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Abstract 

The present thesis describes the development of heterogeneous catalytic 

methodologies using metalorganic frameworks (MOFs) as porous matrices 

for supporting transition metal catalysts. A wide spectrum of chemical reac-

tions is covered. Following the introductory section (Chapter 1), the results 

are divided between one descriptive part (Chapter 2) and four experimental 

parts (Chapters 3–6).  

Chapter 2 provides a detailed account of MOFs and their role in heter-

ogeneous catalysis. Specific synthesis methods and characterization tech-

niques that may be unfamiliar to organic chemists are illustrated based on ex-

amples from this work. 

Pd-catalyzed heterogeneous CC coupling and CH functionalization 

reactions are studied in Chapter 3, with focus on their practical utility. A vast 

functional group tolerance is reported, allowing access to substrates of rele-

vance for the pharmaceutical industry. Issues concerning the recyclability of 

MOF-supported catalysts, leaching and operation under continuous flow are 

discussed in detail. 

The following chapter explores puzzling questions regarding the nature 

of the catalytically active species and the pathways of deactivation for 

Pd@MOF catalysts. These questions are addressed through detailed mecha-

nistic investigations which include in situ XRD and XAS data acquisition. For 

this purpose a custom reaction cell is also described in Chapter 4. 

The scope of Pd@MOF-catalyzed reactions is expanded in Chapter 5. 

A strategy for boosting the thermal and chemical robustness of MOF crystals 

is presented. Pd@MOF catalysts are coated with a protecting SiO2 layer, 

which improves their mechanical properties without impeding diffusion. The 

resulting nanocomposite is better suited to withstand the harsh conditions of 

aerobic oxidation reactions. In this chapter, the influence of the nanoparticles’ 

geometry over the catalyst’s selectivity is also investigated. 

While Chapters 3–5 dealt with Pd-catalyzed processes, Chapter 6 intro-

duces hybrid materials based on first-row transition metals. Their reactivity is 

explored towards light-driven water splitting. The heterogenization process 

leads to stabilized active sites, facilitating the spectroscopic probing of inter-

mediates in the catalytic cycle. 

 

 

 
  



 

 

Populärvetenskaplig sammanfattning  

Denna avhandling beskriver utvecklingen av heterogena katalytiska 

metoder baserade på metalorganic frameworks (MOFs) som porösa matriser 

för support av övergångsmetaller. Avhandlingen täcker ett brett spektrum av 

kemiska reaktioner indelade i en introduktionsdel (Kapitel 1) följt av 

forskningsresultaten uppdelade i en beskrivande del (Kapitel 2) samt fyra 

experimentella delar (Kapitel 3-6). 

Kapitel 2 skildrar en detaljerad redogörelse av MOFs och deras 

funktion inom heterogen katalys. Specifika syntetiska metoder av dess 

framställning samt karaktäriseringstekniker som kan vara främmande för 

organiska kemister är illustrerade med exempel baserade på 

forskningsresultat. 

I Kapitel 3 behandlas palladium-katalyserad heterogen CC koppling 

och CH funktionalisering med fokus på dess praktiska användbarhet. Här 

presenteras en omfattande tolerans mot funktionella grupper, vilket öppnar 

upp för tillverkning av substrat relevanta för läkemedelsindustrin. Kapitlet 

innefattar en detaljerad diskussion av svårigheter med återvinnande av MOF-

baserade katalysatorer samt läckage och hantering i samband med konstant 

flödeskemi. 

Efterföljande kapitel granskar komplexiteten kring de katalytiskt aktiva 

ämnena samt Pd@MOF-katalysatorernas avaktiverande processer. Dessa 

frågor är adresserade med detaljerade mekanistiska studier vilket innefattar in 

situ XRD och XAS datainsamling. Utöver det beskrivs även en anpassad 

reaktionscell i Kapitel 4. 

Vidden av Pd@MOF-katalyserade reaktioner utvecklas i Kapitel 5. En 

strategi för att förhöja den termiska och kemiska robustheten av MOF-

kristaller beskrivs där Pd@MOF katalysatorer är täckta med ett lager 

skyddande SiO2, vilket ökar dess mekaniska egenskaper utan att minska dess 

diffusionskapacitet. Denna nanokomposit visar sig stå emot kraftiga 

reaktionsbetingelser vid aerobisk oxidation betydligt bättre. I detta kapitel 

undersöks även sambanden mellan nanopartiklars geometri och katalysatorns 

selektivitet. 

Medan Kapitel 35 behandlar Pd-katalyserade processer, introducerar 

Kapitel 6 hybridmaterial baserade på första radens övergångsmetaller. Dess 

reaktivitet mot ljusdriven vattenklyvning undersöks. Den heterogenization 

process leder till stabiliserade aktiva platser, vilket underlättar 

spektroskopiska sondering av mellanprodukter i den katalytiska cykeln. 
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1. Introduction 

1.1. Catalysis 

A catalyst is a compound that enhances the rate of a chemical reaction 

by enabling alternative mechanisms or by stabilizing transition states, without 

being consumed in the process. The catalyzed reaction pathway will possess 

lower energy barriers, easier to overcome by more molecules, thus accelerat-

ing the desired transformation (Figure 1.1). A first definition of a catalyst was 

given along these lines, but in simpler words, by the German chemist F. W. 

Ostwald who received the Nobel Prize in 1909 for his work on catalysis. Co-

incidently, his name is also associated with the Ostwald ripening phenome-

non,1 which played an unexpectedly influential role in the work described in 

this thesis.  

 

Figure 1.1. Simplified energy diagram for a catalyzed reaction 

According to the principle of microscopic reversibility, any elementary 

reaction can proceed both forward and in reverse and both of these processes 

are equally affected by the catalyst. The thermodynamic equilibrium of a sys-

tem will not be affected and so catalysis is referred to as a purely kinetic phe-

nomenon. A century after Ostwald brought his contribution to this field, catal-

ysis remains indispensable for advancements in the chemical sciences, and its 

contribution is still kept in high regard by the Nobel Committee which 

awarded the prize in chemistry in 2001 (asymmetric catalysis), 2005 (metath-

esis reactions) and 2010 (CC coupling reactions) to scientists serving in the 

field of catalysis. However, as much as it is modern, catalysis is also ancient 

and humans in antiquity learned to harness the potential of enzymatic catalysis 

in order to control alcoholic fermentation. 
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1.1.1. The role of catalysis in shaping modern history 

Although Jacob Berzelius was already experimenting with catalysis in 

early 19th century Sweden and he postulated the presence of an abstract “cat-

alytic force”,2 it is only during the 20th century that catalysis began to have a 

prolific influence over our lives. Firstly, it is worth mentioning the Haber-

Bosch process for nitrogen fixation over an iron-based catalyst, which was 

implemented on an industrial scale in 1913. This new route to synthetic am-

monia satisfied the growing demand for nitrate fertilizers. This process is cred-

ited as one of the enabling factors of the demographic boom of the 20th century 

and it is still estimated to consume 1–2% of the world’s annual energy supply. 

Additionally, the Haber-Bosch process offered the Germans an alternative 

path to nitrogen-based explosives during World War I, when the world’s larg-

est mineral deposits of nitrates in Chile were blocked by the Allies. Despite 

the historic significance, it is only in 2007 that Gerhard Ertl received the Nobel 

Prize for his studies of chemical processes on solid surfaces, which provided 

the basis for understanding the Haber-Bosch process at a molecular level.3  

The transition from war to peace shifted the focus of catalysis research. 

In 1921, Raney began experimenting with porous Ni which eventually led to 

the most extensively used catalyst for the hydrogenation of vegetable oils. The 

patent protecting his invention was purchased in 1927 to start an entrepreneur-

ial venture for making margarine that would become the Unilever Corpora-

tion, whose products are present today in virtually every household. The Ni-

Raney catalyst is still widely used in the route to adipic acid, one of the com-

ponents of nylon.  Increasing attention was also drawn to the manufacturing 

of synthetic fuels for economic purposes. The development of the Fluid Cata-

lytic Cracking process over zeolitic catalysts meant that crude oil could now 

be transformed into high-octane synthetic fuels necessary for aviation. How-

ever, this innovation will later also play an essential role in warfare. During 

World War II, the superior cracking and alkylation catalytic technologies of 

the Allies provided them the air superiority that decisively tipped the scales in 

their favor during the famous Battle of Britain.  Following the war, the devel-

opment of polymerization catalysts in the early 50s by Ziegler and Natta meant 

that polyethylene and polypropylene could now be synthesized at low temper-

atures and pressures with implications that profoundly transformed our world. 

Many years later, catalysts continue to shape industries like pharmaceu-

ticals, petrochemicals, polymers and crop protection and our modern lives 

would be unimaginable without catalysis. The few stories mentioned above 

share an interesting connection. Across time periods, political and societal de-

velopments were intricately intertwined with the development of catalytic 

technologies. The situation is no different today and the quest to transform the 

way we produce and consume energy has influenced to a great extent the di-

rection of research in catalysis over the past decade. Figure 1.2 describes an 

integrated artificial photosynthesis catalytic system called “the artificial leaf” 
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developed by Nocera and co-workers.4 It uses sunlight and water to produce 

O2 and H2 that can be converted into fuels. Correspondingly, the last chapter 

of this thesis is also dedicated to studying catalytic water splitting. 

 

Figure 1.2. Artificial leaf concept for energy production using catalysis 

 

 

 

1.1.2. Implications for a sustainable society today 

“One of this century’s greatest challenges is to foster prosperity in a 

world of finite resources”.5 As our response to this warning grew more deter-

mined and coherent, catalysis played an increasingly important role in reduc-

ing our impact on the world.6 Even during the early days of environmental 

awareness, catalysis stepped up to the challenge and one of the first turning 

points was the introduction in 1974 of catalytic converters for automobiles. 

The converters transform hazardous NO and CO from exhaust gases into non-

toxic N2 and CO2, over a Pt / Rh heterogeneous system. 

 In 1998 Anastas and Warner published a list of “12 principles of green 

chemistry” that would outline an early conception of what the chemical indus-

try should aim for.7 The first of these principles “better prevent waste rather 

than treat or clean up waste”, speaks very loudly to catalysis, which is proba-

bly the most capable actor to achieve this goal. Following this principle, argu-

ments on environmental affairs overlooked in the past are now a subject of 

debate at all levels of society. Nevertheless, for companies in the pharmaceu-

tical and fine chemicals industries, the “expensive” transition to more sustain-

able manufacturing, beyond governmental initiatives and public pressure, is 

also economically sound in the long term.  

By understanding how catalysts operate, they can be designed to accel-

erate reactions, to save energy by lowering reaction temperatures and to re-

duce purification costs by improving the selectivity of a process. Today, more 

than ever, we have the necessary computational and spectroscopic tools to 

predict catalysis. The unprecedented ability to manipulate matter atom by 
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atom, gives us the opportunity to design more sophisticated catalysts and tailor 

their activity to meet even more difficult challenges in the future.  

 

 

 

1.1.3. Transition metals in catalysis: achievements and concerns  

Transition metals constitute the largest block of the periodic table. They in-

clude the majority of elements in groups 3 to 12, which possess incompletely 

filled d orbitals. Transition metals are beyond question the most versatile class 

of catalysts. Their d orbitals have the appropriate energies and symmetry to 

trade electrons with  and  orbitals of organic molecules, while shuffling 

comfortably between different oxidation states. Osmium has been tradition-

ally used as an example to illustrate this concept: OsO4, in which the metal 

has a +8 formal oxidation state used to be a rather common reagent in organic 

synthesis. More recently, under exotic conditions, iridium tetraoxide cations 

with a +9 formal oxidation state on the metal center have been evidenced.8 

This formalism does not accurately describe the real electronic environment 

around the metallic center and such species only exist in the presence of strong 

electron-donating ligands. Nevertheless, these examples illustrate the ability 

of transition metals to mediate the exchange of electrons and thus to promote 

a chemical reaction. More common Ir species with oxidation states from +1 

to +5 have found wide applicability organometallic chemistry. 

Besides iridium, another transition metal that has been extensively 

employed in catalysis is palladium, with a range of applications impossible to 

summarize comprehensively in this chapter. For decades palladium has dom-

inated the most important class of organic transformations, which is the forg-

ing of CC bonds that represent the backbone of organic molecules. Until to-

day palladium remains ubiquitous in the laboratory and it has even found ap-

plications in modern transformations such as selective C–H bond activations. 

 

Figure 1.3. Examples of Ir, Pd and Ru catalysts useful in organic synthesis 

Palladium and iridium, together with four other noble metals (plati-

num, rhodium, ruthenium and osmium) are part of the same sub-class of tran-

sition metals referred to as platinum-group metals (PGMs). With an appropri-

ate ligand design, all these metals make competent catalysts, complementing 

each other (Figure 1.3). Interestingly, they also tend to occur together in the 
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same mineral deposits.9 Unfortunately their reserves are low and considering 

current rates of consumption, the Green Chemistry Institute of the American 

Chemical Society includes all PGMs in a list of “endangered elements” with 

various risks of supply limitation in the future (Figure 1.4).  

 

Figure 1.4. The periodic table of endangered elements 

An additional risk factor is represented by the uneven distribution of 

reserves across the world. A recent report of the US Geological Survey pub-

lished in January 201610 shows that out of the 66 ktons of PGMs estimated in 

remaining reserves, 63 ktons are located in South Africa, followed by Russia 

with 1 kton and USA with 0.9 ktons. More importantly, the same report shows 

how the prices of these metals were deeply affected during 2015 by socioec-

onomic factors such as a strike of the mine workers in South Africa or the 

slowing of China’s economic growth, which led to a decreased demand. In 

2015, USA imported 7 times more palladium than it produced.   

Arguments of this kind may at first seem unrelated to the topic of this 

thesis, but they form the foundation and the motivation for the scientific ques-

tions addressed. Catalysis must undoubtedly play an increasingly important 

role in shaping our world. However, the prospect of scientific progress being 

limited by insufficient reserves or political uncertainties is unacceptable. For 

this reason, two lines of action are imperative. Firstly, it is urgent to design 

catalytic systems that allow the cost-effective recovery and reuse of transition 

metals. Secondly, in the long term it will be important to create new catalysts 

based on cheaper and more abundant first-row transition metals. Some sources 

estimate iron, the second most abundant metal in earth’s crust, to be roughly 

18000 times cheaper than palladium. However, this will require a completely 

new approach to ligand design given the propensity of these metals to form 

high-spin complexes. It will be a tedious journey and it may not even be pos-

sible to replace all noble metals in catalysis with cheaper ones, but many suc-

cessful examples already exist giving plenty of reasons for optimism.11 As 
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such, the larger part of this thesis studies recyclable palladium catalysts, while 

the final chapter is dedicated to the development of recyclable catalysts based 

on first-row transition metals.  

 

 

 

1.1.4. Homogeneous vs. heterogeneous catalysis and in-between 

Heterogeneous catalysis is a wide term referring to systems in which 

the catalytically active species and the reactants are not in the same phase. It 

covers a wide range of processes, including immiscible biphasic liquid sys-

tems. However, in the context of this thesis, this term should be understood to 

refer solely to catalysts supported in a solid matrix while the reagents are dis-

solved in a liquid phase.  

Keeping the catalyst in a different phase should in principle simplify 

the separation and recovery of metals from the desired product. Regardless of 

the intention to reuse the catalyst, the heterogeneous approach can greatly re-

duce the purification costs in industries with drastic restrictions for contami-

nants (pharmaceuticals, polymers, food). This concept has always attracted 

chemists and heterogeneous catalysts have existed for a long time in the form 

of bulk metal oxides, alloys or zeolites. However, they have suffered from a 

lack of tunability that prevented them from being adapted to new processes. 

Nowadays, the fine chemical industry is producing more complex molecules 

which require specialized catalysts. 

Homogeneous catalysts have had great success in this area mainly be-

cause the tools of organic chemistry allow a precise design of ligands, which 

in turn manipulate with great accuracy the electronic and steric environment 

around the metal center. This allowed researchers to maximize the catalytic 

activity of transition metals achieving turnover numbers (TONs) up to 106. 

This is remarkable since catalysts that operate so efficiently may not require 

purification as they are already below the ppm limits allowed for traces of 

contaminants. Still, such cases are rare and ligands that enable this efficiency 

are overpriced and often sensitive to oxygen and humidity, requiring strictly 

inert conditions which add to the operating costs. Moreover, at the end of the 

process, the catalyst is often disposed of with the rest of the waste, in concen-

trations that make its recovery impractical. Therefore, one of the goals of mod-

ern heterogeneous catalysis is to bridge these areas by immobilizing single 

site catalysts on a heterogeneous support while retaining the features of their 

original ligands (Figure 1.5). This would facilitate the recovery of the transi-

tion metal without compromising its activity. The so called heterogenization 

of the catalyst, brings additional advantages as the isolation of the catalytic 

sites in the support can prevent self-associative deactivation pathways12 and 

opens additional opportunities for mechanistic investigations.13 
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Figure 1.5. Immobilization of an Ir isomerization catalyst in a porous heterogeneous 
support that facilitates recycling14 

On the other hand, modern methods also enabled a finer control of 

matter at the nano-scale and ligand-free metallic catalysts in the form of nano-

composites have made an impressive comeback. Controlling the shape and 

size of metallic nanoparticles means that higher surface-to-volume ratios 

could be achieved, increasing the number of coordinatively unsaturated atoms 

in exposed positions and thus the overall catalytic efficiency (Figure 1.6). To 

a large extent this phenomenon was due to the rise of more flexible and tunable 

heterogeneous supports such as porous siliceous materials and metalorganic 

frameworks (see Section 1.2). Using these modern porous materials, the inner 

surface of the cavity can be tailored in a way that it influences the stereoelec-

tronic properties of the active site. The pore functionalization can lead to a 

different behavior of the metal than in solution thus partially taking the role of 

the ligand.  

This classification can be further complicated when considering that 

the bench-stable form of the catalyst is rarely the one actually initiating the 

catalytic cycle. The precatalyst is transformed in the reaction medium to a 

more active form by a ligand exchange or redox step, or it can even be released 

and allowed to transition towards nanoparticulate species.15 

  

Figure 1.6. Controlled morphology of Pd nanoclusters by chemical etching. Re-
printed with permission from Zhang J. et al. Chem. Mater., 2014, 26, 1213 – 1218. 

© 2016 American Chemical Society. 
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Conversely, when nanoparticles are used from the beginning of the 

catalytic reaction, their atoms can be etched and redeposited in a continuous 

movement. Individual metallic atoms, clusters of few atoms or nanoparticles 

of hundreds of atoms can be simultaneously active via different mechanisms 

(Figure 1.7). This spectrum of the heterogeneity of catalysis became obvious 

only recently with the advancement of spectroscopic techniques. The borders 

between homogeneous and heterogeneous catalysts become blurred as the 

classification should be based on the catalyst’s mode of action and not on the 

form of the precatalyst. To avoid confusion, a new terminology based on the 

catalyst having one or multiple modes of action has been proposed, dividing 

them into homotopic and heterotopic catalysts. However, this new classifica-

tion has not been widely embraced by the catalysis community.16  

 

Figure 1.7. Different active Pd species in Suzuki-Miyaura cross-coupling. Reprinted 
with permission from Lorenzo-Perez M. J. Phys. Chem. Lett., 2012, 3, 167 – 174.   

© 2016 American Chemical Society. 

The endeavors to heterogenize single-site catalysts have also received 

well-deserved criticism for sometimes overlooking important aspects.17 

Amongst the justified arguments is the added costs of immobilization which 

may outbalance the benefits of recovery. Further, the changes in the nature of 

the active species that were described above can lead to a lack of kinetic re-

producibility that contravenes with cGMP regulations for industrial manufac-

turing. Additionally, an exaggerated sense of optimism around this strategy 

has led to a loosening of review criteria. Occasionally, reports can be found 

drawing conclusions of heterogeneity based on insufficient evidence or omit-

ting essential aspects such as investigations in the deactivation pathways of 

the supported catalysts. All these arguments are perfectly sound, but they 

should not act as a deterrent for researchers in the field. Instead they should 

serve as guidelines for better practice.  
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Despite criticism and despite the confusing nomenclature, it remains 

crucial to develop more efficient and more innovative supports that will enable 

heterogeneous catalysts to approach more complex reactions and achieve 

higher turnovers while still being easily recovered and reused. Finally, it is 

noteworthy that heterogeneous catalysts are more easily amenable for imple-

mentation in continuous-flow processes that bring a series of additional ad-

vantages, which are described in the following section. 

 

 

 

1.1.5. Heterogeneous processes under a continuous flow regime  

Continuous processing has for a long time been the standard in some 

fields such as the oil or food industries. However, in the manufacturing of fine 

chemicals and pharmaceuticals, the transition from batch to flow was regarded 

as too difficult, due to the complexity of the synthetic procedures.18 Mean-

while at the micro-scale, flow chemistry has diffused slowly into academic 

laboratories. Some reluctance to adopt this new paradigm was expected, given 

that synthetic chemists were faced with issues previously reserved for process 

chemists and engineers, such as fluid mechanics, heat transfer and automation 

technologies. However, it became undeniable that benefits greatly outweigh 

the challenges and more laboratories are embracing this concept, which be-

came an important promoter for the transition to more sustainable chemistry. 

In the academic context the flow apparatus is attractive because it op-

erates with smaller volumes meaning that hazardous intermediates can be 

more easily and safely manipulated while thermal control and mixing man-

agement are improved. Inline analytic techniques can be integrated with the 

micro-flow reactors offering real time kinetic feedback. Libraries of products 

can be synthesized in a single experiment and the scale of production is dic-

tated only by the time of operation. Importantly, even though flow chemistry 

is conceivable with liquid-only reagents, heterogeneous catalysts are better 

suited for this purpose. A recent, elegant application of this technology is il-

lustrated by Kobayashi and co-workers (Figure 1.8).19 An anti-inflammatory 

drug molecule is synthesized from commercially available products through 4 

synthetic steps, all executed in a continuous flow sequence, using immobilized 

heterogeneous catalysts.  

On the other hand, in an industrial setting more things need to be con-

sidered and a simple scale-up approach will not be sufficient. Although the 

chemical transformation is at the center of the stage in this discussion, in real-

ity it amounts to only a fraction of the time, energy and materials involved. 
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Figure 1.8. Continuous flow synthesis of Rolipram. Reprinted with permission from 
Tsubogo T. et al. Nature, 2015, 520, 329 – 332. © 2016 Nature Publishing Group. 

It is estimated that in pharmaceutical syntheses separations amount for 

approximately three fourths of the total number of unit operations (Figure 

1.9).20 Extractions, distillations and crystallizations are commonly performed 

in batch mode and although initiatives exist to transfer these operations to flow 

as well, the current technology needs to be improved. Only then will continu-

ous processing be truly appealing for large scale manufacturing.  

 

Figure 1.9. Frequency of unit operations used in pharmaceutical syntheses 

Fortunately initiatives in this direction already exist. In 2005, the Amer-

ican Chemical Society’s Green Chemistry Institute established the ACS GCI 

Pharmaceutical Roundtable, a panel of discussions including 14 institutions 

from the pharmaceuticals arena, aiming to catalyze the implementation of 

green chemistry in the business of drug discovery.21 When their representa-

tives were asked to prioritize key research areas essential for this transition, 

“continuous manufacturing” topped the ranking.20 
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Even more, a 2012 report by the U.S. Food and Drug Administration 

was anticipating that during the next 25 years the manufacturing of fine chem-

icals is likely to abandon batch technologies and transition towards cleaner 

and more flexible continuous manufacturing.22 The same report shows how 

cGMP regulations are easily applicable to continuous processes. 

Despite being a disruptive transition, the advantages can motivate com-

panies to change their manufacturing technology. For example, a common is-

sue encountered at an industrial scale is that certain reactions can form flam-

mable mixtures of volatile components in the headspace of the reactor.23 Run-

ning the reaction in a tubular compartment will eliminate the headspace and 

minimize the risk, thus allowing some synthetic pathways to be exploited that 

would have otherwise been abandoned. Also, from a quality assurance per-

spective, flow processing is highly desirable because “steady-state” operation 

can eliminate batch-to-batch variability. Reaction parameters are more easily 

controlled and their deviations are less detrimental as they do not compromise 

entire batches. However, it remains essential that the link between synthetic 

chemists and process engineers continues to strengthen in order to overcome 

remaining challenges.  

 

 

 

 

1.2. Metal-organic frameworks (MOFs) 

“Space  the final frontier!” Amongst all famous lines from Hollywood 

productions, this particular one resonates the strongest with materials chem-

ists.24 Metal-organic frameworks are captivating porous materials that reached 

far beyond previous records in porosity and facilitated a myriad of innovative 

applications. Figure 1.10 shows NU-110, a MOF using hexatopic linkers to 

create a beautiful and complex network of pores. NU-110 has one of the high-

est surface areas ever reported, reaching above 7000 m2/g.25 

Figure 1.10. Different views of the NU-110 MOF 

In heterogeneous catalysis MOFs are currently among the most prolific 

supports with the number of published articles and patents increasing yearly. 

Exploring catalysis with MOFs is the main topic of this work and therefore 
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specific procedures for embedding catalytic functionality in the frameworks 

and the associated characterization techniques are discussed in detail in Chap-

ter 2, based on examples from our laboratories. However, more general as-

pects of MOF chemistry and their applicability beyond catalysis are briefly 

outlined herein as introductory concepts.  
 

 

 

1.2.1. MOFs amongst porous materials 

Materials with controllable porosity at the nano-scale have for a long 

time been of interest due to their ability to selectively accommodate guests 

that match the properties of their cavities. This translates into useful applica-

tions such as sensing, gas separation, size-exclusion chromatography or even 

catalysis.26 Based on pore diameter (Ø), these materials are commonly divided 

into microporous (Ø < 20 Å), mesoporous (20 Å < Ø < 500 Å) and 

macroporous materials (Ø > 500 Å). From zeolites, aluminophosphates or ger-

manates with smaller pore size, to porous siliceous materials and ceramics that 

extend comfortably in the macroporous regime, a variety of materials cover 

the spectrum of porosity.   

Ordered inorganic materials like zeolites, besides obvious size re-

strictions, offer limited possibilities to implement complex functionalities in 

their structure. At the opposite end, porous siliceous materials with pore aper-

tures over 100 Å can be used to accommodate enzymes.27 Unfortunately these 

materials have amorphous walls making characterization difficult. Further-

more, the extra-wide pores can compromise the control over guest occupancy 

and only a limited degree of pore functionalization is possible.  

Metal-organic frameworks are porous materials developed mainly in 

the past two decades that aim to harness the benefits of both crystallinity and 

porosity. But as it is often said, “Nature doesn’t like space” and ordered per-

manent porosity is rarely occurring naturally,28 which makes MOFs a surpris-

ing class of materials. MOFs are the synergetic product of different disciplines 

in chemistry. They are constructed from metal ions or clusters that occupy the 

nodal positions of three-dimensional networks, which are held in place by 

rigid organic linkers containing multiple divergent coordinating moieties. 

MOFs are thus coordination polymers and their ordered structures can be usu-

ally characterized by crystallographic methods like in the case of zeolites. 

However, unlike their smaller relatives, the pore apertures of stable MOFs (i.e. 

MOFs that retain porosity after evacuation of guest molecules) can reach far 

into the mesoporous regime and bulkier molecules can diffuse unimpeded 

(Figure 1.11). Typically, the void space represents more than 50% of a MOFs 

crystal volume and surface areas range between 1000 up to 10000 m2/g.29 This 

unprecedented level of porosity has earned MOFs the less fortunate nickname 

of “Swiss-cheese-like materials”.30 
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Figure 1.11. PCN-222 – a stable Zr MOF with ultra-high pore apertures of 3.7 nm 
by Zhou H.-C. and co-workers31 

Moreover, being constructed from organic linkers meant that the com-

plete toolbox of organic synthesis could now be used to create chemical di-

versity inside the pores. This has proven tremendously useful for expanding 

the applicability of MOFs because the inner surface could be accurately tai-

lored to accommodate targeted guests. Another advantage derived from the 

tunability of organic linkers is the possibility to create isoreticular families of 

MOFs with an incremental enlargement of pore size, but maintaining topolog-

ical similarity (Figure 1.12).  

 

Figure 1.12. SUMOF-7 – a series of isoreticular Ln MOFs with interesting lumines-
cent properties developed at Stockholm University32 

Introducing organic linkers in porous materials has thus helped sur-

mount a number of previous limitations. However, this meant that MOFs were 

vulnerable to harsh reaction conditions. Although a moderate thermal stability 

has been achieved in MOFs, their chemical stability is usually modest at best. 

A mere few recent examples retain their structural integrity toward the edges 

of the pH range and more importantly, rarely do MOFs survive in the presence 

of strong oxidants. Nevertheless, as MOFs are starting to mature from scien-

tific curiosities into applications, new generations of fascinating porous mate-

rials such as covalent organic frameworks (COFs)33 or expanded zeolitic ma-

terials34 are arising to fill in the shortcomings of MOFs.  
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1.2.2. Nomenclature and classification of MOFs 

When two or more sub-disciplines of science focus their attention on 

the same materials, the nomenclature that develops may not always converge 

towards a logical consensus.35 This has probably never been clearer than in 

the case of MOFs. The inconsistencies in terminology were probably exacer-

bated by the unusually rapid development of the field and the impatience of 

authors to publish new structures. An IUPAC task group that was created in 

2009 to disentangle the terminology has found the number of acronyms used 

in the field to be “disquieting”.35 

Their final report was released in 2013 providing a set of definitions 

and recommendations for use in the classification of coordination polymers.36 

Coordination networks are a subset of coordination polymers, and MOFs are 

to be regarded as a further subset of coordination networks that contain poten-

tial voids. The emphasis on potential is important as it includes flexible dy-

namic materials which can adopt different conformations out of which not all 

may be porous. Based on the same reasoning, crystallinity is not regarded as 

a strict requirement for a coordination polymer to be classified as MOF alt-

hough the large majority of them are crystalline.   

For naming new crystal structures the IUPAC encourages the use of 

topology descriptors such as the three-letter codes of the Reticular Chemistry 

Structure Resources database (tbo, bnn, nbo, etc…) which describes around 

2500 nets.37 While RCSR codes, point symbol descriptors or other types of 

technical denominators are essential for a clear understanding, they often dis-

rupt the flow of the text significantly. For this reasons, trivial names based on 

the place of origin of new materials should still be allowed (UiO-66 for Uni-

versitet i Oslo, MIL-101 for Materials of Institute Lavoisier, NU-100 for 

Northwestern University or SUMOF-7 for Stockholm University MOFs).  

As mentioned previously, MOFs can also be categorized by their pore 

size. Microporous MOFs are usually interesting for selective sorption appli-

cations as the smaller pores enable a more intimate interaction with small gas 

molecules.38 On the other hand, mesoporous MOFs are more interesting for 

applications that require accommodation of larger molecules such as catalysis 

or drug delivery, as it will be discussed in the following sections. 

Finally, it is important to discuss the classification of MOFs proposed 

by Kitagawa and co-workers which distinguishes between 3 generations of 

MOFs based on evolutionary considerations. The earliest ones, many of them 

based on 4,4’-bipyridyl analogues, show irreversible framework collapse 

upon removal of guest molecules. These materials are referred to as 1st gener-

ation MOFs and are not self-supportive. The 2nd generation encompasses ro-

bust frameworks which maintain their structural integrity and porosity even 

after removing the guest molecules. This represented a critical point in the 

development of the field as a range of new applications became feasible. Fi-

nally, the more recent 3rd generation of MOFs refers to dynamic materials with 
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elastic structures that adapt in response to external stimuli. For example, DUT-

8(Ni) exhibits an exceptional unit cell volume expansion of 254% accompa-

nied by color change upon applying gas pressure (Figure 1.13).39  

 

Figure 1.13. Breathing behavior in DUT-8(Ni) by Kaskel and co-workers39 

 

 

 

1.2.3. Synthetic conditions for creating MOFs 

 

MOFs are constructed from two distinct types of components named 

secondary building units (SBUs). These are often inorganic metal clusters and 

rigid organic linkers that must be provided with an environment suitable for 

crystallization, in which they can assemble into polymeric structures. Most 

commonly, the metal cluster is formed in situ from a metal salt precursor prior 

to coordination of the polytopic ligand. However, instances have been re-

ported where the cluster is isolated first, due to incompatibility of the reaction 

conditions.40 The precise mechanisms of crystallization are complex, includ-

ing multiple elementary processes that occur concomitantly, and a detailed 

discussion on that topic is beyond the scope of this thesis. After all, even 

among structural and inorganic chemists, high-throughput Edisonian screen-

ing frequently trumps rational design in MOF synthesis.41 

The MOF synthesis process is often slow and somehow reminiscent of 

zeolites in that it typically employs hydro-/solvothermal conditions (i.e. above 

the boiling point of the solvent) and the reaction is carried out under autoge-

nous pressure in sealed vessels such as autoclaves. Alternative sources of en-

ergy have been explored, with microwave synthesis and electrochemical 

methods gaining considerable success. Still, probably the most surprising ex-

ample is that of mechanochemistry for MOF synthesis, which is a considera-

bly less energy-intensive process and involves little or no solvent. This con-

cept was exploited to create MOF Technologies in 2012, a successful Irish 

start-up company. To date, their portfolio consists of four MOFs that can be 

produced in marketable amounts solely by mechanochemistry.42  
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An interesting aspect in MOF synthesis is polymorphism. From similar 

reactants different crystal structures can be obtained by minor variations in 

reaction conditions. Parameters like temperature and pH can have a drastic 

effect over the outcome and even under constant conditions, phase transitions 

are common in MOFs over long reaction times. The amplitude of this phe-

nomenon has only begun to unfold as researchers are developing in situ spec-

troscopic techniques adapted to MOF synthesis. Prior to this, reaction times 

of several days were common, collecting only the thermodynamically stable 

phase. By using in situ XRD, researchers in Kiel and Stockholm have recently 

discovered the most topologically complex MOF denoted CAU-17. Ironically, 

this phase is only present in the reaction mixture in the very early stages of the 

reaction (less than 20 min) and it would have been completely overlooked 

using traditional synthesis methods.43  

Additives are also employed regularly to achieve a better control over 

the crystallization process. Modulators in the form of monotopic carboxylic 

acids such as acetic acid or TFA are used to adjust the pH of the environment, 

but they are also acting as capping agents that coordinate to the metal clusters 

and slow the rate of nucleation and crystal growth. In this way, it is often pos-

sible to obtain larger crystals, suitable for single crystal X-ray diffraction. 

Conversely, the addition of basic additives promotes the deprotonation of car-

boxylic linkers, increasing the rate of nucleation, which leads to smaller crys-

tals. Not least, modulators can be used to introduce defects in the framework 

in a controlled manner, opening interesting potential applications.44  

Once the desired MOF is obtained, the lengthy process of activation 

begins, which aims to clear the pores of any residues from the synthesis pro-

cess. In order to achieve this, crystals are typically soaked in solvents such as 

hot DMF that can dissolve most trapped guest molecules. Multiple cycles 

spanning several days may be required until finally the first solvent is ex-

changed by a more volatile one that can be readily evaporated. Mineralizing 

agents such as NH4F, HF or HCl are also used sometimes to aid in the activa-

tion process. However, if a more delicate touch is required, supercritical CO2 

activation offers a practical alternative to the use of hot solvents and in some 

cases it is the only method that can evacuate the pores without destroying the 

framework.40 Although residual guest molecules are common in MOFs and 

may not interfere much with structure determination, for successful catalytic 

applications it is crucial to perform a thorough activation process. Otherwise, 

undesired molecules may impede the free diffusion of the useful reagents and 

may even cause side reactions.  
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1.2.4. MOFs in practical applications and commercial prospects 

The unprecedented tunability of MOFs meant that pores could be ra-

tionally designed to selectively accommodate targeted guests. The implica-

tions in various disciplines were enormous and impossible to summarize com-

prehensively, thus only some highlights are included in this section. 

Early investigations were dominated by the study of interactions of the 

frameworks with gas molecules, which can lead to interesting effects. Selec-

tive binding of a gas analyte can trigger a response such as luminescence 

quenching exploited in sensing applications. Further, MOFs that allow differ-

ent gas molecules to diffuse at different rates have been demonstrated to effi-

ciently separate mixtures of noble gases.45 Carbon dioxide sequestration is an-

other vibrant topic in this area, with obvious implications in environmental 

issues.46 However, probably the most intensely studied function is the storage 

of fuel gases. Methane storage was explored extensively, prompted by the 

availability of methane from shale gas exploration. Additional boost came 

from the ability to computationally screen hundreds of thousands of hypothet-

ical structures and simulate their capacity for methane storage.47 Then only 

the most promising candidates would be synthesized in the laboratory, saving 

time and resources. Prototype automobiles have already been fitted with 

MOF-packed methane tanks and driven across continents in demonstrative 

journeys. On the market however things are different than in the lab and the 

recent plummeting of oil prices has made economic incentives for this tech-

nology virtually non-existent. Also worth mentioning is the study of hydrogen 

storage in MOFs, which aims to achieve a controlled adsorption and release 

of hydrogen gas under conditions deemed safe for automotive applications 

(ambient temperature and 100 bar).48  

With the discovery of water-stable frameworks another commercial 

prospect became attractive. The ability of some MOFs to adsorb extreme 

amounts of water made them interesting as sorbents in thermally driven ad-

sorption chillers. For example, MIL-101 has excellent hydrothermal stability 

and it is reported to adsorb up to 1.5 times its weight in water showing only a 

minimal capacity loss over 40 cycles.49 

MOFs also meet many of the required features for drug carriers. Their 

crystal sizes can be accurately tuned to match the preferences of biological 

membranes, their porosity allows a high loading of active substance and their 

chemical tunability enables precise control over the release response. MOFs 

constructed exclusively from benign components have been created especially 

for this purpose.50 Recent progresses show that it is possible to synthesize 

MOFs with encapsulated drug molecules in one-pot procedures, following a 

bottle-around-ship approach, and a very accurate pH-responsive release can 

be obtained dosing the active substance over several days.51 

Charge conductivity through MOFs has also been gaining popularity. 

Proton conductivity in materials with high porosity makes them interesting for 
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use in membranes and fuel cells.52 Conversely, the majority of MOFs are ac-

tually good electric insulators considering the large volume of empty space 

and the use of mostly redox-inactive ligands. However, more recently some 

innovative materials were carefully designed to allow excellent electrical con-

ductivity, which in combination with porosity is a desirable feature for appli-

cation in electrocatalysis, photovoltaics and semiconductors.53 

MOFs have been found useful in analytical sciences as stationary 

phases in chromatography. MOF-packed HPLC columns have been able to 

improve difficult operations like separation of enantiomers, but the long-term 

operability of these columns remains to be established before this becomes a 

commercial technology.54 Even more niche applications can be envisioned, as 

it was demonstrated by Fujita and co-workers with the crystalline sponge tech-

nique (Figure 1.14). The porosity of MOFs can be tuned to induce an ordered 

accommodation of guest molecules, making non-crystalline compounds and 

even non-solids amenable for crystallographic characterization and thus effec-

tively “taking crystal growth out of crystallography”.55  

 

Figure 1.14. Crystalline sponge technique for X-ray analysis of non-crystalline com-
pounds.55 Reprinted with permission from Inokuma Y. et al. Nat. Protoc., 2014, 9, 

246 – 252. © 2016 Nature Publishing Group. 

Finally, a fascinating concept in MOF chemistry is that of heterogeneity 

within order, coined by Yaghi and co-workers in the development of multi-

variate MOFs.56 Mixing linkers with different functions in a single crystal is 

possible, but characterizing the way heterogeneity is distributed in a structure 

is not trivial.57 Still, the concept of a single material performing multiple func-



19 

 

tions is sufficiently exciting to drive further research. In addition, recent pro-

gresses in thin-layer deposition of MOFs as films58 are bringing closer to re-

ality the prospect of integrating MOFs into functional devices.  

 

 

 

 

1.3. Objectives of this thesis 

The objective this thesis is to develop heterogeneous catalytic protocols 

based on transition metals supported on metalorganic frameworks, either as 

nanoparticles or as single-site molecular complexes. The reactions addressed 

include Pd catalyzed C–C couplings, as well as challenging C–H functionali-

zation methods under mild conditions. 

MOF-supported Pd nanoparticles are also used to study sustainable ap-

proaches to the oxidation of alcohols, while searching for ways to boost the 

endurance of the framework under harsh conditions. Further, the relationship 

between the geometry of the nanoparticles and the activity of the catalysts is 

examined. To illustrate this concept, the catalyst’s selectivity is evaluated for 

reducing C=C bonds in the presence of other reducible groups. Not least, 

MOF-supported first-row transition metals are investigated for their potential 

to catalyze light-driven water splitting. 

The role of the porous support in recovering and reusing the catalyst is 

at the center of attention throughout all the projects described. However, im-

portant consideration is dedicated to instances where a different behavior of 

the transition metal is observed inside the pore, compared to that in solution. 

In these cases, the focus extends beyond sustainability aspects and into ex-

ploring new reactivity. 

“However beautiful the strategy, you should occasionally look at the 

results”, reads a famous quote from Winston Churchill. In reporting MOF-

supported (potential) catalysts, disproportionate attention is sometimes of-

fered to the “structural aesthetics” of a new material, limiting catalysis to 

model substrates with little or no mechanistic discussion. Importantly, this 

thesis is written from the organic chemist’s perspective with emphasis on the 

parameters that influence reactivity, on the utility of the catalytic reaction ad-

dressed and on the relevance of the substrate scope. Established MOF supports 

are therefore used predominantly. The correlation between catalyst deactiva-

tion and the structural integrity of the support is carefully explored, with some-

times surprising results. In situ characterization techniques are also developed 

and play an important role in this investigation. This comes in contrast with 

the bottom-up approach favored by the inorganic community, where exciting 

new porous structures are created through exploratory synthesis and catalytic 

applications are later identified to match the material at hand.  
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2. MOFs in Catalysis and Characterization Techniques 

2.1. Introduction 

Due to the phenomenological complexity of catalytic processes medi-

ated by MOFs as compared to other applications, additional effort needs to be 

invested at a fundamental level of research. Interest from the industrial sector 

has so far been limited to simpler applications while catalysis has been deemed 

the most challenging, involving the highest risks. This analysis was based on 

the readiness of the technology and the size and competitiveness of the poten-

tial market (Figure 2.1).59 However, MOFs do have a niche in the industry of 

catalysis. Certainly, it will not be their destiny to replace zeolites in large scale 

processes under harsh conditions. Instead the fine tunability of MOFs may 

prove useful in the synthesis of chemicals with high added value and in the 

transition of this sector towards heterogeneous continuous manufacturing. 

 

Figure 2.1. Risk evaluation for potential industrial applications of MOFs. Size of the 
bubble is representative for market size.59 

There are three conceptually different ways to employ MOFs in a cata-

lytic process.  Firstly, the metal species that is already present in the material 

may be used for more than only directing the linkers. The structural metal can 

act as a catalyst if the cluster tolerates a reversible ligand displacement that 

creates a coordinatively unsaturated site, without suffering significant distor-

tion. Figure 2.2 illustrates an example encountered in the metal cluster of the 

SUMOF-7 series of lanthanide MOFs. One H2O ligand is reversibly decoor-

dinated. This is a practical approach considering that no additional steps are 

involved but it is limited to few structures and only relatively simple processes 

such as Lewis acid catalysis.60  
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Figure 2.2. Reversible change of coordination environment in SUMOF-7I(La) upon 
heating, observed by in situ single crystal XRD.32 Data collected by Dr Q. Yao.  

More complex catalysis is possible by introducing a second metal in the 

framework. This is routinely done via the heterogenization approach dis-

cussed previously (Section 1.1.3). Elaborate catalysts are created in this way 

using complex linkers such as salen,61 BINAP-type structures62 or NHC-car-

benes, as previously described by our group (Figure 2.3, left).14 Finally, cata-

lysts in the form of nanoparticles can be generated inside the pores and trapped 

without being covalently attached to the framework (right).63 

 

Figure 2.3. Ir-NHC carbene (left) and Pd NP (right) immobilized in a MOFs pore 

Whichever of the aforementioned strategies is chosen, the implementa-

tion of catalytic activity in the MOF can be achieved in different ways, de-

pending on the desired application. These methods are described in detail in 

Section 2.2. 

 

 

 

 

2.2. Synthesis of MOFs with catalytic activity 

 

2.2.1. Methods for embedding functionality in the framework 

Direct synthesis is the simplest and most desirable of the techniques 

for embedding functionality in a MOF crystal. An organic linker bearing ad-

ditional functional groups besides the coordination points is employed in the 

synthesis, either alone or in a mixture with a non-functionalized, so called 
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dummy linker. Unfortunately this approach is only feasible in the rare cases 

when the MOF synthesis conditions are sufficiently mild to preserve the in-

tegrity of the functional group. Only simple functionalities with high thermal 

stability are usually incorporated in this way. An additional limitation is the 

potential interference of the functional group in the crystallization process, 

especially if it contains atoms that compete for coordination at the metal SBU.  

Post-synthetic modification (PSM)64 on the other hand represents a 

powerful tool but it is a less economical and less convenient method. Once the 

framework is assembled, chemical reactions are performed inside the pores to 

carefully modify the linkers until the desired environment is created.65 More 

elaborated functional groups can be constructed in this way but the selection 

of reagents employed is limited. These reagents need to be small enough to 

diffuse freely through the network of pores and their reaction byproducts must 

be easily evacuated from the crystal. Figure 2.4 shows the strategy employed 

to immobilize a sensitive Fe-based catalyst for photochemical hydrogen evo-

lution (see Chapter 6 for details) that would have not survived the MOF’s syn-

thesis conditions.  

 

Figure 2.4. Functionalization of the MIL-101 framework via the PSM approach 

The encapsulation of nanoparticles inside the pores63 can be regarded 

as a particular case of PSM. A small organometallic precursor with labile and 

volatile ligands infiltrates the framework. The inner surface of the pores can 

be decorated with coordinating groups that stabilize the precursor in the de-

sired location. Reductive conditions are subsequently applied removing the 

ligands and reducing the metal, if necessary. Naked metal atoms begin to ag-

glomerate and grow into clusters of several atoms and further into nanometer-

sized particles with diameters that exceed the size of the pore aperture, thus 

remaining encapsulated in the pores (Figure 2.3, right). However, the growth 

is limited by the internal diameter of the pore. In this way, by a judicious 

choice of a framework with appropriate pore geometry, an excellent control 

over the size and morphology of the nanoparticles can be achieved, in the ab-
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sence of surfactants.63,66 This strategy shows the uniqueness of MOFs as sup-

ports because it enables a degree of control over the catalytic activity that is 

comparable with that of homogeneous metal complexes. Alternatively, a bot-

tle-around-ship approach can be imagined constructing the MOF around the 

nanoparticle. However this method does not offer the same control over 

growth and it has found more utility in coating different nano-sized objects 

with MOF layers forming hierarchical composite structures.67  

Solvent-assisted linker exchange (SALE) is a more elegant alternative 

for pore engineering that gained followers with the rising availability of mes-

oporous MOFs and it offered access to previously unreachable structures.68 It 

relies on the dynamic nature of MOFs which allows a continuous exchange of 

SBUs.69 In this case, the pristine MOF can be suspended in a solution of linker 

molecules that when exchanged would not affect its topology, but which bear 

additional functional groups that provide the desired catalytic function.  The 

exchange of linkers is driven by a difference in solubility, with the function-

alized linker being more soluble. For SALE to be efficient it is essential that 

the active linker can access all pores, in order to perform the exchange homo-

geneously throughout the crystal and not only on the surface. Unlike in the 

previously mentioned strategies, SALE never achieves a complete functional-

ization, leading to mixed-linker MOFs. However, this is rarely an issue be-

cause excessive functionalization with bulky species can have a detrimental 

effect for the overall activity, and a partial exchange is usually sufficient.  

 

Figure 2.5. Multipurpose functionalization of UiO-68(Zr) by stepwise SALE 

Furthermore, a stepwise functionalization can be used to introduce dif-

ferent linkers, offering access to multivariate MOFs with an unprecedented 

degree of complexity. In Figure 2.5 a hypothetical procedure is proposed to 

immobilize an Ir carbene catalyst followed by a Ru bipyridyl complex in the 

same material. A similar exchange procedure can be applied to the metal SBU. 

This has been exploited for tuning other properties of MOFs such as lumines-

cence, but it has fewer implications in catalysis. Even more, materials with 

complex properties that are not accessible de novo can be created elegantly by 

a simultaneous exchange of both the metal clusters and organic linkers.70  
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2.2.2. MIL-101 and MIL-88B: polymorphic structures with con-

trasting properties 

MIL-101 and MIL-88B, in their functionalized forms, are the most 

widely used catalyst supports in this work and their structural particularities 

are described in this section. These materials are polymorphs constructed from 

the same starting materials but otherwise have little in common. Both MOFs 

are synthesized from terephthalic acid and a trivalent metal salt. Chromium is 

the most widely employed due to the high stability of the resulting materials, 

but analogues based on V,71 Fe,72 Al73 are also studied. HF is commonly added 

to the mixture as a mineralizing agent to improve crystallinity and porosity, 

although HF-free recipes have been reported for scale-up prospects.74 Both 

MIL-101(Cr) and MIL-88B(Cr) have the formula Cr3F(H2O)2[(O2C)-C6H4-

(CO2)]3 (plus guest molecules) and their clusters consist of trimmers of octa-

hedra of hexacoordinated chromium atoms bridged by a 3 oxygen. 

 

Figure 2.6. Synthesis conditions for polymorphic MIL-101 and MIL-88B 

The way in which the terephthalate linkers connect the metal clusters is 

markedly different.  In MIL-101, the SBUs assemble to form a network of 

cages of two different types. These cages have internal free diameters of 29 Å 

and 34 Å, with gigantic pore volumes of 12700 Å3 and 20600 Å3, respectively. 

The cavities can be accessed through pentagonal windows with diameters of 

12 Å and hexagonal windows of 14.5 x 16 Å (Figure 2.7, right). At the time it 

was reported, MIL-101 boasted one of the largest BET surface areas of 4100 

m2/g,75 although values ranging between 2000 and 3000 m2/g are commonly 

measured experimentally. 

In contrast, MIL-88B, which is the second member of the MIL-88 iso-

reticular family,76 is a denser phase favored by longer reaction times and lower 

temperatures in which the SBUs form long, unidirectional channels. Interest-

ingly, MIL-88B is a flexible framework and its channels exhibit a remarkable 

breathing behavior in response to the environment (Figure 2.8).77 The swelling 

amplitude is 135% in the case of unsubstituted linkers and at its maximum, 

the pore aperture reaches 15.6 Å (Figure 2.7, left). 
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Figure 2.7. Pore dimensions for MIL-88B (left) and MIL-101 (right) 

This property impedes the measurement of internal surface area as the 

pores close as soon as the guest molecules are evacuated. However, this is not 

an issue for applications in catalysis. By adjusting the reaction conditions, the 

breathing can be controlled and the pores are locked in an open conformation. 

In addition, MIL-88B is more robust, making it very attractive for catalyst 

immobilization.78  

 

Figure 2.8. Breathing behavior in MIL-88B 

The most surprising difference between these two materials is the sen-

sitivity of their crystallization processes to functional groups present on the 

linker. MIL-101, although initially reported more than a decade ago, is still 

commonly synthesized in its pristine form. Procedures for direct synthesis of 

functionalized structures have been reported but lead to poor crystallinity of 

the MOF.74a Therefore scientists using MIL-101 in various applications still 

rely on post-synthetic functionalization techniques to elaborate the properties 

of the material.79 On the other hand, MIL-88B is commonly synthesized as a 

pure phase with high crystallinity from a variety of substituted linkers.72 How-

ever, only relatively simple functional groups can be integrated in the frame-

work through direct synthesis, due to the relatively harsh conditions em-

ployed. Among these, amino moieties are highly desirable, considering the 

affinity of metals like Pd for nitrogen ligands. 



26  

MIL-101-NH2 was obtained through PSM by nitration of the linker fol-

lowed by reduction, while MIL-88B-NH2 was synthesized directly from ami-

noterephthalic acid in its functionalized form. The Ar–NH2-decorated pores 

of these materials were used to encapsulate catalysts based on palladium 

(Chapters 3 to 5) and based on Fe, Ru and Cu (Chapter 6). 

 

 

 

2.2.3.  PCN-222: a superior generation of zirconium MOFs 

Simple structures like the Zn4O nodes encountered in MOF-580 or the 

copper paddle wheel of HKUST-181 dominated the early proof-of-concept lit-

erature. However, their stability in catalytic processes was unsatisfactory for 

practical applications. Cr-based MOFs like MIL-101 were relatively stable 

unless subjected to basic media, but raised significant health concerns.  How-

ever, the 2010s witnessed the advent of Zr MOFs which displayed exceptional 

stability. The most notorious example is UiO-66, a zirconium terephthalate 

easily synthesized and completely tolerant to atmospheric conditions.82 At 

last, a robust, benign MOF was readily available. However, the pore apertures 

limited the applications of UiO-66 to the activation of small molecules. More 

interesting substrates could be addressed with the isoreticular UiO-67 based 

on biphenyl dicarboxylate, which could be exchanged by equivalent bipyridyl 

linkers for immobilizing transition metals. Unfortunately, in UiO-67, the 16 

Å octahedral cages are still only accessible via 8 Å wide windows, which are 

considerably smaller than in MIL-101, despite the longer linkers used. Finally, 

the following member of the series, UiO-68, constructed from terphenyl di-

carboxylate linkers is water-sensitive, making it less useful for catalysis. 

The UiO-66 isoreticular series is an illustrative example of a long-

standing problem plaguing MOFs and their use in catalysis. Elongating the 

linker to achieve wider pores leads to less robust materials and sometimes in-

terpenetration. These MOFs are stable enough for characterization but vulner-

able to experimental conditions where temperature, moisture, pH and oxidants 

need to be considered simultaneously. A striking counter-example for this 

principle was published in 2012 by Zhou and co-workers who reported the 

synthesis of PCN-222, a material that could overcome the previous limitations 

of MIL-101 and MIL-88B.31 This MOF is based on Zr6(OH)8 clusters coordi-

nated to 8 carboxylates each and consists of one-dimensional channels with 

apertures of 37 Å, exceeding twice the size of the largest pore window in MIL-

101. Even more spectacular is the ability of this MOF to maintain its structural 

integrity for months under ambient conditions or for more than 24 h under 

extremely acidic conditions at 120 °C. The key to stability in this case is at-

tributed to the tetratopic TCPP linker (TCPP = tetrakis(4-carboxyphenyl)por-

phyrin) that provides the necessary rigidity to stabilize the porous structure.  
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Figure 2.9. Synthesis conditions for mesoporous MOF PCN-222  

Unfortunately, the protocol reported by Zhou was tedious, highly sen-

sitive to the slightest variation in reaction parameters, and yielded a mixture 

of crystalline phases. Nonetheless, the properties of PCN-222 inspired other 

groups to study it further and an improved, scalable synthesis was published 

in 2015 by researchers studying its potential to catalytically photooxidize mus-

tard gas.83 Reaction time was decreased from 48 h to 2 h and pure PCN-222 

with excellent crystallinity could be collected (Figure 2.9).  

The potential of PCN-222 in catalysis is enormous. The mesoporous 

channels should allow bulkier substrates to diffuse freely, expanding the cur-

rent scope of reactions catalyzed by MOFs. The high stability of metal-por-

phyrin complexes means that linkers can be pre-metallated and used in a sim-

pler direct synthesis route, leading to a homogeneous distribution of active 

metallic sites through the crystal. The all-equatorial tetradentate coordination 

mode of the porphyrin ligand will create a strongly binding environment that 

can better prevent leaching, while keeping the axial coordination sites availa-

ble on both faces for activating substrates. Finally, mixing pre-functionalized 

linkers with various metals followed by hydrogenation conditions would in 

principle enable the synthesis of multi-metallic nanocomposites with accurate 

control over their composition. A variety of functionalized PCN-222 materials 

(Co, Mn, Cu) are currently under development in our group, seeking to expand 

the scope of reactions catalyzed by MIL-101/88B.  

 

 

 

2.2.4.  Exploring new structures 

As mentioned in the introductory chapter, reported MOFs (MIL-101, 

MIL-88B, PCN-222) have been used for catalyst immobilization in order to 

concentrate our attention on a deeper understanding of the factors influencing 

the behavior of catalysts in MOFs. However, some effort was constantly ded-

icated to exploring new structures suitable for our purposes. 

An interesting concept was to use 1,10-phenantoline (phen)-based link-

ers as substitutes for the popular 2,2’-bipyridine (bipy) motif. Both structures 

feature two inward-pointing nitrogen atoms that can act as chelating ligands 
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for metals. However, the axial rotation of the bipy system is suppressed in the 

phenantroline moiety holding the N atoms juxtaposed and favoring the metal 

coordination. Surprisingly, phen linkers were extremely rare in MOF synthe-

sis at the time and none had been yet used in catalysis.84 

 

Figure 2.10. H2dpphen – an interesting linker for catalyst immobilization in MOFs 

We envisioned that using H2dpphen in combination with Mg could 

yield a material with high porosity and low toxicity that would be ideal for 

functionalization with Pd for catalytic applications (Figure 2.10). Crystalline 

coordination polymers were obtained (named SUMOF-12) but despite our 

best efforts, none of them showed any porosity. In the meanwhile, H2dpphen 

was used by Lin and co-workers in the synthesis of an Ir-functionalized Zr 

MOF that showed excellent activity in CH activation / borylation reactions.85 

More success was obtained using tritopical linkers for the synthesis of 

an isoreticular series of lanthanide MOFs. This constituted an interesting chal-

lenge due to the lack of directionality of the Ln-O bonds which make it rather 

difficult to synthesize MOFs in a predictable manner. The resulting isoreticu-

lar series named SUMOF-7(I to IV) consisted of 4 porous materials displaying 

one-dimensional pseudo-hexagonal channels with pore sizes spanning from 

8.4 Å to 23.9 Å. The first three members exhibited excellent stability in ag-

gressive chemical environments (hot solvents, long periods of time, pH range 

2–11). These materials were constructed solely from catalytically inactive 

linkers that served as antenna for modulating the luminescent emission of the 

lanthanides. However, it is easily imagined how different linkers could be 

used in order to graft coordination sites in the pores (Figure 2.11). The high 

stability of these materials in combination with their luminescent properties 

make them attractive for application in photoredox catalysis. 

 

Figure 2.11. Adapting SUMOF-7II for catalyst immobilization 
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2.3. Characterization techniques for MOF-supported catalysts  

As previously mentioned (Section 1.3), this thesis does not include a 

detailed description of fundamental issues in materials chemistry and there-

fore specific methods of characterization are only briefly described herein. 

Selected examples from the study of MOFs described in Section 2.2 are used 

to show the nature of the information extracted. For a more detailed, technical 

description of these methods and the theoretical models behind them see: Gus-

tafsson Mikaela “MetalOrganic Frameworks for Heterogeneous Catalysis. 

Synthesis and Characterization” Doctoral Thesis in Structural Chemistry at 

Stockholm University, Sweden, 2012.  

 

2.3.1. X-ray diffraction (XRD) 

The interaction of radiation with crystalline matter has been used by 

scientists for nearly a century to gather structural information about materials, 

with X-rays ( = 0.1–100 Å) being the prevalent probe. Single-crystal XRD 

is the most convenient way of determining crystal structures. Unit cell dimen-

sions, space group, atomic coordinates, bond lengths and bond angles can typ-

ically be determined easily. However, crystals larger than 10–20 m are cru-

cial for sufficient resolution using regular in-house equipment. Unfortunately, 

MOFs rarely form crystals suitable for this purpose. In these cases alternative 

structure determination methods must be used.  

Powder X-ray diffraction (PXRD) is a more commonly employed 

technique because it can be used to study samples consisting of a large number 

of randomly oriented small crystals, although the operating principle is related 

to that of single crystal XRD. Atoms in the sample are distributed in crystal-

lographic planes separated by the interplanar distance dhkl, where h, k, l are 

called Miller indices that describe the orientation and distance between crys-

tallographic planes in space. The incident beam of known wavelength (, in-

teracts with the atoms and is scattered into cone-shaped diffraction waves. The 

diffracted waves appear as rings when data is collected by an area detector. In 

a powder diffraction pattern the 3D reciprocal space data is collapsed into a 

1D pattern of peaks plotted along the scattering angle (2). The peaks appear 

only at certain angles where constructive interference occurs between scat-

tered waves. The position of peaks in the pattern is therefore directly corre-

lated to the d interplanar distance, in a relation described by Bragg’s Law (n 

= 2dsin, where n is the order of reflection). The PXRD pattern formed in this 

process represents a highly compact set of data from which structural infor-

mation of crystalline phases can be extracted, although the process is more 

tedious than in the case of single-crystal XRD. However, in the chemistry of 

MOFs, PXRD is a routine technique performed on a daily basis because some 

of the structural details are obtained immediately and almost no prior sample 

preparation is required.  
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When a MOF is synthesized, PXRD is the first technique used to inves-

tigate whether a crystalline phase was formed at all. The pattern of diffraction 

peaks is characteristic, like a fingerprint of the phase, and can be used to iden-

tify the material obtained. Since polymorphism is common in MOFs (see Sec-

tion 1.2.3), PXRD is also useful to see if the desired materials was obtained as 

a pure phase or as a mixture of polymorphs. If a particular MOF is targeted in 

the synthesis, its theoretical pattern can be simulated from previously existing 

crystallographic data. Profile fitting methods (Le Bail, Pawley) are used to 

evaluate the similarity between the experimental and theoretical unit cell pa-

rameters. If the desired material is obtained with a satisfactory purity, the pore 

evacuation and the subsequent functionalization process will follow. After 

each of these steps, new sets of diffraction data must be acquired in order to 

confirm that the integrity of the framework was not altered. Finally when the 

material is recycled after a catalysis, the analysis should be repeated. 

 

Figure 2.12. PXRD patterns for MIL-88B-NH2(Cr) before and after functionaliza-
tion with a Pd precursor (left); Le Bail fitting of the pristine (middle) and functional-

ized MOF (right). Data collected by Dr F. Carson. 

A characteristic of MOFs is the presence of intense reflections at low 

2angles, indicative of frameworks with relatively large unit cell lengths. The 

sharpness of the peaks is also informative. A broadening from the calculated 

pattern can be caused by small crystal sizes but it could also suggest a flexible 

behavior in the MOF. If instead of broadening, the peaks are shifted to lower 

angle an expansion of at least one of the unit cell dimensions needs to be con-

sidered. Furthermore, during MOF functionalization a change in the relative 

intensity of peaks at low and high angles can signal changes in the pore occu-

pancy. These aspects are observed in Figure 2.12. When MIL-88B-NH2 crys-

tals are soaked in a solution of Na2PdCl4, Pd atoms infiltrate the pores and 

coordinate to the amino groups on the linkers, locking their conformation. 

Upon removing the solvent, only some of the channels collapse back into the 

closed form leading to a mixture of phases with distinct sets of peaks. 

A diffraction pattern that doesn’t match any “fingerprints” in the data-

base suggests the formation of a new MOF and structure determination meth-

ods are applied. The Rietveld refinement is a least-squares method used to 

refine atomic coordinates in crystal structures from PXRD data, and it can 
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even deal with overlapping reflections. While crystallographic characteriza-

tion can be achieved from the PXRD pattern, additional tools such as compu-

tational modelling and TEM (see Section 2.3.3) can complement structural 

analysis from PXRD data.  

  

Figure 2.13. PXRD for SUMOF7-II(La): Rietveld refinement and in situ thermal 
stability study (inset). Data collected by Dr Q. Yao.  

Importantly, the instrumental set-up can be adapted to collect diffrac-

tion data in situ, to study transformations occurring in MOFs, as they happen 

in the reaction medium. However, poorer resolution is usually obtained. For 

such applications, or in cases where more detailed structural information is 

required, high-energy synchrotron X-ray sources offer some interesting solu-

tions, which are described in the following section.  

 

 

 

2.3.2. Application of synchrotron radiation sources: high resolution 

PXRD, X-ray total scattering and X-ray absorption  

High resolution XRD: Synchrotron facilities can provide tunable radi-

ation of significantly higher intensity than X-ray tubes fitted on in-house dif-

fractometers. Experiments carried out using synchrotron radiation demand 

vast human, technical and financial resources, but the quality of data acquired 

can make the difference in the success of a scientific project. Figure 2.14 

shows the difference in resolution of the PXRD data for SUMOF-12 obtained 

using synchrotron radiation (left) and an in-house diffractometer (inset). 

Total Scattering / PDF analysis: One of the objectives of using MOFs 

in catalysis is to control nanoparticle growth in order to maximize their reac-

tivity. Paradoxically, the more successful this experiment is, the more difficult 

it is to characterize the result. Nanoparticles below 25 Å as obtained in 
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Pd@MIL-101-NH2 are too small and show no peaks in regular PXRD pat-

terns. Total scattering is an additional technique that takes into account both 

Bragg scattering (useful in PXRD) and diffuse scattering. In principle, the in-

strumental differences are minor but the nature of the information extracted is 

different. A pair distribution function (PDF) analysis is applied to the data and 

a statistical distribution of all interatomic distances in the sample is obtained. 

Total scattering is thus tremendously useful for investigating crystalline ob-

jects too small even for PXRD and even amorphous materials and non-solids. 

Furthermore, since this method is able to probe regions of disorder in the struc-

ture, it has found an interesting application in the study of defects in MOFs. 

PDF spectra of Pd nanoparticles supported on MIL-101-NH2 are shown in Fig-

ure 2.14 (right). CrO and PdPd bond distances are distinguishable and their 

relative intensities change as more catalyst is introduced in the pores. Infor-

mation about the nanoparticles could be extracted in this way even though no 

corresponding peaks were visible in PXRD. This information was later cor-

roborated with TEM data.  

 

Figure 2.14. High-resolution PXRD data (left) and in-house PXRD data for 
SUMOF-12 (inset); PDF of total scattering data for MIL-101-NH2(Cr) at different 
levels of functionalization with Pd nanoparticles. Data collected by Dr L. Samain 

and Dr A. E. Platero-Prats. 

X-Ray absorption spectroscopy (XAS): Not all the incident radiation 

shone upon a material is diffracted and some of the photons are absorbed. 

Different atoms have specific discrete energies at which they absorb radiation 

and this phenomenon sits at basis of the XAS technique. Although slightly 

more complex than diffraction, the element specificity of XAS and the lack of 

crystallinity requirements, make it of utmost interest for material scientists.  

If a tunable radiation source is available, the energy of X-ray photons 

can be adjusted to sweep over a whole spectrum. When a characteristic thresh-

old energy is reached, the photon expels a core electron from the K or L shells 

of an atom in the studied sample. This is known as a photoelectron which will 

bounce between neighboring atoms creating a pattern of interfering waves in 
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which information is embedded about the local structure (interatomic dis-

tances and angles). The core-hole created is filled by an electron from an or-

bital of higher energy. The difference in energy between the two levels is emit-

ted as fluorescence. Analyzing either the loss in transmitted intensity or the 

emitted fluorescence, the same type of information is extracted. Based on this 

principle, not only can XAS confirm the presence of a certain element in a 

sample, but it also gives a detailed account of its surrounding environment.   

The exact position of the absorption edge in the energy spectrum and 

the features in its immediate vicinity (± 10 eV) are referred to as the XANES 

region (X-Ray Absorption Near Edge Structure). This part of the XAS spec-

trum is extremely sensitive to the oxidation state of the metal and the coordi-

nation geometry around it. However, in order to determine the precise bond 

lengths to neighboring atoms and their nature, the ripples in the spectrum over 

1000 eV above the absorption edge are analyzed using different theoretical 

tools. This part is suggestively referred to as EXAFS (Extended X-Ray Ab-

sorption Fine Structure). Figure 2.15 shows the EXAFS spectrum of 

PdII@MIL-88B-NH2, which was used to show that Pd binds to two linkers 

simultaneously, thus explaining the loss of flexibility in the functionalized 

material, initially observed by PXRD (see above: Figure 2.12). 

 In practice, XAS can be applied to transition metal catalysts to observe 

changes in the coordination environment that offer insights in the mechanistic 

cycle. In the case of metallic nanoparticles, XAS can determine their size or 

even the extent of surface oxidation. These advanced features are exploited 

during in situ mechanistic investigations in Chapter 4. Unfortunately, a major 

drawback of XAS as compared to total scattering techniques is the limited 

range. Typically only the first one or two coordination shells (5–6 Å) can be 

described with accuracy and no long range information is obtained.  

 

Figure 2.15. Pd K-edge EXAFS spectrum for PdII@MIL-88B-NH2(Cr) (left) with k-
weighted EXAFS χ(k)k3 (inset);  Experimental (solid line) and simulated (dashed 

line) Fourier transforms show the mode of coordination of Pd.  
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2.3.3. Electron microscopy: imaging and tomography 

Modern microscopy methods are diverse and imaging at the nano level 

can be achieved in numerous ways, reaching subnanometer resolution. In the 

study of MOFs and catalysts within their pores, scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM) are the most widely used 

techniques, because of their suitable resolution ranges. 

 Scanning electron microscopes are ideally fitted to study objects 

larger than 1 m in size, with a resolution of around 100 nm. The electron 

beam scans over an area of the sample and some of the incident electrons (pri-

mary electrons) interact with the surface atoms they encounter, producing sec-

ondary electrons (SE) of lower energy. These are usually expelled from the K 

shell.  Some of the primary electrons are also reflected with higher energies 

from deeper into the sample, by elastic scattering. These are called backscat-

tered electrons (BSE). Both SE and BSE can be used to reconstruct micro-

graphs of the probed surface. Among them, BSE form images of poorer reso-

lution but they contain information about the composition of the sample. 

Heavier atoms backscatter more electrons and appear brighter, therefore areas 

of different chemical composition will appear in contrast. Overall, SEM is 

very useful to observe the morphology and homogeneity of MOF crystals and 

acquire information about the symmetry of the crystal and possible inter-

growth (Figure 2.16).  

 

Figure 2.16. Rod-shaped crystals of Co@PCN-222(Zr), observed under SEM. Data 
collected by Dr J. García-Antón. 

Transmission Electron Microscopy can be used in multiple ways to 

gather more accurate structural information. The microscope can be operated 

either in imaging or diffraction mode. In contrast to SEM, TEM uses the elec-

trons transmitted through an ultra-thin specimen to reconstruct an image of it. 

A more detailed analysis of the material can be performed in TEM, with high 

resolution techniques (HRTEM) being able to directly image the porous struc-

ture of MOFs (Figure 2.17).  
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Figure 2.17. SUMOF-7I(La) as observed under SEM (left) vs. HRTEM along the c 
axis (right) with a x103 difference in magnification. The symmetry averaged image 
is inserted, from which pseudo-hexagonal channels are clearly shown. The structure 

model is superimposed for comparison. Data collected by Dr Q. Yao. 

TEM imaging can be used to observe MOF-supported nanoparticles and 

study their distribution in the crystal. However, it may not always be com-

pletely obvious that the nanoparticles are located throughout the pores or on 

the surface of the crystal. In these cases electron tomography can be helpful. 

To achieve this, the sample holder can be gradually tilted in small increments 

under the electron beam, producing images of the sample at different angles. 

The tomographic image is reconstructed from merging the individual micro-

graphs and it can unambiguously confirm the location of the nanoparticles.  

 

A better contrast can be achieved, if necessary, using an alternative var-

iation of TEM, named Scanning Transmission Electron Microscopy 

(STEM). In STEM, among other technical differences, the beam of electrons 

is focused on a narrower area of the specimen and it sweeps over the entire 

surface. Using a high angle-detector in what is called HAADF-STEM (High-

Angle Annular Dark Field STEM) can result in much sharper micrographs 

with contrast directly dependent on the atomic number of the probed atoms 

(Z-contrast image). Figure 2.18 (right) shows such a micrograph of palladium 

nanoparticles supported in MIL-101-NH2. With an average size of 25 Å, these 

nanoparticles are difficult to distinguish clearly in a regular TEM micrograph 

shown in Figure 2.18 (left). 
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Figure 2.18. Palladium nanoparticles supported on MIL-101-NH2(Cr) as observed 
under TEM (left) and HAADF-STEM (right). Data collected by Dr C.-W. Tai. 

In electron diffraction (ED) mode, a pattern of reflections is obtained, 

similar to XRD. Due to the shorter wavelength of electrons compared to X-

rays, diffraction data can be obtained from ED for samples which are too small 

for XRD. On the other hand, the interaction of charge carrying electrons with 

matter is much stronger than in the case of X-ray photons, making samples 

more susceptible to radiation damage. In many cases, crystallographic data 

obtained from ED can be used to complement XRD in order to determine the 

structure of a new material. Rotation Electron Diffraction (RED)86 is a recent 

technique developed at Stockholm University that is used to collect three di-

mensional information and solve the structures of crystals which are two small 

for single crystal XRD but too complex for PXRD, especially when the sample 

contains a mixture of phases. 

 

 

 

2.3.4. Other spectroscopic techniques: EDS, EELS, XPS 

As described in the previous section, when electrons from the incident 

beam of a microscope interact with the sample, some of them are elastically 

scattered. In addition, a number of other signals such as X-ray photons, lumi-

nescence or electric charge are produced and all of them contain some form 

of information about the sample.  

Energy Dispersive X-ray Spectroscopy (EDS) is commonly coupled 

with electron microscopes and uses a similar type of radiation as EXAFS spec-

troscopy is fluorescence mode (see section 2.3.2.), but at a scale suitable for 

in-house equipment. In SEM, the core-hole is created when the secondary 

electron (SE), necessary for imaging is expelled by the incident beam. Fol-

lowing the same principle, radiation with element-specific energies is emitted 
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when an electron from a higher-energy orbital is lowered to fill the hole. This 

can be used to obtain a local elemental analysis of the sample. In the study of 

MOF-supported catalysts, this technique offers a very practical way to study 

the homogeneity of the functionalization processes over a selected region. Ad-

ditionally, ion-beam milling can be used to slice MOF crystals. In the context 

of immobilizing a metal catalyst via the SALE functionalization strategy (see 

Section 2.2.1.), applying EDS to a cross section of the crystal visualized by 

SEM can irrefutably demonstrate that linker exchange was accomplished 

throughout the crystal and not only on the surface. In comparison to induc-

tively-coupled plasma optical emission spectroscopy (ICP-OES), which is the 

routine elemental analysis method, EDS has a considerably lower accuracy 

with errors increasing for lighter elements. 

 

Figure 2.19. Top: TEM micrograph and EDS spectrum of Mn+Co@PCN-222(Zr); 
Bottom: TEM micrograph and EDS elemental mapping of a selected area of a MIL-

101-NH2(Cr) crystal. Data collected by Dr J. García-Antón and Dr Z. Huang. 

On the other hand, although ICP-OES can accurately detect traces of 

metals up to 0.1 ppm it offers the average content for the whole sample losing 

localized information. Figure 2.19 (top) shows a rod-shaped crystal of func-

tionalized PCN-222 as seen under TEM. The associated EDS spectrum proves 

that both Co and Mn are present in the same crystal. EDS can also be used to 

map the distribution of elements over a sample. In Figure 2.19 (bottom) a 
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crystal of Pd@MIL-101-NH2 recycled after a Heck coupling reaction is ana-

lyzed. Although some agglomeration of Pd is visible, EDS mapping proves 

that a large fraction of the catalyst remains distributed throughout the crystal. 

Complementary to EDS, Electron Energy Loss Spectroscopy (EELS) 

is better suited to probe the sample’s composition for light atoms such as car-

bon. EELS studies the loss of energy in the incident electron that underwent 

inelastic scattering to initiate the whole series of events that eventually led to 

the emission of the X-ray photoelectron, which is studied in the EDS tech-

nique. Both of these methods offer related information, but depending on the 

particularities of the sample, one can be more accurate than the other.  

If quantitative accuracy is necessary, the elemental composition can 

also be determined by X-Ray Photoelectron Spectroscopy (XPS), which is 

however a much more demanding technique. XPS uses the concept of binding 

energy as described by Koopman’s theorem to identify the type of atoms pre-

sent on a surface. It is conceptually different in that it can extract information 

from ejected core-electrons but also Auger electrons from higher energy or-

bitals. In practice, XPS is more informative because it not only identifies the 

type of atoms present but it is also sensitive to their oxidation state. 

 

Figure 2.20. Wide-scan (survey) XPS spectrum of Pd@MIL-88B-NH2(Fe) showing 
all elements present on the surface of the MOF crystal (left); High-resolution XPS 

spectrum showing incomplete reduction of the Pd precursor (right). 

XPS is mainly a technique for studying surfaces and therefore it does 

not have wide popularity in the MOF community. Its sampling depth depends 

on the radiation source (in-house spectrometer vs. synchrotron) and varies 

with the type of atoms in the material. Under common conditions, a penetra-

tion up to 10 nm is easily achievable and sufficient for probing several pore 

layers in a MOF. For example, XPS was used to evaluate the efficiency of 

various reducing agents in the synthesis of Pd nanoparticles supported on 

MIL-88B-NH2(Fe). NaBH(OAc)3 was found to be the most efficient reductant 

yielding ca. 90% Pd0. The XPS technique could also be used to confirm that 

the remaining 10% of PdII is due to insufficient reduction and not aerobic re-

oxidation of Pd nanoparticle surfaces.  
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2.3.5. Additional methods of characterization: TGA, gas sorption 

Thermogravimetric analysis (TGA) is an extremely simple yet very 

informative technique. The weight of a small amount of sample is measured 

as it is slowly and gradually heated under a controlled atmosphere (either re-

active or inert). Weight losses that occur at certain temperatures are indicative 

of changes in the structure of the material. In the cases of MOFs it is common 

that guest solvent molecules are removed first. As the temperature increases, 

coordinated water molecules or other labile ligands may be released from the 

crystal. Finally, a critical point marked by a sudden and significant weight 

drop signals the decomposition of the organic linker and the collapse of the 

framework. For MOFs, this point is usually reached above 250 °C. However, 

even if a TGA curve shows a good thermal stability, this is not sufficient proof 

to claim that a certain crystalline phase was preserved. The loss of coordinated 

water molecules can sometimes lead to structural transitions towards phases 

with different properties. The TGA analysis of Pd functionalized MIL-101 

materials (Figure 2.21, left) revealed that the presence of free amino groups in 

the pores (blue line) enhances the hydrophobic character of the material, 

which readily absorbs water.  

 

Figure 2.21. Pd@MIL-101-NH2(Cr) at different functionalization levels: TGA pro-
file (left) and N2 sorption isotherms (right). Data collected by Dr M. Gustafsson.  

Besides the robustness of the framework and presence of guest mole-

cules, TGA can also be used to study the stability of immobilized catalyst 

species which are often more sensitive. Alternatively, TGA can also provide 

information about missing structural components and quantitative information 

can be extracted about defects in the framework.87  

 

Gas sorption analysis is an efficient way to determine the porosity of 

a material, with N2 being the preferred probe molecule for MOFs. The method 

is based on the tendency of gas molecules to adhere to surfaces, which in this 

case are considered to be the internal surfaces of the pores. A thoroughly ac-
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tivated sample (adsorbent) is contained in an evacuated chamber and then al-

lowed to come in contact with the gas. The uptake is measured at constant low 

temperature (typically 77 K) until the system reaches equilibrium and the iso-

therm curve is plotted. The shape of this curve will fall in one out of six cate-

gories described in IUPAC recommendations.88 Basically, the number and po-

sition of inflexion points in the curve indicates the type of pores present in the 

structures. Microporous MOFs display type I isotherms while mesoporous 

MOFs such as MIL-101 display type IV isotherms (Figure 2.21, right). Upon 

desorption, hysteresis loops may appear due to capillary condensation, which 

is a signature phenomenon for mesoporous materials. Subsequently, a theo-

retical model is applied to calculate the surface area of the MOF. The BET 

equation, which assumes multilayer physisorption is commonly employed and 

a value is obtained as internal surface per mass of material. The total void 

volume and even the pores’ radii can be further derived by computational 

modelling techniques such as DFT calculations, usually included in the soft-

ware package of the instrument.  
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3. Pd@MOF Mediated C–C and C–X Bond Formation 

Reactions (Papers I – III) 

3.1. The Suzuki-Miyaura Cross-Coupling Reaction 

The reaction between an aryl halide and an organoboron reagent to cre-

ate a new C–C bond is known as the Suzuki-Miyaura cross-coupling.89 It in-

volves a transmetallation of the organic fragment from boron to a more elec-

tropositive metal which is most commonly a palladium–base complex. The 

base alters the electronic character of Pd but it also plays additional roles in 

the catalytic cycle (Figure 3.1). Since the initial report in 1979, much effort 

has been focused on elaborating the ligands around the metal center to max-

imize efficiency, while the scope of leaving groups has also been expanded. 

Aryl halides are now often replaced with more reactive triflates, tosylates or 

diazonium salts and transmetallating fragments have been widely transferred 

to more stable pinacolate and MIDA90 (N-methyliminodiacetic acid) boro-

nates or Mölander’s trifluoroborates.91 This enabled more challenging sub-

strates to be employed including sp3 carbons.92 

The Suzuki-Miyaura reaction is now one of the most widely used tools 

in organic synthesis at both laboratory and industrial scale. This is a thor-

oughly studied, fundamental transformation taught at an undergraduate level. 

Nowadays, simple substrates can be coupled in the presence of trace amounts 

of catalysts. However, heavily functionalized molecules bearing coordinating 

heteroatoms, which are relevant to the pharmaceutical industry, remain a chal-

lenge under mild conditions. For these substrates affordable yet stable cata-

lysts that can promote this transformation in nontoxic solvents at low temper-

ature are still in demand. Strong incentives also exist to heterogenize the pro-

cess and enable a facile recovery of the metal. Not least, fundamental aspects 

remain of importance for the catalysis community as it was elegantly demon-

strated by Denmark and co-workers earlier this year.93  

Being such a well-understood reaction but still of great actuality for the 

chemical industry made the Suzuki-Miyaura reaction a suitable learning plat-

form for our first steps into MOF chemistry. 
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Figure 3.1. Mechanism of the Suzuki-Miyaura cross-coupling 

 

 

 

3.1.1. Pd0@MIL-101-NH2: stability and catalytic activity 

The porous chromium terephthalate MIL-101(Cr) was chosen as a solid 

matrix for developing our catalyst. The network of pores with large volumes 

(34 Å) and wide apertures (16 Å) is well suited for catalysis. Most substrates 

are able to diffuse freely but the nanoparticles’ growth is kept under control. 

The thermal stability and chemical stability towards moisture and strong acids 

were well-documented and made MIL-101(Cr) an attractive material. How-

ever, little had been discussed about the behavior of the MOF under basic 

conditions, relevant to cross-coupling chemistry.  

Decorating the pores with amino groups was desirable considering the 

affinity of Pd for N atoms. The functionalization procedure was performed in 

two steps following a report by Stock and co-workers.79 This involved the ni-

tration of linkers in a mixture of HNO3/H2SO4 that could be done without any 

degradation of the crystalline framework, highlighting its remarkable stability. 

Subsequently, the –NO2 groups were reduced to yield MIL-101-NH2(Cr) that 

was further used to study the functionalization with Pd. 

No clear guidelines existed at the time to what represents an optimal 

catalyst loading in the MOF. A higher metal content would be attractive in 

order to exploit the support at its full potential but this could affect the average 

size of the nanoparticles and could also lead to pore blocking. Literature ex-

amples ranged from <1 wt%94 to >50 wt%95 of catalyst loading, but no direct 

correlation to activity was reported. Therefore an optimal compromise needed 

to be found. In a series of experiments, degassed MIL-101-NH2(Cr) (240 mg, 

ca. 0.9 mmol amino groups) was suspended in solutions of PdCl2(CH3CN)2 at 

incremental concentrations and stirred for 24 h at ambient temperature to ob-

tain PdII@MIL-101-NH2(Cr). Solutions containing 0.1 and 0.2 mmol of Pd 
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precursor lead to a complete immobilization of the metal. Upon centrifugation, 

the remaining supernatant had turned from deep orange to completely color-

less and the ICP-OES analysis confirmed that all the metal was present in the 

framework. The resulting materials contained 4 wt% and 8 wt% Pd respec-

tively. When higher loadings were targeted, the impregnation was no longer 

quantitative. 12 wt% and 16 wt% samples required an excess of Pd precursor. 

Finally, the reduction of immobilized Pd was performed with NaBH4 at 0 °C 

for all 4 materials (4 to 16 wt%) and the resulting catalysts were labelled 

Pd0@MIL-101-NH2(Cr).  

 

Figure 3.2. Characterization of Pd@MIL-101-NH2 

The PXRD analysis showed that the crystallinity of the framework was 

maintained throughout the whole functionalization process but no peaks cor-

responding to Pd nanoparticles could be observed (Figure 3.2, top-left). Sys-

tematic changes in the relative peak intensities at low angles suggest a gradual 

change in pore occupancy. This was confirmed by N2 sorption measurements 

showing a stepwise decrease in the BET surface area (Figure 3.2, bottom-left).  

More information about the Pd nanoparticles was gained from total 

scattering / PDF analysis (Figure 3.2, top-right). The measured spectra were 

compared to the simulated models of the empty MOF and of pure Pd nano-

particles of 25 Å. By comparing the PDFs of different Pd@MOF batches it 
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can be observed that with higher Pd loading the intensity of the Pd–Pd peak 

at 2.9 Å increases, whereas the Cr-O one at 2.0 Å remains constant. This 

shows a significant increase in the number of Pd–Pd distances. At 16 wt% the 

spectrum can be almost fully described by the calculated model for Pd nano-

particles and the presence of peaks at higher distances (r > 4.5 Å) also suggests 

that larger nanoparticles are present in the 12 and 16 wt% samples compared 

to 4 and 8 wt%. This information was confirmed by the TEM analysis of the 

four materials. The catalysts with lower loadings showed a very narrow size 

distribution of Pd nanoparticles smaller than the pores size of MIL-101 (Fig-

ure 3.2, bottom-right). Electron diffraction and HRTEM confirmed the crys-

tallinity of the nanoparticles. Reconstructed 3D tomographic images proved 

that Pd is distributed homogeneously inside the crystal. In contrast, the 12 and 

16 wt% samples showed a high fraction of larger nanoparticles that were lo-

cated on the surface of the crystals.  

Finally, it was gratifying to see that the differences in composition were 

also transferred to the catalytic properties of the materials. When the catalyst 

(3 mol%) was tested in the coupling of 4-bromoanisole with phenylboronic 

acid using Cs2CO3 in water at ambient temperature, Pd0@MIL-101-NH2(Cr) 

– 4 and 8 wt% could return a full conversion within 6 hours. In the same 

amount of time, the 12 and 16 wt% catalysts could convert only half of the 

aryl halide into the desired product. This difference could confirm the im-

portance of particle size in the efficiency of Pd@MOF nanocatalysts.   

It is noteworthy that it may be possible to achieve a better control over 

the functionalization process at higher loadings of Pd, through more advanced 

methods like chemical vapor deposition.95 However, these are more demand-

ing processes and there is no guarantee that higher loadings will not lead to 

pore blocking. Therefore, we considered Pd0@MIL-101-NH2(Cr) – 8 wt% to 

have the optimal balance between efficiency on one hand and simplicity and 

cost on the other. This catalyst was used to optimize the reaction parameters 

for the Suzuki-Miyaura cross-coupling.  

Aware of the crucial role of the base96 (See Chapter 4 for a detailed 

discussion on this topic) multiple alternatives were screened. NaOH returned 

an excellent conversion but the recycled MOF became completely amorphous, 

confirming concerns that MIL-101 will be vulnerable towards strong bases. 

Amongst carbonates, Cs performed best while Na, K and Ba carbonates gave 

only slightly lower conversions. Acetates only returned modest results. A se-

ries of organic bases, appealing for their liquid nature, also showed excellent 

activity. Full conversions could be easily achieved but the presence of N atoms 

in their molecules was detrimental to the stability of Pd nanoparticles. In a 

comparative hot filtration experiment, Cs2CO3 and DIPA were evaluated. We 

were delighted to see a barely detectable level of 0.17 ppm Pd in solution when 

the carbonate was used, indicating a great potential of this MOF to recover 

and reuse Pd. Unfortunately, with the organic base the level rose to 5.64 ppm 
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Pd in solution. Considering all these aspects, K2CO3 was chosen for the fol-

lowing experiments in order to balance efficiency and costs. 

 Additional experiments showed that pinacolate boronates are more ef-

ficient than boronic acids, presumably due to the propensity of the latter to 

form boroxine trimers by H-bonding, which are slow to hydrolyze at room 

temperature.97 Further, the reactivity of aryl halides appeared to be more 

strongly influenced by their solubility and polarity rather than electronic ef-

fects, hinting towards an active implication of the porous support. However, 

adding EtOH as a co-solvent in a 1:1 ratio with H2O, led to a better solubility 

and the conversion was drastically accelerated. Full conversion could be 

achieved in 30 min for model substrates (4-bromoanisole and phenylboronic 

acid). Having established the optimal reaction conditions (3 mol% Pd0@MIL-

101-NH2(Cr) – 8 wt%, K2CO3, H2O/EtOH, r.t., 30 min), the next step was to 

evaluate the applicability of the protocol to a substrate scope.  

 

 

 

3.1.2. Substrate scope: commercially relevant products and limita-

tions 

Initially, a series of substrates with low degree of functionalization were 

screened under optimized conditions. Simple aryl bromides were efficiently 

converted to the desired product, although the electron rich 4-bromoanisole 

(2a) was slightly slower. Adding a second aromatic ring to the aryl halide (2d) 

did not affect the reactivity. However, the bulkier 9-bromoanthracene (2e) 

showed barely any conversion evidencing the first limitation of the catalyst. 

On the bright side, this is a strong indication of the substrate’s need to access 

the pores in order to react and that under these mild conditions the reaction 

does not take place in solution. Among simple heteroaromatic bromides, 3-

bromotiophene (2f) and 3-bromopyridine (2g) were also well-tolerated. How-

ever, the coupling with 2-bromopyridine (2h) was considerably slower indi-

cating that the presence of a coordinating atom in close proximity to the site 

of oxidative addition may be problematic. Gratifyingly, simple aryl chlorides 

(2i-m) could also be coupled in fair to good yields at 80 °C. Raising the tem-

perature led also to the formation of small amounts of dehalogenation and ho-

mocoupling side products expected in the presence of protic solvents.  
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Scheme 3.1. Initial scope for Pd@MOF-catalyzed Suzuki-Miyaura cross-coupling. 
NMR yields are reported against internal standard first in H2O - 6 h and second 

H2O/EtOH - 30 min; [a] reaction time = 2 h; [b] reaction time = 16 h. 

Having developed our first MOF-supported catalyst with optimal metal 

loading and being satisfied with its preliminary performance, we proceeded to 

screen a wider scope of functionalized substrates. These represented potential 

building blocks for biologically active molecules, testing the limits of func-

tional group tolerance. Moreover, the catalyst loading was decreased from 3 

to 1 mol% Pd. Unless otherwise noted, all the following reactions in this sec-

tion are performed using 1 mol% Pd, 2 equiv. K2CO3 and 1.1 equiv. of 

transmetallating agent in a 1:1 mixture of H2O and EtOH.  

In the first round, a range of heteroaromatic aryl (pseudo)halides were 

tested in the coupling with (4-methoxy)phenylboronic acid or various boro-

nates (Pin, MIDA, F3
-K+). Reaction times up to 4 h and temperatures up to 50 

°C were in some cases required (Scheme 3.2). However, even sterically hin-

dered (6b) and long linear aryl iodides (6e-f) afforded excellent yields. Nota-

bly, the sulphoxide connected to a heteroaromatic ring encountered in sub-

strate (6f) is a common motif in pharmaceuticals. Amongst successfully cou-

pled bromides, derivatives of pyrole (5k), indole (5l) and quinoline (5m) stand 

out. Reactions were easily driven to completion despite the coordinating prop-

erties of the substrates. Furthermore, MW irradiation was also tolerated and 

full conversion could be achieved in a mere 10 min. (6j).  
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Scheme 3.2. The Suzuki-Miyaura cross-coupling, extended scope: aryl halides 

Special attention was dedicated to investigate steric hindrance from 

functional groups in the ortho position relative to the leaving group (Scheme 

3.3). An o-CF3 moiety present on the boronate completely inhibited the pro-

cess although the meta and para analogues afforded full conversions (7a-c). 

In further experiments, o-Cl (7d), o-OCH3 (7e), o-CH2OH (7f) and o-OH (7g), 

were well-tolerated but o-CHO (7h) and o-CO2Me (7i)  raised additional prob-

lems. These experiments highlight an additional limitation of the catalyst (i.e. 

EWG groups in ortho position). The issue is mostly of steric nature although 

augmented by electronic effects, with electron-poor boronic acids being less 

reactive. Interestingly, this effect was less pronounced when functional groups 

were swapped. A bulky EW substituent in the ortho position of the aryl bro-

mide only partially inhibited the reaction and a good conversion could still be 

achieved when heated to 50 °C (12c). 
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Scheme 3.3. The Suzuki-Miyaura cross-coupling extended scope: ortho-substitution 

In a new set of experiments, the heterocyclic moiety was transferred to 

the transmetallating agent. In this arrangement, the couplings were even more 

successful (Scheme 3.4). An excellent functional group tolerance was ob-

served and more sophisticated fragments of commercial relevance were easily 

converted to the desired products (15b, 15j). It is worth noting that as sub-

strates grow in size, the catalyst can handle them as long as they are linear (c.f. 

9-bromoanthracence (2e) in Scheme 3.1).  

In summary, coordinating groups are more detrimental when in the vi-

cinity of the halide while bulky substituents tend to affect more the reactivity 

of the boronate. In other words, the oxidative addition is more sensitive to the 

coordinating properties of the substrate while steric factors have a stronger 

impact over the transmetallation step, which is reasonable for a reaction taking 

place in a size-restrictive environment.  
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Scheme 3.4. The Suzuki-Miyaura cross-coupling, extended scope: boronates 

Pushing the tolerance limit of Pd0@MIL-101-NH2(Cr) we found that 

certain classes of heterocycles do not react readily. Halides of pyrazoles, in-

dazoles and benzimidazoles emerged as especially challenging substrates. At 

the same time Buchwald and co-workers demonstrated that this class of het-

erocycles is prone to form bridged Pd complexes that are extremely stable and 

completely unreactive under Suzuki conditions.98 

A robustness assessment99 was also performed, in which this type of 

heterocycle was introduced as additive in the coupling of two model substrates 

(Scheme 3.5, top). 1-Methylimidazole and benzimidazole completely inhib-

ited the reaction between 4-bromoanisole and phenylboronic pinacolate. This 

demonstrates that the difficulties arise from functional group intolerance ra-

ther than stereoelectronic issues. Nevertheless this limitation could be par-

tially circumvented and some pyrazole and oxazole compounds were coupled 

under harsher reaction conditions although at the cost of compromising the 

catalyst’s stability (Scheme 3.5, middle).  

A series of leaching tests revealed that the stability of the catalyst suf-

fers when increasing the number of coordinating atoms on the substrates 

(Scheme 3.5, bottom). As mentioned previously, using model substrates an 

excellent control over leaching could be maintained and only sub-ppm levels 

of Pd were detected in solution. Using heteroaromatic substrates under opti-

mized conditions (20 to 50 °C, conventional heating) led to a moderate in-

crease in Pd leaching in solution (2 to 5 ppm Pd). Under microwave irradiation 
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12 ppm were measured at 80 °C and finally 14 ppm at 120 °C. This is not 

unexpected in a basic medium under harsh conditions, as the MOF is likely to 

be degraded and release Pd in solution. Pyrazoles induced the highest level of 

leaching as the catalyst is unable to tolerate the harsh conditions they require. 

 

Scheme 3.5. Functional group tolerance test for some heterocycles (top); overcom-
ing limitations under harsh conditions (middle); leaching levels for various classes 

of substrates (bottom). 

Finally, showcasing the applicability of our catalyst to commercially 

relevant processes, product 19 was obtained in gram scale at room temperature 

using only 0.01 mol% of Pd (TON = 10000). A simple extraction afforded the 

pure product which was further reacted with alloxan hydrate. Filtration and 

washing with water led to the isolation of pure 20, a commercial inhibitor for 

matrix metaloproteinases (MMP), in a 96% overall yield with no need for 

chromatographic or recrystallization techniques.  
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Scheme 3.6. Pd@MOF catalyzed synthesis of precursors for pharmaceuticals 

 

All in all, the evaluation of the substrate scope and all associated exper-

iments converge towards one consistent conclusion. The Suzuki-Miyaura 

cross-coupling is more likely to be catalyzed by atomic Pd, but the MOF plays 

an undeniable role in accelerating the reaction. This may be a simple effect of 

creating local pockets of higher concentration inside the pores, driven by hy-

drophobicity. This is supported by the observation that water as a co-solvent 

enhances the reaction rate. The hydrophobic substrates would in this case seek 

refuge in the pores where they encounter the Pd catalyst. Nevertheless, a more 

profound influence of the framework needs to be considered and hypotheses 

in this direction are currently under investigation. The source of individual Pd 

atoms and further mechanistic considerations are discussed in Chapter 4.  

 

 

 

3.1.3. Recyclability and studies under continuous flow regime 

To acquire more detailed information of how leaching and MOF stabil-

ity influence catalytic activity, we performed a series of recycling studies. The 

reaction between 4-bromotoluene and phenylboronic pinacolate was scaled up 

10 times and the catalyst was recovered and reused for 10 consecutive cycles 

of 30 min each. Intermediate washing steps ensured that no reagents or prod-

uct are carried inside the pores from previous cycles. Even in the 10th run, 

complete conversion was measured after 30 min. At this point, the catalyst 

was recovered, washed and re-characterized. The ICP-OES analysis of recy-

cled Pd0@MIL-101-NH2(Cr) – 8 wt% determined the remaining content of Pd 

at 7 wt%. This shows a relatively good control over leaching under mild con-

ditions, persistent over 10 reaction cycles. PXRD showed a partial loss of 

crystallinity but TEM analysis revealed a phase still consisting predominantly 

of octahedral crystals characteristic of MIL-101. However, the distribution of 

Pd inside the crystals was not as homogeneous as in the fresh catalyst and 

larger Pd aggregates were visible on the surface. Although changes in the cat-

alyst obviously occur, the MOF remains an efficient Pd scavenger even when 

the ordered porous structure is partially compromised. The persistent reactiv-

ity even under these conditions enforces the assumption that the reaction is 

catalyzed by atomic Pd, but the presence of MIL-101 is essential for the effi-

ciency of the coupling. Furthermore, the porous structure of the MOF actively 
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limits agglomeration driven by the natural Ostwald ripening process. The av-

erage particle size in the recycled MOF (< 10 nm) remains within the limits 

of some commercial catalysts such as Pd/C. Therefore even in the scenario of 

a boomerang mechanism where the metal is released and redeposited, the 

MOF prolongs the lifetime of Pd nanoparticles. 

The durability of our catalyst was also evaluated under continuous flow. 

The MOF was packed in an Omnifit© glass column with a 10 mm diameter 

and adjustable bed height (Figure 3.3). In an initial endurance test, a solution 

of 4-bromobenzaldehyde, phenylboronic pinacolate and K2CO3 was continu-

ously passed through the column at an optimized flow rate of 75 l/min. For 

54 h, a remarkable stability was observed. The reactants were quantitatively 

converted to the desired product and leaching of metallic species in solution 

was kept at a minimum level (<0.2 ppm Pd and <0.1 ppm Cr). After 66 h, the 

outflowing solution turned yellow which correlated with increased leaching 

and the presence of dehalogenated side products in the outflowing solution. 

The experiment was stopped and the PXRD material of the catalyst revealed 

a complete amorphisation of the framework. Once again, it is evident that con-

trolling the size of nanoparticles is crucial for achieving the desired activity 

and selectivity. Once the framework is compromised, this control is lost and 

the detrimental effect is intensified by the non-equilibrium conditions specific 

under continuous flow. Nevertheless, a 54 h window of robust operation was 

satisfactory and we proceeded to test functionalized substrates under similar 

conditions.  

 

Figure 3.3. Omnifit© column packed with Pd0@MIL-101-NH2(Cr) – 8 wt% 

A set of 12 solutions of functionalized building blocks was prepared 

(conc. = 0.3 mmol aryl halide, 6 mL solvent) forming a cocktail of electronic 

effects, coordinating functional groups and steric bulk. These were passed 

through a similar MOF-packed column in a continuous sequence, at a reduced 

flow rate (50 l/min) to allow a slightly longer residence time of ca. 35–40 

min. Intermediate flushing with solvent ensured that different products would 

not mix. To our delight, good to excellent conversions were obtained for the 

first 11 products (Scheme 3.6). However, a minor decrease in activity and se-

lectivity is gradually observed as the catalyst begins to succumb under the 

chemical and mechanical stress induced. Starting with product 23j onwards, 
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the outflowing solution becomes again increasingly yellow, marking the de-

activation of the catalyst. The 12th, and most complex product (23l), could 

only be obtained in a fair yield with a large fraction of dehalogenated side 

product and the sequence was stopped. In this case, the framework remains 

partially crystalline and the Pd content decreases from 7.29 wt% to 6.81 wt%. 

Nevertheless, we managed to successfully synthesize a mini-library of func-

tionalized substrates in a single continuous experiment. This represents an in-

teresting potential application for pharmaceutical research as focused libraries 

of drug candidates can be readily prepared free of contaminants and the scale 

of synthesis is dictated only by operation time. Moreover, this set-up is ame-

nable to automation.   

 

Scheme 3.7. Mini-library synthesized in one continuous flow experiment. Products 
are presented in the order of synthesis. Isolated yields are reported for desired prod-

uct followed by dehalogenation side product. 

 

 

 

 

3.2. The Heck coupling reaction 

The Heck coupling reaction (also referred to as “Mizoroki-Heck”) is 

another indispensable tool for creating C–C bonds.100 Like the Suzuki cross-

coupling, it was initially reported during the 1970s and their mechanisms are 
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to some extent related (cf. Section 3.1).101 Both processes are most commonly 

catalyzed via a Pd0/PdII manifold initiated by the oxidative addition of Pd0 to 

the C–X bond of an unsaturated (pseudo)halide. However, in the next step, the 

Heck reaction employs an olefin instead of the boronate and it lacks the critical 

transmetallation step for bringing both organic fragments on the same metal 

center. Therefore it is not included in the class of cross-coupling reactions. 

Instead, the transmetallation is replaced by a migratory insertion – -hydride 

elimination sequence, which releases the new C–C coupling product. The 

Heck cycle also closes with a reductive elimination which returns Pd to its 

initial oxidation state.† 

 

Scheme 3.8. The Heck coupling reaction 

The previously developed Pd0@MIL-101-NH2(Cr) – 8 wt% repre-

sented one of the most active supported catalysts reported until that point for 

the Suzuki cross-coupling. Considering the similarities between the two pro-

cesses, we proceeded to investigate its activity under specific conditions for 

the Heck coupling reaction. To expand our understanding of MOF-catalyzed 

processes, we introduced in this study two additional Pd@MOF nanocompo-

sites: Pd0@MIL-88B-NH2(Cr) and Pd0@MIL-88B-NH2(Fe). These were de-

veloped in our group by a similar ship-in-a-bottle approach. 

 MIL-88B-NH2 is a denser polymorph of MIL-101-NH2 forming rod-

shaped crystals with one-dimensional flexible channels. Its structural features 

are described in detail in Section 2.2.2. The Cr and Fe versions of MIL-88B-

NH2 were used as porous supports to encapsulate Pd nanoparticles. The frame-

works can be synthesized directly in their amino-functionalized form and pos-

sess a breathing behavior responsive to external stimuli. A judicious choice of 

solvent and metal precursor can ensure the MOF remains in its open confor-

mation during the impregnation step. Na2PdCl4 in MeOH led to a quantitative 

impregnation of Pd after 3 days. The EXAFS analysis of PdII@MIL-88B-

NH2(Cr) revealed that once Pd infiltrates the pores, it coordinates simultane-

ously to two organic linkers, locking the framework in a semi-open confor-

mation (vide supra, Chapter 2, Figure 2.15). Finally, the reduction of the Pd 

precursor leads to formation of catalytically active Pd0 nanoparticles inside 

the pores. The highest efficiency was observed for NaBH(OAc)3, which can 

also neutralize the basic NaOH formed as a byproduct that can affect the 

MOF’s structural integrity. The XPS analysis of Pd0@MIL-88B-NH2 found a 

9:1 ratio between Pd0 and PdII in the reduced material. Pd0@MIL-88B-

                                                      
† The detailed mechanism for the Pd@MOF catalyzed Heck reaction is described in Chapter 

4.3 under the section discussing mechanistic investigations for this system.  
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NH2(Cr) and Pd0@MIL-88B-NH2(Fe), were synthesized with similar Pd load-

ings and a very narrow size distribution of Pd nanoparticles could be achieved 

(<2 nm) (Figure 3.4). 

 

Figure 3.4. Pd@MIL-88B-NH2 characterization: PXRD patterns during functionali-
zation process (top left); XPS spectrum of Pd0@MIL-88B-NH2 (top right); TEM mi-

crographs of Pd0@MIL-88B-NH2 (bottom) 

 

 

 

3.2.1. Optimization of the reaction conditions. First signs of trouble 

The model substrates chosen for the optimization stage were 4-iodoan-

isole and several acrylate esters (Scheme 3.9). In the initial stage, the reactions 

were performed at 90 °C, stirring the substrates with 3 mol% Pd cat. in the 

presence of various bases and solvents. The reactions were performed in 

sealed pressure tubes under an air atmosphere.  

The reaction proceeded with moderate to good efficiency in a number 

of organic solvents. Amongst all, highly polar DMF, DMA and DEF were the 

most successful but were excluded, due to their high boiling points (b.p. > 150 

°C) making work-up procedures more tedious, and also due to their coordi-

nating properties which can accelerate Pd leaching. A high conversion could 

also be achieved in DME (dimethoxyethane, b.p. = 85 °C), which was utilized 

in further studies.  Similar to the Suzuki-Miyaura cross-coupling, water was 
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found to increase the reaction rate significantly. However, in some cases it 

also facilitated the formation of side products such as hydrolyzed product 26’ 

and dehalogenation product 26’’. After screening different solvent ratios with 

different bases (organic and inorganic), it was found that performing the reac-

tion in a mixture of DME : H2O in a 3 : 1 volumetric ratio and in the presence 

of NaOAc, afforded the highest rate while completely avoiding side product 

formation. Under these conditions, the coupling products 26a-c could be ob-

tained with complete selectivity. 

 

Scheme 3.9. The Heck coupling reaction under optimized conditions   

The reactivity differences between the different Pd0@MOF catalysts 

were minor with the MIL-88B–based ones being slightly faster. However, to 

our great surprise, in every case the PdII catalyst was significantly more effi-

cient than its Pd0 counterpart. 3 mol% of PdII@MIL-88B-NH2(Cr) led to al-

most complete conversion to the desired coupling products within 5 h 

(Scheme 3.9), whereas 8 h were required for the corresponding Pd0 catalyst. 

This aspect was intriguing, knowing that the Heck mechanism is initiated by 

a Pd0 species. Even if an in situ reduction does occur, it would take additional 

time and the reaction is expected to be slower. Alternatively, Heck couplings 

via a PdII/PdIV manifold have been reported to be theoretically feasible. How-

ever, this scenario seemed unlikely under our reaction conditions.  

Finally, dilution variations had a negligible effect over reaction rate, so 

2 mL solvent for 0.1 mmol aryl halide remained the concentration of choice. 

We therefore proceeded to evaluate the applicability of this protocol to a wider 

substrate scope, under optimized conditions (Schemes 3.10 and 3.11). 

 

 

 

3.2.2. Scope of the Pd@MOF-catalyzed Heck coupling reaction 
 

A range of substituted aryl iodides were screened under the established 

conditions using methyl acrylate as coupling partner. Reactions proceeded 

cleanly regardless of the electronic nature of the substituent and its position 

relative to the leaving group (Scheme 3.10). Very good yields and excellent 

selectivities were achieved in most cases. Traces of the coupled side product 

with a Z-configuration were detected for products 29a and 29b. The ester-

hydrolysis side product was only observed in the case of product 29j. As an 
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interesting exception, 4-iodonitrobenzene (27c) reacted to form the desired 

product which dimerized in situ to give up to 10% of product 29c’. Unfortu-

nately aryl bromides returned modest yields under similar conditions.  

 

Scheme 3.10.  The Heck coupling scope: aryl iodides. [a] Results reported as isolated 
yields; [b] Results reported as NMR yields against internal standard. 

The catalyst was less tolerant to structural variations around the double 

bond (Scheme 3.11). Terminal olefins bearing other electron withdrawing 

groups were coupled in good yields (32a-b) but enone 32c and aliphatic olefin 

32d showed only limited reactivity. In the case of substituted alkenes (31e-f), 

the regioselectivity could not be controlled effectively. A Pd-catalyzed 1,2-

migration of the double bond occurs in parallel with the Heck coupling leading 

to mixtures of regioisomers (32e-f and 32e’-f’). 

Allylic alcohols represent interesting substrates for the Heck coupling. 

Synthetically useful aryl ketones can be obtained as the final product via a 

slightly modified mechanism.102 The coupling of 4-iodoanisole with 3-penten-

2-ol (31g) was studied under a variety of reaction conditions. However, regi-

oselectivity issues were persistent (Scheme 3.11, bottom, 32g - 32g’’) and this 

line of investigation was not pursued further. Finally, to our disappointment, 

oxidative Heck couplings via directed C–H activation could not be achieved 

under these conditions despite testing a wide range of oxidants. 
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Scheme 3.11. The Heck coupling scope: olefins. [a] Under standard Heck condi-
tions; [b] Using DMSO:H2O as solvent and K2CO3 as base, at 80 °C. 

In a final experiment, the model reaction between 4-iodoanisole and 

methyl acrylate was scaled-up by a factor of 5 in order to study the recyclabil-

ity of the catalyst. As expected, a full conversion was recorded after 5 h in the 

first cycle. The MOF was recovered and washed with clean solvent. The ICP-

OES analysis revealed a high content of Pd (42.7 ppm) in the supernatant after 

the first cycle. Reusing the same catalyst in a second cycle led to a drastic loss 

of activity, with 21% conversion recorded after 5 h.  However, the character-

ization of the recovered MOF after the second cycle revealed some surprising 

aspects. The material remained crystalline, and a significant amount of Pd 

could still be observed by TEM in all crystals (vide supra, Chapter 2, Figure 

2.19, bottom). Moreover, almost no leaching occurred in the second cycle.  

 

 

 

3.2.3. Remaining questions 
 

The Heck coupling reaction catalyzed by Pd@MOF nanocomposites 

was clearly not as successful as the previously developed Suzuki-Miyaura 

cross-coupling, despite the similarities between the two mechanisms. How-

ever, some peculiarities of this process remained of fundamental interest for 

us, regardless of the negative prospect for its large scale applicability.  

Firstly, the most intriguing aspect is the increased performance of PdII 

catalysts over their Pd0 counterparts. This consistent behavior was observed 
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for all three catalysts studied but in contrast with the classic Heck mechanism 

expected to operate under our optimized conditions.  

Furthermore, after one reaction cycle, the catalytic properties of the ma-

terial are compromised even though it maintains its structural integrity. This 

observation is in contrast with the Suzuki-Miyaura cross-coupling where a 

high activity could be sustained over multiple reaction cycles despite a pro-

gressive loss in crystallinity.  

The Pd@MOF catalyzed Heck coupling was chosen as a model trans-

formation for a series of mechanistic investigations using in situ EXAFS, de-

tailed TEM analyses and kinetic studies. These experiments aimed to gather 

more detailed information about the deactivation pathways of our catalysts, 

which could be used to design a more efficient and durable new generation of 

Pd@MOF nanocomposites. The results are described in detail in Chapter 4, 

which deals exclusively with discussions of mechanistic aspects. 
 

 

 

 

3.3. C–H activation / halogenation reactions 

3.3.1. A paradigm shift in organic chemistry  
 

Creating chemical diversity through organic synthesis has traditionally 

revolved around functional groups that are easily distinguished from the sur-

rounding chemical environment. These groups could be targeted to direct re-

activity precisely at the desired position in the molecule. The coupling meth-

ods described in Sections 3.1 and 3.2 fall in this category. They employ halides 

that instruct the Pd catalyst to perform the desired coupling at a specific carbon 

atom. This approach is intrinsically not atom-economic. The beginning of the 

21st century has witnessed a paradigm shift in our approach to crafting organic 

molecules based on the rise of controlled C–H functionalization procedures.103   

Before this could become a reality, two major obstacles needed to be 

surmounted. C–H bonds are relatively inert and therefore do not react easily. 

This implies that harsh conditions must be employed to provide the required 

activation energy. Secondly, C–H bonds are ubiquitous in organic molecules. 

Differentiating them to pick a single one for activation is a daunting challenge, 

even more under harsh conditions. Scattered observations of metals activating 

C–H bonds were made during previous decades. However, achieving selective 

and catalytic C–H functionalization proved enormously challenging and in 

2001 Robert Crabtree still stated that “selective hydrocarbon functionalization 

is still out of reach”.104 By 2007 the situation had changed dramatically,105  and 

the field has been flourishing ever since.  

The concept of manipulating individual C–H bonds has driven innova-

tion until the point where it developed into a complete mindset aimed at 
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shortcutting traditional synthetic routes, saving resources and time. This strat-

egy has been applied widely, from late-stage functionalization of pharmaceu-

ticals,106 to polyaromatic precursors for organic electronics107  and even to 

PSM procedures on MOFs.108 Refined methods today stand a world apart from 

the “brute force” reagents of the early days. Modern catalysts can not only 

activate one of several C–H bonds selectively but can actively block uncata-

lyzed reaction pathways.109 The most inanimate C(sp3)–H bonds can now be 

functionalized under mild conditions,110 even in complex natural products.111 

Such methods rely on directing groups (DGs) to create a bias towards a C–H 

bond in proximity.112 However, more elaborate strategies have been devised 

to direct reactivity remotely. Some elegant examples include the use of tran-

sient mediators like norbornene113 or ingeniously designed ligands that lock 

the substrate in the desired orientation.114 The DG can be a structural motif 

already existent in the scaffold. However, methods have also been developed 

to use traceless DGs, removed in situ after the reaction is completed.115  

The actual functionalization mechanism may vary according to the re-

action conditions employed. Both Pd0/PdII and PdII/PdIV redox cycles are fea-

sible and metallation of the C–H bond can be achieved via -bond metathesis, 

oxidative addition, concerted metallation-deprotonation or electrophilic aro-

matic metallation. When heterogeneous catalysts are employed, additional 

mechanistic aspects need to be considered, such as adsorption on the metal 

surface prior to the C–H cleavage. Considering this mechanistic diversity, the 

study of heterogeneous C–H functionalization is particularly interesting using 

MOF-supported catalysts.116 

 

The well-understood Suzuki-Miyaura cross-coupling (Section 3.1) was 

used initially as a platform for studying the way Pd nanoparticles supported 

on MOFs can catalyze organic reactions. Our catalysts operate under the mild-

est reaction conditions and have excellent functional-group tolerance. Having 

gained this knowledge, we sought to apply it to more modern catalytic pro-

cesses. The study of Pd@MOF catalyzed C–H functionalization represented 

the natural step forward to continue our work. 

 

 

 

3.3.2. Tuning selectivity through reaction parameters 
 

We set out to test the ability of our catalysts to activate aromatic C–H 

bonds selectively in the presence of electrophilic halogenating agents. Initial 

studies were performed using Pd0@MIL-101-NH2(Cr). The model reaction of 

choice was the directed iodination of 2-phenylpyridine using N-iodosuccin-

imide (NIS) which can also take the role of an oxidant. All experiments were 

performed under air (Table 3.1). 
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These types of reactions are typically performed in an acidic environ-

ment117 that can activate the halogenating agent.118 AcOH was chosen as the 

solvent partly for its polarity, and was expected to increase the reaction rate. 

To our delight, some moderate reactivity was already observed at tempera-

tures as low as 40 °C, which is remarkable for a C–H activation event. How-

ever the conversion could not be driven past 52% (Table 3.1, entry 3). The 

optimal operation conditions were found at 50 °C with 2.3 equivalents of NIS 

required to obtain a high yield (74% 34). Despite the large excess, dihalogen-

ated product 35 and dimeric side product 35’ are only observed in trace 

amounts after 7 h of reaction time (Table 3.1, entry 2). This indicates that NIS 

must play multiple roles in the system. Achieving such a high selectivity is of 

great utility since products 34 and 35 are practically impossible to separate 

efficiently by classic chromatographic methods. Interestingly, a high initial 

rate is observed with more than 50% of the starting material being converted 

in the first 2 h. The reaction then slows down and reaches a plateau after 7 h. 

Attempts to push the reaction further by adjusting the reaction time and tem-

perature led to a poorer product distribution.  

 

Table 3.1. Tuning selectivity by adjusting reaction conditions 

On the other hand, dihalogenated product 35 could also be obtained ex-

clusively, by simply adjusting the reaction conditions (Table 3.1, entries 4-5).  

Increasing the temperature to 80 °C promoted the activation of the aromatic 

ring for the second C–H cleavage. 3 equivalents of NIS were required to drive 

the reaction to completion. A variety of solvents and additives were screened. 

Less polar THF and DCE (1,2-dichloroethane) were found to be the most ef-

ficient but PTSA (p-tolylsulfonic acid) was required for the reaction to occur. 
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In THF, 2-phenylpyridine (33) was completely consumed in a little over 2 h 

with minor formation of 35’, while in DCE it took 16 h but a perfect selectivity 

was achieved. The difference in reaction rates can be explained by the pressure 

in the reaction environment. Using THF (b.p. = 66 °C) the pressure created by 

operating above the boiling point in a sealed tube accelerates the reaction sig-

nificantly. In contrast, this effect does not occur with DCE (b.p. = 84 °C).  

The optimal conditions for the synthesis of 2-(2-iodophenyl)pyridine 

(34) and 2-(2,6-diiodophenyl)pyridine (35) were also tested with Pd0@MIL-

88B-NH2(Fe) (Table 3.1, entries 6-7). The reactions were sampled at regular 

intervals and found to follow the same kinetic profiles as in the case of 

Pd0@MIL-101-NH2(Cr). However, the second catalyst was slightly faster and 

marginally less selective. Running the same reactions with commercially 

available Pd/C led to very poor results, showcasing the superiority of our cat-

alysts (Table 3.1, entry 8). Based on these experiments, it can be concluded 

that the selectivity of the C–H activation / halogenation reaction can be well 

controlled by Pd@MOF nanocomposites. Furthermore, this transformation is 

catalyzed under some of the mildest conditions reported to date.  

Gratifyingly, the same level of selectivity control could be maintained 

for 2-phenylpyridines bearing various substituents (Scheme 3.12). 

 

Scheme 3.12. Selective synthesis of mono- and diiodinated 2-phenylpyridines. Un-
less otherwise noted, optimized conditions from Table 3.1 are employed. Results are 

reported as NMR yields against internal standard (yield mono-I % / yield di-I %). 
Similar results were obtained with Pd0@MIL-88B-NH2(Fe).  
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Excellent results could be obtained regardless of the electronic nature 

of the substituents, although reaction rates varied with substrate size and po-

larity. This is a characteristic behavior of porous catalysts as observed previ-

ously (Section 3.1.2). In the case of 2-(4-tolyl)pyridine (36b), the temperature 

could be lowered again to 40 °C and efficient functionalization could still be 

achieved. With a general protocol in hand for the halogenation of aromatic C–

H bonds, we proceeded to study a wider variety of substrates and more nu-

anced regioselectivity issues.  

 

 

 

3.3.3. Substrate scope and regioselectivity issues 
 

The protocols developed during the optimization of iodination reactions 

were applied to brominations and chlorinations, and further extended to dif-

ferent DGs. Pd0@MIL-101-NH2(Cr) and Pd0@MIL-88B-NH2(Fe) returned 

similar results (± 3% conversion and excellent selectivity in both cases, 

Scheme 3.13). The bromination of 6-phenylnicotinonitrile proceeded even 

more successfully than its respective iodination with a 73% yield achieved in 

only 2 h (40a-Br). However, the corresponding chlorinated product (40a-Cl) 

could only be obtained in 21% yield under these conditions. Replacing NCS 

with Palau’Cl, a chlorinating agent developed by Baran and co-workers,119 led 

to a slightly increased reactivity but also to a partial decomposition of the 

MOFs. Substrates bearing rigid DGs were more readily halogenated. 7,8-ben-

zoquinoline (39b) could be efficiently brominated and chlorinated (40b-

Br/Cl) but an iodine atom could not be introduced at the same position due to 

steric constraints. Further, N-acetyl-2-methylindolene (39c) was successfully 

functionalized despite its high susceptibility to oxidation to indole-type prod-

ucts, which are then easily attacked by electrophilic halogenating agents.  

These examples demonstrate the utility of our catalysts operating under such 

mild conditions. Products 40c-I and 40c-Br would be impossible to isolate in 

high yields using catalysts that require harsher reaction conditions. Among the 

DGs evaluated, simple ketones, carboxylic acids and Weinreb’s amide proved 

to be incompatible with our catalyst.  
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Scheme 3.13. C–H activation / halogenation: initial substrate scope. Results are re-
ported as NMR yields against internal standard. Among the two catalysts, the better 

result is included. Maximum difference = 3% conversion. DG = Directing group. 

A more interesting reactivity was observed with substrates possessing 

non-equivalent functionalizable positions. This is the case of meta-substituted 

aromatic rings, where halogenation of one or the other C–H bond adjacent to 

the DG would lead to different products (Scheme 3.14). 

Under milder conditions, the iodination reaction proceeded exclusively at 

the less crowded C–H bond (i.e. C–HA). This behavior was consistent for dif-

ferent DGs (41a-c). Products 42a-I to 42c-I could be obtained in good yields 

and with excellent selectivity although different conditions needed to be em-

ployed for N-(3-bromophenyl)pyrrolidin-2-one (41c). The different behavior 

may partially come from the bulkier nature of its meta substituent. Another 

aspect to be considered is the weaker coordination ability of the lactam group. 

Its directing properties may be disrupted by coordinating solvents, although 

this was not an issue for strongly coordinating DGs such as pyridines. By us-

ing a non-coordinating solvent as DCE, product 42c-I could be obtained quan-

titatively at 65 °C. 



 65 

 

Scheme 3.14. C–H activation / halogenation: regioselectivity issues. Results are re-
ported as NMR yields against internal standard. Among the two Pd@MOF catalysts, 

the better result is included. Maximum difference = 3%. DG = Directing group. 

Not surprisingly, the functionalization of 41c with smaller halogens 

proceeded unselectively as Br and Cl atoms could squeeze in and functionalize 

the more hindered C–HB bond as well. Product pairs 42c-Br – 43c-Br and 42c-

Cl – 43c-Cl were always obtained as mixtures despite further efforts to adjust 

the reaction conditions (Scheme 3.14, middle).  Further, the dihalogenation of 

substrates 41a-c was investigated, pursuing the previously developed strategy 

(Scheme 3.13). However, under these conditions, only 41a could be trans-

formed efficiently, to obtain the diiodinated 2-(2,6-diiodo-3-methylphenyl) 

pyridine (44a-I) quantitatively (Scheme 3.14, bottom). In the case of N-(3-

chlorophenyl)acetamide (41b), the desired product could not be observed. In-

stead, a complete conversion to regioisomer 44b-I’ was recorded. This sug-

gests that at 80 °C, the second iodine is grafted through a non-catalyzed path-

way, although control experiments have shown that the catalyst is indeed re-

quired for the first step. In the case of lactam 41c, no diiodinated product was 

observed whatsoever. In conclusion, a number of multi-functionalized prod-

ucts could be obtained, possessing complex substitution patterns. Although 
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not all reactions proceeded with the selectivity expected, some important les-

sons were learned about the reactivity of Pd@MOF nanocomposites under C–

H activation conditions. These reactivity patterns could then be applied to syn-

thesize even more interesting, multi-halogenated products (Scheme 3.15). 

 

Scheme 3.15. Synthesis of multi-halogenated products 

Compound 46 represents an interesting synthetic intermediate as each one of 

the four anchors grafted on the aromatic ring can be targeted selectively to 

access a variety of functionalized molecules. The C–H activation / halogena-

tion reaction catalyzed by Pd@MOF nanocomposites allows rapid access to 

such useful intermediates in good yields. 

 

 

 

3.3.4. Recyclability 
 

The potential of Pd0@MIL-101-NH2(Cr) and Pd0@MIL-88B-NH2(Fe)  

to be recycled was also studied under the optimized conditions for C–H func-

tionalization. N-(3-bromophenyl)pyrrolidin-2-one (41c) was used as a model 

substrate and subjected to an alternating sequence of iodination and bromina-

tion reactions (Table 3.2). These reactions were performed at 65 °C in DCE 

or 40 °C in HOAc, respectively. An excellent conversion was maintained over 

5 runs, with both catalysts displaying good control over Pd leaching under 

iodination conditions. However, Pd0@MIL-88B-NH2(Fe) showed increased 

leaching under bromination conditions, despite the lower temperature. Con-

sidering the good thermal stability of both MOFs, the chemical environment 

has a stronger impact over the catalysts’ structural integrity.  

After 5 runs, the recovered MOFs were analyzed by PXRD and TEM. 

Surprisingly, Pd0@MIL-88B-NH2(Fe) that showed higher levels of leaching 

maintained good crystallinity. In contrast, Pd0@MIL-101-NH2(Cr) had lost 

long-range order with few reflections still barely visible in the PXRD pattern. 

Its BET surface area had also dropped to 332 m2/g. For both materials the 

TEM micrographs showed significant Pd agglomeration that would suggest a 

leaching-redeposition mechanism.  
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Table 3.2. Recyclability of Pd@MOF catalysts. Iodination reactions performed at 65 
°C in DCE with PTSA as additive; Bromination reactions performed at 45 °C in 
HOAc. Pd content measured by ICP-OES from supernatant after centrifugation.  

This is consistent with hot filtration tests that generated different results 

for substrates with different DGs, despite being performed under identical 

conditions. Catalyst filtration was less effective at inhibiting further conver-

sion for substrates with stronger coordinating groups. In agreement, an effi-

cient recycling of the catalyst could not be achieved for the halogenation of 2-

phenylpyridines. After recovering the catalyst, a severe loss of activity was 

observed in the second run for both MOFs.  

Finally, the digestion of recycled MOF samples revealed that a large 

proportion of the linkers had also been halogenated. This result was antici-

pated and it can account for the necessity of using a larger excess of halogen-

ating agent to achieve high yields. It would be expected that halogenated 

MOFs would show attenuated catalytic activity as substrates have more diffi-

culties to access the pores. The fact that both MOFs maintain an excellent 

performance over multiple runs and no diffusion-induced limitations are ap-

parent, points again towards a leaching-redeposition mechanism. This is 

somehow disappointing as a truly heterogeneous system was pursued. How-

ever, it remains true that our Pd@MOF nanocomposites can efficiently acti-

vate C–H bonds under very mild conditions and in many cases the metal con-

tent remaining in solution is below ppm levels at the end of the process. More 

detailed investigations are currently underway to completely elucidate the 

mechanism.  
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4. Mechanistic Investigations for Pd@MOF Catalyzed 

Processes (Papers IV – V) 

4.1. Towards a better understanding by studying the effects of the base  

The Suzuki-Miyaura cross-coupling (Section 3.1) and the Heck cou-

pling (Section 3.2) have been the subjects of numerous mechanistic investiga-

tions throughout the years. This has led to constant improvements brought to 

catalyst design and to a better understanding of what are the most favorable 

reaction conditions. These studies have revealed a highly prominent role of 

the base, in particular for the Suzuki-Miyaura cross-coupling. 

In the presence of common anionic bases, four antagonistic effects have 

been identified.96a These are illustrated in Figure 4.1. Subsequent to oxidative 

addition, the base exchanges the halide ligand from ArPd(X)L2 to form the 

more reactive ArPd(OH)L2 intermediate, which is ready to transmetallate. 

Further, the base can recoordinate to the trans-ArPdAr’L2 complex to form a 

pentacoordinated anionic Pd complex with the Ar and Ar’ fragments pushed 

into a cis conformation that allows reductive elimination of the Ar–Ar’ prod-

uct. On the other hand, two inhibitory effects also exist. The excess of base 

engages in an unproductive equilibrium with Ar’B(OH)2 to form Ar’B(OH) 3
– 

which is still capable of transmetallation under certain conditions, but at lower 

rates by several orders of magnitude compared to boronic acids.120 For this 

reason the ratio of concentrations [OH–]/[Ar’B(OH)2] can dramatically affect 

the overall reaction rate when the transmetallation step is turnover-limiting. 

Finally, metal cations introduced in the reaction medium with the base have 

been identified to play a decelerating role by coordination to the hydroxo lig-

and in the ArPd(OH)L2 complex.96a 

This behavior has been confirmed for OH–
 and also CO3

2– that forms 

hydroxyl anions slowly by reacting with water. Interestingly, fluorides can 

assume this role as well, displaying each of the antagonistic effects mentioned 

above.96b On the other hand, the inefficiency of acetates has been attributed to 

the inability of ArPd(OAc)L2 to transmetallate with arylboronic acids. This 

explains why NaOAc yielded very poor results during the optimization stage 

of the Suzuki-Miyaura cross-coupling while being the preferred base for the 

Heck coupling, which lacks the transmetallation step. 
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Figure 4.1. Multiple roles of the base in the Suzuki-Miyaura mechanism 

These mechanistic subtleties describe a complex picture in which it is 

crucial to choose an appropriate base. However, in the case of catalysis with 

MOFs, the situation becomes even more intricate. The structural integrity of 

Pd@MOF nanocomposites constructed on MIL-101 and MIL-88B platforms 

is strongly affected by the basic species present in the reaction mixture. Our 

investigations revealed that Suzuki-Miyaura cross-couplings proceed at high 

rates in the presence of hydroxides, but with the cost of a total framework 

collapse after one run. This makes the catalyst non-reusable. Carbonates were 

also capable of promoting the reaction and the slow release of hydroxyl anions 

meant that the stability of the framework was prolonged. MOF decomposition 

still occurred but at a slower rate, allowing good recyclability in many in-

stances. Furthermore, acetates were inert in this case but showed excellent 

reactivity under Heck conditions where the framework retained crystallinity 

even after long reaction times at elevated temperatures (24 h, 90 °C). Finally, 

organic bases prevented the redeposition of Pd, increasing leaching. These 

observations encouraged us to investigate the matter more closely, trying to 

find a base that promotes the catalytic reaction while being compatible with 

the porous MOF structure and the Pd nanoparticles.  

In this context, we were particularly interested to explore the potential 

of fluorides, which have been described as efficient promoters for the Suzuki 

mechanism96b but are also utilized in the MOF synthesis and activation pro-

cesses (HF, NH4F) and should therefore be compatible with the catalyst.121 

A series of experiments were set up to compare K2CO3, Cs2CO3, KF 

and CsF as bases in the coupling of p-tolylboronic acid with ethyl 4-bromo-

benzoate using Pd0@MIL-101-NH2 as catalyst (Table 4.1). The catalyst was 

recycled three times in the presence of each base and analyzed after each run 

by PXRD, N2 sorption and TEM microscopy. The leaching of metals in solu-

tion was also measure by ICP-OES. 
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Table 4.1. Suzuki-Miyaura cross-coupling with different bases. Results are reported 
as NMR yields against internal standard; n.d. = not determined; [a] T = 40 °C. 

The PXRD analysis (Figure 4.2) revealed that Cs2CO3, which showed 

the highest activity in the first catalytic run, led to the fastest loss of crystal-

linity. K2CO3, which was slightly slower during optimization studies but could 

be recycled for 10 times (Section 3.1), showed a slower, gradual amorphisa-

tion which took place over three runs. It should be recalled that during recy-

cling experiments under batch and continuous flow, amorphisation did not in-

duce an immediate loss of activity. Instead, the collapse of the ordered porous 

structure meant that Pd redeposition could no longer be controlled. This al-

lowed the Ostwald ripening effect to take control, forming larger Pd aggre-

gates that led to a poorer selectivity, especially at higher temperatures. 
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Figure 4.2. PXRD patterns of Pd0@MIL-101-NH2 over three runs with different ba-
ses. Data collected by Dr F. Carson. 

The detrimental effect of OH– for the stability of some MOFs is docu-

mented and NaOH has been used in digestion experiments for MIL-101. We 

initially assumed that the reaction of carbonates with water to release hydroxyl 

anions is responsible for the slow degradation of the framework under these 

conditions. However, Cr k-edge XANES spectra of the fresh and recycled cat-

alysts appear virtually unchanged (Figure 4.3). This suggests that the trimeric 

Cr clusters in the MOF structure (see Section 2.2.2) are not destroyed and a 

different decomposition mechanism may be operating, where carbonates com-

pete with carboxylic ligands for coordination to the metal SBU.  

 

Figure 4.3. Cr K-edge XANES spectra of fresh and recycled Pd0@MIL-101-NH2  
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When KF and CsF were used, the MOF remained perfectly crystalline 

over 3 runs (Figure 4.2, right). Interestingly, the coupling reaction proceeded 

slower, requiring 2 h to reach completion in the presence of CsF (Table 4.1, 

entries 11-14), as compared to 30 min for Cs2CO3 (Table 4.1, entries 8-10). 

Nonetheless, substrates bearing both electron withdrawing and electron do-

nating substituents could be coupled efficiently (Table 4.1, entries 15-18). Us-

ing K salts, the reaction was slightly slower than with Cs salts, but the latter 

also facilities higher levels of metal leaching. This can be due to differences 

in solubility of the K and Cs salts that modulate reaction rates. In each case 

leaching was kept under better control by the fluorides compared to their car-

bonate counterparts (Table 4.1, entries 5-7 vs. 1-3 and entries 12-14 vs. 8-10). 

This was confirmed by the TEM analysis of all recycled materials, which re-

vealed larger aggregates on the MOF crystals recovered after reactions per-

formed in the presence of Cs salts (Figure 4.4, g-j) compared to reactions per-

formed in the presence of K salts (Figure 4.4, c-f). Specifically, in the case of 

KF the minimum amount of agglomeration was observed. 

 

Figure 4.4. TEM micrographs of fresh and recycled Pd0@MIL-101-NH2. Data col-
lected by Dr Y. Zhang. 

The methods of characterization employed until this point, converge to-

wards KF as the base most capable to retain the catalyst’s initial properties 

across several reaction runs, while sustaining a reasonably high reaction rate. 

These results were in perfect agreement with surface area measurements 

which show that the porosity of the material is best preserved with KF (Figure 

4.5). Although the reaction does not proceed as fast as with Cs2CO3, the net 

productivity may be in favor of KF, especially in the case of prolonged oper-

ation under continuous flow. This scenario remains of interest for our group. 
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Figure 4.5. Nitrogen sorption isotherms of Pd0@MIL-101-NH2 (fresh MOF shown 
in green) over three runs with different bases shown from dark blue to light blue. 

Data collected by Dr F. Carson. 

 
 

 

 

4.2. A custom in situ reaction cell for deeper mechanistic insight 

During the synthesis of MOF-supported Pd nanoparticles and the sub-

sequent catalytic studies, we have used a myriad of characterization tech-

niques to achieve a better understanding of structure-activity relationships and 

deactivation pathways. Among these methods XAS was identified as being 

particularly well-suited to answer questions on the nature of the active species 

during catalysis, because of its atom specificity. 

 XAS had already been used in our studies to show for example that the 

coordination mode of Pd precursors differs in MIL-101-NH2 and MIL-88B-

NH2 or that supported PdII is incompletely reduced by NaBH4 or similar rea-

gents. However, this type of ex situ analysis can only offer information on the 

initial and final state of the catalyst. This is not sufficient in order to under-

stand the true nature of the phenomenon, considering the dynamic nature of 

the leaching-redeposition process, especially in the presence of a porous sup-

port. We envisioned that the acquisition of in situ XAS data will allow us to 

track changes in the nature of Pd species in real time. This would shed light 
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on the missing evidence necessary to establish the operating mechanism for 

the Pd@MOF catalyzed reactions described in Chapter 3.  For this purpose, a 

custom reaction cell was developed in collaboration with scientists from the 

University of Kiel and from the PETRA III synchrotron, in Germany.  

The concept of this cell is illustrated in Figure 4.6. It is designed to fit 

with the set-up of experimental hutches of synchrotron beamlines. The cell 

can be used to collect both in situ XAS and PXRD. High intensity synchrotron 

radiation is required to penetrate the set-up. The reaction takes place in a pres-

sure-resistant vial inserted into an aluminum support with windows that allow 

the incident and scattered radiation to pass. The support is encased in a heating 

mantle surrounded by an additional protective casing.  Therefore, this arrange-

ment is also suitable to safely study MOF syntheses, typically conducted un-

der autogenous pressure. The cap of the vial is equipped with a PTFE-coated 

sensor for in-line pressure and temperature measurements and additionally 

with two slots connecting the vial to syringe pumps for dosing reagents. The 

whole assembly is fitted on top of a miniaturized magnetic stirring plate.  

 

Figure 4.6. Reaction cell concept for in situ XAS and PXRD studies 



 75 

The graphical user interface was developed in the LabVIEW© environ-

ment and allows the control and monitoring of reaction parameters and of the 

syringe pumps. In this way, experiments can be controlled remotely, while 

XAS data acquisition is ongoing. Routines can be pre-set to study changes 

occurring in the immediate moments after dosing a particular reagent (e.g. 

addition of base in a coupling reaction) or upon changing the temperature. 

This strategy should enable us to observe closely and in real time any changes 

affecting the nature of Pd species present in the system as well as to identify 

the factors triggering these changes. 

 

Figure 4.7. Schematic representation of in situ reaction cell components 

However, due to significant radiation absorption by the glass vial, the 

concentration of reagents needs to be adjusted in order to obtain a satisfactory 

resolution. For this reason, control experiments must confirm that conclusions 

drawn from synchrotron experiments remain valid for reactions run under nor-

mal conditions. Further improvements of this design are constantly explored. 

Next generation cells will feature additional slots for the collection of fluores-

cence radiation, pre-heated syringe pumps and the possibility to dose solids.  

 

 

 

 

4.3. The Heck coupling revisited. Remaining questions answered 

 

We proceeded to test the potential of the new in situ reaction cell to 

facilitate a better understanding of the intricacies of catalysis with MOFs. The 
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Heck coupling was chosen for initial trials because it involves a redox mech-

anism marked by easily distinguishable features in the Pd XAS spectra. Fur-

thermore, a number of unanswered questions remained over the mode of op-

eration of our catalysts under these conditions (See Section 3.2.3). Early work 

established that the coupling could be catalyzed efficiently by Pd@MOF 

nanocomposites at 90 °C, in the presence of NaOAc as base. Limited reactiv-

ity was also observed in some cases at 60 °C, which is remarkably low for 

typical Heck couplings (Section 3.2).  

p-Iodobenzonitrile and tBu-acrylate were chosen as model substrates for 

experiments performed at beamline BM01B, at the European Synchrotron Ra-

diation Facility (ESRF) in France (Scheme 4.1). The reaction mixture was 

concentrated and the Pd loading was increased to 20 mol% respective to the 

aryl iodide. This was necessary in order to obtain XAS data at a useful reso-

lution, but Pd atoms still undergo sufficient turnovers in order to observe a 

relevant behavior.  

 

Scheme 4.1. Heck coupling studied by in situ XAS  

The following sequence of operations was used for capturing the essen-

tial moments of the reaction:  

– The aryl iodide, base and MOF were mixed with part of the solvent and 

stirred for 10 min at r.t. to homogenize. 

– The olefin was injected with the remaining solvent, the temperature was 

then increased to 60 °C and held for 10 min. 

– The temperature was further increased by 10 °C every 10 min up to 90 °C.  

– The temperature was held at 90 °C for 60 min and then the mixture was 

cooled gradually while still recording XAS spectra until room temperature. 

 

Control experiments were also performed omitting some of the rea-

gents. The specifications of the beamline allowed a rapid switch between XAS 

and XRD detectors. Seeking a correlation between the nature of Pd species 

and changes in the structural integrity of the MOF, PXRD patterns were rec-

orded after every five XAS spectra. However, it was confirmed that the crys-

tallinity is always preserved for both MOFs and in situ PXRD patterns do not 

change significantly during the course of the reaction. Despite the harsher con-

ditions compared to the Suzuki-Miyaura cross-coupling, deactivation does not 

occur because of MOF decomposition (Figure 4.9).  
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Figure 4.9. PXRD patterns of Pd@MOF catalysts collected in situ during the Heck 
coupling. Peaks that do not correspond to MOF simulated patterns represent reflec-

tions from the reactor and the large amorphous contribution is due to solvent. 

Based on the XAS data collected in situ it can be rapidly concluded that 

during the course of the reaction, Pd is reduced and it aggregates. In fact, upon 

reaction completion, the edge features for PdII@MOF and Pd0@MOF cata-

lysts look similar and resemble those of Pd foil. Figure 4.10 illustrates the 

XAS dataset for PdII@MIL-101-NH2 where a clear change in edge features is 

visible. This behavior was consistent for all catalysts tested. These experi-

ments can already disprove a PdII/PdIV mechanism proposed by DFT calcula-

tions.122 Further, some more interesting aspects were revealed. 

 

Figure 4.10. In situ XAS data collected for PdII@MIL-101-NH2; inset shows se-
lected XANES spectra over the first 14 scans. 

In PdII@MIL-101-NH2 the Pd atoms are coordinated to one Ar-NH2 lig-

and from the MOF and one CH3CN plus two Cl– ligands remaining from the 

precursor used in the impregnation step (vide infra, Figure 4.12). As soon as 



78  

the catalyst is mixed with reagents, chlorides are replaced by O- or N- ligands 

(base, Ar-CN, etc.) but Pd remains in a 2+ oxidation state (Figure 4.11). The 

catalyst is only reduced upon addition of the olefin. This process occurs at 

room temperature with a rapid and obvious color change from light green to 

black. A series of control experiments showed that both olefin and H2O are 

necessary for the reduction to occur, presumably via a Wacker-type process.123 

In the absence of either one, Pd remains oxidized even upon heating to 60 °C. 

 

Figure 4.11. Fourier transformed EXAFS spectra during initial stages of the 
Pd@MOF-catalyzed Heck coupling 

Strangely, after adding the olefin and heating to 60 °C the XAS edge 

shift that is characteristic for the transition from PdII to Pd0 cannot be observed 

during the first minutes of the reaction (Figure 4.10, inset). Considering that 

the presence of coupling product was confirmed by NMR immediately after 

reaching 60 °C, Pd0 must have existed at some point. This observation appears 

surprising at first but it is justified when one considers the reactivity of freshly 

reduced Pd0 that can initiate the catalytic cycle immediately. Pd0 is re-oxidized 

to PdII in the first oxidative addition step. Indeed, kinetic studies have shown 

a very high TOF in the early stages of the reaction. It is thus reasonable to 

assume that as long as a sufficiently high concentration of aryl iodide exists, 

Pd is reoxidized faster than the time resolution of our method (ca. 3.5 min / 

EXAFS scan).  

Interestingly, no PdI peaks can be observed at any moment suggesting 

that subsequent to the oxidative addition event, the iodide ligand is quickly 

replaced by an O-ligand, which is most probably the base. Pd then coordinates 

to the olefin and the migratory insertion appears to be turnover-limiting. 
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Figure 4.12. Mechanism proposed for the Pd@MOF-catalyzed Heck coupling 

At this point, the complex prior to migratory insertion matches the 

coordination environment described by the recorded XAS spectra. After the 

turnover-limiting step, the reaction proceeds through -hydride elimination to 

yield the product and further reductive elimination returns Pd0. Based on these 

observations, the mechanism proposed is described in Figure 4.12. 

Duplicate experiments were followed by NMR and TEM, to corrobo-

rate the information from XAS. These experiments are summarized in Figure 

4.13 where both conversion and temperature are plotted as a function of time. 

Intriguingly, in the case of PdII@MIL-101-NH2, after an initial short period of 

very rapid conversion at 60 °C, the reaction reaches a plateau around 70 – 80 

°C, before picking up again upon further heating (Figure 4.13, top, solid line). 

This suspicious behavior was correlated to an even more curious observation 

from XAS. During the heating stages of the experimental sequence, in some 

instances the quality of the signal dropped dramatically and some spectra be-

came too noisy to be treated. However, after the temperature in the system 

stabilized at 90 °C, the data quality was fully restored. This made us anticipate 

that the interval of suspended reactivity in the reaction profile is related to 

transitions in the nature of the Pd species.  
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Figure 4.13. Reaction profile for the Heck coupling catalyzed by PdII@MIL-101-
NH2 (top) and PdII@MIL-88B-NH2 (bottom) 

Indeed, in the case of PdII@MIL-101-NH2, samples from the reaction 

mixture analyzed by TEM, showed the presence of Pd nanoparticles already 

at t = 40 min. Still, it is possible that this agglomeration occurred only upon 

deposition of the hot mixture on the TEM grid. The first Pd–Pd feature in the 

XAS spectrum is clearly visible only at t = 48 min but earlier peaks may have 

been missed due to poorer data quality during heating steps. For a better un-

derstanding, we conducted control experiments at only 60 °C, hoping to pre-

vent Pd agglomeration and achieve a uniform behavior. To our surprise, the 

reaction stopped after one turnover of each Pd atom (Figure 4.13, top, dotted 

line). We hypothesized that during one of the catalytic steps, after oxidative 

addition, the coordination to NH2 from the MOF linker is lost. This would 

not be surprising because under these conditions only phosphines can be con-

sidered as true ancillary ligands that remain coordinated throughout the cata-

lytic cycle. Other ligands can be expected to release Pd.15a Without the nitro-

gen donor ligand, Pd0 exiting the catalytic cycle does not have sufficient elec-
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tron density to perform a second oxidative addition making aggregation fa-

vorable. Ligand-less palladium agglomerates into clusters and further into na-

noparticles, which are unreactive at 60 °C. This could explain the plateau ob-

served during stepwise heating from 60 to 90 °C. In addition, the necessity of 

coordination to Ar-NH2 in order for Pd to catalyze the reaction at 60 °C was 

confirmed by adding aniline to the reaction mixture in stoichiometric amounts 

to Pd. Aniline represents a smaller, homogeneous model for the linker that can 

simulate the same coordination mode. Under these conditions, full conversion 

was achieved at 60 °C and the shape of the reaction profile suggests a com-

pletely homogeneous reaction (Figure 4.13, top, dashed line). 

PdII@MIL-88B-NH2 operates through a related mechanism, with minor 

differences. When the catalyst is tested at 60 °C, the first turnover is again 

very fast. However, afterwards the reaction continues at a much slower rate 

instead of being completely suppressed as before (Figure 4.13, bottom). When 

using the stepwise temperature ramp, a similar behavior is observed, but less 

pronounced than for PdII@MIL-101-NH2. We have previously shown that PdII 

ions in MIL-88B-NH2 are coordinated to two amino ligands, not only one as 

in the case of MIL-101-NH2. In this way, there is a higher likelihood that some 

NH2 groups remain coordinated after the first cycle and some Pd atoms remain 

active. This scenario is supported by in stiu XAS measurements, where PdPd 

features are clearly visible only at t = 53 min when over 90% of the aryl iodide 

has reacted (c.f. PdII@MIL-101-NH2: PdPd appears at t = 48 min when  = 

50%). Further, a sustained catalytic activity due to coordination to the second 

MOF linker is also in agreement with other reports showing that bipy and 

other chelating ligands are able to catalyze the reaction more efficiently.124 

More importantly, when the reaction mixture is heated to 90 °C, the 

reactivity is restored for both catalysts (Figure 4.13, both). Raising the tem-

perature may provide sufficient energy to break the Pd aggregates and reform 

atomic Pd. However, this was disproved by a careful fitting of EXAFS spectra 

collected during the timeframe of maximum catalytic activity. With 

PdII@MIL-101-NH2 average coordination numbers for Pd slowly increase 

from CN = 0.9 at t = 48 min (first EXAFS spectrum showing clear PdPd 

peak) to CN = 3 at t = 70 min when the reaction is close to completion and 

further to CN = 3.6 after cooling back to r.t. (Figure 4.14, left).The coordina-

tion number was never observed to decrease. This would rather suggest that 

at 90 °C no dissolution takes place and a truly heterogeneous mechanism is 

operating, involving catalytically active Pd nanoclusters. A similar reaction 

profiling using Pd0@MOF catalysts supports this conclusion. At low temper-

atures, the reaction is very slow because the only reactive species are residual 

PdII atoms, reduced in situ (we have previously shown that reduction of Pd 

precursors with NaBH4 is never quantitative for our Pd0@MOF catalysts). 

Upon further heating, the reaction rate increases dramatically as new catalytic 

species spring into action, and the reaction profiles become indistinguishable 

from that of PdII@MOF catalysts, suggesting a similar mechanism.  
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Figure 4.14. Pd coordination numbers (left) calculated from fitting XAS data col-
lected in situ during the Heck coupling (right). EXAFS fitting by N. Yuan. 

Using both PdII catalysts, as the last traces of organic reagents are con-

sumed, aggregation is accelerated and the peaks corresponding to PdPd dis-

tances become increasingly evident, even beyond the first coordination shell. 

An interesting observation is that Fourier transformed EXAFS before and af-

ter cooling show very little differences (Figure 4.15). We can therefore prove 

that Pd agglomeration does not occur upon cooling the reaction mixture as it 

is often suggested in the literature. This conclusion casts doubt on the utility 

of common methods for testing heterogeneity, such as the hot-filtration test. 

 

Figure 4.15. Fourier transformed EXAFS spectra during initial stages of the 
Pd@MOF-catalyzed Heck coupling 

However, probably the most important finding of this study relates to 

the mode of deactivation of our Pd@MOF catalysts. As Pd clusters grow and 

their characterization becomes easier, features specific to PdCl bonds reap-

pear in the EXAFS spectrum, after they had vanished in the first minutes after 

mixing the reagents. With bigger clusters, exposed Pd atoms present on the 

edges are stabilized by the Cl– anions remaining in solution. It must be addi-

tionally considered that when PdII@MIL-101-NH2 was recovered from the re-
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action and re-characterized an average of 19 Pd atoms per cluster was calcu-

lated in the recycled material. This still sits comfortably in the size range of 

high-activity nanoparticles. However, their catalytic activity is completely 

compromised if the material is used for a second cycle. Based on all infor-

mation acquired, a clear picture emerges. It is neither the MOF decomposition 

nor the Pd agglomeration which deactivates the catalyst, but the capping of Pd 

clusters with chloride ligands, which makes the reactive sites inaccessible to 

the coupling partners. 

Finally, we revisited the issue of recyclability. Initial studies showed a 

dramatic loss of activity in the second cycle. However, when fresh reagents 

were added during the period of high catalytic activity a high TOF could be 

maintained for at least three cycles. Despite the disturbance introduced by 

fresh reagents (temperature, solubility, reagents ratios) the reaction was faster 

than what would have been necessary for three batches of starting material to 

be converted by fresh catalyst.  

At this point we can confidently support a three-stage mechanism in 

which Pd@MIL-101-NH2 and Pd@MIL-88B-NH2 are heterotopic multifac-

eted catalysts. This scenario is along the lines recently proposed by Beletskaya 

and co-workers.15b,125 Initially, mononuclear Pd is active, but in the absence of 

phosphines as ancillary ligands, the formation of particulate species is una-

voidable. However, nanoclusters represent more than just an alternative rest-

ing state for Pd and can get involved directly in the second stage of catalysis. 

Pd atoms are most likely clipped away through the oxidative addition of the 

aryl iodide. Finally, during the decay stage deterioration occurs via Ostwald 

ripening (which can be suppressed to some extent by the MOF) and anionic 

ligands from the mixture will cover the most exposed (and most active) Pd 

atoms, thus poisoning the catalyst. 

With this knowledge in hand, it is easy to envision a continuous-flow 

set-up where under non-equilibrium conditions Cl– ligands could be easily 

washed away to avoid poisoning. At the same time, Pd can be retained by a 

MOF such as MIL-88B-NH2 or others with even stronger coordinating prop-

erties such as PCN-222 (Section 2.2.3). This arrangement would enable a 

much more efficient catalytic process. 

In conclusion the newly designed reaction cell for in situ XAS meas-

urements has proven its remarkable potential to reveal fine details of the reac-

tion mechanism that would otherwise remain unknown. The information ob-

tained is tremendously useful for designing improved catalysts and methodol-

ogies. Similar studies focused on Pd@MOF catalyzed C–H functionalization 

reactions are currently underway.  
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5. Pd@MOF-catalyzed redox reactions (Papers VI – VII) 

Redox (reduction-oxidation) reactions in organic synthesis change the 

oxidation state of atoms by transferring electrons to and from a sacrificial re-

agent. In particular, redox processes applied to carbon atoms are involved in 

everyday processes that our lives depend on, from the metabolism of carbo-

hydrates to the burning of fuels to produce heat.  

Oxidation reactions involve the loss of electrons from the starting ma-

terial. In the case of carbon atoms, this process is usually energy-intensive and 

high activation barriers need to be overcome. Therefore, carbon oxidations are 

typically performed under harsher conditions. On the other hand, reductions 

are commonly performed under ambient conditions or even reduced tempera-

ture. Problems often arise when multiple reducible groups are present in the 

same molecule and selectivity is difficult to achieve. Both oxidation and re-

duction of carbon atoms in organic molecules have long-lasting connections 

with heterogeneous catalysis. 

This chapter aims to demonstrate that MOF-supported nanoparticles are 

such versatile catalysts that can be adapted to cover a whole spectrum of re-

action conditions, from the harsh aerobic oxidations of alcohols, to the mild 

and delicate hydrogenation of conjugated carbon-carbon double bonds in 

unsaturated carbonyl compounds (enones and enals).  

 

 

 
 

5.1. Oxidation of benzylic alcohols using Pd@MOF catalysts. 

 

5.1.1. Preliminary experiments and limitations  

In line with our sustainable approach to catalysis summarized in previ-

ous chapters, we sought to employ Pd@MOF nanocomposites for the oxida-

tion of benzylic alcohols. This is a process of relevance for green chemistry, 

with implications in biomass conversion for replacing petroleum-derived 

chemicals.126 The synergistic effect of controlled-sized nanoparticles and the 

functionalized porous supports enabled our catalysts to promote a variety of 

transformations under surprisingly mild conditions (Chapters 3 and 4). Should 

a similar effect be observed for the oxidation of alcohols, it would be of great 

practical utility, considering it is such an energy-demanding process.  

Nowadays, harmful stoichiometric oxidants such as chromates and per-

manganates, which were the norm in the past, have largely been abandoned in 
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favor of catalytic reactions.127 However, added oxidants128 (PhI(OAc)2, 

TBHP, H2O2) are often necessary in order to achieve satisfactory results. Oth-

erwise, intense bubbling of pure O2 through the reaction mixture can also en-

hance the reaction rate, but at the cost of additional safety hazards.129 

As a model reaction we chose the oxidation of 1-phenylethanol (53) to 

acetophenone (54, Scheme 5.1), aiming to develop a completely additive-free 

protocol. This would ideally proceed by simply performing the reaction in a 

flask open to air. Anticipating that harsher reaction conditions would be re-

quired, Pd0@MIL-88B-NH2(Cr) was chosen for being the most robust of the 

catalysts obtained in our laboratory thus far. Additionally, it had been previ-

ously suggested that Cr atoms in the support may play a role in activating the 

alcohol129 and MOF-supported Cr catalysts had been reported to be active for 

the same transformation.128b Therefore, a rate-enhancement effect of the MOF 

could be expected again. 

 

Scheme 5.1. Aerobic oxidation of 1-phenylethanol 

Initial screening experiments revealed that stirring a solution of 53 in 

p-xylene at 150 °C, in the presence of 2 mol% of Pd catalyst, led to a complete 

conversion to the desired product within 10 h. The compromise for higher 

temperature was not surprising considering the complete lack of additives. 

Gratifyingly, under neat conditions, the catalyst loading could be decreased 

50 times (0.04 mol%) and the reaction was driven to completion in 12 h (TOF 

= 208 h-1). Good results were obtained for a variety of substitution patterns on 

both sides of the alcohol moiety, with the exception of electron-withdrawing 

groups. These substrates were less reactive under our conditions (p-xylene, 

150 °C, air). Overall, these represented encouraging results but the catalyst 

suffered decomposition and was not recyclable. Further, it quickly became 

obvious that simple Pd@MOF catalysts will not match the superb reactivity 

of more sophisticated materials such as AuPd core-shell nanoparticles which 

achieved TOF values up to 269000 h-1.130  

For this reason, we decided to shift the focus of the project to improving 

the endurance of our catalyst. New objectives were set to develop catalytic 

MOFs that could withstand typical oxidation conditions and to elaborate a 

general protocol which could then be applied for any type of nanoparticles. 
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5.1.2. A SiO2 coating for reinforcing MOF crystals  

An interesting way to reinforce soft MOF crystals is to confine them 

within a layer of silica coating that provides an armoring effect. SiO2 nanopar-

ticles with mesopores between them can be grown in a controlled manner 

around the MOF, forming a protective coating that does not impede diffusion. 

The resulting MOF@SiO2 core-shell nanocomposites with hierarchical poros-

ity should be better suited for catalyzing the aerobic oxidation of alcohols. 

This represented an innovative strategy and soon after, mechanical measure-

ments were reported for a series of similar MOF@SiO2 materials confirming 

our hypothesis that improved mechanical properties can be achieved without 

compromising mass transfer to the MOF pores.131 

The synthetic procedure consisted in sonicating a suspension of 

Pd0@MIL-88B-NH2 in EtOH to achieve a fine dispersion. This was added to 

a solution of TEOS (tetraethyl orthosilicate) in EtOH pre-stirred with catalytic 

amounts of NH4F. The mixed suspension was further stirred for homogeniza-

tion and then heated to 40 °C. We expected that the exposed Cr sites with 

Lewis acidity on the surface of the crystals would catalyze the hydrolysis of 

TEOS leading to a controlled and localized formation of SiO2 nanoparticles. 

Within 2 h, the mixture started to jellify noticeably and stirring was stopped. 

The gel was kept at 40 °C until it solidified and then at 80 °C overnight to 

eliminate volatile residues. A dark-green powder was obtained, which was 

further subjected to an acid treatment to remove residual TEOS that could af-

fect catalytic activity. Finally, acid traces were neutralized and the resulting 

material was labeled Pd0@MIL-88B-NH2@SiO2. 

As expected, the PXRD analysis shows a dominant contribution from 

the amorphous SiO2 layer, but clear peaks corresponding to the MOFs can still 

be distinguished, confirming that the structural integrity of the framework was 

not affected (Figure 5.1, left). Nitrogen sorption experiments confirmed that 

Pd0@MIL-88B-NH2 existed mainly in its closed form and showed a very low 

gas uptake. Interestingly, the silica-protected material displayed a type IV iso-

therm with hysteresis specific to mesoporous materials. A BET surface area 

of 603 m2/g was calculated (Figure 5.1, middle).  

 

Figure 5.1. Characterization of Pd0@MIL-88B-NH2@SiO2 
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Finally, TEM micrographs could prove that our hypothesis was correct 

and the SiO2 phase was present predominantly around the rice-shaped MOF 

crystals (Figure 5.1, right; inset shows catalyst before SiO2 deposition). Start-

ing from Pd0@MIL-88B-NH2 – 7.15 wt%, the resulting catalyst contained a 

Pd loading of 0.51 wt% measured by ICP-OES. 

With the new catalyst in hand, we returned to the aerobic oxidation of 

1-phenylethanol in order to evaluate the recyclability of the silica-reinforced 

MOF. Experiments were performed in p-xylene at 150 °C, in a Radley© car-

ousel that provides a convenient set-up for recycling the catalyst (Figure 5.2, 

c). In order to facilitate the recovery, Pd0@MIL-88B-NH2@SiO2 was wrapped 

in a simple teabag paper and tied with Teflon© wire, to obtain a catalytically 

active teabag (Figure 5.2, a-b). Immersing the teabag (1 mol% Pd) in a hot 

solution of 53 promoted the oxidation reaction to form 54. Upon reaction com-

pletion, the teabag was removed from the mixture and the remaining solution 

was analyzed by ICP-OES. This revealed an excellent control over leaching 

using the new catalyst with Pd and Cr below ppm levels. This procedure could 

be repeated 3 times without alteration of the catalytic properties (Table 5.1).  

 

Figure 5.2. Teabag strategy for recycling Pd@MOF@SiO2 catalysts: [a] Ingredients 
for the preparation of the teabag; [b] active teabag before use; [c] reaction setup us-

ing a Radley© carousel for reactions open to air; [d] deactivated teabag after five 
runs; [e] change in color upon deactivation of the catalyst. 
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Table 5.1. Conversion and leaching using the Pd@MOF-loaded teabag 

These experiments eloquently demonstrate the outstanding beneficial 

contribution brought by the protective SiO2 layer, considering that the simple 

Pd@MOF material was completely compromised after one run. Nonetheless, 

in the 4th run, even Pd0@MIL-88B-NH2@SiO2 succumbed to the harsh reac-

tion conditions. As previously observed, a strong yellow coloring of the solu-

tion marked the deactivation of the catalyst (Figure 5.2, d-e), correlating with 

increased concentrations of metallic species in solution (Table 5.1, entries 4-

5). The catalytic activity was compromised and the experiments were stopped 

after the 5th run. 

The double-supported Pd@MOF@SiO2 catalyst represented a signifi-

cant improvement compared to our initial results while the teabag method led 

to a simplified work-up procedure. However, in trying to identify the factors 

which limit reactivity, we found that the poor solubility of O2 from air (char-

acteristic for BTX solvents) plays an important role. Moreover, the stirring of 

the reaction mixture was severely impeded by the teabag, further limiting O2 

dissolution. In order to achieve a better mixing of the liquid and gas phases, 

we turned our attention again to a continuous-flow set-up. These experiments 

are described in the following section.  

 

 

 

5.1.3. Overcoming limitations from batch under continuous flow 

For the purpose of performing aerobic oxidation reactions under con-

tinuous-flow, packed-bed columns were prepared as described in Section 

3.1.3, for the Suzuki-Miyaura cross-coupling study. This time, the column was 

inserted in a custom heating jacket through which thermostated heating agent 

was circulated. The instrumental set-up was adjusted for a three-phase reac-

tion (Figure 5.3). Acetal side products were initially observed, although this 

was not an issue under batch. It was found that a short pre-treatment of the 

column with MeOH could inhibit their formation, presumably by blocking 

exposed Cr sites. The essential component consisted of a miniaturized mixing 
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chip in which a solution of 53 and a stream of compressed air could be injected 

simultaneously. By adjusting the pressure and flow rates, an effective mixing 

of the two phases was achieved, before they came in contact with the catalyst.  

 

Figure 5.3. Schematic representation of the 3-phase continuous flow set-up for the 
aerobic oxidation of 1-phenylethanol 

As expected, facilitating the contact between the starting material and 

the oxidant led to a substantial improvement of the reaction rate and the tem-

perature could be lowered to 110 °C without compromising the activity. In a 

single pass through the reactor ca. 80% of the starting material could be con-

verted, despite a residence time of only 10 min. This represented a significant 

improvement from batch experiments, considering that the reaction mixture 

was not pre-heated before entering the catalyst column. Rewardingly, the 

newly developed Pd0@MIL-88B-NH2@SiO2 was completely stable under 

these milder conditions. After an induction time of ca. 6 h, a steady operation 

regime was achieved. The catalytic performance could be sustained for one 

week, at which point the experiment was voluntarily terminated (Figure 5.4). 

Unfortunately, the transformation was not completely selective. Ethyl ben-

zene (54’) was formed in small amounts (48%) as a side product throughout 

the whole experiment, although it had never been observed under batch con-

ditions. More importantly, over the entire operation time the leaching of me-

tallic species was held under control. Samples of the outflowing stream col-

lected at different moments of the experiment were analyzed by ICP-OES and 

revealed to contain no Pd and barely detectable levels of Cr (Figure 5.4).  

After 7 days the catalyst was recovered and re-characterized. The 

PXRD pattern revealed only a limited loss of crystallinity. This was interest-

ingly corroborated with the elemental analysis, which revealed some C, H, N 

loss but almost all Pd and Cr could be accounted for. This unexpected obser-

vation endorses the benefits of the silica nanocomposite. Not only is the cata-

lyst able to withstand harsher reaction conditions, but even when the structural 
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integrity of the MOF is compromised, the silica layer acts as an efficient metal 

scavenger, preventing the contamination of the final product. TEM micro-

graphs confirmed this conclusion showing limited Pd aggregation that oc-

curred exclusively at the interface between MOF crystals and the SiO2 layer. 

 

Figure 5.4. Reaction profile over one week of continuous operation time 

The experiments using the catalytic teabag together with those con-

ducted under continuous flow offer compelling arguments in favor of the dou-

ble-supported Pd@MOF@SiO2 catalyst. This novel material possesses dras-

tically improved mechanical properties and is capable of withstanding harsh 

conditions for prolonged periods of time. The reaction rate could be enhanced 

by simply facilitating a more intimate mixing of the liquid and gas phase. Even 

though MOF-supported Pd nanoparticles are not as effective oxidation cata-

lysts as AuPd bimetallic systems, the methodology described herein is gen-

eral and could be adapted to numerous catalysts. Nonetheless, the steady op-

eration for over one week with minimal metal leaching makes Pd@MIL-88B-

NH2@SiO2 an attractive catalyst for large-scale processes. 

 

 

 

 

5.2. Heterogeneous hydrogenation of conjugated C=C bonds 

Hydrogenation reactions reduce unsaturated bonds such as double and 

triple carbon-carbon bonds in organic molecules. In contrast to the oxidation 
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reaction described in Section 5.1, hydrogenations are sensitive processes per-

formed under carefully controlled, mild conditions. Due to the affinity of un-

saturated C=C bonds for metal surfaces, the hydrogenation of organic mole-

cules has been traditionally performed using heterogeneous catalysts132 (e.g. 

Ni-Raney hydrogenation catalyst in 1921, see Section 1.1.1).  

 

 

 

5.2.1. Tackling selectivity in hydrogenation reactions 

Along with Ni, both Pd and Pt have also found wide applicability in this 

field with the Lindlar catalyst (Pd@CaCO3 + additives) being one of the most 

notorious catalysts in the chemical industry.133 Interestingly, the key to its suc-

cess was a deliberate poisoning of Pd in order to reduce its activity. Through 

this clever strategy, alkynes could be reduced one step to alkenes but not fur-

ther to alkanes, as it would have been the case with Pd/C. The story of the 

Lindlar catalyst serves as an example to illustrate the main issue in hydrogena-

tion chemistry, selectivity. Complex organic molecules can contain a multi-

tude of reducible groups or even bonds that can suffer two-step reductions. 

Therefore, selectivity, which is permanently one of the central goals of catal-

ysis, is even more under the spotlight in hydrogenation reactions.  

Nowadays, more refined strategies have been developed for addressing 

this issue. Specifically in the case of Pd, attention was dedicated to modulating 

the electronic properties of the metallic surface through doping with other el-

ements such as C,134 B135 or Au.136 Alternatively, bimetallic layered systems 

have had great success in tuning selectivity after it had been demonstrated that 

subsurface chemistry can directly influence the reactivity preference of the 

surface.137 Not least, another option is to alter the properties of the metal by 

functionalizing the solid matrix it is supported on.138 

In Section 3.1.1 we described a procedure for controlled synthesis of Pd 

nanoparticles supported onto the MOF MIL-101-NH2. The porous framework 

maintained an excellent control over the growth of the nanoparticles and a 

very narrow size distribution was achieved. With this catalyst in hand, we 

were interested in investigating whether the selectivity in Pd-catalyzed hydro-

genation reactions could be modulated strictly by controlling the size and 

shape of the nanoparticles. This strategy would eliminate the need for doping 

with a second element or for tedious elaborations of the solid support. At the 

same time, similar studies were published, bringing evidence that hydrogena-

tions can indeed be affected by the geometric properties of the nanoparticles 

when using Pt139 and Ru140 catalysts.  

With this goal in mind, we explored the competence of Pd0@MIL-101-

NH2 to control the selectivity in the hydrogenation of conjugated C=C bonds 

over C=O bonds in enones and enals. These represent classes of organic com-

pounds with major commercial potential. For example, carvone is a terpenoid 
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enone with applications ranging from the food industry to pest control. Cin-

namaldehyde, an enal, has found applications from the industry of chewing 

gums to corrosion inhibitors while acrolein and methacrolein are important 

precursors for polymers and other specialty chemicals. Their hydrogenation 

products have also found numerous applications, such as components in bio-

fuels. It is therefore obvious that controlling the selectivity in hydrogenating 

this class of compounds is of significant commercial interest.  

In a comparative study, Pd0@MIL-101-NH2, the catalyst with the wid-

est pore windows developed until this point (16 Å), was tested side-by-side 

with a Pd@AmP-MCF141 composite with 160 Å pore windows (AmP-MCF142 

= aminopropyl-functionalized porous siliceous mesocellular foam) and the re-

sults were compared to Pd/C and other recently published catalysts.  

 

 

 

5.2.2. Selective hydrogenation of C=C bonds in –unsaturated 

carbonyl compounds 

Cinnamaldehyde (55) was selected for the optimization stage. Besides 

the commercial relevance, it is a notoriously challenging substrate. It contains 

an extended conjugated system that makes it prone to aerobic oxidation to 

cinnamic acid, which can interfere with the desired catalytic process. After 

preliminary experiments, we were delighted to find that the hydrogenation re-

action proceeds with good rates at room temperature under only 1 atm. of H2 

and in the presence of 1 mol% of Pd@MOF catalyst (Scheme 5.2). The same 

was observed for Pd@AmP-MCF. 

 

Scheme 5.2. Selective hydrogenation of cinnamaldehyde 

We continued to adjust various reaction parameters (solvent, concen-

tration, additives) in order to provide a favorable environment for the selective 

hydrogenation of the C=C bond over all the possible reaction pathways de-

scribed in Scheme 5.3. The screening process revealed an interesting aspect. 

The solvent played a determining role in tuning the selectivity when Pd/C or 

Pd@AmP-MCF were used, but less so in the case of the Pd@MOF material. 

90% (± 3%) selectivity to 3-phenylpropenal was measured in a number of dif-

ferent solvents. With acetone as solvent of choice, the selectivity could be 

raised to 95% by optimizing the concentration to 0.2 M. The possibility that 

traces of cinnamic acid could be affecting the selectivity was taken into ac-

count and a series of basic additives was tested in sub-stoichiometric amounts. 
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This aimed to neutralize in situ any acidic species. Basic additives had a ben-

eficial effect in the case of Pd@AmP-MCF, allowing this catalyst to achieve 

selective and quantitative conversion to 56 within 60 min. However, they were 

detrimental to the MOF.  This is not surprising considering the vulnerability 

of MIL-101-NH2 towards bases (see Section 4.1). Upon framework degrada-

tion the MOF can no longer prevent the agglomeration of nanoparticles. 

Larger aggregates are then responsible for the poor selectivity. 

 

Scheme 5.3. Possible reaction pathways and side products in the hydrogenation of 
cinnamaldehyde 

Under optimized conditions, a full conversion could be achieved at 

room temperature within 90 min, using 1 mol% Pd0@MIL-101-NH2 or within 

60 min, using Pd0@AmP-MCF. Despite our best efforts, 5% of over-reduced 

side product 56’’ was present in the reaction mixture along with 95% of the 

desired 3-phenylpropanal (56), when using the MOF. Control experiments re-

vealed that 56’’ is formed exclusively via a fast over-reduction of cinnamyl 

alcohol (56’), which results from undesired C=O reduction. The over-reduc-

tion of 56’ to 56’’ occurs at a rate 3 times higher than the desired C=C reduc-

tion. Therefore 56’ is never observed in the reaction mixture. Its formation 

could be favored by the presence of exposed Cr sites with Lewis acidity on 

the MOFs surface. The carbonyl moiety coordinates to Cr atoms altering the 

electronic balance of the molecule and activating the C=O bond towards re-

duction by Pd species in proximity. Further control experiments demonstrated 

that 56 is not over-reduced to 56’’ under our conditions, nor does the isomer-

ization reaction take place.  

In contrast, under the same reaction conditions, Pd0@AmP-MCF af-

forded an excellent selectivity when 0.1 equiv. of K2CO3 was added. None-

theless, both Pd catalysts represent a tremendous improvement compared to 

Pd/C materials which consist of larger, irregular Pd nanoparticles. A ratio of 

73:27 between 56 and 56’’ was the best result achieved during optimization 

experiments with Pd/C. Furthermore, Pd0@MIL-101-NH2 and Pd0@AmP-

MCF are unsurpassed in terms of TOF and selectivity by any other Pd catalyst 

reported in the recent literature to operate under ambient conditions. However, 

higher rates were reported for systems operating at high H2 pressures under 

heating.143 
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Similar reaction conditions were subsequently applied to crotonalde-

hyde (57a) and methacrolein (57b). The smaller molecules were quantitatively 

hydrogenated in shorter reaction times, but selectivity issues persisted 

(Scheme 5.4). Nevertheless, enones were more resilient towards C=O reduc-

tion and linear substrates 57c-d reacted to give the desired ketones exclu-

sively. Among cyclic enones, substitution of the double bond did not impede 

its hydrogenation (57e, 57g) and the reaction proceeded with similarly high 

rates. Among them, 57f and 57g displayed excellent selectivity (99/1).  

 

Scheme 5.4. Substrate scope for the selective hydrogenation of C=C bonds in –
unsaturated carbonyl compounds 

Benzylideneacetone (57c) was chosen to evaluate the recyclability of 

the catalyst. Over 5 runs the conversion and selectivity were easily maintained 

at maximum levels while the leaching of metallic species in solution was 

barely detectable (Table 5.2). Cr traces detected over multiple runs are more 

likely to be caused by mechanical grinding. 

 

Table 5.2. Recyclability of Pd0@MIL-101-NH2 in the hydrogenation of conjugated 
C=C bonds. Conc. = 0.2 M. n.d. = not determined.  
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Furthermore, PXRD patterns of the fresh and recycled catalyst were 

virtually identical. HAADF-STEM micrographs show that only a limited re-

location of Pd occurred, with some migration towards the surface (Figure 5.5). 

Nonetheless, 87% of the visible nanoparticles remain within the pore size limit 

for MIL-101-NH2 (<34 Å), compared with 95% in the fresh material. Once 

again it becomes evident that the porous framework is actively preventing the 

natural Ostwald ripening and the aggregation of Pd is largely suppressed.  

 

Figure 5.5. HAADF-STEM micrographs of fresh (top-left) and recycled after 5 runs 
(bottom-left) Pd0@MIL-101-NH2; histogram showing particle size distribution be-

fore and after recycling (right). Data collected by Dr. C.-W. Tai. 

In conclusion, we demonstrate that during the hydrogenation of enones 

and enals, the selectivity can be dictated by the geometric properties of the Pd 

nanocatalyst. MOFs represent an attractive solution for supporting Pd because 

small, well-defined nanoparticles are easily synthesized. Furthermore, the 

framework maintains good control over Pd migration over multiple reaction 

runs, preventing metallic leaching and limiting aggregation to a great extent. 

Nonetheless, the siliceous mesocelluar foam possesses wider pore windows 

that facilitate diffusion and does not contain Lewis acidic sites that can favor 

the C=O reduction. Therefore, slightly higher TOFs and better selectivities 

can be obtained with Pd0@AmP-MCF. 
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6. MOFs for Photocatalysis and Energy Applications  

 (Paper VIII and unpublished results) 

6.1. Introduction to artificial photosynthesis 

Biomimicry has always been pivotal to scientific progress. Today, one 

of the greatest challenges for researchers is to emulate Nature’s way to convert 

sunlight into chemical energy through photosynthesis. Instead of creating fuel 

for plant cells, algae or cyanobacteria, artificial photosynthesis uses catalysts 

to turn energy from the sun into fuels for our society.144 By doing this, it ad-

dresses pressing issues such as the depletion of fossil fuels and climate change. 

One of the essential components of artificial photosynthesis is the oxi-

dation of water to O2, similar to the reaction occurring at the oxygen evolving 

complex of Photosystem II.145 Protons and electrons are also obtained as by-

products in this process. The photocatalytic proton reduction or hydrogen evo-

lution reaction (HER) converts them into valuable H2, simulating the behavior 

of hydrogenase enzymes.146 These two half-reactions are the components of 

the total water splitting process (Scheme 6.1, left). Alternatively, water oxi-

dation can be coupled with reduction of CO2 to form useful chemicals. MOFs 

are well-suited to catalyze this reaction towards CO,147 CH4
148 or formate,149 

used then as feedstock chemicals or in fuel cells. Formaldehyde and methanol 

can also be obtained but this has not yet been achieved selectively with MOF 

catalysts (Scheme 6.1, right).150 To this day, half-reactions are commonly 

treated independently using sacrificial electron acceptors/donors, with the fi-

nal goal of merging both processes into one integrated device such as the pro-

totypical artificial leaf described in Section 1.1.1.4 Even though impressive 

progress has been made with precious metals such as Pt,151 affordable alterna-

tives based on first-row transition metals need to be developed.  

 

Scheme 6.1. Half-reactions of the total water splitting process (left) and possible re-
duction pathways for CO2 (right). Standard potentials are reported vs. NHE.  

MOFs provide interesting platforms to embed multiple catalytic func-

tions in a hierarchical structure. Communication between the catalytic sites 
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for water oxidation and proton reduction could in theory be possible in a MOF 

crystal, while keeping active species segregated to avoid destructive intermo-

lecular interactions. MOF-supported catalysts have been proposed for each of 

the reactions described above.145-149,152 However, additional components are 

required for such an assembly to be functional. A light-harvesting photosen-

sitizer is necessary to absorb sunlight and create charge-separated excited 

states. Nevertheless, MOFs could easily incorporate this feature because their 

polyaromatic linkers can be modulated to work as light-harvesting anten-

nae.32,153 Still, it is vital that redox equivalents (electrons and holes) are able 

to migrate to the reactive centers. This represented a challenging aspect, con-

sidering the slower evolution of electrically conductive MOFs, which only 

gained momentum in recent years.53 As crystal engineering in MOFs advances 

to unprecedented levels of complexity, it is reasonable to envision a fully-

functional device for artificial photosynthesis based on a single MOF crystal.  

 

 

 

 

6.2. MOF-supported catalysts for water-oxidation 

  

6.2.1. Ru and Cu nanoparticles supported on MIL-101-NH2 and 

MIL-88B-NH2 

Building on previously acquired experience (Chapters 3–5) we sought 

to advance beyond Pd chemistry, employing the familiar frameworks, MIL-

101-NH2(Cr) and MIL-88B-NH2(Cr/Fe). Ru, Cu and Co nanoparticles with 

potential activity towards water oxidation were prepared following a similar 

strategy of impregnation with an organometallic precursor. 

Ru was successfully supported on all the three MOFs described thus 

far. Ru(cod)(cot) was found to be the only suitable precursor for this process 

from a range of inorganic and organometallic precursors. Due to its limited 

stability, the impregnation was performed in an autoclave under glove-box 

conditions. Upon completion, the atmosphere in the autoclave was changed 

from Ar to H2 (3 bars) and maintained for 24 h at room temperature. This lead 

to a complete hydrogenation of the ligands which released atomic Ru to form 

nanoparticles inside the pores. The resulting materials, Ru@MIL-101-

NH2(Cr), Ru@MIL-88B-NH2(Cr) and Ru@MIL-88B-NH2(Fe) contained 

7.55 wt%, 9.04 wt% and 10.46 wt% Ru respectively. TEM micrographs 

(Figure 6.1) coupled with EDS spectra confirmed that Ru was located inside 

the pores with negligible aggregation visible on the surface.  
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Figure 6.1. TEM micrographs of Ru@MIL-101-NH2(Cr) (left), Ru@MIL-88B-
NH2(Cr) (middle) and Ru@MIL-88B-NH2(Fe) (right). Data collected by Dr J.    

García-Antón. 

Further, using mesitylcopper, Cu@MIL-101-NH2(Cr) (7.61 wt% Cu) 

could also be successfully synthesized after impregnation under reduced tem-

perature (0 °C for 24 h). Ru and Cu nanoparticles were expected to be rapidly 

oxidized to their corresponding oxides, which were anticipated to be active in 

the water oxidation process. Interestingly, when the deposition of Cu inside 

the pores of MIL-101-NH2 was achieved in a controlled manner (Figure 6.2, 

left), the characteristic color change expected upon oxidation was delayed and 

started to be visible only after several hours.  

 

Figure 6.2. TEM micrographs of successful (left) and unsuccessful (right) deposition 
of Cu NPs onto MIL-101-NH2(Cr). Data collected by Dr J. García-Antón. 

In contrast, when Cu NPs were merely deposited on the surface of the 

MOF (Figure 6.2, right), the color change was visible within seconds after 
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exposure to air. This represents an interesting property of the framework, to 

protect readily oxidizable catalysts from decomposition under air and may 

have interesting applications in other areas of catalysis. Unfortunately, 

Co(cod)(cot) was too unstable and led predominantly to formation of aggre-

gates under all impregnation conditions that were tested.  

The three Ru@MOF and one Cu@MOF composites represented new 

materials with potential applications in various types of catalysis. To our dis-

appointment they were virtually inactive for light-driven water oxidation. 

TONs on the order of 10-2 were measured for each of these materials using 

[Ru(bpy)3]2+ as photosensitizer (PS) and Na2S2O8 as sacrificial electron accep-

tor (SEA) in phosphate buffer (pH 7). 

 In the case of CeIV-mediated water oxidation, mostly CO2 evolution 

was recorded together with very small amounts of O2. Micrographs of recy-

cled MOF show the surface texture of the crystals to be altered, with signs of 

damage and increased rugosity. This suggests that CO2 may come from oxi-

dative decomposition of the surface layers of the crystals. (NH4)2Ce(NO3)6 

(cerium ammonium nitrate, CAN) is one of the strongest bench-stable oxi-

dants with a redox potential of 1.7 V vs. NHE at pH 1.0. It is therefore not 

surprising that MIL-101-NH2 is not completely stable in its presence. Finally, 

using Oxone® as oxidant with 1.85 V vs. NHE redox potential, intense O2 

evolution was recorded along with CO2. A TON of 9.2 was obtained for 

Ru@MIL-101-NH2 at the cost of complete MOF decomposition.  

At this point, the possibility that Ru and Cu@MOF materials could be 

active under different reaction conditions was not completely excluded. Con-

trolled-sized nanoparticles were successfully synthesized while MIL-101-

NH2 had later been reported to allow diffusion of [Ru(bpy)3]2+, so pore size 

was not necessarily the limiting factor.154 However, we decided to shift our 

focus to the development of a new generation of MOF-supported catalysts that 

would overcome several limitations identified for MIL-101/88B-NH2. PCN-

222 was selected as a host matrix for a range of new materials to be developed. 

The reasons behind the MOF choice are elaborated in the following section. 

 

 

 

6.2.2. Photocatalytic O2 evolution with novel PCN-222 materials  

PCN-222 is a Zr-MOF with good chemical stability constructed from 

extra-large one-dimensional channels (see Section 2.2.3 for full structural de-

scription).31 ZrOCl2 · 8 H2O reacts with the TCPP ligand (tetrakis(4-carboxy-

phenyl)porphyrin)) in the presence of benzoic acid and TFA to yield rod-

shaped crystals with pore apertures of 37 Å, which greatly exceed those of 

MIL-101 (16 Å). Therefore, reactions developed around the PCN-222 plat-

form could address bulkier substrates and expand the scope of MOF-catalyzed 

reactions. Furthermore, the chelating coordination mode of the porphyrin 
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macrocycle (vide supra, Chapter 2, Figure 2.9) is expected to offer improved 

protection to single-site metal catalysts compared to the more labile ArNH2-

M coordination mode of MIL-101/88B-NH2. This will prove interesting for 

numerous applications considering the rich background of porphyrin com-

plexes, especially with earth abundant metals, in homogeneous catalysis.155 

Finally, the porphyrin linkers displaying extended conjugation could be inter-

esting for light-harvesting properties and photo-induced electron transfer, 

opening the doors for photoredox catalysis beyond artificial photosynthesis.156  

M-TCPP ligands functionalized with first-row transition metals (M = 

Mn, Co, Cu, Zn) were synthesized as described in Scheme 6.2. Functionalized 

PCN-222 MOFs were then obtained through direct solvothermal synthesis, 

avoiding the need for PSM procedures. This simple method was only feasible 

due to the strong coordination of the porphyrin, which endows the metals com-

plexes with high thermal stability.  

 

Scheme 6.2. Synthesis of metallated TCPP linkers. M = Mn, Co, Cu, Zn. 

The rate of the crystallization process was strongly dependent on the 

degree of functionalization. When PCN-222 was synthesized solely from non-

functionalized TCPP linkers, the reaction was completed within 1 h at 120 °C. 

However, as M-TCPP started to be mixed in different ratios, longer times were 

required for crystallization to occur. At a 1:1 ratio of TCPP/M-TCPP, the op-

timal reaction time was 5 h, while overnight heating was required when using 

100% M-TCPP. Through this method, a series of functionalized PCN-222 ma-

terials was successfully synthesized using TCPP and M-TCPP ligands (M = 

Mn, Co, Cu, Zn). All reactions yielded highly crystalline phases (Figure 6.3).  
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Figure 6.3. PXRD patterns of functionalized PCN-222 MOFs. Mixed-metal MOFs 
were obtained from mixing linkers in a 1:1 ratio. Data collected by Dr. A. K. Inge. 

Among these materials, Co@PCN-222 was further characterized. Grat-

ifyingly, the microscopic analysis performed by both SEM and TEM revealed 

the expected hexagonal, rod-shaped crystals up to several µm in length as the 

only phase (Figure 6.4). The elemental analysis was subsequently performed 

by both EDX and ICP-OES to determine the composition of the crystals. A 

content of 3.77 wt% Co was measured, which is reasonable considering that 

the maximum theoretical value calculated for a perfect MOF crystal with no 

guest molecules is 4.70 wt%. Gratifyingly, chemical stability tests showed that 

this new generation of MOF-supported catalysts is more robust under oxida-

tive reaction conditions than MIL-101 materials. Stirring PCN-222 in solution 

of triflic acid (0.1 M) for 1 h in the presence of a large excess of CAN led to 

no visible signs of deterioration of the MOF crystals.  

 

Figure 6.4. SEM (left and middle) and TEM (right) micrographs of Co@PCN-222 
MOF. Data collected by Dr J. García-Anton. 
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The catalytic activity of Co@PCN-222 towards light-driven water oxi-

dation was subsequently evaluated. Measurements were performed in a Han-

satech Oxygraph© system with a liquid phase Clark-type Pt-electrode for 

measuring O2 evolution. The system was thermostated at 25 °C and degassed 

with N2 prior to exposure to the light source and data acquisition. At pH 11 

(0.1 M phosphate buffer) a TON value of 71 was achieved within 3.5 min 

with a maximum TOF of ca. 0.5 s-1.  

This result represents an improvement over previous Ru and Cu@MOF 

nanocomposites, synthesized for water oxidation (Section 6.2.1). Although 

further attempts to maximize the catalytic activity of these systems are ongo-

ing, it can already be confirmed that the PCN-222 framework can be superior 

in some applications to older MIL-101 and MIL-88B.   

Mn@PCN-222 and Cu@PCN-222 were also tested under similar con-

ditions but no O2 evolution was observed. However, a wider range of condi-

tions still needs to be tested before discarding these materials. Mixing two M-

TCPP linkers into the same synthesis led to surprising results. Metal contents 

deviated considerably from expected values due to differences in the stability 

of porphyrin complexes. These materials are currently under investigation, 

aiming to boost the catalytic activity of Co.  

Finally, it is noteworthy that the metal-porphyrin complexes of PCN-

222 are more stable towards hydrogenation than their MIL-101-NH2 and MIL-

88B-NH2 analogues. Co@PCN-222, Mn@PCN-222 and Cu@PCN-222 were 

subjected to similar hydrogenation conditions as used in Section 6.2.1 (3 bars 

H2, 24 h, r.t.). However, no sign of nanoparticle formation was found. Fur-

thermore, the TEM micrographs remained identical when the hydrogenation 

was performed for 24 h at 100 °C. This observation is even more encouraging, 

as PCN-222 catalysts are expected to withstand more aggressive reaction con-

ditions expanding the scope of MOF-mediated catalytic transformations. 

 

 

 

 

6.3. MIL-101-NH-[FeFe]: a stable catalyst for light-driven HER 

The hydrogen evolution reaction (HER) represents the reductive half-

reaction of the total water splitting. A particularly interesting class of catalysts 

for this process consists of dinuclear metal complexes of the type Fe2(μ-

SR)2(CO)6.157 These catalysts emulate the active site of the [FeFe]-hydrogen-

ase enzyme, which is a potent biocatalyst for hydrogen oxidation and proton 

reduction. The Fe-carbonyl center tolerates mild reactions directed to elabo-

rating the organic ligand, making the catalyst suitable for chemical immobili-

zation in a heterogeneous support.146b Fe2(bdt)(CO)6 (bdt = benzenedithiolato) 

is an example of such a metal complex that is photocatalytically active (Figure 

6.5). Electrochemical studies established that Fe2(bdt)(CO)6 undergoes a one-
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step two-electron reduction because of inverted reduction potentials. The re-

sulting dianion, [Fe2(bdt)(CO)6]2−, is a key reactive intermediate in the elec-

trocatalytic cycle that reacts with two protons resulting in H2 production. Alt-

hough it had been electrochemically identified, spectroscopic characterization 

of the reduced diiron complex remains challenging. We anticipated that if con-

fined inside the pores of a MOF, a more stable reduced cluster would be 

formed by avoiding charge recombination interactions. This would enable the 

spectroscopic probing of this elusive intermediate and prolong the catalytic 

activity.  

 

Figure 6.5. Active site of the [FeFe]-hydrogenase enzyme and synthetic models 

Fe2(mcbdt)(CO)6, an analogue catalyst bearing a pendant carboxylic 

group, was immobilized inside the pores of MIL-101-NH2 via a PSM proce-

dure described in Scheme 6.3. A pre-activation treatment was performed by 

reacting Fe2(mcbdt)(CO)6 with ethyl chloroformate in the presence of Et3N to 

obtain mixed anhydride 59 (Scheme 6.3, inset).158 The reaction is completed 

in ca. 20 min at 0 °C. The solution of 59 is subsequently transferred to a sep-

arate flask containing degassed MOF, where it reacts with the amino function-

alities on the linkers. The iron catalyst is covalently anchored through amide 

linkages and remains immobilized inside the pores.  

In the absence of Et3N the coupling proceeded to only a small extent. 

This is expected considering that HCl formed as a byproduct in the pre-acti-

vation step protonates the –NH2 groups on the linkers, rendering them inactive 

for the subsequent coupling. Therefore, the need of Et3N in order to achieve 

high catalyst loadings indicates that the amide coupling reaction does take 

place, and that the catalyst precursor is not simply absorbed inside the pores. 

As the coupling reaction is not quantitative, unreacted excess precursor must 

be evacuated from the pores. This is accomplished successfully during wash-

ing procedures using dry DCM. After 3 cycles, upon centrifugation the super-

natant loses the orange color specific to the Fe complex and the ICP-OES 

analysis of the solution confirmed that all unbound Fe is eliminated.  
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Scheme 6.3. Post-synthetic modification strategy for MIL-101-NH-[FeFe]; inset 
shows the pre-activation of Fe2(mcbdt)(CO)6 prior to immobilization. 

By adjusting the reaction time and concentration of the precursor solu-

tion, we were able to synthesize a series of functionalized MOF materials with 

low, intermediate and high catalyst loading corresponding to 0.59, 2.35 and 

5.28 wt% Fe, respectively. The FT-IR spectra of the functionalized MOFs 

clearly show a systematic increase of intensity of the characteristic carbonyl 

(CO) stretching vibration bands, between 2000 and 2077 cm-1, with higher 

catalyst loading (Figure 6.6, top-left). PXRD analyses confirmed that the crys-

tallinity of the MOF was not affected during the immobilization process (Fig-

ure 6.6, top-right). Elemental analyses revealed that the S to Fe ratio is not 

stoichiometric. Despite performing the amide coupling under inert conditions, 

some minor catalyst decomposition occurred. However, all Fe released 

through decomposition is removed during the washing procedure. This is con-

firmed by the EXAFS analysis of the functionalized MOF, which indicates 

that the coordination environment of the immobilized Fe atoms is identical to 

that in the homogeneous precursor (Figure 6.6, bottom). 
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Figure 6.6. Characterization of MIL-101-NH-[FeFe] materials: FT-IR spectra (top-
left), PXRD patterns (top-right), Fe K-edge XAS spectra (bottom-left) with k-

weighted EXAFS functions (k)k2 (inset), Fourier transforms of EXAFS functions in 
R space (bottom-right). Solid lines show experimental data and dashed lines show 

fits from crystallographic data. EXAFS fitting by G. González-Miera.  

 

Figure 6.7. TGA profiles of MIL-101-NH2 (red) and MIL-101-NH-[FeFe] high 
(green). Data collected by G. González-Miera. 

Finally, the TG analysis displays the expected profile for MIL-101-

NH2, with a gradual loss of guest molecules until decomposition of the organic 

linkers at ca. 365 °C (Figure 6.7, red line). However, the functionalized MOF 

features an additional step at lower temperatures (90 and 230 °C). This TG 
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profile correlates well with data reported for other MOF-supported metal-car-

bonyl complexes and can be associated with decoordination of CO ligands 

(Figure 6.7, green line).146c,149a 

The reduction of MOF-supported Fe2(mcbdt)(CO)6 ([Fe2]) to 

[Fe2(mcbdt)(CO)6]2- ([Fe2]2-) was monitored by IR spectroscopy using cobalto-

cene (CoCp2) as a reducing agent. The reducing potential of CoCp2 in MeCN 

was determined electrochemically to be 1.35 V vs. NHE, providing an esti-

mated driving force of ca. 100 mV for the reduction of the Fe cluster.159 More-

over, CoCp2 can easily diffuse through the pore windows of MIL-101. 

In order to set a reference behavior and confirm that CoCp2 is capable 

of reducing this class of Fe complexes, a homogeneous test was initially per-

formed. A solution of the model catalyst Fe2(bdt)(CO)6 in MeCN was treated 

with excess CoCp2 (10 equiv.) and the reaction progress was monitored by FT-

IR spectroscopy. Within 5 min all three νC−O bands of the MOF supported 
catalyst (2077 cm-1, 2040 cm-1, 2000 cm-1) were completely bleached with 
formation of new bands that could be assigned to the reduced species.160 
These, in turn, where short-lived and dimerized as expected161 to form Fe4-

clusters. Upon prolonged reaction times further degradation occurred.  

When MIL-101-NH-[FeFe] high was subjected to a similar treatment, 

a completely different behavior was observed (Figure 6.8, left). Initially, ca. 

38% [Fe2] was cleanly reduced within the first 5 min with formation of the 

characteristic bands at 1978 cm-1, 1928 cm-1 and 1882 cm-1. Afterwards, the 

reaction slowed down considerably and became more complex. In order to 

allow CoCp2 to diffuse inside the pores, the reaction was continued for 4 h. 

However, even at this time, only ca. 61% [Fe2] had been reduced. Importantly, 

the spectra are devoid of additional peaks corresponding to products of the 

degradation pathways identified for the homogeneous model. However, two 

different spectral changes are observed. Over time, the band at 1928 cm-1 suf-

fers a red-shift until 1915 cm-1 and a new weak CO vibration appears at 1949 

cm-1. These features can be associated to a subtle conformational reorganiza-

tion at the ion-paired Fe2 center confined inside the MOF. Such fine structural 

rearrangements could be caused by the slow diffusion of molecular species 

and solvents through the framework. Regardless, it is indisputable that the co-

valent grafting of the catalyst onto the MOF prevents the dimerization and 

stabilizes the reduced species.  

In a separate experiment, MIL-101-NH-[FeFe] high was treated with 

incremental amounts of CoCp2 up to 40 equiv. Even when the maximum 

amount of reductant was added, ca. 18% of the starting material remained un-

reacted after 10 min (Figure 6.8, right). With MIL-101-NH-[FeFe] intermedi-

ate, upon addition of 40 equiv. CoCp2, ca. 10% remaining [Fe2] was detected. 

A similar behavior was observed for MIL-101-NH-[FeFe] low, but the signal-

to-noise ratio was too poor for an accurate quantitative analysis.  
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Figure 6.8. FT-IR monitoring of MIL-101-NH-[FeFe] high (black) reduction with 
CoCp2. Left: Time-dependent spectral changes of the MOF in the presence of 10 
equiv. of CoCp2 (navy blue to green: 0, 5, 18, 50, 110, 180 and 240 min). Inset 

shows change in conc. of [Fe2] and [Fe2]2- over time. Right: Conc.-dependent spec-
tral changes of the MOF after 10 min (navy blue to pale blue: 0, 5, 10, 20 and 40 
equiv. CoCp2). Inset shows change in conc. of [Fe2] and [Fe2]2- with increasing 

amount of CoCp2. Data collected by Dr S. Roy.  

Additionally, the related dicarboxylate precursor (Fe2(dcbdt)(CO)6) 

was immobilized through a SALE procedure (See section 2.2.1) onto UiO-66, 

a MOF with only 6 Å pore windows. Despite adding 40 equiv. of CoCp2 the 

reductant could not diffuse inside the pores and the starting material remained 

untouched. No bands corresponding to the reduced species could be observed. 

These experiments highlight the importance of a judicious choice of MOF for 

the heterogenization of catalysts. A control experiment was also performed 

allowing MIL-101-NH-[FeFe] high to stir overnight in the presence of 10 

equiv. CoCp2. Subsequently, the MOF was recovered and analyzed by PXRD, 

revealing that the framework was still crystalline. 

Finally, the newly developed catalysts were evaluated under photocata-

lytic conditions for their ability to promote hydrogen evolution. The reaction 

was performed with [Ru(bpy)3]2+ as photosensitizer (PS) and ascorbate as sac-

rificial electron donor (SED) in acetate buffer (pH 4.9), under irradiation with 

blue LED (470 nm). Once again, the supported catalyst showed important dif-

ferences compared to previous studies in solution.  

Initially, the excited Ru PS transfers one electron to the catalytic center 

forming the singly reduced species [Fe2]-, which is expected to be the domi-

nant one under photocatalytic conditions.160 The protonation step follows rap-

idly at pH 4.9 to form [Fe2H]. This step is in competition with the destructive 

charge recombination with oxidized ascorbate. However, the Fe center bene-

fits from the spatial shielding offered by the MOF, lowering the probability of 

the undesired encounters with ascorbate. This allows more time for the proto-

nation to take place. In this rigid setting, bimolecular combinations of [Fe2H] 

species can be reasonably excluded. Therefore, a second reduction of [Fe2H] 
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by PS must occur, followed by a second protonation. H2 is then released, clos-

ing the catalytic cycle.  

Previous studies on homogeneous systems postulated that H2 evolution 

is largely limited by the transfer of a second electron to the catalyst, as the rate 

was found to be independent of catalyst concentration.162 In the case of our 

MOF-supported catalysts, differences in diffusion rates of PS and SED and 

steric congestions in the size-restricting environment of the pore affect the 

kinetics of the catalytic process. Surprisingly, an almost linear correlation was 

observed between catalyst concentration and the initial rate of H2 evolution. 

This is in contrast with the results obtained for homogeneous catalysis, 

demonstrating once again that the heterogenization of homogeneous catalysts 

can lead to interesting and distinct reactivity.  

Considering these differences, comparisons in activity between the ho-

mogeneous and heterogeneous models need to be done with caution. All three 

catalysts were active and returned comparable TONs with a maximum of 27 

turnovers recorded for MIL-101-NH-[FeFe] intermediate.  This represents a 

notable improvement compared to homogeneous Fe2(bdt)(CO)6, albeit at a re-

duced TOF.146c  
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7. Concluding Remarks 

This doctoral thesis covers different aspects of catalysis explored in the 

context of metal–organic frameworks as emerging heterogeneous supports. To 

begin with, this fascinating class of porous materials is introduced to the or-

ganic chemist, choosing illustrative examples based on the frameworks uti-

lized in subsequent chapters. Strategies for implementing catalytic activity 

within these MOFs are described in detail, together with specific techniques 

for characterizing the resulting composite materials. 

Chapter 3 describes the synthesis of Pd nanocatalysts supported inside 

the pores of MIL-101-NH2(Cr) and MIL-88B-NH2(Cr/Fe). The catalytic per-

formance of these hybrid materials was evaluated, starting from CC bond-

formation reactions. Pd0@MIL-101-NH2 manifested excellent functional 

group tolerance and high TOF values under some of the mildest reaction con-

ditions reported to date. This catalyst was recyclable and displayed good sta-

bility under continuous flow for prolonged times. 

Having identified the factors influencing the behavior of MOF-sup-

ported Pd nanoparticles, these were employed in modern C–H functionaliza-

tion reactions. The Pd@MOF catalysts were not only highly active but also 

selective, under surprisingly mild conditions. Exploiting their selectivity pref-

erences, interesting multi-halogenated products could be isolated. 

While investigating the processes described in Chapter 3, several ques-

tions remained unanswered. These concerned mainly the true nature of the 

active species, the deactivation pathways of our catalysts and the relationship 

between deactivation and the structural integrity of the support. Chapter 4 is 

dedicated exclusively to answering these questions. The role of the base in 

MOF-catalyzed coupling reactions is carefully discussed, concluding that KF 

represents an optimal compromise between promoting catalysis and preserv-

ing the crystalline framework. Further, a custom reaction cell is presented, that 

allows in situ PXRD and XAS data collection using high-energy synchrotron 

radiation. The usefulness of this tool is demonstrated in elucidating the mo-

tives behind the quick deactivation of Pd@MOF catalysts in the Heck cou-

pling reaction. A dual mechanism is proposed with individual Pd atoms and 

heterogeneous nanoclusters being the dominant active species at different 

stages during the process. Compelling evidence is provided that contrarily to 

wide-spread beliefs, it is not Pd aggregation that inactivates the catalyst. In-

stead, the capping of clusters with Cl– ligands induces a poisoning effect. 

Chapter 5 includes two contrasting transformations in terms of reaction 

conditions, both of substantial industrial relevance. The controlled geometry 

of Pd nanoparticles synthesized within the pores of MIL-101-NH2, endows the 
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catalyst with remarkable selectivity towards the hydrogenation of C=C bonds 

in challenging –unsaturated carbonyl compounds. This reaction occurs ef-

ficiently at room temperature under 1 atm. of H2. On the other hand, MOFs 

can be employed in the harsh aerobic oxidation of alcohols. For this purpose, 

Pd@MIL-88B-NH2 is enclosed within a layer of reinforcing mesoporous sil-

ica, which significantly improves its mechanical properties without impeding 

diffusion. The doubly-supported Pd@MOF@SiO2 composite withstands over 

one week of continuous operation in a packed-bed microflow reactor, at 110 

°C. During this interval, a flawless control over leaching is maintained. 

Chapter 6 brings a change of tone and deviates from the line of Pd-

catalyzed reactions described until this point. This final part of the thesis in-

cludes recent results in the area of artificial photosynthesis. Ru and Cu nano-

particles are supported onto previously-explored frameworks, MIL-101-NH2 

and MIL-88B-NH2. However, the results are not satisfactory. Growing more 

aware of the limitations of these materials, a new porphyrin-based Zr-MOF is 

introduced. This material named PCN-222 boasts a 37 Å pore aperture and 

good chemical stability. The porphyrin macrocylce is used to immobilize first-

row transition metals, which are active towards water oxidation. The closing 

section of the thesis describes the immobilization of a synthetic hydrogenase 

mimic inside a MOF. Within the hybrid material the active site is stabilized to 

the extent that reactive intermediates in the catalytic cycle of the hydrogen 

evolution reaction can be preserved and probed by spectroscopic methods. 

The structure of this thesis aims to provide a coherent view over the 

scientific questions discussed and does not constitute a strictly chronologic 

organization of the research projects. If it did, a clear increase in the complex-

ity of the issues addressed would be easily recognizable as experience in ma-

terials chemistry was gradually added to a purely synthetic organic chemistry 

background. Hopefully, this work will be continued towards a deeper under-

standing of the entanglements of these two worlds.     
 

  



 111 

Appendix A 

The author’s contribution to publications I VIII: 

 

 
I. Synthesized the catalyst and performed the catalytic experiments. 

Contributed to the writing of the manuscript. 

 

II. Synthesized the catalyst and performed half of the catalytic experi-

ments under batch. Performed the catalytic experiments under contin-

uous flow. Wrote the manuscript. 

 

III. Synthesized the catalysts and contributed to the characterization part. 

Performed most of the catalytic experiments. Wrote the manuscript. 

 
IV. Synthesized the catalyst and performed the catalytic experiments. 

Contributed to the writing of the manuscript. 

 

V. Synthesized the catalysts. Planned the synchrotron beamline experi-

ments and carried out part of them. Performed the in-house catalytic 

experiments. Contributed to the interpretation of the results and to the 

writing of the manuscript. 

 

VI. Synthesized the catalyst and contributed to the characterization part. 

Performed the catalytic experiments for the recycling study and those 

under continuous flow. Wrote the manuscript. 

 
VII. Synthesized one of the catalysts and performed half of the catalytic 

experiments. Contributed to the writing of the manuscript. 

 
VIII. Devised the heterogenization strategy and carried out the experiments. 

Contributed to the characterization of the hybrid material. Contributed 

to the writing of the manuscript.   



112  

Appendix B 

Reprint permissions were kindly granted for each publication by the following 

publishers: 
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