, C>* dmpz), 166.3 (s, HN=((CHs)), CNXyl and CO not ob-
served. '"F NMR (Me,CO-dg): —150.2 (br, '°BF,, 4F and ''BE,, 4F).
Anal. Calc. for CygH2gBF4MnN,4O3: C, 46.18; H, 4.08; N, 11.34.
Found: C, 45.93; H, 3.98; N, 11.02%.

3.6. fac-[Mn(pzH)(CO)y(NH=C(CH3)pz-1N,N)]BF (3a)

A solution of [MnBr(CO)s] (0.083 g, 0.3 mmol) in CH5CN (10 mL)
was maintained at 60 °C for 30 min. Then a 0.1 M solution of AgBF,
in wet acetone (3.3 mL, 0.33 mmol) was added, and the mixture
was stirred at 40 °C excluded from the sunlight for 1 h. Then pzH
(0.041 g, 0.6 mmol) was added and the mixture was refluxed dur-
ing 18 h. Work-up as for 1b gave 0.053 (44%) of 3a as yellow crys-
tals. IR (thf, cm™"): 2043 vs, 1951 s, 1940 vs. IR (KBr, cm™'): 33365,
3141 m, 2042 vs, 1956 vs, 1929 vs, 1655 5, 1535 m, 1464 m, 1406 s,
1242 m, 1118 m, 1084 s, 1052 s, 760 s, 633 m. "H NMR (Me,CO-dg):
2.94 (s, N=C(CHs), 3 H), 6.42 (d, J= 1.9 Hz, H* pzH, 1H), 6.95 (pst,
J=25Hz, H* pz, 1H), 7.57 (pst, J=1.9 Hz, H® pzH, 1H), 7.90 (d,
J=19Hz, H® pzH, 1H), 8.70 (d, /=19 Hz, H* pz, 1H), 8.73 (d,
J=2.5Hz, H® pz, 1H), 10.93 (br, HN=C(CH3), 1H), 12.44 (br, HN
pzH, 1H). *C{"H} NMR (Me,CO-dg): 19.0 (s, HN=C(CH5)), 108.0
(s, C* pzH), 113.3 (s, C* pz), 133.8 (s, C>° pzH), 135.0 (s, C*° pz),
144.1 (s, C>3 pzH), 149.9 (s, C>* pz), 165.7 (s, HN=C(CH3)), 219.6
(br s, CO). '°F NMR (Me,CO-dg): —148.1 (br, '°BF4, 4F and ''BF,,
4F). Anal. Calc. for Cy1H11BF4MnNsOs: C, 32.79; H, 2.75; N, 17.38.
Found: C, 33.02; H, 2.43; N, 17.09%.

3.7. fac-[Mn({dmpzH)(CO)s(NH=C(CH3)dmpz-1>N,N)]BF4 (3b)

A solution of [MnBr(CO)s] (0.083 g, 0.3 mmol) in CH3CN (10 mL)
was maintained at 60 °C for 30 min. Then a 0.1 M solution of AgBF,
in wet acetone (3.3 mL, 0.33 mmol) was added, and the mixture
was stirred at 40 °C excluded from the sunlight for 1h. Then
dmpzH (0.041 g, 0.6 mmol) was added and the mixture was re-
fluxed during 18 h. Work-up as for 1b gave 0.069 (50%) of 3b as
yellow crystals. IR (thf, cm™'): 2039 s, 1949 s, 1931 vs. IR (KBr,
cm™'): 3402 m, 3352 m, 2036 vs, 1942 vs, 1926 vs, 1642 m,
1577 m, 1419 s, 1101 s, 1044 s, 812 m, 645 w, 522 w. 'H NMR
(Me,CO-dg): 2.18 (s, CH; dmpzH, 3H), 2.23 (s, CH; dmpzH, 3H),
2.65 (s, CH; dmpz, 3H), 2.74 (s, CH3 dmpz, 3H), 2.92 (s, N=C(CH3),
3 H), 5.97 (s, H* dmpzH, 1H), 6.55 (s, H* dmpz, 1H), 10.41 (br,
HN=(C(CHs), 1H), 10.93 (br, HN dmpzH, 1H). "C{'H} NMR
(Me3CO-dg): 10.5 (s, CHs dmpzH), 14.2 (s, CHs dmpz), 14.5 (s,
CH; dmpzH), 15.8 (s, CH3 dmpz), 21.5 (s, HN=C(CH3)), 108.1 (s,
¢! dmpzH), 1152 (s, C* dmpz), 1445 (s, C** dmpzH), 148.3
(s, C** dmpz), 154.3 (s, C>* dmpzH), 160.0 (s, C>* dmpz), 167.5
(s, HN=C(CH3)), 220.1 (br s, CO). "®F NMR (Me,CO-dg): -148.0 (br,
]DBF;;, 4F and “BF4, 4F) Anal. Calc. for CysH19BF4MnNsO5: C,
39.24; H, 4.17; N, 15.25. Found: C, 39.24; H, 3.89; N, 14.93%.

3.8. fac-[Mn(NCMe)(CO)s( NH=C(CH:)pz-1°N,N)]ClO, (4a)

A solution of [MnBr(CO)s] (0.137 g, 0.5 mmol) in CH5CN (20 mL)
was maintained at 60°C for 30min. Then AgClO, (0.114 g,
0.55 mmol) was added, and the mixture was stirred at 60 °C ex-
cluded from the sunlight for 1h. Then pzH (0.034 g, 0.5 mmol)
was added and the mixture was refluxed during 18 h. Work-up
as for 1b gave 0.115 g (59%) of 4a as yellow crystals. IR (thf,
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Table 6

Crystal data and refinement details for 1a, 2a, 3a, 3b, and 4a
1b 2a 3a 3b 4a

Formula C|0H135F4MTIN304 Cy7H16BFAMNN,4O4 c;szszfsMn2N1u05 Ci5H15BF4MnNsO4 CmHmC|MDN407

Formula weight 380.98 466.09 806.00 459.10 388.61

Crystal system Monoclinic Triclinic Orthorhombic Monoclinic Monoclinic

Space group P2(1)[n P1 P2(1)2(1)2(1) P2(1)/c P2(1)/n

a(A) 8.336(5) 7.824(8) 12.807(3) 13.238(3) 6.725(3)

b (A) 9.223(5) 8.664(9) 15.698(4) 11.694(2) 14.457(7)

c(A) 20.929(11) 15.884(16) 16.442(4) 13.667(3) 16.453(8)

o (%) 90 99.992(13). 90 90 90

B(°) 99.417(9) 96.31(2) 90 106.809(4) 101.364(11)

¥ (°) 90 91.93(2). 950 90 90

V(A% 1587.3(15) 1052.4(18) 3305.7(13) 2025.2(7) 1568.2(14)

Zz 4 2 4 4 4

T(K) 296(2) 293(2) 298(2) 298(2) 293(2)

Deaic (gcm™2) 1.594 1.471 1.619 1.506 1.646

F000) 768 472 1616 936 784

i (Mo Ka) (A) 0.71073 0.71073 0.71073 0.71073 0.71073

Crystal size (mm); color 0.43 x 0.14 x 0.09; 0.39 x 0.12 x 0.05; pale 0.22 x 0.14 x 0.09, 0.27 x 0.08 x 0.03, 0.21 x 0.06 = 0.03;
yellow yellow yellow yellow yellow

o (mmY) 0.893 0.687 0.862 0.714 1.052

Scan range (°) 1.97 <0 <23.32 131 £60<23.16 1.79<0<23.30 1.61<0<2331 1.89 <0 <2330

Absorption correction SADABS SADABS SADABS SADABS SADABS

Corr. factors (maximum, 1.000000, 0.825580 1.000000, 0.12755 1.000000, 0.723207 1.000000, 0.510039 1.000000, 0.746960

minimum)
Number of measured reflection 6877 4337 21570 12937 6862
Number of independent reflection 2295 [0.0246] 2837 [0.2655] 4768 [0.1300] 2913 [0.1016] 2254 [0.0444)
[Rint]

I=2a(l) 1856 1234 3404 1638 2254

Goodness-of-fit (GOF) of F? 1.086 1.223 1.027 1.002 0.985

Number of parameters 223 250 453 267 210

Residuals R, wR» 0.0583, 0.1709 0.1487, 0.4259

0.0692, 0.1785 0.0661, 0.2019 0.0430, 0.1175

cm'): 2042 s, 1947 s, 1932 vs. IR (KBr, cm™'): 3276 w, 2051 s,
1978 s, 1951 vs, 1664 w, 1410 m, 1090 s, 776 w, 624 w. 'H NMR
(Me;CO-dg): 2.29 (s, NCCHs, 3 H), 2.95 (s, N=C(CHs), 3 H), 6.94
(s, H* pz, 1H), 8.53 (s, H? pz, 1H), 8.77 (s, H® pz, 1H), 10.87 (br,
HN, 1H). "*C{'H} NMR (Me,CO-dg): 3.2 (s, NCCH3), 19.1 (s,
HN=C(CH3)), 113.1 (s, C* pz), 127.8 (s, NCCH3)), 135.1 (s, C>° pz),
1495 (s, C°2 pz), 165.5 (s, HN=C(CH3)), CO not observed. Anal.
Calc. for CioH10CIMnN4O7: C, 30.91; H, 2.59; N, 14.42. Found: C,
30.98; H, 2.33; N, 14.39%.

3.9. fac-[Mn{NCMe )(CO)(NH=C(CHs)dmpz-x*N,N)]CIO; (4b)

A solution of [MnBr(CO)s] (0.137 g, 0.5 mmol) in CH3CN (20 mL)
was maintained at 60°C for 30 min. Then AgClO4 (0.114g,
0.55 mmol) was added, and the mixture was stirred at 60 °C ex-
cluded from the sunlight for 1 h. Then dmpzH (0.048 g, 0.5 mmol)
was added and the mixture was refluxed during 18 h. Work-up as
for 1b gave 0.125 g (60%) of 4b as yellow crystals. IR (thf, cm™1):
2039 vs, 1940 vs, 1932 vs. IR (KBr, cm™1): 3301 m, 2047 vs, 1965
vs, 1953 vs, 1940 vs, 1647 m, 1575 m, 1456 m, 1416 m, 1358 m,
1245 w, 1092 s, 624 m. '"H NMR (MexCO-dg): 2.30 (s, NCCHs, 3H),
2.63 (s, CHs dmpz, 3H), 2.70 (s, CHs dmpz, 3H), 2.98 (s, N=C(CH3),
3H), 6.54 (s, H* dmpz, 1H), 10.78 (br, HN, 1 H). '3C{'H} NMR
(Me,CO-dg): 3.2 (s, NCCH3), 14.2 (s, CH3 dmpz), 15.2 (s, CH; dmpz),
21.6 (s, HN=C(CH3)), 115.1 (s, C* dmpz), 127.5 (s, NCCH3), 147.6 (s,
35 dmpz), 158.8 (s, €3 dmpz), 167.0 (s, HN=C(CH5)), 217.6 (s,
C0), 219.8 (s, CO). Anal. Calc. for C;3H14CIMNnN4O7: C, 34.59; H,
3.39; N, 13.45. Found: C, 34.24; H, 3.34; N, 13.36%.

3.10. X-ray crystallographic study of 1b, 2a, 3a, 3b and 4a

Crystals were grown by slow diffusion of hexane into concen-
trated solutions of the complexes in CH»Cl, at —20 °C. Relevant
crystallographic details are given in Table 6. A crystal was attached
to a glass fiber and transferred to a Bruker AXS SMART 1000 dif-

fractometer with graphite monochromatized Mo Ko X-radiation
and a CCD area detector. A hemisphere of the reciprocal space
was collected up to 20 = 48.6°. Raw frame data were integrated
with the sant program [10]. The structure was solved by direct
methods with sHewxtL [11]. A semi-empirical absorption correction
was applied with the program sapaes [12]. All non-hydrogen atoms
were refined anisotropically except for the low quality structure of
2a, in which some atoms had to be refined isotropically to avoid
non-positive-definite ellipsoids. Hydrogen atoms were set in calcu-
lated positions and refined as riding atoms, with a common ther-
mal parameter. All calculations and graphics were made with
SHELXTL.

4. Supplementary data

CCDC 685546, 685547, 685548, 685549 and 685550 contain the
supplementary crystallographic data for 1a, 2a, 3a, 3b and 4a.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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Acetato-bis(pyrazole) complexes [Mo(n*-methallyl)(0,CMe)(CO),(pz'H)], (methallyl = CH,C(CH5)CH;)
and fac-[M(0,CMe)(CO)s(pz'H)], (pz'H = pyrazole or 3,5-dimethylpyrazole, dmpzH; M=Mn, Re) are
obtained from [Mo(n?*-methallyl)Cl(CO),(NCMe),] or fac-[MBr(CO);(NCMe),] [M=Mn (synthesized
in situ), Re], 2 equiv. of pyrazole, and 1 equiv. of sodium acetate for Mo complexes, or silver acetate for
Mn or Re complexes. The chlorido-complexes [Mo(1*-methallyl)Cl(CO),L;] (L = pzH, dmpzH), obtained
from the same starting material by substitution of MeCN by pzH or dmpzH, are also described. The crystal
structures of the fac-acetato-bis(dimethylpyrazole) complexes present the same pattern of intramolecu-
lar hydrogen bonds between the acetate and the dimetylpyrazole ligands, whereas the crystal structures
of the fac-acetato-bis(pyrazole) complexes show different hydrogen bonds patterns, with intermolecular
interactions. NMR data indicate that these interactions are not maintained in solution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

One of the main features of pyrazole complexes is the involve-
ment of the N-bound hydrogen of pyrazole in intra- or intermolec-
ular hydrogen bonds. Their crystal structures rarely show
intermolecular hydrogen-bonded chains or oligomers [1,2], and
frequently exhibit intramolecular hydrogen-bonds, or hydrogen-
bonding to solvent molecules or counterions. In fact, cationic
pyrazole complexes have been recently used as anion receptors
in solution [3].

The presence in the same complex of pyrazoles and other
ligands able to behave as hydrogen bond acceptor allows a system-
atic study of which factors determine the formation of inter-
and/or intramolecular interactions. This is one of the big challenges
of chemistry, that is, the understanding and control of the organi-
zation of molecules [4]. Hydrogen bonded organic aggregates have
so far been object of main attention, but the presence of metals in
supramolecular systems is attracting increasing interest, as they
may show redox [5], optical [6], magnetic [7], adsorption [8], or
catalytical [9] properties. We considered that complexes contain-
ing the fac-"MX(pz H)," (X = halogen, pz H = any pyrazole) moiety
[10] could be good precursors to start this study, if the halogen is
replaced by another ligand able to establish hydrogen bonding

* Corresponding author. Tel.: +34 983 184620; fax: +34 983 323013.
E-mail address: fervilla@qi.uva.es (F. Villafafie).
! Deceased.

0022-328X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi: 10.1016/j jorganchem.2009.05.006

interactions with the hydrogens of pyrazoles. The fac geometry of
these complexes, caused by the relative donor-accepting proper-
ties of the ligands, allows this study, as no other geometric factors
are involved. The acetate was chosen to play this role, since the
oxygens may act as hydrogen acceptors, and this interaction may
determine the coordination behavior of the acetate, as has been re-
cently demonstrated [11].

2. Results and discussion
2.1. Synthesis of the complexes

The complexes herein described were obtained by the reactions
depicted in Scheme 1.

Chlorido-bis(pyrazole) complexes [Mo(n>-methallyl)Cl(CO),-
(pzH),] (1a) and [Mo(n*-methallyl)CI(CO),(dmpzH),] (1b) were
obtained by treating [Mo(n*-methallyl)Cl(CO)z(NCMe);] with
2 equiv. of pzH or dmpzH in CH,Cl, at room temperature (Scheme
1) [12].

The molybdenum complexes [Mo(n*-methallyl)(0,CMe)(CO),-
(pzH),] (2a) and [Mo(n3-methallyl)(0,CMe)(CO),(dmpzH);] (2b)
were obtained from [Mo(1*-methallyl)CI(CO),(NCMe)s], 2 equiv.
of the pyrazole and sodium acetate (Scheme 1). The reactions occur
readily at room temperature in THF. Obviously, 1a or 1b may be con-
sidered as intermediates in the self-assembly method, as has been
demonstrated in a separated experiment for 1a, which was also ob-
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Scheme 1. Syntheses of chlorido and acetato complexes.

tained from the addition of 2 equiv. of pyrazole to [Mo(1*-methal-
Iy1)CI(CO),(NCMe),] (Scheme 1).

The manganese and rhenium complexes fac-[M(0.CCHs)-
(CO)3(pzH)2] (M=Mn, 3a; M=Re, 4a) and fac-[M(0,CCHs)-
(CO)3(dmpzH);] (M=Mn, 3b; M =Re, 4b) were obtained by a
similar method but using AgOAc instead of NaOAc as halogen
extractor.

2.2. Solid-state structural characterization

The structures of 1a and 1b [13] are shown in Fig. 1, and Table 1
collects relevant distances and angles.

The molybdenum atoms are pseudo-octahedrally coordinated,
assuming that the methallyl group occupies one site. The terminal
carbon atoms of the methallyl groups point towards the carbonyl
groups, as has been demonstrated to be the most energetically
favorable arrangement [14]. The distances and angles are very sim-
ilar to those found in the previously reported structures of pyrazol-
emolybdenum(Il) complexes with different halogen or allyl groups
[10b,15]). One of the pyrazole ligands is coordinated trans to the
methallyl group in all these structures, as opposite to what is usu-
ally found in complexes of the type [MoX(n*-allyl)(CO),L,] (X = ha-
lide or pseudo halide, L,=nitrogen donor ligand), where the
nitrogen donor ligands are trans to the carbonyls [16].

The N-bound hydrogens are involved in intramolecular hydro-
gen bonds with the chlorine atom [H(2)---Cl(1) 2351 A and
H(4)---Cl(1) 2.257 A for 1a and 2.034 and 2.018 for 1b]. These,
and the corresponding N---Cl distances [3.119 A and 3.041 A for
1a, and 2.681 and 2.649, respectively, for 1b], and N-H- - -Cl angles
[130° and 132¢ for 1a, 118° and 117° for 1b] confirm the presence
of a hydrogen bond which may be considered between “weak” and
“moderate” for 1a, or “moderate” for 1b [17,18]. The structures of
2a and 2b are shown, respectively, in Figs. 2 and 3, whereas rele-
vant distances and angles are collected in Table 2 [19]. Both
structures present the usual pseudooctahedral geometry of

Fig. 1. Perspective views of [Mo(n>-methallyl)CI(CO)y(pzH);). 1a (above), and
|Mo[113-methalIy]}CI(CO);(dmsz);], 1b (below), showing the atom numbering.

Table 1
Selected distances (A) and angles (deg.) for [Mo{1*-methallyl)Cl(CO)(pzH).). 1a, and
[Mo(13-methallyl)Cl(CO).(dmpzH), ], 1b.

1a 1b

Mo(1)-C(1) 1.943(3) 1.93(2)
Mo(1)-C(2) 1.943(3) 1.943(19)
Mo(1)-N(1) 2.254(2) 2.281(13)
Me(1)-N(3) 2.246(2) 2.232(12)
Mo(1)-CI(1) 2.5788(8) 2.156(8)
Mo(1)-C(4) 2.237(3) 2.220(16)
Mo(1)-C(3) 2.345(3) 2.326(18)
Mo(1)-C(5) 2.311(3) 2.303(16)
C(2)-Mo(1)-C(1) 81.99(12) 77.4(7)
C(2)-Mo{1)-N(1) 168.36(11) 166.6(6)
C(1)-Mo(1)-N(1) 94.54(10) 99.0(7)
C(2)-Mo(1)-N(3) 88.66(11) 86.8(6)
C(1)-Mo(1)-N(3) 86.68(10) 95.2(7)
N(1)-Mo(1)-N(3) 80.03(8) 80.6(4)
C(2)-Mo(1)-CI(1) 97.03(9) 102.9(5)
C(1)-Mo(1)-Cl(1) 167.98(9) 173.3(6)
N(1)-Mo(1)-CI(1) 84,05(6) 79.1(4)
N(3)-Mo(1)-CI(1) 81.31(6) 78.2(4)

(n*-methallyl)molybdenum complexes, with the open face of the
allyl moiety oriented over the carbonyls. As evidenced by Table
2, the distances and angles are very similar in both complexes, and
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Fig. 2. Perspective view showing the atom numbering (above), and intermolecular
hydrogen bonds (below) of [Mo(1?-methallyl)(0,CMe)(CO);(pzH);], 2a (below),
showing the atom numbering.

Fig. 3. Perspective view of [Mo(1)*-methallyl{0,CMe)(CO)x(dmpzH);], 2b, showing
the atom numbering.

Table 2
Selected distances (A) and angles (deg.) for [Mo(m?-methallyl}{0,CMe)(CO)s(pzH}),
2a, and [Mo(n*-methallyl(0,CMe)(CO),(dmpzH),], 2b.

2a 2b
Mo(1)-C(1) 1.924(4) 1.937(4)
Mof(1)-C(2) 1.946(4) 1.953(4)
Mo(1)-N(1) 2.271(3) 2.283(3)
Mo(1)-N(3) 2.229(3) 2.259(3)
Mo{1)-0(4) 2.175(3) 2.223(3)
Mo(1)-C(4) 2.239(4) 2.232(3)
Mo(1)-C(3) 2.313(4) 2331(3)
Mo(1)-C(5) 2.327(4) 2.317(4)
C(2)-Mo(1)-C(1) 79.51(18) 78.24(16)
€(2)-Mo(1)-N(1) 166.29(15) 169.14(12)
C(1)-Mo(1)-N(1) 98.20(15) 98.85(13)
C(2)-Mo(1)-N(3) 86.52(15) 87.02(13)
C(1)-Mo(1)-N(3) 89.10(15) 89.96(13)
N(1)-Mo(1)-N(3) 79.90(11) 82.49(11)
C(2)-Mo(1)-0(4) 103.24(15) 101.29(12)
C(1)-Mo(1)-0(4) 171.79(15) 170.03(12)
N(1)-Mo(1)-0(4) 77.27(11) 79.74(9)
N(3)-Mo(1)-0(4) 83.39(11) 80.06(9)

similar to those described above for 1a and 1b or for the previously
reported structures of bis(pyrazole)halodicarbonylmolybdenum(II)
complexes [10b,15]. As occur in these structures, one of the pyra-
zole ligands is coordinated trans to the allyl group.

Two intramolecular hydrogen bonds are detected in 2b (Fig. 3):
between the coordinated oxygen of the acetate and the N-bound
hydrogen of one of the dmpzH ligands [H(2)---0(4) 1.961 A], and
between the uncoordinated oxygen of the acetate and the N-bound
hydrogen of the second dmpzH [H(4)---O(5) 1.787 A]. These and
the corresponding N.--O distances (2.696 and 2.789 A, respec-
tively) and N-H---O angles {126° and 163°, respectively) confirm
the presence of a hydrogen bond which may be considered as
“moderate” [17]. This pattern (Fig. 4) is observed in all the com-
plexes containing dmpzH and acetate described herein. However,
only one intramolecular hydrogen bond is detected for 2a (Fig. 2
above): that between the coordinated oxygen of the acetate and
the N-bound hydrogen of one of the pzH ligands [H(2)---0O(4)
1.908, with distances N(2)---0(4) 2.670, and N-H.--O angle
128°]. The N-bound hydrogen of the second pzH is involved in a
moderate intermolecular hydrogen bond with the uncoordinated
oxygen of the acetate of a second molecule, giving rise to the dimer
depicted in Fig. 2 (below) [H(4)---O(55) 1.750, H(54) --0(5)
1.806 A, with distances N(4)---0(55) 2.745, N(54)---0(5) 2.793 A,
and N-H..-O angles 161° and 159°, respectively]. Both intra- and
intermolecular values correspond again to “moderate” hydrogen
bonds [17].

The relative orientation of the pyrazole ligands differs in each
complex: dmpzH ligands are tilted in the same direction in 2b
(46(1)° for the dmpzH involved in the intramolecular bond with
the uncoordinated oxygen of the acetate, and 12(1)° for the other

N Lz, | wCO /
\N’ ~n—N

|/ coll ,

Fig. 4. Hydrogen bond pattern observed in the crystal structures of the complexes
containing dmpzH and acetate [L= [113-metha]ly]], M=Mo (2b); L=CO, M=Mn
(3b), Re (4b)].
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dmpzH), whereas pzH ligands in 2a are symmetrically tilted re-
spect to the plane perpendicular to that containing the metal and
the nitrogen donor atoms (—14(1)° and 7(1)°, respectively). There-
fore, the intra- or intermolecular nature of the hydrogen bond
seems to determine the orientation of the pyrazole ligand involved
in it. Steric factors might also influentiate this feature, as the struc-
tures of complexes containing two dmpzH coordinated cis usually
show higher distortions than those with pzH [10]. In fact, the devi-
ations shown by the pzH ligands in the chlorido-complexes are
clearly lower: 10(1)° and —1(1)° for 1a, and 10(1)° and —5(1)° for
1b. The structures of the manganese and rhenium complexes 3a,
3b, 4a, and 4b were also determined by X-ray diffraction, and the
results are shown in Figs. 5 (3a), 6 (4a), and 7 (3b and 4b). Dis-
tances and angles in these structures (those relevant are collected
in Table 3) are similar to those found in previously reported struc-
tures of pyrazolemanganese(l) and -rhenium(l) complexes, which
are scarce, and show a slightly distorted octahedral geometry
[10a,10c¢,20]. These distortions are evidenced by the slight devia-
tion from the ideal angles shown by the ligands coordinated trans
or cis (see Table 3).

The intramolecular hydrogen bonds detected the complexes
with dmpzH 3b and 4b (Fig. 7) follow the same pattern than those
described above for 2b (depicted in Fig. 4): the coordinated oxygen
of the acetate is hydrogen-bonded to the N-bound hydrogen of one
of the dmpzH ligands [H(2)---O(4) 2.381 A for 3b and 2.334 A for
4b, with N-- .0 distances 2.794 A and 2.803 A, and N-H. - -0 angles
103° and 106°, respectively], and the uncoordinated oxygen of the
acetate is hydrogen-bonded the N-bound hydrogen of the second
dmpzH [H(4)---0(5) 1.925A for 3b and 1.796 A for 4b, with
N---O distances 2.716 A and 2.717, and N-H---O angles 164° and

147°, respectively|. These distances confirm the presence of a
hydrogen bond which may be considered between “weak” and
“moderate” [17].

Whereas one intra- and other intermolecular hydrogen bond
were detected for 2a (Fig. 2), only intermolecular bonds are found
in 3a: both N-bound hydrogens of each molecule are hydrogen-
bonded to the uncoordinated oxygen of an adjacent molecule,
forming a chain structure (Fig. 5). The distances indicate that these
hydrogen bonds may be considered as “moderate” [17]: 2.095 A for
H(2)---0(5) and 1.953A for H(4) --0(5), being 3.055A for
N(2)---0(5) and 2.910A for N(4)...0(5), with N-H...O0 angles
154° and 153°, respectively.

A different pattern from those found in the structures of 2a and
3a is detected in 4a: in this case, the uncoordinated oxygen of the
acetate is involved in two hydrogen bonds, one intramolecular
with one of the pyrazoles [H(4) --O(5) 1.880A, N(4)---0(5)
2.765 A, and N-H---0 142°], and another intermolecular with the
pyrazole of other molecule not involved in intramolecular hydro-
gen bonding [H(2)---0(5) 1.702 A, and N(2)---O(5) 2.720 A, and
N-H-..0 169°] (Fig. 6). These distances point to hydrogen bonds
which may be considered as “moderate” [17].

The pyrazole ligands in the structures of 3a, 3b, 4a, and 4b are
tilted around the Mo-N bonds. In these structures each pair of pyr-
azole ligands is orientated in the same direction respect to the
plane perpendicular to that containing the metal and the nitrogen
donor atoms, being the averaged angles 25(1)° and 23(1)° for 3a,
43(1)° and 38(1)° for 3b, 50(1)° and 44(1)° for 4a, and 31(1)° and
50(1)° for 4b. It should be noted that these angles are rather similar
in the three structures, as opposite to what is observed in those of
2a and 2b (see above).

Fig. 5. Perspective view showing the atom numbering (above), and hydrogen bonds (below) of fac-[Mn{0,CMe)(CO);(pzH),], 3a.
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{

Fig. 6. Perspective view showing the atom numbering (above), and hydrogen bonds (below) of fac-[Re(0CMe)(CO)a(pzH)2), 4a.

2.3. Characterization in solution

The IR spectra of all the complexes show two bands in the C-0
stretching region in solution for the molybdenum complexes and
three for the manganese and rhenium complexes, as expected for
their respective cis-dicarbonyl and fac-tricarbonyl geometries.
The frequencies are higher for complexes with pzH than those with
dmpzH, and for manganese than for rhenium complexes. Both fea-
tures are to be expected considering the higher electronic density
of the third row vs. first row transition metal series, and the better
donor properties of dmpzH compared to pzH [21].

As indicated above, complexes of the type [Mo(n3-
CH,C(R)HCH;)X(CO),L;] [R=H (allyl), Me (methallyl); X = halide
or pseudo halide; L; = two monodentate ligands or a bidentate li-
gand] may be considered as pseudo-octahedral if the n*-allyl li-
gand is considered as occupying one coordination position.
Considering only the most favorable arrangement, where the ter-
minal atoms of the allyl group are oriented over the carbonyl
groups [14], there are two possible geometries for these com-
plexes: S or symmetric, where the pyrazoles are coordinated in
the equatorial positions, trans to the carbonyls; and A or asymmet-
ric, where one of the pyrazoles is coordinated trans to the allyl
group, in the axial position (Fig. 8).

Molybdenum complexes 1a, 1b, 2a, and 2b show a dymanic
behavior in solution similar to that observed for similar bromido-
complexes with allyl instead of methallyl, which has been previ-
ously detailed [10b]. Although they crystallize as the asymmetric
isomer A (Figs. 1 and 8), their 'H and '*C NMR spectra at room tem-
perature show the equivalence of both methylenes of the methallyl
group, and both pyrazoles, what points to the symmetric isomer S.

The broadness of some signals suggests a slow exchange process in
solution below the coalescence. Complexes [Mo[na-
CH,C(R)HCH,)X(CO),L5] usually display a non-dissociative trigonal
twist process in which there is an intramolecular rotation of the
XL, triangular face [22], which would lead to the equilibrium be-
tween the symmetric S and both enantiomers of the asymmetric
A. Therefore, if this exchange process is fast enough, a symmetric
average spectrum should be observed. As previously described
[10b], other dynamic processes in solution detected for this type
of complexes, such as the n*-m'-n? rearrangement of the allyl
[23], or the “pivoted double switch” process [24], may be
discarded.

The trigonal twist process observed for 1a and 1b is faster than
those observed for the similar complexes [Mo(1*-allyl)Br(CO),L;]
(L= pzH, dmpzH), which 'H NMR spectra at the same field show
averaged symmetric only at higher temperatures [10b]. The lower
activation energy of methallyl respect to allyl complexes in the sys-
tem [Mo(n3-CH,C(R)HCH;)X(CO),L,] has been already reported
[25].

The broadness observed at room temperature for the NH pro-
tons might be due to a rapid prototropic exchange involving the
pyrrolic proton, which is common in pyrazole complexes [26].
The assignment of the hydrogens or methyl groups in positions 3
and 5 is difficult when they display singlets, since their chemical
shift seems to be affected by different factors, which are difficult
to evaluate: whether the hydrogen (or methyl) group at position
3 resonates at higher field than 5 or viceversa may vary in the same
family of complexes [27], or even depending on the solvent used
[28]. When the complexes are fluxional the broader signals (those
coalescing at higher temperatures) have been assigned to the
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Fig. 7. Perspective views of fac-[Mn(0,CMe)(CO)3(dmpzH),], 3b (above), and fac-
[Re(0,CMe){CO)3(dmpzH),|, 4b (below), showing the atom numbering.

group (H or Me) at position 3, as they are closer to the unequiva-
lence source than those at position 5, which point to the outside
of the complex. However, the assignment proposed for the rest of
complexes in Section 4 may be considered as tentative.

The 'H NMR spectrum of 3a displays broad signals for the
methyl of the acetate and for some pyrazole signals. When the
spectrum is carried out at 223 K, no substantial sharpening is de-
tected, probably because of the nuclear quadrupole moment of
manganese. The "H NMR spectrum of 3a at room temperature with
an excess of sodium acetate shows only one singlet for the methyl
groups of coordinated and free acetate, suggesting a process
involving dissociation of the acetate ligand. The electrical conduc-
tivities of the acetato complexes in acetone solution are typical of
non-electrolyte complexes, what point to very low dissociation
degree.

The NH protons of the acetate complexes resonate at lower field
(ca. 1 ppm) than those of similar halocomplexes [Mo(ng-methal-
Iy1)CI(CO);Lz] (2), fac-[MnBr(CO)sLz] [10a], or fac-[ReBr(CO)sLs]
[10c]; (L=pzH. dmpzH), and this chemical shift is independent
from the concentration. The last feature may be interpreted con-
sidering either (a) all the hydrogen bond interactions detected in

Table 3

Selected distances (A) and angles (°) for fac-[Mn(0;CMe)(CO)s(pzH);], 3a, fac-
[Mn(0;CMe) CO)s(dmpzH);], 3b, fac-[Re(0,CMe){(CO)(pzH);], 4a, and fac-[Re(0,C-
Me)(CO)s(dmpzH)s|, 4b.

3a(M=Mn) 3b(M=Mn) 4a(M=Re) 4b(M=Re)
M(1)-C(1) 1.781(5) 1.786(3) 1.894(5) 1.878(9)
M(1)-C(2) 1.796(6) 1.792(3) 1.908(5) 1.918(9)
M(1)-C(3) 1.793(5) 1.802(3) 1.926(5) 1.917(8)
M(1)-N(1) 2.069(4) 2.070(2) 2.178(3) 2.182(6)
M(1)-N(3) 2.069(4) 2.0792(19) 2.189(4) 2.195(6)
M(1)-0(4) 2.024(3) 2.0530(16) 2.156(3) 2.164(5)
C(1)-M(1)-C(2)  87.4(2) 89.30(12) 87.4(2) 87.6(4)
C(1)-M(1)-C(3)  89.3(2) 87.02(12) 88.1(2) 86.7(3)
C(2)-M(1)-C(3)  91.1(2) 89.10(11) 87.0(2) 89.5(4)
C(1)-M(1)-0(4)  177.05(17) 175.35(10) 174.95(17 177.3(3)
C(2)-M(1)-0(4)  94.68(19) 86.66(10) 94.95(16) 91.5(3)
C(3)-M(1)-0(4)  92.75(17) 95.22(9) 96.47(18) 95.9(3)
N(1)-M(1)-0(4)  84.42(15) 82.13(7) 78.88(12) 80.0(2)
N(3)-M(1)-0(4)  82.40(14) 89.07(7) 86.02(13) 84.5(2)
C(1)-M(1)-N(1)  93.50(18) 95.77(10) 96.44(17) 97.5(3)
C(2)-M(1)-N(1)  90.18(19) 92.82(10) 95.46(16) 93.4(3)
C(3)-M(1)-N(1)  176.97(19) 176.63(10) 174.91(18)  175.0(3)
0(4)-M(1)-N(1) 84.42(15) 82.13(7) 78.88(12) 80.0(2)
C(2)-M(1)-N(3) 176.15(18) 175.65(10) 177.81(16) 175.6(3)
C(1)-M(1)-N(3)  95.43(18) 94.93(10) 91.52(19) 96.3(3)
C(3)-M(1)-N(3)  91.52(19) 92.08(10) 94.89(18) 92.9(3)
O(4)-M(1)-N(3)  82.40(14) 89.07(7) 86.02(13) 84.5(2)
N(1)-M(1)-N(3)  87.05(13) 85.81(7) 82.79(13) 84.0(2)

N ~ =l =

oC., &% \«CO 0C., 4 \.CO
Mo Mo

L X
L

S A

Fig. 8. Two possible geometries for complexes [Mo(1*-CH2C(R)HCH2)X(CO)aLz).

the solid state structures are not maintained in solution, or (b)
all the hydrogen bond interactions are intramolecular. As the solid
state structures of the acetato-bis(pyrazole) complexes show inter-
molecular interactions, option (b) should be discarded.

3. Conclusions

The crystal structures of the complexes herein described con-
taining one acetato and two dimetylpyrazole ligands in a fac geom-
etry show the same pattern: intramolecular hydrogen bonds are
detected between the N-bound hydrogen of one of the dmpzH li-
gands with the coordinated oxygen of the acetate, and between
the N-bound hydrogen of the second dmpzH with the uncoordi-
nated oxygen of the acetate. When similar complexes with pzH
are obtained, their crystal structures do not show the same pattern,
since intermolecular hydrogen bonds are detected. These arrange-
ments of the three monodentate ligands observed in the solid state
do not persist in solution, as indicate NMR data.

4. Experimental
4.1. General Remarks

All manipulations were performed under N; atmosphere fol-
lowing conventional Schlenk techniques. Filtrations were carried
out on dry Celite under N. Solvents were purified according to
standard procedures [29]. [Mo(n?*-methallyl)Cl(CO),(NCMe),]
[30], fac-[MnBr(CO)s(NCMe);] [10a], and fac-[ReBr(CO)3(NCMe)s]
[31] were obtained as previously described. All other reagents
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were obtained from the usual commercial suppliers, and used as
received. Infrared spectra were recorded in a Perkin-Elmer RX |
FT-IR apparatus using 0.2 mm CaF; cells for solutions or on KBr pel-
lets for solid samples. NMR spectra were recorded in Bruker AC-
300 or ARX-300 instruments in CDCl; at room temperature unless
otherwise stated. NMR spectra are referred to the internal residual
solvent peak for 'H and "*C{'"H} NMR. Assignment of the '*C{'H}
NMR data was supported by DEPT experiments and relative inten-
sities of the resonance signals. Electrical conductivity measure-
ments were carried out at r.t. with a Crison 522 conductivimeter
on ca. 5 x 10" M solutions; the range of molar conductivity for
1/1 electrolytes is 100-160 S cm? mol ™' in acetone solutions [32].
Elemental analyses were performed on a Perkin-Elmer 2400B
microanalyzer.

4.2. [Mo(n’-methallyl)Cl(CO)x(pzH)] (1a)

[Mo(n>-methallyl)CI(CO);(NCMe),] (0.160g, 0.5 mmol) was
added to a solution of pzH (0.068 g, 1.0 mmol) in CH,Cl; (20 mL).
The solution was stirred at r.t. for 5 min and hexane was added
(ca. 20 mL). Concentration of the solution in vacuo and cooling to
—20 °C gave a yellow microcrystalline solid, which was decanted,
washed with hexane (3 x 3 mL approximately), and dried in vacuo,
yielding 0.172 g (91%). IR (THF, cm™"): 1942 vs, 1845 s. IR (KBr,
cm™'): 3311 s, 3269 5, 3115 w, 1925 5, 1815 5, 1473 m, 1404 w,
1350 m, 1260 w, 1130 m, 1049 s, 1030 m, 788 m, 764 s, 734 w,
606 w. 'H NMR (r.t.): 1.37 (s, H*™ methallyl, 2H), 1.92 (s, CH;
methallyl, 3H), 3.25 (br, H¥" methallyl, 2H), 6.32 (br, H? pzH,
2H), 7.40 (s, H® pzH, 2H), 7.92 (br, H* pzH, 2H), 11.86 (br, NH,
2H). 'H NMR (223 K): 1.27 (s, H*™ methallyl, 1H), 1.39 (s, H*™
methallyl, 1H), 1.86 (s, CH3 methallyl, 3H), 3.00 (s, H*¥™ methallyl,
1H), 3.43 (s, HY" methallyl, 1H), 6.25 (s, H* pzH, 1H), 6.40 (s, H*
pzH, 1H), 7.40 (s, H® pzH, 2H), 7.56 (s, H> pzH, 1H), 8.26 (s, H®
pzH, TH), 11.78 (s, NH, 2H). "*C{"H} NMR: 20.0 (s, CH; methallyl),
58.8 (s, CH, methallyl), 83.0 (s, CH5C(CH;);), 107.0 (s, C* pzH),
128.8 (s, C* pzH), 143.0 (s, C* pzH), 225.4 (br, CO). Anal. Calcd.
for C14H;5CIMoON,4O,: C, 38.06; H, 3.99; N, 14.79. Found: C, 38.32;
H, 3.70; N, 14.83%.

4.3. [Mo(n>-methallyl)Cl(CO)2(dmpzH),] (1b)

[Mo(nB-methallyl)CI(CO)Q(NCME)Q] (0.160g, 0.5 mmol) was
added to a solution of dmpzH (0.096g, 1.0 mmol) in CHCl»
(20 mL). The solution was stirred at r.t. for 5 min, the volatiles were
removed in vacuo, and the yellow residue was extracted with Et;0
(ca. 20 mL) and filtered. Hexane was added (ca. 20 mL) and the
solution was concentrated and cooled to —20 °C, giving a yellow-
orange microcrystalline solid, which was decanted, washed with
hexane (3 x 3 mL approximately), and dried in vacuo, yielding
0.103 g (49%). IR (THF, cm™"): 1941 vs, 1842 s. IR (KBr, cm™'):
3314 m, 3271 m, 1933 s, 1837 s, 1572 m, 1420 w, 1372 w, 1284
w, 1159 w, 1020 w, 790 w. 'H NMR (r.t.): 1.31 (s, H*"" methallyl,
2H), 2.06 (s, CH; methallyl, 3H), 2.13 (s, CH; dmpzH, 6H), 2.43
(br, CH; dmpzH, 6H), 3.35 (br, HY" methallyl, 2H), 5.83 (br, H*
dmpzH, 2H), 10.98 (br, NH, 1H), 11.41 (br, NH, 1H). '"H NMR
(233 K): 1.21 (s, H*™ methallyl, 1H), 1.37 (s, H*™ methallyl, 1H),
2.04 (s, CHy methallyl, 3H), 2.05 (s, CH; dmpzH, 3H), 2.21 (s, CH;
dmpzH, 3H), 2.23 (s, CHs dmpzH, 3H), 2.80 (s, CH3 dmpzH, 3H),
2.87 (d, J=3.5Hz, HY" methallyl, 1H), 3.44 (d, J=4.0 Hz, H¥"
methallyl, 1H), 5.78 (s, H* dmpzH, 1H), 5.87 (s, H* dmpzH, 1H),
10.56 (s, NH, 1H), 11.32 (s, NH, 1H). "*C{"H} NMR: 10.7 (s, C°Hs
dmpzH), 15.0 (br, C*Hs dmpzH), 20.4 (s, CH; methallyl), 52.3 (br,
CH> methallyl), 61.5 (br, CH, methallyl), 84.9 (s, CH3((CH>)),
106.6 (s, C*' dmpzH), 139.7 (s, C° pzH), 152.0 (br, ¢ dmpzH),
153.8 (br, 3 dmpzH), 225.0 (br, CO). Anal. Calcd. for C;gH23CIMo-
N4O;: C, 44.20; H, 5.33; N, 12.88. Found: C, 44.51; H, 5.02; N,

13.06%. Crystals of 1b-0.5(dmpzH2)BF; were unexpectedly ob-
tained after the reaction of [Mo(n*-methallyl)CI(CO),(NCMe),]
with TIBF,; and 3-fold excess of dmpzH in CH,Cl,.

4.4. [Mo(n*-methallyl)(0>CCH3)(CO)x(pzH)2] (2a)

4.4.1. Method A

NaOAc 3H»,0 (0.204 g, 1.5 mmol) and pzH (0.068 g, 1.0 mmol)
were added to a solution of [Mo(n?-methallyl)CI{CO),(NCMe),]
(0.162 g, 0.5 mmol) in THF (20 mL). The mixture was stirred at
r.t. for 3 h. The volatiles were removed in vacuo and the
orange residue was extracted with CH,Cl, (ca. 30 ml) and fil-
tered. Hexane was added (ca. 20 mL) and the solution was
concentrated and cooled to —20°C, giving a orange microcrystal-
line solid, which was decanted, washed with hexane
(3 x 3 mL approximately), and dried in vacuo, yielding 0.101 g
(51%) of 2a.

4.4.2. Method B

NaOAc 3H,0 (0.030 g, 0.22 mmol) were added to a solution of
1a (0.075 g, 0.2 mmol) in THF (10 mL). The mixture was stirred at
r.t. for 3 h. Work-up as for Method A gave 0.045 g (56%) of 2a. IR
(THF, cm™'): 1944 vs, 1847 s. IR (KBr, cm™!): 3255 m, 3144 w,
2961 w, 2919 w, 1946 s, 1930 s, 1831 vs, 1612 s, 1527 m, 1474
m, 1394 s, 1332 m, 1254 w, 1139 m, 1048 m, 1025 w, 941 w,
900 w, 773 m, 660 w, 635 w, 609 w, 501 w. 'H NMR (r.t.): 1.37
(s, H™" methallyl, 2H), 1.71 (s, CH; methallyl, 3H), 2.11 (s, acetate,
3H), 3.11 (s, HY" methallyl, 2H), 6.30 (s, H* pzH, 2H), 7.46 (s, H>?
pzH, 2H), 7.75 (s, H*>® pzH, 2H), 13.09 (br, NH, 2H). '"H NMR
(213 K): 1.11 (s, H*™ methallyl, 1H), 1.16 (s, H*™ methallyl, 1H),
1.64 (s, CH3 methallyl, 3H), 1.90 (s, CH; acetate, 3H), 2.67 (s, H*¥"
methallyl, 1H), 3.24 (s, H*Y" methallyl, 1H), 6.37 (s, H* pzH, 1H),
6.48 (s, H* pzH, 1H), 7.63 (s, H® pzH, 1H), 7.69 (s, H® pzH, 1H),
7.96 (s, H® pzH, 1H), 8.01 (s, H? pzH, 1H), 11.81 (br, NH, 1H),
14.95 (br, NH, 1H). "*C{'H} NMR: 19.2 (s, CH3 methallyl), 25.6 (s,
CH5C0,), 59.4 (s, CH; methallyl), 83.2 (s, CH3((CH,),), 106.4 (s, C*
pzH), 129.6 (s, >3 pzH), 144.8 (s, C>* pzH), 182,1 (s, CH3C0,), CO
not observed. Anal. Calcd. for Ci4H;sMoN4O,4: C, 41.80; H, 4.51;
N, 13.93. Found: C, 42.17; H, 4.34; N, 14.16%.

4.5. [Mo(n*-methallyl )(0,CCH4)(C0),(dmpzH),] (2b)

NaOAc 3H,O0 (0.122g, 09mmol) and dmpzH (0.058 g,
0.6 mmol) were added to a solution of [Mo(n>-methal-
Iy1)CI(CO),(NCMe),] (0.097 g, 0.3 mmol) in THF (15 mL). The mix-
ture was stirred at r.t. for 2 h. Work-up as for 2a gave 0.075¢g
(55%) of 2b as a yellow microcrystalline solid. IR (THF, cm™'):
1943 vs, 1846 s. IR (KBr, cm™'): 3265 m, 3143 w, 3102 w, 3049
w, 2990 w, 2949 w, 2862w, 1935 vs, 1851 vs, 1588 s, 1569 s,
1492 w, 1474 w, 1394 s, 1335 m, 1306 w, 1272 m, 1160 w, 1042
w, 1028 m, 786 m, 741 w, 658 w, 633 w. 'H NMR (r.t.): 1.26 (s, H*™
methallyl, 2H), 1.68 (s, CH3 methallyl, 3H), 2.09 (s, CH; acetate, 3H),
2.19 (s, CHy dmpzH, 6H), 2.32 (s, CH3 dmpzH, 6H), 3.01 (s, H¥"
methallyl, 2H), 5.82 (s, H* dmpzH, 2H), 12.02 (br, NH, 2H). 'H
NMR (233 K): 1.23 (s, H*" methallyl, 1H), 1.27 (s, H*™ methallyl,
1H), 1.57 (s, CH3 methallyl, 3H), 1.99 (s, CHy acetate, 3H), 2.13 (s,
CH; dmpzH, 6H), 2.26 (s, CH3 dmpzH, 3H), 2.53 (s, CHs dmpzH,
3H), 2.80 (s, H¥" methallyl, 1H), 3.08 (s, H*¥" methallyl, 1H), 5.77
(s, H* dmpzH, 1H), 5.86 (s, H* dmpzH, 1H), 11.13 (s, NH, 1H),
13.37 (s, NH, 1H). '*C{'H} NMR: 10.9 (s, CH; dmpzH), 14.5 (s,
CH; dmpzH), 19.2 (s, CHs methallyl), 25.9 (s, CH5CO,), 59.6 (br,
CH, methallyl), 84.3 (s, CH3C(CHa),), 106.1 (s, C* dmpzH), 140.2
(s, C>* dmpzH), 151.2 (s, C** dmpzH), 180.9 (s, CH3C0,), CO not ob-
served. Anal. Caled. for CigHa6MON4O4: C, 47.17; H, 5.72; N, 12.23.
Found: C, 46.92; H, 5.42; N, 12.00%.
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4.6. fac-[Mn(02CCH5)(C0O)s(pzH):] (3a)

To a recently prepared solution of fac-{MnBr(CO)3;(NCMe),] (ob-
tained from 0.082 g of [MnBr(CO)s], 0.3 mmol) in THF (15 mL),
AgOAc (0.055g, 0.33 mmol) and then pzH (0.042 g, 0.6 mmol)
were added. The solution was stirred for 5 min. Work-up as for
2a gave 0.075 g (75%) of 3a as a yellow microcrystalline solid. IR
(THF, cm™"): 2033 vs 1938 vs, 1912 vs. IR (KBr, cm™'): 3344 w,
3158 w, 2026 vs, 1918 vs br, 1608 m, 1534 m, 1471 m, 1387 m,
1355 w, 1335 m, 1261 m, 1163 w, 1134 m, 1059 m, 1048 m, 942
w, 910 w, 864 w, 759 m, 698 w, 664 w, 634 w, 599 w, 521 w. 'H
NMR: 2.24 (br, acetate, 3H), 6.37 (s, H* pzH, 2H), 7.59 (br, H®
pzH, 2H), 7.63 (s, H® pzH, 2H), 13.04 (br, NH, 2H). '*C{'H} NMR
[(CD3),CO] [33]: 28.1 (s, CH3CO5), 108.4 (s, C* pzH), 132.7 (s, C°3
pzH), 143.7 (s, C>* pzH), 170.0 (s, CH3(05), 222.2 (s, 1C0), 223.3
(s, 2€0). Conduct. Ay (MesCO): 2Scm? mol~'. Anal. Calcd. for
C;H;MnN4Os: C, 39.54; H, 3.32; N, 16.77. Found: C, 39.21; H,
2.97; N, 17.07%.

4.7. fac-[Mn(0,CCH;)(CO)y(dmpzH)] (3b)

To a recently prepared solution of fac-[MnBr(CO)s(NCMe),] (ob-
tained from 0.137 g of [MnBr(CO)s), 0.5 mmol) in THF (20 mL),
AgOAc (0.091 g, 0.55 mmol) and then dmpzH (0.097 g, 1.0 mmol)
were added. The solution was stirred for 45 min. Work-up as for
2a gave 0.152 g (78%) of 3b as a yellow microcrystalline solid. IR
(THF, cm~"): 2030 vs, 1934 vs, 1906 vs. IR (KBr, cm~'): 3313 w,
3271 w, 2930 w, 2029 vs, 1934 vs, 1898 vs, 1571 s, 1543 w,
1400 s, 1289 m, 1142 w, 1043 w, 806 m, 688 w, 662 w, 632 w,
518 w. 'H NMR: 2.13 (s, CH; dmpzH, 6H), 2.17 (s, CH; acetate,
3H), 2.23 (s, CH; dmpzH, 6H), 5.84 (s, H* dmpzH, 2H), 12.02 (br,
NH, 2H). "*C{"H} NMR: 11.5 (s, >CH; dmpzH), 13.9 (s, *CH; dmpzH),
26.0 (br, CH3CO5), 106.9 (s, C* dmpzH), 141.0 (s, C*** dmpzH), 153.1
(s, (3% dmpzH), 184.5 (br, CH3C0O;), 219.7 (s, 2C0), 223.1 (s, 1C0O).
Conduct. Ay (MeyCO): 0Scm?mol™'. Anal. Caled. for
CisH19MnN4Os: C, 46.16; H, 4.90; N, 14.36. Found: C, 45.81; H,
4.63; N, 14.04%.

4.8. fac-[Re(0,CCH3)(CO)s(pzH).] (4a)

To a solution of fac-[ReBr{CO);(NCMe),] (0.127 g, 0.3 mmol) in
Me,CO (10 mL), AgOAc (0.055g, 0.33 mmol) and then pzH
(0.042 g, 0.6 mmol) were added. The solution was stirred for
30 min. Work-up as for 2a gave 0.115 g (84%) of 4a as a colorless
microcrystalline solid. IR (THF, cm'): 2024 vs, 1914 vs, 1894 vs,
IR (KBr, cm™1): 3145 w, 2989 w, 2875 w, 2027 vs, 1903 vs br,
1570 s, 1528 s, 1482 5, 1404 s, 1353 5, 1272 m, 1164 m, 1142 s,
1064 s, 1051 s, 1020 w, 951 w, 912 w, 882 w, 880 w, 807 m, 766
5,672 m, 659 w, 635 w, 608 m, 531 m, 488 m. 'H NMR: 2.18 (s, ace-
tate, 3H), 6.35 (s, H* pzH, 2H), 7.58 (s, H*® pzH, 2H), 7.62 (s, H>?
pzH, 2H), 12.94 (br, NH, 2H)."*C{'"H} NMR [(CDs),CO|:** 23.9 (s,
CH3CO,), 107.6 (s, C* pzH), 131.9 (s, C** pzH), 143.0 (s, C>° pzH),
180.8 (s, CH3CO3), 196.9 (2C0O), 206.1 (partially overlapped with
the acetone signal, CO). Conduct. Ay (Me5C0O): 2 S cm? mol . Anal.
Calcd. for CyiH11N4OsRe: C, 28.39; H, 2.38; N, 12.04. Found: C,
28.73; H, 2.67; N, 11.72%.

4.9. fac-[Re(0,CCH3)(CO)s(dmpzH),] (4b)

To a solution of fac-[ReBr{CQO)3(NCMe),] (0.216 g, 0.5 mmol) in
Me>CO (20 mL), AgOAc (0.092 g, 0.55 mmol) and then dmpzH
(0.097 g, 1.0 mmol) were added. The solution was stirred for
40 min. Work-up as for 2a gave 0.239 g (92%) of 4b as a colorless
microcrystalline solid. IR (THF, cm'): 2021 vs, 1911 vs, 1886 vs.
IR (KBr, cm™'): 3398 s, 2929 w, 2017 vs, 1897 vs br, 1576 m,
1395 m, 1337 m, 1309 w, 1824 w, 1176 w, 1152 w, 1101 w,

1048 m, 1027 m, 882 w, 800 w, 664 m, 503 w. 'H NMR: 2.12 (s,
CH; acetate, 3H), 2.14 (s, CHy dmpzH, 6H), 2.25 (s, CH3 dmpzH,
6H), 5.87 (s, H* dmpzH, 2H), 12.02 (br, NH, 2H). "*C{'H} NMR:
11.1 (s, °CH; dmpzH), 14.2 (s, CH; dmpzH), 24.2 (s, CH3CO,),
106.1 (s, C* dmpzH), 141.2 (s, C** dmpzH), 152.6 (s, C*> dmpzH),
181.6 (s, CH3C0,), 195.3 (s, 2C0), 195.8 (s, 1C0). Conduct. Ay
(Me,C0): 05 cm?® mol~". Anal. Calcd. for Cy5HqN4O5Re: C, 34.54;
H, 3.67; N, 10.74. Found: C, 34.34; H, 3.31; N, 10.47%.

4.10. Crystal structure determination for compounds 1a, 1b, 2a, 2b,
3a, 3b, 4a, and 4b

Crystals were grown by slow diffusion of hexane into concen-
trated solutions of the complexes in CH,Cl, at —20 °C. Relevant
crystallographic details are given in Table 4. A crystal was attached
to a glass fiber and transferred to a Bruker AXS SMART 1000 dif-
fractometer with graphite monochromatized Mo Ko X-radiation
and a CCD area detector. Raw frame data were integrated with
the saint program [34]. The structure was solved by direct methods
ith sHewxTL [35]. A semi-empirical absorption correction was applied
with the program sapass [36]. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were set in calculated positions
and refined as riding atoms, with a common thermal parameter.
All calculations and graphics were made with sHeixr. For 4a several
peaks were found in the proximity of the trigonal axis. After sev-
eral attempts, they were modelled as two disordered molecules
of dichloromethane with the carbon atoms lying in the trigonal
axis, they were refined as rigid groups with occupancy factors of
one-sixth each. Distances and angles of hydrogen bonds were cal-
culated with parst [37] (normalized values) [38].

5. Supplementary material

CCDC 716936, 716937, 716938, 716939, 716940, 716941,
716942 and 716943 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.a-
c.uk/data_request/cif.
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ABSTRACT: The reactions of cis-[MoCl(1*-methallyl)(CO),(NCMe),]
(methallyl = CH,C(CH,;)CH,) with Na(NCNCN) and pz*H (pzH, pyrazole,
or dmpzH, 3,5-dimethylpyrazole) lead to cis-[ Mo(i*-methallyl)(CO), (pz*H)-
(u-NCNCN-<’N,N)], (pzH, 1a; dmpzH, 1b), where dicyanamide is
coordinated as bridging ligand. Similar reactions with fac-[MnBr-
(CO);(NCMe),] lead to the pyrazolylamidino complexes fac-[Mn(pz*H)-
(CO),(NH=C(pz*)NCN-c*N,N)] (pzH, 2a; dmpzH, 2b), resulting from the
coupling of pyrazol with one of the CN bonds of dicyanamide. The second
CN bond of dicyanamide in 2a undergoes a second coupling with pyrazole
after addition of 1 equiv of fac-[MnBr(CO);(pzH),], yielding the dinuclear
doubly coupled complex [{fac-Mn(pzH)(CO);},(-NH=C(pz)NC(pz)

7

&
>
e’ O

o J,

=NH-«*N,N,N,N)Br (3). The crystal structure of 3 reveals the presence of two isomers, cis or trans, depending on whether
the terminal pyrazoles are coordinated at the same or at different sides of the approximate plane defined by the bridging bis-
amidine ligand. Only the cis isomer is detected in the crystal structure of the perchlorate salt of the same bimetallic cation (4),
obtained by metathesis with AgClO,. All the N-bound hydrogen atoms of the cations in 3 or 4 are involved in hydrogen bonds.
Some of the C—N bonds of the pyrazolylamidino ligand have a character intermediate between single and double, and theoretical
studies were carried out on 2a and 3 to confirm its electronic origin and discard packing effects. Calculations also show the
essential role of bromide in the planarity of the tetradentate ligand in the bimetallic complex 3.

B INTRODUCTION

We have recently described new pyrazolylamidino complexes
obtained from the reactions of pyrazoles and nitriles in the
presence of manganese- and rhenium(I) metal centers." There
are not many examples of this reaction,"” even though
pyrazolylamidino ligands present several interesting features:
(a) they are synthesized in situ by an addition of the N—H
bond of the pyrazole across the nitrile C—N triple bond
(Scheme 1);? thus, using different nitriles and pyrazoles may
give rise to new bidentate chelating ligands of distinct electronic
and steric properties; (b) the NH group may give rise to further
reactivity, as it may be involved in noncovalent interactions or
may be deprotonated; (c) the different properties of the two
donor atoms and the electron delocalization within the ligand
makes them potentially interesting for electron transfer

Scheme 1. General Method for the Synthesis of
Pyrazolylamidino Complexes

M—N=—R (—:\
X N
+ ~
Y=
N—N M=N_
/ / H

ACS Publications  © 2012 American Chemical Society
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processes and related physical properties. The mechanism of
this reaction remains unclear, although it is generally assumed
to be a intramolecular nucleophilic attack of the pyrazole to the
nitrile,™ intermolecular paths have been also proposed,
depending on the electronic configuration of the metal
center.”

Considering the possibility of using different precursors, we
decided to extend this study to sodium dicyanamide, which
contains two CN bonds capable of undergoing nucleophilic
addition by pyrazoles. In fact, the coupling of pyrazoles and
pseudohalides such as dicyanamide, tricyanomethanide, or
nitrosodicyanomethanide to form new chelating ligands have
already been described for different transition metals.* In our
case, the behavior of the dicyanamide/pyrazole system depends
on the metallic substrate used.

B RESULTS AND DISCUSSION

Molybdenum Complexes. The reactions of cis-[MoCl(#*-
methallyl)(CO),(NCMe),] with Na(NCNCN) and pzH or
dmpzH in a 1/1/1 ratio in tetrahydrofuran (thf) at 60 °C for 1
h lead to cis-[Mo(n*-methallyl)(CO),(pzH)(u-NCNCN-
K*N,N)], (1a), or cis-[Mo(i*-methallyl)(CO),(dmpzH)(u-
NCNCN-K*N,N)], (1b), as yellow solids (Scheme 2). The
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Scheme 2. Syntheses of Complex 1

Oc"'j:”c”e ,RWR. Na[NCNCN]
OC” | NCMe

N—NH
Cl
R=H, CH;

|

} N’C‘JLC*-N _.M<. e

oc' N\C_N_C;N | ‘co
R=H, 1a

R=CHj,, 1b

same products are obtained when excess of pyrazole is used.
Pyrazolylamidino complexes were never detected even when
more drastic reaction conditions were used. This can not be
considered surprising, since no pyrazolylamidino products
could be isolated when cis-[MoCl(*-methallyl)-
(CO),(NCMe),] was treated with pyrazoles in acetonitrile.
These results contrast with the report of the only
pyrazolylamidino molybdenum complex reported so far, fac-
[MoBr(r-allyl)(CO),(NH=C(CH,)pz-k*N,N)], described in
1987 after the reaction of fac-[Mo(CO);(NCMe),] with
Na[Me,Ga(pz)(OCgH,NH,)] and allylbromide.”

Compound 1b could be crystallografically characterized
(Figure 1 and Table 1).° The resulting determination is poor

Figure 1. Perspective view of cis-[Mo(y*-methallyl)(CO),(dmpzH)-
(u-NCNCN-K’N,N)], (1b), showing the atom numbering. Ellipsoids
are drawn at 30% probability.

(high residuals) because of the low quality of the crystal, but
the structure is included here since it confirms unambiguously
the connectivity of the molecule. Both molybdenum atoms are
pseudo-octahedrally coordinated, assuming that the methallyl
group occupies one site. The terminal carbon atoms of the
methallyl group are oriented over the carbonyl groups, as has
been demonstrated to be the most energetically favorable
arrangement.® The complex is a qua51 symmetrtc dimer where
two dicyanamides bridge two “cis-Mo(n*-methallyl)-
(CO),(dmpzH)" fragments, with the methallyl and dimethyl-

6071

Table 1. Selected Distances (A) and Angles (deg) for cis-
[Mo(rr’ methallyl)(CO),(dmpzH)(u NCNCN K*N,N)1,
(1b)*

Mo(1)-C(1) 2.03(3)
Mo(1)-C(2) 1.99(3)
Mo(1)-N(1) 2.29(2)
Mo(1)=N(3) 2.19(2)
Mo(1)—-N(55) 2.34(2)
C(1)-Mo(1)-C(2) 79.7(11)
C(1)-Mo(1)-N(3) 169.6(9)
C(2)-Mo(1)-N(3) 99.3(9)
C(1)=Mo(1)-N(1) 86.1(9)
C(2)-Mo(1)-N(1) 86.8(10)
N(3)—Mo(1)—-N(1) 83.5(8)
C(1)—Mo(1)-N(55) 98.1(10)
C(2)=Mo(1)=N(55) 166.3(10)
N(1)=Mo(1)=-N(55) 79.6(7)
N(3)—Mo(1)—-N(55) 80.3(7)

pyrazole coordinated respectively trans. Only one of the two
possible diastereomers is detected in the structure: that with
both methallyl (or both pyrazoles) at the same side of the
approximate plane formed by the bridging dicyanamides and
the metal centers. A wide range of bimetallic complexes with
bridging dicyanamide are known,” although we have not been
able to find any precedent containing molybdenum.

The NMR spectra of la and 1b are not informative (see
Experimental Section). Both are very scarcely soluble, and their
spectra in Me,CO-d® or thf-d* display mixtures which can not
be identified. In an attempt to brake these processes in solution,
the NMR spectra were recorded immediately after dissolving
the solids at low temperature, but mixtures of the complexes
were also obtained. There are several reasons to explain the
origin of the species detected in the NMR spectra. The isomer
found in the solid structure may be described as cis, but the
presence of a trans isomer in solution can not be discarded. On
the other hand, allyldicarbonylmolybdenum(II) complexes
usually display a nondissociative trigonal twist process in
which there is an intramolecular rotation of the XL, triangular
face,® which would afford new sets of signals if it were slow
enough. Finally, the well-known lability of the metal-nitrile
bonds (Mo-NCNCN bonds in la and 1b), would lead to
decoordination of dicyanamide and eventually to the
decomposition of the complex, and in fact the solutions
became brown in a few minutes.

The IR spectra of 1a and 1b show two bands in the C—O
stretching region in solution, as expected for their cis-dicarbonyl
geometry. The frequencies are slightly higher for the complex
with pzH than those with dmpzH, as could be predicted
considering the better donor properties of dmpzH compared to

zH.

! Manganese Mononuclear Complexes. The reactions of
fac-[MnBr(CO);(NCMe),] with Na(NCNCN) and pzH or
dmpzH in a 1/1/2 ratio in thf at 60 °C for 6 h lead to fac-
[Mn(pzH)(CO);(NH=C(pz)NCN-’N,N)] (2a), or fac-
[Mn(dmpzH)(CO);(NH=C(dmpz)NCN-’N,N)] (2b), as
yellow solids (Scheme 3, path “a”). The same products,
although in lower yields, are obtained when 1 equiv of the
pyrazole is used.

The IR spectra of 2a and 2b show three bands in the C-O
stretching region in solution, as expected for their fac-
tricarbonyl geometry. As described above for the molybdenum
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Scheme 3. Syntheses of Complexes 2 and 3
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complexes, the frequencies are slightly higher for the complex
with pzH than those with dmpzH, as could be predicted
considering the better donor properties of dmpzH compared to
zH.

P The NMR data (see Experimental Section) of the new
complexes do not provide important structural information,
except for a previously observed feature in complexes
containing both pyrazole and pirazolylamidino ligands, which
is the higher chemical shifts of the latter compared to
coordinated pyrazoles, © or to the values previously reported
for coordinated nitrile.” The characterization in solution of 2b
was difficult because of its low stability and low solubility in
solution. The low stability generated 'H NMR spectra always
containing more signals than those expected, because of the
formation of different byproducts which could not be identified
(vide infra). Both complexes, 2a and 2b, could be crystallo-
graphically characterized (Figure 2 and Table 2).

Both structures confirm the coordination of a pyrazolylami-
dino ligand resulting from the addition of the N—H bond of the
pyrazole across one of the CN triple bonds in dicyanamide. As
far as we know, these are the first pyrazolylamidino complexes
crystallographically characterized that are derived from the
coupling of dicyanamide.

The structural data are essentially the same in both
complexes, and very similar to those found in previously
reported structures of halotricarbonylman (ganese(l) complexes
containing a bidentate N-donor ligand."" The distances and
angles found in the pyrazolylamidino ligands are also similar to
those found in pyrazolylamidino complexes obtained from
monodentate nitriles."”

The N-bound hydrogens are involved in intramolecular
hydrogen bonds with the free nitrogen atom in the dicyanamide
of an adjacent molecule [H(3)--N(7) 2.75 A and H(5)--N(7)
1.99 A for 2a; H(3)--N(7) 2.46 A and H(5)--N(7) 2.08 A for
2b]. These and the corresponding N---N distances (3.313 and
2.845 A for 2a, and 3.146 and 2.936 A for 2b, respectively) and
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Figure 2. Perspective view of fac-[Mn(pzH)(CO);(NH=C(pz)-
NCN-’N)N)] (2a) (above), and fac-[Mn(dmpzH)(CO);(NH=
C(dmpz)NCN-x’N,N)] (2b) (below), showing the atom numbering.
Ellipsoids are drawn at 30% probability.

N—H-N angles (125 and 178° for 2a, and 137 and 174° for
2b, respectively) confirm the presence of a hydrogen bond
which may be considered between “weak” and “moderate”."’
Two resonance forms may be drawn for the new
pyrazolylamidino ligand derived from dicyanamide, depending
on which nitrogen atom is bearing the negative charge (Scheme
4). In resonance form A, the negative charge is located on the
nitrogen donor atom; therefore, it is the expected for a
traditional anionic ligand. In form B, the negative charge is
placed on the central nitrogen atom of dicyanamide, thus giving
rise to a zwitterionic complex. The N(3)—C(4) and C(4)—
N(6) distances in the crystal structures (Table 2) are very
similar [1.286(4) vs 1.332(4) for 2a, and 1.296(4) vs 1.342(4)
for 2b] and seem to point to a resonance hybrid where both
resonance forms contribute similarly. However, the similarity of
that bond distances may have been caused either by electronic
or by packing effects, and therefore a theoretical study was
carried out on 2a to determine the origin of that feature.
Starting from the crystallographic coordinates, the geometry
was optimized using density functional theory (DFT) methods
(see Experimental Section) reaching a minimum with bond
distances and angles that compare well with the experimental
ones (Figure 3 and Table 2). A NBO study was then performed
on the minimum geometry to calculate the Wiberg indexes of
the two N—C bonds, and the results are collected in Table 2.
The Wiberg indexes of the N(3)—C(4) and C(4)—N(6) bonds
are 1.40 and 1.42, respectively, indicating that both bonds have
a bond order intermediate between single and double.
Therefore, the similarity in the values of those bond distances
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Table 2. Selected Distances (A) and Angles (deg.) for fac-
[Mn(pzH)(CO),(NH=C(pz)NCN-x*N,N)] (2a), and fac-
[Mn(dmpzH)(CO);(NH=C(dmpz)NCN-k’N,N)] (2b),
DFT-Optimized Distances (A) and Angles (deg.) for 2a and
Wiberg Bond Indexes for Selected Distances

2a Wiberg
2a 2b (caled) index
Mn(1)-C(1) 1.795(4) 1.815(5) 1.817 091
Mn(1)-C(2) 1.803(4) 1.816(4) 1.811 093
Mn(1)-C(3) 1.798(4) 1.822(4) 1.819 0.90
Mn(1)=N(1) 2.026(2) 2.063(3) 2,066
Mn(1)—N(3) 2.041(2) 2.028(3) 2.069
Mn(1)—=N(4) 2.070(2) 2.115(3) 2.124
C(4)-N(3) 1.286(4) 1.296(4) 1.328 1.40
C(4)=N(6) 1.332(4) 1.342(4) 1.316 142
N(2)-C(4) 1419(4) 1.426(4) 1.422 095
C(1)-Mn(1)-C(3) 88.41(14) 88.50(17) 92.04
C(1)=Mn(1)—-C(2) 90.06(15) 88.8(2) 92.34
C(3)=Mn(1)-C(2) 89.61(13) 87.77(17) 93.28
C(1)=Mn(1)=N(3) 94.24(13) 94.04(16) 90.19
C(3)—Mn(1)—N(3) 97.50(12) 94.92(14) 94.77
C(2)=Mn(1)-N(3) 171.78(12)  176.12(16) 17147
C(1)=Mn(1)—=N(1) 92.89(13) 89.88(15) 91.40
C(3)=Mn(1)=N(1) 175.00(11)  171.38(14) 17115
C(2)=Mn(1)=-N(1) 95.21(11) 100.67(14) 9472
N(3)-Mn(1)=N(1) 77.60(9) 76.75(11) 77.07
C(1)=Mn(1)—N(4) 178.76(13)  179.06(15)  176.66
C(3)—Mn(1)—N(4) 92.63(12) 92.16(15) 89.28
C(2)=Mn(1)-N(4) 90.62(11) 91.87(17) 90.65
N(3)-Mn(1)=N(4) 84.96(9) 85.24(13) 86.64
N(1)-Mn(1)—N(4) 86.01(9) 89.37(12) 86.86
Scheme 4. Resonance Forms Proposed for the New
Pyrazolylamidino Ligand Derived from Dicyanamide
i o
® N—\ ® NN
Mo — el
N N—c=n A C=N
H - H -
A B

Figure 3. Wiberg indexes of the relevant C—N bonds obtained from
the theoretical study on 2a.
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has an electronic origin and is not due to packing effects. It may
be concluded, then, that the best description for this ligand is
that depicted in Scheme 3 where the bond order from both N—
C bonds derived from dicyanamide is 1.5.

Manganese Binuclear Complexes. When 2a is main-
tained in solution in the reaction mixture, a new bimetallic
complex [{fac-Mn(pzH)(CO),},(u-NH=C(pz)NC(pz)=NH-
K*N,N,N,N)]Br, 3, is obtained as a mixture of isomers. The
formation of this complex may be interpreted considering the
process depicted in Scheme 3 (path “b”). The uncoordinated
C=N present in 2a may undergo a coupling process with a
second pyrazol. This second pyrazol should come from the
bis(pyrazol) complex, fac-[MnBr(CO),(pzH),], which occurs
as sideproduct in the coupling reactions to obtain pyrazolyla-
midino r:()mplexes.l Therefore, the presence in solution of both
2a and fac-[MnBr(CO);(pzH),] should give rise to a second
coupling process, affording 3. As indicated above, the
mechanism of the coupling reaction is not straighforward, but
it is evident that both pyrazole and coordinated nitrile must be
in solution to obtain a pyrazolylamidino ligand.

The selective synthesis of 3 as a yellow solid was achieved
from the reaction of 2a with the stoichiometric amount of fac-
[MnBr(CO);(pzH),] in thf at room temperature for 4 h. The
attempts to isolate a similar complex to 3 with dmpzH, starting
from 2b, failed. As indicated before, 2b is unstable in solution,
and its '"H NMR spectra show always minor unidentified
signals, which could be due to a complex similar to 3, but
containing dmzH instead of pzH. However, all the attempts to
isolate or to synthesize this compound selectively failed.

Figure 4. Perspective view of [{fac-Mn(pzH)(CO);},(u-NH=
C(pz)NC(pz)=NH-x'N,N,N,N)]Br (3) showing the atom number-
ing. Ellipsoids are drawn at 30% probability.

The crystal structure of 3 (Figure 4 and Table 3) reveals the
presence of two isomers, depending on whether both
coordinated pyrazols are situated at the same side (cis, right
in Figure 4) or at opposite sides (trans, left in Figure 4) of the
approximate plane defined by the bridging ligand and the
metals. The complex is a dimer constituted by two “fac-
Mn(CO);(pzH)" fragments linked by the new bis-
(pirazolylamidino) ligand “NH=C(pz)NC(pz)=NH-
&*'N,N,N,N”, which bridges both metallic fragments. The new
pyrazolylamidino ligand comes from the nucleophilic addition
of one pyrazole to each C=N group of dicyanamide, giving rise
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Table 3. Selected Distances (A) and Angles (deg) for [{fac-Mn(pzH)(CO);},(p-NH=C(pz)NC(pz)=NH-k*N,N,N,N)]A (A =

Br, 3; ClO,, 4)°

3cisa 3cish 3 trans
Mn(1)-C(1) 1.791(13) 1.780(12) 1.786(11)
Mn(1)-C(2) 1.779(14) 1.811(12) 1.820(12)
Mn(1)—C(3) 1.814(12) 1.817(12) 1.800(11)
Mn(1)-N(1) 2.022(10) 2.015(8) 2.048(7)
Mn(1)-N(3) 2.021(7) 2.042(7) 2.029(6)
Mn(1)—-N(8) 2.077(8) 2.091(8) 2.041(7)
N(1)=N(2) 1.344(12) 1.360(11) 1.357(9)
N(2)-C(14) 1.438(12) 1.406(11) 1.412(10)
N(3)-C(14) 1.291(12) 1.288(11) 1.283(10)
N(4)-C(14) 1.336(13) 1.327(11) 1.328(9)
Cc(1)-0(1) 1.151(13) 1.153(11) L141(11)
C(2)-0(2) 1.157(13) 1.132(12) 1.141(12)
C(3)-0(3) 1.136(13) 1.131(12) 1.124(11)
C(1)=Mn(1)=N(8) 177.5(4) 176.4(4) 176.6(3)
C(2)—Mn(1)-N(1) 174.8(4) 174.9(4) 175.0(3)
C(3)—Mn(1)-N(3) 173.4(5) 172.0(5) 173.1(4)
C(15)-N(4)-C(14) 123.7(8) 120.6(9)

4 cis a 4cis b cis caled trans calcd
1.77(2) 1.85(2) 1.816 1.815
1.73(2) 1.86(2) 1.831 1.833
1.70(2) 1.88(3) 1.812 1812
2.005(18) 2.022(16) 2,054 2.057
2.017(18) 2.054(17) 2,053 2.061
2.068(19) 2.062(16) 2121 2115
1.42(2) 1.31(2) 1356 1355
1.37(2) 1.49(3) 1.436 1.432
1.28(2) 1.33(2) 1.300 1.301
1.30(2) 1.33(2) 1.337 1.335
1.17(3) 1.12(3) 1.153 1.153
1.20(3) 1.09(2) 1.150 1.150
1.19(3) 1.11(3) 1.156 1.156
176.7(9) 177.4(9) 176.7 176.4
176.6(9) 173.3(9) 172.9 1739
169.9(8) 173.9(9) 171.1 1709
123.3(9) 125.7 1254

“The cis isomer does not have a crystallographic symmetry plane and, therefore, the two moieties of the molecule are not equivalent. Here we refer

to one of the moieties as ‘cis a" and to the other moiety as "cis b".

a new tetradentate ligand. It is almost planar, as the dihedral
angle formed by its two pirazolylamidino moieties differs 4°
from planarity in the cis diastereomer and —16° in the trans
diastereomer. As indicated by the different signs, the
pirazolylamidino fragments are bent toward the same side in
the cis isomer, but to opposite sides in the trans isomer.

A very interesting feature in the structure is the involvement
of all the hydrogens bonded to nitrogen atoms in hydrogen
bonds with the bromide. The N---H and N---Br distances are
collected in Table 4, and confirm the presence of hydrogen

Table 4. Distances (A) and Angles (deg.) for the Hydrogen
Bonds with Bromide Ion Detected in the Crystal Structure of
({fac-Mn(pzH)(CO),},(u-NH=C(pz)NC(pz)=NH-
k*N,N,N,N)]Br (3)

N—H--Br H-Br (A)  N-Br (A) N—H-Br (deg.)
N(3)=H(3)--Br(1) 2.606 3513 147
N(7)=H(7)--Br(1) 2329 3.353 173
N(9)—H(9)--Br(2) 2513 3373 141
N(12)—H(12)--Br(2) 2311 3334 172
N(15)—H(15)--Br(2) 2.558 3417 141
N(17)=H(17)--Br(2) 2265 3.286 171

bonds which may be considered as “weak”."" To know the role
of the anion in the structure, we decided to substitute the
bromide by another anion able to form hydrogen bonds, such
as perchlorate. Thus, the reaction of 3 with a stoichiometric
amount of AgClO, in thf at room temperature, leads to [{fac-
Mn(pzH)(CO) 3} (4-NH=C(pz)NC(pz)=NH-*N,N,N,N)]-
clo,, 4

The crystal structure of 4 is shown in Figure S, and selected
distances and angles are collected in Table 3."* Only the cis
diastereomer is detected in the crystal, since the pyrazoles are
coordinated at the same side of the approximate plane defined
by the bridging ligand and the metals. In this case, the
tetradentate ligand is almost planar, since the dihedral angle
defined by both pirazolylamidino moieties differs 2° from
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Figure 5. Perspective view of [{fac-Mn(pzH)(CO);},(u-NH=
C(pz)NC(pz)=NH-x*N,N,N,N)]CIO, (4) showing the atom num-
bering. Ellipsoids are drawn at 30% probability.

planarity, being bent toward the same side, as occurred for the
cis isomer in 3.

As expected, the perchlorate is involved in hydrogen bonds,
but only with the hydrogens of the coordinated pyrazols
[H(11)--0(11) 1.930 A; and H(9)--O(12) 1970 A, with
2.930 A for N(11)--0O(11), and 2.831 A for N(9)--0(12),
being 163 and 139° the N—H--O angles]. These distances
corrrespond to “moderate” hydrogen bonds,'" as well as those
where the hydrogen atoms of the bis(pyrazolylamidino) ligand
derived from dicyanamide are involved, in this case with the
oxygen atom of a thf molecule: H(3)--O(90) 2.159 and
H(7)--0(90) 2.025 A; with 3.060 for N(3)---0(90), and 2.928
A for N(7)--0(90), with a value of 145° for both N=H:--O
angles.

As for the bidentate ligand derived from the coupling of
pyrazole and one C=N bond in dicyanamide present in
complexes 2, several resonance forms may be drawn for the
new bis(pyrazolylamidino) tetradentate ligand present in
complexes 3 and 4, depending on which nitrogen atom is
bearing the negative charge (Scheme 5). As before, the N(3)—
C(14) and C(14)—N(4) distances in the crystal structures
(Table 3) are very similar but, in this case, the structure
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Scheme 5. Resonance Forms Proposed for the New
Tetradentate Bis(pyrazolylamidino) Ligand Derived from

Dicyanamide
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determination of 4 is not accurate enough to deduce the
predominant resonance form. Thus, a new calculation was set
and the same procedure followed for the study of 2a was used
to get the Wiberg indexes on the dinuclear complex 3 (for both
trans and cis isomers). The results of this study are summarized
in Table S and Figure 6, which displays the minimized structure

Table 5. Wiberg Bond Indexes of Selected Bonds of cis and
trans Isomers of [{fac-Mn(pzH)(CO),},(p-NH=
C(pz)NC(pz)=NH-x*N,N,N,N)]Br (3)

3 cis 3 trans
caled bond Wiberg caled bond Wiberg
dist. index ist. index
N(1)-N(2) 1.356 1.16 1.355 1.15
N(2)-C(14) 1.436 0.94 1432 0.94
N(3)-C(14) 1.300 1.56 1.301 1.56
N(4)-C(14) 1.337 128 1335 1.28

and the representative Wiberg indexes. The calculated bond
distances compare well with the experimental ones and, as with
the study carried out on 2a, the packing effects can be ruled out
as the cause of the C—N bond distances being intermediate
between single and double bonds. The calculated Wiberg
indexes of the N(3)—C(14) and C(14)—N(4) bonds are 1.56
and 1.28 respectively, in agreement with their intermediate
character.

A curious feature arising from the theoretical study is that
minimization of the bimetallic cis cation alone leads to a
structure with the tetradentate bridging ligand twisted, being
the dihedral angle defined by both pyrazolylamidino moieties of
38°. The planar structure found in the crystal structure
corresponds to a transition state between the two twisted
ground structures, as represented in Figure 7, with a calculated
activation energy AE = 3.44 kcal/mol. Interestingly, the planar
structure corresponding to a minimum of energy is only
attained when the bromide anion is included in the calculation
(Figure 8). Therefore, all the Wiberg index calculations have
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been performed on this ionic pair instead of on the isolated
cation.

The NMR data for 3 is rather complicated because of the
presence in solution of cis and trans isomers, therefore it will be
discussed below, after discussing the NMR spectra of 4, which
is simpler since only the cis isomer is present in solution. Table
6 collects 'H NMR data for 4 at different temperatures, Scheme
6 displays which protons are involved in the NOEs detected at
183 K, and Figure 9 collects the "H NMR spectra between 50
and —90 °C. The data collected in Table 6 clearly show that the
pyrazoles are slightly unequivalent in all the range of
temperatures registered (except for H'pzH at room temper-
ature (r.t) and above, probably because of accidental
degeneration), whereas the protons of both fragments in the
bis(pyrazolylamidino) ligand are only unequivalent at low
temperature, except for H>pz, which are equivalent in all the
range of temperatures registered. The latter feature may be
explained considering an equilibrium between enantiomers
similar to those detected in the calculations where the
tetradentate bis(pyrazolylamidino) ligand is folded. The low
energy of the enantiomers exchange indicates that the average
situation, corresponding to a planar tetradentate bis-
(pyrazolylamidino) ligand, must be easily achieved (Figure 7,
above). This would explain why the protons in the inner part of
the ligand, that is, HNMn and H3pz, are those more affected by
the process, whereas that external such as Hpz remains
unaffected at different temperatures.

On the other hand, the presence of only the cis isomer in 4 is
somewhat surprising, as 3 was a mixture of trans and cis. So far
we have been unable to find a definitive explanation for this
fact.
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Figure 7. Energetic diagram obtained from the theoretical study on the cation of 3.

Figure 8. Planar structure obtained from the theoretical study on 3
(including the bromide anion).

The '"H NMR of 3 is rather complicated because of the
presence of cis and trans isomers.'> The signals of cis isomer
are immediately assigned because of their similarity with those
of 4.

The IR spectra of 3 and 4 show three bands in the C—O
stretching region in solution, as expected for fac-tricarbonyl
geometries. The frequencies are essentially the same and
therefore they do not provide structural information and they
are not informative.

Finally, it is interesting to note that dicyanamide does not
take part in the process when using rhenium fragments, as the
reactions of fac-[ReBr(CO),(NCMe),] with Na(NCNCN)
and pyrazole led to the bis(pyrazole) complexes previously
described,'* probably because of the higher chemical inertness
of rhenium.

B CONCLUSIONS

The behavior of the sodium dicyanamide/pyrazole system
clearly depends on the metallic substrate used. No
pyrazolylamidino complexes are detected when cis-[MoCI(i*-
methallyl)(CO),(NCMe),] is treated with Na(NCNCN) and
pzH or dmpzH, thus confirming the low tendency of this
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fragment to give coupling of nitriles and pyrazoles. Instead of
coupling, coordination of dicyanamide and pyrazoles occurs
giving dicyanamide bridging dimers containing coordinated
pyrazole. Stepwise coupling with one CN bond of dicyanamide
or both CN bonds occur when fac-[MnBr(CO);(NCMe),] is
used as starting material, giving new pyrazolylamidino chelating
ligands coordinated to one metal atom in the first case, or as
bridging ligand in a binuclear complex in the second. The X-ray
diffraction structure of the new compounds present some C—N
bonds of the pyrazolylamidino ligands intermediate between
single and double. NBO theoretical studies on these complexes
allowed to deduce the electronic origin of that feature, and
helped to explain the planarity of the tetradentate ligand in the
bimetallic complex. The geometry of the bimetallic complex
depends on the anion: both cis and trans isomers are present
with bromide, whereas only the trans isomer is assembled with
perchlorate.

B EXPERIMENTAL SECTION

General Remarks. All manipulations were performed under N,
atmosphere following conventional Schlenk techniques. Filtrations
were carried out on dry Celite under N,. Solvents were purified
according to standard procedures.'> [Mo(5’-Metallyl)Cl-
(CO),(NCMe),],"® fac-[MnBr(CO);(NCMe),],"" and fac-[MnBr-
(CO)5(pzH),]" were obtained as previously described. All other
reagents were obtained from the usual commercial suppliers, and used
as received. Caution! Although no difficulties were experienced with the
perchlorate complex described herein, all perchlorate species should be
treated as potentially explosive and handled with care. Infrared spectra
were recorded in a Perkin-Elmer RX I FT-IR apparatus using 0.2 mm
CaF, cells for solutions or on KBr pellets for solid samples. NMR
spectra were recorded in Bruker AC-300 or ARX-300 instruments in
(€D;),CO at room temperature unless otherwise stated. NMR spectra
are referred to the internal residual solvent peak for 'H and "*C{'H}
NMR. Assignment of the *C{'H} NMR data was supported by DEPT
experiments and relative intensities of the resonance signals. Elemental
analyses were performed on a Perkin-Elmer 2400B microanalyzer

cis-[Mo(;>-methallyl)(CO),(pzH) (u-NCNCN-x2N,N)], (1a). Na-
(NCNCN) (0.018 g, 0.2 mmol) and pzH (0.014 g, 0.2 mmol) were
added to a solution of cis-[Mo(;*-metallyl)CI(CO),(NCMe),] (0.068

dx.doi.org/10.1021/ic202631c | inorg. Chem. 2012, 51, 60706080
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Scheme 6. NOEs Detected at 183 K for 4°
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“For clarity, only those on one fragment of the molecule are depicted,
the same NOEs are detected for the fragment on the left.

Figure 9. "H NMR spectra of 4 between 50 and —90 °C between 7.5
and 9 ppm showing H*pz, H*pz, HNMn, H*pzH, H*pzH (left to right
at 50 °C).

g 0.2 mmol) in thf (10 mL). The solution was stirred at 60 °C for 1 h,
and then was filtered and concentrated in vacuo. Addition of hexane
(ca. 20 mL) and cooling to —20 °C gave a yellow microcrystalline
solid, which was decanted, washed with hexane (3 X 3 mL
approximately), and dried in vacuo, yielding 0.028 g of 1a (21%).
Decomposition of the solid is observed even under inert atmosphere,
which precluded its spectroscopic characterization and suitable C,H,N
analysis. IR (thf, em™'): 2252 w, 2202 s, 1944 vs, 1861 s. IR (KBr,
cm™'): 3422 w, 2301 w, 2251 w, 2202 s, 1936 vs, 1850 vs, 1341 m,
1136 w, 1046 w, 771 w, 503 w. "H NMR: 0.95, 1.00, 1.16, 1.18 (s, H*""
methallyl), 2.13 (s, overlapped with the acetone signal, CH,
methallyl), 3.01, 3.02, 3.10, 3.14 (s, H”™ methallyl), 6.35, 6.58 (s, H*
pzH), 7.42, 7.78, 7.90, 797 (s, H* and H* pzH), 12.37 (br, NH), the
relative intensities of the signals are variable).
cis-[Mo(i*-methallyl)(CO),(dmpzH)(u-NCNCN-x2N,N)l, (1b).
Na(NCNCN) (0.018 g, 02 mmol) and dmpzH (0.019 g 02
mmol) were added to a solution of cis-[Mo(#* methallyl)Cl-
(CO),(NCMe),] (0.068 g, 0.2 mmol) in thf (10 mL). The solution
was stirred at 60 °C for 1 h. Workup as for 1a gave 0.033 g (22%) of
1b as yellow crystals. Decomposition of the solid is observed even
under inert atmosphere, which precluded its spectroscopic character-
ization and suitable C,H;N analysis. IR (thf, cm™'): 2253 w, 2202 s,
1942 vs, 1860 s. IR (KBr, cm™): 3422 w, 2184 m, 2037 w, 1937 vs,
1847 5, 1325 m, 1046 w, 886 w, 670 w. "H NMR: 0.95, 1.01, 1.10, 1.14
(s, H"™" methallyl), 2.13 (s, overlapped with the acetone signal, CH,
methallyl), 2.16, 2.19, 2.24, 2.28, 2.34, 2.36, 2.41, 2.46, 2.56, 2.59 (s,
CH, dmpzH), 2.82, 3.01, 3.02, 3.05, 3.10 (s, H” methallyl), 5.89,

dx.doi.org/10.1021/ic20263 1| inorg. Chem. 2012, 51, 6070-6080



Inorganic Chemistry

Table 7. Crystal Data and Refinement Details for 1b, 2a, 2b, 3, and 4

1b 2a
formula CyHygMo,N,,04 C,,HgMnN, O,
fw 882.69 341.18
cryst system triclinic monoclinic
space group PT P?.(l),fn
a, A 11.897(4) 7.7764(18)
b A 14.105(5) 13.535(3)
¢ A 14.454(5) 13.609(3)
a, deg 67.379(5) 90
B, deg 85.495(7) 102.601(5)
7, deg 69.564(7) 90
v, A 2093.6(13) 1397.9(6)
Z 2 4
T, K 293(2) 298(2)
dej g cm™ 1.400 1.621
F(000) 904 688
A (Mo K,), A 0.71073 0.71073
crystal size, mm; color 0.20 X 0.06 x 0.03, 0.28 x 0.16 x 0.08,
yellow yellow
4, mm™! 0.651 0.969
scan range, deg 1.53 to 23.38 2.15 to 23229
absorption correction semiempirical from semiempirical from
equivalents equivalents

corr. factors (max, min)
no of refl measured
no of ref independent

[R(int)]

1.000000, 0.363603
9429
5968 [0.0988]

1.000000, 0.787786
6114
2016 [0.0258]

no of ref observed, 1912 1597
1> 2a(I)

GOF on F* 0.840 1.000

no. of parameters 449 199

residuals R, wR2

0.0820, 0.2188

0.0338, 0.0878

2b-thf
C,H;,MnN;O,
469.39

3
CoH,BrMn,N |, O
696.23

4-thf
Cy4H,,CIMn,N,, 0y,
787.87

triclinic monoclinic orthorhombic

PT P2(1)/n Pna2(1)

8.733(7) 16.232(7) 16.046(11)

10.655(8) 9.622(4) 8.880(6)

13.642(11) 27.200(9) 23.199(16)

98.909(13) 90 90

96.890(13) 97.354(7) 90

107.068(13) 90 90

1180.3(16) 4213(3) 3306(4)

2 6 +

298(2) 293(2) 298(2)

1.321 1.646 1.583

488 2076 1600

0.71073 0.71073 0.71073

0.36 x 0.25 x 0.18, 0.29 X 028 x 0.16, 0.31 X 0.24 x 0.13,
yellow yellow yellow

0.597 2.377 0.917

1.53 to 28.59 1.26 to 23.29 1.76 to 24.99

semiempirical from semiempirical from semiempirical from
equivalents equivalents equivalents

1.000000, 0.368812
11278
5682 [0.0397]

1.000000, 0.748043
26351
6052 [0.0735]

1.000000, 0.714322
20702
5354 [0.1021]

3926 4546 3066
1.161 1113 1.192
284 542 384

0.0608, 0.1609

0.0760, 0.1760

0.1054, 0.2060

6.00, 6.11, 6.16 (s, H* pzH), 11.38 (br, NH), the relative intensities of
the signals are variable).
fac-[Mn(pzH)(CO);(NH=C(pz)NCN-x?N,N)] (2a). Na(NCNCN)
(0.027 g, 0.3 mmol) and pzH (0.041 g 0.6 mmol) were added to a
solution of fac-[MnBr(CO);(NCMe),] (obtained from 0.083 g 0.3
mmol of [MnBr(CO);])"" in thf (10 mL). The solution was stirred at
60 °C for 6 h. Workup as for 1a gave 0.045 g (44%) of 2a as yellow
crystals. IR (thf, em™): 2176 w, 2159 vw, 2035 vs, 1939 vs, 1927 vs. IR
(KBr, cm™): 3342 5, 2188 5, 2034 vs, 1942 vs, 1924 vs, 1602 5, 1459 s,
1408 s, 1237 m, 1054 m, 772 m, 725 m, 524 m. "H NMR: 6.39 (pst, J
= 2.5 Hz, H* pzH, 1 H), 6.66 (pst, ] = 2.5 Hz, H* pz, 1 H), 7.65 (d, ] =
1.5 Hz, H' pzH, 1 H), 7.89 (d, J = 2.0 Hz, H® pzH, 1 H), 822 (d, ] =
2.5 Hz, H’ pz, 1 H), 8.37 (d, ] = 1.5 Hz, H° pz, 1 H), 12.64 (br, HN, 1
H). “C{'H} NMR: 107.7 (s, C* pzH), 110.8 (s, C* pz), 131.7 (s, C**
pzH), 1329 (s, C*° pz), 143.5 (s, C** pzH), 146.9 (s, C>* pz), HN=C,
C=N, and CO not observed because of the low solubility of the
complex. Anal. Caled. for C,,H;MnN,O,: C, 38.73; H, 2.36; N, 28.74.
Found: C, 3849; H, 2.11; N, 28.89.
fac-[Mn(dmpzH)(CO)s(NH=C(dmpz)NCN-x’N,N)] (2b). Na-
(NCNCN) (0.027 g, 0.3 mmol) and dmpzH (0.058 g, 0.6 mmol)
were added to a solution of fac-[MnBr(CO);(NCMe),] (obtained
from 0.083 g 0.3 mmol of [MnBr(CO),])"™ in thf (10 mL). The
solution was stirred at 60 °C for 6 h. Workup as for 1a gave 0.050 ¢
(429%) of 2b as yellow crystals. IR (thf, cm™"): 2176 w, 2031 vs, 1939
vs, 1919 s. IR (KBr, cm™"): 3310 m, 3143 w, 2170 s, 2030 vs, 1929 vs,
1911 s, 1613 s, 1429 s, 1283 m, 1238 w, 803 w, 650 w, 523 w. 'H
NMR (CD,CL): 2.12 (s, CH; dmpzH, 3 H), 2.28 (s, CH; dmpzH, 3
H), 2.54 (s, CH, dmpz, 3 H), 2.65 (s, CH, dmpz, 3 H), 5.77 (s, H*
dmpzH, 1 H), 6.05 (s, H dmpz, 1 H), 7.11 (br s, NH, 1 H), 11.88 (br
s, NH, 1 H). BC{'"H} NMR (CD,CL): 109 (s, CH, dmpzH), 143 (s,
CH; dmpz), 14.8 (s, CH; dmpzH), 15.4 (s, CH; dmpz), 1066 (s, C*
dmpzH), 111.8 (s, C* dmpz), 142.7 (s, C** dmpzH), 1462 (s, C**
dmpz), 152.6 (s, C** dmpzH), 155.5 (s, C** dmpz), HN=C, C=N,

and CO not observed because of the low solubility of the complex.
Anal. Caled. for CsH,(MnN,O,: C, 45.35; H, 4.06; N, 24.68. Found:
C, 45.53; H, 3.74; N, 24.35.
[{fac-Mn(pzH)(CO)3},(1-NH=C(pz)NC(pz)=NH-x*N,N,N,N)]Br
(3). Compound 2a (0.017 g, 0.05 mmol) was added to a solution of
fac-[MnBr(CO);(pzH),] (0.018 g, 0.05 mmol) in thf (5 mL), and the
solution was stirred at r.t. for 4 h. Hexane was added (ca. 10 mL), and
the solution was concentrated and cooled to —20 °C, giving a yellow-
orange microcrystalline solid, which was decanted, washed with hexane
(3 x 3 mL approximately), and dried in vacuo, yielding 0.026 g (75%).
IR (thf, em™): 2176 w, 2035 vs, 1939 vs, 1928 5. IR (KBr, cm™'): 3115
m, 2964 m, 2036 vs, 1943 vs, 1919 vs, 1615 m, 1584 s, 1435 m, 1385
m, 1261 m, 1048 w, 1027 w, 808 m, 648 m, 631 w, 561 w, 533 w, 486
w. 'H NMR: 6.31 (br s, H* pzH, 2 H cis), 6.39 (br s, H* pzH, 2 H
trans), 6.68 (t, ] = 2 Hz, H* pz, 2 H cis), 6.73 (t, J =2 Hz, H* pz, 2 H
trans), 7.65 (br s, H* pzH, 2 H cis), 7.70 (br s, H® pzH, 2 H trans), 7.88
(br's, H® pzH, 2 H cis), 7.96 (br s, H® pzH, 2 H trans), 845 (d, ] =2
Hz, H® pz, 2 H cis), 8.49 (d, ] = 2 Hz, H® pz, 2 H trans), 8.58 (d, ] =2
Hz, H® pz, 2 H trans), 8.64 (d, J = 2 Hz, H® pz, 2 H cis), 9.10 (br s,
HNMn, 2 H cis, and 2 H trans), 13.64 (br's, HN pzH, 2 H cis, and 2 H
trans). Ratio cis/trans = 1.4/1."" Anal. Caled. for C,oH,BrMn,N,,Og:
C, 34.50; H, 2.32; N, 22.13. Found: C, 34.80; H, 2.31; N, 21.92.
[{fac-Mn(pzH)(CO),}, (u-NH=C(pz)NC(pz)=NH-x*N,N,N,N) -
Clo, (4). AgClO, (0.011 g, 0.055 mmol) was added to a solution of 3
(0.035 g, 0.050 mmol) in thf (10 mL), and the mixture was stirred at
rt. for 4 h. Workup as for 1a gave 0.032 g (82%) of 4-thf. IR (thf,
cm™): 2226 vw, 2176 w, 2035 vs, 1940 vs, 1927 vs IR (KBr, cm™):
3342 m, 2187 s, 2035 vs, 1930 vs, 1925 vs, 1603 s, 1459 m, 1441 m,
1407 m, 1238 w, 1054 w, 772 w, 763 w, 726 w, 689 vw, 643 w, 525 w.
"H NMR: see Table 6. *C{'H} NMR: 108.0 (s, C' Hpz), 111.0 (s, C*
pz), 1329 (s, C** Hpz), 133.3 (s, C** pz), 143.5 (s, C** Hpz), 147.5
(s, C*pz), 1580 (s, HNC), CO not observed. Anal. Calcd. for
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C,,H,,CIMn,N,,0,, (4-thf): C, 36.59; H, 3.07; N, 19.56. Found: C,
36.85; H, 2.88; N, 19.31.

Computational Detalls All computations were carried out using
the GAUSSIANO3 package,'” in which the hybrid method B3LYP was
applied with the Becke three-parameter exchange functional,'® and the
Lee—Yang—Parr correlation functional.'” Effective core potentials
(ECP) and their associated double-{ LANL2DZ basis set were used
for the manganese and bromine altorﬂs,2 supplemented by an extra d-
polarization function in the case of Br.*' The light elements (O, N, C,
and H) were described with the 6-31G** basis.’® Geometry
optimizations were performed under no symmetry restrictions, using
initial coordinates derived from X-ray data of the same complexes, and
frequency analyses were performed to ensure that a minimum
structure with no lmagmary frecuencies was achieved in each case,
Wiberg bond indexes™ were calculated with the NBO 5.9 program.**

Crystal Structure Determination for Compounds 1b, 2a, 2b,
3, and 4. Crystals were grown by slow diffusion of hexane into
concentrated solutions of the complexes in thf (for 1b, 2b, and 4), or
CH,Cl, (2a and 3) at —20 °C. Relevant crystallographic details are
given in Table 7. A crystal was attached to a glass fiber and transferred
to a Bruker AXS SMART 1000 diffractometer with graphite
monochromatized Mo K, X-radiation and a CCD area detectnr
Raw frame data were integrated with the SAINT program.” The
structure was solved by direct methods with SHELXTL.*® A
semiempirical absorption correction was applied with the program
SADABS.”” All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were set in calculated positions and refined as riding
atoms, with a common thermal parameter. All calculations and
graphics were made with SHELXTL. Distances and angles of hydrogen
bonds were calculated with PARST?® (normalized values).”®
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X-ray crystallographic data for compounds 1b, 2a, 2b, 3, (for
these also experimental and simulated powder diffraction data)
and 4 as a CIF. This material is available free of charge via the
Internet at http://pubs.acs.org.
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The reactions of [Pd{CH>SiPha{CHaNCsH;0)-k2C,N}(1-C1)]> with the tetra-n-butylammonium N"Buj salts
of different deprotonated #-amino acids (N,N-dimethylglycine, (S)-(+)-alanine, (R)-(—)-2-phenylglycine,
and (5)-(+)-valine) lead to the amino acidato complexes [Pd{CH,SiPha(CHNCsHg)-k2C,N}{NR2CH(R")
C(D)O—KZN.O]] (R = Me, R = H; R = H; R" = Me, Ph, 'Pr), where both nitrogen donor atoms are coor-
dinated trans, as shows the crystal structure of [Pd{CHSiPhy(CHaNCsHyo)-k2C,NHNH2CH('Pr)C(0)O-

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The organometallic chemistry of complexes containing «-amino
carboxylates as ligands embraces two independents fields of
interest: organometallics and biomolecules [1]. Considering palla-
dium chemistry, the most important application of z-amino acidato
ligands is their use as chiral resolving agents to synthesize optically
active palladacycles [2]. We considered of interest continuing our
studies on the syntheses and reactivity of [diphenyl(piper-
idinomethyl)silylmethyl]palladium(ll) complexes [3] by coordi-
nating #-amino acidato ligands. The interest of palladacycles
containing a non-donor silicon atom inside the metallacycle lie on
the study of their stability, their chemical properties and their
structural aspects [4].

2. Results and discussion

The complex [Pd{CH-SiPha(CH2NCsH 10)-k2CN}(p-Cl)]z (1) reacts
in THF with the N"Buj salts [5] of the amino acids (N,N-dime-
thylglycine, (S)-(+)-alanine, (R)-(—)-2-phenylglycine, and (S)-

* Corresponding author. Fax: +34 983 423013.
** Corresponding author. Tel.: +49 231 755 3807; fax: +49 231 755 7062.
E-mail addresses: mail@carsten-strohmann.de (C. Strohmann), fervilla@
qi.uva.es (F. Villafaie).

0022-328X/($ — see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jorganchem.2012.05.014

(+)-valine) in a 1/2 M ratio to give [Pd{CH2SiPha(CH2NCsHjp)-
K*CN}{NR2CH(R')C(0)0-k*N,0}] [R = Me, R = H(2); R=H; R’ = Me
(3), Ph (4), 'Pr (5)] (Scheme 1). Complex 5 was subjected to a crystal
structure determination by X-ray, shown in Fig. 1.

The palladium coordination environment is close to square
planar, where the oxygen donor atom of the carboxylate O(1)
deviates only 0.022 A from the coordination plane (Rms deviation
of fitted atoms = 0.018 A). Both the amino acidato ligand and the
palladacyle adopt a envelope conformation (Rms deviation of fitted
atoms = 0.009 and 0.001 A), where the silicon atom is that more
deviated (0.843 A). The diphenylsilicon moiety and the iso-propyl
group are in an anti arrangement, as they are at opposite sides of
the coordination square plane. Distances and angles are compa-
rable with those found in closely related compounds, namely those
palladacycles containing only ((sp [3]), N-donor atoms [20,3b,6].

The N-bound hydrogens in the amino acidate ligand are
involved in intermolecular hydrogen bonds with the uncoordinated
oxygen atom of the same ligand in a adjacent molecule, forming
a chain structure (see Supplementary information). The O(2)---H(2)
distance (2.790), and the corresponding N---O distance (3.490 A)
and N—H---0 angle (126°) confirm the presence of a hydrogen bond
which may be considered "weak" [7].

The 'H NMR spectra of the complexes allow to propose the same
structure of 5 for the rest of complexes synthesized. The spectra of
the non chiral complex 2 is immediately interpreted, since the
methylene (PdCH3Si, NCH;Si, CH2CO3) and methyl groups give rise
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Scheme 1. General synthesis of amino acidato complexes starting from 1.

to singlets, indicating the presence of only one isomer in solution.
The 'H NMR spectra of the chiral #z-amino acidato complexes 3-5
differ clearly from that of 2, because the chirality of the o carbon
makes inequivalent both sides of the coordination square plane.
Therefore, the methylene hydrogens of the metallacycle (PdCH,Si,
NCH,Si) and the aminic hydrogens are diastereotopic, although this
is not observed in all the cases. In fact, the inequivalence of the
methylenic protons is only observed in CDCl; for 5 (R’ = 'Pr) where
each methylene gives rise to an AB system. However, a singlet is
observed for each methylene group for 3 and 4 in CDCl3. When the
'H NMR spectra are carried out in (CD3),CO as solvent, the meth-
ylene groups in 4 (R’ = Ph) display an AB system, but these protons
remain equivalent in 3 (R’ = Me). Therefore, the inequivalent
sequence observed is 'Pr (5) > Ph (4) > Me (3), that is the inequi-
valence of the methylenic protons is more easily detected when
increasing the volume of the group causing this inequivalence
between both sides of the coordination square plane. In the later
case, for the smallest group, the inequivalence is not observed in
CDCl3 nor in (CD3),CO, for 4 it is observed in (CD3);CO but not
observed in CDCls, whereas in the first case, for the bigger group,
the inequivalence is observed in CDCl;. On the other hand, the
hydrogens of the NH; groups are inequivalent for all the complexes,
since they are very close to the origin of this inequivalence. As
expected, the chain arrangement of the molecules observed in the
solid state for 5 (Fig. S1) do not persist in solution, as indicated by
the NMR data.

The solid IR spectra of all the complexes show two intense
absorptions in the 1608—1646 cm™' and in the 1376—1386 cm™!
regions, which are indicative of the coordination of a mono-
dentate carboxylate ligand [8].

Fig. 1. Molecular structure and numbering scheme of [Pd{CH;SiPhy(CH,NCsH,p)-
2C,N}{NH.CH('Pr)C(0)0-k*N,0}] (5) in the crystal. The ellipsoids are drawn at 30%
probability. Selected distances (A) and angles (*): Pd—C(1) 2.031(3), Si—C(1) 1.845(3),
Si—C(14) 1.885(3), Pd—N(1) 2.101(2), Pd—N(2) 2.024(2), Pd—0(1) 2.117(2), N(2)-Pd—
C(1) 90.62(11), N(2)—Pd—N(1) 176.24(9), C(1)—Pd—N(1) 93.14(11), N(2)-Pd—0(1)
82.28(9), C(1)-Pd—0(1) 172.58(11), N(1)-Pd—0(1) 93.96(8), Si—C(1)—Pd 104.00(14),

The coordination of both nitrogen atoms in trans detected in the
crystal is in accordance with the antisymbiotic effect of the soft
palladium(ll) center [9), also defined as transphobia [10]. Thus, the
harder atom of the amino acidato ligand (the oxygen donor atom of
the carboxylate) is coordinated cis to the harder donor atom of the
palladacycle (the nitrogen donor atom of the piperidine).

3. Experimental
3.1. General remarks

Infrared [KBr pellets, 4000—400 cm ™ ']: Perkin—Elmer 1720X.—'H
NMR [solvents CDCl3 or (CD3),CO; internal standards CHCl3 (6 = 7.26)
and CHD,C(0)CD3 (6 = 2.04); recorded at room temperature]: Bruker
AC-300 or ARX-300 (300.13 MHz). —Microanalyses: Perkin—Elmer
2400B microanalyzer, Departamento de Quimica Inorganica, Facul-
tad de Ciencias, Valladolid (Spain). —All reactions were carried out
under oxygen-free and dried dinitrogen following conventional
Schlenk techniques. The solvents were dried according to common
procedures. Complex 1 was obtained as previously described [5b].
The rest of reactants were obtained from usual commercial suppliers.

3.2. General method for the preparation of the complexes

N"Bu4OH (112 pL, 1.78 M in H,0) was added to a solution of the
g-amino acid (0.2 mmol) in MeOH (10 mL). The volatiles were
removed in vacuo, the white residue was dissolved in THF, and 1
(0.087 g, 0.1 mmol) was added as a solid. The solution was stirred at
room temperature for 5 h and the solvent was removed in vacuo.
The residue was washed with H20 (3 x 5 mL), vacuum dried, and
recrystallized from toluene/hexane at —20 °C. The solid obtained
was washed with hexane (3 x 3 mL), and vacuum dried. Colors of
the complexes and yields are indicated below.

3.3. [Pd{CH,SiPhy(CHaNCsH 1)-C.N}{NMe;CH3C(0)0-N,0}] (2)

Yellow crystals, 0.063 g (66%). '"H NMR (CDCls): é 0.70 (s,
PdCH-Si, 2 H), 1.30 (m, y-NCsH1p, 1 H), 1.66 (m, B- and y-NCsHyp,
5 H), 2.29 (m, a-NCsHyg, 2 H), 2.50 (s, NCH3, 6 H), 2.93 (s, CH2CO;,
2 H), 3.30 (s, NCH»Si, 2 H), 3.36 (m, 2-NCsH1g, 2 H), 7.32 (m, m- and
p-CHs, 6 H), 7.63 (m, CgHs, 4 H). "H NMR [(CD3)2CO]: 6 0.74 (s,
PdCH,Si, 2 H), 1.45 (m, v-NCsHjg, 2 H), 1.75 (m, B-NCsHyo, 4 H), 2.41
(m, 2-NCsHiq, 2 H), 2.59 (s, NCHz, 6 H), 3.05 (s, CH2C02, 2 H), 3.25 (s,
NCH,Si, 2 H), 3.35 (m, 5-NCsHyg, 2 H), 7.39 (m, m- and p-CgHs, 6 H),
7.73 (m, CgHs, 4 H). IR: 3065 w (vCH), 3041 w (vCH), 2998 w (vCH),
2961 m (vCH), 2928 m (vCH), 2851 m (vCH), 1646 vs (vCO), 1484 w,
1467 m, 1455 m, 1428 m, 1415 w;, 1376 s (vCO), 1319 w, 1305 w, 1271
w, 1224 w, 1188 w, 1112 s, 1044 w, 980 m, 960 m, 924 m, 876 s,
795m, 763 5,729 5,702 5,639 w, 579 m, 553 5,490 s, 437 m, 406 w.
Anal. Calcd. for Co3H32N20,PdSi: C, 54.92; H, 6.41; N, 5.57. Found: C,
54.59; H, 6.29; N, 5.37.

3.4. [Pd{CH;SiPhy(CHyNC5H 10)-CN}(S)-NH>CH(Me)C(0)0-N,0}] (3)

Greenish yellow crystals, 0.016 g (16%). 'H NMR (CDCl3): é 0.49
(s, PACH3Si, 2 H), 1.21 (m, y-NCsHyg, 1 H), 1.50 (d, J = 7.0 Hz, CHa,
3 H),1.61 (m, B- and y-NCsHyg, 3 H), 1.92 (m, B-NCsHjp, 2 H), 1.99 (m,
NHa, 1 H), 2.23 (m, #-NCsHyg, 2 H), 2.80 (m, NHa, 1 H), 2.99 (s,
NCH>Si, 2 H), 3.33 (m, ¢-NCsHqp, 2 H), 3.61 (q, ] = 7.0 Hz, CH, 1 H),
731 (m, m- and p-CgHs, 6 H), 7.62 (m, 0-CgHs, 4 H). '"H NMR
[(CD3)2COJ: 6 0.51 (s, PACH,SI, 2 H), 1.38 (d, J = 7.0 Hz, CH3, 3 H),
1.30—-1.80 (m, B- and y-NCsHyp, 6 H), 2.32 (m, -NCsHy, 2 H), 3.03
(s, NCH,Si, 2 H), 3.27 (m, a-NCsHyq, 2 H), 3.40 (q,] = 7.0 Hz, CH, 1 H),
3.46 (m, NHy, 1 H), 4.26 (m, NH,, 1 H), 7.35 (m, m- and p-CgHs, 6 H),
7.74 (m, 0-CgHs, 4 H). IR: 3241 w (vNH), 3117 w (vNH), 2937 m
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(VCH), 2855 w (vCH), 1623 s (vCO), 1454 m, 1427 m, 1386 s (vCO),
1290 w, 1156 w, 1111 s, 1043 w, 865 w, 799 w, 765 m, 734 m, 701 s,
552 m, 503 m, 424 w. Anal. Caled. for C2oHagN20,PdSi: C, 54.04; H,
6.18; N, 5.73. Found: C, 53.69; H, 5.85; N, 5.41.

3.5. [PA{CH2SiPhz(CH2NCsH 10)-CN}H(R)-NH2CH(Ph)C(0)O-N,0} ] (4)

Pale yellow solid, 0.025 g (23%). 'TH NMR (CDCl3): & 0.53 (s,
PdCH,Si, 2 H), 1.28 (m, y-NCsHqg, 1 H), 1.64 (m, p- and y-NCsHqp,
3 H), 1.93 (m, B-NCsH g, 2 H), 2.34 (m, -NCsH,q, 2 H, and NH5, 1 H),
3.02 (s, NCH,Si, 2 H), 3.20 (m, NH3, 1 H), 3.39 (m, 2-NCsHjq, 2 H),
4.56 (m, CH, 1 H), 7.29 (m, m- and p-CgHs, 9 H), 7.60 (m, 0-CgHs, 6 H).
"H NMR [(CD3)2CO]: 6 0.64 and 0.66 (AB system, | = 125 Hz,
PACH,Si, 2 H), 1.37 (m, y-NCsHyg, 1 H), 1.60 (m, B- and y-NCsHjg,
3 H), 2.00 (m, p-NCsHjp, 2 H), 2.41 (m, a-NCsHqp, 2 H), 3.07 and 3.15
(AB system, | = 14.5 Hz, NCH,Si, 2 H), 3.35 (m, 2-NCsHyp, 2 H), 3.67
(m, NHy, 1 H), 442 (m, CH,1 H), 4.77 (m, NH;, 1 H), 7.34 (m, m- and
p-CeHs, 9 H), 7.69 (m, 0-CsHs, 4 H), 7.81 (m, CgHs, 2 H). IR: 3326 w
(vNH), 3045 w (vCH), 2918 w (vCH), 2883 w (vCH), 2854 w (vCH),
2811 w (vCH), 1615 vs (vCO), 1495 w, 1455 m, 1427 s, 1380 s (vCO),
1305 m, 1262 w, 1229 w, 1104 5, 1040 5, 972 m, 863 w, 800 s, 769 s,
760s,736s,718 5,701 s, 498 m. Anal. Calcd. for Ca7H32N205PdSi: C,
58.85, H, 5.85; N, 5.08. Found: C, 58.52; H, 5.88; N, 4.89.

3.6. [Pd{CH,SiPhs(CH2NCsH1p)-CN}(R)-NH2CH('Pr)C(0)0-N,0}] (5)

Yellow crystals, 0.036 g (31%). 'H NMR (CDCl;): 6 0.47 and 0.50
(AB system, J = 12 Hz, PACH,Si, 2 H), 1.00 (dd, ] = 7.0 and 1.0 Hz, CH3,
6 H),1.22 (m, y-NCsH1p, 1 H), 1.60 (m, - and y-NCsH1p, 3 H), .90 (m,
B-NCsHio, 2 H), 2.17 (m, NHa, 1 H), 2.27 (m, -NCsHg, 2 H), 2.45 (m,
CHMe;, 1 H), 2.60 (m, CH'Pr, 1 H), 2.96 and 3.00 (AB system,
J=14.5Hz, NCH,Si, 2 H), 3.32 (m, 2-NCsH1, 2 H, and NH, 1 H), 7.28
(m, m- and p-CgHs, 6 H), 7.61 (m, 0-CgHs, 4 H). IR: 3320 m (vNH),
2932 s (vCH), 1608 vs (vCO), 1485 w, 1455 m, 1427 s (vCQ), 1381 s,
1321 w, 1261 w, 1162 m, 1111 m, 1034 m, 999 m, 971 m, 887 w,
867 m, 839w, 807 m, 777 m, 736 5, 700 s, 623 w, 555 w, 495 m, 465
w, 434 w. Anal. Calcd. for C4H34No0,PdSi: C, 55.75, H, 6.63; N, 5.42.
Found: C, 55.44; H, 6.31; N, 5.32.

3.7. X-ray crystalographic study of 5

Crystals were grown by slow diffusion of hexane into a concen-
trated solution of the complexes in toluene at —20 °C. Relevant
crystallographic details are given in Table S2. Measurements were
carried out with a Bruker Apex CCD diffractometer; programs used
for data collection, cell determination and refinement: Smart V.
5622 (Bruker AXS, 2001), integration: SaintPlus V. 6.02 (Bruker AXS,
1999), empirical absorption correction: Sadabs V. 2.01 (Bruker AXS,
1999). The structure was solved using direct and Fourier methods.
Refinement was performed by full-matrix least-squares methods
(based on F, [2], SHELXL-97). Anisotropic thermal parameters for all
non H atoms were included in the final cycles. the H atoms were
refined on a riding model in their ideal geometric positions. The
SHELXS-86 and SHELXL-97 computer programs were used for
solving the structure [11].
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The reaction of [Pd{CH,SiPhy(CH,NC5H;0)-x*C,N}(u-Cl)],
(CH,NC;H, o = piperidinomethyl) with KSCN led to the cen-
trosymmetric dimer [Pd{CH,;SiPh,(CH;NCsH)-x2C,N}(p-
SCN-k!S,k!N)],, which features side-on bridging thiocyanate
ligands. However, the analogous reaction of the chlorido-
bridged starting material with NaN; yielded the dimer
[PA{CH,SiPh,(CH,NC5H;)-k*C, N} (1#-Nz-k'k'N)],, in which
the azido ligands exhibit end-on coordination. This
complex persists as a mixture of cis and trans isomers in
solution. Lastly, the square tetrametallic complex
[PA{CH,SiPh,(CH,NC5H)-k*C, N} (p-CN-k'C,k' N)]4 was ob-
tained from the reaction between the parent chlorido-

bridged complex and AgCN. In solution, this compound
forms an equilibrium between the tetra- and trimetallic spe-
cies. Thermodynamic data (equilibrium constants and free
energies in CDCl; and CgDg, and enthalpy and entropy in
CDCl;) were determined and show that the formation of the
trimetallic isomer is thermodynamically disfavored [K., =
(1.93£0.07) x 10~ molL! and AG,, = 20.83£0.11 kJmol™*
in CDCly, K.y = (45%02)X 10°molL™? and AG., =
24.40+0.14 kJmol ! in CgDs] and that the variation in the
enthalpy and entropy are positive (AH = 75+ 5 kJmol™ and
AS =186 =15 Jmol 'K in CDCly).

Introduction

In coordination chemistry, pseudohalides are interesting
polyatomic ligands due to their ability to induce a variety
of structural motifs. They often act as bridging ligands giv-
ing rise to different structures that may be discrete moieties,
such as dimers, trimers, or tetramers, infinite assemblies,
such as monodimensional chains, either ladder or helicoid
type, or even two- or three-dimensional cages. The final
structure depends both on the electronic and structural
requirements of both the pseudohalide and the metal frag-
ment used. The donor atoms and the directionality of the
frontier orbital determine the coordination mode of the
pseudohalide.M

Following our studies on the reactivity of (piperidino-
methyl)silylmethyl cyclopalladated complexes,!”! we decided
to explore the behavior of this soft metallic center with two
coordinating sites available in cis geometry towards pseu-
dohalides such as cyanide, thiocyanate, or azide, which
present several possible coordination modes and give rise
to different assemblies, as described herein.
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The presence of a silicon atom in the (piperidinomethyl)-
silylmethyl cyclopalladated complexes is expected to play a
dual role: stabilizing the metallated carbon atom by polar-
ization effects and preventing B-elimination. The palladacy-
cle is made possible by the presence of a nitrogen donor in
the side-arm that can coordinate to the Pd" center, thereby
forming the five-membered palladacycle. This chelating
side-arm is an often employed tool, for example, in activa-
ting alkylsilanes towards metallation and in stabilizing the
configuration of diastereomerically enriched w-lithiated alk-
ylsilanes in the case of chiral amine ligands.)

Results and Discussion

Chlorido-bridged dimer [Pd{CH,SiPh,(CH>NCsHg)-
K>C,N}(u-Cl)]» (1) served as the starting material for the
synthesis of new pseudohalido-bridged complexes. The
pseudohalides employed were thiocyanate, azide, and cya-
nide and were introduced by the reaction of 1 with metal
salts of the corresponding pseudohalide (Scheme 1).

cl A
PhoSi——>_ 7y PhaSi— ™ 7y
S| B T8 L e T A
N A - Mcl N2
% 2:A=SCN
1 3:A=N;
4:A=CN

Scheme 1. General synthesis of pseudohalide complexes by starting
from 1.

Eur. J. Inorg. Chem. 2012, 3302-3307



Bridging Pseudohalides in Palladacycles

Eur|IC

The reaction of 1 with potassium thiocyanate in THF
led to a new dimer, [Pd{CH,SiPh>(CH>NCsH o)-k*C,N} (-
SCN-k!'Sk'N)]> (2) in which the pseudohalide acts as
bridging ligand. In general, thiocyanate may coordinate in
one of the three following modes: Side-on or end-on, and
in the later case, with S or N as donor (cf. Figure 1). In this
case, the IR spectrum of 2 immediately suggests a side-on
coordination mode as its CN stretching absorption appears
at 2137 em™', higher than would be expected for the two
end-on coordination modes.*!

y 3
i
S=C=N, S. N
M M MM MM
a b c

Figure 1. Coordination modes for a bridging thiocyanato ligand.

The molecular structure of 2 obtained unambiguously
supports this assignment (Figure 2). The compound crys-
tallizes from hexane/dichloromethane with a tetragonal
crystal system in the space group /4,/a. The asymmetric
unit contains one half of the centrosymmetric dimeric struc-
ture.

Figure 2. Molecular structure and numbering scheme of compound
2 in the crystal form (SCHAKAL plot).l'l Selected distances [A]
and angles [°]: C(1)-Pd 2.045(2). C(1)-Si 1.849(2). C(14)-Si
1.892(2). C(14)-N(1) 1.497(3). N(1)-Pd 2.1601(17), N(2)-Pd
2.1079(17). Pd-S 23071(6). S-C(20)*! 1.669(2). C(20) N(2)
1.145(3); Si—C(1)-Pd 99.96(10), C(1)-Si-C(14) 104.05(10), N(1)-
C(14)-Si 109.59(14), C(14)-N(1)-Pd 103.12(12), C(1)-Pd-N(2)
174.78(9), C(1)-Pd-N(1) 86.19(8). N(2)-Pd-N(1) 96.70(6). C(1)-
Pd-S 83.49(7), N(2)-Pd-S 93.62(5), N(1)-Pd-S 169.67(5), N(2)—-
C(20)-8#! 179.7(2). C(20)-N(2)-Pd 160.31(16), C(20)*!-S-Pd
104.34(7). Symmetry operator: #1: —x + 1/2, —y + 3/2, —z + 1/2.

As the structure of 2 is a centrosymmetric dimer, the
trans isomer is observed in which both carbon or both ni-
trogen donor atoms are at opposite sides of the molecule.
The thiocyanate groups have a linear geometry [S-C-N
179.7(2)°] and the S-C and C-N distances are typical of
double bonds.®! The thiocyanato bridging ligands form an
eight-membered, nearly planar ring with both palladium
centers. The slight distortion from planarity is reflected in
the dihedral angle N-Pd-S-C20 of 8.0(4)° between the
metal atoms and the bridging ligands. This value is similar
to those found in other palladium complexes with bridging
thiocyanato ligands, such as 11.9(3)° for [P(CH,Ph)Ph,],-
[(CsF3H2):Pd(u-SCN)(u-NCS)Pd(CF3H,)1®  or  5.2(4)°
for [Pd(C2% N-dmba)(p-SCN))5,™ but slightly larger than
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those found in palladacycles with metallated chiral ferro-
cenylimines® and benzylideneaniline.[!

Each palladium atom is also coordinated by the nitrogen
and carbon donor atoms of the [CH,SiPh,(CH,NCsH,()]
moiety, thereby forming the palladacycle. The Pd-C dis-
tance of 2.045(2) A is in the range typically found for Pd—
C(sp?) single bonds.I""!

The conformation of the five-membered silapalladacycle
may be described as an envelope in which the average dihe-
dral angle of the palladium center with respect to the other
four atoms is 36.2(2)°. The presence of palladium and sili-
con in the five-membered palladacycle results in a short
Pd--Si distance of 2.985(1) A, and the Si-Cl1-Pd angle is
100.0(1)°. These distances and angles in the silapalladacycle
are in the range of those previously found.?

The nitrogen atoms of the bridging thiocyanate and the
cyclometallated ligand are coordinated in ¢is geometry. This
is to be expected taking into account the higher frans influ-
ence of the carbon donor ligand and of the sulfur donor
atom in the bridging thiocyanate compared with the lower
trans influence of the two nitrogen donors. This is a result
of the antisymbiotic effect of the palladium(II) soft metal
center.l'!]

In solution, only one isomer of 2 was detected (see the
Exp. Sect.). This suggests that the above geometry is main-
tained in solution, because any of the end-on modes would
give rise to cis and frans geometries. A singlet signal is ob-
served for each methylene group of the palladacycle
(PACH,Si and SiCH,N), which results from the fast dy-
namic process usually observed in five-membered metalla-
cycles with an envelope conformation in which the Si and
C atoms move from one side of the plane to the other, mak-
ing both sides equivalent.

A mixture of isomers was obtained in solution after reac-
tion of the parent chlorido-bridging dimer 1 with sodium
azide, which gave [Pd{CH,SiPh,(CH-NCsH,,)-x*C,N}(p-
N3-k'k!'N)]» (3). Like the thiocyanate, the azido ligand may
also coordinate side-on (Figure 3, a) or end-on (Figure 3,
b). In contrast to thiocyanate, in this case IR spectroscopy
does not allow differentiation between coordination modes
as the N=N stretching absorptions are very similar. An end-
on coordination is proposed for 3, as occurs in the few re-
ported examples of structures with bridging azides coordi-
nated to palladium(II)."3 Single crystals obtained from 3
confirmed this connectivity; however, the overall quality of
the data was insufficient to merit publication.['¥]

N

1l

N

N=N=N N
M M MM

a b

Figure 3. Possible coordination modes for a bridging azido ligand.

Two signal sets are detected in the 'H and '*C NMR
spectra of 3, which suggests the presence of two isomers
in solution. The most informative signals are those of the
methylene groups PACH,Si and SiCH,N, which resonate at
d = 1 and 3 ppm, respectively, in the '"H NMR spectra and
3303

www.eurjic.org



FULL PAPER

C. Strohmann, F. Villafane et al.

at § = 5 and 50 ppm, respectively, in the '*C NMR spectra.
For 3, the two isomers coexist in a ratio of 55:45 in CDCls.
When the spectrum was recorded in (CDs),CO, the ratio
changed to 60:40 (see the Exp. Sect.). This led to the assign-
ment of the major isomer observed to c¢is and the minor
isomer to trans on the basis of the higher polarity of the ¢is
isomer and acetone relative to the trans form and chloro-
form. Thus, the two isomers clearly undergo a slow equili-
brating process in solution (Scheme 2). However, the trans
structure is exclusively observed in the crystal. This obser-
vation has also been made for the parent chlorido-bridged

N N

N N
[]

complex 1.2V
| %

NON
R T
Ph;Si od

thsif\Pd/N\ /=SiPh,

] Pd s Pd .
Nl \N N \N/ “_-SiPhy
% | % %I !
N N
Il I
N N
cis-3 trans-3

Scheme 2. Isomers of 3 detected in solution.

The third pseudohalide studied was cyanide. Whereas az-
ide and thiocyanate coordinate as bridging ligands in dimet-
allic species with bent geometries, cyanide, given its ten-
dency to form linear bridges, should promote a different
mode of assembly. Thus, parent chlorido-bridged dimer 1
was treated with equimolar amounts of silver cyanide lead-
ing to the precipitation of AgCl and the formation of
the tetrametallic complex [Pd{CH,SiPh,(CH,NCsH,g)-
K*CNHp-CN-x'C.x'NM)]y (4). The crystals obtained were
subjected to crystal structure determination, which gave the
structure shown in Figure 4.1'%

Complex 4-hexane crystallizes from dichloromethane/
hexane in the monoclinic crystal system. The asymmetric
unit contains two independent molecules of the tetrametalla-
cycle 4 and two disordered hexane molecules. Each mole-
cule of 4 contains four palladium centers bridged by cyan-
ido ligands. However, the structural determination does not
allow differentiation of the carbon and nitrogen atoms of
the bridging cyanide. Therefore, the structure was refined
by taking into account the antisymbiotic effect of the soft
palladium(II) center,!'") which led to the proposal of mutual
cis coordination of both carbon donor ligands (i.e., methyl-
ene and cyanide-C, with higher trans influence) and both
nitrogen donor ligands (i.e., piperidyl and cyanide-N, with
lower trans influence). A cyclometalated (piperidinometh-
yDsilylmethyl moiety is also coordinated to each palladium
center. The bridging cyanides are essentially linear: The Pd—
C-N angles range from 175.5(7) to 179.5(8)°, and the C-
N-Pd angles are in the range 167.3(6)-178.0(5)°. These
angles and the C-N distances are similar to those found in
other tetranuclear complexes with bridging cyanides.["> The
four palladium atoms are not coplanar, but form a dihedral
angle of 27°. With dihedral angles found in similar tetra-
metallic structures ranging from 0 to 35°, this deviation
from planarity is relatively distinct.
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Figure 4. Molecular structure and numbering scheme of compound
4 in the crystal (only one of the two independent molecules in the
asymmetric unit is shown, SCHAKAL plot).l'2l Peripheral hydro-
gen atoms outside the palladacycles have been omitted for clarity.
Selected distances [A] and angles [°]: Pd1-Sil 3.088(2), Pd1-NI
2.178(5). Pd1-N2 2.089(6), Pd1-C1 2.064(8), Pd1-C80 1.928(6),
Pd2-Si2 3.051(2), Pd2-N3 2.185(7), Pd2-N4 2.096(5), Pd2-C20

1.9154(7), Pd2-C21 2.0608(6). Pd3-N5 2.1977(5) Pd3-N6
2.0992(6), Pd3-C40 1.936(6). Pd3-C41 2.055(7). Pd4-Si4 3.030(2),
Pd4 N7 2.180(6), Pd4-N8 2.093(5). Pd4-C60 1.943(7), Pdd-C61
2.058(6), N2-C20 1.188(10), N4-C40 1.168(8). N6-C60 1.160(9),
N8-C80 1.174(8); Pd1-N2-C20 178.2(6), Pd2-N4-C40 170.2(5),
Pd3-N6-C60 175.8(6). Pd4-N8-C80 171.1(6). PdI-Cl-Sil
103.6(4), Pd2-C21-Si2 102.4(3), Pd3-C41-Si3 105.4(4), Pd4—-C61—
Si4 101.2(3), Pd1-N2-C20 178.2(6). Pd2-N4-C40 170.2(5), Pd3-
N6-C60 175.8(6), Pd4-N8-C80 171.1(6), Pd2-C20-N2 178.4(6),
Pd3-C40-N4 179.4(6), Pd4-C60-N6 178.0(6), Pdl-C80-N8
178.3(6).

The Pd-C distances [2.028(7)-2.061(6) A] are in the
range found for Pd-C(sp?) single bonds.'”) The conforma-
tion of the five-membered palladacycles may be described
as envelopes: The dihedral angles of the palladium atoms
with respect to the other four atoms range from 31.6° for
Pd(3) to 36.2° for Pd(1), as is usually found in these metalla-
cycles. As with compounds 1 and 2, the distance between
the palladium and the silicon atom in the five-membered
palladacycles in 4 is short; however, the Pd---Si distances in
the tetrametallacycle are slightly longer than those observed
in the thiocyanato-bridged dimer 2 and range from 3.015(2)
to 3.117(2) A. These distances and angles in the silapallada-
cycles are similar to those previously found.”!

The structure found in the solid is not maintained in
solution, as evidenced by the NMR spectra displaying sig-
nals from two different species. The signals of the methylene
groups NCH,Si and SiCH-Pd allowed a quantitative analy-
sis of the concentration of each isomer. The two species

Eur. J. Inorg. Chem. 2012, 3302-3307
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are present in a ratio that depends on the concentration,
temperature, and solvent, but one of the isomers is always
dominant. To assign unequivocally the signals to each iso-
mer, an NMR sample of 4 in frozen CDCl; was prepared
in a liquid-nitrogen bath and then allowed to melt and
simultaneously dissolve at —40 °C in the NMR probe. The
'H NMR spectrum immediately recorded under these con-
ditions showed only signals from the major isomer, which
led to the conclusion that the major isomer in solution is
always the tetranuclear complex detected in the crystal
structure. The concentration of the minor isomer is higher
in diluted solutions and at higher temperatures, and in po-
lar CDCl; compared with nonpolar C¢Dg. On the other
hand, the IR spectra only show one CN stretching absorp-
tion in the solid state (2162 em™') as well as in CH,Cl,
(2159 cm™1) and toluene (2164 ecm™!) solutions. As IR spec-
troscopy is a fast technique on the spectroscopic timescale,
that is, it differentiates between species present in solution
even when they are involved in slow processes in solution,
the conclusion is that the CN stretching absorption is the
same for both isomers.

All these data are in accord with the equilibrium pro-
posed in Scheme 3 between the tetrametallic complex de-
tected in the crystal structure and a trimetallic species. This
type of equilibria has been found for other tetrametallic
complexes, and the factors controlling the tetrametallic/tri-
metallic equilibria have recently been the target of extensive
studies.l'%]

In our case, the ratio of tetrametallic/trimetallic species
in CDCl; increases with concentration, with values of 80:20
at 0.08 mequiv.mL™! and 69:31 at 0.003 mequiv.mL"! (see
Table 1), which leads to an equilibrium constant, K, of
(1.93+0.07) X 10*molL"! and a free energy, AG., of
20.83+0.11 kJmol ' (see the Supporting Information) for
the equilibrium depicted in Scheme 3.

A study of the concentrations of the isomers as a func-
tion of temperature allowed us to determine the values of
AH., and AS,, for the equilibrium process (Table 2) from
the van’t Hoff equation (1).

InK.y = ~(AG./RT) = (AH./RT) + (AS./R)

Phy 2?
Si

{ j T/\Sith

%N—P’d—CEN—F‘Id—/

(H

European Journal
of inorganic Chemistry

Table 1. Thermodynamic data for the equilibrium detected in solu-
tions of 4 as a function of concentration.

Trimetallic [%]

Concentration [meqmL'] Tetrametallic [%0]

0.080 20 80
0.050 22 78
0.025 25 75
0.012 28 72
0.006 30 70
0.003 31 69

Table 2. Thermodynamic data for the equilibrium detected in the
solutions of 4 as a function of temperature.

T [K] Trimetallic [%4] Tetrametallic [%] Koy
253 6 94 9.86 X107
273 13 87 2.74 X610°°
293 20 80 1.98 x 10
313 30 70 1.49 x 103

As expected, the enthalpy of the process depicted in
Scheme 3 is positive (AH = 75+ 5 kJmol '), which reflects
the lower strain of the tetrametallic structure, and the en-
tropy is quite large and also positive (18615 Jmol 'K '),
which reflects the higher disorder that results from the
greater number of particles when trimetallic isomers are
formed from tetrametallic isomers.

These thermodynamic values are similar to those ob-
tained for similar equilibria previously reported between
tetra- and trimetallic palladium complexes.'%-1¢7 An im-
portant difference between complex 4 and those previously
described is that 4 is neutral, whereas those reported in the
literature are cationic. This might be the cause of their dif-
ferent behavior when the polarity of the solvent changes:
for the cationic complexes, the equilibrium is shifted
towards the trimetallic isomer as the solvent polarity
increases,['°d-191 whereas for 4, the equilibrium constant
detected in nonpolar CgDg is smaller [K., =
(4.5+0.2)x10°molL"'], and thus the free energy is
higher (AG,, = 24.40=0.14 kJmol'; see the Supporting
Information) than in CDCl; (see above). This feature might
be interpreted on the basis that the equilibrium proposed
in Scheme 2 should occur through a dissociative mechanism

Pl
N ( G
3 ]c‘;l w e é/,t \\l\\l
Pd-NZC—P N% g o Pd’N%
. ‘d =c |d\ $ phsi” 10 "N=C~ b
PRSI N & NN SiPh,
Ph,

Scheme 3. Isomers detected in solutions of 4.
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due to metal-ligand bond cleavage, and therefore polar sol-
vents should favor this step.

Conclusions

The coordination of the pseudohalides cyanide, thio-
cyanate, or azide to a “soft” Pd'! center with two potential
coordinating positions in cis geometry led to different types
of assemblies. The bridging azide and thiocyanate give rise
to dimetallic species in which the azide is coordinated end-
on and the thiocyanate is coordinated side-on. In contrast,
the linear bridging cyanide gives rise to a square-shaped
tetrametallic complex. The latter is in equilibrium with a
trimetallic isomer in solution, whereas the bridging azide
dimer persists as a mixture of cis and frans isomers in solu-
tion. The trimetallic species is always the minor isomer, but
its ratio increases with dilution, increasing temperature, and
increasing polarity of the solvent used.

Experimental Section

General: IR (KBr pellets, 4000450 cm'): Perkin-Elmer Spectrum
RX 1 FT-IR spectrometer. '"H NMR [solvent CDCl;; internal stan-
dard: CHCly (0 = 7.24 ppm): recorded at room temperature]:
Bruker AC-300 or ARX-300 spectrometer (300.13 MHz). "C
NMR [solvent and internal standard: CDCl; (6 = 77.00 ppm): re-
corded at room temperature; integrations are indicated per
“CH,SiPhy(CH,NCsH )" unit]: Bruker ARX-300 spectrometer
(75.78 MHz). Assignment of the '*C NMR spectroscopic data is
supported by DEPT experiments and the relative intensities of the
resonance signals. Microanalyses: Perkin-Elmer 2400B microana-
lyzer. Area de Quimica Inorganica, Facultad de Ciencias, Vallado-
lid (Spain). All reactions were carried out under oxygen-free and
dried dinitrogen according to conventional Schlenk techniques. The
solvents were dried according to common procedures. Complex 1
was obtained as described previously.*®! The other reactants were
obtained from the usual commercial suppliers.

[Pd{CH,SiPh,(CH,NCsH,)-k>*C.N}(p-SCN-k'S,k' V)], (2): A mix-
ture of 1 (0.087 g. 0.1 mmol) and KSCN (0.097 g. 1.0 mmol) in
THF (10 mL) was stirred at 40 °C for 15 h. The volatiles were re-
moved in vacuo, and the residue was extracted with CH,Cl, (ca.
20 mL). The yellow solution was filtered. and hexane (ca. 10 mL)
was added. Concentration in vacuo and cooling to ~20 °C afforded
yellow crystals, which were decanted. washed with hexane (3 X
3mL), and vacuum-dried to yicld 0.052 g (57%) of 2. IR (KBr): v
= 3066 (m). 2945 (s). 2856 (s). 2808 (m). 2137 (vs), 1587 (w), 1567
(w), 1486 (w). 1468 (m), 1442 (s), 1426 (m), 1374 (w). 1298 (w),
1282 (w), 1261 (w). 1225 (w), 1175 (w), 1111 (s), 1039 (m), 998 (m),
910 (w). 882 (w), 862 (m), 797 (m). 765 (s), 720 (s), 698 (s), 5375
(w), 551 (m), 508 (s). 491 (s), 461 (m). 419 (w) cm'. '"H NMR:
= 7.65 (m, 4 H, C¢Hs), 7.38 (m, 6 H. C¢Hs). 3.34 (m, 2 H, Cil,
pip). 2.98 (s, 2 H, NCH,Si), 2.36 (m, 2 H, CH, pip). 1.86 (m, 2 H,
CH, pip). 1.66 (m, 3 H, CH, pip). 1.37 (m, 1 H. CH, pip). 0.64 (s,
2 H. SiCH,Pd) ppm. *C{'H} NMR: é = 136.5 (s. SiCsHs ipso),
134.7 (s, SiCgHs ortho), 129.3 (SiC¢Hs para). 127.9 (SiCgHs meta).
126.7 (s, SCN), 62.7 (s, NCH,CH,CH>), 55.0 (s, NCH,Si), 23.1 (s,
NCH,CH,CH,), 22.9 (s, NCH,CH,CH,). 1.3 (s, PACH,Si) ppm.
C4oH4sN4Pd,S,58i, (917.94): caled. C 52.34, H 5.27, N 6.10: found
C 52.11, H 5.14, N 5.96.
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[Pd{CH,SiPhy(CH,NCsH,0)-k*C,V}(-N3-k'k' V)], (3): A mixture
of 1 (0.087 g, 0.1 mmol) and NaN; (0.014 g, 0.22 mmol) in THF
(10 mL) was stirred at 40 °C for 15 h. The volatiles were removed
in vacuo, and the residue was extracted with toluene (ca. 20 mL).
The yellow solution was filtered and concentrated in vacuo, and
hexane (ca. 10 mL) was added. Cooling to —20 °C afforded yellow
crystals, which were decanted, washed with hexane (3 X 3 mL), and
vacuum-dried to yield 0.040 g (46%) of 3. IR (KBr): ¥ = 3064 (w),
2943 (w), 2860 (w), 2050 (vs), 1448 (w), 142 7 (m). 1357 (w), 1285
(m). 1261 (w). 1234 (w), 1110 (s), 1029 (m). 998 (m), 947 (w). 867
(m). 804 (s), 733 (s). 699 (s). 622 (w), 550 (m), 504 (w), 489 (m).
466 (w) em™'. 'H NMR: d = 7.73 (m, 4 H, C4Hs. 2 isomers), 7.40
(m, 6 H, CgHs, 2 isomers), 3.17 (m, 2 H, CH, pip, 2 isomers), 3.08
(s. 2 H. NCH,Si. 2 isomers), 2.50 (m, 2 H. CH, pip. 2 isomers),
1.77 (m, 5 H, CH, pip. 2 isomers), 1.44 (m. 1 H. CH, pip. 2 iso-
mers), 1.25 (s, 2 H. SiCH,Pd. cis isomer). 1.12 (s. 2 H. SiCH-Pd
pip. trans isomer) ppm: ratio cis/trans = 55:45. *C{'H} NMR:d =
136.3 (s, SiCgHs ipso. cis isomer), 136.2 (s, SiC¢Hs ipso. trans iso-
mer), 134.6 (s, SiCcHs ortho, cis isomer), 134.5 (s, SiC,Hs ortho,
trans isomer), 129.4 (SiCsHs para, 2 isomers), 128.0 (SiCsHs meta,
trans isomer), 127.9 (SiCgHs meta, cis isomer), 61.6 (s
NCH->CH-CHs, cis isomer), 61.4 (s, NCH,CH>CHo,. trans isomer),
55.5 (s, NCH-SI, cis isomer), 55.1 (s, NCH,SI, trans isomer), 22.9
(s, NCH,CH,CH,. 2 isomers). 21.8 (s, NCH,CH,CH,. ¢is isomer).
21.4 (s, NCH,CH-CH,. trans isomer). 6.7 (s, PACH,SI. cis isomer),
5.6 (s, PACH,Si, trans isomer) ppm. CigHysNgPdsSi; (885.82):
caled. C 51.62, H 5.46, N 12.55; found C 51.90, H 5.37, N 12.20.

|Pd{CH,SiPhy(CH,NCsH o)-k*C N} (p-CN-k' Ck' V)4 (4): A mix-
ture of 1 (0.044 g. 0.05 mmol) and freshly prepared AgCN (from
0.019 g. 0.11 mmol of AgNO; and 0.007 g, 0.012 mmol of NaCN)
in THF (5 mL) was stirred at room temp. for 3 h. Workup as for 3
gave 0.030 g (70%) of 4 as colorless crystals. IR (KBr): ¥ = 3065
(W), 3046 (m), 2938 (s). 2856 (m), 2813 (w), 2162 (s). 1451 (m),
1427 (s). 1381 (w), 1261 (w), 1109 (s). 1037 (m). 999 (w). 865 (w).
802 (m), 768 (s), 735 (s), 700 (vs), 557 (w). 503 (m), 488 (m), 473
(w). 437 (w)em ' "H NMR: 6 = 7.66 (m. 4 H. C¢Hs. 2 isomers),
7.34 (m, 6 H, C4Hs. 2 isomers), 3.25 (m, 2 H. CH, pip. 2 isomers),
2.75 (s, 2 H, NCH,Si, minor isomer), 2.73 (s. 2 H, NCH,Si. major
isomer), 2.05 (m, 2 H. CH, pip. 2 isomers), 1.65 (m, 2 H. CH, pip,
2 isomers), 1.34 (m. 3 H, CH, pip. 2 isomers), 1.05 (m. 1 H, CH,
pip. 2 isomers), 0.76 (s, 2 H, SiCH,Pd, minor isomer), 0.65 (s, 2 H,
SiCH,Pd. major isomer) ppm: ratio major/minor isomers = 80:20.
3C{™H} NMR: d = 137.6 (s, SiC¢Hs ipso. minor isomer), 137.4 (s,
SiCeHs ipso. major isomer), 134.9 (s, SiCgHs ortho. major isomer),
134.7 (s. SiC4Hs ortho, minor isomer), 130.5 (s, CN, 2 isomers).
128.9 (SiCgHs para, 2 isomers), 127.6 (SiCsHs meta, 2 isomers),
61.5 (s. NCH,CH,CH,, minor isomer), 60.7 (s, NCH,CH,CH,,
major isomer), 54.7 (s. NCH,Si. minor isomer), 53.2 (s. NCH,Si.
major isomer), 23.1 (s. NCH,CH,CH,. 2 isomers). 22.6 (s,
NCH,CH,CHa., 2 isomers), -7.6 (s, PACH,Si. 2 isomers) ppm.
CgoHogNgPd,Siy (1707.64): caled. C 51.62, H 5.46, N 12.55; found
C 51.90, H 5.37. N 12.20.

X-ray Diffraction Study of 2 and 4: Crystals were grown by slow
diffusion of hexane into concentrated solutions of the complexes
in CH,Cl, at —20 °C. The crystallographic data were collected with
a Stoe IPDS diffractometer and are presented in Table 3. The struc-
tures were solved by using direct and Fourier methods: Refinement
by full-matrix least-squares methods (based on F,?), anisotropic
thermal parameters for all non-H atoms in the final cycles, H atoms
were refined by using a riding model in their ideal geometric posi-
tions. SHELXS-86 and SHELXL-97 were used in the structural
solutions and refinements.'” CCDC-870641 (for 2) and -870642
(for 4) contain the detailed crystallographic data for this paper.
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This data may be obtained free of charge from the Cambridge
Crystallographic Data Center through www.cede.cam.ac.uk/data_
request/cif.

Table 3. Crystal and experimental data for compounds 2 and 4.

2 4-hexane
Empirical formula CaoHysN4Pd5S,Si,  CggHy1oNgPd,Siy
M [gmol™] 917.92 1793.78
Crystal system tetragonal monoclinic
Space group 14 /a P1
Crystal size [mm] 0.20%0.20X0.20 0.20x0.20X0.10
a[A] 20.3965(9) 15.291(4)
b [A] 20.3965(9) 23.438(5)
c [A] 19.4889(13) 25.862(6)
al[?] 90 73.91(3)
£ 90 86.30(4)
v [ 90 73.32(3)
VAY 8107.7(7) 8530(3)
2 8 4
Pealea. [2em ™) 1.504 1.397
# [mm!] 1.083 0.933
Refl. measured 44752 57780
Scan range [°] 1.45<20<27.00 0.94] <20<25.00
Unique refl. 4420 28281
Refl. observed [I>2a(])] 3777 17531
R1, wR2 0.0261. 0.0640 0.0576, 0.1499

Supporting Information (see footnote on the first page of this arti-
cle): Thermodynamic data for the tetrametallic/trimetallic equilib-
rium of the CN-bridging complex in CDCl;, and ORTEP plot for
molecular structure of 4.
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ABSTRACT: Insertion of p-FC6H4C[(EC}){, f-((:F3C3P;4CEC}-)I, (an)d thpﬁﬁphsph ™ PhlP/",’P*:Ph
m-CF;CsH,C=CH into the Pt—H bond of [(OC);Fe{Si(OMe -dppm )Pt(H)- |__~Pt=FPha — | s
(PPh:)] (l;) yields first the o-alkenyl complexes [(OC)fe{pr-Si(sog\ie)SFOMe}}(,u— (OC]’FT/ ‘ <_ (OC]BFE\/LH
dppm)Pt{ArC=CH,)] (2a, Ar = CH,F-p; 2d, CsH,CF;-p; 2e, C¢H,CF5-m), which SitOMe); = _cr,
react in a second step with the liberated PPh; ligand to afford the structurally lFaC Y= \
characterized pi-vinylidene complexes [(OC);Fe(u-dppm){u-C=C(H)CH,F-p}Pt- = equilibrium
(PPhy)] (3a) and [(OC);Fe(u-dppm){u-C=C(H)CH,R}Pt(PPh;)] (3d, R = —~PPhs e

p-CF3; 3¢, R = m-CF). In contrast, treatment of la with o-FCqH,C=CH produces ~ Ph"" | oo P |2
first [(OC);Fe{u-Si(OMe),(OMe)}(u-dppm)Pt(0-FC;H,C=CH,)] (2b), which (0C)Fe=| /PI'PP"3
evolves to the dimetallacyclopentenone complex [(OC),Fe(u-dppm){u-C(= & OoRFES L,
0)C(H)=C(C¢H,F-0)}Pt(PPh,)] (4b’). The latter slowly rearranges to the (::f"“ L _cr,
structurally characterized thermodynamic isomer [(OC),Fe(y-dppm){y-C(=0)C- .7 &l

(C¢H,4F-0)=C(H)}Pt(PPh;)] (4b). Treatment of la with 24-F,C;H,C=CH

produces via transient alkenyl complex 2¢ an isomeric mixture of [(OC);Fe(u-dppm){u-C=C(H)C¢H,F,-2,4}Pt(PPh;)] (3c),
[(OC),Fe(u-dppm) {u-C(=0) C(H)=C(CeH,E,2,4)JPt(PPhy)] (4c’), and [(OC),Fe(u-dppm){u-C(=0)C(CeH,Fy24)—
C(H)}Pt(PPh;)] (4c). Alternatively, 4b,c and [(OC),Fe(p-dppm){u-C(=0)C(Ar)=C(H)}Pt(PPh,)] (4a, Ar = C;H,F-p, 4d,
Ar = C{H,CF;-p) were obtained by reaction of [(OC),Fe(u-dppm)(p-C=0)Pt(PPh,)] with the respective terminal e. Upon
reaction of la, [(OC);Fe{Si(OMe);}(u-dppa)Pt(H)(PPh;)] (1b; dppa = bis(diphenylphosphino)amine), and [(OC);Fe{Si-
(OMe), }(u-dppm)Pt(H) (PMePh,)] (1c) with 0-F;CCH,C=CH, the dimetallacyclobutenes [(OC)Fe(y-PPh,XPPh,){u-
C(C¢H,CF;-0)C=C(H)}Pt(PPh,R)] (5a, X = CH,, R = Ph; 5b, X = NH, R = Ph; 5¢, X = CH,, R = Me) are formed as the
sole products. Complexes § result also from the reaction of [(OC);Fe(y-Ph,PXPPh,)(u-C=0Q)Pt(PPh;)] (X = CH,, NH) with
o-trifluorophenylacetylene. NMR studies at variable temperatures reveal that dimetallacyclobutenes 5 are in equilibrium with
dimetallacyclopentenones [(OC),Fe(u-Ph,PXPPh,){u-C(=0)C(C:H,CF;-0)=C(H)}Pt(PPh,R)] (4e, X = CH,, R = Ph; 4f,
X = NH, R = Ph; 4g, X = CH,, R = Me). Addition of HBF, to 5 leads to formation of the Fe-c:p,-alkenyl salts [(OC);Fe(u-
Ph,PXPPh, ){-C(C4H,CF5-0)=CH,}Pt(PPh,)][BE,] (6a, X = CH,; 6b, X = NH). Protonation of 4 gives the isomeric Pt-o:4t-
alkenyl salts [(OC);Fe(u-dppm){p-CH,=C(Ar)}Pt(PPh,)][BF,] (7) together with small amounts of the Fe-o:,-alkenyl salts
[(OC);Fe(u-dppm){p-C(Ar)=CH, }Pt(PPh,)][BF,] (Ar = p-C(H,CF; p-C;H,F, 24-C;H,F,). Protonation of the vinylidene
complexes [(OC);Fe(u-dppm){u-C=C(H)Ar}Pt(PPh;)] (3; Ar = p-C¢H,CF5, Ph, p-CH,CH;) with HBE, occurs exclusively at
the a-position of the vinylidene unit to produce a mixture of the isomeric o-alkenyl salts cis-[(OC);Fe(u-dppm){u-C(H)=
C(H)Ar}Pt(PPh,)][BF,] (8-cis) and trans-[(OC),Fe(u-dppm){u-C(H)=C(H)Ar}Pt(PPh;)][BF,] (S-tmm)

B INTRODUCTION

The insertion of small unsaturated molecules into the Pt—H
bond of mononuclear Pt(IT) complexes has been studied in detail
in connection with their role in hydrogenation, hydrosilylation,
hydrocyanation, and polymerization reactions." With terminal

alkynes RC=CH, square-planar c-alkenyl complexes of the
type L,Pt(CR=CH,) or L,Pt(CH=CHR) are generated.”
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Generally, insertion (also called hydrometalation) occurs
through the classical “migratory insertion” mechanism, but in
some cases radical pathways have been evidenced.® There have
also been some experimental and theoretical studies on the
reactivity of homodinuclear platinum complexes bearing
terminal or bridging hydride ligand toward alkynes.* Studies
on the reactivity of heterobimetallic hydride species are scarce,
although the activation of small molecules by heterobimetallic
compounds has stimulated much interest due to possible
synergic effects exerted by the close proximity of metal centers
(with different coordination spheres, oxidation states, ..).5 A nice
example demonstrating the sometimes diverging reactivity
pattern between homobimetallics and related heterobimetallics
has been provided by Mays et al,, who studied the reactivities of
[Mn,(4-H) (u-PPh, ) (CO)s] and [(#-CsHs)(CO),Mo (u-H) (-
PPh,)Mn(CO),] toward propyne: whereas the Mn—Mn
compound afforded the two isomeric p-vinyl complexes
[Mn, (u-PPhy J{p-0:7"-C(Me)=CH, }(CO);] and [Mn,{u-
o:*-C(H)=C(H)Me}(u-PPh,)(CO),] along with the allyl
compound [Mn,(u-PPh,) (17*-C;H;)(CO)], the Mo—Mn com-
pound vyielded as the sole insertion product [(5-CsHs)-
(CO),Mo(u-PPh,)Mn(1*-C3H ) (CO);].°* Another example
of alkyne insertion into a heterobimetallic #-phosphido complex
is described for [RuMn (p-H) (u-PPh, ) (17°-C5H;) (CO); ], which
produces [RuMn{u-o:7*-C(Ph)=C(H)Ph}(u-PPh,)(n*-
CsH)(CO),].®" Insertion of alkynes occurs also into the
0s—H and Mo—H bonds of [(OC)Rh(u-dppm),0s(H)(CO),]
and [(OC)Rh(y-dppm),Mo(H)(CO);], leading to o-alkenyl
complexes.”*”* Furthermore, Cowie’s group has investigated the
reactivity of [RhMn(CO),(u#-H)(dppm),][BE,] toward

5344

DMAD.™ Upon treatment with RC=CR (R = Ph, p-Tol), the
hydride complex [RhPt(u-H)(u-CO)(PEt,),(PPhy)(n’-
C,BgH,,)] was converted to [RhPt{s-C(R)=C(R)H}(CO)-
(PEt;)(PPh;)(i7°-C,BoH, ;)] bearing a terminal Pt-bound
alkenyl group.® Note, however, that addition of alkynes to the
unsupported hydride compound [(#7°-Cp)(OC);Mo—Pt(H)-
(dppe)] promotes first hydrogen transfer with concomitant
cleavage of the metal—metal bond.” Only in the case of terminal
alkynes does subsequent addition of [(#°-Cp)(OC);Mo(H)]
across [(HC=CR)Pt(dppe)] generate the final alkenyl-bridged
system [(7°-Cp)(OC),Mo(u-CO)(u-H,C=CR)Pt(H)-
(dppe)].9b The dinuclear alkenyl complex [Cp(CO),Re(u-
H)Pt(PPh,),{C(CH,;)=CHCH,}] was proposed as a possible
intermediate in the reaction of 2-butyne with the dihydride
complex [Cp(CO),Re(p-H)Pt(H) (PPh;),] to give [Cp(CO),-
Re(cis—CH3CH=CHC.H3)].9c Adams has shown that Pt-
(PBut,),-promoted insertion of PAC=CH into the Os—H
bond of HOs(CO),SnPh; occurs via formation of the bimetallic
hydride complex [PtOs(CO),(SnPh;)(PBut;)(i-H)], leading
to [PtOs(CO),(SnPh,)(PBut,)(u-HC=C(H)Ph)]. Quite re-
cently, theoretical investigations on this study have confirmed
the cooperative effect between the two metal centers.'® Further
examples include reactions of alkynes with Ru(u-H);Re and
Ru(p-H),Os complexes.' "'

In previous works we have shown that the reactivity of the
heterobimetallic iron—platinum hydride complexes [(OC);Fe-
{Si(OMe);}(u-dppm)Pt(H)(PPh;)] (1a) and [(OC),Fe{Si-
(OMe),}(p-dppa)Pt(H)(PPh;)] (1b) toward RC=CH de-
pends in a subtle manner on the electronic properties of the
alkynes used. In all cases, the insertion reaction of the alkyne in
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Table 1. Selected IR and *'P{'"H} NMR Data

FERFEY

3a
3c
3d
3e

5a
5b
Sc

6a

6b

6¢

6d

6e

6f

7a

e

7d

7i
8d-trans
8d-cis
8f-trans
8f-cis
8g-trans
Bg-cis

IR" 1(CO)

1964 (s),” 1903 (s), 1874 (s)
1964 (s),” 1904 (s), 1869 (s)
1967 (s),” 1907 (s), 1877 (s)

ND
ND

IR" 1(CO)
1992 (m),* 1928 (s), 1910 (s)
1993 (m), 1930 (s), 1910 (s)
1994 (m), 1931 (s), 1913 (s)
1997 (m), 1932 (s), 1925 (s)

IR 1(CO)
1956 (s),° 1909 (s), 1701 (w)
1966 (s),” 1910 (s)
1959 (s), 1912 (s), 1701 (m)
1970 (s), 1914 (s), 1707 (m)
1957 (s), 1911 (s), 1701 (m)
1966 (s), 1919 (s), 1696 (m)
ND
ND
ND
1968 (s), 1916 (s), 1704 (w)

IR? 1(CO)
1973 (m), 1915 (s), 1900 (s)
1983 (m), 1924 (s), 1908 (s)
1973 (m), 1915 (s), 1898 (s)

IR? 1(CO)

2054 (m), 1992 (s), 1985 (s)
2047 (m), 1990 (s), 1982 (s)

ND
ND
ND
ND

2031 (s), 1987 (s), 1913 (m)
2031 (s), 1986 (s), 1906 (m)
2041 (s), 1990 (s), 1920 (m)
2028 (s), 1987 (s), 1916 (m)
)

2043 (s), 2000 (s), 1957 (s)
ND
ND

2036 (s), 1979 (vs), 1956 (sh)
2035 (s),° 1979 (vs), 1959 (sh)

o-Alkenyl
NMR*®
a(P,) a(P,) 1+3]P.F, I]P,:Pu 2]?.9«
61.3,d 6.6, d 41 5234, ND
61.2,d 68, d 40 5237, ND
61.3,d 6.8, d 42 5236, 55
61.2,d 6.9, d 42 5163, ND
61.6,d 7.0, d 42 5176, 56
j-Vinylidene
NMR*®
8(Py) 8(P,) a(Py) hs)mg ’fp.w I'jp,r', 2111‘?:- iIP.Pu lfp,}n
64.3, dd 43.1, dd 23.7,dd 116, 13,17 76, 2444, 3924
64.0, dd 432t 224,dd 116,15, 15 81, 2452, 4001
63.4, dd 440, t 224,dd 115, 12, 15 ND, 2474, 4011
63.2,dd 440, t 225,dd 115, 15,18 80, 2480, 4004
Cyclopentenone
NMR*
a(Py) 5(Py) 5(Py) *owy Jowy Top, oo Topo T,
594, dd 7.5, dd 33.5,dd 57,36, 4 112, 2659, 3482
63.4, dd 8.0, dd 345, dd 56,33, 8 112, 2595, 3412
60.7, dd" 6.8, dd 33.4,dd 55,35, 6 128, 2623, 3519
62.7,dd 7.5, dd 336, t 56, 34,7 ND, 2634, 3562
59.9, dd’ 6.7,d 333,d 55, 35, ND ND, 2638, 3525
599, br dd 8.6,d 340, d 52, 35, ND ND, 2638, 3489
59.2, dd" 7.1,d 322,d 54, 33, ND ND, 2642, 3470
108.5, dd* 65.1,d 324, d 54, 23, ND ND, 2912, 3428
58,6, dd¢ 6.4, dd 31.4,dd 54, 37,9 ND, 2627, 3468
1107, dd 65.3,d 34.1,d 59,25, ND ND, 2970, 3464
Cyclobutene
NMR*
a(Py) 8(P,) 8(P3) *ows Toey Tor, *Toee Towo Tog
84.0, d" 306, d 3L, s 128, ND, ND 85, 2084, 3459
128.8, dd® 832,d 30.0,d 143,9, ND 89, 2313, 3444
83.6, dd® 24.6,d 10.8,d 129, 7, ND ND, 2173, 3386
o-Alkenyl
NMR*
a(Py) 5(Py) 5(P3) ey Tews Trm, Yoew Toww T
399, dd 10.9, dd 304, t 47,10, 15 ND, 3600, 3245
85.9, dd 67.8, dd 303, t 47,10,7 ND, 4034, 3330
39.0, dd 11.7, dd 30.2, brd 44,11, 15 ND
38.8,brd 11.3, brd 30.1, brs 42,11, ND ND, 3736, 3313
389, brd 115, br 30.3, br ND ND, 3757, 3282
39.0, br d 11.8, br dd 30.3,brs 48,17, 12 ND
52.1,dd 79, dd 35.6, dd 49,27,18 67, 2281, 3779
51.4,dd 8.9, dd 36.0, t 49,26, 19 ND, 2333, 3792
51.4,dd 8.4, dd 36.4, dd 46,26, 18 ND, 2302, 3745
51.5,dd 6.7, dd 34.9, dd 49,26, 18 61, 2275, 3774
54.4,dd 8.5, dd 34.3,¢t 39,24, 19 ND, 2376, 3759
56.8, dd 9.0, dd 393t 42,21, 16 ND
56.1,dd 8.5, dd 34.7,dd 39,24, 16 53, 2464, 3718
58.3,dd 9.3,dd 40.0, dd 42,21, 16 51, 2379, 3639
55.6,dd 76, dd 34.1, dd 39,24, 17 ND, 2219, 3564
57.7,dd 8.5,dd 39.1,dd 43,21, 15 ND, 2381, 3635

“IR abbreviations: s = strong, m = medium, sh = shoulder, vs = very strong, w = weak. ATR (germanium crystal) unless otherwise indicated. In units
of cm™. ND = not determined. “Dichloromethane solution. “KBr pellets. “CDCI, solution. “NMR abbreviations: s = singlet, d = doublet, = triplet,
q = quadruplet, m = multiplet, br = broad. P, = Pr.gppm P2 = Ppippms P3 = PPhy. NMR data at 298 K in CDCI; unless otherwise indicated. & in ppm

and ] in Hz. ND = not determined. "NMR data at 223 K. ®NMR data at 233 K. "NMR data at 248 K. ‘NMR data at 253 K.
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the Pt—H bond is stereoselective and leads first to o-alkenyl
complexes [(OC);Fe{u-Si(OMe),(OMe)}(u-dppm)Pt(RC=
C(H)R')] (R=Ar,R'=H; R=CFy, R'=H; R=R"=CF;;
='Buy, R’ =H; R=n-C;Hy, R’ =H; R= (CH,);C=CH, R’ =H).
In the case of activated alkynes bearing the strongly electron
withdrawing C(=0)OMe and CF, substituents, no further
reaction between the o-alkenyl complex and the liberated
triphenylphosphine was observed.'* With phenylacetylene and
p-tolylacetylene, the displaced PPh, is able to react in a second step
with the o-alkenyl complex to induce exclusively formation of
the p- vmyhdene [(OC),Fe{u-C=C(H)Ar}(u-dppm)Pt(PPh;)]
compounds % A mixture of p-vinylidene [(OC),Fe{y-C=
C(H)R}(u-dppm)Pt(PPh;)] and dimetallacyclopentenone com-
plexes [(OC),Fe(u-dppm){u-C(=0)C(R)C(H)}Pt(PPh,)] re-
sulted upon treatment with aliphatic terminal alkynes (R = ‘Bu,
n-C4Hy, (CH,);C=CH)."* Although isocyanide insertion into
the Pt—H bond leading to formimidoyl complexes is well-
established,'® no insertion occurred when la was treated with
RN=C. Instead, formal elimination of HSi(OMe); leads to the
isocyanide-bri .%ed complexes [(OC),Fe(u-dppm){u-C=NR)-
Pt(PPh,)].""!
In order to rationalize the versatile and so far unpredictable
reactivity of these iron—platinum hydride complexes 1, we decided
to extend these reactivity studies toward terminal alkynes with
electronic properties situated between activated alkynes with
strongly electron withdrawing groups and aliphatic alkyne with
electron donating alkyl groups.*** We have therefore per-
formed reactions with various aromatic terminal alkynes bearing
fluoro-substituents at the ortho, meta, and para positions. Herein
we report on the synthesis, dynamic behavior, and structural
characterization of the complexes obtained by these hydro-
metalation reactions. Furthermore, we have undertaken reactivity
studies on the resulting g-vinylidene, dimetallacyclopentenone,
and dimetallacyclobutene compounds, which are readily con-
verted to y-o-alkenyl species upon protonation with HBF,.

B RESULTS AND DISCUSSION

Alkyne Insertion Studies. The reaction of the hydride
complex [(OC)3FB{Si(OMB)3}(_u-dppm)Pt(H)(PPh3)] (1a)
with a CH,Cl, solution of 3 equiv of p-fluoroethynylbenzene
yields first the o-alkenyl complex [(OC);Fe{u-Si(OMe),(OMe)}-
(u-dppm)Pt(p-FC;H,C=CH,)] (2a), as evidenced by 'P NMR
monitoring of the progress of the reaction. This insertion product
(8(*'P): 61.3, Pg,; 6.6, Pp,), in which one of the methoxy groups of
the Si(OMe); ligand forms a hemilabile -Si(OMe),(OMe)
interaction with the Pt center, reacts in situ with the liberated PPh,
ligand to give the y-vinylidene complex [(OC);Fe(p-dppm){u-
C=C(H)C¢H,F-p}Pt(PPh,)] (3a) according to Scheme 1. The
mechanistic aspects and outcome of this transformation are in
line with our previous studies on the reactivity of la vis & vis
phenylacetylene or p-CH;CH,C=CH, leading to the u,-
vinylidenes [(OC);Fe(y- dgpm){;l, C=C(H)Ar}Pt(PPh;)] (3f,
Ar = Ph; 3g, Ar = p-Tol)."” Spectroscopic data of 3a, which has
been isolated in 76% yield as a yellow air-stable solid, are very
reminiscent of those of 3f,g and are gathered in Table 1.

Layering a CH,Cl, solution of 3a with hexane afforded X-ray-
suitable crystals containing one molecule of solvated CH,Cl,
alongside 3a in the asymmetric unit. The overall structure of 3a-
CH,Cl, (Figure 1) is very similar to that reported for [(OC),Fe-
(u-dppm){u-C=C(H)Ph}Pt(PPh,)] (3f)."* The Fe—Pt bond
length of 2.5586(12) A is almost identical with that of 3f
(2.5586(12) A). As in the latter, the vinylidene ligand spans in a
symmetric manner the two metal centers, the aryl group being
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Figure 1. Perspective view of 3a showing the atom-labeling scheme.
Hydrogen atoms apart from H(48) and the cocrystallized CH,Cl,
molecule have been omitted for clarity. Selected distances (A) and
angles (deg): Fe—Pt 2.5586(12), Fe—P(1) = 2.228(2), Pt—P(2) =
2.311(2), Pt—P(3) = 2.264(2), Fe—C(1) = 1.813(10), Fe—C(2) =
1.744(9), Fe—C(3) = 1.827(9), Fe—C(47) = 1.988(8), Pi—C(47) =
1.997(7), C(47)—C(48) = 1.355(12), C(52)—F = 1.357(11); P(1)—
Fe—Pt=92.68(7), P(2)—Pt—Fe = 99.28(6), P(3)—Pt—Fe = 156.27(6),
P(3)=Pt—P(2) = 103.98(7), Pt—C(47)—Fe = 79.9(3), Fe—C(47)—
C(48) = 141.6(6), C(48)—C(47)—Pt = 138.5(6), C(49)—C(48)—
C(47) = 130.2(7), P(1)—C(16)—P(2) = 110.8(4).

oriented toward the Fe(CO); moiety. The C(47)—C(48)
double-bond distance (1.355(12) A) lies in the usual range
found for other p-arylethenylidene ligands bridging homodinu-
clear complexes, such as [(OC),CpMn{yu-C=C(H)Ph}MnCp-
(CO),] (1.35(2) A)," [(OC)Rh(u-dppm),{s-C=C(H)Ph}-
Rh(CO)] (1.329(11) A),"”” [(OC)(PCy;)Rh(-0,CCH,){p-
C=C(H)Ph}Rh(PCy;)(CO)][BF,] (1.318(7) A)**
[1r,,(CO),{#-C=C(H)Ph}(dppm),] (1.35(3) A)," and
[Pt,(C=CPh){u-C=C(H)Ph}(PEt;),][BF,] (1.33(3) A)>**
Examples of structumlly characterized heterobimetallic y-vinylidene
complexes are [(1*-CH;)(CO)(u-CO)Mn(pu-C=C(H)Ph)Pt-
(P-dppm)] (1363(9) A)* [(-CyH,)(CO);Re(y-C=C(H)-
Ph)Pt(PPhy),] (1.385(8) A),*® and [TpNi(u- C—C(H)Ph)
RuCp(CO),] (Tp = hydrotris(pyrazolyl)borato) (1.33(1) A).>
Surprisingly, the outcome of the reaction between la and
0-FC,H,C=CH under the same reaction conditions was less
straightforward. Monitoring the course of the reaction by *'P
NMR spectroscopy in an NMR tube revealed after several hours
the emergence of the o-alkenyl complex [(OC);Fe{u-Si-
(OMe),(OMe)}(u-dppm)Pt(o-FC,H,C=CH,)] (2b)
(Scheme 1) with the characteristic two mutually coupled
doublets due to the dppm bridge at § 6.8 and 61.2 ppm along
with a broadened signal at 6 —4.2 due to dissociated PPh,.
Furthermore, resonances corresponding to the dimetallacyclo-
pentenone [(OC),Fe(u-dppm){p-C(=0)C(H)=C(CH,F-
0)}Pt(PPh;)] complex 4b’ were identified at & 8.0, 34.5, and
63.4 ppm. In line with this observation, the '**Pt{'H} NMR
spectrum displayed a doublet of doublets centered at § —2326
ppm ('Jpp = 5237 Hz) assigned to 2b, along with a doublet of
doublets of doublets centered at § —2782 ppm (***Jpp = 112 Hz;
Ypw = 2595 and 3412 Hz) due to 4b’. After 24 h, 2b was
completely converted to 4b’, whose "H NMR spectrum revealed
a doublet of doublets at § 4.82 ppm with a strong ) . coupling
of 202 Hz, indicating that the vinylic proton is situated trans to
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Figure 2. Variable-temperature *'P{'H} NMR spectra of 4b in CDCl,.

platinum. After 2 days in solution, progressive isomerization of reacted the p-carbonyl complex [(OCLFe({J«gppm)(ﬂ-CO)I’t-
4b’ to the thermodynamic isomer [(OC),Fe(u-dppm ){u-C(= (PPh;)] with ArC=CH (Ar = Ph, p-Tol).**** In this reaction
0O)C(C¢H,F-0)=C(H)}Pt(PPh,)] (4b) was evidenced in the sequence, the authors observed first formation of the kinetic
*IP NMR spectrum. After 4 days at ambient temperature, 4b isomer [(OC),Fe(u-dppm){u-C(=0)C(H)=C(Ar)}Pt(PPh;)],
which evolved to the thermodynamic isomer [(OC),Fe(y-
dppm){x-C(=0)C(Ar)=C(H)}Pt(PPh;)] during the course of
several days.

was the dominant species in an approximate ratio of 75:25. This
second species featured broad signals at 7.8 and 60.3 ppm,
attributed to the iron- and p latinum—l.mund dppm phosp hotjus In order to confirm the hypothesis that 4b constitutes the
atoms, whereas the Pt-bound PPh, ligand at & 33.5 gave rise thermodynamic product in our reaction mixture, we prepared

to a well-resc.)lved dgubllet signal. The same ra.tio was also this compound alternatively by treatment of [(OC),Fe(y-
encountered in the "F{'H} spectrum, which displayed two dppm) (-CO)Pt(PPh,)] with a 3-fold excess of o-FC,H,C=

broadened singlets at § —110.0 and —111.3 ppm, respectively. CH in toluene at 70 °C, according to Scheme 2. Indeed, 4b
The assignments of the NMR data and structural propositions was formed as the sole species under these conditions and was
for 4b and 4b’ are based on a study of Shaw and co-workers, who isolated as an air-stable orange solid in 85% yield. In an analogous
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manner, [(OC),Fe(u-dppm){u-C(=0)C(C¢H,F-p)=C(H)}-
Pt(PPh;)] (4a), which represents an isomeric form of
p-vinylidene complex 3a, was obtained using p-FCsH,C=CH.
In both dimetallacyclopentenone complexes, the ketonic v(C=
O) vibration of the {y-C(=0)C(Ar)=C(H)} moiety, resulting
froma C—C coupling reaction between a carbonyl ligand and the
respective alkyne, gave rise to an IR absorption near 1700 em™
(Table 1).

To understand the origin of the line broadness of the > P NMR
resonances of 4b (see above), we also undertook a variable-
temperature study on dissolving some single crystals in CDCI;
(Figure 2). The broad resonances of the dppm phosphorus
nuclei sharpen progressively upon cooling. At 223 K, the
spectrum features a well-resolved doublet of doublets at § 60.7
attributed to the Fe-bound dppm phosphorus, a doublet of
doublets at § 33.4 due to the PPh, ligand, and a third doublet of
doublets at & 6.8 assigned to the Pt-bound dppm phosphorus
(Table 1). Upon heating to 323 K, the resonances sharpen but
still remain broad.

Since the p-fluorine-substituted derivative 4a exhibits sharp
resonances in the *'P{'H} spectrum, one explanation of the line
broadness encountered in the case of 4b may be a C—F---H—C
interaction between the vinylic hydrogen atom and the fluorine
atom situated at the ortho position of the aryl cycle. Indeed, as
evidenced by an X-ray diffraction study, the C—F-~H—C contact
of 2.187 A in the solid-state structure of 4b is rather short
(see below). Althozlégh “organic” fluorine is considered as a weak
hydrogen acceptor,”* ™" there are some examples of organometallic
species featuring C—F-~-H—C bonding in solution evidenced by
'H NMR spectroscopy. For example, the dinuclear complex
[Ru(CO)(CF,=CFCF;)(4-CH,)(#-CO)(5-CsH;), ], which dis-
plays in the crystalline state a short intramolecular C—F--H—C
contact of 2.23 A between the methylene and CF,=CFCF, ligand,
exhibits a “through space” Jy;;: coupling of 4.7 Hz in its 'H NMR
specl:rurn.m’e'l However, no Jyr coupling could be evidenced for 4b.
The doublet of doublets pattern of the vinylic H atom resonating at
0 840 ppm is simplified to a singlet flanked by 195p¢ satellites upon
3P decoupling, ruling out a visible J; coupling,

Crystal Structures of [(OC),Fe(u-dppm)ip-C(=0)C(CsH,F-
0)=C(H)jPt(PPh3)] (4b) and [(OC),Fe(u-dppm){u-C(=0)C-
(CoH4F-p)=C(H)}Pt(PPh;)] (4a). X-ray-suitable crystals of
[(OC),Fe(u-dppm){u-C(=0)C(C¢H,F-0)=C(H)}Pt-
(PPh,)] (4b) were grown by slow diffusion of heptane into a
toluene solution. The molecular structure shown in Figure 3
closely resembles that of [(OC),Fe(u-dppm){u-C(=0)C-
(CH=CH)}Pt(PPh;)], confirming the coupling of the alkyne
with a carbonyl ligand giving the C(H)=C(Ar)(C=0) moiety
o-bonded to platinum and 5°*-bonded to iron.** The most salient
feature is a short C—F--H(47)—C contact of just 2.187 A
(F--C(47) = 2913 A), which falls significantly below the sum of
the van der Waals radii (2.54 A).*?

For comparison, we have also grown single crystals of 4a from
toluene/heptane and determined the molecular structure, which
is depicted in Figure 4. As expected, the overall structural features
are rather comparable with those of 4b. Notably, the p-C,H, ring
of 4a adopts the same orientation as the 0-CgH, ring of 4b, the
dihedral angles C54—C49—C48—C47 being 21.019 and 20.195°,
respectively. Therefore, it seems more likely that the orientation
of the 0-CgH, ring is imposed by packing effects rather than
by intramolecular hydrogen bonding. There also are no short
intermolecular C—F---H—C contacts below 2.8 A in the packing
diagram of 4a. Note that for p-fluoroethynylbenzene itself a
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Figure 3. Perspective view of 4b showing the atom-labeling scheme.
Hydrogen atoms apart from H(47) and the toluene molecule have been
omitted for clarity. Selected distances (A) and angles (deg): Fe—Pt =
2.5865(13), Fe—P(1) = 2.207(2), Pt—P(2) = 2.2746(19), Pt—P(3) =
2.2611(19), Fe—C(44) = 1.792(8), Fe—C(45) = 1.782(9), Fe—C(46) =
1.927(9), C(44)—0(1) = 1.151(10), C(45)—0(2) = 1.141(11),
C(46)—0(3) = 1.202(10), Pt—C(47) = 2.010(8), C(47)—C(48) =
1.401(12), C(46)—C(48) = 1.475(10), C(54)—F = 1.328(14); P(1)—
Fe—Pt = 92.86(6), P(2)—Pt—Fe = 96.64(6), P(3)—Pt—Fe = 155.98(6),
P(3)—Pt—P(2) = 104.03(7), C(47)—Pt—Fe = 54.1(2), Fe—C(46)—
C(48) = 76.2(5), C(46)—C(48)—-C(47) = 109.5(7), C(49)—-C(48)—
C(46) = 121.3(8), P(1)—C(13)—P(2) = 110.1(3).

Figure 4. Perspective view of 4a showing the atom-labeling scheme.
Hydrogen atoms apart from H(47) and the toluene molecule have been
omitted for clarity. Selected distances (A) and angles (deg): Fe—Pt =
2.5821(12), Fe-P(1) = 2.207(2), Pt—P(2) = 2.293(2), Pt-P(3) =
2.270(2), Fe—C(44) = 1.765(10), Fe—C(45) = 1.774(9), Fe—C(46) =
1.927(8), C(44)—0(1) = 1.170(11), C(45)—0(2) = 1.139(11), C(46)—
0(3) = 1.215(11), Pt—C(47) = 1.981(10), C(47)—C(48) = 1.401(12),
C(46)—C(48) = 1.459(12), C(52)—F = 1.361(12); P(1)—Fe—Pt =
93.68(7), P(2)—Pt—Fe =96.30(6), P(3)—Pt—Fe = 156.26(6), P(3)—Pt—
P(2) = 104.71(8), C(47)~Pt—Fe = 54.0(2), C(46)—Fe—Pt = 74.3(2),
Fe—C(46)—C(48) = 77.0(5), C(46)-C(48)-C(47) = 108.1(7),
C(49)—C(48)—C(46) = 121.4(7), P(1)—C(13)—P(2) = 111.3(4).
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short =C—H--F distance of 2.264 A has been established in the
packing.**

In order to study the combined effect of ortho and para sub-
stitution on the outcome of the reaction, 1a was also reacted with
2,4-F,C¢H;C=CH under same reaction conditions. Conducting
the reaction in the presence of 3 equiv of 2,4-difluoroethynyl-
benzene in dichloromethane, allowing contact with air, afforded
within several hours the o-alkenyl complex [(OC);Fe{u-
Si(OMe),(OMe) }(u-dppm)Pt(2,4-F,C,H,C=CH,)] (2¢) as
the insertion product in almost quantitative spectroscopic yield
together with PhyP=0. Running the reaction under an argon
atmosphere for 2 days resulted in the formation of a mixture of
the isomeric dimetallacyclopentenones [(OC)zFe(‘u-dppm){y-
C(=0)C(H)=C(CgH,F,) IPt(PPhy)] (4c) and [(OC ), Fely-
dppm) {4-C(=0)C(CgH,F,)=C(H)PE(PPhy)] (4c) and the
p-vinylidene compound [(OC),Fe(u-dppm){u-C=C(H)-
C¢H,F,}Pt(PPh;)] (3c) in a 30:20:50 ratio. The latter
compound was separated from the reaction mixture by layering
with hexane to give crystals of 3¢ suitable for a single-crystal X-ray
diffraction study. All metric parameters of 3c are very close to
those of 3a. An illustration of the structure along with some
selected bond lengths and angles is given in Figure S. It is worth
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Figure 5. Perspective view of 3¢ showing the atom-labeling scheme.
Hydrogen atoms apart from H(S) and the 0.5 C4H,, molecule have been
omitted for clarity. Selected distances (A) and angles (deg): Fe—Pt =
2.5401(4), Fe—P(3) = 2.2203(8), Pt—P(2) = 2.3073(7), Pt—P(1) =
22575(7), Fe—C(1) = 1.793(3), Fe~C(2) = 1.761(3), Fe—C(3) =
1.793(3), Fe—C(4) = 1.995(3), Pt—C(4) = 2.010(3), C(4)—C(5) =
1.322(4), C(11)—F(1) = 1.356(3), C(9)—F(2) = 1.358(3); P(3)—Fe—
Pt = 92.88(2), P(2)—Pt—Fe = 99.02(2), P(1)—Pt—Fe = 156.07(2),
P(1)-Pt—P(2) = 104.30(3), Pt—C(4)—Fe = 78.73(10), Fe—C(4)—
C(5) = 141.5(2), C(5)—C(4)—Pt = 139.7(2), C(6)—-C(5)-C(4) =
129.6(3), P(2)—C(42)—P(3) = 111.18(14).

noting that there is a short C—F--H—C contact of 2.357 A
between F(1) and H(5), whose position was freely refined.

To facilitate the spectroscopic assignment of the overlapping
resonances in the reaction mixture, the dimetallacyclopentenone
complexes 4¢’ and 4c were alternatively prepared by treatment of
[(OC);Fe(u-dppm)(u-CO)Pt(PPh;)] with 2,4-F,C¢H;C=CH
in a 1:2 ratio. The kinetic isomer [(OC),Fe(u-dppm){u-C-
(=0)C(H)=C(C4H,F,)}Pt(PPh;)] (4c’) was obtained by
reaction at ambient temperature in CH,Cl, solution and isolated
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as an orange solid, whereas the thermodynamic product 4¢ was
obtained by heating the reaction mixture in toluene at 70 °C for
2 h. The compound was isolated in the form of orange-red
crystals after purification by recrystallization from toluene/
heptane. At 298 K the *'P{'"H} NMR spectrum of 4c” shows the
expected pattern with well-resolved signals similar to those of 4b’
(Table 1), but that of 4 consists of two very broad unstructured
resonances at § 61.5 (Pg.) and 9.1 ppm (Pp,) along with a well-
resolved doublet at § 34.1 attributed to the Pt-bound PPhy
ligand. The broad signals sharpen upon cooling to 273 K, and all
resonances become well resolved at 253 K. This dynamic behavior
indicates again a possible C—F:~H—C contact of the fluorine atom
at the ortho position, as discussed above for 4b. The molecular
structure of 4¢ has been established by X-ray diffraction and is
shown in Figure S1 in the Supporting Information. The overall
structure is quite similar to those of 4a,b. The most salient feature
is the presence of a short intramolecular C—F(2)---H(48)—C(48)
contact of only 2.273 A (F(2)--C(48) = 2.908 A). We also note
that the para C(52)—F(1) bond is longer than the ortho C(54)—
F(2) bond (1.362(5) vs 1.321(5) A).

It is known from the literature that dimetallacyclopentenones
can be converted to u-vinylidene complexes. For instance, Casey
et al. have reported a thermal rearrangement at 70 °C which
converts [Cp*(CO),Re{u-n':n*-CH=C[C(CH,)=CH,]-
CO}Re(CO)Cp*] into [Cp*(CO),Re{u-C=CHC(CH,)=
CH, }Re(CO),Cp*].** A second example is the isomerization
of [CpRu{u-C(=0)C(Ph)=C(H)}(u-CO)Ru(CO)Cp] to
[Cp(OC)Ru{y-C=C(H)Ph}(-CO)Ru(CO)Cp] in boiling
toluene.*** However, no dimetallacyclopentenone—g-vinylidene
isomerization was evidenced after refluxing a toluene solution of
4c¢ for 6 h, and only 4c was recovered. Therefore, the competing
formation of 3¢ and 4c observed during the reaction of 1a with
2,4-F,C4H;C=CH must occur at an early stage of the insertion
reaction and is not a result of a subsequent isomerization process.

In order to evaluate the impact of a strongly electron
withdrawing trifluoromethyl substituent on the outcome of the
insertion reaction, hydride complex la was also reacted with
p-(trifluoromethyl )ethynylbenzene in CH,Cl, solution. Like the
case of p-FC¢H,C=CH, insertion of p-F;CC,H,C=CH into
the Pt—H bond produces first the ¢-alkenyl complex [(OC);Fe-
{4-8i(OMe),(OMe)} (4-dppm)Pt(p-F;,CCgH,C=CH,)] (2d),
which reacts in a second step with the liberated PPh, ligand to
give the p-vinylidene complex [(OC);Fe(u-dppm){y-C=C-
(H)C4H,CF5-p}Pt(PPh;)] (3d). Spectroscopic examination of
the reaction mixture indicates the absence of the dimetallacy-
clopentenone [(OC),Fe(u-dppm){u-C(=0)C(C¢H,CF;-
p)=C(H)}Pt(PPh,)] (4d). The latter was prepared independ-
ently by reaction of [(OC);Fe(u-dppm)(-CO)Pt(PPh,)] with
p-F;CC¢H,C=CH in toluene at 70 °C, and its crystal structure
was elucidated by an X-ray diffraction study (see Figure S2 in the
Supporting Information). In an analogous manner, hydrometa-
lation of m-(trifluoromethyl)ethynylbenzene by complex 1a pro-
duces first the oc-alkenyl complex [(OC) Fe{u-Si(OMe),-
(OMe)}(p-dppm)Pt(m-F,CC,H,C=CH,)] (2e), which is
ultimately converted to the y-vinylidene complex [(OC),Fe(u-
dppm){u-C=C(H)C¢H,CF;-m}Pt(PPh;)] (3e). Both the P
NMR spectrum and the crystal structure of this yellow
compound are shown in the Supporting Information as Figures
S3 and S4.

Intrigued by the ortho effect noticed in dimetallacyclopente-
none complexes 4b,c, we attempted also hydrometalation of
o-(trifluoromethyl)ethynylbenzene with 1a. Surprisingly, after a
CH,Cl, solution of la was stirred with o-F,CC,H,C=CH,
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neither a dimetallacyclopentenone nor a yi-vinylidene compound
was detected. Instead, the dimetallacyclobutene complex
((OC);Fe(p-dppm){u-C(C4H,CF;-0)=C(H)}Pt(PPh,)]
(5a) was isolated in 77% yield in the form of air-stable orange
crystals. The dimetallacyclobutene complex [(OC);Fe(u-dppa)-
{u-C(C4H,CF;-0)=C(H)}Pt(PPh;)] (Sb) was also formed
when reacting 0-F,CC{H,C=CH with the hydride complex
[(OC);Fe{Si(OMe);} (u-dppa)Pt(H)(PPh;)] (1b) spanned by
the less electron-donating ligand bis(diphenylphosphino)amine.
In accordance with the presence of three terminal carbonyls,
both complexes display in the ATR-IR spectra three v(CO)
vibrations (see Table 1), along with a C=C absorption at
1599 cm™". Formation of 5a was also corroborated by an X-ray
diffraction study, confirming the presence of a dimetallacyclo-
butene framework (Figure 6). A metal—metal bond connects the

@f \’5 >

",,

1.
C45
2479 A %
Cs2 &2

Figure 6. Perspective view of Sa showing the atom-labeling scheme.
Hydrogen atoms and the heptane molecule have been omitted for clarity.
Selected distances (A) and angles (deg): Fe—Pt = 2.6026(S), Fe—P(1) =
2.2019(11), Pt—P(2) = 2.3057(10), Pt—P(3) = 2.2557(10), Fe—C(53) =
1.782(4), Fe—C(54) = 1.781(4), Fe—C(55) = 1.784(4), Fe—C(45) =
2.049(4), Pt—C(44) = 2.037(4), C(44)—C(45) = 1327(5), C(52)—
F(1) = 1.335(5), C(52)—F(2) = 1.345(5), C(52)—F(3) = 1.351(5);
P(1)=Fe=Pt = 97.10(3), P(2)—Pt—Fe = 95.35(3), P(3)—Pt—Fe
160.87(3), P(3)—Pt—P(2) = 102.95(3), C(45)—Pt—Fe = 72.00(10), Fe—
C(45)-C(44) 107.3(3), C(45)—C(44)—Pt 109.0(3), C(44)—
C(45)—C(46) = 128.5(3), P(2)—C(13)—P(1) = 114.51(19).

dppm-bridged iron and platinum centers. However, the bond
length of 2.6026(15) A is somewhat longer than the mean
distances of y-vinylidenes 3 (2.5494(8) A) and dimetallacyclo-
pentenones 4 (2.5842(12) A). An elongation of the metal—metal
bond has also been noticed for the dimetallacyclobutene [{(1*-
CsH,),(SiMe,), }Ruy(CO), (u-CO){ppn'n'-C(Ph)=C(H)}]
and its y-vinylidene isomer. ¢ Note that dinuclear dimetallacy-
clobutenes bearing a symmetric M—C(R)=C(R)—M moiety
are now quite common, but it seems that complexes 5 represent
the first examples of heterodinuclear complexes spanned by a
terminal alkyne. The overall structure may be compared with
that of [(OC),Fe(u-dppm) (1-CF,C=CCF,)Pt(C0)]."*" As in
the latter compound, the most salient feature is the spanning
of the two metal centers by the 0-F;CCH,C=CH moiety in a
p-17"7" mode parallel to the metal—metal axis. The dihedral angle
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Fe—C(45)—C(44)—Pt of the resulting four-membered metalla-
cycle only amounts to —4.76°. Probably for steric reasons, the
plane of the o-F;CC4H,C moiety is significantly tilted by 50.7°
with respect to the best Fe—C(45)—C(44)—Pt plane. The C=C
bond length of the dimetalated alkenyl group (1.327(5) A) is
comparable with those of [ (OC);Fe(u-dppm)(u-CF;C=CCE,)-
Pt(CO)] and [(OC);Fe(u-dppm)(u-CF,C=CCEF;)Pt-
(CNxylyl)] (1.319(12) and 1.315(8) A)."*** Also worthy of
note is a C—F--H—C contact between F(2) and H(44) of 2.479 A.

Although in the crystalline state compounds $ exist exclusively
in the dimetallacyclobutene form, P NMR monitoring at
variable temperature revealed that in solution an unprecedented
temperature-dependent equilibrium between S5a—c and the
isomeric dimetallacyclopentenanes 4e,f exists (Scheme 3).

As illustrated in Figure 7, the 3'P{'"H} NMR of crystalline Sa
dissolved in CDCl; at 298 K gives rise to two extremely
broadened humps centered at & 78.5 and 30.2 ppm assigned to
the Fe- and Pt-bound dppm phosphorus nuclei, whereas the
resonance of the PPh, ligand at § 31.2 ppm is sharp and is flanked
by the '**Pt satellites with a 'Jpp coupling of 3430 Hz. At 268 K,
resonances corresponding to dimetallacyclobutene Sa sharpen,
while a second set of broad signals appears at 59.3, 32.2, and
7.3 ppm which are attributed to the dimetallacyclopentenone
complex [(OC),Fe(p-dppm){u-C(=0)C(C4H,CF;-0)=
C(H)}Pt(PPh,)] (4e). At 248 K, well-resolved resonances
corresponding to Sa and 4e are present. The structural proposi-
tion for 4e bearing the aromatic substituent trans to platinum is
supported by comparison of the chemical shifts and coupling
constants of 4e and 4b at 228 K. Furthermore, this structure is in
agreement with a reversible carbon—carbon coupling reaction,
implying a carbonyl group and the previously bridging carbon
atom bearing the aromatic group. 'H NMR monitoring at
variable temperature has also been performed and corroborates
the temperature-dependent equilibrium between 5a and 4e in
the dppm region. At 298 K abroad hump is centered at 3.72 ppm.
Upon cooling, this broad resonance disappears, giving rise at
248 K to two sets of broad signals at 4.75, 4.52 ppm and 3.42,
3.18 ppm, consistent with an AB spin system like that found for
the dppm ligand in 4e and Sa. Attribution of the signals is made
by comparison with the resonances observed for dimetallacy-
clopentenone complexes 4 (see Experimental Section). More-
over, the chemical shift of the dppm resonances observed at 3.42
and 3.18 ppm for Sa are comparable with that of [(OC);Fe(u-
dppm) (u-CF,C=CCF,)Pt(L)] (L = CO, CNxylyl)."** The vinylic
protons of 5a and 4e could not be observed even at low tempera-
ture, and we therefore assume that they are obscured by the aryl re-
sonances. The "F{'"H} NMR spectrum also exhibits a broad signal
at & —58.01 at 298 K, which splits into two sharp singlets at § —57.5
(5a) and —59.2 (4e) when the temperature is lowered to 243 K.

Sab were also obtained as the sole species by the reac-
tion of [(OC);Fe(u-Ph,PXPPh,)(u-CO)Pt(PPh;)] with
0-F;CC,H,C=CH in toluene at 70 °C. As dppa is somewhat
less electron donating than dppm, in the IR spectrum of 5b the
carbonyl absorptions are shifted to higher values in comparison
to those of 5a. Reaction of [(OC);Fe(u-dppm)(u-CO)Pt-
(PPh,)] with 0-F;CC¢H,C=CH was also performed in CH,Cl,
at room temperature, and Sa was always isolated as the sole
product. In order to slightly enhance the electron-donating
propensity and to reduce the cone angle of the PR, ligand, we
also reacted [(OC);Fe{Si(OMe);}(u-dppm)Pt(H)(PPh,Me)]
(1¢)"" with 0-F,CC4H,C=CH. However, these steric/electronic
variations had no impact on the outcome of the reaction and only
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((OC)sFe(u-dppm){u-C(CsH,CF;-0)=C(H)}Pt(PPh,Me)]
(5c) has been detected in an NMR tube experiment.

In the *'P{'"H} NMR spectra of 5b,c the resonances of the dppa
and dppm phosphorus nuclei are again extremely broadened at
ambient temperature. As for 5a, well-resolved spectra were
obtained at 233 K. In both cases, a second set of signals attributed
to the dimetallacyclopentenones 4f,g was observed (Scheme 3).
This feature is illustrated for 5b in Figure S5 of the Supporting
Information. Two unresolved signals at & 125.4 (Feg,,,) and 80.8
(Ptgppa) are present at 318 K, which evolve into broad humps at
298 K. The resonances begin to sharpen at 273 K, and at 253 K
the emergence of a second species is detectable. At 233 K, two
sets of well-resolved resonances are present in an approximate 2:1
ratio. The resonance of the Pt-bound PPh, ligand remains sharp
over the entire temperature range, displaying a 'Jp;p coupling of
3400 Hz, thus ruling out dissociation or other involvement in
the dynamic process. The minor species 4f features a doublet
of doublets at § 108.5 (Fegy,) and 65.1 (Pty,,,) along with a
third doublet at 32.4 ppm due to a Pt-bound PPh, ligand. Since
dppa-bridged Fe—Pt dimetallacyclopentenones were hitherto
unknown, we prepared for comparison [(OC),Fe(u-dppa){u-
C(=0)C(C4H,F-p)=C(H)}Pt(PPh;)] (4h) according to
Scheme 2. Both the chemical shifts and coupling constants of 4h
match well with those of 4f (Table 1). Therefore, we confidently
assign a dimetallacyclopentenone motive to the complex
[(OC),Fe(u-dppa) {#-C(=0) C(CH,CF;-0)=C(H) }Pt-
(PPhy)] (4f).

It is known from the literature that thermolysis of the
dimetallacyclopentenone [Cp(OC)Fe{u-C(=0)C(CO,Me)=
C(CO,Me) }(u-CO)Fe(CQO)Cp] causes interconversion to the
dimetallacyclobutene [Cp(OC)Fe{u-C(CO,Me)=C-
(CO,Me)}(u-CO)Fe(CO)Cp] by CO extrusion.>® Puddephatt
et al. have shown that [(OC),Ru(u-CH=CH)(u-dppm),Ru-
(CO),] readily inserts CO to yield the dimetallacyclopentenone
[(0OC),Ru{u-C(=0)CH=CH} (y-dppm),Ru(CQ),], which
loses a carbonyl upon heatin% in a reversible manner, leading
to the dimetallacyclobutene.”** However, the temperature-
dependent equilibrium between Sa and 4e constitutes the first
example of a dimetallacyclopentenone < dimetallacyclobutene
conversion, implying a reversible carbon—carbon bond formation/
breaking process with low activation barrier. Our NMR studies at
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variable temperature also allow the conclusion that this pheno-
menon tolerates a variation of the steric and electronic propensities
of P-donor ligands to a certain degree. At present we cannot state
with certainty whether this dynamic behavior is exclusively due to
the bulkiness of the 0-CF; substituent or whether a combination of
steric and electronic parameters of the o-trifluoromethyl group
accounts for this phenomenon. The fact that a trifluoromethyl
group at the para position exerts electron withdrawal comparable
to that in the ortho position makes a purely inductive electronic
effect less likely.** More experimental work combined with DFT
computing is required to fully understand this unprecedented
dimetallacyclopentenone « dimetallacyclobutene interconversion.

Protonation of the Dimetallacyclobutene Complexes
[(OC)sFe(u-Ph,PXPPh,){u-C(CeH,CF3-0)=C(H)}Pt(PPh;)].
Addition of HBF,Et,0O to a CH,Cl, solution of 5a leads
exclusively to the p,-c-alkenyl salt [(OC),Fe(u-dppm){u-
C(C4H,CF;-0)=CH, }Pt(PPh;)][BF,] (6a) by protonation at
the f-position (Pt-bound carbon atom) of the bridging alkyne
ligand. Site-selective protonation producing [(OC),Fe(u-dppa)-
{u-C(C4H,CF3-0)=CH, }Pt(PPh;) ][BF,] (6b) bearing a Fe-
bound 641, alkenyl group occurs also upon reaction of Sb with
an excess of HBF-Et,0 according to Scheme 4. Note that the
reaction of [(OC),Fe(u-dppm){u-C(=0)C(CsH,Me-p)=
C(H)}Pt(PPh,)] with HBF,-Et,O has been reported to produce
the “isomeric” vinyl cation [(OC),Fe(u-dppm){p-C(CsH,Me-
p)=CH,}Pt(PPh;)][BF,] bearing a Pt-bound oy, alkenyl
group (see below).”

In comparison to the three ¥(CQ) vibrations of Sa, those
of 6a are markedly shifted to higher wavenumbers and appear at
2054 (m), 1992 (s), and 1985 (s) em™". The *'P{'H} NMR
spectrum of 6a displays two well-resolved doublets of doublets
at § 39.9 (Pr.) and 10.9 (Pp,) attributed to the dppm ligand.
The Pt-bound triphenylphosphine appears as a triplet at § 30.4.
The magnitude of the l]plpdppm coupling constant of 3600 Hz is
also noteworthy, whereas in the isomeric Pt-bound o:p, alkenyl
compounds 7 and 8 (see below and Table 1) this Jppgppm
coupling lies typically in the 2300—2400 Hz range.”* A sharp
singlet at & —54.3 ppm in the "“F{'H} NMR spectrum is
attributed to the CF; group; the tetrafluoroborate counterion
gives rise to a considerably broadened resonance at —152.5 ppm.
In the "H NMR spectrum, the two geminal hydrogen atoms of
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Figure 7. Variable-temperature *'P{'H} NMR spectra of Sa in CDCI,, revealing the temperature-dependent coexistence of isomeric

dimetallacyclopentenone 4e.

the 1-arylvinyl ligand give rise to two broadened doublets at &
428 (Jpy = 12.5 Hz) and 4.58 ppm (Jpy; = 6.5 Hz) with Jpy
couplings of 29 and 45 Hz, respectively.”

These spectroscopic data were corroborated by an X-ray
diffraction study. The crystal structure of the cation is shown in
Figure 8. Suitable yellow-orange crystals of 6a were obtained
from CH,Cl,/Et,0. The dppm-spanned Fe—Pt bond distance
is almost identical with that of the precursor 5a (2.6161(9) vs
2.6062(13) A). The Fe—C(48) and C(48)=C(47) bond
lengths of 1.986(6) and 1.386(7) A both match those reported
for the related o:u,alkenyl complex [(OC);Fe(u-dppm){u-
C(C4H)=CH, }Fe(CO),][BF,] (1.992(5) and 1.388(7) A).*!
According to the metric parameters, the a-carbon atom C(48)
is best described as s-bonded to Fe and n-bonded to Pt, the
Pt—C(48) and Pt—C(47) bond lengths being 2.211(6) and
2.209(6) A, respectively. With respect to the five-membered
P(3)—C(43)—P(2)—Pt—Fe ring, the C(48)=C(47) bond is
tilted, the dihedral angle Fe—C(48)—C(47)—Pt being —59.73°.
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Protonation of Dimetallacyclopentenones [(OC),Fe(u-
dppm){u-C(=0)C(C4H;R;R;)=C(H)}Pt(PPh;)]. According to
an earlier paper of Shaw et al, addition of HBF,-Et,0 to a
CH,Cl, solution of dimetallacyclopentenone [(OC),Fe(u-
dppm){u-C(=0)C(C¢H,CH;-p)=C(H)}Pt(PPh,)] results
in cleavage of the carbon—carbon bond of the C—=C=0 unit,
affording the alkenyl salt [(OC);Fe(u-dppm){u-H,C=C-
(C¢H,CH;-p) }Pt(PPh,)][BE,].** We have repeated this expe-
rience with [(OC),Fe(u-dppm){u-C(=0)C(C,H;)=C(H)}-
Pt(PPhy)] (4i) and succeeded in growing single crystals of
((OC)sFe(u-dppm){u-H,C=C(Ph) }Pt(PPh,)][BF,] (7).
The crystal structure, which is depicted in Figure 9, confirms
the stereochemical assignment based on the solution spectro-
scopic data: ie., formation of a Pt-bound a:4,-C(Ph)=CH,
alkenyl ligand.

To check whether the presence of fluoro substituents alters the
stereoselectivity of the protonation site, we also protonated
4a,c,d with HBF,-Et,O. The IR and NMR data of the resulting
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alkenyl salts are all very similar to those of 7i, consistent with
formation of [(OC),Fe(u-dppm){u-C(CiH ;R R,)=CH,}Pt-
(PPh;)][BF,] (7a,c,d). For example, the '"H NMR spectrum of
[(OC);Fe(u-dppm){u-C(C4H,CFy-p)=CH,}Pt(PPh,)][BF,]
(7d) exhibits a broadened doublet at § 3.72 attributed to the
cis-vinylic CH proton with respect to platinum. The trans-vinylic
proton resonates at § 4.25 and appears as a doublet ([, =
14 Hz), which is strongly coupled with the '**Pt nucleus (*Jpyy =
95 Hz). No geminal %]y coupling could be resolved.
Interestingly, extended acquisition of the *'P NMR spectra
revealed, independently of the substitution pattern of the aryl
group, the copresence of a minor compound in an approximate
90:10 ratio (Figure S6 in the Supporting Information). On the
basis of the strong resemblance to the NMR data of 6a, these
species are tentatively identified as the isomeric vinyl cations
[(OC);Fe(u-dppm){u-C(C4H;R R, )=CH, }Pt(PPh;) |[BF, ]
(6), bearing Fe-bound oy, alkenyl groups. These protonation
experiments were realized both at room temperature and at
253 K; however, no change of the respective 6:7 ratio was
noticed. No evolution was observed in solution when recording
a spectrum after 24 h, so one can presume that formation of
complexes 6 does not result from an isomerization of 7. Note
that protonation of the dimetallacyclopentenones [Cp(OC)Fe-
{#-C(=0)C(Me)=C(H)}(u-CO)Ru(CO)Cp] and
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[Cp(OC)Ru{y-C(=0)C(C4H;)=C(H)}(u-CO)Ru(CO)-
Cp] is reported to yield the salts [Cp(OC)Fe{u-C(H)=
C(H)Me}{(u-CO)Ru(CO)Cp][BF,] and [Cp(OC)Rufu-
C(H)=C(H)Ph}(¢-CO)Ru(CO)Cp][BF,], displaying a trans
configuration of the two vicinal H atoms.”***®

Protonation of the p-Vinylidene Complexes [(OC);Fe-
(u-dppm){p-C=C(H)CgH,RIPt(PPh;)]. u-Vinylidene com-
plexes are known to preferentially react with electrophiles such as
H? at the f-carbon of the bridging vinylidene unit. For example, the
compounds [ (17*-CsH;),(OC),Mn(u-C=CHR)Mn(CO),(57’-
CsH;)] (R = H, Me, Ph, CO,Me) are protonated to produce
[(7°-CsHs)2(OC),Mn (u-C—CH,R)Mn (CO), (1*-CsHs) ],
which contains a p-carbyne ligand bridging the two metals.**
In addition, [ (7°-CsH,)(OC)Co(4-C=CH,)Co(CO) (i*-C4H,) ]
is protonated by HBE, at the same site to yield the y-etl?rliclene salt
[(7°-C3H;)(OC) Co(u-CCH;) Co(CO) (°-CsH) ' Protona-
tion at the f-carbon has also been reported to occur after treatment
of [("-C.H.)(OC)Ru(u-C—CH, ) (1-CORu(CO)(1-C.H,)],
[(*-C5H5)(OC)Fe(u-C=CH, ) (u-CO)Fe(CO) (7°*-CsHs)], and
[(7°-CsMes)Ru(u-C=CH,) (4-N-Ph)Ru(#*-CsMe;)] with
HBE,*™* In the case of [(5*-C;Me;)(OC),Re(u-C=C(H)C-
(Me)=CH,)Re(CO),(1*-C;Me;)], protonation occurs at the
remote & position to produce the salt [(17*-CsMe;)(OC),Re(p-C-
C(H)=CMe,)Re(CO),(1*-CsMe;) ]*** Werner et al. have also
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Figure 8. View of the cation of 6a showing the atom-labeling scheme.
Only the ipso carbons of the aryl groups are shown. Selected distances
(A) and angles (deg): Fe—Pt = 2.6163(8) Fe—P(3) = 2.267(2), Pt—
P(2) =2.2682(16), Pt—P(1) = 2.3168(13), Fe—C(44) = 1.796(7), Fe—
C(45) = 1.796(6), Fe—C(46) = 1.811(7), Fe—C(48) = 1.986(6), Pt—
C(47) = 2.170(5), Pt—C(48) = 2.218(5), C(47)—C(48) = 1.386(7);
P(3)—Fe—Pt = 98.33(5), P(2)—Pt—Fe = 88.94(4), P(1)—Fe—Pt =
170.14(5), P(1)—Pt—P(2) = 100.76(5), Pt—Fe—C(48) = 47.64(14),
C(47)-Pt—C(48) = 36.82(17), C(47)—C(48)—Fe = 121.8(5),
C(47)—C(48)—C(49) = 114.4(5), P(2)—C(33)—P(3) = 109.2(3).

Figure 9. Perspective view of the complex cation of [(OC);Fe(u-
dppm){u-H,C=C(Ph)})Pt(PPh,)]|[BF,] (7i) showing the atom-
labeling scheme. Hydrogen atoms apart from H(47A) and H(47B)
have been omitted for clarity. Selected distances (A) and angles (deg):
Fe—Pt = 2.5619(5), Fe—P(3) = 2.2385(11), Pt—P(1) = 2.2873(8), Pt—
P(2) = 2.3303(9), Fe—C(43) = 1.826(4), Fe—C(44) = 1.793(4), Fe—
C(45) = 1.796(4), Fe—C(46) = 2.166(4), Fe—C(47) = 2.170(3), Pt—
C(47) =2.024(4), C(47)—C(48) = 1.392(5); P(1)—Fe—Pt = 156.18(3),
P(2)—Pt—Fe = 100.02(3), P(3)—Fe—Pt = 90.83(3), P(1)—Pt—P(2) =
103.32(3), Pt—C(47)—Fe = 75.21(12), C(47)—Fe—C(46) = 37.45(14),
C(46)—C(47)—Pt = 123.5(8), C(47)—Pt—Fe = 54.99(10), C(48)—
C(47)-C(46) = 119.0(3), P(2)—C(54)—P(3) = 111.35(18).

reacted the heterodinuclear species [(17>-CsHs)(i-PryP)Rh(u-C=
CH,)(#-CO)Mn(CO)(1-C¢Hy)] (R = H, Me, Ph) and [(s-
C(H,)(i-Pr;P)Rh(4-C=CHR)Fe(CO);] (R = H, Me, Ph)
with HBF, and isolated the respective cationic y-carbyne salts.*®
To the best of our knowledge, there are just two examples of
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protonation at the a-carbon atom of a bridging vinylidene unit.
Protonation of [(#*-CyH,)(OC)Rh(u-C=CH,)Rh(CO)(>-
CyH,)] is supposed to yield first the u-hydride species [(i7*-
CoH;)(OC)Rh(k-C=CH,) (u-H)Rh(CO) (7*-CoH;)]", which
subsequently rearranges to give [(i-CoH;)(OC)Rh(u-C(H)=
CH,)Rh(CO)(1*-CoH,)]"." Initial formation of a hydride
intermediate has also been suggested by Cowie et al. to account
for the formation of dppm-spanned a-protonated Rh—Mn
o-alkenyl complexes.™

We were therefore intrigued about the site reactivity of our
vinylidene complexes 3 and thus reacted 3d with an excess of
HBF,-Et,0 in CH,CI, solution at 0 °C. IR monitoring indicated
the complete disappearance of the starting material after 10 min
and formation of a new complex bearing three terminal carbonyls,
as indicated by the observation of three absorptions at 2043, 2000,
and 1957 cm™", 3P NMR investigation of the crude residue
revealed the formation of two isomeric species in an approximate
60:40 ratio. These two species were characterized in the *'P{'H}
NMR spectrum by two sets of three well-resolved signals at § 54.4,
34.3,8.5and 6 56.8,39.3, 9.0 ppm. These data are consistent with
the formation of a Pt-bound o, alkenyl salt (Table 1). It can be
deduced from the 'H NMR spectrum that protonation occurred
at the a-position of the vinylidene unit, generating a mixture of the
isomeric c-alkenyl salts trans-[(OC),Fe(u-dppm){p-C(H)=
C(H)CH,CF,-p}Pt(PPh;)][BF,] (8d-trans, major species)
and cis-[(OC),Fe(yu-dppm){u-C(H)=C(H)C¢H,CF,-p}Pt-
(PPh,)][BF,] (8d-cis, minor species) according to Scheme 4.
The a-protons of the alkenyl ligands are observed at low field as
broad doublets at & 9.28 and 9.12 for 8d-trans and 8d-cis,
respectively. Attribution of the f-proton signals is more difficult,
since they are not resolved, but 8d-frans could be isolated in the
form of single crystals (see below) and therefore a correct assign-
ment has been possible without ambiguity. The resonance of the
f-proton of the alkenyl ligand in 8d-trans is visible at 5.63 ppm
with a characteristic trans coupling constant ¥,y of 13.4 Hz.

Crystal Structure of trans-[(OC) sFe(u-dppm){u-C(H)=C(H)-
CeH.CF3-plPt(PPh3)I[BF,] (8d-trans). Recrystallization of the
8d-trans/8d-cis mixture from CH,Cl,/Et;O afforded yellow
crystals of the isomer 8d-trans, suitable for an X-ray diffraction
study. Figure 10 shows that, in contrast to 6, the alkenyl ligand is
now o-bound to Pt and 7-coordinated to the Fe(CO); moiety, as
already observed in 7. The Pt—C(47) bond length (2.013(8) A)
and the C(47)—C(48) double-bond length (1.402(13) A) match
with those of [(OC);Fe(u-dppm){u-H,C=C(Ph)})Pt-
(PPh;)][BF,] (7i) shown in Figure 8. In addition, the metal—
metal separations of 7i and 8d-trans (2.5619(5) vs 2.5778(17) A)
are very similar. In line with a trans configuration around
the alkenyl group, the dihedral angle C(49)—C(48)—C(47)—Pt
amounts to 172.56°.

In order to assess the impact of the para substituent of the
aryl group on isomer distribution, we also reacted [(OC);Fe(u-
dppm){u-C=C(H)C¢H,}Pt(PPh;)] (3f) and [(OC);Fe(u-
dppm){u-C=C(H)C¢H,CH;-p}Pt(PPh;)] (3g) with HBF,:
Et, 0. Again, mixtures of the respective trans and cis isomers were
formed. However, in the case of the protonation of 3f at 298 K,
the isomer cis-[(OC);Fe(u-dppm){u-C(H)=C(H)Ph}Pt-
(PPh,)][BF,] (8f-cis) now constituted the dominating species.
The 70:30 ratio between 8f-cis and the trans isomer 8f-frans did
not shift when raising the temperature to 45 °C or after 2 days
in solution, thereby excluding an equilibrium between the two
species. However, the relative isomer ratio seems to depend
on the temperature at which the protonation is realized. When
HBF,Et,0 was added to 3f at 253 K, both *P{'H} and
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Figure 10. Perspective view of the complex cation of trans-[ (OC);Fe(u-
dppm){p-C(H)=C(H)C H,CF, p}Pt(PPh;)][BF,] (8d-trans) show-
ing the atom-labeling scheme. Only one of the two independent cations is
shown. Hydrogen atoms have been omitted for clarity. Selected distances
(A) and angles (deg): Fe(1)-Pt(1) = 2.5778(17), Fe(1)-P(1) =
2.230(3), Pt(1)—P(2) = 2297(2), Pt(1)—P(3) = 2.259(3), Fe(1)—
C(44) = 1.809(11), Fe(1)-C(45) = 1.788(12), Fe(1)-C(46) =
1.821(11), Fe(1)—C(47) = 2.124(9), Fe(1)—C(48) = 2.221(9), Pt(1)—
C(47) = 2013(8), C(47)—C(48) = 1.402(13); P(1)—Fe(1)—Pt(1)
86.79(9), P(2)-Pt(1)—Fe(1) = 101.86(7), P(3)—Pt(1)—Fe(1)
150.55(7), P(3)-Pt(1)-P(2) = 106.93(10), Pt(1)~C(47)—Fe(1)
77.0(3), C(47)—Fe(1)-C(48) = 37.6(3), C(48)—-C(47)
Pt(1) = 123.5(8), C(49)—C(48)—C(47) = 125.6(10), P(1)-C(13)—
P(2) = 109.6(5).

Lo non

19°pt{'H} spectra indicated the coexistence of 8f-cis and 8f-frans
ina 50:50 ratio. The latter is depicted in Figure 11 and consists of
two doublets of doublets of doublets of equal intensities centered
at & —2526 (8f-cis) and § —2563 (8f-frans) ppm. Pure crystalline
8f-cis could be isolated from CH,Cl,/Et,0O, allowing an un-
ambiguous attribution of the NMR resonances. In the "H NMR
spectrum the broadened doublet due to the vinylic @-proton
resonates at § 8.99 ppm. The multiplet at & 3.96 assigned to the
f-proton simplifies to a doublet after *'P decoupling and exhibits
a characteristic cis coupling J;yy; value of 8.1 Hz.

A 70:30 mixture of cis-[ (OC);Fe(u-dppm){p-C(H)=C(H)-
CgH,CHyp}Pt(PPh,)][BF,] (8g-cis) and trans-[(OC),Fe(u-
dppm){u-C(H)=C(H)CH,CH,-p}Pt(PPh;)][BE,] (8g-trans)
results from protonation of vmyhdene[} OC);Fe(u-dppm) {u-C=
C(H)CH,CH;-p}Pt(PPhy)] (3g)'™ at 293 K. No further
separation of this mixture was undertaken. To probe whether in
the presence of carbon monoxide insertion into the Pt—vinyl bond
or PPh, displacement occurs,® CO was bubbled into solutions
of 8d-trans and 8f-cis. However, even after 12 h under a CO
atmosphere, no reaction was noted.

B CONCLUSION

This study has shown that hydrometalation of aromatic alkynes
ArC=CH bearing fluoro substituents by hydride complexes 1 is less
straightforward than the insertion of phenyl- and p-tolylacetylene.
With fluoro substituents at the para or meta position, the
y-vinylidene complexes 3 are obtained via the transient ¢-alkenyl
species [(OC);Fe{u-Si(OMe),(OMe)}(u-dppm)Pt{ArC=
CH,)] (2). The outcome of the reaction is more difficult to
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predict, with terminal alkynes bearing F or CF, substituents at the
ortho position of the aryl ring, With 0-FC,H,C=CH, a mixture of
isomeric dimetallacyclopentenones 4b and 4b’ is obtained; the
occurrence of C—F+-H—C contacts has been evidenced both in
the solid state by X-ray crystallography and in solution by *'P
NMR spectroscopy at variable temperature. A highlight of this
contribution is the observation that the structurally characterized
dimetallacyclobutenes [(OC);Fe(p-Ph,PXPPh,){u-C(CH,CF;-
0)C=C(H)}Pt(PPh,R)] (5) are formed with o-CF,CH,C=
CH. The latter are in a temperature-dependent equilibrium with
dimetallacyclopentenones [ (OC),Fe(u-Ph,PXPPh,){u-C(=0)-
C(C4H,CF4-0)=C(H)}Pt(PPh,R)] (4e—g). This unprece-
dented interconversion implies a reversible C—C bond break-
ing/forming reactlon between a terminal carbonyl ligand and the
piy-bridging alkene.** Since the electron-withdrawing propensities
of trifluoromethyl groups at the para and ortho positions of an aryl
ring are quite similar, steric rather than electronic reasons may
account for the different results. We have also shown that a series
of isomeric Pt-o:u,-alkenyl and Fe-o:u,-alkenyl salts is accessible
by protonation of the dimetallacyclopentenone, y-vinylidene, and
dimetallacyclobutene complexes. We are currently extending our
investigations on the insertion of alkynes into the Pt—H bond of 1
to various diynes, alkynols, and fluorinated olefins and are studying
the reactivities of these compounds.

B EXPERIMENTAL SECTION

General Procedures and Materials. All reactions were performed
in Schlenk-tube flasks under an argon atmosphere. Solvents were dried
and distilled under argon before use; with toluene, hexane and heptane
over sodium, dichloromethane over CaCl,, and diethylether over
sodium benzophenone ketyl. o-Fluoroethynylbenzene, p-fluoroethynyl-
benzene, op-difluoroethynylbenzene, o-(trifluoromethyl)ethynylben-
zene, m-(trifluoromethyl)ethynylbenzene, and p-(trifluoromethyl)-
ethynylbenzene were purchased from Sigma-Aldrich and used as
received. la—c, [(OC);Fe(u-CO)(u-dppm)Pt(PPh;)], and [(OC);Fe-
(- CO)(,L! dppa)Pt(PPh,)] were prepared as described in the litera-
ture.'®** The reactions were generally monitored by IR spectroscopy in
the £(CO) region. Infrared spectra have been obtained on a Shimadzu
IR affinity-1 spectrometer. Elemental C and H analyses were performed
on a Leco CHN 900 elemental analyzer. *'P{'"H} and 'H NMR spectra
were recorded in CDCI;, unless otherwise stated, with a Bruker Avance
300 spectrometer at 121.50 and 300.13 MHz. The solvent was used as
the chemical shift standard; & is given in ppm and ] in Hz. Standard
NMR abbreviations are used: d = doublet, dd = doublet of doublets, dt =
doublet of triplets, t = triplet, q = quadruplet, m = multiplet, br = broad.
Phosphorus chemical shifts are externally referenced to 85% H;PO,
in H,O. "*Pt chemical shifts were measured on a Bruker ACP 200
instrument at 42.95 MHz and externally referenced to K,PtCl, in water
with downfield chemical shifts reported as positive. ""F NMR spectra
were recorded at 470.2 MHz on a Varian MR 500 spectrometer and
referenced to CFCl,.

Preparation of the Complexes. Method a: General Reaction of
[(OC);Fe{Si(OMe)s}(u-Ph,PXPPh,)Pt(H)(PPh,R)] with Fluoro-Substi-
tuted Ethynylbenzenes. Three equivalents of fluoro-substituted
ethynylbenzene was added to a solution of 1 in CH,Cl,. The reaction
was monitored by IR spectroscopy, and after the mixture was stirred for
2-5 days at 30 °C, the mixture was filtered off and the brown solution
was concentrated and layered with hexane or heptane. After a few days,
an orange powder or crystals of the complexes were formed and
collected.

Method b: General Reaction of [(OC);Fe(u-CO)(u-Ph,PXPPh,)Pt-
(PPh3)] with Fluoro-Substituted Ethynylbenzene. Three equivalents
of fluoro-substituted ethynylbenzene was added to a solution of
[(OC),Fe(u-CO)(u-Ph,PXPPh,)Pt(PPh,)] in toluene. After the
mixture was stirred for 5 h at 70 °C, it was filtered and the orange
solution was concentrated and layered with heptane. After a few days, an
orange powder or crystals were formed and collected.
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Figure 11. "*Pt{'H} spectrum of a 50:50 isomeric mixture of 8f-cis and 8f-trans recorded in CDCI, at 298 K (coupling constants in Hz, referenced to

K,PtCl, in H,0).

[(OC)Fe(u-dppm){u-C=C(H)CsH,F-piPt(PPh,)] (3a). Yield: 403 mg,
76% (method a). Anal. Calcd for Co,H,,FFeO,P,Pt-CH,Cl, (1186.68):
C, 55.67; H, 3.74. Found: C, 55.58; H, 3.63. '"H NMR: § 3.95 (m, 2H,
PCH,P), 597 (br, 1H, =CH), 7.07-7.73 (m, 39H, Ph). “F{'H}
NMR: § —114.2 (s). 2a intermediate: '*F{'H} NMR & —122.8 (s).

[(OQ)sFe(u-dppm){u-C=C(H)CsH;F»-2,4}Pt(PPh3)] (3c). Yield:
170 mg, 32% (method a). Anal. Caled for CgH, F,FeO;P,Pt-
0.5C¢H,, (1162.83): C, 58.87; H, 4.16. Found: C, $8.75; H, 3.93.
"H NMR: § 3.98 (m, 2H, PCH,P), 6.98—7.96 (m, 39H, Ar and =CH).
2c intermediate: ""F{'H} NMR & —115.7 (s, p-F); —=110.3 (s, 0-E).

[(OQ)sFe(u-dppm){yu-C=C(H)CsH,CF3-piPt(PPh3)] (3d). Yield:
380 mg, 73% (method a). Anal. Caled for CgHyF3FeO,P;Pt
(1151.76): C, 57.35; H, 3.68. Found: C, 57.49; H, 3.87. '"H NMR:
8 4.06 (m, 2H, }pyy = 9, *Jogy = 37.5, PCH,P), 6.98—7.96 (m, 40H, Ar
and =CH). “F{'H} NMR: & —61.8 (s).

[(OC)sFe(u-dppm){u-C=C(H)CsH,CF3-m}Pt(PPh3)] (3e). Yield:
85 mg, 70% (method a). Anal. Caled for CgH,F3FeO;PyPt
(1151.76): C, 57.35; H, 3.68. Found: C, 57.43; H, 3.42. '"H NMR: &
4,04 (dt, 2H, *Jpyy = 1, *Jpy = 10, ¥y = 38, PCH,P), 7.05—7.73 (m, 40H,
Ar and =CH). "F{'H} NMR: § —62.4 (s).

[(0Q) Fe(u-dppm){u-C(=0)C(C4H ,F-p)=C(H)}Pt(PPh;)] (4a).
Yield: 237 mg, 87%. Anal. Caled for CgyH,,FFeO;P;Pt-C,Hy
(1193.89): C, 61.37; H, 4.22. Found: C, 61.48; H, 4.31. '"H NMR: &
4.66 (br, 2H, PCH,P), 6.93—7.62 (m, 39H, Ph), 8.42 (dd, 1H, *Jp;; = 5,
How = 7, =CH). "F{'H} NMR: 5 —116.4 (s).
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[(OQ),Fe(u-dppm){u-C(=0)C(CsH,F-0)=C(H)}Pt(PPh,)] (4b).
Yield: 395 mg, 73% (method a). Yield: 464 mg, 85% (method b).
Anal. Caled for Cs4H,,FFeO,P,PtC Hg (1193.89): C, 61.37; H, 4.22.
Found: C, 61.45; H, 4.40. "H NMR: 6 4.60 (br, 2H, PCH,P), 6.92—7.45
(m, 39H, Ph), 8.45 (br dd, 1H, *Jpy; = 6, *oiy = 8, Yy = 31, =CH).
YE{'"H} NMR (323 K): 5 —110.0 (5). 4b’ intermediate: '"H NMR & 4.61
(t,2H, *Jpy; = 10, PCH,P), 4.82 (dd, 1H, *Jpy; = 3, oy = 7, YJpuy = 202, =
CH), 6.57—7.79 (m, 39H, Ph); "F{'"H} NMR (323 K) § —111.3 (s).

[(OC),Fe(u-dppm){u-C(=0)C(CsHsF5-2,4)=C(H)iPt(PPh;)] (4c).
Yield: 115 mg, 76% (method b). Anal. Calcd for Cy,H,,F,FeO,P,Pt-
C,H, (1211.88): C, 60.46; H, 4.08. Found: C, 60.53; H, 4.25. '"H NMR:
54.60 (br, 2H, PCH,P), 6.70—7.40 (m, 38H, Ph), 8.36 (br, 1H, =CH).
'H NMR (233 K): & 4.51 (br, 1H, PCH,P), 4.85 (br, 1H, PCH,P),
6.70—7.40 (m, 38H, Ph), 8.47 (br, IH, =CH).""F{'"H} NMR: § —113.1
(brs, p-F), —107.6 (br s, o-F). 4c” intermediate: '"H NMR § 4.59 (br,
2H, PCH,P), 475 (br, 1H, =CH), 6.60—7.71 (m, 38H, Ph).

[(0Q);Fe(u-dppm)iu-C(=0)C(CeH,CF3-p)=C(H)}Pt(PPh3)] (4d).
Yield: 467 mg, 82% (method b). Anal. Caled for CgsH,,F,FeO;P;Pt
(1151.76): C, 62.48; H, 4.39. Found: C, 62.35; H, 4.07. "H NMR: 4.65
(br, 2H, PCH,P), 6.97—7.45 (m, 39H, Ph), 8.43 (br t, 1H, *Jpy; = 5.3,
=CH). "F{'"H} NMR: § —62.3 ().

[(CC),Fe(u-dppa){u-C(=0)C(CsH,F-p)=C(H)}Pt(PPh3)] (4h).
Yield: 121 mg, 45% (method b). Anal. Calcd for Cg3H, FFeNO;P;Pt
(1102.74): C, 57.73; H, 3.75. Found: C, 57.66; H, 3.58. "HNMR: § 5.48
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(brt, 1H, ¥py = 4, *Jpys = 102, NH), 6.89—7.89 (m, 39H, Ph), 8.65 (br t,
1H, oy = 5.3, *Jou = 20, =CH),

[(OC)sFe(u-dppm){u-C(CsH4CF3-0)=C(H)}Pt(PPh3)] (5a). Yield:
434 mg, 77% (method a). Yield: 427 mg, 76% (method b). Anal.
Caled for CyH,,F,FeQ,P,PtCH ¢ (1251.93): C, 59.48; H, 4.67.
Found: C, 59.54; H, 4.50. 'H NMR (228 K): 6 3.12 (br, 1H, PCH,P),
334(br d, 1H, Yy = 7.5, PCH,P), 6.75-8.03 (m, Ar and =CH).
YE{'H} NMR (243 K): 6 —57.5 (s).

[(0C);Fe(u-dppm){u-C(=0)C(C4H,CF3-0)=C(H)IPt(PPh;)] (4e).
'H NMR (228 K): 6 4.48 (br d, 1H, *Jpy = 10.4, PCH,P), 4.73 (br,
1H, PCH,P), 6.75—8.03 (m, Ar and =CH) F{'"H} NMR (243 K): &
—59.2 (s).

[(OC)sFe(u-dppa){u-C(CsHyCF3-0)=C(H)}Pt(PPh3)] (5b). Yield: 171
mg, 35% (method a). Yield: 74 mg, 45% (method b). Anal. Calc. For
Cs,H, FiFeNO;P;Pt (1152.75): C, 56.26; H, 3.58. Found: C, 56.38; H,
3.76. '"H NMR (233 K): § 4.61 (br, 1H, *[py, = 71, NH), 6.78—8.13 (m,
Arand =CH). "F{'H} NMR (243 K): 5 =57.5 (s).

[(OC) Fe(u-dppa){u-Cl=O0)C(CH,CFs-0)=C(H)IPt(PPh,)] (4. 'H
NMR (233 K): 8 5.63 (br, 1H, ¥ = 100, NH), 6.78—8.13 (m, Ar and
=CH). "F{'"H} NMR (243 K): § —59.2 (s).

[(OC)sFelp-dppm){u-C(CsH,CF3-0)=C(H)}Pt(PMePh,)] (5¢). This
complex was prepared in an NMR tube experiment by addition of
excess o-(trifluoromethyl)ethynylbenzene to a solution of 1c (26 mg,
0.025 mmol) in CDCl; (0.75 mL) and was only characterized spectro-
scopically. "H NMR (233 K): 5 3.12 (br, 1H, CH,), 3.48 (br, 1H, CH,),
6.48—8.02 (m, Ar and =CH). YF{'"H} NMR (233 K): § —=57.4 (s).

[(OC)Fe(u-dppm){u-C(—O0)C(CoH,CFs-0)=C(H)}Pt(PMePh,)]
(4g). "H'NMR (233 K): § 448 (br d, 1H, oy, = 10.3, CH,), 4.73 (br,
1H, CH,), 6.48—8.02 (m, Ar and =CH). "F{'"H} NMR (233 K): &
—59.2 (s).

Protonation Reactions. Three equivalents of HBF,-Et,O was added
to a solution of the respective complexes 3—5 in CH,Cl, (5 mL) at
253 K. After it was warmed to ambient temperature, the solution was
concentrated and layered with diethyl ether. After a few days, the
tetrafluoroborate salts were formed as yellow powders or microcrystals
and collected. In some cases, recrystallization of the isomeric mixtures
from CH,Cl,/Et,0 solution allowed us to separate the major species in
the form of yellow crystals.

[(OC)sFe(u-dppm){u-C(CeH,CF3-0)=CH,}Pt(PPh;)I[BF,] (6a).
Yield: 263 mg, 93%. Anal. Caled for Cs5H,;BF,FeO,P;Pt (1239.55):
C, 53.29; H, 3.50. Found: C: 53.42; H: 3.63. 'H NMR (acetone-dg): &
428 (brd, 1H, Jp = 12.5, oy = 29, =CH), 4.58 (br d, 1H, Jpy; = 6.5,
Jpar = 45, =CH), 5.33 (br m, 2H, PCH,P), 6.72—7.61 (m, 39H, Ar).
PF{'H} NMR: § —54.3 (s, 3F, CF;), —152.5 (br, 4F, BF,").

{(OC)sFe(u-dppa)lp-C(CsH,CF3-0)=CH.}Pt(PPh3)][BF,] (6b). Yield:
57 mg, 85%. Anal. Calcd for Cg,H,,BF,FeNO,P,Pt (1240.56): C, 52.28;
H, 3.41. Found: C, 52.15; H, 3.28.

[(OC)sFelu-dppm){u-C(CH,F-p)=CH,IPt(PPh3)][BF,] (7a). Yield:
32 mg, 95%. Anal. Caled for Cy,H,;BF;FeQ,P,Pt (1189.56): C, 54.52;
H, 3.64. Found: C, 54.44; H,3.73. "HNMR: 6 3.63 (brdd, 1H, *J,;; = 5,
Jan = 2, =CH,,), 422 (dd, 1H, Yoy = 15, gy = 2, o = 95, =
CHyane), 481 (q, 2H, Fpy; = 1, PCH,P), 6.85—7.60 (m, 39H, Ar).

[(0Q)sFe(u-dppm){u-C(CeH;F -2,4)=CH,JPt(PPh3)I[BF,] (7¢).
Yield: 45 mg, 93%. Anal. Caled for Co,H,,BFFeO PPt (1207.56): C,
53.71; H, 3.51. Found: C, 53.57; H, 3.43. "H NMR: § 3.72 (br d, 1H,
4J'PH = 3.5, =CH,,), 420 (br d, 1H, 4J'PH =13, SIPIH =102, =CH,,,,),
4,70 (br m, 1H, *J;y;; = 14, PCH,P), 5.04 (br m, 1H, *J;yy; = 14, PCH,P),
6.54—7.58 (m, 38H, Ar).

[(OC) sFe(u-dppm){u-C(CoH,CF y-p)—=CH IPL(PPh,)I(BF ] (7d).
Yield: 26 mg, 89%. Anal. Calcd for CgsH;BF,FeO3P;Pt (1239.55): C,
53.29; H, 3.50. Found: C, 53.38; H, 3.73. "H NMR: 6 3.72 (br, 1H, =
CHy), 425(br d, 1H, YJpy; = 14, *Jpuyy = 95, =CH,,), 5.04 (br m, 1H,
Juu = 14, PCH,P), 4.70 (br m, 1H, *J;3,; = 14, PCH,P), 6.88—7.60 (m,
39H, Ar).

[(OC)sFe(u-dppm){u-C(CsHs)=CH,}Pt(PPh3)I[BF,] (7i). Yield: 60
mg, 89%. Anal. Caled for CgH,BF,FeO,P;Pt (1171.57): C, 55.36; H,
3.79. Found: C, 55.22; H, 3.53. '"H NMR: & 3.60 (br, 1H, =CH.,),
§ 423 (br d, 1H, ¥y = 14, *Jpy = 96, =CH,.,,,), 4.65 (br m, 1H,
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}Ju = 13, PCH,P), 4.78 (br m, 1H, *Jyy = 13, PCH,P), 6.93—7.62 (m,
40H, Ar).

trans-[(0OC);Fe(u-dppm){u-C(H)=C(H)CsH,CF3-p}Pt(PPh3)I[BF ]
(8d-trans) and cis-[(OC);Fe(u-dppm){u-C(H)=C(H)CeH,CF+-p}Pt-
(PPh3)I[BF ] (8d-cis). Yield of 8d-trans: 38 mg, 56%. Anal. Calcd for
CoiH,,BEFeO,P,Pt (1239.57): C, 53.29; H, 3.50. Found: C, $3.17; H,
3.32."H NMR: 6 4.53 (br g, 1H, ¥,y = 14, *Jpy = 11, PCH,P), 4.73 (br
q 1H, >y = 14, ¥y = 11, PCH,P), 5.63 (brt, 1H, Y,y = 13.4, Jpyy = 10,
Jow=37.6,=CHp),9.28 (br d, 1H, ¥4y, = 13.4 Hz, =CH,), 7.26—7.55
(m, 39H, Ar). 8d-cis: "H NMR & 4.05 (br, m, 1H, ¥4, = 6.9, =CHp),
4.62 (br not resolved, 2H, PCH,P), 9.12 (br d, 1H, [,y = 6.9, =CH,,),
7.26—7.55 (m, 39H, Ar).

trans-[(OC);Fe(u-dppm){u-C(H)=C(H)C,HJPt(PPh;)][BF,] (8f-
trans) and cis-[(OC);Fe(u-dppm){u-C(H)=C(H)C;HsIPtH(PPh3)I[BF,]
(8f-cis). Yield of 8f-cis: 28 mg, 42%. Anal. Calcd for Cg,H,BF,FeO,P;Pt
(1171.60): C, 55.36; H, 3.79. Found: C, 55.45; H, 3.55. '"H NMR: & 3.96
(brm, 1H, ¥y = 8.1, =CHy), 4.7 (br m, 2H, PCH,P), 8.9 (br d, 1H,
My = 8.1, =CH,), 6.78—7.75 (m, 40H, Ar). 8f-trans: "HNMR & 4.54
(brm, 2H, PCH,P), 5.83 (br m, 1H, *J; = 13.7,=CHy), 9.10 (br d, 1H,
3o = 13.7, =CH,), 6.80—7.74 (m, 40H, Ar).

trans-[(OC);Fe(u-dppm){u-C(H)=C(H)Cs4H ,CH;-p}Pt(PPh ;) ][BF,]
(8g-trans) and cis-[(OC);Fe(u-dppm){u-C(H)=C(H)CsH ,CHs-pIPt-
(PPh;)][BF,] (8g-cis). Yield of the mixture: 40 mg, 82%. Anal. Caled
for CysHysBF,FeO,P,Pt (1185.60): C, $5.72; H, 3.91. Found: C, 55.62;
H, 3.68. '"H NMR of the mixture: §4.00 (br, =CHj 8g-cis), 5.85 (br, =
CH 8g-trans), 8.86 (br, =CH,, 8g-cis), 9.00 (br, IH, =CH,, 8g-trans),
470 (br m, PCH,P), 6.80—7.68 (m, Ar).

(d). Crystallographic Data. Crystal structure determination of com-
pounds 3a and 4a,b was accomplished on a Stoe IPDS diffractometer
with fixed crystal position, and therefore only ca. 93% completeness
could be achieved: data collection, Expose in IPDS (Stoe & Cie, 1999);
cell determination and refinement, Cell in IPDS (Stoe & Cie, 1999);
integration, Integrate in IPDS (Stoe & Cie, 1999); numerical absorp-
tion correction, Faceit in IPDS (Stoe & Cie, 1999). Crystal structure
determination of compounds 3ce, 4c,d, 5a, 6a, 7i, and 8d was
accomplished on an Oxford Diffraction Xcalibur S diffractometer: data
collection, CrysAlis CCD (Oxford Diffraction, 2006); cell refinement,
CrysAlis RED (Oxford Diffraction, 2006); data reduction, CrysAlis
RED; absorption correction, multiscan (CrysAlis RED; Oxford
Diffraction, 2006). The crystal structure determinations were effected
at =100 °C (Mo Ka radiation, @ = 0.71073 A). The structure was solved
by applying direct and Fourier methods, using SHELXS97 (G. M.
Sheldrick, SHELXS97, University of Gottingen, 1997) and SHELXL-97
(G. M. Sheldrick, SHELXL97, University of Géttingen, 1997). All non-
hydrogen atoms were refined anisotropically. In the following structures,
disordered solvent molecules were removed using the SQUEEZE
program (L. ]. Farrugia, PLATON, University of Glasgow, 2013): 4a—c,
6a, and 8d. The following hydrogen atoms were found and could be
freely refined via difference Fourier s-Synthesis: H48 (3a), HS (3c), H48
(3e), H47 (4a), H47 (4b), H48 (4c), H53 (4d), H46A and H46B (7i).
The remaining hydrogen atoms were placed in geometrically calculated
positions, and each was assigned a fixed isotropic displacement parameter
based on a riding model. Crystallographic data (excluding structure factors)
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publications: deposition numbers CCDC 947615 (3a),
CCDC 947616 (3c), CCDC 947617 (3e), CCDC 947618 (4a), CCDC
947619 (4b), CCDC 947620 (4c), CCDC 947621 (4d), CCDC 947622
(5a) CCDC 947623 (6a), CCDC 947624 (7i), and CCDC 947625 (8d)
contain detailed crystallographic data for this publication. These data may
be obtained free of charge from the Cambridge Crystallographic Data
Center through www.ccdc.cam.ac.uk/data_request/cif.

B ASSOCIATED CONTENT

© Supporting Information

Figures, tables, and CIF files giving perspective views of complexes
4c,d and 3e, *'P{'"H} NMR spectra of 3e and 7d/6e mixture,
variable-temperature *'P{'"H} NMR spectra of 5b, crystallographic
experimental details for 3a,c,e, 4a—d, Sa, 6a, 7i, and 8d, and
atomic coordinates, interatomic distances and angles, and
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anisotropic thermal parameters for 3a,c,e, 4a—d, Sa, 6a, 7i, and 8d.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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Homo- and heteropolymetallic 3-(2-pyridyl)-
pyrazolate manganese and rhenium complexes
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fac-[MBr(CO)z(pypzH)] (M = Mn, Re; pypzH = (3-(2-pyridyl)pyrazole) complexes are prepared from fac-
[MBr(CO)s(NCMe),] and pypzH. The result of their deprotonation depends on the metallic substrate: the
rhenium complex affords cleanly the bimetallic compound [fac-{Re(CO)s(u-pypz)l, (u*-pypz = u?-3-(2-
pyridyl-k'N)pyrazolate-2k'N), which was crystallographically characterized, whereas a similar manganese
complex was not detected. When two equivalents of pyridylpyrazolate are used, polymetallic species
[fac-M(CO)s(p®-pypz) (3 -pypzIM'] (u3-pypz = p3-3-(2-pyridyl-k'N)pyrazolate-1k2N.N:2k!N:; M = Mn, M’ =
Li, Na, K; M = Re, M' = Na) are obtained. The crystal structures of the manganese carbonylate complexes
were determined. The lithium complex is a monomer containing one manganese and one lithium atom,
whereas the sodium and potassium complexes are dimers and reveal an unprecedented coordination
mode for the bridging 3-(2-pyridyl)pyrazolate ligand, where the nitrogen of the pyridyl fragment and
the nitrogen-1 of pyrazolate are chelated to manganese atoms, and each nitrogen-2 of pyrazolate is
coordinated to two alkaline atoms. The polymetallic carbonylate complexes are unstable in solution
and evolve spontaneously to [fac-{Re(CO)s(u?-pypz)}l> or to the trimetallic paramagnetic species
MR (u2-pypz)atfac- (M (CO)s(U2-pypz)lall. The related complex cis-IMnClo(pypzH),] was also syn-
thesized and structurally characterized. The electrochemical behavior of the new homo- and heteropoly-
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Introduction

The 3-(2-pyridyl)pyrazole (pypzH) ligand has been extensively
used as a bidentate ligand similar to 2,2"-bipyridyl (Fig. 1a),
and its complexes have found a wide variety of applications,
Fig.1 3-(2-Pyridyl)pyrazole and 3-(2-pyridyl)pyrazolate coordination

from catalysis' to photophysical properties,” information pro-
cessing or host-guest chemistry.” The first complex containing
bridging 3-(2-pyridyl)pyrazolate after deprotonation and
coordination to a second metallic center (Fig. 1b) was obtained
in 1996," and since then a broad diversity of examples of this
type of homopolymetallic complexes have been deseribed.””
In contrast, there seems to be only a couple of examples of
heterobimetallic complexes (Fig. 1c), although they present
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modes.

promising features, such as the self-assembly of supramole-
cules with helical structures or the design of “light-controlled
ion switches™.®

As part of our studies on the chemistry of group 7 pyrazolyl-
amidino complexes,” we decided to explore the coordination
of the 3-(2-pyridyl)pyrazole ligand to these metals. A similar
study on group 6 metals has given rise to new bimetallic allyl-
dicarbonylmolybdenum(i) complexes with a marked connec-
tion between both metallic centres through the bridging
pyridylpyrazolates.” Herein we study their synthesis and reac-
tivity towards bases, which has allowed us to obtain new
polymetallic homo- and heteronuclear 3-(2-pyridyl)pyrazolate
complexes. Polynuclear manganese complexes in various oxi-
dation states are gaining interest due to their novel magnetic
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properties, related to the single-molecule-magnetic behavior
and associated quantum properties.”

Results and discussion

Synthesis and characterization of the Mn(1) and Re(i)
complexes

The complexes fac-[MBr(CO);(pypzH)], M = Mn (1a), Re (1b),
were prepared in high yield from the reactions of fac|{MBr-
(CO);(NCMe),] with pypzH in a 1: 1 ratio, and were analytically
and spectroscopically characterized (see the Experimental
section).

As indicated above, the deprotonation of a pypzH ligand
may lead to obtainment of polymetallic complexes; therefore
1a and 1b were treated with a MeOH solution of NaOMe.

When using the manganese complex 1a, the expected
bimetallic complex, coming from the deprotonation of pypzH
and elimination of the bromido ligand, giving a bridging 3-(2-
pyridyl)pyrazolate, could not be detected in solution. This is
the expected result of this process, and in fact it is produced
when the rhenium complex 1b is used as the starting material
(vide infra). However, for manganese the reaction mixture
evolves to the tetrametallic complex [{fac-Mn(CO),(1*-pypz)-
(1*-pypz)Na},], Na-3a (Scheme 1), which could be erystallogra-
phically characterized (Fig. 2 and Table 1). Although the
Mn/pypzH ratio used is 1/1, in Na-3a the Mn/pypzH ratio is
1/2; therefore it is a decomposition product. Thus, Na-3a was
synthesized selectively by treating fac-{[MnBr(CO);(NCMe),]
with two equivalents of sodium pyridylpyrazolate, which
afforded Na-3a in a 73% yield (Scheme 1).

Br Br (% ‘
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Fig.2 Perspective view of [{fac-Mn(CO)s(u?-pypz)(u3-pypz)Nals], Na-
3a, showing the atom numbering. Ellipsoids are drawn at 30%
probability.

The crystal structure of Na-3a was shown to be a dimer of
the monomer “fac-Mn'(CO);(p*-pypz)(w*-pypz)Na”. There are
two different types of bridging pyridylpyrazolate: one is chelat-
ing sodium and the second is chelating manganese. The first
one adopts the expected heterobimetallic bridging coordi-
nation mode, that is, that shown in Fig. 1c. Surprisingly, in the
bridging pyridylpyrazolate chelating manganese, the nitrogen
previously protonated is not coordinated to one metal center,
as usual, but to two metallic atoms, two sodiums in this case
(IV in Fig. 3). We have not been able to find any precedent of
this type of coordination where a pyridylpyrazolate is bridging
to three metals, which contrasts with that usually found, bridg-
ing to two metals (III in Fig. 3). Similar bridging of pyrazolate
to three metals (II in Fig. 3) has already been described.'® It
should be noted that this type of bridging is indicative of some
type of electronic deficiency. Sodiums are bonded to a chelat-
ing pyridylpyrazolate ligand, and to two pyrazolyl moieties,
whereas a non-bonding interaction with the nearby oxygen
atom of one carbonyl completes the 5-coordinated environ-
ment. The coordination of sodium to a pyridylpyrazolate is
also unprecedented. There is a report on bridging pyrazolates
in a manganese-sodium polymetallic complex, where the
Na-N distances are similar to those found in Na-3a.'’ The
aromatic rings in the pyridylpyrazolate are not coplanar, the
dihedral angles being 6° for those chelating manganese and
13° for those chelating sodium.

The formation of Na-3a leads us to consider whether this
unexpected tetranuclear structure is the result of a sodium
template effect, and therefore to determine whether similar
results might be obtained by using (a) other alkali metal ions
and (b) rhenium instead of manganese.

The second point is discussed below. In order to answer the
first of these points, similar reactions were carried out treating

This journal is © The Royal Society of Chemistry 2014
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Table 1 Selected distances (A) and angles (°) for [fac-Mn(CO)s(pypz)-
(pz-pypz)Li(OHzi{THF}l, Li-3a, [{fac-MnlCO);(pz—pypz](ps-pypz)Na};_],
Na-3a, and [{fac-Mn(CO)s(u?-pypz)(u*-pypz) KITHF)},], K-3a

Li-3a Na-3a K-3a
Mn(1)-C(1) 1.795(4) 1.774(3) 1.807(12)
Mn(1)-C(2) 1.805(4) 1.811(3) 1.782(10)
Mn(1)-C(3) 1.788(4) 1.793(3) 1.766(13)
Mn(1)-N(1) 2.082(3) 2.075(2) 2.059(8)
Mn(1)-N(2) 2.002(3) 2.010(2) 2.009(7)
Mn(1)-N(6) 2.051(3) 2.038(2) 2.037(8)
C(1)-0(1) 1.141(4) 1.157(3) 1.141(11)
C(2)-0(2) 1.133(4) 1.141(3) 1.163(10)
C(3)-0(3) 1.140(4) 1.140(3) 1.138(11)
N(3)-M’ 2.657(2) 2.857(8)
N(3A)-M' 2.439(2) 2.823(9)
N(4)-M' 2.090(7) 2.461(2) 2.789(10)
N(5)-M’ 2.030(7) 2.329(2) 2.709(8)
M'-O(14) 2.890(3) 3.249(9)
Li-0(50) 1.864(8)
M'-0(40) 1.982(8) 2.789(9)
C(1)-Mn(1)-C(2) 91.78(16) 91.22(12) 90.0(4)
C(1)-Mn(1)-C(3) 88.90(17) 86.66(13) 89.9(5)
C(2)-Mn(1)-C(3) 88.26(19) 92.96(13) 90.2(5)
C(1)-Mn(1)-N(1) 171.81(15) 172.32(10) 170.3(3)
C(2)-Mn(1)-N(1) 95.01(15) 96.21(11) 98.1(4)
C(3)-Mn(1)-N(1) 95.88(14) 91.03(13) 95.4(4)
C(1)-Mn(1)-N(2) 95.08(14) 94.06(10) 94.5(4)
C(2)-Mn(1)-N(2) 173.11(14) 174.65(11) 175.5(4)
C(3)-Mn(1)-N(2) 91.26(16) 88.16(11) 89.0(4)
C(1)-Mn(1)-N(6) 89.64(13) 94.55(10) 94.5(4)
C(2)-Mn(1)-N(6) 91.35(14) 91.61(10) 90.5(4)
C(3)-Mn(1)-N(6) 178.48(14) 175.25(12) 178.9(4)
N(1)-Mn(1)-N(2) 78.20(12) 78.53(8) 77.5(3)
N(1)-Mn(1)-N(6) 85.62(10) 87.18(8) 85.3(3)
N(6)-Mn(1)-N(2) 89.30(11) 87.17(8) 90.4(3)
N(4)-M’'-N(3) 156.54(8) 146.1(3)
N(5)-M’'-N(4) 82.4(3) 71.17(7) 63.0(3)
N(5)-M'-N(3A) 119.20(8) 106.6(2)
N(3A)-M'-N(4) 103.43(8) 96.6(3)
N(5)-M'-N(3) 91.52(7) 83.8(2)
N(3)-M'-N(34) 98.80(7) 85.7(2)
M'-N(3)-M'(A) 81.20(7) 94.3(2)
N(4)-Li-O(40) 98.6(3)
N(4)-Li-0(50) 120.9(4)
N(5)-Li-0O(40) 118.1(4)
N(5)-Li-~O(50) 118.1(4)
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Fig. 3 Pyrazolate and 3-(2-pyridyl)pyrazolate coordination modes.

1a with LiOMe or KOMe, which afforded Li-3a and K-3a in
70% and 76% yields respectively (Scheme 1). Both could be
crystallographically characterized (Fig. 4 and Table 1).'* The
structure of K-3a is discussed first, given its analogy with that
of Na-3a.

This journal is @ The Royal Society of Chemistry 2014
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Fig. 4 Perspective views of [fac-Mn(CO)s(pypz)(u-pypz)Li(OH,)(THF)I,
Li-3a, and [{fac-Mn(CO)s(u?-pypz)(u*-pypz)K(THF)}.L, K-3a, showing the
atom numbering. Ellipsoids are drawn at 30% probability. Only the
oxygen donor atoms of the coordinated THF molecules are shown
(O40); their hydrocarbon chains have been omitted for clarity.

The crystal structure of K-3a (Fig. 4, bottom) is also a dimer
of the monomer “fac-Mn'(CO),(1*-pypz)(1’*-pypz)K”, and again
two different types of bridging pyridylpyrazolate (chelating
sodium and chelating manganese) are found. As for Na-3a, the
nitrogen previously protonated of the second is coordinated to
two potassiums (IV in Fig. 3). Opposite to Na-3a where the
fifth coordination position of sodium was occupied by an
oxygen atom of one of the carbonyls, in K-3a an oxygen atom
of a THF molecule is coordinated to potassium, whereas the
oxygen of the nearest carbonyl is at 3.249(9) A, too far to con-
sider any interaction. As expected, the distances and angles of
the manganese fragment are quite similar in both structures,
whereas those where the alkali atom is involved are larger for
K-3a (Table 1). The dihedral angles of the aromatic rings in the
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pyridylpyrazolate (5° for those chelating manganese and 12°
for those chelating sodium) are also very similar to those
found for Na-3a.

The crystal structure of Li-3a (Fig. 4, up) is a monomer,
where the pyridylpyrazolate chelating manganese is only co-
ordinated to manganese and therefore is not a bridging
ligand. This is very surprising for a chelating pyridylpyrazolate,
as we have found only one precedent in the literature of this
type of coordination."® The pyridylpyrazolate chelating to
lithium is a “typical” bridging pyridylpyrazolate (III in Fig. 3).
The lithium coordination is a distorted tetrahedron where the
other two coordination positions are occupied by the oxygen
atoms of a molecule of THF and of a molecule of water."
Again the distances and angles of the manganese fragment are
quite similar to those found in the other structures above,
whereas those where the alkali atom is involved are shorter for
Li-3a (Table 1). Again the aromatic rings in the pyridylpyrazo-
late are not coplanar; in this case both dihedral angles are
similar (5° for that chelating manganese and 6° for that chelat-
ing lithium). The higher coplanarity of the rings in the bridg-
ing pyridylpyrazolate chelating lithium might be related to the
lower steric requirements of the molecule.

The size of the alkali metal atoms allows an immediate
interpretation of the crystal structures of the Li, Na and K salts
of 3a. Thus, the smaller lithium is tetracoordinated by both
nitrogen atoms of a chelating pyridylpyrazolate and by two
oxygen atoms of THF and water. However, sodium and potass-
ium require a fifth donor atom to achieve pentacoordination.
For sodium, a short contact with an oxygen atom of one of the
carbonyls of the molecule seems to be enough to stabilize the
structure, whereas the larger potassium requires the coordi-
nation of a more steric demanding molecule of THF. We have
found very scarce reports on comparative structural studies of
alkali metal compounds.*’

For rhenium, the result of the deprotonation of the pypzH
complex 1b when treated with a MeOH solution of NaOMe is
straightforward. In this case the product was the binuclear
complex [fac-{Re(CO);(n>-pypz)}]s, 2b (Scheme 2), as a result of

=
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Fig. 5 Perspective view of [fac-{Re(CO):(u?-pypz)}2 2b, showing the
atom numbering. Ellipsoids are drawn at 30% probability.

Table 2 Selected distances (A) and angles (°) for [fac-{Re(CO)s-
(u?-pypz)}ls, 2b

Re(1)-C(1) 1.931(13)
Re(1)-C(2) 1.87(2)
Re(1)-C(3) 1.917(12)
Re(1)-N(1) 2.227(9)
Re(1}-N(2) 2.217(9)
Re(1)-N(34) 2.149(8)
C(1)-0(1) 1.147(13)
C(2)-0(2) 1.198(18)
C(3)-0(3) 1.143(13)
C(1)-Re(1)-C(2) 82.1(5)
C(1)-Re(1)-C(3) 91.4(5)
C(2)-Re(1)-C(3) 88.5(6)
C(1)-Re(1)-N(1) 176.1(5)
C(2)-Re(1)-N(1) 94.1(5)
C(3)-Re(1)-N(1) 87.9(4)
C(1)-Re(1)-N(2) 111.5(4)
C(2)-Re(1)-N(2) 165.3(4)
C(3)-Re(1)-N(2) 96.4(4)
C(1)-Re(1)-N(3A) 86.9(4)
C(2)-Re(1)-N(3A) 98.8(5)
C(3)-Re(1)-N(3A) 172.2(5)
N(2)-Re(1)-N(34A) 77.2(3)
N(1)-Re(1)-N(2) 72.4(3)
N(1)-Re(1)-N(3A) 94.3(3)

the deprotonation of pypzH, which occurs with elimination of
the bromido ligand, so the 3-(2-pyridyl)pyrazolate coordinates
as a bridging ligand. Compound 2b could be crystallographi-
cally characterized (Fig. 5 and Table 2).

The molecule is centrosymmetric and contains two “fac-
[Re(CO);( pypz)]” moieties, where the “sixth” coordination posi-
tion is occupied by the deprotonated nitrogen of the pyrazole,
which chelates to the other rhenium atom. The octahedral
geometry around the metal centers is clearly distorted, as
shown by the trans [C(1)-Re(1)-N(1) 176.1(5); C(2)-Re(1)-N(2)
165.3(4); C(3)-Re(1)-N(3A) 172.2(5)] and cis OC-Re-N (from
72.4(3)° to 111.5(4)°) angles. The pyrazolate and pyridyl rings
are not coplanar, their dihedral angle being 20°. The distances

This journal is © The Royal Society of Chemistry 2014
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and angles are similar to those found in the bimetallic
rhenium complex [{(Re(CO);},TPP] where TPP = meso-tetra-
phenilporphyrine.'® The distance between both rhenium
atoms (3.977 A) is too long to consider any interaction between
them. An electrochemical study was carried out on 2b (vide
infra) in order to determine whether both metallic atoms may
be connected by any electronic interaction.

As indicated above, the second point to consider after the
formation of the sodium-manganese heterometallic com-
pound Na-3a was whether rhenium could afford similar
species. The deprotonation of the rhenium complex 1b led
cleanly to the expected dinuclear complex 2b, whereas the
similar reaction with manganese did not afford the corres-
ponding bimetallic complex, which was not detected, but the
heteronuclear complexes 3a, where the Mn/pypz ratio is 1/2."
This led us to explore the behavior of the [fac-Re(CO);]" moiety
when treated with two equivalents of Napypz. This reaction
afforded a complex similar to 3a, which is tentatively formu-
lated as [{fac-Re(CO);(1*-pypz)(w-pypz)Na},], 3b (Scheme 2),
since we were unable to obtain suitable monocrystals to
perform an X-ray diffraction study. However, all the spectro-
scopic data are very similar to those of complexes 3a, and
analytical data (see the Experimental section) also support this
proposal.

Synthesis and characterization of the Mn(u) complexes

The attempts to obtain crystals from the solutions of 3b were
complicated by its tendency to afford again 2b, by the loss of
one equivalent of Napypz (Scheme 2). Instead, the solutions of
Na-3a evolve into the trimetallic complex [Mn"(p*-pypz),{fac-
{Mn'(CO)s(1>-pypz)}.}], 4a, probably due to the presence of
traces of oxygen, as one of the manganese atoms in this mole-
cule is formally Mn(n) (Scheme 1). A selective synthesis of 4a
was attempted by treating Na-3a with different sources of
Mn(n) such as Mn(BF,), or MnCl,, but these reactions afforded
complex mixtures which could not be characterized. The
paramagnetism of 4a precluded its characterization by NMR.
Fortunately it crystallized as yellow needles and an X-ray deter-
mination could be carried out (Fig. 6, Table 3)."*

Fig. 6 Perspective view of [Mn(uZ-pypz),{fac-{Mn(CO)s(u?-pypz)}z}], 4a,
showing the atom numbering. Ellipsoids are drawn at 30% probability.
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Table 3 Selected distances (A) and angles (°) for [Mn(u?-pypz),{fac-{Mn
(CO)s(u®-pypz)ta}l. 42

Mn(1)-C(1) 1.800(5)
Mn(1)-C(2) 1.800(4)
Mn(1)-C(3) 1.813(5)
Mn(1)-N(1) 2.087(3)
Mn(1)-N(2) 2.027(3)
Mn(1)-N(9) 2.051(3)
C(1)-0(1) 1.146(4)
C(2)-0(2) 1.147(4)
C(3)-0(3) 1.147(4)
Mn(3)-N(3) 2.257(3)
Mn(3)-N(8) 2.214(3)
Mn(3)-N(10) 2.331(3)
Mn(3)-N(11) (3
C(1)-Mn(1)-C(2) 89.25(18)
C(1)-Mn(1)-C(3) 87.72(17)
C(2)-Mn(1)-C(3) 87.65(18)
C(1)-Mn(1)-N(1) 172.90(15)
C(2)-Mn(1)-N(1) 97.17(16)
C(3)-Mn(1)-N(1) 89.52(15)
C(1)-Mn(1)-N(2) 96.05(15)
C(2)-Mn(1)-N(2) 173.18(16)
C(3)-Mn(1)-N(2) 96.83(14)
C(1)-Mn(1)-N(9) 91.64(15)
C(2)-Mn(1)-N(9) 89.74(15)
C(3)-Mn(1)-N(9) 177.31(15)
N(2)-Mn(1)-N(9) 85.83(11)
N(1)-Mn(1)-N(2) 77.79(12)
N(1)-Mn(1)-N(9) 91.42(11)
N(8)-Mn(3)-N(11) 152.43(11)
N(8)-Mn(3)-N(3) 94.59(11)
N(11)-Mn(3)-N(3) 103.51(11)
N(8)-Mn(3)-N(6) 99.32(11)
N(11)-Mn(3)-N(6) 94.89(11)
N(3)-Mn(3)-N(6) 107.52(11)
N(8)-Mn(3)-N(10) 87.28(11)
N(11)-Mn(3)-N(10) 73.23(11)

Compound 4a is a trimetallic molecule formed by a central
“Mn"(y*-pypz)*” core, surrounded by two terminal “fac-
{Mn'(CO),(p*-pypz)}” moieties. The sixth coordination position
of each terminal unit is occupied by a nitrogen atom of a brid-
ging pyridylpyrazolate, which chelates the central manganese.
Two chelated pyridylpyrazolates are coordinated to this central
manganese, the other two positions being occupied by two
nitrogen atoms, from each pyridylpyrazolate which chelates
the terminal manganese atoms. Therefore, the structure allows
to label the terminal manganese atoms as manganese(i), and
the central metal atom as manganese(n).

The octahedral geometry of the terminal moieties is only
slightly distorted, and their distances and angles are very
similar. However, the octahedral geometry of the central
manganese is severely distorted, as deduced from the trans
N-Mn-N angles: N(3)-Mn(3)-N(7) 163.52(11)°, N(6)-Mn(3)-
N(10) 163.16(11)°, and N(8)-Mn(3)-N(11) 152.43(11)°. The cis
N-Mn-N angles are in the range 72.66(10)°-107.52(11)°. The
dihedral angles of the pyridylpyrazolate chelating the central
manganese (17° and 13°) are also larger than those found in
those chelating the terminal units (6° and 7°).

A wide variety of cis-[Mn(N-N),X,] (N-N: chelating N-donor
ligand, X: halogen or pseudohalogen) have been described."
If the two nitrogen atoms coordinated to the central
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Fig. 7 Perspective view of cis-[MnCl.(pypzH).l, 5a, showing the atom
numbering. Ellipsoids are drawn at 30% probability.

Table 4 Selected distances (A) and angles (°) for cis-[MnCly(pypzH),,
5a

Mn(1)-N(1) 2.347(3)
Mn(1)-N(2) 2.245(3)
Mn(1)-N(4) 2.324(3)
Mn(1)-N(5) 2.231(3)
Mn(1)-Cl(1) 2.4634(12)
Mn(1)-Cl(2) 2.4640(12)
N(5)-Mn(1)-N(2) 163.16(12)
N(5)-Mn(1)-N(4) 70.57(12)
N(2)-Mn(1)-N(4) 98.44(12)
N(5)-Mn(1)-N(1) 95.78(12)
N(2)-Mn(1)-N(1) 70.33(11)
N(4)-Mn(1)-N(1) 86.91(12)
N(5)-Mn(1)-Cl(1) 104.09(9)
N(2)-Mn(1)-Cl(1) 89.12(8)
N(4)-Mn(1)-CI(1) 94.34(9)
N(1)-Mn(1)-CI(1) 159.34(8)
N(5)-Mn(1)-Cl(2) 87.27(9)
N(2)-Mn(1)-Cl(2) 101.33(9)
N(4)-Mn(1)-CI(2) 156.67(9)
N(1)-Mn(1)-Cl(2) 88.21(9)
CI(1)-Mn(1)-C](2) 98.19(4)

manganese, which belong to the pyridylpyrazolate chelated to
the terminal moieties in 4a, were substituted by two halides or
pseudohalides, a similar complex cis-[Mn(pypzH),X,] would be
obtained. Therefore, we decided to synthesize this complex
which, on the other hand, could be also an appropriate pre-
cursor to design a logical synthesis for the trimetallic complex
4a (see below). Thus, the reaction of MnCl,-4H,0 with two
equivalents of pypzH in refluxing methanol led to cis-
[MnCl,(pypzH),], 5a, as a white solid. The crystal structure of
5a is depicted in Fig. 7, and Table 4 presents relevant distances
and angles.

The geometry of 5a shows distances and angles quite
similar to those found in the central manganese of the tri-
metallic complex 4a. Only the Cl-Mn-Cl angle (Cl(1)-Mn(1)-Cl(2)
98.22(4)°) in 5a slightly differs from the corresponding N-Mn-
N in 4a (N(3)-Mn(3)-N(6) 107.52(11)°). The dihedral angles of
the pyridylpyrazole in 5a are also smaller (5° and 3°) than
those found for the bridging pyridylpyrazolate in 4a (17° and 13°).
This is a well known feature also found when comparing
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chelating pyridylpyrazole and bridging pyridylpyrazolate.® The
geometry of 5a is also similar to those found for cis-{Mn(N-
N),X;] complexes."’

As indicated above, 5a could be a precursor for the trimetal-
lic species 4a, if the chloride ligands were substituted by
anionic “fac{Mn(CO);(p>-pypz)}” fragments, after deprotonat-
ing also the pyridylpyrazole ligands. However, all the attempts
made in this direction were unsuccessful.

Electrochemical behavior

The mononuclear Re' fac{ReBr(CO),(pypzH)] (1b), binuclear
[fac-{Re(CO);(p*-pypz)}], (2b) and heterometallic [{fac-Re-
(CO);(n*-pypz)(p-pypz)Na},] (3b) complexes exhibit, by cyclic
voltammetry (CV) (at 200 mV s™') at a platinum electrode and
in 0.2 M ["Bu,N][BE,]-THF, a first single-electron (for 1b) or
two-electron (CPE) (for 2b and 3b, i.e. one-electron/Re) irrevers-
ible (in the 0.05-4 V s™' scan rate range tested) oxidation wave
(wave 1) at 'Ep* = 1.61, 1.12 or 0.97 V vs. SCE, for 1b-3b,
respectively, assigned to the Re' — Re' oxidation process (in
the cases of 2b and 3b, of the two Re' centres) (Fig. 8, for 3b).

A second irreversible oxidation process (wave I%) is
observed for 2b and 3b at a higher potential value ("E* = 1.49
or 1.30 V vs. SCE, for 2b and 3b, respectively), conceivably due
to the Re" — Re'" oxidation. The irreversibility of these oxi-
dation waves (I and I°*) indicates the instability of the result-
ing cationic Re complexes. Moreover, for all three Re'
complexes 1b-3b, an irreversible cathodic process is observed
(wave 1"*%) at —1.74, —0.91 or —1.03 V vs. SCE, respectively.

The observation of a single oxidation wave, for the Re' —
Re"" process, in 2b (instead of two distinct waves) is indicative
of no significant electronic communication between the two
Re' metal centres, through the two bridging pyridylpyrazolates.

According to the literature data for other Re' tricarbonyls
with N-heterocyclic ligands, the first oxidation potential of 1b
("Ep* = 1.61 V vs. SCE in THF) is only slightly higher than those
reported, for the same anodic process (Re' — Re"), for [ReX-
(CO);L] (X = halide; L = unsymmetrical bidentate iminopyri-
dine ligand),*” for the series fac-[ReCl(CO);(pytri-R)] [pytri-R =

n

T T T T 1

45 -0 05 00 05 10 15 20
E/Vvs. SCE

Fig. 8 Cyclic voltammogram of [{fac-Re(CO);(pz-pypz)(p-pypz]Na}n]
(3b) (1.3 mM) (starting with the anodic scan), at a Pt electrode, in 0.2 M
["Bu4NI[BF4]-THF solution (v = 0.2V s™).
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2-(1-R-1H-1,2,3-triazol-4-yl)pyridine], or for fac[ReCl(CO);-
(py(CH)tri-R)|[ py(CHz)ui-R = {(4-R-1H-1,2,3-triazol-1-yl)methyl}-
pyridine].*! It is significantly higher than those for fac{ReX-
(CO);L] (X = halide; L = diimine),?* fac-[ReX(CO);(L'/L?)] (X = CI
or Br; LYL* = 1-alkyl-2-((o-thiomethyl)phenylazo)imidazole,*
or fac-[ReBr(CO)s{H(pzAn™)}] [H(pzAn™*) = 2-(pyrazolyl)-
4-toluidine].** The potential values reflect the electron-donor
abilities of these N,N-ligands,** which thus can be ordered as
follows:  1-alkyl-2-((o-thiomethyl)phenylazo)imidazole* >
2-( pyrazolyl )-4-toluidine** > diimine** > 2-(1-R-1H-1,2,3-triazol-
4-yl)pyridine and {(4-R-1H-1,2,3-triazol-1-yl )methyl}pyridine*' >
(3-(2-pyridyl)pyrazole) [our work].

The lower oxidation potential of the binuclear complex [fac-
{Re(CO);(1*pypz)}]. (2b) or the bimetallic [{fac-Re(CO);-
(0*-pypz)(p-pypz)Na},] (3b) (1.12 or 0.97 V vs. SCE, in THE, for
2b and 3b, respectively) in comparison with that of the parent
mononuclear fac-[ReBr(CO);(pypzH)] (1b) (1.61 V vs. SCE, in
THF), reflects the stronger electron-donor character of the
ligands in 2b or 3b (two p’*-pypz), for each metal center, rela-
tive to those in 1b (Br™ + pypzH). In terms of the electrochemi-
cal Lever E, parameter® (the lower this value, the stronger is
the ligand electron-donor character) one can conclude that the
sums of E; values for the two p*-pypz ligands (in 2b and 3b)
are lower than those of Br™ + bidentade pypzH (in 1b).

The monomeric manganese(1) fac-[MnBr(CO);(pypzH)] 1a
exhibits two irreversible oxidation waves (I°* and 1I°¥) at 1.22
and 1.52 V vs. SCE (at 200 mV s™') assigned to the Mn' — Mn"
and Mn" — Mn" oxidations, similarly to the case of the ana-
logous Re' complex 1b.

Complex 1a also shows a reduction wave at Ex? = —1.56 V
vs. SCE (I", Fig. 9). Moreover, upon scan reversal after the
reduction wave, a new irreversible oxidation process is detected
at £y of ca. 0.8 V vs. SCE (Fig. 9). This new wave conceivably
concerns the oxidation of the bromide ion liberated upon

I/uA

-15 e = P o e B R P A |
-5 -0 05 00 05 10 15 20
E IV vs. SCE

Fig. 9 Cyclic voltammograms of fac-[Mn(CO);Br(pypzH)] (1a) (6.2 mM)
(anodic scan), at a Pt electrode, in 0.2 M ["BuyNI][BF4]-THF solution (v =
200 mV sY. Full line: initiated with the anodic scan. Dotted line:
initiated with the cathodic scan. Inset: extended anodic sweep beyond
the second oxidation wave.
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Table 5 Cyclic voltammetric data® for fac-[MnBr(CO)s(pypzH)] (1a),
[{fac-Mn(CO)s(p?-pypz)(u*-pypz)M},] IM' = Li, Li-3a, n = 1; Na, Na-3a,
n =2, and K, K-3a, n = 2], [{fac-Mn(u®-pypz).( fac-{Mn(CO)s(u*-pypz)},}]
(4a), cis-IMnCly(pypzH):]l (5a), fac-[ReBr(CO)s(pypzH)] (1b), [fac-{Re-
(CO)3lpu2-pypz)l2 (2b) [{fac-Re(CO)s(n*-pypz)iu-pypz)Nal,] (3b)

Complex B (B g e
1b 1.62 — -1.06
2b 1.12 1.49 —0.91
3b 0.97 1.30 -1.03
1a 122 1.52 —-1.56
Li-3a 0.80 1.40 =
Na-3a 0.62 1.02 —
K-3a 0.62 1.05 —

4a (0.90) 1.36 -

5a (0.96) — —

“Values in V + 0.02 relative to SCE (see the Experimental section); scan
rate of 200 mV s '. Values for reversible waves are given in
parentheses.

reduction. The involvement of the bromide ion is supported
by the independently measured values ('Ey* = 0.9 and "E}* =
1.3 V vs. SCE) of the irreversible oxidation waves of tetrabutyl-
ammonium bromide under the same experimental conditions
(the second wave is buried under the oxidation wave of the
complex). Moreover, this is confirmed by the increase of the
current intensity of this new wave and of the oxidation wave of
1a (which overlaps with the second oxidation wave of Br),
upon addition of ["Bu,N]Br to the CV solution.

The complexes [{fac-Mn(CO);(u*-pypz)(1’-pypz)M’},| [M' =
Li, Li-3a, n = 1; Na, Na-3a, n = 2, and K, K-3a, n = 2] exhibit, by
CV, two single-electron irreversible oxidation waves, the first
one (wave I°) at potential values in the range of 0.62-0.8 V vs.
SCE (Table 5), followed by the second one (wave II°*) at higher
potential values (1.02-1.4 V vs. SCE) (Table 5). Moreover, for
complexes Na-3a and K-3a a third irreversible oxidation wave is
observed at "ME;* = 1.47 and 1.39 V vs. SCE, respectively. No
clear reduction waves were detected for these Mn complexes.

The above manganese(i) complexes 1a and Na-3a are oxi-
dized at lower potentials (by ca. 0.35-0.4 V) than the analogous
rhenium(i) complexes (1b and 3b, respectively). This is in
accordance with the relative behavior reported for other
rhenium(i) and manganese() complexes, namely fac-[MBr-
(CO)s{H(pzAn™*)}] [M = Mn, Re; H(pzAn™) = 2-(pyrazolyl)-
4-toluidine].**

The paramagnetic mixed-valence Mn'/Mn" complex 4a exhi-
bits by CV a first reversible two-electron oxidation (wave 1)
at "ES}, = 0.90 V vs. SCE, attributed to the Mn' — Mn" oxidation
processes of both Mn' metal centres, followed, at a higher
potential value, by a second irreversible oxidation (wave II°¥) at
"Ep¥ = 1.36 V vs. SCE, conceivable due to Mn" — Mn" oxi-
dation. The paramagnetic mononuclear Mn" dichlorocomplex
5a shows a single-electron reversible oxidation process
(wave I°¥) at "EY}, = 0.96 V vs. SCE.

Although compound 4a has been synthesised starting from
compound 3a, controlled potential electrolysis at the first oxi-
dation wave of the latter has not led to the former.

Dalton Trans., 2014, 43, 4009-4020 | 4015




Paper

Conclusions

The deprotonation of pyridylpyrazole coordinated to bromido-
tricarbonylrhenium is straightforward and gives the corres-
ponding bimetallic complex with a bridging pyridylpyrazolate.
However, the same process with the manganese complex
affords heteropolymetallic complexes where pyridylpyrazolate
bridges manganese and the alkali metal atom. Those with
sodium and potassium are tetrametallic complexes containing
two manganese and two alkali metal atoms and a bridging pyr-
idylpyrazolate ligand with an unprecedented coordination
mode: the nitrogen of the pyridyl fragment and the nitrogen-1
of pyrazolate are chelated to manganese atoms, whereas each
nitrogen-2 of pyrazolate is coordinated to two alkali metal
atoms. On the other hand, the lithium complex is heterobi-
metallic and contains a very uncommon chelating pyridylpyrazo-
late. Hence, the size of the alkali metal atoms determines the
final structure of the heterometallic complexes: lithium is tetra-
coordinated whereas sodium and potassium are pentacoor-
dinated; the larger the metal, the bulkier the ligands
surrounding them. The coordination of transition metals
instead of these alkali metals is currently under investigation.
The heteropolymetallic complexes evolve spontaneously to the
parent homobimetallic pyridylpyrazolate bridging complex in
the case of rhenium, and to a trimanganese paramagnetic
complex (Mn'Mn"Mn').

Experimental
General procedures

All manipulations were performed under a N, atmosphere fol-
lowing conventional Schlenk techniques. Filtrations were
carried out on dry Celite without exclusion of air. Solvents
were purified according to standard procedures.*® fac-[MnBr-
(CO)(NCMe),],”* fac{ReBr(CO)s(NCMe),],*” and 3-(2-pyridyl)
pyrazole®® were obtained as previously described. All other
reagents were obtained from the usual commercial suppliers,
and used as received. Infrared spectra were recorded in a
Perkin-Elmer RX I FT-IR apparatus using 0.2 mm CaF, cells for
solutions or on KBr pellets for solid samples. NMR spectra
were recorded in Bruker AC-300, ARX-300, or AV-400 in Me,CO-d,
at room temperature (r.t.) unless otherwise stated. NMR
spectra are referred to the internal residual solvent peak for 'H
and "*C{'H} NMR. Assignment of the 'H NMR spectra was sup-
ported by COSY experiments and assignment of '*C{'H} NMR
data was supported by DEPT experiments and relative intensi-
ties of the resonance signals or HSQAD experiments (Fig. 10).
Elemental analyses were performed on a Perkin-Elmer 2400B
microanalyzer.

& 3
—. X 5
~-NH
N
& N o 1

Fig. 10 Numbering of pypzH for NMR assignment.
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JSac-[MnBr(CO);(pypzH)], 1a. To a recently prepared solution
of fac-[MnBr(CO);(NCMe),] (obtained from 0.274 g of [MnBr-
(CO);], 1 mmol) in CH,Cl, (30 mL), 3-(2-pyridyl)pyrazole
(0.145 g, 1 mmol) was added. The solution was stirred at r.t.
for 1 h. The yellow solid which precipitated during this time
was decanted, washed with hexane (3 x 5 mL) and dried
in vacuo, yielding 0.322 g (88%). IR (THF, cm™"): 2024 vs, 1935
vs, 1913 vs. IR (KBr, cm"]: 3145 w, 2028 vs, 1933 vs, 1910 vs,
1615 w, 1458 w, 1376 w, 1090 w, 767 m, 685 w, 630 w. "H NMR:
7.24 (br s, H' pzH, 1 H), 7.58 (m, H° py, 1 H), 8.16 (m, H* py,
H* py, and H° pzH, 3 H), 9.17 (d, J = 4.5 Hz, H® py, 1 H), 13.75
(br s, NH pzH, 1 H). *C{*H} NMR: 105.0 (s, C' pzH), 122.6
(s, C° py), 125.5 (s, C° py), 135.4 (s, C° pzH), 139.7 (s, C* py), 152.4
(s, C° pzH or C* py), 152.6 (s, C° pzH or C* py), 154.4 (s, C° py),
212.6 (s, €O), 223.3 (s, €O), 223.7 (s, CO). Anal. caled for
C,,H-BrMnN;0;: C, 36.29; H, 1.94; N, 11.54. Found: C, 36.58;
H, 1.97; N, 11.54.

JSac[ReBr(CO);(pypzH)], 1b. 3-(2-Pyridyl)pyrazole (0.029 g,
0.2 mmol) was added to a solution of fac-[ReBr(CO);(NCMe),]
(0.086 g, 0.2 mmol) in CH,Cl, (10 mL). The solution was
stirred at r.t. for 1 h. The pale yellow which precipitated during
this time was decanted, washed with hexane (3 x 3 mL) and
dried in vacuo, yielding 0.081 g (82%). IR (THF, cm™"): 2024 vs,
1935 vs, 1893 vs. IR (KBr, cm '): 3146 w, 2022 vs, 1920 vs,
1879 vs, 1613 w, 1432 w, 1373 w, 112 w, 1091 m, 767 m, 644
w. 'H NMR: 7.30 (dd, J = 3, and 2 Hz, H* pzH, 1 H), 7.62 (ddd,
J=7.5,5.5, and 1 Hz, H° py, 1 H), 8.17 (dd, J = 3, and 1 Hz, H°
pzH, 1 H), 8.21 (ddd, J = 9.5, 7.5, and 1.5 Hz, H' py, 1 H), 8.29
(dd, /= 9.5, and 1 Hz, H> py, 1 H), 9.03 (dd, J = 5.5, and 1.5 Hz,
H® py, 1 H), 13.97 (br s, NH pzH, 1 H). “C{'H} NMR: 105.7
(s, C* pzH), 123.4 (s, C* py), 126.6 (s, C° py), 134.7 (s, C° pzH),
140.7 (s, C" py), 152.2 (s, C* pzH or C* py), 153.8 (s, C* pzH or
C* py), 153.9 (s, C° py), 189.4 (s, CO), 196.7 (s, CO), 198.1
(s, CO). Anal. caled for C,;H;BrN;OzRe: C, 26.67; H, 1.42; N,
8.48. Found: C, 26.93; H, 1.46; N, 8.41.

[fac-{Re(CO)s(1>-pyp2z)}]s, 2b. A 1 M solution of NaOMe in
MeOH (0.3 mmol) was added dropwise to a solution of 1b
(0.148 g, 0.3 mmol) in THF (10 mL) and the mixture was
stirred at r.t. for 15 min. Then the solution was filtered and
concentrated in vacuo. Addition of hexane (ca. 10 mL) and
cooling to —20 °C yielded yellow crystals which were decanted,
washed with hexane (3 x 3 mL), and dried in vacuo, yielding
0.042 g (34%). IR (THF, cm™): 2030 vs, 1917 vs, 1894 vs. IR
(KBr, cm™"): 2026 vs, 2010 vs, 1884 vs, 1611 m, 1456 w, 1359 w,
1098 w, 763 m. 'H NMR: 6.57 (d, J = 2.5 Hz, H' pz, 1 H), 7.49
(td,J=5.5, and 1 Hz, H® py, 1 H), 7.69 (d, J = 2 Hz, H' py, 1 H),
7.86 (d, J = 7.5 Hz, H® pz, 1 H), 8.05 (dt,J = 8, and 2 Hz, H py,
1 H), 9.18 (d, J = 5.5 Hz, H° py, 1 H). "*C{'H} NMR: 106.0 (s, C"
pz), 121.5 (s, C* py), 124.9 (s, C° py), 140.7 (s, C° pz), 144.5 (s,
¢ py), 153.1 (s, C° py), 154.6 (s, C* pz or C* py), 154.8 (s, C° pz
or C* py), 198.1 (s, CO), 197.0 (s, CO), 198.3 (s, CO). Anal. caled
for Cy;H;aNgOgRes: C, 31.88; H, 1.46; N, 10.14. Found: C,
31.60; H, 1.27; N, 10.39.

[fae-Mn(CO)(p*-pypz)(n*-pypz)Li(OH,)(THF)], Li-3a. A
LiOMe 1 M solution in MeOH (1 mL, 1 mmol) was added to a
solution of 1a (0.182 g, 0.5 mmol) and pypzH (0.073 g,
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0.5 mmol) in THF (20 mL). The mixture was stirred at r.t. for
15 min. Then the solution was filtered and concentrated
in vacuo. Addition of hexane (ca. 10 mL) and cooling to —20 °C
yielded yellow crystals which were decanted, washed with
hexane (3 x 3 mL), and dried in vacuo, yielding 0.183 g (70%).
IR (THF, em™'): 2019 vs, 1922 vs, 1905 vs. IR (cm™'): 2014 vs,
1913 vs, 1891 vs, 1596 m, 1450 m, 1429 m, 1354 w, 1050 m,
756 8, 633 w. '"H NMR: 6.36 (s, H* pzMn, 1 H), 6.62 (s, H" pzLi,
1 H), 6.85 (s, H’ pzMn, 1 H), 7.10 (t, ] = 3 Hz, H’ pyMn, 1 H),
7.32 (t,J = 5 Hz, H° pyLi, 1 H), 7.48 (d, ] = 8 Hz, H* pyMn, 1 H),
7.55 (s, H® pzlLi, 1 H), 7.64 (d, J = 8 Hz, H® pyLi, 1 H), 7.72 (t,
J =8 Hz, H pyMn, 1 H), 7.88 (t, / = 8 Hz, H* pyLi, 1 H), 8.34 (d,
J =3 Hz, H®* pyMn, 1 H), 9.13 (d, J = 5 Hz, H® pyLi, 1 H).
C{'"H} NMR: 101.8 (s, C* pzMn), 102.0 (s, C* pzLi), 118.7 (s,
C* pyMn), 119.0 (s, C* pyLi), 120.7 (s, C° pyMn), 121.5 (s, C°
pyLi), 137.7 (s, C* pyMn), 138.2 (s, C" pyLi), 140.0 (s, C° pzMn),
141.4 (s, C° pzLi), 148.3 (s, C° pyMn), 152.4 (s, C° pyLi), 220.1
(s, €O), 221.2 (s, CO), 223.0 (s, CO). Anal. caled for
C,3H,, LIMNNgOs: G, 52.68; H, 4.23; N, 16.03. Found: C, 51.46;
H, 4.45; N, 15.65.

[{fac-Mn(CO),(p>-pypz)(p’-pypz)Na},], Na-3a. A solution of
Napypz previously prepared from the addition of a 1 M NaOMe
solution in MeOH (0.6 mL, 0.6 mmol) to 3-(2-pyridyl)pyrazole
(0.087 g, 0.6 mmol) in THF (10 mL) was added to a recently
prepared solution of fac-{MnBr(CO);(NCMe),] (obtained from
0.083 g of [MnBr(CO);], 0.3 mmol), in THF (10 mL). The
mixture was stirred at r.t. for 5 min. Then the solution was fil-
tered and concentrated in vacuo. Addition of hexane (ca.
10 mL) and cooling to —20 °C yielded orange crystals which
were decanted, washed with hexane (3 x 3 mL), and dried in
vacuo, yielding 0.114 g (73%). IR (THF, cm™'): 2016 vs, 1919 vs,
1900 vs. IR (KBr, em™): 2017 vs, 1932 vs, 1880 vs, 1871 vs,
1610 w, 1592 w, 1353 w, 1120 w, 760 m, 636 w. '"H NMR: 6.37
(d,J =2 Hz, H' pzMn, 1 H), 6.59 (d, J = 2.5 Hz, H' pzNa, 1 H),
7.00 (td, J = 5.5, and 1 Hz, H® pyMn, 1 H), 7.21 (d, J = 2 Hz, H®
pzMn, 1 H), 7.31 (td, J = 5.5 Hz, and 1 Hz, H® pyNa, 1 H), 7.45
(d, ] = 8 Hz, H’ pyMn, 1 H), 7.52 (d, J = 2 Hz, H’® pzNa, 1 H),
7.62 (m, H' pyMn, and H® pyNa, 2 H), 7.85 (td, / = 8, and 2 Hz,
H* pyNa, 1 H), 8.28 (d, J = 4.5 Hz, H° pyMn, 1 H), 9.15 (d, ] =
5.5 Hz, H® pyNa, 1 H). ’C{"H} NMR: 101.7 (s, C* pzMn), 102.0
(s, C* pzNa), 118.8 (s, C* pyMn), 119.0 (s, C* pyNa), 120.1 (s, C°
pyMn), 121.3 (s, C° pyNa), 136.8 (s, C' pyMn), 138.0 (s, C*
pyNa), 140.1 (s, C* pzMn), 142.2 (s, C* pzNa), 148.76 (s, C°
pyMn), 152.2 (s, C® pyNa), CO not observed. Anal. caled for
CagHuMn,N ,Na,O: C, 50.68; H, 2.69; N, 18.66. Found: C,
50.69; H, 2.35; N, 18.75.

[{fac-Mn(CO);(1>-pypz)(>-pypz)K(THF)},], K3a. A 1 M
KOMe solution in MeOH (1 mL, 1 mmol) was added to a solu-
tion of 1a (0.182 g, 0.5 mmol) and pypzH (0.073 g, 0.5 mmol)
in THF (20 mL). The mixture was stirred at r.t. for 15 min.
Then the solution was filtered and concentrated in vacuo.
Addition of hexane (ca. 10 mL) and cooling to —20 °C
yielded yellow crystals which were decanted, washed with
hexane (3 x 3 mL), and dried in vacuo, yielding 0.192 g (76%).
IR (THEF, cm™"): 2015 vs, 1910 vs, 1904 vs. IR (cm™"): 2009 vs,
1889 vs br, 1596 m, 1450 m, 1426 m, 1350 w, 1054 m, 754 s,
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634 m, 536 w, 393 w. '"H NMR: 6.34 (s, H' pzMn, 1 H), 6.59 (s,
H' pzK, 1 H), 6.91 (s, H® pzMn, 1 H), 6.96 (t, ] = 2 Hz, H® pyMn,
1 H), 7.27 (t,J = 2 Hz, H° pyLi, 1 H), 7.51 (s, H° pzK, 1 H), 7.55
(m, H* pyMn, H* pyK, and H' pyMn, 3 H), 7.83 (t,J = 2 Hz, H'
pyK, 1 H), 8.35 (d, / = 2 Hz, H° pyMn, 1 H), 9.13 (d, J = 5 Hz, H°
pyK, 1 H). “C{"H} NMR: 101.6 (s, C* pzMn), 102.1 (s, C* pzK),
118.6 (s, C* pyMn), 119.1 (s, C* pyK), 119.6 (s, C* pyMn), 120.9
(s, C° pyK), 136.1 (s, C* pyMn), 137.8 (s, C* pyK), 139.1 (s, C°
pzMn), 141.0 (s, C° pzK), 148.6 (s, C° pyMn), 152.3 (s, C° pyK),
CO not observed. Anal. caled for C,;H,,;K;Mn,N;,0,
(K-3a-MeOH): C, 50.90; H, 4.00; N, 12.98. Found: C, 50.74; H,
4.01; N, 13.18.

[{fac-Re(CO)5(p>-pypz)(p-pypz)Na},], 3b. A solution of
Napypz previously prepared from the addition of a 1 M NaOMe
solution in MeOH (0.6 mL, 0.6 mmol) to 3-(2-pyridyl)pyrazole
(0.087 g, 0.6 mmol) in THF (10 mL) was added to a solution of
Jac-[Re(CO);Br(NCMe),] (0.149 g, 0.3 mmol] in THF (10 mL).
The solution was stirred at r.t. for 10 min. Then the
solution was filtered and concentrated in vacuo. Addition of
hexane (ca. 10 mL) and cooling to —20 °C yielded orange
crystals which were decanted, washed with hexane (3 x 3 mL),
and dried in vacuo, yielding 0.127 g (65%). IR (THF, cm™'):
2008 vs, 1883 vs br. IR [cm"): 2003 vs, 1857 vs br, 1612 m,
1595 m, 1566 w, 1537 w, 1515 w, 1454 m, 1428 m, 1352 m,
1130 w, 1096 w, 1053 m, 882 w, 759 s, 709 w, 627 w. 'H
NMR: 6.36 (s, H' pzRe, 1 H), 6.61 (s, H' pzNa, 1 H), 7.06 (t, ] =
5 Hz, H® pyRe, 1 H), 7.27 (s, H® pzRe, 1 H), 7.34 (t, ] = 5 Hz,
H® pyNa, 1 H), 7.48 (s, H® pzNa, 1 H), 7.49 (d, J = 2 Hz, H®
pyRe, 1 H), 7.66 (t, J = 7 Hz, H® pyRe, 1 H), 7.72 (d, J = 10 Hz,
H’ pyNa, 1 H), 7.95 (t, / = 7 Hz, H' pyNa, 1 H), 8.30 (d, J = 5 Hz,
H® pyRe, 1 H), 9.08 (d, J = 5 Hz, H® pyNa, 1 H). “c{'H}
NMR: 101.8 (s, C* pzRe), 102.7 (s, C* pzNa), 119.3 (s, C* pyRe),
119.7 (s, C* pyNa), 122.3 (s, C° pyRe), 124.0 (s, C° pyNa), 136.9
(s, C* pyRe), 139.0 (s, C* pyNa), 140.0 (s, C° pzRe), 141.7 (s, C°
pzNa), 148.9 (s, C° pyRe), 151.9 (s, C° pyNa), 195.9 (s, CO),
198.7 (s, C€O), 199.8 (s, CO). Anal. caled for
CasHauN15Na,OgRe,: C, 39.24; H, 2.08; N, 14.45. Found: C,
39.29; H, 2.47; N, 14.19.

[Mn(p>-pypz){fac-{Mn(CO);(1>-pypz)}.}], 4a. Precipitated as
yellow needles from solutions of 3a after several days. IR (THF,
em™'): 2026 vs, 1935 vs, 1907 vs. IR (KBr, cm™'): 2023 vs, 1929
vs, 1901 vs, 1773 w, 1599 m, 1451 m, 1429 w, 1354 w, 1153 w,
1116w, 1093 w, 1064 w, 758 m. Anal. caled for
Cj3sH24Mn;N;,0¢: C, 50.18; H, 2.66; N, 18.48. Found: C, 50.02;
H, 2.44; N, 18.71.

cis-[MnCLy(pypzH),], 5a. 3-(2-Pyridyl)pyrazole (0.145 g,
1 mmol) was added to a solution of MnCl,4H,0
(0.063 g, 0.5 mmol) in MeOH (10 mL) and the solution
was refluxed for 2 h. Then the solution was concentrated
in vacuwo, and cooled to —20 °C. The colorless ecrystals
obtained were decanted, washed with hexane (3 x 3 mlL),
and dried in vacuo, yielding 0.165 g (80%). IR
(KBr, crn_l): 3200 s, 2958 m, 1603 s, 1457 s, 1431 s,
1363 m, 1093 m, 969 m, 780 s, 634 w. Anal. caled for
Cy16H14,ClbMnNg: C, 46.18; H, 3.39; N, 20.19. Found: C, 45.89;
H, 3.37; N, 19.95.

Dalton Trans., 2014, 43, 4009-4020 | 4017




Paper

Crystal structure determination for compounds 2b, Li-3a,
Na-3a, K-3a, 4a, and 5a

Crystals were grown in MeOH (for 5a) or by slow diffusion of
hexane into concentrated solutions of the complexes in THF
(for 2b, 3a, and 4a) at —20 °C. Relevant crystallographic detail
may be found in the CIF.f A crystal was attached to a glass
fiber and transferred to a Bruker AXS SMART 1000 diffract-
ometer with graphite monochromatized Mo K, X-radiation
and a CCD area detector. Raw frame data were integrated with
the SAINT program.” The structure was solved by direct
methods with SHELXTL.*® A semi-empirical absorption correc-
tion was applied with the program SADABS.*' All non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were
set in calculated positions and refined as riding atoms, with a
common thermal parameter. All calculations and graphics
were made with SHELXTL. Distances and angles of hydrogen
bonds were calculated with PARST*? (normalized values).*®
CCDC 873520 (2b), 974910 (Li-3a), 873521 (Na-3a), 974911
(K-3a), 873522 (4a), and 873523 (5a) contain the detailed crys-
tallographic data for this publication.

Electrochemical studies

The electrochemical experiments were performed on an EG&G
PAR 273A potentiostat/galvanostat connected to a personal
computer through a GPIB interface. Cyclic voltammetry (CV)
studies were undertaken in 0.2 M ["Bu,N][BF,]-THF, at a plati-
num disc working electrode (d = 0.5 mm) and at room temp-
erature. Controlled-potential electrolyses (CPE) were carried
out in electrolyte solutions with the above-mentioned compo-
sition, in a three-electrode H-type cell. The compartments were
separated by a sintered glass frit and equipped with platinum
gauze working and counter-electrodes. For both CV and CPE
experiments, a Luggin capillary connected to a silver wire
pseudo-reference electrode was used to control the working
electrode potential. A Pt wire was employed as the counter-
electrode for the CV cell. The CPE experiments were monitored
regularly by cyclic voltammetry, thus ensuring that no signi-
ficant potential drift occurred along the electrolyses. The solu-
tions were saturated with N, by bubbling this gas before each
run, and the redox potentials of the complexes were measured
by CV in the presence of ferrocene as the internal standard,
and their values are quoted relative to the SCE by using the
[Fe(n®-C5H;),]"" redox couple (E = 0.545 V vs. SCE).*
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