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“Life cannot have had a random beginning ... The trouble is that there are about 2000
enzymes, and the chance of obtaining them all in a random trial is only one part in
10^40,000, an outrageously small probability that could not be faced even if the whole
universe consisted of organic soup.”

Fred Hoyle
English astronomer (1915 –2001)
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Chapter 1
Introduction

Abstract
In this chapter we review the effects of confinement of catalysts in supramolecular cages
with well-defined structures on the selectivity and activity of these systems. A general
introduction about catalysis and how the working principles of enzymes can be used as a
source of inspiration for the preparation of catalysts with enhanced performance is provided.
Subsequently, relevant studies demonstrate the importance of second coordination sphere
effects in homogeneous catalysis. Specific cases of homogeneous catalysts where noncovalent interactions determine the selectivity and activity are treated in detail. This
includes examples based on porous organic cages, hydrogen-bonded capsules and metalcoordination cages where the impact of confined spaces is emphasized and put into context,
in order to get a better understanding of the effects of confinement on catalyst performance.

*This chapter is in part adapted from: V. Mouarrawis, R. Plessius, J. I. van der Vlugt, J. N. H. Reek,
Confinement Effects in Catalysis Using Well-Defined Materials and Cages, Front. Chem. 2018, 6, 623.
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Homogeneous transition metal catalysis
Catalysis occupies a pivotal role in the modernization of our chemical industry, because it
ensures more efficient use of natural resources and also aids in the minimization of waste
production. For these reasons, the development of efficient catalytic processes is of crucial
importance for sustainable-oriented applications, which in turn positions catalysis at the
heart of our quality of life.[1–8] Catalytic performance can be described by three key
parameters, activity, selectivity and stability. The activity of a certain catalyst is dictated by
the rate determining step of the catalytic cycle. Obtaining detailed insight in the rate
determining step can be difficult and time consuming, which limits the development of
novel and highly effective catalyst systems by rational design. For homogeneous (transition)
metal catalysts it is now well-recognized that the use of electronically and/or sterically
tuned ligands can lead to enhanced catalytic performance of the corresponding metal
complexes.[9–18] Nonetheless, the rational design of tailor-made catalysts for specific
transformations is still in its infancy, and systematic screening of catalysts is the main
practice to ‘discover’ new catalysts. Hence, detailed insight in all aspects that determine the
catalyst properties is required to allow the development of catalysts-by-design.
Enzymes, nature’s catalysts, have served as a source of inspiration for scientists in the field
of catalysis.[19–24] These systems typically incorporate multiple functionalities inside their
catalytically relevant cavity, in order to enforce high selectivities and activities.[25,26] Even
though the working principles of enzymes are still subject to debate, advances in transition
state theory and computer simulations have allowed the formulation of general principles
that can be translated into synthetic systems.[27] An essential aspect in this context is the
preservation of a well-defined confined space (second coordination sphere) around the
active center, for a number of reasons. First, it ensures proximity of substrate(s) and the
catalyst active site, thereby enhancing overall reaction rates by just pre-organization.
Secondly, residues near the active site can affect substrate binding and as such substrate
selectivity can be achieved.[28] Thirdly, enzymes can pre-organize the substrate in a higher
energy conformation, which results in increased reactivity.[29] Most importantly, according
to transition state theory, binding of the transition state should be stronger than the
substrate, leading to enhanced rates. Along the same lines, the cage can also destabilize
intermediates to lower the transition state barriers.[30] These effects describe in general terms
how the second coordination sphere surrounding the active site of an enzyme contributes to
enhanced catalyst performance.[31,32] Inspired by these examples from nature, there is a
growing interest in concepts that enable the synthesis of well-defined second coordination
spheres in order to prepare enzyme mimics.[33] Furthermore, the application of catalysis in
confined spaces, in order to take advantage of the second coordination sphere effects, has
received increasing attention.[33–40] One of the first reports of a confined space effect in
catalysis by a synthetic compound involved the use of cyclodextrins.[41] Thereafter, other
important classes of ‘confined’ host molecules have been developed, including
cucurbit[n]urils, metal-organic cages, hydrogen-bonded capsules, and porous organic cages.
Also in the area of heterogeneous catalysis the role of the second coordination sphere is
widely recognized, and many types of porous materials are currently used. Herein, we aim
—2—
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to illustrate the influence of confinement on the selectivity and activity in catalysis, by
highlighting relevant studies in homogeneous catalysis, as heterogeneous systems are
outside of the scope of this review. This is done by showing the impact of well-defined
cavities on catalytic activity and selectivity. Relevant studies of porous organic cages,
hydrogen-bonded capsules and metal-coordination cages will be put into context with the
aim to provide fundamental understandings on how confinement effects can influence
selectivity and activity in catalysis.

Self-assembled container molecules
The encapsulation of a catalyst in a molecular container with a well-defined confined space
imposes the so-called second coordination sphere effects, which can influence the activity
and selectivity of the catalytic reaction. As such, we highlight some important examples that
demonstrate the influence of confinement effects set by different self-assembled container
molecules that govern the activity and selectivity in homogeneous catalysis in confined
spaces. Self-assembled capsules are concave building blocks that utilize covalent (1),[42–
44]
hydrogen-bonding (2),[45–47] or metal-ligand (3)[48,49] bonds to form a three-dimensional
structure with a well-defined nanospace. These interactions can result in discrete,
thermodynamically stable capsules with different architectures containing distinct
microenvironments (Figure 1).

Figure 1. Capsules based on covalent (1),[42] hydrogen (2)[45] and metal-ligand (3)[48] bonds.

—3—
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Porous organic cages
Porous organic cages are a class of molecular containers that are formed by irreversible or
reversible reactions of small organic building blocks under thermodynamic control.[42,50–55]
The formed cages are usually charge neutral and generally more stable than the metalcoordination cages due to existing covalent bonds. However, encapsulation of a catalyst in a
purely organic cage is challenging due the intrinsic low dynamicity of covalent bonds. To
the best of our knowledge, the catalytic applications of organic cages is limited to
encapsulated catalytically active metal nanoparticles or embedded active sites within the
cage framework.[43,44] Several studies demonstrating the templating effect of organic cages for
the controlled growth of metal nanoparticles (MNPs) have been reported.[50,56,57] The
confinement of MNPs leads to the increased catalytic activity as a result of the formation of
highly dispersed ultrasmall MNPs. Features of organic cages such as well‐defined pore
structure, solution processability, structural tunability, and chemical and thermal stability
are very attractive for the rational design of highly active metal nanoclusters.
One of the first examples wherein a porous trigonal prismatic [3+2] cage 4 was used as a
support for gold nanoparticles was reported by Zhang and co‐workers (Figure 2).[58] The
endo-functionalization of the cage with thiother groups is key for the controlled nucleation
of AuNPs, because of the Au–S interactions inside the cavity of the cage. The average
diameter of the generated nanoparticles (1.9 nm) was within the range of the estimated
cavity size of the cage (2 nm). While the cage provides good solubility and protects the NP
surface from aggregation, no catalytic applications were investigated using this cage.

Figure 2. (A) Structure of cage 4. (B) Calculated energy‐minimized structure of Au@4.

Xu and co‐workers utilized cage 1 for the synthesis of RhNPs (Figure 3).[59] The cagedcatalyst (Rh@1) was synthesized in solution by treating cage 1 with Rh2(OAc)4 and
subsequent reduction by sodium borohydride. Interestingly, the catalytic activity of the
homogeneous Rh@1 in the methanolysis of ammonia borane was found to be higher than
the heterogeneous analogue. The authors ascribed this to the highly accessible catalytic
RhNP sites in solution, which favors interaction with the reactants. An interesting
application of organic cages as catalytic materials is the incorporation of catalytically active
—4—
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Figure 3. (A) Synthesis of Rh@1 cage. (B) Catalytic performance of Rh@1 catalysts in the methanolysis
of ammonia borane to produce hydrogen.

subcomponents within their framework. As such, the group of Kimoon Kim demonstrated
the catalytic application of a porous organic cage (6) composed of six irontetraformylphenylporphyrins in the electroreduction of CO2-to-CO (Figure 4A).[60] The
deposition of the cage catalyst onto a glassy carbon electrode that was first coated with
carbon nanotube enhanced the active site exposure and substrate diffusion relative to the
monomeric catalyst (5, Figure 4B). This resulted in a higher percentage of electroactive iron
centers in the cage compared to the monomeric metalloporphyrin (5), enabling the
generation of CO with superior rate, current density, and catalyst lifetimes. Interestingly, the
authors showed that by embedding the catalytically active moieties in the cage framework
does not significantly alter the CO2 reaction mechanism, while enhancing catalysis and
retaining the properties of the building block.

—5—
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Figure 4. (A) The monomeric metallopoprhyrin (left) and the supramolecular structure of Fe‐cage 6
(right). (B) Model of the permanently porous supramolecular Fe-cage 6 that enhances diffusion of
substrate and electrolyte around the catalytic iron centers.

The same group reported a supramolecular strategy for promoting the selective reduction of
O2 for direct electrosynthesis of H2O2 (Figure 5).[61] The use of permanently porous
supramolecular imine Co-cage (8) and the reduced analogue produced 90-100% H2O2 from
the electrochemical oxygen reduction reaction in neutral pH water, whereas the monomeric
model catalyst (7) led to the formation of a 50% mixture of H2O2 and H2O. The authors
attribute the high H2O2 selectivity to site isolation of the discrete molecular units in each
cage catalyst system. Interestingly, there are only a few catalytic systems that efficiently
facilitate the electrochemical oxygen reduction in water at neutral pH, primarily generating
the 4e- product (H2O). In a follow-up study the same catalyst system (8) led to enhancement
—6—
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in the catalytic activity in the hydrogen evolution reaction from water at neutral pH
compared to the model monomer 7 (Figure 5).[62] It was shown by Tafel analysis that
electron transfer and/or proton availability are superior for the caged-catalyst over the
model monomer [Co(TPP)]. Additionally, the measured electrochemically active surface
areas reveal that the caged-catalyst electrode shows a 5-fold increase in the electroactive Co
centers over [Co(TPP)].

Figure 5. The monomeric analog [Co(TPP)] and the model of the porous organic Co-cage catalyst (8).

Hydrogen-bonded capsules
Capsules based on hydrogen bonds are a class of molecular containers with interesting
properties that have been utilized in several catalytic applications.[46,63] For instance, the
hexameric resorcin[4]arene capsule (9) that can be formed via hydrogen bonding from six
resorcinarene units and eight water molecules in apolar solvents (Figure 6).[47]

Figure 6. Resorcin[4]arene molecules form hexameric capsule 9 in water‐saturated apolar solvents.

Reek and coworkers reported a switchable gold catalyst by encapsulation in a self-assembled
hexameric resorcin[4]arene cage (9, Figure 7A and B)[64] In the presence of the cage, the
dinuclear complex [{Au(NHC)}2(Ɋ-OH)](X) (10) is broken up and encapsulated as
mononuclear species. This led to site isolation of the mononuclear gold complex (11), which
—7—
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prohibited the typical V,S-dual activation mode and led to typical behavior because of
mononuclear activation. The chemoselectivity could be switched to the digold-mediated
reaction by adding a competing guest that would bind more strongly in the cage than the
gold catalyst.

Figure 7. (A) Encapsulation of [{Au(IPr)}2(Ɋ-OH)](BF4) in hexameric resorcin[4]arene cage (9). (B)
Switching the gold-catalyzed hydrophenoxylation off and on.

The same group showed that the hexameric resorcin[4]arene capsule can successfully
encapsulate cationic metathesis catalysts.[65] While the encapsulated catalysts are not merely
metathesis-active, they showed turnover numbers significantly higher than the uncaged
catalyst in the presence of water. The authors attributed the improved stability of the
catalyst to the prevention of inter-catalyst unfavorable interactions, and thus catalyst
degradation via bimolecular coupling. Additionally, the cage provides an additionally
barrier between the catalyst and the bulk that protects the catalyst against attack by water. A
study reported by Tiefenbacher and coworkers used the hexameric capsule 9 as the
nanoreactor for enantioselective iminium‐catalyzed 1,4‐reduction (Figure 8A).[66]
—8—
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Interestingly the hydrogen bonded capsule has moderate Brønsted acidity and therefore able
to stabilize cationic species via cation−π interactions. This property was utilized to
encapsulate the reactive iminium species 14 inside the hydrophobic cavity, generating the
intermediate 15. Thereafter, nucleophilic attack inside the cavity of the cage leads to the
final product. Remarkably, the noncovalent interactions inside the host system dramatically
improve the enantioselectivity for several amine catalysts compared to that when
performing the reaction in the bulk. This was attributed to the cation-π interactions between
the iminium cation 14 with the aromatic walls of the capsule from the less hindered face,
exposing the other face for the nucleophilic attack (Figure 8B).

Figure 8. (A) Proposed reaction pathway of the iminium‐catalyzed reaction inside the hexameric
resorcin[4]arene cage. (B) Hypothesis for the observed selectivity inside the capsule .

Rebek reported the use of self-assembled cages as catalyst for a 1,3-dipolar cycloaddition of
phenylacetylene (18) and phenyl azide (19).[67] The hydrogen bonding-based cage 21
encapsulates the two guest molecules in a edge-to-edge fashion, which is dictated by the
constrained environment of the cavity. The resulting proximity effect accelerates the
cycloaddition by 30,000-fold. The confinement not only leads to rate enhancement but also
to the exclusive formation of the 1,4-triazole (20, Figure 9). Performing this 1,3-dipolar
cycloaddition in bulk solution yields a 1:1 mixture of 1,2 and 1,4 cycloadduct. The authors
have suggested that the observed rate acceleration is due to the effective concentration
within the cavity, whereas the high regioselectivity is a result of substrate pre-organization
inside the capsule. Lastly, nanoreactor (21) proved to allow for size-selectivity, given that
the use of larger azide substrates did not result in reaction rate acceleration.
—9—
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Figure 9. (A) A regioselective 1,3-dipolar cycloaddition accelerated within nanoreactor 21. (B) Structure
of the nanoreactore 21.

Metal-coordination cages
Metal-coordination cages are discrete supramolecular architectures made by the
complexation of metal ions with organic building blocks[68–70] Their structural diversity
allows the easy design and synthesis of the cage frameworks with functional moieties and
allow the encapsulation of catalysts.[71,72] Several studies demonstrated a series of
confinement effects when utilizing caged-catalysts.[38,73–76][70] Interestingly, the Diels-Alder
reaction is a frequently used model reaction applied to evaluate the catalytic properties of
the supramolecular hosts. Fujita and coworkers investigated the Diels-Alder reaction of
anthracene (22) and N-cyclohexylmaleimide (23) by utilizing a water-soluble organometallic
cage (3, Figure 10A) as the host.[77] Typically anthracene reacts selectively with dienophiles
to give the 9,10-adduct. However, due to the steric constraints in the cavity of the host only
the terminal anthracene ring reacts, which leads to the formation of the syn-adduct (24). The
finite microenvironment forces the terminal ring of the anthracene to approach the
maleimide double bond, thereby pre-organizing the substrate. This results in 1,4
regioselectivity, which usually is not formed. The selectivity depends on the steric bulk of Npropylmaleimide, as less bulky co-reagents lead to lower regioselectivity. Unfortunately, this
reaction proved to be non-catalytic due to product inhibition. The group of Fujita reported
the synthesis of a chiral hetero-coupling product by performing the reaction within a chiral
environment.[78] The chiral cage was prepared by replacing the ethylenediamine end caps on
the metal nodes with enantiopure chiral diamines. Even though the chiral moieties are
located away from the space where the reaction takes place, the reaction of fluoranthene
(25) and N-cyclohexylmaleimide (26) results in the formation of the desired product 27 with
an enantiomeric excess of 40% ee, and even 50% ee when R = Me (Figure 10B). Regio- and
stereo-selectivity has been clearly demonstrated in bimolecular radical reactions as well,
where controlling the selectivity of this reaction proved to be difficult. By taking advantage
of the size and shape-selectivity of cage 3, photoexcitation of o-quinone (29) and a very
sterically hindered toluene derivative 28 selectively afforded the 1,4 adduct 30 in 70% yield
(Figure 10C).[79]
— 10 —
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Figure 10. (A). Diels-Alder reaction between 22 and 23 in the cavity of 3, yielding unusual regio-isomer
24. (B) Asymmetric [2+2] photodimerization of fluoranthenes (25) and N-cyclohexylmaleimide (26)
within a chiral analogue of cage 3. (C) Regio- and stereoselective bimolecular radical coupling within
cage 3.

The reactivity of the formed benzylic and semiquinone radicals is controlled by cage 3,
which induces selective cross-coupling. Performing the same reaction without cage 3, an
unidentified mixture of products was formed that did not contain the 1,4 adduct. This
demonstrates that cage 3 accelerates the O-coupling pathway and at the same time
suppresses other competitive pathways. Cage 31, [Ga4L6]12-, shows a strong preference for
cationic guests (Figure 11A). The high anionic charge leads to a high local pH, which can be
employed in the protonation of weak basic guest species and ultimately leads to acidmediated catalysis. This was investigated by the group of Raymond in the proton-catalyzed
hydrolysis of orthoformates. While the reactivity of orthoformates in a neutral or basic
aqueous solution is relatively low, encapsulation in cage 31 leads to the protonation of an
— 11 —
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ethereal oxygen by stabilizing the conjugate acid of these guest molecules. Upon this
confinement-assisted protonation, hydrolysis leads to the corresponding carboxylic ester,
followed by acid- or base-catalyzed hydrolysis of the ester. The desired product carries an
anionic charge, leading to facile expulsion from the cage cavity. This property of cage 31
has been combined with size-selectivity; only orthoformates smaller than tripentyl
orthoformate were readily hydrolyzed with 1 mol % of 31. This strategy has been also
applied by the group of Raymond in the Nazarov cyclization of 1,3-pentadienols (32, Figure
11B) to form cyclopentadienes (33).[80] In this study cage 31 has a bifunctional role, because
it not only facilitates the protonation of a weak basic alcohol but also favors the subsequent
electrocyclization of the dienyl cation intermediate 34. The protonation is favored in the
cavity of the host and the subsequent cyclization is driven by substrate pre-organization.
The transition state for the cation cyclization is stabilized by cation-π interactions in the
cavity of the supramolecular host (31). The rate accelerations of the catalyzed reaction in
relation to the uncatalyzed reaction are in the order of 106. The same group reported the
catalytic cyclization of the monoterpene citronellal (36) by performing the reaction in the
presence of the same cage (31).[81] It has been found that the presence of cage 31 leads to the
formation of 37 as the major product, while the non-confined Brønsted acid catalyst forms
the diol 35 (Figure 11C). Several analogues of cage 31 have been employed in order to
evaluate the relation between the host architecture and selectivity in catalysis.[82] Varying the
ditopic ligand of the host did not alter the product selectivity, whereas modification of the
size of the cavity resulted in significant changes in activity and product selectivity. Turnover
numbers of up to 840 and rate accelerations in the order of 105-fold relative to the
uncatalyzed reaction have been measured.[83–85]

Figure 11. (A) Schematic model of tetrahedral cage 31 (Ga4L612-); only one ligand L is displayed as
ChemDraw structure for clarity. (B) Proposed catalytic mechanism of Nazarov of 1,3-pentadienols by
utilizing cage 31. (C) Cyclization of monoterpene citronellal in the absence (left) and in the presence
(right) of cage 31.

— 12 —
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Reek and coworkers developed a versatile Rh catalyst (38) for the hydroformylation of
alkenes (Figure 12A). Confinement of an active Rh catalyst using a tris(pyridyl)phosphine
and three zinc(II)-porphyrin building units, which gives rise to a capsule-shaped ligand
sphere, resulted in a highly active catalyst that led to unusual branched selectivity in the
hydroformylation of 1-octene (40). The application of the same catalytic system in the
hydroformylation of internal alkenes gave rise to products 41a and 42a (Figure 12B).[86]
These results were rationalized by both theoretical and experimental investigations. The
step that determines the selectivity turned out to be the hydride migration step and the fact
that this step takes place within the cavity of the host results in different selectivity. The
restricted environment suppresses competing reaction pathways that lead to the other regioisomer explaining the formation of C3-aldehyde in high selectivity.
An additional feature of this catalytic system is the strong correlation between the selectivity
and the structure of the cavity, as minor modifications to the porphyrins result in dramatic
changes in the observed selectivity. This feature has been demonstrated by the replacement
of zinc-porphyrins with zinc-phthalocyanines as building blocks.[87] This leads to a cavity
with a larger volume that in turn alters the selectivity towards the formation of 41b and 42b.
In this perspective, as the catalyst is the same, the second coordination sphere dictates the
regioselectivity of this reaction, providing access to internal aldehydes in selectivities that
are difficult to achieve by traditional strategies.

Figure 12. (A) Confined Rh catalyst by three zinc(II)-porphyrin building units (38). (B) Products
obtained in alkene hydroformylation.

An encapsulated Rh catalyst for the asymmetric hydroformylation of internal alkenes was
also developed by the same group.[88] This was done by incorporating bulky zinc-based
building blocks onto chiral bipyridine phosphoramidite ligands. Upon coordination, the
binding mode of the ligand changes from equatorial to axial, trans to the hydride. This
catalytic system proved to be efficient in the asymmetric hydroformylation of internal
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alkenes, e.g. 2-octene. When using the non-confined cis-catalyst, the same reactions resulted
in a low conversion (12%) of 2-octene (43) and low ee (25%) of the C3-aldehyde (44). On
the other hand, utilizing the confined catalyst led to the formation of the trans-complex with
a substantial increase of both conversion (56%) and ee (45%). Interestingly, by using a more
rigid host structure (Figure 13), a well-defined chiral space was formed around the bischelated rhodium catalyst, which finally led to higher regioselectivity and
enantioselectivity.[89] An enantiomeric ratio of up to 93:7 was measured for the C3-aldehyde.
The same laboratory reported a regio- and enantioselective catalyst for the asymmetric
hydroformylation of styrene that showed much larger enantioselectivities.[90] The
entrapment of a Rh catalyst in a supramolecular metallocage converts styrene derivatives
into the corresponding aldehyde products with enantiomeric excess of up to 74%. The
degree of chiral induction observed is much higher than that of the non-encapsulated Rh
catalyst. Based on calculations, the absence of confinement has a detrimental effect on the
enantioselectivity because styrene can coordinate in four different orientations to the two
available coordination sites, leading to poor stereoselectivity. On the other hand, when the
catalysis takes place in the confined space, the restricted environment hinders most of the
coordination modes to the catalytic center and therefore suppresses competitive reaction
pathways. The authors showed via spectroscopic investigations that the electronic effects of
the catalyst and its first coordination sphere remain the same upon encapsulation.

Figure 13. A supramolecular chiral rhodium catalyst employed in the asymmetric hydroformylation of
internal alkenes.

The groups of Raymond and Bergman reported increased activity in the Au-mediated alkylalkyl cross-coupling reaction upon encapsulation.[91] The combination of supramolecular
assembly (31) with a transition metal catalyst successfully promoted this challenging C-C
bond forming reaction (Figure 14A). In particular, the applied host is anionic and, in
combination with its hydrophobic cavity, this feature favors the encapsulation of cationic
species. The authors brought forth a different mechanism than generally proposed for this
class of reactions. Interestingly, halide dissociation takes place prior to encapsulation, which
generates a transient cationic gold(III) dialkyl complex (45) trapped inside the anionic cage.
The restricted microenvironment of the cage increases the rate of the reductive elimination,
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Figure 14. (A) Catalytic alkyl-alkyl cross-coupling by utilizing the tetrahedral cage 31 (Ga4L612-). (B)
Selective hydroalkoxylation of allene 47. (C) Catalysis of the intramolecular cyclo-isomerization reaction
by the encapsulated gold complex compared to the free catalyst.

leading to formation of the desired cross-coupled product 46 (Figure 14A). In addition, sizeselectivity for the substrate was observed. The catalytic performance of this system was
evaluated in intramolecular cyclization reactions. More specifically, the encapsulated gold
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catalyst was used in the hydroalkoxyation of allene (47) for the selective formation of allylic
ether (48, Figure 14B). Confinement led to an enhancement in the catalytic activity of the
transition metal complex and improvement of the observed chemo- and regioselectivity.
Lastly, the hydrophobic cavity of cage 31 enabled the use of water, avoiding the typically
required organic solvents for this reaction. The application of the encapsulated gold catalyst
31 in the cyclo-isomerization of enyne (49) resulted in the formation of a different product
with respect to the one formed by the free complex.[81] This altered product distribution
upon confinement stems from the hydrophobicity of the cavity. When the reaction occurs in
the bulk, water attacks the well-solvated carbene species 50, which leads to the formation of
the hydroalkoxylated species 51. When the reaction occurs inside the cage, the hydrophobic
cavity partially protects the carbenium ion intermediate, giving it enough time to form
product 52 via cyclo-isomerization (Figure 14C).
Recently, the same group investigated the stabilizing role of the charge in supramolecular
catalysis by developing an isostructural octa-anionic version of the cage 31.[92] They
experimentally showed the stabilization effect of the anionic charge of the cage in the
Nazarov cyclization. The rate constant was 680 times higher in the case of the dodecaanionic catalyst, highlighting the importance of charge and electrostatic effect in catalysis.
An example of a site-isolated cascade reaction was reported by Fujita and coworkers.[93]
Herein the authors could synthesize and mix two different M12L24 supramolecular spheres in
one pot, each sphere being decorated on the inside with their own specific catalyst. This
system performs an oxidation followed by Diels-Alder reaction in tandem, whereas mixing
the naked catalysts (without their metal-ligand shell) results in no formation of the final
product (Figure 15).

Figure 15. Self-Assembled molecular containers for catalyst isolation enabling two-step cascade
reactions.

The group of Reek reported an interesting study demonstrating the positive effect of
confining a catalyst in terms of reaction rates (Figure 16).[94] M12L24 Spheres (M = Pd, L =
organic bipyridine ligand) functionalized with 24-fold endohedral guanidinium-binding
motifs were prepared. This sphere displays strong binding for sulfonate guest by cooperative
hydrogen bonding; carboxylate containing guests are also encapsulated, albeit less strongly.
TPPMSAu+ catalysts were strongly bound within the sphere and acetylenic carboxylate
substrates were pre-organized by adjacent guanidinium sites for an efficient cyclization to
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Figure 16. Schematic representation of the base-triggered catalytic gating process using M12L24 Spheres
(M = Pd, L = organic bipyridine ligand) functionalized with 24-fold endohedral guanidinium-binding
motifs.

give the enol lactone. In a follow-up study the same sphere was utilized for the
encapsulation of a sulfonate-functionalized ruthenium water oxidation catalyst.[95] This
resulted in pre-organization of dilute solutions of sulfonate-functionalized ruthenium
complexes to yield high local catalyst concentrations. The pre-organization effect enhances
the water oxidation rate by two-orders of magnitude. The same group developed a synthetic
hydrogenase mimic for electrocatalytic proton reduction catalysis (Figure 17A).[96] The
endo-functionalization of the building block for the formation of M12L24 cages with a mimic
of the hydrogenase active site led to the development of a synthetic analog of the protein
matrix around the active site of an enzyme. This strategy allowed the introduction of a
specific second coordination sphere around the synthetic hydrogenase models and created a
proton‐rich nano‐environment by mixing building blocks functionalised with ammonium
salts. As such, a lower catalytic overpotential for proton reduction by 250 mV compared to
the uncaged catalyst was obtained as a result of substrate pre-organization and stabilization
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of key catalytic intermediates. Additionally, the proton‐rich environment of the cage cavity
surrounding the catalyst ensured that high catalytic rates are maintained. In a different
study Reek and coworkers apply the same strategy for the development of a redox-active
probes encapsulated within the cavity of cage, either by a covalent bond or by
supramolecular hydrogen bonding interactions (Figure 17B).[97] The investigation of the
covalent linker influence, the number of the redox probes, radical-radical interactions inside
the cage and of the electrochemistry of supramolecularly encapsulated redox probes
provided insights regarding the electron transfer kinetics and thermodynamics of redoxactive species encapsulated into supramolecular assemblies. This study demonstrated the
importance of the linker type and the number or redox probes within the cage, as useful
handles to fine-tune the electron transfer rates.

Figure 17. (A) Schematic representation of the formation of caged di‐iron catalyst without (left) and with
(right) ammonium salts inside the cavity. (B) Installed

redox probes via covalent bond. (C)

Supramolecular encapsulation of redox probes via hydrogen bonding between sulfonate groups and
guanidinium functionalized cage.
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De Bruin and coworkers studied the supramolecular encapsulation of a cobalt-porphyrin
catalyst for the cyclopropanation of styrene.[98,99] The major deactivation pathways of this
radical-type transition metal catalysis occurs upon the formation of bimetallic species and
the prevention of such pathways will be fruitful in terms of catalytic activity and selectivity.
This was prevented by the encapsulation of a single catalytically active cobalt(II)tetrapyridylporphyrin inside a cubic M8L6 cage (53), leading to ‘site-isolation’ of the Cospecies. The encapsulated cobalt catalysts showed excellent activities that can even compete
with the activity of the best cobalt(II)-porphyrin currently used for this kind of catalytic
transformations in polar solvents. In addition, this catalyst proved to be a highly versatile
system thanks to its compatibility with a wide range of styrene analogues bearing either
electron-donating or electron-withdrawing groups. Subsequent research revealed that the
encapsulated cobalt(II)-porphyrin catalyst is size-selective for smaller styrene analogues
(Figure 18). Additionally, encapsulation increases the water-solubility of the transition metal
complex. In a follow-up study, the same iron-cage was used for to encapsulate a manganese
porphyrin catalyst.[100] The caged catalyst proved to be active in water for the epoxidation of
a variety of alkenes to reach up to 319 turnover numbers toward the desired product. The
authors ascribed the improved stability of the encapsulated catalyst to the cage framework
that functions as a phase-transfer catalyst. Interestingly, the caged-catalyst showed sizeselectivity when mixtures of bulky and less bulky substrates are applied.

Figure 18. Size-selectivity in cyclopropanation reactions by with an encapsulated cobalt-porphyrin
catalyst (53).

Conclusions and Perspectives
Chemists have been inspired by enzymes ever since their working principles became clear.
One of the essential elements is the second coordination sphere around the active site,
which in enzymes is provided by the peptide environment. Generating well-defined cages
around catalytic active sites that mimic enzyme-like environments has been challenging for
years, but we have witnessed a lot of progress in recent years. Interestingly, the generation
of well-defined cages around catalytic active centers has been pursued for several
homogeneous catalysts. The initial focus in the area of homogeneous catalysis was
predominantly on the study of hosts such as cyclodextrins, calixarenes and cucurbiturils.
More recently, cages based on covalent, hydrogen, and metal-coordination bonds have been
used, tremendously increasing opportunity space. There are now many examples that
demonstrate that a well-defined cage structure has a great influence on the activity and
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selectivity of the catalyst. These confinement effects can be based on entropy effects, cagewall effects, shape- and size-selectivity. The cage environment also results in geometrical
constraints, which may lead to typical folding of substrate explaining some of the selectivity
effects. Next to these positive effects on the catalytic events, caged catalysts may also
experience limitations. For example, the size of the entrance to the active sites present in
(supra)molecular cages, may limit the substrate-scope by size or may reduce reaction rates
due to diffusion limitations. Product inhibition can also be a major issue when the cage has
a larger affinity for the product than for the substrate. This has been observed for some of
the organic transformations in (supra)molecular cages. Therefore, the ability to design hosts
with a wide range of apertures and cage sizes is of utmost importance. For the future, better
understanding of confinement effects in catalysis is required to further facilitate tailor-made
design strategies. Within this introductory chapter, we have shown that there are many
opportunities to use supramolecular cages to steer and control catalysts, in particular in the
field of homogeneous catalysis. For practical applications, it is important to develop systems
that can be prepared at sufficient scale at reasonable costs. Overall, we are optimistic and
believe that catalysis in confined spaces will become even more important as a research
field.

Thesis scope and outline
As outlined in this chapter, the development of well-defined cages around catalytic active
sites and/or the incorporation of active sites within the cage framework is of great interest.
The study and understanding of the working principles of supramolecular cage catalysts is
of great importance, as it can further contribute to the rational design of tailor-made
catalysts, wherein high selectivities and activities can be achieved. This thesis is focused on
designing and synthesizing new supramolecular catalysts that can be used to study various
confinement effects in homogeneous transition metal catalysis. Additionally, emphasis will
put on the effect of confinement on the catalytic performance in cobalt catalyzed
cyclopropanation of alkenes and gold catalyzed cyclization reactions with the aim to
demonstrate the importance of second coordination sphere effects in catalysis.
Chapter 2 describes our efforts to encapsulate a catalytically active cobalt(II) meso-tetra(4pyridyl)metalloporphyrin (Co−G) in a previously reported neutral organic cage, following
two approaches. The first approach is the encapsulation of the catalyst by utilizing the
dynamic character of the system and the second approach is the use of the catalyst as a
template for the formation of the caged catalyst system. This only led to the undesired
formation of insoluble material, making this neutral organic cage as host for meso-tetra(4pyridyl)metalloporphyrin problematic. In the same chapter, a facile synthetic strategy has
been developed for the synthesis of one of the building blocks (meso-tetrakis(4-formylphenyl)porphyrin) from commercially available starting materials. This method gives facile
access to practical amounts of this synthon in high purity and good overall yield. The
inherent ease of synthesis of this porphyrin building block provides a convenient pathway
for the synthesis of the desired covalent cage.
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Chapter 3 reports the design and synthesis of a novel caged catalyst system (Fe8(Zn-Lڄ1)6)
which is soluble in both polar and apolar solvents. This system was used to investigate the
combined effects of the solvent and the cage on the catalytic performance in the cobalt
catalyzed cyclopropanation of styrene. We demonstrate that DMF has a protective
influence on the catalysts, slowing down deactivation of both [Co(TPP)] and CoG@Fe8(Zn-Lڄ1)6 during radical-cyclopropanation of styrene. Additionally, the activity
(TOFini) of [Co(TPP)] in DMF or toluene/DMF mixtures compared with that in toluene is
similar. Preliminary DFT studies on the molecular catalyst ([Co(TPP)]) show that the rate
determining energy barrier of this radical-type transformation is not influenced by the
coordination of DMF. As a result, the improved catalytic performance in DMF stems from
the stabilizing effect of DMF and is not due to an intrinsic higher activity caused by axial
ligand binding to the cobalt center ([Co(TPP)(L)]). The encapsulation of Co-G led to a
three times more active catalyst than [Co(TPP)] (TOFini) and a substantially increased TON
compared to both [Co(TPP)] and free Co−G. The increased local concentration of the
substrates in the hydrophobic cage compared to the bulk explains the observed higher
catalytic activities.
Chapter 4 shows our computational investigations on the effect of coordination of several
axial donative ligands to [Co(TPP)] on the free energy barriers of the full catalytic cycle in
cobalt-catalyzed cyclopropanation of styrene. Moreover, we investigated the effect of axial
ligand coordination on deactivation of the catalyst via HAT from toluene, EDA or DMF to
the carbene radical intermediate. Our findings suggest that the difference of the relative
energies in the full catalytic cycle are either similar or (somewhat) higher and thus do not
explain the higher yields of cyclopropane in DMF or toluene/DMF mixtures. Importantly,
axial binding of DMF to [Co(TPP)], leads to an increase in the energy of the transition state
for the formation of the catalytically inactive and diamagnetic complex
[CoIII(TPP)(CH2COOEt)]. This, in combination with the similar barriers of the ratelimiting step with [Co(TPP)] and [Co(TPP)(-O-DMF)], supports our hypothesis that the
observed improved stability in DMF or toluene/DMF mixtures compared to pure toluene
from chapter 2 is a result of slower catalyst deactivation for species containing DMF as an
axial donor.
Chapter 5 demonstrates the synthesis of three novel cubic cages and their application as
hosts for a catalytically active cobalt(II) meso-tetra(4-pyridyl)porphyrin guest. Interestingly,
these newly developed caged catalysts have different peripheral substituents that lead to a
different polarity of the peripheral environment surrounding the cage and in turn influence
the catalyst performance. We ascribe this to the different (relative) local concentration of the
substrates surrounding the cage, that indirectly influences the substrate availability of the
catalyst embedded in the active site of the caged catalyst systems. The resulting increased
local substrate concentrations give rise to higher catalytic activities of the respective caged
catalyst in metalloradical catalyzed cyclopropanation reactions. As such the catalytic
activity is the highest when the apolar cage catalyst (Co-G@Fe8(Zn-L∙1)6) is used, and
lowest with the polar analog (Co-G@Fe8(Zn-L∙3)6). In addition, the catalytic activity of the
cage without exo-functionalities (Co-G@Fe8(Zn-L∙2)6) is nearly two times lower than that
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of Co-G@Fe8(Zn-L∙1)6 and three times higher than that of Co-G@Fe8(Zn-L∙3)6, which
further demonstrates the effect of the peripheral functionalities on the cyclopropanation
reaction.
Chapter 6 reports the synthesis of two novel M4L6 supramolecular cages based on BINAP
ligands. This is a rare example of Nitschke-type cages with phosphines embedded within
their framework. As such, we prepared one small ([Fe4(BB∙1)6]) and one larger
([Fe4(BB∙2)6]) analogue that gives access to different sizes of the respective cage cavities.
The post-assembly functionalization of these cages leads to the selective formation of the
corresponding AuICl-phosphine cage ([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12])
containing 12 Au atoms per cage. Chloride abstraction from the Au centers with a Ag+ salt
proceeded smoothly, without cage decomposition. The resulting caged Au-catalysts were
applied in gold(I)-catalyzed cyclization reactions. Lactonization of 4-pentynoic acid showed
a minor effect of the cavity space, as the larger analogue led to the formation of the desired
product in higher yields. Compared to the bulk activated catalysts ([((R)-BINAP)Au2](BF4)2
and [((R)-BB∙1)Au2](BF4)2), [Fe4(BB∙2)6Au12](BF4)12 results in higher yields and conversion,
whereas [Fe4(BB∙1)6Au12](BF4)12 led to the formation of cyclized product P1 in lower yields.
Additionally, we demonstrated the effect of the cavity space on the selectivity of the gold(I)catalyzed cyclization of hex-4-ynoic acid. While the difference are small between the
smaller ([Fe4(BB∙1)6Au12](BF4)12) and the larger analogue ([Fe4(BB∙2)6Au12](BF4)12), there is
an increased preference for the formation of the six-membered ring product P2 when
[Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst. The two bulk catalysts performed very
similar and the P2/P3 selectivity (P3 is six-membered ring product) was slightly lower
compared to the P2/P3 ratio obtained when [Fe4(BB∙2)6Au12](BF4)12 was used as the
catalyst.
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A Neutral Organic Cage as potential
Host for Tetrapyridyl Porphyrins;
Optimization of Building Block Synthesis
and Encapsulation Studies
Abstract
The introduction of a second coordination sphere around a metal catalyst adds an
additional handle to obtain new selectivity and activity in transition metal catalysis.
However, solvent/reagent incompatibilities can have an impact on the applicability and
stability of the cage system and thus limit certain catalytic applications. For example,
solubility often narrows the use of metal-coordination cages as catalytic systems and the
presence of metal complexes in the structure of the metal-coordination cage may interfere
with catalytic applications inside the cage. Neutral organic cages may therefore have
advantages over cages that depend on metal-ligand coordination bonds to hold the cage
together. We therefore decided to explore the encapsulation of a catalytically active
porphyrin in a previously reported neutral organic cage, following two approaches to
encapsulate the catalysts inside the cage. The first approach is the encapsulation of the
catalyst by utilizing the dynamic character of the system and the second approach is the use
of the catalyst as a template for the formation of the caged catalyst system. In addition, a
facile synthetic strategy has been developed for the synthesis of one of the building blocks
(meso-tetrakis(4-formyl-phenyl)porphyrin) from commercially available starting materials.
This method gives facile access to practical amounts of this synthon in high purity and good
overall yield. The inherent ease of synthesis of this porphyrin building block provides a
convenient pathway for the synthesis of the desired covalent cage.

*This chapter is in part adapted from: V. Mouarrawis, S. Mathew, E. J. Meeus, B. de Bruin, J. Reek, J. A
chromatography-free synthesis of meso-tetrakis(4-formylphenyl) porphyrin and meso-tetrakis(3-formylphenyl)
porphyrin: Versatile synthons in supramolecular and macromolecular chemistry, Porphyr. Phthalocyanines 2021,
doi: 10.1142/S1088424621500504.
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Introduction
The development of highly selective and/or active catalysts is highly important for ecofriendly and efficient catalytic applications.[1–4] One of the most applied strategies in
homogeneous catalysis to alter the properties of transition metal complexes and
consequently the properties of the catalysts is by tuning or changing the ligands that are
coordinated to the metal.[5–10] This interplay between the metal and the ligands proved to be
highly important and as a result new catalysts have been developed that display specific
reactivity, selectivity (regio- chemo- and stereo-selectivity) and/or enhanced stability.[11–14]
Interestingly, an alternative strategy that can lead to further catalyst improvements
otherwise difficult to achieve is to perform catalysis inside the cavity of metal-coordination
cages.[15–21] This can lead to a series of effects such as substrate selectivity based on size
and/or shape, substrate pre-organization and stabilization of transition states, leading to
enhanced catalytic performance.[15,22–25] Yet, the solubility of these cage systems is generally
limited to polar solvents such as water, DMF, DMSO, or acetonitrile and this may limit
their application or performance in catalysis where different solvents are desired.
We previously reported a strategy in which a catalytically active cobalt(II) meso-tetra(4pyridyl)metalloporphyrin (Co-G), encapsulated in a M8L6 cubic cage (Figure 1), showed
higher TON than the non-encapsulated catalyst in the radical-type cyclopropanation of
styrene, as confinement reduced the number of unwanted side reactions of reactive radical
intermediates.[26] Interestingly, the solvent was found to influence the catalytic efficiency.[27]
In particular the development of caged catalysts soluble in apolar solvents may lead to
enhanced performance in group transfer catalysis, as apolar solvents are often better
compatible and can have pronounced effects on reaction rates and influence selectivities.[28]
Additionally, the catalyst can be activated or deactivated by the interaction or coordination
of the solvent to the catalyst. We anticipated that the combined effects of a protective
environment of a cage and the use of different solvents can be used to optimize the
performance of cobalt(II)-catalyzed radical-type transformations. As such, we decided to
investigate the encapsulation of Co-G in a previously reported covalent porphyrin box (ZnPB, Figure 1),[29,30] that may lead to a catalyst system exhibiting higher compatibility in the
radical-type cyclopropanation of styrene.
Interestingly, this multiporphyrin 3D architecture (Zn-PB) is soluble in DCM and
chloroform, and it has been shown to be stable at elevated temperatures for several days.
Based on the reported crystal structure the central cavity of Zn-PB has sufficient space to
encapsulate meso-tetra(4-pyridyl)metalloporphyrins and the aperture of the cage allows
substrates to enter and product(s) to exit from the cage. Herein, we report, a facile synthetic
strategy for the synthesis of one (meso-tetrakis(4-formyl-phenyl)porphyrin (p-TFPP)) of the
two components needed for the preparation of Zn-PB and we also demonstrate our efforts
to incorporate zinc(II) meso-tetra(4-pyridyl)metalloporphyrin (Zn-G) inside the cavity of the
cage for the development of a neutral covalent caged catalyst.
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Figure 1. (A) Reported crystal structure of the neutral covalent porphyrin box. [29] (B) Molecular model of
our previously reported Fe8L6 cubic cage.[27]

Results and discussion
The synthesis of the reported cage (PB) is done by the reaction of p-TFPP (6 equiv.) with
2,4,6- tributoxybenzene-1,3,5-triyl)trimethanamine (L∙2, 8 equiv.) in chloroform in the
presence of catalytic amount of TFA for 24 h (Scheme 1). However, it is important to use
ultrapure building blocks as starting material. The presence of trace amounts of impurities
drastically decreases the yield and leads to the formation of unknown byproducts. As such,
the synthesis of the respective building blocks was further examined and optimized. The
amine-containing building (L∙2) block was synthesized according to literature procedure in
good overall yield and high purity (Experimental section). [29]

Scheme 1. Synthetic procedure of PB and the molecular structure of the cage based on crystal
structure.[29]
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The second building block is a 4-connected square shaped meso-tetra(4formylphenyl)porphyrin (p-TFPP). Despite the potential of this aldehyde containing
porphyrin building block, a facile and robust synthetic methodology to obtain highly pure pTFPP remains elusive. [29,31–33] Importantly, the purity of the building blocks has a significant
impact on the formation of the desired imine-based assembly, as the presence of impurities
can lead to several defaults hampering the synthesis of the final supramolecular structure.
However, both reported methodologies result in the formation of small quantities of pTFPP involving tedious experimental procedures. The first reported method for the
synthesis of p-TFPP follows the classical approach of the condensation between pyrrole and
an acetal-protected terephthalaldehyde or isophthalaldehyde, followed by deprotection to
afford the desired p-TFPP (Scheme 2A). [29,31,33]

Scheme 2. (A) First reported synthetic methodology towards p-TFPP.[31,34] (B) Second reported synthetic
methodology towards p-TFPP.

However, the preparation of the desired protected aldehyde adds two extra steps to this
synthetic approach prior to the condensation reaction. As a result, these four synthetic steps
with long and tedious experimental procedures involving chromatographic separation after
each step diminish the overall yield to 12%.[31,35] The second method introduces the formyl
— 30 —
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functional group to the para-position of meso-tetrakis(4-bromophenyl)porphyrin via
bromine–lithium exchange and subsequent Bouveault reaction (Scheme 2B).[32] The mesotetrakis(4-bromophenyl)porphyrin was synthesized via the condensation of pyrrole with 4bromo-benzaldehyde under Adler–Longo conditions (25%). This strategy provided p-TFPP
in two steps and overall yield of 20% (Scheme 2B). Despite the advantage of a shorter
synthesis and higher yields than the preceding approach, this method is still associated with
several disadvantages. Specifically, the use of low temperatures (50 ˚C) and the formation
of the tris-aldehyde derivative meso-5,10,15-(4-formylphenyl)-20-phenylporphyrin side
product makes this method less attractive. As expected, obtaining high purity p-TFPP
requires laborious chromatographic separation due to the very small Rf difference between
the tetra- and the tris(formyl) species. Consequently, this methodology becomes less suitable
when larger amounts of pure product are required, hindering applications of architectures
that employ the p-TFPP building block in large(r) quantities. As such, we felt that
developing a more efficient synthetic methodology would be beneficial, as having access to
decent amounts of p-TFPP would further facilitate our investigations towards the synthesis
of the desired caged-catalyst (Co-G@Zn-PB).
The overall synthetic procedure for the para-analog is outlined in Scheme 3 involving initial
reduction of meso-tetrakis(4-carboxylphenyl)porphyrin (p-TCPP) to the meso-tetrakis(4hydroxymethylphenyl)porphyrin (p-THMPP) followed by a selective oxidation to furnish
the desired tetra(formyl) porphyrin p-TFPP. The starting point of this synthesis is p-TCPP,
a commercially available building block. Alternatively, this starting material can
conveniently be synthesized on a multigram scale via the condensation of pyrrole with 4formylbenzoic acid under Adler–Longo conditions in 55% yield. Initially, reduction of pTCPP to the hydroxyl methyl derivative (p-THMPP) was achieved by following a modified
literature procedure described by Datta–Gupta et al.,[36] wherein a solution of p-TCPP in dry
THF was added dropwise to a suspension of LiAlH4 in THF and stirred at reflux for 3 h.
Varying the amount of LiAlH4 (8–30 equivalents) revealed that the use of 20 equivalents was
optimal. The use of 8 equivalents of LiAlH4 resulted in lower conversions. Increasing the
amount of LiAlH4 to 30 equivalents did not significantly influence the reaction yield and
upon quenching resulted in the formation of higher amounts Al(OH)3 as a byproduct. The
purification of this intermediate proved to be both easy and efficient since the presence of
four hydroxyl groups on the same molecule fortuitously affected the polarity of the
compound, rendering it soluble in only DMF and DMSO. For this reason, purification by
washing with acetone removed both starting materials and partially reduced products to
afford p-THMPP in high purity (>95% by 1H-NMR) and excellent yield (96%) as a
crystalline purple solid. Interestingly, the modification of the reported method for the
synthesis of p-THMPP consists of not only easier and less hazardous synthetic procedure
but also higher yields compared to the reported yield (35%).[15] A suitable method for the
controlled oxidation of benzylic alcohols in p-THMPP to the aldehyde requires strict
inhibition of carboxylic acid formation on top of reaction conditions compatible with the
substrate leading to high conversion as four functional groups should be converted. Along
this path, several oxidation methods are available, including Swern,[37] Pfitzner–Moffatt,[38]
Perikh–Doering,[39] and manganese dioxide[40] oxidations. We chose the use of sulfur triox— 31 —
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Scheme 3. Facile procedure for the synthesis of p-TFPP with an overall yield of 52%.

ide–pyridinium complex in DMSO/triethylamine (Perikh–Doering oxidation), as it satisfied
these required criteria, without employing (heavy) metals or in situ reagent preparation,
while utilizing DMSO to ensure the solubility of p-THMPP in the reaction mixture. Stirring
p-THMPP at room temperature for 3 h in the presence of 300 equivalents of DMSO, 35
equivalents of sulfur trioxide pyridinium complex, and 90 equivalents of triethylamine
afforded p-TFPP in excellent yield (98%) and high purity (>95% by 1H- NMR) without any
extensive purification. Characterization p-TFPP was performed by 1H- and 13C-NMR and
mass spectrometry (ESI) which confirmed the structure and purity of the isolated
compound. Interestingly, our novel synthetic methodology also proved to be applicable for
the efficient preparation of the meso-tetrakis(3-formylphenyl)porphyrin (m-TFPP,
Experimental section).
Having established easy access to both building blocks in high purity, the reaction between
p-TFPP and L∙2 in chloroform in the presence of catalytic amount of TFA for 24 h resulted
in the formation a desired cage (PB). The obtained 1H-NMR (Figure 2) and 1H-NMR
diffusion-ordered spectra (DOSY, Experimental section) of PB are in good agreement with
the literature and confirm the formation of the desired organic covalent cage.[41] Next, the
formation of the covalent caged catalyst (Co-G@Zn-PB) was investigated via two
approaches (Scheme 4). For this, the diamagnetic analogue was used to enable
characterization by 1H-NMR spectroscopy. The first approach was done by the
encapsulation of Zn-G in the zincated porphyrin box (Zn-PB). The second approach in— 32 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 40

A Neutral Organic Cage as potential Host…Building Block Synthesis and Encapsulation Studies

Figure 2. (A) 1H-NMR spectra of L∙2, (B) p-TFPP and (C) of the desired organic covalent cage (PB).

volves the use of Zn-G as a template for the formation of Zn-G@Zn-PB. Additionally,
molecular modeling studies were performed to calculate the volume of the central cavity.
The reported crystal structure was used to generate the host-guest complex, and the
geometry of the cage was optimized with GFN2-xTB.[42] Thus, obtained models revealed
that the Zn-tetrapyridyl porphyrin (Zn-G) has a molecular volume of ~572 Ås, and the
empty cage Zn-PB has a volume of ~4500 Å3. Combined with the Zn-Zn distance of 24 Å
between the opposite faces of the cubic cage, the cavity is large enough to bind Zn-G.
Furthermore, we anticipated that the tetratopic zinc-pyridyl coordination provides optimal
multivalent (tetratopic) binding resulting in a high binding affinity of the symmetrical
tetrapyridine-porphyrin guest Zn-G.
Since the first approach relies on the zincated-cage (Zn-PB), we first synthesized the
metaled cage by treating PB with an excess of zinc(II) diacetate, affording Zn-PB in a 90%
yield. Characterization of the zincated cage was done by 1H-NMR and Uv-Vis spectroscopy
confirming the formation of a zincated porphyrin species in line with the reported 1H-NMR
shifts (Experimental section).[30]
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Scheme 4. Zn-G encapsulation (top) and template approach (bottom) for the synthesis of Zn-G@Zn-PB.

Convinced by the successful synthesis and characterization of Zn-PB, we next investigated
the encapsulation of Zn-G by Zn-PB. When a chloroform solution of pre-formed Zn-PB
was stirred overnight at room temperature in the presence of Zn-G, a purple insoluble
precipitate was formed, while 1H-NMR of the remaining solution revealed very broad peaks
of unidentified species (Experimental section). Additionally, the characteristic aldehyde
peak of p-TFPP was observed, indicating cage decomposition Performing the reaction at
elevated temperatures (35 and 50˚C), proved to be incompatible as it led to immediate
precipitation of an insoluble, shiny purple solid. Next, we decided to investigate the
formation of Zn-G@Zn-PB via the template approach (Scheme 4, Approach 2). As such,
the one-pot reaction of Zn-G with Zn-PB, in the correct stoichiometric ratios led to purple,
insoluble precipitation indicating the formation of oligomeric structures. Different reaction
conditions such as elevated temperature (50 ˚C), slow addition of L∙2, and/or higher
dilution did not facilitate the formation of the desired caged system. We anticipate that use
of TFA for catalyzing the imine formation was not compatible with the presence of zinccontaining porphyrins. Excluding the use of TFA did not facilitate the formation of cage as
only starting materials and precipitation were observed. Unfortunately, also the use of a
Lewis acid such as scandium triflate as the catalyst for the formation of imines resulted in
immediate formation of insoluble material.
Having concluded that both the encapsulation and the template approach only lead to the
formation of insoluble material we decided to investigate the stepwise synthesis of G@ZnPB by using the non-metalated porphyrin (G) as a template for the initial formation of the
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Scheme 5. (A) Synthesis of the G-Zn-p-TFPP complex in CDCl3.1H-NMR spectra of (A) Zn-p-TFPP,
(B) G and (C) of G-Zn-p-TFPP.

G-Zn-p-TFPP complex (Scheme 5A). The starting point for the construction of the desired
G@Zn-PB was the in-situ synthesis of a 4:1 host-guest complex via zinc-pyridyl
coordination of Zn-p-TFPP to G (Scheme 5). The reaction of one equivalent of G and four
equivalents of Zn-p-TFPP at room temperature resulted in the upfield shift in the 1H-NMR
of the peaks belonging to the guest (G). Importantly, the ratio of G to Zn-p-TFPP is 4:1,
indicating the formation of the corresponding assembly (G-Zn-p-TFPP) (Scheme 5). The
addition of the remaining amount of building blocks (2 equiv. of Zn-p-TFPP and 8 equiv. of
L∙2) at room temperature for the formation of G@Zn-PB initially resulted in purple
insoluble precipitate. Several efforts including slow addition of building block, higher
— 35 —
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dilution, elevated temperatures for the formation of G@Zn-PB were attempted
(Experimental section), all eventually leading to the formation of oligomeric structures.
Excluding the use of TFA without stirring and high dilution led to the formation of a new
species after 7 hours (Experimental section, Figure 11). However, the initially formed
species in solution started to decompose after 12 h and eventually the next day a precipitate
was formed.

Conclusion
In conclusion, we have developed a robust and facile synthetic methodology for the
synthesis of one of the building blocks (p-TFPP) needed for the preparation of a reported
covalent cage (PB). This synthetic approach involves the reduction of the easily synthesized
meso-tetrakis(4-carboxylphenyl)porphyrin followed by Parikh–Doering oxidation affording
the desired tetra(formyl) product. This highly valuable building block for supramolecular
chemistry was obtained in good yields and high purity without the use of any extensive
purification method. Not only the overall yield is improved compared to the already
reported methodologies, but also the complexity of the synthetic procedure has been
significantly decreased, making this method suitable for gram-scale synthesis. Easy access to
this symmetrical square-shaped building block facilitated further chemical investigations for
the preparation of desirable caged catalysts. We were able to reproduce the synthesis of a
reported covalent organic cage, as well as its zincated analogue. In subsequent
investigations concerning the formation of host-guest complexes of the type Zn-G@Zn-PB
we followed two approaches: (1) the encapsulation of Zn-G in the zincated porphyrin box
(Zn-PB) and (2) the use of Zn-G as a template for the formation of Zn-G@Zn-PB. We
concluded that both the encapsulation and the template approach only lead to the formation
of insoluble material. Stepwise formation of G@Zn-PB was also problematic. While in-situ
preparation of a 4:1 G-Zn-p-TFPP complex was successful, the next step in the anticipated
sequential approach again resulted in undesired formation of an insoluble precipitate.
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Experimental
General considerations
All reactions involving air- or moisture-sensitive compounds performed under a nitrogen atmosphere
using standard Schlenk techniques. All chemicals were purchased from Sigma Aldrich and used
without purification. Triethylamine was purified by distillation over calcium hydride and store in the
dark over KOH pellets. Pyrole was passed through basic alumina before use. DMSO-d6 and CDCl3
were purchased from Euriso-Top.
NMR spectroscopy
1

H-NMR spectra were recorded on a Bruker AMX 400, Varian Mercury 300, Bruker DRX 500,

Bruker DRX 300 or spectrometer, and they are referenced to the solvent residual signal (5.32 ppm
for CD2Cl2, 7.32 ppm for CDCl3, 8.03 ppm for DMF-d7, 1.32 ppm for CD3CN and 2.08 ppm for
toluene-d8). The temperature and the magnetic gradient were calibrated prior the measurement for
2D 1H-DOSY NMR.
Mass spectrometry
High-resolution mass spectra were recorded on a HR-ToF Bruker Daltonik Gmbh Impact II, as ESIToF MS capable of a resolution of at least 4000 FWHM, coupled to a Bruker cryospray unit. The
detection was done in positive-ion mode and the source voltage was between 4 and 6 kV. The flow
rate was 18 uL/hr. The machine was calibrated prior to every measurement via direct infusion of a
TFA-Na solution.
GFN2-XTB calculations
For geometry optimizations of cages and caged-catalysts, Grimme’s GFN2-xTB (Geometry,
Frequency, Noncovalent, extended tight, binding) software was used.[42] Figures and images of the
geometry-optimized structures were generated with UCSF Chimera software.[43]
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Synthesis of subcomponent L∙2.
L∙2 was synthesized according to a literature procedure.[44] The synthesis is shown in Scheme 6.

Scheme 6. Synthesis of the building block two (L∙2).

Synthesis of subcomponent p-TFPP.
meso-tetrakis-(4-carboxymethylphenyl) porphyrin: This compound was prepared according to a
modified literature procedure.[45] Pyrrole (3.3 mL, 46.7 mmol, 1 eq.) and 4‐carboxybenzaldehyde (7
g, 46.7 mmol, 1 eq.) in acetic acid (98.0 mL) were heated at reflux for 2 h. Upon cooling to room
temperature ethanol was added and the mixture was further stirred for 5 h. The reaction flask was
then placed in the freezer for 16 h and the next day, p-TCPP was collected by filtration (P4 porosity)
and washed with cold acetone (300 mL) and CH2Cl2 (300 mL). The final product was dried in a
vacuum oven at 80 °C overnight to yield the product (20.3 g, 55%) as a purple solid. 1H-NMR (400
MHZ; DMSO-d6): Ɂ, ppm 13.20 (s, 4H, Ar-COOH), 8.86 (s, 8H, Pyr-H), 8.4 (d, 8H, Ar-H), 8.33 (d,
8H, Ar-H), -2.91 (bs, 2H, Pyr-NH). 13C-NMR (101 MHz; DMSO-d6): Ɂ, ppm 168, 145.4, 134.4, 130,
128, 119.2. MS (HR-ESI): m/z. C48H30N4O8 789.9800 (calcd. for [M + H]+ 790.2100) . The data
match those found in the literature.[45]
meso-tetrakis(4-hydroxymethylphenyl)porphyrin: This compound was prepared according to a
modified literature procedure.[46] A solution of p-TCPP (1.2 g, 1.52 mmol, 1 eq.) in anhydrous THF
(400 mL) and under nitrogen, was added dropwise to a stirred suspension of LiAlH4 (1.15 g, 30.4
mmol, 20 eq.) in anhydrous THF (200 mL). The reaction was stirred for 3 h at reflux before
quenching with water (60 mL) at 0 ˚C. THF was removed under reduced pressure and the
precipitate was collected by vacuum filtration. The crude product was purified by washing with
acetone (3 × 150 mL) affording the desired product (1.08 g, 96%) as a purple solid., 1H-NMR (300
MHz; DMSO-d6): Ɂ, ppm 8.84 (s, 8H, Pyr-H), 8.17 (d, Ar-H), 7.77 (d, 8H, Ar-H), 5.53 (t, 4H, -OH),
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4.87 (d, 8H, -CH2-), -2.92 (s, 2H, Pyr-NH). 13C-NMR (100 MHz; DMSO-d6): Ɂ, ppm 142.71, 139.91,
134.36, 125.34, 120.32, 63.24. MS (HR-ESI): m/z. C48H38N4O4 734.29 (calcd. for [M + H]+
734.3211). The data match those found in the literature.[47]
meso-tetrakis(4-formylphenyl)porphyrin: To a stirred solution of p-THMPP (1.1 g, 1.5 mmol, 1 eq.)
in dry DMSO (15 mL) were added E3N (18.83 mL, 135 mmol, 90 eq.) and SO3•py (8.36 g, 52.5
mmol, 35 eq.) at room temperature. The resulting mixture was stirred for 3 h before it was quenched
with H2O (15 mL). The precipitate was collected by filtration, dissolved in DCM, and washed twice
with H2O (2 × 30 mL) and brine (2 × 30 mL). The combined organic layers were dried over Na2SO4
and concentrated in vacuo to afford the product (1.1 g (98%) as a purple solid. 1H-NMR (300 MHz;
CDCl3): Ɂ, ppm 10.40 (s, 4H, -CHO), 8.83 (s, 8H, Pyr-H ), 8.31 (d, 8H, Ar-H), 8.41 (d, 8H, Ar-H), 2.79 (s, 1H, Pyr-NH). 13C-NMR (100 MHz; CDCl3): Ɂ, ppm 118.47, 127.93, 134.93, 135.62, 147.86,
192.11. MS (HR-ESI): m/z. C48H31N4O4 727. 2330 (calcd. for [M + H]+ 727.2340). The data match
those found in the literature.[44]
Zn-p-TFPP was synthesized according to a literature procedure.[48]

Synthesis of m-TFPP.
m-TFPP was prepared under the same conditions used for the p-TFPP. Similarly, the starting
material of this synthetic methodology is the meso-tetrakis-(3-carboxymethylphenyl) porphyrin (mTCPP) which was synthesized by a modified literature procedure in two steps (Scheme 7).[49]
Condensation of pyrole with methyl 3-formylbenzoate under Adler–Longo conditions afforded the
methyl ester analog of m-TMPP in 33%. Heating m-TMPP at reflux with excess of LiOH led to the
quantitative formation of m-TCPP. The reduction of m-TCPP to m-THMPP was first attempted by
following the procedure used for the synthesis of p-THPP. Surprisingly, this led to incomplete
reduction of m-TCPP, however, by increasing the reaction time to 5 h we were able to obtain the
desired product in excellent yield (94%). Purification of m-THMP was proven to be easy and
efficient, as it was done by precipitating m-THMP in 1:5 methanol/acetone mixture followed by
washing with acetone. This new compound was characterized by 1H-,

13

C- NMR and mass

spectrometry (ESI), confirming the formation of m-THMPP.
Having established the last intermediate (m-THMPP) of this synthetic methodology, we
subsequently performed the reduction of the benzylic alcohol group to the corresponding aldehyde.
This was done by stirring m-THMPP at room temperature for 6 h together with 300 equivalents of
DMSO, 35 equivalents of sulfur trioxide pyridinium complex, and 90 equivalents of triethylamine.
To our delight, the desired product was obtained in 97% yield and high purity (>95% by 1H-NMR)
without the need for any extensive purification process.
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Scheme 7. Facile procedure for the synthesis of m-TFPP with an overall yield of 30%.

meso-tetrakis(3-methoxycarbonyl)phenyl]porphyrin: This compound was prepared according to a
modified literature procedure.[50] Pyrrole (2.1 mL, 29.85 mmol, 1 eq.) and methyl 3-formylbenzoate
(4.9 g, 29.85 mmol, 1 eq.) were added to a 500 mL flask containing propionic acid (200 mL) and the
reaction mixture was heated at reflux for 16 h at 140°C. After cooling down to room temperature,
the flask was placed in the freezer for 5 h and the resulting purple crystals were filtered, dissolved in
CHCl3, and washed with water. The organic layer was dried with Na2SO4 followed by solvent
evaporation. The obtained crystals were recrystallized twice from a 1:4 CHCl3/methanol mixture
(v/v) and washed with CHCl3. After evaporating the solvent the obtained product was dried under
vacuum to afford a purple solid (8.34 g, 33%). 1H-NMR (400 MHz; CDCl3): Ɂ, ppm 8.92 (s, 4H,
Pyr-H), 8.82 (s, 8H, Ar-H), 8.52 (d, 4H, Ar-H), 8.43 (d, 4H, Ar-H), 7.88 (t, 4H, Ar-H), 4.02 (s, 12H,
-OCH3), -2.77 (s, 2H, Pyr-NH). 13C-NMR (100 MHz; CDCl3): Ɂ, ppm 167.2, 146.6, 134.5, 131.7,
131.1, 129.7, 127.9, 119.3, 52.43. MS (HR-ESI): m/z. C52H38N4O8 846.2812 (calcd. for [M + H]+
846.2690). The data match those found in the literature.[50]
meso-tetrakis-(3-carboxymethylphenyl) porphyrin: This compound was prepared according to a
modified literature procedure.[50] m-TMPP (1.2 g, 1.42 mmol, 1 eq.) and LiOH (12.5 g, 522 mmol,
368 eq.) were added to a mixture of 1,4-dioxane/water (400 mL, 1,4-dioxane : water, 8:1 v/v). The
reaction mixture was heated at reflux for 20 h at 105°C and after cooling, 1,4-dioxane was
evaporated. The remaining was acidified with 2 M HCl until pH ≈1 (green solution). After that, the
solution was neutralized by adding pyridine (40 mL) until purple precipitation. Next, the purple
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crystals were collected by filtration, washed with H2O (200 mL), and dried under vacuum. Yield
1.11 g (99%), 1H-NMR (400 MHz; DMSO-d6): Ɂ, ppm 13.3 (s, 4H, -COOH), 8.85 (s, 8H, Pyr-H ),
8.72 (s, 4H, Ar-H), 8.51 (d, 4H, Ar-H), 8.44 (d, 4H, Ar-H), 7.98 (t, 4H, Ar-H), -2.92 (s, 2H, PyrNH). 13C-NMR (100 MHz; DMSO-d6): Ɂ, ppm 168, 147.1, 134.5, 132.1, 132, 131, 127, 119.3. MS
(HR-ESI): m/z. C48H30N4O8 791.1920 (calcd. for [M + H]+ 791.2064). The data match those found
in the literature.[50]
meso-tetrakis(3-hydroxymethylphenyl)porphyrin: A solution of m-TCPP (1.44 g, 1.82 mmol, 20
eq.) in anhydrous THF (500 mL) and under nitrogen, was added dropwise to a stirred suspension of
LiAlH4 (1.38 g, 36.4 mmol, 20 eq.) in anhydrous THF (250 mL). The reaction was stirred for 5 h at
reflux before quenching with water (80 mL) at 0 ˚C. THF was removed under reduced pressure and
the precipitate was collected by vacuum filtration. The crude product was purified by first washing
with acetone (3 × 200 mL) and then by precipitating twice in 1:5 methanol/acetone. Filtration of the
precipitate, washing with acetone (100 mL) and CH2Cl2 (100 mL) and driying under vacuum
affording the desired product (1.34, 94%) as a purple solid. 1H- NMR (300 MHz; methanol-d4): Ɂ,
ppm 8.97 (s, 8H, Pyr-H), 8.21 (s, 4H, Ar-H), 8.12 (d, 4H, Ar-H), 7.86-7.75 (m, 8H, Ar-H).13C-NMR
(100 MHz; methanol-d4): Ɂ, ppm 147.75, 142.54, 139.91, 133.13, 132.75, 131.08, 126.32, 125.97,
120.25, 63.83. MS (HR-ESI): m/z C48H38N4O4 735.2870 (calcd. for [M + H]+ 735.2927).
meso-tetrakis(3-formylphenyl)porphyrin: To a stirred solution of m-THMPP (1.2 g, 1.65 mmol, 1
eq.) in dry DMSO (16.4 mL) were added E3N (20.73 mL, 148.5 mmol, 90 eq.) and SO3•py (9.20 g,
57.79 mmol, 35 eq.) at room temperature. The resulting mixture was stirred for 6 h before it was
quenched with H2O (25 mL). The precipitate was collected by filtration, dissolved in DCM, and
washed twice with H2O (2 × 45mL) and brine (2 × 50 mL). The combined organic layers were dried
over Na2SO4 and concentrated in vacuo to afford the product (1.16 (97%) as a purple solid. 1H-NMR
(300 MHz; CDCl3): Ɂ, ppm 10.33 (s, 4H, -CHO), 8.85 (s, 8H, Pyr-H), 8.75 (s, 4H, Ar-H), 8.52 (d,
4H, Ar-H), 8.35 (d, 4H, Ar-H), 7.96 (t, 4H, Ar-H), -2.72 (s, 2H, Pyr-NH). 13C- NMR (100MHz;
CDCl3): Ɂ, ppm 192.49, 142.87, 139.79, 135.11, 129.22, 127.73, 119.02. MS (HR-ESI): m/z
C48H30N4O4 726.2120 (calcd. for [M + H]+

726.2267). The data match those found in the

literature.

[48]

Synthesis of the porphyrin box (PB).
PB was synthesized according to a literature procedure.[44] The obtained data matched those reported
in literature. 1H-NMR: (400 MHz, CDCl3), dd (ppm): 8.91 (s, 24H), 8.71 (s, 48H), 8.30 (d, J = 8 Hz,
24H), 8.19 (d, J = 8 Hz), 8.07 (d, J = 12 Hz, 24H), 7.93 (d, J = 8 Hz, 24H), 5.09 (s, 48H), 4.21 (brs,
48H), 1.90 (m, 48H), 1.06 (t, J = 6 Hz, 72 H), - 3.05 (s, 12H). 13C-NMR (400 MHz, CDCl3), dd
(ppm): 160.9, 159.2, 114.5, 136.0, 134.8, 128.3, 124.5, 122.9, 119.8, 76.0, 55.2, 32.3, 19.2, 14.5. UV-

— 41 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 49

Chapter 2
vis (190-900 nm, CDCl3), ll (nm): 421 (Soret band), 518 (Q-band 1), 553 (Q-band 2), 592 (Q-band 3),
647 (Q-band 4).

Figure 3. . 1H-DOSY NMR of PB showing a diffusion constant of 9 log(m2s-1).

Figure 4. Follow the formation over time by 1H-NMR spectroscopy. The circle shows the disappearance of pTFPP over time.
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Synthesis of zincated porphyrin box (Zn-B).
Zn-PB was synthesized in 90 % yield according to a literature procedure.[51] The obtained data
matched those reported in literature. 1H-NMR: (400 MHz, CDCl3), dd (ppm): 8.88 (s, 24H), 8.67
(brs, 48H), 8.28 (d, J = 8 Hz, 24H), 8.14 (d, J = 8 Hz), 8.05 (d, J = 12 Hz, 24H), 7.94 (d, J = 8 Hz,
24H), 5.08 (s, 48H), 4.19 (brs, 48H), 1.92 (s, 48 H), 1.04 (t, J = 8 Hz, 72 H). UV-vis (190-900 nm,
CDCl3), ll (nm): 421 (Soret band), 555 (Q-band 1), 604 (Q-band 2).
The complete zincation of PB was confirmed both with 1H-NMR and Uv-Vis spectroscopy. The
absorption spectrum (Figure 6) of the non-metalated PB revealed an intense Soret absorption at 421
nm. Thereby, the D2h symmetry of the meso-tetraphenylporphyrins present as building blocks,
resulted in the appearance of four distinctive Q-bands at 518, 553, 592, and 647 nm. The PB treated
with Zn(O)Ac2 revealed an intense Soret absorption at 421 nm and only two Q-bands at 555 and 604
nm were revealed due to higher symmetry. Treatment of the Zn-PB with an excess of pyridine
resulted in an upfield shift of 10 nm for the Soret band and 10 nm and 4 nm for the Q-bands, which
is in line with literature.[52] This shift indicates pyridine coordination to zinc, which in turn further
proves the formation of the zincated species.

Figure 5. 1H-NMR spectra of (A) the PB and (B) the Zn-PB.
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Figure 6. (A) UV-vis spectrum of (green) PB and of the Zn-PB (red). (B) Zoomed Q-bands of A. (C) UV-vis
spectrum of Zn-PB (purple) and Zn-PB (yellow) treated with an excess of pyridine. (D) Zoomed Q-bands of C.

Encapsulation studies
Approach 1
All our efforts eventually resulted in precipitation and the formation of insoluble material the next
day. However, there was no precipitation the first 6 hours when we perform the reaction at 25 ˚C
without stirring.

Table 1. Encapsulation efforts using Zn-G and Zn-PB

Entry
1
2
3
4
5

Temperature
(˚C)
25
25
35
35
50

Stirring

Result

Yes
No
Yes
No
Yes

Initial minor precipitation
Precipitation the next day
Precipitation after 1h
Precipitation the next day
Immediate precipitation
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Figure 7.1H-NMR of entry 2 after 6 hours reaction time.

Approach 2
Table 2. Conditions screening for approach 2.

Entry
1
2
3
4
5
6
7

Catalyst
TFA
Sc(OTf)3
TFA
TFA
-

Temperature
25
25
25
25
25
50
50

Stirring
Yes
Yes
Yes
No
No
Yes
Yes

Result
Purple precipitation
Purple precipitation, and starting materials
Purple precipitation
Purple precipitation
Purple precipitation, and starting materials
Purple precipitation
Purple precipitation

Approach 2 – stepwise addition of building blocks
G-Zn-p-TFPP: In a 5 mL reaction vial zincated meso-tetra(p-formylphenyl)porphyrin (2.04 mg,
2.58 μmol, 4 eq.) was dissolved in a solution of 5,10,15,20-Tetra(4-pyridyl)porphyrin (0.39 mg, 0.63
μmol, 4 eq.) in CDCl3 (0.4 mL). The purple/red reaction mixture was stirred overnight at r.t.. Yield:
n.d. 1H-NMR (300 MHz, CDCl3), dd (ppm): 10.40 (s, 4H), 8.94 (s, 8H), 8.43 (d, J = 3 Hz, 8H), 8.29
(d, J = 3 Hz, 8H), 7.60 (s, 8H), 6.70 (s, 8H), -3.98 (s, 2H).
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Figure 8. 1H-NMR spectra of G-Zn-p-TFPP showing the formation of a 4:1 complex.

Titration experiment: 5,10,15,20-Tetra(4-pyridyl)porphyrin (0.78 mg, 1.26 μmol, 1 eq.) was
dissolved in CDCl3 and transferred to a 5 mL reaction vial containing zincated-meso-tetra(pformylphenyl)porphyrin (1.01 mg, 1.26 μmol, 1 eq.). After stirring the reaction mixture for 30
minutes at r.t. a 1H-NMR spectrum was taken. After this, the reaction mixture was transferred to a
second 5 mL reaction vial containing zincated-meso-tetra(p-formylphenyl)porphyrin (1.04 mg, 1.26
μmol, 1 eq.). The purple reaction mixture was again stirred for 30 minutes at room temperature and
after this a 1H-NMR spectrum was taken. This procedure was repeated eight more times and
followed increasing the equivalents of zincated-meso-tetra(p-formylphenyl)porphyrin (1-10). 1HNMR (500 MHz, CDCl3), dd (ppm): 10.38 (s, 4H), 8.92 (s, 8H), 8.40 (d, J = 5 Hz, 8H), 8.28 (d, J =
10 Hz, 8H), 7.49 (s, 8H), 6.58 (s, 8H), -4.08 (s, 2H).

— 46 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 54

A Neutral Organic Cage as potential Host…Building Block Synthesis and Encapsulation Studies

Figure 9. Titration experiment followed by 1H-NMR.

Figure 10. Zoomed 1H-NMR spectra shown the shifts of the NH-potons upon increasing equivalents of
zincated-meso-tetra(p-formylphenyl)porphyrin.

Table 3. Conditions screening for stepwise addition of building blocks.

Entry Conditions

Result

1

25 ˚C, stirring

Purple precipitation

2

25 ˚C, no stirring

Purple precipitation

3

50 ˚C, stirring

Purple precipitation

4

50 ˚C, no stirring

Purple precipitation

5

25 ˚C, no stirring, no TFA

Initial formation of
Precipitation after 1 h

6

25 ˚C, no stirring and slow addition of Purple precipitation
L∙2

7

25 ˚C, stirring, higher dilution, no TFA

Initial formation of
Precipitation next day

a

new

species.

a

new

species.
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Figure 11. 1H-NMR spectra of (A) G, (B) Zn-PB, (C) the reaction mixture of entry 7 after 6 h and (D) after
12h. Red circle shows the p-Zn-TFPP and blue circle peaks that belong the Zn-PB.

— 48 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 56

A Neutral Organic Cage as potential Host…Building Block Synthesis and Encapsulation Studies

References
[1]

G. Centi, S. Perathoner, Catal. Today 2008, 138, 69-76.

[2]

C. Adams, in Top. Catal., 2009, 52, 924-934.

[3]

B. Plietker, Synlett 2010, 14, 2049-2058.

[4]

C. Descorme, P. Gallezot, C. Geantet, C. George, ChemCatChem 2012, 4, 1897-1906.

[5]

D. J. Gorin, B. D. Sherry, F. D. Toste, Chem. Rev. 2008, 108, 3351-3378.

[6]

E. Peris, Chem. Rev. 2018, 118, 9988-10031.

[7]

O. R. Luca, R. H. Crabtree, Chem. Soc. Rev. 2013, 42, 1440-1459.

[8]

W. Wang, G. B. Hammond, B. Xu, J. Am. Chem. Soc. 2012, 134, 5697-705.

[9]

P. C. J. Kamer, P. W. N. M. Van Leeuwen, Phosphorus(III) Ligands in Homogeneous Catalysis: Design and
Synthesis, Vol. 1, Wiley‐VCH Verlag GmbH & Co. KGaA, 2012, pp 1-26.

[10]

W. I. Dzik, J. I. Van Der Vlugt, J. N. H. Reek, B. De Bruin, Angew. Chemie - Int. Ed. 2011, 132, 1435814360.

[11]

Piet W.N.M. van Leeuwen, Homogeneous Catalysis: Understanding the Art, 1st edition, Springer
Netherlands, 2004. pp 1-28.

[12]

J. El Karroumi, A. El Haib, E. Manoury, A. Benharref, J. C. Daran, M. Gouygou, M. Urrutigoïty, J.
Mol. Catal. A Chem. 2015, 401, 18-26.

[13]

G. Farkas, Z. Császár, S. Balogh, Á. Szöllosy, M. Gouygou, J. Bakos, Catal. Commun. 2013, 36, 94-97.

[14]

V. K. K. Praneeth, M. R. Ringenberg, T. R. Ward, Angew. Chemie - Int. Ed. 2012, 51, 10228-10234.

[15]

K. Wang, J. H. Jordan, X. Y. Hu, L. Wang, Angew. Chemie - Int. Ed. 2020, 132, 13816-13825.

[16]

M. Morimoto, S. M. Bierschenk, K. T. Xia, R. G. Bergman, K. N. Raymond, F. D. Toste, Nat. Catal.
2020, 3, 969-984.

[17]

I. Sinha, P. S. Mukherjee, Inorg. Chem. 2018, 57, 4205-4221.

[18]

Y. Fang, J. A. Powell, E. Li, Q. Wang, Z. Perry, A. Kirchon, X. Yang, Z. Xiao, C. Zhu, L. Zhang, F.
Huang, H. C. Zhou, Chem. Soc. Rev. 2019, 48, 4707-4730.

[19]

C. Tan, D. Chu, X. Tang, Y. Liu, W. Xuan, Y. Cui, Chem. - A Eur. J. 2019, 25, 662-672.

[20]

L. Catti, Q. Zhang, K. Tiefenbacher, Chem. - A Eur. J. 2016, 22, 9060-9066.

[21]

S. H. A. M. Leenders, R. Gramage-Doria, B. De Bruin, J. N. H. Reek, Chem. Soc. Rev. 2015, 44, 433448.

— 49 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 57

Chapter 2
[22]

V. Mouarrawis, R. Plessius, J. I. van der Vlugt, J. N. H. Reek, Front. Chem. 2018, 22, 623.

[23]

A. B. Grommet, M. Feller, R. Klajn, Nat. Nanotechnol. 2020, 15, 256-271.

[24]

B. Mitschke, M. Turberg, B. List, Chem 2020, 6, 2515-253.

[25]

Q. Fu, X. Bao, Nat. Catal. 2019, 2, 834-836.

[26]

M. Otte, P. F. Kuijpers, O. Troeppner, I. Ivanovic̈-Burmazovic̈, J. N. H. Reek, B. De Bruin, Chem. - A
Eur. J. 2013, 19, 10170-10178.

[27]

M. Otte, P. F. Kuijpers, O. Troeppner, I. Ivanovic̈-Burmazovic̈, J. N. H. Reek, B. De Bruin, Chem. - A
Eur. J. 2014, 136, 1090-1096.

[28]
[29]

P. J. Dyson, P. G. Jessop, Catal. Sci. Technol. 2016, 6, 3302-3316.
S. Hong, M. R. Rohman, J. Jia, Y. Kim, D. Moon, Y. Kim, Y. H. Ko, E. Lee, K. Kim, Angew. Chemie
- Int. Ed. 2015, 6, 3302-3316.

[30]

Y. Kim, J. Koo, I. C. Hwang, R. D. Mukhopadhyay, S. Hong, J. Yoo, A. A. Dar, I. Kim, D. Moon,
T. J. Shin, Y. H. Ko, K. Kim, J. Am. Chem. Soc. 2018, 140, 14547-14551.

[31]

J. S. Lindsey, I. C. Schreiman, H. C. Hsu, P. C. Kearney, A. M. Marguerettaz, J. Org. Chem. 1987, 52,
827-836.

[32]

E. Önal, V. Ahsen, J. Pécaut, D. Luneau, C. Hirel, Tetrahedron Lett. 2015, 56, 5157-5160.

[33]

H. Ding, X. Wu, M. Zeller, Y. Xie, C. Wang, J. Org. Chem. 2015, 80, 9360-9364.

[34]

R. D. Mukhopadhyay, Y. Kim, J. Koo, K. Kim, Acc. Chem. Res. 2018, 151, 2730-2738.

[35]

G. Lin, H. Ding, R. Chen, Z. Peng, B. Wang, C. Wang, J. Am. Chem. Soc. 2017, 139, 8705-8709.

[36]

N. Datta‐Gupta, T. J. Bardos, J. Heterocycl. Chem. 1966, 3, 495-502.

[37]

A. J. Mancuso, S.-L. Huang, D. Swern, J. Org. Chem. 1978, 43, 2480-2482.

[38]

K. E. Pfitzner, J. G. Moffatt, J. Am. Chem. Soc. 1963, 85, 3027-3028.

[39]

J. R. Parikh, W. V. E. Doering, J. Am. Chem. Soc. 1967, 89, 5505-5507.

[40]

M. B. Smith, J. March, March’s Advanced Organic Chemistry: Reactions, Mechanisms, and Structure: Sixth
Edition, Wiley‐VCH Verlag GmbH & Co. KGaA, 2006.

[41]

S. Hong, M. R. Rohman, J. Jia, Y. Kim, D. Moon, Y. Kim, Y. H. Ko, E. Lee, K. Kim, Angew. Chemie
- Int. Ed. 2015, 54, 13241-13244.

[42]

C. Bannwarth, S. Ehlert, S. Grimme, J. Chem. Theory Comput. 2019, 15, 1652-1671.

[43]

T. D. Pettersen Ef Fau - Goddard, C. C. Goddard Td Fau - Huang, G. S. Huang Cc Fau - Couch, D.
M. Couch Gs Fau - Greenblatt, E. C. Greenblatt Dm Fau - Meng, T. E. Meng Ec Fau - Ferrin, T. E.

— 50 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 58

A Neutral Organic Cage as potential Host…Building Block Synthesis and Encapsulation Studies
Ferrin, J. C. Chem, J. Comput. Chem. 2004. 13, 1605-12.
[44]

S. Hong, M. R. Rohman, J. Jia, Y. Kim, D. Moon, Y. Kim, Y. H. Ko, E. Lee, K. Kim, Angew. Chemie
- Int. Ed. 2015, 54, 13241-13244.

[45]

N. M. M. Moura, C. Cuerva, J. A. S. Cavaleiro, R. F. Mendes, F. A. Almeida Paz, M. Cano, M. G.
P. M. S. Neves, C. Lodeiro, Chempluschem 2016, 81, 262-273.

[46]

N. Datta‐Gupta, T. J. Bardos, J. Heterocycl. Chem. 1966, 3, 495-502.

[47]

H. Ghafuri, S. Rahmani, R. Rahimi, E. Mohammadiyan, RSC Adv. 2016, 6, 62916-62922.

[48]

H. Ding, X. Meng, X. Cui, Y. Yang, T. Zhou, C. Wang, M. Zeller, C. Wang, Chem. Commun. 2014,
50, 11162-11164.

[49]

S. Kasemthaveechok, B. Fabre, G. Loget, R. Gramage-Doria, Catal. Sci. Technol. 2019, 9, 1301-1308

[50]

S. V. Bhosale, S. Hackbarth, S. J. Langford, S. V. Bhosale, Chem. - An Asian J. 2012, 7, 176-18.

[51]

Y. Kim, J. Koo, I. C. Hwang, R. D. Mukhopadhyay, S. Hong, J. Yoo, A. A. Dar, I. Kim, D. Moon,
T. J. Shin, Y. H. Ko, K. Kim, J. Am. Chem. Soc. 2018, 140, 14547-14551.

[52]

C. García-Simón, R. Gramage-Doria, S. Raoufmoghaddam, T. Parella, M. Costas, X. Ribas, J. N. H.
Reek, J. Am. Chem. Soc. 2015, 137, 2680-2687.

— 51 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 59

Chapter 2

— 52 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 60

Chapter 3
A Novel M8L6 Cubic Cage that Binds
Tetrapyridyl Porphyrins;
Cage and Solvent Effects in Cobaltporphyrin-catalyzed Cyclopropanation
Reactions
Abstract
Confinement of a catalyst can have a significant impact on catalytic performance and can
lead to otherwise difficult to achieve catalyst properties. Herein, we report the design and
synthesis of a novel caged catalyst system Co-G@Fe8(Zn-L∙1)6, which is soluble in both
polar and apolar solvents without the necessity of any post-functionalization. This is a rare
example of a metal-coordination cage able to bind catalytically active porphyrins that is
soluble in solvents spanning a wide variety of polarity. This system was used to investigate
the combined effects of the solvent and the cage on the catalytic performance in the cobalt
catalyzed cyclopropanation of styrene, which involves radical intermediates. Kinetic studies
show that DMF has a protective influence on the catalyst, slowing down deactivation of
both [Co(TPP)] and Co-G@Fe8(Zn-L∙1)6, leading to higher TONs in this solvent.
Moreover, DFT studies on the [Co(TPP)] catalyst show that the rate determining energy
barrier of this radical-type transformation is not influenced by the coordination of DMF. As
such, the increased TONs obtained experimentally stem from the stabilizing effect of DMF
and are not due to an intrinsic higher activity caused by axial ligand binding to the cobalt
center [Co(TPP)L]. Remarkably, encapsulation of Co-G led to a three times more active
catalyst than [Co(TPP)] (TOFini) and a substantially increased TON compared to both
[Co(TPP)] and free Co-G. The increased local concentration of the substrates in the
hydrophobic cage compared to the bulk explains the observed higher catalytic activities.

*This chapter is in part adapted from: V. Mouarrawis, E. Bobylev, B. de Bruin, J. Reek, A Novel M8L6 Cubic
Cage That Binds Tetrapyridyl Porphyrins: Cage and Solvent Effects in Cobalt-Porphyrin-Catalyzed
Cyclopropanation Reactions, Chem. Eur. J. 2021, 27, 8390-8397.
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Introduction
Catalysis in confined spaces using self-assembled cages with catalysts is an attractive
approach to enhance catalytic performance.[1–5] Several examples are reported in which
cages are used as hosts for catalytically active guests.[6–11] The encapsulation of a catalyst in a
molecular container with a well-defined confined space imposes so-called second
coordination sphere effects, which can influence the activity and/or selectivity of a catalytic
reaction.[12,13] The confinement of such guests leads to unprecedented reactivities and
selectivities that can be difficult to achieve via ligand modification.[14,15] However, the
development of supramolecular architectures able to bind catalysts is rather challenging and
associated with various different encounters: (1) The design of a cage that has sufficient
space to accommodate the desired catalytically active guest and windows aperture large
enough for substrate access and product release;[16] (2) For any guest to be able to bind inside
the cage a complementary and enthalpically favorable host-guest interaction is needed to
form the respective inclusion complex;[17] (3) The catalytically active caged catalyst needs to
have enough cavity space for a catalytic transformation to occur, as the lack of space may
lead to substrate or product inhibition; (4) The solubility of the host-guest complex is
typically the solubility of the host and usually leads to solubilizing otherwise insoluble
guests in solvents that are favorable in certain catalytic applications;[18,19] (5) The solubility of
metal-coordination cages is generally limited to polar solvents such as water, DMF, DMSO,
or acetonitrile and this may limit their application or performance in catalysis where
different solvents are desired.
We previously reported a strategy in which a catalytically active cobalt(II) meso-tetra(4pyridyl)metalloporphyrin (Co-G), encapsulated in a M8L6 cubic cage, showed higher TON
than the non-encapsulated catalyst in the radical-type cyclopropanation of styrene, as
confinement reduced the number of unwanted side reactions of reactive radical
intermediates.[9,16] Interestingly, the solvent was found to influence the catalytic efficiency,
as the use of acetone/water mixtures instead of acetone drastically increased the TON of the
catalyst. Similarly, the performance of the well-established cobalt(II) mesotetraphenylporphine [Co(TPP)] catalyst in radical-type transformations is strongly
dependent on the solvent.[20–22] As such, we decided to develop a caged catalyst system that
is soluble in a wide range of solvents, allowing to study the effects of the solvent in catalysis
under confinement conditions. We anticipated that the combined effects of a protective
environment of a metal-coordination cage and the use of different solvents can be used to
optimize the performance of cobalt(II)-catalyzed radical-type transformations. To date, the
majority of metal-coordination cages are positively or negatively charged species, which
typically generate insoluble materials in apolar solvents.[23–26] Herein, we report the synthesis
of a novel supramolecular cage that is soluble in a range of solvents and allows us to
investigate the effects of both confinement and solvent on the radical-type cyclopropanation
of styrene. As such we developed a new Nitschke-type cubic M8L6 cage compound that
efficiently encapsulates tetrapyridyl porphyrins and can be easily exo-functionalized to
influence the solubility (Figure 1A). The extension of the porphyrin building block reported
by Nitschke (Figure 1D)[27] by one phenyl group leads to the formation of a larger analog
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Figure 1. (A) Molecular model of the extended M8L6 cubic cage (the icosyl chains are omitted). (B) The
extended porphyrin building block (Zn-L) used in the self-assembly process. (C) The reported crystal
structure of Nitschke’s M8L6 cage and (D) the corresponding building block (Zn-L∙N).

that has sufficient space to encapsulate a catalytically active porphyrin complex (Figure 1B).
The aperture of the cage is large enough to allow substrates to enter and product to exit from
the cage (Figure 1A).

Results and Discussion
We started our investigation with the synthesis of a novel supramolecular cage that is
soluble in both polar and apolar solvents. The extended porphyrin building block Zn-L was
efficiently synthesized from 5,10,15,20-(tetra-4-bromophenyl)porphyrin in two steps and
overall yield of 85% (Scheme 1). The first step follows the classical approach of the
condensation between pyrrole and 4-bromobenzaldehyde, followed by a Suzuki coupling to
afford A2 in a yield of 90%. The resulting extended porphyrin A2 was treated with an
excess of zinc(II) diacetate, affording Zn-L in a 94% yield.
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Scheme 1. Synthesis of the building block Zn-L.

The reaction between subcomponent Zn-L (6 equiv.), 5-(icosyloxy)picolinaldehyde (1, 24
equiv.) and iron(II) triflate (8 equiv.) in DMF at 70 ˚C resulted in the formation of a new
species via imine bond formation (Figure 2A). Typical shifts in the 1H-NMR spectra are in
line with the formation of a highly symmetrical species containing low spin tris(pyridylimine) iron(II) moieties. 1H-NMR diffusion-ordered spectroscopy (DOSY) confirms the
formation of a single species in solution that is much larger than the components (Figure
2B). Based on the diffusion constant the diameter of the self-assembled structure is 45 Å,
which is in line with the formation of the desired cubic cage (Fe8(Zn-L∙1)6). Additional
proof for the formation of the cage was provided by high resolution electrospray mass
spectrometry (HR-ESI-MS), which shows various peaks associated to the cubic cage
(Fe8(Zn-L∙1)6) with different charges, in line with the formation of the desired multicationic
species (Figure 2B). Our efforts to grow single crystals suitable for X-ray diffraction were
unsuccessful (solvent layering and vapor diffusion at different temperatures only led to solid
powders, not suitable for analysis via X-ray diffraction). As anticipated, the presence of 24
icosyl groups rendered Fe8(Zn-L·1)6 soluble in a wide range of solvents. Although, cage
Fe8(Zn-L·1)6 is a 16+ charged species, the presence of hydrophobic tails generated a cage
soluble in both apolar (dichloromethane, toluene, and dichloromethane/hexane mixtures)
and polar (dimethylformamide, acetone, tetrahydrofuran) solvents. This is the first example
where a metal-coordination cage is soluble in such a wide range of solvents without any
post modifications (i.e. counterion exchange).[19,28]
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Figure 2. (A) Synthetic procedure of Fe8(Zn-L·1)6 and geometry optimized structure of Fe8(Zn-L·1)6
using a semi-empirical extended tight-binding method (GFN2-xTB).[29] Calculated inner cavity volume of
Fe8(Zn-L·1)6 displayed in red, using Voss Volume Voxelator. (B) Obtained (red) and calculated (black)
HR-ESI-MS for the 11+ (left) and 14+ (right) species of Fe8(Zn-L·1)6. 1H-DOSY NMR (middle) of
Fe8(Zn-L·1)6 showing a diffusion constant of 3.1∙10-6 cm2s-1.

Molecular modeling studies were performed to calculate the volume of the central cavity.
As a starting point, the crystal structure reported for the smaller analog by the group of
Nitschke was used[27] to generate the new coordinates, and the geometry of the cage was
optimized with GFN2-xTB.[29] Thus obtained models revealed that the Zn-tetrapyridyl
porphyrin (Zn-G) has an outer molecular volume of ~572 Å3, and the empty cage Fe8(ZnL∙1)6 has a volume of ~3300 Å3. Combined with the Zn-Zn distance of 19 Å between the
opposite faces of the cubic cage, the cavity size is optimal to bind Zn-G. Furthermore, we
anticipated that the tetratopic zinc-pyridyl coordination provides optimal multivalent
(tetratopic) binding resulting in a high binding affinity of the symmetrical tetrapyridineporphyrin guest Zn-G.
When a DMF solution of pre-formed Fe8(Zn-L·1)6 was stirred overnight in the presence of
Zn-G, there was no indication of a new species, as NMR and MS revealed only the empty
cage. The one-pot reaction of Zn-G with Zn-L, 1, and iron(II) triflate in the correct
stoichiometric ratios led to the disappearance of the 1H-NMR peaks of the free Zn-G and
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567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 65

Chapter 3

three new, strongly upfield shifted guest peaks appeared at 6.4, 5.6 and 2.54 ppm (Figure
3B) indicating molecular confinement of Zn-G. Signals of the cage wall split in a 4:2 ratio
upon encapsulation of Zn-G. The observed ȟδ values of Zn-G upon encapsulation are
consistent with previous encapsulation studies of Zn-G in similar cubic self-assemble
cages.[9,16,30] DOSY reveals the same diffusion with Fe8(Zn-L·1)6 for all signals including the
upfield NMR signals that are from protons of the Zn-G, indicating the formation of a
species with the same size in solution but now with the guest included (Figure 3B). The HRESI-MS spectra show peaks that can only be associated to a structure in which one molecule
of Zn-G is included in the host Fe8(Zn-L·1)6. Importantly, no other masses were observed
with different stoichiometries of host and guest, in line with the binding of the guest inside
the molecular cube (see Experimental section).

Figure 3. (A) Unsuccessful encapsulation of M-G (M = Zn, Co) in Fe8(Zn-L∙1)6 (left) and one-step
synthesis of M-G@Fe8(Zn-L∙1)6, (right). (B) Obtained (red) and calculated (black) HR-ESI-MS for the
13+ (left) and 16+ (right) species of Co-G@Fe8(Zn-L·1)6. 1H-DOSY (middle) of Zn-G@Fe8(Zn-L·1)6
showing a diffusion constant of 3∙10-6 cm2s-1. Guest peaks are indicated with a circle.

Convinced by the successful synthesis and characterization of the diamagnetic host-guest
complex Zn-G@Fe8(Zn-L∙1)6, we next decided to study the encapsulation of catalytically
active and paramagnetic cobalt(II)-tetra(4-pyridyl)porphyrin (Co-G) via the same approach.
The caged-catalyst (Co-G@Fe8(Zn-L∙1)6) was characterized by HR-ESI-MS (Figure 3B),
and the spectra show signals for [(Co-G@Fe8 (Zn-L∙1)6) (OTF)16 - x(OTF)]x+ (x = 7–15)
associated to the structure with the correct elemental composition. Moreover, the EPR
spectrum of Co-G@Fe8(Zn-L∙1)6 in frozen Toluene:DMF mixture (100:1) reveals a typical
signal for an isolated S = ½ CoII(por) species with clearly resolved cobalt hyperfine
couplings (see Experimental section). In contrast the EPR signal of Co-G is very broad and
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does not show any hyperfine couplings due to self-aggregation.[9] Encapsulation of Co-G
within the cage assembly leads to much sharper signals because the protective environment
of the cage prevents self-aggregation. Interestingly, the formation of Zn-G@Fe8(Zn-L∙1)6
and Co-G@Fe8(Zn-L∙1)6 shows that our strategy to accommodate metalloporphyrins in the
new cage is applicable to different metals (Zn and Co).
Having established the preparation of a cage containing a cobalt porphyrin Co-G, which is
soluble in polar and apolar solvents, we decided to first investigate the solvent effects on the
cyclopropanation of styrene, by utilizing the well-established [Co(TPP)] catalyst for radicaltype cyclopropanation reactions. Previous studies included the use of solvents such as
benzene, toluene, or chlorobenzene,[20,31] but we felt that studying the effect of the reaction
medium in more detail using separate experiments was needed before studying the effect of
the cage in different solvents. Importantly, radical-type transformations involve highly
reactive intermediates that can react with the solvent (i.e. via hydrogen atom abstraction),[32]
leading to deactivation pathways. Thus, bond dissociation energies (BDEs) can perhaps
provide information to selection the solvent. We hypothesized that the use of toluene (BDE
of 90 kcal mol-1)[33] or DCM (BDE of 96 kcal mol-1)[34] may result in a higher stability of the
catalyst, as unfavorable reactions of the solvent with the carbene intermediate leading to the
formation of catalytically inactive species via HAT can perhaps be suppressed.[35] A series of
catalytic experiments were performed to study the effect of the solvent on this reaction by
utilizing [Co(TPP)] at 0.25 mol % catalyst loading (Table 1).
Table 1. The solvent effect in CoTPP-catalyzed cyclopropanation of styrene.[a,b]

Entry
1

Solvent
DMF

Conversion [%]
71

P1 [%]
70

P2 [%]
1

TON[e]
284

2

DCM

12

11

1

48

Toluene

41

40

1

164

Toluene: DMF

70

69

1

280

DMF

35

30

5

140

3
4

[c]

5[d]

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to ethyl diazoacetate (S2, 0.32 mmol) and
styrene (S1, 0.64 mmol) in solvent (1 ml), 40˚C, 30 h under N2 atmosphere. [b] Conversion of S2 and
yields with respect to S2 were determined by NMR spectroscopy, using 1,3,5-trimethoxybenzene as
internal standard, and averaged from three measurements. [c] Toluene: DMF (100:1). [d] 2-fold excess of
S2 vs S1. The conversion and the yields were determined with respect to styrene. [e] Turnover number
(TON) was determined by dividing the conversion through the catalyst loading (conv/0.25).
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The reactions were run at 40 ˚C for 30 h after which the conversion and yields of the
product P1 and side product P2 were determined by 1H-NMR. Surprisingly, DMF (BDE of
82 kcal mol-1)[36] was found to be a compatible solvent for the cyclopropanation of styrene,
affording the desired product in high yield (70%, TON=284, Table 1, entry 1). When the
reaction was carried out in toluene, the obtained yield was much lower after 30 h reaction
time (40%, TON=164, Table 1, entry 3). When the reaction was carried out in DCM, which
is the most stable solvent in terms of BDEs, the product P1 was formed only in 11% yield
(TON=48, Table 1, entry 2). The positive effect of DMF on the cyclopropanation of S1 was
demonstrated by performing the reaction in 100:1 toluene/DMF mixture, leading to almost
the same yield as the reaction carried out in pure DMF (69%, TON=280, Table 1, entry 4).
In all these experiments styrene was present in excess with respect to ethyl diazoacetate. If,
however, a 2-fold excess of S2 (ethyl diazoacetate) was used under the same conditions, an
enhanced yield of dimerization product P2 was obtained (5% vs 1%). This stems from the
selectivity of this reaction that is determined after the formation of the cobalt-carbene radical
intermediate,[32] as the reaction with styrene leads to cyclopropane P1, whereas the reaction
with a second equivalent of S2 leads to dimerization.
The differences in yield after 30 h reaction time under the different conditions (Table 1) can
be a result of differences in reaction rate, incubation time and stability of the catalyst
systems. To distinguish between the different effects we monitored the reaction in various
solvents over time. From these studies (Figure 4) it is clear that the initial TOFs in DMF,
toluene, and a toluene:DMF mixture (100:1) are similar, thus suggesting that the solvent has
little to no influence on the (initial) activity of the catalyst (see also Figure 58 in the
Experimental section for a zoom of the initial stage of the reaction). However, monitoring
the reaction over a longer period reveals that the catalyst deactivates much quicker in
toluene than in DMF or in a 100:1 toluene:DMF mixture (Figure 4A).

Figure 4. (A) Reaction profile of [Co(TPP)] in the cyclopropanation of styrene at 0.25 mol% catalyst
loading in DMF (black), toluene (red), toluene:DMF (100:1, blue). (B) Plot of TOFini calculated at 10%
conversion in different solvents.
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Next, density functional theory (DFT-D3, BP86, def2-TZVP) calculations were performed
to obtain more insight into the role of DMF on the cobalt-catalyzed cyclopropanation of
styrene (Figure 5). In our previous studies, we reported the free energy reaction profile of
cobalt-porphyrin catalyzed cyclopropanation of styrene with EDA, in which the ratedetermining step was found to be the formation of the cobalt-carbene intermediate (TS =
+13.6 kcal mol-1).[32,37] We, therefore, re-examined computationally the formation of the
carbene-radical species upon axial DMF (O- and N-coordination) and water coordination
(Figure 5). If anything, axial ligand coordination was found to lead to (somewhat) higher
instead of lower barriers, and the effects are very small for DMF. Interestingly, these results
differ from the results obtained by Yamada and co-workers, who showed that in the
cobalt(II)-mediated cyclopropanation of olefins using an optically active aldiminato
complex the addition of an axial N- or O-donor ligand has a positive effect on the catalytic
efficiencies in terms of selectivity and activity.[38] On the basis of a computational follow-up
study, they showed that for that catalyst the energy barrier for the formation of the cobaltcarbene intermediate is lowered upon axial ligand coordination.[39]

Figure 5. Free energy changes for the rate-determining step in the cyclopropanation of styrene with EDA
using [Co(TPP)], [Co(TPP)(-O-DMF)], [Co(TPP)(-N-DMF)] and [Co(TPP)(-H2O)]. All energies are
relative to A ([Co(TPP)] or [Co(TPP)(L)]. The activation energies for TS1 are reported between
parenthesis.
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The DFT calculation clearly confirm that the improved TONs in the presence of DMF are
not due to a higher activity caused by N- or O- coordination. These results, combined with
the experimental reaction profile, suggest that instead the presence of DMF slows down
catalyst deactivation, even with a minor amount of DMF. DMF clearly has a stabilizing
effect, and as a result, higher yields of cyclopropane are obtained. While interesting and
note-worthy, the exact mechanistic explanation is outside the scope of this chapter, and is
under current investigation in a follow-up study.
Next, we decided to investigate the effect of the combined solvent and second coordination
sphere effects on the activity of the supramolecular Co-G@Fe8(Zn-L∙1)6 catalyst. First, we
conducted a series of control experiments and optimization of reaction conditions that are
summarized in Table 2. Importantly, Fe8(Zn-L∙1)6 and Zn-G@Fe8(Zn-L∙1)6 are not
catalytically active, as performing the reaction at 40 or 65 ˚C did not yield any product
(Table 2, entries 1-4). Performing the reaction with Co-G@Fe8(Zn-L∙1)6 at 40˚C led to 90%
conversion, whereas at 65 ˚C the conversion was similar (Table 2, entries 5 and 6) but led to
a higher amount of P2 (14% vs 17%). Interestingly, the addition of S2 after stirring S1 and
the supramolecular catalyst for 30 min resulted in higher conversion and lower dimerization
of S2 (Table 2, entry 7). Compared to [Co(TPP)], the caged catalyst gives rise to higher
conversions and higher cyclopropane yields, but also leads to a higher amount of dimer
product P2 (Table 2, entries 7 and 8).
Table 2. Control experiments and optimization of the reaction conditions for the cyclopropanation
of styrene in cages.[a,b]

Entry
1

Catalyst
Fe8 (Zn-L∙1)6

Temperature [˚C]
40

Conversion [%]
—

P1 [%]
—

P2 [%]
—

2

Fe8 (Zn-L∙1)6

65

—

—

—

4

Zn-G@Fe8 (Zn-L∙1)

40

—

—

—

5

Zn-G@Fe8 (Zn-L∙1)

65

—

—

—

6

Co-G@Fe8 (Zn-L∙1)

40

90

76

14

7

Co-G@Fe8 (Zn-L∙1)

65

95

78

17

8c

Co-G@Fe8 (Zn-L∙1)

40

96

84

12

9

[Co(TPP)]

40

71

70

1

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to S2, Styrene (S1, 0.16 mmol), ethyl
diazoacetate (S2, 0.08 mmol) in DMF-d7 (1 ml), 30 h under N2 atmosphere. [b] Conversion of S2
and yields with respect to S2 were determined by

H-NMR spectroscopy, using 1,3,5-

1

trimethoxybenzene as internal standard. [c] The reaction mixture was stirred for 30 min prior to
addition of S2.
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Table 3. The solvent effect in Co-G@Fe8(Zn-L∙1)6-catalyzed cyclopropanation of styrene.[a,b]
Entry
1

Catalyst
Solvent
Co-G@Fe8(Zn-L∙1)6 DMF

Conversion [%]
96

P1 [%]
84

P2 [%]
12

TON[e]
384

2

Co-G@Fe8(Zn-L∙1)6

DCM

20

18

2

80

3

Co-G@Fe8(Zn-L∙1)6

Toluene

8

7

1

32

4[c]

Co-G@Fe8(Zn-L∙1)6

Toluene:DMF

33

28

5

132

5

Co-G

DMF

5

3

2

20

6[d]

Co-G@Fe8(Zn-L∙1)6

DMF

65

39

26

260

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to S2 , ethyl diazoacetatee (S2, 0.32
mmol) and styrene (S1, 0.64 mmol) in solvent (1 ml), 40 ˚C, 30 h under N 2 atmosphere. [b]
Conversion of S2 and yields with respect to S2 were determined by NMR spectroscopy, using 1,3,5trimethoxybenzene as internal standard, and averaged from three measurements. [c] Toluene: DMF
(100:1). [d] 2-fold excess of S2. [e] Turnover number (TON) was determined by dividing
the conversion through the catalyst loading (conv/0.25).

With the optimized reaction conditions, the catalytic performance for the caged-catalyst
Co-G@Fe8(Zn-L∙1)6 was studied in different solvents, focusing on differences in stability,
activity, and selectivity. Table 3 shows the catalytic results for the cyclopropanation of S1 in
the solvents used for [Co(TPP)] (vide supra). The activity of Co-G@Fe8(Zn-L∙1)6 is
substantially higher than the free catalyst (Co-G). We infer that encapsulation of Co-G
sterically protects the cobalt-porphyrin catalyst from pyridine-cobalt coordination, and
therefore hinders self-deactivation via the blockage of the catalytic cobalt center. For this
reason, we focused on comparing the catalytic performance of Co-G@Fe8(Zn-L∙1)6 with
[Co(TPP)], in which self-aggregation is much less profound. When Co-G@Fe8(Zn-L∙1)6
was used as the catalyst the conversion in toluene was lower (TON=32, Table 3, entry 3)
compared to [Co(TPP)] (TON=164, Table 1, entry 3). This is most likely due to the
formation of aggregates of the cage catalyst in solution, which leads to diffusion limitation
for substrate enter and product exit. When the diamagnetic Zn-G@Fe8(Zn-L∙1)6 was
dissolved in toluene-d8 in the same concentration as the catalytic process a gel-like solution
was formed and the corresponding 1H-NMR signals of the cage became very broad (see
Experimental section).[40] The reaction in toluene/DMF mixture (100:1), resulted in
increased conversion due to less aggregation of Co-G@Fe8(Zn-L∙1)6 in solution
(TON=132, Table 3, entry 4), as evidenced by the lower viscosity of the solution and the
less broad 1H-NMR of the diamagnetic analog (Zn-G@Fe8(Zn-L∙1)6). The reaction in DCM
led to the formation of P1 and P2 in 18% and 2% yield, respectively (TON= 80, Table 3,
entry 2). The use of Co-G@Fe8(Zn-L∙1)6 in DMF efficiently facilitated the
cyclopropanation and converts the substrates to P1 and P2 in 84% and 12% yield (TON=
384, Table 3, entry 1). Remarkably, the encapsulated catalyst increased the conversion by
25%, outperforming both [Co(TPP)] and Co-G. Although the confined catalyst enhances
dimerization of S2, the yield of P1 was 14% higher than with [Co(TPP)]. Pure DMF is
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clearly the optimal solvent for cyclopropanation with both Co-G@Fe8(Zn-L∙1)6 and
[Co(TPP)]. Interestingly however, the use of small amounts of DMF in toluene has a
smaller beneficial effect on the TONs of Co-G@Fe8(Zn-L∙1)6 (Table 3, entries 3-4) than was
observed for [Co(TPP)] (Table 1, entries 3-4). We ascribe this to complete and incomplete
breakdown of aggregates of Co-G@Fe8(Zn-L∙1)6 in pure DMF and in 100:1 toluene:DMF
mixtures, respectively. A lower effective concentration of DMF in the hydrophobic interior
of the caged catalyst leading to less efficient protection of the catalyst by DMF from
deactivation cannot be fully excluded though.
To gain more insight on the cage effect on catalysis, the reaction was monitored over time
by 1H-NMR spectroscopy, from which the kinetic profiles in DMF for [Co(TPP)] and CoG@Fe8(Zn-L∙1)6 were obtained (Figure 6A and B). As the environment of the cagedcatalyst differs from the bulk solution, different kinetics are expected relative to the free
[Co(TPP)] catalyst. Interestingly, Co-G@Fe8(Zn-L∙1)6 exhibits a higher activity compared
to [Co(TPP)], which is accompanied by higher dimerization of S2. We ascribe both effects
to accumulation of substrate in the hydrophobic cage, thus leading to a higher local
substrate concentration than in the bulk, and therefore the reaction rates for both
cyclopropanation and carbene dimerization are enhanced. The accumulation of substrate is
supported by the increased formation of dimer P2, as a result of the initial higher
concentration of the diazo compound compared to styrene. As shown in Table 1 (entry 1),
dimerization with [Co(TPP)] is negligible, whereas Co-G@Fe8(Zn-L∙1)6 forms a relatively
higher amount of dimer (Table 3, entry 1). Additionally, the reaction profile of CoG@Fe8(Zn-L∙1)6 in the first 10 minutes reveals the concurrent formation of dimer and
cyclopropane, which is followed by the exclusive formation of P1, as P2 formation is
suppressed by the decreasing concentration of S2. Importantly, the confined catalyst
reached a TON of 384, outperforming [Co(TPP)] (TON=284) and Co-G (TON=20) in the
cobalt-mediated cyclopropanation of styrene (Figure 6C) and the initial TOF of the caged
catalyst Co-G@Fe8 (Zn-L∙1)6 is nearly 3 times higher than that of [Co(TPP)] (Figure 6D).
These results clearly show that encapsulation of Co-G renders the catalyst with a higher
activity than both free Co-G and [Co(TPP)].
Next, we explored the alkene substrate scope of the cyclopropanation reaction by the caged
catalyst in order to investigate whether the enhanced catalytic performance of the CoG@Fe8(Zn-L∙1)6 compared to [Co(TPP)] is substrate dependent. We started our
investigations testing 4-methoxy styrene. As anticipated the use of a styrene with electron
donating-group led to increased yields for cyclopropane and dimer formation when CoG@Fe8(Zn-L∙1)6 was used (see Experimental section, Table 7, entries 1 and 2). Styrenes
with electron-withdrawing substituents also proved to be formed in higher yields when the
caged catalyst was used (see Experimental section, Table 7, entries 3-6). Similarly, the use of
an electron-deficient alkene such as ethyl acrylate resulted in 22% higher EDA conversion
when using Co-G@Fe8(Zn-L∙1)6 instead of [Co(TPP)] as the catalyst (see Experimental
section, Table 7, entries 7 and 8). Interestingly, the use of simple olefins such as 1-hexene
gave the corresponding cyclopropane in low yields with minor enhancement (9% vs 5%)
when the caged catalyst was used (see Experimental section, Table 7, entry 8 and 9).
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Figure 6. (A) Reaction profile of [Co(TPP)] and (B) Co-G@Fe8(Zn-L∙1)6 in the cyclopropanation of
styrene at 0.25 % catalyst loading. (C) TON for [Co(TPP)] and Co-G@Fe8(Zn-L∙1)6 in different
solvents. (D) Plot of TOFini for the formation of P1 calculated at 10% conversion. Data is obtained by
fitting the initial part of the reaction rate curve of Co-G@Fe8 (Zn-L∙1)6 and [Co(TPP)] (see Experimental
section).

As the environment of the caged-catalyst differs from the bulk solution, we were interested
to explore the possibility to detect the elusive Co-carbene species embedded in the protective
cage. We therefore followed the reaction of the caged catalyst (Co-G@Fe8(Zn-L∙1)6) with
EDA by EPR spectroscopy, measured in frozen toluene:DMF mixtures (100:1). Addition of
40 equiv. of EDA to the solution of Co-G@Fe8(Zn-L∙1)6 at RT resulted in a considerable
decrease in intensity of the S = ½ CoII(por) species (Figure 7A) from the caged catalyst (CoG@Fe8(Zn-L∙1)6) (measured at 20 K), and the initial formation of a weak signal (Figure 7Ai) with g values of a species that are in the range of previously characterized terminal
carbene
species
(CoII-(Cor)(CHCOOEt)[41]
and
[CoII(3,5-Di-tBuChenPhyrin)[32]
(CHCOOEt)] ). Interestingly, the stability of the detected Co-carbene radical species
embedded in the cage is higher than with [Co(TPP)], as previous attempts to characterize
the [Co(TPP)]-carbene were unsuccessful (EPR silence). Following the reaction of CoG@Fe8(Zn-L∙1)6 with excess EDA over time, by repeated thawing/warming and refreezing
of the EPR tube, led to the gradual disappearance of the EPR signals of (Co-G@Fe8(ZnL∙1)6), appearance and disappearance of the carbene radical signals and appearance of an
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Figure 7. (A) EPR spectra of Co-G@Fe8(Zn-L∙1)6 after adding ethyl diazoacetate (40 equiv.) in frozen
toluene:DMF mixture (100:1) at 20 K followed in time upon thawing and refreezing (microwave
frequency: 9.357052 GHz; microwave power 0.63 mW; modulation amplitude: 4 Gauss). (B) Zoomed
part showing the organic radical.

EPR signal without any hyperfine couplings indicating the formation of a free organic
radical presumably trapped in the supramolecular cage (Figure 7B-ii). Interestingly, signals
corresponding to a “bridging carbene” species (see Experimental section, Figure 53), as
reported previously for [CoII(3,5-Di-tBuChenPhyrin)(CHCOOEt)], were not observed.
Presumably, formation of such a “bridging carbene” is disfavored by the molecular
confinement inside the cage, and formation of such species would probably lead to a
distorted [CoII(por)] system that may not bind properly inside the Fe8(Zn-L∙1)6 cage.
Overlap of the resulting signals of a “bridging carbene” in low(er) concentrations with the
signals stemming from Co-G@Fe8(Zn-L∙1)6 cannot be fully excluded though.

Conclusions
To summarize, we have developed a novel and catalytically active caged-system CoG@Fe8(Zn-L∙1)6, soluble in both polar and apolar solvents without the necessity of any
post-functionalization. The icosyl functionalization method developed herein may well also
allow other Nitschke-type cages to be solubilized in various solvents to expand their reach of
desired applications. This is a rare example of a large cage able to encapsulate catalytically
active porphyrins soluble in several solvents of different polarity. The synthesis is based on
the self-assembly of subcomponents 1 and Zn-L in which the catalyst acts as a template for
the formation of an octahedral iron-iminopyridine coordination complex. Moreover, we
demonstrate that DMF has a protective influence on the catalysts, slowing down
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deactivation of both [Co(TPP)] and Co-G@Fe8(Zn-L∙1)6 during radical‐cyclopropanation
of styrene. DFT studies reveal similar energy barriers for the rate-determining step of this
reaction for [Co(TPP)] and [Co(TPP)(L)], with DMF acting as an axial ligand L, thus
showing that the observed higher TONs in DMF are not due to an intrinsic higher activity
caused by axial ligand binding. Kinetic studies confirm that initial rates in toluene and
DMF are similar, but that catalyst deactivation is faster in toluene than in DMF or
toluene:DMF (100:1) mixtures. The combined effects of the solvent and the cage on the
activity and stability of the Co-G@Fe8(Zn-L∙1)6 catalyst were investigated. Interestingly,
encapsulation of Co-G led to a three times more active catalyst than [Co(TPP)] (TOFini)
and a substantially increased TON compared to both [Co(TPP)] and free Co-G. The
enhanced performance of the catalyst upon encapsulation demonstrates the effect of the
cage. We infer that the increased local concentration of ethyl diazoacetate and styrene in the
hydrophobic cage compared to the bulk leads to higher catalytic activities.
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Experimental
Chemicals and solvents
All reactions involving air- or moisture-sensitive compounds were carried out under nitrogen using
standard Schlenk and vacuum line techniques. Unless noted otherwise, all reagents were of
commercial grade and used without further purification. Dry DMF was kept under N2 over
molecular sieves. Styrene was filtered over basic alumina prior to use.

NMR spectroscopy
1

H-NMR spectra were recorded on a Bruker AMX 400, Varian Mercury 300, Bruker DRX 500,

Bruker DRX 300 or spectrometer, and they are referenced to the solvent residual signal (5.32 ppm
for CD2Cl2, 7.32 ppm for CDCl3, 8.03 ppm for DMF-d7, 1.32 ppm for CD3CN and 2.08 ppm for
toluene-d8). The temperature and the magnetic gradient were calibrated prior the measurement for
2D 1H-DOSY NMR.

Mass spectrometry
High-resolution mass spectra were recorded on a HR-ToF Bruker Daltonik Gmbh Impact II, as ESIToF MS capable of a resolution of at least 4000 FWHM, coupled to a Bruker cryospray unit. The
detection was done in positive-ion mode and the source voltage was between 4 and 6 kV. The flow
rate was 18 uL/hr. The machine was calibrated prior to every measurement via direct infusion of a
TFA-Na solution.

DFT calculations
DFT geometry optimizations were performed on full structures without simplifications using
TURBOMOLE 7.3[42] coupled to the PQS Baker optimizer[43] via the BOpt package.[44] The
calculations were performed at the BP86[45][46]/def2-TZVP[47][48] level of theory on an m4 grid, using
Grimme’s version 3 (disp3, “zero damping”) dispersion corrections.[49] Energies were in Hartree and
converted to kcal mol-1 by multiplication with 627.509.

GFN2-XTB calculations
For geometry optimizations of cages and caged-catalysts, Grimme’s GFN2-xTB (Geometry,
Frequency, Noncovalent, extended tight, binding) software was used.[50] Figures and images of the
geometry-optimized

structures

were

generated

with

UCSF

Chimera

software.

EPR spectroscopy
EPR spectra were recorded on a Bruker EMX X-band spectrometer equipped with an ER 4112HVCF100 helium cryostat.
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Synthesis and characterization of subcomponent Zn-L.

Scheme 2. Synthesis of the building block Zn-L.

A1 was synthesized according to a literature procedure.[51]
A2: To a three-neck round bottom flask, A1 (2.9 g, 3.12 mmol), potassium carbonate (9.91 g, 72
mmol), and (4-aminophenyl)boronic (4.33 g, 25 mmol) acid were dissolved in 15:1 mixture of DMF
and water (960 mL in total), and the resulting suspension was degassed by bubbling N2 for 25 min.
Then Pd(dppf)Cl2 (0.23 mg, 0.31 mmol) was added and the mixture was stirred at 70 °C for 48 h,
followed by cooling to room temperature. The reaction mixture was filtered through a Celite pad
using a P4 glass filter, and the solids were collected by washing the filter with DMF (200 mL). The
purple filtrate was precipitated in water, filtered off, and washed thoroughly with water and
methanol to yield A2, as a dark red solid (2.75 g, 90%). 1H-NMR (400 MHz, 298 K, DMSO-d6): Ɂ=
8.78 (s, 8H), 7.98 (d, J = 7.5 Hz, 8H), 7.80 (d, J = 7.6 Hz, 8H), 7.60 (d, J = 8.0 Hz, 8H), 6.78 (d, J =
7.9 Hz, 8H), 5.35 (s, 8H), -2.84 (s, 2H); 13C-NMR (101 MHz, 298 K, DMSO-d6): Ɂ=149.20, 140.43,
138.86, 135.26, 127.92, 127.12, 124.12, 120.36, 114.95; HRMS (ESI): m/z calcd for C68H50N8:
979.4237 [M+H]+, found: 979.4203.
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Figure 8. 1H-NMR (400 MHz, 298 K, DMSO-d6) of subcomponent A2.

Figure 9. 13C-NMR spectrum (101 MHz, 298 K, DMSO-d6) of subcomponent A2.
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A3: Zn-L was synthesized via a modified literature procedure.[52] A2 (1 g, 1.02 mmol) was dissolved
in a 3:1 mixture of CHCl3 and DMF (450 mL in total). A solution of zinc(II) acetate dihydrate (1.35
g, 6.12 mmol) in methanol (100 mL) was then added. The resulting solution was heated at reflux for
24 h, followed by cooling to room temperature. The reaction mixture was then filtered through a
Celite pad using a P4 glass filter, and the solids were collected by washing the filter with DMF (200
mL). The green filtrate was precipitated in water. The solids were collected by filtration, and washed
thoroughly with DCM and diethyl ether to yield A3, as a dark blue solid (1 g, 94%). 1H-NMR (500
MHz, 298 K, DMSO-d6): Ɂ=8.88 (s, 8H), 8.16 (d, J = 7.4 Hz, 8H), 7.94 (d, J = 7.8 Hz, 8H), 7.69 (d,
J = 8.0 Hz, 8H), 6.80 (d, J = 7.2 Hz, 8H), 5.34 (s, 8H); 13C-NMR (101 MHz, 298 K, DMSO-d6)
Ɂ=149.84, 149.07, 140.54, 139.97, 135.27, 132.11, 127.93, 127.46, 123.92, 120.73, 114.97; HRMS
(ESI): m/z calcd for C68H48N8Zn: 1041.3372 [M+H]+, found: 1041.3325.

Figure 10. 1H-NMR (500 MHz, 298 K, DMSO-d6) of subcomponent Zn-L.
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Figure 11. 13C-NMR spectrum (126 MHz, 298 K, DMSO-d6) of subcomponent Zn-L.

Synthesis and characterization of subcomponent 1

1: 5-hydroxypicolinaldehyde (0.8 g, 6.5 mmol, cesium carbonate (2.18 g, 6.5 mmol), and dry DMF
(190 mL) were added to a Schlenk flask. The mixture was stirred at 100 ˚C for 1.5 h under N2. 1bromoicosane (2.35 g, 6.5 mmol) was added and the reaction mixture was heated at 100°C for 18 h,
followed by cooling down to room temperature. The brown suspension was filtered and the DMF
was removed under reduced pressure. The crude product was purified by flash column
chromatography (SiO2 hexane/DCM ( 100:0 to 100:50, v/v) which afforded the desired product 1
(2.23 g, 85%) as a white solid. 1H-NMR (400 MHz, 298 K, CDCl3): Ɂ=10.01 (s, 1H), 8.44 (d, J = 2.8
Hz, 1H), 7.97 (d, J = 8.6 Hz, 1H), 7.34 – 7.28 (m, 1H), 4.11 (t, J = 6.5 Hz, 2H), 1.90 – 1.81 (m, 2H),
1.27 (s, 34H), 0.89 (t, J = 6.7 Hz, 3H);

C-NMR (101 MHz, 298 K, CDCl3) Ɂ=192.05, 158.64,

13

146.10, 138.82, 123.38, 120.41, 68.92, 31.93, 29.71, 29.67, 29.65, 29.58, 29.53, 29.37, 29.30, 28.96,
25.87, 22.70, 14.12, 1.03; HRMS (ESI): m/z calcd for C26H45NO2: 404.3529 [M+H]+, found:
404.3540.
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Figure 12. 1H-NMR (500 MHz, 298 K, CDCl3) of subcomponent 1.

Figure 13. 13C-NMR spectrum (101 MHz, 298 K, CDCl3) of subcomponent 1.
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Synthesis and characterization of Fe8(Zn-L∙1)6.
Fe8(Zn-L∙1)6: Zn-L (0.110 g, 0.106 mmol) together with 5-(icosyloxy)picolinaldehyde (0.170 g,
0.422 mmol), iron(II) triflate (0.05 g, 0.141 mmol) and dry DMF (8.5 mL) were added to a Schlenk
flask. The mixture was degassed by three cycles of freeze-pump-thaw, and heated at 70 ˚C for 18 h.
The reaction mixture was cooled down to room temperature and stirred for 1 hour. The purple-red
solution was passed through a short pad of celite and precipitated in diethyl ether. The precipitates
were collected by filtration and washed with diethyl ether (10 mL) and CHCl3(10 mL). The solids
were collected by washing the filter with DCM and THF and the solvent was removed under
reduced pressure afford Fe8(Zn-L∙1)6 as dark purple solid. (0.257 g, 80 %). 1H-NMR (300 MHz, 298
K, Acetone-d6) Ɂ=9.32 (s, 24H), 8.93 – 8.87 (d, J = 6.0 Hz 24H), 8.86 – 8.76 (s, 48H), 8.47 – 7.88 (m,
168H), 7.61 – 7.43 (s, 24H), 5.93 (s, 48H), 4.33 (s, 48H), 1.86 (s, 62H), 1.45 – 1.25 (m, 802H), 0.86
(t, J = 6.0 Hz, 72H); 13C-NMR (126 MHz, 298 K, Acetone-d6) Ɂ=174.18, 146.6, 135.8, 131.8. 131.3,
128.52, 125.5, 123.5, 122.9, 70.6, 30.13, 29.36, 14.16.

Figure 14. 1H-NMR (300 MHz, 298 K, acetone-d6) of Fe8(Zn-L∙1)6.
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Figure 15. 1H-1H COSY spectrum (500 MHz, 298 K, acetone-d6) for Fe8(Zn-L∙1)6.

Figure 16. 1H-DOSY NMR spectrum (500 MHz, 298 K, acetone-d6) of Fe8(Zn-L∙1)6.
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Figure 17. 1H-13C-HSQC spectrum (500 MHz, 298 K, acetone-d6) of Fe8(Zn-L∙1)6.

ESI-MS characterization.

Figure 18. Full ESI-MS spectrum of Fe8(Zn-L∙1)6 in acetone-d6.
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Figure 19. ESI-MS peak for [(Fe8L6)(OTF)9]7+ in acetone-d6, m/z 2471.1516; calculated m/z 2471.1534.

Figure 20. ESI-MS peak for [(Fe8L6)(OTF)8]8+ in acetone-d6, m/z 2143.6330; calculated m/z 2143.6406.
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Figure 21. ESI-MS peak for [(Fe8L6)(OTF)7]9+ in acetone-d6, m/z 1888.9055; calculated m/z 1888.9081.

Figure 22. ESI-MS peak for [(Fe8L6)(OTF)6]10+ in acetone-d6, m/z 1685.1187; calculated m/z 1685.1212.
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Figure 23. ESI-MS peak for [(Fe8L6)(OTF)5]11+ in acetone-d6, m/z 1518.3858; calculated m/z 1518.3878.

Figure 24. ESI-MS peak for [(Fe8L6)(OTF)4]12+ in acetone-d6, m/z 1379.4420; calculated m/z 1379.4422.
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Figure 25. ESI-MS peak for [(Fe8L6)(OTF)3]13+ in acetone-d6, m/z 1261.8748; calculated m/z 1261.8737.

Figure 26. ESI-MS peak for [(Fe8L6)(OTF)2]14+ in acetone-d6, m/z 1161.1038; calculated m/z 1161.1004.
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Figure 27. ESI-MS peak for [(Fe8L6)(OTF)1]15+ in acetone-d6, m/z 1073.6999; calculated m/z 1073.6962.

Synthesis and characterization of Zn-G@Fe8(Zn-L∙1)6.
The encapsulation of Zn-G in the preformed cage Fe8(Zn-L∙1)6 was unsuccessful, as MS
spectrometry and 1H-NMR spectroscopy only showed empty cage. The one-pot reaction of Zn-L, 1,
iron (II) triflate and Zn-G led to the selective formation of the host-guest complex (Zn-G@Fe8 (ZnL∙1)6).
Zn-G@Fe8(Zn-L∙1)6: To an oven-dried Schleck flask under nitrogen atmosphere were added Zn-G
(0.012 g, 0.018 mmol), Zn-L (0.110 g, 0.106 mmol), 1 (0.170 g, 0.422 mmol), iron (II) triflate (0.05
g, 0,141 mmol) and dry DMF (8.5 mL). The mixture was degassed by three cycles of freeze-pumpthaw, and heated at 70 ˚C for 18 h. The reaction mixture was cooled down to room temperature and
stirred for 1 hour. The purple-red solution was passed through a short pad of celite and precipitated
in diethyl ether. The precipitates were collected by filtration and washed with diethyl ether (10 mL),
CHCl3 (10 mL). The remaining solids on the filter were collected by washing with DCM. The
solvent was removed under reduced pressure to afford Zn-G@Fe8(Zn-L∙1)6 as a dark purple solid.
(0.276 g, 83 %). 1H-NMR NMR (400 MHz, Acetone-d6) Ɂ=9.34 (s, 24H), 8.98 (m, 52H), 8.62 (s,
12H), 8.40 – 7.91 (m, 176H), 7.51 (s, 24H), 6.38 (s, 8H), 5.85 (s, 48H), 5.59 (s.8H), 4.31 (s, 48H),
2.56 (s, 8H), 1.84 (s, 48H), 1.29 (s, , 816H), 0.87 – 0.83 (m, 72H).
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Figure 28. 1H-NMR (400 MHz, 298 K, acetone-d6) of Zn-G@Fe8(Zn-L∙1)6.

Figure 29. 1H-1H COSY (400 MHz, 298 K, acetone-d6) of Zn-G@Fe8(Zn-L∙1)6.
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Figure 30. 1H-DOSY NMR spectrum (500 MHz, 298 K, acetone-d6) of Zn-G@Fe8(Zn-L∙1)6. Guest peaks are
indicated with a circle.

Figure 31. 19F-NMR (282 MHz, acetone-d6) of Zn-G@Fe8(Zn-L∙1)6.
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ESI-MS characterization.

Figure 32. Full ESI-MS spectrum of Zn-G@Fe8(Zn-L∙1)6 in acetone-d6.

Figure 33. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)8]8+ in acetone-d6, m/z 2228.8967; calculated m/z
2228.9083.
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Figure 34. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)7]9+ in acetone-d6, m/z 1964.6964; calculated m/z 1964.7016.

Figure 35. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)6]10+ in acetone-d6, m/z 1753.3299; calculated m/z
1753.3353.
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Figure 36. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)5]11+ in acetone-d6, m/z 1580.3978; calculated m/z
1580.4008.

Figure 37. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)4]12+ in acetone-d6, m/z 1436.2848; calculated m/z
1436.2881.
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Figure 38. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)3]13+ in acetone-d6, m/z 1314.3481; calculated m/z
1314.3463.

Figure 39. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)2]14+ in acetone-d6, m/z 1209.7527; calculated m/z
1209.7533.
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Figure 40. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)1]15+ in acetone-d6, m/z 1119.1763; calculated m/z
1119.1727.

Figure 41. ESI-MS peak for [(Zn-G@Fe8L6)(OTF)0]16+ in acetone-d6, m/z 1039.9167; calculated m/z
1039.9149.
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Synthesis and characterization of Co-G@Fe8(Zn-L∙1)6.
Co-G@Fe8(Zn-L∙1)6: To an oven-dried Schleck flask under nitrogen atmosphere were added
Co-G (0.014 g, 0.02 mmol), Zn-L (0.130g, 0.125 mmol), 1 (0.202 g, 0.5 mmol), iron (II)
triflate (0.059 g, 0.17 mmol) and dry DMF (12 mL). The mixture was degassed by three
cycles of freeze-pump-thaw, and heated at 70 ˚C for 18 h. The reaction mixture was cooled
down to room temperature and stirred for 1 h. The purple-red solution was passed through a
short pad of celite and precipitated in diethyl ether. The precipitates were collected by
filtration and washed with diethyl ether (10 mL), and CHCl3 (10 mL). The remaining solid
was dissolved in DCM. The solvent was removed under reduced pressure to afford CoG@Fe8(Zn-L∙1)6 as a dark purple solid. (0.341 g, 86 %).

ESI-MS characterization.

Figure 42. Full ESI-MS spectrum of Co-G@Fe8(Zn-L∙1)6 in acetone-d6.
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Figure 43. ESI-MS peak for [(Co-G@Fe8L6)(OTF)8]8+ in acetone-d6, m/z 2228.1667; calculated m/z
2228.1589.

Figure 44. ESI-MS peak for [(Co-G@Fe8L6)(OTF)7]9+ in acetone-d6, m/z 1964.0402; calculated m/z
1964.0355.
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Figure 45. ESI-MS peak for [(Co-G@Fe8L6)(OTF)6]10+ in acetone-d6, m/z 1752.6373; calculated m/z
1752.6358.

Figure 46. ESI-MS peak for [(Co-G@Fe8L6)(OTF)5]11+ in acetone-d6, m/z 1579.7648; calculated m/z
1579.7646.
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Figure 47. ESI-MS peak for [(Co-G@Fe8L6)(OTF)4]12+ in acetone-d6, m/z 1435.7042; calculated m/z
1435.7044.

Figure 48. ESI-MS peak for [(Co-G@Fe8L6)(OTF)3]13+ in acetone-d6, m/z 1313.8089; calculated m/z 1313.
8081.
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Figure 49. ESI-MS peak for [(Co-G@Fe8L6)(OTF)2]14+ in acetone-d6, m/z 1209.3271; calculated m/z
1209.3251.

Figure 50. ESI-MS peak for [(Co-G@Fe8L6)(OTF)1]15+ in acetone-d6, m/z 1118.7708; calculated m/z
1118.7730.
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Figure 51. ESI-MS peak for [(Co-G@Fe8L6)(OTF)0]16+ in acetone-d6, m/z 1039.6008; calculated m/z
1039.6031.
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EPR spectroscopy
Co-catalyst was dissolved in a toluene:DMF mixture (100:1) in a N2-filled glovebox and the solution
was directly transferred to an EPR tube. The sample was frozen in liquid N2 before recording the Xband EPR spectra on a Bruker EMX spectrometer at 20 K. The EPR spectrum of Co-G@Fe8(ZnL∙1)6 is similar to a previously reported S= ½ (por)Co system encapsulated in a different cage and it
shows a somewhat larger g-anisotropy and more defined hyperfine structure (Figure S46, top) than
the free Co-G (Figure S46, bottom).[53]

Figure 52. EPR spectrum of Co-G@Fe8(Zn-L∙1)6 (top) and Co-G (bottom) recorded in frozen toluene:DMF
mixture (100:1) at 20 K (microwave frequency: 9.357052 GHz; microwave power 0.63 mW; modulation
amplitude: 4 Gauss).
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Co-G@Fe8(Zn-L∙1)6 -carbene EPR characterization.
Co-G@Fe8(Zn-L∙1)6 was dissolved in toluene:DMF mixture (100:1) under N2 at ‒20 ˚C. After that
ethyl diazoacetate (50 equiv. ) was added and the mixture was directly transferred to an EPR tube.
The sample was kept frozen in liquid N2 before recording the X-band EPR spectra on a Bruker EMX
spectrometer at 20 K. EPR was recorded at different times after the addition of EDA, shortly
warming-up the sample to thaw the frozen solution before refreezing the sample again.
The spectra (Figures S47) show disappearance of Co-G@Fe8(Zn-L∙1)6 in time (black arrows down),
appearance and disappearance of signals characteristic for a carbene radicals species formed as a
short-lived intermediate (red arrows up and down) and appearance of a signal characteristic for an
organic radical (red arrows up). The latter presumably stems from an organic radical trapped in the
cage formed by HAT from solvent or EDA to the carbene radical. After a longer period the latter
signal also starts to decrease in time.
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Figure 53. Top: Reaction as followed by EPR spectroscopy. Middle: EPR spectrum of Co-G@Fe8(Zn-L∙1)6
after adding ethyl diazoacetate (50 equiv.) in frozen toluene:DMF mixture (100:1) at 20 K (microwave
frequency: 9.357052 GHz; microwave power 0.63 mW; modulation amplitude: 4 Gauss). Black arrows down
represent decrease of the signals of Co-G@Fe8(Zn-L∙1)6. Red down+up arrows show formation and
disappearance of the short-lived carbene radical intermediate. Red up arrows show appearance of a free
organic radical, presumably trapped inside the cage. Bottom: Zoom of the organic radical signal.
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Density Functional Theory Calculations
Absolute and relative energies for all DFT optimized structures were obtained using the BP86
functional. Table S1 shows the relevant absolute energies for all compounds. Table shows the
relative Gibbs free energies for all relevant intermediates.
Table 4. Calculated <s2> and energies (in Hartree) for all relevant compounds.

Compound
+spin state

<s2>

SCF

ZPE
Enthalpy
Entropy
Correction Correction Correction
298K
298K

CoTPP
(doublet)
CoTPP-ODMF
(doublet)
CoTPP-NDMF
(doublet)
CoTPP-H2O
(doublet)

0.76330

-3712.77518

0.7669

EDA Adducts A

ΔGo298K

0.68367

0.73233

0.59934

-3712.17584

-3961.42854

0.78399

0.84077

0.68761

-3960.74093

0.7637

-3961.43554

0.78449

0.84096

0.68974

-3960.74580

0.7652

-3789.25983

0.70685

0.75902

0.61819

CoTPP
(doublet)
CoTPP-ODMF
(doublet)
CoTPP-NDMF
(doublet)
CoTPP-H2O
(doublet)

0.7555

-3603.18651

0.7556

Carbene radical B

-3788.64164

0.67302

0.71967

0.58941

-3602.59710

-3851.84314

0.77435

0.82858

0.68062

-3851.16252

0.7555

-3851.84703

0.77419

0.82846

0.68187

-3851.16516

0.7556

-3679.67427

0.69743

0.74683

0.61191

-3679.06235

CoTPP
(doublet)
CoTPP-ODMF
(doublet)
CoTPP-NDMF
(doublet)
CoTPP-H2O
(doublet)

0.7685

-3712.75336

0.68126

0.72943

0.59921

-3712.15415

0.7639

-3961.40695

0.78218

0.83812

0.68860

-3960.71835

0.7683

-3961.41400

0.78192

0.83700

0.69209

-3960.72192

0.7642

-3789.23838

0.70523

0.75640

0.62019

-3788.61819

DMF (CSS)
H2O (CSS)
N2 (CSS)

-

248.63373
-76.46739
-109.58042

0.09900
0.02062
0.00536

0.10610
0.02437
0.00866

0.06988
0.00290
-0.01373

-248.56386
-76.46449
-109.59415

Transition state 1 (TS1)

General

Calculations were performed at the BP86/def2-TZVP/disp3/m4-grid level of theory. Conversion from
Hartree to kcal mol-1 can be achieved by multiplication with 627.509.
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Table 5. Absolute and relative Gibbs free energies for EDA adduct A, Carbene radical B and C, and the
respective transition states. The relative energies are calculated with respect to CoTPP-EDA adduct A. The
activation energies of TS1 and TS2 for every intermediate are shown in parenthesis.

Gibbs free energy of formation at 298K (kcal mol-1)

ΔGo298K
(kcal mol-1)

CoTPP
CoTPP-O-DMF
CoTPP-N-DMF
CoTPP-H2O

-2329423.749
-2485400.5

=0
-0.77

-2485403.636
-2377406.727

-3.83
-0.82

CoTPP
CoTPP-O-DMF
CoTPP-N-DMF
CoTPP-H2O

-2329433.419
-2485410.457
-2485412.113
-2377416.052

CoTPP
CoTPP-O-DMF
CoTPP-N-DMF
CoTPP-H2O

-2329410.139
-2485386.411
-2485388.651
-2377392.012

Intermediate
EDA adduct A

Carbene radical B

Transition state 1 (TS1)

-9.67
-10.64
-12.30
-10.14
13.61
13.39 (14.17)
11.16 (14.98)
13.89 (14.71)

Table 6. Graphical representation of the geometry optimized structures of EDA adducts A (CoTPP,
CoTPP-O-DMF, CoTPP-N-DMF, and CoTPP-H2O showing the interaction of A with DMF and H2O.

CoTPP

CoTPP-O-DMF

CoTPP-H2O

CoTPP-N-DMF
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Solubility study of Zn-G@Fe8(Zn-L∙1)6 in different solvents
The solubility study was done by dissolving an equal amount of Zn-G@Fe8(Zn-L∙1)6 in 1 mL of
deuterated solvent. Although, the 1H-NMR in THF, DCM and toluene is very broad, the cage is
completely soluble in all of the solvents, and the broadness of 1H-NMR increases as the polarity of
the solvent decreases (Figure ). In toluene, the aromatic region is almost flat, indicating a high
degree of aggregation whereas in a 100:1 mixture of toluene:DMF there is a lower degree of
aggregation (Figure ), as the 1H-NMR spectrum is less broad. This suggests that DMF disrupts the
cage aggregates, as evidenced by the relatively sharper 1H-NMR spectrum in pure DMF (Figure ).

Figure 54. 1H-NMR of Zn-G@Fe8(Zn-L∙1)6 in different solvents.

Figure 55. 1H-NMR of Zn-G@Fe8(Zn-L∙1)6 in toluene (top), 100:1 mixture of toluene DMF (middle) and
pure DMF (bottom).
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Stability of the Zn-G@Fe8(Zn-L∙1)6 under aerobic conditions
Zn-G@Fe8(Zn-L∙1)6 (15 mg) was dissolved in 1 mL of acetone-d6 and left at room temperature in
the presence of oxygen for 2 weeks. Based on 1H-NMR the cage was intact after 2 weeks, showing
that the cage (Zn-G@Fe8(Zn-L∙1)6) is stable under aerobic conditions.

Figure 56. 1H-NMR of Zn-G@Fe8(Zn-L∙1)6 the first day (top) and 1H-NMR of Zn-G@Fe8(Zn-L∙1)6 after 15
days (bottom).
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UV-Vis in different solvents
Spectra were measured in double-beam mode using only the (front) analyte beam to record spectra,
with the used solvent in the reference path. A background spectrum of the solvent was recorded
prior to each experiment. Zn-G@Fe8(Zn-L∙1)6 and Zn-L were measured at 1 ɊM concentrations in
the desired solvent. Zn-L is only soluble in DMF (green solution). UV-vis shows that ZnG@Fe8(Zn-L∙1)6 is soluble and stable in acetone, THF, DCM, toluene and DMF.

Figure 57. The stock solutions of Zn-G@Fe8(Zn-L∙1)6 in different solvents and Z-L in DMF (top). UV-vis
spectrum of Zn-G@Fe8(Zn-L∙1)6 in different solvents (red line) and of Zn-L in DMF (green line).
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Figure 58. Enlarged initial part of the reaction profile for the formation of P1 using [Co(TPP)], monitored by
1

H-NMR (top) and the corresponding initial TOF (TOFini) estimation (bottom).
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Figure 59. Reaction profile for the formation of P1 using Co-G@Fe8(Zn-L∙1)6, monitored by 1H-NMR (top)
and the corresponding initial TOF (TOFini) estimation (bottom).
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Procedure for the catalytic cyclopropanation experiments

To an oven-dried Schlenk flask were added the cobalt-catalyst (0.0025 eq.), deuterated solvent (1.5
mL/mmol S1), and S1 (2.0 eq.) under nitrogen. The mixture was degassed for 10 minutes by
bubbling nitrogen and then stirred for 30 min, after which degassed S2 (1.0 eq.) was added. The
reaction mixture was stirred for 30 h at 40 °C, followed by cooling to room temperature. The yield
and the conversion were determined by directly measuring 1H-NMR of the reaction mixture in the
presence of 1,3,5-trimethoxybenzene as an internal standard. 1H-NMR data of the obtained products
were in agreement with published data.[54]

Substrate scope for the catalytic cyclopropanation reaction
Synthesis of P3

The cobalt-catalyst (0.0025 eq.), DMF-d7 (1.5 mL/S3 mmol), S3 (2 eq.) and S2 (1 eq.) were handled
according to the generalized procedure described above for the catalytic cyclopropanation
experiments to give P3 and P2. Data for cyclopropane P3 were in agreement with published data.[55]

Synthesis of P4

The cobalt-catalyst (0.0025 eq.), DMF-d7 (1.5 mL/S4 mmol), S4 (2 eq.) and S2 (1 eq.) were handled
according to the generalized procedure described above for the catalytic cyclopropanation
experiments to give P4 and P2. Data for cyclopropane P4 were in agreement with published data.[55]

— 105 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 113

Chapter 3

Synthesis of P5

The cobalt-catalyst (0.0025 eq.), DMF-d7 (1.5 mL/S5 mmol), S5 (2 eq.) and S2 (1 eq.) were handled
according to the generalized procedure described above for the catalytic cyclopropanation
experiments to give P5 and P2. Data for cyclopropane P5 were in agreement with published data.[56]

Synthesis of P6

The cobalt-catalyst (0.0025 eq.), DMF-d7 (1.5 mL/S6 mmol), S6 (2 eq.) and S2 (1 eq.) were handled
according to the generalized procedure described above for the catalytic cyclopropanation
experiments to give P6 and P2. Data for cyclopropane P6 were in agreement with published data.[57]

Synthesis of P7

The cobalt-catalyst (0.0025 eq.), DMF-d7 (1.5 mL/S7 mmol), S7 (2 eq.) and S2 (1 eq.) were handled
according to the generalized procedure described above for the catalytic cyclopropanation
experiments to give P7 and P2. Data for cyclopropane P7 were in agreement with published data.[58]
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Table 7. Substrate scope of alkenes for the [Co(TPP)]- and Co-G@Fe8(Zn-L∙1)6-catalyzed cyclopropanation
reaction with ethyl diazoacetate.[a],[b]
Entry

Catalyst

1

alkene

Conversion [%]

Cyclopropane [%]

P2 [%]

[Co(TPP)]

74

74

—

2

Co-G@Fe8(Zn-L∙1)6

97

87

10

3

[Co(TPP)]

70

69

1

4

Co-G@Fe8(Zn-L∙1)6

92

80

12

5

[Co(TPP)]

65

64

1

6

Co-G@Fe8(Zn-L∙1)6

89

76

13

7

[Co(TPP)]

68

68

—

8

Co-G@Fe8(Zn-L∙1)6

90

79

11

9

[Co(TPP)]

7

5

2

10

Co-G@Fe8(Zn-L∙1)6

13

9

4

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to S2, alkene (S3-7, 0.16 mmol), ethyl
diazoacetate (S2, 0.08 mmol) in DMF-d7 (1.5 mL/S3-7 mmol), 30 h under N2 atmosphere. [b]
Conversion of S2 and yields with respect to S2 were determined by 1H-NMR spectroscopy, using
1,3,5-trimethoxybenzene as internal standard.
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Chapter 4
Theoretical Investigation on the Effect of
Axial Ligands on [Co(TPP)]-Catalyzed
cyclopropanation reactions

Abstract
Previous kinetic studies in the cobalt catalyzed cyclopropanation reaction have shown that
DMF has a protective influence on the catalyst, slowing down deactivation of [Co(TPP)],
thus leading to higher TONs in pure DMF or in toluene/DMF (100:1) solvent mixtures
when compared to pure toluene. Initial DFT studies on the [Co(TPP)] catalyst show that
the rate determining energy barrier of this radical-type transformation is not influenced by
the coordination of DMF. As such, we concluded that the increased TONs obtained
experimentally must stem from a stabilizing effect of DMF and are not caused by an
increased activity of [Co(TPP)(DMF)] species with axial DMF binding to the cobalt center
as compared to [Co(TPP)]. To explain this behavior we investigated computationally the
effect of coordination of several axial donative ligands to [Co(TPP)] on the free energy
barriers of the full catalytic cycle as well as hydrogen atom abstraction reactions from
toluene or ethyl diazoacetate that produce the catalytically inactive complex
[CoIII(TPP)(CH2COOEt)]. The results are described in this Chapter. Interestingly, the
difference of the relative energies in the full catalytic cycle are either similar or (somewhat)
higher and thus do not explain the higher yields of cyclopropane in DMF or toluene/DMF
mixtures. Importantly, axial binding of DMF to [Co(TPP)], leads to an increase in the
energy of the transition state for the formation of the catalytically inactive and diamagnetic
complex [CoIII(TPP)(CH2COOEt)]. This, in combination with the similar barriers of the
rate-limiting step with [Co(TPP)] and [Co(TPP)(-O-DMF)], supports our hypothesis that
the observed improved catalytic performance in DMF or toluene/DMF mixtures compared
to pure toluene is a result of slower catalyst deactivation for species containing DMF as an
axial donor.
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Introduction
The development of catalytic methods to prepare cyclopropane-containing compounds is
highly important due to their widespread occurrence in bioactive compounds and natural
products.[1–8] Transition metal-catalyzed cyclopropanation with diazo reagents as carbene
precursors is an attractive method to prepare functionalized cyclopropanes. As such,
catalytically active complexes of copper(I) or rhodium(II) have been successfully used for
the cyclopropanation of electron-rich olefins.[9,10] While these catalysts are remarkably active
and selective, their catalytic activity towards electron-poor alkenes is low due to the
electrophilic character of the metal-carbene intermediate. However, the development of
cobalt-based catalytic systems expanded the reach of these types of catalyst systems in terms
of cyclopropanation activity towards electron-deficient olefins. Interestingly, the most wellestablished cobalt-based catalysts are complexes containing salen, MeTAA, and porphyrin
ligands, developed by the groups of Nakamura, Katsuki, de Bruin, Gallo, and Cenini.[11–16]
Since the development of cobalt-based catalysts for the cyclopropanation of olefins with
diazo compounds, the cyclopropanation has been described both theoretically and
experimentally.[13,17–22] In our previous studies, we reported the solvent effect on the wellestablished cobalt(II) meso-tetraphenylporphyrin ([Co(TPP)]) catalyst for radical-type
cyclopropanation reactions, in which kinetic analysis showed slower catalyst deactivation in
DMF compared to toluene.[23] Preliminary DFT calculations on the formation of the cobaltcarbene intermediate, which is the rate-determining step in the cyclopropanation reaction
catalyzed by this catalyst, showed that axial ligand coordination lead to (somewhat) higher
barriers for carbene radical formation, and the effects are very small for DMF. Hence, axial
ligand binding does not lead to an intrinsically higher TOF, and thus does not explain the
experimentally observed higher TONs. Furthermore, experimentally we observe very
similar initial TOFs in toluene, DMF and toluene/DMF mixtures, while TONs are clearly
higher in the presence of DMF. From the combined experimental and theoretical analysis
we therefore concluded that the improved TONs in the presence of DMF are due to a
protective effect of DMF on catalyst deactivation, and not the result of a higher activity
caused by N- or O- coordination.
In an attempt to understand this remarkable solvent effect on the [Co(TPP)] catalyzed
radical-type cyclopropanation, we decided to computationally investigate the effect of the
axial ligand coordination to cobalt on the reaction pathway in detail. Interestingly, the
results obtained for [Co(TPP)] described herein are markedly different from the results
obtained by Yamada and co-workers, who showed that in the cobalt(II)-mediated
cyclopropanation of olefins using an optically active aldiminato complex the addition of an
axial N- or O-donor ligand has a positive effect on the catalytic efficiencies in terms of
selectivity and activity.[24] On the basis of a computational follow-up study, they showed that
for their catalyst the energy barrier for the formation of the cobalt-carbene intermediate is
lowered upon axial ligand coordination.[18] This was ascribed to the increased electron
density of the dz2 orbital of the cobalt atom upon coordination of the axial donative ligand.
This in turn leads to enhanced interaction between the dz2 orbital and ɐ* orbital of the
carbene carbon-nitrogen bond. We found that axial ligand (e.g. DMF) binding to
— 112 —
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[Co(TPP)] has an opposite effect, as will be discussed in this chapter. Hence, in contrast to
Yamada’s results with cobalt(II) aldiminato complexes, the higher TONs observed for
[Co(TPP)] in the presence of DMF are not the result of a higher activity caused by axial
ligand binding. Therefore we also investigated the effect of axial ligand binding on the rate
of catalyst deactivation. Importantly, radical-type transformations involve highly reactive
intermediates that can react with the solvent (i.e. via hydrogen atom abstraction),[17] leading
to facile catalyst deactivation. We hypothesized that the differences in yields observed in the
presence of DMF could be an effect of higher energy barriers for such deactivation
pathways. Thus, investigating computationally the full catalytic cycle in absence and
presence of axial ligand coordination can provide information on the effect of the solvent in
terms of catalyst lifetimes. Herein we describe a full theoretical analysis of the effects of
axial ligand binding on the cyclopropanation steps and deactivation pathways for the
[Co(TPP)] catalyst.

Figure 1. Cobalt catalyzed cyclopropanation reaction of alkenes with diazoacetates. (B) cobalt(II) mesotetraphenylporphine (left) and 3-Oxobutylideneaminatocobalt(II) complex (right).

Results and discussion
Based on previously reported experimental and computational studies, the catalytic cycle for
[Co(TPP)]-mediated cyclopropanation of olefins is proposed to involve several key
intermediates as summarized in Figure 2. In detail, the reaction proceeds via stepwise
radical addition-substitution pathway, in which the [Co(TPP)] catalyst reacts with ethyl
diazoacetate (EDA) to form a transient adduct A, which loses dinitrogen in a rate-limiting
step (TS1) to form the ‘terminal carbene’ B. Species B is not a regular Fischer-type carbene
complex, but is in fact a ‘carbene radical’ complex obtained by 1e-transfer from cobalt(II) to
the carbene moiety, producing a cobalt(III) carbene radical anion complex with virtually all
spin density located at the carbene carbon atom. Species B exists in equilibrium with the
‘bridging carbene’ E. Species E is a dormant state in the catalytic cycle. Addition of the
‘carbene radical’ B to the double bond of styrene leads to the formation of a ɀ-alkyl radical
— 113 —
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intermediate C, that readily collapses in almost barrierless ring-closure reactions (TS3) to
form the corresponding cyclopropane D. To understand the effect of axial ligand
coordination to cobalt ([Co(TPP)(L)]) on the reaction of the [Co(TPP)]-catalyzed
cyclopropanation of styrene with EDA, we performed DFT calculations to investigate the
energetics of all the proposed intermediates and transition states along the reaction profile.
We therefore, re-calculated computationally the catalytic cycle with complexes that have
axial O- or N-donor ligands to cobalt. As such, DMF ([Co(TPP)(-O-DMF)]) and
[Co(TPP)(-N-DMF)]), water ([Co(TPP)(-H2O)]), and dimethylamine as a stronger Ndonor ligand [Co(TPP)(DMA)] were examined.

Figure 2. Proposed catalytic cycle for [Co(TPP)]-catalyzed cyclopropanation of styrene with EDA.

We also computed the effect of hydrogen bonding of water to EDA in complexes in which
we have O-coordination of DMF to cobalt, as it has been shown that hydrogen bonding
between an amide-functionalized cobalt porphyrin and the carbonyl oxygen of EDA lowers
the energy of both the carbene radical B and the TS1 barrier for formation of B.[17,25,26] The
full system ([Co(TPP)]) was used as the catalyst together with styrene and EDA as the
reactants and all the calculations were performed using the BP86 functional, the def2-TZVP
basis set and Grimme’s version 3 (‘zero’ damping) dispersion corrections. The computed
structures and coordination mode of the axial donor ligand and/or hydrogen bonding of
water to EDA are shown in Figure 3.
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Figure 3. Examined axial O- and N-donor ligands to [Co(TPP)]-EDA adduct A.

We started our investigations by calculating the energies of the rate-limiting step upon axial
coordination of ligands L (Figure 4). Interestingly, axial ligand coordination was found to
lead to (somewhat) higher barriers, instead of initially expected lower barriers based on
previous work reported by Yamada.[18] Interestingly, N-coordination of DMF to cobalt
([Co(TPP)(-N-DMF)]) leads to the formation of a more stable adduct A compared to Ocoordination ([Co(TPP)(-O-DMF)], ΔTS1 = 3 kcal mol-1) and O-coordination with
hydrogen bonding to the carbonyl of EDA ([Co(TPP)(-O-DMF-H2O)], ΔTS1 = 1 kcal mol1
). As a result, the lowest transition state (TS1) was found for [Co(TPP)] (TS1 = +13.6 kcal
mol-1), and the highest for [Co(TPP)(-O-DMF-H2O)] (TS1 = +18.1 kcal mol-1). The
coordination of a strong donor, such as DMA ([Co(TPP)(DMA)]), results in a 2.5 kcal mol1
higher energy barrier for TS1 compared to that calculated for [Co(TPP)] (in contrast to the
aldiminato cobalt(II) complexes, where the TS1 is 5 kcal mol-1 lower upon N-coordination
of NH3). The different outcome of these studies is likely due to the different ligand system
(meso-tetraphenylporphine vs aldiminato) that has different electronic properties.
Additionally, the use of a simplified system and substrates (styrene and ethyldiazoacetate vs
ethylene and diazoacetoaldehyde) together with a smaller basis set and no dispersion
corrections in the earlier reported studies reported by Yamada may also contribute to these
differences.
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Figure 4. Free energy changes for the rate-determining step and the bridging carbene formation in the
cyclopropanation of styrene with EDA using [Co(TPP)], [Co(TPP)(-O-DMF)], [Co(TPP)(-N-DMF)],
[Co(TPP)(DMA)], [Co(TPP)(-H2O)], [Co(TPP)(-O-DMF-H2O)]. All energies are relative to A
([Co(TPP)] or [Co(TPP)(L)] and the activation energies for TS1 and TS4 are in parenthesis.

Furthermore, calculations for the formation of the ‘bridging carbene’ E were performed. For
[Co(TPP)], the small energy difference between the ‘terminal carbene’ B and the ‘bridging
carbene’ E (1.0 kcal mol-1), suggests that these species should be in dynamic equilibrium
with each other. For the other analyzed species, the transition states (TS4) for the formation
of the ‘bridging carbene’ E and the difference between B and E are very similar to CoTPP.
Interestingly, the TS1 barrier is lower than the TS4 barrier for [Co(TPP)] and [Co(TPP)(O-DMF)], whereas for [Co(TPP)(-O-DMF-H2O*)], [Co(TPP)(-H2O)], [Co(TPP)(-NDMF)] and [Co(TPP)(DMA)] the TS1 barrier is slightly higher than the TS4 barrier. These
differences are not big though, and unlikely to have a big influence on the overall (kinetics
of the) catalysis, because in all cases E remains an off cycle species that is not associated to
the rate determining step.
The second step, as seen in Figure 5, is the irreversible addition of styrene to the carboncenter of the ‘carbene radical’ species B. This addition is associated with similar barriers for
[Co(TPP)], [Co(TPP)(-O-DMF)], [Co(TPP)(DMA)] and [Co(TPP)(-H2O)] (Figure 5).
The N-coordination of DMF ([Co(TPP)(-N-DMF)]) leads to a 1 kcal mol-1 lower TS2
barrier than observed for [Co(TPP)] (TS2 = 5.3 kcal mol-1), but all these steps are very low
barrier processes and none of these are rate determining. Yamada reported that N- or O— 116 —
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coordination of an axial donor ligand (NH3 and H2O) to the Co-aldiminato complex
decreases the TS2 barrier by 1 and 2.7 kcal mol-1 for the formation of the ɀ-alkyl radical
intermediate C, respectively. The relative energy of TS2, however, depends on the
electrophilicity of the olefin moiety and in the case of the theoretical study for the
aldiminato complex, ethylene was used as substrate for the calculations of TS2. The final
step for the formation of cyclopropane D have similar low barriers (Figure 5, TS3) for all the

Figure 5. Free energy changes for the catalytic cycle in the cyclopropanation of styrene with EDA using
[Co(TPP)],

[Co(TPP)(-O-DMF)],

[Co(TPP)(-O-DMF-H2O)].

[Co(TPP)(-N-DMF)],

[Co(TPP)(DMA)],

[Co(TPP)(-H2O)],

All energies are relative to A ([Co(TPP)] or [Co(TPP)(L)] and the

activation energies for TS1, TS2 and TS3 are in parenthesis.

investigated
systems
([Co(TPP)],
[Co(TPP)(-O-DMF)],
[Co(TPP)(-N-DMF)],
[Co(TPP)(DMA)] and [Co(TPP)(-O-DMF-H2O)]), and the TS3 barriers are clearly not
rate determining. For the Co-aldiminato complex, Yamada reported that this step is
barrierless (using ethylene as substrate).
The DFT calculations of the free energy pathways of the full catalytic cycle show a minor
effect of axial ligand coordination to [Co(TPP)] on the relative energies of each step. The
biggest influence observed is that activation of the EDA substrate (TS1) becomes more
difficult. Hence, if anything, axial ligand coordination will make the cyclopropanation
reaction slower, and this cannot explain the improved catalytic performance observed
experimentally in earlier studies. These findings clearly confirm that the improved catalyst
performance in the presence of DMF is not due to a higher activity caused by DMF acting
as an axial ligand (in contrast to Yamada’s results obtained with aldiminato cobalt(II)
complexes), and combined with the experimental reaction profile, these results suggest that
instead DMF slows down catalyst deactivation. As such, DMF seems to have a stabilizing
— 117 —
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effect, and as a result, higher yields of cyclopropane are obtained. This was futher
investigated with additional DFT calculations. Importantly, a reported radical deactivation
pathway of the carbene species B is hydrogen atom abstraction (HAT) from the solvent or
from EDA.[27] Thus, we examined computationally the effect of axial ligand coordination to
[Co(TPP)] on the formation of the catalytically inactive and diamagnetic complex F via
HAT from toluene or EDA. Figure 6 shows the deactivation pathway via HAT from
toluene for [Co(TPP)], [Co(TPP)(-O-DMF)], [Co(TPP)(-N-DMF)], [Co(TPP)(DMA)],

Figure 6. Free energy changes for the formation of the catalytically inactive complex F via HAT from
toluene and B using [Co(TPP)], [Co(TPP)(-O-DMF)], [Co(TPP)(-N-DMF)], [Co(TPP)(DMA)],
[Co(TPP)(-H2O)], [Co(TPP)(-O-DMF-H2O)]. All energies are relative to A ([Co(TPP)] or
[Co(TPP)(L)] and the activation energy for TS5 is in parenthesis.

[Co(TPP)(-H2O)] and [Co(TPP)(-O-DMF-H2O)]. Formation of species F is associated
with relatively large energy barriers (TS5). These barriers are lower (TS5 = 9.3 – 11.1 kcal
mol-1) than the barrier of the rate-limiting step (TS1 = 13.6 – 18.1 kcal mol-1), but higher
than the barrier (TS2 = 4.7 – 7.6 kcal mol-1) for styrene addition to B leading to formation of
C. For the axial ligand adducts [Co(TPP)(-N-DMF)], [Co(TPP)(-O-DMF)], [Co(TPP)(O-DMF-H2O)] and Co(TPP)(DMA)] the TS5 is somewhat higher than for [Co(TPP)]
(ΔTS5 = 0.3, 1.2, 1.7 and 1.8 kcal mol-1, respectively). While the energy differences are
small, the general trend observed in Figure 6 is clearly that axial ligand coordination gives
slower rates for catalyst deactivation via HAT. This is in line with the experimentally
observed stabilizing effect of DMF on the catalyst.
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Figure 7. Free energy changes for the formation of the catalytically inactive complex F via HAT from
EDA and B using [Co(TPP)], [Co(TPP)(-O-DMF)] and [Co(TPP)(-N-DMF)]. All energies are relative
to A ([Co(TPP)] or [Co(TPP)(L)] and the activation energy for TS6 is in parenthesis.

Next, we were interested in the free energy changes for the formation of F via HAT from
EDA and DMF. Interestingly, HAT from EDA leads to a lower energy transition state
(TS6) compared to TS5. Axial ligand coordination again leads to a somewhat higher barrier
for HAT for the adducts [Co(TPP)(-O-DMF)] and [Co(TPP)(-N-DMF)] compared to
[Co(TPP)] (ΔTS6 = 2.2 kcal mol-1 and 0.1 kcal mol-1, respectively. See Figure 7).
Additionally, in the case of [Co(TPP)] there is hardly a difference between the energy
barrier for HAT from DMF and that for HAT from toluene (see Experimental section,
Figure 10).
In addition, we calculated the CH BDEs of the catalytically inactive diamagnetic species
[CoIII(TPP)(CH2COOEt)(L)] for complexes derived form [Co(TPP)], [Co(TPP)(-ODMF)], [Co(TPP)(-N-DMF)], [Co(TPP)(DMA)], [Co(TPP)(-H2O)] and [Co(TPP)(-ODMF-H2O)] (Figure 8). The CH BDEs were calculated from the sum of the ZPE and gasphase enthalpic corrections at 298 K calibrated against a known BDE (see Experimental
section). As such, the calculated BDEs for species [CoIII(TPP)(CH2COOEt)(L)] containing
an axial ligand donor L are very similar to those observed for the 5-coordinate complex
[CoIII(TPP)(CH2COOEt)]. The HAT processes proceed via quite early transition states
TS6, and the BDEs of the alkyl product apparently contribute only marginally to the energy
barriers.
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Figure 8. BDEs for the C-H bond in the catalytically inactive complexes ([CoIII(TPP)(CH2COOEt)]) and
[CoIII(TPP)(CH2COOEt)(L)], for the formation of the active cobalt-carbene complex.

Conclusions
In summary, the reaction pathway of the cobalt-catalyzed cyclopropanation of styrene using
[Co(TPP)], was examined computationally by DFT methods to reveal that the axial donor
ligand does not have a significant influence on the relative free energy barriers. This
contrasts with a previous theoretical study involving cyclopropanation of ethene by an Coaldiminato complex, wherein the energy for the formation of the cobalt carbene complex B
was reduced upon axial ligand binding. The different outcome of these studies is likely due
to the different ligand system and the use of a simplified model system and substrates in the
earlier studies reported by Yamada. The computational results are in line with the kinetic
experiments that showed no difference in reaction rate (TOF) in the presence of axial ligand
binding to the cobalt center [Co(TPP)(L)]. The results presented herein clearly show that
the experimentally observed improved catalytic performance of [Co(TPP)] in
cyclopropanation of styrenes with EDA in the presence of DMF stem from a stabilizing
effect of DMF. Computational investigations of the effect of axial ligand coordination on
deactivation of the catalyst via HAT from toluene, EDA or DMF to the carbene radical
intermediate revealed somewhat higher barriers when DMF or other axial donors are
coordinated to the cobalt center. This, in combination with the similar barriers of the ratelimiting step of [Co(TPP)] and [Co(TPP)(L)], provides theoretical support for our
— 120 —
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hypothesis (and experimental results) that the observed improved catalytic performance in
DMF or toluene/DMF mixtures compared to pure toluene is a result of slower catalyst
deactivation in the presence of axial donors. This was confirmed with additional
computational studies, showing that HAT barriers are indeed higher for species containing
axial ligand donors.
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Experimental
Density Functional Theory Calculations
DFT geometry optimizations were performed on full structures without simplifications using
TURBOMOLE 7.3[28] coupled to the PQS Baker optimizer[29] via the BOpt package.[30] The
calculations were performed at the BP86[31][32]/def2-TZVP[33][34] level of theory on an m4 grid, using
Grimme’s version 3 (disp3, “zero damping”) dispersion corrections.[35] Energies were in Hartree and
converted to kcal mol-1 by multiplication with 627.509. Absolute and relative energies for all DFT
optimized structures were obtained using the BP86 functional. Table 1 shows the relevant absolute
energies for all compounds. Table 2 shows the relative Gibbs free energies for all relevant
intermediates.
Table 1. Calculated < s2 > and energies (in Hartree) for all relevant compounds.
Enthalpy
Correction
298K

Entropy
Correction
298K

ΔGo298K

EDA Adducts A
-3712.77518
0.68367

0.73233

0.59934

-3712.17584

—

-3961.42854

0.78399

0.84077

0.68761

-3960.74093

0.7637

—

-3961.43554

0.78449

0.84096

0.68974

-3960.74580

0.7676

—

-3848.03882

0.77606

0.83026

0.68456

-3847.35426

0.7652

—

-3789.25983

0.70685

0.75902

0.61819

-3788.64164

0.7669

—

-4037.91861

0.80869

0.86813

0.71003

-4037.20858

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7685

-395.10

Transition state 1 (TS1)
-3712.75336
0.68126

0.72943

0.59921

-3712.15415

0.7639

-402.39

-3961.40695

0.78218

0.83812

0.68860

-3960.71835

0.7683

-396.87

-3961.41400

0.78192

0.83700

0.69209

-3960.72192

0.7568

-379.33

-3848.01706

0.77491

0.82795

0.68843

-3847.32864

0.7642

-401.24

-3789.23838

0.70523

0.75640

0.62019

-3788.61819

0.7632

-400.50

-4037.89131

0.80582

0.86419

0.70991

-4037.18140

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet) (doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7555

—

Carbene radical B
-3603.18651
0.67302

0.71967

0.58941

-3602.59710

0.7556

—

-3851.84314

0.77435

0.82858

0.68062

-3851.16252

0.7555

—

-3851.84703

0.77419

0.82846

0.68187

-3851.16516

0.7560

—

-3738.45201

0.76674

0.81818

0.67905

-3737.77296

0.7556

—

-3679.67427

0.69743

0.74683

0.61191

-3679.06235

0.7552

—

-3928.33409

0.79913

0.85589

0.70380

-3927.63030

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]

0.7649

-252.00

Transition state 2 (TS2)
-3912.98244
0.80487

0.85864

0.71401

-3912.26843

0.7645

-264.58

-4161.63833

0.96752

0.80521

-4160.83312

Compound
+spin state

< s2 >

Negative
Eigenvalue
(cm-1)

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7633

—

0.7669

SCF

ZPE
Correction

0.90618
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(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)

0.7650

-260.28

-4161.64206

0.90552

0.96719

0.80419

-4160.83787

0.7644

-262.71

-4048.24649

0.89835

0.95701

0.80305

-4047.44344

[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7643

-260.29

-3989.46894

0.82887

0.88559

0.73540

-3988.73354

0.7638

-246.72

-4238.12835

0.93076

0.99488

0.82750

-4237.30084

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7684

—

γ-radical C
-3913.03041
0.80844

0.86178

0.71947

-3912.310

0.7661

—

-4161.68354

0.90939

0.97036

0.80945

-4160.87409

0.7682

—

-4161.69114

0.90936

0.97044

0.81022

-4160.88092

0.7643

—

-4048.29236

0.90185

0.96010

0.80821

-4047.48416

0.7661

—

-3989.51438

0.83228

0.88852

0.74057

-3988.7738

0.7655

—

-4238.17198

0.93343

0.99740

0.83038

-4237.34159

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7853

-394.77

Transition state 3 (TS3)
-3913.02584
0.80794

0.86101

0.71960

-3912.30624

0.7912

-426.57

-4161.67724

0.90806

0.96920

0.80770

-4160.86953

0.7842

-390.44

-4161.68648

0.90868

0.96957

0.80865

-4160.87783

0.7849

-293.94

-4048.28715

0.90085

0.95902

0.80688

-4047.48027

0.7852

-413.95

-3989.50918

0.83100

0.88757

0.73846

3988.77073

0.7903

-414.70

-4238.16721

0.93247

0.82930

-4237.33791

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

—

0.99642

Cyclopropane D

0.7665

—

-3545.23802

0.68090

0.72741

0.59734

-3544.64067

0.7630

—

-3545.24368

0.68201

0.72788

0.60140

-3544.64228

0.7674

—

-3431.84901

0.67311

0.71692

0.59519

-3431.25382

0.7646

—

-3373.06808

0.60398

0.64580

0.52828

-3372.53980

0.7665

—

-3545.23802

0.68090

0.72741

0.59734

-3544.64067

[Co(TPP)]
(doublet)
CoTPP-O-DMF
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7611

-405.37

Transition state 4 (TS4)
-3603.16621
0.67305

0.71887

0.59123

-3602.57498

0.7645

-438.92

-3851.81998

0.77382

0.82736

0.68109

-3851.13889

0.7607

-406.4

-3851.82800

0.77406

0.82745

0.68268

-3851.1453

0.7653

-447.16

-3738.42902

0.76602

0.81685

0.67902

-3737.75000

0.7635

-405.06

-3679.64923

0.69647

0.74552

0.61149

-3679.03774

0.7639

-439.51

-3928.31027

0.79854

0.85469

0.70439

-3927.60588

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]

0.7902

—

Bridging carbene E
-3603.19335
0.67547

0.72121

0.59464

-3602.59871

0.7983

—

-3851.84987

0.77554

0.82915

0.68537

-3851.16450

0.7756

—

-3851.85458

0.77560

0.82845

0.68578

-3851.16880
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(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.8043

—

-3738.45950

0.76806

0.81892

0.68309

-3737.77641

0.7944

—

-3679.67490

0.69888

0.74779

0.61521

-3679.05969

0.7893

—

-3928.33587

0.79981

0.85631

0.70691

-3927.62896

[Co(TPP)]
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)
[Co(TPP)(DMA)]
(doublet)
[Co(TPP)(-H2O)]
(doublet)
[Co(TPP)(-O-DMFH2O)]
(doublet)

0.7632

-1119.13

TS HAT from toluene
-3874.87373
0.79510

0.84811

0.70628

-3874.16745

0.7587

-1239.07

-4121.93369

0.89622

0.95687

0.79701

-4122.7307

0.7628

-1241.43

-4123.53009

0.89565

0.95659

0.79488

4122.73521

0.7571

-1439.74

-4010.13453

0.88840

0.94643

0.79393

-4009.34060

0.7571

-1232.47

-3951.35956

0.81915

0.87505

0.72776

-3950.63181

0.7580

-1375.80

-4200.01667

0.92083

0.98427

0.81857

-4199.19810

[Co(TPP)]
(doublet)

0.7633

-1349.35

TS HAT from DMF
-3851.82706
0.76979

0.82274

0.68090

-3851.14616

CoTPP
(doublet)
[Co(TPP)(-O-DMF)]
(doublet)
[Co(TPP)(-N-DMF)]
(doublet)

0.7620

-193.41

TS HAT from EDA
-4019.35921
0.77395

0.82931

0.68220

-4018.67702

0.7604

-52.13

-4268.01544

0.87619

0.93907

0.77388

-4267.24155

0.7619

-157.49

-4268.01944

0.8752

0.93813

0.77438

-4267.24506

[Co(TPP)]
(CSS)
[Co(TPP)(-O-DMF)]
(CSS)
[Co(TPP)(-N-DMF)]
(CSS)
[Co(TPP)(DMA)]
(CSS)
[Co(TPP)(-H2O)]
(CSS)
[Co(TPP)(-O-DMFH2O)]
(doublet)

—

—

Co(III)-alkyl
-3603.85087
0.68657

0.73284

0.60467

-3603.24619

—

—

-3852.50627

0.78764

0.84155

0.69505

-3851.81122

—

—

-3852.51060

0.78742

0.84134

0.69613

-3851.81446

—

—

-3739.11620

0.77996

0.83110

0.69385

-3738.42235

—

—

-3680.33783

0.71061

0.75880

0.62864

-3679.70920

—

—

-3928.99378

0.81173

0.86877

0.71623

-3928.27756

DMF (CSS)
H2O (CSS)
N2 (CSS)
EDA (CSS)
Styrene (CSS)
DMA (CSS)
Toluene (CSS)
Trans cyclopropane
(CSS)
Benzyl radical
(double)
EDA_radical
(doublet)
DMF radical
(double)

—
—
—
—
—
—
—
—

—
—
—
—
—
—
—

Miscellaneous
248.63373
0.09900
-76.46739
0.02062
-109.58042
0.00536
-416.16004
0.10149
-309.77711
0.12927
-135.22464
0.08957
-271.67806
0.12398
-616.43013
0.22707

0.10610
0.02437
0.00866
0.11111
0.13720
0.09495
0.13134
0.24152

0.06988
0.00290
-0.01373
0.06736
0.09749
0.06410
0.09275
0.18529

-248.56386
-76.46449
-109.59415
-416.09267
-309.67962
-135.16054
-271.58531
-616.24484

0.7662

—

-271.02744

0.11137

0.11816

0.08284

-270.94460

0.7584

—

-415.48922

0.08921

0.09880

0.05449

-415.43473

0.7544

—

-247.97797

0.08568

0.09264

0.05698

-247.92100

Calculations were performed at the BP86/def2-TZVP/disp3/m4-grid level of theory. Conversion from
Hartree to kcal mol-1 can be achieved by multiplication with 627.509.
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Table 2. Absolute and relative Gibbs free energies for EDA adduct A, Carbene radical B and C, and the
respective transition states. The relative energies are calculated with respect to CoTPP-EDA adduct A. The
activation energies of TS1 and TS2 for every intermediate are shown in parenthesis.
Intermediate

Gibbs free energy of formation at 298K (kcal mol-1)

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2329423.749
2485400.5
2485403.636
2414249.424
2377406.727
2533384.719

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2329410.139
2485386.411
2485388.651
2414233.348
2377392.012
2533367.663

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2329433.419
2485410.457
2485412.113
2345486.172
2377416.052
2464623.362

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2454983.65
2610960.23
2610963.211
2539807.186
2502966.195
2658944.413

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2455010.319
2610985.939
2610990.225
2539832.738
2502991.465
2658969.984

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2455007.376
2610983.078
2610988.286
2539830.297
2502989.532
2658967.675

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2068314.387
2224293.922
2224294.932
2153142.597
2116299.077
2341047.393

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2260648.223
2416624.314
2416628.349
2345471.765
2308631.558
2464608.038

[Co(TPP)]

2260663.114

EDA adduct A

Transition state 1 (TS1)

Carbene radical B

Transition state 2 (TS2)

γ-radical C

Transition state 3 (TS3)

Cyclopropane D

Transition state 4 (TS4)

Bridging carbene E

ΔGo298K
(kcal mol-1)
=0
0.77
3.83
11.22
0.82
2.75
13.61
13.39 (14.2)
11.16 (15)
4.85 (16.1)
13.89 (14.71)
14.3 (17)
9.67
10.64
12.30
19.3
10.14
12.71
4.5 (5.2)
5 (5.7)
8 (4.33)
13.5 (5.73)
4.85 (5.3)
7 (5.7)
31.13
30.7
35
39.1
30.12
32.58
28.2 (2.94)
27.83 (2.86)
33.0 (1.94)
36.65 (2.44)
28.19 (1.93)
30.27 (2.31)
-34.38
37.86
38.87
48.14
36.92
40.43
4.21 (13.88)
4.17 (14.83)
0.14 (12.45)
4.87 (14.4)
3.03 (13.18)
2.61 (15.32)

10.68
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[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2416640.384
2416643.083
2345488.337
2308643.067
2464622.521

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2431074.942
2587050.619
2587053.449
2515897.311
2479057.016
2635034.601

[Co(TPP)]

2416628.876

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]

2521755.998
2677732.478
2677734.68

[Co(TPP)]
[Co(TPP)(-O-DMF)]
[Co(TPP)(-N-DMF)]
[Co(TPP)(DMA)]
[Co(TPP)(-H2O)]
[Co(TPP)(-O-DMF-H2O)]

2261069.413
2417046.207
2417048.24
2345893.67
2309050.64
2465029.523

11.89
14.59
21.45
8.48
11.87
TS HAT from toluene

TS HAT from DMF
TS HAT from EDA

Co(III) alkyl

0.38 (9.3)
0.1(10.5)
2.73 (9.57)
-8.19 (11.08)
0.20 (9.94)
1.72 (10.98)
0.38 (9.28)
1.7 (8)
2.1 (8.6)
4.3 (8.1)
14.93
15.66
17.69
24.73
13.99
13.99

Bond dissociation energy calculations
The BDEs of [CoIII(TPP)(CH2COOEt)] upon axial coordination were calculated from the sum of
the ZPE and gas-phase enthalpic corrections at 298 K. These energies were calibrated against the
known experimental BDE of propene, according to the Hess cycle in Table 3.[36]
Table 3. Calibrated and uncalibrated DFT calculated BDEs of the CH bond (ȟH o in kcal mol-1).
Uncalibrated BDE (kcal mol-1) Calibrated BDE (kcal mol-1)
Compound (C
H bond)
+96.22
+98.43
[CoIII(TPP)(CH2COOEt)]
+97.85
[CoIII(TPP)(CH2COOEt)(-O-DMF)] +95.61
+95.92
+98.15
[CoIII(TPP)(CH2COOEt)(-N-DMF]
+96.32
+98.52
[CoIII(TPP)(CH2COOEt)(-DMA]
+95.94
+98.17
[CoIII(TPP)(CH2COOEt)(-H2O)]
+93.83
+96.15
[CoIII(TPP)(CH2COOEt)(DMF-

Figure 9. Hess cycle for calibrated and uncalibrated calculation of BDEs (ȟH o in kcal mol-1).
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Figure 10. Free energy changes for the formation of the catalytically inactive complex F via HAT from DMF
and B using [Co(TPP)]. All energies are relative to A ([Co(TPP)] and the activation energy for TS7 is in
parenthesis.
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Table 4. Graphical representation of the geometry-optimized structures of EDA adducts A ([Co(TPP)],
[Co(TPP)(-O-DMF)], [Co(TPP)(-N-DMF)], [Co(TPP)(-DMA)], [Co(TPP)(-H2O)] and [Co(TPP)(-ODMF-H2O)] showing the interaction of A with DMF, H2O and DMA.
[Co(TPP)]

[Co(TPP)(-O-DMF)]

[Co(TPP)(DMA)]

[Co(TPP)(-N-DMF)]

[Co(TPP)(-H2O)]

[Co(TPP)(-O-DMF-H2O)]
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Chapter 5
Controlling the Activity of a Caged
Cobalt-Porphyrin-Catalyst in
Cyclopropanation Reactions with
Peripheral Cage Substituents
Abstract
In this study, three novel cubic cages were synthesized and utilized to encapsulate a
catalytically active cobalt(II) meso-tetra(4-pyridyl)porphyrin guest (Co-G). The newly
developed caged catalysts (Co-G@Fe8(Zn-L∙1)6, Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(ZnL∙3)6) can be easily synthesized and differ in exo-functionalization, which are either none,
polar or apolar groups. This leads to a different polarity of the peripheral environment
surrounding the cage, which affects the (relative) local concentration of the substrates
surrounding the cage and hence indirectly influences the substrate availability of the
catalysis embedded in the active site of the caged catalyst systems. The resulting increased
local substrate concentrations give rise to higher catalytic activities of the respective caged
catalyst in metalloradical catalyzed cyclopropanation reactions. The catalytic activity is the
highest when the apolar cage catalyst (Co-G@Fe8(Zn-L∙1)6) is used, and lowest with the
polar analog (Co-G@Fe8(Zn-L∙3)6). In addition, the catalytic activity of the cage without
exo-functionalities (Co-G@Fe8(Zn-L∙2)6) is nearly two times lower than that of CoG@Fe8(Zn-L∙1)6 and three times higher than that of Co-G@Fe8(Zn-L∙3)6, which further
demonstrates the effect of the peripheral functionalities on the cyclopropanation reaction.

*This chapter is in part adapted from: V. Mouarrawis, E. O. Bobylev, B. de Bruin, J. N. H. Reek, Controlling
the Activity of a Caged Cobalt–Porphyrin-Catalyst in Cyclopropanation Reactions with Peripheral Cage
Substituents, Eur. J. Inorg. Chem. 2021, 2890-2898.
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Introduction
Catalysis occupies a pivotal role in the modernization of our chemical industry, because it
ensures more efficient use of natural resources and also aids in the minimization of waste
production.[1-9] Traditionally, catalytic efficiency is controlled through ligand design, also
known as the first coordination sphere.[10-14] Despite significant progress in the field of
catalysis, there are still many reactions for which high catalytic efficiency cannot be
achieved, and development of new approaches that lead to catalyst improvement are
therefore important. In recent years, great efforts have been devoted to the development of
supramolecular strategies as complementary approach to control catalytic performance.[15-17]
Within this field, ‘caged catalysts’ have shown interesting prospects. A catalyst under
confinement conditions often imposes reactivity and selectivity not observed in the bulk
bulk.[18-24] Thus far, many self-assembled capsules have been developed as supramolecular
catalysts, where catalytic activity and/or selectivity are controlled by the second
coordination sphere.[25,26] Several studies have been reported were coordination cages with
well-defined confined spaces impose so-called second coordination sphere effects, which can
influence the activity and selectivity of the catalytic reaction.[27-30] An interesting feature of a
reaction taking place in a confined space is the increased proximity of substrate(s) and the
catalyst active site, thereby enhancing overall reaction rates by pre-organization.[31,32]
Secondly, selective substrate binding can lead to substrate selectivity and selective
conversion of one of the substrates.[33,34] Thirdly, the pre-organization of a substrate in a
higher energy conformation can accelerate the reaction and promote reactivity.[19] Most
importantly, the stabilization of a transition state or intermediate can alter reaction
mechanisms and lead to reactivity not observed in the bulk.[35,36]
These supramolecular catalysts are inspired by the working principles of enzymes,[37-39] and
in an effort to design and prepare catalysts with further control over chemical reactivity,
enzymes can further serve as sources of inspiration. The active site of many enzymes is
often located deep within the substrate binding cavity of the protein, and for any catalytic
transformation to take place the substrate must diffuse through the body of the protein via a
tunnel.[40] The difference with proteins where the active site is located on the surface is the
additional protein-substrate interactions, as the substrate must diffuse through tunnel
residues before binding to the active active site.[41] For example, the structure of cytochrome
P450, which consists of a long hydrophobic tunnel, regulates the substrate access and product
release.[42] Although these tunnels consist of highly complex molecular structures that
contribute to enzyme function, less sophisticated abiological catalytic systems can mimic
their properties and function for the development of catalysts with high efficiencies in terms
of selectivity and/or activity.[43]
We previously demonstrated the effect of the second-coordination sphere on catalysis,
wherein a caged catalyst functionalized with apolar groups was shown to increase the
catalytic activities in the cobalt-catalyzed cyclopropanation of styrene when compared to
the free catalyst.[44] In this work, we demonstrate an unprecedented strategy for controlling
catalytic performance, in which differences in peripheral functionalization of cubic
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supramolecular cages hosting a cobalt catalyst influences the catalytic activity for
cyclopropanation of styrene. To our best knowledge there are no previous examples
reported wherein the periphery of a cage was shown to influence the activity of a (wo)manmade catalyst.
For the purpose of studying effects of the cage periphery, we explored three different caged
catalyst with different exo-polarities (Figure 1). The previously reported Fe8(Zn-L∙1)6 cage is
functionalized with apolar aliphatic tails (Figure 1, left),[44] the Fe8 (Zn-L∙3)6 cage is
decorated with polar groups at the periphery (Figure 1, right) and the reference Fe8(Zn-L∙2)6
cage (Figure 1, middle). We envisioned that the different peripheries of these caged systems
could be used to control the affinity of caged catalyst for the substrate and thus lead to
different activities. As such the cage serves as a mimic of the active site pocket of an enzyme
whereas the periphery of the cage (light grey surface) provides a synthetic equivalent of the
substrate binding site tunnel (Figure 1).

Figure 1. Modeled structures of Fe8(Zn-L∙1)6 (left), Fe8(Zn-L∙2)6 (middle), and Fe8(Zn-L∙3)6 (right),
showing their inner cavity (red) and the different peripheral substituents (grey).

Results and Discussion
Next to our previously reported apolar Fe8(Zn-L∙1)6 cage, we synthesized two new cages
(Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6) without any peripheral functional groups and with polar
peripheral substituents. This was done by following our recently reported synthetic protocol
for the synthesis of Fe8(Zn-L∙1)6 (Figure 2). For the preparation of the polar cage analog,
component 3 was readily synthesized in one step in 65% yield by the nucleophilic aromatic
substitution of 5-fluoro-2-formylpyridine with Bis[2-(2-hydroxyethoxy)ethyl]ether (see
Experimental section). The reaction between subcomponent Zn-L (6 equiv.), 2 or 3 (24
equiv.) and iron(II) triflimide (8 equiv.) in dry DMF at 70 ˚C overnight resulted in the
formation of single discrete species via the com plexation of iron with the formed pyridyimine functionality (Figure 2A and 2B). Typical shifts in the 1H-NMR spectra are in line
with the formation of Fe8(Zn-L)6 type cages. Importantly, 1H-NMR diffusion-ordered spec— 133 —
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Figure 2. Synthetic procedures of (A) Fe8(Zn-L∙2)6 and (B) Fe8(Zn-L∙3)6 and their geometry optimized
structure using GFN2-xTB.[45] Calculated inner cavity volume of Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6
displayed in red, using Voss Volume Voxelator. Obtained (red) and calculated (black) HR-ESI-MS for the
7+ (left) and 14+ (right) species of Fe8(Zn-L∙2)6 and 9+ (left) and 12+ (right) species of Fe8(Zn-L∙3)6. 1HDOSY NMR of Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6 showing diffusion constants of 3.4∙10-6 and 2.9∙10-6 cm2s1

, respectively.
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troscopy (DOSY) shows a narrow band with a diffusion constant of 3.4∙10-6 cm2s-1 for
Fe8(Zn-L∙2)6 and 2.9∙10-6 cm2s-1 for Fe8(Zn-L∙3)6 confirming the formation of a single
species in solution that is much larger than the corresponding subcomponents (Figure 2A
and B). The value of the diffusion constant is in good agreement with the obtained
diameters of the self-assembled cages (36 Å for Fe8(Zn-L∙2)6 and 43 Å for Fe8(Zn-L∙3)6)
based on molecular modeling studies (vide infra).
High resolution electrospray ionization mass spectrometry (HR-ESI-MS) reveals various
peaks belonging to the two new cubic cages (Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6) with different
charges, in line with the formation of the desired multicationic species (Figure 2A and B).
For each cage, the experimental spectra and simulated isotope patterns overlap perfectly,
unambiguously confirming the formation of M8L6 cage structures. Our efforts to grow single
crystals suitable for X-ray diffraction were unsuccessful (solvent layering and vapor diffusion
at different temperatures only led to solid powders, not suitable for X-ray). Cage Fe8(ZnL∙1)6 was synthesized by following the same synthetic protocol and all analytical data are in
line with the formation of a species identical to the previously reported cage.[44]
To confirm that the central cavity size of Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6 is similar to Fe8(ZnL∙1)6 and able to bind metalloporhyrins such as the catalytically active paramagnetic Cotetrapyridyl porphyrin (Co-G) or the non-catalytic diamagnetic model compound Zntetrapyridyl porphyrin (Zn-G), we performed molecular modeling studies. The molecular
model of Fe8(Zn-L∙1)6 was used to generate the new coordinates with different peripheral
functionalization, and the geometry was optimized using a semi-empirical extended tightbinding method ((GFN2-xTB).[45] This provided an estimated volume of 3300 Å3 and 3250
for Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6, respectively. As anticipated the obtained models reveal
similar cavity volumes for Fe8(Zn-L∙2)6 and Fe8(Zn-L∙3)6 as the Fe8(Zn-L∙1)6 cage and
therefore have an optimal internal volume to bind Co-G or Zn-G.
We first explored encapsulation of the diamagnetic Zn-G guest in the new cages, as the
resulting assemblies can be readily studied by NMR techniques (in contrast to encapsulation
studies of paramagnetic Co-G). The overnight reaction of pre-formed Fe8(Zn-L·2)6 in DMF
with 1 equivalent of Zn-G, results in a 4:2 splitting of the 1H-NMR signals of the cage,
consistent with desymmetrization of the host induced by binding of the guest. Additionally,
the 1H-NMR peaks of the free Zn-G disappeared and three new strongly upfield shifted
guest peaks appeared a 6.59, 5.6, and 2.49 ppm indicating internal binding of Zn-G (Figure
3B). When Fe8(Zn-L·3)6 was stirred in the presence of Zn-G, the empty cage and free Zn-G
were still in solution and no new signals belonging to the encapsulated guest were observed
by HR-ESI-MS and NMR spectroscopy. In contrast, a in situ approach in which, Zn-G and
Zn-L, 3, and the iron(II) triflimide were mixed in the correct stoichiometric ratios yielded
the encapsulated catalyst, as no 1H-NMR signals of the free guest (Zn-G) could be
identified. In addition, similar upfield shifted peaks as in Fe8(Zn-L·2)6 were observed (6.58,
5.62 and 2.5 ppm, Figure 3C). The observed ȟδ values of Zn-G upon encapsulation in the
two novel cages are consistent with previous encapsulation studies of Zn-G in Fe8(Zn-L·1)6
— 135 —
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Figure 3. (A) Synthetic procedures of M-G@Fe8(Zn-L·2)6 (left) and M-G@Fe8(Zn-L·3)6 (right). (B)
Obtained (red) and calculated (black) HR-ESI-MS for the 9+ (left) and 12+ (right) species of CoG@Fe8(Zn-L·2)6 and (C) for 9+ (left) and 12+ (right) species of Co-G@Fe8(Zn-L·3)6. (B) 1H-DOSY NMR
of Zn-G@Fe8(Zn-L·2)6 and of (C) Zn-G@Fe8(Zn-L·3)6 showing diffusion constants of 2.86∙10-6 cm2s-1
and 3.35∙10-6 cm2s-1, respectively. Guest peaks are indicated with a circle.

and with similar cubic self-assembled cages.[34,46,47] HR-ESI-MS of Zn-G@Fe8(Zn-L·2)6 and
Zn-G@Fe8(Zn-L·3)6 yields spectra with signals in line with the desired species and
associated only to structures in which one molecule of Zn-G is encapsulated inside the
molecular cube (Zn-G@Fe8(Zn-L·2)6 and Zn-G@Fe8(Zn-L·3)6, Figure 3B and C).
Importantly, DOSY of the two cages (Zn-G@Fe8(Zn-L·2)6 and Zn-G@Fe8(Zn-L·3)6)
features a uniquely observed product with the same diffusion constant (3.35∙10-6 cm2s-1 and
2.86∙10-6 cm2s-1) as the empty cages (Fe8(Zn-L·2)6 and Fe8(Zn-L·3)6), but now including the
upfield NMR signals that are from protons of the Zn-G guest (Figure 3B and C).
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Interestingly, the preparation of Zn-G@Fe8(Zn-L·2)6 can be done via either the
encapsulation of Zn-G in Fe8(Zn-L·2)6 or via the one-pot reaction of all the subcomponents,
whereas the synthesis of Zn-G@Fe8(Zn-L·1)6 and Zn-G@Fe8(Zn-L·3)6 is only feasible by
the one-pot synthetic protocol. We ascribe this to the more electron-rich O-functionalized
building blocks used for the synthesis of Zn-G@Fe8(Zn-L·1)6 and Zn-G@Fe8(Zn-L·3)6
leading to stronger pyridine binding to iron and therefore decreasing the dynamicity of the
pyridyl-imine iron(II) moieties.
With the optimized synthetic protocols for encapsulation of Zn-G in hand, and having
established the characterization of the diamagnetic assemblies Zn-G@Fe8(Zn-L·1)6, ZnG@Fe8(Zn-L·2)6 and Zn-G@Fe8(Zn-L·3)6 based on the non-catalytic metalloporphyrin ZnG, we next explored the encapsulation of catalytically active and paramagnetic cobalt(II)tetra(4-pyridyl)porphyrin Co-G via the same approach (Figure 3A). Confirmation of
encapsulation of the catalysts came from the HR-ESI-MS of the assemblies, and the spectra
reveal signals corresponding to the expected elemental composition [(Co-G@Fe8(ZnL∙2)6)(NTf2)16 - x(NTf2)]x+ and [(Co-G@Fe8(Zn-L∙3)6)(NTf2)16 - x(NTf2)]x+ of both cagedsystems (Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6 Figure 3B and C). Additional
support for the formation of the host-guest systems was provided by EPR, which reveals
typical signals for an isolated (non-interacting) S = ½ CoII(por) species with clearly resolved
cobalt hyperfine. In contrast, the EPR signal of free Co-G itself is very broad and does not
show any hyperfine couplings due to self-aggregation causing substantial signal broadening
as a result of spin-spin exchange coupling interactions.[46] Encapsulation of Co-G within the
cage assemblies leads to much sharper signals because the protective environment of the
cage prevents self-aggregation. Interestingly, the formation of three different caged-systems
with different exo-polarities shows that our strategy can be used to encapsulate
metalloporphyrins with different metals (Zn and Co) inside cages with polar, apolar, and no
peripheral functionalization.
Having established the preparation of three novel caged catalyst systems, we investigated
the solubility in order to find a compatible solvent to perform our catalysis studies. Cages
Co-G@Fe8(Zn-L·2)6 and Co-G@Fe8(Zn-L·3)6 proved to be soluble in DMF, acetone and
acetonitrile, whereas Co-G@Fe8(Zn-L·1)6 is soluble in a wide range of solvents
(dimethylformamide, acetone, tetrahydrofuran, dichloromethane, toluene, and
dichloromethane/hexane mixtures). As such, we focussed our catalysis investigation on
utilizing DMF, as all the cages are soluble in this solvent and we have previously shown
that DMF is a suitable solvent for these type of cobalt catalyzed cyclopropanation reactions.
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Table 1. Control experiments and optimization of the reaction conditions for the cyclopropanation
of styrene in cages.[a,b]

Entry

Catalyst

T [˚C]

Conversion [%]

P1 [%]

P2 [%]

1

Fe8(Zn-L∙1)6

40

—

—

—

2

Fe8(Zn-L∙1)6

65

—

—

—

3

Fe8(Zn-L∙2)6

40

—

—

—

4

Fe8(Zn-L∙2)6

65

—

—

—

5

Fe8(Zn-L∙3)6

40

—

—

—

6

Fe8(Zn-L∙3)6

65

—

—

—

7

Zn-G@Fe8(Zn-L∙1)6

40

—

—

—

8

Zn-G@Fe8(Zn-L∙1)6

65

—

—

—

9

Zn-G@Fe8(Zn-L∙2)6

40

—

—

—

10

Zn-G@Fe8(Zn-L∙2)6

65

—

—

—

11

Zn-G@Fe8(Zn-L∙3)6

40

—

—

—

12

Zn-G@Fe8(Zn-L∙3)6

65

—

—

—

13[c]

Co-G@Fe8(Zn-L∙1)6

40

90

76

14

14

Co-G@Fe8(Zn-L∙1)6

65

95

78

17

15

Co-G@Fe8 (Zn-L∙1)6

40

96

84

12

16

Co-G@Fe8(Zn-L∙2)6

40

65.5

57

8.5

17

Co-G@Fe8(Zn-L∙2)6

65

70

58

12

18

Co-G@Fe8(Zn-L∙2)6

40

73

67.5

5.5

19

[c]

Co-G@Fe8(Zn-L∙3)6

40

51

45

6

20

Co-G@Fe8(Zn-L∙3)6

65

57

48.5

8.5

21

Co-G@Fe8(Zn-L∙3)6

40

63.5

60

3.5

[c]

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to S2, Styrene (S1, 0.16 mmol), ethyl
diazoacetate (S2, 0.08 mmol) in DMF-d7 (1 mL), 30 h under N2 atmosphere. [b] Conversion of S2
and yields with respect to S2 were determined by

1

H-NMR spectroscopy, using 1,3,5-

trimethoxybenzene as internal standard. [c] S2 was added without prior stirring of styrene and the
catalyst.

Next, we conducted a series of control experiments, and optimized the reaction conditions.
The results are summarized in Table 1. In a typical reaction, S1 (2 equiv.) and the catalyst
were dissolved in DMF and stirred for 30 minutes before the addition of the diazo
compound S2 (1 equiv.), as it generally led to lower dimer P2 formation (Table 1, entries 13,
16, 19 vs 15, 18, 21). Importantly, Fe8(Zn-L∙1)6, Fe8(Zn-L∙2)6 Fe8(Zn-L∙3)6 and ZnG@Fe8(Zn-L∙1)6, Zn-G@Fe8(Zn-L∙2)6, Zn-G@Fe8(Zn-L∙3)6 are not catalytically active, as
— 138 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 146

A Novel M8L6 Cubic Cage…..Effects in Cobalt-porphyrin-catalyzed Cyclopropanation Reactions

performing the reaction at 40 or 65 ˚C did not yield any product (Table 1, entries 1-12).
Following investigations on the effect of the temperature, a better catalytic performance was
found when the reaction was done at 40˚C vs 65 ˚C. (Table 1, entries 14, 17, and 20 vs 15,
18, and 21). Similar observations were obtained for all the caged catalysts (Co-G@Fe8 (ZnL∙1)6, Co-G@Fe8 (Zn-L∙2)6 and Co-G@Fe8 (Zn-L∙3)6), displaying an optimal reaction
temperature of 40 ˚C, and revealing the importance of stirring the styrene with the
supramolecular catalysts prior to addition of the diazo compound S2 for our catalysis
investigations.
With optimized reaction conditions for the three caged catalysts Co-G@Fe8 (Zn-L∙1)6, CoG@Fe8 (Zn-L∙2)6 and Co-G@Fe8 (Zn-L∙3)6, we studied the catalytic performance in terms
of stability, activity, and selectivity. Table 2 shows the catalytic results for the
cyclopropanation of S1 by using caged catalysts (0.25 mol %) with a hydrophobic (CoG@Fe8(Zn-L∙1)6), neutral (Co-G@Fe8(Zn-L∙2)6), and hydrophilic (Co-G@Fe8(Zn-L∙3)6)
peripheral environment. As we previously showed that Co-G@Fe8(Zn-L∙1)6 outperforms
both [Co(TPP)] and the free catalyst (Co-G), as encapsulation of Co-G leads to steric
protection of cobalt-porphyrin catalyst (Co-G) from pyridine-cobalt coordination and
therefore hinders self-deactivation via the blockage of the catalytic cobalt center. We ascribe
the increased conversion when using Co-G@Fe8(Zn-L∙1)6 compared to [Co(TPP)] to the
increased local concentration of ethyl diazoacetate S2 and styrene S1 in the hydrophobic
periphery environment of the cage, and hence also inside the cage, when compared to the
bulk. In agreement with this hypothesis, interestingly, the enhanced performance of CoG@Fe8(Zn-L∙1)6 is accompanied with more dimer P2 formation when compared to
[Co(TPP)] and the guest catalyst (Co-G).
Having concluded that the caged catalyst with apolar exo-functionalities (Co-G@Fe8(ZnL∙1)6) enhances catalytic activities compared to the non-encapsulated catalysts (Co-G and
[Co(TPP)]), we were interested to investigate the effect of the peripheral groups on the
catalytic performance. The use of the exo-decorated cage analog Co-G@Fe8(Zn-L∙3)6 with
24 PEG-4 groups, in the cyclopropanation reaction, lowered the conversion to 63.5%
(TON=254, Table 2, entry 2). Interestingly, P2 formation was decreased, as Co-G@Fe8(ZnL∙3)6 suppressed dimerization by 2-fold compared to Co-G@Fe8(Zn-L∙1)6 (Table 2, entries 1
and 3). Compared to [Co(TPP)], the polar cage catalyst (Co-G@Fe8(Zn-L∙3)6) results in
lower conversions and cyclopropane yields (Table 2, entries 3 and 5), and a higher amount
of dimer product P2 (1% vs 3.5%).
Further evidence that this is an effect of the cage periphery was obtained by the use of a cage
without exo-funtionalities (Co-G@Fe8(Zn-L∙2)6). Importantly, this catalyst system
converted S2 to cyclopropane P1 in a yield of 67.5% (TON=292, Table 2, entry 2), which is
lower than Co-G@Fe8(Zn-L∙1)6 and higher than Co-G@Fe8 (Zn-L∙3)6 (Table 2, entries 1
and 2). The apolar cage catalyst Co-G@Fe8(Zn-L∙1)6 leads to a P1/P2 ratio of 7, whereas
this ratio is 12.3 and 17 for the non-functionalized Co-G@Fe8(Zn-L∙2)6 and polar CoG@Fe8(Zn-L∙3)6 analogs, respectively (Table 2, entries 1, 2 and 3). Remarkably, the selecti— 139 —
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Table 2. Cyclopropanation of styrene with different cages and guests.[a,b]

Entry

Catalyst

Conversion [%]

P1 [%]

P2 [%]

P1/P2

TON[c]

1

Co-G@Fe8(Zn-L∙1)6

96

84

12

7

384

2

Co-G@Fe8(Zn-L∙2)6

73

67.5

5.5

12

292

3

Co-G@Fe8(Zn-L∙3)6

63.5

60

3.5

17

254

4

Co-G

5

3

2

1.5

20

5

[Co(TPP)]

71

70

1

70

284

[a] Reaction conditions: Catalyst (0.25 mol %) with respect to S2 , ethyl diazoacetate (S2, 0.32
mmol) and styrene (S1, 0.64 mmol) in DMF-d7 (1 mL), 40 ˚C, 30 h under N2 atmosphere. [b]
Conversion of S2 and yields with respect to S2 were determined by NMR spectroscopy, using 1,3,5trimethoxybenzene as internal standard, and averaged from three measurements. [c] Turnover
number (TON) was determined by dividing the conversion through the catalyst loading (conv/0.25).

vity towards the desired product P1 decreases upon increasing the polarity of the cage
periphery. These results indicate that the peripheral modification of the cage from polar to
apolar increases the catalytic performance of the system in the cyclopropanation reaction.
We ascribe this to a different local concentration of ethyl diazoacetate and styrene in the
two cages, thus leading to different catalytic activities for the formation of both P1 and P2.
To gain more insight on the effect of the cage periphery, the reaction was monitored over
time by 1H-NMR spectroscopy, from which the kinetic profiles in DMF for Co-G@Fe8(ZnL∙1)6, Co-G@Fe8(Zn-L∙2)6, Co-G@Fe8(Zn-L∙3)6 and [Co(TPP)] were obtained (Figure 4).
As the peripheral environment of the three novel cages differs in polarity, different kinetics
are expected for each catalyst system. As shown in Figure 4, Co-G@Fe8(Zn-L∙1)6 is
substantially more active than Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6, as evidenced
by the initial TOF at 15% conversion (Figure 4). This indicates a higher degree of substrate
accumulation in Co-G@Fe8(Zn-L∙1)6 compared to both Co-G@Fe8(Zn-L∙2)6 and
Co-G@Fe8(Zn-L∙3)6, thus leading to higher catalytic activity due to higher local
concentrations of both S1 and S2. As is clear from Figure 4, reaction rates for both
cyclopropanation and carbene dimerization are enhanced. The presence of 24 icosyl groups
in the periphery of the cage (Co-G@Fe8(Zn-L∙1)6) leads to higher substrate affinity for the
periphery, and thereby the interior of the cage, and demonstrates the influence of the
peripheral polarity of the cage on the catalytic rates. This trend shows that the exohydrophobicity of the cage framework has an indirect, but nonetheless significant impact on
the affinity of the substrate towards the inner environment of the cage. If correct, inverse
polarity is expected to lead to slower catalytic rates in the cyclopropanation reaction.
Indeed, lower activity is observed with the increased peripheral polarity of Co-G@Fe8(ZnL∙3)6, due to lower local substrate concentration in the cavity of the cage. Importantly, the
catalytic activity of the cage with no exo-functionalities (Co-G@Fe8(Zn-L∙2)6) is nearly two
times lower than Co-G@Fe8(Zn-L∙1)6 and three times higher than that of
Co-G@Fe8(Zn-L∙3)6 (Figure 4E). Additionally, the catalytic activity of the confined catalyst
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Figure 4. (A) Reaction profile of Co-G@Fe8(Zn-L∙1)6, (B) Co-G@Fe8(Zn-L∙2)6, (C) Co-G@Fe8(ZnL∙3)6 and (D)

[Co(TPP)] in the cyclopropanation of styrene at 0.25 % catalyst loading. (E) Plot of

TOFini for the formation of P1 calculated at 15% conversion. Data is obtained by fitting the initial part of
the reaction rate curve of Co-G@Fe8(Zn-L∙1)6, Co-G@Fe8(Zn-L∙2)6, Co-G@Fe8(Zn-L∙3)6 and
[Co(TPP)] (see Experimental section). (F) TON for Co-G@Fe8(Zn-L∙1)6, Co-G@Fe8(Zn-L∙2)6, CoG@Fe8(Zn-L∙3)6 and [Co(TPP)] after 30 h.

Co-G@Fe8(Zn-L∙2)6 compared to the non-encapsulated catalyst [Co(TPP)] is similar,
whereas the activity of Co-G@Fe8(Zn-L∙3)6 is 2 times lower than that of [Co(TPP)]. As
cages Co-G@Fe8(Zn-L∙1)6, Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6 similarly
confine the catalyst (Co-G), we attribute the differences in activity to different (relative)
— 141 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 149

Chapter 5

substrate affinities to the periphery of the cage catalysts, and thereby the interior of the
cages, as a result of the peripheral functionalities.

Conclusion
In conclusion, we prepared three novel cubic cages that can bind catalytically active
cobalt(II) meso-tetra(4-pyridyl)porphyrin. The cages differ in exo-decoration, which can be
polar or apolar tails. By encapsulation of cobalt porphyrins as catalysts, this strategy
provides three supramolecular caged catalyst systems with only different peripheral
environment, which effect was probed in catalysis. For the cyclopropanation of styrene with
ethyl diazoacetate, we observed an effect of these peripheral groups on the catalytic activity,
with the exo-functionalized cage catalyst with apolar icosyl groups providing a higher
activity (TOFini) compared to the free bulk catalyst and cages with no or polar exofunctionalization (Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6). The catalytic activity of
the non exo-functionalized cage catalysts (Co-G@Fe8(Zn-L∙2)6) was nearly two times lower
than Co-G@Fe8(Zn-L∙1)6 and three times higher than that of Co-G@Fe8(Zn-L∙3)6.
Remarkably, the peripheral modification of the cage catalysts from polar to apolar increases
the catalytic activities in the cyclopropanation reaction and dimerization. We ascribe this
effect to different (relative) substrate affinities to the cage that lead to different substrate local
concentrations and thus to altered catalytic activities. The affinity of the substrates proved to
be the highest when the apolar decorated cage (Co-G@Fe8(Zn-L∙1)6) is used and the lowest
for the polar analog (Co-G@Fe8(Zn-L∙3)6).
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Experimental
Chemicals and solvents
All reactions involving air- or moisture-sensitive compounds were carried out under nitrogen using
standard Schlenk and vacuum line techniques. Unless noted otherwise, all reagents were of
commercial grade and used without further purification. Dry DMF was kept under N2 over
molecular sieves. Styrene was filtered over basic alumina prior to use.
NMR spectroscopy
1
H-NMR spectra were recorded on a Bruker AMX 400, Varian Mercury 300, Bruker DRX 500,
Bruker DRX 300 or spectrometer, and they are referenced to the solvent residual signal (5.32 ppm
for CD2Cl2, 7.32 ppm for CDCl3, 8.03 ppm for DMF-d7, 1.32 ppm for CD3CN and 2.08 ppm for
toluene-d8). The temperature and the magnetic gradient were calibrated prior the measurement for
2D 1H-DOSY NMR.

Mass spectrometry
High-resolution mass spectra were recorded on a HR-ToF Bruker Daltonik Gmbh Impact II, as ESIToF MS capable of a resolution of at least 4000 FWHM, coupled to a Bruker cryospray unit. The
detection was done in positive-ion mode and the source voltage was between 4 and 6 kV. The flow
rate was 18 uL/hr. The machine was calibrated prior to every measurement via direct infusion of a
TFA-Na solution.
GFN2-XTB calculations
For geometry optimizations of cages and caged-catalysts, Grimme’s GFN2-xTB (Geometry,
Frequency, Noncovalent, extended tight, binding) software was used.[45] Figures and images of the
geometry-optimized
structures
were
generated
with
UCSF
Chimerasoftware.[48]
EPR spectroscopy
EPR spectra were recorded on a Bruker EMX X-band spectrometer equipped with an ER 4112HVCF100 helium cryostat.
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Synthesis of subcomponent Zn-L.
Zn-L was synthesized according to our previously reported methodology.[44]

Scheme 1. Subcomponents used for the synthesis of cages.

Synthesis and characterization of subcomponent 3

Scheme 2. Synthesis of subcomponent 3.

3: PEG-4 (1.7 mL, 9.73 mmol), cesium carbonate (3.2 g, 9.74 mmol), and dry DMF (230 mL) were
added to a Schlenk flask under N2. The mixture was stirred at 100 ˚C for 1 h, after which
5-fluoropicolinaldehyde (1.2 g, 9.6 mmol) was added. The reaction mixture was heated at 100°C for
18 h, followed by cooling down to room temperature. The brown suspension was filtered through a
celite pad and the DMF was removed under reduced pressure. The crude product was purified by
flash column chromatography (SiO2 Ethyl acetate/MeOH ( 100:1 to 100:5, v/v) which afforded the
desired product 2 (1.9 g, 65%) as a yellow oil. 1H-NMR (400 MHz, 298 K, CDCl3) δ (ppm) = 9.98
(d, J = 0.8 Hz, 1H), 8.46 (d, J = 2.8 Hz, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.34 (ddd, J = 8.8, 2.8, 0.7
Hz, 1H), 4.30 – 4.27 (m, 2H), 3.92 – 3.89 (m, 2H), 3.75 – 3.65 (m, 11H), 3.62 – 3.59 (m, 2H). 13CNMR (101 MHz, 298 K, CDCl3) δ (ppm) = 61.68, 68.21, 69.37, 70.29, 70.53, 70.64, 70.90, 72.52,
77.06, 120.80, 123.34, 138.94, 146.35, 158.36, 192.01. HR-MS (ESI) theoretical calculation for
C14H21NO6, m/z [M+H]+: 300.1402, experimental result m/z [M+H]+ = 300.1387.

— 144 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 152

A Novel M8L6 Cubic Cage…..Effects in Cobalt-porphyrin-catalyzed Cyclopropanation Reactions

Figure 5. 1H-NMR (400 MHz, 298 K, CDCl3) of subcomponent 3.

Figure 6. 13C-NMR spectrum (101 MHz, 298 K, CDCl3) of subcomponent 3.
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Synthesis and characterization of Fe8(Zn-L∙2)6.
Fe8(Zn-L∙2)6: Zn-L (0.144 g, 0.150 mmol) together with picolinaldehyde (0.062 g, 0.57 mmol),
iron(II)triflimide (0.118 g, 0.191 mmol) and dry DMF (11 ml) were added to a Schlenk flask. The
mixture was degassed by three cycles of freeze-pump-thaw, and heated at 70 ˚C for 18 h. The
reaction mixture was cooled down to room temperature and stirred for 1 h. The purple-red solution
was passed through a short pad of celite and precipitated in diethyl ether. The precipitates were
collected by filtration and washed with diethyl ether (10 ml) and DCM (10 ml). The solids were
collected by washing the filter with acetonitrile (100 ml) and the solvent was removed under reduced
pressure afford Fe8(Zn-L∙2)6 as dark purple solid. (0.255 g, 80%). 1H- NMR (300 MHz, Acetonitriled3) Ɂ (ppm) = 9.07 (s, 24H), 8.88 (s, 34H), 8.65 (d, J = 7.6 Hz, 28H), 8.51 (s, 24H), 8.42 – 8.32 (m,
38H), 8.18 (dd, J = 19.0, 7.5 Hz, 44H), 8.03 (d, J = 8.2 Hz, 48H), 7.87 (s, 36H), 7.53 (d, J = 5.3 Hz,
24H), 5.69 (d, J = 7.7 Hz, 60H).

C-NMR (75 MHz, Acetonitrile-d3) Ɂ 174.90, 158.48, 156.04,

13

149.70, 149.62, 142.97, 139.81, 137.88, 135.12, 131.64, 131.18, 129.88, 127.99, 1265.4, 124.6, 122.

Figure 7. 1H-NMR spectrum (300 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙2)6.
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Figure 8. 13C-NMR spectrum (75 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙2)6.

Figure 9. 1H-1H COSY spectrum (300 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙2)6.
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Figure 10. 1H-13C-HSQC spectrum (500 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙2)6.

Figure 11. 1H-DOSY NMR spectrum (500 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙2)6.
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ESI-MS characterization.

Figure 12. Full ESI-MS spectrum of Fe8(Zn-L∙2)6 in acetonitrile-d3.

Figure 13. ESI-MS peak for [(Fe8L6)(NTf2)10]6+ in acetonitrile-d3, m/z 1940.2217; calculated m/z 1940.2117.
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Figure 14. ESI-MS peak for [(Fe8L6)(NTf2)9]7+ in acetonitrile-d3, m/z 1623.0598; calculated m/z 1623.0504.

Figure 15. ESI-MS peak for [(Fe8L6)(NTf2)8]8+ in acetonitrile-d3, m/z 1385.1893; calculated m/z 1385.1794.

Figure 16. ESI-MS peak for [(Fe8L6)(NTf2)7]9+ in acetonitrile-d3, m/z 1200.1782; calculated m/z 1200.1686.
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Figure 17. ESI-MS peak for [(Fe8L6)(NTf2)6]10+ in acetonitrile-d3, m/z 1052.1685; calculated m/z 1052.1600.

Figure 18. ESI-MS peak for [(Fe8L6)(NTf2)5]11+ in acetonitrile-d3, m/z 930.9785; calculated m/z 930.9711.

Figure 19. ESI-MS peak for [(Fe8L6)(NTf2)4]12+ in acetonitrile-d3, m/z 830.0696; calculated m/z 830.0637.
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Figure 20. ESI-MS peak for [(Fe8L6)(NTf2)3]13+ in acetonitrile-d3, m/z 744.6845; calculated m/z 744.6806.

Figure 21. ESI-MS peak for [(Fe8L6)(NTf2)2]14+ in acetonitrile-d3, m/z 671.4970; calculated m/z 671.4950.

Synthesis and characterization of Fe8(Zn-L∙3)6.
Fe8(Zn-L∙3)6: Zn-L (0.100 g, 0.095 mmol) together with 3 (0.114 g, 0.38 mmol), iron(II)triflimide
(0.078 g, 0.127 mmol) and dry DMF (12 ml) were added to a Schlenk flask. The mixture was
degassed by three cycles of freeze-pump-thaw, and heated at 70 ˚C for 20 h. The reaction mixture
was cooled down to room temperature and stirred for 1 h. The purple-red solution was passed
through a short pad of celite and precipitated in diethyl ether. The precipitates were collected by
filtration and washed with diethyl ether (100 ml) and DCM (100 ml). The solids were collected by
washing the filter with acetonitrile (100 ml) and the solvent was removed under reduced pressure to
afford Fe8(Zn-L∙3)6 as dark purple solid. (0.292 g, 77%).1H-NMR (500 MHz, Acetonitrile-d3) Ɂ
(ppm) 8.95 (s, 24H), 8.86 (d, J = 7.7 Hz, 38H), 8.58 (d, J = 8.9 Hz, 28H), 8.44 – 8.27 (m, 42H), 8.27
– 8.09 (m, 44H), 8.00 (s, 74H), 7.20 (s, 18H), 5.71 (s, 42H), 4.37 (s, 42H), 3.88 (s, 62H), 3.81 – 3.35
(m, 330H). 13C-NMR (75 MHz, Acetonitrile-d3) Ɂ (ppm) = 173.44, 146.78, 135.77, 135.55, 132.77,
132.25, 128.51, 126.41, 125.21, 123.11, 122.9, 72.56, 71, 69.56, 61.85.

— 152 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 160

A Novel M8L6 Cubic Cage…..Effects in Cobalt-porphyrin-catalyzed Cyclopropanation Reactions

Figure 22. 1H-NMR spectrum (500 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙3)6.

Figure 23. 1H-1H COSY spectrum (300 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙3)6.

— 153 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 161

Chapter 5

Figure 24. 1H-13C-HSQC spectrum (300 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙3)6.

Figure 25. 1H-DOSY NMR spectrum (500 MHz, 298 K, Acetonitrile-d3) of Fe8(Zn-L∙3)6.
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ESI-MS characterization.

Figure 26. Full ESI-MS spectrum of Fe8(Zn-L∙3)6 in acetonitrile-d3.

Figure 27. ESI-MS peak for [(Fe8L6)(NTf2)8]8+ in acetonitrile-d3, m/z 1961.8323; calculated m/z 1961.8547.
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Figure 28. ESI-MS peak for [(Fe8L6)(NTf2)7]9+ in acetonitrile-d3, m/z 1712.7494; calculated m/z 1712.7689.

Figure 29. ESI-MS peak for [(Fe8L6)(NTf2)6]10+ in acetonitrile-d3, m/z 1513.4833; calculated m/z 1513.5003.

Figure 30. ESI-MS peak for [(Fe8L6)(NTf2)5]11+ in acetonitrile-d3, m/z 1350.3568; calculated m/z 1350.3714.
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Figure 31. ESI-MS peak for [(Fe8L6)(NTf2)4]12+ in acetonitrile-d3, m/z 1214.5001; calculated m/z 1214.5140.

Figure 32. ESI-MS peak for [(Fe8L6)(NTf2)3]13+ in acetonitrile-d3, m/z 1099.5446; calculated m/z 1099.5577.

Synthesis and characterization of Zn-G@Fe8(Zn-L∙2)6.
Zn-G@Fe8(Zn-L∙2)6: To an oven-dried Schleck flask under nitrogen atmosphere were added
Fe8(Zn-L∙2)6 (0.080 g, 0.006 mmol), Zn-G (4.1 mg, 0.006 mmol) and dry DMF (4 ml). The mixture
was degassed by three cycles of freeze-pump-thaw, and heated at 70 ˚C for 18 h. The reaction
mixture was cooled down to room temperature and stirred for 1 h. The purple-red solution was
passed through a short pad of celite and precipitated in diethyl ether. The precipitates were collected
by filtration and washed with diethyl ether (100 ml) and DCM (100 ml). The remaining solids on the
filter were collected by washing the filter acetonitrile (100 ml). The solvent was removed under
reduced pressure to afford Zn-G@Fe8(Zn-L∙2)6 as a dark purple solid. (0.059 g, 69 %). 1H-NMR
(400 MHz, Acetonitrile-d3) Ɂ (ppm) 9.12 – 8.86 (m, 48H), 8.63 (s, 34H), 8.48 (s, 28H), 8.41 – 8.22
(m, 50H), 8.21 – 7.66 (m, 134H), 7.51 (d, J = 19.9 Hz, 32H), 6.59 (s, 8H), 5.67 (dd, J = 17.9, 8.1 Hz,
34H), 5.6 (s, 8H) 2.49 (s, 8H).
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Figure 33. 1H-NMR spectrum (400 MHz, 298 K, Acetonitrile-d3) of Zn-G@Fe8(Zn-L∙2)6.

Figure 34. 1H-1H COSY spectrum (300 MHz, 298 K, Acetonitrile-d3) of Zn-G@Fe8(Zn-L∙2)6.
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Figure 35. 1H-DOSY NMR spectrum (500 MHz, 298 K, Acetonitrile-d3) of Zn-G@Fe8(Zn-L∙2)6. Guest peaks
are indicated with a circle.

ESI-MS characterization.

Figure 36. Full ESI-MS spectrum of Zn-G@Fe8(Zn-L∙2)6 in acetonitrile-d3
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Figure 37. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)10]6+ in acetonitrile-d3, m/z 2053.9131; calculated m/z
2053.9019.

Figure 38. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)9]7+ in acetonitrile-d3, m/z 1720.5085; calculated m/z
1720.4991.

Figure 39. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)8]8+ in acetonitrile-d3, m/z 1470.4565; calculated m/z
1470.4470.
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Figure 40. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)7]9+ in acetonitrile-d3, m/z 1275.8608; calculated m/z
1275.8510.

Figure 41. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)6]10+ in acetonitrile-d3, m/z 1120.2831; calculated m/z
1120.2741.

Figure 42. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)5]11+ in acetonitrile-d3, m/z 992.9918; calculated m/z
992.9840.
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Figure 43. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)4]12+ in acetonitrile-d3, m/z 886.9154; calculated m/z
886.9088.

Figure 44. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)3]13+ in acetonitrile-d3, m/z 797.1580; calculated m/z
797.1529.

Figure 45. ESI-MS peak for [Zn-G@(Fe8L6)(NTf2)2]14+ in acetonitrile-d3, m/z 720.2235; calculated m/z
720.2193.
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Synthesis and characterization of Zn-G@Fe8(Zn-L∙3)6.
The encapsulation of Zn-G in the preformed cage Fe8(Zn-L∙3)6 was unsuccessful, as MS
spectrometry and 1H-NMR spectroscopy only showed empty cage. The one-pot reaction of Zn-L, 2,
iron(II)triflimide and Zn-G led to the selective formation of the host-guest complex (Zn-G@Fe8 (ZnL∙3)6).
Zn-G@Fe8(Zn-L∙3)6: To an oven-dried Schleck flask under nitrogen atmosphere were added Zn-G
(8.45 mg, 0.012 mmol), Zn-L (0.078 g, 0.075 mmol), 3 (0.090 g, 0.3 mmol), iron(II)triflimide (0.062
g, 0.1 mmol) and dry DMF (7 ml). The mixture was degassed by three cycles of freeze-pump-thaw,
and heated at 70 ˚C for 18 h. The reaction mixture was cooled down to room temperature and
stirred for 1 h. The purple-red solution was passed through a short pad of celite and precipitated in
diethyl ether. The precipitates were collected by filtration and washed with diethyl ether (100 ml)
and DCM (100 ml). The remaining solids on the filter were collected by washing with acetonitrile
(150 ml). The solvent was removed under reduced pressure to afford Zn-G@Fe8(Zn-L∙3)6 as a dark
purple solid. (0.169 g, 73 %). 1H-NMR (400 MHz, 298 K, Acetonitrile-d3) Ɂ (ppm) = 8.99 (d, J =
15.6 Hz, 58H), 8.61 (dd, J = 17.2, 9.0 Hz, 47H), 8.35 (dd, J = 21.5, 7.1 Hz, 62H), 8.24 – 7.76 (m,
115H), 7.22 (d, J = 17.2 Hz, 30H), 6.58 (s, 8H), 5.73 (s, 45H), 5.62 (s, 8H), 4.37 (s, 42H), 3.88 (s,
58H), 3.75 – 3.42 (m, 285H), 2.50 (s, 8H).

Figure 46. 1H-NMR spectrum (400 MHz, 298 K, Acetonitrile-d3) of Zn-G@Fe8(Zn-L∙3)6.
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Figure 47. 1H-1H COSY spectrum (500 MHz, 298 K, Acetonitrile-d3) of Zn-G@Fe8(Zn-L∙3)6.

Figure 48. 1H-DOSY NMR spectrum (500 MHz, 298 K, Acetonitrile-d3) of Zn-G@Fe8(Zn-L∙3)6. Guest peaks
are indicated with a circle.
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ESI-MS characterization.

Figure 49. Full ESI-MS spectrum of Zn-G@Fe8(Zn-L∙3)6 in acetonitrile-d3.

Figure 50. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)8]8+ in acetonitrile-d3, m/z 2047.0996; calculated m/z
2047.1224.

— 165 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 173

Chapter 5

Figure 51. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)7]9+ in acetonitrile-d3, m/z 1788.4328; calculated m/z
1788.4513.

Figure 52. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)6]10+ in acetonitrile-d3, m/z 1581.4976; calculated m/z
1581.5144.

Figure 53. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)5]11+ in acetonitrile-d3, m/z 1412.2782; calculated m/z
1412.2933.
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Figure 54. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)4]12+ in acetonitrile-d3, m/z 1271.1785; calculated m/z
1271.1924.

Figure 55. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)3]13+ in acetonitrile-d3, m/z 1151.8634; calculated m/z
1151.8762.

Figure 56. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)2]14+ in acetonitrile-d3, m/z 1049.5934; calculated m/z
1049.6052.
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Figure 57. ESI-MS peak for [(Zn-G@Fe8L6)(NTf2)1]15+ in acetonitrile-d3, m/z 961.0923; calculated m/z
961.1037.

Synthesis and characterization of Co-G@Fe8(Zn-L∙2)6.
Co-G@Fe8(Zn-L∙2)6: To an oven-dried Schleck flask under nitrogen atmosphere were added
Fe8(Zn-L∙2)6 (0.080 g, 0.006 mmol), Co-G (4 mg, 0.006 mmol) and dry DMF (4 ml). The mixture
was degassed by three cycles of freeze-pump-thaw, and heated at 70 ˚C for 18 h. The reaction
mixture was cooled down to room temperature and stirred for 1 h. The purple-red solution was
passed through a short pad of celite and precipitated in diethyl ether. The precipitates were collected
by filtration and washed with diethyl ether (100 ml) and DCM (100 ml). The remaining solids on the
filter were collected by washing the filter acetonitrile (100 ml). The solvent was removed under
reduced pressure to afford Co-G@Fe8(Zn-L∙2)6 as a dark purple solid. (0.062 g, 74 %).
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ESI-MS characterization.

Figure 58. Full ESI-MS spectrum of Co-G@Fe8(Zn-L∙2)6 in acetonitrile-d3.

Figure 59. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)9]7+ in acetonitrile-d3, m/z 1719.6407; calculated m/z
1719.6428.
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Figure 60. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)8]8+ in acetonitrile-d3, m/z 1469.6972; calculated m/z
1469.6977.

Figure 61. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)7]9+ in acetonitrile-d3, m/z 1275.1838; calculated m/z
1275.1849.

Figure 62. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)6]10+ in acetonitrile-d3, m/z 1119.6743; calculated m/z
1119.6747.
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Figure 63. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)5]11+ in acetonitrile-d3, m/z 992.4392; calculated m/z
992.4390.

Figure 64. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)4]12+ in acetonitrile-d3, m/z 886.4095; calculated m/z
886.4093.

Figure 65. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)3]13+ in acetonitrile-d3, m/z 796.6920; calculated m/z
796.6919.
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Figure 66. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)2]14+ in acetonitrile-d3, m/z 719.7918; calculated m/z
719.7912

Figure 67. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)1]15+ in acetonitrile-d3, m/z 653.0778; calculated m/z
653.0773.

Figure 68. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)]16+ in acetonitrile-d3, m/z 594.8285; calculated m/z
594.8276.
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Synthesis and characterization of Co-G@Fe8(Zn-L∙3)6.
Co-G@Fe8(Zn-L∙3)6: To an oven-dried Schleck flask under nitrogen atmosphere were added Co-G
(8.8 mg, 0.013 mmol), Zn-L (0.081 g, 0.078 mmol), 3 (0.093 g, 0.31 mmol), iron(II)triflimide (0.064
g, 0.1 mmol) and dry DMF (7 ml). The mixture was degassed by three cycles of freeze-pump-thaw,
and heated at 70 ˚C for 18 h. The reaction mixture was cooled down to room temperature and
stirred for 1 h. The purple-red solution was passed through a short pad of celite and precipitated in
diethyl ether. The precipitates were collected by filtration and washed with diethyl ether (100 ml)
and DCM (100 ml). The remaining solids on the filter were collected by washing with acetonitrile
(150 ml). The solvent was removed under reduced pressure to afford Co-G@Fe8(Zn-L∙3)6 as a dark
purple solid. (0.191 g, 79 %).

ESI-MS characterization.

Figure 69. Full ESI-MS spectrum of Co-G@Fe8(Zn-L∙3)6 in acetonitrile-d3.
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Figure 70. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)7]9+ in acetonitrile-d3, m/z 1787.7652; calculated m/z
1787.7642.

Figure 71. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)6]10+ in acetonitrile-d3, m/z 1580.8982; calculated m/z
1580.8956.

Figure 72. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)5]11+ in acetonitrile-d3, m/z 1411.7334; calculated m/z
1411.7307.
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Figure 73. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)4]12+ in acetonitrile-d3, m/z 1270.7624; calculated m/z
1270.7600.

Figure 74. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)3]13+ in acetonitrile-d3, m/z 1151.4802; calculated m/z
1151.4777.

Figure 75. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)2]14+ in acetonitrile-d3, m/z 1049.1653; calculated m/z
1049.1631.
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Figure 76. ESI-MS peak for [(Co-G@Fe8L6)(NTf2)1]15+ in acetonitrile-d3, m/z 960.5585; calculated m/z
960.5577.
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EPR spectroscopy
Co-G@Fe8(Zn-L)6 cages were dissolved in DMF in a N2-filled glovebox and the solution was
directly transferred into an EPR tube. The samples were frozen in liquid N2 before recording the Xband EPR spectra on a Bruker ER 4112HV-CF100 helium temperature control cryostat system at 20
K. Simulations of the EPR spectra were performed by iteration of the anisotropic g-values, hyperfine
coupling interactions and line widths using EasySpin,[49] via the cwEPR 3.2 GUI.[50]

Figure 77. (A) EPR spectrum of Co-G@Fe8(Zn-L∙2)6. (B) Overlay of the experimental and simulated EPR
spectra of Co-G@Fe8(Zn-L∙2)6. (C) EPR spectrum of Co-G@Fe8(Zn-L∙3)6. (D) Overlay of the experimental
and simulated EPR spectra of Co-G@Fe8(Zn-L∙3)6. Both spectra were recorded in frozen DMF at 20 K
(microwave frequency: 9.357052 GHz; microwave power 0.63 mW; modulation amplitude: 4 Gauss).

In order to stay close to the catalytic conditions, we recorded the EPR spectra in frozen DMF.
However, DMF crystallizes upon freezing, and hence forms a poor glass for EPR measurements. As
such, signal broadening due to spin-spin interactions between the paramagnetic molecules could be
expected, as is observed for the free cobalt(II) porphyrin guest Co-G when measured in DMF.[46]
However, this is not observed for Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6 because the cage
keeps the paramagnetic molecules separated from each other. Hence reasonably sharp spectra are
obtained for both Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6 (Figure 77A and C). The line
shape of the signals obtained in frozen DMF do however seem to be influenced by the poor glass
quality, possibly due to partial magnetic field alignment effects of microcrystals of Co-G@Fe8(ZnL∙2)6 and Co-G@Fe8(Zn-L∙3)6 formed upon freezing the mixtures (due to the poor glass quality of
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frozen DMF). This makes it difficult to capture the exact line shape in EPR simulations.
Nonetheless, the EPR line pattern could be reasonably captured (Figure 77 B and D) for both
Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6, with the exact same simulation parameters. Two
different S = ½ cobalt(II) species were used in the simulations, as it proved impossible to capture the
line pattern with a single cobalt species. We hypothesize that the cobalt(II) porphyrin guest Co-G in
the assemblies exists in two different forms, e.g. with an NTf2 counterion, a DMF molecule or
nothing coordinated at the axial position. The simulation parameters derived from these simulations
are as follows: Species 1: g = [2.53, 2.27, 2.17], ACo = [52, 151, 141 MHz]; species 2: g = [2.41, 2.00,
2.023], ACo = [132, 60, 307 MHz], assuming that the two species are present in a roughly 1:1 ratio.
However, since the hyperfine patterns overlap strongly, the simulations are not unique and very
similar simulations can be obtained upon interchanging the g- and A-values of species 1 with those of
species 2. It could well be that better simulations of the line shape are possible upon interchanging
values between the species combined with different ratios of the species in the EPR simulations but
this will always be associated with uncertainties. Exact assignment of the EPR signals is considered
to be beyond the scope of the present chapter.

Molecular modeling studies

Figure 78. Energy minimized structures of Co-G@Fe8(Zn-L∙1)6 (left), Co-G@Fe8(Zn-L∙2)6 (middle), and CoG@Fe8(Zn-L∙3)6 (right). Molecular models were generated using a semi-empirical extended tightbinding method (GFN2-xTB).[45]
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Procedure for the catalytic cyclopropanation experiments.

To an oven-dried Schlenk flask were added the cobalt-catalyst (0.0025 eq.), deuterated DMF (1.5
ml/mmol S1), and S1 (2.0 eq.) under nitrogen. The mixture was degassed for 10 minutes by
bubbling nitrogen and then stirred for 30 min, after which degassed S2 (1.0 eq.) was added. The
reaction mixture was stirred for 30 hours at 40 °C, followed by cooling to room temperature. The
yield and the conversion were determined by directly measuring 1H-NMR of the reaction mixture in
the presence of 1,3,5-trimethoxybenzene as an internal standard. 1H-NMR data of the obtained
products were in agreement with published data.[52]

Figure 79. Reaction profile for the formation of P1 using [Co(TPP)] and cage catalysts Co-G@Fe8(Zn-L·1)6,
Co-G@Fe8(Zn-L·2)6, and Co-G@Fe8(Zn-L·3)6 monitored by 1H-NMR (top) and the corresponding initial
TOF (TOFini) estimation (bottom).
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Metal-Coordination Cages Based on
BINAP ligands; Post-Assembly
Modification and Application in Goldcatalyzed Cyclization Reactions

Abstract
In this study, two novel M4L6 supramolecular cages based on BINAP ligands were
synthesized. These are examples of Nitschke type cages with phosphines embedded within
their framework. As such, we prepared one small ([Fe4(BB∙1)6]) and one larger
([Fe4(BB∙2)6]) analogue that gives access to different sizes of the respective cage cavities.
The post-assembly functionalization of these cages leads to the selective formation of the
corresponding AuICl-phosphine cage ([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12])
containing 12 Au atoms per cage. Chloride abstraction from the Au centers with a Ag+ salt
proceeded smoothly, without cage decomposition. The resulting caged Au-catalysts were
applied in gold(I)-catalyzed cyclization reactions. Lactonization of 4-pentynoic acid showed
a minor effect of the cavity space, as the larger analogue led to the formation of the desired
product in higher yields. Compared to the bulk activated catalysts ([((R)-BINAP)Au2](BF4)2
and [((R)-BB∙1)Au2](BF4)2), [Fe4(BB∙2)6Au12](BF4)12 results in higher yields and conversion,
whereas [Fe4(BB∙1)6Au12](BF4)12 led to the formation of P1 in lower yields. Additionally, we
demonstrated the effect of the cavity space on the selectivity of the gold(I)-catalyzed
cyclization of hex-4-ynoic acid. While the differences are small between the smaller
([Fe4(BB∙1)6Au12](BF4)12) and the larger analogue ([Fe4(BB∙2)6Au12](BF4)12), there is an
increased preference for the formation of the six-membered ring product when
[Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst. The two bulk catalysts performed very
similar and the P2/P3 selectivity was slightly lower compared to that when
[Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst.

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 191

Chapter 6

Introduction
Well-defined supramolecular architectures with different geometries have gained increasing
attention over the past few decades.[1–3] Among these discrete supramolecular structures,
metal-coordination cages are considered as an attractive class of supramolecules due to their
structural diversity that allows the easy design and synthesis of cage frameworks with
functional moieties.[3–11] Several studies demonstrated a series of applications in the selective
recognition of guests (i.e. for chemical separations) and catalysis, where the internal cavities
and/or embedded functionalities within the cage framework lead to unprecedented
properties and catalytic performance.[8,12,21–23,13–20]
Metal-coordination cages are made by the complexation of metal ions with multitopic
ligands, which typically dictate their application in binding catalytically active guests or
function as catalytically active moieties.[24] One profound challenge is the orthogonal
synthesis of meta-coordination cages, which limits the incorporation of more reactive
groups in supramolecular structures. Importantly, the presence of ligands with reactive
binding sites should not interfere with the formation of the respective metal-coordination
bond for the formation of the desired cage. Expanding the space of the incorporated
functionalities within the cage framework can lead to novel supramolecular structures,
creating room for more exciting applications in catalysis. When the framework of the cage
consists of several ligands containing binding sites for catalytically active metal ions,
interesting phenomena can occur where the active site can be exposed or protected.[25–30]
Additionally, the presence of more than one metal center may lead to cooperative catalysis
or increased activity due to metal-metal interactions.[31–33] Phosphine-containing ligands are
a powerful class of ligands that find application in several important catalytic processes.[34]
Interestingly, features such as strong binding to metals and ease of tuning of their steric and
electronic properties resulted in the development of various transition-metal catalyzed
reactions.[35,36] However, metal-coordination cages with phosphine functionalities are
challenging to prepare, as phosphines form strong metal-ligand bonds that hinder the
construction of the desired supramolecular structure.[37-39]
Herein, we report the synthesis of novel M4L6 Nitschke-type supramolecular cages based on
a ditopic phosphine-containing ligand and iron(II) as the metal ion for the formation of the
tetrahedral cage framework. As such, we prepared one small ([Fe4(BB∙1)6]) and one larger
([Fe4(BB∙2)6]) cage that gives access to different sizes of the respective cavities (Figure 1).
Post-functionalization of these cages leads to the selective formation of the corresponding
AuICl-phoshpine cages ([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12]) containing 12 Au
atoms per cage. Chloride abstraction from the Au centers with a Ag+ salt proceeded
smoothly, without cage decomposition, which is rare for Nitschke-type cages.[25] This sets
the stage for gold(I)-catalyzed cyclization reactions by utilizing supramolecular cages as the
catalysts. As such, we initiated preliminary investigations of the catalytic activity of these
cage catalyst systems in gold(I)-catalysis and explored the effect of having different cavity
spaces on catalyst performance.
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Figure 1. Geometries of the optimized structures of (A) the small ([Fe4(BB∙1)6]) and (B) larger analogue
([Fe4(BB∙2)6]) showing the difference in the volume of the cavity. Calculations were performed using the
semi-empirical extended tight-binding method GFN2-xTB.[40]

Results and discussion
We started our investigation with the synthesis of the smaller cage ([Fe4(BB∙1)6]). The
corresponding subcomponent (R)-BB∙1 was synthesized in four steps with an overall yield
of 55% (Schene 1).

Schene 1. Synthetic procedure for the preparation of (R)-BB∙1.
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The first step involves the oxidation of (R)-BINAP, followed by a selective bromination of
A1 in positions 4 and 4‘ to afford A2 in a yield of 90%. The resulting brominated BINAP
(A2) was coupled with 4-aminophenylboronic acid, affording A3 in a yield of 78%. The last
step involves the reduction of A3 to generate the desired subcomponent (R)-BB∙1 in a yield
of 80%.
The reaction between subcomponent (R)-BB∙1 (6 equiv.), picolinaldehyde (12 equiv.) and
iron(II) triflate (4 equiv.) in CH3CN at 65 ˚C resulted in the formation of a new compound
via imine bond formation (Figure 2A). Typical shifts in the 1H-NMR spectra are in line with
the formation of a complex containing low spin tris(pyridyl-imine) iron(II) moieties. 1HNMR diffusion-ordered spectroscopy (DOSY) confirms the formation of a single species in
solution that is much larger than the components (Figure 2B). Based on the diffusion
constant (log D = ‒9.3 m2 s-1), the diameter of the self-assembled structure is ~25 Å, which
is in line with the formation of the desired tetrahedral cage ([Fe4(BB∙1)6], Figure 2B).
Additional proof for the formation of the cage was provided by high resolution electrospray
mass spectrometry (HR-ESI-MS), which shows various peaks associated to the tetrahedral
cage ([Fe4(BB∙1)6]) with different charges in line with the formation of the desired multica-

Figure 2. (A) Synthetic procedure for the preparation of [Fe4(BB∙1)6]. (B) Obtained (red) and calculated
(black) HR-ESI-MS for the 6+ (left) and 8+ (right) charged species of [Fe4(BB∙1)6]. 1H-DOSY NMR of
[Fe4(BB∙1)6] showing diffusion constant of log D = ‒9.3 m2 s-1. The imine 1H-NMR shifts are indicated
with a rectagle.
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tionic species (Figure 2B). Our efforts to grow single crystals suitable for X-ray diffraction
were unsuccessful (solvent layering and vapor diffusion at different temperatures only led to
solid powders, not suitable for X-ray diffraction studies). Interestingly, the presence of
multiple imine signals suggests the formation of various cage isomers (Figure 2B).
Generally, during the formation of pyridyl-imine based complexes chirality arises from the
spatial arrangement of the achiral pyridyl-imine ligands around the metal templates.[41-43] The
metal centers can be C3-symmetric pseudo-octahedral tris-chelate complexes, that can lead
to facial (fac) or meridional (mer) stereochemistry. Additionally, ȟ or Ȧ handedness is
observed generating inherently chiral structures that depends on the substituents on the
pyridine or amine derivate. For tetrahedral cages, the fac and mer conformations give
distinctly different signals.[44] This is due to the high symmetry of the fac-isomer in contrast
with the meridional coordination complex which is less symmetrical and lead to imine
protons that reside in different chemical and magnetic environments. The presence of five
different broad imine signals suggests the formation of multiple diastereomers with mer and
fac stereochemistry together with homochiral T (ȦȦȦȦ/ȟȟȟȟ) and heterochiral C3
(ȟȟȟȦ/ȦȦȦȟ) overall symmetry. The broad 1H-NMR signals does not allow to identify all
the possible isomers as fac-configurations with different ȟ or Ȧ handedness generally lead to
chemical shifts with small differences. However, the additional formation of rotational
isomers due to the restricted rotation of the ligand within the cage framework cannot be
excluded. Moreover, multiple peaks in 31P-NMR further support the formation of several
isomers (Figure 3).

Figure 3. 31P-NMR of (R)-BB∙1 (top) and [Fe4(BB∙1)6] (bottom).

Having established the preparation of [Fe4(BB∙1)6] we next synthesized the larger cage
analogue [Fe4(BB∙2)6]. The subcomponent (R)-BB∙2 was synthesized in two steps starting
from A2 with an overall yield of 61% (Scheme 2). The Suzuki coupling of A2 with (4'amino-[1,1'-biphenyl]-4-yl)boronic acid led to the formation of A4 in a yield of 74%.
Reduction of the phosphine oxide containing ligand (A4) afforded the final product ((R)BB∙2) in a yield of 93%.
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Scheme 2. Synthetic procedure for the preparation of subcomponent (R)-BB∙2.

By following the same synthetic protocol for the synthesis of [Fe4(BB∙1)6] cage, we
synthesized the larger analogue [Fe4(BB∙2)6]. In detail, the reaction between subcomponent
(R)-BB∙2 (6 equiv.), picolinaldehyde (12 equiv.) and iron(II) triflate (4 equiv.) resulted in the
formation of single discrete species via the complexation of iron with the formed pyridylimine functionality (Figure 4A). 1H-NMR diffusion-ordered spectroscopy (DOSY) shows a
narrow band with a diffusion constant of log D = ‒9.45 m2 s-1, confirming the formation of a
single species in solution of ~35 Å, that is much larger than the corresponding subcomponent
((R)-BB∙1) and [Fe4(BB∙1)6] (Figure 4B). High resolution electrospray ionization mass
spectrometry (HR-ESI-MS) reveals various peaks belonging to the new tetrahedral cage
([Fe4(BB∙2)6]) with different charges, in line with the formation of the desired multicationic
species (Figure 4B). For each cage, the experimental spectra and simulated isotope patterns
overlap perfectly, unambiguously confirming the formation of M4L6 cage structure. In
contrast with the crowded cage [Fe4(BB∙1)6] 1H-NMR and 31P-NMR of [Fe4(BB∙2)6] show
one signal. Based on previous studies on tetrahedral cages we ascribe this to the formation of
isomers with fac stereochemistry together with homochiral T (ȦȦȦȦ/ȟȟȟȟ) and heterochiral
C3 (ȟȟȟȦ/ȦȦȦȟ) overall symmetry.[45] In contrast to the formation of cage [Fe4(BB∙1)6] that
leads to the formation of mer-isomers, [Fe4(BB∙2)6] exists in fac-stereochemistry in line with
previously reported Nitchke-type M4L6 cages. 31P-NMR shows on signal that stems from the
fast exchange of the rotational isomers, as a result of the less crowded cage (Figure 5).
Similar to [Fe4(BB∙1)6] our efforts to grow single crystals for [Fe4(BB∙2)6] suitable for X-ray
diffraction were unsuccessful.
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Figure 4. (A) Synthetic procedure of [Fe4(BB∙2)6]. (B) Obtained (red) and calculated (black) HR-ESI-MS
for the 6+ (left) and 7+ (right) charged species of [Fe4(BB∙2)6]. 1H-DOSY NMR of [Fe4(BB∙2)6] showing
diffusion constant of log D = ‒9.45 m2 s-1. The imine 1H-NMR shifts are indicated with a circle.

Figure 5. 31P-NMR of (R)-BB∙2 (top) and [Fe4(BB∙2)6] (bottom).
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We next explored the complexation of gold for the formation of the gold(I) cage species. The
reaction of pre-formed [Fe4(BB∙1)6] or [Fe4(BB∙2)6] in CH3CN with 12 equivalents of
chloro(dimethyl sulfide)gold(I), results in very broad 1H-NMR signal for both cages
([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12], Figure 6 and Figure 8). Additionally,
typical shifts in 31P-NMR are in line with the formation of gold(I) phosphine species (Figure
7 and Figure 9). HR-ESI-MS of [Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12] yields
spectra with signals in line with the desired species and associated only to structures in
which all the phosphines are bound to Au. Importantly, no other masses of the free
phosphine cages ([Fe4(BB∙1)6] and [Fe4(BB∙2)6]) were observed, in line with the selective
formation of the fully metalated cages ([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12],
Figure 6B and Figure 8B). Importantly, DOSY of the two cages ([Fe4(BB∙1)6(AuCl)12] and
[Fe4(BB∙2)6(AuCl)12]) features a uniquely observed product with the same diffusion constant
(log D = ‒9.3 m2 s-1 and ‒9.45 m2 s-) as the free phosphine cages ([Fe4(BB∙1)6] and
[Fe4(BB∙2)6], Figure 6B and Figure 8B).

Figure 6. (A) Synthetic procedure for the preparation of [Fe4(BB∙1)6(AuCl)12]. (B) Obtained (red) and
calculated (black) HR-ESI-MS for the 6+ (left) and 7+ (right) charged species of [Fe4(BB∙1)6(AuCl)12]. 1HDOSY NMR of [Fe4(BB∙1)6(AuCl)12] showing diffusion constant of log D = ‒9.3 m2 s-1.
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Figure 7. 31P-NMR of [Fe4(BB∙1)6] (top) and [Fe4(BB∙1)6(AuCl)12] (bottom).

Figure 8. (A) Synthetic procedures of [Fe4(BB∙2)6(AuCl)12]. (B) Obtained (red) and calculated (black)
HR-ESI-MS for the 6+ (left) and 8+ (right) charged species of [Fe4(BB∙2)6(AuCl)12]. 1H-DOSY NMR of
[Fe4(BB∙2)6(AuCl)12] showing diffusion constant of log D = ‒9.45 m2 s-1.
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Figure 9. 31P-NMR of [Fe4(BB∙2)6] (top) and [Fe4(BB∙2)6(AuCl)12] (bottom).

With the two gold-containing cages in hand ([Fe4(BB∙1)6(AuCl)12] and
[Fe4(BB∙2)6(AuCl)12]), we studied the catalytic performance in two different gold(I)catalyzed cyclization reactions. First, we started our investigations with the gold(I)catalyzed lactonization of 4-pentynoic acid. Table 1 shows the catalytic results by using
[((R)-BINAP)(AuCl)2],
[((R)-BB∙1)(AuCl)2],
[Fe4(BB∙1)6(AuCl)12]
and
[Fe4(BB∙2)6(AuCl)12] (Table 1, entries 1-4). The obtained conversion and yield when using
[((R)-BINAP)(AuCl)2], [Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12] as the catalyst were
very low due to the strongly bound chloride to gold (Table 1, entries 1, 3 and 4).
Interestingly, [((R)-BB∙1)(AuCl)2] led to the formation of P1 in a yield of 20% (Table 1,
entry 2). While interesting and noteworthy, the exact explanation is outside the scope of this
work.
Next, we investigated the catalytic activity when the chloride is abstracted (Table 1, entries
5-8). In a typical reaction, the activated catalyst was prepared by stirring the catalyst with
equimolar amount of AgBF4 (with respect to gold) before addition of the substrate. After
addition of the substrate the reaction mixture was stirred for another 4 hours. As expected
the obtained yields when using the activated catalysts are significantly higher than that of
AuCl-analogues (Table 1, entries 1-8, 3-20 % vs 74-96 %). The best performing catalyst is
the extended BINAP cage [Fe4(BB∙2)6Au12](BF4)12, while the smaller catalytically active
cage ([Fe4(BB∙1)6Au12](BF4)12) led to the formation of P1 in 74 %. Compared to the bulk
catalysts ([((R)-BINAP)Au2](BF4)2 and [((R)-BB∙1)Au2](BF4)2), [Fe4(BB∙2)6Au12](BF4)12
results in higher yields (96%) and conversion, whereas [Fe4(BB∙1)6Au12](BF4)12 converted S1
to P1 in a yield of 74 % (Table 1, entries 5-8). These results indicate that the catalytic
performance it terms of yields increases when the cage with more cavity space available is
used as the catalyst. We ascribe the lower yields obtained when the smaller cage ([((R)BB∙1)Au2](BF4)2) was used to less available Au centers that point inside the crowded cage.
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Table 1. Gold(I)-catalyzed lactonization of 4-pentynoic acid.[a,b]

Entry
1

Catalyst
[((R)-BINAP)(AuCl)2]

Conversion [%]
3

Yield [%]
3

2

[((R)-BB∙1)(AuCl)2]

20

20

3

[Fe4(BB∙1)6(AuCl)12]

7

6

4

[Fe4(BB∙2)6(AuCl)12]

4

4

5

[((R)-BINAP)Au2](BF4)2

88

88

6

[((R)-BB∙1)Au2](BF4)2

91

91

7[c]

[Fe4(BB∙1)6Au12](BF4)12

75

74

8

[Fe4(BB∙2)6Au12](BF4)12

96

96

[c]
[c]

[c]

[a] Reaction conditions: Catalyst (5 % Au) with respect to 4-pentynoic acid (S1, 15 mmol) in
CD3NO2 (0.6 ml), RT, 4 h under N2 atmosphere. [b] Conversion of S1 and the yields of P1 were
determined by NMR spectroscopy, using 1,3,5-trimethoxybenzene as internal standard, and
averaged from three measurements. [c] Catalyst (5 % Au) and AgBF4 (5 %) with respect to 4pentynoic acid (S1, 15 mmol) in CD3NO2 (0.6 ml), RT, stirred for 1 h prior addition of S1.

Next, we were interested in the effect of the cavity space on the selectivity in the gold(I)catalyzed lactonization of hex-4-ynoic acid. As such, [((R)-BINAP)(AuCl)2], [((R)BB∙1)(AuCl)2], [Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12] were used as the catalysts
under the same conditions (vide supra) as the gold(I)-catalyzed lactonization of 4-pentynoic
acid (Table 2, entries 1-8). The catalytic activity of [((R)-BINAP)(AuCl)2],
[Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12] is very low (Table 2, entries 1, 3 and 4).
While the catalytic performance of [((R)-BB∙1)(AuCl)2] in the cyclization of S2 is lower
than observed for S1, the obtained yield is higher than that of [((R)-BINAP)(AuCl)2],
[Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12] (Table 2, entries 2 vs 1, 3 and 4). When the
catalysts were activated by abstraction of the chloride, the obtained conversions were similar
for ([((R)-BINAP)Au2](BF4)2, [((R)-BB∙1)Au2](BF4)2 and [Fe4(BB∙2)6Au12](BF4)12 (Table 2,
entries 5, 6 and 8). However, the catalytic performance of [Fe4(BB∙1)6Au12](BF4)12 is lower
than the rest of the catalysts (Table 2, entry 7). Similar to the gold(I)-catalyzed lactonization
of 4-pentynoic acid, this may be the result of less available Au centers due to the crowded
cage catalyst ([Fe4(BB∙1)6Au12](BF4)12). The selectivity for P2 was the highest for
[Fe4(BB∙2)6Au12](BF4)12 and the lowest for [Fe4(BB∙1)6Au12](BF4)12, while the bulk catalysts
([((R)-BINAP)Au2](BF4)2 and [((R)-BB∙1)Au2](BF4)2) performed very similar (Table 2,
entries 5 and 6). The higher P2/P ratio observed when [Fe4(BB∙2)6Au12](BF4)12 was the ca— 193 —
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Table 2. Gold(I)-catalyzed lactonization of hex-4-ynoic acid.[a,b]

Entry
1

Catalyst
[((R)-BINAP)(AuCl)2]

Conversion
—

P2 [%]
—

P3 [%]
—

P2/P3
—

2

[((R)-BB∙1)(AuCl)2]

11

10

1

10

3

[Fe4(BB∙1)6(AuCl)12]

6

4

2

2

4

[Fe4(BB∙2)6(AuCl)12]

5

4

1

4

5

([((R)-BINAP)Au2](BF4)2

87

54

33

1.6

6[c]

[((R)-BB∙1)Au2](BF4)2

92

57

35

1.6

7[c]

[Fe4(BB∙1)6Au12](BF4)12

71

41

30

1.4

8

[Fe4(BB∙2)6Au12](BF4)12

92

61

31

2

[c]

[c]

[a] Reaction conditions: Catalyst (5 % Au) and AgBF4 (5 %) with respect to 4-pentynoic acid (S1, 15
mmol) in CD3NO2 (0.6 ml), RT, 4 h under N2 atmosphere. [b] Conversion of S1 and the yields of
P1 were determined by NMR spectroscopy, using 1,3,5-trimethoxybenzene as internal standard,
and averaged from three measurements. [c] Catalyst (5 % Au) and AgBF4 (5 %) with respect to 4pentynoic acid (S1, 15 mmol) in CD3NO2 (0.6 ml), RT, stirred for 1 h prior addition of S1.

talyst may be the result of a moderate control by the cavity, leading to an increased
preference towards P2.

Conclusion
In summary we prepared two novel tetrahedral cages that differ in size and cavity space.
This was done by using two building blocks that differ in size, specifically have different
distances between the amines that are used for subcomponent supramolecular assembly of
the cages. Post-assembly functionalization led to the selective formation of the
corresponding AuICl-phoshpine cages ([Fe4(BB∙1)6(AuCl)12] and ([Fe4(BB∙2)6(AuCl)12])
containing 12 Au atoms per cage. We utilized these newly developed catalyst systems in
gold(I)-catalyzed cyclization reactions. This was done by the use of the AuCl-containing
cages ([Fe4(BB∙1)6(AuCl)12] and ([Fe4(BB∙2)6(AuCl)12]) and the activated analogues
([Fe4(BB∙1)6Au12](BF4)12 and [Fe4(BB∙2)6Au12](BF4)12. Additionally, the catalytic
performance of two bulk catalysts ([((R)-BINAP)Au2](BF4)2 and [((R)-BB∙1)Au2](BF4)2)
was investigated and compared to that of the caged catalysts. Interestingly, [((R)BB∙1)(AuCl)2] was the most active catalyst before chloride abstraction, while the rest ([((R)BINAP)(AuCl)2], [Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12]) led only to minor
conversions. Compared to the bulk activated catalysts ([((R)-BINAP)Au2](BF4)2 and [((R)BB∙1)Au2](BF4)2), [Fe4(BB∙2)6Au12](BF4)12 results in slightly higher yields and conversion,
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whereas [Fe4(BB∙1)6Au12](BF4)12 led to the formation of P1 in lower yields. While the
differences were small in terms of the obtained yields for the formation of P1, there was a
minor enhancement when the cage with the larger cavity space was used compared to the
smaller analogue. Furthermore, we investigated the effect of the cavity space on the
selectivity in the gold(I)-catalyzed cyclization of hex-4-ynoic acid. The obtained results of
the non-activated catalyst were similar with the lactonization of 4-pentynoic acid. When the
chloride was abstracted the difference in terms of selectivity is minor between the smaller
([Fe4(BB∙1)6Au12](BF4)12) and the larger analogue ([Fe4(BB∙2)6Au12](BF4)12), although there
is an increased preference for the formation of the six-membered ring product when
[Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst. The two bulk catalysts performed very
similar and the P2/P3 selectivity was slightly lower compared to that when
[Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst. These results show that chiral molecular
cages functionalized with catalysts can be easily synthesized by a post-modification strategy,
laying the foundation for further exploration of cage catalysis.
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Experimental
Chemicals and solvents
All reactions involving air- or moisture-sensitive compounds were carried out under nitrogen using
standard Schlenk and vacuum line techniques. Unless noted otherwise, all reagents were of
commercial grade and used without further purification.
NMR spectroscopy
1

H-NMR spectra were recorded on a Bruker AMX 400, Varian Mercury 300, Bruker DRX 500,

Bruker DRX 300 or spectrometer, and they are referenced to the solvent residual signal (5.32 ppm
for CD2Cl2, 7.32 ppm for CDCl3, 8.03 ppm for DMF-d7, 1.32 ppm for CD3CN and 2.08 ppm for
toluene-d8). The temperature and the magnetic gradient were calibrated prior the measurement for
2D 1H-DOSY NMR.
Mass spectrometry
High-resolution mass spectra were recorded on a HR-ToF Bruker Daltonik Gmbh Impact II, as ESIToF MS capable of a resolution of at least 4000 FWHM, coupled to a Bruker cryospray unit. The
detection was done in positive-ion mode and the source voltage was between 4 and 6 kV. The flow
rate was 18 uL/hr. The machine was calibrated prior to every measurement via direct infusion of a
TFA-Na solution.
GFN2-XTB calculations
For geometry optimizations of cages and caged-catalysts, Grimme’s GFN2-xTB (Geometry,
Frequency, Noncovalent, extended tight, binding) software was used.[40] Figures and images of the
geometry-optimized

structures

were

generated

with

UCSF

Chimera

software.
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Synthesis and characterization of (R)-BB∙1.
A1[46] and A2[47] were synthesized according to literature procedures.
A3: To a three-neck round bottom flask, A2 (1.5 g, 1.85 mmol), potassium carbonate (5.9 g, 43
mmol), and (4-aminophenyl)boronic acid (1.3 g, 7.4 mmol) were dissolved in 35:1 mixture of DMF
and water (560 mL in total), and the resulting suspension was degassed by bubbling N2 for 30 min.
Then Pd(dppf)Cl2 (0.230 mg, 0.3 mmol) was added and the mixture was stirred at 90 °C for 72 h,
followed by cooling to room temperature. The reaction mixture was filtered through a Celite pad
using a P4 glass filter, and the solids were collected by washing the filter with DMF (300 mL). All
the filtrates was precipitated in water, filtered off, and washed thoroughly with water. A3 was
obtained as a off-white solid (1.2 g, 78%). 1H-NMR (400 MHz, 298 K, DMSO-d6): (500 MHz,
DMSO-d6) Ɂ 7.92 (d, J = 8.5 Hz, 2H), 7.67 – 7.53 (m, 4H), 7.47 – 7.26 (m, 18H), 7.21 – 7.07 (m,
6H), 6.97 – 6.84 (m, 2H), 6.78 (d, J = 8.4 Hz, 2H), 6.71 (d, J = 8.4 Hz, 4H), 5.30 (s, 4H); 31P-NMR
(202 MHz, DMSO-d6) Ɂ = 27.35; HRMS (ESI): m/z calcd for C56H42N2O2P2: 836.2722 [M+H]+,
found: 836.2733.

Figure 10. 1H-NMR (500 MHz, 298 K, DMSO-d6) of A3.
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Figure 11. 31P-NMR (202 MHz, DMSO-d6) of A3.

(R)-BB∙1: To a high pressure Schlenk flask A3 (0.350 g, 0.42 mmol), together with Et3N (0.3 mL,
2.1 mmol) and HSiCl3 (0.43 mL, 4.18 mmol) were added in a 13 mL of dry o-xylene and the mixture
was heated at 120 ˚C under N2 for 20 h. The next day the reaction mixture was cooled down to
room temperature and 5 M NaOH (40 mL) was added and cloudy solution was stirred for 2 h. The
resulting mixture was extracted with DCM (3x) and the organic layers were washed with brine and
dried over Na2SO4. Evaporation under reduced pressure yielded (R)-BB∙1 as an off-white solid
(0.393 g, 94% yield). 1H-NMR (300 MHz, 298 K, CDCl3) Ɂ = 8.10 – 8.00 (m, 2H), 7.50 – 7.42 (m,
2H), 7.38 – 7.29 (m, 6H), 7.21 – 7.10 (m, 20H), 7.07 – 6.96 (m, 4H), 6.88 – 6.76 (m, 4H), 3.74 (s,
4H);

13

C-NMR (75 MHz, CDCl3) Ɂ = 145.44, 144.86, 144.30, 140.01, 138.05, 137.99, 137.89,

135.24, 135.13, 134.43, 134.37, 134.23, 134.09, 134.03, 134.01, 133.94, 133.86, 133.01, 132.96,
132.83, 132.70, 132.66, 131.86, 131.37, 131.28, 131.01, 128.34, 128.12, 128.07, 128.02, 127.97,
127.94, 127.91, 127.44, 126.38, 125.98, 125.49, 114.94;

31

P-NMR (121MHz, CDCl3) Ɂ = -14.8;

HRMS (ESI): m/z calcd for C56H42N2P2: 804.2823 [M+H] , found: 804.2836.
+
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Figure 12. 1H-NMR (300 MHz, 298 K, CDCl3) of (R)-BB∙1.

Figure 13. 13C-NMR (75 MHz, 298 K, CDCl3) of (R)-BB∙1.
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Figure 14. 31P-NMR (121 MHz, CDCl3) of (R)-BB∙1.

A4: To a three-neck round bottom flask, A2 (1.22 g, 1.5 mmol), potassium carbonate (4.8 g, 34.5
mmol), and (4'-amino-[1,1'-biphenyl]-4-yl)boronic acid (1.5 g, 6 mmol) were dissolved in 15:1
mixture of DMF and water (460 mL in total), and the resulting suspension was degassed by bubbling
N2 for 30 min. Then Pd(dppf)Cl2 (0.190 mg, 0.23 mmol) was added and the mixture was stirred at 90
°C for 72 h, followed by cooling to room temperature. The reaction mixture was filtered through a
Celite pad using a P4 glass filter, and the solids were collected by washing the filter with DMF (300
mL). All the filtrates was precipitated in water, filtered off, and washed thoroughly with water. A4
was obtained as an off-white solid (1.1 g, 74%). 1H-NMR (400 MHz, 298 K, CDCl3): Ɂ = 8.01 (d, J
= 8.5 Hz, 2H), 7.69 (dd, J = 10.4, 7.8 Hz, 8H), 7.61 – 7.46 (m, 14H), 7.40 – 7.20 (m, 14H), 7.07 (d, J
= 8.5 Hz, 2H), 6.92 (t, J = 7.6 Hz, 2H), 6.82 (d, J = 8.1 Hz, 4H), 4.14 – 3.27 (m, 4H); 31P-NMR (162
MHz, CDCl3) Ɂ = 28.65; HRMS (ESI): m/z calcd for C68H50N2O2P2: 988.3348 [M+H]+, found:
988.3388.
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Figure 15. 1H-NMR (400 MHz, 298 K, CDCl3) of A4.

Figure 16. 31P-NMR (162 MHz, CDCl3) of A4.
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(R)-BB∙2: To a high pressure Schlenk flask A4 (0.350 g, 0.35 mmol), together with Et3N (0.25 mL,
1.77 mmol) and HSiCl3 (0.36 mL, 3.54 mmol) were added in a 11 mL of dry o-xylene and the
mixture was heated at 120 ˚C under N2 for 20 h. The next day the reaction mixture was cooled down
to room temperature and 5M NaOH (40 mL) was added and cloudy solution was stirred for 2 h.
The resulting mixture was extracted with DCM (3x) and the organic layers were washed with brine
and dried over Na2SO4. Evaporation under reduced pressure yielded (R)-BB∙2 as an off-white solid
(0.312 g, 93% yield). 1H-NMR (300 MHz, 298 K, DMSO-d6) Ɂ = 7.98 (d, J = 8.5 Hz, 2H), 7.69 (d, J
= 8.0 Hz, 4H), 7.55 – 7.38 (m, 10H), 7.37 – 7.17 (m, 14H), 7.08 (dd, J = 10.5, 5.6 Hz, 10H), 6.92 (d,
J = 8.5 Hz, 2H), 6.67 (d, J = 8.1 Hz, 4H), 5.28 (s, 4H); 13C-NMR (126 MHz, 298 K, DMF-d7) Ɂ =
162.05, 148.76, 145.11, 144.79, 140.78, 140.19, 138.10, 137.84 (d, J = 39.6 Hz), 137.35, 137.25,
134.13 – 133.58 (m), 133.10 (d, J = 10.1 Hz), 131.76, 131.63, 130.61, 128.75, 128.65, 127.64,
126.02, 125.93, 115.10, 34.29; 31P-NMR (121 MHz, 298 K, DMSO-d6) Ɂ = -15.23; HRMS (ESI):
m/z calcd for C68H50N2P2: 956.3449 [M+H]+, found: 956.3489.

Figure 17. 1H-NMR (300 MHz, 298 K, DMSO-d6) of (R)-BB∙2.

— 202 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 210

Metal-Coordination Cages Based on BINAP ligands;…Gold-catalyzed Cyclization Reactions

Figure 18. 13C-NMR (126 MHz, 298 K, DMF-d7) of (R)-BB∙2.

Figure 19. 31P-NMR (121 MHz, 298 K, DMSO-d6) of (R)-BB∙2.
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Synthesis and characterization of cage [Fe4(BB∙1)6].
[Fe4(BB∙1)6]: (R)-BB∙1 (0.100 g, 0.124 mmol) together with picolinaldehyde (0.026 g, 0.248 mmol),
iron(II)triflimide (0.051 g, 0.083 mmol) and dry MeCN (35 ml) were added to a Schlenk flask. The
mixture was degassed by three cycles of freeze-pump-thaw, and heated at 65 ˚C for 18 h. The
reaction mixture was cooled down to room temperature and stirred for 1 h. The purple solution was
passed through a short pad of celite and precipitated in diethyl ether. The precipitates were collected
by filtration and washed with diethyl ether (10 ml). The solids were collected by washing the filter
with acetonitrile (100 ml) and the solvent was removed under reduced pressure afford [Fe4(BB∙1)6]
as purple solid. (0.138 g, 80%). 1H-NMR (300 MHz, acetonitrile-d3) Ɂ (ppm) = 9.21 (s, 3H), 8.94 (s,
6H), 8.72 (s, 6H), 8.44 (d, J = 27.0 Hz, 21H), 7.83 (s, 22H), 7.74 – 6.33 (m, 205H), 6.12 (s, 5H), 5.95
(s, 5H), 5.80 (s, 6H), 5.28 (d, J = 31.1 Hz, 7H), 4.99 (s, 2H).31P-NMR (202 MHz, acetonitrile-d3) Ɂ
(ppm) = -15.68, -16.91, -20.32.

Figure 20. 1H-NMR (300 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙1)6].
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Figure 21. 31P-NMR (202 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙1)6].

Figure 22. 1H-DOSY NMR spectrum (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙1)6].
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ESI-MS characterization

Figure 23. Full ESI-MS spectrum of cage [Fe4(BB∙1)6] in acetonitrile-d3.

Figure 24. ESI-MS peak for [(Fe4(BB∙1)6)(NTf2)4]4+ in acetonitrile-d3, m/z 1810.5876; calculated m/z
1810.6081.
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Figure 25. ESI-MS peak for [(Fe4(BB∙1)6)(NTf2)3]5+ in acetonitrile-d3, m/z 1392.2877; calculated m/z
1392.3029.

Figure 26. ESI-MS peak for [(Fe4(BB∙1)6)(NTf2)2]6+ in acetonitrile-d3, m/z 1113.5866; calculated m/z
1113.5991.

Figure 27. ESI-MS peak for [(Fe4(BB∙1)6)(NTf2)1]7+ in acetonitrile-d3, m/z 914.5141; calculated m/z 914.5257.

Figure 28. ESI-MS peak for [(Fe4(BB∙1)6)(NTf2)0]8+ in acetonitrile-d3, m/z 765.2117; calculated m/z 765.2201.
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Synthesis and characterization of cage [Fe4(BB∙2)6].
[Fe4(BB∙2)6]: (R)-BB∙2 (0.100 g, 0.104 mmol) together with picolinaldehyde (0.022 g, 0.208 mmol),
iron(II)triflimide (0.043 g, 0.070 mmol) and dry MeCN (39 ml) were added to a Schlenk flask. The
mixture was degassed by three cycles of freeze-pump-thaw, and heated at 65 ˚C for 18 h. The
reaction mixture was cooled down to room temperature and stirred for 1 h. The purple solution was
passed through a short pad of celite and precipitated in diethyl ether. The precipitates were collected
by filtration and washed with diethyl ether (10 ml). The solids were collected by washing the filter
with acetonitrile (100 ml) and the solvent was removed under reduced pressure afford [Fe4(BB∙2)6]
as purple solid. (0.133 g, 83%). 1H-NMR (500 MHz, acetonitrile-d3) Ɂ (ppm) = 9.02 (s, 12H), 8.60 (s,
12H), 8.46 (s, 14H), 8.00 (s, 14H), 7.86 (s, 32H), 7.65 (s, 48H), 7.53 (s, 12H), 7.41 (s, 22H), 7.17 (d, J
= 24.3 Hz, 112H), 7.05 (d, J = 21.9 Hz, 30H), 5.58 (s, 28H).31P-NMR (162 MHz, acetonitrile-d3) Ɂ
(ppm) = -15.68.

Figure 29. 1H-NMR (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙2)6].
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Figure 30. 31P-NMR (162 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙2)6].

Figure 31. 1H-DOSY NMR spectrum (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙2)6].
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ESI-MS characterization.

Figure 32. Full ESI-MS spectrum of cage [Fe4(BB∙2)6] in acetonitrile-d3.

Figure 33. ESI-MS peak for [(Fe4(BB∙2)6)(NTf2)3]5+ in acetonitrile-d3, m/z 1574.9635; calculated m/z
1574.9786.
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Figure 34. ESI-MS peak for [(Fe4(BB∙2)6)(NTf2)1]6+ in acetonitrile-d3, m/z 1265.8180; calculated m/z
1265.8293.

Figure 35. ESI-MS peak for [(Fe4(BB∙2)6)(NTf2)2]7+ in acetonitrile-d3, m/z 1044.9900; calculated m/z
1045.0083.

Figure 36. ESI-MS peak for [(Fe4(BB∙2)6)(NTf2)0]8+ in acetonitrile-d3, m/z 879.3848; calculated m/z 879.3927.
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Synthesis and characterization of cage [Fe4(BB∙1)6(AuCl)12].
[Fe4(BB∙1)6(AuCl)12]: To an oven-dried Schlenk flask [Fe4(BB∙1)6] (10 mg, 1.2 Ɋmol), together with
Chloro(dimethyl sulfide)gold(I) (4.2 g, 14.4 Ɋmol)) were added in a 1 mL of dry CD3CN and the
mixture was stirred under N2 for 1 h. The resulting purple solution was filtered and directly
characterized. 1H-NMR (500 MHz, acetonitrile-d3) Ɂ (ppm) = 9.23 (s, 24H), 8.57 (d, J = 116.3 Hz,
39H), 7.43 (dd, J = 253.6, 140.9 Hz, 209H), 6.02 (s, 16H). 31P-NMR (202 MHz, acetonitrile-d3) Ɂ
(ppm) = 21.66.

Figure 37. 1H-NMR (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙1)6(AuCl)12].

Figure 38. 31P-NMR (202 MHz, 298 K, acetonitrile-d3) of cgae [Fe4(BB∙1)6(AuCl)12].
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Figure 39. 1H-DOSY NMR spectrum (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙1)6(AuCl)12].

ESI-MS characterization.

Figure 40. Full ESI-MS spectrum of cage [Fe4(BB∙1)6(AuCl)12] in acetonitrile-d3.
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Figure 41. ESI-MS peak for [(Fe4(BB∙1)6(AuCl)12)(NTf2)3]5+ in acetonitrile-d3, m/z 1950.3570; calculated m/z
1950.3464.

Figure 42. ESI-MS peak for [(Fe4(BB∙1)6(AuCl)12)(NTf2)2]6+ in acetonitrile-d3, m/z 1578.4671; calculated m/z
1578.4691.

Figure 43. ESI-MS peak for [(Fe4(BB∙1)6(AuCl)12)(NTf2)1]7+ in acetonitrile-d3, m/z 1312.9820; calculated m/z
1312.9853.
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Figure 44. ESI-MS peak for [(Fe4(BB∙1)6(AuCl)12)(NTf2)0]8+ in acetonitrile-d3, m/z 1113.8689; calculated m/z
1113.8725.

Synthesis and characterization of cage [Fe4(BB∙2)6(AuCl)12].
[Fe4(BB∙2)6(AuCl)12]: To an oven-dried Schlenk flask [Fe4(BB∙2)6] (10 mg, 1.1 Ɋmol), together with
Chloro(dimethyl sulfide)gold(I) (3.8 mg, 13 Ɋmol)) were added in a 1 mL of dry CD3CN and the
mixture was stirred under N2 for 1 h. The resulting purple solution was filtered and directly
characterized. 1H-NMR (500 MHz, acetonitrile-d3) Ɂ (ppm) = 9.01 (s, 9H), 8.54 (d, J = 71.3 Hz,
24H), 7.63 (dt, J = 191.6, 72.8 Hz, 287H), 5.56 (s, 16H).31P-NMR (202 MHz, acetonitrile-d3) Ɂ
(ppm) = 23.4.

Figure 45. 1H-NMR (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙2)6(AuCl)12].
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Figure 46. 31P-NMR (202 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙2)6(AuCl)12].

Figure 47. 1H DOSY NMR spectrum (500 MHz, 298 K, acetonitrile-d3) of cage [Fe4(BB∙2)6(AuCl)12].
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ESI-MS characterization.

Figure 48. Full ESI-MS spectrum of cage [Fe4(BB∙2)6(AuCl)12] in acetonitrile-d3.

Figure 49. ESI-MS peak for [(Fe4(BB∙2)6(AuCl)12)(NTf2)3]5+ in acetonitrile-d3, m/z 2132.8093; calculated m/z
2132.8220.
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Figure 50. ESI-MS peak for [(Fe4(BB∙2)6(AuCl)12)(NTf2)2]6+ in acetonitrile-d3, m/z 1730.6915; calculated m/z
1730.6988.

Figure 51. ESI-MS peak for [(Fe4(BB∙2)6(AuCl)12)(NTf2)1]7+ in acetonitrile-d3, m/z 1443.4635; calculated m/z
1443.4679.

Figure 52. ESI-MS peak for [(Fe4(BB∙2)6(AuCl)12)(NTf2)1]8+ in acetonitrile-d3, m/z 1227.9168; calculated m/z
1227.9197.
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Figure 53. 31P-NMR of [Fe4(BB∙1)6], [Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙1)6Au12](BF4)12.

Figure 54. 31P-NMR of [Fe4(BB∙2)6], [Fe4(BB∙2)6(AuCl)12] and [Fe4(BB∙2)6Au12](BF4)12.
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Catalytic procedures without catalyst activation.
An flamed-dried vial with a screw cap was flushed for 3 times with N2/vacuum. Then under N2 the
tube was charged with catalyst (5 % Ȝu) and dissolved in dry and degassed CD3NO2 (0.6 mL). Then,
the substrate was added to the resulting purple solution and the mixture was stirred for 4 hours.
When the reaction was over the mixture was directly measured by 1H-NMR. The spectral data of the
products corresponded with those reported in literature.[48]

Catalytic procedures with catalyst activation.
An flamed-dried vial with a screw cap was flushed for 3 times with N2/vacuum. Then under N2 the
tube was charged with catalyst (5 % Ȝu) and dissolved in dry and degassed CD3NO2 (0.6 mL). Then,
AgBF4 (0.75 mmol) was added and the solution was stirred for 1 h, followed by filtration to remove
the formed precipitate. The substrate was added to the resulting purple solution and the mixture was
stirred for 4 hours. When the reaction was over the mixture was filtered and directly measured by
1

H-NMR. The spectral data of the products corresponded with those reported in literature.[48]
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SUMMARY
Confinement Effects in Homogeneous
Catalysis using Well-defined Supramolecular
Architectures
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Nature has been a great source of inspiration for the development of new technologies and
the improvement of existing chemical processes. The continuation of this pursue for the
efficient use of natural resources and the minimization of waste production is pivotal for
sustainable-oriented applications. For these reasons, advances in catalysis are central to the
development of efficient chemical processes for the sustainable manufacturing of valuable
chemicals. For homogeneous (transition) metal catalysts it is now well-recognized that the
use of electronically and/or sterically tuned ligands can lead to enhanced catalytic
performance of the corresponding metal complexes (Figure 1, left). Despite significant
progress in the field of catalysis, there are still many reactions for which high catalytic
efficiency cannot be achieved, and development of new approaches that lead to catalyst
improvement are therefore important. In recent years, great efforts have been devoted to the
development of supramolecular strategies as complementary approach to control catalytic
performance. Within this field, ‘caged catalysts’ have shown interesting prospects. A
catalyst under confinement conditions often imposes reactivity and selectivity not observed
in the bulk. Thus far, many self-assembled capsules have been developed as supramolecular
catalysts, where catalytic activity and/or selectivity are controlled by the second
coordination sphere (Figure 1, right).

Figure 1. First coordination sphere (left) and second coordination sphere (right) of a catalyst.

Several studies have been reported in which coordination cages with well-defined confined
spaces impose so-called second coordination sphere effects around the active metal center,
thereby influencing the activity and selectivity of the catalytic reaction. An interesting
feature of a reaction taking place in a confined space is the increased proximity of
substrate(s) and the catalyst active site, thereby enhancing overall reaction rates by preorganization. Secondly, selective substrate binding can lead to substrate selectivity and
selective conversion of one of the substrates present in a mixture. Thirdly, the preorganization of a substrate in a higher energy conformation can accelerate the reaction and
promote reactivity. Most importantly, the stabilization of a transition state or intermediate
can alter reaction mechanisms and lead to reactivity not observed in the bulk. The focus of
this thesis is the design and synthesis of new supramolecular caged catalysts that can be used
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to study various confinement effects in homogeneous transition metal catalysis. Emphasis is
put on the effect of confinement on the catalytic performance in cobalt catalyzed
cyclopropanation of alkenes and gold catalyzed cyclization reactions with the aim to
demonstrate the importance of second coordination sphere effects in catalysis.
The first part of this thesis describes the investigations concerning the use a covalent cage as
host for the encapsulation of cobalt(II)-tetrapyridylporphyrin (chapter 2). The formation of
the host-guest complex was studied via two approaches: (1) the encapsulation of the
diamagnetic analaogue zinc(II)- tetrapyridylporphyrin in the zincated box and (2) the use of
the guest as a template for the formation of the desired supramolecule. We concluded that
both the encapsulation and the template approach only lead to the formation of insoluble
material. Stepwise formation was also problematic. While in-situ preparation of a 4:1
complex was successful, the next step in the anticipated sequential approach again resulted
in undesired formation of an insoluble precipitate. Additionally, we have developed a robust
and facile synthetic methodology for the synthesis of one of the building blocks (mesotetrakis(4-formyl-phenyl)porphyrin) needed for the preparation of a reported covalent cage.
This synthetic approach involves the reduction of the easily synthesized meso-tetrakis(4carboxylphenyl)porphyrin followed by Parikh–Doering oxidation affording the desired
tetra(formyl) product. This highly valuable building block for supramolecular chemistry was
obtained in good yields and high purity without the use of any extensive purification
method. Not only the overall yield is improved compared to the already reported
methodologies, but also the complexity of the synthetic procedure has been significantly
decreased, making this method suitable for gram-scale synthesis. Easy access to this
symmetrical square-shaped building block facilitated further chemical investigations for the
preparation of desirable caged catalysts.
In chapter 3 we have developed a novel and catalytically active caged-system CoG@Fe8(Zn-L∙1)6, soluble in both polar and apolar solvents without the necessity of any
post-functionalization. This is a rare example of a large cage able to encapsulate
catalytically active porphyrins soluble in several solvents of different polarity. The synthesis
is based on the self-assembly of subcomponents 1 and Zn-L in which the catalyst acts as a
template for the formation of an octahedral iron-iminopyridine coordination complex.
Moreover, we demonstrate that DMF has a protective influence on the catalysts, slowing
down
deactivation
of
both
[Co(TPP)]
and
Co-G@Fe8(Zn-L∙1)6
during
radical‐cyclopropanation of styrene (Figure 2). DFT studies reveal similar energy barriers
for the rate-determining step of this reaction for [Co(TPP)] and [Co(TPP)(L)], with DMF
acting as an axial ligand L, thus showing that the observed higher TONs in DMF are not
due to an intrinsic higher activity caused by axial ligand binding. Kinetic studies confirm
that initial rates in toluene and DMF are similar, but that catalyst deactivation is faster in
toluene than in DMF or toluene:DMF (100:1) mixtures. The combined effects of the solvent
and the cage on the activity and stability of the Co-G@Fe8(Zn-L∙1)6 catalyst were
investigated. Interestingly, encapsulation of Co-G led to a three times more active catalyst
than [Co(TPP)] (TOFini) and a substantially increased TON compared to both [Co(TPP)]
and free Co-G. The enhanced performance of the catalyst upon encapsulation demonstrates
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the effect of the cage. We infer that the increased local concentration of ethyl diazoacetate
and styrene in the hydrophobic cage compared to the bulk leads to higher catalytic
activities.

Figure 2. Solvent and confinement effects in radical-cyclopropanation of styrene.

In chapter 4 we describe computational studies of the reaction pathway of the cobaltcatalyzed cyclopropanation of styrene using [Co(TPP)]. This was done by DFT methods
which reveal that the axial donor ligand does not have a significant influence on the relative
free energy barriers. This contrasts with a previous theoretical study involving
cyclopropanation of ethene by a Co-aldiminato complex, wherein the energy for the
formation of the cobalt carbene complex was reduced upon axial ligand binding. The
different outcome of these studies is likely due to the different ligand system and the use of a
simplified model system and substrates in the earlier studies reported by Yamada. The
computational results are in line with the kinetic experiments that showed no difference in
reaction rate (TOF) in the presence of axial ligand binding to the cobalt center
[Co(TPP)(L)]. The results presented herein clearly show that the experimentally observed
improved catalytic performance of [Co(TPP)] in cyclopropanation of styrenes with EDA in
the presence of DMF stem from a stabilizing effect of DMF. Computational investigations
of the effect of axial ligand coordination on deactivation of the catalyst via HAT from
toluene, EDA or DMF to the carbene radical intermediate revealed somewhat higher
barriers when DMF or other axial donors are coordinated to the cobalt center. This, in
combination with the similar barriers of the rate-limiting step of [Co(TPP)] and
[Co(TPP)(L)], provides theoretical support for our hypothesis (and experimental results; see
chapter 3) that the observed improved catalytic performance in DMF or toluene/DMF
mixtures compared to pure toluene is a result of slower catalyst deactivation in the presence
of axial donors. This was confirmed by additional computational studies, showing that
HAT barriers are indeed higher for species containing axial ligand donors.
In chapter 5 we reported the preparation of three novel cubic cages that can bind
catalytically active cobalt(II) meso-tetra(4-pyridyl)porphyrin. The cages differ in exodecoration with polar or apolar tails. By encapsulation of cobalt porphyrins as catalysts, this
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strategy provides three supramolecular caged catalyst systems with only different peripheral
environments, which effect was probed in catalysis (Figure 3). For the cyclopropanation of
styrene with ethyl diazoacetate, we observed an effect of these peripheral groups on the
catalytic activity, with the exo-functionalized cage catalyst with apolar icosyl groups
providing a higher activity (TOFini) compared to the free bulk catalyst and cages with no or
polar exo-functionalization (Co-G@Fe8(Zn-L∙2)6 and Co-G@Fe8(Zn-L∙3)6). The catalytic
activity of the non exo-functionalized cage catalysts (Co-G@Fe8(Zn-L∙2)6) was nearly two
times lower than that of Co-G@Fe8(Zn-L∙1)6 and three times higher than that of CoG@Fe8(Zn-L∙3)6. Remarkably, the peripheral modification of the cage catalysts from polar
to apolar increases the catalytic activities in the cyclopropanation reaction and dimerization.
We ascribe this effect to different (relative) substrate affinities to the cage that lead to
different substrate local concentrations and thus to altered catalytic activities. The affinity of
the substrates proved to be the highest when the apolar decorated cage (Co-G@Fe8(ZnL∙1)6) is used and the lowest for the polar analog (Co-G@Fe8(Zn-L∙3)6).

Figure 3. Controlling the activity of a caged cobalt–porphyrin-catalyst in cyclopropanation reactions with
peripheral cage substituents

Chapter 6 elaborates on the preparation of two novel tetrahedral cages that differ in size and
cavity space. This was done by using two building blocks that differ in size, specifically have
different distances between the amines that are used for subcomponent supramolecular
assembly of the cages. Post-assembly functionalization led to the selective formation of the
corresponding AuICl-phosphine cages ([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12])
containing 12 Au atoms per cage. We utilized these newly developed catalyst systems in
gold(I)-catalyzed cyclization reactions. This was done by the use of the AuCl-containing
cages ([Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12]) and the activated analogues
([Fe4(BB∙1)6Au12](BF4)12 and [Fe4(BB∙2)6Au12](BF4)12). Additionally, the catalytic
performance of two bulk catalysts ([((R)-BINAP)Au2](BF4)2 and [((R)-BB∙1)Au2](BF4)2)
was investigated and compared to that of the caged catalysts (Figure 4). Interestingly, [((R)— 229 —
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BB∙1)(AuCl)2] was the most active catalyst before chloride abstraction, while the rest ([((R)BINAP)(AuCl)2], [Fe4(BB∙1)6(AuCl)12] and [Fe4(BB∙2)6(AuCl)12]) led only to minor
conversions. Compared to the bulk activated catalysts ([((R)-BINAP)Au2](BF4)2 and [((R)BB∙1)Au2](BF4)2), [Fe4(BB∙2)6Au12](BF4)12 results in slightly higher yields and conversion,
whereas [Fe4(BB∙1)6Au12](BF4)12 led to the formation of product P1 in lower yields. While
the differences were small in terms of the obtained yields for the formation of P1, there was
a minor enhancement when the cage with the larger cavity space was used compared to the
smaller analogue (Figure 4). Furthermore, we investigated the effect of the cavity space on
the selectivity in the gold(I)-catalyzed cyclization of hex-4-ynoic acid. The obtained results
of the non-activated catalyst were similar with the lactonization of 4-pentynoic acid. When
the chloride was abstracted the difference in terms of selectivity is minor between the
smaller ([Fe4(BB∙1)6Au12](BF4)12) and the larger analogue ([Fe4(BB∙2)6Au12](BF4)12),
although there is an increased preference for the formation of the six-membered ring
product when [Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst. The two bulk catalysts
performed very similar and the P2/P3 product selectivity was slightly lower compared to
that when [Fe4(BB∙2)6Au12](BF4)12 was used as the catalyst. These results show that chiral
molecular cages functionalized with catalysts can be easily synthesized by a postmodification strategy, laying the foundation for further exploration of cage catalysis.

Figure 4. Gold(I)-catalyzed lactonization of 4-pentynoic acid (top) and of hex-4-ynoic acid (bottom).

This research shows the synthesis and catalytic application of several metal-coordination
caged catalyst in cobalt-catalyzed cyclopropanation of alkenes and gold-cyclizations. The
combined results from the various chapters show that metal-coordination cages offer several
advantages compared to purely organic cages as a result of the ease of synthesis and increase
dynamicity for the formation of inclusion complexes. Importantly, the confinement of a
catalyst around catalytically active cobalt-porphyrin can alter the catalytic performance in
the cobalt-catalyzed cyclopropanation of alkenes. The optimization and mechanistic
understanding of the cobalt-catalyzed cyclopropanation of alkenes (experimentally and
theoretically) by using the bulk catalyst allowed us to directly compared the performance of
the caged and bulk catalyst and clearly showed the advantage of performing a reaction in a
confined space. Moreover, the effect of high local concentration was demonstrated where
higher activities and altered selectivities were obtained when the caged-catalyst was used as
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the catalyst compared to the bulk catalyst. In addition, we were able to control the catalytic
activity in cobalt-catalyzed cyclopropanation of alkenes by changing the polarity of the
peripheral cage substitutents. These results illustrate how the introduction of a second- and
third-coordination sphere can influence catalytic performance. The strategy of the thirdcoordination sphere controlling the catalytic activity can be further expanded to different
catalytic systems where selectivity based on polarity of the substrate and/or product can be
achieved. Lastly, we utilized two newly developed cage catalyst systems in gold(I)catalyzed cyclization reactions. We initiated preliminary investigations of the catalytic
activity of these cage catalyst systems in gold(I)-catalysis and explored the effect of having
different cavity spaces on catalyst performance. While the differences are small in terms of
the obtained yields these systems set the stage for gold(I)-catalyzed cyclization reactions by
utilizing supramolecular cages as the catalysts.
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SAMENVATTING
Opsluitingseffecten in Homogene Katalyse met
behulp van Goed-gedefinieerde Supramoleculaire
Structuren
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De natuur is een grote bron van inspiratie geweest voor de ontwikkeling van nieuwe
technologieën en de verbetering van bestaande chemische processen. De voortzetting van
het streven naar een efficiënt gebruik van natuurlijke grondstoffen en de minimalisering van
afvalproductie is van cruciaal belang voor op duurzaamheid gerichte toepassingen van
chemische processen. Om deze redenen staan vorderingen in de katalyse centraal bij de
ontwikkeling van efficiënte chemische processen voor de duurzame productie van
chemicaliën. Voor homogene (overgangs)metaalkatalysatoren is het nu algemeen bekend
dat het gebruik van elektronisch en/of sterisch afgestemde liganden kan leiden tot
verbeterde katalytische prestaties van de overeenkomstige metaalcomplexen (figuur 1,
links). Ondanks de grote vooruitgang op het gebied van de katalyse zijn er nog steeds veel
reacties waarvoor geen hoge katalytische efficiëntie kan worden bereikt, en de ontwikkeling
van nieuwe benaderingen die leiden tot katalysatorverbetering is dan ook belangrijk. De
laatste jaren zijn grote inspanningen gewijd aan de ontwikkeling van supramoleculaire
strategieën als aanvullende benadering om de katalytische prestaties te verbeteren. Binnen
dit gebied hebben "katalysator-in-een-kooi" systemen interessante vooruitzichten getoond.
Een opgesloten katalysator geeft vaak reactiviteit en selectiviteit die in de bulk niet worden
waargenomen. Tot dusver zijn veel zelfgeassembleerde capsules ontwikkeld als
supramoleculaire katalysatoren, waarbij de katalytische activiteit en/of selectiviteit worden
geregeld door de tweede coördinatieschil (figuur 1, rechts).

L

L

M

L

L

L

L

M

L

L

Figure 1. Eerste coördinatieschil (links) en tweede coördinatieschil (rechts) van een katalysator.

Er zijn verschillende studies gerapporteerd waarin coördinatiekooien met goed
gedefinieerde besloten ruimtes zogenaamde tweede-coördinatieschil-effecten opleggen rond
het actieve metaalcentrum, waardoor de activiteit en selectiviteit van de katalytische reacties
worden beïnvloed. Een interessant kenmerk van een reactie die plaatsvindt in een besloten
ruimte is de grotere nabijheid van substraten en het actieve centrum van de katalysator,
waardoor de totale reactiesnelheid wordt verhoogd door pre-organisatie. Ten tweede kan
selectieve substraatbinding leiden tot substraatselectiviteit en selectieve omzetting van een
van de substraten die in een mengsel aanwezig zijn. Ten derde kan de pre-organisatie van
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een substraat in een conformatie met hogere energie de reactie versnellen en de reactiviteit
bevorderen. Het belangrijkste is dat de stabilisatie van een overgangstoestand of
intermediair de reactiemechanismen kan veranderen en kan leiden tot reactiviteit die in de
bulk niet wordt waargenomen. De focus van dit proefschrift ligt op het ontwerp en de
synthese van nieuwe supramoleculaire gekooide katalysatoren die gebruikt kunnen worden
om verschillende opsluitingseffecten in homogene transitiemetaalkatalyse te bestuderen. De
nadruk wordt gelegd op het effect van opsluiting op de katalytische prestaties in kobalt
gekatalyseerde cyclopropanering van alkenen en goud gekatalyseerde ringsluitingsreacties
met als doel het belang aan te tonen van tweede coördinatieschil effecten in de katalyse.
Het eerste deel van dit proefschrift beschrijft het onderzoek naar het gebruik van een
covalente kooi als gastheer voor de inkapseling van kobalt(II)-tetrapyridylporfyrine
(hoofdstuk 2). De vorming van het gastheer-gast complex werd bestudeerd via twee
benaderingen: (1) de inkapseling van het diamagnetische analaoog zink(II)tetrapyridylporfyrine in de verzinkte kooi en (2) het gebruik van de gast als een sjabloon
voor de vorming van het gewenste supramolecuul. Wij concludeerden dat zowel de
inkapseling als de sjabloonbenadering alleen leidden tot de vorming van onoplosbaar
materiaal. Stapsgewijze vorming was ook problematisch. Terwijl de in-situ bereiding van
een 4:1 complex succesvol was, resulteerde de volgende stap in de verwachte sequentiële
benadering opnieuw in de ongewenste vorming van een onoplosbare neerslag. Bovendien
hebben wij een robuuste en gemakkelijke synthetische methode ontwikkeld voor de synthese
van een van de bouwstenen (meso-tetrakis(4-formyl-fenyl)porfyrine) die nodig zijn voor de
bereiding van een gerapporteerde covalente kooi. Deze synthetische benadering omvat de
reductie van het gemakkelijk te synthetiseren meso-tetrakis(4-carboxylfenyl)porfyrine
gevolgd door Parikh-Doering-oxidatie waarbij het gewenste tetra(formyl)product wordt
verkregen. Deze zeer waardevolle bouwsteen voor supramoleculaire chemie werd verkregen
in goede opbrengsten en hoge zuiverheid zonder het gebruik van een uitgebreide
zuiveringsmethode. Niet alleen de totale opbrengst is verbeterd in vergelijking met de reeds
gerapporteerde methodologieën, maar ook is de synthetische procedure is aanzienlijk
versimpeld, waardoor deze methode geschikt is voor synthese op gramschaal. De
gemakkelijke toegang tot deze symmetrische vierkantvormige bouwsteen faciliteert verder
chemisch onderzoek voor de bereiding van gewenste gekooide katalysatoren.
In hoofdstuk 3 hebben we een nieuw en katalytisch actief kooisysteem Co-G@Fe8(Zn-L∙1)6
ontwikkeld, oplosbaar in zowel polaire als apolaire oplosmiddelen zonder de noodzaak van
enige post-functionalisatie. Dit is een zelfdzaam voorbeeld van een grote kooi die in staat is
katalytisch actieve porfyrines in te kapsalen en die oplosbaar is in verscheidene
oplosmiddelen van verschillende polariteiten. De synthese is gebaseerd op de zelfassemblage
van de subcomponenten 1 en Zn-L waarbij de katalysator fungeert als een sjabloon voor de
vorming van een octahedraal ijzer-iminopyridine-coördinatiecomplex.
Bovendien tonen we aan dat DMF een beschermende invloed heeft op de katalysatoren,
waardoor de deactivatie van zowel [Co(TPP)] als Co-G@Fe8(Zn-L∙1)6 vertraagd wordt
tijdens de radicaal-cyclopropanering van styreen (figuur 2). DFT-studies onthullen
— 235 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 243

vergelijkbare energiebarrières voor de snelheidsbepalende stap van deze reactie voor
[Co(TPP)] and [Co(TPP)(L)], waarbij DMF als axiaal ligand L fungeert, waardoor wordt
aangetoond dat de waargenomen hogere TON's in DMF niet het gevolg zijn van een
intrinsiek hogere activiteit veroorzaakt door axiale ligandbinding. Kinetische studies
bevestigen dat de initiële snelheden in tolueen en DMF vergelijkbaar zijn, maar dat de
deactivering van de katalysator sneller verloopt in tolueen dan in DMF of in tolueen:DMF
(100:1) mengsels. De gecombineerde effecten van het oplosmiddel en de kooi op de
activiteit en stabiliteit van de Co-G@Fe8(Zn-L∙1)6 katalysator zijn onderzocht. Interessant
is dat inkapseling van Co-G leidde tot een drie keer actievere katalysator dan [Co(TPP)]
(TOFini) en een aanzienlijk verhoogde TON in vergelijking met zowel [Co(TPP)] als vrij
Co-G. De verbeterde prestaties van de katalysator bij inkapseling toont het effect van de
kooi aan. We leiden af dat de verhoogde lokale concentratie van ethyl-diazoacetaat en
styreen in de hydrofobe kooi in vergelijking met de bulk tot hogere katalytische activiteiten
leidt.

Figure 2. Oplosmiddel- en opsluitingseffecten in radicaal-cyclopropanering van styrene.

In hoofdstuk 4 beschrijven we computationele studies van het reactiepad van de kobaltgekatalyseerde cyclopropanering van styreen met [Co(TPP)]. Dit is gedaan met behulp van
DFT methoden waaruit blijkt dat het axiale donor ligand geen significante invloed heeft op
de relatieve vrije-energiebarrières. Dit staat in contrast met een eerdere theoretische studie
met betrekking tot cyclopropanering van etheen door een Co-aldiminaat complex, waarbij
de energie voor de vorming van het kobaltcarbeencomplex werd verlaagd bij binding van
het axiale ligand. De verschillende uitkomsten van deze studies zijn waarschijnlijk te wijten
aan het andere ligandsysteem en het gebruik van een vereenvoudigd modelsysteem en
substraten in de eerdere studies gerapporteerd door Yamada. De computationele resultaten
komen overeen met de kinetische experimenten die geen verschil in reactiesnelheid (TOF)
lieten zien in de aanwezigheid van axiale liganden gebonden aan het kobalt centrum
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[Co(TPP)(L)]. De hierin gepresenteerde resultaten tonen duidelijk aan dat de experimenteel
waargenomen verbeterde katalytische prestaties van [Co(TPP)] in cyclopropanering van
styreen met EDA in aanwezigheid van DMF voortkomen uit een stabiliserend effect van
DMF. Computationeel onderzoek naar het effect van axiale ligandcoördinatie op de
deactivering van de katalysator via waterstofatoomoverdracht van tolueen, EDA of DMF
naar het carbeenradicaal intermediair bracht iets hogere barrières aan het licht wanneer
DMF of andere axiale donoren gecoördineerd zijn aan het kobaltcentrum. Dit, in
combinatie met de vergelijkbare barrières van de snelheidsbepalende stap van [Co(TPP)] en
[Co(TPP)(L)], biedt theoretische ondersteuning voor onze hypothese (en experimentele
resultaten; zie hoofdstuk 3) dat de waargenomen betere katalytische prestaties in DMF of
tolueen/DMF mengsels in vergelijking met zuiver tolueen het gevolg zijn van langzamere
katalysatordeactivatie in de aanwezigheid van axiale donoren. Dit werd bevestigd door
aanvullende computationele studies, waaruit bleek dat de waterstofatoomoverdrachtbarrières inderdaad hoger zijn voor soorten die axiale liganddonoren bevatten.
In hoofdstuk 5 rapporteerden we de bereiding van drie nieuwe kubusvormige kooien die
katalytisch actief kobalt(II) meso-tetra(4-pyridyl)porfyrine kunnen binden. De kooien
verschillen in exo-decoratie met polaire of apolaire staarten. Door inkapseling van
kobaltporfyrines als katalysator levert deze strategie drie supramoleculaire gekooide
katalysatorsystemen op met alleen verschillende perifere omgevingen, waarvan het effect op
de katalyse werd onderzocht (figuur 3). Voor de cyclopropanering van styreen met ethyl
diazoacetaat, zagen we een effect van deze perifere groepen op de katalytische activiteit,
met de exo-gefunctionaliseerde kooi katalysator met apolaire icosylgroepen die een hogere
activiteit (TOFini) gaf in vergelijking met de vrije bulk katalysator en kooien met geen of
polaire exo-functionalisering (Co-G@Fe8(Zn-L∙2)6 en Co-G@Fe8(Zn-L∙3)6). De
katalytische activiteit van de niet van exo-functionalisatie voorziene kooikatalysator (CoG@Fe8(Zn-L∙2)6) was bijna twee keer lager dan die van Co-G@Fe8(Zn-L∙1)6 en drie keer
hoger dan die van Co-G@Fe8(Zn-L∙3)6. Opmerkelijk is dat de perifere modificatie van de
kooikatalysatoren van polair naar apolair de katalytische activiteiten in de
cyclopropaneringsreactie en de dimerisatie verhoogt. Wij schrijven dit effect toe aan
verschillende (relatieve) substraataffiniteiten voor de kooi die leiden tot verschillende lokale
substraatconcentraties en dus tot veranderde katalytische activiteiten. De affiniteit van de
substraten bleek het hoogst te zijn bij gebruik van de apolair gedecoreerde kooi (CoG@Fe8(Zn-L∙1)6) en het laagst voor het polaire analoog (Co G@Fe8(Zn-L∙3)6).
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Figure 3. Controle over de activiteit van een ingekapselde kobaltporfyrine-katalysator in
cyclopropanering door middel van perifere kooisubstituenten.

In hoofdstuk 6 wordt ingegaan op de bereiding van twee nieuwe tetrahedrale kooien die
verschillen in grootte en holte-grootte. Dit werd gedaan door gebruik te maken van twee
bouwstenen die verschillende afstanden hebben tussen de aminegroepen die worden
gebruikt voor subcomponentsupramoleculaireassemblage van de kooien. Functionalisatie
na de assemblage leidde tot de selectieve vorming van de overeenkomstige AuICl-fosfine
kooien ([Fe4(BB∙1)6(AuCl)12] en [Fe4(BB∙2)6(AuCl)12]) met 12 goudatomen per kooi. We
hebben deze nieuw ontwikkelde katalysatorsystemen gebruikt in goud(I)-gekatalyseerde
ringsluitingen. Dit werd gedaan door het gebruik van de AuCl-bevattende kooien
([Fe4(BB∙1)6(AuCl)12] en [Fe4(BB∙2)6(AuCl)12]) en de geactiveerde analogen
([Fe4(BB∙1)6Au12](BF4)12 en [Fe4(BB∙2)6Au12](BF4)12). Daarnaast is de katalytische prestatie
van twee bulkkatalysatoren ([((R)-BINAP)Au2](BF4)2 en [((R)-BB∙1)Au2](BF4)2)
onderzocht en vergeleken met die van de gekooide katalysatoren (figuur 4). Interessant
genoeg was [((R)-BB∙1)(AuCl)2] de meest actieve katalysator voor chloride-abstractie,
terwijl de rest ([((R)-BINAP)(AuCl)2], [Fe4(BB∙1)6(AuCl)12] en [Fe4(BB∙2)6(AuCl)12])
slechts tot geringe omzettingen leidden. Vergeleken met de in bulk geactiveerde
katalysatoren
([((R)-BINAP)Au2](BF4)2
en
[((R)-BB∙1)Au2](BF4)2),
leidt
[Fe4(BB∙2)6Au12](BF4)12 tot een iets hogere opbrengst en omzetting, terwijl
[Fe4(BB∙1)6Au12](BF4)12 tot de vorming van product P1 in lagere opbrengsten leidt. Hoewel
de verschillen klein waren in termen van de verkregen opbrengsten voor de vorming van P1,
was er een kleine verbetering wanneer de kooi met de grotere holte werd gebruikt in
vergelijking met de kleinere analoog (figuur 4). Verder onderzochten we het effect van de
holte op de selectiviteit in de goud(I)-gekatalyseerde ringsluiting van 4-hexynoëzuur. De
verkregen resultaten van de niet-geactiveerde katalysator waren vergelijkbaar met de
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lactonisatie van 4-pentynoëzuur. Wanneer het chloride werd geabstraheerd, is het verschil
in selectiviteit gering tussen de kleinere ([Fe4(BB∙1)6Au12](BF4)12) en de grotere analoog
([Fe4(BB∙2)6Au12](BF4)12), hoewel er een verhoogde voorkeur is voor de vorming van het
product met zes ringen wanneer [Fe4(BB∙2)6Au12](BF4)12 als katalysator werd gebruikt. De
twee bulkkatalysatoren presteerden zeer vergelijkbaar en de P2/P3-productselectiviteit was
iets lager dan wanneer [Fe4(BB∙2)6Au12](BF4)12 als katalysator werd gebruikt. Deze
resultaten tonen aan dat chirale moleculaire kooien, gefunctionaliseerd met katalysatoren,
gemakkelijk kunnen worden gesynthetiseerd door een post-modificatie strategie, waarmee
de basis wordt gelegd voor verdere verkenning van kooikatalyse.

Figure 4. Goud(I)-gekatalyseerde lactonizatie van 4-pentynoëzuur (boven) en 4-hexynoëzuur (onder).

Dit onderzoek toont de synthese en katalytische toepassing van verschillende metaalcoördinatie ingekapselde katalysatoren in kobalt-gekatalyseerde cyclopropanering van
alkenen en goud-ringsluitingen. De gecombineerde resultaten van de verschillende
hoofdstukken tonen aan dat metaal-coördinatiekooien verschillende voordelen bieden ten
opzichte van zuiver organische kooien als gevolg van het gemak van de synthese en de
verhoogde dynamiek voor de vorming van gastheer-gast complexen. Belangrijk is dat de
opsluiting van een katalysator rond katalytisch actief kobalt-porfyrine de katalytische
prestaties kan veranderen in de kobalt-gekatalyseerde cyclopropanering van alkenen. De
optimalisatie en het mechanistisch begrip van de kobalt-gekatalyseerde cyclopropanering
van alkenen (experimenteel en theoretisch) met behulp van de bulkkatalysator stelde ons in
staat om de prestaties van de gekooide- en bulkkatalysator direct te vergelijken en toonde
duidelijk het voordeel aan van het uitvoeren van een reactie in een afgesloten ruimte.
Bovendien werd het effect van hoge lokale concentratie aangetoond, waarbij hogere
activiteiten en veranderde selectiviteiten werden verkregen wanneer de gekooide katalysator
als katalysator werd gebruikt in vergelijking met de bulkkatalysator. Daarnaast waren we in
staat om de katalytische activiteit in kobalt-gekatalyseerde cyclopropanering van alkenen te
regelen door de polariteit van de perifere kooisubstituten te veranderen. Deze resultaten
illustreren hoe de introductie van een tweede- en derde-coördinatieschil de katalytische
prestaties kan beïnvloeden. De strategie van de derde-coördinatieschil die de katalytische
activiteit bestuurt, kan verder worden uitgebreid naar verschillende katalytische systemen
waar selectiviteit op basis van de polariteit van het substraat en/of product kan worden
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bereikt. Tenslotte hebben we twee nieuw ontwikkelde kooikatalysatorsystemen gebruikt in
goud(I)-gekatalyseerde ringsluitingen. We zijn begonnen met vooronderzoek naar de
katalytische activiteit van deze kooikatalysatorsystemen in goud(I)-katalyse en
onderzochten het effect van verschillende holtes op de katalysatorprestaties. Hoewel de
verschillen klein zijn in termen van de verkregen opbrengst, zetten deze systemen de stap
naar goud(I)-gekatalyseerde ringsluitingen door gebruik te maken van supramoleculaire
kooien als katalysatoren.

— 240 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 248

LIST OF PUBLICATIONS
V. Mouarrawis, R. Plessius, J. I. van der Vlugt, J. N. H. Reek, Confinement Effects in
Catalysis Using Well-Defined Materials and Cages, Front. Chem. 2018, 6, 623.
V. Mouarrawis, R. Plessius, J. I. van der Vlugt and J.N.H. Reek conceived the project and wrote the article jointly.

V. Mouarrawis, S. Mathew, E. J. Meeus, B. de Bruin, J. Reek, J. A chromatography-free
synthesis of meso-tetrakis(4-formylphenyl) porphyrin and meso-tetrakis(3-formylphenyl)
porphyrin: Versatile synthons in supramolecular and macromolecular chemistry, Porphyr.
Phthalocyanines 2021, doi: 10.1142/S1088424621500504.
V. Mouarrawis performed and designed all the experiments. S. Mathew helped and advised with synthesis. E. J. Meeus
helped with synthesis. B. de Bruin and J.N.H. Reek conceived the project and designed experiments.

V. Mouarrawis, E. Bobylev, B. de Bruin, J. Reek, A Novel M8L6 Cubic Cage That Binds
Tetrapyridyl Porphyrins: Cage and Solvent Effects in Cobalt-Porphyrin-Catalyzed
Cyclopropanation Reactions, Chem. Eur. J. 2021, 27, 8390-8397.
V. Mouarrawis performed and designed all the experiments. E. Bobylev performed mass spectrometry. B. de Bruin and
J.N.H. Reek conceived the project and designed experiments.

V. Mouarrawis, E. O. Bobylev, B. de Bruin, J. N. H. Reek, Controlling the Activity of a
Caged Cobalt–Porphyrin-Catalyst in Cyclopropanation Reactions with Peripheral Cage
Substituents, Eur. J. Inorg. Chem. 2021, 2890-2898.
V. Mouarrawis performed and designed all the experiments. E. Bobylev performed mass spectrometry. B. de Bruin and
J.N.H. Reek conceived the project and designed experiments.

V. Mouarrawis, B. de Bruin, J. N. H. Reek, Theoretical Investigation on the Effect of Axial
Ligands on [Co(TPP)]-Catalyzed cyclopropanation reactions, (in preparation).
V. Mouarrawis performed and designed all the calculations. B. de Bruin and J.N.H. Reek conceived the project and
designed the calculations

— 241 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 249

Work beyond the thesis:
C. Rebreyend, V. Mouarrawis, M. A. Siegler, J. I. van der Vlugt, B. de Bruin, Steric
Protection of Rhodium-Nitridyl Radical Species, Eur. J. Inorg. Chem. 2019, 4249-4255.
C. Rebreyend conceived the project and designed experiments, V. Mouarrawis performed all the experiments. J. I. van der
Vlugt and B. de Bruin conceived the project and designed experiments.

G. van der Heijden, T. B. van Schaik, V. Mouarrawis, M. J. M. de Wit, C. M. L. Vande
Velde, E. Ruijter, R. V. A. Orru, Efficient Diastereoselective Three-Component Synthesis of
Pipecolic Amides, European J. Org. Chem. 2019, 5313-5325.
G. van der Heijden conceived the project and designed experiments, T. B. van Schaik and V. Mouarrawis helped with the
synthesis, E. Ruijter and R. V. A. Orru conceived the project and designed experiments.

— 242 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 250

ACKNOWLEDGMENTS

— 243 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 251

After 5 years of research my thesis is finalized and ready to become public. It was really an
unforgetable time with many ups and downs. Its definitely an experience I really value for
the uncountalbe lessons, laughs and great people I have met. I want to use the next pages to
thank the people who have contributed to the production of this booklet.
First, I want to thank my two promotors Joost and Bas. Joost, I truly believe you managed
to show me a different way of thinking about research. Always challenging me with on
point questions that are very helpful to answer the why. I admire the way of thinking you
have together with your humor. Your door is always open and you are always up for
interesting discussions. I definitely learned a lot from you not only as a chemist but also
from your working mentality. Your enthusiasm, drive and infinite knowledge are very
inspiring and motivating to me. The working environment you have created in the group is
of great value as it drives creativity and motivation for success. In addition this environment
also contributes to the good chemistry of the people in the group, always ready to help and
support each other. This is definitely something rare and valuable and it ɇɐ reflected on the
great research of the group. Thanks you for the opportunity and the freedom you gave me.
As part of IncatT we will definitely keep in touch and work together in exciting projects.
Thanks you Joost!
Bas, when we met through Cristophe for my master project Ȥ realized how friendly and
helpful you are. I was really impressed by that and I was really happy to be your student.
During my master thesis we had a great time with nice results and this made me very
enthusiastic to pursue a PhD in the group. I still remember when I met you after your
kickboxing class telling me about a PhD opening. After that there were no second thoughts
that I wanted to do a PhD with you and Joost. I had a great time during my PhD and you
are definitely one of the main contributors to that. Always nice and ready to help even on a
Sunday! I literally do not remember a moment when I asked you for help and you said I do
not have time now which is very impressive for me. I really enjoy the way you explain
chemistry, always very analytical and very insightful. I always know that when I leave your
office I will have a clear direction how to proceed. You are a great teacher Bas that inspired
me to always continue working hard no matter what. I always enjoy drinking beers with
you and I am looking forward to new fun times in the near future. Thank you Bas!
Next, I would like to take the opoortunity to thank the members of my promotion
committee. Jarl, thank you for joining the committee. I want to thank you for all the
(scientific) discussions we had during my PhD. I always enjoy talking to you about science
since you are always helpful by providing detailed solutions to the challenge. I really enjoy
your enthusiasm and humour and I hope to see you around more often. I wish you a great
success in Oldenburg. Guido Clever, thank you for being part of this comittee and for
travelling to Amsterdam. I am a big fun of your work I feel honored that you accepted this
invitation. Jan, thanks for being part of this committee. You are definitely one of the most
inspirational people I have ever met. Always happy and full of positive energy. I really enjoy
talking to you about chemistry and life. The first day I attended your course during my
master I was so impressed about the way you teach and transfer knowledge.
— 244 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 252

Timoth, thank you for being part of this comittee. I did not get the chance to experience
your presense so much at Science Park since I was at the end of my PhD when you arrived.
Now that I work for IncatT we can definetely enjoy a future borrel and talk about science
and life. Chris, thank you for being part of this comittee. I am a big fun of your chemistry
and I am very impressed how friendly and helpful person you are. I always enjoy our short
chats and I am looking forward to more interesting discussions. Stefania, thank you for
being part of this comittee. I always enjoy talking to you and I am a big fun of your reseach.
Then I want to thank the best paranymphs and most importantly great friends: Charis and
Eva. Charis, ɍɒɇ ɈȽɇ ɋȽ πɘ ɂɜɋȽɇ ɉɜɀɍ ɀɇȽ ɒɍ ɒɇ ɚɖɍɓɊɂ πɂɏəɐɂɇ ɊȽɃɜ ɒȽ ɒɂɉɂɓɒȽɜȽ ɖɏɟɋɇȽ.
ȜɈɟɊɄ ɅɓɊəɊȽɇ ɒɄɋ ɇɐɒɍɏɇɈɛ ɀɋɘɏɇɊɜȽ ɊȽɑ ɐɒɍ ɀɈɏɇɉ. Ȱɜɉɂ, ɂɓɖȽɏɜɐɒɘ ɀɇȽ ɒɇɑ ɘɏȽɜɂɑ
ɐɒɇɀɊɂɑ πɍɓ ɂɖɍɠɊɂ πɂɏəɐɂɇ ɊȽɃɜ. ȫəɋɒȽ ɂɜɐɍɓɋ ɁɜπɉȽ Ɋɍɓ ɈȽɇ ɐɒȽ ɂɓɈɍɉȽ ɈȽɇ ɐɒȽ
ɁɠɐɈɍɉȽ. ȨȽ ɐɂ πəɋɒȽ ɈȽɉȽ, ɀɂɏɟɑ ɈȽɇ ɁɓɋȽɒɟɑ ɈȽɇ ɒȽ ȽɈɟɊɄ πɇɍ ɘɏȽɜȽ ɚɏɖɍɋɒȽɇ. Eva, I
am so happy I met you as my student during practicum. Since then you were always nice to
me and I am happy to see you doing great in your career and your life. You are a real friend
and I am looking forward to more exciting moments. Klaas, my friend, buddy, brother, big
supporter and my corona version paranymph. I will never forget all the milestones with had
together. I do not know where to start. Gelsenkirchen, Bukowski, lab on Saturday...and
many more. Good luck in HK man. I hope to see you soon and thanks for all the help
during my PhD it really made a difference. Miss you!
Tiddo, I always enjoy having a beer with you. Good luck in your career. Sonja, great to
have you in the group. Sander Kluwer, I really admire your energy and your enthusiasm
and I am super happy to be part of the IncatT team. I am looking forward to new exciting
times. Eddy, I really enjoyed our collaboration during my PhD. I always like to talk about
chemistry with you and drink lots of beer. Felix, lets continue with the same inside
jokes/teasing moments. Simon, its all about the hairy biscuit. You are a good friend. I
really enjoy your humor and our discussions about life. See you around buddy. Pim, enjoy
your time in your new position. Catriona, nice that we both worked in the cage word.
Good luck with your PhD. Christophe, I consider you as a good friend. I enjoyed every
moment together since I met you. I can bring some extra cleaning agent to drink together at
my defense. Danny, always fun and insightful when we talk. Good luck with the awesome
work you do in your group. David, good luck with finalizing your PhD and thanks for all
the NMR help. Dirk, I hope we can have a beer together soon to catch up. I really enjoy
drinking and talking together. Wojciech S., my friend I still remember when we
accidentally met at your old room when I came to pick up my mail. You are a great guy
always nice to me and I am looking forward to more great moments together. Xander, good
luck with the next step in your career. Tijmen, congratulations for your big achievement. I
am looking forward to read your thesis and thanks for the fun times during our PhD. I
always enjoy talking to you with a beer(s). Thanks for the nice bbq at your house. It was
definitely fun. Good luck with your next career goal. Vivek, thanks for the nice tips about
calculations. Wojciech D., thanks for helping me with my job hunt and all the nice
discussions we had about chemistry. Sandra, I always enjoyed when we were both working
— 245 —

567318-L-bw-Mouarrawis
Processed on: 21-9-2021

PDF page: 253

on cages. Congrats for the baby! Jean-Pierre, nice times during practicum. BasV, I wish you
all the best in your new career. Sergio, I miss our Bukowski nights when we would get
drunk and have fun together. Eric, as you always say to me when we meet in the corridor:
Kalispera. Taasje, I always enjoy the small chats together. Hope to see you at the gym soon.
Andreas, thanks for the valuable NMR help. Ed, thanks for the valuable mass help. Paul,
the cubic cage buddy. Tessel, congratulations for your big achievement. I am looking
forward to read your thesis and thanks for the fun times during our PhD. You are a great
chemist. Esther, really fun times at Bukowski. Riccardo, always nice to have a short chat
togethe.. Anne, it was very nice to be in the same office during our PhD. Raul, I really
enjoyed to have you as my office neighbor. Great discussions about life and chemistry.
Arnout, we almost did a project together. Bin, I really enjoyed having you as my fume hood
neighbor. You are always helpful and nice. Good luck with finalizing your nice thesis.
Shaotao, chef good luck in your new career. Daniel, very nice start of your PhD. Colet,
thanks for the nice times when I used to be a master student. Didjay, good luck with
finalizing your nice thesis. Maybe I join zumba once. Zohar, I am very excited to have you
as my new colleague. You are so helpful and nice to me. Looking forward to new exciting
moments at IncatT. Joeri, good luck with the awesome board games. It was nice to work
together. Johan, great job in the paint word. Kaj, I really enjoyed the time we spend
together at HomKat. I still need to visit you for a nice glass of wine. Lukas, it was really fun
having you as my fume hood neighbor. Thanks for all the help with my career hunt. Roel,
my corridor friend. I always enjoy our conversations in the coridor/coffee corner. Continue
the great work man and good luck with finalizing your nice thesis. Marianne, wish you all
the best with your career and hope to see you soon for a catch up. Marie, my instagram
friend lets make basquiat great again. Tom, always nice to talk about science and go deep
about chemistry questions in a more philosophical sense. I like your humour a lot man and
thanks for the nice office times. Monalisa, it was really nice collaborating with you and I
hope we continue to do that now that I am part of IncatT. Good luck with all the exciting
projects and see you around HomKat. Xavier, now we are collegues and I am really happy
about that. You are always helpful but also fun to be around. Looking forward to fun times
in and out of the office. Eline, I really enjoy the time we had together both in and out of the
lab. Always helpful and nice to me. Nicole, I always enjoy our conversations in the office.
Good luck with the nice work you do. Pieter, nice to have you as an office mate. Good luck
with the awesome chemistry you do. Lukas W, I always enjoy drinking together. If I need
some alcohol in my coffee machine I know who to call. Jianghua, enjoy the cage word and
good luck with your nice projects. Minghui, you are so nice and friendly. Great work!
Lotte, great energy and cool talks. Ana, great work at Spark904. Good luck with all the
exciting projects. Julien, good luck with your new job. Bo, it was nice to have you in the
group. Dorette, thanks for the help with mass measurments in the past. Alex and family,
thanks for all the good times and support. You definitely contributed to this thesis. Miss you
all. Josse, you are a good friend and we will always be there for each other. Thanks for tha
fun times during my masters. Jordy, I do not remember a single time when we did not have
fun together. You are a good friend man. Good luck in Maastricht. Andrej, you are a good
friend man. Always nice and helpful to me. Raphael, I miss our crazy moments, especially
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your dansing moves. You are a good friend. Daniel, I always enjoy catching up man and
have a drink together. Αλεξία, ɐɍɓ ɂɓɖɍɊȽɇ ɒȽ ɈȽɉɠɒɂɏȽ ɈȽɇ ɈȽɉə ɋȽ πɂɏɋəɑ. Γιώργος,
ɂɜɐȽɇ πȽɋɒȽ ɁɜπɉȽ Ɋɍɓ ɐɂ ɍɒɇ ɖɏɂɇȽɐɒɣ. ȠɓɖȽɏɇɐɒɘ ɔɇɉɂ ɀɇȽ ɟɉȽ ɈȽɇ ɈȽɉȽ ɋȽ πɂɏɋəɊɂ.
Rachel, thanks for being always so nice to me. I consider you a very good friend of mine
and I really appreciate your hospitality. Say hi to your baby dogs. Νίκος, ɂɜɐȽɇ ȽɁɂɉɔɟɑ ɈȽɇ
πəɋɒȽ ɅȽ ɂɜɊȽɇ ɁɜπɉȽ ɐɍɓ ɐɂ ɍɒɇ ɖɏɂɇȽɐɒɂɇɑ. ȭȽɀȽπɣ πɍɉɠ ɈȽɇ ɐɂ ɂɓɖȽɏɇɐɒɣ ɀɇȽ ɍɉȽ.
ȥȽɉȽ ɋȽ πɂɏɋəɊɂ ɔɜɉɂ Ɋɍɓ. Τάσο, ɂɜɐȽɇ ȽɁɂɉɔɟɑ ɈȽɇ πəɋɒȽ ɂɜɐɍɓɋ ɁɜπɉȽ Ɋɍɓ ɐɂ ɍɒɇ ɚɖɘ
ɖɏɂɇȽɐɒɂɜ. ȠɓɖȽɏɇɐɒɣ ɀɇȽ ɟɉȽ. ȭȽɀȽπɣ πɍɉɠ. Μιχάλη, ɒɇ ɘɏȽɜȽ πɂɏəɐȽɊɂ ɊȽɃɇ ɐɒȽ
nighshifts. ȭɍɓ ɂɓɖɍɊȽɇ ɒȽ ɈȽɉɠɒɂɏȽ ɔɜɉɂ Ɋɍɓ. Φαίη, Ɉəπɍɒɂ ɅȽ ɌɂɈɇɋɛɐɘ ɈȽɇ ɂɀɘ crossfit.
Looking forward to your new PRs. Σίμος, ɈȽɉə ɋȽ πɂɏɋəɊɂ ɐɒɍ Amsterdam ɔɜɉɂ. ȫɟɒɂ ɅȽ
πəɊɂ Bukowski? Λευτέρη, πɂɏəɐȽɊɂ ɒɚɉɂɇȽ ɊȽɃɜ ɐȽɋ ɐɓɀɈəɒɍɇɈɍɇ. ȪɒȽɋ ɂπɇɐɒɏɚɗɂɇɑ
ȪɉɉȽɋɁɜȽ ɅȽ πəɊɂ ɀɇȽ πɍɒɟ. Renato, always fun to hang out together my friend. Djuun, I
can now say that I am friend with Clark Kent. Στέλιο, Ʉ πɂɏɜɍɁɍɑ πɍɓ ɐɓɀɈȽɒɍɇɈɍɜɐȽɊɂ
ɄɒȽɋ ɐɜɀɍɓɏȽ Ƚπɍ ɒɇɑ πɇɍ ɘɏȽɜɂɑ. ȠɜɐȽɇ ɚɋȽɑ ɈȽɉɟɑ ɔɜɉɍɑ ɈȽɇ πəɋɒȽ πɂɏɋəɊɂ ɈȽɉə ɊȽɃɜ.
Badiana, you were always next to me and helping me finising this thesis. You definitely
contributed to this booklet. Thanks for all the help with your tips and tricks how to go
forward. You are a big part of this thesis. Πόλυς, ɟɒɇ ɈȽɇ ɋȽ πɘ ɂɜɋȽɇ ɉɜɀɍ ɀɇȽ ɒɍ ɒɇ ɚɖɍɓɊɂ
πɚɏȽɐɂɇ ɊȽɃɜ. Ƞɜɐɍɓɋ, ɂɜɐȽɇ ɈȽɇ ɅȽ ɂɜɐȽɇ ȽɁɂɉɔɟɑ. ȥȽɉə ɋȽ πɂɏɋəɊɂ ɔɜɉɂ Ɋɍɓ.
Άννα Θεία μου και οικογένεια, Ʌɚɉɘ ɋȽ Ɍɚɏɂɇɑ ɍɒɇ ɂɜɐȽɇ Ʉ ɁɂɓɒɂɏɄ ɊɄɒɚɏȽ Ɋɍɓ. ȫəɋɒȽ
ɁɜπɉȽ Ɋɍɓ ɐɂ ɍɒɇ ɖɏɂɇȽɐɒɣ ɈȽɇ ɐɒȽ ɁɠɐɈɍɉȽ ɈȽɇ ɐɒȽ ɚɓɈɍɉȽ. ȠɓɖȽɏɇɐɒɣ ɀɇȽ ɟɉȽ. Ȣ
ɐɓɊπȽɏəɐɒȽɐɄ ɐɍɓ ɛɒȽɋ ɈȽɅɍɏɇɐɒɇɈɛ ɀɇȽ ɒɄɋ ɍɉɍɈɉɛɏɘɐɄ Ƚɓɒɍɓ ɒɍɓ ȾɇȾɉɜɍɓ.
Μαργαριτα Ɋɍɓ, ɐ’ȽɀȽπɣ πɍɉɠ. ȨȽ ɖɂɏɟɊȽɐɒɂ ɒɍ ɋɚɍ Ɋɚɉɍɑ ɒɄɑ ɍɇɈɍɀɚɋɂɇȽɑ ɊȽɑ.
Αντονακη Θείε μου και οικογένεια, ɐȽɑ ȽɀȽπɣ ɟɉɍɓɑ πɍɉɓ ɈȽɇ ɂɉπɜɃɘ ɋȽ ȾɏɂɅɍɠɊɂ
ɐɠɋɒɍɊȽ. Νονά και Νονέ ɐȽɑ ȽɀȽπɘ πɍɉɓ. Χρυστάλλα Ɋɍɓ ɐɂ ȽɀȽπɣ πɍɉɠ ɈȽɇ
ɐ’ɂɓɖȽɏɇɐɒɣ ɀɇȽ ɒɄɋ ɈȽɉɛ πȽɏɚȽ. Αδελφούλα, ɐɂ ȽɀȽπɘ πɍɉɠ ɈȽɇ ɂɜɊȽɇ πɍɉɠ ɖȽɏɍɠɊɂɋɍɑ
ɈȽɇ πɂɏɛɔȽɋɍɑ ɀɇȽ ɒɍ ɒɇ ɚɖɂɇɑ ɈȽɒȽɔɚɏɂɇ ɐɒɄɋ Ƀɘɛ ɐɍɓ. ȫɏȽɀɊȽɒɇɈə Ɋɂ ɂɈɉπɛɐɐɂɇɑ ɅɂɒɇɈə
ɈəɅɂ ɔɍɏə Ɋɂ ɒȽ ɈȽɒɍɏɅɘɊȽɒȽ ɐɍɓ ɈȽɇ ɒɍ ɒɏɟπɍ ɐɈɚɗɄɑ ɐɍɓ. ȭɂ ȽɀȽπɣ πɍɉɠ. Αντώνη,
ɋȽ ɊȽɑ Ƀɛɐɍɓɋ ɒȽ ɊɘɏəɈɇȽ ɊȽɑ. ȭɍɓ ɂɠɖɍɊȽɇ ɈȽɉɛ ɈȽɏɇɚɏȽ. Αχιλλέα ɈȽɇ Αυγουστίνο ɐȽɑ
ȽɀȽπɘ ȽπɚɏȽɋɒȽ ɈȽɇ ɐȽɑ ɂɠɖɍɊȽɇ ɒȽ ɈȽɉɠɒɂɏȽ ɐɒɄɋ Ƀɘɛ ɐȽɑ. Πατέρα, ɍɒɇ ɈȽɇ πɣ ɅȽ
ɂɜɋȽɇ ɉɜɀɍ. ȫəɋɒȽ ɂɜɐɍɓɋ ɂɋȽɑ Ɋɂɀəɉɍɑ ɁəɐɈȽɉɍɑ ɀɇȽ ɊɚɋȽ πɍɓ Ɋɂ ɒɍɋ ɒɏɟπɍ ɐɍɓ Ɋɍɓ
ɚɁɇɋɂɑ πəɋɒȽ ɐɘɐɒɚɑ ɈȽɒɂɓɅɠɋɐɂɇɑ. Ȯɇ ɋȽ πɏɘɒɍπɣ, ȽɏɖɇɒɚɈɒɍɋȽɑ, Ƀɘɀɏəɔɍɑ, ɀɉɠπɒɄɑ,
ɊȽɈɚɒɂɑ, ɀɋɣɐɂɇɑ ɇɐɒɍɏɜȽɑ, Ɍɚɋɂɑ ɀɉɣɐɐɂɑ ɈȽɇ πəɋɘ Ƚπ’ɍɉȽ ɚɋȽɑ ȽɇɐɇɟɁɍɌɍɑ ɈȽɇ ɐɟɔɍɑ
əɋɅɏɘπɍɑ. ȱɣɏɇɑ ɂɐɚɋȽ Ɂɂɋ ɅȽ ɚɔɒȽɋȽ πɍɒɚ ɂɁɣ πɍɓ ɂɔɒȽɐȽ ɈȽɇ ɐɂ ɂɓɖȽɏɇɐɒɣ πɍɉɠ
ɀɇȽɓɒɟ. Ȝɓɒɟ ɒɍ ȾɇȾɉɜɍ ɂɜɋȽɇ ȽɔɇɂɏɘɊɚɋɍ ɐɂ ɐɚɋȽ ɈȽɇ ɒɄɋ ɊȽɊə. ȭ’ȽɀȽπɘ πɍɉɠ πȽɒɚɏȽ ɈȽɇ
ɂɉπɜɃɘ ɋȽ ɂɜɊȽɐɒɂ ɟɉɍɇ ɈȽɉə ɀɇȽ ɋȽ ɃɛɐɍɓɊɂ πɍɉɉɚɑ ȽɈɟɊɄ ɂπɇɒɓɖɜɂɑ. Μητέρα, Ʌɚɉɘ ɋȽ
Ɍɚɏɂɇɑ ɟɒɇ ɅȽ ɂɜɊȽɇ πəɋɒȽ ɁɜπɉȽ ɐɍɓ ɟπɘɑ ɂɜɐɍɓɋ πəɋɒȽ ɂɐɠ ɁɜπɉȽ Ɋɍɓ ɈȽɇ ɐɒȽ ɁɠɐɈɍɉȽ
ɈȽɇ ɐɒȽ ɂɠɈɍɉȽ. ȠɜɐȽɇ ɚɋȽɑ πɍɉɠ Ɍɂɖɘɏɇɐɒɟɑ əɋɅɏɘπɍɑ Ɋɂ ɒɂɏəɐɒɇȽ ɈȽɏɁɇə. ȧȽɑ
πɏɟɐɔɂɏɂɑ ȽɒɂɉɂɜɘɒɄ ȽɀəπɄ ɐɂ ɟɉɄ ɊȽɑ ɒɄ Ƀɘɛ ɈȽɇ ɖɣɏɇɑ ɂɐɚɋȽ ɒɜπɍɒȽ Ƚπ’ɍɉȽ Ƚɓɒə Ɂɂɋ
ɅȽ ɛɒȽɋ ɂɔɇɈɒɟ. ȠɜɐȽɇ ɂɋȽ ɓπɟɁɂɇɀɊȽ ɊɄɒɚɏȽɑ ɈȽɇ ɂɜɊȽɐɒȽɋ πɍɉɠ ɒɓɖɂɏɍɜ ɋȽ ɐɂ ɚɖɍɓɊɂ
ɐɒɄɋ ɃɣɄ ɊȽɑ. ȭɍɓ ɂɠɖɍɊȽɇ ɒȽ ɈȽɉɠɒɂɏȽ ɀɇȽɒɜ πɏȽɀɊȽɒɇɈə ɒɍ ȽɌɜɃɂɇɑ. ȭɂ ȽɀȽπɘ πɍɉɠ
ɊɄɒɚɏȽ ɈȽɇ ɐ’ɂɓɖȽɏɇɐɒɣ ɀɇȽ ɟɉȽ.
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