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1. Introduccion bibliografica

os compuestos heterociclicos son aquellos que poseen una estructura
ciclica orgédnica conteniendo al menos un heterodtomo en el anillo. Se
considera un heteroatomo cualquier elemento distinto al carbono, los mas
comunes son nitrogeno, oxigeno o azufre. Los compuestos heterociclicos N-dadores se
estudian desde hace décadas, conociéndose su facilidad para coordinarse con metales'™.
A continuaciéon y a modo de ejemplo se presentan en la Figura 1.1 algunos de estos

heterociclos utilizados en la Quimica de Coordinacion:

B
7 N__( _
N\ // = N
—N N |
. N
2,2’-bipiridina 1,10-fenantrolina 2,27:6°2”’-terpiridina

Figura 1.1. Compuestos heterociclicos N-dadores
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1.1. Ligandos pirazodlicos

Los ligandos estudiados en nuestro grupo de investigacion tienen como unidad
principal un heterociclo, el pirazol. Este es un compuesto aromatico que consiste en un
anillo de cinco miembros con dos 4&tomos de nitrogeno en las posiciones relativas 1 y 2.
Su aromaticidad se debe a la presencia de un sistema ciclico de cinco orbitales p
ininterrumpidos el cual contiene 6 electrones (Figura 1.2).

4

3(\>5

Figura 1.2. Estructura electronica del ligando pirazol

Los dos nitrégenos del pirazol se consideran quimicamente diferentes, asi el
nitrogeno en posicion 1 es del tipo azol ya que aporta un par de electrones no enlazantes
al anillo aromatico y forma un enlace N-H con un protéon acidico dando un cierto
caracter acido. Mientras, el nitrégeno en posicion 2 es del tipo azina teniendo el par de
electrones fuera del heterociclo de manera que permite actuar al pirazol como base y
como nucledfilo.

En solucion, el pirazol puede existir en dos formas tautoméricas indistinguibles
tanto en el compuesto no sustituido como en los sustituidos simétricamente (Figura 1.3).
Esto no ocurre cuando el pirazol esta sustituido asimétricamente, donde se tendran dos

tautomeros en equilibrio claramente diferenciados.

Figura 1.3. Equilibrio tautomérico del pirazol

Si el pirazol estd sustituido en la posicion 1 con un grupo alquilo, no se produce
dicha tautomeria ya que la rotura heterolitica del enlace N-C es mucho mas dificil que la

del enlace N-H. Por lo tanto si se tiene un pirazol sustituido asimétricamente habrd dos
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especies diferentes las cuales no se podran interconvertir por ningin equilibrio. Este
tipo de moléculas se llaman isémeros de posicion o regioisomeros, las cuales presentan
una misma formula molecular pero propiedades quimicas y fisicas diferentes.

Para la obtencion de un enlace N-C se puede recurrir a la N-alquilacion del pirazol.
Esta reaccion es conocida desde hace mucho tiempo y utilizada muy frecuentemente®. A
pesar de eso, existen numerosos aspectos “oscuros” y en particular el que determina la
proporcion de regioisomeros obtenidos por alquilacién de un pirazol asimétrico’. La
literatura muestra que la proporcion de cada uno de los regioisémeros depende de las
condiciones experimentales y, principalmente, si se utiliza el pirazol neutro o como
anién’.  Un ejemplo, es el que concierne a la molécula 3(5)-metil-5(3)-
metoxicarbonilopirazol, donde, segin la bibliografia la accion del yoduro de metilo
sobre la molécula neutra conduce exclusivamente a la formacion del isomero A mientras

que la metilacién del anién mayoritariamente da el isémero B (Figura 1.4)°.

O O
\ N—N
/N N .
Isomero A Isomero B

Figura 1.4. Isbmeros obtenidos en la N-alquilacion del 3(5)-metil-5(3)- metoxicarbonilopirazol

Para explicar este resultado se postula un enlace de hidrogeno entre el NH de la
molécula neutra y el oxigeno del grupo carbonilo del éster que estabiliza este tautdbmero

orientando la reaccion hacia la formacion del isomero A (Figura 1.5)".

OMe

N—N .0

7 W

ICH,

Figura 1.5. Enlace de hidrogeno en la molécula 3(5)-metil-5(3)-metoxicarbonilopirazol
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La alquilacion del pirazol a través de su anion pirazolato se lleva a cabo mediante
una sustitucion tipo Sy2 con un haluro de alquilo. Este tipo de reaccion ha estado sujeta

a numerosos estudios teodricos. La reaccion esquematizada se presenta a continuacion:
Y + CH;X » CH3Y + X

Lo mas interesante de este tipo de sustitucion es encontrar un método sintético que
lleve unicamente a la obtencion de uno de los regioisdmeros. Se entiende por
regioselectividad de una reaccion cuando por una ruta sintética se obtiene un
regioisomero mayoritariamente. Esto dependera de las condiciones de trabajo asi como
de los reactivos utilizados. Es importante conseguir reacciones regioselectivas ya que de
esta manera se aumenta el rendimiento en la obtencion del producto deseado, ademas de

no necesitar ninguna técnica de separacion’®.

1.1.1. Aplicaciones de los ligandos pirazolicos

La gran versatilidad de los ligandos pirazolicos da lugar a una gran variedad de
aplicaciones. Ligandos pirazdlicos con sustituyentes similares a los utilizados en esta
Tesis Doctoral tienen aplicaciones en diferentes campos y se encuentran descritos en

numerosos articulos y patentes:

10 11,12 13-17

a) A nivel farmacéutico” , como agente: antiflamatorio * °, anticancerigeno ~ ',
antibiotico'® o antioxidante'®. A continuacién se presenta una molécula utilizada

en este campo.

H;?S'?O = Inhibidor del enzima COX-2 para el tratamiento de
: enfermedades inflamatorias cronicas como el reuma o la
osteoartritis™ .
M
b) Agroquimica: pesticidas, herbicidas y fertilizantes' .
o
El nombre comercial de este producto es el A .
fipronil y es utilizado como pesticida en animales. " " — o

A

Cl HN
FsC
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c) Aditivos industriales: colorantes, acelerantes de procesos de vulcanizacion y

estabilizadores?’.

1.2. Complejos con ligandos pirazolicos

Existen en la bibliografia una gran variedad de pirazoles sustituidos en las
posiciones 1, 3, 4 y 5 que modulan la nucleofilidad del nitrogeno en posicion 2 y el
caracter acido del proton en posicion 1, asi como la accesibilidad estérica.

El estudio de la Quimica de Coordinacion de todos estos ligandos pirazdlicos ha
recibido un especial interés en las dos ultimas décadas. Son varios los articulos de
revision publicados en este campo, este es el caso de Mukherjee que publicd un review
en el 2000** ampliando los publicados por La Monica y Ardizzoia en 1997* y por
Trofimenko entre los afios 1972-1993°%_ En estos trabajos existen descritas un gran
numero de estructuras cristalinas en las cuales el pirazol se coordina al metal de
diferentes maneras (Figura 1.6):

Monodentado: puede coordinarse por el nitrogeno azina si el pirazol se encuentra N-
sustituido o por el nitrogeno azol si el ligando estd desprotonado (anién pirazolato)
aunque hay pocos ejemplos de complejos que contengan ligandos pirazolato con este
tipo de coordinacion.

Exodidentado: el ligando desprotonado coordina por el nitrogeno azol y por el
nitroégeno azina formando puente entre dos centros metalicos.

Endodidentado: el ligando anidnico coordina por los nitrogenos azol y azina a un

mismo centro metalico.

R
— _
Y Exodidentado Endodidentado

Monodentado

Figura 1.6. Formas de coordinacion del pirazol
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A principios de los noventa el grupo de investigacion al cual pertenezco decide
ensayar nuevos caminos de sintesis para ligandos pirazdlicos 3,5-sustituidos, en
concreto se centrd en la sintesis y caracterizacion de ligandos pirazolicos que contenian
sustituyentes aromaticos (grupos piridilo o fenilo) en posiciones 3 y 5. O bien ligandos
que Unicamente contenian un anillo aromatico y un grupo metilo en estas mismas

posiciones (Figura 1.7).

R = H: 3,5-bis-(2-piridil)-/ H-pirazol (Hpz0)

R = H, CHj: 2-metil-6-(3(5)-(2-piridil)-1H-pirazol-
5(3)-il)piridina (Hpz0’)

R = CHj: 3,5-bis[2-(6-metilpiridil)]-/ H-pirazol
(Hpz0”)

3(5)-fenil-5(3)-metil-/ H-pirazol (Hpz1)
N
\
N—N
AN
H
R’ = H: 2-(3(5)-fenil-1 H-pirazol-5(3)-il)piridina (Hpz2)

R’ = CHj: 2-metil-6-(3(5)-fenil-/H-pirazol-5(3)-
il)piridina (Hpz2’)

Figura 1.7. Ligandos pirazdlicos 3-5-sustituidos con grupos aromaticos

Con estos ligandos se estudié la reactividad con diferentes metales: Mn(II) *'-*%,

Co(I1)*13336 Ni(I1*1333437 Cu(11*933842, zn(11)*3*) PP, Cd(I1y*™* y Fe(Il),
aunque no de todos los complejos fue posible resolver la estructura cristalina por
difraccion de Rayos X. Los complejos obtenidos presentan una gran diversidad

estructural, obteniéndose desde compuestos mononucleares hasta pentanucleares en los
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que el ligando presenta diferentes formas de coordinaciéon (monodentado, bidentado
quelato o bidentado puente). A continuacién se hard una pequeia descripcion de las
estructuras cristalinas de los complejos que contienen los ligandos Hpz0, Hpz0’,
Hpz0>’, Hpzl, Hpz2, Hpz2’ y Hpz3 y se ampliard el estudio al ligando 2-(5(3)-
trifluorometil- / H-pirazol-3(5)-il)piridina (Hpz4), muy similar a Hpz3 pero con un

grupo electroatrayente como el trifluorometilo (Figura 1.8).

—~I

\
N/ \ h
N—N

AN
H

CF,

Figura 1.8. 2-(5(3)-trifluorometil-/ H-pirazol-3(5)-il)piridina (Hpz4).

1.2.1. Complejos con el ligando Hpz0

Este ligando potencialmente tretradentado que ya se encontraba descrito en la
bibliografia*’, pero con el que nunca se habia ensayado su reactividad frente a ningun
metal fue motivo de estudio en nuestro grupo de investigacion, obteniendo estructuras
cristalinas de Ni(I)’!, Cu(Il)*® y Fe(Ill)**. En la Tabla 1.1 se muestra la formula,
nuclearidad y geometria entorno al metal de estos tres complejos junto con las
estructuras cristalinas encontradas en la bibliografia con este ligando.

Con este ligando existen descritas en la bibliografia veintidos estructuras cristalinas.
Las diferentes formas de coordinacion de este ligando dependen principalmente de si el
ligando es neutro o anidnico.

Cuando el ligando se encuentra desprotonado (pz0) coordina de manera
exodidentada a dos centros metalicos a través de los cuatro nitrogenos (dos piridinicos y
dos pirazolicos). En la Figura 1.9 se puede observar este tipo de coordinacién en el
cation [Cuz(pzl))g(Hzo)g]2+ @9 También se han descrito estructuras diméricas en la que
los dos centros metéalicos no son iguales, es el caso de los complejos presentados por
Sumio Kaizaki y colaboradores*”**. Aunque la mayoria de estructuras con este ligando
son diméricas existen descritos dos tretraimeros: uno de Cu(Il)”> y otro de Fe(III)*.

Ambos complejos se pueden considerar como dos estructuras diméricas idénticas unidas
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Formula Nuclearidad Geometria metal

Ligando desprotonado (pz0):

[Niz(pZO)z(CH3OH)4]C1231 dimero octaédrica
[Cuz(sz)z(Hgo)z](NO3)238 dimero piramide base cuadrada
[Cuz(pZO)z(Hzo)z](C104)246 dimero piramide base cuadrada
[Cu4(]sz)4(CIO4)4]-2H205 5 tetramero piramide base cuadrada
[(hfac);Ln(p-pz0)Cr(acac),] ¥’ dimero Cr(IIT) (octaédrica)
Ln(IIT) (prisma trigonal)
[(nta)Cr(pz0)F e(picen)]BF;;-HzO-DMF48 dimero Cr(IIT) (octaédrica)
Fe(Il) (octaédrica)
[Fes(u-0)2(NO3)2(pz0)s(H20),](NO3), tetramero octaédrica
[{Fe(NCBH;)(py)}2(p-pz0)2] 2 dimero octaédrica
[ {Fe(NCBH;)(4-Phpy)}2(u-pz0)2]2>° dimero octaédrica
[{Co(NCS)(4-Phpy)}»(u-pz0),]>"" dimero octaédrica
[Ruy(n-OAc)(u-pz0)(trpy)2](PFe), > dimero octaédrica
[Ru(p-CI)( u—sz)(trpy)z](PF(,)z52 dimero octaédrica
Ligando protonado (Hpz0):
[Ag>(Hpz0)4](ClO4),-2Me,CO™ dimero piramide trigonal
{[Ag(Hpz0)](Cl04)}..> polimero plana trigonal
trans, cis y cis(out),cis monomero octaédrica
[RuCl,(Hpz0)(dmso),] >
out-[RuCl(Hpz0)(trpy)]C1(PF¢) >* monomero octaédrica
out-[Ru(Hpz0)(trpy)(H,0)](C104),>* monomero octaédrica
outy in [Ru(py)(HpZO)(trpy)](PF6)254 monomero octaédrica
nta = nitritotriacetato, acac = acetilacetonato
picen = N,N’-bis-(2-piridilmetil)etilendiamina, 4-Phpy = 4-fenilpiridina
hfac = hexafluorometilacetilacetonato trpy = 2,2°:6°2”’-terpiridina
Ln(III) = Ce(III), Yb(III), Er(III) dmso = dimetilsulfoxido

Tabla 1.1. Estructuras cristalinas con el ligando Hpz0
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por dos puentes oxo entre los centros metalicos de las dos unidades en el caso de la

estructura de Fe(III) o bien por interacciones n-x stacking en la estructura de Cu(Il).

Figura 1.9. Estructura cristalina
del cation [Cuy(pz0),(H,0),]*". El
ligando coordina por sus cuatro N

. 46
de manera exodidentada™.

Cuando el ligando se encuentra protonado (Hpz0) éste actia principalmente como
bidentado quelato, coordindndose al metal a través de un nitrogeno pirazolico y uno
piridinico, dando lugar, principalmente, a estructuras monoméricas como la presentada
en la Figura 1.10. Existe descrito en la bibliografia un dimero de Ag(I) con
estequiometria [Agy(Hpz0)4](Cl04)2:2Me,CO™. El cual se puede describir como dos
unidades monoméricas unidas por puentes de hidrégeno intermoleculares entre el N de

la piridina no coordinada y el hidrogeno del grupo pirazol.

Figura  1.10.  Estructura
cristalina de out-
[RuCl(Hpz0)(trpy)]CI(PF¢). El
ligando pirazolico actia como

bidentado quelato.

Por ultimo, unicamente se ha encontrado una estructura que contiene el ligando

Hpz0 actuando como tridentado, coordinandose por dos nitrogenos piridinicos y un
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nitrégeno pirazolico. Es el caso de la estructura de Ag(I) {[Ag(Hpz0)](ClO4)}. descrita
por Munakata®. Cada ligando coordina a dos centros metalicos, a uno de ellos de forma
bidentada a través del N pirazdlico y de uno de los N piridinicos, y al otro centro

metalico por el otro N piridinico, dando lugar a una estructura polimérica. Esta

estructura se presenta en la Figura 1.11.

Figura 1.11. Cation ~ polimérico
{[Ag(Hpz0)]'}.., La Ag tiene una
estructura trigonal plana distorsionada

coordinandose a 3 N.

1.2.2. Complejos con el ligando Hpz0’

Este ligando muy similar al anterior, pero con un grupo metilo como sustituyente en
la posicion orfo de una de las piridinas, contiene cuatro nitrdgenos como atomos
dadores (dos piridinicos y dos pirazolicos). La Unica estructura cristalina descrita con
este ligando es un complejo de Cu(Il), [Cus(u-NO3)(NO3)»(pz0°)4](NO3)* obtenida en
nuestro grupo de investigacion. La estructura cristalina consiste en un anion nitrato y un
cation [Cuy(pu-NO3)(NO;3)»(pz0°)4]” unidos por fuerzas idnicas. El cation es un tetramero
de Cu(Il) y los ligandos pirazolicos se encuentran desprotonados y coordinados de
manera exodidentada a dos centros metalicos. Cada 4tomo metalico coordina a dos
ligandos pirazoélicos por un nitrogeno piridinico y uno pirazdlico y termina el entorno de
coordinacion de bipiramide trigonal con un anioén nitrato monodentado en dos de los

Cu(II) y con un nitrato puente entre los dos Cu(Il) restantes. (Ver figura 1.12).

10
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¥
Figura 1.12. Estructura cristalina del O’%

cation  [Cus(u-NO3)(NO3),(pz0°),]".  Cada
Cu(Il) esta coordinado a dos ligandos pz0’ y
un NO3_'

1.2.3. Complejos con el ligando Hpz0”’

Al igual que los dos ligandos anteriores, Hpz0’’ contiene 4 atomos de N como
atomos dadores (2 piridinicos y dos pirazolicos). Pero a diferencia de Hpz0 y Hpz0’,
este ligando estd sustituido por un grupo metilo en la posiciéon orto de cada una de las
piridinas. Las estructuras cristalinas que se describen en la bibliografia de complejos

que contienen este ligando se presentan en la Tabla 1.2.

Férmula Nuclearidad Geometria metal
[Cos(OAc)s(pz0’ )o(H20),]°° pentanuclear octaé¢drica

piramide base cuadrada
[Rua(2-C1)(pz0”)(trpy)2](BF4):,>° dimero octaédrica
[Ruy(CH,C(O)CH;)(pz0”)(trpy)2](PFe),° dimero octaédrica
[Ru;Cly(pz0”*)(n°-CsMeg)2](PFs)”’ dimero octaédrica
[Ru>(NO3)»(pz0”*)(n°-CsMeg)2](PFs)”’ dimero octaédrica
[Rua(pz0*)(H20)2(1°-CsMeg),](C104)5” dimero octaédrica
[Rus(NO2)a(pz0””)(°-CeMeg),](CI0s)”” dimero octaédrica
[Ruy(pz0”)(CH3CN)»(1°-CsMes),](PF6)2(BE4)””  dimero octaédrica

(trpy = 2,2°,2”’-terpiridina) (n°-CeMeg = 1°-p-cimeno)

Tabla 1.2. Estructuras cristalinas con el ligando Hpz0’’

11
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En las ocho estructuras descritas el ligando pz0’’ es anidnico y coordina de manera
exodidentada a dos centros metalicos. Con este ligando se ha estudiado la reactividad
con Ru(Il) y Co(Il). Catalano y colaboradores han sintetizado y caracterizado los

%657 "en los cuales el entorno del metal siempre es

complejos diméricos de Ru(II)
octaédrico y la coordinacion del ligando a cada metal se realiza por un N pirazolico y

uno piridinico (Figura 1.13).

Figura 1.13. Estructura cristalina
del cation [Ru, (s
Cl)(pz0”’)(trpy),]*". Los dos atomos
de Ru(Il) presentan una estructura

octaédrica distorsionada.

La estructura cristalina del complejo [C05(OAc)g(pZO’)z(Hzo)z]36 ha sido resuelta en
el grupo de investigacion al cual pertenezco. Se trata de un compuesto pentanuclear de
Co(II). El entorno del metal no es el mismo en los cinco Co(II). Cuatro de ellos son
pentacoordinados y el quinto tiene un entorno octaédrico. Los cuatro primeros estan
coordinados a un ligando via Npz y Npy, dos de ellos terminan la coordinaciéon con una
molécula de H,O, un acetato monodentado y un acetato bidentado que forma puente
entre cada uno de estos Co(Il) y el cobalto octaédrico. Los otros dos Co(Il) terminan la
coordinacion con tres acetatos, dos bidentados y uno tridentado. El Co(Il) octaédrico
esta coordinado a seis aniones acetato, cuatro bidentados y dos tridentados. En la Figura

1.14 se puede observar esta estructura.

12
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Figura 1.14. Compuesto pentanuclear
con formula [Cos(OAc)s(pz0°’)2(H,0),].
El complejo presenta una estructura
romboide con un Co(II) en el centro de

la figura y el resto en los vértices.

1.2.4. Complejos con el ligando Hpz1

Este ligando a diferencia de los anteriormente descritos sdlo contiene dos nitrogenos
pirazolicos como atomos dadores. Aunque en el grupo se ha ensayado la reactividad de
este ligando con diferentes metales, hasta el momento no ha sido posible la resolucion
de ninguna estructura cristalina. Aun asi en la bibliografia se encuentran descritas

estructuras con nuclearidades muy diversas (Tabla 1.3).

Formula Nuclearidad Geometria metal

Ligando desprotonado (pzl):

[Au(p-pz1)]5> trimero lineal

[Zny(OCH,CH,S)(pz1 Yle> dodecamero tetraédrica

[{Tls(OH)(pz1)3} o] polimero tetraédrica
Ligando protonado (Hpzl):

[Ru(u—Cl)(n6—C6Mes)(sz ] dimero octaédrica

[Cuy(u-Cl)(p-OH)Cly(Hpz1)4] 62 dimero bipiramide trigonal distorsionada

(n°-CsMes = n°-p-cimeno)

Tabla 1.3. Estructuras cristalinas con el ligando Hpz1

13
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Con este ligando existen descritas cinco estructuras cristalinas. En tres de ellas el
ligando es anidnico y en las dos restantes el ligando es neutro. Cuando el ligando se
encuentra desprotonado coordina de manera exodidentada a dos centros metalicos
formando complejos con nuclearidades muy diversas (trimero, dodecdmero y polimero).
En la Figura 1.15 se presenta la estructura cristalina del complejo

[Zn,(OCH,CH,S)(pz1)]6™".
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En el complejo [{Tl4(OH)(pzl)3}n]60 el ligando se encuentra desprotonado y
coordina de dos maneras diferentes: exodidentada uniéndose a dos centros metalicos
diferentes y endodidentada uniéndose a otro metal, de esta manera un mismo ligando
esta coordinado a tres centros metalicos. Esta estructura polimérica estd formada por

diferentes unidades que se unen mediante interacciones entre metales (Figura 1.16).

Figura 1.16. Estructura polimérica con
formula [{Tly(pz1);(OH)},]. El mismo ligando
actia de manera exodidentada y endodidentada 151

uniéndose a tres centros metalicos.

14



Introduccién

En los complejos donde el ligando Hpzl es neutro el pirazol coordina de forma
monodentada por su nitrogeno azol a un centro metalico como se observa en la Figura

1.17.

Figura 1.17. Compuesto
dinuclear con formula [Cuy(u-
Cl)(p-OH)Cly,(Hpzl);].  Los
ligandos pirazodlicos actilan

como monodentados.

1.2.5. Complejos con el ligando Hpz2

El ligando Hpz2 contiene tres atomos dadores, dos nitrogenos pirazolicos y uno
piridinico. Con este ligando, las Unicas estructuras cristalinas estudiadas son las

descritas en nuestro grupo de investigacion (Tabla 1.4).

Féormula Nuclearidad Geometria metal

Ligando desprotonado (pz2):

[Cu(pz2)2]33 mondomero plano-cuadrada

Ligando protonado (Hpz2):

[Cu(NO;)(H,0)(Hpz2)](NO3)* mondmero  bipiramide trigonal
[PdClz(sz2)]44 monomero plano-cuadrada
[CoCl(HZO)(sz2)2]C135 mondomero octaé¢drica
[NiCI(H,0)(Hpz2),][Ni(H,0)2(Hpz2),]JCls**  dos mondmeros octaédrica

Tabla 1.4. Estructuras cristalinas con el ligando Hpz2
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En todos los casos los compuestos encontrados son mondmeros. Existe también una
sal doble [NiCl(HzO)(HpZZ)z][Ni(HzO)z(HpZZ)z]CI337 formada por dos cationes
diferentes, ambos con el mismo centro metalico pero diferentes entornos de
coordinacion. unidos por puentes de hidrégeno entre las aguas y los aniones Cl. El
ligando Hpz2 en todos los complejos se une de manera bidentada quelato a través de un
N pirazolico y un N piridinico. En la Figura 1.18 se presenta una estructura en la que el

ligando Hpz2 es neutro y en la Figura 1.19 una estructura donde el ligando es anionico.

Figura 1.18. Cation mononuclear
con formula [CoCI(H,O)(Hpz2),]".

El Co(Il) presenta una geometria
octaédrica coordinandose a un CI', una
molécula de agua y dos ligandos Hpz2

via Npz y Npy.

Figura 1.19. Compuesto
mononuclear con formula [Cu(pz2);].
El ligando coordina de manera
bidentada por el N-piridinico y el N-
pirazolico. La geometria alrededor del

Cu(Il) es plano-cuadrada.

1.2.6. Complejos con el ligando Hpz2’

Ligando muy similar al anterior pero con un grupo metilo en la posicidon orto de la
piridina. Hpz2’ contiene 3 nitrégenos como atomos dadores (dos pirazolicos y uno
piridinico). Los Unicos cristales aptos para la resolucion por difraccion de Rayos X son
los obtenidos en nuestro grupo de investigacion con Ni(II)*” y Pd(I1)*.

El complejo de Ni(Il) consiste en una estructura monomérica con estequiometria

[Ni(szZ’)z(Hgo)z]Br237. El metal presenta un entorno de coordinacion octaédrico
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formado por dos ligandos Hpz2’ que coordinan al Ni(Il) a través de un nitrégeno

pirazolico y uno piridinico y dos moléculas de agua. (Figura 1.20).

Figura 1.20. Cation mononuclear con
formula  [Ni(Hpz2’),(H,0),]*".  El
ligando coordina de manera bidentada

quelato.

Con Pd(Il), sin embargo, se ha obtenido un dimero con estequiometria
[Pd2(pz2’),(Hpz2’);]. La estructura contiene cuatro ligandos que coordinan a los
metales de manera diferente. Dos de estos se encuentran desprotonados y coordinados
de manera exodidentada por los dos nitrogenos pirazolicos a dos centros metalicos
diferentes mientras que los otros dos (Hpz2’) se encuentran protonados y actian como
ligando bidentado quelato coordinandose por un nitrogeno pirazélico y uno piridinico a
cada uno de los Pd(II) (Figura 1.21). El entorno de los dos centros metalicos es plano-

cuadrado formado por los cuatro ligandos pirazolicos.

Figura 1.21. Compuesto dinuclear de Pd(II) con
formula [Pdy(pz2’),(Hpz2’),]. El Pd(Il) presenta una
estructura plano-cuadrada. Dos de los ligandos
pirazolicos actian de forma exodidentada y los otros

dos como bidentados quelato

1.2.7. Complejos con el ligando Hpz3

El ligando Hpz3 contiene tres nitrogenos como atomos dadores. En la bibliografia

solo existe una estructura cristalina con este ligando [PdMe(pz3)],, descrita por Akiharu
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Satake®™. Se trata de un dimero de Pd(II). Los dos centros metalicos estan unidos por
dos ligandos pz3 que coordinan de manera exodidentada. En este caso los dos ligandos
actiian como tridentados, coordinando a un Pd(I) de manera bidentada quelato por un
Npz y un Npy y al otro centro metalico por el Npz restante. La coordinacion plano

cuadrada alrededor de los dos paladios acaba con un metilo (Figura 1.22).

Figura 1.22. Compuesto dimérico con
formula [PdMe(pz3)],. Los ligandos actian
como tridentados coordinandose a dos

centros metalicos.

1.2.8. Complejos con el ligando Hpz4

Este ligando, muy similar a Hpz3, pero con un grupo electroatrayente (CF3) como
sustituyente, contiene tres nitrogenos como atomos dadores (uno piridinico y dos
pirazolicos). Las estructuras cristalinas descritas en la bibliografia con este ligando se

muestran en la Tabla 1.5.

Férmula Nuclearidad Geometria metal
[Ir(pz4)(dfpz).] o4 mondmero octaédrica
[Ir(pz4)(dpgx),] © mondmero octaédrica
[Os(pz4)2(PPh,Me),] % monomero octaédrica
[Os(pz4)2(CO),]" mondmero octaédrica
[Ru(pz4),(CO),] 67 monomero octaédrica
[B(ph)a(pz4)] 68 mondomero tetraédrica
dfpzH = (2,4-difluorofenil)pirazol dpgx = 2,3-difenilquinoxalina
Ph = fenilo Me = metilo

Tabla 1.5. Estructuras cristalinas con el ligando Hpz4
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En todos los casos los complejos obtenidos con este ligando son mondmeros y el
ligando aniénico actiia como bidentado quelato coordinandose al metal por un nitrégeno

pirazolico y uno piridinico. Como se observa en la Figura 1.23.

Figura 1.23. Complejo mononuclear con

formula [Ir(pz4)(dfpz),].

Siguiendo con el estudio de ligandos pirazolicos sustituidos con grupos aromaticos
en posicion 3 y/o 5, en este trabajo se presenta la sintesis, caracterizacion y reactividad
frente a Pd(I) y Pt(II) de nuevos ligandos pirazélicos 1,3,5-sustituidos, en particular
aquellos que tienen en posicion 3 y/o 5 anillos aromaticos y se ha incluido la sustitucion
en posicion N1 de grupos alcanos o hidroxialcanos con la finalidad de aumentar la
solubilidad de los complejos formados con estos ligandos, en particular, en disolventes
organicos.

En la bibliografia s6lo se encuentran descritos 3 ligandos de los que seran utilizados
en este trabajo: 1-octil-5-fenil-3-(2-piridil)pirazol (L2a), 2-(5-metil-1-octil-/H-pirazol-
3-il)piridina (L3a) y 2-(1-octil-5-trifluorometil-/ H-pirazol-3-il)piridina (L4a)®. Con
estos ligandos Werner R. Thiel y colaboradores han estudiado la reactividad con Mo(VI)
obteniendo complejos con estequiometria [MoO(O;)2(L)] (L = L2a, L3a y L4a) que

fueron utilizados como catalizadores en la reaccion de epoxidacién de olefinas®.

1.2.9. Complejos con ligandos pirazolicos monodentados y ligandos cloruro.

Un ligando 1,3,5-pirazolico sustituido por grupos sin &tomos dadores o con atomos
dadores con poca afinidad por el metal s6lo puede coordinar por el nitrogeno del pirazol

de manera monodentada a través del N azina. Este es el caso de los complejos
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[MCL(Npz),] (M = Pd(Il) o Pt(Il)). De estos complejos existen dos isdmeros segln la
disposicion de los dos ligandos cloruro o pirazolilo: cis o trans. El isémero
termodindmicamente mas estable ya que minimiza los impedimentos estéricos es el
trans-[MCIy(Npz),]. En la bibliografia solamente se encuentran descritas estructuras
cristalinas de Pd(II) del isomero frans mientras que si las estructuras son de platino(Il)

hay descritas estructuras del isdmero cis y del isémero trans. (Figura 1.24).

Figura 1.24. Estructura del
complejo cis-[PtCl,(HL),] HL = 1-(2-

hidroxietilo)-3,5-dimetilpirazol.

En la mayoria de estos complejos que contienen ligandos pirazélicos N1-sustituidos
la disposicion coplanar de los cloruros, de los anillos pirazélicos y de las cadenas en
posicion N1 no es posible por impedimentos estéricos. En consecuencia los anillos
pirazélicos se suelen colocar fuera del plano definido por el nicleo [MCly(Npz),]. Esto
es posible gracias a la libre rotacién del ligando pirazélico alrededor del enlace M-N"".
Puede ocurrir que esta libre rotacion se vea impedida por ligandos voluminosos dando
lugar a dos especies isoméricas en solucion: syn y anti. La diferencia entre estos dos
isomeros es la disposicion en el espacio de los ligandos como se puede observar en la

Figura 1.25.

\N/O O\N/
Ny

Cl |

M. = Parte voluminosa
| e

| el
- \O

syn anti

del ligando

Figura 1.25. Representacion de los isomeros syn y anti
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La proporcion de cada uno de los isdmeros en disolucion puede variar en funcion de
los sustituyentes del anillo pirazolico y de la longitud de la cadena en posicion N1. El
isomero anti suele minimizar las interacciones estéricas por lo cual la cristalizacion de
este isomero suele ser mas favorable’.

En nuestro grupo de investigacion se llevo a cabo un estudio de la influencia del
sustituyente en posicion N1 en la obtencion de los isémeros cis, trans y syn, anti. En
particular se estudiaron los ligandos (Figura 1.26): I-hidroxialquilpirazol ™ : (1-
hidoximetilpirazol (hl'), 1-(2-hidroxietil)pirazol (hI?), 1-(3-hidroxipropil)pirazol (hI)),
[-hidroxialquil-3,5-dimetilpirazol * : (1-hidroximetil-3,5-dimetilpirazol (HL'), 1-(2-
hidroxietil)-3,5-dimetilpirazol (HL?) y 1-(3-hidroxipropil)-3,5-dimetilpirazol (HL?Y) y
N-polieter-3,5-dimetilpirazol’*: (1-(2-metoxietoximetilo)-3.5-dimetilpirazol (L"), 1-[2-
(2-metoxietoximetoxi)etilo]-3,5-dimetilpirazol ~ (L*) y  1-[2-[2-(2-metoxietoxi)-
etoxiJetilo]-3,5-dimetilpirazol) (L*)) y su reactividad con Pd(II) obteniéndose en todos
los casos complejos trans-[PdCly(L),] (L = hl, HL y L). Mediante estudios de RMN de
'H se observo la presencia de los dos diasterioisomeros conformacionales en solucién
syn 'y anti. Con estos estudios se llegé a concluir que la proporcion de los isdmeros
obtenidos s6lo dependia de los factores estéricos de la cadena en posicion N; ya que
unicamente se observO variacion en la proporcion de los regiosomeros cuando se
utilizaron cadenas alquilicas de mayor longitud. En concreto sélo se observo un
aumento en la proporcion del regioisomero anti a partir de complejos con cadenas
coordinadas a N1 de mas de 4 atomos. También se pudo concluir que la sustitucion de
las posiciones tres y cinco del anillo pirazdlico por grupos metilos no afectaban la

proporcion de los isdémeros obtenidos (Tabla 1.6).

T Ooa LK

N
x=1 HL' x=1 hL' x=0y=1 L
x=2 HL? x=2 hL? x=1ly=1 L
x=3 HL? x=3 hL’ x=1l;y=2 L

Figura 1.26. Ligandos N1-hidroxialquilpirazol y N1-poliéterpirazol
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trans-[PdCly(ligando),]

syn:anti
1-hidroximetilpirazol (n1") 1:1
1-(2-hidroxietil)pirazol (1) 1:1
1-(3-hidroxipropil)pirazol (h1’) 1:1
1-hidroximetil-3,5-dimetilpirazol (HL") 1:1
1-(2-hidroxietil)-3,5-dimetilpirazol (HL?) 1:1
1-(3-hidroxipropil)-3,5-dimetilpirazol (HL?) 1:1
1-(2-metoxietoximetilo)-3,5-dimetilpirazol (L") 1:1
1-[2-(2-metoxietoximetoxi)etilo]-3,5-dimetilpirazol (L?) 0.8:1
1-[2-[2-(2-metoxietoxi)-etoxi]etilo]-3,5-dimetilpirazol) (LY 0.7:1

Tabla 1.6. Proporciones obtenidas de los conformdémeros syn/anti segin el ligando

Con los ligandos HL' y HL? se realizo un estudio similar pero utilizando como
productos de partida complejos de platino(Il). En este caso se obtuvieron los isomeros
cis y trans con formula [PtCl,(HL),] (HL = HL' y HL?). La obtencién de uno u otro
isomero (o la proporcion entre ellos cuando se formaban los dos en una misma sintesis)

dependia del compuesto de Pt(Il) de partida y de las condiciones de reaccion’”.

1.2.10. Complejos de Pd(II) con ligandos alilo.

Los complejos de paladio(Il) con ligandos alilo estdn abriendo nuevas vias de
investigacion principalmente destinadas a la catalisis de sustratos orgénicos y en
concreto aquellos procesos que implican un ataque nucleofilico al intermedio
organometalico n’-alilpaladio’™®.

Este tipo de ligandos muestran normalmente una coordinacién 1’ al centro metalico,
el cual puede presentar un sistema fluxional directamente relacionado con el ligando
alilo o bien con los ligandos auxiliares que coordinan al centro metéalico. En este
proceso existe un cambio de los grupos syn-anti interconvertiéndose los dos isémeros.

Esto se explica por un proceso 1°-n'-1° (Figura 1.27) que en muchos casos puede llegar

a ser selectivo debido a factores estéricos o electronicos, por ejemplo existe una gran
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influencia del efecto trans, favoreciendo la abertura del carbono del alilo situado en la

posicion trans del ligando que contiene el atomo dador N7

Figura 1.27. Mecanismo por el cual se intercambian los protones syn y anti (H*). X = atomo

donador

Calculos tedricos explican el mecanismo de isomerizacion n’-n'-n’ de los complejos
alilpaladio, llegando a la conclusion que en este proceso se ve implicada la coordinacion
de una molécula de disolvente o bien de un ligando auxiliar’®. Otro proceso dinamico
comun en este tipo de complejos, principalmente en aquellos que contienen ligandos N-
dadores es la rotacion del grupo alilo. En muchos casos es posible observar estos dos
procesos. Dependiendo de la simetria de la molécula, la aparente rotacion se observa
como un intercambio y/o un proceso de isomerizacion syn-syn, anti-anti. Diferentes
mecanismos se han propuesto para la aparente rotacion pudiéndose clasificar en dos

grupos:

1) Mecanismo asociativo que implica un intermedio pentacoordinado formado por

la coordinacion del disolvente, del anion u otras moléculas’.

2) Mecanismo disociativo que implica la formacion de un intermedio tricoordinado
en forma de T, después de la disociacion parcial de un ligando bidentado,

normalmente implicando la rotura de un enlace Pd-N*.

En muchos casos se explica que un ligando de mayor basicidad hace que la aparente
rotacion sea mas dificil mientras que si se aumenta el efecto estérico del ligando N-

donador se facilita el proceso.

1.2.11. Aplicaciones de complejos con ligandos pirazolicos

En la bibliografia se encuentran descritas numerosas aplicaciones de complejos con

ligandos pirazdlicos. Algunas de las mas estudiadas se enumeran a continuacion:
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a) Extraccion de iones metalicos en solucidon acuosa: Se basa en la facilidad que
tienen los ligandos derivados del pirazol por coordinar de forma selectiva a un
gran numero de iones metalicos. Los estudios en esta area incluyen la extraccion
en agua de Co(II), Cu(Il), Fe(Il), Zn(Il) y Cd(I1)*’.

b) Bioinorganica: Algunos ejemplos son complejos pirazdlicos de Zn(II) que
inhiben algunos enzimas en los animales®’.

c) Complejos con ligandos pirazélicos muy similares a los nuestros presentan
propiedades electroluminiscentes®’.

d) Estudios magnéticos como el intercambio de spin entre dos o mas centros
paramagnéticos’'~".

e) Catalisis. Dependiendo del metal unido a un ligando pirazélico se pueden
catalizar diferentes reacciones™, algunos ejemplos son:

1) Hidroboracion de vinilarenos con precursores de Rh.

2) Reaccion de acoplamiento C-C con catalizadores de Pd.

Los complejos de Pd(II) con ligandos N-alquilpiridilpirazol sintetizados en este
trabajo pueden tener interesantes propiedades como catalizadores debido al entorno de

coordinacion que presenta el metal.

1.3. Complejos de Pd(IT) como catalizadores. La reaccion de Heck.

Aunque el paladio se considera un metal precioso y se utiliza en joyeria, las
aplicaciones mas importantes del paladio son de naturaleza industrial. El sector de
catalizadores es el de mayor y mas creciente demanda de paladio, representando en
1999 el 60% de la demanda total de este metal. Ademas, en las ultimas décadas, se ha
producido una importante sustitucion del platino por el paladio en los catalizadores,
principalmente debido al menor coste relativo y a la mayor eficiencia del paladio®’.

La reaccion de Heck es una de las reacciones mas extensamente utilizadas para la
formacion de enlaces carbono-carbono en sintesis orgéanica utilizando como catalizador
un complejo de paladio®. Es por ello, que existe un gran numero de articulos de

85,86

revision que abarcan diferentes aspectos de la reaccion™". Esta reaccion consiste en la
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vinilacion de un haluro de arilo, esta reaccion fue explicada por primera vez por

Mizoroki y Heck a principios de los afios 70%” (Figura 1.28).

1 2
R @ o 4 o ¢ 7
== B
- HBase X~

Figura 1.28. Esquema de la reaccion de Heck

En las siguientes décadas, diferentes grupos de investigacion se han encargado de
buscar un catalizador de paladio que fuera activo y estable, el cual proporcionara una
sintesis versatil e eficiente. Durante muchos afos los sustratos utilizados han sido
bromuros de arilo y preferiblemente ioduros de arilo, ya que los catalizadores utilizados
para este tipo de sustrato se muestran inactivos para los cloruros de arilo, mucho mas
interesantes a nivel industrial, mas facilmente disponibles y mas baratos que sus
analogos de bromuro y ioduro. Por esta razén se han intentado obtener avances en esta
direccion, consiguiendo nuevos complejos de paladio que contengan ligandos
voluminosos y ricos en electrones (como algunas fosfinas, carbenos y N-heterociclos)
con la finalidad de mejorar la actividad catalitica de la reaccion. Dentro de este campo
las reacciones mas estudiadas, normalmente se llevan a cabo en presencia de ligandos
fosfina y una base, bajo atmosfera inerte®™. Con los ligandos-N,N, aunque menos
estudiados que los ligandos con P, se han observado muy buenos resultados con
elevados TON (turnover number). Siendo catalizadores mas interesantes ya que son
econdmicamente mas asequibles y menos toxicos que los ligandos fosfina, ademds cabe
la posibilidad de utilizarlos en medio acuoso. Unos ligandos N-N-donadores
particularmente interesantes podrian ser los ligandos piridilpirazol descritos
anteriormente (Hp0, Hpz0’, Hpz0’’, Hpz2, Hpz2’, Hpz3 y Hpz4) debido a la diferente
coordinacion del Npz y del Npy al Pd(II). El N del grupo piridilo proporciona una
coordinacion blanda al metal al ser un heterociclo N-dador de seis miembros
comportandose como un heterociclo n-deficiente, es por ello que este sustituyente actiia
como un excelente m-aceptor. Sin embargo el heterociclo pirazol es un heterociclo N-

dador de cinco miembros el cual se comporta como m-aceptor mucho més pobre.
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2. Objetivos

sta Tesis Doctoral estd enmarcada dentro de la linea de investigacién
iniciada en el afio 1997 por el grupo de investigacion al cual pertenezco y
encaminada al estudio de la coordinaciéon de los derivados pirazolicos

sustituidos en posicion N;. En concreto los objetivos planteados en este trabajo son:

e Sintetizar nuevos ligandos pirazolicos 1,3,5-sustituidos, en concreto aquellos
que estan sustituidos en posicion 3 y 5 por grupos fenil, metil, piridil y/o

trifluorometil y en posicion 1 por grupos alquil (etil, octil) o hidroxialquil.

e Optimizar las condiciones sintéticas, a fin de obtener ligandos pirazolicos

sustituidos en posicion N1 de forma regioselectiva.

e Estudiar mediante métodos de calculo la reaccion de alquilacion de la posicion

N1 del pirazol para racionalizar los resultados experimentales.
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Caracterizar todos los ligandos sintetizados por andlisis elemental,
espectroscopias de IR y de resonancia magnética nuclear de 'H y "C{'H} y

espectrometria de masas.

Ensayar la reactividad de estos ligandos con Pd(II) y Pt(II) utilizando diferentes
productos de partida como [MCIl,(CH3CN),] (M = Pd(II) y Pt(Il)) y K,PtCly, asi

como diferentes proporciones M:L.

Estudiar la reactividad de algunos de los complejos de Pd(II) obtenidos en el
apartado anterior frente a otros ligandos monodentados (piridina y

trifenilfosfina) a fin de cambiar el entorno de coordinacion del metal.

Estudiar la rotacion M-N (M = Pd(II) y Pt(Il)) en estructuras tipo [MCLL,] (L =
sustituyente pirazolico cuyo unico atomo dador sea un Npz) variando los

sustituyentes en posiciones 1, 3 y/o 5 y el metal.

Ensayar la reactividad de algunos de los ligandos piridilpirazol (L) sintetizados
en este trabajo frente [PdCl(alilo)], con el fin de estudiar la aparente rotacion
del grupo alilo en estructuras tipo [Pd(n3—alilo)L](BF4) variando los

sustituyentes en posiciones 1 y observando los factores que influyen en ella.

Caracterizar todos los complejos obtenidos mediante analisis elemental,
conductividad, espectroscopia IR, de resonancia magnética nuclear de 'H y
BC{'H}, espectrometria de masas y difraccion de Rayos-X en monocristal

siempre que sea posible.

Ensayar los complejos obtenidos del tipo [PdCIy(L)] (L = ligando piridilpirazol)
como catalizadores en la reaccion de Heck y estudiar la eficiencia catalitica de
estos segun sea el ligando pirazolico. Estudiar computacionalmente el ciclo

catalitico de la reaccion.



3. Resultados y discusion

n este apartado se recogen los resultados obtenidos a lo largo del trabajo y

se discuten, de manera general, los aspectos mas interesantes. Se ha

dividido el estudio en cuatro bloques, los cuales engloban todas las
publicaciones presentadas en esta Tesis Doctoral.

El primer bloque corresponde a la sintesis y caracterizacion de ligandos pirazolicos
asi como el estudio realizado para la obtencion de estos ligandos de manera
regioselectiva. El segundo apartado se basa en el estudio de la coordinacion de algunos
de los ligandos pirazdlicos sintetizados a Pd(I) y Pt(II). También se ensaya la
reactividad de algunos de los complejos de Pd(II) obtenidos frente a ligandos
monodentados (piridina y trifenilfosfina). El tercer bloque se sintetizan y caracterizan
complejos de Pd(II) unidos a grupos alilos y ligandos pirazélicos con la finalidad de
tener complejos con entorno [PdN,(n’-alilo)]. Y por ultimo, en el cuarto apartado se
presenta el estudio de los complejos de paladio(IT) [PdCI,L] como catalizadores en la

reaccion de Heck.
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n este capitulo se presenta la sintesis y caracterizacion de ligandos
pirazélicos 1,3,5-sustituidos. En particular aquellos pirazoles que tienen
grupos metilo, fenilo, piridilo o trifluorometilo en las posiciones 3y 5y
grupos alquilo o hidroxialquilo en la posicion 1. Principalmente en este apartado se
discuten los resultados publicados en el articulo 3 aunque también se incluye la parte

correspondiente a la sintesis del ligando de los articulos 2 y 5.

Articulo 2. “Synthesis and characterisation of new NI-alkyl-3,5-dipyridylpyrazole
derived ligands. Study of their reactivity with Pd(Il) and Pt(I1l)”.
Montoya, Vanessa; Pons, Josefina; Solans, Xavier; Font-Bardia, Merce;

Ros, Josep. Inorganica Chimica Acta 2005, 358, 2763-2769.

Articulo 3. “Regioselective formation of N-alkyl-3,5-pyrazole derived ligands. A
synthetic and computational study”. Montoya, Vanessa; Pons, Josefina;

Branchadell, Vicenc; Ros, Josep. Tetrahedron 2005, 61, 12377-12385.
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Articulo 5. “Pd(I]) complexes containing N-alkyl-3-pyridine-5-
trifluoromethylpyrazole ligands: Synthesis, NMR studies and X-ray
crystal structures”. Montoya, Vanessa; Pons, Josefina; Garcia-Anton,
Jordi, Solans, Xavier; Font-Bardia, Merce¢, Ros, Josep. Inorganica

Chimica Acta. Aceptado
3.1. Presentacion de los ligandos

Los ligandos presentados en este trabajo se pueden dividir en dos grupos:
a) Ligandos pirazolicos N1-alquilo
b) Ligandos pirazdlicos N1-hidroxialquilo
Dentro de estos dos grupos existen ligandos con posibilidad de formar
regioisomeros y ligandos que no pueden formar estos isomeros ya que los sustituyentes
en posicion 3 y 5 son iguales. En la Figura 3.1 se presenta el nombre del ligando junto

con las siglas que se utilizaran en el trabajo.

Pirazoles (N1-alquilo)

1-etil-3,5-bis(2-piridil)pirazol (L")
1-octil-3,5-bis(2-piridil)pirazol (L?)

Sin regioisdmeros

1-octil-3-fenil-5-metilpirazol (L.1a) \
1-octil-5-fenil-3-metilpirazol (L1a’)
1-octil-5-fenil-3-(2-piridil)pirazol (L2a)
1-octil-3-fenil-5-(2-piridil)pirazol (L.2a’)

2-(5-metil-1-octil-/ H-pirazol-3-il)piridina (L.3a)

2-(1-octil-5-trifluorometil- / H-pirazol-3-il)piridina (L.4a) > Posibilidad de
formar
1-etil-3-fenil-5-metilpirazol (L1b) regioisomeros

1-etil-5-fenil-3-metilpirazol (L1b”)
1-etil-5-fenil-3-(2-piridil)pirazol (L2b)
1-etil-3-fenil-5-(2-piridil)pirazol (L2b’)
2-(1-etil-5-metil-/ H-pirazol-3-il)piridina (L3b)
2-(1-etil-5-trifluorometil-/ H-pirazol-3-il)piridina (L4b) }
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1,5-dimetil-3-fenil-/ H-pirazol (L1c)
1,3-dimetil-5-fenil-/ H-pirazol (L1¢”)
2-(1-metil-5-fenil-/ H-pirazol-3-il)piridina (L2c)
2-(2-metil-5-fenil-/ H-pirazol-3-il)piridina (L2¢’)

> Calculos tedricos

Pirazoles (N1-hidroxialquilo):

2-(5-fenil-3-piridin-2-il-pirazol-1-il)etanol (LD)
2-(3-fenil-5-piridin-2-il-pirazol-1-il)etanol (LD’)
2-(3-piridin-2-il-5-trifluorometil-pirazol-1-il)etanol (LD

~I —~

\ /
N—N_ N—N
Rz R2
[ L" X =N, R'="Py, R%= etil
L% X =N, R'="Py, R*= octil
Lla/Lla>: X=C, R'=Me, R® = octil
L2a/L2a’: X=N, R'=Ph, R? = octil
L3a: X =N, R'=Me, R? = octil
Lda: X =N, R'=CF;, R® = octil
N;-alquilo | 5 )

L1b/L1b’: X=C, R =Me, R =etil
L2b/L2b>: X =N, R'=Ph, R%= etil
L3b: X =N, R'=Me, R® = etil
L4b: X =N, R'=CF;, R® = etil
Lic/Lle’: X=C, R'=Me, R?>=Me
L2¢/L2¢:  X=N, R'=Ph, R>’=Me
LD/LD: X=C, R'=Ph, R’= hidroxietil
LD* X=C, R'=CF;, R’= hidroxietil

Figura 3.1. Pirazoles 1,3,5-sustituidos
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Todos estos ligandos han sido sintetizados y caracterizados por primera vez en este
trabajo, excepto L2a, L3a y L4a que ya habian sido descritos en la bibliografia® y los
ligandos LD y LD’ que se sintetizaron en nuestro grupo de investigaciéon y se
presentaron en un trabajo anterior a éste®’. Por ultimo L1c y L2c¢ no fueron sintetizados,
simplemente se utilizaron como modelos de L1b y L2b en los calculos tedricos, ya que
la utilizacién de una cadena alquilica mas corta facilitaba el estudio computacional,
pudiendo extrapolar los resultados obtenidos por célculos teodricos a los ligandos
sintetizados.

Antes de empezar el estudio de estos ligandos se hard una recopilacion de los
métodos sintéticos de los ligandos precursores. Todos los ligandos 1,3,5-sustituidos
tienen como ligandos precursores diferentes B-dicetonas. Y es a partir de estos
precursores que la ruta sintética para los ligandos Nl-alquilo o N1-hidroxialquilo es

diferente (Ver Figura 3.2).

~
R'COOH \
. VY AN R1
CH,OH/ H X \
N—N
)?\ NaEtO O O NH,NHCH,CH,OH
5 + RICOOR* — = M +
R o R R OH
j N,H,-H,0 \\
Y/ R?
S X \\
N—N
\ V7 N R?
X \
N— HO
\
H
Ligando

H recursor
pz (precursor) Nl-hidroxialquilo

i) Base l i) XR2
S
|
X/ { \\—R! .0

R1

><\/
N\

/
‘re N—N

Ligando N1-alquilo

Figura 3.2. Esquema sintético de los ligandos 1,3,5-sustituidos
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3.2. Ligandos precursores
3.2.1. Métodos sintéticos para la obtencion de las B-dicetonas

En este trabajo se han sintetizado y utilizado como ligandos precursores cinco 3-

dicetonas, de las cuales dos (B-diona 0 y pB-diona 2) han sido sintetizadas y

. . . .., 3500
caracterizadas por primera vez en nuestro grupo de investigacion™

. Mientras que la -
diona 1, pB-diona 3 y B-diona 4 ya habian sido descritas con anterioridad en la

bibliografia®*'** (Ver Figura 3.3).

0] 0]
B-diona 0 B-diona 1
(1,3-dipiridin-2-il)-propano-1,3-diona) (I-fenilbutano-1,3-diona)
W %
pZ pZ
N N
0 O O O
p-diona 2 p-diona 3
(1-fenil-3-piridin-2-il-prapano-1,3-diona) (1-piridin-2-il-butano-1,3-diona)
| X
N/ CF,
O @)
p-diona 4

(4,4,4-trifluoro- 1-piridin-2-il-butano- 1, 3-diona)

Figura 3.3. B-dicetonas sintetizadas

El procedimiento experimental para la obtencion de estas B-dicetonas consiste en
poner la base y el éster o cloruro de acido en el balon de reaccion y es la cetona la que
se va adicionando lentamente sobre la disolucién (adicidén inversa representada en el

siguiente esquema).
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o 0 0
J\ /_\ J\ o J\ ¥ Base
R R R Cl R O0—R

Esquema 1.

Las cinco B-dicetonas se sintetizaron mediante una condensacion de Claisen del
éster y la cetona correspondiente, utilizando como base etéoxido sodico y tolueno seco
como disolvente. En todos los casos se ha trabajado con linea de vacio y bajo atmosfera
de nitrogeno. Una vez finalizada la adicion se deja reaccionar hasta la aparicion de un
solido que se filtra al vacio y se seca al aire (se trata de la sal sodica de la B-dicetona).
Para protonar la sal de la B-dicetona se utiliza en todos los casos acido acético al 18%,
ademads para obtener la B-dicetona 1 purificada se hacen extracciones H,O/ CHCI3;. Una

vez obtenido el producto deseado se filtra al vacio y se deja secar al aire.

3.2.2. Métodos sintéticos para la obtencion de los pirazoles 3,5-sustituidos

Los pirazoles 3,5-sustituidos que se han utilizado en este trabajo se presentan en la
Figura 3.4.

Dos de estos ligandos, el 3,5-bis-(2-piridil)pirazol (Hpz0)**° y 2-(5-fenil-1H-
pirazol-3-il)piridina (Hpz2)> se habian sintetizado con anterioridad en nuestro grupo
de investigacion, mientras que el 3-femil-5-metil-1H-pirazol (Hpzl), 2-(5-metil-1H-
pirazol-3-il)piridina (Hpz3) y 2-(5-trifluorometil-1H-pirazol-3-il)piridina (Hpz4) se
encontraban descritos en la bibliograﬁa69’92’93.

De Ia sintesis de estos ligandos cabe remarcar que los pirazoles 3,5-sustituidos se
preparan utilizando un montaje Dean-Stark y un disolvente apolar (tolueno). Asi la
hidracina se adiciona sobre la -dicetona correspondiente y se deja a reflujo hasta la

aparicion de un solido que se filtra y seca al vacio, siendo este el producto deseado

(Figura 3.5).
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\ N
N—N\

H
Hpz0 Hpz1
(3-fenil-5-metil- 1 H-pirazol)

Hpz2 Hpz3
(2-(5-fenil-1H-pirazol-3-il)piridina) (2-(5-metil-1H-pirazol-3-il)piridina)
S
.
N \\ CF,
N—N
\
H
Hpz4

(2-(5-trifluorometil-1H-pirazol-3-il)piridina)

Figura 3.4. Pirazoles 3,5-sustituidos

Estos ligandos pirazolicos son solubles en metanol, etanol, cloroformo, acetona,
acetonitrilo, dimetilsulfoxido, dimetilformamida y parcialmente solubles en hexano.
Cabe sefialar que estos ligandos son muy poco solubles en agua, mientras que los

ligandos que contienen metilos en posicion 3 y 5 si lo son.

<
N,H, - H,0 \
o o 2y " My Yy R
R3 R Tolueno seco N—N_
H
[S-dicetona pirazol 3,5-sustituido

Figura 3.5. Esquema sintético de los pirazoles 3,5-sustituidos
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3.3. Pirazoles 1,3,5-sustituidos, N1-alquilo

Para la obtencion de estos ligandos se ha seguido la ruta sintética de la N-alquilacion.
(Figura 3.6). En este trabajo la N-alquilacion se ha realizado siguiendo dos métodos

sintéticos diferentes (método A 'y método B).

~I
\ V7 AN R1 i) Base
X \ . .
N=N_ iii) XR?
H

Figura 3.6. Método sintético de los pirazoles N;-alquilo

En el método A se utiliza NaH como base. Se le afiade el THF seco y el pirazol 3,5-
sustituido disuelto en el mismo disolvente. Al adicionar el pirazol se observa un
burbujeo debido a la formacién de hidrogeno. Una vez adicionado todo el pirazol se
deja reaccionar hasta que no haya desprendimiento de H,. Llegado a este punto se
adiciona el electrofilo (iodoetano o 1-iodooctano) y se deja refluir durante 48 horas
formandose un precipitado (Nal). Pasado este tiempo se evapora el disolvente
obteniéndose un aceite. Se hacen extracciones H,O/ CHCI;. Es en la fase orgénica
donde se encuentra el producto, se evapora el disolvente y se obtiene el compuesto. Esta
via se ha utilizado para la sintesis de todos los ligandos excepto para los ligandos L' y
L* que son los que no pueden formar regioisomeros ya que los sustituyentes en las
posiciones 3 y 5 son iguales.

En el método B se utiliza un balén conectado a un refrigerante y se adiciona el
correspondiente pirazol 3,5-sustituido junto al etdxido sdédico, ambos disueltos en
tolueno seco. Se deja reaccionar durante una hora a reflujo. Con el paso del tiempo se va
observando la formacién de un precipitado blanquecino, se trata de la sal sddica del
pirazol correspondiente. Llegado a este punto se adiciona el electrofilo (bromoetano o
1-bromooctano) y se deja refluir durante 72 horas mas. A continuacidon se evapora el
disolvente apareciendo un aceite de color amarillo. Se hacen extracciones H,O/ CHCl;.

Es en la fase organica donde se encuentra el producto deseado. Se evapora el CHCl; y
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se obtienen los pirazoles 1,3,5-sustituidos. Por esta via se han obtenido los ligandos Ll,
L? Lla/Ll1a’, L2a/L2a’ y L4a.

En la Tabla 3.1 se esquematiza la base, disolvente y electrofilo utilizados en cada
método. En aquellas reacciones que dan como resultado una mezcla de regioisomeros,
éstos se han podido separar por cromatografia en columna de silica 60 A C. C.
utilizando en todos los casos acetato de etilo como eluyente, excepto para la pareja

L1a/L1a’ que el disolvente utilizado es el CH,Cl,

base disolvente electrofilo
Método A NaH THF seco iodoalcano
Método B EtONa tolueno seco bromoalcano

Tabla 3.1. Condiciones de reaccion en el método A 'y B

Si se comparan ambos métodos se observa que en general con el méfodo A se
consigue un mayor rendimiento con un menor tiempo de reaccion que con el método B
(pasando de 72 h de reaccion a 48 h). La proporcion de regioisomeros es practicamente
la misma para ambos métodos, observandose que en los dos casos existe una mayor
regioselectividad cuando el ligando precursor contiene un grupo piridilo (Hpz2, Hpz3 y
Hpz4). En el método B se hizo un cambio de la base, EtONa por ‘BuOK observando que
la regioselectividad disminuia. Esto indica que la regioselectividad puede ser debida a la
formacion de un complejo de Na”, donde el ligando actia como quelato via Npy y Npz.

Para la confirmacion de esta hipotesis se hicieron estudios computacionales.

3.3.1 Estudio computacional

Para realizar el estudio computacional se utilizaron otros ligandos analogos a los
sintetizados pero con una cadena alquilica menor a fin de facilitar los calculos. Asi se
estudio la reaccion entre los pirazolatos 3,5-sustituidos pzl y pz2 (Hpzl y Hpz2
anionicos) con clorometano. Para pz2 se han considerado dos conformémeros
diferentes, el cis y el trans, asociados a la rotacion alrededor del enlace C-C entre los
anillos de piridina y pirazol (Figura 3.7). Las energias de Gibbs asociadas al equilibrio

trans/cis indican que el conformomero mas estable es el trans (Tabla 3.2).
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¥
4 i
""“;,_,d_ C\‘ 0
ot N 1:‘ T > -
1 s AN et
. ’f' oiinn 1';‘15'4 ;-.’-" )I A6 o "'_""_(‘\1
pz2-trans

Figura 3.7. Estructuras de los pirazolatos pzl y pz2

Otro dato a tener en cuenta es que la energia de Gibbs (AG®) de la reaccion del
equilibrio trans/cis y la energia de Gibbs de activacion (AGi) decrece cuando la

polaridad del disolvente crece (Tabla 3.2).

Fase gas Tolueno THF
AG* (Kcalmol™) 11.0 8.9 7.3
AG® (Kcalmol™) 5.0 3.1 1.7

Tabla 3.2. Valores de energia para el equilibrio trans/cis en el pirazolato pz2 (1 atm y 298.15 K)

La reaccion estudiada entre el anion pirazolato y el clorometano sigue un

mecanismo Sx2 cuyo perfil de reaccion se presenta en la Figura 3.8.
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Figura 3.8. Esquema energético del perfil de reaccion

Para la reaccion del anioén pirazolato pzl que da lugar a la formacion de los

regioisomeros Llc y Llc¢’, se han identificado los correspondientes intermedios y

estados de transicion (Figura 3.8). Las energias relativas de Gibbs de todos los puntos

estacionarios se presentan en la Tabla 3.3 y las estructuras de los estados de transicion

se presentan en la Figura 3.9.

Regioisomero  Punto estacionario Fase gas Tolueno THF
Llc INT1 -1.0 6.0 9.9
TS 12.9 19.9 24.1
INT2 -28.2 -28.0 -29.9
Llc+Cl” -19.8 -31.9 -36.8
Li¢’ INTI -1.0 6.2 10.2
TS 15.9 22.4 26.1
INT2 -24.4 -21.0 -19.3
Lic¢’ +CI” -17.2 -28.7 -33.5

Tabla 3.3. Energias de los puntos estacionarios para la reaccion Sy2 (1 atm y 298.15 K), valores

en Kcal mol™

39



Ligandos

En fase gas, el intermedio idn-dipolo (INT1) es ligeramente mas estable que el
reactivo aislado, pero cuando se tiene en cuenta el efecto del disolvente éste se vuelve
inestable. Si se considera el otro intermedio i6n-dipolo (INT2), en disolucion se observa
que éste es mas inestable que el producto de la reaccion. Por estas razones solo se

centrara el estudio en los estados de transicion.

o @ TS-L1c

Figura 3.9. Estructuras de los estados de transicion de los diferentes productos obtenidos.

El valor de la energia de activacion de Gibbs aumenta cuando la reaccion pasa de
estar en fase gas a una disolucion de tolueno o THF. Este cambio implica que la
reaccion se vuelva mas exergonica. Este resultado no es sorprendente, ya que el
disolvente tiende a estabilizar los reactivos y productos aislados, ya que la carga
negativa estd mas localizada.

Tanto en fase gas como en disolucion la formacion del regioisomero L1c implica
una energia de activacion de Gibbs mas pequefia que para la formacion de L1¢’. La
diferencia entre estas energias es de 2.5 Kcal mol™” para la reaccion en tolueno y 2.0
kcal mol” para la reaccion en THF. Estos valores se corresponden con la
regioselectividad observada experimentalmente. La formacion del regioisdbmero mas
estable implica el ataque del clorometano al N mas cercano al grupo metilo del pzl.

Este proceso no altera la deslocalizacion electronica del grupo fenilo. Ademas, en el
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estado de transicion correspondiente a la formacion de L1e¢’ se observa un angulo de
torsion de 22° alrededor del enlace C(pirazol)-C(fenilo) provocando una perdida parcial
de la conjugacion. En el producto de reaccion el angulo de torsion alrededor del mismo
enlace es de 48°.

Teniendo en cuenta que los intermedios i6n-dipolo se vuelven inestables cuando se
tiene en cuenta el efecto del disolvente, para la reaccion entre el pz2 y el clorometano
solamente se ha tenido en cuenta el estado de transicion correspondiente a la formacion
de los dos regioisomeros L2c¢/L2¢’. Las estructuras de los estados de transicion igual
que para el pzl se presentan en la Figura 3.9 y las energias de Gibbs de activacion se

presentan en la Tabla 3.4.

Regioisémero Fase gas  Tolueno THF
L2c¢ (Kcal mol™) 18.6 24.2 27.0
L2¢’(Kcal mol™) 19.0 24.7 27.6

Tabla 3.4. Energia de Gibbs de activacion entre el pz2 y el clorometano (1 atm y 298.15 K)

Si se analizan los datos se ve que hay una pequefia preferencia del ataque del
electrofilo por el N cercano al grupo fenilo (L.2¢). En este caso, la formacion de ambos
isomeros implica la pérdida de la conjugacion del anillo aromatico aunque la
deslocalizacion es mayor en el anillo de piridina que en el de fenilo. De hecho la
rotacion alrededor del C-C(piridilo) implica una energia de activacion de Gibbs de 11
Kcal mol” (Tabla 3.2) mientras que la rotacion alrededor del enlace C-C(fenilo)
solamente implica una energia de activacion de Gibbs de 7.3 Kcal mol™.

Las diferencias entre las energias de activacion de Gibbs correspondientes a la
formacién de los isomeros L2¢ y L2¢’ se encuentran entre 0.5 y 0.6 Kcal mol™. Estos
valores son bastante mas pequefios que los obtenidos para la reaccion del pzl (Tabla
3.3). Este resultado no se corresponde con los datos experimentales, ya que se observa
una gran regioselectividad para la reaccion del pz2.

Asi, si se considera el efecto de la complejacion del Na', existen tres estructuras
diferentes para el complejo formado entre el pz2 y Na' (Figura 3.10). El quelato

formado es muy estable y su energia de Gibbs de formacion es -123.2 en estado gas, -
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61.7 en tolueno y -30.4 Kcal mol™ en THF. En la Tabla 3.5 se presentan las energias
relativas de Gibbs para estos complejos asi como las energias correspondientes a los

estados de transicion.

Napz2-chelate

Napz2-trans

Figura 3.10. Estructuras de los complejos entre el pz2 y el Na'. (Distancias en A)

fase gas  tolueno THF
TS(chelate-cis) 7.6 7.8 7.9
cis 5.5 53 54
TS(cis-trans) 11.7 11.6 11.5
trans 5.9 5.5 5.3

Tabla 3.5. Energias relativas de Gibbs calculadas para las diferentes estructuras del complejo

Napz2 y los estados de transicion relacionados (1 atm, 298.15 K, Kcal mol™)

Se han localizado los estados de transicion para la reaccion entre el complejo Napz2
y el clorometano, las estructuras se muestran en la Figura 3.11 al igual que las energias

de reaccion (Tabla 3.6).
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TS-L2c'-Na TS-L2-Na

Figura 3.11. Estructuras de los estados de transicion correspondiente a la reaccion entre el

cloruro de metilo y el Napz2.

Las energias de activacion de Gibbs son mayores que las correspondientes a la
reaccion del pz2 libre (Tabla 3.4). Ademas en fase gas y en tolueno el estado de
transicion estd por debajo de la asintota pz2 + Na' + CH;3Cl, mientras en THF estos
estan 6.2 (L2¢) y 12.8 (L2¢’) Kcal mol” por encima. Asi la complejacion del Na"
favorece la reaccion. Si se recuerda la regioselectividad y se observa la Tabla 3.6 se
puede afirmar que existe una clara preferencia por la formacion de L2¢. La diferencia
entre las energia de Gibbs de activacion es de 7.5 Kcal mol™ en tolueno y de 6.6 Kcal
mol™ en THF. Estos valores se corresponden con la alta regioselectividad observada
experimentalmente. La formacion del quelato es el factor dominante en la

regioselectividad.

regoisomero  fase gas  tolueno THF
L2¢ 28.0 33.8 36.6
L2¢’ 36.6 41.3 43.2

Tabla 3.6. Energias de Gibbs de activacion calculados para la reaccion entre Napz2 y el

clorometano (1 atm, 298.15 K, Kcal mol™)

3.3.2 Caracterizacion de los ligandos pirazolicos N1-alquilo

Todos los ligandos sintetizados han sido caracterizados por analisis elemental,
espectroscopia IR, RMN 'H y “C{'H} y espectrometria de masas. Para la correcta

asignacion de los carbonos se ha empleado la técnica HMQC.
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Los analisis elementales, los espectros IR y los espectros de masas se realizaron de
la mezcla de regioisomeros, mientras que los espectros de RMN 'H y “C{'H} se
registraron primero de la mezcla y una vez separados de cada uno de los regioisémeros.

El estudio de RMN 'H de la mezcla es el que ha permitido calcular el porcentaje de
cada uno de los regioisdmeros, en particular la integracion de la sefial correspondiente al
hidrégeno pirazolico.

La estequiometria de los ligandos ha sido confirmada por analisis elemental y la
espectrometria de masas es la que permite saber el peso molecular. En todos los casos se
observa el pico molecular ((MH']: (L' (251.0) (100%), L? (335.1) (100%), L1a/L1a'
(271.2) (100%), L2a/L2a’ (334.2) (69%), L3a (272.2) (100%), L4a (326.0) (100%),
L1b/L1b' (187.0) (100%), L2b/L2b’ (250.1) (100%), L3b (188.0) (31%), L4b (242.0)
(100%). Las bandas mas significativas en los espectros IR de estos ligandos son las
correspondientes al anillo pirazolico. Entre éstas son de destacar las atribuibles a las
vibraciones de tension (V(C=C),;, V(C=N)a), y de deformacion (6(C=C),, (C=N)a), las
primeras aparecen entre 1606 y 1549 cm™ mientras las segundas lo hacen entre 1449 y
1440 cm™. Otras bandas a destacar son las correspondientes a las vibraciones de
deformacion fuera del plano 3(C-H)oep, éstas son generalmente de fuerte intensidad y
aparecen entre 796 y 745 cm™. En la Figura 3.12 se muestra a modo de ejemplo el

espectro IR del ligando L.
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w0 (V(C=C), V(C=N))s T

'\
5(C=C), 8 (C=N))ur &(C-H)aop
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4000.0 3000 2000 1500 1000 500.0
cm-1

Figura 3.12. Espectro IR del ligando L'
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Los espectros de RMN 'H y "“C{'H} han sido registrados utilizando como
disolvente CDCl;.

En los espectros de RMN de 'H de estos ligandos hay tres zonas claramente
diferenciadas. A campos bajos aparecen las sefales de los protones aromaticos (piridilo,
fenilo y pirazol) (8.70-6.05 ppm). A campos altos aparecen los protones de la cadena
alquilica (1.98-0.86 ppm). Mientras que en la zona central aparecen los protones del
carbono unido al nitrégeno pirazélico (4.78-4.09 ppm). Las sefales correspondientes a
estos ultimos protones son determinantes para saber si se ha producido o no la
alquilacion, ya que al estar mas proximos al N se desplazan hacia campos més bajos de
lo que se esperaria si no se hubiese producido la N-alquilacion. En la Figura 3.13 se

muestra el espectro de RMN de 'H del ligando L.

— T T T T T T T T T T T T T T T
8.6 84 8.2 8.0 7.8 7.6 7.4 7.2

H; Hy Hy (ppm)
[ -CH,CH; |
H¢. H, Hs

L I e J

12.0000

T — T T T
7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0
(ppm)

Figura 3.13. Espectro RMN 'H del compuesto L'

Es de destacar la sefial atribuible al proton del pirazol (Hs), ya que tiene una gran
movilidad en el espectro segun sean los sustituyentes en la posicion 3,5 y 1 del anillo
pirazdlico.

En el espectro de RMN de *C{'H} también se observan las tres zonas diferenciadas

(Figura 3.14).
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3 Cs -CH,CH;

HLJ erenbs 0 T |

' ' ' f # t + t J r x * 1 t t
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Figura 3.14. Espectro de RMN “C{'H} del ligando L'

3.4. Pirazoles 1,3,5-sustituidos, N1-hidroxialquilo

El método de sintesis de este tipo de ligandos fue descrito en la Tesis Doctoral del
Dr. José Antonio Pérez® y por el cual se obtuvieron los ligandos: 2-(5-fenil-3-piridin-2-
il-pirazol-1-il)etanol (LD) y 2-(3-fenil-5-piridin-2-il-pirazol-1-il)etanol (LD’).

La sintesis de estos ligandos se realiza a partir de la B-dicetona correspondiente y la
2-hidroxietilhidrazina utilizando como disolvente etanol absoluto. La solucion se deja
agitando durante 15 h a temperatura ambiente. Llegado a este punto se evapora el
disolvente y el aceite obtenido se extrae con H;O/CHCI;. La fase cloroférmica se seca
con sulfato de sodio anhidro durante 30 min., se filtra y se evapora el disolvente. La
purificacion y separacion de los regioisomeros se realiza en una columna
cromatografica de silica 60 A C.C utilizando acetato de etilo como eluyente.

En este trabajo se sintetiza el ligando: 2-(3-piridin-2-il-5-trifluorometil-pirazol-1-
il)etanol (LD*). En este caso no se observa la formacién del otro regioisémero pero si la
formacion de un subproducto: el 2-(2-hidroxietil)-5-piridin-2-il-3-trifluorometil-3,4-
dihidro-2H-piraz-3-ol) (p) en una proporcion 80:20 (LD*: p) (Figura 3.15). La
separacion de los dos productos se realiza en una columna cromatografica de silica 60 A

C. C utilizando como eluyente el acetato de etilo.
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X
NaOEt X
N~ + CF,COOC,H, ——>
pZ CF,
o) N
O O
NH,NHCH,CH,OH
7 J
%/CFs ) CFs
N =
N—N + N '}l_ N OH
OH OH
LD* (80%) p (20%)

Figura 3.15. Esquema de formacion del ligando LD*

La obtencion del producto p se explica por la dificil eliminacion del agua en la etapa
3 del mecanismo de formacion del pirazol (Figura 3.16). Este fendmeno ocurre
principalmente cuando la B-dicetona contiene un sustituyente electroatrayente como el

CF;, pudiéndose aislar el producto p como intermedio de reaccion’*”.

X X
| — CF H,0 |
N 3 / N/ | CF,
/O (0] 1) N 0]
A<

Figura 3.16. Mecanismo de reaccion de formacion del pirazol (LD?) y del intermedio p

47



Ligandos

Tanto el ligando LD* como p fueron caracterizados por analisis elemental,
espectroscopia IR, RMN 'H, “C{'H} y “F{'H} y espectrometria de masas. Para el
producto p también fue posible la resolucion de la estructura cristalina por difraccion de
Rayos X por recristalizacion del producto en CHCIl; (Figura 3.17). La estequiometria de
los ligandos ha sido confirmada por analisis elemental y espectrometria de masas,
observandose en cada caso los picos: [M+Na'] 280.0 (100%) y [MH '] 258.0 (13%) para
LD* y [MNa'] (298.0) (100%) para p. El espectro IR que presentan estos dos productos
es muy similar. Las bandas mas significativas de estos ligandos son las correspondientes
a los anillos pirazoélico y piridinico. Entre éstas son de destacar las atribuibles a las
vibraciones de tension (V(C=C), V(C=N)y), y de deformacion (6(C=C),;, 6(C=N),,), las
primeras aparecen entre 1590 y 1572 cm™ mientras las segundas lo hacen entre 1453 y
1418 cm™. Otra banda a destacar es la correspondiente a la vibracion de deformacion
fuera del plano 6(C-H)oop, €sta es generalmente de fuerte intensidad y aparece a 780 cm’
' En estos ligandos también se observa la banda v(C-F) a 1270 cm™. La tinica sefial que
difiere en los dos compuestos es la correspondiente a la vibracion v(O-H), en el
compuesto pirazélico (LD?) esta aparece a 3386 cm™ como una sefial aguda e intensa y

en el producto p esta aparece como una banda ancha centrada a 3134 cm’™.

Figura 3.17. Estructura cristalina del 2-(2-hidroxietil)-5-piridin-2-il-3-trifluorometil-3.4-
dihidro-2H-piraz-3-ol) (p)
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Los espectros de RMN 'H, Pc{'H} y PF{'H} han sido registrados utilizando como
disolvente CDCls. Para la correcta asignacion de los carbonos se ha empleado la técnica
HMQC.

Para el ligando LD* en el espectro de RMN de 'H son de destacar las sefales
correspondientes al H; de la piridina a 8.65 ppm como doble doble doblete (*J = 4.84
Hz, *J=1.79 Hz y °J = 0.90 Hz) y al hidrogeno del pirazol a 6.81 ppm (Figura 3.18). En
el espectro de RMN C{'H} se observan las sefiales de la piridina entre 149.1-124.3
ppm, el carbono del CF; a 122.0 ppm (‘Jc.r= 178.5 Hz) y el carbono del pirazol a 105.3
ppm (Jer = 2.4 Hz). Finalmente el espectro de RMN PF{'H} muestra una sefial a -
62.57 ppm correspondiente al sustituyente trifluorometil, este valor es consistente con

otros valores encontrados para otros trifluorometilpirazoles™.

3
4
2 \ 5
~— \ CF3
1 N \
N—N
OH
H;
H;
‘ ‘9.‘5‘ - ‘9.‘0‘ - ‘8.‘5‘ - ‘8.‘0‘ - ‘7.‘5‘ - ‘7.‘0‘ - ‘6.‘5‘ - ‘6.‘0‘ - ‘5.‘5‘ - ‘5.‘0‘ - ‘4.‘5‘ - ‘4.‘0‘ - ‘3.‘5‘ - ‘3.‘0‘ ‘
(ppm)

Figura 3.18. Espectro de RMN de 'H del ligando LD*

La presencia de un Unico regioisomero fue confirmada por un experimento de
NOESY, observando que no habia interaccion entre la cadena alquilica y el grupo
piridilo.

El espectro de RMN de 'H para el subproducto p es muy diferente al presentado por
el ligando pirazolico, son de destacar las sefiales correspondientes al H; de la piridina
8.45 ppm (1H, dd, °J = 4.84 Hz, “J = 1.79 Hz) y los dos hidrégenos Hs, y Hs, que

aparecen como multiplete junto los protones de la cadena -CH,CH,OH entre 4.08 y
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3.47 ppm (Figura 3.19). En el espectro de RMN de *C{'H} se observan las sefales de
la piridina entre 151.4-120.7 ppm, el carbono del CF3 a 122.0 ppm (‘Jc.g= 178.5 Hz) y
el Cs del anillo de cinco miembros aparece a 50.08 ppm (*Jc.r = 1.4 Hz). Finalmente el
espectro de RMN de "F{'H} muestra una sefial a -80.0 ppm correspondiente al
sustituyente trifluorometil, este valor es consistente con otros valores encontrados para

. 95
otros compuestos similares™.

3 4 5b 5a
H. H
2/
MCFS
1 N—N OH
\OH -CH2CH20H, HSa y H5b
A
s ~N

(ppm)

Figura 3.19. Espectro de RMN de 'H del ligando p
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n este apartado se describe la sintesis y caracterizacion de complejos de
Pd(IT) y Pt(IT) con algunos de los ligandos descritos en el apartado anterior.
El estudio de los complejos se puede dividir en dos subgrupos: aquellos
que tienen un ligando pirazdlico actuando como monodentado (articulo 1) o bien
aquellos complejos que contienen un ligando con posibilidad de actuar como bidentado
quelato a través del nitrégeno azina del grupo pirazol y el nitrégeno del sustituyente

piridinico (articulo 2, articulo 4y articulo 5).

Articulo 1. “Synthesis, spectroscopic properties and structural characterisation of
Pd(l) and Pt(lIl) complexes with 1,3,5-pyrazole derived ligands.
Rotation around the metal-N bond’. Montoya, Vanessa; Pons, Josefina;
Solans, Xavier; Font-Bardia, Merce, Ros, Josep. Inorganica Chimica

Acta 2005, 358, 2312
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Articulo 2.

Articulo 4. *

Articulo 5.

“Synthesis and characterisation of new NI-alkyl-3,5-dipyridylpyrazole

derived ligands. Study of their reactivity with Pd(Il) and PtIl)”.
Montoya, Vanessa; Pons, Josefina; Solans, Xavier; Font-Bardia, Merce;

Ros, Josep. Inorganica Chimica Acta 2005, 358, 2763.

‘Reaction of [MCI,(CH;CN),] (M = Pd(Il), Pt(Il)) compounds with N1I-
alkylpyridylpyrazole-derived ligands”. Montoya, Vanessa; Pons,
Josefina; Solans, Xavier; Font-Bardia, Merce, Ros, Josep. [norganica

Chimica Acta 2006, 359, 25

“Pd(Il) complexes containing N-alkyl-3-pyridine-5-
trifluoromethylpyrazole ligands: Synthesis, NMR studies and X-ray
crystal structures”. Montoya, Vanessa; Pons, Josefina; Garcia-Anton,
Jordi, Solans, Xavier; Font-Bardia, Merc¢, Ros, Josep. [norganica

Chimica Acta. Aceptado

3.5 Complejos con ligandos pirazolicos monodentados (L1a y L1b)

Se ha estudiado la reactividad de los ligandos 1-octil-3-fenil-5-metilpirazol (L1a) y
1-etil-3-fenil-5-metilpirazol (L1b) frente a Pd(II) y Pt(I).

3.5.1 Sintesis y

caracterizacion de los complejos de Pd(II) y Pt(II) con los ligandos

LlayL1b

La sintesis de los complejos de Pd(Il) y Pt(II) se ha llevado a cabo de diferente

manera seguin el metal a estudiar. En todos los casos se ha obtenido el complejos trans-

[MCIy(L),] (M= Pd(II), Pt(Il)). Los complejos se obtienen por reaccion del

[PACly(CH3CN),] o el K,PtCly con el correspondiente ligando, en una disolucién de

acetonitrilo en

el caso de los complejos de Pd(I) o en H,0/0.1 M HCI para los

complejos de Pt(II), en todos los casos se ha utilizado una relacion estequiométrica 1M:

2L obteniéndose los complejos presentados en la Tabla 3.7.
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Pd (IT) Pt (ID)
1-etil-3-fenil-5-metilpirazol (L1b) [PACIy(L1b),] (1) [PtCl(L1b)2] (3)
1-octil-3-fenil-5-metilpirazol (L1a) [PdCly(L1a)2] (2) [PtCly(L1a),] (4)

Tabla 3.7. Complejos de Pd(II) y Pt(II) con los ligandos LL1a y L.1b

La habilidad de los ligandos L1a y L1b para coordinarse al Pd(Il) y al Pt(Il) es
comparable a la encontrada para otros ligandos pirazélicos N-sustituidos como los N-
hidroxialquilpirazoles y los N-polieterpirazoles estudiados con anterioridad en nuestro

grupo de investigacion’7* (Figura 3.20).

R Xy—R R A
mOH \b,(_?,/ . MO _~_-OMe

Figura 3.20. Ligandos N-hidroxialquilpirazol y N-poliéterpirazol

Todos los complejos sintetizados han sido caracterizados por andlisis elemental,
conductividad, espectroscopia IR y RMN de 'H y “C{'H}, ademas para el complejo
[PACly(L1b);] (1) se ha resuelto la estructura cristalina por difraccion de Rayos X en
monocristal.

Los andlisis elementales confirman la estequiometria de los complejos [MCl,(L);]
(M = Pd(II), Pt(IT); L = L1a, L1b) y las medidas de conductividad indican que se tratan
de especies no electroliticas (valores entre 3 y 26 Q'cm’mol™ en disoluciones 107 M,

9798 esto corrobora que los cloruros estan

en acetona corresponden a no electrolitos)
unidos al metal.

Los espectros de IR en el rango 4000-400 cm™ muestran que el ligando estd
coordinado al Pd(IT) y al Pt(Il) ya que las bandas de los ligandos v(C=C),;, V(C=N),: y
0(C-H)oop incrementan su frecuencia respecto el ligando libre. El la Tabla 3.8 se indica

el nimero de onda al que aparecen las bandas mas caracteristicas de los complejos 1-4.
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Pd(II) (cm™) P(II) (cm™)
1 2 3 4
V(C=C)ar, (C=N)ar 1557 1554 1522 1551
8(C-H)oop 768 772 769 763

Tabla 3.8. Bandas maés significativas del espectro IR.

También se ha estudiado el espectro IR de los complejos en la region entre 600-100
cm™. La presencia de bandas alrededor de 500 cm™ son asignadas a las vibraciones
v(M-N), confirmando la coordinacion del ligando al 4&tomo metalico a través del N
pirazolico. También se observan bandas a 341 cm’ (1), 348 cm” (2) para las
vibraciones v(Pd-Cl) y a 312 cm’ (3) y 309 cm™ (4) para las vibracions v(Pt-Cl). El
hecho de observar una tunica sefial para la vibracion v(M-Cl) indica que los ligandos

cloruro estan en una disposicion trans en todos los complejos” (Ver Figura 3.21).
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Figura 3.21 Espectro IR del complejo 1 entre 710-150 cm’™

Para el complejo trans-[PdCIy(L1b),] (1) se han obtenido monocristales de color
naranja, aptos para la resolucion de la estructura cristalina por difraccion de Rayos X,
obtenidos por recristalizacion del producto en CHCls. La estructura consiste en
moléculas discretas unidas por fuerzas de van der Waals (Ver Figura 3.22), en la cual el
Pd(IT) presenta un entorno plano-cuadrado (angulos Cl-Pd-Cl y N-Pd-N de 180.0°), con
una disposicion trans de los dos cloruros y de los dos ligandos pirazélicos alrededor del

atomo metalico. Asi se puede considerar el complejo trans-[PdCIly(L1b);] (1) como una
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molécula centrosimétrica que situa al Pd(II) en el centro del plano formado por los dos
nitrogenos y los dos cloruros. El angulo cis N-Pd-Cl se desvia del angulo
correspondiente a una estructura perfectamente plano-cuadrada en aproximadamente 1°,
¢ésta es la misma desviacion que se describe para los complejos trans-[MCly(HL);]
(HL= 1 —(2—hidlroxietil)pirazol72 y 1-[2-(2-metoxiethoximethoxi)etil]-3,5-
dimetilpirazol’®), pero mayor que para los ligandos 1-(2-hydroxyethyl)-3,5-
dimetilpirazol” y 1-[2-[2-(2-metoxietoxietoxi)-etoxi]etil]-3,5-dimetilpirazol’* cuyas

desviaciones son 0.5° y 0° respectivamente.

Figura 3.22. Estructura cristalina del complejo trans-[PdCly(L1b),] (1)

En la bibliografia se encuentran descritos 21 complejos con core [PACl,(Npz),] (13
con geometria frans y los 8 restantes con geometria cis)’ > %11 Las distancias Pd-N
(2.0281(16)A) y Pd-CI (2.3078(9)A) son del mismo orden que para las estructuras
encontradas con enlaces Pd-N pirazélico y Pd-Cl (2.002-2.039 A para Pd-N y 2.290-
2.307 A para Pd-C1)''°.

El ligando (L1b) no es plano. El grupo fenilo presenta un angulo diedro respecto el
pirazol de 35.06°.

La cadena alquilica, sustituyente del N1 en el complejo trans-[PdCly(L1b),] (1) se

encuentra en disposicion anti.
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El espectro de difraccion de rayos X en polvo corrobora que el tinico conformero en
estado sdlido es el anti. Esto no ocurre en disolucion por ello se realizé un estudio de
RMN de 'H y “C{'H} en CDCl; que proponia diferentes equilibrios para la obtencién

de los confoérmeros syn o anti.

Isomeria syn/anti

Los espectos de RMN de 'H (Figura 3.23) y C{'H} del complejo 1 muestran dos
conjuntos de sefales para algunos de los hidrogenos y carbonos, que sugieren la
presencia de isdmeros conformacionales en solucién, en wuna relacion 1:1
aproximadamente. Trabajos anteriores a este indican que en estos casos las dos especies
son los isomeros anti y syn, los cuales se diferencian segiin se encuentre el ligando y la

71-74

cadena alquilica unida al N1 de los dos ligandos pirazdlicos (Esquema 2).

_NC
\

Esquema 2. [someros conformacionales existentes en solucion debido a la rotacion del enlace

Pd-N a temperatura ambiente para el complejo 1.

Sin embargo, en el complejo 2 esto no se observa, presentando unicamente una
sefial para cada tipo de proton y carbono. El espectro NOESY del complejo 2 muestra
interacciones NOE entre el H; (posicion orto del grupo fenilo) y la cadena (N-CH;-
CH,-(CH;)s-CH3) (Figura 3.24) confirmando que la tunica especie presente es el
isdmero conformacional anti. La presencia de los dos conformeros (syn, anti) en el
complejo 1 y uno (anti) en el complejo 2, se puede explicar por los impedimentos
estéricos provocados por la cadena N-alquilica. Asi cuando la cadena alquilica es mas

larga, la concentracion en disolucion del isomero mas estable (anti) crece.
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Figura 3.23. Espectro de RMN 'H del complejo (1)

La presencia de dos isdémeros en disolucién no se observa para los complejos de
Pt(II), los cuales presentan un unico grupo de sefales para cada tipo de proton y carbono,
correspondiendo al conformémero anti. El RMN de 'H a temperatura variable (243-323
K) no muestra ningiin desdoblamiento ni ensanchamiento de las sefales, lo que
confirma que unicamente existe una especie en disolucion. La presencia del isomero
anti se confirma por un experimento de NOESY al igual que para el complejo 2. En
estos compuestos la rotacion alrededor del enlace Pt-N parece ser que no tiene lugar,
debido posiblemente a la mayor estabilidad del enlace Pt-N en comparacion con el Pd-N.

El impedimento de la rotacion alrededor del enlace metal-ligando estd controlado
principalmente, por factores estéricos, aunque la influencia del metal no es
despreciable™. Se conoce que los complejos de Pd(Il) son maés reactivos y pueden
interconvertirse mas facilmente que sus compuestos analogos de platino''’. Estudios
experimentales de la barrera de rotacion para enlaces metal-N y calculos preliminares de
modelos moleculares que contienen enlaces Pd-N y Pt-N muestran que los compuestos
de Pt(Il) presentan barreras de rotacién mayores que la de los complejos de Pd(IT)''®.
Estos estudios se han realizado en gran parte con ligandos piridina'"® donde se sugiere

que el efecto m puede ser significativo en el control de la formacion de los
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diastereoisdmeros rotacionales ya que la interaccion o-m es mas fuerte para los

118

complejos de Pt(II) . Este estudio podria extrapolarse a ligandos pirazolicos aunque

estos ligandos son m-aceptores pobres'?’, mas débiles que los derivados de la piridina.
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Figura 3.24. Espectro 2D NOESY (250 MHz) del complejo [PdCIy(LL1a),] (2) a temperatura

ambiente.

3.6. Complejos con ligandos piridilpirazol

En este apartado se describe la sintesis y caracterizacion de los complejos de Pd(II)
y de Pt(I) con los ligandos 1-etil-3,5-bis(2-piridil)pirazol (LY, 1-octil-3,5-bis(2-
piridil)pirazol (LY, 1-octil-5-fenil-3-(2-piridil)pirazol ~ (L2a), 1-etil-5-fenil-3-(2-
piridil)pirazol (L2b), 2-(1-octil-5-trifluorometil-/H-pirazol-3-il)piridina (L4a), 2-(1-
etil-5-trifluorometil-/ H-pirazol-3-il)piridina (L4b), 2-(3-piridin-2-il-5-trifluorometil-
pirazol-1-il)etanol (LD*) y 2-(5-trifluorometil-/ H-pyrazol-3-il)piridina (Hpz4). Estos
ligandos tienen en comun la posibilidad de actuar como quelato a través del nitrogeno
azina del grupo pirazol y el nitrégeno piridinico. Todos ellos son ligandos 1,3,5-
sustituidos excepto el 2-(5-trifluorometil-/H-pirazol-3-il)piridina (Hpz4), que es un

pirazol 3,5-sustituido.
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En nuestro grupo de investigacion se ha ensayado la reactividad de los pirazoles 3,5-
sustituidos Hp0, Hpz0’, Hpz0>’, Hpz2, Hpz2’ y Hpz3 con diferentes metales. Los
complejos sintetizados presentan una baja solubilidad en disolventes orgéanicos. Este
mismo comportamiento es observado para los complejos con el ligando Hpz4.

Sin embargo, los complejos con ligandos pirazdlicos sustituidos en la posicion N1
por grupos alquilo presentan un aumento de la solubilidad en disolventes como acetona,

cloroformo, diclorometano y metanol.

3.6.1 Sintesis y caracterizacion de los complejos de Pd(II) y Pt(II) con ligandos

piridilpirazol

Estos complejos se obtienen por reaccion directa del ligando correspondiente con
[MCIl,(CH3CN),] (M = Pd(Il) y Pt(II)) en una disolucion de acetonitrilo. Para los
complejos de Pd(II) la reaccion se lleva a cabo a temperatura ambiente y a las 10 horas
se observa la formacion de un precipitado, mientras que para los complejos de Pt(II) la
reaccion se hace a reflujo durante 48 horas. En todos los casos la estequiometria
obtenida es 1M/2CI/1L independientemente de la relacion M/L utilizada (1M:1L o
IM:2L) y para todos los complejos la conformacién observada es la cis-[MCly(L)]. En

la Tabla 3.9 se presentan las los complejos obtenidos.

Pd (1) Pt (I)
1-etil-3,5-bis(2-piridil)pirazol (L") [PACL(LNH](5)  [PtCL(LH] (13)
1-octil-3,5-bis(2-piridil)pirazol (L?) [PACL,(L*](6)  [PtCl(L*)](14)
1-octil-5-fenil-3-(2-piridil)pirazol (L.2a) [PACly(L2a)] (7) [PtCly(L2a)] (15)
1-etil-5-fenil-3-(2-piridil)pirazol (L2b) [PACLy(L2b)] (8) [PtClx(L2b)](16)
2-(1-octil-5-trifluorometil-/ H-pirazol-3- [PdCI,y(L4a)] (9) --
il)piridina (L4a)
2-(1-etil-5-trifluorometil-/ H-pirazol-3- [PdCI,(L4b)] (10) --
il)piridina (L4b)
2-(3-piridin-2-il-5-trifluorometil-pirazol-1- [PACL(LD*%] (11) --
il)etanol (LD*)

2-(5-trifluorometil-pirazol-3-il)piridina (Hpz4)  [PdCl,(Hpz4)] (12) --

Tabla 3.9. Complejos de Pd(IT) y Pt(II)
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Complejos de Pd(ll) y Pt(ll)

Como puede observarse la facilidad de todos estos ligandos para coordinarse al
Pd(IT) y al Pt(IT) es comparable, es por ello que se describen de manera conjunta.

Todos los clorocomplejos sintetizados han sido caracterizados por analisis elemental,
conductividad, espectroscopia IR y RMN de 'H y *C{'H}, y cuando ha sido necesario
DEPT, HMQC, COSY y NOESY, ademdas para los complejos, [PdCly(L2a)] (7),
[PACl,(L4a)] (9), [PACl,(L4b)] (10), [PACLy(LD*)] (11), [PtCly(L*)] (14) y [PtCly(L2b)]
(16) se ha resuelto la estructura cristalina por difraccion de Rayos X en monocristal.

Los anélisis elementales confirman la estequiometria de los complejos [MCIy(L)] y
las medidas de conductividad indican que se tratan de especies no electroliticas (valores
entre 0.5 y 12 Q'em’mol” en disoluciones aproximadamente 10> M, en acetona

. re: 97,98
corresponden a especies no electroliticas)’”

, esto indica que los cloruros estdn unidos
al metal.

Los espectros de IR en el rango 4000-400 cm™ muestran que el ligando estd
coordinado al Pd(Il) y al Pt(Il) ya que las bandas de los ligandos v(C=C),;, V(C=N),,
incrementan su frecuencia respecto el ligando libre. Sin embargo no se observa ningin
cambio significativo en la banda 6(C-H)gop. Unicamente se observa que decrece la
frecuencia de esta sefial cuando el ligando contiene un grupo CF; como sustituyente

(complejos 9, 10, 11 y 12). En la Figura 3.25 se muestra el espectro IR del complejo 8.
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ﬂ
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Figura 3.25. Espectro IR del complejo 8
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También se ha registrado el espectro IR de todos los complejos entre 600-100 cm™.
La presencia de bandas entre 435-426 cm™ se asignan a las vibraciones v(Pd-N)
mientras que las bandas v(Pt-N) aparecen entre 441-432 cm™, estos datos confirman la
coordinacion del ligando al atomo metalico. También se observan bandas entre 352-321
cm’ para las vibraciones v(Pd-Cl) y entre 351-328 cm’ para las vibraciones v(Pt-Cl).
Las senales atribuibles a las vibraciones v(M-Cl) son dos bandas, indicando que los
ligandos cloruro estan en disposicion cis en todos los complejos®.

Los espectros de RMN 'H se han registrado utilizando CDCl; como disolvente en
los complejos 5-8, 13-16, CD,Cl, para los complejos 9-11 y acetona-ds para el complejo
12 mientras que para registrar los espectros de RMN C{'H} se han utilizado CDCl;
para los complejos con un grupo fenilo en posicion 5 (7, 8, 15 y 16) CD,Cl, para los
complejos 9 y 10 y los que contienen un grupo piridilo en posicion 5 (5, 6,13 y 14) y
acetona-dg para los complejos 11 y 12. La utilizacion de un disolvente u otro depende
principalmente de los ligandos, ya que los sustituyentes en posicion 3 y 5 modifican la
solubilidad de los complejos. En la Figura 3.26 se presenta el espectro de RMN de 'H
del complejo 8.
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Figura 3.26. Espectro de RMN 'H del complejo 8

Tanto los espectros de RMN C{'H} como RMN 'H indican que el ligando esta

coordinado al metal ya que se observa un movimiento de las sefales respecto el ligando
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libre. La sefial que sufre un mayor movimiento es el H,, de la piridina coordinada.
Siendo este desplazamiento mayor en los complejos de Pt(Il) (Ad = 0.95 ppm) que en
los de Pd(IT) (Ad = 0.75 ppm). Este mismo fendmeno esta descrito para complejos con
ligandos similares [PdClL(Hpz0)] (Hpz0 = 3,5-bis-(2-piridil)-/H-pirazol)*. Para
asignar todos los protones y carbonos ha sido necesario registrar el espectro HMQC. En

la Figura 3.27 se observa el espectro de RMN de *C{'H} del complejo 8.

l C, Cs -CH,CH; -CH,CH;

e
150 140 130 120 110 100 90 80 70 60 50 40 30 20
(ppm)

Figura 3.27. Espectro de RMN de C{'H} del complejo 8

3.6.2. Estructuras cristalinas de los complejos de Pd(II)

Para los complejos cis-[PdCly(L)] (L = L2a (7), L4a (9), L4b (10), LD* (11))
(Figura 3.28-3.31) se han obtenido cristales por recristalizaciéon de los productos en
acetona, aptos para la resolucion de las estructuras cristalinas por difraccién de Rayos X.
Las estructuras consisten en moléculas discretas unidas por fuerzas de van der Waals, en
las cuales el Pd(II) presenta un entorno plano-cuadrado con una pequefia distorsion
tetraédrica respecto el plano de coordinacién, los valores de esta desviacion se pueden
observar en la Tabla 3.10. El 4&tomo metélico se coordina al ligando a través de un
nitrégeno del pirazol, el nitrogeno de la piridina y acaba su coordinacién con dos
cloruros en disposicion cis. Asi el ligando pirazodlico acta como ligando bidentado

formando un metalociclo de cinco miembros.
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[PACly(L2a)] [PdCly(L4b)] [PdCly(L4a)] [PdClL(LD%)]

Desviacién del plano ~ -0.017(3) A -0.0024) A -0.017(5)A  0.006(3) A

Tabla 3.10. Desviacion del centro metalico respecto el plano de coordinacion

Figura 3.28. Estructura cristalina del complejo [PdCly(L2a)] (7)

En la bibliografia se encuentran descritos 4 complejos con el core
[PACL,(Npy)(Npz)] y una disposicion cis de los ligandos (centro metalico coordinado a
un nitrogeno piridinico, un nitrégeno pirazdlico y dos cloruros terminando la
coordinacion en cis)**'*'"'**. La distancia Pd-Npy es del mismo orden que la distancia
Pd-Npz para los complejos [PdCly(L2a)] (7) y [PdCIly(LL4b)] (10) pero esto no ocurre
para [PdCIy(L4a)] (9) y [PACL(LD*] (11) donde la distancia Pd-Npz es un poco mayor
que la Pd-Npy. Las distancias Pd-Npy, Pd-Npz y Pd-Cl de todos los complejos son del
mismo orden que las descritas en la bibliografia para complejos similares (distancias
Pd-Cl entre 2.290-2.268 A, Pd-Npz 2.040-1.979 A y Pd-Npy entre 2.055-2.024 A)*+12!-
123

Los angulos quelato N(1)-Pd-N(2) se muestran en la Tabla 3.11. Los angulos de los
complejos [PACLy(L2a)] (7) y [PACL(LD*)] (11) son comparables al encontrado en la
bibliografia para la estructura [PdCl(Hpz2)]* 79.16(14)° (Hpz2 = 2-(3-fenil-1H-
pirazol-5-il)piridina), mientras que los complejos [PdCIy(LL4b)] (10) y [PdCl,(L4a)] (9)

presentan un angulo mayor.
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Angulo quelato (°)

[PACly(L2a)] (7) 79.39(13)
[PACLy(L4b)] (9) 79.67(17)
[PACly(L4a)] (10) 80.2(2)
[PACLLDY] (11)  79.17(12)

Tabla 3.11. Angulos quelato

Figura 3.29. Estructura cristalina del complejo [PdCl,(L4b)] (10)

Los ligandos no son planos. El complejo [PdCl,(L2a)] (7) presenta un angulo diedro
fenil-pirazol de 69.2(3)° mucho mayor que el del complejo [PdCL(Hpz2)] (0.48(3)°)*.
El angulo diedro entre el anillo de piridina y del pirazol, sin embargo es comparable al
que presenta el mismo complejo [PdCl,(Hpz2)] (1 43(4)°)* (Tabla 3.12). Los complejos
9,10 y 11 también presentan este angulo diedro piridina-fenil (Tabla 3.12).

Figura 3.30. Estructura cristalina del complejo [PdCly(L4a)] (9)
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Angulo diedro [PACly(L2a)] [PAClL(L4b)] [PdCly(L4a)] [PdCL(LDY)]
Py-pz (°) 1.5(2) 2.5(3) 2.5(3) 3.78(18)
Ph-pz (°) 69.2(3) - - -

Tabla 3.12. Angulos diedros de los anillos piridilo y pirazol

El grupo alquilo unido al N del pirazol se desvia del plano de coordinacién con un
angulo de torsién entre N(pz)-N(pz)-C-C diferente segun el complejo, tal como se

observa en la Tabla 3.13.

Agulo de torsion (°)

[PACIy(L2a)] (7)  78.3(5)
[PACL(L4b)] (9)  94.6(7)
[PACly(L4a)] (10)  79.2(7)
[PACL(LDY] (11)  88.8(4)

Tabla 3.13. Angulo de torsion

Figura 3.31. Estructura cristalina del complejo [PdCl,(LD*] (11)

3.6.3. Estructuras cristalinas de los complejos de Pt(II)

Se han obtenido dos cristales de Pt(II), por recristalizacion de los productos en
acetona, aptos para la resolucion de la estructura cristalina por difraccion de Rayos X.
Estas son las estructuras cristalinas de los complejos cis-[PtCL(LY] (14) y cis-
[PtClx(L2b)] (16) que consisten en dos subunidades idénticas, interconvertibles entre
ellas a través de un centro de inversion, y unidas por fuerzas intermoleculares. En el
caso del complejo [PtCl,(L2b)] (16) existe una interaccion metal-t que mantiene unidas
las dos subunidades con una distancia de 3.358 A (distancia de la perpendicular entre el
Pt(Il) y el anillo) 0 a 3.811 A si se considera la distancia entre el Pt(II) y el centroide del
anillo del pirazolico. (Figura 3.32)
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Figura 3.32. Visualizacion de la
interaccion w-stacking del complejo

[PtCl,(L2b)] (16).

Para el complejo [PtCLy(L*)] (14) existen interacciones Pt(IT)---Pt(1I), Pt(I)--C(3) e
interacciones m--mw (Figura 3.33). Se han calculado las distancias entre el Pt(I) y el
centroide del anillo (3.722(4) A), la perpedicular entre el Pt(Il) y el anillo (3.349(4) A),
y la distancia Pt(I) y el C(3) (3.374(4) A) observando que todas las distancias entre
planos son mds pequefia que para otros complejos de Pt(Il) con ligandos piridina o

e e g g qe 124.12
pirimidina encontrados en la bibliografia'**'**.

Figura 3.33. Visualizacion de la
interaccion m-stacking del complejo

[PtCL(L%)] (14)
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El Pt(II) presenta en ambos complejos un entorno plano-cuadrado (con una pequefia
distorsion tetraédrica de aproximadamente 0.04 A respecto el plano de coordinacion). Si
comparamos esta desviacion con las de las estructuras de Pd(II) descritas en el apartado
anterior, esta desviacion es mucho mayor. El atomo metalico se coordina al ligando a
través de un nitrogeno del pirazol, el nitrogeno de la piridina y acaba su coordinacién
con dos cloruros en disposicion cis. Asi el ligando pirazolico actuia como ligando
bidentado formando un metalociclo de cinco miembros.

En la bibliografia no se han encontrado descritos complejos con el core
[PtClL(Npy)(Npz)] (centro metalico coordinado a un nitrégeno piridinico, un nitroégeno
pirazolico y dos cloruros terminando la coordinacién)''.

En ambas estructuras la distancia Pt-Npy es mas larga que la distancia Pt-Npz. Pero
estas distancias se encuentran dentro del rango descrito por las estructuras encontradas
con enlaces Pt-Npy, Pt-Cl y Pt-Npz (Pt-Npy 2.160-1.931A, Pt-Cl 2.381-2.198A y Pt-
Npz 2.100-1.934A)"°.

El 4ngulo quelato N(1)-Pd-N(2) es de 78.83(9)° para el complejo [PtCl,(L2b)] (16)
y de 80.73(13)° para [PtCl(L%)] (14).

Los ligandos L? y L2b no son planos. El angulo diedro py(coordinada)-pz es de
3.4(4)° para el ligando L2b y de 6.5° para L? Angulos mayores que para los
compuestos de Pd(II) descritos anteriormente. Mientras que el éangulo py(no
coordinada)-pz es de 35.1° para el complejo 14 y el ph-pz del complejo 16 es de
54.0(4)°

Figura 3.34. Estructura
cristalina del complejo

[PtCl,(L2b)] (16).
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Los grupos alquilo unidos al N pirazdlico se desvian del plano de coordinacion con
un angulo de torsion N(pz)-N(pz)-C-C de 80.8(8)° para el complejo [PtCl,(L2b)] (16) y
65.7(6)° para [PtCly(L?)] (14). Por ultimo en las Figuras 3.34 y 3.35 se pueden observar
las unidades monoméricas [PtCly(L2b)] (16) y [PtClo(L*)] (14), respectivamente.

cit

Figura 3.35. Estructura cristalina del complejo [PtCL(L?)] (14)

3.7. Reactividad de los complejos [PdCIy(L)] frente ligandos

monodentados

A continuacién se decidio sustituir los ligandos cloruro de los complejos tipo
[PACIy(L)], presentados en el apartado 3.6.1, por ligandos monodentados como la
piridina (py) y la trifenilfosfina (PPhs) a fin de cambiar el entorno de coordinacion del
Pd(IT). Estos estudios se llevaron a cabo con los complejos que contenian los ligandos
(L): 1-octil-5-fenil-3-(2-piridil)pirazol (L.2a), 1-etil-5-fenil-3-(2-piridil)pirazol (L2b), 2-
(1-etil-5-trifluorometil- / H-pirazol-3-il)piridina (L4b) y 2-(3-piridin-2-il-5-
trifluorometil-pirazol-1-il)etanol (LD*. Como resumen en la Tabla 3.14 se presentan
los complejos obtenidos por sustitucion de los iones cloruro de los complejos con

estequiometria [PdCl,(L)] por ligandos monodentados.
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Ligando Complejo

Piridina (py) [Pd(L2a)(py)>1(BPha); (17)
[Pd(L2b)(py)2](BPha), (18)
[PA(L4b)(py)2](BF4): (19)
[Pd(LD*)(py)](BF4), (20)

Trifenilfosfina (PPhs) [Pd(L2a)(PPhs3),](BPhs), (21)
[Pd(L2b)(PPhs),](BPhy), (22)
[PA(L4b)(PPh3)>](BF4)> (23)
[PA(LD*)(PPhs)](BF4); (24)

Tabla 3.14. Complejos presentados en este apartado

3.7.1 Reactividad con piridina (py)

Las rutas sintéticas para la obtencion de los complejos que contienen piridinas en su
entorno han sido diferentes segun si el producto de partida contenia en su ligando un
grupo fenilo (complejos 7 y 8) o bien un grupo trifluorometilo en posicioén 5 del anillo
pirazolico (complejos 10 y 11). Aunque es de destacar que en ambos casos los
productos obtenidos tienen el mismo entorno de coordinacion alrededor del metal y la

diferencia es el anién (BPhy", BFy)

Reactividad de los complejos 7v 8

En esta sintesis el intercambio de los ligandos cloruro por piridinas se realiza con la
adicion de piridina y AgBF, a una disolucion MeOH:CH,Cl, 1:1 del complejo de partida
7 u 8 precipitando asi el AgCl insoluble en el medio de reaccion. La precipitacion de
esta sal hace que queden vacantes en el complejo de Pd(I) que son ocupadas por los
ligandos piridina, obteniéndose los complejos con estequiometria [Pd(L)(py).](BF4)2
solubles en el medio de reaccion. Una manera de purificar los productos es hacer que
¢éstos precipiten con la adicion de NaBPhy en una disolucion de metanol obteniéndose

los complejos deseados [Pd(L)(py).](BPhy), (L = L2a (17), L2b (18)) (Figura 3.36).
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= 1

") 2py. 2 AdBF, "\ I}l—N 2 (BPh,")
— 4'

Pd \
- AgCl @N/ \N R
2) NaBPh, = 4 \>

R = (CH,),CH; (7) R =(CH),CH; (17)
R = CH,CH; (8) R = CH,CH; (18)

Figura 3.36. Esquema de reaccion de formacion de los complejos 17 y 18

Reactividad de los complejos 10y 11

En este caso para intercambiar los cloruros por piridinas se adiciona NaBF,y
piridina en una disolucion del complejo de partida (10 o 11) (MeOH:CH,Cl, (1:1)) y se
deja reaccionar. Pasado 2 horas se evapora el disolvente y se adiciona CH,Cl,
precipitando el NaCl que se filtra. El producto se recristaliza en éter dietilico
precipitando el producto deseado [Pd(L)(py).](BF4), ( L = L4b (19), L* (20)) (Figura
3.37).

S ~ 2+
\ V7 X\ —CF
_N—N 2 py, 2 NaBF4> \Pd/N_N\
oY R - AgCl SNTN i 2R
Cl = 7z \
~

R = CH,CH; (10) R = CH, CH; (19)
R = CH,CH,OH (11) R = CH,CH,OH (20)

Figura 3.37. Esquema de reaccion de formacion de los complejos 19 y 20
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3.7.2. Reactividad de los complejos 7, 8, 10 y 11 con trifenilfosfina (PPh;)

En este caso, el intercambio de los cloruros por trifenilfosfinas se realiza
adicionando AgBF, en una disolucion CH,Cl,:MeOH:CH;CN (1:1:0.02) del complejo
de partida (7, 8, 10 o 11) precipitando el AgCl y formandose el complejo precursor
[Pd(L)(CH3CN),]. Una vez filtrado el AgCl se adiciona la trifenilfosfina obteniéndose
el producto [Pd(L)(PPh3),](BF4),. El contraién de este complejo depende del método de
purificaciéon utilizado. En el caso de los compuestos 7 y 8 se adiciona NaBPhy
precipitando [Pd(L)(PPhs),](BPhy), (L = L2a (21), L2b (22)) mientras en los productos
10 y 11 se realiza una recristalizacion en éter dietilico obteniéndose los productos con

estequiometria [Pd(L)(PPhs),](BF4), (L = L4b (23), LD* (24)) (Figura 3.38).

—I 2+
\ V7 X R = —l
N 1) PPhy,2AgBF, || R
\ N—N > N \
- N - AgCl \  _N—N 2 X
Pd R —
cl— \ _Pd N
Cl 2) NaBPh,* Ph,P” N\ R?
PPh,
R'= fenil R* = (CH,);CH; (7) R'=fenil, X= BPhy R?=(CH,),CH; (21)
R'= fenil R*= CH,CH; (8) R'=fenil X= BPh, R?=CH,CH; (22)
R'=CF, R* = CH,CH; (10) R'=CF; X=BF, R?=CH,CH; (23)
R'=CF, R* = CH,CH,OH (11) R'=CF; X=BF, R?=CH,CH,OH (24)

Figura 3.38. Esquema de reaccion de los complejos 7, 8, 10 y 11 con la trifenilfosfina. * El

paso 2) solo es para la formacion de los complejos 21 y 22

En este caso y a diferencia de la reactividad con piridina la adicion de la
trifenilfosfina tiene que ser posterior a la eliminacion de los cloruros ya que si se
adiciona trifenilfosfina a una disolucion que contiene el complejo de partida [PdCly(L)]
(L = L2a (7), L2b (8), L4b (10) y LD* (11)) precipita inmediatamente el complejo
[PdCI,(PPhs),] sustituyéndose el ligando L por dos PPhs. Esto es debido a la diferente
afinidad que presenta el Pd(II) respecto a ligandos con atomos dadores N o fosforo. La
interaccion favorable “blando-blando” entre el fosforo y los centros metdlicos de

valencia baja y la interaccion “borderline-blando-blando” N-Pd hace que la disociacion
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de los ligandos coordinados por el 4tomo dador nitrogeno sea posible para la

coordinacion de las PPh;'%¢,

3.7.3. Caracterizacion de los complejos que contienen piridina o trifenilfosfina

Las formulas propuestas para todos los complejos estan de acuerdo con los anélisis
elementales de C, H y N. Las conductividades entre 160.0 y 179.6 Q'cm’mol™ para
disoluciones 10~ M en acetona indican que los electrolitos son 2:1°*. En los espectros
de masas, sin embargo, no ha sido posible ver el pico molecular de todos los complejos,
ya que estos se encuentran en una proporcion inferior al 1%, aunque las
fragmentaciones han dado informacién de la posible estequiometria.

En los espectros de IR las bandas mas significativas son las correspondientes a las
vibraciones (V(C=C), v(C=N))a y 8(C-H)oop que aparecen a frecuencias inferiores
respecto los diclorocomplejos de partida (7, 8, 10 y 11). En los complejos que contienen
piridinas como ligando también se pueden asignar las bandas (v(C=C), v(C=N)),y a
1611 cm™ y (8(C=C), O(C=N)),y a 1451 cm™. La presencia del anidn es identificable por
IR, ya que se observa la banda v(B-C) a 612 cm’™ para el anién BPhy y si el complejo
contiene el anion BF4™ se observa una banda intensa entre 1075 y 1047 cm'l, atribuible a
la vibracion v(B-F). Para los compuestos que contienen el grupo CF3 (19, 20, 23 y 24)

-1(127)

también se ha podido identificar la banda v(C-F) entre 1277 y 1271 cm cuando no

quedaba solapada por la senal del anion BF,". En la Figura 3.39 se puede observar el

espectro IR del complejo 19.
30.0
28 |

26 |
24 |

22 |

V((C=C), ¥(C=N)),,
* v(B-F) 3(C-H)qop

T T T T d
4000.0 3000 2000 1500 1000 550.0
cm-1

Figura 3.39. Espectro de IR del complejo 19
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El espectro IR entre 600-100 cm™ también ha sido estudiado observandose en todos
los casos la banda atribuible a la vibracion v(Pd-N) entre 522 y 471 cm™'. Para los
complejos que contienen trifenilfosfinas (21-24) también se pueden asignar las bandas
v(Pd-P) entre 348 y 319 cm™ ©?.

Los espectros de RMN 'H y C{'H} para los complejos 17, 18, 21 y 22 se han
registrado en CDCl; y CD,Cl, respectivamente. Los espectros de RMN de 'H 'y “C{'H}
de estos complejos presentan una zona del espectro dificilmente asignable debido al
gran numero de sefales correspondientes a los anillos aromaticos del pirazol, de las
piridinas o de las trifenilfosfinas y las sefales correspondientes al anion BPh,. Todas
estas sefiales aparecen como multiplete entre 8.00 y 7.00 ppm en el RMN 'H y entre
140y 120 ppm en el espectro de RMN “C{'H}. Aunque es de destacar que en esta zona
del espectro si se pueden distinguir las sefiales correspondientes al protén pirazélico
(7.34-6.84 ppm) y el hidrogeno orto de la piridina (9.12-8.63 ppm), que debido a su
diferente posicion en el espectro respecto al ligando libre corroboran la coordinacion del
ligando al centro metalico. En el caso de los complejos 17 y 18 también se observan los
dos H,,, de cada piridina como dos dobletes que integran dos protones cada uno, hecho

que informa que ambas piridinas no son equivalentes.

—~I 5 2+
1\ N\/ \_\ s
Ph,P~ P N
PPh,
-CH,CH;
Hq

e e TR e s e e e e e IR AR e I e e e e e il
9.0 85 8.0 7.5 7.0 65 6.0 55 5.0 45 4.0 35 3.0 2.5 2.0 L5 1.0
(ppm)

Figura 3.40. Espectro de RMN 'H del complejo 23
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Mientras, para los complejos 19, 20, 23 y 24 se han registrado los espectros de
RMN 'H y C{'H} en acetona-ds. A modo de ejemplo en la Figura 3.40 se presenta el
espectro de RMN de 'H del complejo 23. En estos espectros se han podido asignar més
sefiales debido a que el contraién no contiene ni hidrogenos ni carbonos que puedan
solaparse con las sefiales del cation. Ha sido necesario el espectro HMQC para asignar
todos los protones y carbonos de los complejos. En estos espectros también se puede
observar que los dos ligandos piridina coordinados al Pd(IT) no son equivalentes.

Los espectros de RMN *'P{'H} para los compuestos (17, 18, 21 y 22) registrados en
CD,Cl, y en acetona-de para (19, 20, 23 y 24) presentan dos senales en forma de
dobletes que se encuentran en el mismo rango que las trifenilfosfinas coordinadas a
Pd(IT) descritas en la bibliografia (36.1-33.5 ppm). Estas sefiales se encuentran tan
proximas que a veces incluso pueden aparecer superpuestas. El hecho de que se observe
dos senales diferentes para cada PPh; indica que éstas no son equivalentes. En la Figura

3.41 se muestra a modo de ejemplo el espectro de RMN de *'P del complejo 23.

1.0 40.0 39.0 38.0 37.0 36.0 35.0 34.0 33.0 32.0
(ppm)

Figura 3.41. Espectro RMN *'P{'H} del complejo 23.

Los espectros de RMN "“F{'H} de los compuestos que contienen el grupo CFs (19,
20, 23 y 24) registrados en acetona-ds muestran sefiales entre -60.1 y -60.9 ppm. Estas
sefiales son consistentes con las encontradas para otros trifluorometilpirazoles™.
Ademas en estos espectros aparece otra sefial correspondiente al anion BF4 (sefales
entre -151.9 y -152.4 ppm). En la Figura 3.42 se presenta a modo de ejemplo el espectro
de RMN “F{'H} del complejo 23.
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CF; BF4

O O T O
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260 -28(

(ppm)

Figura 3.42. Espectro de RMN "F{'H} del complejo 23

3.8. Sintesis de los complejos [Pd(L),](X), (L = L2a, L2b, L4b y LD% X
= BPhy, BF,)

Para la sintesis de complejos con estequiometria [Pd(L),](X), (L = L2a, L2b, L4b y
LD*, X = BPhy, BF,) se han seguido dos rutas sintéticas diferente segun si el producto
de partida contiene cloros en su formula (clorocomplejo 7 o 8) o no (complejo
[Pd(CH3CN)4](BF4),). Los complejos sintetizados son los que se presentan en la Tabla
3.15.

Ligando Complejo
L2a [Pd(L2a),](BPhs), (25)
L2b [PA(L2b),](BPhs), (26)
L4b [Pd(L4b),](BF4), (27)
LD’ [Pd(L4b)2](BF.): (28)

Tabla 3.15. Complejos que contienen cationes [Pd(L),]*"

3.8.1. Reactividad de los complejos 7 y 8 frente a L

En esta sintesis el intercambio de los ligandos cloruros por L se realiza por la

adicion de 1 mol de L y dos moles de AgBF4 a una disolucion MeOH:CH,Cl; 1:1 de los
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complejos de partida (7 u 8), precipitando 2 moles de AgCl y obteniéndose los
complejos con estequiometria [Pd(L),](BF4), (L = L2a (25) y L2b (26)) solubles en el
medio de reaccion. Adicionando NaBPhy precipitan los complejos [Pd(L)2](BPhy), (L =
L2a (25), L2b (26)) (Figura 3.43)

1) 1L, 2AgBF,

- AgCl
9C Roy—n—Pd 2 BPh,-
2) NaBPh, NN
X\ v \
\
R= (CH,);CHj3 (7) R = (CH,),CH; (25)
R = CH,CH; (8) R = CH,CH; (26)

Figura 3.43. Esquema de reaccion para la obtencion de los complejos 25 y 26

3.8.2. Reactividad del [Pd(CH3CN)4](BFy); frente L4b y LD*

La reaccién de dos moles de L (L = L4b y LD*) con un mol de [Pd(CH;CN)4](BF.),
en acetonitrilo dan complejos con estequiometria [Pd(L),](BF4)> que precipitan en el

medio de reaccion (Figura 3.44).

_ mk

CF
oL \ / { N 3
[Pd(CH,CN),I(BF,), ——— N N—N
\P - \R
R\N—lil/ d 2 BF,-
N
FCT N 7
\
L =Ld4b R = CH,CH; (27)
L=LD* R = CH,CH,OH (28)

Figura 3.44. Esquema de reaccion para la obtencion de los complejos 27 y 28.
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3.8.3 Caracterizacion de los complejos 25-28

Los analisis elementales confirman las formulas propuestas. En los espectros de
masas se observa en todos los casos el pico molecular. Los valores de la conductividad
de los complejos 25-28 en disoluciones 10 M en acetona, se encuentran entre 163.1 y
177.1 @ 'em’mol’, indicando que los complejos son electrolitos 2:1°7%.

En los espectros de IR las bandas mas significativas son las correspondientes a las
vibraciones (V(C=C), V(C=N))ar y 8(C-H),op las cuales aparecen a menor frecuencia
respecto los diclorocomplejos correspondientes (7, 8, 10 y 11). Los aniones son
identificables por IR, ya que para el anion BPhy se observa la banda v(B-C) a 612 cm™,
mientras que si el anién es BF,; se observa una banda intensa entre 1061 y 1060 cm™
(127 Para los compuestos que contienen el grupo CF3 (27 y 28) también se ha podido

identificar la banda v (C-F) entre 1276 y 1271 cm™ "*?. En la Figura 3.45 se muestra a

modo de ejemplo el espectro IR del complejo 25.

28 M\/\ IW/\N\VAWWW” ‘ ' ' 7,

|

V((C=C), (C=N))ur | \

104 6(C'H)oop
8 |
6
4] / |
' v(B-C)
0.0 — S . —
4000.0 3000 2000 1500 1000 500 400.0

Figura 3.45. Espectro IR del complejo 25

Los espectros de RMN 'H y C{'H} se han registrado en CDCl; y CDy(Cly,,

respectivamente para los complejos 25 y 26 y en acetona-de para los complejos 27 y 28.
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Para todos estos complejos las sefiales mas significativas en el espectro RMN 'H son las
correspondientes al hidrogeno del pirazol y el H,. de la piridina, ya que existe un
movimiento de estas sefiales respecto el ligando libre debido a la coordinacion del
ligando al centro metalico. El espectro HMQC ha sido necesario para asignar todos los
protones y carbonos de los complejos. La conformacion anti de los complejos ha sido
confirmada por un experimento NOESY. Observandose interaccion NOE entre el grupo

piridil (H,,,) y el -CH, de la cadena alquilica (Figura 3.46)

E ' I

|
k- |
i I

3 | 3.8
|
|
|

| —4.0
|
|
|

CH2CH3 : 42
4 |
|

\ | 4.4
— !

—= | O

% 4.6

4.8

é 5.0

T T T T T T T T T T T T T T
95 94 93 92 91 90 89 88 87 86 85 84 83 82 ppm

Figura 3.46. Espectro NOESY del complejo [Pd(L4b),](BF4), (27)

Los espectros de RMN ""F{'H} de los compuestos 27 y 28 registrados en acetona-ds
muestran sefales entre -60.1 y -60.9 ppm. Estas sefiales son consistentes con las
encontradas para otros trifluorometilpirazoles”®. Ademas en estos mismos espectros se

puede ver otra sefial atribuible al anion BF,4™ (sefiales entre -151.9 y -152.4 ppm).

3.9. Sintesis del complejo [PdCI(LD*)](BF,) (29)

En la reaccién del complejo [PACL(LD*)] con un mol de AgBF; en CH,Cl, se
forma el complejo [PACILD*)](BFs) (29) (Figura 3.47), donde la vacante de

coordinacion del Pd(IT) producida por la precipitacion de un mol de AgCl es ocupada
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por el a&tomo dador O del grupo OH del propio ligando. La relativa inestabilidad de los
alcoxidos coordinados a Pd(II) provoca la rdpida descomposicion de estos productos a
temperatura ambiente. Esta inestabilidad se puede explicar en términos de
“mismatching” entre el oxigeno que es un atomo dador duro y el centro metalico que es

un aceptor blando suponiendo que esto da una baja estabilidad termodinamica al enlace

Pd-O'%,

pg— N - \ _N—N BF,
cI - AgCl o
o] OH o)
|
H
(11) (29)

Figura 3.47. Esquema de reaccion de formacion del complejo [PACI(LD*)](BFy)

3.9.1. Caracterizacion del complejo [PdCl(LD4)](BF4) (29)

La formula propuesta para este complejo se confirma con el andlisis elemental. El
espectro de masas por electrospray de cationes (ESI+) muestra un pico a 417.8 (100%)
que corresponde a [PACI(LD*)]". El valor de conductividad en acetona corresponde a un
electrolito 1:1 (103.9 Q'cm’mol™)*"®.

El espectro de IR muestra un aumento en la frecuencia de las bandas (v(C=C),
V(C=N))a respecto el ligando libre. Ademas son asignables las bandas v(B-F) a 1059
cm™”, v(C-F) a 1272 cm™ y v(O-H) a 3528 cm™'. También se ha registrado el espectro IR
entre 600 y 100 cm™ observando bandas a 522 cm™ v(Pd-N) y 429 cm™ v(Pd-0O)”.

Los espectros de RMN de 'H, "C{'H} y HMQC se registraron en acetona-ds. El
espectro de protén y carbono son muy similares al del complejo de partida [PdCL(LD?)]
pero en el espectro del complejo 29 se observa una variacion del protdn pirazélico hacia
campos mads altos, 7.51 ppm para el complejo 11 y 7.23 ppm para el 29 (Figura 3.48).
También se aprecia un movimiento de la banda correspondiente al proton H; & = 9.17

ppm (9.33 ppm para el diclorocomplejo 11) (Figura 3.48).

79



Complejos de Pd(ll) y Pt(ll)

Yy
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Figura 3.48 Espectro de RMN 'H para el ligando LD* (A), para el complejo 11 (B) y para el

complejo 29 (C)

Finalmente también se ha registrado el espectro de RMN ""F{'H} en acetona-ds

observandose una sefial a -60.4 ppm debido al grupo trifluorometilo comparable a la

sefial de otros trifluometilpirazoles encontrados en la bibliografia™.
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n este apartado se describe la sintesis y caracterizacion de los complejos
alilpaladio con algunos de los ligandos pirazolicos sintetizados en este trabajo
en concreto con los ligandos Hpz2, L2b, L2a y LD. Ademas se realiza un
estudio de la rotacion aparente del grupo alilo coordinado al Pd(II). En este apartado se

discuten, principalmente los resultados presentados en el articulo 6:

Articulo 6. “New n’-allylpalladium complexes with pyridilpyrazole ligands:
Synthesis, characterisation and study of the apparent Allyl rotation.”.
Montoya, Vanessa; Pons, Josefina; Solans, Xavier; Font-Bardia, Merce;

Ros, Josep. En preparacion
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3.10. Sintesis y caracterizacion de los complejos alilpaladio

Los complejos alilpaladio presentados en este apartado contienen cuatro de los
ligandos piridilpirazol presentados en el capitulo 3.1, tres sintetizados en este trabajo: 2-
(5-fenil-7/ H-pirazol-3-il)piridina (Hpz2), 2-(1-etil-5-fenil-/ H-pirazol-3-il)piridina (L2b),
2-(1-octil-5-fenil)-/ H-pirazol-3-il)piridina (LL2a) y uno sintetizado con anterioridad en
nuestro grupo de investigacion: 2-(5-fenil-3-piridina-2-il-pirazol-1-il)etanol (LD)*. La
diferencia entre estos ligandos se encuentra en el sustituyente en posicion N1. De esta
manera se ha podido estudiar la influencia del sustituyente en posicion N1 en la
complejacion del ligando al centro metélico.

En la reaccién del complejo [Pd(n’-C3Hs)Cl],'* con los ligandos mencionados en
presencia de AgBF4 en una disolucién de dicloromentano a temperatura ambiente se
obtienen los complejos alilpaladio: [Pd(n’-C3Hs)(L)](BFs) (L = Hpz2 (30), L2b (31),
L2a (32), LD (33)). En la Figura 3.49 se presentan estos 4 complejos junto la

numeracion utilizada en este capitulo.

R =H (30)

R =etil (31)

R = octil (32)

R = hidroxietil (33)

Figura 3.49. Complejos alilpaladio sintetizados en este trabajo

También se ha obtenido el complejo neutro [Pd(n’-C3Hs)(pz2)] (34) tratando el
complejo (30) con metoxido sodico en una disolucion CD,Cl, / CD;OD (1:1) (Figura
3.50).

Todos estos complejos son solubles en acetona, diclorometano, metanol y
acetonitrilo pero son insolubles en éter dietilico y hexano.

Los complejos han sido caracterizados por andlisis elemental, conductividad,
espectroscopia IR y RMN 'H y *C{'H} y espectrometria de masas. Para la mayoria de
los compuestos también se han realizado espectros HMQC y NOESY.
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X
N =

\ PN BF," CH,ONa \ A\

b N - NaBF \ —N=n

W IV
(30) (34)

Figura 3.50. Obtencion del complejo 34 a partir del complejo 30

Los analisis elementales confirman las estequiometrias propuestas para los
compuestos (30-34). Los espectros de masas por electrospray positivo (ESI+) presentan
en todos los casos los picos moleculares con una intensidad del 100% (Tabla 3.16) y las
medidas de conductividad en disoluciones aproximadamente 10 M en acetona, revelan
la presencia de electrolitos 1:1, para los complejos 30-33 y no electrolito para el

complejo 347",

Picos moleculares
(30) 31) (32) (33) (34)+H
M (m/z) 368.1 396.1 480.2 412.1 368.1

Tabla 3.16. Picos moleculares para los complejos 30-34

El espectro IR en el rango 4000-400 cm™ de los complejos muestra las sefiales mas
importantes de los grupos piridilo y pirazol (v(C=C), v(C=N)),, (8(C=C), §(C=N)),r y
d(C-H)oop, la posicion de estas bandas indica que el ligando esta coordinado al Pd(ID)'?”,
observandose una variacion de las sefiales hacia frecuencias mas elevadas respecto el
ligando libre. Ademas en el espectro IR del complejo 30 se observa la sefial v(N-H) a
3416 cm™ y para el complejo 33 se observa la banda v(O-H) a 3467 cm™ *?”. En los
complejos 30-33 también se ha observado la presencia de una banda a 1070 cm™,
correspondiente a la vibracion v(B-F) del contraion. En la Figura 3.51 se puede observar

el espectro IR del complejo 31 junto las sefiales mas significativas para este tipo de

complejos.

83



Complejos de Pd(ll) con ligandos alilo

W(C=0), W(C=Npe

45 |
%T 40 ]
35 ]
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25 | (ﬁ(c=C), 6(C=N))ar
20 \

10.5

4000.0 3000 2000 1500 1000 400.0
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Figura 3.51. Espectro IR del complejo 31

Los espectros de RMN 'H se han registrado en acetonitrilo, y la asignacion de las
bandas se ha realizado utilizando como referencia las sefales del ligando libre. Los
datos espectroscopicos de RMN 'H se recogen en la Tabla 3.17 y la numeracién de los
protones se encuentra en la Figura 3.49.

En estos complejos la senal H; del grupo piridilo y el protén Hs del pirazol (Figura
3.49) son consistentes con la coordinacion del ligando al centro metalico, desplazandose
a frecuencias mas elevadas que en el ligando libre. Esto también se ha observado en los
clorocomplejos descritos en el apartado 3.6.1. También se observa que las sefiales
correspondientes al grupo fenilo aparecen como un multiplete probablemente debido a
la rotacién de este grupo en disolucion, aunque esto no se observa para el complejo 34,
en este caso los protones estan claramente diferenciados seguramente debido al
impedimento de la rotacion provocado por el par de electrones del N pirazélico
desprotonado. Este fenomeno también se ha observado en otras moléculas descritas en
la bibliografia'*’.

Las senales del grupo alilo para los complejos 30-33 presentan un tnico doblete a
temperatura ambiente para los protones en syn y un unico doblete para los protones en
anti. Esto indica que el complejo no estd en una situacion estdtica, porque sino se
esperarian cuatro protones terminales diferentes debido a la asimetria del ligando. Esto
implica que exista de una situacién dindmica que provoca una interconversion syn/syn y

anti/anti, como un proceso de aparente rotacion del ligando alilo.
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Los espectros de RMN “C{'H} se han registrado en acetonitrilo para los complejos
30 y 33 y en diclorometano para el resto. Para la correcta asignacion de todos los
carbonos se ha utilizado la técnica HMQC. En la zona del espectro correspondiente a las
sefales del grupo alilo, se observa una sefial amplia para los dos carbonos terminales C;
y Cs (Figura 3.49) cuando se utiliza como disolvente el acetonitrilo (el mismo utilizado
para el espectro de RMN 'H, que refleja la aparente rotacion). Aunque para los
espectros realizados en CD,Cl, se observan dos sefiales diferentes para cada carbono
terminal (Figura 3.52). Esto hace pensar que la aparente rotacion probablemente

dependa del disolvente, asi que se decidid realizar un estudio de RMN en diferentes

disolventes.
C -CH,CH; -CH,CH;
C5 C7 o CS
Cﬁ J\
160 150 140 130 120 110 100 QZ)IN") 80 70 60 50 40 30 20 10
Figura 3.52. Espectro de RMN “C{'H} del complejo 31 en CD,Cl,
3.10.1. Estudio de RMN

Para analizar el proceso dindmico de rotacidon en disolucion se ha realizado un
estudio de RMN de 'H en diferentes disolventes coordinantes y no coordinantes:
CD,Cl,, acetonitrilo-ds, acetona-dg, CDCl3/CD3;OD (90:10) y DMSO-d¢ a temperatura
ambiente. La zona del espectro mayormente estudiada fue la correspondiente a los
desplazamientos del grupo alilo. En la Tabla 3.18 se presentan los desplazamientos
quimicos de los protones alilicos (4.65-3.16 ppm) y entre paréntesis se indica la

constante de acoplamiento calculada.
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Complejo Disolvente H-/Hg syn (6 ppm (J Hz)) H-/Hg anti (6 ppm(J Hz))
30 CDsCN 4.56 (d, 7.0) 3.51(d, 12.4)
30 (CD3),CO 4.65 (d, 6.8) 3.62 (br)
31 CDsCN 4.50 (d, 7.0) 3.58(d, 12.5)
31 (CD3),CO 472 (d, 7.2) 3.76 (br)
31 CDCI:/CD;0OD 4.41 (d, 7.0) Superpuesto CD;0D
31 CDy(Cl, 448 (d,7.2) 3.76(d, 11.7),3.68(d, 12.2)
32 CD;i;CN 4.46 (d, 7.2) 3.54(d, 12.2)
32 (CD3),CO 4.69 (d, 6.8) 3.76 (br)
32 CDy(Cl, 4.50,4.45 (d, 7.0) 3.76, 3.38 (d, 12.5)
33 CDsCN 4.47(d,7.2) 3.55(d, 12.4)
33 (CD3),CO 4.69 (d, 7.0) 3.72 (br)
33 DMSO 4.57 (d, 7.0) 3.61(d, 12.5)
33 CDy(Cl, 4.50 (d, br), 3.69 (br)
34 CDsCN  4.18(d, 7.0),4.04 (d, 6.8) 3.31(12.2),3.16 (12.5)
34 CD,Cl, 4.32(d,7.0),3.93(dd,2.0) 3.27(d, 12.5),3.24(d, 12.4)

Tabla 3.18. Sefiales del grupo alilo en diferentes disolventes. d = doblete, dd = dobledoblete,

br = sefal ancha

Se puede observar que en un disolvente coordinante como el acetonitrilo en la

mayoria de complejos (30-33) existe una Unica sefial para los protones en anti y una

unica senal para los protones en syn. Esto no ocurre para el complejo 34 donde existen

cuatro sefales diferentes (2 sefiales para los protones syn y dos sefales para los protones

anti).

Sin embargo, si se utiliza un disolvente no coordinante como el CD,Cl, se pueden

observar espectros diferentes segiin el complejo:

a)

b)

Para los complejos 32 y 34 existen dos sefiales diferenciadas para los protones

en anti. Para los protones en syn también se observan dos sefiales para cada

proton.

Para el complejo 31 existen dos sefiales diferenciadas para los protones en

anti pero so6lo se observa una sefial para los dos protones syn.

Por ultimo para el complejo 33 se observan dos sefales anchas para cada tipo

de proton (syn y anti).
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d)  Para el complejo 30 no fue posible registrar el espectro de RMN de 'H en
CD,Cl; debido a su baja solubilidad

También se han registrado espectros en otros disolventes, por ejemplo para el
complejo 33 el espectro registrado en DMSO-d¢ muestra un espectro muy similar al
obtenido en acetonitrilo (una tnica sefial para los protones syn y una Unica sefal para
los protones anti). Sin embargo, cuando los espectros se registran en acetona para los
complejo 30-33, se observa otro tipo de espectro comparado con los obtenidos hasta
ahora: para los protones en syn se observa un doblete y para los protones en anti se
observa una sefial ancha. En la Figura 3.53 a modo de ejemplo se muestra el espectro

del complejo 31 en diferentes disolventes.

Hsyn

(A) \ Hanti

6.8 6.4 6.0 5.6 52 4.8 4.4 4.0 3.6 3.2
(ppm)

(B) N\

] d Y g i " ] j T ; ! i 7 ; ] v I ' ] ' ] i j " ] i |
6.4 6.0 56 5.2 4.8 4.4 4.0 3.6
(ppm)

(C) HSyIl Hanti

/O

6.4 6.0 5.6 52 4.8 44 4.0 3.6 3.2
(ppm)

Figura 3.53. Espectros de RMN 'H en diferentes disolventes para el complejo 31. A) Acetona-
ds. B) Acetonitrilo-d;, C) CD,Cl,
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Con esta informacion se puede concluir que la aparente rotacion del grupo alilo y su
AG* asociada al proceso dependen del disolvente. Observandose mayores valores de
AG? para disolventes no coordinantes como el CD,Cl, y menores para disolventes
coordinantes como el CD3CN y el DMSO (Tabla 3.19). Esto podria indicar que este
proceso implica un mecanismo asociativo con la coordinacion de una molécula de
disolvente.

Para saber si podia haber algun tipo de interaccion entre el complejo y un disolvente
como la acetona se registr6 un espectro NOESY observando una interacciéon NOE entre

los protones anti del sustituyente alilo y el agua del disolvente (Figura 3.54).

o §e

F1 [ppm]

T
1

T . . . T T T T . T . . . T T
4.5 4.0 35 30 F2 [ppm]

Figura 3.54. Espectro 2D NOESY del complejo 31

Esta observacion indica que el proceso de la aparente rotacién también puede
implicar la coordinaciéon de agua. Con estos datos se puede postular un mecanismo
dividido en tres pasos diferenciados: primero la coordinacion del disolvente o el agua
formando un intermedio pentacoordinado, segundo, pseudorotacion del grupo alilo y
como consecuencia intercambio de los dos carbonos alilicos terminales y por ultimo
descoordinacion del grupo X (H,O o disolvente) dando lugar al producto final en el cual

. .. . . 131 .
se observa que ha tenido lugar in intercambio syn-syn anti-anti’”>’. Este mecanismo se

89



Complejos de Pd(ll) con ligandos alilo

ilustra en la Figura 3.55 observandose que especies con propiedades coordinativas como

el disolvente o el agua favorecen claramente el proceso.

+ X + . X + , +

/[/;Pd"“\\N | 3+ X /(la/d“‘\“N ! —;Llf’/d"““N . b)-X )A o |
: — —_— -=~pg
) ) ) .

N

N N N

Figura 3.55. Mecanismo de la aparente rotacion del grupo alilo coordinandose un grupo X (X =

H,0 o disolvente)

Para obtener mas informacion sobre el proceso dindmico de los complejos 30-33 y
saber si el sustituyente en N1 influye en este proceso se realizo un estudio a diferentes
temperaturas (213-298 K) en diferentes disolventes (acetonitrilo, acetona) para
encontrar la temperatura de coalescencia del proceso de interconversion Hsyn-Hsyn y
Hanti-Hanti (Tabla 3.19). Para todos los complejos se observan dos sefales para los
protones en anti a temperaturas bajas que podria corresponderse con una situacion
estatica. Un aumento o disminucion de la temperatura permite calcular la temperatura

de coalescencia (Tabla 3.19).

Complejo Disolvente  Grupos intercambian Tc¢(K) v, (Hz) AG/
(KJmol™)
30 acetonitrilo Hsyn-Hsyn 248 13.5
Hanti-Hanti 248 18.2 52.7
acetona Hsyn-Hsyn 233 11.6 50.3
Hanti-Hanti 298 69.8 60.5
31 acetonitrilo Hsyn-Hsyn --
Hanti-Hanti -
acetona Hsyn-Hsyn --
Hanti-Hanti 298 64.5 60.7
32 acetonitrilo Hsyn-Hsyn --
Hanti-Hanti --
acetona Hsyn-Hsyn 213 10.6 50.4
Hanti-Hanti 298 61.0 60.8
33 acetona Hsyn-Hsyn 233 15.6 49.7

Hanti-Hanti --

Tabla 3.19. Temperatura de coalescencia (Tc¢) y AG.*asociada a la aparente rotacion
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Si se observa la Tabla 3.19 se puede deducir que AG .* de los diferentes complejos
en el mismo disolvente depende del sustituyente en N1, con una menor AG.* para el
complejo con hidrégeno en posicion N1 (complejo 30) y mayor AG . para el complejo
con cadena alquilica mas larga (complejo 32). También se observa un valor bajo de
AG.* (49.7 KJmol™) para el complejo 33. Esto indicaria que el grupo hidroxietilo podria
favorecer el proceso de aparente rotacion, coordindndose al paladio y dando lugar a un

intermedio muy similar al formado con agua o una molécula de disolvente (Figura 3.56).

Figura 3.56. Mecanismo por el cual se interconvierten los protones syn-syn anti-anti en el

complejo 33.

Este estudio de la aparente rotacion no se realiz6 en diferentes temperaturas para el
complejo 34 porque este complejo presenta en todos los disolventes una situacion
estatica. Probablemente debido al impedimento estérico creado por el par de electrones

libres del N.

3.10.2. Estructura cristalina del complejo [Pd(n3-C3H5)(L2b)](BF4) 31)

Se ha podido resolver la estructura cristalina del complejo 31 por difraccion de
Rayos X en monocristal que consiste en un catién de Pd(II) [Pd(n’-C3Hs)(L2b)]"y un
anion BF,. La estructura cristalina del cation [Pd(n3—C3H5)(L2b)]+ se presenta en la
Figura 3.57.

La geometria entorno al Pd(I) es plano cuadrada. El entorno del metal consiste en
un ligando L2b coordinado acabando la coordinacion del metal con un ligando alilo con
una coordinaciéon 1’. El ligando L2b actia como bidentado quelato via un nitrégeno

pirazolico y un nitrégeno piridinico, formando un metalociclo de cinco miembros.
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Figura 3.57. Estructura cristalina del cation [Pd(n3—C3H5)(L2b)]+

El core [Pd(n’ -C3Hs)(Npy)(Np,)] tnicamente se encuentra descrito en la bibliografia
en un complejo'*?. La distancia Pd-Npy es idéntica a la distancia Pd-Npz (2.115(3) y
2.117(3) A, respectivamente). La distancia de enlace Pd-C se encuentra en el rango de
distancias encontradas en la bibliografia para este tipo de complejos, con la distancia
mas larga para el enlace Pd-C(terminal) en disposicion trans respecto el Npy (2.114(3)
A) mientras los otros dos enlaces Pd-C(terminal) y Pd-C(central) son de 2.101(4) y
2.108(3) A, respectivamente. Todas estas distancias (Pd-Npy, Pd-Npz y Pd-C) se
encuentran en el rango de distancias encontradas en la bibliografia para complejos que
contienen ligandos N-N’y en trans el fragmento alilpaladio'**'*.

El grupo alilo se desvia de una geometria ideal (distancias C-C de 1.36 A y angulo
C-C-C de 120°). Asi, el grupo alilo presenta dos tipos de distancias C-C (1.378(8) y
1.402(6) A) y un angulo C-C-C de 118.3(4)°. Estos valores se desvian de la geometria
ideal de la misma manera que lo hacen otros grupos alilo que contienen fragmentos
[Pd(n’-C3Hs)]" *"*¥. El angulo diedro formado entre el plano del alilo y el plano de
coordinacion es de 66.90(14)°

El angulo quelato N(1)-Pd-N(2) es de 77.68(10)°. Este angulo es menor que el
encontrado para los complejos [PAdCL(Hpz2)]* 79.16(14)°, (Hpz2 = 2-(5-fenil-1H-
pirazol-3-il)piridina, [PdCly(L2a)] (7), 79.39(13)° (L2a = 2-(1-octil-5-fenil-/ H-pirazol-
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3-il)piridina) y en [PtCly(L2b)] (16) 78.83(9)°. Estos dos ultimos complejos se
describen en la pagina 64 de esta Tesis Doctoral.

El ligando L2b no es plano. El grupo piridilo y fenilo tienen un angulo diedro
respecto el anillo pirazodlico. El angulo diedro py-pz es de 7.05(17)° y el angulo ph-pz es
de 18.09(18)°. El éngulo diedro py-pz es mayor que el de los complejos
[PACL(Hpz2)]* (py-pz 1.43(4)"), [PACL(L2a)] (7) (py-pz 1.5(2)°) y [PICly(L2b)] (16)
(py-pz 3.4(4)°) y el angulo ph-pz es menor que el de los complejos [PdCly(L2a)] (7)
(69.2(3)°) v [PtCly(L2b)] (16) (54.0(4°)) pero mayor que en el [PdCL(Hpz2)]*
(0.48(3)°).

El grupo alquilo que esta unido al N pirazélico (N(3)) no se encuentra en el plano de
coordinacion del metal pudiéndose calcular un angulo de torsion N(2)-N(3)-C(15)-C(16)
de 89.5(3)° mayor que para el complejo [PtCly(L2b)] (16).
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n este capitulo se presentan los resultados obtenidos en la reaccion de
Heck utilizando como catalizador algunos de los complejos de Pd(II)
presentados en el apartado 3.6 (7-12) y con otros complejos sintetizados
en trabajos anteriores (35-37). Ademas se estudian los pardmetros que pueden afectar a
la eficiencia de dichos catalizadores. En este apartado se discuten, principalmente los

resultados obtenidos en el articulo 7:
Articulo 7. “Highly active Pd(Il) Catalysts with pyridilpyrazole ligands for the Heck

Reaction. Mechanistic studies” Montoya, Vanessa; Pons, Josefina;

Branchadell, Viceng; Ros, Josep. En preparacion
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3.11. Estudios cataliticos.

En este capitulo se ha probado la actividad catalitica de los clorocomplejos de Pd(II)
que contienen algunos ligandos piridilpirazol sintetizados en este trabajo (complejos 7-

12) y los sintetizados en un trabajo anterior a éste (35-37)44’89‘(Figura 3.58).

R? = octil (7) R*= octil (9)
R*= etil (8) R”= etil (10)
R’*=H (35) R*= hidroxietil (11)
R?= hidroxietil (36) R*=H (12)
R*= (CH,CH,0);CH; (37)

Figura 3.58. Complejos utilizados en la reaccion de Heck.

Una caracteristica comun en estos complejos es que todos ellos son térmicamente
estables y no degradan a la temperatura de 140°C probablemente debido a la estabilidad
que proporcionan los ligandos quelato. Otra ventaja que presentan este tipo de
complejos es que son estables al aire y por esta razon la reaccion se puede llevar a cabo
en condiciones aerdbicas. En concreto, la reaccion que se ha estudiado utilizando como
catalizadores los complejos presentados anteriormente, es la reaccion de Heck, que se
presenta de manera esquematizada en la Figura 3.59. La reaccidon de Heck ensayada en
este trabajo contiene como olefinas el acrilato de tertbutilo o el estireno y se hacen
reaccionar con diferentes haluros de arilo (yodo, bromo y clorobenceno) (Ver Figura
3.59). El producto que se ha obtenido en todos los casos, es una olefina con los
sustituyentes en disposicion trans. La configuracion de ésta se ha podido determinar por

el acoplamiento entre los protones olefinicos (*J = 19.2 Hz) en el espectro de RMN 'H.
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Base

[cat]

Figura 3.59. Esquema de la reaccion de Heck (R = fenil o tertbutil, X =1, Br o Cl)

La diferencia entre las olefinas utilizadas se encuentra en el sustituyente (R), siendo
mas favorables las reacciones que presentan un grupo electroatrayente como el acrilato

de tertbutilo® (Figura 3.60).

(0]
J}\_O tBu

Acrilato de tertbutilo estireno
Figura 3.60. Diferentes olefinas utilizadas como sustrato.

Los haluros de arilo utilizados también aumentan su reactividad segtn el orden Cl <
Br < I debido a la mayor fuerza del enlace C-X (X = Cl, Br, I) en los compuestos
clorados comparados con los de bromo o iodo™.

En la bibliografia se postula un posible mecanismo para la reaccion de Heck que
consta de 1 paso previo de activacion del catalizador que consiste en la obtencion de un
complejo de Pd(0) a partir del complejo de Pd(IT) seguido de un ciclo catalitico que
consta de 3 pasos, primero el haluro de arilo reacciona con el Pd(0) produciéndose una
adicion oxidativa donde las dos unidades del haluro de arilo (X y el grupo fenilo) se
unen al Pd(0). El siguiente paso es una insercion migratoria de la olefina y el paso final
es una eliminacion reductiva donde se genera el producto y la regeneracion del
catalizador de Pd(0). En este mecanismo, la naturaleza del haluro de arilo es muy
importante en la determinacion de la etapa determinante de la velocidad de reaccion, por
ejemplo para los cloruros de arilo y los bromuros de arilo desactivados, es comun
encontrar que la etapa determinante de la velocidad de la reaccion es la adicion
oxidativa'*®. En la Figura 3.61 se observa el mecanismo propuesto incluyendo el efecto

del ligando. En este caso se ha postulado la abertura del ligando, aunque existen otros
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mecanismos donde se predice un intermedio idnico por disociacion del ligando X

incluso la formacion de nanoparticulas de Pd(0) estabilizadas por el ligand0138’139.
MR
N \
N—N
R
Pd
pd
NEt, ‘HX a” N\
Cl
NEt, J
/tBU — X
\ X R \ SR
70 NN
N —
. \ /N—‘N \ /N N\R
R Pd
/
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oxidante)
(B—eliminacion)
X —R
N—N,
® R
/
e
N—
P N
\ R
(6]
O \
/
But
But—O
(insercion ™ O—tBu

migratoria)

Figura 3.61. Mecanismo de reaccion

137

Para evaluar los diferentes complejos presentados anteriormente se ha optimizado el

proceso de catalisis cambiando algunas de las variables que afectan a la reacciéon como

la temperatura, la base y el disolvente. Una vez encontrados los pardmetros apropiados

se han probado los diferentes complejos bajo las mismas condiciones. El progreso de la

reaccion se ha podido seguir por cromatografia de gases utilizando como patron interno

el decano. Para poder comparar los resultados obtenidos, en la Tabla 3.20 se representan

las reacciones ensayadas junto las variables mas significativas. Ademas, también se ha

calculado el TON y TOF de cada reaccion.
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Catalisis. La reaccion de Heck

Los estudios preliminares empiezan con el complejo 7 (0.1%) y como sustratos el
bromobenceno y el acrilato de tertbutilo a 100°C utilizando como base y disolvente la
NEt; En la entrada 2 de la Tabla 3.20 se observa que bajo estas condiciones la reaccion
no tiene lugar. Si se siguen utilizando los mismos reactivos pero utilizando como
disolvente la DMF, temperatura de 140°, se mantiene la misma base y se afiade como
aditivo el NBusBr (utilizado en catalisis como agente de transferencia de fase) se
obtiene un solido negro que precipita, supuestamente debido a la formacion de Pd(0)
observandose una conversion del 66% en 78 h (TON = 671) (entrada 1). Asi las
mejores condiciones obtenidas fueron utilizar DMF como disolvente, trietilamina como
base y afiadiendo como aditivo NBuyBr a una temperatura de 140°C. Bajo estas
condiciones se ha estudiado como afecta a la reaccion de Heck, la utilizacion de
complejos con ligandos que contienen diferentes sustituyentes en N1 y en posicion 5 del
anillo pirazolico.

Una manera de observar la influencia de la cadena alquilica unida al N1 del
catalizador es utilizar un complejo con los mismos sustituyentes en posicion 3 y 5
(piridina y fenilo) pero con una cadena alquilica de menor longitud unida al N1
(complejo 8). Observandose que el catalizador con una cadena alquilica mas corta (8) es
mas efectivo que el complejo 7 (entrada 4), incluso se consigue una mayor conversion
en un menor tiempo de reaccidon con el complejo que contiene el ligando pirazdlico que
no se encuentran sustituidos en posicion 1 (complejo 35) (entrada 6). También se ha
querido probar la eficiencia de este ultimo catalizador (35) en un disolvente como el
agua, observandose que la conversion es mucho menor que en DMF probablemente
debido a que el catalizador es poco soluble en H,O y que la temperatura a la que se
puede llegar es solamente de 100°C.

Para estudiar la influencia del sustituyente en posicion 5 del ligando coordinado al
paladio se ha llevado a cabo la reaccion de Heck con complejos que contienen en
posicion 5 del pirazol un grupo electroatrayente como el CF3; (complejos 9, 10 y 12)
observando que la conversion para los complejos 9 y 10 es similar o incluso mas baja
que los complejos andlogos con un grupo fenilo en posicion 5 (complejos 7 y 8,
respectivamente) (ver entradas 11 y 13). Ademas, también se observa el mismo efecto
que con los complejos anteriores obteniéndose mejores resultados con complejos en los

que la cadena alquilica es mas corta. Pero en este caso el complejo que contiene el
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ligando sin sustituyente en posicion N1 (12), da lugar a una conversion mas pequeiia de
la esperada (entrada 9), probablemente debido a que este compuesto en el medio de
reaccion no es neutro ya que el pKa de este ligando es aproximadamente 7.2 y la base
que se utiliza en la reaccién es lo suficientemente fuerte para arrancar el proton
pirazolico (pKa NEt; = 10.8) dando lugar por tanto a un complejo idnico diferente a los
que se estan comparando.

Para evaluar la influencia que puede tener los grupos donadores en la cadena
alquilica. Se decide utilizar complejos que contengan ligandos sustituidos en posicion
N1 por un grupo hidroxietilo (complejos 11 y 36). Sorprendentemente se observaron
unos resultado muy buenos (entradas 14 y 19), incluso mejores que los observados en la

140.141. "Esto hizo pensar en un posible intermedio

bibliografia con catalizadores similares
estabilizado como el que se presenta en la Figura 3.62, donde existe un puente de
hidrégeno entre el catalizador y la olefina una vez producida la insercion de la olefina al
paladio. La manera de descartar esta posibilidad fue utilizar una olefina como el estireno
donde no se pudieran formar puentes de hidrogeno (entradas 17 y 21), pero utilizando
esta Ultima olefina no se observd un gran descenso en la conversion y la pequeia
diferencia encontrada es atribuible a los efectos electronicos causados por el
sustituyente fenilo en la olefina como anteriormente se ha comentado, ya que este
pequefio descenso en la conversion es el mismo que se observa en la entrada 11 y 12

utilizando como catalizador el complejo 10 el cual no contiene como sustituyente un

grupo alcohol.

Figura 3.62. Posible intermedio entre el catalizador y la olefina.
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Por ultimo se ha ensayado un complejo que también contiene oxigenos en su cadena
alquilica, como es el complejo 37 con un sustituyente poliéter en N1, observando que la
conversion obtenida (entrada 24) es muy similar a la del compuesto andlogo con grupos
alquilo (complejo 9), esto hace pensar que la reaccion de Heck se ve favorecida por
catalizadores que contienen grupos alcohol y no tinicamente oxigenos.

Como se ha comentado anteriormente la reaccidon de Heck se ha probado con
diferentes haluros de arilo esperando mejores resultados para los I > Br > CIL
Efectivamente cuando se ha utilizado ioduro como sustrato las conversiones y los
tiempos de reaccion han mejorado notablemente (entradas 15, 20 y 23). Aunque, la
parte mas interesante ha sido probar estos catalizadores con sustratos que contengan
cloruros mucho menos reactivos, observando que incluso con los complejos que
contienen grupos hidroxialquilos en el ligando se obtienen resultados muy aceptables
(entradas 5, 18, 22 y 25)

Todas estas pruebas se realizaron con concentraciones de catalizador de 0.1%
respecto el sustrato (haluro de arilo), si esta concentracion se disminuye 10 veces
(0.01%) se observan conversiones muy parecidas concluyendo que la concentracion de
catalizador en este intervalo no afecta a la conversion (entradas 8, 10, 11 y 16). Aunque
lo que si se consigue es un aumento del TON (moles sustrato obtenido/moles

catalizador) de la reaccion.

3.11.1 Mecanismo de la reaccion de Heck

Con la ayuda de los datos que se encuentran en la bibliografia y los estudios tedricos
realizados por el Dr Vicen¢ Branchadell, se puede llegar a postular un posible
mecanismo en el que se observa el efecto del ligando (Figura 3.63). En este mecanismo
se sigue el mismo ciclo descrito en la bibliografia, formado por un paso previo de
preactivacion del catalizador y seguido de un ciclo catalitico dividido en tres pasos
diferenciados (adicion oxidativa, insercion migratoria de la olefina y eliminacion
reductiva)

Primero se produce la activacion del catalizador pasando de Pd(Il) a Pd(0), la
formacion de Pd(0) se ha demostrado experimentalmente adicionando mercurio a la

mezcla de reaccion. De esta manera se observa que la conversion una vez adicionado el
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amalgama entre el Pd(0) y el

42

mercurio y probablemente debido a la formacion de un

. . . .1
mercurio hace que el catalizador se vuelva inactivo
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Figura 3.63. Mecanismo propuesto para la reaccion de Heck
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Una vez obtenido el Pd(0) se produce la adicion oxidativa del haluro de arilo. Para
que se produzca el paso siguiente es necesario que se descoordine uno de los ligandos.
Calculos teodricos demuestran que es mas favorable la rotura del enlace Pd-X, que la
rotura del enlace Pd-N, formandose de esta manera un intermedio i6nico. Una vez
obtenido el intermedio i6nico se inserta la olefina y méas tarde se produce la migracion
del grupo fenilo como se observa en la Figura 3.63. En estos estudios también se ha
demostrado que la formacién de un intermedio como el presentado en la Figura 3.62
favorece el proceso. Finalmente se produce la eliminacién reductiva con la formacion
del producto deseado y la regeneracion del catalizador.

La recuperacion del catalizador bajo las condiciones estudiadas es sencilla,
unicamente se filtra el producto obtenido ya que a temperatura ambiente precipita como
un solido blanco y se recuperan las aguas madres.

Una duda que surgio al realizar este proceso es si el catalizador se encontraba
disuelto en las aguas madres o bien se trataba de unas particulas sélidas de color negro
que se encontraban mezcladas con el producto.

Asi que se recuperaron las aguas madres que presentan un color rojizo y se adiciond
nuevamente sustrato para observar si estas eran capaz de catalizar. Efectivamente se
volvia a producir la reacciéon de Heck con una conversion muy similar que la obtenida
en el primer proceso. Esto indica que el catalizador se encuentra en disolucion pudiendo
ser nanoparticulas que se encuentran en suspension.

Todos los estudios comentados sobre el mecanismo de reaccidon son preliminares y
se estan llevando a cabo en estos momentos. Estudios mas concluyentes seran obtenidos

en un futuro préoximo.
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4. Resumen y conclusiones

eniendo en cuenta los objetivos planteados, y una vez expuesta la
discusion de los resultados, a continuacion se realizara un resumen de todo
el trabajo presentado en esta Tesis Doctoral junto con las conclusiones que

se han podido extraer:
Se han sintetizado y caracterizado diecisiete ligandos pirazélicos 1,3,5-sustituidos,
en concreto, aquellos que presentan un grupo alquilo o hidroxialquilo en posicién 1 y
grupos metilo, fenilo, piridilo o trifluorometilo en las posiciones 3 y 5. De todos estos
ligandos unicamente 5 ya habian sido descritos previamente en la bibliografia (L2a,

L3a L4a LD y LD’):

Pirazoles N1-hidroxialguilo:

2-(5-fenil-3-piridin-2-il-pirazol-1-il)etanol (LD)
2-(3-fenil-5-piridin-2-il-pirazol-1-il)etanol (LD’)
2-(3-piridin-2-il-5trifluorometil-pirazol-1-il)etanol (LD%)
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Pirazoles N1-alquilo

1-etil-3,5-bis(2-piridil)pirazol (L") 1-octil-3,5-bis(2-piridil)pirazol (L?)
1-octil-3-fenil-5-metilpirazol (L.1a) 1-octil-5-fenil-3-metilpirazol (L1a’)
1-octil-5-fenil-3-(2-piridil)pirazol (L2a)  1-octil-3-fenil-5-(2-piridil)pirazol (L.2a”)
1-etil-3-fenil-5-metilpirazol (L1b) 1-etil-5-fenil-3-metilpirazol (L1b’)

1-etil-5-fenil-3-(2-piridil)pirazol (L.2b) 1-etil-3-fenil-5-(2-piridil)pirazol (L.2b’)

2-(5-metil-1-octil-/ H-pirazol-3-il)piridina (L3a)
2-(1-octil-5-trifluorometil- / H-pirazol-3-il)piridina (L4a)
2-(1-etil-5-metil-/ H-pirazol-3-il)piridina (L.3b)
2-(1-etil-5-trifluorometil-/ H-pirazol-3-il)piridina (L4b)

Los ligandos Nl-alquilo se obtienen por reaccion del correspondiente ligando
pirazolico 3,5-sustituido y el haluro de alcano apropiado. El proceso mas eficiente para
la obtencion de estos ligandos implica la utilizaciéon de NaH como base, THF como
disolvente y el ioduro de alcano correspondiente.

Cuando los sustituyentes en posicion 3 y 5 son diferentes se pueden obtener dos
regioisomeros. Cuando los ligandos pirazdlicos contienen como sustituyente en
posicion 3 o 5 un grupo piridilo dan lugar a reacciones regioselectivas. Calculos
computacionales han confirmado que la formacion de un quelato entre el Na' y el anién
pirazolato son los causantes de dicha regioselectividad. En el caso de los ligandos que
no contienen un anillo piridilo se forman los dos regioisdmero en una proporcion 60:40.

La sintesis del nuevo ligando N1-hidroxialquilo (LD?) se realiza con la B-dicetona
correspondiente y la 2-hidroxietilhidrazina utilizando como disolvente etanol absoluto.
En esta reaccion no se observa formacion de regioisomeros pero si la formacion de un
compuesto: el 2-(2-hidroxietil)-5-piridin-2-il-3-trifluorometil-3,4-dihidro-2 H-piraz-3-ol)
(p), probablemente debido a la dificil eliminaciéon de H>O en el mecanismo de

formacion del pirazol en compuestos que contienen grupos electroatrayentes como el

CFs.
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Todos los ligandos se han caracterizado por andlisis elemental, espectroscopias de

IR y de RMN de 'Hy *C{'H} y espectrometria de masas por electrospray.

Se ha ensayado la reactividad de los ligandos Lla y L1b con Pd(Il) y Pt(Il)
obteniéndose cuatro nuevos complejos [MCly(L),] con una disposicion trans de los
ligandos pirazolicos. El estudio de RMN de 'H indica que para el complejo trans-
[PACl(L1b);] existe una rotacion lenta alrededor del enlace Pd-N, observandose en
solucion dos isomeros conformacionales, syn y anti, en una proporcion 1:1,
aproximadamente. Sin embargo en estado solido solo se obtiene el compuesto anti. En
el caso del complejo trans-[PdCly(L1a),] solo se observa un isémero conformacional,
anti. Esto indica que cuando la longitud de la cadena es mayor se incrementa la relacion
del conformomero anti respecto el syn. Un comportamiento diferente se observa con los
complejos trans-[PtCly(L),] (L = L1a, L1b) los cuales presentan una Unica especie en
disolucion (isomero anti). La presencia de un tUnico isémero en el caso del Pt(II)
confirma la mayor estabilidad del enlace Pt-N respecto el enlace Pd-N. Asi se puede
establecer que la formacion de los conformomeros syn y anti se controla por efectos

estéricos que provienen de la longitud de la cadena ademas de la naturaleza del metal.

La reaccion de los ligandos L', L% L2a y L2b con Pd(Il) y Pt(Il) y la de los
ligandos L4a, L4b, LD* y Hpz4 con Pd(II) da lugar a la formacién de compuestos cis-
[MCIy(L)] donde el ligando L actia como bidentado quelato via Npz y Npy. La
solubilidad de estos complejos en disolventes organicos es mucho mayor cuando el
ligando esta sustituido en N1 por un grupo alquilo o hidroxialquilo que cuando no lo

esta (complejo cis-[MCl,(Hpz4)]).

Con la finalidad de obtener diferentes entornos de Pd(II), pasando del entorno
[PACI(NN’)] (NN’ = ligando piridilpirazol) a entornos [PA(NN’)(N’*),] (N”’ = piridina)
y [PA(NN’)(P).] (P = trifenilfosfina), se ha llevado a cabo la reaccion de los complejos
cis-[PdCL,(L)] ( L = L2a, L2b, L4b, LD*) con piridina (py) y trifenilfosfina (PPhs) en
presencia de AgBF, y/o NaBPhs forméandose los complejos [Pd(L)(py)]X: y
[Pd(L)(PPh;),]X; (L = L2a, L2b, L4b, LD* X = BF,, BPhy).
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La reaccion del complejo [PdClz(LD4)] con un mol de AgBF4 en CH,Cl, lleva a la
formacion del complejo [PdCl(LD4)](BF4), en este complejo el ligando, LD*, actua

como tridentado via Npy, Npz y el oxigeno del grupo alcohol.

La reaccion del complejo [Pd(n’-alilo)Cl], con los ligandos Hpz2, L2a, L2b, LD da
lugar a los complejos [Pd(n’-alilo)L](BF,) (L = Hpz2, L2a, L2b, LD). Ademas también
se ha obtenido el complejo [Pd(n’-alilo)pz2] por reaccién de [Pd(n’-alilo)Hpz2](BEs)
con MeONa. En estos complejos se ha observado que la aparente rotacion del grupo
alilo presenta una pequena energia de activacion favorecida por la presencia de
disolventes coordinantes o moléculas de agua, asi se puede postular un mecanismo
asociativo en el cual no existe rotura del enlace Pd-N, formandose un intermedio
pentacoordinado con una molécula de agua o disolvente

También se ha estudiado la influencia del ligando pirazolico en el proceso de
rotacion observandose que el mayor impedimento en la rotacion del ligando alilo viene
provocado por el par de electrones libres del ligando pz2, mientras que ligandos que
contienen grupos donadores como el oxigeno (LD), favorecen el proceso debido a la
formacion de un intermedio muy similar al formado por la coordinacion de una

molécula de agua o disolvente.

Los complejos [Pd(L):]X, (X = BF4 o BPhy') se obtienen por reaccion de los
complejos cis-[PdCIy(L)] (L = L2a y L2b) con un exceso de L en presencia de AgBF, y
NaBPh4 o por reaccion del complejo [Pd(CH3CN)4](BF4), con un exceso de ligando
(L4b, LD*). Todos los complejos obtenidos presentan los ligandos pirazolicos en

disposicion anti.

Todos los complejos han sido caracterizados mediante diferentes técnicas analiticas,
conductimétricas y espectroscopicas, para conocer su composicion y disponer de la
maxima informacion estructural

a) Los analisis elementales han permitido confirmar las féormulas empiricas

propuestas.

b) Las medidas de conductividad molar indican que tipo de electrolito es el

complejo (no electrolito, electrolito 1:1 o electrolito 1:2).
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Los espectros IR entre 4000-400 cm™ de todos los complejos son muy
similares a los correspondientes ligandos libres. La banda mas significativa
es la atribuible a las vibraciones (v(C=C), (C=N)),; que aparece desplazada
hacia frecuencias mas elevadas que las dos bandas que se observan en los
ligandos libres. Esta diferencia indica que se ha producido la coordinacion
del ligando al centro metélico.

Los espectros IR entre 700-150 cm™ han permitido observar las bandas
atribuibles a las vibraciones v(M-X) (X =N, P, Cl y O). La banda atribuible a
la vibracion v(M-CI) puede aparecer como una unica sefial, lo que indica que
los cloros en el complejo estdn en disposicion frans (clorocomplejos con
ligandos pirazolicos monodentados), o bien aparecen 2 sefales lo que indica
que los cloros estdin en disposicion cis (clorocomplejos con ligados
piridilpirazol)

Los espectros de RMN de 'H y de *C{'H} han sido decisivos para el estudio
de la coordinacion de los ligandos al centro metalico. Es de destacar que las
bandas correspondientes al Horto de la piridina y al H pirazélico son las que
mayores cambios sufren desplazdndose hacia frecuencias mas elevadas
cuando el ligando se encuentra coordinado al centro metélico.

Estudios de RMN de 'H a temperatura variable y en diferentes disolventes
han permitido estudiar el proceso de aparente rotaciéon en los complejos
alilpaladio [Pd(n’-alilo)L](BEy).

Ha sido posible obtener cristales aptos para su estudio por difraccion de
Rayos X en monocrsital de ocho de los complejos sintetizados. Seis de las
estructuras son mondmeros de Pd(I) (una con un ligando pirazdlico
monodentado que coordina al metal por el nitrogeno pirazolico y cinco con
ligandos piridilpirazol que coordinan al metal de forma bidentada quelato via
un nitrégeno pirazoélico y uno piridinico). De estas cinco, cuatro de ellas
acaban la coordinacion del metal con dos ligandos cloruro y la estructura
restante con un ligando alilo. También ha sido posible resolver dos
estructuras de Pt(Il) las cuales estan formadas por dos mondmeros unidos

entre ellos por interacciones n-stacking
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La geometria alrededor del centro metdlico en todas las estructuras es

planocuadrada distorsionada.

Se ha probado la actividad catalitica de los complejos de Pd(II) con férmula [PdCI,L]
(L = L2a, L2b, L4a, L4b, Hpz2, Hpz4, LD, LD4) en la reaccion de Heck observando
la influencia del ligando pirazélico L en dicha catdlisis. Los catalizadores mas eficientes
han sido aquellos que contienen una cadena hidroxialquilica en N1. Cuando los
sustituyentes en N1 son cadenas alquilicas, los catalizadores son mas eficientes cuando

menor es la longitud de la cadena.
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Abstract

Reactions of ligands 1-ethyl-5-methyl-3-phenyl-1H-pyrazole (L') and 5-methyl-1-octyl-3-phenyl-1H-pyrazole (L% with
[PACl,(CH3CN), and K,PtCl, gave complexes trans-[MCly(L),] (L = L', L?). The new complexes were characterised by elemental
analyses, conductivity measurements, infrared, 'H and '*C{'H} NMR spectroscopies and X-ray diffraction. The NMR study of the
complex [PACIy(L'),], in CDCI; solution, is consistent with a very slow rotation of ligands around the Pd-N bond, so that two con-
formational isomers can be observed in solution (syn and anti). Different behaviour is observed for complexes [PdCl,(L?),] and
[PtCly(L),] (L = L', L?), which present an isomer in solution at room temperature (anti). The crystal structure of [PdCly(L"),] com-

plex is described, where the Pd(II) presents a square planar geometry with the ligands coordinated in a frans disposition.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Pyrazole ligands; Palladium complexes; Platinum complexes; Crystal structure

1. Introduction

Research on the coordination chemistry of pyrazole-
derived ligands has progressed very rapidly over the last
two decades. Mukherjee published an extensive review
in [1], which complements those presented by La Mon-
ica and Ardizzoia in [2] and by Trofimenko in [3-6].

The Nl-substituted pyrazolic ligands have been
extensively investigated in our laboratory in recent
years: N-aminoalkylpyrazoles [7-12], N-phos-
phinoalkylpyrazoles  [13-15],  N-thioetherpyrazoles
[16-22], N-hydroxyalkylpyrazoles [23-25] and N-poly-
etherpyrazoles [26-29].

In particular, we have reported the synthesis and
structural characterisation of new palladium(II) and

* Corresponding authors. Fax: +34 93 581 31 01.
E-mail address. josefina.pons@uab.es (J. Pons).

0020-1693/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
d0i:10.1016/j.ica.2004.12.060

platinum(II) compounds with 1-hydroxyalkyl-3,5-dim-
ethylpyrazole [23,24] and 1-hydroxyalkylpyrazole li-
gands [24,25]. A similar study has been carried out
with complexes with N1-polyether-3,5-dimethylpyrazole
ligands [26]. NMR studies of these complexes have
proved the existence of conformational diastereoisomers
in solution, anti and syn, due to the relative disposition
of the hydroxyalkylic or polyether chains, in which the
ratio of both isomers was shown to be dependent on ste-
ric factors caused by the lengths of the N1-substituent
[23,25,26].

In order to see whether the hindered rotation
around the metal-N bond solution is caused by the
bulk substituents in 3,5-disposition, by the lengths
of the Nl-substituents or by the nature of the metal,
the related Pd(II) and Pt(II) complexes with Nl-al-
kyl-5-methyl-3-phenylpyrazole were prepared and
studied.
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Fig. 1. Pyrazole derived ligands and the atom numbering scheme.

The syntheses of 1-ethyl-5-methyl-3-phenyl-1H-pyr-
azole (L") and 5-methyl-1-octyl-3-phenyl-1H-pyrazole
(L% have previously been reported in the literature
[30] (Fig. 1), and it is with these ligands that we obtained
and fully characterised the dichlorocomplexes with the
formula [MCly(L),] (M = Pd(II), L = L' (1); M = Pd(II),
L=L%*@2); M=PtIl), L=L"' 3); M=Pt{I), L=1L7
(4)). The crystal structure of 1 is also reported.

2. Experimental
2.1. General details

All reactions were carried out with the use of vacuum
line and Schlenk techniques. All reagents were commer-
cial grade materials and were used without further puri-
fication. All solvents were dried and distilled by
standard methods.

The elemental analyses (C, N, H) were carried out by
the staff of the Chemical Analyses Service of the Univer-
sitat Autonoma de Barcelons on a Carlo Erba CHNS
EA-1108 instrument. Conductivity measurements were
performed at room temperature (r.t.) 107> M in acetone
solutions employing a Crison, micro CM 2200 conduc-
timeter. Infrared spectra were run on a Perkin-Elmer
FT spectrophotometer series 2000 cm ™' as KBr pellets
or polyethylene films in the range 4000-100 cm ™' under
a nitrogen atmosphere. The '"H NMR, *C{'H} NMR,
HMQC, and NOESY spectra were run on a NMR-FT
Bruker 250 MHz spectrometer (mixing time: 500 ms).
Chemical shifts (J) are given in ppm.

Samples of [PdCl,(CH3CN),] [31] and K,PtCl, were
prepared as described in the literature. 1-ethyl-5-
methyl-3-phenyl-1H-pyrazole (L') and 5-methyl-1-oc-
tyl-3-phenyl-1H-pyrazole (L?) were prepared according
to the published methods [30] (Fig. 1).

2.2. Synthesis

2.2.1. [PdACL,(L),] (L=L"' (1), L? (2))

A solution of 0.32mmol  (0.083g) of
[PACI,(CH3CN),] in 20 ml of acetonitrile was treated
with a solution of 0.64 mmol (0.121 g of L', 0.176 g of

121

L?) dissolved in 5 ml of acetonitrile. After 48 h of stir-
ring at room temperature, the solution was concentrated
until a crystalline precipitate appeared. The complex
precipitate as a orange needles, which were recrystallised
in a dichloromethane + hexane mixture. The solid was
filtered off, washed with diethyl ether (5 ml) and dried
in vacuo.

1: (yield: 69%) Anal. Calc. for Co3HogClLN4Pd: C,
52.42; H, 5.10; N, 10.19. Found: C, 52.31; H, 4.93; N,
10.12%. Conductivity (Q ' em?mol™", 1.1 x 107> M in
acetone): 6. IR: (KBr, cm™'): 3080 (vC-H),, 2979
(vC-H),, 1557 (vC=C, vC=N),, 1452 (6C=C,
0C=N),;, 768 (3C-H)oop; (polyethylene, cm™') 492
v(Pd-N), 341 »(Pd-Cl). 'H NMR (CDCl; solution,
250 MHz) ¢: isomer syn: 7.93 [d, 3J=172Hz, 2H, H,,
Hs), 7.64-7.54 [m, 3H, H,, Hs, Hy, 5.89 [s, 1H, Hg],
5.44, 5.32 [m, 2H, CH,-CH3], 2.04 [s, 3H, H-], 1.15 [t,
3J =17.2Hz, 3H, CH,-CH;] ppm. Isomer anti: 8.21[d,
3J=7.7Hz, 2H, H,, Hs), 7.64-7.54 [m, 3H, H,, H;,
Hy), 6.15 [s, 1H, Hg), 4.86 [q,, >*J =7.0 Hz, 2H, CH»
CH3], 2.32 [s, 3H, H], 1.47 [t, *7=7.0 Hz, 3H, CH»—
CH;] ppm. *C NMR (CDCl; solution, 62.9 MHz):
isomer syn: 153.6 (Cy), 142.9 (Cyp), 132.5 (Cy), 130.0—
128.8 (C—Cs), 1074 (Cg), 45.6 (CH,—CHsz), 15.2
(CH,—CH3), 12.0 (C7) ppm. Isomer anti: 153.7 (Cy),
142.9 (Cyp), 133.3 (Cg), 130.0-128.8 (C1—Cs), 108.4
(Ce), 46.1 (CH,—CH3), 15.4 (CH,—CH3;), 12.1 (C;) ppm.

2: (yield: 63%) Anal. Calc. for C36Hs5,CI,N4Pd: C,
60.22; H, 7.25; N, 7.80. Found: C, 60.28; H, 7.55; N,
7.67%. Conductivity (Q ' cm?mol™!, 1.2x107*M in
acetone): 3. IR: (KBr, cm™'): 3061 (vC-H),. 2924
(vC-H),, 1554 (vC=C, vC=N),, 1456 (6C=C,
0C=N),;, 772 (3C-H),op; (polyethylene, cm™') 494
v(Pd-N), 348 vw(Pd-Cl). 'H NMR (CDCl; solution,
250 MHz) o: isomer anti: 8.21 [d, °J = 6.8 Hz, 2H, H,,
HS], 7.61-7.49 [m, 3H, H,, H;, H4], 6.14 [S, lH, Hﬁ],
479 [t, *J=7.3Hz, 2H, CH»(CH,)¢CHj], 2.31 [s,
3H, H], 1.86 [m, 2H, CH,~CH,~(CH,)s—CH3], 1.33-
1.07 [m, 10H, CH27CH2-(CH2)5*CH3], 0.92 [t,
3J = 6.5 Hz, 3H, (CH,),—CH;] ppm. '*C NMR (CDCl;
solution, 62.9 MHz) §: isomer anti 154.3 (Cy), 143.5
(Cio), 133.3 (Cy), 130.0-128.9 (C1-Cs), 108.4 (Cg), 51.3
(CH,—(CH,)¢-CH3), 32.2-23.1 (CH,-(CH,)s—CH3) 14.5
((CH2)7-CH3), 12.5 (C7) ppm.

222 [PtCL(L),] (L=L"(3), 7 (4))

A solution of 0.32 mmol (0.135 g) of K,PtCl, in 10 ml
of HCl 0.1 M was treated with a solution of 0.64 mmol
of the corresponding ligand (0.121 g of L', 0.176 g of L?)
dissolved in 5 ml of H,O. After 72 h of stirring at room
temperature, the solution was concentrated until a crys-
talline solid appeared. This precipitate was filtered off,
washed twice with diethyl ether (5ml) and dried in
vacuo.

3: (yield: 55%) Anal. Calc. for Cr4HogCI,N4Pt: C,
45.13; H, 4.39; N, 8.78. Found: C, 45.09; H, 4.48; N,
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8.98%. Conductivity (Q 'cm?’mol™!, 1.1x 107> M in
acetone): 13. IR (KBr, cm'): 3058 (vC-H),. 2925
(vC-H),, 1522 (vC=C, vC=N),, 1466 (6C=C,
O0C=N),., 769 (5C-H)oon; (polyethylene, cm™') 494
v(Pt-N), 312 v»(Pt-Cl). ]fH NMR (CDCl; solution,
250 MHz) ¢: isomer anti: 7.97 [d, 3J=6.8 Hz, 2H, H,,
Hs], 7.52-7.42 [m, 3H, H,, Hs, Hi], 6.52 [s, 1H, Hg],
474 [q, *J = 6.8 Hz, 2H, CH,-CHj;], 2.44 [s, 3H, H/),
1.62 [t, °J=6.8 Hz, 3H, CH,—CH;] ppm. *C NMR
(CDCl; solution, 62.9 MHz) §: isomer anti: 152.6 (Cy),
140.2 (Cyp), 132.6 (Cg), 127.3-130.9 (C;-Cs), 104.5
(Cé), 45.06 (CHz—CH';), 15.8 (CHz—CH';), 11.5 (C7) ppm.

4: (yield: 59%) Anal. Calc. for C3;cHs,ClL,N4Pt: C,
53.59; H 6.45; N 6.95. Found: C, 53.19; H, 5.99; N,
6.60%. Conductivity (Q ' ecm?*mol™!, 1.0x 107> M in
acetone): 26. IR (KBr, cm™'): 3060 (vC-H),,, 2929
(vC-H),, 1551 (vC=C, vC=N),, 1470 (6C=C,
O0C=N),,, 763 (5C—H)OOF; (polyethylene, cm™') 507
v(Pt-N), 309 v(Pt-Cl). '"H NMR (CDCIl; solution,
250 MHz) o: isomer anti: o: 7.88 [d, °J=7.0 Hz, 2H,
H,, Hs], 7.51-7.35 [m, 3H, H,, H3, Hy], 6.43 [s, 1H,
Hg), 4.30 [t, *J=7.3Hz, 2H, CH>»(CH,)¢CHj], 2.37
[s, 3H, H;, 1.95-1.87 [m, 2H, CH,-CH,—(CH,)s-
CH3], 1.38-1.31 [m, IOH, CHzchz-(CH2)5*CH3],
0.91 [t, *J=7.0 Hz, 3H, (CH,),—CH3] ppm. *C NMR
(CDClj; solution, 62.9 MHz) ¢: isomer anti 149.2 (Cy),
141.5 (Cyp), 138.3 (Cy), 129.1-126.6 (C;—Cs), 103.5
(Ce), 49.7 (CH,~(CH,)6—CH3), 32.2-23.0 (CH,-(CH;)g—
CH3;) 14.6 ((CH,);—CHy), 11.7 (C5) ppm.

2.3. X-ray crystal structure analyses

Suitable crystals for X-ray diffraction of compound
trans-[PACly(L"),] (1) were obtained through crystallisa-
tion from CHCI;. One crystal was mounted on an En-
raf-Nonius CAD4 four-circle diffractometer. Unit-cell
parameters were determined from automatic centring
of 25 reflections (12<6<21) and refined by least-
squares method. Intensities were collected with graphite
monochromatised Mo Ko radiation (1= 0.71069 A),
using /20 scan-technique. 3555 reflections were mea-
sured every two hours as orientation and intensity con-
trol, significant intensity decay was not observed.
Lorentz-polarisation but no absorption corrections were
made. The structure was solved by Patterson synthesis,
using SHELXS computer program [32], and refined by
full-matrix least-squares method with sHELx 97 com-
puter programs [33] using 3555 reflections (very negative
intensities were not assumed). The function minimised
was S w||F,|* — |Fe|*|>, where o = [a°(]) + (0.0664P)* +
0.0341P]"", and P = (|F,|*> + 2|F.|*)/3. All H atoms were
located from a difference synthesis and refined with an
overall isotropic temperature factor. The final R(F) fac-
tor and R,, (F?) values as well as the number of param-
eters and other details concerning the refinement of the
crystal structure are gathered in Table 1.

Table 1

Crystallographic data for trans-[PdCL(L"),] (1)
Formula C24H23C12N4Pd
Formula weight 549.80
Temperature (GK) 293(2)
Wavelength (A) 0.71073

System, space group triclinic, P1 (no. 2)

Unit cell dimensions

aA) 7.378(3)
b (A) 8.747(2)
¢ (A) 10.141(3)
o (°) 72.91(2)
B () 77.16(3)
7 (9 83.76(2)
U A% 609.3(3)
z 1
Deaie (gcm™3) 1.499
p (mm~') 0.999
F(000) 280
Crystal size (mm?®) 0.1x0.1x0.2
hkl Ranges —10 to 10, —11 to 12, 0 to 14

20 Range (°)
Reflections collected/unique [R;,]

2.14-29.97
3555/3555 [0.0000]

Completeness to 0 = 29.97 100.0%
Absorption correction None
Data/restraints/parameters 3555/0/198
Goodness-of-fit on F2 1.074

Final R indices [I > 2a(])] Ry, w»
R indices (all data) Ry,w»
Largest diff. peak and hole (¢ A~3)

0.0314, 0.0814
0.0320, 0.0819
0.676 and —0.439

3. Results and discussion

3.1. Synthesis and spectroscopic properties of the
complexes

The complexes trans-[MCl,(L),] (M = Pd(II): L = L'
(1), L? (2); M = Pt(II): L = L' (3), L? (4)) were obtained
by reaction of [PdCl,(CH3CH),] or K,PtCl; with the
corresponding pyrazolic ligand (L), in an acetonitrile
solution in the case of Pd(II) or in a H,O0/0.1 M HCI
solution with Pt(II) and in the IM:2L ratio for both
cases. The ability of L' and L? to coordinate Pd(II)
and Pt(II) is comparable to that of the N-hydrox-
yalkylpyrazoles and N-polyetherpyrazoles [23-26]. The
elemental analyses are consistent with the formula
[MCIl,(L),] for the four compounds. Conductivity mea-
surements in acetone (between 3 and 26 Q! cm® mol ')
show the non-ionic behaviour of the complexes 1-4
(conductivity values for a non-electrolyte are below
100 Q! cm? mol ™! in acetone solution) [34,35].

The IR spectra in the range of 4000-400 cm ™' show
that the ligands are coordinated to the Pd(II) or Pt(II).
The v(C=C), v(C=N) and J(C-H),,, bands of the pyr-
azolic ligands increase its frequency when are part of the
complex [30].

The IR spectra of [MCl,(L),] complexes in the region
600-100 cm ' were also measured. The presence of
bands at 500 cm™' assigned to v(Pd-N) or vw(Pt-N)
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confirms the coordination of the ligand to the metallic
atom. These complexes display one well-defined v(Pd-—
Cl) band at 341 cm™! (1) and 348 cm™! (2), and v(Pt—
Cl) bands at 312 cm ™! (3) and 309 cm ™' (4), respectively.
These bands clearly indicate that the chlorine atoms are
coordinated trans to the Pd(IT) and Pt(II) [36].

The NMR spectra of 1-4 were acquired using CDCl;
as a solvent.

The 'H and ">C{'H} NMR spectra of complex 1
show two sets of signals for many protons, suggesting
the presence of conformational isomers in solution, in
an intensity ratio of approximately 1:1. Our previous
work also proved that the two species proposed in this
case are the anti and the syn isomers (respectively), con-
cerning the position of the hydroxyalkyl or polyether
chains [23,25,26] (Fig. 2).

N
\
o TN
\/Pd'/
\
x N\

Fig. 2. The conformational isomers existing in solution due to a
hindered rotation around the Pd-N bond at room temperature for
compound (1).

[ ——
=

A different behaviour is observed in complex 2, which
shows a unique NMR signal for each type of proton and
carbon. The only specie present is the anti conforma-
tional isomer, which was confirmed by NOESY experi-
ment. The presence of two conformers in complex 1
and one (anti) in complex 2 can be explained by the bulk
of alkylchain. Thus, when the Nl-alkyl chain increases
its length, the less stable isomer (syn) decreases its con-
centration in solution.

The presence of two isomers in solution is not ob-
served in complexes [PtCly(L),] (L=L" (3), L* (4))
which show unique set of signals for each type of 'H
and PC{'H} corresponding the anti conformational iso-
mer. The '"H NMR spectrum of [PdCly(L?),] at variable
temperature (243 K) did not show any splitting or
broadening of signals, which is in agreement with the
existence of one specie in solution. The anti nature of
the isomers was confirmed by a NOESY experiment,
which shows NOE interaction between H; and ~CH,—
CH,—(CH,)s—CHj; (Fig. 3). In these compounds, the
rotation around the Pt-N bond seems not to be possible
due to higher Pt-N bond stability in comparison with
Pd-N bonds.

The hindrance to rotation around metal-ligand
bonds is predominantly controlled by steric factor but
the influence of metal is not negligible [37]. It is well
known that Pd(II) is more reactive than Pt(II) in substi-
tution reactions but, interestingly, the palladium com-
plexes are found to interconvert more readily than
platinum analogues. [38]. NMR studies of rotational

Ho, Hs, Hy -CH,-(CH;)s-CH3
1
J h
F-(ppm)
0 — 0.0
L 08
° & : 8 ot
—16
S & :
@ w © ; 24
L a2
-CH,-CH,-(CH;)s-CH3 [
\ L 40
% e () 0 a L s
T T h 3
(ppm) 90.0 80.0 7.00 6.00 5.00 4.00

Fig. 3. The 250 MHz 2D NOESY spectrum of [PdCly(L2),] (2) in CDCl; at room temperature.
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barriers for metal-N complexes have shown that in
Pt(IT) complexes are higher than in Pd(II) complexes
[39]. These experimental observations were supported
by ab initio calculations of model complexes containing
Pd—N and Pt-N bonds, which reveal that the nitrogen
metal n—o interaction is stronger for Pt(I) complexes,
resulting in a higher energy rotation barrier [39]. Despite
the fact that pyrazole ligands are poor m-acceptors [40]
and weaker m-acceptors than pyridine derivatives (lar-
gely studied in rotational dynamic processes) [41], the
experimental findings suggest that the m-effects can be
significant in the control of the preferential formation
of the rotational diastereoisomers.

Precedents in the literature show that the reactivity of
pyrazolic ligands with Pt(II) yields different results to
those obtained with Pd(IT) [23-25].

3.2. Crystal and molecular structure of complex 1

The crystal structure of 1 consists of discrete centro-
symmetric [PdCl,(L"),] molecules linked by van der
Waals forces. Table 2 lists selected distances and angles
for this complex. The molecular structure is illustrated
in Fig. 4.

The crystal structure is a monomeric molecule con-
taining Pd(II) coordinated in a square planar environ-

o\
cit ‘\/ //e",\\ ,'_
A C‘.\— c9

c2

Table 2

Selected bond lengths (A) and bond angles (°) for trans-[PdClz(Ll)z] (1)

with estimated standard deviations (e.s.d.s) in parentheses

Pd-N(1) 2.0281(16)
Pd-Cl 2.3078(9)
N(1)-Pd-N(1)#1 180.00(12)
N(1)-Pd-Cl#1 88.72(5)
N(1)-Pd—Cl 91.28(5)
Cl#1-Pd-Cl 180.00

Symmetry transformations used to generate equivalent atoms: #1
—x+1, -y, —z

ment, by two trans chlorides and two nitrogen atoms
in the pyrazolic rings. The angles N-Pd-N and Cl-Pd—
Cl are exactly 180°, which means that the metallic atoms
lie in the centre of the plane determined by the two
nitrogen atoms and the two chlorides. The N1-substitut-
ing alkyl chains is in an anti disposition. Cis angles N—
Pd-ClI deviate from the ring angle in ~1° the deviation
in the equivalent complexes trans-[MCI,(HL)]
(HL = 1-(2-hydroxyethyl)pyrazole [25]) and 1-[2-(2-
methoxyethoxymethoxy)ethyl]-3,5-dimethylpyrazole [26]
is ~1°, however for the ligands 1-(2-hydroxyethyl)-3,5-
dimethylpyrazole [23] and 1-[2-[2-(2-methoxyethoxy)-
ethoxylethyl]-3,5-dimethylpyrazole [26] are only around
0.5° and 0°, respectively.

C12a

C9a Cila

C100

Fig. 4. ORTEP drawing of the complex [PdCly(L'),] (ellipsoids are shown at the 50% probability level).
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The ligand (L") is not planar. The phenyl group
twisted with respect to the pyrazole. The angle dihedral
between ph and pz is 35.06°.

The X-ray powder diffraction spectrum of 1 corrobo-
rates the presence of the single anti conformer in the so-
lid state.

The [PACLy(N,.),] core (containing terminal chlorine
ions) is found in 21 complexes described in the literature
(thirteen of the complexes found had trans geometry and
eight were cis) [16,22,23,25,26,42-56]. Both the Pd-N
distances (2.0281(16) A) and the Pd-Cl distances
(2.3078(9) A) bond lengths are on the some order as
those found in the literature (2.002-2.039 for Pd-N;
2.290-2.307 for Pd-Cl) [56]. Other distances and ring
sizes are also in the normal ranges.

4. Conclusions

The ligands L' and L? (L) react with Pd(IT) and Pt(II)
ions to give new 1,3,5-pyrazole-derived compounds.

The study of the coordination of (L) ligands to Pd(II)
and Pt(II) has revealed the formation of trans-
[MCly(L),] (M = Pd(II), Pt(I)). When M = Pd(Il) and
L=L' the NMR study is consistent with a very slow
rotation around the Pd—N bond, so that two conforma-
tional isomers can be observed in solution, the intensity
ratio observed for the two species is approximately 1:1.
However, in the solid state only the anti isomer is ob-
tained. In complex trans-[PdCl,(L?),], a unique confor-
mational isomer is observed (anti). The length of the
N1-substituting alkyl chain increases the ratio of the anti
isomer with respect to the syn isomer.

A different behaviour is observed in the complexes
trans-[PtCly(L),] (L = L', L?), which shows a unique sig-
nal for each type of proton and carbon. The species
present in solution is anti. The presence of a single con-
formational isomer is due to the higher stability of the
Pt-N bond in comparison with Pd—N bond.

On the basis of the present work, we can establish
that the presence of the syn and anti conformational iso-
mers is controlled by steric factors coming from the size
of alkyl groups and the nature of the metal. Phenyl and
methyl groups at positions 3 and 5, respectively, do not
modify the results obtained previously by our group
[23,25,26].

5. Supplementary material

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC reference number 255641 for com-
pound [PdCIL,(L"),] (1). Copies of this information may
be obtained free of charge from: The Director, CCDC,
12 Union Road, Cambridge, CB2 1EZ, UK (Fax: +44

125

1223 336033; e-mail: deposit@ccdc.cam.ac.uk or
www.htpp://ccdc.cam.ac.uk).
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Abstract

Two new pyrazole-derived ligands, 1-ethyl-3,5-bis(2-pyridyl)pyrazole (L') and 1-octyl-3,5-bis(2-pyridyl)pyrazole (L?), both con-
taining alkyl groups at position 1 were prepared by reaction between 3,5-bis(2-pyridyl) pyrazole and the appropriate bromoalkane in

toluene using sodium ethoxide as base.

The reaction between L', L? and [MCIl,(CH;CN),] (M = Pd(II), Pt(II)) resulted in the formation complexes of formula [MCl,(L)]
(M =Pd(I), L = L' (1); M = Pd(I), L = L? (2); M = Pt(II), L = L' (3); M = Pt(II), L = L? (4)). These complexes were characterised
by elemental analyses, conductivity measurements, infrared, 'H, C{'H} NMR and HMQC spectroscopies. The X-ray structure of
the complex [PtCl,(L?)] (4) was determined. In this complex, Npyridine and Npyrazole donor atoms coordinate the ligand to the
metal, which complete its coordination with two chloro ligands in a cis disposition.

© 2005 Elsevier B.V. All rights reserved.

Keywords: Nl-alkylpyridyl pyrazole ligands; Palladium complexes; Platinum complexes; Crystal structure

1. Introduction

In recent years, considerable attention has been paid
to pyrazoles, pyrimidines and related N-containing het-
erocyclic derivatives. Systems of this kind play a signif-
icant role in many biological processes, due to their
ability to coordinate a trace metal ion [1].

The chemistry of pyrazole and its derivatives is well-
established [2]. A multitude of synthetic routes has been
worked out during the last few decades, as some mem-
bers of the pyrazole family play an economically impor-
tant role in pharmacy and agrochemistry [3]. In recent
years, our group has prepared and characterised many
pyridylpyrazole derived ligands [4-6]. In particular, we

* Corresponding author. Fax: +34 93 581 31 01.
E-mail address: Josefina.Pons@uab.es (J. Pons).

0020-1693/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.ica.2005.01.028

have studied the reactivity of dipyridylpyrazole ligands,
3,5-bis(2-pyridyl) pyrazole (pz1), 3-(6-methyl-2-pyridyl)-
5-(2-pyridyl)pyrazole (pz2), and 3,5-bis(6-methyl-2-pyr-
idyl)pyrazole (pz3), with Co(II), Ni(II), Cu(Il), Zn(II),
Cd(II) and Pd(II) ions [4,5,7-11]. Dipyridylpyrazole li-
gands are one such candidate that stabilises polymeric
structures through strong chelation [4,7,9,10,12-14].
These compounds have already been shown to provide
a convenient system for the study of ligand effects in
catalysis [14-18].

Recently, we reported the synthesis and characterisa-
tion of 1,3,5-pyrazole derived ligands which have 3,5-
position, pyridyl, phenyl, methyl and trifluoromethyl
groups, and Nl-position ethyl and octyl groups [19].
In particular, with the ligands 1-ethyl-5-methyl-3-phenyl-
pyrazole and S-methyl-1-octyl-3-phenyl-pyrazole
(HL) we have obtained and fully characterised the
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) 3 \ s 7 ) 2.2. Synthesis of the ligands. 1-ethyl-3,5-bis(2-pyridyl)
| o 5 o s R=ethyl (L) pyrazole (L") and 1-octyl-3,5-bis(2-pyridyl ) pyrazole (L?)
; N/ " 11\ N\ / R=octyl (Lz)
2 N7 o . . . .
N—N_ Sodium ethoxide (4.2 mmol, 0.29 g) was dissolved in
R

Fig. 1. Pyrazole derived ligands and numbering scheme.

dichlorocomplexes with the formula trans-[MCl,(HL),]
(M = Pd(1), Pt(II)) [20]. Other authors had previously
reported the synthesis of the ligands 5-(4-nitrophenyl)-
1-phenyl-3-(2-pyridyl)pyrazole and their reactivity
with Ru(Il) [21] and the 1-methyl-3-pyridylpyrazole,
1-methyl-3-pyridyl-5-triftuoromethylpyrazole and 1-methyl-
3-pyridyl-5-tert-butylpyrazole ligands and their reactivity
with Mn(II), Co(I1) and Zn(II) [22].

Here, following our research on substituted pyrazole
ligands, the present paper reports the synthesis and
characterisation of the ligands, 1-ethyl-3,5-bis(2-pyr-
idyl)pyrazole (L") and 1-octyl-3,5-bis(2-pyridyl)pyrazole
(L?), ligands which are potential N5 systems (Fig. 1). We
also studied the reactivity towards Pd(IT) and Pt(II) was
also studied. The crystal structure of the complex
[PtCl,(L?)] is presented.

2. Experimental
2.1. General details

All reactions were carried out with the use of vacuum
line and Schlenk techniques. All reagents were commer-
cial grade materials and were used without further puri-
fication. All solvents were dried and distilled by
standard methods.

The elemental analyses (C, N, H) were carried out by
the staff of the Chemical Analyses Service of the Univer-
sitat Autonoma de Barcelona on a Carlo Erba CHNS
EA-1108 instrument. Conductivity measurements were
performed at room temperature (r.t.) in 10> M acetone
solutions employing a Crison, micro CM 2200 conduc-
timeter. Infrared spectra were run on a Perkin—-Elmer
FT spectrophotometer series 2000 cm ' as NaCl or
KBr pellets or polyethylene films in the range 4000—
100 cm ' under a nitrogen atmosphere. The '"H NMR,
BC{'H} NMR and HMQC spectra were run on a
NMR-FT Bruker 250 MHz spectrometer in CDCl3 or
CD,Cl, solutions at room temperature. Chemical shifts
() are given in ppm. Electrospray mass spectra were ob-
tained on an Esquire 3000 apparatus.

Samples of [PdCI,(CH3CN),] [23] and [PtCly(CHj;
CN),] [24] were prepared as described in the literature.
The precursors bis(2-pyridyl)-1,3-propanedione [25,26]
and 3,5-bis(2-pyridyl)pyrazole (pz1) [4,27] were prepared
according to the published methods.
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toluene (50 ml). To this solution, the 3,5-bis(2-pyr-
idyl)pyrazole (pzl) (4.2 mmol, 0.93 g) was added and
the mixture was stirred and heated under reflux for
1 h. Then, the bromoalkane (4.2 mmol: bromoethane,
0.46 g; bromooctane, 0.81 g) was added and the result-
ing solution was refluxed for 72 h. After removing the
solvent in vacuum, the product was extracted from the
oily residue with H,O/CHCI;. The ligands were ob-
tained in 60% (L') and 95% (L?) yields.

L': C;sH 4N, (250.0): Anal. Calc. C, 72.00; H, 5.60;
N, 22.40. Found: C, 72.08; H, 5.51; N, 22.40%. IR:
(NaCl, cm™") 3046 vw(C-H),,, 2946 v(C-H),; 1596,
1568 (W(C=C), v(C=N)), 1468, 1454 (o6(C=C),
0(C=N)), 774 6(C-H)oop. MS (ESI): m/z (%) 273.0
[MNa™] (6%), 251.0 [MH'] (100%), 2229
[MH" — CH,CH;] (2%). '"H NMR (CDCl; solution,
250 MHz) o: 8.68-8.63 (2H, m, H,, Hy), 8.01 (1H, d,
3J = 8.0 Hz, Hy), 7.78-7.64 (3H, m, Hs, H,, H;), 7.25-
7.16 (3H, m, H,, Hs, Hy), 478 (2H, q, °J = 7.0 Hz, pz-
CH»-CH;), 148 (3H, t, *J=7.0Hz, pz-CH,-CH;)
ppm. *C {'"H} NMR (CDCl; solution, 63 MHz) o:
152.7-142.4 (Cy9, Cy1, Ciz, C13), 149.8, 149.6 (Cy, Cy),
137.1, 136.9 (G5, Cy), 123.1 (Cy), 122.8, 122.7 (C5, Cy),
120.3 (Cg), 105.3 (Cs), 47.2 (pz-CH,—CH3), 16.3 (pz-
CH,-CH3) ppm.

L2 CyHyN, (334.1): Anal. Calc. C, 75.45; H, 7.78;
N, 16.77. Found: C, 75.61; H, 7.96; N, 16.48%. IR:
(NaCl, cm™") 3051 w(C-H),., 2975 w(C-H),; 1590,
1568 (v(C=C), v(C=N)), 1452 (6(C=C), 5(C=N)), 778,
745 3(C-H)oop- MS (ESD: m/z (%) 3351 [MH']
(100%), 222.9 [MH* — (CH,),CH;] (2%). '"H NMR
(CDCl; solution, 250 MHz) §: 8.69-8.64 (2H, m, H,,
Hy), 8.02 (1H, d, *J=8.0 Hz, He), 7.80-7.65 (3H, m,
H;, Hy, H7), 7.28-7.18 (3H, m, H,, Hs, Hy), 4.74 (2H,
t, *J=7.0Hz, pz-CH,), 1.92-1.86 (2H, m, pz-CH,—
CH,), 1.27-1.24 (10H, m, pz-CH,~CH,—(CH,)s—CH3),
0.86 (3H, t, *J =6 Hz, pz-(CH,)-CH3) ppm. *C{'H}
NMR (CDCl; solution, 63 MHz,) 6: 152.8-142.7 (Cjo,
Ci1, Ciz, C13), 149.7, 149.5 (C, Cy), 137.1, 136.9 (Cj,
Cy), 123.3 (Cy), 122.7, 122.6 (C5, Cy), 120.4 (Cg), 105.4
(C5), 52.1 (pZ-CHz—(CH2)6—CH3), 322 (pZ-CHz—CHz—
(CH2)57CH3), 31.0-23.0 (pZ-CH27CH27(CH2)57CH3),
14.4 (pz-(CH»),~CHs) ppm.

2.3. Synthesis of the metal complexes

2.3.1. Complexes [PACLy(L),] (where L=L" (1); I”
(2))

The appropriate ligand (0.40 mmol: L', 0.11 g; L?
0.13 g) dissolved in acetonitrile (20 ml) was added to a
solution of [PdCl,(CH;CN),] (0.40 mmol; 0.10 g) in ace-
tonitrile (20 ml). The resulting solution was stirred at
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room temperature for 10 h and concentrated on a vac-
uum line to one-fifth of the initial volume, until a crys-
talline precipitate appeared. The solid was filtered off,
washed with diethyl ether and dried under vacuum.

1 (Yield: 82%) C1sH4N4Cl_,Pd: Anal. Calc. C, 42.12;
H, 3.28; N, 13.10. Found: C, 41.78; H, 3.20; N, 13.20%.
Conductivity (Q ' cm? mol ™, 1.05 x 107> M in acetone):
1.5. IR: (KBr, cm ") 3080 v(C—H),,, 2990 v(C-H),;, 1612
(v(C=C), v(C=N)), 1456 (6(C=C), 6(C=N)), 776 ¢
(C—H)oop; (polyethylene, cm ') 426 v(Pd-N), 348, 341
v(Pd—Cl). "TH NMR (CDCl; solution, 250 MHz) &: 9.33
[1H, d, °J = 6.0 Hz, H,], 8.78 [IH, d, *J=5.0 Hz, Ho),
8.02 [IH, t, *J=8.0 Hz, H3], 7.90 [IH, t, *J=8.0 Hz,
H;, 7.78 [IH, d, *J=8.0Hz, H,, 7.68 [1H, d,
3J =8.0 Hz, Hg), 7.47-7.36 [2H, m, H,, Hg], 7.05 [1H,
s, Hs], 528 [2H, q, *J=7.0 Hz, pz-CH,-CH;], 1.47
[3H, t, °*J=7.0Hz pz-CH,-CH;] ppm. *C NMR
(CD,Cl, solution, 63 MHz) ¢: 151.9 (Cyy), 151.5 (Cy3),
150.7 (Cy), 150.3 (Cy), 149.0 (Cy1), 143.7 (Cyo), 140.5
(Cs3), 137.8 (Cy), 1249, 124.8 (Cg, Cy), 124.5 (Cy),
121.6 (C4), 105.2 (Cs), 47.1 (CH,—CHj), 16.8 (CH,—
CH3) ppm.

2 (Yield: 75%) Cy1H6N4Cl_,Pd: Anal. Calc. C, 49.29;
H, 5.08; N, 10.95. Found: C, 49.00; H, 4.61; N, 10.52%.
Conductivity (Q ' cm? mol ™!, 1.01 x 10~* M in acetone):
2.7.IR: (KBr, cm ') 3040 v(C-H),,, 2924 v(C-H),,, 1612
(W(C=C), v(C=N)), 1455 (6(C=C), 6(C=N)), 775 o(C-
H)oop; (polyethylene, em™ ') 424 v(Pd-N), 348, 321
v(Pd—Cl). "H NMR (CDCl; solution, 250 MHz) §: 9.27
[1H, d, °J =5.0 Hz, Hy], 8.76 [IH, d, *J=5.0 Hz, Ho),
8.03 [1H, t, *J=8.0 Hz, H;], 7.91 [IH, t, °J = 8.0 Hz,
H;), 7.82 [IH, d, *J=8.0Hz H,, 7.68 [1H, d,
3J = 8.0 Hz, H¢, 7.47-7.35 [2H, m, H,, Hg], 7.08 [I H,
s, Hs], 5.20 [2H, t, *J = 7.0 Hz, pz-CH»—(CH,)s—CH3],
1.85 [2H, m, pz-CH,-CH,(CH,)s~CH3], 1.27-1.19
[1OH, m, pZ-CH27CH27(CH2)5*CH3] 0.85 [3H, t,
3J =17.0 Hz, pz-(CH,);—~CH5] ppm. '*C NMR (CD,Cl,
solution, 63 MHz) 6: 151.9 (Cy), 151.5 (Cy3), 150.6
(Cy), 150.3 (Cy), 147.9 (Cyy), 146.3 (Cyp), 140.5 (Cy),
137.8 (C7), 124.8, 124.7 (Cs, Cy), 124.5 (Cy), 121.6
(Cy), 105.1 (Cs), 51.2 (CH,(CH,)¢—CHs3), 32.1-23.0
(CH>—(CH,)s—CH3), 14.2 (CH,);—CH;) ppm.

2.3.2. Complexes [PtCl>(L),] (where L=1L" (3); I?
(4))

The appropriate ligand (0.35 mmol: L', 0.087 g; L,
0.12 g) dissolved in 15 ml of acetonitrile was added to
a solution of [PtCly,(CH3CN),] (0.29 mmol; 0.12 g) dis-
solved in 25 ml of the same solvent. The mixture was
heated to reflux for 48 h. The solvent was then evapo-
rated under reduced pressure. After evaporation, the
yellow solid was filtered off, and washed with diethyl
ether and dried under vacuum.

3 (Yield: 53%) CysH4N4Cl_,Pt: Anal. Calc. C, 34.88;
H, 2.71; N, 10.85. Found: C, 34.85; H, 2.09; N, 10.42%.
Conductivity (! cm? mol ™!, 1.08 x 10~> M in acetone):

0.5. IR: (KBr, cm ') 3107 W(C-H),,, 2989 vw(C-H),;, 1619
(W(C=C), ¥(C=N)), 1466 (5(C=C), 3(C=N)), 775 5(C—
H)oop; (polyethylene, ecm™') 437 w(Pt-N), 345, 328
v(Pt—Cl). '"H NMR (CDCl; solution, 250 MHz) §: 9.68
[1 H, d, >J=6.0 Hz, Hy], 8.78 [IH, d, *J = 5.0 Hz, Hy],
8.07 [IH, t, *J=8.0 Hz, Hi], 7.91 [1H, t, *J=8.0 Hz,
H;, 7.79 [1H, d, *J=8.0Hz, H,, 7.71 [IH, d,
3J=8.0 Hz, Hg, 7.48-7.37 [2H, m, H», Hg], 7.08 [1H,
s, Hs], 537 [2H, q, *J=7.0 Hz, pz-CH,-CH;], 1.50
[3H, t, *J=7.0Hz, pz-CH,-CHs] ppm. *C NMR
(CDCl, solution, 63 MHz) d: 151.5 (Cyo), 151.3 (Cy3),
150.4 (Cy), 149.5 (Co), 147.6 (Cyy), 146.2 (Cy2), 139.8
(C3), 137.8 (Cy), 124.7 (Cg, C>), 124.5 (Cg), 121.5 (Cy),
105.4 (Cs), 47.1 (CH,~CH3), 16.5 (CH>~CH3) ppm.

4 (Yield: 44%) C51H,6N4Cl_,Pt: Anal. Calc. C, 41.99;
H, 4.33; N, 9.33. Found: C, 41.74; H, 4.15; N, 9.36%.
Conductivity (Q ' cm? mol ™, 1.06 x 107> M in acetone):
0.9. IR: (KBr, cm ') 3107 (C-H),,, 2997 W(C-H),;, 1619
(W(C=C), ¥(C=N)), 1431 (5(C=C), 3(C=N)), 775 5(C-
H)oop; (polyethylene, cm™') 432 w(Pt-N), 349,330 v(Pt—
Ql). H NMR (CDCl; solution, 250 MHz) §: 9.71 [1H,
d, *7=6.0Hz, H,], 8.78 [IH, d, *J=5.0 Hz, Ho], 8.06
[1H, t, *J=8.0 Hz, H;], 7.91 [IH, t, *J=8.0 Hz, H/],
7.76 [1H, d, *J = 8.0 Hz, Hy], 7.68 [1H, d, *J=7.0 Hz,
Hg), 7.48-7.36 [2H, m, H,, Hg], 7.05 [1 H, s, Hs], 5.34
[2H, t, *J = 7.0 Hz, pz-CH>—(CH>)¢~CH3], 1.93 [2H, m,
pz-CH»-CH, (CH,)s-CH3], 1.27-1.19 [I0H, m, pz-
CH,-CH,(CH,)s-CH5] 0.85 [3H, t, *J=6.0 Hz, pz-
(CH,);-CH;] ppm. “C NMR (CD,Cl, solution,
63 MHz) §: 151.5 (Cyp), 151.3 (Cy3), 150.7 (Cy), 150.3
(Co), 147.6 (C1y), 146.2 (Cyp), 140.0 (C3), 137.7 (Cy),
124.7, 125.1 (Cs, C»), 124.6 (Ce), 121.5 (Cy), 105.2
(Cs), 512 (CH,«(CH,)¢CHs), 33.2-23.0 (CH»-
(CH,)¢-CH3,), 14.2 (CH,);—CH3) ppm.

2.4. X-ray crystal structure analyses

Suitable crystals for X-ray diffraction of compound
cis-[PACly(L?)] (4) were obtained through crystallisation
from acetone. One crystal mounted on a MAR345 dif-
fractometer with an image plate detector. Unit cell
parameters were determined from 7901 reflections
(3 <0< 31) and refined by least-squares method. Inten-
sities were collected with graphite monochromatised Mo
Ko radiation. 13 833 Reflections were measured in the
range 2.81 < 0 < 31.66. 5028 of which were non-equiva-
lent by symmetry (R;,, (on /) = 0.041). 3226 Reflections
were assumed as observed applying the condition
1> 20(I). Lorentz-polarisation and absorption correc-
tions were made. The structure was solved by Direct
methods, using SHELS computer program [28] and refined
by full-matrix least-squares method by SHELX-97 com-
puter program [29], using 5028 reflections (very negative
intensities were not assumed). The function minimised
was S w||F,|* — |F¢|’|, where w = [a*(]) + (0.0976P)* "
and P = (|F0|2 +2|F,)?)/3. All H atoms were computed

129



Articulos

2766 V. Montoya et al. | Inorganica Chimica Acta 358 (2005) 2763-2769

Table 1
Crystallographic data for [PtClz(Lz)] 4)

Formula Cz] H26C12N4Pt
M 600.45
Temperature (K) 293(2)
Crystal system monoclinic
Space group P2/a
Unit cell dimensions

a(A) 13.4350(10)

b (A) 8.9290(10)

¢ (A) 19.5440(10)

o (°) 90

B () 106.020(10)

7 ) 90
U (A% 2253.5(3)
zZ 4
Dculc (g Cm73) 1.770
p (mm~Y) 6.477
F(000) 1168
Crystal size 0.1x0.1x0.2
0 Range (°) 2.81-31.66

Index range
Reflections collected/unique

—17<h<17,0<k<9,0<7<28
13 833/5028 [Rin, = 0.0413]

Data/restraints/parameters 5028/9/223
Goodness-of-fit 1.005
Final R, R, 0.0413, 0.1366

Ry (all data), wR, . 0.0699, 0.1482
Residual electron density (e A7% 0.843 and —0.835

and refined, using a riding model, with an isotropic tem-
perature factor equal to 1.2 time the equivalent temper-
ature factor of the atom, which are linked. The final

C18

c21

c20 C18

R(F) factor and R(F?) values as well as the number of
parameters and other details concerning the refinement
of the crystal structure are gathered in Table 1.

3. Results and discussion
3.1. Synthesis and spectroscopic properties

The ligands 1-ethyl-3,5-bis(2-pyridyl)pyrazole (L")
and 1-octyl-3,5-bis(2-pyridyl)pyrazole (L?) require the
synthesis of precursors bis(2-pyridyl)-1,3-propanedione
[22,23] and 3,5-bis(2-pyridyl)pyrazole [4,27].

The B-diketone compound was synthesised follow-
ing a Claisen condensation of pyridyl-methyl-ketone
and methyl-2-pycolinate [30], using sodium ethoxide
as a base and dry toluene as solvent. Further treat-
ment of this B-diketone compound with hydrazine in
toluene using a Schlenk flask connected to a Dean—
Stark apparatus yielded 3,5-bis(2-pyridyl)pyrazole
ligand.

To obtain the 1,3,5-pyrazole derived ligands (L', L?),
sodium ethoxide was used as base, dry toluene as solvent
and the corresponding bromoalkane (bromoethane,
bromooctane) as electrophile. The ligands are character-
ised by elemental analyses, IR, 'H and '*C{'H} NMR
spectroscopies and Mass Spectrometry. All these data
are reported in Section 2.

Fig. 2. ORTEP drawing of the complex [PtCl,(L?)] (4) (ellipsoids are shown at the 50% probability level).
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The complexes [MCly(L)] (M =Pd(I), L=L" (1);
M=Pd(II), L=L* (2); M=PtIl), L=L' (3)
M = Pt(II), L = L? (4)) were obtained by reacting the
appropriate  metal complexes [MCIl,(CH;CN),]
(M = Pd(I1), Pt(II)) with the corresponding pyrazole li-
gand (L', L?) in a 1:1 M/L ratio. The elemental analyses
agree with the formula [MCl,(L)]. The neutrality of the
compounds was evident from their conductivity mea-
surements (compared with tabulated values [31]) be-
tween 0.5 and 2.7 Q' cm®mol™! in acetone. The IR
spectra in the range of 4000-400 cm ' show that the li-
gands are coordinated to the Pd(II) or Pt(IT) because the
(W(C=C), v(C=N)),., bands of the pyrazolic ligand in-
crease its frequency when they are part of the complex.
No significant change is observed in the 6(C—H)qop
bands. In the region 600-100cm™', the w(M-N)
(M =PdI), Pt(II)) bands are observed at 426,
424 cm ! for PA(II) and 437, 432 for Pt(II). Moreover,
the IR spectra of the complexes 1, 2 display two bands
(348, 341 cm™! for (1), and 348, 321 cm ™' for (2)), corre-
sponding to v(Pd-Cl), and for complexes 3, 4 (345,
328 cm ™! for (3), and 349, 330 cm ™! for (4)) correspond-
ing to v(Pt—Cl). This stretching is typical for compounds
with a cis disposition of the chloro ligands around the
Pd(II) and Pt(II) [11,32].

"H NMR and "*C{'H} NMR spectra for complexes
1-4 were recorded in CDCl; and CD,Cl,, respectively,
and show the signals of the coordinated ligands. HMQC
spectra were used to assign signals of 'H and '*C spectra
to most H and C atoms of complexes. NMR data are re-
ported in Section 2.

In these complexes, chemical shifts of H,, pyridyl pro-
tons are consistent with the presence of both N-coordi-
nated (6 = 9.33 ppm (1), 9.27 ppm (2), 9.68 ppm (3) and
9.71 ppm (4)) and N-uncoordinated between 8.78 and
8.76 ppm, for all compounds. The same behaviour is
observed in complexes [PdCl,(pz1)] (pzl = 3,5-bis(2-pyr-
idyl)pyrazole [11], and [Pd,(pz4)4] (pz4 = 3-phenyl-5-(6-
methyl-2-pyridyl)pyrazole) [33].

3.2. Crystal and molecular structure of complex
[PICL(L)] (4)

The crystal structure of complex 4 consists of
monomeric cis-[PtCl,(L?)] molecules (Fig. 2) linked
by intermolecular forces: for example, Pt(I)---Pt(II)
or Pt(Il)---C(3) and =---m interactions. The Pt(II)
shows a metal-ring interaction with N1 pyridinyl ring,
the metal-ring centroid, metal-perpendicular to ring
and metal — C3 lengths are 3.722(4), 3.349(4) and
3.374(4) A, respectively. As the pyridinyl ring belongs
to the molecule related by an inversion centre. This
fact produces stacked dimeric units as shown in
Fig. 3.

Table 2 lists selected distances and angles for this
complex.

Fig. 3. ORTEP drawing of the complex [PtCl(L?)] (4), viewed in
projection along the staking axis. H atoms are not shown.

Table 2 .
Selected bond lengths (A) and angles (°) for [PtCl(L%)] (4) with
estimated standard deviations (e.s.d.s) in parentheses

Pt N(2) 2.014(3) Pt-CI(2) 2.2640(13)
Pt-N(1) 2.026(3) Pt-Cl(1) 2.2574(11)
N(2)-Pt-N(1) 80.73(13) N(2)-Pt-Cl(2) 98.59(10)
N(2)-Pt-CI(1) 173.24(10) N(1)-Pt-C1(2) 175.29(8)
N(1)-Pt-Cl(1) 92.61(9) CI(1)-Pt-CI(2) 88.14(4)

The coordination geometry around Pt(II) is square
planar with a tetrahedral distortion, as can be deduced
from the bond angles and the mean separation
[0.035 A] of the atoms coordinated to the Pt atom in
relation to the mean plane that contains these four
atoms (N(1), N(2), CI(1), CI(2)) and the Pt atom.

The metal atom is coordinated to one L? ligand via
one pyrazole nitrogen and one pyridine nitrogen, and
to two chloro ligands in a cis disposition. L? behaves
as a bidentate ligand and uses only two of its three do-
nor nitrogen atoms, forming a five-membered metallo-
cycle, which has a planar configuration.

No cis-[PtCly(Np,)(N;,.)] complexes with crystal
structures have been found in the literature, whereas
four structures with a [PACI»(N,,)(N.)] core have been
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described [11,34-36]. The bond distances Pt-N,,
(2.026(3) A) are longer than those of Pt-N,.
(2.014(3) A). Both distances are consistent with previ-
ously described values (1.931-2.160 A) [37-39] and
(1.934-2.100 A) [11,37,38,40-43], respectively. The Pt—
Cl bond lengths (2.2574(11), 2.2640(13) A) can be re-
garded as normal compared with the distances found
in the literature (2.198-2.381 A) [40-43].

The N1-Pt-N2 bite angle, 80.73(13)°, is comparable
to those found in the structures with the ligands 3,5-
bis(2-pyridyl)pyrazole (pzl1) and 3-phenyl-5-(2-pyr-
idyl)pyrazole (pz5) [Cuy(pzl)4(H,0)4] - 4H,O (79.2(2)°,
79.8(2)°) [7], [Cua(pz1)a(ClO4)a] - 2H,O (80.3(2)°) [44]
and [Cu(pz5)(NO3)(H,0),](NO3) (80.43(7)°) [45].

The L? ligand is not planar. The coordinated pyridyl
group is slightly twisted with respect to the pyrazole
ring, the py-pz dihedral angle being 6.5°, whereas in
the more twisted non-coordinated pyridyl group, the
py—pz dihedral angle is 35.1°. The angles dihedrals are
comparable to the compounds [Pd,(pz4)4] (pz4 = 3-phe-
nyl-5-(6-methyl-2-pyridyl)pyrazole) (between 0.88° and
35.58°) [13] and [CuCly(pz6),(DMF),] (pz6 = 4-chloro-
3-phenyl-5-(6-methyl-2-pyridyl)pyrazolate) (44.2°) [46].
The torsion angle N1-N2-C14-C15 is 65.7(6)°, which
may be caused by the pyrazolic ring and doing to a com-
pact packing of the molecules (Fig. 3).

4. Conclusion

The ligands N1-alkyl-3,5-dipyridylpyrazole (L': ethyl,
L octyl) react with Pd(II) and Pt(II) ions to give cis-
[MCI,(L)] compounds.

Elemental analyses, conductivity measurements, and
spectroscopic data of the complexes are consistent with
mononuclear structures where neutral L pyrazole li-
gands coordinate the metal centre in a bidentate form.
The X-ray structure of the compound [PtCly(L?)] indi-
cates that the coordination of Pt(II) is square planar
with one bidentate L? neutral ligand and two chloro li-
gands in a cis disposition.

Owing to the low solubility of pyridylpyrazole com-
plexes in organic solvents, a further structural feature
for an optimal ligand (for catalysis in homogeneous sys-
tems) is required: alkyl side chains lead to increased sol-
ubility of the catalysis. Our future research will
concentrate on the synthesis of new 1,3,5-pyridinepyraz-
ole-derived ligands and their application in homoge-
neous catalysis.

5. Supplementary material
Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic

Data Centre, CCDC reference number 258567 for com-
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pound [PtCl,(L?)] (4). Copies of this information may be
obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ, UK (fax: +44
1223  336033; e-mail: deposit@ccdc.cam.ac.uk or
www.htpp://ccde.cam.ac.uk.
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Abstract—New N-alkyl-3,5-pyrazole derived ligands were synthesized by reaction between 3,5-pyrazole derived ligands and the
appropriate haloalkane in toluene or THF using NaOEt or NaH as base. When the precursor ligand bears a pyridyl substituent the alkylation
reaction presents a large regioselectivity. Theoretical calculations have been carried out to rationalize the experimental observations. It has
been shown that regioselectivity is governed by the formation of Na* -pyrazolide chelate complexes.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Bidentate and tridentate nitrogen heterocyclic compounds
containing six-membered rings such as 2,2'-bipyridine,
1,10-phenantroline and 2,2':6/,2"-terpyridine have been
extensively used in transition metal chemistry."? The key
feature of these heterocycles is their 7t-electron deficiency.
Hence they behave as good m-acceptors and in turn they
provide soft sites for metal coordination. On the other hand,
the m-excessive five-membered nitrogen heterocycle,
pyrazole, is a poorer T-acceptor and behaves as a t-donor

site. >

Convenient routes to aromatic heterocycles are of ongoing
interest. Especially desirable are methods for synthesis of
pyrazole derivatives for pharmaceutical evaluation,”® as
anti-inflammatory”® and anti-tumour agents.”™"* Pyrazoles
also are of particular interest to the chemical community
because they exhibit pesticide properties.'*'> In particular,
there is an increasing interest in pursuing the study of
pyrazole-containing chelating ligands. During the last
years three interesting review articles on biological
model systems containing pyrazole chelates have been
published.'®'®

The synthesis and characterization of a family of 3,5-
pyrazole derived ligands has been recently reported in the

Keywords: N-alkyl-3,5-pyrazole derived ligands; N-alkylation;

Regioisomers.

* Corresponding author. Tel.: +34 93 581 28 95; fax: +34 93 581 31 01;
e-mail: josefina.pons@uab.es

0040-4020/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2005.09.085

literature (Scheme 1).19_22 The reactivity of some of these
ligands with divalent metal ions has been studied in our
laboratory.”*2®

A common problem in the coordination chemistry of
pyridyl-pyrazole ligands to metal ions is the low solubility
of ligands and complexes in organic solvents, mainly caused
by m-—m stacking interactions. This solubility can be
increased by incorporating an alkyl group at the N1-position
of the pyrazole ring. In this work we report the synthesis and
characterization of the several N-alkyl-3,5-pyrazole derived
ligands (see Scheme 2), and a theoretical study of the
alkylation mechanism. The synthetic path involves an
intermolecular nucleophilic reaction (Sy2) at a carbon
center of an alkyl halide. These kinds of reaction have been
the subject of numerous theoretical studies.”” The prototype
reaction Y +CH3X—CH3Y+X" has been extensively
used to check the performance of different computational
methods. In particular, it has been shown that density
functional methods have a tendency to underestimate
potential energy barriers.’® Grisenko et al. have related
this error to deficiencies of the GGA exchange func-
tionals.®' The use of hybrid exchange functionals leads to
better results, but the transition states are still too low in
energy.>*>> In the last years Truhlar et al. have developed
new hybrid density functionals designed to provide accurate
potential energy barriers.>*>® One of these methods,
mPWI1K, has been used by Martin et al. in the study of
several Sy2 reactions, obtaining results in very good
agreement with experimental data and highly correlated
ab initio calculations.?” In this work, the reactions between
chloromethane and three different pyrazolide anions have
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R'COOH
CH,OH/ H
o S
/U\ Naoet i i NH. H0 \ Y/ N—R'
RS + R'COOR* . 5 /U\/U\ X \
Ho R R! N=N_
H
Hpz

Hpzl: R'=Me, R’=Ph,
Hpz2: R'=0-Py, R’=Ph,
Hpz3: R!'= Me, R’ = o-Py,
Hpzd: R'=CF;, R’=o0-Py,
Scheme 1.
= B
\ 7 R \ 1
Hpz RS + 7 R
N=N _N—N
R2 R2
L L’
Lla/Lla": X=C, R'=Me, R’=octyl
L2a/L.2a": X=N, R'=Ph, R’=octyl
L3a: X=N, R'=Ph, R’=octyl
Lda: X=N, R'= CF;, R’=octyl
L1b/L1b': X=C, R'=Me, R’=Et
L2b/L2b’: X=N, R'=Ph, R’=Et
L3b: X=N, R'=Me, R’=Et
L4b: X=N, R'=CF;, R’=Et
Llc/L1c’: X=C, R'=Ph R’=Me
L2c/L2¢’: X=N, R'=Ph R’=Me
Scheme 2.

been theoretically studied to rationalize the experimental
results.

2. Results and discussion
2.1. Synthesis and characterisation

The ligands considered in this work are shown in Scheme 2.
L1a, L2a, L1b, L2b, L.3b, and L4b have been synthesized
in this work for the first time, whereas the synthesis of L.2a,
L3a and Ld4a had already been reported in the literature.*>
Llc and L2c¢ have been used as models of L1b and L2b,
respectively, in the theoretical calculations.

The ligands have been obtained from their respective

precursors (B-diketones and 3,5-pyrazole derived ligands).

The B-diketones have been synthesized following a Claisen

condensation of the appropriate ketones and esters, using

NaOEt as base and dry toluene as solvent. This route has

lead to 1-phenyl-3-pyridin-2-yl-propane-1,3-dione,?%®
135

R*=Et, X=CH
R* = Me, X=CH
R*=Et, X=N
R*=Et, X=N

1-phenyl-butane-1,3-dione,*®  4,4,4-trifluoro-1-phenyl-
butane-1,3-dione** and 1-pyridin-2-yl-butane-1,3-dione.*'
Further treatment of these compounds with hydrazine in dry
toluene yielded the 3,5-pyrazole-derived ligands: Hpz1,"
Hpz2,>° Hpz3,”' and Hpz4.”*

For the procurement of ligands substituted at position 1, we
have used two different N-alkylation methods (methods A
and B).

In method A, the alkylating agents are iodoethane or
1-iodooctane, NaH is used as base and dry THF as solvent.
The results obtained are summarized in Table 1. In method
B, the alkylating agent is 1-bromoethane, the base NaOEt
and the solvent dry toluene. This method has been used in
the synthesis of the ligands L1a/la’, L2a/2a’ and L4a/4a’
(Table 2). In general, method A leads to higher yields and
shorter reaction times than method B. On the other hand, the
observed regioselectivities are the same with both methods.
The use of KO'Bu as base was tested in method B, but the
observed regioselectivities decreased.

All synthesized ligands have been characterised by
elemental analysis, infrared spectra, '"H and 13C{lH}
NMR, and electrospray mass spectra. For the correct
assignation of the carbons we have employed HMQC
techniques.

The ratio of the regioisomers has been calculated through
"H NMR experiments, especially from the integration of the
pyrazolic proton.

The results obtained show that the regioselectivity is much
larger when the precursor ligand bears a pyridyl group
(Hpz2, Hpz3 and Hpz4) than for Hpz1. The presence of the
pyridyl group allows the formation of Na™-chelate
complexes which can play a determining role in the
observed regioselectivity.

2.2. Computational study

We have studied the reactions of pyrazolides pzl and pz2
with chloromethane. The structures of the pyrazolides are
shown in Figure 1. For pz2 we have considered two different
conformers, cis and trans, associated to rotation around the



Dry THF (50 ml)
Extraction H,O/
CHCl,

n=1)0.65g
NaH 0.17 g

L4b/4b’
Hpz4 0.89 g
(4.2 mmol)
(4.2 mmol)
(4.2 mmol)
48 h

Dry THF (50 ml)
Extraction H,O/
CHCl;

(n=1)0.65g
NaH 0.17 g

L3b/3b’
Hpz3 0.67 ¢
(4.2 mmol)
(4.2 mmol)
(4.2 mmol)
48 h

Dry THF (50 ml)

NaH 0.17 g
Extraction H,O/

L2b/2b’
Hpz2 093 g
(4.2 mmol)
(n=1)0.65¢g
(4.2 mmol)
(4.2 mmol)
48 h

CHCl;

Dry THF (50 ml)
Extraction H,O/
CHCl;

(n=1)0.65g
NaH 0.17 g

L1b/1b’
Hpz1 0.66 g
(4.2 mmol)
(4.2 mmol)
(4.2 mmol)
48 h

7) 1.0l g

(4.2 mmol)

Dry THF (50 ml)

NaH 0.17 g
Extraction H,O/

(4.2 mmol)
CHCl3

L4a/4a’
Hpz4 0.89 g
(4.2 mmol)
(n

48 h

7)1.01 g

(4.2 mmol)

(n
(4.2 mmol)
Dry THF (50 ml)

NaH 0.17 g
(4.2 mmol)

48 h
Extraction H,O/

L3a/3a’
Hpz3 0.67 g
CHCl,

7) 1.0l g

(4.2 mmol)

Dry THF (50 ml)

NaH 0.17 g
Extraction H,O/

(4.2 mmol)
CHCl,

L2a/2a’
Hpz2 093 g
(4.2 mmol)
48 h

(n

7) 1.0l g

(4.2 mmol)

Dry THF (50 ml)

NaH 0.17 g
Extraction H,O/

(4.2 mmol)
CHCl3

Lla/la’
Hpz1 0.66 g
(4.2 mmol)
48 h

(n

Table 1. Method A: synthetic data

Pyrazole
1(CH,),,CH;
Solvent

Base
Reaction time
Purification
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C—C bond between the pyridyl and pyrazole rings. The trans
conformer is the most stable one and Table 3 presents the
computed Gibbs energies associated to the trans/cis
rearrangement.

0.81 g (80%)

100:0

We can observe that both the Gibbs reaction energy and the
Gibbs activation energy decrease as the polarity of the
solvent increases.

Figure 2 presents a schematic energy profile for the Sy2
reaction between chloromethane and a pyrazolide anion.

0.59 (75%)

100:0

For the reactions of the pyzazolide anion pzl leading to the
formation of regioisomers Llc and L1c’ we have located
the corresponding intermediates and transition states. The
relative Gibbs energies of all the stationary points are
presented in Table 4 and the structures of the transitions
states are shown in Figure 3.

0.84 g (80%)

98:2

In the gas phase, the reactant-like ion-dipole complexes
(INT1) are slightly more stable than the isolated reactants,
but when the solvent effect is taken into account the
intermediates become unstable. The product-like ion-dipole
complexes (INT2) also become less stable than the reaction
products in solution. For this reason we will focus our
attention only in the transition states.

0.74 g (95%)

60:40

The Gibbs activation energies increase when we go from the
gas phase reaction to the reaction in toluene and in THF. At
the same time the reaction becomes more exergonic. This
result is not surprising, since the solvent tends to stabilize
the isolated reactants and products, where the negative
charge is more localized.

1.22 (90%)

100:0

Both in the gas phase and in solution the formation of the
L1c regioisomer involves a lower Gibbs activation energy
than the formation of L1¢’. The differences between Gibbs
activation energies are 2.5 kcal mol ' for the reaction in
toluene and 2.0 kcal mol ~! for the reaction in THF. These
values are in qualitative agreement with the experimentally
observed regioselectivity. The most favorable regioisomer
involves the attack of chloromethane to the N atom closest
to the methyl group of pzl. This process does not alter the
electron delocalization to the phenyl group. On the other
hand, in the transition state corresponding to the formation
of L1¢’ a twisting of 22° around the C(pyrazole)-C(phenyl)
bond is observed leading to a partial loss of conjugation. In
the reaction product the twisting is 48°.

0.80 (70%)
95:5

1.33 g (95%)

98:2

Given that the ion-dipole intermediates become unstable
when the solvent effect is taken into account, for the reaction
between pz2 and chloromethane we have only studied the
transition states corresponding to the formation of the two
regioisomers L2c/L2¢’. The structures of these transition
states have been included in Figure 3 and the corresponding
Gibbs activation energies are presented in Table 5.

0.91 g (80%)

60:40

There is a slight preference for the attack to the N closest to

the phenyl group (L2c). In this case, the formation of both

isomers involves loss of conjugation with an aromatic ring.

Delocalization seems larger to the pyridyl ring than to

phenyl. In fact, rotation around the C-C(pyridyl) ring

involves a Gibbs activation energy of 11 kcal mol~ ' (see
136

Hpzl, 5-methyl-3-phenyl-1H-pyrazole;'® Hpz2, 2-(5-phenyl-1H-pyrazol-3-yl)-pyridine;*° Hpz3, 2-(5-methyl-1H-pyrazol-3-yl)pyridine;*' Hpz4, 2-(5-trifluoromethyl-1H-pyrazol-3-yl)pyridine.*>

Regioselectivity

Yield
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Table 2. Method B: synthetic data

L2a/2a’ Lda/da’

Lla/la’
Pyrazole Hpz1 0.66 g (4.2 mmol)
Br(CH,),CH; (n=7) 0.81 g (4.2 mmol)
Solvent Dry toluene (50 ml)
Base NaOEt 0.28 g (4.2 mmol)
Reaction time 72 h
Purification Extraction H,O/CHCl;
Yield 0.79 g (70%)
Regioselectivity 60:40

Hpz2 0.92 g (4.2 mmol)
(n=7) 0.81 g (4.2 mmol)
Dry toluene (50 ml) Dry toluene (50 ml)
NaOEt 0.28 g (4.2 mmol) NaOEt 0.28 g (4.2 mmol)
72h 72h

Extraction H,O/CHCl, Extraction H,O/CHCl,
1.26 g (90%) 1.02 g (75%)

90:10 100:0

Hpz4 0.89 g (4.2 mmol)
(n=17) 0.81 g (4.2 mmol)

Hpzl, 5-methyl-3-phenyl-1H-pyrazole;'® Hpz2: 2-(5-phenyl-1H-pyrazol-3-yl)pyridine;*° Hpz4, 2-(5-trifluoromethyl-1H-pyrazol-3-yl)pyridine.?*

pz2-trans

Figure 1. Structures of pyrazolides pzl and pz2. Selected interatomic
distances in A.

Table 3. Gibbs activation energy and Gibbs reaction energy® computed for
the trans/cis rearrangement in pyrazolide pz2 in the gas phase and in
solution

Gas phase Toluene THF
AG* 11.0 8.9 7.3
AG° 5.0 3.1 1.7

At 1 atm and 298.15 K relative to the trans conformer. All values in
keal mol ~ .

Table 3), whereas for the rotation around C—C(phenyl) the
Gibbs activation energy is only 7.3 kcal mol .

The difference between Gibbs activation energies corre-
sponding to the formation of L2¢ and L2¢’ isomers in
solution are in the 0.5-0.6 kcal mol ' range. These values
are notably lower than those obtained for the reactions of
pzl (Table 4). This result is not in agreement with
experiments that show a large regioselectivity for the
reaction of pz2.

We have considered the effect of complexation by Na™.
137

P4
I
z

Figure 2. Schematic energy profile for the Sy2 reaction between
chloromethane and a pyrazolide anion.

Table 4. Gibbs energies” relative to reactants computed for the stationary
points corresponding to the reactions between chloromethane and
pyrazolide pz1

Regioisomer Stationary Gas phase Toluene THF
point

Llc INTI —-1.0 6.0 9.9
TS 12.9 19.9 24.1
INT2 —28.2 —28.0 —29.9
Llc+Cl™ —19.8 —31.9 —36.8

Lic¢/ INT1 —1.0 6.2 10.2
TS 159 224 26.1
INT2 —24.4 —21.0 —193
Lic+Cl— —172 —28.7 —335

2 At 1 atm and 298.15 K. All values in kcal mol ™.

There are three different structures for the complex between
pz2 and Na™, which are shown in Figure 4. The chelate
complex is the most stable one and its Gibbs formation
energy is —123.2 (gas phase), —61.7 (toluene), and —30.4
(THF) kcal mol ~'. Table 6 presents the computed relative
Gibbs energies for these structures and for transition states
that interconnect them.

We have located the transition states for the reaction
between Napz2 and chloromethane and the results are
shown in Figure 5 and Table 7.

The Gibbs activation energies are larger than the ones
correspond the reaction of free pz2 (see Table 5). However,
in the gas phase and in toluene the transition states are below
the pz2+Na™ + CH;Cl asymptote, while in THF they are
6.2 (L2¢) and 12.8 (L2¢/) kcal mol™' above. So,
complexation by Na™ favors the reaction. Regarding the
regioselectivity, Table 7 shows a clear preference for the
formation of L2c. The difference between Gibbs activation



Articulos

V. Montoya et al. / Tetrahedron 61 (2005) 12377-12385 12381

TS-L2c

TS-L2c'

Figure 3. Structures of the transition states corresponding to the reactions of chloromethane with pz1 (TS-L1c and TS-L1¢’) and pz2 (TS-L2c and TS-L2¢').

Selected interatomic distances in A.

Table 5. Gibbs activation energies” computed for the reactions between pz2
and chloromethane

Table 6. Relative Gibbs energies® computed for the different structures
Napz2 complex and the transition states connecting them

Regioisomer Gas phase Toluene THF Gas phase Toluene THF
L2c 18.6 24.2 27.0 TS(chelatelcis) 7.6 7.8 79
L2¢ 19.0 24.7 27.6 cis 5.5 53 5.4

- TS(cis/trans) 11.7 11.6 11.5
* At 1 atm and 298.15 K. All values in kcal mol ™ . Trans 5.9 55 53

Napz2-frans

Figure 4. Structure of complexes between pz2 and Na*t. Selected
interatomic distances in A.

energies is 7.5 kcal mol ~ ! in toluene and 6.6 kcal mol ' in
THF. These values agree well with the high regioselectivity
experimentally observed. The formation of the chelate
complex is the main factor governing the regioselectivity.

? Relative to the chelate complex. At 1 atm and 298.15 K. All values in
keal mol .

TS-L2-Na

Figure 5. Structures of transition states corresponding to the reaction
between methyl chloride and the Napz2 complex. Selected interatomic
distances in A.

3. Conclusion

New N-alkyl-3,5-pyrazole derived ligands were synthesized
by reaction between 3,5-pyrazole derived ligands and the

138
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Table 7. Gibbs activation energies® computed for the reactions between
Napz2 and chloromethane

Regoisomer Gas phase Toluene THF
L2c 28.0 33.8 36.6
L2¢ 36.6 413 432

? At 1 atm and 298.15 K referred to the Napz2+CH;Cl asymptote. All
values in kcal mol ',

3 3 3 3

27 N4 4 2 2N 4 M 2
~ | 7 5\ 6' | 7 5 6'
1’ NS 1
1 X \ 1 X6 \\ N 8 10
10 N— N 10 10 N—N
"Re RrR2”

Figure 6. Numbering scheme for NMR data.

appropriate haloalkane. The most efficient procedure
involves the use of NaH as base and THF as solvent. The
alkylation reactions may lead to the formation of two
different regioisomers. For the reactions of 5-methyl-3-
phenyl-1H-pyrazole (Hpzl) the two regioisomers are
formed in a 60:40 ratio. However, the presence of a pyridyl
group as substituent leads to much larger regioselectivities.
Theoretical calculations carried out to rationalize the
experimental observations show that the formation of
Na*-pyrazolide chelate complexes plays a determinant
role in the observed regioselectivity.

4. Experimental
4.1. General

Ligands were prepared under nitrogen atmosphere using the
usual vacuum line and Schlenk techniques; solvents were
dried and distilled by standard methods and deoxygenated in
the vacuum line before used. All reagents were commercial
grade and were used without further purification.

Analyses (C, N, H) were performed in our analytical
laboratory on a Carlo Erba CHNS EA-1108 instrument.
Electrospray Mass Spectra was obtained on an Esquire 3000
apparatus. Infrared spectra were recorded as NaCl pellets in
the range 4000-500 cm ™' under a nitrogen atmosphere
employing a Perkin-Elmer 2000. The 'H and "*C{'H} NMR
and HMQC spectra were obtained either on a Bruker AC-
250 MHz. CDCl; is used as solvent in 'H and '*C{'H}
NMR and chemical shifts (§) were determined relative to
internal TMS and are given in ppm.

4.2. General procedure for the syntheses of the ligands:
method A

NaH (0.17 g, 4.2 mmol) was suspended in THF (50 ml). To
this suspension 4.2 mmol of the corresponding pyrazolic
ligands (Hpzl, Hpz2, Hpz3, Hpz4) were added and the
mixture was stirred until the evolution of hydrogen stopped.
Then the iodoalcane (iodoethane, 1-iodooctane) (4.2 mmol)
was added and the resulting solution was refluxed for 48 h.
After removing the solvent in vacuo, the product was
extracted from the oily residue with H,O/CHCl;. Ligands
139

were obtained in 70-95% yields as oils with sufficient purity
("H NMR). The separation of regioisomers was done by
silica column chromatography using ethyl acetate except for
ligand L1a/la’ where CH,Cl, was used.

4.3. General procedure for the syntheses of the ligands:
method B

NaOEt (0.28 g, 4.2 mmol) was dissolved in toluene (50 ml).
To this solution 4.2 mmol of the corresponding pyrazolic
ligands (Hpzl1, Hpz2, Hpz4) were added and the mixture
was stirred and heated under reflux for 1h. Then the
bromoalcane (1-bromooctane) (4.2 mmol) was added and
the resulting solution was refluxed for 72 h. After removing
the solvent in vacuo, the product was extracted from the oily
residue with H,O/CHCl;. Ligands were obtained in 70-90%
yields as oils with sufficient purity (‘H NMR) (Fig. 6). The
separation of regioisomers was done by silica column
chromatography using ethyl acetate.

4.3.1. 5-Methyl-1-octyl-3-phenyl-1H-pyrazole (L1a)/
5-methyl-2-octyl-3-phenyl-1H-pyrazole (Ll1a’). C,sH,¢N,
(270.2): calcd: C, 80.00; H, 9.63; N, 10.37, found C, 80.02;
H, 9.56; N, 9.98%. IR (NaCl, cm ") v (C-H),, 3060, »
(C-H), 2926, v ((C=N), (C=CQC)),, 1549, 6 ((C=N),
(C=C)), 1457, 6  (C-H)yroop 788, 760. MS (ESI): m/z
(%)=293.2 [MNa "] (58%), 271.2 [MH "] (100%), 159.0
[MH" —(CH,),CHs5] (7%). (L1a) '"H NMR (250 MHz,
25°C, CDCly): 6=0.95 (t, >J=7.0 Hz, 3H, pz-(CH,)—
CHs), 1.24-1.38 (m, 10H, pz-CH,—~CH,—(CH,)s), 1.87-1.92
(m, 2H, pz-CHy-CH,), 2.31 (s, 3H, pz-CH), 4.07 (t, 2H,
3J=17.0 Hz, pz-CH,), 6.34 (s, IH, H-5), 731 (, 3y13=
7.0 Hz, 1H, H-2), 7.85 (d, 2H, *Ji04-13=7.0 Hz, H-4, H-
10), 7.42 (t, 2H, *J,3.104=7.0 Hz, H-1, H-3). *C{'H}
NMR (63 MHz, 25 °C, CDCl3): 6=11.2 (pZ CHy), 14.2 (pz-
(CH,),—CH3), 22.8, 26.8, 29.4, 29.4, 30.6 (pz-CH,—CH,—
(CH,)s), 31.9 (pz-CH,—CH.,), 49.2 (pz-CH,), 102.5 (C-5),
127.3 (C-2), 125.6 (C-1, C-3), 128.6 (C-4, C-10), 134.1,
139.1, 150.1 (C-6, C-7, C-8) ppm. (Ll1a’) '"H NMR
(250 MHz, 25 °C, CDCl5): 6=0.86 (t, *J=7.0 Hz, 3H, pz-
(CH,),—CH3), 1.20-1.27 (m, 10H, pz-CH,—CH,—~(CH>)s),
1.75-1.81 (m, 2H, pz-CH,-CHy), 2.32 (s, 3H, pz-CHs), 4.03
(t, 2H, *J=7.0 Hz, pz-CH,), 6.05 (s, 1H, H-5), 7.35-7.47
(m, 5H, Hp,).’C{'H} NMR (63 MHz, 25 °C, CDCly): 6=
13.8 (pz-CH3), 14.3 (pz-(CH,);—CH3), 22.9, 26.8, 29.3,
294, 30.9 (pZ—CHQ—CHQ—(CH2)5), 32.0 (pZ-CHz—CHz),
49.5 (pz-CH,), 105.8 (C-5), 128.5 (C-2), 128.8-129.0
(C-1, C-3, C-4, C-10), 131.5, 144.5, 147.8 (C-6, C-7, C-8)
ppm.

4.3.2. 2-(1-Octyl-5-phenyl)-1H-pyrazol-3-yl)-pyridine
(L2a)/2-(2-octyl-5-phenyl-1H-pyrazol-3-yl)-pyridine
(L2a’). C5pH,7N3 (333.2): caled C, 79.28; H, 8.11; N, 12.61,
found C, 79.07; H, 8.39; N, 12.44%. IR (NaCl, cm_l) v
(C-H),; 3050, v (C-H),; 2925, v ((C=N), (C=0)),, 1595,
1567, 6 ((C=N), (C=C)), 1476, 1464, 6 (C-H),r.00p 787,
764. MS (ESD): m/z (%)= 3562 [MNa™] (100%), 3342
[MH ] (69%), 222.9 [MH " —(CH,),CH;] (2%). (L2a) 'H
NMR (250 MHz, 25 °C, CDCls): 6=0.86 (t, °J=7.0 Hz,
3H, pz-(CH,);—CH3), 1.21-1.27 (m, 10H, (pz-CH,—CH,—
(CH3)s), 1.87 (m, 2H, pz-CH,—CH,), 4.18 (t 3J=17.0 Hz,
2H pz-CH,), 6.91 (s, 1H, H-5), 7.19 (dd, *J,_3=7.0 Hz,
3J,.,=5.0Hz, 1H, H-2), 7.46 (m, 5H, Hpp), 7.72 (t,
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3J324=8.0 Hz, 1H, H-3),7.99 (d, >/, 3=8.0 Hz, 1H, H-4),
8.65 (d, *J,,=5.0 Hz, 1H, H-1). *C{'H} NMR (63 MHz,
25 °C, CDCly): 6=14.3 (pz-(CH,),—CH3), 22.9-30.8 (pz-
CH,—CH,—(CH,)s), 32.0 (pz-CH»—CH,), 50.2 (pz-CH»),
105.0 (C-5), 122.5 (C-2), 128.8-129.2 (Cpp, C-3), 120.3
(C-4), 150.0 (C-1), 131.2 (C-6"), 145.3, 150.9, 152.8 (C-6,
C-7, C-8) ppm.

4.3.3. 2-(5-Methyl-1-octyl-1H-pyrazol-3-yl)-pyridine
(L3a). Cy7HpsN3 (271.2) caled: C, 75.23; H, 9.28; N,
15.48, found C, 75.20; H, 9.52; N, 16.08%. IR (NaCl,cm ™~ ") »
(C-H),, 3061, v (C-H), 2925, v ((C=N), (C=0)),, 1606,
1551, 6 ((C=N), (C=0C)),, 1456, 1441, 6 (C H)ar00p 786,
762. MS (ESI): m/z (%)=294.2 [MNa™] (54%), 272.2
[MH"] (100%). '"H NMR (250 MHz, 25°C, CDCl;
solution): 6=0.87 (t, >J=7.0 Hz, 3H, pz-(CH,);—CH3),
1.26-1.31 (m, 10H, pz-CH,—CH,—(CH.)s), 1.83-1.90 (m,
2H, pz-CH,—CH,), 2.33 (s, 3H, pz-CHs), 407 (t, 2H, *J=
73Hz pz-CH,), 6.62 (s, 1H, H-5), 715(dd . 3—73Hz
3J,.1=4.8 Hz, 1H, H-2), 7.63 (dd 3J, =73 Hz, *J5 4=
8.1 Hz, 1H, H-3), 7.89 (dt IH, °J, 3=8.1 Hz, szzl—
1.1 Hz, H-4), 8.60 (d, 1H, *J, ,=4.8 Hz, H-1). *C{'H}
NMR (63 MHz, 25 °C, CDCl3): 6=11.3 (pz-CHz), 14.1 (pz-
(CH,);—CH3), 22.7, 26.8, 29.2, 29.3, 30.5 (pz-CH,—CH,—
(CHy)s), 31.8 (pz-CH,—CH,), 49.5 (pz-CH,), 104.0 (C-5),
122.1 (C-2), 136.5 (C-3), 139.4 (C-8), 149.4 (C-1), 150.1
(C-7), 152.8 (C-6) ppm.

4.3.4. 2-(1-Octyl-5-trifluoromethyl-1H-pyrazol-3-yl)-
pyridine (L4a). C;;H»,N;F; (325.2) caled: C, 62.75; H
6.81; N, 12.91, found C, 62.72; H, 7.28; N, 13.39%. IR
(NaCl, cm™ ") » (C-), 3063, v (C-)y 2960, v (C=N),
(C=C)), 1596, 1569, 6 ((C=N), (C=C)),, 1456, 1416, v
(C=H) 1274, 6 (C-H)ar 00, 789, 6 (C-H) 743. MS (ESD: mi/z
(%)=348.2 [MNat] (20%), 326.2 [MH"] (100%). 'H
NMR (250 MHz, 25 °C, CDCl; solution): 6=0.89 (t, °J=
7.0 Hz, 3H, pz-(CH,),—CHs>), 1.28-1.39 (m, 10H, pz-CH»—
CH,~(CH,)s), 1.93-1.98 (m, 2H, pz-CH,-CH,), 4.26 (t, 2H,
3J=17.0 Hz, pz- -CHy-CHy~(CHy)s), 7.20-7.28 (m, 1H, H-2),
7.24 (s, 1H, H-5), 7.73 (t, Jg_24—70HZ 1H, H-3), 7.95 (d,
3y 3=8.0 Hz, 1H, H-4), 8.64 (d, 3J»=5.0 Hz,1H, H-1),
BC{'H} NMR (63 MHz, 25°C, CDCly): 6=14.4 (pz-
(CH,),—CH3), 23.0, 26.9, 29.4, 29.5, 30.7 (pz-CH,—CH,—
(CHo)s), 32.1 (pz-CH,~CHy), 52.0 (pz-CHy), 106.2 (g,
3Jep=2.4Hz, C-5), 120.4 (C-4), 1205 (a. Uerp=
268.7 Hz, CF3), 123.3 (C-2), 133.4 (q, *Jcr=39.3 Hz,
C-8), 137.1 (C-3), 149.9 (C-1), 151.0, 151.5 (C-6, C-7) ppm.

4.3.5. 1-Ethyl-5-methyl-3-phenyl-1H-pyrazole (L1b)/
2-ethyl-5-methyl-3-phenyl-1H-pyrazole (L1b’). C;,H 4N,
(186.0): calcd C, 77.42; H, 7.53; N, 15.05, found C, 77.43;
H, 7.96; N, 14.64%. IR (NaCl, cm ™~ ") v (C-), 3061, v (C-)n
2935, v ((C=N), (C=CQ)),, 1605, 1552, & ((C=N),
(C=CQC)),, 1455, 1440 6 (C-)ar.00p 796, 765 MS (ESI): mlz
(%)=209.0 [MNa*] (50%), 187.0 [MH™] (100%). (L1b)
"H NMR (250 MHz, 25 °C, CDCl5): 6=1.47 (t, *J=7 Hz,
3H, pz-CH,—CHs), 2.33 (s, 1H, pz-CH3), 4.15 (q, 3=
7.0Hz, 2H, pz-CHy-CHj), 633 (s, 1H, H-5). 729 (¢
J’; 24—70HZ 1H H2) 7.40 (t J10413—70HZ 2H
H-10, H-4), 7.80 (d, *J,3,=7.0Hz, 2H, H-1, H-3),
BC{'H} NMR (63 MHz, 25°C, CDCly): 6=11.4 (pz-
CH3), 15.8 (pz-CH,—CH3), 44.3 (pz-CH,—CH3), 102.9 (C-5)
127.6 (C-2), 125.8 (C-1, C-3), 128.8 (C-10, C-4), 134.3,

139.0, 150.3 (C-6, C-7, C-8) ppm. (L1b’) 'H NMR
(250 MHz, 25°C, CDCl; solution): =141 (t, 3J=
7.0 Hz, 3H, pz-CHy-CHs), 2.33 (s, 1H, pz-CH;), 4.1 (q,
3J=17.0 Hz, 2H, pz-CH»—CH3), 6.07 (s, 1H, H-5), 7.39-7.49
(m, 5H, H-1, H-2, H-3, H-4, H-10) ppm. *C{'H} NMR
(63 MHz, 25 °C, CDCly): 6= 13.8 (pz-CH3), 16.2 (pz-CHp—
CHs), 44.4 (pz-CH,—CH3), 105.9 (C-5) 128.6 (C-2), 128.9—
129.0 (C-1, C-3, C-4, C-10), 131.6, 144.6, 147.9 (C4, C, Cg)
ppm.

4.3.6. 2-(1-Ethyl-5-phenyl-1H-pyrazol-3-yl)-pyridine
(L2b)/2-(2-ethyl-5-phenyl-1H-pyrazol-3-yl)-pyridine
(L2b'). C,¢H;5N5 (249.1): caled C, 77.11; H, 6.02; N, 16.87,
found C, 77.18; H, 5.84; N, 16.15%. IR (NaCl, cmfl) v
(C-H),, 3052, v (C-H),; 2975, v ((C=N), (C=C)),, 1595,
1567, 6 ((C=N), (C=C)), 1475, 6 (C—H)ar.00p 788, 766.
MS (BSD: m/z (%)=272.1 [MNa™] (46%), 250.1 [MH™"]
(100%), 222.0 [MH* —CH,CHj;] (3%). (L2b) '"H NMR
(250 MHz, 25 °C, CDCl5): 6=1.41 (t, *J=7.0 Hz, 3H, pz-
CH,-CH), 4.19 (q, 3J="7.0 Hz, 2H, pz-CH»,—CHj), 6.87 (s,
1H, H-5), 7.13 (t, *J,_13=5.0 Hz, 1H, H-2), 7.40 (m, SH,
Hpp), 7.66 (t, >J5_ 24=8.0Hz, 1H, H-3), 7.93 d, 3is=
8.0 Hz, 1H, H-4), 8.60 (d, *J,_,=5.0 Hz, 1H, H-1) ppm.
13y lH} NMR (63 MHz, 25 °C, CDCls): 6=15.7 (pz-CH,—
CH3), 44.7 (pz-CH,—CHj3), 104.6 (C-5), 119.8 (C-4), 122.1
(C-2), 128.6 (Cpp), 136.3 (C-3), 149.2 (C-1), 130.5, 144.5,
150.5, 152.2 (C-6, C-7, C-8, C-6") ppm. (L2b") "H NMR
(250 MHz, 25 °C, CDCl5): 6=1.51 (t, >J=7.0 Hz, 3H, pz-
CH,—CHj3), 4.19 (g, °J=7.0 Hz, 2H, pz- CH,—CHs), 6.88 (s,
1H, H-5), 7.26 (m, 1H, H-2), 7.33 (t, >Jo_y/ '3 =7.0Hz, 1H,
H2) 7.44 (m 2H Hll H3) 7.89 (d 110’4/3'1/—
7.0 Hz, 2H. H- 10/, H-4"), 7.77 (t, *J5_,4=8.0 Hz, 1H, H-3),
7.64 (d, *J, 3=8.0 Hz, 1H, H-4), 8.70 (d, *J1,=5.0Hz,
1H, H-1) ppm. "*C{'H} NMR (63 MHz, 25 °C, CDCl5): 6=
16.4 (pz-CH,—CH3), 46.9 (pz-CH,—CHj3), 104.0 (C-5),
122.8 (C-2), 123.2 (C-4) 126.0 (C-4/, C-10"), 127.9 (C-2"),
129.0 (C-1/, C-3'), 137.0 (C-3), 149.7 (C-1), 133.9, 142.3,
150.4, 150.5 (C-6, C-7, C-8, C-6') ppm.

4.3.7. 2-(1-Ethyl-5-methyl-1H-pyrazol-3-yl)-pyridine
(L3b). C,;H;5N; (187.0) caled: C, 70.56; H, 7.00; N,
22.44, found C, 70.17; H, 7.34; N, 23.18%. IR (NaCl, cm ™) »
(C=H),, 3061, v (C-H), 2979, v ((C=N), (C=C)), 1592,
1566, 6 (C=N), (C=C))y; 1499, 6 (C-H)yr00p 785. MS
(ESI): mlz (%)=210.0 [MNa™] (100%), 188.0 [MH™]
(31%). 1H NMR (250 MHz, 25 °C, CDCl; solution): 6=
1.46 (t, *J= 7.0 Hz, 3H, pz-CH,-CHs), 2.33 (s, 3H, pz-
CHs), 4.16 (q, 2H, *J=7.0 Hz, pz- -CH,~CHy), 6.62 (s, 1H,
H-5), 7.15 (ddd, 3123—80Hz 3, 1=4.0 Hz, U=
1.0 Hz, 1H, H-2), 7.68 (td, *J5.,4=7.0 Hz, *J5.;=2Hz,
1H, H-3), 7.88 (d, 3JH—SOHZ 1H, H-4), 8.61 (d, *J, ,=
5.0 Hz, 1H, H-1), *C{'H} NMR (63 MHz, 25 °C, CDCl5):
60=11.5 (pz-CH3), 15.9 (pz-CH,—CHs), 44.6 (pz-CH,—
CH;), 104.4 (C-5), 120.2 (C-4), 122.4 (C-2), 136.8 (C-3),
139.4 (C-8), 149.8 (C-1), 150.5 (C-7), 153.0 (C-6).

4.3.8. 2-(1-Ethyl-5-trifluoromethyl-1H-pyrazol-3-yl)-
pyridine (L4b). C,,H;(NsF; (241.0): caled: C, 54.77; H,
4.15; N, 17.43, found C, 54.32; H, 4.36; N, 17.85%. IR
(NaCl, cm ™) v (C=H),;, 3061, v (C-H),; 2962, v ((C=N),
(C=0)), 1597, 1558, 6 ((C=N), (C=0Q)),, 1448, 1417, 6
(C—H)4r.00p 788. MS (ESI): m/z (%)=264.0 [MNa™ ](3%)
242.0 [MH™] (100%), 214.0 [MH" —CH,CH;] (3%).
140
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NMR (250 MHz, 25 °C, CDCl; solution): 6=1.51 (t, *J=
7.0 Hz, 3H, pz-CH,—CH3), 4.31 (g, *J=7.0 Hz, 2H, pz-
CH,~CHy), 7.18 (m, 1H, H-2),7.22 (s, 1H, H-5), 7.69 (d,
J3 24—70HZ J'; 1—20HZ 1H H2) 7.92 (t J4ﬁ3—
8.0 Hz, 1H, H-4), 8.60 (d, 311_2—30Hz 1H, H-1), *C{'H}
NMR (63 MHz, 25 °C, CDCls): 6=15.8 (pz-CH,—CHj),
468 (pz-CH,-CHy), 1062 (g, *Jep=2Hz, C-5), 120.2
(C-4), 1204 (g, 'Je =269 Hz, CF5), 123.1 (C-2), 134.5 (q,
*Jep=40 Hz, C-8), 136.9 (C-3), 149.7 (C-1), 151.4, 151.1,
(C-6, C-7) ppm.

4.4. Computational details

All calculatlons have been done using the Gaussian-98
program.*® Geometries have been fully optimized using the
mPW 1K?*¢ density functional method with the 6-31+
G(d) basis set. This functional is a modification of the
MPW]PW91 hybrid functional derived by Adamo and
Barone*' from the exchange and correlation functional of
Perdew and Wang.*? The amount of Hartree—Fock exchange
has been obtained by minimizing the average deviation
between computed and experlmental potential energy
barriers for a set of 40 reactions.***® Harmonic vibrational
frequencies have been computed for all structures to
characterize them as energy minima (all frequencies are
real) or transition states (one and only one imaginary
frequency). Energies have been recalculated using the
6-311+ G(2d,p) basis set. The effect of solvation by toluene
(¢=2.379) and THF (¢=7.58) has been included using the
CPCM method**** for the gas phase optimized geometries.
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Abstract

Palladium(II) and platinum(II) complexes with N-alkylpyridylpyrazole-derived ligands, 2-(1-ethyl-5-phenyl-1H-pyrazol-3-yl)pyridine
(L") and 2-(1-octyl-5-phenyl-1H-pyrazol-3-yl)pyridine (L?), cis-[MCly(L)] (M = Pd(II), Pt(II)), have been synthesised. Treatment of
[PACI(L)] (L = L', L?) with excess of ligand (L', L?), pyridine (py) or triphenylphosphine (PPhs) in the presence of AgBF, and NaBPh,
produced the following complexes: [Pd(L),])(BPhy),, [Pd(L)(py).)(BPhy), and [Pd(L)(PPh;),])(BPhy),. All complexes have been character-
ised by elemental analyses, conductivity, IR and NMR spectroscopies. The crystal structures of cis-[PdCl,(L?)](2) and cis-[PtCly(L")] (3)
were determined by a single crystal X-ray diffraction method. In both complexes, the metal atom is coordinated by one pyrazole nitrogen,
one pyridine nitrogen and two chlorine atoms in a distorted square-planar geometry. In complex 3, n—n stacking between pairs of mol-

ecules is observed.
© 2005 Elsevier B.V. All rights reserved.

Keywords: N1-Alkylpyridylpyrazole ligands; Palladium complexes; Platinum complexes; Crystal structures

1. Introduction

The coordination chemistry of the pyrazole-derived
ligands has been extensively studied in recent years [1-5].
Over the last few years, we have invested much time and
energy in developing the coordination chemistry of 3,5-
substituted pyrazole-derived ligands. This chemistry is rich
in structural types, reactivity characteristics and ligand
coordination modes [6—18]. These ligands, can potentially
combine chelating properties with bridging properties.
The study of the transition metal complexes of these
ligands is important in catalysis, bioinorganic and materi-
als chemistry, moreover, it leads to the study of magnetic
coupling interactions.

Recently, our investigations have been directed towards
the preparation of 1,3,5-substituted pyrazole-derived

* Corresponding author. Tel.: +34 93 581 28 95; fax: +34 93 581 31 01.
E-mail address: Josefina.Pons@uab.es (J. Pons).

0020-1693/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2005.07.047

ligands. In a recent paper, we presented the synthesis and
characterisation of the ligands, 2-(1-ethyl-5-phenyl-1H-pyra-
zol-3-yl)-pyridine (L), 2-(2-ethyl-5-phenyl-1H-pyrazol-3-yl)-
pyridine (Ll/ ), 2-(1-octyl-5-phenyl-1H-pyrazol-3-yl)-pyridine
(L?), 2-(2-octyl-5-phenyl-1H-pyrazol-3-yl)-pyridine (LZ’),
1-ethyl-5-methyl-3-phenyl-1H-pyrazole (L*), 2-ethyl-5-methyl-
3-phenyl-1H-pyrazole (L¥), 5-methyl-1-octyl-3-phenyl-1H-
pyrazole (L*), 5-methyl-2-octyl-3-phenyl-1H-pyrazole (L*),
2-(1-ethyl-5-trifluoromethyl-1H-pyrazol-3-yl)-pyridine (L°),
2-(1-octyl-5-trifluoromethyl-1H-pyrazol-3-yl)-pyridine (L®),
2-(1-ethyl-5-methyl-1H-pyrazol-3-yl)-pyridine (L’) and 2-
(5-methyl-1-octyl-1H-pyrazol-3-yl)-pyridine (L®) [19]. With
the ligands (L*) and (L?*), we obtained and fully character-
ised the dichlorocomplexes trans-[MCl,(L),] (M = Pd(1I):
L=L° L% Pt(II): L=L% L% [20]. In a second paper,
the synthesis and characterisation of the ligands, 1-cthyl-
3,5-bis(2-pyridyl)pyrazole (L’) and 1-octyl-3,5-bis(2-pyr-
idyl)pyrazole (L'°), and their reactivity with Pd(II) and
Pt(II) was presented [21].
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As an extension of the above results, the present paper
describes the reaction of the ligands L' and L? with [MCl,-
(CH53CN),] (M = Pd(1l), Pt(I1)) yielding the compounds
[MCly(L)] (M =Pd(II): L=L' (1), L=L? (2); Pt(II):
L =L'(3), L = L?(4)). Treatment of the complexes [PdCl,-
(L)] (L=L" (1), L? (2)) with excess of ligand (L), pyridine
(py) or triphenylphosphine (PPhs) in the presence of AgBF,
and NaBPh,, yielding the compounds [Pd(L),]}(BPhy),
(L=L' (5), L? (6)), [Pd(L)(py)2)(BPhy), (L=L' (7), L°
(8)) and [P(L)(PPhs), BPhy), (L = L' (9), L (10)).

2. Experimental
2.1. General details

All reactions were carried out with the use of vacuum
line and Schlenk techniques. All reagents were commercial
grade materials and were used without further purification.
All solvents were dried and distilled by standard methods.

The elemental analyses (C, N, H) were carried out by
the staff of the Chemical Analyses Service of the Universi-
tat Autonoma de Barcelona on a Carlo Erba CHNS
EA-1108 instrument. Conductivity measurements were per-
formed at room temperature (r.t.) in 107> M acetone solu-
tions employing a Crison, micro CM 2200 conductimeter.
Infrared spectra were run on a Perkin—Elmer FT spectro-
photometer series 2000 cm ' as KBr pellets or polyethylene
films in the range 4000-100 cm~' under a nitrogen atmo-
sphere. The 'H NMR, *C{'H} NMR, *'P{'H} NMR
and HMQC spectra were run on a NMR-FT Bruker
250 MHz spectrometer in CDCIl; or CD,Cl, solutions at
room temperature. '"H NMR and "*C{'H} NMR chemical
shifts (d) were determined relative to internal TMS and are
given in ppm. *'P{'"H} NMR chemical shifts (5) are relative
to external 85% H3;PO4 are given in ppm. Electrospray
mass spectra were obtained on an Esquire 3000 ion trap
mass spectrometer from Bruker Daltonics (ESI-IT).

Synthesis of 2-(1-ethyl-5-phenyl-1H-pyrazol-3-yl)pyri-
dine (L') and 2-(1-octyl-5-phenyl-1H-pyrazol-3-yl)pyridine
(L% have previously been reported in the literature [19]
(Fig. 1). Samples of [MCl(CH;CN),] (M = Pd(Il) [22],
Pt(II) [23]) were prepared as described in the literature.

2.2. Synthesis of the complexes
2.2.1. Complexes [PdCly(L)] (L=L" (1); L (2))

The appropriate ligand (0.38 mmol: L', 0.095¢g; L2,
0.13 g) dissolved in dry acetonitrile (40 ml) was added to

R =ethyl
R =octyl

Fig. 1. N1-Alkylpyridylpyrazole-derived ligands and numbering scheme.
144

a solution of [PdCl,(CH;3CN),] (0.38 mmol; 0.10 g) in dry
acetonitrile (20 ml). The solution resulting was stirred at
room temperature for 10 h. The solution was concentrated
until a crystalline precipitate appeared. The complex pre-
cipitates as orange needles and recrystallised in acetone.
The solid was filtered off, washed with diethyl ether
(5 ml) and dried in vacuum.

1: (Yield: 80%) Anal. Calc. for C;cH5N3;ClLPd: C,
45.03; H, 3.52; N, 9.85. Found: C, 44.85; H, 3.14; N,
9.59%. Conductivity (@' em?mol™!, 1.0 x 107> M in ace-
tone): 2.7. IR: (KBr, cm™'): 3099 w(C—H),,, 2993 v(C-H),j,
1613 (W(C=C), v(C=N)),,, 1465, 1445 (4(C=C), o(C=
N)ar, 785, 765 6(C-H)oop; (polyethylene, cm ') 435
w(Pd-N), 352, 330 v(Pd—Cl). '"H NMR: (CDCl; solution,
250 MHz) o: 9.35 [1H, d, 3/ =6.0 Hz, H,], 8.02 [1H, t,
3] =8.0Hz Hs), 7.72 [1H, d, *J = 8.0 Hz, H,], 7.59-7.55
[3H, m, H,, Hg, Hyo], 7.46-7.43 [3H, m, H;, Hg, Hy], 6.77
[1H, s, Hs), 4.86 [2H, q, °J = 7.0 Hz, pz—CH,—CHj;], 1.41
[3H, t, °J=7.0 Hz, pz~CH,~CH;] ppm. *C{'H} NMR
(CDCl; solution, 63 MHz) §: 152.1 (Cyp), 151.6 (Cyy),
151.1 (Cy), 148.7 (C13), 140.3 (C3), 130.9 (Ci4), 129.7 (C5,
Cy), 129.5 (Cs, Cyp), 128.3 (Cg), 124.8 (C,), 121.4 (Cy),
105.1 (Cs), 45.9 (CHQ*CH;), 17.1 (CHz*CHg,) ppm.

2: (Yleld 71%) Anal. Calc. for C22H27N3C12Pd: C,
51.72; H, 5.29; N, 8.23. Found: C, 51.36; H, 4.90; N,
8.95%. Conductivity (' em*mol™!, 1.1 x 107* M in ace-
tone): 1.1. IR: (KBr, cm™'): 3100 W(C—H),,, 2923 v(C-H),i,
1612 (v(C=C), v(C=N))a,, 1458 (6(C=C), 6(C=N)),,, 761
0(C—H)oop; (polyethylene, cm'): 425 y(Pd-N), 357, 340
W(Pd—Cl). '"H NMR: (CDCl; solution, 250 MHz) &: 9.36
[1H, d, *J=5.0Hz, H,], 8.01 [1H, t, >/ =8.0 Hz, H;],
7.70 [1H, d, *J = 8.0 Hz, H,], 7.58-7.56 [3H, m, H,, H,
Hyyl, 7.45-7.41 [3H, m, H;, Hg, Ho], 6.75 [1H, s, Hs],
4.81 [2H, t, *J = 7.0 Hz, pz—CH>~CH,—(CH,)s—CHj3], 1.83
[2H, m, pz-CH,-CH,—(CH,)s-~CHj3], 1.21-1.13 [10H, m,
pz—CH,-CH,(CH>)s—CH;], 0.84 [3H, 3J=7.0 Hz, pz—
CH,-CH,(CH,)s-CH;] ppm. "*C{'H} NMR (CDCl,
solution, 63 MHz) ¢: 152.1 (Cy,), 151.6 (Cyy), 151.2 (Cy),
149.3 (Cy3), 140.3 (C5), 130.8 (Ch4), 129.7 (Cq, Cy), 129.5
(Cs, Ciro), 128.5 (Cy), 124.7 (C5), 121.3 (Cy), 104.8 (Cs),
50.5 (CH,<(CH,)s—CH3y), 32.1-23.0 (CH,~(CH,)s—CHy),
14.5 (CH,—~(CH,)¢—CHj3) ppm.

2.2.2. Complexes [PtCl;(L)] (L=L" (3); L’ (4))

The appropriate ligand (0.40 mmol: L', 0.10g; L
0.13 g) dissolved in 15 ml of dry acetonitrile was added to
solution of [PtCl,(CH3CN),] (0.40 mmol; 0.14 g) dissolved
in 20 ml of the same solvent. The mixture was heated to
reflux for 48 h. The solvent was then evaporated under
reduced pressure and a crystalline precipitate appeared.
The yellow solid was filtered off, washed with diethyl ether
and dried in vacuum.

3: (Yield: 53%) Anal. Calc. for C;HsN;CL,Pt: C, 37.27,
H, 2.91; N, 8.15. Found: C, 37.18; H, 2.53; N, 8.13%. Con-
ductivity (Q 'cecm?mol™!, 1.0x 107> M in acetone): 1.6.
IR: (KBr, cm™'): 3102 w(C-H),, 2993 w(C-H),, 1618
(W(C=C), v(C=N)).;, 1465, 1445 ((C=C), 6(C=N))ar,
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783, 765 8(C—H)yop; (polyethylene, cm™'): 441 vw(Pt-N),
349, 331 v(Pt—Cl). "H NMR: (CDClI; solution, 250 MHz)
8: 9.74 [1H, d, 3J = 6.0 Hz, H,], 8.06 [1H, t, >J = 8.0 Hz,
Hs), 7.73 [1H, d, 3J = 8.0 Hz, H,), 7.60-7.57 [3H, m, H>,
Hg, Hyol, 7.48-7.44 [3H, m, H,, Hs, Ho], 6.80 [1H, s, Hs],
497 [2H, q, *J=7.0Hz pzCH>,CHs], 144 [3H, t,
3J = 7.0 Hz, pz—CH,~CH;] ppm. *C{'H} NMR (CDCl,
solution, 63 MHz) o: 153.1 (C}»), 152.7 (Cyy), 150.0 (Cy),
148.7 (Cy3), 139.6 (C3), 131.0 (Ci4), 129.7 (C7, Cy), 129.5
(Cs, Cro), 128.5 (Cy), 125.1 (C,), 121.4 (Cy), 1054 (Cs),
46.1 (CH,—CHy), 16.9 (CH,—CH3) ppm.

4: (Yield: 40%) Anal. Calc. for C5,H»7N;CLPt: C, 44.07;
H, 4.51; N, 7.01. Found: C, 43.85; H, 4.39; N, 7.90%. Con-
ductivity (Q 'cm?mol™!, 9.8x107*M in acetone): 1.3.
IR: (KBr, cm™'): 3085 w(C-H),,, 2923 v(C-H),, 1621
(v(C=C), W(C=N)),,, 1459 ((C=C), /(C=N)),,, 763 5(C-
H)oog; (polyethylene, cm™'): 433 y(Pt-N), 351, 339 v(Pt—
Cl). '"H NMR: (CDCI; solution, 250 MHz) ¢: 9.77 [1H,
d, 3J=6.0Hz, H,], 8.05 [IH, t, *J=8.0Hz, H3], 7.70
[1H, d, 3J =7.0 Hz, Hy], 7.59-7.56 [3H, m, H», He, Hiol,
7.46-7.43 [3H, m, H,, Hg, Ho], 6.78 [1H, s, Hs], 4.92 [2H,
t, °>J =7.0 Hz, pz~CH>,—CH,>~(CH,)s—~CH3], 1.89 [2H, m,
pZ*CHzchzf(CHz)S*CH:;], 1.21-1.13 [10H, m, pZ*CHzf
CH,(CH,)s—CH3], 0.84 [3H, 3J = 7.0 Hz, pz—CH,-CH,—
(CH,)s—=CH;] ppm. “C{'H} NMR (CDCl; solution,
63 MHz) o: 153.1 (Cyp), 152.6 (Cyy), 149.8 (Cy), 149.1
(C13), 139.7 (G;5), 130.8 (Cyy), 129.7 (Cq, Cy), 129.6 (Cs,
Cyg), 128.6 (Cg), 125.0 (Cy), 121.7 (Cy), 105.3 (Cs), 50.6
(CH,~(CH,;)¢—CH3), 32.1-23.0 (CH,~(CH,)¢—CH3), 14.5
(CH>~(CH3)6-CH3) ppm.

2.2.3. Complexes [Pd(L)>](BPhy)> (L=L" [5](BPhy)>;
L’ [6](BPhy)>)

The appropriate ligand (0.18 mmol: L', 0.045g; L
0.060 g) dissolved in CH,Cl,/MeOH (3:1) (20 ml) was
added to a solution of 1 (0.18 mmol; 0.077 g) or 2
(0.18 mmol; 0.092 g) respectively, dissolved in CH,Cly/
MeOH (3:1) (20 ml). AgBF, (0.36 mmol; 0.070 g) was dis-
solved in MeOH (5 ml). This solution was stirred at r.t.
and light protected for 5 min. The yellow solution was then
filtered through a pad of Celite. The solution was stirred
for 1 h and concentrated on a vacuum line to one-fifth of
the initial volume. NaBPh4 (0.36 mmol; 0.12 g) was added
and then precipitate an orange solid. This solid was filtered
off, washed in diethyl ether and dried in vacuum.

[51(BPhy),: (Yield: 84%) Anal. Calc. for CgoH7oB,NgPd:
C, 77.29; H, 5.63; N, 6.76. Found: C, 77.74; H, 5.90; N,
6.62%. Conductivity (Q ' em?mol™', 9.6 x 107* M in ace-
tone): 163.1. IR: (KBr, cm™') 3055 w(C-H),,, 2925 v(C-
H)., 1605, 1579 (v(C=C), v(C=N)),,, 1480, 1464, 1425
(6(C=C), 6 (C=N)),y, 765, 732, 703 6(C-H)oop, 612 v(B-
C); (polyethylene, cm™'): 468 v(Pd—N). 'H NMR: (CDCl,
solution, 250 MHz) o: 8.65 [2H, d, *J = 4.5 Hz H,], 8.00—
6.85 [56H, m, Hpn, Hpyyl, 7.39 [2H, s, Hs), 4.26 [4H, q,
3] =7.3Hz, CH,CH;] 148 [6H, t, °J=7.3Hz, CHy
CH;] ppm. *C{'H} NMR (CD,Cl, solution, 63 MHz) :
146.7 (Cy), 136.1-122.2 (Cpp,, Cpy), 104.9 (Cs), 45.7 (CH,—

CH;), 159 (CH,-CH;) ppm. MS (%): 604 (44%)
[PA(L"),F", 355 (6%) [Pd(L"),-L'F*", 250 (100%) [L' + H]".

[6](Bph4)2 (Yleld 87%) Anal. Calc. for C92H94B2N6PdZ
C, 78.27; H, 6.67; N, 5.96. Found: C, 78.43; H, 6.60; N,
6.64%. Conductivity (Q ' cm?mol™', 9.9 x 107 M in ace-
tone): 176.5. IR: (KBr, cm™ ') 3055 v(C-H),,, 2925 v(C-
H),;, 1606, 1579 (v(C=C), W(C=N)),,, 1480, 1460, 1426
(6(C=C), 6(C=N)),,, 780, 732, 703 §(C-H)oop, 612 v(B-
C); (polyethylene, cm™'): 469 v(Pd-N). 'H NMR (CDCl,
solution, 250 MHz) d: 8.66 [2H, d, *J =4.1 Hz H,], 8.01-
6.73 [S6H, m, Hpy, Hyyl, 7.38 [2H, s, Hs], 4.20 [4H, t,
3J =17.5Hz, CH,~CH,~(CH,)s—CH3], 1.90-1.85 [4H, m,
CH,-CH>(CH,)s—CH;], 1.36-1.22 [20H, m, CH,-CH,—
(CH»)s—CH5]. 0.88 [6H, t, °J = 7.3 Hz, CH,—(CH,)s~CH5]
ppm. *C{'H} NMR (CD,Cl, solution, 63 MHz) &: 149.7
(C1), 136.8-120.0 (Cpn, Cpy), 1049 (Cs), 50.3 (CHy-
(CH,)6~CH3), 32.1-22.9 (CH»—(CH,)¢—CHj3), 14.2 (CH,—
(CH,)6—CH3) ppm. MS (%): 772 (9%) [Pd(L?*),F", 440
(5%) [PA(L?),-L*F, 334 (15%) [L> + H]".

2.2.4. Complexes [Pd(L)(py)>](BPhy)> (L =L’
[7](BPhy)>; L [8](BPhy);)

A solution of 1 (0.16 mmol; 0.068 g) or 2 (0.16 mmol;
0.082 g) was dissolved in a mixture of CH,Cl,/MeOH
(3:1) (20 ml). About (0.32 mmol; 0.025 g) of pyridine was
then added, followed immediately by a solution of AgBF,
(0.32 mmol; 0.062 g) dissolved in methanol (2 ml). The
reaction was carried out in the dark to prevent reduction
of Ag(I) to Ag(0). After 5 min, stirring was stopped and
AgCl was filtered off through Celite pad. Solution had
turned from initial orange to bright yellow. The solution
was stirred for 1 h and concentrated on a vacuum line to
one-fifth of the initial volume. NaBPh; (0.32 mmol;
0.11 g) was added and then precipitate a yellow solid. This
solid was filtered off, washed in diethyl ether and dried in
vacuum.

[7TA(BPhy),: (Yield: 86%) Anal. Calc. for C74HgsB,NsPd:
C, 77.15; H, 5.65; N, 6.08. Found: C, 77.56; H, 5.24; N,
6.97%. Conductivity (@' em? mol™!, 9.6 x 10™* M in ace-
tone):176.5. IR: (KBr, cm™!) 3055 w(C-H),,, 2925 w(C—
H)a, 1611 (w(C=C), W(C=N))arpy, 1605, 1579 (v(C=C),
WC=N))., 1479, 1425 (4(C=C), O(C=N)),;, 1451
(6(C=C), 6(C=N))arpy, 765, 733, 705 6(C-H)oop, 612
v(B-C); (polyethylene, cm™'): 469 w(Pd-N). 'H NMR
(CDClj solution, 250 MHz) ¢: 8.92 [1H, d, 3] =4.7Hz,
H,], 878 [2H, d, *J=4.8Hz H,] 8.69 [2H, d,
3J =5.0 Hz, H,,], 8.10-6.82 [54H, m, Hpn, H,], 7.26
[1H, s, Hs], 4.81 [2H, q, *J=72Hz, CH,CH;], 1.44
[3H, t, *J=72Hz, CH,CH;] ppm. “C{'H} NMR
(CD,Cl, solution, 63 MHz) J: 149.7 (C,), 136.8-120.0
(Cpn, Cpy), 1049 (Cs), 45.8 (CH,—CH3), 14.7 (CH,—CH3)
ppm. MS (%) =513 (11%) [Pd(L")(py).P*", 250 (100%)
[L'+ H", 92 (54%) [py + H'].

[81(BPhy),: (Yield: 85%) Anal. Calc. for CgoH77B,NsPd:
C, 77.73; H, 6.23; N, 5.67. Found: C, 77.97; H, 6.43; N,
6.02%. Conductivity (Q 'em?’mol™!, 9.7x107*M in
acetone): 175.8. IR: (KBr, cm™!) 3055 w(C-H),,, 2925
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WC-H)y, 1611 (W(C=C), WC=N))ypy. 1605, 1579  3J=50Hz, H,], 7.71-6.87 [78H, m, Hpp,, H,,], 7.10 [1H,
(W(C=C), WC=N)),,, 1480, 1464, 1425 (6(C=C), s, Hs], 419 [2H, t, °J = 6.5 Hz, CH,~(CHa)¢—CHs], 1.95—

(C=N)),,, 1451 (5(C=C), 3(C=N))arpy» 762, 732, 705
3(C-H)oop, 612 ¥(B-C); (polyethylene, cm™'): 467 v(Pd-
N). "H NMR (CDCl; solution, 250 MHz) d: 8.86 [1H, d,
*J=53Hz, H,], 8.79 2H, d, °J = 4.7 Hz, H,], 8.63 [2H,
d, °J=5.1Hz, Hy,], 7.84-6.89 [54H, m, Hpy, H,,], 7.24
[1H, s, Hs], 3.77 [2H, t, *J = 6.8 Hz, CH,—(CH,)¢CHj],
1.90-1.85 [2H, m, CH,-CH,(CH,)s-CH,], 1.35-1.24
[10H, m, CH,-CH,<(CH,)s-CH3], 0.81 [3H, t, *J=
7.2 Hz, CH,~(CH,)sCH;] ppm. *C{'H} NMR (CD,Cl,
solution, 63 MHz) d: 149.6 (C)), 136.9-121.1 (Cpp, Cpy),
103.4 (Cs), 50.5 (CH,~(CH,)¢CHj3), 32.1-23.0 (CH»-
(CHy)¢—CH;), 144 (CH,(CH)e-CH;3) ppm. MS
(%) = 595 (27%) [PA(L?)(py).I*, 334 (30%) [L*+ H'], 92
(100%) [py + H*].

2.2.5. Complexes [Pd(L)(PPh;),](BPhy), (L = L
[9](BPhy)>; L [10](BPhy))

A solution of 1 (0.14 mmol; 0.060 g) or 2 (0.14 mmol;
0.071 g) was dissolved in a mixture of CH,Cl, (10 ml),
MeOH (10 ml) and CH3CN (2 ml). Then, a solution of
AgBF, (0.28 mmol; 0.054 g) in methanol (2 ml) was added
dropwise with vigorous stirring at r.t. and light protected
for 5S5min. This solution is orange. To this solution
(0.28 mmol; 0.073 g) of PPh; was added. The solution
turned red. After 1 h the red solution turned yellow. This
solution was stirred at r.t. for 5h and concentrated on a
vacuum line to one-fifth of the initial volume. NaBPhy
(0.28 mmol; 0.096 g) was added and then precipitate a yel-
low solid. This solid was filtered off, washed in diethyl ether
and dried in vacuum.

[9](BPh4)2 (Y1€1d 63%) Anal. Calc. for C100H85B2N3P2Pd:
C, 79.10; H, 5.60; N, 2.77. Found: C, 79.03; H, 5.34; N,
2.97%. Conductivity (Q 'cm?’mol™!, 1.04x10>M in
acetone):169.0. IR: (KBr, cm™') 3059 w(C-H),, 2927
W(C-H),, 1605, 1570 (v(C=C), wW(C=N)),, 1482, 1436
(6(C=C), 6(C=N))ar, 744, 695 6(C-H)sop, 612 v(B-C),
(polyethylene, cm™'): 450 vw(Pd-N), 341 wPd-P). 'H
NMR (CDCIl; solution, 250 MHz) ¢6: 8.57 [1H, d,
3J=4.8Hz H,), 7.65-7.19 [78H, m, Hpp,, H,,] 6.97 [1H,
s, Hs], 417 [2H, q, *J=7.3 Hz, CH,»-CHs], 1.32 [3H, t,
3] =17.3 Hz, CH,—CH;]. *C{'H} NMR (CD,Cl, solution,
63 MHz). 6: 150.3 (C)), 134.6-122.8 (Cpp, Cpy), 103.3 (Cs),
50.4 (CH,—CHs3), 14.6 (CH»—CH;) ppm. *'P{'H} NMR
(CD,Cl, solution, 81 MHz) ¢: 35.1 (br, PPhs), 34.8 (br,
PPh;). MS (%) =879 (<1%) [Pd(L")(PPhs),]*", 617
(100%) [Pd(L")(PPhs),-PPhs], 250 (13%) [L'+ HJ", 263
(68%) [PPh; + H™].

[10](BPhy),: (Yield: 51%) Anal. Calc. for CopsHo7B,N3-
P,Pd: C, 79.44; H, 6.06; N, 2.62. Found: C, 79.74; H,
5.90; N, 2.62%. Conductivity (Q'cm?mol™!, 1.00x
107> M in acetone): 167.2. IR: (KBr, cm™') 3054 vw(C—
H).r, 2925 v(C-H),, 1605, 1579 (v(C=C), v(C=N))ar,
1480, 1436 (6(C=C), 6(C=N))ar, 732, 704 6(C—H)y0p, 612
W(B-C), (polyethylene, cm™'): 471 w(Pd-N), 344 v(Pd-P).
'"H NMR (CDCl; solution, 250 MHz) §: 8.68 [IH, d,
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1.84 [2H, m, CH,-CH>—(CH,)s—CHj], 1.62-1.51 [10H, m,
CH,-CH,(CH,)s—CH;], 0.87 [3H, t, *J=6.1 Hz, CHp—
(CH,)e-CH5] ppm. "*C{'H} NMR (CD,Cl, solution,
63 MHz) §: 149.2 (C)), 135.5-127.5 (Cpp, Cpy), 105.4
(Cs), 50.3 (CH,~(CH,)s—CHj3), 32.1-21.5 (CH,~(CH,)s—
CH;), 134 (CH,(CH,)¢CH;) ppm. >'P{'H} NMR
(CD,Cl, solution, 81 MHz) o: 33.5 (br, PPhj), 33.6 (br,
PPhy). MS (%) =963 (<1%) [Pd(L*)(PPh;),", 701
(100%) [Pd(L?)(PPhs),-PPhs], 334 (6%) [L*>-+HJ", 263
(4%) [PPhs + H'.

2.3. X-ray crystal structure analyses of complex
[PACL(L?)] (2)

Suitable crystals for X-ray diffraction of compound cis-
[PACl,(L?)] (2) were obtained thorough crystallisation from
acetone. One crystal mounted on an Enraf-Nonius CAD4
four-circle diffractometer with a image plate detector.
Unit-cell parameters were determined from automatic cen-
tering of 25 reflections (12 <0 < 21) and refined by least-
squares method. Intensities were collected with graphite
monochromatised Mo Ka radiation, using ®/26 scan-tech-
nique. 6399 reflections were measured in the range
2.38 < 0 <29.97. 6398 of which were non-equivalent by
symmetry (Ry,, (on 71)=0.012). 3762 reflections were
assumed as observed applying the condition 1> 2a().
Three reflections were measured every two hours as orien-
tation and intensity control, significant intensity decay was
not observed. Lorentz—polarisation but no absorption cor-
rections were made.

The structure was solved by Direct methods, using
SHELXS computer program [24] and refined by full-matrix
least-squares method with SHELX1L97 computer program
[25], using 6398 reflections. The function minimised was
S w]|F,|* — |Fe|*’, where w=[c(I) + (0.0348P)*]"" and
P = (|F," + 2|F.[")/3. 22H atoms were located from a dif-
ference synthesis and refined with overall isotropic temper-
ature factor and SH atoms were computed and refined,
using a riding model, with an isotropic temperature factor
equal to 1.2 times the equivalent temperature factor of the
atom, which are linked. The final R(F) factor and R(F°)
values as well as the number of parameters and other
details concerning the refinement of the crystal structure
are gathered in Table 1.

2.4. X-ray crystal structure analyses of complex

[PtCL(L')] (3)

Suitable crystals for X-ray diffraction of compound cis-
[PtCly(L')] (3) were obtained thorough crystallisation from
acetone. One crystal mounted on an Enraf-Nonius CAD4
four-circle diffractometer. Unit-cell parameters were deter-
mined from automatic centering of 25 reflections (12 <0 <
21) and refined by least-squares method. Intensities
were collected with graphite monochromatised Mo Ko
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Table 1
Crystallographic data for cis-[PdClz(Lz)] (2)
Formula C22H27C12N3Pd
M 510.77
Temperature (K) 293(2)
Crystal system triclinic
Space group PI No. 2
Unit cell dimensions

a(A) 8.815(4)

b (A) 9.241(7)

¢ (A) 14.688(2)

o (°) 86.99(2)

Q) 87.18(2)

7 (%) 68.10(5)
U (AY) 1108.0(10)
Z 2
Dculc (g Cm73) 1.531
u(mm™Y) 1.091
F000) 520
Crystal size 0.1x0.1x0.2
0 Range (°) 2.38-29.97

Index range

Reflections collected/unique
Data/restraints/parameters
Goodness-of-fit

Final R, R,

R, (all data), wR,

C12<h<12, —12<k<12,0<<20
6399/6398 [Rin, = 0.0125]

6398/0/341

1.015

0.0543, 0.0834

0.1468, 0.1008

Residual electron density (e A’3) 0.566 and —0.691

radiation, using ®/20 scan-technique. 4833 reflections were
measured in the range 2.50 < 0<29.96. 3478 were
assumed as observed applying the condition 7> 2a([).
Three reflections were measured every two hours as orien-
tation and intensity control, significant intensity decay was

not observed. Lorentz—polarisation but no absorption cor-

rections were made.

Table 2

Crystallographic data for cis-[PtCl(LY)] (3)

Formula C] (,H] 5C12N3Pt
M 515.30
Temperature (K) 293(2)
Crystal system triclinic
Space group P1 No. 2
Unit cell dimensions

a(A) 9.028(3)

b (A) 9.486(2)

¢ (A) 10.872(9)

o (°) 87.48(4)

B©) 80.11(5)

7 (%) 66.23(2)
U (A% 893.4(8)
V4 2
Dcalc (g Cm73) 2.039
w(mm ) 8.675
F000) 488
Crystal size 0.2x0.1x0.1
0 Range (°) 2.50-29.96

Index range

Reflections collected/unique
Data/restraints/parameters
Goodness-of-fit

Final R, wR»

R, (all data), wR,

Residual electron density (e A’3)

—12<h<12, —-13<k<13,0</<15
4833/4833 [Rip, = 0.0256]

4833/0/199

0.945

0.0375, 0.0823

0.0749, 0.0914

0.959 and —0.586

The structure was solved by Direct methods, using
SHELXS computer program [24] and refined by full-matrix
least-squares method with SHELx1L97 computer program
[25], using 4833 reflections. The function minimised was
S wl|F,|* — |Fe|’’, where w={[a*(]) + (0.0485P)’]"! and
P = (|F,[ +2|F.[")/3. All H atoms were computed and
refined using a riding model, with an isotropic temperature
factor equal to 1.2 times the equivalent temperature factor
of the atom, which are linked. The final R(F) factor and
R(F?) values as well as the number of parameters and other
details concerning the refinement of the crystal structure
are gathered in Table 2.

3. Results and discussion
3.1. Synthesis and spectroscopic properties of complexes 1-4

The complexes cis-[MCl,(L)] (M =Pd(Il): L=L' (1),
L=L? (2); M=Pt(Il): L=L"' (3), L=L? (4)) were
obtained by reaction of [MCl(CH3;CN),] (M = Pd(Il),
Pt(II)) with the corresponding pyrazole ligand (L', L?), in
an acetonitrile solution and in the IM:1L ratio. These com-
plexes are soluble in CHCl;, CH,Cl,, acetone but insoluble
in acetonitrile, hexane, diethyl ether, methanol and etha-
nol. The ability of L' and L? to coordinate Pd(II) and
Pt(II) is comparable to that of the N-alkylpyrazoles [21].
The elemental analyses are consistent with the formula
[MCIly(L)] for the four compounds. Conductivity measure-
ments in acetone (between 1.1 and 2.7 Q' cm”® mol™)
show the non-ionic behaviour of complexes 1-4 (conduc-
tivity values for a non-electrolyte are below
100 Q' cm? mol™! in acetone solution) [26,27]. The IR
spectra in the range 4000-400 cm ™' show that the ligands
are coordinated to the Pd(II) or Pt(II). The (v(C=C),
¥(C=N)),, bonds of the pyrazole ligand increase its fre-
quency when it is part of the complex. No significant
change is observed in the §(C-H),op, bands [19]. The IR
spectra in the region 600-100cm~', the v(M-N)
(M = Pd(II), Pt(II)) are observed (435, 425 for Pd(II) and
441, 433 cm ™! for Pt(II)). Moreover, the spectra of com-
plexes 1, 2 display two bands (352, 330 cm ™' for (1) and
357, 340 cm ™! for (2)) corresponding to v(Pd—Cl), and for
complexes 3, 4 (349, 331 cm™! for (3) and 351, 339 cm ™!
for (4)) corresponding to v(Pt—Cl), which are typical for
compounds with a cis disposition of the chlorine ligands
around the Pd(II) and Pt(II), respectively [28].

"H NMR and "*C{'H} NMR spectra for complexes 1-4
were recorded in CDCl; and show the signals of the coor-
dinated ligands. HMQC spectra were used to assign signals
of 'H and '*C spectra to most H and C atoms of com-
plexes. NMR data are reported in Section 2.

3.2. Crystal and molecular structure of [PdCL(L?)] (2)

The crystal structure of complex 2 consists of discrete
cis-[PdCly(L?)] molecules linked by van der Waals forces
(Fig. 2). The palladium centre has typical square planar
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Fig. 2. ORTEP drawing of the complex [PdCl,(L?)] (2) (ellipsoids are shown at the 50% probability level).

geometry (with a slight tetrahedral distortion) in which
the largest deviation from the mean coordination plane
is —0.017(3) A (in N1), this distortion is lower than that
in [PtCL(L')] (L'" = 1-octyl-3,5-bis(2-pyridyl)pyrazole)
(0.035 A) [21].

The metal atom is coordinated to one L? via one pyra-
zole nitrogen, one pyridine nitrogen and two chlorine
ligands in a cis disposition. L? behaves as a bidentate ligand
forming a five-membered metallocycle.

The [PdCly(Npy)(Np,)] core (containing pyrazole and
pyridine nitrogen atoms and terminal chlorine ions) is
found in four complexes described in the literature
[18,29-31]. The bond distances Pd—N,, are of the some
order as those of Pd—N,,,. The Pd-N,, Pd-N,,, and Pd-
Cl bond lengths in 2 are of the same order as those found
in the literature [18,29-31]. Table 3, selected bond distances
and angles for this complex.

The N(1)-Pd-N(2) bite angle, 79.39(13)°, is comparable
to those found in the structure with the ligand 3-phenyl-5-
(2-pyridyl)pyrazole (pzl), [PdCl,y(pzl)], 79.16(14)° [18], but
lower than in Pt(II) complex with 1l-octyl-3,5-bis(2-pyr-
idyl)pyrazole (L'%), [PtCl,(L'%)], 80.73(13)° [21].

Table 3
Selected bond lengths (A) and bond angles (°) for cis-[PdCly(L?)] (2) with
estimated standard deviations (e.s.d.s) in parentheses

Pd-N(1) 2.047(3) Pd-CI(1) 2.2714(16)
Pd-N(2) 2.047(3) Pd-CI(2) 2.2934(16)
N(1)-Pd-N(2) 79.39(13) N(1)-Pd-CI(1) 93.04(10)
N(2)-Pd-CI(1) 172.37(10) N(1)-Pd-C1(2) 179.11(10)
N(2)-Pd-Cl(2) 100.00(10) CI(1)-Pd—C1(2) 87.58(6)
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The L? ligand is not planar. The pyridyl and phenyl
groups are twisted with respect to the pyrazole ring. The
py-pz dihedral angle is 1.5(2)°, and the ph—pz is 69.2(3)°.
The py—pz dihedral angles is some other than the complex
[PACl,(pz1)] (py—pz 1.43(4)°) [18], whereas the ph—pz angle
is higher than in the complex [PdCl,(pz1)] (ph—pz 0.48(3)°)
[18]. In comparison with the complex [PtCly(L!%)], the
angle py—pz angle is clearly lower that the py(coordi-
nated)-pz (6.5°), whereas the angle ph—pz in comparison
with py(non-coordinated)—pz is clearly higher (35.1°) [21].

The n-octyl group, which is bonded to the N(3) atom,
moves away from the chelating plane giving a torsion angle
N(2)-N(3)-C(15)-C(16) of 78.3(5)°, a value that is higher
than that of the [PtCly(L'%)] complex (65.7(6)°) [21].

3.3. Crystal and molecular structure of [PtCL(L')] (3)

The crystal structure of 3 consists of pairs of the cis-
[PtCl,(L")] molecules linked by intermolecular forces
(Fig. 3). Selected bond distances and angles are given in
Table 4.

The L' ligand chelates the platinum centre and two chlo-
rines atoms complete the four-coordinate environment of
the metal. .

The bond distances Pt-Npy (2.033(5) A) are clearly
longer than those of Pt-Np, (2.028(5) A). The Pt-N,,
Pt-N,,,, and Pt—Cl distances in 3 are in the usual range
found for other platinum complexes containing the analo-
gous ligands [32].

The chelating coordination of the L' ligand to the plat-
inum atom forms a five-membered metallocycle ring has a
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Fig. 3. ORTEP drawing of the complex [PtCl,(L")] (3) (ellipsoids are shown at the 50% probability level).

Table 4
Selected bond lengths (A) and bond angles (°) for cis-[PtCly(L")] (3) with
estimated standard deviations (e.s.d.s) in parentheses

Pt-N(1) 2.033(5) Pt-CI(1) 2.2969(18)
Pt-N(2) 2.028(5) Pt-CI(2) 2.292(2)
N(1)-Pt-N(2) 78.83(19) N(2)-Pt—CI(1) 100.62(15)
N(2)-Pt-Cl(2) 171.75(14) N(1)-Pt-CI(1) 178.62(14)
N(1)-Pt-C1(2) 93.52(15) CI(1)-Pt-CI(2) 87.10(8)

bite angle of N(1)-Pt-N(2) (78.83(9)°), the largest devia-
tion from the mean coordination plane is 0.04(5) A (in
N1), and this distortion is higher that in [PdCly(L?)]
(—0.0165 A), and [PtCl,(L'%)] (0.035 A) [21].

The [PtCly(Np)(N,,)] core (containing pyrazole and
pyridine nitrogen atoms and terminal chlorine atoms) is
found in one complex described in the literature [21].

The L' ligand is not planar. The pyridyl and phenyl
groups are twisted with respect to the pyrazole ring.
Whereas the pyridyl group is slightly twisted (py—pz dihe-
dral angle 3.4(4)°), the phenyl group shows a significant
torsion with respect to pyrazole (ph—pz dihedral angle
54.0(4)°). The py—pz dihedral angle is higher than the com-
plex [PdCl,(L?)] and the ph—pz dihedral angle is lower that
in complex [PdCl,(L?)].

The ethyl group, which is bonded to the N(3) atom,
moves away from the chelating plane, giving a torsion
angle of N(2)-N(3)-C(15)-C(16) of 80.8(8)°, a value that
is higher than that of [PdCl,(L?)], 78.28° and [PtCl,(L'%)],
65.7(6)° [21].

It is interesting to note that the mononuclear complex is
organised in the crystal lattice in a bimolecular array held
by metal-n interactions. Pairs of stacked complexes,
related by an inversion centre, display Pt- - -perpendicular-
to-ring distance of 3.358 A. This plane-to-plane distance
is shorter than those found in other Pt(II) complexes con-
taining pyridyl or pyrimidyl ligands [33,34]. The Pt. - -ring
centroid is 3.811 A (Fig. 4). The spatial orientation of the
alkyl chain probably comes from steric effects between this
bulky group of the nitrogen electron pair N(1) of the pyr-
idine ring and the Cl(2) ligand. In fact, the alkylation of a
pyrazolic nitrogen of the 3-phenyl-5-(2-pyridyl)pyrazole
(pz2) ligand was made with the purpose of increasing the
solubility of transition metal complexes. The crystal struc-
ture of 3 reveals that this functionalisation prevents the for-
mation of solid infinite linear stacking chains but allows the
stacking of pairs of molecules. This behaviour is similar to
the [PtCly(L?)] complex [21].

3.4. Reactivity of [PdCl,(L)] (L =L', L?) towards L (L’
L?), pyridine (py) and triphenylphosphine (PPh;)

Treatment of [PdCly(L)] (L = L', L?) with AgBF, and
NaBPh, in the presence of ligand (L', L?), pyridine (py)
or triphenylphosphine (PPh;) yielded [Pd(L),](BPhy),
(L=L! (5), L? (6)), [PA(L)(py)>(BPhy), (L=L' (7), L?
(8)), and [Pd(L)(PPhs)J(BPhy), (L=L' (9), L* (10))
(Scheme 1). These proposed formulas were corroborated
by elemental analyses. Conductivity in acetone for comple-
xes [SH10](BPhy), (between 163.1 and 176.5) is in agreement
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with 2:1 electrolytes. The range of conductivity values for
107> M solutions of 2:1 electrolyte compounds in acetone
is between 160 and 200 Q! cm? mol ™! [26,27]. The positive
ionisation spectra ([5}{10](BPhy),) complexes gave peaks
with values of 604 (44%) [5F", 772 (9%) [67", 537 (12%)
[7F", 622 (8%) [8*" (molecular peaks of the cation). In
the spectra of [9F" and [10F", the molecular peaks 879
and 963, respectively, were observed in an intensity lower
than 1%. But the ES(+)MS does show many fragmentation
peaks, thus confirming the existence of the species.

IR spectra of [5}6](BPhy),, the bands (v(C=C),
V(C=N)),; and 6(C-H),op again decrease the frequency
with respect to the free ligands [19] and also with respect
to the dichlorocomplexes.

IR spectra of [7}H8](BPhy), presents a bands attribut-
able to (V(C=C),y, W(C=N),,), and (6(C=C),y, J(C=N),y)
at 1611 and 1451 cm™', respectively. IR spectra of [5]-
[10](BPhy), present bands that were assigned to v(B-C) at
612cm™".

The IR spectra of the complexes between 600 and
100 cm ™' region were also studied [28,35]. In all cases, they
show bands attributable to v(Pd-N) between 449 and
471 cm™~'. Bands attributable to v(Pd-P) at 341 cm™' for
[9](BPhy), and 344 cm™! for [10](BPhy), were also assigned.

"H NMR and "*C{'H} NMR spectra for complexes [5}-
[10](BPhy), were recorded in CDCl; and CD,Cl,, respec-
tively. 'H and '*C{'H} NMR spectra corroborate the
obtaining of these complexes. HMQC spectra were used
to assign signals of '"H and '*C spectra to most H and C
atoms of complexes. NMR data are reported in Section 2.

The *'P{'"H} NMR spectra in CD,Cl, for [9}-
[10](BPhy), complexes consist of broad signals (sometimes
overlapping) with chemical shifts in the usual range for pal-
ladium(II) complexes (35.1, 34.8 for [97", and 33.9, 33.5
for [107*"), correspond to PPhs, indicating that the two
PPh; groups are non-equivalent.

4. Conclusions

The reaction of the ligands 2-(1-ethyl-5-phenyl-1H-pyra-
zol-3-yl)pyridine (L") and 2-(1-octyl-5-phenyl-1H-pyrazol-
3-yl)pyridine (L?) with [MCIl(CH;CN),] (M = Pd(II),
Pt(IT)) gives cis-[MCly(L)] compounds. The [PdCIl,(L)]
(L = L', L?) with excess of ligand (L), pyridine (py) and tri-
phenylphosphine (PPhj) in the presence of AgBF, and
NaBPh, forms ionic Pd(II) complexes with the formulas
[Pd(L)>)(BPhy)>, [Pd(L)(py):)(BPhy)> and [Pd(L)(PPhs),}-
(BPhy),. Elemental analyses, conductivity measurements
and spectroscopy data are consistent with mononuclear
structures, where neutral L pyrazole ligands coordinate
the metal centre in a bidentate form. To confirm the pres-
ence of those ionic species, we recorded positive and nega-
tive electrospray mass spectra. The X-ray structures of the
compounds [PdCly(L?)] (2) and [PtCly(L")] (3) show a
square planar coordination of metal with one bidentate L
neutral ligand and two chlorine ligands in a cis disposition.
In complex 3, a n—= stacking of pairs of molecules is also

observed. The presence of a pendant alkyl arm in the ligands
increases significantly the solubility of complexes in organic
solvents, which is essential in homogeneous catalysis.

5. Supplementary material

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic Data
Centre, CCDC reference number 266676 for compound
[PACI(L?)] (2) and 266677 for compound [PtCL(L"] (3).
Copies of this information may be obtained free of charge
from The Director, CCDC, 12 Union Road, Cambridge,
CB2 1EZ, UK (fax: +44 1223 336 033; e-mail: deposit@
cede.cam.ac.uk or www: htpp://www.ccde.cam.ac.uk).
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Abstract
Palladium [PdCl,(L)] complexes with N-alkylpyridylpyrazole derived ligands [2-(5-

trifluoromethyl-1H-pyrazol-3-yl)pyridine (LY, 2-(1-ethyl-5-trifluoromethyl-1H-pyrazol-3-
yDpyridine (L?), 2-(1-octyl-5-trifluoromethyl-1H-pyrazol-3-yl)pyridine (L*), and 2-(3-
pyridin-2-yl-5-trifluoromethyl-pyrazol-1-yl)ethanol (L) were synthesised. The crystal and
molecular structures of [PdCl,(L)] (L = L2, L3, L4) were resolved by X-ray diffraction, and
consist of monomeric cis-[PdCly(L)] molecules. The palladium centre has a typical square-
planar geometry, with a slight tetrahedral distortion. The tetra-coordinate metal atom is
bonded to one pyridinic nitrogen, one pyrazolic nitrogen and two chlorine ligands in cis
disposition. Reaction of L (L2, L4) with [Pd(CH3CN)4] (BF.),, in the ratio IM:2L, gave
complexes [PA(L)]2(BFy); . Treatment of [PdCly(L)] (L = L2, L4) with NaBF, and pyridine
(py) and treatment of the same complexes with AgBF, and triphenylphosphine (PPhs) yielded
[PA(L)(py)2]1(BF4), and [Pd(L)(PPhs),](BF4), complexes, respectively. Finally, reaction of

[PACL(L*)] with one equivalent of AgBF, yields [PAdCI(L*)](BEy).



Anexo

1. Introduction

Fluorinated ligands play an important role in many applications [1-4]. Trifluoromethyl-
substituted heterocycles often show biological activity [5,6] and much current research is
focused on the development of methods for the regioselective synthesis of such compounds
[7]. Strategically positioned fluorine in heterocyclic compounds, especially those containing
trifluoromethyl groups, plays an important role in medicines and agrochemicals [6,8-12].
Trifluoromethyl-substituted five-membered heterocycles have received considerable attention
in the literature [13], in particular, studies on the synthesis of trifluoromethyl-substituted
pyrazoles and isoxazoles [14-26]. Main fluorine-containing pyrazoles manifest herbicidal,
fungicidal, analgesic, and antiphlogistic properties [27,28]. In particular, 5-aryl-3-
trifluoromethylpyrazoles are selective inhibitors of cyclooxigenase and used for treatment of
rheumatoid arthritis and osteoarthritis [29,30].

In recent years, we have developed general synthesis of 1,3,5-substituted pyrazole derived
ligands yield, and focused the research on the development of methods for regioselective
synthesis [31]. We have also studied the reactivity of the ligands with Pd(II) and Pt(I)
compounds [32-34]. In continuation of our investigations, we describe here the syntheses and
structures of eleven new 1,3,5-substituted pyrazole derivatives of Pd(Il), as it well know,
Pd(II) exhibit a very rich coordination chemistry and their catalytic properties have attracted
much attention. In particular, we report the reaction of the published ligands: 2-(5-
trifluoromethyl-1H-pyrazol-3-yl)pyridine (LY [35, 36], 2-(1-ethyl-5-trifluoromethyl-1H-
pyrazol-3-yl)pyridine (L? [31], and 2-(1-octyl-5-trifluoromethyl-1H-pyrazol-3-yl)pyridine
(L*) [31,36] ligands (Figure 1) with [PdCly(CH;CN),] yielding [PACly(L)] (L =L' (1), L* (2),
and L’ (3)) compounds. Also, it is prepared and characterised a new 1,3,5-substituted pyrazole
derived ligand containing alcohol functionality (2-(3-pyridyn-2-yl-5-trifluoromethyl-pyrazole-
1-yDethanol (L4)) (Scheme 1) for studying a possible intramolecular coordination of the

alcohol group. For this it is reported the reaction of the last ligand with [PdCl,(CH3CN),]
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yielding [PdClz(L")] (4). The complexes [Pd(LL)2](BF4)2 (L = L’ (5), L (6)) were obtained by
reaction of [Pd(CH3CN)4](BF4), with the corresponding ligand. Treatment of [PdCly(L)] (L. =
L? and L*) with pyridine (py) and triphenylphosphine (PPhs) yielded [PA(L)(py)2](BF4), (L =
L* (7), L = L* (8)), and [Pd(L)(PPh3),](BE,), (L = L* (9), L = L (10)), respectively. Finally,
the reaction of [PdClg(L“)] with AgBF, yielded [PdCl(L4)](BF4) (11) complex (Scheme 2).

NMR studies and X-ray crystal structures of 2-4 are also presented.

2. Experimental
2.1. General Methods

Standard Schlenk techniques were employed throughout the synthesis using a double
manifold vacuum line with high purity dry nitrogen. All reagents were commercial grade
materials and were used without further purification. All solvents were dried and distilled by
standard methods. The elemental analyses (C, H, N) were carried out by the staff of the
Chemical Analyses Service of the Universitat de Barcelona on a Carlo Erba CHNS EA-1108
instrument. Conductivity measurements were performed at room temperature (r.t.) in 10° M
acetone employing a Crison, micro CM 2200 conductimeter. Infrared spectra were run on a
Perkin-Elmer FT spectrophotometer series 2000 cm™ as NaCl, KBr pellets or polyethylene
films in the range 4000-100 cm” under a nitrogen atmosphere. The 'H NMR, BC{'H} NMR,
*'p{'H} NMR, “F{'H} NMR, HMQC and NOESY spectra were run on a NMR-FT Bruker
250 MHz instrument. '"H NMR and " C{ 1H} NMR chemical shifts ( ) were determined
relative to internal TMS and are given in ppm. 31P{ 1H} NMR and 19F{ "H} NMR chemical
shifts are relative to external 85% H3PO, for *'P{'H} NMR and 10% of CECl; for ’F{'H}
NMR and shifts are given in ppm. Mass spectra were obtained with an Esquire 3000 ion trap
mass spectrometer from Bruker Daltonics.

The synthesis of 2-(5-trifluoromethyl-1H-pyrazol-3-yl)pyridine (LY [35,36], 2-(1-ethyl-5-

trifluoromethyl-1H-pyrazol-3-yl)pyridine (L? [31], 2-(1-octyl-5-trifluoromethyl-1H-pyrazol-
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3-yl)pyridine (L% [31,36], were prepared according to the published methods (Figure 1).

Samples of [PdCI,(CH3CN),] [37] were prepared as described in the literature.

2.2 Synthesis of the ligand: 2-(3-pyridin-2-yl-5-trifluoromethyl-pyrazol-1-yl)ethanol (L?)
4,4,4-trifluoro-1-pyridyn-2-yl-butane-1,3-dione (14.24 mmol; 3.09 g) was dissolved in

ethanol (50 ml). To this solution 2-hydroxyethylhydrazine (14.24 mmol; 1.08 g) was added
and the mixture was stirred and heated for 15 h at room temperature. After removing the
solvent under vacuum, the product was extracted from the oily residue with H,O/CHCls. The
collected organic layers were dried with anhydrous sodium sulphate and removed under
vacuum. Purification was done by silica column chromatography using ethyl acetate. The

ligand is obtained as yellow oil.

L*: Yield: 80 % (2.93 g). C;iHyoF3N3O (257.0). Anal. Cale. C, 51.36, H, 3.89, N, 16.34.
Found: C, 51.34, H, 4.18, N, 16.56 %. IR: (NaCl, cm™) 3387 v(O-H), 3062 V(C-H),;, 2959
V(C-H)y, 1590, 1572, v((C=C), V(C=N)),;, 1453, 1418 §((C=C), 8(C=N)),,, 1270 v(C-F), 788
8(C-H)oop.- MS (ESI): m/z (%) 280.0 [M+Na*] (100%), 258.0 [MH'] (13%). "H NMR (CDCl;
solution, 250 MHz) &: 8.65 (1H, ddd, °J = 4.84 Hz, *J = 1.79 Hz, °J = 0.90 Hz, H)), 7.88 (1H,
td, °J = 7.70 Hz, *J = 1.79 Hz, H5), 7.65 (1H, ddd, *J = 7.70 Hz, *J = 1.07 Hz, °J = 0.90 H.),
7.40 (1H, ddd, °J = 7.70 Hz, °J = 4.84 Hz, *J = 1.07 Hz, H,), 6.81 (1H, s, Hs), 5.72 (1H, br,
OH), 4.68 (2H, t,°J = 4.83 Hz, pz-CH,-CH,-OH), 4.14 (2H, t, *J = 4.83 Hz, pz-CH,-CH,-OH)
ppm. “C{'H} NMR (CDCI; solution, 63 MHz) &: 149.1 (C)), 148.0 (Cs), 143.6 (C>), 142.3 (q,
2J = 38.4 Hz, Cy), 138.5 (C3), 124.4, 124.3 (C», Cy), 122.0 (q, 'J = 178.5 Hz, CF3), 105.3 (q, °J
= 2.4 Hz, Cs), 62.8 (pz-CH,-CH,-OH), 53.8 (pz-CH,-CH,-OH) ppm. “F{'H} NMR (CDCl;

solution, 235 MHz) 8: -62.6 (s, CF3)

2.3 Synthesis of the complexes
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2.3.1 Complexes [PACL(L)J(L = L'(1), L*(2), L’(3), L*(4))
The corresponding ligand (0.31 mmol: L', 0.066 g; L% 0.075 g; L’ 0.101 g; L*, 0.080 g)

dissolved in dry acetonitrile (20 ml) was added to a solution of [PdCI,(CH3CN),] (0.31 mmol;
0.080 g) in dry acetonitrile (20 ml). The resulting solution was stirred at room temperature for
4 h. The solution was concentrated until a crystalline precipitate appeared. The complex
precipitates as orange needless. The solid was filtered off, washed with the diethyl ether (5 ml)

and dried under vacuum.

1: Yield: 47 % (0.057 g). CoHgCLF3N3Pd (390.3). Anal. Cale. C, 27.67, H, 1.54, N, 10.76.
Found: C, 27.57, H, 1.47, N, 10.63 %. Conductivity ( “em’mol™, 1.0x10° M in acetone):
12.06. IR: (KBr, cm™) 3105 v(N-H), 3020 V(C-H)ar, 2960 V(C-H)g, 1617 v((C=C), V(C=N))q,
1468 §((C=C), §(C=N)).r, 1257 V(C-F), 794, 771 8(C-H)oop; (polyethylene, cm™): 427 v(Pd-
N), 363, 338 v(Pd-Cl). 'H NMR (acetone-dg solution, 250 MHz) &: 11.21 (1H, br, NH), 10.03
(1H, ddd, °J = 4.48 Hz, “7 = 1.43 Hz, °J = 0.71 Hz, H)), 8.12 (1H, td, °J = 7.52 Hz, *J = 1.43
Hz, Hs), 7.95 (1H, ddd, °J = 7.52 Hz, *J = 1.61 Hz, °J = 0.71 Hz, Hy), 7.48 (1H, ddd, *J =
7.52 Hz, °J = 448 Hz, *J = 1.61 Hz, H»), 7.11 (1H, s, Hs) ppm. “C{'"H} NMR (acetone-ds
solution, 63 MHz) &: 152.8 (Cs), 151.1 (Cy), 150.6 (C)), 141.5 (C3), 133.7 (q, °J = 47.5 Hz,
Cs), 126.1 (Cy), 123.0 (Cy), 122.6 (q, 'J = 161.5 Hz, CF3), 105.6 (q, *J = 2.4 Hz, Cs) ppm.

YF{'H} NMR (CDCl; solution, 235 MHz) &: -61.6 (s, CF3) ppm.

2: Yield: 55 % (0.071 g). C1iHioCLF3N3sPd (418.3). Anal. Cale. C, 31.57, H, 2.39, N, 10.04.
Found: C, 31.99, H, 2.36, N, 10.21 %. Conductivity ( 'cm’mol™, 9.6x10* M in acetone):
1.25. IR: (KBr, cm™) 3030 V(C-H).:, 2939 V(C-H)y, 1618, 1564 v((C=C), V(C=N)),,, 1449,
1439 §((C=C), 8(C=N))ar, 1277 v(C-F), 780 8(C-H)oop; (polyethylene, cm™): 430 v(Pd-N),

358, 337 v(Pd-Cl). "H NMR (CD,Cl, solution, 250 MHz) &: 9.32 (1H, dd, °J = 4.47 Hz, *J =
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1.62 Hz Hy), 8.09 (1H, td, °J = 7.53 Hz, *J = 1.62 Hz, H3), 7.78 (1H, d, °J = 7.53 Hz, Hy), 7.55
(1H, dd, °J = 7.53, 7] = 4.47 Hz, H,), 7.18 (1H, s, Hs), 5.07 (2H, q, °J = 7.34 Hz, CH,-CHj3),
1.56 (3H, t, °J = 7.34 Hz, CH,-CH3) ppm. “C{'H} NMR (CD,Cl, solution, 63 MHz) &: 152.4
(Cs), 151.0 (C1), 150.1 (C7), 140.9 (C3), 135.5 (q, °J = 42.2 Hz, Cy), 125.9 (C,), 122.1 (Cy),
118.2 (q, 'J = 177.5 Hz, CF3), 105.7 (q, °J = 2.9 Hz, Cs), 48.2 (CH,-CHj3), 16.8 (CH,-CHs)

ppm. YF{*H} NMR (CDCl; solution, 235 MHz) &: -61.7 (s, CF3) ppm.

3: Yield: 63 % (0.098 g). C17H2CLF3N3Pd (502.7). Anal. Calc. C, 40.62, H, 4.41, N, 8.36.
Found: C, 40.72, H, 4.23, N, 8.45 %. Conductivity ( 'cm’mol™, 9.9x10™ M in acetone): 2.08.
IR: (KBr, cm™) 3068 V(C-H),;, 2923 v(C-H),;, 1617, 1565 v((C=C), v(C=N)),,, 1458 8((C=C),
8(C=N))ay, 1277 V(C-F), 775 8(C-H)oop; (polyethylene, cm™): 428 v(Pd-N), 356, 338 v(Pd-Cl).
"H NMR (CD,(Cl, solution, 250 MHz) &: 9.30 (1H, ddd, °J = 5.73 Hz, *J = 1.62 Hz, °J = 0.72
Hz, H), 8.10 (1H, td, °J = 7.70 Hz, *J = 1.62 Hz, H3), 7.79 (14, ddd, °J = 7.70 Hz, *J = 1.43
Hz,’J = 0.72 Hz, Hy), 7.54 (1H, ddd, °J = 7.70 Hz, °J = 5.73 Hz, *J = 1.43 Hz, H,), 7.19 (1H,
s, Hs), 4.93 (2H, t, °J = 8.06 Hz, CH,-(CH,)s-CH3), 2.00 (2H, m, CH,-CH,-(CH,)s-CH3),
1.38-1.32 (10H, m, CH,-CH,-(CH,)s-CH3), 0.92 (3H, t, °J = 6.98 Hz, (CH,);-CH3) ppm.
BC{'H} NMR (CD,Cl; solution, 63 MHz) &: 152.3 (Ce), 150.9 (C)), 150.2 (C7), 140.9 (C3),
136.3 (q, °J = 41.3 Hz, Cy), 125.8 (Cy), 122.1 (Cy), 121.2 (q, 'J = 173.7 Hz, CF3), 105.6 (q, °J
= 2.9 Hz, Cs), 52.6 (CH,-(CH,)s-CH3), 32.1-23.0 (CH,-(CH,)s-CH3), 14.2 ((CH,);-CH3) ppm.

YF{'H} NMR (CDCl; solution, 235 MHz) &: -61.5 (s, CF3) ppm.

4: Yield: 71 % (0.095 g). C11HyoCLF3N3OPd (434.3). Anal. Calc. C, 30.39, H, 2.32, N, 9.66.
Found: C, 30.24, H, 2.44, N, 9.63 %. Conductivity ( "'cm?mol™, 9.2x10™ M in acetone): 5.62.
IR: (KBr, cm™) 3467 v(O-H), 3104 V(C-H)qr, 2955 V(C-H)a, 1611 v((C=C), V(C=N)),;, 1458

8((C=C), 8(C=N))ar, 1270 V(C-F), 781 8(C-H)qop; (polyethylene, cm™): 423 v(Pd-N), 350, 334
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v(Pd-Cl). "H NMR (CD,Cl, solution, 250 MHz) &: 9.33 (1H, ddd, °J = 5.91 Hz, *J = 1.43 Hz,
°J =1.07 Hz, H)), 8.11 (1H, td, °J = 7.70 Hz, *J = 1.43 Hz, H3), 7.79 (1H, ddd, °J = 7.70 Hz,
*J =147 Hz, °J = 1.07 Hz H,), 7.56 (1H, ddd, °J = 7.70 Hz, °J = 5.91 Hz, *J = 1.47 Hz, H>),
7.23 (1H, s, Hs), 5.17 (2H, t, °J = 8.06 Hz, CH,-CH,OH), 4.06 (2H, t, °J = 8.06 Hz, CH,-
CH-OH), 2.97 (1H, br, OH) ppm. *C{'"H} NMR (acetone-ds solution, 63 MHz) &: 153.3 (Cs),
151.4 (C7), 150.4 (C)), 141.6 (C3), 133.1 (q, °J = 40.4 Hz, Cy), 126.0 (Cy), 123.1 (Cy), 120.3
(q, 'J = 173.7 Hz, CF3), 106.7 (q, °J = 2.9 Hz, Cs), 61.6 (CH,-CH,0OH), 54.1 (CH,-CH,OH)

ppm. YF{'H} NMR (acetone-ds solution, 235 MHz) &: -60.2 (s, CF3) ppm.

2.3.2 Complexes [Pd(L),](BF4); (L = L*(5), L'(6))
To a solution of (0.14 mmol, 0.062 g) of [PAd(CH3CN)4](BF4), in 15 ml of acetonitrile (cooled

in an ice-water bath) was added the corresponding ligand (0.28 mmol: L% 0.067 g; L* 0.072 g)
in 10 ml of the same solvent. The pale yellow solution turned orange. The solution was stirred
for one hour at 0°C and after stirring the solution at room temperature overnight; the solvent
was removed under reduced pressure. The orange solid that was obtained was washed twice

with diethyl ether (5 ml) and dried under vacuum.

5: Yield: 47% (0.050 g). C22H20B:F14N6Pd (762.4). Anal. Calc. C, 34.66, H, 2.64, N, 11.02.
Found: C, 34.88, H, 2.71, N, 11.22 %. Conductivity ( “em’mol™, 9.2x10™ M in acetone):
177.1. IR: (KBr, cm™) 3103 v(C-H)., 2944 V(C-H)u, 1667, v((C=C), V(C=N)),, 1438
8((C=C), 8(C=N)),, 1276 V(C-F), 1060 V(B-F), 777 8(C-H)oop; (polyethylene, cm™): 522
v(Pd-N). '"H NMR (CD,Cl, solution, 250 MHz) &: 8.96 (1H, dd, °J = 6.1 Hz, “7 = 1.6 Hz H)),
8.56 (1H, td, °J = 8.1 Hz, *J= 1.6 Hz, H3), 8.39 (1H, dd, °J = 8.1 Hz, *J = 1.6 Hz Hy), 7.93 (1H,
ddd, ’J = 8.1 Hz, ’J = 6.1 Hz, J = 1.6 Hz, H,), 7.51 (1H, s, Hs), 4.49 (2H, q, °J = 7.3 Hz,
CH>-CH3), 1.19 (3H, t, °J = 7.3 Hz, CH,CHs) ppm. “C{'H} NMR (acetone-dj solution, 63

MHz) &: 151.9 (Ce), 151.5 (Cy), 151.2 (Cy), 143.4 (C3), 135.8 (q, °J = 51.3 Hz, Cy), 127.7 (Cy),
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124.1 (C4), 122.1 (q, 'J = 178.5 Hz, CFs), 107.8 (q, °J = 2.9 Hz, Cs), 48.0 (CH,-CH3), 15.1
(CH,-CHs) ppm. “F{*H} NMR (acetone-ds solution, 235 MHz) &: -61.3 (s, CF3), -151.5 (s,

BE,) ppm. MS (%) = 588.9 (56%) [Pd(L?),]**, 214.0 (100%) [HL>*-CH,CH3]"*

6: Yield: 52% (0.058 g). CHxB:F14N¢OPd (794.4). Anal. Calc. C, 33.25, H, 2.52, N,
10.58. Found: C, 33.24, H, 2.81, N, 10.42 %. Conductivity ( 'cm’mol™, 1.0x10® M in
acetone): 163.9. IR: (KBr, cm™) 3420 v(O-H), 3103 V(C-H),;, 2942 v(C-H),, 1661, 1610
V((C=C), V(C=N))u, 1447 3((C=C), 8(C=N))a, 1271 V(C-F), 1061 v(B-F), 779 6(C-H)oop;
(polyethylene, cm™): 523 v(Pd-N). '"H NMR (CD,Cl, solution, 250 MHz) &: 9.18 (1H, ddd, °J
=5.02 Hz, “7=1.79 Hz, °J = 1.07 Hz, H)), 8.63(1H, td, °J = 8.06 Hz, “J = 1.79 Hz, H5), 8.12
(1H, d, °J = 8.06 Hz, Hy), 8.04 (1H, dd, °J = 8.06 Hz, °J = 5.02 Hz, H»), 7.13 (1H, s, Hs), 4.62
(2H, t, °J = 4.48 Hz, CH,-CH,OH), 4.38 (2H, t, °J = 4.48 Hz, CH,-CH,OH) ppm."”C{'H}
NMR (acetone-ds, 63 MHz) 8: 152.4 (Cs), 150.9 (C7), 150.1 (C)), 141.8 (C3), 137.9 (q, *J =
41.0 Hz, Cy), 124.0 (Cy), 121.4 (Cy), 119.5 (g, 'J = 169.2 Hz, CF3), 106.6 (q, °J = 2.6 Hz, Cs),
61.1 (CH,-CH,OH), 54.6 (CH,-CH,OH) ppm. “F{*H} NMR (acetone-d, solution, 235 MHz)
8: -60.5 (s, CFs), -151.5 (s, BE,;) ppm. MS (%) = 619.1 (76%) [Pd(L*),-H]*, 258.0 (100%)

[L*+H]

2.3.3 Complexes [PA(L)(py):](BF4)2 (L = L*(7), L*(8))
A solution of 2 (0.14 mmol, 0.058g) or 4 (0.14 mmol, 0.061g) was dissolved in a mixture of

CH,CIl,/MeOH (1:1) (20 ml). (0.28 mmol, 0.022g) of pyridine was then added, followed
immediately by a solution of NaBF, (0.28 mmol, 0.054g) in methanol (2ml). After 1 hour the
orange solution turned yellow and then the solvent was evaporated on a vacuum line. The
yellow solid formed was dissolved in CH,Cl,. The NaCl formed in the reaction precipitated

and it was filtered off through a Celite pad. The solution was concentrated on a vacuum line to
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one-fifth of the initial volume. Diethyl ether was added and then a yellow solid precipitated.

This solid was filtered and washed in diethyl ether (5 ml) and dried under vacuum.

7: Yield: 50% (0.047 g) C2iH2oB:F1NsPd (679.4). Anal. Calc. C, 37.12, H, 2.97, N, 10.31.
Found: C, 37.17, H, 2.97, N, 10.53 %. Conductivity ( 'cm’mol™, 9.4x10* M in acetone):
161.6. IR: (KBr, cm™) 3055 v(C-H),, 2911 v(C-H)y, 1606 v((C=C), V(C=N)),, 1452
d((C=C), d(C=N))ar, 1271 Vv(C-F), 1075 v(B-F), 738 &(C-H)oop; (polyethylene, em™): 521
v(Pd-N). 'H NMR (acetone-dg solution, 250 MHz) &: 9.36 (1H, d, '] =573 Hz, H,),9.12 (2H,
d,’J =5.73 Hz, Hypy), 9.00 (2H, d, 'J = 5.10 Hz, Hopy), 8.86 (2H, t, °J = 6.27 Hz, H,.y), 8.30
(1H, t, °J = 6.73 Hz, Hs), 8.10 (4H, m, Hyy), 7.58 (1H, dd, °J = 6.73 Hz, °J = 1.25 Hz Hy),
7.46 (1H, ddd, °J = 6.73 Hz, 7 = 5.73 Hz *J = 1.25 Hz, H,), 7.31 (1H, s, Hs), 4.40 (2H, q, °J =
7.34 Hz, CH,-CH3), 1.54 (3H, t, °J = 7.34 Hz, CH,-CH;) ppm. “C{'H} NMR (acetone-ds, 63
MHz) 8: 153.4 (C), 152.6 (C7), 151.4 (Copy), 151.3 (Copy), 149.8 (C1), 139.5 (Cpopy), 137.1
(C3), 1324 (q, *J = 39.4 Hz, Cy), 125.5(Canpy)» 125.4 (Conpy) 123.5 (Cy), 119.8 (Cy), 120.7 (q,
'J =167.7 Hz, CF;), 106.1 (q, °J = 2.4 Hz, Cs), 46.91 (CH,-CH3), 15.2 (CH,-CH3) ppm. “F
NMR (acetone-dg solution, 235 MHz) d: -60.9 (s, CF3), -152.4 (s, BFs) ppm. MS (%) = 425.4

(50%) [PA(L*)(py)]**, 242.0 (100%) [L*+H]*

8: Yield: 61% (0.059 g) C21HzB2F11NsOPd (695.4). Anal. Calc. C, 36.27, H, 2.90, N, 10.07.
Found: C, 36.18, H, 2.94, N, 10.04 %. Conductivity ( Tem®mol ™, 1.0x107 M in acetone):
178.6. IR: (KBr, cm™) 3440 v(O-H), 3118 v(C-H),,, 2933 v(C-H),;, 1608 v((C=C), V(C=N)),,
1455 3((C=C), 8(C=N))., 1277 v(C-F), 1062 v(B-F), 765 6(C-H)oop; (polyethylene, cm'l):
522 v(Pd-N). "H NMR (CD,Cl, solution, 250 MHz) &: 9.29 (1H, d, °J = 5.20 Hz, H,), 9.0 (2H,
d,’J=5.63 Hz, H ), 8.65 (2H, d, "J = 5.98 Hz, H ), 8.21-8.05 3H, m, H3 H ), 8.00 (4H,

t,”J=7.70 Hz, H,,,), 7.86 (1H, d, ’J = 8.06 Hz, Hs), 7.51 (1H, dd, °J = 7.70 Hz, °J = 5.20 Hz
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H,),7.34 (1H, s, Hs), 4.43 (2H, t, °J = 5.55 Hz, CH»-CH,OH), 4.13 (2H, t, °J = 5.55 Hz, CH,-
CH,OH) ppm. PC{*H} NMR (acetone-dj solution, 63 MHz) &: 152.0 (Cs), 151.2 (Cy), 150.7
(Copy) 150.3 (C)), 140.1 (Cppy), 137.5 (C3), 138.1 (q, *J = 36.9 Hz, Cy), 127.7 (Conpy), 127.5
(Conpy)> 124.2 (C2), 120.7 (C4), 121.0 (q, 'J = 170.6 Hz, CF3), 106.2 (q, °J = 1.9 Hz, Cs), 60.7
(CH,-CH,0H), 54.4 (CH,-CH,OH) ppm, ’F NMR (acetone-ds solution, 235 MHz) &: -60.2
(s, CF3), -151.9 (s, BF;) ppm. MS (%) = 440.9 (89%) [Pd(L*)(py)- H]*, 257.9 (100%)

[L*+H]

2.3.4 Complexes [Pd(L)(PPhs):](BF4), (L = L*(9), L(10))

A solution of 2 (0.13 mmol, 0.054g) or 4 (0.13 mmol, 0.056g) was dissolved in a mixture of
CH,Cl; (30 ml), MeOH (10 ml) and CH3CN (2 ml). Then, a solution of AgBF, (0.26 mmol,
0.051g) in methanol (2ml) was added. The solution was stirred at room temperature (r.t.) and
light protected for 5 min. The orange solution turned yellow and AgCl precipitated. This solid
was filtered off through a Celite pad. To this solution (0.26 mmol, 0.068g) of PPh; was added.
This solution was stirred 5h and concentrated on a vacuum line to one fifth of the initial
volume. Diethyl ether was added and then a yellow solid precipitated. This solid was filtered

and washed in diethyl ether (5 ml) and dried under vacuum.

9: Yield: 45% (0.061 g). C47HgoB2F1N3P2Pd (1045.8). Anal. Calc. C, 53.98, H, 3.86, N, 4.02.
Found: C, 53.86, H, 3.97, N, 4.12 %. Conductivity ( 'cm’mol”, 9.6x10* M in acetone):
179.6. IR: (KBr, cm™) 3056 V(C-H)y;, 2920 V(C-H)y, 1607, 1558 v((C=C), V(C=N)),,, 1436
3((C=C), 8(C=N)),, 1275 V(C-F), 1047 V(B-F), 745 8(C-H)oop; (polyethylene, cm™): 521
v(Pd-N), 348 v(Pd-P). 'H NMR (acetone-dg solution, 250 MHz) &: 8.47 (1H, d, 31=573 Hz,
H)), 8.00-7.16 (33H, m, H,Hs Hy Hpy), 6.84 (1H, s, Hs), 4.52 (2H, q, °J = 7.35 Hz, CH,-CH3),

1.17 (3H, t, °J = 7.35 Hz, CH,-CHs) ppm. “C{'H} NMR (acetone-ds solution, 63 MHz) &:
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154.2(Cy), 150.9(Ce), 148.4 (C7), 139.9 (C3), 134.5 (t, *Jp.c = 5.7, Co PPh3) 133.6 (q, *Jrc =
39.8 Hz, C), 131.8 (C, PPhs), 130.5 (dd, "Jp.c = 130.59,Jp.c= 9.6 C PPh3) 129.2 (t, “Jp.c =
4.3 Hz, Cyy PPhy), 127.1 (C3), 126.6 (Cy), 124.3 (q, 'J = 169.6 Hz, CF3), 109.6 (q, °J = 2.4 Hz,
Cs), 48.5 (CH,-CH3), 16.1 (CH,-CHs) ppm. *'P{"H} NMR (acetone-d; solution, 81 MHz) &:
36.0 (d, “Jp.p = 7.4 Hz, PPhs), 33.9 (d, °Jp.p = 7.4 Hz, PPh;) ppm. F{"H} NMR (acetone-ds
solution, 235 MHz) &: -60.8 (s, CF3), -152.1 (s, BE;) ppm. MS (%) = 609.2 (11%)

[PA(L*)PPhs]**, 262.2 (100%) [PPhs+ H], 242 (27%) [L*+H]"

10: Yield: 51% (0.070 g) C47H49B2F11N3OP,Pd (1061.8). Anal. Cale. C, 53.16, H, 3.80, N,
3.96. Found: C, 53.33, H, 4.00, N, 4.01 %. Conductivity ( "cm’mol™, 9.4x10* M in acetone):
160.0. IR: (KBr, cm™) 3335 v(0-H), 3057 v(C-H)r, 2923 V(C-H)y, 1601 V((C=C), V(C=N))q,
1435 3((C=C), 8(C=N))., 1271 v(C-F), 1055 v(B-F), 745 6(C-H),op; (polyethylene, cm'l):
521 v(Pd-N), 319 v(Pd-P). "H NMR (acetone-ds solution, 250 MHz) &: 8.55 (1H, d, °J = 5.10
Hz, H)), 7.90-7.12 (33H, m, Ha, Hs Hy Hpy), 6.89 (1H, s, Hs), 4.67 (2H, t, °J = 5.89 Hz, CH,-
CH,OH), 4.13 (2H, t, °J = 5.89 Hz, CH,-CH,OH) ppm. ®C{*H} NMR (acetone-d, solution,
63 MHz) &: 154.1 (C)), 150.9 (Cs), 150.2 (C7), 139.9 (C3), 1344 (t, *Jp.c = 7.6, C, PPhy),
132.1 (C, PPh3), 131.0 (q, °J = 42.3 Hz, Cy), 129.1 (t, *Jp.c = 11.9 Hz, C, PPh3), 128.3 (dd,
! Jp.c=82.55,7Jp.c = 16.6 C PPh3) 126.9. (C), 126.3 (C4), 121.2 (g, 'J = 173.7 Hz, CF;), 110.6
(q, °J = 2.9 Hz, Cs), 60.3 (CH,-CH,OH), 51.4 (CH,-CH,OH) ppm. *'P{"H} NMR (acetone-ds
solution, 81 MHz) &: 36.1 (br, PPhs), 34.3 (br, PPhs) ppm. F{'H} NMR (acetone-dg solution,
235 MHz) §: -60.1 (s, CFs), -152.0 (s, BF;) ppm. MS (%) = 640.0 (23%) [Pd(L*)PPhs;-H]*,

338.0 (100%) [PA(L*)-H]*, 257.9 (16%) [L*+H]"

2.3.5 Complex [PACI(L*)](BF,) (11)

12
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A solution of 4 (0.10 mmol, 0.045g) and AgBF, (0.10 mmol, 0.020g) in a mixture of CH,Cl,
(30 ml) and MeOH (10 ml) was stirred for 5 min light-protected. The mixture was filtered
over Celite, and the filtrate was stirred for 3h. The solvent was removed under reduced
pressure. The remaining yellow solid was dissolved in CH,Cl, and precipitated with hexane.

This solid was filtered and washed in hexane and dried under vacuum.

11: Yield: 30% (0.015 g) C11HyoN3OBF;CIPd (485.9). Anal. Calc. C,27.19, H, 2.07, N, 8.65.
Found: C, 27.00, H, 1.94, N, 8.80 %. Conductivity ( 'cm’mol”, 1.0x10® M in acetone):
103.9. IR: (KBr, cm™) 3528 v(O-H), 3111 v(C-H).r, 2933 V(C-H)y, 1609 V((C=C), V(C=N))q,
1400 §((C=C), 8(C=N))., 1272 V(C-F), 1059 V(B-F), 774 8(C-H)oop; (polyethylene, cm™):
522 v(Pd-N), 429 v(Pd-0), 359 v(Pd-Cl). "H NMR (acetone-ds, 250 MHz) &: 9.17 (1H, d, *J
=5.56 Hz, H)), 8.18 (1H, t, °J = 7.34 Hz, H3), 7.98 (1H, d, °J = 7.34 Hz, H,), 7.59 (1H, dd, °J
=7.34 Hz, °J = 5.56 Hz, H,), 7.51 (1H, s, Hs), 5.01 (2H, t, °J = 6.58 Hz, CH,-CH,OH), 4.54
(1H, br, OH), 4.00 (2H, bt, CH,-CH,OH) ppm. 13C{IH} NMR (acetone-ds, 63 MHz) &: 153.1
(Ce), 150.3 (Cy), 148.2 (C7), 141.6 (C3), 137.0 (q, 2J = 40.5 Hz, Cy), 127.0 (C2), 123.1 (Cy),
121.4 (g, 'J = 175.6 Hz, CFs), 107.4 (q, °J = 3.8 Hz, Cs), 61.5 (CH,-CH,OH), 54.2 (CH,-
CH,OH) ppm. “F{'"H} NMR (acetone-ds solution, 235 MHz) &: -60.4 (s, CF), -152.2 (s, BFy)

ppm. MS (%) = 417.8 (100%) [PACI(LYT", 257.9 (11%) [L*+H]*

2.4 X-ray crystal structure analyses of complex [ PACI(L?)] (2), [PACIL?)] (3) and
[PACI(LY)] (4)

Suitable crystals for X-ray diffraction of compounds cis-[PdCL(L)] (L =L*2), L*(3), L*(4))
were obtained through crystallisation from acetone. Data were collected on a Enraf-Nonius
CAD/4 four-circle diffractometer using /2 scan technique (for 2) and on a MAR345

diffractometer with a image plate detector (for 3 and 4). In the three cases the intensities were

13
A-14



Anexo

collected with graphite monochromatised Mo Ka radiation. Unit-cell parameters were
determined from automatic centering of 25 reflections (12 < 6 < 21) for 2, 145 reflections (3 <
0 < 31) for 3 and 38 reflections (3 < 0 < 31) for 4 and refined by least-squares method. 2547
reflections were assumed as observed applying the condition I > 26(I) for 2, 3763 for 3 and
3201 for 4. Three reflections were measured every two hours as orientation and intensity
control, significant intensity decay was not observed for 2. Lorentz-polarisation but no
absorption corrections were made.

The three structures were solved by Direct methods, using SHELXS computer program [38]
and refined by full-matrix least-squares method with SHELXL.97 computer program [39]. 7 H
atoms were located from a difference synthesis and refined with overall isotropic temperature
factor and 3H atoms were computed and refined, using a riding model for 2. In 3 and 4 all H
atoms were computed and refined using a riding model with an isotropic temperature factor
equal to 1.2 times the equivalent temperature factor of the atom, which are linked. The final
R(F) factor and R(F>) values as well as the number of parameters and other details concerning

the refinement of the crystal structures are gathered in Table 1.

3. Results and discussion
3.1 Synthesis and spectroscopic properties

The 4,4,4-trifluoro-1-pyridin-2-yl-butane- 1,3-dione was prepared by Claisen condensation of
trifluoroacetic acid ethyl ester and methyl-2-pyridinecarboxylate [40]. Treatment of 4,4,4-
trifluoro-1-pyridyn-2-yl-butane-1,3-dione with 2-hydroxyethylhydrazine in ethanol at room
temperature gave the 2-(3-pyridin-2-yl-5-trifluoromethyl-pyrazol-1-yl)ethanol ligand (LY in
80% yield. No evidence of the formation of the other regioisomer is observed but another

organic compound is obtained as an impurity (2-(2-hidroxyethyl)-5-pyridin-2-yl-3-
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trifluoromethyl-3,4-dihydro-2H-pyraz-3-ol) (p) (Scheme 1). This product is formed because
of the difficult elimination of water in the formation of pyrazoles with electron-withdrawing
groups as CF; [35]. The ratio obtained is 80:20 (L*: p). The presence of the regioisomer L’
was confirmed by a NOESY experiment because no NOE-interaction between the alkylic
chain and the pyridyl group was observed (Figure 2). The ligand (L*) was identified by 'H
and C{'H} NMR spectroscopy and by other techniques as appropriate. For example, the 'H
NMR spectrum displayed the Hy pyridine (Figure 1) at d = 8.65 ppm as a doublet of doublets
of doublets (*J = 4.84 Hz, *J = 1.79 Hz and °J = 0.90 Hz), and the H pyrazole at & = 6.81 ppm.
Further support for the structure of L* was provided by the BC{'H} NMR spectrum which
contained signals at 6 = 149.1-124.3 ppm, 6 = 122.0 ppm ('Jep=178.5 Hz), and & = 105.3
ppm (g = 2.4 Hz) for C(py), CFs, and Cs(pz) respectively [41]. Finally, the ’F{'H} NMR
spectrum showed a signal at = -62.6 ppm for the trifluoromethyl group, a chemical shift
consistent with those reported for other trifluoromethylpyrazoles [35].

The reaction of the ligands L'-L* with [PACI,(CH3CN),] gives complexes [PACly(L)] (L =
Ll(l), L2(2), L’ 3), L4(4)). The stoichiometries of all complexes are independent of the M/L
molar ratio (1IM:1L or 1M:2L). The complexes 2-4 are soluble in common organic solvents
such as acetone, dichloromethane or methanol, whereas the complex 1 is slightly soluble in
these solvents.

Elemental analysis and conductivity measurements confirm the stoichiometries proposed for
the compounds. Conductivity measurements of 10° M samples in acetone (between 1-12 ™'
cm” mol™) show the non-ionic behaviour of the complexes (conductivity values for 10° M
solutions of non-electrolyte complexes in acetone are below 100 ! em® mol ™ [42,43)).

The IR spectra in the range 4000-400 cm’ show that the organic ligands are coordinated to
the Pd(II) ions. The most important bands of the pyridine and pyrazole groups [(v(C=C),

(C=N))ar, (0(C=C), (C=N))] increase their frequency, whereas 6(C-H)op bands decrease their

15
A-16



Anexo

frequency when they are part of the complexes [31]. The IR spectrum of the complex 1 shows
a moderated shift of the v(N-H) band to 3105 cm™, and complex 4 shows an important shift of
the (O-H) band to 3467 cm’! [41]. The IR spectra in the region 600-100 cm’ show the v(Pd-
N) bands (430-423 cm™). Moreover, the spectra of the complexes display two other bands
(363-334 cm'l) corresponding to v(Pd-Cl), which are typical of compounds with a cis
disposition of the chlorine ligands around the Pd(II) [44].

The "H NMR spectrum of complex 1 was recorded in acetone-ds and for complexes 2-4 in
CD,Cl,, and show the signals of coordinated ligands. The 'H NMR spectrum of complex 1
presents one broad signal at 5 = 11.21 ppm assigned to the NH(pz) proton, and the complex 4
shows one signal at 2.97 ppm assigned to the OH group [41].

Characteristic bands for the H-5 of the pyrazolyl ring are observed between 7.23-7.11 ppm
(Fig. 1). The presence of a trifluoromethyl group causes a further downfield shift compared to
other N-alkylpyridylpyrazole [PdCIy(L’)] complexes (L” = 1-ethyl-3,5-bis(2-pyridyl)pyrazole,
1-octyl-3,5-bis(2-pyridyl)pyrazole, 2-(1-ethyl-5-phenyl-1H-pyrazol-3-yl)pyridine and 2-(1-
octyl-5-phenyl-1H-pyrazol-3-yl)pyridine (Ad = 0.48-0.03 ppm)) [33,34].

BC{'H} NMR spectra of complexes 1 and 4 were recorded in acetone-ds and in CD,Cl, for
complexes 2 and 3. In the BC NMR spectra, characteristic signals for the CF3 groups were
observed for 1-4 between 122.6-118.2 ppm with C-F couplings between 77.5-161.5 Hz.
Signals of the carbon directly attached to the CF; group appear between 136.3-133.1 ppm
with C-F couplings between 47.5-40.4 Hz. The pattern of chemical shifts for C-5 are very
similar to those reported for [PACl,(L.”)] [33,34].

PF{'H} NMR spectrum showed a signal between -60.2 to -61.7 ppm for the trifluoromethyl
group, a chemical shift consistent with those reported for other trifluoromethylpyrazoles [35].
The reaction of two equivalents of L?or L* with one equivalent of [Pd(CH3CN)4](BF4),

yielded the complexes [Pd(L),](BE,), (L = L* [5](BFy),, L* [6](BFy,),). The proposed
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formulas were corroborated by elemental analyses. The positive ionisation spectra of
complexes [5]-[6](BF.), gave peaks with values of 588.9 (56%; [Pd(L2)2]2+) and 619.1 (76%;
[Pd(L4)2—H]+) that confirm the existence of these species.

Conductivity values in acetone are 177.1 and 163.9 em®mol™! for complexes [5]-[6](BF.),,
respectively, in agreement with 2:1 electrolytes. The range of conductivity values for 10°M
solutions of 2:1 electrolyte compounds in acetone is between 160 and 200 Tem’mol™ [42, 43].
In the IR spectra of complexes [S]-[6](BF.),, v((C=C), v(C=N)), bands increase the
frequency with respect to the free ligands [31,36] and also with respect to [PdCl,(L)] (L=L2,
L*). Moreover, the IR spectra present bands that were assigned to v(B-F) at 1060 and 1061
cm™ and to Vv(C-F) at 1276 and 1271 cm’! for [S1(BF.), and [6](BF4),, respectively. The IR
spectra of the complexes between 600-100 cm™ were also studied. In both cases they showed
bands attributable to v(Pd-N) at 522 and 523 cm'l, for 5 and 6, respectively [44].

'H NMR spectra were recorded in CD,Cl; and Bc{'H} NMR spectra in acetone-dj, 'H and
BC{'H} NMR spectra corroborate the obtaining of the complexes. HMQC spectra were used
to assign signals of 'H and Be spectra of most of the H and C atoms of the complexes. The
anti conformation of the isomers [5]2+ and [6]2+ was confirmed by NOESY experiments. They
show NOE interaction between the pyridyl group (H;) and the alkylic chain (Figure 3). NMR
data are reported in section 2.

Treatment of [PdCLy(L)] (L= L2, L*) with NaBF; and pyridine (py) and treatment of the same
complexes with AgBF,4 and CH3CN and, after filtration, with triphenylphosphine (PPhs)
yielded [Pd(L)(py)2](BF4), (L = L? [7](BFy),, L* [81(BF,)2) and [Pd(L)(PPhs)](BFy), (L = L
[91(BF,),, L [10]1(BF,),), respectively. The synthesis of these complexes is different because
Pd(II) shows a different affinity to ligands with N or P donor atoms. The favourable “soft-

soft” interaction of the phosphorus donor atom with low valent metal centres and the
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“borderline-soft-soft” N-Pd interaction have the potential for facile dissociation of nitrogen-
coordinating ligands and coordination of other ligands like PPh3 [45].
The proposed formulas were corroborated by elemental analyses and mass spectrometry. The
molecular peaks of the cation were observed in intensity lower than 1% in all cases but these
fragmentations confirm the existence of the species. Conductivity measurements in acetone
for complexes [7]-[10](BF;), (between 160.0 and 179.6 "cm’ mol”) are in agreement with 2:1
electrolytes [42,43].
The IR spectra of complexes [7]-[10](BF,), show an increase in the frequency of the ( (C=C),
(C=N)),, bands with respect to the free ligands [31,36]. They also present bands that were
assigned to (B-F) between 1075-1047 cm™and to (C-F) between 1277-1271 cm’.
The IR spectra of complexes [7]-[10](BF,), between the 600-100 cm’ region have also been
studied . In all cases, they show bands attributable to (Pd-N) between 522-521 cm’. Bands
attributable to (Pd-P) at 348 cm™ for [91(BE,), and 319 cm’ for [10](BF,), were also assigned
[44].
'H NMR and 13C{ lH} NMR spectra for complexes [7]-[10](BF,), were recorded in acetone-d..
'H and "C{'H} NMR spectra corroborate the obtaining of these complexes. HMQC spectra
were used to assign signals of most of the H and C atoms. NMR data are reported in section 2.
The 'H NMR and "C{1H} NMR spectra of [7]-[10](BF,), show that the two monodentate
ligands coordinated to Pd (py and PPh,) are non-equivalent, and two signals can be observed.
The *'P{'H} NMR spectra in acetone-d, for [9]-[10](BF,) complexes consist of broad doublet
signals with chemical shifts in the usual range for palladium (II) complexes (36.1-33.9 ppm),
indicating that both PPh, groups are non-equivalent.
Finally, the PF{'H} NMR spectra show signals between -60.1 and -60.9 ppm for the
trifluoromethyl groups, chemical shifts consistent with those reported for other
trifluoromethylpyrazoles[35]. In these spectra, the signal corresponding to BF, (-151.9 to -

152.4 ppm) is also observed, confirming the presence of the anion.
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The reaction of the complex [PACl,(L*)] with one equivalent of AgBF, in CH,Cl, yields
[PdCl(L4)](BF4) [11](BF.) (Scheme 2). The relative instability of late-transition-metal
alkoxides provokes the decomposition of this complex at room temperature. This instability
has been explained in terms of a mismatch between the “hard” oxygen donor and the “soft”
metal acceptor, suggesting an intrinsically lower thermodynamic stability of the Pd-O [46].
The positive ionisation spectrum of complex [11](BF.) gave one peak at 417.8 (100%)
[PACI(LY]*. The conductivity value in acetone is in agreement with a 1:1 electrolyte nature
(103.9 “'cm’ mol"). The range of conductivity values for 10 M solutions for 1:1 electrolyte is
between 100-140 'cm’ mol" [42,43].
The IR spectrum of [11](BF,) shows an increase in the frequency of the bands ( (C=C),
(C=N)),, with respect to the free ligands [31, 36]. The IR spectrum of [11](BF,) presents
bands that were assigned to (B-F) at 1059 cm'and to (C-F) at 1272 cm”. The IR spectrum of
the complex between 600-100 cm™ was also studied [44] and it shows bands attributable to
(Pd-N) at 522 cm™ and to (Pd-O) at 429 cm’' [44].
The 'H NMR and “C{'H} NMR spectra for complex [11](BF,) was recorded in acetone-d,.
The 'H and "C{'H} NMR spectra corroborate the obtaining of this complex. The HMQC
spectra were used to assign signals of most of the H and C atoms in the 'H and "C spectra of
complexes. NMR data are reported in section 2.
The 'H NMR and “C{'H} NMR spectra of [11](BF,) present similar spectra to those found for
the neutral complex (4) but a shift of the aromatic pyrazole H-5 to lower fields is observed
(7.51 ppm for [11](BF,) with respect to 7.23 ppm for (4)). The shift of H;t09.17 ppm for
[11](BF,) with respect to 9.33 for [4] is also observed.
Finally, the PF{'H} NMR spectrum shows a signal at -60.4 ppm for the trifluoromethyl group,

comparable to those found for the other complexes in this paper and in the literature [35].

3.2 Crystal and molecular structures of [PdCI>(L)] (L=L2 (2), I (3), L 4))

19
A-20



Anexo

Complexes 2, 3 and 4 appear to be structurally similar, consisting of monomeric cis-
[PACL(L)] (L=L?* (2), L’(3), L* (4)) molecules linked by van der Waals forces (Figure 4,
Figure 5 and Figure 6, respectively).

The metal atom of each structure is surrounded by an identical core composed of one L
coordinated via one pyrazole nitrogen and one pyridine nitrogen, finishing the coordination of
the metal with two chlorine ligands in a cis disposition. L behaves as a bidentate ligand
forming a five-membered metalocycle.

The palladium centre has typical square planar geometry (with slight tetrahedral distorsion) in
which the largest deviation from the mean coordination plane is - 0.002(4) for 2, -0.017(5) for
3, and 0.006(3) A for 4). These distorsions are lower that in [PdClz(LS)] (L5 = 2-(1-octyl-5-
phenyl-1H-pyrazol-3-yl)pyridine) (0.017 A) [34]

The [PACI»(Npy)(Np,)] core (containing pyrazole and pyridine nitrogen atoms and terminal
chlorine ions in a cis disposition) is found in five complexes described in the literature [34,
47-50]. The bond distance Pd-Npy is of the same order as Pd-Npz for 2. However, the bond
distances Pd-Npz are clearly longer than those of Pd-Npy for 3 and 4. The Pd-Npy, Pd-Npz
and Pd-ClI bond lengths in 2, 3 and 4 are in the range of bond distances found in the literature
for similar complexes [34, 47-50]. Selected bond distances and angles for these complexes are
gathered on Table 2

The N(1)-Pd-N(2) bite angles are 79.67(17)° for 2, 80.2(2)° for 3 and 79.17(12)° for 4. This
angle for 4 is comparable to those found in the structure with the ligand 3-phenyl-5-(2-
pyridil)pyrazole (pzl), [PdCly(pz1)], 79.16 (14)° [47] and the ligand 2-(1-octyl-5-phenyl-1H-
pyrazol-3-yl)pyridine (Ls) [PdClz(Ls)], 79.39(13)°[34]. In contrast, complexes 2 and 3 have
slightly longer angle that those found in the literature for complexes with same core [34, 47].
The L ligands are not planar. The pyridyl groups are twisted with respect to the pyrazole ring.

The py-pz dihedral angle is 2.5(3)° in 2 and 3 and 3.78(18)° for 4. The py-pz dihedral angles
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are higher than in complexes [PdClx(pz1)] (py-pz 1.43(4)°) [47] and [PACIy(L%)] (py-pz
1.5(2)°)[34].

The n-alkyl group, which is bonded to the N(3) atom, moves away from the chelating plane
giving a torsion angle N(pz)-N(3)-C(10)-C(11) of 94.6(7)° for 2, -79.2(7)° for 3 and -88.8(4)°

for 4.

4. Conclusion

We report the synthesis and characterisation of a new family of Pd(II) complexes with N-
alkyl-3-pyridine-5-trifluoromethylpyrazole ligands. The study of the coordination of (L)
ligands to Pd(II) has revealed the formation of cis-[PdCly(L)] (L = L'- L4) compounds.

Due to the low solubility the [PACIL(LY] complex in organic solvents, other ligands with one
more alkylic group were synthesised. These alkyl chains led to an increase in the solubility,
which could improve their use as catalysts. Synthetic considerations directed us towards the
N-alkylpyridylpyrazole system, the donor properties of which can easily be optimised.

The [Pd(CH3CN)4](BF4), complex, with an excess of ligand (Lz, L4), forms ionic Pd(II)
complexes with the formula [Pd(L)2](BF4),. Treatment of [PdCl,(L)] (L= L2 L4) with NaBF,
and pyridine (py) and treatment of the same complexes with AgBF, and triphenylphosphine
(PPhs) yielded [Pd(L)(py)21(BF4)s (L = L? [71(BF,),, L* [81(BF.)) and [Pd(L)(PPhs),](BF4),
(L = L2 [9](BFy),, L* [10](BE,),), respectively. The reaction of the complex [PdCl,(L*)] with
one equivalent of AgBF, in CH,Cl, yields [PdCl(L4)](BF4) [11](BFy,). In this complex the
ligand L act as tridentate via one Npyridine, one Npyrazole and the oxygen atom of the

alcohol group, finishing the coordination of the metal with one chlorine ligand.

5. Supplementary material

Crystallographic data for the structural analyses have been deposited with the Cambridge

Crystallographic Data Centre, CCDC reference number 29366, 29367, and 29368-for 2, 3, and
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4, respectively. Copies of this information may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ. UK (fax: +44 1223336033; e-mail:

deposit@ccdc.cam.ac.uk or www.htpp://ccdc.cam.ac.uk.
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Figure captions

Fig 1. N-alkyl-3-piridine-5-trifluoromethylpyrazole derived ligands and numbering scheme.
Fig 2. The 250 MHz 2D NOESY spectrum of the ligand (LY

Fig 3. The 250 MHz 2D NOESY spectrum of [Pd(Lz)z]BF4 2)

Fig 4. ORTEP drawing of the complex [PACL(L?)] (2), showing all non-hydrogen atoms
(ellipsoids shown at the 50% probability level)

Fig 5. ORTEP drawing of the complex [PACL(L?)] (3), showing all non-hydrogen atoms
(ellipsoids shown at the 50% probability level)

Fig 6. ORTEP drawing of the complex [PACL(LY] (4), showing all non-hydrogen atoms
(ellipsoids shown at the 50% probability level)
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Table 1 Crystallographic data for cis-[PdCLy(L*)] (2), cis-[PdCLy(L*] (3) and cis-[PdCL(L%)] (4)

cis-[PACLL(L%] (2)

cis-[PACL(LY)] (3)

cis-[PACL(LY] (4)

Formula C1 1H10C12F3N3Pd C17H22C12F3N3Pd C1 1H10C12F3N30Pd
M 418.52 557.67 434.52
Temperature (K) 293(2) 293(2) 293(2)

Crystal System Triclinic Triclinic Triclinic

Space group P(-1) P(-1) P(-1)

Unit cell dimensions

a, b c(A) 7.209(5), 8.975(3), 11.402(3) |7.080(4), 8.942(4), 16.660(6) |7.282(5), 9.068(5), 11.379(5)
o (®) 76.71(3) 95.91(3) 72.64(4)

L) 84.20(3) 90.63(3) 83.12(3)

7(°) 86.74(4) 103.75(4) 86.23(4)

U (AY) 713.9(6) 1018.4(8) 711.6(7)

Z 2 2 2

Deae (g.cm™) 1.947 1.639 2.028

4 (mm™) 1.698 1.206 1.713

F(000) 408 504 424

Crystal size 0.1x0.1x0.2 0.1x0.1x0.2 0.2x0.1x0.1

0 range (°) 2.33t029.97 3.49 to 30.82 3.42 t029.99

Index range

-10<h<10, -12<k<12, 0<1<16

-9<h<9, -10<k<10, O<1<22

-O<h<10, -11<k<11, O<I<16

Reflexions collected/ unique

4178 /4149 [R(int) = 0.0129]

4745 / 4745 [R(int) = 0.0566]

7245 /3693 [R(int) = 0.0520]

Data/restraints/parameters

4149/0/209

4745/0/236

3693/6/190

Goodness-of-fit

1.037

1.104

1.165

Final R, ®R,

0.0543, 0.1216

0.0680, 0.1560

0.0401, 0.1102

R, (all data), @R,

0.1269, 0.1442

0.0866, 0.1670

0.0431, 0.1188

a, b*

0.0745, 0

0.0547, 1.7903

0.0651, 0.2014

Residual electron density (e A™)

0.689 and — 0.615

0.632 and — 0.693

0.980 and — 0.809

2 The function minimised was Xw | | Fo| 2. | FC\ 2

2 where w = [6%(D) + (aP)*+ bP] ™!, and P = (| Fol > + 2 | Bl %) / 3.
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cis-[PACL(LY)] (2)

Pd-N(2)
Pd-N(1)
Pd-CI(1)
Pd-C1(2)

N(2)-Pd-N(1)

N(2)-Pd-CI(1)
N(1)-Pd-CI(1)
N(2)-Pd-CI(2)
N(1)-Pd-CI(2)
CI(1)-Pd-C1(2)

2.050(4)
2.059(5)
2.2770(17)
2.2836(17)

79.67(17)
92.60(13)
172.24(12)
179.42(13)
99.88(13)
87.86 (7)

cis-[PACL(L*)] (3)

Pd-N(1)
Pd-N(2)
Pd-Cl(2)
Pd-CI(1)

N(1)-Pd-N(2)

N(1)-Pd-C1(2)
N(2)-Pd-C1(2)
N(1)-Pd-CI(1)
N(2)-Pd-CI(1)
C1(2)-Pd-CI(1)

2.022(5)
2.060(5)
2.269(2)
2.278(2)

80.2(2)
92.67(15)
172.74(14)
179.40(15)
99.19(15)
87.92 (8)

Table 2. Selected Bond lengths (A) and bond angles (°) for 2-4 with estimated standard deviations (e.s.d.s) in parantheses

cis-[PACL(LY] (4)

Pd-N(1)
Pd-N(2)
Pd-CI(1)
Pd-Cl(2)

N(1)-Pd-N(2)
N(1)-Pd-CI(1)
N(2)-Pd-Cl(1)
N(1)-Pd-Cl(2)
N(2)-Pd-Cl(2)
CI(1)-Pd-C1(2)

2.020(3)
2.062(3)
2.2855(14)
2.2866(17)

79.17(12)
93.26(10)
172.41(8)
179.47(8)
100.30(9)
87.26(6)
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Figure 1
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Graphical Abstract:

[PACIy(L)] complexes with N-alkylaminopyrazole derived ligands, [2-(5-trifluoromethyl-1H-
pyrazol-3-yl)pyridine (LY, [2-(1-ethyl-5-trifluoromethyl-1H-pyrazol-3-yl)pyridine (L2, [2-
(1-octyl-5-trifluoromethyl- 1H-pyrazol-3-yl)pyridine (L?), and 2-(3-pyridyn-2-yl-5-
trifluoromethyl-pyrazol-1-yl)ethanol (L*) were synthesised. The crystal and molecular
structures of [PdCl(L)] (L = L2, L’ , L4) were resolved by X-ray diffraction, and consists of
monomeric cis-[PdCl,(L)] molecules. Reactoin of L (L2, L4) with [PA(CH3CN),](BF,),, in the
ratio 1M/2L, gave complexes [Pd(L),](BF4),. Treatment of [PdCl,(L)] (L = L2 L4) with
BaBF, and pyridine (py) and treatment of the same complexes with AgBF4 and
triphenylphosphine (PPhs) yielded [Pd(L)(py)2)] (BF4), and [Pd(LL)(PPhs),)] (BF4),
complexes, respectively. Finally, reaction of [PACIy(L*)] with one equivalent of AgBF; yields
[PACI(L")](BEy).
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Abstract

Allylpalladium [Pd(n’-C5Hs)(L)](BFs) (L = L' (1), L*(2), L* (3), L* (4)) complexes with
pyridylpyrazole ligands 2-(5-phenyl-/H-pyrazol-3-yl)-pyridine (L"), 2-(1-ethyl-5-
phenyl-1H-pyrazol-3-yl)-pyridine (L?), 2-(1-octyl-5-phenyl)-1H-pyrazol-3-yl)-pyridine
(L*) and 2-(5-phenyl-3-pyridin-2-yl-pyrazol-1-yl)ethanol (L*) were synthesized from
the appropriate piridinylpyrazole ligand and [Pd(n’-C3Hs)Cl], in the presence of AgBF,.
The cationic complex (1) was converted into neutral complex (5) under basic conditions.
These complexes were characterised and the crystal and molecular structure of [Pd(n’-
C3Hs)(L?)](BF,) (2) was resolved by X-ray diffraction. Also, we have studied the
apparent allyl rotation observed as Hgyn-Hgyn and Hani-Hani interconversions. The
influence of the solvent, the traces of water and the N1-substituent have also been

studied.
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1. Introduction

In recent years, nitrogen binding ligands have received a great deal of attention due to
their promising properties in applied sciences, mostly due to to their high efficiency in
homogenous catalysis [1,2,3]. Although, to date, a number of N-ligand derivatives have
found practical applications, the search for new, more effective and/or selective species
is still in progress. Such chelating bi- or tridentate N-coordinating ligands as
diazabutanes, bis(oxazolinyl)pyrrole, dipyridylamides and their prospective applications
have been recently reported [4]. The relevance of N-donors in organometallic chemistry
has been exhaustively discussed. In these complexes, ligands attached to the metal
centre affect electronically and sterically.

Allylpalladium chemistry is one of the most successful and innovative areas of
organometallic catalysis [5,6] The most general coordination for allyl-ligands is the 1’
bonding mode. The fluxional behaviour of these systems directly related to the allyl
group or to the ancillary ligands has also attracted much attention [7]. One process
frequently encountered in allylpalladium complexes is a mutual exchange of syn and
anti groups. This process is believed to occur through an 1’- n'- 1’ isomerization in (-
allyl)palladium complexes [8]. A second dynamic process that is frequently observed in
complexes with N-donor ligands is the apparent rotation of the allyl group. The
apparent rotation is observed as a syn-syn, anti-anti exchange and/or isomerisation
process, depending on the molecular symmetry. Two main mechanisms have been
proposed for the apparent allyl rotation: a) associative mechanism that involve five-
coordinate intermediates (coordination of the solvent, the anion or other molecules) that
can undergo allyl pseudorotation [9,10] and b) dissociative mechanisms with formation
of T-shape three-coordinate intermediates after dissociation of monodentate or didentate
(partial dissociation) ligands [11,12]. Consequently, one question that is open to debate
is whether the apparent allyl rotation in derivatives with N-donor ligands involves Pd-N
bond breaking or not.

Pyrazoles are known as both monodentate and exodidentate ligands, and their nitrogen
atoms can coordinate the metal centre as anionic or neutral donor groups. Pyrazole

ligands having a 2-piridyl group [13] could be good candidates for the production of
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both cationic and neutral n’-allylpalladium complexes. They could also be helpful to

study the apparent allyl rotation in the complexes.

2. Results and discussion

2.1. Synthesis and spectroscopic properties

Allylpalladium complexes with four different pyridylpyrazole ligands have been
prepared: 2-(5-phenyl-1H-pyrazol-3-yl)-pyridine (L") [14], 2-(1-ethyl-5-phenyl-/H-
pyrazol-3-yl)-pyridine (L*) [15], 2-(1-octyl-5-phenyl)-H-pyrazol-3-yl)-pyridine (L%
[15] and 2-(5-phenyl-3-pyridin-2-yl-pyrazol-1-yl)ethanol (L*) [16]. The differences in
the four ligands are the substituent in the N; position, in order to observe the influence
of the alkylic chain. These ligands were prepared following an efficient method
published in the literature[14,15,16]. The reaction of [Pd(n3-C3H5)Cl]2 with these
ligands in the presence of AgBF, in dichlorometane and at room temperature gave the
new allylpalladium complexes [Pd(n’-CsHs)(L)](BF,) (L = L' (1), L*(2), L’ (3), L* (4))
as pale yellow powders in quantitative yield. Treatment of 1 in a mixture of
CD,Cl,/CD;0D (1:1) with sodium methoxide produced the neutral n’-allylpalladium
complex 5 (Figure 1).

The complexes are soluble in acetone, dichloromethane, methanol, acetonitrile but are
insoluble in diethyl ether and hexane.

The complexes have been fully characterized by elemental analysis, conductivity
measurements, IR, '"H NMR and “C{'H} NMR spectroscopy, and mass spectrometry.
For the majority of the derivatives, HMQC experiments were also performed and in
some cases NOESY experiments were carried out.

Elemental analysis and conductivity measurements confirm the stoichiometries
proposed for the compounds. To confirm the existence of 1-5 complexes, electrospray
mass spectra were recorded. The positive ionisation spectra of 1-4 when measured gave
peaks with m/z values of 368, 396, 480, and 412, respectively (molecular peak of the
cation), for complex 5 m/z value is 368 corresponding to [Pd(n’-CsHs)(L")+H)]".
Conductivity measurements of 10° M samples in acetone (between 104-134 Q'cm’mol”

" are in agreement with 1:1 electrolytes for complexes 1-4, whereas for the complex 5
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the value is 29 Q'cm’mol”, in agreement with the non-electrolytic nature of the
complex [17,18].

The IR spectra in the range 4000-400 cm™ of 1-5 exhibit bands of the pyridine and
pyrazole groups (V(C=C), (C=N))ar, (6(C=C), (C=N)),r and 6(C-H)oqp. It can be observed
that the ligands are coordinated to the Pd(II) because the stretching vibration bands
increase their frequency when they are part of the complexes [14,15,16]. Also, the IR
spectrum of the complex 1 shows a moderated shift of the v(N-H) band to 3416 cm™,
and complex 4 shows an important shift of the v(O-H) band to 3467 cm™ [19]. The IR
spectra of the complexes 1-4 present bands that were assigned to V(B-F) between 1057
and 1084 cm™ [19]

The "H NMR spectroscopic data for the complexes are colleted in Table 1 (acetonitrile)
and Table 2 (dichloromethane). For the spectra recorded in acetonitrile the assignment
of each proton was made on the basis of a previous publication of the free ligands [15]
In these complexes, the H; chemical shift of the pyridyl group and the signal of the
pyrazolyl proton are consistent with the coordination of both nitrogens to Pd(IT). The
chemical shifts are observed towards higher frequencies for all the complexes with
respect to the free ligands [15]. The same behaviour is observed in other Pd(II)
complexes with the same ligands ([PACL(L)]) (L = L'-L?) [14,20,21]. However, it is
observed that the Hy, protons normally appear as a multiplet probably due to the rotation
of the phenyl group in solution. This was not observed in complex 5. In this case, the
protons are clearly differentiated, probably due to the hindrance to rotation provoked by
the repulsions of the free-electron pair of the deprotonated ligand. The same
phenomenon is observed in other molecules described in the bibliography [22]. A single
doublet resonance is observed at room temperature for the Hgy, and also for the Hapg
protons for complexes 1-4. This observation is not in accordance with a static behaviour
of the complexes, where two different terminal allylic carbons would be expected due to
the asymmetry of the nitrogen ligands. This constitutes a clear indication of a dynamic
situation that involves a syn-syn, anti-anti interconversion, such as an apparent allyl
rotation process. This apparent allyl rotation is not observed in complex 5, which shows

a doublet for each Hyy, and also for each Hapgi.
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The *C{'H} NMR spectra were recorded in acetonitrile for 1 and 4 and in CD,Cl, for 2,
3 and 5§, due to the low solubility of 1 and 4 in CD,Cl,. Spectroscopic data are gathered
in the Experimental Section. The assignment for the each carbon was made on the basis
of the literature data and HMQC experiments. In a similar way to the 'H NMR spectra a
single broad signal was observed for the terminal carbons of the allyl moieties in
complexes 1 and 4 when the solvent used was acetonitrile. This reflects again the
apparent allyl rotation. On the other hand, two different signals for each terminal carbon
were observed for the spectra recorded in CD,Cl, (complexes 2, 3, and 5). This
observation indicates that the apparent allyl rotation probably depends of the solvent,

and was further studied with a NMR study in different solvents.

2.2. NMR studies in different solvents

In order to analyse the dynamic behaviour of the complexes, we performed 'H NMR
spectra of 1-5 in different coordinating (acetonitrile, and DMSO) and non-coordinating
solvents (CD,Cl,, acetone and CDCl3/MeOD (90:10)) at room temperature. As an
example, Figure 2 shows the '"H NMR spectra in different solvents for complex 2. In
this study, the most significant variations in the spectra are found for the allylic signals
(see Table 3). It can be observed that in acetonitrile, a coordinating solvent, for
complexes 1-4, only one signal for the anti hydrogens and only one signal for syn
hydrogens are observed. This does not occur for complex 5. However, when a non-
coordinating solvent is used (for example, CD,Cl,), different spectra depending on the
complex were obtained. For complexes 2, 3 and 5, two H,y signals are observed,
whereas, for Hgy,, two signals are observed for each proton for 3 and 5 and only one
signal is observed for 2. On the other hand, complex 4 presents broad signals for both
H,,, and H,,;;. It was not possible to perform a "H NMR of complex 1 in CD,Cl, due to
the low solubility in this solvent.

As an example of the other solvents used, the '"H NMR spectrum of 4 recorded in
DMSO presents a spectrum very similar to that found for acetonitrile (only one signal
for Hgyn and only one signal for Huyi). When the spectra were recorded in acetone for 1-
4, only one doublet was observed for all the Hgy, signals and a broad singlet was

observed for the H,, signals. These experiments would indicate that the apparent allyl
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rotation and the AG* associated to the process depend on the solvent [23]. Higher AG*
values are obtained with non-coordinating solvents like CD,Cl,, whereas for
coordinating solvents like CD;CN and DMSO the AG* are smaller (Table 4).
Consequently, this process would involve an associative mechanism with the
coordination of a molecule of solvent (coordination 4—5—4 on Pd(II)).

In order to know if there is any kind of interaction with a solvent like acetone, NOESY
experiments were recorded and they show NOE interaction between the Hgy, and H,O
molecules on the solvent. (Commercial grade deutered solvents were used). This
observation would indicate that, in this case, the apparent allyl rotation involves the
coordination of a water molecule. Scheme 1 shows the proposed mechanism for this
process: a five-coordinated Pd(II) intermediate is obtained by the coordination of X (X
= water or coordinating solvent), followed by a pseudo rotation of the allylic group,
which interchanges the two allylic terminal hydrogen, The decoordination of the X
group leads to the final product in which the observed Hgyn-Hgyn Hanti-Hani interchange

has taken place.

2.3. Variable temperature NMR studies

Variable temperature 'H NMR studies under differents solvents were performed in
order to obtain more information about the dynamic behaviour of complexes 1-4 and the
influence of the Nl-sustituent in the aparent allyl rotation. Figure 3 shows, as an
example, the variable temperature 'H NMR spectra of 2 in acetone

Coalescence temperature (T.) of the interconversion processes Hgyn-Hgyn and Hani-Hangi
were obtained (see table 4).

At low temperatures, two H,nq signals were observed for all complexes, as it would be
expected for a static situation. Posterior increase of the temperature allowed the
determination of the corresponding coalescence temperatures. However, in some cases
it was not possible to determine the AG* values because either the signals were not fully
split at the minimum experimental temperature or the coalescence was not reached at
the maximum temperature allowed by the solvent. Table 4 shows that the AG* of the
different complexes in the same solvent depends on the N1-sustituent: Minimun AG*

value was obtained for 1 (complex without sustituent) and the higher AG* value was

A-45



Anexo

found for 3 (the complex with the largest alkylic chain). Surprisingly, low AG* value
was obtained for complex 4 (alcohol sustituent). This would indicate that the
hydroxiethyl group interacts with the palladium, forming an intermediate similar to that
found with H,O or a molecule of solvent (Scheme 2). The study of the apparent allyl
rotation was not performed at differents temperatures with complex 5 because this
complex presents in all the solvents a static situation. This is probably due to the fact

that the free pair of electrons produces a high hindrance in the rotation of the allilyc

group.

2.4. Crystal and molecular structures of [Pa’(rf-C 3H5) (LZ )(BF,) (2)

The crystal structure of complex 2 consists of [Pd(n3—C3H5)(L2)]+ cations and BF,
anions held by coulomb forces. The cation [Pd(n’-C3Hs)(L?*)]" is shown in Figure 4.

The metal atom is surrounded by a core composed of one L? ligand coordinated via one
pyrazole nitrogen, one pyridine nitrogen and one allyl ligand in a n’-coordination. L?
behaves as a bidentate ligand forming a five-membered metalocycle.

The palladium centre has typical square planar geometry (with tetrahedral distorsion) in
which the largest deviation from the mean coordination plane is 0.013(1) A. This
distorsion is smaller than in [PtCl(L?)] (0.04 A) and bigger than [PdCL(L?)] (0.017 A)
[21].

The [Pd(n3-C3H5)(pr)(NpZ)] core (containing pyrazole and pyridine nitrogen atoms and
a 1°-bonded allyl ligand) is found in one complex described in the literature [24] The
bond distance Pd-Npy is almost identical to Pd-Npz (2.115(3) A and 2.117(3) A,
respectively). The Pd-C bond lengths of the allyl group are in the range expected for
these types of complexes [25]. The distance measured for the Pd-C(terminal) in trans
disposition to Npy (2.114(3) A) is the same order than the distance found for the other
Pd-C(terminal) and Pd-C(central) bonds (2.101(4) A and 2.108(3) A, respectively). The
Pd-Npy, Pd-Npz and Pd-C bond lengths in 2 are in the range of bond distances found in
the literature for complexes containing N-N’-ligands frans to an allyl-paladium
fragment [26,27,28]. Selected bond distances and angles for this complex are gathered
on Table 5.
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The allyl group is deviated from the ideal geometry (C-C distances of 1.36 A and C-C-C
angles of 120°): it presents two types of C-C distances 1.373(8) A and 1.402(6) A and a
C-C-C angle of 118.3(4). Similar distorted allyl groups have also been described in
other complexes containing the [Pd(n’-C3Hs)]" fragment [29,30,31]. The dihedral angle
between the allylic plane and the palladium coordination plane is 66.90°

The N(1)-Pd-N(2) bite angles is 77.68(10)°. This angle is smaller than those found in
the literature, with the ligand 3-phenyl-5-(2-pyridil)pyrazole (L'), [PdCI(L")] [14],
79.16 (14)°, the ligand 2-(1-octyl-5-phenyl-1H-pyrazol-3-yl)pyridine (L) [PdCly(L%)]
[21], 79.39(13)° and the ligand L* in [PtCly(L?)] [21], 78.83(9).

The L?* ligand is not planar. The pyridyl and phenyl groups are twisted with respect to
the pyrazole ring. The py-pz dihedral angle is 7.05(17)° and the ph-pz is 18.09(18)°. The
py-pz dihedral angles are bigger than those found in complexes [PACly(LY)] (py-pz
1.43(4)°) [14], [PACI(LY)] [21] (py-pz 1.5(2)°) and [PICL(L?)] [21] (py-pz 3.4(4)°),
whereas the ph-pz angle is smaller than those found in the complexes [PdCI(L?)]
(69.2(3)°), [PtCL(L%)] [21] (54.0(4°) but bigger than that found for [PdCLy(L")] [14]
(0.48(3)°).

The n-alkyl group, which is bonded to the N(3) atom, moves away from the chelating
plane giving a torsion angle N(2)-N(3)-C(15)-C(16) of 89.5(3)°.

3. Conclusions

New allylpalladium derivatives with N-donor ligands have been obtained and their
fluxional behaviour studied. One process is observed as an apparent allyl rotation. It has
been concluded that the apparent allyl rotation process has a low free energy of
activation. Consequently, this allyl rotation would not involve Pd-N rupture. It has been
studied the influence of the solvent, and it showed that the coordinating solvents and the
traces of water in solvent clearly favour the process. Also, the influence of the ligand is
observed as the free-electron pair of the deprotonated ligand hindrance the rotation of
the allylic group whereas the ligand with hydroxialkyl group allows the process. The

proposed mechanism is associative with the coordination of water or the solvent.
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4. Experimental

4.1. General Methods

Standard Schlenk techniques were employed throughout the synthesis using a double
manifold vacuum line with high purity dry nitrogen. All reagents were commercial
grade materials and were used without further purification. All solvents were dried and
distilled by standard methods. The elemental analyses (C, H, N) were carried out by the
staff of the Chemical Analyses Service of the Universitat Autonoma de Barcelona on a
Carlo Erba CHNS EA-1108 instrument. Conductivity measurements were performed at
room temperature (r.t.) in 10> M acetone samples employing a Crison, micro CM 2200
conductimeter. Infrared spectra were run on a Perkin-Elmer FT spectrophotometer
series 2000 cm™ as KBr pellets in the range 4000-400 cm™ under a nitrogen atmosphere.
The 'H NMR, “C{'H} NMR, HMQC, and NOESY spectra were run on a NMR-FT
Bruker 250 MHz instrument. 'H NMR and “C{'H} NMR chemical shifts (5) were
determined relative to internal TMS and are given in ppm. Mass spectra were obtained
with an Esquire 3000 ion trap mass spectrometer from Bruker Daltonics.

The synthesis of 2-(5-phenyl-1H-pyrazol-3-yl)-pyridine (L") [14], 2-(1-ethyl-5-phenyl-
[H-pyrazol-3-yl)-pyridine (L?) [15], 2-(1-octyl-5-phenyl)-1 H-pyrazol-3-yl)-pyridine (L)
[15] and 2-(5-phenyl-3-pyridin-2-yl-pyrazol-1-yl)ethanol (L*) [16], were prepared
according to the published methods (Figure 1). Samples of [Pd(n’-C3Hs)Cl], were

prepared as described in the literature [32].

4.2 Synthesis of the complexes

3.2.1 Complexes [Pd(m’-CsHs)(L)]BF4 (L = L'(1), L’(2), L’(3), L*(4))

0.37 mmol of the corresponding ligand (Ll, 0.083 g; L2, 0.092 g; L3, 0.123 g; L4, 0.098
g) were added to a mixture of AgBF, (0.37 mmol, 0.070 g) and the [Pd(n’-C3H;s)Cl],
(0.18 mmol, 0.066 g) dissolved in dichlorometane (40 ml) at 0°C. After stirring the
mixture, light protected and at room temperature for 1.5 h, methanol (40 mL) was added.
A white precipitate was filtered off with a Celite pad and the filtrate was concentrated
until precipitation of a yellow solid. This yellow solid was washed with diethyl ether

and dried under reduced pressure.
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1: Yield: 87 % (0.147 g). C17H16BF4N3Pd (455.6). Anal. Calc. C, 44.82, H, 3.54, N,
9.22. Found: C, 44.90, H, 3.62, N, 8.99 %. Conductivity (Q'cm’mol”, 9.1x10* M in
acetone): 132. IR: (KBr, cm™) 3416 v(N-H), 3020 v(C-H)., 2960 v(C-H)., 1616
V((C=C), V(C=N))y;, 1454 §((C=C), 8(C=N))ar, 1084 V(B-F), 768 5(C-H)oop. '"H NMR
(CD;sCN solution, 250 MHz) &: 13.21 (1H, br, NH), 8.75 (1H, ddd, *J=5.4 Hz, *J=1.6
Hz,J=0.9 Hz, H)), 8.21 (1H, td, °J= 8.1 Hz, “J = 1.6 Hz, H3), 8.09 (1H, ddd, *J = 8.1
Hz, *J = 1.4 Hz, °J = 0.9 Hz, H,), 7.85-7.81 (2H, m, H,y), 7.63-7.54 (4H, m, Ha, Hyp,
H,), 7.41 (1H, s, Hs), 5.92 (1H, m, H), 4.56 (2H, d, °J = 7.0 Hz, H; or Hs (syn)), 3.51
(2H, d, °J = 12.4 Hz, H; or Hy (anti)) ppm. *C{'H} NMR (CD;CN solution, 63 MHz) &:
154.4 (Cy), 153.8 (Cy5), 150.6 (C1s), 147.8 (Cie), 141.4 (C3), 130.7 (C11), 130.0 (Cho,
Chp), 127.4 (C17), 126.6 (Co, C13), 126.6 (C2), 122.7 (Cy), 118.7 (Cs), 102.01 (Cs), 62.06
(C; or Cy), 62.0 (C; or Cg) ppm. MS (%) = 368.1 (100%) [Pdm’-CsHs)(L"]", 222.0
(3%) [L'+H]"

2: Yield: 85 % (0.152 g). C1oH20BF4N3Pd (483.6). Anal. Calc. C, 47.19, H, 4.17, N,
8.69. Found: C, 46.90, H, 4.05, N, 8.38 %. Conductivity (Q'cm’mol™, 9.2x10* M in
acetone): 113. IR: (KBr, cm™) 3066 v(C-H)ay, 2924 v(C-H)a, 1610 v((C=C), V(C=N))ar,
1465 3((C=C), 8(C=N))a, 1083 v(B-F),768 8(C-H)oop. '"H NMR (CD;,Cl, solution, 250
MHz) &: 8.72 (1H, ddd, °J= 5.4 Hz, *J= 1.4 Hz, °J= 0.9 Hz, H,), 8.18 (1H, td, "J=7.9
Hz, *J = 1.4 Hz, Hs), 7.99 (1H, ddd, °J = 7.9 Hz, “J = 1.2 Hz, °J = 0.9 Hz, H,), 7.65-
7.60 (4H, m, H,y), 7.57-7.52 (2H, m, H,, Hyy), 7.00 (1H, s, Hs), 5.99 (1H, m, Hg), 4.48
(2H, d, °J = 7.2 Hz, Hy, Hg (syn)), 4.34 (2H, q, °J = 7.3 Hz, N-CH,-CH3), 3.76, (1H, d,
3J=11.7 Hz, H or Hy (anti)), 3.68 (1H, d, *J = 12.2 Hz, H; or Hs (anti)), 1.47 (3H, t, °.J
= 7.3 Hz, N-CH,-CH;) ppm. *C{'H} NMR (CD,Cl, solution, 63 MHz) &: 154.0 (C)),
151.8 (Cy5), 150.9 (C4), 148.2 (Cie), 141.3 (C3), 130.8 (C11), 129.7 (Cio, C12), 129.3 (Co,
C13), 128.4 (C17), 126.6 (Cy), 122.4 (Cy), 118.4 (Cs), 105.7 (Cs), 65.8 (C; or Cy), 59.4
(C7 or Cy), 46.9 (N-CH,CH3), 16.4 (N-CH,CH3) ppm MS (%) = 396.1 (100%) [Pd(n’-
C3Hs)(LH]', 250.1 (13%) [L*+H]

3: Yield: 80 % (0.168 g). CosH3;,BF4N3Pd (567.8). Anal. Calc. C, 52.89, H, 5.68, N,
7.40. Found: C, 52.90, H, 5.62, N, 7.99 %. Conductivity (Q'cm’mol™, 1.0x10” M in

A-49



Anexo

acetone): 104. IR: (KBr, cm™) 3099 v(C-H)ar, 2952 v(C-H)g, 1615 v((C=C), V(C=N))r,
1465 8((C=C), 8(C=N))a;, 1057 v(B-F), 765 8(C-H)oop. '"H NMR (CD,Cl, solution, 250
MHz) &: 8.73 (1H, ddd, J = 5.4 Hz, *J= 1.4 Hz, °’J= 0.7 Hz, H,), 8.18 (1H, td, *J=7.9
Hz, *J= 1.6 Hz H3), 8.00 (1H, ddd, °J = 7.9 Hz, “J = 1.2 Hz, °J = 0.7 Hz, H,), 7.63-
7.60 (4H, m, Hyy), 7.55-7.51 (2H, m, Hy,, Hy), 7.00 (1H, s, Hs), 5.98 (1H, m, Hs), 4.50
(1H, d, °J = 7.0 Hz, H; or Hy (syn)), 4.45 (1H, d, °J= 7.0 Hz, H, or Hg (syn)), 4.29 (2H,
t, *J = 7.9 Hz, N-CH,-CH,-(CH,)s-CH3), 3.76 (1H, d, °J = 12.5 Hz, H; or Hz (anti)),
3.38 (1H, d, °J = 12.5 Hz, H; or Hy (anti)), 1.81-1.71 (2H, m, N-CH,-CH>-(CH,)s-CHs),
1.32-1.16 (10H, m, N-CH,-CH,-(CH.)s-CH3), 0.89 (3H, t, °J = 6.4 Hz, N-CH,-CH,-
(CH,)s-CH3) ppm. “C{'H} NMR (CD,Cl, solution, 63 MHz) &: 154.0 (C}), 151.8 (C;s),
150.9 (C1s), 148.7 (Cis), 141.3 (C3), 130.8 (C11), 129.7 (Cio, C12), 129.4 (Cy, C)3), 128.5
(C17), 126.6 (Cy), 122.4 (Cy4), 118.4 (Ce), 105.7 (Cs), 65.9 (C; or Cs), 59.2 (C; or Cy),
51.7 (N-CH,-(CH,)e-CH3), 32.0-22.9 (N-CH,-(CH,)s-CH3), 14.2 (N-CH,-(CH,)s-CHs)
ppm. MS (%) = 480.2 (100%) [Pd(n’-C3Hs)(L*)]"

4: Yield: 78 % (0.144 g). C1oH20BF4N;OPd (499.6). Anal. Calc. C, 45.68, H, 4.03, N,
8.41. Found: C, 45.90, H, 3.96, N, 8.23 %. Conductivity (Q'cm’mol™, 1.0x10~ M in
acetone): 134. IR: (KBr, cm™) 3467 v(O-H), 3050 v(C-H)., 2924 v(C-H)., 1616
V((C=C), V(C=N))a;, 1464 8((C=C), §(C=N))as, 1060 V(B-F), 767 §(C-H)oop; 'H NMR
(CD;CN solution, 250 MHz) &: 8.69 (1H, dd, °J=5.4 Hz, *J= 1.6 Hz, H,), 8.15 (1H, td,
J=1.7Hz, *J=1.6 Hz, H3), 7.98 (1H, d, °J = 7.7 Hz, H,), 7.65-7.52 (6H, m, Hyy, Hy),
7.00 (1H, s, Hs), 5.99 (1H, m, Hy), 4.47 (2H, d, =172 Hz, H;, Hg (syn)), 4.39 (2H, t,
3J=5.4 Hz, N-CH,-CH,0H), 3.87 (2H, m, *J = 7.9 Hz, N-CH,-CH,OH), 3.55 (2H, d, °J
= 12.4 Hz, Hy Hy (anti)), *C{"H} NMR (CD;CN solution, 63 MHz) &: 153.8 (C)),
151.7 (Cys), 151.1 (C14), 149.5 (Cs), 141.1 (C3), 130.7 (C11), 129.7 (Co, C12), 129.6 (Co,
C13), 128.5 (C17), 126.3 (Cy), 122.4 (Cy), 118.5 (Cs), 105.7 (Cs), 61.4 (N-CH,-CH,OH),
59.2 (C7,Cs), 51.7 (N-CH,-(CH,)e-CHs), 32.0-22.9 (N-CH,-(CH,)s-CHs). MS (%) =
412.1 (100%) [Pd(n’-CsHs)(LH]

4.2.2 Complex [(n’-C3Hs)Pd(L")] (5)
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To a mixture of 1 (0.20 mmol, 0.091 g) and sodium methoxide (0.20 mmol, 0.011 g)
were added dichloromethane-d, (0.25 ml) and methanol-d4 (0.25 ml) at room
temperature. The mixture was stirred under sonication for 5 min. The solvent was

evaporated; the yellow solid was washed with diethyl ether and dried under vacuum.

5: Yield: 60 % (0.044 g). C17H1sNsPd (367.7). Anal. Cale. C, 55.52, H, 4.11, N, 11.43.
Found: C, 55.50, H, 3.98, N, 11.99 %. Conductivity (Q'cm’mol”, 1.1x10° M in
acetone): 29. IR: (KBr, cm™) 3025 v(C-H).r, 2962 v(C-H).1, 1603 v((C=C), V(C=N))a,
1450 3((C=C), 8(C=N))a, 761 8(C-H)oop. '"H NMR (CD,Cl, solution, 250 MHz) :
8.53 (1H, dt, 'J=5.4 Hz, ’J= 1.1 Hz, °J = 1.1 Hz, H,), 7.92-7.85 (3H, m, Hs, Hyy,), 7.70
(1H, dt, °’J=8.0 Hz, *J= 0.9 Hz, °J = 1.1 Hz, Hy), 7.40 (2H, m, Hyy,), 7.25 (1H, tt, °J =
7.7 Hz, *J = 1.1 Hz, Hy,), 7.16 (1H, ddd, °J = 7.4 Hz, °J = 5.4 Hz,"J = 0.9 Hz, H>), 6.96
(1H, s, Hs), 5.74 (1H, m, Hg), 4.32 (1H, d, *J = 7.0 Hz, H; or Hs (syn)), 3.93 (1H, dd, °J
=7.2 Hz, °J=2.0 Hz, H; or Hs (syn)), 3.27 (1H, d, °J = 12.5 Hz, H; or H (anti)), 3.24
(1H, d, °J = 12.4 Hz, H; or Hy (anti)) ppm. BC{'H} NMR (CD,Cl, solution, 63 MHz) §:
163.0 (C14), 157.6 (Cys), 155.2 (Cig), 153.1 (C1), 139.7 (C3), 135.9 (C17), 128.7 (Cio,
Chn), 126.5 (C11), 125.4 (Co,C13), 121.9 (C2), 119.2 (Cy), 116.4 (Cs), 99.3 (Cs), 60.2 (C;
or Cg), 56.2 (C7 or Cg) ppm. MS (%) = 368.1 (100%) [Pdm’-C3Hs) (L')+H]", 390.1
(7%) [Pd(n’-C3Hs)(L'y+Na]"

3.3 X-ray crystal structure analyses of complex [Pd(;f-C 3H 5) (LZ )(BFy)

Suitable crystals for X-ray diffraction of compounds [Pd(n’-CsHs)(L*)](BFs) were
obtained through crystallisation from dichlorometane. Data were collected on a
MAR345 diffractometer with a image plate detector. Intensities were collected with
graphite monochromatised Mo Ko radiation. Unit-cell parameters were determined
from 3888 reflections (3 < O < 31) and refined by least-squares method. 14739
reflections were assumed in the range 2.55 <6 < 29.99. 4418 of which were non-
equivalent by symmetry (Rint (on I) = 0.035). 3902 reflections were assumed as
observed applying the condition I > 2o(I). Lorentz-polarisation but no absorption

corrections were made.
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The structure was solved by Direct methods, using SHELXS97 computer program [33]
and refined by full-matrix least-squares method by SHELXIL.97 computer program [34]
using 14739 reflections (very negative intensities were not assumed). The function
minimized was Sw || Fol ? - | Fd 2| %, where w = [6%(I) + (0.0623P)* + 0.6986P]" and P =
(| Fol 2+ 2 | Fd %)/ 3. 18 H atoms were located from a difference synthesis and refined
with overall isotropic temperature factor and 2H atoms were computed and refined,
using a riding model with an isotropic temperature factor equal to 1.2 times the
equivalent temperature factor of the atom, which are linked. The final R(F) factor and
R(F?) values as well as the number of parameters and other details concerning the
refinement of the crystal structures are gathered in Table 6.

CCDC-----contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccde.cam.ac.uk/data_request/cif.
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Table 3. '"H NMR spectroscopic data for complexes 1-5

Anexo

Complex | Solvent H-/Hg syn H-/Hg anti

1 CD;CN 4.56 (d, 7.0 Hz) 3.51(d, 12.4 Hz)

1 (CD3),CO 4.65 (d, 6.8 Hz) 3.62 (br)

2 CD;CN 4.50 (d, 7.0 Hz) 3.58 (d, 12.5 Hz)

2 (CD3),CO 4.72 (d, 7.2 Hz) 3.76 (br)

2 CDCI3/MeOH | 4.41 (d, 7.0 Hz) overlapping with MeOH

2 CD,Cl, 4.48 (d, 7.2 Hz) 3.76 (d, 11.7 Hz), 3.68 (d,
12.2 Hz)

3 CD;CN 4.46 (d, 7.2 Hz) 3.54 (d, 12.2 Hz)

3 (CD3),CO 4.69 (d, 6.8 Hz) 3.76 (br)

3 CD,Cl, 4.50, 4.45 (d, 7.0 Hz) 3.76,3.38 (d, 12.5 Hz)

4 CD;CN 4.47 (d, 7.2 Hz) 3.55(d, 12.4 Hz)

4 (CD3),CO 4.69 (d, 7.0 Hz) 3.72 (br)

4 DMSO 4.57 (d, 7.0 Hz) 3.61 (d, 12.5 Hz)

4 CD,Cl, 4.50 (br), 3.69 (br)

5 CD;CN 4.18 (d, 7.0 Hz), 4.04 (d, | 3.31 (12.2 Hz), 3.16 (12.5

6.8 Hz) Hz)
5 CD,Cl, 4.32 (d, 7.0 Hz), 3.93 (dd, | 3.27 (d, 12.5 Hz), 3.24 (d,

2.00 Hz)

12.4 Hz)
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Table 4. v, (Hz), Tc and AGCi data for complexes 1-4

Complex | Solvent Interchaging groups | Te (K) | v. (Hz) | AG.* (KJ mol™)
1 acetonitrile | Hyyn-Hgyn 248 | ceem | cmee
Hanti-Hani 298 18.2 52.7
acetone Hgyn-Hgyn 233 11.6 50.3
Hanti-Hani 298 69.8 60.5
2 acetonitrile | Hyyn-Hgyn --
Hanti'Hanti -
acetone Heyn-Hgyn --
Hanti'Hanti 298 64.5 60.7
3 acetonitrile | Heyn-Hgyn -
Hanti'Hanti -
acetone Hgyn-Heyn 213 10.6 50.4
Hanti-Hani 298 61 60.8
4 acetone Hgyn-Hgyn 233 15.6 49.7
Hanti'Hanti -
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Table 5 Selected bond lengths (A) and bond angles (°) for [Pd(n3—C3H5)(L2)](BF4) 2)

with estimated standard deviations (e.s.d.s) in parentheses

Pd-N(1) 2.115(3) Pd-C(19) 2.144(3)
Pd-N(2) 2.117(3) C(17)-C(18) 1.373(8)
Pd-C(17) 2.101(4) C(18)-C(19) 1.402(6)
Pd-C(18) 2.108(3)

N(1)-Pd-N(2) 77.68(10) N(2)-Pd-C(19) 110.82(13)
N(1)-Pd-C(17) 102.78(18) C(17)-Pd-C(19) 68.23(19)
N(1)-Pd-C(18) 134.61(18) C(17)-Pd-C(18) 38.1(2)
N(1)-Pd-C(19) 170.71 (14) | C(18)-Pd-C(19) 38.48(18)
N(2)-Pd-C(17) 171.11(17) C(17)-C(18)-C(19) | 118.3(4)
N(2)-Pd-C(18) 145.13(18)

A-61



Anexo

Table 6. Crystallographic data for [Pd(n3—C3H5)(L2)](BF4) )

Formula C19H20BF4N3Pd
M 483.59
Temperature (K) 293(2)
Crystal System monoclinic
Space group P2,/c

Unit cell dimensions

a (A) 8.028(5)

b (A) 10.519(4)
c(A) 23.157(10)

a () 90

BCO) 95.14(2)

7() 90

U (A 1947.7(17)

Z 4

Dealc (g.cm™) 1.649

4 (mm™) 0.999

F(000) 968

Crystal size 0.2x0.1x0.1
0 range (°) 2.55t0 29.99

Index range

-9<h<10, 0<k<14, 0<I<32

Reflexions collected/ unique

14739 / 4418 [R(int) = 0.0351]

Data/restraints/parameters

4418 /20/295

Goodness-of-fit

1.134

Final R, ®R»

0.0384, 0.1104

R, (all data), ®R,

0.0449, 0.1171

Residual electron density (e A™)

0.468 and — 0.647
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Figure captions

Figure 1. Numbering Scheme and reaction the obtaining of complex 5

Figure 2. '"H RMN spectra (250 MHz) of complex 2 in acetone (a), acetonitrile (b), and
dichlorometane(c)

Figure 3. '"H RMN spectra (250 MHz) of complex 2 in acetone at variable temperatures
(253-298 K)

Figure 4. ORTEP drawing of the cation [Pd(n*-CsHs)(LH)] (ellipsoids are shown at the
50% probability level)
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Figure 1.

\ /N_N\ 13

() R=H )
(2) R = ethyl

(3) R =octyl

(4) R = CH,CH,0H
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Figure 2.
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Figure 3.
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Figure 4.
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1. Introduction

The Heck reaction is one of the most widely used palladium-catalyzed carbon-carbon
bond-forming reactions in organic synthesis'~. For this, there are a big number of
reviews covering different aspects of this reaction®®. This reaction consists in the
vinylation of aryl halides and it was first reported by Mizoroki and Heck in the early
1970s (Scheme 1) . In the next decades, the chemical community searches an active and
stable palladium catalysts, witch should be versatile and efficient system. For several
years aryl bromides and iodides preferably were used as substrates in such reactions
because aryl chlorides are transformed very sluggishly by standard palladium catalysts
The problem with aryl chlorides is the strength of the C-Cl bond. There has had a
growing interest to find catalytic systems that can successfully catalyze cross-coupling
reactions with these last substrates’ because aryl chlorides are widely available,
industrially important and generally less expensive than their bromide and iodide
counterparts. The past few years have seen important advances in this direction, with
part of this success owed to the development of new palladium complexes which
contain electron-rich and bulky ligands (namely phosphines, carbenes and N-
heterocyclic) that improve their catalytic activity in coupling reactions.

The reaction most studied is normally carried out in the presence of phosphine ligands
and a base under an inert atmosphere but N,N-ligands, although much less studied than
the above P-based species, have also been shown to yield high-TON palladium catalysts
in simple Heck reactions®. The search for new phosphine-free Pd catalysts is driven by
both economic and academic reasons: phosphine ligands are expensive, toxic and
unrecoverable.

Recently, the synthesis and characterization of many pyridylpyrazole derived ligands

1'°, methyl'' and trifluoromethyl'? has been

which have 3,5- position, pyridyl’, pheny
reported in the literature and the reactivity of some of these ligands with Pd(II) has been
studied in our laboratory'""*. A common problem in the coordination chemistry of
pyridyl-pyrazole ligands to metal ions is the low solubility of ligands and complexes in
organic solvents, mainly caused by n—r stacking interactions. This solubility can be
increased by incorporating an alkyl or hydroxyalkyl group at the N1-position of the
pyrazole ring. In a recent papers we report the synthesis and characterization of the

several N-alkyl-3,5-pyrazole derived ligands with N1-position ethyl, octyl'* and
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13,15 . .
”. In continuation

hydroxyethyl group'®.We also studied the reactivity towards Pd(II)
of our investigations, we describe in this paper the preparation and characterisation of a
new 1,3,5-substituted pyrazole derived ligand, 2-(5-phenyl-3-pyridin-2-yl-pyrazol-1-
yl)-ethanol (L) (Fig 1). Also, we describe here the synthesis and structure of a new
1,3,5-substituted pyrazole derivative of Pd(II). However, we present the investigation of
the reactivity of this resulting palladium(II) complex for the Heck reaction observing a
high activity. Furthermore, we observed and compared the results with similar

complexes synthesized in our group. It was proved not only in organic solvents but also

in aqueous media.

2. Experimental

2.1. General Methods

Standard Schlenk techniques were employed throughout the synthesis using a double
manifold vacuum line with high purity dry nitrogen. All reagents were commercial
grade materials and were used without further purification. All solvents were dried and
distilled by standard methods. The elemental analyses (C, H, N) were carried out by the
staff of the Chemical Analyses Service of the Universitat Autonoma de Barcelona on a
Carlo Erba CHNS EA-1108 instrument. Conductivity measurements were performed at
room temperature (r.t.) in 10~ M acetone employing a Crison, micro CM 2200
conductimeter. Infrared spectra were run on a Perkin-Elmer FT spectrophotometer
series 2000 cm™ as NaCl, KBr pellets or polyethylene films in the range 4000-100 cm’™
under a nitrogen atmosphere. The 'HNMR, “C{'H} NMR, HMQC and NOESY
spectra were run on a NMR-FT Bruker 250 MHz instrument. '"H NMR and *C{'H}
NMR chemical shifts (8) were determined relative to internal TMS and are given in
ppm. Electronic impact mass spectra were measured on a Hewlett-Packard HP-5989.
The synthesis of 2-(5-trifluoromethyl-1H-pyrazol-3-yl)pyridine (L")'?, 2-(5-phenyl)-
1H-pyrazol-3-yl)pyridine (L?)"* 2-(1-ethyl-5-trifluoromethyl-1H-pyrazol-3-yl)pyridine
(L*)", 2-(1-ethyl-5-phenyl-1H-pyrazol-3-yl)pyridine (L*)"*, 2-(3-pyridin-2-yl-5-
trifluoromethyl-pyrazol-1-yl)-ethanol (L*)"?, 2-(1-octyl-5-phenyl- 1 H-pyrazol-3-
yl)pyridine (L7)"*"
Samples of [PACL(CH3CN),]" were prepared as described in the literature. The

, were prepared according to the published methods (Fig. 1).
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reaction progress was analysed by GLC (HP5480) and the % conversion was measured

relative to internal standard decane.

2.2 Synthesis of the ligand: 2-(5-phenyl-3-pyridin-2-yl-pyrazol-1-yl)-ethanol (L)
1-phenyl-3-pyridin-2-yl-propane-1,3-dione (6.6 mmol; 1.50 g) was dissolved in ethanol
(50 ml). To this solution 2-hydroxyethylhydrazine (6.6 mmol; 0.50 g) was added and
the mixture was stirred and heated for 6 h at room temperature. After removing the
solvent in vacuum, the product was extracted from the oily residue with H,O/CHCls.
The collected organic layers were dried with anhydrous sodium sulphate and removed
in vacuum. The separation of regioisomers was done by silica column chromatography

using ethyl acetate. The ligand is obtained as yellow oil.

L: Yield: 95 %. C16H1sN20 (265.0). Anal. Cale. C, 72.45, H, 5.67, N, 15.85. Found: C,
72.33, H, 5.64, N, 15.84 %. IR: (NaCl, cm™) 3400-3225 v(O-H), 3055 v(C-H),:, 2936
V(C-H)y, 1572 v((C=C), V(C=N))a, 1450 §((C=C), §(C=N)).r, 764, 678 5(C-H)oop. MS
(EI): m/z (%) 265 [M] ™ (17%), 234 [M-CH,OH]" (100%), 221 [M-CH,CH,0H]" (50%),
192 [M-N,CH,CH,OH]" (18%), 78 [py]" (28%), 51 [py-HCN] * (10%) . '"H NMR
(CDClI; solution, 250 MHz) 6: 8.58 (1H, d, 3J=4.0 Hz, H,), 7.78 (3H, m, Hs_Hs H7),
7.62 (1H, d, °J = 8.0 Hz, Hy), 7.39-7.20 (4H, m, H, Hs Hy H}g), 6.80 (1H, s, Hs), 5.87
(1H, br, OH), 4.64 (2H, t, >J = 4.0 Hz, pz-CH,-CH,-OH), 4.0 (2H, t, °J = 4.0 Hz, pz-
CH,-CH,-OH) ppm. “C{'H} NMR (CDCl; solution, 63 MHz) &: 148.5 (C)), 142.9
(C12), 137.7 (C3), 133.0 (Cyy), 132.4 (Cy3), 130.8 (Cy4), 128.6 (C7, Co), 127.8 (Cy), 125.7
(Cs, C7), 123.1 (C»), 123.6 (Cy), 104.0 (Cs), 62.9 (pz-CH,-CH,-OH), 52.8 (pz-CH,-CH,-
OH) ppm.

2.3 Synthesis of the complex (6)

The ligand L (0.40 mmol; 0.10 g) dissolved in dry acetonitrile (20 ml) was added to a
solution of [PdCI,(CH3CN),] (0.40; 0.10 g) in dry acetonitrile (20 ml). The resulting
solution was stirred at room temperature for 12 h. The solution was concentrated until a
orange crystalline precipitated appeared. The solid was filtered off, washed with diethyl

eter (5 ml) and dried under vacuum.
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6: Yield: 70 %. C16HisN3OCLPd (465.64). Anal. Cale. C, 43.44, H, 3.39, N, 9.50.
Found: C, 43.22, H, 3.28, N, 9.37 %. Conductivity (Q'cm’mol”, 9.8x10* M in
DMSO): 25.6. IR: (KBr, cm™) 3475 v(O-H), 3105 v(C-H), 2924 v(C-H),, 1615
V((C=C), V(C=N))ar, 1465, 1444 5((C=C), 8(C=N))ar, 781, 701 8(C-H)oop; (polyethylene,
cm™): 462 v(Pd-N), 345, 327 v(Pd-Cl). "H NMR (DMSO solution, 250 MHz) &: 9.01
(1H, d, °J = 5.9 Hz, H)), 8.30 (1H, t, °J = 7.4 Hz, H5), 8.22 (1H, d, °J = 6.4 Hz, Hy),
769-7.65 (6H, m, H,, Hpy), 7.49 (1H, s, Hs), 4.85 (2H, t, °J = 5.2 Hz, pz-CH,-CH,-OH),
4.73 (1H, t, °J = 4.8 Hz, OH), 3.79 (2H, dd, °J = 5.2 Hz, °J = 4.8 Hz pz-CH,-CH,-OH)
ppm. PC{'H} NMR (DMSO solution, 63 MHz) &: 152.2 (C2), 151.3 (C;;), 149.1 (C)),
148.6 (Cy3) 141.1 (C3), 130.8 (C}y), 129.7 (Cs), 129.4 (Cs, Cyo), 128.7 (C7, Cy), 124.9
(Cy), 122.2 (Cy), 105.5 (Cs), 60.3 (pz-CH,-CH,-OH), 51.2 (pz-CH,-CH,-OH) ppm.

2.4 X-ray crystal structure analyses of complex [PdCI(L)] (6)

Suitable crystals for X-ray diffraction of compounds cis-[PdCl,(L)] was obtained
through crystallisation from ethanol. Data were collected on a MAR345 diffractometer
with an image plate detector. Intensities were collected with graphite monochromatised
Mo Ka radiation. Unit-cell parameters were determined from automatic centering of
7542 reflections (3 < 0 < 31) and refined by least-squares method. 10035 reflections
were measured in the range 3.53 <0 <24.91. 3123 of which were non-equivalent by
symmetry (Rin (on I) = 0.028). 2551 reflections were assumed as observed applying the
condition I > 25(I). Lorentz-polarisation but no absorption corrections were made.

The structure was solved by Direct methods, using SHELXS computer program'’ and
refined by full-matrix least-squares method with SHELXL97 computer program'®,
using 3123 reflections (very negative intensities were not assumed). The function
minimized was Sw || Fol > - | Fdl 4 2, where w = [6*(1) + (0.0583P)* + 3.0855P] ' and P =
(I Fol * + 21 Fcl %) / 3. 7 H atoms were located from a difference synthesis and refined
with overall isotropic temperature factor and 8 H atoms were computed and refined,
using a riding model, with an isotropic temperature factor equal to 1.2 times the
equivalent temperature factor of the atom, which are linked. The final R(F) factor and
R(F?) values as well as the number of parameters and other details concerning the

refinement of the crystal structures are gathered in Table 1.
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2.4 General procedure for the Heck-type coupling reactions
Prescribed amount of catalyst, base (1.4 equiv), alkene (1.5 equiv), aryl halide (1.0
equiv) and decane were placed in a round bottom flask. Solvent (2ml) was added and

the mixture was heated to the prescribed temperature and time.

3. Results and discussion

3.1 Synthesis and characterisation of ligand L and complex 6

The ligand (L) was prepared in good yields like an efficient method published in the
literature'’. First, 1-phenyl-3-pyridin-2-yl-propane-1,3-dione was prepared by Claisen
condensation of methyl-2-pyridinecarboxylate with 1-phenyl-ethanone'®. Treatment of
1-phenyl-3-pyridin-2-yl-propane-1,3-dione with 2-hydroxyethylhidrazine in ethanol at
room temperature gave a mixture (1:1) of the 2-(5-phenyl-3-pyridin-2-yl-pyrazol-1-yl)-
ethanol ligand (L) and its regioisomer derived from initial at the diketone. It was
separated by silica column chromatography using ethyl acetate. The reaction of
[PACl,(CH3CN,)] with L in acetonitrile at room temperature gives the new palladium(II)
complex (1) as orange crystals in quantitative yield. Complex 6 have been fully
characterized by elemental analysis, conductivity measurements, IR and by
spectroscopy 'H NMR and *C{'H} NMR. Moreover, the structure of 6 was confirmed
by X-ray crystallography. The crystal structure of complex 6 is similar than complexes

. . 11,13,1
found in the literature'"'>1°

and there are presented in Figure 1.

3.2. Catalytic studies

For the purpose of comparing the reactivity of the complex synthesized in this paper
with other catalyst containing pyridilpyrazol ligands, the Heck reaction was chosen to
demonstrate the catalytic activities of the compounds showed in Figure 1. These
complexes were found to be thermally stable, and no degradation was observed at
temperatures up to at least 140°C as a result of the stabilizing chelate effect. In addition,
these complexes were not sensitive to oxygen or moisture. No change in their
efficiencies was observed even if the Heck coupling reactions were carried out under
aerobic conditions. In this study the reaction progress was analysed by GLC. The use of
every complex for the Heck olefination of aryl halides gives rise to the formation of

trans-compound exclusively ('H-NMR).
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The results of the catalytic coupling of aryl iodides, bromides and chlorides with styrene
or with an electron-poor olefin like tert-butyl acrylate using palladium (II) complexes
are summarized in Table 2. Preliminary catalytic studies of complex 1 (0.1%) in a Heck
reaction between bromobenzene and tert-butyl acrylate at 100°C with NEt; as base and
solvent showed that the reaction did not take place (entry 2) so we decided to change the
conditions using the same reagents but DMF as solvent at 140°C. Also, in this case is
used an additive NBuyCl. In this conditions a black solid, presumably Pd(0) precipitated
from the reaction mixture. Observing at last a yield of 66% in 78 h., with a turnover
number (TON) of 671 (entry 1).

In order to know the influence of the alkylic chain in N; we performed the same reaction
with complex 2, which contain a shorter chain, observing that this was more effective
that 1 (entry 4). In the same order we decided to use a ligand without N1-sustituation (3)
observing that this complex had major conversion in a minor time (entry 6). Moreover,
we decided to use the same complex 3 but change the solvent DMF to H,O observing
the efficience decreased probably because this complex are more insoluble in aqueous
phase and the temperature of reaction is minor (entry 7).

To observe the influence of 5-position substituent we carried on the Heck reaction with
complexes containing an electrowithdrawing sustituent like CF3 (complexes 4, 5 and 6)
observing for complexes 5 and 6 that the conversion was similar or lower that its
analogous complexes (2 and 3) in the same conditions (entry 11 and 13). In contrast for
complex 4 it is observed a low conversion (entry 9) probably because this complex in
solution it is not observed like a neutral complex as the base (NEt3) can extract the N-H
acidic proton producing an ionic complex with different properties.

Moreover, in order to know the influence of the N1-substituted nature. We perform the
reaction with complexes containing a N1-hydroxyethyl substituent (complexes 7 and 8).
Surprisingly, we observed the best results, better that we had observed in the literature
with similar catalyst (entry14 and 19). In order to know if these good results were
caused by a possible interaction as a hydrogen-bond between the hydroxiethyl
substituent of the complexes and the tert-butilacrilate we perform the reaction with 7
and 8 using other olefine without an oxygen atom like styrene (entry 17 and 21). With
this substrate a minor conversion was observed attributable to the different

electrowithdrawing of the susbstituent (phenil). This minor activity was not associate to

A-74



Anexo

the not possibility of forming hydrogen bond because the decrease of conversion was
very similar between entry 11 and 12 using complex 5 without oxygen atom.

Finally, in order to know if the hydroxyethyl sustituent or only the oxygen atom
influenced in the conversion we make the reaction with complex 8 which contain a N1-
poliether exhibiting a similar conversion that 6 without oxygen atom and similar length
chain (entry 24).

We can increase the efficiency of catalysts changed the aryl halide, (the iodides were
most reactive that the analogous with bromides). Certainly, we obtained a better result
using iodobenzene (entry 15, 20 and 23) in contrast; the reactivity of chlorobenzene are
lower than iodobenzene and bromobenzece (entry 5, 18, 22 and 25) thought it is
observed a good conversion for complex 7 and 8 in a long time of reaction. With
catalysts 7 and 8 and chlorobenzene we have very good results compared with
bibliography?’.

Finally, to optimize the process we have utilized a lower proportion of catalysts to
increase the TON concluding that with a minor concentration of catalyst (0.01%) it is

observed a similar conversion when it is used 0.1% of catalyst (entry 8, 10, 11 and 16).

3.3. Crystal and molecular structure of [PdCIx(L)] (6)

The crystal structure of complex 1 consist of monomeric cis-[PdCI(L)] molecules
linked by van der Waals forces (Fig 2 ). The palladium centre has typical square planar
geometry

The metal atom is coordinated to one L via one pyrazole nitrogen, one pyridine nitrogen
and two chlorine ligands in a cis disposition. L behaves as a bidentate ligand forming a
five-membered metallocycle.

The [PdCl(Npy)(Npz) core (containing pyrazole and pyridine nitrogen atoms and
terminal chlorine ions in a cis disposition) is found in eight complexes described in the

. 11,13,15,21-23
literature™ > >

. The bond distance Pd-Npz is clearly longer than those Pd-Npy.
The Pd-Npy, Pd-Npz and Pd-Cl bond lengths in 6 are in the range of bond distances
found in the literature for similar complexes'""'*!>*!*_ Selected bond distances and
angles for this complex is gathered on Table 3.

The N(1)-Pd-N(2) bite angle is 79.16(14)°. This angle is comparable to those found in

the structure with the ligand 3-phenyl-5-(2-pyridil)pyrazole (pz1)'!, [PdCly(pz1)], 79.16
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(14)°, the ligand 2-(1-octyl-5-phenyl-1H-pyrazol-3yl)pyridine (L2)" [PdCI(L2)] 79.39
(13)° and the ligand 2-(3-pyridin-2-yl-5-trifluoromethyl-pyrazol-1-yl)ethanol (L3)"
[PACIy(L3)] 79.17 (12)°.

The L ligand are not planar. The pyridil and phenyl groups are twisted with respect to
the pyrazole ring. The py-pz dihedral angle is 8.6 (2)° and the ph-pz is 59.2 (3)°.The py-
pz dihedral angle is higher that in complexes [PdCl,(pz1)] (py-pz 1.43 (4)°)'",
[PACL(L2)] (py-pz 1.5 (2)°)" and [PACL(L3)] (py-pz 2.5 (3)°)"*. Whereas the ph-pz
angle is higher than in complex [PdCly(pz1)] (ph-pz 0.48 (3)°)'' but lower than in
complex [PAC1,(L2)] (ph-pz 69.2 (3)°)".

The complex contain intramolecular hydrogen bonds between C(1)-H(1)---CI(2). The

distances and angles are showed in Table 4.

Conclusions
We have found that complex 7 are more effective catalysts than classical palladium(II)
salts because palladium (II) chloride alone is an active catalyst for the Heck reaction,

when aryl halides are used.
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Scheme 1
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Figure captions

Figure 1. Pyrazole derived ligands and numbering scheme

Figure 2. ORTEP drawing of the complex PdCl,(L) (6) (ellipsoids are shown at the
50% probability level
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Figure 1

1:R'= ph R”= octil

2:R'= ph R’= ethyl

3:R'= ph R’=H

4:R'= CF; R’=H

5:R'= CF; R’= ethyl

6:R'= CF; R’= octil

7:R'= ph R’= hidroxiethyl
8:R'= CF; R’= hidroxiethyl

9: R'=CF; R’= (CH,CH,0);CHj;
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Figure 2
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Table 1 Crystallographic data for cis-[PdCl,(L)] (6)

Formula C16H15C12N30Pd
M 465.64
Temperature (K) 293(2)
Crystal System Monoclinic
Space group P2,/c

Unit cell dimensions

a (A) 13.992(10)

b (A) 8.3066(10)
c(A) 16.627(10)
L) 110.506

U (A% 1809.9(3)

4 4

Dealc (g.cm™) 1.709

4 (mm™) 1333

F(000) 932

Crystal size 0.1x0.1x0.2
0 range (°) 3.53t024.91

Index range

0<h<16, 0<k<9, -18<I<18

Reflexions collected/ unique

10035 / 3123 [R(int) = 0.0286]

Data/restraints/parameters

3123/0/248

Goodness-of-fit

1.085

Final R, ®R»

0.0394, 0.0992

R, (all data), ®R,

0.0459, 0.1037

Residual electron density (e A™)

0.751 and — 0.689
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Table 3. Selected bond lenghts (A) and angles (°) for [PACl,(L)] (6) with estimated

standard deviations (e.s.d.s) in parentheses.

cis-[PdCLL(L)] (6)
Pd-N(1) 2.035 (3)
Pd-N(1) 2.050 (3)
Pd-CI(2) 2.2716 (11)
Pd-CI(2) 2.2788 (12)
N(1)-Pd-N(2) 79.67 (13)
N(1)-Pd-C1(2) 93.18 (10)
N(2)-Pd-Cl(2) 172.79 (10)
N(1)-Pd-CI(1) 173.84 (13)
N(2)-Pd-Cl(1) 99.42 (10)
C1(2)-Pd-CI(1) 87.79 (5)
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Table 4. Distances and angles related to hydrogen bonding (A, °)

Anexo

D-H...A

d(D-H)

D(H...A)

d(D...A)

<DHA

C(1)-H(1)...CI(2)

0.90(5) A

2.62(4) A

3.1978(5) A

124(4)°
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