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“…while in mathematics, presumably one’s imagination may run riot without 
limit, in chemistry, one’s ideas, however beautiful, logical, elegant, imaginative 
they may be in their own right, are simply without value unless they are actually 

applicable to the one physical environment we have – in short, they are only good 
if they work! I personally very much enjoy the very special challenge which this 

physical restraint on fantasy presents.” 

Robert Burns Woodward 
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Abstract 

The hydroformylation reaction was discovered in 1938 by O. Roelen. It describes the formal addition 
of HCO and H on the two C atoms of an olefinic bond. The potential addition of the formyl group to 
either olefinic C gives rise to a product mixture of regioisomers. Hydroformylation is one of the 
commercially most relevant reactions based on a homogeneous catalyst and employed in the 
industrial synthesis of aldehydes. The aldehyde products are usually further processed into detergent 
alcohols or plasticizers, making the regioselective synthesis of linear aldehydes more appealing. Over 
the years, Co- and Rh-based catalytic systems were optimized to reach maximum linear selectivity 
above 80 %. However, the selective synthesis of branched aldehydes from unfunctionalized olefins 
remains challenging. It is achieved by applying very complex and expensive ligands in Rh-based 
systems.  

Metal-organic frameworks (MOFs) are a class of crystalline, porous materials featuring very high 
surface areas. They are assembled from metal-containing nodes and bi- or polytopic organic linkers. 
Their modular construction allows tuning material properties such as pore diameter, surface area, and 
functionality. Functional groups can be introduced by reticular chemistry, where a structural analog 
substitutes a linker. Furthermore, a MOF may be functionalized by post-synthetic modification (PSM). 
These handles allow the synthesis of materials with precisely tuned properties for a particular 
application. The subsequent variability allows applying MOFs in multiple fields, including drug delivery, 
CO2 capture, gas adsorption and storage, and catalysis. The adsorption of molecules to microporous 
materials can influence adsorbate phase properties like density or reactivity. These effects are 
combined in the term nanoconfinement and were already reported in zeolite catalysis. Additionally, 
MOF may feature coordinatively unsaturated metal sites (CUSs), which can bind molecules by 
electrostatic interactions. The CUSs can act as Lewis acidic sites and catalyze suitable reactions.  

This thesis covers the nanoconfinement effects of Zn-based MOFs and their influence on the product 
distribution in the Co-catalyzed hydroformylation of olefins. Chapter 1 introduces the current 
knowledge on hydroformylation, catalyzed by unmodified Co catalysts. The reaction mechanism and 
potential side reactions are described, and the factors influencing the regioselectivity are explained. 
Furthermore, the fundamental concepts underlying MOFs and nanoconfinement are introduced, and 
the properties of UMCM-1 and MOF-74 derivatives are detailed. Chapter 2 describes the theory 
behind the characterization methods most relevant to this work and contains the experimental 
procedures for material syntheses and catalytic applications. Chapter 3 highlights the application of 
Zn-based MOFs with UMCM-1 and MOF-74 topology in the branched-selective hydroformylation of 
unfunctionalized olefins by unmodified Co catalysts. The modulated local substrate concentrations 
within the MOF’s pores and channels kinetically favor the formation of the branched isomer. Grand 
canonical Monte Carlo (GCMC) simulations showed that the density of 1-hexene in Zn-MOF-74 is 14 % 
higher compared to liquid 1-hexene under identical conditions. Simultaneously, the concentrations of 
H2 and CO are reduced in the pore volume of the MOF. Both effects favor the formation of the 
branched aldehyde. Chapter 4 demonstrates that Co must be adsorbed to the MOFs to influence the 
product distribution. The uptake to microporous Zn-MOF-74 occurs much slower in the first 6 h of 
reaction compared to mesoporous UMCM-1-NH2. In both cases, several hours pass until a significant 
percentage of Co is adsorbed. The temporal evolution of reaction products indicated that the addition 
of Zn-containing MOFs favors not only the formation of the branched isomer but also the aldol 
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condensation (AC) reaction of the resulting aldehydes. In Chapter 5, the origin of the AC activity is 
investigated. Experiments on the AC of heptanal indicated that Zn-MOF-74 and the Co catalyst are 
both required to form an efficient catalytic system. Heptanal adsorbs to the Zn CUS in Zn-MOF-74, 
causing an elongation of the carbonyl bond and an increased electrophilic character of the carbonyl 
C. The Co catalyst likely promotes the enolization of another aldehyde molecule, which can then attack 
the adsorbed species. These results pathed the way for the synthesis of α,β-unsaturated aldehydes 
via tandem hydroformylation-aldol condensation (tandem HF-AC). Chapter 6 contains a study on the 
influence of the metal cation in the MOF-74 structure on the tandem HF-AC and the AC activity of M-
MOF-74 (M = Mg, Mn, Zn). The Lewis acidity of each material was characterized by the adsorption of 
deuterated acetonitrile (ACN-d3), acetone-2-13C, and heptanal. The shift of ν(C≡N) indicates that the 
Lewis acidity decreases in the following order: Mg > Zn > Mn. On the other hand, the catalytic activity 
decreases according to Zn > Mn > Mg. Since this order agrees with the fraction of adsorbed Co, the 
catalytic activity seems to depend primarily on the ability of the material to adsorb Co rather than its 
Lewis acidity. Chapter 7 describes a neutron powder diffraction (NPD) study of propene adsorbed to 
Zn-MOF-74. The study demonstrates that propene forms a double-layered arrangement in the 
channels of Zn-MOF-74. This efficient packing of the olefin results in a 16(2) % higher density than 
liquid propene under identical conditions. Additional sorption experiments corroborated the NPD 
results. They indicate interactions between all structural linker moieties and propene as well as three 
different adsorption sites. Finally, Chapter 8 presents the conclusions of this thesis and provides a 
rationale for the application of MOFs in the Rh-catalyzed hydroformylation. It outlines how the full 
potential of MOFs could be used for this critical transformation.   
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Zusammenfassung 

Die Hydroformylierung wurde 1938 von O. Roelen entdeckt. Die Reaktion umfasst die formale 
Addition von HCO und H an die beiden C-Atome einer olefinischen Bindung. Die Addition der 
Formylgruppe ist an beiden C-Atomen der Doppelbindung möglich, was zu einem Produktgemisch von 
Regioisomeren führt. Die Hydroformylierung ist eine der wichtigsten industriellen Reaktionen, welche 
von einem homogenen Katalysator katalysiert wird. Sie wird zur grosstechnischen Herstellung von 
Aldehyden verwendet, wobei diese in der Regel zu Weichmachern und Tensiden weiterverarbeitet 
werden. Diese Anwendungen benötigen lineare Aldehyde, weshalb die industriell verwendeten Co- 
und Rh-Systeme zu dieser Regioselektivität hin optimiert wurden. Unter idealen Prozessbedingungen 
werden lineare Aldehyde mit über 80 % Regioselektivität hergestellt. Auf der anderen Seite bleibt die 
selektive Herstellung von verzweigtkettigen Aldehyden aus unfunktionalisierten Olefinen jedoch eine 
Herausforderung. Momentan wird diese Reaktion von Rh-Systemen mit sehr komplexen und teuren 
Liganden katalysiert. 

Metal-organic frameworks (MOFs) sind eine Klasse kristalliner, poröser Materialien mit sehr großer 
interner Oberfläche. Sie bestehen aus metallhaltigen Baublöcken, welche durch bi- oder polytope 
organische Moleküle verbunden werden. Durch diesen modularen Aufbau lassen sich diverse 
Materialeigenschaften wie Porendurchmesser, Oberfläche und Funktionalität präzise anpassen. 
Funktionelle Gruppen können durch das Konzept der retikularen Chemie eingeführt werden, wobei 
ein organisches Verbindungsmolekül durch ein Strukturanalogon ersetzt wird. Außerdem kann ein 
MOF durch post-synthetische Modifikation (PSM) funktionalisiert werden. Die beiden Verfahren 
ermöglichen das Abstimmen von Materialeigenschaften auf eine bestimmte Anwendung. Die daraus 
resultierende Variabilität ermöglicht die Anwendung von MOFs in zahlreichen Bereichen, darunter 
Medikamentenabgabe, CO2-Abscheidung, Gasadsorption und -speicherung sowie Katalyse. Die 
Adsorption von Molekülen an mikroporösen Materialien kann deren Eigenschaften in der 
adsorbierten Phase, etwa die Dichte oder die Reaktivität, beeinflussen. Diese Effekte werden unter 
dem Begriff Einengung zusammengefasst und wurden bereits in der Katalyse durch Zeolithe 
beschrieben. Darüber hinaus können MOFs koordinativ ungesättigte Metallzentren (CUSs) aufweisen, 
welche Adsorptive durch elektrostatische Wechselwirkungen binden können. Die CUSs können 
geeignete Reaktionen in ihrer Funktion als Lewis-Säure-Zentren katalysieren. 

Diese Arbeit befasst sich mit den Einengungseffekten von Zn-haltigen MOFs und deren Auswirkungen 
auf die Produktverteilung der Co-katalysierten Hydroformylierung von Olefinen. Kapitel 1 beinhaltet 
eine kurze Einführung in den aktuellen Wissensstand zur Hydroformylierung mit unmodifizierten Co-
Katalysatoren. Der Reaktionsmechanismus und mögliche Nebenreaktionen werden besprochen und 
die Faktoren, welche die Regioselektivität bestimmen, erläutert. Darüber hinaus werden die den MOFs 
und der Einengung zugrundliegenden Konzepte eingeführt und die Eigenschaften der UMCM-1- und 
MOF-74-Derivate beschrieben. Kapitel 2 erklärt die Theorie der wichtigsten 
Charakterisierungsmethoden dieser Arbeit und enthält die experimentellen Vorschriften zu 
Materialsynthesen und katalytischen Experimenten. Kapitel 3 beschreibt die Anwendung von Zn-
basierten MOFs mit UMCM-1- und MOF-74-Topologie zur selektiven Herstellung von verzeigtkettigen 
Aldehyden aus unfunktionalsierten Olefinen mit unmodifizierten Co-Katalysatoren. Die veränderten 
lokalen Substratkonzentrationen in den Poren und Kanälen der MOFs begünstigen die Bildung des 
verzweigtkettigen Isomers kinetisch. Grand Canonical Monte Carlo (GCMC)-Simulationen zeigten, dass 
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die Dichte von 1-Hexen in Zn-MOF-74 14 % höher ist als die von flüssigem 1-Hexen unter identischen 
Bedingungen. Gleichzeitig sinkt die Konzentration von H2 und CO im Porenvolumen des MOFs. Beide 
Effekte führen zur bevorzugten Synthese des verzeigtkettigen Aldehyds. Kapitel 4 zeigt, dass Co an die 
MOFs adsorbieren muss, um die Produktverteilung zu beeinflussen. Die Aufnahme in mikroporöses 
Zn-MOF-74 erfolgt im Vergleich zum mesoporösen UMCM-1-NH2 wesentlich langsamer in den ersten 
6 h der Reaktion. In beiden Fällen vergehen mehrere Stunden, bis ein signifikanter Anteil Co 
adsorbiert. Die zeitliche Entwicklung der Reaktionsprodukte deutet darauf hin, dass die Zugabe von 
Zn-haltigen MOFs nicht nur die Bildung des verzweigtkettigen Isomers begünstigt, sondern auch die 
Aldolkondensation (AC) der entstehenden Aldehyde. In Kapitel 5 wird der Ursprung der AC-Aktivität 
untersucht. Experimente zur AC von Heptanal zeigten, dass sowohl Zn-MOF-74 als auch der Co-
Katalysator erforderlich sind, um ein effizientes katalytisches System zu bilden. Dabei adsorbiert 
Heptanal an die Zn-CUS in Zn-MOF-74, was zu einer Verlängerung der Carbonylbindung und einem 
elektrophileren Charakter des Carbonyl-C führt. Der Co-Katalysator beschleunigt vermutlich die 
Enolisierung eines zweiten Aldehydmoleküls, welches dann mit der elektrophileren Spezies reagieren 
kann. Diese Ergebnisse ermöglichten die Synthese von α,β-ungesättigten Aldehyden durch Tandem-
Hydroformylierungs-Aldolkondensation (Tandem-HF-AC). Kapitel 6 enthält eine Studie über den 
Einfluss des Metallkations in der MOF-74-Struktur auf die Tandem-HF-AC und die AC-Aktivität von M-
MOF-74 (M = Mg, Mn, Zn). Die Lewis Acidität der Materialien wurde durch die Adsorption von 
deuteriertem Acetonitril (ACN-d3), Aceton-2-13C und Heptanal charakterisiert. Die Verschiebung von 
ν(C≡N) zeigt, dass die Säurestärke in der folgenden Reihenfolge abnimmt: Mg > Zn > Mn. Die 
katalytische Aktivität in den beiden Reaktionen nimmt hingegen in der Reihenfolge Zn > Mn > Mg ab. 
Da diese Reihenfolge mit dem Anteil des adsorbierten Co übereinstimmt, scheint die katalytische 
Aktivität eher von der Fähigkeit des Materials Co zu adsorbieren als von dessen Lewis Acidität 
abzuhängen. Kapitel 7 beschreibt eine Studie in welcher die Propenstruktur innerhalb von Zn-MOF-74 
mittels Pulver-Neutronenbeugung (NPD) untersucht wurde. Die Studie zeigt, dass Propen als 
Doppelschicht in den Kanälen von Zn-MOF-74 vorliegt. Die effiziente Packung des Olefins führt zu einer 
16(2) % höheren Dichte im Vergleich zu flüssigem Propen unter denselben Bedingungen. Zusätzliche 
Sorptionsexperimente bestätigten die NPD-Ergebnisse. Sie zeigten Wechselwirkungen zwischen allen 
strukturellen Elementen des organischen Verbindungsmoleküls und Propen sowie drei verschiedene 
Adsorptionsstellen. In Kapitel 8 wird schliesslich das Fazit dieser Arbeit vorgestellt und ein 
Ausgangspunkt für die Anwendung von MOFs in der Rh-katalysierten Hydroformylierung 
vorgeschlagen. Es wird dargelegt, wie das gesamte Potenzial von MOFs für diese wichtige 
Umwandlung genutzt werden könnte. 
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1.1. Hydroformylation of Olefins 

Hydroformylation, also called oxo synthesis, is employed in the industrial production of aldehydes 
from olefins and syngas (Scheme 1). The name is derived from the formal addition of H (hydro) and 
CHO (formyl) to an olefinic double bond. It is one of the industrially most relevant reactions catalyzed 
by a homogeneous catalyst with an annual production of around 10 million tons.[1] The produced 
aldehydes are almost exclusively converted into other functional groups, such as alcohols, carboxylic 
acids, and esters, with the most relevant product being bis(2-ethylhexyl) phthalate (DEHP). DEHP is 
the standard plasticizer used in polyvinyl chloride (PVC), which accounts for >50% of the annual 
aldehyde consumption.[1]  

Otto Roelen discovered the hydroformylation reaction in 1938 while investigating the possibility of 
ethene and propene recycling in the Fischer-Tropsch synthesis.[2] Typical feedstocks include linear- 
and branched-chain C2–C20 olefins with internal or terminal double bonds.[3] The reaction is usually 
promoted by Co- and Rh-based carbonyl complexes and performed at 50‒180 °C and syngas pressures 
of 50‒300 bar.[4] The addition of the formyl group to either side of the double bond yields an isomer 
mixture of linear and branched aldehydes when other substrates than ethene are employed. 
Additionally, hydroformylation catalysts may be active in double bond isomerization such that 
multiple branched isomers result from a single olefin. Chemical manufacturers target high linear 
selectivity since most industrially relevant products are derived from linear aldehydes. 

 

Scheme 1: Hydroformylation of olefins to synthesize aldehydes. 

Bohnen and Cornils distinguished four generations of hydroformylation processes.[5] The first two 
generations employ unmodified Co catalysts at different reaction conditions, the third-generation 
processes are based on phosphine-modified Co and Rh complexes, and the fourth generation uses 
water-soluble Rh phosphine catalysts. The processes of the first two generations differ in the harsher 
reaction conditions and more efficient Co recycling strategies used in the second generation. 
Unmodified Co catalysts reach around 70–80 % linear selectivity.[5-6] The drawback of relatively low 
linear selectivity of these processes was overcome by the addition of monodentate phosphine ligands 
(PR3, usually R = Ph or n-Bu) in the third-generation Co process. The presence of such ligands reduces 
the catalytic activity and enhances the tendency towards hydrogenation such that alcohols are 
primarily obtained. Other processes of the third generation are called “low-pressure oxo process” 
(LPO) and feature phosphine-modified Rh catalysts with high activity, which allow the reduction of the 
syngas pressure to between 18 and 60 bar. Dow Chemical, Mitsubishi, and BASF still employ these 
processes.[1, 5] The high cost of Rh compared to Co makes the efficient recycling of the catalyst 
indispensable. At 1 ppm Rh/kg product, a loss of over 100 million euros at a 400 kt plant is estimated 
at the current price of Rh.[7] The fourth-generation aqueous two-phase process provides an elegant 
way to circumvent this issue by immobilizing the Rh catalyst in the aqueous phase through 
modification with the polysulfonated phosphine ligand 3,3′,3′′-phosphanetriyltris(benzenesulfonic 
acid) trisodium salt (TPPTS). Only ppbs of Rh are lost, but the process requires sufficient olefin 
solubility in water and is therefore restrained up to C4 olefins.[5] Although the gravimetric majority of 
hydroformylation products is produced through Rh catalysts, Co-catalyzed hydroformylation remains 
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significant. Co catalysts still convert branched and long-chain olefins due to their resistance towards 
thermal stress, feedstock impurities, and the ability to convert and isomerize internal double  
bonds.[4-6] Furthermore, Co is cheaper and less toxic than Rh.[8]  

 

1.1.1. Cobalt-Catalyzed Hydroformylation 

The first reports of Co-catalyzed hydroformylation date back to 1938, but it is still an industrial process 
today. The catalytic cycle of the reaction is described in Chapter 1.1.1.1 and Scheme 2. Over the last 
30 years, Rh-catalyzed hydroformylation obtained considerably greater attention in scientific 
publications (Figure 1), but over 80 % of alkenes longer than C3 are still industrially hydroformylated 
by Co.[5] Co is preferred in the hydroformylation of longer alkenes because the feedstock contains 
internal alkenes, which are efficiently isomerized by HCo(CO)4 (2, Scheme 2).[6] The Co catalyst is 
recycled by various strategies, allowing the economical production of fatty aldehydes for the synthesis 
of detergent alcohols. The BASF process uses oxidation to Co2+ by air or O2 and the addition of organic 
acids, such that the formed Co salts are recycled as aqueous solutions.[5] ExxonMobil treats the 
reaction mixture with aqueous Na2CO3 to form water-soluble NaCo(CO)4,[6] while the second-
generation Ruhrchemie process employed thermolysis of 2 to form fine Co metal particles, which were 
recycled as slurry in the high-boiling product fraction.[5] 

 

Figure 1: Number of publications covering Rh- (black) and Co- (red) catalyzed hydroformylation as a function of the publication 
year as found on Scopus. 

Most Co sources can be used as catalyst precursors, since they form the active catalyst 2 under the 
catalytic conditions. Co(II) salts such as formate, acetate, carbonate, and others are reduced by H2 and 
react with CO to form Co2(CO)8 (1, Scheme 2),[9] which undergoes hydrogenolysis to form 2. 
Alternatively, 1 can be used directly, whereas 2 is a very toxic liquid with an intolerable odor that 
decomposes below room temperature (rt) and should thus be formed in situ.[10] The substitution of a 
carbonyl by organic ligands allows the tuning of steric and electronic catalyst properties. Phosphine-
modified Co catalysts are thermally more stable and exhibit decreased hydroformylation activity. 
Phosphines are stronger σ-donors and weaker π-acceptors compared to CO, enhancing the electron 
density at Co and reinforcing Co-CO by increased electron backdonation. Under high CO pressures, 
only basic trialkyl phosphines form stable P-modified catalysts, which display higher linear 
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regioselectivity at the expense of reduced hydroformylation activity. As a general trend, the catalytic 
activity is inversely proportional to the basicity of the phosphine ligand, while the n-regioselectivity 
correlates positively with the ligand’s basicity. The enhanced stability of phosphine-modified Co 
catalysts allows for partly counteracting the lower activity with higher reaction temperatures. 
Additionally, phosphine ligands boost the hydrogenation activity such that the frequently desired 
alcohols are obtained directly. These characteristics are exploited in the Shell process, which relies on 
a P(n-Bu)3-modified Co catalyst.[11] 

Apart from the hydroformylation of simple alkenes on an industrial scale, unmodified Co catalysts are 
used in the synthesis of fine chemicals. The reaction of 3,4-dihydro-2H-pyran with syngas yields 
predominantly the corresponding 2-formyl product due to the coordination of the catalyst to the 
pyran O.[12] The hydroformylation of 4-substituted oxazolines offers an elegant stereospecific route to 
β-aminoaldehydes, which are useful building blocks in the synthesis of β-peptide derivatives.[13] In a 
similar reaction, ampakines, a drug class for treating Parkinson’s and Alzheimer’s diseases, were 
synthesized from 2-aryl-dihydrooxazines.[14] While these are examples of academic research, they 
prove that the application of Co-catalyzed hydroformylation is not limited to bulk chemicals. 

 

1.1.1.1. Reaction Mechanism 

When the first production plant was already running, the active species of hydroformylation was still 
unknown. The first experimental evidence supporting the involvement of 2 was published in 1953,[15] 
and a few years later, Heck and Breslow published the catalytic cycle of the hydroformylation 
reaction.[16] Some catalytic steps were refined over the years, but essentially their proposed 
mechanism is still valid. The hydroformylation reaction follows the catalytic cycle outlined below when 
employing an unmodified Co catalyst: 

a) Hydrogenolysis of 1 
b) Dissociation of a carbonyl ligand 
c) Olefin coordination 
d) Olefin insertion into the Co-H bond 
e) Coordination of CO 
f) Migratory insertion 
g) Oxidative addition of H2 
h) Reductive elimination  

The investigation of the hydroformylation mechanism spans decades of research, from experimental 
studies that relied on infrared (IR) and nuclear magnetic resonance (NMR) spectroscopy to simulation 
techniques. Insights on the reaction mechanism were also gained from stoichiometric 
hydroformylation, which can be conducted at ambient conditions. The stoichiometric and the catalytic 
hydroformylation are closely related; thus, conveniently collected mechanistic information applies to 
the catalytic reaction.[9] However, the strong inhibiting effect of CO and the much higher concentration 
of H2 under catalytic conditions need to be considered when extrapolating the behavior in the 
stoichiometric reaction to the catalytic process. Several theoretical methods have been used to study 
the catalytic cycle of hydroformylation. First-row transition metals are intrinsically hard to model due 
to the energetical closeness of the s and d orbitals. In such cases, the assumptions of the Hartree-Fock 
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and the Møeller-Plesset theory are unmet, leading to significant errors in geometries and energetics 
of first-row transition metals with partly filled d shells.[17] Coupled-cluster theory at the CCSD(T) level 
and density functional theory (DFT) yield more reliable values.[17] Being aware of these methodical 
limitations, the single steps of hydroformylation and possible side reactions will be described below. 

+ CO+ C
O

 

Scheme 2: Hydroformylation mechanism with unmodified Co catalyst. The intermediates towards the linear and the branched 
aldehyde are denoted as l and b, respectively.  
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a) Hydrogenolysis of 1 

 

 
Scheme 3: Hydrogenolysis (top) and structures (bottom) of 1 (Co: central atoms, CO bridging and terminal positions) with 
their corresponding symmetries. 

Co species 1 exists in three different structures (Scheme 3), featuring a C2v point group symmetry in 
the solid state,[18] while an additional D3d symmetric structure was identified in solution.[19] Simulations 
using the BP86 nonlocal DFT functional showed that the C2v structure is more stable than the D3d 

symmetric complex.[20] A third isomer of D2d symmetry was discovered in the IR spectra of matrix-
isolated 1 in Ar.[21] The Co exchange between 1 and 2 is fast and occurs via a·Co(CO)4 radical.[22] Rathke 
et al. showed by high-pressure 1H, 13C, and 59Co NMR spectroscopy in scCO2 that conversion of 1 to 2 
is almost complete at 170 °C in the absence of olefin.[23] However, the share of Co present as 1 
increases dramatically upon the addition of olefin, suggesting that the hydrogenolysis is slower than 
the hydroformylation under the used mild conditions.[23-24] At high pressures and temperatures, Co 
species 2 was determined as the principle Co component.[8, 25] 

 

b) Dissociation of a carbonyl ligand 

 
 

 
Scheme 4: Carbonyl ligand dissociation from 2 (top) and possible structures of 2 (bottom) with their corresponding 
symmetries, the one of C3v geometry being the most stable. 

Hydride complex 2 is among the most-studied organometallic compounds. There are at least three 
different plausible structures (Scheme 4), namely square pyramidal (C4v) and trigonal bipyramidal, 
with the hydride ligand in axial (C3v) and equatorial (C2v) positions.[17a] The C3v symmetric structure 
exhibited the lowest energy in a DFT study using the B3LYP functional,[26] in agreement with gas-phase 
electron diffraction experiments.[27] While in NMR studies, the hydride character of 2 was 
demonstrated with δ = −11.7 ppm,[23] 2 also acts as a strong acid in water.[28] Experimental evidence 
for 3 was first obtained by Wermer et al. by photolysis of matrix-isolated 2[29] and confirmed by 
Sweany.[30] The dissociation energy of equatorial carbonyl ligands was simulated to be lower than that 
of axial ones. The decoordination of an equatorial carbonyl ligand will lead to a singlet ground state 
complex (3), whose exact point symmetry remains under debate. Structures with a bent Cs and a 
planar C2v symmetric structure (Figure 2) were computed from BP86[31] and B3LYP[26] as the most 
stable. Ungváry and Markó estimated that 0.3 % of the concentration of 2 dissociate to 3 at 150 °C 



7 
 

and 100 bar CO based on a kinetic study.[32] The evolution of 3 with C3v symmetry upon decoordination 
of the axial carbonyl ligand was suggested based on the comparison of calculated[31] and 
experimental[29] IR spectra. However, the coordination of the olefin trans to the hydride ligand would 
be incompatible with the olefin insertion in the next step.[17a] 

 

Figure 2: Possible structures of 3 and their corresponding symmetries. 

 

c) Olefin coordination 

 
 

 
Scheme 5: Olefin coordination to 3 (top), possible structures of the ethene complexes (bottom, left) and Newman projections 
of the propene complexes (bottom, right). 

The coordination of the olefin to the unsaturated site in 3 can occur with the C=C double bond parallel 
or perpendicular to the axial Co-H bond. Coordination of ethene perpendicular to the Co-H bond (4a-
Et, Scheme 5) was predicted to yield a more stable structure based on multiple methods.[33] The olefin-
metal interaction follows the Dewar-Chatt-Ducanson model[34] featuring σ-donation from the olefin π-
orbital into a vacant d-orbital and backdonation from an occupied d-orbital to ethene’s π*-orbital. 
Both interactions cause an elongation of the olefinic bond. Huo et al. investigated the coordination of 
propene by DFT and found that the equivalent to 4a-Et was the most stable form.[35] The different 
orientations of the methyl group give rise to two isoenergetic isomers with the said group in syn (same 
side, 4a-syn-Pr) and anti positions (opposite side, 4a-anti-Pr) relative to Co-H (Scheme 5). In the 
equivalent structures to 4b, 4b-syn-Pr and 4b-anti-Pr (Scheme 6), the hydride and one of the olefinic 
C atoms are in close proximity, facilitating the subsequent olefin insertion. Rotational barriers were 
computed as sufficiently low to expect a free rotation of coordinated propene under catalytic 
conditions.[8-9, 35] 
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d) Olefin Insertion into the Co-H bond 

 

 

Scheme 6: Newman projections (bottom) of the propene complexes that exhibit close similarity to the TSs of the olefin 
insertion into the Co-H bond of 4 (top). 

For unsymmetrical olefins, insertion into the Co-H bond can occur by Markovnikov and anti-
Markovnikov addition, leading to branched and linear alkyl complexes (5b, 5l, Scheme 2) and 
ultimately aldehydes 9b and 9l (Scheme 2), respectively. The orbital interactions are well understood 
for this process. Donation from the olefin π-orbital to σ*Co-H is followed by backdonation from σCo-H to 
the π*-orbital of the hydrocarbon.[17a] The structures of the two transition states (TS) are very similar 
to the corresponding π-complexes 4b-syn-Pr and 4b-anti-Pr (Scheme 6), yielding linear and branched 
intermediates, respectively. However, shorter C··H distances were reported in both TSs with respect 
to 4b-syn-Pr and 4b-anti-Pr.[35] A concurrent rotation of the Co(CO)3 moiety accompanies the 
migration of the hydride to the hydrocarbon, leading to complexes with the alkyl ligands in the axial 
position. An agostic Co··H-C interaction with the unoccupied equatorial Co site stabilizes the 
intermediates.[8, 35] Alkyl ligands in the axial position and agostic interactions were also simulated in 
the case of ethene insertion.[33b] The 16 VE (valence electron) complexes formed upon olefin insertion 
are unstable and, thus, hard to characterize. The photolysis of matrix-isolated MeCo(CO)4 yielded both 
MeCo(CO)3 species with C3v (loss of axial CO) and Cs symmetry (loss of equatorial CO).[36] 

 

e) Coordination of CO 

 

 

 

Scheme 7: Coordination of CO to 5l (top) and structures of alkyl complexes 6l-Pr and 6b-Pr (bottom). 

CO addition via front attack[37] requires the breakage of the agostic interaction and will form the 
saturated 18 VE alkyl complexes 6l and 6b (Scheme 2). Both feature trigonal bipyramidal geometry at 
the Co center with the alkyl ligand in the axial position as shown theoretically (alkyl = Me, Pr,  
i-Pr)[35, 37-38] and experimentally (alkyl = Me).[36, 39]. In the case of propene hydroformylation, the 
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complex featuring the linear alkyl group (6l-Pr, Scheme 7) was simulated to be 8.6 kJ/mol lower in 
energy compared to the branched hydrocarbon. The lower stability of 6b-Pr (Scheme 7) is rationalized 
by steric interactions with the Co(CO)4 moiety. This reaction was computed to be highly exothermic 
and therefore reasoned to determine the regioselectivity.[35] 

 

f) Migratory Insertion 

 

 

Scheme 8: Migratory insertion of a carbonyl ligand (top) and structure of the most stable acyl complex featuring a η2-
stabilized formyl group (bottom). 

Migratory insertion could occur through two possible mechanisms, alkyl migration to a carbonyl in cis 
position and CO insertion into the Co-alkyl bond. Hartree-Fock-Slater calculations on MeCo(CO)4 found 
an activation barrier of 200 kJ/mol for the CO insertion pathway, whereas a low barrier was calculated 
for the methyl 1,2-shift.[38] Simulations at various levels of theory showed that methyl migration 
proceeds through a Barry pseudorotation, moving the methyl group into the equatorial plane.[37, 40] An 
equivalent mechanism was simulated for the carbonylation of the propyl ligands.[35] After the alkyl 
migration, two additional rotation steps will yield the η2-stabilized acyl complexes (7, Scheme 8) via a 
structure featuring an agostic interaction.[35, 37] Experiments with Me and CD3 alkyl residues suggest 
the kinetic insignificance of the agostic interaction,[41] in agreement with simulations.[37] Experimental 
evidence for the η2-stabilized acyl complex (7, R = Me) was provided by photolysis of the acyl complex 
in Ar matrices.[42] The same contribution demonstrated the reversibility of the 1,2-methyl migration 
by yielding MeCo(CO)4 upon irradiation of MeCOCo(CO)3. Comparable results were also obtained from 
phosphine-modified analogs (R = Me, Et).[41] 
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g) Oxidative Addition 

 

 

 

Scheme 9: Oxidative addition of H2 to 7l (top) and structures of involved species (bottom). 

The hydrogenation of the acyl complexes occurs by the reaction of 7l and 7b with H2 (as in Scheme 2) 
and with 2. The reaction of 7l and 7b with 2 was observed in the stoichiometric hydroformylation at 
ambient pressure of CO and rt,[43] whereas the hydrogenation of the acyl complexes by H2 is 
dominating under catalytic conditions of high pressure and temperature, as shown by kinetic analysis 
and experiments with H2/D2 mixtures.[24, 43] 

In the first step, H2 coordinates to the unsaturated acyl complex 7 to form 8-H2 (Scheme 9). Sweany 
and Russell provided the first experimental results (R = Me) for a species where H2 was not oxidatively 
added but coordinated,[36] and simulations confirmed the higher stability of the η2-adduct.[44] DFT 
calculations on 7 with R = Pr, i-Pr showed addition barriers around 30 kJ/mol towards a complex with 
η2-H2 coordinated to the equatorial site in a side-on fashion (8-H2), thereby breaking the secondary 
interactions of the acyl ligand.[35] The coordination of H2 leads simultaneously to an elongation of the 
H-H and Co-Cacyl distances, facilitating the subsequent oxidative addition and the reductive 
elimination. Oxidative addition occurs in two steps: first, acyl group rotation around the Co-Cacyl bond, 
followed by a dramatic increase in the H-H distance concurrent with a slight rotation of the acyl group 
to yield 8 (Scheme 9). 

 

h) Reductive Elimination 

 

 

 

Scheme 10: Reductive elimination, occurring through TS 9-TS (bottom), yields the aldehyde (9l) and recovers the active 
catalyst (3, top). 
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The reductive elimination of the aldehyde was shown to occur through a three-center TS (9-TS, 
Scheme 10), recovering the active catalyst. Activation energies of 12.1 and 9.0 kJ/mol were reported 
for the elimination of isobutyraldehyde and butyraldehyde, respectively.[35] 
 

Generation of 10l and 10b 

H2 competes with CO for the free coordination site in 7 under catalytic conditions. Contrary to H2 
coordination, the addition of CO was calculated to be highly exothermic in the case of R = Pr, i-Pr, such 
that saturated acyl complexes could be characterized[42-43] and even observed under catalytic 
conditions.[23] 
 

Entire catalytic cycle 

As described above, the catalytic mechanism of the Co-catalyzed hydroformylation is, on the one 
hand, very well-investigated and, on the other hand, relatively complex. The reaction rates of several 
elementary steps are close to each other, and their exact order is dependent on multiple variables, 
such as substrates, syngas pressures, temperatures, and solvents. It is thus hard to determine one 
rate-determining step that holds true at all reaction conditions. In the pathway to butyraldehyde, 
migratory insertion or H2 coordination were suggested to be rate-limiting by DFT, while H2 
coordination was identified as rate-determining step in the pathway to isobutraldehyde.[35] These 
results are compatible with the observed inverse kinetic isotope effect in deuterioformylation, which 
indicates that hydrogenation occurs during or before the rate-determining step.[45] Computational 
modeling of propene hydroformylation suggested the olefin coordination to 3 and the reductive 
elimination to be rate-limiting.[8] The influence of partial pressure on the regioselectivity can be 
explained based on the competitive coordination of H2 and CO.[35] The coordination of a fourth 
carbonyl ligand to form the saturated alkyl complexes 6l and 6b was considered irreversible and 
regiodeterminant. The reductive elimination of the aldehydes 9l and 9b was determined to be the 
only additional irreversible elementary step.[35] Experimentally, all steps apart from the acyl complex’s 
hydrogenolysis are reversible in the stoichiometric hydroformylation.[9] The different behavior 
compared to the catalytic reaction originates from the much lower CO pressure. The reversibility of 
the olefin insertion (i.e. β-hydride elimination) is demonstrated by the presence of olefin isomers (vide 
infra). Coordination of H2 instead of CO to 5l and 5b gives rise to hydrogenation of the olefin substrate 
(vide infra).[8] 

 

1.1.1.2. Side Reactions 

The experimental conditions and the combination of substrates and catalysts lead to side reactions. 
The olefin isomerization accompanying hydroformylation may be a desired side reaction to yield linear 
aldehydes from internal olefins. It is exploited in tandem isomerization-hydroformylation reactions of 
internal olefins to yield linear aldehydes.[46] For example, the hydroformylation of 1- and 2-pentene 
yielded similar product distributions,[9] and the reaction of trans-oct-4-en resulted in 56.2 %  
n-nonanal.[47] The selectivity towards n-aldehydes independent of the C=C double-bond position was 
also demonstrated in the hydroformylation of a C8-olefin mixture with 1.[47] Experiments with 
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propylene-d6 demonstrated that the isomerization follows a 1,2-addition-elimination mechanism.[48] 
Besides double-bond migration, cis-to-trans isomerization is also catalyzed by 2, indicating a 
sufficiently long lifetime of the σ-complex to allow rotation around the C-C bond.[9, 49] CO induces an 
inhibiting effect on the isomerization under stoichiometric conditions,[9] which is rationalized by the 
rearrangement via a σ-π-σ interconversion (5l to 4 to 5b) to form the branched from the linear alkyl 
ligand. The formation of the π-complex requires the dissociation of a carbonyl ligand from 6b and 6l 
in order not to violate the 18-electron rule, which is less favored at higher CO pressures. The 
isomerization process is fast compared to olefin decoordination, as shown by the low amount of 
isomerized olefins compared to the respective aldehydes.[9] 

High partial pressures of H2 at elevated temperatures may lead to the hydrogenation of olefins and 
aldehydes. The hydrogenation of olefins is thermodynamically favored over hydroformylation, yet 
aldehydes are mainly produced due to kinetic control.[6] The undesired side reaction was rationalized 
by the competitive coordination of H2 to 5l and 5b. Upon oxidative addition of H2 and reductive 
elimination, the rate-determining hydrogenation step,[8] the alkane product is released and 3 
recovered.[11] Hydrogenation is more pronounced when phosphine-modified Co catalysts are 
employed and at low CO pressures.[4, 50]  

Next to the discussed side reactions, multiple secondary reactions involving the aldehydes product 
occur under catalytic conditions. The aldehyde hydrogenation to the corresponding alcohol is the most 
important one among these and exploited in the Shell process. The addition of 2 to the aldehyde and 
subsequent hydrogenolysis of the formed alkoxy complex rationalize the formation of alcohols.[11] The 
alkoxy complex is also a common intermediate for the formation of formate esters by CO insertion 
into the Co-O bond, followed by the reaction with H2 to recover 3.[51] Furthermore, the aldolization 
(vide infra) of the aldehydes yields high-boiling products and was reported already in the first patent 
by Roelen.[2] 

 

1.1.1.3. Regioselectivity 

High regioselectivity is essential for the economic application of the hydroformylation reaction in the 
chemical industry. The linear isomer is generally the desired product, such that the process was 
optimized over decades to yield n-aldehydes selectively. In the large-scale processes employing 
unmodified Co catalysts (BASF, Exxon), around 70–80 % linear selectivity was achieved.[4-6] Gholap et 
al. systematically studied the regioselectivity of propene hydroformylation by 1. They found that 
higher linear selectivity was obtained at lower temperatures, lower propene concentrations, and high 
CO and H2 partial pressures.[52] Among these parameters, temperature and CO partial pressure 
influences are dominant.[46, 52] Their effect can be rationalized by the olefin insertion step, which can 
occur in Markovnikov (branched alkyl) or anti-Markovnikov (linear alkyl) fashion and determines the 
regioselectivity. The anti-Markovnikov addition is faster but yields the thermodynamically less stable 
alkyl complex 5l, which can undergo β-hydride elimination and reinsertion to form thermodynamically 
favored 5b. The lifetime of the unsaturated species 5l is reduced at higher CO pressures, such that  
β-hydride elimination is prevented and the selectivity towards the linear aldehyde increased under 
kinetic control. The influence of temperature can be explained by the increased thermodynamic 
control at higher temperatures, favoring the branched aldehyde.[53]  
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Both the reaction conditions and the substrate can influence the regioselectivity. Functional groups 
can coordinate the catalyst and modify the electronic properties of the olefinic C atoms, resulting in 
high regioselectivity. Styrene is a typical example, featuring a preference towards the branched 
aldehyde due to the formation of an η3-benzyl complex.[4, 54] On the other hand, the hydroformylation 
of 3,3,3-trifluoropropene by 1 yielded the corresponding n-aldehyde in 93 % selectivity, significantly 
higher than the around 70–80 % observed in propene hydroformylation.[55] 

 

1.1.1.4. Branched-Selective Hydroformylation 

Branched-selective hydroformylation creates a stereogenic center for substrates other than propene. 
It thus offers an appealing synthetic route to the asymmetric formation of aldehydes, alcohols, 
carboxylic acids, and other groups, essential in the synthesis of pharmaceuticals and fine chemicals. 
Branched-selective hydroformylation reactions are usually promoted by ligand-modified Rh-
catalysts,[56] despite early reports on Pt-based systems.[57] The formation of the branched product may 
be enforced by suitable ligands and/or functional moieties on the substrate.[56] Additionally, the 
regioselectivity is generally dependent on the reaction conditions (vide supra). For example, the 
fraction of branched product in the hydroformylation of styrene decreased from 98 to 64 % upon 
increasing the reaction temperature from 20 to 130 °C.[58]  

Complex and expensive phosphorous ligands heavily influence the rate and selectivity of a catalytic 
system, where electronic and steric ligand properties determine the product distribution. Typically 
employed ligands include bidentate BINAPHOS, BDP (Bisdiazophos), and BOBPHOS (Figure 3).[56, 59] 
Due to the intrinsic branched-selectivity of aryl olefins and 1-heteroatom substituted olefins like vinyl 
ethers and vinyl acetates, such substrates are frequently employed in branched-selective 
hydroformylation.  

 

Figure 3: Phosphorous ligands applied in branched-selective hydroformylation. 

The directing effect of O atoms α to an olefinic double bond was demonstrated by the 
hydroformylation of vinyl ethers by unmodified Rh catalysts. The hydroformylation of methoxyethene 
and (vinyloxy)benzene yielded the branched aldehyde with 78 and 95 % selectivity, respectively.[60] 
Vinyl acetate derivatives showed almost complete selectivity towards the branched product and were 
employed in the synthesis of lactic acid, using PPh3 as a ligand.[61] The electronic effect on branched-
selective hydroformylation was investigated by the reaction of multiple para-substituted styrene 



14 
 

derivatives (R = OMe, Me, H, F, Cl, CF3).[62] The logarithm of the aldehyde isomer ratio scaled linearly 
with the Hammett parameter σp, such that the (S,S,S)-BDP-modified Rh catalyst afforded the branched 
product in over threefold higher selectivity from 1-(trifluoromethyl)-4-vinlybenzene (B/L = 65, 
branched-to-linear ratio) compared to 1-methoxy-4-vinylbenzene (B/L = 20). These results are 
explained by the stabilization of a negative charge in the TS, determining the regioselectivity. 

In contrast to substrate-induced branched-selective hydroformylation, where good to excellent 
branched selectivity is attainable with simple ligands and even unmodified systems, sophisticated 
catalysts are required in the case of unfunctionalized olefins. The hydroformylation of 1-hexene with 
tri-1-naphthylphosphine- and tri-1-naphthylphosphite-modified Rh catalysts yielded the branched 
isomers (2-methylhexanal and 2-ethylpentanal) with a selectivity of 78 and 79 %, respectively.[63] A 
similar value was obtained using a BOBPHOS isomer as ligand, where the selectivity to  
2-methylhexanal was 75 %.[64] A solvent effect was demonstrated by using perfluorinated solvents in 
the BOBPHOS-modified hydroformylation of propene, which increased the iso selectivity from 62 % in 
toluene to 82 % in octafluorotoluene.[65] Supramolecular systems based on encapsulated Rh catalysts 
exhibited a slight selectivity to the branched product of 1-olefins.[66] Interestingly, these catalysts 
displayed regioselectivity in the hydroformylation of internal olefins.[67] Branched-selective Co systems 
are rare and moderately selective towards acetal-protected products.[68] In conclusion, the above 
examples demonstrate that complex catalytic systems are required to perform branched-selective 
hydroformylation of unfunctionalized olefins. Contrarily, functionalized substrates display good to 
excellent regioselectivity with simple Rh catalysts. 

 

1.1.1.5. Heterogeneous Cobalt Catalysts 

The separation and recycling of homogeneous catalysts is considerably more complex and expensive 
than for heterogeneous counterparts. The catalyst heterogenization is particularly interesting in the 
hydroformylation of higher olefins, where distillation is not a suitable separation method. 

Formally, already the first catalytic system by Otto Roelen was of heterogeneous nature, consisting of 
a Co-Th catalyst on diatomite.[2] However, soluble Co carbonyl species form under catalytic conditions, 
as proven in 1953,[15] such that the process takes place in a single phase. The synthesis of truly 
heterogeneous Co catalysts is challenging due to the propensity of most Co species to form carbonyls 
under reactive conditions, which cause leaching. Nonetheless, several approaches to form 
immobilized Co catalysts were investigated.[69] Co was deposited on pumice by dissolving Co carbonyl 
species in a mixture of oxygen-containing solvents and feeding this solution to crushed pumice under 
high H2 pressures. This catalyst exhibited good activity at high temperatures (200–240 °C) and 
comparable chemo- (87–95 %) and regioselectivity (75 % n-butanal) to homogeneous catalysts in 
propene hydroformylation. It is used in a commercialized process yielding products with less than 
0.04 wt% Co.[69] Incipient wetness impregnation of silica supports with Co(NO3)2 yielded a 
heterogeneous catalyst, which was employed in the hydroformylation of 1-hexene. The catalyst 
exhibited low activity and B/L around 1 while losing about 10 % of Co through leaching.[70] A Co-B 
catalyst supported on TiO2 nanotubes was applied in the hydroformylation of cyclohexene. The 
selectivity towards the corresponding aldehyde, alcohol, and acetal varied strongly depending on the 
reaction conditions while the catalyst exhibited significant leaching.[71] Co species 1 was anchored on 
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organo-functionalized mesoporous silica SBA-15 and exhibited good activity and chemoselectivity in 
the hydroformylation of 1-octene. However, the linear aldehyde was obtained with only up to 63 % 
selectivity.[72] In another study, Co nanoparticles on inorganic supports have been prepared by 
pyrolysis of Co complexes and were used in the hydroformylation of several olefins. The most active 
material displayed high activity and chemoselectivity in the hydroformylation of 1-octene. It yielded 
the linear aldehyde with 73 % selectivity while exhibiting significant leaching.[73] These examples 
demonstrate that the leaching of Co is a primary issue of heterogeneous hydroformylation catalysts, 
as anticipated from the initial experiments by Roelen. 

Attempts to prevent or minimize leaching included the use of carboxylic acids as protectors for Co/SiO2 
by competitive adsorption[74] and the formation of intermetallic catalysts.[75] Both methods showed 
significantly reduced leaching rates with regard to comparable systems. Additionally, Co(II) 
immobilization in zirconium phosphate suppressed the Co leaching efficiently.[76] While these systems 
display reduced leaching, they are still far from broad industrial application. 

 

1.1.2. Tandem Hydroformylation-Aldol Condensation 

1.1.2.1. Aldol Condensation 

Aldol condensation (AC) is a powerful tool used by organic chemists to form C-C bonds between a 
carbonyl species and an enolate (equivalent) or enol.[77] AC comprises the aldol addition and the loss 
of a small molecule, in this case, water (condensation). The aldol addition is acid- and, more 
frequently, base-catalyzed[78] and takes place between an enolizable aldehyde or ketone and a 
nucleophilic carbonyl compound to form β-hydroxy aldehydes (aldols) and β-hydroxy ketones (ketols). 
The mechanisms of acid- and base-catalyzed aldol addition vary in the nucleophile (Scheme 11). While 
deprotonation of the carbonyl compound yields the enolate, the acid-catalyzed reaction occurs via 
the enol. Enolates are strong enough nucleophiles to react directly with the carbonyl compound, 
whereas enols require the protonation of the carbonyl species. In the condensation step,  
α,β-unsaturated aldehydes or ketones form upon release of one equivalent water by an E1cb and an 
E1 mechanism in the base- and acid-catalyzed reaction, respectively.[78-79] 

 

Scheme 11: Simplified reaction mechanism of base- and acid-catalyzed AC taking acetaldehyde as model molecule. 
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AC is a known side reaction in the hydroformylation of olefins[80] and is generally more pronounced in 
Co-catalyzed systems than those based on Rh.[81] Such a side reaction may be desirable for synthesizing 
more complex molecules.[1] A typical example is the synthesis of 2-ethylhexanol (2-EH), the precursor 
of the most widely used plasticizer, DEHP,[82] from propene (Scheme 12).[83] The potential advantages 
of combining the hydroformylation and the AC reaction led to the development of several tandem 
hydroformylation-AC (tandem HF-AC) systems.  

 

Scheme 12: Simplified synthetic route to DEHP. HF, hydroformylation; Hyd, hydrogenation. 

 

1.1.2.2. Tandem Hydroformylation-Aldol Condensation Catalysis 

The combination of hydroformylation and AC into a single process was investigated already more than 
60 years ago. Exxon began operating such a unit in 1962 and baptized it the Aldox process.[84] A Zn 
source like mossy Zn or preferentially Zn salts (acetate, oxide, oleate, and acetylacetonate) was added 
to an unmodified Co catalytic system. The reaction was performed at 170–240 bar of syngas and a 
temperature of 90–200 °C, yielding 30–40 wt% of the desired C16 alcohol upon subsequent 
hydrogenation.[85] Feedback of the linear aldehyde allowed a slight increase towards the desired dimer 
products.[86] Shell used a similar system to produce 2-EH in a single step. They have extended their 
standard catalytic system at the time (P(n-Bu)3-modified Co catalyst) by bases like amines and KOH.[87] 
Compared to the Aldox process, this system offered the advantage of higher linear selectivity in the 
hydroformylation step and, thus, higher yields of 2-EH at milder conditions (160 °C, 35 bar). Mixed 
aldol reactions with the iso aldehyde and recycling problems concerning the additives prevented the 
wide industrial application of these processes.[88] 

Nonetheless, tandem HF-AC is still being investigated. Fundamental research focuses on Rh-based 
catalysts for the hydroformylation and various co-catalysts, such as para-toluenesulfonic acid (Scheme 
13, a),[89] pyrrolidinium benzoate (Scheme 13, b),[90] proline (Scheme 13, c),[91] and aniline (Scheme 
13, d).[92] These systems exhibited high yields of the desired products, and in several cases,  
diastereo-[89b, 91a] and enantioselectivity.[91] Catalysts based on platinum and para-toluenesulfonic 
acid[93] have also been studied but displayed lower yields of condensation products. 
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Scheme 13: Examples of homogeneous tandem HF-AC reactions, followed by potential hydrogenation. 

The development of heterogeneous systems was driven by the urge to allow efficient separation and 
recycling of the catalysts and additives. Two different modes of heterogeneous systems have been 
reported so far. Jasra’s research group impregnated the solid base hydrotalcite with phosphine-
modified Rh catalysts to yield a material exhibiting hydroformylation, AC, and hydrogenation 
activity.[94] However, the Rh catalyst leached into the solution, as indicated by the orange-red color of 
the mixture after the reaction.[94a] Within four runs, the selectivity towards 2-methylpentanol from 
ethene dropped from 79 to 34 %.[94b] Similar behavior was observed for the selectivity towards C8 
aldehydes from propene, which declined from 45 to 21 % within four cycles.[94c] 

Separating the hydroformylation from the condensation catalyst by performing each reaction in one 
phase of a two-phasic system proved beneficial in the tandem HF-AC of ethene and formaldehyde to 
methacrolein. The presence of the Rh catalyst deactivated the aldol addition catalyst, which was 
resolved by the formerly introduced strategy. Furthermore, the selectivity towards cross-coupling was 
enhanced, while the further reaction of the AC product was prevented due to the distribution between 
the aqueous and the organic layer. Stripping the products from the organic phase allowed recycling of 
the system without significant loss of activity over five cycles.[95] In another biphasic system, a 
sulfoXantphos-modified Rh catalyst and NaOH were immobilized in a polyethylene glycol phase, while 
the substrate, pentene, formed the apolar phase. Separating the two phases allowed the simple 
recycling of the catalyst with comparable product distribution and activity over nine runs, explained 
by minimal Rh leaching of 0.07 % per run.[96] 
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1.2. Metal-Organic Frameworks 

1.2.1. General Properties 

Metal-Organic frameworks (MOFs) are a class of crystalline porous materials featuring high surface 
area[97] and comprising metal-containing nodes and organic linkers. Their modular construction 
enables the precise tuning of properties, such as pore diameter, surface area, and introduction of 
functional groups by varying sizes and functionalities of linker molecules. Additionally, different metals 
lead to various coordination modes and, thus, different (pore) structures.[98] 

 

Figure 4: Structures of the discussed MOFs: MOF-5, MOF-74, and UMCM-1. Color code: grey, C; red, O; green, Zn; H are 
omitted for clarity. 

MOF-5 (Figure 4) is one of the most-investigated MOFs, reported in 1999 by the research group of 
Omar Yaghi.[99] It is built from [Zn4O]6+ clusters and the deprotonated form of terephthalic acid (H2BDC, 
Figure 5). The inorganic unit and the coordinating moiety (e.g. carboxylates) form the secondary 
building unit (SBU). Six linkers coordinate the inorganic unit in an octahedral geometry and connect 
adjacent metal clusters, forming a cubic structure with pores of 11.2 Å diameter.[100] The material is 
stable upon desorption of remaining solvents from the pores, as proven by physisorption experiments, 
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which indicate a Brunauer-Emmet-Teller (BET) surface area of 3800 m2/g.[101] The relatively simple 
structure of MOF-5 will be used to exemplify the most important properties and characteristics of 
MOFs.[102]  

 

Figure 5: Carboxylate linkers used in the synthesis of the described MOFs. 

One of the most intriguing aspects of MOFs is their structural flexibility. Their modular nature allows 
the substitution and modification of a part or all of the linker molecules and metals in the inorganic 
unit. Yaghi coined the term “reticular synthesis” for the deliberate construction of MOFs based on 
their SBU and linker geometries to yield predetermined structures.[98a] The concept was illustrated by 
a series of materials isoreticular to MOF-5.[100] The substitution of H2BDC by 2-bromoterephthalic acid 
(H2BDC-Br, Figure 5) and 2-aminoterephthalic acid (H2BDC-NH2, Figure 5) yielded the functionalized 
isoreticular MOFs (IRMOF) IRMOF-2 and IRMOF-3, respectively (Figure 6). Modifying the functional 
groups of the MOFs allows for tuning the desired characteristics. Multivariate MOFs (MTV-MOFs) 
constitute a mixture of differently functionalized ligands and may give rise to properties that are not 
mere combinations of the component’s characteristics.[103] Substitution of H2BDC by extended variants 
of that linker containing two (H2BPDC, Figure 5) and three phenylene rings (H2TPDC, Figure 5) yields 
frameworks IRMOF-10 (Figure 6) and IRMOF-16, respectively, with pore diameters of 15.4 and 
19.1 Å.[100] Substitution of linker molecules is not the only way to modify MOFs. Post-synthetic 
modification (PSM, vide infra) of MOF-5 with various transition metal cations yielded redox active 
isoreticular MOFs, where the respective transition metal replaced one of the four Zn ions in the SBU 
(Figure 6).[104] Directly synthesizing MOFs based on a different metal is feasible for other MOF 
structures like M-MOF-74 (Figure 4)[105] and M-BTT.[106] In the case of M-MOF-74, MTV-MOFs 
containing up to ten different metals were synthesized,[107] and the metal order was determined by 
sequencing.[108] In addition to MTV-MOFs, where different linkers have the same structural role within 
the framework, mixed-component (MC) MOFs feature a structure with more than one linker type. In 
MC-MOFs, the linkers are of different topologies and thus occupy various crystallographic 
positions.[109] An example for this class of materials is UMCM-1 ((Zn4O)(BTB)4/3(BDC)).[110]  
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Figure 6: Examples of isoreticular chemistry in the MOF-5 family. 

Functional groups can also be introduced and modified after the synthesis of the framework while 
maintaining its structural integrity. These PSM strategies were reported for inorganic nodes and 
organic linkers.[98c] An impressive example of such transformations was described in functionalizing an 
extended MOF-74 framework with a tripeptide by seven PSM steps.[111] MTV-IRMOF-74-III-
(CH3)0.6(CH2NHBoc)0.4 (Boc: tert-butyloxycarbonyl) was deprotected before the free amine was 
condensated with Boc-protected alanine. The sequence of amine deprotection and amino acid 
coupling was repeated two more times with glycine and proline to yield the tripeptide-modified MOF 
upon a final Boc-deprotection. Especially in the transformation of the organic linker, researchers make 
use of a palette of organic reactions. Amino groups were introduced directly into Cr-MIL-101 by 
nitration and subsequent reduction (Scheme 14, a).[112] The versatile amino group can be further 
converted into azides,[113] amides,[114] urea derivatives (Scheme 14, b),[112, 115] and imines  
(Scheme 14, c).[116] Furthermore, widely used strategies are the modification of azides by “Click”  
chemistry[98c, 113] and the metalation (Scheme 14, c) of suitable groups to synthesize catalysts.[113, 116] 
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Scheme 14: Examples of PSM. acac, acetylacetonate. 

Several classes of MOFs, including HKUST-1,[117] M-BTT (H3BTT = 1,3,5-benzenetristetrazol-5-yl),[118] 
and MOF-74,[119] feature coordinated solvent molecules at the metal nodes. Upon suitable thermal 
treatment in vacuum, these molecules can be removed[105-106, 120] to form coordinatively unsaturated 
metal sites (CUSs). The CUSs are known to act as Lewis acids (LAs),[121] exhibiting potential in 
adsorption[122] and catalysis[123] applications.[124] CUSs also offer another handle for PSM.[98c, 124] 
Functionalization of the CUSs in Cr-MIL-101 by an L-proline derivative allowed performing asymmetric 
aldol reactions,[125] whereas the functionalization of extended isoreticular structures to MOF-74 with 
diamines yielded very selective CO2 adsorbents.[126] 

An alternative method to alter a MOF’s composition and properties consists of the post-synthetic 
exchange (PSE) of its components.[127] For example, the metal ions in a Cd-MOF were entirely replaced 
by Pb(II) in an aqueous solution in a single-crystal-to-single-crystal fashion.[128] This concept was 
applied in the synthesis of materials that cannot be obtained through direct methods.[129] PSE was 
used to exchange terephthalate in UiO-66 by dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate to yield an 
optical sensor.[130] A similar strategy was employed to replace the eight terminal hydroxyl groups in 
the Zr6 cluster of NU-1000 with carboxylates leading to node-functionalized frameworks.[131] The 
feasibility of PSE in most MOFs is based on the reversible character of the coordinative bond. Even 
macroscopically very stable structures such as ZIFs and MILs exhibit dynamic behavior, allowing the 
application of this modification method.[129] 

While the reversible formation of the coordinative bond is advantageous in PSE, it also highlights the 
Achilles heel of the material, which is usually the bond between the inorganic node and the organic 
linker. Exposure to water,[132] extreme pH conditions, chemicals,[133] and high temperatures[134] may 
break the metal-linker bond. General trends to obtain stable MOFs were identified and include the 
compatibility of the coordinating group and the metal ion according to HSAB theory. The base and the 
acid should be both either hard or soft, such that Zr-carboxylate MOFs (UiO-66) and Zn-azolate MOFs 
(ZIFs) are more stable than Zn-carboxylate MOFs (MOF-5).[133] Nonetheless, the almost infinite number 
of combinations of linker molecules and inorganic nodes, as well as the possibility to tune the 
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properties of the material, make MOFs appealing candidates in a variety of applications like 
catalysis,[135] gas storage[136] and separation,[137] and CO2 capture.[122, 138] In the next chapter, MOF 
structures relevant to this thesis and their properties will be illustrated. 

 

1.2.2. UMCM-1 

The research group of Adam Matzger reported the first synthesis of UMCM-1 in 2008.[110] The MOF 
consists of [Zn4O]6+ inorganic nodes, the linear H2BDC, and the trigonal H3BTB linkers forming a 
completely different structure than materials with either pure linker (MOF-5 and MOF-177) of 
composition (Zn4O)(BTB)4/3(BDC). Two adjacent BDC and four BTB linkers coordinate to the metal 
cluster in an octahedral geometry to form a material with micro- and mesopores. Six cage-like 
micropores of internal dimension 14 x 17 Å combined in an edge-shared fashion form the 29-Å-wide 
hexagonal channels. Figure 4 displays one of the microporous cages and the hexagonal channel of 
UMCM-1. The N2 physisorption experiments exhibited a type IV isotherm and a BET surface area of 
4160 m2/g, whereas thermal treatments proved the stability up to at least 300 °C. This behavior is in 
stark contrast to the stability under humid conditions, where the metal-linker bonds hydrolyze readily, 
as indicated by the loss of porosity and crystallinity and evidence of Zn(OH)2.[139] UMCM-1 displayed 
an uptake of 1.07 mmol/g CO2 and 0.45 mmol/g CH4 at a gas pressure of 1 bar and 25 °C.[140] At higher 
gas pressures, the adsorption capacity of CH4 and H2 were reported as 8.0 mmol/g (24.2 bar, 25 °C) 
and 3.4 mmol/g (26 bar, 25 °C), respectively. The adsorption isotherms up to these pressures are linear 
and do not show signs of saturation, indicative of a mesoporous material without specific adsorption 
sites.[141] 

An isoreticular MOF containing BDC-NH2 instead of BDC was reported shortly after UMCM-1 and later 
termed UMCM-1-NH2.[142] The material adsorbed a chiral Rh hydrogenation catalyst, which then 
displayed significantly higher enantiomeric excess (95 % ee) than the homogeneous catalyst (82 % ee) 
in the asymmetric hydrogenation of dimethyl 2-methylenesuccinate.[143] Additionally, UMCM-1-NH2 
was used as a platform for the synthesis of materials with finely tuned properties. The pendant amino 
group was functionalized by alkyl anhydrides of various lengths (R = C1–C19) in a PSM  
(Scheme 15, a).[144] A similar strategy was used to introduce metal coordinating sites to form a reusable 
heterogeneous catalyst for the Mukaiyama-aldol reaction (Scheme 15, b)[145] and a palladium-
modified derivative.[142] Another catalyst was synthesized by the condensation of the aromatic amino 
group with furfural and subsequent metalation with PdCl2 (Scheme 15, c).[146] This material showed 
catalytic activity in Suzuki coupling reactions and was recycled ten times in the Heck coupling of 
iodobenzene and butyl acetate with around 20 % loss of activity. Various other materials isoreticular 
to UMCM-1 were synthesized by exchanging the BDC linker with mono- and bifunctionalized[147] and 
chiral derivatives.[148] A chiral UMCM-1 derivative was synthesized from H3BTB and a terephthalic acid 
derivative, functionalized with an Evans-type auxiliary ((S)-2-(4-benzyl-2-oxooxazolidin-3-
yl)terephthalic acid). It showed promising results as the stationary phase in an HPLC column for the 
enantioselective separation of 1-phenylethanol.[148] An MTV-UMCM-1 material featuring both BDC 
and BDC-NH2 was reported to influence the reactivity of a phosphonium zwitter ion (vide infra).[149] 
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Scheme 15: Various strategies for PSM of UMCM-1-NH2 by anhydrides and aldehydes. Catalytically active materials can be 
synthesized upon metalation. 

In UMCM-2, BDC was replaced by the extended linker thieno[3,2-b]thiophene-2,5-dicarboxylate to 
yield a material with 5200 m2/g BET surface area but non-isoreticular crystal structure.[150] 

 

1.2.3. M-MOF-74 

The first synthesis of MOF-74 (Figure 4) was reported by the research group of Omar Yaghi in 2005, 
together with 13 other MOF materials.[119] The first structure was built on Zn(II) nodes coordinated to 
three carboxyl and two hydroxyl groups, forming helical rods of edge-sharing octahedra with the 
remaining site occupied by a solvent molecule. These rods are connected by the benzene ring of  
2,5-dihydroxyterephthalate (DOBDC, Figure 5) linkers to form 10-Å-wide hexagonal channels arranged 
in a honeycomb-like structure. The material features a type I N2 physisorption isotherm and displayed 
thermal stability up to 400 °C.[119, 151] The original publication estimated a Langmuir surface area of  
245 m2/g,[119] whereas improved synthesis and activation procedures afforded materials with a 
Langmuir surface area of almost 1300 m2/g.[105] 

Over the years, multiple groups worked on MOF-74 and called the material CPO-27, M2(dobdc), or 
M2(dhtp).[152] The Co,[153] Mg,[154], Mn[155] and Ni[156] derivatives were synthesized shortly after Zn-MOF-
74. The formation of CUSs upon solvent exchange and subsequent thermal treatment[157] and their 
potential benefits in gas adsorption and storage were investigated shortly after the materials’ 
discoveries.[154b, 155, 158] The synthesis of Fe-MOF-74 was published a few years later, displaying catalytic 
activity in phenol hydroxylation.[159] Three years later, the Cu-based material and its application in CO2 
adsorption were reported,[160] and shortly after that, the synthesis of Cd-MOF-74.[161] However, there 
are very few studies including Cd-MOF-74.[162]  
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The relative thermal stability of M-MOF-74 (M = Co, Mg, Mn, Ni, Zn) heavily depends on the TGA 
(thermal gravimetric analysis) experiment atmosphere. The materials decompose at 100–200 °C lower 
temperatures in air compared to N2.[134] Mg-MOF-74 exhibits the highest thermal stability, as expected 
for harder metals and O ligands. The first-row transition metals display similar thermal stability, with 
the Zn derivative usually at the more stable end of the range.[163] MOF-74 structures do not belong to 
the group of exceptionally stable MOFs due to the incompatibility of the hard bases and the soft 
acids.[164] However, the ability to wash the material with water[119] and comparable X-ray 
diffractograms after exposure to water vapor at elevated temperatures prove their stability under 
humid conditions.[165] Co- and Ni-MOF-74 displayed surprising resistance towards water and water 
vapor at elevated temperatures.[166] 

The high concentration of CUSs in M-MOF-74 (7.13–7.58 mmol M2+ per cm3)[167] makes this class of 
materials interesting candidates for a variety of applications, including CO2 capture[138] and 
adsorption[105] and paraffin/olefin separation.[167-168] The hydrocarbon separation in MOF-74 is based 
on the stronger interaction of the unsaturated hydrocarbons with the CUS, such that the interaction 
distances were measured. For example, the positions of propene within M-MOF-74 were investigated 
by neutron powder diffraction (NPD), and distances of 2.60 Å and 2.56 Å were reported between the 
CUS in Fe-MOF-74 and propene C1 and C2, respectively.[168a] The equivalent distances in Co-MOF-74 
were determined as 2.66 Å and 2.73 Å.[168b] 

In addition to the frameworks based on a single metal, multiple MTV-MOFs featuring various different 
metal nodes were reported, aiming for synergistic effects or catalytic activity.[169] For example, the 
basicity of Zn-MOF-74 was modulated by cation exchange with calcium ions,[170] and bimetallic  
MOF-74 derivatives displayed superior H2 uptake.[171] Up to ten different metals were incorporated 
into a MOF-74 material, such that cations unable to form a single-metal MOF-74 structure (e.g. Ba, 
Ca, and Sr) could be introduced. However, the content of the exotic metals in the MOF was roughly 
an order of magnitude lower than the standard metals despite synthesizing the material from identical 
metal concentrations.[107] 

Based on the concepts of isoreticular chemistry, extended structures of MOF-74 constructed from 
various elongated linkers featuring naphthalene,[126b] biphenylene, and p-terphenylene moieties were 
reported.[172] Extension of the channel diameter by longer linkers was pushed to the limits in an 
impressive feat by Deng et al.[151] The systematic extension of the organic linker from one to eleven 
phenylene rings yielded an isoreticular series (IRMOF-74-I to -XI) of materials with pore apertures up 
to 98 Å. The issues of solubility and interpenetration were mitigated by incorporating alkyl side groups 
into the linkers. Materials isoreticular to MOF-74 were synthesized from three ligand structures 
differing in the relative position of the phenolate and the carboxylate groups (Figure 7), in which 
H4DOBDC can be viewed as the single phenylene analog of either H4DOBPDC or iso-H4DOBPDC. Both 
extended linkers yield materials featuring CUSs, hexagonal channels, and comparable surface areas. 
However, the linkers in M2DOBPDC are slightly bent in the framework.[151, 173] The use of m-H4DOBDC 
in the synthesis of isoreticular materials yields a similar crystal structure, displaying hexagonal 
channels, and comparable surface areas regarding the parent M-MOF-74.[174] However, the isomeric 
linker alters the ligand field symmetry, causing a higher charge density on the CUS and stronger 
binding of H2.[174]  
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Figure 7: Linkers used for the synthesis of isoreticular materials to MOF-74. 

The PSM of an extended MOF-74 structure by a tripeptide yielded activity in the selective cleavage of 
a peptide at the amino acid serine.[111] The grafting of diamines to the CUSs of extended Mg-MOF-74 
and Mn-MOF-74 derivatives gave materials that adsorb CO2 with high selectivity over N2 at conditions 
relevant to CO2 capture from air and flue gas.[126, 175] The sharp CO2 adsorption step in these materials 
results from the insertion of CO2 into the metal-amine bond above a certain threshold, dependent on 
the metal and the amine, to afford ammonium carbamate chains.[126a, 176]  

 

1.2.4. MOF-Induced Nanoconfinement Effects in Catalysis 

The adsorption of molecules into the small pores and channels of MOFs lead to several phenomena 
summarized in the term nanoconfinement effects. Many reviews cover the unique features of 
chemistry and catalysis within the confined space of pores,[177] which influences the reaction 
environment and thereby changes the product distribution, allows alternative reaction mechanisms, 
and promotes reactions by adsorption of substrates.[177b, 177d] The selective uptake into microporous 
materials can influence the reaction rates and equilibrium yields by changes in the potential energy 
surface.[178] Narrow pore apertures allow size-selective catalysis, while functional groups within the 
MOF pores enable secondary substrate-catalyst interactions to orient the substrates beneficially. With 
the possibility to fine-tune the material properties, MOFs are in touch to allow enzyme-like activity 
and selectivity. While today’s examples usually fail to mimic enzymes, they give a good impression of 
the effects MOFs can induce on product distribution. 

An early example of pore size effects was reported on the polymerization of methyl propiolate by a 
Cu-MOF (Scheme 16, a). Coordination to the basic O atoms of the framework activated the acetylene 
derivative and yielded mainly trans polymer due to the narrow channel.[179] Furthermore, two  
Zn-MOFs of MOF-5 and UMCM-1 topology inverted the reactive character of a phosphonium 
zwitterion to an electrophile by steric confinement. This yielded the Aldol-Tischenko (AT) products 
instead of the expected Morita-Baylis-Hillman (MBH) product (Scheme 16, b).[149] 
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Scheme 16: Examples of catalytic reactions exhibiting MOF-induced confinement effects. 

The influence of neighboring groups was demonstrated by cyclohexane oxidation to the 
corresponding alcohol and ketone using an extended version of Fe-MOF-74 (Fe2DOTPDC) as the 
catalyst. The introduction of hydrophobic tert-butyl residues enhances the isosteric heat of adsorption 
of cyclohexane from −45 kJ/mol to −57 kJ/mol, leading to a threefold higher alcohol-to-ketone ratio 
(A/K = 8.4) compared to the parent framework (A/K = 2.8).[180]  

MOFs allow the installation of multiple active sites in a single material, in which the distance between 
the sites is tunable through the introduced strategies in chapter 1.2.1. A Cd-MOF based on Co(salen) 
linkers arranged the Co centers in close proximity to allow bimetallic cooperative catalysis, such as the 
hydrolytic kinetic resolution of racemic epoxides (Scheme 16, c). The MOF-immobilized Co(salen) 
complex exhibited significantly higher enantioselectivity than the homogeneous system and eightfold 
higher conversion at low catalyst loading. These results were explained by the proximity and favorable 
orientation of the Co(salen) units, such that water was activated at one and the epoxide at the other 
site.[181] 

Additionally, preferential substrate adsorption from the gas phase was reported in several instances. 
The interface between silver nanoparticles and a ZIF-8 layer allowed performing a Kolbe-Schmitt 
reaction at 1 bar of CO2 and rt.[182] This was achieved by the high CO2 concentration accumulated by 
adsorption to the framework. Interestingly, the regioselectivity was inverted compared to the usually 
applied reaction conditions (> 125 °C, > 80 bar CO2). In a different system, the adsorption of CO2 by a 
Cd-MOF allowed the carboxylative cyclization of multiple propargylamines at 5 bar and 60 °C.[183] 
Another Zn-based MOF allowed the cycloaddition of propylene oxides to yield propylene carbonates 
at 1 bar CO2 and 100 °C due to its high affinity to CO2.[184]  

 

1.2.5. Lewis Acid Catalysis by Metal-Organic Frameworks 

Electron pair acceptors and donors are termed Lewis acids (LAs) and bases (LBs) following Gilbert 
Newton Lewis’ concept that “the basic substance furnishes a pair of electrons for a chemical bond, 
the acid substance accepts such a pair.”[185] While this theory was published almost a century ago, it 
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is still crucial to modern organic chemistry. LAs show activity in promoting a plethora of chemical 
reactions, including the Diels-Alder reaction, the ene reaction, the Friedel-Crafts reaction, and the 
Mukaiyama aldol synthesis. In such cases, the functional groups are activated by simple LAs, like AlCl3, 
TiCl4, and SnCl4,[186] which act as homogeneous catalysts. However, heterogeneous LAs such as 
zeolites,[187] metal oxides,[188] and MOFs[123, 189] are also known. 

 

1.2.5.1. Lewis Acidity in Metal-Organic Frameworks 

A variety of methods to introduce Lewis acidic sites into MOFs exist. Among these, the creation of 
CUSs by solvent removal is probably the most frequently used, leading to the activity of HKUST-1,  
M-MOF-74, and M-BTT. Missing linker defects, such as in UiO-66, are alternative centers for LA 
catalysis in MOFs.[123, 190] Defects may be introduced on purpose by substituting a fraction of the 
original linkers with truncated derivatives (e.g. substitution of benzenetricarboxylic acid with 
isophthalic acid in HKUST-1).[191] Alternatively, Lewis acidic sites may be created by careful linker 
design. For example, incorporating pyridinium moieties into the organic linker leads to a Lewis acidic 
framework.[192] 

The rest of this chapter provides selected examples of MOFs used as LA catalysts. The interested 
reader is referred to suitable reviews[123, 189] discussing the topic in more depth for comprehensive 
coverage. 

The catalytic activity of HKUST-1, exhibiting Cu-CUSs, was investigated in the cyanosilylation  
(Scheme 17, a) of aldehydes.[193] The experiments with benzaldehyde showed up to 55 % yield of the 
corresponding product in non-coordinating solvents, whereas the activity was insignificant in THF at 
the low temperature (40 °C) used. The heterogeneous nature of the reaction was demonstrated by a 
filtration experiment. The cyanosilylation of aldehydes of various sizes by Mn-BTT was reported in 
another publication.[194] Mn-BTT features CUSs in pores of 7 and 10 Å diameter, such that the product 
yield decreased from 98 to 18 % upon increasing the substrate size from benzaldehyde to  
[1,1’-biphenyl]-4-carbaldehyde, demonstrating the size-selectivity of the material. A similar size-
selectivity was found in the Mukaiyama-aldol reaction (Scheme 17, b) between various aldehydes and 
silyl enolates of different sizes. 

 

Scheme 17: Cyanosilylation (a) and Mukaiyama-aldol reaction (b) of benzaldehyde. 
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The influence of electronic linker properties was demonstrated in the cyclization of (+)-citronellal.[190] 
UiO-66 derivatives of seven 2-substituted BDC linkers (BDC-X, X = NH2, CH3, OCH3, F, Cl, Br, NO2) and 
BDC were synthesized, and their catalytic performances were compared. The reaction rate scaled 
linearly with the Hammett parameter σm, such that the nitro-modified material exhibited 56-fold 
higher activity than UiO-66. In agreement with the general activity trends observed in LAs, electron-
withdrawing groups led to stronger LA sites, displaying higher reaction rates. This example highlights 
the possibility of tuning the LA strength in MOF materials, which is not feasible in most other 
heterogeneous LAs. 

M-MOF-74 (M = Co, Cu, Mg, Ni) were used as catalysts to protect alcohols by 3,4-dihydro-2 H-pyran 
(Scheme 18).[121a] The LA strength of these frameworks follows the order: Mg > Ni > Co > Cu, whereas 
the concentration of CUSs decreased in the order: Ni > Co > Mg > Cu. The significant discrepancy 
between the theoretical concentration of CUSs and the reported values in combination with the lower 
BET surface area indicate partial pore collapse, incomplete solvent removal, or amorphous phase 
formation.[167] Mg-MOF-74 exhibited the highest activity in the tetrahydropyranylation of alcohols in 
agreement with the LA strength. The heterogeneous nature of the reaction was confirmed by 
centrifugation. 

 

Scheme 18: Alcohol protection by tetrahydropyranylation. 

 

1.2.5.2. Methods to Assess Characteristics of Lewis Acids 

The characterization of LAs with regard to their strength, accessibility, concentration, and hard/soft 
properties is crucial for the understanding of their catalytic activity and selectivity. Over the years, 
several methods to assess the strength of Lewis acidic sites were developed, and all of them require a 
probe molecule.[195] The used probe molecule depends on the type of acid site, material restraints, 
and the applied characterization method, usually infrared (IR) or nuclear magnetic resonance (NMR) 
spectroscopy. Typical probe molecules for IR spectroscopy include CO,[121b, 196] pyridine,[196a, 197] and 
ACN-d3,[121a, 196a, 196c, 197-198] while pyridine-15N, CO-13C, trimethylphosphine (oxide), and acetone-2-13C 
are employed in NMR spectroscopy.[195]  

Characterization by IR spectroscopy is usually performed by titration of the investigated material with 
a basic probe molecule. The strength is assessed by the shift of a characteristic band due to the 
modulated electron density upon the interaction with the LA. CO[121b, 196] and ACN-d3

[121a, 196a, 196c, 197-198] 
are suitable probe molecules for the characterization of Lewis acidic MOFs, whereas the relevant 
absorption bands of pyridine overlap with the ones of the aromatic linkers.[121b] The strength of a LA, 
when probed with CO, is assessed by the shift of the CO stretch vibration (ν(C≡O)), which depends on 
two counteracting mechanisms: The π-backdonation, causing a redshift of ν(C≡O) by populating the 
antibonding π*-orbital and the electrostatic interaction, expected to result in a blueshift.[199] Thus, 
assigning which material features the strongest Lewis acidic site is not always trivial.[196b] The analysis 
of the IR spectra is less complex when using ACN-d3 as a probe molecule. The nitrile group interacts 
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via the N electron lone pair with the LA, such that the interaction with a stronger acid results in a 
larger blueshift of ν(C≡N).[200] ACN-d3 is used because the spectral region of ν(C≡N) is complicated by 
a Fermi resonance between ν(C≡N) and a combination frequency (δs(CH3) + ν(C-C)) of the symmetric 
methyl deformation (δs(CH3)) and ν(C-C) in protonated ACN.[201] For most probe molecules, the 
number of distinct peaks in the region of interest corresponds to the number of adsorption sites, while 
the intensity of each peak allows the quantification of that site upon calibration. The site accessibility 
is usually probed by sterically more demanding base derivatives. 

The characterization of Lewis acidic sites by NMR spectroscopy is typically performed by pyridine-15N, 
CO-13C, trimethylphosphine (oxide), and acetone-2-13C. [195] The first two require low-temperature 
experiments to minimize the rapid exchange between multiple adsorbed states and the gas phase. 
The phosphorus compounds impose limitations due to their size, such that labeled acetone is 
frequently employed.[192, 194] In a magic-angle-spinning (MAS) solid-state (SS) 13C NMR experiment, the 
chemical shift of the carbonyl C is observed. The interaction with the electron-withdrawing LA site 
causes a downfield shift (towards higher ppm) of higher magnitudes, the stronger the LA. 

The Brønsted or hard/soft Lewis acid character can be assessed by studying the reaction of 11 to give 
12, 13, and 14 (Scheme 19). The rearrangement of 11 was investigated in the search for new synthetic 
pathways to anti-inflammatory compounds, and one discovered that only hard LAs yield the desired 
α-aryl propionic acid esters (13). Brønsted acids (BAs) hydrolyze the acetal to the corresponding 
ketone (12), while soft LAs favor the 1,2-alkoxy migration yielding 14.[121b, 202] In chlorinated solvents, 
13 might undergo halogen exchange to form the chlorinated analog.[121b] The formation of  
2-hydroxyethyl 2-phenylpropanoate instead of 13 was also reported.[202a, 202b, 203] Since the formation 
of the ester bond is decisive, these two additional products were also assigned to hard LAs. The lack 
of halogen scrambling between 11 and typical homogeneous LAs implies that the cleavage of the C-Br 
bond in 11 is irreversible.[202c] 

 

Scheme 19: Rearrangement reaction to assess the character of an acidic site qualitatively. 

 

1.2.6. MOF Catalysts in Hydroformylation 

MOFs find application in the hydroformylation reaction for the heterogenization of the catalyst to 
facilitate its recycling and separation. The vast majority of MOF-immobilized hydroformylation 
catalysts and the ones on alternative supports are based on Rh.[59, 204] 
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Rh@MOF-5 catalysts were synthesized by the adsorption of a Rh precursor onto three MOF-5 samples 
of differing particle sizes and tested in the hydroformylation of various olefins.[205] The heterogeneous 
catalysts exhibited lower activity when longer and sterically more demanding olefins were reacted, 
such that the hydroformylation of an olefin mixture displayed a significant size exclusion effect. Rh 
catalysts immobilized onto large MOF-5 particles exhibited higher conversion and chemoselectivity 
compared to the nano-sized Rh@MOF-5 catalysts. In a similar study, Rh was supported on MOF-5, 
IRMOF-3, MIL-77, and MIL-101. The resulting materials displayed noticeably different characteristics. 
The small-pore framework MIL-77 showed high catalytic activity at low regioselectivity selectivity  
(B/L = 1), suggesting the reaction occurred mainly at the external surface. In contrast, the conversion 
of the other materials was lower, while their linear selectivity was about threefold higher.[206] Further 
investigation of Rh@MIL-101 indicated the preferential adsorption of the catalyst to the microporous 
supertetrahedral sites.[207] The same strategy was used to prepare Zr-MOF-based catalysts (UiO-66, 
UiO-67, and MOF-808) to investigate the influence of the MOF topology on the product 
distribution.[80c] Rh@UiO-66, featuring small pores of 6 Å, exhibited a pronounced decrease in alkene 
conversion with increasing chain length, while the two larger-pore materials (UiO-67 and MOF-808) 
showed just a minor activity decrease. Rh@UiO-67 exhibited higher activity than Rh@MOF-808 
despite the smaller pores, leading the authors to assume that Rh preferentially adsorbs to the small 
pore cages in MOF-808. In another study, 3-phenylpropionaldehyde was coordinated to the missing 
linker defects in UiO-66, and the resulting material was modified by a Rh precursor. This catalyst 
showed 90 % chemoselectivity to the aldehyde compared to 50 % for Rh supported on pristine  
UiO-66.[208] 

A phosphotungstic acid (PTA)-containing derivative of Cr-MIL-101 (PTA-MIL-101(Cr)) was used in a 
catch-and-release system with RhH(CO)(PPh3)3. Under ambient atmosphere, Rh coordinates to PTA, 
whereas under reaction conditions, CO coordinates to the metal, resulting in a homogeneous catalyst. 
After the reaction, the catalyst recoordinates to PTA-MIL-101(Cr) upon the release of syngas pressure. 
This system allowed the successful recycling of the catalyst in six consecutive runs without loss in 
activity.[209] 

Nanoparticles of Rh were immobilized on ZIF-8, and this catalyst (Rh@ZIF-8) was used in the 
hydroformylation of linear olefins with various chain lengths and styrene. The catalyst was recycled 
five times without significant loss of activity.[210] Another publication reported the formation of Rh 
nanoparticles in ZIF-8. The material exhibited low activity in the case of styrene hydroformylation and 
a slight tendency towards the formation of the iso aldehyde from 1-decene. A filtration experiment 
proved the heterogeneous nature of the reaction.[211]  
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Figure 8: Linkers investigated by DFT as Rh ligands for the hydroformylation of 1-butene. 

A Mn-MOF containing dipyrazole linkers was metalated with Co and Rh species. The Rh catalyst 
showed complete conversion, total chemo- and high regioselectivity towards the branched product in 
the hydroformylation of styrene. Thus, the authors concluded that the pore structure exhibits little 
effect on the regioselectivity. Recycling experiments showed identical conversion and selectivity as Rh 
leaching proved to be insignificant by ICP-OES (inductively coupled plasma optical emission 
spectroscopy). Contrarily, the Co-functionalized material exhibited moderate conversion and 
chemoselectivity. The active species leached significantly, and the framework degraded during the 
reaction, making the Co catalyst unsuitable at the employed conditions.[212]  

In a theoretical study, five different ligands with O, N, and P as coordinating atoms were investigated 
by DFT for Rh-catalyzed 1-butene hydroformylation (Figure 8). The ligands were selected such that 
they can act as MOF linkers as well. The study showed that bisphosphines are ideal linker ligands based 
on their activity and linear selectivity.[213] 

In conclusion, despite early reports of MOF-based hydroformylation catalysts over ten years ago, most 
studies still prove concepts that do not use the full potential of MOFs. Introducing suitable ligands as 
linkers or by PSM would add the possibility of fine-tuning the steric and electronic characteristics of 
the active site. Co-based systems are not satisfactorily covered and deserve more attention.  

 

1.3. Conclusion 

Despite the industrial application of hydroformylation for over 80 years, the development of branched 
selective catalytic systems is still in its infancy. While functionalized olefins allow the transformation 
into the iso aldehyde with high selectivity, the reaction remains challenging for unfunctionalized 
substrates. This particular field requires the modification of expensive Rh catalysts with complex 
bisphosphine ligands. Co-based systems are much cheaper, and their price is less volatile, yet, they 
are currently not applied in branched-selective hydroformylation. 
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MOFs are an emerging class of materials, offering many handles to fine-tune their characteristics as 
required by the application. The small pores of MOFs induce several effects on the adsorbate phase, 
causing distinctly different properties from the bulk phase. Thereby MOFs alter the product 
distribution in catalytic reactions and allow alternative reaction mechanisms. Such effects make MOFs 
attractive candidates to provide heterogeneous catalytic systems not obtainable by any other 
material. One example might be the branched-selective hydroformylation of unfunctionalized olefins 
using a Co catalyst. Additionally, the nanoconfinement and possible Lewis acidic sites within MOFs 
might allow LA-catalyzed secondary reactions to take place, such that tandem HF-AC reactions 
become feasible. Studying nanoconfinement effects and their implications on the physical properties, 
such as density, of the adsorbate allow a deeper understanding of branched-selective 
hydroformylation. While the investigation of the LA strength’s role in tandem HF-AC provides 
additional insights into the reaction mechanism. 

 

1.4. Scope of the Thesis 

This thesis aims to exploit the unique adsorption effects of MOFs in Co-catalyzed hydroformylation. 
The confinement of olefins within the pores of Zn-MOF-74 and MOFs with UMCM-1 topology allows 
catalytic systems with performances unattainable by homogeneous catalysis and classical 
heterogeneous systems. These MOFs enhance the olefin density while simultaneously reducing the 
concentration of syngas components. Such conditions favor the formation of iso aldehydes by Co-
catalyzed hydroformylation of unfunctionalized olefins. Additionally, the availability of Zn CUSs in Zn-
MOF-74 enables the direct formation of α, β-unsaturated aldehydes via tandem HF-AC reaction. 

The thesis is structured in eight Chapters. Chapter 2 covers the characterization methods used and 
reports all the experimental procedures of substrate and catalyst syntheses and catalytic reactions. 
The selective formation of iso aldehydes by Co-catalyzed hydroformylation of olefins is described in 
Chapter 3. The unique selectivity originates from the addition of UMCM-1 derivatives and Zn-MOF-74. 
Chapter 4 offers additional insights into the role of Co adsorption and the influence of the crystallite 
size on the regioselectivity of MOF-modified hydroformylation reactions. Various aspects of the 
reaction, such as the temporal evolution of reaction products and regioselectivity, are also discussed. 
A selection of these results form the foundation for Chapter 5, which introduces a catalytic system 
based on Zn-MOF-74 and 1 to promote the tandem HF-AC reaction of 1-hexene. The origin of the 
catalytic activity towards the AC products is rationalized based on experimental and theoretical data. 
In Chapter 6, similar experiments were additionally performed with Mg- and Mn-MOF-74 to assess 
the influence of the Lewis acidic sites in the tandem HF-AC reaction. The LA sites are characterized in 
terms of acid strength, accessibility, and hard/soft character. The catalytic performances of the three 
materials are assessed based on the AC of heptanal and the tandem HF-AC of 1-hexene. The more 
efficient packing of olefins within specific MOF structures is proven experimentally in Chapter 7. It 
presents the effects of confinement on propene within the channels of Zn-MOF-74. The Chapter 
highlights the structural moieties involved in efficient olefin packing and discloses the structure of 
adsorbed propene, which results in a peculiarly high olefin density. Finally, Chapter 8 provides the 
conclusions from the presented results and a critical outlook on applying MOFs to modify the reaction 
environment by confinement effects. 
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2.1. Introduction 

This chapter provides a fundamental theoretical background of the most relevant characterization 
methods used in this work. It further describes the experimental procedures used for synthesizing and 
characterizing intermediates and materials and presents the respective characterization data. Finally, 
it outlines how the catalytic reactions were performed. 

 

2.2. Characterization 

2.2.1. Powder X-Ray Diffraction (PXRD) 

Diffraction describes an elastic scattering process occurring when light interacts with a slit or an object 
of similar size as the wavelength. A crystal is a regular array of molecules, atoms, or ions with a 
distance of a few Ångströms between the elemental entities, requiring electromagnetic waves of 
comparable wavelengths for a diffraction experiment. X-rays are a high-energetic fraction of the 
electromagnetic spectrum with wavelengths between 10-11 and 10-8 m and are thus suitable. If 
monochromatic X-ray radiation interacts with the electron cloud of a crystal and the requirement of 
Bragg’s law are met, the resulting constructive interference will contribute to the diffraction pattern 
of the material. 

Bragg’s law: 2 𝑑 sin 𝜃 = 𝑛 𝜆 

In Bragg’s law, d is the interplanar distance, θ the angle of incidence, n the diffraction order (n = 1, 2, 
3, …), and λ the wavelength. 

A single crystal diffracts the primary X-ray beam in a characteristic fashion, dependent on the 
orientation and the crystal properties, onto a 2D detector. By varying the crystal orientation, multiple 
2D projections can be merged, allowing the determination of the electron density in the crystal and, 
thus, its structure. A crystalline powder can be considered as many crystals in different, ideally 
random, orientations, giving rise to diffraction rings by overlapping diffraction spots of the individual 
crystallites. Without any loss of information, the 2D diffractogram can be transformed into a 1D 
representation, plotting the scattered intensity as a function of 2θ. Thus, these are the only 
parameters collected by a PXRD instrument, simplifying the setup and lowering the costs compared 
to single-crystal diffractometers. PXRD experiments allow for verifying the targeted crystalline phase, 
identifying phase impurities, changes in the unit cell parameters, and estimating the crystallite size. 
The assessment of the crystallite size is possible using the Scherrer equation: 

𝜏 =  
𝐾 𝜆

∆ cos 𝜃
 

Where τ is the mean crystallite size, K a shape factor (≈ 1), λ the wavelength and θ the angle of 
incidence of the X-ray radiation, and Δ the line broadening (full width at half maximum, FWHM).  
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In this work, PXRD experiments were measured in Bragg-Brentano geometry using a Bruker D8 
Advance diffractometer equipped with a Lynxeye XE detector. Monochromatic X-ray radiation of 
λ=1.541 Å, generated by a Cu anode, was used to record data with 0.02 ° steps in a range of 2–25 ° or 
4–40 ° 2θ, depending on the material. The crystallite sizes were determined using a tool in the 
software, implementing the Scherrer equation with K = 1. 

 

2.2.2. Neutron Powder Diffraction (NPD) 

Neutron diffraction also follows Bragg’s law. The similarity to XRD is founded on the particle-wave 
duality, allowing to describe neutrons as waves by the de Broglie relation:  

𝜆 =  
ℎ

𝑝
 

Where λ is the particle’s wavelength, h Planck’s constant, and p the particle’s momentum. Neutrons 
feature de Broglie wavelengths of similar magnitude as X-rays and are thus suitable for diffraction 
experiments. The differing properties of neutrons compared to X-ray radiation make the two 
diffraction methods complementary. While electrons and X-rays interact with the electron cloud of 
atoms and ions, neutrons are scattered by the nucleus. Contrary to the two former methods, this 
allows discrimination of neighboring elements in the periodic table, even isotopes, and diffraction on 
light elements like H. The coherent scattering length is isotope-specific and does not follow a general 
trend with higher atomic weight in contrast to electrons and X-rays. Since neutrons are neutral 
particles, they can penetrate matter deeply and do not ionize the sample, allowing the 
characterization of fragile species. For example, two meters of lead are required to reduce the neutron 
intensity to 50 %, allowing to study running motors.[214] 

Neutrons can be produced by the spallation of heavy elements and nuclear fission, and their 
wavelength is tuned by moderators. In both cases, the flux is much lower than at a synchrotron, 
requiring relatively large amounts of sample and long acquisition times. NPD yields similar information 
to PXRD but is not restricted to heavier elements. The structure of hydrocarbons within porous 
materials can be determined in combination with Rietveld analysis or simulated annealing.[168] 

Data on a series of propene-loaded Zn-MOF-74 were collected during in situ experiments conducted 
at the HRPT beamline at the SINQ facility, Paul Scherrer Institute,[215] using a dedicated sample 
environment. Data were collected at −47 °C with a propene loading of 0, 1, 2, 4, 6, and 8 mmol/g and 
at −272 °C to pinpoint the adsorbate at 8 mmol/g loading. Each measurement was scheduled for 8 h 
and monitored by a series of NPD scans collected at a wavelength of 1.886 Å and registered in a range 
of 5–160° 2θ. 

The model of the MOF was refined in the space group R-3 against data of the activated framework. 
The baseline of each dataset was defined using the program Lines.[216] The simulated annealing 
algorithm implemented in Topas 7[217] was used to initially locate the propene molecules within  
Zn-MOF-74. Four propene molecules, defined as rigid bodies, were placed randomly in the unit cell 
and moved around by changing their positions, orientations, and free torsion angles. The resulting 



36 
 

output model was used for the Rietveld refinement of the data sets. The same instrumental function 
was refined against all collected data. The peak shape was fitted with the pseudo-Voigt function. 

 

2.2.3. Nitrogen Physisorption 

N2 physisorption allows the determination of several adsorbent properties, including surface area, 
pore size distribution, and pore volume. During the experiment, the material is equilibrated against 
N2 pressures at 77 K, and the amount of adsorbed N2 is monitored. The mentioned properties are 
derived from several models and are not obtainable directly from the isotherm. 

IUPAC distinguishes three pore size categories: micropores (< 2 nm), mesopores (2–50 nm), and 
macropores (> 50 nm). The isotherms of materials differ in shape depending on the pore size 
distribution and the porosity of the materials. IUPAC suggested a set of model isotherms such that 
most porous materials can be assigned to one of the six isotherm types (Figure 9).[218] 

 

Figure 9: IUPAC’s physisorption isotherm types. Adapted from reference.[218] 

Type I isotherms are characteristic for microporous materials with a low external surface, such that 
the uptake is limited by the accessible micropore volume. Type II and IV isotherms are indicative of 
macro- and mesoporous materials allowing multilayer adsorption, while the hysteresis loop in type IV 
is a consequence of capillary condensation.[218] 

The most popular approaches to calculate the specific surface area from a physisorption experiment 
employ the Langmuir[219] and the Brunauer-Emmett-Teller (BET)[220] models. The Langmuir model 
originates from chemisorption and assumes monolayer adsorption to equivalent sites, which is very 
rarely the case in physisorption.[221] Still, the Langmuir model is frequently used to describe type I 
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isotherms, yielding overestimated surface areas.[222] BET theory corrected this shortcoming by 
considering multilayer adsorption in the simplified model and is still the most widely used method for 
the experimental determination of the surface area. A suitable fraction of the isotherm is 
representable by the linear function: 

𝑝

𝑉௔ௗ௦ (𝑝଴ − 𝑝)
=  

1

𝑉ெ  𝐶
+  

𝐶 − 1

𝑉ெ  𝐶
 ൬

𝑝

𝑝଴
൰ 

With p and p0 corresponding to the equilibrium and the saturation pressure, respectively, Vads to the 
adsorbate volume at p, VM is the adsorbate volume required for a complete monolayer, and C is the 
BET constant. The latter is exponentially dependent on the heat of adsorption difference between the 
first and all other adsorbate layers. The slope and the intercept yield VM and C, which allow the 
estimation of the BET surface area (SBET) as: 

𝑆஻ா் =  𝑉ெ  𝑁 𝜎 

Where N is Avogadro’s number and σ the cross-sectional area of an adsorbate molecule. The BET 
model must be applied to a linear region of the BET plot. A range of 0.05–0.30 p/p0 was suggested to 
yield comparable results.[223] However, this range is not suitable for microporous materials because 
linearity breaks down at lower relative pressures,[221] such that multiple surface areas from a single 
isotherm were reported.[110] In order to remove any ambiguity in the case of various linear BET plot 
portions, four consistency criteria were proposed:[221] 

1) C should be positive 
2) Vads (p0 - p) should increase continuously 
3) The pressure corresponding to VM should be within the selected pressure range 

4) This pressure should be close to ଵ

√஼ାଵ
 

For example, the N2 physisorption isotherm of UMCM-1-NH2 (vide infra, Figure 12, right) is considered. 
The consistency plot (Figure 10, left) and the application of criterion 2 identify 0.05–0.1 p/p0 as a 
suitable range, yielding a linear BET plot (Figure 10, right) from which C and VM are deduced as 180 
and 880 cm3/g, respectively. The relative pressure corresponding to an uptake of VM (0.064) is within 
the selected range and agrees well with the calculated pressure (0.069). The resulting BET surface area 
of 3800 m2/g is thus in accordance with all four consistency criteria. 

           

Figure 10: Consistency (left) and BET (right) plot of the N2 physisorption isotherm of UMCM-1-NH2. 
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The high surface area and potential strong adsorption sites, like CUSs in MOF-74 derivatives, make 
MOFs good adsorbents of solvents and humidity. Proper removal of adsorbates by a thermal 
treatment in vacuum is required to ensure correct and reproducible BET surface area values. Materials 
in this work were activated overnight at 0.20 mbar and 120–250 °C, depending on the framework, 
using a Micromeritics VacPrep 061 sample preparation device. UMCM-1 materials were activated at 
120 °C, while all other materials were desolvated at 250 °C. The weight loss due to activation was 
considered for the calculation of molar amounts of materials, and the N2 physisorption experiments 
were conducted on a Micromeritics 3Flex instrument. 

 

2.2.4. Nuclear Magnetic Resonance (NMR) Spectroscopy 

The application of a strong external magnetic field (B0) cancels the energetic degeneracy of states with 
different nuclear magnetic moments (μ). These energy differences are typically on the order of several 
tens to hundreds MHz and are probed by NMR spectroscopy. The number of states of distinct nuclear 
magnetic moments depends on the nuclear spin (I), a purely quantum mechanical property governed 
by the number of protons and neutrons constituting the nucleus. Nuclei comprising even numbers of 
protons and neutrons ( C, O଼

ଵ଺
଺

ଵଶ ) feature I = 0 and are therefore not suitable for NMR spectroscopy. 
The combination of an even number and an odd number of protons and neutrons leads to nuclei of 

half-integer nuclear spin (e.g. 𝐼( Hଵ
ଵ ) =  

ଵ

ଶ
), whereas odd numbers of protons and neutrons give rise to 

integer nuclear spin (e.g. 𝐼( N଻
ଵସ ) =  1). For a nucleus with nuclear spin I, 2I + 1 states of different 

magnetic moments result. In the simplest case (i.e. I = ଵ

ଶ
), two energetic levels with the magnetic 

moment in parallel and antiparallel orientation to the external magnetic field result. The energy 
difference between these two states, known as Zeeman splitting, is given by: 

∆𝐸 =  −𝛾
௛

ଶగ
 𝐵଴ or 𝜈଴ =  

ି ఊ

ଶగ
 𝐵଴ 

Where γ is the nuclear gyromagnetic ratio and h Planck’s constant. Upon interaction of the nuclei with 
electromagnetic radiation of appropriate energy, they can be promoted to the higher-lying state. The 
Larmor frequency (ν0) depends on the gyromagnetic ratio (i.e. nucleus) and the external magnetic field 
(i.e. instrument), whereas the Boltzmann distribution describes the populations of the two states. The 
populations are almost identical due to the small energetic difference, making NMR spectroscopy a 
rather insensitive method as the signal strength is proportional to the population difference. The 
signal can be enhanced by using stronger magnets, probing nuclei with high gyromagnetic ratio and 
natural abundance (or employing labeled species), and acquiring spectra at lower temperatures. 

The exact frequency of a nucleus within a molecule depends on the local magnetic field the atom or 
ion experiences. The local electronic structure causes multiple effects, which reduce the effective field 
on the nucleus by shielding it from B0. The shielding magnitude is dependent on the electron density, 
making NMR spectroscopy a suitable method to characterize the local environment of a nucleus. Since 
the shielding is proportional to B0, NMR spectra can be reported on a relative scale, δ in parts per 
million (ppm), indicating the resonance frequency shift (chemical shift) compared to a reference 
compound and making the scale independent of B0 (i.e. instrument). The wide range of gyromagnetic 
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ratios, paired with the minor shielding effects, make NMR spectroscopy an isotope-selective 
characterization method. 

In contrast to dissolved samples, where Brownian motion and tumbling average the anisotropic 
electronic environment regarding the external magnetic field, the chemical shift of solid-state samples 
depends on the molecule’s orientation relative to B0. This leads to broader and more complex signals 
with multiple contributions, depending on the local symmetry. The tensor components can be 
averaged by rotating the sample at high frequencies (kHz) at the magic angle (54.74 °) relative to B0. 
This technique is called magic angle spinning (MAS) NMR spectroscopy. 

1H and 13C NMR spectra of dissolved samples were recorded on a Bruker AV III-300 or a Magritek 
Spinsolve 60 spectrometer at rt. The spectra were referenced to the signals of tetramethylsilane (TMS, 
δH = 0 ppm) or residual solvent peaks (CDCl3 δH = 7.26 ppm, δC = 77.16 ppm; DMSO-d6 δH = 2.50 ppm, 
δC = 39.52 ppm). 13C NMR spectra of acetone-charged MOF-74 samples were acquired on a Bruker 
AVANCE AMX-400 spectrometer. Samples were obtained by exposing the activated MOFs to the vapor 
pressure of acetone-2-13C at rt for 10 min. Then, the samples were packed in a zirconium oxide rotor 
of 4 mm diameter in a glovebox, and spectra were collected at a spinning rate of 10 kHz. A few drops 
of unlabeled acetone were added, and another data set was collected. Adamantine (δC = 38.2 ppm, 
CH2) was used as the external reference. 

 

2.2.5. Temperature-Programmed Desorption (TPD) 

During a TPD experiment, a solid is exposed to a gaseous adsorptive under defined conditions of 
pressure and temperature. The sample is then heated with a temperature program under inert gas, 
leading to the desorption of the adsorbate upon reaching a sufficiently high temperature. 
Qualitatively, the number of peaks is indicative of the number of distinct adsorption sites, where 
stronger adsorption sites require higher temperatures to desorb the adsorbate.  

The activation energy of desorption (EA_des) can be determined from a set of experiments conducted 
at varying heating rates (β). It can be shown that the temperature of a peak maximum Tp of a first-
order desorption process follows: 

𝑙𝑛 ቆ
𝛽

𝑇௣
ଶቇ = ln ቆ

𝐴 𝑅

𝐸஺_ௗ௘௦
ቇ − 

𝐸஺_ௗ௘௦

𝑅
 

1

𝑇௣
 

Where A is the preexponential factor and R is the universal gas constant. Therefore, plotting ln(β/Tp
2) 

versus 1/Tp yields a linear function where EA_des is deducible from the slope.[224] To obtain reasonable 
results, β must be varied over at least one order of magnitude.[224] It is important to note that this 
equation is only valid if the site coverage is identical for all experiments independent of β. These 
assumptions are reasonable for most desorption processes performed on saturated materials.[225] 
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TPD experiments were conducted on a Micromeritics AutoChem II 2920 chemisorption analyzer with 
He as carrier gas. Zn-MOF-74 (ca. 100 mg) was loaded and activated directly by a heat treatment in He 
at 250 °C for 30 min. Propene was dosed through a loop (100 µl) up to 20 times or until saturation of 
the material occurred. The same sample was used for all four temperature ramps, followed by a 
repetition of the first ramp to ensure the stability of the framework under the used conditions.  

 

2.2.6. Other Characterization Methods 

Reaction mixtures were analyzed by gas chromatography (GC) using an Agilent Technologies 6890 
Series GC System equipped with an HP-5 column (50 m) and a flame ionization detector (FID). 
Unidentified products were characterized by GC-MS (mass spectrometry) using electron ionization. 
An Agilent Technologies 7890 A GC Systems equipped with an HP-5ms column (30 m) combined with 
an Agilent Technologies 5975 C inert XL MSD was used to identify the unknown molecules using the 
internal database. 

Ultra-performance liquid chromatography was performed on a Waters Acquity System UPLC-QDa/UV 
equipped with an Acquity BEH C18 column with 50 mm x 2.1 mm x 1.7 μm. The used eluents were 
water + 0.025 % HCOOH (eluent A) and ACN + 0.025 % HCOOH (eluent B). The gradient covered 5 to 
98 % eluent B either in 1.4 min with a flow of 1.0 ml/min or in 3.5 min with a flow of 0.8 ml/min.  

The elemental composition was determined using a Horiba Ultima2 ICP-OES spectrometer. The 
samples were digested in a mixture of highly pure nitric acid (65 %, 1.5 ml) and hydrochloric acid (30 %, 
0.3 ml) or in highly pure piranha solution and subsequently diluted to an adequate concentration using 
1 % nitric acid. MOFs were separated from the liquid phase by filtration. 

X-ray photoemission spectroscopy (XPS) measurements were performed at the X07DB In Situ 
Spectroscopy beamline at the Swiss light source synchrotron. Linearly polarized light was used 
throughout the experiments. The photon energy was tuned to detect photoelectrons with 400 eV 
kinetic energy for each element (corresponding to approximately 1 nm mean escape depth). C 1s was 
used to align the energy scale (referencing the main peak to 284.6 eV). Zn-MOF-74 samples (few mg, 
pristine, activated, after 2.6.11) were pressed onto a silver mesh to obtain a thin and homogeneous 
pellet. The pellet was fixed to a manipulator and introduced into the analysis cell of the solid-gas 
interface endstation.[226] A constant pressure of 1 mbar (Ar) was kept during the experiments to 
mitigate the surface charging. All measurements were carried out at rt. 

IR spectroscopy was performed on the ATR (attenuated total reflection) cell of a Thermo Nicolet iS50 
spectrometer, measuring absorption from 400 to 4000 cm-1 with a resolution of 4 cm-1. 

In situ transmission IR spectroscopy was performed on the same spectrometer equipped with an 
operando cell (LCS, EnsiCaen) featuring KBr windows. Optical absorption was measured with the same 
parameters. Spectra of adsorbed ACN-d3 were obtained after subtraction of the activated M-MOF-74 
spectrum. M-MOF-74 were pressed into self-supported discs and activated at 250 °C in vacuum 
overnight. ACN-d3 vapor was delivered to the sample via a glass setup allowing the titration of the 
materials by multiple additions of a fixed gas volume at controlled pressures.  
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In situ ATR-IR spectra were conducted using a Bruker Vertex 70 spectrometer equipped with a liquid-
N2-cooled HgCdTe detector and a custom-made flow cell. Spectra were acquired between 800 and 
4000 cm-1 at a spectral resolution of 4 cm−1. The sample was prepared by loading a suspension of  
Zn-MOF-74 (ca. 5 mg) in EtOH (2 ml) on a trapezoidal ZnSe crystal (52×50×20 mm; Crystran) and 
allowing solvent evaporation. The spectrum of dissolved propene was obtained on the clean ZnSe 
crystal from the measurement of a saturated solution of propene in cyclohexane against the 
background of cyclohexane. Liquids were provided to the cell using an HPLC pump (Knauer Azura 
P4.1S). In the gas phase experiments, Ar was used to dry the MOF layer deposited on the ZnSe crystal 
as above, and then propene was added to the flow. Before the admittance of propene, a background 
spectrum of the dry MOF layer was collected in Ar. Ar and 5 vol% propene in Ar were admitted to the 
cell using calibrated mass flow meters (Bronkhorst) with a flow rate of 40 cm3/min. 

TGA of MOF samples was performed on a Netzsch STA 449 Jupiter TGA analyzer connected to an 
Omnistar GSD 320 Gas Analysis System mass spectrometer. Samples were heated at a rate of 2 °C/min 
in the range of 30–350 °C using 40 cm3/min of He as carrier gas.  

Propene physisorption experiments were performed on a Micromeritics 3Flex physisorption 
instrument. Zn-MOF-74 was activated at 250 °C for 20–24 h under vacuum on a Micromeritics VacPrep 
061 sample degas system before measurements, which were conducted at around −58 °C using a cold 
bath (dry ice in MeOH:water 60:40). 

 

2.3. Setups 

2.3.1. Autoclave and Continuous Sampling 

High-pressure experiments were conducted in premex andorra (60 ml) autoclaves equipped with 
three valves. The gas pressure was monitored by a pressure transducer (Swagelok), while a LabView 
program regulated the temperature. Gasses were fed via a system of tubes and four-way valves, 
allowing to provide four different gasses. For continuous sampling, the autoclave was equipped with 
a mechanical stirrer and a dip tube with a filter. The system was connected to an HPLC pump (Knauer 
Azura P4.1S) and a six-way valve (Vici), equipped with a loop (20 µl) and connected to the solvent, the 
sampling station, and the autoclave. If the reaction pressure was chosen sufficiently low for the safe 
operation of a Teflon flow, reactions could be monitored by a benchtop NMR spectrometer (Magritek 
Spinsolve 60). 
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Figure 11: Schematic of the continuous sampling setup used in this work with arrows indicating the direction of flow. 

 

2.4. Syntheses 

Unless stated otherwise, all chemicals were purchased from commercial suppliers and used without 
further purification. Air-sensitive reactions were performed using standard Schlenk technique or in a 
N2-filled glovebox. Solvents were dried over activated molecular sieves (3 Å) and sparged with Ar for 
these reactions. 

 

2.4.1. Syntheses of Organic Molecules 

2.4.1.1. Synthesis of 2-(1-bromoethyl)-2-phenyl-1,3-dioxolane (11) 

O

Br Br

OH
HO

p-TsOH, MS 3 Å

OO

12 11  

Scheme 20: Synthesis of acetal 11. 

Adapting a published procedure.[202a] 2-Bromo-1-phenylpropan-1-one (12, 1.52 ml, 10.0 mmol, 
1.0 eq.), ethylene glycol (2.5 ml, 45 mmol, 4.5 eq.) and 4-toluenesulfonic acid monohydrate (285 mg, 
1.5 mmol, 0.15 eq.) were dissolved in toluene (25 ml). Molecular sieve beads (15 ml) were added, and 
the reaction was heated to reflux for 6 h. The suspension was filtered, and the filtrate was washed 
with water (3 x 20 ml). The organic phase was dried over MgSO4, filtered, and concentrated under 
reduced pressure to yield the product as a slightly yellow oil after column chromatography (750 mg, 
2.92 mmol, 29 %). 1H NMR (300 MHz, CDCl3) δ 7.59–7.42 (m, 2H), 7.41–7.28 (m, 3H), 4.37 (q, J = 6.9 Hz, 
1H), 4.23–4.08 (m, 2H), 3.99–3.74 (m, 2H), 1.58 (d, J = 6.9 Hz, 3H). The spectroscopic data are in 
agreement with the literature.[227] 
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2.4.1.2. Synthesis of triethyl 4,4’,4’’-benezene -1,3,5-triyl-tribenzoate (15) 

 

Scheme 21: Synthesis of H3BTB. 

1,3,5-Tribromobenzene (3.07 g, 11.5 mmol, 1.0 eq.), 4-ethoxycarbonylphenylboronic acid (8.00 g, 
41.2 mmol, 3.6 eq.), and K3PO4 (5.06 g, 23.8 mmol, 8.3 eq.) were suspended in dioxane (290 ml). The 
mixture was degassed by bubbling Ar for 20 min before Pd(PPh3)4 (268 mg, 0.023 mmol, 2.0 mol%) 
was added, and the reaction was stirred for 20 h at 85 °C. Then, the solvent was evaporated, and the 
residue dissolved in dichloromethane (DCM) and water. The aqueous layer was extracted with DCM, 
and the combined organic layers were washed with aq. 10 % KHSO4 solution, dried over Na2SO4, 
filtered and the solvent evaporated. The crude was purified by recrystallization from ethyl acetate 
(EtOAc):DCM (10:1) to yield 15 as a grey powder (4.70 g, 8.99 mol, 78 % yield). 1H NMR (62 MHz, CDCl3) 
δ 8.39–7.97 (m, 6H), 7.97–7.50 (m, 9H), 4.43 (q, J = 7.1 Hz, 6H), 1.43 (t, J = 7.1 Hz, 9H). Spectroscopic 
data are comparable to the literature.[228] 

 

2.4.1.3. Synthesis of 4,4’,4’’-benzene -1,3,5-triyl-tribenzoic acid (H3BTB) 

Triester 15 (4.70 g, 8.99 mmol, 1.0 eq.) was dissolved in a mixture of tetrahydrofuran 
(THF):EtOH:water (2:1:1, 100 ml). Lithium hydroxide monohydrate (3.40 g, 80.9 mmol, 9.0 eq.) was 
added, and the reaction was stirred overnight at rt, followed by 3 h at reflux. The solvent mixture was 
removed under reduced pressure, and the residue was suspended in aq. NaOH (2 M). The suspension 
was filtered, and the filtrate was acidified by aq. HCl (37 %) to collect the precipitate upon filtration. 
The solid was washed with water and dried in a vacuum oven to yield H3BTB as a white solid (3.20 g, 
7.30 mmol, 81 % yield). 1H NMR (300 MHz, DMSO-d6) δ 8.09 (s, 3H), 8.06 (s, 12H). 13C NMR (76 MHz, 
DMSO-d6) δ 167.1, 143.8, 140.8, 130.0, 129.9, 127.4, 125.6. Spectroscopic data are comparable to the 
literature.[143] 
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2.4.1.4. Synthesis of methyl 5-bromo-2-hydroxybenzoate (16) 

 

Scheme 22: Synthesis of H4DOBPDC. 

5-Bromo-2-hydroxybenzoic acid (5.00 g, 23.0 mmol, 1.0 eq.) was dissolved in MeOH (230 ml). Sulfuric 
acid (5 ml, 93.8 mmol, 4.1 eq.) was added, and the solution was stirred at reflux for 22 h. The reaction 
mixture was allowed to cool down, before it was concentrated under reduced pressure. The 
concentrated solution was cooled in an ice bath to precipitate the product. It was filtered off and 
washed with cold water. The solid was dried in a vacuum oven to yield 16 as a white solid (3.08 g, 
13.3 mmol, 58 % yield). 1H NMR (62 MHz, CDCl3) δ 10.68 (s, 1H), 7.95 (d, J = 2.5 Hz, 1H), 7.53 (dd,  
J = 8.9, 2.5 Hz, 1H), 6.87 (d, J = 8.9 Hz, 1H), 3.95 (s, 3H). Spectroscopic data are comparable to the 
literature.[229] 

 

2.4.1.5. Synthesis of dimethyl 4,4′-dihydoxybiphenyl-3,3′-dicarboxylate (17) 

Methyl 5-bromo-2-hydroxybenzoate (16, 2.50 g, 10.8 mmol, 1.0 eq.), bis(pinacolato)diboron (1.51 g, 
5.95 mmol, 0.55 eq.), K2CO3 (4.49 g, 32.5 mmol, 3.0 eq.), Pd(OAc)2 (61 mg, 0.27 mmol, 2.5 mol%), and 
sSPhos (277 mg, 0.54 mmol, 5.0 mol%) were weighed into a three-necked flask equipped with a tab 
to Ar. The atmosphere in the flask was exchanged with Ar before degassed dioxane (70 ml) and water 
(1.95 ml, 108 mmol, 10 eq.) were added. The mixture was sparged with Ar for 15 min and stirred 
overnight at 40 °C. The resulting suspension was filtered, and the filtrate acidified with aq. HCl (37 %, 
1 ml) and washed with water (70 ml), causing the precipitation of some product. The mixture was 
filtered, and the organic and the aqueous phase separated. Solid product was washed from the filter 
with DCM (30 ml) and the organic phases were combined, dried over Na2SO4, filtered, and reduced to 
dryness.  
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The crude was purified by column chromatography to receive 17 as a white solid (1.08 g,  
3.58 mmol, 66 % yield). 1H NMR (300 MHz, CDCl3) δ 10.74 (s, 2H), 8.00 (d, J = 2.4, 2H), 7.65 (dd, J = 8.6, 
2.4 Hz, 2H), 7.05 (d, J = 8.6, 2H), 3.99 (s, 6H). 13C NMR (76 MHz, CDCl3) δ 170, 161, 134, 131, 128, 118, 
113, 53. GC-MS: 302 (M+). 

 

2.4.1.6. Synthesis of dimethyl 4,4′-dihydoxybiphenyl-3,3′-dicarboxylic acid (H4DOBPDC) 

Diester 17 (1.08 g, 3.58 mmol, 1.0 eq.) was suspended in aq. KOH (1 M, 50 ml) and dioxane (50 ml) 
and stirred at reflux for 3 h. The resulting mixture was allowed to cool down, filtered, and acidified 
with aq. HCl (37 %) until pH ~ 1. H4DOBPDC precipitated overnight and was filtered off and washed 
with water (10 ml) to yield a white solid (990 mg, 3.43 mmol, 96 % yield). 1H NMR (62 MHz, DMSO-d6) 
δ 11.65 (s, br, 2H), 7.96 (d, J = 2.4, 2H), 7.77 (dd, J = 8.5, 2.4 Hz, 2H), 7.02 (d, J = 8.5, 2H). Spectroscopic 
data are comparable to the literature.[175] 

 

2.4.2. MOF Syntheses 

MOFs were synthesized at rt and elevated temperatures, where conventional and microwave-assisted 
heating were used. After the synthesis, the MOFs were washed and dried. The reported MOF amounts 
were calculated from the weight loss occurring during activation of a fraction of the produced material 
and the measured mass of the MOFs before activation.  

 

2.4.2.1. Synthesis of UMCM-1-NH2 

The syntheses of UMCM-1 derivatives were performed based on a literature procedure.[143] 

H3BTB (424 mg, 0.97 mmol, 1.0 eq.), H2BDC-NH2 (487 mg, 2.69 mmol, 2.8 eq.), and Zn(NO3)2 · 6 H2O 
(3.20 g, 10.8 mmol, 11 eq.) were dissolved in DMF (100 ml). The resulting solution was split between 
ten crimp vials (20 ml), placed in a sand bath, and heated in an oven for 72 h at 85 °C. After cooling to 
rt, the beige, needle-shaped crystals were washed with fresh DMF (3 x 25 ml), followed by a solvent 
exchange over three days in chloroform (chloroform replaced every 24 h). The MOF was stored in 
toluene.  

The PXRD pattern (Figure 12, left) and the N2 isotherm (Figure 12, right) of UMCM-1-NH2 are 
comparable to the literature.[143] The BET surface area was 3800 m2/g. 
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Figure 12: PXRD pattern (left) and N2 isotherm (right) of NH2-UMCM-1 with squares and diamonds corresponding to the 
adsorption and desorption branch, respectively. 

 

2.4.2.2. Synthesis of MixUMCM-1-NH2 

A solution of H3BTB (636 mg, 1.45 mmol, 1.0 eq.), H2BDC-NH2 (244 mg, 1.35 mmol, 0.9 eq.), H2BDC 
(448 mg, 2.70 mmol, 1.9 eq.), and Zn(NO3)2 · 6 H2O (4.82 g, 16.2 mmol, 11 eq.) in DMF (150 ml) was 
split between 15 crimp vials (20 ml). Then, the same procure as for the synthesis of UMCM-1-NH2 was 
used, and the obtained beige crystals were stored in toluene. 

The PXRD pattern (Figure 13, left) and the N2 isotherm (Figure 13, right) of MixUMCM-1-NH2 agree 
with the ones in the literature.[149] The BET surface area was 2900 m2/g. 

The incorporation of H2BDC-NH2 was determined by dissolving the MOF (2–3 mg) in DCl in D2O (20 %, 
0.1 ml) and diluting it with DMSO-d6 (0.5 ml). This solution was analyzed by 1H NMR spectroscopy, and 
the H2BDC-NH2 percentage was determined as 28 %. 

 

           

Figure 13: PXRD pattern (left) and N2 isotherm (right) of MixUMCM-1-NH2 with squares and diamonds corresponding to the 
adsorption and desorption branch, respectively. 
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2.4.2.3. Synthesis of Zn-MOF-74 

Zn-MOF-74 was synthesized using the following procedure: H4DOBDC (1.80 g, 9.08 mmol, 1.0 eq.) and 
Zn(acac)2 · H2O (5.20 g, 18.5 mmol, 2.0 eq.) were dissolved in DMF (176 ml) and water (9 ml). The 
solution was split between three EasyPrep vessels (100 ml), which were placed in a Mars5 CEM 
microwave reactor and heated to 130 °C (20 min ramp) for 1 h yielding a yellow suspension. The solid 
was filtered off and washed with DMF (3 x 100 ml), EtOH (3 x 100 ml), and tert-butylmethylether 
(TBME, 3 x 100 ml). The yellow powder was then boiled in MeOH overnight, filtered off, and dried 
(2.22 g, 6.81 mmol, 75 % yield). 

The measured PXRD pattern (Figure 14, left) and the N2 isotherm (Figure 14, right) of Zn-MOF-74 agree 
with the reported ones.[105] The BET surface area was 1200 m2/g. 

           

Figure 14: PXRD pattern (left) and N2 isotherm (right) of Zn-MOF-74 with squares and diamonds corresponding to the 
adsorption and desorption branch, respectively. 

 

2.4.2.4. Syntheses of Various Zn-MOF-74 Materials 

The synthesis of Zn-MOF-74 reported in chapter 2.4.2.3. yielded the standard material used in all 
catalytic tests if not stated otherwise. This chapter reports the syntheses of Zn-MOF-74 materials with 
deviating crystallite size and mesoporosity. 

Zn-MOF-74-240: Zn-MOF-74 of smaller crystallite size was synthesized by a literature procedure.[163b] 
Zn(OAc)2 · 2 H2O (576 mg, 2.62 mmol, 2.6 eq.) was dissolved in DMF (10 ml) and stirred. A solution of 
H4DOBDC (200 mg, 1.01 mmol, 1.0 eq.) in DMF (5.3 ml) was prepared and dropwise added to the 
former solution. This mixture was stirred for 20 h at rt. The formed suspension was centrifuged, and 
the solvent was decanted. The solid was washed with DMF (3 x 20 ml) and MeOH (3 x 20 ml) to obtain 
the yellow material (241 mg, 0.74 mmol, 73 % yield).  

The PXRD pattern of Zn-MOF-74-240 (Figure 15, left) is comparable to the literature, while the N2 
isotherm displays reduced uptake (Figure 15, right).[163b] The BET surface area was 350 m2/g.  

Zn-MOF-74-920: Adapting a literature procedure,[231] a Zn-MOF-74 material of large crystallite size was 
synthesized. A solution of Zn(OAc)2 · 2 H2O (665 mg, 3.03 mmol, 3.0 eq.) in a mixture of 
DMF:EtOH:water (8:1:1, 5 ml) was prepared in a 20 ml crimp vial. A solution of H4DOBDC (200 mg, 
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1.01 mmol, 1.0 eq.) in the same solvent mixture (5 ml) is added dropwise under stirring. The vial was 
closed, placed in a sand bath, and heated to 125 °C for 4.5 h in an oven. The solvent was decanted, 
and the MOF was washed with DMF (3 x 20 ml) and MeOH (3 x 20 ml) to obtain the yellow product 
(106 mg, 0.33 mmol, 32 % yield).  

The PXRD pattern (Figure 15, left) and the N2 isotherm (Figure 15, right) of Zn-MOF-74-920 agree with 
the literature.[231] The BET surface area was 430 m2/g.  

Zn-MOF-74-370: This material was synthesized using a procedure similar to Zn-MOF-74-920 but with 
pure DMF. The PXRD pattern (Figure 15, left) of Zn-MOF-74-370 (yellow solid, 239 mg, 0.74 mmol, 
73 % yield) is comparable to the literature, while the N2 isotherm (Figure 15, right) displays higher 
uptake.[231] The BET surface area was 1000 m2/g. 

Zn-MOF-74-meso: Mesoporous Zn-MOF-74 was synthesized by a published procedure.[232] A solution 
of Zn(OAc)2 · 2 H2O (343 mg, 1.56 mmol, 3.1 eq.) in DMF (20 ml) was prepared. H4DOBDC (100 mg, 
0.51 mmol, 1.0 eq.) was dissolved in DMF (20 ml) and quickly added to the former solution under 
stirring. The resulting mixture was stirred for 15 min at rt. The mother liquor was decanted after 
centrifugation, and the yellow solid was washed with DMF (3 x 20 ml) and MeOH (3 x 20 ml) to obtain 
the yellow material (69 mg, 0.21 mmol, 42 % yield).  

In contrast to the literature,[232] the PXRD pattern (Figure 15, left) of Zn-MOF-74-meso is indicative of 
very small crystallites. The N2 isotherm (Figure 15, right) is characteristic for a mesoporous material, 
and is in good agreement with the reference. The BET surface area was 300 m2/g. 

           

Figure 15: PXRD patterns (left) and N2 isotherms (right) of various Zn-MOF-74 materials. Numbers in the sample names 
correspond to the crystallite size, estimated by the Scherrer equation from FWHM of the reflection at 7 °. Zn-MOF-74-meso 
exhibited mesoporosity, the other samples are called after their crystallite size. 

Table 1: Overview of the BET surface areas and crystallite size as estimated by the Scherrer equation on the first reflection of 
the Zn-MOF-74 materials. 

Material Name BET Surface Area [m2/g] Crystallite Size [Å] 

Zn-MOF-74 1200 790 
Zn-MOF-74-240 350 240 
Zn-MOF-74-920 430 920 
Zn-MOF-74-370 1000 370 
Zn-MOF-74-meso 300 110 
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2.4.2.5. Synthesis of Zn2(DOBPDC) 

An extended version of Zn-MOF-74 was synthesized by an adapted literature procedure.[126a] 
H4DOBPDC (137 mg, 0.50 mmol, 1.0 eq.) and ZnBr2 (anhydrous, 360 mg, 1.60 mmol, 3.2 eq.) were 
dissolved in a mixture of EtOH (25 ml) and DMF (25 ml). The solution was split between five 20 ml 
crimp vials, which were sealed and heated to 120 °C for 16 h in an aluminum block on a heating plate. 
The mother liquor was decanted, and the pale yellow solid was soaked in DMF (3 x 20 ml) and MeOH 
(3 x 20 ml) to yield the product (81 mg, 0.20 mmol, 40 % yield).  

The PXRD pattern of Zn2(DOBPDC) (Figure 16, left) is comparable to the literature, while the N2 
isotherm exhibits mesoporosity and a rather low BET surface area of 1600 m2/g.[126a]  

           

Figure 16: PXRD pattern (left) and N2 isotherm of Zn2(DOBPDC) with squares and diamonds corresponding to the adsorption 
and desorption branch, respectively. 

 

2.4.2.6. Syntheses of M-MOF-74 

Co-MOF-74: H4DOBDC (600 mg, 3.03 mmol, 1.0 eq) was dissolved in a solvent mixture (30 ml, 
DMF:EtOH:water, 1:1:1). A second solution of Co(NO3) 2 · 6 H2O (2.73 g, 9.39 mmol, 3.1 eq) was 
prepared in the same solvent mixture (30 ml). The two solutions were combined in a 100 ml EasyPrep 
vessel and stirred at 130 °C for 30 min in a microwave reactor. The brown solid was filtered off by a 
membrane filter and washed with DMF (30 ml), water (30 ml), EtOH (30 ml), and TBME (30 ml).  

Activation yielded black Co-MOF-74 (590 mg, 1.88 mmol, 62 % yield) with its PXRD pattern (Figure 17, 
left) and N2 isotherm (Figure 17, right) agreeing with the literature.[233] The BET surface area was 
1300 m2/g. 

Mn-MOF-74: Adapting a published procedure,[168b] a 500 ml three-necked flask was dried, and the 
atmosphere was exchanged to Ar. MnCl2 (anhydrous, 762 mg, 6.06 mmol, 2.5 eq.) and H4DOBDC 
(480 mg, 2.42 mmol, 1.0 eq.) were added and dissolved in MeOH (dry, degassed, 48 ml) and DMF (dry, 
degassed, 272 ml). The solution was transferred by a syringe to 16 crimp vials (20 ml) under Ar. The 
vials were placed in a sand bath and heated to 120 °C for 18 h in an oven. In a glovebox, the content 
of the crimp vials was combined in a Schott flask, and the mother liquor was decanted. The orange 
crystals were washed with DMF (3 x 50 ml over 2 days) and MeOH (3 x 50 ml over 5 days).  
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The PXRD pattern (Figure 17, left) of Mn-MOF-74 (orange solid, 603 mg, 1.98 mmol, 82 % yield) is 
comparable to the literature,[168b] while the N2 isotherm (Figure 17, right) discloses a small amount of 
mesopores. The BET surface area was 1300 m2/g. 

Mg-MOF-74: Following a reported procedure,[234] H4DOBDC (310 mg, 1.56 mmol, 1.0 eq.) and  
Mg(NO3)2 · 6 H2O (1.33 g, 5.19 mmol, 3.3 eq.) were weighed into a 250 ml Schott flask. A solvent 
mixture (DMF:EtOH:water, 15:1:1, 140 ml) was added, the solids dissolved, and the flask was heated 
to 125 °C for 21 h in a sand bath in an oven. The hot supernatant was decanted, and the flask was 
allowed to cool to rt. The formed yellow crystals were soaked in DMF (3 x 50 ml over 2 days) and 
MeOH (3 x 50 ml over a week).  

The PXRD pattern (Figure 17, left) of Mg-MOF-74 (yellow solid, 343 mg, 1.41 mmol, 90 % yield) is 
comparable to the reference,[234] while the N2 isotherm (Figure 17, right) displays slightly reduced 
uptake. The BET surface area was 1200 m2/g.  

           

Figure 17: PXRD patterns (left) and N2 isotherms (right) of M-MOF-74 (M = Co, Mg, Mn) with squares and diamonds 
corresponding to the adsorption and desorption branch, respectively. 

 

2.4.2.7. Synthesis of ZIF-8 

Based on a literature procedure,[235] Zn(NO3) 2 · 6 H2O (5.94 g, 20.0 mmol, 1.0 eq.) was dissolved in 
water (30 ml). A second solution of 2-methylimidazol (3.28 g, 38.8 mmol, 1.9 eq.) in aq. NH3 (25 %, 
48 ml) was prepared. The two solutions were mixed, leading to the immediate formation of a white 
precipitate. The reaction mixture was stirred for 10 min at rt before the solid was isolated by 
centrifugation and washed with water (3 x 20 ml) until pH ≈ 7.  

The PXRD pattern (Figure 18, left) and the N2 isotherm (Figure 18, right) of ZIF-8 (white solid, 2.00 g, 
8.78 mmol, 44 % yield) agree well with the literature.[235] The BET surface area was 1500 m2/g.  
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Figure 18: PXRD pattern (left) and N2 isotherm (right) of ZIF-8 with squares and diamonds corresponding to the adsorption 
and desorption branch, respectively. 

 

2.5. PSM of MOFs 

2.5.1. Incipient Wetness Impregnation  

MixUMCM-1-NH2 was activated at 100 °C under vacuum for 24 h. Zn-MOF-74 was activated in a round-
bottom flask at 200 °C under vacuum for 8 h. The MOFs were transferred to a N2-filled glovebox. A 
solution of Co2(CO)8 (99.2 mg, 0.29 mmol) in DCM (1 ml) was prepared and diluted with DCM (1.0 x, 
2.0 x, and 3.0 x, see Table 2). The resulting three solutions were slowly added to the MOFs via a 
syringe. MOFs were stirred carefully with a spatula to make the mixture as homogeneous as possible. 
The samples were allowed to dry for at least 8 h at rt in the glovebox before they were used for 
catalysis. 

Table 2: Synthetic conditions for the formation of Co-impregnated MOF materials. 

Sample Conc. 
Solution [M] 

Amount 
Solution [μl] 

Amount MOF 
[mg] 

Co loading wt% 
Co2(CO)8 

Co@MixUMCM-1-NH2-13 0.293 300 196.5 13 
Co@Zn-MOF-74-9.3 0.290 200 191.8 9.3 
Co@Zn-MOF-74-4.3 0.145 200 220.5 4.3 
Co@Zn-MOF-74-3.8 0.097 200 164.1 3.8 

 

2.5.2. Acetonitrile Adsorption onto M-MOF-74 (M = Mg, Mn, Zn) 

In the glovebox, activated M-MOF-74 (M = Mg, Mn, Zn, around 100 mg) were each placed into a 
scintillation vial. The samples were placed in a Schlenk flask containing dry acetonitrile (ACN, 5 ml). 
ACN in the Schlenk flask was frozen in liquid N2, and the flask was evacuated. The flask was allowed to 
warm to rt, and the MOF equilibrated against the vapor pressure of ACN for 5.5 h. In the glovebox, 
the MOF samples were taken out of the Schlenk flask, allowing the evaporation of excess ACN under 
dry conditions overnight. 
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Samples of Mg- and Zn-MOF-74 were digested in D2SO4 (0.05 ml) and DMSO (0.5 ml) in the glovebox, 
and the ACN loading analyzed by 1H NMR spectroscopy with reference to the linker protons. The ACN 
loading in the case of Mn-MOF-74 was analyzed by TGA. 

 

2.6. Catalytic Reactions  

2.6.1. Cobalt-Catalyzed Hydroformylation 

Important safety statement: CO is a toxic gas, and all manipulations should be carried out using a 
personal CO sensor in addition to a lab CO sensor. 

Zn-MOF-74 (20 mg, 43 µmol, 1 mol%, 30 % weight loss) was weighed into a 2 ml crimp vial and 
activated in vacuum at 150 °C for 20 to 24 h in a round-bottom flask equipped with a glass valve. After 
activation, the vials were transferred to a N2-filled glovebox. UMCM-1 derivatives (20 mg, 6.6 µmol, 
0.2 mol%, 70 % weight loss) were stored in the glovebox in toluene. They were dried with a pipette 
and weighed into 2 ml crimp vials. A solution of Co2(CO)8 (3.3 mg/ml, 0.12 mol%) in 1-hexene 
(8.0 mmol/ml, 1.0 eq.) was prepared. This solution (0.5 ml) was added to the crimp vials before they 
were sealed with new septa. 

The crimp vials were placed in an autoclave, which was then flushed with Ar. While continuing 
flushing, the autoclave was opened, and the septa were pierced with a needle. The autoclave was 
then pressurized with syngas (H2:CO = 1, 25 bar), and the system was heated to 100 °C, leading to a 
pressure increase to 30 bar. The reaction was allowed to occur for the indicated time before the 
autoclave was cooled below 30 °C. The pressure was released slowly. 

The content of the crimp vials was transferred into a 5 ml volumetric flask and filled with THF. The 
MOFs were extracted for 30 min before the supernatant (200 µl) was dissolved in the external 
standard solution (p-cymene 0.048 M in THF, 800 µl). This solution was analyzed by GC-FID and, upon 
appropriate dilution, by GC-MS. This procedure was generally used to characterize the product 
distribution unless stated otherwise. 

For the homogeneous reactions, the procedure was identical without the addition of the MOFs. 

Experiments with Zn-MOF-74 derivatives of different properties and Zn2(DOBPDC) were conducted 
following this procedure with 20 mg of material. The reaction products were analyzed by diluting the 
supernatant (20 μl) in EtOH (980 μl). This solution was analyzed by GC-FID. 

 

2.6.2. Substrate Scope Co-catalyzed Hydroformylation 

Zn-MOF-74 (0.1 eq. to the olefin) was weighed into a 2 ml crimp vial and activated in vacuum at 150 °C 
for 20 to 24 h in a round-bottom flask equipped with a glass valve. The activated material was 
transferred into a glovebox. UMCM-1 derivatives were stored in the glovebox and weighed in (1 mol% 
to the olefin) without activation. Co2(CO)8 (1.5 mol%) was dissolved in the olefin (500 μL), and the 
solution was added to the MOF. The crimp vials were placed in an autoclave, which was then flushed 



53 
 

with Ar. While continuing flushing, the autoclave was opened, and the septa were pierced with a 
needle. Syngas pressure (H2:CO = 1, 30 bar) was applied, and the autoclave was heated to 100 °C, 
leading to a pressure around 35 bar for 17 h. The autoclave was cooled below 30 °C before the 
pressure was released slowly. 

For the homogeneous reactions, the procedure was identical without the addition of the MOFs. 

Br and conversion were calculated using GC-FID with p-cymene as external standard. Oxo product 
(aldehydes and AC products) yield was calculated by measuring the mass of the raw product after the 
reaction and determining the purity by GC-FID. 

 

2.6.3. Recycling of MOFs 

After the first catalytic run, according to procedure 2.6.1, the MOF was filtered off and washed with 
CHCl3 (3 x 10 ml) in the case of MixUMCM-1-NH2. Zn-MOF-74 samples were washed with THF  
(3 x 10 ml) and EtOH (3 x 10 ml) before they were purified by Soxhlet extraction (5 days, THF). The 
purified MOFs were used for hydroformylation following the standard procedure (2.6.1). 

 

2.6.4. Hydroformylation with Co@MOF 

Co@MOF (amounts in Table 9) was added to a 2 ml crimp vial in a glovebox. 1-Hexene (500 μl, 
4.0 mmol, 1.0 eq.) was added to all vials before they were closed with a crimp cap. The crimp vials 
were placed in an autoclave, which was then flushed with Ar. While continuing flushing, the autoclave 
was opened, and the septa were pierced with a needle. The reactor was pressurized with syngas 
(H2:CO = 1, 30 bar) and heated to 100 °C, leading to a pressure of 35 bar. The reaction was performed 
for 17 h before the autoclave was cooled below 30 °C, and the remaining syngas pressure was slowly 
released. 

Br and conversion were calculated using GC-FID with p-cymene as external standard. 

 

2.6.5. Recycling of Co@MOF 

The procedure of the hydroformylation with Co@MOF (2.6.4) was followed until the removal of the 
crimp vials from the autoclave. The liquid was removed with a syringe under inert atmosphere, and 
the MOF was washed once with 1-hexene (1 ml). Fresh 1-hexene (500 μl, 4.0 mmol, 1.0 eq.) was 
added, the vials were closed, and the reaction was carried out as outlined in 2.6.4. 
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2.6.6. Reaction Monitoring of Hydroformylation Reactions 

Zn-MOF-74 (2.2 g, 4.07 mmol, 1 mol%, 40 % weight loss) was activated at 150 °C in vacuum in a round-
bottom flask overnight. A teflon tube running through a benchtop NMR spectrometer was connected 
to the continuous sampling setup between the HPLC pump and the six-way valve (Figure 11). The 
setup was flushed with 1-hexene (50 ml, dead volume around 5 ml, 39.8 mmol) before 1-hexene 
(35 ml, 279 mmol) was added to the autoclave. The substrate was degassed, and Co2(CO)8 (132 mg, 
0.39 mmol, 3.3 mg/ml, 0.12 mol%) and the activated MOF were added under Ar flow. Syngas  
(H2:CO = 1) was added (30 bar), and the reaction was heated to 100 °C, while a continuous feed of 
syngas allowed a stable syngas pressure of around 30 bar. After 24 h, the autoclave was cooled to 
below 30 °C, the syngas pressure was slowly released. 

The reaction was monitored by NMR spectroscopy and GC-FID. GC-FID samples were obtained by 
dissolving the reaction mixture (20 μl) in EtOH (1 ml). 

The homogeneous reaction was performed equivalently without the addition of the MOF. 

 

2.6.7. Aldol Condensation Reactions in Crimp Vials 

Zn-MOF-74 (20 mg, 43 µmol, 10 mol%, 30 % weight loss) was activated as described above and 
transferred to the glovebox. Co2(CO)8 (3.3 mg/ml, 1.3 mol%) was dissolved in a heptanal solution in 
hexane (0.7 M, 1.0 eq.). The catalyst solution (0.5 ml) was added to the crimp vials before they were 
sealed. 

The crimp vials were placed in the autoclave, which was then flushed with Ar. While continuing 
flushing, the autoclave was opened, and the septa were pierced with a needle. The autoclave was 
then pressurized to 25 bar with syngas (H2:CO = 1) and the system heated to 100 °C, leading to a 
pressure increase to 30 bar. The reaction was allowed to take place for 5 h before the autoclave was 
cooled below 30 °C, and the pressure was slowly released. 

Similarly, experiments were performed without the MOF, with neither MOF nor Co2(CO)8, and without 
the Co catalyst. 

 

2.6.8. Aldol Condensation Reactions in Crimp Vials (90 bar) 

Zn-MOF-74 (20 mg, 43 µmol, 10 mol%, 30 % weight loss) was activated as described above and 
transferred to the glovebox. Co2(CO)8 (8.0 mg/ml, 3.3 mol%) was dissolved in a heptanal solution in 
cyclohexane (0.7 M). The catalyst solution (0.5 ml) was added to the crimp vials before they were 
sealed. 

The crimp vials were placed in the autoclave, which was then flushed with Ar. While continuing 
flushing, the autoclave was opened, and the septa were pierced with a needle. The autoclave was 
then pressurized to 75 bar with syngas (H2:CO = 1) before the system was heated to 110 °C, leading to 
a pressure around 90 bar, for 16 h. Then, the reactor was cooled below 30 °C, and the pressure was 
slowly released. 
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Accordingly, experiments were performed without the MOF, with neither MOF nor Co2(CO)8, and 
without the Co catalyst. 

 

2.6.9. Reaction Monitoring of Aldol Condensation Reactions (30 bar) 

Zn-MOF-74 (2.2 g, 4.07 mmol, 3 mol%, 40 % weight loss) was activated overnight at 150 °C under 
vacuum in a round-bottom flask. 

A teflon tube running through a benchtop NMR spectrometer was connected to the continuous 
sampling setup between the HPLC pump and the six-way valve (Figure 11). The system was flushed 
with cyclohexane (50 ml, dead volume around 5 ml) before heptanal (16 ml, 115 mmol, 1.0 eq.) and 
cyclohexane (19 ml) were added to the reactor. The solution was degassed before the MOF and 
Co2(CO)8 (134 mg, 3.3 mg/ml, 0.39 mmol, 0.34 mol%) were added under Ar flow. Syngas (H2:CO = 1, 
30 bar) was added, and the system was heated to 100 °C for 20 h while keeping a constant pressure. 
Then, the autoclave was cooled below 30 °C, and the syngas pressure was carefully released. 

The reaction was monitored by NMR spectroscopy and GC-FID. GC-FID samples were obtained by 
dissolving the reaction mixture (20 μl) in EtOH (1 ml). 

The homogeneous reaction was performed equivalently without the addition of the MOF. 

 

2.6.10. Reaction Monitoring of Aldol Condensation Reactions (85 bar) 

Zn-MOF-74 (1.4 g, 3.45 mmol, 3 mol%, 20 % weight loss) was activated overnight at 150 °C under 
vacuum in a round-bottom flask. The autoclave system without the NMR flow cell (Figure 11) was 
purged with cyclohexane (50 ml, dead volume negligible). A solution of heptanal (14 ml, 101 mmol, 
1.0 eq.) in cyclohexane (21 ml) was prepared in the autoclave and degassed. Co2(CO)8 (112 mg, 
3.2 mg/ml, 0.33 mmol, 0.33 mol%) was added under Ar flow, and the reactor was pressurized with 
syngas (H2:CO = 1, 75 bar). The autoclave was heated to 110 °C leading to a pressure of 85 bar, and 
the reaction was monitored for 6 h. GC-FID samples were collected by dissolving the reaction mixture 
(20 μl) in EtOH (1 ml). Then, the autoclave was cooled below 30 °C, and the syngas pressure was 
carefully released. 

Similarly, the homogeneous reaction was performed without Zn-MOF-74 for 5 h. Even though the loop 
volume is fixed (20 µl), the amount of solvent added (1 ml) varied slightly, making a direct analysis 
impossible. Therefore, the yield was calculated based on the integral ratio between the aldehyde and 
the product, assuming that the response factor of one mole product is comparable to that of two 
moles heptanal. This assumption is supported by experiments with synthesized 2-pentylnon-2-enal 
and a commercial imitation (3-Tetradecanone). Furthermore, heptanol and heptanal were found to 
have very similar response factors. AC crimp vial reactions were analyzed as well by integral ratios for 
comparability. In the AC reactions in Chapter 6, heptanol was found and considered for the calculation 
of the yield. 
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2.6.11. Tandem Hydroformylation-Aldol Condensation Reactions in Crimp Vials 

Zn-MOF-74 (20 mg, 43 µmol, 1 mol%, weight loss 30 %) was activated as described above. The crimp 
vials were introduced to the glovebox, where a solution of Co2(CO)8 (8.0 mg/ml, 0.29 mol%) in  
1-hexene (8.0 mmol/ml, 1.0 eq.) was prepared. This solution (0.5 ml) was added to the crimp vials 
before they were sealed with new septa. 

The crimp vials were placed in the autoclave, which was then flushed with Ar. While continuing 
flushing, the autoclave was opened, and the septa were pierced with a needle. The autoclave was 
then pressurized with syngas (H2:CO = 1, 80 bar), and the system heated to the required temperature 
leading to a significant pressure increase. The reaction was allowed to take place for 16 h before the 
autoclave was cooled below 30 °C, and the pressure was slowly released.  

Accordingly, homogeneous reactions were performed by omitting Zn-MOF-74, while in reactions with 
Zn(acac)2, the masses were weighed in after potential drying at the stated temperature in vacuum for 
15–18 h (Table 3). For experiments with Co-MOF-74 and ZIF-8, 14 mg of the activated MOF were 
weighed into the crimp vials. 

Table 3: Masses of Zn sources used after drying at the indicated temperature. 

Zn source Drying Temp. [°C] Mass [mg] 

Zn(acac)2· 2 H2O - 25.6 
Zn(acac)2 65, 85[236], 110 22.6 

 

2.6.12. Tandem Hydroformylation-Aldol Condensation Reactions Using Various Lewis 
Acids 

In a glovebox, activated M-MOF-74 (M = Mg, Mn, Zn, 0.04 mmol, 1 mol%) were weighed into crimp 
vials (2 ml). A solution of Co2(CO)8 (8.0 mg/ml, 0.29 mol%) in 1-hexene (8.0 mmol/ml, 1.0 eq.) was 
prepared and added (0.5 ml) to each vial. The vials were sealed and placed in the autoclave, which 
was flushed with Ar before the septum was pierced with a needle under a flow of Ar. The vessel was 
charged with syngas (H2:CO = 1, 80 bar) and heated to 120 °C, leading to a pressure slightly below 
100 bar, for 16 h. Then, the autoclave was cooled below 30 °C, and the syngas pressure was carefully 
released. 

Homogeneous reactions were performed equivalently by omitting the addition of the MOF. 

 

2.6.13. Aldol Condensation Reactions Using Various Lewis Acids 

In a glovebox, activated M-MOF-74 (M = Mg, Mn, Zn, 0.04 mmol, 10 mol%) were weighed into crimp 
vials (2 ml). A solution of 1-heptanal in cyclohexane (0.7 M) was prepared, and Co2(CO)8 (8.0 mg/ml, 
3.3 mol%) was dissolved in it. This solution (0.5 ml) was added to each vial before it was sealed and 
placed in the autoclave. After flushing the autoclave with Ar, the septum was pierced with a needle 
under Ar flow.  
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The system was pressurized with syngas (H2:CO = 1, 80 bar) and heated to 120 °C, leading to a pressure 
around 100 bar, for 16 h. Then, the autoclave was cooled below 30 °C, and the syngas pressure was 
carefully released. 

Homogeneous reactions were performed equivalently by omitting the addition of the MOF. 

 

2.6.14. Rearrangement of 2-(1-bromoethyl)-2-phenyl-1,3-dioxolane (11) 

Following a published procedure.[202a] Activated M-MOF-74 (M = Mg, Mn, Zn, 100 mg) was weighed 
into a three-necked flask equipped with a tap and a stirrer under inert atmopshere. The flask was 
removed from the glovebox, connected to Ar, and fitted with a reflux condenser. 1,2-dichlorobenzene 
(50 ml) and a solution of acetal 11 (100 mg, 0.39 mmol) in the same solvent (0.66 ml) were added to 
the MOFs. The reaction was heated to reflux and stirred for 24 h. Then, the suspension was allowed 
to cool to rt, filtered, and concentrated in vacuo. The residue was analyzed by GC-FID and GC-MS upon 
appropriate dilution in ACN. GC-MS data were used to identify the different products,[121b] while GC-
FID data were used for the quantitative analysis under the assumption of identical response factors of 
the investigated reaction products.  
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Chapter 3 
 

Branched-Selective Hydroformylation by Adsorption-Driven 
Kinetic Modulation 
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3.1. Introduction 

The industrial hydroformylation reaction has been optimized to yield linear aldehyde isomers, which 
are further processed into plasticizers or detergent alcohols. The selective formation of branched 
aldehydes would allow the efficient synthesis of fine chemicals, but it is challenging. Most branched-
selective catalytic systems either rely on substrate-induced regioselectivity or employ complex ligands 
in Rh-catalyzed hydroformylation (Chapter 1.1.1.4). This chapter presents a simple procedure yielding 
branched aldehydes from unfunctionalized terminal olefins by exploiting the adsorption properties of 
MOFs. 

 

3.2. Results and Discussion 

3.2.1. Screening Experiments 

Several catalytic conditions were screened, aiming to maximize the yield of the branched product with 
1-hexene (18) as substrate and 1 as pre-catalyst to identify the highest branched selectivity obtainable 
in homogeneous catalysis. Preliminary reactions at different temperatures and pressures showed an 
optimum temperature at 100 °C – at higher ones, a significant amount of the isomerization of the 
olefin was observed – and 30 bar syngas due to the lower branched selectivity at higher pressures. 
The reaction mixture without MOF showed a conversion of 40 % with a branched selectivity (Br) of 
49 % (Table 4, entry 7). Br was calculated as the proportion of branched aldehydes on the total 
aldehydes (see formula below).  

𝐵𝑟 =  
[𝟏𝟗] + [𝟐𝟎]

[𝟏𝟗] + [𝟐𝟎] + [𝟐𝟏]
∗ 100 [%] 

The only way to exceed the 50 % selectivity threshold was to reduce the pressure to 19 bar, which 
resulted in 15 % conversion with 66 % selectivity (Table 4, entry 1) towards the branched products,  
2-methylhexanal (19) and 2-ethylpentanal (20), which were formed in a 3:1 ratio. Increasing the 
catalyst loading to 0.24 mol%, 0.60 mol%, and 1.2 mol% led to 61 %, >99 %, and >99 % conversion, 
respectively, with 51 to 54 % Br (Table 4). Only a narrow range of experimental conditions led to 
moderate branched selectivity at low conversion, consistent with kinetic studies.[52, 237] In 
homogeneous catalysis, the maximum branched selectivity is achieved by working in neat 18 at 100 °C 
and 19 bar syngas pressure (Table 4, entry 1). As demonstrated below, much higher branched 
selectivity is achievable by adding MOFs to the reaction mixture. 
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Table 4: Screening of reaction conditions in the homogeneous reaction at 100 °C, 17 h. 

 

Entry Catalyst 1 [mol%] Syngas pressure [bar] Conversion [%] Br [%] 

1[a] 0.12 19 15 66 
2[b] 0.12 23 24 45 
3 0.12 55 62 36 
4 0.12 94 66 32 
5 0.03 30 16 49 
6 0.06 30 35 46 
7 0.12 30 40 49 
8 0.24 30 61 54 
9 0.60 30 >99 54 
10 1.2  30 >99 51 

[a] 11 bar and [b] 7 bar of Ar were added to minimize substrate evaporation during the reaction. 

It was previously shown that MOFs with UMCM-1 topology can fully adsorb chiral Rh complexes within 
the pores of the frameworks leading to increased performance in the asymmetric hydrogenation of 
olefins.[143] The addition of UMCM-1 and UMCM-1-NH2 in the hydroformylation of 18 with 1 
(0.12 mol%) was tested (Table 5). All screening was performed at the conditions that gave around 
40 % conversion and 50 % selectivity in the pure homogeneous system at 100 °C, 30 bar syngas, in 
neat 18. MOFs with UMCM-1 topology (Figure 4) gave 60 %, 76 %, and 76 % Br, respectively, for 
UMCM-1, MixUMCM-1-NH2, and UMCM-1-NH2, all at around 25 % conversion.  

Table 5. Influence of MOFs on the selectivity and reactivity of the Co-catalyzed hydroformylation. Reaction conditions: 18 
(0.25 ml, 2.0 mmol), 1 (0.8 mg, 2.3 μmol, 0.12 mol%), MOF (7.8 μmol) syngas (H2:CO = 1, 30 bar), 100 °C, 17 h. 

Entry Additive Conversion [%][a] Br [%][b] 

1 None  40 49 
2 UMCM-1 32 60 
3 MixUMCM-1-NH2 24 76 
4 UMCM-1-NH2 20 76 

[a] The final reaction mixture contained hexene isomers, 19, 20, 21, and unknown compounds (≈ 2%) 
as detected by GC-FID and GC-MS. [b] 19:20 ratio = 3:1.  
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Table 6. Influence of MixUMCM-1-NH2 amounts and syngas pressures on the selectivity and reactivity of the Co-catalyzed 
hydroformylation. Reaction conditions: 18 (0.25 ml, 2.0 mmol), 1 (0.8 mg, 2.3 μmol, 0.12 mol%), various amounts of 
MixUMCM-1-NH2, indicated syngas (H2:CO = 1) pressures, 100 °C, 17 h. 

Entry MixUMCM-1-NH2 [mg] Syngas pressure [bar] Conversion [%] Br [%] 

1 3.7 30 36 75 
2 4.7 30 28 67 
3 8.0 30 24 76 
4 13 30 21 72 
5 5.1 19 10 71 
6 5.1 30 28 67 
7 5.1 61 42 51 
8 5.1 92 61 31 

 

A screening of the amount of MixUMCM-1-NH2 was performed by maintaining the concentration of 1 
at 0.12 mol% (Table 6). The branched products can be obtained in 75 % Br with a 19:20 ratio of 3:1 
and 36 % conversion (Table 6, entry 1). This remarkable improvement shows that good branched 
selectivity can be achieved while maintaining the conversion levels of homogeneous catalysis. ICP-MS 
showed that MixUMCM-1-NH2 adsorbed 73 % of the Co after reaction under the conditions in Table 
6, entry 1. Compared to the homogeneous reaction, the enhanced branched selectivity obtained by 
adding MixUMCM-1-NH2 was observed at pressures ranging from 19 bar to 61 bar (Table 6). The higher 
the pressure, the lower the overall branched selectivity, though (Table 6). One can increase the Co 
adsorption (up to 85 %) with pressures of 72 bar, whereas Co adsorbed to the MOF decreases to 67 % 
at 90 bar. A series of blank experiments with additives such as the linkers in the MOFs and different 
Zn sources were performed to rule out that leached species and defects enhance branched selectivity 
(Table 7). 

Table 7. Blank reactions with various Zn sources. Reaction conditions: 18 (0.25 ml, 2.0 mmol), 1 (0.8 mg, 2.3 μmol, 0.12 mol%), 
additive, syngas (H2:CO = 1, 30 bar), 100 °C, 17 h. 

Entry Additive Additive amount [mg] Conversion [%] Br [%] 

1 ZnO 2.2 41 53 
2 Zn(OAc)2· 2 H2O 3.5 9 51 
3 Zn(acac)2· H2O 2.2 5 64 
4 Zn(NO3)2· 6 H2O 6.3 11 48 
5 ZnCl2 2.5 11 62 
6 ZnSO4 · 7 H2O 4.0 21 47 
7 H3BTB 2.5 35 49 
8 H2BDC 2.1 37 54 
9 H2BDC-P(Ph)2 2.3 35 49 

 

Different MOF topologies were tested to understand the role of the MOF environment in such a 
change in selectivity. Zn-MOF-74 is superior to MixUMCM-1-NH2, giving 25 % conversion and 85 % Br 
(Table 8, entry 2) while absorbing 60 % of the Co. MOF-74 with other metals such as Mg gave 77 % 
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branched products at 8 % conversion, whereas Co-MOF-74 and Ni-MOF-74 both yielded around 55% 
branched aldehydes at 90 % and 44 % conversion, respectively. While Mg-MOF-74 is of little use since 
it lowers conversion dramatically and adsorbs a low Co percentage (≈ 20 %), Co-MOF-74 and Ni-MOF-
74 are reactive towards syngas and did not increase the branched selectivity. Al-MIL-101-NH2 and Cr-
MIL-101 were also tested, but they gave almost no conversion and killed the catalytic activity  
(Table 8).  

Table 8. Reactions with various materials added. Reaction conditions: 18 (0.25 ml, 2.0 mmol), 1 (0.8 mg, 2.3 μmol, 0.12 mol%), 
additive, syngas (H2:CO = 1, 30 bar), 100 °C, 17 h. 

Entry Additive Additive amount [mg] Conversion [%] Br [%] 

1 Zn-MOF-74 62 26 85 
2 Zn-MOF-74 31 25 85 
3 UMCM-1 8.0 32 60 
4 MixUMCM-1-NH2 8.0 24 76 
5 MixUMCM-1-NH2 3.7 36 75 
6 UMCM-1-NH2 8.1 20 76 
7 Mg-MOF-74 58 8 77 
8 Co-MOF-74 52 90 56 
9 Ni-MOF-74 59 45 55 
10[a] Al-MIL-101 6.2 <5 n/a 
11[a] Cr-MIL-101 5.7 <5 n/a 
12 MixUMCM-1-PPh2 4.5 22 67 
13 HCo(CO)3(MixUMCM-1-PPh2)[b] 6.4 9 50 

[a] The reaction was monitored after 17, 24, and 48 h with no change in results. [b] The material was 
directly added as catalyst without the addition of 1. 

 

3.2.2. Incipient Wetness Impregnation and Recycling of MOFs 

Both MixUMCM-1-NH2 and Zn-MOF-74 retained crystallinity after catalysis, as shown by PXRD (Figures 
19 and 20, left). The BET surface area of MixUMCM-1-NH2 changed from 2900 m2/g to 3000 m2/g after 
catalysis (Figure 19, right), whereas the one of Zn-MOF-74 decreased from 1000 m2/g to 150 m2/g 
(Figure 20, right). The lower surface area of Zn-MOF-74 after catalysis is likely caused by the adsorption 
of the catalyst and of organic products, such as aldol compounds, which could not be removed by 
extensive washing.  
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Figure 19: PXRD patterns (left) and N2 physisorption isotherm (right) of MixUMCM-1-NH2 before (black) and after (red) the 
hydroformylation reaction. 

           

Figure 20: PXRD patterns (left) and N2 physisorption isotherm (right) of Zn-MOF-74 before (black) and after (red) the 
hydroformylation reaction. 

Incipient wetness impregnation was attempted with pre-catalyst 1 in DCM to check whether the pre-
adsorbed metal would lead to higher selectivity. Once 18 was added to the impregnated MOFs, an 
intense coloration of the suspension to dark brown was observed in all experiments indicating that 
the Co complex was preferentially in solution. Catalytic results under such conditions showed up to 
47 % conversion and 68 % Br for UMCM-1-NH2 (Table 9, entries 3 and 4) and up to 63 % conversion 
and 68 % branched selectivity in the case of Zn-MOF-74 (Table 9, entry 6). The results show that higher 
selectivity can be obtained by adding the MOF to the reaction mixture rather than with pre-formed 
impregnated pre-catalyst. This is attributed to the relatively low chemical stability of 1[10a] and suggests 
that it is an intermediate of the catalytic cycle that preferentially adsorbs to the MOFs rather than the 
pre-catalyst. 
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Table 9. Reactions with various incipient wetness impregnated MOFs. Reaction conditions: 18 (0.5 ml, 4.0 mmol), catalyst, 
syngas (H2:CO = 1, 35 bar), 100 °C, 17 h. 

Entry Catalyst Co@MOF 
amount [mg] 

Co mol% Conversion [%] Br [%] 

1 Co@MixUMCM-1-NH2-13 7 0.17 37 61 
2 Co@MixUMCM-1-NH2-13 15 0.33 40 65 
3 Co@MixUMCM-1-NH2-13 20 0.46 41 68 
4 Co@MixUMCM-1-NH2-13 23 0.50 47 68 
5 Co@MOF-74(Zn)-9.3 20 0.30 50 60 
6 Co@MOF-74(Zn)-9.3 40 0.60 63 68 
7 Co@MOF-74(Zn)-4.3 19 0.13 16 51 
8 Co@MOF-74(Zn)-4.3 41 0.27 20 54 
9 Co@MOF-74(Zn)-3.8 19 0.11 7 52 
10 Co@MOF-74(Zn)-3.8 41 0.24 11 53 

 

MOFs were extensively washed, and their recyclability was tested in a second catalytic run at a syngas 
pressure of 30 bar and 100 °C. MixUMCM-1-NH2 showed 5 % conversion and 64 % Br, whereas  
Zn-MOF-74 exhibited 68 % selectivity at 35 % conversion. Branched selectivity decreased in both 
recycling experiments compared to the first run, but it was still higher than in the homogeneous 
reaction. Higher conversion could be obtained with Zn-MOF-74. All recycling results suggest that there 
are trace compounds that are hard to wash out and may modify the adsorption properties of the 
MOFs, causing lower selectivity, as also suggested by the N2 physisorption after catalysis (vide supra). 
The recycling of impregnated Co@MOF catalysts with minimal washing – to keep the Co catalyst inside 
the pores – resulted in inactive catalysts. 

 

3.2.3. Electronic Interactions 

There are two possible reasons why this selectivity enhancement is observed by adding certain MOFs 
to homogeneous catalysis: (1) either there is a bond between the Co complex and the MOF leading to 
a coordinative interaction, which consequently changes the reactivity of the active site or (2) the 
micropores of the MOFs alter the kinetics and energetics along the reaction pathway. 

A set of computational and experimental studies was performed to investigate what could cause the 
selectivity change. Co species 1 forms the active pre-catalyst 2 in the presence of syngas, and upon 
decoordination of one carbonyl group, the active catalyst 3 is formed. The interaction energies of both 
species within the pores of MOFs with UMCM-1 and Zn-MOF-74 topologies were modeled with 
density functional level of theory (DFT). The interaction energies between 2 and the MOFs with 
UMCM-1 and MOF-74 topologies are between +5.0 kJ/mol and −10.6 kJ/mol and, therefore, in the 
range of van der Waals interactions and not of a coordination bond. When inside the pores of the 
MOF, the formation of a MOF–Co(H)(CO)3 system can be envisioned, though. The stabilization energy 
of unfunctionalized UMCM-1–Co(H)(CO)3 is 14.6 kJ/mol and, therefore, negligible to form a 
coordinative bond. The functionalized UMCM-1-NH2 and Zn-MOF-74 stabilize the unsaturated 
complex 3 with 84–143 kJ/mol stabilization energy. Such energies are significantly lower than the 
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binding energy between CO–Co(H)(CO)3 (−262 kJ/mol and −258 kJ/mol for the axial and equatorial CO 
respectively) and 1-hexene–Co(H)CO3 (−221 kJ/mol), which are formed under reaction conditions. The 
DFT energies above suggest that it is unlikely that a coordinative bond between the unsaturated Co 
complex and the MOF is formed under catalytic conditions. The inactivity of MIL-101 might be 
explained by an electronic interaction between the CUS in the MOF and the Co catalyst. The 
detrimental effect of Al/amines and Cr on the activity in Co-catalyzed hydroformylation is described 
in the literature.[238] 

Further evidence that no electronic interaction is responsible for the selectivity change was provided 
by preparing MOFs that feature strong coordinative bonds with Co, such as phosphine MOFs  
(P-MOFs).[239] Such solid phosphine ligands can coordinate Co as supported by the literature[28] and by 
the calculated DFT P–Co binding energies (−223 kJ/mol). MixUMCM-1-PPh2 was synthesized and 
further tested in catalysis. The pre-formed HCo(CO)3(MixUMCM-1-PPh2) complex[240] formed 50 % 
branched aldehydes at 9 % conversion showing that the P–Co bond does not yield branched 
selectivity. The addition of such P-MOF to the hydroformylation of 18 showed no significant change 
to the previous results obtained by other UMCM-1 derivatives giving 67% branched selectivity at 22 % 
conversion (Table 8) while adsorbing 70 % Co, three times the molar amount of phosphino groups in 
the MOF. In this case, the catalyst that gives high selectivity is mostly not bound to the MOF. The 
evidence from simulation and experiments with P-MOFs strongly suggests that the cause of the 
branched selectivity is not likely coming from a coordinative interaction between the Co catalyst and 
the MOF materials. This is also intuitively supported by the mechanism of Co-catalyzed 
hydroformylation. Since the formation of the linear aldehyde is kinetically driven, any coordinative 
interaction between the catalyst and the support increases the steric hindrance around the Co and 
favors the formation of the linear aldehyde. 

 

3.2.4. Confinement Effects 

The application of MOFs closest to the industrial scale is gas storage. MOFs are so successful in storing 
gaseous molecules within their pores because the surface interaction between the material and the 
gas makes the packing of the molecules more efficient in the MOF micropores than in the gas 
phase.[241] This principle can be applied to catalysis as well. Many groups have claimed that adsorption 
effects can play a role in the enhanced activity of catalytic reactions within the pores of MOFs due to 
confinement,[180] a phenomenon that is known in zeolite catalysis.[242] To study the affinity of reactants 
and products with the different MOFs, a series of Monte Carlo simulations was set up where the 
homogeneous liquid solution was compared to the mixture inside the pores of the crystal. 

For each simulation, two periodic boxes, a cubic empty one and another reproducing the bulk crystal, 
were saturated with 18 molecules at 30 bar and 100 °C. The number of 18 molecules inside the pores 
of the frameworks was computed using GCMC simulations. Reactants and products (H2, CO, linear 21, 
and branched 19) were added at infinite dilution to the solvent, as one molecule per box.[243] During 
the simulation, all molecules were allowed to move according to the detailed balance at the imposed 
temperature but also to swap between the two simulation boxes: the pore volume of the crystal and 
the homogeneous system.[244] The affinity of the reactants and products with the MOF was measured: 
An average occupancy higher than 50 % for a reactive component confined in the framework’s pores 
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shows that it is more stable in the pores than in the homogeneous phase. The smaller this probability, 
the more stable the molecule will be in the homogeneous solvent. Table 10 shows the probability 
related to each MOF and component and the density of 18 inside the pores[245] relative to the 
homogeneous phase. 

Table 10. Affinities of the different species with the frameworks are reported as percentage occupancy (%occup.), which is 
related to the average number of molecules of that species in the MOF’s simulation box. The error is computed as the standard 
deviation over ten independent simulations. The third column reports the relative density of 18 (Rel. density) calculated in the 
pore volume with respect to the density observed in the homogeneous simulation box. 

Entry MOF 18 Rel. density H2 %occup. CO 
%occup. 

19 %occup. 21 %occup. 

1 UMCM-1 1.04 ± 0.01 40.0 ± 0.5 41.3 ± 0.5 64.0 ± 1.4 66.7 ± 1.5 
2 UMCM-1-NH2 1.04 ± 0.01 39.1 ± 0.1 40.8 ± 0.5 64.4 ± 2.2 67.2 ± 0.7 
3 Zn-MOF-74 1.14 ± 0.01 22.4 ± 0.7 21.9 ± 1.4 66.6 ± 1.9 68.9 ± 2.2 

 

The MOF’s confinement can affect the reaction in three ways: (1) an increase of the olefin density 
inside the pores, (2) a higher affinity with the products compared to the homogeneous phase, and (3) 
a lower affinity with the gas reactants. The calculations suggest that the first two effects are due to 
the stronger interactions of the substrate and the aldehydes with the framework, while the third 
observation is caused by the formation of fewer interstices in the confined MOF phase, which cannot 
be filled with small gas molecules. One can also note that both the linear (21) and branched (19) 
products have a similar affinity with the framework in all MOFs. This evidence excludes that the 
branched selectivity is due to a relative stabilization of the different products in the pores, as observed 
in similar systems.[246] 

 

3.2.5. Kinetic Modelling 

The Monte Carlo simulations demonstrate that the concentration of the reactants within the MOF 
micropores differs from that in the homogeneous phase. Higher 18 concentrations within the pores 
of the MOF than under neat homogeneous conditions are achievable. This is in line with gas storage 
findings and allows access to reaction conditions that are not usually achievable in homogeneous 
catalysis. Since the MOFs that increase branched selectivity adsorb most of the Co complex (vide 
supra), it is reasonable to assume that selectivity is determined within the micropores. The effect of 
such modified concentrations in the branched selective hydroformylation was qualitatively identified 
using published kinetic laws for the rates of formation of the branched (RB) and the linear (RL) 
aldehydes. The used rates have been empirically determined for the hydroformylation of propene 
with kB (110 °C) = 2.12 · 10-7 (m3 mol-1)1.94 s-1, KBCO (110 °C) = 1.35 · 10-2 m3 mol-1, kL (110 °C) = 2.01 ·  
10-7 (m3 mol-1)2.17 s-1, and KLCO (110 °C) = 8.014 · 10-3 m3 mol-1.[52] 

𝑅୆ =
𝑘୆ · [Hଶ]଴.ଷଶ · [CO] · [Coଶ(CO)଼]଴.଺ଶ · [alkene]

(1 + 𝐾୆େ୓ · [CO])ଶ
 

𝑅୐ =
𝑘୐ · [Hଶ]଴.ହହ · [CO] · [Coଶ(CO)଼]଴.଻ହ · [alkene]଴.଼଻

(1 + 𝐾୐େ୓ · [CO])ଶ
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A qualitative assessment of the effect of concentration within the pores of the MOF can be done by 
calculating RB/RL ratios relative to that calculated for standard homogeneous conditions. The 
assumption that the orders of the catalyst and the reactants are the same using 18 and propene under 
the same conditions is a good approximation since the overall rate is not dependent on the size of the 
linear terminal olefin.[247] The concentrations of H2 and CO at different pressures in 18 were calculated 
using the Soave modifications of the Redlich-Kwong equation.[248] The Monte Carlo simulation data 
presented above were used to calculate the concentrations of the reactants within the MOF pores. 
Figure 21, right shows the syngas pressure dependence of RB/RL in UMCM-1-NH2 (red) and Zn-MOF-
74 (blue) compared to the homogeneous reaction (black) and depicts how RB/RL at 15–25 bar increases 
within the pores of UMCM-1-NH2 and Zn-MOF-74, the latter being superior as supported by 
experimental results (vide supra). The local concentration of the different species and the – in part 
favored – isomerization of the alkene influence the rate of formation of the branched and the linear 
aldehydes. The MOF micropores create the right conditions to tune the concentration of the reactants 
and push the kinetic limit of the homogeneous reaction, favoring the formation of the branched 
aldehydes. The correlation between the experimental B/L ratios (Figure 21, left) and the calculated 
data (Figure 21, right) as a function of syngas pressure is evident. The deviations are more prominent 
in the Zn-MOF-74 case at high pressure and are caused by a lower Co uptake (36 % at 61 bar).  

           

Figure 21: Experimental B/L ratios with MixUMCM-1-NH2 (red) and Zn-MOF-74 (blue) and without MOF (black) relative to the 
homogeneous B/L ratio as a function of syngas pressure (left). Calculated relative rates of formation of the branched (RB) and 
the linear (RL) aldehydes in UMCM-1-NH2 (red) and Zn-MOF-74 (blue) and without MOF (black) referenced to the 
homogeneous reaction as a function of syngas pressure.  

In summary, MOFs can provide the right microporous environment to enhance branched selectivity 
by decreasing RL relative to RB because of concentration variations within their micropores. Not all 
microporous materials can push such limits since the material should adsorb the Co complex while 
minimizing the coordinative interaction with the catalyst and be inert towards syngas. 
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3.2.6. Substrate Scope 

Substrate scope was performed aiming at full conversion to show that this easy procedure can be 
applied to yield a range of non-functionalized branched aldehydes. Linear olefins with no directing 
groups from 18 to 1-nonene and but-3-en-1-ylbenzene underwent hydroformylation at 100 °C, 35 bar 
in neat conditions, and Co2CO8 (1.5 mol%) with high conversions and up to 90 % branched selectivity 
in 17 h (Table 11). The comparison of the results in terms of selectivity with the homogeneous system 
is staggering. An increase in branched selectivity was observed in all cases – often between 30 % and 
40 % – by simply adding a MOF to the reaction mixture. This demonstrates the flexibility of the 
protocol for olefins without directing groups.  

Table 11. Substrate scope of branched-selective hydroformylation of unfunctionalized olefins. Reaction conditions: Olefin 
(0.5 ml), 1 (1.5 mol%), MOF, syngas (H2:CO = 1, 35 bar), 100 °C, 17 h. 

 

Entry Olefin, R = 

Br [%] / Conversion [%] / Oxo products yield [%][a] 

MixUMCM-1-NH2
[b] Zn-MOF-74[c] No MOF 

1 C2H5
[d] 83 / 75 / 60 90 / 85 / 70 61 / 99 / 95 

2 C3H7
[e] 79 / 62 / 55 89 / 86 / 75 52 / 97 / 95 

3 C4H9
[f] 84 / 84 / 80 86 / 81 / 75 54 / 97 / 95 

4 C5H11
[g] 77 / 80 / 75 83 / 71 / 65 61 / >99 / 95 

5 Ph[h] 70 / 15 / 10[i] 81 / 49 / 40[j] 60 / 58 / 50[k] 
[a] Br and conversion were calculated using GC-FID with p-cymene as external standard. Oxo products 
yield was calculated by combining the mass of the raw product after the reaction and the purity 
determined by GC-FID. The oxo products were identified as aldehydes and AC products. [b] 
molMOF/molCo = 0.4 (110–150 mg). [c] molMOF/molCo = 3.3 (120–160 mg). [d] B1:B2:B3 ratio 
(homogeneous and MixUMCM-1-NH2) = 3:1:0. B1:B2 ratio (Zn-MOF-74) = 2:1:0. [e] B1:B2:B3  
ratio = 7:2:1. [f] B1:B2:B3 ratio = 7:2:1. [g] B1:B2:B3 ratio = 6:2:2. [h] B1:B2:B3 ratio = 7:1.5:1.5.  
[i] 11 % of hydrogenated olefin was detected by GC-FID and GC-MS. [j] 10 % of hydrogenated olefin 
was detected by GC-FID and GC-MS. [k] 5 % of hydrogenated olefin was detected by GC-FID and  
GC-MS. 
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3.3. Conclusion 

This study showed that the simple addition of Zn-containing MOFs with UMCM-1 and MOF-74 
topology to an unmodified Co hydroformylation catalyst yields branched aldehyde isomers with high 
selectivity. Such aldehydes can be used in the synthesis of fine chemicals. Suitable MOFs must adsorb 
the Co catalyst while being inert towards the reaction conditions. They act as microporous reactors 
and modulate the concentration of the substrates. The enhanced density of adsorbed 18 relative to 
the liquid phase and the concurrent reduction of the CO and H2 concentrations kinetically favor the 
formation of branched aldehydes. Thus, the concept was baptized adsorption-driven kinetic 
modulation (AKM). The underlying principle highlights that the application of MOFs to modulate a 
certain selectivity is not limited to branched-selective hydroformylation. Differing rates of formation 
of multiple products can be leveraged by the adsorption properties of a suitable MOF to increase the 
selectivity towards the desired product. Exploration of the substrate scope confirmed that Zn-MOF-
74 and MixUMCM-1-NH2 are applicable in the branched-selective hydroformylation of a wide range 
of terminal unfunctionalized olefins. 

While the presented data allow the identification of the origin of AKM, they do not provide insights 
on the temporal evolution of multiple reaction characteristics. The rate of adsorption of the Co 
catalyst, the branched selectivity as a function of reaction time and an additional effect of the addition 
of MOFs on the product distribution are described in the following chapter.  
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4.1. Introduction 

Chapter 3 demonstrated that UMCM-1-NH2 and Zn-MOF-74 increase the branched selectivity in the 
hydroformylation of unfunctionalized linear olefins with Co catalysts. The MOF’s adsorption 
properties act on the rates of formation RB and RL by modulating the local substrate concentrations 
and the concept was baptized AKM. The aim of this chapter is to gain a deeper understanding of this 
catalytic system. The objective is approached by time-resolved experiments to gain information on 
the temporal evolutions of product distribution, branched selectivity, and Co adsorption. Time-
resolved data allow insights into the interplay between Co catalyst adsorption to the MOF and 
branched selectivity. Furthermore, the promoting effect of the MOF addition on AC, a secondary 
reaction, is reported. 

 

4.2. Results and Discussion 

4.2.1. Product Distribution 

Ambient-pressure reactions on a small scale are monitored by collecting and analyzing samples of the 
reaction mixture at regular time intervals. The collection of samples becomes more challenging at 
elevated pressures. Existing setups[249] require performing the reaction on a relatively large scale in 
the context of academic catalysis research (10s of ml of reaction mixture). They are not suitable for 
the initial screening of materials. Releasing the syngas pressure to collect a sample and subsequent 
repressurization of the autoclave is not a viable option because of the instability of the catalyst at 
elevated temperatures in the absence of a CO pressure.[10a] Therefore, the product distribution as a 
function of time was initially monitored on a small scale by performing the same reaction (18 0.5 ml, 
Co2(CO)8 1.6 mg, MOF 20 mg, syngas H2:CO = 1, 30 bar, 100 °C) repeatedly, halting it at different 
reaction times. Analysis of the reaction mixtures by GC-FID yielded the plots in Figure 22 upon 
calibration against the external standard p-cymene. The mass balance indicated a loss of 10–20 % at 
reaction times longer than 16 h. A control experiment without the Co catalyst added, showed a loss 
of 10–15 %, which was entirely attributed to the evaporation of substrate 18. The discrepancy in the 
mass balance was therefore assigned to the evaporation of the olefin. 

Initially, the formation of branched aldehyde 19 and linear aldehyde 21 occurred at a similar rate, as 
demonstrated by the overlapping blue and green lines under all three reaction conditions (Figure 22). 
This behavior persisted in the homogeneous reaction. On the other hand, the reactions in the 
presence of MOFs displayed higher yields of 19 compared to 21 at reaction times longer than 4 h. The 
yields of 21 even decreased at reaction times longer than 8 h in hydroformylation reactions containing 
either MOF. In the case of added UMCM-1-NH2, the stable yield of 19 and 20 at 8–24 h of reaction 
time suggested catalyst deactivation after 8 h. The activity of the catalyst appeared to be comparable 
between the four reactions. The branched aldehydes displayed a maximum yield after 16 h, while the 
maximum yield of 21 was reached after 8 h in the Zn-MOF-74-modified reaction. The decreased yield 
of 21 in both MOF-modified reactions is explained by its consumption in a secondary reaction. 
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Figure 22: Product distributions as a function of reaction time in the Co-catalyzed hydroformylation of 18. 1-Hexene was 
converted to 2-methylhexanal (19, blue), 2-ethylpentanal (20, red), and heptanal (21, green). The latest undergoes AC to  
2-pentylnon-2-enal (22, purple). Reaction conditions: 18 (0.5 ml, 4.0 mmol), 1 (1.6 mg, 4.7 μmol, 0.12 mol%), MOF (20 mg), 
syngas (H2:CO = 1, 30 bar), 100 °C. 

The AC of aldehydes is a known secondary reaction of hydroformylation resulting in high-boiling C2n+2 
products from Cn olefins (Chapter 1.1.2.1). The formation of 2-pentylnon-2-enal (22, Scheme 23) was 
proven by GC-MS such that AC was identified as the occurring secondary reaction consuming 21. The 
yield of 22 was considerably higher in both reaction mixtures containing MOFs. Thus, a part of the 
branched selectivity in Chapter 3 results from the consumption of 21. The linear aldehyde reacts 
preferentially due to the reduced steric hindrance compared to the branched-chain isomers. The same 
trends were observed in the relative stabilities of enamines formed from linear and branched 
aldehydes.[250] 

 

Scheme 23: AC of heptanal (21) to 2-pentylnon-2-enal (22). 

The yield of AC product 22 is displayed in Figure 23 for the reactions without MOF and with UMCM-1-
NH2 and Zn-MOF-74. The yield of 22 in Figures 22 and 23 is shown as primary aldehyde equivalents, 
meaning if all 18 would undergo the reaction to 22, the depicted yield is 100 %. For all catalytic 
systems, the yield of 22 was below 0.2 % after 2 h of reaction. After 24 h, 4.2 and 4.6 % of 22 were 
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obtained in the Zn-MOF-74- and UMCM-1-NH2-modulated reactions, respectively, values that are 
almost fourfold higher than the yield of 22 in the homogeneous reaction (1.2 %) after the same 
reaction time. 

           

 

Figure 23: Yield of AC product 22 (red bars) and conversion of hexenes (black curve) as a function of reaction time. Reaction 
conditions: 18 (0.5 ml, 4.0 mmol), 1 (1.6 mg, 4.7 μmol, 0.12 mol%), MOF (20 mg), syngas (H2:CO = 1, 30 bar), 100 °C. 

The primary aim of this set of experiments was to gain insights into the temporal evolution of the 
branched selectivity in MOF-modulated hydroformylation reactions. Br at each data point in Figure 22 
was calculated according to the formula displayed in Chapter 3.2.1. The understanding that the 
formation of 22 leads to an overestimation of the hydroformylation regioselectivity necessitates the 
adaptation of Br. Considering 22 as linear aldehyde 21 yields the branched selectivity (BrAKM, see 
formula below), which describes the regioselectivity of the hydroformylation reaction.  

𝐵𝑟୅୏୑ =  
[𝟏𝟗] + [𝟐𝟎]

[𝟏𝟗] + [𝟐𝟎] + [𝟐𝟏] + [𝟐𝟐]
∗ 100 [%] 

BrAKM allows the estimation of the branched selectivity induced by AKM and separates it from 
contributions by AC. Figure 24 displays Br and BrAKM for each of the three catalytic systems as red and 
blue bars, respectively, as a function of reaction time. The values of Br varied between 53–58 % in the 
homogeneous reaction, while reaching 52–70 % and 53–79 % in the ones containing UMCM-1-NH2, 
and Zn-MOF-74, respectively. Considering the formation of 22, these values were adapted to 52–56 % 
in the homogenous reaction, 52–61 % with UMCM-1-NH2, and 53–72 % with Zn-MOF-74 added, 
respectively. The differences between Br and BrAKM highlight that the adaptation is more significant in 
MOF-modified reactions due to the higher yields of 22 (vide infra). The influence of the MOF became 
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apparent at shorter reaction times in catalytic systems comprising UMCM-1-NH2 compared to the 
ones with Zn-MOF-74. This may be attributed to the faster adsorption of the Co catalyst to UMCM-1-
NH2, as shown in Figure 25. 

           

 

Figure 24: Branched selectivity (bars) and conversion of hexenes (black curve) as a function of reaction time. Red bars depict 
the proportion of iso aldehydes on the total aldehyde yield (Br), whereas blue bars represent the adapted branched selectivity 
(BrAKM) which accounts for formed 22. Reaction conditions: 18 (0.5 ml, 4.0 mmol), 1 (1.6 mg, 4.7 μmol, 0.12 mol%), MOF 
(20 mg), syngas (H2:CO = 1, 30 bar), 100 °C. 

The calculation of B/L (MOF) ÷ B/L (Hom.) yielded values around 1.2 with UMCM-NH2 at reaction times 
longer than 2 h when considering 22 as linear product. The same ratio was calculated as 1.7 in the  
Zn-MOF-74-modified reaction at 16 and 24 h. Both values are in reasonably good agreement with 
RB/RL (MOF) ÷ RB/RL (Hom.) (Figure 21), which were determined as 1.1 and 1.5 for UMCM-1-NH2 and 
Zn-MOF-74, respectively. The experimental B/L ratios and BrAKM values highlight the superiority of  
Zn-MOF-74 in modulating the product distribution of the Co-catalyzed hydroformylation of 18. This 
observation is in line with the enhanced 1-hexene concentration and the reduced H2 and CO affinity 
in the channels of Zn-MOF-74 compared to the pores of UMCM-1-NH2 (see Chapter 3.2.4.). However, 
considerable reaction time is required to reach the maximum regioselectivity due to the slow 
adsorption of the catalyst (vide infra).  
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4.2.2. Cobalt Adsorption 

The above experiments and the results in Chapter 3 demonstrate that suitable MOFs alter the 
regioselectivity of the hydroformylation reaction. If the concept of AKM is correct, the modulation can 
exclusively occur if the catalyst adsorbs to the MOF. Otherwise, the variation of substrate 
concentrations within the MOF’s pores is irrelevant because the catalyst experiences homogeneous-
like conditions. While prior experiments demonstrated that most of the Co catalyst is adsorbed to the 
MOF after overnight experiments (see Chapter 3.2.1.), information on the rate of adsorption was 
lacking. Thus, the percentage of Co adsorbed to the MOFs as a function of time was investigated 
(Figure 25) to understand its influence on the hydroformylation regioselectivity. 

The reactions in Figure 22 were repeated, and the resulting reaction mixtures were filtered. The solid 
and the liquid components were digested, and their Co concentrations were analyzed by ICP-OES 
(Figure 25). The results show that the adsorption behavior of the Co catalyst depends on the MOF 
structure. While the percentage of adsorbed Co was comparable in Zn-MOF-74 and UMCM-1-NH2 at 
reaction times longer than 16 h, significantly more Co was adsorbed to UMCM-1-NH2 at shorter ones. 
For example, after 6 h, 7.3 % of the total Co was found in Zn-MOF-74, whereas 30 % was found in 
UMCM-1-NH2. On the other hand, 91 % of the total Co was adsorbed to Zn-MOF-74 and 86 % to 
UMCM-1-NH2 after 24 h of reaction. These results allow a rationalization of the evolution of the 
branched selectivity in Figure 24. The faster catalyst adsorption to UMCM-1-NH2 than to Zn-MOF-74 
during the first 6 h of reaction influenced the relative rates of formation already in earlier reaction 
phases, such that an increase of BrAKM from 52 % to 57 % was observed between 2 and 4 h reaction 
time (Figure 24, top, right). Reactions halted after 16–24 h, yielded BrAKM values of around 60 %. 
Contrarily, the adsorption to Zn-MOF-74 is slower until 6 h of reaction such that BrAKM was only 2 % 
higher after 8 h than after 2 h of reaction (Figure 24, bottom). After 16 h, when most of the catalyst 
was adsorbed to Zn-MOF-74, BrAKM increased significantly to 68 %.  

The different rates of adsorption might be attributed to the larger channel diameter of UMCM-1-NH2 
(31 Å)[142] compared to Zn-MOF-74 (10 Å).[119] The wider channels could facilitate diffusion and 
enhance the accessibility of the sorption sites.[251] Furthermore, the high fraction of adsorbed Co at 
100 °C is indicative of a relatively strong interaction between the adsorbed species and the MOFs. 
These experiments demonstrated that the regioselectivity in MOF-modified hydroformylation 
strongly depends on whether the catalyst is adsorbed to the MOF. This observation supports the 
underlying concept of AKM. The Co catalyst must adsorb to the MOF to experience the modulated 
substrate concentrations, which cause the branched selectivity enhancement. This insight offers a 
handle to potentially improve the branched selectivity by accelerating the Co adsorption. 
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Figure 25: Percentage of Co adsorbed to the MOFs as a function of time. Reaction conditions: 18 (0.5 ml, 4.0 mmol), 1 (1.6 mg, 
4.7 μmol, 0.12 mol%), MOF (20 mg), syngas (H2:CO = 1, 30 bar), 100 °C. 

 

4.2.3. Variation of MOF Properties 

The previous results highlight the necessity of catalyst adsorption within the MOF to obtain a 
branched-selective catalytic system. Despite the slow adsorption of Co to Zn-MOF-74, it displayed 
superior capabilities in modulating the branched selectivity of the Co-catalyzed hydroformylation over 
UMCM-1-NH2. In order to further improve the regioselectivity, several approaches were investigated 
to accelerate the adsorption of the catalyst, which was identified as a limiting factor. MOF-74 materials 
of various crystallite sizes,[163b, 230-231] with microporous-mesoporous hierarchical porosity,[232] and 
larger pore diameter[126a] were synthesized to facilitate diffusion and adsorption.  

Smaller crystallite sizes reduce the diffusion path length and enhance the external surface area. 
Furthermore, experiments on the adsorption of n-butanol to ZIF-8[252] showed that the intracrystalline 
diffusion might be faster than the surface permeability, especially for small crystal sizes. Increasing 
the external surface area by producing smaller particles may, therefore, result in faster uptake 
kinetics.[252] The same trend was also reported in the adsorption of methylene blue to Fe-MIL-100.[253] 
Hierarchically porous materials feature more than one pore type, either in the crystal structure  
(NU-1000,[254] UMCM-1,[110] MIL-101[255]) or by aggregation of crystallites.[232] The larger pores in 
hierarchically porous materials facilitate the diffusion of sterically demanding molecules, whereas the 
micropores control, for example, the size selectivity.[251b] Such materials show higher activity in 
heterogeneous catalysis due to the enhanced accessibility of the active sites.[251a] Zn2(DOBPDC) is an 
extended Zn-MOF-74 analog (H4DOBPDC, Figure 7) and features 18 Å-wide hexagonal channels.[126a] 
The larger aperture compared to Zn-MOF-74 (10 Å)[119] reduces the ratio of the radius of the Co species 
to the channel radius, allowing more efficient diffusion of molecules through the channels for ratios 
between 0 and 0.45.[256] The molecular radius of HCo(CO)4 can be estimated as 2.95 Å from DFT such 
that the ratio in Zn-MOF-74 is outside of the defined range. However, the ratio is still not close to the 
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conditions of the floating molecule, where the van der Waals diameter of the molecule fits the pore 
perfectly.[257] The names of the materials reflect either unique material properties or the crystallite 
size in Å. Zn-MOF-74-meso displayed mesoporosity in the N2 isotherm, whereas Zn-MOF-74 is the 
standard material used throughout this work. The crystallite size was estimated by the Scherrer 
equation, and the porosity of the materials was characterized by N2 physisorption (Table 1). 

The effect of the materials on the hydroformylation reaction was assessed qualitatively by comparison 
of Br and BrAKM values after 3 h of reaction (Figure 26). The four experiments with Zn-MOF-74 of 
different crystallite sizes showed comparable Br of 50–56 %, whereas the addition of Zn-MOF-74-meso 
significantly enhanced Br to 61 % (Figure 26, red). However, the improved selectivity compared to the 
other four materials can be attributed to the enhanced formation of 22. The reaction with 
Zn2(DOBPDC) displayed Br of 54 %. For all materials, BrAKM ranged from 50 to 55 % (Figure 26, blue), 
such that no enhanced selectivity towards the branched aldehydes was observed with the materials 
of smaller crystallite sizes or hierarchical porosity.  

  

Figure 26: Values of Br (red) and BrAKM (blue) after 3 h of reaction with various Zn-MOF-74 materials added. Reaction 
conditions: 18 (0.5 ml, 4.0 mmol), 1 (1.6 mg, 4.7 μmol, 0.12 mol%), MOF (20 mg), syngas (H2:CO = 1, 30 bar), 100 °C. 

After 20 h of reaction time (Figure 27), there were significant discrepancies between the reactions 
with different materials. The mixture containing Zn-MOF-74-meso displayed 77 % Br, close to the 78 % 
of the reaction with standard Zn-MOF-74. The respective values in the experiments with Zn-MOF-74-
920 and Zn-MOF-74-370 were 75 and 70 %, respectively, while reactions with the other materials 
added displayed lower branched selectivity, between 54 and 64 %. However, the high Br in the  
Zn-MOF-74-meso-modified reaction relied again on the formation of 22, as BrAKM was just 52 %. The 
catalytic systems with Zn-MOF-74-370 and Zn-MOF-74-920 displayed 63 and 64 % BrAKM, respectively, 
while all other reactions featured BrAKM below 58 %. Thus, none of the additional materials showed 
higher BrAKM than the standard Zn-MOF-74 (72 %), despite anticipated facilitated diffusion by smaller 
crystallite sizes, mesoporous-microporous hierarchical porosity, and larger channel diameters. The 
reduced branched selectivity of the hydroformylation reactions with these materials may have various 
origins. The catalyst might not be adsorbed as quickly as expected because the process is not diffusion 
limited but relies on a certain speciation[258] of the catalyst for sufficient interaction with the 
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framework. Additionally, the packing of 1-hexene and the affinities to CO and H2 are likely impacted 
by the formation of defects in Zn-MOF-74-meso and the different structure of Zn2(DOBPDC). The 
reduced BET surface areas (Table 1) are indicative of pore blocking by non-porous material or partial 
pore collapse[259] such that diffusion might not have been more efficient after all. 

 

Figure 27: Values of Br (red) and BrAKM (blue) after 20 h of reaction with various Zn-MOF-74 materials added. Reaction 
conditions: 18 (0.5 ml, 4.0 mmol), 1 (1.6 mg, 4.7 μmol, 0.12 mol%), MOF (20 mg), syngas (H2:CO = 1, 30 bar), 100 °C. 

 

4.2.4. Continuous Reaction Monitoring 

After identifying standard Zn-MOF-74 as the material yielding the highest BrAKM values, the reaction 
was performed on a larger scale (40 ml of olefin). Conducting the experiment directly in the autoclave 
container rather than crimp vials allowed the continuous reaction monitoring by pumping the mixture 
through a flow cell in a benchtop NMR spectrometer (Figure 11). The products were quantified by the 
relative integrals of a characteristic proton signal. While this approach allows to compare the 
regioselectivity, the exact yield is not easily quantified. The hexene reference displays substantial 
scattering, making assigning precisely one point to the starting concentration challenging. This is 
reflected in the mismatch of around 5 % between the conversion of 18 and the yield of the aldehyde 
products (Figure 28). Nonetheless, this setup offers considerable advantages compared to the data 
obtained from the crimp vial experiments. It allows significantly higher time resolution (7 min) without 
the need to perform the same reaction repeatedly. The continuous monitoring of the same reaction 
mixture erases any uncertainty about the comparability of two experiments terminated at different 
reaction times. Finally, the collection of spectra could be automated such that data were acquired 
overnight.  

Figure 28 displays the yield of branched (blue) and linear (red) aldehydes. The two curves developed 
almost identically in the initial phase of the reactions with and without MOF. The trend continued in 
the experiment without Zn-MOF-74, where the linear isomer was slightly dominating such that a 
constant value of 47 % Br resulted (Figure 29, left). This value was around 5–10 % lower than the 

Zn-MOF-74 240 920 370 meso Zn2(DOBPDC)
0

10

20

30

40

50

60

70

80

B
r 

a
nd

 B
r A

K
M

 a
t 2

0 
h

 [%
]

Zn-MOF-74 Material



80 
 

branched selectivity obtained in the homogeneous reactions in the crimp vials (Figure 24, top, left). 
The exact reason for this is unclear, but it might be attributed to the improved mixing due to the 
mechanical stirrer. Around 20 h are required to reach the equilibrium concentration of H2 in unstirred 
benzene-d6.[23] Until then, the lower concentration of the syngas components will favor the formation 
of the iso aldehydes in the crimp vial reactions.[52] Values of Br instead of BrAKM are reported because 
the integral of 22 was too low for an accurate quantification (maximum 1 % yield). 

           

 

Figure 28: Co-catalyzed hydroformylation of 1-hexene without (top, left) and with (top, right) Zn-MOF-74 monitored by in situ 
1H NMR spectroscopy. The plots display the conversion of 18 (black), branched aldehydes 19 + 20 (blue) and linear 21 (red) as 
a function of reaction time. The bottom plot displays the amount of 18 (grey) and the corresponding moving average (black, 
i ± 10) in the Zn-MOF-74-modifed reaction as a function of reaction time. Reaction conditions: 18 (40 ml, 0.32 mol), 1 (132 mg, 
0.39 mmol, 0.12 mol%), Zn-MOF-74 (2.2 g, 4.1 mmol, if applicable), syngas (H2:CO = 1, 30 bar), 100 °C. Clear outliers were 
removed from the plot. 
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Figure 29: The left panel depicts the evolution of Br as a function of reaction time in the homogeneous (black) and the  
Zn-MOF-74-modified hydroformylation of 18 (red). The right panel shows the relative B/L ratios as a function of reaction time. 
Reaction conditions: 18 (40 ml, 0.32 mol), 1 (132 mg, 0.39 mmol, 0.12 mol%), Zn-MOF-74 (2.2 g, 4.1 mmol, if applicable), 
syngas (H2:CO = 1, 30 bar), 100 °C.  

In the reaction with Zn-MOF-74, the linear and branched aldehydes form at a similar rate until 
approximately 8 h of reaction time (Figure 28, top, right). This duration is in agreement with the 
adsorption of 1 to Zn-MOF-74 (Figure 25), where more than 6 h were required to adsorb over 10 % of 
Co. At longer reaction times, when an increasing amount of Co was adsorbed to the MOF, the 
formation of the branched aldehydes was favored, resulting in a rising Br value. A maximum of 62 % 
Br was reached after 20 h. The B/L ratio of the reaction with Zn-MOF-74 relative to the homogeneous 
one yielded values around 1.5–1.6 for reaction times longer than 16 h. These numbers are in good 
agreement with the relative rates of formation ratio (Figure 21) RB/RL (MOF) ÷ RB/RL (Hom.), which was 
determined as 1.5 by kinetic analysis (see Chapter 3.2.5.). The comparison of the relative selectivities 
demonstrates that the effect of the MOF was similar in the crimp vials (1.7) and the reactions 
performed directly in the autoclave. However, the reduced branched selectivity of the homogeneous 
catalytic system caused the absolute values of Br to decrease in the larger-scale experiment. The origin 
of the unreasonable reduction of conversion after 12 h of reaction time is likely an experimental 
limitation. The yields of both products and the signal of the substrate drop in parallel at 13 h of 
reaction (Figure 28), suggesting a reduced reaction volume in the cell. This would cause an 
overestimation of the conversion at this point. 
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Figure 30: Momentary Br (squares) and production rates (empty symbols) of linear (triangle) and branched (inverted triangle) 
in the homogeneous (black) and the Zn-MOF-74-modified (red) hydroformylation of 18. Data points in this figure were 
obtained by averaging three values and integrating over 5 h. For example, the data points at 10 h represent the integrated 
results between 5 and 10 h reaction time. The homogeneous Br value at 15 h was omitted because no linear product was 
formed. Reaction conditions: 18 (40 ml, 0.32 mol), 1 (132 mg, 0.39 mmol, 0.12 mol%), Zn-MOF-74 (2.2 g, 4.1 mmol, if 
applicable), syngas (H2:CO = 1, 30 bar), 100 °C. 

The continuous sampling of the same reaction allows determining the momentary values of Br and 
the aldehyde production rates (Figure 30). While the momentary values of Br remained stable at 
around 48 %, the branched selectivity increased continuously from 53 to 83 %. Simultaneously, 
momentary production rates of the aldehyde products dropped over the course of the reaction in 
both catalytic systems. However, the productivity drop of the branched aldehydes was not as 
pronounced in the Zn-MOF-74-modified reaction. The reason for this is currently unclear. The 
production rates also enabled the calculation of RB/RL (MOF) ÷ RB/RL (Hom.) as 1.2, 1.7, and 4.9 at 5, 
10, and 20 h of reaction time. The value at 20 h was considerably higher than expected by kinetic 
analysis. This might be attributed to the formation of 22, which could not be considered in this setup, 
and the high relative error on the homogeneous reaction because the catalyst seemed deactivated 
after 10 h. 

This online monitoring setup is a powerful tool due to its flexibility. Instead of the NMR spectroscopy 
flow cell an IR spectrometer equipped with a suitable cell can be connected and samples for GC 
analysis can be collected. This allows the in situ analysis of various high-pressure reactions. However, 
there are experimental limitations if concentrated substrates and suspensions are used. 
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4.3. Conclusion 

This chapter demonstrated that the adsorption of the Co catalyst to the MOFs is crucial to modulate 
the regioselectivity of the reaction. This is shown by the steep increase in BrAKM in MOF-modulated 
reactions coinciding with the adsorption of the majority of the catalyst (Figures 24 and 25). The 
required induction period for the observation of this effect is probably due to the slow rate of Co 
catalyst adsorption to the MOFs. In the case of Zn-MOF-74, more than 6 h are required to reach a 
significant extent of adsorbed Co. However, the adsorption to mesoporous materials is faster in the 
first 6 h of reaction, as shown by the comparison of UMCM-1-NH2 and Zn-MOF-74 (Figure 25). 

Even with the limitation of slower catalyst adsorption, Zn-MOF-74-modified reactions display higher 
branched selectivity due to the higher local 1-hexene concentration and reduced affinities to H2 and 
CO compared to UMCM-1-NH2. Therefore, various approaches were devised to facilitate the diffusion 
of the Co species into materials isoreticular to Zn-MOF-74, aiming at higher regioselectivity. 
Nonetheless, the addition of these materials resulted only in a comparable branched selectivity in the 
early reaction stages while the “standard” Zn-MOF-74 retained superior branched selectivity at longer 
reaction times. Performing the reaction on a larger scale (40 ml of olefin) allowed the continuous 
monitoring with high time resolution by in situ 1H NMR spectroscopy. The observed branched 
selectivity enhancement was comparable to the reactions in crimp vials. 

Finally, the addition of UMCM-1-NH2 and Zn-MOF-74 promotes the AC reaction of the linear aldehydes 
produced. This secondary reaction needs to be considered when determining the induced branched 
selectivity upon AKM by MOFs. The mechanism by which Zn-MOF-74 facilitates the AC reaction and 
its potential application are investigated in the following chapter. 
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Tandem Hydroformylation-Aldol Condensation Reaction Enabled 
by Zn-MOF-74 
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5.1. Introduction 

The aldehydes produced by the hydroformylation of olefins are rarely the final products. They are 
mainly processed into plasticizers, detergent alcohols, and other chemicals.[260] The industrially most 
relevant product containing a hydroformylation step in its synthesis is DEHP (Chapter 1.1.2.1). It is 
formed in a synthetic scheme featuring propene hydroformylation and subsequent AC of butanal 
(Scheme 12).[1] The combination of the two reactions is therefore appealing in the synthesis of 
complex molecules. 

The results discussed in Chapter 4 demonstrate the enhanced yield of AC products upon the addition 
of Zn-MOF-74 in the hydroformylation of 18. The role of the Co catalyst and Zn-MOF-74 in the AC of 
21 are investigated in this chapter. The insights from experiments and simulations are combined in a 
suggested reaction mechanism. The study demonstrates that the use of Zn-MOF-74 as an additive in 
the Co-catalyzed hydroformylation allows the tandem HF-AC reaction. The influence of reaction 
conditions on the product distribution is also described. 

 

5.2. Results and Discussion 

5.2.1. Aldol Condensation of Heptanal 

For an improved understanding of the effects of Zn-MOF-74 on the tandem HF-AC reaction, the two 
reactions were investigated separately. The role of Zn-MOF-74 in the hydroformylation of 18 is well 
understood and outlined in Chapters 3 and 4. To understand the role of the Co catalyst and of  
Zn-MOF-74 in the AC reaction, we studied the reaction of 21 at 30 bar syngas pressure and 100 °C in  
n-hexane (0.7 M) with all four possible combinations: absence or presences of Zn-MOF-74 and the Co 
catalyst. Figure 31 shows that the yield of 22 is 1.3 % in the absence of both Co and MOF. The Co 
catalyst yielded 10 %, Zn-MOF-74 6.1 %, of 22. The presence of both the catalyst and Zn-MOF-74 
yielded 22 in 47 %, five and eight times higher than that obtained with the Co catalyst and the MOF, 
respectively. 
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Figure 31: AC yield of 22 in the four reactions in the absence or presence of 1 (1.6 mg, 4.7 µmol, 1.3 mol%) and Zn-MOF-74 
(20 mg) using a solution of 21 in hexane (0.7 M, 0.5 ml, 0.35 mmol) at 30 bar syngas pressure (H2:CO = 1) and 100 °C, 5 h. 
Blue and red bars correspond to reactions with and without Zn-MOF-74, respectively. The experiments (left group) were 
performed without the Co catalyst, while it was added in the other experiments (right group). 

This result led us to perform a series of catalytic experiments focusing on the AC with and without  
Zn-MOF-74, using a setup allowing for sampling every 15 min to assess the evolution of 22 as a 
function of time. The results are plotted in Figure 32. All four reactions feature an induction period of 
30 min, attributed to the formation of the active species from Co2(CO)8, the precatalyst of 
hydroformylation.[237, 261] After the induction period, the profiles of the four reactions were very 
different. The homogeneous reactions yielded 22 in 12 % and 4 % after about 5 h at 30 bar (Figure 32, 
black squares) and 85 bar syngas pressure (Figure 32, black triangles), respectively. The reactions in 
the presence of a Co catalyst and Zn-MOF-74 showed 29 % and 62 % yield of 22 after 6 h at 30 bar 
(Figure 32, red squares) and at 85 bar (Figure 32, red triangles), respectively, a significant increase of 
up to 16 times compared to that in the corresponding homogeneous reaction. These trends are 
noteworthy. While the yield in the homogeneous reaction decreases at higher pressure, that in the 
presence of the MOF increases. The decrease of AC products at higher pressures is in agreement with 
the literature.[2, 262] The inversion of this tendency by Zn-MOF-74 confirms its role as a promoter in the 
tandem reaction.  
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Figure 32: Yield of AC product 22 from 21 (2.8 M in cyclohexane) as a function of reaction time. The homogenous reaction 
(black, 1 (3.2 mg/ml, 0.34 mol%) and the MOF-modified reaction (red, 1 (3.2 mg/ml, 0.34 mol%), Zn-MOF-74 (40 mg/ml) were 
performed at two pressures 30 bar (squares) and 85 bars (triangles) of syngas (H2:CO = 1) at 100 °C (30 bar) and 110 °C 
(85 bar). 

ICP-OES data indicated that the majority of Co is adsorbed within the pores of the MOF after 2 h 
reaction at 30 bar (Figure 33). Up to 2 h, the homogeneous and the MOF-modified reactions follow a 
similar path because the reactivity of Co is dictated by the homogeneous species, which is more than 
80 % up to 1 h reaction (Figure 32, squares). From 2 h reaction time, the reaction with MOF yielded 
significantly higher amounts of 22. This indicates that the Co adsorption within the MOF drives the 
higher AC yield. Experiments in the absence, respectively, in the presence of the Co catalyst and MOF 
were performed at 90 bar syngas pressure (same pressure at rt as the experiments at 85 bar), 110 °C 
and showed the formation of the hydrogenated AC product 23. The yield of the AC products (22 and 
23) was 20 % with Zn-MOF-74 but without the Co catalyst and 15 % in the opposite case. Without any 
additive, 8 % AC products were obtained, whereas the addition of Zn-MOF-74 and 1 increased the 
yield to 87 %. The data in Figure 31 Figure 32 indicate that both Co catalyst and Zn-MOF-74 are 
required to promote the AC reaction efficiently.  
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Figure 33: Fraction of Co adsorbed to Zn-MOF-74 as a function of time. Reaction conditions: 21 in cyclohexane (2.8 M, 0.5 ml, 
1.4 mmol), 1 (1.6 mg, 4.7 μmol, 0.34 mol%), Zn-MOF-74 (20 mg), syngas (H2:CO = 1, 30 bar), 100 °C. 

 

5.2.2. Tandem Hydroformylation of 1-Hexene 

We tested the tandem HF-AC of 18 at 80 bar syngas pressure (at rt) as a function of temperature. A 
slight branched selectivity increase in the hydroformylation reaction was observed in agreement with 
our previous study.[263] The results in Figure 34 highlight the dramatic effect of temperature on the 
yield of AC products. At 60 °C, 18 did not react to 21, indicating that the AC also did not take place. 
Temperatures above 110 °C were required to convert more than 90 % 18 in the Zn-MOF-74-modified 
reaction. Conversion of 18 was generally higher in the homogeneous reaction, reaching around 99 % 
at temperatures above 90 °C. High temperatures clearly favor the hydrogenation of 22 to the 
saturated aldehyde 23 (Figure 34). While the homogeneous reaction yielded 1.3 and 1.9 % AC products 
at temperatures of 90 °C and 150 °C, respectively, Zn-MOF-74 enhanced the yield of the AC products 
to 9.0 and 33 % (a factor of 6.9 and 17), respectively. At 150 °C, the selectivity to AC products is 
comparable to the aldox process, while employing much milder conditions.[85b] Additional products 
included 19, 20, 21, the corresponding alcohols and heavier products, while no alkanes were observed. 
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Figure 34: Tandem HF-AC products 22 and 23 from 18 at 80 bar (at rt) syngas pressure (H2:CO = 1) as a function of 
temperature. Products of the homogeneous reaction (left, 1 (4.0 mg, 12 µmol, 0.29 mol%) in 18 (0.5 ml, 4.0 mmol)) are plotted 
in shades of blue, 22 (light blue), 23 (dark blue), whereas those yielded in the Zn-MOF-74-modified reaction (right, 1 (4.0 mg, 
12 µmol, 0.29 mol%), Zn-MOF-74 (20 mg) in 18 (0.5 ml, 4.0 mmol)) are depicted in orange (22) and red (23). The 18 conversion 
of the corresponding reactions are plotted in the same colors. In these plots, 22 includes the AC products yielded from the 
aldol addition of two molecules of 21 and that of 20 with 21. 

The filtered and washed MOF was used for a second catalytic cycle, giving a 21 % and 5.7 % yield of 
22 and of 23, respectively, at 110 °C, in good agreement with the pristine MOF (20 % and 5.7 %). A 
different Zn source was tested as an additive to verify that the MOF structure is essential to maximize 
the yield in the tandem HF-AC reaction. The addition of an equimolar amount of Zn as Zn(acac)2, as in 
the aldox reaction, led to a yield of 3.3 % of 22 and of 1.6 % of 23. In comparison, the reaction with 
Zn-MOF-74 afforded the products in 20 % and 5.7 %, respectively, under identical conditions (80 bar 
(at rt) syngas, 110 °C). These results highlight the pivotal role of Zn-MOF-74 in the tandem HF-AC 
reaction. For comparison, the Zn-based MOF ZIF-8[264] was tested in tandem HF-AC in the presence of 
Co2(CO)8 at 80 bar (at rt) and 120 °C yielding 22 and 23 in 9.1 % and 5.4 %, respectively. Under the 
same conditions, Co-MOF-74 and 1 produced 22 in 0.2 % and 23 in 4.3 %. Co-MOF-74 in the absence 
of the homogeneous catalyst led to traces of 22 and 23 (Figure 35). These results emphasize the roles 
of Zn and the CUS as well as the necessity of the Co catalyst to yield efficient tandem HF-AC systems. 
Furthermore, they suggest that the basicity of the phenolate group has little influence on the AC 
activity since the less basic[265] Zn-MOF-74 displays superior performance over Co-MOF-74. 
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Figure 35: Tandem HF-AC reaction of 18 (0.5 ml, 4.0 mmol) at 120 °C, 80 bar (at rt) syngas pressure (H2:CO = 1), 1 (4.0 mg, 
12 µmol, 0.29 mol% if added). Experiments with various MOF additives where the orange bars correspond to product 22, 
including isomer, and the red ones to product 23 in the modified reactions. The yield of 22, including isomer, and 23 in the 
homogeneous reaction are displayed by light and dark blue bars. *no Co catalyst was added to this experiment. 

 

5.2.3. Characterization and Proposed Reaction Mechanism 

We characterized Zn-MOF-74 before and after the reaction at 110 °C by PXRD and N2 physisoprtion 
analyzed by the BET model. The PXRD pattern after the reaction was identical to that of pristine  
Zn-MOF-74 (Figure 36, left), demonstrating the structural integrity of the framework. The BET surface 
area decreased significantly from 1100 m2/g to 26 m2/g (Figure 36, right), suggesting the presence of 
residual molecules in the pores as reported elsewhere.[212, 263] 
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Figure 36: PXRD pattern (left) and N2 isotherm (right) of Zn-MOF-74 before (red) and after (blue) catalysis. The black PXRD 
pattern corresponds to a reference.[233a] In the isotherm, squares and diamonds correspond to the adsorption and desorption 
branch, respectively. 

In order to gain a deeper insight into the role of the MOF in the tandem HF-AC, we performed DFT 
calculations. The interaction energy between the product of the hydroformylation reaction (21) and 
the free coordination site in Zn-MOF-74 was −101 kJ/mol. The structure of 21 adsorbed within the 
pores of the MOF showed a longer carbonyl bond of 1.222 Å compared to the free aldehyde (1.209 Å). 
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The net atomic charges were calculated according to DDEC6 atomic population analysis,[266] showing 
that the charge of the carbonyl C increased from +0.414 in the free aldehyde to +0.461 in the adsorbed 
aldehyde, highlighting its enhanced electrophilic character. The aldehyde probably acts as a better 
electrophile when adsorbed to the MOF, thereby facilitating the reaction. Figure 40 illustrates the 
optimized structure of adsorbed 21 (21@Zn-MOF-74). 

 

Figure 37: FT-IR spectra of 21 (black), activated Zn-MOF-74 (red), 21@Zn-MOF-74 (blue), and the MOF after the competition 
experiment (green). The absorbance in arbitrary unit is plotted as function of the wavenumber in cm-1. The two vertical lines 
highlight the carbonyl stretch wavenumber of the free (black) and the adsorbed (blue) aldehyde molecule. Reaction conditions 
competition experiment: Zn-MOF-74 (activated, 78 mg, 0.17 mmol) in heptanal (3.5 ml, 25 mmol) and water (0.09 ml, 
5 mmol), 120 °C, 1h, filtered while hot. 

The elongation of the carbonyl bond within Zn-MOF-74 was confirmed by Fourier-transform infrared 
spectroscopy (FT-IR), which showed a reduction of the C=O stretch wavenumber from 1724 cm-1 in the 
free aldehyde to 1698 cm-1 in 21@Zn-MOF-74 (Figure 37). Combined with the DFT calculations, the  
FT-IR results imply that Zn-MOF-74 activates the aldehyde through adsorption. The interaction of  
Zn-MOF-74 and the Co catalyst was investigated by XPS. Zn 3p and O 1s core-levels of Zn-MOF-74, 
acquired before and after the reaction, yielded comparable photoemission spectra (Figure 38). The 
position and shape of the Zn 3p peaks (Zn 3p3/2 centered at 88.9 eV, spin orbit splitting of 2.1 eV) are 
in agreement with other literature reports of Zn(II) in MOFs,[267] confirming the expected oxidation 
state of Zn. The Co 2p spectrum of the sample after reaction is in fair agreement with previous 
literature on Co in MOF-74.[268] The main peak (2p3/2), centered at around 783.6 eV, together with its 
satellite at 787.9 eV indicate the presence of Co(II). This suggests that the MOF structure does not 
undergo relevant changes during the reaction, and identifies 2+ oxidation states for Zn and Co.  
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Figure 38: Photoemission spectra of O 1s (top, left), Zn 3p (top, right), and C 1s (bottom, left) of Zn-MOF-74 as prepared 
(black), activated (red) and after reaction (blue, 120 °C, 80 bar (at rt) syngas pressure (H2:CO = 1)) acquired at different 
excitation energies to get photoelectrons with a kinetic energy of 400 eV. Co 2p spectrum of the sample after reaction 
(bottom, right). 

The MOF was further characterized by in situ transmission IR spectroscopy. Spectra of activated  
Zn-MOF-74 with adsorbed ACN-d3 show the extent of the MOF’s Lewis acidity (Figure 39). The 
interaction of the CUS with the nitrile group leads to a blueshift of the C≡N stretch vibraƟon to 
2279 cm-1 compared to liquid ACN-d3 at 2263 cm-1.[121a, 189, 196a, 197] Figure 39 indicates the presence of 
a low amount of defects, as demonstrated by the lack of stronger blueshifted peaks[196a] and a 
relatively mild Lewis acidity, based on the shift of 16 cm-1. The continuous redshift of the main nitrile 
band upon adsorption was associated to its coverage-dependent behavior. The redshifted peak at 
2236 cm-1 was assigned to the interaction of ACN-d3 with the basic phenolate groups.[265, 269]  
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Figure 39: Adsorption of ACN-d3 on activated Zn-MOF-74 monitored by transmission FT-IR. Depicted is the region of ν(C≡N). 
Blue- and redshifted bands with regards to 2263 cm-1 (liquid ACN-d3) correspond to Lewis-acid- and -base-bound species, 
respectively. 

The interaction energies of selected Co hydroformylation intermediates[16, 270] with Zn-MOF-74 are 
summarized in Table 12. The acyl complex (7l) features the strongest interaction energy with  
–127 kJ/mol. The Co-H bond lengths in free 2 and the bond length in the hydride complex coordinated 
to Zn-MOF-74 are the same (1.488 Å), indicating that the MOF has little, if any, influence on the 
structure of 2, the most likely Brønsted active site for the AC.[10b, 28]  

Table 12: Interaction energies between Zn-MOF-74 and various species. The two species interacting with each other are 
separated by an underscore. 

Interaction Interaction [kJ/mol] Comment 

Zn-MOF-74_2 –45.44  
Zn-MOF-74_7l –127.89 Zn binding to acyl O 
Zn-MOF-74_7l –107.85 Zn binding to one of the CO 
Zn-MOF-74_18 –74.66  
Zn-MOF-74_21 –101.41  

 

Based on these results, we propose a preliminary reaction mechanism for the adsorption-driven 
tandem HF-AC promoted by Zn-MOF-74.[271] The data in Figure 31 show that Zn-MOF-74 alone is 
insufficient to efficiently promote the AC. Therefore, a cooperative mechanism involving the Co 
catalyst and the MOF is proposed. The precatalyst, 1, undergoes hydrogenolysis under the applied 
syngas conditions to form 2,[272] which is a strong acid.[10b, 28] In a first step, the Co catalyst promotes 
the hydroformylation of 18 to the corresponding aldehydes. Hydroformylation product 21 is then 
adsorbed by Lewis acidic sites in Zn-MOF-74, as observed by FT-IR and simulated by DFT, thereby 
enhancing the electrophilic character of the carbonyl C in 21@Zn-MOF-74. The BA 2 catalyzes the 
enolization of 21 to 21a, which reacts with 21@Zn-MOF-74 to form 22 upon release of water, typical 
for acid-catalyzed AC.[79, 271, 273] A competition experiment where Zn-MOF-74 was treated at 120 °C 
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with both 21 and water showed a shoulder at 1698 cm-1 in the FT-IR spectrum of the recovered MOF. 
This band coincides with that of 21@Zn-MOF-74, demonstrating that 21 adsorbs to the Zn CUS in the 
MOF, even in the presence of water (Figure 37). The interaction energy of 21 with Zn is −101 kJ/mol, 
higher than the adsorption energy of water (−60 to −65 kJ/mol), further confirming the experimental 
result.[274] 

 

Figure 40: Proposed reaction mechanism of the adsorption-driven tandem HF-AC reaction. Linear products only are shown 
for the sake of clarity. Color code: grey, Zn-MOF-74 C; black, aldehyde C; red, O; green, Zn. H is omitted for the sake of clarity. 

 

5.3. Conclusion 

This chapter showed that the addition of Zn-MOF-74 to a Co-catalyzed hydroformylation system 
enables the direct synthesis of α, β-unsaturated aldehydes in a tandem HF-AC reaction. The yield of 
AC products was enhanced up to 17-fold in the MOF-modified reaction compared to its homogeneous 
counterpart. Catalytic experiments indicated that Zn-MOF-74 and the Co catalyst are required to form 
an efficient catalytic system. The adsorption of the catalyst to the MOF seems to be essential for the 
enhanced AC activity. Additionally, FT-IR spectroscopy experiments and DFT calculations implied that 
the coordination of the aldehyde to the CUS in Zn-MOF-74 activates the carbonyl bond by increasing 
the electrophilic character of the carbonyl C. These findings were combined in a suggested cooperative 
reaction mechanism. 

The central role of aldehyde adsorption to the CUS of the MOF entails the question on the correlation 
between the Lewis acidity of the MOF and the AC activity. Chapter 6 aims to answer this question by 
studying the Lewis acidity and the activity of M-MOF-74 (M = Mg, Mn, Zn) in tandem HF-AC and AC 
reactions. 

 

  



96 
 

 

  



 

 

 

Chapter 6 
 

Influence of the Lewis Acidity in M-MOF-74 (M = Mg, Mn, Zn)-
promoted Tandem Hydroformylation-Aldol Condensation 

 

 

 

 

 

 

 

 

 

 

 

 

P. Gäumann’s contribution: Material synthesis, execution, and data analysis of catalytic experiments, 
write-up, transmission IR experiments with V. Sushkevich, ssNMR experiments with S. R. Batool, TGA 
experiment with W. Paunovic.  
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6.1. Introduction 

LAs are applied as catalysts in various reactions (see Chapter 1.2.5). Lewis acidic salts[186, 275] and 
materials[194, 276] are known to catalyze aldol reactions. Several M-MOF-74 derivatives also exhibited 
activity in typical LA-catalyzed reactions.[121a, 277] Chapter 5 showed that Zn-MOF-74 facilitates the AC 
of 21 by enhancing the electrophilic character upon coordination of the aldehyde to the CUS. Thus, 
Zn-MOF-74 acts as a LA in this reaction. Substitution of the cations constituting the MOF results in 
materials with modified Lewis acidity but identical structure. 

The aim of this chapter is to investigate the metal ion’s influence in M-MOF-74 on the AC and the 
tandem HF-AC activity. The LA strength of M-MOF-74 (M = Mg, Mn, Zn) was determined using several 
probe molecules, and the hard/soft character of the LA was investigated by the rearrangement of 11. 
The interaction strength of a LB with a Lewis acidic site is influenced by the match or mismatch 
regarding their hardness.[278] ACN-d3 and acetone-2-13C are widely used probe molecules to 
characterize the LA strength of materials, while 21 is the most relevant probe concerning the catalytic 
applications. Combining these three molecules provides the advantage of comparability to the 
literature and relevance for the investigated reaction. Subsequently, the materials were employed in 
the tandem HF-AC of 18 and the AC of 21. The fraction of adsorbed Co under the two reaction 
conditions was determined by ICP-OES. 

 

6.2. Results and Discussion 

6.2.1. Lewis Acid Site Characterization 

The metal node’s influence on the AC and tandem HF-AC activity was assessed based on a set of three 
MOF-74 derivatives. The performances of Mg- and Mn-MOF-74 were compared to that of  
Zn-MOF-74. The two additional MOFs were successfully synthesized according to established 
procedures (Chapter 2.4.2.6).[168b, 234] All three derivatives exhibited the expected PXRD pattern and 
BET surface areas between 1200 and 1300 m2/g. However, Mn-MOF-74 displayed mesoporosity, as 
indicated by the N2 uptake between 0.1 and 0.9 p/p0 (Figure 17). The LA strength of the three 
isoreticular MOF-74 materials was assessed by their interaction with various probe molecules. First, 
activated MOF-74 samples were titrated with the vapor of ACN-d3. The magnitude of the 
hypsochromic shift of ν(C≡N) upon coordination to the CUS is proportional to the strength of the LA 
site.[121a, 196a, 201] The C≡N vibration in liquid ACN-d3 absorbs at 2263 cm-1,[121a] while adsorption on a LA 
site shifts the band to higher wavenumbers. ACN-d3 coordinated to Mg-MOF-74, Mn-MOF-74, and Zn-
MOF-74 exhibited ν(C≡N) at 2292–2285, 2280–2272, and 2290–2279 cm-1, where the high 
wavenumber corresponds to the peak maximum at initial ACN-d3 loadings (Figure 41). The peak 
maximum shifted to lower wavenumbers with increasing amounts of adsorbed ACN-d3 for all three 
materials. This shift was assigned to a coverage-dependent behavior due to adsorbate-adsorbate 
interactions.[279] At low coverage, the acid strengths of Mg- and Zn-MOF-74 are similar, while Mn-
MOF-74 displayed considerably lower Lewis acidity. On the other hand, Mg-MOF-74 is the stronger LA 
than Zn-MOF-74, which is more acidic than Mn-MOF-74 at high loading. Figure 42 displays the peak 
area corresponding to ν(C≡N) as a function of the dosed amount of ACN-d3. The linear behavior of the 
plots demonstrates that the same fraction of ACN-d3 was adsorbed throughout the investigated 
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dosage range. The linearity follows from Lambert-Beer’s law, as the concentration of ACN-d3 within 
the MOFs increased apparently linearly with higher dosages. This implies that none of the materials 
was close to saturation. Calculating the maximum coverage based on the theoretical number of LA 
sites per mass yielded values of 19, 34, and 26 % for Mg-, Mn-, and Zn-MOF-74, respectively. The 
absorbance of ν(C≡N) exceeded the linear regime (up to 1 a. u.) already at these doses, making the 
quantification by absorbance integral unreliable. The slope of Mg-MOF-74 (0.801) is considerably 
higher compared to the ones of Mn-MOF-74 (0.568) and Zn-MOF-74 (0.582), in agreement with the 
higher theoretical concentration of CUSs in Mg-MOF-74 (8.24 mmol/g) compared to Mn- 
(6.58 mmol/g) and Zn-MOF-74 (6.16 mmol/g).  

          

 

Figure 41: Adsorption of increasing amounts of ACN-d3 to M-MOF-74 (M = Mg, top left; Mn, top, right; Zn, bottom) as observed 
by transmission FT-IR spectroscopy. Depicted is the spectral range of ν(C≡N) with the peak at higher and lower wavenumbers 
corresponding to ACN-d3 adsorbed to the CUS and the phenolate group, respectively.  

The band at 2236 to 2238 cm-1 observed in all spectra was assigned to ACN-d3 undergoing a 
bathochromic shift upon coordination to the basic phenolate groups.[265, 269] The peak was already 
reported in publications on ACN-d3 adsorption to MOF-74 derivatives but not assigned to a species[121a] 
or to physisorbed ACN-d3.[280] However, the assignment to physisorbed ACN-d3 seems implausible due 
to the redshift by over 25 cm-1 with respect to liquid ACN-d3.  
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Figure 42: The normalized integrals of ν(C≡N) as a function of the amount of ACN-d3 dosed to M-MOF-74 (M = Mg, top, left; 
Mn, top, right; Zn, bottom). 

In addition to the LA strength characterization based on the shift of ν(C≡N) observed by IR 
spectroscopy, acetone-2-13C adsorption was conducted, and the materials were analyzed by 13C MAS-
NMR spectroscopy. The chemical shift (δ) of the carbonyl C is indicative of the (Lewis) acidity of the 
species acetone coordinates to.[195] The chemical shift of acetone in deuterated chloroform is  
δC = 205 ppm.[281] The strength of the acid is proportional to the magnitude of the downfield shift of 
the carbonyl C signal (Table 13). 
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Table 13: Summary of chemical shifts of the carbonyl C in acetone-2-13C interacting with functional groups of varying acid 
strength.[195] 

Chemical shift 2-C Assigned Interaction Reference 

 
Brønsted acid 

  

δC = 210 ppm SiOH [282] 
δC = 213–225 ppm Bridging Si(OH)Al [281-283] 
δC = 235 ppm -OH of heteropoly acids [284] 
δC = 244 ppm Sulfuric acid conc. [281] 
   
Lewis acid   
δC = 211–214 ppm CUS in Mg- and Zn-MOF-74 This work 
δC = 233–245 ppm Extra-framework aluminum in 

zeolite H-Y, AlCl3/MCM-41  

[283a, 283b, 285] 

δC = 245 ppm AlCl3 [281] 
 

Mn(II) is paramagnetic; thus, Mn-MOF-74 is not suitable for an investigation by MAS-NMR 
spectroscopy. The remaining MOF-74 derivatives exhibited a differing behavior towards the treatment 
with acetone-2-13C vapors. While Zn-MOF-74 adsorbed the probe molecule, indicated by the strong 
peak at 213 ppm (Figure 43, light green), Mg-MOF-74 showed no additional peaks in 13C MAS-NMR 
(Figure 43, orange). Any unsuccessful dehydration was ruled out by conducting a 1H NMR experiment 
on that sample, which featured two peaks at 7.46 and 0.71 ppm, assigned to the aromatic proton of 
the linker and the acetone methyl group (Figure 45, orange). 
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Figure 43: 13C MAS-NMR spectra of acetone-2-13C adsorbed to Mg- (shades of red) and Zn-MOF-74 (shades of green). A small 
amount of liquid unlabeled acetone was added to the samples to obtain the darker shaded spectra. Asterisks denote spinning 
sidebands, while the numbers correspond to the chemical shifts of the peaks assigned to acetone-derived species. 

Upon adding a small amount of liquid unlabeled acetone, the expected peaks at 28 and 214 ppm 
appeared in the spectrum of Mg-MOF-74 (Figure 43, red). Treating Zn-MOF-74 in the same way 
showed that the addition of acetone imposed a downfield shift of the signal assigned to the red C 
atoms in Figure 43 from 123 to 126 ppm in both Mg- and Zn-MOF-74. The shift is attributed to the 
interaction of the probe molecule with the framework.[286] The peaks at 225 and 74 ppm in the 
spectrum of Mg-MOF-74 were assigned to the coordinated aldol product (4-hydroxy-4-methylpentan-
2-one), formed from an undesired reaction of acetone at ambient conditions in the presence of the 
MOF.[285, 287] The AC product (4-methylpent-3-en-2-one) was not observed, it would lead to peaks 
around 210 and 180 ppm.[285, 287] Finally, the peaks at 214 and 211 ppm were assigned to the carbonyl 
group of acetone interacting with the CUSs of Mg- and Zn-MOF-74, respectively. The larger downfield 
shift of the carbonyl C in Mg-MOF-74 compared to Zn-MOF-74 indicates that Mg-MOF-74 is the 
stronger LA. Thus, the NMR results agree with the transmission FT-IR measurements at higher loading 
and support the stronger Lewis acidity of Mg- over Zn-MOF-74. 
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Figure 44: ATR-IR spectra of free heptanal (black) and heptanal adsorbed to the CUSs of Mg- (red), Mn- (blue), and  
Zn-MOF-74 (green). 

Upon coordination of a carbonyl entity to a CUS, the C=O bond is elongated, leading to a bathochromic 
shift of the carbonyl band.[166, 192, 288] The stronger the LA, the larger the magnitude of said shift. This 
concept applies to the interaction of 21 with Lewis acidic sites. Figure 44 displays the ATR-IR spectra 
of free heptanal (black) and heptanal adsorbed to the three M-MOF-74 derivatives. The expected 
bathochromic shift of ν(C=O) upon coordination to the CUS was observed in the cases of Mn- and  
Zn-MOF-74. Both materials caused a bathochromic shift of ν(C=O) of 26 cm-1. Thus, the two materials 
display identical Lewis acidity when interacting with 21. The addition of 21 to Mg-MOF-74 left the 
peak of ν(C=O) unaltered. This may be attributed to the inaccessibility of the CUS. Incomplete 
dehydration was ruled out by comparing the water region in the ATR-IR spectra between the three 
MOFs, which was comparable. No remaining DMF or MeOH was found in the NMR spectrum of 
digested activated Mg-MOF-74 (Figure 45, red). However, a singlet signal at 8.06 ppm, identified as 
formate, indicated that the carboxylate occupied around 25–45 % of the CUS. The formation of 
formate by hydrolysis of DMF under MOF synthesis conditions was already reported.[289] Multiple 
attempts to remove the adsorbate were not successful, like activation at 300 °C or washing the MOF 
in water. The expected higher heat of adsorption of formate to the relatively harder Mg(II) explains 
the successful removal of formate from Zn(II) as demonstrated by NMR spectroscopy.[274c, 290] The 
presence of formate may also partially explain why Mg-MOF-74 did not adsorb acetone-2-13C from 
the vapor phase. The lack of formate signals in MAS-NMR spectroscopy can be assigned to the poor 
signal-to-noise ratio in 13C-MAS-NMR (Figure 43, orange) and the low resolution in the 1H-MAS-NMR 
spectra (Figure 45, orange). 
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Figure 45: 1H NMR spectra of MOF-74 derivatives. 1H MAS-NMR spectrum of Mg-MOF-74 exposed to acetone-2-13C vapor 
(orange) and 1H NMR spectrum of activated Mg-MOF-74 (red) after digestion. The 1H NMR spectra of digested M-MOF-74 
(M = Mg, Zn) exposed to ACN are represented in yellow and green, respectively. The signal at 2.50 ppm corresponds to DMSO 
and was used for alignment. 

The number of CUSs was investigated by the adsorption of ACN from the vapor phase. The saturated 
MOFs were then digested in the glovebox in the case of Mg- and Zn-MOF-74, and the amount of ACN 
was determined by 1H NMR spectroscopy. The mass of ACN adsorbed to Mn-MOF-74 was determined 
by TGA. The ratio of the linker protons (Figure 45, 7.16 ppm) to the ones of ACN (Figure 45, 1.94 ppm) 
indicates a population of 85 % and 100 % of the CUS in Mg- and Zn-MOF-74. The mass loss of ACN-
loaded Mn-MOF-74 corresponds to a population of 103 % (Figure 46). For this calculation, the mass of 
the MOF was considered as 76 % of the weighed-in amount, whereas ACN accounted for 21.8 %. The 
simultaneous presence of 37 % formate in Mg-MOF-74 and the transmission FT-IR spectra (Figure 41) 
suggest that ACN does not solely coordinate to the CUS. The employed methods cannot distinguish 
CUS-bound and phenolate-bound molecules. However, the integral ratio between the two ACN 
species in transmission FT-IR allows an estimation of the CUS-bound species as 67 %, 78 %, and 77 % 
for Mg-, Mn-, and Zn-MOF-74, respectively. This implies that the vast majority of the CUS were indeed 
accessible. 

10 8 6 4 2 0

d [ppm]



105 
 

 

Figure 46: TGA curve (red) of ACN-loaded Mn-MOF-74 as a function of temperature (black). 

The hard or soft character of the three different LA sites was determined by the rearrangement of 11 
(Scheme 24). BAs hydrolyze the acetal to the corresponding ketone 12, hard LAs yield predominately 
α-aryl propionic acid esters (13), and soft ones favor the 1,2-alkoxy migration yielding 14.[121b, 202-203] 
The halogen exchange with the solvent 1,2-dichlorobenzene was reported for 13 with HKUST-1 as 
catalyst[121b] but not observed with M-MOF-74 (M = Mg, Mn, Zn). The formation of 2-hydroxyethyl  
2-phenylpropanoate instead of 13 was also reported.[202a, 202b, 203] Catalysts yielding the hydroxyl 
product were also considered hard LAs since the ester formation is decisive for the assignment. 
Literature indicates that the cleavage of the C-Br bond in 11 is irreversible,[202c] allowing, in principle, 
the comparison of experiments at differing conversion levels regarding their selectivity. Figure 47 
displays the conversion and 13 selectivity of the Zn-MOF-74-catalyzed rearrangement of 11 as a 
function of reaction time. The data of this test reaction demonstrate that the selectivity stayed 
between 86 and 87 % at conversions of 41 to 99 %. While these data support the literature claim, one 
should be careful when interpreting selectivity results at differing conversion levels. 

 

Scheme 24: Assignment of acid character based on the rearrangement products of 11. 
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Figure 47: Conversion (black) and selectivity (red) towards product 13 as a function of reaction time in the Zn-MOF-74-
catalyzed rearrangement of 11. Reaction conditions: 11 (100 mg, 0.39 mmol), Zn-MOF-74 (100 mg), 1,2-dichlorobenzene 
(50 ml), reflux. The selectivity data point at 10 min was removed due to low signal intensities in the chromatogram. 

Figure 48 depicts the product distributions after 24 h in the rearrangement reactions catalyzed by the 
three MOF-74 derivatives. No other products were observed, allowing the calculation of conversion 
based on the fraction of substrate in the reaction mixture. The three materials’ activities differed 
significantly from each other. Mg-MOF-74 showed little activity in the rearrangement reaction with a 
conversion of 36 %. The majority of the product underwent 1,2-alkoxy migration, catalyzed by soft LAs 
(25 % 13 selectivity). Mg(II) is considerably harder than the transition metal ions[291] and should, 
therefore, predominantly yield product 13. Indeed, catalyzing the reaction by Mg2(DOBPDC) resulted 
in a 13 selectivity of 82 % at 50 % conversion. The pore diameter in this MOF is larger compared to 
Mg-MOF-74. However, the coordination environment is identical, which should result in comparable 
LA properties. Mn-MOF-74 featured intermediate activity in the rearrangement (conversion 75 %), 
with 13 being the dominant product (77 % 13 selectivity). Zn-MOF-74 showed almost complete 
conversion and yielded 89 % product 13 (90 % 13 selectivity). 
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Figure 48: Product distributions of the rearrangement of 11 (100 mg, 0.39 mmol) catalyzed by M-MOF-74 (M = Mg, Mn, Zn, 
100 mg) in 1,2-dichlorobenzene (50 ml), reflux, 24 h. 

Following the HSAB principle, the strength of a LA is never absolute but depends also on the hardness 
of the LB. The principle states that “hard acids bind strongly to hard bases and soft acids bind strongly 
to soft bases.”[290] Using various probe molecules, therefore, likely results in differing orders of Lewis 
acidity. The strength of the LA can be assessed for a certain LB based on the shift of a characteristic 
band. The use of well-established probe molecules allows comparing the obtained results to the 
literature, whereas relevant molecules deliver insightful results that can be put into perspective for 
catalysis. The measured ν(C≡N) value of ACN-d3 adsorbed to Mg-MOF-74 at high coverage  
(2285 cm-1) corresponds well with the literature on this material (2287 cm-1).[121a] The same publication 
also covered the LA strength of M-MOF-74 (M = Co, Cu, Ni) as assessed by ACN-d3 adsorption. A 
comparison of the published data with the results presented in this work implies that the LA strength 
of Zn-MOF-74 (2279 cm-1) lies between the ones of Ni-MOF-74 (2284 cm-1) and Co-MOF-74  
(2277 cm-1), while only Cu-MOF-74 (2269 cm-1) is a weaker LA than Mn-MOF-74 (2272 cm-1). 
Combining the data from this work and the literature results in the following order of LA strength 
based on ACN-d3 adsorption: Mg > Ni > Zn > Co > Mn > Cu. All MOF-74 materials are relatively weak 
LAs when compared to other MOF structures. Adsorption of ACN-d3 to M-MIL-100 (M = Al, Cr, V, Sc) 
resulted in ν(C≡N) bands from 2296 to 2336 cm-1,[121a, 196a] while adsorption to the Zr-based MIL-140 
series shifted the nitrile absorption to 2299 cm-1.[197] The adsorption of acetone to Mg- and  
Zn-MOF-74 is in line with this order, as Mg-MOF-74 imposed a higher downfield shift of the carbonyl 
C atom (9 vs. 6 ppm). The observed chemical shift of 213 ppm of acetone-2-13C vapors adsorbed to  
Zn-MOF-74 is in good agreement with a reported value for the same material (213.6 ppm).[192] The 
same publication reported carbonyl C atom shifts between 212.1 and 217.1 ppm for other MOF 
structures. The Lewis acidity of the investigated MOFs is considerably lower compared to extra-
framework Al in zeolite H-Y or AlCl3 (Table 13). The adsorption of 21 to the three MOF-74 derivatives 
was developed to assess their ability to interact with this aldehyde. No references could be found due 
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to the use of this rather unusual molecule. The interaction of 21 with Mn- and Zn-MOF-74 caused a 
shift by 26 cm-1 for both materials, implying that their Lewis acidity is comparable when 21 is employed 
as LB. This behavior is supported by literature results on the adsorption of acetone to Mn- and  
Zn-MOF-74, where ν(C=O) differed by only 0.5 cm-1 between the two materials.[166] On the other hand, 
the similar Lewis acidity regarding 21 stands in contrast to the stronger Lewis acidity of Zn-MOF-74 
when interacting with ACN-d3. This discrepancy is expected when the base is changed.[278] ACN is a 
significantly harder base than acetaldehyde.[292] It is, therefore, assumed that the affinity of the harder 
Zn(II) CUS to 21 is lower compared to ACN-d3. The effect should be less pronounced or even inverted 
for the softer Mn(II) CUS, apparently resulting in a coinciding shift of the adsorbed aldehyde.[291] The 
experiment allowed no insights into the interaction of 21 and Mg-MOF-74 since no shift was observed. 
Based on these three experiments, the Lewis acidity order of the three materials can be summarized 
as Mg > Zn ≥ Mn. 

The product distribution in the rearrangement of 11 characterized the LA sites in Mg2(DOBPDC),  
Mn-and Zn-MOF-74 as hard with selectivities toward 13 around 85 %. Zn-MOF-74 exhibited the 
highest activity within these four materials, reaching almost complete conversion within 1 h. Based 
on the reaction, the metal sites in Mg-MOF-74 are characterized as soft with 75 % selectivity toward 
14. This selectivity is unexpected as Mg(II) is considerably harder than the transition metals.[291] The 
comparison to Mg2(DOBPDC) suggests that Mg-MOF-74 is an outlier, and that this material might be 
compromised. The product distribution of the Zn-MOF-74-catalyzed reaction indicates the slightly 
harder character of the Zn CUS compared to Mn-MOF-74 and Mg2(DOBPDC). They are comparable 
(Mn-MOF-74) and slightly harder (Mg2(DOBPDC), Zn-MOF-74) compared to the Cu CUS present in 
HKUST-1 (27 % 14 at 97 % conversion).[121b] The Zn CUS in MOF-74 is harder than the metal centers in 
Zn-exchanged zeolite Y[202a] and comparable to those in ZnCl2 and ZnBr2.[121b] The effective hardness, a 
property calculated from the ionization potential and the electron affinity, follows the order  
Mg(II) >> Zn(II) > Mn(II) > Cu(II).[291] Thus, the obtained results and the literature on HKUST-1 are in 
agreement with the expected behavior of these metal ions except for Mg(II), which is expected to be 
harder than the transition metal ions. 

Adsorption of ACN from the gas phase and subsequent analysis of the number of adsorbed molecules 
by 1H NMR spectroscopy and TGA indicated that ACN occupied 67 to 78 % of the theoretically available 
CUSs. This corresponds to CUS concentrations of 5.52, 5.13, and 4.74 mmol/g for Mg-, Mn-, and  
Zn-MOF-74, respectively, when assuming the same ratio of ACN bound to the CUS and to phenolate 
as in the transmission FT-IR experiments. These values are closer to the theoretical maximum than 
those reported in the literature, where CUS concentrations of 2.9 mmol/g and 3.4 mmol/g were found 
for Mg- and Ni-MOF-74, respectively.[121a] The lower CUS concentration of the reported Mg-MOF-74 
sample might be attributed to its reduced BET surface area (570 m2/g). The number of available CUSs 
in Mg-MOF-74 is reduced by around 25–45 % formate ions, which could not be removed. 
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6.2.2. Tandem Hydroformylation-Aldol Condensation  

After characterizing the strength and the hard- or softness of the Lewis acidic sites in MOF-74 
materials, their catalytic activity in the tandem HF-AC reaction of 18 was investigated. Similarly to the 
approach followed in Chapter 5, the performances of the MOF catalysts in the AC of 21 were studied 
initially to reduce the complexity of the reaction. The yields of AC products (22 and 23) with various 
M-MOF-74 (M = Mg, Mn, Zn)-modified Co systems are depicted in the left part of Figure 49. Mg- and 
Mn-MOF-74 yielded 19 and 22 % of the AC products, respectively, slightly enhanced compared to the 
homogeneous blank reaction (16 %). The products were obtained in 70 % yield in the Zn-MOF-74-
modified reaction, at least threefold higher than with any other catalytic system. These results 
demonstrate the superiority of Zn-MOF-74 compared to the Mg and Mn derivatives in the ability to 
catalyze the AC of 21. The same trend was also observed when employing the MOFs in the tandem 
HF-AC reaction of 18. The yields of tandem HF-AC products (22, including isomer, 23) with the four 
catalytic systems are displayed in the right panel of Figure 49. The products were obtained in 1 % yield 
in the homogeneous reaction and 10 and 13 % in the Mg- and Mn-MOF-74-modified systems, 
respectively. The addition of Zn-MOF-74 resulted in a yield of 24 %, almost double the yield of the 
reaction with Mn-MOF-74. The higher share of the hydrogenated product 23 compared to Chapter 5 
was assigned to the utilization of a different batch of 1. The combined yields of the desired products 
followed the same order for both reactions: Zn > Mn > Mg > Hom. 

           

Figure 49: Conversions (squares) and yields of AC products (22 (light blue) 23 (blue))) in the AC reaction of 21 (left) and of 
tandem HF-AC products (22, including isomer (yellow), 23 (red)) in the tandem HF-AC reaction of 18 (right). Reaction 
conditions AC: 21 in cyclohexane (0.7 M, 0.5 ml, 0.35 mmol), 1 (4.0 mg, 12 μmol, 3.3 mol%), MOF (0.04 mmol), syngas 
(H2:CO  = 1, 100 bar), 120 °C, 16 h; tandem HF-AC: 18 (0.5 ml, 4.0 mmol), 1 (4.0 mg, 12 μmol, 0.29 mol%), MOF (0.04 mmol), 
syngas (H2:CO = 1, 100 bar), 120 °C, 16 h. 

PXRD measurements of the MOF materials after AC of 21 and tandem HF-AC of 18 were indicative of 
the retention of some crystallinity (Figure 50). The characteristic reflections of MOF-74 around 6.7 and 
11 ° were present in the patterns of all materials except for Mn-MOF-74 after the tandem reaction. 
However, elevated baseline intensities around 20 ° suggest the presence of amorphous material in 
Mg-MOF-74 and Zn-MOF-74 after the AC and the tandem HF-AC reaction in the case of Mg-MOF-74. 
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Figure 50: PXRD patterns of Mg- (red), Mn- (blue), and Zn-MOF-74 (green) before reactions (top left), after the AC (top right), 
and the tandem HF-AC reactions (bottom). 

Chapters 4 and 5 highlighted the profound effect of the adsorption of 1 to Zn-MOF-74 under reactive 
conditions. The selectivity of the reaction was not affected before a significant fraction of the Co 
species was present within the MOF. Consequently, the percentages of adsorbed Co were determined 
by ICP-OES for all three materials after AC and tandem HF-AC reactions. The left part of Figure 51 
shows that Zn-MOF-74 adsorbed 24 % of Co under AC conditions, 60 % more than Mg-MOF-74 (15 %) 
and almost three times as much as Mn-MOF-74 (8.8 %). The trend was even more pronounced in the 
tandem HF-AC reaction of 18. A fraction of 60 % Co was found within Zn-MOF-74, more than ten and 
twenty times that in Mn- (5.0 %) and Mg-MOF-74 (2.7 %), respectively (Figure 51, right). 

The reduced adsorption of Co to Mg-MOF-74 compared to Zn-MOF-74 is in agreement with the data 
presented in Chapter 3.2.1. Under hydroformylation conditions at 30 bar syngas pressure and 100 °C, 
Zn-MOF-74 adsorbed approximately three times more Co than Mg-MOF-74. The origin of the 
difference in the ability to adsorb Co is unclear. A direct interaction between the metal node and the 
catalyst seems implausible. While the Co species interacting with the MOFs is unknown, literature 
shows that Co(II) is expected to interact with Lewis basic sites in MOF linkers[293] and polymers.[294] The 
results demonstrate that the activities of M-MOF-74 (M = Mg, Mn, Zn) in the AC of 21 and the tandem 
HF-AC of 18 are dominated by the ability of the MOF to adsorb the Co catalyst. While the CUS must 
be accessible by the aldehyde to promote the condensation step, the Lewis acidity of the material 
seems to have less relevance. Mg-MOF-74 displays the highest LA strength, as assessed by ACN-d3 and 
acetone adsorption while obtaining the desired products in both reactions in the lowest yields.  
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Figure 51: Percentages of adsorbed Co in the AC reaction of 21 (left) and in the tandem HF-AC reaction of 18 (right). Reaction 
conditions AC: 21 in cyclohexane (0.7 M, 0.5 ml, 0.35 mmol), 1 (4.0 mg, 12 umol, 3.3 mol%), MOF (0.04 mmol), syngas 
(H2:CO = 1, 100 bar), 120 °C, 16 h; tandem HF-AC: 18 (0.5 ml, 4.0 mmol), 1 (4.0 mg, 12 umol, 0.29 mol%), MOF (0.04 mmol), 
syngas (H2:CO = 1, 100 bar), 120 °C, 16 h. 

 

6.3. Conclusion 

In this chapter, three derivatives of M-MOF-74 (M = Mg, Mn, Zn) were synthesized and analyzed 
regarding their LA strength using ACN-d3, acetone-2-13C, and heptanal adsorption. The hard/soft 
character of the LA sites and the potential presence of BA sites were studied by the rearrangement of 
11. The catalytic performance in the AC of 21 and the tandem HF-AC of 18 of the three materials was 
investigated. The framework’s ability to adsorb the catalyst under these reaction conditions was 
determined by ICP-OES.  

The study demonstrated that multiple factors influence the MOF’s activity in AC and tandem HF-AC, 
with the Lewis acidity being only one of them. Crucial properties are the ability to adsorb the Co 
catalyst and the accessibility of the CUSs. While Zn-MOF-74 features weaker LA sites compared to  
Mg-MOF-74, it excels in the adsorption of the catalyst and the availability of the CUS. Consequently, 
it displayed the highest yield of AC products in both the AC and the tandem HF-AC reactions. 
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Chapter 7 
 

In Situ Neutron Diffraction of Zn-MOF-74 Reveals 
Nanoconfinement-Induced Effects on Adsorbed Propene 

 

 

 

 

 

 

 

 

 

 

Based on: 

P. Gäumann, D. Ferri, D. Sheptyakov, J. A. van Bokhoven, P. Rzepka, M. Ranocchiari, In Situ Neutron 
Diffraction of Zn-MOF-74 Reveals Nanoconfinement-Induced Effects on Adsorbed Propene, The 
Journal of Physical Chemistry C, 2023, 127, 16636. 

P. Gäumann’s contribution: Material synthesis, NPD experiments and discussion with P. Rzepka and 
D. Sheptyakov, IR experiments and discussion with D. Ferri, write-up.  
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7.1. Introduction 

The branched selectivity increase in the MOF-modified hydroformylation of 1-hexene was attributed 
partially to the enhanced local concentration of the olefin. Simulation results in Chapter 3 suggest that 
Zn-MOF-74 packs 18 efficiently, increasing the density by 14 % compared to the liquid phase. Such 
nanoconfinement effects frequently occur in the adsorption to MOFs (see Chapter 1.2.4) and 
zeolites.[295] Despite the importance of nanoconfinement on catalysis and adsorption and separation 
processes, there are little experimental data on the physical properties, like density, of adsorbates 
within microporous materials. In this chapter, the structure of deuterated propene at various loadings 
and close to saturation was determined within the channels of Zn-MOF-74 by in situ NPD. A second 
adsorbate layer was found for loadings higher than 6 mmol/g. The formation of this second layer 
results in a very efficient packing of the propene molecules, such that the propene density in the 
channels of Zn-MOF-74 is 16(2) % higher compared to liquid propene.  

 

7.2. Results and Discussion 

7.2.1. Neutron Powder Diffraction 

The X-ray diffractogram of Zn-MOF-74 revealed exclusively Bragg reflections corresponding to the 
desired MOF phase, confirming the sample purity. The BET surface area and the pore volume 
determined by N2 physisorption were 1290 m2/g and 0.459 cm3/g, respectively, in good agreement 
with the literature.[245, 296] 
 

 

Figure 52: Overview of the NPD patterns of Zn-MOF-74 charged with various amounts of deuterated propene. The patterns 
were collected at −47 °C except for Zn-MOF-74-8_1K, which was obtained after evacuation of the saturated sample by 
applying vacuum for 30 s and measured at −272 °C. 

NPD experiments were conducted on Zn-MOF-74, charged with various amounts of deuterated 
propene (0, 1, 2, 4, 6, and 8 mmol/g of MOF) at −47 °C, yielding samples Zn-MOF-74-0 (i.e. activated 
material), -1, -2, -4, -6, and -8, and -8_1K. Data of Zn-MOF-74-8_1K were registered after rapid 
desorption of excess propene from the saturated MOF (Zn-MOF-74-8) and subsequent cooling to 
−272 °C. The refined models of all samples converged with GoF ≈ 1.9–3.4, enabling the pinpointing of 
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the olefin molecules inside Zn-MOF-74. Figure 52 gives an overview of the evolution of Bragg 
reflections across the collected patterns. The propene loading is strongly reflected by the changes in 
relative intensities of the first two peaks at 8.5 and 14.6 ° 2θ, respectively. The intensities diminish 
with increased dosed amounts, which is indicative of pore filling of porous materials.[297] Figures 53 
and 57, top display the difference between observed and calculated data. The data calculated from 
the refined models fit the observed diffractograms well.  

 

Figure 53: Rietveld refinements of Zn-MOF-74-n charged with various amounts of deuterated propene (0 mmol/g, 1 mmol/g, 
2 mmol/g, 4 mmol/g, 6 mmol/g, 8 mmol/g). Data collected at −47 °C. 

The refined structure of Zn-MOF-74-8 revealed three distinct positions of propene molecules 
coordinated to the Zn site (Figure 54, green, orange, pink). An additional molecule points to the pore 
center, forming a second adsorbate layer (Figure 54, blue). We assume that a maximum of one 
propene molecule is distributed over the three equivalent positions in the plane perpendicular to the 
c direction based on GCMC simulations.[298] Thus, the maximum occupancy of the second adsorption 
layer sites is one-third. A second coordination layer was already reported for CO2

[299] and ethene[168b] 
adsorbed on MOF-74, while the occupation of secondary sites in propene adsorption on  
Co-MOF-74[298a] and Mg-MOF-74[298b] was simulated by GCMC. To our knowledge, this is the first 
experimental observation of a second ordered adsorption layer of propene in the pore space of any 
M-MOF-74 channel.  

Each Zn ion has the ability to coordinate one propene molecule. The fractional occupancies of 
positions 1, 2, and 3 in the first adsorption layer of Zn-MOF-74-8 are 0.351(12), 0.322(12), and 
0.297(15), respectively. Thus, together, the three positions nearly saturate the Zn CUS, while the 
second adsorption layer site’s occupancy is 0.280(5). This value is close to the maximum occupancy of 
the second adsorption layer, so Zn-MOF-74 is almost saturated under the applied conditions. 



116 
 

 

Figure 54: The four different propene positions in Zn-MOF-74-8. Data collected at −47 °C. The colored fraction of the propene 
atoms corresponds to the occupancy of that site. Color code D in propene molecules: light green, position 1; orange, position 
2; pink, position 3; blue, second layer. Color code atoms: brown, C; white, H; red, O; grey, Zn. 

The molecules’ conformations in the populated sites as a function of gas loading are depicted in 
Figures 54 and 55, whereas Figure 56, top, left shows the respective isotherm. The occupancy of 
primary adsorption sites rapidly develops with increasing dosage. We assume that the second 
adsorption layer can be populated exclusively after sufficient occupation of the CUS to allow adequate 
intermolecular interaction. The saturation of the CUS corresponds to a loading of 6.16 mmol/g such 
that the first occurrence of the second layer in Zn-MOF-74-6 seems reasonable. The data of  
Zn-MOF-74-4 are indicative of a dynamic behavior of the first adsorbate layer as reflected by the 
enhanced displacement parameters that needed to be restrained. As a result, the corresponding 
structure model is less robust, and the refined occupancies are less reliable (Figure 56, bottom, left). 
They should not be compared with the models at all other conditions. 
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Figure 55: Structures of deuterated propene in Zn-MOF-74-1, Zn-MOF-74-2, Zn-MOF-74-4, and Zn-MOF-74-6. Data collected 
at −47 °C. The colored fraction of the propene C atoms corresponds to the occupancy of that site. Color code: brown, C; white, 
H; light grey, D; red, O; grey, Zn. 

In addition to these two adsorption layers, there are disordered positions of propene in the channel 
center. Even though these molecules are located in the center of the pore as well, they occupy a 
different crystallographic position compared to the molecules of the second adsorption layer. They do 
not adopt a defined structure and are identified exclusively at low gas loadings (Figure 55) due to their 
low occupancy (1.30(18)–3.5(3) %). The disordered positions become invisible in the refined models 
at higher loadings than 2 mmol/g due to the poor density contrast against the background of the first 
layer sites. Therefore, no disordered propene molecules could be identified in the samples  
Zn-MOF-74-4, -6, -8, and -8_1K. Even though the population of the disordered sites cannot be entirely 
excluded at higher loadings than 2 mmol/g, the occupancy must be relatively low. The extremely short 
intermolecular distance of the disordered sites to the second adsorption layer does not allow the 
concurrent population of two neighboring positions. 
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Figure 56: Occupancies of various sites as a function of the approximated loading of deuterated propene (top, left). Sites 1 to 
3 are combined in the first adsorption layer. Refined loadings (bottom, left), cell parameters (top, right), and cell volumes 
(bottom, right) as a function of the approximated loading. Data collected at −47 °C with error bars reflecƟng three standard 
uncertainties. 

Regardless of the structural distortions in Zn-MOF-74-4, the evolution of lattice parameters as a 
function of gas loading reveals the overall unit cell expansion upon forming the second layer  
(Figure 56, bottom, right). Cell parameters are calculated solely from the peak positions, such that also 
data on Zn-MOF-74-4 are reliable. The channel elongation in the c direction from 6.8440(9) Å to 
6.9049(9) Å emerging at 4 mmol/g loading is initially accompanied by a simultaneous channel 
contraction in diameter from 25.973(2) Å to 25.931(2) Å, which limits the swelling of the unit cell 
(Figure 56, top, right). The abrupt change in the cell parameters seems to be a consequence of the 
onset of the formation of the second adsorption layer. Further population of the second layer caused 
an increase of the cell volume in sample Zn-MOF-74-6 and -8 (Figure 56, bottom, right). The propene 
density within the channels of Zn-MOF-74 was calculated based on the number of propene molecules 
per unit cell and the experimental pore volume. These loadings are comparable to the dosed amounts 
(Figure 56, bottom, left). The refined total population of 22.6(4) propene molecules in a unit cell of 
Zn-MOF-74-8 yields a propene density of 0.707(14) g/cm3. Referencing this value to the liquid propene 
density at its boiling point (−47.6 °C, 102 kPa) of 0.609 g/cm3,[300] results in a relative density of 
116(2) % at the same temperature (−47 °C). 

All distances are reported on data of Zn-MOF-74-8_1K (Figure 57, bottom), collected at −272 °C for 
the accurate location of propene molecules within the pores. The orientation of the molecules remains 
comparable to the one in Zn-MOF-74-8. The first layer of propene coordinates via the C=C double 
bond (1.27(5) Å) to the CUS of Zn-MOF-74 (Figure 57, bottom). The distances Zn-C1 and Zn-C2 were 
2.89(4) Å and 2.96(4) Å. These distances are longer than those reported for the adsorption of propene 
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to Fe-MOF-74 (2.60(2)/ 2.56(2) Å)[168a] and Co-MOF-74 (2.66(5)/ 2.73(6) Å),[168b] while being 
comparable to the values of Mn-MOF-74 (3.03(9)/ 2.94(13) Å).[168b] The high promotional energy of 
Zn(II) (17.1 eV) is related to the poor π-back donation.[301] Zn alkene complexes are rare due to their 
instability. Several Zn alkenyl and Zn allyl compounds were reported to exhibit equivalent inter- or 

 

Figure 57: In the Rietveld refinement (top) of Zn-MOF-8_1K, the light blue line represents the difference between the 
experimental data (red) and the model (black), while peak ticks are indicated in green. In the resulting structure (middle) and 
the local structure in a fraction of the pore (bottom), propene molecules of the first adsorption layer (P1, P2, P3) are drawn 
with yellow bonds, while second-layer propene molecules (P4) feature blue ones. Adsorption of propene molecules to Zn(II) 
sites (cyan spheres) is depicted by dashed purple lines, while the distances Zn-C1 and Zn-C2 are represented in a darker shade 
of purple. Color code: grey, C; white, H; green, D; red, O; cyan, Zn. 
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intramolecular Zn-C distances between 2.255(7) Å and 3.15(6) Å.[301a, 302] Thus, the distances between 
Zn and C=C double bonds span a wide range and the interaction of propene with Zn-MOF-74 stands 
in line with it. The distances between the C2 atoms of the first and the second layer ranged between 
3.12(13) Å and 4.81(10) Å (Figure 57, bottom and Table 14). A molecule of the second layer is situated 
between three propene molecules of the first layer. Two neighboring molecules on a shared Zn-O 
chain and a third molecule on the opposing side of the organic linker interact with a single second-
layer site. The plane spanned by the three C atoms of P2 and the ones in P4 are approximately 
perpendicular to each other (84°). The first layer adsorbs in a side-on fashion, while the second 
displays an angle of 60 ° with respect to the organic linker. 

Table 14: Intermolecular distances between propene molecules of the first and the second adsorbate layer as displayed in 
Figure 57, bottom. Given are the C2-C2 distances and the shortest distance between two C atoms of each pair of propene 
molecules with the respective C atoms in brackets. 

Molecules C2-C2 Distance [Å] Shortest Distance [Å] 

P1-P4 4.81(10) 2.86(14) (C3-C1) 
P2-P4 4.22(10) 2.85(14) (C1-C1) 
P3-P4 3.12(13) 2.68(12) (C3-C2) 

 

The observation of a second adsorbate layer and the differing density due to nanoconfinement agrees 
with GCMC calculations on adsorbed propene within various MOF-74 derivatives.[298] Co-MOF-74 was 
employed in the separation of equimolar propene/propane mixtures, where it exhibited increased 
selectivity towards propene over propane with increasing hydrocarbon pressures. This dependence is 
contradicting general trends, where the selectivity towards one gas mixture component decreases 
with increasing gas pressures. The peculiar behavior of Co-MOF-74 was attributed to the dimensional 
match of the MOF channel diameter and the molecular size of propene such that the pore volume is 
efficiently filled and propane adsorption suppressed.[298a] 

The explanation was supported by the expected selectivity decrease in ethene/ethane separation 
upon increasing gas pressures as a result of the mismatch between the pore diameter and the 
hydrocarbon size.[298a] Another study found that ethane and ethene both form a second adsorbate 
layer in Mg-MOF-74, while this is only possible for propene but not for propane. The different behavior 
of propene and propane, despite similar kinetic diameters, was attributed to the much higher dipole 
moment of propene compared to propane, allowing enhanced intermolecular interactions.[137b, 298b] In 
agreement with these two studies, we assume that the higher observed propene density results from 
the formation of a second adsorbate layer in close proximity to the first one. The former is enabled by 
sufficiently large intermolecular interactions,[298b] while the short intermolecular distances are caused 
by the restricted space within the channels (i.e. nanoconfinement) and the match between the sizes 
of the pore and double-layered propene (Figure 57, middle).[298a] The magnitude of the propene 
density increase is in agreement with the reported relative adsorbate density of 1-hexene in  
Zn-MOF-74. It was calculated by GCMC to be 14 % higher than the liquid density, attributed to a more 
efficient packing of the olefin within the MOF channels than in the liquid phase.[263] 
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7.2.2. Infrared Spectroscopy 

ATR-IR spectroscopy experiments were performed to obtain a qualitative molecular perspective of the 
interaction between propene and Zn-MOF-74. No signals were detected when feeding gaseous 
propene (Figure 58, top, red) on the clean ZnSe crystal, while propene dissolved in cyclohexane 
exhibited clear signals (Figure 58, top, black). The peaks were shifted compared to the reference gas 
phase spectrum, as a result of the condensed phase (Table 15). When a thin layer of Zn-MOF-74 on 
the ZnSe crystal was exposed to gas phase propene in Ar, similar signals to those observed in the 
spectrum of dissolved propene appeared. This shows that the MOF layer concentrates propene 
molecules within its porous structure and the space probed by the IR radiation, similar to the change 
from gas phase to condensed phase. However, the further shift by 11 cm−1 in the position of the C=C 
stretch mode compared to dissolved propene accompanied by larger blue shifts of the two out-of-
plane modes of the olefinic C-H vibration by 18 and 19 cm−1 confirms a more significant condensation 
effect induced by Zn-MOF-74 on the state of propene (Table 15). This suggests a stronger perturbation 
of the propene molecules upon interaction with the solid than the change of state from gaseous to 
condensed phase. Accordingly, the spectra obtained during interaction of propene with the MOF 
display second-derivative-like profiles in correspondence of almost all vibrational modes of the MOF 
backbone, revealing a shift of the linker groups caused by the presence of the adsorbed olefin phase 
(Figure 58, middle, green labels). The interaction with propene causes also a loss of intensity in the 
signals of the perturbed groups that can be explained considering that i) the absorption coefficient of 
the linker signals involved decreases in presence of propene or ii) that the optical properties of the 
thin Zn-MOF-74 layer change in the presence of propene. Both observations are strong evidence of 
the interaction of propene with the MOF. These data demonstrate that all structural motifs of the  
2,5-dioxdoterephthalate linker are involved in the physisorption of propene, in agreement with the 
NPD data revealing that all the organic entities being in proximity of less than 2.5 Å to at least one of 
the three positions of propene in the first adsorption layer. Even much longer distances have been 
reported to influence the vibrations of H-bonds.[303] 

Table 15: Experimental vibrational modes of propene within Zn-MOF-74, dissolved in cyclohexane and in a gas phase 
reference spectrum. Band assignment according to references [304]. 

Vibrational mode Zn-MOF-74 [cm−1] Dissolved [cm−1] Ref. (g) [cm−1][305] 

ω(CH2) 927 909 912 
τ(CH2) + γ(CH) 1006 987 990 
ρ(CH3) + γ(CH) 1043 - 1044 
ν(C=C) 1635 1646 1653 
2ω(CH2) - 1818 - 
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Figure 58: ATR-IR reference spectra of dissolved propene in cyclohexane (top, black) and gaseous propene (top, red) measured 
on a clean ZnSe crystal. Difference spectra acquired during propene gas adsorption on Zn-MOF-74 (middle) and ATR-IR 
spectrum of Zn-MOF-74 (bottom). Green labels: MOF[165, 274b]; light blue: propene[304] (time domain: yellow to purple). 
Vibrational modes: νs and νas, symmetric and asymmetric stretching; δ, bending; τ, twisting; ω, wagging; ρ, rocking. 

 

7.2.3. Temperature-Programmed Desorption 

The number of discrete adsorption sites and the activation energy of desorption were determined by 
TPD. The propene-loaded samples were heated with four different β ranging from 1 to 10 °C/min. The 
curve with a heating rate of 10 °C/min (Figure 59, red) exhibits three distinct peaks assigned to three 
unique adsorption sites. The peak with low intensity (at −3 °C) corresponds to a site featuring little 
occupancy, probably the disordered one in the channel center in Figure 56, top, left. The second peak 
(at 29 °C) and the main peak (at 60 °C) were assigned to the second and first adsorption layers, 
respectively.  

With the restraints described in Chapter 2.2.5, varying β yields reasonably accurate EA_des values.[306] 
The analysis yielded EA_des of propene from the CUS of Zn-MOF-74 as 42(5) kJ/mol. This value is slightly 
lower than the isosteric heat of adsorption reported previously (−47.6 kJ/mol).[168b] In the M-MOF-74 
series, Zn-MOF-74 displayed the weakest interaction with propene.[168b] This weak interaction is in 
agreement with the long Zn-C distances obtained in the refinement of the NPD data. 
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Figure 59: TPD experiments of propene-charged Zn-MOF-74. The TCD signal was recorded as a function of time, requiring the 
normalization by 10/β.[225, 306] The colors correspond to different heating rates: light blue (1 °C/min), dark blue (2 °C/min), 
green (5 °C/ min), and red (10 °C/ min). In the inset, ln(β /Tp2) versus 1/Tp is plotted, such that the activation energy of 
desorption can be deduced from the slope as 42(5) kJ/mol. 

 

7.2.4. Propene Physisorption 

The propene capacity of Zn-MOF-74 was probed with a physisorption experiment at −58 °C to be 
7.07 mmol/g at 0.95 p/p0, which is comparable to the number of adsorbed molecules as determined 
by the NPD experiment (7.71(15) mmol/g). The total propene uptake according to NPD data and the 
physisorption experiment are comparable to the 6–7.8 mmol/g of propene adsorbed to Mg-MOF-74 
at ambient temperature and 1 bar.[298a, 307] The slight discrepancy between the values from the two 
experimental methods is rationalized by the lower BET surface area (870 m2/g) of the batch used in 
the physisorption experiment. However, both surface area values lie within the variability of reported 
Zn-MOF-74 materials.[105, 163b, 168b, 196b, 232, 265, 296, 308] The adsorption and desorption branches overlap 
(Figure 60). The formation of the first adsorption layer at the Zn CUS corresponds to roughly 
5.8 mmol/g (6.0 mmol/g from NPD experiments), while the step at 0.95 p/p0 was attributed to 
propene molecules populating the second adsorption layer (1.3 mmol/g, 1.7 mmol/g from NPD). 
These data are thus in good agreement with the ones obtained under similar conditions by NPD at 
−47 °C. Contrary to most reported propene physisorption studies that were performed at rt,[168, 298, 309] 
this experiment was conducted below the boiling point. We assume that the lower temperature is the 
reason why we observe the formation of the second adsorbate layer as a step at 0.95 p/p0, while it 
was not reported in earlier studies. 
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Figure 60: Physisorption of propene at −58 °C with squares and diamonds corresponding to the adsorption and desorption 
branch, respectively. 

 

7.3. Conclusion 

This chapter describes the structure of adsorbed propene within the channels of Zn-MOF-74 at various 
loadings. The NPD data suggest a 16(2) % higher density of adsorbed propene compared to the liquid 
phase close to saturation conditions. The formation of a second adsorbate layer in close proximity to 
the CUS-adsorbed molecules causes this density increase. Disordered propene molecules constitute 
the third propene position. TPD experiments support the presence of three different positions and 
ATR-IR experiments demonstrate a stronger perturbation of propene upon adsorption to Zn-MOF-74 
than the change of state. The study shows the effects on the physical properties of an olefin 
nanoconfined within the channels of Zn-MOF-74 but also adsorbate-induced material changes. The 
cell parameters vary with increasing loadings and the IR bands of the organic linker shift upon the 
adsorption of gaseous propene.
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8.1. Conclusion 

This thesis shows the effects of Zn-based MOFs as modulators in the Co-catalyzed hydroformylation 
of olefins and the AC of aldehydes. It demonstrates confinement effects imposed by the MOFs and 
their influence on the product distribution. While Co-catalyzed hydroformylation is an established and 
well-understood process, confinement effects in MOFs are still a relatively young field, as shown by 
the number of recent reviews.[177] The confinement effects in zeolites were already quantitatively and 
qualitatively described in the 1980s.[257, 310] Confinement was described as “the most important feature 
in zeolite science” since it discriminates zeolites from the industrially far less relevant amorphous 
aluminosilicates.[295a] However, confinement effects are hard to systematize, even more so in MOFs 
where the chemical composition and functionality exhibit a wide variability. On the other hand, these 
materials offer several handles to tune the properties and find or create the ideal MOF for a particular 
application. Multiple examples demonstrate the beneficial effect of confinement on the reactivity and 
selectivity in a wide range of reactions.[177b, 177d, 183-184, 311] This thesis adds two catalytic examples of 
MOF effects and experimental and theoretical data explaining their origin. 

Chapter 3 demonstrates that the addition of Zn-MOF-74 and various UMCM-1 derivatives favor the 
formation of the branched aldehydes in the hydroformylation of olefins. Branched products were 
obtained with up to 90 % selectivity. These MOF-modified reactions represent one of the few methods 
to produce the branched isomers selectively from unfunctionalized olefins. The MOFs modulate the 
selectivity by changing the local substrate concentrations. While the concentrations of CO and H2 are 
reduced in the pores compared to the homogeneous system, the density of 1-hexene is 4 and 14 % 
higher in UMCM-1 derivatives and Zn-MOF-74, respectively. Under these conditions, the formation of 
the branched product is kinetically favored. 

The MOF must adsorb the Co catalyst to influence the product distribution, as shown in Chapter 4. 
The catalyst adsorption requires several hours, such that long reaction times are needed to yield the 
products with high regioselectivity. The addition of the MOF also catalyzes the AC of the aldehyde 
products. The series of hydroformylation and AC offers a shorter synthetic strategy to industrially 
relevant intermediates. Tuning the conditions of the Zn-MOF-74-modified reaction formed the  
AC-derived products in similar yields as the formerly used Aldox process but under much milder 
conditions. The Co catalyst and the MOF are both required to create an effective catalytic system as, 
highlighted in Chapter 5. The adsorption of heptanal to the CUS of Zn-MOF-74 elongates the carbonyl 
bond and enhances the electrophilicity of the aldehyde, as shown by DFT calculations and ATR-IR 
spectroscopy. The Co catalyst acts presumably as a strong BA and catalyzes the tautomerization of 
another aldehyde molecule to the corresponding enol, which reacts with the activated heptanal 
molecule to form the condensation product. The effect of the Lewis acidity of the CUS in M-MOF-74 
(M = Mg, Mn, Zn) was investigated in Chapter 6. The strength of the LA follows the order  
Mg > Zn > Mn with ACN-d3 as base. Additional adsorption experiments and NMR spectroscopy 
indicated that the CUS in Mg-MOF-74 was not accessible to acetone and heptanal due to remaining 
formate anions. Catalytic tests demonstrated that Zn-MOF-74 is the most active material in the Co-
catalyzed tandem HF-AC of 1-hexene and the AC of heptanal. The superiority was assigned to the high 
fraction of adsorbed Co, highlighting the importance of catalyst adsorption in both reactions. 
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Finally, Chapter 7 discussed the structure of propene in the channels of Zn-MOF-74. An NPD study 
found a second adsorption layer close to the center of the pore. This double-layered arrangement 
enhanced the density of propene by 16(2) % compared to the liquid at identical conditions. The effect 
is likely based on the match between the pore diameter and the molecular dimensions of propene. 
ATR-IR spectroscopy demonstrated that all entities of the DOBDC linker are involved in the adsorption 
of propene. The chapter allowed a better understanding of the confinement effects acting on propene 
in Zn-MOF-74 and demonstrated NPD as a suitable method to investigate their origin. 

 

8.2. Outlook 

The thesis entails two reactions, hydroformylation and tandem HF-AC of olefins, which are modulated 
by the local conditions inside the pores and channels of Zn-based MOFs. Simulations allow calculating 
the local substrate concentrations under a particular set of conditions. However, Chapters 4 and 6 
demonstrate that the modulated substrate concentrations do not influence the product distribution 
if the catalyst remains in the homogeneous liquid phase. Chapter 6 highlights that even materials of 
the same structure display differing adsorption properties regarding the Co catalyst. So far, only  
Zn-based MOFs adsorb satisfactory percentages of 1. Understanding the origin of this exclusive 
interaction on a fundamental level would benefit the in-depth understanding of the adsorption 
mechanism. The literature provides little insight into why 1 should adsorb to Zn-MOF-74 but no other 
MOF-74 derivatives. Another interesting research direction in this field could be the influence of the 
steric confinement within UMCM-1-NH2 and MixUMCM-1-NH2. The amino groups can act as a 
functional handle to introduce groups through PSM (see Chapter 1.2.2). A systematic study covering 
functionalization with molecules of various sizes and functionalities could deliver insights on how to 
improve the branched selectivity in Co-catalyzed hydroformylation. The results might allow the 
deduction of general principles to improve the packing of olefins and the reduction of syngas affinities 
in MOFs. These principles could be applied to other reactions to influence product distributions. 

Furthermore, several questions related to the complex catalytic systems and the roles of their 
components remain. There is so far no irrevocable proof that the catalytic species in the MOFs is the 
same as under homogeneous hydroformylation conditions. High-pressure IR[25c, 312] and NMR 
spectroscopy[22, 312-313] and XAS[314] experiments under reactive conditions could shine a light on this 
aspect. However, reproducing the hydroformylation conditions with the simultaneous presence of 
gaseous, liquid, and solid phases and the relatively soft X-rays required for Co K-edge XAS may impose 
substantial challenges on the experiment design.[315] In a similar attempt to deepen the knowledge of 
the MOF-modified reactions, their kinetics could be investigated. Such experiments allow insights into 
the rate-determining step and the compatibility with the established reaction mechanism. However, 
the Co catalyst must be adsorbed before the start of the reaction to obtain meaningful initial rates of 
reaction. The presence of the solid impedes the sampling of the reaction mixture by clogging and may 
induce a mass transport limitation. While being of fundamental scientific interest, the impact of a 
deeper understanding of the MOF-modified reactions described in this thesis will be limited, as these 
systems have yet to be widely used. The lack of sufficiently strong interacting coordination sites in the 
used MOFs prevent the simple recycling of the catalyst by filtration. This would have been a strong 
argument for the industry to continue the investigation of MOF-modified Co systems. Furthermore, it 
is challenging to influence the catalytic system’s properties due to the limited number of ligands that 
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bind Co strongly and the lack of functional handles in MOF-74. These limitations hamper the 
application of the described system. They do not allow the exploration of the full potential of MOFs 
as hydroformylation catalysts to enable reactions that are unattainable in homogeneous systems. For 
example, the branched selectivity in the hydroformylation step toward vitamin A acetate is only 
around 70–80 % and requires the reaction to be performed at 500 to 700 bar of syngas pressure.[316] 
The relatively low selectivity and the high gas pressure make the reaction less cost efficient. Improving 
the regioselectivity at milder reaction conditions would allow the cheaper synthesis of vitamin A. 

Enzymes enhance the rate of a reaction by various mechanisms. In particular, they bind the TS stronger 
than the corresponding substrate and product. The resulting stabilization of the transition state 
reduces the activation energy and promotes the reaction. H-bonds, electrostatic, and van der Waals 
interactions enable the required non-covalent bonds. They counterbalance unfavorable charge build-
up in the TS. Acid and base residues can make substrates more electrophilic or nucleophilic, while 
metals allow efficient redox reactions. Substrates may also be activated by covalent catalysis, where 
the enzyme forms a temporary covalent bond to the substrate, which is cleaved in a second reaction 
step. Furthermore, they orient the two substrates of a bimolecular reaction in a favorable fashion to 
align the reactive groups and promote the probability of the reaction.[317] The complementary shape 
of the active site and substrate-specific secondary interactions allow the recognition of a desired 
substrate in a stereospecific fashion.[318] Consequently, enzymes feature unmatched substrate 
specificity and yield products with high activity in an enantioselective manner. 

As outlined in Chapter 1.2, the structural flexibility of MOFs is one of their most intriguing properties. 
It makes MOFs promising candidates to combine the advantages of homogeneous and heterogeneous 
materials. The selection of appropriate organic linkers and modifications allows the synthesis of 
materials with defined catalytic sites and similar or even enhanced activity compared to the 
homogeneous analog. Simultaneously, the catalysts could be recycled and easily separated from the 
reaction mixture.[319] The high control over the active site and the versatility of organic linkers and 
SBUs to tune the second coordination sphere allow, in principle, enzyme-like activities of MOFs. The 
second coordination sphere denotes interactions between the substrate and the catalyst, which occur 
remotely from the reaction center.[320] Despite such theoretical possibilities, biomimetic materials are 
currently mostly limited to imitating the active site rather than tuning also the second coordination 
sphere.[321] Enzyme-like applications of MOFs, featuring high specificity, selectivity, and activity, are 
still rare. Developing a catalytic system for the selective hydroformylation of olefins, which utilizes the 
full potential of MOFs, is therefore attractive and could be a step towards enzyme-like MOFs. The 
devised strategies could be used for the heterogenization of additional transition metal catalysts to 
make use of second-coordination-sphere and nanoconfinement effects in MOFs. The successful 
implementation of these processes might make MOFs attractive as catalysts for the synthetic industry 
due to the expected high selectivity and activity but also their facile separation and recycling.  

A few instances where the spatial environment around an active site in a MOF was modulated were 
reported. MUF-77 is based on three different linkers with distinct crystallographic positions within the 
framework.[322] The three linkers can be functionalized independently from each other.[323] 
Incorporating a prolinyl group into one of the linkers yields a catalyst for the enantioselective aldol 
addition. The remaining two linkers can be systematically modified to modulate the activity and 
selectivity of the reaction. Varying the spatial environment around the prolinyl group resulted in ee 
values between –26.5 and 24.2 % in the aldol addition of p-nitrobenzaldehyde and acetone.[323] 
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Furthermore, the addition rate was increased upon substitution of the alkyl residues by n-hexyl 
residues in the truxene linker.[324] The same study showed that increasing the steric demand of the 
third linker boosts ee from 3.0 to 19.4 %. A competition experiment, where m-nitrobenzaldehyde can 
react either with nitromethane or acetone, demonstrated that the chemoselectivity towards the aldol 
product increases with longer alkyl residues at the truxene linker.[324] In another study, a fraction of 
the terephthalate linkers in UiO-66 were substituted by monocarboxylates. The acetate- and formate-
modified materials exhibited superior activity and selectivity in the transfer hydrogenation of alkyl 
levulinates compared to pristine UiO-66.[325] The result was rationalized by the reduced strain in the 
TS and the stabilizing effects of van der Waals forces of the monocarboxylates.  

These few examples from heterogeneous catalysis contrast with many homogeneous catalysts that 
interact with the substrate via secondary interactions.[320b, 326] The interested reader is referenced to 
the mentioned reviews since the variability of this field of homogeneous catalysis lies outside this 
chapter’s scope. Only the hydroformylation systems will be covered in this outlook.  

The first report of a hydroformylation catalyst enabling second coordination sphere interactions with 
the substrate was published in 2008.[327] The researchers used an acyl guanidine-functionalized 
phosphine ligand (24, Figure 61) in the Rh-catalyzed hydroformylation of but-3-enoic acid. The 
electrostatic interaction between the carboxylate and the guanidinium ion favorably orients the 
substrate. The substrate orientation caused a more than eightfold increase in activity and enhanced 
the linear selectivity from 57 % to 96 % compared to PPh3. The substrate specificity was demonstrated 
by the transformation of pent-4-enoic acid, which displayed only one-fifth of the reactivity compared 
to but-3-enoic acid and a linear selectivity of 78 %. The hydroformylation of (Z)-pent-3-enoic acid 
yielded the γ-aldehyde in 92 % with 24 and 37 % with PPh3, demonstrating the directive effect of the 
catalyst.  

 

Figure 61: Ligands (24 and 26) enabling secondary interactions with a substrate. Substrate (25) was used to demonstrate 
regioselective hydroformylation. 

The two olefinic groups in 25 (Figure 61) react at similar rates in the Rh-catalyzed hydroformylation 
with PPh3. However, the red group was transformed nine times faster than the blue one when using 
24 as the ligand. The activity and regioselectivity in the hydroformylation of but-3-enoic and  
pent-4-enoic acid were further improved by employing electron-poorer 26 (Figure 61) as the 
ligand.[328]  

A similar strategy was developed in Reek’s research group. The bidentate ligand DIMPhos (Figure 62), 
featuring a receptor entity for carboxylate and phosphates ions, was successfully employed in the 
regioselective hydroformylation of unsaturated acid derivatives.[329] The catalyst precursor was 
formed from the reaction of DIMPhos with [RhCl(CO)2]2. An acetate anion bound to the four NH groups 
was found in the crystal structure of the formed complex, demonstrating the entity’s receptor 
capabilities. The catalyst was used in the hydroformylation of deprotonated ω-unsaturated carboxylic 
acids from but-3-enoic to non-8-enoic acid. Methyl esters and the protonated analogs, which cannot 
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bind to the receptor, were used as control experiments. While there was little difference in the 
regioselectivity of the but-3-enoic acid derivatives, which are too short to reach the Rh center if bound 
to the receptor, the linear selectivity of pent-4-enoic acid increased from 75 % to 98 % upon 
deprotonation. Pent-4-enoate fits the pocket precisely, which explains the jump in selectivity. The 
same trend was observed for the longer-chain molecules, although not as pronounced as in  
pent-4-enoic acid. The success of the system led to the development of related ligands in which PPh2 
was substituted by an electron-poorer phosphine (DIMPhos2, Figure 62) and a phosphite (DIMPhos3, 
Figure 62).[330] DIMPhos3 and DIMPhos2 displayed higher regioselectivity in the hydroformylation of 
short (C4-C7) and long (C8-C11) ω-unsaturated carboxylates, respectively, compared to DIMPhos. Both 
modified ligands exhibited increased activity compared to DIMPhos, as expected from known trends. 
The Rh catalyst based on DIMPhos3 displayed regioselectivity higher than 96 % in the 
hydroformylation of internal alkenes. The more distant C atom was consistently formylated despite 
using substrates featuring the olefinic bond at various distances from the carboxylate. 

 

Figure 62: Schematic representation of a carboxylate interacting with DIMPhos family ligands.  

Varying the position of PPh2 in DIMPhos from para to ortho allowed the regioselective 
hydroformylation of but-3-enoate by shortening the length of the pocket.[331] On the other hand, 
introducing an additional phenylene ring between the amide moiety and the phosphite group in 
DIMPhos3 allowed the hydroformylation of monounsaturated fatty acids with 71 % 
regioselectivity.[332]  

The above examples demonstrate that the selectivity towards a desired product can be influenced by 
changing the environment around the active site in MOF and hydroformylation catalysts. While the 
efforts were so far directed at yielding higher linear selectivity, the same principles should be 
applicable to favor the branched products. This chapter aims to outline a project that combines the 
two research areas and allows the modulation of the product distribution by changing the 
environment around a heterogenized catalytic site. Such a catalyst must form a stable bond between 
the active metal and the ligand to prevent metal leaching. Ideally, the coordination of the ligand 
should improve the catalytic activity. Rh-based catalysts satisfy these two conditions and allow the 
application of a wider variety of ligands compared to Co systems.[11] Furthermore, their inherent 
activity is orders of magnitude higher than the one of Co catalysts.[4] Thus, Rh-based systems are ideal 
candidates for the immobilization of hydroformylation catalysts in MOFs. In a second step, directing 
groups may be introduced to modify the selectivity of the reaction. Ideally, the material is modular, 
so a different substrate does not require a complete resynthesis of a new catalyst but a simple 
adaption.  
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This implies that the framework requires two handles to tune the active site and the modulator 
independently. Three stages of the project can be envisioned: 

1) Immobilization of the Rh catalyst in a MOF in a molecularly defined fashion. 
2) Introduction of simple modulators, like alkyl chains of different lengths, to influence the 

environment around the active site and improve selectivity. 
3) Introduction of precisely tuned modulators to orient the substrate and enhance substrate 

specificity and product selectivity. 
 
In each stage, the material must be sufficiently characterized to understand why the catalyst works in 
the expected way or why it does not. Suitable methods include XRD and N2 physisorption for the 
characterization of the framework. IR and NMR spectroscopy are applicable to verify the successful 
functionalization with phosphine ligands and modulators, while ICP-OES or digestion and subsequent 
liquid chromatography allow the respective quantification. The successful metalation can be assessed 
by elemental analysis, and DFT simulations allow insights into the mechanism by which the material 
can favor the desired product and support the identification of suitable modulators. 
 

8.2.1. Immobilization of Molecularly Defined Rh Catalysts on MOFs 

Several reports on immobilized Rh catalysts on MOFs were published.[80c, 205-207, 209-212, 333] Even though 
phosphine ligands were calculated to be superior compared to the ones coordinating via O and N 
atoms,[213] only one publication, where Rh was coordinated to a framework-bound phosphine group, 
could be found.[333] Zr-based MOF-808 was functionalized by formate exchange with  
4-(diphenylphosphino)-benzoic acid and metalated by two Rh complexes. The material was 
successfully employed in the hydroformylation of ethylene. The catalyst was recycled five times with 
only a minor decrease in activity attributed to the leaching of Rh, as shown by ICP-OES measurements. 
A similar catalytic system based on Hf-MOF-808 functionalized with 3-(diphenylphosphino)benzene 
sulfonic acid (P-MOF-808) and a Rh catalyst allowed the hydroaminomethylation of cyclohexene.[334] 
Metalation of P-MOF-808 with Ir yielded an active catalyst for the reductive amination of  
4’-fluoroacetophenone. Recycling experiments displayed a slight decrease in yield over five cycles. 
Finally, NU-1000 was functionalized by solvent-assisted ligand incorporation (SALI)[131, 289b, 335] with 
sSPhos, the sulfonated derivative of SPhos.[102] The catalyst displayed high activity in the Suzuki-
Miyaura cross-coupling of 3-bromoanisole and phenylboronic acid. These examples demonstrate that 
frameworks isoreticular to MOF-808 and NU-1000 can be functionalized by phosphines bearing 
sulfonate or carboxylate groups. This modular approach allows the simple synthesis of various 
phosphine-functionalized MOFs based on a common structure. The phosphine structure is thus easily 
tunable and can be optimized for a certain substrate without the complicated synthesis of a new 
linker, as in other materials.[319] 

Hydroformylation was already performed with a variety of sulfonated phosphines, the most popular 
being TPPTS (Figure 63) which is used in the Ruhrchemie/ Rhône-Poulenc process.[336] The sulfonated 
phosphines BISBIS[337] (Figure 63) and NORBOS[338] (Figure 63) resulted in catalysts with higher activity 
compared to TPPTS.[336]  
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The sulfonate group makes these ligands appealing targets for the heterogenization of well-
performing Rh hydroformylation catalysts in MOFs of NU-1000 and MOF-808 topology.[102, 334] 
Heterogenized Rh catalysts based on NORBOS were already successfully employed in supported 
aqueous-phase hydroformylation of propene on various support materials.[339] 

 

Figure 63: Water-soluble phosphine ligands that might be suitable for the functionalization of MOFs isoreticular to NU-1000 
and MOF-808. 

Various additional sulfonated diphosphines have been reported.[340] Among the most popular is 
sulfoXantphos (Figure 64).[341] This ligand profits from the large natural bite angle of Xantphos, leading 
to enhanced linear selectivity.[342] It was used in the gas-phase hydroformylation of C2 to C4 alkenes by 
Rh-based supported ionic liquid-phase catalysts and displayed high linear selectivity and  
stability.[80a, 343] The separation of two Zr ions in NU-1000 that are available for SALI and sit on opposing 
sides of a linker is 12.97 Å.[344] The distances between two O atoms in the sulfonate groups of 
sulfoXantphos were estimated between 10.4 and 12.5 Å by Chem3D 19.1 after an energy minimization 
step. Thus, sulfoXantphos should be able to coordinate to two neighboring Zr clusters, possibly 
resulting in reduced leaching compared to monocoordinated catalysts (Figure 64). These features 
make sulfoXantphos a promising candidate to immobilize Rh catalysts in MOFs isoreticular to  
NU-1000. The anticipated coordination mode should orient the phosphine groups toward the 
hexagonal pore of NU-1000, making them available for catalysis after metalation. The resulting 
material could already display modulated selectivity and reactivity compared to the homogeneous 
analog. The solid catalyst should be easily recoverable[102, 333] and could be applied in the gas phase 
hydroformylation of short-chain alkenes. MOF-808, NU-1000, and other Zr-MOFs could also be 
functionalized with other phosphines and phosphorous ligands featuring sulfonate and carboxylate 
groups. However, once a ligand has been selected, the chemical environment around the active site 
cannot be easily modulated. This shortcoming is addressed in the following chapter. 
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Figure 64: Schematic representation of sulfoXantphos binding to two neighboring Zr6 clusters of NU-1000. Color code: grey, 
C; white, H; red, O; pink, P; gold, Zr. 

 

8.2.2. Introduction of Modulators 

Introducing simple modulators like alkyl chains can increase the activity and selectivity of MOF-based 
catalysts.[180, 324] Modulators may be installed by PSM, as this technique is versatile and, thus, very 
attractive. It allows the synthesis of a variety of materials from a common intermediate. Functional 
groups such as amines were frequently used to covalently bind modifiers to a framework backbone 
(see Chapter 1.2.1). NU-1000 derivatives featuring amine groups in ortho (NU-1002-o-NH2) and meta 
(NU-1002-m-NH2) positions of the phenyl ring relative to the acid group were already reported.[345] 
Also, a MOF-808 derivative carrying one amine group per linker (MOF-808-NH2) was synthesized.[346] 
Amines readily react with aldehydes, ketones, isocyanates, acid chlorides, and other electrophilic 
species, making these functional groups potential handles to introduce modulators into the 
mentioned materials. At least the linear aldehydes ranging from C1 to C13 are commercially available 
(Sigma Aldrich) and offer the possibility to study the effect of increasing confinement on the product 
distribution and the activity of the catalyst. Alternatively, the sulfonation of NU-1000 with 
chlorosulfonic acid at −30 °C was reported (Scheme 25).[347] The resulting sulfonate group was used to 
immobilize ammonium ions[347] and could be exploited to anchor cationic detergents. The exact order 
in which the pristine frameworks should be functionalized by ligands, metal precursors, and 
modulators is hard to predict a priori and requires conducting a set of experiments to identify the ideal 
procedure. 
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Scheme 25: Sulfonation of NU-1000 by HSO3Cl.[347] 

Noncovalent interactions between the catalyst and the substrate are known to enhance the selectivity 
and kinetics of a reaction potentially.[326a, 348] Particularly, H-bonds and interactions involving a charged 
species are frequently exploited for the orientation of molecules.[320b, 326b] For a proof-of-concept 
study, substrates featuring carboxylate groups are attractive due to the large number of known 
carboxylate receptors.[349] However, these receptors are relatively complex and sterically demanding 
(Figure 65). Therefore, they are not directly suitable for incorporation into MOFs. 

 

Figure 65: Typical cores of carboxylate receptors.[349] 

Figure 65 demonstrates that several classes of carboxylate receptors are based on urea derivatives 
(30). The introduction of urea derivatives into MOFs by PSM allows the formation of H-bonds between 
the carboxylate and the nitrogen-bound protons. Furthermore, squaramide[350] (31) and  
guanidin[327-328] (32) derivatives were used to coordinate carboxylates. Such groups could be applied 
in the covalent functionalization of MOFs like NU-1002 and MOF-808-NH2. The resulting materials 
should form specific interactions with carboxylate-functionalized olefins, potentially enhancing the 
regioselectivity and specificity.[330, 332] The exact shape and length of the link between the framework 
backbone and the functional group interacting with the carboxylate moiety should be assessed by 
simulations to prevent labor-intensive trial-and-error experiments. 

 

Figure 66: Possible groups forming strong intermolecular interactions with carboxylates. 

The hydroformylation of unsaturated carboxylates, carboxylic acids, and methyl esters of differing 
lengths and with various C atoms between the two functionalities[327, 329-330] or the differentiation of 
two olefinic moieties[328] may act as proof of principle. However, upon the development of a suitable 
catalytic system comprising the MOF structure, the ligand, and the directing modulator, industrially 
relevant intermediates and products may be obtainable in higher selectivity than currently feasible. 
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For example, the state-of-the-art process toward vitamin A acetate currently yields 1,2-diacetoxy-3-
methylbutan-4-al (34, Scheme 26) in 70–80 %.[316] The selection of a suitable ligand and the 
introduction of directing groups by PSM may diminish the gap between enzymes and MOF catalysts 
in terms of activity, specificity, and selectivity. However, the receptor binding 33 and resulting in its 
branched-selective hydroformylation still needs to be developed. Such a material would represent a 
step toward unlocking the full potential of MOFs as catalysts and might allow a more efficient synthesis 
of fine chemicals, producing less waste and side products. 

 

Scheme 26: Synthesis of vitamin A acetate with the part undergoing hydroformylation highlighted in blue. 
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Lists of Abbreviations and Chemical Structures  

%occup. Percentage occupancy 
2-EH 2-Ethylhexanol 
A Preexponential factor 
A/K Alcohol-to-ketone ratio 
AC Aldol condensation 
acac Acetylacetonate 
ACN-d3 Deuterated acetonitrile 
AKM Adsorption-driven kinetic modulation 
AT Aldol-Tischenko 
ATR Attenuated total reflection 
B/L Branched-to linear ratio 
B0 External magnetic field 
BA Brønsted acid 
BDC Benzenedicarboxylate 
BET Brunauer-Emmet-Teller 
Boc tert-butyloxycarbonyl 
br broad 
Br Branched selectivity (only aldehydes considered) 
BrAKM Branched selectivity (condensation product considered) 
BTB Benzenetribenzoate 
C BET constant 
CCSD(T) Coupled-cluster theory 
CUS Coordinatively unsaturated (metal) site 
d Interplanar distance 
d Doublet 
DCM Dichloromethane 
DEHP Bis(2-ethylhexyl) phthalate 
DFT Density functional theory 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
DOBDC 2,5-Dioxidobenzenedicarboxylate 
DOBPDC 4,4′-Dioxido-3,3′-biphenyldicarboxylate 
DOTPDC 4,4″-Dioxido-[1,1′:4′,1′′-terphenyl]-3,3′′-dicarboxylate 
EA_des Activation energy of desorption 
ee Enantiomeric excess 
EtOAc Ethyl acetate 
EtOH Ethanol 
FID Flame ionization detector 
FT Fourier-transform 
FWHM Full width at half maximum 
GC Gas chromatography 
GCMC Grand canonical Monte Carlo 
h Planck’s constant 
H2BDC Terephthalic acid 
H2BDC-Br 2-Bromoterephthalic acid 
H2BDC-NH2 2-Aminoterephthalic acid 
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H2BPDC [1,1'-Biphenyl]-4,4'-dicarboxylic acid 
H2TPDC [1,1':4',1''-Terphenyl]-4,4''-dicarboxylic acid 
H3BTB 4,4’,4’’-Benzene -1,3,5-triyl-tribenzoic acid  
H3BTT 1,3,5-Benzenetristetrazol-5-yl 
H4DOBPDC 4,4'-Dihydroxy-[1,1'-biphenyl]-3,3'-dicarboxylic acid 
HPLC High-pressure liquid chromatography 
I Nuclear spin 
ICP-OES Inductively coupled plasma optical emission spectroscopy 
IR Infrared 
IRMOF Isoreticular MOF 
iso-H4DOBPDC 3,3'-Dihydroxy-[1,1'-biphenyl]-4,4'-dicarboxylic acid 
J J-coupling 
K shape factor  
kB Rate constant for branched aldehyde formation 
KBCO Constant in RB 
kL Rate constant for linear aldehyde formation 
KLCO Constant in RL 
LA Lewis acid 
LB Lewis base 
LPO Low-pressure oxo process 
M Metal 
m Multiplet 
MAS Magic-angle-spinning 
MBH Morita-Baylis-Hillman 
MC Mixed-component 
m-H4DOBDC 4,6-Dihydroxyisophthalic acid 
MOF Metal-organic framework 
MS Mass spectrometry 
MTV-MOF Multivariate MOF 
n Diffraction order 
N Avogadro’s number  
NMR Nuclear magnetic resonance 
NPD Neutron powder diffraction 
OAc Acetate 
p Momementum or pressure 
p0  Saturation pressure 
P-MOF Phosphine-functionalized MOF 
ppm Parts per million 
PSE Post-synthetic exchange 
PSM Post-synthetic modification 
PTA Phosphotungstic acid 
PVC Polyvinyl chloride 
PXRD Powder X-ray diffraction 
q Quartet 
R Universal gas constant 
RB Rate of formation of branched aldehyde 
rel. density Relative density 
RL Rate of formation of linear aldehyde 
rt Room temperature 
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s Singlet 
salen Bis(salicyliden)ethylendiamin 
SALI Solvent-assisted ligand incorporation 
SBET BET surface area 
SBU Secondary building unit 
SS Solid-state 
sSPhos Sodium 2'-(dicyclohexylphosphaneyl)-2,6-dimethoxy-[1,1'-biphenyl]-3-sulfonate 
t Triplet 
Tandem HF-AC Tandem hydroformylation-aldol condensation 
TBME tert-butylmethylether 
TGA Thermal gravimetric analysis 
THF Tetrahydrofuran 
TMS Tetramethylsilane 
Tp Temperature at peak maximum 
TPD Temperature-programmed desorption 
TPPTS 3,3′,3′′-Phosphanetriyltris (benzenesulfonic acid) trisodium salt 
TS Transition state 
Vads Adsorbate volume 
VE Valence electron 
VM Monolayer volume 
XPS X-ray photoemission spectroscopy 
β Heating rate 
γ Nuclear gyromagnetic ratio 
Δ Line broadening 
δ Chemical shift or bending mode 
δs Symetric deformation mode 
θ Angle of incidence 
λ  Wavelength 
μ Nuclear magnetic moment 
ν Stretching mode 
ν0 Larmor frequency 
νas Asymmetric stretching mode 
νs Symmetric stretching mode 
ρ Rocking mode 
σ Adsorbate cross section 
τ Mean crystallite size or twisting mode 
ω Wagging mode 
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Figure 67: Overview of numbered molecules. 

 

 

Figure 68: Overview of named molecules. 
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Figure 69: Overview of linker molecules. 
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Appendix 

Crystallographic Data 

Table 16: Crystallographic data of activated Zn-MOF-74-0, space group R-3, a = 25.9754(14), c = 6.8408(6), V = 3997.2(6), 
goodness of fit parameters, Rwp = 2.75735804, Rexp = 1.15762914, GoF = 2.38190104. Values in parentheses display the 
standard uncertainty of the refined value. Data collected at 226 K. 

Atom X Y Z Occ. Biso [Å2] Multiplicity 

C1 0.4218(5) 0.4049(6) 0.2604(18) 1 2.05(8) 18 
C2 0.4602(5) 0.4542(6) 0.1206(19) 1 2.05(8) 18 
C3 0.5555(6) 0.5465(6) 0.0781(17) 1 2.05(8) 18 
C4 0.5155(6) 0.4978(6) 0.1966(16) 1 2.05(8) 18 
H4 0.5260(9) 0.4994(10) 0.351(3) 1 2.0(4) 18 
Zn1 0.6170(7) 0.6463(8) 0.363(2) 1 2.5(3) 18 
O1 0.4405(7) 0.4078(6) 0.4393(19) 1 2.27(15) 18 
O2 0.3720(6) 0.3652(7) 0.205(2)  1 2.27(15) 18 
O3 0.6100(6) 0.5888(6) 0.160(2)  1 2.27(15) 18 

 

Table 17: Crystallographic data of Zn-MOF-74-1, space group R-3, a = 25.9747(13), c = 6.8420(6), V = 3997.7(5), goodness of 
fit parameters, Rwp = 2.63770527, Rexp = 1.13349137, GoF = 2.3270625. Values in parentheses display the standard 
uncertainty of the refined value. Data collected at 226 K. Atoms containing “f” and “p” in the label correspond to framework 
and propene, respectively. In the case of the propene atoms, numbers that are not bracketed depict the corresponding 
propene molecule, while bracketed numbers indicate the position within the molecule. E.g. Cp1(2) is carbon atom 2 in propene 
molecule 1.  

Atom X Y Z Occ. Biso [Å2] Multiplicity 

Cf1 0.4228(6) 0.4064(6) 0.260(2) 1 2.84(10) 18 
Cf2 0.4630(6) 0.4567(7) 0.123(2) 1 2.84(10) 18 
Cf3 0.5538(7) 0.5454(7) 0.077(2) 1 2.84(10) 18 
Cf4 0.5147(7) 0.4979(7) 0.195(2) 1 2.84(10) 18 
Hf 0.5271(11) 0.4970(13) 0.332(4) 1 3.0(5) 18 

Znf1 0.6188(7) 0.6463(8) 0.360(2) 1 3.0(3) 18 
Of1 0.4415(7) 0.4068(7) 0.437(2) 1 2.73(17) 18 
Of2 0.3717(7) 0.3652(7) 0.204(3) 1 2.73(17) 18 
Of3 0.6072(7) 0.5883(7) 0.163(2) 1 2.73(17) 18 

Cp1(1) 0.40(3) 0.67(6) 0.04(9) 0.0130(18) 5(3) 18 
Cp1(2) 0.387(18) 0.68(3) 0.22(9) 0.0130(18) 5(3) 18 
Cp1(3) 0.325(17) 0.636(15) 0.29(5) 0.0130(18) 5(3) 18 
Dp1(1) 0.45(3) 0.70(8) 0.99(14) 0.0130(18) 1.0(12) 18 
Dp1(2) 0.37(4) 0.64(7) 0.94(6) 0.0130(18) 1.0(12) 18 
Dp1(3) 0.42(3) 0.71(3) 0.32(14) 0.0130(18) 1.0(12) 18 
Dp1(4) 0.30(3) 0.60(2) 0.17(7) 0.0130(18) 1.0(12) 18 
Dp1(5) 0.33(2) 0.61(2) 0.42(7) 0.0130(18) 1.0(12) 18 
Dp1(6) 0.30(3) 0.66(3) 0.33(7) 0.0130(18) 1.0(12) 18 
Cp2(1) 0.691(5) 0.151(5) 0.828(11) 0.074(5) 5(3) 18 
Cp2(2) 0.660(4) 0.157(4) 0.682(9) 0.074(5) 5(3) 18 
Cp2(3) 0.690(3) 0.183(3) 0.492(9) 0.074(5) 5(3) 18 
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Dp2(1) 0.669(7) 0.131(7) 0.968(12) 0.074(5) 1.0(12) 18 
Dp2(2) 0.739(6) 0.166(6) 0.807(14) 0.074(5) 1.0(12) 18 
Dp2(3) 0.613(4) 0.142(6) 0.703(11) 0.074(5) 1.0(12) 18 
Dp2(4) 0.737(3) 0.195(4) 0.499(10) 0.074(5) 1.0(12) 18 
Dp2(5) 0.667(3) 0.150(3) 0.372(10) 0.074(5) 1.0(12) 18 
Dp2(6) 0.687(4) 0.224(3) 0.462(12) 0.074(5) 1.0(12) 18 

 

Table 18: Crystallographic data of Zn-MOF-74-2, space group R-3, a = 25.973(2), c = 6.8440(9), V = 3998.3(8), goodness of fit 
parameters, Rwp = 3.41087084, Rexp = 1.10388183, GoF = 3.08988766. Values in parentheses display the standard 
uncertainty of the refined value. Data collected at 226 K. Atoms containing “f” and “p” in the label correspond to framework 
and propene, respectively. In the case of the propene atoms, numbers that are not bracketed depict the corresponding 
propene molecule, while bracketed numbers indicate the position within the molecule.  

Atom X Y Z Occ. Biso [Å2] Multiplicity 

Cf1 0.4232(9) 0.4081(9) 0.263(3) 1 3.00(14) 18 
Cf2 0.4658(9) 0.4591(10) 0.116(3) 1 3.00(14) 18 
Cf3 0.5508(10) 0.5424(9) 0.073(3) 1 3.00(14) 18 
Cf4 0.5128(10) 0.4970(10) 0.189(3) 1 3.00(14) 18 
Hf 0.5326(14) 0.4971(17) 0.333(6) 1 3.0(7) 18 

Znf1 0.6205(10) 0.6466(11) 0.357(3) 1 3.0(5) 18 
Of1 0.4430(10) 0.4087(9) 0.439(3) 1 3.0(3) 18 
Of2 0.3718(9) 0.3643(10) 0.209(4) 1 3.0(3) 18 
Of3 0.6065(9) 0.5869(10) 0.165(4) 1 3.0(3) 18 

Cp1(1) 0.40(2) 0.65(3) 0.03(10) 0.035(3) 5.0(16) 18 
Cp1(2) 0.370(11) 0.647(19) 0.19(8) 0.035(3) 5.0(16) 18 
Cp1(3) 0.307(9) 0.634(9) 0.18(4) 0.035(3) 5.0(16) 18 
Dp1(1) 0.45(2) 0.66(4) 0.04(15) 0.035(3) 5.0(13) 18 
Dp1(2) 0.38(3) 0.64(3) 0.89(8) 0.035(3) 5.0(13) 18 
Dp1(3) 0.391(17) 0.65(3) 0.34(10) 0.035(3) 5.0(13) 18 
Dp1(4) 0.293(17) 0.629(15) 0.02(5) 0.035(3) 5.0(13) 18 
Dp1(5) 0.277(13) 0.592(11) 0.26(6) 0.035(3) 5.0(13) 18 
Dp1(6) 0.303(18) 0.671(12) 0.25(5) 0.035(3) 5.0(13) 18 
Cp2(1) 0.682(5) 0.146(5) 0.840(10) 0.188(6) 5.0(16) 18 
Cp2(2) 0.650(3) 0.150(3) 0.695(7) 0.188(6) 5.0(16) 18 
Cp2(3) 0.680(2) 0.183(2) 0.511(6) 0.188(6) 5.0(16) 18 
Dp2(1) 0.660(7) 0.122(6) 0.975(11) 0.188(6) 5.0(13) 18 
Dp2(2) 0.730(5) 0.167(6) 0.826(13) 0.188(6) 5.0(13) 18 
Dp2(3) 0.601(3) 0.129(5) 0.709(10) 0.188(6) 5.0(13) 18 
Dp2(4) 0.729(2) 0.201(3) 0.524(8) 0.188(6) 5.0(13) 18 
Dp2(5) 0.662(3) 0.152(3) 0.385(7) 0.188(6) 5.0(13) 18 
Dp2(6) 0.671(4) 0.220(3) 0.489(11) 0.188(6) 5.0(13) 18 
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Table 19: Crystallographic data of Zn-MOF-74-4, space group R-3, a = 25.931(2), c = 6.9049(11), V = 4020.9(9), goodness of 
fit parameters, Rwp = 3.55349703, Rexp = 1.04510728, GoF = 3.40012658. Values in parentheses display the standard 
uncertainty of the refined value. Data collected at 226 K. Atoms with containing “f” and “p” in the label correspond to 
framework and propene, respectively. In the case of the propene atoms, numbers that are not bracketed depict the 
corresponding propene molecule, while bracketed numbers indicate the position within the molecule.  

Atom X Y Z Occ. Biso [Å2] Multiplicity 

Cf1 0.4241(11) 0.4083(12) 0.258(4) 1 2.84(19) 18 
Cf2 0.4627(11) 0.4540(13) 0.114(4) 1 2.84(19) 18 
Cf3 0.5485(11) 0.5433(11) 0.078(4) 1 2.84(19) 18 
Cf4 0.5150(13) 0.4974(12) 0.197(3) 1 2.84(19) 18 
Hf 0.5284(19) 0.496(2) 0.344(7) 1 2.9(9) 18 

Znf1 0.6093(13) 0.6467(12) 0.376(4) 1 3.0(6) 18 
Of1 0.4388(13) 0.4070(13) 0.441(4) 1 3.0(4) 18 
Of2 0.3750(12) 0.3623(11) 0.186(4) 1 3.0(4) 18 
Of3 0.6052(12) 0.5922(12) 0.166(4) 1 3.0(4) 18 

Cp1(1) 0.290(3) 0.439(3) 0.204(17) 0.283(12) 5.0(7) 18 
Cp1(2) 0.345(3) 0.483(3) 0.173(9) 0.283(12) 5.0(7) 18 
Cp1(3) 0.3813(17) 0.5220(18) 0.338(6) 0.283(12) 5.0(7) 18 
Dp1(1) 0.263(5) 0.410(5) 0.08(2) 0.283(12) 5.0(5) 18 
Dp1(2) 0.270(2) 0.431(3) 0.35(2) 0.283(12) 5.0(5) 18 
Dp1(3) 0.365(5) 0.491(4) 0.027(7) 0.283(12) 5.0(5) 18 
Dp1(4) 0.354(3) 0.507(2) 0.474(7) 0.283(12) 5.0(5) 18 
Dp1(5) 0.422(2) 0.519(3) 0.357(9) 0.283(12) 5.0(5) 18 
Dp1(6) 0.394(2) 0.5691(19) 0.307(8) 0.283(12) 5.0(5) 18 
Cp2(1) 0.609(3) 0.137(2) 0.709(6) 0.325(12) 5.0(7) 18 
Cp2(2) 0.595(2) 0.139(2) 0.524(6) 0.325(12) 5.0(7) 18 
Cp2(3) 0.6427(18) 0.1720(13) 0.378(5) 0.325(12) 5.0(7) 18 
Dp2(1) 0.574(4) 0.113(3) 0.817(7) 0.325(12) 5.0(5) 18 
Dp2(2) 0.656(4) 0.161(3) 0.754(6) 0.325(12) 5.0(5) 18 
Dp2(3) 0.548(2) 0.115(3) 0.479(8) 0.325(12) 5.0(5) 18 
Dp2(4) 0.6869(19) 0.193(2) 0.450(6) 0.325(12) 5.0(5) 18 
Dp2(5) 0.640(2) 0.1407(16) 0.263(6) 0.325(12) 5.0(5) 18 
Dp2(6) 0.636(3) 0.2075(18) 0.311(7) 0.325(12) 5.0(5) 18 
Cp3(1) 0.201(2) 0.210(3) 0.540(5) 0.497(16) 5.0(7) 18 
Cp3(2) 0.2011(12) 0.176(2) 0.394(4) 0.497(16) 5.0(7) 18 
Cp3(3) 0.1606(9) 0.1636(11) 0.225(3) 0.497(16) 5.0(7) 18 
Dp3(1) 0.231(2) 0.220(4) 0.665(5) 0.497(16) 5.0(5) 18 
Dp3(2) 0.171(3) 0.229(2) 0.535(7) 0.497(16) 5.0(5) 18 
Dp3(3) 0.231(2) 0.158(4) 0.400(5) 0.497(16) 5.0(5) 18 
Dp3(4) 0.1338(18) 0.1859(19) 0.246(4) 0.497(16) 5.0(5) 18 
Dp3(5) 0.1876(11) 0.1807(16) 0.090(4) 0.497(16) 5.0(5) 18 
Dp3(6) 0.1302(17) 0.1147(12) 0.212(5) 0.497(16) 5.0(5) 18 
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Table 20: Crystallographic data of Zn-MOF-74-6, space group R-3, a = 25.9279(15), c = 6.9093(7), V = 4022.5(6), goodness of 
fit parameters, Rwp = 2.73434503, Rexp = 1.42730079, GoF = 1.91574548. Values in parentheses display the standard 
uncertainty of the refined value. Data collected at 226 K. Atoms containing “f” and “p” in the label correspond to framework 
and propene, respectively. In the case of the propene atoms, numbers that are not bracketed depict the corresponding 
propene molecule, while bracketed numbers indicate the position within the molecule.  

Atom X Y Z Occ. Biso [Å2] Multiplicity 

Cf1 0.4207(8) 0.4034(9) 0.248(3) 1 2.57(13) 18 
Cf2 0.4642(9) 0.4529(10) 0.120(2) 1 2.57(13) 18 
Cf3 0.5561(9) 0.5478(8) 0.086(3) 1 2.57(13) 18 
Cf4 0.5154(9) 0.4994(8) 0.193(2) 1 2.57(13) 18 
Hf 0.5204(15) 0.4944(17) 0.342(5) 1 3.0(6) 18 

Znf1 0.6156(10) 0.6491(11) 0.358(3) 1 3.0(4) 18 
Of1 0.4354(11) 0.4058(11) 0.438(3) 1 3.0(2) 18 
Of2 0.3741(10) 0.3622(10) 0.188(3) 1 3.0(2) 18 
Of3 0.6092(10) 0.5935(10) 0.165(3) 1 3.0(2) 18 

Cp1(1) 0.307(7) 0.478(8) 0.111(19) 0.134(12) 5.0(6) 18 
Cp1(2) 0.363(6) 0.511(5) 0.171(10) 0.134(12) 5.0(6) 18 
Cp1(3) 0.377(3) 0.518(4) 0.383(9) 0.134(12) 5.0(6) 18 
Dp1(1) 0.297(10) 0.472(10) 6.95(2) 0.134(12) 5.0(5) 18 
Dp1(2) 0.270(5) 0.457(8) 0.22(3) 0.134(12) 5.0(5) 18 
Dp1(3) 0.399(8) 0.532(7) 0.065(11) 0.134(12) 5.0(5) 18 
Dp1(4) 0.334(4) 0.494(5) 0.467(14) 0.134(12) 5.0(5) 18 
Dp1(5) 0.406(5) 0.500(5) 0.420(12) 0.134(12) 5.0(5) 18 
Dp1(6) 0.399(5) 0.567(4) 0.420(13) 0.134(12) 5.0(5) 18 
Cp2(1) 0.667(4) 0.144(4) 0.731(8) 0.266(12) 5.0(6) 18 
Cp2(2) 0.631(3) 0.150(3) 0.606(5) 0.266(12) 5.0(6) 18 
Cp2(3) 0.653(2) 0.1770(16) 0.411(5) 0.266(12) 5.0(6) 18 
Dp2(1) 0.650(5) 0.124(5) 0.874(9) 0.266(12) 5.0(5) 18 
Dp2(2) 0.714(4) 0.160(4) 0.692(10) 0.266(12) 5.0(5) 18 
Dp2(3) 0.584(3) 0.134(4) 0.646(7) 0.266(12) 5.0(5) 18 
Dp2(4) 0.701(2) 0.190(2) 0.398(6) 0.266(12) 5.0(5) 18 
Dp2(5) 0.627(2) 0.1441(19) 0.296(6) 0.266(12) 5.0(5) 18 
Dp2(6) 0.649(3) 0.217(2) 0.395(8) 0.266(12) 5.0(5) 18 
Cp3(1) 0.580(10) 0.366(13) 0.09(3) 0.074(4) 5.0(6) 18 
Cp3(2) 0.634(9) 0.375(10) 0.044(19) 0.074(4) 5.0(6) 18 
Cp3(3) 0.647(7) 0.365(6) 0.841(17) 0.074(4) 5.0(6) 18 
Dp3(1) 0.570(13) 0.373(17) 0.24(4) 0.074(4) 5.0(5) 18 
Dp3(2) 0.545(9) 0.351(13) 0.98(4) 0.074(4) 5.0(5) 18 
Dp3(3) 0.669(11) 0.390(13) 0.155(18) 0.074(4) 5.0(5) 18 
Dp3(4) 0.606(8) 0.350(8) 0.75(2) 0.074(4) 5.0(5) 18 
Dp3(5) 0.684(8) 0.407(7) 0.78(2) 0.074(4) 5.0(5) 18 
Dp3(6) 0.660(9) 0.330(7) 0.84(3) 0.074(4) 5.0(5) 18 
Cp4(1) 0.2015(15) 0.203(2) 0.530(4) 0.525(16) 5.0(6) 18 
Cp4(2) 0.1991(10) 0.1690(19) 0.381(3) 0.525(16) 5.0(6) 18 
Cp4(3) 0.1560(8) 0.1569(10) 0.219(3) 0.525(16) 5.0(6) 18 
Dp4(1) 0.2332(17) 0.212(3) 0.649(4) 0.525(16) 5.0(5) 18 
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Dp4(2) 0.172(2) 0.222(2) 0.535(5) 0.525(16) 5.0(5) 18 
Dp4(3) 0.2287(16) 0.150(3) 0.376(4) 0.525(16) 5.0(5) 18 
Dp4(4) 0.1301(14) 0.1797(15) 0.249(3) 0.525(16) 5.0(5) 18 
Dp4(5) 0.1809(10) 0.1740(12) 0.081(3) 0.525(16) 5.0(5) 18 
Dp4(6) 0.1250(13) 0.1081(10) 0.207(4) 0.525(16) 5.0(5) 18 

 

Table 21: Crystallographic data of Zn-MOF-74-8, space group R-3, a = 25.9610(13), c = 6.9204(6), V = 4039.3(5), goodness of 
fit parameters, Rwp = 2.14753074, Rexp = 0.947959757, GoF = 2.26542396. Values in parentheses display the standard 
uncertainty of the refined value. Data collected at 226 K. Atoms containing “f” and “p” in the label correspond to framework 
and propene, respectively. In the case of the propene atoms, numbers that are not bracketed depict the corresponding 
propene molecule, while bracketed numbers indicate the position within the molecule.  

Atom X Y Z Occ. Biso [Å2] Multiplicity 

Cf1 0.4215(7) 0.4039(8) 0.250(2) 1 1.96(11) 18 
Cf2 0.4609(7) 0.4532(7) 0.124(2) 1 1.96(11) 18 
Cf3 0.5555(8) 0.5463(7) 0.076(2) 1 1.96(11) 18 
Cf4 0.5176(7) 0.4988(7) 0.200(2) 1 1.96(11) 18 
Hf 0.5230(11) 0.4996(12) 0.348(4) 1 1.6(5) 18 

Znf1 0.6159(9) 0.6485(10) 0.374(3) 1 3.0(4) 18 
Of1 0.4356(9) 0.4081(10) 0.431(2) 1 2.3(2) 18 
Of2 0.3747(8) 0.3621(8) 0.194(3) 1 2.3(2) 18 
Of3 0.6056(8) 0.5884(8) 0.163(3) 1 2.3(2) 18 

Cp1(1) 0.308(3) 0.472(2) 0.097(5) 0.351(12) 5.0(5) 18 
Cp1(2) 0.359(2) 0.4996(17) 0.195(3) 0.351(12) 5.0(5) 18 
Cp1(3) 0.3587(14) 0.5025(12) 0.411(3) 0.351(12) 5.0(5) 18 
Dp1(1) 0.309(4) 0.470(3) 6.938(5) 0.351(12) 5.0(4) 18 
Dp1(2) 0.266(2) 0.452(3) 0.175(8) 0.351(12) 5.0(4) 18 
Dp1(3) 0.402(3) 0.520(2) 0.117(5) 0.351(12) 5.0(4) 18 
Dp1(4) 0.3119(14) 0.4794(17) 0.463(5) 0.351(12) 5.0(4) 18 
Dp1(5) 0.3823(18) 0.4803(17) 0.473(4) 0.351(12) 5.0(4) 18 
Dp1(6) 0.3814(18) 0.5498(13) 0.458(4) 0.351(12) 5.0(4) 18 
Cp2(1) 0.662(3) 0.144(3) 0.751(6) 0.322(12) 5.0(5) 18 
Cp2(2) 0.625(2) 0.1460(18) 0.620(4) 0.322(12) 5.0(5) 18 
Cp2(3) 0.6484(14) 0.1725(13) 0.425(4) 0.322(12) 5.0(5) 18 
Dp2(1) 0.646(4) 0.125(3) 0.894(6) 0.322(12) 5.0(4) 18 
Dp2(2) 0.710(3) 0.162(3) 0.715(7) 0.322(12) 5.0(4) 18 
Dp2(3) 0.578(2) 0.128(3) 0.656(5) 0.322(12) 5.0(4) 18 
Dp2(4) 0.6968(15) 0.1881(19) 0.416(5) 0.322(12) 5.0(4) 18 
Dp2(5) 0.6243(17) 0.1383(15) 0.312(4) 0.322(12) 5.0(4) 18 
Dp2(6) 0.641(2) 0.2108(16) 0.402(6) 0.322(12) 5.0(4) 18 
Cp3(1) 0.5746(19) 0.375(3) 0.192(6) 0.280(5) 5.0(5) 18 
Cp3(2) 0.6216(17) 0.368(2) 0.165(3) 0.280(5) 5.0(5) 18 
Cp3(3) 0.6397(13) 0.3625(14) 0.964(3) 0.280(5) 5.0(5) 18 
Dp3(1) 0.561(3) 0.380(4) 0.340(7) 0.280(5) 5.0(4) 18 
Dp3(2) 0.5492(18) 0.377(3) 0.067(7) 0.280(5) 5.0(4) 18 
Dp3(3) 0.647(2) 0.367(3) 0.290(3) 0.280(5) 5.0(4) 18 
Dp3(4) 0.6090(14) 0.3652(18) 0.858(4) 0.280(5) 5.0(4) 18 



162 
 

Dp3(5) 0.6859(13) 0.3991(16) 0.937(5) 0.280(5) 5.0(4) 18 
Dp3(6) 0.6378(16) 0.3189(15) 0.949(5) 0.280(5) 5.0(4) 18 
Cp4(1) 0.196(3) 0.207(4) 0.546(6) 0.297(15) 5.0(5) 18 
Cp4(2) 0.2011(16) 0.177(3) 0.396(5) 0.297(15) 5.0(5) 18 
Cp4(3) 0.1609(13) 0.1629(14) 0.225(4) 0.297(15) 5.0(5) 18 
Dp4(1) 0.226(3) 0.217(5) 0.672(7) 0.297(15) 5.0(4) 18 
Dp4(2) 0.163(4) 0.221(3) 0.544(8) 0.297(15) 5.0(4) 18 
Dp4(3) 0.234(2) 0.163(5) 0.398(6) 0.297(15) 5.0(4) 18 
Dp4(4) 0.130(2) 0.181(2) 0.250(6) 0.297(15) 5.0(4) 18 
Dp4(5) 0.1882(15) 0.1838(19) 0.094(5) 0.297(15) 5.0(4) 18 
Dp4(6) 0.134(2) 0.1139(14) 0.205(7) 0.297(15) 5.0(4) 18 

 

Table 22: Crystallographic data of Zn-MOF-74-8_1K, space group R-3, a = 25.8956(15), c = 6.9200(6), V = 4018.7(6), goodness 
of fit parameters, Rwp = 2.8709897, Rexp = 0.834896507, GoF = 3.43873723. Values in parentheses display the standard 
uncertainty of the refined value. Data collected at 1 K. Atoms containing “f” and “p” in the label correspond to framework 
and propene, respectively. In the case of the propene atoms, numbers that are not bracketed depict the corresponding 
propene molecule, while bracketed numbers indicate the position within the molecule. 

Atom X Y Z Occ. Biso [Å2] Multiplicity 

Cf1 0.4219(7) 0.4055(8) 0.253(2) 1 1.52(11) 18 
Cf2 0.4594(8) 0.4502(9) 0.122(2) 1 1.52(11) 18 
Cf3 0.5528(8) 0.5444(8) 0.072(2) 1 1.52(11) 18 
Cf4 0.5131(8) 0.4971(8) 0.191(2) 1 1.52(11) 18 
Hf 0.5235(18) 0.500(2) 0.329(6) 1 4.1(8) 18 
Znf 0.6153(9) 0.6423(11) 0.356(3) 1 1.8(4) 18 
Of1 0.4374(9) 0.4076(9) 0.437(3) 1 1.8(2) 18 
Of2 0.3720(9) 0.3607(9) 0.184(3) 1 1.8(2) 18 
Of3 0.6134(9) 0.5947(9) 0.170(3) 1 1.8(2) 18 

Cp1(1) 0.2002(13) 0.1969(12) 0.516(4) 0.880(11) 3.7(3) 18 
Cp1(2) 0.1923(12) 0.1686(13) 0.359(4) 0.880(11) 3.7(3) 18 
Cp1(3) 0.1548(13) 0.1603(14) 0.180(4) 0.880(11) 3.7(3) 18 
Dp1(1) 0.2244(13) 0.2017(14) 0.642(5) 0.880(11) 5.0(3) 18 
Dp1(2) 0.1722(14) 0.2156(13) 0.529(4) 0.880(11) 5.0(3) 18 
Dp1(3) 0.2182(14) 0.1483(14) 0.370(4) 0.880(11) 5.0(3) 18 
Dp1(4) 0.1250(13) 0.1799(15) 0.185(5) 0.880(11) 5.0(3) 18 
Dp1(5) 0.1873(15) 0.1685(13) 0.064(4) 0.880(11) 5.0(3) 18 
Dp1(6) 0.1212(13) 0.1107(15) 0.160(5) 0.880(11) 5.0(3) 18 
Cp2(1) 0.385(6) 0.557(6) 0.47(2) 0.162(5) 3.7(3) 18 
Cp2(2) 0.375(5) 0.603(5) 0.470(11) 0.162(5) 3.7(3) 18 
Cp2(3) 0.368(3) 0.628(3) 0.283(8) 0.162(5) 3.7(3) 18 
Dp2(1) 0.389(8) 0.539(8) 0.61(3) 0.162(5) 5.0(3) 18 
Dp2(2) 0.388(7) 0.538(5) 0.33(3) 0.162(5) 5.0(3) 18 
Dp2(3) 0.371(5) 0.623(6) 0.608(8) 0.162(5) 5.0(3) 18 
Dp2(4) 0.373(4) 0.603(3) 0.161(11) 0.162(5) 5.0(3) 18 
Dp2(5) 0.324(4) 0.625(4) 0.276(11) 0.162(5) 5.0(3) 18 
Dp2(6) 0.404(4) 0.676(3) 0.272(11) 0.162(5) 5.0(3) 18 
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