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Lista de abreviaturas utilizadas

AcO Acetato

acac Acetilacetonato

bpy 2,2’-Bipiridina

bpyO, 2,2’-Bipiridina-N,N’-dioxido
col 2,4,6-Colidina (2,4,6-trimetilpiridina)
colO 2,4,6-Colidina-N-6xido

Cp Ciclopentadienilo

DMF Dimetilformamida

dmpz 3,5-Dimetilpirazol

DMSO Dimetilsulfoxido

GO Galactosa oxidasa

HMPA Hexametilfosforamida

IL Liquido ionico

im Imidazol

LDA Diisopropilamiduro de litio
lut 2,6-Lutidina (2,6-dimetilpiridina)
lutO 2,6-Lutidina-N-6xido
mCPBA Acidometacloroperbenzoico
3mpz 3-Metilpirazol

MTO Metiltrioxorenio

NHC Carbeno N-heterociclico
2pc 2-Picolina (2-metilpiridina)
2pcO 2-Picolina-N-o6xido

3pc 3-Picolina (3-metilpiridina)
3pcO 3-Picolina-N-oxido

4pc 4-Picolina (4-metilpiridina)
4pcO 4-Picolina-N-6xido

PDMS Polidimetilsiloxano

phen 1,10-Fenantrolina

PTC Agente de transferencia de fase
py Piridina



Lista de abreviaturas utilizadas

pyO Piridina-N-oxido

pz Pirazol

RTIL Liquido i6nico a temperatura ambiente

salen 2,2'-Etileno-bis(nitrilometilideno)difenol

salox Salicilaldoxim

scCQ Dioxido de carbono supercritico

SCF Fluido supercritico

scHO Agua supercritica

TBHP Terbutil hidroperéxido

TEA Trietilamina

THF Tetrahidrofurano

TOF Frecuencia del ciclo catalitico “Turnover freqcy”
TON Numero de ciclos cataliticos “Turnover number”
TSIL Liquido iénico con funcién especifica

UHP Aducto urea-peroxido de hidrégeno

VOC Compuesto organico volatil

4VP 4-Vinilpiridina

XRD Difraccion de Rayos X

Abreviaturas empleadas para las sales de imidazolio

\ N/\N /R R = n'CnH(2n+l)
Chmim-X o
\ / o X = Anion
X

Ejemplos: Gmim-BF, Tetrafluoroborato de h-butil-3-metilimidazolio
Cgmim-Br Bromuro de In-octil-3-metilimidazolio

Ciomim-PR  Hexafluorofosfato de h-dodecil-3-metilimidazolio

Abreviaturas empleadas en los espectros de RMN

S singlete q cuartete
d doblete a ancho
t triplete m multiplete



Objetivos

La presente memoria pretende efectuar una conidbuen el area de la

Quimica Verde o Quimica Sostenible en lo que sereet la utilizacion de medios no

convencionales como disolventes en Catalisis Homemé En concreto, se ha

investigado el empleo de diéxido de carbono sufigmary de liquidos iGnicos en las

reacciones de oxidacion selectiva de olefinas phalles catalizadas por complejos

metalicos facilmente accesibles. En este contexiaantearon los siguientes objetivos

generales del proyecto de Tesis:

Desarrollar procedimientos de sintesis que perntéancorporacion de grupos
“COfilicos” a ligandos de tipo N-heterociclo. Esto conllegaruna
modificacion de la solubilidad de los complejos d@iebs a los que se
coordinara. En particular, se favoreceria la stikdwion de los mismos en
disolventes de baja polaridad como el didxido dbar@o supercritico.

Evaluar la actividad catalitica de complejos metdi del tipo
oxoperoxomolibdeno u oxoperoxorenio con ligandolsdierociclo modificados
en reacciones de oxidacion selectiva de olefinandes HO, como oxidante
terminal y dioxido de carbono supercritico comambhlisnte.

Evaluar la actividad catalitica de complejos metdide Pd(ll) o Cu(ll) con
ligandos N-heterociclo modificados en reaccionesogliglacion selectiva de
alcoholes usando £Zomo oxidante terminal y didxido de carbono suptco
como disolvente.

Explorar las condiciones idoneas para llevar a talepoxidacion de olefinas en
liguidos ionicos utilizando precursores comerciadies molibdeno o renio o

complejos de estos metales con ligandos comeragbeso elaborados.



Relacion completa de los compuestos preparados endresente Memoria:

4-(Polidimetilsiloxaniletil)piridina A)
4-Tridecilpiridina B8)
4-(2,2-Bis-trimetilsilanil-etil)piridina C)
2,6-Bis-trimetilsilanilmetil-piridina D)

4,4’ -Ditridecil-2,2’-bipiridina E)
4,4'-Bis-(bis-trimetilsilanil-metil)-2,2'-bipiridia (F)
4,4’-Bis-(2,2-bis-trimetilsilanil-etil)-2,2’-bipirdina G)
4-Metil-4’-tridecil-2,2’-bipiridina H)

Cloruro de 1-(3,5-dimetilpirazol-1-ilmetil)-3-metihidazolio (dpmim-ClI)
[Re(CHs)(O)s(A)] (18)

[Re(CH;)(O)s(B)] (1b)

Aducto de [Mo(0O)(Q)2(H20),] y A (2a)
[Mo(O)(02)2(H20)(BO)] (2b)
[Mo(O)(0O2)2(H20)(E)] (2€)

[Mo(O)(O2)2(H20)(F)] (2f)

[Mo(0)(02)2(H20)(G)] (29)
[Mo(O)(O2)2(H20)(H)] (2h)
[M0o(O)(02)2(H20)(2pcO)]
[Mo(O)(O2)2(H20)(3pcO)]
[Mo(0)(O2)2(H20)(IutO)]
[M0o(O)(0O2)2(H20)(colO)]

[Mo(O)(02)2(H20)(pz)]

[Mo(O)(O2)2(pz)]

[Mo(O)(O2)2(bpyC,)]

[Mo(O)(O2)2(phen)]
[(0)(O2)2Mo(1*-0)M0(0)(Qy)2] *- 2[colH*
[M0g(O)22(O2)4(dmpz)] *- 4[(dmpzH)[ - 2H,0
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1 Introduccioén

La produccién de residuos en los procesos indiesrizs uno de los problemas
ambientales mas preocupantes que existen hoy eend&l area de la quimica. El
desarrollo de nuevas metodologias sintéticas, lijpnen o en su caso reduzcan estos
residuos, es uno de los objetivos de la llam@démnica Verde “Green Chemistry*
también denominad@uimica Sostenible

Dentro de los residuos cabe diferenciar entre lexgugue se originan junto con
los productos deseados de un proceso quimico, cproductos secundarios o0
indeseado$,y aquellos que no se recuperan de forma eficieat@o por ejemplo los
disolventes organicos volatiles que se utilizareleproceso. El impacto ambiental que
tienen estos Ultimos es considerable. Se ha estimae aproximadamente el 85% del
total de la masa de los productos quimicos invallms en la industria farmacéutica son
disolventes y que la eficacia de su reciclado estdprendida en un rango del 50-86%.
Por tanto, el redisefio y la sustitucion progresieaaquellos procesos que utilizan
disolventes organicos por procesos menos contatemalebe ser otro objetivo basico
que se plantee la quimica en nuestros'diasre las posibles soluciones al problema de
la creacién de residuos debidos a los disolventgn@cos se encuentran las reacciones

realizadas en ausencia de disolvente o la utibrade disolventes no convencionales.

1.1 Medios No Convencionales en Quimica Sostenible

Un disolvente no convencional que pueda consideramno alternativa al
empleo de los disolventes organicos tipicos (VQ©ktile organic compoundlgiebe
ser poco (idealmente nada) peligroso. Es decativaimente no toxico, no inflamable,
no corrosivo, etc. Por otro lado, no puede semaiisado al medio ambiente en ninguno
de los puntos o fases del proceso quimico, poudagiemas deber ser facil de reciclar.
La eliminacién del disolvente del medio de reacc&m realiza generalmente por
evaporacion o destilacion y por consiguiente ebldente debe ser volatil. Esta
caracteristica es perjudicial porque el vertidovgp®racion de los disolventes organicos

tipicos conduce inevitablemente a fendmenos de cigwiu Los disolventes no



Introduccién

convencionales, por tanto, tienen que proporcigracedimientos alternativos que
conduzcan a una separacion eficiente de los proslule la reaccion (y del catalizador
en procesos catalizados) y a su reutilizacion efica

Entre las distintas opciones que se estan investig&n la actualidad como
alternativa Verde o “limpia” a los disolventes orgénicos se encuentran losldtu
supercriticos (SCFs) y los liquidos i6nicos (ILsi, algunas ocasiones denominados
“disolventes verdes®,que constituyen dos de las areas de estudio n@mrtantes y
que mas desarrollo estan teniendo en las Gltimezeddé’

En la presente introduccion analizaremos en priogar brevemente y de forma
genérica las caracteristicas de estos disolvemtesomvencionales y su aplicacion en
catalisis homogénea como medios de reaccion, pa@i@nuacion ir revisando una
seleccion de los antecedentes que existen en laodrdfia sobre reacciones de
oxidacion de alcoholes y epoxidacion de olefinasase homogénea y catalizadas por

complejos metalicos.

1.1.1 Los fluidos supercriticos (SCFs)

Los SCFs son gases altamente comprimidos que reetedzan por tener
propiedades intermedias entre los gases y losdbiquiTabla 1.1J. En general,
presentan densidades propias del estado liquidtegysermiten, en muchas ocasiones,
disolver sustancias liquidas y sélidas; pero aea presentan propiedades tipicas del
estado gaseoso como, por ejemplo, la alta difusiviml la capacidad de disolver gases

en cualquier proporcion.

Tabla 1.1.
Fase Densidad (kg )  Viscosidad (cP)  Difusividad (mm s7)
Gas 1 0,01 1-10
SCF 100-800 0,05-0,10 0,01-0,10
Liquido 1000 0,5-1,0 0,001

Entre las ventajas que poseen los SCFs sobredolvelntes tipicos se incluyen
la posibilidad de ajuste de sus propiedades consolwdintes por medio de la
temperatura y la presion, su facil recuperacionidied su volatilidad y la capacidad de
extraer compuestos de alto punto de ebullicion msbaéemperaturas. Entre las
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desventajas se incluyen las altas presiones dajdrab la energia necesaria para
producirlas, que implican la necesidad de un equig@o especializado y por tanto
caro. Se han empleado una gran variedad de swaarmino SCF$pero por varias
razones su uso en la mayoria de los casos no gergrec todavia muy extendido. Los
SCFs usados mas frecuentemente son el agua e ssiaercritico, schD, y, sobre
todo, el diéxido de carbono en estado supercrigic6Q.’

Tabla 1.2. Pardmetros supercriticos de varias sustancias

Medio Temperatura critica (K) Presion critica (bar)
Diéxido de carbono 304,1 73,8
Metano 190,4 46,0
Metanol 512,6 80,9
Etano 305,4 48,8
Etileno 282,4 50,4
Etanol 513,9 61,4
Propano 369,8 42,5
Propileno 364,9 46,0
Acetona 508,1 47,0
Trifluorometano 299,3 48,6
Triclorometano 302,0 38,7
Triclorofluorometano 471,2 441
Amoniaco 405,5 113,5
Agua 647,3 221,2
Ciclohexano 553,5 40,7
n-Pentano 469,7 33,7
Tolueno 591,8 41,0

1.1.1.1El dioxido de carbono supercritico, sc£O

El scCQ presenta una serie de caracteristicas que permitenso como
sustituto de los disolventes organicos convencemaPresenta unas condiciones
criticas facilmente accesibles.(¥ 31,06 °C, P= 73825 bar), es inerte, barato, no
presenta toxicidad, no es inflamable, tiene una bagctividad quimica, es apolar, y
posee una alta dependencia de su capacidad coateedi® con respecto a la densidad.
Este hecho puede proporcionar un control preciboeskas condiciones de reaccion y
potencialmente altas selectividades, elevadas ideldes de reaccion y la posibilidad de

una facil separacién de los solutos por simpleatepecesion?’
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Estas propiedades le permiten ser utilizado coism\wegnte no contaminante en
diferentes procesos de interés como la extraccma. (de principios activos en
productos naturales), la preparacion y purificaclémmateriales de alto valor afiadido
o como medio de reaccion. En este Ultimo aspeotojrderesantes las aplicaciones en
catalisis homogénéed,sobre todo aquellas reacciones que involucransgase, como
ya se ha mencionado, son totalmente solubles &tC&). Por ejemplo, se ha empleado
con éxito en los denominados procesos de oxidatiidmpios’, especialmente en
sistemas homogéneos que utilizan catalizadoredioostgy oxigeno o peréxidos como
reactivos oxidante¥’ Las ventajas de estos procesos radican en lastdiatitucion de
los disolventes organicos, la completa miscibilidked oxidantes como el oxigeno en
scCQ, eliminando problemas de transporte, y la altstescia del C@a la oxidacion.

No obstante, un problema que se plantea en efrdésale compuestos de los
metales de transicion que pueden actuar como zadalies homogéneos en s¢@&O la
solubilizacion de dichos complejos en el medio stnitico. Por esta razén, a pesar de
la abundancia de estudios acerca de las reacdiet@®géneas de oxidacion y de otras
reacciones homogéneas en sgC&) numero de trabajos sobre reacciones homogéneas
de oxidacién catalizadas en medio seG& bastante reducidd.La solucién mas
comun para este problema es la incorporacion deogrCO.-filicos’ en la esfera de
coordinaciéon del metal, destacando la funcionalimaae los ligandos con grupos
fluorados (p.e. cadenas alquilicas perfluoratfa§in embargo, esta solucién puede
presentar algunos inconvenientes como son el edepaatio y la dificil preparacion de
algunos de estos derivados, de ahi que la busqleedaevas alternativas sea hoy dia
una de las lineas de investigacion de mayor intekésste respecto, cabe citar los
trabajos desarrollados recientemente en nuestrpogde trabajo en los que se
introducen grupos trimetilsilif§ o dendrimeros basados en carbosilHnmigandos de
tipo triarilfosfina o ciclopentadienilo. Esta ahativa origina un aumento de la
solubilidad de los correspondientes complejos noeksin perturbar esencialmente sus

caracteristicas electronicas.
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1.1.2 Los liquidos idnicos (ILs)

Los ILs son sales con un punto de fusion por aetbaj100 °C y en particular los
denominados RTILsRoom Temperature lonic Liquldson sales cuyo estado de
agregacion es liquido a la temperatura ambientéa Beopiedad los convierte en
compuestos potencialmente Uutiles como disolvertss.particular, los que se han
investigado como disolventes para procesos quimgmsencuentran tipicamente
constituidos por un cation organico (Figura 1.Jgudimidazolio, N-alquilpiridinio,
tetraalquilamonio, tetraalquilfosfonio, etc.) y anidén inorganico (por ejemplo, [ER
[BF.]", [(CRsSQ)2N]', [CRSQy]', [CHCO,]', [CRCOY', [NOg], [AlCl], etc.):®

Figura 1.1. Cationes comunmente empleados en los ILs
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Muchos de los ILs de este tipo presentan propesiagie los hacen idoneos
como sustitutos de los disolventes organicos carigrales, constituyendo una
alternativa fimpia” a estos en procesos de catélisis homog&hem caracteristica méas
importante es que presentan una presion de vapgr baja (practicamente no se
evaporan bajo las condiciones tipicas de reaccpor consiguiente se elimina el
problema de emisiones de compuestos organicosileslgvOCs) que conllevan
generalmente los procesos que emplean disolverganioos. Los ILs pueden presentar
una gran variedad de combinaciones catién-aniéruoaango diverso de propiedades,
pero generalmente son estables y no son explosivosly inflamables. Cuando actuan
como disolventes varias de sus propiedades compoldaidad y la hidrofilia/hidrofobia
pueden ser moduladas a través de la adecuadadelelecia combinacion catibn-anion,
lo que les permite ser disolventes muy efectivos @apacidad para disolver una gran
variedad de especies organicas o inorganicas. Biartias ocasiones, se observa que
muestran una buena capacidad para disolver congguasbrganicos, que son
insolubles en los disolventes organicos comunds. [@epiedad es muy interesante ya
que ofrece la posibilidad dénfmovilizar’ un catalizador (p.e. complejo metalico) en el

seno del liquido ionico. El catalizador inmovilizadn el IL puede actuar en procesos
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de catélisis homogénea de substratos organicopagieriormente pueden ser extraidos
del sistema, permitiendo el reciclado del cataliza8in embargo, el uso en la industria
de los ILs como disolventes es todavia poco freeueBntre los problemas que
presentan se pueden citar los precios relativaneev@dos de obtencion de cantidades
industriales de estos disolventes, los resultadesestudios recientes sobre sus
toxicidades, los problemas de su pobre biodegdauiliy su impacto en el
medioambienté® En los Ultimos afios han aparecido en la biblidgrafumerosas
publicaciones sobre la aplicacion de los ILs comedim de reaccion en diversos
procesos cataliticds,incluso en el area de la catélisis enantioseletfiun objetivo de
gran importancia en este campo para el futuro etesrrollo de sistemas viables a

escala industrig®

1.1.3 Sistemas bifasicos scC&ILs

Los liquidos i6nicos presentan una caracteristica guede ser muy atractiva
desde el punto de vista practico: son altament@ubhks en scCg mientras que el
scCQ presentan una solubilidad notable en algunas des esaled® Este
comportamiento ofrece interesantes posibilidadeprecesos cataliticos de naturaleza
bifasica, en los cuales los substratos organicas selubles en scGOmientras que el
catalizador sea soluble en el liquido i6nico. D& derma, la especie metalica, que
actla como catalizador, podria ser recuperaddatnasaccion por simple trasvase de la
fase supercritica, que contendria los productoka deaccion. Con la recuperacion y
posible reutilizacion del catalizador, el procesda atractivo desde un punto de vista
econdémico y medioambiental. Por otro lado y de #oradicional, estos medios
bifasicos IL/scCQ ofrecen la posibilidad de desarrollar un sistemaehccion en flujo
continuo, en el que el catalizador en el IL coogét la fase fija, mientras que el
conjunto scC@substrato constituye la fase movil. Una ventaj& ¢endria dicho
sistema en flujo continuo sobre una reaccion masveswional empleando un

catalizador heterogéneo es la mejor velocidadgctieldad de la reaccion homogénea.
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1.1.4 Reacciones en ausencia de disolvente

Considerando los principios de la Quimica Verdeghdizacion de una reaccion
quimica en ausencia de disolvente deberia serciaromas adecuada desde el punto de
vista medioambiental. De esta manera se elimindéwi&rnegos asociados a la toxicidad
del disolvente y se mejoraria la economia atom@gbceso. Aunque en la industria
quimica abundan los ejemplos de reacciones eng@seosa 0 que transcurren sin la
necesidad de la adicién de un disolvente, la atlin de disolventes ha sido practica
habitual en los dos ultimos siglos de quimica sicd¢ de manera que generalmente en
el desarrollo de un nuevo proceso sintético sierapriiene en mente su realizacion en
disolucion. En general, un proceso quimico en d@oh presenta una serie de
caracteristicas que facilitan la reaccion, talesia@germitir la homogenizacion del
sistema, controlar la velocidad de la reaccidn siribuir uniformemente el calor de
reaccion, de manera que, en muchos procesos,niination del disolvente no seria
practica. En cualquier caso, la busqueda de nuesasategias y tecnologias que
permitan la realizacion de reacciones en auserciistlventes es un objetivo de gran
importancia en la quimica de nuestros dfas.

El concepto de reaccibn en ausencia de disolveresepta algunas
controversias® Técnicamente, un proceso en el que uno de losives® catalizador
se disuelve en otro reactivo origina una disoluctmanera que dicho reactivo podria
considerarse como disolvente de la reaccion, ero agso resulta discutible la
consideracion de reaccion en ausencia de disolvégualmente, existen reacciones
quimicas en las que uno de los componentes seomdiaiecesariamente en un
disolvente (p. e., el peréxido de hidrogeno enld@on acuosa). En ninguno de estos
dos procesos se adiciona un componente cuya wmcah sea actuar como disolvente.
Por consiguiente, en la discusion que se presentatinuacion se considerara que la
reaccion transcurre en ausencia de disolvente siiregin momento se adiciona un
componente cuya Unica funcion sea la de actuar clisotvente.

Dependiendo de la naturaleza de la reaccion pueseplearse diferentes
tecnologias y estrategias para facilitar el pro@sausencia de disolvente. En el caso
de reacciones entre productos sélidos suele aeudirsatamiento mecanico mediante
el uso de molinos de bofdsentre otras tecnologfs(‘mechanochemistiy dando

lugar a excelentes resultados en una gran varigelpdoceso$’
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El uso de microonda$,ultrasonidod' y fotoactivacién’ constituyen otros tipos
de tecnologias empleadas con el objeto de faciiareacciones en la ausencia de un
disolvente.

Se conocen numerosos ejemplos en sintesis orgémieacciones que proceden
adecuadamente sin la adicién de un disolv&hEn catdlisis, también se han descrito
ejemplos de sistemas en ausencia de disolvente euplean catalizadores
heterogéneos, incluyendo complejos de metalesadsition soportados en un sélitfo,
aungue el numero de ejemplos de sistemas homogéueosmplean un catalizador

metalico es mucho mas limitadd.
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1.2 Oxidaciones y Catalisis Homogénea en Medios No

Convencionales

Entre los procesos quimicos que mas residuos @eiserhallan las oxidaciones
selectivas de compuestos organicos. Muchas oxitgesibechas en la industria no son
cataliticas sino estequiométricas y emplean oxedafiertes y generalmente nocivos.
Los oxidantes convencionales en estos procesosmsasisfactorios debido, entre otras
razones, a la baja economia atdmica, a la formad@nproductos secundarios
desfavorables desde el punto de vista medioambigrdasu coste. Las alternativas a
dichos oxidantes convencionales son el oxigenqeebxido de hidrégerid y los
alquilhidroperéxidos. Estos oxidantes presentanviE#tajas generales de ser menos
costosos y de generar productos secundarios namorantes. Desafortunadamente
estos oxidantes no son suficientemente eficientesa pusarlos en muchas
transformaciones si no son activados, por ejemmipleando un catalizador. También,
en reacciones que emplean un reactivo gaseoso elo@pla baja solubilidad de gases
en disolventes convencionales implica que la digétudel gas en el medio de reaccion
normalmente representa la etapa limitante del gmoce

La catalisis homogénea mediada por compuestogsd@métales de transicion es
esencial en multitud de procesos sintéticos, ya Ilqaeprocesos cataliticos pueden
conseguir que la reaccion quimica tenga lugar deferma eficiente y quimioselectiva.
Dentro de estos procesos, la catalisis oxidatigeesenta un campo de investigacion de
gran importancid’ En particular, de entre todos los procesos de agidd se
examinaran en los apartados siguientes dos tiposealtiones: la epoxidacion de
olefinas y la oxidacion selectiva de alcoholesdelaldos. Para ambas transformaciones
se conocen una gran variedad de sistemas catalitjge emplean compuestos de
diversos metales como precursores cataliticos. $Ea iatroduccion centraremos la
atencion en aquellos sistemas que se encuentraatafitente relacionados con los
resultados obtenidos en el presente trabajo.
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1.3 Epoxidacion de Olefinas

La epoxidacion directa de olefinas mediante el dsamxigeno molecular y de
manera catalitica es un proceso posible, peroséstealiza a escala significativa tan
sélo en el caso del etiled.La epoxidacion de olefinas mas pesadas se consigue
generalmente mediante el uso de compuestos dealeat@rperoxidica en cantidades
estequiométricas, por ejemplo el acido peracéticel écidom-cloro-perbenzoicd®
Empleando compuestos metalicos en alto estadoidaadn (por ejemplo compuestos
de Ti* v, w* Re®® y Mo***) la epoxidacién se puede conseguir de manera
catalitica, con oxidantes mas benignos desde ¢bpmlenvista medioambiental como el
peréxido de hidrégeno e hidroperéxidos organié6s?® En estos sistemas las
conversiones Yy las selectividades dependen muchiacttes como la temperatura, el
pH y la polaridad del medio de la reaccidn, adeevdentemente de la naturaleza del
catalizador empleado.

A continuacion se analizaran con detalle los prextx$ descritos en la
bibliografia en dos sistemas cataliticos: el nraidbrenio (MTO) y sus derivados y los

oxobisperoxo complejos de molibdeno.

1.3.1 Epoxidacion de olefinas catalizada por MTO y comples derivados
1.3.1.1Antecedentes

La actividad que presentan los compuestos de mmiana gran variedad de
procesos quimicos es excelente y su potencialidaoh catalizadores en diversas areas
de la sintesis es notable, tanto a nivel industoato académicd. De entre todos estos
procesos sintéticos, en este apartado se centaafehcion exclusivamente en las
reacciones de epoxidacion de olefinas que condaitzisintesis de los correspondientes
epoxidos. Los 6xidos de renio, ®e y ReQ, muestran por si mismos una actividad,
aungue sea limitada, como catalizadores en estme$ws, y aunque el desarrollo de
sistemas cataliticos que emplean estos compuestuinia en la actualiddd, el

descubrimiento del complejo metiltrioxorenio (MT®)y su alta actividad en la
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epoxidacion catalitica de olefifdgonstituy6 un hito en este campo, ya que se deta

un catalizador muy activo en la oxidacién de okfihasta sus ep6xidds.

Figura 1.2. Metiltrioxorenio (MTO)
CHj

Re—-
o \\\OO

En los primeros resultados publicados, en la réacge empleaba peréxido de
hidrogeno como oxidante y ésta se llevaba a cabdismiventes organicos polares,
tipicamente'BUOH, y en ausencia de agua. En estas condiciohe¥IT® no
descompone el #D,. Los substratos eran olefinas que generaban loespondientes
epoxidos, si éstos eran estables en el medio adeid@a(p.e. en el caso de olefinas
ciclicas). La catdlisis era efectiva en un grargoade temperaturas debido a la alta
estabilidad del catalizador, la conversion era gegmente completa y la reaccion
rapida. Estas observaciones preliminares del gHgromann por las que demostraban
que el MTO y compuestos relacionados podian fuaci@omo catalizadores muy
potentes en la epoxidacién de olefinas representarms trabajos de excepcional
importancia en el campo de las epoxidaciones tatai Sin embargo, estos primeros
sistemas estaban limitados por el problema dedeblsis del producto final. En los
casos de epoxidos menos estables se encontré gha Midrolisis conducia a la
formacion del correspondienteans-dialcohol y, por consiguiente, en estos casos era
necesario asegurar la ausencia de agua. La negteldacluir la presencia de agua del
medio de reaccion implicaba la imposibilidad de @& HO, en medio acuoso y
ademas presentaba el inconveniente de que en daiGease produce agua como
producto secundario.

Una de las alternativas estudiadas que trataestdver este problema consiste
en la utilizacion del aducto urea-peréxido de higrto (UHP) anhidrd' De esta forma
se facilita la epoxidacion en disolventes poco mslgdiclorometano, tolueno) y, por
otro lado, la urea presente puede servir para aegllpH del sistema con objeto de
inhibir la apretura del epoxido, reaccion que seuentra catalizada por acidos. No
obstante, el uso de UHP como oxidante no evita tetarpente la presencia de agua

debido a su formaciébn como producto secundario.iddela ello, también se ha
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investigado la utilizaciéon de tamiz molecular o ritge desecantes (p.e.JJS@)y) para
secarin-situ el medio de reaccion, pero en estos casos sevohsea disminucion de la
velocidad de la reaccidfi®? Ademas, aunque la epoxidacién transcurre bienosn |
disolventes no polares, la UHP no es soluble enmiszsnos con lo que el sistema se
transforma en heterogéneo. A modo de ejemplo, Traiyecolaboradores investigaron
la combinacion de UHP y bases heterociclicas N-dior@es en diclorometano con
objeto de obtener mejores conversiones de los mbgueenos activas. Empleando
ademas como aditivo pirazol se obtuvieron conveesidouenas pateans-alquenos y
alquenos terminales, que previamente eran poceoaatin los sistemas que empleaban
exclusivamente UHP. Sin embargo, las velocidadesoteersién aun eran bajas. El
empleo de liquidos idnicos en este sistema fueideraglo por Owens, Abu-Omar y
colaboradores. El liquido iénico tetrafluorborate t-etil-3-metilimidazolio (@nim-
BF,) permite la disolucion del aducto UHP y con eboafcanza un sistema homogéneo
que es activo en la epoxidacién de diversas olefth@iras la reaccién los productos se
extraen con éter dietilico, observandose rendirogegeneralmente comparables con
otros sistemas de epoxidacion. En este trabaje morstempla el reciclado del conjunto
catalizador/liquido iénico tras de la extraccioriakeproductos, probablemente debido a
los problemas inherentes a la eliminacion de ureBWHP no consumido tras finalizar
la reaccion. Ademas, el liquido i6nico,ldm-BF, es relativamente polar y se
observaron problemas en la epoxidacion de sustdgosiuy baja polaridad (p.e. 1-
deceno), debido a su baja solubilidad en el mediorehccion. Asimismo, como
resultado de su alta miscibilidad con agua ested@jionico no proporciona proteccion
al epoxido producido con respecto a la reacciohidi®lisis por lo que la formacion del
mismo es muy pobre cuando se emple@zxhcuoso.

El uso de bases nitrégenadas terciarias se codseadelos primeros trabajos del
grupo de Herrmann, pero se observd un efecto megabbre la actividad del
catalizador aunque simultdneamente se producia omggor selectividad al
correspondiente epoxido. Igualmente, la descomiosidel MTO por disoluciones
basica?® hizo que el empleo de estas bases quedara temeotal fuera de estudio. Sin
embargo, en el afio 1997 una publicacion de Sharpleslaboradores describe el uso
de piridina con objeto de mejorar tanto la selétddéig como la actividad y la estabilidad
del catalizador® Se observé que mientras las aminas terciariasasisi no aromaticas
inhiben fuertemente la actividad del catalizadoruenvariado rango de condiciones

(disolventes diversos, distintas relaciones amatalizador y en la presencia o ausencia
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de agua), la piridina y algunos de sus derivadesi@u usarse para acelerar la velocidad
de la reaccion, inhibir la hidrélisis del epdxido en concentraciones suficientes,
mejorar la vida del catalizador. Se percibi0 tambgue en presencia de bajas
concentraciones de la base la descomposicion deD MSE acelera pero en
concentraciones mas altas se inhibe notablememtefegto que depende en parte de la
naturaleza del disolvente. La inhibicion de la éiidis de los epodxidos llega a ser tan
eficiente en presencia de la base, que es posigdear HO, acuoso en un sistema
bifasico con diclorometano. Por ejemplo, el empleoun exceso de piridina (12 mol
%) inhibe completamente la apertura de un amphgoade epdxidos incluso algunos
de ellos bastante sensibles (p.e. los Oxidos derdpenilbenceno, ciclohex-1-
enilbenceno, 1-indeno). Desafortunadamente, estensh no se muestra activo en
epoxidaciones de olefinas terminalesrans-disustituidas, aunque haciendo uso de la
piridina sustituida 3-cianopiridina si se obsenlarenas conversiones para olefinas
terminales, incluso con sustratos dificiles de eoiv selectivamente, como el
estireno’’ y los terpenog® Sin embargo, los sistemas de 3-cianopiridina adiben
limitaciones en la epoxidacion de algunos sustrgtesconducen a epoxidos sensibles.
De manera similar, Deloffre y colaboradores denaosir que el uso de bipiridina y sus
derivados proporcionan resultados analojdn este trabajo se investigd la posibilidad
de hacer epoxidaciones enantioselectivas, emplebipitidinas funcionalizadas, pero
sin éxito.

Herrmann y colaboradores demostraron que la rapdria que se necesita en
estas reacciones de un exceso de base (piridiaevados) es la conversion simultanea
que se produce en el medio de la base a su condispte 6xidd° Si la concentracion
inicial de piridina es baja, se transforma rapidaimel 6xido de forma completa y de
esta manera los efectos beneficiosos de la pirialiinge observan. En una comparacion
utiizando de forma comun un sistema bifasico dmmo/agua, MTO como
catalizador, HO, como oxidante y cicloocteno como sustrato, sergbsgue un 12 %
de piridina acelera la velocidad de conversiénpakelo con respecto al mismo sistema
sin piridina, mientras que la epoxidacion es matalsi se emplea el 6xido de piridina.
En el caso en el que se utiliza piridina el casaor reside en la fase organica, mientras
que sin piridina éste se halla en la fase acuosta &bservacion justifica mejor la
estabilizacion del catalizador en el primer sistaelido a la proteccion de la fase
organica con respecto a la descomposicion por lie@0Si el sustrato es una olefina

activada (p.e. cicloocteno) su epoxidacién serapreiceso dominante hasta que
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practicamente todo el sustrato sea convertido ep@&kido. En los casos de sustratos
menos activos (p.e. estireno) la piridina se cdiréea su Oxido antes de que se
complete la epoxidacion.

Para evitar el problema de la oxidacion del ligariderrmann y colaboradores
investigaron el uso de un base mas resistent@xdacion. Encontraron que el pirazol
y algunos de sus derivados proporcionan resultadosho mejores que los que se
encontraban en la bibliografia para las epoxidasae diversos sustratos olefinicos
(conversiones y selectividades casi complétagn la Tabla 1.3 se recoge el resultado

del estudio de varios pirazoles en la epoxidac&enstireno.

Tabla 1.3.
Entrada Ligando " Conversion (%)  Selectividad (%Y
1 Pirazol > 99 > 99
2 Pirazol (6 mol %) 90 95
3 3-Metilpirazol 71 > 99
4 3,5-Dimetilpirazol 27 > 99
5 2-[3(5)-Pirazolil] piridina 95 > 99
6 4-Bromopirazol 92 2
7 - 89 4

 Determinado en una escala de 2-4 mmol por GE-®MN calibrado (tiempo = 3h¥.0.5 mol % MTO
y 12 mol % ligando (excepto entrada 2Producto dominante: 1-feniletano-1,2-diol (seleictad 70 %)

En este estudio se concluye que la conversiorstiemo es mas rapida para el
pirazol no sustituido, mientras que los pirazolealdilados, y en menor grado los
alquilados en las posiciones 3 y/o 5, exhiben w@ pctividad y estabilidad. Como
continuacion de este trabajo, Sharpless y colaboeadcompararon la eficacia relativa
de la piridina, la 3-cianopiridina y el pirazol Enepoxidacién de varios alquerfésSe
observé que el pirazol es generalmente efectiva lgamayoria de los alquenos, incluso
en algunos casos de olefinas que conducen a epog@tsibles a la hidroélisis y, por
consiguiente, es el mejor para epoxidaciones M[ificiSin embargo, para muchos
alquenos ricos en electrones el uso de la piridinduce el mismo resultado por lo que
no justifica el uso de una base mas cara. La 3piadina también demostré ser eficaz
con respecto a la piridina en la epoxidacion deeiqs terminales, aunque algunos de
estos resultados estaban en contradiccion condereddo previamente por Herrmann.
Su grupo de trabajo continud la investigacion s@befecto de varias bases empleando
un rango de piridinas sustituidas y estudiandmlaetacion entre el valor deKpy las

propiedades de los sistemas cataliticos (Tabla®1 2@ encontré que las piridinas que
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contienen grupos donadores de electrones, que rpbseecidad mas alta, protegen al
epoxido de la apertura via hidrélisis acidica yycue inicialmente pueden acelerar la
conversion, tienen un impacto negativo en la vidbacdtalizador. Por el contrario, las
piridinas que contienen grupos atractores de eleesry basicidad mas baja, permiten
una conversion mas alta debido a la larga vida cd¢dlizador pero con menos

selectividad por hidrdlisis del producto.

Tabla 1.4.
Aditivo pKa Conversion (Rto. del epoxido) (%)
Sin aditivo - 100 (5)
2-Cianopiridina -0,26 99 (3)
3-Cianopiridina 1,45 100 (1)
4-Cianopiridina 19 100 (7)
3-Cloropiridina 2,81 95 (87)
3-Fluoropiridina 2,97 98 (97)
Picolinato de metilo 2,65 85 (13)
Nicotinato de metilo 3,25 93 (86)
Isonicotinato de metilo 3,26 94 (90)
Quinolina 4,87 62 (62)
Piridina 5,17 70 (70)
2-Picolina 5,97 14 (14)
3-Picolina 5,60 58 (58)
4-Picolina 6,03 63 (63)
4-tert-Butilpiridina 5,99 69 (69)
4-Metoxipiridina 6,62 63 (63)

%30 % HO, acuoso, estireno, aditivo y MTO en un razén malar400:200:20:1. Se determina la
conversion por GC con respecto a un estandar.

En los casos correspondientes a las bases méssffd, mas alto), se supone
que se produce una coordinacion mas estable deshaanal centro metalico de Re y se
bloquea de este modo la coordinaciéon del epoxidoibiéndose su descomposiciéon
catalitica. Sin embargo, también se acelera laodesasicion del MTO a través de la
rotura del enlace Re-metilo y produciendo el aduleioacido perrénico y la base mas
metanol (Esquema 1.1). Las bases menos fuertentiera coordinacion mas deébil, con
lo que la hidrdlisis catalitica del epoxido se emdra favorecida, debido a la
coordinacién mas favorable del epoxido al renioc&thlizador no se descompone por

lo que la vida del mismo se hace mas duraderajtaesconversiones mas elevadas.
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Esquema 1.1.

H,0,
Base

[Re(CHp)(O)s] > [Re(OH)(O)] + CH3;OH

La mejora de la velocidad de la epoxidacion mediah empleo de piridina y
sus derivados, y otras bases de tipo N-heteroa$;limo se ha explicada completamente
racionalizada. Claramente estas bases actian caeatea que transfieren el
catalizador de la fase acuosa a la fase organilcardsulta evidente desde el punto de
vista experimental simplemente por la observaciéhadlor amarillo de la especie
peroxo, que actla como catalizador, en la fasena@én la presencia de un aditivo y
en la fase acuosa en su ausencia. Este comportanc@mo agente de transferencia
entre las fases se ha visto confirmado al comprebartros estudios que un aumento de
la velocidad de agitacion conduce a una convensias rapida. Del mismo modo, la
velocidad de conversidn se observa que esta raktdocon la basicidad del aditivo. La
presencia de una base mas fuerte produciria uneecwmacion mas alta del anién
hidrogenoperoxido HOQ lo que conllevaria a la formacién mas rapidaageelspecies
renio-peroxo. También esto explicaria la alta viladt de descomposicion ya que ésta
se produce por medio de esta especie H@Dalmente, es posible que la coordinacién
de una base al centro metalico debilitara el enfREeQeroxo y COMo resultado de ello
originara una disminucién la barrera energética parformacion del epéxidy. El
Esquema 1.2 resume la influencia de la base ervdexidades de conversion y

descomposicion del catalizador.

Esquema 1.2.
0fo .o oS .
HO(;RTe—O ok C,RI&O — [Re(CH)(O)4] ReQ, + CHOH
3~ H,0 > 3~ H,0 2v2
(aq) Influencia de una base mas fuerte
v ] A | v 1. Equilibrio entre las fases orgéanica/acuosa desplo
(org) hacia la fase organica debido a una coordinacion mas
fuerte
o) (”3‘0 |C|)~Q 2. Formacic?n del complejo mas rapida debido a la
O-R&-0O OsR&-0 concentracion elevada de HOO
H3C‘l{| ———=Hj, ‘II\I 3. Energia dg activacion mas baja para el complgjo
z H20, z Re-base debido a un enlace Re-peroxo mas débil
& | 2 N | 4. Velocidad de descomposicion mas alta debido a la
5 mayor concentracion de HOO
3
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Como continuacion de los resultados prometedot#gn@mos mediante el
empleo de pirazol como aditivo, Yamazaki ha de#ado recientemente un sistema
que emplea 3-metilpirazol como base y que quizas edemas efectivo entre las
epoxidaciones con MT&. Para la epoxidacion de cicloocteno ha descritd QN de
20000 en 6 horas empleando MTO (0.001 %), pirazdPe) y HO, acuoso (200 %) en
un sistema bifasico con diclorometano como disdi/elo que constituye el valor mas
elevado de TON en la literatura para las epoxisgesohomogéneas realizadas con
MTO/H,0,. En general, el uso del 3-metilpirazol conduce gonmes actividades y
TONSs con respecto a los valores observados pagraidéna o el pirazol y ademas la
selectividad hacia el epoxido en un amplio rang@meluctos sensibles también eran
excelentes. El autor supone que la mejor activigiael se observa para este sistema
empleando 3-metilpirazol resulta de su valor #g (8,3) que es mayor que los del
pirazol y la 3-cianopiridina (2,5 y 1,5 respectivente), pero menor que el de la piridina
(5,2). Con respecto al trabajo anterior de Adolisgaolaboradores (ver Tabla 1.4) se
observa que para las especies con un valoKgdegmprendido en el rango aproximado
2.8-3.3 (3-cloropiridina, 3-fluoropiridina, nicotito de metilo, isonicotinato de metilo),
se obtienen altas conversiones combinadas con sgtastividades. Aditivos mas o
menos basicos dieron pobres conversiones y pobledgigidades, respectivamente, por
las razones ya comentadas. Se puede concluir deerasyo de Ig, representa el
optimo para el aditivo a emplear en las epoxidaspnonstituyendo un balance entre la
conversién hacia el epéxido y, simultdneamentprdéeccion del mismo.

A pesar de la gran labor realizada en el estuditadeaccion de epoxidacion
catalizada por MTO cuyo objetivo ha sido el mejdaarconversiones y la selectividad
de la reaccién, las investigaciones que han am@liza posibilidad de controlar la
enantioselectividad de la reaccién han tenido ppdm® Entre las publicaciones en
este campo destaca el trabajo de Corma y colab@sdm el que se describe la
epoxidacion de varios sustratos con una seleca@dantinas quirales, en el mejor caso
con un enantioselectividad del 36 % (pareacisl-metilestireno empleando (R)-(+)-
feniletilamina)®’ Sin embargo, las conversiones en este trabajo bajes y se
encontraron problemas con la selectividad aln doenwleo de temperaturas de
reaccion muy bajas. Por otro lado, empleando UHmocoxidante para evitar el
problema de hidrolisis, de Palma Carreiro y colatdlores obtuvieron
enantioselectividades modestas (2-12%) a temparaimbiente con una seleccion de

ligandos que incorporan heterociclos nitrogen&défaider y colaboradores han tenido
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un éxito moderado empleando ligandos quirales deegli y dialcohol, en los mejores
casos con excesos enantioselectivos superiore® &% Hasta el momento estos
resultados representan los mejores enantioseldmties para una epoxidacion
catalizada por MTO, pero la reaccion necesita teatpes muy bajas, exceso de
ligando y las velocidades de reaccion y los renglimais eran pobres. Se espera que en
un futuro cercano el desarrollo de nuevos métodasnipa realizar con mejores

resultados las epoxidaciones enantioselectivaseamgb el MTO.

1.3.1.2Mecanismo de la epoxidacién

El estudio de los mecanismos de los procesos ida®&n en los que participa
el MTO ha sido una constante desde que se descldbrfgotencialidad de este
compuesto en catdlisi8. En este apartado describiremos algunos detalléds de
mecanismo de la reaccion de epoxidacion. En priagar, la interaccion del 4, con
el MTO produce los complejos denominados mono- syperoxo (Figura 1.3), que

participan en un equilibrio que depende de la coinaeién del oxidant&*

Figura 1.3. Los complejos mono- y bis-peroxo

o]
/
o\llé\\\\.o o) ;Ren{-,o
He” YO HaC C|)H ©
2

Se propone que el ligandg™peroxo se forma a través de un complejo
intermedio de tip@-hidroperoxo (Esquema 1.8)Sin embargo, parece descartado que
la actividad de los sistemas MTQ®} resulte simplemente de la activacion deOp
por el MTO. De hecho no es posible aislar un cojopiie renio de este tipo y en
mezclas MTO/HO, no se encuentra evidencia de su presencia. $egrimca se halla
en una concentracion apreciable y claramente esteriedio no participa en ninguin
proceso salvo en el de la transformacion rapidaesbxo-compuesto. No obstante, la
velocidad de la formacion de este intermedio pueder consecuencias en la velocidad

de la reaccion catalitica.
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Esquema 1.3.
[ CH, 1*
O—H CH3 CH3
Z
P v G SN L
\ o F \ o H F §>o
/ O O
- H /

Se ha demostrado que ambos complejos mono- yebis«p pueden conseguir la
epoxidacion de olefinas. La reaccion entre el bspey la olefina produce el epdxido
y el monoperoxo y la reaccion con el monoperoxa @tjepoxido y MTO, como se
representa en el Esquema 1.4. Obviamente las daties relativas de los procesos que
se muestran en este esquema dependen de las cacios@s de las propias especies.
Se debe hacer notar que en general el mono- w-gldnoxo epoxidan las olefinas con
practicamente la misma velocidad, aunque existeemm@ps especificos de
epoxidaciones en los cuales el complejo m&ho-el bis-perox8’ ha mostrado una

mejor actividad uno con respecto el otro.

Esquema 1.4.
Q O
H,O. O .0 H,O “,
22 \M 7,
CH;ReO; [ \ - >Illé\\\ 202 O/ /Rel{-lo
HC o 7 e’ | Yo
H,0, H,0O H,O, H,0 H20
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Existe todavia controversia sobre el mecanismaretm por el que transcurren
las reacciones de epoxidacion. En oxidacionesizatks por el conjunto MTOAD,,
se ha probado mediante estudios que emplean RMfOdgue se transfiere al producto
final uno de los atomos de oxigeno de los liganoe®xo (y no los atomos de los
grupos oxo);’ y se supone que esto ocurre igualmente en lasioeas de epoxidacion
de olefinas. Dentro del mecanismo mas aceptado pata tipo de reaccion,
generalmente se considera que ésta procede a ttadasformacion de un intermedio
biciclico producido por un ataque nucledfilo deolafina sobre uno de los atomos de
oxigeno del grupo peroxo seguido de la formacidhegéxido y un oxo-complejo
(Esquema 1.5).

Esquema 1.5.

R, O Rs
[Re]=0
H,0,
_ %
-0 Ry O
[Re]-2 " | [Re] |
- Ri Rs
R, R,

[Re] = [Re(CH)(O),] o [Re(CH;)(O)(0)]

Con respecto al estado de transicion biciclico Eduema 1.5 existen dos
estructuras posibles, que se representan en ekfsqd.6. La primera muestra una
configuracion plana y la segunda una estructuraaesdplica. Sobre la base de estudios
dedicados a analizar la influencia sobre la vebmtide la reaccién de epoxidacion que
producen los efectos estéricos de varios estirsustituidos, parece que la segunda es

la méas probable aunque la conclusién no parecaitiedi®
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Esquema 1.6.

La transformacion no deseada, a través de la iGaae hidrolisis, de los
epoxidos que se producen en la reaccion al comeggate dialcohol puede ocurrir por
medio de dos mecanismos: hidrolisis no catalizatl@edlisis catalizada por el renio.
Se ha observado que el primero es demasiado leméoser significativo durante el
curso de una reaccion, por lo que la descomposiafalitica por renio representa la
ruta por la cual ocurre la hidrdlisis y la pérdakd epoxido. En la primera etapa de este
mecanismo, se da la coordinacién del epoxido abnrerse forma un complejo con un
diol coordinado. En condiciones anhidras es posidtectar la formacion de este
complejo por reaccién entre el 6xido de estirefdT§O.”* En ausencia de agua estos
complejos son estables pero el agua contribuye aesgomposicion irreversible
generando el dialcohol libre. De esta manera, enapoxidacion empleando eb®b
acuoso como oxidante, el complejo de renio tambéaliza la hidrolisis del producto

(Esquema 1.7).

Esquema 1.7.

CH
c|:H3 RR O R R| ORs o HO OH
+ — o// N Ry —F—»
R / O
o \O 0]
Ry Ry Ry

Conviene hacer notar que el renio no catalizadaversion directa de un
alqueno al dialcohol correspondiente, sino que #ste que proceder via el epoxido.
Como se ha discutido anteriormente, el uso de ls@dinantes de tipo N-heterociclo
es muy efectivo para inhibir este proceso ya queprseluce el bloqueo de la

coordinaciéon del epoxido al centro metalico. Cotmrente, el MTO forma aductos de
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geometria bipiramide trigonal con bases monodeathidonadoras, mientras que la
geometria es octaédrica distorsionada con basesthiths (Esquema 1.8).

Esquema 1.8.

|CH3 CHs
O 0] N
> e—0 >R// >
Oﬁ & ™
@]
N

Los complejos con las bases monodentadas puedearftos complejos de tipo
mono Yy bisperoxo de la misma manera que en el dasMMTO, pero con la base
coordinada en lugar del agua. Para los ligandosodenados se observa una
correlacion lineal entre el valor deKpy la fuerza de coordinacion al centro metalico.
Asi por ejemplo, se observa una correlacion liegdite el constante de Hammettle
los sustituyentes y la fuerza de coordinacion enligando de tipo piridinico,
detectandose una desviacion de esta relacion eoakiss de ligandos en los que la
coordinacion se afecta por factores estéricos (piedinas substituidas en las

posiciones 2- 0 2,6-).

1.3.2 Oxobisperoxocomplejos de molibdeno como catalizades en la epoxidacion

de olefinas

La epoxidacién de olefinas realizada por oxidadi&sipo peroxo se ha llevado
a cabo empleando como precursores compuestos dalera en alto y bajo estado de
oxidacién, como por ejemplo [Mo(CE&) [n>-(CsHs)Mo(O)(Cl)], [Mo(O)x(Cl)s],
[Mo(O).(acac)], diversos compuestos tipo cluster de molibdenomolibdeno
metalico?*®)8

Entre los distintos derivados de molibdeno conviaed demostrada para esta
reaccion, la familia de compuestos de tipo oxobmpe [Mo(O)(G)2(L)q], presenta
especial interés desde un punto de vista econéragiocomo por su simplicidad. El
[Mo(0)(0O,)2(H20),] en disolucion acuosa, se puede preparar facienergdiante la

reaccion entre el trioxido de molibdeno y el pedéxile hidrogeno (Esquema 1%9).
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Esquema 1.9.
/O—OlH y,
Mo—O +H,0, —> Mo F/ —> Mo +HO
bO—H N

A partir de este precursor simple se han sin@tizana gran variedad de
complejos que contiene coordinados ligandos deradatta mono- (a) y bidentada (b)
(Figura 1.4). Sin embargo la baja solubilidad débuan nimero de estos compuestos,
en particular los que contienen ligandos bidentaplosde representar una barrera en su

uso en reacciones de oxidacion catalizadas erhtasegénea.

Figura 1.4. Oxobisperoxocomplejos de molibdeno

b) A0

00 @ o0 ® o
5o o [0

—M®  —M L—MO\‘
Vi Ny /st
O o o7

En 1969 el grupo de trabajo de Mimoun describié pieparacion de
oxobisperoxocomplejos de molibdéfioy su uso consiguiente en la oxidacién de
olefinas’® Empleando, por ejemplo, el complejo [Mo(O)SHMPA)] (HMPA =
hexametilfosforamida), se consiguié la epoxidacida ciclohexeno de manera
estequiométrica (Esquema 1.10). La adicion almiatde HO, como oxidante terminal
permite regenerar el oxobisperoxocomplejo de padel manera que se consigue cerrar

el ciclo catalitico.

Esquema 1.10.

O
(H3C)2N\P ] O_’/KI/IF 2 ol @)
—Q0O—Mo + —
(H3C)2N(_:S //\O Complejo Reducido MPA * 2

(H3C)N O
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Conviene hacer notar que la mayoria de sistemasitthssen la bibliografia para
la reaccion de epoxidacion de olefinas catalizaatacpmplejos de molibdeno emplean
alquilhidroperéxidos, y en particular terbutilhigeréxido (TBHP), como oxidante
terminal. Como ejemplo significativo, Thiel y cotabhdores consiguieron buenas
conversiones en la reaccion de epoxidaciéon de mnpdiaavariedad de olefinas ciclicas,
lineales y funcionalizadas mediante el uso de ualizador de molibdeno y TBHP
como oxidantd® El sistema permite buenas selectividades haciaxiépo sin
observarse procesos de apertura del epéxido paral d&ol o el correspondientert-
butil éster. EI mecanismo de esta reaccion resgltimterés dado que podria aplicarse a
reacciones de epoxidacion empleang®icomo oxidante (ver Apartado 1.3.2.1). En
la presente discusion no se tratara con mas dedsiéetipo de reacciones que usan
hidroperéxidos organicos, centrando la atencioriosnprocesos que emplean(®
como un oxidante menos contaminante.

Un problema en el disefio de catalizadores de egeloxocomplejos de
molibdeno es la capacidad que muestran para ogataliticamente muchas clases de
compuestos, incluyendo algunos ligandos como lagpdefosfina que se oxidan a sus
correspondientes Oxidos, de manera simultdneaoaidiacion del pretendido sustrato.
La sintesis y el uso de complejos de este tipofasiinas no oxidadas se inhiben por
esta razon. Sin embargo, Jiménez y colaboradorewsimron la eficacia en la
epoxidacion de olefinas de un rango de oxobispeamxplejos de molibdeno con
varios 6xidos de fosfinas como liganddsSe observé que complejos que contenian
oxidos de trialquil o trifenilfosfina como ligandesan capaces de epoxidar olefinas en
medios poco polares (diclorometano, cloroformolda manera estequiométrica y, en
conjunto con oxidantes terminales como TBHP ®X de forma catalitica. En un
sistema bifasico empleando,® acuoso como oxidante y un 6xido de fosfina como
surfactante, las conversiones fueron altas pera parrango limitado de sustratos y
empleando temperaturas altas (40-70 °C).

El sistema mas eficiente de los descritos dentrestielinea de investigacion fue
descrito por Bhattacharyya y colaboradores, empeamplejos de molibdeffoy
wolframio®™ como catalizador, especialmente oxobisperoxocdomlée molibdend?
con ligandos bidentados de tipo N,O-donador y bmaato de sodio como
co-catalizador (Esquema 1.11). El sistema muestaaactividad catalitica excepcional
en la reaccion de epoxidacion de una gran variedadsubstratos olefinicos.

Particularmente, los valores de TON y TOF de 9.90@9.800, respectivamente,
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observados en la epoxidacién dm$-cicloocteno representan los valores mas altos
descritos para una reacciéon de epoxidacion utdiaann complejo metéalico de
molibdeno como catalizador. Los autores atribuyealia actividad a la presencia del
bicarbonato de sodio que genera, via reaccion céty@, el monoperoxocarbonato,
HCOQO,. La reaccion con esta especie podria facilitédd regeneracion de los ligandos
peroxo en el complejo metalico. La capacidad détdgenocarbonato de sodio para
efectuar la epoxidacién por si solo es conoidsero en este caso es probable que su

participacion sea el facilitar la regeneracionagblizador.

Esquema 1.11.

O_\O

O—Mo

> < \n{')o Q
\ %
+ H202 5-6 GQUiV. — N 0,05 0 > >Q<
Acetonitrilo/25 °C/10 min - 3 h

1.3.2.1Mecanismo de la reaccion de epoxidacion catalipatdaxobisperoxocomplejos

de molibdeno

Mimoun y colaboradores propusieron un mecanismadigsen gran parte, en el
comportamiento general que manifiestan los sustralefinicos en el proceso de
activacion por un centro metaliéd. Transformaciones tales como la adicién
nucleofilica o la polimerizacion catalizadas pomgdejos metalicos comienzan con la
coordinacioén reversible de la olefina al centroatied, paso previo a la insercion en el

enlace metal-ligando. (Esquema 1.12)

Esquema 1.12.

M—x+/ — tA—x —> M—C—C—X

De ese modo, en el mecanismo propuesto el compggO)(O,)2(HMPA)]

pierde el HMPA coordinado generando una vacant&a essfera de coordinacion del

34



1.3 Epoxidacioén de Olefinas

complejo que es ocupado por la olefina en la edgt@rminante de la reaccién

(Esquema 1.13). El derivado Mo(O}@insaturado actia como un acido Lewis fuerte,
de manera que la olefina coordinada al centro metglerde su naturaleza nucleofilica,
adquiriendo un caracter electrofilico, lo que lacéhasusceptible de un ataque
nucleofilico por parte del peroxo coordinado form@anun intermedio peroxo-

metaloheterociclico de cinco miembros. Tras la ielTion del epdxido se genera un
ligando oxo, que posteriormente regenera el liggetoxo a través de la reaccion con

peroxido de hidrogeno completandose el ciclo datali

Esquema 1.13.

o-0__ 0
20 2|50
' c}\ N 0\\\\
{1 o >
o1 T

L = Ligando/Vacante

Se consider6 probable que la olefina se coordiearka posicion ecuatorial, la
posicién ocupada previamente por el HMBA.0s autores en su trabajo proporcionan
evidencias que demuestran la sustitucion del HMBRAIg olefina y que sustentan este
mecanismo, a través de estudios cinéticos y de RA#E\¥mismo, se comprobd que
ligandosc-donadores fuertes inhiben considerablemente lgiépcion, ya que se veria
impedida su sustitucion por la olefina y se redacla acidez del centro metélico,
disminuyendo la actividad del proceso.

En el caso de la reaccion de epoxidacion empleamdalquilhidroperéxido
como oxidante terminal los autores consideraronl@ueaccion deberia proceder por el
mismo mecanismo descrito para los peroxocomplegtglinos, pero via insercién a un
ligando metaloalquilperoxo formado por la reaccae alquilhidroperoxido con el
complejo (Esquema 1.14). La posterior eliminaci@h epdxido generaria un ligando

alcoxo coordinado (M-OR), que originaria el alcobmirespondient&:*°
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Esquema 1.14.

o—o/ C/ \o
\\JM! — \
N\
R

Complejos de este tipo se han aislado, por ejenaplda reaccion de diversos
complejos de compuestos de irflig paladid® con alquilperéxidos, igualmente, se han
descrito alqulihidroperoxocomplejos de vandtiigpero un compuesto similar de
molibdeno no ha sido aislado hasta la fecha, arp#sague estas especies serian
intermedios en la reaccion con alquilhidroperéxidbimoun y sus colaboradores
prepararon varios complejos de tipo M-O-NRiediante el uso de derivados de
hidroxilamina, que son analogos a los alquilperogospuestos, observando que el
alquilhidroperéxido PYCOOH conseguia oxidar el ligando oxo a peroxo ersfara de
coordinacién del molibdent, determinando, mediante el uso de oxidantes mascado
isotépicamente coffO, que los dos atomos de oxigeno del ligando pepo@eenian
del oxidante.

La transferencia a la olefina de uno de los atodeosxigeno del ligando peroxo
para formar el epoxido fue confimada por Sharpyesslaboradores, mediante el uso de
oxobisperoxocomplejos de molibdeno con el ligango marcado isotopicamente con
%0%1 Como continuacién, en el mismo trabajo, suministraevidencias que
cuestionaban el intermedio ciclico de cinco miemlpoopuesto en el mecanismo de
Mimoun et. al. A través de la revision de otroddjas, comprobaron que era posible
correlacionar las velocidades relativas de las i€poiones de norborneno y
ciclohexeno con el mecanismo de la reacfoEn el caso de las reacciones de
epoxidacion que proceden a través de un anilloir® aniembros (p.e. con 6xido de
benzonitrilo o con Osg) la reactividad del norborneno es mucho mas p#ey en el
caso de las epoxidaciones que proceden por um a&ltres miembros (p.e. con acido
peracético o con compuestos de Cr(VI)) las reatdikes son similarés.Se demostrd
que la epoxidacion catalizada por oxobisperoxocejoplde molibdeno entra en esta
segunda categoria y asi se concluy6 que el mecamiemel que uno de los &tomos de
oxigeno del grupo peroxo se transfiere a la olgimeede via un intermedio ciclico de

tres miembros, como el peroxometalaciclo espirmticepresentado en la Figura 1.5.
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1.3 Epoxidacioén de Olefinas

Figura 1.5.

De igual forma que en el mecanismo propuesto ponddi, tras la epoxidacion
se regenera el peroxo a través de la reaccionlaqadante terminal.

Este mecanismo tiene precedentes para otros eatatezss que consiguen la
epoxidacién por transferencia de un oxigeno-pefdxmero la evidencia de que este
mecanismo es activo para peroxocomplejos de malibde® es concluyente. Chong y
Sharpless observaron en sus estudios de epoxidacioatalizadas por complejos de
Mo y V, utilizando el terbutilhidroperéxido (TBHP3omo oxidante terminal un
mecanismo alternativo que procede via activacidroxiglante por el centro metalico
del complejo es también operativo. Los autoreg@aron que, aunque la sintesis de
complejos peroxo de molibdeno es posible empleatgiglperéxidos como fuente de
oxigeno, se necesita generalmente condiciones mitgneas>> Asi, en la reaccién de
epoxidacién en presencia de agua enriquecida'®n no se detecté producto
enriguecido, de lo que se deduce que el atomo denx transferido a la olefina
proviene del TBHP. Se consideré un mecanismo eunielel alquilperdxido se activase
por coordinacién al metal via el oxigeno distalgaipo alquilico (Figura 1.6f El
atomo de oxigeno hidroxi se transfiere a la olefinge elimina el alcohol como
subproducto. Estas observaciones y los trabajdsnmes que apoyan este mecanismo
son de trascendencia ya que la mayor parte dedbajos que emplean compuestos de
molibdeno como catalizador epoxidativo emplean igdguoxidos, en particular el

TBHP, como oxidante.

Figura 1.6.
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El mejor estudio sistematico del mecanismo de laxig@acion con un
catalizador oxobisperoxocomplejos de molibdeno tedtbutilhidroperéxido (TBHP)
como oxidante se ha realizado en una serie degagines de Thiel y colaboradores
utilizando oxobisperoxocomplejos de molibdeno cagardos bidentados de tipo
N,N-donador tales como pirazolil-piridina sustitasd (ver Figura 1.7). Este tipo de
complejos, que pueden dar lugar a mezclas de los ishmeros posibles, presentan
buenas actividades en la reaccion de epoxidaci@npriesencia de una cadena N-
alquilica como el N-sustituyente proporciona sdidad al derivado resultante en
disolventes poco polares (incluyendo tolueno, d&aes halogenados y alcanos) y en
los primeros estudios realizados se demostré ummabwactividad catalitica en la

epoxidacion trabajando en estos disolvehtes.

Figura 1.7.

<~/ \_/

Mediante la modificacion de la estructura del lid@anpirazolil-piridina
coordinado al centro de molibdeno, el grupo de [Tiei@lizo varias investigaciones del
mecanismo de la reaccion de epoxidacién con TBHER primer lugar, investigaron la
disociacion del ligando, para determinar si el mesao de la reaccion era similar al
propuesto por Mimoun. Se observo que la protolisidos complejos era lenta incluso
con acido trifluoroacético y se concluyé que laodiacion del ligando no seria la etapa
determinante en el proceso catalitico. Esto inthcgue la epoxidacién no podria
transcurrir por un mecanismo que requiriera la dioacion del sustrato al metal. Sin
embargo, en una publicacion mas reciente de esmangrupo, estudios de RMN y
tedricos indicaron que mediante la disociacién digando seria posible la
transformacién de un isémero en otfcEstos resultados sugieren que la disociacién
podria ser también factible.

Como se ha descrito anteriormente, se propone qu&os e

oxobisperoxocomplejos de molibdeno epoxidan olsfiadravés de la transferencia de
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1.3 Epoxidacioén de Olefinas

un oxigeno peroxo a la olefina. De esta manergoseia predecir que complejos que
contengan una funcionalizacién de tipo olefinicdnen auto-oxidarse como oxidantes
estequiométricos. Para investigar esta posibilidaihtetizaron complejos

N-funcionalizados con grupos alilo y cicloocten(ifogura 1.8).

Figura 1.8.

A través de la estructura del complejo alilo (@tedminada mediante difraccidon
de rayos-X de monocristal, no observaron ninguteragscion inter- o intramolecular
entre el fragmento olefinico y el centro metalico® atomos de oxigeno. Un estudio
mediante RMN del complejo de ciclooctenilo (b) daraformo deuterado demostré
que el compuesto es extremamente estable, sin vabser la reaccion de
autoepoxidacion tras calentamiento a 65 °C durami@ hora. De esta forma se
demostré que, a diferencia de otros complejos desqrreviamente capaces de donar
un oxigeno del ligando peroxo a un sustrato olefinios grupos peroxo de este
complejo no son activos para esta reaccion. Naatstcuando se adiciona TBHP a la
disolucion se observo la rapida epoxidacion deuteibn olefinica. Se puede concluir
que la epoxidacion catalitica, al menos en estept®a) tiene que transcurrir via la
transferencia de uno de los atomos de oxigeno xddamte a la olefina y no de los
ligandos peroxo tal y como habian demostrado Sésspy Chond® Esto demuestra
gue los complejos oxobisperoxocomplejos de molibdameden oxidar a las olefinas a
través de dos mecanismos alternativos, dependidadia actividad de los ligandos
peroxo y la presencia de oxidante. La observac®mnadexistencia de un tiempo de
activacion a temperaturas de 50 °C indica la foramade un complejo intermedio en
que el TBHP es activado para la epoxidacion. Serdgnt evidencia adicional a esta
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propuesta mediante un estudio de la modulacionadeasticidad del ligando por el
efecto atractor o donador de electrones de losograpstituyentes en los anill§8.Una
reduccion en la basicidad del ligando resultarauercentro metalico mas acido. Se
observaron mejores actividades empleando liganologpos atractores de electrones,
hecho que apoya un mecanismo en que el alquilpdbdsa@o coordina mejor a un
catalizador mas acido.

En el mecanismo propuesto por los autores (Esquefds, la activacion del
oxidante procede a través de la transferenciatdeicgde hidrogeno del hidroperoxido
a uno de los atomos de oxigeno del grupo peroxmdiado un hidroperoxo y dejando
libre una vacante de coordinacion en la que se gouedrdinar el nuevo ligando
alquilperoxo. El ligando oxo no tiene tendenciaepdar protones por lo que se descarta
la posibilidad que se produzca a este grupo lasfeaencia del protdon. En la reaccion
con la olefina se produce la transferencia de untmsl &tomos de oxigeno para generar
el peroxido y dejar un complejo alcoxo-hidroperokste se descompone via la salida
de alcohol dejando nuevamente un ligando peroxolpaue la epoxidacion puede

transcurrir de manera catalitica.

Esquema 1.15.
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Se debe hacer notar que, aunque en todas susesqasi se empleaba el TBHP
como oxidante, en sus conclusiones los autoresesyue la epoxidacion con otros
oxidantes hidroperoxos, incluyendo eb@d, procederia por el mismo mecanismo.
Algunos complejos metalicos reaccionan com,OH para formar ligandos
hidroperoxos® pero no existe evidencia experimental de la existe de

hidroperoxocomplejos de molibdeno.

1.3.2.2Epoxidacion empleando catalizadores de molibderiasn

En los ultimos afios, se ha introducido en el estuwt# las reacciones de
epoxidacion que emplean catalizadores de molibdenatilizacion como medio de
reaccion de liquidos i6nicos. Hasta la fecha nomsoohas las contribuciones realizadas
y, en particular, el grupo de Romao ha investigaldwoceso de epoxidacion con TBHP
en diversos ILs utilizando como catalizador bierclogentadienilcomplejos de
molibdena'®? o bien dioxo-derivados de molibdetfd.Se ha demostrado que es posible
el reciclado del conjunto catalizador-IL en egp® file sistema, aunque en algunos casos
la selectividad no es muy alta debido a la apedat@poxido. AUn mas reciente es otro
estudio relacionado, que analiza la epoxidacion deloocteno usando

dioxotiocianatocomplejos de molibdeno como catdiiza®*
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1.4 Oxidacion Selectiva de Alcoholes

La oxidacion catalitica de alcoholes primarios ycusglarios a sus
correspondientes derivados carbonilicos es unaifeaclasica en sintesis organica
(Esquema 1.16Y® La produccién mundial de aldehidos es del ordet®d¢oneladas
cada aflo y en su mayor parte se producen por ddidade los alcoholes
correspondiente” Estas oxidaciones se hacian tradicionalmente emgteoxidantes
en cantidades estequiométricas, por ejemplo cortgmiesde cromd®
permanganato$, 6xido de rutenio(VIII):%® perrutenato de tetrapropilamonio/N-6xido
de N-metil-morfolina®® reactivos activados de dimetilsulfoxiddy reactivos Dess-
Martin.**! Los problemas asociados a estos reactivos soaruentalmente sus costes y
la produccion de grandes cantidades de residudsog)xes decir econémicos y
medioambientales. Resulta por tanto de extraordimaerés el conseguir procesos que

efectlen la oxidacion de manera catalitica y empbexedantes verdes.

Esquema 1.16.

R Catalizador R
><OH metalico >
> @)
R H 0, 0 H,0, R

(R, R =alquilo, arilo o H)

Se conocen muchos ejemplos de catalizadores héterog y homogéneos que
consiguen esta sintesis y ambas modalidades dssisai@nen sus respectivas ventajas.
En el caso de la catalisis homogénea, por ejemipia,mejor selectividad y el empleo
de temperaturas de reaccion mas bajas represesntajas muy importantes. En estas
reacciones cabe diferenciar dos categorias depeltdisel el reactivo oxidante es el
H,0,™*? (o un hidroperéxido organico) o el oxigehio(o el aire). En este resumen se

centrara la atencién en el segundo tipo de procesos

1.4.1.10xidacion selectiva de alcoholes empleando dioxigemnmo oxidante

En las oxidaciones aerdbicas de alcoholes se daramsmos de reaccion

distintos (Esquema 1.17) que proceden via un irgeionde tipo hidroperoxo (a) o de
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tipo peroxo (b). La mayoria de los ejemplos de agidn de alcoholes con oxigeno
molecular emplean catalizadores de los grupos &dQl), Ru(ll), Rh(lll), etc., siendo

los mas numerosos los catalizadores de rutéfio.

Esquema 1.17.

(b)
(@) o o\

M—H M n-2 \&'

~
/ M—OOH / M?

H 202 O H H 202 H
@
H

1.4.1.20xidaciéon de alcoholes en scgO

El nimero de ejemplos de oxidacion de alcoholesc@@ usando catalizadores
metalicos en fase homogénea es reducido. Como kjesaphalla la investigacion de
Busch y colaboradores sobre el proceso de autan&ilade fenoles con oxigeno
empleando compuestos de Co(ll) con ligandos tipensaodificados, [Co(salen*f{>
Mas reciente es la contribucion de Leitner, quecrdas la oxidacion aerdbica de
alcoholes catalizada por un polioxometalato de Ma'y° Recientemente, el grupo de
Asensio en Valencia ha descrito un sistema en rmomten scC® que permite la
oxidacion de alcoholes en un medio heterogéned gunesel catalizador es 6xido de
cromo CrQ depositado en SiJ'’ Como ultima novedad a resefiar se encuentra el
reciente trabajo de Pagliaro y colaboraddt®gjue hacen uso de ILs soportados en
silica’'® La idea original consiste en incorporar el cagalir de rutenio (KRu) en el
IL soportado en silica, y efectuar la oxidacion aptigeno en scCO En el medio
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supercritico se recuperan los productos de la i@@acbe esta forma se propone un
sistema integrado de oxidacién que emplea un noeli@accionverdé, un disolvente

(de la reaccion y de extraccion)rde y un catalizador que se puede recuperar.

1.4.1.30xidacion de alcoholes en ILs

En el campo de los ILs, es necesario citar queca@amparacion con otras
reacciones cataliticas, la oxidacion de alcohaderehibido poca atencion, hecho que ya
apuntaban Seddon y Stark en 28tfZEstos autores observaron mejores resultados para
la oxidacion del alcohol bencilico a benzaldehida oxigeno y un catalizador de Pd
cuando el proceso se llevaba a cabo en un ligaidod en comparacion con la misma
reaccion en un medio convencional (dimetilsulfoxatono disolvente). Se ha descrito
igualmente la oxidacion en ILs de alcoholes a dltteho cetonas mediante el empleo
de ['Pr][RuO4] y el éxido de la N-metilmorfolina como co-oxidarit*

Existen un numero limitado de ejemplos de oxidacéralcoholes catalizados
por complejos de cobre en ILs. En 2002 Ansari yeGn@sentaron un sistema catalitico
empleando [CuCI]-TEMPO en&im-PF. El sistema era efectivo en la oxidacion de
diversos alcoholes pero la reaccion era lenta fmasustratos menos activos y el
catalizador no podia ser reciclado al término deelacciont?®> En 2005, Jiang y
Ragauskas publicaron detalles de un sistema engadearCu(CIQ),]—
TEMPO(acetamida) (un anélogo funcionalizado de TBYlen hexafluorofosfato de 1-
butil-4-picolina. A temperatura ambiente este sisteera activo en la oxidacion de un
rango de alcoholes primarios mientras era inagiv@ los secundarios. En este caso el
catalizador era reciclabté®

Recientemente se ha descrito la funcionalizacioh T##@MPO mediante la
inclusion de un fragmento a modo de apéndice gquéier® los grupos funcionales
caracteristicos de un liquido i6nitd.Estos derivados serian ejemplos representativos
de los denominados TSILs (“task-specific ionic latgi).**® Mediante la utilizacion de
estos compuestos es posible realizar la oxida@@dabholes catalizada por [CuCl] y el
propio TEMPO, que se encontraria inmovilizado etLel por consiguiente puede ser

reciclado con efectividatf®
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1.4.2 Oxidaciones selectivas de alcoholes empleando comoeatalizador
compuestos de cobre

El primer sistema practico para la oxidacion defabtes utilizando cobre como
catalizador fue descrito por Semmelhack y colabmesl en 1984%° Desde la
publicacion de este trabajo, se han efectuado rasogrestudios en este campo, de los
cuales discutiremos algunos ejemplos seleccionados.

La mayoria de los sistemas que se detallaran emptaaplejos de cobre como
catalizador conjuntamente con un co-catalizador moeementa la eficiencia del
sistema. No obstante, merece la pena destacanvastigaciones realizadas con la
metaloproteina galactosa oxidasa (GO), cuyo ceigo es un atomo de cobre(ll). La
GO cataliza selectivamente la oxidacion aeroObica attwholes primarios a sus
correspondientes aldehidos con la formacién de guivalente de bD, bajo
condiciones suaved’ El mecanismo propuesto para la oxidacién del atzstonsiste
en la abstraccion de un protén del alcohol coodinéa transferencia de un radical H y

la transferencia de electrones (Esquema 1%8).

Esquema 1.18.
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Se han sintetizado una gran variedad de compuggtposeen una distribucion
de ligandos en torno al centro metélico de Cu(ijilar a la estructura de la GO y que
muestran la capacidad de conseguir la oxidacidéald#holes primarios de la misma
manera?® Sin embargo, la catalisis es lenta, se necesitdbase y en la mayoria de los
casos es limitada solamente a alcoholes primardtisoa (alcoholes bencilicos y
alilicos). En el mecanismo de esta reaccion elemdges activado por una especie de
Cu(l), por lo que este tipo de compuestos debepstmncialmente activos en dicha
catélisis. En particular, los trabajos del grupdviirkd**® han demostrado la eficiencia
de los derivados de Cu(l) como catalizadores emsastacciones. Por ejemplo, se ha
descrito la oxidacion de alcoholes primarios poigero aerébico empleando el
complejo [CuCl(phen)] (phen = 1,10-fenantrolina)nmo catalizador. Este sistema ha
sido muy bien estudiado, pero desafortunadamenéedon se ve limitada a sustratos
activos ya que para alcoholes no activos y secwsldas conversiones eran
relativamente bajas, incluso en presencia de gsarelgidades de catalizador.

1.4.2.10xidaciones selectivas de alcoholes empleandasst€u-TEMPO

El uso de radicales nitroxilo como catalizadoraspeocesos de oxidacién es
bien conocido tanto a escala de laboratorio comivel de la industrid®* Entre los
radicales mas estudiados se encuentra el N-oxb;B;2etrametilpiperidina (TEMPO)

(Figura 1.9) que ha demostrado comportarse conuatatizador versatil y eficaz.

Figura 1.9. N-Oxil-2,2,6,6-tetrametilpiperidina (TEMPO)

TEMPO

Oo

Por ejemplo, empleando TEMPO (1 %) como catalizagonna cantidad
estequiométrica de hipoclorito de sodio como oxielase da la oxidacion de varios
alcoholes a los correspondientes compuestos céidasnéon rendimientos superiores

al 95%"? La especie oxidante en este proceso es el cagidipal oxo-piperidinio que
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se forma por la accion del hipoclorito sobre el TEEM Este catidon oxida al grupo
alcohol reduciéndose a una especie de tipo higripeitidina (TEMPOH);
posteriormente, ésta regenera el cation oxidantdiami la re-oxidacion con el

hipoclorito (Esquema 1.19).

Esquema 1.19.

NaOCI/NaBr R
N y N
| I r’ ©OH
O O
TEMPO
NaOCI/NaBr

R
o
N R'
o
TEMPOH

El sistema que se muestra en el Esquema 1.19 ebmplearo de sodio como
co-catalizador porque en la reaccién con el hipdolge forma hipobromito que
funciona mejor como oxidante del TEMPOH, permitiemith ciclo catalitico mas
rapido. Desde un punto de vista medioambientas@lam este sistema de hipoclorito
como oxidante y grandes cantidades de bromurodie gdoase no es ideal, ya que los
reactivos son nocivos Yy resulta una baja econotbfaiea. Por ello, el desarrollo de
sistemas cataliticos metal-TEMPO que empleen ogigemo oxidante es un objetivo
de gran interés. En este campo de investigacidachesen particular los sistemas
empleando catalizadores de rutéfiiey de cobre conjuntamente con TEMPO. A causa
de la escasez y del precio del rutenio, los sistequa emplean cobre tienen ventajas
obvias.

Como se menciond con anterioridad, en 1984, Senatielly colaboradores
observaron la oxidacion de alcoholes primariosige bencilico, alilico y alifatico,
empleando [CuCl] (10 %) y TEMPO (10 %) como co-tzaaores y oxigeno como
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oxidante® En esta publicacion también se propuso la secaermtalitica para la

oxidacion que se muestra el Esquema 1.20.

Esquema 1.20.

Oxidacion
del Alcohol

2[Cu](l) , ,:{? O
O R
0O, I}I
. ., OH
Reoxidacion
del TEMPOH
2[Cu](I)
, /0
o

Tras la contribucion mencionada, el grupo de ingaston de Endo publicé en
1985 sus resultados empleando compuestos analogoSEMPO junto con una
seleccion de derivados de Cufilf.La actividad del catalizador era proporcional a la
capacidad coordinante del contra-anion. La casaéish mas rapida cuanto menor fuera
la capacidad coordinante, aunque no proporcionananexplicacion especifica a este
comportamiento.

En 2003, Sheldon y colaboradores describieron l@lacion de alcoholes
primarios empleando el conjunto [Cu(Bbpy)l/TEMPO (bpy = 2,2’-bipiridina) como
catalizador** El mecanismo propuesto para esta reaccién eséiidan el propuesto
para la oxidacion catalizada por GO descrita caeremidad. En primer lugar, por
sustituciéon de uno de los ligandos del complejocdere, el alcohol reacciona para
formar un complejo Cu-alcéxido (complejo (a), Esgael.21). Este interacciona con el
TEMPO para formar el intermedio (complejo (b), Bmma 1.21), y abstraccion del
hidrogeno por parte del TEMPO produce el compuestoel grupo carbonilo. El cobre
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se reoxida por accion del TEMPO y éste se regeperareaccion con oxigeno
completando el ciclo catalitico (ver Esquema 1'29).

Esquema 1.21.
v H
OH
R’
TEMPOH k
[Cu](Il)

TEMPO R\EH

[Cu]() R

(b)
R\
TEMPOH + /==0 =

\\./
H- - \
? A7

R

RI

~ TEMPO

Sobre la base de este esquema es posible racanaliabservacion comentada
anteriormente relativa al aumento de la velocidad lad oxidacion cuando los
contra-aniones no son muy coordinantes (p.ed BIO,). La formacién del intermedio
alcoxido se vera impedida si existen especies canbwena capacidad coordinante al
centro metalico. En el caso de alcoholes securglancse da la reaccion de oxidacion
y, aunque no hay una explicacion completamentélesida, se propone que en estos
casos existe un impedimento estérico que previenermacion del intermedio (b).
También, en el caso de un alcohol primario es fnebgue el oxigeno de la nueva
especie TEMPOH pueda estabilizar el intermediocedd((c), Esquema 1.22) por
formacion de un enlace intramolecular con el segundrogeno del alcohol. En el caso

de un alcohol secundario esta estabilizacion rposible.
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Esquema 1.22.

R /

Impedimento estérico si Estab|l|zaC|on de la especie
R' = grupo orgénico radical cuando R'=H

En el 2006 Punniymurthy y colaboradores tambiéneoiason la misma
actividad catalitica para un sistema constituidoyrocomplejo de cobre con un ligando
modificado del tipo ‘salen®®’ En este caso es posible realizar varias vecesrdef
eficaz el reciclado del catalizador, pero se néxesha temperatura de reaccion
relativamente alta.

Recientemente se encontr6 que se mejoran las gemj@e cataliticas de este
sistema empleando una temperatura de reaccién ltadsracondiciones bifasica®
Por ejemplo, el grupo de trabajo de Fish empleabsistema constituido por una fase
organica (clorobenzeno) sobre una fase de pertheptano a temperatura ambiente. El
catalizador, una especie acetato de cobre(ll) noadih con sustituyentes de cadenas
alquilicas perfluoradas, se disuelve en la faspeatéuoroheptano mientras que en la
fase organica se hallan el sustrato y el TEMPOnNnGaoia&e calienta el sistema las dos
fases son perfectamente miscibles y de esta maeeobtenia la oxidacién catalitica
eficiente del alcohol primario a su correspondieaitiehido. El catalizador se podia
reciclar con la separacion de las fases, que oaugmperatura ambiente, y usar en mas
ciclos cataliticos, aunque termina por desactivgee reduccion a una especie de
[Cu](1).3®

1.4.3 Oxidacion selectiva de alcoholes empleando paladig(como catalizador

La utilizacion de catalizadores de paladio en lace®n de oxidacion de
alcoholes tiene precedentes que se remontan asfemhéejanas como 197% pero es
a partir de los aflos noventa cuando este campaeoami recibir una mayor atencion.

Schwartz y Blackburn desarrollaron el primer sistenable para la oxidacion aerébica
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de alcoholes, empleando diacetato de paladio jgoto acetato de sodio. De los
numerosos estudios que han aparecido desde edteapidin, se mencionan en este
apartado los que destacan por su importancia dasalrrollo y en la interpretacion de
esta reaccion catalitica. Peterson y Larcock damon un sistema empleando
[Pd(AcO)] en DMSO con oxigeno como oxidante que mostrébureama actividad en la
oxidacion de alcoholes alilicos y bencilicos a susrespondientes compuestos
carbonilos*** Se consideré que el DMSO podria participar enuiEniga redox de la
reaccion, hecho que contaba con diversos precesféhigero Stahl y colaboradores
comprobaron que no era asi. Estos autores proposémecanismo que se muestra en
el Esquema 1.23 en que el DMSO actuaba como irdrildé la desactivacion del
catalizador a nanoparticulas de Pd(0) mediantedadmacion a la especie intermedia
de Pd(0) que se forma después de la oxidacionlathal** Igualmente, se investigé
el destino final del KD, producido como subproducto de la reaccion, enaondtrse
que éste se descompone cataliticamente por el ipal&bbre la base de esta
observaciéon se concluye que no es posible utilndxido de hidrégeno como
oxidante en presencia de paladio en este tipo stensas y que el mecanismo de
reaccion procede por un intermedio tipo peroxo deealo al propuesto en el
mecanismo (b) del Esquema 1.17.

Esquema 1.23.

R
>=o + 2AcOH

R H
D88,

R

[Pd(L)(AcO),] [Pd(L)] DesaCtLivaCi‘i” Pd(0)

-n
+ 2AcOH
0 <P o, [PA(L):(O)y]

De manera similar, en un sistema empleando [PdAgd)dina, el mismo

grupo de trabajo observé que la piridina tiene isnm funciém:** Se encontré que en
un disolvente organico la presencia de la piridina esencial para facilitar oxidacion

del Pd(0) producido hasta Pd(ll). En su ausenciarrectan solo la oxidacion

52



1.4 Oxidacién Selectiva de Alcoholes

estequiométrica por el Pd, que se reduce a namoylag de Pd(0) inactivas. A este
respecto, la piridina es superior al DMSO y un egjente de piridina conduce a una
velocidad de reaccion 10 veces mayor que si laci@ase hace en DMSO puro. Si se
emplean concentraciones mas alta de piridina sidbeanimejor la desactivacion del

catalizador, pero tiene un efecto negativo en lacidad de la reaccién resultado de la
competicion con el sustrato en las vacantes dedowmion del centro metélico.

En 1998, Uemura y colaboradores desarrollaron istersa empleando
[PA(AcOY)], piridina y tamiz molecular, que mostraba unavatad considerable mas
alta que las descritas anteriormente (Esquema .f2Qomo Peterson y Stahl se
observd que la presencia de una base era eseramial |lp catalisis, aunque
concentraciones elevadas inhibian la misma comdtael® de la competicion con el

alcohol para coordinarse al centro metalico.

Esquema 1.24.

R [PA(AcO),] (5 %) R
wH Piridina (20 %) . o
OH Tolueno/80°C/2 h
R' Tamices/Bajo @ R

Alcoholes 1°, 2°y ciclicos

Este sistema muestra una alta actividad en la oXidale una gran variedad de
alcoholes, aunque se encontraron limitaciones gumak casos. Como continuacion, el
mismo grupo ha publicado detalles de la aplicacd® este sistema en otras
oxidaciones*® También, en otros estudios demostraron que laidéadide ligandos
piridina con sustituyentes perfluorados convierte sstema en bifasico con la
posibilidad de reciclar el catalizador, pero conitaciones con respecto a los sustratos a
los que se aplicK’ En este sistema se propone un mecanismo, que egtre@bajo
(Esquema 1.25), en el que se forma como intermedliohidroperoxocomplejo en el
que el paladio conserva su estado de oxidacidmacderdo con el mecanismo general
(a) descrito en el Esquema 147 La funcién de la piridina es estabilizar la especi
intermedia hidruro-Pd(ll) y evitar su descomposic&®Pd(0) a través de la pérdida de
AcOH. Este hidruro de paladio reacciona con oxigea@ formar un hidroperéxido,

que en su interaccion con el alcohol genera demaksalcoxocomplejo y una molécula
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de perodxido de hidrégeno. La reaccion inversa redawelocidad de la catalisis y por
esta razén se pueden emplear el tamiz moleculaayu@a en el proceso mediante la

descomposicion del 40,.

Esquema 1.25.

I
R R' AcO
/
[Pd]
\H
AcO AcO
+Al
# © e P +0,

O

/Ac
[Pd] = Pd(py) wpd]
’ N
OOH

+ AIC, - H202

En todos los sistemas mencionados, la reaccidnlitcataemplea altas
temperaturas de reaccién. A este respecto, el rdésade sistemas que operen a
temperaturas menores seria deseable y en estegmd@mos citar el trabajo de Sigman
y colaboradores, que describe la primera oxidaa&rdbica de alcoholes catalizada por
paladio a temperatura ambiente, empleando trigiti@fTEA) como bas&*® Se estudi6
el efecto que tiene la concentracion del TEA sobrenetanismo de la reaccion
mediante la técnica de RMN, observandose que losiplejos [Pd(AcOy,
[PA(ACOX(TEA)] y [PA(AcOL(TEA),] existen en equilibrio. Una mayor concentracion
de TEA desplaza el equilibrio hacia el complejo [RiDA&(TEA),] con un efecto
negativo en la velocidad de la reaccion, que seuasnra relacionada con la
concentraciéon reducida del complejo [Pd(AgOEA)]. Esto demuestra que la especie
activa en el proceso catalitico es el complejo AeA\,(TEA)] a diferencia del
mecanismo propuesto para los sistemas que empigding como ligando en los que
se observa el complejo [Pd(AcQ)y),] como Unica especie presente.

Tras este trabajo el mismo grupo describié un restejue emplea como
catalizador un complejo de paladio con un liganddeno heterociclico nitrogenado

(NHC)**® Se observaron buenas actividades para una graedadrde sustratos
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empleando aire a presion ambiente como oxidanteaatemperatura de 60 °C. El
ligando NHC enlaza fuertemente con el centro nmtakstabilizando las especies de
Pd(Il) y Pd(0) formadas en disolucion, de manera parmite realizar la reaccion
catalitica sin la necesidad de un exceso de basiersal (Esquema 1.26). De esta forma
es posible realizar un estudio mecanistico endaratia de base que permite determinar
la naturaleza “no inocente” del ligando acetatee go solo actia como ligando sino
que también lo hace como base que desprotona ehahlcen una reaccion

intermolecular tras su coordinacion al paladio.

Esquema 1.26.

AcOH

@)
H/ Y O\ O
Al Y o 2» R—< T, IPd] P Y
\ / R' ,r’ R Ru

/ R Ipd H §
H

[PA(NHC)(AcO))] [PA(NHC)(AcO)(H)]

‘\ + O,, +AcOH /

-H,0,

Esta observacion explicaria las bajas actividadestths especies de paladio
(p.e. [PdC]], [PACL(ACN),], [Pd(dba)], [Pd(PPh)4], etc.). Se propone un mecanismo
en el que el alcohol coordinado es desprotonadoeparcetato, eliminandose como
acido acético, y el paladio por eliminacién delrbgenop formando como intermedio
un hidruro-complejo con la formacion del productarbonilado, como se habia
propuesto en el mecanismo de Uemura. Sin embang@aqui el mecanismo procede en
la manera propuesto por Stahl et. al. (Esquema),1&kigninacion de acido acético
reduciéndose la metal a Pd(0), que se haya egtatilipor el ligando NHC. La
oxidacion por @ da el perdxido, que por reaccién con acido acétegenera el
complejo inicial de diacetato (mecanismo (b), Esgaéd.17).

Como continuacién de este trabajo, se investigaanboxilatos mas basicos
alternativos al acetato y se encontré que la sgghit por pivalato (t-BuCO® ofrece
otro sistema efectivo en la oxidacién aerébicangpiratura ambientg® Se realizé una

comparacion extensa investigando las ventajas slérés sistemas mencionados. Se
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demostré que el sistema con TEA era efectivo paeagran variedad de sustratos en
condiciones suaves, pero se necesita bastantezadtal El sistema con acetato era mas
ajustable, empleaba menos paladio, pero se ndusitea temperatura de reaccion mas
alta, mientras que con pivalato las condiciones ereas suaves, pero hay mas
limitaciones en los sustratos.

Finalmente, entre los estudios de esta reaccabe destacar los realizados por
el grupo de Sheldon. Mediante el empleo de un tigaderivado de la fenantrolina que
contiene grupos sulfonato es posible preparar umptzo de [Pd(AcQj soluble en
agua™® De este modo es posible realizar la catélisis ensistema bifasico, el
catalizador se encuentra disuelto en la fase acp@talcohol forma la otra fase. La
velocidad de la catélisis esta limitada por la lsiillad del sustrato en agua y al término
de la reaccién el producto se puede separar ddlzzator en la fase acuosa por simple
decantacién. EI mecanismo propuesto del process,pgocede en la fase acuosa, es
similar al descrito por Stahl. Este trabajo destamao un buen ejemplo de un proceso
cataliticoverde ya que emplea condiciones suaves, disolventedante no nocivos y

un catalizador que proporciona buenos TON.
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2 Results and Discussion

2.1 A Methyltrioxorhenium Complex of Polydimethylsiloxane
Functionalised Pyridine as an Efficient Olefin Epoidation

Catalysts in Solventless and Low Polar Solvent Coitébns

The first of the studies that will be discussedehmncerns the development of a
method for carrying out the solventless epoxidatioh olefin substrates using
methyltrioxorhenium complexes as catalyst precgrsord the green oxidant hydrogen
peroxide. Detailed descriptions of the experimeptalcedures employed in the study
can be found in the experimental section and tlaeti@ conditions employed for
comparative catalytic investigations are given he sub-texts of the relevant results
tables.

2.1.1 Preparation of 4-(polydimethylsiloxanyl-ethyl)pyridine (A)

Low molecular weight polysiloxanes are liquids ehom temperature,
chemically and thermally stable, inert, non vo&ti&nd display relatively good
solubility in nearly all organic solvents includimyen highly non polar media such as
scCQ.'*2 Despite this, although the use of other typesodfrper substituents in such a
capacity has been commonly reportgtithe use of PDMS functional groups in the
design of novel catalysts that make use of thegpepties has not been described until
relatively recently?>® Over the last few years however, a number of tspdetailing
their application in catalytic systems have appgite Systems where the catalyst
(Jacobselt” or Grubb%®® is incorporated in a polydimethylsiloxane (PDMS)
membrane have been reported, and Kerton, Raynec@amarkers synthesised PDMS
tagged arylphosphines which were subsequently gregloas scC® solubilising
ligands in homogeneous catalysis.

One of the objectives of part of the studies déscrihere was to develop
catalytic systems in low polar media; scCénd solventless conditions where the

organic substrate/product serves as the reactiahume With the potential of PDMS
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functionalisation to solubilise catalyst complexkeson-polar media recognised, PDMS
functionalised coordinating species thus becamendhstic target. To this end the
PDMS functionalised pyridine, 4-(polydimethylsiloxa-ethyl)pyridine @A) was

synthesised and characterised as discussed beldvge@uently, catalytic transition

metal complexes & were prepared and investigated appropriately.

Figure 2.1. 4-(Polydimethylsiloxanyl-ethyl) pyridineX)

—[O(H3C),Si]i—CoHy \ N

/

Transition metal coordination compounds Afcould be considered as either
metal complexes possessing short chain PDMS fumctior as metal complexes
supported on a liquid PDMS polymer, similar to home might view heterogeneous
catalysts where the catalytic complex is boundhte surface of a solid support. In
contrast to solid supported materials, the metaigiexes ofA were intended for use in
homogeneous rather than heterogeneous catalytiensysaand the [catalyst]:mass ratio
was thus the important measure for its quantifocgtirather than any surface area
related measurements. Similarly though, in catalgkiperiments the complex could be
viewed as being supported in solution. In discussiof metal complexes of compound
A, the complexes will be described as being “PDM8cftionalised”, but clearly they
could equally be described as “PDMS supported”.

Compound A was synthesised by the reaction of hydride tertatha
polydimethylsiloxane, H[SiI(CEJ2(OSI(CHs)2)n), with 4-vinylpyridine (a
hydrosilylation) using Kardstedt's cataly§.In-situ IR spectra of the reaction mixture
were used to monitor the progress of the react@snthe hydride was consumed the
Si-H peak of the hydride terminated PDMS at 2126" agnadually disappeared. Its
absence indicated that the reaction was complefter Appropriate workupA was
obtained as clear oil. NMR analysis indicated thatproduct consisted of a mixture of
two isomers resulting from tree and (Markovnikoff and anti-Markovnikoff) addition
of the Si-H to the vinyl group in a ratio of 1:2ct®&me 2.1}%* Attempts at controlling
the ratio of isomers by adjusting the reaction dooms were unsuccessful.

Chromatographic separation of the isomers was aldempted but results were
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unsatisfactory. The resulting product mixture wdasaracterised by analytic and
spectroscopic methods.

Scheme 2.1. Hydrosilylation of 4-vinylpyridine with hydride terinated
PDMS

| |
S~ e t
+ — —> .
/ \ / | n| | | 1
~

n N

The number average molecular weight of H[SI{IOSI(CHs)2)] was
determined by'H-NMR integration of Si-El; versus SH. A M, of ~525 was
calculated, corresponding tosr6.3. It was necessary to synthesise several saroffe
during the course of the work. In each case, ttie &(CH),:pyridine was determined
using *H-NMR integrals and it was thus possible to calmilthe average M The
number average molecular weight Af varied between preparations, probably as a
result of concurrent action of the platinum catalys the siloxane polymer during the
hydrosilylation reaction. The ratio Si(GlEpyridine was found to vary within a range
of 5 to 10 (M, = 530-900), although the to 3 isomer ratio remained constant at around
1:2. Spectroscopic data for a representative ptodwe collected together in the
Appendices. For this samp#-NMR integrals indicate a ratio of approximately 5
Si(CHs), to every terminal pyridine (i.e. M= ~500). The'H-NMR spectrum displays a
broad singlet at approximately O ppm produced ley3H{CHs), protons and appropriate
alkyl signals corresponding to the -CH(¢}Hand -CH-CH,- protons in a 2:1 ratio,
respectively. The pyridyl protons clearly differiaté into separate peaks corresponding
to the two isomers. In th&Si{*H}-NMR spectrum several signals are observed in the
21.6-22.1 ppm range corresponding to the non-teah@Si(CHz),-O silicon atoms of
the PDMS and the peak occurring at —12.9 ppm caattibuted to the silicon atoms
adjacent to the 4E1,- moiety’®® The absence of any peaks corresponding to texiary

indeed quaternary silicon links indicates that ¢hier no significant branching of the
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polymer so that the product should be constitutedhfentirely linear chains terminated

at both ends by pyridine functions.
2.1.2 Preparation of [Re(CH3)(O)3(A)] (1a)

The hydrosilylative addition of PDMS to coordindtéVP has been reported in
the preparation of some iridium complex&However, having observed that the direct
hydrosilylation of coordinated 4VP in a copper atetcomplex was not possible (see
Section 2.3.1), probably due to deactivation of Pteatalyst, direct hydrosilylation of
the 4-vinylpyridine complex of MTO was not investigd as a synthetic route to the
desired product. The preparation of the coordimatompound of MTO and compound
A was thus achieved via reaction of the latter witi@in dichloromethane. The
PDMS functionalised MTO compountla was obtained as a brown oil which was
appropriately characterised. Clearly apparent &'th and *C{*H}-NMR spectra are
signals corresponding to Si(Gl -CH,-CH,- and one pyridine isomer, but signals
from the a isomer present in the spectra Adfare no longer apparent. This isomeric
purification was also observed in the preparatibRa complexes of\, 3a and4a (see
Section 2.4) via a similar experimental procedwee(Section 2.4.1). The most likely
explanation for the elimination of thee isomer during work-up seems to be the lower

solubility of its complexes in non polar media leapto their removal by filtration.

2.1.3 MTO catalysed epoxidation reactions

Several studies were carried out to investigate rélative effectiveness of
MTO-A and MTO-pyridine catalysed systems as well asamwantages that the PDMS
functionality might confer upon the former systermvestigations of relative
epoxidative efficacy depending on experimental @bk initially employed the
relatively activecis-cyclooctene as the olefin substrate, which forhbsteric and
electronic reasons is highly susceptible to epdiodaand therefore commonly used for
such studies. An excess 30 % aqueob®:H3.0 equiv.) was used as oxidant and the
catalyst:substrate ratio was 1:40. Initially catiglyperformance depending on the
reaction solvent was investigated before the fatuted to solventless systems where
the olefin itself comprised the organic phase. $hecess of the MT@ catalyst under
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these conditions led to generalisation of the stodpvestigate its effectiveness applied
to a more diverse range of olefin substrates. Adadicularly interesting were the
results obtained in the solventless epoxidatiocig€yclooctene with very low loadings
of MTO catalyst (0.005 %), wherd& was seen to enhance the achievable TON
considerably more than the other bases tested.

2.1.3.1Influence of the reaction conditions on the epottadtaand comparisons with the

MTO-pyridine system

The epoxidation ofcis-cyclooctene in both chlorophorm and hexane, in the
absence of base and in the presence of pyridin® or a ratio of 4:1 to MTO was
investigated (Table 2.1). The effect of temperatuas also investigated by performing
reactions at room temperature and at 60 °C. Thet egaction conditions are given in

the footnotes.

Scheme 2.2. MTO catalysed epoxidation efs-cyclooctene

MTO
_— (o)

30 % H0,

Table 2.1. cis-Cyclooctene epoxidations in chlorophorm or hexaméhe presence of

no base, pyridine or compouAd at r.t. or 60 °C

Entry Solvent” Ligand T Conversion  (Yield) (%)°
1 - 100 (97)
2 Chlorophorm Pyridine 100 (90)
3 A Room 100 (92)
4 - temperature 88 (82)
5 Pyridine 97 (89)
6 Hexane A 90 (82)
7 Pyridine 29 (29)
8 Pyridiné 60°C 29 (29)
9 Al 99 (99)

& MTO (0.025 mmol), 30 % 4, (3.0 mmol), cis-cyclooctene (1.0 mmol), ligand (@mol), Laction= 18
h.® V = 10 mL.¢ Determined by GC analysi§. Coordination compound MTO-ligand previously
prepared.
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Examination of the results shown in Table 2.1 doeisreveal any particularly
significant differences in conversion which is aywacomplete for the reactions in
chlorophorm and nearly complete for those in hex&oenewhat oddly, in chlorophorm
the selectivity was slightly higher when no base wmployed (entry 1, Table 2.1) than
when it was (entries 2 and 3, Table 2.1). This mdk#e sense as while it could be
argued that the bases might compete for coordmaiites on the metal and inhibit the
rate of catalysis, thus lowering the conversioro|tih previous studies indicate that
N-bases actually accelerate conversion, althougmaton of N-O oxides has been
observed to lower the conversion rate), they shbaiee a positive impact on selectivity
due to their capacity to inhibit hydrolysis. Théfeliences are sufficiently minor to be
attributable to experimental variation in any cdsehexane it was anticipated that the
MTO catalysts might have poor solubility, leadimgldw conversions, when no base or
pyridine were used, whilsA might solubilise the catalyst and permit normal
homogeneous catalysis consequently giving highevexsions. However, conversions
were approximately the same in all cases, sugggestiare was no difference in the
mechanism of catalysis in any of the experimentstably, the PDMS containing
catalyst MTOA is entirely compatible with the use of the aquedw®,, in contrast to
some existing examples where the catalyst is oedud a PDMS membrane which
acts as a barrier for#, precluding the oxidation catalysi¥®

The results had therefore established galid not offer any notable advantage
over unsubstituted pyridine in these systems, pnebly because of complete
homogeneity in all cases. With offering little advantage by way of solubility, eh
possibility that the PDMS functionalisation mightatl to greater resistance to
decomposition of the organometallic MTO was thamfexamined. Under the basic
oxidising conditions used for the epoxidation MT&known to undergo decompaosition
via loss of its methyl group by which it convertslargely inactive oxide speciés'®*
The experiments in hexane were therefore repedté@ &C to see if any differences
would be observed.

The results clearly show that the coordination plex of A allows a very
significantly higher yield under these conditiohsurt if unsubstituted pyridine is used.
The retarded yields observed using pyridine (estfi@nd 8, Table 2.1) compared with
the analogous reaction employing (entry 9, Table 2.1) or pyridine at room
temperature (entry 5, Table 2.1) seem likely talltefsom decomposition of the MTO
complex under the harsher conditions. Additionatlence for this comes from visual
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2.1 MTO Catalysed Epoxidations

observations of the reaction mixtures after reactiéor entries 5 and 9 they were
yellow due to the presence of catalytically actikenium peroxide complexes, but for
entries 7 and 8 the mixture were colourless, indigathat the rhenium complex had
likely decomposed to catalytically inactive inorgaroxide species. The identical
conversions observed in entries 7 and 8 providdeenie that the complex had no
problem formingin-situ. It can be concluded that compléa (MTO-A) possesses
superior resistance to decomposition under the atixiel conditions of the catalytic

system compared to MTO-pyridine.

2.1.3.2Solventless epoxidation reactions

The potential capacity of PDMS to solubilise MPOm non-polar media did
not lead to any observable benefit in the expertmen far described. However, the
study was extended to see if any advantages waulkelviolent in solventless reactions,
where the olefin substrate and reaction produatsealcomprise the organic phase.
Table 2.2 shows the results obtained for a serieseactions investigating the

solventless epoxidation ofs-cyclooctene.

Table 2.2. Solventlesgis-cyclooctene epoxidations with different ligand dides

Entry Compound Ligand t(h) Conversion (%)° Yield (%)"

1 MTO - 2 40 30
2 MTO Pyridine 2 84 76
3 1A - 1 45 45
4 1A - 2 97 97
5 1A - 18 100 100

& MTO (0.025 mmol), 30 %, (3.0 equiv.), cis-cyclooctene (0.5 mL, 3.65 mniigand (0.1 mmol),
r.t.” Determined by GC analysis.

It was found that in the absence of base (entiyable 2.2) the conversion after
2 h was significant, though well less than completiéh some hydrolysis of the product
to the diol taking place. It is likely that in thisaction the MTO catalyst resided mainly
in the aqueous phase, separated from the substhat®,inhibiting the rate of the
reaction, and making the catalyst more vulnerabledécomposition, limiting the
maximum obtainable yield. In the absence of baskdtysis of the product would also
be less inhibited. The results observed supposethgpotheses. When pyridine was
employed (entry 2, Table 2.2) the conversion wasbterl and selectivity was
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improved, although some hydrolysis still took plaBetter solubility of the catalyst in
the organic substrate due to the coordinated megdiand inhibition of the hydrolytic
epoxide decomposition may explain these improvemdfar both entries 1 and 2 the
post-reaction mixture was observed to be colourleskcating an absence of rhenium
peroxide species and implying that the catalyst dexbmposed over the course of the
reaction and was thus now inactive. When compoladvas employed as catalyst
(entries 3-5, Table 2.2) faster conversion with ptate selectivity for the epoxide
product was observed. Practically complete conwargias observed after 2 h (entry 4,
Table 2.2) and the strong yellow colour of the rbhen peroxide complex could be
clearly seen in the organic phase, indicating that catalyst remained active. The
superior activity and selectivity observed in thistem may be due to several factors.
These include superior catalyst solubility in thegamic substrate than in the two
analogue systems with unfunctionalised catalystsl, @oncurrent insolubility in the
aqueous phase, which should lead to more rapididgoon whilst hydrolysis is
inhibited, since this reaction would best prevaithe aqueous phase. Reduced contact
with the aqueous phase should also lead to greatalyst stability and it would thus be
logical to predict that higher TONs would be achiele using this catalyst (see below).
The reactions described up until this point allpagyed thecis-cyclooctene
substrate, which is relatively activated to epotaa for both steric and electronic
reasons. However it was important that the scopgbeotudy was extended to a greater
range of olefin substrates to investigate how facteuch as the different solvent
environments, susceptibilities to epoxidation amelspnce of other functional groups,
that other substrates present would affect thevigctof the catalyst. Terminal alkyl
olefins are less electron rich and therefore lessilye epoxidised than many other
alkenes, as is regularly observed in catalytic efaiton studies. The epoxidation of
1l-octene would therefore be expected to proceedenwlowly than that of
ciscyclooctene. A comparison between the activitiessydftems employinda and
MTO-pyridine as catalysts in the epoxidation of cteme was therefore made.
Additionally, to investigate any difference in tlstabilities of the catalysts when
exposed to aqueous;Eh, the catalytic tests were repeated after the ysttahad been
stirred with the oxidant for 2 hours prior to theaction. The results are summarised

below in 0.
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2.1 MTO Catalysed Epoxidations

Scheme 2.3. MTO catalysed epoxidation of 1-octene

MTO
/\/\/\/ . /\/\/\<\
30% H,0, 0
Table 2.3. Solventless 1-octene epoxidations with and witreadalyst pre-treatment
with H,O, 2
Entry Ligand Time stlr.red W|th H,0, prior to Yield (%)"
commencing reaction (h)
1 Pyridine 0 50
2 A 0 58
3 Pyridine 2 23
4 A 2 56

& MTO (0.025 mmol), 30 % 4, (3.0 equiv.), 1-octene (0.585 mL, 3.65 mmol),rdy&.1 mmol), r.t,
treacion= 18 h.” Determined by GC analysis.

Comparison of entries 1 and 2 shows that the t@talysts had relatively similar
activities, the yield obtained employirig only slightly greater than that obtained with
MTO-pyridine. This would seem to indicate that Hetence in the catalyst solubilities
Is not a factor affecting the conversion rates harenore likely explanation is a slight
difference in the activities of the catalysts agittstability to decomposition during the
course of the reaction. Entries 3 and 4 providelewe supporting the latter. A
comparison of the yields observed in entries 2 dndeveals only a negligible
difference, indicating that compoudd underwent no significant decomposition during
2 hours stirring with aqueous,8,. In contrast, yield was observed to decrease ey ov
50 % between entries 1 and 3. Stirring the cataly$t hydrogen peroxide produced a
change which was highly detrimental to the actiwafythe system, with decomposition
of the catalyst the most probable explanation. Nbt& HO, decomposition by the
MTO is unlikely to be responsible for the diminishgield; previous studies have
shown that MTO compounds do not in fact decompog®,td0 this should not be a
factor” Compound la therefore appears to possess a far greater staldi
decomposition by aqueous hydrogen peroxide thanpysdine analogue, which
indicates a potential for higher yields and TONs\d asubsequently this was

appropriately investigated as will later be diseuakss
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Attention then shifted to the investigation of trenge of olefin substrates to
which the solventlesga/H,O, epoxidation system might be applied. A selectién o

olefins were thus tested, the results summarisddiliie 2.4.

Table 2.4. Solventless olefin epoxidations employing MPQOas catalyst

Entry Olefin Yield (%)
1 cis-Cyclooctene Q 100"
2 1-Octene P a4 55°

3 trans-2-Octene N 100°

4 trans-4-Octene N T 95°¢

5 Cyclohexene C> 100"
6 Styrene \—Q 95°¢

7 Allylic alcohol BN 80°

8 Ethyl acrylate /—-{ <5°¢
/ OEt

& MTO (0.025 mmol)A (0.1 mmol), 30 % kD, (3.0 equiv.), olefin (3.65 mmol), r.teation= 18 h.
® Determined by GC analysisDetermined byH NMR integral analysis.

The cyclic olefins,cis-cyclooctene and cyclohexene were found to convert
completely within 18 h (entries 1 and 5 respectiv@lable 2.4), as expected for these
activated substrates. Amongst the alkyl olefing itmactive primary olefin 1-octene
converted slowly, giving only a 55 % yield (entry able 2.4) whilst the more active
secondaryrans2- andtrans-4-octene substrates converted almost completetyi¢er8
and 4 respectively, Table 2.4). In many epoxidaggstems styrene has a tendency to
hydrolyse, undergo C-C splitting reactions and awedise, leading to products such as

benzoic acid and benzaldehyde, though there wavidence of such products here and
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2.1 MTO Catalysed Epoxidations

almost complete conversion to the epoxide was E=#ny 6, Table 2.4). The oxidation
of allylic alcohol (entry 7, Table 2.4) was chemlestve and a good conversion to the
epoxide was observed, indicating that the closeiprty of the alcohol group did not

present a problem. However, only trace evidencthefepoxide was observed in the

epoxidation of ethyl acrylate (entry 8, Table 2.4).

2.1.3.3Attempted epoxidation of propylene with the MTOadgsts

Having observed from the results shown in TabletBat the MTOA catalyst
was capable of catalysing the epoxidation of aeggriof even relatively inactive
substrates, the possibility that it might be capabf catalysing the industrially
important epoxidation of propylene was considefechpylene oxide is an important
chemical intermediate in the production of a raofegroducts, including polyether
polyols (used to produce polyurethane plasticg)pyene glycols and propylene glycol
ethers. Until recently it was generally produced fydrochlorinatiort®® but several
oxidative processes now account for a significardpprtion of propylene oxide
production, including the Halcon process with omaydroperoxo oxidant®® and the
HPPO process which employs,®.'°” Since propylene is a gas under standard
conditions the study of its oxidation was more cbogped than the liquid substrates
previously investigated. Reactions were theref@adgomed in octane, which was able
to dissolve the propylene substrate, with the aasiebydrogen peroxide oxidant
forming a separate phase. The reactions were dawtiein a special pressure reactor,
applying initially a 4 bar pressure of propylenavéh the reactor volume (~160 mL)
this was calculated to correspond to approximateB8 mmol propylene loading. The
pressure was observed to drop quickly to aroundrhce stirring was initiated due to
dissolution of the propylene in the organic solvphase, which visibly expanded in
volume. The epoxidation was attempted using MTO,Q¥dyridine and MTOA as
catalyst precursors. For these reactions an aseassmterms of TON relative to the
catalyst loading was more appropriate than thetimagield. The results of the study
are shown below in Table 2.5.
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Table 2.5. Propylene epoxidations with MTO cataly8ts

Entry  Catalyst TON

1 MTO 0
2  MTO-py” 0.2
3 MTOA® 14.5

4 MTO (0.025 mmol), propylene (4.0 bar, 28 mmol)986L,0, (1.5 equiv., 42 mmol), r.t.edeion= 12 h,
yields determined by GC analysigyridine (0.1 mmol)° A (0.1 mmol).

Comparing entry 1 (Table 2.5) with entries 2 ar{d@ble 2.5) it appears that the
presence of a base species was required to induaepaieciable level of conversion, no
epoxide being detected when only MTO was employsdcatalyst. Visually, the
behaviour of the system which employ&dis base additive differed significantly to the
other two reactions. In the absence of base andenhgidine was used (entries 1 & 2,
Table 2.5), immediately after charging the system iatense yellow colour was
observed in the lower aqueous phase, though wiithénminutes this colour faded and
the reaction thereafter remained colourless througkhe course of the reaction (see
Figure 2.2 (b)). In the system which employ&das additive (entry 3, Table 2.5) the
yellow colour was instead observed in the orgammase, and the colouration did not
appreciably fade even after 12 h of reaction (FegRr2 (a)). The reasons for these
observations are likely hydrolytic decompositiontioé¢ catalyst in the former systems,
due to dissolution of the MTO catalyst complexhe faqueous phase, and stabilisation
of the MTOA catalyst in the organic phase in the latter, wheeveas protected from
substantial decomposition for the duration of #&ction. Moreover the rapid formation
of a strong yellow colour indicates that the MTOsvill easily able to react with the
hydrogen peroxide to form the peroxo complex. imte of TON the MTOA system
was indeed found to be very markedly more activantkthe other systems; in the
absence of base no conversion was detectable dgdaomace amount of epoxide
product was produced by employing pyridine, resgltin an extremely poor turnover
of just 0.2. However, the yield of propylene oxideasured after 12 h of reaction was
still only 14.5, indicating that the latter systevas still only fairly poorly active. Given
that formation of the rhenium-peroxide complex lmstsystem appeared to be fairly
rapid it therefore seems likely that the poor attivesulted from the limited capacity of
the peroxide complexes to transfer an oxygen atothd substrate. The poor rate of the
epoxidation in this system is put into context lopmsidering the TOF for the reaction,
which is only just over 1°h Further development of this system might be actfike

through consideration of how the transfer of oxy@em the peroxo complex to the
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2.1 MTO Catalysed Epoxidations

substrate might be accelerated, perhaps achievialdagh the use of additives or a
different PDMS functionalised ligand. However thias not further investigated as part

of the studies presented here.

Figure 2.2. Colouration of the octane phase after 12 h of reacivhen (a)

MTO-A and (b) MTO-py was employed as the catalyst psszur

T ¥ | "D

(a)

2.1.3.4Investigation of N-donor bases in solventless @maiions in the presence of

very low (0.005 %) MTO catalyst loadings

It was previously shown that in small scale reaxgtiemploying ~0.68 % MTO
and ~2.7 % base in the epoxidation a$-cyclooctene, only minor differences in
activity are observable between systems emplogirand pyridine as base (Table 2.1).
However, a further study was conducted using a nloarer MTO:substrate ratio,
raising the maximum achievable TON to 20,000. Untlese conditions, differences in
the maximum achievable yields, resulting from tlaalyst lifetimes, for the systems
tested should become apparent. A series of reactiomploying only 0.005 % MTO and
1 % of the selected N-donor base were thus runTabke 2.6).

Table 2.6. Solventlessis-cyclooctene epoxidations with a very low catalgsiding®

Entry Ligand Yield (= conversion)” TON
1 Pyridine 0.23 % 45
2 3-Methylpyrazole 0.30 % 61
3 3-Methylpyrazolé 0.66 % 133
4 4-Tridecylpyridine 0.06 % 12
5 A 11.60 % 2320

AMTO (7.310* mmol, 0.00005 equiv. 11 mM in gE},), ligand (0.146 mmol, 0.01 equiv.), 30 % (3
equiv.), cis-cyclooctene (2 ml, 14.6 mmol), ftethn = 17 h.” Determined by GC analysi$0.1 equiv. of
ligand.
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A comparison of entries 1 and 5 now shows a ctktierence between the
conversions achieved using unsubstituted pyridemgry 1, Table 2.6) and (entry 5,
Table 2.6), with a far higher yield and thus TONaoed in the MTQA system. A trial
was also performed using 4-tridecylpyridine (ertryTable 2.6), but this system also
performed poorly. The highest TON yet observed m MTO catalysed olefin
epoxidation was 20,000, employing 10 % 3-methylpgta in the oxidation of
cis-cyclooctene in chlorophorfi. Under solventless conditions, this reaction was
attempted using both 1 % (entry 2, Table 2.6) a0d% (entry 3, Table 2.6)
3-methylpyrazole, but in neither case were the TQNserved even nearly of the
magnitude of those with MT@- Thus, in the solventless epoxidation of
cis-cyclooctene by MTO, the addition of just 1 % Afresulted in yields many times
higher than those observed for simple bases typi@hployed in these reactions.
Notably the yield was considerably higher than tbbserved even when 10 % of
3-methylpyrazole was employed, established as @émapsystem when carrying out
this epoxidation in chlorophorfii.The greater activity of the MT®-system seems to
result from the catalysts high resistance to deasitipn compared to other MTO-base
systems.

Such a stabilisation of the catalyst could conaleiy arise due to the ligand
having a relatively high resistance to oxidationit® N-oxide. For reasons already
discussed in the introduction section, this woukel{ result in both higher catalytic
activity and resistance to irreversible decompositof the Re-Ckl bond and would
explain the superior results observed for the MA@ystem. Elevated yields observed
in epoxidation systems employirgy in conjunction with oxobisperoxomolybdenum
(see Section 2.2.7.1) also lend some credence iso hypothesis. The oxidation
resistance of the ligand might result from protctthat its emulgent nature accords.
However, actual experimental evidence regardingothidation ofA in such catalytic
systems remained elusive, and this theory as sewwlains speculative. Evidence for
another manner in which such a stabilisation magige was provided by a theoretical
study conducted independently of the work coverete}f® DFT calculations were
carried out for several model MTO complexes whicd shown below in Figure 2.3
The studied models correspond ta complexes of both the andp hydrosilylation
products with short PDMS chains (modéisand lii respectively). These were also

compared with the (4-heptylpyridine)methyltrioxoninem complex Liii), appropriate
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2.1 MTO Catalysed Epoxidations

since inliii the alkyl chain function has the same number afatas the PDMS chains

in 1i, and1lii,.

Figure 2.3. Models used in the DFT study
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Optimised structures fatip, lii, and liii are shown below in Figure 2.4. No
significant energetic differences between drendp isomers were calculated. However,
when the optimised geometries and structural paemnhefli, andlii, were compared
with 1iii interesting differences were observed. In dotrandlii, the PDMS chains are
observed to have moved into proximity with the digands of the rhenium, indicating
C-H O interactions. In contrast such an interactiomas observable inliii. The
importance of such interactions in MTO has beewiptsly investigated®® and the
computed C-HO lengths of 2.749 and 3.581 Aif) and 2.673 and 2.789 Ai(,) are in
the range of those previously calculdfédnd observed experimentally via diffraction
method$™ for MTO. The electronic energy calculated for theH O interactions is
small but significantda. 2 kcalmol™) and these interactions may be a factor in the

catalyst stability of the MTQG\ system.
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Figure 2.4. Optimised structures of model compoudds lii,, andliii
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In summary, the activity dfta was compared with that of MTO-pyridine and in
several cases the PDMS functionalised catalyst emserved to possess significant
advantages. For the epoxidationcafcyclooctene with 30 % aqueous®} as oxidant,
the influence of the solvent and temperature wevestigated, concluding that whilst
the PDMS did not confer any solubility advantagesnein hexane, it did result in the
catalyst being more resistant to decompositiongitdn temperatures. It is also notable
that, unlike PDMS membranes which can act as aidoato HO, and preclude
oxidative catalysis, the PDMS supported catalystoimpatible with the aqueous 30 %
H,O, oxidant. In studies of catalytic activity in thbsence of solvent, compouda
was found to offer faster, more selective converdiean the MTO-pyridine analogue,
with the catalyst also much more resistant to dguasition. It was concluded that this
is due, at least in part, to the capacity of thé/Fxo solubilise the coordinated MTO in
the olefin more effectively than unfunctionalisechabbgues. This solventless
epoxidation system was successfully applied to retwyaof olefins achieving good
epoxide yields in many cases. Additionally, theabat also performed well when the
MTO-base:substrate ratio was lowered in order t@stigate the maximum attainable
yields in the epoxidation afis-cyclooctene. Apparently as a result of superidalgat
stability a far higher TON was achievable usingMiEO-A catalysed system compared
to other typical MTO-base combinations. In the axion of propylene performed in
octane,la was markedly more active than non PDMS functicealianalogue catalysts
apparently due to higher stability probably resigjtirom stabilisation of the catalyst in
the organic phase. However, the activity was stithtively poor apparently due to the
low rate at which peroxo oxygens transferred tosthiastrate.
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2.2 Oxobisperoxomolybdenum(VIl) Complex Catalysed Epoxidtions
Part A: in lonic Liquids

2.2.1 Molybdenum trioxide as an olefin epoxidation catalgt precursor in 1-butyl-

4-methylimidazolium hexafluorophosphate (Gmim-PFg)

As was previously discussed in the introductiorefinl epoxidations can be
accomplished employing compounds of a variety o#&ngdition metals as
catalysts/catalyst precursdfs’® From an economic and environmental perspective, th
use of simple, cheap and commercially availableyba#num compounds in such a
capacity would offer significant advantages ovenynather known processes. On this
basis, this study of homogeneous oxobisperoxomelyboh catalysed olefin
epoxidations using molybdenum compounds such astrib&ide or ammonium
molybdate as catalyst precursors was initiated. yb#énum catalysed epoxidations
often employ organohydroperoxides, particulaeyt-butyl hydroperoxide (TBHP) as
oxidants. Preferable however would be the use dfdgen peroxide, which is cheaper
and generates only benign oxygen and water as wgspeoducts. Problematic in the
use of many oxo-molybdenum compounds as homogeneatasysts is their poor
solubilities in commonly used reaction solventsc&ese of their excellent solubilising
properties, the use of an ionic liquid as the lieactnedium is one way in which this
problem could potentially be solved. 1-Butyl-3-mgimidazolium
hexafluorophosphate (@im-PF) is a very commonly used, relatively low cost mni
liquid which interestingly has only a fairly low saibility with water.

2.2.1.1nvestigation of Mo@as a catalyst precursor

As in the previous study of MTO catalysed epoxifagi cis-cyclooctene was
selected as the olefin substrate. To begin withrdaglily available molybdenum(VI)
compounds molybdenum trioxide, Mg@@nd ammonium dimolybdate (N}AMo,0-,
and several solvent and oxidant combinations wevestigated. With the objective
being to use hydrogen peroxide as the oxidant,Hw®, sources were investigated, 30
% aqueous solution and the urea-hydrogen peroxidach (UHP). Several commonly

used solvents were tested in order to make congrexisvith the ionic liquid

75



Results and Discussion

Csmim-PFK;. The results obtained in this study are shownvbetoTable 2.7. Detailed
descriptions of the experimental procedures cafobad in the experimental section

and the reaction conditions are given in the subttethe relevant results tables.

Scheme 2.4. cis-Cyclooctene epoxidation system

Mo Catalyst
Oxidant
Solvent

60°C, 18 h

> O

Table 2.7. Molybdenum catalysed cyclooctene epoxidatibns

Entry Solveni Precatalys! Oxidant Conversior (Yield) "
1 - UHP <5 (<5)
2 _ (NH;)-M0,0;, UHP >90 (>90)
3 Csmim-PFs MoO; UHP >90 (>90)
4 MoO; H,O» 100° (0)°
5 [Mo(O)(O,)2(bpy)] UHP >90 (>90)
6 (NH4)2M0,0; UHP 0 (0)
7 MeOH MoOs UHP 1 @)
8 (NH4)2M0207 UHP 0 (O)
9 H,O MoO; UHP <5 (<5)
10 MoO; H,O <5 (<5)
11 CH.CI, (NH4)2M0,0; UHP 0 (0)

2T = 60°C, t = 18 hgis-cyclooctene (1.0 mmol), UHP (1.5 mmol) cata§@25 mmol), ¥en= 5 ml.°
Conversion and yield were calculated by weight BiMR of product® Conversion to cyclooctane-1,2-
diol was observed.

The only solvent/oxidant combination in which sigrait conversion to the
epoxide was observed wasn@m-PF with UHP. The conventional solvents,®|
MeOH and CHCI, (entries 6-11, Table 2.7) gave, at best, extretolyyields (<5 %)
of the epoxide product. It is likely that an imgort factor which limited conversion in
these cases was the inability of these solventiiseolve all of the reaction components
(i.,e., UHP is insoluble in @CH, whilst cyclooctene is insoluble in water). In
Csmim-PR; almost complete reaction was seen after approeimdi8 h using both
(NH4)2Mo0,0; (entry 2, Table 2.7) and MaQ@entry 3, Table 2.7) as catalytic precursors.
Compared to the other systems tested, the capakittye Gmim-PF to sufficiently
solubilise all of the component compounds of thectien seems the likely explanation
for the activity of this system. Epoxidation cleapyoceeded via a metal catalysed

mechanism since no conversion was observed inkibenae of a molybdenum species
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(entry 1, Table 2.7). The use of aqueous hydroggoxide as the oxidant resulted in
complete conversion of the olefin but with no yieldepoxide (entry 4, Table 2.7). This
is attributable to ring opening hydrolysis of theoride, giving cyclooctane-1,2-diol.
The acidic molybdenum centre catalyses this realffo'”* which would have been
facilitated in this system by the high concentmatedf water. Using the dry hydrogen
peroxide source UHP seems to sufficiently limit éwailability of water to prevent this
reaction. Additionally, it is worth noting at thigoint the low basicity of the urea
by-product (K, = 0.18); it can be considered unlikely that ures lany important
influence as a coordinative species in the systém. best result obtained is shown by
entry 3, where the reaction ing@m-PF using UHP catalysed by the cheap and
commercially available molybdenum trioxide gaveextellent conversion. Note also
the equally high conversions seen in entries 2 &nébor the dimolybdate and
[Mo(O)(Oy)2(bpy)] species. In the former case it is likely tthhe molybdate is a
precursor for the same catalytic species as igeauthen the trioxide is employed, and
largely identical results are thus observed. Bdsumed that the catalytic species is an
oxobisperoxomolybdenum, as employed in the lattenere such a species was
observed to give a similarly high conversion. Instlcase, the bipyridine had no
discernible effect upon the rate of reaction, thoughould be noted that this contrasts
the results of later studies presented here (sbéeTall, Table 2.12 & Table 2.23),
where bipyridyls were determined to have an inbiyit effect on the rate of
epoxidation. This will be discussed in more ddtir on.

The results presented in Table 2.7 are notablbanthey are the first reported
examples of an oxobisperoxomolybdenum catalysefinokpoxidation in an ionic
liquid.'”® Use of MoQ as a convenient and cheap catalyst precursor i® th
transformation has been recently reported, thougihguert-butyl hydroperoxide as
oxidant in toluené’® It should be noted that the system described feepgires a rather
long reaction time and high temperature when coethan optimal examples of Mo
catalysed olefin epoxidation, for example compaith the work of Bhattacharyya and

co-workerss?
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2.2.1.2Recycling the catalytic system

In continuation, the recyclability of the cataljshic liquid mixture left after
product extraction was then investigated. This wedl known advantage for many
catalysed reactions in ionic liquids with reporig@cedents’* Recycling the system
could lead to several advantages such as a bettever number and atom economy. A
problem in the case of this system is that the afs&/HP as oxidant results in an
accumulation of urea in the reaction medium whgmot eliminated in the extraction.
Two possibilities exist for its removal; a waterskieor its precipitation and removal by
filtration. Washing with water would likely be vesffective in removing the urea but
catalyst leaching could be a problem. It was fothmat dissolving the ionic liquid in
dichloromethane caused the dissolved urea to ptatepand reduced the solvent
viscosity, allowing its removal by filtration. Sirltaneous precipitation of the catalyst
was considered a potential problem, but visualgréhwas no evidence of this as the
filtered urea was colourless whilst the ionic liduetained the yellow colouration of the
catalyst. Dichloromethane was subsequently remowvelgr reduced pressure and after
the new addition of UHP and cyclooctene furthealyaic cycles were attempted (Table
2.8).

Table 2.8. Recycling catalytic ionic liquid systerfis

Catalyst MoO; Mo,0+(NH4),» MTO
Run 1 2 3 4 5 1 2 3 4 5 1 2
Conversion (%) | >90 >90 75 30 -1 >90 50 10 5 -l >90 -

8T = 60°C, t = 18 h, cis-cyclooctene (1.0 mmol), UHPS mmol), catalyst (0.025 mmol),ndm-PF;
(5.0 mL).” Conversion and yield were calculated by weight BiMR of product.

For the two simple molybdenum species tested itfaasd that effective re-use
of the catalyst/ionic liquid system was feasibletj\ee catalyst clearly remaining in the
ionic liquid after product extraction and removéaresidual urea. However after several
cycles yields were seen to decline significantiyelly due to leaching of the catalyst
either when the product was extracted with dietktyler or possibly with the urea
during filtration. Leaching was significantly fast@hen using the molybdate precursor
rather than the trioxide, though a reason for ithisot apparent. For comparison a study
was also carried out using MTO, a very active egatxon catalyst (as seen in Section
2.1), in place of a molybdenum precursor. In théseca complete conversion was

observed for the first cycle but thereafter theeysbecame inactive. This is probably

78



2.2A [Mo] Catalysed Epox. in ILs

due either to decomposition of the catalyst orcisnplete extraction along with the
product. In a previous investigation employing M&©®an olefin epoxidation catalyst in
an IL similar results were reportétiWhilst the recyclability of the molybdenum based
systems was admittedly limited, with at best a T@Ninder 150 for even the M@O
system, by the new addition of Me@ was found that the system could be reactivated
again, without the need for fresh ionic liquid.

2.2.1.3Application to other substrates

With an effective epoxidation system now establishis efficiency in the
epoxidation of a greater range of substrates, kkytie relatively activated
cis-cyclooctene was investigated. This study empldixedsame experimental set up as
previously described for entry 3, Table 2.7, buthwseveral different olefin substrates

in place of cyclooctene. The results are shownvb@hoTable 2.9.

Table 2.9. Molybdenum catalysed epoxidations of several ofefinGmim-PF #

Entry Substrate Conversion (Yield)’

1 Cyclohexene @ 73 (73)
2  1-Octene P a4 4 (3)
3 trans2-Octene PN g 21 (13)
4  trans4-Octene P N 21 (12)
5 cis-2-Heptene 57 39

P /\/\) (39)

\

6 Styrene 57 (10)

OH
7 Cyclohexen-1-ol O/ 0 0)
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8  Allylamine HaN -~ 0 (0)

T =60°C, t = 18 h, @nim-PK, (2 ml), olefin substrate (1.0 mmol), M@@.5 % equiv.), UHP (150 %
equiv.).” Conversion and yield were calculated by weight BiMR of product.

A relatively high conversion with complete seleityi for the epoxide was
observed for the cyclic olefin cyclohexene (entryfable 2.9), although the conversion
was significantly short of complete, demonstratihgt the system was somewhat less
active toward this substrate comparedciecyclooctene. Only a very low level of
conversion was seen for the terminal aliphaticiolg&foctene (entry 2, Table 2.9) which
is electronically a poorly activated substrate. héig though still relatively poor, yields
were obtained for the secondary aliphatans-alkenes 2- and 4-octene (entries 3 & 4,
Table 2.9), with hardly any difference in the igethyields in either case. There was
also evidence of a significant level of epoxide foygsis for these substrates. It could
seem odd that these epoxides would be quite sdyhiginerable to hydrolysis given
that only low levels of water, generated as a bgped from the UHP oxidant, should
have been present in the systeris-2-Heptene (entry 5, Table 2.9) was found to
convert slightly better than thigans substrates perhaps indicating that it was more
activated towards epoxidation in this system. Agam discrepancy between yield and
conversion indicated that some product might haendost to hydrolysis. A moderate
conversion, but poor yield was recorded for styr@mdry 6, Table 2.9), this epoxide is
known to be very susceptible to hydrolysis in tiespnce of an acidic catalyst and this
result would appear to indicate that even the reduevel of moisture present in this
system was still sufficient to destroy the majowtythe product soon after it formed.
The enol substrate, cyclohexen-1-ol (entry 7, T&®9 did not convert appreciably and
allylamine likewise showed no evidence of convergientry 8, Table 2.9), probably as
a result of interference by its highly coordinatamine group. In summary, the system
showed itself to be active in the epoxidation ofesal classes of olefin substrate.
However the yields obtained were always incompédter 18 h and despite the very
reduced levels of water in the system due to the afsa dry oxidant, there was

substantial evidence of hydrolysis in many cases.
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2.2.2 Influence of coordinating N-bases and elongated ILN-alkyl chains on

oxobisperoxomolybdenum epoxidation with aqueous #D,

The initial study (Section 2.2.1) had demonstrated using UHP as oxidant in
oxobisperoxomolybdenum catalysed cyclooctene edixids in Gmim-PF;, complete
conversion could be achieved after 18 h at 60 Wwever, there are several respects in
which this system could be significantly improvéthe reaction is slow, particularly
when compared to the optimum examples of molybdecatalysed epoxidatioffs® or
epoxidations employing more active cataly$tsAdditionally, the UHP adduct is not an
ideal oxidant for this reaction firstly due to taecumulation of urea residue which must
be removed from the system, which consumes solvamdsis work intensive, and
secondly since it is a solid reagent and wouldrim®mpatible in any continuous flow
type system, the development of such a system landeal objective for a catalytic
investigation such as that here. Aqueous hydrogaoxme would be a preferable
oxidant, it is cheaper than UHP and it is a ligsadution which leaves only water as a
by-product, which is more easily removed than wmed carries a lower environmental
risk. However in the system previously discusseldilstvits use resulted in complete
conversion of the olefin, the product was complelsidrolysed to the diol (see entry 4,
Table 2.7). Investigations therefore proceededXamening strategies by which these

issues might be addressed and permit the use ebaguiO; as oxidant.

2.2.2.1Effects of N-alkyl chain length and presence ofigime when using aqueous

H-0, as oxidant

By employing a reaction medium with a lesser wateiscibility, the
concentrations of water available for hydrolysiswdobe reduced and epoxide opening
should thus be inhibited. One way of reducing tregew miscibility is to increase the
length of the 1-alkyl chain on the imidazolium oatiof the IL reaction medium.
Concurrently, the solubility of some olefin substsamight increase, improving the
versatility of the epoxidation system. Also, thediéidn of coordinating base species
was investigated, starting in this preliminary stwdth the effect of pyridine. As will
latterly be discussed, coordinating base specightnuiotentially induce both rate and

selectivity enhancements in such an oxidation gyste
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Table 2.10 shows the conversions and epoxide y@bderved in imidazolium
type ILs with varying 1-alkyl chain lengths, hexaftophosphate or tetrafluoroborate
anions and with the two different,8, oxidants (aqueous and UHP adduct). Also
shown are the results obtained where 20 mol % pyittad also been added to the
system, to see what effect this simple coordinabage species might have on the

reaction.

Table 2.10. Effects of varying alkyl chain lengths, aqueougOk and addition of

pyridine®

Entry Solvent Oxidant Base Conversion (Yield)
1 . H,0O, - 31 (9)
o Camim-BF, H0,  Pyridine 31 (10)
3 UHP - 99 (99)
4  Csmim-PF H,0, - 97 (0)
5 H,O- Pyridine 75 (48)
6 UHP - 77 (77)
7 Cgmim-PFB H,O, - 97 (21)
8 H,O, Pyridine 97 (97)
9 - H,0; - 95 (95)
10 Cmim-Pk HO,  Pyridine 93 93)
11 Clgmim-PFBI H>0, - 32 (15)
12 Cgmim-PFK HO, Pyridine 31 (15)

aAqueous [Mo(O)(©)»(H,0).]" 0.025 mmol, pyridine (where relevant) 0.20 mmaidant (30 % HO,
(ag) OF UHP) 3.0 mmol, cis-cyclooctene 1.0 mmol, salZed mL, 18 h, 60°C. Extraction with pentane (3 x
3 mL), yields and conversions calculated by GC.

As a result of its smaller, slightly more polatréfuoroborate anion, the
Csmim-BF;, ionic liquid (entries 1 & 2 Table 2.10) is sigrdintly more miscible with
water than its hexafluorophosphate counterpartwds thus able to solubilise the
aqueous kD, along with all of the other reaction componentshi@ quantities present
in the epoxidation system, leading to a compleleynogeneous reaction. In spite of
this, after 18 h conversion of the olefin was faors of complete (31 % in each case), in
contrast to the equivalent reactions in the hexafiphosphate IL (entries 4 & 5, Table
2.10) where effectively complete conversion wasea@d after this time. The addition
of pyridine to the BEF system apparently had no effect either on conversr
selectivity. The factor inhibiting efficient convaon is not clear, though the slightly

more strongly (though still relatively very weaklygordinating B anion may interfere

" The aqueous solution resulting from the dissotutid MoO, in aqueous kD, actually consists of
several molybdenum species in equilibrium (see R&#) but will hereon be referred to simply as
aqueous [Mo(O)(©2(H,0),]. For details on the preparation of this solutiee Section 3.6.1.
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unfavourably with the catalytic mechanism or thesitu IL-H,O medium may
constitute a poor media for the reaction for som&son. When the results obtained
using aqueous ¥, in the absence of pyridine in the@m-BF, and Pk ILs are
compared it appears strange that hydrolysis ofefiexide product is complete in the
PR media, which has a lower miscibility with wategtbncomplete in the BFmedia.

It is possible that this is due to the faster @tepoxidation in the former, where the
substrate completely converted after a short tinge thus vulnerable to hydrolysis for
the remainder of the 18 h reaction time. In théefamuch of the epoxide that was
detected was likely more recently formed and thag leen able to survive until the end
of the reaction time.

Moving on to the results obtained in the hexaflpivasphate ILs and
considering first the reactions performed withoutigine, in the 1-butyl ionic liquid,
conversion was complete when utilising eithgOrHand UHP as oxidant (entries 3 & 4,
Table 2.10) but when the aqueous oxidant was eraglthyere was complete hydrolysis
of the epoxide to the di-alcohol. In contrast, Ug&ve no hydrolysis and complete
selectivity for the epoxide. When using aqueou®OHin the 1-octyl ionic liquid,
complete conversion was again observed (entry BleTa10), but this time hydrolysis
of the product was not complete and a low yieldhef epoxide product was obtained.
This result clearly indicates that the longer alklghin of the @nim-PF was having
some effect in preventing hydrolysis, presumablydeyering the solubility of water in
the medium relative to the,@im-PF. Employing UHP in this solvent resulted in a
lower rate of reaction than observed in the otleactions, though selectivity for the
product was again 100 % (entry 6, Table 2.10), gggshdue to UHP having a lower
solubility in Ggmim-PF. Finally, in the 1-dodecyl medium, nearly completaversion
with complete selectivity for the epoxide was olbedr despite using aqueous
(entry 9, Table 2.10). To summarise, in the abserica coordinating base additive,
conversion was always high (>95 %). However, asatkg chain length was increased
from G, to G to G, the selectivity toward the epoxide increased fl@® to 100 %
(entries 4, 7 & 9 respectively, Table 2.10). Longkyl chain lengths in these ILs result
in a reduced capacity to solvate water, which migatl to a lower rate of hydrolysis of
the epoxide product to the di-alcohol, which wolbisupported by the results observed
here.

Having observed the better results obtained indhger chain ILs a composite

media consisting of a 1:1 wt % mixture ofg@im-PKk and Gmim-PR was also
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investigated. gmim-PF; itself has a melting point well above the 60 °Colayed for
the epoxidations and is thus unsuitable to usbesd reactions on its own. Mixed with
Csmim-PFK; though, the melt point falls below 60 °C permitits employment as art of
a composite reaction media. In contrast to the mpaciatic ILs however, the results
obtained in this medium were poor, with conversiohsenly approximately 30 % even
after 18 h (entries 11 & 12, Table 2.10). The addibf pyridine affected neither the
conversion nor the selectivity, with yields of 15 r&&corded in both cases. Visually,
these reactions were extremely clouded in appearand it may well be that the media
was unable to solubilise some of the reaction camapts as effectively.

The addition of pyridine was shown to greatly irage selectivity for the
epoxide product (entries 5, 8 and 10, Table 2.b@)pared to equivalent reactions in its
absence (entries 4, 7 & 9, Table 2.10). This waeleim to indicate that pyridine inhibits
hydrolysis to the di-alcohol, the possible mechantd which will be discussed later
(see Section 2.2.4.1).

Following this study it was concluded that the oyt reaction medium was the
C1omim-PFR;, with the Gmim-PK; type monospeciatic IL media generally providing th
best reaction conditions. In the BR the rate of epoxidation was very significantly
reduced which dissuaded its continued study asarfedithis reaction. Increasing the
alkyl chain length improved selectivity, but in teemposite IL which contained a
proportion of the octadecyl species, poor resuksewobserved, maybe due to poor
solubility, which would suggest that the dodecykdps was close to optimum. The
addition of pyridine had a strongly positive effectthe selectivity for the epoxide.

2.2.2.2Comparison of base additives

Having established that the addition of pyridingarently inhibits unwanted
hydrolysis of the product, this aspect of the studg extended to investigate a range of
coordinating N-donor bases in this capacity. Thgontg of species tested were
nitrogen-heterocyclic bases common to chemicalritibaes. The principle objective of
the investigation was to look for patterns in cgialactivity and selectivity related, for
example, to the K/donor strength or steric factors. Since complet@version would
be undesirable for the purposes of making compasistihe reaction time was reduced
to 2 hours. Table 2.11 shows the results obtainedis study.
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Table 2.11. Molybdenum catalysed epoxidations of cyclooctenghe presence of
selected N-donor base additives

Entry Base Additive [pK] Solvent Conversion (Yield)
1 ClsCH 17 (1)
2 Csmim-PFk 29 9
3 None Cemim-PR, 38 (25)
5 " Csmim-PFK; 41 (16)
6 Benzonitrile Comim-PF; 44 (34)
7 . Csmim-PF; 29 (29)
8 Pyridine [5.25] Comim-PR, 49 (49)
9 Csmim-PFK; 31 (18)
10  4-Picoline [5.98] Csmim-PFK; 54 (54)
11 C1mim-PRy 46 (46)
12 Csmim-PFk 32 (23)
13  4-Picoline-N-oxide [1.4] Csmim-PFK; 39 (39)
14 Ci1zmim-PFKs 48 (48)
15 ' @i - b C4mim-PFe 18 (5)
16 2,2’-Bipyridine [4.30] Comim-PF; 19 (1)
17 . o i Csmim-PFg 16 (6)
1g 44-Dimethyl-2,2bipyridine [5.9F Comim-Ph 10 )
19 ClsCH 16 3
20 Pyrazole [2.5] Csmim-PFK; 63 (63)
21 Ci1zmim-PFKs 73 (73)
22 i Csmim-PFk 62 (62)
3 3-Methylpyrazole [3.3] Comim-PF; -8 (78)
24 ClsCH 23 (8)
25  3,5-Dimethylpyrazole [4.2] Csmim-PFK; 84 (84)
26 Clzmim-PFe 99 (99)
27 : Csmim-PF 48 (48)
8 Imidazole [6.95] Cmim-PF; 43 (43)
29 i _ Csmim-PFg 48 (48)
30 1-Methylimidazole [6.95] Cmim-PF; 44 (44)
31 i - Csmim-PFk 45 (45)
37 4-Methylimidazole [7.40] Cmim-PF; 44 (44)

% Aqueous [Mo(O)(§)2(H,0),] 0.025 mmol, base additive 0.10 mmol (where appatg), 30 % HO; (aq)
3.0 mmol, cis-cyclooctene 1.0 mmol, solvent 2.0 Tk,60 °C, t = 2 h. Extraction with pentane (3 x 3
mL), yields and conversions calculated by &@.05 mmol base additive.

The results shown in Table 2.11 allow several ola®ns regarding the effects
of the different classes of N-donor species onlg@taactivity of these epoxidation
systems to be made. Note that for monodentate idrdod1l molar equivalents of the
additive were employed, whilst for bidentate spec®05 was used with 0.025

equivalents of [Mo] in all cases.
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Benzonitrile: Benzonitrile did not notably affect the rate ofneersion, and
comparison with the corresponding results in theeabe of any additive (compare
entries 3 & 4 with 5 & 6, Table 2.11) indicates ttimydrolysis was actually slightly
more rapid in its presence, leading to lower saliégt This may have resulted from a
slightly increased concentration of water in thephase due to the presence of the
relatively polar benzonitrile, it is unlikely thatuch a weakly coordinating species
would have significantly affected the mechanismepdxidation or hydrolysis.

Pyridyls: The addition of pyridine (entries 7 & 8, Table P.linhibited
hydrolysis, as previously observed over 4 hourl@&.10), and complete selectivity
for the epoxide was observed in the longer chas No dramatic effect on catalyst
activity was observable, conversions were approteipdhe same as those observed in
the absence of base (entries 3 & 4, Table 2.11grdstingly, 4-picoline gave results
largely similar to those of pyridine (entries 9-Ilable 2.11), despite the notable
difference in the K, of the two species (5.25 and 5.98 respectivelgdifionally the
results obtained when 4-picoline oxide was addettiés 12-14, Table 2.11) were also
approximately the same as those for 4-picoline.ylddénum catalysts with coordinated
N-donor or N-oxide ligands should have fairly diffat electronic properties and
noticeable differences in catalytic activity mightis be expected. The fact that there is
little difference might indicate that the catalystthe same species in both cases: an
N-oxide complex. Such metal-peroxo complexes arewkn to efficiently convert
N-bases to their oxidé$®*"”and consequently it seems likely that prior tossahbtial
catalytic epoxidation taking place both pyridinelahapicoline were quickly oxidised to
their N-oxides, which were subsequently the onlgrdmating species present during
the respective catalytic epoxidations. Additiomgfidine to oxobisperoxomolybdenum
solutions in hydrogen peroxide results only in fbenation of N-oxide complexe<®
and analogous observations were made in this swiogn attempting to prepare
molybdenum-peroxo complexes of picolines, lutidared collidine (see Section 3.6).
N-oxides are much weaker donors than nitrogen basésthis would explain the
similarity in the activities observed with eitheyrgline or 4-picoline. The catalytic
oxidation of pyridine species with oxobisperoxonmmlgnum and D, seems to
proceed under facile conditions, indicating thas ttonversion is fairly likely to take
placein-situ in the catalytic reactions. To demonstrate thifrjdecylpyridine-N-oxide
was successfully isolated after mixing a solutiérd-dridecylpyridine in chlorophorm

with a catalytic amount of [Mo(O)(# »(H-0),] in aqueous hydrogen peroxide for only
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a few minutes at room temperature (see Schemee2osvph Unfortunately the higher
solubilities of pyridine and 4-picoline in water deathem more difficult to isolate in the
same way, but it is not unreasonable to assumbebadsis of their chemical similarity

to 4-tridecylpyridine that they would likewise umge oxidation.

Scheme 2.5. Molybdenum catalysed oxidation of 4-tridecylpyridiwith HO,

AN CiaHyy N CiaHyy

| [MO]/H 202

N _~ CHCl; o N~

Y

Bipyridyls: The bidentate bipyridyl ligands (entries 15-18bl€a2.11) were
found to actually inhibit catalysis, leading to lemconversions than those observed in
their absence (entries 2 & 4, Table 2.11). It maybted that this leads to a discrepancy
with one of the results previously obtained in gnim-PR/UHP system (entry 5,
Table 2.6), though this will be discussed later.comtrast to the monopyridyls it is
probable that the bipyridyls would coordinate tce timolybdenum as bidentate
N-donors, rather than N-oxid®8. A more extended study of
oxobisperoxomolybdenum-bipyridine catalysed epaxitas and the reasons for their
apparently retarding effect was subsequently caediiovhich will be discussed in
Section 2.2.2.4.

Imidazolyls: Fairly consistent results were obtained for thedamolyls. The
imidazole species tested (entries 27-32, Table)2nkte found to inhibit hydrolysis
giving complete selectivity for the epoxide. Corsiens were comparable to those
observed for pyridyls, at around 40 % (entries B,&Table 2.11). The fact that the
results were always similar despite the signifiadifferences in the i, values between
the different imidazole species tested would seenmdicate that the catalytic species
was similar in each case. Consequently, an obwaonglusion is that similar to the
pyridyls, in each case an imidazole-N-oxide spedm®ned in-situ prior to any
significant oxidation taking place, and the acyivif each system was thus very similar
due to the ligands no longer being significantlyfestent in behaviour and donor
strength. However, the reactivity of imidazoles Iwit solutions of

oxobisperoxomolybdenum in aqueougd4 was later studied further in an attempt to
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isolate such complexes. The results revealed thadazoles are actually prone to
oxidative decomposition making the presence oflstabidazole-oxide species in the
reaction for any significant length of time unlikelThis would still explain the
similarity in the results, since with the imidazalecomposed the active catalytic
species would consequently have been the same dn ease. These results are
discussed further in Section 2.2.2.3 below.

Pyrazolyls: Remarkable amongst the results shown in Table &édre those
recorded for the pyrazole species (entries 19-26)er2.11). In ILs, all of the pyrazoles
were found to significantly improve catalytic adtyy giving superior conversions when
compared with all of the other N-donor speciesesSelectivity for the epoxide was
also complete in all cases. Additionally, whilstrggole and 3-methylpyrazole gave
markedly elevated conversions, 3,5-dimethylpyrazes observed to produce an even
more active system. With the addition of dimethy§mple, complete conversion to the
epoxide was observed in the dodecyl ionic liquidhwi the two hours, the optimal
result encountered by this study. The use of oyaesxopyrazolylmolybdenum type
complexes as catalysts for oxidation reactions ddsnited number of precedents,
though apparently not in olefin epoxidation. Supgodr[Mo(O)(Q)2(H20)(pz)] has
been used to catalyse the heterogeneous oxidafisuliides™®° though advantages
resulting from  coordinated pyrazole went undiscdsse Additionally,
[Mo(O)(O2)2(dmpz)}] has been previously described as a homogeneatzhddl
oxidation catalyst!®! although the authors of this study again gaveeasan for their
selecting this specific complex as the catalyst.

Reaction mediaThe final observation to be made from these reselgards the
relative activities and selectivities observed daejireg on the solvent used. Firstly, in
every case where chlorophorm was used (entrie® andl 24, Table 2.11) conversion
was very markedly lower than in the ionic liquid diee with which it was compared.
Additionally, little better than trace yields ofethepoxide were isolated from these
reactions leading to the conclusion that chlorophds a very unsuitable solvent for
these reactions. It is likely that this is due he poor solubility of the molybdenum
species in chlorophorm which leaves them unabfariotion effectively as catalysts. Of
the ionic liquids, in Table 2.11 a general trendheveby conversion increased as the
length of the N-alkyl chain was increased was olegkiclearly in the absence of base
(entries 1-4, Table 2.11), for pyridyls/pyridyl-Nddes (entries 7-14, Table 2.11),
bipyridyls (entries 15-18, Table 2.11) and pyragolentries 19-26, Table 2.11).
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Additionally selectivity for the epoxide also immexd with the chain length. The better
selectivity in the longer alkyl chain ILs should thee to the lower solubility of water in
these media, which reduces that available for Hydim All reactions employing
aqueous b, with the Gmim-PF; ILs were biphasic, with a separate aqueous plsase,
the ionic liquid reaction medium would have beetursded with water in all cases and
water solubility was thus very important. The higlwenversions, and thus catalytic
activities, are less easily explained however. Eigéplubilities of one or more of the
substrate, catalyst or base additive in the ledarplonger chain ILs should be
considered possibilities for this observation, @lthh the cyclooctene was apparently
fully miscible with all of the ILs tested and thellpw colouration of the molybdenum
catalyst was observed exclusively in the IL (asaggpl to the aqueous phase) in all
cases. It is also possible that the lower conceotraf water not only results in reduced
hydrolysis but faster epoxidation. Water may besdblinhibit the reaction mechanism
in some way, perhaps in its capacity as an O-dbgand. The possibility that the ionic
liquids’ role in these reactions is more than thiad merely spectatorial solvent, with a
more active participation in the reaction mechanishould also remain open to
consideration. However, examination of any reagonthe activating effect of the ionic
liquids on the catalysis was not attempted in thdysdescribed here.

2.2.2.3Further investigation of the reaction between agsgMo(O)(Q)2(H20),)/H20,

and imidazoles

In order to better understand the imidazole oxwatsystems that had been
investigated, the isolation of the catalytic comxpke that were likely to fornm-situ in
these reactions was attempted. Through charadterisaf the catalysts, their activities
might be better explained. Based on the similariirethe catalytic activities of all of
the systems employing imidazolyl species as bad#iagk, it was considered possible
that the imidazoles would first undergo oxidatiortheir N-oxides before coordinating
to the metal to give imidazole-N-oxide complexes cabbisperoxomolybdenuri?
Also considered possible was that the imidazoleghtrsimply coordinate as N-donors,
as in the complex characterised by Martin-Zarz €¢

When 4-methylimidazole was reacted with the an agsesolution of
[Mo(O)(02)2(H20),)/H.0, several different products were obtained dependimghe
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reaction conditions. When the reaction was cardetiat a low temperature and the
solution maintained at around 4 °C, a yellow solNds observed to precipitate.
However, rather than an imidazolyl oxobisperoxorbdgnum complex,
characterisation by microanalysis, ICP, ESI-MS, dfd 'H-NMR indicated that the
species formed was a monometallic oxobisperoxona@gbm complex with an
empirical formula of MoGNsHio, thus implying the coordination and/or co-
precipitation of one or more species containingy grdrtially unsaturated nitrogen and
hydrogen. In spite of considerable effort, full chaerisation was not achieved
however.

When the solution resulting from the reaction ahdthylimidazole was heated
for a while different products were obtained. Byimt@ning the solution at a low
temperature for a period of weeks yellow crystagsenformed in the yellow solution.
These were not crystals of the compound descritbedea however, with elemental
analysis and ICP indicating an empirical formula agproximately Mo@C,;N2He.
Analysis by XRD® identified a heptamolybdate salt, the anion cdimgjsof a
heptamolybdate with several peroxo ligands but emrdinated organic fragments. At
the time of writing the cationic species were unitfeed due to disorder problems.

When this solution was evaporated more quicklyoanhr temperature, a strong
smell of formaldehyde was notable and once thetisolthad evaporated down to a
yellow oil, crystals of 1-acetylurea began to foriine molybdenum was therefore able
to facilitate the oxidative decomposition of 4-mgdtmidazole to these products.
Scheme 2.6 below shows the oxidative decomposdiof-methylimidazole, amongst
the “other oxidation products” at least one fragmenntaining only unsaturated
nitrogen and hydrogen seems to occur under certaiditions and it seems that several
coordination compounds with molybdenum may formoutih these remain

unconfirmed speculations.

Scheme 2.6. Oxidative decomposition of  4-methylimidazole by

oxobisperoxomolybdenum

HN/\ H
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Similar results were observed when imidazole wasctezl with an aqueous
solution of [Mo(0O)(Q)2(H20),)/H20,. This reaction was heated in the same manner as
described for 4-methylimidazole and by maintaingngpw temperature yellow crystals,
with an apparently identical empirical compositiorere obtained in the same manner.
Assuming that the products were identical the sinty in the breakdown products
from each type of imidazole explains the similaritythe catalytic activities. An odour
of formaldehyde was again noted, though no ure@ ty@composition product was
isolated. It does seem likely that imidazole ha@érbexidatively decomposed in a
similar manner to its 4-methyl analogue however.

Full synthetic procedures and analytical data fer reactions described here is
provided in the Experimental (Sections 3.6.22 & 248.

2.2.2.4Further investigation of the apparently inhibitaffyect of bipyridyl species on

the epoxidation

The inhibitory effect of the bipyridyls (see en&id5-18, Table 2.11) is an
interesting anomaly amongst the results and thesetions thus merited further
investigation. Considering first the likely catatytspecies in this reaction, it would
seem probable that the bipyridyl species coordth&dethe oxobisperoxomolybdenum
centre in-situ as  bidentate = N-donors. Reaction  between  aqueous
oxobisperoxomolybdenum and bipyridine is known todoice such a complé¥: the
coordinated bipyridine being unoxidised, unlike ianalogous complexes of
monopyridyls synthesised via similar procedur&sBipyridyl compounds are more
difficult to oxidise than monopyridyls and althougixidation of bipyridine to the
N-oxide has been observed in MTO catalysed oxidatioand peroxomolybdenum
catalysts could well be capable of catalysing tiwglation under some conditions, it
can probably be considered unlikely in this casedifonally, in these investigations
(see Sections 2.2.8 & 3.6) several substituted rlaiplp were observed to form
bipyridyl complexes rather than undergo oxidatiod dorm the respective N-oxide
complexes.

In the preliminary study conducted in@im-PK; (Table 2.7) where previously
synthesised [Mo(O)(&.(bpy)] was used to catalyse an epoxidation with UElfry 5,
Table 2.7), almost complete conversion had beerrebd after 18 h, in common with
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the results for the other catalyst precursors. Woentrasted with the poor results
observed in Table 2.11, it was considered thatrésslt might be erroneous. However,
when this reaction was repeated the high convergias found to be reproducible.
There are however several significant differencetsvben the experimental setups of
the reactions in Table 2.7 and Table 2.11. Firdthg former employs UHP as the
oxidant, the latter aqueous®. Secondly in the former the ratio of Mo:bpy is With
the bipyridine coordinated to the molybdenum ceptier to the reaction, in the latter
an excess of bipyridine (Mo:bpy = 1:2) was preséhirdly the former employs 5 %
[Mo] and the reaction time is 18 h, in the lattatyo2.5 % [Mo] is employed and the
reaction time is only 2 h, apparently insuffici¢atallow significant conversion to take
place. For these reasons a study was conductedié@n to observe any differences in
the results depending on the oxidant used and whettcess base was available. Since
bipyridine apparently inhibits the epoxidation acgon time of 18 h was allowed. The
results are presented below in Table 2.12.

Table 2.12. Investigation of the effect of the bipyridyl ligaweh epoxidatior?

Entry Catalyst Oxidant Conversion (Yield)
1 H,0, (aq)” 61 (23)
3 [Mo(O)(O)xbpy)] + bpy” H:O, (aq)’ 57 (57)
4 [Mo(O)(©)2AbpySy)] H20; (aq)” 65 (65)

a LMO(O)(OZ)Z(bpy)] (0.025 mmal), cis-cyclooctene (1.0 mmobmin-PFR (2.0 mL), T =60 °C, t = 18
h.> 30 % HO, (3.0 mmol)® UHP (1.5 mmol)? 2,2'-Bipyridine (0.025 mmol).

Entry 1 (Table 2.12) shows the result obtainedgisiqueous hydrogen peroxide
oxidant together with [Mo(O)(&.(bpy)] complex as catalyst. Comparing the result
with entries 15 & 16, Table 2.11, the extended tieactime (18 as opposed to 2 h)
allowed a far more significant level of conversitm take place. However, a large
proportion of the product subsequently underwemralysis and selectivity was thus
poor. Comparing with the results obtained usingeothase additives (Table 2.11) this
seems to indicate that bipyridine offers poorertgotion from hydrolytic epoxide
opening than then-situ catalysts formed when using pyrazoles, imidazolegven
pyridine-N-oxides. Entry 2 (Table 2.12) shows thsuit for the same reaction but with
dry UHP as oxidant. In this case, whilst conversieas approximately equal to that
obtained with the aqueous®h, selectivity for the epoxide is now effectivelyraplete,
as might be expected since the only water availfdvlaydrolysis is that produced as a
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by-product of the oxidation. Entry 3 (Table 2.12)imteresting in that it represents the
same reaction as that in entry 1 (Table 2.12) bist ime in the presence of 1 extra
equivalent of bipyridine per [Mo]. Conversion indftase was again roughly equivalent
to those recorded in entries 1 and 2 at around 80u¥in contrast to entry 1 the excess
base apparently completely inhibited hydrolysisufeng in complete selectivity for the
epoxide. Finally, entry 4 (Table 2.12) shows theuleobtained when the complex of
bipyridine-N,N’-dioxide, rather than the unoxidisdipyridine was used. A similar
conversion was again observed, but this time watlnglete selectivity for the epoxide.
This seems to demonstrate that the dioxide compléers the same retardation in the
rate of epoxidation as the complex of unoxidisgalybdine, but differs in behaviour

with respect to hydrolysis which is effectively ibied.

2.2.3 [Mo(0O)(0,),]J/dmpz/IL catalysed olefin epoxidation

The comparison of oxobisperoxomolybdenum/N-baseerys described in
Section 2.2.2.2 had established 3,5-dimethylpyetolbe the most activating of the
base additives tested, with the optimum performaosiegerved in Emim-PFK. The
likely reasons for this observation will be covetatér (Section 2.2.4), discussion here

will now move to the further investigations of tluigtalytic system.

2.2.3.1Progression of the [Mo(O)#®»]/dmpz/G.mim-Pk epoxidation over time

The optimum results were obtained employing 3rbadhylpyrazole in the
longer chain ILs (entries 25 & 26, Table 2.11), mgkfurther study of these systems
pertinent, and investigations thus proceeded to ttrydefine a highly efficient
epoxidation system. To this end the progress ofeexidation in @mim-Pk was
followed over two hours. Samples were taken from slistem every twenty minutes

and the conversion plotted.
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Table 2.13. Progress of the [Mo(O)(&k])/dmpz/G.mim-PF; catalysed epoxidation of
cis-cyclooctene over 120 mfh

Time (min) 20 40 60 80 100 120

Yield 29 % 47 % 62 % 74 % 81 % 85 %

% Aqueous [Mo(O)(§)»(H20) 0.025 mmol, 3,5-dimethylpyrazole 0.1 mmol, 30 %@Haq 3.0 mmol,
cis-cyclooctene 1.0 mmol, /im-PFR, 2.0 mL, T = 60 °C. Samples taken by pipette atcheted by
mixing with pentane (1.5 mL), yields calculated3sy.

As can be seen, the reaction did not reach corplafter 120 minutes as in the
initial 2 hour study (entry 26, Table 2.11) whiakbsequently creates some problems in
assessing the results. It may be reasonable tbuagtrthis discrepancy to retardation
arising for various reasons when the reaction walteth every twenty minutes for
sampling. The complete conversion previously ole@im a single two hour run was
shown to be reproducible. Figure 2.5 thus shows@mon plotted against time over
the course of the experiment and also a modifiegdotedata, factored to produce

complete conversion.

Figure 2.5. Conversion plotted against reaction time in the xejaiion of

cis-cyclooctene with the [Mo(O)(£,]/dmpz/G . mim-PF; system
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The curve of the graphs and the fact that the otidas present in excess might
indicate that in this experiment the reaction rat&s first order dependent on the
concentration of the olefin substrate (the possjbithat the reality was more
complicated will be discussed subsequently). Tleesih the rate equation:

v = K333 g cis-cyclooctene[H ,0,]"[Mo] ™
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the concentrations of both the oxidant (in excass) catalyst (constant, 0.0125 mai)L
can be ignored and a pseudo first order rate woeffi, k' 333 ) with respect to
[ciscyclooctene] for the reaction calculated. Thusygalofk’ 333 k) = 4.04 X 10 s* for
the experimental data ahtsss ) = 6.56 x 10" s* for the factored data were calculated
(concentrations in mol't).

The assumption that the only influence on the reaatate was the changing
substrate concentration may well be a fair onegesthe oxidant was present in excess.
However, three equivalents of 8k was not a large excess and its tendency to
spontaneously decompose and the capacity of [Mdetimmpose D, should also be
considered. The possibility that changes in thecentration of the oxidant were also
markedly affecting the rate of the reaction cantiwrefore be discounted in this
experiment. Experiments employing larger excestesgidant in order to eliminate this
possibility were attempted but the large volumehaf aqueous phase complicates such
reactions, making sampling difficult and no usefsgults were obtained. However, it is
interesting to provide these rate coefficients loa basis that they are approximately

representative of the likely actual value.

2.2.3.2Recyclability of the [Mo(O)(Q)2]/dmpz/Gmim-Pk system

The results obtained in the 1-dodecyl ionic liquidre excellent, with a higher
rate of conversion observed than in the other Hswvever, the use of this compound as
a reaction medium is made difficult by its high tm@bint, the compound being a solid
at room temperature. This complicates both produttaction with solvents and its
general usage in the laboratory, as it can be mé&tgd as a liquid only when heated.
For this reason the 1-octyl ionic liquidgr@im-PFR;, was preferred in the model system
subsequently used in further studies.

In the interests of developing a system more camplwith the principles of
sustainable chemistry, the recyclability of thetegs was examined. By re-using the
catalyst the TON per mol of catalyst might be iased. Re-use of the ionic liquid
reaction solvent was also important, given its egpeand undesirable chemical
constitution as a waste product. It had previoudlgen shown that the
MoOs/Csmim-PR/UHP system was recyclable in the epoxidation aflayctene (see
Table 2.8 and the relevant discussion). In thie das addition of new substrate and
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oxidant following product extraction had allowechamber of successful cycles before
catalytic efficiency was seen to fall, presumablyedto catalyst leaching. A
disadvantage in this system was the removal olitea, which was done by filtration,
requiring the use of solvent solely to reduce tiseosity of the reaction medium. The
catalytic system defined here was advantageoussmdspect since the only by-product
left by the oxidant, water, could be easily remogedply by evaporation. This in turn
would reduce the use of solvents in a catalytidecgod reduce the potential for catalyst
loss due to leaching. It is still the case that tls® of an extraction solvent was
necessary in order to separate the product fronrgaetion medium. However, were
systems such as these ever to be used practicallypatch, it is reasonable to
hypothesise that an epoxide product might actual\separated by distillation, or that
the extraction solvent would at least serve as umadior a subsequent synthetic
reaction. Solvent extraction was far more practigader lab conditions and since this
study was focused on conversion and yield this tp@ovas maintained, though it
should be acknowledged that it is not ideal. Toestigate recyclability, two
[Mo(O)(O2)2(H20).//dmpz/H0,(aq)/Gmim-PFK; cyclooctene epoxidation systems were
thus investigated over several cycles. Catalytitsrlasted 4 hours, which was found
sufficient to produce effectively complete conversion the first run. The epoxide
product was extracted from the IL with pentane leetweach cycle, before eliminating
residual water and pentane at 60°C under vacuum bwueour. Fresh oxidant and
substrate were then added, to one of the systesis flimethylpyrazole was also added,
as it was hypothesised that the base species heigtth during the product extraction.
Ten catalytic cycles were carried out in each case the results are shown in Table
2.14 below.
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a

Table 2.14. Catalytic cycles with the dimethylpyrazole systenCimim-PFK;

RuUn + 10 % dmpz aft%r No new base added

every run (yield) between runs (yield)®
1 >95 % >95 %
2 >95 % >95 %
3 >95 % 93 %
4 >95 % 86 %
5 >95 % 77 %
6 >95 % 70 %
7 >95 % 70 %
8 >95 % 67 %
9 >95 % 66 %
10 >95 % 62 %

% Initially: Aqueous [Mo(0)(Q)2(H20),] 0.025 mmol, 3,5-dimethylpyrazole 0.1 mmol, 30 9@H,q 3.0
mmol, cis-cyclooctene 1.0 mmokn@m-PFR; 2.0 mL. Extraction with pentane (3 x 3 mL) aftacke cycle,
yields calculated by GC. T = 60 °G,.t= 4 h. ® 30 % HO, (ag) 3.0 mmol, cis-cyclooctene 1.0 mmol, 3,5-
dimethylpyrazole 0.1 mmol added prior to each sssige run” 30 % HO, (.4 3.0 mmol, cis-cyclooctene
1.0 mmol added prior to each successive run.

In the experiment where fresh dimethylpyrazole \added before each cycle
(column 2, Table 2.14) the yields remained almoshglete even after ten cycles. This
implies that any loss of the molybdenum catalyat ttad occurred due to leaching was
still not high enough at this point to affect negealty the level of conversion under these
conditions. This is not surprising, as it is unlikéhat the molybdenum complex would
have any substantial solubility in pentane. Inctdéy, after ten catalytic runs just 0.025
mmol of molybdenum had converted over 95 % of 1ol cis-cyclooctene to its
epoxide, equating to a TON aB80 with the TOF over 9.5 Interestingly, in the
experiment where no fresh dimethylpyrazole was dddebetween cycles (column 3,
Table 2.14), a slow but marked decrease in thdytiat@fficiency was observed after
two cycles and the conversion continued to drop/islevith each successive cycle until
the experiment was halted after ten cycles. Iniskaly that the loss in efficiency was
due to leaching of the molybdenum species sincgeuch reduction was apparent in the
other experiment where dimethylpyrazole was addefrb each cycle (column 2,
Table 2.14). It is likely however that dimethylpgcde has limited solubility in pentane
and was thus slowly leaching from the IL solutiohvevery extraction. An interesting
conclusion that could be reached from this expammé that the excess

dimethylpyrazole may produce an enhancement ieplo&idation rate.
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2.2.3.3Green metrics for the recycled system

When examining this system from a sustainabilityspective it is interesting to
evaluate it in terms of some green metrics, in tase atom economy (AE) and the
E-factor, to give some idea of where inefficiencieay be arising. The chemical
compounds utilised in the epoxidation of 1 mmol aé-cyclooctene where fresh
dimethylpyrazole was added prior to each catalgiicle are all depicted below in

Scheme 2.7. All calculations pertaining to thistegcappear in the appendices.

Scheme 2.7. Recycled system for the epoxidation of 1 mmisicyclooctene

Mo(O)(0O5), (0.025 mmal)
Cgmim-PR; (2 mL)

H,0, (30 %) (3 mmol)
+

+ O
dmpz (0.1 mmol)

Extraction with pentane (3 x 3 mL),
Evaporation of volatiles
Addition of H,0O, cyclooctene & dmpz

Atom EconomyAE assesses the efficiency of the reaction stéip iegard to the
incorporation of reactants’ atoms in the produat ana long synthetic process may be
calculated over several reaction steps to allowpaymon of the efficiency of reaction
pathways. It is calculated from the weight of tlieducts divided by the weight of the
reactants and is expressed as a percentage, VitBoli@presenting a perfect reaction
where all of the atoms of the reactants are ingatpd in the product molecule and
none leaves the system as by-produti. the epoxidation ofis-cyclooctene four
reactions will be considered, oxidation by one eagl@nt of the commonly used
stoichiometric oxidanmetachloroperoxybenzoic acid (mCPBA), one of the organi
hydroperoxidetert-butylhydroperoxide (TBHP), one of hydrogen pere@xahd half an
equivalent of oxygen (Figure 2.8). The atom econaalgulated for the reaction with

each of the four reactants is shown in Table 2.15.
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Scheme 2.8. Oxidation ofcis-cyclooctene by four common oxidants

+ Oxidant———> O + byproducts

Oxidant = mCPBA, TBHP, kD,, %0,

Table 2.15. Atom economies in the epoxidation ok-cyclooctene by four common

oxidants
Entry Oxidant AE (%)
1 mCPBA 45
2 TBHP 63
3 H,O, 88
4 0 100

mCPBA is an excellent oxidant for the epoxidatioh alefins'®® and is
advantageous in that it is used as a stoichiometagent without the need for any
catalyst or special conditions. However, for eveguivalent of substrate oxidised one
equivalent of the undesirable by-product 3-chlordméc acid is produced. As a
chlorinated organic acid compound this is a higishgesirable waste and as a large
molecule it also means that for the epoxidationemndiscussion the weight of the
by-products exceeds the weight of the product,itepth an AE of 45 % (entry 1, Table
2.15). In comparison TBHP produces much more bewaste intert-butyl alcohol and
its use also leads to an improvement in the AB3té5(entry 2, Table 2.15). This is still
far from ideal however, organic waste still accangtfor more than a third of the
weight of the reaction products and TBHP does natise olefins so readily, requiring
the use of a catalyst. Using® leaves only benign water as a by-product and gaves
good AE of 88 % (entry 3, Table 2.15). This dedeateaction is the object of the
studies in this section, but as seen this oxidatiost be carried out catalytically and in
such systems the issue of product hydrolysis mgstlze addressed. Lastly, the use of
dioxygen leads to a perfect AE of 100 % (entry dbl€ 2.15). Unfortunately this ideal
epoxidation is only yet known in the epoxidationehylene'®® Clearly then, in terms
of atom economy the epoxidation being studied hmiag the “green” kD, oxidant
results in an efficient epoxidation, with relatiyelittle by-product waste when
compared with commonly used alternatives. Howewepractice the vast majority of

the waste resulting from a reaction is not derifretn the reactants but made up of
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solvents and additives used in the process. Tarohtaerspective on the efficiency of
the reaction in practice these must therefore bewted for.

E factor: The E-factor is calculated by dividing the masshef waste produced
by a process by the mass of the prodtfc€learly, an ideal process would produce no
waste, resulting in an E-factor of 0. The lower Exéactor, the more efficient a process.
Table 2.16 below shows several E-factors calculéedheoretical systems and the
experimental system under discussion. Catalystgdfeth to the [Mo] complex which
was added only once and did not need to be rendwédeen cycles, and to the
dimethylpyrazole which was added prior to each sssiwe run. Solvents refers to the
IL which was added only prior to the first catatyttycle and re-used thereafter, the
water added as a solvent for the hydrogen percaidiethe pentane used to extract the

products after reaction.

Table 2.16. E-factors in the epoxidation ofs-cyclooctene

Entry System E-factor

1 Theoretical: 1:1 Reaction of pure ,® with 0.14
cis-cyclooctene (entry 1, Table 2.15) ’

5 Theoretical: Reaction of 3 equiv. aqueouOFwith 26
cis-cyclooctene '
Experimental: T cycle only, including catalyst byt

3 . ! 0.84
excluding solvents, 95 % vyield

4 Experimental: T cycle only, including catalyst ar|d 73
solvents, 95 % vyield

5 Experimental: 10 cycles including catalyst |& 52
solvents, 95 % overall yield

6 Theoretical: Infinite cycles including catalyst & 47
solvents, 100 % overall yield
Experimental: 10 cycles incl. catalyst & solventg b

7 , 5.1
excl. pentane, 95 % overall yield

Entry 1 (Table 2.16) shows the E-factor for the ptete epoxidation of
cis-cyclooctene by 1 equivalent of hydrogen peroxidétainto account no solvents or
catalysts, as in the reaction described for thecAlEulations (entry 3, Table 2.15). This
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reaction could not of course be carried out in ficac but the value represents a
theoretical optimum efficiency. The very low val{el4) reflects the fact that the mass
of the waste is only 14 % that of the product. f£ritr (Table 2.16) shows another
theoretical value but this time calculated for #moxidation ofcis-cyclooctene if an
excess, 3 equivalents, ob® is employed and taking into account the additionater
resulting from the use of 30 % aqueou®Hr Since HO, can only be safely handled in
aqueous solutions of not much higher concentratien inclusion of water into the
equation makes the target more realistic. Alsoguivalents of HO, were employed in
the experimental system largely to avoid signiftcerperimental variations resulting
from reasonable variations in the concentrationthaf oxidant solution, rather than
through experimental necessity for a large excéssxinlant. Were this system to be
utilised practically it is likely that the propasti of oxidant could be lowered
significantly with little negative effect on itsfefiency. Therefore a fairer comparison is
made between the experimental E-factors and teisrétical value of 2.6, which thus
represents a perfect system where the only wassefraan unavoidable by-products of
the oxidant. Entries 3 and 4 (Table 2.16) descifileactual experimental system and
show E-factors calculated for the first run onlg. éntry 3 solvents are discounted,
whilst in entry 4 they are included, giving thelrBafactor for the reaction. E-factors of
0.84 and 73 were calculated respectively, makingédiately evident how solvents
account for the vast majority of the waste frons tgaction. Entry 3 is only just over 1
% of that of entry 4, illustrating how solvents aant for nearly a hundred times more
waste mass than other by-products. Entry 5, likeyeh takes into account all reactants
and compounds employed but this time over ten yatatycles, reducing the relative
waste from metal catalyst and IL. As a result afyoting the system the E-factor
improves markedly to 52 indicating that almost mdtHess waste was produced per
equivalent of product than over one cycle only. Mgvon to entry 6 (Table 2.16) the
theoretical e-factor has been calculated for segysun an infinite number of times as
depicted in Scheme 2.7 obtaining 100 % vyield. Thkier of 47, is found to be little
lower than that of entry 5 demonstrating that tfiieiency of the system in this respect
had almost plateaued. This optimal E-factor of atsD demonstrates that significant
improvements to the level of waste generated byptioeess should be desirable and,
with it having earlier been shown that solventsoact for most of this waste, entry 6
(Table 2.16) shows the E-factor calculated overdgries when the pentane used to

extract the product is omitted, 5.1. This valuthexefore approximately ten times lower
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than the best attainable if the pentane extradtep is maintained and shows how the
pentane accounts for the vast majority of the waskais, an alternative method of
extraction, for example distillation of the epoxiflem the IL rather than solvent
extraction, could lead to a large reduction inness of waste produced by the process
and greatly improve the E-factor.

In reviewing the values discussed here the linuteti of atom economy and
E-factor in assessing a process should be aknoededfs an example, the energy
required to heat and vacuum dry the system areegihand whilst a distillation would
improve the E-factor it would necessitate a highensumption of energy. These
metrics also completely ignore factors such ashdweards and environmental impacts

presented by waste streams, concentrating onlyiantijies.

2.2.3.4Substituting dimethylpyrazole for a phase staddisonic N-donor ligand to

facilitate better recyclability

Having considered in terms of AEs how best to redthe quantity of waste
produced by the reaction it is also pertinent teiew the by-products leaving the
system as waste. Aside from the epoxide product and unreacted olefin, water,
unreacted bD,, pentane and 3,5-dimethylpyrazole will all leatie system shown by
Scheme 2.7. Water can be considered very benigteveasl dilute HO, is neither
particularly hazardous nor difficult to decompoBentane is obviously an undesirable
waste product but as previously discussed mightelominated by employing an
alternative means of product extraction. This Isatiee dimethylpyrazole, which
imparts a degree of hazard to waste streams aratldition leaves the system in
solution with the product, which in practice migtgcessitate purification. Even were a
distillation to be employed to separate the prodsablimation of dimethylpyrazole
which would then leave with the product could remai problem. The question is
therefore raised whether there might be any alteenao dimethylpyrazole which
would be equally activating, yet at the same tineetds stabilised in the ionic liquid
medium to eliminate the problem of leaching. Irstrespect, an interesting option was
to investigate bases with ionic functional groupsiol could be expected to show

decent solubility in the IL reaction medium whilsaving such low solubility in any
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apolar extraction media that losses from leachinging extraction should be
insignificant.

Wang et al. described the synthesis of the ligan@ylazol-1-ylmethyl)-3-
methylimidazolium chloride from which were preparétteresting complexes of
palladium which proved to be good Heck catalystsoimic liquids*®® As an ionic
compound, this pyrazole N-donor ligand could becgrdted to possess poor solubility
in apolar solvents but good solubility in ILs andcavery low volatility. For these
reasons, in the system investigated here suchaadidpad interesting potential as a
substitute for dimethylpyrazole, able to activdte system in its capacity as a pyrazole
type N-donor ligand, whilst being far more resistaa leaching during product
extraction. A potential problem that was envisageithat N-substitution of the pyrazole
in such a manner results in a considerable reduatigK, For this reason the ligand
used here was prepared from dimethylpyrazole rathan pyrazole, obtaining the
dimethyl substituted analogue 1-(3,5-dimethylpytdzglmethyl)-3-
methylimidazolium chloride (dpmim-Cl, see Figur&)2in order to try and obtain an
analogous structure with as high &gpas possible. Having synthesised and
characterised the compound it was then used inparidation system with repeated
catalytic cycles without adding fresh base in thee way as previously described.

Figure 2.6. 1-(3,5-dimethylpyrazol-1-ylmethyl)-3-methylimidazan chloride

N N
—& e )

Table 2.17. Catalytic cycles with the [Mo(O)(&%])/dpmim-Cl/Cgmim-PFs systentf

Cycle 1 2 3 4 5

Isolated Yield >90% >90% 88% 85% 84%

Start : Aqueous [Mo(O)(.(H20),] 0.025 mmol, dpmim-ClI 0.1 mmol, 30 %@ 55 3.0 mmol,
cyclooctene 1.0 mmol,g@im-PR 2.0 mL, 60°C, 18 h. After 18 h : Extraction wittnpane (3 x 3 mL),
volatiles eliminated (vacuum, 60 °C, 1 h), additmicyclooctene 1.0 mmol &8, 3.0 mmol, cycle
repeated. Yields calculated by GC.

Whilst the results (Table 2.17) showed that it wakeed possible to obtain good
conversion of cyclooctene using this system, nai@ant advantages over the
dimethylpyrazole system were observed (see Talld).2.Activity was markedly

inferior to that of the dimethylpyrazole system,iethmay me attributable to the lower
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basicity of the N-functionalised pyrazole ring iprdim-Cl, which may consequently be
less activating. The lower activity required catialgycles to be run over 18, rather than
4 hours in order to obtain high conversions. Thelghc activity also diminished over

successive cycles, which could be attributableaahing during the product extraction,
which it had been anticipated might be avoided &ingithe ionic ligand. The catalyst
and/or pyrazolyl ligand may therefore be slightyuble in pentane. The possibility that
the pyrazolyl species was decomposing in some prajably oxidatively, should also

not be discounted however.
2.2.3.5Application of the 3,5-dimethylpyrazole systenotber olefin substrates

The general applicability of the dimethylpyrazolstem was investigated by
testing its activity in the epoxidation of a selentof other interesting olefin substrates.

The results of this study are shown below in T&ble.

Table 2.18. Application of the dimethylpyrazole system to otbkafin substrate$

Entry Olefin Substrate Conversion (Yield) (%)
1 <1 (<1)
1-Octene AN NN FA b
2 2 (2)
3 5 (5)
trans-2-Octene NN )
4 20 (20)
5 cis-2-heptene /\/\) 15 (15)°
6 trans-4-Octene NN 20 (20)
X
7 Styrene 60 (4)
O
8 Ethyl acrylate 0
/ N/
9 Allyl amine \/\NHZ 0

OH
10 Cyclohexen-1-ol O/ 66 (34)
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% Aqueous [Mo(O)(©)2(H,0), 0.025 mmol, 3,5-dimethylpyrazole 0.1 mmol, 30 ¥@Ha.q 3.0 mmol,
olefin substrate 1.0 mmol,g@im-Pks 2.0 mL, T = 60°C, t = 4 h. Extraction with pentaf8&x 3 mL),
yields and conversions calculated using &€= 18 h.

Perhaps surprisingly, given the excellent actiggen for thecis-cyclooctene
substrate, the results show very poor activityhm ¢poxidation of all of the alternative
substrates tested. The terminal alkyl olefin, Jenet is a poorly activated substrate and
was here epoxidised to only an insignificant extert hours (entry 1, Table 2.18), and
even after 18 hours only around 2 % conversion eleerved (entry 2, Table 2.18).
Several secondary olefingans 2- and 4-octene ancs-2-heptene were investigated
(see entries 3-6, Table 2.18). The double bonthesd substrates is more electron rich
than in a terminal aliphatic alkene and they arestimore active to epoxidation. It was
interesting to observe whether there would be affgrdnce in activity toward$rans
andcis substrates as in some catalytic epoxidation psasesignificant differences are
observable, presumably due to differences in comftional hindrance between the two
types of substrat®® and the previously described MgOHP system (Table 2.7) had
demonstrated a slightly higher reactivity towardsissubstrate. Presumably due to
their greater activation to epoxidation slightlyttee conversions were observed for the
secondary alkenes than for 1-octene, but the eeswire still relatively poor.
trans-2-Octene reached only 5 % conversion after 4 hatiish increased to a still low
20 % after 18 hours. Thas-2-heptene substrate converted to a similar 15 té& 48
hours, indicating there was little difference ity towards the epoxidation afans
or cis- alkenes in this system. Thans4-octene substrate was found to convert notably
faster than the 2-alkenes, but the 20 % converdiserved after 4 h still compared very
poorly with the rates of conversion observed in #p®xidation ofcis-cyclooctene.
Styrene apparently converted well, with a 60 % eoson observed, however
selectivity was poor indicating poor protectionrfrdwydrolysis and only a low yield (4
%) of the epoxide was recovered. Two functionalisebistrates, ethyl acrylate (entry 8,
Table 2.18) with its ester function, and allyl amientry 9, Table 2.18) with the
potentially coordinative amine showed no sign of aonversion. This is presumably
explained by interference from the functional greumhibiting the epoxidation
mechanism or simply inactivity of the substrateeTdénol substrate cyclohexen-1-ol
appeared to convert fairly well at 66%, althoughycm moderate, 34 % yield of the
epoxide was recovered. In comparison with the MOBIP system, the dmpzi,
system was less active for tloes-2-heptene substrate but displayed similar activity
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toward the two secondatyans substrates (in fact a better yield was obtainedniy 4
hours for the 4-octene). The results for styremesamilar in both systems but notably
the dimethylpyrazole system displays activity todvdire enol whilst no conversion was

observed toward this substrate in the MHP system.

2.2.4 Discussion of the mechanism of the epoxidation withegard to studies in
ILs

From the results obtained in the catalytic studegeral interesting trends were
observed which provide evidence regarding the patirthe catalytic epoxidation.
Whilst any inferences made are largely speculatitre, discussion of patterns in the
results with respect to the current understandinthis particular epoxidation process

would seem to be relevant.

2.2.4.1Inhibition of hydrolysis

Hydrolysis was clearly limited by reducing the dahility of water, either by
using UHP as oxidant or lowering the solubilitywséter in the reaction medium. The
use of donor ligands can also apparently inhibdrblysis, both N-donor ligands and,
generally to a lesser extent, N-oxide ligands vedrgerved to increase selectivity for the
epoxide product when using aqueougOklas oxidant (see Table 2.11 and subsequent
discussion). The monodentate ligands were only d@egsted at a 4:1 ratio with
molybdenum, but for 2,2’-bipyridine it was also falthat, whilst a 1:1 ratio resulted in
partial hydrolysis, a 2:1 ratio completely prevehéay hydrolysis of the product during
an 18 h epoxidation in the presence of water @ntti& 3, Table 2.12).

It is likely that the mechanism of hydrolysis bktepoxide proceeds firstly via
coordination of the epoxide to the metal centrdofeéd by reaction with water
(coordinated or uncoordinated) forming the diol,ichhthen leaves the metal. The
observations made here would seem to support soethanism, since competition for
free coordinative sites on the metal apparentlyuced the rate of this process. The
ligands examined here could block coordinative tomss on the metal complex and in

this manner block the epoxides access to the metdte, thus preventing this step of
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the hydrolytic mechanism. N-donors are strongerodothan N-oxides, thus they bind
more strongly to the active sites and are morece¥e in preventing hydrolysis.
Similarly, for bipyridine, the use of excess bakewd have increased competition for
active sites and in this manner reduced hydrolyResults which did not conform to
this theory were observed however, for example [®)@D.)(bpyOy)], with the
coordinated dioxide gave more protection to hydgislyhan [Mo(O)(Q)2(bpy)] (entries

1 & 4, Table 2.12). It may be that the oxide adfubbnds more easily to the metal
centre than bipyridine for steric reasons, thougrd is no direct evidence on which to
base a discussion of this. Interestingly thoughtebeyields when using bipyridine-
dioxide rather than bipyridine have been obsermeatiher metal catalysed epoxidations

and it has been shown to be effective in inhibitiggrolysis in such system&

2.2.4.20xygen donating intermediate complexes in oxolbspEnolybdenum

catalysed epoxidations

To summarise the important mechanistic studieshif teaction from the
literature which were previously reviewed in thetraduction (Section 1.3.2),
oxobisperoxomolybdenum complexes have been studiamlefin epoxidation catalysts
in reactions employing both8,%2®* and organohydroperoxid€sas oxidants and the
complexes themselves are also known to serve ashistmetric oxidants? Studies
have indicated fairly conclusively that molybdengatalysed epoxidations employing
relatively basic organohydroperoxides, such as TBpii®ceed via a hydroperoxo-
organoperoxo-molybdenum intermediate (mechanism $aheme 2.9°%% As a
result some authors have assumed that epoxidagondoying HO, will proceed
analogously via a dihydroperoxo specieslespite the lack of any direct evidence for
such an intermediate. Other authors have speculated mechanism whereby the
complex donates a peroxo oxygen to the substraferebdeing re-oxidised to the
bisperoxo form (mechanism (b), Scheme 2?dn the latter mechanism the oxidant
plays no active part in the oxidation step andeiadtserves to regenerate the oxidative
metal species.

107



Results and Discussion

Scheme 2.9. Hypothesised mechanisms of epoxidation via: (a) an

organoperoxohydroperoxo intermediate; (b) peroxoygex
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In oxomolybdenum catalysed epoxidations which pedcby mechanism (a) it
has been shown that a more acidic metal centreonegrthe reaction, presumably since
this helps facilitate coordination of the basicagperoxide. Thiel et al. in their studies
of olefin epoxidation by TBHP showed that electmithdrawing groups on the ligands
of the oxobisperoxomolybdenum complex, which wa$ult in increased acidity at the
metal centre, increased the rate of cataffsishas also been observed that more basic
oxidants are preferable in this mechanism, for etamMimoun noted that
triphenylmethyl hydroperoxide (RBOOH) was an inferior oxidant to TBHP in certain
catalytic system&’ The role of the peroxo ligands in this mechanisnoi abstract the
peroxo proton upon coordination of the oxidant, the peroxo oxygen atoms are not
transferred to the substrate. Thiel et al. demateddrthat when olefinic functions were
affixed to the ligands on their oxobisperoxomolyhde catalysts, the resulting

complexes were unable to auto-epoxidise, but wHeHP was added the epoxide was
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rapidly formed®® Extending the scope to oxomolybdenum catalysedidptions in
general, Trost and Bergman found that whilst [MO(CP(O),] was an efficient
epoxidation catalyst when using organohydroperoxidédants, the corresponding
monoperoxo complex, [Mo(Cp)(CH(O){), was catalytically inactive and its
formation during catalysis resulted in deactivatioh the systemi®® The peroxo
complex was found to form rapidly in the presentkess basic oxidants, such agO4
and PRCOOH, with only more basic organohydroperoxide aritd permitting efficient
catalysis. The observations made in both of thgsteems seem to indicate that whilst
the more acidic metal centres benefit mechanisnmbyalacilitating formation of the
organoperoxohydroperoxo intermediate complex, theactivate peroxo ligands, which

are inhibited from donating an oxygen atom to thiestrate (see Figure 2.7).

Figure 2.7. Effect of a more acidic metal centre on mechanisfrepoxidation

Basic peroxo oxidants have high
affinity for acidic metal centre

RQ

Metal centre withdraws electron
density, deactivating peroxo ligands

Moving on to systems proceeding via mechanismit(g,useful to note that this
mechanism is similar to that of MTO/8, catalysed epoxidation systems which are
fairly well understood. In such epoxidation systdviiBO is converted by the oxidant to
its mono- and subsequently bisperoxo complexeshwéuie both capable of transferring
peroxo oxygen atoms to an olefin substrate. MTQ@nsexcellent olefin epoxidation
catalyst precursor when,8, is used as oxidant, but is completely unable tovaie
TBHP, presumably since TBHP cannot generate MT@xmeligands. Similarly, it has
long since been noted that, whilst trioxomolybdenismelatively easily converted to
the bisperoxo complex by.B, or less basic organoperoxides such afCPIOH, it is
difficult to carry out the same transformation witABHP?®® In contrast to
oxobisperoxomolybdenum/organohydroperoxide systemmsch function best with
more basic oxidants and a more acidic metal cetitesactivity of MTO/HO, systems

is actually improved by strong donor ligands, whiah reduce the acidity of the metal
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centre®®>’ Particularly effective are pyrazole ligarti€)®°which have a highdn-situ
donor strength than many stronger bases such adin®g due to their resistance to
oxidation. As previously discussed, although pyrdi generally possess markedly
higher K, values than pyrazoles, they convert to much maodef N-oxides under
oxidising conditions and are thus weaker ligandstiie purposes of oxidations. The
more electron rich metal centre apparently actvdéite peroxo ligands, the reason for
which is not completely understood, although Esperet al. postulated upon electronic
activation of the Re-Riox bond® Figure 2.8 shows how a more electron rich metal
centre may favour oxidation reactions proceedirgy peroxo oxygen donation rather

than oxidant activation.

Figure 2.8. Effect of a more basic metal centre on the mechaniof
epoxidation

Basic peroxo oxidants less
attracted to metal centre

RO\ | /O d-

More electron rich metal centre results in morepahore
activated peroxo ligands

Considering the oxobisperoxomolybdenum/IL systeneu discussion it seems
fairly probable that oxygen transfer to the oledubstrate occurred via mechanism (b).
It would be logical to conclude that the enhancemercatalytic activity induced by
pyrazoles arises for the same reasons in both Middteese oxobisperoxomolybdenum
epoxidation systems. The effectiveness of pyri@iné particularly imidazole species as
donor ligands was limited due to their oxidation ss in related MTO systems,
pyrazoles were identified as the most effectivarid species. 3-Methylpyrazole has
been proposed as the most activating pyrazole iseldit MTO system$§> the author
speculating that 3-methylpyrazole possesses amabiK, value (3.3), slightly higher
than that of pyrazole (2.5) thus rendering 3-metimdzole a stronger, more activating
ligand, but at the same time lower than that of enbasic pyrazoles, such as
3,5-dimethylpyrazole (4.2), which in MTO{B, systems facilitate more rapid
decomposition of the Re-GHoond, deactivating the catalyst, to the extent Hrey
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higher activating effect is cancelled out. Sincelmgperoxomolybdenum complexes are
not vulnerable to any such type of deactivatiomékes sense that the best additive is
simply the strongest donor ligand under the catalgbnditions - dimethylpyrazole
which has the highesKp of the oxidation resistant pyrazoles that wereetkbere.

To further understand the oxygen transfer to théstsate the pyrazolyl
complexes were subsequently investigated as storatric epoxidising reagents, in the
absence of oxidant. The reactions of both [Mo(Q){®z),] and [Mo(O)(Q)2(dmpz}]
with cis-cyclooctene in gnim-PR were subsequently investigated for this reason. A
1.2 oxidant complex:substrate ratio was employéds torresponded to a 1:1 ratio
between peroxo ligands and the substrate. [Mo()(lipy)] was also investigated as a
stoichiometric oxidant to investigate reasons fae poor catalytic results obtained in
catalytic studies. The stoichiometric oxidationao$election of other, apparently much
less activated, olefin substrates by the [Mo(Q)}@mpz}] was also attempted. The
influence of excess base on the oxidation was algestigated, epoxidation with
[Mo(O)(O,)2(dmpz}] carried out both in the presence and absence@fequivalents
(with respect to the Mo complex) of the correspagdbase (two equivalents were
already coordinated to the metal in both instancésgse reactions were carried out
under completely anhydrous conditions under antiagmosphere to eliminate any

possibility of hydrolysis.

Table 2.19. Stoichiometric oxidation of olefins with oxobisp&omolybdenum
complexes in gnim-PFRs 2

Entry Oxidant Substrate Conversion (Yield)"
1 [Mo(O)(O,)x(pz)] cis-Cyclooctene 58 (51)
2 [Mo(0)(O,)apz),] + pz°¢  cis-Cyclooctene 63 (56)
3 [Mo(O)(O,).(bpy)] cis-Cyclooctene 10 (10)
4 [Mo(O)(O,)(dmpz)] cis-Cyclooctene 58 (51)
5 [Mo(O)(O,)(dmpz}] 1-Octene 0 (0)
6 [Mo(O)(O,),(dmpz}] trans4-Octene 0 (0)
7 [Mo(O)(O,),(dmpz}] Styrene 0 (0)

T =60 °C, t =12 h, gnim-PR (2.0 mL), [Mo] (0.50 mmol), olefin substrate (1rBmol).
® Conversionlyield calculated by GC, product(s) asted with pentane (3 x 3 mL9.Pyrazole (1.0
mmol).

The first observation to highlight from the resulbbtained is that both
[Mo(O)(02)2(pz)] and [Mo(O)(Q)(dmpz)] were quite clearly able to epoxidise the
ciscyclooctene substrate despite the absence of dx{eatries 1 & 4, Table 2.19),

confirming that the complexes could transfer camatkd oxygens (presumably peroxo)
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to the substrate. The epoxidation step of mechaignscheme 2.9 would thus appear
the probable mechanism in catalytic reactions. yliélkels obtained in the epoxidation of
ciscyclooctene with [Mo(O)(@2(pz)] and [Mo(O)(Q)2(dmpz)] (entries 1, 2 & 4,
Table 2.19) were all approximately 50 9%, seeming todicate that
oxobisperoxomolybdenum is capable of epoxidisirggtivalent of olefin. This differs
from the well studied MTO epoxidation system whire oxobisperoxo complex is able
to donate 2 of its peroxo oxygen atoms in ordeoxalise 2 equivalents of olefin,
undergoing reduction to the dioxoperoxo and, setiplgn the trioxo complex in doing
so?*™ An excess of pyrazole was not found to affect firal yield of the
stoichiometric reaction after 12 h (entry 2, TaBld9), any acceleratory effect the
excess base might induce over a shorter reactioiodp&as not investigated. For
[Mo(O)(Oy)2(bpy)] (entry 3, Table 2.19), a low yield was oh&al (10 %) as in the
catalytic studies. However, [Mo(O)(bpy)] was not completely soluble and so the
reasons for the low yield are not clear. It is galssthat the coordinated bipyridine in
some way inhibits (though not totally) transferenéehe peroxo oxygen to the olefin,
though the possibility that the poor conversioruliesi simply because the undissolved
complex was unable to react with the substrate aams discounted (note that the small
amounts of complex employed in catalytic reactiavsre always observed to be
completely dissolved so insolubility should not kexip the poor catalytic results).

Having demonstrated in isolation the epoxidaticgpsthe regeneration of the
bisperoxo complex by reaction of the reduced corpligh H,O, was also carried out.
After the stoichiometric oxidation afis-cyclooctene with [Mo(O)(@2(dmpz)] (entry
1, Table 2.19), following extraction of productsdagvaporation of remaining volatiles,
a small excess (1.2 equiv.) of aqueoy®Hwas added and the mixture stirred at 60 °C
for 30 mins. Excess water and hydrogen peroxidesvleen removed by evaporating
under vacuum for several hours. When cyclooctene adaled to the mixture and the
epoxidation repeated the same result was obtaiggprgx. 50 % conversion),
indicating that the bisperoxo species must have lbegenerated. A control was also
run where the complex was not reoxidised whichexggected, produced no significant
conversion of the product on the second run, shgpuiat treatment with #D, was
necessary to restore the epoxidative potentialwds thus shown that both the
epoxidation and peroxo regeneration reactions tkgpinn mechanism (b), Scheme 2.9
occur very readily under the reaction conditioras/ieg little reason to doubt that this is

the catalytic mechanism of the reaction.
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Visually, clear colour changes were apparent lvatien the complex reacted
with the olefin and when the oxygen deficient speavas regenerated withh®. 0.5
mmol of either [Mo(O)(Q)2(pz)] or [Mo(O)(O,)(dmpz}] dissolved readily in 2 mL of
Csmim-PF; to give a clear yellow solution. When reacted wiite olefin the colouration
distinctly shifted to orange. Notably, this colowas visually similar to that of a
dioxoperoxomolybdenum complex of dimethylpyrazdiattwas isolated during these
studies (see Section 2.2.6.3), providing some aidin that this type of complex is
formed and is stable following transference of pleeoxo oxygen to the olefin. When
the orange solution was treated withQd the yellow colour was restored within

minutes.

Scheme 2.10Colour changes during stoichiometric epoxidation thwi
[Mo(O)(O2)2(pz)]

Interestingly, if the orange solution was heatedaftonger period of time a very
dark green colour evolved (see Scheme 2.11). Fa(@MO,)2(dmpz}] this occurred
very quickly, within hours, whilst for [Mo(O)(&(pz),] heating had to be continued for
several days to bring about the same change. Tédengrolour would seem likely to
correspond to a molybdenum(V) compound, with reductof the metal species,
indicating that corresponding oxidation of the drdie might have taken place.
However, no more than the 1:1 epoxidation raticeoled once the orange species had
evolved was detected, indicating that the reductesults from decomposition of the
metal species, rather than a redox reaction whduether substrate was oxidised. It
should be noted that the green solution could be&idesed to a yellow colour in the

same manner as the orange precursor, so this desdmmp would not kill a catalytic
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system. It is significant to point this out, asnmany catalytic systems, maximum TON
is dependent on the average lifetime of the catalyscies prior to its deactivation. In
these oxobisperoxomolybdenum systems however, ttivea catalytic species
represents an oxidative extreme for the metal, lwisicould always be regenerated
simply by ensuring that oxidant is available, tlesgalyst deactivation by chemical
means within the catalytic system would be impridab

Scheme 2.11Progressive colour changes ign@m-PFR/[Mo] solutions

Lastly, the results obtained in the attempted biometric epoxidation of some
other substrates should be discussed (entries TabBle 2.19). For none of the
substrates, 1-octenedrans4-octene and styrene, was any conversion observed.
Interestingly, the colour change from yellow to raya was still observed after the
solution was heated for a while, seeming to indic#ttat the catalyst simply
decomposed. Having obtained good results in theigaton of cis-cyclooctene the
complete inertness towards these substrates coe&n ssomewhat surprising.
Seemingly the oxobisperoxomolybdenum species iblan® oxidise these substrates
due to inability to transfer an oxygen to theseet/pf substrate, though it is not obvious
why. Interestingly however, for these non-cyclichsnates, whilst the results for
stoichiometric oxidations, where mechanism (b) ohé&ne 2.9 is the only available
epoxidation route, were completely negative, inghtalytic systems (Entries 1, 2, 6 &
7, Table 2.18) low, but significant, levels of cension were observed, the presence of
the oxidant apparently making low conversions tadasiPerhaps then, these low
epoxide yields are attributable to an alternativechanism: activation of the,B, in a
dihydroperoxomolybdenum intermediate as shown ichaeism (a), Scheme 2.9. This
alternative mechanism appears to be much slower tha peroxo oxygen transfer
(mechanism (b), Scheme 2.9) which should domiratei$-cyclooctene. However, for
these non-cyclic substrates where mechanism (bforissome reason impossible,

mechanism (a) becomes the only viable epoxidatiechanism and a slow but
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significant level of oxidation takes place in tlmanner. As already discussed, with a
more basic metal centre and a relatively less bagidant in HO, the oxidative
intermediate does not form readily and mechanignis(eéhus very slow. By employing
different coordinating species and/or oxidants aemefficient [Mo]/IL epoxidation
system might be developed, capable of effectivelgdising non-cyclic substrates such
as those appearing in Table 2.19. However, the Wwerk was not extended to such a

study.

2.2.4.3Discussion of the Mimoun and Sharpless mechanisms

In the epoxidation of olefins by oxobisperoxomolghdm complexes,
independently of whether the oxygen atom is transfiefrom a peroxo or alkylperoxo
ligand, the mechanism of the transfer itself isstdered most likely to follow one of
two pathways (Scheme 2.12), via a spirocyclic metiate associated prominently
with publications from Sharpless and co-workér®, or coordination of the olefin
substrate to the metal in an equatorial positiothoieed by formation of a five
membered peroxometallocyclic intermediate, as mego in the preliminary
publications discussing this reaction from Mimourd ao-worker$®*** Scheme 2.12
shows the olefin receiving an oxygen derived fromperoxo ligand, but these
mechanisms are also postulated as operative wiggewn is transferred to the substrate

from an organoperoxo or hydroperoxo ligand.
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Scheme 2.120lefin epoxidation via the Sharpless and Mimoun etyp

mechanisms
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Mimoun Peroxometallocycle

Peroxometallocycles of the type proposed by Mimateindeed isolable from
the reactions of certain metal-peroxo complexes wlefins'® although it is notable
that no such complex with & @entre has yet been isolated. However, whilst some
experimental evidence indicates that coordinatmthe metal centre might occur, the
alternative mechanism proposed by Sharpless isafiwn considered the more likely.

In this mechanism, external nucleophilic attackhaf olefin on the electrophilic peroxy
oxygen results in a spirocyclic three membered tiagsition state which breaks down,
liberating the epoxide product. The original argai@r this was based on a detailed
study of relative rates of epoxidation reactionscpeding via 5- and 3-membered ring
transition states, which indicated that epoxidaiooy oxobisperoxomolybdenum
species should proceed via the lattef Theoretical studies have also indicated that this
three membered ring transition state should be faw@urable than the five membered
metallocycle for 8 peroxo complexes of chromium, molybdenum and temf§®1%3

In spite of this, the probability of either mechamiis still considered an unresolved
debat&*@1780)1%03nq as such it would seem pertinent to discusg imdécations the

results obtained here give as to the mechanismesaictithese epoxidations.
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Observations from monodentate ligandSsundamental evidence which led
Mimoun to propose a mechanism requiring coordimabb the olefin substrate to the
metal centre at some stage was the observation uhder certain conditions, basic
solvents and strongly coordinating ligand speciehsas DMF and HMPA reduced the
rate of the epoxidatioff. This would infer that coordination to the metahie was a
necessary step and that such species were retatigingeaction by blocking this
coordination. In this study, if the epoxidation &eo proceed by such a mechanism, it
would be expected that the investigations intoetfiect of the coordinating species on
the reaction should have concluded that the mooedamating the additive species, the
slower the conversion of the substrate, irrespectivany benefits to the selectivity.
However, the results showed that none of the mamatke coordinating species
investigated inhibited conversion at all and somditaves actually enhanced the rate of
conversion. 3,5-Dimethylpyrazole was more activgtiman pyrazole which in turn was
more activating than pyridine-N-oxides. This rumsittary to the trend that would be
expected were coordination to the metal centre ssarg, since the more strongly
coordinating species should block the catalysisenadfectively. The only process that
any of the additives were shown to inhibit was Kiyelrolysis of the epoxide, which
should require access to the metal centre. Frosethesults a mechanism not involving
any direct coordination of the substrate to theain@gntre during the epoxidation would
appear to be favoured, making the Sharpless meshathierefore seem more likely.
Having previously noted the similarities betweers tystem and reported MTO/6,
epoxidation systems it is worth remarking that ttealytic mechanism of MTO
epoxidation is thought to proceed via a spirocydfitermediat€! The analogies
observed between the two types of system coulctatelithat the mechanisms are the

same.

Observations from bidentate ligand32’-Bipyridyl ligands were found to very
markedly reduce the catalysts activity, inhibitiegnversion to the epoxide. This
contrasts all of the monodentate species testei;hwéither had no effect on the
conversion or actually increased it. This obseoratcould be seen to support the
Mimoun mechanism requiring coordination to the rhetntre, since the bidentate
bipyridyl ligands might well dissociate less eastlyan monodentates, leading to
blockage of active sites on the métdl.However, further study of the effect of

2,2’-bipyridine indicated that blocking of activiées may well not explain the poor
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conversion. Employing an excess of the base oveo] [Bhould have increased
competition for, and reduced access to, the metatre. Indeed, when an excess of
bipyridine was used, as opposed to only one ecerivalselectivity for the epoxide
improved from partial to complete, indicating tina¢tal catalysed hydrolysis was being
more effectively inhibited for this reason. At tkame time however, no signifiant
change in the rate of conversion was observed. Wbidd seem to indicate that access
to the metal centre was not important to the rdtéhe epoxidation mechanism and
consequently this observation does not favour teelranism postulated by Mimoun. In
addition, the N,N’-dioxide, which is more weakly ardinating than unoxidised
bipyridine, should block access to the metal cerless effectively. However,
approximately equal conversions were observed with dioxide complex and the
unoxidised bipyridine complex. This would suggdsttinhibited access to the metal
centre was not responsible for the poor conversiBractly why the bipyridyls would
inhibit the epoxidation is not clear however. Asnti@ned previously, poor solubility
was not considered likely to be a problem in th&algtc reactions. The fact that
bipyridine and its dioxide both gave similar corsiens may indicate that the reason is
steric, rather than electronic, since the strewtblectron donation to the metal centre
should vary significantly between the two. The begblanation that can therefore be
offered for the poor conversions observed for bhgyrcomplexes is that they produce
an inhibitory steric effect, though specifically tnby blocking access of the olefin
substrate to the metal centre.

Note that coordination of a bidentate ligand does mecessarily lead to poor
catalytic activity in oxobisperoxomolybdenum conyas: most notably, in the highly
active systems described by Bhattacharyya et akdowation of bidentate N, O donor
ligands has produced very active comple®&4.Also of interest, Thiel et al. showed
that coordination of a bidentate N-donor ligand nfrooxobisperoxomolybdenum
complexes was unlikely to inhibit access to theaheentre’® It is important to note
that this describes a pyrazolyl-pyridine, ratheanthbipyridine type ligand, although
despite their higher basicity, experimentally thexeno precedential basis for arguing
that bipyridyl ligands would necessarily be moreongy dissociating in these

complexes.
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2.2.5 IR study of oxobisperoxomolybdenum complexes

As was disussed in the preceding section, it issiptes that coordination of
certain species such as pyrazoles can activat®th®,e0xo bond, rendering it more
reactive and thus accelerating the rate of the idpogn. If this were the case, one
manner in which this activating effect might be @ved is in the relevant bands in the
IR spectra of appropriate oxobisperoxo complexesuimt) synthesised a range of such
complexes, the energies of the distinctive M=0, @@ Mo-Qeroxobands® (these are
highlighted for [Mo(O)(Q)2(dmpz}] in Figure 2.10) were recorded and are shown in
Table 2.20 below.

Figure 2.9. The IR spectrum of [Mo(O)(&.(dmpz}]
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Table 2.20. Energies of M=0, O-O and M bands (cil) for

oxodiperoxmolybdenum complexes

Entry Complex M=0 0-0 Mo-O,, sym.

1 [Mo(O)(O,)2(pz)] 963 852 580

2 [Mo(O)(O,)2(dmpz)] 957 860 586

3 [Mo(O)(0s)x(phen)] 949 847 Not Recordéd
4 [Mo(O)(O,)2(bpy)] 939 858 581

5 [Mo(O)(O,)2(bpyDy)] 952 859 580

6 [M0o(0)(0,)2(H20)(p2)] 951 860 577

7 [M0(0)(0,)2(H,0)(colO)] 959 851 577

8 [Mo(O)(O;)2(H20)(lutO)] 961 856 Not Recordéd
9 [Mo(0)(O,)2(H20)(2pcO)] 973 848 Not Recorded
10 [Mo(O)(Gy)2(H20)(3pcO)] 951 852 Not Recorded
11 [Mo(O)(G,)2(H20)(pyO)] 960 859 Not Recordéd

%In these cases the longer wavelengths were notded.

Overall the results indicate that there is harahy change in the energies of
these bonds irrespective of the coordinating sgediee Mo-Qeroxobands all fall within
a very narrow 15 cthrange, too small to indicate any significant ee@imdifference. It
was noted that [Mo(O)®»(dmpz)] fell at the top of this range, with
[Mo(O)(0O2)2(pz),] also relatively high, but the differences witle thther complexes are
basically insignificant and well within reasonalebeperimental variation. Likewise the
O-0 bands fell into a narrow range with no disdaleirend. Perhaps surprisingly there
was also no attributable pattern in the M=O bamdghe monoaqua compounds the
water molecule usually coordinates in the free lgpa@sition, trans to the M=0O and as
such a general difference between the values fesethcomplexes and the other
complexes, particularly those with N-donors in #iedal position might have been
expected. However all of the results fall into datigely narrow range with the
exception of one or two slightly anomalous resyits. entries 3 & 8 Table 2.20).
Taking into account natural experimental variatibare seems therefore to be hardly
any significant energetic difference in these barmetsveen the various complexes.

In discussing the IR spectra the possibility abreous assignments should be
considered. In all cases the best possible effa$ wade to avoid such any such
mistakes but it is sometimes difficult to rule tpisssibility out. In particular, in the case
of the N-oxide complexes strong signals appeahénB00-650 ci region, leading to
the possibility for misassignment of the M@gf band. All spectra can be viewed in
the appendices.
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2.2.6 Structural data for some molybdenum-peroxo complex®

Oxobisperoxomolybdenum complexes generally conftmnthe configuration
shown in Figure 2.10, with the axial oxo ligande ttwo peroxo ligands occupying
equatorial positions and coordinating ligands, régent, occupying the free positions,
one on the equatorial plane and traasto the oxo ligand.

Figure 2.10.0xobisperoxomolybdenum complex
O
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Despite  their relative simplicity, structural dataregarding the
oxobisperoxomolybdenum complexes of simple N-hetgilic bases is surprisingly
scarce®® Many of these complexes, particularly those ofehtdte ligands, such as
2,2’-bipyridines, have very poor solubilities whintakes them difficult to recrystallise,
although recrystallisation of some such complexemfpolar media including DM#*
and water:propand®® has been described. Presumably as a result ofdispite the
relative ease of their synthesis XRD studies haaenlreported for only a few of the
simple oxobisperoxomolybdenum complexes, limited pyridine N-oxide!™®
imidazolé® and 2,2'-bipyridine®®* For the purposes of this catalysis centred sthdy t
data obtained by XRD analysis of crystalline forofsthese compounds would be
interesting since it would potentially allow foraysis of any relationships which exist
between the structure and catalytic activity of toenplexes. The crystallisation of a
range of these compounds was thus attempted. fenge of methods (detailed in
Section 3.6) several crystalline products suitdbtestructural analysis were obtained.
The crystal structure analysis of these compounas eonducted independently of the
studies discussed here and does not form part isf work!®® However, some
interesting findings will be discussed here qualiy in relation to the previous
catalytic studies.

The majority of crystalline products obtained wéyend in preliminary analysis
to be oxoperoxo-polymolybdate salts of organicaratiderived from protonation and in

some cases decomposition of the N-heterocyclic bpseeies. In these cases the bases
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were not coordinated to the molybdenum atoms aedniierest provoked by resolving
these structures would thus be rather limited. As»ample, a product crystallised from
the reaction of [Mo(O)(@2(H20),] with collidine was identified as
[{Mo(O)(O2)z} 2(n*-O)I* 2[colH] "

Figure 2.11.[{Mo(O)(O2)2} 2(u*-0)]*- 2[colH]" 1%

010 08

2.2.6.1]Mo(0)(O2)2(pz)(H0)] and [Mo(O)(Q)2(pz)]

[M0o(0)(02)2(H20)(pz)] and [Mo(O)(Q)2(pz)] were synthesised simply by the
reactions of 1 and 2 equivalents respectively ofapgie with a solution of
[M0o(O)(0O2)2(H20),] in hydrogen peroxide. After filtration of any mipitates, slow
crystallisation of the filtrates yielded the prothkias yellow crystals from which their
structures were determined. Both were found to tdbp trigonal bipyramidal
conformation that would be anticipated for thesenpounds. The axial positions are
occupied by the oxo ligand and either a water io(O)(O.)2(H20)(pz)]) or pyrazole
(in [Mo(O)(0y)2(pz)]) ligand whilst the two peroxo ligands and the gmole are
coordinated equatorially. The equatorial ligands hent slightly away from the oxo
ligand so that the angles formed are greater tl0dnThe equatorial pyrazole rings are

angled approximately perpendicular to the equdtordane, although in
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[Mo(O)(02)2(pz)] the ring is twisted more considerably off fromight angle, and both
are angled so that the NH is in proximity to the digand. The structures are shown

below in Figure 2.12 and Figure 2.13.

Figure 2.12.[Mo(O)(0,)(pz)(H.0)] **°

3

Figure 2.13.[Mo(O)(0,)a(pz),] %
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2.2.6.2IM0g(0)5(02)4(dmpz}]*- 4[dmpzH] - 2H,0

Given the exceptional catalytic activity observed the 3,5-dimethylpyrazole
complex of oxobisperoxomolybdenum, structural cbemadsation of this complex
would clearly have been highly desirable. Unforteha this complex was never
isolated in crystalline form and so this was naimétely achieved. Reaction between
dimethylpyrazole and an aqueous solution of oxasi®pomolybdenum gave the target
compound in a yellow, microcrystalline form. Howeatempts to obtain crystals of
the complex from the remaining liquors in the samsg as for the pyrazole complex
met with no success. The bis(3,5-dimethylpyrazolgfmplex was identical in
appearance to the dipyrazolyl equivalent but ngtablhilst the latter is stable for
months under atmospheric conditions at room tentyerathe former decomposes to
dark solids within days. Recrystallisation of themplex from water and propanol
yielded yellow crystals, however these were notak@bisperoxo complex but rather an
octamolybdate species with the formula [f2)2(O2)s(dmpz)][HdmMpz]s-2HO0.
Interestingly, an octamolybdate structure beariegyo ligands in this manner has yet
to appear in literature. Unlike the oxobisperoxanptex this compound was stable
under air even over a period of months. The ars@hown below in Figure 2.14.

Figure 2.14.The [M0s(O)x2(0,)(dmpz)]* anion*®®
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2.2.6.3[{[Mo(0)(0 2)(dmp2z)h(1*-0)A{M0(0) (O2)(dmpz}} 5] CHCl

Further efforts to crystallise the oxobisperoxonbdignum complex of
3,5-dimethylpyrazole led to a another interestingcavery. When solutions of
oxobisperoxomolybdenum in aqueous hydrogen peroamde 3,5-dimethylpyrazole in
dichloromethane were mixed, the distinctive yellofnthe bisperoxo complex was seen
to rapidly cross over into the organic phase. Furttore however, within minutes the
distinctive yellow colouration darkened to orand®hen carefully crystallised this
solution yielded orange crystals which were chamstd as a polymetallic complex
comprised of four dioxoperoxo configured molybdeifih centres with general
formula MaO;6(dmpz) (see Figure 2.15). The compound consists of a snal
chain with four molybdenum atoms. The middle twotahe@atoms in the chain are
connected to each other through two bridging oxya@ms and each possesses an 0xo
and a peroxo ligand along with one dimethylpyrazdor ligand. The terminal
molybdenum atoms are dioxoperoxo, possessing tvaoligands, a peroxo and two
dimethylpyrazole donor ligands and are bound to ¢kaetral molybdenum atoms
through one of their oxo ligands acting as a doRamarkably, this compound is the
first dioxoperoxomolybdenum(VI) compound to be @werised in the solid state.
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Figure 2.15.[{[Mo(O)(O 2)(dmpz)b(u*-0){Mo(0) 2(O2)(dmpzp} 5] **°
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One final item of interest regarding the dioxop@&raomplex, which has already

received mention when discussing the catalytic gfatons in ILs, concerns the colour

of the compound and the dichloromethane solutiomfwhich it was crystallised. Both

show a distinctive orange colouration which waso atdbserved in stoichiometric

epoxidations by the oxobisperoxo complex in IL afteequivalent of olefin had been

oxidised. This provides an indication that in cgial reactions an intermediate

dioxoperoxo complex forms after oxidation of thebswate which is subsequently

re-oxidised to the oxobisperoxo form by®4. At the time of writing this had not been

successfully confirmed however.
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2.2.6.4Relationship between catalytic activity and struatulata

It was unfortunate that an oxobisperoxomolybdenunompdex of
dimethylpyrazole was not isolated for structuraalgsis in the solid state as this was
the optimum catalyst identified during the catalydtudies. Nevertheless, the pyrazole
complex had also demonstrated an enhanced acéimycomparison of its structural
parameters with those of related structures wasefihie interesting in examining
reasons for the catalytic enhancement that coaeinpyrazoles apparently induce. In
particular the bond lengths relating to the perbgands, both the Mo-gaoxo and O-O
bonds, might give some indication if the peroxaatigs of this complex were more
reactive, thus facilitating more rapid epoxidatidteightened polarity in the peroxo
ligands might well induce greater epoxidative dttitoth due to the lesser stability of
the ligand, which should cause it to release thggem atom more readily, and the
increased capacity for nucleophilic attack by tlxggen atom during the epoxidation
mechanism. Pyrazole ligands may facilitate incréaslectron donation by the metal
centre to the peroxo ligands due to their previpukscussed properties as stronger
in-situ ligands. A strong donor ligand results in a morsidanetal centre and thus
increased donation to the peroxo ligands. In thasmer the coordination of a pyrazole
in an equatorial position on the oxobisperoxo ca@mphay render the peroxo ligands
more reactive.

Table 2.21 below lists bond lengths determined WgDXanalysis of the
oxobisperoxomolybdenum complexes of pyrazole syisled in this work along with
those of all oxobisperoxomolybdenum complexes ofpge N-heterocyclic bases and

their oxides so far described in literature.
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Table 2.21. Structural data for relevant [Mo@(O)(L,)(L;)] complexes

Bond Lengths (AY

Complex
P M0-Ouxc MO-Operoxc 0-0
Aqua-monodentate
[Mo(0)(0):(pyO)(HO)*® 1670 L9 LY 1.470, 1.470
[Mo(O)(O)(p2)(HO)'*®  1.6819(15) L-2482(11),1.9450(10), 1.4796(3)

[Mo(0)(02)(im)(H,0)]** 1.670(3) 1'911%%4%(12))',11'?9255(2(21)0) 1.468(4)

Di-monodentate

[Mo(0)(O,)(pyO)]*"*® 1.676(3) 11%13((?&)) 11%13((?)

[Mo(0)(02)2(pz)] % 1.6778(12) 11%%2((11?) 11993125((11?)

1.460(3), 1.458(4)

1.4807(16), 1.474(2)

Bidentate

1.953(4), 1.912(5),

[Mo(0)(O,)(bpy)I"** 1.682(4) 1.948(4), 1.908(4)

1.459(6), 1.465(5)

& Standard deviations given in brackets when avéglab

An examination of the data presented in Table &Rdws that there is little
significant variation between the Mos@Q bond lengths of any of the complexes, all
being within a range of 1.670-1.685 A. Mg\ bond lengths vary depending on
whether the oxygen is adjacent to the equatom@nid. If adjacent, bond lengths fall
generally between 1.945 and 1.960 A, but are shamel more variable for the
non-adjacent bond. Bond lengths between the metdte and the non-adjacent peroxo
oxygen are slightly longer in the pyrazole compgexban in the other examples,
particularly in the aqua-pyrazole complex. The @dnd lengths do seem to be slightly
longer in the pyrazole complexes than in the othemples. Amongst the complexes
described in literature these distances fall intarsge of around 1.455-1.470 A whilst
for the pyrazole complexes values of around 1.48&rd\observed. Longer O-O bond
lengths may indicate that this bond is weakenedtduegher polarity in the ©ligand,
resulting from electron donation to antibonding @bitals by the metal centt&’
Shorter Mo-Qeroxo bond lengths might also have been anticipatedrasat; *® though
this is not evident. The differences (0.010 — 0.83%re not very significant however,
so the inference of this observation is limited.

It should be aknowledged that amongst the compléerssribed in Table 2.21
the complexes with a coordinated bipyridine or iazidle ligand actually have more
basic ligands than pyrazole coordinated at thetegahsite, and in theory these should
therefore induced greater destabilisation of thexeeligands than pyrazole. Sterically,
the bidentate bipyridine may be inhibited from biogdeffectively, but imidazole is
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structurally very similar to pyrazole (the authersen confused the two when resolving
the structur®® and would be expected, as a stronger base, totedomare electron
density to the metal. If the slight differences etved in O-O bond lengths are
attributable to activation by a bound pyrazole figat is not clear why these other
species would have a lesser activating effect.

It is also interesting to look briefly at the peodoond lengths determined for the
dioxoperoxomolybdenum structure that was discugs&ection 2.2.6.3. As previously
discussed, oxobisperoxomolybdenum is capable ofidising only one equivalent of
substrate and may well form a dioxoperoxo intermdsubsequent to losing a peroxo
oxygen. For this reason the peroxo ligands of siiacture might be expected to be
notably deactivated compared with those of the @®p@Eyoxo0 compounds. The

structural data are thus shown below in Table 2.22.

Table 2.22. Bond lengths for [{[Mo(O)(Q)(dmpz)L(1*-O){Mo(0)»(O.)(dmpz)p} 5] **°

Bond Lengths (AY

Position of Mo

MO'Operoxc 0-0
Terminal 1.9255(17), 1.9240(17)  1.451(2)
Central 1.9560(16), 1.9547(16)  1.447(2)

& Standard deviations given in brackets

There is some evidence of differences in the bdendths both in comparison
with the oxobisperoxo complexes and between the pewxo ligands, though the
observations are probably not highly remarkableoKimg first at the Mo-Qkoxo boNnd
lengths, the peroxo ligand affixed to the terminablybdenum atom exhibits bond
lengths of approximately 1.925 and 1.924 A. In aspbroxo complexes these bond
lengths are typical for the oxygen atom which i$ adjacent to the equatorial ligand.
However, they are notably shorter than bond lenggpgal for the adjacent oxygen
atoms, where bond lengths fell between 1.940 a@621A. This might indicate that in
an oxobisperoxo complex, the peroxo oxygen atoracadit to the equatorial ligand is
less strongly bound to the metal centre, with gaghaps resulting in higher reactivity,
whilst in a dioxoperoxo complex both the peroxo gay atoms have relatively strong
bonding with the molybdenum atom and thus are rastlye transferred from the
complex. In contrast however, the M@zf bond lengths for the central metal atom
are of approximately 1.956 and 1.955 A. Both oSthbond lengths are typical of those

observed with the oxygen atom postioned adjacenth& equatorial ligand in an
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oxobisperoxomolybdenum complex. According to thggdaf the prior speculation this
should make them fairly activated, which is noti@pated for this relatively oxygen
deficient compound and is thus contradictory. Th® ®onds are both of a similar
magnitude, at approximately 1.451 and 1.447 A. &@heslues are actually somewhat
shorter than the range observed for the oxobispecorplexes, between 1.458 - 1.480
A, which could be interpreted as corresponding éaluced polarity and thus
deactivation. However, the differences are not damgnough to be considered

particularly significant.
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2.2 Oxobisperoxomolybdenum(VIl) Complex Catalysed Epoxidtions
Part B: in Apolar Media

The studies of molybdenum catalysed olefin epolodat covered up until this
point were conducted in ILs in order to achieve bgemisation of the catalyst and
substrate. As already discussed, these media Im@veaavel capacity to dissolve the
otherwise often poorly soluble molybdenum catatysthplexes of simple base ligands.
In terms of sustainability and “greenness”, the ask.s incurs various advantages and
disadvantages compared to similar processes ineotional solvents. In continuation
of this study of oxobiperoxomolybdenum catalysedxapations focus was next
switched onto reactions in low polar organic sotseand solventless conditions.

2.2.7 Solubilisation of oxobisperoxomolybdenum complexeswith solubilising
substituents

Oxobisperoxomolybdenum complexes generally have ticpgarly poor
solubilities in apolar media, so in order to moasiky achieve a homogeneous catalytic
system the first step was the design of catalystptexes with enhanced solubility in
such solvents. In this study this was achievedpgpr@priate functionalisation of some
standard ligands. This strategy does have suctegssfoedentS”**°and has even
been employed for oxobisperoxomolybdenum cataf/$tsThe use of the PDMS
functionalised/supported pyridine ligand 4-(polyetimylsiloxanyl-ethyl)pyridine A)
and its application in a similar context with MT&,palladium and copp&f catalysts
is discussed elsewhere in the results section.pdtential to form coordination
complexes with oxobisperoxomolybdenum which wowddbbth catalytically active and
soluble in conventional apolar organic solvents aia® studied and these results will
be covered here. Additionally, several alkyl and SMunctionalised coordinating

N-heterocyclic base species were synthesised argdtigated in a similar capacity.
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2.2.7.1Epoxidations in apolar solvents

By dissolving oxobisperoxomolybdenum catalystshis thanner, homogeneous
reaction systems wherein the catalyst and olefivstsate are dissolved in an apolar
organic reaction solvent solvent could be envisageth aqueous hydrogen peroxide
serving as oxidant and forming a separate phaséh WMe substrate and product
remaining separated from the aqueous oxidant inotganic phase, hydrolysis could
hopefully be avoided whilst catalytic conversionthe epoxide could take place. Table
2.23 shows a selection of results obtained in oploorm, toluene and hexane for a
selection of the substituted bases and their utisutesl analogues.

Table 2.23. Oxobisperoxomolybdenum catalysediscyclooctene epoxidations in

apolar organic solvents with a selection of bashtaes®

Entry Solvent Ligand Conversion (Yield)
1 - 0 (0)
2 Pyridine 2 (2)
3 4-(Polydimethylsiloxanyl-ethyl)-pyridineA) 86 (86)
4 2,2'-Bipyridine 12 (2)
5 4,4'-Ditridecyl-2,2'-bipyridine ) 17 17
6 Chlorophorm 4,4'-Dinonadecyl-2,2"-bipyridine 27 516;
7 4,4'-Bis(bistrimethylsilanylmethyl)2,2'bipyridin&) 17 (17)
8 2,6-Bis-trimethylsilanylmethyl-pyridine) 38 (38)
9 4-Tridecylpyridine B) 99 (99)
10 4-(2,2-Bis-trimethylsilanyl-ethyl)-pyridineQ) 72 (71)
11 Toluene  4-(Polydimethylsiloxanyl-ethyl)-pyridineA() 2 (2)
12 Pyridine 5 (1)
13 4-(Polydimethylsiloxanyl-ethyl)-pyridineX() 4 (2)
14 Hexane 2,2'-Bipyridine 0 0)
15 4,4'-Ditridecyl-2,2"-bipyridine ) 0 (0)
16 4,4'-Ditridecyl-2,2"-bipyridine ) ° 0 (0)
17 2,6-Bis-trimethylsilanylmethyl-pyridinelY) 9 (1)

% Aqueous [Mo(0)(§)»(H20),] 0.025 mmol, ligand 0.05mmol, 30 %®% (g 3.0 mmol, cis-cyclooctene
1.0 mmol, solvent 10 mL, 18 h, 60°C. Yields andemions calculated by GECoordination compound
prepared prior to the reaction (as opposed to fotiorain-situ).

The first observation to be made from the resultsthese studies is that
significant conversion in hexane was never achie(@uries 10-15, Table 2.23).
Visually solubilisation of the catalyst was not eb&ble in any of these reactions, the
complex instead precipitating as a a colloidal glisolid, which would indicate that
the lack of any catalytic conversion stems fromitisolubility of the catalyst which is
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thus unable to catalyse the reaction. The podsiltiiat a soluble catalytic species was
unable to formn-situ due to insolubility of the molybdenum precursorsveansidered,
but when reactions were carried out using previousynthesised coordination
compounds (entries 13 & 16, Table 2.23) significaonversions were still not
achieved. A reaction carried out in toluene gaveimilarly poor result with no
observable catalyst solubility, indicating the sgoneblem (entry 11, Table 2.23). The
lack of activity observed in these systems, disedaahy further investigation of the
potential for epoxidations in very non-polar enwimeents, such as scGOwhere the
catalyst complexes would very likely also be indtduand inactive. Additionally, when
no base (entry 1, Table 2.23) or the unsubstitatedogue bases (entries 2, 4, 10 & 12,
Table 2.23) were employed there was never anyfgignt conversions. Again in these
instances it seems probable that the insolubilitthe catalyst complexes explains the
lack of catalytic activity. In chlorophorm low, bugignificant conversions were
observed when the 4,4'-dialkyl substituted bipyredi were used (entries 5 & 6, Table
2.23). This represented a slight improvement ouee tields observed using
unsubstituted bipyridine in ionic liquids (entriés& 6, Table 2.23), but when direct
comparison was made with 4-alkyl substituted monidpyes in chlorophorm (compare
entries 5 & 9, Table 2.23), utilising the bidentigands was found to result in activities
far deficient of their monodentate counterpartsag®aing for this observation has
previously been discussed in detail (see Sectid 3) and these results are probably
explicable in the same manner.

Considering now the instances where relatively gacit/ities were observed, in
chlorophorm the two 4-substituted monopyridyl ligan4-(polydimethylsiloxanyl-
ethyl)pyridine Q) (entry 3, Table 2.23) and 4-tridecylpyridir®) (entry 9, Table 2.23)
afforded high yields within the 18 hours, with cdetp conversion to the epoxide
observed in the latter. It seems likely that infbot these systems coordination of the
solubilising ligands to the metal centre resultadai soluble catalyst, with effective
homogeneous catalysis subsequently resulting ird gamversion. Additionally the
selectivity to the epoxide was found to be compileteoth cases. This indicates that the
epoxide product is effectively protected from hygses within the system, most likely
due to its separation from the aqueous phase. Thesés are highly interesting as the
low solubility of most oxobisperoxomolybdenum coex#s renders homogeneous

catalysis in conventional media very difficult. ldereffective solubilisation and
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efficient, selective catalysis have been achievaegleying only common pyridine rings
with relatively simple polymeric solubilising struces.

The other functionalised monopyridyl species tharevexamined were the
structural isomers 2,6-bis(trimethylsilanylmethyhigine (entry 8, Table 2.23) and
4-(2,2-bis-trimethylsilanyl-ethyl)pyridindentry 10, Table 2.23). Interestingly, whilst both
species apparently completely inhibited hydrolysis the epoxide and afforded
significant epoxidation, there was a marked diffieeein the observed yields. It is likely
that the 2,6-functionalised pyridine might encourstieric hindrance in its coordination
to the metal centre, and this may explain the loegrversion compared with the 4-
substituted isomer. However, the benefits fromdblkeibilising methyl-trimethylsilanyl
substituents still clearly outweigh any such himdeathat they impose (compare with
unsubstituted pyridine (entry 2, Table 2.23), ildiicg that solubilisation of the catalyst
complexes is vital in obtaining significant catadyactivity.

It is worth noting at this point that in the instas where monopyridyl
coordinating species were employed (pyridideD) it is likely that thein-situ
coordinating species would actually be the corradpa N-oxides, which have been
found to be less efficient both in limiting hydrelg and activating the catalyst than
N-donors. In the previous study of oxidations irs lit was shown that pyridine was
likely oxidised as such (Section 2.2.2.2), and tieac of pyridine with
[Mo(0)(02)2(H20)q] in the presence of 4D, gives the N-oxide complexes (see
literature RefS® and Section 3.6.8). The facile oxidation Bf to its oxide was
demonstrated in chlorophorm (Scheme 2.5) and wacti [Mo(O)(Q)2(H20),] with B
gave the oxide complex, [Mo(O){R(BO)(H.0)] (Section 3.6.3). In the case Afsuch
an oxidation might also be considered probableydhat is worthy of note that it was
considered possible that this particular ligandspsses a higher resistance to oxidation,
explaining the higher epoxidative activities witsed for MTOA compared with
MTO-B and MTO-pyridine systems (Section 2.1.3.4).

2.2.7.2Epoxidation of other olefin substrates in chloropho

Having established that the systems employirandB (Table 2.23, entries 3 &
9) had high activity in the epoxidation cf-cyclooctene, investigation of these systems

was extended to other olefin substrates, shown wbelm Figure 2.16.
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3,5-Dimethylpyrazole was also investigated, havorgduced a high activity in the
previous study in ILs. In this prior study, a systemploying dimethylpyrazole in 2 mL
of chlorophorm produced a conversion of 23 % with8a% yield of epoxide focis-

cyclooctene (entry 24, Table 2.11) The resultssamvn below in Table 2.24.

Figure 2.16.0lefin Substrates used in extended studies

Cyclohexene 1-Octene trans-2-Octene
O NN N
trans-4-Octene cis-2-Heptene Styrene

Table 2.24. Epoxidations in chlorophorrh

Entry Base Additive Olefin Conversion (Yield)
1 A Cyclohexene 12 (12)
> 3,5 Dlmethyl/\llpyrazole 1-Ociene 3(1)
3 HNT X trans-2-Octene 20 (11)
4 L trans-4-Octene 22 (9)
5 cis-2-Heptene 23 (23)
6 Styrene 17 (0)
7 Cyclohexene 23 (5)
8 B 1-Octene 0 (0)
9 - trans-2-Octene 15 (13)
10 N / Ci3Ho7 trans4-Octene 25 (22)
11 \ cis-2-Heptene 29 (29)
12 Styrene 60 (0)
13 Cyclohexene 75 (75)
14 A 1-Octene 0 (0)
15 /T \/ trans-2-Octene 2 (3)
16 N / C,H7Si |~ trans4-Octene 2 (2)
17 \ N cis-2-Heptene 1(1)
18 Styrene 100 (0)

% Aqueous [Mo(0)(§)(H20)] 0.025 mmol, base additive 0.10 mmol, 30 ¥k g 3.0 mmol, olefin
substrate 1.0 mmol, chlorophorm 10 mL, t = 18 k, 60 °C. Yields and conversions calculated by GC.

Six substrates were tested in this study, cyclehexvhich is relatively active to
epoxidation, the inactive terminal alkene 1l-octemee cis and twotrans secondary
alkenes which should be more active and also styréme oxide of which is very
vulnerable to decomposition through hydrolysis.eBrexamination of the results is

sufficient to conclude that none of the base adektitested was able to produce a very
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efficient system. Going on to look in more detagigarding the findings, for the
epoxidation of cyclohexend, produced the most active system, with 75 % yiélera
18 h and no detectable hydrolysis (entry 13, Ta&bhi1). However, given the long
reaction time, to have still obtained incompletevarsion for such an active substrate
still indicates the efficiency of the system wamited. The performance of both
dimethylpyrazole andB was very poor with very low isolated yields andopo
selectivities (entries 1 & 7, Table 2.24). Thedattesult is surprising considering tliat
had previously produced the highest activity towasid-cyclooctene (entry 9, Table
2.24), with complete conversion under exactly time conditions. Efficient conversion
of the terminal 1-octene was never achieved. Neetd any conversion was detectable
for A or B (entries 8 & 14, Table 2.24), whilst dimethylpyréezproduced only a trace
level of conversion (entry 2, Table 2.24). In castrto the results obtained for the
epoxidation of cyclohexene, in the conversion @f $kecondary alkends proved to be
very inactive with little better than trace conversof any of the substrates (entries
15-17, Table 2.24), whilsB and dimethylpyrazole produced slightly more active
systems (entries 3-5 & 9-11, Table 2.24). In theses theis substrate (entries 5 & 11,
Table 2.24) appeared to convert slightly more ®ffity and with slightly better
selectivities, although the difference is slightiahould not be considered conclusive
evidence that theis substrate was chemically more reactive thantridwes In no case
was any yield of styrene isolable after the reac{ientries 6, 12 and 18, Table 2.24).
Although the substrate was completely consumed whewas used, the epoxide had
apparently all been lost to hydrolysis. In the Galgsis, a peak corresponding to
benzaldehyde was observable, though it was not tifjedn The other additives
produced inferior conversions, indicating that édation was slower and the protection
from hydrolysis similarly poor.

In summary, none of the three base additivesdestes able to induce a highly
active system in chlorophorm for any of the sultetaparticularly when the long
reaction time is taken into accouAtgives fairly good activities when converting cgcli
substrates but is otherwise very inactive. The thiylpyrazole andB systems on the
other hand were poorly active toward cyclohexenenbarkedly superior results were
observed for secondary olefin substrates. Whildt sgistems apparently had a

measurable level of activity toward styrene no ég@xvas ever recoverable.
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2.2.7.3Solventless epoxidations

Having established that several of the base additivpould produce, albeit
limited, epoxidation systems in an apolar mediaghsag chlorophorm their efficacy in
solventless epoxidations, similar to those preuipasamined in the studies of rhenium
catalysed epoxidations was examined. To begin witglection of base additives were
tested in the epoxidation ofs-cyclooctene. Bipyridyl type ligands were excludean
this study due to the generally inhibitory effettserved for bipyridyls in the studies
conducted up to this point. The results are shoglavibin Table 2.25.

Table 2.25. Solventless epoxidation ofs-cyclooctené

Entry Base Additive Conversion (Yield)
1 None 12 (5)
2 Pyridine 8 (8)
3 Pyrazole 16 (12)
4 3,5-Dimethylpyrazole 31 (31)
5 B 31 (31)
6 A 25 (23)

% Aqueous [Mo(O)(€)(H,O)J 0.025 mmol, base additive 0.10 mmol, 30 %OH q 3.0 mmol,
cis-cyclooctene 1.0 mmol, t =18 h, T = 60 °C. d8ednd conversions calculated by GC.

In the absence of any base additive (entry 1,eral#t5) a conversion of 12 %
was observed, contrasting the result obtained wherreaction was carried out in the
presence of chlorophorm solvent, where there waehservable conversion (entry 1,
Table 2.23). Surprisingly a significant yield ofceqde was also obtained (5 %), which
indicates that under these conditions the epoxide wot highly vulnerable to
hydrolytic decomposition. This may be due to thew lamiscibility of the
cyclooctene/cyclooctene oxide phase with the agsieomhich limits chemical
interaction, preventing hydrolysis. The unsubstituN-heterocyclic bases pyridine and
pyrazole (entries 2 & 3, Table 2.25) gave sliglitigher selectivities but with similar
catalytic activities. The pyrazole system was appty slightly more active, which is in
common with observations made during the studyimci liquids. Higher conversions
were seen for the functionalised heterocycleswileae studied, 3,5-dimethylpyrazol,
andA (entries 4-6, Table 2.25), though it should beeddhat despite the long reaction
time (18 h) conversion was still never seen to msg much further than 30 %. It would
seem logical to attribute the higher activity oésk systems to the higher solubility of

the molybdenum coordination complexes formed in diganic substrate, facilitating

137



Results and Discussion

more efficient catalysis. For all three of thesditides the selectivities were effectively
complete, dimethylpyrazole a8l producing the slightly higher conversions. As the
three most active systems the study progressea ¢xamination of their efficacy in the

epoxidation of other olefin substrates.
2.2.7.4Solventless epoxidation of other olefin substrates

The same six substrates as were employed for thended study of
epoxidations in chlorophorm (Figure 2.16) weredadsinder the solventless conditions
for the 3,5-dimethylpyrazoléB andA base additive systems. The results of the study

are shown below in Table 2.26.

Table 2.26. Solventless epoxidation of various olefin subsgéte

Entry Base Additive Olefin Conversion (Yield)
1 3,5-Dimethylpyrazole Cyclohexene 48 (26)
2 N 1-Octene 3 (1)
3 HNT X trans-2-Octene 5(5)
4 L trans-4-Octene 17 (10)
5 cis-2-Heptene 87 (1)
6 Styrene 15 (3)
7 Cyclohexene 10 (3)
8 B 1-Octene 5(1)
9 - trans-2-Octene 44 (22)
10 N / Ci3Ho7 trans4-Octene 21 (18)
11 \ cis-2-Heptene 51 (12)
12 Styrene 62 (8)
13 Cyclohexene 15 (15)
14 A 1-Octene 1(2)
15 /T \/ trans-2-Octene 4 (4)
16 N / C,H7Si |-~ trans4-Octene 3 (3)
17 \ N cis-2-Heptene 13 (6)
18 Styrene 23 (3)

% Aqueous [Mo(0)(§),(H20)] 0.025 mmol, base additive 0.10 mmol, 30 ¥k g 3.0 mmol, olefin
substrate 1.0 mmol, t = 18 h, T = 60 °C. Conversiand yield calculated by GC.

A quick overview of the results reveals that, ifTmeoon with the study in
chlorophorm, none of the systems tested had acphatly high activity towards any of
the substrates. The yields from the epoxidation cg€lohexene obtained using

dimethylpyrazole and\ (entries 1 & 13 respectively, Table 2.26) werengigant, if
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slightly lower, than those obtained for cyclooctdastries 4 & 6, Table 2.25). Similar
to the results seen in chlorophorm, only a very loyelohexene oxide yield was
obtained forB. Only barely higher than trace yields were obsgrie the inactive
1l-octene substrate in all of the systems (entrie€ & 14, Table 2.26), which is
unsurprising when the inactivity of any molybdenbased catalytic system previously
tested here toward this substrate is consideredthEcsecondarirans olefin substrates
the results varied. Dimethylpyrazole (entries 3 &'dble 2.26) gave low yields (5 and
10 % for 2 and 4-octene respectively) and Aofentries 15 & 16, Table 2.26) barely
higher than trace epoxide yields were obtaifd@entries 9 & 10, Table 2.26) however
produced relatively good yields of 22 and 18 %tfer 2 and 4-octene respectively. In
no case was a marked difference in activity towatlds trans substrates and
cis-2-heptene observed (entries 5, 11 & 17, Table )228h low vyields for
dimethylpyrazole andA and relatively higher yield in the case Bf A very high
conversion combined with a slightly unexpectedlyw loyield in the case of
dimethylpyrazole (entry 5, Table 2.26) probablyutts from a poor extraction. The
results regarding the relative activities of thesteyns towards secondary olefin
substrates mirrored those previously observed lorgphorm (see the relevant entries
in Table 2.24), withB again showing the highest activities aldgproducing very low
yields. Lastly, only very low yields of the epoxidere obtained in the epoxidation of
styrene (entries 6, 12 & 18, Table 2.26), and Ircases conversion was significantly
higher than the yield, indicating that the epoxi@s vulnerable to hydrolysis.
However, in chlorophorm no yield of epoxide wasrewbserved (entries 6, 12 & 18,
Table 2.24) which infers that the hydrolysis wasrenmhibited in the solventless
conditions. This would indicate that decreasingpbkrity of the reaction medium is a
good means of protecting styrene from hydrolysigproving the selectivity of such
reactions.

In summary, there was no marked improvement incdd@lytic activities of
these systems compared with those in chlorophoecti¢g 2.2.7.2), in both cases only
rather dissapointingly low yields were obtained rexadter 18 h. The differences in
activity toward secondary alkenes depending onbikee additive were the same in
solventless conditions as in chlorophorm solutigith B giving the most active system
andA the least. Very small, but significant quantitesstyrene oxide were produced,
indicating that solventless conditions were slightiore favourable than chlorophorm

solution for producing this product.
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2.2.8 NMR spectra of substituted pyridyl oxobisperoxomolypdenum complexes

The oxobisperoxomolybdenum complexes of simple dgseerally exhibit low
solubilities which inhibits their analysis by NMRgs they cannot be dissolved.
However, complexes of the functionalised bases us#tk epoxidation study in apolar
media generally possess good solubilities in maggmic solvents thus facilitating their
analysis in this manner. Some of the interestingulte for the complexes of the
functionalised monopyridine ligands are presentedhis section. All of the NMR
spectra collected for these complexes are availalilee appendices.

2.2.8.1Complex of 4-(polydimethylsiloxanylethyl)pyridinga)

This compound was isolated as an oily yellow swlidch possessed reasonable
solubility even in very apolar media such as peamt&iowever, whilst palladiumté &
5a) and rheniumXa) complexes of this ligand were easily and usefaligracterised by
NMR, in this case the data was poor and of extrgrielited use. Aside from those
corresponding to the polymer methyl groups, sigimathe spectrum were so weak as to
be almost invisible, and even when magnified showexy poor definition. The Mo
content (5.18 % determined by ICP) correlates measly closely to a 1:2 molar ratio
with the nitrogen content (1.36 % determined bynaletal analysis), and the complex
was thus predicted to be either that &f [Mo(O)(0)2(A).], or its oxide
[Mo(0O)(0O2)2(A0),] with PDMS chain lengths or approximately 9 urnwsr pyridine.

The'H-NMR integrals are thus very inaccurate.
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Figure 2.17.*H-NMR spectrum oRa with the faint pyridyl peaks expanded
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2.2.8.2Complex of 4-tridecylpyridine2b

Another oxobisperoxomolybdenum complex of a montaten coordinating
species, that formed from reaction with 4-tridegyigine was also prepared and
characterised. In the NMR spectra of this compowidnals corresponding to the
tridecyl alkyl function are clearly identifiablegg peaks in the range 0.5-3.0 ppm in
Figure 2.18).
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Figure 2.18.*H-NMR spectrum oRb with the pyridyl region expanded
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However, as was the case f&; the pyridyl protons of the coordinated pyridine

produced broad, poorly defined peaks. This is @aldrly highlighted by trace signals
of uncoordinated that was present in the sample, which in contestsharp and well
defined. For this compound elemental analysis eteit that the compound formed was
the aqua-N-oxide complex, [Mo(O)§R(H.0)(BO)].

2.2.9 NMR spectra of substituted bipyridyl oxobisperoxomdybdenum complexes

Oxobisperoxomolybdenum complexes of bidentate tgan including
2,2’-bipyridine type ligands generally exhibit pedarly poor solubilities in most
media. The complexes formed with the functionalisgyridine ligand€-H possessed
very good solubilities in many apolar samples haveand their NMR spectra were
thus easily recorded. Interestingly, unlike thect@erecorded for monopyridine ligands
discussed in the previous section, oxobisperoxobu@gum complexes of the
functionalised bipyridines had excellent clarity time pyridyl region. Whilst NMR

spectra for oxobisperoxomolybdenum complexes witlderntate ligands have
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previously been record&tthe ligandsE-G are especially interesting in that they are
symmetrical ligands and thus highlight electroniffedences between the two rings
resulting from coordination. Some of the interegtnesults for the complexes of the
functionalised bipyridine ligands are presentedhis section. All of the NMR spectra

collected for these complexes are available irahpendices.

2.2.9.1Complex of 4-(2,2-bis-tridecyl)-pyridin@e

In complex2edistinct signals of equal area were clearly obseéfor each of the
pyridyl protons. It is interesting to note thatsthiifference extended even to the 4-alkyl
substituents. Figure 2.19 shows tt&NMR spectrum of2e highlighting the paired
signals in the alkyl region. The triplet of the £&tljacent to the ring and the quintuplet
for the neighbouring CHl clearly appear twice. At the resolution employdus t
difference was not discernible in the terminall&gighowever. The environments of the
two bipyridyl fragments are thus clearly shown &odistinct. There are several possible
reasons why this might be the case, for examplelymetallic species with sever&
coordinated in two distinct manners or coordinatanone pyridine ring but not the
other, might both produce a pair of signals as fesk However, taking into account
the other analytical data f@e (IR, elemental analysis) it would seem most likilgt
the distinction results from the difference betwesmsordination at the axial and

equatorial positions on an oxobisperoxomolybdenampulex
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0.95

2.2.9.2Complex of 4-(2,2-bis-trimethylsilanyl-ethyl)pyriu, 29g

Similarly, in the spectrum of compouritd), two distinct signals of equal area
were clearly observed for each of the pyridyl pnstoTo confirm that both signals are
distinct to those of uncoordinatés, Figure 2.20 compares tHel-NMR spectra ofG
and 2g demonstrating that both peak signals are clearljistinct positions to those of

uncoordinateds.
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Figure 2.20.Comparison of théH-NMR spectra of (a5 and; (b)2g
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2.2.9.3Complex of 4-methyl-4’-tridecylpyridin&€h

Lastly, it was interesting to observe the spectminthe complex2h. In the
bipyridyl complexes that were previously describdge bipyridine ligands were
symmetrical.H however is not, with a methyl at the 4 position @me ring and a
tridecyl substituent on the other. This being tlase; there are two possible isomers
resulting from its complexation with oxobisperoxdgimmienum, depending on which
ring coordinates to the axial and to the equatgaditions. From the NMR spectra it
should be possible to determine whether one or bbthe isomers is present and also

determine the ratio between them from the integrals
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Figure 2.21.The'H-NMR spectrum o2h
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From Figure 2.21 it is easily determined that boththe possible coordinative
iIsomers are present certainly in an approximatglyakratio, indicating that neither is
particularly more favoured than the other. Thiekktin their extensive studies of the
oxobisperoxomolybdenum complexes of pyrazolylpyredigands determined that their
ligands also coordinated so as to form the two iptessssomers and that isomeric
purification would not be possible since the comphas able to interchange between
the two?® This conversion was determined to take place eodrdination of one of
the coordinated nitrogen atoms, as opposed to ayBgpe rotation. It might be

predicted tha2h would behave in the same way.
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2.3 Cu(ID/TEMPO catalysed alcohol oxidation in supercitical
carbon dioxide using soluble and insoluble copper catate

catalysts

The wide range of catalytic metal species activehm selective oxidation of
alcohols to aldehydes was already discussed imntheduction (Section 1.4). From a
sustainability perspective those systems which eapable of facilitating this
transformation using dioxygen as the oxidant aearty advantageous. Amongst the
metal catalysts capable of catalysing this procepper catalysts represent a favourable
option due to the high abundance and the relatiealyy isolation of this element
compared to many of the other active metals. A idetareview of the important
examples and mechanistic understanding of thislyti@tgprocess has already been
covered in the introduction (see Section 1.4.2)dAssussed therein, alcohol oxidation
by simple copper(ll) compounds is usually achiewedh a co-catalytic system
employing the N-heterocyclic-oxyl radical 2,2,6ddramethylpiperidine-1-oxyl
(TEMPO), or related compounds, as the co-catalyghese systems it is believed that
copper first complexes with the alcohol and a TEM#id@n abstracts am hydrogen
from the coordinated alcohtl® The copper is then reduced by dissociation of the
aldehyde product but subsequently re-oxidised bMPB, allowing the catalytic cycle
to begin again. The reduced species TEMPOH reasstly with oxygen regenerating
TEMPO and producing only water as a side producith\kegard to examples of
Cu(I)/TEMPO catalysed alcohol oxidation in alteima media, recent publications
have described this process being carried out ssftdly in fluorous biphasic

§8139200 90 jonic liquids??'® As a reaction employing a gaseous reagent,

system
scCQ would present obvious advantages as a media io#idation reaction, due to
the perfect mixing of SCFs with gas83?|n addition, general advantages of reactions
in scCQ such as easy product separation and the poteiaiadevelopment of
continuous flow processes would seem to make thelolement of a Cu(ll)/ TEMPO
catalysed alcohol oxidation system in this medpo&entially interesting objective. It is
perhaps surprising then that such a system hagenbeen described in literatui®.

The study presented in this section details theeldpment of a PDMS

functionalised, scC@soluble copper acetate type complex and the pagparof silica
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supported copper acetate pyridine and the invegiigaf both of these as co-catalysts
in conjunction with TEMPO in the oxidation of aladhk in scCQ.

2.3.1 Preparation of [Cux(AcO)4(A),] (3a)

As was previously mentioned, the synthesis of PDiut&tionalised transition
metal complexes via the hydrosilylation of vinyhfttions on coordinated ligands has
precedent® Following such a strategy, the hydrosilylationtleé vinyl groups of the
[CUu(AcO)%(4VP)],, complex®® with hydride terminated PDMS, H[Si(GHO],, and
Kardstedt's catalyst was attempted. However, noetraf the desired product was
produced in this manner, probably due to deactwmatf the platinum catalyst. The
PDMS functionalised coordination complex was ultiela synthesised via reaction of
[Cu(AcO)(H20)]. with 4-(polydimethylsiloxanyl-ethyl)pyridin€A), the synthesis and
characterisation of which was discussed previouslthe section on MTO catalysed

epoxidations (see Section 2.1.1).

Scheme 2.13The synthesis of compourda
H[SI(CH3),O],,

i
H S'\O”B

[CU(ACO)(4VP)],
A

\/

(T NJ (AcO) Cu—N@CH Si\o>"
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The copper acetate coordination compound\pofBBa, was a green oil (Figure
2.22; (a)), which was air-stable and soluble in lewlar solventssuch as hexane. The
functionalised pyridine was clearly coordinatedthe copper centre; whilsta was
wholly soluble in hexane, when the dissolution dligpersion of [Cu(AcQfpy)]. in
PDMS (prepared by evaporating a dichloromethanetisaol of the two components to
dryness) was attempted, only the polymer dissolealing behind the undissolved
[Cu(AcO)(pY)]--

The IR spectrum o8a (Figure 2.22; (b)) clearly exhibits signals copesding
to the PDMS along with the pyridine and acetatgrfrants. From the positions of the
IR peaks §asy{COO} 1630 cm', vasy{COO} 1430 cni') ** corresponding to the
coordinated acetates and indeed the colour of dhgound (blue-green as opposed to
the violet colour that would probably be anticightefor a monometallic
configuration)?®® the “chinese lantern” type dimetallic centre witbur bridging
po-acetate ligands typical of many copper carboxylatenplexes, including the
synthetic precursor hydrate complex, would seem giabable configuration at the

metal centres.

Figure 2.22.(a) Compounda; (b) IR spectrum o8a.

(b)

Such a configuration would leave one free siteqogper atom for coordination
of the pyridine function oA and a 1:1 molar ratio of terminal pyridine:coppeyuld
thus be expected. A sample 34 determined to contain 5.31 wt. % Cu by ICP was
found by elemental analysis to have a nitrogen emuntof 1.21 wt. %, which
corresponds approximately to the anticipated 1trbgén:copper molar ratio. From the
previously discussed analytical data compowadwas thus determined to be the
p’-tetrakisacetato-bis(4-{polydimethylsiloxanyl-ethyyridyl)dicopper complex shown
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in Figure 2.23. The copper content in sample8aprepared for catalytic studies was
accurately and more conveniently determined usiMgMis absorbance spectroscopy
(see Experimental, Section 3.7.2.1), the accuratlyese measurements was confirmed

by their collusion with results obtained by iodonwetitration and ICP.

Figure 2.23.Compound3a, [Cuy(*-AcO)4(A)3]
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Interestingly, the sample @& from which this sample da was prepared had a
calculated M, of ~500, which corresponds to n = 5.3 (n beingrthmber of siloxane
units per terminal pyridine, (Si(Gh-O),). This sample of3a apparently had a
significantly greater value, n = 11.7, indicatiftat the average polymer length was
now considerably higher. It is likely that this ués from the elimination of fractions of
3a with lower n values during the product workup. Qaexes with insufficiently long
chain lengths are likely to be insoluble in verplap solvents such as hexane and they
thus precipitate and are eliminated. Similar obsgons were made in the synthesis of
MTO (1a) and Pd4a and5a) complexes oA (see Sections 2.1.2 and 2.4.1), where the
values of n were also found to be markedly higherthe prepared coordination
compounds. In addition, NMR analysis of these coumgs demonstrated that the
a-addition (GH4, = CHCH) product was also eliminated during the workupdlag to
complexes of the purg-addition isomer (eHs = CH,CH,). This isomeric purification
may also occur in the synthesis 3d but this would be difficult to confirm since the
product is paramagnetic, prohibiting the use of NidRvestigate the possibility.

The solubility of the3a in scCQ was determined by UV-Visible analysis of
solutions inside a high-pressure cell equipped ®idapphire windows. Concentrations
were calculated using the Beer-Lambert law andlibreion plot of standard solutions

in hexane. Hexane was used for the calibrationt @& & very low polarity solvent,
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similar to scCQ, and thus exhibits a similar extinction coefficieand a negligible
solvochromatic shiff®” 3a was observed to dissolve in scC@lving a green solution
(Figure 2.24), and a concentration of 1.7 mmof/@iCu(ll) was recorded at 40 °C and
105 bar of pressure. On the contrary analogousotplexes with no PDMS functions,
[Cu(AcOX)(py)]2 and [Cu(AcO)(4VP)], had no detectable solubility.

Figure 2.24.(a) Solution of3a in scCQ; (b) UV-Visible spectra of3a in
different solvents.
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The solubility of any potential catalyst precurgsran important criteria in
assessing its suitability for homogeneous catalysisscCQ. However, literature
concerning the solubility data of metal complexesdCQ is sparsé’® although some
compilations have now appear@d.Amongst copper complexes, the solubilities of
compounds incorporating-diketonate’®”*'° dithiocarbamatg* and hydrogenoarsenate
ligand$'? have been determined. For all of these speciesdhgilities determined
were lower than that measured fa Incorporation of fluorous groups into ligands is
generally found to enhance the solubility of themordination complexes in comparison
with the non-fluorous analogues. Accordingly, fimated diiminate$™
B-diketonateg%221% 214 and dithiocarbamat®S have been employed to solubilise
copper complexes. As examples [Cu(lifa) (hfa =
hexafluoropentane-2,4-dionad®f 2% and [Cu(fddc)] (fddc =
bis(trifluoroethyl)dithiocarbamat&¥“**display solubilities of 1.3 mmol/dfrat 40 °C
and 110 bar, and 0.9 mmol/dmt 50 °C and 100 bar, respectively. The solubiftga
is thus found to be of a similar order of magnitudesuch fluorinated complexes,

demonstrating as such that PDMS functionalisatimmore economic and arguably
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“greener” option than perfluorous functionalisati@an induce scCg{solubilisation to
a comparable magnitude.

2.3.2 Copper/TEMPO catalysed alcohol oxidation reactiongn scCO,

It is possible to view compourh either as a copper complex possessing a short
chain PDMS function or as a copper complex suppoote a liquid PDMS polymer,
similar to how one might view heterogeneous catalygere the catalytic complex is
bound to the surface of a solid support. In contiasolid supported catalysts however,
3a s intended for use in homogeneous rather thagrdgtneous catalytic systems. In
catalytic experiments one might therefore view twmnplex as being supported in
solution. The observed concentratiorBafin scCQ fell into the concentration range (1
mM or higher) generally adopted for homogeneouslygtat processes, which made
study of its catalytic activity in oxidation reamtis feasible. Consequently, a study of
the activity of3ain the Cu(ll)/TEMPO co-catalysed oxidation of 4rabenzyl alcohol
with dioxygen was conducted (Scheme 2.14). Thisteda rich primary alcohol
substrate is very active to oxidation, and its ekmh was therefore a good model to
study before proceeding to less activated substrate

Scheme 2.14Copper-TEMPO catalysed oxidation of 4-nitrobenzydaiol

CH,OH CHO
[Cu] / TEMPO / G

O,N O,N

Above the “green” benefits associated with the tieacsolvent, studying the
activity of this system in scGQOwas particularly interesting for two main chemical
reasons:

 The very low polarity of the scCOreaction solvent is often inhibitive to
homogeneous catalysis due to the non solubilitghef catalyst, however the
adequate solubility of3a had been proven. This study might therefore
demonstrate the efficacy of PDMS functionalisatiorsolubilising catalysts for

use in homogeneous catalysis
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* When using gaseous reagents the slow rate of ttagisfer into the reaction
phase can be rate limiting, however gaseois Qerfectly miscible with scCO
and the enhanced mixing could well lead to higlttiea rates and selectivities.

The results obtained in the catalytic study arexshbelow in Table 2.27.

Table 2.27. Oxidation of 4-nitrobenzyl alcohol to aldehyde hgxd/gen catalysed by

[CU/TEMPO?
Time Cu TEMPO Yield
Entry Catalyst Solvent ) % [eqdiv.) (% equiv.) (%)
1 None scCQ 4 3.5 7.0 2
2 [Cu(AcO)(H,0)]» scCQ 4 3.5 7.0 34
3 [Cu(AcO)(py)]2 scCQ 4 3.5 7.0 95
4 [Cu(AcO)(4VP)], scCQ 4 3.5 7.0 93
5 3a scCQ 4 3.5 7.0 100
6 [Cu(AcO)(pY)]- scCQ 2 3.5 7.0 80
7 [Cu(AcO)(4VP)], scCQ 2 3.5 7.0 93
8 3a scCQ 2 3.5 7.0 83
9 [Cu(AcO)(py)]2 scCQ 4 3.5 1.0 8
10  [Cu(AcO)}(py)l: scCQ 4 1.0 7.0 31
11  [Cu(AcO}(py)l: scCQ 4 1.0 2.0 29
12 [Cu(AcOX}py)l: scCQ 4 1.0 1.0 7
13 3a scCQ 4 1.0 2.0 27
14 [Cu(AcOX}py)l- Toluene 2 3.5 7.0 96
15  [Cu(AcO}(py)l. Hexane 2 3.5 7.0 67
16 3a Toluene 2 3.5 7.0 86
17 3a Hexane 2 3.5 7.0 33

#4-Nitrobenzyl alcohol (1.0 mmol), 150 bar £@xcluding entries 14-17), 60 °C, 1 bas. O

For the3a/TEMPO catalysed oxidation in scG@o-catalyst loadings of [Cu] at
3.5 % equiv. and TEMPO at 7.0 % equiv. were foumdepresent the optimum ratio,
facilitating conversion at a convenient rate foe thurposes of the study with the
reaction conditions fixed at 150 bar of £@®@0 °C and 1 bar of OAfter four hours,
NMR analysis of the crude mixture indicated complednversion of the alcohol to the
corresponding aldehyde (entry 5, Table 2.27). At@dbnwhere TEMPO alone was
present produced practically no detectable conwersientry 1, Table 2.27),
demonstrating that the presence of the copperysatahs essential for oxidation to take
place. Notably then, these experiments had estaloljsfor the first time, a Cu(ll)
catalysed alcohol oxidation in sc@Qn continuation of the study, comparisons with
systems in which structurally analogous copper dergs lacking the solubilising
PDMS substituent were made and the reaction was atempeted in conventional

solvents rather than scGOrhe catalytic reaction in scG@Was therefore repeated, this
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time using a selection of copper acetate compoumdsdace of3a, to allow direct
comparison of the copper species as catalysts. rébelts clearly established that
coordinated pyridine species increase the catafgitvity (compare entry 2 with 3-5,
Table 2.27). More importantly however, and ratharpssingly, almost complete
conversion to the aldehyde was observed for theplsimpyridyl analogues
[Cu(AcOX(py)]. and [Cu(AcO)(4VP)]. (entries 3 and 4, respectively, Table 2.27), in
spite of the non solubility of these copper commsum scCQ. Presumably in these
cases, the oxidation reaction would have had tocgm® via a heterogeneous
mechanism. With the conversion observed 3ar(entry 5, Table 2.27) only slightly
exceeding that of the pyridyl analogues (entrieen8 4), over the four hour reaction
time solubilisation by the PDMS substituent present3a did not lead to any
remarkable increase in conversion. The reactior tmas subsequently reduced to 2
hours in order to obtain incomplete conversions lagtter compare the relative rates of
the reactions to see if catalysis withwas via a faster mechanism than its analogues.
Acknowledging that the 4-vinylpyridine analoguetfy 7, Table 2.27) produced

a slightly higher conversion than the other twocsge (though this can be considered to
be within reasonable experimental variation), alhwersions were found to be of the
same order of magnitude. Comparison of entriegl&&fore strongly indicates that the
reactions all proceeded by the same mecharnte this mechanism would almost
certainly have to be heterogeneous in the casataée 6 and 7, it is therefore inferred
that, despite the demonstrable solubility3afin scCQ, dissolution of the catalyst was
not necessary for effective catalysis. This is amtcast to precedent copper catalysed
processes in scGQOfor instance, in the Cu-promoted oxidative homguimg of
alkynes the presence of methanol as co-solventneesssary to dissolve the inorganic
salts?'®

Certainly, for the reactions catalysed by the appidy insoluble analogues,
heterogeneous catalysis seemed the most likely anéth. However a feasible
alternative is a homogeneous mechanism catalysecgrbymmeasurably low but
significant concentration of [Cu] in the sce&@ossibly due to a higher activity they
might then be able to give a conversion rate coaiparto the far more soluble but less
active catalysBa. This hypothesis was easily tested by conductirigriher series of
experiments where the [Cul: TEMPO ratios were variHte results seem to disprove
this possibility. Since [Cu(AcQpy)]. has an immeasurably low solubility in sc£O
there should be no difference in the concentrabébrdissolved [Cu] in reactions
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employing 3.5 equivalents or 1.0 equivalent of apgince a saturated solution would
be achieved in both cases. Consequently no differenthe rate of catalysis would be
anticipated. Clearly though, comparison of entBesd 10 (Table 2.27), shows that the
rate of reaction is proportional to the amount opmer complex used. Since the vast
majority of the catalyst in each case must be uidel the reaction rate is therefore
proportional to the amount of undissolved coppeeryv clearly inferring a
heterogeneous mechanism. Entries 5 and 13 indibatethe quantitative dependency
was exactly the same f@a as for its pyridine analogue. Varying the propord of
[Cul: TEMPO also showed that optimum results araioled at a ratio of 1:2, i.e. at this
ratio, if the relative quantity of either of the-catalysts is reduced the reaction rate will
fall, apparently proportionally. Conversely, if let is raised without simultaneously
raising the other, no improvement in the reactiate will be observed. This is shown
by the lack of any significant change in converdetween a 1:7 and 1:2 ratio (entries
10 and 11 respectively, Table 2.27), but a largg din the reaction rate at 1:1 (entry 12,
Table 2.27). Similarly, the identically low ratebserved in entries 9 and 12 (Table
2.27), despite the much higher [Cu] concentrationhie former, indicate that the low
TEMPO concentration was limiting.

Thus, the solubility o8ain scCQ did not result in any catalytic advantage over
insoluble analogues in this reaction. However, émained conceivable that in
conventional non polar solvents, such as hexanghich the pyridine analogues are
insoluble and3a is soluble, thaBa might be observed to be more active. Using fixed
parameters, the catalytic activities of compourddsand [Cu(AcO)(py)]. in two
different organic solvents, toluene and hexane veerapared. However, the results
again showed that no catalytic advantage resuttwd the higher solubility oBa. In
hexane (entries 15 and 17, Table 2.27) it was lgledyserved that [Cu(AcQ(py)].
remained undissolved whilga gave a green solution, but the rate of reactios wa
actually much lower for the latter catalyst. In clusion; insolubility of the copper
catalyst does not appear to limit catalytic acyivat [Cu]/TEMPO co-catalysed alcohol

oxidations in apolar reaction media.
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2.3.3 Silica supported Copper/TEMPO catalysed alcohol oxiation reactions

The work completed with the soluble and insolull&(AcO)(L)]. complexes
demonstrated that this reaction seems to proce&ktlhsf not better for the insoluble
catalysts. The focus of this investigation therefshifted onto how best to carry out a
heterogeneous catalysis using [Cu]/TEMPO and ttotigevelop an effective system in
scCQ. A major advantage of heterogeneous catalysidiasfacile separation of the
catalyst from product solutions, which can allow ttatalyst to be recycled, potentially
making much higher TONs possible. In this case wewéehe microcrystalline solid
[Cu(AcOX(py)]. would in practice be very difficult to separaterfr the products. In
their work with PDMS functionalised phosphine ligan Rayner et df° were able to
immobilise catalytic metal complexes on silica @nein successfully use the supported
catalysts in reactions in scGQA silica supported catalyst is potentially muclore
easily separated from reaction products and wouth @otentially have applications in
continuous flow catalysis. Due to the distributmiithe [Cu] across the support surface
the efficiency of the catalyst per molar quantibosld be greatly improved over the
pure microcrystalline compound, since in the forméar greater proportion of the [Cu]
should be exposed to the reaction medium. The lpbgsiof using silica supported
copper acetate was therefore subsequently invéstighh was found that from solution
in dichloromethane botBa and [Cu(AcO)(py)]. readily adsorbed onto silica gel which
was then filtered and dried ready for use in caétalyapplications. A series of
experiments to test the catalytic activities of supported catalysts were subsequently

run, the results of which are shown below in Tabis.

Table 2.28. Oxidation of alcohol substrates using Cu-Silica/THEDP

Entry Catalyst Solvent Substrate Yield (%)
1 None Acetonitril& 4-Nitrobenzyl alcohol <f
2 Silica Acetonitrile® 4-Nitrobenzyl alcohol <f
3 3aSilica Acetonitrile” 4-Nitrobenzyl alcohol 21
4 [Cu(AcO)(py)]-Silica Acetonitrile® 4-Nitrobenzyl alcohol 28
5 [Cu(AcO)(py)]-Silica Acetonitrile® Benzyl alcohol pd
6 [Cu(AcO)(py)]-Silica Toluene® 4-Nitrobenzyl alcohol 100
7 [Cu(AcO)(py)]-Silica Toluené Benzyl alcohol 100
8 [Cu(AcO)(py)]-Silica scCQ° 4-Nitrobenzyl alcohol 100
9 [Cu(AcO)(py)]-Silica scCQ° Benzyl alcohol 100
10 Silica scCQ° 4-Nitrobenzyl alcohol [
11 [Cu(AcOX(py)] scCQ° Benzyl alcohol 46
12 [Cu(AcO}(py)]-Silica’ scCQ° 4-Nitrobenzyl alcohol 17
13 [Cu(AcO)(py)]-Silica scCQ° 2-Octanol g
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149 [Cu(AcO)(py)]-Silica scCQ°© 2-Octanol 12
15 [Cu(AcO)(py)]-Silica scCQ°¢ Cyclohexanol 3
16 [Cu(AcO)(py)]-Silica scCQ° 2-(Phenylthio)etanol ]
17 [Cu(AcO)(py)]-Silica scCQ° 3-Phenylpropan-1-ol H

#2.0 mmol substrate, 0.5 g silica catalyst (0.0150in@u for copper containing materials), 0.06 mmol
TEMPO, T = 80°C, 1.5 bar Dteaction = 12 h. ® 10 mL Solvent 150 bar CQ ¢ Yields determined from
weight’H-NMR of product§ Yields determined by G®.003 mmol silica catalyst, 0.012 mmol TEMPO,
6 mmol alcohol substrafet = 60 h

Working with loadings of 0.03 mmol [Cu] per gram sifica the investigation
initially focussed on alcohol oxidations in a relaty polar organic solvent, acetonitrile.
This solvent represents a more practical medianfany alcohol oxidations than the
more non polar solvents examined in the prior swidi.e. hexane) due to the highly
polar nature of many potential alcohol substratbghvit thus dissolves more readily.
The experiments with silica supported Cu employedelr catalyst loadings than in the
study of unsupported catalysts (Table 2.27) witb® [Cu] and 3.0 % TEMPO (a 1:4
ratio) and 1.5 bar ©and 12 h at 80 °C. In acetonitrile both the sugsbBa and
[Cu(AcOX(py)]. were able to convert around 25 % 4-nitrobenzybladt to aldehyde
(entries 3 & 4, Table 2.28), indicating that theadhsimilar activities. Since there was
apparently no advantage to employBgg-silica, which is more complex, expensive and
time consuming to synthesise, the simpler [Cu(AG%)]—silica catalyst was preferred
in the proceeding studies. Control experimenthedbsence of catalyst or plain silica
showed that the presence of copper was essenfiatilitating the oxidation (entries 1
& 2, Table 2.28). These were positive results, thet conversion was not high and
attempts to oxidise the slightly less active beradgbhol were unsuccessful (entry 5,
Table 2.28), showing that the system was of limitedl use. However, when these
oxidations, using supported [Cu(AcQpy)]., were repeated in the less polar solvent
toluene (entries 6 & 7, Table 2.28) and in se@éntries 8 & 9, Table 2.28), complete
conversions to the aldehyde was observed with acetof the alcohol detectable by
NMR after the 12 h. In scCQefficient reaction was again found to depend loa t
presence of a Cu catalyst, however a low but saanit conversion (6 %) was obtained
using only silica and TEMPO (entry 10, Table 2.ZBjis indicates that a slow but
significant oxidation mechanism involving only TERPwvas active in scC£ though
not in acetonitrile. This might be evidence tha fnoperties of the scG@olvent, such
as its perfect miscibility with dioxygen lead tareore efficient oxidative system with
the gaseous dioxygen reactant. When unsupportedAfQ).(py)]. was used,

incomplete conversion (46 %) was observed (entryThble 2.28). This shows that
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supporting the [Cu] on silica improves the effiagrof the catalysis. Probably this is
due to the lower quantity of [Cu] exposed to thact®n medium when using the
microcrystalline reagent compared to when it igagdrover the surface of the silica.

To investigate what sort of TONs might be achiegabking this catalytic
system, a 60 h experiment was run using only Or@6®l of [Cu] catalyst and 6 mmol
of the 4-nitrobenzyl alcohol substrate (entry 12pl€ 2.28). A 17 % conversion was
achieved, corresponding to a TON of 340. Howevert®F (5.7 1) in this experiment
was lower than in the previous experiment underdsted conditions (11.1hin entry
8, Table 2.28). This may well indicate that theabadt lost its potency during the course
of the longer reaction due to decomposition, algout should be noted that both
experiments were carried out in the same volumenf2y of scCQ but that larger
quantity of alcohol substrate (3 x) was used in ltregger experiment, and it is very
feasible that poorer dissolution of the substnaltébited the reaction rate.

Lastly, the efficiency of the system in the oxidatof a variety of alcohol
substrates was tested, the secondary alkyl alc®toattanol, the cyclic cyclohexanol,
the thioether 2-(phenylthio)ethanol and the terminghenyl functionalised
3-phenylpropan-1-ol (entries 13 & 15-17, Table 2.2Blowever, none of these
substrates converted well. Low conversions wereemesl for 2-octanol and
cyclohexanol (8 and 3 % respectively) whilst thetegn was completely inactive for the
conversion of 2-(phenylthio)ethanol and 3-phenyhamo-1-ol. To see if better
conversion might be obtainable by employing longsaction times the oxidation of
2-octanol was attempted over 60 h. However thalyretreased only slightly, from 8 to
12 %. Disappointingly then, the general applicapibf this system to a more varied

range of alcohol substrates appears to be poor.

2.3.3.1Recycling the [Cu(AcQ)py):]-silica catalyst

The final part of the oxidation studies with theu[BcO)(py)]—silica catalyst
investigated the potential to recycle the cataffsdr reaction. Re-use of the catalyst in
further cycles in the oxidation of benzyl alcohchswtherefore attempted. To do this,
after the reaction was completed the reaction pmisdwere extracted from the reactor
with ether and filtered to capture the solid cagalyrhis was then washed with ether,

dried and charged to the reactor again for re-liseas found that TEMPO did not
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adsorb well onto silica, in order to observe whethe new addition of TEMPO prior to
each catalytic cycle would be necessary catalyites were carried out where TEMPO
was and was not added prior to the repeat catatytites. The results are shown in
Table 2.29.

Table 2.29. Catalytic cycles with benzyl alcohdl

Yield (%)
Cycle 1 2 3
Without new addition of TEMPO 100 14 47
New addition of TEMPO before each run” 100 56 46

& Experimental conditions: T = 80°C, 150 bar £@.5 bar Q, teacion = 12 h, 2.0 mmol benzyl alcohol,
0.5 g [Cu(AcO)(py)]—silica catalyst (0.015 mmol [Cu]), 0.06 mmol TEMPelds determined by GE.
0.06 mmol TEMPO also added prior to cycles 2 and0306 mmol TEMPO added prior to cycle 3.

Considering first the results obtained when TEMP&s wot added prior to the
repeat cycle, the yield was observed to diminisimfibeing complete in the first cycle
to only a very low level (14 %) in the second cydibe two most likely causes of this
large decrease in the catalytic activity would be decomposition of the copper
catalyst, and leaching and/or decomposition of TtEB&PO co-catalyst, leaching of the
adsorbed copper is unlikely simply due to the abseri colour in the ether extracts. Of
the possibilities the latter seemed fairly probaddelT EMPO is soluble in the ether that
was used to extract the reaction products andawmapty leached from the system when
this extraction was carried out, apparently alnmamsthpletely. A third cycle was thus
run, in this case adding fresh TEMPO to the systm, a yield of 41 % was recorded.
Whilst this recovery of activity would seem to indie that leaching of the TEMPO was
responsible for a large part of the loss of cai@lgttivity in the previous cycle, the fact
that the conversion remained significantly lowearthn the first cycle indicated that the
copper catalyst was less effective, probably duedécomposition. Notably, the
previously blue-green catalyst was brown after inseatalysis. In the catalytic cycles
run with the addition of copper prior to each swjusmt catalytic cycle the yield was
also observed to decline, to 56 % and 46 % in ¢oersd and third cycles respectively.
It is notable that after a presumably large losadtivity between the first and second
cycles, the decline in isolated yield between teeoad and third cycles is relatively
slight. However, the significant loss in activigpparently due to decomposition of the

copper species, indicates that this system hasauabry limited lifespan, requiring the
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addition of fresh TEMPO in order to retain any watji Its recyclability is therefore

only very limited.
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Conditions

Continuing the investigations of coordination coexas of the ligandA in
catalytic processes in apolar media, the preparatd simple complexes of
palladium(ll) was attempted. A wide range of caialyprocesses facilitated by
palladium compounds have been developed and exéypsistudied?’’” PDMS
functionalised complexes with high solubilitiesviary non-polar media might therefore

have applications in a wide range of catalytic peses.

2.4.1 Synthesis of PDMS functionalised palladium(ll) comfexes
2.4.1.1Preparation of [Pd(AcQA),], 4a

[Pd(AcO)] possesses good solubility in the majority of migasolvents,
including halocarbons and toluene. However its lsbty in highly apolar media, such
as hexane is easily demonstrated to be poor. Tmamtion of the complex of ligard
was therefore interesting, as the PDMS functioatibs could well facilitate much
improved solubility in this type of media. Througkaction withA the corresponding
coordination complex of diacetatopalladiudg, was relatively easily prepared. The
product was extracted with hexane, which confirmtedsolubility in such low polar
solvents, and it appears that due to their insbtylbboth complexes with a low n and
those of thex-addition isomer oA are eliminated during this extraction. As discdsse
previously (Section 2.1.1) liganél consists of a 2:1 mixture of tleand o addition
products of the hydrosilylation reaction. This &s#y ascertained from the presence and
absence of the corresponding peaks on ‘Heand *C-NMR spectra of these
compounds. As can be clearly seen in Figure 2.8, signals corresponding to the

B-addition isomer oA are present in the coordination compound.
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Figure 2.25.'H-NMR spectrum ofia
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The isomeric purification is made clear by the aloseboth of the CHCpeaks
observable at 1.29 and 1.85 ppm in the spectrumanid the presence of only one peak
each for the 2,6 and 3,5 protons of the pyridylgrimndicating only one isomer.
Similarly, only signals corresponding to tlfeaddition isomer are visible on the
3C{*H}-NMR spectrum (see Figure 2.26). Additionallyofn the peak integrals of the
'H-NMR spectrum the value of n (n = the number oMEmonomer units per terminal
pyridine, {Si(CH).-O},) was calculated to be 13. The samplédifom which4a was
prepared was calculated to have an n of aroundhk. ihdicates that the part dfa
which formed from fractions ofA with lower n were eliminated during the workup,
presumably due to their insolubility in the verywlgolar extracting solvent hexane.
Evidence indicating that this was the case wasimdxdan the synthesis of the dichloro
analogue,5a, discussed below. The compound was thus identéisdhe complex
[PA(ACOX(A)2].
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Figure 2.26."*C{*H}-NMR spectrum of4a
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2.4.1.2Preparation of [Pd(CijA),], Sa

Pure dichloropalladium adopts a polymeric structlirkked by -chloride
bridges and displays very poor solubility in mostdia. For synthetic reactions it is
typically dissolved by refluxing in a coordinatingplvent such as acetonitrile or
benzonitrile, consequently forming the correspogdimonometallic coordination
complex which can then undergo substitution reastioThe synthesis of the
dichloropalladium complex &, 5a, was achieved by heating the two components at 80
°C in ethanol overnight, followed by hexane eximaw of the product. Similar to its
diacetato counterpadia, whose synthesis and characterisation was prdyidiscussed
(Section 2.4.1.1), only complexes formed from fhaddition complex ofA were
present in the final isolated sample & there was no observable trace of the
a-addition product which constitutes roughly a thafdA. Also in common withta, 5a
possessed a far higher value of n, approximatelyheh the sample & from which it
was prepared (again n = 5). It was assumedShabmplexes formed from the lower n
fractions of A were being eliminated during the workup, due teirtlinsolubility in

hexane. Evidence that this was the case was obt&io® *H-NMR analysis of the last
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sediment fraction from whicha was separated. Examination of the integrals shamed
n value of 4, indicating that the lower polymerdérs in this sample were insufficient

for solubilisation in hexane.

2.4.2 Palladium catalysed aerobic alcohol oxidation in fghly apolar media

Important aspects of the existing published worlalwohol oxidations catalysed

by palladium(ll) were discussed in detail in th&aduction section. Amongst these, the
majority of systems including those of Petersoal €' Uemura et al**
aI.,l49

and Sigman et
typically employed organic solvents, for exampl®®0O, toluene and THF, as
reaction media. Sheldon et al. introduced an aguaystem, employing a palladium
catalyst with ionic functionalised ligands that wsduble in the highly polar reaction
medial®® This system is highly effective in the conversioh smaller more polar
alcohols with sufficient solubilities in water, vahi formed biphasic reaction systems
with the “green” agueous reaction solvent. Thidesysis a good example of a catalyst
being designed to function well in a specific reattenvironment. In a similar vein the
work described here aimed to facilitate active lgata in very apolar media, such as
“green” scCQ and solventless conditions. Having developed galta complexes with
good solubilities in very low polar media, theirtalgtic efficacy in the selective
oxidation of alcohol substrates in very apolar tieacconditions was thus examined.
Important aspects of the current mechanistic umnaiedeng of palladium(Il)
catalysed alcohol oxidations were previously cogdsee Introduction, Section 1.4.3).
Due to the requirement of an adjacent ligand wiil ¢apacity to abstractfaproton
during the oxidation mechanism, dichloro compleges inactive as catalysts in this
particular transformation. This has been demoredraxperimentally by Uemura et
al.}** The dichlorocomplea would therefore not be expected to be catalyticaditive
in this transformation, and thus it was not testedrboxylate complexes however are
quite capable of facilitating the oxidation meclsamiand thus the diacetatopalladium
complex4a has potential as a catalyst for this process. ifitention, as previously
stated, was to look for advantages stemming froenstilubility of the catalyst in very
non-polar media, which might permit homogeneoualgsis under conditions where it
would be impossible to use a non PDMS functiondlis@alogue to obtain decent

product yields. The capacity ofa to catalyse the oxidation of alcohols to their
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corresponding carbonyl products was thus investdydioth in solventless conditions
and in scCQ

2.4.2.10xidation of 2-octanol under solventless conditions

The objective of the study being to demonstrate thdreda would display
improved activity in very low polar conditions, @ polar alcohol substrate, 2-octanol,
was chosen for the study of activity in a solvesgleystem. A more polar substrate, e.g.
benzyl alcohol, would likely dissolve non-PDMS ftinoalised analogues df equally
as well. Using standard conditidfis a solventless study of the oxidation of this
substrate employing [Pd(Ac@)in the absence of a base, and the presence iofineyr

or A was carried out. The results are shown below tera.30.

Table 2.30. Solventless oxidation of 2-octanol

Entry Ligand Alcohol Substrate  Yield

1 - 69 %
2 Pyridine 2-Octanol 28 %
3 A 23 %

® teaction = 18 h, T = 80 °C, Alcohol Substrate (5.0 mmoBd{AcO}] (0.05 mmol, 1 %), Ligand (0.25
mmol, 5 %), @(1 bar).

The presence of a base species was found to irthibitate of the oxidation
reaction (compare entries 2 & 3 with entry 1, Tabld0). When no base species was
employed a markedly higher yield was obtained wipigidine andA both reduced the
level of conversion to around a third. This is omonon with observations made even
in early examples of Pd(ll) catalysed alcohol okmt@s where bases were observed to
prevent catalyst decomposition but also reduce rdaetion rate. There was little
difference in the yields obtained usirg (entry 3, Table 2.30) or unfunctionalised
pyridine (entry 2, Table 2.30), seemingly indicgtthat using the former did not result
in any enhancement of the catalytic system. Howenehe reactions which employed
base species, the catalyst was observed to résayeliow orange colour at the end of
the reaction time, whilst in the reaction run i thbsence of base the palladium had
apparently converted completely to palladium blaekoparticles. These observations
are in common with those regularly observed in Ipd(atalysed alcohol

144,145

oxidations, where coordinating bases inhibit the mechanisnthefoxidation by
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competing for coordination sites, but also inhidgcomposition of the catalyst by
preventing agglomeration of the catalyst molecalepalladium black when the Pd(Il)
is temporarily reduced to Pd(0) during the catalytycle. There are two possible
reasons for the higher yield observed here whebase species was employed. It may
be that the oxidation by the [Pd(AcDproceeded very quickly for a short period with a
relatively high yield produced before the catalysts deactivated by its reduction to
palladium black. In this case the less active gatadpecies were not able to reach a
higher level of conversion during the reaction tidespite the greater stability and thus
much higher catalyst lifetime in these systems. atter possibility is that the reaction
was actually very efficiently catalysed by the pdilm black nanoparticl®$ that
formed from the catalyst decomposition when no baas employed and that this
catalytic system was actually more active than [BPd{AcO)]-base systems. Clearly
both A and pyridine had a fairly equal effect on catalyctivity, the pyridine system
even appearing slightly more active. Althoudh is clearly more soluble in very
non-polar media it would appear that in this systhis did not result in any catalytic
advantage. Overall, with alcohols being by natuetatively polar substrates, the
applicability of a specialised, non-polar solubbgatyst in their solventless oxidation
would always be fairly limited. Whilst for some yenon-polar alcohol substrates an
advantage might be demonstrable, even for 2-octhmoivas not the case. As such, no
advantages from the use Afas a catalyst solubilising ligand in solventlegglations

were demonstrated by this study.

2.4.2.20xidation of 2-octanol in scCO

A detailed discussion of the “greenness” of sg@® a reaction solvent was
previously presented in the introduction (Sectioh.1.1). Clearly, as a result of its
desirable sustainability credentials, alcohol otimes which utilised scCOas the
reaction medium would present advantages from engoerspective. Additionally, with
gaseous @as the oxidant, improved reaction rates and seiiees might be obtained
due to the perfect mixing with scG(Diacetatopalladium complexes of simple bases,
i.e. pyridine, should possess negligible soluleditin scC@ However the PDMS
functionalisation of catalysta could facilitate its dissolution, potentially rdtsug in an

active homogeneous catalytic system. A brief staflyhe oxidation of 2-octanol in
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scCQ was thus conducted, comparing pyridine @nds coordinating base additives.
The results are presented in Table 2.31.

Table 2.31. Oxidation of 2-octanol in scCO

Entry Ligand Alcohol Substrate  Yield
1 Pyridine 26 %
> A 2-Octanol Y7

? treacion= 18 h, T =80 °C, P(C¢ = 150 bar, P(Q) = 1 bar, Alcohol Substrate (5.0 mmol), [Pd(Ag0)
(0.05 mmol, 1 %), Ligand (0.25 mmol, 5 %).

Using pyridine a limited yield was recovered (eniryTable 2.31). However
when A was used the yield obtained was barely signific@mitry 2, Table 2.31).
Therefore it can quickly be concluded thatdid not confer any advantage to the
catalytic system through dissolution of the pallexlicatalyst, as had been hoped. The
study was therefore concluded. It is interestingéner, to make note of the state of the
palladium catalyst following the oxidation in eachse. When unsubstituted pyridine
was employed the catalyst was completely reducepat@dium black nanoparticles
which coated all the internal surfaces of the @a¢see vial (a) in Figure 2.27). In
contrast, whe®A was employed the palladium remained in its oxdlisete, coating the
sides of the reactor as the oily orange coordinatompound (see vial (b) in Figure
2.27). This demonstrated that under the reactiomdiions 4a possessed greater
stability than its unsubstituted analogue. In agaiss fashion, in diacetatopalladium
catalysed alcohol oxidations in standard organialiejecoordinating bases such as
DMSO*2 and pyridiné** are observed to prevent catalyst decompositioprbyenting
coagulation as Pd black nanopatrticles. The observaf the state of the catalysts after
the reaction seems to demonstrate that the pattaiack nanoparticles formed in the
reaction which employed pyridine were active in t@leohol oxidation. This was
previously seen in the reaction where no base waployed under solventless
conditions, where a relatively high yield concutresith the reduction of the catalyst to
palladium black was observed (entry 1, Table 2.8Ieduction of the catalyst to this
insoluble form is desirable for good catalysisntige use of solubilising ligands cannot
produce any advantage, and the reaction would éaper and easier if a Pd(0) catalyst
were used from the start. Thus it appears thaf similar manner to the previously
described study employing diacetatocopper catalg@extion 2.3), the oxidation of

alcohols by palladium in scGQvould actually be best achieved by employing adsol
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state heterogeneous catalyst. The investigatiorsupiported palladium black as a
catalyst in this system might therefore make forireresting study. This was not

explored in the work covered here however.

Figure 2.27.Visual appearance of (a) [Pd(AcPpy and (b) [Pd(AcO)-A after
2-octanol oxidations in scGO

Thus, the PDMS functionalised pyridine ligaAddid not confer any advantage
in alcohol oxidations in the apolar environments esther solventless or scGO
reactions. However, the catalyst did appear to gsssshigher stability than its
unfunctionalised analogue, which may indicate ihateactions where the catalyst is
more active there could be some advantage toaétsWigh palladium(ll) catalysts being
active in a wide range of transformations, not tedito oxidation reactions, there may
well exist systems in which the functionalised céemps4a and5a would represent

ideal specialised catalysts.
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3 Experimental

3.1 Consideraciones generales

3.1.1 Méeétodos generales

A menos que se especifigue lo contrario, todas pleparaciones de los
compuestos, asi como el resto de las operacioméssrealizado utilizando técnicas de
manipulacion en condiciones secas y aerobicas. dissventes se secaron por los
procedimientos habituales, se destilaron y se anmaon bajo atmodsfera de nitrégeno y
en presencia de tamiz molecular. Los reactivos eadas se adquirieron de fuentes
comerciales (Aldrich) y se usaron sin efectuar pundicacion adicional.

3.1.2 Meétodos Instrumentales

Los espectros de IR se registraron en un espetiréiro Perkin-Elmer modelo
BXIl. Los espectros de liquidos y aceites se hitieen pastillas de NaCl y los de
sélidos en emulsiones de aceite mineral en pastiaNaCl o en pastillas de KBr.

Los espectros de UV/Vis se realizaron en un esgetfmetro Perkin-Elmer,
modelo lambda 25.

Los espectros de RMN se obtuvieron en un espectrorBeuker, modelos AV-
300 y AV-500. El desplazamiento quimico en los esps de RMN déH, °C y2°Si se
referencié con respecto al tetrametilsilano, usatwhoo referencia interna la sefal de
resonancia del disolvente empleado en el casosdesimectros diH y *°C.

Los andlisis elementales (C, H, N, S), la espeatdm de masas y el analisis
ICP se realizaron en los respectivos servicioCagitro de Investigacion, Tecnologia e
Innovacion de la Universidad de Sevilla (CITIUS).

Las medidas de cromatografia de gases se llevacab@en un Cromatdgrafo
Varian CP-3800, equipado con inyector automaticeiaviamodelo CP-8410 y un
detector de lonizacién de Llama (FID). Se mont6é colamna capilar Varian modelo

CP-8741, utilizando nitrdgeno como gas portador.uflezé el paquete informatico
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“Galaxie Workstation” para el control y automatizacdel sistema, la realizacién de
las medidas y la generacion y tratamiento de ldssdaComo estandar se empled
alternativamente el dodecano u decano, dependidados analitos a determinar y el
programa. Detalles sobre los programas usadosasecam en los apéndices. En todos
los casos, la concentracion de analitos se cadctiiavés de la relacion entre el area del
pico correspondiente al estandar afiadido y lasséalealos picos de los respectivos
analitos.

Los estudios de difraccion de rayos X incluidogste trabajo han sido llevados
a cabo, de manera independiente al mismo, poroéégor Dr. Eleuterio Alvarez del
Instituto de Investigaciones Quimig@SIC).

Otros detalles experimentales relativos a materigiemétodos, que no se
incluyen en este momento, se especificaran enpagamos correspondientes donde

sean pertinentes.
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3.2 Equipamiento de alta presion

La metodologia y la mayoria de las técnicas apdisaeh los experimentos de
alta presién han sido desarrolladas y utilizada$od®a rutinaria durante los ultimos
afios en el grupo de investigacion en el que meemmi@uintegradé*® No obstante, al
ser esta memoria la primera en la que se descebi@Es sistemas, se ha considerado
oportuno el realizar una descripcion detalladactaghe los sistemas como de los
procedimientos.

El sistema de alta presidn esencialmente consistena linea de alta presion
compuesta por tubos de alta presion HiP 1/16” yamjunto de conectores y valvulas
HiP 1/16” de tipo on/off que permiten el contra tbs flujos de gases. A esta linea se
acoplan un sistema de bombeo de,Cah reactor de alta presién y un sistema de
descompresion y recogida de muestras. Asimismo,siflema consta de los
correspondientes controladores de presion y termyparg esta provisto de diferentes
elementos de seguridad como valvulas de no-retdiRal/16"y disco de ruptura HiP
(presion Max. = 400 bar) (Figura 3.1). La manipidacadecuada de las valvulas on/off
permite el llenado del reactor con £uro o mezclado con reactivos o co-disolvente),
la adiciéon de cualquier otro gas de reaccion, lkca@on de vacio, asi como la

despresurizacion del mismo.

Figura 3.1. Fotografia (a) y esquema (b) de la linea de aéiain

@
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(b) Vacic Medidor de
Presion
i_‘ Disco de rupturc. .
A Descompresion y
recogida de
muestra
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A continuaciéon se describiran mas detalladamenmgenal de los elementos mas

importantes del sistema de alta presion.

3.2.1 Sistema de bombeo de CO

El dioxido de carbono (Air Liquid, calidad N48, indiro B50 tipo sifon)
utilizado posee unos niveles de oxigeno (< 2 ppog ggua (< 3 ppm) que no precisan
una purificacion adicional. La presion de £d& trabajo habitualmente es superior a la
gue posee en el cilindro contenedor, de ahi queesssario un sistema de bombeo. Se
han utilizado dos sistemas de bombeo alternativogenerador manual de presion HiP
(tipo jeringa) modelo 87-6-5 o una bomba de HPL&cdamodelo PU-1550-COque
permiten alcanzar presiones proximas a los 300 Brarambos tipos de sistemas de
bombeo se requiere que el £lzgue en estado liquido al compresor, de ahisgue
utilice un cilindro contenedor de tipo sifon y seecesario el enfriamiento previo del
CO, a temperaturas cercanas a 0 °C. El sistema de dumotifio jeringa se utilizd
exclusivamente para experimentos en condicionebatieh, mientras que la bomba

HPLC puede usarse tanto para experimentos en baaeb en flujo continuo.

3.2.2 Reactores y celdas de alta presiéon

La mayoria de las reacciones y medidas de solaliladalta presion realizadas

en el presente trabajo de investigacion se haizaeal en un reactor en forma de vaso
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construido en acero con 27 mL de volumen cuya sgptacion esquematica se muestra
en la Figura 3.2. El cierre del reactor se reaizda parte superior del vaso mediante un
tapdn de acero que se fija al vaso mediante untratoerca de acero roscada. El
sistema queda totalmente hermetizado mediante nifla toroidal (o-ring) de Viton
colocada en una hendidura en la parte superiova y sobre la que se asienta el
tapdn. La parte superior del tapdn lleva acopladtubo de acero de %" que permite la
conexion entre el interior y el exterior del react través de esta conexion se fijan las
dos valvulas de tipo on/off que permiten el llenadoiado del reactor. Para ello, el
tubo de %" se acopla, por su otro extremo, a wmexion en forma de “T” que conecta
a las dos valvulas on/off. Una de estas valvulasosecta a un tubo de 1/16” que va
por el interior del tubo de ¥’ hasta el fondo dehctor y se utiliza para la entrada de
gases. La otra valvula permite evacuar los gaskemueior del reactor a través del
espacio restante entre el exterior del tubo de”1y16l interior del tubo de %4". La
agitacion del reactor se realiza mediante una lmaagnética introducida en el interior.
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Figura 3.2. Corte transversal del reactor utilizado en las ggpeias en scCO
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Ademas del reactor anteriormente descrito, se ihizadio una celda provista de

ventanas de zafiro que permitan un seguimientalisespectroscopico (UV, IR) de la
mezcla supercritica (Figura 3.3). La celda esem&ate consta de un cuerpo cilindrico
de acero de 4.4 ml de volumen interno. El cierdlemdemo se realiza mediante discos
de zafiro colocados en las bases superior e imfdebreactor, que se fijan al cuerpo del
reactor mediante una contratuerca de acero rosdadaistema queda totalmente
hermetizado mediante una anilla toroidal (o-ring)teflon colocada entre el disco de

zafiro y el reactor. En el cuerpo de la celda spahen dos orificios a los que se
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acoplan mediante contratuercas HiP sendos tubdgl@€ con sus correspondientes

vélvulas de tipo on/off que permiten el llenadoigdo del mismo.

Figura 3.3. Fotografias de la celda visual de alta presiénbla,y corte

transversal de la misma (c)
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(1) Contratuerca de acero roscada; (2) Anilla ptimé&eflon; (3) Disco de zafiro; (4) o-ring;
(5) Cuerpo de la celda; (6) Valvula on/off HiP 1716

En ambos tipos de celdas de alta presion, el ealeehto se realizo,
habitualmente, mediante un bafio termostatizadogda a aceite dependiendo de la
temperatura de trabajo. Alternativamente se usécima calentadora Chauvin-Arnoux
Statop 4860. Durante las experiencias es convenieetrar las valvulas on/off
conectadas a la celda para evitar posibles pérgimagequefas fugas. La presion en el

interior del reactor se controla mediante un mediliigital de presion.
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3.2.3 Descompresion y recogida de muestra

Finalizado el ensayo a alta presion, se retir@attor o celda de alta presion de
la fuente de calentamiento e, inmediatamente, @sede al enfriamiento en un bafio de
hielo durante 10-15 minutos de forma que el,Gbandona el estado supercritico,
dando lugar a la formacion de una fase liquida,aqumiene disueltos la mayor parte de
los solutos, y una fase gaseosa sobrenadante can puesion de 30 bar
aproximadamente. La descompresion se realiza dasfése gaseosa para reducir la

perdida de los solutos, tal y como se muestra med@squematica en la Figura 3.4.

Figura 3.4. Descompresion del reactor de alta presion
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La descompresion se realiza haciendo uso de umaul@aimicrométrica
Swagelok 1/16”, que permite una descompresioralemediante el control del flujo de
CQ.. El flujo de CQ descomprimido procedente del reactor se hace pasavés de
una trampa que contiene un disolvente orgénico agegura la retencion de los
productos arrastrados por el gas en su despresigriz&€uando la presion del reactor se

iguala a la ambiental, se procede a su apertusagbanalisis de la mezcla de reaccion.
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3.2.4 Estudios de reactividad a HP

Los estudios de reactividad se llevaron a cabda emayoria de los casos, en el
reactor de acero descrito en el Apartado 3.2.2laEmayor parte de los estudios de
reactividad realizados se ha optado por introddeiforma separada los reactivos de
el(los) catalizador(es), para asi evitar el inidéla reaccion antes de homogeneizar la
mezcla de reacciéon en GQPara ello en primer lugar, el reactor, provistouda barra
agitadora magnética, se carga con los correspdedigaactivos. A continuacion, se
introduce en el reactor un vial, también provistoutha pequefia barra magnética, que
contiene el catalizador y el co-catalizador (cuasdaequiere) que se emplean en la

reaccion (Figura 3.5).

Figura 3.5. Introduciendo el vial con el catalizador en el teade alta presion

-
a
-
=

-

El procedimiento seguido de manera general paraduglios de reactividad en
scCQ se muestra de forma esquematica en la Figural 8a6.sellar el reactor, este se
acopla a la linea de alta presion, se aplica vaciocsu interior, se calienta a la
temperatura de reaccidn, se introducen reactivesogas (p.e. £ en el caso que sea
preciso y, finalmente, se introduce £hasta la presion deseada. Tras la reaccion, el
sistema se despresuriza tal y como se ha desaritel epartado anterior. Una vez
despresurizado, se adiciona el disolvente orgémiezuado para extraer los productos
de la reaccion. La disolucién resultante, junto Bomezcla de la trampa, se unen para
efectuar el correspondiente analisis mediante RM®Co
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Figura 3.6. Esquema general para los estudios de reactivid#td presion
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3.2.5 Determinacion de solubilidades en scCO

Habitualmente, el estudio de la actividad catalitie un precursor metalico en
scCQ requiere una evaluacion previa de su solubilidaddeho medio. Se han
empleado dos métodos alternativos para determanaolubilidad de los complejos
metalicos en scCO

3.2.5.1Con sistema de ‘loop’

Este procedimiento, mostrado esquematicamente eRiglara 3.7, permite
obtener alicuotas de un volumen conocido de lalwigmn supercritica saturada del
soluto, cuya concentracion se evalla con postdadri Se trata, por tanto, de un
procedimiento de medida que altera las condicidegsresion en el interior del reactor.
Para ello, se dispone en la celda de alta presiancantidad suficiente del soluto que
permita obtener una disolucion saturada en las icomés supercriticas. A
continuacion la celda se llena de £ se alcanzan las condiciones adecuadas de
presion y temperatura. Antes de realizar cualgmiedida, la mezcla se debe agitar

180



3.2 Equipamiento de Alta Presion

suficientemente con objeto de garantizar la satimadel complejo en la disolucién
supercritica. Para la realizacion de la medidales& con la mezcla supercritica un
‘loop’ de volumen conocido mediante la aperturdadeorrespondiente valvula on/off.
A continuacion se despresuriza el ‘loop’ a travésida trampa de disolvente que atrapa
los solutos vy, finalmente, se lava el ‘loop’ corsalvente, que se une al resto de
disolucion de la trampa. La concentracion de lald@on resultante se puede analizar

empleando espectroscopia de UV-Visible, cromatdgidd gases o mediante titulacion.

Figura 3.7. Medida de la solubilidad en sc@@tilizando un ‘loop’ de volumen

conocido

‘Loop’ con Volumen Cibradc

Valvula
Micrométrica

co, — il 0

Reacto

Bafio
Termostatizad \7

Jeringa para
| | adicionar disolven
Placa agitacié

3.2.5.2Determinacion in-situ’ de la solubilidad mediante espectroscopia UV-Misi

El segundo método aprovecha las posibilidades drexeola celda visual,
descrita en el Apartado 3.2.2, para registriar Siti’ el espectro de UV-VIS de
disoluciones saturadas de un complejo en scG®@ra ello, al igual que en el
procedimiento descrito anteriormente, es necesdniener una disolucion saturada del
soluto en scC® Para la realizacion de la medida se dispone ldacen el
compartimento interior del espectroscopio UV-visibEl espectro UV/Vis se registra
entre 300 y 1000 nm. La absorbancia en sc€calcula por diferencia entre el valor
de la absorbancia en una region sin absorcionsgelctro y el valor de la absorbancia
para el pico maximo. La concentracion de los amakin scC@se determina usando la
ley de Beer-Lambert a través de la utilizacion da grafica de calibrado obtenida con

disoluciones estandar en un disolvente poco potemo el hexano. Se asume que estos
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disolventes, que tienen aproximadamente la misnarigad que scCg producen
cambios solvocromaticos insignificantes y que nrmaestoeficientes de extincion

similares al scCg?°"??°
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3.3 Sintesis de los Liquidos lénicos

El avance que se ha producido en las uUltimas déeudal area de investigacion
dedicada al estudio y la utilizacion de los liggidénicos ha sido extraordinario. Por
esta razon, en la bibliografia se encuentran desdos procedimientos de preparacion
de un nimero muy elevado de este tipo de compuyesite ellos aquellos que se han
utilizado en la presente memoria. En la actualieéhéstudio de las posibles mejoras en
los procedimientos preparativos de los ILs es imealactiva que tiene como objetivo
el obtenerlos de una manera mas simple, con un rnrejedimiento, por un
procedimiento mas “verde”, etc. En el caso de lesivddos de imidazolio, el
procedimiento general consiste en la reaccion emtrealuro de alquilo y el derivado
adecuado de N-alquilimidazol y, posteriormenteintarcambio de anién mediante una

reaccion de metatesis.

Esquema 3.1Sintesis general de ILs de tipo sal de imidazolio

R R’ R
R\N/\ AN

N  RX N N MX'

NPAE
e O L

Rl

Se ha considerado conveniente incluir los métodossidtesis de todos los
liquidos idénicos utilizados en el presente trabaaue han sido preparados utilizando
algunas modificaciones de los métodos descritda éibliografia. Sin embargo, no se
han incluido los datos espectroscOpicos de estogwestos que coinciden con los

descritos en la bibliografia.

3.3.1 Haluros de 1-alquil-3-metil-imidazolio, G;mim-X

En un matraz de fondo redondo, equipado con urra baragitacion magnética
y un condensador de reflujo provisto de un tubccldeuro de calcio, se mezclan el
1-metilimidazol (1 equiv.) y el haluro de alquilorcespondiente (1 equiv.). La mezcla
de reaccion se calienta a 70 °C durante 24 h, esselde bromuros, o durante 72 h para
los cloruros. En el caso de la preparacion de tirs @adenas alquilicas de mas de 10

atomos de carbono es necesario adicionalmenteeteepeia de un disolvente, p.e. una
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cantidad equivolumétrica de cloroformo, para asingtiuir la viscosidad de la mezcla y
facilitar la agitacion. Finalizada la reacciéngegteso de reactivos se elimina mediante
la aplicacion de vacio. El producto se obtienendi@ como un sdlido cristalino con
rendimientos practicamente cuantitativos. En ebas los ILs con cadenas alquilicas
de menos de 6 atomos de carbono, si la cristafimawd se inicia espontaneamente, se
puede inducir la cristalizacién mediante solidifiéen rapida del IL aplicandole baja
temperatura y posterior calentamiento a temperatumbiente que conduce a la
formacion de cristales.

A través de este procedimiento se prepararondasesites sales: cloruro deni-
butil-3-metilimidazolio, Gmim-CI; bromuro de T-octil-3-metilimidazolio, Gmim-Br;
bromuro de In-dodecil-3-metilimidazolio, ©@mim-Br; y bromuro de h+octadecil-3-
metilimidazolio, Gsmim-Br.

~— NN/R C§<I n-CTHg C4m?m-CI
Br n-CgHiy Csmim-Br
\ / ex Br n-CpHzxs  Cromim-Br

Br Nn-CigH3; Clgmim-Br

3.3.2 Hexafluorofosfatos de 1-alquil-3-metil-imidazolio,C,mim-PFg

Sobre una disolucion acuosa de haluro de 1-algaik8l-imidazolio (1 equiv.)
a 0 °C se afiade lentamente (durante 30 minutoxia@damente) una disolucion
acuosa de HRF(60 %, 1.05 equiv.). La mezcla resultante se aglteante otros 30
minutos; seguidamente se separa la fase acuosdepantacion, se adiciona a la fase
organica una cantidad equivolumétrica de dicloramety ésta se lava varias veces con
agua hasta observar pH neutro en las fracciondaveddo. La fase organica se recoge
en un matraz de fondo redondo, se le aflade carttivo &y se deja con agitacion
manteniendo el sistema cerrado durante al menssltas. Transcurrido este tiempo, la
mezcla se filtra a través de celita y a la disdlacresultante se le aplica vacio
calentando a 100 °C durante varias horas para sealnente el producto. Tras enfriar
a temperatura ambiente, se obtiene el correspaediercon un rendimiento superior al
80%.

A través de este procedimiento se prepararon loguiesites ILs:

hexafluorofosfato de h-butil-3-metilimidazolio, Gmim-PF; hexafluorofosfato de -
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octil-3-metilimidazolio, Gmim-PF; hexafluorofosfato de th-dodecil-3-
metilimidazolio, Gomim-PF; y hexafluorofosfato de fi-octadecil-3-metilimidazolio,
Clgmim-PFa.

R IL
~— N/\N/R N-C4Hg C4mim-PF5
o N-CsH1; Cgmlm-PFa
\ / PFG n-Clezg Clgmim-PFe

n-C18H37 Clgmim-PFa

3.3.3 Tetrafluoroborato de 1-butil-3-metil-imidazolio, Csmim-BF4

Los productos @nim-X (1 equiv.) se disuelven en agua ~200 ml @ la
minima cantidad posible en el caso de los caddga#ieas mas largas) y la disolucién
resultante se enfria en un bafio de hielo. Se adic® ésta una disolucion de
tetrafluoroborato de sodio (1.1 equiv.) disuelto lanminima cantidad de agua. Se
observa la formacion de dos fases, el liquido mrdebajo, pero gran cantidad del
liquido i6nico queda disuelto en la fase acuosa.fhaes se separan y la fase acuosa se
lava con diclorometano (2 x 1 equivalente voluneélri La fraccibn organica se
combina con el liquido i6nico y se adiciona diclogiano hasta que hay 200 ml thol
liquido i6nico. La disolucion organica se lava aarveces con agua. Tras comprobar la
ausencia total de iones haluro en el producto @mdb la fase acuosa con una
disoluciéon de AgN@), a la disolucién del liquido i6nico se le afade wcantidad
abundante de carbon activo. La mezcla se deja gitecgdn durante el mayor tiempo
posible (minimo tres dias). Se filtra el disoluci@rtravés de celita para eliminar el
carbono y se evapora el disolvente mediante vaoddy agitacion, iniciando la
evaporacion a temperatura ambiente y terminandoO@ °C, se calienta a esta
temperatura durante 3 h para eliminar las trazasagle. El producto se lleva a
temperatura ambiente bajo nitrégeno y se guarda g&rusado. Rendimientos de ~80
%.
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3.4 Preparacion de los ligandos N-Donadores
3.4.1 4-(Polidimetilsiloxanil-etil)piridina, A

C2H4\ P *

| N Si \Si
b M AL

Sobre una disolucion del polimero comercial H-(8i{z-O), (6,0 mL, 16,7
mmol) en CJCH, (5 mL) se adiciona, bajo atmésfera de nitrégeraindpiridina (2,4
mL, 21 mmol) en presencia del catalizador de Kdtst¢2 % [Pt] en xilanos) (28pL,
0,046 mmol). Tras calentar la mezcla de reacci6f & durante 36 horas, se evapora
el disolvente mediante la aplicacion de vacio yesdiza un espectro de IR al crudo de
la reaccién para confirmar la desaparicion de tedha 2126 cihcorrespondiente a la
agrupacion Si-H del polimero de partida. A contgida, el crudo se disuelve en
hexano (15 mL), se seca con sulfato de magnesefiftia a través de gel de silice,
para eliminar el catalizador platino. La disolucigesultante se centrifuga y
posteriormente se lleva a sequedad mediante lzaafin de vacio a 60 °C durante unas
horas. El polimerd\, que se aisla en forma de aceite amarillo palaorendimientos
préximos al 70%, se guarda bajo nitrdgeno en gbfifico. Tal y como se discute en la
seccion de Resultados y Discusion, el polimérose obtiene como una mezcla
inseparable de isobmerasy f en una proporcién 1:2. Asimismo, se observo que la
proporcion de agrupaciones Si(§frespecto al grupo piridilo variaba entre 5y 10 en
las distintas muestra dle que se prepararon. Concretamente, en una de kestnai se
calcul, a través ddH RMN, una proporcion de 5,5 grupos Si(§por cada piridilo
terminal, lo que correspondia a un peso molecylesxémado de 506 g modlpara el
polimeroA (5,592 g, rendimiento basado en los grupos piridifminales = 66 %).

IR (NaCl, cm'): 661, 688, 802, 863, 919, 1027, 1092, 1261, 13464, 1599,
1645, 2963, 3235.

RMN: *H (CDCh): § -0,1 — 0,1 (br s, Si(85),), isémeroa: 1,29 (d,Jun = 7,35
Hz, 3H, py-CH(®3)-Si), 1,84 (qJun = 8,04 Hz, 1H, py-8(CHs)-Si), 6,92 (m, 2Hm-
NCsH,), 8,30 (m, 2Hp-NCsH,); isémerop: 0,82 (t,Juy = 8,7 Hz, 2H, py-ChCH,-Si),
2,57 (t,dun = 8,6 Hz, 2H, py-El,CH,-Si), 7,05 (m, 2HmM-NCsH,), 8,37 (m, 2H,0-
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NCsH,). *C{*H} (CDClIs): § 0-5 (varios s, SGHs),), 13,3 (s, py-CHCHs), isémerou),
18,9 (s, py-CHCH,-Si, isémerop), 28,8 (s, pycH,CH,-Si, isomerof), 31,5 py-
CH(CHa), isémeroa), 122,8 (s/mNCsHy4, isémeroa), 148,8 (s,0-NCsH4, isOmeroa),
153,0 (s,p-NCsHy4, isomeroa), 123,3 (s,m-NCsH,4, isdmerof), 149,4 (s,0-NCsH,,
isomerop), 154,1 (sp-NCsH., isémerop). #°Si{*H} (CDCl3): 6 —21,6 - —22,1, —21,1, —
20,8 (varios s, (Bi(CHs)2-0), —12,9 (s a, §H4-Si(CHs)2-0).

Andlisis elemental calculado para una muestra com gproporcion de 5,5
grupos Si(CH), por cada piridilo terminal(CzgHg2N2O10Sh1): C, 42,73; H, 8,17; N,
2,77.Experimental.C, 43,56; H, 8,36; N, 3,23 %.

3.4.2 4-Tridecilpiridina, B

NZ
|
Este procedimiento es analogo al descrito previtgenem la bibliografia para la

sintesis del 4-heptilpiridin&! Sobre una disolucién dBrLNH (1,05 equiv., 3 mL, 21
mmol) en THF seco (50 mL) a -78 °C se adiciona disaluciéon 1,6 M de€'BuLi en
hexano (12,5 mL, 1,05 equiv., 21 mmol), dando lugala formacién ih-situ’ de
diisopropilamiduro de litio (LDA), que seguidamerse hace reaccionar con 4-picolina
(1,00 equiv., 194@L, 20,0 mmol). La mezcla de reaccion se lleva & Orfediante el
uso de un bafio de hielo y se mantiene a esa tetugedurante 5 min. A continuacion,
se adiciona sobre la mezcla l-iodododecano (1,0dv.eq4,9 mL, 20 mmol),
manteniéndose la temperatura de 0 °C durante S5Himalmente, la mezcla de reaccion
se lleva a temperatura ambiente y se mantiene gitacen durante 36 h. Transcurrido
este tiempo, la mezcla se concentra hasta un volumpeoximado de 10 mL, se
adiciona CJCH, (50 mL) y se lava con agua (3 x 25 mL). Para eyié&rdidas de
productos en los lavados, la fraccion acuosa s& ¢anm CJCH, (3 x 25 mL). Tras
combinar todas las fracciones, la disolucién org@mnésultante se seca con MgS€&e
filtra y, finalmente, se lleva a sequedad en umavapor, dando lugar a un aceite de
color marron. El crudo de reaccion se purifica rapth separacion cromatografica en

una columna empleando silica gel y una mezcla O¢e MEt en 1:1 hexano:acetato de
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3.4 Preparacion de los Ligandos N-Donadores

etilo como eluyente. El compuesto se aisla en fatemaceite de color amarillo pélido
(3,6 g, 69 %).

IR (NacCl, le): 583, 666, 722, 801, 992, 1048, 1219, 1240, 13434, 1466,
1559, 1602, 1742, 2853, 2924, 3067

RMN: *H (CDCLk): § 0,81 (t,Jun = 3,17 Hz, 3H, €l3), 0,9 — 1,7 (m, 22H, B)),
2,53 (t,yy = 7,68, 2H, -®G1,-NCsHy), 7,03 (m, 2H,m-NCsHy), 6 8,41 (s, 2H,0-
NCsH.). BC{*H} (CDCls): & 14,0 (s,CHs), 20 - 32 (s,CH.), 35,1 (s, €H»-NCsH.),
123,7 (sMNCsH.), 149,4 (sp-NCsHa), 151,6 (sp-NCsHa).

Andlisis elemental calculaddCigHsN): C, 82,69; H, 11,95; N, 5,36.
Experimental C, 80,66; H, 11,65; N, 5,33 %.

3.4.3 4-(2,2-Bis-trimetilsilanil-etil)piridina, C

NN \s|/

/ S|<

Para la preparacion y purificacién se sigue ungmimgiento similar al descrito
en el Apartado 3.4.2 pero utilizando 1-cloro-2,2-tsimetilsilanil-etano (1,00 equiv.,
650 uL, 3,0 mmol) en lugar de l-iodododecano con logstreactivos en propias
proporciones con este. Se obtiene el compu€stmmo un aceite de color amarillo
palido (440 mg, 1.75 mmol, 58 %).

IR (NaCl, cni'): 500, 685, 755, 774, 839, 981, 1036, 1251, 14585, 1558,
1598, 2851, 2898, 2952, 3024, 3067

RMN: *H — (CDCE): & 0,00 (s, 18H, Si(83)3), 8 0,32 (t,Jun = 6,78 Hz, 1H,
CH), 8 2,77 (d,Jun = 6,66, 2H, El,), 5 7,13 (m, 2H,m-NCsH,), 6 8,46 (s, 2H,0-
NCsH,). B*C{*H} (CDCl3): § 0,0 (s, SiCHs)s), 14,6 (s,CH), 31,4 (sCH,), 123,7 (sm
NCsH.), 149,4 (sp-NCsHa), 153,7 (sp-NCsHa). 2°Si{*H} (CDCls): & 3,8 (5,Si(CHs)a).

Andlisis elemental calculaddCi3H2sNSk): C, 62,08; H, 10,02; N, 5,57.
Experimental C, 58,45; H, 9,79; N, 4,95 %.
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3.4.4 2,6-(Bis-trimetilsilanilmetil)piridina, D

X

] =
Si N/ s

™~
~
Para la preparacion y purificacion se sigue unegumaoiento similar al descrito
en el Apartado 3.4.2 pero utilizando 2,6-lutidifg50 equiv., 463uiL, 4,0 mmol) en
lugar de 4-picolina y clorotrimetilsilano (1,00 égu1,02 mL, 8,0 mmol) en lugar de 1-
iodododecano con los otros reactivos en las adasuptbporciones. Se obtiene el
compuestd como un aceite de color amarillo palido (520 mg72nmol, 52 %).
IR (NaCl, cm'): 722, 806, 841, 948, 978, 1030, 1093, 1105, 11584, 1203,
1311, 1378, 1398, 1444, 1466, 1588, 1600, 1622820927, 2489, 2567, 2720, 2760,
2850, 2923, 2960, 3400.
RMN: *H — (CDCk): & 0,00 (s, 18H, Si(83)3), 5 2,41 (s, 4H, €l,), § 6,68 (m,
2H, m-NCsHs), 8 7,27 (m, 1Hp-NCsHs). *C{*H} (CDCl3): & -0,1 (s, SiCHs)s), 32,8
(s, CH,), 117,3 (s,m-NCsH4), 135,4 (s,p-NCsHs), 157.0 (s,0-NCsHa). 2°Si{*H}
(CDCl): 6 2,0 (s,Si(CHs)3).
Andlisis elemental calculaddCi3H2sNSk): C, 62,08; H, 10,02; N, 5,57.
Experimental C, 60,37; H, 10,16; N, 4,97 %.

3.4.5 4,4'-Di(tridecil)-2,2’-bipiridina, E 2%

Sobre una disolucién dBrLNH (1.05 equiv., 95QiL, 6.7 mmol) en THF seco
(~30 mL) a -78 °C se adiciona una disolucién 1,8léiBuLi en hexano (1,05 equiv.,
4,0 mL, 6,7 mmol), dando lugar a la formacién-8itu’ de diisopropilamiduro de litio
(LDA), que seguidamente se hace reaccionar condifhétil-2,2-bipiridina (1,00
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3.4 Preparacion de los Ligandos N-Donadores

equiv., 590 mg, 3.20 mmol) disuelto en THF (15 mapservandose la inmediata
aparicion de una tonalidad rojiza en la mezclaadeceion. La mezcla se lleva a 0 °C
mediante el uso de un bafio de hielo y se mantiessa demperatura durante 5 min. A
continuacion, se adicionan 1-yodododecano (1,00 Imrd@®5 mL, 6,7 mmol),
manteniéndose la temperatura de 0 °C durante SHimalmente, la mezcla de reaccion
se lleva a temperatura ambiente y se mantiene gitacen durante 36 h. La
purificacion del producto se realiza siguiendo uocpdimiento similar al descrito en el
Apartado 3.4.2. Este producto se recristaliza etamoé dando lugar a un sélido blanco
(900 mg, 70 %).

IR (NaCl, cmi): 834, 1110, 1547, 1597, 1964.

RMN: *H (CDCLk): 6 0,80 (t,dun = 6.42 Hz, 6H, €l3), 1,1 — 1,7 (m, 44H, B)),
2,61 (t,dun = 7,76 Hz, 4H, -€1,-NCsH3), 7,05 (d, 2H, NEH3; pos-5), 8,16 (s, 2H,
NCsH3 pos-3), 8,48 (d, 2H, N¢Ei3 pos-6).**C{*H} (CDCls): & -0,1 (s,CHa3), 12 — 30 (s,
CH.), 33,6 (s, EH>-NCsHs), 119,4, 121,9, 147,0, 150,9, 154,2 (s ,sN§).

Andlisis elemental calculaddCssHeoN2): C, 83.01; H, 11.61; N, 5.38.
Experimental.C, 84.23; H, 12.25; N, 5.59 %.

3.4.6 4,4-Bis-(bistrimetilsilanilmetil)-2,2’-bipiridina, F

N LY
Si Si I/_
\

/_\\/

N N

~-

Se sigue un procedimiento similar al descrito eAmrtado 3.4.5empleando
clorotrimetilsilano (1.00 equiv., 774, 5.9 mmol) en lugar de 1-yodododecano con los
otros reactivos en las adecuadas proporciones. bene como cristales finos y
blancos, (310 mg, 24 %).

IR (NaCl en nujol, cril): 451, 558, 620, 654, 691, 724, 756, 778, 839, 862,
990, 1035, 1069, 1159, 1217, 1247, 1404, 1540, 15807
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RMN: 'H (CDCL): § 0.00 (s, 36H, Si(B3)3), 2.16 (s, 4H, E,), 6.89 (d, 2H,
NCsHs), 8.01 (s, 2H, N€Hs), 8.42 (d, 2H, NEHs). *C{ *H} (CDCls): & 0.00 (s,
Si(CHa3)s), 29.38 (sCH,), 122.63, 125.26, 150.51, 153.02, 157.81 (SsHNE 2°Si{*H}
(CDCly): & 2.19 Gi(CHs)s).

Andlisis elemental calculadqC,4H44N2Sis): C, 60,95; H, 9,38; N, 5,92.
Experimental:C, 59,90; H, 10,12; N, 6,07 %.

3.4.7 4,4-bis-(2,2-bis-trimetilsilanil-etil)-2,2’-bipiri dina, G

Se sigue un procedimiento similar al descrito eAmrtado 3.4.5empleando
1-cloro-2,2-bis-trimetilsilanil-etano (1.00 equivl,00g, 5.13 mmol) en lugar de 1-
yodododecano con los otros reactivos en las adasuabporciones. El producto se
recristaliza en metanol obteniendose como cristiasolor crema (290 mg, 23 %)

IR (KBr, cmi‘): 839, 1036, 1250, 1551, 1590.

RMN: *H (CDCL): & 0.00 (s, 18H, Si(83)s), 0.47 (t,Jun = 7.00 Hz, 2H, @),
2.87 (d,dun = 7.02 Hz, 4H, €ly), 7.14 (d, 2H, NEHs), 8.27 (s, 2H, NeHs), 8.54 (d,
2H, NGHs). *C{*H} (CDCl3): & 0.00 (s, SiCHs)s), 14.26 (s,CH), 31.59 (s,CH>),
121.05 , 123.59, 148.67, 154.57, 155.76 ($sH). 2°Si{*H} (CDCls): & 3.87
(Si(CHg)a).

Andlisis elemental calculadqCyeHasN2Sis): C, 62.33; H, 9.66; N, 5.59.
Experimental.C, 62.28; H, 10.46; N, 5.84 %.
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3.4 Preparacion de los Ligandos N-Donadores

3.4.8 4-Metil-4'-tridecil-2,2’-bipiridina, H 2%

Sobre una disolucién de diisopropilamina (461 3.26 mmol) en THF (3 mL)
se adiciondBuLi (2.04 mL, 3.26 mmol). Este se agita durantariiButos para obtener
una disolucion amarilla a la que se adiciona poragiaurante 30 minutos una
disolucién de 4,4'dimetil-2,2'-bipiridina (601 m@.26 mmol) en THF (25 mL). Se
obtiene una disolucion naranja-marrén que se dgitante 1.5 horas. Se enfriaa 0 °C y
se adiciona l1l-yodododecano (8Qd, 3.26 mmol). Tras la adicion resulta una
disolucién verde oscuro que rapidamente palideeeadgta durante 1.5 horas tras las
que en la disolucion se manifiesta una turbidez.aBade agua/hielo y la mezcla
resultante se extrae con éter dietilico (3 x 50,mue se seca (Mg} se filtra y se
evapora hasta obtener un producto crudo en fornageiee amarillo. Este se recristaliza
tres veces con acetato de etilo hasta consegpmodlicto como un sélido blanco (380
mg, 33 %).

IR (KBr, cm™): 534, 583, 729, 824, 898, 992, 1043, 1107, 12874, 1462,
1551, 1596, 2849, 2916, 3054

RMN: *H — (CDCE):  0.81 (t,Jun = 6.56 Hz, 3H, El5 terminal),5 1.1 — 1.7 (m,
22H, (H; intermedios)p 2.37 (s, 3H, py-4-83), 6 2.62 (t,Jqu = 7.77 Hz, 2H, py-4'-
CH; contiguo),6 7.07 (m, 2H, @& pos-5),6 8.17 (m, 2H, E pos-3),6 8.48 (m, 2H,
CH pos-6).RMN*CY{H} — (CDCE): 5 14.0 CHs terminal),s 21.0 (py-4-Gis), § 22-32
(CH; intermedios)p 35.4 (py-4'CH, contiguo),s 121.3 C-5’), 6 122.0 C-5), 06 123.8
(C-3),6124.5 C-3),6 148.6 C-4 &4’), 6 153.0 C-6 & 6’), 6 155.6 C-2 & 2').

Andlisis elemental calculaddCysHszeN2): C, 81.76; H, 10.29; N, 7.95.
Experimental C, 80.94; H, 9.95; N, 7.80 %.
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3.5 Complejos de Metiltrioxorenio en la Epoxidacion Cadlitica de

Olefinas bajo Condiciones Apolares

3.5.1 [Re(CH3)(0)3(A)], 1a

En un tubo de Schlenck que contiene 17.9 mg de NI.07182 mmol) se
adiciona, bajo nitrogeno, una disolucién del potimé\ en CLCH, (10 ml),
originandose una disolucién amarilla palida quecaéenta a 40 °C durante 4 horas.
Transcurrido este tiempo se elimina el disolvengéeliante la aplicacion de vacio dando
lugar a un aceite marrén que contiene al compukstunto a otras impurezas. La
purificacion del producto se realiza adicionandanet seco (10 ml) sobre el aceite y
calentando la mezcla resultante a 40 °C durantashTras la evaporacion del etanol,
el aceite resultante se extrae con hexano (10salseparan los sélidos insolubles por
decantacién y se vuelve a llevar a sequedad, dam@o al complejo de renita en
forma de aceite de color marrén (47.3 mg). El délca través de RMN diH, indicé
una proporcion de 16.5 grupos Si(§yHpor cada piridilo terminal y, de éstos, un 75%
coordinados a unidades de MTO, lo que significaxpradamente un rendimiento del
42 %.

IR (cmi'): 3414, 6052, 2962, 2905, 1944, 1638, 1618, 15898, 1414, 1257,
1016, 912, 795, 703.

RMN: 'H (CsDe): & 0.39 (s, 84H, Si(CH>), 0.79 (t,Jun = 8.79 Hz, 2H, py-
CH,CH,-Si), 1.65 (s, 3H, ReC#}, 2.46 (t,Jun = 8.6 Hz, 2H, py-CHCH,-Si), 6.76 (m,
2H, mNCsHJ), 8.45 (m, 2H,0-NCsHy). **C{*H} (CeDs): & O - 2 (varios s, Si(Chh),
18.6 (s, py-CHCH,-Si), 23.9 (s, ReC§J, 28.7 (s, pyeH2CH,-Si), 123.7 (S-NCsHy),
148.0 (s,0-NCsHa), 155.1 (s,p-NCsHa). 2°Si{*H} (CDCls): & —21.3 - —22.1, —20.8
(varios s, OS(CHzs)2-0), —10.7 (s a, CHCH,-Si(CHj3),-0).

Andlisis elemental calculad@4;H1:d0NO19R€eSI65): C, 31.35; H, 7.06; N, 0.89.
Experimental.C, 36.54; H, 7.85; N, 1.45 %.
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3.5.2 [Re(CHs)(0)s(B)], 1b

Sobre una disolucion de MTO (30.5 mg, 0.122 mmal)G&CH, (5 mL), se
adiciona una disolucién de 4-tridecilpiridiiB) (32 mg, 0.122 mmol) en &H, (5
mL), observdndose un cambio inmediato en el cobrad disolucion que se torna
amarilla pélida. EI compuestbb se aisla en forma de sélido amarillo mediante la
evaporacion del disolvente bajo vacio. El solidopsefica mediante recristalizacion,
disolviéndolo en la minima cantidad de@H, y enfriando la disolucion resultante a
—23 °C durante una noche (15.6 mg, 25 %).

IR (KBr, Cm'l): 723, 816, 844, 927, 1021, 1066, 1214, 1427, 14660, 1614,
2852, 2920, 3422

RMN: 'H (CDCh): 6 0.81 (t,Jun = 6.6 Hz, 3H, El3), 1.1 - 1.6 (m, 22H, By),
1.86 (s, 3H, ReBy), (t, Juy = 7.8 Hz, 2H, E1,CH3), 7.12 (d,Jun = 6.0 Hz, 2H,M
NCsHa), 8.15 (d,Jun = 6.3 Hz, 2H,0-NCsH,). *C{*H} (CDCls): § 14.1 (s,CHs3), 22 -
32 (s,CH; & ReCHj3), 125.0 (s;m-NCsHs), 147.0 (sp-NCsHs), 155.0 (sp-NCsHs).

Andlisis elemental calculadgC,gH3/NOsRe): C, 44.69; H, 6.71; N, 2.74.
Experimental C, 43.88 ; H, 6.76 ; N, 2.52 %.

3.5.3 Procedimiento general de la reaccion de epoxidacidie olefinas en ausencia

de disolvente o en disolvente organico

Todas las experiencias que no requieren presioal enterior del reactor se
realizaron en ampollas de vidrio de 50 mL provistadlave de tipo Young. El reactor
se carga con correspondiente complejo de renicaquiea como precatalizador, que se
adiciona una vez preformado o, alternativamentgrepara ih-situ” en la mezcla de
reaccion adicionando MTO vy el correspondiente lilpanitrogenado. Seguidamente, se
adiciona la olefina, el peréxido de hidrogeno (galmeente en disolucion acuosa al
30%) y, cuando la reaccion lo requiere, el corredpmnte disolvente organico. Debido
a la naturaleza de las reacciones investigadas neasaria la utilizacién de atmédsfera
inerte; no obstante, para evitar pérdidas de rascth productos durante la reaccién la
ampolla debe permanecer sellada. En los casossequidse requiere calentamiento se
utiliza un bafo termostatizado de aceite. Finabz&d reaccion, el reactor se enfria

durante 5 min. en un bafio de hielo antes de pro@da apertura. Se emplearon dos
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3.5 MTO en la Epoxidacién de Olefinas

métodos analiticos alternativos para calcular ehdimiento de la reaccion;
mayoritariamente la técnica de cromatografia degésC) y, en ciertas ocasiones, la
técnica de resonancia magnética nuclear (RMN).

Para el caso de reacciones analizadas mediantes&@iluye la mezcla de
reaccion con kO, se adiciona una cantidad precisa del correspotelestandar interno
y se seca con MgS@a disolucién resultante, antes del analisis. BEliais se realiza en
un Cromatografo Varian CP-3800 utilizando el proprograma descrito en el apartado
3.1.2, utilizando dodecano como estandar interno.

En las reacciones analizadas mediante la técni¢dvite la mezcla de reaccion
se lleva a sequedad, se adicionasCOl al crudo de reaccion, se adiciona
hexametildisiloxano como estandar y se filtra, eente al analisis. Los rendimientos
se calculan mediante comparacion de las integcel®d RMN de los protones de C-1
y C-2 en el alqueno y el epoxido, respectivamarttikzando la integral de los protones

estandar interno para calcular los rendimientos.

3.5.4 Procedimiento de la reaccién de epoxidacion de prdpno en octano

Estas reacciones se realizaron en un reactor de de alta presion modelo Lab
Cresf. En el reactor se introduce octano (10 mL) y lastidades especificadas del
MTO, la base nitrogenada (si se emplea), y£t+hcuoso (30 %). Se sella el reactor y
se aplica vacio estatico. Después se introducdlenaphasta la presion requerida. Este
proceso se debe realizar rapidamente porque ellgmopes bastante soluble en el
octano y la presion baja rapidamente después dedutirlo. Se agita, notando el
descenso de la presion. Finalizada la reaccidomneasdtor se enfria en hielo antes de
abrirse, debido a la alta volatilidad del 6xidopepileno. Se abre primero la valvula
para quitar la presion de propileno y después atoe, introduciendo a la disolucion
dodecano como estandar. De la disolucion estaradiize toma una muestra, que se

analiza inmediatamente por cromatografia de gases.
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3.6 Oxobisperoxocomplejos de molibdeno en la Epoxidaaid

Catalitica de Olefinas

3.6.1 Disolucion del [Mo(O)(0,)2(H20),] en perdxido de hidrégeno acuoso

La disolucion del acuocomplejo de oxobisperoxocajosl de molibdeno
[Mo(0)(0O,)2(H20),] en perdxido de hidrogeno acuoso, utilizado ea #abajo, ha sido
preparada siguiendo el procedimiento de sintediguz Una suspension de MgO
(2,52 g, 17,5 mmol) en 12 ml de peroxido de hidnagal 30 % se calienta a 55 °C
durante aproximadamente 1 hora. Transcurrido éstepd se observa el trioxido de
molibdeno completamente disuelto en una disoluaémarilla y clara. A ésta se
adiciona varias gotas de peréxido de hidrogeno gdseiona agua destilada hasta un
volumen exacto de 25 ml, almacenandose a 4 °Cedilar la descomposicion en la
mezcla del peréxido de hidrogeno en exceso. Demeataera se prepara una disolucién
de concentracién 834 mM en [Mo]. La disolucion temte contine varias especies en
equilibrio dependiendo de varios factores como enftracion, pH y temperatuf&’ En
este trabajo se han considerado como una disoldebiMo(O)(G)2(H20),] por razén

de simplicidad.

3.6.2 [Mo(O)(02)(A)2, 2a

A (150 mg, 0,03 mmol) se disuelve en cloroformorfil( y a esta disolucion se
afiade [Mo(0O)(Q2(H20),] acuoso (0.7 M, 0,015 mmol, 21,4 pL). Se forman thses
y la mezcla se agita durante 30 min. Después seaejos dos fases y la fase organica
se seca (MgS¥), se filtra y la disolucién amarilla resultantees@pora en el rotavapor
dejando el producto crudo como un aceite amaigie se purifica por extraccion con
pentano (2 x 5 mL) que se separa del precipitadpleando una pipeta Pasteur. El
disolvente se elimina por aplicacion de vacio digr@anhoras obteniéndose el producto
como un aceite viscoso de color amarillo. En laecoadPDMS ([O-Si(Ch)2]n) del
producto se determina un valor de n de 8,7.

IR (KBr, cm'): 706, 801, 862, 905, 958, 1023, 1098, 1213, 12896, 1635,
2963, 3101, 3448.
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RMN: *H (CDCR): & 0,00 (s, Si(CH),), 7,07 (a, 2HmM-NCsH.), 8,09 (a, 2Hp-
NCsH4). C{*H} (CDCls): & 0,0 (s, Si(CH),). **Si{*H} (CDCls): & —22,0 (s, O-
Si(CHs)2-0)

Andlisis Elemental Calculad¢Formula calculada para un valor de n = 8,7:
MoCsz; Hes N2013Sis 7): Mo, 5,18; C, 34,68; H, 7,32; N, 1,5Experimental:Mo,
5,18; C, 30.35; H, 6.85; N, 1.36 %.

3.6.3 [Mo(0)(O2)x(H-0)(BO)], 2b

Sobre una disolucién de 4-tridecilpiridinB)((50 mg, 0,19 mmol) en metanol
(15 ml) se adiciona gota a gota una disolucion s&ualel acuocomplejo
[Mo(O)(O)(H20),] (1 equiv., 273 uL, 0,191 mmol) y la mezcla resate se deja con
agitacion durante 30 minutos. Transcurrido esteni el precipitado se recoge por
filtracion, lavando el producto con agua destilfda. El producto, compuestd, se
obtiene en forma de sdélido amarillo pulverulento.

IR (KBr, cm™): 533, 588, 618, 639, 744, 814, 856, 920, 959, 9685, 1213,
1376, 1426, 1467, 1508, 1610, 1639, 2850, 2918, ,38849.

RMN: *H (CDCL): § 0.81 (t, 6H, 4 = 6.6 Hz, Gi3), 1.0 - 1.7 (m, 22H, By),
2.64 (t, 2H, G1,-CHs), 7.38 (a, 2H,mNCsH,4), & 8.67 (a, 2H,0-NCsH,). 2C{*H}
(CDCl3): 8 14.1 (sCHg), 22 - 30 (sCHy), 31.9 (sCH,-CHjy).

Andlisis elemental calculad§MoC,gH330/N): C, 45.86; H, 7.06; N, 2.94.
Experimental.C, 45.23; H, 6.61; N, 2.96 %.

3.6.4 [Mo(O)(O2)(E)], 2e

Se sigue un procedimiento similar al descrito efspalrtado 3.6.3.

IR (KBr, cm™): 660, 723, 764, 836, 861, 948, 1031, 1420, 14610, 2850,
2920, 3058, 3117, 3432.

RMN: *H (CDCL): 6 0.80 (t,Jun = 6.32 Hz, 6H, El3), 1.1 - 1.9 (m, 44H, B)),
2.62, 2.85 (tJuy = 7.71, 7.76 Hz respectivamente, 4H, py-€C1,H25), 7.19, 7.61 (d,
2H, NGH3), 7.81, 8.10 (s, 2H, NéEis), 8.21, 9.36 (d, 2H, NéHi3). **C{*H} (CDCls): &
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14.1 (s,CHs), 22 - 32 (s,CHy), 35.6, 36.0 (s, p¥H2-CioHos), 121.0, 122.8, 126.7,
126.8, 147.4, 147.8, 154.1, 155.1, 156.4, 160.BCsH3).

Andlisis elemental calculadéMoCseHeoOsN2): C, 62,05; H, 8,68; N, 4,02.
Experimental.C, 61,56; H, 8.75; N, 3,97 %.

3.6.5 [Mo(O)(O2)x(F)], 2f

Se sigue un procedimiento similar al descrito eApartado 3.6.3.

IR (KBr, cm?): 622, 655, 691, 776, 843, 866, 946, 1030, 122%2] 1420,
1603, 2899, 2954, 3447.

RMN: *H (CDCL): 5 0.00, 0.12 (s, 36H, Si(ds)s), 1.68, 1.95 (s, 2H, i€), 6.82,
7.22 (m, 2H, NGH3), 7.38, 7.64 (m, 2H, NéEs), 8.00, 9.14 (d, 2H, N4E-).

Andlisis elemental calculad@MoC,4H4405N2Siy): C, 44.42; H, 6.83; N, 4.32.
Experimental.C, 43,67; H, 6,66; N, 4,32 %.

3.6.6 [Mo(0)(02)(G)], 29

Se sigue un procedimiento similar al descrito efspelrtado 3.6.3.

IR (KBr, cm®): 689, 758, 778, 842, 866, 942, 988, 1036, 123201 1610,
2899, 2952, 3447.

RMN: *H (CDCk): & 0.00, 0.08 (s, 36H, Si¢d)s), 0.11, 0.28 (tJun = 6.29,
6.42 Hz, 2H, ®), 2.75, 2.97 (dJun = 6.30, 6.42 Hz, 4H, B,), 7.11, 7.53 (d, 2H,
NCsHs), 7.69, 7.97 (s, 2H, NgEl3), 8.10, 9.25 (d, 2H, NéHis). **C{*H} (CDCls): § 0.0,
0.1 (Si(CH)3), 6 14.6, 15.0 (CH)p 31.8, 32.4 (CH), 6 120.6, 122.4 (C-5)% 126.2,
126.5 (C-3)p 147.3, 147.5 (C-4) 153.7, 158.6 (C-6) 154.9, 163.1 (C-2).

Andlisis elemental calculad@MoCysH4s0sN,Sis): C, 46.13; H, 7.15; N, 4.14.
Experimental:C, 47.13; H, 7.14; N, 4.50 %.

3.6.7 [Mo(O)(O2)2(H)], 2h

Se sigue un procedimiento similar al descrito efspalrtado 3.6.3.
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IR (KBr, cm'): 661, 723, 836, 863, 947, 1032, 1242, 1308. 14267, 1610,
2850, 2920, 2956, 3448.

RMN: *H — (CDCE): & 0.88 (t,Jun = 6.0 Hz, 3H, 5 terminal), 1.2 — 1.9 (m,
24H, H; intermedios), 2.46, 2.70 (s, 3H, py-H¢), 2.68, 2.91 (tJuy = 7.7 Hz, 2H,
py-4’-CH,-Cy,Hys), 7.18, 7.61 (m, 2H, B pos-5), 7.85, 8.12 (m, 2H,HCpos-3), 8.19,
9.34 (m, 2H, ® pos-6). RMNCY{H} — (CDCl5): 5 14.0 CHs terminal), 22.5 (py-4-
CHa), 28-36 C12H24-CHs), 120-161 C-piridilo).

Andlisis elemental calculadéMoC,4H3605N2): C, 54,54; H, 6,87; N, 5,30.
Experimental:C, 55,15; H, 6,80; N, 5,22 %.

3.6.8  [M0o(0)(02)2(H20)(py0)] *"*®

Una suspension de Ma@75 mg, 2.6 mmol) en peréxido de hidrégeno a¥30
(2 mL, ~20 mmol) se calienta a 50 °C durante un@ lwwiginando una disolucién
amarilla y clara del [MoO(QJH.0),]. Sobre esta disolucion, enfriada a 0 °C en un tub
de ensayo, se adiciona piridina (2 equiv., 4005.2 mmol). La mezcla de reaccion se
homogeniza por la aplicacion de ultrasonido y past@ente se adiciona acetona (2.5
mL), mezclandose con la disolucién acuosa porsdiralo. La disolucion resultante se
deja a cristalizar a 0 °C observando la precigitagilel producto como un sélido
amarillo y microcristalino entre 24 h. Esto serdijtse limpia con agua fria y acetona y
se seca en vacio (420 mg, 1.45 mmol, 56 %).

IR (KBr, cmi™): 629, 729, 762, 859, 896, 960, 1006, 1061, 11204, 1254,
1323, 1387, 1488, 1545, 1635, 2128, 2808, 29667 ,38@0, 3406.

Andlisis elemental calculadqCsH;MoNO;) C, 20,78; H, 2,44; N, 4,85.
Experimental C, 20,40; H, 2.83; N, 5,13 %.

3.6.9 [Mo(O)(02)2(H20)(2pcO)]

Se sigue un procedimiento similar al descrito eAprtado 3.6.8 obteniéndose
el producto como un solido amarillo y microcristali(425 mg, 1.40 mmol, 54 %).

IR (KBr, cmi’): 626, 764, 858, 951, 1051, 1116, 1168, 1207, 129%8, 1492,
1539, 1617, 2042, 2730, 3058, 3259, 3453.
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Andlisis elemental calculad®oCsHgO;N): C, 23,78; H, 2,99, N, 4,62.
Experimental C, 25,29; H, 2,87; N, 5,17 %.

3.6.10 [Mo(0)(O 2)2(H-0)(3pcO)]

Se sigue un procedimiento similar al descrito eApgrtado 3.6.8 obteniéndose
el producto como un sdlido amarillo y cristalin®@$5mg, 1.93 mmol, 74 %).

IR (KBr, cm'): 682, 796, 860, 959, 1124, 1188, 1266, 1476, 18483.

Andlisis elemental calculad®doCsHgO;N): C, 23,78; H, 2,99, N, 4,62.
Experimental C, 23,08; H, 3,55; N, 4,77 %.

3.6.11 [M0o(O)(O 2)»(H-0)(1utO)]

Se sigue un procedimiento similar al descrito eApgrtado 3.6.8 obteniéndose
el producto como un sdlido crema y cristalino (48§ 1.52 mmol, 58 %).

IR (KBr, cm™): 638, 799, 847, 856, 962, 979, 1052, 1172, 12847, 1399,
1457, 1539, 1627, 1639, 1656, 1869, 2841, 2895, 23@31, 3190, 3280, 3309, 3446.

Andlisis elemental calculad®oC;H1:0;N): C, 26,51; H, 3,50; N, 4,42.
Experimental C, 28,08; H, 3,38; N, 4,98 %.

3.6.12 [Mo(O)(O 2)»(H-0)(colO)]

Se sigue un procedimiento similar al descrito eAprtado 3.6.8 obteniéndose
la primera fraccion como un sélido amarillo paligaristalino (1.63 g, 4.9 mmol, 14
%).

IR (KBr, cm™): 629, 712, 762, 851, 869, 959, 975, 1001, 108501 1161,
1276, 1330, 1371, 1371, 1430, 1473, 1635, 16528,25836, 2847, 2882, 3058, 3302,
3446.

Andlisis elemental calculad®oCgH130/N): C, 29,02; H, 3,96; N, 4,23.
Experimental C, 31,14; H, 4,02; N, 4,66 %.
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3.6.13[(0)(0,):Mo(*0)Mo(O)(O,),]*- 2[colH]" 1

En una matraz Erlenmeyer de 250 mL se mezclanidiodte molibdeno (5.0 g,
35 mmol) y peroxido de hidrogeno acuoso (30 %) €@div., 50 mL, 490 mmol). Se
calienta a 55 °C manteniendo agitacién hasta que del molibdeno se ha disuelto,
obteniéndose una disoluciéon amarilla y clara querdda a 0 °C. A esta se adiciona
lentamente colidina (2 equiv., 9.2 mL, 70 mmol)ayrhezcla se agita durante 1 h.
Posteriormente se deja a cristalizarse a 4 °C thiBaeemanas hasta que el producto se
obtiene como cristales claros y grandes.

IR (KBr, cm™): 501, 517, 530, 546, 578, 609, 628, 712, 851, &&®, 975,
1001, 1035, 1051, 1276, 1432, 1636, 1653, 27463,23383, 3058, 3302.

Andlisis elemental calculad@o,C16H240:1N2): Mo, 31,34; C, 31,39; H, 3,95;
N, 4,58.Experimental:Mo, 29.55; C, 31,03; H, 4,39; N, 4,80 %.

3.6.14 [Mo(O)(0 2)2(bpy)] ***

En una matraz Erlenmeyer de 250 mL se mezclanidiaéote molibdeno (5.0 g,
35 mmol) y peroxido de hidrogeno acuoso (30 %) €@div., 50 mL, 490 mmol). Se
calienta a 55 °C manteniendo la agitacion hastaafeeel compuesto de molibdeno se
ha disuelto, obteniéndose una disolucién amaritttaga que se enfria a 0 °C. A ésta se
adiciona una disolucion de 2,2’-bipiridina (1 equiv.47 g, 35 mmol) en metanol (10
mL) y la mezcla resultante se agita durante 10 tognobservandose la precipitacion
del producto como un sélido amarillo. Después de tsmpo el producto se recoge por
filtracion, lavandose con agua fria y secandosardar4 horas bajo vacio para obtener
el producto como un sélido amarillo pulverulent6.@lg, 94 %).

IR (KBr, cm™): 536, 581, 651, 668, 729, 770, 858, 939, 1023210045, 1065,
1103, 1160, 1175, 1220, 1245, 1314, 1444, 1472%5,1¥969, 1599, 3081.

Andlisis elemental calculad@oC,;0HsOsN2): Mo, 28.89; C, 36.16; H, 2.43; N,
8.43.Experimental Mo, 24.67; C, 36.11; H, 2.51; N, 8.44 %.
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3.6.15 [Mo(0)(02)2(bpyO,)]

En una matraz Erlenmeyer de 25 mL se mezclan ttodste molibdeno (155 mg,
1.06 mmol) y peroxido de hidrogeno acuoso (30 %)dduiv., 1.6 mL, 15.6 mmol). Se
calienta a 55 °C manteniendo la agitacion hastaageel compuesto de molibdeno se
ha disuelto, obteniéndose una disolucién amaritttaga que se enfria a 0 °C. A ésta se
adiciona una suspension de 2,2’-bipiridina-N,N’>dé® (1 equiv., 200 mg, 1.06 mmol)
en metanol (3 mL) y la mezcla resultante turbianaalla se agita durante 10 minutos.
Después de este tiempo el producto se recoge lpacifin, lavandose con agua fria y
secandose durante 4 horas bajo vacio para obteperdeicto como un sélido amarillo
pulverulento (335 mg, 92 %).

IR (KBr, cm?): 486, 523, 543, 581, 651, 720, 736, 777, 837, ®5B, 952,
1035, 1100, 1119, 1158, 1200, 1228, 1243, 12585,1P425, 1445, 1475, 1606, 1622,
3056, 3088.

Andlisis elemental calculad®oC;oH1005N2): Mo, 26.35; C, 32.99; H, 2.21; N,
7.69.Experimental Mo, 28.86; C, 31.77; H, 2.25; N, 7.48 %.

3.6.16 [Mo(0O)(02)2(phen)]

Se sigue un procedimiento similar al descrito enAphrtado 3.6.8 pero
adicionando solo un equivalente de fenantroliradidolucién del [Mo(O)(©)2(H20)y]
obteniéndose el producto como un polvo amarillo.

IR (KBr, cm'): 659, 721, 740, 767, 847, 864, 914, 949, 986, 9935, 1111,
1149, 1199, 1230, 1311, 1345, 1427, 1517, 15819,18&7, 3051, 3384.

Andlisis elemental calculad§MoC,.HgN,Os): C, 40,47; H, 2,26; N, 7,87.
Experimental C, 44,43; H, 2,84; N, 8,87 %.

3.6.17 [Mo(0)(02)-(pz).]

Una suspension de M@@.00 g, 34.7 mmol) en peroxido de hidrogeno a¥#30
(14 equiv., 50 mL, 490 mmol) se calienta a 55 °Cadi¢ una hora originando una

disolucién amarilla y clara del derivado [MoO{(®).0),]. Sobre esta disolucion,
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enfriada a 0 °C, se adiciona, lentamente, pirazoédquiv., 4,72 g, 69,4 mmol). La
mezcla de reaccion se deja agitandose a 0 °C Maoias. Posteriormente el sélido
amarillo, palido y microcristalino se aisla medaifittracion (5.72 g, 16.6 mmol, 48
%). El filtrado se deja a cristalizar durante 2sddateniendo las siguientes fracciones en
la forma de cristales adecuados para la deterndinastructural mediante difraccion de
rayos X. El producto es estable al aire y puedeaedmarse durante semanas en un vial
sin observarse descomposicion apreciable.

IR (KBr, cm™): 535, 580, 608, 652, 714, 762, 789, 852, 875, 963, 1044,
1055, 1076, 1128, 1146, 1172, 1254, 1284, 13559,1B466, 2818, 2875, 2924, 2989,
3042, 3127, 3148, 3328.

Andlisis elemental calculad@MoCsHsOsN4): Mo, 30.74; C, 23.09; H, 2.58; N,
17.95.Experimental:Mo, 29.05; C, 22.27; H, 2.58; N, 18.02 %.

3.6.18 [Mo(0)(0 2)2(H20)(pz)] **°

Se sigue un procedimiento similar al descrito emaghrtado anterior, pero
adicionando solo 1 equivalente de pirazol sobre digolucion acuosa de
[MoO(O)2(H20),]. Se filtra la mezcla resultante y la disoluciéngsiarda a 4 °C durante
unas dias hasta que se forman cristales amaridbsprbducto adecuados para la
determinacion estructural mediante difraccion gesax (3,23 g, 12.3 mmol, 36 %).

IR (NaCl, le): 577, 654, 781, 830, 951, 1057, 1082, 1142, 11239, 1355,
1407, 1526, 1628, 2990, 3150, 3418

Andlisis elemental calculaddoC3;HsOgN>): Mo, 36,61; C, 13,75; H, 2,31, N,
10,69.Experimental Mo, 34,65; C, 12,91; H, 2,38; N,10,59 %.

3.6.19 [Mo(0)(04),(dmpz),] *&*
Se sigue un procedimiento similar al descrito erAghrtado 3.6.17, Con la
adicion del 3,5-dimetilpirazol el producto precginmediatamente de la mezcla de

reaccion en forma de solido pulverulento de cotoaslo (6.76 g, 18.4 mmol, 53 %).

El compuesto se descompone al aire dando lugar asalido marrén. La
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descomposicion del producto se hace mas lenta, qperee evita, guardandose bajo
nitrégeno.
IR (KBr, cm™): 532, 586, 659, 668, 701, 742, 815, 860, 878, 4523, 1040,
1061, 1096, 1150, 1230, 1276, 1413, 1576, 28729,222/73, 3039, 3140, 3206, 3325.
Andlisis elemental calculad®oC;oH160sN4): Mo, 26.06; C, 32.62; H, 4.38; N,
15.22.Experimental:Mo, 24.05; C, 32.01; H, 4.36; N, 14.54 %.

3.6.20 [M05(0)22(02)a(dmpz);]* 4[(dmpzH)]*- 2H,0

El [Mo(O)(0,)2(dmpz}] se disuelve en una mezcla 1:1 de agua y 2-prdpano
dejando la disolucion resultante a evaporar lentéena 4 °C. Se obtienen cristales
pequefias y amarillos de la recristalizacion. Ertreste con el complejo oxobisperoxo
el producto es estable al aire en una vial durnaretses.

IR (KBr, cm™): 505, 558, 596, 629, 676, 852, 893, 952, 1055611286, 1402,
1528, 1570, 1610, 2853, 2925, 3130, 3374.

Analisis elemental calculad®10sCssH10eN12032): Mo, 38,59; C, 21,74; H, 5,47,
N, 8,45.ExperimentalC, 20,96; H 3,85; N 9,05 %.

3.6.21[M04016(dmpz)s]. CH,Cl,

Se mezclan disoluciones del [Mo(O}&)H,0),] acuoso y 3,5-dimetilpirazol en
diclorometano. Se forma un sistema bifasico quagi#a durante 30 minutos, notando
la transferencia de color de la fase acuosa adanma. Tras este tiempo la fase
organica se separa y se seca (Mgsse filtra y se deja cristalizar en un tubo dsago
a aproximadamente -15 °C. Al cabo de un afio, lstates que se han formado se
separan y se lavan con acetona, secandolos aEapeducto se obtiene como cristales
grandes de color naranja.

IR (KBr, cm™): 631, 668, 745, 853, 903, 956, 967, 1027, 103511 1180,
1272, 1299, 1374, 1410, 1472, 1572, 1616, 28565,28P32, 3420.

Andlisis elemental (M04Cs1Hs0N120:6Cl) C, 28,61; H, 3,87; N, 12,91.
Experimental.C, 28,50; H, 4,25; N, 12,67 %.
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3.6.22 Reaccién del [Mo(O)(0}(H20),])/H 20, acuoso con 4-metilimidazol a 0 °C

Una suspension de M@@2,50 g, 17,4 mmol) en peroxido de hidrogeno a¥#30
(14 equiv., 25 mL, 245 mmol) se calienta a 55 °Cadi¢ una hora originando una
disolucién amarilla y clara del derivado [MoO§®).0),]. Sobre esta disolucion,
enfriada a 0 °C, se adiciona, lentamente, 4-metiimol (2 equiv., 2,85 g, 34,7 mmol).
Se observa la formacion de una disolucion de cafr intenso y un aceite oscuro
insoluble. La mezcla de reaccion se mantiene a @ut@nte varias horas hasta que se
observa la desaparicion del aceite, momento enalse lleva lentamente a 4 °C. La
disolucién resultante se deja a cristalizar prégiglo un solido amarillo pulverulento
que se aisla mediante filtracion (485 mg, 1.9 mikid], 11 %). El producto presenta
una buena solubilidad en agua, pero no ha podiohpletarse su caracterizacion.

IR (KBr, cm™): 520, 537, 572, 616, 740, 855, 869, 948, 1368613405, 1448,
1597, 2852, 3218.

RMN: 'H (D,0): & 8.38 (s)

Analisis elemental calculad@MoOsNsH1g): Mo, 37.92; H, 2.79; N, 27.68.
ExperimentalMo 37.75, C 2.73, H 2.76, N 27.22 %.

3.6.23 Reaccion del [Mo(O)(0OX}(H20),]/H 20, acuoso con 4-metilimidazol a 50 °C

Una suspension de Ma@2,50 g, 17,4 mmol) en perdxido de hidrogeno a¥30
(14 equiv., 25 mL, 245 mmol) se calienta a 55 °Cadi¢ una hora originando una
disolucion amarilla y clara del derivado [MoO{(®).0),]. Sobre esta disolucion,
enfriada a 0 °C, se adiciona, lentamente, 4-metiimol (2 equiv., 2,85 g, 34,7 mmol).
Se observa la formacion de una disolucion de caljr intenso y un aceite oscuro
insoluble. La mezcla de reaccidén se mantiene a @ut@nte varias horas hasta que se
observa la desaparicion del aceite, momento enalse lleva a 50 °C durante media
hora observandose un cambio de color a amarillaisalucion resultante se divide en
dos. La primera mitad de esta disolucion se defp@war lentamente a temperatura
ambiente, precipitando un solido blanco cristaler un aceite amarillo y viscoso,
notandose un olor a formaldehido. El sélido seaatsédiante filtracion, lavandose con
acetona fria y se identifica como 1l-acetilurear(@® 0.61 mmol, 7 %). La otra mitad se

deja cristalizar durante varias semanas en unieatgabierto a 4 °C, precipitando un

208



3.6 [Mo] en la Epoxidacién de Olefinas

sélido amarillo cristalino que se aisla mediantafiion y que se ha caracterizado
como una sal que contiene al anién heptamolib(#i6 mg, 1.6 mmol [Mo], 18 %).

1-Acetilurea

IR (KBr, cmi'): 569, 695, 811, 942, 1033, 1098, 1254, 1368, 14482, 1670,
3226, 3331, 3379.

Andlisis elemental calculaddCsHeN2O,): C, 35.29; H, 5.29; N, 27.44.
Experimental.C, 32.01; H, 5.72; N, 27.22 %.

Cristales del sal heptamolibdato

IR (KBr, cm™): 470, 566, 626, 685, 784, 839, 893, 945, 1084411195, 1264,
1348, 1399, 1559, 1627, 1653, 1684, 1717, 3169.

Andlisis elemental experimentéfto, 42.52; C, 9.98; H, 2.41; N, 10.84 %.

3.6.24 Reaccion del [MoO(O}(H,0),])/H 20, acuoso con imidazol a 50 °C

Se sigue un procedimiento similar al descrito eApdrtado 3.6.23. Cuando la
disolucion se evapora a temperatura ambiente sv@bde la misma manera que en el
caso de la reaccion con 4-metilimidazol, un oldioanaldehido y por evaporacion
resulta un aceite amarillo, pero en este caso moigta ningun derivado de urea.
Cuando la disolucion se evapora lentamente a 4 ¥@rsan cristales amarillos.

IR (KBr, cm™): 463, 556, 626, 673, 838, 893, 957, 1054, 109®B41 1399,
1584, 1623, 1717, 2851, 3144.

Andlisis elemental experimenta&;, 9,95; H, 2,97; N, 9,54 %.

3.6.25Procedimiento general de la reaccion de epoxidaciomle olefinas en

disolventes convencionales y en ausencia de disole

Todos los ensayos se realizaron en ampollas deowidr 50 mL provistas de
llave de tipo Young. Se cargan en la ampolla eremrcel disolvente, el ligando
nitrogenado, el sustrato olefinico, el catalizapi@é¢ursor de molibdeno y el oxidante en

las cantidades especificadas y en el minimo tiemgoesario. Después, la ampolla se
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cierra y se calienta a la temperatura especifiadain bafio de aceite con temperatura
controlada por termostato) con agitacion durantéieshpo de reaccion. Cuando se
termina la reaccion, el reactor se enfria en ur laEgihielo durante 5 minutos antes de
abrirse para evitar la posibilidad de perder unatidad significativa de productos
volatiles. Si los productos se analizan por GCrealctor se abre y se prepara una
disolucién en éter dietilico con un compuesto aearEsta disolucion se seca (MgyO

y se analiza empleando una programa apropiadol@a@orrespondientes analitos. Si
los productos se analizan por RMN, se prepara & sedisolucion de la misma manera
pero sin adicionar el estandar, y se evapora cesi@r reducida empleando una
temperatura apropiada para los analitos. De loslues resultantes se prepara una
disolucidon en un disolvente deuterado, empleanderametilsiloxano como estandar
interno. Como catalizador/precursor se emplean ispeboxocomplejos de molibdeno
sintetizados por los métodos especificados en attAgo 3.6 o el complejo catalitico se
formain-situ por la reaccién de un precursor (el trioxido ddilbgdeno o la disolucién
acuosa del [Mo(O)(&2(H20),) con el oxidante y los correspondientes especies
coordinantes. Como oxidante terminal se utilizadpielo de hidrogeno (en disolucion
acuosa al 30 %) o el aducto de ure@}l UHP.

3.6.26 Procedimiento general de la reaccion de epoxidacide olefinas en liquidos

idnicos

Todos los ensayos se realizaron en ampollas dewidr 50 mL provistas de
llave de tipo Young, procediéndose de una maneibbga a la descrita en el apartado
anterior para las reacciones de epoxidacion catii por derivados de molibdeno en
disolventes convencionales. La ampolla se carga, pemer lugar, con el
correspondiente liquido ibnico que, debido a saakcosidad, debe adicionarse con la
ayuda de una jeringa. Finalizada la reaccion, lachaese lleva a 0 °C y se procede a la
extraccion de los productos mediante la utilizac@m un disolvente poco polar,
generalmente, el dietil éter o el pentano (3 x 3.nikas secar la disolucion resultante
con MgSQ, se procede al analisis mediante GC o RMN, sigigiesl procedimiento

descrito en el apartado anterior.
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3.6 [Mo] en la Epoxidacién de Olefinas

3.6.26.1 Reciclado del catalizador/liquido i6nico

En algunos de los estudios aqui el liquido iénimotg con el catalizador se
reutiliza en varios ciclos cataliticos. En estogezinentos, después de la extraccion del
producto, se quitan todos los residuos del oxidamte usado, sub-productos y
disolventes antes de adicionarse nuevamente sysbsatlante y otros aditivos frescos
como se especifica en el propio experimento papadiimo ciclo. En experimentos en
que se emplea el UHP como oxidante, el UHP no coitkuy urea resultante de su uso
se quitan disolviendo la media de reaccion en@Hy filtrandoles por la disolucion
resultante (en que estos compuestos no son sglublespués, el Cil, se elimina
bajo vacio dejandose la disolucién IL/[Mo]. En atn@acciones que emplean elCH
acuoso como oxidante, los residuos se eliminahriaaite después de la extraccion por

la aplicacién de vacio mediante calentamiento &%6urante una hora.
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3.7 Oxidaciones aerobicas de alcoholes catalizadas g@u)/TEMPO
en scCQ

El [Cuy(u*-AcO)(H-0),], utilizado en este trabajo se prepara siguiendo e
procedimiento habitual de sintesis a través dedaaion del sulfato de cobre(ll) con
acido acético. Por su parte, el derivado, tambiémocido [Cu(u*AcO)4(py),] se
prepara por reaccion del complejo pACO)4(H20),] con piridina en etanol.

3.7.1 [Cu(u®AcO),(4VP),] 2

Sobre una disolucion de [lAcO)4(H20),] (0.61 g, 1.52 mmol) en etanol (30
ml) a 80 °C, bajo atmosfera de nitrogeno, se an@d&h g de 4-vinilpiridina (4VP)
(3.05 mmol). Tras la adicion, se observa la apamicgasi instantanea de un solido
microcristalino de color verde. La suspension testté se enfria a temperatura
ambiente y después a 0 °C. El compuesto se aisfdtazion, se lava con etanol frio y
se seca a vacio (0.74 g, 1.29 mmol, 85%).

IR (KBr, cm™): 630, 682, 799, 848, 940, 997, 1012, 1072, 12327, 1429,
1500, 1608, 1622, 3446.

Andlisis elemental calculad¢Cuw,CyoH26N2Og): C, 46.07; H, 4.57; N, 4.88.
Experimental.C, 45.80; H, 4.54; N, 4.93 %.

3.7.2 [Cux(n®-AcO)4(A),], 3a

Una mezcla de [GAcO)4(H.0),] (0.38 g, 0,95 mmol) A (0,89 g, 0,88 mmol)
en etanol (15 ml) se calienta a 40 °C durante 2dshé&! disolvente se elimina mediante
vacio hasta obtener un residuo de color oscuro, ppsteriormente se extrae con
hexano. Los residuos sélidos se separan en prugar bor filtracién y las particulas
mas finas se eliminan a continuacion por centrifi@a El hexano se evapora y se
obtiene el producto crudo en forma de un aceitderazulado ligeramente turbio. Esta
turbidez puede eliminarse definitivamente a traleéfa disolucién del aceite en hexano,
centrifugacién adicional y evaporacion del disoteerDe esta manera se obtiene un

aceite transparente de color verde-azulado (0.7Qug) se almacena bajo vacio a 0 °C.
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Por el contenido en cobre determinado por ICP dsermdeéd en una muestra
representativa que el grupo PDMS ([O-SigEH) tiene un n = 12,3)

IR (NaCl, cmi): v(Si-O) 1092, 1026p(Si-CHs) 1261,v(0-C-0) 1429, 1615,
1629.

Andlisis Elemental Calculad@~ormula calculada a partir del contenido en Cu,
CwCr1H175 1N2032 5Skha 5): Cu, 5,31; C, 35,64; H, 7,38; N, 1,1&xperimentalCu, 5,31,
C, 45,50; H, 9,50; N, 1,21 %.

3.7.2.1Determinacién del contenido de cobre3en

Por espectroscopia UV/Vi&l contenido en cobre en el compue3ase calculd
a través de espectroscopia UV-Vis haciendo usanderecta de calibrado determinada
a través de la medida de la absorbancia a 721 nmudstras conocidas del compuesto
de cobre [Cy(AcO)4(4VP),], cuyo contenido en cobre es del 22.16 %, en dioketano
en un rango de concentraciones entre el 0.3 Ypé¥tde cobre en peso. En este método
se asume que los compuesBmsYy [Cu(AcO)4(py),] exhiben similar coeficiente de
extincion dada la similitud entre ambos derivadds. esta forma, la medida de la
absorbancia a 721 nm de una disolucion de pescaiciimdel complej@a en ChCH;

permite deducir para éste un porcentaje de colirgblaentre el 4 y el 6 %.

Por titulacién iodométrica:Una cantidad conocida (21.3 mg) del compl&pm se
disuelve en hexano (5 mL) y a esta disolucion sgath agua (10 mL) y tres gotas de
acido sulfurico concentrado. La fase acuoso resigitse separa de la fase organica y se
adiciona NH acuoso 5% gota por gota hasta que la disoluciohase basica. La
disolucién se reacidifica con acido acético 10%e\adiciona un exceso de Kl y unas
gotas de una disolucién de almidon como indicadar.titulacion de la disoluciéon
resultante con una disolucion acuosa de tiosutfateodio permite calcular el contenido

en cobre.
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3.7 Oxidaciones de Alcoholes por [Cu]/TEMPO

3.7.2.2Determinacioén de la solubilidad del derive@ien scCQ

La solubilidad del compuest8a en scCQ se determingih-situ” a través de
espectroscopia UV/Vis siguiendo el procedimientpeginental descrito en el apartado
3.2.5.2. La medida de la absorbancia a 721 nm perdeducir una concentracion
maxima de 1.7 mM de Glien scCQ a la temperatura de 40 °C y 105 bares de presion.

3.7.3 Preparacion de los catalizadores de Cu(ll) soportambk en silica

A una suspension de gel de silice 60 (0.063 — 0r@61) (2.00 g) en CkCl,
seco (10 mL) se adiciona una disolucion del cadbz de cobre (0.015 mmol) también
en CHCIl,. Se observa la adsorcion instantanea del compdejore la silice,
coloredndose de verde-azulado la silice dejandistducion clara. La silica se filtra y

se seca bajo vacio durante varias horas.

3.7.4 Procedimiento general de las reacciones de oxidacide alcoholes

3.7.4.1Procedimiento general de la reaccion de oxidacealcbholes en scGO

Las reacciones de catalisis en sg@® llevaron a cabo, en la mayoria de los
casos, en el reactor de acero de 27 mL descrigd Apartado 3.2.2. En la mayor parte
de los estudios de reactividad realizados se hadoppor introducir el alcohol
separadamente del catalizador de Cu(ll) y el TEMB@Quiendo el procedimiento
descrito en el Apartado 3.2.4, evitando asi elidnide la reaccion antes de
homogeneizar la mezcla de reaccion en sc®®r Figura 3.5 y Figura 3.6). Tras la
reaccion, el sistema se despresuriza utilizanddrangpa que contiene J, tal y como
se describe en el Apartado 3.2/a vez despresurizado el reactor, se adiciop@ Et
para extraer los productos de la reaccion que rrestasu interior. La disolucion
resultante, junto con la mezcla de la trampa (aeruningin ensayo la disolucion de
la trampa contenia cantidad detectable de ningaddugto), se unen para efectuar el
correspondiente analisis mediante RMN o GC. Erasbael analisis mediante GC se

adiciona a la disolucion etilica una cantidad @&ciel correspondiente estandar interno
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y se seca con MgS@a disolucion resultante antes del andlisis. Ecasb del analisis
mediante la integracion de las sefiales de RMAHdge los productos y los reactivos, la
disolucion etilica se lleva a sequedad, se pesarpioductos, se adiciona CRGII

crudo de reaccion y se filtra, previamente al amli

3.7.4.2Procedimiento general de la reaccion de oxidac&mldoholes en disolventes

convencionales

Todas las experiencias se realizaron en un reagovidrio de alta presion
modelo Lab CreSt El reactor se carga con el complejo de cobre@itjespondiente, el
TEMPO, el disolvente (10 mL) y el alcohol, se sellaeactor, se introduce el oxigeno a
la presién de trabajo y se calienta el reactor sehaperatura de reaccidén durante el
tiempo correspondiente. Finalizada la reacciome&ttor se enfria en un bafio de hielo,
se despresuriza y la disolucion resultante se trepende de si el producto se analiza

mediante RMN o GC de una manera similar a la desen el apartado anterior.

3.7.4.3Procedimiento general de la reaccion de oxidacénalcoholes en scGO

empleando los catalizadores soportados en silica

Siguiendo un procedimiento similar al descrito dnApartado 3.7.4.1 se
introducen los reactivos al reactor, pero en esigo cincorporando al reactor el
catalizador soportado y el TEMPO e introduciendsusitrato alcoholico dentro de una
vial. Se precede con la reaccidon en la misma magee se ha descrito antes,
extrayendo los contenidos del reactor y vial copOEtespués de la reaccion y
filtrandose la disolucién para recuperar el catalar-silica. Este se lava con maglkt
combinando la disolucidn con las extracciones tatrdose para analisis en la manera
previamente descrita. Si se necesita, el catalizeelpuede reciclar, secandose durante
una hora bajo presion reducida, volviéndose altoeac procediendo con el préximo

ciclo catalitico de la misma manera.
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3.7.4.4Procedimiento general de la reaccion de oxidac®mldoholes en disolventes

convencionales empleando los catalizadores sopsrel silica

Todas las experiencias se realizaron en un reagovidrio de alta presion
modelo Lab CreSt El reactor se carga con el catalizador de cobrs@portado
correspondiente, el TEMPO, el disolvente (10 mlgl ylcohol, se sella el reactor, se
introduce el oxigeno a la presion de trabajo yadermta el reactor a la temperatura de
reaccion durante el tiempo correspondiente. Fiadézla reaccion, el reactor se enfria
en un bafo de hielo, se despresuriza y la disalugéultante se filtra para separar el
catalizador-silica de los productos, lavando ca®Ejue se combina con la disolucion
anterior. La disolucion resultante se trata depetedsi el producto se analiza mediante

RMN o GC de una manera similar a la descrita eépaltado 3.7.4.1.
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3.8 Oxidacion aerdbica de alcohol catalizada por Pd(Acy en

condiciones apolares

3.8.1 [Pd(OAC)2(4VP),]

Sobre una disolucién de diacetato de paf&did12.2 mg, 0.5 mmol) en £IH,
(10 mL) se adicionan, bajo nitrégeno, dos equivakenle 4-vinilpiridina (4VP) (113.5
uL, 1.0 mmol), observandose la precipitacion dealids de color amarillo. Tras agitar
la mezcla durante 6 horas, se elimina el disolvbaje vacio, para dar lugar a un solido
pulverulento de color amarillo. Tras recristalizgr la minima cantidad de £CH, se
obtiene el compuesto [Pd(OAEVP),] como un solido microcristalino amarillo (145.7
mg, 0.335 mmol) con un rendimiento del 67 %.

IR (NaCl, cm): 695, 853, 874, 925, 956, 995, 1012, 1033, 10766,13877,
1454, 1598, 2853, 2923.

RMN: 'H (CDCh): § 1.86 (s, 3H, E3CO,), 5.62 (m, 1H, Py-CHCKH yans),
6.03 (M, 1H, Py-CHEBHiand), 6.65 (M, 1H, Py-BICH,), 7.29 (m, 2HmNCsHJ),
8.61 (m, 2H,0-NCsH.). *C{*H} (CDCk): § 23.3 CHsCO,), 121.7 (Py-CH,), &
121.7 M-NCsH,), 133.3 (PYEHCH,), § 147.2 p-NCsH.), 5 151.5 6-NCsHJ), 5 178.1
(CH3COy).

Andlisis elemental calculaddPdGgH,oN2O4): C, 19.72; H, 4.64; N, 6.44.
Experimental C, 19.29; H, 4.76; N, 6.44 %.

3.8.2 [PA(AcO)x(A)J], 4a

Una mezcla de diacetato de paladio (50.0 mg, 0.2®liny el polimercA (225
mg, 0.45 mmol) en acetona seca (10 mL) se agiémadratura ambiente durante toda
la noche. Transcurrido este tiempo, la mezclaesa lh sequedad mediante la aplicacion
de vacio y el aceite marron resultante se extraehexano (15 mL). La disolucion
organica se separa de los solidos no disueltogdgjesedurante una semana temperatura

ambiente, observandose la aparicion de un solidoomaue se separa por filtracion.

T cigltrans con respeto al grupo 4-piridil
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Después de evaporar el hexano se obtiene el cotopleesn forma de aceite amarillo
(40 mg, 8 % en [Pd]).

IR (NacCl, Crﬁl): 661, 696, 801, 863, 916, 1026, 1092, 1261, 13166,18412,
1434, 1502, 1576, 1598, 1619, 2905, 2962, 3351.

RMN: *H (CDCL): & 0.06 (s, ~156H, Si(85),), 0.84 (t,Jun = 5.4 Hz, 4H, Py-
CH,CH,.Si), 1.83 (s, 6H, €3C0;), 2.65 (t,Jun = 5.3 Hz, 4H, Py-8,CH,.Si), 7.13 (m,
4H, m-NCsH,), 8.51 (m, 4Hp-NCsH.). *C{*H} (CDCls): § 0.00 (SiCHs),), 18.60 (Py-
CH,CH,-Si), 23.18 CH3CO,), 28.81 (PYEH,CH,-Si), 124.30 if+NCsH.), 150.99 ¢-
NCsH4), 157.41 p-NCsHs), 178.14 (CHCO,). °Si{*H} (CDCls): & —21.97 (s, O-
Si(CHj3)-0), —20.80 (s, CHSI(CHs),-0).

Andlisis elemental calculad@ormula calculada para n = 13 que se determina a
través de las integrales en el espe¢HoRMN: PdGoH176N2030Sie) : Pd, 4.50; C,
35.58; H, 7.51; N, 1.1%Experimental Pd, 4.47; C, 35.13; H, 7.59; N, 1.35 %.

3.8.3 [Pd(Cl)(A),], 5a

Dicloruro de paladio (52.0 mg, 0.293 mmol) se mazmwnA (300 mg, 0.59
mmol, 2 equiv.) en etanol (15 mL) y se deja agitaad80 °C durante la noche. La
mezcla resultante se filtra para eliminar el palagide esta forma se obtiene una
disolucién amarilla y clara. El disolvente se evapbasta dejar un aceite amarillo y
turbio. Se extrae con hexano, separando la dismlude los sedimentos por
centrifugacion. La disolucidn resultante se dejaadte una semana en la que se observa
la precipitacion de mas solidosiue se eliminan de nuevo por centrifugacion. La
disolucion se decanta y se evapora el disolventeaplicacion de vacio dejando el
producto como una pasta amarilla (52.4 mg, 3.3 $d}).

IR (NaCl, cni'): 659, 689, 703, 798, 863, 954, 1097, 1261, 14430, 1617,
2905, 2963.

RMN: *H (CDCLk): & 0.09 (s, ~180H, Si(85),), 2.68 (t,Jun = 8.7 Hz, 4H, Py-
CH,CH,.Si), 7.17 (m, 4HM-NCsH.), 8.67 (m, 4Hp-NCsHJ).

Andlisis elemental calculadPdG4H194N2030Cl,Siso): Pd, 4.07; C, 34.02; H,
7.49; N, 1.07Experimental Pd, 1.97; C, 36.01; H, 7.95; N, 0.99 %.

¥ Los sedimentos se han caracterizado'HdRMN, demonstrando que son una fracciébdeon un
contenido de Si reducido en proporcion con la fd@atque queda en disolucion.
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3.8.4 Procedimientos generales de las reacciones de oxitfa de alcoholes
3.8.4.1Procedimiento general de la reaccion de oxidac&B-dctanol en scGO

Las reacciones de catdlisis en sgG® llevaron a cabo en el reactor de acero de
27 mL descrito en el Apartado 3.2.2. El 2-octam®listroduce separadamente del
catalizador, siguiendo el procedimiento descritoeepartado 3.2.4, evitando asi el
inicio de la reaccién antes de homogeneizar la laete reaccion en scGOTras la
reaccion, el sistema se despresuriza utilizanddrangpa que contiene f, tal y como
se describe en el Apartado 3.2Ba vez despresurizado el reactor, se adiciop@ Et
para extraer los productos de la reaccién que restasu interior. La disolucion
resultante, junto con la mezcla de la trampa (aermuningun ensayo la disolucion de
la trampa contenia una cantidad detectable de mipguducto), se unen, se evaporan,
se pesan y se analizan mediante RMN.

3.8.4.2Procedimiento general de la reaccion de oxidac&rR-octanol en la ausencia
de disolvente

Todas las experiencias se realizaron en un reaeovidrio de alta presion
modelo Lab Cre§t El reactor se carga con el catalizador, aditisiose usa) y el
alcohol, se sella el reactor, se introduce el ;xdgela presion de trabajo y se calienta el
reactor a la temperatura de reaccion durante mlptiecorrespondiente. Finalizada la
reaccion, el reactor se enfria en un bafio de hselajespresuriza y los productos se

pesan y se analizan directamente por RMN.
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4 Conclusions

1. 4-(Polydimethylsiloxanyl-ethyl)pyridineA) was isolated and fully characterised.
Several complexes @& with catalytic transition metal compounds weretbgsised
and characterised and applications of the liganthaiitating catalysis in apolar

media were investigated with some success.

2. MTO in conjunction withA was determined to be a very active, versatile and
particularly stable system for the solventless @petion of olefins. In comparison
to other MTO-base systems the higher stability e tatalyst makes far higher
TONSs possible.

3. The first reported molybdenum catalysed olefin aegatxon system employing an
IL reaction media was developed. The system usetplei Mo as catalyst
precursor and the dry oxidant UHP limited hydratioh the system and thus
hydrolytic epoxide opening during the successfubxagation of cis-cyclooctene.
However, system recyclability was only limited asgplication to other substrates

gave poorer results.

4. Increasing the length of alkyl chains on the ILi@matC;mim reduces hydrolysis of
the epoxide product during molybdenum catalyseflrokpoxidations in ILs using
aqueous bD»,, presumably by limiting the availability of water.

5. The presence of coordinating ligands also redugdsolysis probably because they
limit access to the acidic metal centre. Pyrazgdasticularly 3,5-dimethylpyrazole,
also increase the rate of catalysis and are thtecbesdinating species.

6. The optimal [Mo(O)(Q).]/[dmpz/Gmim-PF; epoxidation system was investigated
extensively. In the epoxidation afis-cyclooctene its recyclability was excellent
providing that fresh dimethylpyrazole was addedween catalytic cycles.

However, its activity toward other olefin substsateas more limited.
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7. A dioxoperoxomolybdenum complex of 3,5-dimethylmole was isolated in
crystalline form suitable for x-ray analysis, bdkie isolation in solid state and the
structure of a dioxoperoxomolybdenum complex haet % be reported in

literature.

8. The first copper-TEMPO catalysed aerobic alcohotlaton system in scCQOwas
developed. [Cu(AcQJA)]. was shown to be significantly soluble in scCénd
complete oxidation of the 4-nitrobenzyl alcohol sinhte was achieved with this
catalyst. However, cheaper [Cu(Ac¢(py)]. was equally active, showing that
solubility of the metal catalyst was not a fact®ubsequently, silica supported [Cu]
catalysts were shown to give high conversions famary aromatic alcohol

substrates even with low catalyst loadings.

226



Bibliografia

227






10

11

12

13

14

15

16

Bibliografia

(a) P. T. Anastas, J. C. Warn@reen Chemistry: Theory and Practid@xford University Press,
Oxford, 1998. (b) M. LancasteGreen Chemistry: An introductory teX@SC Paperbacks, Royal
Society, 2002. (c) X. Domened@Quimica verdeRubes editorial, 2005.

Concepto de economia atomica, ver por ejempld4.Blrost, Angew. Chem., Int. Ed. Engl995,
34, 259.

D. J. C. Constable, A. D. Curzons, V. L. Cunningh&reen Chem.2002,4, 521

D. J. Cole-HamiltonScience2003,299, 1702 y las referencias que ahi aparecen.

R. A. SheldonGreen Chem.2005,7, 267.

D. J. Adams, P. J. Dyson, S. J. Tavef@remistry in Alternative Reaction MedWiley, 2004.

Edit Székely, "Supercritical Fluid Extraction”. @apest University of Technology and Economics.
http://sunny.vemt.bme.hu/sfe/angol/supercriticatlhactiva febrero 2009).

R. C. Reid, J. M. Prausnitz, B. E. Polifidne properties of gases and liquid8,ed., McGraw-Hill,
New York, 1987.

La siguiente revision consiste en una coleccidretierencias sobre los principales temas de interés
en relacién con los fluidos supercriticos: W. Huttal, Chemosphere2001,43, 123.

Ver por ejemplo, la edicion especial de la revistem. Rey.1999,99, vol. 2, dedicada a los
fluidos supercriticos.

Ver por ejemplo: (a) F. Pérez-Caballero, A-L. B&knen, M.Uibu, R. Kuusik, O. Volobujeva, M.
Koel. Microporous and Mesoporous Material2008,108 230-236. (b) F. Pérez-Caballero, A-L
Peikolainen, M. Koel, M. Herbert, A. Galindo, F. kdla, The Open Petroleum Engineering
Journal 2008, 1, 42-46. (c) F. Pérez-Caballero, A-L Peikolainen, Kbel, Estonian Paf.
EE200700032, 2007.

Chemical synthesis using supercritical flyidd. P. G. Jessop, W. Leitner, Wiley-VCH, 1999.

G. Musie, M. Wei, B. Subramaniam, D. H. Bus€oord. Chem. Rey2001, 219-221, 789.

(&) R. S. Oakes, A. A. Cliford, C. M. Rayndr,Chem. Soc., Perkin Trang001, 917(b) P. G.
Jessop, T. Ikariya, R. NoyoGhem. Rev1999,99, 475.

(a) D. R. Palo, C. Erkeynd. Eng. Chem. Res1998,37, 4203. (b) D. K. Morita, D. R. Pesiri, S.
A. David, W. H. Glaze, W. Tumaghem. Commun1998, 1397. (c) S. Fujita, K. Yuzawa, B. M.
Bhanage, Y. Ikushima, M. Arai, Mol. Catal. A: Chem2002,180, 35. (d) S. Kainz, D. Koch, W.
Baumann, W. LeitnerAngew. Chem., Int. Ed1997,36, 1628. (e) M. A. Carrol, A. B. Holmes,
Chem. Commun1998, 1395.

() M. F. Sellin, I. Bach, J. M. Webster, F. Mdlati V. Rosa, T. Avilés, M. Poliakoff, D. J. Cole-
Hamilton, J. Chem. Soc., Dalton Tran2002, 4569. (b) F. Montilla, V. Rosa, C. Prevétt,
Avilés, M. Nunes Da Ponte, D. Masi, C. Meallialton. Trans, 2003, 2170. (c) F. Montilla, A.
Galindo, V. Rosa, T. Avilédalton Trans, 2004, 2588.

229



Bibliografia

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

F. Montilla, A. Galindo, R. Andrés, M. Cordoba, @ Jesls, C. B@rganometallics 2006,25,
4138.

(a) P. Wasserscheid, T. Weltdanic liquids in synthesjsWiley-VCH, 2003.(b) R. D. Rogers, K.
R. Seddon,lonic liquids as green solvents: progress and pextp ACS Series, American
Chemical Society, 2003.

Ver, por ejemplo, las siguientes revisiones:HayVasserscheid, W. KeilAngew. Chem. Int. Ed.
2000,39, 3772. (b) H. Olivier-Bourbigou, L. Magnd, Mol. Catal. A 2002, 182-183, 419. (c) M.
Picquet, D. Poinsot, S. Stutzmann, |. Tkatchenkd@oimmasi, P. Wasserscheid, J. Zimmermann,
Topics Catal. 2004,29, 139. (d) T. WeltonCoord. Chem. Rey2004,248 2459. (e) N. Jain, A.
Kumar, S. Chauhan, S. M. S. Chauhaetrahedron 2005,61, 1015. (f) Z. C. Zhangidv. Catal,
2006,49, 153. (g) V. I. Parvulescu, C. Hardachem. Rey.2007,107, 2615.

(a) A. West,Chemistry World 2005,2, 32-36. (b) D. Zhao, Y. Liao, Z. Zhan@Jean 2007,35,
42-48. (c) N. Gathergood, M. Teresa Garcia, Pcantnells Green Chem.2004,6, 166-175. (d)
M. Teresa Garcia, N. Gathergood, P. J. Scamn@iisen Chem.2005,7, 9-14. (e) A. Romero, A.
Santos, J. Tojo, A. Rodrigueinurnal of Hazardous Material2008,151, 268-273.

Ver, por ejemplo: (a) J. Muzaidv. Synth. Catgl2006,348 275. (b) M. Haumann, A. Riisager,
Chem. Rey2008,108 1474. (c) PSledz, M. Mauduit, K. GrelaChem. Soc. Re\2008,37, 2433.
(@) C. E. SongChem. Commun.2004, 1033. (b) C. Baudequin, J. Baudoux, J. llaénj D.
Cahard, A.-C. Gaumont, J.-C. Plaquevdrtrahedron: asymmetr2003,14, 3081.

N. V. Plechkova, K. R. Seddo@hem. Soc. Rev2008,37, 123.

L. A. Blanchard, D. Hancu, E. J. Beckman, J. ferBiekeNature 1999,399, 28.

F. M. Kerton, Alternative Solvents for Green Chemistsd. J. H. Clark, G. A. Kraus, RSC
Publishing, 2009, Ch. 2.

T. Welton,Green Chem.2006,8, 13.

G. Kaupp CrystEngComm2006,8, 794.

B. Rodriguez, A. Bruckmann, T. Rantanen, C. B&\ly. Synth. Catgl2007,349, 2213.

Por ejemplos recientes: (a) G. W. Wang, Y. W. @dR. Wu, T. T. Yuan, Y. B. Shed, Org.
Chem, 2008,73, 7088-7095. (b) E. M. C. Gerard, H. Sahin, A. Basi, S. Braes&ynlett, 2008,
17, 2702-2704. (c) P. R. Patil, K. K. P. RavindramatiJournal of Carbohydrate Chemis{r2008,
27, 411-419.

(a) V. Polshettiwar, R. S. Varmacc. Chem. Res2008,41, 629-639. (b) A. LoupyComptes
Rendis Chimig2004,7, 103-112. (c) R. S. Varm&reen Chem.1999,1, 43.

S. Puri, B. Kaur, A. Parmar, H. Kumaiitrasonics Sonochemistr2009,16, 705-707.

K. Tanaka, F. Tod&Chem. Rey.2000,100, 1025.

Ejemplos recientes incluyen: (a) Diels Alder: CHzu, C-C. Lai, S-H. Chiuletrahedron 2009,
65, 2824-2829. (b) Friedel-Crafts: X. Wang, Y. WaigM. Du, J. Xu,J. Mol. Cat. A: Chem.
2006, 255 31-35. (c) Fries Rearrangement: J. Cato, H. KatehY. Maekawa, T. Yamashita,
Chem. Comm 2006, 4498. (d) Wittig: T. Thiemand, Chem. Res2007, 336. (e) Organometallic
Addition: Y. Zhang, X. Jia, J-X. WangkEur. J. Org. Chem. 2009, 2983. (f) Beckmann

230



34

35

36

37

38

39

40

41

42

43

Rearrangement: M. Hosseini-Sarvari, H. Sharghi, Chem. Res.2006, 205. (g) Claisen
Rearrangement: V. K. Sankar, T. K. Rdj&. J. Hetero. Chem2006,16, 195.

Por ejemplo: (a) M. Wang, P. Li, L. Wangur. J. Org. Chem.2008, 2255. (b) P. A. Robles-
Dutenhefner, K. A. de Silva Rocha, E. M. B. Solsay. Gusevskayal. Catal, 2009,265, 72. (c)
S. R. Ali, V. K. Bansal, A. A. Khan, S. K. Jain, M. Ansari,J. Mol. Cat. A: Chem.2009,303
60. (d) H. R. Shaterian, F. Khorami, A. Amirzad&h, GhashangChinese Journal of Chemistry
2009,27, 815. (e) G. Rajagopal, H. Lee, S. S. Kihetrahedron 2009,65, 4735. (f) X. Chen, J.
She, Z-C. Shang, J. Wu, P. ZhaBgn. Comm2009,39, 947.

Como ejemplo: C.-H. Jun, J-H. Chung, D-Y. Leel Aupy, S. ChattiTet. Lett, 2001,42, 4803.

(@) R. A. Sheldon, | Arends, U. Hanefeelleen Chemistry and Catalysi/iley-VCH, 2007. (b)
Metal-oxo and Metal-peroxo Species in Catalytic dations ed. B. Meunier, A. J. Bard, I. G.
Dance, P. Day, J. A. Ibers, Springer-Verlag Bedimd Heidelberg GmbH & Co. K, 2000. (c)
Advances in Catalytic Activation of Dioxygen by Mafomplexesed. L. |. Simandi, Springer,
2003. (d) R. Noyori, M. Aoki, K. Sat@hem. Commun2003, 1977.

(&) R. A. Sheldon, J. K. KochMetal-Catalyzed Oxidations of Organic Compoundsademic
Press: New York, 1981. (b) F. Meyer, C. Limbegganometallic Oxidation CatalysiSpringer,
2007. (c) J. BackvaliModern Oxidation Method&Viley-VCH, 2004.

Ulimanns Encyclopedia of Industrial Chemist®CH Verlagsgesellschaft mbH, Weinheim, 1987,
A10, 117-135.

(a)Methoden der organischen Chemgel. E. Miller Houben-Weyl, 4th Ed., Georg Thenezlag,
Stuttgart, 1965, VI/3, 385-397. (b) A. S. R&ymprehensive Organic Synthesdxford, 1991, 7,
357. (c) N. PrilezhaeBer,, 1910,42, 4811-4815.

Por ejemplo, ver: (a) K. Wada, N. Watanabe, Tnd@ T. Mitsudo,Chem. Eng. S¢i2008,63,
4917-4923. (b) K. Matsmoto, Y. Sawada, T. Katsukire and Applied Chemistry2008, 80,
1071-1077.

Por ejemplo, ver: (a) K. B. Sharpless, R. C. Malson,J. Am. Chem. Sqcl1973,95, 6136-6137.
(b) S. Tangestaninejad, M. Moghadam, V. MirkhaniMohammadpoor-Baltork, E. Shams, H.
Salavati,Cat. Comm.2008,9, 1001-1009.

Por ejemplo, ver: (a) A. Jimtaisong, R. L. Ludékorg. Chem. 2006,45, 10391-10402. (b) G.
Grigoropoulou, J. H. Clark, J. A. Elling§reen Chem.2003,5, 1-7. (c) W. AdamPeroxide
Chemistry — Mechanistic and Preparative Aspect©rygen transferWiley-VCH, Weinheim,
FRG, 2000, 355.

(&) W. A. Herrmann, R. W. Fischer, M. U. Rauch, S¢herer,]). Mol. Cat.,1994,86, 243-266. (b)
W. A. HerrmannAngew. Chem.1988,100, 1269;Angew. Chem. Int. Ed. Engll988, 27, 1297.
(c) W. A. Herrmann,). Organomet. Chem1990,382 1. (d) W. A. Herrmann, J. G. Kuchler, W.
Wagner, J. K. Felixberger, E. Herdtwed&ngew. Chem.1988,100 420;Angew. Chem. Int. Ed.
Engl, 1988,27, 394. (e) W. A. Herrmann, J. G. Kuchler, G. Wealbaumer, E. Herdtweck, P.
Kiproff, J. Organomet. Chem1989,372, 351. (f) W. A. Herrmann, F. E. Kiihn, R. W. Fisché/.
R. Thiel, C. C. Romadnorg. Chem.1992,31, 4431.

231



Bibliografia

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

H. Mimoun, |. Seree de Roch, L. SajBsill. Soc. Chim.1969, 1481.

H. Mimoun,J. Mol. Cat, 1980,7, 1-29.

Ver por ejemplo: (alCatalytic Oxidations with Hydrogen Peroxide as @xitl ed. G. Strukul
Kluwer Academic Publishers, Rotterdam, 1992. (b)AK.JgrgensenChem. Rey.1989,89, 431-
458. (c)Organic Synthesis by Oxidation with Metal Compouyreds W. J. Mijs, C. H. R. I. de
Jonge, Plenum Press, New York, 1986. THe Chemistry of Peroxidesd. R. A. Sheldon, S.
Patai, Wiley, New York, 1983, 161. (e) B. S. Laie,Burgess,Chem. Rey.2003,103 2457-
2473.

(a) Applied Homogeneous Catalysigith Organometallic Compounds Vols. | and #d. B.
Cornils, W. A. Herrmann, VCH: Weinheim, 1996. (b). W. Herrmann,J. Organomet. Chem.
1995,500, 149-174.

A. K. Yudin, K. B. Sharplessl. Am. Chem. Sqc1997,119, 11536.

I. R. Beattie, P. J. Jondaprg. Chem.1979,18, 2318-2319.

(a) J. H. Espensoghem. Commun1999, 479. (b) W. Herrmann, F. E. Kibkgc. Chem. Res.
1997,30, 169.

(a) W. Adam and C. M. MitchelAngew. Chem., Int. Ed. Engl996,35, 533. (b) T. R. Boehlow,
C. D. Spilling,Tetrahedron Letf.1996,37, 2717. (c) W. Adam, C. M. Mitchell, C. R. Saha-\édl
O. Weichold,J. Am. Chem. Sqc1999,121, 2097.

(a) G. Soldaini, F. Cardona, A. Gofietrahedron Let}.2003,44, 5589-5592. (b) A. Omar Bouh,
J. H. Espensord,. Mol. Cat. A: Chem2003,200, 43-47.

E. P. Carreiro, A. J. Burke, M. J. M. Curto, AR] TeixeiraJ. Mol. Catal. A 2004,217, 69.

G. S. Owens, M. M. Abu-Omaghem Commun2000, 1165.

M. M. Abu-Omar, P. J. Hansen, J. H. EspendoAm. Chem. Sqc1996,118 4966.

(a) J. Rudolph, K. L. Reddy, J. P. Chiang andKSharpless]. Am. Chem. Sqcl997,119, 6189-
6190. p) H. Adolfsson, A. Converso, K. B. Sharple$sfrahedron Lett.1999,40, 3991-3994.

C. Copéret, H. Adolfsson, K. B. SharpleSsem. Commun1997, 1565-1566.

A. L. Villa de P., D. E. De Vos, C. Montes de €., A. JacobsTetrahedron Letters1998,39,
8521.

H. Rudler, J. R. Gregorio, B. Denise, J. M. Beage A. Deloffre,J. Mol. Cat. A: Chemicall998,
133 255-265.

W. A. Herrmann, H. Ding, R. M. Kratzer, F. E. Kijhl. J. Haider, R. W. Fischek, Organomet.
Chem, 1997,549, 319.

W. A. Herrmann, R. M. Kratzer, H. Ding, W. R. €hiH. Glas,J. Organomet. Chem1998,555,
293-295.

H. Adolfsson, A. Converso, K. B. Sharplegstrahedron Letters1991,40, 3991.

H. Adolfsson, C. Copéret, J. P. Chiang, A. K. ¥yd. Org. Chem.2000,65, 8651.

W-D. Wang, J. H. Espensah,Am. Chem. Sqcl998,120, 11335-11341.

S. YamazakiQrg. Biomol. Chem2007,5, 2109-2113.

232



66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

(a) W.A. Herrmann, F. E. Kihn, M. R. Mattner,&&.J. Artus, M. R. Geisburger, J. D. G. Correia,

J. Organomet. Chem1997,538, 203. (b) S.-W Park, K.-J. Kim, S. S. Yodulll. Korean Chem.
Soc, 2000,21, 446. (c) S.-W Park, S. S. Yoah,Korean Chem. Sqi000,44, 81.

M. J. Sabater, M. E. Domine, A. CorndaCatal, 2002,210, 192.

E. de Palma Carreiro, G. Yong-Em, A. J. Butkéylol. Catal. A 2005,235, 285.

J. J. Haider, R. M. Kratzer, W. A. Herrmann, dad, F. E. KiihnJ. Organomet. Chem2004,
689, 3735.

Ver por ejemploMechanisms in Homogeneous and Heterogeneous Epiaxidaatalysis ed. S.
T. Oyama, Elsevier Science, 2008.

A. M. Al-Ajlouni, J. H. Espensonr]. Am. Chem. Sqcl1995,117, 9243-9250.

O. Pestovsky, R. van Eldik, P. Huston, J. H. Bspa,J. Chem. Soc. Dalton Trand.995, 133.

Z. Zhu, J. H. Espensod, Org. Chem).1995,60, 1326.

W. A. Herrmann, R. W. Fischer, D. W. Warz, Ang&tem. Int. Ed. Engl1991,30, 1638.

K. A. Vassell, J. H. Espensdmorg. Chem.1994,33, 5491.

S. M. Nabavizadeh, M. Rashidi, Am. Chem. Sqi2006,128 351.

S. M. Nabavizadefinorg. Chem.2003,42, 13, 4204.

(a) F. E. Kiihn, A. M. Santos, W. A. Herrmairalton Trans, 2005, 2483-249b) R. A. Sheldon
J. A. van DoornJ). Catal, 1973,31, 427. (c) R. A. Sheldon J. A. van Doorn, C. W.1@&ohm, H. de
Jong,J. Catal, 1973,31, 438. (d) B. M. Trost, Y. Masuyamksy. J. Chem.1984,24, 134.

H. Mimoun, |. Seree de Roch, L. Sajuistrahedron1970,26, 37-50.

W. R. Thiel, M. Angstl, N. Hansedpurnal of Molecular Catalysis A: Chemi¢dl995,103 5-10.
C. I. Altinis Kiraz, L. Mora, L. S. Jimene8ynthesis2007,1, 92-96.

S. K. Maiti, K. M. Abdul Malik, S. Gupta, S. Chalborty, A. K. Ganguli, A. K. Mukherjee, R.
Bhattacharyyalnorg. Chem.2006,45, 9843-9857.

(a) S. K. Maiti, S. Dinda, N. Gharah, R. Bhattactya,New J. Chem2006,30, 479-489. (b) S. K.
Maiti, S. Dinda, S. Banerjee, A. K. Mukherjee, Rha®acharyyaEur. J. Inorg. Chem.2008,
2038-2051.

(@) N. Gharah, S. Chakraborty, A. K. Mukherjee BRattacharyyaChem. Commun2004, 2630-
2632. (b) S. K. Maiti, S. Dinda, R. Bhattacharyyatrahedron Lett.2008,49, 6205-6208. (c) N.
Gharah, M. G. B. Drew, R. Bhattacharyylaansition Met. Chem.2009,34, 549-557. (d) S. K.
Maiti, S. Dinda, M. Nandi, A. Bhaumik, R. Bhattaciga, J. Mol. Cat. A: Chem2008,287, 135-
141.

(a) D. E. Richardson, H. Yao, K. M. Frank, D. Bannett,J. Am. Chem. Sqc2000,122, 1729-
1739. (b) B. S. Lane, M. Vogt, V. J. DeRose, K. gags,J. Am. Chem. Sqc2002,124, 11946-
11954,

J. M. Le Carpentier, A. Mitschler, R. Weigs;ta Crystallogr, 1972,B28, 1288.

B. Booth, R. Hazeldine, G. Neuss,Chem. Soc., Chem. Commur@72, 1074.

H. Mimoun, R. Charpentier, A. Mitschler, J. FischR. WeissJ. Am. Chem. Sqc1980,102
1047-1054.

233



Bibliografia

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

H. Mimoun, M. Mignard, P. Brechot, L. SaussideAm. Chem. Sqc1986,108 3711-3718.

P. Chaumette, H. Mimoun, L. Saussine, J. FischeMitschler,J. Organomet. Chem1983,250
291-310.

K. B. Sharpless, J. M. Townsend, D. R. WilliathsAm. Chem. Sqcl972,94, 295-296.

K. D. Bingham, G. D. Meakins, G. H. Whitha@hem. Commun1966, 445.

Ver por ejemplo: (a) A. S. Bailey, J. E. Whige,Chem. Soc. ,BL966, 819. (b)'he Chemistry of
Alkenesed. R. Huisgen, R. Grashey, J. Sauer, S. Patatstience, London, 1964, Ch. 11. (c) R.
E. Erickson, R. L. ClarkTetrahedron Lett.1969, 3997. (d) A. K. Awasthy, J. Bk, J. Am.
Chem. S0¢1969,91, 991. (e) F. Freeman, P. D. McCart, N. J. Yamagiikd., 1970,92, 4621.

A. M. Al-Ajlouni, J. H. Espensonl. Org. Chem.1996,61, 3969.

(a) J. Kaloustian, L. Lena, J. Metzg@etrahedron Letf.1975, 599. (b) H. Arakawa, A. Ozaki,
Chem. Lett.1975, 1245.

A. O. Chong, K. B. Sharpless, Org. Chem.1977,42, 9, 1587-1590.

W. R. Thiel, M. Angstl, T. Priermeie€hem. Ber.1994,127, 2373.

W. R. Thiel,Journal of Molecular Catalysis A: Chemic¢dl997,117, 449-454.

A. Hroch, G. Gemmecker, W. R. Thi&ur. J. Inorg. Chem2000,5, 1107-1114.

W. R. Thiel, J. Eppinge€hem. Eur. J.1997,3, 696.

Por ejemplo reaccion de acetato de cobre conxigerdle hidrogeno; E. Ochialnorg. Nucl.
Chem. Lett.1973,9, 987.

F. E. Kuhn, J. Zhao, M. Abrantes, W. Sun, C. A.Affonso, L. C. Branco, I. S. Goncalves, M.
Pillinger, C. C. Roméadletrahedron Lett.2004,46, 47.

A. A. Valente, Z. Petrovski, L. C. Branco, C. M. Afonso, M. Pillinger, A. D. Lopes, C. C.
Romédo, C. D. Nunes, I. S. Gongalv@zMol. Catal. A: Chen2004,218, 5.

B. Monteiro, S. Gago, P. Neves, A. A. Valente51.Gongalvez, C. C. L. Pereira, C. M. Silva, M.
Pillinger, Catal. Lett.2009,129, 350.

B. Z. Zhan, A. Thompsof,etrahedron2004,60, 2917-2935.

(a) J. R. HolumJ. Org. Chem.1961,26, 4814-4816. (b) D. G. Lee, U. A. Spitzér,Org. Chem.
1970, 35, 3589-3590. (c) G. Cainelli, G. Cardill&;hromium oxidants in organic chemistry
Springer: Berlin, 1984(d) J. MuzartChem. Rey.1992,92, 113-140.

(8) S. L. Regen, C. Koteel, Am. Chem. Sqcl1977,99, 3837-3838. (b) F. M. Menger, C. Lee,
Tetrahedron Lett.1981,22, 1655-1656.

(a) L. M. Berkowitz, P. N. Rylanded, Am. Chem. Sqc1958,80, 6682-6684. (b) W. P. Giriffith,
Chem. Soc. Rev1992,21, 179-185.

(&) W. P. Griffith, S. V. Ley, G. P. Whitcombe, B. White,J. Chem. Soc., Chem. Commun.
1987, 1625-1627. (b) S. V. Ley, J. Norman, W. Bffiir, S. P. MarsdenSynthesis1994, 639-
666.

T. V. Lee, S. V. Ley, A. Madin, B. M. Trost, I. éthing, Comprehensive organic synthesis
Pergamon: Oxford, 1997, 291-303. (39b)

D. B. Dess, J. C. Martid, Org. Chem.1983,48, 4155-4156.

234



112 ver, por ejemplo: S. Velusamy, T. PunniyamurtByr. J. Org. Chem 2003, 3913-3915.

113 Ver, por ejemplo: M. J. Schultz, M. S. Sigmaetrahedron 2006,62, 8227.

114 Ver por ejemplo: T. Naota, H. Takaya, S-I. Murdtia€hem. Rey.1998,98, 2599.

15 G. T. Musie, M. Wei, B. Subramaniam, D. H. Busctorg. Chem,.2001,40, 3336.

116 G. Maayan, B. Ganchegui, W. Leitner, R. Neumatrem. Commun2006, 2230.

17 M. E. Gonzéalez-Nufiez, R. Mello, A. Olmos, R. Aater, G. Asensio). Org. Chem.2006,71,

1039.

R. Ciriminna, P. Hesemann, J. J. E. Moreau, Mra&a, S. Campestrini, M. Pagliart@hem. Eur.

J.2006,12, 5220.

Ver por ejemplo los articulos de revision sigtésndedicados a los ILs funcionalizados: (a) S.-G.

Lee,Chem Commun2006, 1049(b) Z. fei, T. J. Geldbach, D. Zhao, P. J. Dyshem. Eur. J.

2006,12, 2122.

120 K. R. Seddon, A. StarkGreen Chem.2002 4, 119.

121 V. Framer, T. WeltorGreen Chem.2002,4, 97.

122 |  A. Ansari, R. GreeQrg. Lett, 2002,4, 1507-1509.

123 N. Jiang, A. J. Ragauska®g. Lett, 2005,7, 3689-3692.

124 (@) X. E. Wu, L. Ma, M. X. Ding, L. X. Ga®ynlett, 2005, 607(b) W. X. Qian, E. L. Jin, W. L.
Bo, Y. M. Zhang,Tetrahedron 2006,62, 556.

25 L. Liu, L.-Y. Ji, Y.-Y. Wei,Monatsh. Chem2008,139, 901.

126 M. F. Semmelhack, C. R. Schmid, D. A. Corte’sSCChou,J. Am. Chem. Sqc1984,106, 3374-
3376

127 (@) J. W. WhittakerMetal ions in biological systemsi. Sigel, A. Sigel, Eds.; Marcel Dekker:
New York, 1994;30, 315-360 (b) P. F. Knowles, N. ItBerspectives in bio-inorganic chemistry
ed. R. W. Hay, J. R. Dilworth, K. B. Nolan, Jai:don, 1994, Ch. 2, 207-244

128 M. M. Whittaker, J. W. Whittaked. Biophys.1993,64, 762-772.

129 (a) V. Mahadevan, R. J. M. K. Gebbink, T. D. Fack{Curr. Opin. Chem. Bio).2000,4, 228-234.

(b) Y. Wang, J. L. DuBois, B. Hedman, K. O. Hodgs®nD. P. StackScience 1998,279 537-

540. (c) P. Chaudhuri, M. Hess, U. Flérke, K. Wiagh, Angew. Chem., Int. Ed1998,37, 2217-

2220. (d) P. Chaudhuri, M. Hess, J. Miller, K. Hitbrand, E. Bill, T. Weyhermiller, K.

Wieghardt, J. Am. Chem. Sqc.1999, 121, 9599-9610. (e) P. Chaudhuri, M. Hess, T.

Weyhermiller, K. WieghardtAngew. Chem., Int. Ed1999,38, 1095-1098. (f) Y. Nagata, C.

Miyamoto, Y. Matsushima, S. Matsumot@hem. Pharm. Bull2000,48, 71-76.

Ver por ejemplo: (a) I. E. Marké, P. R. Giles, Wsukazaki, S. M. Brown, C. J. UrcBcience

1996,274, 2044-2046. (b) I. E. Marko, A. Gautier, I. CheRégnaut, P. R. Giles, M. Tsukazaki,

C. J. Urch, S. M. BrownJ. Org. Chem.1998,63, 7576-7577. (c) I. E. Markéd, P. R. Giles, M.

Tsukazaki, I. Chellé-Regnaut, A. Gautier, S. M. \Bno C. J. Urch)). Org. Chem.1999,64, 2433-

2439

131 (a) R. A. Sheldon, I. W. C. E. Arend&, Mol. Catal. A: Chemical2006,251, 200. (b) R. A.
Sheldon, I. W. C. E. Arend#\dv. Synth. Catal.2004,346, 1051. (c) J. M. Bobbitt, M. C. L.

118

119

130

235



Bibliografia

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

Flores,Heterocycles1988,27, 509-533. (d) A. E. J. de Nooy, A. C. Besemeryvhah Bekkum,
Synthesis1996, 1153-1174.

P. L. Anelli, C. Biffi, F. Montanari, S. Quicl. Org. Chem.1987,52, 2559-2562.

(@) A. Dijksman, I. W. C. E. Arends, R. A. Sheld@€hem. Commun1999, 1591-1592. (b) A.
Dijksman, I. W. C. E. Arends, R. A. SheldoRlatinum Met. Rey.2001, 45, 15-19. (c) A.
Dijksman, A. Marino-Gonzalez, A. Mairata i Payerasy. C. E. Arends, R. A. Sheldod, Am.
Chem. S0¢.2001,123 6826-6833. (d) R. A. Sheldon, I. W. C. E. Aren@s;J. ten Brink, A.
Dijksman,Acc. Chem. Res2002,35, 774-781.

T. Miyazawa, T. EndaJournal of Molecular Catalysjsl 985,32, 357-360.

P. Gamez, I. W. C. E. Arends, J. Reedijk, R. Ael8bn,Chem. Commun2003, 2414-2415.

P. Gamez, I. W. C. E. Arends, R. A. Sheldon, &dik, Adv. Synth. Catal2004,346, 805-811.
S. Velusamy, A. Srinivasan, T. Punniyamurthgfrahedron Lett.2006,47, 923-926.

(a) B. Betzemeier, M. Cavazzini, S. Quici, P. KnelgTetrahedron Letf.2000,41, 4343-4346. (b)
G. Ragagnin, B. Betzemeier, S. Quici, P. Knochetrahedron2002,58, 3985-3991.

M. Contel, P. R. Villuendas, J. Fernandez-Gatiafel. J. Alonso, J.-M. Vincent, R. H. Fishprg.
Chem, 2005,44, 9771-9778.

T. F. Blackburn, J. Schwartz, Chem. Soc., Chem. Commur@77, 157.

K. P. Peterson, R. C. Larcock,Org. Chem.1998,63, 3185-3189.

Por ejemplo, ver los citados de Stahl et al (8.JCaradonna, P. R. Reddy, R. H. HolmAm.
Chem. S0¢.1988,110 2139-2144. (b) J. C. Bryan, R. E. Stenkamp, TTHlip, J. M. Mayer,
Inorg. Chem.1987,26, 2283-2288. (c) J. B. Arterburn, M. C. Perry, SNelson, B. R. Dible, M.
S. Holguin,J. Am. Chem. Sqc1997,119 9309-9310. (d) M. M. Abu-Omar, S. I. Khamorg.
Chem, 1998,37, 4979-4985.

(a) S. S. Stahl, J. L. Thorman, R. C. NelsonJMKozee Am. Chem. Soc2001,123 7188-7189.
(b) B. A. Steinhoff, S. R. Fix, S. S. Stahl,Am. Chem. Sqi2002,124, 766-767.

B. A. Steinhoff, S. S. StalQrg. Lett, 2002,4, 4179-4181.

T. Nishimura, T. Onoue, K. Ohe, S. Uemuratrahedron Lett.1998,39, 6011-6014.

(a) T. Nishimura, K. Ohe, S. Uemuth,Am. Chem. Sqc1999,121, 2645-2646. (b) T. Nishimura,
N. Kakiuchi, T. Onoue, K. Ohe, S. UemudaChem. SocPerkin Trans.2000,1, 1915-1918.

T. Nishimura, Y. Maeda, N. Kakiuchi, S. Uemuda,Chem. SocPerkin Trans. 2000,1, 4301-
4305.

T. Nishimura, T Onoue, K. Ohe, S. UemutaQrg. Chem.1999,64, 6750-6755.

M. J. Schultz, C. C. Park, M. S. Sigm&hem. Commun2002, 3034-3035.

D. R. Jensen, M. J. Schultz, J. A. Mueller, MSg&man,Agnew. Chem. Int. EJ2003,42, 3810-
3813.

M. J. Schultz, S. S. Hamilton, D. R. Jensen, MSi§man,J. Org. Chem.2005,70, 3343-3352.
G-J. T. Brink, I. W. C. E. Arends, R. A. Sheld&tjence2000,287, 1636-1639.

236



153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

(&) M. A. McHugh, V. J. KrukonisSupercritical Fluid Extraction: Principles and Prtce,
Butterworth-Heinemann Ltd., Boston, 1994. (b) V.a@trasekhaidnorganic and Organometallic
Polymers Springer, 2005, Ch. 6.

D. E. Bergbreiter, J. Tian, C. Hongfahem. Rey.2009,109, 530.

M. A. Grunlan, K. R. Regan, D. E. Bergbreit€hem. Commun2006, 1715.

(a) A. L. Miller II, N. B. BowdenChem. Commun2007, 2051. (b) M. T. Mwangi, M. B. Runge,
K. M. Hoak, M. D. Schulz, N. B. Bowde&hemistry 2008,14, 6780.

(d) R. F. Parton, I. F. J. Vankelecom, D. TasBKM. Janssen, P.-P. Knops-Gerrits, P. A. Jacobs,
J. Mol. Catal.A, 1996,113 283. (b) K. B. M. Janssen, |. Laquiere, W. DehdenF. Parton, I. F.
J. Vankelecom, P. A. Jacofgtrahedron Asymmet;.1997,8, 3481. (c) D. F. C. Guedes, T. C. O.
MacLeod, M. C. A. F. Gotardo, M. C. A. F. Schiavbny. P. Yoshida, K. J. Ciuffi, M. D. Assis,
Appl. Catal., A: Gen.2005,296, 120. (d) J. R. Pliego Jr., M. A. SchiavdnPhys. Chem. 008,
112, 14830.

(a) M. T. Mwangi, M. B. Runge, N. B. Bowdeh, Am. Chem. Sqc2006,128 14434. (b) M. B.
Runge, M. T. Mwangi, N. B. Bowded, Organomet. Chen2006,691, 5278.

S. Saffarzadeh-Matin, C. J. Chuck, F. M. KertonMC RaynerOrganometallics2004,23, 5176.

F. Tronc, L. Lestel, S. BoileaRplymer 2000,41, 5039.

Both thea and 3 addition products were also observed in the hyiytaons of styrene and
4-chlorostyrene with H[(Si(Ck,0),] (These results are not part of the studys desdritere).

See for example: H. N. Chengpdern Methods of Polymer Characterizati@d. H. G. Barth, J.
W. Mays, Wiley 1991, 461.

M. C. DeRosa, P. J. Mosher, G. P. A. Yap, K.-Scdaoeanu, R. J. Crutchley, C. E. B. Evans,
Inorg. Chem 2003,42, 4864.

See for example: (a) W. Adam, C. R. Saha-MoeflerWeichold,J. Org. Chem.2000,65, 5001.
(b) Ref 55.

D. Kahlich, U. Wiechern, J. LindneRropylene Oxide; Ullmann’s Encyclopedia of Indueitri
Chemistry Wiley-VCH, Weinheim, 2002, 4-9.

T. Kratz, W. ZeissPeroxide Chemistryed. W. Adam, Wiley-VCH, Weinheim, 2000, 41-59.

N. Ullrich, B. Kolbe, N. Bredemeyethyssenkrupp Techforyrd007,1, 38-43.

The theoretical study of MTO derivatives was iemtrout by Prof. Agustin Galindo of the
University of Sevilla. Further details of this sjudippear in Ref. 199 and the supporting
information.

P. D. Vaz, P. J. A. Ribeiro-Clargpr. J. Inorg. Chem2005, 1836.

W. A. Herrmann, W. Scherer, R. W. Fischer, J.n@l M. Kleine, W. Mertin, R. Gruehn, J. Mink,
H. Boysen, C. C. Wilson, R. M. Ibberson, L. Bachmgakl. J. MattnerJ. Am. Chem. Sqcl995,
117, 3231.

For example see: (a) A. V. Biradar, B. R. SateB. Umbarkar, M. K. Dongard, Mol. Cat. A:
Chemica) 2008,285, 111-119. (b) D. V. Deubel, J. Sundermeyer, G. nkirgg, Inorg.

237



Bibliografia

172

173

174

175

176

177

178

179

180

181

182

Chem, 2000,39, 2314-2320. For an interesting insight into thechamism of epoxide hydrolysis
by methyltrioxorhenium see Ref. 71.

M. Herbert, A. Galindo, F. MontillaCat. Comm.2007,8, 987-990.

E. P. Carreiro, A. J. Burkd, Mol. Catal. A: Chem2006,249, 123.

O. Bortolini, S. Campestrini, V. Conte, G. Fantih. Fogagnolo, S. Maiettiur. J. Org. Chen).
2003, 4804.

Many of the more active systems are discussedzimidines and Epoxides in Organic Synthesis
ed. A. K. Yudin, Wiley-VCH, Weinheim, 2006, Ch. Bome effective systems are described in the
following: Tungsten: (a) R. Noyori, M. Aoki, K. SatChem. Commun2003, 1977-1986. (b) A.
L. Villa de P., B. F. Sels, D. E. de Vos, P. A. dlag, J. Org. Chem.1999,64, 7267. (c) K.
Kamata, K. Yonehara, Y. Sumida, K. Yamaguchi, Si¢tii, N. Mizuno,Science2003,300, 964.
Oxobisperoxotungsten: B. S. Lane, K. Burg&dsem. Rey.2003,103 2457-2473 Vanadium: N.
Murase, Y. Hoshino, M. Qishi, H. Yamamotb,Org. Chem.1999,64, 338. Titanium: B. Notari,
Catal. Today 1993,19, 163.Manganese/porphyrin: (a) J. T. Groves, M. K. StdrmAm. Chem.
Soc, 1987,109, 3812-3814. (b) C. Ly, D. Vogt, W. Keinghem. Ing. Techn1989, 61, 646. (c)
C. Bolm,Angew. Chem1991,103 414-415. Rhenium: See Section 1.3.1 of this deou.

W. P. Griffith, B. C. Parkin, A. J. P. White, D. Williams,J. Chem Soc. Dalton Transl995,
3131-3138.

For examples of Mo species acting as catalysts{psors in the oxidation of tertiary amines see
the following: (a) S. L. Jain, J. K. Joseph, B.rGé&lat. Lett, 2007,115 8-12. (b) J. Kollar, R. S.
Barker,US Pat, 3390182, 1968. (c) R. D. Smetahkg Pat, 3657251, 1972.

(a) W. P. Griffith, A. M. Z. Slawin, K. M. Thomps, D. J. Williams,J. Chem. Soc., Chem.
Commun. 1994, 569-570. (b) F. R. Sensato, Q. B. Casg,0Bgo, J. Zukerman-Schpector, R.
Custodio, J. Andrés, M. Z. Hernandes, R. L. Lorlgorg. Chem.2001,40, 6022-6025.

Within this work see the preparation and char&aton of [Mo(O)(Q).(bpy)] (Section 3.6.14)
and [Mo(O)(Q).(bpyG,)] (Section 3.6.15) and the synthesis of the fordescribed in Ref. 184.

F. Batigalhia, M. Zaldini-Hernandes, A. G. Feragil. Malvestiti, Q. B. Cas§,etrahedron 2001,
57, 9669-9676.

S. Das, T. Bhowmick, T. Punniyamurthy, D. DeyNath, M. K. ChaudhuriTetrahedron Letters
2003,44, 4915-4917.

Regarding imidazole-N-oxides: Discussion of thabke forms of imidazole oxide and some
related compounds based on computational modefdkabrta, J. Elguero, J. F. LiebmaS8truct.
Chem, 2006,17, 439-444. For preparations of relatively simpladazole oxide species see: (a)
G. Mloston, J. Romanski, M. Jasinski, H. Heimgarti@trahedron: Asymmetr2009,20, 1073-
1080. (b) G. Laus, A. Schwaerzler, G. Bentivoght, Hummel, V. Kahlenberg, K. Wurst, E.
Kristeva, J. Schutz, H. Kopacka, C. Kreuteitschrift fuer Naturforschung, B: Chemical
Sciences2008,63, 447-464. (c) J. Alcazar, M. Begtrup, A. de la Hoz
Heterocycles1996,43, 1465-1470. (d) J. Alcazar, A. De la Hoz, M. Begir Mag. Res.

Chem, 1998,36, 296-299. Examples of simple O-metal coordinateiiazole oxide structures

238



183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

were not apparent in literature though some interg€omplexes are described in the following:
S. Abuskhuna, M. McCann, J. Briody, M. Devereux, Kavanagh, N. Kayal, V. McKee,
Polyhedron 2007,26, 4573-4580.

P. Martin-Zarza, P. Gili, F. V. Rodriguez-Rome®, Ruiz-Pérez, X. Solaniorg. Chim. Acta
1994,223 173-175. The structural data given in this agtidescribes, obviously erroneously, the
aqua-pyrazole complex. The bond distances refeteheee are assumed to be correct for the
agua-imidazole complex.

E. O. Schlemper, G. N. Schrauzer, L. A. HugRedyhedron 1984,3, 377-380.

For example: Steven D. Burke, Rick L. Danheigxidizing and Reducing Agents, Handbook of
Reagents for Organic Synthesl®99, Wiley, 84-89; and references therein.

P. P. McClellanind. Eng. Chem.1950, 42, 2402-2407.

R. A. SheldonGreen Chem.2007,9, 1273-1283.

R. Wang, Z. Zeng, B. Twamley, M. M. PiekarskiM.. ShreeveEur. J. Org. Chem.2007, 655-
661.

M. Nakajima, Y. Sasaki, H. Iwamoto, S. Hashimdtetrahedron Let}.1998,39, 87-88.

M. K. Trost, R. G. Bergmamrganometallics1991,10, 1178-1182.

H. Mimoun,Angew. Chem., Int. Ed. Engl.982,21, 734.

R. A. Sheldon, J. A. Van Doord, Organomet. Chem1975,94, 115.

(a) K. A. Jgrgensen, R. HoffmanAgcta, Chem. Scand., B986,40, 411. (b) C. Di Valentin, P.
Gisdakis, 1. V. Yudanov, N. Réschl. Org. Chem. 2000, 65, 2996. (c) D. V. Deubel, J.
Sundermeyer, G. Frenking, Am. Chem. Sq2000,122, 10101.

The authors of Ref. 98 present experimental emieeindicating that the discussed bidentate
N-donor ligand was poorly dissociating from the bisperoxomolybdenum complex. However,
note that in later publications from the group tHissociation was determined to probably be
rather more facile (see Ref. 99).

CSD search (Sep. 2009). An oxobisperoxomolybdefiagment with two nitrogens bonded to the
metal centre, [Mo(O)(§)-(N),], encountered nine hits, pertaining only to corrpteof bidentate
2,2'-bipyridine, pyrazolylpyridine and oxazolylpgine type ligands. An
oxobisperoxomolybdenum fragment with one nitrogelonded to the metal centre,
[Mo(0)(0,)2(N)], encountered a further six new hits, compdsicomplexes with coordinated
imidazole, pyridinen?quinolinate n>-salicylaldoximinate ang>pyridine carboxylate ligands.

All crystal structures described in this work eeecorded by Dr. Eleuterio Alvarez of the Institut
de Investigaciones Quimicas, CSIC-Universidad dell&eAvda. Américo Vespucio 49, 41092,
Sevilla, Spain.

L. VaskaAcc. Chem. Resl1976,9, 175-183.

J. A. McGinnety, N. C. Payne, J. A. Ibe;sAm. Chem. Sqcl969,91, 6301-6310.

M. Herbert, A. Galindo, F. Montilla@Qrganometallics2009,28, 2855-2863.

M. Herbert, F. Montilla, A. Galinddnorg. Chem. Commun2007,10, 735-737.

239



Bibliografia

201

202

203

204

205

206

210

211

212

213

214

215

216

217

218

M. Contel, C. Izuel, M. Laguna, P. R. Villuend#s, F. Alonso and R. H. Fisighem. Eur. J.
2003,9, 4168.

M. A. McHugh, V. J. Krukonis,Supercritical Fluid Extraction: Principles & Praatg
Butterworth-Heinemann, Boston, 1994.

SciFindef Scholar database search (Sep. 2009). KeywordmHal oxidation’ returned almost
79,000 references. Addition of ‘supercritical cartatioxide’ reduced this to 111 and subsequent
addition of ‘copper’ to only 3, none of which penad to copper catalysed alcohol oxidation in
scCQ.

During the realization of this work, the X-raystture of this complex has been reported: F.-Q.
Liu, R.-X. Li, L.-S. Sun, G.Y. LiuActa Cryst, 2007, E63, m2455.

For example see the assignments for the hydmatelex and relevant discussion in; Y. Mathey,
D. R. Greig, D. F. Shrivetnorg. Chem.1982,21, 3409-3413.

W. J. Evans, J. H. Hain.JR. N. R. Broomhall-Dillard, J. W. Zilled. Coord. Chem.1999,47,
199-209.

A. F. Lagalante, B. N. Hansen, T. J. Bruno, RSieversinorg. Chem.1995,34, 5781.

See: O. Aschenbrennera, S. Kempera, N. DahmenB¢haberb, E. Dinjusd, Supercrit. Fluids
2007,41, 179 and references therein.

(a) R. B. Gupta, J.-J. ShirBolubility in supercritical carbon dioxideCRC Press, 2007. (b) C.
Erkey,J. Supercrit. Fluids2000,17, 259. (c) N. G. Smart, T. Carleson, T. Kast, ACAfford, M.

D. Burford, C. M. Wai Talanta 1997,44, 137.

W. Cross, Jr., A. Akgerman, C. Erkénd. Eng. Chem. Resl996,35, 1765.

C. M. Wai, S. Wang, J.-J. YAnal. Chem.1996,68, 3516.

Y. Takeshita, Y. Satd,. Supercrit. Fluids2002,24, 91.

E. Sais-Galiyev, L. Nikitin, R. Vinokur, M. Gallynov, M. Kurykin, O. Petrova, B. Lokshin, I.
Volkov, A. Khokhlov, K. Schaumburdnd. Eng. Chem. Re2000,39, 4891.

S. Mekki, C. M. Wai, I. Billard, G. Moutiers, Gi. Yen, J. S. Wang, A. Ouadi, C. Gaillard, P.
HesemannGreen Chem.2000,57, 421.

Y. Lin, N. G. Smart, C. M. Wailrends Anal. Chem1995,14, 123.

H. F. Jiang, J.-Y. Tang, A.-Z. Wang, G.-H. DeB8gR. YangSynthesis2006,7, 1155.

For some examples see: (a) J. TsBjladium Reagents and CatalystileyBlackwell; 2
revised edition, 2004. (b) J. Tsupalladium in Organic SynthesiSpringer, 2005. (c) J.-L.
Malleron, J.-C. Fiaud, J.-Y. Legrosjandbook of Palladium-Catalyzed Organic Reactjons
Elsevier, 1997.

For examples of aerobic alcohol oxidation by Pa@noparticle catalysts see the following: (a) H.
Wu, Q. Zhang, Y. Wandidvanced Synthesis & Catalys&)05,347, 1356-1360. (b) J. Chen, Q.
Zhang, Y. Wang, H. WarAdvanced Synthesis & Catalys29008,350, 453-464. (c) Z. Hou, N.
Theyssen, W. LeitneGreen Chem.2007,9, 127-132. (d) N. Jamwal, M. Gupta, S. Pdsieen
Chem, 2008,10, 999-1003. (e) F. Li, Q. Zhang, Y. WangApplied Catalysis, A:
Genera) 2008,334, 217-226; and relevant references therein.

240



219

220

221

222

223

224

El sistema ha sido descrito en (a): F. MontBHaClara, T. Avilés, T. Casimiro, A. A. Ricardo, M.
N. Ponte,J. Organomet. Chem2001,626, 227. (b) F. Montilla, T. Avilés, T. Casimiro, A.
Ricardo, M. N. Ponte]. Organomet. Chem2001,632 113.

P. W. Atkins,Physical ChemistryOxford University Press, 1998.

Cassandra L. Fraser, Natia R. Anastasi, JaydegpLamba,). Org. Chem.1997,62, 9314-9317.

La sintesis de este producto por otro metodorerpatal se encuentra en: U. Kiehne, J. Bunzen,
H. Staats, A. Lutzer§ynthesis2007,7, 1061-1069.

Basado en la sintesis de 4,4’-diaquil-2,2’-bifimas presentado en: D. K. Ellison, R. T. Iwamoto,
Tetrahedron Letters1983,24, 1, 31-32.

Por ejemplo ver: (a) L. J. Csainyiiransition Met. Chem.1989,14, 298-302. (b) L. J. Csanyi, I.
Horvath, Z. M. GalbacsTransition Met. Chem.1989, 14, 90-94. (c) E. Richardsord. Less-
Common Mets1960, 2, 360. (d) G. M. Vol'dman, E. A. Mironova, L. V. Byov, Zhurnal
Neorganicheskoi KhimiL990,35, 1306-1309.

De hecho hexakisacetatotripaladio en estadosofdC. Skapski, M. L. Smar€hem. Commun.

1970, 658-659.

241



