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Abstract:

In this work, zirconium containing metallo-porphyrin (MP)-based metal-organic frameworks
(MOFs), PCN-224, PCN-222 (PCN = porous coordination polymer) and MOF-525 are tested
as heterogeneous catalysts in selected Lewis-acid catalyzed reactions as well as biomimetic
oxidation reactions. Moreover, these MP-MOFs are applied as potential multi-functional
tandem catalysts. The intrinsic Lewis-acidity of the inorganic building units, namely, the Zr-
oxo-clusters catalyzes the cyclic addition of carbon dioxide in epoxides and cyanosilylation of
benzaldehyde in good yields and high selectivity. The catalytic activity in these reactions can
be further improved by metalation of the organic porphyrin linkers due to the introduction of
new Lewis-acid sites which contribute to the overall activity. The catalytic activity is derived
from the underlying topology of the corresponding MP-MOF phase which depend on the Zr-
oxo-cluster connectivity and amount of defects. Rhodium-porphyrin MOFs catalyze the
cyclopropanation (CP) reaction of olefins with diazo-compounds as carbene transfer reagents
in high yields and selectivities for a broad substrate scope of substituted styrenes and linear,
cyclic olefins. Styrenes carrying amino and hydroxy groups show high diastereoselectivity due
to confinement-derived substrate-catalyst interactions, which can be optimized by careful
selection of suitable MP-MOF phases with appropriate Rh—Rh distances. PCN-222(Mn) show
high biomimetic catalytic activity and selectivity in oxidation reactions using unfunctionalized
hydrocarbon substrates and (alkyl)peroxides as oxygen transfer agents. Dioxygen is
successfully employed as ‘green’ oxidant under static and dynamic experimental conditions.
Multi-functional catalytic oxidation and Lewis-acid properties of abovementioned MP-MOFs
are attractive for the design of tandem catalysts which are able to catalyze multiple reactions,
thus, these materials are tested as potential tandem catalysts in the tandem oxidation of
benzaldehyde / cyanosilylation and tandem epoxidation/ CO.-insertion reaction. Desired
products after two consecutive reaction are obtained in poor yield and low selectivity which is
attributed to the blocking of active sites and incompatible reagents which drastically affects the
reactivity and selectivity of the reaction. Therefore, the reactions require further optimization
of reaction parameters and conditions.
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1 Motivation

1 Motivation

Nature provides an enormous pool of special and complex catalytic systems, which are known
as enzymes. One important class are the metalloporphyrin (MP) based enzymes. The
sophisticated environment of the enzymatic pocket protects the catalytically active metal-ion
center and allows high catalytic activities and more importantly, an unmatched degree of
substrate selectivity. These remarkable properties are an inspiration for the development of
artificial MP based catalysts, which ideally, would mimic the behavior of the natural enzymes.

In the last four decades, a vast number of highly active, molecular MPs was developed,
however, self-oxidation and the formation oxo-dimers in solution remained a major problem
due to irreversible catalyst deactivation. Consecutively, new generations of MPs decorated with
bulky and sterically demanding groups were developed, providing structural stability and
improved catalyst lifetime combined with increased selectivity of the reaction. However, these
MPs require sophisticated synthetic protocols and the obtained yields after extensive
purification are very low (often < 1%) hindering their applicability. As another strategy to
prevent their deactivation MPs were heterogenized on supports, which on the one hand
increased their lifetime but on the other hand was accompanied with a loss in catalytic activity.
The question rises how these challenges can be faced and how is it possible to design stable
materials without compromising high catalytic activity.

In this context, the discovery of metal-organic frameworks (MOFs) offered a great chance to
design self-supported MP based catalysts with improved properties. MPs were successfully
used as organic building blocks; combined with appropriate metal-ions or clusters, various MP-
MOFs can be constructed. This rational synthesis using well defined building blocks makes it
more straight forward to access novel MP-MOF structures. Due to the high crystallinity of these
materials, the understanding of the local environment of the active sites within the MOF matrix
is clearer. Consecutively, this knowledge engenders computational modeling which is critical
for the deeper understanding of binding modi and calculation of possible intermediates. The
obtained MP-MOFs exhibit isolated, spatially distributed, catalytically active MP-sites, which
ideally, act as sites single-site-catalysts. The high porosity of the materials allows mass
transport and helps to overcome diffusion limitations, which is a typical problem in
heterogeneous catalysis. More importantly, by incorporation of MPs into the rigid framework,
their deactivation by the formation of oxo-dimers is inhibited, pathing the way to robust
heterogeneous catalysts.

In a way the MOF can be seen as some sort of “pocket” itself; similar as the enzymatic pocket,
most of the internal MP-sites are protected by the MOF matrix increasing the catalyst lifetime.
Introduction of functional groups i.e. by the decoration of the auxiliary meso-arylsubstituents
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with electron-withdrawing halogen atoms on the hand, influences the electronic state of the
inner metal core. On the other hand, these groups make the MP more hydrophobic, thus, the
pore channels may favor non-polar substrates due to positive hydrophobic-hydrophobic
interactions and disfavor more polar substrates by negative hydrophobic-hydrophilic
interactions. The abovementioned tailorability of MOFs enables the precise manipulation of
their properties by introduction of functional groups on the porphyrinic backbone i.e. enhanced
product selectivity.

Further, the MOF matrix itself may provide influence on the stereochemistry due to the pore
geometry of the pore channels / cavities and the resulting confinement effects. Different MP-
MOF phases built from same inorganic and organic building units can be synthesized by the
adjustment of reaction parameters like solvent, modulator, temperature and reaction time. As a
result, the obtained phases may differ in topology, pore size and geometry but other chemo-
physical properties are mostly unaffected or can be tailored, hence, good comparability is given.
This allows the study of pore confinement effects and their impact on stereo-, size- and shape
selectivity of catalyzed reactions, which is crucial to produce pharmaceuticals, flavors and fine
chemicals.

The objective to investigate stereocontrol using MP-MOFs was tackled in the cyclopropanation
(CP) reaction under Zr-MOFs(MP) catalysts. Therein, smaller pore sized Rh-porphyrin MOFs
did show strong confinement effects using coordinating substrates, which was translated into
very high diastereoselectivity. Contrary, Rh-porphyrin MOF with larger pores and larger
Rh—Rh distances did show less high diastereoselectivity with coordinating substrates,
indicating that stereoselectivity is dependent on the topology and the pore confinement of the
MOF.

Another focus of this thesis was to study different Zr-MOFs(MP) systems on how connectivity
and effect of incorporated metals influences the Lewis acid catalytic activity. This was tested
in the CO/epoxide coupling reaction, which is catalyzed by Lewis acids. It was found that in
this dual-catalysts connectivity, the nature of used metal, and the degree of defects strongly
influence the overall catalytic activity. Moreover, the abundance and accessibility of Zr(IV)
and/or Mn(111)/Zn(11) sites can be independently adjusted, offering great control of the number
of active sites.

The tailorability and diversity from MPs as well as MOFs, principally enables the fabrication
of multi-functional catalysts, as demonstrated in the abovementioned Zr-MOFs(MP). These
systems consist out of Zre-oxo-clusters which do provide Lewis acidity, while
metalloporphyrins -in dependence of the incorporated metal- do provide Lewis acidity as well
as oxidation activity. So, the question rises, for what kind of reactions these bi-functional
catalysts can be used? Can these materials perform multi-step, tandem-like reactions and if yes,
what are appropriate catalytic conditions for such reactions?
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Motivated by these questions, tandem reactions taking advantage of (1) Lewis acid and (2) MP-
sites with catalytic oxidation capabilities were examined. Dual Zr-MOF(Mn) system was
investigated in the one-pot epoxidation/CO»-insertion reaction to produce cyclic carbonates and
in the one-pot oxidation/cyanosilylation for the production cyanohydrin derivatives.



2 Introduction

2 Introduction

2.1 Homogeneous metalloporphyrins as catalysts

Porphyrins are a class of complex heterocyclic organic compounds. The name "porphyrin® is
derived from the Greek word mopgvpa (porphyra), meaning purple. Due to their extended
highly conjugated n-system, they show high absorbance in the visible light region which is the
reason for their usually intense colors. The structure of porpyhine, -the simplest porphyrin- is
composed out of four pyrrole molecules connected by a carbon atoms via methine bridges.
Porphins can be readily substituted at the meso- or S-positions at the backbone, usually by
functionalized alkyl-groups and are termed porphyrins. The nomenclature of these substituted
compounds is depicted in Figure 1.

Figure 1. A: Substituted tetraaryl-metalloporphyrin unit with the corresponding nomenclature. B: Heme protein
with complexated Fe' and its protoporphyrin IX unit.

In nature, the metalloporphyrin (MP) unit plays a crucial role in fundamental processes, i. e. the
heme blood protein (Figure 1, B) which binds dioxygen via Fe', and chlorophyll, a Mg?*-based
porphyrin responsible for the absorption of sun-light to produce sugars via photosynthesis. It’s
unique structural composition allows important functionality. First, MPs have high thermal
(~ 400 °C) and, more importantly, excellent metal coordination stability which is reasoned by
the macrocyclic chelation effect of the aromatic N-donor ligands.™) Complexation is possible
for almost every transition metal (TM) and is nearly irreversible in many cases, only be undone
by applying harsh acidic conditions.[?l This is beneficial in terms of catalyst lifetime and,
especially, to metal elimination (leaching) which is important in the production of drugs and
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pharmaceuticals, where metal contamination is highly undesired. Second, since MPs are planar
cis-coordinated by the tetrapyrrole core, further cis-coordination — which is requisite in many
catalytic processes- is not possible. Therefore, catalytic site reactions involving the mentioned
cis-coordination step are inhibited pathing the way to a more selective reactions.[! Third, the
tunability of MPs gives rise to alter their physical and chemical properties. Systematic tuning
allows the introduction of peripheral substituents carrying varied electronic, steric, and
conformational environments on the aromatic ring structure of the porphyrin. Since the
porphyrin ligand can be readily metalated with almost every TM, altered functionality can be
introduced by the choice of different metals and same metal ions but with altered oxidation
states. This allows changes in chemical reactivity and at the same time, let the coordination
mode of the metal unaffected, due to the rigid ligand environment.l! Fourth, compared to often
extremely complex MP-based protein superstructures used by nature containing large enzyme
pockets, molecular, artificial MPs bearing simple structures are more easy to study by means
of computational modeling. However, MPs might exhibit poor structural stability due to self-
oxidation and dimerization paired with difficult recyclability in homogeneous reaction
conditions. A simple solution would be their heterogenization. Reported heterogenization
methods include their immobilization onto inorganic supports such as silica gel,> 4 molecular
sieves,®! zeolites!® "1 and many more.[!l The obtained supported MP structures provide
enhanced structural stability and allow recycling. However, the precise control of encapsulation
and the distribution of catalytically active MP units within the respective matrices is
challenging.

Homogeneous porphyrin catalysts are mainly being used in biomimetic (asymmetric)
oxidations of hydrocarbons and epoxidation of olefins.[®l Other reactions involve C-H Bond
halogenations, % 1 oxidative degradation of Lignin™? 3 and organic pollutants® as well as
DNA cleavage.[®l Next to the broad range of oxidative reactions, MPs are also being used in
carbene transfer reactions e.g. in the cyclopropanation reaction.™*s! Along with other Lewis acid
mediated reactions, in example the COz/epoxide coupling for the production of cyclic
carbonates,*®! in the following selected examples demonstrating the catalytic activity of MPs
are discussed.
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2.1.1 Biomimetic oxidation catalysis

MPs are integral parts of natural enzymes and i.e. responsible to reversibly bind dioxygen. One
important enzyme class is the cytochrome P-450 (CYP) family, a heme protein which include
a Fe'-center discovered by Omura and Sato in 1962.1*7] It is extensively used in nature to
perform a broad range of catalytic oxidations including oxidation of alcohols, aldehydes and
nitriles, hydroxylation, epoxidation, sulfoxidation, N-oxygenation, dehalogenation etc. with
unmatched catalytic activity and selectivity (Figure 2).
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Figure 2. Scope of chemical transformations catalyzed by P450s, shown along with the putative active species,
compound | (Cpd I). Reprinted with permission from ref [28. Copyright 2010 American Chemical Society.

Inspired by this fascinating enzyme, scientists started to develop artificial, so-called biomimetic
catalysts which are supposed to show similar catalytic reactivity as the natural enzyme.
Mechanistically, the most frequent reaction type is the insertion of one oxygen-atom into
organic molecules, e.g. in the C-H hydroxylation, sulfoxidation and C=C epoxidation, whereby
the other O-atom of dioxygen is reduced to water (Scheme 1). Hence, the name
“monooxygenase” is given to this enzyme, in contrast to other enzymes which are able to
transfer both oxygen atoms.[*l
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cyctochrome
RH + O, + NAD(P)H + HY ————— ROH + H,0 + NAD(P)*
P-450

Scheme 1. General reaction scheme of the oxidation catalyzed by the natural enzyme cytochrome P-450 with
nicotinamide adenine dinucleotide phosphate (NADPH) as co-factor using dioxygen as oxidant.

The most common oxidation reaction catalyzed by MPs is the epoxidation of olefins, which is
a reaction greatly used in organic synthesis.[¥! Relevant industrial applications are the direct
epoxidation of ethylene using O2 over Ag-catalysts or the TM-catalyzed epoxidation of olefins
by alkylhydroperoxides in the Halcon process™ (propene epoxidation with ‘BuOOH and a
molybdenum catalyst).**! In this context, MP-catalyzed epoxidation might have some
advantages compared to other catalysts classes: (i) MPs tolerate a large variety of oxidants
(iodosylbenzene, hypochlorite, organic or inorganic peroxides, molecular oxygen, ozone etc),
(ii) a broad range of reaction conditions can be used (soluble or supported MPs and mono- and
biphasic systems), and (iii) their great synthetical tunability and incorporation of functional and
reactive groups, principally, engenders shape-selective and asymmetric epoxidations.[® 2]

In an early work Groves et al. reported on olefin epoxidations and alkane hydroxylations using
iodosylbenzene as oxygen atom donor under TPP(FeCl) (TPP = 5,10,15,20-
tetraphenylporphyrin) catalyst in 1979.2%1 Conversion of cyclohexene mainly gave cyclohexene
oxide (yield = 55 %), but also the allylic oxidation product cyclohexanol was observed (yield
= 15 %). Interestingly, the reaction of cis and trans-stilbenes proceeded diastereoselective,
since the racemate was converted to exclusively cis-stilbene oxide as product. However, the
catalyst degraded upon the applied reaction conditions, which is an intrinsic problem of MPs,
since they may form oxo-dimers via self-oxidation.l?? Nevertheless, this remarkable example
was the first demonstration that artificial, biomimetic MPs can utilize an exogenous oxygen
source in the absence of NADPH and dioxygen which are the most prominently used systems
in biology (Scheme 1). This “domestication” of the biological P-450 heme enzymes by the use
of bio-inspired, artificial heme-like MPs was a true milestone opening the toolbox for various
oxidizing agents and even more sophisticated MPs and marked the beginning for a plethora of
further studies. Further work reported by Groves et al. on Cr(111) metalated TPP analogs showed
similar activity but with altered selectivity towards the allylic oxidation products.*® Also
TPP(MnCI) was active in the epoxidation of cyclohexene revealing catalytic activity in the
same order of magnitude, but with loss of stereoselectivity.?® 241 This was explained with an
prolonged life-time of the carbon radical which allowed the isomerization via C-C bond
rotation. These examples demonstrate that various TMs can be used, effecting the activity and
selectivity of the reaction, thus, enabling certain control over the reaction. In order to improve
the poor structural stability of the so-called “fist-generation porphyrins” towards meso-
oxidation (destruction) and p-oxo dimer formation, Chang et al. reported on the use of
fluorinated porphyrins such as Fe-tetra(pentafluorophenyl)porphyrin chloride which
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significantly improved their stability.[?®® Moreover, the introduction of highly electronegative
groups such as F~and CI" at the meso-aryl-substituents leads to the reduction of electron density
of the incorporated TM (“second-generation MPs”), thus, forming more electrophilic metal-
oxo intermediates (more Lewis-acidic). Trayler et al. used Fe-tetra(2,6-
dichlorophenyl)porphyrins in the epoxidation of norbornene and indeed, the improved
structural stability allowed turnover numbers (TONS) up to 10.000 in 20 min of reaction.!?®!
Other chiral Fe-porphyrin epoxidation catalysts are reviewed by Gopalaiah.[?’ The so-called
“third-generation MPs” do have additional halogen substituents at the g-positions, which
basically extends the idea of the electron withdrawing effect on the central metal ion. One
example is the highly perfluorinated “teflon ligand” meso-tetra(pentafluorophenyl)-4-
octafluoroporphyrin (contains 28 F-atoms) developed by Shinshi and Manabu and applied in
the hydroxylation of benzene to phenol by the use of hydrogen peroxide.[?®! Besides the
electronic effect, one have also to consider the altered hydrophobicity of the porphyrin ligand
environment which is created around the catalytically active TM-center. Ideally, it favors the
entrance of non-polar educts (alkanes, alkenes, aromatics) via hydrophobic interactions and at
the same time prevents molecular contacts of more polar reaction products due to unfavorable
hydrophilic-hydrophobic interactions. To mimic this fascinating enzyme-like pocket which is
absolutely crucial regarding (enantio)selectivity and activity, much attention was given to the
MP-pocket engineering for the design of highly selective, biomimetic oxidation catalysts.

Picnic-basket Propeller

[Co(1)]

Figure 3. Selected examples of the porphyrin-pocket engineering, resulting in “picnic-basket”,[?® “seat”*% and
“propeller”® shaped porphyrin structures. Ref. 2 was reproduced with permission by Elsevier Ltd. Copyright ©
1999. Ref. B% was reproduced with permission by Elsevier Science Ltd. Copyright © 2000. Ref. B was reprinted
with permission from Y. Chen, J. V. Ruppel, X. P. Zhang, J. Am. Chem. Soc. 2007, 129, 12074-12075. Copyright
(2007) American Chemical Society.

The porphyrin-pocket engineering produced a vast of fascinating architectures: Gross et al.
designed “picnic-baskets” MPs, whereby the aryl-substituents are interlinked.[?! Kodadek et
al. reported on “chiral wall”®? and “chiral fortress” structures, wherein the central metal ion is
protected by large substituents.*¥l Halterman introduced even bulkier, chiral anthracene
groups.** Zhang and co-workers reported on crowed, chiral “propeller-like” MP structures.*!
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Collman et al. and others introduced “totem” shaped bis-binaphthyl-substituted porphyrins.*
%] Furthermore, Rose et al. developed “seat” shaped chiral Fe-porphyrins.E% Most of these
structures exhibit extensive sterical protection of the inner TM-core and more importantly,
chiral ligand environment which can induce the transfer of chiral information onto substrate
molecules. So, it is not surprising that TONs > 10.000 h with enantiomeric excess (ee) up to
97 % can be achieved by these highly sophisticated, functionalized MPs.E"]

These selected examples highlight the impact and important role of MP-based catalytic systems
in the shown (ep)oxidation and hydroxylation reactions. In the difficult epoxidation of terminal
olefins, they give better ee values compared to other catalytic systems such as the Mn(salen)
catalysts. Nevertheless, several challenges and intrinsic limitations remain. First, the good
turnover numbers are highly restricted to reactions utilizing iodosylbenzene as oxidant which
has poor atom economy and only ~8 % O-efficiency. Thus, other oxidant classes with improved
environmental fingerprint and less hazardous constrains such as (alkyl)peroxides, O./O3z and
the industrially more relevant NaOCIl need more attention. Secondly, the sophisticated
porphyrin architectures obtained by porphyrin engineering are synthetically complex,
challenging and low-yielding. Consecutively, more easy-to-synthesize porphyrins are
required.?”) Hence, their scope towards applications seems to be restricted to the production of
expensive drugs, pharmaceuticals and fine-chemicals.

2.1.2 Lewis acid mediated carbene transfer

In contrast to the oxene transfer, as demonstrated by the biomimetic olefin epoxidation and
alkane and aromatic hydroxylation reactions, the carbene transfer is not known in biologic
systems.[®8 The utilization of artificial MPs is an example for establishing new C-C bonds via
carbene transfer, exemplary shown in the catalyzed reaction to yield cyclopropanes (Figure 4).

NP [TM-cat]  RiRe

—_—
RQ + R R, -N
2 R

Figure 4. General reaction scheme of the TM-catalyzed cyclopropanation of olefins using diazo esters as carbene
sources to give the cyclopropane unit (highlighted in blue).

This example shows that the study of the structure and mechanisms of fundamental biological
enzyme systems is absolutely key for the understanding of how catalytically active sites work.
Hence, it allows to transfer this knowledge onto other catalytic reactions which do not have any
biological counterpart as shown for the carbene transfer.[381 Nowadays it is established that MPs
catalyze group transfer reactions such as carbene (alkylation) and nitrene (amination) C-H
insertions to form new C-C and C-N bonds, respectively.l!! Cyclopropanation (CP) is a well-
known C-H alkylation reaction, usually mediated by diazo reagents as carbene sources.
Cyclopropanes are important synthetic targets and are used as pharmaceuticals, natural products
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and antibiotics.*¥) The specific reactivity of the strained three-membered ring system and its
ability to induce conformational constraints on otherwise flexible acyclic chains is an absolutely
key feature of this structural building block.*%-%21 The TM-catalyzed mechanism involves the
catalytical decomposition of the diazo reagent by the release of dinitrogen (Figure 5).

Monooxygenation (oxene transfer) Cyclopropanation (carbene transfer)
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Figure 5. Comparison between monooxygenase activity catalyzed by the high-valent ferryl porphyrin radical
intermediate (left) (compound 1) and the artificial mode of formal carbene transfer activity of cytochrome P450s,
using diazo reagents as carbene precursors (right).[® From P. S. Coelho, E. M. Brustad, A. Kannan, F. H. Arnold,
Science 2013, 339, 307-310. Reprinted with permission from AAAS.

The resulting intermediate carbene species is transferred onto given olefinic substrates forming
the typical cyclopropane unit. A myriad of MPs (M = Fe(ll,111),[> 4451 Co(ll),[3% 46. 471
Rh(111),B33-4741 Ru(11), 5% 1r(111),147- 53 Os(111)5%) and others catalyzes the CP of olefins. As the
evolution of MP structures used in biomimetic stereoselective oxidation reactions was
systematically developed, MP structures applied in CP catalysis equally evolved. Hence, both
reactions require similar pocket-design in order to perform stereoselective reactions. The
auxiliary substituents were functionalized with chiral and sterically demanding groups which
creates a pocket for incoming substrates. The specific pocket environment allows certain
substrate specifity and high catalytic turnovers and more importantly, diastereoselective and
enantioselective chemical transformations. One remarkable example was reported by Gallo and
co-workers: Their chiral “totem” Fe(l11)-porphyrin catalyst, Fe(2)(OMe), with C>-symmetry is
one of the most active reported MPs in the cyclopropanation reaction exhibiting TOFs >
120.000 h't and ee’s up to 97 %.551 The non-innocent auxiliary substituents at the porphyrin
skeleton provide an enzyme-like pocket with complex multi-functionality, namely, (i) high
catalytic activity and diazo activation by the Fe(lll) in the tetrapyrrolic core of the totem
structure (ii) induction of trans-diastereoselectivity by the C, symmetrical skeleton, and most
importantly, (iii) enantiocontrol via the chiral hat (Figure 6).15
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responsible for the
enantioselection

responsible for the
s diastereoselection

site of the diazo
compound activation

Figure 6. Structural complexity in “totem” porphyrin. Different structural components of bis-binaphthyl
functionalized porphyrin influence the enantio- and stereoselectivity. Reproduced from ref.5¥ with permission
from Royal Society of Chemistry.

2.1.2.1 Other Lewis acidic reactions using metalloporphyrin catalysts

MPs principally provide Lewis acidic catalytic activity due to their coordinated metal ions
inside the tetrapyrrole core. Therefore, they have also been used as Lewis acid catalysts in the
COo/epoxide coupling to produce cyclic carbonates (Scheme 2). This is a relevant reaction for
using CO2 as a cheap and sustainable carbon feedstock for the transformation into value-added
chemicals (CO-fixation).[5+5¢]

O
0 Co, /0%
MOF catalyst N0
Bu,NBr

Scheme 2. Catalytic reaction scheme of cycloaddition of propylene oxide with CO- using MOFs as heterogeneous
catalyst and BusNBr as homogeneous co-catalyst.

The reaction is catalyzed by a (metal) Lewis acid (epoxide activation) and by a nucleophile —
typically tetraalkylammonium halides — as the co-catalyst (epoxide ring opening).l”: %8 Many
materials are known to catalyze this reaction including metal oxides,®® transition metal
complexes, %621 jonic liquids!® ¢ and other organocatalysts.[®® Aida and Inoue were the first
to use MPs in this reaction, namely, Al-TPP.1'1 Jing et al. extended their work utilizing TPP(M)

11
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catalysts (TPP = tetraphenylporphyrin; M = Mg(ll), Al(I11), Sn(I1) and Sn(IV)) reaching TONs
and TOFs up to 3972 and 794 h, respectively.l*! Interestingly, when these porphyrins are
metalated with ions of stronger Lewis acidity, they show higher catalytic activity (AI(1Il) >
Mg(Il) > Sn(IV) > Sn(ll)), highlighting that these catalytic systems can readily be tuned by
simply using other TMs. One remarkable example was reported by Sakai and co-workers.[¢ In
their work the homogeneous co-catalyst quaternary ammonium bromide was immobilized via
covalent attachment on the meso-substituents of the porphyrin skeleton, demonstrating again
the great tuneability of MPs. Hence, the bi-functional system of Mg(ll)-porphyrin and grafted
co-cat. exhibit outstanding catalytic activity. Catalytic amounts (0.0008 mol%) of Mg(ll)-
porphyrin gave high yields with a TON of 103.000 and a TOF of 12.000 h™, respectively.[®®]
Other reactions using MPs include the Ru-porphyrin catalyzed alkylation of indoles with
tertiary amines by oxidation of a sp® C-H bond,!®" enantioselective Cr-porphyrin catalyzed
hetero-Diels—Alder reaction of aliphatic, aromatic, and heteroaromatic aldehydes. ]

Summarized, biomimetic MPs are versatile catalysts which can provide excellent catalytic
activity. Due to their great tunability MPs are easy to functionalize with e.g. chiral groups and
thus, can be used in enantioselective epoxidation, hydroxylation and Lewis-acid mediated
carbene transfer reactions. As previously described, one major drawback of MPs is their
deactivation behavior due to self-oxidation and the formation of dimers. This problem was
addressed by the heterogenization of (porous) supports. While this approach indeed improves
the catalysts lifetime, the heterogenization or grafting results in the formation of a quite
complex MP@support composite material which structural composition is less good defined.
Moreover, often the exact location and arrangement of the MPs within the support matrix is
difficult to elaborate with standard characterization techniques. Thus, the chemical environment
of the MPs which is crucial for the (chemo)selectivity remains unknown making it more
difficult for targeted tailoring and manipulation. This aspect is of key importance in the context
of rational design of catalysts. Most heterogeneous catalysts are highly complex systems, where
many different catalytic sites provide different types of reactivity. Often it is difficult to
understand the nature of the catalytically active site, because only a small fraction of special
sites, namely, terrace, steps, and kinks are active. One recent approach to reduce the complexity
is the design of so called ‘single-site-catalysts’.[%°] Ideally, these catalysts are built from only
one type of catalytic sites, allowing rational design and providing great control of the nature
and distribution of catalytic sites.

Next to the grafting of molecular MPs onto surfaces to design heterogeneous MP-catalysts, an
alternative route is their utilization as structural building blocks in the construction of poly-
dimensional network compounds. One major advantage when compared to amorphous
compounds is that in crystalline networks, the crystallographic positions of the MPs are well-
defined allowing rational design and control of the arrangement of the active MP sites.
Moreover, the crystallinity allows the easy structural elucidation using standard powder X-ray
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diffraction techniques. Historically, one of the first examples using porphyrins as organic
building blocks in combination with Cd(Il) and Cu(l)-ions for the construction of microporous
3D networks ‘infinite structures’, were pioneered by Robson et al. in 199117% and 19941
respectively. These fascinating architectures, however, suffer from framework collapse and loss
of porosity upon solvent removal. Generally, the structural stability depends on careful
selection of appropriate inorganic metal-ion clusters in combination with organic multi-dentate
(carboxylate-based) porphyrin ligands. As one of the first, Yaghi et al. paved the way to a novel
class of hybrid organic/inorganic coordination polymers, namely, metal-organic frameworks
(MOFs) which will be discussed in the next chapter.

2.2 Metal-organic frameworks (MOFs)

Porosity is an important property found in nature, in example the lungs in the human body are
the primary organs of the respiratory system, which main function is to “extract” the gas
(oxygen) from air into the blood system. This exchange rates dependent on the surface area of
the air-blood interface. Therefore, the lungs contain approximately 2.400 km of airways and
300 to 500 million alveoli which increase this contact area facilitating the uptake of oxygen. In
this context, the artificial development of materials which do exhibit high surface areas is of
great interest, since the property of porosity may play a crucial role also in other areas.

In the mid-1990s there were basically only two relevant types of porous materials known,
namely, carbon-based and inorganic materials.I’?l Those microporous inorganic materials, also
known as zeolites, are crystalline solids with the general formula
M™n[(AIO2)x(SiO2), W H20 (M = metal) with > 200 different known different structures.l’®!
The two main subclasses of zeolites are aluminosilicates or aluminophosphates which are
widely used in industry as heterogeneous catalysts and adsorbent materials. The advantages are
their exceptionally high thermal (T > 1000 °C) and chemical stability. On the other hand, the
discovery of novel zeolites is intrinsically difficult due to their purely inorganic structure and
limited number of possible tetrahedral building blocks. Typically, only the [SiO4]* and [AlO4]*
are available as building units. Basically, the variety rises from different topologies of linking
tetrahedra, which is induced by the utilization of structure directing agents (SDASs), the so-
called templates.[™!

In the end of the 90’s, another family of porous materials were discovered: Metal-organic
frameworks (MOFs). They belong to the material class of coordination compounds (CCs).
Briefly, the term ‘coordination compound’ (CC) is defined as any compound that contains a
coordination entity, whereas a ‘coordination entity’ can be described as an ion or neutral
molecule that is composed of a central atom, usually that of a metal, to which is attached a
surrounding array of atoms or groups of atoms, each of which is called ligands.[’” One
important sub-class are coordination polymers (CPs) which are known since the early 19606
(Werner-type coordination complexes) and can be described as infinite one-, two-, three-
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dimensional (1D, 2D and 3D) arrangements of molecules in space, or in other words following
the recommendation of international union of pure and applied chemistry (IUPAC), a CP is;

“A coordination compound with repeating coordination entities extending in 1, 2, or 3
dimensions.”

Notably, CPs do not need to be crystalline or porous by definition, in fact only a fraction of CPs
exhibit (permanent) porosity.l’’l Kitagawa et al. introduced the term “porous coordination
polymers” (PCPs),l’> 78 which in literature is used as a synonym to the term ‘MOFs’. In the
last two decades, this sub-class of inorganic/organic materials achieved a lot of attention. From
a more mathematically point of view, the term “framework” or “network™ can be defined as the
interconnection of vertices (nodes) with edges (derived from graph theory).l”® The resulting
frameworks can extend 1D (linear rods/chains), 2D (layers, planes) or 3D (MOFs) structures.

1D
metgnter ‘ ‘ ‘
— ‘- —6—4
bifunctional
ligand
o—@ @
2D

Scheme 3. Adapted simplified scheme of 1, 2 and 3 dimensional framework structures, composed by metal-ions
linked by linkers.[%

MOFs are built from inorganic building units, usually, metal ions or oxo-clusters which are
linked by polytopic organic (carboxylate) linkers, forming poly-dimensional networks with
well-defined pores.BY Their high porosity, crystallinity and their tolerance towards the
implementation of different functional groups and the precise tailoring of their structure and
topology are giving rise for MOFs to play a part in numerous potential applications such as
heterogeneous catalysis,®? &1 sensors, #4861 semiconductors,®” adsorption, % and others.[®!]
Mechanistically, MOFs are formed by the self-assembly of metal-ions also known as secondary
building units (SBUs), and conformationally restrained (‘stiff”), often aromatic organic linkers,
via a crystallization based process under solvo-thermal conditions. More flexible, non-stiff
linkers would dramatically decrease the structural stability of the framework due to more
degrees of freedom and rotation. Moreover, the use of aromatic linkers engenders chemical
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stability, since “inert” aromats do have poor reactivity and are less prone to oxidation compared
to aliphatic-based linkers, providing additional stability to the framework. Different from
zeolites, organic linkers can be easy functionalized -even post-synthetically- offering a great
chemical diversity. Additionally, the manifoldness also arises from the large toolbox of possible
SBUs (connectors) and linkers, which can be recombined in almost infinite possible
permutations. The metal containing SBU, which is associated as a connector exhibits different
numbers of possible connectivities in the range from 2-12 (Figure 7). Furthermore, also the
linker is able to form multitopic connectivities sites. As a matter of fact, this multitopic binding
and various connectivities for both building units create plenty of opportunities for the targeted
synthesis of desired framework geometries and topologies.
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Figure 7. lllustration of selected examples of different possible numbers of functions sites of the metal containing
SBU (connector) as well as the linkers with their different binding geometries (linear, tri-, tetra-, penta- and
hexatopic connectivity) (left). The classification of the linkers in inorganic (a), neutral (b), anionic (c) and cationic
(d.) is displayed in the right part of the Figure.[’?l Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Based on their stability and chemo-physical properties, MOFs are categorized into three
different generations: 1%; 2" and 3'“ generation of MOFs. The first generation describes MOFs
which are only stable as long as they contain clathrates, which are defined as trapped solvent
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molecules and counter-anions originated from solvo-thermal synthesis. Usually, the clathrates
provide some sort of directing or stabilizing effect on the framework. When those guest
molecules inside of the framework are removed, f.e. by thermal activation or drying, the
underlying framework collapses and is irreversibly destroyed. The second generation
characterizes more stable MOFs which consists out of a rigid assembly of building blocks and
do not collapse upon solvent removal, demonstrating permanent porosity. The third generation
represents MOFs which embody a more flexible and dynamic structure and show responsive
structural behavior upon external stimuli, such as temperature, UV-light and type of the
adsorbed solvents. This reversible single crystal to single crystal transformations, are known as
“breathing behavior”. Therefore, these MOFs were named ‘soft crystals’, in the sense that they
exhibit a certain degree of flexibility within a very rigid and stiff coordination environment.l®?

1st generation

Figure 8. Classification of MOFs into three categories based on their structural stability. The first-generation
materials collapse on guest removal. The second-generation materials have robust and rigid frameworks and are
stable when the solvent molecules are removed. The third-generation materials reveal a flexible and dynamic
structure, which transforms upon the removal of guest molecules.® Reprinted from Nat. Chem. 2009, 1, 695, with
permission from Macmillan Publishers Limited, Copyright © 2009.

One of the first MOFs, known as MOF-5, [ZnsO(bdc)s]n (bdc? = benzene-1,4-dicarboxylate),
was introduced in 1999 by Yaghi et al.®!l The network consists out of ZnOs -tetrahedrons as
SBUs, which are connected at each edge with a bdc linkers, forming a cubic structure. The
microporous solid exhibits a calculated pore volume of 0.61-0.54 cm® and a large BET-surface
area of 3800 m?/g. Notably, MOF-5 was one of the first reported structures, which was stable
in absence of guest molecules, so it can be associated as a MOF of the 2"! generation (Figure
8). Another prototypic MOF is HKUST-1 (Hong Kong University of Science and Technology),
which is constructed from Cu-dimer based paddlewheels (PWSs) linked by tritopic carboxylate
btc® (btc* = benzene-1,3,5-tricarboxylate) linkers.[*®l Interestingly, the axial positions at the
Cu-PWs which usually are occupied by water molecules can be removed thermally. This special
feature opens the possibility to obtain coordinatively unsaturated sites (CUSs) which might
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participate as reactive sites for catalysis or adsorption. Other well-known MOF systems are the
MIL-series (MIL = Matériaux de I'lInstitut Lavoisier),[®¥! e.g. MIL-53, a nanoporous, flexible
MOF [M(OH)(bdc)]n (M = AI**, Cr®*) built from [M(OH)]. rods connected by bdc? linkers.
The metal-benzenecarboxylate MOFs exhibit BET surface areas of 1100 m?/g and show a
hydrogen storage capacity of 3.8 and 3.1 wt.%, respectively.[®! Through the highly flexible
structure it was the first reported MOF showing “breathing behavior”. As above mentioned, the
huge variety of MOFs arises from the great diversity of available structural buildings blocks,
the inorganic SBUs in combination with multi-dentate organic linkers. Some typical SBUs and
their corresponding frameworks are shown in Figure 9.

Secondary building blocks (SBU’s)

Figure 9. Simplified SBU’s (top) in polyhedral design used in the construction of the corresponding MOFs (down).
From left to right: Dodecanuclear Zrg-oxo-cluster [ZrsO4(OH)4(CO)s] = UiO-66, Dinuclear Cu,-paddle-wheel
Cuy(C0O2)a(H20), - HKUST-1 and tetranuclear ZnsO(CO,)s = MOF-5, respectively.
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2.3 Zr-based MOFs

Zirconium is a relatively rare transition metal atom found on earth, however, it is more abundant
than copper.[®® Among the large growing field of MOFs, Zr-based MOFs are of special interest
because of their robustness, thermal and chemical stability, low toxicity as well as tolerance to
the incorporation of functional groups.® "1 Moreover, Zr is highly resistant to corrosion and
has a high affinity for hard oxygen donor ligands, pathing the way to Zr-carboxylate based
MOFs. In the decade from 2008-2018, 675 papers have been published dealing with Zr-MOFs
and over 211 novel Zr-MOF structures were reported, showing the rapidly growing interest in
the discovery of novel Zr-MOFs (Figure 10).[% 9
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Figure 10. Number of papers published with the search terms ‘Zr *MOF found in the Web of Science database up
to the year 2018 (date of access: 18.04.19).

Stability wise, a MOF can be compared to a chain, which metaphorically can be seen as a
polymer of self-repeating link-monomers: The overall stability is limited by the weakest parts
(bonds) present in their structure, because they are most prone to disintegration. Transferred to
MOFs, the weakest parts often are the chemical bonds between inorganic SBU and organic
linkers. Following the concept of hard and soft (Lewis) acids and bases theory (HSAB), Zr** is
regarded as a hard Lewis acid, while O% is a relatively hard Lewis base.['®! The good match
regarding size and charge results in the formation of strong Zr-O coordination bonds,! which
do provide exceptional stability to the framework. Consecutively, the group(IV) transition

1 The Zr-O bonds, in parts can be seen as relatively strong coordination bonds, however, a significant ionic
contribution coming from coulomb interactions of the highly polarized Zr**- and O?%- ions is expected.
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metal (TM) SBUs with high oxidation states Zrg*, Tigt and Hf* (UiO-type series) together
with M(I11)30-type (M(I11) = Fe, Cr, Al; MIL-x series) SBU’s can be classified as hard Lewis
acidic metal-ion nodes, whether SBU’s constructed from TM?* (TM’s = Zn, Cu, Co, Cd, Mn,
Ni) can be considered as soft Lewis acidic metal-ion nodes.%%

Ditopic carboxylate linker MOFs

The first reported Zr-MOF, UiO-66 (UiO = University of Oslo), was introduced in 2008 by
Lillerud and co-workers.®! It is built from octahedral Zrs-oxo-clusters, which are bridged by
ditopic 1,4-benzenedicarboxylate (bdc?) linkers. In the abovementioned UiO-66, the Zr-oxo-
clusters serve as SBUs with a formula known as [Zrs(us-O)a(ps-OH)4]*2*, whereas six bdc®
linkers compensate the charge. Overall a sum formula of [Zrs(us-O)as(ps-OH)a(bdc)e]n is
obtained. The Zr** ions are arranged octahedrally while in the middle of each triangular face,
O? or OH- is located alternatively, bridging in a ps-fashion. This coordination mode leads to
triangular pore opening windows with a diameter of 6 A with respect to the largest spherical
compound being able to enter the pore. UiO-66 shows permanent microporosity with a
Langmuir surface area of 1187 m?/g. Compared to other SBU’s such as the copper paddle-
wheel Cuz(OH)2(CO2)s from HKUST-1,1%1 the tetrahedral ZnsO(CO2)s from MOF-5,11%1 and
the six-connected CrsO(OH)3(CO2)s from MIL-88,11%1 the Zrs-oxo-cluster SBU demonstrates
unique structural flexibility. Interestingly, the inner Zes-core shows reversible dehydroxylation
upon activation at elevated temperatures (T > 300 °C, Figure 11). Thus, the ZrsO4(OH)4 unit
reorganizes itself with slight geometrical changes in symmetry (from Tq to Dzg), resulting in the
formation of a distorted ZrsOs cluster.l%! This remarkable flexibility allows the preservation
of the structural integrity of the SBU upon external stimuli providing stability to the framework
without facing collapse.

In vacuo
at 300 °C

—>

-2H,0

Figure 11. Representation of the geometrical reorganization of the Zrs-oxo-cluster induced by the dehydroxylation
upon thermal treatment.[*% Zr: red, O: blue and H: cyan. Adapted with permission from L. Valenzano, B. Civalleri,
S. Chavan, S. Bordiga, M. H. Nilsen, S. Jakobsen, K. P. Lillerud, C. Lamberti, Chem. Mater. 2011, 23, 1700-1718.
Copyright (2011) American Chemical Society.

In this regard it is not surprising that UiO-66 shows advanced thermal stability, which was
demonstrated by TGA showing a decomposition temperature ~500 °C while most non Zr-
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MOFs are only stable up to <400 °C. Additionally, UiO-66 shows good chemical stability
towards water, organic solvents and acids was well as mechanical stability upon treatment with
pressure up to 10.000 kg/cm?.[°¢l All these properties makes UiO-66 one of the most studied
MOF systems so far. However, one intrinsic problem is the small trigonal pore opening window
of about 6 A, which hinders its application e.g. in catalysis, due to diffusion limitations.
Applying the design principles of isoreticular expansion, enlargement of the linker by using
bpdc? (1,1°-biphenyl 4,4°-dicarboxylate) and tpdc® (p-terphenyl 4,4"-dicarboxylate) yields
UiO-67 and UiO-68, respectively (Figure 12). The larger linkers lead to increase of the pore
width to 8 A and 10 A, as well as enhancement of the BET surface area to 3000 and 4170 m?/g,
respectively.[®® The obtained ‘expanded’ analogs of UiO-66, UiO-67 and UiO-68 indeed
exhibit larger pore dimensions, while preserving the net topology (ftw) of UiO-66. This might
be interesting, because it enables the possibility to embed e.g. nanoparticles or other guests into
the MOF matrix, resulting in metal @ MOF systems which can be applied in catalysis.['%! In
contrast to the initial reports of Lillerud et al. in 2008, UiO-67/68 were found to be partly
unstable in water which was attributed to linker hydrolysis.

Figure 12. (b) Zr-MOF with 1,4-benzene-dicarboxylate (bdc?) as linker, UiO-66, (c) Zr—MOF with 4,4’ biphenyl-
dicarboxylate (bpdc?) as linker, UiO-67, (d) Zr—MOF with terphenyl dicarboxylate (tpdec?) as linker, UiO-68 (Zr,
red; O, blue; C, grey; H, white).I%! Reprinted with permission from American Chemical Society (Copyright 2008).

Disintegration of linkers was ascribed to clustering of water molecules close to the Zrs-oxo-
clusters and rotational effects of the extended linkers.[*"1%% |n UiO-67/68 the linkers are
twisted which creates additional steric tension which may facilitate the attack of water leading
to hydrolysis of the respective linkers. Additionally, isoreticular expansion may favor
catenation and/or interpenetration due to the extended pore dimensions.® These findings
demonstrate that the isoreticular synthesis which is used to access new MOFs with novel
(improved) tailored properties such pore size is a multi-facetted challenge and by far not straight
forward. Small changes e.g. solubility issues of slightly more non-polar linkers may lead to
formation of amorphous product, or as demonstrated in this case, to drastic changes in
topological aspects such as linker distortion tension obtained in extended MOFs, namely, the
hydrolytic instability of UiO-67.

20



2 Introduction

Tritopic carboxylate linker MOFs

To tackle the problem of small pore sizes, pore dimensions might also be tailored either by
topology guided synthesis®® 11 or be by the degree of connectivity of the respective Zre-SUBSs.
While the NU-110x series and UiO-typed MOFs exhibit the highest possible Zr-oxo-cluster
connectivities of 12 (up to now), lower connected Zr-MOFs may offer the advantage to have
less sterical hindrance due to less linker density per Zr-oxo-cluster. One example of Zr-MOFs
built from tritopic linkers is MOF-808, which is constructed from Zre-oxo-clusters
interconnected by six tritopic benzene-1,3,5-tricarboxylate (btc®) linkers containing large
adamantane-shaped pores with a pore aperture of 14 A.[**?] Despite the relatively small linker
sizes which are very similar to terephthalate linkers used in UiO-66, the pore opening is quite
large which can be explained by the altered shape of the pore opening geometry. In UiO-66 the
tetra- and octahedral pore cages suffer from small triangular pore opening windows, whereas
in MOF-808 the shape of the pore opening is adamantane-like and thus, better accessible.
Hence, MOF-808 is more interesting regarding applications in catalysis where large substrates
are used, demonstrated in the Meerwein—Ponndorf-Verley reduction (MPV) which is catalyzed
by the Lewis acidic Zrg-oxo-cluster sites.'*®1 Another remarkable tritopic Zr-MOF which is
built from 4,4',4"-s-triazine-2,4,6-triyl-tribenzoate (TATB) linkers, is PCN-777.11%1 Due to the
extended linkers it features large ~3.1 nm mesopores. Lately, the multidentate linker library
was broadened by the utilization of large tetradentate carboxylate linkers. Due to the huge
numbers of reported Zr-MOFs only few selected examples are described here. A detailed table
containing all Zr-MOFs can be found here.[8

2.3.1 Porphyrin-based MOFs and their catalytic applications

The well-known homogeneous catalytic capabilities of MPs, especially for oxidation reactions,
makes them promising targets for applications as heterogeneous (biomimetic) catalysts.[*'% The
incorporation of functionalized planar MPs as organic struts gives rise to free redox sites that
display catalytic properties.[**® This, combined with the inherent Lewis-acidity of the metal
atoms of the SBUs, ideally, gives rise to so-called tandem catalysis. Herein, the two most
prominent, oxidation and Lewis acid catalyzed reaction types will be discussed (the aspect of
photocatalysis is not included due to its limited relevance for this work).

Oxidation catalysis

In the early 90’s Robson and co-workers pioneered network structures which were built from
the self-assembly of porphyrins and metal-clusters.["> 71 However, these microporous solids
lack of structural stability since they undergo collapse and loss of porosity upon solvent
removal. Therein, Cu(l) and Cd(Il) ions were combined with porphyrins containing neutral N-
donor ligands (pyridyl), which contrasts with the strong, highly polarized Zr-O bonds formed
by negatively charged carboxylates with Zr(IV) found in Zr-based MOFs (see chapter 2.3).
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Consecutively, low metal oxidation states and neutral ligand donors form relatively weak metal-
ligand bonds which is the main reason for the structural instability of the first-generation of
porphyrin solids. Many tetra-pyridylporphyrin based MOF structures have been reported in the
past two decades,™™®! however, these MOFs are excluded here due to their intrinsic structural
instability. Suslick et al. extended this work and reported the discovery of PIZA-1 (PIZA =
porphyrinic Illinois zeolite analogue) in 2002 (Figure 13).1*] In this structure, carboxylate-
based (instead of pyridyl-based) TCPP(Co) linkers are coordinated in three dimensions to linear
trinuclear cobalt(l1) nodes. In the context of HSAB theory this example displays a better match
in regards of charge and ionic radii of Co?* and O% which favors the formation of stronger,
more polarized metal-ligand bonds. The resulting microporous MOF, along with other
structurally similar networks of the PIZA family[**®l  shows significantly improved stability. It
retains its porosity after solvent removal and displays also thermal stability up to ~375 °C, thus,
the authors described them as ‘robust microporous solids’. PIZA-3 contains trinuclear Mn(11)-
clusters which are linked by catalytically active TCPP(MnCI) carboxylate struts spanning a 3D
porous network.[*® This was the first example of a porphyrin 3D MOF which was applied as
a oxidation heterogeneous catalyst. It was used as oxidation catalyst in moderate to good yields
for the hydroxylation of a variety of linear and cyclic alkanes (yields up to 47 %) and the
epoxidation of cyclic alkenes (yields up to 74 %) using iodosylbenzene as the oxygen source
and imidazole as co-catalyst. Interestingly, similar yields in comparison to other homogeneous
Mn-porphyrins were obtained, showing that heterogenized porphyrins can principally compete
with their homogeneous analogs.??! The results from this work demonstrate the feasibility of
carboxylate-based porphyrins as building blocks for the rational construction of functional
porous solids and encompassed the way to new porphyrin-based MOFs. There are numerous
examples of other (metallo)porphyrin-based materials including 1D and 2D coordination
polymers,[11% 1201 MOFs based on metal-oxides SBU’s,[*?! Lanthanides SBU’s!*?2, Cu,!*%3l-
and Zn21*?4- and Co,- paddle-wheel (pillard) type SBUs’s[*?% 1261 3D tecton structures!*?”! and
others known in literature.l*?1 In the following few representative examples are shown which
demonstrate the scope of porphyrin-based MOFs as oxidation catalysts.
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Co(lll)-porphyrin
building block \ Trinuclea,
Co(ll)-carboxyla.

/ cluster

Figure 13. Structure of the PIZA-1 network as viewed along the a axis (grey coloring indicates C, red O, blue N,
green Co(ll) ions in trinuclear clusters, purple TCPP(Co(l11)) ions).[™7] Reprinted with permission from Nature
Publishing Group (Copyright 2002).

Hupp et al. reported on a series robust porphyrinic materials (RPMs) constructed from Zn ions
and Zn/Mn-porphyrin units, generally features large channels and thus readily accessible active
sites.['?l The Mn-sample was used in the oxidation of cyclohexane proceeded in moderate 20 %
yield (1 mol % catalyst) to give a mixture of cyclohexanol and cyclohexanone with good
selectivities of 83:17 alcohol/ketone, outperforming homogeneous 5,10,15,20-
tetrakis(pentafluoro-phenyl)porphyrin-Mn(Cl). Another example includes the family of metal—
metalloporphyrin frameworks (MMPF-x). While MMPF-2, MMPF-3 and MMPF-5(Co) do
catalyze the epoxidation of stilbene, MMPF-6 possesses peroxidase activity.[**® The most
active epoxidation catalyst, MMPF-3, consists of Co-porphyrins that connect di-nuclear Co-
paddlewheel SBUs. Its catalytic activity was found to be superior when compared to its
homogeneous Co-porphyrin  analog Co(DCPDBPP) (DCPDBPP?> = 5,15-bis(3,5-
dicarboxyphenyl)-10,20-bis(2,6-dibromophenyl)porphyrinate).[*3 MMPF-3 catalyst showed
excellent conversion in the epoxidation of trans-stilbene to the epoxide of ~96% and 87% yield,
using tert-butyl hydroperoxide as oxidant. A MP-MOF displaying size- and shape-selectivity
in oxidation catalysis was reported by Wu et al.'31 ZJU-18 (ZJU = Zhejiang University)
exhibits highly efficient and selective oxidation of ethylbenzene to acetophenone in quantitative
yield. It is based on the octatopic Mn(l11)CI-5,10,15,20-tetrakis(3,5-biscarboxylphenyl)-
porphyrin linker and two secondary building units in the form of bi-nuclear Mn2(COOQ)4 and
trinuclear Mn3(COO)a(u-H20)2 clusters (Figure 14). Due to its high activity, it was also applied
for the oxidation of long-chain alkyl-benzenes, wherein it was observed that conversion
decreased with increasing alkyl chain length. Supported by experiments with other substrates,
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it was found that larger hydrocarbons are preferentially catalyzed on the surface of the MOF,
while smaller molecules may also undergo conversion inside the pores.[*3!]

Figure 14. Mn-porphyrin ligand connected to binuclear Mn,(COQ). and trinuclear Mnz(COO)4(u-H20), SBUs in
the crystal structure of ZJU-18 (black coloring indicates C, red O, light blue N, green CI, Mn-centered polyhedra
are shown in different shades of blue).!*3! Reprinted with permission from American Chemical Society (Copyright
2012).

In Scheme 4 other N- and O-donor porphyrin linkers can be found which were used for the
construction MOF structures, showing the huge variety of available organic porphyrin building
blocks.
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H3-py)p

tcmopp

COoH

Scheme 4. Porphyrin ligands used in the construction of porphyrinic frameworks (tpyp = 5,10,15,20-tetrakis(4-
pyridyl)porphine; mpyp = 5-monopyridyl-10,15,20-triphenylphorphinea; trans-dpyp = 5,15-dipyridyl-10,20-
diphenylporphine; tcp = 5,10,15,20-tetrakis(4-cyanophenyl)porphine; t(3-py)p = 5,10,15,20-tetrakis(3-
pyridyl)porphine; tdpap = 5,10,15,20-tetrakis(4,4"-dipyridylaminophenylene)porphine; tmpp = 5,10,15,20-
tetrakis(3,4,5-trimethoxyphenyl)porphine; tpps = tetrakis(4-sulfonatophenyl)porphine; trans-dcpp = 5,15-di(4-
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carboxyphenyl)-10,20-diphenylporphine; cis-dcpp = 5,10-di(4-carboxyphenyl)-15,20-diphenylporphine; bdcpp =
5,15-bis(3,5-dicarboxyphenyl)porphine; dcdbp = 5,15-bis(3,5-dicarboxyphenyl)-10,20-bis(2,6-
dibromophenyl)porphine; bdcbpp = 5,15-bis(3,5-dicarboxybiphenyl)porphine; tcpp = 5,10,15,20-tetrakis(4-
carboxyphenyl)porphine; tmcpp = 5,10,15,20-tetrakis(m-carboxyphenyl)porphine; tcmopp = 5,10,15,20-
tetrakis[4-(carboxymethyleneoxy)phenyl]porphine; tcpep = 5,10,15,20-tetrakis(4-
carboxyphenyl)ethynylporphine; tcbpp = 5,10,15,20-tetrakis(4-carboxybiphenyl)porphine; tdcpp = 5,10,15,20-
tetrakis(3,5-dicarboxyphenyl)porphine; thcppp = 5,10,15,20-tetrakis[3,5-bis(4-carboxyphenyl)phenyl]porphine;
tdcbpp = 5,10,15,20-tetrakis(3,5-dicarboxybiphenyl)porphine).l*3 Published with permission from Royal Society
of Chemistry (Great Britain), Copyright 2014.

Lewis-acid catalysis

Next to the discussed biomimetic oxene and carbene group transfer reactions which are by far
the most investigated systems, “classical” non-biomimetic Lewis acid catalysis is much less
explored. Hence, only few papers are reported on porphyrin MOFs.

Hupp et al. reported on an acyl transfer reaction between N-acetylimidazole and 3-
pyridylcarbinol, catalyzed by of ZnPO-MOF, a MOF containing Zn-porphyrin linkers.[** The
Lewis acidic Zn metal centers interact with the Lewis basic nitrogen atoms of the respective
educts and thus facilitate the nucleophilic addition of the hydroxyl-group to the acyl-
function.*3]

The Ma group applied MMPF-9 catalyst, which is built from octatopic Cu-tetrakis(3,5-
dicarboxybiphenyl)porphine linkers bridging Cu.-paddle-wheel (PW) moieties in the chemical
fixation of CO, to form carbonates under ambient conditions with a yield of 87 % over 48 h.[34
It is believed, that the di-nuclear Cu-PW SBU’s as well as the Cu-porphyrin likers contribute
to the overall catalytic activity, however, no non-metalated MMPF-9 reference catalyst was
reported which would show the separated catalytic contribution coming from the Cup-PW’s.[*4]

Jiang and co-workers reported on a chiral MOF (ps-CMOF) constructed from Cd-porphyrin
and chiral Ni-salen mixed-linkers and Cd-paddlewheel SBUs, which served as an effective
heterogeneous catalyst for the asymmetric cyanosilylation of aldehydes.[**! Cyanosilylation of
benzaldehyde and other aldehydes with electron-donating or electron-withdrawing groups gave
conversions of 81-96% and moderate to good enantioselectivities (55-98% ee’s).[**3 Similar
results were obtained by Ma et al., whereby a large variety of benzaldehyde derivatives with
electron-withdrawing (—Cl, —CN, and — NO>) and -donating groups (—Me, —Et, and —OMe)
were selected as substrates using a Cd-porphyrin MOF as heterogeneous catalyst.[***! Moreover,
the catalyst was used in the Knoevenagel condensation employing benzaldehyde derivatives
with malononitrile as substrates. Homogeneous Cd-porphyrin reveal slightly higher catalytic
activity (99 vs 95 % yield after 1 h).[t%!

2.3.2 Catalytic scope of porphyrin-MOFs PCN-222/224 and MOF-525

Lately, also porphyrin-based Zr-MOFs were reported. Generally, non-metalated porphyrin
linkers are obtained by a facile 2-step synthesis and even are commercially available to
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relatively reasonable prices (1 g=108 €, 97 % purity, TCI Chemicals, Product Number A 5015,
20.10.18). Their metalated analogs are synthesized with an additional metalation step. In 2012
and 2013, three different Zr-porpyhrin phases constructed from same the building blocks, (1)
stable inorganic Zre-oxo-clusters and (2) organic tetratopic (metallo)porphyrin linkers were
reported (Figure 15).12371391 Zrs-oxo-clusters present in PCN-224, PCN-222 and MOF-525
exhibit altered linker connectivities of 6, 8 and 12 resulting in different linker densities and
different pore environments (topologies). While MOF-525 and PCN-224 crystallize in the cubic
space group and contain ~2 nm micropores, PCN-222 consists out of large hexagonal
mesoporous 3D channels of ~3 nm in diameter and small trigonal micropores with a pore width
of 1.3 nm. Similar to described to other Zr-based MOFs, these phases all show high chemically
and thermal stability and thus, are suitable candidates for catalytic tests.

Zr (IV)

+

PCN-224 PCN-222 MOF-525
21,0,,(OH),(TCPP-H,),, Zr,O,(OH),(TCPP-H,), Zr,0,(OH),(TCPP-H,),

Figure 15. Representation of the three Zr-oxo-cluster based MOFs of different node connectivity selected for this
study: PCN-224 with 6 linkers (L6), PCN-222 with 8 linkers (L8) and MOF-525 with 12 linkers (L12) per Zre-
node, respectively. M-TCPP = 5,10,15,20-tetrakis(4-carboxylatephenyl)-porphyrin (M = metal).[*% Reprinted
with permission from Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2018.

27



2 Introduction

Biomimetic oxidation reactions

Since molecular Fe-porphyrins are used as artificial enzymes in biomimetic reactions, solid
PCN-222(Fe) was tested accordingly. It shows peroxidase-like activity as demonstrated by
Zhou et al. in the oxidation of pyrogallol, 3,3,5,5-tetramethylbenzidine, and o-
phenylenediamine, which are considered as model substrates to characterize the catalytic
performance of heme-like enzyme mimics,*%! as also independently shown by Ma et al. (Figure
16)_[141]
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Figure 16. Adapted from.[*38 Peroxidase-like oxidation reaction of pyrogallol catalyzed by PCN-222(Fe), in which
pyrogallol is oxidized to purpurogallin by hydrogen peroxide. b) The initial pyrogallol oxidation profile catalyzed
by PCN-222(Fe) (2.5 uM active site equivalent); the concentrations of pyrogallol shown are 0.2 mM (¢), 0.4 mM
(v),0.8mM (4),1.2mM (o), and 2.0 mM (»). c) Lineweaver—Burk plot of the pyrogallol oxidation catalyzed by
PCN-222(Fe). Copyright © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

The integration of a high density of isolated catalytic Fe-centers, large open channels paired
with high chemical stability of PCN-222(Fe) broadens the path for the design of artificial heme-
like enzymes.

In 2015 porphyrin MOFs had been applied as oxidation catalysts employing O as oxidant.
Bouchard et al. reported MOF-525(Mn) as catalyst in the epoxidation of styrene and found a
remarkable conversion of 99 % and a selectivity of 82 % towards styrene epoxide at rt (Figure
17).12421 The use of molecular oxygen encompasses the way to more green oxidizing agents and
the operation of catalytic tests under more industrial relevant conditions. Moreover, MOF-
525(Mn) catalyst was found to be stable after six cycles of reaction. Comparison to
homogeneous Mn-porphyrin catalyst show slightly decreased catalytic activity (82 to 97 %),
however, heterogeneous MOF-525(Mn) catalyst could be separated by facile filtration and re-
used up to six additional catalytic cycles without disintegration of the framework which was
indicated by PXRD.[*42
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Figure 17. Epoxidation of styrene to styrene epoxide by the use of dioxygen as oxidizing agent under MOF-
525(Mn) catalyst.'*?l Reprint with permission from Elsevier B.V. (Copyright 2014).

Lewis-acid catalyzed reactions

PCN-224(Co) catalyst was examined in Lewis acid catalyzed CO; insertion into epoxides
reported by Zhou and co-workers.'3% Therein, the authors described insertion of CO; into
propylene epoxide at 20 bar CO- pressure and 100 °C using "BusNCl as co-catalyst. As a result,
the cyclic carbonate was obtained with a conversion ~40 % and TOFs ~120 h™t. Molecular Co-
porphyrin catalyst reveal comparable catalytic activity, similar to PCN-224(no metal) which
was only slightly less active than PCN-224(Co). Consecutively, it is not clear what role the Co-
porphyrin linkers in PCN-224(Co) plays, since it can be anticipated that the Zr-oxo-clusters
significantly participate in the reaction as Lewis acidic centers. Moreover, even UiO-66 without
any Co-sites and many other MOFs do catalyze the COz/epoxides coupling reaction under
ambient conditions such as rt and atmospheric CO- pressure.[143l

Summarized, chemically and thermally stable Zr-porphyrin MOFs are suitable candidates for
biomimetic as well as Lewis acid mediated catalysis. Hence, these MOFs had been applied in
various reactions bearing reactivities which are comparable to their homogeneous counterparts.

The combined catalytic properties such as the (i) inherent Lewis acidity from the Zrg-oxo-
clusters and (ii) the biomimetic oxidation properties derived from the metalloporphyrin struts
principally allow their application in tandem-like reactions, whereby two distinct catalytic sites
contribute to a two-step reaction process.
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2.4 Tandem catalysis

Generally, an orthogonal tandem reaction is defined by the presence of two catalytic sites or
catalysts from the beginning of a reaction (1). These sites or catalysts undergo two distinct
chemical transformations (2) under identical reaction conditions (3) (Scheme 5). These criteria
make tandem catalysis fundamentally different compared to related terms such as cascade or
domino type of reactions, whereby the two catalytic transformations are not operated
synchronically but sequentially.[*44]

catalyst-1eA catalyst-2¢B
L
catalyst-1 catalyst-2
Orthogonal Tandem Reaction Criteria
Two mechanistically distinct transformations

All catalysts present from start of reaction
All reactions opporate under idential conditions

Scheme 5. General scheme of the definition of orthogonal tandem catalysis.[**4 Reprinted with permission of John
Wiley and Sons (Copyright 2016).

Thus, the mentioned requirements are intrinsically difficult to achieve, because often every
separate reaction requires their own specific, optimized conditions (temperature, pressure,
solvents, pH value etc). These reaction conditions might interfere with the conditions of another
reaction which may lead to catalyst deactivation or inhibition of reaction intermediates. The
great benefit of such catalytic tandem or one-pot reactions is that a reaction product B does not
need to be purified or separated from the reaction mixture but undergoes the in-situ
transformation to product C (see Scheme 5). This saves an additional reaction step and helps to
reduce costs, making the reaction more economical. Therefore, tandem catalysis can be seen as
a “high-risk, high-gain” scenario. Conceptually, MOFs exhibit an excellent platform for
rational catalyst design. Their exceptional tailorbility and structural diversity enables the
integration of two or more distinct catalytic sites by means of de novo synthesis or post-
synthetical methods. Consecutively, only one catalytic system decorated with two or more
catalytically active sites is obtained instead of two or more individual catalysts. Due to the
rigidity of the framework, the catalytic sites are well-defined, separated (site isolation) which
may prevent deactivation. Moreover, a MOF-based catalytic tandem system principally is
heterogeneous which facilitates the separation of the catalyst from the reaction solution (in
liquid phase) making the process more feasible and cheaper. In terms of limited resources this
aspect of green chemistry becomes more and more important.
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Previous work on tandem catalysis using a Hf-porpyhrin MOF, NU-1000, was reported by
Hupp and co-workers.[**3 Therein, the authors described the tandem epoxidation/ring-opening
reaction of styrene, whereby molecular oxygen was employed as oxidizing agent. Oxidation of
styrene was catalyzed by the Fe-porphyrin linkers and the ring-opening reaction of styrene
epoxide occurred via reaction at the Lewis acidic Hf-nodes (Figure 18).

Fe-Porphyrin based Ns

X MOF with Hf; nodes OTMS
©/\ --------------- -
TMSN; / O3 / 55°C

Strut Nodes

Figure 18. Proposed epoxidation/ring-opening tandem reaction of styrene. Fe-Porphyrin struts catalyze the
epoxidation (1), while Lewis acidic Hf-nodes do catalyze the ring-opening of the generated styrene epoxide to
give protected 1,2-hydroxylamine (2).145 Reprinted with permission from American Chemical Society (Copyright
2015).

The end-product was obtained with a conversion of 100 % and an NMR-yield of 53 % (based
on styrene). The same group also reported on the tandem olefin epoxidation/COz-insertion
reaction using p-methoxystyrene as substrate and 1-(tert-butylsulfonyl)-2-iodosylbenzene as
the terminal oxidant.[*** The corresponding cyclic carbonate was obtained with a yield of 60 %
under quite harsh conditions, namely, 60 bar CO> pressure and 65 °C. The blind test gave a
rather high yield of 20 %, indicating that the reaction proceeds with moderate yields even in the
absence of any catalyst. These proofs of concepts demonstrate the great potential towards the
development of novel tandem catalytic systems which is achieved by the implementation of
two independent catalytic sites into the scaffold of the MOF. For potential commercial
application, however, it is also important to utilize reagents which exhibit less hazardous risks
and lower waste potential. Notably, azidotrimethylsilane (TMSN3) is incompatible with
moisture, oxidants, and acids. It may hydrolyze to hydrazoic acid (hydrogen azide) which is an
extremely toxic and explosive material.[**>] Moreover, many reports focus on the use of
iodosylbenzene derivatives as mono oxygen-transfer reagents, which are highly active oxygen
donors even at rt, however, they produce intrinsically organo iodine waste and might be
explosive.l! 1471 5o it is not surprising that their use is preferentially relevant for academic
research.
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3 Lewis acid catalysis

Abstract

Catalytic studies on different phases of stable Zr MOFs featuring same building units, namely,
inorganic Zr-oxo-cluster nodes and organic metalloporphyrin linkers have been performed.
Emphasis was given in the study of catalyst design strategies to introduce multi-functionality
into porphyrin-based Zr MOFs and how these novel properties effect the performance of the
catalysts. Focus was laid on the investigation of the catalytic impact upon metalation and Zr-
oxo-cluster connectivity dependent catalytic activity of the different Zr MOF phases which was
evaluated in the Lewis acid catalyzed carbon dioxide insertion into epoxides (1). Additionally,
confinement effect dependent stereoselectivity of PCN-224(Rh) catalyst was investigated in the
asymmetric cyclopropanation of styrene using ethyl diazoacetate (2). Thereby, the role of pore
size and topology of achiral PCN-224(Rh) and PCN-222(Rh) catalysts were elaborated.
Further, the tuning of intrinsic Lewis acidic properties of PCN-222(no metal) catalyst achieved
by installation of new Mn-centers located at the porphyrin linkers were tested in the
cyanosilylation reaction using benzaldehyde and trimethylsilyl cyanide (3).
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3.1 Cyclic addition of CO; in epoxides using PCN-222/224,
MOF-525 catalysts!

Abstract

Three Zr-oxo-cluster node and porphyrin-linker based MOFs, MOF-525, PCN-222 and PCN-
224 exhibiting different linker connectivities of 12, 8 and 6 and their porphyrin-linker metalated
analogues, were synthesized and tested as catalysts for CO; fixation by using the cycloaddition
of CO2 and propylene oxide to propylene carbonate as the test reaction. In general, the catalytic
activity correlates with the connectivity of the Zr-oxo nodes. The lowest connected PCN-224
(6-fold) exhibits a superior catalytic activity in this series, while higher connected PCN-222 (8-
fold) and MOF-525 (12-fold) are less active. Interestingly, the catalytic activity of the higher
connected MOFs significantly depends on defects. The (ideally) 12-connected MOF-525,
however exhibiting 16 % of missing linker defects, features a higher catalytic activity compared
to the 8- connected PCN-222 with less defects. The overall catalytic activity is increased in dual
site catalysts when the porphyrin linkers are metalated with Mn(I11) and Zn(Il) centers, which
are acting as additional Lewis acid sites. Here, the metalated MOFs with higher connectivity
exhibit the highest activity.

! This section corresponds to the published article: ‘Dual Site Lewis-Acid Metal-Organic Framework Catalysts for CO2
Fixation: Counteracting Effects of Node Connectivity, Defects and Linker Metalation’. K. Epp, A. L. Semrau, M. Cokoja, R.
A. Fischer ChemCatChem 2018, 10, 3506—3512. Reprinted with permission from Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, 2018.
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3.1.1 Introduction

Zr-MOFs represent a particularly interesting class of materials, which are increasingly being
studied as model systems in catalysis.[**® 1491 The inorganic node exhibits both Lewis acidic
(Zr) and Bragnsted acidic sites (Zr-OH) and therefore, Zr-MOFs are investigated as catalysts for
various reactions requiring such catalysts.*>-152 One possibility to modify the intrinsic
reactivity of the Zre-node of a given Zr-MOF is to create quasi-free coordination sites at the
nodes by using modulators, such as monocarboxylic acids, during solvothermal synthesis. [

This approach primarily leads to local defect structures, called missing linker- or even missing
node defects. Hence, the Zreg-nodes are more Lewis acidic and more accessible for substrate
molecules, so the catalytic activity is enhanced.*>4*%6] Furthermore, it is known that within the
family of Zr-MOFs, different organic linkers not only lead to a variety of topologies and
structures, but also the Zrs-nodes differ in connectivity and coordination space at the proximity
of the nodes. Connectivity is defined as the (ideal) number of organic linkers bridging the
respective Zrg-nodes to yield the specific framework topology. To date, the following systems
are known: 12-fold (i.e. for UiO-66/-67,1°1 MOF-525['%7)) 10-fold (i.e. for MOF-802[157]) 8-
fold (i.e. for NU-1000,%81 PCN-222[1381) and 6-fold (i.e. for MOF-808,*5°1 PCN-2243%1) From
the conceptional point of view of this study, a lower-connected Zre node (e.g. 6-fold) can be
viewed as ‘inherently defective’ due to the lack of linkers, compared to the highest connected
system with an ideal number of 12 linkers per node. Thus, lower connected Zr-MOFs are
expected to be more reactive as compared to the 12-connected UiO-MOFs with a coordinatively
saturated Zrs-node. Hupp et al. reported the increase in catalytic activity with decreasing
connectivity of Zrs(Hfs)-nodes using NU-1000, PCN-57, UiO-66/67 and MOF-808, which were
tested in the Bransted acid-catalyzed ring opening of styrene oxide.[*®! The authors showed
that 12-connected Zrs-nodes without measurable defects expectedly exhibit a poor catalytic
activity, while defects strongly contribute to the catalytic activity, due to additional Brensted
acidic —OH groups bounded to the Zrs/Hfs-0xo-clusters.

Beyond these effects, however, it is important to consider the role of the organic linkers of the
investigated MOF types, such as differences in pore sizes and design (pore environment), as
well as in hydrophilicity/hydrophobicity, which parameters might influence the penetration
(diffusion), adsorption of substrates and solvents and thus may be crucial for the catalytic
activity. In a comparative study, ideally, the MOFs should have the same topology and pore
sizes and the only difference should be the degree in connectivity of the Zrs-nodes and all other
side variables can be excluded.

Following the above outlined concept of modulating the properties of MOFs for Lewis acid-
catalyzed reactions, investigation of the combination of two reactive sites in MOFs, the Zrs-
nodes on the one hand and the introduction of additional metal centers placed at the linkers on
the other hand may provide a bi-functional catalyst. The independent control of the abundance
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of both sites and to distinguish between the effects of each site on the overall catalytic activity,
is intrinsically difficult and may be not that straight forward but would path a way to a rational
catalyst design strategy. For example, some new 8-connected Zr-based MOFs with cyclam-
based linkers containing Cu or Ni centers may also feature dual reactive sites.[*®! However, the
synthesis of these MOFs is only possible when the cyclam moiety of the linker is metalated
prior to the MOF formation, since the cyclam macrocycle itself is too flexible to provide a
regular framework structure. Hence, in this case independent control of the abundance of each
Lewis acid site is not possible. In this context, porphyrin-based MOFs offer the great
opportunity that their non-metalated linkers can easily be synthesized.

Figure 15 displays the Zr-MOFs, which were selected for this study: MOF-525 (ZrsL12-nodes;
On-symmetry), PCN-222 (ZrsLg-nodes; Dan-symmetry) and PCN-224 (ZreLs-nodes; Dag-
symmetry). All Zr-MOFs exhibit the tetratopic porphyrin linker 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin) (L = H4TCPP-2H) and feature the nodes Zrg(O)a(OH)» of different
connectivity.

As test reaction, the Lewis acid catalyzed coupling reaction of propylene oxide and carbon
dioxide was selected, which is a relevant reaction towards the utilization of CO; as building
block in the synthesis of further value-added products. Recently, MOFs were also applied as
catalysts for this reaction.l*3® 143 161 |n this context, Zr-MOFs are exceptionally suitable
candidates due to their high thermal and mechanical stability and their large surface areas,
which facilitate diffusion of substrates. Beyond the abovementioned chemical tunability of
MOFs, another advantage of using these materials in this reaction might be due to their general
ability to adsorb CO2 and enrich its concentration at the catalytically active metal centers, 6%
1831 most recently found for MOFs with porphyrin linkers.*4 However, the CO; adsorption is
strongly temperature dependent and consequently small differences in the CO2 absorption
properties are expected to have a relatively low impact on the catalytic activity when the
reaction is carried out at elevated temperatures. The effects of the degree of connectivity of the
Zrg.nodes together with the introduction of defects and combined with the presence of
additional Lewis—acid metal sites on the catalytic activity have not been studied to date. In
particular, it was shown that Zr-MOFs with Zn(1l) and Mn(l1l) metalated porphyrin linkers,
similar to the homogeneous congeners, yield enhanced catalytic activity for the higher
connected and less defective Zr-MOFs.[16]
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3.1.2 Synthesis and Characterization

The porphyrin linkers, the materials MOF-525, PCN-222 and PCN-224, as well as their
metalated analogs were synthesized according to published procedures.[*3": 139 1651 Briefly, Zr-
salts were combined with (metallo)porphyrin linkers in a modulator (monocarboxylic acids)
containing solution of DMF/DEF which were heated in an oven (65-120 °C) for 1-3 days. The
obtained porphyrin-linker metalated Zr-MOFs(M) were phase-pure and isoreticular to the
parent Zr-MOFs, as shown by powder X-ray diffraction (PXRD) (Figure 19).

_UJ ot MOF-525(Mn) exp.
JJJ i ‘ MOF-525 exp.
= _J__L i MOF-525 sim.
- _JL_) . PCN-222(Mn) exp.
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5 10 15 20 25 30 35 40 45 50
2 Theta / degree

Figure 19. Experimental powder X-ray diffraction (PXRD) patterns of PCN-224, PCN-222 and MOF-525 in
comparison to their simulated and metalated analogues.

Table 1. Surface areas and pore sizes.

MOF BET-surface Pore-sizes
areas [m?/g] [nm]
PCN-224 2286 11,20
PCN-224(Mn) 1982 1.0,1.9
PCN-222 1706 1.3,3.0
PCN-222(Mn) 2037 1.3,3.0
MOF-525 2273 12,19
MOF-525(Mn) 2317 10,19

The Zr-MOFs(M) feature BET surface areas which are comparable to non-metalated MOFs in
the range around 1700-2300 m?/g (see Table 1), therefore, similar diffusion rates were expect,
excluding mass transport dependent effects on the observed catalytic properties of the different
systems discussed below.
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Figure 20. N2-physisorption isotherms of PCN-224 (black) and PCN-224(Mn) (red) at 77 K. Adsorption and
desorption branches are shown with closed and open symbols, respectively. The inset highlights the pore size
distribution (PSD) of PCN-224, which is also representative for PCN-224(Mn).
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Figure 21. No-physisorption isotherms of MOF-525 (black) and MOF-525(Mn) (blue) at 77 K. Adsorption and
desorption branches are shown with closed and open symbols, respectively. The inset highlights the pore size
distribution (PSD) of MOF-525, which is also representative for MOF-525(Mn).
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PCN-224 (Figure 20) and MOF-525 (Figure 21) and their metalated analogs show similar type
| isotherms and two differently sized micropores with pore widths of ~1.3 and ~1.9 nm,
respectively. First the small micropore is filled with N2 (0 bar), followed by the filling of the
bigger micropore (0-0.13 bar) until a saturation behavior is observed indicating complete pore
filling and multi-layer No-adsorption. Additional pore size distribution analysis based on DFT
calculations, are consistent with shape and type of the experimental isotherm (see insets).
Similar to the other MOFs, PCN-222 show the initial pore filling in the low-pressure region
which can be attributed to the ~1.3 nm trigonal micropores. Contrary, PCN-222 MOF show a
deviation of the standard type | isotherm which is reasoned by the presence of the large
hexagonal ~3 nm mesopores (Figure 22). This finding is expressed by an additional step in the
isotherm at around 0.2-0.25 bar. Almost no hysteresis is observed due to the 3-dimensionality
of the pore channels, which is typically found in 1-dimensional materials e.g. mesoporous silica.
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800 | O EODERRFOIPERATOOAA '
700 F fﬁ
600 F
500
400 |
300 F
200 |
100 I
r

Volume cm?® g'1 STP

0 1 2 3 4 5 6 7 8 9 10
Pore width / nm
M 1

0,0 0,2 0,4 0,6 0,8 1,0

Relative Pressure P/P / bar

Figure 22. No-physisorption isotherms of PCN-222 (black) and PCN-222(Mn) (green) at 77 K. Adsorption and
desorption branches are shown with closed and open symbols, respectively. The inset highlights the pore size
distribution (PSD) of PCN-222, which is also representative for PCN-222(Mn).

Furthermore, infrared spectroscopy confirmed the absence of bands which are associated with
free carboxylic acid groups (indicating un-reacted porphyrin linker) and show now additional
vibrational bands after porphyrin metalation (Figure 23).
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Figure 23. Infrared spectra of MOF-525, PCN-222, PCN-224 and their Mn-metalated analogs in comparison to
the free porphyrin linker HsTCPP(2H). The dotted line at 1718 cm™ indicate the free -COOH vibrational band and
the other at 1413 cm® can be assigned to the coordinated -COO" group (asymmetric stretching).

Free carboxylic acid bands are usually found in the region around 1600-1750 cm™.
Deprotonated, negatively charged carboxylate groups are typically shifted towards lower
wavenumbers ~1300-1420 cm™ (asymmetric stretching vibration), which indicate their
coordination to a metal and successful incorporation into the framework (Figure 23).[166]

To access the thermal stability of the MOF series, thermogravimetric analysis (TGA) was
applied. Due to the similar thermal decomposition behavior and stability of MOF-525, PCN-
222 and PCN-224, herein, PCN-222 and PCN-222(Mn) are shown exemplary (Figure 24).
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Figure 24. Thermogravimetric analysis (TGA) under synthetic air (80 % N2, 20 % O,) of activated PCN-222
(black), PCN-222(Mn) (green) in comparison to porphyrin linker (HsTCCP(2H)) (blue). The red line shows the
differential scanning calorimetry (DSC) curve of PCN-222(Mn). Respective mass losses and decomposition
temperatures are highlighted with arrows.

Thermally pre-activated PCN-222 show a decomposition temperature onset at around 350 °C,
which was attributed to the decomposition of the organic porphyrin. This was confirmed by
TGA of the molecular porphyrin (Figure 24, blue) which shows a very similar decomposition
onset with complete decomposition to volatile products (CO2 etc.) at 700 °C. PCN-222(Mn)
reveal comparable thermal stability as PCN-222 upon full degradation to mainly ZrO, at around
500-550 °C. The decomposition of the MOFs is accommodated by the typical exothermic heat
release which was demonstrated by parallel differential scanning calorimetry (DSC)
experiments showing a relatively sharp curve with a maximum at 460 °C. These findings
highlight the good thermal stability of the investigated Zr MOFs(M) series which is typical for
Zr-based MOFs and makes them attractive candidates for various applications.
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3.1.3 Catalytic studies

First, non-metalated Zr-MOFs were selected as catalysts to examine the effect of the nominal
connectivity of the Zrg-nodes on the catalytic activity. The amount (mass) of Zr-MOF-catalyst
used in all catalytic test reactions was normalized to the same molar amount of Zr in order to
allow the comparison of the specific activities. The catalytic reactions were performed using
activated Zr-MOFs (at least 24 h at > 120 °C in dynamic vacuum of 10 mbar). This treatment
ensures that the OH-groups attached to the Zr-nodes are mostly removed, which is confirmed
by IR spectroscopy (Figure 23) and thus a significant Brgnsted acidic catalyst contribution is
excluded.B®! The obtained results are in line with the presented general working hypothesis that
low-connected Zr-MOFs should exhibit better accessible and thus more reactive Zr(IV) centers.
Indeed, PCN-224 is the most active Zr-MOF among the series (Figure 25, left), reaching
quantitative yield of propylene carbonate (100 % selectivity) within 24 h at 50 °C and 1 bar
CO2 and 10 mol% NBu4Br as co-catalyst.
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Figure 25. Time-yield plots of the reaction of CO, with propylene oxide to propylene carbonate using PCN-224,
PCN-222 and MOF-525 as catalysts (left) in comparison to their Mn-metalated analogues (right) at 1 bar CO; and
T =50 °C with 10 mol% BusNBr as a co-catalyst (see also Table 2). The nominal node connectivity (number of
coordinated linkers) is depicted as L6, L8 and L12.
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Table 2. Catalytic reaction parameters.

Catalyst TOF  Yield®  co-cat’ Zr T p
[Uh]  [%] [mol%)] [mol%)] [°C] [bar]
PCN-224 124 99 10 0.1 50 1
PCN-224 210 99 10 0.1 50 4
PCN-224(Mn) 104 99 10 0.1 50 1
PCN-222 18 66 10 0.1 50 1
PCN-222(Mn) 85 99 10 0.1 50 1
PCN-222(Zn) 135 99 10 0.1 50 1
MOF-525 66 85 10 0.1 50 1
MOF-525(Mn) 100 99 10 0.1 50 1
Zr-methacrylate 210 99 10 0.1 50 1
no co-cat 0 8 0 0.1 50 1
no MOF 0 5 10 0 50 1

2Yield found after 24h.> BusNBr was used as co-catalyst. No solvent was used.

Next to propylene oxide (PO) other more demanding substrates, such as cyclic, long-chained
and substituted epoxides were tested and found to be more difficult to convert to the
corresponding cyclic carbonates (section 5.2, Table 4).
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Figure 26. Yield-time plots for the reaction of CO, with propylene oxide using MOF-525 and Mn-MOF-525 as
catalysts under 1 bar CO, and T = 50 °C with 10 mol% BusNBr as a co-catalyst. This Figure combines the
respective traces of Figure 25 (above) for better comparison.

42



3 Lewis acid catalysis

For the reaction with PO a hot filtration test excluded leaching of reactive species into the
solution, indicating the heterogeneity of the catalytic reaction with respect to Zr-MOF (Figure
69). After end of the reaction, the supernatant solution was investigated by element analysis (no
Zr found) and UV-Vis spectroscopy (only an extremely weak porphyrin signal was found,;
Figure 54). The catalyst was still highly crystalline after the catalysis test, thus showing good
structural stability under the applied reaction conditions (Figure 61). PCN-224 as the most
active MOF of the non-metalated series was then tested under optimized catalytic conditions,
namely, 4 bar CO> at 50 °C, reaching full conversion already after 8 h (Figure 67). Additionally,
the blind tests, where no Zr-MOF catalyst was used and as well a blind test without any co-
catalyst (BusNBr) were conducted, providing evidence that almost no conversion occurs if only
either one of them is used (Figure 67). The reaction was followed using *H NMR spectroscopy
(Figure 66). Importantly, MOF-525, L12, is more active than PCN-222, L8, (Figure 25, left).
In contrast, following the proposed hypothesis and matching with the results of Hupp et al.,
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Figure 27. Left: Time-conversion plot of propylene oxide to propylene carbonate under MOF-525 (black),
molecular Zrg-oxo cluster, Zrg(OH)404(OMc)12 (OMc = methacrylate) (red) and MOF-525(Mn) (green) catalysts.
Right: Illustration of Zrs-oxo cluster, Zrs(OH)04(OMc)12. Zr: teal, O: red, C: grey, H has been omitted for clarity.

PCN-222 should be expected to be more active than MOF-525, since the Zres-node of PCN-222
is lower connected. To answer the unexpected high activity of the nominally 12-connected
MOF-525 vs. 8-connected PCN-222 the catalytic activity of the Zr-oxo-cluster
[Zrs(OH)404(0OMc)12] (OMc = methacrylate) was also investigated which can be seen as the
molecular analog of the node of MOF-525 (Figure 27, right).['671 The cluster was obtained by
literature protocols as a white solid and characterized by *H NMR (Figure 50) and PXRD
(Figure 51). This cluster features the same Zre octahedron, which is capped by 12 methacrylate
groups instead of being bound to porphyrin linkers. It was anticipated that these structural
motifs are comparable in terms of coordinative saturation due to the same 12-fold connectivity
of the Zre cores. These molecular clusters were used in the ring-opening metathesis
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polymerization,*®® however, were not investigated in terms of Lewis acidity yet. Interestingly,
the catalytic activity of the molecular Zrs-oxo cluster for the cycloaddition of CO. and
propylene oxide is comparable to that of MOF-525 (Figure 27, left).

The slightly higher activity is expected, since the reaction is homogeneous, in contrary to the
heterogeneous reaction using the MOF. This shows that even a coordinatively saturated Zre-
core exhibits moderate Lewis acid catalyst activity. The reactivity can be explained by the
highly dynamic substitution kinetics of such clusters and the dissociation/coordination process
of the capping carboxylates, as reported by Schubert et al.[16

In order to rationalize the unexpected activity of the MOF-525, the amount of missing linker
defects in MOF-525 was estimated by thermogravimetric analysis (TGA) to around 16 %
(calculated by Valenzano’s method).[%! This is shown exemplary for MOF-525 (Figure 28).
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Figure 28. TGA of thermally pre-activated MOF-525 under synthetic air (80 % N2, 20 % O>). Illustration the
expected mass loss of ‘ideal” MOF-525 structure (red) in comparison to the experimentally observed mass loss,
indicating the presence missing linker defects (16 %).

This data leads to an effective (average) linker/node ratio of about 10, instead of 12 as expected
for the ideal structure. Similar to the isoreticular UiO-66, also MOF-525 it is very stable and
tolerant to relatively high numbers of missing linker defects.[*5% 153 1541 Thys, the unexpected
high activity can be partly explained by these defects, however, the number of linkers
(connectivity) is still higher than in PCN-222, which has only 8 linker / node and a linker
deficiency of 4.5% (Figure 58). TGA of PCN-224 reveal the ‘defect free’ structure of the MOF
with no linker deficiency (0.02%, Figure 59). These findings match quite well with the
reasoning that the lower the connectivity of Zrs-nodes the least tolerant the system becomes to
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linker defects. Thereby, it seems that the 6-connected Zrg-nodes somehow represent the lower
limit, since this system seems to be almost intolerant towards missing linker defects and
removal of linkers would possibly lead to destruction of the framework and/or increased
instability under the conditions of the catalytic test reactions. In summary, the observed
difference in specific catalytic activity of the PCN-222 system versus PCN-224 and MOF-525
is most likely originating from the differences in topology and pore geometry. These latter
systems are similar due to their cubic and microporous structure, while PCN-222 is hexagonal
and micro- as well as mesoporous.

Porphyrin Linker Metalation

Metalation of the MOF series leads in all cases to a higher activity (see Figure 25, right), as the
newly introduced Mn(I1l) sites can act as additional Lewis acids, contributing to the overall
activity originated from the Zr(1V) sites. Interestingly, the metalation of PCN-224 only slightly
improves the catalytic activity, while the enhancement is more significant in PCN-222 (Figure
25) and in MOF-525 (Figure 26). This can be explained by the specific quantity of newly
introduced Mn(l11) sites. PCN-222 has 2 linkers and MOF-525 even has 6 linkers more per /
Zrg-node when compared to PCN-224, so the effect of metalation is much more pronounced the
more linkers are attached to the Zrg-node. It is important to mention that this selected porphyrin-
based test series allows the differentiation of the contribution to the overall catalytic activity of
the two independent Lewis-acidic sites, namely Zr and Mn, which is more difficult in other
catalytic systems, i.e. in case of cyclam-based MOFs due to the lack of a non-metalated
reference system. Control of Zre-node connectivity and subsequent metalation leads to
counteracting or compensation effects: Firstly, the activity of the non-metalated MOFs is
higher, the less linkers are attached to the Zrg-nodes (more accessible Zr(IV) ions). Secondly,
metalation generally enhances the catalytic activity of the MOFs; however, the effect is more
pronounced in the higher connected MOFs, which have more linkers attached to the Zrs-nodes
and thus less accessible Zr(IV)-ions. This combination of effects results in an overall
counterbalancing of catalytic activity among the metalated MOF series. Due to these
compensating effects, the metalated MOFs are all very similar in their specific activity. The
catalytic activity can further be improved, when stronger Lewis acids are installed. This was
demonstrated by the Zn(Il) metalated PCN-222(Zn) with an increase in catalytic activity as
compared to PCN-222(Mn) (Figure 68).

3.1.4 Summary and Conclusion

Three closely related, porphyrin linker and Zrs-oxo-cluster node based MOFs of different node
connectivity, namely MOF-525, PCN-222 and PCN-224, were compared as catalysts for the
cycloaddition of CO> and propylene oxide to propylene carbonate with tetrabutylammonium
bromide as co-catalyst. The lower connected PCN-224 (6 linker/node) showed higher catalytic
activity than the high-connected MOF-525 (12 linker/node). However, the trend of the
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connectivity dependent catalytic activity is not fully linear, since MOF-525 outperformed PCN-
222 (8 linker/node), which may be explained by high amount of missing linker defects (~16%)
and the difference in topology of PCN-222 and MOF-525. The Mn-metalated Zr-MOFs showed
higher catalytic activity than their non-metalated counterparts, which could be further improved
by introduction of stronger Lewis acids, i.e. Zn, which was exemplary demonstrated for PCN-
222. The enhancement of the catalytic activity by linker metalation was more pronounced for
PCN-222(Mn) and MOF-525(Mn) which exhibit a higher linker/node molar ratio as compared
to lower connected PCN-224(Mn). In such dual site Lewis acid Zr-MOF(M) catalysts, the
effective node connectivity, defined by topology and by defect engineering, and the linker
metalation partly compensate each other. The properties of MOF-525 were compared to the 12-
connected molecular analog, the cluster [Zre(OH)404(OMc)12] (OMc = methacrylate), whereby
similar catalytic activity was observed. The most active non-metalated Zr-MOF, PCN-224, was
found to be stable after one catalytic cycle and the heterogeneity of the reaction was confirmed
by a hot filtration test.

These results show that Zs-oxo-cluster node and porphyrin linker-based MOFs are a tunable
platform in which the Lewis-acid catalytic activity can be adjusted via (1) the choice of topology
and connectivity of the Zr-nodes and (2) subsequent metalation of the porphyrin linkers, as well
as by (3) the presence of missing linker defects. Metalation of porphyrin linkers can be useful
to enhance the catalytic activity in high connected Zr-MOFs, where the Zr-nodes are saturated
by large amounts of linker. Defects play a crucial role and the precise engineering of missing
linker defects, is a tool to enhance catalytic reactivity is such systems. The presented case study
dealt with dual site Lewis-acid catalyst MOFs and demonstrated the interdependence of
independently adjustable structural and compositional parameters. Even beyond the case study
such kind of counterbalancing effects need to be taken into account for understanding and
optimizing catalyst properties of multifunctional MOFs.
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3.2 Cyclopropanation under PCN-224/222(Rh) catalysts?

Abstract

In this work, it is shown that the stereoselectivity of a reaction can be controlled by combining
substrates with directing functional groups, and metal-organic frameworks (MOFs) with an
appropriate network topology inducing local cavity confinement. Porphyrin-based PCN-
224(Rh), which contains no stereocenters, was applied as catalyst in the cyclopropanation
reaction using ethyl diazoacetate (EDA) as carbene source. When styrene and other innocent,
non-coordinating olefins are used as substrates, high activity, but no diastereoselectivity is
observed. Interestingly, conversion of 4-amino- and 4-hydroxystyrene substrates occurs with
high diastereomeric ratios (dr) of up to 23:1 (trans:cis). This is attributed to local pore
confinement effects as a result of substrate coordination to neighboring Rh-centers, which
position the olefin with respect to the active site, causing a break of local symmetry of the
coordinated substrate. The effect of local pore confinement was improved by using PCN-
222(Rh) as catalyst, which is a structural analog of PCN-224(Rh) with characteristic Kagomé
topology featuring shorter Rh—Rh distances. A remarkable dr of 42:1 (trans:cis) was observed
for 4-aminostyrene. In this case, the length of the substrate corresponds to the average distance
between two neighboring Rh centers within the pores of PCN-222(Rh), which drastically boosts
the diastereoselectivity. This work showcases how diastereomeric control can be achieved by
favorable substrate-catalyst interactions and thoughtful adjustment of confined reaction space
using porphyrin-based MOFs, in which stereocenters are inherently absent.

2This section corresponds to the submitted manuscript ‘Network topology and cavity confinement-controlled
diastereoselectivity in cyclopropanation reactions catalyzed by porphyrin-based MOFs’ K. Epp, B. Bueken, B. J.
Hofmann, M. Cokoja, D. De VVos and R.A. Fischer.
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3.2.1 Introduction

Stereoselective catalysis is a key technology due to its enormous economic relevance towards
the production of pharmaceuticals, agrochemicals, fungicides, pheromones, flavors and
fragrances.[!” In stereoselective organometallic catalysis, one of the most exploited ‘classic’
design principles is ‘catalyst control’, i.e. the coordination of catalytically active metal centers
by chiral ligands to drive stereoselectivity,[*”l such as diamines or diphosphines, as for instance
in the well-known BINAP,[272 or chiral multidentate carboxylates, as is the case with the
Sharpless epoxidation catalyst.['”®! The design of heterogeneous stereoselective catalysts is
however more intricate. In heterogeneous catalysts, the stereoselectivity usually originates from
a molecular catalyst immobilized on a solid support. The high tuneability of metal-organic
frameworks (MOFs) as heterogeneous catalysts allows much versatility in tailoring and
manipulating their structural and chemical properties. In the context of stereoselective catalysis,
MOF design approaches involve either the heterogenization of stereoselective molecular
catalyst to the MOF linker,[*™ or using linkers,[*"®1 which themselves act as stereoselective
ligands to catalytically active metals.[*76 177]

While the classic ‘catalyst-controlled’ concept for both homogeneous and heterogenized
molecular catalysts requires well-defined stereocenters, very few reports describe the
stereoselectivity of solid catalyst@host materials, in which neither the catalyst nor the host
exhibit such well-defined stereocenters. In this case, the induction of stereoselectivity is derived
from pore confinement effects of the host. While this type of stereocontrol is known for soluble,
defined macromolecular cage compounds and others,[*’® 171 only a handful examples using
solid/polymeric porous materials such as zeolites, 8 181 mesoporous silical*®? 28 or MOFs["
184-186] gre known. ‘Confinement’ or ‘confinement effects’ are rather broad terms and not
explicitly specified in literature. Hence, it is not exactly clear how the confinement of a host
defines the stereochemical outcome of a reaction, since the local substrate arrangement through
its interaction with the host is a multi-component problem.[*8] In many homogeneous catalysis
reactions, the stereo- or regioselectivity can be influenced by interactions of ‘directing’
functional groups of the substrate with the catalyst, e.g. via hydrogen-, covalent- or coordinative
bonds, or Coulomb or Lewis acid—base interactions, which induce a preferential conformation
or orientation of the substrate at the catalyst.[*88 Therefore, it is reasonable to assume that
directing effects of functional groups attached to substrates may also play a crucial in role in
MOF-based catalysis by coordination to suitable sites located within the pores. A thorough
understanding of the origin of stereocontrol in these cases is of great interest, as the insights
gained could enable further control over confinement effects in MOF-based catalysts.

Previous work by Fischer et al. dealt with metalloporphyrin (MP) MOFs as catalysts for the
cycloaddition of carbon dioxide to propylene oxide to form propylene carbonate,4% the
motivation was to extended their application as heterogeneous catalysts to (dia)stereoselective
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reactions. Molecular, biomimetic MPs have been widely studied in literature, because of their
ability to act as ligands for various metals (M = Fe(ll,111),[43 44 Co(11),BY Rh(111),[33 48 491
Ru(11),B% 1r(111),59 Os(111)%2 and others). Thus, it is not surprising that their chemistry and
catalytic properties are rich.[?> 41 To be used in stereoselective catalysis, MPs are often
functionalized with bulky®* ! and/or chiral groupst*®®-*%l on the meso-positions at the
porphyrin backbone in order to induce stereochemical or even chiral information and most
importantly, to engineer a pocket-like environment around the catalytically active MP center.
On the one hand catalytic activities may increase to TOFs > 100.000 h™* as demonstrated by
Gallo et al. using ‘totem’-shaped Fe(I11)-porphyrins in the cyclopropanation of styrene,
while on the other hand synthetic yields of these sophisticated MPs are extremely low (often
<1%) and purification is necessary to isolate the compounds. Moreover, deactivation via
dimerization may hinder their application in catalysis. Motivated by the remarkable catalytic
properties of molecular MPs and the challenges in their synthesis, stability and recyclability, it
is interesting to investigate how their heterogeneous counterparts, namely, MP-MOFs (metal =
Cu, Co, Fe, Rh), would perform as catalysts. Heterogenization is achieved when MPs are built
into the structure of the framework as organic linkers, as in the Zr-MOFs MOF-525*%"1 PCN-
22201381 and PCN-224.'%%1 Consequently, MP-MOFs can be seen as rigid, self-supported
heterogeneous catalysts with well-defined, spatially distributed MP-sites, which are
catalytically active and not susceptible to p-oxo dimerization. Thus, is this work it was
investigated for the first time how different MP-MOFs phases, PCN-224(Rh) and PCN-
222(Rh), constructed from the same building blocks, i.e. Zrs inorganic nodes and MP linkers,
but with different topologies influence the stereoselectivity of a catalytic reaction. The
utilization of unaltered building units, especially the MP linkers as the catalytically active sites,
allows direct comparability of the obtained catalytic results. Hence, the difference in
stereoselectivity can be attributed to the different confinement effects of altered pore sizes and
geometries.

Cyclopropane motifs are not only found in natural products; they are also important synthetic
targets in pharmaceuticals like antibiotics, in perfume compounds and in biomimetic insect
repellents.®® 421 The specific reactivity of the strained three-membered ring system and its
ability to induce conformational constraints on otherwise flexible acyclic chains is a key feature
of this motif.[**#2 The transition-metal catalyzed cyclopropanation of double bonds using diazo
compounds as a carbene source is well studied and has been recognized as a useful design route
for substituted cyclopropanes. Since there is a vast number of reports using Rh(l1,111) catalysts
in the CP reaction,[33 48 49192, 1931 jt \was decided to start with the Rh(lIl)-metalated porphyrin,
namely [5,10,15,20-tetrakis(4-methoxycarbonylphenyl)porphyrinato]-Rh(l11) chloride
([Rh(TCPPCO2Me)CI]) as a homogeneous reference system in the cyclopropanation of styrene
and ethyl diazoacetate (EDA) to the corresponding cyclopropanation products (trans and cis).
Consecutively, these results with those obtained on stable heterogeneous MP-based PCN-
224(Rh) and PCN-222(Rh) catalysts were compared with regard to activity and dr.
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3.2.2 Synthesis and Characterization

PCN-224(Rh) was obtained by solvothermal synthesis. A metalated Rh-porphyrin linker!%4
was synthesized by saponification of the Rh(TCPPCO2Me)Cl ester. Metalation was confirmed
via UV-Vis spectroscopy (Figure 53). The obtained linker [5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrinato]Rh(l11) chloride, ZrCls and benzoic acid as modulator were mixed
in DMF and heated for one day at 120 °C.[**¥1 PCN-224(Fe) was synthesized by post-synthetic
metalation of PCN-224 using FeCl,. Accordingly, PCN-222(Rh) was synthesized under similar
conditions.[** MP-MOFs were obtained as phase pure microcrystalline powders, which was
confirmed by powder X-ray diffraction (PXRD) (see Figure 60 for PXRD of PCN-222(Rh)).
Comparison to patterns of parent non-metalated MOFs and to the simulated powder pattern
reveals that all MP-MOFs are isostructural to each other.

PCN-224(Rh) exp.

,} A I . PCN-224 exp.

Intensity / a.u.

| L I.. " PCN-224(Ni) sim.

B 5 10 15 20 25 30 35 40 45 50
2 Theta / degree

Figure 29. Experimental (exp.) powder X-ray diffraction pattern of PCN-224(Rh) compared to non-metalated exp.
PCN-224 and the simulated (sim.) pattern of PCN-224(Ni) calculated from a model obtained from single crystal
data.

A type | isotherm and a Brunauer-Emmett-Teller (BET) surface area (Sa) of 1400 m?/g were
found for PCN-224(Rh) (Figure 30). This value is lower than, but still in the same order of
magnitude as for non-metalated PCN-224 (S. = 2147 m?/g) which might indicate slightly
incomplete activation prior to the measurement or possibly by the presence of additional Rh-
ions, which would increase the molar weight but hardly affect the pore volume. The synthesized
micro- and mesoporous PCN-222(Rh) sample exhibited a surface area of 1912 m?/g (literature
Sa of non-metalated PCN-222 = 2223 m?/g),[**®! showing an expected additional step in the
isotherm which could be attributed to the large hexagonally shaped 3D mesoporous channels
(Figure 31).
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Figure 30. N2-physisorption measurements of PCN-224 and PCN-224(Rh) measured at 77 K. Adsorption and

desorption branches are shown with closed and open symbols, respectively. The inset highlights the pore size
distribution (PSD) of PCN-224(Rh), which is also representative for PCN-224.
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Figure 31. Na-physisorption measurements of PCN-224(Rh) measured at 77 K. Adsorption and desorption
branches are shown with closed and open symbols, respectively. The inset highlights the pore size distribution
(PSD) of PCN-222(Rh).
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3.2.3 Catalytic studies

As a test reaction, the cyclopropanation (CP) of olefins (Scheme 6) using ethyl diazoacetate
(EDA) as carbene source was selected.

0 0
D N/\fo Rh-MOF OJL"' o
S é »

Styrene Ethyl diazoacetate
(EDA) trans cis

+ enantiomer + enantiomer

Scheme 6. Cyclopropanation of styrene using ethyl diazoacetate (EDA) to the corresponding diastereomeric
cyclopropanation products (trans, cis and their corresponding enantiomers (not shown)) under Rh-MOF catalyst.

Firstly, Rh(TCPPCO2Me)Cl as a homogeneous reference system was investigated. In the
catalytic reaction 135uL EDA (1.1 mmol) was diluted in 2 mL CH2Cl, and added manually via
a syringe to a solution of 75 pL styrene (0.8 mmol) in 3 mL CH2Cl> within 20 min. Further
manual introduction of EDA did not lead to full conversion. The activity at room temperature
(rt) under stirring in CH2Cl> is moderate (yield = 20% after 22 h; see Table 3). Expectedly, there
is no diastereoselectivity (1:1), since this porphyrin ligand is nearly planar and lacks directing
bulky groups attached at the meso-position of the porphyrin backbone.

Secondly, the heterogeneous counterpart PCN-224(Rh) was used as catalyst under the same
reaction conditions as above and found a similar yield (29% after 22 h). The selectivity towards
the cyclopropanation products was decreased due to the uncontrolled dimerization of EDA
(found by GC-MS and *H and *C NMR analysis), as the dimerized EDA is no longer available
for the carbene transfer to the olefin. Therefore, the reaction was executed using a motorized
syringe pump and with an excess of olefin: Hereby, 135 pL (1.1 mmol) EDA diluted in 3 mL
CH2Cl> was added at a rate of 0.5 mL/h to a suspension of catalyst in 2 mL olefin solution. As
a result, a conversion of 71% styrene and a dr of 1:1 (trans:cis) was observed with a drastically
reduced formation of the coupling side product, revealing the crucial dependence of controlled
introduction of EDA on the yield of the reaction.

Furthermore, the scope of the reaction was determined, as summarized in Table 1. Products of
the substituted 4-methyl-, 4-methoxy-, 4-nitro-, 4-chlorostyrenes were obtained in moderate to
good yields up to 68% at rt after 6 h under stirring under air applying excess substrate. Cyclic
and terminal olefins exhibited yields of 49% (cyclooctene) and 22% (1-octene). In addition,
3,4-dihydro-2H-pyran, a sugar-based glycal, which can be obtained from biological feedstock
which makes it relevant in terms of sustainability, showed a moderate yield of 20%.
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Table 3. Catalytic results for the cyclopropanation of olefins and ethyl diazoacetate (EDA) using MP-MOFs as

catalyst.
Entry  Olefin Catalyst* Yield®  dr* t
[%] [trans:cis] -~ [h]

1 Styrene PCN-224(Rh) 71 1:1 6
2 Styrene? PCN-224(Rh) 29 1:1 6
3 Styrene PCN-224(Fe) 23 1:1 6
4 Styrene Rh-TCCPOMe 20 1:1 6
5 4-Methylstyrene PCN-224(Rh) 58 1:1 6
6 4-Methoxystyrene PCN-224(Rh) 52 1:1 6
7 4-Nitrostyrene PCN-224(Rh) 68 1:1 6
8 4-Chlorostyrene PCN-224(Rh) 52 1:1 6
9 4-Aminostyrene PCN-224(Rh) 35 23:1 6
10 4-Aminostyrene PCN-222(Rh) 29 42:1 6
11 4-Hydroxystyrene PCN-224(Rh) 4 21:1 6
12 N,N-Dimethyl-4-aminostyrene PCN-224(Rh) 31 15:1 6
13 N,N-Dimethyl-4-aminostyrene PCN-222(Rh) 16 1:1 6
14 1-Octene PCN-224(Rh) 22 1:1 6
15 Cyclooctene PCN-224(Rh) 49 1:1 6
16 3,4-Dihydro-2H-pyran PCN-224(Rh) 20(35) 11 6(24)

All reactions were carried out at room temperature and stirring (rpm = 500) operated under air. Yields are obtained applying
an excess of substrate: 135 pL (1.1 mmol) EDA diluted in 3 mL CHzClz was added via a motorized syringe pump (rate =
0.5 mL/h) to a suspension of catalyst in 2 mL substrate. *Catalyst loading: 0.0033 mmol, 0.4 mol% Rh and 0.4 mol% Fe,
respectively. 2Manual addition of 135 pL EDA (1.1 mmol) in 2 mL CH2Cl: to a solution of 75 pL styrene in 2 mL CHzCl>
within 20 min. 3GC-Yield. “Diastereomeric ratio (trans:cis) of the product.

Interestingly, a high dr of 23:1 (trans:cis) was observed with 4-aminostyrene as substrate.
Presumably, the amino functionality acts as an anchoring ligand to the Rh-porphyrin linkers
and/or via hydrogen bonding to the Zr-oxo-clusters. Infrared studies (Figure 56 and Figure 57)
indicate possible interactions of 4-aminostyrene with the MOF host, wherein the amino-
stretching vibration is affected (most likely via coordination) when 4-aminostyrene is exposed
to the MOF. This kind of coordination mode is likely to align the substrate in a certain position,
and sterically orienting the olefin moiety to the Rh-carbene in a favored fashion. In this sense,
the reaction can be considered catalyst-controlled, because of the well-defined and rigid Rh(Zr)-
Rh distances favoring certain olefin orientations. On the other hand, the reaction can be viewed
as substrate-controlled, whereby the coordination ability of functional groups on the substrates
drives the stereoselectivity. In this example, the linkers and/or nodes carrying functional groups
may act as binding sites facilitating substrate-catalyst interactions for possible enrichment
fixation, and activation of substrates, providing special transfer pathways for stereoselective
chemical transformation.'*®1 Hence, coordination of the substrate caused by the pore
confinement results in its symmetry breaking, with the carbene transfer proceeding no longer
statistically but favorably towards one diastereomer over the other. The high
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diastereoselectivity thus follows from stabilization of an alternative transition state, compared
to molecular Rh-porphyrins in solution, which naturally lack of any pore confinement effect or
substrate-controlled preferential steric orientation in the transition state of the carbene transfer.
The abovementioned stabilization is also known from cage-catalyzed reactions leading to
unusual reactivity/selectivity compared to their bulk counterparts.[*"®: 196. 197]

Further, 4-hydroxystyrene was tested and a similarly high dr of 21:1 (trans:cis) was observed,
which supports the idea of the directing group effect of the substrate. However, the yield of the
corresponding cyclopropane was low due to side reactions with propylene glycol, which is
present in the solution of 4-hydroxystyrene (10 wt%), acting as a stabilizer. As a control
experiment to test that the diastereoselectivity is controlled by coordinating groups attached to
the styrene, N,N-dimethyl-4-aminostyrene and 4-methoxystyrene substrates were investigated.
In both substrates, the coordination ability is reduced by sterical hindrance the absence of H-
bonding interactions. In neither case diastereoselective transformations were observed, while
the product yield for N,N-dimethyl-4-aminostyrene was consistent with that of 4-aminostyrene
(4-methoxystyrene does not contain a stabilizer, hence a direct comparison of yields cannot be
made). In contrast to other substrate-directed reactions which often proceed via an
intramolecular pathway, the ascribed reaction is intermolecular, since coordination and
catalytic reactions do proceed at two distinct centers. When the coordination of the amino group
to a Rh-porphyrin is considered, the Rh-porphyrin has two important different functions: (1)
Coordination acceptor and pre-alignment of non-innocent substrate and (2) catalytically active
center. This interplay of two neighboring Rh-centers critically influences the
diastereoselectivity of the reaction.

3.2.3.1 Topology-dependent diastereoselectivity

To investigate how the distance between two neighboring Rh-porphyrins affects the
diastereoselectivity of the reaction, PCN-222(Rh) was studied, which consists out of the same
building units as PCN-224(Rh) but differs in pore geometry and topology. In contrast to a Rh-
Rh distance of 13.6 A found in PCN-224(Rh), PCN-222(Rh) provides smaller Rh-Rh distances
of 9.7 A within its smaller trigonal micropores (Figure 31). 4-Aminostryrene has a dimension
of 8.1 A and when a bond length of around 2 A for Rh-carbene is considered,*%! a cumulative
length of ~10 A is obtained. Hence, the summed distance of substrate and carbene matches
quite well with the Rh—Rh distance of 9.7 A in PCN-222(Rh). Indeed, reaction of EDA and 4-
aminostyrene proceeds with a moderate yield of 29%, but with an exceptional dr of 42:1
(trans:cis). The small trigonal pore is built from three distinct Rh-centers with identical Rh—Rh
distances.
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Figure 32. Schematic representation of PCN-224(Rh) (left) exhibiting squared micropores and PCN-222(Rh)
revealing its small trigonal micropores and large hexagonal mesopores (right). Black and bold arrows indicate Rh-
Rh distances, while black arrows represent Zr—Rh distances, respectively. Red arrows highlight the most feasible
(shortest possible) Rh—Rh distances, which would favor the assisted binding of a coordinating substrate molecule.

Thus, this specific micro environment confines the reaction space and makes it more likely that
these two species will react in very selective manner, leading to strongly enhanced
diastereoselectivity (see Figure 33). This qualitative graphic illustration highlights the possible
orientations of 4-aminostyrene inside a trigonal cavity of PCN-222(Rh)).

syn anti

Figure 33. Graphical illustration of both transition states® for the cyclopropanation of 4-aminostyrene (PCN-
222(Rh)) yielding either the syn- (left) or the anti-product (right). Aminostyrene and the simplified carbene moiety
(methyldiazo ester) are tentatively oriented in order to demonstrate the steric hindrance of the TS yielding the syn-
product. 9PCN-222(Rh) structure is derived from the CIF file whereat the Zr-oxo clusters are omitted for clarity.
The organic compounds are optimized by DFT (B97D3/def2SVP, ECPstutt for Rh). Visualized by GaussView 6.0.
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The transition state (TS) of the syn-product is disfavored due to the sterical hindrance of 4-
aminostyrene and the Rh-carbene moiety, whereas the TS of the anti-product reveal
significantly less sterical hindrance, thus, is more favored. These findings support the drastic
excess formation of the trans(anti)-products compared to cis(syn)-product. However,
computational calculations on DFT level are required (energies of both TS) to exactly prove
these qualitative observations.

Since the Zr-Rh distances in both MOFs are identical and the major differences in the Kagomé
structure of PCN-222(Rh) are the shorter Rh—Rh distances, it is anticipated that the role of H-
bonding interactions of amino or hydroxy groups with the Zr-oxo clusters are not that dominant.
However, the contribution of H-bonding interactions cannot be exluded. In a conceptually
similar study Zhang et al. applied Zn-BCTA MOF (BTCA = bis[4-(5-carboxy-2-
thienyl)phenyl](4-carboxyphenyl)amine) as a photocatalyst in the sulfonylation—cyclization of
activated alkenes.'®d Interpenetration of the MOF allowed closer substrate-redox center
contacts, resulting in superior efficiency and more importantly, in higher diastereoselectivities
compared to its homogeneous counterpart.'®l These results are in line with the obtained
diastereoselectivities in this work, which also critically depend on confinement effects and
suitable substrate-catalyst distances.

3.2.4 Summary and Conclusion

An example of a catalytic process was introduced wherein the diastereoselectivity crucially
depends on specific local confinement effects, which can be adjusted by the careful choice of
an appropriate MOF system. For the first time, heterogeneous porphyrin-based metal-organic
frameworks PCN-222(Rh) and PCN-224(Rh) catalysts were applied in the diastereoselective
cyclopropanation of styrene and styrene derivatives with ethyl diazoacetate. Styrene and
substituted styrenes were converted with high catalytic activity. Interestingly, styrenes carrying
coordinating amino and hydroxy groups show a high diastereomeric ratio (dr) of up to 23:1
(trans:cis) under PCN-224(Rh) catalyst, which was attributed to their coordination to Rh
centers caused by pore confinement effects derived from favorable substrate-catalyst
interactions. The diastereoselectivity is further improved to a dr of 42:1 (trans:cis) by selecting
PCN-222(Rh) catalyst, a structural analog of PCN-224 with Kagomé topology, featuring closer
Rh—Rh distances. These results demonstrate that the diastereoselectivity of the
cyclopropanation reaction can be controlled by (1) the choice of functional groups attached to
substrates and (2) by structural and topological differences of the two MOFs used in this study,
i.e. the distances between two rhodium centers. The insights obtained in this work may be
interesting for the development of novel MOFs catalysts, since the results showcase possible
structure-property relationships and more importantly, stress the impact of confined space as a
critical reaction parameter to obtain stereoselective reaction products.
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3.3 Cyanosilylation of benzaldehyde

The Zrg-oxo-clusters of PCN-222 provide accessible Lewis acidic Zr(1V) centers which can be
used as catalytic sites. Cyanosilylation, which is catalyzed by Lewis acids, is an efficient
process to access cyanohydrin compounds, which are desired intermediates and can easily be
transformed to industrially relevant products.?®® 201 Historically, the cyanosilylation was
catalyzed using simple metal salts like Znl, as shown by Evans and co-workers,2%?1 however,
solid Lewis acids such as Zr-MOFs can be re-used by simple filtration. Moreover, porphyrin
MOFs allow the introduction of novel Lewis acidic sites via metalation of the tetrapyrrole core
as already demonstrated for the CO»/propylene oxide coupling in chapter 3.1. Herein, PCN-
222(no metal) as well as PCN-222(Mn) were investigated in the cyanosilylation of
benzaldehyde which is a test reaction for the Lewis acidity (Scheme 7).
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Scheme 7. Cyanosilylation reaction of benzaldehyde using trimethylsilyl cyanide (TMSCN) under PCN-222(M)
catalysts.
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Figure 34. Cyanosilylation of benzaldehyde using TMSCN under PCN-222(no metal) (left) and PCN-
222(Mn) (right) catalysts.

The catalysts PCN-222(no metal) and PCN-222(Mn) were activated at 120 °C under dynamic
vacuum in order to remove residual (weakly) coordinated guests at the Zr-sites, such as water
or hydroxyl groups, acetone and DMF which, ideally, makes the Zr-sites more accessible for
incoming substrate molecules. The pre-activated catalysts were introduced with benzaldehyde
and trimethylsilyl cyanide (TMSCN) in CH2Cl2 under Ar atmosphere at 40 °C in small Schlenk
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tubes for 22 h under stirring. PCN-222(no metal) converts benzaldehyde to the desired 2-
phenyl-2-((trimethylsilyl)oxy)acetonitrile with a yield of ~40 % after 23 h and full selectivity
towards the cyanohydrin derivative. Notably, an induction period of about 5 h is observed at
the beginning of the reaction, which can be attributed to the reversible formation of a benzoin-
condensation product. In accordance to our expectation, PCN-222(Mn) catalyst showed a
doubled yield of ~90 % after 23 h when compared to non-metalated PCN-222. Introduction of
additional Mn-centers located at the porphyrin struts of the framework, significantly contribute
to the overall Lewis acidic properties of PCN-222 leading to an improved catalytic activity.
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4 Biomimetic oxidation catalysis

Abstract

In this chapter PCN-222(Fe, Mn) MOFs were used as biomimetic oxidation catalysts using
unfunctionalized hydrocarbons as substrates and (alkyl)peroxides as oxygen transfer agents.
The selectivity of the radical process is substrate dependent. Conversion of cyclohexene shows
greatly improved selectivity compared to styrene, due to the allylic stabilization. The reaction
was optimized by the use of “green” dioxygen as oxidant which exhibits good oxygen efficiency
(50 %) and a better environmental impact producing only water as by-product. Under dynamic
conditions PCN-222(Mn) catalyst outperforms its homogeneous Mn-porphyrin counterpart in
the epoxidation of cyclic olefins. Switching to static set-up using Fisher-porter bottles facilitates
the reactions process and gives comparable catalytic reactivity, even using air as oxidant under
mild conditions (rt).
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4.1 Introduction

As already outlined above, metalloporphyrin derived enzymes, such as the well-known Fe-
based cytochrome P450 (CYP) enzyme,?%® are important structural units in many biological
systems. The active sites in such monooxygenases are able to oxidize a variety of substrates
efficiently and under mild conditions.[?>*l Accordingly, the first MPs were used in 1979 by
Groves et al. who investigated their oxidation properties using iodosylbenzene in order to
oxidize unreactive C-H and C-C bonds.[?Y! This demonstrated that, bio-inspired, artificial MPs
may mimic the catalytic activity of natural enzymes and display an alternative route to fabricate
powerful and selective catalytic systems.l*8l In 2012 Zhou et al. successfully tested PCN-
222(Fe) in the oxidation of pyrogallol, 3,3,5,5-tetramethylbenzidine, and o-phenylenediamine,
which are considered as model substrates to characterize the catalytic performance of heme-
like enzyme mimics. These substrates are useful indicators for the principle biomimetic
catalytic activity, however, their industrial relevance is limited. Another major drawback is that
often alkyl peroxides or iodosylbenzene derivatives are applied as oxygen transfer reagents
which exhibit hazardous potentials as well as low oxygen efficiency. Recently, more
economical and “green” oxidants such as dioxygen are used which is favorable to reduce the
environmental fingerprint of the reaction and improving the O-efficiency, respectively.
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4.1.1 Synthesis of PCN-222(M), M = Fe, Mn

PCN-222(Fe) was synthesized in accordance to Zhou and co-workers.'s3 Briefly, ZrCl,
(70 mg), H4TCPP(FeCl) (50 mg) and benzoic acid (2700 mg) were dissolved in 8 mL of DEF
in a 20 mL scintillation vial and placed in an oven at 120 °C for 48 h. As-synthesized PCN-
222(Fe) in DMF was activated with 1.5 mL 8 m HCl at 120 °C for 12 h, washed with DMF and
acetone and soaked in fresh acetone for 24 h. Similar to already characterized PCN-222(Mn) in
chapter 3.1.2, PCN-222(Fe) is isostructural to PCN-222(no metal) and was obtained as phase
pure microcrystalline brown powder and was analyzed by PXRD (Figure 35).

PCN-222(Fe) exp.

dl I A PCN-222(Fe) sim.

Intensity / a.u.
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Figure 35. Experimental and simulated PXRD pattern of PCN-222(Fe).

Analogously, highly porous PCN-222(Fe) contains large hexagonal mesoporous ~3 nm 3D
channels and trigonal shaped micropores with a pore width of 1.3 nm as shown by No-
physiosorption measurements and pore size distribution analysis calculated by density
functional theory (DFT). Overall a BET surface area of 2270 m?/g was observed (Figure 36).
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Figure 36. Na-physisorption measurements of PCN-222(Fe) at 77 K. The inset shows the pore size distribution
(PSD) calculated by density functional theory (DFT).

The full metalation of PCN-222(Fe) was qualitatively indicated by the brown color compared
to the violet color of non-metalated PCN-222(no metal) sample and proven by UV-Vis
measurements of dissolved MOF samples (Figure 52). To ensure that all porphyrin linker do
coordinate to the respective Zr-oxo-cluster, PCN-222(Fe) was analyzed by infrared
spectroscopy and compared to free HsTCCP(FeCl) porphyrin linker (Figure 55).

4.1.2 Catalytic studies

4.1.2.1 Oxidation using peroxides

Thus, we were interested if PCN-222(Fe) could be applied in catalytic reactions using
commercially more important substrates like unfunctionalized olefins, which is in contrast to
the used model substrates used in literature.!*5 Highly porous PCN-222(Fe) is chemically and
thermally stable, moreover, it contains large mesoporous ~3 nm 3D channels which facilitate
mass transfer and reduce possible diffusion limitations. Therefore, PCN-222(Fe) is a promising
potential candidate to participate in heterogeneous oxidation reactions. In a first attempt, PCN-
222(Fe) catalyst was tested in the epoxidation reaction. Therein, cyclooctene was selected as a
substrate using hydrogen peroxide as oxidant at room temperature (rt) (Scheme 8), however,
only poor activity was observed (5 % conversion).
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[PCN-222(Fe)]
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Scheme 8. Epoxidation of cyclooctene using H20> (3 eq.) under PCN-222(Fe) catalyst.

Due to the insufficient catalytic activity of PCN-222(Fe) at rt and motivated by the vast
literature reports utilizing manganese porphyrins as oxidation catalyst in e.g. olefin epoxidation,
hydroxylation of alkanes (aliphatic and cyclic) or alcohol oxidation,?®! PCN-222(Mn) was
selected as novel catalyst and its catalytic activity was intensively studied.

Styrene oxidation

As another relevant substrate styrene was selected and tert-butyl hydroperoxide (TBHP) in
decane! was used as oxidizing agent (Scheme 9).

O O
= =z
3 eq. TBHP
1 mol% [PCN-222(Mn)]
> +
(MeCN) 55 °C, 48 h
64% 36%

Scheme 9. Catalytic oxidation of styrene over PCN-222(Mn) catalyst in acetonitrile.

A conversion of ~55 % was achieved after 30 h with a selectivity of 64 % towards benzaldehyde
and 36 % for styrene epoxide, respectively (Figure 37). Additional introduction of TBHP after
30 h lead to full conversion, however, a decreased selectivity of the reaction was observed. It
can be assumed that the reaction follows a radical mechanism.[2% |t is expected that the tert-
butylperoxyl radical is formed by reducing the manganese center and releasing the respective
proton. The radical attaches to the styrene double bond at the primary carbon atom generating
the more stable benzylic radical species (to form the other aliphatic radical attaching to the
secondary carbon atom). Subsequently, it is either possible that a ring closing reaction occurs
leading to styrene oxide (1) or that another tert-butylperoxyl radical reacts with the benzylic
radical. In this case, C-C bond cleavage occurs resulting in the formation of benzaldehyde and
formaldehyde (2). In both cases, tert-butanol is formed as byproduct. Most likely, the low
selectivity is intrinsic due to the radical-based mechanism of the reaction and possibly by the
low stability of radical intermediates.

1 Using TBHP in H,0 lead to the ring-opening reaction of styrene epoxide to the undesired 1-phenylethane-1,2-
diol.
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Figure 37. Time-conversion plots of the epoxidation of styrene to styrene epoxide (ketone) using TBHP under

PCN-222(Mn) catalyst.

Therefore, the substrate scope was expanded by the use of cyclic olefins with internal double

bonds.

Cyclohexene oxidation

Cyclohexene was selected as a substrate to examine the oxidation properties of PCN-222(Mn)
catalyst towards the allylic position in a cyclic olefin which might exhibit different stabilization
mechanism of the radical intermediates, thus improving the selectivity of the reaction (Scheme

10).
2 eq. TBHP o oH tBuO\O
1 mol% [PCN-222(Mn)]
(MeCN) 82% 5% 3%

Scheme 10. Catalytic oxidation of cycloh

exene using TBHP over PCN-222(Mn) catalyst.

Indeed, cyclohexene-1-one was obtained with a yield of 82 % and a significantly improved
selectivity of 92 % at 90 % conversion (Figure 38). Blank tests using no catalyst showed a yield
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of 11% for the ketone and a reversed selectivity for the respective alcohol which was obtained
as the major product with a yield of 35%.
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Figure 38: Time-conversion plots of the oxidation of cyclohexene to cyclohexene-1-one (ketone) using TBHP
under PCN-222(Mn) catalyst.

Mechanistically wise, it is likely that an allylic hydrogen is removed by the tert-butylperoxyl
radical, a theory that is supported by the high stability of allylic radicals (Scheme 11).
Recombination with another tert-butylperoxyl radical leads to tert-butylperoxyl adduct which
is also found as a by-product. Homolytic cleavage and subsequent hydrogen radical abstraction
for example would lead to the observed ketone. A driving force of this proposed reaction the
energetically favorable formation of the resulting enone moiety.

BuO.,
0 o)
PCN-222(Mn) 2 ‘BuOO:
BUOOH ———» BUOO* ————> — e
-'BUOOH ‘BuOH

Scheme 11: Possible mechanism for the cyclohexene oxidation with TBHP over PCN-222(Mn) catalyst.
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4.1.2.2 Oxidation using molecular O>

Generally, various oxidizing agents such as NaClO4, NaOCl, KHSOs, 2,6-Dichloropyridine N-
oxide, tert-butyl hydroperoxide and iodosylbenzene are being used in literature.r Most of them
are less feasible with respect to environmental aspects like the formation of undesired by-
products, toxicity and their hazardous potentials. Hence, the use of H,O> can be seen as an
improvement, since only water is produced as a by-product. Moreover, industrial application
often requires the use of gases in order to operate gas-solid phase-type reactions. In this context,
molecular oxygen displays an alternative and is recognized as a more ‘green’ oxidizing agent,
due to its natural abundance and less pronounced safety concerns compared to often unstable
and explosive peroxides. Recently, also MOFs had been applied as oxidation catalysts
employing O as oxidant. Bouchard et al. used MOF-525(Mn) as catalyst in the epoxidation of
styrene and found a remarkable conversion of 99 % and a selectivity of 82 % towards styrene
epoxide at rt.[14%]

02
[PCN-222(Mn)]

Q O r.t. Q 0O
X » o + >—<
H (CH,Cl,) OH

Scheme 12. Epoxidation of cyclooctene using molecular oxygen under PCN-222(Mn) catalyst and
isobutyraldehyde.

In their set-up dioxygen is bubbled through a mixture of olefin in CH2Cl, using
isobutyraldehyde as a sacrificial agent being oxidized to the corresponding carboxylic acid
(Scheme 12). Motivated by these remarkable results further investigations employing O> as
oxidant were initiated.
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4.1.2.2.1 Dynamic conditions (open set-up, bubbling O5)

Repetition of these experiments using PCN-222(Mn) as catalyst lead to similar results. In the
catalytic reaction 5mg PCN-222(Mn) (0.26 mol % Mn), 15mL CHxCl;, 0.91 mL
isobutylaldehyde (10 mmol) and 0.26 ml cyclooctene (2 mmol) were introduced in a Schlenk
tube which was sealed with a septum carrying a needle to ensure pressure release. Through a
fixed metal needle which was immersed into the reaction solution, a constant flow of O
(30 sccm) was adjusted. Under dynamic conditions (constant bubbling of O) PCN-222(Mn)
exhibits the highest activity (TOF = 100 h), converting cyclooctene to the corresponding
cyclooctene epoxide with full selectivity in 1 h at rt (Figure 39).
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Figure 39. Epoxidation of cyclooctene using O2 under dynamic conditions (bubbling) under PCN-222(Mn) catalyst
in comparison to molecular Mn-porphyrins in CH2Cl, and THF as solvents.

Homogeneous HsTCPPOMe(MnCI) was more active (TOF = 11 h!) than its sopanificated
analog H4TCPP(MnCI) which is reasoned by the better solubility in non-polar CH2Cls.
Interestingly, heterogeneous PCN-222(Mn) catalyst outperformed the homogeneous Mn-
porphyrin ester. This might be explained by the absence of dimerization and self-oxidation
which is prevented when the catalytically active Mn-porphyrins are installed into the rigid
scaffold of the MOF. The blind test using no catalyst showed almost no reaction. Despite the
positive results, the dynamic conditions are not ideal and require improvement due to the
constant removal of solvent which is caused by the opened set-up with permanent bubbling of
0.
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4.1.2.2.2 Static conditions (closed set-up, 1 bar O / air)

Thus, static conditions using a closed set-up operated in Fisher porter bottles (pressurizable
borosilcate glass vessels) which were charged with 1 bar Oz in the beginning of the reaction
were tested (Figure 40).
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Figure 40. Epoxidation of cyclooctene using O, and air under static conditions (1 bar O, and air) under PCN-
222(Mn) catalysts utilizing different closed reaction set-ups: A Fisher porter bottle (FP bottle) and a O,-balloon.
In the FB bottle set-up, the reaction was operated under stirring and no stirring, as well as using air as an oxidant.

As a result, the catalytic activity was lower (TOF = 37 h) due to overall less available O,
however, the experimental set-up was much more facilitated under these static conditions. Even
a simple balloon filled with O lead to similar results compared to the Fisher porter bottle set-
up. Remarkably, the reaction could be operated using compressed air instead of O, however,
the catalytic activity decreased under these conditions. The reaction was repeated without
stirring, showing moderate dependence to mass transport and decreased yields of 40 % after
22 h. Additionally, the blind test revealed no conversion.
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5 Tandem catalysis

5.1 Tandem oxidation of benzaldehyde / cyanosilylation
using PCN-222(Mn)

The general idea was to combine the catalytic oxidation properties of metalloporphyrin struts
with the Lewis-acidic properties of the Zrs-oxo-nodes of PCN-222(M) materials in order to
attain a heterogeneous MOF-based catalytic tandem catalyst. As described in chapter 4.1.2 and
3.3, PCN-222(Mn) catalyzes the independent reactions, namely, the oxidation of olefins as
demonstrated for styrene, cyclohexene-1-one and cyclooctene (1), as well as the Lewis acidic
cyanosilylation of benzaldehyde (2). In order to establish a tandem process, the two distinct
catalytic processes need be integrated in a one-pot reaction.

<z

‘ s
/4‘ l‘ 2. Lewis-acidity J,

Scheme 13. Illustration of the reaction pathway of styrene in the oxidation/Lewis acid mediated tandem reaction
under multi-functional PCN-222(Mn).
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SiMe;
X TBHP O H TMSCI O CN
[PCN-222(Mn)] [PCN-222(Mn)]
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olefin aldehyde cyanohydrin
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Scheme 14. Idealized tandem oxidation of styrene using tert-butyl hydroperoxide (TBHP) (1) and cyanosilylation
of in-situ generated benzaldehyde with trimethylsilyl cyanide (TMSCN) (2) to the corresponding cyanohydrin end-
product.

In the one-pot tandem reaction styrene, TBHP, trimethylsilyl cyanide (TMSCN) and catalytic
amounts of PCN-222(Mn) were introduced in CH2Cl, at 55 °C under stirring in a closed
Schlenk tube. Product analysis revealed the oxidation products of styrene, but no formation of
the cyanohydrin derivative was observed. Interestingly, GC-MS analysis showed adducts of
TBHP / TMS and tert-butanol / TMS (Scheme 15), which indicates the quenching of the
oxophilic siliylation agent TMSCN by TBHP or tert-BuOH under formation of HCN.

HO . \§i/\

e
— 9 0"+ 2HCN

Scheme 15. Illustration of the supposed quenching reaction of TMSCN by TBHP and tert-BuOH in the tandem
oxidation/cyanosilylation of styrene/benzaldehyde.

Consecutively, no TMSCN is available for the second reaction with benzaldehyde. This shows
the drastic impact of incompatible reagents on the outcome of a tandem reaction and the
intrinsic challenge to perform tandem-like reactions. Thus, all reagents must be carefully
selected in order to minimize side reactions.

5.2 Tandem olefin epoxidation/ COz-insertion

As discussed in chapter 4 dioxygen is a cheap and abundant oxidant with relatively low
hazardous potential.?°" It’s utilization as oxidizing agent instead of e.g. iodosylbenzenes or
peroxides has a huge advantage in the context of the combability of reactants. Compared to
relatively unstable and highly reactive peroxides, O is a rather mild oxidant with moderate
reactivity. This property is favorable in terms of reaction control and possible interferences with
other reactants and reactions intermediates as well as toxicity.

According to the studies in chapter 4.1.2, PCN-222(Mn) was successfully applied as
heterogeneous epoxidation catalyst converting cyclooctene to cyclooctene epoxide using
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molecular oxygen as green oxidizing agent. Additionally, the Lewis acidic catalytic properties
of PCN-222(Mn) and other porphyrin MOFs were intensively studied in chapter 3.1
demonstration their potential in the COz-insertion in epoxides to yield cyclic carbonates. In
terms of an optimized reaction-controlled process, it is appealing and more economical to
combine those independent reactions in a tandem one-pot reaction. This would directly lead to
the desired, value-added cyclic carbonate products when starting with an unfunctionalized
olefin using PCN-222(Mn) as multifunctional catalyst (Scheme 16).
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Scheme 16. Illustration of a PCN-222(Mn) catalyzed epoxidation/COz-insertion tandem process: Cyclic or linear
olefins are oxidized to epoxides (first step) and further converted to the corresponding cyclic carbonates under
Lewis acidic activation in the second step.

Notably, the reaction requires the right choice of substrate which is suitable for both reaction
steps. On the one hand, cyclic (strained) olefins such cyclooctene oxide are comparably easy to
epoxidize which is the reason for its popularity among academic research. On the other hand,
the insertion of CO: into cyclooctene oxide is not that straight forward, mainly due to steric
effects (attack of the nucleophile for the ring-opening reaction). For terminal olefins, the
situation is opposed: Epoxidation often is more difficult, and the CO2-insertion is rather facile.
Thus, cyclohexene (or cyclopentane) might be the right compromise between the mentioned
extreme cases, since the oxidation still proceeds in good yields and it has less steric hindrance
compared to cyclooctene which might facilitate the CO> insertion.
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Table 4. CO; insertion into various epoxides.

Catalyst Substrate Yield? co-cat? Zr T p t
[%] [mol%] [mol%] [°c]  [barl  [n]
PCN-222(Mn) 1-octene oxide 24 0.02 0.1 rt 1 96
PCN-222(Mn) cyclooctene oxide 2 0.02 0.1 60 1 48
PCN-222(Mn) cyclohexene oxide 40 0.02 0.1 50 2 48
PCN-222(Mn) cyclohexene oxide 17 0.02 0.1 rt 4 43
PCN-222(Mn) styrene oxide 5 0.02 0.1 rt 4 15
PCN-222(Mn) propylene oxide 99 0.02 0.1 50 1 22
PCN-222(Mn) propylene oxide 65 0.02 0.1 rt 1 22
PCN-222(Mn) epichlorohydrin (rac) 23 0.02 0.1 rt 1 22

2BusNBr. No solvent was used.

Table 5. Epoxidation of various olefins.2

Catalyst Substrate Yield> Mn T p t
[%] [mol%] [°C] [bar]  [h]

PCN-222(Mn) cyclooctene 99 1 rt 1 1
PCN-222(Mn) cyclohexene 90 1 rt 2 16
PCN-222(Mn) Styrene? 99 1 rt 4 4
PCN-224 epichlorohydrin (rac) 12 1 rt 1 24

3sobutyraldehyde (10 mmol) was used as a sacrificial agent. 2Full decomposition of MOF-catalyst to a
homogeneous solution was observed.

In the epoxidation/CO.-insertion tandem process 0.91 mL isobutyraldehyde (10 mmol), 0.2 mL
cyclohexene (2 mmol), 0.365 g tetra-n-butylammonium bromide (TBAB) (1.1 mmol) were
mixed in 2 mL dichloromethane in a closed Fisher porter bottle set-up and charged with 1 bar
oxygen and 3 bar carbon dioxide at 50 °C under stirring using 25 mg PCN-222(Mn) as catalyst.
A Conversion of 61 % was found (based on cyclohexene as initial educt) after two days of
reaction time. Cyclohexene carbonate as the desired product after the two distinct reactions
steps was obtained with a poor yield <5 % (Figure 41). Cyclohexene oxide was identified as
the main product (yield = 43 %) next to other undesired oxidation by-products (yield = 11 %).
This indicates that the oxidation of cyclohexene to cyclohexene oxide (first step) proceeds with
reasonable yields, however, only a small fraction of in-situ generated cyclohexene oxide reacts
further to the desired cyclic carbonate (second step). This could be reasoned by the potential
blocking of the catalytically active Zr-/Mn-sites either by polar compounds such as the
sacrificial aldehyde, cyclohexene oxide or carbonate (highly polar). Another explanation could
be the low CO: pressure of only 3 bar, since for this type of reaction it is known that the catalytic
transformation to the carbonate directly correlates with increasing CO2 pressure which was also
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demonstrated by Hupp et al. who applied 60 bar (!) CO> pressure as described above. Another
problem might be the slight acidic conditions, which are caused by the oxidation of the
isobutyraldehyde to the corresponding acid: The proton can be transferred to the cyclohexene
oxide resulting in the undesired ring-opening reaction and other possible side reactions. This,
however, is an intrinsic problem since the isobutyraldehyde is crucial for the transfer of the
second O-atom of O».
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Figure 41. One-pot tandem reaction starting from cyclohexene to give cyclohexene oxide and cyclohexene
carbonate.

Summarized, the chosen tandem reaction pathway principally is promising since the conversion
of the first step produces high amount of cyclohexene oxide, however, the yield for the end-
product is low which might be due to blocking of active sites or too low CO2 pressure.
Therefore, the reaction requires further optimization, namely, the increase of CO. pressure to
further facilitate the transformation to the cyclic carbonate
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6 Summary and Outlook

Functional coordination network compounds, especially the class of metal-organic frameworks
(MOFs) are known for their multi-faceted properties such as high surface area, permanent
porosity and more importantly, exceptional tailorability. Due to their thermal and chemical
stability metalloporphyrin (MP) based Zr-MOFs are suitable candidates for the design of novel
multi-functional heterogeneous catalysts which, ideally, can perform multi-step catalytic
processes.

In this work well-selected MP (M = Fe, Mn, Zn, Rh) Zr-MOFs bearing altered degrees of
connectivity, topology and pore environment were synthesized and their catalytic properties
were elaborated towards Lewis-acidity and biomimetic oxidation catalysis conducted in liquid-
phase type of reactions. Additionally, multi-functional Zr-MOFs(MP) with two catalytic sites
with altered catalytic reactivity were studied in one-pot tandem reactions.

Initially, the study was focused on biomimetic oxidation reactions, whereby PCN-222(Fe) was
employed as catalyst under ambient reaction conditions. The obtained catalytic activity in the
(ep)oxidation of cyclooctene was low using H202 as oxidant. Hence, PCN-222(Mn) with
Mn(111) sites was tested in the oxidation of styrene using tert-butyl hydroperoxide (TBHP) in
decane as oxidizing agent. Under these conditions the reactivity was improved and a conversion
of ~55% was achieved after 30 h with good selectivity of 64 % towards benzaldehyde.
Additional introduction of TBHP after 30 h lead to full conversion, accompanied by a slight
decrease in selectivity towards the formation of styrene epoxide. A strong dependency of
oxidizing agent towards the selectivity was observed, since TBHP in water mainly gave 1,2-
dihydroxybenzene. Nevertheless, the selectivity could not be optimized due to the radical-based
reaction mechanism. Therefore, cyclohexene as cyclic olefin with the potential feature of the
stabilization of radical intermediates in allylic positions was selected. Indeed, cyclohexene-1-
one was obtained with a yield of 82 % and a significantly improved selectivity of 92 % at 90 %
conversion, indication that the selection of appropriate substrates is crucial for the product
selectivity. In terms of sustainability and economy molecular oxygen was employed as an
alternative oxidizing agent in the epoxidation of cyclooctene. Under dynamic conditions
(constant bubbling of O2 trough the reaction solution) PCN-222(Mn) catalyst exhibited the
highest activity (TOF = 100 h™), with full conversion and selectivity in 1 hour at rt,
outperforming its homogeneous Mn-porphyrin counterpart. Thus, static conditions using a
closed set-up operated in Fisher porter bottles which were charged with 1 bar O in the
beginning of the reaction, revealed slightly lower catalytic activity (TOF = 37 h%) due to overall
less available O, however, the experimental set-up was much more facilitated under these static
conditions. Remarkably, the reaction could be operated using compressed air instead of Oa.
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In contrast to the oxene transfer, as demonstrated by the abovementioned biomimetic olefin
epoxidation and alkane and aromatic hydroxylation reactions, reactions involving the transfer
of carbenes are not known in biologic systems.[* Therefore, the utilization of artificial MPs
for establishing new C-C bonds via carbene transfer, is a milestone on how mankind can learn
from nature and transfer this knowledge to new reactions. In this study the focus was to use Zr-
MOFs(MP) as solid catalysts, which was exemplary shown in the stereoselective reaction of
cyclopropanes. In this study, PCN-224(Rh), was applied in the asymmetric cyclopropanation
of styrene with ethyl diazoacetate. A high diastereomeric ratio (dr) of up to 16:1 (trans:cis) was
achieved due to the confinement by smaller pore sizes, which is absent in the PCN-222(Rh)
catalyst which contains larger mesopores. The investigated substrate scope included substituted
styrenes and linear and cyclic olefins, which showed lower reactivity and dr, however, the
yields could be successfully improved when the reaction was conducted under excess olefin
conditions. PCN-224(Fe) as catalyst revealed lower activity but a dr very close to the Rh-
system, demonstrating Fe as a cheaper alternative. This work presented an example for
asymmetric heterogeneous MOF-based catalysis, where the transfer of stereochemical
information is induced by the specific pore confinement of the host matrix and doesn’t rely on
i.e. asymmetric (chiral) groups or template molecules to produce asymmetric compounds.

Based on the results obtained by the Lewis-acid mediated carbene transfer, emphasis was given
to the investigation on how the inherent Lewis-acidity in MP-MOFs is related to connectivity
of inorganic SBU and organic MP linker, and how the Lewis-acidic catalytic properties can be
optimized upon porphyrin metalation. Hence, the catalytic properties of Lewis-acidic MOF-
525, PCN-222 and PCN-224, were explored in the cycloaddition of CO. and propylene oxide
to propylene carbonate with tetrabutylammonium bromide as co-catalyst. The lower connected
PCN-224 (6 linker/node) showed higher catalytic activity than the high-connected MOF-525
(12 linker/node). However, the trend of the connectivity dependent catalytic activity is not fully
linear, since MOF-525 outperformed PCN-222 (8 linker/node), which may be explained by
high amount of missing linker defects (~16%) and the difference in topology of PCN-222 and
MOF-525. Installation of new Mn-sites upon metalation of the Zr-MOFs resulted in higher
catalytic activity than their non-metalated counterparts, which could be further improved by
introduction of stronger Lewis acids, i.e. Zn, which was exemplary demonstrated for PCN-222.
The enhancement of the catalytic activity by linker metalation was more pronounced for PCN-
222(Mn) and MOF-525(Mn) which exhibit higher linker/node densities as compared to lower
connected PCN-224(Mn). In such complex dual-site Lewis acid Zr-MOF(MP) catalysts, the
effective node connectivity, defined by topology and by defect engineering, and the linker
metalation partly compensate each other. Additionally, the properties of MOF-525 were
compared to the 12-connected molecular analog, the cluster [Zrg(OH)404(OMc)12] (OMc =
methacrylate), whereby similar catalytic activity was observed. The obtained results show that
Zs-0xo-cluster node and porphyrin linker-based MOFs are a tunable platform in which the
Lewis-acid catalytic activity can be adjusted via (1) the choice of topology and connectivity of

75



6 Summary and Outlook

the Zr-nodes and (2) subsequent metalation of the porphyrin linkers, as well as by (3) the
presence of missing linker defects. Metalation of porphyrin linkers can be useful to enhance the
catalytic activity in high connected Zr-MOFs, where the Zr-nodes are saturated by large
amounts of linker. Defects play a crucial role and the precise engineering of missing linker
defects, is a tool to enhance catalytic reactivity is such systems. Similar observations were made
in the cyanosilylation of benzaldehyde. In accordance to our expectation, PCN-222(Mn)
catalyst showed a doubled yield of ~90 % after 23 h when compared to non-metalated PCN-
222. Introduction of additional Mn-centers located at the porphyrin struts of the framework,
significantly contribute to the overall Lewis acidic properties of PCN-222 leading to an
improved catalytic activity.

In the last chapter of this work, the aim was to combine the intrinsic Lewis-acidic properties
with the biomimetic oxidation activity found in MP-MOFs to perform multi-step tandem
reactions. PCN-222(Mn) was selected as catalyst, since it catalyzes the independent reactions,
namely, the oxidation of olefins as demonstrated for styrene, cyclohexene-1-one and
cyclooctene (1), as well as the Lewis acidic cyanosilylation of benzaldehyde (2). In the first
attempt, trimethylsilyl cyanide (TMSCN) was combined with styrene and tertbutyl
hydroperoxide TBHP in a one-pot tandem reaction, using PCN-222(Mn) as catalyst. Product
analysis revealed the oxidation products of styrene, but no formation of the desired cyanohydrin
derivative was observed. Interestingly, GC-MS analysis showed adducts of TBHP / TMS and
tert-butanol / TMS which indicates the quenching of the oxophilic siliylation agent TMSCN by
TBHP or tert-BuOH under formation of HCN, showing how critical the combability of reaction
participants is. In the next trial, PCN-222(Mn) was used to catalyze the epoxidation/CO»-
insertion tandem process, which involves the epoxidation of cyclic or linear olefins (first step)
and their further transformation to the corresponding cyclic carbonates under Lewis acidic
activation in the second step. The one-pot reaction gave a conversion of 61 % (based on
cyclohexene as initial educt) and cyclohexene oxide was identified as the main product
(yield = 43 %) next to other undesired oxidation by-products (yield =11%). Cyclohexene
carbonate as the desired product after the two distinct reactions steps was obtained with a poor
yield <5 %. This indicates that the oxidation of cyclohexene to cyclohexene oxide (first step)
proceeds with reasonable yields, however, only a small fraction of generated cyclohexene oxide
reacts further to the desired cyclic carbonate (second step). This could be reasoned by the
potential blocking of the catalytically active Zr-/Mn-sites or due to not fully optimized reaction
conditions (low CO»-preussure).
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7 Experimental Section

7.1 Materials and methods

All starting materials were used as received from commercial sources (Sigma Aldrich, Alfa
Aesar, TCI, abcr etc.) without undergoing any further purification. Common organic solvents,
like n-hexane, n-pentane, toluene, tetrahydrofurane, diethyl ether were dried using an MBraun
solvent purification system (SPS) in which solvents were passed through consecutive filter
columns containing suitable adsorbents by application of argon pressure gradients. Used
adsorbent materials included a copper catalyst and molecular sieve for n-hexane or n-pentane,
and activated alumina for toluene, tetrahydrofurane and diethyl ether. Benzene and mesitylene
were dried using standard purification procedures, i.e. by passing the solvent over a column of
activated alumina under an inert atmosphere. Thus, treated solvents exhibited a purity
above 99 % and water contents below 5 ppm, as verified by Karl-Fischer titration. Reactions
involving air-sensitive compounds were generally performed under an argon atmosphere
(99.998%, Westfalen AG, Munster) using flame dried glassware (in vacuum), standard Schlenk
equipment and techniques.

Analytics
Nuclear Magnetic Resonance Spectroscopy (NMR)

'H and 3C NMR spectra were recorded on a Bruker Ultrashield spectro-meter (400 MHz) and
on a Bruker AMX-300 spectrometer (300) MHz and 75 MHz, respectively. Usually, 16 and
1024 scans were measured for 'H and 3C NMR, respectively. at 298 K using standard
deuterated solvents and evaluated with MestReNova software. Chemical shifts (o) are reported
in ppm (parts per million). Spectra are referenced relative to the residual solvent signals. The
observed coupling constants are obtained as an average of forward and backward coupling in
Hertz. Following abbreviations are used for the assignment of the observed signal
multiplicities: s = singulet, d = dublet and m = multiplet.

Elemental Analysis

Elemental analysis and AAS measurements were performed at the Microanalytical Laboratory
of the Technical University of Munich, Germany on a HEKAtech Euro EA CHNSO-Analyzer
and a Varian AA280FS fast sequential AAS spectrometer. Prior to the measurement, the MOF
samples (2 — 5 mg) were thermally activated at 100 - 130 °C in dynamic vacuum.
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Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction measurements were performed on a PANalytical Empyrean
diffractometer equipped with a PANalytical PIXcel 1D detector in Bragg-Brentano geometry.
X-ray Cu Ka radiation (M = 1.5406 A, X» = 1.5444 A, 1)/I, = 0.5) was used for the
measurements. Kp radiation was removed with a Ni-filter. Voltage and intensity were 45 kV
and 40 mA, respectively. The measurement range was from 4.0° up to 70.0° (260), with a step
size of 0.040° (20) and an acquisition time of 35 seconds per step. The measurement was
performed at 298 K, and the sample was rotated on a reflection-transmission spinner during the
measurement at 0.5 rps. High-throughput powder X-ray diffraction patterns were recorded on
a STOE COMBI P diffractometer (monochromated Cu Ko-1 radiation, A = 1.540 60 A)
equipped with an IP-PSD detector in transmission geometry.

Gas Chromatography - Mass Spectrometry

Gas chromatograms were recorded on an Agilent 7890B Gas Chromatograph equipped with an
Agilent HP-5 column with 30 m length, 0.32 mm inner diameter and 0.25 um film thickness of
the stationary phase. Helium was used as mobile phase and the injected volume was 1 pL. Gas
chromatograms with coupled mass spectrometry were recorded on an Agilent 7890B Gas
Chromatograph equipped with an Agilent HP-5ms Ul column with 30 m length, 0.32 mm inner
diameter and 0.25 pm film thickness of the stationary phase. Helium was used as mobile phase
and the injected volume was 1 pL. This was coupled with an Agilent 5977AGC/MSD device.

Fourier Transform Infrared Spectroscopy (FTIR Spectroscopy)

FTIR measurements were performed on a Bruker Alpha-P FT-IR spectrometer in ATR
geometry equipped with a diamond ATR (spectral region = 4000 — 375 cm™) unit under inert
gas atmosphere inside a glovebox. All spectra were processed with the OPUS 6.5 software
provided by Bruker. Bands are consecutively reported as position (wave number v in cm™) and
relative band intensity (vs = very strong, s = strong, m = medium, w = weak).

Thermogravimetric analysis (TGA)

Thermogravimetric studies were conducted using a Mettler Toledo TGA/STA 409 PC apparatus
and a Netzsch QMS 403 Aeolos device for additional mass spectrometry analysis with a
continuous heating ramp of 10 °K/min applied under oxidizing conditions in a synthetic air
(N2/O2 = 80/20) flow or under inert conditions using Ar. Around 5 mg of sample were used.

N2-Physisorption (Brunauer-Emmett-Teller, BET)

N2 adsorption-desorption isotherms were measured using a Quantachrome NOVA 4000e multi-
station device and on a Micromeritics 3Flex surface analyzer using N2 (N2 = 99.999%) at 77 K.
Before starting the measurement, the samples (~100 mg) were thermally activated in dynamic
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vacuum for 12-24 h at 100 - 130 °C. The specific surface area of the materials was calculated
using the multipoint BET method (Brunauer—Emmett—Teller) applied to the isotherm
adsorption branch, while taking into account the Rouquerol consistency criteria. Pore size

distributions were analyzed using DFT calculation with the according software.
UV-Vis

UV-Vis spectroscopy was performed on an Agilent Cary 60 UV-VIS instrument in the range
300 - 800 nm.

Computational optimizations

All calculations have been performed with Gaussian-16.B.011 using the B97 functional!with
the Grimme’s D3BJ dispersion!®! and the split valence basis set def2-SVPA. Rh atoms have
been treated with the Stuttgart/Dresden 1997 relativistic effective core potential (ECP).
Optimizations were obtained without using constraint coordinates.
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7.2 Catalytic tests

General procedures for liquid-phase typed of reactions:
COz-insertion in propylene epoxide

Catalytic reactions were carried out in pressurizeable Fisher-Porter bottles charged with specific
amount of thermally activated MOF catalyst (0.1 mol% Zr) (activated under dynamic vacuum
at T = 120 °C for 12 h) (28.8 umol Zr), 0.805 g BusNBr (2.5 mmol), 2.1 mL (30 mmol)
propylene oxide and 1 bar CO; at 50 °C. Before introduction of propylene oxide, the bottle was
evacuated and flushed with argon. Aliquots were taken every hour, whereupon the suspension
was filtered by a syringe filter and analyzed by 'H NMR.

Cyanosilylation of benzaldehyde

The thermally pre-activated MOF-catalyst (activated under dynamic vacuum at T = 120 °C for
12 h) was placed in a Schlenk tube in which 62 pL (0.5 mmol, 2 eq.) trimethylsilyl cyanide
(TMSCN), 25.4 pL (0.25 mmol, 1 eq.) benzaldehyde and 1 mL acetonitrile were added under
constant flow of argon. The Schlenk tube was closed and the reaction mixture was stirred at rt
or 40 °C, respectively. After the reaction, the mixture was analyzed using GC.

Oxidation reactions
1. Oxidation of cyclooctene using H20:2

5 mg of thermally activated PCN-222(Fe) catalyst (2 mol% Fe) was placed in a Schlenk tube
and 12.9 uL cyclooctene (0.1 mmol), 16 pL hydrogen peroxide (0.3 mmol, 50% w.t. in water)
and 1 mL acetonitrile was added under constant argon flow. The Schlenk tube was closed and
the reaction mixture was stirred at rt and analyzed by GC using p-xylol and acetophenone as
internal standards.

2. Oxidation of cyclooctene using Oz under ‘dynamic conditions’

In the catalytic reaction 5 mg PCN-222(Mn) (0.26 mol% Mn) catalyst, 15 mL CH.Cl,, 0.91 mL
isobutylaldehyde (10 mmol) and 0.26 ml cyclooctene (2 mmol) were introduced in a Schlenk
tube which was sealed with a septum carrying a needle to ensure pressure release. Through a
fixed metal needle which was immersed into the reaction solution, a constant flow of O
(99.99999%, Westfalen AG) (30 sccm) was adjusted. The reaction mixture was stirred under rt
and aliquots were analyzed using *H NMR.
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3. Oxidation of cyclooctene using Oz under ‘static conditions’

In the catalytic reaction 15 mg of PCN-222(Mn) (~1 mol% Mn) catalyst, 7 mL CH.Cly,
0.45 mL isobutylaldehyde (5 mmol) and 0.13 ml cyclooctene (1 mmol) were introduced in a
Fisher-porter bottle which was charged with 1 bar O2 (99.99999%, Westfalen AG) or air. The
reaction mixture was stirred under rt or elevated temperatures and aliquots were analyzed by
H NMR.

4. Oxidation of styrene/cyclohexene

In a small Schlenk flask under inert conditions 2 mg of thermally activated PCN-222(Mn)
catalyst were mixed with 1 mL of acetonitrile, 33 pL of styrene (30.03 mg, 0.29 mmol, 1 eq.)
or 30 pL of cyclohexene (24.30 mg, 0.30 mmol, 1 eq.), respectively. As oxidant, 100 pL of tert-
butyl hydroperoxide (in decane, 2 eg.) was added and the reaction mixture was stirred at 55 °C.
During the reaction, aliquots were taken after the reaction mixture was allowed to cool down to
rt and analyzed by gas chromatography.

Tandem reactions
1. Tandem oxidation of benzaldehyde / cyanosilylation

The thermally pre-activated MOF-catalyst (activated under dynamic vacuum at T = 120 °C for
12 h) was placed in a Schlenk tube in which 62 pL (0.5 mmol, 2 eq.) trimethylsilyl cyanide
(TMSCN), 33 uL (0.29 mmol, 1 eq.) styrene, 1 mL acetonitrile and 26 pL H>O2 (50% w.t. in
water) were added under constant flow of argon. The mixture was stirred at 55 °C. After the
reaction, the mixture was allowed to cool down to rt and the aliquots were analyzed by GC.
Alternatively, the reaction was done in a cascade-typed fashion. Herein, usually 2 mg PCN-
222(Mn) catalyst were combined with 33 pL (0.29 mmol) styrene, 82 uL (2 eq.) tert-
butylhydroperoxide (TBHP) in 1 mL acetonitrile and stirred for 24 h. After that 62 pL TMSCN
were added and the reaction was stirred.

2. Tandem olefin epoxidation/ COz-insertion reaction

25 mg pre-activated PCN-222(Mn) were transferred into a Fisher-porter bottle and mixed with
2 mL CH2Cly, 0.91 mL isobutylaldehyde (10 mmol), 0.16 g BusNBr (0.5 mmol), and specific
amounts of olefin substrate (2 mmol) and charged with different ratios of both CO2 / O,
(usually 3 bar CO2 / 1 bar O2) and stirred under elevated temperatures. After the reaction, the
mixture was allowed to cool down to rt and the aliquots were analyzed by *H NMR.

Cyclopropanation of styrene using ethyl diazoacetate (EDA)

All catalytic reactions were conducted in 10 ml glass-vials at room temperature under stirring
in air. Ethyl diazoacetate (EDA) was manually introduced into the olefin solution within max.
20 min using a syringe. Controlled addition of EDA was operated as followed: 135 pL
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(1.1 mmol) EDA diluted in 3 mL CH2Cl> was added via a syringe pump (rate = 0.5 mL/h) to a
suspension of 5 mg PCN-224(Rh) (0.0033 mmol, 0.4 mol% Rh) catalyst in 3 mL CH2Cl. using
mesitylene as an internal standard. Aliquots were taken from the dispersed reaction solution
and filtered through a syringe filter to separate the MOF from the reaction solution. The clear
solution was analyzed and quantified via GC and product identification was achieved using
GC-MS and *H and *C NMR.

Catalytic parameters such as conversions, selectivities, yield and turnovers were calculated
using following equations:

. Y. n(products)

Conversion =

Y n(products)+n(educt)

.. n(main product

Selectivity S = . ( L ,)

Y n(side products)+n(main product)
Yield Y=X=x*S§

X*n(educt
Turnover Frequency TOF = ( )

n(catalyst)«time
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7.3 Synthesis of porphyrinic organic linkers (HsTCPP(2H)/
H,TCPP(MCI))

The synthesis of the metalated organic linker (M-TCPP, where M = Mn) was generally
performed in three-steps, as can be seen in Figure 42. Mechanistically, the esterified porphyrin
system (TPPCOOMe) is formed by multiple condensation reactions between pyrrole and
methyl p-formylbenzoate. The subsequent metalation was then carried out by addition of a
suitable metal salt (e.g. MnCl2-4H>0 for Mn-TCPP). In a final reaction step, the ester groups
were saponified. The desired product was subsequently afforded by an aqueous/acidic work up.
The non-metalated species (H.TCPP/TPPCOOH, free-base) was obtained by direct
saponification of the first reaction product (TPPCOOMe).

1. (MeOH/H,0),
reflux 2. 1M HCI

Figure 42. General overview for the three-step synthesis of the HyTCPP(MCI) organic linker
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5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin [TPPCOOMe]

Figure 43. Synthesis of TPPCOOMe.

3.09mL (3.00 g, 44.7 mmol, 1.0eqg.) pyrrole and 6.93 g (42.2 mmol, 1.0 eq.) methyl p-
formylbenzoate were added to refluxed propionic acid (100 mL). The solution was then
refluxed for 22 h under continuous stirring. After the reaction mixture was cooled to room
temperature, the obtained purple crystals were collected by suction-filtration (1.65 g,
1.95 mmol, 20 % vyield).[?% IH-NMR (DMSO, 400 MHz): 5 [ppm] = 8.86 (s, 8H, B-pyrrole),
8.42 (d, 3J = 8.2 Hz, 8H, phenyl), 8.38 (d, 3J = 8.2 Hz, 8H, phenyl), 4.05 (s, 12H, COOMe), -
2.95 (s, 2H, NH). UV-VIS: (DMSO, Amax, (loge)) 421 (sorret-band), 515, 550, 588, 645 (Q-
bands) nm.

5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin [TCPPOH, H4sTCPP(2H)]

COOMe COOH
reflux, 15 h
MeOOC O O COOMe HOOC O O COOH
KOH/H,0
THE/MeOH
COOMe COOH

Figure 44. Saponification of porphyrin ester.

In a 250 mL flask, 1 g (1.18 mmol, 1 eq.) of TPPCOOMe (compound #1) was dissolved in a
mixture of THF/MeOH 1:1 (70 mL). Subsequently, 3.5 g (62.38 mmol, 52.9 eq.) of KOH were
dissolved in 30 mL H>0 and added to the first solution. The mixture was refluxed for 15 hours.
THF and MeOH were evaporated, the ocurring solid in water was redissolved with additional
amount of water (150 mL) under heating at 90 °C for 15 min. The resulting mixture was
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acidified with 1M HCI and the precipitate was filtrated, washed with H2O (3 x 50 mL) and dried
under dynamic vacuum overnight. The product was obtained as purple crystals (0.8635 g, 1.09
mmol, 92.6% yield). FTIR: ¥ = 3063 (m), 2977 (br), 2881 (w), 2838 (w), 2086 (br), 1990 (m),
1928 (m), 1717 (vs), 1602 (s), 1559 (s), 1400 (vs), 1309 (m), 1237 (w), 1223 (w), 1174 (br),
1097 (s), 1015 (s), 984 (m), 962 (m), 867 (w), 827 (s), 797 (m), 783 (s), 764 (s), 708 (s), 643 (s),
563 (s), 464 (s) cml. H-NMR (DMSO, 400 MHz): 6 [ppm] = 8.86 (s, 8H, B-pyrrole),
8.42 (d, %] = 8.2 Hz, 8H, phenyl), 8.38 (d, *J = 8.2 Hz, 8H, phenyl), 13.28 (s, 4H, COOH), -
2.95 (s, 2H, NH). UV-VIS: (DMSO, Amax, (loge)) 421 (sorret-band), 515, 550, 588, 645 (Q-
bands) nm.
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5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin-M (M = Fe(l11), Mn(111)) [Mn,
Fe(IICI(TPPCOOMe)]

COOMe
reflux, 22 h
MeOOC Q O COOMe MeOOC Q O COOMe
MCl, salt
DMF
COOMe

Figure 45. Metalation of porphyrin ester using Fe- and MnCl,-4H,0 salts.

A solution of 0.88 g (1.04 mmol, 1 eq.) TPPCOOMe and 2.5 g (12 mmol, 12 eq.) FeCl>-4H>0
2.5g (12 mmol, 12 eq.) or MnCl>-4H20 in 100 mL DMF was refluxed for 22 h. After the
mixture was cooled down to room temperature, 150 mL of H.O was added. The resulting
precipitate was filtered and washed with 2 x 50 mL H2O. The solid was then dis-solved in
CHCIs and washed three times with water. The organic phase was dried over anhydrous
magnesium sulfate and evaporated to afford a shiny dark green crystalline solid. A vyield of
93.7% (0.91g, 0.97mmol) was determined for ester  compound.l?%!
'H-NMR (DMSO, 400 MHz): 6 [ppm] = 8.86 (s, 8H, B-pyrrole),

8.42 (d, J = 8.2 Hz, 8H, phenyl), 8.38 (d, 3J = 8.2 Hz, 8H, phenyl), 4.05 (s, 12H, COOMe).
Paramagnetic Mn(Ill) sample show very broad chemical shifts, thus, the signals are not
integrateable.

COOMe

flux, 15 h
MeOOC Q O COOMe — X
1. KOH/H,0
2 THF/MeOH

COOMe

Figure 46. Sopanification of Mn/Fe-metalated porphyrins.

Similar as their non-metalated analog, the metalated porphyrins were saponificated. In a
250 mL flask, 1 g (1.18 mmol, 1 eq.) of Mn(I1I)CI(TPPCOOMe) or Fe(l11)CI(TPPCOOMe)
were dissolved in a mixture of THF/MeOH 1:1 (70 mL). Subsequently, 3.5 g (62.38 mmol, 52.9
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eq.) of KOH were dissolved in 30 mL H20 and added to the first solution. The mixture was
refluxed for 15 hours. THF and MeOH were evaporated, the occurring solid in water was
redissolved with additional amount of water (150 mL) under heating at 90 °C for 15 min. The
resulting mixture was acidified with 1M HCI and the precipitate was filtrated, washed with H.O
3 X 50 mL) and dried under dynamic vacuum overnight.
'H-NMR (DMSO, 400 MHz): 6 [ppm] = 8.86 (s, 8H, B-pyrrole),

8.42 (d, 3J = 8.2 Hz, 8H, phenyl), 8.38 (d, 3J = 8.2 Hz, 8H, phenyl), 13.28 (s, 4H, COOH).
However, due to the paramagnetism of Mn(lll) the chemical shift are very broad and not
integrateable. UV-VIS: (Fe(III)CI(TPPCOOMe, DMSO, Amax, (loge)) 406 nm (sorret-band),
575, 625 nm (Q-bands). (Mn(lICI(TPPCOOMe, DMSO, Amax, (loge)) 411 nm (sorret-band),
528, 566 nm (Q-bands).

[5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrinato]-Rh(111) chloride
([Rh(TCPPCO:2Me)CI])

Rh-porphyrin ester Rh(TCPPCO,Me)Cl was prepared with slight changes to J. Liu et al.[*%
TCPPCO2Me (168.2 mg, 0.2 mmol) and RhClz (104.2 mg, 0.8 mmol) were refluxed in
benzonitrile (5 mL) under stirring at 220°C for 2h. Residual benzonitrile was removed under
reduced pressure and dried at 80 °C overnight. The dried product was purified with column
chromatography on silica using a mixture of DCM and EtOAc as elutent.
!H-NMR (DMSO, 400 MHz): 6 [ppm] = 8.86 (s, 8H, B-pyrrole),

8.42 (d, 3J = 8.2 Hz, 8H, phenyl), 8.38 (d, 3J = 8.2 Hz, 8H, phenyl), 4.05 (s, 12H, COOMe).

[5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin]-Rh(l11) chloride ([Rh(TCPPCO2)CI])

The resulting Rh(TCPPCO2Me)CI was hydrolyzed (120 mg) by refluxing a mixture of THF (6
mL) and MeOH (6 mL), to which a solution of KOH (100 mg) in H20 (6 mL) was added for
5h. After the reaction mixture was cooled down to room temperature, the organic solvents were
removed by rotatory evaporation. Additional water was added to the residual product mixture
and acidified with 1M HCI until no further precipitation of Rh(TCPPCO2H)CI was observed.
The red product was washed with water (3x 50 mL) and dried in vacuum overnight.
'H-NMR (DMSO, 400 MHz): § [ppm] = 8.87 (s, 8H, B-pyrrole),

8.44 (d, 3J = 8.2 Hz, 8H, phenyl), 8.35 (d, 3J = 8.2 Hz, 8H, phenyl), 12.4 (s, 12H, COOH).
UV-VIS: (DMSO, Amax, (loge)) 418 nm (sorret-band), 535, 570 nm (Q-bands).
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5,15-bis(4-methoxycarbonylphenyl)porphyrin [DL-COOMe]

COOMe

1. TFA, (DCM), RT, 16.5 h

S = 2. CgCly0,, reflux, 1 h
+ \ / >
NH HN

COOMe

Figure 47. Synthesis of DL-COOMe.[?%]

0.50g (3.43mmol, 1.0eq.) dipyrromethene and 0.56 g (3.44 mmol, 1.0 eq.) methyl p-
formylbenzoate were dissolved in 60 mL DCM and stirred at room temperature. 3-4 drops of
trifluoroacetic acid (TFA) were given to the reaction mixture. After 16.5 h, 3.39 g (13.8 mmol,
4.0 eq.) chloranil was added to the purple solution, which was subsequently refluxed one hour.
The mixture was then cooled to room temperature. In order to remove excess chloranil as well
as side-products, column chromatography was performed (50 mm x 300 mm, silica gel,
chloroform). The product was obtained as a purple crystalline solid after drying in vacuo (yield:
0.25 g, 12.6%).2%°]

IH-NMR (DMSO, 400 MHz): ¢ [ppm] = 10.71 (s, 2H, CH), 9.71 (d, 3J = 4.7 Hz,
4H, phenyl), 9.06 (d, 3J = 4.7 Hz, 4H, phenyl), 8.44-8.49 (m, 8H, B-pyrrole),
4.08 (s, 6H, COOMe), -3.28 (s, 2H, NH).
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5,15-bis(4-carboxyphenyl)porphyrin [DL-COOH]

COOMe COOH
(EtOH)
+ KOH
reflux, 21.5 h
COOMe COOH

Figure 48. Synthesis of DL-COOH.[?%]

0.25¢g (0.43 mmol, 1.0 eq.) of DL-COOMe was dissolved in 50 mL EtOH and added to a
solution of 1.42 g (25.3 mmol, 58.6 eq.) potassium hydroxide in 25 mL H20. The mixture was
refluxed for 21.5 h. After cooling down to room temperature, additional EtOH was added and
the mixture was heated until the solid was fully dissolved. The solution was then acidified with
approximately 100 mL 1M HCI until no further precipitate was detected. A green solid was
collected by filtration, washed with water and dried in vacuum. Ligand was obtained as a red-
brick crystalline solid with a yield of 827% (0.20 g, 0.36 mmol).l2%l
IH-NMR (DMSO, 400 MHz): 6 [ppm] = 10.71 (s, 2H, CH), 9.71 (d, 3J = 4.7 Hz,

4H, phenyl), 9.06 (d, 3J = 4.7 Hz, 4H, phenyl), 8.44-8.49 (m, 8H, B-pyrrole),

-3.28 (s, 2H, NH). UV-VIS: (DMSO, Amax, (loge)) 405 nm (sorret-band), 503, 537, 573, 628 nm
(Q-bands).
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7.4 Synthesis MOFs

PCN-222(no metal)

DEF
ZrCl, + H,TCPP(2H) + — > PCN-222
120°C, 2d

Figure 49. Solvo-thermal synthesis of PCN-222(no metal).

All PCN-222 materials were synthesized in accordance to Zhou et al.[**®! In a scintillation vial
of 20 mL volume, 75 mg of ZrCl4 (0.32 mmol, 5 eg.) and 2.7 g of benzoic acid (22 mmol, 340
eq.) were dissolved in 8 mL of diethyl formamide (DEF) by ultrasonication (10 min).
Subsequently, 50 mg of H>TCPP (0.0625 mmol, 1 eq.) were added and dissolved by
ultrasonication as well. The mixture was heated at 120 °C for 48 h. The crystals were filtrated,;
the product was obtained as dark violet crystals (0.12 g). These were then immersed in 80 mL
of DMF to which 3.6 mL of 8 M HCI were added and heated at 120 °C for 15 h. After careful
removing of the solvent from the precipitate with a pipette, the solid was resuspended in 70 mL
of DMF/acetone. The solvent was removed again and the solid was resuspended in 50 mL fresh
acetone. After the mixture was soaked for 23 h, the solid was separated by centrifugation and
dried under vacuum (~107 mbar) for 12 h. The product was obtained as dark violet crystals
(0.06 g, 0.055 mmol, 82.1%). A crucible with 0.05 g of the product was placed into a Schlenk-
tube, the tube was evacuated and heated in a tube furnace to 90 °C for 1.5 h. Following, the
temperature was set to 150 °C for 19.5 h. After transfer into a glovebox 63.5 mg of activated
sample was obtained. FTIR: © = 2921 (m), 2850 (m), 1711 (w), 1647 (w), 1598 (s), 1509 (s),
1410 (vs), 1278 (m), 1180 (w), 1097 (w), 1018 (w), 964 (m), 870 (w), 797 (m), 777 (m), 718(s),
649 (s), 487 (s), 394 (s) cm™. EA: Anal. calcd. (%): C, 48.18; H, 2.86; N, 4.68. Found (%): C,
46.38; H, 2.86; N, 5.40. Surface area (BET): 1882 m?/g.

PCN-222(Mn)

In a scintillation vial of 20 mL volume, in total 75 mg of ZrCls (0.32 mmol, 5 eq.) and 2.7 g of
benzoic acid (22 mmol, 340 eq.) were dissolved in 8 mL of diethyl formamide (DEF) by
ultrasonication (10 min). Subsequently, 50 mg of H4sTCPP(MnCI) (0.06 mmol, 1 eq.) were
added and dissolved by ultrasonication as well. The mixture was heated at 120 °C for 48 h. The
dark green crystals were obtained by filtration (0.12 g). These were then immersed in 80 mL of
DMF to which 3.6 mL of 8 M HCI were added and heated at 120 °C for 15 h. The solid was
filtered and resuspended in 70 mL of DMF and washed with 2x 30 mL fresh DMF, followed
by 3x washing (30 mL) with acetone. The solvent was removed by centrifugation and the solid
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was resuspended in 50 mL fresh acetone. After the mixture was soaked for 23 h, the solid was
separated by centrifugation and dried under vacuum (~10 mbar) for 12 h. The product was
obtained as dark green crystals (0.07 g, 0.06 mmol, yield 95%). A crucible with 0.06 g of the
product was placed into a Schlenk-tube which heated under dynamic vacuum in a tube furnace
to 90 °C for 2 h. Following, the temperature was set to 150 °C for 18 h. After transfer into a
glovebox 78.6 mg of activated sample was obtained. FTIR: v [cm™] = 1600 (vs), 1551 (s), 1512
(s), 1421 (vs), 1344 (s), 1280 (m), 1208 (w), 1184 (m), 1151 (w), 1103 (w), 1006 (s) 875 (m),
869 (w), 804 (s), 775 (s), 707 (s), 673 (s), 471 (vs), 403 (s). EA: Anal. calcd. (%): C, 44.87; H,
2.51; N, 4.36; Mn, 4.28. Found (%): C, 44.89; H, 2.51; N, 4.89; Mn, 3.90. Surface area (BET):
2205 m?/g.

Synthesis of PCN-222(Rh)

In a scintillation vial of 20 mL volume ZrCls (70 mg), H4sTCPP(RhCI) (50 mg) and benzoic
acid (2.7 g) were ultrasonically dissolved in 8 mL DMF. The mixture was placed in an oven at
120 °C for 2 d. The crystals were filtered and immersed in 80 mL of DMF to which 3.6 mL of
8 M HCI were added and heated at 120 °C for 15 h. The solid was filtered and resuspended in
70 mL of DMF and washed with 2x 30 mL fresh DMF, followed by 3x washing (30 mL) with
acetone. The solvent was removed by centrifugation and the solid was resuspended in 50 mL
fresh acetone. After the mixture was soaked for 23 h, the solid was separated by centrifugation
and dried under vacuum (~10- mbar) for 12 h. Anal. Calcd (%) for PCN-222(Rh): C, 44.94; H,
2.36; N, 4.28%; Found: C, 46.90; H, 2.66; N, 4.41%. Surface area (BET): 1912 m?g.

Synthesis of PCN-222(Fe)

In a scintillation vial of 20 mL volume ZrCls (70 mg), HsTCPP(FeCl) (50 mg) and benzoic acid
(2.7 g) were ultrasonically dissolved in 8 mL DMF. The mixture was placed in an oven at
120 °C for 2 d. The crystals were filtered and immersed in 80 mL of DMF to which 3.6 mL of
8 M HCI were added and heated at 120 °C for 15 h. The solid was filtered and resuspended in
70 mL of DMF and washed with 2x 30 mL fresh DMF, followed by 3x washing (30 mL) with
acetone. The solvent was removed by centrifugation and the solid was resuspended in 50 mL
fresh acetone. After the mixture was soaked for 23 h, the solid was separated by centrifugation
and dried under vacuum (~107 mbar) for 12 h. Anal. Calcd (%) for PCN-222(Rh): C, 44.91; H,
2.36; N, 4.36; Found: C, 45.61; H, 3.27; N, 4.55%. Surface area (BET): 2270 m?/g.

Synthesis of PCN-224(no metal)

All PCN-224 materials were synthesized in accordance to Zhou et al.**¥ In a scintillation vial
of 20 mL volume ZrCls (30 mg), H4sTCPP(2H) (10 mg) and benzoic acid (400 mg) were
ultrasonically dissolved in DMF (2 mL). The mixture was heated in an oven at 120 °C for 24 h.
After cooling down to room temperature, purple crystals were collected by filtration, washed
with DMF (3x 20 mL) and acetone (3x 20 mL) and soaked in fresh acetone for 24 h. The powder
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was separated by centrifugation and activated at 120 °C for 24 h in dynamic vacuum. Anal.
Calcd (%) for PCN-224: C, 42.01; H, 2.45; N, 4.08%. Found: C, 44.51; H, 2.74; N, 3.77%.
FTIR: v [cm™] = 1604 (s), 1552 (s), 1499 (s), 1413 (vs), 1307 (m), 1184 (m), 1155 (m), 1102
(m), 1025 (s), 987 (s), 963 (s), 867 (m), 805 (m), 762 (w), 714 (s), 666 (s), 465 (vs). Surface
area (BET): 2286 m?/g.

Synthesis of PCN-224(Rh)

In a scintillation vial of 20 mL volume ZrCl4 (30 mg), H4sTCPP(RhCI) (10 mg) and benzoic acid
(400 mg) were ultrasonically dissolved in DMF (2 mL). The mixture was heated in an oven at
120 °C for 24 h. After cooling down to room temperature, orange-red crystals were collected
by filtration and washed with DMF (3x 20 mL) and acetone (3x 20 mL). The crystals were kept
in fresh acetone for 24 h. The crystals were separated by centrifugation and activated at 120 °C
for 24 h in dynamic vacuum. Anal. Calcd (%) for PCN-224(Rh): C, 39.49; H, 2.16; N, 3.84%);
Found: C, 40.20; H, 3.01; N, 3.92%. Surface area (BET): 1493 m?/g.

Synthesis of PCN-224(Fe)

PCN-224(Fe) was obtained by post-metalation of PCN-224(no metal). 180 mg PCN-224(no
metal) was dispersed in a 20 mL scintillation vial containing 8 mL DMF and 217 mg
FeCl2-4 H20 and heated in an oven at 120 °C for 12 h. The brown powder was collected by
filtration, washed with DMF (3x 20 mL) and acetone (3x 20 mL) and soaked in fresh acetone
for 24 h. The powder was separated by centrifugation and activated at 120 °C for 24 h in
dynamic vacuum. Anal. Calcd (%) for PCN-224(Fe): C, 39.49; H, 2.16; N, 3.84%; Found: C,
41.10; H, 2.95; N, 3.72%. Surface area (BET): 1922 m?/g.

Synthesis of PCN-224(Mn)

PCN-224(Mn) was obtained by post-metalation of PCN-224(no metal). 80 mg of PCN-224 was
dispersed in a 20 mL scintillation vial containing 8 mL DMF and 50 mg MnCl2-4 H,O and
heated in an oven at 100 °C overnight. The green powder was collected by filtration, washed
with DMF (3x 20 mL) and acetone (3x 20 mL) and was kept in fresh acetone for additional
24 h. The powder was separated by centrifugation and activated at 120 °C for 24 h in dynamic
vacuum. Anal. Calcd (%) for PCN-224(Mn): C, 39.49; H, 2.16; N, 3.84%; Mn, 3.76% Found:
C, 40.20; H, 3.01; N, 3.92%; Mn, 3.22%. FTIR: v [cm™] = 1658 (s), 1598 (s), 1548 (s), 1411
(vs), 1342 (s), 1204 (m), 1169 (m), 1141 (w), 1139 (w), 1095 (w), 1011 (vs), 868 (s), 775 (m),
720 (m), 657 (m), 582 (w), 542 (s), 468 (vs). Surface area (BET): 1982 m?/g.

Synthesis of MOF-525(no metal)

In a 20 mL scintillation vial ZrOClz (12.5 mg), HsTCPP(2H) (2.5 mg), and acetic acid (2.5 mL)
were ultrasonically dissolved in DMF (10 mL). The mixture was heated in an oven at 65 °C for
3 d. After cooling down to room temperature, violet powder was collected by filtration, washed
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with DMF (3x 20 mL) and acetone (3x 20 mL) and was soaked in fresh acetone for 24 h. The
powder was separated by centrifugation and activated at 120 °C for 24 h in dynamic vacuum.
FTIR: v [cm™] = 1609 (s), 1556 (s), 1505 (s), 1412 (vs), 1347 (m), 1178 (m), 1086 (s), 1008
(s), 868 (s), 801 (m), 771 (m), 717 (m), 663 (w), 463 (vs). Anal. Calcd (%) for MOF-525: C,
56.79; H, 2.91; N, 5.52%. Found: C, 58.21; H, 3.44; N, 5.95%. Surface area (BET): 2273 m?/g.

Synthesis of MOF-525(Mn)

In a 20 mL scintillation vial ZrOCl (12.5 mg), HsTCPP(MnCI) (2.5 mg), and acetic acid (2.5
mL) were ultrasonically dissolved in DMF (10 mL). The mixture was heated at 65 °C oven for
3 d. After cooling down to room temperature, green powder was collected by filtration, washed
with DMF (3x 20 mL) and acetone (3x 20 mL) and was soaked in fresh acetone for 24 h. The
powder was separated by centrifugation and activated at 120 °C for 24 h in dynamic vacuum.
Anal. Calcd (%) for MOF-525(Mn): C, 52.24; H, 2.50; N, 5.08%. Found: C, 52.49; H, 3.61; N,
4.55%. Alternatively, a scaled-up (16x) synthesis route was applied. Herein, 200 mg ZrOClI;
(12.5 mg), H4TCPP(MnCI) (40 mg), and acetic acid (20 mL) were ultrasonically dissolved in
DMF (40 mL) within a Schott-glass (100 mL) instead of a scintillation vial, which led to more
MOF-525(Mn) product. FTIR: v [em™] = 1713 (s), 1608 (s), 1507 (s), 1406 (vs), 1274 (m),
1178 (m), 1097 (s), 1022 (m), 961 (w), 865 (s), 799 (s), 774 (s), 715 (s), 635 (M), 580 (s),
480 (vs). Surface area (BET): 2317 m?/g.
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Synthesis Zrs-oxo methacrylate cluster

The [Zrs(OH)404(OMc)12] (OMc = methacrylate) cluster was synthesized according to
Kickelbick and Schubert.?! In a large Schlenk tube Zr(O"Pr)s (3.1 mmol, 70 % solution in n-
propanol) was mixed under inert atmosphere with methacrylic acid (11.8 mmol, 5.3 eq.). After
shaking the reaction vessel for 5 min, the mixture was stored at rt for 13 days. The obtained
colorless crystals were dried in vacuo for 12 h to yield 860 mg (0.51 mmol, 98 %) of the desired
product. *H-NMR (400 MHz, CDCls): $=6.08 (d, ] = 51.5 Hz, 1H), 5.40 (d, J = 76.1 Hz, 1H),
1.83 (d, J = 23.0 Hz, 3H). Anal. Calcd (%) ZrsO4(OH)s(OMc)12: C, 33.9%, H, 3.8%. Found:
C, 35.37 %, H, 4.02 %. IR 0 = 3230 (wb), 2975 (w), 2924 (w), 1694 (m), 1635 (m), 1570 (w),
1541 (s), 1458 (s), 1411 (vs), 1368 (m), 1244 (m), 1180 (w), 1007 (m), 933 (m), 825 (s), 797
(m), 660 (vs), 609 (m), 497 (s), 460 (s), 420 (vs) cm™,
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Figure 50: *H NMR spectrum of the methacrylate SBU (ZrsO4(OH)4(OMc);2) in CDCls.
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Figure 51. Experimental PXRD pattern of the molecular methacrylate cluster (ZrsO.(OH).(OMc)12) (blue)
compared to the simulated diffraction pattern calculated from the single crystal structure.
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7.5 Additional data

7.5.1 UV-Vis

406

415

rel. Absorbance / a.u.

526 566 505 655

L A 1 N 1 A 1 N 1 A
300 400 500 600 700 800
Wavelength / nm

Figure 52. UV-Vis spectrum of dissolved PCN-222(Fe) (brown) in comparison to non-metalated HsTCCP(2H)
porphyrin linker.
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H,TCPP(RhCI)

rel. Absorbance / a.u.
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Figure 53. UV-Vis spectrum of HsTCPP(RhCI) in comparison to non-metalated HsTCPP(2H) porphyrin linker.
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Figure 54. UV-Vis spectrum of the reaction solution after catalysis in comparison to porphyrin linker.
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7.5.2 Infrared (IR)

Figure 55. Infrared spectroscopy of PCN-222(Fe) in comparison to free HsTCPP(FeCl) porphyrin linker.
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Figure 56. Infrared spectroscopy of PCN-224(Rh) (black), 4-aminostyrene (AS, blue), AS@PCN-224(Rh) wet
(high concentration of AS) and AS@PCN-224(Rh) dry (low concentration of AS).
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PCN-222(Rh)
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Figure 57. Infrared spectroscopy of PCN-222(Rh) (black), 4-aminostyrene (AS, blue), AS@PCN-222(Rh) wet
(high concentration of AS) and AS@PCN-222(Rh) dry (low concentration of AS).
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7.5.3 Thermogravimetric analysis (TGA)
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Figure 58. TGA of thermally pre-activated PCN-222 under synthetic air (80 % N2, 20 % Oy). lllustration the
expected mass loss of ‘ideal” PCN-222 structure (red) in comparison to the experimentally observed mass loss,
indicating the presence missing linker defects (4.5 %).
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Figure 59. TGA of thermally pre-activated PCN-224 under synthetic air (80 % Nz, 20 % Oy). lllustration the
expected mass loss of ‘ideal’ PCN-224 structure (red) in comparison to the experimentally observed mass loss,
indicating the presence missing linker defects (0.2 %).
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7.5.4 Powder X-ray Diffraction (PXRD)
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Figure 60. Experimental PXRD pattern of PCN-222(Rh) in comparison to simulated PCN-222(Fe).
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Figure 61. PXRD pattern of PCN-224 after one reaction cycle in comparison to experimental and simulated PCN-
224,
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7.5.5 Nuclear magnetic resonance (NMR)
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Figure 62. 'H NMR of H,TPPCOOMe(2H) in DMSO-ds.
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Figure 63. *H NMR of HsTCPP(2H) in DMSO-ds.
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Figure 64.'H NMR of defect ligand ester in DMSO-ds.
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Figure 65. 'H NMR of saponified defect ligand in DMSO-ds.
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Figure 66. Conversion of propylene oxide (PO) to propylene carbonate (PC) is followed by *H NMR spectroscopy
in CDCls. The signals which are assigned to PC are highlighted in green bars, while signals which are attributed
to PO are depicted in red. Signals are slightly shifted due slightly different BusNBr concentrations. This reaction
was selected as an example using PCN-222(Mn) as catalyst.
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7.5.6 Catalysis, Gas chromatography (GC)
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Figure 67. Yield-time curves in the CO; insertion into propylene epoxide under optimized conditions (p = 4 bar,

T =50 °C). The reaction requires both, nucleophile as well as catalyst.
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Figure 68. Conversion of yield of propylene carbonate under PCN-222 (black), PCN-222(Mn) (green) and PCN-

222(Zn) catalysts (red).
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Figure 69. Hot filtration test of PCN-224 in the CO; insertion into propylene epoxide, whereby the catalyst was
filtered off at 30% yield.
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Figure 70. Gas chromatogram of the cyclopropanation reaction using styrene and ethyl diazoacetate (EDA) under
PCN-224(Rh) catalyst. Evolution of the EDA dimerization product (r: = 9.5 min) within increased reaction time is
observed. In the reaction, 135 pL (1.1 mmol) EDA in 3 mL CH,Cl, was added via a motorized syringe pump
(speed = 0.5 mL/h) to a solution of olefin (0.8 mmol) in 3 mL CHCl..
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Figure 71. Gas chromatogram of the cyclopropanation reaction using styrene and ethyl diazoacetate (EDA) under
PCN-224(Rh) catalyst. No formation of EDA coupling product is found under excess styrene conditions. Hereby;,
135 pL (1.1 mmol) EDAdiluted in 3 mL CHCl, was added via a syringe pump (speed = 0.5 mL/h) to a suspension
of catalyst in 2 mL styrene.
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