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ABSTRACT

2. ABSTRACT

Catalysis is a powerful tool for the synthesis of a wide variety of compounds. A catalyst
allows to increase the rate in which a chemical reaction reaches the equilibrium without being
consumed in the process.

However, for the synthesis of more complex compounds usually homogeneous catalysis is
needed. Nowadays the research of new heterogeneous catalysts that have both the advantages
of heterogeneous and homogeneous catalysts has greatly increased.

On this field metal-organic frameworks have emerged as powerful catalyst that fulfill both
the complexity of the homogeneous catalysts and the easy recyclability and robustness of the
heterogeneous catalysts.

This thesis presents the principal results obtained in the investigation of the applications of
a novel bimetallic framework with iron clusters and a palladium metalloligand in different
palladium catalyzed reactions.

We focused in the carbon-carbon formation reactions. Focusing on reactions with interest
for their potential to synthetize natural or bioactive compounds, while also trying to maximize
the potential of the functionalities of the MOF.

We started with the allylic alkylation reaction, a well-known reaction that surprisingly was
not explored using MOFs as catalysts, for this reaction we developed a methodology that not
only to have a good generality of substrates, but that also allowed us to recuperate and reutilize
the MOF up to five times without any reactivity drop.

After that we moved on to a more challenging reaction. The oxidative Heck reaction was
chosen so we could take advantage of the other functionality of the MOF, using the iron clusters
as an oxidant cocatalyst to enhance the oxidation step of the palladium under an air atmosphere.
Also, very few reports of a heterogeneous version of this reaction are reported to the date and
half of them are not even recyclable.

We could demonstrate hypothesis of the reoxidation of the Pd was happening. However,
when we moved to test the recyclability, we could observe that the MOF was decomposing
even after the first use.






RESUMO

3. RESUMO

A catélise é unha ferramenta poderosa para a sintese de unha gran variedade de compostos,
permite acelerar a velocidade na cal unha reaccion acada o equilibrio sen que o catalizador sexa
consumido no proceso. Os compostos que se poden sintetizar inclien, dende compostos simples
que son amplamente utilizados na industria como o amoniaco e o acido sulfdrico, ata 0s
produtos naturais ou activos bioloxicamente que son mais complexos e que constan de
aplicacions médicas e farmacoloxicas. Hoxe en dia, a maioria dos produtos quimicos, mais dun
95%, son obtidos na industria mediante metodoloxias cataliticas.

Mentres que os compostos mais simples poden ser sintetizados mediante o uso de catélise
heteroxénea en condicions extremas de presion e temperatura, cando a complexidade dos
compostos aumenta a necesidade de catalizadores homoxéneos que tefian ligandos capaces de
habilitar ditas transformacions.

Sen embargo, o uso de catalise homoxénea constitde unha limitacion a futuro para estas
metodoloxias, isto € debido a que este tipo de catalizadores resultan complicados de recuperar
resultando na perdida do catalizador. Alguns dos catalizadores mais usados estan baseados en
metais preciosos, que non s6 son economicamente custosos e con baixas abundancias na codia
terrestre sendn que tamén son toxicos.

Pola outra banda, os catalizadores heteroxéneos mais comdns normalmente carecen da
especificidade necesaria para realizar as transformacions mais complexas. Durante as Gltimas
décadas fixéronse grandes avances neste campo, conseguindo empregar distintos materiais
como ceolitas, silice mesoporosa e outros materiais porosos como as redes metal-organicas
(MOFs) como catalizadores para diferentes reaccions.

Os MOFs son redes cristalinas e porosas que se caracterizan polo seu caracter hibrido
organico e inorganico. Estas estruturas férmanse mediante a coordinacion de ligandos
organicos a clusteres inorganicos formando estruturas lineares, planares ou tridimensionais.

Debido a facilidade para modificar a sUa estrutura a través de métodos de sintese organica,
e gracias a posibilidade de predicir as sUas propiedades e funcions a través de ferramentas de
desefio molecular os MOFs emerxeron como catalizadores prometedores.

Os MOFs constan de caracteristicas altamente desexables para catalizadores heteroxéneos,
como tamarfios grandes de poro ou a sua cristalinidade que permite un mellor e mais facil da
distribucion dos sitios cataliticamente activos do MOF mediante técnicas cristalograficas.

Durante as ultimas tres décadas os MOFs foron gafiando importancia tanto como materiais
como catalizadores, isto ultimo grazas ao mellor entendemento e control das técnicas para
modular o tamafio e o entorno dos poros. O que tamén permitiu introducir catalizadores mais
complexos dentro da estrutura do MOF.

Sen embargo, pese a seu gran potencial como catalizadores heteroxéneos, o feito de que as
suas aplicacions eran buscadas despois da sintese e desefio do MOF limitou a sta aplicabilidade.
Con todo o seu potencial foi demostrado con unha gran variedade de exemplos, incluso
conseguindo levar a cabo reaccions que non eran posibles baixo catalise homoxénea.

As caracteristicas que permiten que estas reacciéns sexan posibles son: a proteccién do
catalizador no interior da rede, protexéndoo de especies reactivas ou evadindo procesos de
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desactivacion que involucran asociacion ou agregacion do catalizador; o tamafio controlado no
interior dos poros que permite obter selectividades mellores ou alternativas; e a posibilidade de
engadir diferentes funcionalidades dentro do MOF obtendo asi os denominados MOFs
multivariantes (MTV-MOFs) que poden dar lugar a reaccions non reportadas ata 0 momento.
Dentro dos MOFs hai diversos puntos nos cales se pode atopar o centro catalitico, 0 mais
comun reside nos nodos metalicos (representados como esferas azuis na figura 1), os cales se
constan de vacantes de coordinacion libres poden actuar como catalizadores. A actividade
catalitica tamén se pode atopar nos ligandos (representados como unha barra negra na cal o
centro catalitico esta representado como unha esfera vermella na figura 1), actuando como
organocatalizadores no caso de que o ligando sexa un ligando organico ou no caso de que sexa
un metaloligando como un catalizador metalico. Unha vez sintetizado o MOF p6dense engadir
postsinteticamente os centros cataliticos, ben ancorando os centros metalicos en grupos
coordinantes (representados como esferas verdes na figura 1) presentes tanto nos nodos como
nos ligandos ou mediante a formacion de nanoparticulas dentro dos poros do MOF
(representados como un conxunto de esferas grises no interior da cela do MOF).

Figura 1. Representacion esquematica dun MOF, os nodos representados como esferas azuis, ligandos
como barras negras, grupos coordinantes como esferas verdes e centros metalicos externos como esferas
grises.

Un dos metais mais amplamente utilizados como catalizador € o paladio, amplamente
cofiecido pola sta utilizade para formar enlaces carbono-carbono, como por exemplo as
reacciéns de acoplamento cruzado gafiadoras do premio Nobel en 2010.

As reaccions catalizadas por paladio tefien en xeral unha ampla aplicacion, sobre todo a
hora da sintese de produtos naturais e bioloxicamente activos. Debido a sUa escaseza na codia
terrestre é de vital importancia o desenvolvemento de catalizadores heteroxéneos que tefian
reactividade e selectividade comparables cos catalizadores homoxéneos coas vantaxe de ser
reciclables e facilmente separables do medio de reaccion.

O obxectivo de esta tese de doutoramento enfocase no estudio da reactividade e
reciclabilidade dun MOF heterobimetdlico (MUV-22) formado por nodos de ferro
[Fes(us0)(CH3COO)s]* e un metaloligando de paladio PdCl2(H2PDC)2, onde HsPDC é o acido
piridin-3,5-dicarboxilico, sintetizado polo grupo do profesor Guillermo Minguez Espallargas
no ICMOL na Universidad de Valencia en duas reaccions catalizadas por paladio: a reaccion
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de alquilacién alilica, tamén cofiecida como a reaccion de Tsuji-Trost e a reaccion de Heck
oxidativa.

A reaccion de alquilacion alilica catalizada por paladio, amplamente cofiecida como a
reaccion de Tsuji-Trost é unha reaccion de substitucion descuberta polo grupo de Tsuji en 1965
na cal un grupo sainte nunha posicion alilica é trocado por un nucletfilo asistido por un
complexo de paladio ben como reactivo estequiométrico ou como catalizador. Foi mellorada
polo grupo de Trost gracias a adicién de fosfinas como ligandos que permitian mellorar os
rendementos e utilizar substratos non reactivos baixo as condicions normales.

o O

' CI. \> O O Na (metal) EtO OEt
&-Pd_ Pd--) + + EtO
<\ \C| /, Eto)J\/U\OEt EtOHZDMSO

Esquema 1. Primeira reaccion de alquilacion alilica asistida por paladio.

Ata o dia de hoxe multiples versidns desta reaccion foron descritas na literatura, mellorando
as condicions, permitindo o uso de ligandos quirais conseguindo asi produtos
enantioenriquecidos e ampliando a variedade de compostos nos que se podian aplicar, por
exemplo usando nucleofilos duros (compostos organometalicos) ou compostos alilicos con
diferentes grupos saintes.

O mecanismo de esta reaccién (Esquema 2) empeza coa coordinacién do complexo de
paladio | ao dobre enlace do substrato alilico dando lugar ao intermedio 11, seguido por unha
adicion oxidante do substrato ao paladio(0) que xera un complexo alilpaladio(ll) I11. A adicion
oxidante ocorre normalmente a través dun mecanismos tipo Sn2’ onde o paladio se engade ao
complexo en posicion anti ao grupo sainte, isto implica que no caso de que o substrato sexa un
derivado dun alcol alilico secundario esta etapa ocorre con unha inversién da configuracion. O
intermedio alilpaladio 111 pode reaccionar co nucle6filo mediante dous camifios diferentes,
dependendo da natureza deste Ultimo: nucleofilos duros (pKa do acido conxugado >25) poden
reaccionar mediante un mecanismo inner-sphere a traves dunha etapa de transmetalacion na cal
a configuracion do alilpaladio(ll) é mantida para formar o intermedio 1V. Unha posterior
eliminacion redutora libera o produto final cunha inversion neta da configuracion e rexenera o
complexo |I. Pola contra, nucledfilos brandos segue un mecanismo outer-sphere onde o
nucledfilo ataca a un dos atomos alilicos terminais do alilpaladio(ll). Este ataque ocorre pola
posicién contraria do atomo de paladio, resultando en unha segunda inversion da configuracion
que da lugar ao intermedio V. Descoordinaciéon do paladio rexenera o catalizador e libera o
produto con unha retencion neta da configuracion.
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Esquema 2. Mecanismo da reaccion de substitucion alilica con nucleéfilos duros e brandos.

Tameén foron descritos numerosos exemplos da reaccion de Tsuji-Trost empregando
catalizadores heteroxéneos, a maioria utilizando como soporte silice mesoporosa, diferentes
polimeros organicos, ceolitas, montmorillonitas, entre outros. Sorprendentemente ainda que si
que se utilizaron caixas organicas porosas (POCs) como soporte para esta reaccion, non hai
exemplos ata esta data de MOFs como catalizadores heteroxéneos para esta reaccion.

Considerando que 0 MUV-22 presenta boa estabilidade quimica e térmica, gran porosidade
e disporiibilidade de centros de paladio(ll) xunto coa ausencia de exemplos de MOFs
empregados como catalizador para este tipo de reaccion decidimos optimizar a reaccién de
substratos alilicos con ésteres de pinacol de acidos boronicos en condicidns adecuadas para a
sua reciclabilidade.

Comezamos explorando o rol do grupo sainte da reaccion, usando o éster de pinacol de
acidos bordnicos metilo como nucleofilo (2 equiv), haluros ou derivados de alcoles de cinamilo,
tolueno como disolvente a 150 °C, carbonato de cesio (2 equiv) como base e fluoruro de potasio
(1 equiv) como aditivo. Observouse que mentres que o grupo cloro da lugar a mellores
rendementos a temperaturas altas, 0 MOF descompoén. Baixando a temperatura a 120 °C o
bromo como grupo sainte da lugar a mellores rendementos comparando co cloro e 0 MOF podia
recuperarse co seu aspecto orixinal.

Cando un disolvente mais polar como o 1,4-dioxano foi empregado os rendementos foron
menores que usando un disolvente apolar como o tolueno, baixar a temperatura a 90 °C en
tolueno como disolvente da lugar aos rendementos mais altos. Cando se intentaron mellorar os
rendementos modificando as estequiometrias de base e aditivo as cantidades iniciais resultaron
Optimas.

Para demostrar o potencial do MUV-22 nesta reaccion realizamos unha comparativa con
diferentes catalizadores tanto homoxéneos como heteroxéneos, incluso comparando co
metaloligando libre. En todos os casos 0 MOF deu lugar a resultados superiores.

A xeneralidade e as limitacions da reaccion foron estudadas usando diferentes substratos
alilicos e ésteres de pinacol de &cidos bordnicos, dando lugar aos produtos correspondentes con

10
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bos resultados cando substratos alilicos con diferentes patrons de substitucion no anel aromatico
son utilizados.

Respecto aos ésteres de pinacol de &cidos boronicos con aneis arométicos dan lugar a
excelentes resultados, mentres que os que tefien cadeas alquilicas dan lugar a resultados
moderados ou no caso de que tefian hidréxenos na posicion B da cadea fallan para dar lugar ao
produto desexado.

Unha vez analizados a xeneralidade e as limitacions da reaccion procedeuse a avaliar a
estabilidade do MUV-22 no medio de reaccion. Con este proposito realizamos varios
experimentos e andlises para asegurar que o MOF estaba mantendo a sua estrutura e non estaba
descompofiendo.

Primeiro de todo, procedemos a comprobar a natureza heteroxénea do catalizador. Para iso
realizamos un experimento de filtrado, no cal tras retirar o0 MOF do medio de reaccion se
comprobou que a reaccion se paraba. Implicando isto que a catélise esta ocorrendo no MOF e
non por unha posible paso de paladio do MOF a disolucién homoxénea.

Sen embargo, isto non descarta unha posible perdida de paladio por descomposicion do
MOF, asi que tamén se analizou o cru da reaccion mediante ICP-MS para cuantificar a
cantidade de paladio que estaba disolto, o resultado demostrou que a perdida de paladio era
neglixible.

Procedeuse despois a realizar unha analise mais en detalle da estrutura do MOF despois da
catalise, determinouse a estrutura cristalina do MOF mediante difraccién de raios X de po. O
difractrograma obtido correspondiase co da MOF fresco, indicando que O MOF non perde a
estrutura cristalina durante a catalise.

O analise elemental por microanalise de raios X de enerxia dispersiva (EDX) deu lugar un
resultado sorprendente, mentres que as proporcions entre os atomos de ferro e paladio se
mantifian constantes, indicando que non habia descomposicion, os &tomos de cloro que estaban
enlazados ao paladio do metaloligando desapareceron da estrutura do MOF, sendo substituidos
por atomos de flor. Sen embargo, cando o MOF foi mesturado nas condicions de reaccidn con
fluoruro de potasio en ausencia dos substratos este cambio non foi observado. Isto puido ser
debido a un intercambio de ligandos nun dos intermedios da reaccion.

Para remarcar a utilidade do MUV-22 como catalizador heteroxéneo procedemos a estudar
a sta reciclabilidade. Como estudo preliminar realizamos un andlise dos rendementos ata
conversion completa, para o noso deleite 0 MOF puido realizar ata cinco ciclos de reaccion
consecutivos sen unha perdida significativa de actividade. Cabe destacar que en ausencia de
fluoruro potésico da reaccién o MOF perdia a capacidade de ser reciclado, perdendo xa toda
actividade a partir do primeiro ciclo. Cando o fluoruro potasico era engadido sé na primeira
reaccion a actividade do MOF caia significativamente a partir do segundo ciclo e
desactivandose totalmente a partir do cuarto.

Pese a eses prometedores resultados, decidimos realizar un estudo cinético para asegurar
gue o0 MOF non estaba descompofiendo parcialmente no medio de reaccién, o rendemento e a
velocidade de reaccion mantéfiense constantes durante os ciclos o que indica que o MOF non
descompdn a medida que se vai reciclando.

Por ultimo, para explicar os resultados observados, propuxemos o seguinte mecanismo de
reaccion (Esquema 3). Empeza coa coordinacién do metaloligando de paladio | ao dobre enlace
do substrato alilico seguido dunha adiciéon oxidante da lugar ao intermedio Il. Despois da
adicion oxidante, un intercambio de ligando ocorreria co fluoruro potasico presente no medio
da reaccion e liberando un i6n bromuro para formar o intermedio 111; esta etapa explicaria o
intercambio dos atomos de cloro no MUV-22 polos atomos de fldor. A seguinte etapa seria
unha transmetalacion a traves dun estado concertado de transicion 1V co éster de pinacol de
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acido bordnico para dar o intermedio V que finalmente evolucionaria mediante unha
eliminacion redutora para liberar o produto final e rexenerar o metaloligando 1.

I.‘ R~ Br

I R, L
h
X L Br
L 1
R | \/\ R X=F, Cl KF
‘ = ©)
F'P|d‘x L= H,PDC Br
L L
RN, I x
v R * Pd

Esquema 3. Mecanismo proposto para a alilacion tipo Suzuki-Miyaura.

A seguinte reaccion que procedemos a estudar era a reaccién de Heck oxidativa, esta
reaccién foi descuberta en 1968 polo grupo de Heck e involucraba o acoplamento de olefinas
con compostos organomercuricos de arilo con olefinas, nestas reaccions o catalizador de
paladio necesita ser reoxidado por un axente externo.

Li,PdCl, (1 mol%)
CuCl, (1.1 equiv) o

HgCl OMe NCy,Et (0.1 equiv) N OMe
. Y
o MeOH (0.1 M), rt, 2 h

Esquema 4. Primeira reacciéon de Heck oxidativa.

Os nucledfilos organometalicos que se poden empregar nesta reaccion son moi diversos,
como por exemplo os organosilices, organofosforos entre outros, pero destacan entre todos eles
0s compostos de organoboro que son 0s mais empregados.

O mecanismo de esta reaccion comeza cunha transmetalacion dende o composto
organometalico ao complexo de paladio I dando lugar ao intermedio I, que se coordina ao
alqueno para formar o intermedio I11. Insercion migratoria na olefina conduce a la formacion
del alquilpaladio 1V, que sofre unha eliminaciéon B de hidruro xerando o hidruro de paladio
coordinado ao alqueno V. O produto final libérase mediante disociacion do alqueno resultando
na especie de paladio VI, que evoluciona a través dunha eliminacion redutora de HX ao
intermedio de paladio(0) VII. Que necesita ser oxidado por un oxidante externo para rexenerar
o complexo inicial I e cerrar o ciclo catalitico.
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Esquema 5. Mecanismo da reaccion de Heck oxidativa.

Un dos principais problemas desta reaccion recae na necesidade de un oxidante externo
para completar o ciclo catalitico, normalmente estes oxidantes adoitan ser sales de cobre ou
derivados de benzoquinona, que producen unha gran cantidade de residuos, por iso é desexable
evitar a formacion de ditos residuos mediante o uso de oxidantes menos danifios para 0 medio
ambiente, como o osixeno ou idealmente o aire.

Mentres que os oxidantes foron migrando cara o uso dos menos danifios
medioambientalmente o uso de catalizadores homoxéneos que non son recuperables continua
sendo un problema de gran importancia. Sen embargo, a investigacién do uso de catalizadores
heteroxéneos para esta reaccion segue estando a dia de hoxe subdesenvolta. Actualmente sé hai
catro exemplos reportados, dos cales dous utilizan polimeros microporosos conxugados
(CMPs), pero non presentan estudo da reciclabilidade nin do estado do catalizador despois da
catalise. Os outros dous exemplos que si que son reciclables correspdndense cun polimero
organico poroso (POP) con ligandos tipo carbenos N-heterociclicos (NHC) na sua estrutura que
coordinan o paladio e unha rede covalente organica (COF) con ligandos tipo base de Schiff.

Sen embargo, en todos os casos usan unha sal de cobre en cantidades altas como catalizador
baixo atmosfera de osixeno, debido a isto baseandonos nun traballo previo no que usan un
cocatalizador de ferro para reoxidar o paladio nesta reaccion en presencia de aire, 0 MUV-22
seria capaz de, cos seus nodos formados por ferro, reoxidar o paladio do metaloligando e
despois el mesmo reoxidarse en presencia do aire de forma reciclable.

Con esta hipotese e as vantaxes explicadas previamente do MUV-22, procedemos a buscar
unhas condicions Optimas para a reaccion de Heck oxidativa de forma reciclable. Comezamos
usando estireno e o acido fenil borénico (4 equivalentes) como substratos de partida e
dimetilformamida (DMF) como disolvente baixo atmosfera de aire a 80 °C dando lugar a
excelentes resultados respecto o rendemento.

13
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Cambios ao disolvente, temperatura, nimero de equivalentes dos reactivos ou a cantidade
de catalizador non resultaron en ningunha mellora no rendemento, polo que decidimos tomar
as condicions iniciais como as condicions optimas.

Coas condicion 6ptimas na man, decidimos avaliar a xeneralidade da reaccion e as stas
limitacions, o uso de estirenos con diferentes patrons de substitucion deu lugar a bos
rendementos, menos nos casos de estirenos con substituintes moi voluminosos na posicion orto
e con substituintes fortemente dadores de carga, as olefinas con diferentes substituciéns deron
bos resultados en xeral, excepto no caso de aneis heteroaromaticos ou con substituintes
alifaticos no caso de que houbera hidroxenos na posicién B da cadea.

Respecto aos acidos boronicos os substituintes arilo foron ben tolerados, ainda que con
rendementos baixos para os substituintes fortemente dadores de carga e non foron reactivos nin
substituintes heteroaromaticos nin aneis aromaticos con substitucién na posicion orto.

Unha vez avaliada a xeneralidade da reaccién realizamos uns experimentos mecanisticos:
o primeiro foi realizar a reaccidn baixo atmosfera de argon para elucidar se o ferro estaba tendo
algun rol na reoxidacion do paladio e o segundo unha comparativa cos compofientes do MOF
para ver se 0 efecto do confinamento dentro da rede do MOF estaba tendo algun efecto positivo
sobre o rendemento da reaccion. En ambos casos se confirma esa hip6tese baseandonos nos
datos obtidos.

Para avaliar a estabilidade, procedemos a comprobar a natureza heteroxénea do catalizador.
Para iso realizamos un experimento de filtrado, no cal tras retirar o MOF do medio de reaccion
se comprobou que a reaccion se paraba. Implicando isto que a catalise esta ocorrendo no MOF
e non por unha posible paso de paladio do MOF a disolucién homoxénea.

Unha vez descartado isto, pasamos a comprobar a reciclabilidade do catalizador nas
condicions de reaccion. Desafortunadamente a pesar de que o segundo ciclo funcionou como
esperado a partir do terceiro ciclo obsérvase unha baixada dramatica do rendemento. O sélido
recuperado do primeiro ciclo foi analizado por EDX, observandose que neste caso as relacions
entre 0os compofientes do MOF non se mantefien, cunha perdida neta dun atomo de cloro da
estrutura e certa perdida de paladio. Con estes datos permitiusenos propofier un mecanismo que
e similar ao xa explicado anteriormente, no cal o ferro estaria nun ciclo catalitico adxunto
reoxidando o paladio e oxiddndose na presenza do osixeno atmosférico.

Finalmente tentamos unha serie de aditivos para solucionar o problema da reciclabilidade,
sen embargo todos os resultados resultaron nulos.
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4. INTRODUCTION

4.1 HETEROGENEOUS CATALYSIS IN MOFs

Catalysis is a powerful tool for the synthesis of a wide variety of compounds. A catalyst
allows to increase the rate in which a chemical reaction reaches the equilibrium without being
consumed in the process. The compounds that can be synthetized include, from simple
compounds that are widely used in industry like ammonia or sulfuric acid, to the more complex
natural or bioactive compounds that are used for medical and pharmacological applications.
Nowadays chemicals obtained through catalytic methodologies constitute more than 95% of
the total .

While simple compounds are usually synthetized using heterogeneous catalysts in harsh
temperature and pressure conditions, sometimes the complexity of the products that are
obtained requires the use of homogeneous catalysts bearing different ligands that enable these
transformations.

However, the use of homogeneous catalysts imposes a long-term limitation to these
methodologies, since this type of catalysts are difficult to recover thus typically resulting in the
loss of the catalyst. Some common metal catalysts are based on precious metals like gold,?
palladium,® iridium,* among others.> These metals are not only expensive and with low
abundances in nature, but some of them are toxic as well.®

On the other hand, common heterogeneous catalysts usually lack the specificity needed for
performing more difficult transformations. During the last decades, important advances have
been achieved in this field, allowing the use of different materials like zeolites,” mesoporous

'Hagen, J. Economic Importance of Catalysts. In Industrial Catalysis; Wiley, 2015; pp 459-462.

2 a) Kashmi, A. S. K. Chem. Rev. 2007, 107, 3180-3211. b) Witzel, S.; Kashmi, A. S. K.; Xie, J. Chem. Rev. 2021, 121, 8868-
8925. ¢) Hendrich, C. M.; Sekine, K.; Koshikawa, T.; Tanaka, K.; Kashmi, A. S. K. Chem. Rev. 2021, 121, 9113-9163.

% a) Yin, L.; Liebscher, J. Chem. Rev. 2007, 107, 133-173. b) Biffis, A.; Centorno, P.; Del Zotto, A.; Zecca, M. Chem. Rev.
2018, 118, 2249-2295. c) Sarkar, S.; Cheung, K. P. S.; Gevorgyan, V. Angew. Chem. Int. Ed. 2024, 63, €202311972.

4 a) Takeuchi, R.; Kezuka, S. Synthesis 2006, 20, 3349-3366. b) Cheng, Q.; Tu, H.-F.; Zheng, C.; Qu,J.-P.; Helmchen, G.;
You, S.-L. Chem. Rev. 2019, 119, 1855-1969. c) Chauhan, D.; Prasad P.; Sasmal, P. K. Coord. Chem. Rev. 2024, 520, 216139.
5a) Fang, G.; Bi, X. Chem. Soc. Rev. 2015, 44, 8124-8173. b) Labinger, J. A. Chem. Rev. 2017, 117, 8483-8496. c) Gunanathan,
C.; Milstein, D. Chem. Rev. 2014, 114, 12024-12087.

6Egorova, K. S.; Ananikov, V. Organometallics 2017, 36, 4071-4090.

"a) Shamzhy, M.; Opanasenko, M.; Concepcién, P.; Martinez, A. Chem. Soc. Rev. 2019, 48, 1095-1149. b) Li, Y.; Yu, J. Nature
Reviews Materials 2021, 6, 1156-1174. c) Zhang, Q.; Gao, S.; Yu, J. Chem. Rev. 2023, 123, 6039-6106.
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silica® and different porous materials like metal organic frameworks (MOFs) as catalysts for
different reactions.

MOFs are crystalline porous networks that are characterized by their hybrid inorganic and
organic nature. They are formed through the coordination of organic linkers to inorganic
clusters denominated secondary building units (SBUs) or nodes forming one-, two- or three-
dimensional structures.

Due to the easy tunability of their structure through organic synthesis methods and the
capacity of predicting their properties and controlling their functions through molecular design,
MOFs have emerged as promising catalysts. Other properties such as the large pore size that
allows substrate diffusion within the MOF or their crystallinity which facilitates the analysis of
the distribution of the catalytic sites in the structure through crystallographic techniques are
highly desirable for heterogeneous catalysts and would enable the synthesis of specific catalyst
that can be reutilized.

MOFs have become increasingly important in the functional materials field during the last
three decades. During those years, the catalytic applications of MOFs were steadily enhanced
as the methods for controlling the size and environment of the pores improved. This allowed to
introduce more complex catalysts in a controlled manner within the network of the MOF. Also,
a better understanding of the structure was achieved thanks to the advances on in situ
characterization methods.®

However, despite its incredible potential as heterogeneous catalysts, the fact the catalytic
applications were usually searched off afterwards the design and synthesis of the MOFs limited
their applicability. Nevertheless, important examples have been described, some of them even
enabling reactions that were not possible to perform with homogeneous catalysts.

Some of these reactions were possible due to the intrinsic features of the MOF structure.
The first one relays on the protective effect around the active center thanks to the confinement
within the framework, protecting it from other reactive species, avoiding aggregation or self-
association, and allowing improved lifetimes and turnovers. It is also remarkable that having
an encapsulated catalyst not only protects the catalytic center, but it can also help to obtain
better or alternative selectivity in ways that are difficult to achieve in a homogeneous regime.°

MOFs are not only interesting due to the possibility of the stabilization of fragile catalysts.
Their incredible tunability facilitates control of the microenvironment of the catalyst, allowing
to introduce different functionalities within the framework, thus opening the door to achieve
unprecedented applications in catalytic transformations.

Moreover, it is possible to add more than two functionalities within the MOFs, they are
known as multivariate MOFs (MTV-MOFs). This term was coined by the group of Yaghi that

8Yu. X.; Williams, C. T. Catal. Sci. Technol. 2022, 12, 5765-5794.

9Chem. Soc. Rev. 2010, 39, 4541-5072.

10 a) Zhang, W.; Zheng, B.; Shi, W.; Chen, X.; Xu, Z.; Li, S.; Chi, Y. R.; Yang, Y.; Lu, J.; Huang, W.; Huo, F. Adv. Mater.
2018, 30, 1800643. b) Genna, D. T.; Pfund, L. Y.; Samblanet, D. C.; Wong-Foy, A. G.; Matzger, A. J.; Sanford, M. S. ACS
Catal. 2016, 6, 3569-3574. c) Bauer, G.; Ongari, D.; Xi, X.; Tiana, D.; Smit, B.; Ranocchiari, M. J. Am. Chem. Soc. 2017, 139,
18166-18169. d) Liu, L.; Zhou, T. Y.; Telfer, S. G. J. Am. Chem. Soc. 2017, 139, 13936-13943.
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in 2010 reported the first synthesis of MTV-MOFs based on the MOF-5' structure using up
to eight different ligands within the MOF structure. When the uptake capacity of these variants
was compared, a significant difference was observed between the different synthetized MTV-
MOFs implying that the environment of the pore was being modified and there were more
favorable interactions with the lattice depending on the functionalities of the ligand. This can
be used also by adding different nodes, or post-synthetically adding to ligands bearing
coordinating groups or within the pores as nanoparticles.

All these characteristics and possibilities position MOFs as very powerful platforms for
heterogeneous catalysis. Moreover, the catalytic center can be distributed in several different
locations through all the crystalline network of the MOF.

First, the nodes as they are formed by metal clusters, can usually act as catalysts by
themselves (represented in blue in the figure 2). Second, the ligands in a similar fashion can act
as catalysts also, both as organocatalysts or regular metal catalysts if they are metalloligands
(represented in Figure 2 as a red sphere). Finally, the MOFs can be post-synthetically modified
to introduce metal centers (represented as grey spheres in Figure 2) through coordinating groups
that are (represented as green spheres in the Figure 2) present in their structures, both in the
nodes or in the ligands or by introducing metal nanoparticles which can grow within the pores
of the MOF (Represented as a group of grey spheres in the center of the structure in Figure 2).

Figure 2. Schematic representation of a MOF, nodes represented as blue spheres, ligands as black lines,
coordinating groups represented as green spheres and external metal centers as grey spheres.

1Deng, H.; Doonan, C. J.; Furukawa, H.; Ferreira, R. B.; Towne, J.; Knabler, C. B.; Wang, B.; Yaghi, O. M. Science 2010,
327, 846-850.
211, H.; Eddaoudi, M.; O’Keeffe, M.; Yaghi, O. M. Nature 1999, 402, 276-279.
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4.1.1 Catalysis on MOFs nodes

The catalytic potential of MOFs was discovered early on in 1994 by Fujita and co-
workers.'® They discovered a Cd-4,4’-bipyridil two-dimensional MOF that showed off catalytic
activity in the cyanosilylation of aldehydes demonstrating the accessibility of the active sites
within the framework. However, when different aromatic aldehydes were used the yields
dropped significantly due to shape specificities of the cavity (Scheme 6).

| |
| |
"Ed_N\ J N\ NG

N

{[Cd(4.4"-bpy)2l(NO3)z}. =

H , {[Cd(4,4"-bpy),](NO3)}.. (20 mol%)
+ Me3SIiCN - CN
CH,CI, (0.33 M), 40°C, 24 h
2 equiv 77%

Scheme 6. Cyanosilylation of aldehydes catalyzed by a 2D Cd-MOF (counter anions are omitted in the
structure for clarity).

After the first example reported by the group of Fujita the possibilities of the MOFs as
catalysts were highlighted, open a new field of research. The catalytic potential of the MOFs
usually relays in their metal nodes.

However, even though the nodes have the potential to act as catalysts in different reactions,
these sites require to be geometrically undercoordinated to be accessible and available in order
to be active in catalytic processes. Those sites are often referred to as open metal sites (OMSs).

After 1999, there was already many examples of MOFs featuring open metal sites.'* For
instance, HKUST-1 formed by copper clusters and trimesic acid as ligands was synthetized by

BFyjita, M.; Kwon, Y. J.; Washizu, S.; Ogura, K. J. Am. Chem. Soc. 1994, 116, 1151-1152.
14Chen, B.; Eddaoudi, M.; Reineke, T. M.; Kampf, J. W.; O’Keeffe, M.; Yaghi, O. M.; J. Am. Chem. Soc. 2000, 122, 11559-
11560.
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the group of Williams®® and later applied as a catalyst in a cyanosilylation of benzaldehyde by
Kaskel'® and coworkers in 2004. The open Lewis acid sites were obtained by removal of the
water molecules bound to the copper centers, which can activate the benzaldehyde. However,
even under the optimal conditions, the yields were moderate and when higher temperatures or
other solvents were employed the MOF decomposed (Scheme 7).

a)

b) 0 Me3Si\

H Cu3(BTC), (5 mol%)
MesSiCN > CN
heptane, 60 °C, 48 h

+

2 equiv 55%

Scheme 7. a) Structure of HKUST-1 from Chui, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A. G.;
Williams, 1. D. Science 1999, 283, 1148-1150. Reprinted with permission from AAAS. Cu in blue, C in grey
and O in red. b) Cyanosilylation of aldehydes catalyzed by HKUST-1.

Closely after, the group of Snejko!’ reported the synthesis of a series of indium 2D and 3D
MOFs. Among them one presented a saturated indium center. When these MOFs were tested
as catalysts in the acetalization of benzaldehyde, the activity of the saturated indium MOF was
an order of magnitude lower than the other ones leading to extremely low yields at same
reaction times. This highlights the necessity of OMSs when looking toward metal catalysis on
the nodes of a MOF (Scheme 8).

Chui, S. S.-Y.; Lo, S. M.-F.; Charmant, J. P. H.; Orpen, A. G.; Williams, I. D. Science 1999, 283, 1148-1150.

16 Schlichte, K.; Kratzke, T.; Kaskel, S. Microporous Mesoporous Mater. 2004, 73, 81-88.

"Gémez-Lor, B.; Gutiérrez-Puebla, E.; Iglesias, M.; Monge, M. A.; Ruiz-Valero, C.; Snejko, N. Chem. Mater. 2005, 17, 2568-
2573.
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In-MOF (10 mol%)

H

+  (MeO3)CH - OMe
CCl,, 60-70 °C, 2 h

2 equiv 76%

Scheme 8. a) Structure of indium MOFs: 1 (In(BDC)1.5(bipy)), 2 (In2(BDC)2(OH)2(phen),), 3
(In(BTC)(H20)(bipy)), 4 (In(BTC)(H20)(phen)), indium clusters represented by yellow polyhedral,
(Reprinted with permission of Gomez-Lor, B.; Gutiérrez-Puebla, E.; Iglesias, M.; Monge, M. A.; Ruiz-Valero,
C.; Snejko, N. Chem. Mater. 2005, 17, 2568-2573). b) Acetalization of aldehydes catalyzed by In-MOFs.

The group of José B. Parra described the synthesis of a MOF containing palladium in its
nodes and 2-hydroxypyrimidine as ligand.'® It was later found by the group of Hermenegildo
Garcia that this MOF [Pd(2-pymo)2]» can be used as catalyst in several typical palladium-
catalyzed reactions like Suzuki-Miyaura cross-coupling, oxidation of alcohols and
hydrogenation with good yields and selectivities.?® Interestingly, it was found that this MOF
displays shape selectivity in the hydrogenation of different olefins. complete reduction of 1-
octene to octane was observed in two hours while no reaction was observed for cyclododecene
due to the bigger substrate inability to diffuse in the pores of the MOF. The MOF could be
reused at least once for the Suzuki-Miyaura cross coupling reaction after filtration and washing
of the catalyst, leading to same yields as in the first run (Scheme 9).

18Navarro, J.A.R.; Barea, E.; Salas, J.M.; Masciocchi, N.; Galli, S.; Sironi, A.; Ania, C.O.; Parra, J.B. Inorg. Chem. 2006, 45,
2397-2399.
19_labrés i Xamena, F. X.; Abad, A.; Corma, A.; Garcia, H. J. Catal. 2007, 250, 294-298.
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a)

B(OH
/@/OMG . ©/ (OH), [Pd(2-pymo)s], (2.5 mol%) OMe
Br

EtOH (0.04 M), 25°C, 48 h
1st cycle: 87%

1.5 equiv o 2nd cycle: 90%
©/\/\OH [Pd(2-pymo),], (1.75 mol%) . NNy
toluene (0.2 M), 90 °C, air, 20 h
74%

[Pd(2-pymo)s], (4 mol%)

-~ N t = 40 min: full conversion, 59% selectivity
_ . 0,
hexane (0.08 M), P (Hy) =2 atm, 2 h 5 t=2h: 100%

v
[Pd(2-pymo)s],, (4 mol%)
hexane (0.08 M), P (Hy) =2 atm, 5 h

Scheme 9. a) Structure of [Pd(2-pymo).]. (Reprinted with permission of Navarro, J.A.R.; Barea, E.; Salas,

J.M.; Masciocchi, N.; Galli, S.; Sironi, A.; Ania, C.0O.; Parra, J.B. Inorg. Chem. 2006, 45, 2397-2399). Pd in

yellow, O in red, N in blue and C in grey. b) Typical palladium catalyzed reactions using [Pd(2-pymo);]. as
catalyst.

More recently, in 2018, the group of Wang reported the use of the well-known MIL-
100(Fe)?° as catalyst for the decomposition of ozone as an air pollutant.?* This MOF could work
under high humidity conditions, which are the conditions commonly fpund where ozone is

2Canioni, R.; Roch-Marchal, C.; Sécheresse, F.; Horcajada, P.; Serre, C.; Hardi-Dan, M.; Férey, G.; Grenéche, J.-M.; Lefebvre,
F.; Chang, J.-S.; Hwang, Y.-K.; Lebedev, O.; Turner, S.; Van Tendeloo, G. J. Mater. Chem. 2011, 21, 1226-1233.

sWang, H.; Rassu, P.; Wang, X.; Li, H.; Wang, X.; Wang, X.; Feng, X.; Yin, A,; Li, P.; Jin, X; Chen, S.L.; Ma, X.; Wang.
B. Angew. Chem. Int. Ed. 2018, 57, 16416-16420.
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found as pollutant. Also, the MOF could work without noticeable deactivation for more than
100 hours. All these characteristics in combination with the possibility of processing it into
films that could be used for filters in a mask, makes MIL-100(Fe) in a highly desirable material
not only as catalyst for the decontamination but also for protecting equipment necessary for
operating in contaminated places.

4.1.2 Catalysis on MOFs ligands and metalloligands

Even though heterogeneous catalysis with MOFs has been dominated by reactions in which
the catalytic center is placed at a metal center with open metal sites present in the nodes, it is
important to highlight that there are also examples in which the catalysis is performed by the
MOF ligand. Depending on their nature they can act as organocatalysts or regular metal
catalysts if they are metalloligands.

The group of Telfer synthetized a modified version of their MTV-MUF-7722 containing a
protected proline in one of their ligands and different ligands that acted as modulators.?® After
deprotection this bounded proline proved to be efficient to catalyze an aldol reaction, obtaining
enantiomeric excesses and reaction rates similar to the free linkers. Interestingly, through
modification of the environment of the pore with different modulators both enantiomers of the
product could be obtained, even though the proline enantiomer remained the same. The catalyst
could be reused for five subsequent reactions with similar results, also demonstrating the
tolerance to the aqueous media in the reaction (Scheme 10).

22| ju, L.; Telfer, S. G. J. Am. Chem. Soc. 2015, 137, 3901-3909.
2L ju, L.; Zhou, T. Y.; Telfer, S. G J. Am. Chem. Soc. 2017, 139, 13936-13943.
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MUF-77-proline (10 mol%) 0]

acetone:H,0 4:1 (0.04 M), 20 °C
N02 NOZ

-26.51t0 24.2 ee%

Scheme 10. a) Structure of one of the modified MUF-77 ([Zn4O(bdc-Pro)+,2(bpdc)1,2(hmtt)43]) (Reprinted
with permission from Liu, L.; Zhou, T. Y.; Telfer, S. G J. Am. Chem. Soc. 2017, 139, 13936-13943.
Copyright 2017 American Chemical Society). Zr clusters in light blue, O in red, C in violet, black and
orange, N in blue. b) Aldol reaction using different variants of the proline functionalized MUF-77.

Regarding MOFs with metalloligands active as catalysts, there are a few interesting
examples. The oxidation of styrene to acetophenone was achieved by the group of Wu, by using
a novel bimetallic MOF formed by Cd" nodes and Pd" porphyrin metalloligands.?* This MOF
showed to be active in the oxidation of styrene towards acetophenone with good selectivity and
it could be recycled up to six times by simple filtration without any loss of activity or selectivity.
They also confirmed the improvement of the reaction outcome compared with the homogeneous
metalloligand in the same reaction conditions, which led to a diminished selectivity, probably
due to the lack of the confinement effect that occurs within the framework of the MOF (Scheme
11).

24Xie, M.-H.; Yang, X.-L.; Wu, C.-D.; Chem. Commun. 2011, 47, 5521-5523.
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a)
b) [Cdy 25(Pd—H4 s TCPP)(H,0)] -2DMF (5 mol%)
= HCIO, (1 equiv) O O
H,0, (60 equiv) +

\

MeCN (0.034 M), 55°C, 12 h

91% 9%

Scheme 11. a) Structure of the bimetallic Cd-Pd MOF (Reproduced from Xie, M.-H.; Yang, X.-L.; Wu, C.-D.;
Chem. Commun. 2011, 47, 5521-5523 with permission from the Royal Society of Chemistry). Cd clusters
are green polyhedral, Pd in yellow, C in grey, O in red and N in blue. b) Styrene oxidation to acetophenone
catalyzed by a bimetallic Cd-Pd MOF.

The group of Wade?® described the use of a novel MOF bearing a diphosphinidite pincer
palladium complex metalloligand active in the transfer hydrogenation of benzaldehydes. The
use of the homogeneous diphosphinidite pincer palladium complex exhibited a deficient
performance for this reaction. However, when a MOF with zirconium SBUs in which the linker
acts as the ligand for the active metal center was used as catalyst for the reaction, excellent
yields were observed. Even though substrates with sterically hindered substituents resulted in a
dramatic drop of reactivity, it was demonstrated that the reaction was occurring with the
framework and not only in the surface of the MOF. When a MOF bearing the same metallic
cluster UiO-67%° was used, no reaction occurred at all, demonstrating that the reaction was
catalyzed by the pincer metalloligand and not by the zirconium cluster. Finally, recyclability
experiments showed that MOF could be reused twice with satisfactory results albeit reactivity
drop significantly in the third cycle, probably due to a partial decomposition of the pincer ligand
within the MOF (Scheme 12).

Z5Burgess, S. A.; Kassie, A.; Baranowski, S. A.; Fritzsching, K. J.; Schmidt-Rohr, K.; Brown, C. M.; Wade, C. R. J. Am. Chem.
Soc. 2016, 138, 1780-1783.

%Cavka, J. H.; Jakobsen, S.; Olshye, U.; Guillou, N.; Lamberti,C.; Bordiga, S.; Lillerud, K. P. J. Am. Chem. Soc. 2008, 130,
13850-13851.

24



INTRODUCTION
HETEROGENEOUS CATALYSIS ON MOFs

a) b) COOH
HOOC\©\
0 T"O
F3C)I\ O—F|’d
P-O
HOOC” :
COOH
©) Q OH
Zr504(OH)4[(2,6-(OPATr4),CgH3)PdX]5 (5 mol%)
4 + HCO,Na + HCO,H -
H,O/MeOH (1:1) (1 M), 60 °C, 12 h
1 equiv 3 equiv 84%

Scheme 12. a) Framework structure of the MOF, blue octahedra represents the [Zrs04(OH)4]'%* SBUs, P in
orange, Pd in pink, O in red, | in green. (Reprinted with permission of Burgess, S. A.; Kassie, A.;
Baranowski, S. A.; Fritzsching, K. J.; Schmidt-Rohr, K.; Brown, C. M.; Wade, C. R. J. Am. Chem. Soc. 2016,
138, 1780-1783. Copyright 2016 American Chemical Society). b) Metalloligand present in the structure of
the MOF (H4LPd). c) Hydrogenation of aldehydes catalyzed by a Zr-Pd-MOF.

The group of Li synthetized a variety of MOFs based on a triangular trinuclear Cu'
pyrazolate formed from 4-pyrazolecarboxylicacid as metalloligand and different combinations
of Zn-based SBUs to form five different MTV-MOFs.?” They envisioned that since the
geometry of the reduced and oxidized metalloligand was the same, they would be able to
perform redox catalysis without compromising the stability of the framework. The
metalloligands proved to be active in different copper catalyzed redox reactions, such as CO
oxidation to CO2, and decomposition of H202 and the oxidation of benzyl alcohol to
benzaldehyde. CO oxidation was successfully achieved on flow regime in a fixed-bed reactor
with the MOFs supported on them without noticeable decomposition of the MOF. The
decomposition of the hydrogen peroxide was performed five consecutive times in a row,
however, even though the crystals retained its shape, the high crystallinity of the MOFs was
lost. Finally, these MOFs also catalyzed the oxidation of benzyl alcohol to benzaldehyde. As
for the hydrogen peroxide decomposition, the crystallinity was lost after benzyl alcohol
oxidation (Scheme 13).

2'Tu, B.; Pang, Q.; Xu, H.; Li, X.; Wang, Y.; Ma, Z.; Weng, L.; Li, Q. J. Am. Chem. Soc. 2017, 139, 7998-8007.
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1% in air

FDM-4 (1 mol%)
DMF (0.2 M), r.t., 6 h

H,0, H,0 + 1/2 O,

OH 0

FDM-4 (5 mol%), TEMPO (5 mol%)
NMI(10 mol%)

MeCN (0.2 M), 70 °C, air, 24 h

>99%

Scheme 13. a) Structure of the bimetallic Zn-Cu FDM-4, Zn (Reprinted with permission of Tu, B.; Pang, Q.;
Xu, H.; Li, X.; Wang, Y.; Ma, Z.; Weng, L.; Li, Q. J. Am. Chem. Soc. 2017, 139, 7998-8007. Copyright 2017
American Chemical Society). Cu in yellow, C in black, N in blue, O in red and Zn clusters as blue and
yellow polyhedral. b) Different oxidation reactions catalyzed by a bimetallic Zn-Cu MOF.

4.1.3 Catalysis on MOFs postfunctionalized ligands and nodes

As explained before, another way to obtain suitable MOFs for catalysis consists in the post-
synthetic modification of MOFs with metal catalysts that get coordinated within the framework.
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A common strategy is the use of an organic ligand with coordinating atoms in their
structure. They usually incorporate moieties coming from common homogeneous ligands, like
phosphines,?® bipyridines?® and NHCs*® among others.!:31

The work of the group of Lin% exemplifies the use of a MOF with a UiO type structure
bearing 2,2’-bipyridil moiety (bpy-UiO) in catalysis. After the synthesis of the MOF, this was
metalated separately with both iridium and palladium salts. The metalated MOFs were found
to be highly active in different catalytic reactions and showed higher activity than their
homogeneous counterparts. The bpy-UiO-Ir was employed in the C-H borylation of arenes with
excellent results. The MOF was recyclable up to twenty times; however, the rates of reaction
were slower after the ninth cycle. The bpy-UiO-Ir MOF was also successful as a catalyst in the
ortho-silylation reaction of benzylsilyl ethers to benzoxasiloles without the need of a proton
acceptor. And bpy-UiO-Pd led to excellent results in the dehydrogenation of cyclohexenones
to phenols. However, when reused after 3 reaction cycles there was a slight decrease in activity
(Scheme 14).

b)

|
N
P
)

|/\ a™

[M]=Pd(DMSO),[BF ], or
Ir(COD)(OMe)

%8Sawano, T.; Lin, Z.; Boures, D.; An, B.; Wang, C.; Lin, W. J. Am. Chem. Soc. 2016, 138, 9783-9786.

29 a) Boller, T. M.; Murphy, J. M.; Hapke, M.; Ishiyama, T.; Miyaura, N.; Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 14263-
14278. b) Manna, K.; Zhang, T.; Lin, W. J. Am. Chem. Soc. 2014, 136, 6566-6569. c) Manna, K.; Zhang, T.; Greene, F. X.;
Lin, W. J. Am. Chem. Soc. 2015, 137, 2665-2673.

%0 a) Kong, G.-Q.; Xu, X.; Zou, C.; Wu, C.-D. Chem. Commun. 2011, 47, 11005-11007. b) Kong, G.-Q.; Ou, S.; Zou, C.; Wu,
C.-D. J. Am. Chem. Soc. 2012, 134, 19851-19857.

81 3) Thacker, N. C.; Lin, Z.; Zhang, T.; Gilhula, J. C.; Abney, C. W.; Lin. J. Am. Chem. Soc. 2016, 138, 3501-3509. b) Manna,
K.; Zhang, T.; Carboni, M.; Abney, C. W.; Lin, W. J. Am. Chem. Soc. 2014, 136, 13182-13185.

$2Manna, K.; Zhang, T.; Lin, W. J. Am. Chem. Soc. 2014, 136, 6566-6569.
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c) 0
o 0 bpy-UiO-Ir (0.5 mol%) Ar—B
2Ar-H  + B—B 0
Jg o n-heptane (0.04 M), 100°C, 30 h-6d
83%-96%
2 2
R1©_<R bpy-UiO-Ir (1 mol%) R1Q_(R
o—gj—Et n-heptane (0.04 M), 100°C, 7 h-28 h O/SiEtz
Et
83%-94%
o)
bpy-UiO-Pd (1 mol%)
DMSO (0.09 M), 100 °C, O,, 35 h - 70 h R

>95%

Scheme 14. a) Structure of the bpy-UiO (Reprinted with permission of Manna, K.; Zhang, T.; Lin, W. J. Am.
Chem. Soc. 2014, 136, 6566-6569. Copyright 2014 American Chemical Society). O in red, C in grey, N in
blue and Zr SBUs in light blue. b) Metalated ligands within the structure of the MOF. c) Different reactions
catalyzed by a metalated bpy-UiO.

An elegant example of a selectivity improvement was the one reported by Weller,
Rosseinsky and co-workers.®® They immobilized the well-known Crabtree’s cationic iridium
hydrogenation catalyst®* [Ir(cod)(PCys)(py)][PFs], inside of a sulfonated variant of the
chromium terephthalate MIL-101.% Besides having similar TON and TOF than the
homogeneous counterpart when applied to non-functionalized alkenes, the MOF catalyst could
be recycled up to three times with just a slight activity loss in the last cycle. It also had six times
higher activity when applied to a gas/solid reaction. And when used for the hydrogenation of
olefinic alcohols a great enhancement of both selectivity and reactivity, especially with allylic
and homoallylic alcohols that are prone to undergo olefin isomerization under homogeneous
catalysis obtaining instead the different regioisomers of the olefin or the aldehyde (Scheme 15).

3Grigoropoulos, A.; McKay, A. I.; Katsoulidis, A. P.; Davies, R. P.; Haynes, A.; Brammer, L.; Xiao, J.; Weller, A. S,;
Rosseinsky, M. J. Angew. Chem. Int. Ed. 2018, 57, 4532-4537.

34Crabtree, R. Acc. Chem. Res. 1979, 12, 331-337.

%Akiyama, G.; Matsuda, R.; Sato, H.; Takata, M.; Kitagawa, S. Adv. Mater. 2011, 23, 3294-3297.
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a)
b MIL-101(Cr)-[Ir(cod)(PCy3)(py)I[PFel
) s g g
Pw2< 4 bar, T°=20°C
1st cycle: 100%
2nd cycle: 97%
3rd cycle: 82%
o MIL-101(Cr)-[lr(cod)(PCy3)(py)][PF6=] AN N0oH ~A~_OH MO
Pw2< 4 bar, T°=20 °C, 24 h 100% n.d n.d
[Ir(cod)(PCy3)(py)I[PFe] AN SN OH o
A" 0n - OH o
Pw2< 4 bar, T° =20 °C, 24h 48% 7% 1%

Scheme 15. a) Structure of the sulfonated variant of MIL-101(Cr) (Reproduced from Akiyama, G.; Matsuda,

R.; Sato, H.; Takata, M.; Kitagawa, S. Adv. Mater. 2011, 23, 3294-3297 with permission from John Wiley

and Sons). Cr in green, O in red, SOs" in dark (S) and light blue (O), C in grey. b) Selected examples of the
hydrogenation by an encapsulated iridium complex within a MOF.

As explained before, MOFs can lead to better results compared to their homogeneous
counterparts. Ligands can be incorporated within the structure of the MOF to obtain improved
reactivities or selectivities due to the confinement effect and the microenvironment of the pore.

It is well known that iridium complexes bearing phenanthroline ligands are active in the
borylation reaction of methane.*® However, it lacks the control to discriminate totally between
the methane, the already borylated product and the solvent, leading to mixtures of mono- and
diborylated products together with the borylation of the solvent.

The group of Farha®” overcame this issue by incorporating the phenanthroline moiety
within the MOF UiO-67, to coordinate [Ir(COD)(u-Cl)]2. Under optimal conditions, the

3 a) Cook, A. K.; Schimler, S. D.; Matzger, A. J; Sanford, M. S. Science 2016, 351, 1421-1424. b) Smith, K. T.; Berritt, S.;
Gonzalez-Moreiras, M.; Ahn, S.; Smith, M. R.; Baik, M.-H.; Mindiola, D. J. Science 2016, 351, 1424-1427.

87Zhang, X., Huang, Z., Ferrandon, M.; Yang, D.; Robison, L.; Li, P.; Wang, T. C.; Delferro, M.; Farha, O. M. Nat Catal 2018,
1, 356-362.
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resulting MOF was able to provide exclusively the monoborylated product. The reason behind
the selective borylation could be due to the intrinsic confinement effect that occurs in the pores
of the MOF(Scheme 16).

a)
UiO-67-Mix-Ir
b)
0
o 0 UiO-67-Mix-Ir (15 mol%) H;C—B
CH, + B—B > 0
O/ \O n-dodecane (0.07 M), 150 °C, 14 h
19.5%
34 atm >99% selectivity

Scheme 16. a) Structure of the UiO-67-Mix-Ir (Reproduced from Zhang, X., Huang, Z., Ferrandon, M.; Yang,
D.; Robison, L.; Li, P.; Wang, T. C.; Delferro, M.; Farha, O. M. Nat Catal 2018, 1, 356-362 with permission
from Springer Nature). b) Methane borylation catalyzed by UiO-67-Mix-Ir.

Even though is a less common strategy, the metallic clusters can also be post-synthetically
modified if they are bearing free coordinating groups available to coordinate other metallic
centers.® For example, MOFs bearing Zr nodes are well known for having abundant and
structurally well-defined free -OH and -OH; that can act as coordinating groups for other
metals.>® The group of Farha reported the atomic metalation on the NU-1000 MOF*° through
atomic layer deposition of Ni in its nodes. After activation, it showed great activity towards the

%Feng, X.; Song, Y.; Lin, W. Trends in Chemistry 2020, 2, 965-979.

39 a) Planas, N.; Mondloch, J. E.; Tussupbayev, S.; Borycz, J.; Gagliardi, L.; Hupp, J. T.; Farha, O. K.; Cramer, C. J. J. Phys.
Chem. Lett. 2014, 5, 3716-3723. b) Nguyen, H. G. T.; Schweitzer, N. M.; Chang, C.-Y.; Drake, T.L.; So, M. C.; Stair, P. C.;
Farha, O. K.; Hupp, J. T.; Nguyen, S. T. ACS Catal. 2014, 4, 2496-2500. c) Manna, K.; Ji, P.; Greene, F. X.; Lin, W. J. Am.
Chem. Soc. 2016, 138, 7488-7491. d) Ji, P.; Manna, K.; Lin, Z.; Urban, A.; Greene, F. X.; Lan, G.; Lin, W. J. Am. Chem. Soc.
2016, 138, 12234-12242. €) An, B.; Li, Z.; Song, Y.; Zhang, J.; Zeng, L.; Wang, C.; Lin, W. Nat. Catal 2019, 2, 709-717.
“Mondloch, J. E.; Bury, W.; Fairen-Jimenez, D.; Kwon, S.; DeMarco, E. J.; Weston, M. H.; Sarjeant, A. A.; Nguyen, S. T.;
Stair, P.C.; Snurr, R. Q.; Farha, O. K.; Hupp, J. T. J. Am. Chem. Soc. 2013, 135, 10294-10297.

30



INTRODUCTION
HETEROGENEOUS CATALYSIS ON MOFs

hydrogenation of ethylene with minimal deactivation during two weeks in a stream of ethylene,
hydrogen and argon mixture in flow.*

MOFs can also have utility as photocatalysts, as recently demonstrated by the group Zhang.
They synthetized the novel NPF-520 bearing nonanuclear Zr nodes, that was later metalated
with Fe. The metalated MOF was suitable for the C-H oxidation of toluene under aerobic
conditions, being able to selectively oxidize it to the aldehyde or the carboxylic acid depending
on the reaction conditions under blue light excitation (Scheme 17).4?

b) _0O
NPF-520-Fe!"' (5 mol%)
MeCN (0.05 M), 395 nm LED, O, 8 h
100%
NPF-520-Fe""" (5 mol%) Ox-OH
H,0 (120 equiv)
MeCN (0.05 M), 395 nm LED, O, 6 h
100%

Scheme 17. a) Structure of NPF-520-Fe'" (Reproduced from Khoo, R. S. H.; Fiankor, C.; Yang, S.; Hu, W.;
Yang, C.; Lu, J.; Morton, M. D.; Zhang, X.; Liu, Y.; Huang, J.; Zhang, J. J. Am. Chem. Soc. 2023, 145,

41Li, Z.; Schweitzer, N. M.; League, A. B.; Bernales, V.; Peters, A. W.; Getsoian, A. B.; Wang, T. C.; Miller, J. T.; Vjunov,
A.; Fulton, J. L.; Lercher, J. A.; Cramer, C. J.; Gagliardi, L.; Hupp, J. T.; Farha, O. K. J. Am. Chem. Soc. 2016, 138, 1977-
1982.

4Khoo, R. S. H.; Fiankor, C.; Yang, S.; Hu, W.; Yang, C.; Lu, J.; Morton, M. D.; Zhang, X.; Liu, Y.; Huang, J.; Zhang, J. J.
Am. Chem. Soc. 2023, 145, 24052-24060.
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24052-24060. Copyright 2023 American Chemical Society). Fe in orange, O in red, C in grey, N in blue and
Zrq clusters in dark pink polyhedral. b) Toluene oxidation catalyzed by NPF-520-Fe'".

4.1.4 Catalysis on MOFs bearing embedded metal nanoparticles

The last strategy to obtain catalytically active MOF is to build up metal nanoparticles
within the pores of the framework.*® Due to its high porosity and crystalline structure MOFs
have emerged during the last years as a versatile support for metal nanoparticles, as they provide
interesting properties to the composites, such as control of the particle sizes and the distribution
along the structure of the nanoparticles; a better control of the reaction selectivity by sieving
and blocking molecules by their size; the possibility of modulating the electronic density and
the electron charge transfer by modifying the microenvironment of the pores. Moreover, MOFs
embedded with metal nanoparticles can also catalyze one-pot tandem reactions in which both
reactions are catalyzed separately by the active sites of both the MOF and the nanoparticles.

The group of Che** reported a copper-free Sonogashira coupling using the well-known
MOF-5'2 loaded with palladium nanoparticles. In this case, the growth of the nanoparticles did
not occur within the framework but in the surface of the MOF. The resulting material was active
in the coupling of aryl iodides and terminal phenyl acetylenes, achieving excellent yields in a
broad scope of substrates. However, since it was highly sensitive to oxidation, to the point it
could ignite under air, its activity dropped after being recycled two times, due to partial
oxidation and aggregation of the nanoparticles (Scheme 18).

“Yang, Q.; Xu, Q.; Jiang, H.-J. Chem. Soc. Rev. 2017, 46, 4774-4808.
4Gao, S.; Zhao, N.; Shu, M.; Che, S. Appl. Catal. A 2010, 388, 196-201.
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a)
b) R2
PAMNP/MOF-5 (1 mol%) =
X gz =
| + Rz/ KsPO43H,0 (1.5 equiv) N
= MeOH (0.15 M), 80 °C, 3 h - 24 h o/ F
R’ R’
1.1 equiv 31% - 99%

Scheme 18. a) Structure of MOF-5 (Reproduced from Gao, S.; Zhao, N.; Shu, M.; Che, S. Appl. Catal. A
2010, 388, 196-201 with permission from Springer Nature). C in grey, O in green, Zn in blue and Zn
clusters in blue tetrahedra. b) Copper-free Sonogashira coupling catalyzed by PAMNP/MOF-5.

A bifunctional MOF was obtained two years later by the group of Corma and Llabrés I
Xamena®® using MIL-101% as support and impregnating it using an aqueous solution of
palladium (Il) nitrate, after a reduction palladium nanoparticles were formed within the
framework. It was a suitable catalyst for the synthesis of menthol from citronellal. The Cr3*
ions catalyzed the cyclization of the citronellal to isopulegol and then the palladium
nanoparticles in the presence of a hydrogen atmosphere catalyzed the
isomerization/hydrogenation of the isopulegol to menthol (Scheme 19).

45Cirujano, F. G.; Llabrés i Xamena, F. X.; Corma, A. Dalton Trans. 2012, 41, 4249-4254.
“Ferey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour, J.; Surble, S.; Margiolaki, 1. Science 2005, 309, 2040-2042.
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a)

b)

Pd@MIL-101(Cr)
NS

| 0 1) Cyclohexane, 80 °C, N, OH

2) p(H,) = 0.8 MPa

CR A/O

OH

Scheme 19. a) Structure of MIL-101 from Ferey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour,
J.; Surble, S.; Margiolaki, I. Science 2005, 309, 2040-2042. Reprinted with permission from AAAS. C in
blue, O in red, Cr clusters in green polyhedra. b) Tandem cyclization/hydrogenation catalyzed by

bifunctional MIL-101.

An example of a system comprising nanoparticles encapsulated into the MOFs pores and
employed as catalyst was reported by the group of Huang.*’ Using different functionalized UiO-
668 supports and palladium nanoparticles, they could perform the size selective hydrogenation
of alkenes and also selectively obtain the acetal of benzaldehyde or the ester depending on the
functional groups present on the support with perfect recyclability during five reaction cycles

(Scheme 20).

47Li, X.; Goh, T. W.; Li, L.; Xiao, C.; Guo, Z.; Zeng, X. C.; Huang, W. ACS Catal. 2016, 6, 3461-3468.
“8Cavka, J. H.; Jakobsen, S.; Olsbye, U.; Guillou, N.; Lamberti, C.; Bordiga, S.; Lillerud, K. P. J. Am. Chem. Soc. 2008, 130,

13850-13851.
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b)
HoX™ - 0,
N PdMNP@UIO-66-X (1 mol%) NN
EtOH (0.067 M), 50 °C, H, (1 atm), 15 h
X = NHy, OMe, H 100%
Ph Ph
)\(Ph PAMNP@UiO-66-X (1 mol%) )\/ph
Fh EtOH (0.067 M), 50 °C, H, (1 atm), 151
Ph Ph

X = NH,, OMe, H

HOCH,CH,OH (0.067 M), +
90 °C, O, (1 atm), 10 h

0/> OH
o)
| PAMNP@Ui0-66-X (1 mol%) 0 o ™>OH

_ X = H, 2% X = H, 98%
X = NH,, OMe, H X = NH,, 86% X = NH,, 5%
X = OMe, 88% X = OMe, 10%

Scheme 20. a) Structure of UiO-66 (Reprinted with permission from Cavka, J. H.; Jakobsen, S.; Olsbye, U.;
Guillou, N.; Lamberti, C.; Bordiga, S.; Lillerud, K. P. J. Am. Chem. Soc. 2008, 130, 13850-13851. Copyright
2008 American Chemical Society). Zr clusters in red, O in blue, C in grey and H in white. b) Palladium
catalyzed reactions by PAMNP@UiO-66-X.
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4.2 PD-CATALYZED ALLYLIC ALKYLATION
The Pd-catalyzed allylic alkylation, also known as the Tsuji-Trost reaction, is a substitution
reaction in which a leaving group present at an allylic position is replaced by a nucleophile by
the aid of a palladium complex either as stoichiometric reagent or in a catalytic amount. This
transformation was first discovered in 1965 by the group of Tsuji.*® It was performed in a
stoichiometric manner, in which the palladium complex reacted with soft nucleophiles to obtain
the alkylated products (Scheme 21).

7 Cl \ O O Na (metal)

4 N EtO OEt
«-Pd] ,Pd——> + _

<\ Cl /) EtO)J\/U\OEt EtOH:DMSO

Scheme 21. First Pd-mediated allylic alkylation reaction.

Closely after, these methodologies were further improved with the use of palladium in a
catalytic manner. The first example of the catalytic use of palladium in an allylation reaction
was the work of Atkins and co-workers in 1970,%° using secondary amines as nucleophiles and
alcohols or carbonates as allylic substrates to obtain the corresponding allylic tertiary amines
(Scheme 22).

Pd(acac), (0.5 mol%)
PPhs (0.5 mol%
A~OH  + HNEL 3 ( ) A~ NEt
50 °C, 30 min

1 equiv 95%
Scheme 22. First Pd-catalyzed allylic substitution.

Two years later, in 1972, Takahashi and co-workers® described the first allylic alkylation
in catalytic conditions, using allylic ethers as allylic substrates and activated methylene
compounds as nucleophiles. Primary and secondary amines, alcohols, phenols and carboxylic
acids were also successfully employed as nucleophiles in the allylation reaction (Scheme 23).

4Tsuji, J.; Takahashi, H.; Morikawa, M. Tetrahedron Lett. 1965, 6, 4387-4388.
S0Atkins, K.; Walker, W.; Manyik, R. Tetrahedron Lett. 1970, 11, 3821-3824.
1 Takahashi, K.; Miyaki, A.; Hata, G. Bull. Chem. Soc. Jpn. 1972, 45, 230-236.
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o o PACl,(PPhs), (0.2 mol%) H3CO._O
o)
Ph._~_OPh + ] COMCH PhONa (2 mol%) - th/\)?(cm
3

3 85°C,2h
o]

2 equiv 84%

Scheme 23. First catalytic allylic alkylation reaction.

In 1973 the group of Trost contributed to the field with the addition of phosphine ligands,
which allowed to expand the scope of the reaction to less reactive allylic substrates.>® This
breakthrough also enabled asymmetric versions of the reaction by the use of chiral phosphine
ligands.>® A few years later, in 1976 the group of Trost also demonstrated the utility of the
allylic alkylation in the synthesis of natural products. ** They could apply this catalytic
methodology to the synthesis of steroids, obtaining a different stereoselectivity than using the
allylic alkylation reaction in a stoichiometric approach.

The reaction mechanism of the Pd-catalyzed allylic alkylation (Scheme 24) starts with the
coordination of the palladium complex I to the double bond of the allylic substrate to give the
intermediate 11, followed by an oxidative addition of the allylic substrate to the palladium(0)
that generates allylpalladium(ll) complex I11. Oxidative addition typically occurs through an
Sn2’-type mechanism where the Pd atom adds anti to the leaving group, i.e. if the substrate is a
chiral secondary alcohol derivative this step occurs with an inversion of configuration.
Allylpalladium intermediate 111 can react with the nucleophile through two different pathways,
depending on the nature of the latter: hard nucleophiles (pKa of the conjugate acid >25) react
through an inner-sphere mechanism by a transmetalation step in which the configuration of the
allyl moiety is maintained to form the intermediate 1V. Subsequent reductive elimination
releases the final product with a net inversion of the configuration and regenerates the
palladium(0) complex 1. On the other hand, soft nucleophiles follow an outer-sphere
mechanism when the nucleophile attacks one of the allylic termini of the allylpalladium(ll)
intermediate. This attack occurs at the opposite site of the Pd atom thus resulting in a second
inversion of the configuration that leads to intermediate V. Palladium discoordination
regenerates the catalyst and releases the product with net retention of configuration.

52Trost, B. M.; Fullerton. T. J. J. Am. Chem. Soc. 1973, 95, 292-294.
53Trost, B. M.; Van Vranken, D. L. Chem. Rev. 1996, 96, 395-422.
%4Trost, B. M.; Verhoeven, T. R. J. Am. Chem. Soc. 1976, 98, 630-632.
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Scheme 24. Mechanism of the Tsuji-Trost allylic substitution reaction with hard and soft nucleophiles.

During the last decades, the allylic substitution reaction has been widely studied, allowing
it to be performed using different metals, like nickel,> ruthenium,®® iridium,>” even merging
regular metal catalysis with photocatalysis®® or organocatalysis.>® Its versatility also allowed
asymmetric versions of the reaction to be developed, that is broadly known as Asymmetric
Allylic Alkylation (AAA).%

%5 a) Minami, I.; Shimizu, I.; Tsuji, J. J. Organomet. Chem. 1985, 296, 269-280. b) Trost, B. M.; Spagnol, M. D. J. Chem. Soc.,
Perkin Trans. 1 1995, 2083-2097. ¢) Gomez-Bengoa, E.; Heron, N. M.; Didiuk, M. T.; Luchaco, C. A.; Hoveyda, A. H. J. Am.
Chem. Soc. 1998, 120, 7649-7650.

% a) Kondo, T.; Ono, H.; Satake, N.; Mitsudo, T.; Watanabe, Y. Organometallics 1995, 14, 1945-1953. b) Zhang, S.; Mitsudo,
T.; Kondo, T.; Watanabe, Y. J. Organomet. Chem. 1993, 450, 197-207.

57 a) Takeuchi, R.; Kashio, M. J. Am. Chem. Soc. 1998, 120, 8647-8655. b) Graening, T.; Hartwig, J. F. J. Am. Chem. Soc.
2005, 127, 17192-17193.

%8 a) Wang, ZJ.; Zheng, S.; Romero, E.; Matsui, J. K.; Molander, G. A. Org. Lett. 2019, 21, 6543-6547. b) Martinez-Balart, P.;
Téth, B. L.; Velasco-Rubio, A.; Fafianas-Mastral, M. Org. Lett. 2022, 24, 6874-6879.

Slbrahem, I.; Cérdova, A. Angew. Chem. Int. Ed., 2006, 45, 1952-1956.

60 a) Crawley, M. L.; Trost, B. M. Chem. Rev. 2003, 103, 82921-2944. b) Pamies, O.; Margalef, J.; Cadellas, S.; James, J.;
Judge, E.; Guiry, P. J.; Moberg, C.; Backvall, J.-E.; Pfaltz, A.; Pericas, M. A.; Diéguez, M. Chem. Rev. 2021, 121, 4373-4505.
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421 Allylic alkylation with organoboron compounds

While the use of soft nucleophiles in palladium catalyzed-allylic alkylation is well
stablished,®* transformations using hard nucleophiles®? have been less explored. Among them,
there are some examples using organoboron reagents.

The first example was reported by Suzuki and coworkers in 1985.% They could achieve
the coupling between boronic acid esters and allylic phenyl ethers with good yields. However,
the scope of the reaction was limited to this type of allylic substrate, since the use of other
leaving groups like acetates or chlorides led to a dramatic drop of reactivity (Scheme 25).

Pho X + Q\Q Pd(PPh3), (5 mol%) Ph X~
O/B\/\/\ benzene, 80 °C, 4 h
X = OPh, 64%
X=0Ac, 12%
X= OPh, OAc, CI 1.1 equiv X=ClI, 0%

Scheme 25. First Suzuki-Miyaura allylic substitution with boron nucleophiles.

In 1995, the group of Moreno Mafas® published a more robust coupling of allylic
bromides with aryl boronic acids. This methodology was more general, and it allowed to
efficiently use a broader scope of allylic substrates (Scheme 2.6).

\ Pd(dba), (1 mol%) S
/@/\/\Br . HO”B\©\ K>CO3 (10 equiv)
R R' benzene, 80 °C, 15 h R R’

1.5 equiv 58% to 91%

Scheme 26. Suzuki-Miyaura allylic arylation with boronic acids and allylic bromides.

Even though there are more examples of the use of arylboron reagents in allylic substitution
reactions, to the best of our knowledge only one example employing alkylboron reagents has

61 a) Trost, B. M. Acc. Chem. Res. 1980, 13, 385-393. b) Van Vranken, D. L.; Trost, B. M. Chem. Rev. 1996, 96, 395-422.

62 3) Moineau, C.; Bolitt, V., Sinou, D. J. Org. Chem. 1998, 63, 582-591. b) Rosales, V.; Zambrano, J. L.; Demuth, M. J. Org.
Chem. 2002, 67, 1167-1170. b) Volla, C. M. R.; Dubbaka, S. R.; Vogel, P. Tetrahedron 2009, 65, 504-511. d) Negishi, E.;
Fang, L. in Handbook of Organopalladium Chemistry for Organic Synthesis; Wiley, New 2002, vol. 1, ch. 111.2.9. ) Mao, J.;
Zhang, J.; Jiang, H.; Bellomo, A.; Zhang, M.; Walsh, P. J. Angew. Chem., Int. Ed. 2016, 55, 2526-2530. f) Zhang, J.; Stanciu,
C.; Wang, B.; Hussain, M. M.; Da, C.-S.; Carroll, P. J.; Dreher, S. D.; Walsh, P. J. J. Am. Chem. Soc. 2011, 133, 20552-
20560. g) Chaves-Pouso, A.; Rivera-Chao, E.; Fafianas-Mastral, M. ACS Catal. 2023, 13, 12656-12664.

83Miyaura, N.; Yamada, K.; Suginome, H.; Suzuki, A. J. Am. Chem. Soc. 1985, 107, 972-980.

64Moreno-Manas, M.; Pajuelo, F.; Pleixats, R. J. Org. Chem. 1995, 60, 8, 2396-2397.

65 a) Botella, L.; Najera, C. J. Organomet. Chem. 2002, 663, 46-57. b) Singh, R.; Viciu, M. S.; Kramareva, N.; Navarro, O.;
Nolan, S. P. Org. Lett. 2005, 7, 1829-1832. c) Alacid, E.; Néjera, C. Org. Lett. 2008, 10, 5011-5014. d) Ghosh, R.; Adarsh, N.
N.; Sarkar, A. J. Org. Chem. 2010, 75, 5320-5322. e) Lipshutz, B. H.; Ghorai, S.; Abela, A. R.; Moser, R.; Nishikata, T;
Duplais, C.; Krasovskiy, A.; Gaston, R. D.; Gadwood, R. C. J. Org. Chem. 2011, 76, 4379-4391.
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been reported to the date. This work was reported by Shibata and co-workers,%® and it is based
on the use of diborylmethane as nucleophile, in the regioselective coupling with allylic
bromides and benzyl bromides. In this case, a PdA/HNC catalyst proved to be efficient to render
the methylboration products in good yields under mild reaction conditions (Scheme 27).

PdPEPPSI-IPr (5 mol%)
R\/\(Br + QLC‘) 9J§< KOH (2 equiv) N
-B B H,0/1,4-dioxane, rt, 5- 24 h

R O "~~""0
2 equiv up to 92%

Scheme 27. Suzuki-Miyaura allylic alkylation of diborylmethane.

4.2.2 Heterogeneous Pd-catalyzed allylic alkylation

Pd-catalyzed allylic alkylation reactions have been also described under heterogeneous
catalysis conditions. Examples have been mainly based on the use of polymer or silica
supported palladium catalysts.

The first example of a heterogeneous Pd-catalyzed allylic substitution was reported in 1976
by the group of Kaneda.®” It was based on a polymeric diphenylbenzyl phosphine structure,
which was not described in detail. It allowed them to perform the allyl chlorination of phenyl
acetylene. Although the heterogeneous system proved to be successful, it was also demonstrated
that the reaction was more efficient and selective when a homogeneous palladium catalyst was
used (Scheme 28).

Ph Ph
Ph  Pd-polymer (1% mol) /\/\(
cl G *
i ' H/ neat, rt cl = A
10 equiv 61% 23%

Pd(NCPh),Cl, (3% mol)

Ph | i PP
O+ / LiCl (1.2 equiv) - /\/\(

H AcOH (0.33 M), Oy, rt cl

12 equiv 95%

Scheme 28. Pd-catalyzed allyl chlorination of phenyl acetylene

%Endo, K.; Ohkubo, T.; Ishioka, T.; Shibata, T. J. Org. Chem. 2012, 77, 4826-4831.
67Kaneda, K.; Uchiyama, T.; Terasawa, M.; Imanaka, T.; Teranishi, S. Chem. Lett. 1976, 449-452,
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A few years later, Bergbreiter and Weatherford described a heterogeneous catalyst for the
allylation of secondary amines with allylic esters.%® The allylated amine products were obtained
in nearly quantitative yields by using a polyethylene oligomer bounded Pd%phosphine complex
that is soluble at the reaction conditions and can be recovered by centrifugation under inert
atmosphere after the crude is cooled down. The recovered catalyst could be used again up to
four times; however, it is extremely sensitive to adventitious oxygen resulting in the
deactivation of the catalyst due to oxidation of the phosphine ligands. This methodology proved
to be effective also in the allylic alkylation via decarboxylative allylation of allyl esters of -
keto esters (Scheme 29).

MMY\PPhZ = PE-PPh2

H
Oo__R ]
P e . E\j Pd[PE-PPh,], (2% mol) /\/O

O toluene, 100 °C
100%
R R R R
/\/OMR Pd[PE-PPh;], (2% mol) M(R
S S toluene, 100 °C 0]
>95%

Scheme 29. First heterogeneous allylic substitution.

During the last years further investigation about this type of polymer-supported
heterogeneous palladium catalysts has been carried out,®® especially by the group of Uozumi.”

8Bergbreiter, D. E.; Weatherford, D. A. J. Org. Chem. 1989, 54, 2726-2730.

89 a) Song, C. E.; Yang, J. W.; Roh, E. J.; Lee, S.; Ahn, J. H.; Han, H. Angew. Chem. Int. Ed. 2002, 41, 3852-3854. b) Kim, S.;
Kim, G.; J. Ind. Eng. Chem. 2006, 12, 643-647. c) Swennenhuis, B. H. G.; Chen, R.; van Leeuwen, P. W. N. M.; de Vries, J.
G.; Kamer, P. C. J. Eur. J. Org. Chem. 2009, 5796-5803. c) Wagh, Y. S.; Tambade, P. J.; Sawant, D. N.; Bhanage, B. M. Eur.
J. Org. Chem. 2010, 5071-5076. d) Wagh, Y. S.; Sawant, D. N.; Dhake, K. P.; Deshmukh, K. M.; Bhanage, B. M. Tetrahedron
Lett. 2011, 52, 5676-5679.

0 a) Danjo, H.; Tanaka, D.; Hayashi, T.; Uozumi, Y. Tetrahedron 1999, 55, 14341-14352. b) Uozumi, Y.; Shibatomi, K. J.
Am. Chem. Soc. 2001, 123, 2919-2920. c) Uozumi, Y.; Tanaka, H.; Shibatomi, K. Org. Lett. 2004, 6, 281-283. d) Uozumi, Y.;
Kimura, M.; Tetrahedron: Asymmetry 2006, 17, 161-166. e) Kobayashi, Y.; Tanaka, D.; Danjo, H.; Uozumi, Y. Adv. Synth.
Catal. 2006, 348, 1561-1566. f) Uozumi, Y.; Suzuka, T.; Kawade, R.; Takenaka, H. Synlett 2006, 2109-2113. g) Uozumi, Y.;
Suzuka, T. J. Org. Chem. 2006, 71, 8644-8646. h) Uozumi, Y. Pure Appl. Chem. 2007, 79, 1481-1489. i) Uozumi, Y.;
Takenaka, H.; Suzuka, T. Synlett 2008, 1557-1561. j) Uozumi, Y.; Suzuka, T. Synthesis 2008, 1960-1964. k) Sarkar, S. M.; Y.
Uozumi, Y.; Yamada, M. A. Angew. Chem. Int. Ed. 2011, 50, 9437-9441. 1) Yamada, Y. M. A.; Sarkar, S. M.; Uozumi, Y. J.
Am. Chem. Soc. 2012, 134, 3190-3198.
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Their first example, reported in 1997,* was the application of a commercially available
functionalized polyethylene glycol-polystyrene graft copolymer. The polymer features free
amino groups at the end of the polyethylene glycol chains that were further functionalized by
condensation with benzoic acids that possess phosphine groups, suitable to generate a palladium
complex after reacting with allylpalladium(ll) chloride dimer (Scheme 30).

EDCI (3 equiv) @ NH
NH i
44— 2, HOBt (4 equiv) 044‘; < > PPh,
nO
|

DMF, rt, 4 h
2 equiv PS-PEG
NH 1/2 [PACI(C3Hs)l, o
)/‘_Q’ PPh, (PS-PEG-PPhy),Pd_ = PS-PEG-PPh;-Pd
| 0 | CHaCla, 1t, 10 min >J/

PS-PEG-PPh,

Scheme 30. Synthesis of a palladium catalyst supported on polymer-based materials bearing a phosphine
ligand.

This catalyst was employed for the allylic substitution of allylic acetates with soft
nucleophiles in aqueous media. Products were obtained in excellent yields, and recyclability
was demonstrated by running the reaction over six reaction cycles without loss of activity. The
polymer was easily recovered by filtration (Scheme 31a).

This same polymer was later applied to the allylic alkylation of aryl boronic acids with
similar reaction conditions and procedure (Scheme 31b).”? This transformation could also be
performed under flow conditions.”

TUozumi, Y.; Danjo, H.; Hayashi, T. Tetrahedron Lett. 1997, 38, 3557-3560.
2Uozumi, Y.; Danjo, H.; Hayashi, T. J. Org. Chem. 1999, 64, 3384-3388.
BYamada, Y. M. A.; Watanabe, T.; Torii, K.; Uozumi. Y. Chem. Commun. 2009, 5594-5596.

42



INTRODUCTION
PD-CATALYZED OXIDATIVE BORON HECK REACTION

a) R._~_ _OAc PS-PEG-PPhy-Pd (2% mol) R - R
Y + NuH K,CO3 (4.5 equiv) Y
R’ > Nu
H,0 (0.33 M), rt, 12 h
1.5 equiv 79% to 99%
b)  R__~_ OAc PS-PEG-PPhyPd 2% mol) R - R
Y +  Ph-B(OH),  K,CO, (4.5 equiv) Y
R’ =~ Ph
H,0 (0.33 M), rt, 24 h
1.5 equiv 99%

Scheme 31. Heterogeneous allylic alkylation on palladium supported on polymer-based materials bearing a
phosphine ligand.

A similar polymer bearing a terpyridine ligand loaded with bis(benzonitrile)palladium(ll)
chloride was also proven to be active and recyclable over three reaction cycles in the same
reaction under aerobic conditions, even though products were obtained in lower yields (Scheme
32)."

= PS-PEG-Terp-Pd

R~ OAc PS-PEG-Terp-Pd (5% mol) R~ R'
V\Rf + ArB(OH):  Na,COj, (4 equiv) Y
Ar
H,0 (0.13 M), 40 °C, 24 h,
2 equiv ar 10% to 63%

Scheme 32. Heterogeneous allylic alkylation on palladium supported on polymer-based materials bearing a
terpyridine ligand.

The other main family of heterogeneous palladium catalysts are those supported in silica.
The first example of a palladium-catalyzed allylic alkylation using silica as support was

"4Suzuka, T.; Takayama, N.; Unten, M.; Onda, K.; Ogihara, K. Trans. Mater. Res. Soc. Jpn. 2019, 44, 41-44.
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reported in 2001 by Sandee and co-workers.” They supported
bis(dibenzylideneacetone)palladium(0) in  mesoporous molecular sieves through
trialkoxysilane functionalized phosphine ligands. The particles were loaded after stirring in the
presence of the palladium source and they could be used to catalyze the allylic alkylation of
malonate derivatives with good yields and good selectivity. The catalyst could be recycled by
a simple filtration without loss of activity after four reaction cycles (Scheme 33).

1 O

O~gi” N O Pd

|

N O - /I

a

Ph._~_0O-_CF3 o, COOEt (0.05% mol) PPh; COOEt
hig + \( L PR COOE
© COOEt rt, 10 min

2 equiv 81%

94:6 (linear:branched)
Scheme 33. First heterogeneous allylic alkylation on palladium supported on silica.

Closely after, Chung and co-workers published in 2002 the synthesis of compounds with
four five membered rings fused through a common quaternary carbon atom.”® This
methodology consisted in a three-step one-pot reaction involving two Pauson-Khand
cyclizations and an allylic alkylation catalyzed by a combination of cobalt nanoparticles and
allylpalladium(Il) chloride dimer.

The same year they reported a cascade reaction involving an allylic alkylation followed by
a Pauson-Khand cyclization to form bicyclic enones.”” As heterogeneous catalyst, cobalt and
palladium nanoparticles supported in colloidal silica (PCNS) were used. Products were
obtained in excellent yields. However, the yields significantly dropped after recycling the
catalyst due to palladium leaching, which was around a 30% of the initial amount only from the
first to the second cycle (Scheme 34).

sSandee, A. J.; Dimitrijevic, D.; van Haaren, R. J.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. J. Mol. Catal.
A 2002, 309-317.

6Son, S. U.; Park, K. H.; Chung, Y. K. J. Am. Chem. Soc. 2002, 124, 6838-6839.

"Park, K. H.; Son, S. U.; Chung, Y. K. Org. Lett., 2002, 4, 4361-4363.

44



INTRODUCTION
PD-CATALYZED OXIDATIVE BORON HECK REACTION

P COOMe PCNS
OAc 4 /\( NaH (1,5 equiv) MeOOC
AN COOMe MeOOC O

130 °C, CO (10 atm

1st cycle: 88%

2nd cycle: 53%

3rd cycle:49%

4th:cycle: 23%

5th cycle: 17%
MeOOC

Allylic alkylation Pauson-Khand cyclization
(Pd catalyzed) MeOOC (Co catalyzed)

Scheme 34. Cascade allylic alkylation followed by a Pauson-Khand cyclization to form bicyclic enones
catalyzed by silica supported cobalt and palladium nanoparticles.

Other palladium-based materials supported in silica have been explored for the allylic
alkylation reaction. The group of Kaneda reported the use of a palladium-doped
montmorillonites.”® Montmorillonites are hydrophilic clays formed by two types of different
sheets forming a sandwich type structure: the first one negatively charged formed by silica and
a second layer positively charged formed by alumina. In this second layer the cations can be
easily interchanged for other cationic species. In this example after loading the Na'-
montmorillonite with calcium cations through treatment with aqueous calcium hydroxide, the
obtained Ca?*-montmorillonite is loaded with bis(dibenzylideneacetone)palladium(0) in DMA
as solvent under aerobic conditions to afford the Pd'"-montmorillonite (Pd"-mont). Finally, a
reduction led to the formation of palladium clusters within the mineral (Pd®-mont), which under
the reaction conditions could perform the reaction of allylic carbonates and ethyl acetoacetate
in excellent yields and with perfect recyclability by simple filtration after three uses in aqueous
media (Scheme 35).

(e} O
I 0 (0.2% )
OCOMe Pd*-mont (0.2% mol OEt
N + )J\/U\OEt
EtOH (0.3 M), 80 °C
12 equiv 98% in all three

reaction cycles

Scheme 35. Allylic alkylation catalyzed by palladium supported on montmorillonite.

8Mitsudome, T.; Nose, K.; Mori, K.; Mizugaki, T.; Ebitani, K.; Jitsukawa, K.; Kaneda, K. Angew. Chem. Int. Ed. 2007, 46,
3288-3290.
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Aluminosilicates could also be used as a support for palladium catalysts. Zeolite 3 was
employed by Okumura and co-workers,’® which was found to be effective in the Tsuji-Trost
allylation of ethyl acetoacetate. Allylation products were obtained in excellent yields and the
catalysts could be reutilized up to four times without noticeable deactivation (Scheme 36).

Pd-B (1% mol) Q Q

o K,CO3 (3.75 equiv) EtO OEt

o
~O00Me + | I

OEt toluene (0.08 M), 70 °C, 2 h

3 equiv 97%
Scheme 36. Allylic alkylation catalyzed by palladium supported on zeolite.

Different silica supported catalysts have been used during last years in allylic alkylation
reactions,®® even hybrid materials combining polymers extending from the silica surface that
later function as palladium ligands.®* There are also examples of the activation of allylic
alcohols, which are less reactive than other common allylic substrates as halides and carbonates,
via hydrogen bonding of the hydroxyl groups present in the silica surface.® In this publication
from the group of Tanaka3* they reported the allylic alkylation of soft nucleophiles with allylic
alcohols in good yields. However, the selectivity was poor, leading to mixtures of mono- and
di- allylated products, also the recyclability of the catalyst was not proven (Scheme 37).

%Okumura, K.; Sato, K.; Kamioka, K.; Koga, Y. Microporous Mesoporous Mater. 2019, 288, 109571.

80 a) Dickschat, A. T.; Behrends, F.; Surmiak, S.; WeiR, M.; Eckert, H.; Studer, A. Chem. Commun. 2013, 49, 2195-2197. b)
Noda, H.; Motokura, K.; Miyaji, A.; Baba, T. Angew. Chem. Int. Ed. 2012, 51, 8017-8020. ¢) Noda, H.; Motokura, K.; Miyaji,
A.; Baba, T. Adv. Synth. Catal. 2013, 355, 973-980. d) Motokura, K.; Saitoh, K.; Noda, H.; Chun, W.; Miyaji, A.; Yamaguchi,
S.; Baba, T. Catal. Sci. Technol. 2016, 6, 5380-5388. e) Motokura, K.; Saitoh, K.; Noda, H.; Uemura, Y.; Chun, W.; Miyaji,
A.; Yamaguchi, S.; Baba, T. ChemCatChem 2016, 8, 331-335. f) Motokura, K.; Ikeda, M.; Nambo, M.; Chun, W.; Nakajima,
K.; Tanaka, S. ChemCatChem 2017, 9, 2924-2929. g) Motokura, K.; lIkeda, M.; Kim, M.; Nakajima, K.; Kawashima, S.;
Nambo, M.; Chun, W.; Tanaka, S. ChemCatChem 2018, 10, 4536-4544. h) Motokura, K.; Kawashima, S.; Nambo, M.; Manaka,
Y.; Chun, W.-J. ChemCatChem 2020, 12, 2783-2791.

81 a) Cai, M.; Huang, Y.; Zhao, H.; Zhang, R. J. Organomet. Chem. 2004, 689, 2436-2440. b) Zhao, H.; Cai, M. Chin. J. Chem.
2006, 24, 1669-1673.

82 3) Motokura, K.; Ikeda, M.; Kim, M.; Nakajima, K.; Kawashima, S.; Nambo, M.; Chun, W.-J.; Tanaka, S. ChemCatChem
2018, 10, 4536-4544. b) Ding, S.; Manaka, Y.; Nambo, m.; Chun, W-J.; Tomita, I.; Motokura, K. Catal. Sci. Technol. 2023,
13, 3047-3059.
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= MS(C12/PP-Pd)

_Si-OEt
oY 0
0 OH

MS(C12/PP-Pd) (0.035% mol) O O o O
o) DBU (0.3% mol)

O
OEt OEt
~OH 4+ +
~ MOEt neat.

70°C,72h | Y N\

2.5 equiv 13% 61%
Scheme 37. Allylic alkylation of allylic alcohols catalyzed by palladium supported on silica.

Other types of materials have been utilized as support for palladium catalysts, like
graphene, graphene and polymer hybrid materials®*, magnetic and silica hybrid materials® or
dendrimer and silica hybrid materials®. Surprisingly, to the best of our knowledge, no example
of the use of a MOF as heterogeneous catalyst for a Tsuji-Trost type allylation has been reported
to date, even though similar materials as porous organic cages (POCs) have been successfully
used as support of palladium nanoparticles which could be later applied to this reaction.
Bharadwaj and co-workers synthetized these organic cages (0-OC) that were embedded with
palladium through treatment with palladium(ll) chloride and posterior reduction.®” The
nanoparticles formed inside had a particle size around 2.7 nm and were able to catalyze the
allylic alkylation of allylic carbonates and soft nucleophiles in excellent yields, even though a
lack of selectivity towards mono- or di- allylated products was observed. Also, the recyclability
of the material was examined during four different reaction cycles without noticeable activity
loss, while the catalyst was easily recovered by centrifugation (Scheme 38).

8Zhao, Q.; Zhu, Y.; Sun, Z.; Li, Y.; Zhang, G.; Zhang, F.; Fan, X. J. Mater. Chem. A 2015, 3, 2609-2616.

8Lju, J.; Huo, X.; Li, T.; Yang, Z.; Xi, P.; Wang, Z.; Wang, B. Chem. Eur. J. 2014, 20, 11549-11555.

8Nasir Baig, R. B.; Varma, R. S. Ind. Eng. Chem. Res. 2014, 53, 18625-18629.

8Touzani, R.; Alper, H. J. Mol. Catal. A 2005, 227, 197-207.

87Sharma, V.; R. Saha, D. De; Chattaraj, P. K.; Bharadwaj. P. K. ACS Appl. Mater. Interfaces 2020, 12, 8539-8546.
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O NH HN—j O

=0-0C
0-OC-Pd (1 wt %) o 0 6 o0
0. 0o o O PPhs (5% mol)
N + - +
AN ON O M o
(0] 25°C,1h | Y A\
2.5 equiv 10% 90%

Scheme 38. Allylic alkylation catalyzed by palladium supported on a POC.
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4.3 PD-CATALYZED OXIDATIVE BORON HECK REACTION

The Mizoroki-Heck reaction consists in the cross-coupling of aryl and vinyl
(pseudo)halides with alkenes. It was parallelly discovered by the groups of Heck® and
Mizoroki® in 1972 and it has been widely employed in organic synthesis.®® The mechanism for
this reaction involves an oxidative addition of the organic halide to the palladium(0) complex,
further reacting with the alkene to release the coupling product and regenerating the catalyst.

Curiously, a few years before, in 1968, Heck reported an oxidative alternative of the
reaction known as the oxidative Heck coupling.®* An organometallic compound is used instead
of the aryl bromide, and in particular for this example, arylmercurial salts were used. This
reagent underwent a transmetalation with lithium tetrachloropalladate(ll), further reacting with
the alkene to release the final product. At the final step of this reaction the palladium needed to
be oxidized by an external oxidant, in this case copper(ll) chloride to regenerate the starting
catalyst and close the catalytic cycle (Scheme 39).

Li,PdCl, (1 mol%)
CuCl, (1.1 equiv) O

HgCl OMe NCy,Et (0.1 equiv)= AN OMe
. Y
o MeOH (0.1 M), rt, 2 h

Scheme 39. First oxidative Heck reaction.

After this initial discovery, different organometallic coupling partners have been used as
coupling partners for this reaction like organomercurials,® organosilicones,®® organotins,®
organophosphorus®® among others.%

8Heck, R. F.; Nolley, Jr., J. P. J. Org. Chem. 1972, 37, 2320-2322.

8Mizoroki, T.; Mori, K.; Ozaki, A. Bull. Chem. SOC. Jpn. 1972, 44, 581-581.

%93a) Prashad, M. Top. Organmet. Chem. 2004, 6, 181-203. b) Nicolaou, K. C.; Bulger P. G.; Sarlah, D. Angew. Chem., Int. Ed.
2005, 44, 4442-4489. c) Kobetic R.; Biliskov, N.; Kem. Ind. 2007, 56, 391-402. d) Tietze, L. F.; Kinzel, T. Pure Appl. Chem.
2007, 79, 629-650.

9 a) Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5518-5526. b) Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5538-5542. c) Heck, R.
F. J. Am. Chem. Soc. 1968, 91, 6707-6714.

92 3) Trost, B. M.; Burgess, K. J. Chem. Soc., Chem. Commun. 1985, 1084-1086. b) Larock, R. C.; Stinn, D. E.; Mann-Yan, K.
Tetrahedron Lett. 1990, 31, 17-20.

9 a) Yoshida, J.-i.; Tamao, K.; Yamamoto, H.; Kakui, T.; Uchida, T.; Kumada, M. Organometallics 1982, 1, 542-549. b)
Hirabayashi, K.; Nishihara, Y.; Mori, A.; Hiyama, T. Tetrahedron Lett. 1998, 39, 7893-7896.

% a) Tamaru, Y.; Hojo, M.; Kawamura, S.-i.; Yoshida, Z.-i. J. Org. Chem. 1986, 51, 4089-4090. b) Hirabayashi, K.; Ando, J.-
i.; Nishihara, Y.; Mori, A.; Hiyama, T. Synlett 1999, 1999, 99-101. c) Parrish, J. P.; Jung, Y. C.; Shin, S. I.; Jung, K. W. J. Org.
Chem. 2002, 67, 7127-7130.

% a) Inoue, A.; Shinokubo, H.; Oshima, K. J. Am. Chem. Soc. 2003, 125, 1484-1485. b) Hwang, L. K.; Na, Y.; Lee, J.; Do, Y.;
Chang, S. Angew. Chem. Int. Ed. 2005, 44, 6166-61609.

% a) Kjonaas, R. A. J. Org. Chem. 1986, 51, 3708-3710. b) Moiseev, D. V.; Gushchin, A. V.; Shavirin, A. S.; Kursky, Y. A;
Dodonov, V. A. J. Organomet. Chem. 2003, 667, 176-184. c) Hirabayashi, K.; Nara, Y.; Shimizu, T.; Kamigata, N. Chem. Lett.
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Nowadays the most widely used organometallic nucleophiles for this reaction are
organoboron compounds. Heck and Dieck reported the first example of this type of coupling in
1975,%" using stoichiometric palladium(ll) acetate, vinyl boronic acids and alkenes. Two
decades later in 1994, Uemura and co-workers® improved this reaction by using acetic acid as
solvent and a base, allowing stilbenes to be obtained from arylboronic acids and alkenes in
excellent yields and selectivities, using catalytic amounts of palladium acetate as catalyst
(Scheme 40).

Pd(OAc), (5 mol%)
AN B(OH), NaOAc (4 equiv) . “ O
* ACOH (0.1 M), rt, 20 h O

1.2 equiv 99%

Scheme 40. First oxidative boron Heck reaction.

The mechanism of this reaction (Scheme 41) somewhat resembles the mechanism of the
original Mizoroki-Heck reaction. It starts with the transmetalation from the organometallic
reagent to the palladium(Il) complex I leading to the intermediate 11, which coordinates to the
alkene giving rise to the intermediate I11. Migratory insertion into the olefin leads to the
alkylpalladium 1V, that undergoes B-hydride elimination generating the alkene coordinated
palladium hydride V. The final product is released through alkene dissociation resulting in the
palladium species VI, which after reductive elimination of HX provides palladium(0)
intermediate VII. Final oxidation of VII closes the catalytic cycle regenerating the initial
palladium complex I.

2004, 33, 1280-1281. d) Malysheva, Y. B.; Gushchin, A. V.; Mei, Y.; Lu, Y.; Ballauff, M.; Proch, S.; Kempe, R. Eur. J. Inorg.
Chem. 2008, 3, 379-383.

9Dieck, H. A.; Heck, R. F. J. Org. Chem. 1975, 40, 1083-1090.

%Cho, C. S.; Uemura, S.; J. Organomet. Chem. 1994, 465, 85-92.
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Scheme 41. Mechanism of the oxidative Heck reaction.

The main difference between both couplings is the necessity of an oxidant so that the
catalyst is regenerated in the last step of the mechanism. Metallic salts, usually copper (1)
salts**1% or benzoquinone derivatives!®! are among the most used oxidants. However, they lead
to the production of big amounts of waste, so it is highly desirable to use environmentally
friendly oxidants such as molecular oxygen>%2 or, even better, air'®® as sole oxidants.

A very interesting example of an elegant use of air as oxidant is the one proposed by the
group of Itami,'® in which they could perform the coupling of difficult hindered arylboronic
acids with heteroaromatic rings and olefins using palladium acetate with a sulfoxide-oxazoline

99 a) Du, X.; Suguro, M.; Hirabayashi, K.; Mori, A.; Nishikata, T.; Hagiwara, N.; Kawata, K.; Okeda, T.; Wang, H. F.; Fugami,
K.; Kosugi, M. Org. Lett. 2001, 3, 3313-3316.

100parrish, J. P.; Jung, Y. C.; Shin, S. I.; Jung K. W. J. Org. Chem. 2002, 67, 7127-7130.

1013) Yoo, K. S.; Yoon, C. H.; Mishra, R. K.; Jung, Y. C.; Yi, S. W.; Jung, K. W. J. Am. Chem. Soc. 2006, 128, 16384-16393.
b) Crowley, J. D.; Héanni, K. D.; Lee, A.-L.; Leigh, D. A. J. Am. Chem. Soc. 2007, 129, 12092-12093. c) Delcamp, J.H.;
Gormisky, P. E.; White, M. C. J. Am. Chem. Soc. 2013, 135, 8460—8463.

1023) Jung, Y. C.; Mishra, R. K.; Yoon, C. H.; Jung, K. W. Org. Lett. 2003, 5, 2231-2234. b) Andappan, M. M. S.; Nilsson, P.;
Larhed, M. Chem. Commun. 2004, 218-219. ¢) Andappan, M. M. S.; Nilsson, P.; von Schenck, H.; Larhed, M. J. Org. Chem.
2004, 69, 5212-5218. d) Akiyama, K.; Wakabayashi, K.; Mikami, K. Adv. Synth. Catal. 2005, 347, 1569-1575.

103 3) Enquist, P.-A.; Lindh, J.; Nilsson, P.; Larhed, M. Green Chem. 2006, 8, 338-343. b) Lindh, J.; Enquist, P.-A.; Pilotti, A ;
Nilsson, P.; Larhed, M. J. Org. Chem. 2007, 72, 7957-7962.

104%yamaguchi, K.; Kondo, H.; Yamaguchi, J.; Itami, K. Chem. Sci. 2013, 4, 3753-3757.
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ligand and an iron phthalocyanine as a catalytic oxidant. The iron complex oxidizes Pd(0) to
Pd(I1) while it gets reoxidized by molecular oxygen (Scheme 42).

Pd(OAc), (10 mol%) 5

L (10 mol%) (0]
B(OH), FePc (5 mol% ®‘S
PN S
RO DMF (1.25 M), 80°C, R y
12 h, air Q N

<
N

4 equiv up to 99% \\

L

Scheme 42. Iron-mediated oxidation in an oxidative boron Heck reaction.

4.3.1 Heterogeneous Palladium catalyzed oxidative Heck reaction

While research on the field of the oxidative Heck reaction has evolved towards the use of
less environmentally harmful oxidants, the use of homogeneous non-recyclable palladium
catalysts remains a problem of high importance. Little investigation has been carried out in the
field of heterogeneous oxidative Heck reactions. Indeed, there are only four known examples
of applications of heterogeneous catalysts to this reaction to date. Two examples were reported
by the group of Zhan in 2017, both using different Conjugated Microporous Polymers (CMPS)
as heterogeneous ligands for palladium. These materials are characterized for having extended
n-conjugation and have good thermal and chemical stability. In the first example (Scheme
43a),'% a bipyridine based ligand was used while in the second one (Scheme 43b)* the catalyst
was based on a bithiophene ligand. In both cases similar results were obtained, with good yields
and regioselectivities towards the linear products using simple alkyl substituted olefins.
However, no study of the recyclability, or analysis of the state of the catalyst after the reaction
were performed.

105Zhou, Y. B.; Wang, Y. Q.; Ning, L. C.; Ding, Z. C.; Wang, W. L.; Ding, C. K,; Li, R. H.; Chen, J. J,; Lu, X,; Ding, Y. J,;
Zhan, Z. P. J. Am. Chem. Soc. 2017, 139, 3966-3969.
1061 j, R. H.; Ding, Z. C.; Li, C. Y.; Chen, J. J.; Zhou, Y. B.; An, X. M.; Ding, Y. J.; Zhan, Z. P. Org. Lett. 2017, 19, 4432-4435.
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>12:1 linear:branched

Scheme 43. Heterogeneous oxidative Heck reaction using CMPs as ligands.

Ding and co-workers!®” synthetized a heterogeneous porous organic polymer (POP)
bearing two NHC ligands, that act as a chelate ligand for palladium. In this case, they could
achieve good yields and excellent regioselectivities using unbiased olefins. It is remarkable that
they could recycle this material up to 10 times with no drop of the yield or the regioselectivity.
The catalyst was easily recovered by vacuum evaporation and sequential washings with various
solvents (Scheme 44).

o Pd@POP-9 (0.1 mol%) R
é\/> Cu(OTf), (20 mol%)
0 N

N
R+ @/ DMA (0.13 M), 40 °C,
R 48 h, O,
R= alkyl 1.2 equiv 43% to 93% POP-9

>20:1 linear:branched
Scheme 44. Heterogeneous oxidative Heck reaction using POPs as ligands.

Finally, the group of Ji reported the use of covalent organic frameworks (COFs) as ligands
for the oxidative Heck reaction.?® They synthetized a Schiff base-COF, that could coordinate
the palladium present on the reaction media to catalyze the oxidative Heck reaction with good
yields and good selectivity. The catalyst could be used over nine times without losing any

07Li, W. H.; Li, C. Y.; Xiong, H. Y.; Liu, Y.; Huang, W. Y.; Ji, G. J.; Jiang, Z.; Tang, H. T.; Pan, Y. M.; Ding, Y. J. Angew.
Chem. Int. Ed. 2019, 58, 2448-2453.
108Han, J.; Sun, X.; Wang, X.; Wang, Q.; Hou, S.; Song, X.; Wei, Y.; Wang, R.; Ji, W. Org. Lett. 2020, 22, 1480-1484.

53



VicTOR FARINA TORRES

activity by single filtration (Scheme 45). However, at the tenth cycle both yield and selectivity
dropped significantly even though no palladium leaching was found by ICP. The authors
reported that this was due to the collapse of the crystalline structure of the COF.

Interestingly, despite this report on the use a COF catalyst for the oxidative Heck reaction,
to the best of our knowledge, no example of a MOF acting as heterogeneous catalyst for this
transformation has been reported to date.

HO. l HO l
Pd(OAc), = COF-BTDH
ST Y

N~

N /

= f ~Pd(OAc),
\(N\Vé\
N

VY
Pd(OAc), (6 mol%)
o COF-BTDH (6 mol%) R'
Eg\/> Cu(OTf), (20 mol%)
PO N X (@] - NN
RO~ ¥ |// DMA (0.1 M), 40 °C, R
R' 48 h, O,
R= alkyl, aryl 3 equiv 68% to 83%

>15:1 linear:branched

Scheme 45.eterogeneous oxidative Heck reaction using POPs as ligands.
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5. OBJECTIVES

As mentioned above in the introduction, the development of new methodologies that allow
to perform reactions with heterogeneous catalysts is of high importance. Moreover, the C-C
forming reactions are crucial in the synthesis of bioactive and natural compounds and many of
those reactions involve palladium as catalyst. So, it’s highly important to develop heterogenous
catalyst based on palladium that can perform those reactions.

The group of Prof. Guillermo Minguez Espallargas (ICMOL, Univ. Valencia) developed a
MOF (Figure 3) consisting of triangular [Fes(130)(COO)s]* as nodes and a square planar Pd"
metalloligand PdCI>(H2PDC), where H4PDC is the pyridine-3,5-dicarboxylic acid. The
structure of the obtained MOF is a cubic system isoreticular to the MIL-127.1%° Some interesting
features of this MOF are its high chemical stability towards different organic solvents and
temperature; its porous nature and the availability of the palladium(Il) centers.

X" W

v ] .{L 2 ‘r

i  tad ix‘, Oy
PdC,(H,PDC 20 L HOAC < 3% 2 N
[ o.oﬁ HiTH0) M 370-c,48h 3 ;j 5 )

Y

) )
o >0
=) L
e H B NH o

® L] b

e ©® o
C)

) ! Void = 10 A
ﬂu; ﬁr;\l% J Channel =7 A
[Fe;O(CH;COO0),]*
0.02 mmol MUV-22 0 Channel =6 A

Figure 3. Synthesis and structure of MUV-22 (Reproduced from Miguel-Casafi, E.; Darawsheh, M. D.; Farifa-
Torres, V.; Vitorica-Yrezabal, I. J.; Andres-Garcia, E.; Fafanas-Mastral, M.; Minguez Espallargas, G.; Chem.
Sci. 2023, 14, 179-185 with permission from the Royal Society of Chemistry).

109Chevreau, H.; Permyakova, A.; Nouar, F.; Fabry, P.; Livage, C.; Ragon, F.; Garcia-Marquez, A.; Devic, T.; Steunou, N.;
Serre, C.; Horcajada, P. CrystEngComm 2016, 18, 4094-4101.

55



VicTOR FARINA TORRES

Considering these structural features and properties, we envisioned that this bimetallic
Fe/Pd MOF bearing a palladium metalloligand could be suitable for palladium-catalyzed
reactions.

The repercussion of the allylic substitution reaction during the last decades and its utility
in the synthesis of natural and bioactive products were also highlighted. So, due to its great
impact, the access to recyclable heterogeneous catalysts that can perform the allylic alkylation
is highly desirable.

It is interesting to note that even though the use of heterogeneous catalysts for this reaction
has been explored, there are not known examples of the use of MOFs to date. In addition,
examples in the literature of the allylic substitution reaction involving organoboron reagents
are not widely common and there is only one known example using alkylboron reagents
effectively.

The first objective of this thesis is to optimize the reaction of the allylic substrates and
boronic acid pinacol esters using MUV-22 as catalyst (Scheme 46) in suitable reaction
conditions for its recyclability.

MUV-22
ORIy R/\/\R

Scheme 46. Proposed allylic alkylation reaction catalyzed by MUV-22.

R—Bpin

As a second objective for this thesis the oxidative Heck reaction seemed an interesting
option due to its oxidative nature, that could open a way to research into other different
oxidative reactions interesting to the industry like the Wacker!® process for the oxidation of
ethylene to acetaldehyde, that nowadays remains one of the few industrial processes relying in
homogeneous catalysis.

Based on the work of Itami and co-workers (Scheme 42),1% we hypothesized that the iron
clusters of the MUV-22 could promote the oxidation of the palladium centers in the oxidative
Heck reaction. Two of the iron (111) ions present in the nodes of the MOF would get reduced to
iron (11) through a single electron transfer (SET) to oxidize the palladium center from Pd° to
Pd'. After that the iron (I1) formed would get oxidized in the presence of oxygen, regenerating
the initial state of the MOF.

H10Smidt, J.; Hafner, W.; Jira, R.; Sedlmeier, J.; Sieber, R.; Kojer, H.; Rttinger, R. Angew. Chem. 1959, 71, 176-182.
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So, the second objective of this thesis is to optimize the reaction between simple alkenes
and boronic acids using MUV-22 as heterogeneous catalyst by finding suitable reaction

conditions for its recyclability (Scheme 47).
@
R'l/\/Rz

air

R + R2-B(OH),

Scheme 47. Proposed oxidative Heck reaction catalyzed by MUV-22.
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RESULTS AND DISCUSSION
HETEROBIMETALLIC MOF-CATALYZED SUZUKI-MIYAURA ALLYLATION

6.1 HETEROBIMETALLIC MOF-CATALYZED SUZUKI-MIYAURA ALLYLATION*

*The results from this section have already been published:

Miguel-Casafi, E.;* Darawsheh, M. D.;* Farifia-Torres, V.;® Vitorica-Yrezabal, I. J.; Andres-
Garcia, E.;? Fafianas-Mastral, M.;®> Minguez Espallargas, G.2 Chem. Sci. 2023, 14, 179-185.

aInstituto de Ciencia Molecular (ICMol), Universidad de Valencia, 46980, Paterna, Spain.
bCentro Singular de Investigacion en Quimica Bioloxica e Materiais Moleculares (CiQUS),
Departamento de Quimica Organica, Universidade de Santiago de Compostela, 15782,

Santiago de Compostela, Spain.

¢School of Chemistry, University of Manchester, Oxford Road, Manchester M13 9PL, UK.
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6.1.1 Optimization

We first explored the role of the allyl substrate’s leaving group in the proposed
transformation (Table 1). By running the reaction at 150 °C and using toluene as solvent, cesium
carbonate (2 equiv) as base and potassium fluoride (1 equiv) as additive, the use of cinnamyl
bromide led to the desired product in 35% yield (entry 1). The use of cinnamyl chloride led to
an increased 50% yield (entry 2). In contrast, diminished reactivity was observed when acetate
or carbonate were used as leaving groups (entries 3 and 4). Despite product being obtained in
these preliminary reactions, in all cases MUV-22 was recovered with a color change (it became
a black solid), likely meaning that it was decomposing under these reaction conditions. Based
on this observation, we ran the reaction with the two best performing substrates at a lower
temperature (120 °C). Under these new conditions, cinnamyl chloride gave rise to the product
in 37% yield with incomplete conversion (entry 5). A better performance was observed for
cinnamyl bromide which furnished the product in 47% yield (entry 6). The positive observation
was that at this lower temperature MUV-22 could be recovered in its original shape.

Table 1. Screening of leaving groups

MUV-22 (2.5% mol)
Cs,CO3 (2 equiv)

Me—Bpin  + pr Sy SLUEM s~
toluene (0.2 M),
1a (2 equiv) 2 (1 equiv) 150%C, 24 h 3a

Entry T (°C) Leaving Conversion Yield

group (%)° (%)°
1 150 Br Full 35
2 150 Cl Full 50
3 150 OAc 35 22
4 150 OBoc 59 7
5 120 Cl 87 37
6 120 Br Full 47

2Reactions were performed on a 0.2 mmol scale. ®PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard.

With that information in hand, we selected cinnamyl bromide as the model allylic substrate
and proceeded to evaluate the effect different solvents at different temperatures (Table 2). The
use of 1,4-dioxane generally resulted in lower yields when compared with toluene. Best result

was observed when reaction was carried out at 90 °C, obtaining the product in 58% yield (entry
5).
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Table 2. Screening of solvents and temperatures

MUV-22 (2.5% mol)
Cs,CO03 (2 equiv)
KF (1 equiv)

Me—Bpin + Ph/\/\Br > Ph/\/\Me
solvent (0.2 M),
1a (2 equiv) 2a (1 equiv) T(C). 24h 3a
Entry Solvent To (°C) Conversion Yield
(%) (%)
1 1,4- dioxane 60 47 8
2 1,4- dioxane 90 96 23
3 1,4- dioxane 120 Full 32
4 toluene 60 31
5 toluene 90 96 58

aReactions were performed on a 0.2 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard.

Finally, base and additive stoichiometry was examined (Table 3). These screening studies
revealed that 2 equivalents of Cs>COs and 1 equivalent of KF is the optimal combination.
Nevertheless, it is interesting to note that the reaction does not work in the absence of base,
while it does so in the absence (or with less amount of KF) albeit in lower yields (entries 2 and

4).
Table 3. Screening of additive amounts

MUV-22 (2.5% mol)
Cs,CO3 (x equiv)

Me—Bpin  + P X g, KF (y equiv) . Ph/\/\Me
toluene (0.2 M),
1a (2 equiv) 2a (1 equiv) 90°C, 24N 3a
Entry Cs,CO3 KF Conversion Yield
equivalents equivalents (%)P (%)P
1 2 1 100 58
2 2 0 100 45
3 0 1 3
4 2 0,5 100 40
5 1 55 41
6 1 0 49 33
7 3 0 100 44

aReactions were performed on a 0.2 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard.

6.1.2 Comparison with different Pd catalysts

To highlight the value of using MUV-22 as a catalyst for this reaction, we run out a
comparison with different homogeneous and heterogeneous palladium catalysts (Table 4), as
well as with MUV-22 monomers, the iron cluster and the palladium metalloligand. When
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palladium homogeneous catalysts were used lower yields were observed, despite of using a four
times higher catalyst loading (entry 3). Pd-PEPPSI-IPr was tested due to its efficacy in the
allylic alkylation of diborylmethane reagents (See Introduction) but lower yields were obtained.
The use of other heterogeneous catalysts such as palladium hydroxide over carbon also resulted
also in lower yields (entry 5). Interestingly, when the palladium metalloligand (entry 6) and the
iron cluster (entry 7) were used separately, allylation product was obtained in significantly
lower yield. Similarly, the combination of both metallic monomers led to a diminished yield
(entry 8). Although bimetallic catalysis in which the iron metallic cluster activates the allylic
substrate as a Lewis acid catalyst!!* cannot be discarded at this point, these results suggest that
the superior catalytic activity of MUV-22 might be due to a structural confinement effect.

Table 4. Comparison of different catalysts.

Catalyst (2.5% mol)
Cs,CO3 (2 equiv)

) KF (1 equiv)
Me—Bpin  + P X"p; Ph™ " e
toluene (0.2 M),
90°C, 24 h
1a (2 equiv) 2a (1 equiv) 3a
Entry Catalyst Conversion Yield
(x mol%) (%)° (%)°
1 MUV-22 (2.5 mol%) 100 58
2 None 75
3 Pd(OAc); (10 mol%) 100 20
4 Pd-PEPPSI-IPr (2.5 mol%) 100 41
5 Pd(OH),/C (2.5 mol%) 100 43
6 PdCl(H;PDC); (2.5 mol%)P 100 42
7 Fe30(0Ac)s(ClO4) (1.7 mol%)© 87 18
PdCl;(HzPDC); (2.5 mol%)®P
8 Fe30(0Ac)s(ClO4) (1.7 mol%)© 100 41

aDetermined by 'H-NMR analysis using CH;Br; as internal standard. PLinker of MUV-22. “Metal cluster of
MUV-22.

Furthermore, comparison of the catalytic activity in the coupling of Me-Bpin with a larger
substrate (i.e. (E)-2-(3-bromoprop-1-en-1-yl) naphthalene) demonstrates a more drastic
difference in reactivity probably due to the confinement effect (Table 5).

HRivera-Chao, E.; Mitxelena, M.; Varela, J. A.; Fafianas-Mastral, M. Angew. Chem. Int. Ed. 2019, 58, 18230-18234.
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Table 5. Comparison of MUV-22 vs monomers with a larger substrate.

Catalyst (2.5% mol)
C32CO3 (2 equiv)

X .
Me—Bpin  + Br KF (1 equiv) R Me
toluene (0.2 M),

90°C,24 h
1a (2 equiv) 2b (1 equiv) 3b
Entry Catalyst Conversion Yield
(x mol%) (%)? (%)°
1 MUV-22 (2.5 mol%) 45

2 PdCl,(H2PDC); (2.5 mol%)P
Fe30(0AC)6(ClO4) (1.7 mol%)©
2Determined by 'H-NMR analysis using CH2Br as internal standard. Linker of MUV-22. “Metal cluster of
MUV-22.

18

6.1.3 Reaction scope

Having established the optimal conditions for the reaction (Table 3, entry 1), we proceeded
to study the generality and the limitations of the system (Scheme 2.20). Different allylic
bromides bearing all kind of substitution patterns in the aryl ring were used obtaining moderate
yields for meta- and para- substitution (3a-3g). However, ortho- substitution (3h) led to
moderate yields even in the presence of a more reactive aromatic boronic pinacol acid ester.
Crotyl bromide was used as an example of alkyl allylic bromide and gave rise to the product in
good yields, but in a mixture 2:1 of regioisomers (31-3I).

Then, we explored different boronic pinacol acid esters. Other alkyl boronic acid esters
could be used such as diborylmethane obtaining homoallylboronates (3j-3k). However,
aliphatic groups bearing hydrogen atoms in the p-position of the chain failed to provide the
corresponding products, likely due to competitive B-hydride elimination pathways. Aryl
boronic acid esters bearing all kinds of substitution in the aryl ring led to the products in good
yields (31-3q) and to our delight a skipped diene (3r) could be synthetized from an alkenyl
boronic pinacol acid ester even in low yields.

65



VicTOR FARINA TORRES

Scheme 48. Scope and limitations of the reaction.

MUV-22 (2.5 mol%)
Cs,CO03 (2 equiv)
KF (1 equiv)
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1 (2 equiv) 2 (1 equiv) 3
e N"Me XMe
Ph” X" Me
Cl Me
3a, 58% 3b, 45% 3¢, 43% 3d, 43%
/©/\/\Me /@/\/\Me /@/\/\Me O A O
Br Fs;C MeO F
CF;
3e, 45% 3f, 45% 39, 37% 3h, 45%

Me X X ~_-Bpin N Bpin e

Ph /©/\/\/ P Ph Ph
NO
2 Br
3i, 69% 3j, 43% 3k, 30% 31, 60%
PR PN PR X CF3
Ph
OMe | NO,
(0]
3m, 54% 3n, 76% 30, 70% 3p, 68%
IO
Ph/\/j© PR NN e N ay e gy
Me
34, 72% 3r, 34% 3s, 0% 3t, 0%

6.1.4 Stability studies

Next, we moved on to evaluate the stability of the MUV-22 in the reaction media. For this
purpose, we performed several analyses to ensure the MOF was maintaining its structure and it
was not decomposing.

6.1.4.1 Leaching experiments
To test the heterogeneous nature of the catalyst, we performed a series of leaching test
experiments.
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For this purpose, we analyzed in different ways the reaction crude, to know if any palladium
coming from the MUV-22 was dissolving in the solvent, meaning that palladium would be
working as a homogeneous catalyst.

6.1.4.2 Hot filtration test

First of all, we performed a hot filtration test, in which we performed the reaction using 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde as substrate in the adding
triphenylmethane as internal standard. After one hour (Figure 4a), we filtered the reaction crude
via canula to a new reaction vessel. Treatment of the filtrate with more base and additive under
the same reaction conditions did not lead to any further formation of the product (Figure 4b),
as analyzed by 'H-NMR, thus establishing that no palladium leaches out of the MOF and
excluding any homogeneous pathway.

a ) C C
Ph b b H H
Ph Ph H% H
\\
\||_|/a o /@éar Ph
|
i | tarti ©
interna starting
: oduct (H°
standard (H*) material (H?) product (F)
Y ) )
58 56 54 52 50 48 46 44 42 40 38 36
f1 (ppm)
J 0 LMA\ J\ 1 M | . J JUL\L
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 20 15 1

1 (ppm)
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Figure 4. a) 'TH-NMR spectra of the reaction after 1 hour b) 'H-NMR spectra of the reaction after 2 hours

after filtration.

This allowed us to conclude that homogeneous palladium was not working as catalyst for
the reaction. However, this experiment was not conclusive to elucidate whether the MUV-22
was decomposing or not in the reaction media, so further studies needed to be done.

6.1.4.3 ICP-MS test
We also performed an analysis of the reaction crude and measure the amount of the
palladium that was dissolved. After the analysis by ICP-MS in which the sample was atomized
and ionized in plasma to determine which ions were present in the solution. A palladium
concentration of 219 mg/L was found. This value would correspond to a 0.04% of the initial
palladium amount added with the MUV-22. This result allowed us to conclude that no
palladium leaching was occurring during the reaction.

6.1.4.4 XRPD and EDX analysis
In collaboration with the group of Prof. Guillermo Minguez Espallargas (ICMOL, Univ.
Valencia), we determined the crystalline structure of the recovered MUV-22 after catalysis by
X-ray powder diffraction. This technique provides the diffractogram of the sample which
successfully compared with the freshly synthetized MUV-22 monocrystal (Figure 5).
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Figure 5. XRPD of MUV-22-PC (post catalysis) compared with as synthetized MUV-22 (Reproduced from
Miguel-Casaf, E.; Darawsheh, M. D.; Farifia-Torres, V.; Vitorica-Yrezabal, I. J.; Andres-Garcia, E.;
Fafanas-Mastral, M.; Minguez Espallargas, G.; Chem. Sci. 2023, 14, 179-185 with permission from the
Royal Society of Chemistry).

The EDX microanalysis is an elemental analysis technique that allows to know the ratios
of the different elements in the sample by exciting it with X-ray radiation and analyzing its
emission spectra. Surprisingly, when the analysis of the recovered solid was performed a
change was observed (also done in collaboration with the group of Prof. Guillermo Minguez).
The chlorine atoms in the structure disappeared and they were substituted by fluorine atoms
(Figure 6). Curiously, when the MOF was mixed with KF in the reaction conditions without
substrate the exchange was not observed. Thus, this phenomenon could be due to a ligand
exchange in one of the reaction intermediates.
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Figure 6. EDS of MUV-22-PC showing fluorine exchange with chlorine. The Pd:Fe ratio remains as 1.0:2.0.
The blue line indicates where the peak of the chlorine atoms should be observed (Reproduced from
Miguel-Casaf, E.; Darawsheh, M. D.; Farifia-Torres, V.; Vitérica-Yrezabal, I. J.; Andres-Garcia, E.;
Fafanas-Mastral, M.; Minguez Espallargas, G.; Chem. Sci. 2023, 14, 179-185 with permission from the
Royal Society of Chemistry).

6.1.4.5 Recycling experiments

To highlight the utility of the MUV-22 as catalyst we proceeded to test its recyclability.

To our delight, we found out that MUV-22 could perform up to 5 reaction cycles without
significant loss of activity (Figure 7, brown bars). Surprisingly, the use of KF was essential to
keep the level of recyclability. When KF was not renewed after the first cycle a significant
decrease in catalytic efficiency was observed after the second cycle, which ended up in catalyst
deactivation after the fourth cycle (Figure 7, yellow bars). Furthermore, when the first reaction
was run in the absence of KF, no product formation was observed already in the second cycle.
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Me—Bpin + ph~ g, PR "M
toluene (0.2 M),
90°C, 24 h
1a (2 equiv) 2a (1 equiv) 3a?
70
60
50
40
30
20
10
0
1 2 3 4 5
M Product yield with KF (%) Product yield with KF in the first cycle (%)

2Yields determined by '"H-NMR analysis using 1,3,5-trimethoxybenzene as internal standard.

Figure 7. Consecutive reaction cycles.

To ensure that the catalyst was not partially decomposing in the reaction media, we
performed a kinetic study, taking aliquots from the reaction media at different times for each
reaction cycle to compare them. For making these experiments we chose the reaction involving
the use of phenyl boronic pinacol acid ester due to its shorter reaction times, so the reactions
could be followed easier. These kinetic studies (Figure 8) revealed that the rate and yield of the
reaction are essentially maintained between these four runs, which demonstrates that MUV-22
IS robust and maintains its activity.
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2Yields determined by 'H-NMR analysis using 1,3,5-trimethoxybenzene as internal standard.

Figure 8. Kinetic study for consecutive runs.
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6.1.5 Mechanistic proposal

To explain the observed results, we proposed the following reaction mechanism (Scheme
48). It starts with the coordination of the palladium metalloligand I to the double bond of the
allylic substrate followed by an oxidative addition giving intermediate 11. After the oxidative
addition, a ligand exchange would occur with the KF present in the reaction media and
liberating a bromine ion to form intermediate 111, this step would explain the exchange of the
original chlorine atoms in the MUV-22 by fluorine atoms observed in the EDX microanalysis
after the catalysis.!'? Next, a transmetalation would happen likely through a concerted transition
state IV with the boronic acid pinacol ester to give the intermediate V. Finally, this intermediate
suffers a reductive elimination releasing the final product and regenerating the metalloligand 1.
Even the mechanism could operate through both Pd%/Pd" or Pd" /Pd"V the absence of Pd®in the
XPS analysis makes the Pd" /Pd"V cycle more likely.

IT R~ Br

R~ R X_P(Ijl__X \Q

| R/\/,//Jl- X
e,
X L Br
L 1
R" | \/\ R x=kc KF
Pd’ = ©)
P L= H,PDC By
F X L
) RN, | x
v R + Pd
>
\ % x" Ik
L
., N
" Pld/’\ Bpin / i
7 | %R
X L X
v

Scheme 48. Proposed mechanism for the Suzuki-Miyaura type allylation reaction.

12Amatore, C.; Le Duc, G.; Jutand, A. Chem. Eur. J. 2013, 19, 10082-10093.

73






RESULTS AND DISCUSSION
HETEROBIMETALLIC MOF-CATALYZED OXIDATIVE BORON HECK COUPLING

6.2 HETEROBIMETALLIC MOF-CATALYZED OXIDATIVE BORON HECK COUPLING
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6.2.1 Optimization

We began our investigation by exploring the reaction between styrene and pheny! boronic
acid in a 1:4 ratio at 80 °C in dimethylformamide as solvent under air atmosphere with a balloon.
To our delight, after 48 hours we obtained the corresponding product in 80% yield. After this
promising result, we decided to try to improve the reaction times and efficiency, so we started
the optimization studies with a screening of solvents (Table 6). We found out that other polar
solvents like 1,4-dioxane (entry 3), acetonitrile (entry 4), dimethylacetamide (entry 5), 1,2-
dichloroethane (entry 6) and gave worse results. A more polar solvent like dimethyl sulfoxide
(entry 7) led to a similar yield. However, under these conditions all the solid was dissolved
meaning that the MUV-22 decomposed in the reaction media. Protic and apolar solvents like
isopropanol (entry 8) and toluene (entry 2) respectively did not work well for the
transformation. Finally, a mixture of DMF and water (entry 9) was tested, with no reaction after
48 hours and partial MOF decomposition.

Table 6. Screening of solvents.

N oy, MUV-22 (2:5% mol - O
+ —_
(O coivent (0.125 M), arr. O

80 °C, 48h
4a (1 equiv) 5a (4 equiv) 6a
Entry Solvent Conversion Yield
(%)° (%)°

1 DMF 90 83(80)
2 Toluene 7 5
3 1,4-dioxane 28 25
4 MeCN 50 45
5 DMA 12 10
6 DCE 5 -
7 DMSO 91 82
8 IPA 35 31
9 DMF:H20 (1:1) 3

aReactions were performed on a 0.1 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. Isolated yield in brackets.

We moved on and proceeded next with a screening of different temperatures (Table 7).
Lower temperature led to lower yields (entry 1). When temperature was increased to 100 °C
(entry 3) a similar outcome than the reaction at 80 °C (entry 2) was observed. When the
temperature was further increased to 120°C (entry 4) the yield decreased dramatically to a 35%.
This could be due to the decomposition of the MUV-22 or the substrates in the reaction media.
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Table 7. Screening of temperatures.

A MUV-22 (2,5% mol)
+ Ph—B(OH), - X
DMF (0.125 M), air, O

T (°C), 48h
4a (1 equiv) 5a (4 equiv) 6a
Entry T° (°C) Conversion Yield
(%) (%)
1 60 ) 37
2 80 90 83(80)
3| 100 80 75
4 120 94 35

aReactions were performed on a 0.1 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. Isolated yield in brackets.

Next, we tried an oxygen atmosphere instead of air. No significative change was observed
in the reaction times or yield (Table 3.3, entry 2). Based on this, and for practical reasons, we
decided to continue with air atmosphere.

Reducing the amount of boronic acid to a half of the initial resulted in a dramatic drop of

yield and conversion (Table 8, entry 3).
Finally, increase in catalyst loading to a 4% mol did not lead to any improvement, so we

decided to set the optimal catalyst loading at 2.5% mol (Table 3.3, entry 4).

Table 8. Variations on the reaction conditions.

XN + PH_B(OH MUV-22 (2,5% mol) . O
©OH):2 “5MF (0125 M), air O

80 °C, 48h
4a (1 equiv) 5a (4 equiv) 6a
Entry Variation Conversion  Yield
(%)° (%)
1 | None 90 83(80)
2 | 0y instead of air 92 85
3 | 2 equiv of PhB(OH), 29 25
4 | 4% mol MUV-22 91 82

aReactions were performed on a 0.1 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. Isolated yield in brackets.

6.2.2 Reaction scope and limitations.

Having established the optimal conditions for the reaction, we proceeded to study the
generality and the limitations of the system (Scheme 49).

Different aromatic alkenes bearing all kinds of substitution patterns in the aryl ring were
tested (6a-6j). Good to excellent yields were obtained in almost all cases regardless the nature
or the position of the substituent. Yield was only compromised in cases when there is a strong
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electron-donating group at the para-position (6b) or a bulky substituent in the ortho position
(6j). Extended aromatic groups (6k) or heteroaryl substituent (61) were also tolerated, albeit
products were obtained in slightly diminished yield. 1,1-disubstituted olefins (6m) proved also
efficient for this transformation, as well as acrylates (6n).

We next explored different boronic acids. Aryl boronic acids bearing sensitive groups such
as nitro (60), aldehyde (6p) or even a hydroxy group (6q) were compatible with the reaction
and afforded the corresponding products in moderate to good yields, besides, the product 6r is
a precursor of the natural product p-coumaric acid after a deprotection of the ester group.
Similarly, a sterically demanding naphthalene-derived boronic acid (6r) proved efficient for
this transformation.

Scheme 49. Scope of the reaction.

2
R? T
MUV-22 (2,5% mol) IR
+  R%B(OH g AR
R1& ©OH: “DuF©125M) ar, R

80 (°C), 24-48h

4 (1 equiv) 5 (4 equiv) 6
. Ph /@A/Ph Ph @/Ph
©/\/ . ©/\/ R
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6d, R=Br, 93%
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6f, R=CN, 63%

S
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N \ Ph)\/ fBuo)J\/\Ph
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60, 63% 6p, 76% 6q, 26% 6r, 61%

Unfortunately, heteroaromatic compounds and 2-ethenylpyridine did not show any
reactivity. Olefins bearing alkyl substituents with hydrogens in B-position resulted in a complex
mixture of isomers probably due to chain walking events. Boronic acids bearing heteroaryl and
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sterically hindered aryl rings, alkenyl groups or methyl boronic acid were not reactive either
(Scheme 50).

Scheme 50. Limitations of the reaction.

S XX A
o Cl X _ B(OH),
| >—B(OH) @[ ©N MeB(OH),
L/f 2 B(OH), B(OH),

6.2.3 Mechanistic studies

For acquiring better knowledge about the reaction and the possible cooperativity between
the two metals present in MUV-22 we run out two different experiments.

The first one consisted in carrying out the standard reaction in Argon atmosphere. Under
these conditions the product was obtained in a 10% of yield. However, it is noticeable that in
the absence of an oxidant the palladium should only be able to do one catalytic turnover leading
to a maximum 2.5% of the product. The higher yield obtained could be explained if the Fe'"
ions of the metallic cluster were reoxidizing the palladium center as we hypothesized.

Table 9. Comparison of the reaction under air and inert atmosphere.

N oo, MUv22 25% mo) - O
OH2 “oME (0.2 M), atm, O

80 °C, 48h
4a (1 equiv) 5a (4 equiv) 6a
Entry Atmosphere Conversion Yield
(%)° (%)
1| Ar 100 83(80)
2 | A 12 10

3Reactions were performed on a 0.1 mmol scale. ®PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. Isolated yield in brackets.

The second one consisted of a comparison between the catalytic activity of the MUV-22
itself, the metallic cluster, the metalloligand and both in conjunction (Table 10). This allowed
us to know if the structure of the MOF was contributing to the catalytic activity. After setting
up the reaction with the monomers, we observed that for the same conditions the amounts of
product obtained were lower. This difference could be due to the confinement effect occurring
inside the MOF enhancing the reactivity.
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Table 10. Comparison of different catalysts.

X Ph—B(OH Catalyst (x% mol) S ‘
+ —
©OHz "our (0.2 M), air, O

80 °C, 48h
4a (1 equiv) 5a (4 equiv) 6a
Entry Catalyst Conversion  Yield
(x mol%) (%)P (%)P

1 \ MUV-22 (2.5 mol%) 100 83(80)

2 | PdCly(H,PDC), (2.5 mol%)e 65 53

3 | Fes0(0AC)(ClO4) (1.7 mol%)? 10

4 PdCl,(H2PDC); (2.5 mol%)c

Fe30(0Ac)s(ClO4) (1.7 mol%)d 1 4

2Reactions were performed on a 0.1 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-

trimethoxybenzene as internal standard. Isolated yield in brackets. ‘Linker of MUV-22. 9Metal cluster of
MUV-22,

6.2.4 Mechanistic proposal

To explain the observed results, we propose the following reaction mechanism (Scheme
51). It starts with the transmetalation from the boronic acid to the palladium to give intermediate
I1. After coordination of the alkene, intermediate 111 is obtained, the palladium undergoes
migratory insertion into the olefin leading to the alkylpalladium 1V, B-hydride elimination gives
the alkene coordinated palladium hydride V. The release of the final product occurs via alkene
dissociation forming the palladium species V1, after reductive elimination of HCI, which results
in a net loss of a chlorine ligand, a palladium(0) complex VII is formed, two SET from the
palladium (0) center to two iron(lll) ions of the metallic cluster would regenerate the
palladium(l1) center, and the iron(Il) ions would be oxidized by the molecular oxygen present
in the air to regenerate the iron(11) ions.
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Scheme 51. Proposed mechanism for the oxidative-Heck reaction catalyzed by MUV-22.

6.2.5 Stability studies

Next, we moved on to evaluate the stability of the MUV-22 in the reaction media. For this
purpose, we performed several analyses to ensure the MOF was maintaining its structure and it
was not decomposing.

6.2.5.1 Leaching experiment

As we did for the allylation reaction described in chapter Il, we performed a hot filtration
test to rule out that palladium leaches out to the solution and becomes a homogeneous catalyst.
Using the standard conditions and adding trimethyl benzene-1,3,5-tricarboxylate as internal
standard, at 24 hours the reaction crude was filtered to a new vessel, an aliquot was taken and
analyzed by *H-NMR and GC-MS and after an additional 24 hours was analyzed again (Figure
9). For both reaction times the conversion remained a 55% and the product yield a 35% meaning
that a homogenous pathway was not occurring for the reaction.
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Figure 9. a) "H-NMR spectra of the reaction after 24 hours b) 'H-NMR spectra of the reaction after 48 hours
after filtration.
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6.2.5.2 Recycling experiments

Next, to ensure that MUV-22 was not decomposing under reaction conditions, we
proceeded to test its recyclability. We performed the experiment during several reaction cycles
at 24 hours. While the catalytic activity remained intact after two cycles, unfortunately, when
the reaction was set for the third time the product yield dropped (Figure 10). This could be due
to the decomposition of the MUV-22 in the reaction media. Thus, we decided to perform further
analysis to get insight into this issue and discard any other factors that may be affecting the
reactivity of the MOF.

BuoO
XN MUV-22 (2,5% mol)
TS Ph—B(OH), —= BuO__
0 DMF (0.1 M), air,

T (°C), 48h o
4a (1 equiv) 5a (4 equiv) 6a®
100
90
80
70
60
50
40
30
20
10
0 —
1 2 3 4 5
B Conversion (%) Product yield (%)

2Yields determined by 'H-NMR analysis using 1,3,5-trimethoxybenzene as internal standard.

Figure 10. Consecutive reaction cycles.

6.2.5.3 EDX analysis
In collaboration with the group of Prof. Guillermo Minguez Espallargas (ICMOL, Univ.
Valencia), we measured the elemental ratios of the palladium, iron and chlorine atoms in the
sample recovered after the catalysis (Figure 11). Pitifully, the ratios indicated that a partial
decomposition of the MUV-22 was occurring after the catalysis, one out of the two chlorine
atoms bounded to the palladium were lost and some palladium leached out from the structure.
This confirms an intrinsic problem in the reductive elimination step of the proposed
mechanism, in which one of the chlorine bonds is lost in every catalytic turnover, likely causing

the collapse of the MOF’s structure.
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Figure 11. EDS of MUV-22-PC for the oxidative Heck reaction. The Pd:Fe:Cl ratio shifts from the original
1.0:2.0:2.0 to 1.0:2.4:1.0 indicating decomposition.

6.2.6 Additive screening

Even though the MUV-22 was decomposing in the reaction media, we envisioned that
maybe with some additives we could overcome this problem as for the allylic alkylation
reaction (Table 10).

According to the proposed mechanism, one of the chlorine ligands is eliminated through
the reductive elimination step. We thought that adding an anion source to the reaction media
could help to fix this loss. When lithium chloride was added no reaction was observed and the
MUV-22 was dissolved leading to a yellow solution (Table 10, entry 1). The use of potassium
fluoride led to low reactivity(Table 10, entry 2). Acetic acid led to same results as standard
conditions (Table 10, entry 3), but when recyclability was evaluated with using it as additive
reactivity was dramatically decreased in the second cycle (Table 10, entry 4). Other acids
sources such as trifluoroacetic acid resulted in excellent yields but decomposition of the catalyst
in a yellow solution (Table 10, entry 5). Finally, as we found that the acid media likely was
accelerating the rate of decomposition of the MOF, we decided to add a base to neutralize the
acid formed in the reaction media, but no reaction occurred (Table 10, entry 6).
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Table 10. Additive screening.

MUV-22 (2.5% mol)
X + PH—B(OH Additive (x equiv) S
©OH): “5uF 02 M), ar, O

80 °C, 48h
4a (1 equiv) 5a (4 equiv) 6a
Entry Additive Conversion Yield
(%)° (%)°
LiCl

2 KF 9 6

3 AcOH Full 86

4 AcOH 20 15

5 TFA Full 91

6 Cs2C03 <5 <5

aReactions were performed on a 0.1 mmol scale. PDetermined by 'H-NMR analysis using 1,3,5-
trimethoxybenzene as internal standard. Isolated yield in brackets. Second run using the recovered solid.
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7. CONCLUSIONS

Regarding the first objective, we have developed a methodology that allows the allylic
alkylation, arylation and alkenylation of allylic bromides using boronic pinacol acid esters using
a bimetallic Fe/Pd MOF as catalyst.

The catalyst could be used up to five times without any loss in activity. Characterization
after the catalysis confirmed that the structure was not compromised during the reaction. The
recyclability was analyzed by kinetic studies showing no variability of the yield during the
reaction time for the different reaction cycles.

Curiously, the EDX analysis showed a substitution of the chlorine atoms by fluorine atoms.
This observation helped us to postulate a feasible mechanism for the reaction.

A comparison was performed with other common palladium catalysts showing that under
our conditions MUV-22 was the more efficient catalyst for this transformation.

Regarding the second objective, we have developed a methodology that allows the
oxidative Heck reaction with alkenes and boronic acids using a bimetallic Fe/Pd MOF as
catalyst with air as sole oxidant probably improved by the iron clusters of the MUV-22 acting
as intermediate for the oxidation step.

The catalyst was recycled up to four times. However, the efficiency decreases during each
of the runs, and it was demonstrated that the structure of the MOF was compromised after the
first cycle through EDX analysis.

Different additives were evaluated in order to overcome the recyclability issue with
negative results.
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8. EXPERIMENTAL PART

8.1 GENERAL METHODS

All reactions were performed under argon atmosphere unless otherwise noted using oven
dried glassware and using standard Schlenk techniques. Solvents were dried using an MBraun
SPS 800 system. All chemicals were purchased from Acros Organics Ltd., Aldrich Chemical
Co. Ltd., Alfa Aesar, Apollo, Strem Chemicals Inc., Fluorochem Ltd. or TCI Europe N.V.
chemical companies and used without further purification, unless otherwise noted.

Analytical thin layer chromatography was carried out on silica-coated aluminum plates
(silica gel 60 F254 Merck) and components were visualized by UV light and KMnOj staining.
Flash column chromatography was performed on silica gel 60 (Merck, 230-400 mesh).

GC-MS analyses were performed in an Agilent instrument GC-8890 equipped with
Chemical lonization (Cl) MS-5977B detector.

High Resolution Mass spectrometry was carried out on a Bruker microTOF spectrometer
using APCI.

'H, 3C and '°F NMR spectra were recorded using a Bruker DPX300 (300 MHz), Varian
Mercury 300 MHz or Agilent VNMRS-300 MHz NMR spectrometer and MesSi as an internal
standard. 1*B spectra were recorded using a Bruker AVII1 500 MHz. Chemical shift values are
reported in ppm with the solvent resonance as the internal standard (CHCls: 6 7.26 for *H, ¢
77.16 for 13C). Coupling constants (J) are given in Hertz (Hz). Multiplicities are reported as
follows: s = singlet, d = doublet, t = triplet, g = quartet, p = pentet, m = multiplet or as a
combination of them.

High-resolution (MALDI-TOF/TOF) mass spectra were recorded in a 5800 MALDI
TOF/TOF (ABSciex) in positive reflector mode.
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8.2 HETEROBIMETALLIC MOF-CATALYZED SUZUKI-MIYAURA ALLYLATION

8.2.1 General procedure for the MUV-22 catalyzed Suzuki-Miyaura allylation

A 5 mL pressure tube equipped with a magnetic stirring bar was charged with MUV-22
(2.5 mol%), Cs,COs3 (0.4 mmol), KF (0.2 mmol). Boronic acid pinacol ester (0.4 mmol) and
cinnamyl bromide (0.2 mmol) were dissolved in the corresponding solvent (0.8 mL and 0.2 mL,
respectively) and subsequently added to the reaction vessel. The reaction mixture was stirred at
the designed temperature for 24 hours. Then, Et2O (2 mL) was added, and the mixture was
decanted. This treatment was repeated 4 times solid. The combined organic layers were filtered
through a pad of silica and the solvent was removed under vacuum. Yield was determined by
'H-NMR using dibromomethane as internal standard. The reaction crude was purified by
column chromatography with silica gel and isolated yield was obtained.

8.2.2 List of starting materials

Boronic acid pinacol esters la-1h and allyl bromides 2a and 2b were purchased from
commercial sources. Boronic acid pinacol ester 1i*'% and allyl bromides 2ct*#, 2d%5, 2116, 2f1°,
2g1Y7, 2h!18 2il19 were prepared according to reported methods.

8.2.2.1 Boronic acid pinacol esters
Bpin Bpin Bpin
MeO X
1a 1b 1c 1d 1e
Bpin i i ;
T gt o
O,N
1f 19 1h 1i

Scheme 52. Boronic acid pinacol esters used in the scope.

113|_ee, J.-E.; Kwon, J.; Yun, J. Chem. Commun. 2008, 733-734.

H4yang, W.; Chen C.; Chan, K. S. Dalton Trans. 2018, 47, 12879-12883.

150 in, Q.; Hu, B.; Xu, X.; Dong, S.; Liu, X.; Feng, X.; Chem. Sci. 2020, 11, 3068-3073.

16| ju, X.; Liu, S.; Wang, Q.; Zhou, G.; Yao, L.; Ouyang, Q.; Jiang, R.; Lan Y.; Chen, W. Org. Lett. 2020, 22, 3149-3154.
17Guduguntla, S.; Hornillos, V.; Tessier, R.; Fafianas-Mastral, M.; Feringa, B. L. Org. Lett. 2016, 18, 252-255.

H8He, J.; Jia, Z.; Tan, H.; Luo, X.; Qiu, D.; Shi, J.; Xu, H.; Li, Y. Angew. Chem. Int. Ed. 2019, 58, 18513-18518.

19Gao, S.; Niggemann, M.; Adv. Synth. Catal. 2019, 361, 1549-1553.
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8.2.2.2 Allyl bromides

P "B Me” gy ©/\ﬁ ©j\ﬂ
DM W W W

Scheme 53. Allyl bromides used in the scope.

8.2.1 Characterization data

(E)-But-1-en-1-ylbenzene (3a). Synthesized following the general procedure, obtained as
a colorless oil in 58% vyield after column chromatography (pentane). *H NMR (300 MHz,
CDCl3) 6 7.40-7.21 (m, 5H), 6.43 (d, J = 15.8 Hz, 1H), 6.32 (dt, J = 15.8, 6.1 Hz, 1H), 2.28 (m,
2H), 1.15 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz, CDCls) 6 138.1, 132.7, 128.9, 128.6, 126.8,
125.9, 26.0, 13.6. Spectroscopic data are in accordance to reported literature.?°

(E)-2-(but-1-en-1-yl)naphthalene (3b). Synthesized following the general procedure,
obtained as a colorless oil in 45% yield after column chromatography (pentane). *H NMR (300
MHz, CDCls) 6 7.78 (m, 3H), 7.68 (m, 1H), 7.58 (m, 1H), 7.43 (m, 2H), 6.55 (d, J = 15.8 Hz,
1H), 6.40 (dt, J = 15.8, 6.2 Hz, 1H), 2.30 (m, 2H), 1.14 (t, J = 7.4 Hz, 3H). 13C NMR (75 MHz,
CDCls) 0 135.6, 133.9, 133.3, 132.8, 129.1, 128.2, 128.0, 127.8, 126.2, 125.6, 125.4, 123.8,
26.3, 13.8. Spectroscopic data are in accordance to reported literature.*?

(E)-1-(But-1-en-1-yl)-3-chlorobenzene (3c). Synthesized following the general
procedure, obtained as a colorless oil in 43% yield after column chromatography (pentane). *H
NMR (300 MHz, CDCl3) ¢ 7.33 (s, 1H), 7.22-7.14 (m, 3H), 6.36-6.28 (m, 2H), 2.28-2.19 (m,
2H), 1.09 (t, J = 7.5 Hz, 3H). 13C NMR (75 MHz, CDCls) 6 139.6, 134.2, 134.0, 129.4, 127.4,
126.4, 125.6, 123.9, 25.7, 13.2. Spectroscopic data are in accordance to reported literature.*%

(E)-1-(But-1-en-1-yl)-3-methylbenzene (3d). Synthesized following the general
procedure, obtained as a colorless oil in 43% yield after column chromatography (pentane). *H
NMR (300 MHz, CDCl3) & 7.17 (m, 3H), 7.01 (d, J = 7.0 Hz, 1H), 6.36 (d, J = 16.0 Hz, 1H),
6.25 (dt, J = 15.8, 6.0 Hz, 1H), 2.34 (s, 3H), 2.23 (m, 2H), 1.09 (t, J = 7.4 Hz, 3H). 3C NMR

120Hill, E. A.; Engel, M. R. J. Org. Chem. 1971, 36, 1356-1360.
121Kumar, R.; Sharma, A.; Sharma, N.; Kumar, V.; Sinha, A. K. Eur. J. Org. Chem. 2008, 33, 5577-5582.
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(75 MHz, CDCIs) 6 138.0, 137.9, 132.5, 128.9, 128.4, 127.5, 126.7, 123.1, 26.1, 21.4, 13.7.
Spectroscopic data are in accordance to reported literature.!??

(E)-1-Bromo-4-(but-1-en-1-yl)benzene (3e). Synthesized following the general
procedure, obtained as a colorless oil in 45% yield after column chromatography (pentane). *H
NMR (300 MHz, CDCls) ¢ 7.33 (d, J = 8.6 Hz, 2H), 7.13 (d, J = 8.6 Hz, 2H), 6.29 — 6.12 (m,
2H), 2.15 (m, 2H), 1.02 (t, J = 7.5 Hz, 3H). 13C NMR (75 MHz, CDCls) 6 136.6, 133.2, 131.2,
128.8, 127.4, 127.2, 120.1, 25.8, 13.2. Spectroscopic data are in accordance to reported
literature. 1?3

(E)-1-(But-1-en-1-yl)-4-(trifluoromethyl)benzene (3f). Synthesized following the
general procedure, obtained as a colorless oil in 45% yield after column chromatography
(pentane). *H NMR (300 MHz, CDCls) ¢ 7.53 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.0 Hz, 2H),
6.47 — 6.30 (m, 2H), 2.26 (m, 2H), 1.11 (t, J = 7.5 Hz, 3H). *C NMR (75 MHz, CDCls) ¢
141.4,135.5, 127.7, 126.0, 125.4 (q, J = 3.9 Hz), 29.7, 13.4. 1°F NMR (282 MHz, CDCls) & -
62.4. Spectroscopic data are in accordance to reported literature.*?®

(E)-1-(But-1-en-1-yl)-4-methoxybenzene (3g). Synthesized following the general
procedure, obtained as a colorless oil in 37% yield after column chromatography (pentane). *H
NMR (300 MHz, CDCls) 8 7.27 (d, J = 8.3 Hz, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.32 (d, J = 15.9
Hz, 1H), 6.12 (dt, J = 15.8, 6.4 Hz, 1H), 3.80 (s, 3H), 2.21 (m, 2H), 1.08 (t, J = 7.4 Hz, 3H).
13C NMR (75 MHz, CDCls) & 158.6, 130.8, 130.5, 128.1, 127.0, 113.9, 55.3, 26.0, 13.8.
Spectroscopic data are in accordance to reported literature.?

(E)-1-Fluoro-2-(3-(3-(trifluoromethyl)phenyl)prop-1-en-1-yl)benzene (3h).
Synthesized following the general procedure, obtained as a colorless oil in 45% yield after
column chromatography (hexane). *H NMR (300 MHz, CDCl3) ¢ 7.53 — 7.40 (m, 5H), 7.19 (t,
J=6.8 Hz, 1H), 7.14 - 6.97 (m, 2H), 6.66 (d, J = 15.9 Hz, 1H), 6.49 — 6.33 (m, 1H), 3.64 (d, J
=7.0 Hz, 2H). 13C NMR (75 MHz, CDCls) § 159.8 (d, J = 248.7 Hz), 140.6, 131.8, 130.4 (d, J
= 4.6 Hz), 130.0 (q, J = 34.1 Hz), 128.7, 128.3 (d, J = 8.4 Hz), 127.5 (q, J = 265.6 Hz), 127.0
(d,J=3.8Hz),125.1 (q,J =3.9Hz), 124.6 (d, J = 12.4 Hz), 124.1 (d, J = 3.5 Hz), 123.8 (d, J
= 3.6 Hz), 122.9 (q, J = 3.9 Hz), 115.5 (d, J = 22.2 Hz), 39.2.°F NMR (282 MHz, CDCls) 5 -
62.6, -118.4. HRMS (APCI) Calc. for CieH11F4 [M+H*]: 279.0787, found 279.0791.

(E)-1-(But-2-en-1-yl)-4-nitrobenzene (3i) + 1-(but-3-en-2-yl)-4-nitrobenzene (3i’).
Synthesized following the general procedure, obtained as a pale yellow oil in 69% yield after
column chromatography (hexane:DCM 50:50). Obtained as a 2:1 mixture of regioisomers. 1H

127hu, N.; Zhao, J.; Bao, H.; Chem. Sci. 2017, 8, 2081-2085.
123yy, X.; Zhao, H.; Li, P.; Koh, M. J. J. Am. Chem. Soc. 2020, 142, 18223-18230.
124Zhang, R. K.; Chen, K.; Huang, X.; Wohlschlager, L.; Renata, H.; Arnold, F. H. Nature 2019, 565, 67-72.
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NMR (300 MHz, CDCls) § 8.17 (m, 2H 3i + 2H 3i), 7.37 (m, 2H 3i +2H 3i"), 6.00 (ddd, J =
16.7, 10.4, 6.4 Hz, 1H 3i’), 5.71 — 5.50 (m, 2H 3i), 5.17 — 5.07 (m, 2H 3¥’), 3.61 (p, J = 6.9 Hz,
1H 31), 3.44 (m, 2H 3j), 1.76 — 1.70 (m, 3H 3i), 1.42 (d, J = 7.0 Hz, 3H 3i"). 3C NMR (75
MHz, CDCls) § 153.2 (31°), 148.9 (3i), 146.5 (31°), 141.4 (31°), 129.2 (3i), 129.1 (3i), 128.2
(31), 128.1 (3i), 128.1 (3i), 127.0 (3i), 123.7 (3i), 123.7 (31°), 123.6 (3i), 114.5 (31), 43.1 (31"),
38.8 (3i), 20.5 (31), 17.87 (3i). HRMS (APCI) Calc. for C10H12NO; [M+H*]: 178.0863, found
178.0863. Spectroscopic data are in accordance to reported literature.?®

(E)-4,4,5,5-Tetramethyl-2-(4-phenylbut-3-en-1-yl)-1,3,2-dioxaborolane @3J).
Synthesized following the general procedure, obtained as a colorless oil in 43% vyield after
column chromatography (hexane:Et,0 99:1). 'H NMR (300 MHz, CDCl3) 6 7.39 — 7.17 (m,
5H), 6.41 (d, J = 15.9 Hz, 1H), 6.30 (dt, J = 15.9, 6.1 Hz, 1H), 2.37 (q, J = 7.2 Hz, 2H), 1.27
(s, 12H), 1.01 (t, J = 7.7 Hz, 2H). 3C NMR (75 MHz, CDCls) & 138.0, 132.8, 128.9, 128.4,
126.7, 125.9, 83.1, 27.3, 24.9. 1'B NMR (160 MHz, CDCls) & 33.88. Spectroscopic data are in
accordance to reported literature.2®

(E)-2-(4-(4-Bromophenyl)but-3-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(3k). Synthesized following the general procedure, obtained as a colorless oil in 30% yield after
column chromatography (hexane:Et,O 99:1). *H NMR (300 MHz, CDClz) & 7.41 (d, J = 7.9
Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 6.39 — 6.22 (m, 2H), 2.34 (g, J = 7.5 Hz, 2H), 1.26 (s, 12H),
0.99 (t, J = 7.7 Hz, 2H). 33C NMR (75 MHz, CDCls) 137.1, 133.8, 131.6, 127.9, 127.6, 120.4,
83.3, 27.5, 25.0. 1B NMR (160 MHz, CDCls3)  33.88. Spectroscopic data are in accordance to
reported literature.'?’

(E)-Prop-1-ene-1,3-diyldibenzene (3l). Synthesized following the general procedure,
obtained as a colorless oil in 60% yield after column chromatography (hexane). *H NMR (300
MHz, CDCl3) 6 7.45—7.17 (m, 10H), 6.51 (d, J = 15.9 Hz, 1H), 6.40 (dt, J = 15.8, 6.4 Hz, 1H),
3.59 (d, J=6.4 Hz, 2H). *C NMR (75 MHz, CDCls) 6 139.9, 137.2, 130.8, 128.9, 128.4, 128.3,
128.2,128.1,126.8, 126.1, 125.9, 125.8, 39.1. Spectroscopic data are in accordance to reported
literature. 28

1-Cinnamyl-4-methoxybenzene (3m). Synthesized following the general procedure,
obtained as a colorless oil in 54% vyield after column chromatography (hexane:Et,O 99:1). 'H
NMR (300 MHz, CDCl3) & 7.41 — 7.13 (m, 7H), 6.87 (d, J = 8.0 Hz, 2H), 6.45 (d, J = 15.9 Hz,
1H), 6.35 (dt, J = 16.1, 6.5 Hz, 1H), 3.80 (s, 3H), 3.50 (d, J = 6.2 Hz, 2H). 1*C NMR (75 MHz,

125yasunori, Y.; Shingo, T.; Norio, M.; Chem. Lett. 2006, 35, 704-705.

126Endo, K.; Ohkubo, T.; Ishioka, T.; Shibata, T.; J. Org. Chem. 2012, 77, 4826-4831.

127Zhang, Z.-Q.; Zhang, B.; Lu, X.; Liu, J.-H.; Lu, X.-Y.; Xiao, B.; Fu, Y. Org. Lett. 2016, 18, 952-955.
128\Wang, Y.; Shao, Z.; Zhang, K.; Liu, Q. Angew. Chem. Int. Ed. 2018, 57, 15143-15147.

93



VicTOR FARINA TORRES

CDCl3) 6 157.8, 137.3, 131.9, 130.5, 129.4, 129.3, 128.2, 126.8, 125.8, 113.6, 55.0, 38.2.
Spectroscopic data are in accordance to reported literature.!?®

4-Cinnamylbenzaldehyde (3n). Synthesized following the general procedure, obtained as
a colorless oil in 76% yield after column chromatography (hexane:Et,O 99:1). *H NMR (300
MHz, CDCl3) ¢ 10.01 (s, 1H), 7.85 (d, J = 8.2 Hz, 2H), 7.47 — 7.17 (m, 9H), 6.51 (d, J = 15.8
Hz, 1H), 6.35 (dt, J = 15.8, 6.7 Hz, 1H), 3.65 (d, J = 6.7 Hz, 2H).13C NMR (75 MHz, CDCls)
o 192.1, 147.7, 137.2, 135.0, 132.3, 130.2, 129.7, 128.7, 127.7, 127.6, 126.3, 39.6.
Spectroscopic data are in accordance to reported literature.3°

1-Cinnamyl-4-nitrobenzene (30). Synthesized following the general procedure, obtained
as a colorless oil in 70% yield after column chromatography (hexane:Et,0 99:1). *H NMR (300
MHz, CDCl3) & 8.12 — 8.03 (m, 2H), 7.36 — 7.11 (m, 7H), 6.41 (d, J = 15.8 Hz, 1H), 6.23 (dt, J
=15.8, 6.8 Hz, 1H), 3.57 (d, J = 6.7 Hz, 2H). 13C NMR (75 MHz, CDCls) § 148.0, 146.7, 136.9,
132.6, 129.5, 128.7, 127.6, 127.0, 126.2, 123.8, 39.1. Spectroscopic data are in accordance to
reported literature. '3

1-Cinnamyl-3-(trifluoromethyl)benzene (3p). Synthesized following the general
procedure, obtained as a colorless oil in 68% yield after column chromatography (hexane). *H
NMR (300 MHz, CDClz) & 7.54 — 7.19 (m, 9H), 6.50 (d, J = 15.8 Hz, 1H), 6.34 (dt, J = 15.8,
6.7 Hz, 1H), 3.62 (d, J = 6.7 Hz, 2H). 3C NMR (75 MHz, CDCl3) & 141.2, 137.3, 132.2 (q, J
= 1,3 Hz), 132.1, 131.0 (q, J = 32.1 Hz), 129.0, 128.7, 128.1, 127.5, 126.3, 125.5 (9, J = 3.7
Hz), 124.4 (q, J = 272.3 Hz), 123.3 (g, J = 3.9 Hz), 39.2. Spectroscopic data are in accordance
to reported literature.*?

1-Cinnamyl-2-methylbenzene (3q). Synthesized following the general procedure,
obtained as a colorless oil in 72% yield after column chromatography (hexane). *H NMR (300
MHz, CDCls) & 7.30 — 7.03 (m, 11H), 6.34 — 6.15 (m, 2H), 3.45 (d, J = 5.0 Hz, 2H), 2.26 (s,
3H). 3C NMR (75 MHz, CDCl3) 6 138.4, 137.7, 136.6, 131.0, 130.4, 129.4, 128.7, 128.6,
127.2, 126.5, 126.2, 126.2, 37.0, 19.6. Spectroscopic data are in accordance to reported
literature. %3

(1E,4E)-1,5-Diphenylpenta-1,4-diene (3r). Synthesized following the general procedure,
obtained as a colorless oil in 34% yield after column chromatography (hexane). *H NMR (300
MHz, CDCl3) 6 7.44 —7.21 (m, 11H), 6.52 (d, J = 15.9 Hz, 2H), 6.33 (dt, J = 15.8, 6.5 Hz, 2H),

129yang, B.; Wang, Z.-X. J. Org. Chem. 2017, 82, 4542-4549.

130Tsukamoto, H.; Uchiyama, T.; Suzuki, T.; Kondo, Y. Org. Biomol. Chem. 2008, 6, 3005- 3013.

131 ge, Y.; Shabbir, S.; Lee, S.; Ahn, H.; Rhee, H. Green Chem. 2015, 17, 3579-3583.

182Qju, J.; Zhang, R.; Org. Biomol. Chem. 2013, 11, 6008-6012.

133 Lipshutz, B. H.; Ghorai, S.; Abela, A. R.; Moser, R.; Nishikata, T.; Duplais, C.; Krasovskiy, A.; Gaston, R. D.; Gadwood,
R. C. J. Org. Chem. 2011, 76, 4379-4391.
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3.17 (t,J = 6.5 Hz, 2H). 13C NMR (75 MHz, CDCls3) § 137.6, 131.2, 128.5, 128.2, 127.1, 126.1,
36.2. Spectroscopic data are in accordance to reported literature.*34

134Alacid, E.; Najera, C. J. Org. Chem. 2009, 74, 2321-2327.
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8.2.2 'H-NMR and *C-NMR Spectra
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Figure 12. 'H NMR spectra of product 3a.
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Figure 13. '3C NMR spectra of product 3a.
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Figure 15. 3C NMR spectra of product 3b.
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Figure 16. '"H NMR spectra of product 3c.
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Figure 17. '3C NMR spectra of product 3c.
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Figure 19. '3C NMR spectra of product 3d.
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Figure 20. 'H NMR spectra of product 3e.
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Figure 21. '3C NMR spectra of product 3e.
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Figure 22. 'H NMR spectra of product 3f.
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Figure 23. '3C NMR spectra of product 3f.
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Figure S24. 'H NMR spectra of product 3g.
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Figure S25. '3C NMR spectra of product 3g.
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Figure 26. 'H NMR spectra of product 3h.
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Figure 27. '3C NMR spectra of product 3h.
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Figure 28. 'H NMR spectra of products 3i and 3i’.
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Figure 29. '3C NMR spectra of products 3i and 3i’.
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Figure 30. 'H NMR spectra of product 3j.
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Figure 31. '3C NMR spectra of product 3j.
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Figure 32. 'H NMR spectra of product 3k.
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Figure 33. '3C NMR spectra of product 3k
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Figure 34. 'H NMR spectra of product 3l.
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Figure 35. 3C NMR spectra of product 3l.
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Figure 36. 'H NMR spectra of product 3m.
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Figure 37. '3C NMR spectra of product 3m.
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Figure 38. 'H NMR spectra of product 3n.
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Figure 39. '3C NMR spectra of product 3n.
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Figure 40. 'H NMR spectra of product 3o.
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Figure 41. '3C NMR spectra of product 3o.
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Figure 42. 'H NMR spectra of product 3p.
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Figure 43. '3C NMR spectra of product 3p.
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Figure 44. 'H NMR spectra of product 3q.
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Figure 45. 3C NMR spectra of product 3q.
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Figure 46. 'H NMR spectra of product 3r.
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Figure 47. '3C NMR spectra of product 3r.
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8.3 HETEROBIMETALLIC MOF-CATALYZED OXIDATIVE HECK COUPLING

8.3.1 General procedure for the MUV-22 catalyzed oxidative Heck coupling.

A vial equipped with a magnetic stirring bar was charged with MUV-22 (2.5 mol%).
Boronic acid (0.4 mmol) and the alkene (0.1 mmol) were dissolved in the corresponding solvent
(0.4 mL and 0.4 mL, respectively) and subsequently added to the reaction vessel. The reaction
mixture was stirred at the designed temperature for until reaching full conversion by TLC or 48
hours. Then, Et2O (2 mL) was added, and the mixture was decanted. This treatment was
repeated 4 times solid. The combined organic layers were extracted with NaClsay and the
solvent was removed under vacuum. Yield was determined by 'H-NMR using 1,3,5-
trimethoxybenzene as internal standard. The reaction crude was purified by column
chromatography with silica gel and isolated yield was obtained.

8.3.2 List of starting materials

Alkenes 1a-10 and boronic acids 2a-2e were purchased from commercial sources.
8.3.2.1 Boronic acids

O,N B(OH), B(OH), (OH),
o I T
\

2a 2b 2c 2d

B(OH),

Scheme 54. Boronic acids used in the scope.

8.3.2.2 Alkenes

@@ﬁ@@

1e

@@@@@

1i 1j

1k 11 Tm 1n

Scheme 55. Alkenes used in the scope.
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8.3.3 Characterization data

(E)-1,2-Diphenylethylene (6a). Synthesized following the general procedure, obtained as
awhite solid in 80% yield after column chromatography (hexane). *H NMR (300 MHz, CDCls)
0758 (d,J=7.6 Hz, 4H), 7.42 (t, J = 7.6 Hz, 4H), 7.36-7.28 (t, J = 7.3 Hz, 2H), 7.17 (s, 2H).
13C NMR (75 MHz, CDCls) 6 137.5, 128.8, 127.8, 126.7. Spectroscopic data are in accordance
to reported literature.**®

(E)-1-methoxy-4-styrylbenzene (6b). Synthesized following the general procedure,
obtained as a white solid in 36% yield after column chromatography (hexane).'H NMR (300
MHz, CDI3) 6 7.54-7.40 (m, 4H), 7.35 (t, J = 7.4 Hz, 2H), 7.26-7.19 (m, 1H), 7.08 (d, J = 16.3
Hz, 1H), 6.98 (d, J = 16.3 Hz, 1H), 6.91 (d, J = 8.7 Hz, 2H), 3.84 (s, 3H).3C NMR (75 MHz,
CDCls) ¢ 159.5, 137.8, 130.3, 128.8, 128.4, 127.9, 127.4, 126.8, 126.4, 114.3, 55.5.
Spectroscopic data are in accordance to reported literature.13®

(E)-1-methyl-4-styrylbenzene (6c¢). Synthesized following the general procedure,
obtained as a white solid in 81% yield after column chromatography (hexane). *H NMR (300
MHz, CDCl3) 6 7.56 (d, J = 7.3 Hz, 2H), 7.47 (d, J = 8.1 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.35
—7.24 (m, 1H), 7.22 (d, J = 8 Hz, 2H), 7.15 (d, J = 16.5 Hz, 1H), 7.09 (d, J = 16.5 Hz, 1H),
2.42 (s, 3H).*C NMR (75 MHz, CDCls) ¢ 137.7, 134.7, 129.5, 128.8, 127.9, 127.5, 126.6,
126.6, 21.4. Spectroscopic data are in accordance to reported literature.'3®

(E)-1-bromo-4-styrylbenzene (6d). Synthesized following the general procedure,
obtained as a white solid in 93% yield after column chromatography (hexane). *H NMR (300
MHz, CDCl3) ¢ 7.57-7.44 (m, 4H), 7.43-7.33 (m, 4H), 7.32-7.27 (m, 1H), 7.11 (d, J = 16.3 Hz,
1H), 7.03 (d, J = 16.3 Hz, 1H). *C NMR (75 MHz, CDCls) 6 137.1, 136.5, 131.9, 129.6, 128.9,
128.1,128.1, 127.6, 126.7, 121.5. Spectroscopic data are in accordance to reported literature.*®’

(E)-1-styryl-4-(trifluoromethyl)benzene (6e). Synthesized following the general
procedure, obtained as a white solid in 74% yield after column chromatography (hexane). *H
NMR (300 MHz, CDCl3) 6 7.61 (s, 4H), 7.55 (d, J = 7.6 Hz, 2H), 7.39 (t, J = 7.3 Hz, 2H), 7.35-
7.27 (m, 1H), 7.21 (d, J = 16.3 Hz, 1H), 7.12 (d, J = 16.3 Hz, 1H).23C NMR (75 MHz, CDCl5)
0 140.9, 136.7, 131.3, 129.26 (q, J = 32.6 Hz), 128.9, 128.4, 127.2, 126.9, 126.7, 125.7 (q, J =
3.8 Hz), 124.3 (g, J = 271.6 Hz). °F NMR (282 MHz, CDCls) § -62.47. Spectroscopic data are
in accordance to reported literature.**

135Dai, M.; Liang, B.; Wang, C.; Chen, J.; Yang, Z. Org. Lett. 2004, 6, 221-224.

136)wasaki, T.; Miyata, Y.; Akimoto, R.; Fujii, Y.; Kuniyasu, H.; Kambe. J. Am. Chem. Soc. 2014, 136, 9260-9263.
187Aydin, J.; Larsson, J. M.; Selander, N.; Szabé, K. J. Org. Lett. 2009, 11, 2852-2854.

138Selvakumar, K.; Zapf, A.; Beller, M. Org. Lett. 2002, 4, 3031-3033.
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(E)-4-styrylbenzonitrile (6f). Synthesized following the general procedure, obtained as a
white solid in 63% vyield after column chromatography (hexane:Et,O 96:4). 'H NMR (300
MHz, CDCls) ¢ 7.69-7.48 (m, 6H), 7.39 (t, J = 7.2 Hz, 2H), 7.32 (m, 1H), 7.22 (d, J = 16.3 Hz,
1H), 7.09 (d, J = 16.3 Hz, 1H).1*C NMR (75 MHz, CDCls) 6 142.0, 136.5, 132.6, 132.6, 129.0,
128.8, 127.1, 127.0, 126.9, 119.1, 110.8. Spectroscopic data are in accordance to reported
literature. 1%

(E)-1-methyl-3-styrylbenzene (6g). Synthesized following the general procedure,
obtained as a colorless oil in 73% yield after column chromatography (hexane). *H NMR (300
MHz, CDCls) 6 7.52 (d, J = 7.9 Hz, 2H), 7.42-7.29 (m, 4H), 7.29-7.21 (m, 2H), 7.13-7.05 (m,
3H), 2.39 (s, 3H).13C NMR (75 MHz, CDCls) 6 138.4, 137.6, 137.5, 129.0, 128.8, 128.7, 128.7,
128.6, 127.7, 127.4, 126.6, 123.9, 21.6. Spectroscopic data are in accordance to reported
literature. ¥’

(E)-1-chloro-3-styrylbenzene (6h). Synthesized following the general procedure,
obtained as a white solid in 81% yield after column chromatography (hexane). *H NMR (300
MHz, CDCl3) ¢ 7.59-7.50 (m, 3H), 7.46-7.36 (m, 3H), 7.36-7.21 (m, 3H), 7.15 (d, J = 16.3 Hz,
1H), 7.06 (d, J = 16.3 Hz, 1H).*C NMR (75 MHz, CDCls) 6 139.4, 137.0, 134.8, 130.3, 130.0,
128.9, 128.2, 127.6, 127.4, 126.8, 126.5, 124.9. Spectroscopic data are in accordance to
reported literature.'4°

(E)-1-methyl-2-styrylbenzene (6i). Synthesized following the general procedure,
obtained as a colorless oil in 72% yield after column chromatography (hexane). *H NMR (300
MHz, CDCls) ¢ 7.64 (d, J = 6.3 Hz, 1H), 7.57 (d, J = 7.1 Hz, 2H), 7.47-7.15 (m, 7H), 7.04 (d,
J=16.1Hz, 1H), 2.48 (s, 3H). *C NMR (75 MHz, CDCls) 6 137.9, 136.6, 135.9, 130.5, 130.2,
128.8, 127.7, 127.7, 126.7, 126.7, 126.3, 125.5, 20.0. Spectroscopic data are in accordance to
reported literature.4!

(E)-1-bromo-2-styrylbenzene (6j). Synthesized following the general procedure, obtained
as a white solid in 36% yield after column chromatography (hexane). *H NMR (300 MHz,
CDClI3) 6 7.68 (dd, J = 7.8, 1.7 Hz, 1H), 7.58 (m, 3H), 7.48 (d, J = 16.2 Hz, 1H), 7.39 (t, J =
7.4 Hz, 2H), 7.38-7.24 (m, 2H), 7.12 (td, J = 7.7, 1.7 Hz, 1H), 7.05 (d, J = 16.2 Hz, 1H). 3C
NMR (75 MHz, CDCls) ¢ 137.3, 137.2, 133.2, 131.6, 128.9, 128.9, 128.2, 127.7, 127.7, 127.0,
126.9, 124.3. Spectroscopic data are in accordance to reported literature.14

139K halafi-Nezhad, A.; Panahi, F. ACS Sustainable Chem. Eng. 2014, 2, 1177-1186.

140Zhang, J.-Q.; Cao, J.; Li, W.; Li, S.-M.; Li, Y.-K.; Wang, J.-T.; Tang, L. New J. Chem. 2017, 41, 437-441.
141Tanaka, S.; Mori, A. Eur. J. Org. Chem. 2014, 2014, 1167-1171.

42K rasovkskiy, A. L.; Haley, S.; Voigtritter, K.; Lipshutz, B. H. Org. Lett. 2014, 16, 4066-4069.
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(E)-2-styrylnaphthalene (6k). Synthesized following the general procedure, obtained as
a white solid in 45% vyield after column chromatography (hexane:Et20 99:1). 'H NMR (300
MHz, CDCl3) 6 7.98-7.83 (m, 4H), 7.79 (d, J = 8.6 Hz, 1H), 7.61 (d, J = 8.0 Hz, 2H), 7.54-7.48
(m, 2H), 7.43 (t, J = 7.6 Hz, 2H), 7.38-7.23 (m, 3H). ¥*C NMR (75 MHz, CDCI3) ¢ 137.5,
135.0, 133.9, 133.2,129.2, 129.0, 128.9, 128.5, 128.2, 127.8, 126.8, 126.7, 126.5, 126.1, 123.7.
Spectroscopic data are in accordance to reported literature.*3’

(E)-2-styrylthiophene (61). Synthesized following the general procedure, obtained as a
yellow solid in 32% yield after column chromatography (hexane). *H NMR (300 MHz, CDCls)
07.47(d,J=7.8Hz 2H), 7.35(t, J = 7.7 Hz, 2H), 7.27-7.15 (m, 2H), 7.07 (d, J = 3.7 Hz, 1H),
7.03-6.98 (m, 1H), 6.93 (d, J = 16.1 Hz, 1H).13C NMR (75 MHz, CDCls) 6 143.1, 137.1, 128.8,
128.5, 127.7, 126.5, 126.2, 124.5, 121.9. Spectroscopic data are in accordance to reported
literature.1*3

ethene-1,1,2-triyltribenzene (6m). Synthesized following the general procedure, obtained
as a white solid in 51% vyield after column chromatography (hexane). *H NMR (300 MHz,
CDCl3) 6 7.43-7.28 (m, 8H), 7.28-7.22 (m, 2H), 7.20-7.11 (m, 3H), 7.10-7.03 (m, 2H), 7.01 (s,
1H). BC NMR (75 MHz, CDCls) 6 143.6, 142.8, 140.5, 137.6, 130.5, 129.7, 128.8, 128.3,
128.3, 128.1, 127.8, 127.6, 127.5, 126.9. Spectroscopic data are in accordance to reported
literature. 144

(E)-tert-butyl cinnamate (6n). Synthesized following the general procedure, obtained as
a colorless oil in 74% yield after column chromatography (hexane:Et.O 97:3). *H NMR (300
MHz, CDCls) ¢ 7.59 (d, J = 16.0 Hz, 1H), 7.54-7.45 (m, 2H), 7.37 (m, 3H), 6.37 (d, J = 16.0
Hz, 1H), 1.54 (s, 9H). 13C NMR (75 MHz, CDCl3) § 166.5, 143.7, 134.9, 130.1, 129.0, 128.1,
120.4, 80.6, 28.4. Spectroscopic data are in accordance to reported literature.**

(E)-1-nitro-3-styrylbenzene (60). Synthesized following the general procedure, obtained
as a yellow solid in 63% yield after column chromatography (hexane:Et,0 93:7). 'H NMR (300
MHz, CDCls) 6 8.39 (t, J = 2.0 Hz, 1H), 8.12 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.87- 7.77 (d, J =
7.8 Hz ,1H), 7.62-7.49 (m, 3H), 7.48-7.37 (m, 2H), 7.35 (m, 1H), 7.27 (d, J = 16.3 Hz, 1H),
7.16 (d, J = 16.3 Hz, 1H).23C NMR (75 MHz, CDCls) ¢ 148.9, 139.4, 136.5, 132.4, 132.0,
129.7, 129.0, 128.7, 127.0, 126.3, 122.2, 121.1. Spectroscopic data are in accordance to
reported literature. 1%

143Mennecke, K.; Kirschning, A. Beilstein J. Org. Chem. 2009, 5, No. 21.
144Cahiez, G.; Moyeux, A.; Poizat, M. Chem. Commun. 2014, 50, 8982-8984.
145Zhou, X.; Luo, J,; Liu, J.; Peng, S.; Deng, G.-J. Org. Lett. 2011, 13, 1432-1435.
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(E)-4-styrylbenzaldehyde (6p). Synthesized following the general procedure, obtained as
awhite solid in 76% yield after column chromatography (hexane). *H NMR (300 MHz, CDCls)
5 10.00 (s, 1H), 7.87 (d, J = 8.2 Hz, 2H), 7.66 (d, J = 8.3 Hz, 3H), 7.55 (d, J = 7.3 Hz, 1H), 7.39
(t, J=7.3Hz, 2H), 7.32 (d, J = 7.4 Hz, 1H), 7.27 (d, J = 16.3 Hz, 1H), 7.14 (d, J = 16.3 Hz,
2H).13C NMR (75 MHz, CDCls) ¢ 191.6, 143.4, 136.6, 135.4, 132.2, 130.2, 128.8, 128.5,
127.4, 126.9. Spectroscopic data are in accordance to reported literature.!4®

tert-butyl(E)-4-(4-hydroxystyryl)benzoate (6q). Synthesized following the general
procedure, obtained as a white solid in 26% yield after column chromatography (hexane:Et.O
95:5). 'H NMR (300 MHz, CDCls) 6 7.53 (d, J = 16.0 Hz, 1H), 7.40 (d, J = 8.6 Hz, 2H), 6.83
(d, J =8.6 Hz, 2H), 6.23 (d, J = 16.0 Hz, 1H), 5.46 (br s, 1H), 1.53 (s, 9H).13C NMR (75 MHz,
CDCls) ¢ 157.6, 143.4, 129.9, 127.7, 117.9, 116.0, 80.5, 28.4. Spectroscopic data are in
accordance to reported literature.4’

(E)-1-styrylnaphthalene (6r). Synthesized following the general procedure, obtained as a
white solid in 61% yield after column chromatography (hexane). *H NMR (300 MHz, CDCls)
§8.23(d, J=7.5 Hz, 1H), 7.96-7.85 (m, 2H), 7.81 (d, J = 8.2 Hz, 1H), 7.75 (d, J = 7.3 Hz, 1H),
7.61 (d, J =7.2 Hz, 3H), 7.58-7.46 (m, 3H), 7.41 (t, J = 7.4 Hz, 2H), 7.35-7.27 (m, 1H), 7.16
(d, J = 16.0 Hz, 1H). 1*C NMR (75 MHz, CDCls) ¢ 137.8, 135.2, 133.9, 131.9, 131.6, 128.9,
128.8, 128.2, 127.9, 126.8, 126.2, 126.0, 125.8, 123.9, 123.8. Spectroscopic data are in
accordance to reported literature. 48

16Huang, M.-H.; Liang, L.-C. Organometallics 2004, 23, 2813-2816.
147Szewczyk, S. M.; Zhao, Y.; Sakai, H. A.; Dube, P.; Newhouse, T. R. Tetrahedron 2018, 74, 3293-3300.
148Alacid, E.; Najera, C. J. Org. Chem. 2009, 74, 8191-8195.
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8.3.4 'H-NMR and *C-NMR Spectra
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Figure 48. 'H NMR spectra of product 6a.
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Figure 49. '3C NMR spectra of product 6a.
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Figure 50. 'H NMR spectra of product 6b.
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Figure 51. 3C NMR spectra of product 6b.
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Figure 52. 'H NMR spectra of product 6c.
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Figure 53. '3C NMR spectra of product 6c.
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Figure 54. 'H NMR spectra of product 6d.
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Figure 55. 3C NMR spectra of product 6d.
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Figure 56. 'H NMR spectra of product 6e.
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Figure 57. '3C NMR spectra of product ée.
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Figure 60. 'H NMR spectra of product 6g.
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Figure 61. 3C NMR spectra of product 6g.
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Figure 62. 'H NMR spectra of product 6h.
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Figure 66. '"H NMR spectra of product 6j.
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Figure 67. '3C NMR spectra of product 6j.
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Figure 68. 'H NMR spectra of product 6k.
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Figure 69. 3C NMR spectra of product 6k.
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Figure 70. 'H NMR spectra of product 6l.

o o @muNuNno
4 8 s4ngdased
% 9 NNSNARE L55
[N
L 50
S L4s
Ph NS k40
L35
30
k25
F20
15
|
[N
L 10
|
1 |
ks
Lo J |
" "™ " " AL y " Al
WA sy [ i b A . By N o oo o
L5
T T T T T T T T T T T T T T T T T T T 1
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

Figure 71. '3C NMR spectra of product 6l.
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Figure 72. 'H NMR spectra of product 6m.
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Figure 73. '3C NMR spectra of product 6m.
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Figure 76. 'H NMR spectra of product 60.
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Figure 78. 'H NMR spectra of product 6p.
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Figure 79. '3C NMR spectra of product 6p.
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Figure 81. '3C NMR spectra of product 6q.
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Figure 82. 'H NMR spectra of product ér.
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Figure 83. '3C NMR spectra of product 6r.
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Catalysis is a powerful tool for the synthesis of a wide variety of compounds. A catalyst
allows to increase the rate in which a chemical reaction reaches the equilibrium
without being consumed in the process.

Common transformations have been typically carried out under homogeneous catalysis.
However, the catalyst is difficult to recover after the reaction. In this context the
development of new recyclable heterogeneous catalysts is of high value.

On this field, MOFs have emerged as powerful catalysts that can combine the
advantages of both homogeneous and heterogeneous catalysts.

This thesis presents the principal results obtained in the investigation of the
applications of a novel bimetallic framework based on iron clusters and a palladium
metalloligand in different palladium catalyzed reactions.
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