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A Introduction

1 Microporous materials

Microporous inorganic materialhave drawn a lot of attention during the past decades. They
offer size and shapeselectivity in adsorptivity and are also able to control reaction pathways

by reactant or transition state selectivity. Especially alumosilicate zeolites and
aluminophosphtes are wellknown for their catalysis of fuel cracking and synthesis of a
variety of commodity chemicals. Despite of their narrow pore size distribution and large
surface area, the advantages of zeolites clearly lies in their stability according to tomaer
hydrolysis and low pH. Therefore, plenty of framewtwgologies could be realized by
adjusting synthetic parameters and diversifying molecular templdtes.

The Metal Organic Frameworks (MOFs), also known as porous coordination polymers (PCPs),
attNI OG SR | 20 2F lGdaGaSyadrzy airAyoS GKS Sk NIe
microporous hybrid material with both organic and inorganic components. Thereby, the
inorganic metal fits the role of a tie bar for the organic linker molecules dpens up an
almost indefinitely amount of variations by combining transitioetal ions with nearly any
organic linker molecule. Using this pool of components, the size, shape and chemical nature
of the micropores from the MOF can be regulated. As adioation polymer the nmber of
possible linkers depends the oxidation state of the transition metal. It can range from 2 to

7, making many different geometries possible, for example linear, ¥shaped, tetrahedral,
squareplanar, squareyramidal, trigonatpyramidal, octahedral, trigongdrismatic,
pentagonalbipyramidal and their corresponding distorted forms. Within one metal, for
instance Agand Clwith d'° configuration, different coordination numbers and geometries

can be achieved by varyimgaction conditions, solvents, counteranions and ligands. The
lanthanide ion with its large coordination numbers from 7 to 10 and the polyhedral
coordination geometry suites very well for the realization of unusual coordination topologies.
Additionally, i a coordinated solvent is removed a coordinatively unsaturated site is
generated which can be used in chemical adsorption, heterogeneous catalysis and densors.
Utilizing a metatomplex instead of a naked metal ion, coordination sites can be blocked by a
chelating or macrocyclic ligand leaving specific sites open for organic linkers. For instance, the
polymer {[Ni(@HsdNeO2)(1,4-bdc)}4HOh (G2HsoNsO2 = macrocyclic ligand; bdc = benzene



dicarboxylate) forms 1D chains, where the-hacrocyclic units & linked by the 1,4dc

ligand. A 3D network is build up by the hydrodmmds between the 1D chairs.

Although MOFs are inferior to zeolites regarding their thermal and chemical stability, their
modular character allows to shift the attention from highriperature reactions towards the
improvement of separation and purification of gases and stereodiscrimindtion.

Kitagawaet al. suggested in 1998 to classify the MOFs into three generations. Materials of
the first generation do not have permanent porosity due to the porosity collapsing after
removal of the solvent. Materials porosity of the second generation are the moslasi
compared to zeolites showing an interesting adsorption behavior. The third generation
materials can be regarded as the most flexible ones possessing a reversibly dynamic, porous
framework. Those MOFs, in difference to the inflexible framework ofitesplowning such a

gate opening effect have pulled the attention of many material researchers.

Solids undergo dense packings and a thermodynamic equilibrium is not represented by
microporous materials. Using strong covalent @dructures the metastabty of those non

dense solids can be assured. Thereby, the synthesis can be done in two ways: 1. Filling the
micropores with guest templates which are then removed subsequently, 2. Applying
topotactic reactions to generate an inflexible (spbtructure.

Another independent way to produce microporous materials is to pillar layered materials,
especially 2 : 1 layered silicates. This unique route has been disregarded by the zeolite and
ahC O2YYdzyAlASa aAyOS (GKS SI NI eremxis® aodigid 2 Y LI N
covalent linkage between the twdimensional layer structure and the pillars for Microporous
Organic Pillared Silicates (MOPS). They are held in place only wiireéctional electrostatic
interactions. Subsequently, pesynthesis chages are possible by contrast to zeolites and
MOFs where it is not. Consequently, the porosity of the MOPS is only dependent on the
homogeneity and magnitude of the negative layer charge of the silicate and on the nature of
the pillar (size, shape, chargdjhose two properties can now be fully controlled as recently
discovered byBreuet al. Also, via an expeditious melt synthesis layered silicates with a
homogeneous charge density are now available on large 8t#deg organic cations for the
intercalaton process then results in MOPSs, which are characterized by narrow pore size
distribution and a high degree of losrgnge order of the pillar arrays. Now, for the first time

functional MOPS with continuously adjustable microporosity are now availablarge



quantities! The possibility to tune the interlayer cavities by changing the shape of the pillar is

a unique feature only accessible to MOPSs, not to MOFs.

2 Definition of Pillaring

l'a adrFrdSR o0& GKS L!t!/ AY hydldpalaysrédicomgduydd A a
Is transformed in a thermally stable mierand/or mesoporous material with retention of the

layer structure. --- A pillared compound has the following characteristics: (i) the layers are
propped apart vertically and do not ¢apse upon removal of the solvent; (ii) the minimum

increase in basal spacing is the diameter of thendlecule, commonly used to measure

surface areas and pore volumes: 0.81853 nm; (iii) the pillaring agent has molecular
dimensions and is laterallypaced in the interlamellar space on a molecular length scale; (iv)

the interlamellar space is porous and at least accessible to molecules as largettardis

no upper limit to the size of the pores. --- There is no restriction on the nature of the
iNSNOFEFdAy3a 3ASyd 2N 2y 8GKS YSOKIFIYyAaAY 2F Ay
The definition classifies the MOPSs as porous subgroup of intercalation compounds and that

the microporosity needs to be in the interlayer space. The regular stacking of host layers and
mono-sized piars in the interlayer space have to result in a layer spacing. Although
YSYGA2YyAYy3 GKFG daGKS - w50EJA &S NJ KB dz&NE LB KFB 6 Reé
onanidealonlRAYSy aA 2yl f ONRBA&AGIF f f Agfikndsds not doddkiNIS R €Nl i
The fact that theOOlseries is of notBraggnature gives space for a lot of speculation and
different interpretations, but this problem has to be discussed elsewhéegerthelessa host

material pillared by guest molecules must be regarded a single phase. For instance, to prove

the single phase of an amorphous sophisticated nanocomposite, solid state NMR techniques
using double quantum excitation could be the method of choice.therorequirement from

the IUPAC definition that is not clearly stated is the question of thermal stability. Compared

to earlier definitions where a minimum thermal stability of 200 °C is required, this report only

asked tangentially for thermal stabilitg:1 i 1 ! FGSNI NBY2@If 2F (KS a2
inairorNo! NE | S0 F2NJ 0KS NBY2@+t 2F g G§SNWE



3 Characteristics of Microporous Organic Pillared Silicates (MOPS)

Micropores in 2:llayered silicates (Figure 1) are generated pgithesis \a a topotactic
reaction by incorporating the pillaring agent into between two layers using a cation exchange
reaction. The charge neutrality condition defines the amount of pillar molecules that can be
incorporated. From this follows that the number oflaik is defined by the valency of it and
also by the charge density of the host silicate. The driving force of the incorporation reaction
Is the electrostatic attraction between the positively charged pillar molecules and the
negatively charged silicateylars, the basal spacing between the layers is therefore minimized
by this factl® So, if the guest molecules are not perfectly spherical and show more of an
elliptical shape they will always arrange themselves with their longer principal axis oriented in
the plane of the interlamellar space. Consequently, the design of the micropores is dependent
on three facts: the size and shape of the intercalated pillar, the charge of the pillar, charge

homogeneity and layer charge of the silicate host.

/,/ \,\\ 'Si“, AI?.
{. ----- ,l. .O:.

(. Interlayer Cation (K", Na’, Cs’)

A A A A"

Figure 1:Structure of 2:1 layered silicates.
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The Micropores are of slot nature. The height is defined by the shorter principal axis of the
pillar and has to be larger than 3.2 A to fulfill the definition of the UIPAC to be accessible for
N2. So lower limit of the basapacing, which is the sum of pore height and the thickness of
the layer (9.6 A), to make this access possible is at least 12.8 A. But it has to be larger than this
value, because it is known that the kinetic diameter eisNarger than 3.2 A¢ Thedistance
between two pillars is much harder to estimate. But it can be assumed that the electrostatic
forces between the pillar molecules makes them to arrange in a hexagonal lattice. In a 2:1
silicate the distance between two pillars is going to be gredttan 5.3 A (thea-axis of the

host silicate lattice). Therefore, the pillar lattice must be regarded as a superlattice being
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incommensurate to the host lattice. The Value of thaxis from the pillar superlattice is
dictated by the charge density oféhayered silicate and the valency of the pillar. Then the
diameter of the pillar must be subtracted from theeaxis the pillar lattice to receive the
distance between two molecules. Since 3.2 A is the minimum for the pore width to ensure
access of Y there is always existing a limit of the charge density of the host silicate for any
pillar that might be used, because a higher charge density will allow more molecules to be
intercalated. The pore width might also fall below the limit of 3.2 A when the atgnvarea

of the pillars (room of the interlayer space plane occupied by the pillar divided by its valency).
This is either possible by increasing the lateral dimension (e.g. longeclsidtes, bigger
substituents) or decreasing the valency of the pitfar

All those assumptions are only valid if the charge density of the layered silicate is strictly
homogeneous. The charge density of 2:1 silicates can be influenced by isomorphous
substitutions in the octahedral and/or tetrahedral layers. This isomorplsustitution has

to be strictly statistical, so a homogeneous charge density can be obtained. Monte Carlo
simulations of the ordedisorder behavior of octahedral sheets of phyllosilicate layers
propose a segregation of the octahedral cations for the nooshpositions, what means that

the layers show charge inhomogeneities at low temperatures. The cation itself plays naturally
an important role on the degree of segregation, but high temperatures over 1000 K have also
shown that they are necessary to gaidiaordered solid solution with a homogeneous charge
density. If lower temperatures are applied different cations start to cluster in domains of lower
and higher charge density. For example, the genesis of the clay mineral montmorillonite takes
place at tenperatures below 400 K. The charge density, determined by the alkylammonium
method broad, thereby shows sometimesrhbdal, charge density distributiors.

With the coulomb interaction between the host and the pillar being responsible for the
structure andthe pillar packing densely between host domains or layers of higher charge
density, the micropore volume is going to be very uneven. So again, a homogeneous charge
density is required for the pillaring concept to succeed. The concept also needs an ongoing
interlayer micropore volume. The pore size is not fixed inevitable as already pointed out by
Barrer!3 Like PCPs of the third generation, the basal spacing of MOPSs can be temporarily
increased by inclusion of certain sorbate molecules into micropores @&tfect, called

breathing of the micropores, is accompanied by a reorientation of the pillar molecules. Using

GKA&a STFFSOGZI | &2 NI -pbuskompbanasScantako/irfiercaiaie@éebty A a Y
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molecules. This stands for a thermodynamicallyofad solvation of interlayer cations and
lacks selectivity. Physisorption is compared 4@ diffraction the method of choice because

its capable to differ between sorption into permanent but breathing micropores and swelling.
To gain further informatio on MOPSs or the intercalated compounds in general, is innately
complicated because the anisotropic bonding situation makes them vulnerable to two distinct
type of disorder. The statistical interstratification of different basal spacings along the gfackin
direction and stacking faults, which means that the relative orientation and/or position of
close layers is not exactly defined.

If adjacent layers throughout the silicate have different charge densities, the interlayer cations
will fluctuate in their iterlayer domains and result in a different intracrystalline reactivity.
Parallel stacked layers are commonly considered as tactoid, not crystal. An easy hydration
SELISNAYSyiG> aagSttAay3a sAlGK 61 iSNEEZ OlFly SEIY
compounds with their interlayer cations like Nawith a homogeneous charge density all
layers would have exact hydration states of zero, one and two layer hydrate as a function of
increasing humidity with a gradual change of hydration at-@eflned levelsThe rationaDOI

series are observed for all hydration states. This means that along the stacking direction the
symmetry is strictly obeyed resulting in a edenensional Bragtype diffraction. Layered
silicates produced at temperatures >1000 °C shotlelito none interstratifications of
differently hydrated interlayers within the same tactoid. This uncommon intracrystalline
reactivity proves again an excellent homogeneous charge deMditycontrast to this, for
silicates produced at lower temperatwseat any intermediate relative humidity, smectite
(group name for 2:1 phyllosilicates- dr trioctahedral, with hydrated exchangeable cations
and a layer charge x = 8026'%) for instance, random interstratifications are observétiveak
absolute intensities of the basal reflections and large full widths at half maximum with a
dependency diverging from the usuaj-dependency are definite signs of interstratification.

But the clearest sign is that th@0l-series becomes irrational, indiag that the calculated

basal spacing from differe@0lreflections alters according @ S N pfifcilés!’ However,

when a material with a heterogenous charge density is used and the pillar density is varied, a
rational OOl-series is realized as loras the pillars have an equal orientation within the
interlayer region. For instance, a natural montmorillonite in its hydrated state has a strongly
irrational OOFseries. After pillaring with M®ABC® (N,Ndimethyt1,4-diazabicyclo

[2.2.2]octanedication) the O0kseries is more rational. The much lower coefficient of variation

6



(CV3¥8of the 00Fseries of the intercalated montmorillonite in comparison to the hydrated one
indicates that translational symmetry along the stacking direction will be realigddng as

the size of the pillar is explicit and the charge neutrality condition in a monolayer is fulfilled.
So irrationabOkseries should not be accepted for MOPSs wherDiieseries of MeDABC®
pillared tainiolite shows a perfect translational symmetry, suggesting by CV 0f°0.06.

The other type of disorder beside of interstratifications are stacking faults. Looking at the
surface of 2:1 layered silicates it shows corrugation and a high hexagonal psguduwetry

to interlayer species. A pseudwxagonal pattern is formed by the heanal cavities. With

this pseudesymmetry, rotational faults and/or polytypes occur cavities in micas (2:1
phyllosilicates, dior trioctahedral, with norhydrated monovalent cations and a layer charge

x = 0.61.0'°) even when all cavities are occupiedisTis because the first coordination sphere

for the interlayer cations is equal and in a first approximation the rotational faults are
energetically degenerate. Reduction of the charge density might still cause the lower number
of interlayer cations to math to a not ordinary rotated symmetry. Additionally, if the size of
interlayer cations is decreased the repulsion from the oxygen atoms, forming the tetrahedral
layer, of adjacent layers can occur. This can cause a slippage of those layers. Slippages along
the longer axis direction are energetically degenerate and stacking faults are created in a
statistical manner. Slippages can also arise by hydration of the interlayer causing the loss of
the phase relationship between adjacent layéts.

These stacking tdt must be considered when the layer charge is decreased. But with larger
interlayer cations like Csthree-dimensionally ordered 2:1 layered silicates with a layer charge
of x = 0.5 are approachable using melt synthesis. They still show adequateistatzre
activity making the silicates appropriate for the whole pillaring process. Silicates occupying a
three-dimensional order can maintain their stacking order although the interlayer space is
expanded drastically. On the other wayound existing shcking faults cannot be healed
through pillaring the material. This would require an organized movement of all layers of the
tactoid, which is extremely improbabfé.

Another point to consider are the formed microstructures caused by the anisotropic leartic
shape in combination with the small particle size. Those microstructures, containing wedge
like pores, are build when two tactoids meet at a pointed angle. These external pores disguise
the interlayer micropores, produced by pillaring, and are ableatsify stereodiscrimination

and enantioselective autocatalysis experiments. The technical UIPAC report recommends
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measurements of NadsorptionRS & 2 NLJG A2y A &a20KSN¥a odzi faz v
taken to ensure that the observed porosity is the ukksof pillaring and not simply a
O2yasSldsSy0S 2F AYyGSNLI NLIAOES GSEGdINBdDE ¢ K¢

mandatory to ensure microporosity generated by pillaring is stated in the interfdyer.

4 A timeline of PILCs/MOPSs

Ly GKS ™ dpming doncépK & pildzinip®Ras first dealt with Barrer His work
described the intercalation of simple organic cations like tetramethylammonium B4CH

and tetraethylammonium [N(&)4]* in natural montmorillonites. The intercalation caused a
permanently increase of the interlamellar space allowing paraffins and aromatic hydrocarbons
but with the new organophilic material also polar organic species like methanol, ethanol,
water, ammonia ad pyridine.Barrerand MacLeodalso observed an expected decrease of
micropore volume when changing to a larger pillar with constant charge defisitywever,
some of the sorption was probably caused by mesoporosity, but this sorption of external
surfacewas corrected later barrerthrough inclusion isotherms of typedIn his follow up
work, Barrer published papers using new pillars like different alkylammonium and
alkyldiammonium cations and Cobalt(gthylenediamin€?® There he investigated adgution
capacities and micropore volumes and deduced from his work that the results are dependent
on the equivalent area of the pillars and the charge density of the layered siftcei also
calculated the interlayer pore volume from the basal spacintgr@hapes and densitiés.
Unfortunately, this great new concept was not followed up for around two decades. Synthetic
Zeolites gained all the attention at that time on the topic of microporous materials. Their
characteristic of thermal stability seeméal be just too important at that time.

When people were asking for increased pore diameters, the concept was finally picked up
again byBrindleyet al. However, he only used no organic pillars like polyhydroxyaluminum in
order to be able to keep up witheplites in terms of thermal stabilif§f. Interests in the topic

of pillared silicates showing thermal stability however have not decreased since then, and
there have been a lot of publications reviews on this topic, even recéntly.

In 1976 Mortland and Berkheiserwere able to intercalate #HDABC® into smectite and

vermiculite. Thus, they achieved larger pore volumes giving access to interlayer space for gas
8



adsorption of larger molecules like ethane and-8ishethyl pentane and for possibtatalytic

activity 28

In 1987 Yamagishiet al. then intercalated Ru[(phef)}* into montmorillonite followed by

other metal complexes used as pilld’dn 1993 then,Yamagishiet al. intercalated three

different cobalt(lll) chelate complexes, all racemnd enantiomeric, in montmorillonite and

saponite. Therefore, [Co(diNOsadt)[Co(diAMsar§ and [Co(eng®* showed basal spacings

of 16.5 A, 16.9 A and 14.3 A respectiviIi his follow up workyamagishet al. used several
compounds for the intercalation into layered silicates. He applied them for column
chromatography. Using enantiomeric pure [Ru(phgiand [Ru(bpyg?*as pillar, he was able

G2 asS LJ -bidaghthol enantiomers simple elution, sal examining the adsorption
structures of the respective adducts.

adzOK fFGSNE KS A YLINE @SR -bindotBholY&dadishit al. RdediaO NRA Y A y
pure organic molecule that is more complex for the intercalation into a layered silicate than

for instance simple alkylammoniumchains or JMdABC®. Therefore he selected the

cinchona alkaloid derivative (MQNquinine in its mono methylated forms (Figure 2). The
Methylation was achieved by refluxing a mixture of quinine and Mel for 4 hours warder
atmosphere of nitrogen with recrystallisation at the end of the purification process. With

MQN" as a ceadsorbent, ceintercalation was proved via photoluminescence spectra, next to
[Ru(phenj]?8 KS gl & I 6fS {2 NI a-pitaghBol moreNdfeiigely kidd Y A E i

column chromatography than with just the ruthenium{ghmplex as a pillai

HO- HO- ®\

_0 = H _0O > H
< g
e .
1 2

Figure 2:Molecular Structure of two Cinchona alkaloid derivative catibr2(MQN).

In 2009Yamagishet al. used the with [Ru(phesj}*intercalated hectorite as a chiral inducer
in a enantioselective asymmetric autocatalysis addition i#?nZn to pyrimidines-
carbaldehyde to afford fyrimidylalkanol with higlee.33 Unfortunately, in his great work he

missed out to report Bphysisorption to verify the microporosity of the interlayer intercalated

9



with his pillars. If we consider the equivalent area of the utilized metal complex cations it is
very improbable that the silicates were truly poro@seuet al. again intercalated [Ru(bp}?

into a synthetic hectorite but did not found remarkable mipooosity. Decreasing the
equivalent area of the pillar by changing the metal complex just from ruthenium(ll) to
ruthenium(lll) lead to interlayer microporosity. This indicates that the chiral discrimination is
probably caused by the external surface amstéad of the interlayer porositif.

In 1994Chenet al. intercalated cobalt(lll) anchromg(lll) metal complexes into vermiculite
fluorohectorite and montmorillonite. He was also able to customize the pore size in the
interlayer space to examine adsorpti@nd diffusion of the pillared materiét.

Thomas et al. used trinuclear cobalt complexes like [Cof@RH)e®* as pillar and
intercalated them into montmorillonite in order to make those PILCs/MOPSs as catalysts
available for applications under tempetaes of 200 °C. Thermogravimetric analyses of
PILCs/MOPSs showed ligand decomposition at higher temperatures and thus a structure
collapse and loss of the pillar structure. Here again, g@hysisorption was measured to
prove the microporosity of the mat&l, so it can only be regarded as intercalation
compound3®

In 2001 Meieret al. choose smectite out of the variety of layered silicates and modified it with
several organic cations. As pillaring agent he used ammonium cations with long flexible side
chains, but also ammonium cation with a rigid structure, for examplis@;a4o-
xylylene)ammonium dibromider Bis(2,Zdimethylenbiphenylylen) The structural more
complex cation, for example the xylylene compound was synthesized by providing a mixture
of a,a@ibromo-o-xylylene and 25% solution of ammonia. While stirring the tieacwas
refluxed overnight. After workup of the solution, recrystallisation gave the pureMaler et

al. then examined the adsorption of@hlorphenol showing better results for the cations
owning a rigid structure than the flexible on&lUnfortunately, the authors missed out
proving the microporosity of their compounds by measuringpNysisorption and so, despite
calling them pillared, they can only be regarded as intercalation compounds. It is known that
organoclays like to swell with-@hloropherol.

In 2012,Breu et al. intercalated hectorite with ME&OABC® and [Ru(bpy)®* (Figure3).
Me;DABC® has been synthesized by refluxing a mixture ofdigzabycyclo[2.2.2]octane

and Mel for 4 h with sulegiuently recrystallisation. By controlling the layer charge post

synthesis through layer charge reduction, they were able to tailor the size of micropores. This

10



fine tuning allows to generate the perfect layer charge for every pillaring agent to maximize
the pore volume. They did not fail to report physisorption measurements, so their materials

can be regarded as tely microporous’®

3 4

Figure 3:Molecular Strucutre of MDABC® 3 and [Ru(bpy)** 4.

Most of research spend on pillared interlayer clay systems first of all concerns pure inorganic
compounds due to their thermal stability in order to compete with other porous materials.
Less effort has been spent on systems containing organometallic ergsganic pillars. The
great advantage of metal complexes compared to organic molecules is of course the property
of being able to reach high oxidation states which results in high charges of the metal complex.
This on the other hand increases the por@sizthe interlayer space, granting access for larger
molecules without decreasing the charge density of the host layers. Also, a lot of research
must be invested into the application of pure organic molecules as pillaring agent. This goes
along with somaifficulties. The molecule needs to contain either nitrogen or phosphor so at
least one positive charge can be introduced by quaternizing one of them. A molecule with
more hetero atoms is even better cause everyone is potential charge carrier. In adthgon,
organic pillar should be spherical, otherwise the pillar does not create any relevant interlayer
height. The planar the molecule is the more space from the micropore is occupied by the pillar.

A lot of issues should be considered when choosing the pidjar.

11



5 Aim of the thesis

The goal of this thesis is to synthesize pillaring agents. Thereby different apprcachdd

be pursued Starting from natural products, pillars could be obtained through derivatization
with adjacent quaternization foat least two hetero atoms. Also, neratural spherical
molecules gained through organic synthesis is another possibility to achieve this goal.
Furthermore, the synthesis of organomdialcomplexes is another choice. Each of the

possibilities has pros a@mcons which are discussed later. Some promising options can be seen

in Figure 4.
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Figure 4Molecular structure of possible pillar catiofs- 8 (cobaltocenium derivatives (cytisin

derivative),7 (heterocyclic cage compound{cobalt(lll)sepulchrate),0 ([2.2]paracyclophan

derivative).

Those pillars should be applied for intercalatioto silicates with subsequemtpplication in

adsorptionand catalysis experiments.
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A Main Part

1 Synthesis of pillaring agents

1.1 Attempted synthesis of the cage compound 7 based on ninhydrin and-figeridinone

One type of substance thaeems to sue very well for the usage as pillaring agentthe
beginning is the cage compound/. It is synthesized by a thremmponent [3+2]
cycloaddition/annulation out of 3bis[{E)-arylmethylidene]tetrahydre4(1H)-pyridinones,
sarcosine and ninhydridé(Figure 5). A simple methylation of the nitrogen atoms in the cage
system should easily introduce the positive charge, making it possible toatdée the cation.

One of themany advantages is its spherical shape. Even if the molecule positions itkelf w
their longer axis planar into the interlayer space, it should create enough height between the

layers to enable access to the interlayer space for small molecules.

(@)
A"WN
Ar O
H \ Ar
N
MeOH, 1 h, refl
1 + \N/\C02H eOH, , reflux HO N
H N
(@]
O 13
(@)
5 14
12

Scheme 1Threecomponent [3+2fcycloaddition.

The set of starting materials allows for fine tuning of the micropores. If we consider the
numberof different amino acids and different substituted aryl compounds in addition to the
before mentioned adjustment of the layeharge density, an almost indefinite amount of
variations is accessible. It should be possible to generate the perfect shaped micropore for
many applications. The smooth conditions of the reaction, the cheap solvent, the low reaction
time and the availabtly of the starting materials, with amino acids as a natural product, make
this compound even more attractive. Some problems might occur though when it comes to
the final dimethylation of the cagkke molecule, because the ring structure might not be

stable enough to carry two positive charges. But this will be discussed later.
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Computer simulations for the electron density distribution/qFigure 6) allowed calculations

for the micropore volume of the layered silicate after the intercalation of theation. The
simulations revealed values of 9.1 and 17.4 A for the dimensions of the pillar to calculate the
pore diameter. The middle diagrashows the pore diameter calculation Bidependent of

the layer charge, using 17.4 A as parameter forahdayer of the silicate, while 9.1 A is used

as parameter for the bottom diagram. Currently, a layer chargdd@&3 can be generated.
Since no pa volume would be generated if the longer axis lies planar in the interlayer space

its strongly dependent on the intercalation angle of pilfarThe availability of the starting

materials for this type of pillar are good reasons to synthesize the pilhinaake use of it.

Nl
o\
o\

0 \ U G G Gl G G
—o ——o

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
layer charge

pore diameter [A]

L 4
L 4

17



N
(6]
4

AN

20
< \\
o)
7 15
e \
8
© 10
g
o \
5
\
0 T T T T T 1
0 0,1 0,2 0,3 0,4 0,5 0,6

layer charge

Figure 6 top) electron density distribution simulation fat, revealingd.1 and 174 as values for the
pore diameter calculation; middle) poreateter calculation with 14 A for the aHayer; bottom)

pore diameter calculatio with 9.1A for the ablayer.

1.1.1Synthesis of the diaryl compound

Since two of the starting materials are commercially available (ninhydrin, sarcosine), only the
diaryl compound has to be synthesized. For the condensation of benzaldehyde with 4
piperidinane hydrochlorideChoonet al. used acetic acid as solvent in the presencesifu
generated HCI ga¥.Despite of the good yields, which could be reproduced, achieved with
insitu generated HCI gas in the condensation reaction, it is always risk factor to work with
gaseous HCI. In order to minimize this risk, one could think of other possibilities for the

condensation reaction.

(0]
Ph™ ™S 7~ "Ph X = Br, HSO,, NOs
HX, acetic acid, 24 h, rt
N N
H H
15 16

Scheme 2Condensation of-piperidinone with benzaldehyde.

HCI as a strong halogenic acid can be replaced by other strong acids. Therefore, different easy
available, common acids were tested in this reaction, like brgraudfuric and nitric acid. The
great advantage compared to HCl is that at room temperathesé acids are in the fluid state

and can be handled much easier.
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15 and glacial acetic acid were provided in round fldéKwas then added dropwise until all

of the starting material has been dissolved. Subsequently, benzaldehyde was dropped into the
solution. After 24 h stirring at room temperature the precipitate was filtered and dridte
Saltwas then treated with BCQ to obtain the pure organic compourtb. As it can be seen

in Table 1, bromic acid showed with a yield of 91% the best resulnhand acid with only

26% the lowest value. So, the value from the original literature could be slightly improved by

4%.

entry HX Yield[%]
1 NG 25
2 HSQ 75
3 Br 91
4 Cl 87

Table 1 Condensation of benzaldehyde (1.75 mmol) wif{0.88 mmol) 4 mLacetic acid as solvent,
HX, 24 h, rt.

1.1.2 The threecomponent reaction

This reaction resulting in a pentacyclic diazapentacyclo[12234088.0'%octadeca
3(8),4,6triene-9,15dione hasalready beernnvestigated byChooret al3” Nevertheless, | want

to highlight some details of the mechanism since this cycloaddition works stereoselective
without any auxiliaries or catalysts.

As it can be seen in Scheme 3, sarcosine and nimhgidgiforming the azomethine addut¥.
Afterwards it is added to the carbon double bondl@resulting in the cycloaddud8. The
remaining amino function then attacks tmeighboringcarbonyl group to form a hemiaminal
and final productl9. This hemiaminal is also stabilized by intramolecular hydrdgperding.
Thecomplicatedstereochemistry is decided through the azomethine formation by the activity
of the carbonyl groups of compousd?2 and 16. Thestericallyhindrance of16 with its two
phenyl groups and the ring structure is much bigger than the one of ninhydrin. Another reason
for the less active carbonyl group b6 is its conjugated system gfelectrons which creates

far lower partial positive charges. The next stereo determining step is thedip@ar
cycloaddition ofl7 to 16. 17 has two possible mesomeric structures which can undergo this

cycloaddition. The nucleophilic carbon of the ylitié then adds to the end of the enen
19



system of piperidinone fragmerit6. This results in the intermediate8 instead 0f20, as it is

the expected outcome of the reactiofi. Although it is the unusual outcome it can be
explained by steric reasons, but also by the fact that the interactighehitrogen lone pair

with the carbonyl function can happen during the cycloaddition. That is decreasing the energy
of activation for the cycloaddition.

The mild reaction parameters (reflux in MeOH) alloztboret al. to finish the reaction after

only one hour. He could achieve yields from&726 using this conventional heating method,
changing to microwave heating he could improve the max. yield to 96% for one of his

compounds. The yields generated with the gentional method could not be reproduced in

Ph
12+13 — =N N
CH, N
0] (@]
17
O
®LCH2
e N,
CHj;
(0]

Scheme 3Mechanism of the cycloaddition/annulatich.

this work, 67% at maximum, although no time was wasted on finding the perfect

crystalization conditions since the focus lies clearly on the methylatiotBof

1.1.3 Methylation of cage compound 19
There are three ways hod9 can be methylated and a positive charge is generated. Either
one of both nitrogen atoms is in its methylated form or both are quarternized. Methyl as a

substituent was chosen to minimize the steric impact on the size of the micropores to
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guarantee acceds the interlayer space for small molecules, becai8éself has a pretty big
equivalent area.

Many different reaction conditions (Table 2, selection) and methylation reagents weledpp
but none of them lead to the desired produg¢t Analysis ofhe reaction revealed plenty of
decomposition products. Unfortunately, none of them could be clearly identified. Column
chromatography or crystallization did not result in a complete separation. The analyzed
spectra did not give a lot of elucidation. Wive¢ can assume is an opening of the hemiaminal
structure formed in the last step of the multbomponentreaction. Hemiaminals are known

to be intermediates, unless they are stabilized by other substitu&tfs.

methylation

Entry reagent equivalents solvent t [h] yield [%]
1 Mel 2.0 MeOH 24 0, decomposition
2 Mel 10.0 MeOH 72 0, decomposition
3 Mel 20 CHCb 24 0, decomposition
4 Mel 4.0 CHCb 24 0, decomposition
5 Mel 10.0 CHCb 24 0, decomposition
6 Mel 10.0 CHCb 24* 0, decomposition
7 - - Mel 24 0, decomposition
8 - - Mel 24* 0, decomposition
9 - - Mel 72 0, decomposition
10 MeOTf 4.0 THF 2 0, decomposition
11 MeOTf 4.0 THF 4 0, decomposition
12 MeOTf 4.0 O(CH) 2 0, decomposition
13 MeOTf 4.0 CHCb 0.5 0, decomposition
14 MeOTf 4.0 CHCb 2 0, decomposition
15 MeOTf 4.0 CHCb 24 0, decomposition

Table 2: Methylation of compoundl9 (0.11 mmol), refluxing solvenReactions at rt have been

examined too. *Reaction was executed in a bomb tube at 90°C.

The ring structure might have opened and somehow an aldehyde function has been created.
The hemiaminal could have also reacted back to the tertiary amine and the garfinoction.
The NMR did not show any additional peaks for the required majioup, so, a partial

methylation can be excluded.
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Figure7: NMR spectra of compourttb before (top) andafter (bottom) methylation indicating a ring

opening

1.2 Synthesis of the cytisine based pillar

Another class of substances that can possibly be used as intercalation compounds are natural
products. Many of them own a spherical structure while there is at least one nitrogen atom
that is capable of carrying a ptige charge after alkylation. Only some can be used straight
away for methylation experiments, but the majority of products has to be derivatized before
they are appropriate for methylation reactions and subsequently for intercalation
experiments.

One possible natural product that has all the requirements for a pillar molecule is cytisine
which is obtained front.aburnum anagyroideseeds®? After extraction and derivatization of

(-)-cytisine (Scheme 4) methylation can be approached.
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Scheme 4Retrosynthesis overview for the derivatization 9fdytisine.

Advartages for this type of pillar are 6666that it can be derived from natural resources and
also their existing chirality before and consequently aftendgization. The molecule rather
small than other natural products in addition to its spherical shape. The two nitrogen atoms
that can carry a positive charge make it even more attractive ther application in
intercalation since the equivalent area fdre pillar in the interlayer space decreases for every
additional charge.

Computer simulations for the electron density distributiorbédqfigure 8 allowed calculations

for the micropore volume of the layered silicate after the intercalation of theation. The
simulations revealed values of 7.8 and 11.4 A for the dimensions of the pillar to calculate the
pore diameter. The middle diagram shows the pore diameter calculation of 6 dependent from
the layer charge, using 11.4 A as parameter forahdayer of the silicate, while 7.8 A is used

as parameter for the-axis. The bottom diagram shows the calculation with switch values.
Currently, a layer charge €,33 can be generated. In both cases a micropore volume would
be generated. If it is largeneugh to grant access femall molecules depend on the angle of
intercalation which cannot be predicted, but it can be assumed generated pore volume would

be more likely than none.
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Figure8: up) electron density distribution simulation fét reveaing 7.8 and 11.4 as values for the
pore diameter calculationmiddle) pore diameter calculation with 11.4 A for thb-layer; bottom)
pore diameter calculation with 7.8 A for tlad-layer.
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1.2.1 Derivatization of{)-cytisine

Enantiomeric pure-j-cytisinehad to be extracted fronLaburnum anagyroideseeds first.
This happened by a long and exhausting extraction procedure, gaijingdigine as a yellow
brown solid. As shown in Scheme&5then reacted withmethyl chloroformateto form 22

with the carboxy protected amino function usingZCiHas solvenait moderate temperatures.

HN

= | MeO,CCl, EtzN H,, PtO,
N CH,Cl,, 0°C, rt MeOH, rt
o)
21
it
H
07N , N
LiAIH,
N THF, A N
o}
23 (90 %) 24 (71 %)

Sheme 5 Derivatization of--cytisine.

The conjugateg-system was then hydrogenated to compou28lusing platinum(lV)oxide as
catdyst, whereby a variation of hydrogenation time frorl8 h could be observed. After the
successful hydrogenation, reduction of the carbonyl groups has been the next step. This
happened via a simple reduction using LIAIHTHF with refluxing conditions. All results from

Dixonet al. were reproduced with similar yield%.

1.2.2 Methylation of compound 24

Having compoun@4 in hand, methylation of the two nitrogen atoms should follow to form
the dicationic molecule wit the respective anion (Scheme 6). Many different reaction
conditions were approached (Table 3), from low to high temperatures, different amounts of
equivalents, various solvents. All common methylation reagents were used. Mel showed the

best results forlhe methylation of24. Nevertheless, a complete methylation of both nitrogen
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atoms has been achieved only once using 10 equivalents of Mel and MeOH as solvent. The

mixture was heated in a bomb tube up to 95°C for 24 h. All other attempts resulted inya partl

Entry methylation  equivalents solvent t [h] T [°C] ratio [monc-
reagent /dication]
1 MeOTf 2 O(CH)2 2 rt no yield
2 Me;OBR 2 CHCb 2 rt no yield
3 Me,SQ 2 THF 2 rt no yield
4 Mel 2 THF 2 rt 10/90
5 Mel 2 EtOH 2 rt 10/90
6 Mel 2 MeOH 2 95 20/80
7 Mel 10 MeOH 12 95 40/60
8 Mel 10 MeOH 24 95 40/60
9 Mel 10 MeOH 48 95 40/60
10 Mel 10 MeOH 72 95 40/60

Table 3: Reaction conditions for a methylation of 0.26 mmol of compoB@d4di-iii) various solvents

and temperatures were approached without succgesatios are rough estimations from NMR

integrals
O
N H >@ H 2l
Mel
N solvent, A N
®\
24 6

Scheme 6Methylation of24.

or no methylation of24. The more polar the solvent has been the better has been the
methylation. The monomethylated compound still haslie solvable so that the second
methylation can happen. A reaction where Mel has been used as solvent resulted in an
immediate precipitation of the monomethylated compound. Except of the attempt with full
conversion, a maximum of methylation was obtaineé@ aeaction time of 24 h. The attempts

of separating the monaation and dication via recrystallization did not end in a positive
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result. Unfortunately, the only attempt where a full conversion was realized could not have
been reproduced. Other attempt® obtain the dication 6 failed too. The amount o6
produced in the full conversion @4 was barely enough to record NMR spectra which can be
seen in Figure 7. Analyzing tH&NMR spectra of compound 6, one immediately notices the

three singlets at 3.2, 3.33 and 3.35 ppm. Each one of the signals is integrated to 3, although
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Figure9: RecordedH-NMR and*GNMR spectra o6 in D,O.
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one of them is slightly overlapped with another multiplet. After the experiments with no pure
di-cation 6, the singlet at 3.28 ppm is not integrated to 3, indicating a mixture of mand
di-cation. If we study thé3GNMR 135dept spectra all Islgnals are detected. The 8 peaks
with a positive intensity belong to theCH- groups. 3 of the other signals with the lower
negative intensity belong to theCH groups. The other 3 small peaks belong to tkd4
groups. The intensity of the signal at.8%pm varies from attempt to attempt. This was a
second evidence for the incomplete methylation2gf Unfortunately, no pure dcation could

be obtained and the experiment with working reaction conditions could not be reproduced.

1.3 Synthesis of theabaltocenium based pillar

As mentioned above, metal complexes are attractive for the use as intercalation compounds.
Reasons for this are that, dependent on the metal ion and its ligands, many of them are
positively charged and own a spherical structurey finstance tetrahedral, trigonal
bipyramidal and octahedral. E.g. ruthenium(lll)(bypyd and cobalt(lll)(segj 9 possess an
octahedral conformation. Another advantage is the introduction of higher positively charged
complexes is pretty easy. This reds the equivalent area of the complex, which increases
the micropore volume. A possible class of metal complexes that fits very well for the usage as
pillar are the metallocenes. Despite of their linear configuration with two ligands, the
bulkiness of thdigands allows them to be used. Additionally, the chemistry of nutates

is well investigated®

Most attention has been paid on ferrocertésbut the complex is not appropriate for usage

as pillar due to its charge neutrality. Another sandwich comfilakfits to the requirements

is cobaltocenium, which attracted some attention ttfoThe cyclopentadienyl ligand can be
further modified by chemical reactions to attach organic side chains or organo catalysts in
order for fine tuning of the micropores @0 make catalysis in the interlayer space possible.
There are of course certain requirements to consider, for instance the organo catalyst cannot
be too big or micropore volume will not be created after intercalation. The substances of the
catalytic readbn must have a vapor pressure that is large enough to ensure presence of the
starting materials in the gaseous phase. A reaction that fulfills all precondition is the
asymmetric addition of nitroalkanes which has been investigatefiristoet al. previously®

He also approached a new imidazolidie¢razole organo catalyst (Scheme 7).
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Sheme 7 Addition of nitromethane to cyclopentenone usid§as organo catalys.

Transferring this organo catalyst onto the cobaltocenium complex, the tetrazole motif must
be replaced by the sandwich complex. The catalytic part of the catalyst should stay the same
although a decrease in size would be better for reasons mentioned be&fdmemyl group has

to be attached to one of the cyclopentadienyl rings which should then react witha 1,2
diamine, which is derived from the amino acid alanine, to form the final pillar (Scheme 8). In
principle, this type of catalyst should even improve #nantiomeric excess of the reaction,
because the steric impact delivered by the cobaltocenium part 8should be much bigger

then the tetrazole part from28, plus rigid position of the pillar, because it cannot rotate
uncontrolled.
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Scheme 8Retrosynthesis of pillé.

To prove the eligibility of the cobaltocenium compound as pillar, computer simulations were
made for the molecular structure and the eleatralensity distribution (Figure 107.4 and
11.5 A were obtained as parameters for calculation of the pore volume dependent on the

layer charge. The middle diagram of Figure 8 shows the pore diameter calculat®n of
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dependent on the layer charge, using 11.5 A as parameter faliiayer of the sitate, while
7.4 A'is used as parameter foagis. The bottom diagram shows the calculation with switched
values. Currently, a layer charge-0f33 can be generated. In both cases a micropore volume

would be generated.The size of the micropores is nowemkndent in which angle8

intercalates into the silicate layers.
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FigurelO: top) electron density distribution simulation f&; revealing 4 and 11.5s values for the
pore diameter calculation; middle) perdiameter calculation with 11.8 for the ab-layer; bottom)

pore diameter calculation with 7.A for theab-layer.

1.3.1 Synthesis of the diamine compound 32

With alanine being the starting material for the precur8@ another great advantage of this
type of pillar and reaction is revealed. Beginning with an amino acid, modification of the
reaction and subsequently fiAeining of the micropores can be achieleasily by just
exchanging the amino acid. Chemistry of amino acids is well investigated and no problems
should be expected on synthesizing the diamine compdd

In the first reactionL-alanine29 was esterified with methanol as reagent and solventsplu
SOG quantitatively. The resulting -&lanine methyl ester hydrochlorid80 was then
converted into the methyl amide hydrochloride using an ethanolic methylamine solution.
After the reaction with KCQ to obtain the free amine81, the carbonyl group was reduced
with LIAIH in THF resulting ilNN-methylpropanl,2-diamine 32 with an overall yield of 55%
(Scheme 9%/
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Scheme 9Synthesis of Mhethylpropanel,2-diamine32.

1.3.2Synthesis of the cobaltocenium based part 37 of the pillar 8

Cobaltocenium hexafluorophosphatg&3, which was used as starting material, has been
purchased commercially. The synthesis38fhas already been developed WYilkinsonin

1952, transferring colgll)-acetylacetonate and cyclopentadienyl magnesium bromide into
the sandwich comple® Nowadays it synthesized by the reaction of NaCp and.CbCl
Beginning with the sandwich complex, it is transferred into the cobalt(l) sgBkeEmost
quantitativey via a nucleophilic addition of the organolithium reagent of
trimethylsilylacetylide.34 is then oxidized to the substituted cobalt(lll) derivati¥® by a
chemoselective endtydride abstraction, using triphenylcarbenium hexafluorophosphate as
reagent. e next step is oxidative cleavage of the alkyne. This happens equally to synthesis
of carboxylic acids from alkynes. Potassium permanganate served as oxidizing reagent,
resulting in cobaltocenium carboxylic acid hexafluorophospHz®e® Again equally toa
normal esterification the carboxy group was converted into the methyl é3feusing SO¢l

and methanol as reagent and solvent. The conversion happened quantitatively at room

temperature overnight (Scheme 10).
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Scheme 10 Synthesis of cobaltocenium carboxylic methyl es8;(i) (RCY A/ [ [ BBi)¢c | C
(HsGs)sCPFs, CHCb, n-hexane 69% iii) NaF, CECN, KMn@ HO/HPF, 85%; iv) MeOHSOCY, 75%.

The last step in order to reach the final precur38is a chemoselectiveeduction of the ester

to the corresponding aldehyde. DIBALIis the reagent of choice for such a reaction. But all
approached reaction conditions (low and high temperature, reaction time, solvent) failed to
generate the formylcobaltocenium hexafluoroplpdste. Theinsitu generation of the
cobaltocenium carboxy chloride cation, using pure SO\@th a subsequently reduction using
LiIAIH(OBu) as reagent did not end in a positive resalfThe carboxy chloride spesiwas
verified vialH-NMR. In all redu@n experiments an aldehyde spesieould not be detected.

A direct formylation of one Gpng, similar to the formylation of ferrocene, has not been
successful, too. The formyl group seems to destabilize the sandwich complex and decompose
it.>! No aldehye function could have been detected in any of the experiments. A strategy
switch has been necessary, since a reduction to the alcohol was not possible either.
Instead of synthesizing the carboxylic &&&hnd consequently the est&7, 35was converted

into ethynyl cobaltocenium hexafluorophosphat89. The conversion to the methyl
cobaltocenium ketonetO failed too, approaching different reagents, solvents and reaction
conditions (time, temperature), and no product could be isolated or identified. Resafson
this might be, that the carbon neighbored to the -Gpg is less reactive than the second
ethynyl carbon or that the keto group is destabilizing therf@g and the sandwich complex
was decomposed. Oxidative hydroboration3¥ did not lead to a positive result, this time

resulting in a complete recovery of the edtA conversion of39 and the diamine32
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according towang did not generate the desired produdtl, whereby only adducts of ¢h

amine could be isolated without ang closureX
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Scheme 11 Synthetic path to40 and 41; i) 1) KCQ, CHOH 2) (KC}C'PF, CHCb, n-hexand?; ii)

various conditions according ®asseft; iii) various conditions according Wang®.

1.3.3 Synthesis of 8 starting from €O}

As determined in chapter 1.3.2, the synthesis38fis not possible by introducing the formyl
group through reduction of the carboxy group after formation of tlaadwich complex. So,
another possibility to reach the target compound is to first produce a cebalt
formylcyclopentadienyl complex with other additional ligands. Such a complex is reported in
literature > Starting from cobalt carbon monoxide compk3; 44 should be synthesized via

a ligand exchange reaction using formylcyclopentadienyl lithium in the presence of iodine. The
remaining carbon monoxide ligands should then be further exchanged by cyclic diene, either
cyclopentadiene or 1;8yclohexadiene, toan the intermediategl5and46. In a subsequent

b-H abstraction using one or two equivalents of triphenylcarbenium hexafluorophosphate as
reagent, the final precurso7 and 37 should be synthesized (Scheme 12).

Before the first ligand exchange reaction, formylcyclopentadienyl lithium was synthesized
from cyclopentadienyl lithium using ethyl formiate as reagent with similar yields compared to
literature 56 Unfortunately, this route had to be buried very fast besauhe yields achieved

in the ligand exchange reaction are not worth mentionth&easons for this might be, as
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mentioned earlier, the missing electron density on the formylcyclopentadienyl ring of the
sandwich compound. The possibly air sensible produight also be decomposed, although

provisions have been made to prevent it.
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Scheme 12Retrosynthesis @7 and47 starting from Cg(COj.

Another synthesis route for the target compound is shown in scheme 13. The starting

compound igt3like in the previous route. But instead of using the formylcyclopentadiéfyl

. <> .. <>
Co,(CO)g ! Co N o
oc co [ co
43 48 49
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2N :
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50 51

Scheme B: Synthesis of cobalt sandwich compoungdsNaCp,ITHF; ii) 4, diethylether; iii) petrol
ether (100140); iv) AgR¥-different solvents and aryl compounds.

unsubstituted cyclopentadienyl is used in the ligand exchange reaction. Yields were obtained
as high as expected from literature. The same counts for the next two reaction gi@psas
converted into49 using pure iodine in dry diethylether stirring at room temperature until no
gas evolution could be observedP was further heated in petrolethef100-140) to gainb0.

50 was then used as starting material for a series of exchange reactions in order to obtain a
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cobalt sandwich complex substituted with a formyl group ezkoet al. orLoginovet al.

did in their work®®>° Unfortunately, no complex could be prepared. The lack of electron
density in the aryl ring of the formyl substituted benzylic rings must be the reason for the
instability and or immediate decomposition of the desired cobalt sandwich complexes.
Preparing he catalytic part onto the aryl ligand with the following ligand exchange reaction
did not result in a positive result eithellitzkoand Loginovused aryl compounds that were
higher substituted with methyl groups and even the cyclopentadienyl ring wég fu
substituted with methyl groups in the majority of their experiments. The use of
mesitylaldehyde, as a highly substituted aryl ring, did not end in a positive result, neither did
the use of stabilizing solvents like THF, acetonitrile and diethylettieguagh the acetonitrile
complex CpCo(Chas isolated. This complex could not be successfully converted into the
desired type of compleX1 either. A higher substitution of the cyclopentadienyl part was not
examined due to the much higher steric requirem that is determined marginally, which is
counterproductive for the micropores, which should be generated after an intercalation into
the layered silicate. Computer simulations have shown steric requirement that is too high, and
it would be very unlikelyor the micropores to be created. In literature, Bkas mostly used

as counter ion. In this study the experiments were executed with &Fcounter ion which
should even improve the stability of the complex due to steric reasons. Additionally, we made
only positive experiences working with ePBuring the preparation of the cobaltocenium
carboxylic methyl estes?.

Although the idea and concept of this type of pillar, with the metal carrying the positive charge
while the catalytic part is attached to ¢hligand, looked very promising in the beginning.
Unfortunately, such cobalt complexes seemed to be very unstable and or too air sensitive to
be handled.

1.4 Synthesis of the paracyclophan based pillar

Another possible class of pillar molecules e ones owning a spherical skeletal structure of
[2.2]paracyclophanes. They are offering a huge variety of accessible pillars. The combination
of the cyclophanes substitution pattern plus the variation of substituents in addition to the
adjustment of thelayer charge density allows for fingning of the micropores. Scheme 14

shows the retro synthesis of a possible pillar starting from dialdeByde
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Scheme 14Short retro synthesis df0 starting fromdialdehyde51.

Compaed to other pillars, this time the positive charge is not introduced by a methylation
reaction, because nitrogen is already existent in the molecular structure, or by using a
positively charged metal complex. Now, the charge is introduced by a nucleagttaick of a
tertiary amine on a bromoalkane. Again, a simulation has been made to see if the pillar creates
any micropore volume. The limit for the layer charge reduction that can be realized is currently
at-0.33. The parameters for the pillar were adfited as 8.4 and 15.9 A. The two diagrams in
Figure 9 (up: 8.4 A for the dayer; down: 15.9 A for the alayer) show the calculation for the

pore diameter dependent on the layer charge. So, the angle of the pillar between the two

layers decides if micpmres are going to be created that grant access to the interlayer space.
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Figurell: up) electron density distribution simulation fa0, revealing3.4 and 15.9 as values for the
pore diameter calculationmiddle) pore diameter calculation with5.9 A for the ab-layer; bottom)

pore diameter calculation with 8.A for theab-layer.
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The electron density distribution indicates, that the pillar positions itself not fully horizontal

in the interlayer space. So, the synthesis and intercalatidiOd$ wotth a try.

1.4.1 Synthesis of the [2.2]paracyclophan precursor

The starting material, 4,18iformyl[2.2]paracyclopha®1, was kindly provided by the group

of Greiner et aland no further material had to be purchased. In genesalis synthesized by

a cycloaddition of 1,2,4/exatetraene and propiolic aldehy#followed by an extensive
purification proces$?! 51 was transferred into the corresponding alcol# by a redution

using LiAlkl THF as solvent and refluxing conditions for 3 h yielding in moderate 70% of the
final product52. After column chromatograph$2was further treated with PBito form the

dibromo compoundb3with a yield of 60% after purification.(Scheme 15)

O\ HO Br

/

@) HO Br
51 52 53

Scheme 15Reduction of51, reaction ofb2 with PBgto 53.

1.4.2 Synthesis of pillar 10

The next step would be to introduce the amino function on the side chain of the paracyclophan

ring structure. This was easily achieved through the reaction of methylamine with the
dialdehyde51, before the route, illustrated in scheme 15, has been develigpe ¢ KS 3 OKA F ¥ ¢
base was formed and through the following reduction with NaBté secondary aminé4

was generated in a yield of 78%. Unfortunately, in the next stepyialls of the desired

moleculecould be obtained and pilldrO could not be synthdged this way (Scheme 16).
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Scheme 16synthesis route for pillatOwith the amino function being introduced at the start.

That is the reason why the route described in 1.4.1 was amgh@é Despite the fact that this
route lead to a dead end, the other one has great advantages anyway. Starting off from the
dibromo compound3, a series off pillars could be easily generated through its reaction with
a tertiary amine?? Pillar 10 was synthesized by a simple nucleophilic addition of
trimethylamine to53 at room temperature overnight using acetone as solvent, whereby the
product started to precipitate. After removal of the solvent the salt was purified by

crystallization ad obtained as a white solid of 70% yield (Scheme 17).
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Scheme 17Synthesis of pillatO.

The whole synthesis can be followed beautifully via Nd@Bctra as it is shown in Figure 10.
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Figure 2. Stacked NMRpectra 052 (1),53(2) and10 (3)in the range of 2.46.8 ppm

The pattern of the aromatic protonstays always the same, one singlet with two paired
doublets at a chemical shift of 669 ppm, which might overlap sometimes. The protoas H
appear after the reduction of the dialdehydd. Because they are always next to a hetero
atom during the synthgis, their chemical shift ranges from 438 ppm. As expected the
chemical shift is more downfield for oxygen as a direct neighbor as for nitrogen or bromine.
Each of the protons of the ethylene bridgetsHorms a multiplet as splitting pattern at a
chemical shift of 2.83.6 ppm. The type of multiplet changes from step to step and sometimes
the multiplets are overlapping. 3 shows the spectra of the final gillaiSince methyl groups

are the only residues of the quaternized nitrogen only one additiomgjlet appears in the
spectra with a chemical shift of 2.9 ppm. The more complex the residues are, the higher is the
probability of overlapping for the signals and the reaction cannot be followed that beautiful
anymore.

Using the same synthesis route, egt®f exchanging the tertiary amine (ethylamine, N,N

dimethylbenzylamine) in the last step, other pillar molecules have been synthesized with
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yields of 80%55 a) and 96%55 b) (Figure 1B TheirNMRspectra show the same pattern of

signals, but as assureot as nice to detect as before.

55b 55 a
Figurel3: Molecular structure of the synthesized pill&3s band55 a

This route allows many different pillars to be synthesized byghaple nucleophilic addition.
Almost every tertiary amine could be used in this reaction. For example, one could also easily
introduce chirality into the pillar, and consequently into the micropores of the interlayer

space, by using a protected amino aagltertiary amine (Scheme 18).
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Scheme 18Possible route to a series of pillar molecules based on precbBsor

There is also the possibility to tag an organo catalyst to the prec®3 Only requirement
for such a reaction has to be an amino function of the catalyst which is not involved into the
catalytic process. Then it would be possible to do catalysis in the interlayer space of silicates,

not to mention the opportunities in th application on chromatography.
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2 Application of the microporous organic pillared silicates

2.1 Intercalation of pillar 9 intcstevensite [Na.473] ™' [Mg2.5051b.173] °[Sis] ®' O10F2 and its
application in the adsorption obut-3-yn-2-ol and 2methyl-but-3-yn-2-ol

As mentioned earlier the micropores in layered silicates are determined by the size, shape and
charge of the pillar molecule. Another key part is the charge homogeneity of the layered
silicate. The use of chiral lgifs results in chiral MOPS, which, for the first time, allow the
discrimination of guest molecules by size and chirality. The great advantage is its fine tunability
and the modular character. For evidence, different MOPS were prepared, using
[Nao.a7a] ™ [MQ2.505-b.17a]°°[Sk]®'O10F>  and  Co(sep)el (sep = @GHsoNg =
1,3,6,8,10,13,16,18ctaazabicyclo[6.6.6¢icosane)which is a very promising complex for the

use as pillar, because of its high charge, spherical shape and chirality. Stevensite was prepared
via melt synthesié¢ Therefore, stoichiometric amounts of the educts weighed into a
molybdenum crucible in an ang atmosphere and heated up to 1750 °C. After cooling down

to room temperature the synthetic stevensite was stored in a Glovebox. Before the pillaring
of 9, MOPSs of different charge density were prepared by ion exchanging the stevensite with
Mg?*, using the HahannKlemen effecf? It was heated for 3 h, 6 h and 12 h to receive
respectively MOR3, MOPS3 and MOP4. For the intercalation the stevensites were treated
several times hydrothermally with equal amounts of (+) a@.(Integrity of thepillar after
intercalation as proved by i8pectra of the obtained MOPS. The basal spacing increases from
9.6 A to 16.1(1) A as determined byay diffraction analysis. In additiothe 00Fseries of all
MOPS were highly rational. This indicates that ti®ole interlayer spaces own the same
gallery heigh€® The importance of physisorption measurements to prove microporosity was
mentioned before. Herein, the measurements with Ar/Ar(1) were indicating a type | isotherm
for all used samples without signifitasigns of hysteresis. This is typical for microporous
materials. The increase of the median pore diameters lies in the growing interpillar distances,
and thus in the reduction of the charge density. The overall increase of the median pore

diameter for the measured 4tep series is 0.5 A.
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Figure ¥: Cation exchange capacity as function of the charge reduction.

This tuneability of the microporosityn minute gradations by charge reduction is the
enormous advantage of MOPSs. It allows for fine tuning of the accessibility to the interlayer
space for organic guest molecules in contrast to their-giz@nantioselective discrimination

via intimate conéct to the pillars. Since the basal spacing is kept constant at 16.1(1) A for all
of the MOPSs the pore size is only dependent on one variable and so it is determined in an
anisotropic fashion.

To test the properties of the prepared new class of MOPS thiir adjustable pore size
distribution in terms of sorption, their size and shape selectivity were examined towards little
organic molecules, which only differ a bit in size. Therefore, two alcohol-fH2-0l and 2

methykbut-3-yn-2-ol, with similarpolarity, shape and vapor pressure were adsorbed from

(rac)-3-butyn-2-ol
2-methyl-3-butyn-2-ol

Initial ratio 1l 1l vV

Figure b: Size seldve adsorption of a mixture dsut-3-yn-2-ol for MOPSL to MOP$S! at 4 °C.
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their equilibrium gas phase mixture at 4 °C by dry MORSMOPS! under inert conditions.

This inertatmosphere was crucial to avoid the adsorption of water molecules which own a
high affinity to MOPSs.

The slightly smaller alcohol b@tyn-2-ol showed a larger and increasing total uptake on the
MOPS1 to MOPS! from 1.58 to 1.98 mmol-gthan the 2methyl-but-3-yn-2-ol, 0.57 to 1.01
mmol g*. The difference is in the range of about 1 mmélghich is remarkable. The size and
shape of test molecules allows them to fit better into the micropores. They are also more
amenable to small adaptions in the geometry of the micropores than the argon atoms used
for the physisorption measurements. Witnlarging micropores from MOPISto MOPS! the

total uptake decreases continuously from the peak at MQHR8r but3-yn-2-ol, while the
uptake increases for-thethytbut-3-yn-2-ol. The micropores probably lose contact to the
smaller guest molecules and stao prefer the larger one.

So, MOPg(+/-) did show the maximum in adsorption capacity, but it produced the best
values for the enantiomeric excess as adsorbent in the chiral discrimination of a racemic
mixture of R and Sbut-3-yn-2-ol. Identification wa done via highesolution GC using a chiral
column. Interestingly, MORPE+) preferredR-but-3-yn-2-ol in the adsorption experiments

and as expected MOPI%) preferred the other enantiomer whereby the enantiomeric excess

is the same including experimettarrors. The best ee for the MOPS with the smallest
micropores can be explained by the fact that chiral induction works best when there is less or
no room for a variation in the configuration of the molecule. This is the case for Nl@R8re

the pillar nolecules are packed the tightest. The possibility of an easy adjustment of these
variables using the modular character of the MOPS can hardly be achieved by comparable
MOFs. In addition, the best values for the enantiomeric excess reached in our expearforent

a single equilibrium stage can be compared to values for the stereoselective adsorption of

MOFs.30 A complete chiral resolution should be achieved when MQO®&pproached as

YFEGSNREFE F2NJ O2f dzYy OKNR Y| (23N LI BindeBsed |t [ /
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Figure B: Ehantioselective adsorption of cemic mixture of REBut-3-yn-2-ol.

tremendously. Regarding the external surface area and the adsorption capacities of the MOPS
its showing that stereo discrimination is a bulk phenomenon #rad the diverse retention

takes place in the interlayer space. The lateral dimensions, the narrow basal reflections and
the full widths of half maximum are evidence of layered silicate platelet thickness of about 72
nm using the Scherrer equation to th@Dreflex. After calculation only less than 5% of the
surface area are related to the external basal surface area. Supposing thatybt2-ol has

the same molecular volume when it is adsorbed by MOPSs, more than 100% of the micropore
volume as measuredarargon adsorption is occupied. The fact of a more densely packed but
3-yn-2-ol totally matches literature precedence of similar molecules acting not like liquids but

more like crystals.

2.2 Intercalation of pillar 10 into hectoritgKo 4s3] ™®' [Mg254@Lib.43 °[Sk]*®'O10R and its
application in the adsorption of bui3-yn-2-ol and 2methyl-but-3-yn-2-ol

The great advantage of MOPSs is their modular chardgteuet al. can easily provide layered
silicates with different charge densities. In combination with the future pool of pillar
molecules an almost indefinite number of MOPS can be generated that should be able to solve
almost any separation problem. A firskample has been given in 2.1, wh@nntercalated

into stevensite showed a remarkable difference in its adsorption behavior towards molecules
that slightly differ in their size and shape. The enantiomeric MOPS was even capable of

separating a racemic mixte of but3-yn-2-ol in very promising results.
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As second pillar a pure organic, compared to the organometal complex, was chosen for
intercalation into the hectoritgKo.as2] ™®'[Mg2.548)-b.43 °°{Sk]"®'O10F. Again, the silicate was
synthesized via direct melt synthesis. Stoichiometric amounts of educts were provided in
molybdenum crucible and the synthesis was similar to the one of stevensite. Before the
intercalation of 10 into hectorite, first hectorites vith different charge densities were
prepared. The same procedure was approached as for stevensite and hectorites after 3 h, 6 h,
and 12 h of charge reduction were prepared. Sih@das only two charges compared to the
three of9, it is more unlikely fortito generate micropores due to its smaller equivalent area.
Therefore, it has first been intercalated into the hectorite whose layer charge has been
reduced the most (12 hYhe basal spacing increases from 9.6 A3d A as determined by-X

ray diffracton analysis. In addition, tH&0l-series of the MOPS were highly rational. Higsire

rel. Intensitit (a.u.)

20(°)
17: Powder Xray diffraction pattern of a hectorite intercalated witt®.
indicates that the whole interlayer spaces have the same gallery height. For the evidence of
micropores physisorption measurements were taken. The measurements indicated a type |
isotherm without significant signs of hysteresis. Unfortunately, the adsovio&dne indicates
that the size of the micropores created is not worth to mention. As apprehended the
equivalent area was just too small to generate micropores and the packidd of the
interlayer space is just too tight and leaves no room even forlamakcules to be adsorbed.
Nevertheless, the intercalated material was tested in adsorption experiments, andlfinse
no chiral pillar, only for sizeelective adsorption.
Although no micropores were generated during the process of intercalationptheerial

showed some interesting behavior in terms of adsorption and separation of the two alcohols.
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72 % of the adsorbed alcohols from the silicate with tighestlayer charge (MORY was

the slightly smaller buB-yn-2-ol. The adsorption started in@as equilibrium at 4 °C with an
initial ratio of 51.3 to 48.7 % of-@ethylbut-3-yn-2-ol and but3-yn-2-ol. This value cannot
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Figure B: sizeselective adsorption of-Bnethyktbut-3-yn-2-ol and but3-yn-2-ol.

quite reach the one of the silicate interctda with 9, but is still remarkable. The total uptake

of alcohols instead is 10 to 20 times worse, which is more than comprehensible. No
micropores do not adsorb substrate. The question comes up where thesaleetive
separation originates from. The are two possible explanatianfor it. One is some sort of
swelling happened to the layered silicate and thus a quite good separation occurred.
Otherwise should have the two alcohols been adsorbed in similar amount. S8;\oe2-ol

could be slightly moreuited for swelling than -Znethylbut-3-yn-2-ol. The other and more
supposable possibility is that, as mentioned earlier, microstructures were formed caused by
the small particle size and their anisotropic particle shape. These microstructures can contain
wedgelike pores which are probably responsible for the minimal amount of uptake of the
alcohols and the separation of those.

As a conclusion of physisorption measurements and the results of the adsorption
experiments, the material can unfortunately oty regarded as organic pillared silicate (OPS)

and not as microporous organic pillared silicate.
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C Summary

1 Conclusion

In this study a newelass of hybd material has been introduced, the MOPS or microporous
organic pillared silicates. They consist out of a metalorganic or organic cation that has been
intercalated into a synthetic layered silicate. The organic cation is placed in the interlayer
spaceof & Af AOFGS o0& GKS LINRPOS&aa 2F LAfTETFINAYyID ¢
which a layered compound is transformed in a thermally stable memd/or mesoporous
material with retention of the layered structure:- A pillared compound has the foilving
characteristics: (i) the layers are propped apart vertically and do not collapse upon removal of
the solvent; (ii) the minimum increase in basal spacing is the diameter of Aimeolecule,
commonly used to measure surface areas and pore volumes50.353 nm; (iii) the pillaring
agent has molecular dimensions and is laterally spaced in the interlamellar space on a
molecular length scale; (iv) the interlamellar space is porous and at least accessible to
molecules as large as;;Nthere is no upper hit to the size of the pores.-- There is no
NEBAaGNAOGAZ2Y 2y (GKS yI{idz2NE 2F GKS Ay dSBMOIf I GA
this definition MOPS are a subgroup of intercalation compounds whereby the microporosity
needs to be in the intealyer space. Evidence for this must be a rational series ofdhdines

and a physisorption measuremer@harge homogeneity is a prerequisite, so the generated
micropores are homogenic too. The size and shape of the micropores are dependent on the
size,shape and charge of the used pillar and on the charge density of the layered silicate.
Some efforts failed to prepare an organic molecule or metal complex that fits the
requirements of a highly charged cation with a spherical sh8gathesis of cage compod

7 has not been successful. Decomposition of the starting maté®ialas theonly observation

that could be made. The cationic hemiaminal was probably too unstable to be isoldted.
pillar 6 was synthesized successfully, unfortunately the synthesiddcnot have been
reproduced even oncalthough the same reaction conditions have been appliedrther
attempts resulted in a mixture of the monand dication which we were not able to separate.
The synthesis of the metalorganic pilld&snd 6 failed too. The reason for this failure was
probably the lack of electron density #te cobaltion of the sandwich complexXherefore,

the important intermediates87 and 47, two sandwich complexes with an aldehyde function

on one ring, could not have beaynthesized.Despite all disappointments, the synthesis of

pseudemeta-bis(5,12(N,N,Ntrimethylmethylenaminium}2.2]paracyclophan bromidelO
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and a series of other types of this class of pillar was succeSséuting from the dialdehyde
51, 53 was syithesized via a reduction and subsequently substitution reaction. H&amg
hand a series of molecules were synthesized by another substitution reaction using just a

tertiary amine in an easy overnight reaction.

C\) RsN®
O _LiAH, _PBry _
O THF A THF, rt acetone rt
/)
o) RsN®
51 52 (70%) 53 (60%) 10: R=3xMe, 70 %

55a: R=3 x Et, 96 %
55b: R = Me, Me, Ph, 80 %

Scheme 19 Synthesis route towards pilld0, 55aand55b.

This type of pillar is also a perfect example for the modularity of the whole sy3tearcharge
density of the layered silicate can be adjusted by layer charge reduction through cation
exchangeeaction using the HofmanKlemenEffekt. Thus, the size of the micropores can be
changed on a molecular scale. The used pillar can also be altered simply by using another
tertiary amine. An almost indefinite amount of variations is available this way.

After intercalation of pillai0into a hectorite no micropores were created as determined by
physisorption measurements. Nevertheless, the new material showed an interesting behavior
in the adsorption of two very similar alcohols, Hiyn-2-ol and 2methykbut-3-yn-2-ol.
Starting from a molar ratio of 48.7:51.3 b8tyn-2-ol was adsorbed better than the bigger
alcohol with a molar ration of 72.0:28.0, which is pretty remarkable for a single gas phase
equilibrium adsorption. The adsorption and separation barexplained by wedgkke pores

that are generated when microstructures are formed. Unfortunately, the new material can
only be regarded as an intercalated compound and not as a microporous organic pillared

silicate.
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Figure 18 Sizeselective adsorptiof an equal mixture of 2nethykbut-3-yn-2-ol and but3-yn-2-ol.
For the sizeselective adsorption a molar ratio of 74.5:25.5 of 84¢n-2-ol:2-methylkbut-3-
yn-2-ol. For the enantioselective adsorption of a racemic mixture of R and-S-ynu-ol a
maxmum ee of 8.2% could be achieved in the single equilibrium adsorpfHCo(sep)
preferred Rbut-3-yn-2-ol and ¢)-Co(sep) preferred the other enantiomer. This happened for
pillar 9 intercalated into silicate with no layer charge reducti@he tighter he pillar is packed

in the interlayer space the better seems to be the steric induction.
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Figure B: Ehantioselective adsorption of cemic mixture of R&But-3-yn-2-ol.

The whole concept looks very promising although a lot of work and effort have to be put into

the researchFor future work one should keep in mind that an organic cation carrying two
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charges might not be suitable for the production of microporous orgaitiared silicates,

because the equivalent area of these pillar do not seemed to be small enough.

2 Zusammenfassung
In dieser Arbeit wurde eine neue Klasse der Hybridmaterialien vorgestellt, die mikroporésen
organisch gepillarten Silikate oder kurz MOBI8 bestehen aus einem maorganischen oder

organischen Kation, welches in ein synthetisches Schichtsilikat eingelagert wdade.

2NBFYAA0KS YIFIdA2y S6ANR RddzZNOK SAySy tNRI Saazx
des Silikats platziertDie UIP / RSFAYASNI RlFa tAtEFNRARY3I |

Schichtmaterial in thermisch stabiles, mikraind/oder mesoporéses Material unter
Beibehaltung seiner Schichtstruktur umgwandelt wird. Ein gepillartes Material besitzt
folgende Eigenschaften:) (Die Schichten sind vertical aufeinander abgesttitzt und behalten
ihre Schichtstruktur nach Entfernung des Losemittels bei; (ii) die minimale VergroR3erung des
basalen Raums entspricht dem Durchmesser eineSl®ekuls, welchesiormalerweise fur

die Messungler Oberflachen und des Porenvolumens verwendet wird: G@B53 nm; (iii)

der Pillar besitzt molekulare Dimensionen und ist lateral im Zwischenschichtraum mit
molekularer Langenskala platziert; (iv) der Zwischenschichtraum ist pords und Molekilen
mindegens so grofl3 wie Nzugéanglich; es existiert keine Obergrenze fiir die Gro3e der Poren.
---FUr die Art des Pillars oder ddiethode der Einlagerung existieren keine Einschrankurigen.
Aufgrund dieser Definition stellen MOPS eine Untergruppe von Einlagerungsverbindungen
dar, deren Mikroporositat im Zwischnschichtraum liegen muss. Beweise dafur sind eine
rationale Serie der @1 Linien und Physisorptionsmessungémadungshomogenitét istine
Grundvoraussetzung, ebenso wie die Homogenitéat der generierten Mikrop@ienGrolRe

und Form der Mikroporen ist neben der Schichtladung, abhangig von der Gréf3e, Form und
Ladung des Pillars.

Manche Anstrengungenein organisches oder metallorganisch&lekil, welches den
Anspriichen eines hochgeladenen und sphérisgeformten Moleklls entsprichtzu
synthetisieren verliefen ins LeerBie Synthese der Kéfigverbinduigvar nicht erfolgreich.

Eine Zersetzung des Startmateridl8 war die einzige Beobatlmg die getatigt werden
konnte. Das kationische Halbaminal war héchstwahrscheinlich zu instabil um isoliert zu
werden. Der Pilla6 konnte erfolgreich synthetisiert werden, ungliicklicherweise war die
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Synthese trotz identischer Reaktionsbedingungen niepraoduzierbar. Weitere Versuche
endeten jeweils in einer Mischung des Menimd Dikations, welche wir nicht im Stande waren
zu trennen. Die Synthese der metallorganischen Pilansd 6 schlugen ebenfalls fehl. Eine
maogliche Erklarung daftr liegt in dexhlenden Elektronendichte am zentralen Cobaltion des
SandwichkomplexesDadurch konnten die wichtigen Intermdiate87 und 47, zwei
Sandwichkomplexe mit jeweils einer Aldehydfunktion an einem Ring, nicht synthetisiert
werden.  Trotz aller Enttauschungen koent pseudemeta-Bis(5,12(N,N,N
trimethylmethylenaminium))j2.2]paracyclophanbromid neben einer Serie anderer Molekiile
dieser Klasse von Pillars erfolgreich synthetisiert werdeisgehend des Aldehyé&4, wurde

53 mittels Reduktion und daratdlgender nukleophilen Substitution synthetisieMit 53 im
Vorrat konnten eine Serie von Molekulemurch eine einfache Substitution in einer

Ubernachtreaktion und der Verwendung unterschiedlicher tertiarer Amsathetisiat

werden.

? RN ®
@ LiAIH, Q PBr, Q NRs Q
O THF, A © THF, rt © acetone, rt O

/

o HO Br RN ®
51 52 (70%) 53 (60%) 10: R=3xMe, 70 %

55a: R =3 x Et, 96 %
55b: R = Me, Me, Ph, 80 %

Schemata 19Syntheseroute fir Pillek0, 55aund 55b.

Diese Art von Pillar ist weiteres ideales Beispiel fur die Modularitat des kompletten Systems.
Die Ladungsdichte eines Schichtsilikats kann durch die Sekichgsreduzierung eingestellt
werden, indem man sich in einer Kationenaustauschreaktion den HofiKeemenEffektzu
Hilfe nimmt. Dadurch kann die Gro3e dédikroporen auf molekularer Ebeneingestellt
werden. Der verwendete Pillar kann ebenfalls durchpdén Austausch des tertidren Amins
verandert werden. Auf diese Weise ist ein fast unendlicher Pool an Variationen moglich.
Nach Einlagerung von Pilla@ in einen Hektorit wurden jedoch keine Mikroporen generiert,
wie durch Physisorptionsmessungen festigdit wurde. Nichtsdestotrotz zeigte das neue
Material in der Adsorption zweier sehr &hnlicher Alkohole -Byh-2-ol und 2Methyl-but-2-
yn-2-ol, ein interessantes AdsorptionsverhalteAusgehend von einer molaren 48.7:51.3
Mischung wurde Bu8-yn-2-ol mit einem Verhaltnis von 7Q:28.0 besser adsorbiert als der

gro3ere Alkoholywas bemerkenswert fiir eine einzelne Adsoprtion im Gasequilibriundist
55



Adsorption und Auftrennung kénnen durch keilformigren erklart werden, die sich
ausbilden, wenn sich lkrostrukturen formen. Unglicklicherweise kann das neuer Material
nur als Einlagerungsverbindung betrachtet werden und nicht als mikropords organisch
gepillartes SilikatMit den neu generierten MOPS konnten grol3enselektive und sogar zum
ersten Mal enantiselektive Adorptionen durchgefuhrt werdenBenutzt wurdendafur die

gleichen Mischungen wie figien mit Pillar10 gepillarten Hektorit.
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Abbildung 18 GroRRenselektive Adsorption einer ungeféhr equimolakdischung von Bu8-yn-2-ol

und 2Methyl-but-3-yn-2-ol.

Im Vergleich dazu konnten durch Einlagerung des chiralen metallorganischen Komplexes
Co(sep¥* in einen Stevensit Mikroporen generiert werdemie durch Réntgenstreuung und
Physisorptionsmessungen &tétigt wurde.Bei der grolRenselektiven Adsoprtion konnte ein
molares Verhéltnis von 74.5 zu 25.5 von -Byin-2-ol zu 2Methyl-but-3-yn-2-ol erreicht
werden.Bei der enantioselektiven Adsorption einer racemischen Mischung von R und S But
3-yn-2-ol wurde eén maximaler ee von 8.2% in einer einzelnen Adsorption im Gasequilibrium
erreicht werden. Dabei wurde HBut3-yn-2-ol bevorzugt von (+Lo(sep) adsorbiert
wohingegen €)-Co(sep) das andere Enamher preferierte. Dieser Wert wurde fur das mit

Fllar 9 gepliarte Silikat ohne Schichtladungsreduktion erreicht. Je dichter der Pillar im
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Zwischenschichtraum gepackt ist, desto starker scheint die sterische Induktion zu sein.

=
o
)

(+)}Co(sepy*
(-)-Co(sepy

MOPS-1-(+/)  MOPS-2-(+/-)  MOPS-3-(+-)  MOPS-4-(+/-)

enantiomeric excess
(@] = N w IS (6] » ~ oo O

Abbildung 16 Enantioselektivéddsorption einer racemischen Mischung von R und SSBut2-ol.

Das gesamte Konzept ist sehr viegpeechend. Dennoch missen viele Anstrengungen flr
deren Ausarbeitung unternommen werden. Bei zukilinftigen Arbeiten muss unbedingt auf eine
mit mindestens 3 ausreichend groRkeadungdesorganischen Kations geachtet werdam

eine maoglichst kleine &quivalente Flache des Pillars zu erreichen
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D Experimental

1 General Information

NMR spectravere recorded on a Bruké&RX 500spectrometer(500 MHZH-NMR, 126 MHz
BBGNMR ) orBruker DRX 300spectrometer(300 MHZH-NMR, 75,5 MHZGNMR) Chemical
shifts were reported asd in parts per million [ppm] relative to the signal of the appropriate
solvent® Spectra were evaluated irforder and coupling constants J are reported in Hertz
[Hz]. Splitting patterns for the spin multiplicity are described in abbreviations: s = singlet, d =
doublet, t = triplet, g = quartet, dd = doublet of doublet, ddd = doublet of doublet of doublet,
dt =doublet of triplet, pt = pseudo triplet, m = multiplet.

Gas chromatographyGas chromatograms were recorded orShimadzu G2010using a
chiral Lipodex E column (25 raplumn under the following conditions: 0.5L injection
volume,split 1:100, §; 250 °C, constant flow of hydrogen carrier gas (1.2 mL/min = 40 cm/s),
Tdet 250 °C; column temperature initially 40 °C (3 min) then raised to 120 °C (10 °C/min).

Quantities of but3-yn-2-ol in the individual samples were determined by extermsibration.

Column chromatographyvas performed using silica gel MN Kieselgel 60¢(88 um) from

MachereyNagel Solvents used as a mobile phase are announced specifically.

Thin liquid chromatographyvas performed usin@ GAluminiumplatten 60 F25#0m Merck
Detection resulted from U\Mrradiation at a wavelength of 254 nm or by using a KMnO

solution as dyeing reagenKiMnQ; (1 g); NaCQ (2 g); HO (100 m)).

IRspectra were recorded on a Spectrum One -IRIspectrometer from Perkin Elmer

Adsorptions are announced in wave numbers f¢m
Ultrasound irradiationwas performed in &ONOREX SUPER RKrb@6Bandelin

Mass spectravererecorded on a Finnigan MAT 8500 uding MAT SS 300 data system with

an ionization energy of 70 eVlhe probes were measured with direct injection or by
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pretreatment with a Hewlett-Packard 5890 Series Il @Qit. Relative intensities are
announced in % based on the basis peak (100%).

High resolution mass spectra were recorded on a UPLC/Orbitrap MS Systems from Thermo
Fisher Sentific (ESI).

Optical rotation measurements were performedontaS NJ Ay 9f YSNJ t 2f F NR Y S

nm).

Melting points were measured on Bichi Melting Pait M-565.

Chemicals The solvents methanol, ethanol,-pgktopanol, iso-propanol, ethyl acetaten-
hexane, diethyl ether, methytert-butylether, acetone, dichloromethane, tetrahydrofurane
were purified by single distillation. All other solvents were used as received. Dry solvents were
produced by the common methods according to literature.

All other reagents were used as received. If a further purification was necessary, it has been

annownced specifically
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2 Synthesis of the organic compounds
For new compounds a full set of analytical data is given. The analytical data from compounds

that are already known are complied with literature and onfHa\NMR is given.

2.1 Synthesis of{)-Methyl-(1R,9R)%6-0x0-7,11-diazatricyclo[7.3.1.0]tridecang22]®

In a flame dried schlenk flask, cytisine and triethylamine were added to 80 mL of dry
dichloromethane. The solution was immersed in an ice bath and methyl chloroformate was
added dropwise over a period of 10 min. Afelditional stirring for an hour at 0°C and 3
hours at room temperature, the solvent was evaporated under reduced pressure. The residue
was collected by ethylacetate and filtered over Celite to remove any solids. The filter cake was
washed with ethylacetat and the solvent was then evaporated under reduced pressure. The
product was purified by column chromatography over silica (DCM/MeOH 9/1) and received as

colorless 0il. 79 %

IHNMR (500 MHz, CREM = 1.962.05 (m, 2 H), 2.47 (Is; 1 H), 3.00 (m, 3 H), 3:8%3 (m,
3 H), 3.88 (dd, 1 H, J = 15.6, 6.3 Hz), 4.13 (d, 1 H, J = 15.3 H£BA 03, 2 H), 6.06 (m, 1 H),
6.45 (dd, 1 H, J=9.1, 1.2 Hz287(dd, 1 H, J = 9.1, 6.9 Hz).

2.2 Synthesis of (+j1R,2S,9S8)1-Methyl-7,11-diazatricyclo[7..3.1.0]tridecang24]®

H
N
N

A flame dried schlenk flask was charged with cytisine methylcarbamate, platinuon(tié)

and MeOH. The resulting stirred suspension was carefully refilled with argon 3 times tefor
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was backfilled with hydrogen via a hydrogen ballon attached to a septum. The black mixture
was stirred vigorously for several hours. The completion of the reaction was determined via
TLC (DCM/MeOH, 9/1). The solids were removed by filtration throalie @nd the filter cake

was washed 2 times with a mixture of dichloromethane and methanol (9/1). The Solvent was
removed under reduced pressure to give the crude hydrogenation product as avhiéf
solid.(90 %)

IHNMR (500 MHz, CD{Eld = 4.76 (m, 1 H), 4.61 (d, 0.85 B 14.0 Hz), 4.36 (d, 0.15 H, J =

14.0 Hz), 4.28 (d, 0.15 H, J = 13.0 Hz), 4.19 (d, 0.85 H, J = 13.0 Hz), 3.66 (s, 0.5 H), 3.60 (s, 2.5
H), 3.483.42 (m, 1 H), 3.06 (d, 0.85 H, J = 13.4 Hz), 3.00 (d, 0.15 H, J 913.84Hz, 0.15

H, J = 13.8), 2.86 (dd, 0.85 H, J = 13.8, 1.8 Hz), 2.79 (d, 1 H, J = 13.5 &12)3Q.¢8, 2 H),

2.22¢ 2.09 (M, 14H), 2.282.09 (m, 1 H), 2.021.72 (m, 5 H), 1.64.54 (m, 2 H).

A flame dried schlenfkask was charged with tetrahydrofurane und lithium aluminiumhydride.
The resulting solution was immersed in an ice bath and a solution of crude hydrogenation
product in tetrahydrofurane was added dropwise over 10 min at O °C. The suspension was
warmed toroom temperature and then refluxed for 16 h. After cooling the mixture again to

0 °C, ethyl ether was added. The rest of lithium aluminiumhydride was then quenched very
slowly with NaSO4x10H20, which caused enormous evolution of hydrogen gas. The mixture
was stirred furthermore until no evolution of hydrogen gas could be observed. The suspension
was then filtered through Celite to remove any solids. After evaporation of the solvent under
reduced pressure, the crude product was purified by Kugelrohr distifi at 150160 °C and

received as a colorless dir.1 %)
IHNMR (500 MHz, CRE = 1.261.33 (M, 2 H), 1.42.60 (m, 5 H), 1.62.77 (m, 3 H), 1.78

1.83 (M, 1 H), 1.87 (d, 1 H, J = 11.0 Hz), 1.94 (dd, 1 H, J = 11.3, 3.0 Hz), 2.12 (s;3H), 2.12
(m, 1 H), 2.21 (d, 1 H, J = 11.3 Hz),2.89 (m, 2 H), 2.93.01 (M, 2 H).
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2.3 Synthesis of (+J1R,2S,98) 1-Methyl-7,11-diazatricyclo[7.3.1.0]tridecan€1R,5S,11a$)
3,3, trimethyldodecahydro1,5-methanopyrido[1,2a][1,5]diazocine3,7-diium [6]

A flame dried bomb tube was charged wi# (58 mg, 0.3 mmol, 1.0 eq), methyl iodide (0.16

mL, 2.5 mmol, 8.0 eq) and methanol (6 mL). The mixture was heated at 90 °C for 24 h. Then it
was cooled to roontemperature and the solvent was removed under reduced pressure. The
yellow brown residue was recrystallized in 5 mL chloroform and half of a pipette of methanol

to give a yellowbrown solid 43 %.

IHNMR (500 MHz, f0):d = 1.521.64 (m, 2 H), 1.73.99(m, 5 H), 2.42.55 (m, 1 H), 2.66 (d,
1H,J=105Hz),2.81(d, 1 H, J =9.7 Hz), 3.12 (td, 1 H, J = 24.5, 12.3, 3.5), 3.20 (dd, 1 H, J =
13.2, 2.9 Hz), 3.28 (s, 3 H), 3.33 (s, 3 H), 3.35 (s, 3 HB.8636n, 4 H), 3.50 (d, 1 H, J = 14.9

Hz), 3.92 (M1 H), 4.00 (m, 1 H).

I3GNMR (500 MHz,{0)d = 21.4, 21.9,22.4, 24.5, 27.0, 28.5, 48.8, 56.4, 58.3, 58.5, 58.8, 59.3,
62.4, 67.9.

2.4 Synthesis o#,13-Hydroxymethylen[2.2]paracyclophar{52]¢*

A flame dried schlenkklask was charged with 4,1Bormy}2.2]paracyclophan (1.0 g, 3.8
mmol, 1.0 eq) provided by the group oGreiner and 60 mL of dry tetrahydrofurane. The
solution was immersed in an ice bath and cooled to 0 °C. (318 g, 8.4 mmip2.2 eq) was

slowly added in portions. The reaction mixture was then stirred for 3 h at room temperature.
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The excessive LiAlhvas quenched with saturated solution of MH until no more gas
evolution was observed. The product was then extracted 3 timils ethyl acetate. The
organic phases were combined and dried over MgSKhe solvent was removed under
reduced pressure and the residue was purified by column chromatographgxane/ethyl

acetate, 1/1) to the product as a white solid (715 mg, 70 %).

IH-NMR (500 MHz, CREId = 1.58 (s, 2 H), 2.82.91 (m, 2 H), 2.98.03 (m, 2 H), 3.08.12
(m, 2 H), 3.38.43 (M, 2 H), 4.39 (dd, 2 H, J = 12.9, 4.5 Hz), 4.70 (dd, 2 H, J = 12.9, 5.1 Hz), 6.40
(dd, 2 H, J = 7.7, 1.7 Hz), 6.47 (m, 2 H), 6.59 (d, 277 Hz).

2.5 Synthesis of pseudmeta-bis(5,12(N-Methylaminomethylen)}[2.2]paracyclophan

[54]66
\ /
: : NH

A 50 mL roundottom flask was charged with 5 mL methanol,15Formyt

Iz

[2.2]paracyclopharf528 mg, 2.0 mmol, 1.0 eq) and methylamine (aq 40 %,570 pL, 8.0 mmol
4.0 eq). The Solution was stirred for 30 hours at room temperature. Then the solution was
cooled down to 0 °C and NaBH51 mg, 4.0 mmol, 2.0 eq) were added carefully. The reaction
was allowed to warm to room temperature and was stirred for another three hours. The
solvent was evaporated and 5 mL of dichloromethane and water were added. The product
was extracted into the organic phase, which was then washed saturated solutions ofndaCl a
NaCQ. The organic phase was dried over.8@ and the solvent was removed in vacuo.
Purification followed via column chromatography over silica (€f&OH/NH), 9/1(3/1)).

The product was obtained as a white solid.

63



IHNMR (500 MHz, CREId = 135 (s, 2H),2.40 (s, 6 H), 2.78.88(m, 2 H)2.923.08 (m, 4
H), 3.313.41(m, 2 H)3.41(d, 2 H, J 3.1 Hz), 3.7%d, 2 H, J 3.1 Hz), 6.30 (®H, J = 1.7
Hz), 6.35 (02 H J = 7.7), 6.5{ld, 2 H, J = 7,7..7H2).

2.6 Synthesis of pseudmeta-bis(5,12brommethylen)[2.2]paracyclophar{53]6%¢*

U0,

A flame dried schlenk flask was charged with S;ii2iroxymethyleq2.2]paracyclophan (715
mg, 2.7 mol, 1.0 eq) and 25 mL of tetrahydrofurahlee reaction mixture was immersed in an
ice bath, while adding PB¢1.58 g, 5.9 mmol, 2.2 eq) dropwise. The mixture was allowed to
warm to room temperature and was stirred for another 12 h. The completion of the reaction
was determined via TLC. The exes PBr3 was quenched with water and the solution was
extracted 4 times with 200 mL of ethyl acetate. After drying the solvent over MdiS@as
removed under reduced pressure and purified by column chromatography (n

hexane/chloroform, 3/1) to give therpduct as a white solid (640 mg, 60 %).

IH-NMR (500 MHz, CD{EId = 2.933.01 (m, 2 H), 3.63.09 (m, 2 H), 3.48.52 (m, 4 H), 4.21
(d, 2 H, J =10.4 Hz), 4.48 (d, 2 H, J = 10.4 H25.838n, 4 H), 6.56 (d, 2 H, J = 7.7 H2).

2.7 Synthesis of pseudaoneta-bis(5,12(N,N,Ntrimethylmethylenaminium))-
[2.2]paracycloplan dibromide [10]62
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In a 100 mL flask 5,1Brommethylen|2.2]paracyclophan (70@ng, 1.78mmol, 1 eq) was
dissolved in 20 mL of acetone. After addiaigmL of an aqueous solution (50 %) of
Trimethylamine, the reaction wastirred for 24 h at room temperature. A white solvent
precipitated. The solvent was removed under reduced pressure and resolved in hot methanol
which was then cooled to room temperature and overlayed with chloroform. The solvent was
removed carefully andie solid was dried under reduced pressure. This crystallization method

was repeated three times to receive the pure product as a white sdlisb (hg, 68%6)

IH-NMR (500 MHz, f): d = 2.90 (s, 18 H), 3.05 (m, 8 H), 3.46 (m, 2 H), 4.25 (d, 2 H, J = 13.0
Hz), 4.45 (d, 2 H, J = 13.0 Hz), 6.53 (m, 6 H).

I3GNMR (500 MHzD,0) d = 32.6, 33.6, 51.8, 51.8, 51.8, 66.9, 126.6, 133.5, 134.9, 140.1,
141.3, 141.4.

ESIMS [MH] GuaHssN?*: 352.3

2.8 Synthesis of pseudoneta-bis(5,12(N,N,NTriethylmethylenaminium))
[2.2]paracyclophardibromide [55a]ft

Q0L

N
~® o

2Br@

In a 100 mL flask 5,8Brommethylen[2.2]paracyclophan (200 mg, 0.5 mmol, 1 eq) was

dissolved in 20 maf acetone. After adding 2.25 mL of triethylamine, the reaction was stirred
for 24 h at room temperature. A white solvent precipitated. The solvent was decantated
carefully and the solid was dried under vacuum. The product was purified by crystallipation i

methanol and chloroform, and received as a white solid. (292 mg, 96 %)

65



IH-NMR (500 MHz, f0): d = 1.31 (t, 18 HJ= 7.3 Hz), 3.08.24 (m, 18 H), 3.51 (m, 2 H), 4.33
(s, 4 H), 6.6B.78 (m, 6 H).

3GNMR (500 MHz, {0) d =7.24, 33.26, 33.6(52.47, 58.67, 126.13, 133.75, 134.69, 138.66,
141.31, 141.40

ESIMS [MH'] GeoHagN2?*: 433.3

2.9 Synthesis of pseudmeta-bis(5,12(N,N,Ndimethylphenylmethylenaminium))
[2.2]paracyclophardibromide [55b]6*

In a 100 mL flask 5,8Brommethylen[2.2]paracyclophan (200 mg, 0.5 mmol, 1 eq) was
dissolved in 10 mL of acetone. After addingpMé K o c5rOAmmol, 10.0 eq) the reaction
was stirred for 24 h at room temperature. A white solvent precipitated. The solvent was
decantated carefully and the solid was washed with 10 ml of acetone. The product was
purified by crystallization in methanol and ctdéorm, and received as a white solid. (258 mg,

80 %)

'H-NMR (500 MHz, DMS®0 Y { ¢B.75H{nd @ H), 2.83.10 (m, 4 H), 3.46 (s, 6 H), 3.49
(s, 6 H),4.81 (m, 4 H),6.06 (s,2H),6.36 (d,2H,J=7.5Hz),6.43(d, 2 H, J=7H.62), 7.40
(m, 10H).

13GNMR (500 MH, DO) d=32.20, 33.38, 51.84, 52.89, 71.320.93,126.41, 129.79, 130.34,
133.22, 134.83, 139.49, 140.84, 141.59, 143.44.
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ESIMS [MH*] GaaHaoNo2*: 475.4
2.10 Synthesis of jtalanine methylester hydrochloridg30]4¢

@
o H3NJ\WO\

A 1 L round flask was charged with 600 mL methanol aaldrine (10.0 g, 114 mmol, 1.0 eq)

and was cooled to 0 °C. While stirring the solution $(32l9 mL, 454 mmol, 4.0 eq) was
added carefully and dropwise. The icelbavas removed and the solution stirred for another

18 h. Then the solvent was removed under vacuum. The raw product was washed several
times with 100 mL of diethylether. Further purification of the white solid was not needed.

(15.7 g, >99%)

IHNMR (500 Mz, Bh 0 Y + T M®po ORI o | X W T 1do IT0X

2.11 Synthesis of (t3lanine methylamide[31]+®

In a 500mL round flask (S$)lanne methylesterhydrochloride was dissolved in a solution of
methylamine (30%, 77.4 mL, 627 mmol) in ethanol. Theusoh was stirred overnight and

the solvent was subsequently removed under vacuum. The raw product was washed several
times with diethylether to removethe remaining methylamine. The remaining white solid
was dried under vacuum recrystallized in a mixture of ethanol and hexane. (12.4 g, 89.9 mmaol,
99%).

IHNMR (500 MHz,/a0Y + T wM®nT ORX o | X W T 71dn 110X

The cru@ product was dissolved in 25 mL of ethanol. ThesO®a(21.0 g, 198 mmol, 2.2 eq)

was added and the solution was heated under reflux f& 2 The suspension was filtered
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and the solvent of the filtrate was removed. The pure product was received as wdiitl.
(5.2 g, 51 mmol, 56 %)

IHNMR (500 MHz,a0Y + T wM®oo ORRX o |XZT W T T1TdnI wmPg
HHz), 3.49 (g9, 1 H, J = 7.0).

2.12Synthesis of (SIN*-methylpropane-1,2-diamine [32]4¢

LR
HoN ~

A flame dried 250 mL schlenk flask was charged with 100 mL THF and4.8¥td, 127 mmol,

2.5 eq). The suspension was immersed in an ice bath. While stirring, a solution of the amide
31(5.18 g, 50.7 mmol, 1 eq) in 10LnTHF was added dropwise. Subsequently the reaction
mixture was stirred and heated under reflux for 18 h. Then the reaction was slowly cooled to
room temperature. 50 mL of diethylether were added to dilute the mixture ang5la10HO

were added portionwis until no gas evolution could be observed, controlled by a bubble
counter. The Reaction mixture was filtered over celite and the filter cake was washed 3 times
with ca. 20 mL THF. Then the solvent was removed under vacuum and furthermore the crude
productwas purified by column chromatography (C/(MeOH:NH), 7/1(9:1)). The product

was received as colorless oil. (2.41 g, 54 %)

IHNMR (500 MHz, CRGIY + I wmMdnc ORI o |I'XT W T con 1102
3 H), 2.53 (d, 1 H, J1%.7, 4.2 Hz), 2.98 (m, 1 H).

2.13Synthesis of (48),4-dimethyl-2-phenylimidazolidire [57]
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In a 100 mltound-bottom flask the diamine 321.0 g, 11.3 mmol, 1.0 eq) and benzaldehyde (
1.15 mL, 11.3 mmol, 1.0 eq) wedessolved in 40 mL of ethanol. After stirring the reaction
mixture for 20 h at room temperature, the solvent was removed under vacuum. The crude
product was purified by Kugelrohrdestillation at 50 °C under high vacuum and received as a
colorless oil. (63819, 32%)

IHNMR (500 MHz, CRGIY + I médmdp ORI mdp |XT W I codn |1
H), 2.08 (t, 0.5, J = 8.7 Hz), 2.19 (s, 3 H), 2.61 (t, 0.5 H, J = 8.7 Hz), 2.97 (dd, 0.5 H, J = 9.0, 3.7
Hz), 3.46 (m, 1 H), 3.&L70 (m, 0.5 H),.97 (s, 1 H), 7.28.38 (m, 3 H), 7.47 (dd, 2 H, J = 9.5,

7.8 Hz).

13GNMR (500 MHz, CRGIY + T HmM®pnI HH®PAPI oydpTI oyodTy
85.80, 127.57, 127.61, 128.39, 128.43, 128.56, 140.15, 140.70.

ESIMS [MH*] GiHieN2: 175.12292.

2.14 Synthesis of (nECyclopentadienyl)[n4exo)1,3-cyclopentadiene]cobalt(l) and
((Trimethylsilyl) ethynyljcobaltocenium Hexafluorophosphatf85]*°

/
@%Si\\
Co® PFS
<

A flame dried Schlenk flask was charged 80 mL dnam#iirimethylsilyl)acetylene (970 pL ,
6.8 mmol, 1.14 eq). The solution was cooled dowrlt°C and 8BuLi solution (2.52 mL, 2.5
M, 6.3 mmol, 1.05 eq) was added carefully. After stirring for 45 min, Cobaltocenium
Hexafluorophosphate (2.0 g, 5.98 mmal,eq) was added portionwise. While stirring the

mixture for 30 min, the cooling bath was removed and the reaction temperature slowly raised
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to room temperature. The color of the solution changed from yellow over orange to red due
to the nucleophilic addibn. The reaction mixture was then sonicated for another 15 min at
room temperature, giving a homogeneous dark red solution. Subsequently, the solvent was
removed in vacuo, followed by a sofithase extraction over several cycles using 120 mL dry
hexane uder argon. The hexane was then removed in vacuo and stored for further workup
process from the final product. After removing the volatiles the intermediate was obtained as
a dark red solid (95%, 1.63 g, 5.68 mmol). The intermediate can be used withdwgrfurt
purification.

A flame dried Schlenk flask equipped with a reflux condenser was charged, under argon at
room temperature and excluding light, with 60 mL of dry dichloromethane, the intermediate
(1.63 g, 5.68 mmol, 1.0 eq) and triphenylcarbenium hexafipbosphate.The reaction
mixture was stirred for 10 min at room temperature and the previously collected 120 mL of
hexane were added to the yellow brown mixture. The product precipitated during the next 20
min while stirring was continued. Subsequentlie tprecipitate was filtered off using a
Bichner funnel and then washed with three portions of diethyl ether, two portions of cold
water and again with three portions of diethyl ether. The product was received as an amber

powder after drying in vacuo. (69,%.68 g, 3.9 mmol).

IHNMR (500 MHz, GDN) Y 027 (§, 9 H), 5.68.68 (m, 7 H), 5.84 (pt, 2 H, J = 1.9 Hz)

2.15 Synthesis of Cobaltocenium carboxylic acid hexafluorophospia@g™°

o)

<

Co® OH pgf

<

A 100 mL roundbottom flask was charged with 36L.0 g, 2.32 mmol, 1 eq), 18 mL of
acetonitrile and sodium fluoride (99.5 mg, 2.37 mmol, 1.02 eq). Then 35 mL of an aqueous
solution of potassium permanganate (991.6 mg, 6.28 mmol, 2.7 eq) were added to the amber
solution. While igorous stirring the solution was refled for 2 h. After cooling the mixture to

room temperature it was filtered through a paper filter resulting in a yellow filtrate and
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manganese dioxide. The precipitate was washed two times, once with hot water aed onc
with hot acetonitrile using ultra sound. The collected aqueous solutions were concentrated to
10 mL approximately. Subsequently, hexafluorophosphoric acid (485 pL, 55 % ag, 3.0 mmol,
1.3 eq) was added to the concentrated solution and the product crizdllin a refrigerator
overnight. The yellow product was filtered off over a Buichner funnel and washed two times
with ice water and two times with diethyl ether. The product was dried in vacuo to receive a

yellow solid. (753 mg, 1.99 mmol, 85 %)

IHNMR (B0 MHz, CEEND Y 575 ($ 5 H), 5.79 (pt, 2 H, J = 2.1 Hz), 6.09 (pt, 2 H, J =.2.1 Hz)

2.16Synthesis of Ethynylcaditocenium Hexafluorophosphat§39]°°

PFS

=+
Co®
<z

A 100 mL roundbottom flask was charged witB5 (815 mg, 1.89 mmol, 1.0 eq), 25 mL of an
acetonitrile/water mixture (3/2, v/v) and sodium fluoride (86.4 mg, 2.1 mmol, 1.1 eq). The
solution was stirred and refluxed for 2 h, and furthermore stirred overnightroom
temperature. The solution was filtered to remove the dark solid byproduct, which was washed
with acetonitrile several times. The collected aqueous phases were concentrated under vacuo
until all of the acetonitrile has been removed. Thereby, thedurct started to precipitate. The
solution was further concentrated until the total volume of it was approximately 5 mL. Hot
acetonitrile was added dropwise to the mixture until all of the product has been redissolved.
Then hexafluorophosphoric acid (33L,b5 % aqg, 2.06 mmol, 1.09 eq) was added and the
acetonitrile was evaporated again. The product slowly started to crystallize. Crystallisation
was completed by immersing the mixture in an ice bath for several hours. The product was
filtered off over a Bligner funnel, washed several times with diethyl ether and dried in vacuo.

The product was received as a yeltovown powder. (673 mg, 1.56 mmol, 82 %)

IHNMR (500 MHz, GDN) Y 3472 ($, 1 H), 5.69 (pt, 2 H, J = 2.1 Hz), 5.70 (s, 5 H), 5.91 (pt, 2

H, J 2.1 Hz)
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2.17Synthesis of Cobaltocenium carboxylic acid methyl ester hexafluorophospliifg?

o4
co® O0— prd
<=

A 50 mL roundottom flask was charged with cobaltocenium carboxylic acid
hexafluorophosphate (300 mg, 0.8 mmoled) and 10 mL of methanol. While stirring, SOCI
(350 uL, 4.8 mmol, 6 eq) was slowly added dropwise. After adding the reagent the solution
was stirred at room temperature overnight. Then the solvent was removed in vacuo. The
crude product was purified by otlumn chromatography over alumina using a
acetonitrile/diethyl ether mixture (3/1). The product was then eluted with water. After
concentrating the combined aqueous phases, an equimolar amount of hexafluorophosphoric
acid (w 55 %) was added dropwise to @pitate the product. It was then filtered off over a
Bichner funnel and dried in vacuo. The product was obtained as a yellow powder. (245 mg,
0.63 mmol, 78 %)

IHNMR (500 MHz, GDN) Y 390 ($, 3 H), 5.74 (s, 5 H), 5.80 (pt, 2 H, J = 2.0 Hz), 6.20 (pt
H, J = 2.0 Hz)

2.18 Synthesis of ,5(Ferracen1,10-diyl)pentan-1,5-dione [58]43¢

Fe
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A flame dried 500 mL Schlenk flask was charged with 150 mL anhydrous dichloromethane and
acetylferrocene (10.0 g, 43.8 mmol, 1.0 eq). Then a solution of chlorpropionyl chlorid (8.60 g,
65.7 mmol, 1.5 eq) was added. The mixture was cooled down to 0 °Cl@b@1X.5 g, 131

mmol, 3.0 eq) was slowly added portionwise over a period of one hour. While stirring the
reaction mixture for 1.5 h the temperature was kept at 0 °C. Completion of the reaction was
determined via TLC. The suspension was then drained-e8@0 g of crushed ice. When the

ice was completely melted, the phases were separated and the aqueous phase was extracted
with dichloromethane three times. The collected organic phases were first washed four times
with 10 % aq NaOH, then two times with watend dried over Ng&8Q. The solvent was
evaporated to receive the crude productatetytm{B-chloropropionyl)ferrocene (13.7 g, 98

%). The product was used in the next step without any further purification.

IHNMR (500 MHz, CRER = 2.32 (s, 3 H), B9 (t, 2 H. J = 6.4 Hz), 3.87 (t, 2 H, J = 6.4 Hz),
451¢2H,J=10z) 452 (t 2H,J=1.9Hz), 476t 2H,J=1.9Hz), 478 (t, 2 H, J= 1.9 HZ)
A 500 mL roundbottom flask was charged with 150 mL of methaant the crude product

from the first step (13.7 g, 42.8 mmol). 10 % aq NaOH (70 mL, 174 mmol) was added to the
solution. The reaction as refluxed for 30 min. Afterwards the reaction mixture was cooled
down to O °C. The precipitate was filtered off, washed with water and dried in vabeo. T

diketone was received as oranged crystals. (11.2 g, 39.7 mmol, 93 %)

'H-NMR (500 MHz, CDEk = 2.462.58 (m, 6 H), 4.5@, 4 H, J = 2.0 H4.80(t, 4 H, J = 2.0
Hz)

2.19Synthesis of (3E,38)5-dibenzylidenpiperidind-on [16]37
\ /
E N E
H

A 100 mL roundbottom flask was charged with 4 mL of pure acetic acid and pipefidin
(135 mg, 0.88 mmol, 1.0 eq). While stirring, HBr was added carefolbyvibe until all of the
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starting material was dissolved. Afterwards, benzylic aldehyde (0.2 mL, 1.75 mmol, 2.0 eq)
were dropped into the solution. After stirring for 24 h a yellow suspension was formed. The
mixture was filtered over a Buchner funnel ane tbrecipitate was washed once with ethanol

and once with diethyl ether. After drying in vacuo, the product was obtained as yellow solid.
(220 mg, 0.8 mmol, 91 %)

IH-NMR (500 MHDMSQd60 Y 452 ($, 4 H), 7.47.57 (m, 10 H), 7.90 (s, 2 H), 9.21 (s, 1 H,
DO exchangeable)

2.20 Synthesis of ZHydroxy1l-methyl-13-phenyl-16-[(E)}phenylmethylidene}-1,11-
diazapentacyclo[12.3.191.0%8.0'%octadeca3(8),4,6triene-9,15dione [19]3/

A flame dried 100 mL Schlenk flask was charged with 10 mL Methanol, sarcosine (204 mg, 2.27
mmol, 1.0 eq), ninhydrin (404 mg, 2.27 mmol, 1.0 eq) and dibenzylidenpiperidinon (626 mg,
2.27 mmol, 1.0 eq). The reaction mir¢ was stirred and refluxed for one hour. The progress

of the reaction was determined via TLC. After cooling the reaction to room temperature, the
brown-red solution was poured into water. The suspension was filtered over a Blichner funnel
and washed two itmes with water. Purification from the crude product followed via

crystallization in ethyl acetate to obtain a yellow solid. (688 mg, 1.5 mmol, 67 %)
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IHNMR (500 MHZCDGD Y 226 (§, 3 H), 2.70 (d, 1 H, J = 12.7 Hz), 3.43 (d, 1 H, J = 17.4 Hz),
3.74 (dd, 1 H, J = 17.4, 2.5 Hz), 3.81 (t, 1 H, J = 10.3 HA,99@, 2 H), 4.87 (dd, 1 H, J =
10.1, 5.4 Hz), 6.79 (d, 2 H, J = 7.0 Hz), 7.10 (s, 1 HP-26l¢, 5 H), 7.32,(2 H, J = 7.5 Hz),
7.407-46 (m, 3 H), 7.52 (d, 1 H, J = 7.7 Hz), 7.67 (d, 1 H, J =.7.7 Hz)

3 Adsorption experiments

3.1 Synthesis of the MOPS

The stevensite [Nay7@a]™[Mg2.5061b.17]°[Sk]*' 0102 used was synthesized via melt
synthesis’® For pillaring, the hectorites (100 mg) were treated hytieymally four times for
12 h at 60 °C with 18 mg of cobalt sepulchrate trichlorigeQo(sep)Glor (+)Co(sep)elsep

= GoHsoNs = 1,3,6,8,10,13,16,16ctaazabicyclo[6.6.6¢icosane)® in 5mL HO.

...........
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Figure 17 Powder Xay diffraction pattern of MORS$ to MOPS!t from 10-40° 2 ; asterisks mark a

protoamphibole impurity phase.

Figure 18Physisorption isotherms Ar/Ar(l) at 87.35 K for MARBMOP&A (linear scale).
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