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AmOAc amyl acetate

bdc benzene-1,4-dicarboxylate
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INTRODUCTION

1.1 Metal-Organic Frameworks

In 2013, the International Union of Pure and Applied Chemistry (IUPAC) issued
recommendations for the terminology of metal-organic frameworks, providing
the scientific community with a concise definition for these materials: A metal-
organic framework, abbreviated to MOF, is a coordination network with organic ligands
containing potential voids. [}

However, the term metal-organic framework is practically self-explaining,
indicating the building blocks and the resulting structures of these materials:
They contain nodes from metals (and metal-oxygen clusters) that are intercon-
nected by organic linkers. The assembly of these building blocks leads to frame-
work structures. This very basic principle is depicted in
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Figure 1.1 — Assembly of octahedral metal nodes (M) with linear linkers
(represented by bold bars) to a hypothetical cubic framework in which the
nodes are interconnected by the linkers in all three spatial dimensions.
Dashed lines on the framework indicate the infinite three-dimensional
structure of the system (adapted from[2l).

As can be seen in[Figure 1.1/ metal ions or metal-oxygen clusters and organic
linkers can assemble to form an extended network. This is for example the case
in the archetypal MOE-5. Octahedral metal-oxygen clusters and linear organic
linkers form a cubic framework.Bl This compound is a good starting point to
understand the fundamental structure of MOFs. The crystal structure of MOF-5
(see[Figure 1.2) shows an empty space. This space is originally filled by molecu-
les of the solvent used during the synthesis of this MOF but can eventually be
evacuated (see Section[I.4).

The structure of MOF-5 can be broken down into two kinds of secondary
building unit (SBU): The inorganic SBU and the organic SBU (see [Figure 1.3). In
many publications on MOFs, the term SBU is often solely used to describe the

16



INTRODUCTION

Figure 1.2 — Crystal structure of MOF-5 that constitutes a three-dimensional
framework that resembles the structure in @ A considerable part
of the structure (74 %) is ascribed to void space I (blue tetrahedra repre-
sent the zinc atoms in their coordination environment, red: oxygen, grey:
carbon, hydrogen atoms are omitted for clarity).

inorganic component of the MOE. To differentiate between the different build-
ing blocks of MOFs in this work, the abbreviation organic SBU will be used to
describe the linker that is coordinated to a metal (cluster) and the abbreviation
inorganic SBU will be used to describe the metal clusters, whose shapes are de-
fined by their points of extension, which constitute the connection between the
two kinds of SBU.EJ In the case of MOF-5, the inorganic SBU is formed from
a tetrahedral Zn, O-cluster, in which neighboring zinc atoms are bridged by
six bidentate carboxylate groups that originate from six linker molecules. The
Zn,O-cluster and the carboxylate groups assemble into an octahedral super-
structure that serves as a six-connected branching point (see [Figure 1.3). The
carbon atoms of the carboxylates represent the points of extension in this build-
ing block. The organic SBU of MOEF-5 is derived from benzene-1,4-dicarboxylate
(bdc) and serves as a linear connection between the inorganic SBUs in this struc-
ture.

If other metal ions are used to prepare a MOF, different framework struc-
tures can be expected. If for example zirconium (IV) is used together with ben-
zenedicarboxylate in the synthesis of a MOF, a higher degree of connectivity of
the inorganic SBU can be achieved (see[Figure 1.4). This results in a MOF that is
denser than MOF-5 and very stable due to the high number of strong zirconium-
oxygen bonds.

The resulting MOF is called UiO-66 (Universitetet i Oslo) and in this struc-
ture a twelve-connected metal-oxygen cluster is formed. This cluster resembles

17
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Figure 1.3 — Individual building units within MOEF-5: (a) Octahedral inor-
ganic SBU that is formed by a tetrahedral Zn,O cluster and six carboxylate
groups that each bridge two zinc atoms. The carboxylate carbon atoms con-
stitute the points of extension of the cluster (b) linear organic SBU that is
provided by bdc whose carboxylate groups also take part in the formation
of the inorganic SBU (hydrogen atoms omitted for clarity).

°¢‘o°

Figure 1.4 — Crystal structure of UiO-66 which is a three-dimensional net-
work that comprises zirconium-oxo clusters that are interconnected by bdc
to form a porous framework (blue square antiprisms represent the zirco-
nium atoms in their coordination environment, red: oxygen, grey: carbon,
hydrogen atoms are omitted for clarity).
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INTRODUCTION

a cuboctahedron whose corners are defined by carboxylate carbon atoms that
represent the points of extension within this framework. Again the organic SBU
serves as a linear linker between the inorganic SBUs. The individual building

units are depicted in
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Figure 1.5 — Individual building units within UiO-66: (a) cuboctahedral in-
organic SBU that is composed of six zirconium atoms that are bridged by
six oxygen atoms and twelve carboxylate groups from bdc linker molecu-
les (b) linear organic SBU that is identical to the organic SBU of MOF-5 and
serves as a two-connected linker between two inorganic SBUs (hydrogen
atoms omitted for clarity).

Linkers in MOFs are of course not limited to linear dicarboxylates. The struc-
tures of MOFs are highly dependent on the geometry and the connectivity of or-
ganic linker molecules and the design of new structural motifs allows the syn-
thesis of novel materials.l®® Furthermore, MOFs are not only obtained from
carboxylic acids but are also available from phosphonates,?1% sulfonates!%
and heterocycles.l) Examples of the connection between metal clusters and py-
ridinyl ligands are together with many interesting linker motifs are given in
Section T.6| page 45}

A particularly well-known example for a system from a tricarboxylic acid
is HKUST-1 (Hong-Kong University of Science and Technology), which is a
copper-based MOF with benzene-1,3,5-tricarboxylate (btc) serving as the or-

ganic SBU (see Figure 1.6).111

The inorganic SBU is composed of two copper atoms that are bridged by four
carboxylates (see [Figure 1.7). Due to its characteristic shape this motif is called
copper paddle-wheel. The axial positions of this paddle-wheel can be occupied
by coordinating solvent molecules. These solvent molecules may be removed
together with the pore-filling solvent during an activation process (see

19
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Figure 1.6 — Crystal structure of HKUST-1, a porous three-dimensional
framework formed by copper dimers and btc with the molecular formula
Cus;(btc),. Copper atoms can also be coordinated by ligands (here water)
that do not take part in the formation of the framework (blue: copper, grey:
carbon, red: oxygen, hydrogen atoms are omitted for clarity).

resulting in coordinatively unsaturated sites (CUS), which are also described as
so-called open metal sites (OMS).
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Figure 1.7 — Building units of HKUST-1: (a) the inorganic SBU comprises a
copper dimer that is bridged by four carboxylates in an arrangement that
resembles the shape of a four-bladed paddle-wheel. The axial positions of
the copper atoms within this structure are occupied by solvent molecules
that do not contribute to the formation of a framework (b) a trigonal or-
ganic SBU that is provided by the btc linker (blue: copper, grey: carbon,
red: oxygen, hydrogen atoms are omitted for clarity).

1.2 Network Topology

MOFs can be described by means of atomistic models that allow a precise lo-
calization of the atoms that belong to either the inorganic SBU, organic SBU or
ordered guest molecules within in the pore system of the material. However,
in some cases it is desirable to find other ways to represent the structure of
a MOF. This is, for example, the case, when one tries to identify and classify
prototypical structures.l!2l If structural relationships between two frameworks
structures are sought, a full description of all atomic positions does not neces-
sarily permit a simple recognition of similarities in the assembly of the building
units. A more abstract way to describe the structure of a MOF makes use of the
so-called underlying net, meaning that three-dimensional, atomistic structures
are disregarded and are deconstructed to zero-dimensional vertices, which are
connected by edges in a periodic graph that can be described by mathematical
formalisms.P!3l From a mathematical point of view, the vertices of a graph can
be placed arbitrarily in three-dimensional space: only the connectivity counts.
Chemists may rather seek a specific representation (embedding) of the topology
by n-cooordinated nodes and respective links with defined positions in three-
dimensional space, which correspond to the individual SBUs. The basic princi-
ples of network topology of MOFs are explained in the following.

21
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To obtain a representation of an underlying net, individual building units are
condensed to n-coordinated nodes. The process of finding the underlying net is
straightforward for MOE-5. The inorganic SBU of MOEF-5 can be abstracted to a
six-connected node. The organic SBU of MOF-5 presents a simple connection be-
tween two nodes and is itself not a node but a link. The underlying net of MOF-
5 is a primitive cubic arrangement of six-coordinated vertices (see [Figure 1.8).
The underlying nets of MOFs are commonly named with specific codes. The
IUPAC encourages the use of the three-letter codes from the Reticular Chem-
istry Structural Resource (RCSR).I However, both the EPINET databasel!¥ and
the TOPOS Topological Database (TTD)I1216l have individual systems for the
nomenclature of topologies that are commonly found in the literatureﬂ In the
case of MOF-5 the underlying net is pcu, which hints at the primitive cubic ar-
rangement of the nodes in the embedding with highest symmetry. However,
most nets are named arbitrarily.

Figure 1.8 — Part of the underlying pcu net of MOE-5.

The denomination of a topology with a short code allows for fast retrieval
within topological databases such as the RCSR.'Zl However, these descriptors
hardly give any information about the connectivity in a net. To describe the
underlying net more precisely the coordination sequence and vertex symbol of each
different kind vertex of the net has to be determined (edges and vertices are of
different kind, if they are not symmetry-related to each other).

The coordination sequence of a vertex simply describes the number of neigh-
bors that are connected to the vertex via certain number of edges. This is best
understood for the uninodaﬂ sql net (see . The central vertex high-

ITopological descriptors can be distinguished by their typesetting (bold: RCSR, italics TTD)
2Meaning that only one kind of node exists in this net
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lighted in red is directly connected to four other vertices (blue) and connected
to eight vertices (orange) via exactly two edges. Twelve vertices (green) are con-
nected to the central vertex via exactly three edges and 16 vertices (grey) are
exactly four edges away. This adds up to the coordination sequence of the first
four degrees of topological neighbors: E|

ey =4,8,12,16 (1.1)

|

SeEE
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e
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L+_T,
T
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Figure 1.9 — Part of the two-dimensional sql net; neighbors that are n edges
away from the central vertex (red) are highlighted (n = 0: red, n = 1: blue, n
= 2: orange, n = 3: green, n = 4: grey).

The vertex symbol is a topological descriptor that gives information about
how a vertex is connected rather then the number of topological neighbors. To
obtain a vertex symbol one has to inspect all angles between the edges on a
given vertex. An angle is formed by two edges joined on a vertex. For each
of these angles, one has to find the shortest ring that includes this angle. The
vertex symbol then just simply lists the sizes of the rings for each angle. An
example for this procedure is given in where the sql net is shown
again. Connected to the central vertex v are four edges (a,b, ¢, d), which form
four angles (ab, bc, cd, da). The smallest ring that includes the angle ab counts
four edges. This is also true for the remaining angles bc, cd, da. Therefore the
vertex symbol for the central vertex v is:

3 The RCSR documents the first ten degrees of topological neighbors for each vertex.
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VS, = 4444 (1.2)

Figure 1.10 - Part of the two-dimensional sql net, the shortest circuit that
encloses the angle ab is a four-membered ring (highlighted in blue).

When determining vertex symbols, it is necessary to follow the strict defini-
tion of rings and cycles from graph theory: A path is a connection of two vertices
via any number of edges. A cycle is a closed circuit path that starts and ends on
the same vertex. A ring cannot be divided into two smaller cycles, meaning a
ring must not include a short-cut to the "home vertex". A strong ring is defined
as a ring that cannot be divided into any number of smaller cycles. A detailed,
formal description of these terms has been introduced by Delgado-Friedrichs
and O’Keeffe.I'3l The size of a cycle or ring is defined by the number of edges
(or vertices) included in this circuit.l'¥l In the listing of the vertex symbol only
rings are included even though there may be shorter cycles present that connect
the same two edges in an angle. This is for example the case in the fxt net which
is depicted in Connected to the central vertex vy, are three edges
(a,b, c) that form the angles ab, bc and ca. The shortest connection between the
angles bc and ca are a four- and six-membered ring, respectively. The shortest
path between the angle ab is an eight-membered cycle, which includes a short-
cut to the home vertex via edge c. The smallest ring that includes the angle ab is
twelve-membered. The vertex symbol of vy, is therefore:

VSy,, = 4.6.12 (1.3)

1.2.1 Tilings

A complementary way to represent the underlying nets of framework struc-
tures employs so-called tilings.'3] These two-dimensional polygons or three-
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Figure 1.11 — Part of the two-dimensional fxt net. The smallest ring between
the edges a and b is twelve-membered and the shortest connection that in-
volves the angle ab is an eight-membered cycle (grey).

dimensional polyhedra divide the space of a periodic structure. They completely
fill the "empty" spaces that are generated by the net and are connected to each
other via their faces. The edges of these polyhedra correspond to the edges of
the net they belong to. Surfaces of these polyhedra may be curved as the rings
of the net that define their faces are not always flat. The relationship of a tiling
and a net can by understood by treating the tiling as the carrier of a net. An
instructive and very simple example is depicted in Figure which shows
the tiling of the pcu net. In this case, cubes are the polyhedra that describe the
divided space between the six-coordinated nodes in a primitive cubic arrange-
ment. Another instructive tiling for is shown in for the dia topology. The
net resembles the crystal structure of diamond and features six-membered rings
in a chair conformation which results in curved faces of the tiles shown in blue.

In principle multiple tilings are conceivable to fill the empty space of a net.
An alternative tiling for the pcu net is shown in In this tiling the
three-dimensional space is filled by double cubes. However, this tiling poorly
reflects the cubic symmetry of the net pcu associated with it. To provide unique
tilings a set of certain rules was developed that defines so-called natural tilings,
which conserve the symmetry of the net that is carried by them.[’]

If the connectivity of organic SBUs and inorganic SBUs that forms a MOF
can be represented by a net, vice versa the empty spaces in such a system can be
represented as a tiling. Hence, tilings can aid the understanding of a MOF struc-
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(a) (b)

Figure 1.12 — (a) View along [111] of a part of the pcu net together with
the corresponding tiling. The six-coordinated nodes of the pcu net are grey.
Yellow, cubic tiles completely fill the space inside the net but are slightly
shrunk for clarity. (b) View along [110] of a part of the dia net together with
the corresponding tiling. The four-coordinated nodes of the dia net are grey.
Blue, six-faced tiles fill the space inside the net but are slightly shrunk for

clarity.
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Figure 1.13 — Part of the pcu net together with a non-natural tiling of the
three-dimensional space. Double cubes (yellow tiles with blue edges) can be
used to fill the space of the net but the tetragonal symmetry of the tiles con-
flicts with the cubic symmetry of the pcu net (grey: six-coordinated nodes,
black: edges of the net, tiles are shrunk for clarity).

ture by visualizing the arrangements of the pores. This can be seen in[Figure 1.14]
which depicts an extended unit cell of the underlying tbo net of HKUST-1 to-
gether with the corresponding natural tiling. The three different types of pores
are represented by three differently colored tiles (yellow, blue, and red). How-
ever, it should be noted that a tiling is merely a topological description of space
and hardly gives any information about the size of different pores. Furthermore,
a tiling of a MOF may not be available when the underlying net exhibits cate-

nated rings, which prohibit a space-filling arrangement of face-sharing polyhe-
dra.

Furthermore, tilings and the nets they carry can provide another method of
classification of the topology of a structure. The fransitivity of a net expresses
how uniform a net is by assigning a four-digit number pgrs that specifies the
number of different types of tiles (s), the number of different types of faces of
the tiles (r), the number of different kinds of edges the faces have (g), and the
number of different kinds of vertices of the faces (p).Il13

Nets are called vertex-transitive, if only one kind of vertex is present (p = 1)
or edge-transitive, if the net has only one kind of edge (r = 1). The dia and pcu
nets (see belong to the most uniform nets and have the transitivity
1111 and are vertex- and edge-transitive. As can be seen from the
tbo net is much less uniform. The transitivity of this net is 2123. It is an edge-
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Figure 1.14 — View along the a axis of an extended unit cell of the tbo net
together with the corresponding tiling. The three-coordinated, red nodes
correspond to the organic SBU (btc) and the four-coordinated, blue nodes
correspond to the inorganic SBU (paddle-wheels) of HKUST-1.

but not vertex-transitive net, because it has two different kinds of nodes (a three-
coordinated organic SBU and a four-coordinated inorganic SBU).
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INTRODUCTION

1.3 Reticular Chemistry

In the development of new MOFs one approach has proven particularly suc-
cessful and has been coined as reticular synthesis by Yaghi and O’'Keeffe.2) As it
is shown in (see page B0) MOFs with the same net can be obtained
by the elongation of the linker. The underlying net of the structures remains the
same. These MOFs are called isoreticular]

The concept of reticular chemistry builds upon the interpretation of inor-
ganic crystal structures as nodes and spacers by Wells.21723 It implies that within
certain restrictions, rigid building units can be designed into structures with pre-
determined underlying nets. The most prominent example of this approach is
the so-called Isoreticular Metal-Organic Framework (IRMOF) series. Here, the
geometry of the framework is determined by the octahedral carboxylate cluster.
By using octahedral metal-oxygen clusters and linear dicarboxylic acids as con-
nectors, a primitive cubic arrangement of the resulting framework can be antici-
pated. This kind of predetermination of the underlying net can only be achieved
when the building units of the MOF can be foreseen successfully. This is difficult
for simple metal ions, because they hold little directional information.[22l How-
ever, metal-oxygen-carbon clusters, that may be formed under well-defined syn-
thetical conditions, have discrete points of extension that provide the necessary
directional information to rationalize specific network structures. These clusters
that can define the geometry of the resulting framework can be represented by
the SBUs. Apart from the octahedral Zn,O-carboxylate cluster other prominent
SBUs are the square-planar copper paddle-wheel that can be found for example
in HKUST-1 (see Figure page[21) and the twelve-connected zirconium car-
boxylate cluster of UiO-66, which can also be regarded as a twelve-connected
SBU with a cuboctahedral shape.2l These building units together with their
abstracted polyhedral shape are depicted in [Figure 1.16]

It has been proposed that a deliberate variation and combination of these
building units can lead to predetermined framework structures. This has
been demonstrated for the paddle-wheel motif: by linking together tetrahedral
and a square-planar building blocks, the pts topology can be obtained.[226l Ad-

joining square-planar and triangular building blocks can lead to the tbo net in
HKUST-1 (see or the ptol2Zl topology.

For each of the SBUs depicted in the concept of reticular syn-
thesis was successfully applied and MOFs were obtained that are isoreticular
to MOF-5, HKUST-1, and UiO-66 respectively. This was achieved by employing
linkers that are elongated compared to the original linker. In the first case, these
MOFs constitute the archetypal IRMOF series. Conserving the underlying net
of MOF-5, structural modifications were achieved using other linear carboxy-

4reticulum (Lat.), net
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(a) IRMOF-1 (b) IRMOF-10 (c) IRMOEF-16

Figure 1.15 - Three MOFs from the IRMOF series; only one face of the cubic
cell is shown (blue tetrahedra: zinc atoms in their tetrahedral coordination
sphere, grey: carbon, hydrogen atoms and solvent molecules are omitted,
structural information obtained from CCDC number 175572 (a), 175580 (b)
and 175585 (c)).

Figure 1.16 — Inorganic SBUs of MOF-5, HKUST-1 and UiO-66 together with
their abstraction to an octahedral, square-planar and cuboctahedral SBU,
respectively.
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lates as organic linkers.28] By expanding the length of the linker from benzene-
to biphenyl- or terphenyl dicarboxylates, pore diameters of the resulting frame-
work were increased from 12.8 A to 24.5 A and 28.8 A, respectively.

As a derivative of HKUST-1, an isoreticular MOF with enlarged pores was
reported by Yaghi and co-workers.2?l For the synthesis of MOF-399, a linker was
employed that is elongated by a biphenyl unit in each of the three directions of
the points of extension compared to the linker used to prepare HKUST-1. This
resulted in a MOF that shares the underlying tbo net but exhibits an outstanding
low crystallographic density of 0.13 g/cm3 which is ten times smaller than the
density of HKUST-1. A comparison of the two unit cells of the crystal structures

of these MOFs is shown in

— -

(a) (b)

Figure 1.17 — View along a crystallographic axis of the unit cells of two
HKUST-1 (a) and MOEF-399 (b) which are based on the tbo net (blue: cop-
per, grey: carbon, hydrogen atoms and solvent molecules are omitted, struc-
tural information obtained from CCDC number 112954 (a) and 780452 (b),
respectively).

Similar to the elongated linker in IRMOEF-16, an expanded versions of UiO-66
were synthesized by the groups of Lillerud?¥ and Behrens.B%! The latter were
able to obtain single crystals for a structural analysis of Zr-tpdc-NH,, in which a
para-terphenyl dicarboxylate that bears an amino group at the central aromatic
ring was used as a linker. This leads to a structure that is isoreticular to UiO-66,
in which the available pore space was significantly enlarged. A representation of
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the crystal structure of this MOF, which corresponds to the structure of UiO-68

is shown in|Figure 1.18
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Figure 1.18 — View along a crystallographic axis on the unit cells of two
isoreticular MOFs based on the fcu net (blue square antiprisms: zirconium,
grey: carbon, red: oxygen. hydrogen atoms and solvent molecules are omit-
ted, structural information obtained from CCDC number 7336458 (a) and
777468 (b)) Hydrogen and nitrogen atoms are omitted for clarity.

Albeit the basic principles of the concept of reticular chemistry are plausible,
there are certain strengths and weaknesses of this approach: The geometry of
the organic SBUs can be adjusted to a great degree by the means of organic syn-
thesis. Also, in many cases, the geometry of the purely organic SBUs is retained
during the synthesis of a MOF. However, it has been shown that a simple elonic.’,a-
tion may not necessarily lead to isoreticular networks but to new topologies.32)
This is the case because the rigidity of linker molecules inevitably decreases
when the length of a linker is increased. An increased conformational freedom
of elongated linker molecules allows other structures to be formed, which may
be more stable than the isoreticular compounds. Therefore the nature of the or-
ganic SBU is not absolutely predictable. Unfortunately, this is also the case for
inorganic SBUs as they are primarily formed during the synthesis of the MOF
and thereby an exact determination of the geometry of the inorganic SBU is not
always possible.

Furthermore, even if the underlying net is retained, creating greatly elon-
gated versions of linker molecules may lead to interpenetrated frameworks. In-
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terpenetration describes the phenomenon, when two or more framework struc-
tures grow intertwined with another. This effect usually increases the stability of
the frameworks involved but reduces the overall osity of the material as the
frameworks occupy the pore space of each other.®3) An example for the inter-
penetration of two pcu nets is shown in This kind of interpenetra-
tion occurs for example in IRMOF-9, -11, and -13!<° and has also been observed
for MOFs isoreticular to UiO-66.51

Figure 1.19 — Schematic representation of two interpenetrated pcu nets. The
black and the blue nets are structurally identical but the positions of the
nodes are shifted by (0.5 0.5 0.5) with respect to each other.

1.4 Porosity

After the demonstration of permanent porosity in a MOF by the group of Yaghi
in 1999, much progress has been made concerning the availability of empty
space within this class of materials. Bl Recently, MOFs have been reported that
exhibit extremely large surface areas, which are more than doubled compared to
the surface area of MOEF-5. Kaskel and co-workers have prepared DUT-32 (Dres-
den University of Technology) from a mixture of di- and tritopic carboxylate
linkers.B4 This MOF exhibits both micro- and mesopores. The crystallographic
density of this material is exceptionally low (0.27 g/cm?® even compared to other
MOFs such as MOF-5 with 0.61 g/ cm3). Furthermore, DUT-32 shows impressive
nitrogen sorption properties with an apparent BET surface area of 6411 m?/g. A
topological representation of this MOF is shown in The structure
can be divided into four distinct pore types. These pores are up to 42 A in diam-
eter.
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Figure 1.20 — Representation of DUT 32 with (a) the cross-section of the
largest pore in DUT-32 (diameter 42 A) (blue tetrahedra: zinc atoms, dark
grey: carbon, red: oxygen) and (b) the underlying umt net together with the
corresponding tiling; viewing direction along the crystallographic b axis of
the unit cell (four distinct types of tiles represented as colored polyhedra,
grey: vertices of the net, structural information obtained from CCDC num-
ber 968887).

Another MOF with a very high surface area has been synthesized in the
group of Omar Yaghi.®3l MOF-210 is structurally related to DUT-32 as it is built
from similar two- and three-connected organic SBUs as well as an octahedral
inorganic SBU. However, the underlying toz net differs from the umt topology
of DUT-32. The crystallographic density of MOF-210 of 0.25g/cm?3 is slightly
lower than in DUT-32 but the experimentally determined specific surface area
6240m? /g is 2.7 % smaller. The structure of MOF-210 is shown as a topologi-
cal representation in[Figure 1.21] The MOF comprises three different pore types.
The largest of those pores is shown as a cross-section in [.21a]and corresponds
to the blue tile in the topological representation.

Amon ‘ the record-holding MOFs with regard to the specific surface area is
NU-110.B8 This MOF comprises relatively long hexatopic carboxylate linkers
and copper paddle-wheels as the inorganic SBU. For this material, a specific
surface area of 7140m?/g has been achieved. The crystallographic density of
0.22g/cm? is even lower than in DUT-32 and MOF-210. The underlying net of
this MOF is rht. In structures that are based on this net the effect of interpene-
tration is mathematically precluded.
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(a) (b)

Figure 1.21 — Representation of MOF-210 with (a) the cross-section of the
largest pore in this MOF (diameter 45 A) (blue tetrahedra: zinc atoms, dark
grey: carbon, red: oxygen) (b) the underlying toz net together with the cor-
responding tiling; viewing direction along the crystallographic b axis of
the unit cell (three distinct typed of tiles represented as colored polyhe-
dra, grey: vertices of the net, structural information obtained from CCDC
number 775693).

1.4.1 Activation

Aristotle expressed the idea that "Nature abhors a vacuum." meaning that empty
spaces are unnatural and contradict the laws of nature.B7 This idea partly holds
true for MOFs. The empty space that is often depicted in MOF structures is not
generated spontaneously during the preparation of the MOFE. After a conven-
tional MOF synthesis the potential void space is always filled with solvent mo-
lecules. In order to obtain permanent porosity in a framework, MOFs have to be
activated, meaning that the solvent molecules that occupy the pores have to be re-
moved while keeping the porous structure intact.®8 Materials with empty pores
and a stable framework structure are described as exhibiting permanent porosity.
The removal of a solvent can, in principle, be performed by evaporation. Thus,
a very straight-forward approach for activation would include a simple heating
of the material to force solvent molecules out of the pores into the gas phase.
However, solvents used in the synthesis of MOFs such as N,N-dimethylforma-
mide (DMF) have very high boiling points. Hence, the temperature needed for
a simple thermal activation can exceed the temperature of degradation of the
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MOF. Therefore, only very stable MOFs allow thermal activation. This is for ex-
ample the case for UiO-66 (see[Figure 1.4), a material that is stable up to 500 °C
and can withstand the strong surface tensions and capillary forces that occur
during the evaporation of high-boiling solvents.24

In many cases the high-boiling solvents that are required for the synthesis of
MOFs can be replaced with low-boiling solvents after the MOF has been syn-
thesized. The intermolecular interactions of lower boiling solvents are weaker
than in a high boiling solvent, which means that surface tension and capillary
forces can be minimized by such an solvent-exchange.B¥l Even though the forces
that can harm the framework of a MOF can be minimized, they do still exist for
the liquid-to-gas phase transition and can impede the complete activation of a
MOF. But alternative strategies can be applied to avoid these hindering forces.
This can be achieved by avoiding the direct liquid-to-gas phase transition. This
can be realized by sublimation of a suitable solvent or via a phase transition to
a supercritical fluid. The strategies and their pathways are schematically shown

in Figure 127

pressure

solid

supercritical
liquid fluid

TN\
(c) \ (d)

gas

temperature

Figure 1.22 — Schematic representation of a hypothetical phase diagram and
pathways for the different strategies for the activation of porous materials.
(a) Freezing and sublimation of the pore-filling solvent, (b) evaporation by
reduced pressure, (c) thermal activation, (d) and conversion to a supercriti-
cal fluid followed by evaporation.

One approach to circumvent capillary forces employs a freeze-drying proce-
dure to bypass the liquid-to-gas phase transition via the solid state of the sol-
vent. This method has first been demonstrated by Lin and co-workers.F%l In
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their reported procedure, DMF is replaced by benzene. The suspension of the
MOF was cooled and the frozen organic solvent was sublimated in vacuum.
An improvement of this method uses cyclohexane instead of the rather toxic
benzene.®Y Both of these methods proceed via pathway (a) that is shown in
Another approach that relies on supercritical CO, has been applied to MOFs
by Hupp and co-workers.!l This procedure that corresponds to pathway (d) in
has also been proven successful for the activation of other delicate
porous materials such as aerogels.#2l This process usually employs a solvent
exchange from the solvent of the synthesis to a solvent that is miscible with lig-
uid CO,. This solvent is then replaced with liquid CO, at elevated pressures
within an appropriate chamber. Once this second solvent exchange is complete,
the temperature of the chamber is raised above 31 °C to obtain CO, in the su-
percritical state. No capillary forces are active during the phase transition from
the supercritical to the gaseous state. This makes the activation with CO, a vital
method for the preparation of MOFs with ultra-high porosity such as the MOFs
DUT-32 or MOF-210 which have been presented above (see[1.4, page 33).

1.4.2 Pore Filling

MOFs with large surface areas (such as DUT-32 or MOF-210) are prospective
materials for the storage of gases such as methane.®3 Other applications use
MOFs to store hydrogen®3l or carbon dioxide.H#%#”] Apart from these sorp-
tion properties of gases, the pores of MOFs can be filled with a great variety of
other substances. In the following section some instructive examples are being
presented beginning with the inclusion of small organic compounds. Further-
more, examples are shown in which larger guests such as metal nanoparticles
and proteins are included in the void space of the MOF.

With regard to the uptake of small organic molecules, some MOFs have
been evaluated as carrier materials for drug delivery. In this context, drugs
such as azidothimidine triphosphate, which is an antiretroviral drug for the
treatment of HIV/AIDS (see have been deposited in the voids of
MOFs that match their specific size. As the pore structure of MOFs can be tai-
lored to a certain degree, controlled release mechanisms are possible that rely
on the bio-degradation of MOFs.#85U Therefore MOFs that are employed in
this context are preferably built from non-toxic inorganic SBUs containing only
bio-compatible metal ions such as iron(III).

With growing pore sizes larger compounds can be introduced into the pore
system of a MOEF. Careful selection of appropriate pore sizes within a MOF al-
lows for trapping of metal nanoparticles into mesoporous cages.? This can be
done for example by an in situ reduction of a Pd(Il) precursor in the pores of
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Figure 1.23 — Overview of iron-based MOF particles used for the delivery
of four different drugs that can be included in the pores. Reprinted with
permission from Reference [48].

MIL-101.1%3] The encapsulated palladium nanoparticles exhibit catalytic activi-
ties and benefit from the stabilizing framework, because the spatial separation
inhibits the aggregation of the nanoparticles. Thereby the reusability is drasti-
cally increased. Leaching of the metal nanoparticles is minimized because the
26 A palladium nanoparticles fit very well into the 29 A and 34 A pores of MIL-
101. Such MOF based nanopartlcles have been successfully used for example in
the catalytic arylation of indoles. 654

Recent advantages in host/guest chemistry even include proteins as pore-
filling substances in MOFs. The inclusion of biomolecules requires relatively
large mesopores. This has, for exale, been realized with IRMOF-74X1, a MOF
synthesized in the group of Yaghi.>>
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This MOF features one-dimensional channels with an extremely large diam-
eter of 98 A. These channels are large enough to include myoglobin, a globular
protein that has the spherical dimensions 21 x 35x 44 A, and the green fluores-
cent protein (GFP), which is a 45 A long, barrel-shaped protein with a diameter
of 34 A28l The structure of this MOF and the GFP that can be included in the
pores are shown in[Figure 1.24]together with the tremendously long linker used
to build this MOF.
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Figure 1.24 — (a) The 50 A long, linear linker used in the synthesis of MOF-
74-XI. (b) Extended unit cell of the crystal structure of MOF-74-XI viewed
along the crystallographic c axis with one-dimensional, hexagonal pores
with a diameter of 98 A (hydrogen atoms and solvent molecules are omit-
ted, structural information obtained from CCDC number 841651). (c) Rep-
resentation of the green fluorescent protein (GFP), which fits well into the
pores of MOF-74-XI (ribbon drawing with side chains as sticks, red: oxygen,
blue: nitrogen, structural information obtained from pdb entry 1KYS).
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1.5 Chirality

Scheme 1.1 — Selegiline (1) which is used in the treatment of Parkinson’s
disease and its harmful (S)-configurated isomer (2).

Objects are chiral if they are distinguishable from their mirror images. This
is the case for the two molecules in |Scheme 1.1 which have the same formula,
an identical constitutional structure and only differ in the absolute configu-
ration of the carbon atom that is highlighted in blue. However, for the treat-
ment of Parkinson’s disease, only the (R)-enantiomer (selegiline, 1) is admin-
istered, because the metabolism of the optical isomer (2) would lead to harm-
ful byproducts. Selegiline (1) is metabolized in the human body to D-meth-
amphetamine.P7l Consequently the optical isomer would be metabolized to L-
methamphetamine which is an infamous illicit drug known as "crystal meth"
that has tremendous harmful effects. 2876

As can be seen from this example, the inversion of the absolute configura-
tion of a useful pharmaceutical and its metabolites can render them useless or
even harmful.lel] This has led regulatory authorities to require the production of
stereochemically pure drugs, whenever possible.l?l Therefore, the preparation
of enantiomerically pure compounds and the separation of racemic mixtures
play important roles in the pharmaceutical industry. Solid-supported reagents
that can provide so-called chiral information to substrates are highly interesting
to pharmaceutical manufacturing.l64l

1.5.1 The Chiral Pool

Nature provides a vast collection of enantiopure compounds which are gath-
ered under the term chiral pool. Enantiopure compounds can be found for the
general classes of natural products, such as carbohydrates, alkaloids, terpenes,
and amino acids. Examples for each of these classes are shown in[Scheme 1.2}
The members of the chiral pool can be useful building blocks in the stereosel-
ective synthesis of chiral compounds.[®®l Strategies that exploit the chiral pool,
preserve and build upon the chiral information that is provided in the starting
materials. Amino acids are particularly interesting starting materials for the syn-
thesis of MOFs for several reason: First, they are abundant and readily available.
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Scheme 1.2 — An exemplary collection of members of the chiral pool: D-
glucose (3), (S)-coniine (4), (R)-limonene (5), and L-isoleucine (6).

Second, the carboxylic group on these compounds constitutes an attractive tar-
get for further modification. Third, they are available with numerous different
substituents on the 3 position, ranging from aliphatic to heterocyclic residues.

1.5.2 Organocatalysis

Reactions catalyzed by small organic molecules have received substantial atten-
tion in the past decade.l®®”l] Organocatalysis offers several advantages com-
pared to reactions with conventional catalysts. The absence of potentially harm-
ful metals permits the use in environmentally friendly applications that follow
the philosophy of green chemistry.”2l Additionally, organocatalysts may offer
greater cost-efficiency because the catalysts are often easily obtained or synthe-
sized from natural sources and because they are stable to air and moisture.l”3)
Furthermore, the application of enantiopure organic molecules allows the in-
duction of stereochemical information on the substrates of the reaction with
great success.!”4!

A very popular pathway in organocatalysis involves the formation of enam-
ines as a reactive species.”?l This is also the active intermediate in the so-called
Hajos-Parrish-Eder-Sauer-Wiechert reaction, which was developed in the 1970s.176/77)
In this aldol addition, the excellent capability of proline to control the stereo-
chemistry in an organocatalytic reaction were demonstrated for the first time.
The reaction that is shown in proceeds with quantitative yields and
an excellent enantioselectivity of ee = 93°/ to give the bicyclic ketone 8 which
is an important intermediate in the synthesis of steroids.

5 my—myp ,

iy, 11 - Mass of enantiomer 1, m; : mass of enantiomer 2

enantiomeric excess (ee):
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Scheme 1.3 — Intramolecular cyclization of triketone 7 in the Hajos-Parrish-
Eder-Sauer-Wiechert reaction catalyzed by L-proline yields the aldol pro-
duct 8 with excellent stereochemical induction.

The mechanism of this intramolecular cyclization has been investigated thor-
oughly. The reaction mechanism as proposed by Clemente and Houk is depicted
in [781 In the first step of the reaction, the exocyclic carbonyl group
of the substrate reacts with the secondary amine of the proline. An enamine is
formed. The reaction step that defines the configuration of the newly formed
stereocenters involves the formation of a six-membered Zimmermann-Traxler
transition state. In this transition state a stabilizing interaction occurs between
the carboxyl group of the proline and a ketone on the substrate via hydrogen
bonding. As can be seen from the transition state 10 the bifunctional nature of
the catalyst is decisive for the stereochemical outcome of the reaction, as both the
amine and the carboxylic group participate in the stereo-defining step. Hence, a
chiral amine alone cannot control the stereochemical outcome of the reaction to
the same extent as proline.

The groundbreaking discoveries in the context of the Hajos-Parrish-Eder-
Sauer-Wiechert reaction have sparked the interest in proline derived systems
as organocatalysts not only in enamine catalysis but also via the formation of
iminium ions.””2l Although the first examples were reported in the 1970s, the
enormous potential asymmetric organocatalysis was only discovered during
the last ten years when systems were established that are structurally similar
to proline. An exemplary collection of these systems is shown in
The catalysts that feature the prolinol and prolinol silyl ether motif were inde-
pendently developed by the groups of Jergenson and Hayashi and have found
application not only in aldol reactions but also in asymmetric x-amination, «-
halogenation and conjugate additions.®%#4 Enamine catalysis with prolinol-
type catalysts such as 12 is less straightforward than with the corresponding
ethers (13), because the unprotected hydroxyl group can be involved in a par-
asitic intermediate during the catalytic cycle.l®>l However, a rising number of
reactions have been reported involving prolinol type catalysts.[%9%7l Sophisti-
cated variations of five-membered secondary amines have been developed in
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Scheme 1.4 — Mechanism of the Hajos-Parrish-Eder-Sauer-Wiechert reac-
tion catalyzed by L-proline: Induction of stereochemical information is
achieved in a six-membered transition state and a stabilizing hydrogen
bond interaction between the carboxylic group of proline and a carbonyl
group on the substrate.
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the group of MacMillan. Highly substituted imidazolidinone catalysts such as
14 have extended the scope of such organocatalysts to enantioselective Diels-
Alder cycloadditions, Michael additions and Friedel-Crafts alkylations.!8820

HN N

HN TMSO X

HO FsC CF3 N
o U “
CF3 CF3

12 13 14

Scheme 1.5 — Organocatalysts based on secondary amines that are part
of five-membered heterocycles. The compounds 12 and 13 are directly
derived from L-proline. The MacMillian catalyst (14) is obtained from L-
phenylalanine.

1.6 Chirality in MOFs

Porosity and a very high density of accessible functional groups are relevant
assets that make certain MOFs viable candidates for stereoselective, heteroge-
neous processes such as catalytic transformations or separations of stereo iso-
mers. There are three complementary strategies available to synthesize chiral
MOFs which can be divided into the following categories:

o Crystallization of achiral building blocks in a chiral space group
o Coordination of enantiopure ligandsﬁ to the inorganic SBU of the MOF
o Assembly of the MOF from enantiopure linker molecules

In the following sections, examples are given that illustrate these three ap-
proaches. These examples will focus primarily on the structural features of these
materials and applications of the homochiral MOFs will be treated in Section[1.7]

1.6.1 Chiral Resolution

It is generally possible to assemble chiral materials from achiral building blocks.
Pl To yield a chiral MOF these building blocks must be organized into a chi-
ral arrangement within the three-dimensional structure of the crystal.®2%3 This

®These ligands bind to individual inorganic SBUs but to not participate in their interconnection.
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behavior can indeed be observed in the formation of MOFs.[241104 However,
these forms of spontaneous resolution generally lead to racemic bulk materials
with 1:1 mixture of left- and right handed crystals. Yet it has been shown that
spontaneous resolution can be steered by a homochiral solvent or homochiral
additives during the synthesis of the MOE.I%1%8l An impressive example of
the procedure has been demonstrated by the group of Duan.l1% They reported
the homochiral crystallization of the two enantiomorphic MOFs Ag-1 and Ag-2
from a three-connecting pyridine imine linker and a silver salt. In these MOFs
the silver atoms are tetrahedrally coordinated by two bidentate ligands from
two individual linker molecules. An arrangement of two organic SBUs around

a two-connected silver ion is shown in|Figure 1.25
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Figure 1.25 — Representation of the distorted tetrahedral inorganic SBU of
the homochiral MOF Ag-1, coordinated to two organic SBUs (blue tetra-
hedron to visualize the coordination figure of the silver, dark grey: car-
bon, blue: nitrogen, structural information obtained from CCDC number
860785).

The MOF crystallizes in the chiral space group 12;3. The silver atoms are
located on a 21 screw axis. The linkers connect three silver ions. The MOF Ag-
1 is one example of a MOF where the metal ions are not topological nodes but
only links. The underlying net of Ag-1 (and Ag-2 respectively) is the intrinsically
chiral srs net. shows a representation of this net in which the red
vertices of the net correspond to the three-connected linkers and the edges to
the silver atoms of the MOF.

The induction of stereochemical information to the tetrahedrally coordinated
silver ions was achieved by using chiral templates. The homochiral alkaloids
cinchonine (16) and cinchonidine (17) were used to control the absolute stereo-
chemistry of the MOEF. These templates most likely also serve as bidentate lig-
ands to the silver ion and are subsequently replaced by two of the linker mole-
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Figure 1.26 — Topological representation of the homochiral MOF Ag-1 to-
gether with a natural tiling of the underlying srs net, red vertices corre-
spond to the organic SBU, edges of the net correspond to the silver ions.

cules during the synthesis of the MOF (see [Scheme 1.6) 1199 The template mole-

cules provide a chiral environment in the coordination sphere of the silver ions
that is reproduced when the linker molecules coordinate to the silver. By in-
corporation into the framework the linker adopts a chiral conformation, which
permits the transfer of the stereochemical information from one silver center
to another. The two possible configurations of the coordinated silver atom is

shown in[Figure 1.27

In the case of the MOFs Ag-1 and Ag-2 described above the chirality of
the framework originates from a ligand that is temporarily bound to the in-
organic SBU but absent in the final framework. A similar approach to chiral
MOFs has been reported by the same group. They synthesized a cerium-based
MOF from 5,5 -methylene-di-isophthalate (mdip) (18) in the presence of D- or
L-N-tert-butoxycarboxyl-2-(imidazole)-1-pyrrolidine (see [Scheme T.6). The chi-
ral component of this reaction system is absent in the resulting enantiomeric
framework structures Ce-MDIP1 and Ce-MDIP2, respectively. These MOFs ex-

1 . . . e 2 .
hibit chiral channels with a cross-section of 10.5 x 6.0 A" as well as potential
open metal sites that permit their use as heterogeneous, asymmetric catalysts

(see section[L.7).
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Scheme 1.6 — Representation of achiral linkers together with chirality in-
ducing additives used in the synthesis of homochiral MOEF. Tritopic linker
15 and the homochiral additives cinchonine (16) or cinchonidine (17) are
used in the synthesis of Ag-1 and Ag-2, respectively.l!%! Tetracarboxylate 18
and the enantiomers of N-tert-butoxycarboxyl-2-(imidazole)-1-pyrrolidine
are used in Ce-MDIP1 and Ce-MDIP2, respectively.[11%
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Figure 1.27 — Representation of the different stereochemical configurations
in the silver based Ag-MOFs Ag-1 (a) and Ag-2 (b). (grey: carbon, blue:
nitrogen, red: silver, hydrogen atoms are omitted, structural information
obtained from CCDC number 860785).

1.6.2 Homochiral Inorganic Secondary Building Units

Other approaches to obtain chirality proceed via the modification of the inor-
ganic SBU and employ ligands that remain present in the final structure of the
MOF.MIHIYl impressive examples of this approach have been demonstrated by
the group of Dybtsev.lI811%] They have synthesized homochiral MOFs by the
permanent inclusion of lactic acid and mandelic acid, respectively, into the in-
organic SBU of a MOF. The resulting MOFs are isoreticular. The structure of the
MOF with the formula [Zn,(bdc)(L-lac)(dmf)] is shown as an example in
Upon the reaction of Zn(II), bdc, and lactic acid, a microporous mate-
rial is obtained. This material comprises one-dimensional, rod-shaped inorganic
SBUs. In this inorganic SBU, zinc ions are bridged by the carboxylates of the bdc
linker and by lactic acid molecules which are coordinated to the zinc ions via car-
boxylate and the hydroxyl functional groups. A segment of the one-dimensional
inorganic SBU is shown in

These homochiral inorganic SBUs are interconnected via the bdc linker which
results in the formation of one-dimensional channels along the crystallographic
a axis with a diameter of 5 A. gives a structural representation along
two viewing directions of a collection of several inorganic SBUs connected by
the bdc linker and the respective pore system. This pore system has been inten-
sively investigated for the application in the separation of enantiomers as well
as stereoselective reactions which are listed in Section[1.7] (page [72).

In the case of the MOFs described above, an enantiopure ligand has been in-
troduced to the framework during the synthesis of a MOF. However, the intro-
duction of stereochemical information may also be achieved post-synthetically.
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Figure 1.28 — View along the c axis of the one-dimensional inorganic SBU of
a homochiral MOF constructed from bdc and L-lactic acid (blue: zinc, grey:
carbon, red: oxygen, hydrogen atoms in white are only shown for the lac-
tic acid stereocenter, solvent molecules are omitted, structural information
obtained from CCDC number 281753).

MIL-101 is is a chromium terephtalate framework that can exhibit coordina-
tively unsaturated site (CUS) and has relatively large pore sizes between 30 A
to 34 A.120 The inorganic SBU of MIL-101 is shown in It is a six-
connected chromium-oxo cluster. Three positions of this cluster are originally
occupied by water or other solvent molecules that can be removed upon activa-
tion.

The replacement of water from CUS with homochiral ligands was demon-
strated by the group of Kim.[!2ll They introduced an enantiopure ligand with a
coordinating pyridyl residue to MIL-101 after the actual synthesis of the MOF.
This procedure is shown in First, open metal sites are generated
by heating MIL-101 for 24 hours at 150 °C in vacuum. This removes coordi-
nated water molecules but not fluoride ions that originate from hydrofluoric
acid used during the synthesis. The free coordination sites can now be occupied
by (S)-N-(pyridin-4-yl)pyrrolidine-2-carboxamide which serves as a chiral lig-
and to the inorganic SBU. Thereby the achiral MIL-101 is switched to the chiral
MOF CMIL-2. The ligand, which is derived from proline, contains a free sec-
ondary amine that can serve as an organocatalyst (see Section[1.7] page 70).

Such procedures that alter the previously synthesized framework are called
post-synthetic modification (PSM) and are not only used at the inorganic SBU
but more often target functional groups at the organic SBU.[122I

A similar approach to obtain two enantiomorphic, homochiral MOFs with a
free homochiral secondary amine has been reported by the group of Duan.!123
However, in this case the chiral ligand that binds to the inorganic SBU has al-
ready been introduced during the synthesis of the MOF from 4,4’,4”-tricarboxy-
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Figure 1.29 — View along two crystallographic directions of an expanded
unit cell of [Zn,(bdc)(L-lac)(dmf)] made from lactic acid, bdc, and Zn(II)
(blue: zinc, grey: carbon, red: oxygen, hydrogen atoms in white are only
shown for the lactic acid stereocenter, solvent molecules are omitted).

phenylamine and Zn(Il). The resulting structure is shown in and
exhibits two-dimensional sheets with a honeycomb topology, in which both
the organic SBU and inorganic SBU act as three-coordinated nodes. The inor-
ganic SBUs are coordinated by one enantiomer of N-tert-butoxycarboxyl-2-(1-
imidazolyl)-1-pyrrolidine which is the source of chirality in this MOF. |Z| The
two-dimensional sheets are stacked, forming one-dimensional channels with a
cross-section of 12 A x 16 A. The chiral ligands on the inorganic SBU protrude
into these pores and are in proximity of the triphenylamine moiety, allowing
this MOF to be used as an asymmetric photocatalyst (see section[1.7, page /).
Another approach to turn MIL-101 into a homochiral MOF has been demon-
strated by Sels and co-workers. They synthesized a variety of MIL-101 in which
a dicarboxylic acid was used that bears a sulfonic acid group. The sulfonate
does not participate in the formation of the framework but provides an acidic

7This compound has also been used as an additive in the stereoselective synthesis of Ce-MDIP1,

see[Scheme 1.6
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Figure 1.30 — Six-connected inorganic SBU of MIL-101 that contains six car-
boxylates that bridge three chromium ions, three positions are occupied by
removable water molecules (grey: carbon, blue: chromium, red: oxygen, hy-
drogen atoms are omitted).

residue to the pore space of the MOF. Via a simple acid-base interaction it was
possible to immobilize an enantiopure diamine in a MOF by a PSM. This di-
amine is derived from L-phenylalanine. A schematic representation of this at-
tachment is shown in [Figure 1.32]

The examples above illustrate that it is possible to introduce stereochemical
information to a MOF via the inorganic SBUs of a framework. This is especially
interesting for a MOF like Ag-1, where the molecule that induces chirality can
in principle be recycled. This permits the use of such compounds as some sort
of "catalyst" in the formation of homochiral MOFs.

1.6.3 Homochiral Linkers

Many of the homochiral MOFs described in the literature are prepared from
stoichiometrical amounts of chiral linker molecules. This approach has the ad-
vantage that the organic components can be designed with great detail and re-
main mostly unchanged during the preparation of a MOF, whereas the inorganic
SBUs are typically formed during MOF synthesis. Thereby, the homochirality of
a MOF can be controlled with greater precision by utilizing meticulously de-
signed linkers to create homochiral MOFs.

In the following some examples for homochiral MOFs, which owe their stere-
ochemical information to organic linkers, are given. One of the very first ho-
mochiral MOFs reported in the literature is D-POST-1 (Pohang University of
Science and Technology). This MOF is obtained upon the reaction of Zn(II) with
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Figure 1.31 — View along the a axis of the crystal structure of Zn-BCIP-1,
(5)-N-tert-butoxycarboxyl-2-(1-imidazolyl)-1-pyrrolidine is coordinated to
the inorganic SBU and is directed into the hexagonal pores, (structural in-
formation obtained from CCDC number 943903).
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Figure 1.32 — Schematic representation of the PSM of an organic SBU of
MIL-101-SO;H; dashed lines indicate points of extension to the framework
structure.

an enantiopure derivative of tartaric acid.!!22) This derivative is monosubsti-
tuted with a 4-amino-pyridyl substituent and the vicinal hydroxyl groups are
protected as an acetal. This enables the linker to coordinate to a metal via a car-

boxylate group as well as a pyridyl group (see[Scheme T.8).

/< Zn(NOg), /<

o O o O
. H H,0 / MeOH . H
HO N O N
0 0 [ zi 0 0 [ Y
=N zn =N,
21 p-POST-1 @ "Zn

Scheme 1.8 — Representation of the synthesis of D-POST-1 using a deriva-
tive of tartaric acid (21) that can connect to a metal via the carboxylic oxygen
atoms and the nitrogen atom of the pyridyl group making this a bifunc-
tional ditopic linker.

The inorganic SBU formed in D-POST-1 resembles the inorganic SBU of MIL-
101 (see but is built from zinc ions instead of chromium ions. Two
neighboring inorganic SBUs are connected via two linker molecules. In this ar-
rangement the linkers coordinate to zinc with the bridging carboxylates and the
pyridyl nitrogen atom. The coordination via nitrogen occupies the sites that cor-
respond to the open metal sites in MIL-101. This is shown in[Figure 1.33]

This connection between inorganic SBUs leads to the generation of two-di-
mensional infinite layers with hexagonal symmetry. These sheets stack onto
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Figure 1.33 — In D-POST-1 two neighboring inorganic SBUs are connected
by two linker molecules (light blue octahedra: zinc, grey: carbon, red: oxy-
gen, dark blue: nitrogen, hydrogen atoms are omitted, structural informa-
tion obtained from CCDC number 212735).

each other along the crystallographic ¢ axis and are held together by van der
Waals interactions. This results in the formation of one-dimensional chiral chan-
nels with a cross-section of 13 A. This pore system is shown in

The concept of reticular synthesis was also applied to obtain homochiral
MOFs with an underlying pcu net.120] An interesting example for this kind of
materials is IRMOF-Pro-Boc that has been developed in the group of Telfer.l127)
They employed a linker that is a derivative of amino-substituted 4,4’-biphenyl
dicarboxylic acid to which proline has been connected via a peptide bond. The
secondary amine of proline is protected with a Boc group. A schematic repre-
sentation of the structure is given in[Scheme 1.9 Only one organic SBU is drawn
in detail. The rest of the structure is depicted as a cube that represents the un-
derlying pcu net.

The length of linker 22 is the same as for the biphenyl linker used in the
synthesis of IRMOF-10 (see Figure [T.15b). IRMOF-10 and related systems are
prone to interpenetration, 28128l which can be overcome by introducing bulky
substituents to the linker such as a Boc group.l!?l The Boc group in IRMOF-
Pro-Boc can be cleaved thermolytically to obtain a free secondary amine (see
[Scheme T.10). The liberation of the secondary amine generates a functional group
in the MOF that may be used for stereoselective organocatalysis (see also Section
page[d2).

Another MOF that has been developed using the reticular synthesis approach
is DUT-32-NHProBoc.l3% This compound is isoreticular to the highly porous

MOF DUT-32 that has already been depicted in (page B4). The re-
sulting MOF is a mixed-linker system in which the two-connected dicarboxy-
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Figure 1.34 — view along the crystallographic ¢ axis of an expanded unit
cell of D-POST-1; a hexagonal pore system is formed that consists of one-
dimensional channels (light blue tetrahedra: zinc, grey: carbon, red: oxygen,
dark blue: nitrogen, hydrogen atoms are omitted, structural information
obtained from CCDC number 212735).

COOH
OgO-Bu
O 0y Zn(NO3); o OYO-tBU
N DEF N
N7 N
H H - HH
COOH 22

Scheme 1.9 — Schematic representation of the preparation of IRMOF-Pro-
Boc that is isoreticular to the IRMOF series. The underlying pcu net is rep-
resented as a cube, the linker employed in this synthesis carries a chiral
secondary amine with an N-Boc protective group.
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Scheme 1.10 — Deprotection of IRMOF-Pro-Boc by thermolytic cleavage
of the Boc group yields IRMOF-Pro, CO, and isobutene as volatile by-
products, only one organic SBU is shown and the framework structure is
simplified as a part of the underlying pcu net.

late was exchanged with the same N-Boc protected proline derivative (22) that
has been used in the synthesis of IRMOF-Pro-Boc. In DUT-32-NHProBoc, the
large mesopores known from DUT-32 are decorated with chiral amine substi-
tuents. The crystal structure is shown in[Figure 1.35|together with the four dis-
tinct types of pores (I-IV) present in this MOF. In DUT-32-NHProBoc, the Boc
group can be cleaved under similar conditions as shown for IRMOF-Pro-Boc in
However, this is accompanied by a loss of stereoinformation on
the chiral substituent.l'3) The deprotected DUT-32 derivative has also been in-
vestigated with respect to its catalytic properties (see section page [69). By
applying the principles of reticular chemistry, the same group has prepared a
MOF that is isoreticular to HKUST-1 with a linker that bears three chiral 1,3-
oxazolidin-2-one substituents. 13l

In the examples listed above, molecules with one or more stereogenic cen-
ters were employed as a source of stereoinformation. Linkers with axial chiral-
ity have been successfully integrated into MOFs by the groups of Lin,132138]
Tanakal3%1%0 ang others!41H144] A impressive example of the use of this type
of linker is the isoreticular series of CMOF-1 to CMOF-4.1143] Three of the linkers
used in the synthesis of this series are shown in[Scheme T.T1} The binaphtyl te-
tracarboxylate is incrementally elongated by an addition of ethylene or phenyl
units. The adjacent hydroxyl groups on the naphtyl rings constitute the BINOL
motif that is commonly found in transition metal catalysis. 14l

The crystal structure of the CMOF-1a is depicted in This MOF
is constructed from 23. The linkers serve as four-connected nodes with a dis-
torted tetrahedral geometry. The inorganic SBUs in the CMOF series are four-
connected copper paddle-wheels that act a square-planar nodes. The underly-
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Figure 1.35 — Crystal structure of DUT-32-NHProBoc together with parts of
the underlying net that surrounds the four distinct pore types; the organic
SBU bearing the chiral substituent is shown as a decoration of the under-
lying net (green tetrahedra: zinc, grey: carbon, red: oxygen, blue: nitro
hydrogen atoms are omitted). Adapted with permission from Referencel!3V!

COOH

COOH
HOOC
COOH 7 HOOC O
HOOC z O O
L Ao 99
OH
OH
oon CO Cry™

HooC |
COOH HOOC X O

Co0oH HOOC O

23 24 25 COOH
CMOF-1b CMOF-2b CMOF-3b

Scheme 1.11 — Three of the linkers used in the synthesis of the isoreticular
series of CMOFs.
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ing net of the CMOF series is classified as wbl and is shown in[Figure 1.36in its
augmented form, meaning that the organic nodes are represented by distorted
tetrahedra and the inorganic nodes as squares. CMOEF-1 exhibits interconnected
channels that have a diameter of 8 A to 13 A.

a b COzH

HO.C E l
OR
. l OR

HO,C

Figure 1.36 — a) Three-dimensional representation of the linkers and
paddle-wheels in CMOF-1b. b) Representation of the linker as a distorted
tetrahedral node (light blue polyhedron) and the copper paddle-wheel as
a square-planar node (red square) ¢) augmented net representation of the
arrangement of inorganic SBUs and organic SBUs from a. d) view along
the crystallographic a axis showing the pore structure of CMOF-1, e) aug-
mented net representation of the structure as depicted in d.(grey: carbon,
blue: copper, red: oxygen, hydrogen atoms are omitted). Reprinted with
permission from(143]

Because the naphtyl rings are locked in a twisted arrangement to each other,
a dihydroxyl functionality, which is available for further modification, is present
in a chiral environment. Consequently, the free hydroxyl groups in this frame-
work has be modified post-synthetically with a very reactive transition metal
species under an inert atmosphere. By subjecting the MOF to a solution of
Ti(OiPr), in dry toluene a (BINOLate)Ti(OiPr), species can be generated inside
the pore system of the CMOF series. This is schematically shown in[Figure 1.37]
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This modification of CMOF-1b permits its use as an asymmetric heterogeneous
catalyst. An application of this MOF is described in section[1.7]

Other strategies to obtain catalytically active transition metal centers in the
pores of a MOF employ linker molecules that contain stable, homochiral com-
plexes, such as metal salen compounds.147150)

Ti(O-iPr)4
toluene

Figure 1.37 — Post-synthetic modification of CMOF-1b to immobilize a
catalytically active Ti(IV) species to the organic SBU, using a solution of
Ti(OiPr), in toluene.

As described in section[1.5.1} nature provides a vast collection of enantiopure
compounds that can be exploited for organic synthesis. This rich resource has
been used in numerous ways to create homochiral MOFs from naturally occur-
ring chiral molecules and their derivatives. The following examples may serve
as an overview on how the principles of chiral pool synthesis are applied to the
field of MOFs.

Evidently, enantiopure oligocarboxylates that can be obtained from natural
sources should be ideal choices for the construction of MOFs, because they may
readily provide chirality to a framework. This approach has been chosen by
Bu and co-workers who synthesized a number of homochiral MOFs from dif-

ferent metal ion sources usinﬁg D-camphoric acid (cam, 26, see[Scheme 1.12) and
4,4’ -bipyridine (bipy) linkers.l'>!l The crystal structure of the copper-based MOF

Cuy(D-cam),(4,4’-bipy) is shown in[Figure 1.38] Copper ions and the carboxylic
groups of the camphoric acid form a paddle-wheel motif. This results in the for-
mation of two-dimensional sheets of copper paddle-wheels and the camphorate
linker in the crystallographic bc plane. A three-dimensional connectivity is at-
tained by the bipy molecules that coordinate to the axial positions of the copper
paddle-wheels and thereby act as spacers between the sheets. Due to the diago-
nal orientation of the bipy spacer, the resulting crystal structure is rather dense
with a spacing of about 10 A between the two-dimensional sheets.
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Figure 1.38 — (a) view along the a axis onto a two-dimensional sheet formed
by the carboxylate of linker 26 and copper paddle-wheels (b) view along
the b axis of a 2 x 2 x 2 supercell of Cu,(D-cam),(bipy), two-dimensional
layers of interconnected copper paddle-wheels are bridged via their axial
positions (grey: carbon, light blue: copper, red: oxygen, dark blue: nitrogen,
structural information obtained from CCDC number 631724).
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The amino acids aspartic acid (27) and glutamic acid (28) are naturally oc-
curring dicarboxylic acids that are in principle able to act as ditopic linkers in
the synthesis of MOFs (see [Scheme 1.12). However, these molecules are very
flexible. This makes it difficult to obtain framework structure from this type of
molecules.>2] Only one example of a MOF built from just an amino acid and
a metal salt is documented in the literature.l'>3] In this example, aspartic acid
is reacted with Ni(Il) salt which yields one-dimensional, helical nickel-oxygen
clusters that are linked by the aspartate. In order to obtain a more rigid frame-
work structure, additional linkers are usually employed. This is for example the
case in a material synthesized by Rosseinsky and co-workers.l1> In this struc-
ture aspartic acid was indeed included in the crystal structure where it does not
serve as a ditopic linker but as an auxiliary, bidentate ligand to create a homochi-
ral inorganic SBU. The interconnection of the inorganic SBUs is again achieved
by bipy linkers.

HOOC, oo NHz NH;
Hooc”™"cooH HOOC_~ o cooH

26 27 28

X N_ _cooH

N._COOH
oy Yy

. o
© ‘OH
29 30

Scheme 1.12 - Five ditopic linkers from the chiral pool that are used in the
synthesis of framework structures: camphoric acid (26),1211551157) agpartic
acid (27),13154158] oytamic acid (28), glycylthreonine (29),12 and glycy-
lalanine (30).1101

The intrinsic flexibility of amino acids may be overcome by the formation
of peptides, which are more rigid than free amino acids due constraints im-
posed by the peptide bond. This effect was exploited by Rosseinsky and co-
workers.!!3] They used glycylthreonine (Gly-Thr, 29, see , which is
a dipeptide with threonine on the C terminus and achiral glycine on the N ter-
minus, to synthesize a zinc-based material. The crystal structure of this material
is shown in [Figure 1.39] In this MOF, the dipeptide Gly-Thr serves as a ditopic

linker that connects two octahedral inorganic SBUs. This results in the formation
of two-dimensional sheets that are stacked and thereby form one-dimensional
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channels with a chiral surface due to the projection of the x-carbon of the thre-
onine residue into the pore system. Much like in formation of secondary struc-
tures in proteins the stacking of the individual layers is stabilized by hﬁirogen
bonds between the peptide N—H and C=0 groups of adjacent layers.[>

(@ (b)

Figure 1.39 — (a) view along the [101] direction onto a two-dimensional
sheet formed by the dipeptide 29 and an octahedral zinc inorganic SBU
(b) view along the b axis of an arrangement of stacked sheets of intercon-
nected inorganic SBUs, (light blue octahedra: zinc, grey: carbon, red: oxy-
gen, dark blue, nitrogen, structural information obtained from CCDC num-
ber 874400).

Because of their aforementioned flexibility, the ability to form chelates in-
stead of connections, and the limited sites for coordination, amino acids often
lead to low-dimensional framework structures.[152 Furthermore, the flexibility
of amino acids contradicts the requirement of rigidity in the linker imposed by
the concept of reticular chemistry.'ElI This hinders the design of MOFs with ad-
justable pore sizes or different substituents on the framework.

To consistently synthesize three-dimensional frameworks, amino acids have
been modified to improve their ability to interconnect inorganic nodes. An ex-
emplary collection of these improved amino acid linker molecules is shown in
Modification strategies can target the amino group to form reduced
imines (31, 32, 33), imidazoles, alkgilated amines, or they target
carboxylic groups to form amides (34, 35)1927197) and heteroatoms in the side
chain to form thiazolidines (36).
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Scheme 1.13 — Linkers synthesized from amino acid precursors. Atoms
originating from the amino acids are highlighted in blue.

Amino acids and other representatives of the chiral pool are compelling
structures to form homochiral MOFs. Unfortunately, the tendency of the un-
functionalized small molecules to form chelates impedes the synthesis of high-
dimensional structures. Nevertheless, these compounds are excellent sources of
chiral information in the synthesis of rigid homochiral linkers.
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1.7 Application of Chiral MOFs

The pores of a MOF may provide a chiral environment to discern chiral com-
pounds. Applications of homochiral MOFs can be grouped into two main cat-
egories: asymmetric catalysis and stereoselective separation. The following sec-
tion will give an overview on how MOFs are used in that regard.

The first example of an asymmetric reaction catalyzed by a MOF was re-
ported by the group of Kim.l22l They used the MOFs D-POST-1 (see page 54) to
catalyze a transesterification of 2,4-dinitrophenyl acetate with a racemic mixture
of 1-phenyl-propan-2-ol (see[Scheme 1.14). In this reaction, (S)-1-phenylpropan-
2-yl acetate was preferably formed. However, the enantiomeric excess of 8 % in
this process is only modest which can be explained by the significant distance
from the stereocenters of the linker to the catalytically active pyridyl group.!16%)
A similar unfavorable effect has also been observed in a porous lanthanide phos-
phonate generated from a BINOL derivative.l1>2l A cyanosilylation of benzalde-
hyde was catalyzed by the lanthanide inorganic SBU which could not benefit
from any chiral induction of the remote BINOL system. This indicates that the
mere existence of chirality in a MOF does not necessarily lead to the induction
of stereochemical information to guest molecules.

(0] (0]

N02 HO D-POST-1 )I\O )j\o\\'

\n/O CCly, 27°C, 57h
0 + > +
NO

2

54% 46%

conversion: 18%

Scheme 1.14 - Transesterification of 2,4-dinitrophenyl acetate with racemic
1-phenyl-propan-2-ol catalyzed by D-POST-1 results in the preferential for-
mation of (S)-1-phenylpropan-2-yl acetate.

For certain asymmetric cycloadditions the chiral pore structure of the MOF
can determine the configuration of the reaction products. This is for example
the case for the Ag-1 and Ag-2 system that has been shown in on
page @[109] Inside the chiral pores, a 1,3-dipolar cycloaddition of methyl-2-
(benzylidene amino)-acetate and N-methylmaleimide was performed that is de-
picted in In this reaction four new stereocenters are created. In-
terestingly, only the endo-products are formed with high enantioselectivity. The
impressive ee of 90 % may be explained by the restricted movement of the sub-
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strates in the pore system of Ag-1 when the substrates coordinate to the metal
ion.

(0]

/
0
J)L 0 Ag-1 (3%)
N
| + |l N— CH,Cl, 1t, 24n
\ >

95% 5%
41 42 43 44

conversion: 90%

Scheme 1.15 - 1,3-dipolar cycloaddition between « iminoester 41 and N-
methylmaleimide (42) catalyzed by Ag-1 yielding predominantly one of the
four possible stereoisomers. The exo-products are not observed as reaction
products and are therefore omitted.

One distinguishing advantage of MOFs as heterogeneous, asymmetric cat-
alysts over chiral polymers is their periodicity that is owed to the crystalline
nature of these materials. This allows the precise description of the catalyst sys-
tem and may provide insight into the processes that occur during catalysis. This
has been demonstrated for the Ag-1 system. To elucidate a possible mechanism
for the activation of methyl-2-(benzylidene amino)-acetate by the heterogeneous
catalyst, the silver-based MOF was soaked in a solution of the o iminoester in
CHCI;. Crystals that were obtained from this procedure were suitable for single
crystal diffraction experiments. The crystal structure for this adduct is shown
in The crystal structure reveals an interatomic distance of 3.68 A
between the carbonyl oxygen atom and the silver center which activates the
substrate towards cycloaddition reactions. Furthermore, 7-7 stacking between
the phenyl ring of the substrate and pyridine rings of the organic SBU provides
additional interaction to hold the substrate in place during the reaction.

In contrast to the aforementioned drawbacks of the catalytic BINOL-SBU
system, very good stereoselectivities have been observed when the catalytically
active unit is directly located on the BINOL motif.!!*!] An impressive example
for this has been demonstrated by Lin and co-workers using metalated CMOF-
3b which is described on page [145] A modified MOF was used as a catalyst
in alkyl- and alkynylzinc additions to aromatic aldehydes and almost complete
conversions and high enantiomeric excesses were observed. Because the metrics
are tunable to a certain degree within this series of isoreticular MOFs, they were
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Figure 1.40 — Positioning of methyl-2-(benzylidene amino)-acetate (41)
within the pore system of Ag-1. The C=0 group points towards the metal
ion, the aromatic ring of the substrate is within proximity of the linker to
benefit from 7-7t interaction. The substrate is highlighted in yellow (dark
grey: carbon, light grey: silver, red: oxygen, blue: nitrogen, structural infor-
mation obtained from CCDC number 885237).
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able to impose size selectivity on the substrates used for the reactions. One ex-

ample of an alkylzinc addition catalyzed by CMOF-3b is shown in
R

0
O._..OiPr

S

T

O I‘OiPr
20 OO OH WOH
J R
CO* J s :
) toluene, rt, overnight OO
46 47

45 R= ©YO
. \C
oo 95% 5%

O.
Cu conversion: 99%

Scheme 1.16 — Representation of an alkylzinc addition to naphtylaldehyde
catalyzed by CMOE-3b to yield (S)-ethylnaphtyl alcohol with 91 % ee.

In addition to the diethyl zinc addition described above MOFs with chi-
ral metal centers have been used in asymmetric reductions,!37l cyanations,!170
ring-openings, I2U171 and epoxidations.147148] Apart from catalysis mediated
by chiral transition metal complexes, considerable stereoselectivity is observed
in reactions were MOFs function as heterogeneous organocatalysts.[1?2l Proline
is one of the archetypes in asymmetric organocatalysis and has been explored
intensively as a structural motif in MOFs.

The structure of a proline-containing MOF that is isoreticular to the IRMOF
series has already been shown in It is obtained from a N-Boc pro-
tected precursor and can act as a stereoselective organocatalyst after the libera-
tion of the secondary amine. The ability of the MOF to activate carbonyl com-
pounds has been demonstrated by Telfer and co-workers in the asymmetric ad-
dition of cyclopentanone to 4-nitrobenzaldehyde.l!27l The reaction is schemati-
cally shown in [Scheme 1.17} In this reaction two new stereocenters are formed,
which means that four different stereoisomeric products could be expected. It
is desirable for a catalyst to exert stereoselectivity regarding both diastereomers
and enantiomers. Here, a complex mixture of four stereoisomers is formed.

The diastereomeric ratio between the syn- and anti-adducts is 1:3 and the ee is
3% (syn) and 14 % (anti), respectively. A comparable reaction with acetone as the
enolizable carbonyl compound afforded an ee of 30 % in the anti adduct. The ob-
served enantioselectivities for this reaction system are relatively low compared
to the values that were, for example, achieved by the transition metal mediated
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Scheme 1.17 — Representation of an asymmetric aldol addition of cy-
clopentanone to 4-nitrobenzaldehyde using IRMOEF-Pro as a heterogeneous
organocatalyst and distribution of the resulting stereoisomers 49-52.

catalysis of CMOF-3 (see [Scheme 1.16). The authors ascribe the modest stereos-
electivities to a minor degree of racemization and to a lack of organization in
the reaction’s transition state. This is caused by the flexibility of the proline unit
with respect to the framework and by the large pore space of the MOF which
allows the electrophile to approach the enamine transition state from either di-
astereotopic side. Furthermore, the carboxylic group of proline is attached to
the framework and cannot participate in the transition state defining the stereo-
chemistry of the products. This is unfavorable because the carboxylic group can
enhance the rigidity and stability of certain transition states by hydrogen bond-
ing to the substrate (see page .175] By obstructing the carboxylic
group in an amide bond, no such hydrogen donor abilities can be expected for
the carboxylic group.

A similar catalysis was reported by Kaskel and co-workers, using the pro-
line functionalized MOF DUT-32-Pro (see page in which the
same chiral dicarboxylate was used as in IRMOF-Pro (see above). During the
thermal deprotection a loss of stereoinformation is observed for the chiral sub-
stituent which impairs the ability of DUT-32 to act as a stereoselective catalyst.
The authors performed an aldol addition of cyclohexanone to 4-nitrobenzalde-
hyde (similar to the reaction shown in but were unable to observe
any enantioselective formation of the products.
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Asymmetric aldol additions have not only been achieved with linker-bound
proline but also with proline derivatives that act as a ligand to the inorganic
SBU. CMIL-1 (see page[53) has been employed in this sense by Kim
and co-workers (s.lm] They performed the stereoselective ad-
dition of several enolizable carbonyl compounds to a number of aromatic alde-
hydes, including the reactants of the aldol addition catalyzed by IRMOEF-Pro
shown in Here, the ratio of diastereomers is shifted further to-
wards the anti-product (1:4) and much higher enantioselectivites (ee = 66 %)
are observed. The highest enantioselectivity was observed for an addition of
ethylmethyl ketone to 4-nitrobenzaldehyde. Because of the asymmetric nature
of the ketone, two regioisomers are observed with the preferential formation
of the less substituted reaction product (ratio 9:5). The major regioisomer was
obtained with ee = 81 % (69 % for the minor regioisomer).

regioselectivity:

5:9
(0] O
OH
O CMOF-1
0% neat, rt, 36h
+
NO 9% NO
53 41 55

o)
OH
NO,
80% 20%
56 57

Scheme 1.18 — Representation of an asymmetric aldol addition of ethyl-
methyl ketone to 4-nitrobenzaldehyde using CMIL-1 as a heterogeneous
organocatalyst.

Interestingly, for the addition of acetone to 4-nitrobenzaldehyde, ee-values
were higher with the heterogeneous CMIL-1 catalyst than in the homogeneous
control reactions that use the free (S)-N-(pyridin-3-yl)pyrrolidine-2-carboxamide
ligand. The authors ascribe this effect to the restricted movement of the sub-
strates in the micropores of CMIL-1.1121]
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Animpressive synergistic effect between the chiral linker and the framework
structure has been demonstrated by Duan and co-workers.l123 They incorpo-
rated a triphenyl amine linker into a MOF that acts as a photosensitizer in the
asymmetric alkylation of aliphatic aldehydes (see page [53). To ob-
tain a catalytically active MOF species, Zn-BCIP-1 was first liberated from the
N-protecting Boc group in a procedure comparable to the carbamate cleavages
described above (see page[57). This deprotection yielded the MOF
Zn-PYI-1 with a free secondary amine from the proline derived ligand on the
inorganic SBU. This activated MOF species is shown in an abstracted form in

2,6-dimethylpyridine

fluorescent lamp, rt, 24h Q
0 COOEt ! N
k/\ + )\ Ph : Ph
Ph Br COOEt

\\_/ Et0OC” “COOEt Et00C” “COOEt
96% 4%
58 60 61

Scheme 1.19 — Representation of an asymmetric alkylation of 3-phenyl-
propanal with diethyl 2-bromomalonate together with a schematic drawing
of the catalytically active Zn-PYI-1, inorganic SBUs are depicted as white
spheres.

Significant differences in the solid state UV emission measurements of bare
Zn-PYI-1 and the same MOF loaded with diethyl 2-bromomalonate imply a
photoinduced electron transfer from an excited Zn-PYI-1 species to the substrate
molecules, when irradiated with a common fluorescent lamp. Thereby, a reac-
tive intermediate of the alkylation agent is created. This intermediate is able to
react with aldehydes activated by the chiral, secondary amine bound to the inor-
ganic SBU of the MOEF. These aldehydes are immobilized in the proximity of the
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alkylating agent and one enantiotopic face is effectively shielded by the chiral
ligand. This synergy of photoactivation and stereoselectivity demonstrates well,
how activated species can be generated in close proximity within the pores of a
MOF.

Apart from the impressive applications as asymmetric catalysts where
MOFs can induce chiral information to achiral substrates, MOFs may also
be used to differentiate between enantiomers in stereoselective separations or
in sensing.l'”3l Separation of enantiomers has been demonstrated for racemic
mixtures of flavonoids,!174 ibuprofen,ll75‘l76] alcohols, [1671177]178] B-hydroxyl
esters, 1”21 amines '3 amino acids,!'?®l transition metal complexeslm]
sulfoxides,180182] terpenes, 183l and phenols.[184)

One of the very first examples of a chromatographic separation of enan-
tiomers has been demonstrated by Fedin et al.l8) They have employed the
zinc-based MOF [Zn,(bdc)(L-lac)(dmf)] that owes its chirality to the inclusion
of L-lactic acid into the inorganic SBU (see on page [0). They pre-
pared a chromatographic column from 14 g of the MOF and performed con-
ventional liquid chromatography on a semi-preparative scale with a variety of
different aromatic sulfoxides (see[Scheme T.20). The racemic mixture of methyl-
phenyl sulfoxide was completely separated using a solution of DMF in CH,Cl,
as the eluent. However, the separation was impeded by strong tailing effects
in the resolution of sulfoxides with different substitutional patterns. This was
especially pronounced for the racemate of methyl(4-bromophenyl) sulfoxide 63,
which could not be separated chromatographically, most likely because the elec-
tron withdrawing effect of the bromine atom decreases the coordinating ability
of compound.

2 2 i 2
: S< /©/S\ /@/S\ ©/S\|/
Br
62 63 64 65

Scheme 1.20 — Collection of the analytes in a stereoselective liquid chro-
matography that uses [Zn,(bdc)(L-lac)(dmf)] as the stationary phase. Com-
plete separation of enantiomers was only achieved for methylphenyl sul-
foxide (62).

Further investigation of this MOF system includes crystallographic analysis. /15
After impregnation of [Zn,(bdc)(L-lac)(dmf)] with chiral alcohols, synchrotron
X-ray diffraction experiments were performed. The structural data obtained from
these measurements gives insight into the relevant sorption mechanisms within
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the framework and are explaining, for example, the role of coordinated solvent
molecules at the zinc inorganic SBU in the separation of chiral compounds.
Further improvements in the area of stereoselective separation have been
made by the group of Yuan [184 Aiming at the application of MOFs in High-
Performance Liquid Chromatography (HPLC), they have prepared a MOF with
a helical pore system from Cd(Il) and 4,4’-biphenyldicarboxylate (bpdc) together
with L-leucine, which acted solely as an inductor of stereochemical information

and was not included in the framework.l1%l The structure of the helical pore

system is shown in

Figure 141 - view along [101] on a helical channel of
[(CH;),NH,][Cd(bpdc); - 5] (blue tetrahedra: cadmium, grey: carbon,
red: oxygen, structural information obtained from CCDC number 653346).

To improve the separations by the MOF, the authors removed superfluous
solvent molecules from the pores by thermal activation to increase interaction
between the analyte and the stationary phase. To obtain a homogeneous packing
of the HPLC column, particles were ground to obtain an average size of 5 um.
Using a chromatographic column packed with this material in an HPLC system,
they were able to separate a variety of different racemic alcohols, amines, and
amides with considerable separation factors up to a = 4.30.1184

Particle shapes and sizes plga very important role in the quality of sep-
arations in HPLC applications.[1% Good separations require uniform particles
with a small size distribution. HPLC applications of homochiral MOFs are still
very limited, possibly due to the fact that it is difficult to obtain crystallites
with a consistent size distribution.!8 Efforts are made to control both parti-
cle size and shaie of MOF crystals and to immobilize them onto support
materials. 1811921194 However, the excellent size control that can be exerted dur-
ing the synthesis of silica materials is unmatched by the current methods in the
synthesis of MOFs 193]
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Multiple examples where a MOF has been grown on a silica support have
been reported by Yuan and co-workers. They developed a procedure to grow
MOF thin films on the surface of a fused-silica open tubular capillary for gas
chromatography.[1831967199] The silica-MOF composites obtained by this method
are stable up to operating temperatures of 200-220 °C of the gas chromatogra-
phy system. Three out of the five examples reported by the group employ cam-
phoric acid as a ditopic linker and result in helical channel systems. The stereos-
electivities were investigated for a large number of different racemates. By con-
structing columns that have been coated with isolated chiral transition metal
complexes, Yuan was able to prove the beneficial effects of the supramolecu-
lar structure of the MOF on the enantioseparation.l'l In the separation of cer-
tain analytes the composite materials performed even better than a commercial
Chirasil-L-Val column. 2%

Another impressive example of a homochiral composite involving a MOF
has been demonstrated by Liu, Sun, and co-workers.2l They have synthe-
sized magnetic particles whose surface is covered with a MOF prepared from
Zn(II), bdc and L-lactic acid similar to the MOF reported by Fedin et al. (see[Fig]
[ure T.28)on page[50). In this case however, the pore volume is slightly decreased,
which is ascribed to the adaption of the conditions of synthesis that were nec-
essary to grow the MOF on the surface of silica particles with an iron oxide
core. Synthesis of the MOF in the presence of Fe;O,@SiO, particles yielded
the Fe;0,@SiO, —[Zn,(bdc)(L-lac)] composite as rod-like particles (10-15um x
1.5um). Due to the ferromagnetic properties of the particles, they can be sepa-
rated easily from the supernatant solution. This behavior was exploited for the
separation of a racemic mixture of methylphenyl sulfoxide. The magnetic par-
ticles were suspended in a solution of the racemate in acetonitrile for several
minutes. Afterwards the impregnated composite material was collected with a
magnet and removed from the solution. The guest molecules were eluted from
the particles and showed an impressive enantioenrichment of up to ee = 85.2 %.

The separation procedure is schematically shown in[Figure 1.42
The well-defined crystal structures of MOFs allow the modeling of sorption

processes.[202203] Such theoretical studies have also been performed with a fo-
cus on homochiral MOFs. The ability to gain insight into these enantioselective
mechanisms sparked a number of theoretical investigations.[1122047207]

It is difficult to predict the outcome of a chiral separation on a conventional
stationary phase.[2%8211l However, the periodic arrangement of chiral function-
alities within the pores of a MOF allows precise, theoretical investigations of
the mechanisms of stereoselective separation.2%4212l This enhances the under-
standing of the beneficial intermolecular interactions necessary for good sep-
aration and may lead to tailored materials for the resolution of racemates. In
this context, Snurr and co-workers have reported a molecular modeling study
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Figure 1.42 — Schematic representation of the static chiral separation process
with the Fe;0,@SiO, —[Zn,(bdc)(L-lac)] composite: 1.) A racemic mixture
of enantiomers (depicted by squares and triangles) 2.) a composite material
is introduced, which selectively absorbs the (S) enantiomer (chiral pores are
simplified as triangular notches on the rectangular particle, Fe;0,@SiO, is
represented as black and white circles) 3.) particles impregnated with the
(S) enantiomer are collected by the application of a magnetic field.

of the sorption of different chiral alcohols in a MOFs built from D-saccharate as
a chiral linker, and a MOF with a homochiral pore structure that was induced
by (—)-cinchonine, respectively. For the second system, they were able to iden-
tify how a small compositional perturbation of the analyte leads to a change in
the preferred adsorption site resulting in a change of enantioselectivity in the
separation of alkan-2-ols with increasing chain length. They found that as the
chain length of the analyte is increased, different preferred adsorption sites in
the chiral pore of the MOF are occupied. The authors ascribe this effect to a
corrugated surface of the chiral pore and suggest that even chiral pores lead to
more consistent enantioselectivites.

1.8 Motivation

As described in the previous sections, MOFs can be useful tools in the prepara-
tion of enantiopure compounds, which are vital for the preparation of valuable
and safe pharmaceuticals.

The aim of this work was the development of a novel family of chiral MOFs,
which can contribute to this field. The chosen approach to obtain homochiral
MOFs uses molecules from the chiral pool as starting materials and transforms
them into carboxylic acid linkers. Amino acids were chosen for three reasons.
First, they provide a carboxylic carbon atom that can serve as an electrophilic
target for nucleophilic substitution. Second, numerous amino acids that differ
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in the substituent on the (3-carbon, are readily available in nature or can be
easily synthesized.l®®l Last, the nitrogen atom, inherent to amino acids, enables
these compounds and their derivatives to act as stereoselective organocatalysts
by providing a functional group that can bind substrates via enamine or imine
bonds and thereby tethering the substrate in a chiral environment.[213214] This
is for example the case in reactions catalyzed by the o,x-bisaryprolinol-system
described in Section[I.5.2} Although derivatives of L-proline have been used as
MOF-based heterogenous organocatalysts (see Section [1.7), MOFs that bear an
o, o-bisaryprolinol moiety have not been reported so far. In this work, a strategy
should be devised to include this and other useful structural motifs in a linker
molecules. This strategy should result in starting materials for MOFs with acces-
sible functional groups that can be employed in heterogenous, stereoselective
processes.

Furthermore, the MOFs should be characterized with regard to their struc-
ture in relation to previously synthesized materials. Their porosity and thermo-
chemical behavior is to be studied. The integrated functionality should be exam-
ined with regard to the usability of the functional groups. Finally, the organocatal-
ysis should be performed with the synthesized MOFs to evaluate their potential
with regard to heterogenous, stereoselective catalysis. summarizes
the concept of this work in a flow diagram.
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Scheme 1.21 - Flow diagram to represent the concept of this work.
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2.1 Polarimetry

Enantiopure compounds are called optically active because they can cause rota-
tion of the plane of polariziation of light that passes through them. This effect
can be ascribed to birefringence:21% linearly polarized light can be described as
the sum of left- and right-circularly polarized light. These polarizations differ in
their velocity of propagation when passing a chiral medium, because they ex-
perience different refractive indices. This is the case, for example, for solutions
of chiral compounds and leads to an phase difference (Af) of the two inversely
polarized electromagnetic waves that is dependent on the difference of the re-
fractive indices (An):

_ Anlm
A
where A is the wavelength of the polarized light, and [ is the path length of the
beam of light through the chiral medium. As a result of this phase difference,
the direction of the plane of polarization of the combined waves is rotated.

The magnitude of this effect is determined as follows. Light passes through
a polarizer to produce a plane polarized beam. This beam passes first through
a sample in which the plane of polarization is rotated and afterwards through a
second, rotatable polarizer. If two polarizers are oriented parallel to each other,
light emerging from the first polarizer will pass the second polarizer (analyzer)
without a loss of intensity. If the analyzer is turned by 90°, no light will pass
through it. Therefore, the rotation angle and direction of the analyzer in which
the maximum intensity of light is measured, specifies the observed rotation of
the plane of polarization. To discern between very large and very small rotations
of opposite directions, such as +10° and —350°, variation of the concentration of
the chiral medium or the path length of the beam of light through the chiral
medium allows the determination of the true value. A schematic representation
of an apparatus to determine the optical rotation is shown in[Figure 2.1}

The optical rotation of a compound is substance-specific and typically mea-
sured from a solution of the enantiopure compound in an appropriate solvent.
The magnitude of the observed optical rotation is dependent on the wave length
(Aﬂ temperature (T), concentration (c), length of the sample (I), and the solvent.
These parameters are typically given together with the specific rotation value
that is calculated from the observed rotation as follows:

]} = % 2.2)

The observed rotation « is measured in degrees, the path length is given in
decimeters (dm) and the concentration is given in g/100 mL.

AB

@2.1)

In many cases the wavelength used for polarimetry is 589 nm, which corresponds to the D line
of sodium and is commonly abbreviated as D.
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Figure 2.1 — Schematic representation of the measurement of optical ac-
tivity; unpolarized light passes a polarizer, the resulting polarized beam
passes an optically active sample; the emitted beam exhibits a rotated ori-
entation of the polarization, whose magnitude is determined by a second,
rotatable polarizer.

The effect of optical activity has been employed for a long time to discern
enantiomers and has been utilized by Pasteur to deduce an asymmetric struc-
ture of tartaric acid.[2167218] He observed that the value of optical rotation by two
enantiomeric compounds was equal, but the directions were inverse to each
other. As the sign of the optical rotation is a characteristic to differentiate two
enantiomers it is commonly given as a prefix to the name of a compound. How-
ever, the denominators (+) and (—) give no information about the absolute
configuration (R) or (S) of a stereocenter.

2.2 Thermal Analysis

A full analysis of the properties of newly synthesized compounds includes the
observation of the behavior at different temperatures in a certain atmosphere.
This comprises, for example, the temperatures at which phase changes may oc-
cur in organic materials, such as melting or boiling points. To investigate the
thermal and decomposition properties of MOFs, more advanced methods such
as thermogravimetric analysis (TG) are applied. This method records the mass
of a substance upon heating in a controlled atmosphere.21%2201 [n most cases
a weight loss is observed that can be ascribed to various modes of decomposi-
tion or expulsion of solvent molecules. However, weight gains are principally
possible, for example, if samples are oxidized. To investigate the interaction of
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the sample with the gas phase, TG can be performed in the presence of reactive
gases such as oxygen or hydrogen.[221]

In addition to TG, a simultaneous differential thermal analysis (DTA) can
be performed. This thermoanalytic technique allows the determination of exo-
or endothermic processes that occur in a sample. The examination of the en-
thalpies of a sample can give insight to enthalpic processes that occur during
the temperature program. DTA monitors a reference crucible that is heated with
the same temperature program as the actual sample but analyzed by a separate
thermocouple.

During TG of MOFs, the analyte may decompose to volatile products or sol-
vent may be evaporated from the pores. The composition of the evolved gas can
be monitored by IR spectroscopy and mass spectrometry. A schematic represen-
tation of such a coupled setup is depicted in [Figure 2.2

/ evolved gas analysis (MS, IR)

sample

|

reference sample /

gas feeding differential thermal analysis

Figure 2.2 - [llustration of a TG system; the sample is placed in an oven and
heated in a controlled atmosphere; weight changes are recorded simultane-
ously with DTA and MS or IR, respectively.

This coupling of analytic methods allows the assignment of a weight loss
to a certain event, for example, the cleavage of certain functional groups or the
expulsion of a solvent. This technique is very useful for the analysis of MOFs,
because the completeness of a solvent exchange can be indicated by the absence
of the corresponding signal of a replaced solvent in the mass spectrum.

In a typical TG procedure, MOFs are heated from room temperature to 800 °C
in an argon-oxygen atmosphere (80:20), which leads to combustion of organic
material and oxidation of the inorganic components. The results of the analysis
are plotted against the temperature. The combined diagrams in this work (see
Chapter[) contain the weight loss (given as percentages) and DTA of the sample
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together with the traces of selected ions from mass spectrometry. These ions are
characteristic for the pore-filling solvents (DMF or tetrahydrofuran (THF)) and
decomposition products (water, carbon dioxide).

2.3 Physisorption

The controlled adsorption of gases is one the most-established methods for the
characterization of porous materials. Physisorption measurements can provide
information about the surface area and the pore volume of a material. In a physi-
sorption experiment, an absorptive such as nitrogen experiences attractive van-
der-Waals forces to a potentially porous solid (for example a MOF), which serves
as an adsorbent, and an adsorbate is formed on the solid surface. This reversible
process mainly involves London and Van-der-Waals forces. The adsorption en-
thalpies lie in the range of 4kJ /mol to 40k]J/ mol.222|

The progression of adsorption processes at constant temperatures can be rep-
resented by sorption isotherms in which the adsorbed volume is plotted against
the relative pressure p/po where p is the vapor pressure and p is the saturation
pressure of the absorptive. The progression of the isotherms in adsorption and
desorption processes are characteristic of the type of porosity observed in the
material. Isotherms are grouped in six different types according to the IUPAC.
These isotherms are denoted with Roman numerals and are depicted in

fure 2.3/2231

Figure 2.3 - Six different sorption isotherms according to IUPAC recom-
mendations in which the adsorbed volume is plotted against the relative
pressure p/ po; arrows indicate the pressure points where the adsorption in
a monolayer is completed./223l
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The two most commonly observed adsorption isotherms are of type I and
IV and constitute the most relevant isotherms with regard to MOFs. Micropo-
rous solids exhibit a type I adsorption isotherms. In these materials, the adsorp-
tion potential is strong due to the narrow pores. This leads to an overlap of
adsorption potentials of the walls and the adsorption enthalpy is increased sig-
nificantly. Therefore, type I adsorption is dominated by the primary filling of
micropores by fluid-wall interactions. This behavior is commonly observed for
MOFs, which often exhibit, but are not limited to, pores with a diameter of less
than 2nm.

Materials that have pores in the range of 2nm to 50 nm show type IV ad-
sorption isotherms. This is the case, for example, for the MOFs with ultra-high
surfaces areas described in Section [1.4] (see page B3). Here, a hysteresis may be
observed in the isotherm as a result of differences between the adsorption and
desorption process: Due to the formation of metastable films during adsorption,
capillary-condensation occurs in partially filled pores and leads to a delay of the
vapor-liquid transition. Such metastabilities do not occur during desorption, be-
cause the liquid-vapor interface is already present.!222l

The type II adsorption isotherm is typically observed for non- or macropo-
rous solids. The progress of this isotherm exhibits a shoulder which indicates
the beginning of multilayer generation. The type III adsorption is considered
a special case of the type II adsorption in which an increase in the interaction
between the molecules of the adsorbate is observed. Another special case is the
type V adsorption that can be derived from a type IV isotherm in which the
interaction between adsorbent and adsorbtive is weak. A step-wise adsorption
leads to the type VI isotherm, in which each step corresponds to a complete
monolayer adsorption.

As can be seen from the type IV and type V isotherms, a hysteresis may oc-
cur between the adsorption and the desorption process. This behavior is usually
observed for mesoporous materials.222 After the formation of a multilayer with
a critical thickness, the prevalent role of fluid-fluid interaction leads to capillary
condensation. Hystereses have been grouped by the IUPAC into four different
types and are shown in [Figure 2.4] The shape of a hysteresis loop generally cor-
relates with the pore geometry in a material. For cylindrical pores with a narrow
pore size distribution, hysteresis H1 is commonly observed. More complex pore
structures that involve network effects, such as pore blocking or percolation, are
typically associated with hysteresis H2. Hysteresis H3 and H4 are commonly ob-
served if slit-shaped pores are present, whereas for H3 theses pores are formed
by an interparticular arrangement.
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Figure 2.4 — Four different types of hysteresis according to IUPAC recom-
mendations in which the a dashed line indicates a possible hysteresis at low
pressures.!223l

2.3.1 Determination of the Specific Surface Area

The mathematic description of adsorption processes allows the calculation of
the specific surface area of an adsorbent. These calculations are based on empir-
ical models, such as the Brunauer-Emmet-Teller (BET) theory.224l This approach
is an extension to the Langmuir theory and takes the formation of multilayers
into account. It is commonly used to describe the adsorption of gases by micro-
and mesoporous materials. It is expressed by the following equation.

p/po 1 Cc-1
= . 2.3
n(l1—p/po) nmC + 1 C P/Po (@3)

where n,, is the monolayer capacity, # is the amount of adsorbate, and C is an
empirical constant.222l Knowledge of the monolayer capacity allows the calcu-
lation of the specific surface area if n;, is divided by the molecular cross-sectional
area of the adsorbate. To solve equation a physisorption isotherm is trans-
formed into a BET graph in which the left term of equation [2.3]is plotted against
p/ po. The slope and the y-intercept of this linear graph are used to calculate the
C constant. This permits the determination of #,, from which the specific surface
area can be calculated by

SBeT =My - Na -0 (2.4)

where Ny is the Avogadro number and ¢ is the cross-sectional area of a molecule
of the adsorbate within a monolayer. For nitrogen, it is assumed that o = 0.162 nm?.
The BET equation is generally applicable in the relative pressure range of p/py
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from 0.05 to 0.3 for non-porous and mesoporous adsorbents. In a strict sense
the BET method is not applicable for microporous adsorbents.[222220] However,
the determination of the surface area by nitrogen physisorption is generally ac-
cepted in the literature as an ade(iiuate expression for the surface area if certain
quality criteria are applied.[2271228

1. The empirical constant C must be positive.

2. The term n - (p/po) must increase monotonically in the chosen range of

p/ po-

3. The endpoint of monolayer formation (p/po)nm must lie within

_ 1
- Ve
the chosen range of p/ po.

BET plots of adsorptions isotherms of nitrogen physisorption may exhibit
linearity in more than one range of p/ pg. The application of these quality criteria
provides reproducibility by excluding certain pressure ranges.

2.4 Crystal Structure Determination of Metal-Organic
Frameworks

Due to the crystalline nature of MOFs, their structure can principally be deter-
mined by X-ray diffraction experiments. These methods are well-established for
the structural investigation of so-called small molecules. However, the elucida-
tion of crystal structures of porous materials is challenging for several reasons
that will be discussed in the following.

The void space is filled with a large number of disordered solvent molecu-
les. This disorder contributes significantly to the R-factor which describes the
discrepancy between the experimental diffraction data and the crystallographic
model. This effect can be overcome with the so-called SQUEEZE procedure. 222230l
This method assumes that the total electron density can be divided into two
parts: one part contains the structural model that can be described by fractional
coordinates, occupancy factors and anisotropic displacement parameters. The
other part contains, for example, heavily disordered solvent molecules which
cannot be described satisfactorily in a chemical sense. In terms of a MOF, a dis-
tinction is made between the actual structure of the framework and a solvent
accessible region. The solvent accessible region is used as a mask to disregard
the contribution of disordered molecules in the diffraction experiment. This pro-
vides a modified reflection file that is used in further refinements of the struc-
tural model.
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An additional limitation to the crystal structure determination of MOFs is
imposed by the difficulty to obtain crystals that are suitable for single crystal
diffraction experiments. Crystals that are too small may not provide enough lat-
tice planes for satisfactory diffraction and a broadening of the reflections is ob-
served because destructive inteference is incomplete close to the Bragg angles.
Crystals from small molecules can be recrystallized until the conditions are de-
termined that yield appropriate single crystals. This process is not applicable
to MOFs, where crystal growths occurs simultaneously to the irreversible gen-
eration of an extended framework structure, which is insoluble. Furthermore,
the modification of the synthetical conditions can result in the formation of
polymorphs. 23172401 Therefore, these conditions have to be optimized to obtain
the desired phase and to control the size and quality of the crystals. Addition-
ally, the size of the crystals can be enlarged by so-called modulators that com-
pete with linkers at the coordination sites and thereby decelerate crystal growth,
which can yield high quality crystals.B01241242]

The minimum size of a crystal in a diffraction experiment depends on the
scattering power of its components as well as intensity of the X-ray beam. If
very powerful beam is needed to measure small crystals, diffraction experi-
ments may be performed with synchrotron radiation at specialized facilities. 234l
For the analysis of MOFs on a laboratory scale, copper anodes are commonly
chosen over molybdenum anodes as radiation sources, because of the greater
diffraction power of the copper Ko X-ray beam. Another advantage of copper
anodes over molybdenum anodes is an increase in the separation of diffraction
spots. MOFs are often associated with large unit cells that exhibit cell dimen-
sions greater than 30 A. This leads to d spacings of the lattice planes at which
constructive diffraction occurs. According to Bragg’s law the diffraction angles
for the corresponding peaks are relatively small and they may overlap. When
using copper Ka radiation this effect is less pronounced compared to molybde-
num Ka radiation because of the difference in wavelengths (Ac, g, = 1.5406 A,
Amoka = 0.7107 A), which directly influence the diffraction angles according to
Bragg’s law. An illustration of this relationship is depicted in [Figure 2.5] How-
ever, with longer wavelengths less reflections are available for structure refine-
ment because of an reduction of the observable reciprocal space. Furthermore,
the application of molybdenum Ko radiation allows the measurement of sam-
ples that show strong X-ray absorption.

Another method to analyze even very small crystals is electron crystallogra-
phy. In these methods, X-ray beams are replaced by electron beams, which inter-
act more strongly with the analyte and exhibit significantly smaller wavelenghts
compared to, for example, copper Ka radiation.?*3l Kolb and co-workers have
applied electron crystallography to determine the structure of MOF crystals
ranging from 200 nm to 300 nm in length.[244]
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short wavelength long wavelength

Figure 2.5 — [llustration of two hypothetical X-ray diffraction patterns of a
compound with a large unit cell; short wavelengths lead to small diffraction
angles that cause overlap of diffraction peaks; long wavelengths lead to
separation of diffraction peaks.

In many cases, suitable single crystals for diffraction experiments are inac-
cessible. However, structural information can also be acquired from powder X-
ray diffraction (PXRD). This procedure is not trivial because initial solutions
are hard to find due to the difficulties in recovering the phase information from
PXRD data. A successful ab initio approach has been demonstrated, for example,
in the elucidation of the crystal structure of UiO-66 by applying direct methods
to powder diffraction data obtained from a synchrotron source.?l These meth-
ods have been implemented in the EXPO software.[242]

Another approach to solve crystal structures from PXRD data is based on the
identification of regions with high and low electron density. In the case of a MOF
an obvious distinction can be made between the framework structure and the
void space. Brenner and co-workers reported a procedure that defines a surface
between high and low electron density areas as a structure envelope.[220247l This
allows the reduction of space where atoms that belong to the framework can be
located. These restrictions can be used to improve charge-flipping calculations
to solve the crystallographic phase problem. An adaption of the structural enve-
lope method to MOFs has been reported by Zhou and co-workers on the basis
of HKUST-1 as a model structure.?#8] A representation of a structural envelope
that has been determined for HKUST-1 is shown in [Figure 2.6]

In some cases, certain structural information about the crystal is already
known. This is the case, for example, for certain rigid linkers that are employed
in the synthesis of MOFs. This allows the application of so-called direct space
methods, which are based on the localization of the linkers in the unit cell by
using systematic or random moves of these building blocks and comparision
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Figure 2.6 — Three-dimensional representation of the unit cell of HKUST-
1 overlapped with a structural envelope determined from PXRD data; the
volume with a high electron density lies within the boundaries of the green
surface and corresponds to the framework structure (green surface: struc-
tural envelope, grey: carbon, red: oxygen, brown: copper, white: hydrogen,
reprinted from reference [248]).

of the calculated and observed diffraction pattern.2#l This approach has been
demonstrated for a pyrazolyl-based MOF by Bordiga and co-workers..[250

In contrast to structure determination of small molecules, preconceived as-
sumptions about the framework topology are possible for MOFs, which may
help in finding structural solutions. In principle, it is possible to limit the num-
ber of possible networks from which crystal structures can be derived by such a
homology modeling. This means it is possible to create structural models that are
related to existing compounds with known crystal structures. One of the ear-
liest homol modeling of a MOF structure has been reported by Ferey and
co-workers.22!l Furthermore, this technique has been applied to determine the
structure of the series of MOF-74-1 to MOF-74-XI on the basis of MOF-74 (see
on page @ for a representative). To obtain crystal structures, models
were constructed by adding phenylene units with aliphatic substituents to the
organic SBU under the retention of the inorganic SBU of MOF-74. The struc-
tural models were then subjected to a Rietveld refinement against the powder
diffraction data. This procedure is generally applicable for MOFs that exhibit an
isoreticular relationship to each other.
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RESULTS AND DISCUSSION

3.1 Synthesis of the Linker Molecules

For the preparation of homochiral MOFs, a linker motif was targeted that of-
fers a high degree of variability. Starting point and source of stereoinformation
for this endeavor were natural amino acids from the chiral pool. Amino acids
exist as a multitude of differently substituted compounds that differ in their
substituent on the 3-carbon atom. The carboxylic group of these compounds
constitutes a good possibility to functionalize these small, homochiral mole-
cules to rigid linker molecules. The strategy for the synthesis of chiral linker
molecules can be grouped as follows: First, a homochiral precursor motif was
prepared that is initially inapt to form framework structures. Second, this pre-
cursor molecule was further modified by cross-coupling reactions to introduce
substituents that have the ability to form metal-oxygen clusters. This strategy of
synthesis permits flexibility with regard to the choice of coordinating functional
groups and allows — in principle — not only the implementation of the chiral
precursors in MOFs but also in other network structures such as organosilica
materials.

HoN R
R

/'\ protectlon
oN

COOH blsarylatlon O O

COOMe
Cross-
coupling

HN_ LR COOMe

MOF deprotectlon

J T
synthesis Q Q COOH

Scheme 3.1 — Brief overview of the strategy to synthesize chiral linkers from
amino acids.

3.1.1 Synthesis of the Homochiral Precursor

The reaction sequence to construct homochiral precursors for the synthesis of
linker molecules started with natural amino acids in their L-configuraration
which are members of the so-called chiral pool and are readily available.

To successfully employ amino acids as building blocks of linker molecu-
les, protection or derivatization was necessary for the amino and the carboxylic
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groups, respectively. In the case of the acidic group, the formation of a carboxylic
ester was targeted which is a straightforward process. Esterifications of amino
acids are commonly achieved by a Fischer esterification, which was also per-
formed in this work. An anhydrous solution of hydrogen chloride was gener-
ated in situ in methanol which serves as the solvent and as the reaction partner
to the amino acid. Acetyl chloride was used in this reaction, which reacts with
methanol to form methyl acetate and hydrogen chloride. This very rigorous re-
action was cooled in an icebath and the mixture brought to room temperature af-
ter thirty minutes. To ensure complete conversions, the reaction solutions were
stirred overnight. Due to the excess of hydrogen chloride in the reaction mix-
ture, methyl esters of the amino acids are obtained as hydrochloride salts. The
general reaction of amino acids in an acid catalyzed esterification is shown in

Scheme 3.2

MeOH, AcCl

HoN TCOOH HCle HZNYCOOMe
R 0 °C —r.t., overnight R
66 67

Scheme 3.2 — Esterification of an amino acid with methanol which is ca-
talyzed by hydrogen chloride generated from acetyl chloride to obtain the
hydrochloride of the amino acid methyl ester.

After removal of excess solvent and hydrogen chloride under reduced pres-
sure, the carboxy-protected amino 67 acid was subjected to a protection of the
amino group. Amino groups can be protected by many different functional groups
that differ in their stabilities at different reaction conditions. For the prepara-
tion of a homochiral linker, a protective group is necessary that is stable under
the alkaline conditions that occur during substitution reactions at the carboxylic
carbon atom which are necessary to obtain a useful structural motif. Here, the
tert-butyloxycarbonyl (Boc) protective group was chosen as it is stable against
most nucleophiles and bases and offers other useful synthetic pathways (see

cheme 3.11} page (101)).
pag

A reaction scheme of the N-Boc protection reaction of an amino acid is shown
in[Scheme 3.3 The Boc group can be placed upon the amine by reaction with di-
tert-butyl dicarbonate, resulting in the reaction product as well as carbon diox-
ide and isobutene as volatile side products. Because the reaction product of the
previous step was used without further purification, an excess of triethylamine
was added to the reaction mixture to convert the hydrochlorides of the the re-
spective N-protected amino acid into the free amines.
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MeOH, Et3N
OYOtBu . 3N o o
COOMe 0 °C —r.t., overnight >|/ \f

(@) O
\I‘?/ + Y HNYCOOMe
OtBu -COo, - )I\ R

67 68 69

HCleH,N

Scheme 3.3 — N-Boc protection of an amino acid methyl ester with di-tert-
butyl dicarbonate in methanol using triethylamine as an auxiliary base.

The reaction described above was performed with sub-stoichiometrical am-
ounts of the protecting agent. With respect to the amount of the amino acid em-
ployed in the esterification procedure, 0.9 equivalents of di-tert-butyl dicarbon-
ate were used for the protection of the amino acid. The chosen ratio of starting
materials reduces the theoretical yield of the reaction with regard to the amino
acid. However, this allowed a workup procedure that is applicable on a large
scale up up to 40 g of the reaction product. By ensuring that all di-tert-butyl di-
carbonate is consumed in the reaction, the desired product can be isolated from
unreacted polar byproducts (amino acids with free carboxy or amino groups)
by simple extraction with diethyl ether from aqueous acids or bases.

The protection procedure described above was successfully applied to ala-
nine, valine, leucine, phenylalanine and proline. The protected amino acid deriva-
tives were obtained in similar yields ranging from 84 %-88 % determined with
respect to the amino acid over two steps. The results of the subsequent esterifi-
cation and N-protection are shown in[Scheme 3.4]

After the amino acids have been protected, a bis-arylation was performed
at the carboxylic carbon atom. The methyl esters of the modified amino acids
can be attacked by carbon nucleophiles to yield a ketone via substitution of
methanolate. If an excess of a strong nucleophile is provided, a second attack of
a nucleophile yields an alcohol by an addition to the carbonyl group. To obtain
a structure that provides the necessary rigidity to form MOFs, a reaction with
an aryl system was chosen in the synthetic route. This aryl system provides a
position that allows the connection of further substituents via cross-coupling
reactions.

Most cross-coupling reactions require halides or pseudo-halides on the elec-
trophilic cross-coupling partner and a metalated carbon atom or a boronic acid
on the nucleophilic reaction partner. In order to avoid an additional function-
alization of the substrate, the reaction with the amino acid derivatives should
be performed with a reactant that already bears a halogen atom on a suitable
position of the aromatic system. This is the case, for example, in 4-bromophe-
nyllithium (77). This reagent was obtained from 1,4-dibromobenzene (75) with
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Scheme 3.4 — Schematic representation of the two subsequent reactions to
protect the C- and N-termini of the amino acids used for the construction of
the linker molecules.
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equimolar quantities of n-butyllithium (76). Only monolithiated product is ob-
tained if the reagent was added dropwise to 1,4-dibromobenzene at —78 °C and
the reaction mixture was stirred under argon atmosphere for one hour at the

temperature given. This reaction is shown in|Scheme 3.5

Li Br
78 °c eo min :

+
Br Br

75 76 77 78

Scheme 3.5 — Schematic representation of the monolithiation of 1,4-
dibromobenzene with n-butyllithium that yields 4-bromophenyllithium
and 1-bromobutane.

The organometal reagent 77 is unstable at room temperature and must there-
fore be generated in situ in the reaction with the corresponding amino acid
derivatives. The mechanism of the substitution and addition process is shown
in In the first step of the reaction the NH group of the carbamate
is deprotonated by one equivalent of the phenyllithium species. This anion is
stabilized by delocalization over the carbonyl of the Boc group and protects
the substrate against further deprotonation that may result in racemization of
the stereocenter.?22l In the next step, a substitution of methanolate by the 4-
bromophenyl anion occurs at the carbonyl group of the amino acid. This leads
to the formation of ketone 82, which reacts with a third equivalent of (4-bromo-
phenyl)lithium in a nucleophilic addition to yield the alkoxide 83. After quench-
ing of the anion with aqueous acid, a tertiary N-Boc protected amino alcohol is
obtained.

The arylation reactions of the modified amino acids are shown in[Scheme 3.7
They were performed with three equivalents of the phenyllithium species to ac-
count for the loss of one equivalent to the deprotonation step of the reaction.
After the generation of the monolithiated aryl species, the respective amino
acid methyl esters were added to the cooled reaction mixture as solutions in
THF under an argon atmosphere. The reactions were slowly warmed to room
temperature and were monitored by thin layer chromatography (TLC). Reac-
tions were quenched with an aqueous solution of ammonium chloride upon the
complete consumption of the methyl esters to avoid intramolecular cyclization
(see[Scheme 3.11} page[101). Tertiary N-protected amino alcohols were obtained
for the derivatives of alanine, valine, leucine, and phenylalanine in very good
yields.
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OMe OMe OMe
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Scheme 3.6 — Schematic representation of the synthesis of a di(4-
bromophenyl) substituted amino acid derivative. The first step of the re-
action is a deprotonation of the carbamate that yields an anion which is sta-
bilized by the carbonyl group. In the second step, methanolate is expelled
in a substitution reaction with (4-bromophenyl)lithium. The subsequent ad-
dition to the ketone yields an alcoholate that is quenched before workup.
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Scheme 3.7 — Formation of the chiral tertiary N-Boc protected amino
alcohols from the N-Boc protected amino acid methyl esters and (4-
bromophenyl)lithium.
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Unfortunately, the bisarylation procedure described above proved to be un-
successful for the modification of N-Boc-proline methyl ester. Even after pro-
longed reaction times, only the monosubstituted ketone was obtained (compare
[Scheme 3.8). The impeded reaction may be explained by the absence of a sta-
bilized anion on the carbamate that protects the substrate from an irreversible
deprotonation at the stereogenic center. The enolate resulting from a deproto-
nation cannot be attacked by another equivalent of organolithium reagent and
leads to the formation of the racemic ketone 89 upon reprotonation.

Li Br
OVOMe /©/ \/©/
(@] H o
)\\ A Br o O
t-Bu~q N 7 - )L : ]
substitution t-Bu~y N /©/
74 o
89 _
deprotonation
Z Br B
I C)
(@) ~ S

o H* @)
t-Bu \O)LN t-Bu \O)LN 90
89
Scheme 3.8 — Formation of the racemic N-Boc protected ketone from N-Boc
proline methyl ester and (4-bromophenyl)lithium that first acts in a substi-
tution reaction, then as a strong base to deprotonate the proline derivative
at the stereogenic center, which results in loss of stereoinformation.

The formation of the unwanted ketone led to an adaption of the protection
strategy for the formation of a proline based linker. Instead with a Boc group, the
secondary amine of the proline system was protected with a benzyl group. The
protection procedure of the carboxylic group remained unchanged. After the es-
terification, the hydrochloride of the proline methyl ester was reacted with ben-
zyl bromide according to a literature procedure by Manyem and co-workers. 2>l
Again, an excess of triethylamine was provided to obtain the free amine that can
react with benzyl bromide in a nucleophilic substitution (see[Scheme 3.9). Com-
pared to the carbamates obtained in the protection strategy described above, the
purification of the tertiary amine synthesized by reaction with benzyl bromide
requires more effort, because it cannot be separated from the starting materials
by an extraction process. Therefore, the product was purified chromatographi-
cally. This furnished the pure N-benzyl proline methyl esters in a good yield of
78 %.
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Scheme 3.9 — Adapted protection procedure for proline. After formation of
the ester in an acid catalyzed reaction, the amino group was protected as a
tertiary benzylic amine.

The protected proline methyl ester was then successfully employed in a re-
action with (4-bromophenyl)lithium in a procedure comparable to the reaction
shown in[Scheme 3.6] However, for the reaction with the proline derivative only
two equivalents of the organo lithium species were employed in the reaction,
because no deprotonation occurs that consumes the carbon nucleophile 77. The
substitution-addition sequence gave the desired tertiary amino alcohol in a very
good yield of 94 % (see [Scheme 3.10). The unwanted ketone that was the main
product in the reaction with the N-Boc derivative, was not observed in this re-
action.

THF

78°C
/©/ _ 2h-an an

2.) NH4CI (ag.)

93 77

Scheme 3.10 — Formation of the N-benzyl protected prolinol 94 from N-
benzylproline methyl ester (93) and (4-bromophenyl)lithium, that was gen-
erated in situ from 1,4-dibromobenzene.

The four different compounds obtained through arylation of the amino acid
methyl esters are versatile precursors and offer many reaction paths that may
lead to a large variety of linker molecules. They can not only be used as precur-
sors to linkers in MOFs but also for the synthesis of porous organosilicas.2>4

The N-Boc protected amino alcohol offers an interesting possibility for fur-
ther modification. The hydroxyl group of the tertiary alcohol can be deproto-
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nated with strong bases. The resulting alkoxide can then attack the carbonyl
group of the carbamate that protects the amino group. This expels tert-butanolate
from the molecule, by an addition-elimination mechanism. A general mech-
anism for this reaction is shown in The intramolecular cycliza-
tion results in a five-membered heterocycle. This 1,3-oxazolidin-2-one group is
a well-known motif in stereoselective organic synthesis known as the so-called
Evans—auxiliary.[255 256] The 1,3-oxazolidin-2-ones obtained here differ from the
classical Evans-auxiliaries by the two aryl substituents at the 5-position of the
heterocycle. However, similar compounds that are 5,5-diphenyl substituted were
reported as super Quat auxiliaries which show improved stereoselectivities over
the classical Evans-auxiliary.2222>7l

t-Bu—=0._.0O -Bu—
u Y t-Bu OYO o

HN R base HN_ ,R YNH
HO _ €)e) "o > 10 R
oC 2, e
Br Br Br 20" Br Br
84 95 96

Scheme 3.11 — General mechanism for the reaction of tertiary N-Boc pro-
tected amino alcohols with strong bases that can convert the alcohol 84 to
an alkoxide 95 which can perform an intramolecular nucleophilic substitu-
tion that yields a 1,3-oxazolidin-2-one (96).

Intramolecular cyclizations according to the scheme above were performed
with the bisarylated derivatives of valine (86) and phenylalanine (88). A solution
of the respective amino alcohol was combined with a solution of potassium tert-
butanolate, which is also eliminated from the carbamate upon cyclization. The
conversion from alcohol to 1,3-oxazolidin-2-one was monitored by TLC over the

course of several hours and proceeded with excellent yields (see[Scheme 3.12).
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Scheme 3.12 — Cyclization of the tertiary amino alcohols derived from
valine (86) and phenylalanine (88) to the corresponding oxazolidinones
(97, 98) mediated by potassium tert-butanolate.
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3.1.2 Cross-Coupling Reactions with the Chiral Precursor

In the previous section, the synthesis of a chiral bifunctional precursor molecu-
les was described. These precursors need further modification with coordina-
ting functional groups to act as linkers in the synthesis of MOFs.

In a very straightforward approach, bisarylated precursors may be extended
to dicarboxylic acids in a cross-coupling reaction. Simple boronic acids such as 4-
carboxyphenylboronic acid are commercially available. They can be coupled to
the bisarylated precursor in a Suzuki reaction (see[Scheme 3.13). This palladium-
catalyzed reaction works under mild conditions. The reaction was performed
in a solvent mixture of DMF and water to ensure the solubility of the reaction
partners. The reactants formed the desired product upon heating to reflux for
three to four hours. After the reaction of the bisarylated amino acid precursors
with the boronic acid, the resulting dicarboxylic acids were precipitated directly
from the reaction and used without further purification because a conventional
chromatographic workup is difficult due to the high polarity of the carboxylic
groups.

@B(OH)Z HOOC
Boc O
.Boc
HN HooC” N2 O HN
HO
> HO
[Pd(PPh3)4], CSzC03
Br Br

MeOH / DMF (4:1)
reflux, 4h

COOH
R = Me 85 R = Me 99  69%
R=i-Pr 86 R=i-Pr 100 63%
R =Bn 88 R =Bn 101 70%

Scheme 3.13 — Suzuki cross-coupling reaction between 4-carboxyphenyl
boronic aicd and the bisarylated precursors derived from alanine (85), va-
line (86) and phenylalanine (88) to synthesize the corresponding dicar-
boxylic acids 99, 100, and 101.
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The catalytic cycle of the first coupling between one equivalent of the bo-
ronic acid and the bisarylated compound is shown is The second
catalytic cycle that yields the dicarboxylic acid proceeds analogous to the first.

To obtain tetracarboxylic acids, a suitable building block is needed, that can
be coupled to the bisarylated amino acid precursors in a cross-coupling reac-
tion. This is the case, for example, for an isophthalic acid derivative that bears a
boronic acid, which can be exploited in a Suzuki cross-coupling reaction. Such
a building block was obtained from dimethyl 5-aminoisophthalate 107 in a two-
step reaction sequence. In the first step of the sequence, a Sandmeyer-type rad-
icalic substitution was performed at the aromatic amine which is transformed
into the corresponding diazonium salt.28 This activated aromatic species is
then converted to O,0-dimethyl-5-iodoisophthalate 109. In contrast to typical
Sandmeyer conditions, the reaction depicted in[Scheme 3.15is copper-free and
the catalytic cycle comprises different radical iodine species.12>726]

In the next reaction, the iodide 109 is converted to a boronic acid. This is
achieved by the attack of a carbon nucleophile to trimethylborate and subse-
quent hydrolysis. The carbon nucleophile was obtained in a halogen-metal ex-
change of the iodide 109 with the so-called TurboGrignard reagent isopropyl-
magnesium chloride lithium chloride complex (iPrMgCl - LiCl).2°1 This reagent
excels in the halogen-magnesium exchange and can be used to synthesize met-
alated aryl species. In contrast to the direct metalation with elemental magne-
sium or with organolithium compounds, a large number of functional groups
are tolerated — including carboxylic esters, because the exchange reactions can
be performed at temperatures below —20 °C.[2%2] In the TurboGrignard reagent,
lithium chloride introduces a negative charge on the magnesium center. This
increases the nucleophilicity of the isopropyl group on a magnesiate-type di-
metal intermediate which enhances the rate of the halogen-magnesium exchan-
ge.l203l To synthesize the boronic acid, the iodide 109 was reacted with the Tur-
boGrignard reagent at —20 °C to obtain the isophthalate Grignard species 110
(see [Scheme 3.16). This metalated intermediate was reacted with a large excess
of trimethyl borate to prevent the di- and trisubstitution at the boron atom.
The methyl boronate ester was then hydrolyzed under mild acidic conditions
to retain the ester functionality of the isophthalate residue. Precipitation from
an aqueous solution gave the desired product with 88 % yield.

The boronic acid that was obtained in the procedure described above was
applied to the synthesis of tetracarboxylic acids. The bisarylated amino acid
precursors were reacted under similar conditions as described for the dicar-
boxylic acids in However, the reactions to synthesize the dicar-
boxylic linkers were carried out in a solution of DMF and methanol and 2-
dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (SPhos) was added to the re-
action mixture. This organophosphorous compound increases the activity of the
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R-B(OH), 106

¢ CO5%

OH
R-B-0CO,

PhsR o
Br Br Pd
T eens
OH
Pd[(PPhg),]— Pd[(PPhs),] INH

- 2 PPhs Boc
103
COOH
PhsR  pph,
Pd
Ho O O

NH : ~COOH

1
Boc

Scheme 3.14 — Mechanism of the Suzuki cross-coupling reaction; after the
loss of two PPhs ligands, the Pd(0) species inserts into the C—R bond in
an oxidative addition. The boronate generated from 106 and an appropriate
base reacts in a transmetalation with the Pd—Br complex and the aryl group
is transferred onto the substrate 103, followed by rearrangement to 104 in
which both aryl groups are oriented cis to each other. Reductive elimination
restores the catalytically active Pd(0) species and provides the monoary-
lated compound 105.
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MeOOC NH; NaNo, Me0oC ND KI MeOOC |
2
HCI (aq.) \©/ —>H20 J toluene \©/
—_—
o . -5°C to rt, overnight
COOMe -5 °C, 20 min COOMe reflux, 1h COOMe

94%
107 108 109

Scheme 3.15 — Sandmeyer-type reaction of O,O-dimethyl-5-amino isoph-
thalate to the iodo-substituted dimethylisophthalate (109) via the diazo-
nium salt 108 in a radical reaction.

cl cl
i-Pr-Mg \Li =i Pr-l\(;?g/ Li
/ _
cl cl -LiCl
MeOOC [ MeOOC MgCl
109  COOMe THF 110 COOMe
-20°C, 1h
B(OMe)3
-78°Ctor.t.,
overnight
MeOOC B(OH), HCl (aq.) MeOOC B(OMe),
88% H20
112 COOMe rt,1lh 111 COOMe

Scheme 3.16 — Synthesis of dimethyl 5-boronoisophthalic acid 112 from
O,0-dimethyl-5-iodoisophthalate. A Grignard intermediate (110) is ob-
tained through a halogen-metal exchange with the TurboGrignard reagent
that benefits from coordination of lithium chloride to induce an extra nega-
tive charge on the magnesium atom. The aryl magnesium species 110 reacts
with trimethyl borate to the boronate ester 111 which is hydrolyzed selec-
tively to the boronic acid 112.
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palladium complex that catalyzes the Suzuki reaction due to the electrondonat-

ing capacity of the phosphorus atom in the ligand.[26426%l |Scheme 3.17| shows
the cross-coupling reactions of the N-Boc protected amino alcohols that were

successfully performed for the derivatives of alanine, valine, leucine and phe-
nylalanine with yields between 50 % to 64 %. Because the carboxylic groups are
protected as methyl esters, the polarity of the molecules is lower than the free di-
carboxylic acids described in[Scheme 3.13] Therefore, the tetracarboxylate esters
were purified using a chromatographic procedure.

COOMe
MeOOC B(OH),
I?»oc
HN R .Boc
MeOOC HN
HO COOMe O
R
(J O - o
Br Br [Pd(PPhs),], Cs,CO3 O
SPhos

MeOH / DMF (4:1)
reflux, 4 h

MeOOC COOMe

R=Me 85 SPhos: R=Me 113 56%
R=i-Pr 86 117 O PCy, R=i-Pr 114 64%
R=sBu 87 MeO OMe R=s-Bu 115 50%
R =Bn 88 O R=Bn 116 59%

Scheme 3.17 — Synthesis of the tetracarboxylic methyl esters from the bis-
arylated derivatives of alanine (85), valine (86), leucine (87), and phenylala-
nine (88) in a palladium catalyzed cross-coupling with two equivalents of
the isophthalateboronic acid 112. The SPhos ligand (117, Cy: cyclohexyl) is
added to obtain a highly active Pd(0) species.

Cross coupling reactions were carried out using freshly prepared tetrakis-
(triphenylphosphine)palladium(0) (Pd[(PPh;),]) and degassed solvents to pre-
vent the oxidation of the catalyst. The reactions of the bisarylated Evans auxil-
iaries and the N-benzyl protected proline derivative proceed analogous to the
procedure described above and are depicted in [Scheme 3.18| and [Scheme 3.19}
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respectivelyﬂ The yields of the reactions are comparable to those of the N-Boc
protected amino alcohols.

MeOOC B(OH),

O
NH
L=

COOMe
| S
=
Br Br [Pd(PPhg)4], Cs,CO3
SPhos
MeOH / DMF (4:1)
reflux, 3-4 h
R=i-Pr 97 R=i-Pr 118 75%
R =Bn 98 R=Bn 119 s56%

Scheme 3.18 — Synthesis of the tetracarboxylic methyl esters from the bis-
arylated 1,3-oxazolidinones derived from valine (97) and phenylalanine
(98) in a palladium-catalyzed cross-coupling with two equivalents of the
isophthalateboronic acid 112. The SPhos ligand was only applied in the
cross-coupling with 97.

The Suzuki couplings presented above, provided tetramethyl ester that need
to be converted into the corresponding free acids to be applicable as linkers in
the synthesis of MOFs. The hydrolysis of carboxylic esters is a straightforward
process if they are reacted with aqueous bases. However, due to the extended
aromatic system of the compounds, the tetramethyl esters are insoluble in wa-
ter. Therefore, the reaction was performed in a biphasic system of THF and an
aqueous solution of potassium hydroxide. Upon complete consumption of the
starting materials, the organic solvent was removed in vacuum. The reaction
products were then obtained in good yields by precipitation if the alkaline aque-
ous solution was acidified with concentrated hydrochloric acid. The results of
the hydrolysis of the N-Boc protected tetracarboxylic methyl esters are shown
iniScheme 3.20

In an analogous procedure, the Evans-type linkers were obtained with better
yields than those for N-Boc protected amines. The results of these deprotection

reactions are shown in[Scheme 3.21]

IThe reaction of the benzyl substituted 1,3-oxazolidin-2-one 98 is an exception because it was
performed in absence of SPhos.
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MeOOC B(OH),
N\/Ph
HO COOMe
Br O O Br [Pd(PPh3),], Cs,CO3
SPhos
94
MeOH / DMF (4:1)
reflux, 3-4 h

Scheme 3.19 — Synthesis of the tetracarboxylic methyl ester from the bis-
arylated derivative of proline (94), in a palladium-catalyzed cross-coupling
with two equivalents of the isophthalateboronic acid 112.

COOMe

g

.Boc
MeOOC HN
KOH
Lo R THF/H,0
O reflux, 90 min
MeOOC ! COOMe
R=Me 113 R=Me 121 85%
R=i-Pr 114 R=i-Pr 122 80%
R=s-Bu 115 R=s-Bu 123 82%
R =Bn 116 R =Bn 124 82%

Scheme 3.20 — Hydrolysis of the N-Boc protected tetracarboxylic methyl
esters derived from alanine (113), valine (114), leucine (115), and phenyla-
lanine (116), in a biphasic mixture of THF and aqueous potassium hydrox-
yide providing the free carboxylic acids after acidic workup.

109



RESULTS AND DISCUSSION

KOH
THF/H,0

reflux, 90 min

R=i-Pr 118 R=i-Pr 125 85%

R=Bn 119 R=Bn 126 quant.

Scheme 3.21 — Hydrolysis of the methyl esters bearing a 1,3-oxazolidin-2-
one derived from valine (118) and phenylalanine (119), in a biphasic mix-
ture of THF and aqueous potassium hydroxyide providing the free car-
boxylic acids after acidic workup.

The removal of the N-benzyl protective group is usually performed under
a hydrogen atmosphere together with palladium/charcoal as a heterogeneous
catalyst. This reaction system requires a good solubility of the protected sub-
strate. Therefore, the deprotection of the N-benzyl group was performed with
the tetramethyl ester instead of the carboxylic acid. An attempted reaction in
methanol using a hydrogen-filled balloon to provide a hydrogen atmosphere
together with a palladium catalyst (10 wt% on charcoal) gave only unsatisfac-
tory results. After several days, no conversion of the N-benzyl protected amine
was observed. The reaction was repeated in an autoclave heated to 40 °C under
a hydrogen pressure of 50bar. Here, a deprotection was observed but the re-
action was very slow. This is possibly the case, because the deprotected amine
can coordinate to the palladium and inhibit further reactions. To overcome this
effect, the reaction was carried out again with the addition of sulfuric acid at
40°C and 50bar. After evaporation of most of the solvent, the reaction product
was obtained as the sulfuric acid adduct of the amine and was used directly in
the next step. The deprotection reaction of the secondary amine is depicted in

The residue with the hydrosulfate 127 that was obtained in the previous step
was directly utilized in the deprotection of tetracarboxylic methyl esters. The
remaining sulfuric acid was neutralized by the large excess of potassium hy-
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H, (50 bar)
H,S0, MeOOC

Pd/C, MeOH

-
|

autoclave
40 °C, 90 min

Scheme 3.22 — Hydrogenolysis of the N-benzyl protective group on the
tetramethyl esters bearing the proline derivative 120 using palladium on
charcoal as a heterogeneous catalyst provides the unprotected amine as a
hydrosulfate salt (127).

droxide that was used as a reagent to cleave the ester groups. After heating the
mixture to reflux for two to three hours, the organic solvent was removed in
vacuum and an aqueous solution was obtained. The addition of hydrochloric
acid to the alkaline solution of the carboxylate led to the precipitation of the re-
action product. The product was obtained with 71 % yield over two steps as a

hydrochloride salt (see [Scheme 3.23). The deprotected tetracarboxylic acid was
used without further purification in the synthesis of MOFs.

KOH HOOC
THF / H,0

y

reflux, 2-3 h *HCI

71% over two steps
128

HOOC COOH

Scheme 3.23 — Hydrolysis of the methyl esters on the deprotected deriva-
tive of proline (127) in a biphasic mixture of THF and aqueous potassium
hydroxide provides the free carboxylic acids after acidic workup.
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Deprotection of the N-Boc functionalized amines group can be achieved us-
ing acidic catalysis.!2% After protonation of the C=0O group of the carbamate, a
rearrangement reaction is induced. This cleaves the Boc group from the amine
and produces carbon dioxide and isobutene. The reaction was performed in a
solution of trifluoroacetic acid (TFA) and dichloromethane and is depicted in
The deprotected amines were obtained in good yields as TFA salts,

upon precipitation after the addition of diethyl ether as a non-polar antisolvent.

COOH ,L: COOH
g 7
HoOC

,& «CF3COOH
O HN" Y0 ° HOOC NH,
R R
HO Fsc’u\OH
O CH,Cly
0°Ctort,2h
HOOC i COOH )I\ €02 HoOC COOH
R=Me 121 R=Me 129 74%
R=i-Pr 122 R=iPr 130 72%
R=s-Bu 123 R=s-Bu 131 80%
R =Bn 124 R =Bn 132 75%

Scheme 3.24 — Cleavage of the N-Boc protective group from the tetracarb-
oxylic acids derived from the different amino acids using TFA in CH,Cl,.
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3.1.3 Synthesis of a Benzophenone Tetracarboxylate

In attempts to obtain a homochiral linker that resembles the linker used in the
synthesis of UHM-3,2% a structure was targeted that has a geometry similar
to (5,5'-dimethylsilanediyl)diisophthalate (dmsdip) but exhibits a carbonyl car-
bon atom, that may be functionalized with chiral substituents. In the first step
of this reaction sequence, a Grignard reaction was performed on ethyl formi-
ate (see [Scheme 3.25). The Grignard reagent was obtained from 1-bromo-3,5-
dimethylbenzene (133) in a reaction with magnesium in THE. This organomag-
nesium compound was reacted with the ethyl ester of formic acid in a addition-
elimination reaction followed by a nucleophilic addition to the resulting ketone.
After quenching of the reaction solution, a secondary alcohol was obtained with
88 % yield after recrystallization from diethyl ether.

MgBr O
G
THF

reflux 1lh rt,1h quant.
135

Scheme 3.25 — Formation of a Grignard reagent from 1-bromo-3,5-dimethyl
benzene (133) and the subsequent reaction with 0.5 equivalents of ethyl
formiate which results in the formation of the secondary alcohol 135.

In the next step, the secondary alcohol was oxidized. The oxidation was per-
formed under relatively harsh conditions: In a steel autoclave lined with poly-
tetrafluoroethylene (PTFE), a suspension of the alcohol 135 in nitric acid (20 %)
was heated to 140 °C for 14 hours. This afforded the material as pale, plate-like
crystals with a yield of 53 %. This procedure oxidized both the methyl groups to
carboxylic acids and the secondary alcohol to the desired ketone.

Attempts of further modification of the tetracarboxylic acid or its tetramethyl
ester derivative with chiral diols into acetals were unsuccessful. However, the
tetracarboxylate was used in experiments to create new MOF structures (see Sec-
tion 3.4.1} page [156). Furthermore, this linker motif was used in another work:
In her expenments with this tetracarboxylic linker, Peikert developed a modifi-
cation strategy using a condensation with alkyl amines followed by a reduction
of the resulting imines. This led to tetracarboxylic alkyl amines that were suc-
cessfully applied in the synthesis of achiral MOFs.[268]
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OH ]
HOOC COOH
O e T
—_—

tocl
140°C. 14 h COOH  COOH

53%
135 136

Scheme 3.26 — Oxidation of the secondary alcohol 135 in hot nitric acid

converts the alcohol to a ketone and the methyl groups to carboxylic acids
in 3,3’,5,5'-tetracarboxylbenzophenone.
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3.2 Synthesis and Characterization of UHM-24

In an effort to obtain homochiral MOFs from the V-shaped ditopic linker system,
the dicarboxylic acids were subjected to a solvothermal syntheses with a Zn(II)
species in DMF. The reactions to synthesize a framework material were per-
formed in small reaction vessels with a volume of circa 8 mL that were tightly
sealed by crimping. After heating the reaction mixture to 80 °C for 24 hours,
crystalline material was obtained from the reaction with the linkers derived

from alanine, valine and phenylalanine (see|Scheme 3.27).

Zn o
HOOC_~ |
S HN,Boc
Zn(NO3)2 6 Hzo
R
HO DMF
O 80°C, 24h

COOH
R = Me 99
R=i-Pr 100 R=i-Pr 138
R =Bn 101 R =Bn 139

Scheme 3.27 — Schematic representation of the reaction of the dicarboxylic
linkers derived from alanine, valine and phenylalanine with a Zn(II) source
that yields a fine, crystalline material (bonds to zinc atoms are added to
indicate the participation in a framework structure).

In a reaction of the dicarboxylic linker 99 with a solution of Zn(NOj), - 6 H,O
in DME very fine needles were obtained. A single crystal of this material was an-
alyzed by X-ray diffraction methods. Because of the very small size of the crys-
tal only a limited amount of structural information could be deduced. However,
on the basis of this information a structural model was deduced by homology
modeling that was refined against the PXRD data of microcrystalline UHM-24
(see[Figure 3.5). The simulated and the experimental PXRD patterns are in good
agreement.
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UHM-24-Ala-Boc crystallizes in the orthorhombic space group 1222 with the
unit cell parameters a = 5.9940 b = 20.4794 ¢ = 38.3283 A. The inorganic SBU
of this material comprises zinc atoms that are bridged by oxo- and carboxylate
groups. This results in the formation of infinite, one-dimensional zinc-oxygen
chains. The chains resemble the inorganic SBU that can be found in MOF-69
series.[20%270] Tn these chains, two type of zinc atoms are stacked along the crys-
tallographic a axis and are distributed in a ratio of 2:1 in alternating arrange-
ment. The first kind of zinc atom is coordinated by four oxygen atoms in a dis-
torted tetrahedral arrangement that shares an edge with another tetrahederal
zinc-oxygen cluster. These tetrahedral zinc atoms can be transformed into each
other by a Cp-rotation along the crystallographic a axis. The other type of zinc
atoms is octahedrally coordinated by six oxygen atoms. Each octahedral zinc-
oxygen cluster is connected to the corners of four tetrahedral zinc-oxygen clus-
ters via u3 oxygen atoms and to four bridging carboxylic groups of the linkers.
The two tetrahedrally coordinated zinc atoms and the octahedrally coordinated
zinc atom are connected to each other via two p3 oxygen atoms. The coordi-
nating carboxylate groups of the linker are bound to both an octahedral and a
tetrahedral zinc atom in a bi-monodentate fashion. The different types of zinc-
oxygen clusters are stacked regularly in an alternating arrangement of tetrahe-
dral and octahedral clusters. A part of the infinite SBU is shown in

Figure 3.1 — View along the b direction on a part of the infinite, one-
dimensional inorganic SBU in UHM-24. Tetrahedral and octahedral zinc-
oxygen clusters are stacked along the c direction, clusters are bridged via
uz oxygen atoms and the carboxylic groups of the linkers (grey: carbon,
red: oxygen, light blue polyhedra: octahedral zinc, dark blue polyhedra:
tetrahedral zinc).

Two-dimensional tertiary structures that resemble pleated sheets are formed
by the interconnection of neighboring inorganic SBUs via the V-shaped organic
SBUs. These sheet-like structure comprise infinite rhombic channels and are de-
picted in

The sheets are tightly stacked along the c axis (see[Figure 3.3). In this arrange-
ment, the chiral substituents of the linkers are pointing into a cavity formed
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Figure 3.2 — (a) view along the crystallographic 4 axis of a two-dimensional
superstructure formed in UHM-24-Ala (b) view along the ¢ direction of the
same superstructure; one-dimensional inorganic SBUs are connected by V-
shaped dicarboxylates resuling in rhombic channels (grey: carbon, red: oxy-
gen, blue octahedra: zinc, blue tetrahedra: zinc).
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by the inorganic SBU and two organic SBUs of a neighboring two-dimensional
sheet. This is a very unfavorable position of the chiral residues with regard to
the usability of the substituent as it is most likely shielded in this cavities.
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Figure 3.3 — View along the a directionofa2 x 2 x 2 super cell of UHM-24-
Ala. Stacked sheets are formed in which the chiral residues are pointing into
a cavity spanned by two halfs of a linker molecule bound to the inorganic
SBU (grey: carbon, red: oxygen, blue octahedra: zinc, blue tetrahedra: zinc).

The occurrence of such two-dimensional sheets may be explained by the
preferred conformation of the linker in the organic building unit. Similar sys-
tems have been reported, where such V-shaped linkers led to either one-di-
mensional chains or two-dimensional sheets. 271272l O'Keeffe, Yaghi and co-
workers postulated that such low-dimensional system can be expected from
ditopic linkers in which the carboxylic groups are arranged with an "folded"
orientation.!8! This orientation can be viewed as a linear linker in which the car-
boxylic groups were originally coplanar that has been folded into a 120°ang]le. If
zero-dimensional inorganic SBU, such as paddle wheels, are connected by such
linkers, one-dimensional chains are formed. Correspondingly, two-dimensional
sheets are observed, if the linkers connect one-dimensional inorganic SBUs, which
is the case in UHM-24. A schematic representation of this concept is shown in

O 4
)

Unfortunately, in the reactions with the linkers derived from valine (100) and
phenylalanine (101), only microcrystalline material was obtained, that did not
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Figure 3.4 — Schematic representation of (a) the preferred formation of a
one-dimensional chain from square-planar and V-shaped building units
and (b) the formation of two-dimensional sheets from hypothetical rod-like
and V-shaped building units (white circles: carbon, black dots: oxygen).

allow any single crystal diffraction experiments. However, in each case the X-
ray powder diffraction pattern indicates an isostructural relationship between
the materials obtained from these linkers and the material from the linker de-
rived from phenylalanine (101). Powder diffraction data for the three isoretic-
ular compounds are shown in The crystallinity of UHM-24-Ala is
less pronounced than for the isoreticular compounds UHM-24-Val and UHM-
24-Phe.

MOFs of the UHM-24 series showed no porosity in nitrogen physisorption
measurements after thermal activation. This can be attributed to the dense crys-
tal structure of the materials. Because of their crystal structure in which the chi-
ral residues are blocked, UHM-24 has low prospects in stereoselective applica-
tions. Therefore, no further evaluation of these materials was carried out.
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Figure 3.5 - PXRD data for the materials of the UHM-24 series; similar
diffraction patterns are observed for all materials of the isoreticular UHM-

24 series and show good agreement with the simulated PXRD pattern of
UHM-24-Ala (bottom).
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3.3 Synthesis and characterization of UHM-25

To increase the dimensionality of the frameworks formed by the oligocarboxylic
derivatives of amino acids, further studies were performed using tetracarboxy-
lic instead of a dicarboxylic linkers. The tetracarboxylic acids were employed
in solvothermal syntheses that were performed in screw-capped flasks. After
heating to 40 °C for three days, crystalline materials were obtained from the re-
action of a Cu(Il) salt with the N-Boc protected linkers derived from alanine,
valine, leucine and phenylalanine (see [Scheme 3.28). This reaction is shown in
In the synthesis of the MOFs, copper nitrate and the linker were
used in a molar ratio of 10 : 6. The reaction was performed in a mixture of DMF
and water. Furthermore, twelve equivalents of nitric acid was added to reaction
mixture as a modulator. The materials, which are obtained as light blue crystals,
were isolated by filtration from the mother liquor, washed with DMF and stored
under solvent (DMF or THF).

In a small-scale reaction of the tetracarboxylic linker 121 with a solution of
Cu(NOy), - 3H,0 in DMF/water/HNOj;, blue, block-shaped crystals were ob-
tained A single crystal of this material was analyzed by X-ray diffraction and
the crystal structure of the MOF was determined as follows.

UHM-25-Ala-Boc crystallizes in the cubic space group P432 with the unit cell
parameters a = b = ¢ = 28.9431 A. The tetracarboxylate linker serves as a four-
connected organic SBU. Copper paddle wheel motifs constitute four-connected
inorganic SBU. Due to the angle of 120° between the carboxylic groups on the
isophthalate moieties, cuboctahedral metal-organic polyhedra (MOPs) are formed
as subunits in this MOF. These MOPs are well-known structural motifs on their
ownl2Z32770 or in extended frameworks.2782%0 The arrangement of 24 isoph-
thalic residues and twelve copper paddle wheels that form the MOP is shown
in The resulting subunit can be represented as a cuboctahedron in
which the inorganic SBUs constitute the corners and the isophthalate residues
occupy the edges of the polyhedron. The interatomic distance of two opposing
copper atoms that lie on the corner of the cuboctahedron is 15.7 A; taking into
account the van-der-Waals radii of the atoms the pore diameter for the cubocta-
hedral pore amounts to 12 A.

The cuboctahedral MOPs form a primitive cubic arrangement in the three di-
mensions of the crystal structure. Each MOP is connected to a neighboring MOP
via the organic SBUs that carry the isophthalate residues. A representation of an
extended unit cell is shown in In this structure, four V-shaped linker
molecules connect four MOPs that lie on the corners of the unit cell. To increase
clarity, any disorder of the organic SBU has been omitted. The disorder arises

2Single crystals of MOFs were also obtained from linkers 122-124 but but showed poor X-ray
diffraction.
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R
HO CU(N03)2 * 3 H,0
DMF / H,0O
HNO3
O 40°C, 3d
HOOC COOH

R=Me 121 R=Me 140 UHM-25-Ala-Boc
R=iPr 122 R=i-Pr 141 UHM-25-Val-Boc
R=s-Bu 123 R=s-Bu 142 UHM-25-Leu-Boc
R =Bn 124 R=Bn 143 UHM-25-Phe-Boc

Scheme 3.28 — Schematic representation of the reactions of the tetracarb-
oxylic linkers derived from alanine (121), valine (122), leucine (123), and
phenylalanine (124) with a Cu(II) source that yield a blue crystalline mate-
rial for each of the materials.
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Figure 3.6 — Metal-organic polyhedron formed by 24 isophthalic groups of
the organic SBU and twelve inorganic SBUs. The resulting shape is a cuboc-
tahedron whose corners are occupied by the copper paddle wheels. Only
the isophthalates that bridge the copper paddle wheels of the cuboctahe-
dron are shown and the rest of the linker molecules are omitted for clarity
(grey: carbon, red: oxygen, blue: copper, omitted: hydrogen atoms as well
as oxygen atoms occupying the axial positions of the inorganic SBU).
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from pseudo C,-symmetry of the tetracarboxylate with regard to the isophtha-
late groups, which results in two possible orientations of the chiral residue that
is located at the center of the linker.

o N 0% s . e N 0%
PO oW, . e WA 540, 0 o 005 o B d
e & S S ool 0 0o 0 Bl 0,
o0 60 & %0 p S8 LN
Lo % L ou% Lo Pa%
o8 O° o eEes eeme -0 o
%o’ @6 b i o 8.g°
0% oo s 2% oo 0% oo b 0% o®o
B R o e o S 1L
PN o:?:n .08 v’ WP e WS
JOets, PP, RS o S
Lo o o8, o8 *p
° oq
X o 57
o p%e & B 0%%°
o °
FEET ST
5 v:n o x ® = o:n 0%

- < s i
FIRETY L P
PR IR 2SI ST AR IR e S I
@ % o %° @ % op a8
-"-;v L% L% =%
0 O° o0
G B oG 6. %8 @6
% oo 0% oo o% o 0% o
8, ;..oa ":;A'G:‘o“""’ ..n_.,ot# D':;.’G'.ao“"' %

» 4 | e s 4 o4 >
oo,o'o n_?,.ﬂ.c.go' cov"“v?n".'g'oo'
ﬂ.ﬂ n.o H.. ﬂco

Figure 3.7 — View along the a axis on an extended unit cell of UHM-25-Ala.
MOPs are connected via the V-shaped organic SBU along all three crystallo-
graphic directions. No disordering and only four complete linker molecules
are shown to increase clarity (grey: carbon, red: oxygen, light blue: nitrogen,
dark blue: copper, omitted: hydrogen).

To evaluate the phase purity of the bulk phase of UHM-25-Ala, PXRD data
was collected and compared with a simulated PXRD pattern. The simulated pat-
tern was calculated for a hypothetical structure in which the chiral residue was
specifically excluded so that the crystal structure contains only the backbone
of the linker. After this simplification of the structure, the patterns of the bulk
phase and the simulated pattern are in reasonable agreement (see [Figure 3.8).
However, this is not the case for the simulated PXRD pattern of the structural
model with the chiral residues in place. This can be explained by the high de-
gree of disorder of these groups that cannot be sufficiently reproduced from the
diffraction data. Therefore the chiral substituent in UHM-25 has been modeled
as a chemically reasonable substituent without any disorder which leads to a
discrepancy between simulated and experimental PXRD pattern.

To investigate and prove the stability of the chiral linker after the MOF syn-
thesis, the reaction product UHM-25-Ala-Boc was digested in diluted HCI. This
allowed the reisolation of the linker which could then be examined by spec-
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relative intensity

UHM-25-Ala
j ‘ l bulk phase . ..

UHM-25 (backbone)
J simulated . .

20 / degree

Figure 3.8 — Experimental PXRD for UHM-25-Ala as-synthesized (top) and
a calculated PXRD pattern for the UHM-25 backbone bearing no substi-
tuents on the sp;-hybridized carbon of the organic SBU (bottom).
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troscopic methods. The integrity of the linker was independently verified by
'"H-NMR spectroscopy and mass spectrometry (see Section . The retention
of chirality in the linker was confirmed by polarimetry measurements of the
reisolated material, which showed only a slight decrease of optical activity. An
overview of the optical rotation of the N-Boc protected linker molecules before

MOF synthesis and after resisolation is given in Table on page

3.3.1 Topological Considerations

In order to determine an underlying net for UHM-25-Ala, the building units
that serve as nodes have to be identified. The first node of the framework is
the copper paddle wheel, which constitutes a four-coordinated square-planar
node. In some cases, di-isophthalate organic SBUs have been described as four-
coordinated nodes.281"283] However, this interpretation leads to a misassign-
ment of the underlying topology.! In UHM-25, treatment of the tetracarboxy-
late system as a four-coordinated node would lead to the assignment of the
rhr net. This uninodal net is vertex and edge transitive. The embedding of this
net with the highest symmetry belongs to the body centered cubic space group
Im3m, which contradicts with the primitive cubic structure found in UHM-25-
Ala.

The topological analysis of the underlying net is more precise when the
branching points of the organic SBU are explicitly included. Therefore, the or-
ganic SBU was treated as a combination of two triangular, three-coordinating
nodes. These nodes correspond to the individual isophthalates of the organic
SBU. Topological analysis was carried out treating the UHM-25 structure as a
binodal net. A representation of the abstracted form of the organic SBU is shown

in[Figare 39

\ /
-... : - o t'c% v o >7<
K / \

Figure 3.9 — (a) Three-dimensional representation of the linker used to syn-
thesize UHM-25-Ala-Boc and (b) the same linker deconstructed into two
three-coordinated nodes shown in the augmented form.

Topological analysis and the determination of a natural tiling was performed
using the TOPOSProl284l and Systrel2®2l software. The topology of the underly-
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ing net was determined as ucp by both of these programs. The embedding with
the highest symmetry of the ucp net belongs to the space group Pm3m. This is
compatible with the space group of UHM-25-Ala, because Pm3m is the proper
supergroup of P432. The transitivity of the ucp net is pqrs = 2244. It is a bin-
odal net with two kind of vertices and edges and four distinct kinds of tiles and
faces. The ucp topology has been described as one of at least three possibilities
to connect cuboctahedral MOPs by O’Keeffe and Yaghi, but has not been found
in a MOF so far.5

(@) (b)

Figure 3.10 — (a) representation of ucp net (b) representation of the aug-
mented net ucp-a that represents the nodes as polygons, red: three-
coordinated nodes derived from the organic SBU, blue: four-coordinated
node derived from the inorganic SBU, yellow polyhedra derived from the
MOQOPs are added as a guide to the eye.

The topology of interconnected MOPs from isophthalates and copper pad-
dle wheels has been described b‘ treating the MOPs either as cuboctahedral?)
or as thombic cuboctahedra.l2802861287] However, the treatment of the MOPs as
rhombic cuboctahedra neglects the role of the copper paddle wheel as a node
because only the organic branching points are considered as vertices. This leads
to the description of an underlying 5-c net (pcu-i), whereas neither the linker
nor the paddle wheel show this connectivity. Hence, Yaghi and O’Keeffe have
proposed to treat such systems as interconnected cuboctahedra.) There are at
least three ways to connect two neighboring cuboctahedra:

(a) In an arrangement where two faces of an octahedron are directed at each
other.
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(b) In an arrangement where the corners of the cuboctahedra are directed at
each other.

(c) In an arrangement where a corner of one cuboctahedron is directed at the
face of the neighboring cuboctahedron.

Three nets that represent interconnected cuboctahedra have been documented
by Yaghi and O’Keeffe: zmj, zhc and ucp.B! In the zmj net, the arrangements (a)
and (b) can be observed, meaning that the cuboctahedral MOPs are connected
via their corners or their faces. This is shown in[Figure 3.1} Along the crystallo-
graphic c axis neighboring polyhedra are oriented face-to-face to each other. In
the crystallographic ab plane the cuboctahedra are oriented corner-to-corner to
each other.

(a) view along the a axis. (b) view along the c axis.

Figure 3.11 — Representation of the zmj net, red: three-coordinated nodes
derived from the organic SBU, blue: four-coordinated node derived from
the inorganic SBU, yellow polyhedra derived from the MOPs.

In the zhc net the arrangements (a) and (c) are observed, meaning that the
MOPs are connected via their faces and via face-corner connections. This is
shown in As in the zmj net, the cuboctahedra are oriented face-
to-face along the c axis. In the ab plane neighboring cuboctahedra are oriented
corner-to-face.

The ucp topology of UHM-25 constitutes the simplest of the three nets as
there is only the arrangement of type (a) present, meaning that all cuboctahedra
are connected so that their faces are directed at each other along all crystallo-

graphic directions. This is shown in [Figure 3.13
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(a) view along [110]. (b) view along the c axis.

Figure 3.12 — Representation of the zhc net viewed along two different ori-
entations, along the ¢ direction MOPs are oriented face-to-face and in the ab
plane MOPs are oriented corner-to-face (red: three-coordinated nodes de-
rived from the organic SBU, blue: four-coordinated node derived from the
inorganic SBU, yellow polyhedra derived from the MOPs.

The topologies zmj, zhc and ucp are only observed if V-shaped tetracarboxy-
lates are used to build MOFs. A collection of linkers that resulted in the forma-
tion of interconnected cuboctahedral MOPs is presented in

Apart from different conditions of synthesis (solvent, temperature), the struc-
tural properties of the linker are particularly decisive for the formation of certain
topologies. The formation of the three different types of connection between the
cuboctahedra requires the linkers to adopt certain conformations, which will be
discussed in the following.

To connect two cuboctahedra in in the manner (a), where two faces are di-
rected at each other, the linker needs to adopt a conformation in which the isoph-
thalates are oriented non-coplanar. In the UHM-25 structure, the isophthalates
adopt a conformation that can be described by a torsion angles of 89.83° and
90.29°, respectively. A representation of the conformation of the organic SBU is
depicted in

To achieve a connection of type (b) in which the corners of two cubocta-
hedra are directed at each other, the linker needs to adopt a conformation in
which the isophthalates are coplanar. In the case of UHM-6, which is depicted
in[Figure 3.15) the isophthalates essentially lie in the same plane and have a low
torsion angles of 10.00° and 7.94°, respectively. 238l
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(a) view along the a axis. (b) view along the c axis.

Figure 3.13 — Representation of the ucp net, neighboring MOPs are
connected-via face-to-face connection in all three crystallographic direc-
tions (red: three-coordinated nodes derived from the organic SBU, blue:
four-coordinated node derived from the inorganic SBU, yellow polyhedra
derived from the MOPs. All cuboctahedra are connected to their neighbors
via their faces).
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Scheme 3.29 — Tetracarboxylate linkers that yield structures with inter-

connected cuboctahedral MOPs (144, 145, 146, 18, 147,
14812900,
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(c)

Figure 3.14 — (a) Schematic representation of the torsion angles of the isoph-
thalates in a linker as seen in a face-to-face connection of two neighbor-
ing cuboctahedra in UHM-25 (torsion is defined by the dihedral angle of
the bonds highlighted in red or blue, respectively). (b) Three-dimensional
model of the alanine based tetracarboxylate (121) that forms a face-to-face
connection of two MOPs. (c) View along the ¢ axis on two neighboring
cuboctahedra from the crystal structure of UHM-25-Ala-Boc that has the
underlying ucp net. (grey: carbon, red: oxygen, light blue: copper, hydro-
gen atoms are omitted, yellow polyhedra are added to illustrate the relative
orientation of the MOPs).
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(c) view along the c axis.

Figure 3.15 — (a) Schematic representation of the torsion angles of the isoph-
thalates in a linker as seen in a corner-to-corner connection of two neigh-
boring cuboctahedra in UHM-6 (torsion is defined by the dihedral angle of
the bonds highlighted in red or blue, respectively). (b) Three-dimensional
model of the tetracarboxylate of linker 145 that forms a corner-to-corner
connection of two MOPs in UHM-6. (c) Two neighboring cuboctahedra
from the crystal structure of UHM-6 that has the underlying zmj net (grey:
carbon, red: oxygen, orange: silicon, light blue: copper, hydrogen atoms
are omitted, yellow polyhedra to illustrate the relative orientation of the
MOPs).
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To achieve a connection of type (c) in which one corner of a cuboctahedron is
connected to the face of the next cuboctahedron, a non-coplanar conformation
of the linker is required again. Such a conformation is observed in PCN-12.1287)
The isophthalates of an organic SBU in PCN-12 are twisted by 96.64° and 19.56°,
respectively. A part of the crystal structure of PCN-12 is shown in[Figure 3.16]as
an example for this type of connection of cuboctahedra in the zhc net.

The different conformations that the tetracarboxylate linkers adopt can ex-
plain the preferential formation of certain topologies. In order to obtain the zmj
topology the linker needs to adopt a coplanar arrangement of the isophthalates
to connect the cuboctahedra via their corners. Such a conformation is impeded
in the mdip linker system (18) by steric hindrance that arises from the ortho-
hydrogen atoms on the isophthalate residues. By increasing the distance be-
tween these hydrogen atoms — for example through phenyl rings that act as
spacers — this conformation is no longer energetically disfavored and corner-
to-corner connections may be formed. This has been realized in the synthe-
sis of UHM-6, in which the elongated tetracarboxylate 145 was employed as a
linker.[288] Interestingly, further elongation of linker 145 by two ethinylene units
to obtain linker 146 gives rise to the more complex topology chsl in UHM-7. The
occurrence of this topology has been partly explained by the increased flexibility
of the linker that can span distances from 18 A to 22 A between two cuboctahe-
dral MOPs .2

The formation of the ucp topology in the UHM-25 series may be explained
by an energetically favored conformation with "folded" isophthalates as shown
in[Figure 3.14] If no other conformations are adopted by this type of linker, then
the ucp topology must result as the only possible arrangement of interconnected
MOPs. The fact that the geometrically related linker 145 has been observed in the
"folded" conformation but has not been observed in a ucp net, suggests that the
substituents on the central carbon of the chiral linker 121 play an important role
and may inhibit the formation of a coplanar arrangement of the isophthalates in
compound 121 and its derivatives.

However, the preferred topology of a MOF cannot be solely explained by a
preferential conformation of the linker. Identical building blocks can lead to the
formation of different framework structures, which has been demonstrated, for
example, for mdip (18): By the alteration of the synthetical conditions (tempe-
rature, solvent) PCN-12" was obtained with the ssa topology, in which cubocta-
hedral MOPs are absent.2%”] Extensive assessments of the thermodynamic and
kinetic aspects that contribute to the certain topologies are very complex and
difficult to determine.
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(c) view along the c axis.

Figure 3.16 — (a) Schematic representation of the torsion angles of the isoph-
thalates in a linker as seen in a corner-to-face connection of two neighbor-
ing cuboctahedra in PCN-12 (torsion is defined by the dihedral angle of
the bonds highlighted in red or blue, respectively). (b) Three-dimensional
model of the tetracarboxylate of mdip (18) that forms a corner-to-face con-
nection of two MOPs in PCN-12. (c) Two neighboring cuboctahedra with a
corner-to-face connection from the crystal structure of PCN-12 that has the
underlying zhc net. (grey: carbon, red: oxygen, light blue: copper, hydrogen
atoms are omitted, yellow polyhedra to illustrate the relative orientation of
the MOPs, structural information obtained from CCDC number 662918).
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3.3.2 Tiling and Pore Structure

The representation of the UHM-25 structure by a tiling may help in the under-
standing of the pore system in the MOF. A natural tiling was determined for
the ucp topology by a calculation with the TOPOSPro Suite.22U This tiling is
described in the following section. The tiling comprises four different kinds of
tiles with four different faces. A graphical representation of the tiling is shown

(@ (b)

Figure 3.17 — (a) Segment of the natural tiling for the ucp topology together
with the net carried by the tiling; only two of the four distinct types of tiles
are shown for clarity, the yellow tiles correspond to the space inside the
MOP and the blue tile corresponds to the space in the center of the unit
cell (red: three-coordinated nodes derived from the organic SBU, blue: four-
coordinated node derived from the inorganic SBU) (b) a 3 x 3 x 3 super
cell of the same tiling including the other two types of tiles (green and red)
that connect the blue and yellow tiles in a primitive cubic fashion.

Based on the separation of three-dimensional space provided by the tiling,
four different types of pores can be described for UHM-25-Ala. The yellow tile
corresponds to the MOP and already has been discussed on page [123] The red
tiles can be described as the connection between the yellow tiles. The red tiles
lie on the edges of the unit cell and correspond to the void that is depicted
in [Figure 3.18 The framework that surrounds this space comprises eight inor-
ganic SBUs and four distinct organic SBUs. The pore resembles a capped square
bipyramid which is highlighted in [Figure 3.18|in red. The interatomic distance
of two central sp>-hybridized carbons of the backbone of the linker that oppose
each other is 20.7 A; taking into account the van-der-Waals radii of the atoms,
the pore diameter for this pore amounts to 15 A.
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Figure 3.18 — View along the a axis of the pore space that corresponds to the
red tile in the natural tiling of ucp. A capped square bipyramid colored in
red indicates the shape of this pore (grey: carbon, red: oxygen, dark blue:
nitrogen, light blue: copper, omitted: hydrogen).

The blue tile in corresponds to the pore space in the center of
the unit cell. The shape of this pore is defined by convex sides of the V-shaped
linkers and the chiral residues of the linker that protrude into this space. The
framework that surrounds this pore comprises twelve organic SBUs and 24 in-
organic SBUs and is depicted in[Figure 3.19] The interatomic distance of two cen-
tral, sp3-hybridized carbons of the backbone of the linker that oppose each other
is 20.2 A. Due to the high degree of flexibility, the amino alcohol side chains are
highly disordered and difficult to localize which impedes an exact measurement
of the pore diameter.

The green tile comprises the pore space that is located on the faces of the unit
cell. The shape of this pore is defined by convex sides of the V-shaped linkers.
The framework that surrounds this pore consists of twelve organic SBUs and
24 inorganic SBUs and is depicted in [Figure 3.20} The pore that corresponds to
the green tile connects the pores with the chiral residues (represented by the blue
tiles) with each other to create a three-dimensional pore system. The interatomic
distance of two central, sp>-hybridized carbons that oppose each other is 20.4 A.
Taking into account the van-der-Waals radii of the atoms, the pore diameter
amounts to 15 A.
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Figure 3.19 — View along the a axis on the pore space that corresponds to
the blue tile in the natural tiling of ucp. The pore is located at the center
of the unit cell and is indicated as a blue square. The chiral residues of the
organic SBUs protrude into the space of the pore. The organic SBUs are
shown only one of the possible conformations for clarity (grey: carbon, red:
oxygen, dark blue: nitrogen, light blue: copper, omitted: hydrogen).

Figure 3.20 — View along the a axis on the pore space that corresponds to the
green tile in the natural tiling of ucp. A green polyhedron is placed at the
center of the structure as a guide to the eye. The organic SBUs are shown
for only one of their possible conformations for clarity (grey: carbon, red:
oxygen, dark blue: nitrogen, light blue: copper, omitted: hydrogen).

138



RESULTS AND DISCUSSION

3.3.3 Powder X-Ray Diffraction and Optical Rotation

Unfortunately, for the reactions with the tetracarboxylic linkers derived from va-
line (122) and leucine (123) and phenylalanine (124) no crystals were obtained
that allowed successful single crystal diffraction experiments. However, in each
case the PXRD pattern of the microcrystalline phases indicates an isostructural
relationship between the materials obtained from these linkers and the mate-
rial from the linker derived from the N-Boc protected alanine derivative 121.
Powder diffraction data for the four isoreticular compounds are shown in
Although there is some slight variation observed between the different
diffractograms, the positions of the major reflections are the same. Judging by
relatively low signal to noise ratio, the crystallinity in UHM-25-Leu-Boc is not
as pronounced as in the other MOFs of this series.
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Figure 3.21 — Powder X-ray diffraction data for the materials of the UHM-

25 series that carry a Boc protecting group, a similar diffraction pattern is
observed for all materials of the isoreticular UHM-25 series.

139



RESULTS AND DISCUSSION

To investigate and prove the stability of the chiral linkers after the MOF syn-
theses, the reisolated linkers were examined by spectroscopic methods (compare
Section [3.3| on page [Figure 3.8). The integrity of the linker was independently
verified by 'H-NMR spectroscopy and mass spectrometry (see Chapter @ for
details). The retention of chirality in the linker was confirmed by polarimetry
measurements of the reisolated material. An overview of the optical rotation of
the N-Boc protected linker molecules before MOF synthesis and after resisola-

tion is given in Table|Table 3.1

Table 3.1 - Optical rotation of the linker before and after synthesis of the un-
protected UHM-25 MOFs (all samples measured as solutions in methanol).

before reisolated
opt. rot. c opt. rot. C
degree g/100 ml degree g/100 ml
UHM-25-Ala-Boc 140 [¢]3 -21.7 024 [a]® -187 0.33
UHM-25-Val-Boc 141 [a]Z -12.7 022 [ -123 0.30
UHM-25-Leu-Boc 142 [(x}%’ +13.6 0.44 [a}%’ +12.4 0.56
UHM-25-Phe-Boc 143 [a]5 +21.8 044 [a]5 +229 0.28

Five more MOFs were obtained from linkers with a free amino group. Telfer
and co-workers reported that the presence of deprotected amino groups on the
linker inhibited the formation of MOFs.l'2l However, no specific reasons were
stated for this behavior. This kind of inhibition was not observed for the de-
protected linkers in the UHM-25 series. Crystalline materials were obtained
under the same conditions that were used to synthesize the N-Boc protected
derivatives (see [Scheme 3.28). A schematic representation of the synthesis of
UHM-25 MOFs from unprotected amino alcohols derived from alanine, valine,
leucine, phenylalanine and proline is shown in the synthesis was
performed using the linkers as they were obtained from the deprotection reac-
tion as ammonium salts of either trifluoroacetic acid or hydrogen chloride.

The light blue crystals that were obtained from the unprotected amino alco-
hol linkers were examined using PXRD (see[Figure 3.22). Powder X-ray diffrac-
tograms of the unprotected UHM-25 MOFs match the data obtained for their
N-Boc protected counterparts. This implies an isoreticular relationship between
the five amino alcohol MOFs UHM-25-Ala, UHM-25-Val, UHM-25-Leu, UHM-
25-Phe and UHM-25-Pro and the N-Boc protected materials described above.

The diffractograms of the MOFs UHM-25-Val and UHM-25-Leu show sig-
nificant broadening of the reflections and a low signal to noise ratio, indicating
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CU(N03)2 *3 H,0

DMF / H,0
HNO3
40°C, 3d
COOH
X =CF3CO0 R=Me 129 R =Me 149 UHM-25-Ala
X = CF,CO00 R=i-Pr 130 R =i-Pr 150 UHM-25-Val
X = CF,CO00 R =s-Bu 131 R =s-Bu 151 UHM-25-Leu
X=CFsCO0 R=Bn 132 R=Bn 152  UHM-25-Phe
X =Cl R=CHsN 128 R =C;H,-N 153 UHM-25-Pro
(cyclic) (cyclic)

Scheme 3.30 — Schematic representation of the reaction of the tetracarboxy-
lic linkers derived from alanine (129), valine (130), leucine (131), phenyl-
alanine (132) and proline (128, for proline R is a pyrrodinyl system that
includes the amino group as a secondary amine) with a Cu(Il) source that
yields a blue, crystalline material.
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Figure 3.22 — PXRD data for the materials of the UHM-25 series that are
obtained from the deprotected amino alcohol linkers, a similar diffraction
pattern is observed for all materials of the isoreticular UHM-25 series.
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that this material is not as crystalline as the other MOFs observed in this se-
ries. Single crystals suitable for structural analysis could only be obtained for
the MOF synthesized from the secondary amine linker that is derived from pro-
line. The material crystallizes in the P432 space with the unit cell parameters
a=0b=c=29021A. Thls corresponds well with the metrics of the unit
cell of UHM-25-Ala-Boc (see . The crystal structure of UHM-25-Pro
is isoreticular to UHM-25-Ala-Boc and shows the same disorder of the pseudo
C,-symmetric linker that is also observed for the N-Boc protected MOEF, which
inhibits the exact localization of the chiral pyrrolidine substituent even though
this substituent is more rigid than an acyclic protected amine. A representation
of the crystal structure of UHM-25-Pro is shown in [Figure 3.23|

- SO
- et
2

f"

Figure 3.23 — Crystal structure of UHM-25-Pro; view along the a axis on the
pore space that corresponds to the blue tile in the natural tiling of ucp. The
chiral residues of the organic SBUs protrude into the space of the pore. The
organic SBUs are shown only one of the possible conformations for clarity
(grey: carbon, red: oxygen, dark blue: nitrogen, light blue: copper, omitted:
hydrogen).

The reisolated linkers were examined by spectroscopic methods (see Chapter
E| for details). The retention of chirality in the linker was confirmed by polarime-
try measurements of the reisolated material. An overview of the optical rotation
of the linker molecules with a free amino alcohol is given in
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Table 3.2 — Optical rotation of the linker before and after synthesis of the un-
protected UHM-25 MOFs (all samples measured as solutions in methanol).

before reisolated

opt. rot. c opt. rot. c

degree g/100ml degree g/100ml
UHM-25-Ala 149 [a]® -175 040 [a]® -179 0.32
UHM-25-Val 150 [a]® -19.2 026 [x]Z -18.8 0.34
UHM-25-Leu 151 [ac]%’ +15.0 0.60 [ac]%’ +15.6 0.51
UHM-25-Phe 152 [a]% +21.2 052 [a]Z +20.2 0.50
UHM-25-Pro 153 [a]®® +41.3 030 [a]2 +41.0 0.35

In addition to the protected and unprotected amine linker systems, chiral
MOFs were also obtained for the linkers that bear the chiral oxazolidinone sub-
stituent that resembles the Evans auxiliary. The conditions that were success-
fully employed in the MOFs described above were also applied to the synthesis
from the Evans-type linkers. Solvothermal reaction of the linkers in a mixture of
DMEF and water with copper nitrate for three days at 40 °C afforded light blue
crystals that were washed with DMF and stored under solvent (DMF or THF).

PXRD data for these MOFs is shown in[Figure 3.24] The results obtained for
the MOFs correspond well to the diffraction patterns observed for the MOFs
that carry the chiral amino alcohol substituents (see[Figure 3.21). The results of
the polarimetry measurements of the reisolated linker molecules are given in
lable 3.3

Table 3.3 — Optical rotation of the linker before and after synthesis of
the Evans-type UHM-25 MOFs (all samples measured as solutions in
methanol).

before reisolated
opt. rot. C opt. rot. c
degree g/100ml degree g/100ml
UHM-25-Val-Evans 154 [a]¥ -82.7 073 [«]¥ -815 0.38
UHM-25-Phe-Evans 155 [a]f -45.0 020 [a]¥ -438 0.27

In total, eleven different MOFs were obtained that carry a large variety of
functional groups. All MOFs of the UHM-25 series are isoreticular to each other.
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CU(NO3)2 *3 H,0

DMF / H,0
HNO3
40°C, 3d
COOH
R=i-Pr 125 R=i-Pr 154 UHM-25-Val-Evans
R=Bn 126 R=Bn 155 UHM-25-Phe-Evans

Scheme 3.31 — Schematic representation of the reaction of the tetracarboxy-
lic linkers that bear an Evans-type auxiliary on the central carbon with a
Cu(II) source that yields a blue, crystalline material.
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Figure 3.24 — PXRD data for the materials of the UHM-25 series that are
obtained from the tetracarboxylic linkers derived from bisarylated Evans-
auxiliary; the diffraction patterns that are observed correspond with the
data of the MOFs with protected and unprotected amino alcohols.
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In the next sections, the results of the characterization of the materials with re-
gard to their physicochemical properties are presented. Furthermore, selected
MOFs are evaluated as catalysts and as substrates for PSM (see Section [3.6.1).
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3.3.4 Thermogravimetric Analysis

Thermogravimetric analysis coupled with mass spectrometry (TG/MS) was per-
formed with MOFs of the UHM-25 series. In this section the thermochemical
properties of UHM-25-Val-Boc, UHM-25-Val and UHM-25-Val-Evans are pre-
sented. They are exemplary for the MOFs of the UHM-25 series. For the thermo-
gravimetric data of each individual MOF of the UHM-25 series see Chapter[d]

UHM-25-Val-Boc that underwent solvent exchange with THF was heated at
a rate of 1K/s from room temperature to 800 °C in a stream of Ar/O, (80 : 20).
Weight loss, DTA and selected MS traces are shown in [Figure 3.25]

100 TG: mass /% DTA: exo |

MS: ion current / a.u. AT Am fragments

o O,
miz= 18 c % m/z

W 25-150 11 18, 42
M 150240 19 44,56
240-338 23 18,42,44
338-443 29 18, 44

m/z= 44

JL 20 m/z= 56

100 m/z=73

100 200 300 400 500 600 700 800
T/°C

Figure 3.25 - TG/MS analysis of UHM-25-Val-Boc (141), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for % =18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

The first weight loss of the sample corresponds to 11 % of its weight and oc-
curs between room temperature and 150 °C. This weight loss is ascribed to evap-
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oration of solvent (THEF, residual water) from the pore volume. A second weight
loss occurs between 150 °C-240 °C. In this range, selected ion monitoring (SIM)
of the temperature-resolved MS detects ions at m/z = 44 and m/z = 56. These
signals correspond to the molecular masses of carbon dioxide and isobutene,
which are the cleavage products of the N-Boc group, which can be cleaved
thermolytically. Two final weight losses are observed between 240 and 338 °C
and 338 and 443 °C, respectively. They amount to 23 and 29 % of the sample
weight and can be assigned to a decomposition of the organic building units
of the MOF. These losses are accompanied by SIM signals at m/z = 18 and
m/z = 56 that correspond to water and carbon dioxide. After the heating to
800 °C, a solid residue remained that corresponds to 15 % of the sample weight
and was identified as copper(Il) oxide by PXRD (see[Figure 3.26). The efficiency
of the solvent exchange is indicated by the absence of the characteristic signals
of DMF (m/z = 73) in the mass spectra recorded during the analysis. Instead,
THF (m/z = 42) can be detected as the pore-filling solvent.

relative intensity

UHM-25-Val-Boc
after thermoananalysis

- |

CuO (tenorite)

I AlAL‘J_‘_k‘M_A_‘

40 50 60 70
20 / degree

Figure 3.26 - PXRD data of the residue obtained after heating UHM-25-Val-
Boc (141) to 800 °C under an atmosphere of Ar/O, (80 : 20), together with
a diffractogram of tenurite (CuO, PDF No. 00-005-0661) for comparison.

The gap between the temperatures, where cleavage of the N-Boc group and
decomposition of the organic building units occurs, suggests that the N-Boc pro-
tecting group can cleaved from the MOF post-synthetically. This strategy may be
chosen, if it is impossible to obtain a MOF from the non-protected amines.[12711291130]
However, this procedure is unsuitable for the MOFs of the UHM-25 series. Heat-
ing the N-Boc-protected MOFs to 160 °C resulted in brown and amorphous ma-
terials that were inferior to those, which were directly synthesized from the am-
monium salts of the linker bearing the unprotected amino alcohols.
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The results of the thermogravimetric analysis for UHM-25-Val are shown in

The THF exchanged MOF was heated at a rate of 1K/s from room
temperature to 800 °C in a stream of Ar/O, (80 : 20).

. 0, .
100 TG: mass /% DTA:exo |

MS: ion current / a.u.

AT Am fragments
°C Y% m/z
m/z=18

25-142 7 18
vJJ\J\M__ 142-266 13 18, 42
10 myz= 42 266-336 24 18,42, 44
336450 37 18, 44

//J\/L 0.2 m/z= 44

20 m/z= 56

30 m/z=73

100 200 300 400 500 600 700 800
T/°C

Figure 3.27 - TG/MS analysis of UHM-25-Val (150), weight loss (black) and
DTA (grey) are plotted in the upper part and in the lower part of the dia-
gram the characteristic single ion currents are shown for Z = 18 (H,0), 42
(THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

From room temperature to 142 °C only 7 % weight loss is observed. Judg-
ing from the recorded mass spectra, this weight loss can by solely ascribed to
the loss of water from the sample. A second weight loss occurs between 142 °C
and 266 °C and amounts to 13 % of the sample weight. It is observed simulta-
neously to the expulsion of solvent from the framework that can be detected
as a fragment with m/z = 42 in the SIM trace. Framework decomposition oc-
curs in a two-step process: Between 266 °C and 336 °C a weight loss of 24 % is
observed and another 37 % are lost between 336 °C and 450 °C. In both cases,
water and carbon dioxide can be observed as the combustion products of the
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organic SBU in the respective SIM traces (m/z = 18,44). After heating to 800 °C
a black solid residue was obtained that corresponds to 19 % of the original sam-
ple weight. This residue has been identified by PXRD as CuO. In comparison
with the TG/MS of the N-Boc protected MOF 141 (15 %, see [Figure 3.25), less
organic material is present in UHM-25-Val, which can be ascribed to the lower
molecular mass of the linker. No signal was detected for m/z = 56 because
the amino groups of the linker used for the synthesis of UHM-25-Val was al-
ready deprotected beforehand (see[Scheme 3.24). Furthermore, no signals were
detected that correspond to DMF. This indicates that the solvent exchange from
DMEF to THF proceeded quantitatively.

As an example for the Evans-type MOFs, the results of the thermoanalysis
of UHM-25-Val-Evans are shown below. The linker used in the synthesis of this
MOF is derived from valine and therefore bears the same isopropyl substituent
as in the other two MOFs. The THF exchanged Evans-auxiliary MOF was heated
atarate of 1 K/s from room temperature to 800 °C in a stream of Ar/O, (80 : 20).

The first weight loss of the sample corresponds to 15 % of its weight and
occurs between room temperature and 170 °C. This weight loss is ascribed to
evaporation of solvent (THF, residual water) from the pore volume. In a sec-
ond step, more of the pore filling solvent is expelled and between 170 °C and
262 °C another 17 % of the sample weight are lost. Combustion of the MOF oc-
curs in two steps. In the first step between 262 °C and 337 °C a weight loss of
20 % is observed. The data from SIM show not only the combustion products of
this process (H,O and CO,) but also a peak in the signal of m/z = 42, which
corresponds to THF that is liberated upon the decomposition of the UHM-25-
Val-Evans. In the second step of combustion 31 % of the sample weight are lost
between 337 °C and 456 °C. After this step, the sample weight remains constant.
The resulting solid residue of this process amounts to 16 % of the original sam-
ple weight and has been identified as CuO by powder X-ray diffraction just like
in the two examples above.

The resemblance of the crystal structures of the UHM-25 MOFs leads to sim-
ilar observations in the respective TG/MS measurements: The decomposition of
the MOFs proceeds in a two-step process in similar temperature ranges. In each
case, a comparable residual mass of 15-19 % is obtained after heating to 800 °C.
Furthermore, DMF was absent in all of the samples after solvent exchange. A
noticable difference between the three sample is the observation of the cleavage
products of the protective group together with a distinct loss of mass around
180 °C in UHM-25-Val-Boc (141).
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100 | JG: mass / % DTA: exo |

0 -
MS: ion current / a.u. AT Am fragments

M °C % m/z
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Figure 3.28 — TG/MS analysis of UHM-25-Val-Evans (154), weight loss

(black) and DTA (grey) are plotted in the upper part and in the lower part

of the diagram the characteristic single ion currents are shown for 2 = 18
(H,0), 42 (THEF), 44 (CO,), 56 (isobutene), and 73 (DMF).
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3.3.5 Porosity

In order to evaluate the porosity of the UHM-25 MOF series nitrogen physisorp-
tion measurements were carried out. Activation of the MOFs involved a twofold
solvent exchange (first with a fresh portion of the synthesis solvent DMF fol-
lowed by THF). The second solvent exchange resulted in a color change of the
MOF from light blue to dark blue, possibly due to a exchange of the axially co-
ordinated ligands at the copper paddle-wheels. The MOFs were evacuated at
room temperature for one hour. Unfortunately, any thermal treatment at higher
temperatures resulted in all cases in completely non-porous samples. Even if
these mild activation conditions were applied not in all cases appreciable values
for the specific surface area could be inferred, indicating a limited robustness
of the framework with respect to complete solvent removal. shows
a nitrogen physisorption measurement at 77 K of UHM-25-Val-Evans that has
been subjected to a solvent exchange.

adsorbed volume / cm’g’”"
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Figure 3.29 — Nitrogen physisorption isotherm of UHM-25-Val-Evans after
solvent exchange and activation at 40 °C and vacuum measured at 77 K.

In the sorption experiment, a type-I-isotherm is observed for UHM-25-Val-
Evans, which is typical for microporous materials. The specific surface area was
determined as Sggr = 1978 m?/ g which was calculated from the adsorption
branch and in the relative pressure interval from 0.012 to 0.075 p/ po. The micro-
pore volume is Vpore =0.76cm®/g (calculated at p/py = 0.20). The theoretical
surface area of the material is Sypeor. = 2200 m?/ g in a completely activated state

152



RESULTS AND DISCUSSION

evaluated with the Atom Surface and Volume tool of the Accelrys Materials Stu-
dio suite.22l

The individual sorption isotherms for the UHM-25 series can be found in the
Experimental section (see Chapter ). lists the results for the specific
surface areas and micropore volumes for the activated MOFs of the UHM-25
series.

Table 3.7 — Specific surface areas and micropore volumes of the UHM-
25 MOFs calculated from the adsorption branch of the physisorption
isotherms with their respective values for p/pg determined after solvent
exchange with THF and thermal activation at 40 °C and vacuum for one
hour.

SBET Vpore

m?g! p/po g™t p/po
UHM-25-Ala-Boc 1519  0.155-0.300 0.06 017
UHM-25-Val-Boc 1134 0.013-0.050 046 0.20
UHM-25-Leu-Boc 979.9  0.015-0.076 041 0.20
UHM-25-Phe-Boc 578.8  0.017-0.074 024 020
UHM-25-Ala 99.5 0.123-0.278 0.04 017
UHM-25-Val 536.3  0.013-0.050 021 0.18
UHM-25-Leu 2247  0.128-0.275 0.07 0.18
UHM-25-Phe non-porous
UHM-25-Pro non-porous
UHM-25-Val-Evans 1978  0.012-0.075 076  0.20
UHM-25-Phe-Evans ~ 574.8  0.019-0.075 023 0.20

As a general trend, it can be observed, that the MOFs bearing an N-Boc group
show higher surface areas, than their non-protected counterparts. Furthermore,
the MOFs with the smallest amino acid residues UHM-25-Ala-Boc and UHM-
25-Ala show only very small specific surface areas. This indicates that the stabil-
ity of the framework structures may benefit from sterically demanding residues
on the organic SBU.

Unfortunately, not all MOFs of the UHM-25 series could be activated by the
procedure described above. The experimental specific surface areas for UHM-
25-Ala-Boc, UHM-25-Ala, and UHM-25-Leu are very low. For UHM-25-Phe and
UHM-25-Pro the activation procedure yielded non-porous materials. As an al-
ternative strategy for activation, solvent exchange with supercritical carbon diox-
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ide was evaluated as a procedure that avoids capillary forces during the removal
of the pore-filling solvent (see Section[I.4.1).

In a typical activation procedure, the supernatant of the reaction was re-
placed with DMF (three times) and then with THF (three times). This resulted
in a color change of the MOF from light blue to dark blue. Afterwards, THF was
replaced with amyl acetate (AmOAC) (three times). Samples were placed in a
steel autoclave, which was sealed and filled with liquid carbon dioxide at 10 °C
and 45 bar. Over the course of ten days, the supernatant that was saturated with
AmOACc was replaced with fresh carbon dioxide once a day. The liquid carbon
dioxide was heated to 35 °C to reach the supercritical state. The chamber was
at vented at this temperature and the activated sample was stored under argon
atmosphere. The experimentally determined specific surface areas and pore vol-
umes of the UHM-25 series for this activation procedure are listed in [Table 3.8

Table 3.8 — Specific surface areas and micropore volumes of the UHM-
25 MOFs calculated from the adsorption branch of the physisorption
isotherms with their respective values for p/py determined after activation
with supercritical CO,.

SBET Vpore

m?g~! p/po_em’g™t p/po
UHM-25-Ala-Boc 1474 0.016-0.100 058 0.20
UHM-25-Val-Boc 1922 0.009-0.020 1.00 020
UHM-25-Leu-Boc 1738  0.016-0.074 0.68 0.20
UHM-25-Phe-Boc 623.2 0.007-0.024 025 0.20
UHM-25-Ala 975.7 0.010-0.048 039 0.20
UHM-25-Val 1286.3 0.011-0.049 051 0.20
UHM-25-Leu 1351  0.010-0.049 053 020
UHM-25-Phe 469.6  0.014-0.075 019 0.20
UHM-25-Pro 371.5 0.010-0.048 015 0.20
UHM-25-Val-Evans 1454 0.014-0.075 056 0.20
UHM-25-Phe-Evans 728.9 0.022-0.104 031 021

The experimentally determined specific surface areas of the UHM-25 MOFs
are significantly higher after activation with supercritical carbon dioxide com-
pared to the surface areas of the materials obtained from solvent exchange with
THE. Interestingly, the observed surface areas of the N-Boc protected MOFs
are higher than their non-protected counterparts, which may be explained by
a greater stability of the N-Boc protected MOFs during the activation proce-
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dure. Unfortunately, the theoretical surface area of about Sy,eor. = 2200 m?/ g is
still not reached by this method of activation. Nevertheless, these measurements
prove the presence of micropores in the UHM-25 MOFs. Furthermore, the dis-
ability to achieve the full theoretical permanent porosity should not impede the
application of the UHM-25 series in stereoselective reactions.
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3.4 Further Topological Studies

3.4.1 Synthesis and Structure of UHM-20

In an attempt to synthesize a MOF with a chiral inorganic SBU, an interest-
ing structure was obtained. The reaction to synthesize the material is shown in
In a solvothermal synthesis, 3,3’,5,5"-tetracarboxy-benzophenone
(136) was reacted with zinc nitrate in N,N-dimethylacetamide (DMA). N-Boc-
valinol was added as a chiral additive, attempting an inclusion in the inorganic
SBUs of a MOF. A crystalline material was obtained after heating the reaction
mixture at 80 °C for 18 hours in a sealed vessel, which was filtered and washed
with DMA. Unfortunately, no phase purity could be achieved in the bulk mate-
rial. Therefore, further investigations of the physicochemical properties such as
nitrogen physisorption experiments were disregarded. However, the observed
structure of UHM-20 is highly interesting from a topological point of view.

COOH Zn  Zn
OH
0 o NHBoc
HOOC Zn(NO3), * 6 H,0
O DMA
HOOC COOH 80°C, 18h
136 156

Scheme 3.32 — Schematic representation of the reaction of 3,3',5,5-
tetracarboxy benzophenone with a Zn(Il) source in the presence of N-Boc-
valinol that yields a crystalline material.

The material that was obtained from the reaction contained crystals that
were suitable for single crystal X-ray diffraction experiments. Unfortunately, the
inclusion of the chiral additive into the framework was not observed. UHM-20
(Zn5(C13HgOy)s5) crystallizes in the tetragonal space group [4/m with the unit
cell parameters @ = b = 26.7514 A and ¢ = 35.7016 A. The tetracarboxylate of
136 is included in the framework as a four-connected organic SBU.

Although the benzophenone linker 136 has a similiar geometry to linker 147
(see that leads to the zhc topology in UHM-3, no isoretic-
ular relationship is observed between this UHM-3 and UHM-20. Interestingly,
there are two different kinds of inorganic SBU present in the MOF that are struc-
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turally related. The carboxylates from the linker and zinc dimers form paddle
wheel structures that are either three- or four connecting. The axial positions of
the paddle wheels are coordinated by solvent molecules. In the case of the three-
bladed paddle wheel an additional solvent molecule is coordinated to the inor-
ganic SBU. The two different kinds of inorganic SBU are shown in
There is a 4:3 distribution of three- and four connecting inorganic SBUs.

Figure 3.30 — Two different kinds of zinc paddle wheel inorganic SBUs con-
nected by an isophthalate residue of the organic SBU in UHM-20: a four-
connected inorganic SBU built from a zinc dimer and four carboxylates and
a three-connected inorganic SBU built from a zinc dimer and three carboxy-
lates. In addition to the axially bound solvent molecules, there is another
solvent molecule bound on the three-bladed-paddle wheel. (for the solvent
molecules only the coordinating oxygen atoms are shown, green: zinc, grey:
carbon, red: oxygen, hydrogen atoms omitted for clarity).

MOPs are formed from the isophthalate moieties of the linkers and two dif-
ferent paddle-wheel motifs as subunits in this MOF. These MOPs, depicted in
contain eight three-connected inorganic SBUs and six four-connec-
ted inorganic SBUs. The inorganic SBUs are connected to each other via 24 of
the isophthalate residues that belong the organic SBU. This arrangement can
be described as a rhombic dodecahedron whose corners are occupied by the
zinc dimers. The interatomic distance of two opposing zinc atoms is 16.5 A tak-
ing into account the van-der-Waals radii of the atoms the pore diameter for the
cuboctahedral pore amounts to 12.0 A.

The MOPs of UHM-20 are arranged on a tetragonal, body-centered lattice. In
this arrangement, each of the MOPs is connected to twelve neighboring MOPs
via bridging by two individual organic SBUs to each of the neighbors. An ar-
rangement of six distinct, interconnected MOPs is shown in The

space that is surrounded by six of the MOPs constitutes a second type of pore in
UHMS-20. These pores have a diameter of 8 A and are highlighted in |[Figure 3.32
as a green sphere. A third type of pore is shown in [Figure 3.32|as a red sphere.
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Figure 3.31 — MOP from 24 isophthalic groups of the organic SBU, eight
three-connected inorganic SBUs and six four-connected inorganic SBUs.
The resulting shape is a rhombic dodecahedron whose corners are occupied
by the zinc paddle wheels. Only the isophthalates that bridge the paddle
wheels and lie on the edges of the rhombic dodecahedron are shown. The
rest of the linker molecules and coordinated solvent molecules are omitted
for clarity (grey: carbon, red: oxygen, green: zinc, omitted: hydrogen atoms
as well as oxygen atoms occupying the axial positions of the inorganic SBU)

It is surrounded by four MOPs with a tetrahedral geometry and has a diameter
of 4A.

The crystal structure of UHM-20 may be described as a packing of MOPs. In
contrast to the cubic primitive arrangement of MOPs in the UHM-25 series, the
MOPs of UHM-20 are in a tetragonal body centered arrangement. This results
in the formation of tetrahedral and octahedral voids between the MOPs.

In order to determine the underlying net for UHM-20, the building units
that serve as nodes have to be identified. The first set of nodes are the two
kinds of paddle wheels that constitute the inorganic SBUs of the MOEF. In the
case of UHM-20, they constitute three-coordinated trigonal-planar and four-
coordinated square-planar nodes, respectively. As discussed in section[3.3.1} the
branching points of the organic SBU are explicitly included in the topologi-
cal analysis as a combination of two triangular, three-coordinated nodes. The
topological analysis of UHM-20 and the determination of a natural tiling was
performed using the TOPOSProl284l and Systrel2®®l software. The underlying
topology of the framework structure has not been reported so far. It has been
registered at the TOPOSPro personal database with the name fhs1.28l Tt is a
(3,3,3,3,4,4)-c net with the following vertex symbols and coordination sequences:
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Figure 3.32 — (a) view along the (210) direction of an arrangement of six
interconnected MOPs (yellow spheres) in UHM-20, the green sphere is lo-
cated in the pore space that is surrounded by six MOPs in a distorted oc-
tahedral arrangement (b) view along the c axis of the same arrangement of
six MOPs (c) view along the (210) direction of an arrangement of four inter-
connected MOPs, red sphere is located in the pore space that is surrounded
by four MOPs is a distorted tetrahedral arrangement (green: zinc, grey: car-
bon, red: oxygen, solvent molecules and hydrogen atoms are omitted for
clarity).
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vertex symbol VS,

vertex

1 (3-¢) 6.8.8
2 (3-C) 6.8,.9;
2(3-) 6.82.9
3(3-0) 6.8,.9
4 (3-¢) 8.8.8.8.125.125
5 (4-c) 6.8.8.8.125.123

6 (4—C) 3.3.3.6.6.6.20252. * ok Lk

coordination sequence c;

vertex 3 4 5 6 7 8 9 10
1(3-0) 14 26 43 66 83 115 148 181
2 (3-¢) 14 27 44 61 88 110 147 177

14 26 43 61 87 115 150 179
14 26 43 60 87 114 145 180
16 28 44 69 84 117 140 172
15 26 42 61 87 115 148 174

@

(@)

\e)
R W W W W=
®ONNNO|N

The embedding with the highest symmetry of the underlying net of UHM-20
belongs to the space group 14/m. This is in accordance with the space group for
the actual crystal structure of this MOEF. The transitivity of the net is pqrs = 6853.
A representation of the underlying topology is shown in

Interestingly, the underlying net is by far more complex than the topologies
observed for the interconnected MOPs of UHM-25 described in Section 3.3.1]
(page[126). In principle, the arrangement of rhombic dodecahedral MOPs could
occur similar to the arrangements described for the cuboctahedral MOPs. In
fact, a primitive cubic arrangement of rhombic dodecahedral MOPs has been
reported recently by Lah and co-workers for a zinc based MOF that exhibits the
same inorganic SBUs as in UHM-20.224 However, they have employed elon-
gated di-isophthalic acid linkers. This resulted in a connection of neighboring
MOPs by four individual organic SBUs via the corners of the rhombic dodec-
ahedron that has been classified as zjz. The augmented version of this net is
depicted in

Such a simple connectivity of the MOPs is not observed for the fhis1 topology.
The natural tiling of the flis1 net is depicted in[Figure 3.35| There are three differ-
ent tiles that correspond to the individual pore spaces of the MOEF. The yellow
tiles are assigned to the void inside the MOP. The red and green tiles correspond
to the tetrahedral and octahedral voids, respectively.
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Figure 3.33 — Perspective drawing of the underlying fhs1 topology of UHM-
20 as an augmented net. The light blue triangles and dark blue squares
correspond to the three- and four-coordinating nodes formed by the zinc
paddle wheels. The red triangles correspond to the three connecting nodes
formed by the isophthalate substituents of the organic SBU.

The MOPs are connected to each other via two adjacent edges. This is in
contrast to the connectivity observed for other interconnected MOPs in which
the neighbors were connected via the faces or corners of the polyhedra, such as
those in the zhc, zmj or ucp topologies. A representation of the connectivity of
the MOPs is shown in[Figure 3.36] It demonstrates the connectivity of the MOPs.
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Figure 3.34 — Representation of the zjz topology as an augmented net. The
light blue triangles and dark blue squares correspond to the three- and four-
coordinating nodes formed by the zinc paddle wheels. The red triangles
correspond to the three connecting nodes formed by the isophthalate sub-
stituents of the organic SBU; yellow polyhedra derived from the MOPs are
added as a guide to the eye.
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Figure 3.35 — (a) Segment of the tiling and fhs1 net carried by the tiling,
the yellow tiles correspond to the space inside the MOPs and the green
tile corresponds to the space that is octahedrally surrounded by the MOPs.
The space that is represented by the red tiles is surrounded by the MOPs
in a tetrahedral arrangement. The corresponding net is represented as a
collection of colored nodes (red: three-coordinated nodes derived from the
branching points of the four connecting organic SBU, light blue: three-
coordinated node derived from the three-connected inorganic SBU, dark
blue: four-coordinated node derived from the four-connected inorganic
SBU).
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Figure 3.36 — Section of the tiling of UHM-20 and fhs1 net carried by the
tiling; only the tiles that correspond to the space inside the MOPs are
shown. The central, orange tile is connected to each of the twelve neigh-
boring yellow tiles via two edges of the fis1 net which is represented as
a collection of colored nodes (red: three-coordinated nodes derived from
the branching points of the four connecting organic SBU, light blue: three-
coordinated node derived from the three-connected inorganic SBU, dark
blue: four-coordinated node derived from the four-connected inorganic
SBU).
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3.4.2 Synthesis and Structure of UHM-26

The tetracarboxylate linker 136 has also been used in the synthesis of a MOF
with a Cu(Il) salt. In this synthesis, conditions were applied that are similar to
those of the preparation of the UHM-25 series (see Section [3.3). The reaction is
shown in The tetracarboxylic acid was subjected to solvothermal
synthesis in screw-capped flask at 40 °C for three days. This yielded the MOF
UHM-26 as a light blue, crystalline material. However, phase purity could not be
achieved in the bulk material and further investigations of the physicochemical
properties were disregarded. But the topology of the network and the role of the
organic SBU in this MOF are interesting from a structural point of view, which
are discussed in the following.

COOH

o
HOOC Cu(NO3), * 3 H,O
O DMF / H,0 / HNO3

COOH 40°C, 3d

HOOC

136 157

Scheme 3.33 — Schematic representation of the reaction of 3,3’,5,5-
tetracarboxy benzophenone with a Cu(Il) source in a mixture of DMF and
water in the presence of diluted HNO;. Copper atoms indicate the incorpo-
ration of three out of four carboxylic groups into the framework structure.

The synthesis described above yielded single crystals that were suitable for
X-ray diffraction experiments that allowed the determination of a crystal struc-
ture. The structure found for this material shows an interesting connectivity of
the organic SBU and can be described as follows.

UHMS-26 crystallizes in the monoclinic space group C2/c¢ with the unit cell
parameters a = 32.0220A, b = 21.4733A, ¢ = 9.4652A, and B = 101.090°.
Although the linker used in the synthesis of UHM-26 is principally tetratopic,
one carboxylic group of the linker remains uncoordinated. Therefore, the linker
serves as a three-connected organic SBU in the framework. Each organic SBU is
connected to two distinct kinds of inorganic building units. First, one carboxy-
late group from each of the isophthalate groups of the linker is bound to a cop-
per paddle wheel each. Second, a carboxylic group of one of the isophthalates is
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additionally connected to a one-dimensional rod-like SBU. This connectivity is

depicted in

(@ (b)

Figure 3.37 — (a) Three-dimensional structure of the organic SBU together
with two four-connected copper-paddlewheels and a segment of a one-
dimensional rod-like SBU. (b) View along the crystallographic b axis of a
segment of the infinite, rod-like inorganic SBU in UHM-26 that consists of
edge-sharing octahedra bridged by carboxylate groups in an alternating ar-
rangement (blue octahedra: copper in the rod-like SBU, blue: copper, red:
oxygen, grey: carbon, hydrogen atoms and disordered solvent molecules
are omitted for clarity).

The one-dimensional inorganic SBUs run along the crystallographic ¢ axis
and lie at the centers of four faces of the unit cell. Neighboring rod-like SBUs are
connected via two isophthalate groups of the organic SBU that are bridged by a
copper paddle wheel. A representation of an expanded unit cell of UHM-26 that
demonstrates this connectivity is depicted in The formation of one-
dimensional SBUs is often associated with the formation of a channel-like pore
system. This is also the case for UHM-26. Here, rectangular, one-dimensional
pores run parallel to the infinite SBUs. These pores are decorated with the un-
coordinated carboxylic groups of the organic SBU. The interatomic distance of
two carboxylic carbon atoms that oppose each other is 10.05(5) A and the dis-
tance of two oxygen atoms that oppose each other on different rod-like SBUs is
15.45(5) A.

For MOFs with infinite SBUs this process is not as straightforward as for
MOFs with discrete metal clusters.Bl In the case of UHM-26 the rod-like SBU is
abstracted to a collection of four-coordinated nodes. The paddle wheel structure
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(@ (b)

Figure 3.38 — (a) View along the crystallographic ¢ axis of an expanded unit
cell of UHM-26 in which rod-like inorganic SBUs run along the viewing di-
rection, the rectangular one-dimensional pore in the center of the unit cell
is lined with uncoordinated carboxylic groups; (b) view along the crystallo-
graphic ¢ axis of the same cell (blue octahedra: copper in the rod-like SBU,
blue: copper, red: oxygen, grey: carbon, hydrogen atoms and disordered
solvent molecules are omitted for clarity).
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of the other inorganic SBU is treated as a four-coordinated node with square-
planar geometry. The organic SBU that is derived from the tetracarboxylate
linker is treated as a three-coordinated node with a trigonal-planar geometry.
The abstracted building units of UHM-26 are shown in[Figure 3.39in their aug-
mented forms.

(a) (b)

Figure 3.39 — (a) The infinite inorganic SBU of UHM-26 can be abstracted as
aladder-type arrangement of 4-c nodes, shown here in the augmented form
(b) the abstracted 4-c paddle wheel motif (blue square) and 3-c organic SBU
(red triangle) in their augmented form.

Using the abstraction of the SBUs as described above, a topological analysis
of UHM-26 was performed using the TOPOSPro.22ll The underlying topology
of the framework structure has not been reported so far. It is a (3,4,4)-c net with
the following vertex symbols and coordination sequences:

vertex symbol VS,

vertex
1(3-) 4.6.6
2 (4-¢) 4.4.6.6.8,.8,

3 (4—C) 4'4'6-6-221680-221680

The net that represents the topology of UHM-26 is shown in[Figure 3.40| The
ideal space group for embedding of this net has been determined with Systrel252l
as Cccm which is the proper supergroup of the space group C2/c of the crystal

168



RESULTS AND DISCUSSION

coordination sequence c;

1 2 3 4 5 6 7 8 9 10
13c 3 8 12 22 33 42 60 81 113 153
2(4c) 4 6 14 22 32 44 52 80 120 154
34c) 4 9 16 23 32 49 715 93 114 114

structure of this MOF. To obtain this high symmetry embedding, the net that
was simplified with TOPOSProl234 was further idealized by a repositio of
the three-coordinanted vertex with the Accelrys Materials Studio suite?2 to
obtain a trigonal-planar geometry.
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Figure 3.40 — (a) View along the (011) direction of a perspective drawing of
a2 x 2 x 2super cell of the underlying net of UHM-26 in its augmented
form; the nodes that correspond to the rod-like inorganic SBU run across
the ac and the bc face of the unit cell. (b) View along the crystallographic b
axis on the same super cell. (light blue distorted tetrahedra correspond to
the 4-c nodes of the rod-like inorganic SBU, dark blue squares correspond to
copper paddle-wheels, and red triangles correspond the the organic SBU).

The transitivity of the net is pgrs = 3442. The natural tiling of the underlying
topology of UHM-26 is depicted in[Figure 3.41] There are two different tiles that
correspond to the one-dimensional pore space of the MOF. The tiles are stacked
along the c direction in an alternating arrangement.
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Figure 3.41

— (a) Segment of the tiling derived from the crystal struc-

ture of UHM-26 and the net carried by the tiling, the yellow and green
tiles correspond to the space inside the one-dimensional pore system. The

tiles are stac

ked along the ¢ direction in an alternating arrangement. The

corresponding net is represented as a collection of colored nodes (red:
three-coordinated nodes derived from the organic SBUs, dark blue: four-

coordinated
coordinated

nodes derived from the copper paddle-wheels, light blue: four-
nodes derived from the one-dimensional inorganic SBUs).

The benzophenone tetracarboxylate 136 is structurally related to the linker

molecules (see]

page(131)) that yielded interconnected cuboctahedral

MOPs under t
benzophenone

he same general synthetical conditions. It is remarkable that the
linker (136) formed a framework structure that bears no resemb-

lence to the systems described in Section 3.3.1] The reason for this behavior may
be the lack of conformational flexibility of the benzophenone motif which may
impede its ability to adopt the conformations that are necessary for the intercon-
nection of cuboctahedral MOP.
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3.5 Catalysis

Among the substituents on the organic SBUs from MOFs of the UHM-25 series
are functional groups that makes them feasible candidates for heterogeneous,
asymmetric catalysis. Because reactions mediated by a pyrrodinyl system have
been studied intensively (see Section[1.5.2), UHM-25-Pro has been identified as
the most promising candidate from the UHM-25 series for such applications.
UHM-25-Pro bears a free secondary amine inside a five-membered heterocy-
cle, enabling it to form reactive enamine species that can attack carbonyl com-
pounds. A well-studied example for this type of reaction is the self-directed al-
dol addition of acetaldehyde. Hayashi and co-workers have reported a series
of diaryl prolinol systems that have been successfully applied in the synthesis
of 3-hydroxybutanal.2! Chiral B-hydroxyaldehydes are synthetically versatile
intermediates. Methods to obtain this building block often proceed via indirect
pathways.[226227l However, direct methods from acetaldehyde are straightfor-
ward since they employ a very simple building block to obtain a useful chi-
ral carbonyl compound.??®l A proposed mechanism for this reaction shown in
Scheme 3.34

Attempts to synthesize 3-hydroxybutanal with UHM-25-Pro as a catalyst
were performed in CH,Cl,. This solvent was chosen because it allows a direct
monitoring of the reaction by gas chromatography. Therefore, to prepare UHM-
25-Pro for the assessment of enantioselectivity, the solvent exchanged material
that was obtained after the synthesis was treated repeatedly with CH,Cl,. This
procedure replaced THF from the pores which was used in the final wash proce-
dure in the preparation of the UHM-25 MOFs. UHM-25-Pro that was exchanged
with CH,Cl, was weighed and suspended in CH,Cl,. This suspension was de-
gassed to remove oxygen that might oxidize the reactants. Acetaldehyde was
added to the suspension of the MOF in CH,Cl, to yield a 10 % solution by vol-
ume. After five days at room temperature, the formation of the desired product
was observed by GC-MS measurements. However, not only the desired pro-
duct was present. Because an excess of acetaldehyde in the reaction mixture
is present, a cyclic acetal can be formed from the hydrated acetal 163. This re-
versible process is shown in[Scheme 3.35

To overcome the formation of this byproduct, the reaction was modified ac-
cording to a literature procedure in which the aldehyde 163 was protected as an
acetal.[2?l The reaction to form 3-hydroxybutanal (163) by catalysis with UHM-
25-Pro was prepared and performed as described above. After stirring for five
days at room temperature, the MOF was filtered off. The filtrate was treated
with methanol and Amberlyst® 15, which serves as a resin-bound sulfonyl ca-
talyst. This heterogeneous acid catalyst converted the 3-hydroxybutanal (163) to
the corresponding dimethyl acetal 165. Furthermore, this subsequent protection
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Scheme 3.34 — Schematic representation of the catalytic cycle of the self-
directed aldol addition of acetalydehyde catalyzed by «,x-diphenyl pro-
linol. In the first step, acetaldehyde reacts with the secondary amine of
the amino alcohol 158 to form an enamine. The addition of the enamine to
another molecule of acetaldehyde proceeds via a transition state in which
the aldehyde is tethered to the tertiary alcohol by a hydrogen bond (160).
Through this interaction, the nucleophilic addition to the electrophile takes
place on the si-face of the enamine. In the last step, 3-hydroxybutanal is
liberated from the diaryl species by hydrolysis.
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Scheme 3.35 — Schematic representation of the self-directed aldol addition
of acetalydehyde catalyzed by UHM-25-Pro. In the first step of the reaction
sequence, acetaldehyde reacts with another molecule of acetaldehyde (162),
catalyzed by UHM-25-Pro. Hydration of 3-hydroxybutanal (163) leads to
the reaction with a third equivalent of acetaldehyde. The cyclic trimer 164
is formed which is in equilibrium with the acyclic aldol product.

of the aldehyde facilitated the isolation and analysis of the reaction product. The
reaction sequence for this procedure is shown in[Scheme 3.36]

After the conversion of the aldehyde to the acetal, the reaction mixture was
filtered and the solution was concentrated in vacuum. The dimethylacetal was
obtained as a clear liquid with a yield of 45 %. Compared to a literature procedure!l
that uses a structurally similar but homogeneous prolinol derivative that gives
the reaction product with 48 % yield, similar to the homogeneous version of this
reaction.

In the self-directed aldol addition of acetaldehyde catalyzed by UHM-25-
Pro, one new stereocenter is formed at the carbonyl group that serves as the
electrophile (compare [Scheme 3.34). To evaluate the stereoselectivity of this re-
action, a relative quantification of the individual enantiomers is necessary. This
analysis was performed using enantioselective gas chromatography (GC). Hy-
drogen was used as a carrier gas and the enantioseparation was performed
on a stationary silica phase modified with heptakis-(2,3-di-O-methyl-6-O-tert-
butyldimethylsilyl)-3-cyclodextrin. A complete separation of the enantiomers
on the GC column was achieved using a temperature gradient of 1 °C/min af-
ter keeping the column heated to 70 °C for five minutes after injection of the
sample. A chromatogram of the separation of the reaction product is shown in

o Vi
@,

The chromatogram displays a shift in the baseline after six minutes that can
be ascribed to the change in temperature after an isothermic phase during the
temperature program. Between the retention times of eight to eleven minutes
small, overlapping peaks are detected. These signals were identified by com-
parison of the recorded mass spectra with a reference database as the two enan-
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Scheme 3.36 — Schematic representation of the self-directed aldol addition
of acetalydehyde catalyzed by UHM-25-Pro. In the first step of the reaction
sequence, acetaldehyde reacts with another molecule of acetaldehyde, ca-
talyzed by UHM-25-Pro. To protect the 3-hydroxyaldehyde, UHM-25-Pro
is removed and the solution is treated with methanol and a resin-bound
sulfonyl catalyst (Amberlyst®) to form the corresponding dimethylacetal
(165).
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Figure 3.42 — Total ion count of the enantioselective gas chromatographic
separation of the reaction product (165) from the self-directed aldol addi-
tion of acetaldehyde catalyzed by UHM-25-Pro. Baseline separation was
achieved for the major products on a 3-cyclodextrin column with a tempe-
rature gradient program.
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tiomers of the deprotected aldehyde (163). The presence of the free carbonyl
compound may be explained by a partial decomposition of the dimethyl acetal
165 on the hot injector block of the GC system. At the retention times of 18.4 min
and 19.2 min two isolated peaks can be observed. Mass spectra recorded for the
individual peaks show identical fragmentation, indicating that these peaks can
be ascribed to a set of enantiomeric compounds. The mass spectra for the indi-
vidual peaks are shown in[Figure 3.43|and can be assigned to the 1,1-dimethoxy-
3-hydroxy-butane (165) via the fragmentation pattern in the mass spectra. Due
to the high tendency of acetals to dissociate during mass spectrometry, the ion
with the highest mass (1/z = 103) does not correspond to the molecular ion but
to one of its fragments. The most intensive signals of the spectrum at m/z = 75
and m/z = 59 can be assigned to the fragments that result from an «a-cleavage
next to the acetal.
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Figure 3.43 — Mass spectra for the peaks at retention time 18.4 (top) and 19.2
minutes (bottom). The fragmentation patterns of the separated compounds
are identical because they are caused by the enantiomers of the same com-
pound; fragments of the molecular ions are highlighted in black.

As itis clearly visible from the chromatogram in [Figure 3.42} one enantiomer
is preferentially formed in the aldol addition. The exact ratio of the enantiomers
that are formed in the reaction can be determined by the integration of the total
ion count of the individual peaks of the chromatogram. This integration reveals
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an enantiomeric ratio of 70:30 between the two enantiomers. This corresponds
to an ee of 40 %.

The assignment of the absolute configuration of the reaction products was
achieved on the basis of a control experiment: a homogeneous catalysis was
performed using the same reaction conditions for the aldol addition of acetalde-
hyde. Here, o, x-diphenyl prolinol was used as a soluble catalyst instead of solid
UHM-25-Pro. Hayashi and co-workers reported the (S)-configurated aldehyde
as the main product of the reaction aldol addition with this proline derivative.2l
Comparison of the chromatograms of the heterogeneous and homogeneous re-
action shows that the same enantiomer is formed as the major reaction product.
An enantiomeric ratio of 74:26 was observed for the homogeneous control re-
action, which is slightly higher than the heterogeneous reaction catalyzed be
UHM-25-Pro.

Although secondary amino alcohols are the prevalent species in enantios-
elective organocatalysis, enamine catalysis may also proceed through reaction
with primary amino alcohols.B% Therefore, the MOFs of the UHM-25 series
that feature unprotected primary amino alcohols were also assessed as stereo-
selective organocatalysts using the same reaction parameters as described for
the catalysis with UHM-25-Pro. An overview of these reactions with the respec-
tive UHM-25 MOFs is given in[Scheme 3.37]

Workup and analysis for the individual reactions were performed analogous
to the procedure described for UHM-25-Pro. However, the use of the primary
amino alcohols as catalysts led to a significant decrease in the yield of the reac-
tion. None of the reactions shown in provided the crude reaction
product 165 with a yield of more than 5 %. Nevertheless, enantioselective gas
chromatography was performed with the reaction products that were obtained.
A collection of the chromatograms is shown in In addition to the
dimethyl acetal 165, a number of unknown byproducts was observed. To deter-
mine the ee of the reactions signals were integrated that are characteristic for the
reaction product (m/z = 75). Unfortunately no stereochemical induction could
be observed for the reactions catalyzed by UHM-25-Val and UHM-25-Leu. In
the aldol addition catalyzed by UHM-25-Phe and the subsequent formation of
the acetal, (R)-1,1-dimethoxy-3-hydroxy-butane was preferentially formed with
an enantiomeric ratio of 44 : 56. Although the stereochemical induction is very
low, this is interesting because it is in contrast to the reaction catalyzed by the
proline derivatives, where the (S) product is formed preferably.

3 Hayashi and co-workers assigned the absolute configuration of the stereocenter by a reduction
of 163 to (S)-1,3-dihydroxybutane, which is a derivative of (S)-malic acid and whose optical rotation
and absolute configuration are documented in the literature. 222150l
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Figure 3.44 — Comparision of the chromatograms of reaction product of
the self-directed aldol additions of acetaldehyde catalyzed by UHM-25-Val,
UHM-25-Phe, and UHM-25-Leu. Each chromatogram shows the total ion
count (grey) and the ion count of m/z = 75 (red), which is a characteristic
fragment for the reaction product (165).
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Scheme 3.37 — Schematic representation of the self-directed aldol addition
of acetalydehyde catalyzed by UHM-25 MOFs with different substituents
on the amino alcohol substituent. The reaction yields y-hydroxy aldehyde
that is protected as the corresponding dimethyl acetal in a reaction with
methanol catalyzed by an ion exchange resin after the removal of the MOF
by filtration.

3.6 Post-Synthetic Modification

Due to the large amount of available functional groups, the UHM-25 MOFs may
be applicable not only for catalytic processes but also for reaction in which these
groups serve as solid support that provides a homochiral environment for sub-
sequent reactions. A three step procedure was envisioned to employ the UHM-
25-Evans MOFs in stereoselective applications. In such processes the nitrogen
atom of the 1,3-oxazolidin-2-one may be acylated with an achiral carboxylic
acid. Due to the defined stereocenter on the MOF-bound heterocycle one enan-
tiotopic face of the resulting amide 166 may be effectively shielded during the
formation of an enolate that can react with electrophiles in an aldol addition.
In the hypothetical reaction shown in two new stereocenters are
formed on the substrate. This type of reaction requires stoichiometrical amounts
of the MOF. However, the immobilization of the auxiliary in a solid material
should allow a convenient recovery of the reagent after the elimination of the
reaction product.

3.6.1 Post-synthetic modification (PSM) of UHM-25-Val-Evans

To evaluate the potential of the UHM-25 MOFs as chiral, solid auxiliaries they
were subjected to post-synthetic modification. In the first step of this reaction
procedure, an acylation of the MOF-bound oxazolidinone was attempted. A
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Scheme 3.38 — Schematic representation of a hypothetic aldol reaction me-
diated by a solid state Evans-auxiliary provided by a UHM-25-Evans MOF
(R = iPr or Bn). After an acylation of the free oxazolidinone (154/155) with
an activated carboxylic acid (highlighted in red), a stereoselective addition
can occur with a carbonyl compound to yield a MOF-bound aldol product
(168/169). Hydrolysis of the amidic bond can liberate the chiral carboxylic
acid and the unsubstituted oxazolidinone (154/155).
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very widespread method to achieve the acylation of a 1,3-oxazolidin-2-one em-
ploys n-butyllithium (n-BuLi) and an acylchloride or anhydride.B% In this re-
action, the organolithium reagent serves a very strong base to deprotonate the
NH-group of the auxiliary. The resulting oxazolidinide can then react with an
activated carboxylic acid to form the acylated auxiliary. This procedure was ap-
plied to UHM-25-Val and is shown in Because the organolithium
reagent decomposes in the presence of water, the MOF was exchanged repeat-
edly with dry THF before use and was kept under a protective atmosphere.
To deprotonate the auxiliary, n-Buli was added to a suspension of UHM-25-
Val-Evans in THF at —78 °C and was stirred at the same temperature. After the
deprotonation step, the supernatant was replaced with a solution of propionic
anhydride and the reaction mixture was slowly warmed to room temperature.
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Scheme 3.39 - Failed attempt to acylate 154 in a two-step procedure in
which the oxazolidinone moiety of UHM-25-Val-Evans should have been
deprotonated by n-butyllithium followed by a reaction with propionic an-
hydride.

To investigate the success of this modification, UHM-25-Val was washed
with repeatedly with THF, dried in vacuum and was then digested in hydrochlo-
ric acid. Unfortunately no conversion to the desired N-acylated product was
observed. This is probably the case, because of the tendency of n-BuLi to form
tetrameric aggregates.P%3l Tt is possible that the size of these aggregates pre-
vents these species from entering the pore system of UHM-25-Val. This is in
agreement with a report by Rood who attempted a lithiation of an MOF-bound
amino group with methyl lithium which was also unsuccessful.2%4

An alternative pathway for the acylation of oxazolidinones can be initiated
by lithium chloride. Proposed mechanisms for such an activation include the
chelation of the lithium ion by the anhydride, which increases its reactivity by
a coordination of the lithium to the amide which results in an increased acid-
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ity of the NH proton.B®! The attempted reaction employing LiCl is shown in
UHM-25-Val was suspended in THF and triethylamine, propionic
anhydride were added to the reaction mixture. Upon the addition of LiCl the
supernatant of the reaction immediately turned green. The reaction was stirred
for 18 hours.

o O O
Y A
O O LiCl, EtzN
THF, 0°C to rt, 18h

H
N
154

Scheme 3.40 — Attempt to acylate 154 in a procedure in which the oxazolidi-
none moiety of UHM-25-Val-Evans should have been activated by lithium
chloride followed by a reaction with propionic anhydride.

After filtration and digestion of the MOF, a molecule with the same molec-
ular weight as the desired N-acylated product was observed in the mass spec-
trum of the reisolated linker. However, after the addition of the lithium salt a
considerable amount of the MOF was dissolved. This can be explained by the
formation of dilithium tetrachlorocuprate which is soluble in THEF. This process
removes copper from the framework structure and thereby destroys the MOF.
Therefore, a homogeneous reaction in which the free linker was acylated cannot
be ruled out.

To obtain the N-acylated derivative of UHM-25-Val-Evans without the de-
struction of the framework structure, a third acylation procedure was inves-
tigated. This method uses 4-(dimethylamino)-pyridine (DMAP) as a catalyst
to acylate the carbamates. The pyridine derivative first reacts with the pro-
pionic anhydride. The resulting N-acylated pyridinium salt then acts as acyl
donor to the oxazolidinone and transfers the propionyl group to the nitrogen
atom. 1806307

The acylation as performed on UHM-25-Val-Evans is shown in[Scheme 3.41}
The MOF was suspended in THF together with triethylamine. A solution of
DMAP in THF and propionic anhydride were added to the suspension. After
one to three days, the MOF was isolated from a light green supernatant, washed
with THF and dried in vacuum.
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EtzN
THF, rt, 1-3 days

154 166

Scheme 3.41 — N-Acylation of the chiral 1,3-oxazolidin-2-one of UHM-25-
Val-Evans (154) using propionic anhydride in conjunction with catalytic
amounts of DMAP; Et;N is added as a base to capture propionic acid
byproduct.

To evaluate the performance of the reaction, the MOF was digested in di-
luted hydrochloric acid (1 M) in an ultrasonic bath. The reisolated linker was
dried and then analyzed by ESI-HRMS and 'H-NMR measurements. The acy-
lation reactions were performed with varying durations and concentrations of
the reactants. The results for these experiments are listed in[Table 3.9} The reac-
tions were performed with a large excess of the reagents with respect to the free
NH groups on the UHM-25 MOF. The molecular mass of UHM-25-Val was esti-
matedﬁ as 996 g/mol judging from the results of the thermogravimetric analysis
(shown in[Figure 3.28), assuming that the combustion of the UHM-25-Val-Evans
proceeds quantitatively to CuO. The calculation of the conversion was deter-
mined from an integration of characteristic signals in the 'H-NMR spectra of the
reisolated linker after digestion of the MOF. The desired product was obtained
for all entries in the following table which was confirmed by the spectroscopic
data of the reaction products.

The results in[Table 3.9show that a duration of the reaction of 24 hours gives
only a modest conversion of 37 % (entry 1). Therefore, the duration of the reac-
tion was increased to 72 hours. With this increase in time the conversion rate
was raised to 85 % to 90 % (entries 2-5). To further improve the conversion rate,
the amount of reagents was increased to a 26-fold excess and the reaction was
performed at elevated temperatures of 40 °C. This resulted in acylation of up to
96 % of the 1,3-oxazolidin-2-one groups of UHM-25-Val-Evans (entry 6). How-

“A molecular mass of the solvent-free MOF can be calculated as 732.6 g/mol according to the
UHM-25 crystal structure.
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Table 3.9 — N-Acylation of the 1,3-oxozolidinone of UHM-25-Val-Evans us-
ing propionic anhydride in conjunction with triethylamine and catalytic
amounts of DMAP; reactions were performed in THE.

reaction conditions
nyvor ~ time temperature reagents yield conversion

entry umol hours °C eq.

1 90 24 rt 13 nd. 37 %
2 90 24 rt 13 76% 30 %
3 90 72 rt 13 79% 85 %
4 90 72 rt 13 74% 90 %
5 90 72 rt 13 71% 89 %
6 90 72 40 26 61% 96 %
7 90 72 40 26 64% n.d.
8 185 72 rt 20 67% n.d.

ever, the yield of the reaction decreased from 71 %79 % (entries 2-5) to 61 %—
67 % (entries 6-8). Furthermore, the reaction solutions turned green after some
time, which indicates a leaching of Cu(Il) from the MOF. This effect was more
pronounced for the reactions with increased equivalents of the reagents. This
leads to the assumption that one of the components or a product of the reac-
tion induces a partial dissolution of the MOF. It is conceivable that a propionate
can coordinate to the copper paddle wheels and can thereby replace carboxylic
groups of the organic SBU as a ligand from the copper dimer.

The as-synthesized material that was obtained from the modification of UHM-
25-Val-Evans with propionic anhydride, DMAP and triethylamine turned out to
be essentially X-ray amorphous. However, the crystallinity of the material was
reinstated by a solvent exchange with DMF. In[Figure 3.45|diffractograms of acy-
lated UHM-25-Val-Evans are shown that were obtained before and after a sol-
vent exchange. The as-synthesized sample of the acylated UHM-25-Val-Evans
shows only a very broad reflection at 3.5°26 and a broad signal between 10-
12°20. After restoring DMF as the pore-filling solvent, the original diffraction
pattern of UHM-25-Val-Evans can be observed. The mechanism for this behav-
ior is unknown. However, the shift of the first reflection indicates a fundamental
change in the dimensions of the unit cell that may be explained by a contraction
of the organic SBU.

The introduction of the propionyl group to UHM-25-Val-Evans provides a
carbonyl group to the material that can be identified by a characteristic absorp-
tion frequency in the IR spectrum of the material. A juxtaposition of the IR spec-
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Figure 3.45 — Comparision of the PXRD data of UHM-25-Val-Evans be-
fore and after the post-synthetic modification and solvent exchange, respec-
tively. The diffraction pattern of UHM-25-Val-Evans (bottom) was not ob-
served after the post-synthetic modification with propionic anhydride (cen-
ter) and the first reflection is shifted about 0.3 °20 towards higher diffraction
angles. The original crystal diffraction pattern is reinstated after a solvent
exchange with DMF (top).
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tra of UHM-25-Val-Evans and the acylated derivative is shown in
For the unmodified MOF, the peak at 1755cm™! can be attributed to the car-
bonyl group of the 1,3-oxazolidin-2-one. The absorption band of this carbonyl
group is shifted to 1786cm ™! in the acylated reaction product. As can be seen
from the IR-spectrum of the MOF after the post-synthetic modification, a new
absorption band appears at 1711 cm ™! that can be ascribed to the carbonyl group
of the propionyl imide. The observed absorption bands are in accordance with
the reported spectroscopic data for the "classical" Evans auxiliary 5-isopropyl-
1,3-oxazolidin-2-one and the N-acylated derivative.B%!

transmission UHM-25-Val-Evans

] UHM-25-Val-Evans-PSM
100 J\
80 =
Ny ¢
RIS I
LY h /
60 - |/ /|
40 - f
|
€=0 (amide) LY
20 Ao
1711
C=0 (acyl)
0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

|
wave number / cm

Figure 3.46 — Comparision of the IR-spectra recorded for UHM-25-Val-
Evans before (black lines) and after the post-synthetic modification (red
lines). The area between 2000-1500 cm ! is enlarged (grey background). The
absorption band of the carboxyl group in the oxazolidinone (1755cm™!)
is shifted towards higher wavenumbers in the N-acylated derivative
(1786 cm™~') and an additional absorption band appears at 1711cm~! that
originates from the acyl residue.

To unambiguously identify the reaction product, further analysis was per-
formed with the reisolated linker from UHM-25-Val-Evans-PSM. The ESI-HRMS
spectrum of the linker after PSM is shown in and shows the match
of the calculated isotope pattern of a molecule with the same molecular formula
as the N-acylated linker (C3,H3;NO;;)
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relative intensity
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668.2000 23% 668.2037 7.8%

Figure 3.47 — High resolution mass spectrum (ESI+) of the linker that was
reisolated after the post-synthetic modification of UHM-25-Val-Evans. The
recorded isotope pattern (black lines) can be match well with the calculated
pattern (red lines) of the N-acylated derivative of the linker (calculated m/z
for [C5,H5;NO;; + H]*).
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Furthermore, the reisolated linker was characterized by 'H-NMR spectros-
copy. A segment of the spectrum is shown in[Figure 3.48] Two baseline separated
signals (mulitplicity dq) that can be ascribed to the CH, group are visible as a
pair of diastereotopic protons, because they are in the vicinity of the isopropyl
group of the auxiliary which provides a chiral environment to these hydrogen
atoms. Markedly shifts towards higher field occur for the signals of the pro-
tons of the isopropyl substituent. These protons are in direct environment of
the acylated position and the obvious change in the chemical environment of
these protons confirms the modification of the linker. Furthermore the signal of
the NH proton at 8.42 ppm of the 1,3-oxazolidin-2-one disappears almost com-
pletely from the spectrum upon the PSM of UHM-25-Val-Evans

DMSO

N )L unconverted
O” °N
converted

G\ .

30 28 26 24 22 20 18 16 14 12 10 08 06 04

ppm
shift / ppm multiplicity integral assignment
2.89 dq 1H CH,CH;4
2.68 dq 1H CH,CH;4
2.15 m 1H CH(CHj;),
0.95 m 6H CH(CH,),, CH,CH,
0.68 d 3H CH(CHj;),

Figure 3.48 — Segment of the 'H-NMR spectrum of the linker that was
reisolated after the post-synthetic modification of UHM-25-Val-Evans with
a conversion rate of 96 % entry 6). Signals of the N-acylated pro-
duct and the corresponding protons are identified by color coding. Signals
of the unreacted starting material can be observed as a traces only.
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To quantify the conversion of the Evans-auxiliary to the acylated product,
the integrals of characteristic signals in the 'H-NMR spectrum were compared.
The signals of one of the CH; group is best suited for this calculation, because
it is observed as an isolated doublet that is significantly shifted towards higher
fields in the reaction product. Therefore, no overlap occurs between the signals.
The results of the conversion by the PSM are listed in

To eliminate the necessity of a solvent exchange after the reaction in order to
reinstate the crystallinity the MOF that is lost if the MOF is reacted as a suspen-
sion in THE, the acylation reaction was investigated in amyl acetate and DMEF,
respectively. The PXRD patterns of the materials after the acylation are shown

1 O
in [Figure 3.49}

relative intensity
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Figure 3.49 — Comparison of the PXRD data of UHM-25-Val-Evans after the
post-synthetic modification in AmOAc and DMF, respectively. The diffrac-
tion pattern of UHM-25-Val-Evans is not observed after the PSM in DMF
(bottom) and retained after PSM in AmOACc (top).

The PXRD pattern is retained when amyl acetate is employed as the reaction
medium, while the reaction in DMF shows a similar diffraction pattern as for the
synthesis in THEF.[Table 3.10|lists the reaction parameters of the reactions in DMF
and amyl acetate, respectively. The reaction was performed for 24 hours, which
led to a conversion rate of 37 % when performed in THF (see [Table 3.9). The
acylation in amyl acetate gives a lower conversion of only 21 %. Interestingly the
conversion in DMF is considerably more efficient than in amyl acetate or THE.
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After the same period of time a conversion of 86 % is achieved, possibly due to
a better stabilization of the reaction intermediates in the more polar solvent.

Table 3.10 — N-Acylation of the 1,3-oxozolidinone of UHM-25-Val-Evans
using propionic anhydride in conjunction with triethylamine and catalytic
amounts of DMAP in three different solvents.

reaction conditions

entry nMor  time temperature reagents yield conversion
(solvent) umol hours °C eq.

1 (amyl acetate) 45 24 rt 13  nd. 21 %
2 (DMF) 45 24 rt 13 nd. 86 %
3 (THF) 90 24 rt 13 nd. 37 %
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3.6.2 Post-Synthetic Modification (PSM) of UHM-25-Phe-Evans

Based on the findings for the valine-based MOF 154 (see section3.6.1)), the proce-
dure for the N-acylation of the NH group using DMAP as a catalyst was applied
the phenylalanine-based system UHM-25-Phe-Evans. The reaction of this MOF

with propionic anhydride is schematically shown in

| 0
Ph | R

OT _N 1) j)’
\)OJ\OJOJ\/
1

H
N
155 67

Scheme 3.42 — N-Acylation of the chiral 1,3-oxazolidin-2-one moiety of
UHM-25-Phe-Evans (155) using propionic anhydride in conjunction with
catalytic amounts of DMAP; Et;N is added as a base to capture the byprod-
uct propionic acid.

Two reactions were performed at different temperatures. At room tempera-
ture and at 40 °C excellent conversion rates of up to 100 % were obtained af-
ter three to four days. The conversion rates for N-acylation of UHM-25-Phe are
higher than for UHM-25-Val if using 13 equivalents of the reagents. The reaction
parameters for the post-synthetic modification of UHM-25-Phe-Evans are listed
in[Table 3.11]

As can be seen in the modified material no longer shows the
characteristic powder diffraction pattern of the UHM-25 series. However, the
crystallinity of the sample was reinstated by a solvent exchange with DMF.

Analogous to the change in the IR-spectra of unmodified and acylated UHM-
25-Val-Evans, characteristic spectra of the UHM-25-Phe-Evans system were ob-
tained which are shown in[Figure 3.51] The unreacted UHM-25-Phe-Evans MOF
(black line) shows an absorption band at 1757 cm™~! that can be ascribed to the
carbonyl group of the free 1,3-oxazolidin-2-one. In the N-acylated material (red
line), this band is shifted to 1786 cm~!. Furthermore, a new absorption band that
corresponds to the carbonyl of the exocyclic imide is visible at 1709 cm~!. The
values are in good accordance with the bands observed in UHM-25-Val-Evans

(see[Figure 3.46).
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Table 3.11 — Reaction conditions of the N-Acylation of the 1,3-oxozolidin-2-
one of UHM-25-Phe-Evans using propionic anhydride in conjunction with

triethylamine and catalytic amounts of DMAP; reactions were performed
in THE.

reaction conditions
NMOF time temperature reagents yield conversion

entry umol hours °C eq.
1 89 72 40 26 51% 98 %
2 71 96 rt 13 69% 100 %
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20/ degree

Figure 3.50 — Comparision of the PXRD data of UHM-25-Phe-Evans af-
ter the PSM and solvent exchange with DMFE. The diffraction pattern of
UHMS-25-Phe-Evans is not observed after the reaction with propionic an-
hydride (bottom) and the first reflection is shifted about 0.3 °20 towards
higher diffraction angles. The diffraction pattern is reinstated after a sol-
vent exchange with DMF (top).

191



RESULTS AND DISCUSSION
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Figure 3.51 — Comparision of the IR-spectra recorded for UHM-25-Phe-
Evans before (black lines) and after the post-synthetic modification (red
lines). The area between 2000-1500 cm ! is enlarged (grey background). The
absorption band of the carbonyl group in the oxazolidinone (1757 cm™!)
is shifted towards higher wavenumbers in the N-acylated derivative
(1786 cm™!) and an additional absorption band appears at 1709 cm ™! that
originates from the acyl residue.
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To unambiguously identify the reaction product, the modified linker of UHM-
25-Phe-Evans was reisolated after digestion of reaction product in diluted hy-
drochloric acid. To determine the molecular formula of the modified linker an
ESI-HRMS spectrum was recorded. This mass spectrum is depicted in[Figure 3.52]
and shows the match of the calculated isotope pattern of a molecule with the
same molecular formula as the N-acylated linker derived from phenylalanine
(C57H3NOyy).

relative intensity
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24.47%
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11.13%

716.2016
3.01%
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m/z rel. int. m/z rel. int.
714.1944 24% 714.1970 100 %
715.1978 11% 715.2004 40 %

716.2016 3.0% 716.2037 7.8%

Figure 3.52 — High resolution mass spectrum (ESI+) of the linker that was
reisolated after the post-synthetic modification of UHM-25-Phe-Evans. The
recorded isotope pattern (black lines) can be match well with the calculated
pattern (red lines) of the N-acylated derivative of the linker (calculated m/z
for [C4;H3;NO;, + H]*).

The isolated linker of the reaction product was characterized by 'H-NMR
spectroscopy. A segment of the spectrum of the reisolated linker is shown in[Fig-]
Two characteristic signal are observed that can be ascribed to the propi-
onyl substituent on the oxazolidin-2-one: a triplet at 0.94 ppm that corresponds
to the CH; group and a multiplet between 2.96-2.53 ppm that corresponds the
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CH, group which overlaps with the signal of the benzylic protons. Due to the
high conversion rate of the N-acylation the signal of the NH group of the un-
modified linker is not observed in the spectrum. The signal of the proton on the
stereocenter of the heterocycle is shifted about 1 ppm towards higher fields and
shows a coupling to an amidic proton. To quantify the conversion of the Evans-
auxiliary the integrals of characteristic signals in the 'H-NMR spectrum were
compared. This was done using the signal of the proton on the stereocenter be-
cause it shifts significantly after the acylation and does not overlap with other
signals.

DMSO

/ o o
ol

30 28 26 24 22 20 18 16 14 12 10 08
ppm

shift / ppm multiplicity integral  assignment

2.96-2.53 m 4H CH,PhCH,CH,
0.94 t 3H CH,CH,

Figure 3.53 — Segment of the TH-NMR spectrum of the linker that was reiso-
lated after the post-synthetic modification of UHM-25-Phe-Evans with a
conversion rate of 100 % entry 2). Signals of the N-acylated pro-
duct and the corresponding protons are identified by color coding. Signals
of the unreacted starting are not observed.
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3.6.3 Aldol Addition with UHM-25-Val-Evans-PSM

After the promising results for the post-synthetic modification of UHM-25-Val-
Evans and UHM-25-Phe-Evans, the second reaction step in the preparation of
chiral substrates on UHM-25-Val-Evans was investigated. To obtain a nucleo-
philic species on the MOF, the formation of an enol equivalent was necessary.
As this is the stereodefining step in the reaction procedures, it has been investi-
gated thoroughly in the literature and different strategies have been developed
to ensure high enantioselectivies.[220809810l These methods mostly rely on the
formation of a rigid enolate in which one diastereotopic side is shielded by the
substituent on the 1,3-oxazolidine-2-one. This may be achieved, for example,
through the reaction with dibutylboryl triflate. 511l

The formation of a boron enolate was attempted using a suspension of UHM-
25-Val-Evans-PSM in CH,Cl, with triethylamine (see [Scheme 3.43). This was
cooled to 0°C and a solution dibutyl borontriflate was added. After the addi-
tion of benzaldehyde the reaction was stirred at the same temperature for sev-
eral hours. Afterwards the MOF was filtered, washed and digested in diluted
hydrogen chloride to reisolate the linker. Unfortunately neither 'H-NMR spec-
troscopy nor mass spectrometry showed the formation of the desired product.
Possibly, because the bulky boron derivative is unable to enter the pore system
of the MOF an enolate cannot be formed.

0=S-CF,4

AVA
A
EtsN
DCM, 0°C, 4 hours

166 168

Scheme 3.43 - Failed attempt of an aldol addition on UHM-25-Val-Evans-
PSM using dibutyl borontriflate in conjunction with Et;N to synthesize an
enolate that can react with benzaldehyde to form the chiral aldol product
168.
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Enolates may also be formed by deprotonation with lithium diisopropyl-
amide (LDA). Because this strong base is sensitive to water, the reaction was
performed under a protective argon atmosphere on a MOF that has been ex-
changed with dry THF. The attempted reaction is depicted in[Scheme 3.44, The
suspension of UHM-25-Val-Evans-PSM was cooled to —78 °C, a solution of LDA
was added and the reaction mixture was stirred for four hours. The super-
natant was carefully removed and the MOF was washed twice with THF before
a solution of the benzaldehyde in THF was added. The reaction mixture was
stirred overnight and slowly warmed to room temperature. Unfortunately none
of the desired product was observed in mass spectrometry after digestion of the
MOF. However, the reaction mixture turned black overnight, which is probably
caused by a redox reaction of benzaldehyde and Cu(lI).

THF, -78°C, 4h

X
Ion

166 THF, -78°C to rt, 18h 168

Scheme 3.44 — Failed attempt of an aldol addition on UHM-25-Val-Evans-
PSM using lithium di-isopropyl amide in the first step to synthesize an eno-
late that can react in the second step with benzaldehyde to form the chiral
aldol product 168.

To eliminate the interfering side reaction that leads to reduction of Cu(Il),
the benzaldehyde was replaced with benzylbromide. Furthermore, another base
was tested for the formation of an enolate. Sodium hexamethyldisilazide is a
strong base that has be used to generate enolate derivatives.B12313l Tt has there-
fore been applied to a suspension of UHM-25-Val-Evans-PSM in dry THF as
represented in [Scheme 3.45] After stirring a room temperature for one hour, the
supernatant was carefully removed and MOF was washed with THE. Then a
solution of benzyl bromide in THF was added and the reaction was stirred at
room temperature overnight. Afterwards the MOF was filtered, washed with
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THF and digested in diluted hydrochloric acid. The reisolated linker was then
used to investigate the conversion rate.

(0]
1)~ [ 2
/SI.N,SI\
Na ©
THF, rt, 1h
2) ©/\Br
THF, rt, 18h trace amounts
166 170

Scheme 3.45 — Attempt of an aldol addition on UHM-25-Val-Evans-PSM
using sodium hexamethyldisilazide in the first step to synthesize an enolate
in that can react in the second step with benzaldehyde to form the chiral
aldol product 170 in trace amounts.

The mass spectrum of the reaction showed a peak with an isotope pattern
that matches the molecular formula of the desired «-alkylated reaction product.
However, the intensity of this peak is very small. Another peak that can be as-
cribed to the reaction of the unmodified oxazolidin-2-one with benzyl bromide
was observed with much greater intensity . Residual 1,3-oxazolidin-2-one can
be deprotonated with sodium bis(trimethylsilyl)amide (NaHMDS) to form a
nucleophilic amide. This species can then react with the benzyl bromide in a
nucleophilic substitution. This reaction pathway is presented in It
seems that the formation of an enolate is proceeding very slowly compared to
the reaction of NaHMDS with the free NH group of the 1,3-oxazolidin-2-one.

None of the experiments described above delivered the desired product. Pos-
sibly, because the formation of the enolate is difficult to be realized in the re-
stricted pore space of the MOEF. The formation of a reactive species requires the
participation of multiple reaction partner in a sterically demanding transition
state, which could not be realized with the reagents used in this work.
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Scheme 3.46 — Possible side reaction that occurs on the free NH groups of
the 1,3-oxazolidin-2-one of UHM-25-Val-Evans. After deprotonation of 154,
the oxazolidinonide 171 can undergo an alkylation with benzyl bromide to
form 172.

3.6.4 Diels Alder Reaction on UHM-25-Val-Evans

The quantitative formation of enol equivalents in the pore space of UHM-25-Val-
Evans could not be realized. However, the Evans auxiliary has not only been
used in aldol additions and similar functionalizations of the o-carbon atoms
of an acyl group. Another application for chiral 1,3-oxazolidin-2-ones include,
for example, cycloadditions such as the Diels-Alder reaction.B!] In these 4+2
cycloadditions, up to four new stereocenters are formed. By shielding one side
of the dieneophile, stereocontrol may be realized for these processes. In contrast
to the large structures that occur in aldol reaction, the stereodefining transition
state only comprises the two unsaturated reaction partners. Due to this smaller
size of the transition state, these reactions may be more suitable for the UHM-25
pore system.

In order to perform a cycloaddition on a UHM-25 substrate, an appropri-
ate dienophile, such as an unsaturated anhydride, needs to be bound the 1,3-
oxazolidin-2-one inside the pores. Since the conversion rates were almost quan-
titatively when using DMAP for the acylation with saturated anhydrides, the
same reaction conditions were also applied for acylation with unsaturated anhy-
drides. The attempted reaction of UHM-25-Val-Evans is shown in [Scheme 3.47]
The MOF was suspended in THF and a solution of DMAP and triethylamine
was added. After the addition of crotonic anhydride, the reaction mixture turned
dark red after a couple of minutes. After three days, the MOF was isolated from
a dark red supernatant washed with THF and dried in vacuum.

The isolated MOF was digested in diluted hydrochloric acid and the linker
was reisolated. Unfortunately the desired reaction product was not observed in
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Scheme 3.47 — Failed attempt of N-Acylation of the chiral 1,3-oxazolidin-
2-one (154) on UHM-25-Val-Evans using crotonic anhydride in conjunction
with catalytic amounts of DMAP; Et;N is added as a base to capture the
carboxylic acid byproduct.

the mass spectrum of the linker. This is surprising because the acylation with the
saturated anhydride of similar size proceeded well on the same MOF (see sec-
tion[3.6.1). The failure of the acylation with unsaturated acid anhydride is prob-
ably caused by a side reaction that consumes the anhydride before a reaction
with the MOF can take place. Such a side reaction was not observed in the acy-
lation of UHM-25-Val-Evans or UHM-25-Phe-Evans with propionic anhydride
because of the low reactivity of the triethylamine as a nucleophile. However,
unsaturated anhydrides are more reactive and a reaction has been reported for
a similar system that comprises triethylamine and maleic anhydride that react
to a charge transfer complex.B®l The immediate color change in the reaction
mixture in the PSM of UHM-25-Val indicates that a similar reaction takes place
in the attempted modification of the MOF. A possible pathway of the consump-
tion of the crotonic acid anhydride is shown in It proceeds via the
formation of a 7- and a o-complex to yield a charge transfer complex.

As an alternative path to obtain an acylate the MOF with an unsaturated an-
hydride, the reaction was performed in the absence of DMAP and triethylamine
but with NaHMDS as a base. This bulky base is capable to abstract a proton
of the oxazolidinone to generate a reactive anion. Additionally, NaHMDS is
sterically congested and does not undergo any reactions with the crotonic an-
hydride. The PSM of UHM-25-Val-Evans is shown in To prepare
UHM-25-Val-Evans for a reaction with the strong base the MOF was suspended
with dry THEF before use. A solution of the NaHMDS was then added to a sus-
pension of the MOF in THF. The anhydride was added and the reaction was
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Scheme 3.48 — Consumption of the crotonic anhydride in a reaction with
triethylamine to the charge transfer complex 176 via the formation of a 7r-
and a o-complex.

stirred for 18 hours at room temperature and 60 °C, respectively. The MOF was
filtered, washed and dried. After digestion of the MOF, the linker was reisolated.

After the reaction at room temperature, no conversion of the MOF was ob-
served. However, the mass spectrum of the linker isolated from the PSM per-
formed at 60 °C showed the signal for a molecule with the formula of the desired
reaction product.

Furthermore, the 'H-NMR spectrum of the isolated linker shows character-
istic signals of a pair of protons on a double bond. Like in the spectrum of the
linker acylated with the saturated anhydride, one of the CH; groups of the iso-
propyl substituents is significantly shifted towards higher fields. The integration
of the signals of the unmodified and N-acylated linker allows the determination
of the conversion rate. Unfortunately the reaction is incomplete, as only 50 %
of the chiral substituents could be acylated. However, the free oxazolidinone
groups should not impede the Diels-Alder reaction that may be performed on
the N-acylated material.

In the next step, the modified MOF was employed in an attempted Diels-
Alder Reaction. The MOF was suspended in THF and a freshly distilled cy-
clopentadiene was added to the suspension. The reaction was stirred for four
days at room temperature. Afterwards the MOF was washed, dried and the
linker was reisolated by a digestion with hydrochloric acid. The attempted Diels-
Alder reaction of N-acylated UHM-25-Val-Evans is shown in
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Scheme 3.49 — N-Acylation of the chiral 1,3-oxazolidin-2-one (154) on
UHM-25-Val-Evans using crotonic anhydride and NaHMDS as a strong
base to deprotonate the NH group of the auxiliary.
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Scheme 3.50 — Attempted Diels-Alder reaction on UHM-25-Val-Evans that
has been acylated with propionic anhydride. Cyclopentadiene has been
used as the diene in this reaction in an attempt for form a chiral bicyclic
residue on the oxazolidinone.
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Figure 3.54 — High resolution mass spectrum (ESI+) of the linker that was
reisolated after the post-synthetic modification of UHM-25-Val-Evans. The
recorded isotope pattern (black lines) can be match well with the calculated
pattern (red lines) of the unsaturated, N-acylated derivative of the linker
(calculated m/z for [Cq;Hy NO;; + HJ").
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Figure 3.55 — Segments of the 'H-NMR spectrum of the linker that was
reisolated after the post-synthetic modification of UHM-25-Val-Evans with
crotonic acid and NaHMDS at 60 °C with conversion rate of 50 %. Charac-
teristic signals of the N-acylated product and the starting material and the
corresponding protons are identified by color coding.
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Unfortunately, no conversion of the dieneophile was observed in the 'H-
NMR of the isolated linker. However, the mass spectrum showed a signal that
corresponds to the molecular formula of the cycloaddition product. In an at-
tempt to increase the yield of this conversion, the reaction was repeated with
the addition of a solution of AICl; which is a common catalyst in Diels-Alder
reaction and has also been used in cycloadditions with Evans-auxiliaries.14]
Unfortunately, this additive acted as a Lewis-acid and resulted in the decompo-
sition of the MOF.

Overall, the experiments that targeted the PSM of the MOFs UHM-25-Val-
Evans and UHM-25-Phe-Evans were only partially successful. This can be ex-
plained by the restrictions that are associated with heterogeneous reactions of
porous solids. First, the reagents need to reach the functional groups that are
targeted for modification. If these reagents are too large to enter the pores of
the material, PSM can only occur on the outermost surface of the crystals. This
inhibited, for example, the deprotonation of UHM-25-Val-Evans with (n-BuLi).
Second, the reaction conditions that were developed for the homogeneous equiv-
alents of a PSM may not be applicable to a MOF, because it can lead to de-
composition of the framework structure. This was observed in the reaction of
UHM-25-Val-Evans with LiCl, which led to the formation of a soluble cuprate
species. However, when the right reaction parameters and reagents are chosen,
excellent conversion rates can be achieved. This was demonstrated in the acy-
lation of UHM-25-Val-Evans and UHM-25-Phe-Evans mediated by DMAP as a
relatively small reagent for activation. These acylations are the first examples
of a PSM of an Evans-auxiliary that is bound to a MOF. Unfortunately the re-
maining steps to achieve an auxiliary-controlled reactions on a MOF could not
be taken. The reagents tried in the PSM of acylated UHM-25-Val-Evans led to
unwanted side reactions or were either too large to enter the pore space of the
material. To further explore the possibility of a MOF-based chiral auxiliary for
stereoselective applications, an adaption of the underlying structure of the MOF
may be necessary to achieve mesoporosity, which would allow large reagents to
enter the pores and react with the chiral moieties. This could be achieved for
example by the employment of other inorganic SBUs or by MOF synthesis with
a mixed linker system of the chiral tetracarboxylic acids and another oligocar-
boxylic acid.
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3.7 Summary

The aim of this work was the synthesis of new homochiral MOFs and their
characterization with respect to their potential in heterogeneous stereoselec-
tive applications. To realize this objective, several new chiral linker molecules
were synthesized. They can be grouped into di- and tetracarboxylic acids. An
overview of these linkers, the corresponding MOFs, and their respective names
is given in [Table 3.13| on page The tetracarboxylic acids carry either an N-
protected amino alcohol, a free amino alcohol or a 1,3-oxazolidin-2-one (the so-
called Evans-auxiliary) as chiral substituents. The dicarboxylic acids have been
synthesized exclusively with different N-Boc protected amino alcohols as sub-
stituents. To synthesize the different linker molecules the same general synthetic
route was chosen, which is described in the following.

Syntheses were performed with the natural amino acids: L-alanine, L-valine,
L-leucine, L-phenylalanine and L-proline, which constitute members of the so-
called chiral pool. These starting materials were converted to chiral linker mo-
lecules in four to five steps. First, the amino acids were protected at the car-
boxy group as methyl esters and the nitrogen atom as either carbamates or ben-
zyl amines (L-proline). Bisarylated intermediates were obtained from these pro-
tected amino acid derivatives by nucleophilic reactions at the carboxylic carbon
atom. These x,x-biaryl amino alcohols were employed as substrates in Suzuki
reactions. These cross coupling reactions were performed with mono- and di-
carboxy aryl boronic acids with good yields. This afforded either free dicar-
boxylic acids or methyl esters of tetracarboxylic acids, which were deprotected
via saponification. A general overview of the reactions involved in the prepara-

tion of the linkers is shown in

In reactions of dicarboxylic acids that carry an N-Boc protected amino alco-
hol moiety, and are derived from L-alanine, L-valine or L-phenylalanine, with
a zinc(Il) source the MOFs UHM-24-Ala-Boc, UHM-24-Val-Boc and UHM-24-
Phe-Boc were obtained as crystalline material. The structure of this material was
determined by a combination of single crystal X-ray diffraction and homology
modeling of the PXRD pattern. This revealed that the obtained framework struc-
tures exhibit an isoreticular relationship. Unfortunately, in the UHM-24 series
only a two-dimensional connectivity was achieved in the MOFs, which com-
prise one-dimensional, rod-like inorganic secondary building unit (SBU)s that
are connected by the organic SBUs in a parallel arrangement. This can be ex-
plained by the two-connecting, V-shaped structure of the linker molecules. Fur-
thermore, the structural model of the UHM-24 series shows an insufficient ac-
cessibility to the chiral residues of the linker molecules due to the packing of the
two-dimensional structural units. This detrimental position of the chiral moi-
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Scheme 3.51 — Brief overview of the efforts to synthesize chiral MOFs from
amino acids (atoms belonging to the amino acid starting material are high-
lighted in blue).

eties impairs the use of the UHM-24 series for enantioselective applications in
separation or catalysis.

A three-dimensional connection of the framework was realized by perform-
ing solvothermal syntheses with a copper(Il) source and tetracarboxylic acids
(see [Table 3.13). A protocol was developed to synthesize pure phases of MOFs
of the UHM-25 series. Single crystals that were suitable for X-ray diffraction
experiments were obtained for UHM-25-Ala-Boc and UHM-25-Pro. These ex-
periments revealed that all MOFs of the UHM-25 series share the same novel
structure based on the ucp topology which is discussed below.

However, even though the general structure of the MOFs is the same
throughout the UHM-25 series the physico-chemical properties of the materi-
als exhibit diversity, for example, with regard to the crystallinity. Furthermore,
the permanent porosity differs considerably among the UHM-25 MOFs: Al-
though specific surface areas of up to 1900 m? /g were observed for some MOFs
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of the UHM-25 series, not all samples could be activated to the same extent,
even though a complete replacement of the solvent of synthesis with THF was
successful in every case The activation procedure by a solvent-exchange with
THF and subsequent evacuation revealed that certain UHM-25 MOFs are sen-
sitive to the removal of the pore-filling solvent. Particularly, the MOFs with the
non-protected amino alcohols "collapsed" during attempts to activate them. This
behavior may be explained by strong capillary forces that occur during this pro-
cess, which are not withstood by the MOFs with the free amino alcohol moieties,
probably because they lack a stabilizing effect of the protective group.

This disadvantage was overcome by the application of an activation proto-
col that proceeds via the release of supercritical carbon dioxide from the pores
of the MOFs. This afforded materials with permanent porosity from each of the
constituents of the UHM-25 series. However, specific surface areas were signifi-
cantly lower for the MOFs that bear unprotected amino alcohol moieties, which
is consistent with the results of the conventional activation in vacuum. The spe-
cific surface areas that were determined for the UHM-25 MOFs after activation

with supercritical carbon dioxide are given in|Table 3.12

Table 3.12 — Specific surface areas and micropore volumes of the UHM-
25 MOFs calculated from the adsorption branch of the physisorption
isotherms with their respective values for p/py determined after activation
with supercritical carbon dioxide.

SBET Vpore

m’g™! p/po_ g™ p/po
UHM-25-Ala-Boc 1474  0.016-0.100 0.58 0.20
UHM-25-Val-Boc 1922 0.009-0.020 1.00 0.20
UHM-25-Leu-Boc 1738 0.016-0.074 0.68 0.20
UHM-25-Phe-Boc 623.2 0.007-0.024 025 0.20
UHM-25-Ala 975.7 0.010-0.048 0.39 0.20
UHM-25-Val 1286.3 0.011-0.049 051 020
UHM-25-Leu 1351 0.010-0.049 053 0.20
UHM-25-Phe 469.6  0.014-0.075 0.19 0.20
UHM-25-Pro 371.5 0.010-0.048 0.15 0.20
UHM-25-Val-Evans 1454 0.014-0.075 056 0.20
UHM-25-Phe-Evans 7289 0.022-0.104 031 021

5The completeness of the solvent exchange was indicated by the absence of the characteristic
signal of DMF in TG/MS measurements.
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It should be noted that — unlike for gas storage applications — the achieve-
ment of permanent porosity with respect to gas sorption is beneficial but not
a necessity for a successful application of these materials in heterogeneous ste-
reoselective synthesis, which may include but is not limited to catalysis. Here,
it is important to replace the solvent of the synthesis and that the functional,
chiral groups within the pores of the MOFs are accessible. This has been investi-
gated by performing a post-synthetic modification (PSM) of UHM-25-Val-Evans
and UHM-25-Phe-Evans in which an acylation mediated by 4-(dimethylamino)-
pyridine (DMAP) was carried out with excellent conversion rates. This shows
that the individual functional groups of the material are accessible to the rea-
gents. However, other procedures, which are commonly applied to acylate the
Evans-auxiliary, failed in PSMs of the MOFs possibly due to the size of the de-
protonating reagents or due to incompatibilities between certain metal salts and
the inorganic SBUs that led to a decomposition of the MOF as was ascertained
for UHM-25-Val-Evans. This shows that well-established functional groups are
not necessarily compatible with the procedures that were developed for the cor-
responding homogeneous reactions and that other routes have to be tried to
achieve similar results in MOF-based reactions. This was also the case during at-
tempts of a further modification following the first PSM of UHM-25-Val-Evans.
Here, an asymmetric auxiliary-controlled reaction was tested that did not show
any satisfying conversion. Although the restricted space in the pore system of
UHM-25 series permitted the first PSM with relatively small reagents, it seems
that not enough space can be provided for the second PSM to further mod-
ify the chiral groups on the organic SBU. Nevertheless, UHM-25-Val-Evans and
UHM-25-Phe-Evans constitute the first MOFs in which the Evans-auxiliary can
be chemically modified at the carbamate nitrogen atom, although this auxiliary
has been included in MOFs before.[1”/]

UHM-25-Pro is the first MOF that bears an o, x-diaryl prolinol functional-
ity, which is a well-known motif in stereoselective organocatalysis. This MOF
has been used to evaluate the applicability of the UHM-25 series in heteroge-
neous catalysis. Specifically, a self-directed asymmetric aldol addition of acet-
aldehyde was carried out. This resulted in the formation of chiral 3-hydroxy-
butanal which was protected in situ as a dimethyl acetal. The induction of stere-
oinformation was quantified by gas chromatography coupled with mass spec-
trometry. The ratio of the (R)- and (S)-enantiomer was determined as 70:30. The
selective formation of the (R)-enantiomer proved the ability of UHM-25-Pro to
act as a heterogeneous, stereoselective catalyst. The observed stereoselectivity
of the heterogeneous reaction is lower than for certain homologous equivalents
of this reaction system.22l However, these reactions are highly dependent on
the nature of the aromatic substituents on the diaryl prolinol catalyst as well
as solvent effects. Bulky, electron-withdrawing aryl rings may stabilize impor-
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tant reaction intermediates./®l Therefore, there is room for improvement for the
heterogeneous catalyst system of UHM-25-Pro, by introducing substituents that
significantly reduce the electron density on the geminal aromatic rings.

Regardless of the type of chiral substituent included in the structures, all
MOFs of the UHM-25 series are isoreticular to each other, which has been exam-
ined by PXRD. This shows that the variability that is present in amino acids as a
subgroup of the chiral pool can be reproduced in a MOF, while the underlying
topology is primarily defined by the geometry of the points of extension on the
organic SBU. This serves as a proof of the principles of the isoreticular chemistry
approach to the synthesis of novel MOFs.

In addition to the physico-chemical properties of the MOFs, the connectivity
of the framework was examined. Topological analysis of the UHM-25 structure
revealed an underlying (3,4)-c binodal net. This underlying net has been clas-
sified as the ucp topology. In the embedding of the highest symmetry, the ucp
net can be described as an arrangement of interconnected cuboctahedra which
reflects the structural motif of the MOPs that constitute characteristic building
blocks of UHM-25. The ucp net has been described as one of several possibilities
to arrange interconnected cuboctahedral MOPs.2l However, it was only theo-
retically described and was observed in a MOF for the first time in the UHM-25
series. This is interesting because there were only three possibilities documented
by Yaghi and O’Keeffe to arrange this kind of MOP into a MOF (ucp, zmj and
zhc) nevertheless the most simple of these arrangements has remained undis-
covered the longest.

In further topological studies two topologies were determined that were
previously unknown. The corresponding MOFs comprise either zinc or cop-
per paddle-wheel motifs, respectively, and 3,3’,5,5"-benzophenonetetracarboxy-
late, which has been obtained as an intermediate in attempts to synthesize an-
other chiral linker molecule. The embedding with the highest symmetry of one
of these hitherto unknown topologies describes the interconnection of rhombic
dodecahedra in a body-centered arrangement, which reflects the MOPs as struc-
tural motifs of the corresponding MOF. This net has been registered at the Topos
Tological Database (TTD) as fhs1.
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Table 3.13 — Overview of the different types of linkers used in the UHM
MOFs. Linkers and MOFs are named with the three-letter code of the re-
spective amino acid used for the preparation of the linker, ta stands for
tetracarboxylic acid. Boc appendix indicates the presence of the N-Boc pro-

tecting group (dashed lines mark the connection points to the framework
host).

NHBoc
> Ala-Boc-ta 121 UHM-25-Ala-Boc
NHBoc
X_$_ Val-Boc-ta 122 UHM-25-Val-Boc
NHBoc
S_&_< Leu-Boc-ta 123 UHM-25-Leu-Boc
NHBoc
: Phe-Boc-ta 124 UHMS-25-Phe-Boc
NH,
‘ Ala-ta 129 UHM-25-Ala

3_3_ Val-ta 130 UHM-25-Val
w Leu-ta 131 UHM-25-Leu

Phe-ta 132 UHM-25-Phe
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H

: Phe-Boc-da 101

Pro-ta 128 UHM-25-Pro
X
# Val-Evans-ta 178 UHM-25-Val
(@]
O/U\NH
' : Phe-Evans-ta 179 UHM-25-Phe
HOOC/©/O COOH
NHBoc
S Ala-Boc-da 99 UHM-24-Ala-Boc
NHBoc
¥_§_ Val-Boc-da 100 UHM-24-Val-Boc
NHBoc

UHM-24-Phe-Boc

3.8 Zusammenfassung
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Das Ziel dieser Arbeit war die Synthese einer Reihe neuartiger, homochiraler
MOFs. Diese sollten auf im Hinblick auf ihr Potential in heterogenen, stereose-
lektiven Anwendungen untersucht werden. Um diese Aufgabenstellung zu ver-
wirklichen, wurden chirale Linkermolekiile synthetisiert, die in Di- und Tetra-
carbonséuren eingeteilt werden kénnen. Ein Uberblick iiber diese Linker, die zu-

gehorigen MOFs und die jeweiligen Namen ist in[Iabelle 3.15{auf Seite dar-



ZUSAMMENFASSUNG

gestellt. Die Tetracarbonséduren tragen entweder einen N-geschiitzten Amino-
alkohol, einen freien Aminoalkohol or ein 1,3-Oxazolidin-2-on (das sogenann-
te Evans-Auxiliar) as chiralen Substituenten. Die Dicarbonsduren wurden aus-
sschliefSlich mit N-geschiitzten Aminoalkoholen als chirale Reste synthetisiert.
Die Synthese der unterschiedlichen Linker folgt der gleichen, generellen Syn-
theseroute, die im Folgenden beschrieben ist.

Die Synthesen wurden mit den Aminosduren L-Alanin, L-Valin, L-Leucin,
L-Phenylalanin und L-Prolin durchgefiihrt, die als natiirlich vorkommende A-
minosduren Mitglieder des chiral pools darstellen. Aus diesen einfachen, leicht
verfligbaren Edukten wurden in vier bis fiinf synthetischen Schritten chirale
Linkermolekiile erhalten. Zunachst wurden hierfiir die Aminosduren an der
Carboxyfunktion als Methylester und an der Aminofunktion als Carbamat be-
ziehungsweise als Benzylamin (L-Prolin) geschiitzt. Aus den geschiitzten Ami-
nosdurederivaten wurden durch nucleophile Reaktionen am Carboxyl-Kohlen-
stoffatom bisarylierte Intermediate in sehr guten Ausbeuten erhalten. Diese ge-
schiitzten «,x-Aminoalkohole wurden in Suzuki-Reaktionen eingesetzt. Die-
se Kreuzkupplungsreaktionen wurden mit Mono- und Dicarboxyl-boronsauren
mit guten Ausbeuten durchgefiihrt. Hieraus wurden entweder freie Dicarbon-
sduren oder die Methylester von Tetracarbonsauren erhalten, die in Verseifungs-
reaktionen entschiitzt wurden. Eine Ubersichtsdarstellung der gewéahlten Syn-

theseroute ist in gezeigt.

Die aus L-Alanin, L-Valin und L-Phenylalanin hergestellten Dicarbonsdure-
linker wurden in Solvothermalsynthesen von MOFs als N-geschiitzte Amino-
alkohole eingesetzt. In Reaktionen mit einer Zink(II)-Quelle konnten kristalline
Materialien isoliert werden, welche in einer Kombination aus Einkristall-Ront-
genstrukturanalyse und Homologie-Modeling anhand von Réntgenpulverdif-
fraktogrammen strukturell beschrieben werden konnten. Dabei wurde festge-
stellt, dass die erhaltenen netzwerkartigen Verbindungen eine isoretikulédre Be-
ziehung zueinander besitzen. Allerdings konnte in den MOFs der UHM-24-
Reihe nur eine zweidimensionale Konnektivitdt eines Netzwerkes erreicht wer-
den, in dem eindimensionale, stabférmige, anorganische SBUs in paralleler An-
ordnung iiber die organischen SBUs verkniipft sind. Dies wurde auf die zwei-
fach verkniipfende, V-formige Struktur der eingesetzten Dicarbonsduren zu-
riickgefiihrt. Das ermittelte Strukturmodell fiir die UHM-24-Klasse zeigt zudem
eine schlechte Zugénglichkeit der chiralen Reste der eingesetzten Linkermole-
kiile durch die dichte Packung der benachbarten zweidimensionalen Struktu-
reinheiten. Diese ungiinstige Position der chiralen Reste beeintrachtigt die Eig-
nung von MOFs der UHM-24-Reihe fiir enantioselektive Anwendungen in der
Stofftrennung oder Katalyse.

Eine dreidimensionale Verkniipfung in einem Netzwerk wurde durch Sol-
vothermalsynthesen mit einer Kupfer(II)-Quelle und verschiedenen Tetracarb-
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Schema 3.52 — Ubersicht zur Synthesestrategie von chiralen MOFs ausge-
hend von natiirlichen Aminosduren (Atome, die der eingesetzten Amino-
sdure zugehorig sind, sind in blau hervorgehoben).

onséuren erreicht (siehe Seite . Hierdurch konnte phasenreines,
kristallines Material von MOFs der UHM-25-Reihe synthetisiert werden. Au-
Berdem konnten fiir UHM-25-Ala-Boc und UHM-25-Pro Einkristalle erhalten
werden, die sich fiir Rontgenbeugungsexperimente eigneten. Diese Experimen-
te zeigten, dass die MOFs der UHM-25-Reihe die gleiche, neuartige Struktur
besitzen, die durch die ucp Topologie beschrieben werden kann (siehe unten).

Obwohl die grundlegende Struktur innerhalb der UHM-25-Reihe identisch
ist, unterscheiden sich die einzelnen MOFs in ihren physiko-chemischen Eigen-
schaften, was zum Beispiel durch die Unterschiede in der Kristallinitdt deutlich
wird. Zudem unterscheidet sich die ermittelte permanente Porositdt erheblich
innerhalb der UHM-25-Reihe. Obwohl spezifische Oberflichen von 1900 m? /g
fur einige MOFs beobachtet wurden, konnten nicht alle Vertreter dieser Reihe im
selben Mafs aktiviert werden, obwohl ein vollstindiger Austausch des Synthe-
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selosungsmittels DMF gegen THF in allen Fallen erfolgreich warﬁ Das Verfah-
ren zur Aktivierung durch einen Losungsmittelaustausch mit anschliefSender
thermischer Aktivierung bei 40 °C zeigte, dass bestimmte MOFs der UHM-25-
Reihe empfindlich gegeniiber dem Entfernen des Losungsmittels in den Poren
sind. Besonders die MOFs mit nicht-geschiitzten Aminoalkoholen kollabierten
bei Versuchen zur Aktivierung. Dieses Verhalten wird zuriickgefiihrt auf starke
Kapillarkréfte, die wahrend dieses Prozesses auf das Material wirken. Mogli-
cherweise konnen die MOFs, die tiber eine freie Aminoalkohol-Funktionalitit
verftigen, diesen Kréften nicht standhalten, weil die stabilisierende Wirkung der
Carbamat-Schutzgruppe fehlt.

Diese Einschrankung wurde durch die Anwendung eines Aktivierungsver-
fahrens, bei dem die Poren mit tiberkritischem Kohlenstoffdioxid gefiillt wer-
den, umgangen. Durch diese Vorgehensweise wurde fiir jeden Vertreter der
UHM-25-Reihe eine gewisse permanente Porositédt erreicht. Jedoch sind auch
mit diesem Verfahren die Oberfldchen jener MOFs kleiner, die tiber ungeschtitz-
te Aminoalkohol-Funktionen verfiigen. Dies korreliert mit den Ergebnissen nach
konventioneller Aktivierung im Vakuum. Die spezifischen Oberflichen der UHM-
25-MOFs nach der Aktivierung mit tiberkritischem Kohlenstoffdioxid sind an
angegeben.

Es ist jedoch anzumerken, dass — im Gegensatz zu Gasspeicherungsanwen-
dungen — das Erreichen von vollstdndiger, permanenter Porositét fiir heteroge-
ne, stereoselektive Anwendungen, wie zum Beispiel enantioselektive Katalyse,
zutraglich, aber nicht notwendig ist. Hierbei ist es vielmehr wichtig, dass ein Lo-
sungsmittelaustausch stattfinden kann und die funktionellen, chiralen Gruppen
im Porensystem der MOFs zugénglich sind. Diese Eigenschaft wurde anhand
von post-synthetischen Modifizierungen von UHM-25-Val-Evans und UHM-
25-Phe-Evans untersucht. Hierbei wurde eine Acylierung durchgefiihrt, die mit
4,4’-Dimethylaminopyridin (DMAP) vermittelt wurde, und bei der hervorra-
gende Umsitze erzielt wurden. Jedoch fiihrten andere Protokolle, die haufig fiir
die Acylierung des Evans-Auxiliars in homogener Phase angewandt wurden,
nicht zu den erwiinschten Ergebnissen. Dies ist vermutlich auf den sterischen
Anspruch der Deprotonierungsreagenzien beziehungsweise auf Inkompabilita-
ten zwischen bestimmten Metallsalzen und den anorganischen SBUs zurtick-
zufiihren, die zu einer Zersetzung der MOFs fiithrten, was bei UHM-25-Ala-
Evans beobachtet wurde. Diese Erkenntnisse zeigen, dass gut etablierte funk-
tionelle Gruppen aus der stereoselektiven Synthese nicht unbedingt mit den
Verfahren modifiziert werden konnen, die fiir die entsprechenden Reaktionen
in homogener Phase entwickelt wurden. Dies macht eine Anpassung von Re-
aktionsbedingungen beziehungsweise die Erprobung neuer synthetischer Rou-

®Die Vollstandigkeit des Losungsmittelaustausches wurde mit TG/MS-Messungen durch die
Abwesenheit des charakteristischen Signals von DMF belegt.
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Tabelle 3.14 - Spezifische Oberflichen und Mikroporenvolumina der
UHM-25-MOFs, die aus dem Adsorptionsast der Physisorptionsisotherme
berechnet wurde, zusammen mit den jeweiligen Werten fiir p/pg. Die Be-
stimmung erfolgte nach der Aktivierung mit tiberkritischem Kohlenstoff-
dioxid.

SBET Vpore

m?g~! p/pocm’g™t p/pg
UHM-25-Ala-Boc 1474 0.016-0.100 058 0.20
UHM-25-Val-Boc 1922 0.009-0.020 1.00 0.20
UHM-25-Leu-Boc 1738 0.016-0.074 0.68 0.20
UHM-25-Phe-Boc 623.2  0.007-0.024 025 020
UHM-25-Ala 975.7  0.010-0.048 039 0.20
UHM-25-Val 1286.3 0.011-0.049 051 0.20
UHM-25-Leu 1351 0.010-0.049 053 0.20
UHM-25-Phe 469.6 0.014-0.075 0.19 0.20
UHM-25-Pro 371.5 0.010-0.048 0.15 0.20

UHM-25-Val-Evans 1454 0.014-0.075 056 0.20
UHM-25-Phe-Evans 7289 0.022-0.104 031 021

ten notwendig, um vergleichbare Resultate bei MOF-basierten Reaktionen zu
erreichen. Dies zeigte sich auch in Versuchen zur weiteren Modifikation im An-
schluss an die erste PSM von UHM-25-Val-Evans. Hier wurde unter anderem
eine asymmetrische, auxiliar-kontrollierte Reaktion erprobt, die keine zufrie-
denstellenden Umsétze zeigte. Obwohl der begrenzte Platz im Porensystem von
UHM-25 die erste PSM mit relativ kleinen Reagenzien erlaubte, steht offenbar
nicht genug Raum zur Verfiigung fiir eine zweite PSM, um den chiralen Rest
der organischen SBU weiter zu funktionalisieren. Gleichwohl stellen die Ver-
treter der UHM-25-Reihe die ersten MOFs dar, bei denen das Evans-Auxiliar
am Carbamat-Stickstoffatom chemisch modifiziert werden kann, obwohl dieses
Auxiliar bereits in anderen MOFs integriert wurde.!1”7)

UHM-25-Pro ist der erste MOF, der eine «,x-Diarylprolinol-Funktionalitat
tragt, welche ein hinreichend bekanntes Motiv in der stereoselektiven Organo-
katalyse darstellt. Dieser MOF wurde eingesetzt, um das Anwendungspotential
von MOFs der UHM-25-Serie als heterogene Katalysatoren zu beurteilen. Hier-
fur wurde eine selbstgerichtete asymmetrische Aldoladdition von Acetaldehyd
durchgefiihrt. Dabei wurde zunéchst das chirale 3-Hydroxybutanal erhalten,
welches in situ zum Dimethylacetal umgesetzt wurde. Die Induktion von stereo-
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chemischer Information wurde durch enantioselektive Gas-Chromatographie
mit gekoppelter Massenspektrometrie quantifiziert. Das Verhiltnis des (R)- und
des (S)-Enantiomers betragt 70:30. Die bevorzugte Bildung des (R)-Enantiomers
belegt die grundsétzliche Eignung von UHM-25-Pro als heterogener, stereose-
lektiver Katalysator. Allerdings ist die beobachtete Stereoselektivitit in der he-
terogenen Katalyse gerin?er als fiir bestimme homogene Systeme, die dieser
Reaktion entsprechen.2?l Diese Prolin-vermittelten Reaktionen sind stark ab-
héngig von der Art der aromatischen Substituenten am Diarylprolinolsystem
sowie von Losungsmitteleffekten.®2) Dementsprechend ist eine Verbesserung
der Stereoselektivitidt durch eine Modifikation der Substituenten oder durch den
Einsatz von anderen Losungsmitteln denkbar.

Unabhéngig von den chiralen Substituenten, die sich bei den einzelnen MOFs
unterscheiden, weisen alle MOFs der UHM-25-Reihe eine isoretikuldre Bezie-
hung zueinander auf, was durch PXRD-Messungen belegt wurde. Dies zeigt,
dass die Variabilitit, die in der Klasse der natiirlichen Aminosduren beobachtet
wird, in einem MOF reproduziert werden kann, wobei die zugrundeliegende
Topologie im Wesentlichen durch die Geometrie der Verkniipfungspunkte in
Form der organischen SBU definiert wird. Dies stellt einen Beleg der Prinzipien
der isoretikuliren Chemie zur Synthese von neuartigen MOFs dar.

Zusitzlich zu den physiko-chemischen Eigenschaften der UHM-25-MOFs,
wurde die Konnektivitdt des zugehorigen Netzwerkes untersucht. Durch ei-
ne softwaregestiitze Analyse der UHM-25-Struktur wurde ein binodales (3,4)-
c-Netz als zugrundeliegende Topologie ermittelt, welche als ucp klassifiziert
wurde. In der Einbettung mit hochstmoglicher Symmetrie kann das ucp Netz
als eine Anordnung von miteinander verkniipften Kuboktaedern beschrieben
werden. Diese spiegeln das strukturelle Motiv der MOPs wider, welche charak-
teristische Baueinheiten der UHM-25-Struktur darstellen. Das ucp Netz wurde
beschrieben als eine Variante der Verkniipfung von kuboktaedrischen MOPs.Pl
Jedoch wurde dieses Netz bisher nur theoretisch beschrieben und wurde nun
das erste Mal bei den MOFs der UHM-25-Reihe beobachtet. Dies ist interessant,
weil von den drei von Yaghi und O’Keffe publizierten Varianten fiir die Anord-
nung von kuboktaedrischen MOPs (ucp, zhc und zmj) die einfachste der drei
Anordnungen am lidngsten unentdeckt blieb.

In weiteren topologischen Analysen wurden zwei Topologien bestimmt, die
bisher unbekannt waren. Die zugehorigen MOFs setzen sich aus Zink- bezie-
hungsweise Kupfer-Schaufelrad-Motiven und 3,3’,5,5’-Benzophenontetracarb-
oxylat Zusammenlz] Eines dieser bisher unbekannten Netze beschreibt in der
Einbettung mit hochstmoglicher Symmetrie die Verkniipfung von rhombischen
Dodekaedern in einer innenzentrierten Anordnung, welche den MOP-Struktur-

73,3 5,5’ -Benzophenontetracarboxylat wurde als Intermediat bei Versuchen zur Synthese eines
weiteren chiralen Linkers erhalten.
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motiven im zugehorigen MOF entspricht. Dieses Netz wurde bei der Topos To-
logical Database (TTD) als fhs1 registriert.
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Tabelle 3.15 — Ubersicht der unterschiedlichen Linker, die fiir die Syn-
these der UHM-MOFs eingestzt wurden. Die Linker und MOFs sind mit
den Drei-Buchstaben-Codes der jeweiligen Aminosdure benannt, die fiir
die Synthese des Linkers eingesetzt wurde; ta steht fiir tetracarboxylic
acid (Tetracarbonsédure). Die Endung Boc zeigt die Anwesenheit der N-Boc-
Schutzgruppe an. Die gestrichelten Linien markieren die Verkniipfung zum
Netzwerk des MOF.

O O O COOH

COOH COOH
HO NHBoc
TN Ala-Boc-ta 121 UHM-25-Ala-Boc
HO NHBoc
\_§_ Val-Boc-ta 122 UHM-25-Val-Boc
HO NHBoc
\_L< Leu-Boc-ta 123 UHM-25-Leu-Boc
HO NHBoc
: Phe-Boc-ta 124 UHM-25-Phe-Boc
HO NH,
i \ Ala-ta 129 UHM-25-Ala
HO NH>
¥_§_ Val-ta 130 UHM-25-Val
HO NH»
x_&_< Leu-ta 131 UHM-25-Leu
HO NH»

: Phe-ta 132 UHM-25-Phe
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H
H O%
o 128 UHM-25-Pro

Pro-ta

Val-Evans-ta 178 UHM-25-Val

X
O
O/U\NH
' : Phe-Evans-ta 179 UHM-25-Phe

SAS

S Ala-Boc-da 99 UHM-24-Ala-Boc
NHBoc
¥_§_ Val-Boc-da 100 UHM-24-Val-Boc
NHBoc

: Phe-Boc-da 101 UHM-24-Phe-Boc
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4.1 General Remarks

To investigate and prove the stability of the chiral linker after the MOF synthesis,
the UHM-25 MOFs were digested in diluted hydrochloric acid. This allowed the
reisolation of the linker which could then be examined by spectroscopic meth-
ods. The integrity of the linker was independently verified by 'H-NMR spec-
troscopy, mass spectrometry and optical rotation.

Representations of crystal structures were created with VESTA. 16l

4.1.1 Powder X-Ray Diffraction

PXRD measurements of the MOFs were performed with the as synthesized ma-
terial before exchanging solvents, dried in air. Powder X-ray diffractograms
were recorded on a STOE Stadi P by STOE & Cie GmbH in a Debye/Scherrer
procedure in the range of 260 = 0° — 70°.

4.1.2 Thermal Analysis

TG/DTA/MS experiments were performed with a thermobalance STA 449 F3
Jupiter coupled with a Netzsch quadrupol mass spectrometer QMS 40 C Aéo-
los. All measurements were performed in a stream of an argon/oxygen mixture
(80:20) with a flow rate of 20 ml/min. Circa 20 mg sample were heated in an alu-

minium oxide crucible from room temperature to 800 °C with a heating rate of
5°C/min.

4.1.3 Physisorption

Physisorption measurements were performed with a QUADRASORB SI-MP by
Quantachrome GmbH & Co KG with nitrogen at 77K. The determination of
the specific surface area was performed on the basis of the micropore assistent
provided in the Quantachrome ASiQwin software. MOFs were activated for one
hour at 40 °C or after exchange with super critical carbon dioxide for one hour
at room temperature.

The exchange with super critical carbon dioxide was carried out as follows:
About 30mg of the material was subjected to a solvent exchange with amyl
acetate, which was replaced two times with fresh solvent after 24 hours. Af-
ter another 24 hours the solvent was decanted and the dark blue crystals were
placed in a porous container. A solvent exchange was performed with liquid
carbon dioxide 10 °C and 55bar in a steel autoclave. The liquid carbon dioxide
was replaced ten times in intervals of 6-18 hours. After the last exchange the
autoclave was sealed and slowly heated to 35 °C to reach the supercritical state
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of carbon dioxide. The autoclave was then slowly vented and the samples were
kept under argon before nitrogen physisorption was measured.

4.1.4 Characterization of Organic Reaction Products

MS experiments were performed with a 6224 Accurate-Mass TOF-MS by Agi-
lent Technologies. TLC was carried out on ALUGRAM Xtra SIL G/UV,5,. NMR
measurements were performed at room temperature with a Fourier 300 from
Bruker BioSpin GmbH. Spectra were referenced to the known chemical shifts
of the deuterated solvents.¥1”l In addition to one-dimensional 'H and proton
decoupled '3C spectra, correlation spectroscopy (COSY), heteronuclear single
quantum coherence (HSQC) and heteronuclear multiple bond correlation exper-
iments were performed when necessary for an precise assignment of the NMR
signals. IR spectroscopy was performed with potassium bromide disks or by
attenuated total reflection (ATR) with a VERTEX 70 by Bruker. Elementary anal-
ysis was performed with a vario EL III by Elementar Analysensysteme GmbH
and EuroEA Elemental Analyzer by HEKAtech GmbH.
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4.2 N-tert-butoxycarbonyl alanine methyl ester (70)

4 0

OH 8
(e}

3

7

A suspension of alanine (20.0g, 224 mmol, 1eq.) in methanol (400mL) was
cooled to 0°C. Acetyl chloride (40.0mL, 463 mmol, 2.07eq.) was added over
five minutes via syringe. The reaction was allowed to warm to room tempera-
ture and was stirred overnight. The solvent was removed by rotary evaporation.
The obtained white solid was used without purification in the next step.

Alanine methyl ester hydrochloride was dissolved in a 1:1 mixture of THF
and MeOH (400 mL) . Triethylamine (93.3mL, 673 mmol, 3eq.) was added and
the mixture was cooled to 0 °C. A solution of di-tert-butyl dicarbonate (44.0g,
202mmol, 0.90eq.) in THF (100mL) was added via transfer cannula. The re-
action was allowed to warm to room temperature and was stirred overnight.
Diethylether was added, resulting in precipitation of triethylammonium hy-
drochloride. Water was added to dissolve the precipitate. The phases were sep-
arated and the organic phase was washed with aqueous solutions of HCI (1 M),
NaHCO; (sat.) and NaCl (sat.). The organic layer was separated and dried over
Na,SO,. After removal of solvent via rotary evaporation a clear oil was obtained
that crystallized upon cooling.

Yield: 38.2 g (188 mmol, 83%); colorless crystals; M: [CoH;,NO,] 203.1 n%l ;
TLC: Ry = 0.36 (heptane/EtOAc, 4:1); opt. rot.: [#]F = —38.0 (c = 1.0, MeOH);
HRMS (ESI+): Z =226.1065 (calc. for MNa*: 226.1055). elem. anal.: % = calc.

for CoH,,NO,: C (53.19), H (8.43), N (6.89), O (31.49).
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TH-NMR (300 MHz, CDCl,): § [ppm] = 5.05 (s, 1H, H4), 4.32 (t, 1H, 3Jg.q =
7.7 Hz H2), 3.75 (s, 3H, H8), 1.45 (s, 9H, H7), 1.38 (d, 3H, 3Ji.y = 7.7 Hz H3).

\ \ \ \ \ \ \ \ \ \ \
200 180 160 140 120 100 80 60 40 20 0
ppm

IBC-NMR (75 MHz, CDCly): 6 [ppm] = 173.8 (1C, C1), 155.0 (1C, C5), 79.8
(1C, C6), 52.3 (1C, C8), 49.1 (1C, C2), 28.3 (3C, C7), 18.7 (1C, C3).
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IR (ATR): 7 = 3388 (m), 3008 (w), 2989 (w), 2989 (w), 2973 (w), 2948 (w), 1747
(m), 1685 (s), 1513 (s), 1459 (m), 1363 (m), 1251 (m), 1215 (m), 1215 (m), 1161 (s),
1072 (s), 985 (m), 867 (m), 784 (m).

4.3 N-tert-butoxycarbonyl valine methyl ester (71)

5
8 706H20 /9
Y%
O
3y

A suspension of valine (20.0 g, 171 mmol, 1 eq.) in methanol (400 mL) was cooled
to °C. Acetyl chloride (40.0 mL, 463 mmol, 2.70 eq.) was added over five minutes
via syringe. The reaction was allowed to warm to room temperature and was
stirred overnight. The solvent was removed by rotary evaporation. The obtained
white solid was used without purification in the next step.

Valine methyl ester hydrochloride was dissolved in a 1:1 mixture of THF
and MeOH (400 mL). Triethylamine (71.0mL, 512 mmol, 3 eq.) was added and
the mixture was cooled to 0°C. A solution of di-tert-butyl dicarbonate (33.7 g,
154 mmol, 0.90 eq) in THF (100 mL) was added via transfer cannula. The reaction
was allowed to warm to room temperature and was stirred overnight. Diethyle-
ther was added, resulting in precipitation of triethylammonium hydrochloride.
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Water was added to dissolve the precipitate. The phases were separated and the
organic phase was washed with aqueous solutions of HCI (1 M), NaHCO; (sat.)
and NaCl (sat.). The organic layer was separated and dried over Na,5O,. After
removal of solvent via rotary evaporation a clear oil was obtained.

Yield: 34.8 g (151 mmol, 88%); clear oil; M: [C;;Hy NO,] 231.3 £+ TLC:

Ry = 0.42 (heptane/EtOAc, 4:1); opt. rot.: [2]% = —21.6 (c = 1.0, MeOH);
HRMS (ESI+): 2 = 254.1370 (calc. for MNa*: 254.1368).

w1

\ \ \ \ \ \ \ \ \ \ \
5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 05 0.0
ppm

TH-NMR (300 MHz, CDCl,): § [ppm] = 5.02 (d, 1H, 3 i1y = 9.2 Hz, H5),4.21
(dd, 1H; 3Jig = 9.2,4.2 Hz, H2), 3.72 (s, 3H, H-5), 2.19-2.00 (m, 1H; H3), 1.43
(s, 9H, H8), 0.94 (d, 2H; 3 J1.y = 6.9Hz Hz H4A), 0.87 (d, 2H; 3 Ji.y = 6.9Hz Hz
H4B).
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IBC-NMR (75 MHz, CDCly): 6 [ppm] = 173.1 (1C, C1), 155.8 (1C, C6), 79.9
(1C, C7), 58.7 (1C, C2), 52.2 (1C, C9), 31.4 (1C, C3), 28.4 (3C, C8), 19.1 (1C, C4A),
17.7 (1C, C4B).
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IR (KBr): 7 [em™] = 3377 (m), 2972 (s), 2936 (m), 2878 (m), 1746 (s), 1719 (s),
1506 (s), 1466 (m), 1458 (m), 1439 (m), 1393 (s), 1367 (s), 1339 (m), 1312 (m), 1248
(s), 1209 (s), 1175 (s), 1161 (s), 1092 (m), 1043 (m), 1016 (m), 908 (w), 868 (w), 781
(m).
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4.4 N-tert-butoxycarbonyl leucine methyl ester (72)

6

(0]

9307“2 /10

U Yo
0345

A suspension of leucine (20.0g, 152mmol, 1eq.) in methanol (400mL) was
cooled to 0°C. Acetyl chloride (40.0mL, 463 mmol, 3.04eq) was added over
five minutes via syringe. The reaction was allowed to warm to room tempera-
ture and was stirred overnight. The solvent was removed by rotary evaporation.
The obtained white solid was used without purification in the next step.

Valine methyl ester hydrochloride was dissolved in a 1:1 mixture of THF
and MeOH (400 mL) . Triethylamine (63.4mL, 457 mmol, 3 eq.) was added and
the mixture was cooled to 0°C. A solution of di-tert-butyl dicarbonate (30.2 g,
137 mmol, 0.90eq.) in THF (100mL) was added via transfer cannula. The re-
action was allowed to warm to room temperature and was stirred overnight.
Diethylether was added, resulting in precipitation of triethylammonium hy-
drochloride. Water was added to dissolve the precipitate. The phases were sep-
arated and the organic phase was washed with aqueous solutions of HCI (1 M),
NaHCO; (sat.) and NaCl (sat.). The organic layer was separated and dried over
Na,SO,. After removal of solvent via rotary evaporation a clear oil was ob-
tained.

Yield: 32.0 g (130 mmol, 85%); clear oil; M: [C;,Hy3sNO,] 245.1 £+ TLC:
Ry = 0.46 (heptane/EtOAc, 4:1); opt. rot.: [a]% = —4.2 (c = 1.0, CH,;Cl);
HRMS (ESI+): 2 =268.1520 (calc. for MNa*: 268.1525).

z
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TH-NMR (300 MHz, CDCl,): § [ppm] =4.90 (d,*Jr.p = 9.0 Hz, H6), 4.39-4.21
(m, 1H, H2), 3.71 (s, 3H, H9), 1.78-1.60 (m, 1H, H4), 1.56 (dd, ®J1.z = 8.0,5.4 Hz,
H3A), 1.53-1.44 (m, 1H, H3B), 1.42 (s, 9H, H9), 0.93 (d, 3H, 3 J.;y = 2.4 Hz, H5B),
0.91 (d, 3H, 3Jy.y = 2.5 Hz, H5B).

o e .

\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
160 140 120 100 80 60 40 20 0
ppm

1BC-NMR (75MHz, CDCl,): § [ppm] = 174.0 (C1, C1), 155.4 (C1, C7), 79.8
(C1,C8),52.1 (1C, C2),52.0 (1C, C10), 41.8 (1C, C3),28.3 (3C, C9), 24.8 (1C, C5A),
22.8 (1C, C4),21.9 (1C, C5B).
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IR (ATR): 7 = 3359 (m), 2958 (w), 2933 (w), 2871 (w), 1743 (m), 1710 (s), 1512
(m), 1471 (m), 1454 (m), 1436 (m), 1390 (m), 1365 (m), 1274 (m), 1249 (m), 1203
(m), 1161 (s), 1047 (m), 1018 (m), 667 (m).

4.5 N-tert-butoxycarbonyl phenylalanine methyl es-

ter (73)
12 E‘ 0 9
>|yO\ﬁ;,N 2 O/
O 33\u4

A suspension of phenylalanine (20.0g, 152mmol, 1eq.) in methanol (400 mL)
was cooled to 0 °C. Acetyl chloride (40.0 mL, 463 mmol, 3.04 eq) was added over
five minutes via syringe. The reaction was allowed to warm to room tempera-
ture and was stirred overnight. The solvent was removed by rotary evaporation.
The obtained white solid was used without purification in the next step.

Valine methyl ester hydrochloride was dissolved in a 1:1 mixture of THF
and MeOH (400mL) . Triethylamine (50.4 mL, 363 mmol, 3 eq.) was added and
the mixture was cooled to 0°C. A solution of di-tert-butyl dicarbonate (24.0g,
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109 mmol, 0.90eq.) in THF (100mL) was added via transfer cannula. The re-
action was allowed to warm to room temperature and was stirred overnight.
Diethylether was added, resulting in precipitation of triethylammonium hy-
drochloride. Water was added to dissolve the precipitate. The phases were sep-
arated and the organic phase was washed with aqueous solutions of HCI (1 M),
NaHCO; (sat.) and NaCl (sat.). The organic layer was separated and dried over
Na,SO,. After removal of solvent via rotary evaporation a clear oil was ob-
tained.

Yield: 28.5 g (102 mmol, 84%); colorless oil that crystallized upon cooling;

M: [C;5H,,NO,]1279.3 £; m.p.: 42°C; TLC: Ry = 0.38 (heptane/EtoAc, 4:1);
opt. rot.: [¢]% = —3.0 (c = 1.0, MeOH); HRMS (ESI+): 2 = 302.1377 (calc. for
MNa™: 302.1368). elem. anal.: % = C (64.32), H (7.53), N (4.93), O (22.95) calc.

for C,5H,,NO,: C (64.50), H (7.58), N (5.01), O (22.91).

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 7.35-7.22 (m, 3H, H5, H7), 7.17-
7.10 (m, 2H, H6), 5.00 (d, 1H, 3Jiy.y = 7.5 Hz, H8), 4.68-4.53 (m, 1H, H2), 3.72 (s,
3H, H9), 3.20-3.00 (m, 2H, H3), 1.43 (s, 9H, H12).
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BBC-NMR (75MHz, CDCl,): § [ppm] = 174.5 (1C, C1), 136.1 (1C, C4), 129.4
(2C, C5), 128.6 (2C, C6), 127.1 (1C, C7), 80.0 (1C, C11), 54.5 (1C, C2), 52.2 (1C,
C9), 38.5 (1C, C3), 28.4 (3C, C12).
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IR (KB1): ¥ = 3352 (m), 3003 (w), 2974 (w), 2955 (w), 2932 (w), 1738 (s), 1709
(s), 1530 (s), 1514 (s), 1501 (m), 1456 (m), 1447 (m), 1439 (m), 1393 (w), 1367 (s),
1350 (w), 1315 (w), 1294 (m), 1283 (m), 1240 (s), 1227 (s), 1163 (s), 1088 (w), 1057
(m), 1038 (w), 1015 (m), 976 (w), 856 (w), 787 (w), 752 (m), 737 (m), 700 (w), 500
(w).
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4.6 1,1-Di(4-bromophenyl)N-tert-butoxycarbonyl alani-
nol (85)

The reactions were performed oven-dried glassware under argon. A solution
of 1,4-dibromobenzene (60.8 g, 258 mmol, 3.6 eq) in THF (375mL) was cooled
to -78°C. A solution of n-butyl lithium in hexanes (2.5M, 100 mL, 258 mmol,
3.6eq) was added over thirty minutes. The reaction was allowed was stirred
for another sixty minutes at -78°C. To the resulting colorless suspension of 4-
bromophenyl lithium a solution of the N-protected amino acid methylester 70
(14.5g, 71.4mmol, 1eq.) in THF (15.0mL) was added dropwise. The reaction
was stirred for another 60 minutes and was slowly warmed to room tempera-
ture. The reaction was monitored by TLC. Upon consumption of compound 70,
the reaction was quenched by the addition of a saturated solution of NH,Cl in
water (500 mL). The reaction mixture extracted with EE (750 mL). Phases were
seperated and the aqueous phase was extracted with EtOAc again (2x 150 mL).
The combined organic phases were washed with aqueous HCI (1M, 2x 250 mL),
a saturated solution of NaHCO; (2x 250mL) and brine (2x 250mL). The or-
ganic phase was dried over Na,SO, and the solvent was evaporated under re-
duced pressure. The crude reaction product was purified by dry column vac-
uum chromatography (DCVC).B!8l

Yield: 31.4 g (65.0 mmol, 91%); colorless crystals; M: [C,oH,3Br,NO;] 484.0 -£-;
TLC: Ry = 0.45 (heptane/EtOAc, 4:1); opt. rot.: [2]% = —30.6 (c = 0.58,
MeOH); HRMS (ESI+): 2 = 505.9956 (calc. for MNa™: 505.9942). elem. anal.: %
=C (49.82), H (4.83), Br (n.d.), N (2.54) O (9.99) calc. for Cy,Hy;Br,NO;: C
(49.51), H (4.78), Br (32.94), N (2.89), O (9.89).
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TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 7.48-7.39 (m, 8H, H10, H11) 6.44
(d, 1H, 3Jyy = 9.5 Hz, H4), 5.72 (s, 1H, H8), 4.63 (dq, 1H, 3Jy.px = 9.5,6.5 Hz,
H2), 1.30 (s, 9H, H7), 0.88 (d, 3H, 3Jy.y = 6.5 Hz H3).

L e e e e L
150 140 130 120 110 100 9 80 70 60 S50 40 30 20 10 O
ppm

I3C-NMR (75 MHz, DMSO—dy): 6 [ppm] = 154.8 (1C, C5), 145.6, 144.8 (2C,
C12),131.0, 130.6, 128.2, 127.5 (4C, C10, C11), 119.7, 119.6 (2C, C9), 79.2 (1C, C1),
78.0 (1C, C6), 51.4 (1C, C2), 28.1 (3C, C7), 15.6 (1C, C3).
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IR (ATR): 7 = 3411 (m), 3083 (w), 2968 (w), 2933 (w), 2869 (w), 2850 (w), 1672
(s), 1515 (s), 1490 (m), 1454 (m), 1398 (m), 1357 (s), 1247 (m), 1172 (s), 1157 (s),
1074 (m), 1060 (s), 1008 (s), 900 (m), 811 (s), 765 (s).

4.7 1,1-Di(4-bromophenyl)N-tert-butoxycarbonyl vali-
nol (86)

The reactions were performed oven-dried glassware under argon.

A solution of 1,4-dibromobenzene (60.8 g, 258 mmol, 3.6 eq.) in THF (375mL)
was cooled to —78 °C. A solution of n-butyl lithium in hexanes (2.5 mTOI, 100mL,
258 mmol, 3.6eq.) was added over thirty minutes. The reaction was allowed
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was stirred for another sixty minutes at —78 °C. To the resulting colorless sus-
pension of 4-bromophenyl lithium a solution of the N-protected amino acid
methylester 71 (16.5g, 71.4mmol, 1eq.) in THF (15.0 mL) was added dropwise.
The reaction was stirred for another 60 minutes and was slowly warmed to room
temperature. The reaction was monitored by TLC. Upon consumption of com-
pound 71, the reaction was quenched by the addition of a saturated solution of
NH,Cl in water (500 mL). The reaction mixture extracted with EtOAc (750 mL).
Phases were seperated and the aqueous phase was extracted with EtOAc again
(2x 150 mL). The combined organic phases were washed with aqueous HCl
(1 mTOl, 2x 250mL), a saturated solution of NaHCO; (2x 250mL) and brine
(2x 250mL). The organic phase was dried over Na,SO, and the solvent was
evaporated under reduced pressure. The crude reaction product was purified
by DCVC.BE

Yield: 20.3 g (34.1 mmol, 93%); colorless crystals; M: [C,,H,,Br,NO;] 513.3 -£.;
TLC: Ry = 0.49 (heptane/ EtOAc, 4:1); m.p.: 214 °C; opt. rot.: ()% = —36.4

(c = 0.85, MeOH); HRMS (ESI+): 2 = 534.0255 (calc. for MNa*: 534.0258).
elem. anal.: % = C (51.70), H (5.36), Br (n.d.), N (2.48), O (9.69), calc. for

C,oH,;BOg: C (51.48), H (5.30), Br (n.d.), N (2.73), O (9.35).

TH-NMR (300 MHz, CDCl,): ¢ [ppm] = 7.54-7.37 (m, 8H; H11, H11’, H12,
H12"), 5.96 (d, 1H, 3Ji.q = 10.4 Hz, H6), 5.69 (s, 1H, H5), 4.48 (dd, 1H,? i =
10.4,2.3 Hz, H2), 1.60 (m, 1H, H3), 1.31 (s, 9H; H9), 0.84 (d, 3H,%Ji1.y = 6.6 Hz,
H4A), 0.71 (d, 3H, 3Ji.5q = 6.9 Hz, H4B).
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I3C-NMR (75 MHz, DMSO—dy): 6 [ppm] = 156.3 (1C, C7), 147.3, 145.5 (2C,
C13, C13), 131.5, 131.1, 128.4, 127.8 (4C; C11, C11’, C12, C12’), 120.1, 120.0 (2C;
C10, C10), 81.2 (1C, C1), 78.5 (1C, C8), 59.5 (1C, C2), 28.7 (1C, C3), 28.6 (3C, C9),
23.3,18.4 (2C, C4A, C4B).
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IR (KBr): 7 [cm™!] = 3431 (m), 3420 (m), 2997 (m), 2964 (m), 2934 (m), 2874
(m), 1676 (s), 1516 (s), 1487 (s), 1396 (m), 1367 (s), 1313 (m), 1250 (s), 1169 (s),
1097 (m), 1074 (m), 1042 (w), 1011 (s), 997 (m), 934 (w), 907 (m), 868 (m), 814 (m),
783 (m), 766 (m), 725 (w), 681 (w), 613 (W), 546 (m), 521 (m), 507 (m), 480 (m).
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4.8 1,1-Di(4-bromophenyl)N-tert-butoxycarbonyl leu-
cinol 87

The reactions were performed oven-dried glassware under argon.

A solution of 1,4-dibromobenzene (36.4 g, 154 mmol, 3.6 eq.) in THF (225 mL)
was cooled to —78 °C. A solution of n-butyl lithium in hexanes (2.5 mT‘)l, 60mL,
154 mmol, 3.6eq.) was added over thirty minutes. The reaction was allowed
was stirred for another sixty minutes at —78 °C. To the resulting colorless sus-
pension of 4-bromophenyl lithium a solution of the N-protected amino acid
methylester 72 (10.5 g, 42.9 mmol, 1 eq.) in THF (10.0mL) was added dropwise.
The reaction was stirred for another 60 minutes and was slowly warmed to room
temperature. The reaction was monitored by TLC. Upon consumption of com-
pound 72, the reaction was quenched by the addition of a saturated solution of
NH,Cl in water (300 mL). The reaction mixture extracted with EtOAc (400 mL).
Phases were seperated and the aqueous phase was extracted with EtOAc again
(2x 100mL). The combined organic phases were washed with aqueous HCI
(1 mTOI, 2x 100mL), a saturated solution of NaHCO; (2x 100mL) and brine
(2x 100mL). The organic phase was dried over Na,SO, and the solvent was
evaporated under reduced pressure. The crude reaction product was purified
by DCVC.EH

Yield: 20.3 g (38.7 mmol, 90%); colorless crystals; M: [Cy3H,9Br,NO;] 527.3 miol ;
TLC: Ry = 0.47 (heptane/EtOAc, 4:1); opt. rot.: [a]F = —6.4 (c = 0.78, MeOH);
HRMS (ESI+): 2 = 548.0406 (calc. for MNa*: 548.0412). elem. anal.: % = C

(53.02), H (5.86), Br (n.d.), N (2.62), O (10.04) calc. for C,3H,¢Br,NO;: C (52.39),

H (5.54), Br (30.31), N (2.66), O (9.10).
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IH-NMR (300 MHz, CDCl,): § [ppm] = 7.48-7.29 (m, 8H, H12, H13, H12,
H13') 4.70 (d, 1H, 3Jy.iy = 9.7 Hz, H6), 5.72 (s, 1H, H8), 4.56 (t, 1H, 3.y = 10.4
Hz, H2), 3.72 (s, H7), 1.75-1.58 (m, 1H, H4), 1.37 (dd, 1H, 3]y = 10.9,3.0 Hz,
H3A), 1.29 (s, 9H, H10), 1.18-1.03 (m, 1H, H3B), 0.95 (d, 3H, 3Ji.u = 6.5 Hz,
H5A) 0.86 (d, 3H, 3Jjy.q = 6.7 Hz, H5B).

— T 1 T "~ T "~ T T T "~ T "~ T "~ T T " T "~ T "~ T = T "1
150 140 130 120 110 100 9 8 70 60 50 40 30 20 10 O
ppm

13C.NMR (75 MHz, DMSO—dy): § [ppm] = 156.2 (1C, C8), 144.0, 143.6 (2C,
C14, C14'), 1316, 131.1, 127.8, 127.4 (4C, C12, C12/, C13, C13’), 121.2, 121.0 (2C,
C11,C11),81.1 (1C, C1), 79.7 (1C, C9), 54.9 (1C, C2), 39.2 (1C, C3), 28.2 (3C, C10),
25.2 (1C, C4), 23.9, 21.5 (2C, C5A, C5B).
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IR (ATR): v = 3415 (m), 2979 (w), 2954 (w), 2869 (w), 1672 (s), 1521 (s), 1488
(m), 1450 (m), 1363 (m), 1267 (m), 1170 (m), 1159 (m), 1076 (m), 1008 (m), 902
(m), 819 (m), 811 (m), 771 (m).

4.9 N-Benzyl proline methyl ester (88)

A solution of 1,4-dibromobenzene (36.4g, 154 mmol, 3.6eq.) in THF (225mL)
was cooled to —78 °C. A solution of n-butyl lithium in hexanes (2.5 mTOl, 60mL,
154 mmol, 3.6eq.) was added over thirty minutes. The reaction was allowed
was stirred for another sixty minutes at —78 °C. To the resulting colorless sus-
pension of 4-bromophenyl lithium a solution of the N-protected amino acid
methylester 73 (12.0 g, 42.9 mmol, 1 eq.) in THF (10.0 mL) was added dropwise.
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The reaction was stirred for another 60 minutes and was slowly warmed to room
temperature. The reaction was monitored by TLC. Upon consumption of com-
pound 73, the reaction was quenched by the addition of a saturated solution of
NH,Cl in water (300 mL). The reaction mixture extracted with EtOAc (400 mL).
Phases were seperated and the aqueous phase was extracted with EtOAc again
(2x 100mL). The combined organic phases were washed with aqueous HCl
(1 mTOI, 2x 100mL), a saturated solution of NaHCO; (2x 100mL) and brine
(2x 100mL). The organic phase was dried over Na,SO, and the solvent was
evaporated under reduced pressure. The crude reaction product was purified
by DCVC B

Yield: 22.6 g (40.2 mmol, 94%); colorless crystals; M: [CogH,,Br,NO;] 561.3 -£-;

mol”
TLC: Ry = 0.31 (heptane/ EtOAc, 4:1); m.p.: 131 °C; opt. rot.: [a]F = —30.6
(c = 0.53, MeOH); HRMS (ESI+): = 582.0255 (calc. for MNa*: 582.0248).
elem. anal.: % = C (55.60), H (4.81), Br (n.d.), N (2.31), O (8.76), calc. for
CyeHyyBr,NO;: C (55.63), H (4.85), Br (28.47), N (2.50), O (8.55).

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 7.57-7.50 (m, 4H, H14A, H15A),
7.47-7.41 (m, 4H, H14B, H15B), 7.20-7.05 (m, 5H, H5, H6, H7), 5.97 (d, 1H,
3Ta = 10.5 Hz, H8), 5.88 (s, 1H, H12), 4.78 (td, 1H, 3J.z = 10.5,2.8 Hz, H2),
2.63(dd, 1H, ?Jyiy = 14.1Hz, 3]y = 10.7 Hz, H3A),2.48 (dd, 1H, ?Jy.y = 14.1
Hz, 3Jyy = 2.8 Hz, H3B), 1.11 (s, 9H, H12).
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I3C-NMR (75 MHz, CDCly): § [ppm] = 155.4 (1C, C9), 146.3, 145.4 (2C, C16),
139.4 (1C, C4), 131.6, 130.9 (2C, C15), 129.5 (2C, C5), 128.6 (2C, C14A), 128.3 (2C,
C6), 128.1 (2C, C15B), 126.2 (1C, C7), 120.2, 120.1 (2C, C13), 80.4 (1C, C1), 78.2
(1C, C10), 58.0 (1C, C2), 28.4 (3C, C11), 28.0 (1C, C3).
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IR (KBr): 7 [em™] = 3404 (s), 3028 (m), 3003 (w), 2978 (W), 2932 (m), 1747 (w),
1672 (s), 1524 (s), 1489 (s), 1454 (m), 1398 (s), 1366 (s), 1250 (s), 1167 (s), 1076 (s),
1049 (m), 1028 (m), 1009 (s), 962 (w), 907 (m), 891 (w), 816 (s), 773 (m), 756 (m),
725 (m), 700 (s), 681 (w), 579 (w), 554 (m), 528 (m), 501 (m).
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410 N-Benzyl proline methyl ester 93

A suspension of proline (20.0g, 174mmol, 1eq.) in methanol (400mL) was
cooled to 0 °C. Acetyl chloride (40.0mL, 463 mmol, 2.7 eq.) was added over five
minutes via syringe. The reaction was allowed to warm to room temperature
and was stirred overnight. The solvent was removed by rotary evaporation. The
obtained clear oil was used without purification in the next step.

The hydrochloride of the proline methyl ester was suspended in CH,Cl,
(250 mL) To this suspension Et;N (57.8 mL, 417 mmol, 2.4eq.) was added. The
resulting precipitate was filtered off and discarded. Benzyl bromide (24.8 mL,
209 mmol, 1.2 eq.) was added to the filtrate and stirred overnight at room tempe-
rature. EE (24.8 mL) was added to the reaction mixture, which was then washed
wird water (24.8mL) and brine (24.8mL). The organic phase was dried over
Na,SO, and the solvent was evaporated under reduced pressure. The crude re-
action product was purified with DCVC.

Yield: 29.8 g (136 mmol, 78%); M:[C,5H,,NO,] 219.3 -51: TLC: Ry = 0.31
(heptane/EtOAc, 4:1); opt. rot.: [a]% = 65.6 (c = 1.0, MeOH); HRMS (ESI+): 2
=220.1397 (calc. for MH*: 220.1338) .
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J]'L I ki

TH-NMR (300 MHz, CDCl,): § [ppm] = 7.36-7.20 (m, 5H, H10, H11, H12),
3.90 (d, 1H, 2Jiy = 12.7 Hz, H8A), 3.64 (s, 3H, H7), 3.59 (d, 1H, 2Jp.yq = 12.7
Hz H8B), 3.27 (dd, 1H 3J11.; = 8.8,6.0 Hz, H2), 3.10-3.01 (m, 1H, H5A), 2.42 (m,
1H, 1H, H5B), 2.22-2.04 (m, 1H, H4A), 2.02-1.71 (m, 3H, H4B, H5).

1

\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
160 140 120 100 80 60 40 20 0
ppm

IBC-NMR (75MHz, CDCl,): § [ppm] = 174.49 (1C, C6), 138.21 (1C, C9),
129.24, 128.17 (5C, C10, C11, C12), 127.11 (1C, C12), 65.25 (1C, C7), 58.70 (1C,
C8), 53.25 (1C C2), 51.69 (1C, C5), 29.35 (1C, C3), 22.98 (1C, C4).
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IR (KB1): 7 [em™!] = 3417 (w), 2979 (w), 2952 (w), 1695 (s) 1602 (m), 1510 (m),
1448 (m), 1392 (m), 1369 (m), 1338 (m), 1240 (s), 1161 (m), 1107 (m), 1056 (m),
1000 (m), 914 (m), 821 (m), 757 (), 671 (m).

411 1,1-Di(4-bromophenyl)N-benzyl prolinol (94)

The reactions were performed oven-dried glassware under argon.

A solution of 1,4-dibromobenzene (36.2 g, 154 mmol, 2.2 eq.) in THF (220 mL)
was cooled to —78 °C. A solution of n-butyl lithium in hexanes (2.5 mT"l, 60mL,
154 mmol, 2.2eq.) was added over thirty minutes. The reaction was allowed
was stirred for another sixty minutes at —78 °C. To the resulting colorless sus-
pension of 4-bromophenyl lithium a solution of the N-protected amino acid
methylester 93 (15.7 g, 71.4 mmol, 1 eq.) in THF (15.0mL) was added dropwise.
The reaction was stirred for another 60 minutes and was slowly warmed to room
temperature. The reaction was monitored by TLC. Upon consumption of com-
pound 71, the reaction was quenched by the addition of a saturated solution of
NH,Cl in water (500 mL). The reaction mixture extracted with EtOAc (600 mL).
Phases were seperated and the aqueous phase was extracted with EtOAc again
(2x 150mL). The combined organic phases were washed with aqueous HCl
(1 mTOl, 2x 250mL), a saturated solution of NaHCO; (2x 250mL) and brine
(2x 250mL). The organic phase was dried over Na,SO, and the solvent was
evaporated under reduced pressure. The crude reaction product was purified
by DCVC.EH

246



EXPERIMENTAL

Yield: 20.3 g (33.8 mmol, 94%); yellow oil; M: [Cy,H,;Br,NO] 499.0 -£.; TLC:

mol’
Ry = 049 (heptane/EtOAc, 4:1); opt. rot.: [2]% = 66.6 (c = 0.74, MeOH);
HRMS (ESI+): Z = 500.0258 (calc. for MH": 500.0219)

elem. anal.: % = C (57.81), H (4.79), Br (n.d.), N (2.61), O (3.61), calc. for
C,,H,3Br,NO: C (57.51), H (4.62), Br (31.88), N (2.79), O (3.19).

il TR

ppm

TH-NMR (300 MHz, CDCl,): § [ppm] = 7.64-7.56 (m, 2H, H14), 7.48-7.38 (m,
6H, H14’, H15, H15"), 7.35-7.18 (m, 3H, H10, H12), 7.10-7.02 (m, 2H, H11), 5.07
(s, 1H, HY7), 3.92 (dd, 1H, 3]sy = 9.2,4.3 Hz, H2), 3.33 (d, 1H, %]y = 12.7
Hz, H8A), 3.10 (d, 1H, ?Jy.yq = 12.7 Hz, H8B), 2.95 (ddd, 1H ?Ji.y = 8.1 Hz,
3Tim = 4.9,3.3 Hz H5A), 2.40 (dt, 1H, 1H ?Jy.y = 8.1 Hz 3]y = 9.5 Hz Hz,

H5B), 2.03-1.84 (m, 1H, H3A), 1.77-1.57 (m, 3H, H3B, H4).
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13C-NMR (75 MHz, DMSO—dy): 6 [ppm] = 146.9, 145.4 (2C, C16, C16"), 139.2
(1C, €9),131.4,131.3 (2C, C15, C15"), 128.5,128.3 (4C, C10, C11), 127.4, 127.2 (2C,
C14, C14'), 127.1 (1C, C12), 120.7, 120.4 (2C, C13, C13’), 70.2 (1C, C2), 60.5 (1C,
C8), 55.5 (1C, C5), 29.8 (1C, C3), 24.0 (1C, C4).
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IR (KB1): 7 [em™] = 3313 (br), 3083 (w), 3062 (w), 3029, (w), 2952 (w), 2921
(w), 2869 (w), 2802 (w), 1587 (w), 1485 (s), 1452 (m), 1398 (m), 1373 (m), 1243 (m),
1178 (m), 1097 (m), 1072 (s), 1008 (s), 840 (m), 804 (s), 698 (s).
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412 4,4-Di(4-bromophenyl)5-isopropyl-oxazolidin-
2-one (97)

A solution of the N-Boc-protected amino alcohol 86 (4.50g, 8.77mmol, 1eq.)
in THF (90mL) was cooled to 0 °C. Potassium fert-butoxide (1.18 g, 10.5 mmol,
1.2 eq.) was added. The reaction was allowed allowed to warm to room tempe-
rature and was stirred for another three hours. The reaction was monitored by
TLC. Upon consumption of compound 86, the reaction mixture was diluted with
EE (250 mL) and extracted with a saturated solution of NH,Cl in water (100 mL).
Phases were seperated and the aqueous phase was extracted with EtOAc again
(2x 100 mL) The combined organic phases were washed with brine (2 x 100 mL),
dried over Na,SO, and the solvent was evaporated under reduced pressure.

Yield: 3.81 g (8.73 mmol, quant.); colorless oil (crystallized upon cooling);

M: [CigH,,Br,NO,]439.1 £1; m.p.: 119 °C; TLC: Ry = 0.56 (heptane/EtoAC,
1:1); opt. rot.: [a]F = —137.0 (c = 0.70, MeOH); HRMS (ESI+): 2 = 459.9524
(calc. for MNa™: 459.9513); elem. anal.: % = C (50.31), H (4.22), Br (n.d.), N

(2.80), O (9.07) calc. for C,gH,,Br,NO,: C (49.23), H (3.90), Br (36.39), O (7.29).
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ppm

TH-NMR (300 MHz, CDCl,): § [ppm] = 8.21 (s, 1H, H1), 7.68-7.38 (m, 8H,
H9, HY’, H10, H10'), 4.41 (dd, 1H, 3]y = 2.2,1.0 Hz, H5), 1.83-1.70 (m, 1H,
H6), 0.90 (d, 3H, 3Ji.1 = 6.9 Hz, H6A), 0.49 (d, 3H; 3Jy.iy = 6.6 Hz, H6B).

1 1 T T~ T T "~ T T T T T " T " T T T
150 140 130 120 110 100 9 80 70 60 50 40 30 20 10 O
ppm

13C.NMR (75 MHz, CDCl,): § [ppm] = 157.3 (1C, C2), 144.7, 139.2 (2C; C11,
C11%),131.9, 131.6 (4C, C10, C10"), 128.9, 128.2 (4C, C9, C9), 121.7, 121.2 (2C, C8,
C8'), 87.4 (1C, C4), 60.2 (1C; C5), 29.5 (1C, C6), 21.2 (1C, C6A ), 14.8 (1C, C6B ).
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transmission / %
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IR (KB1): 7 [em™] = 2955 (m), 1767 (s), 1726 (s), 1601 (m), 1514 (w), 1448 (m),
1435 (m), 1396 (m), 1379 (m), 1344 (m), 1246 (s), 1196 (m), 1132 (m), 1109 (w),
1090 (w), 1072 (m), 1059 (w), 1026 (w), 999 (m), 962 (m), 930 (w), 910 (w), 833
(m), 756 (s), 733 (m), 719 (m), 704 (m), 683 (m), 646 (w), 635 (W), 606 (w), 523 (W).

4.13 4,4-Di(4-bromophenyl)5-benzyl-oxazolidin-2-one
(98)

A solution of the N-Boc-protected amino alcohol 88 (4.34g, 7.73mmol, 1eq.)
in THF (80mL) was cooled to 0 °C. Potassium tert-butoxide (1.06 g, 9.41 mmol,
1.2 eq.) was added. The reaction was allowed allowed to warm to room tempe-
rature and was stirred for another three hours. The reaction was monitored by
TLC. Upon consumption of compound 88, the reaction mixture was diluted with
EE (250 mL) and extracted with a saturated solution of NH,Cl in water (100 mL).
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Phases were separated and the aqueous phase was extracted with EtOAc again
(2x 100 mL) The combined organic phases were washed with brine (2 x 100 mL),
dried over Na,SO, and the solvent was evaporated under reduced pressure.
Yield: 3.61 g (7.41 mmol, 96 %); colorless solid; M: [C,,H;,Br,NO,] 487.2 n%l;
m.p.: 244 °C; TLC: Ry = 0.39 (heptane/EtoAC, 4:1); opt. rot.: [a]F = —127.5

(c = 0.50, MeOH); HRMS (ESI+): Z = 507.9512 (calc. for MNa*: 507.9524);
elem. anal.: % = C (55.50), H (3.60), Br (n.d.), N (2.88), O (6.75) calc. for
Cy,H;,Br,NO,: C (54.24), H (3.52), Br (24.05), O (6.57).

r— 1 T ‘" T "~ 1 "~ T " T " T " T T T 1
10 9 8 7 6 5 4 3 2 1 0
ppm

TH-NMR (300 MHz, DMSO—dy): § [ppm] = 8.01 (s, 1H, H4), 7.65-7.10 (m,
13H, H7, H8, H9, H11, H12), 4.82, (ddd, 1H, 3Ji.y = 9.8,4.2,1.3 Hz, H3), 2.54
(dd, 1H, ?Ji.g = 13.5 Hz, 3Ji.y = 4.1 Hz, H6A), 2.24 (dd, 1H, ? [y = 13.7 Hz,
3.1 = 9.8 Hz, H6B).
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T 1 "~ 1 "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T "~ T T * T * T "1
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

13C-NMR (75 MHz, DMSO—dg): § [ppm] =

156.5 (1C, C1), 143.1 (1C, C15A), 138.9 (1C, C14B), 137.3 (1C, C7), 131.9 (2C,
C13A), 131.7 (2C, C13B), 129.7 (2C, C8), 128.6 (2C, C12A), 128.6 (2C, C9), 128.5
(2C, C12B), 126.8 (1C, C10), 122.0 (1C, C11A), 121.6 (1C, C11B), 87.7 (1C, C4),
60.3 (1C, C3), 39.2 (1C, C6).

T
80
60

401

20

O T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

IR (KB1): 7 = 3271 (m), 1761 (m), 1722 (s), 1651 (w), 1589 (w), 1493 (s), 1454
(w), 1400 (s), 1381 (m), 1367 (m), 1246 (s), 1202 (w), 1184 (w), 1099 (m), 1076 (s),
1057 (m), 1009 (s), 995 (s), 957 (m), 926 (m), 912 (m), 897 (m), 816 (s), 721 (s), 696
(m), 530 (m), 501 (m).
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4.14 1,1-Di-(4"-carboxybiphenyl)N-tert-butyloxycarb-
onyl-alaninol (99)

The reaction was performed in oven-dried glassware under argon. Solvents
were degassed by three freeze-pump-thaw cycles prior to use. To a suspen-
sion of the bis-arylated amino acid derivative 85 (1.00g, 2.07 mmol, 1eq.), 4-
carboxyphenyl boronic acid 180 (1.07 g, 12.0 mmol, 3.1 eq.) and sodium carbon-
ate (Na,CO;, 1.77 g, 5.38 mmol, 2.6 eq.) in water (50 mL) and DMF (50 mL) was
added tetrakis(triphenylphosphine)palladium ([Pd(PPhs),], 161 mg, 0.103 mmol,
0.05eq.). The reaction was heated to reflux for four hours and was monitored by
TLC. Upon consumption of compound 86, the reaction mixture was allowed to
cool to room temperature. The reaction mixture was filtered over celite. The fil-
trate was diluted with water (200 mL) and concentrated hydrochloric acid was
added until pH 5 was reached. This resulted in the precipitation of the dicar-
boxylic acid as a white solid. The reaction product was filtered, washed with
water and dried in vacuum.

Yield: 0.81 g (1.43 mmol, 62 %); white powder; TLC: Ry =0.00
(heptane/EtOAc, 1:1); HRMS (ESI+): ! = 590.2153 (calc. for MNa*: 590.2155).
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I T I T I T I T I T I T I T I T I
ppm
!H-NMR (300 MHz, DMSO—dy): 6 [ppm] = 8.03-7.95 (m, 4H, H15), 7.77-

7.71 (m, 4H, H14), 7.69-7.59 (m, 8H, H10, H11), 6.49 (d, 1H, 3Jy.iq = 9.5 Hz, H5),
4.88-4.73 (m, 1H, H2), 1.31 (s, 9H, H8), 0.95 (d, 3H, 3Ji1..4 = 6.4 Hz, H3).

r—r 7T 177717 71T 71 71T 17 71T 1T 1T ™ 1T T 1T T T T
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

IBC-NMR (75 MHz, DMSO—d): § [ppm] = 167.4 (2C, C17), 155.5 (1C, C6),
147.4, 146.4, 144.3, 144.2 (4C, C9, C12), 143.5 (1C, C4), 137.5, 137.4 (2C, C13),
132.0, 131.9 (2C, C16), 130.5, 130.4 (8C, C14, C15), 129.6, 129.5, 128.3 (3C, C5, C7),
127.6, 127.1, 127.0, 126.4 (8C, C10, C11), 126.1 (2C, C6), 80.7 (1C, C1), 78.1 (1C,
C7),58.4 (1C, C2),29.8 (1C, C3), 28.4 (3C, C8).
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transmission / %
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wavenumber / cm’”

IR (KB1): 7 = 3424 (m), 3033 (m), 2978 (m), 2934 (m), 2656 (w), 1689 (s), 1608
(s), 1497 (m), 1452 (m), 1421 (m), 1394 (m), 1368 (m), 1250 (m), 1164 (m), 1102 (m)
1059 (w), 829 (m), 775 (m).

4.15 1,1-Di-(4"-carboxybiphenyl)N-tert-butyloxycarb-
onyl-valinol (100)

256



EXPERIMENTAL

The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 86 (2.00 g, 3.61 mmol, 1 eq.), 4-carboxyphenyl
boronic acid 180 (1.85g, 11.211 mmol, 3.1eq.) and sodium carbonate (Na,CO;,
1.18 g, 9.40 mmol, 2.6 eq.) in water (100 mL) and DMF (100 mL) was added tetra-
kis(triphenylphosphine)palladium ([Pd(PPhy),], 303 mg, 0.179 mmol, 0.05 eq.).
The reaction was heated to reflux for four hours and was monitored by TLC.
Upon consumption of compound 86, the reaction mixture was allowed to cool
to room temperature. The reaction mixture was filtered over celite. The filtrate
was diluted with water (100 mL) and concentrated hydrochloric acid was added
until pH 5 was reached. This resulted in the precipitation of the dicarboxylic acid
as a white solid. The reaction product was filtered, washed with water and dried
in vacuum.
Yield: 1.50 g (2.46 mmol, 63 %); white powder; M: [C3,H3,NO,] 595.7 -£;; TLC:
Rf = 0.00 (heptane/EtOAc, 1:1); HRMS (ESI+): T = 618.2474 (calc. for MNa*:
618.2468);

ppm

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 8.02-7.95 (m, 4H. H16), 7.78-7.74
(m, 4H, H15),7.72-7.60 (m, 8H, H11, H12), 6.47 (d, 1H, 3 Jy1.y = 10.1 Hz, H6), 4.65
(dd, 1H, 3Jyg = 10.1,2.2 Hz, H2), 1.77-1.66 (m, 1H, H3), 1.32 (s, 9H, H9), 0.90
(d, 3H, 3Ji.g = 6.7 Hz, H4A), 0.76 (d, 3H, 3 ;1. = 6.9 Hz, H4B).
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‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
160 140 120 100 80 60 40 20 0
ppm

I3C-NMR (75 MHz, DMSO—dy): § [ppm] = 167.6 (2C, C18), 156.4 (1C, C7),
148.4, 146.6, 144.3, 144.2 (4C, C10, C13), 137.5, 137.2 (2C, C14), 132.0, 131.9 (2C,
C17), 130.4, 130.3 (8C, C15, C16), 127.1, 127.0, 126.9, 126.8 (8C, C11, C12); 81.5
(1C, C8),78.4 (1C, C1),57.9 (1C, C2), 28.8 (1C, C3), 28.6 (3C, C9), 23.46, 18.48 (2C,
C4).

transmission / %
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T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
wavenumber / cm”

IR (ATR): 7 = 2964 (w), 2931 (w) 2874 (w), 1685 (s), 1607 (s), 1577 (m), 1558
(m), 1495 (m), 1419 (m), 1392 (m), 1366 (m), 1243 (s), 1163 (s), 1004 (s), 865 (m),
829 (m), 747 (m), 697 (m).
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4.16 1,1-Di-(4"-carboxybiphenyl)N-tert-butyloxycarb-
onyl-phenylalaninol (99)

The reaction was performed in oven-dried glassware under argon. Solvents
were degassed by three freeze-pump-thaw cycles prior to use. To a suspen-
sion of the bis-arylated amino acid derivative 88 (1.00g, 1.78 mmol, 1eq.), 4-
carboxyphenyl boronic acid 180 (0.92 g, 5.52 mmol, 3.1 eq.) and sodium carbon-
ate (Na,CO;, 1.53 g, 4.63 mmol, 2.6 eq.) in water (50 mL) and DMF (50 mL) was
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 138 mg, 0.089 mmol,
0.05eq.).

The reaction was heated to reflux for four hours and was monitored by TLC.
Upon consumption of compound 86, the reaction mixture was allowed to cool
to room temperature. The reaction mixture was filtered over celite. The filtrate
was diluted with water (200 mL) and concentrated hydrochloric acid was added
until pH 5 was reached. This resulted in the precipitation of the dicarboxylic acid
as a white solid. The reaction product was filtered, washed with water and dried
in vacuum.

Yield: 0.80 g (1.43 mmol, 70 %); white powder; TLC: R £ =0.00
(heptane/EtOAc, 1:1); HRMS (ESI+): Z = 666.2448 (calc. for MNa*: 666.2468);
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TH-NMR (300 MHz, DMSO—dy): § [ppm] =1H NMR 8.11-7.83 (m, 8H, H18,
H19), 7.82 aAS 7.58 (m, 8H, H14, H15), 7.30 4AS 7.04 (m, 5H; H5, H6, H7), 6.52
(d, 3Ju = 10.2 Hz, H8), 5.00-4.88 (m, 1H, H2), 2.68 4AS 2.53 (m, 2H, H3), 1.11
(s, 9H, H11).

) -

\
160 140 120 100 80 60 40 20 0
ppm

IBC-NMR (75 MHz, DMSO—dy): § [ppm] = 167.5 (2C, C21), 155.4 (1C, C9),
147.4, 146.3, 144.4, 144.3 (4C, C13, C16), 137.5, 137.4 (2C, C17), 132.0, 131.9 (2C,
C20), 130.4, 130.3 (8C, C18, C19), 127.2, 127.1, 127.0, 126.9 (8C, C14, C15), 79.9
(1C, C1), 78.4 (1C, C9), 52.0 (1C, C2), 28.6 (3C, C10).
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IR (ATR): 7 = 3029 (w), 1974 (w), 1930 (w), 2544 (w), 2360 (w), 2342 (w), 1681
(s), 1607 (m), 1579 (w), 1521 (m), 1495 (m), 1163 (m), 865 (w), 845 (w), 826 (m),
697 (m).

417 O,0O-dimethyl-3’,5'-dicarboxy-1-iodo-benzene (109)

The reaction described here is an upscaled version of a procedure developed
by Konig and Mazik.B¥) A suspension of 1-amino-O,0-dimethyl-3’,5'-dicarb-
oxybenzene (181, 40.0 g, 95.6 mmol, 1eq.) in hydrochloric acid (6.2 mTOl, 120mL)
was cooled to —5°C. Solutions of NaNO, (13.20g, 191.4mmol, 1eq.) in water
(400mL) and KI (128.1 g, 772 mmol, 4 eq.) in water (300 mL) were prepared and
cooled to 4 °C. The solution of NaNO, was added dropwise over the course of 20
minutes maintaining the reaction temperature. Then ice-cold toluene (400 mL)
was added in one portion, before the solution of KI was added dropwise. he
reaction mixture was stirred for 18 hours and was allowed to warm to room
temperature and was then heated to reflux for one hour. Phases were separated

261



EXPERIMENTAL

and the aqueous phase was extracted with toluene (2x 100 mL). The combined
organic phases were dried over Na,SO, and the solvent was evaporated in vac-
uum. The reaction product was recrystallized three times from methanol.

Yield: 33.6 g (105 mmol, 55%); light-yellow solid; M: [C,,H,I10] 238.0 % ; TLC:
Rf =049 (heptane/EtOAc, 4:1); m.p.: 108 °C; HRMS (ESI+): Z = 320.9624
(calc. for MH™: 320.9624); elem. anal.: % = C (39.31), H (3.08), I (n.d.), O (n.d.)
calc. for C;,H;;BOg: C (37.52), H (2.8), I (39.65), O (19.99).

TH-NMR (300 MHz, DMSO—dg): 6 [ppm] = 8.62 (d, 2H, *Jgg = 1.6 Hz,
H2), 8.54 (d, 1H; *Jy.ip = 1.5 Hz, H4), 3.94 (s, 6H; H6)

T T T T T T T " T "~ T "~ T * T " T " T T " T "1 "1
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm
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13C.NMR (75 MHz, CDCl,): § [ppm] = 164.9 (2C, C5), 142.6 (2C, C2), 132.3
(2C, C3), 130.0 (1C, C4), 93.6 (1C, C1), 52.8 (2C, C6).
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wavenumber / cm”

IR (KBp): 7 [cm™!] = 3418 (w), 3084 (w), 3061 (w), 3005 (w), 2951 (m), 1854
(w), 1817 (w), 1717 (s), 1601 (w), 1570 (m), 1530 (w), 1439 (s), 1427 (m), 1421 (m),
1294 (s), 1246 (s), 1192 (m), 1136 (m), 1101 (m), 995 (m), 964 (m), 930 (w), 895 (w),
870 (w), 824 (w), 746 (s), 716 (m), 660 (W), 486 (w), 467 (w).

418 (O,0-dimethyl-3’,5’-dicarboxyphenyl) boronic
acid (112)

The reaction was performed oven-dried glassware under argon. A solution of
the iodide 109 (8.3 g, 26 mmol, 1eq.) in THF (80 mL) was cooled to —20°C. To
this solution was added the lithium chloride adduct of isopropyl magnesium

chloride in THF (i—PrMgCl - LiCl, 1.3 mTOl, 30mL, 39 mmol, 1.5eq.). The organo
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magnesium reagent was added dropwise over the course of 15 minutes. The
reaction was stirred for another 60 minutes at —20°C and was then cooled
to —78°C. Trimethyl borate (16.0mL, 144 mmol, 5.5eq.) was added over the
course of ten minutes at the same temperature, resulting in an orange precip-
itate which required vigorous stirring. The reaction mixture was stirred for 18
hours and was allowed to warm to room temperature. Hydrochloric acid (5 mTOI)
was added until the precipitate was dissolved. The reaction mixture was concen-
trated in vacuum. Hydrochloric acid (1 mTOI, 100 mL) was added to the residue,
the suspension was stirred at room temperature for 60 minutes and then filtered.
The solid residue was washed with water (3x 20mL), CH,Cl, (3x 20mL) and
dried in vacuum.

Yield: 5.5 g (23 mmol, 88%); colorless solid; M: [C;oH;;BOg] 238.0 -£1; m.p.:
322 °C; HRMS (ESI+): % = 239.0727 (calc. for MH*: 239.0731); elem. anal.: % =
C (50.57), H (4.73), B (n.d.), O (36.21) calc. for C;;H;;BO: C (50.46), H (4.66), B
(4.54), O (40.33).

TH-NMR (300 MHz, DMSO—dy): § [ppm] = 8.64 (d, 2H, *Jyy = 1.8 Hz,
H2), 8.49 (d, 1H; *Jy.;p = 1.8 Hz, H4), 3.89 (s, 6H; H6)
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T T T T T " T " T " T " T " T " T " T " T " T " T T " T "1
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

IBC-NMR (75 MHz, CDCly): 6 [ppm] = 165.7 (2C, C5), 139.2 (2C, C2), 131.2
(1C, C4), 129.4 (2C, C3), 52.4 (2C, C6).
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wavenumber / cm’”

IR (KB1): ¥ [em™!] = 3362 (m), 2955 (w), 1705 (s), 1603 (w), 1454 (w), 1429 (m),
1383 (m), 1302 (s), 1254 (s), 1200 (w), 1161 (m), 1142 (m), 1115 (w), 1072 (m), 1055
(m), 1001 (m), 972 (m), 930 (w), 777 (w), 756 (m), 723 (m), 698 (m), 638 (w), 600
(m).
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4.19 Di-(O,0-dimethyl-3’,5-dicarboxybiphenyl)-N-
tert-butyloxycarbonyl-alaninol (113)

The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 85 (3.00 g, 6.21 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (4.44g, 18.6mmol, 3.0eq.) and cesium carbonate
(Cs,CO;4, 6.06g, 18.6 mmol, 3.0eq.) in MeOH (100 mL) and DMF (25mL) were
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 483 mg, 0.31 mmol,
0.05eq.) and SPhos (127 mg, 0.31 mmol, 0.05eq.). The reaction was heated to
reflux for four hours and was monitored by TLC. Upon consumption of com-
pound 85, the reaction mixture was allowed to cool to room temperature. The
reaction mixture was concentrated in vaccuum to remove most of the MeOH
and DME. The residue was diluted in a mixture of EtOAc (400 mL) and water
(200mL). The organic phase was separated and washed with a saturated solu-
tion of NaHCO; (2x 100mL) and brine (2x 100mL). The organic phase was
dried over Na,50O, and the solvent was evaporated under reduced pressure.
The crude reaction product was purified by DCVC.E8I

Yield: 2.50 g (3.51 mmol, 56%); yellow foam; M: [C, H,;NO;;] 711.8 -£.; TLC:
Rf = 0.19 (heptane/EtOAc, 2:1); opt. rot.: [a]F = —9.4 (c = 0.68, MeOH);
HRMS (ESI+): Z = 734.2614 (calc. for MNa™: 734.2577) elem. anal.: % = C
(67.62), H (6.30), N (1.59), O (23.48), calc. for C,yH,;NO;;: C (67.50), H (5.81), N
(1.97), O (24.73) .
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AM D ,

TH-NMR (300 MHz, CDCl,): § [ppm] = 8.63 (m,2H, H16),8.43 (d, 2H *Ji1.y =
1.6 Hz, H14A), 8.41 (d, 2H *J.q = 1.6 Hz, H14B), 7.70-7.56 (m, 8H, H10, H11),
494 (d, 3Jn = 9.5 Hz, H5), 4.88-4.81 (m, 1H, H2), 3.96 (s, 12H, H18), 3.21 (s,
1H, H4), 1.35 (s, 9H, H8), 1.19 (d, 3H, 2]y = 6.3 Hz, H3).

5

L L L L \ \ \
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

I3C-NMR (75 MHz, CDCly): 6 [ppm] = 166.21, 166.18 (4C, C17), 132.17(br)
(4C, C14), 131.16, 131.12 (2C, C13), 127.3, 127.0, 126.7, 126.3 (8C, C10, C11), 80.8
(1C, C1), 79.7 (1C, C7), 52.5(br) (4C, C18), 28.3 (3C, C8), 24.90 (1C, C3).
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IR (ATR): 7 = 3425 (br), 2979 (w), 2954 (w), 2929 (w), 1722 (s), 1679 (m), 1602
(w), 1512 (m), 1448 (m), 1432 (m), 1363 (m), 1340 (m), 1238 (s), 1161 (m), 1132
(m), 1105 (m), 1074 (m), 1054 (m), 999 (m), 964 (m), 914 (w), 829 (m), 754 (s), 721
(m).

4.20 Di-(O,0-dimethyl-3’,5"-dicarboxybiphenyl)-N-
tert-butyloxycarbonyl-valinol (114)
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The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 86 (4.60 g, 8.96 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (6.37 g, 26.9mmol, 3.0eq.) and cesium carbonate
(Cs,CO;, 8.84 g, 26.9mmol, 3.0eq.) in MeOH (125 mL) and DMF (30 mL) were
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 663 mg, 0.42 mmol,
0.05eq.) and SPhos (176 mg, 0.42mmol, 0.05eq.). The reaction was heated to
reflux for four hours and was monitored by TLC. Upon consumption of com-
pound 86, the reaction mixture was allowed to cool to room temperature. The
reaction mixture was concentrated in vaccuum to remove most of the MeOH
and DMEF. The residue was diluted in a mixture of EtOAc (500 mL) and water
(250 mL). The organic phase was separated and washed with a saturated solu-
tion of NaHCO; (2x 125mL) and brine (2x 125mL). The organic phase was
dried over Na,50O, and the solvent was evaporated under reduced pressure.
The crude reaction product was purified by DCVC.318]

Yield: 4.22 g (5.70 mmol, 64%); yellow foam; M: [C,,H,;sNO;;] 739.8 £+ TLC:
Ry = 0.25 (heptane/EtOAc, 2:1); opt. rot.: [a]F = —12.8 (c = 0.51, MeOH);
HRMS (ESI+): Z = 762.2894 (calc. for NaM*: 762.2890), elem. anal.: % = C
(67.67), H (6.34), N (1.50), O (22.39), calc. for C,,Hy;sNO;;: C (68.19), H (6.13), N
(1.89), O (23.79) .

TH-NMR (300 MHz, CDCl,): 6 [ppm] = 8.60 (t, 2H, *Jy.y = 1.6 Hz, H17),
8.59-8.57 (m, 4H, H15), 7.74-7.68 (m, 2H, H11 or H12), 7.76-7.59 (m, 4H, H11 or
H12), 7.58-7.52 (m, 2H, H11 or H12), 5.27 (d, 1H, 3Ji.5 = 10.3 Hz, H6), 4.77-4.65
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(m, 1H, H2), 3.93 (s, 6H, H19A), 3.92 (s, 6H, H19B), 2.00-1.86 (m, 1H, H3), 1.30
(s, 9H, C9), 0.98 (t, 3H, 3Ji1.;y = 6.6 Hz, H4A), 0.95 (t, 3H, 3Ji1.iy = 6.9 Hz, H4B).

\’WWMM!,,‘JL.Z'IN‘ J VMUV

—T "~ 1 1 "~ T T "~ T T "~ T T "~ T "~ T "~ T " T "~ T " T "~ T "1
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

13C-NMR (75 MHz, CDCl,): 6 [ppm] = 166.2 (4C, C18) 156.4 (1C, C7), 146.5,
145.6 (4C, C16), 141.4, 141.3, 137.4(br) (4C, C10, C13), 132.14, 132.09 (4C, C15),
131.08, 131.05 (2C, C14), 129.31, 129.22 (2C, C17), 127.19, 126.94, 126.59, 126.10
(8C, C11, C12), 82.3 (1C, C1), 79.3 (1C, C8), 59.4 (1C, C2), 52.45, 52.42 (4C, C19),
28.9 (1C, C2),28.3 (3C, C9), 22.8,17.7 (2C, C4).
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IR (KBr): v [em™] = 2954 (w), 2873 (w), 2848 (w), 1726 (s), 1596 (w), 1434 (m),
1367 (w), 1342 (m), 1236 (s), 1164 (m), 1132 (m), 1000 (m), 914 (m), 873 (m), 798
(m), 754 (m), 719 (m).

4.21 Di-(O,0-dimethyl-3’,5’-dicarboxybiphenyl)-N-
tert-butyloxycarbonyl-leucinol (115)

The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 87 (4.50g, 8.57 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (6.12g, 25.7 mmol, 3.0eq.) and cesium carbonate
(Cs,COg, 8.45¢, 25.7mmol, 3.0eq.) in MeOH (125mL) and DMF (30 mL) were
added were added tetrakis(triphenylphosphine)palladium ([Pd(PPh;), ], 663 mg,
0.42mmol, 0.05eq.) and SPhos (176 mg, 0.42 mmol, 0.05eq.). The reaction was
heated to reflux for four hours and was monitored by TLC. Upon consumption
of compound 87, the reaction mixture was allowed to cool to room tempera-
ture. The reaction mixture was concentrated in vaccuum to remove most of
the MeOH and DMF. The residue was diluted in a mixture of EtOAc (500 mL)
and water (250 mL). The organic phase was separated and washed with a sat-
urated solution of NaHCO; (2x 125mL) and brine (2x 125mL). The organic
phase was dried over Na,SO, and the solvent was evaporated under reduced
pressure. The crude reaction product was purified by DCVC.1318

Yield: 3.77 g (5.00 mmol, 50%); orange foam; M: [C,;H,,NO;,]753.8 -&.; TLC:

mol”

Ry = 0.22 (heptane/EtOAc, 2:1); opt. rot.: [#]5 = 48.0 (c = 0.80, MeOH);
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HRMS (ESI+): Z = 776.3050 (calc. for NaH": 776.3047); elem. anal.: % = C
(69.94), H (6.56), N (1.45), O (22.85), calc. for C43H,,NO;;: C (68.51), H (6.28), N
(1.86), O (23.35) .

TH-NMR (300 MHz, CDCly): § [ppm] = 8.63 (t, 1H, *Jy.iq = 1.6 Hz, H18A),
8.61 (t, 1H, *Jy.y = 1.6 Hz, H18B), 8.43 (d, 1H, *Jy1.y = 1.6 Hz, H16A), 8.38 (d,
1H, *Ji.gq = 1.6 Hz, H16B), 7.74-7.53 (m, 8H, H12, H13), 4.86 (d, 1H, ] = 9.8 Hz,
H7), 4.83-4.71 (m, 1H, H2), 3.96 (s, 6H, H20A), 3.95 (s, 6H, H20B), 1.88-1.65 (m,
1H, H4), 1.60-1.40 (m, 1H, H3A), 1.28 (s, 9H, H10), 1.27-1.23 (m, 1H, H3B), 1.02
(d, 3H, 3.y = 6.5 Hz, H5A), 0.89 (d, 3H, 3 [y = 6.7 Hz, H5B).

bsatlno) “A“ o .l 1.1'.:15‘ |

L L A
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm
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13C.NMR (75 MHz, CDCl,): § [ppm] = 166.21, 166.19 (4C, C19), 156.25 (1C,
C8), 145.42, 145.05 (4C, C17), 141.52, 141.22, 137.64, 137.47 (4C, C11, C14), 132.1,
(4C,C16) 131.1,131.1 (2C, C15), 129.37, 129.22 (2C, C18), 127.2, 126.9, 126.7, 126.3
(8C, C12, C13), 81.37 (1C, C1), 79.41 (1C, C9), 55.08 (1C, C2), 52.46, 52.43 (4C,
C20), 39.44 (1C, C3), 28.22 (3C, C10), 25.03 (1C, C4), 23.95, 22.68 (2C, C5). .

transmission / %
100
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60
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4000 3500 3000 2500 2000 1500 1000
wavenumber / cm”

IR (ATR): v = 2952 (w), 2929 (w), 2867 (w), 1726 (s), 1598 (w), 1432 (m), 1342
(m), 1240 (s), 1161 (m), 1072 (m), 1000 (m), 829 (m), 754 (s), 721 (m).
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4.22 Di-(O,0-dimethyl-3’,5-dicarboxybiphenyl)-N-
tert-butyloxycarbonyl-valinol (116)

The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 88 (4.10g, 7.31 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (5.15g, 21.9mmol, 3.0eq.) and cesium carbonate
(Cs,CO4, 7.21g, 21.6 mmol, 3.0eq.) in MeOH (125mL) and DMF (30 mL) were
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 568 mg, 0.37 mmol,
0.05eq.) and SPhos (150mg, 0.37mmol, 0.05eq.). The reaction was heated to
reflux for four hours and was monitored by TLC. Upon consumption of com-
pound 116, the reaction mixture was allowed to cool to room temperature. The
reaction mixture was concentrated in vaccuum to remove most of the MeOH
and DME. The residue was diluted in a mixture of EtOAc (500 mL) and water
(250mL). The organic phase was separated and washed with a saturated solu-
tion of NaHCO; (2x 125mlL) and brine (2x 125mL). The organic phase was
dried over Na,50O, and the solvent was evaporated under reduced pressure.
The crude reaction product was purified by DCVC.E8I

Yield: 3.40 g (4.32 mmol, 59%); orange foam; M: [CC,,H,5NO;;]1787.3 -£;; TLC:
Ry = 0.19 (heptane/EtOAc, 2:1); opt. rot.: [a]% = +22.6 (c = 0.68, MeOH);
HRMS (ESI+): Z = 810.2840 (calc. for NaM™: 810.2890).
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TH-NMR (300 MHz, CDCl,): § [ppm] = 8.65 (t, 1H, 4]y = 1.6 Hz, H20A),
8.62 (t, 1H, 4Ji.u = 1.6 Hz, H20B), 8.46 (d, 1H, 4Ji1.q = 1.6 Hz, H18A), 8.43-8.39
(m, 2H, H18B), 7.79-7.64 (m, 6H, H14A, H15), 7.63-7.54 (m, 2H, H14B), 7.32-7.22
(m, 3H, H5, H7), 7.20-7.14 (m, 2H, H6), 4.96 (d, 1H, 3]y = 9.0 Hz, HS), 4.85-
4.73 (m, 1H, H2), 3.98 (s, 6H, H22A), 3.96 (s, 6H, H22B), 2.99-2.83 (m, 2H, H3),
1.24 (s, 9H, H11).

\ \ \ \ \ \ \ \ \
160 140 120 100 80 60 40 20 0
ppm

13C.NMR (75 MHz, DMSO—dy): § [ppm] = 166.2 (4C, C21), 156.2 (1C, C9)
145.8,145.1 (4C, C19), 141.4, 141.3, 138.9(br) (4C, C13, C16), 137.9 (1C, C4), 132.2,
132.1 (4C, C18) 131.2, 131.10 (2C, C17), 129.3 (2C, C5), 128.4 (2C, C6), 127.4, 127.0,
126.6 (6C, C14A, C15), 126.3 (1C, C7), 126.3 (2C C14B), 81.0 (1C, C1), 79.8 (1C,
C10), 59.5 (1C, C2), 52.5 (1C, C22A), 52.4 (1C, C22B), 28.1 (4C, C3, C11).
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transmission / %
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wavenumber / cm’”

IR (KBp): 7 = 3494 (w), 3396 (w), 3083 (s), 3062 (s), 3031 (m), 2952 (m), 2929
(m), 2848 (m), 1728 (s), 1602 (m), 1513 (m), 1448 (s), 1436 (s), 1342 (s), 1243 (s),
1166 (m), 1072 (m), 1000 (m), 831 (m), 756 (m).

4.23 4,4-Di-(0O,0-dimethyl-3’,5-dicarboxybiphenyl)-
5-isopropyl-oxazolidin-2-one (118)
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The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 97 (4.30 g, 9.86 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (6.95g, 29.6mmol, 3.0eq.) and cesium carbonate
(Cs,CO;, 9.73 g, 29.6 mmol, 3.0eq.) in MeOH (160 mL) and DMF (40 mL) were
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 767 mg, 0.49 mmol,
0.05eq.) and SPhos (202mg, 0.49 mmol, 0.05eq.). The reaction was heated to
reflux for four hours and was monitored by TLC. Upon consumption of com-
pound 97, the reaction mixture was allowed to cool to room temperature. The
reaction mixture was concentrated in vaccuum to remove most of the MeOH
and DMEF. The residue was diluted in a mixture of EtOAc (500 mL) and water
(250 mL). The organic phase was separated and washed with a saturated solu-
tion of NaHCO; (2x 150mL) and brine (2x 150 mL). The organic phase was
dried over Na,50O, and the solvent was evaporated under reduced pressure.
The crude reaction product was purified by DCVC.318]

Yield: 4.90 g (7.37 mmol, 75%); yellow foam; M: [C33H3sNO; ] 665.7 % ; TLC:
Rf =022 (heptane/EtOAc, 1:1); m.p.: 118 °C; opt. rot.: [a]2D7 = —-71.3(c =0.38,
MeOH); HRMS (ESI+): Z = 666.2333 (calc. for MH": 666.2333); elem. anal.: %
=C(64.09), H (5.42), N (1.23), O (26.03) calc. for C33H35NO;: C (68.56), H
(5.30), N (2.10), O (24.03).

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 8.39-8.36 (m, 2H, H15), 8.33-
8.28 (m, 4H, H13), 8.25 (s, 1H, H1), 7.90-7.81 (m, 2H, H9A), 7.80-7.49 (m, 6H,
H9B, H10), 4.61-4.53 (m, 1H, H5), 3.87 (s, 12H, H17), 1.97-1.84 (m, 1H, Hé), 0.97
(d, 3Ja = 6.8 Hz, H7A), 0.57 (d, 3Ji.q = 6.5 Hz, H7B).
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e i , .
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ppm

I3C-NMR (75 MHz, DMSO—dg): § [ppm] = 165.2 (4C, C16), 157.3 (1C, C2),
145.1, 145.4 (2C, C14), 139.9(br), 137.5, 136.9 (4C, C8, C11), 131.43, 131.38 (4C,
C13), 128.8, 128.7 (2C, C14), 128.4 (2C, C12), 127.1, 126.8, 126.5, 126.1 (8C, C9,
C10), 87.5 (1C, C4), 64.2 (1C, C5), 52.5 (4C, C17),29.2 (1C, C6), 20.2, 14.6 (2C, C7).

transmission / %
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wavenumber / cm’”

IR (KB1): 7 [em™'] = 3441 (m), 3360 (m), 2955 (m), 2878 (w), 2361 (w), 1757 (s),
1728 (s), 1601 (m), 1514 (w), 1448 (s), 1437 (s), 1375 (m), 1344 (s), 1246 (s), 1196
(m), 1134 (m), 1109 (m), 1072 (m), 1042 (m), 999 (s), 964 (m), 941 (w), 916 (m), 854
(m), 829 (m), 756 (s), 721 (m), 702 (m), 640 (w), 542 (w).
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4.24 4,4-Di-(0,0-dimethyl-3’,5-dicarboxybiphenyl)-
5-benyzl-oxazolidin-2-one (119)

The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 98 (3.50 g, 7.19 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (5.07 g, 21.6 mmol, 3.0eq.) and cesium carbonate
(Cs,CO;, 7.09 g, 21.6 mmol, 3.0eq.) in MeOH (160mL) and DMF (40 mL) was
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 559 mg, 0.36 mmol,
0.05eq.).

The reaction was heated to reflux for four hours and was monitored by
TLC. Upon consumption of compound 98, the reaction mixture was allowed
to cool to room temperature. The reaction mixture was concentrated in vac-
cuum to remove most of the MeOH and DMF. The residue was diluted in a
mixture of EtOAc (500mL) and water (250 mL). The organic phase was sepa-
rated and washed with a saturated solution of NaHCO; (2x 150 mL) and brine
(2x 150mL). The organic phase was dried over Na,SO, and the solvent was
evaporated under reduced pressure. The crude reaction product was purified
by DCVC.EL

Yield: 2.88 g (4.04 mmol, 56%); yellow foam; M: [C,,H;:NO;,] 713.7 miol" TLC:
Ry = 0.30 (heptane/EtOAc, 1:1); m.p.: 171.5°C; opt. rot.: (]2 = —42.0

(c = 0.10, MeOH); HRMS (ESI+): 2 = 714.2344 (calc. for MH": 714.2334); elem.
anal.: % = C (66.60), H (4.93), N (1.48), O (23.69) calc. for C4,H35NO;,: C (70.68),
H (4.94), N (1.96), O (22.42).
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TH-NMR (300 MHz, DMSO—dg): § [ppm] = 8.39-8.36 (m, 2H, H18), 8.34 (d,
2H, *Jyy = 1.6 Hz, H16A), 8.31 (d, 2H, *Ji.iy = 1.6 Hz, H16B), 8.06 (s, 1H, H1),
7.88-7.83 (m, 2H, H12A), 7.81-7.71 (m, 2H, H13A), 7.71-7.64 (m, 2H, H13B), 7.59-
7.53 (m, 2H, H12B), 7.31-7.13 m, 5H, H8, H9, H10), 4.96 (dd, 1H, 3Jy.;y = 9.7,4.3
Hz, H5), 3.89 (s, 12H, H20), 2.67 (dd, 1H, 2Jy.;y = 13.7 Hz, 3 Jiiy = 4.3 Hz, H6A),
2.35(dd, 1H, ?Jiy = 13.7 Hz, 3 iy = 9.7 Hz, H6B).

J f bt | | “ .

\ \ \ \ \ \ \ \ \
160 140 120 100 80 60 40 20 0
ppm

13C.NMR (75 MHz, DMSO—d,): 6 [ppm] = 165.2 (4C, C19), 156.4 (1C, C2),
143.7,139.6 (1C, C14), 137.8 (1C, C11), 137.2 (1C, C7), 137.0 (1C, C11), 131.4 (2C,
C16A), 130.9 (6C, C16B, C17), 129.3 (2C, C8), 128.5, 128.4 (1C, C18A) 128.2 (4C,
C15, C9), 127.2 (2C, C13A), 126.8 (4C, 13B, C12A), 126.7 (2C, C12B), 126.3 (1C,
C10), 87.8 (1C, C3), 60.2 (1C, C4), 52.6 (4C, C20), 38.6 (1C, C6).

280



EXPERIMENTAL

100

80 -

60

40

20

0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

IR (KBp): 7 [em™!] = 2955 (m), 1767 (s), 1726 (s), 1601 (m), 1514 (w), 1448 (s),
1435 (s), 1396 (m), 1379 (m), 1344 (s), 1246 (s), 1196 (s), 1132 (m), 1109 (w), 1090
(w), 1072 (m), 1059 (w), 1026 (w), 999 (s), 962 (m), 930 (w), 910 (w), 833 (m), 756
(s), 733 (m), 719 (s), 704 (m), 683 (m), 646 (w), 635 (w), 606 (W), 523 (w).

4.25 Di-(O,0-dimethyl-3’,5’-dicarboxybiphenyl)-N-
benzyl-prolinol (120)
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The reaction was performed oven-dried glassware under argon. Solvents were
degassed by three freeze-pump-thaw cycles prior to use. To a suspension of the
bis-arylated amino acid derivative 94 (4.60 g, 8.96 mmol, 1eq.), O,0’-dimethyl-
isopthalic boronic acid 112 (6.12g, 25.7 mmol, 3.0eq.) and cesium carbonate
(Cs,CO;, 8.45¢g, 25.7mmol, 3.0eq.) in MeOH (125 mL) and DMF (30 mL) were
added tetrakis(triphenylphosphine)palladium ([Pd(PPh;),], 697 mg, 0.45 mmol,
0.05eq.) and SPhos (184 mg, 0.45mmol, 0.05eq.). The reaction was heated to
reflux for four hours and was monitored by TLC. Upon consumption of com-
pound 94, the reaction mixture was allowed to cool to room temperature. The
reaction mixture was concentrated in vaccuum to remove most of the MeOH
and DMEF. The residue was diluted in a mixture of EtOAc (500 mL) and water
(250 mL). The organic phase was separated and washed with a saturated solu-
tion of NaHCO; (2x 125mL) and brine (2x 125mL). The organic phase was
dried over Na,50, and the solvent was evaporated under reduced pressure.
The crude reaction product was purified by DCVC.B18]

Yield: 4.03 g (5.54 mmol, 59%); yellow foam; M: [C,,H,;NOy] 727.8 £+, TLC:
Ry = 0.67 (heptane/EtOAc, 2:1); opt. rot.: [a]% = +54.0 (c = 0.80, MeOH);
HRMS (ESI+): 7 =728.2913 (calc. for MH*: 728.2854).

TH-NMR (300 MHz, CDCL,): § [ppm] = 8.62 (t, 1H, *Ji1.;1 = 1.6 Hz, H20A),
8.59 (t, 1H, 4Ji1.qy = 1.6 Hz, H20B), 8.43 (d, 2H, 4Ji.u = 1.6 Hz, H18A), 8.38
(d, 2H, *Ji.q = 1.6 Hz, H18B), 7.92-7.85 (m, 2H, H14A or H15A), 7.76-7.70 (m,
2H, H14B or H15B), 7.66-7.57 (m, 4H, H14 or H15), 7.29-7.18 (m, 3, H10, H12),
7.12-7.05 (m, 2H, H13), 4.10 (dd, 1H, 3J.iy = 9.4,4.7 Hz, H2) 3.96 (s, 6H, C22A),
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3.94 (s, 6H, C22B), 3.41 (d, 1H, 2Ji.q = 12.6 Hz, C8A), 3.13 (d, 1H, 2Ji.y = 12.6
Hz, C8B), 2.98 (dd, 1H, 3]y = 9.7,5.1 Hz, H5A), 2.50-2.36 (m, 1H, H5B), 2.03
(dd, 2Jyn = 12.6 Hz, 3Jig = 9.0 Hz, H3A), 1.88-1.74 (m, 1H, H3B), 1.74-1.55
(m, 2H, H4).

" Huth' — WMMWM

L L L L L R
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

13C.NMR (75MHz, CDCL,): § [ppm] = 166.24, 166.20 (4C, C22), 148.16,
146.72 (4C, C19), 141.56, 141.33 (2C, C13 or C16), 139.44 (1C, C9), 137.13, 137.03
(4C, C13 or C16) 132.16, 132.13 (4C, C18), 131.08, 131.03 (2C, C17), 129.20(br)(2C,
C20), 128.51, 128.22 (4C, C10, C11), 127.10, 127.03 (4C, C14 or C15), 126.97 (1C,
C12) 126.32, 126.16 (4C, C14 or C15);
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IR (KB1): ¥ [em™] = 3251 (br), 3135 (w), 2962 (w), 2933 (w), 2873 (w), 1747 (s),
1587 (w), 1485 (m), 1398 (m), 1365 (m), 1313 (m), 1240 (m), 1074 (m), 1041 (m),
995 (m), 945 (m), 912 (m), 810 (m).

4.26 1,1-Di-(3’,5"-dicarboxybiphenyl)N-tert-butyloxy-
carbonyl-alaninol (121)

To a solution of the tetramethyl ester 113 (2.00 g, 2.81 mmol, 1 eq.) in tetrahydro-
furan (100 mL) was added water (100 mL) and a solution of potassium hydrox-
ide (KOH, 2 mTOI, 9.8 mL, 20mmol, 7eq.). The reaction was heated to reflux for
2-3 hours and was monitored by TLC. Upon consumption of compound 113,
the reaction mixture was allowed to cool to room temperature. The reaction
mixture was concentrated in vaccuum to remove most of the THE. The residue
was diluted with water (200 mL) and concentrated hydrochloric acid was added
dropwise until pH 2 — 5 was reached. This resulted in the precipitation of the
tetracarboxylic acid. The suspension was centrifuged and the liquid phase was
discarded. The precipitate was washed with water and then dried in vacuum.

Yield: 1.57 g (2.40 mmol, 85%); white powder; M: [C3,H33NO; ;] 655.6 £+ opt.
rot.: [x]% = —21.7 (c = 0.24, MeOH); HRMS (ESI+): 2 = 678.1960 (calc. for
MNa™: 655.1951), elem. anal.: % = C (59.47), H (5.54), N (1.63), O (26.29), calc.
for C5cH33NO;;: C (65.95), H (5.07), N (2.14), O (26.84) .
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TH-NMR (300 MHz, CD,0D): § [ppm] = 8.60-8.58 (m, 2H, H16), 8.37 (d, 2H
4Ty = 1.7 Hz, H14A), 8.36 (d, 2H, 4Ji.y = 1.6 Hz, H14B), 7.70-7.54 (m, 8H,
H10, H11), 4.84 (q, 1H ®Jy.py = 6.5 Hz, H2), 1.30 (s, 9H, H8), 1.12 (d, 3H, 3 Jyy.py =
6.5 Hz, H3).

b n ] JJI jl “

L e e L L L A
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

13C.NMR (75 MHz, CD,0D): § [ppm] = 168.84(br) (4C, C14), 157.67 (1C, C6),
147.63, 146.93 (2C, C9 or C12), 142.69, 142.51 (2C, C9 or C12), 138.60 (2C, C13),
133.10(br) (4C, C14), 132.89(br) (4C, C17), 130.48, 130.44 (2C, C16), 128.05, 127.81,
127.65, 127.58 (8C, C10, C11), 81.38 (1C, C1), 80.18 (1C, C7), 53.42 (1C, C2), 28.68
(3C, C8), 26.44 (1C, C3);
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IR (ATR): ¥ = 3425 (br), 2977 (w), 2952 (w), 2931 (w), 2561 (br), 1712 (s), 1695
(s), 1600 (m), 1513 (m), 1446 (m), 1392 (m), 1365 (m), 1338 (m), 1240 (br), 1162 (s),
1107 (m), 1056 (m), 1000 (w), 916 (m), 829 (m), 757 (s), 719 (m), 671 (m).

4.27 1,1-Di-(3’,5"-dicarboxybiphenyl)N-tert-butyloxy-
carbonyl-valinol (122)

To a solution of the tetramethyl ester 114 (2.00 g, 2.70 mmol, 1 eq.) in tetrahydro-
furan (100 mL) was added water (100 mL) and a solution of potassium hydrox-
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ide (KOH, 2 mT"l, 9.5mL, 19 mmol, 7eq.). The reaction was heated to reflux for
2-3 hours and was monitored by TLC. Upon consumption of compound 115,
the reaction mixture was allowed to cool to room temperature. The reaction
mixture was concentrated in vaccuum to remove most of the THFE. The residue
was diluted with water (200 mL) and concentrated hydrochloric acid was added
dropwise until pH 2 — 5 was reached. This resulted in the precipitation of the
tetracarboxylic acid. The suspension was centrifuged and the liquid phase was
discarded. The precipitate was washed with water and then dried in vacuum.

Yield: 1.47 g (2.15 mmol, 80%); M: [C33H3,NO; ;] 683.2 £ opt. rot.:

[0]% = —12.7 (c = 0.22, MeOH); HRMS (ESI+): 2 = 706.2183 (calc. for NaM*:
706.2264) elem. anal.: % = C (61.06), H (5.31), N (1.68), O (24.84), calc. for
C39H39NO;;: C (66.76), H (5.45), N (2.05), O (25.74) .

TH-NMR (300 MHz, CD;0D): § [ppm] = 8.63-8.58 (m, 2H, H17), 8.45 (d, 2H,
3Ttu = 1.6 Hz H15A), 8.40 (d, 3J.y = 1.6 Hz H15B), 7.79-7.57 (m, 8H, H11,
H12), 6.26 (d, 1H, 3]y = 10.5 Hz, H6), 4.68 (dd, 1H, 3 [y = 10.5,2.2 Hz, H2),
1.98-1.82 (m, 1H, H3), 1.34 (s, 9H, H9, 1.00 (d, 3H, 3 Ji.z = 6.7 Hz, H4A), 0.90 (d,
3H, ?J1y = 6.7 Hz, H4B).
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ppm

I3C-NMR (75 MHz, DMSO—dg): § [ppm] = 167.0 (4C, C18), 156.4 (1C, C7),
148.3, 146.5 (2C, C10 or C13), 141.06, 140.95 (2C, C10 or C13), 137.0 (2C, C14),
132.8, 132.7 (4C, C16), 131.41, 131.35 (4C, C15), 129.16 (2C, C17), 127.14, 127.07,
126.8, 126.4 (8C, C11, C12), 81.6 (1C, C1), 78.4 (1C, C8), 60.1 (1C, C2) 28.9 (1C,
C3) 28.6 (3C, C9), 23.5 (1C, C4A), 18.5 (1C, C4B).

transmission / %
100 -

80 |
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40 -|

T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
wavenumber / cm’”

IR (ATR): 7 = 3415 (br), 2970, (w), 2931 (w), 2873 (w), 2514 (br), 1693 (s), 1600
(m), 1508 (m), 1448 (m), 1394 (m), 1367 (m), 1238 (s), 1161 (m), 914 (m), 827 (m),
759 (m), 663 (m).
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4.28 1,1-Di-(3’,5"-dicarboxybiphenyl)N-tert-butyloxy-
carbonyl-leucinol (123)

To a solution of the tetramethyl ester 115 (1.50 g, 1.99 mmol, 1 eq.) in tetrahydro-
furan (70 mL) was added water (70 mL) and a solution of potassium hydroxide
(KOH, 2 mTOl, 7.0mL, 14 mmol, 7eq.). The reaction was heated to reflux for 2-3
hours and was monitored by TLC. Upon consumption of compound 115, the re-
action mixture was allowed to cool to room temperature. The reaction mixture
was concentrated in vaccuum to remove most of the THF. The residue was di-
luted with water (150 mL) and concentrated hydrochloric acid was added drop-
wise until pH 2 — 5 was reached. This resulted in the precipitation of the te-
tracarboxylic acid. The suspension was centrifuged and the liquid phase was
discarded. The precipitate was washed with water and then dried in vacuum.

Yield: 1.12 g (1.64 mmol, 82%); opt. rot.: [a]% = +13.6 (c = 0.44, MeOH);
HRMS (ESI+): Z =720.2431 (calc. for NaM": 720.2421) elem. anal.: % = C
(54.52), H (5.06), N (1.42), O (24.51), calc. for C3oHzoNO;;: C (67.13), H (5.63), N
(2.01), O (25.22) .
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TH-NMR (300 MHz, DMSO—dg): § [ppm] = 13.38 (s, 4H, H20), 8.43 (t, 2H,
4Tim = 1.5 Hz, H18), 8.36 (d, 2H, 3Ji.y = 1.5 Hz, H16A), 8.30 (d, 2H, 3 [y =
1.5 Hz, H16B), 7.76-7.60 (m, 8H, H12, H13), 6.43 (d, 1H, 3Ji.y = 10.0 Hz, HY),
5.71 (s, 1H, H6), 4.78 (t, 1H, 3 i1y = 10.6 Hz, H2), 1.63-1.44 (m, 2H, H3), 1.27 (s,
9H, H10), 1.01-0.90 (m, 1H, H4), 0.88 (d, 3H, 3Jy.4 = 6.4 Hz, H5A), 0.80 (d, 3H,
3.1 = 6.4 Hz, H5B).

A A..Anh.m v M L\L

L I e I I I I
160 150 140 130 120 110 100 90 &80 70 60 50 40 30 20 10 O
ppm

13C.NMR (75 MHz, DMSO—d,): 6 [ppm] = 166.5 (4C, C19), 155.7 (1C, C8),
147.3,146.0 (2C, C11 or C14), 140.9, 140.6 (2C, C11 or C14), 136.4, 136.1,(2C, C15)
132.1 (4C, C17), 131.1(br) (4C, C16), 128.7(br) (2C, C18), 126.7 (br), 126.29, 126.04
(8C, C12, C13), 80.4 (1C, C1), 77.8 (1C, C9), 54.4 (1C, C2), 39.8 (1C, C3, deter-
mined from HMBC) 28.1 (3C, C10), 24.0 (1C, C5A), 21.4 (1C, C4), 21.5 (1C, C5B).
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transmission / %
100

80 -

T T T T T T T T T
3000 2500 2000 1500 1000
wavenumber / cm”

IR (ATR): v = 3415 (w), 2966 (w), 2865 (w), 2528 (br), 1967 (s), 1670 (s), 1602
(m), 1521 (m), 1450 (m), 1365 (m), 1272 (m), 1249 (m), 1201 (m), 1172 (m), 916
(m), 825 (m), 759 (m), 684 (m), 669 (m).

4.29 1,1-Di-(3’,5-dicarboxybiphenyl)N-tert-butyloxy-
carbonyl-phenylalaninol (124)

To a solution of the tetramethyl ester 116 (2.00 g, 2.54 mmol, 1 eq.) in tetrahydro-
furan (100 mL) was added water (100 mL) and a solution of potassium hydrox-
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ide (KOH, 2 mTOI, 8.9mL, 18 mmol, 7eq.). The reaction was heated to reflux for
2-3 hours and was monitored by TLC. Upon consumption of compound 116,
the reaction mixture was allowed to cool to room temperature. The reaction
mixture was concentrated in vaccuum to remove most of the THE. The residue
was diluted with water (200 mL) and concentrated hydrochloric acid was added
dropwise until pH 2 — 5 was reached. This resulted in the precipitation of the
tetracarboxylic acid. The suspension was centrifuged and the liquid phase was
discarded. The precipitate was washed with water and then dried in vacuum.

Yield: 1.52 g (2.08 mmol, 82%); white powder; M: [C,,H;,NO,;]731.2 £+ opt.
rot.: [x]% = 421.8 (c = 0.44, MeOH); HRMS (ESI+): 2 = 754.2211 (calc. for
NaM*: 754.2262).

1H-NMR (300 MHz, DMSO—dj): § [ppm] = 8.64-8.56 (m, 2H, H20), 8.45 (d,
2H, 4]y = 1.6 Hz, H18A), 8.38 (d, 2H, 4]y = 1.6 Hz, H18B), 7.87-7.65 (m,
6H, H14A, H15), 7.60-7.53 (m, 2H, H14B), 7.37-7.08 (m, 5H, H5, H6, H7), 6.28 (d,
1H, 3Jyy = 10.1 Hz, H8), 4.74-4.68 (m, 1H, H2), 2.96-2.56 (m, 2H, H3), 1.15 (s,
9H, H11).
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I3C-NMR (75 MHz, DMSO—dy): § [ppm] = 167.7 (4C, C21), 156.3 (1C, C9)
146.3, 145.6 (4C, C19), 142.8, 142.7, 139.3. 139.2 (4C, C13, C16), 137.5 (1C, C4),
132.0,131.9 (4C, C18) 131.5, 131.4 (2C, C17), 129.1 (2C, C5), 128.4 (2C, C6), 127.7,
126.7,126.7 (6C, C14A, C15), 126.3 (1C, C7), 126.1 (2C C14B), 80.5 (1C, C1), 78.5
(1C, C10), 58.8 (1C, C2), 27.2 (3C, C11), 26.9 (1C, C3).

transmission / %
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wavenumber / cm’

IR (KBr): v = 3432 (br), 3186, (w), 3083 (s), 3029 (s), 2975 (s), 2929 (s), 2605 (s),
1708 (s), 1604 (m), 1510 (m), 1452 (m), 1394 (m), 1367 (m), 1247 (s), 1164 (m), 1072
(s), 912 (m), 831 (m), 762 (m), 669 (m).
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430 4,4-Di-(3’,5"-dicarboxybiphenyl)-5-isopropyl-oxa-
zolidin-2-one (125)

To a solution of the tetramethyl ester 118 (2.6 g, 3.91 mmol, 1 eq.) in tetrahydrofu-
ran (125 mL) was added water (125mL) and a solution of potassium hydroxide
(KOH, 2 mTOl, 13.7mL, 27.4mmol, 7eq.). The reaction was heated to reflux for
2-3 hours and was monitored by TLC. Upon consumption of compound 118,
the reaction mixture was allowed to cool to room temperature. The reaction
mixture was concentrated in vaccuum to remove most of the THE. The residue
was diluted with water (250 mL) and concentrated hydrochloric acid was added
dropwise until pH 2 — 5 was reached. This resulted in the precipitation of the
tetracarboxylic acid. The suspension was centrifuged and the liquid phase was
discarded. The precipitate was washed with water and then dried in vacuum.

Yield: 1.57 g (2.40 mmol, 85%); white powder; M: [C3,H,,NO;,] 609.6 % ; m.p.:
255 °C (decomposition); opt. rot.: [a]% = —82.7 (c = 0.73, MeOH); HRMS
(ESI+): 2 = 610.1721 (calc. for MH": 610.1708); elem. anal.: % = C (55.79), H
(4.62), N (1.33), O (24.09) calc. for C33H35NO;: C (66.99), H (4.46), N (2.30), O
(26.25).
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TH-NMR (300 MHz, DMSO—dj): § [ppm] = 8.50-8.45 (m, 2H, H15), 8.40-8.32
(m, 4H, H13), 8.24 (s, 1H, H1), 7.89-7.82 (m, 2H, H9A), 7.80-7.73 (m, 4H; HSA,
H9B), 7.70-7.63 (m, 2, H8B), 4.59-4.53 (m, 1H, H5), 1.99-1.85 (m, 1H, H6), 0.96 (d,
3H, 3Ji = 6.5 Hz, H6A), 0.56 (d, 3H, 3Ji1.4q = 6.5 Hz, H6B).

| Lo Ll | ]
i Y ' T

L L L
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

I3C-NMR (75 MHz, DMSO—dg): 6 [ppm] = 166.8 (4C, C16) 157.3 (1C, C2),
145.2 (2C, C14), 139.7 (2C, C10), 138.1, 137.5 (2C, C8), 132.8, 131.1 (2C, C12), 129.1
(2C, C12),128.9, 128.7 (2C, C14), 127.2, 126.8, 126.5, 126.1 (8C, C9, C10), 87.6 (1C,
C4), 64.2 (1C, C5), 29.2 (1C, C6), 20.2, 14.6 (2C, C7).
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IR (KBr): 7 [cm™] = 3454 (m), 2966 (w), 2934 (w), 1717 (s), 1603 (m), 1514 (w),
1450 (m), 1391 (m), 1317 (m), 1246 (s), 1142 (m), 1123 (w), 1040 (w), 1001 (w), 918
(w), 853 (w), 829 (m), 764 (m), 721 (W), 673 (m), 542 (w).

431 4,4-Di-(3’,5"-dicarboxybiphenyl)-5-benzyl-oxazo-
lidin-2-one (126)

To a solution of the tetramethyl ester 119 (1.0 g, 1.40 mmol, 1 eq.) in tetrahydro-
furan (75mL) was added water (75mL) and a solution of potassium hydroxide
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(KOH, 2 mTOI, 49mL, 9.8 mmol, 7eq.). The reaction was heated to reflux for 2-3
hours and was monitored by TLC. Upon consumption of compound 119, the re-
action mixture was allowed to cool to room temperature. The reaction mixture
was concentrated in vaccuum to remove most of the THF. The residue was di-
luted with water (200 mL) and concentrated hydrochloric acid was added drop-
wise until pH 2 — 5 was reached. This resulted in the precipitation of the te-
tracarboxylic acid. The suspension was centrifuged and the liquid phase was
discarded. The precipitate was washed with water and then dried in vacuum.

Yield: 0.92 g (1.40 mmol, quant.); white powder; M: [C3gH,7NO; ] 657.6 -5+

mol”
m.p.: 253.5 °C (decomposition); opt. rot.: [a]% = —45.0 (c = 0.20, MeOH);
HRMS (ESI+): Z = 658.1708 (calc. for MH": 658.1708); elem. anal.: % = C
(59.34), H (3.99), N (1.87), O (2.02) calc. for CsgH,,NO: C (69.40), H (4.14), N
(2.13), O (24.33).

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 8-50-8.47 (m, 2H, H18), 8.38 (d,
2H, 4.y = 1.6 Hz, H16B), 8.37 (d, 2H, *Ji.y = 1.6 Hz, H16B), 8.04 (s, 1H,
H1), 7.91-7.79 (m, 4H, H12A, H13A), 7.78-7.70 (m, 2H, H13B), 7.62-7.53 (m, 2H,
H12B), 7.31-7.13 (m, 5H, H8, HO, H10), 4.96 (dd, 1H, 3Ji.;y = 9.2,4.1 Hz, H4),
2.68 (dd, 1H, ?Ji.y = 13.7,4.1 Hz, H6A), 2.35 (dd, 1H, 3]y = 13.7,9.4 Hz,
H6B).
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13C-NMR (75 MHz, DMSO—dy): § [ppm] = 166.9 (4C, C19), 156.5 (1C, C2),
1435, 139.3 (2C, C14), 138.5 (1C, C11A), 138.0 (1C, C6), 137.1 (1C, C11B), 133.0
(6C, C16A, C17), 131.0 (2C, C16B), 129.4 (2C, C8), 128.5, 128.4 (2C, C18), 128.2
(4C, C15, C9), 127.2 (2C, C13A), 126.8 (4C, C11A, C13B), 126.7 (2C, C12A), 126.3
(1C, C10), 87.9 (1C, C4), 60.3 (1C, C5), 38.6 (1C, C6).
100
80+
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40
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IR (KBr): 7 [cm™1] = 3443 (s), 3084 (w), 3063 (w), 3032 (w), 2922 (w), 1715 (s),
1603 (m), 1555 (w), 1514 (w), 1497 (w), 1452 (m), 1394 (m), 1244 (s), 1144 (w),
1074 (w), 1032 (w), 1001 (w), 916 (w), 833 (m), 764 (m), 741 (w), 719 (w), 702 (w),
675 (m), 511 (w).
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4.32 Di-(3’,5-dicarboxybiphenyl)-prolinol (128)

To a suspension of tetramethyl ester 120 (3.35g, 4.60mmol, 1eq.) in MeOH
(125mL) concentrated sulfuric acid (H,SO,) was added dropwise until a clear,
light yellow solution was obtained. This solution was transferred to a glass-lined
steel autoclave, where it was stirred under nitrogen atmosphere (8 bar) for one
hour. To this solution was added palladium on carbon (Pd/C, 10 wt %, 400 mg).
The autoclave was flushed with nitrogen, then with hydrogen. The reaction was
heated to 50 °C and stirred under a hydrogen atmosphere (50 bar) for at least
three days. The reaction was monitored by TLC. Upon consumption of com-
pound 120, the reaction mixture was allowed to cool to room temperature and
was filtered over celite to remove the catalyst. The filter cake was washed with
MeOH (50 mL). The filtrate was concentrated in vacuum and used without fur-
ther purification in the next step.

The residue was dissolved in THF (150 mL). Water (150 mL) and a solution of
potassium hydroxide (KOH, 2 mTOl, 16.1mL, 32.5mmol, 7 eq.) were added. The
reaction was heated to reflux for 2.5 hours. The reaction mixture was allowed
to cool to room temperature and was concentrated in vaccuum to remove most
of the THF. The residue was diluted with water (300 mL) and concentrated hy-
drochloric acid was added dropwise until pH 2 — 5 was reached. This resulted
in the precipitation of the tetracarboxylic acid. The suspension was centrifuged
and the liquid phase was discarded. The precipitate was washed with water and
then dried in vacuum.

Yield: 2.02 g (3.29 mmol, 71% over two steps); white powder;
M: [C33H,5CINOy] 618.0 =&+ opt. rot.: [a]# = +41.3 (c = 0.30, MeOH); HRMS
(ESI+): 7 = 582.1773 (calc. for C33HpgNOy: 582.1759); elem. anal.: % = C
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(55.91), H (4.87), N (1.71), O (25.11), calc. for C33H,qCINOq: C (61.13), H (4.57),
Cl(2.27), O (23.30) .

TH-NMR (300 MHz, DMSO—dy):  [ppm] = 8.47-8.40 (m, 2H, H15), 8.37-8.29
(m, 4H, H13), 7.86-7.65 (m, 8H, H9, H10), 5.13-4.93 (m, 1H, H2), 3.28-3.09 (m, 2H,
H5), 2.05-1.79 (m, 4H, H3, H4).

J\\MWWL.:‘..JLM WM"LJL oTT— " — ..l..‘ “{1 ——

I e O B e L L
160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
ppm

13C-NMR (75 MHz, DMSO —dj): § [ppm] = 166.72, 166.67 (4C, C16), 144.96,
144.49 (2C, C8 or C11), 140.28 (br, 2C, C8 or C11), 137.45,137.22 (2C, C12), 132.64,
132.52 (4C, C14), 131.03, 130.95 (4C, C13), 128.90 (br, 2C, C15), 126.97, 126.88,
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126.79, 126.46 (8C, C9, C10), 76.97 (1C, C6), 65.04 (1C, C2), 46.69 (1C, C5), 25.97
(1C, C3), 24.11 (1C, C2).

transmission / %
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wavenumber / cm”

IR (KB1): ¥ [em™] = 3400 (br), 2966 (br), 1697 (s), 1600 (m), 1452 (m), 1388
(m), 1207 (s), 997 (m), 916 (m), 898 (m), 823 (m), 759 (s), 665 (s).

4.33 1,1-Di-(3’,5’-dicarboxybiphenyl)-alaninol (129)

« CF3COOH
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A suspension of tetracarboxylic acid 121 (600 mg, 0.92 mmol, 1eq.) in CH,Cl,
(100 mL) was cooled to 0 °C. Trifluoro acetic acid (25 mL) was added. The reac-
tion was stirred for two hours while the mixture was allowed to warm to room
temperature. Upon the addition of diethyl ether (150 mL) a white precipitate of
the ammonium salt of the tetracarboxylic acid was obtained. The suspension
was cooled to 4 °C and the precipitate was collected by filtration. After washing
with diethyl ether (50 mL), the ammonium salt of the tetracarboxylic acid was
dried in vacuum.

Yield: 458 mg (0.68 mmol, 75%); white powder; M: [C33H,,F3NO;;1669.9 £
opt. rot.: [a]% = —17.5 (c = 0.40, MeOH); HRMS (ESI+): = 556.1611 (calc. for
C31Ho,NO;;*: 556.1602) elem. anal.: % = C (54.52), H (5.06), F (n.d.), N (1.40), O

(24.51) cale. for Cp3H,0Br,NO5: C (60.76), H (4.53), F (8.01), N (1.97), O (24.73). .

U |

1H-NMR (300 MHz, CD;0D): § [ppm] = 8.63-8.56 (m, 2H, H13), 8.44-8.40
(m, 2H, H11), 7.81-7.65 (m, 8H, H7, H8), 4.60 (q, 1H, ®Jiz.p = 6.5 Hz H2), 1.41 (d,
3H, 3 [y = 6.5 Hz, H3).
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I3C-NMR (75 MHz, CD;0D): 6 [ppm] = 168.7(br) (4C, C14), 144.73, 144.58
(4C, C6 or C9), 142.34, 142.28 (4C, C6 or C9), 139.82, 139.61 (2C, C10), 133.23,
133.20 (4C, C14), 132.99, 132.96 (4C, C11), 130.7(br) (2C, C13), 128.56, 128.18,
128.07, 127.87 (8C, C7, C8), 78.95 (1C, C1), 55.02 (1C, C2), 14.75 (1C, C3).
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wavenumber / cm™

IR (ATR): 7 = 3415 (br), 2977 (w), 2952 (w), 2931 (w), 2557 (br), 1963 (s), 1600
(m), 1515 (m), 1446 (m), 1394 (m), 1367 (m), 1338 (m), 1240 (s), 1159 (s), 1107 (m),
1058 (m), 999 (w), 916 (m), 827 (m), 757 (m), 673 (m).
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4.34 1,1-Di-(3’,5"-dicarboxybiphenyl)-valinol (130)

A suspension of tetracarboxylic acid 122 (500 mg, 0.73 mmol, 1eq.) in CH,Cl,
(100 mL) was cooled to 0 °C. Trifluoro acetic acid (25 mL) was added. The reac-
tion was stirred for two hours while the mixture was allowed to warm to room
temperature. Upon the addition of diethyl ether (150 mL) a white precipitate of
the ammonium salt of the tetracarboxylic acid was obtained. The suspension
was cooled to 4 °C and the precipitate was collected by filtration. After washing
with diethyl ether (50 mL), the ammonium salt of the tetracarboxylic acid was
dried in vacuum.

Yield: 370 mg (0.53 mmol, 75%); white powder; M: [C35H3,F;NO; ;] 697.6 % ;
opt. rot.: [a]% = —19.2 (c = 0.26, MeOH); HRMS (ESI+): 2 = 584.1911 (calc. for
Cy3H59NOg*: 584.1921).
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TH-NMR (300 MHz, DMSO—dy): § [ppm] = 8.60-8.58 (m, 2H, H14) 8.44-8.42
(m, 4Hm H12), 7.81-7.69 (m, 8H, H8, H9), 4.58 (d, 3Ji.y = 2.8 Hz, H2), 2.32-2.17
(m, 1H, H3), 1.18 (d, 3H, 3Jy.y = 7.1 Hz, H4A), 1.11 (d, 3H, 3Jy.y = 6.9 Hz,
H4B).

T —
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13C.NMR (75 MHz, CD,0D): § [ppm] = 167.2 (br) (4C, C15), 144.7, 144.6 (4C,
C7 or C10), 141.0, 140.9 (4C, C7 or C10), 138.5, 138.3 (2C, C11), 131.9, 131.8 (4C,
C15), 131.6, 131.5 (4C, C12), 129.3 (br) (2C, C14), 127.2, 126.8, 126.6 (br) (8C, C8,
C9), 79.4 (1C, C1), 62.1 (1C, C2), 27.1 (1C, C3), 21.3, 16.0 (2C, C4).

IR (ATR): 7 [cm™1] = 2960(w), 2929 (w), 2873 (m), 1655 (s), 1594 (s), 1570 (m),
1545 (m), 1518 (m), 1395 (s), 1366 (m), 1312 (m), 1247 (m), 1159 (m), 1090 (m),
1004 (w), 868 (m), 781 (s).
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4.35 1,1-Di-(3’,5"-dicarboxybiphenyl)-leucinol (131)

A suspension of tetracarboxylic acid 123 (500 mg, 0.72mmol, 1eq.) in CH,Cl,
(80 mL) was cooled to 0°C. Trifluoro acetic acid (20 mL) was added. The reac-
tion was stirred for two hours while the mixture was allowed to warm to room
temperature. Upon the addition of diethyl ether (150 mL) a white precipitate of
the ammonium salt of the tetracarboxylic acid was obtained. The suspension
was cooled to 4 °C and the precipitate was collected by filtration. After washing
with diethyl ether (50 mL), the ammonium salt of the tetracarboxylic acid was
dried in vacuum.

Yield: 408 mg (0.57 mmol, 75%); white powder; M: [C3,H3,F;NO;] 711.6 % ;
opt. rot.: [#]% = +15.0 (c = 0.60, MeOH); HRMS (ESI+): 2 = 598.2074 (calc. for
C34H3,NOy*: 598.2072) .
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TH-NMR (300 MHz, CD;0D): § [ppm] = 8.62 (q, 2H, 2Ji. = 1.5 Hz, H15),
8.50-8.46 (m, 4H, H13), 7.83-7.69 (m, 8H, H9, H10), 4.43 (d, 1H, 3]y = 10.3 Hz,
H?2), 1.86-1.64 (m, 2H, H3A, H4), 1.61-1.45 (m, 1H, H3B), 1.11 (d, 3H, 3Jy.py = 6.4
Hz, H5A), 0.98 (d, 3H, 3Ji.q = 6.4 Hz, H5B).

150 100 50 0
ppm

13C.NMR (75 MHz, CD;0D): § [ppm] = 167.2 (4C, C16), 143.1, 142.9 (2C, C8
or C11), 141.0, 140.9 (2C, C8 or C11), 138.63(2C, C12), 131.8 (4C, C14), 131.63,
131.60 (4C, C13), 129.36 (2C, C15), 127.19, 126.89, 126.82, 126.75 (8C, C12, C13)
78.1 (1C, C1), 56.3 (1C, C2), 24.3 (1C, C3), 22.8 (1C, C4), 20.0 (br, 2C, C5).
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transmission / %
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IR (ATR): ¥ = 3083 (br), 2962 (w), 2900 (w), 2871 (w), 1455 (s), 1598 (m), 1450
(m), 1411 (m), 1388 (m), 1319 (m), 1186 (s), 1141 (s), 1065 (m), 916 (w), 831 (m),
761 (m), 717 (m), 665 (m).

436 1,1-Di-(3’,5"-dicarboxybiphenyl)-alaninol (132)

A suspension of tetracarboxylic acid 124 (500 mg, 0.73 mmol, 1eq.) in CH,Cl,
(100 mL) was cooled to 0 °C. Trifluoro acetic acid (25 mL) was added. The reac-
tion was stirred for two hours while the mixture was allowed to warm to room
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temperature. Upon the addition of diethyl ether (150 mL) a white precipitate of
the ammonium salt of the tetracarboxylic acid was obtained. The suspension
was cooled to 4 °C and the precipitate was collected by filtration. After washing
with diethyl ether (50mL), the ammonium salt of the tetracarboxylic acid was
dried in vacuum.

Yield: 384 mg (0.51 mmol, 75%); white powder; M: [C3oH;,F;NO; ;] 745.1 miol ;
opt. rot.: [a]% = +21.2 (c = 0.52, MeOH); HRMS (ESI+): 2 = 632.1922 (calc. for
C3;H;50NOg*: 632.1915), elem. anal.: % = C (52.26), H (4.02), N (1.31), O (n.d.),
calc. for C39H3,F3NOy: C (62.82), H (4.06), N (1.88), O (23.60) .

TH-NMR (300 MHz, CD;0D): § [ppm] = 8.96-8.78 (m, 2H, H17), 8.77-8.60
(m, 4H, H15), 8.18-7.91 (m, 8H, H11, H12), 7.67-7.48 (m, 5H, H5, H6, H7), 4.97
(d, 1H, 3Jyy = 9.5 Hz, H2), 3.46 (d, ?Jy.y = 14.9 Hz, H3A), 3.19-3.04 (m, 1H,
H3B).
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oL

\ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \ ‘ \
160 140 120 100 80 60 40 20 0
ppm

IBC-NMR (75MHz, CD;0D): § [ppm] = 167.7 (4C, C18), 143.3, 143.2 (4C,
C16), 141.3 (br), 139.0. 138.8 (4C, C10, C13), 136.4 (1C, C4), 132.2, 132.0 (4C, C15)
129.7 (2C, C17) 129.4 (2C, C5), 129.2 (2C, C14), 128.4 (2C, C6), 127.7,127.3,127.2,
127.1 (8C, C11, C12), 1275 (1C, C7), 78.4 (1C, C1), 60.1 (1C, C2), 35.2 (1C, C3).

transmission / %

100
80 -|
60 -|
40 -|

20

. T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000
wavenumber / cm”

IR (KBr): 7 = 34440 (br), 3191. (br), 3083 (w), 3031 (w), 2621 (br), 2551 (br),
1971 (w), 1782 (m), 1708 (s), 1600 (s), 1498 (m), 1450 (s), 1417 (m), 1319 (m), 1195
(m), 1147 (m), 1076 (m), 918 (m), 829 (m), 763 (m), 703 (m), 667 (m).
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4.37 Di-(3,5-dimethylphenyl)methanol (135)

OH
1_ 3 6
2
(J
5

The reaction was performed oven-dried glassware under argon. Magnesium
(1.96 g, 80.6 mmol, 4eq.) was suspended in 30 mL THF and a small amount of
iodine (ca. 30 mg) was added to the mixture. To this suspension 1-bromo-3,5-
dimethylbenzene (5.80 ml, 41.6 mmol, 2 eq.) was added dropwise. After the ad-
dition of the bromide which resulted in an exothermic reaction, the solution was
stirred for two hours and Ethylformiate (1.72ml, 21.3 mmol, 1eq.) was added.
The reaction was heated to reflux for two hours. The reaction was cooled and
excess magnesium was removed by filtration. The filtrate was treated with a sat-
urated, aqueous solution of NH,C1 (75 mL). The resulting mixture was extracted
with EtOAc (4x 30mL). The combined organic phases were washed with the
organic phase was washed with an aqueous solution of NaCl (sat.), dried over
Na,SO, and the solvent was evaporated in vacuum. The crude reaction product
was recrystallized from Et,O.

Yield: 8.80 g (36.6 mmol, 88%); colorless crystals; M: [C,,H,,0] 240.3 miol ; TLC:
Rf = 0.49 (heptane/EtOAc, 4:1); MS (EI-): % =240 (calc. for M™*: 240).
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TH-NMR (300 MHz, CDCl,): § [ppm] = 8.71 (t, 2H, 4Jy.y = 1.63 Hz, H5),
8.44 (d, 4H, 4Jyq = 1.63 Hz, H3), 5.72 (s, 1H, H1), 2.33 (s, 12H, H6).

150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O

I3C-NMR (75 MHz, CDCly): 6 [ppm] = 143.9 (2C, C2), 138.0 (4C, C4), 129.2
(2C, C5), 124.2 (4C, C3), 76.4 (1C, C1), 21.4 (4C, C6).

transmission / %
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80 -
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40 -|
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4000 3500 3000 2500 2000 1500 1000
wavenumber / cm’”

IR (ATR): 7 [em™] = 3353 (br), 3280 (br), 3037 (w), 2999 (w), 2916 (m), 2858
(m), 1598 (s), 1460 (s), 1328 (m), 1238 (m), 1149 (m), 1056 (s), 947 (w), 850 (s), 750
(s).
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4.38 3,3',5,5'-Tetracarboxy benzophenone (136)
)O (@] s (@]
HO O HO (@]

A suspension of di-(3,5-dimethylphenyl)methanol (135) (1.50 g, 3.35 mmol) in
30mL of HNO; (20 %) was sealed in a teflon-lined, stainless steel autoclave.
The reaction was heated in a oven at 140°C for 14 hours. After the mixture
was cooled to room temperature the reaction mixture was removed from the
autoclave and filtrated. This afforded a colorless crystalline material that was
washed with nitric acid (20 %) and water. The product was dried in vacuum.

Yield: 12.0 g (3.35 mmol, 53%); colorless crystals; M: [C,H,;0q] 358.0 -&+; TLC:
Ry = 0.0 (EtOAc); MS (EI-): 7 = 358 (calc. for M™: 358).

14 13 12 N 10 9 8 7 6 5 4 3 2 1 0
ppm

TH-NMR (300 MHz, DMSO—dy): ¢ [ppm] = 13.59 (s, 4H, H6), 8.70 (t, 2H,
4Ttip = 1.6 Hz, H5), 8.43 (d, 4H, *Jyi.q = 1.6 Hz, H3).
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13C-NMR (75 MHz, DMSO—dy): 6 [ppm] = 193.4 (1C, C1), 166.2 (4C, C6),
137.7 (2C, C2), 134.3 (4C, C3), 134.0 (2C, C5), 132.3 (4C, C4).
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IR (ATR): 7 [cm™!] = 3390 (br), 3068 (m), 3024 (w), 2864 (w), 1739 (s), 1685 (s),
1602 (s), 1458 (s), 1409 (m), 1323 (s), 1276 (s), 1253 (s), 1163 (s), 931 (m), 738 (s),
686 (s).
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4.39 UHM-24-Ala-Boc (137)

O (0]
>
HN
HO

SA®

Dicarboxylic acid 99 (28.3 mg, 0.05mmol, 1 eq.) was dissolved in DMA (4.7 mL).
To this solution was a solution of zinc nitrate hexahydrate in DMA (c=100g/L,
0.3mL, 30mg Zn(NO3), - 6 H,O, 0.1 mmol, 2.0eq.) The reaction mixture was
placed in a screw-capped vial in an oven at 80°C for one day. The reaction
mixture was filtrated and colorless crystals were collected. These crystals were
washed with DMA and dried in air.

relative intensity

A,JJ{ Asarassthpsosrns .
T T T T T T T T T T 1
10

; ‘ ;
20 30 40 50 60 70
20 / degree

Figure 4.1 — Powder X-ray diffractogram of UHM-24-Ala-Boc (137).
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IR (ATR): 7 = 3378 (m), 2973 (w), 2934 (w), 1632 (s), 1574 (m), 1442 (m), 1367
(s), 1281 (m), 1281 (m), 1145 (m), 1112 (m), 1061 (w), 923 (w), 823 (w), 771 (m),
700 (m).

4.40 UHM-24-Val-Boc (138)

0._0
Y
HN
HO

9

Dicarboxylic acid 100 (29.8 mg, 0.05 mmol, 1 eq.) was dissolved in DMA (4.7 mL).
To this solution was a solution of zinc nitrate hexahydrate in DMA (c=100g/L,
0.3mL, 30mg Zn(NO3), - 6H,O, 0.1 mmol, 2.0eq.) The reaction mixture was
placed in a screw-capped vial in an oven at 80°C for one day. The reaction
mixture was filtrated and colorless crystals were collected. These crystals were
washed with DMA and dried in air.
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Figure 4.2 — Powder X-ray diffractogram of UHM-24-Val-Boc (138).

transmission / %
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IR (ATR): v = 3408 (m), 2963 (w), 2929 (w), 2872 (w), 1663 (m) 1607 (m), 1587
(m), 1519 (m), 1392 (m), 1366 (m), 1288 (m), 1248 (m). 1164 (m), 1099 (w), 1005
(m), 911 (w), 781 (m).
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4.41 UHM-24-Phe-Boc (139)

O O
>
HN
HO

9

Dicarboxylic acid 101 (32.1 mg, 0.05mmol, 1 eq.) was dissolved in DMA (4.7 mL).
To this solution was a solution of zinc nitrate hexahydrate in DMA (c=100g/L,
0.3mL, 30mg Zn(NO;), - 6 H,O, 0.1 mmol, 2.0eq.) The reaction mixture was
placed in a screw-capped vial in an oven at 80°C for one day. The reaction
mixture was filtrated and colorless crystals were collected. These crystals were
washed with DMA and dried in air.

relative intensity

5 BV
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10 20 30 40 50 60 70
20/ degree

Figure 4.3 — Powder X-ray diffractogram of UHM-24-Phe-Boc (143).
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IR (ATR): 7 = 3396 (m), 3068 (m), 3026 (m), 2977 (m), 2927 (m), 1654 (s), 1596
(s), 1569 (m), 1544 (m), 1521 (m), 1494 (m), 1394 (s), 1363 (s), 1249 (m), 1159 (s),
1089 (m), 1002 (m), 827 (m), 781 (m), 700 (m).

4.42 UHM-25-Ala-Boc (140)

0._0
Y
HN
HO

9

For the synthesis of bulk material, tetracarboxylic acid 121 (377 mg, 0.58 mmol,
leq.) was dissolved in DMF (24mL). To this solution was added nitric acid
(20%, 1.9mL), and then an aqueous solution of copper nitrate trihydrate (c =
100g/L, 8.8mL, 88 mg Cu(NO3), - 3H,0, 0.4mmol, 0.6eq.) The reaction mix-
ture was placed in an oven at 50 °C for three days. The mother liquor was de-
canted and the crystals suspended in fresh DMF. This procedure was repeated
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twice after 24 hours each. DMF was then replaced with THF in the same man-
ner. The solvent-exchanged MOF was kept under THF and stored in a closed
container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 2 = 678.1918 (calc.
for MNa™: 678.1951); opt. rot.: [a]5 = —18.7 (c = 0.33g/100 mL, MeOH).

relative intensity

10 20 30 40 50 60 70
26 / degree

Figure 4.4 — Powder X-ray diffractogram of UHM-25-Ala-Boc (140).

Figure 4.5 - 'TH-NMR of the digested MOF UHM-25-Ala-Boc
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TH-NMR (300 MHz, CD,0D): § [ppm] = 8.60-8.58 (m, 2H, H16), 8.42 (d, 2H
4Tyn = 1.7 Hz, H14A), 8.49 (d, 2H, *Jy.y = 1.6 Hz, H14B), 7.76-7.56 (m, 8H,
H10, H11), 4.85 (q, 1H 3Jy.p = 6.5 Hz, H2), 1.32 (s, 9H, H8), 1.13 (d, 3H, 3Jy.y =
6.5 Hz, H3).

transmission / %
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IR (ATR): v = 2979 (w), 2929 (w), 2873 (w), 1768 (m), 1704 (w), 1650 (s), 1631
(s), 1591 (m), 1512 (m), 1442 (m), 1407 (m), 1369 (s), 1297 (m), 1247 (m), 1159 (m),
1101 (m), 1058 (m), 1031 (m), 989 (m), 916 (m), 931 (m), 771 (m), 729 (m), 663 (m).
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Figure 4.6 — N, physisorption of UHM-25-Ala-Boc (140) after activation
with supercritical CO,.

Sper = 1474 m? g’l (determined for p/py = 0.016-0.100)
Vinicropore = 0.58 cm?® g~ ! (determined at p/ py = 0.20)
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Figure 4.7 — TG/MS analysis of UHM-25-Ala-Boc (140), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

4421 Crystal Structure Determination and Refinement

Single crystals were obtained from a small-scale reaction of a solution of te-
tracarboxylic acid 121 (21 mg, 0.03 mmol, 1eq.) in DMF (0.8 mL) to which was
added nitric acid (20 %, 66 pL),with an aqueous solution of copper nitrate tri-
hydrate (c = 100g/L, 0.5mL, 5.0mg Cu(NOy), - 3H,0, 22 umol, 0.6 eq.) The re-
action mixture was placed in a 6 mL test tube which was placed in a 100 mL
screw-capped flask and was heated at 50 °C in an oven for three days. This re-
sulted in light blue, block-shaped crystals that were kept in the mother liquor.
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Figure 4.8 — ORTEP-like plot of the asymmetric unit of UHM-25-Ala-Boc
(orange: copper, red: oxygen, light blue: nitrogen, grey: carbon, white: hy-
drogen; probability level 15%).

X-ray single crystal diffraction for UHM-25-Ala-Boc (140) was collected
on an Oxford Diffraction (Agilent Technologies) SuperNova diffractometer at
100(2) K with Cu K« radiation (154.178 pm) by w scanning mode. The program
CrysAlisPro was used for integration of the diffraction profiles and absorption
corrections. The structure was solved by direct methods using the SHELXS pro-
gram of the SHELXTL package and refined by full-matrix least-squares meth-
ods with SHELXL against |F|?. All non-hydrogen atoms —except for the chiral
moiety on the linker molecule- were refined with anisotropic displacement pa-
rameters. A high degree of disorder has been found for the chiral moiety on the
organic SBU, which can be ascribed to statistical disorder of the linker within
the framework and the conformational flexibility of the substituent. Therefore,
the chiral moiety in UHM-25-Ala-Boc has been modeled as a substituent with
chemically reasonable bond lengths and angles but without any conformational
disorder. The atomic positions of this group were held fixed during the refine-
ment. Only one possible site of the severely disordered substituent was taken
into account with small s.o.f. values. Note, without the chiral substitutent the
framework posseses almost the symmetry of the space group Pm3m.

SQUEEZE/PLATONE2 was used to account for the electron density from
disordered copper atoms and DMF solvent molecules, which could not be re-
solved. The contributions of 2766.3 electrons were removed from the unit cell
contents. In the space group P432 2766.3/24 = 115.3 electrons were removed
from the asymmetric unit. With Z being 12, 1383.6 electrons would be associ-
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ated with one formula unit, consistent with 0.5 copper atoms and 57 DMF sol-

vent molecules per unit cell.

identification code

UHM-25-Ala-Boc

empirical formula
formular weight
temperature
wavelength

crystal system
space group

unit cell dimensions

volume

V4

calculated density

absorption coefficient

F(000)

crystal size

6 range for data collection
index ranges

reflections collected
independent reflections
observed reflections (I > 20(I))
completeness to 6 = 37.0
absorption correction
refinement method

data / restraints / parameters
goodness-of-fit on F?

final R indices [I > o(I)]

R indices (all data)

largest diff. peak and hole

C36 H32 Cu2 N1 013
870.70 g/mol

100(2) K

154.178 pm, Cu K«

cubic

P432

a = 2894.16(4) pm a = 90°
b = 2894.16(4) pm B = 90°
c = 2894.16(4) pm y = 90°

24242,0(5) A’

12

0.928 g/cm?
#=091Tmm!

5004

0.12 x 0.12 x 0.08 mm?
3.4 10 37.0

h=-22—-22k=-22—22,]1=-22—22

73768

2046

1668 (R;+ = 0.068)

99.67 %

multi-scan

Full-matrix least squares on F2
2046 / 67 / 198

S=1.10

R1 =0.077 wR2 = 0.241

R1 = 0.086, wR2 = 0.242

Apmax0.27 /A%, Apmin—0.24e/A°
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4.43 UHM-25-Val-Boc (141)

R
b

HN

T

Tetracarboxylic acid 122 (392 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NQO;), - 3H,0,
0.4 mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 7 = 706.2238 (calc.

for MNa™: 706.2264); opt. rot.: [a]5 = —12.3 (c = 0.29 g/100 mL, MeOH).
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Figure 4.9 — Powder X-ray diffractogram of UHM-25-Val-Boc (141).

Figure 4.10 - '"H-NMR of digested UHM-25-Val-Boc

TH-NMR (300 MHz, DMSO—dg): 6 [ppm] = 8.62-8.58 (m, 2H, H17), 8.45 (d,
2H, 3Jyy = 1.7 Hz, H15A), 8.40 (d, 2H, 3]y = 1.7 Hz, H15B), 7.91-7.56 (m, 8H,
H11, H12), 6.24 (d, 1H, 3Jy.y = 10.3 Hz, H6), 4.68 (dd, 1H, 3]y = 10.3,2.0 Hz,
H2), 2.03-1.84 (m, 1H, H3), 1.34 (s, 9H, H9), 1.00 (d, 3H, 3Ji.y = 6.8 Hz, H4A),
0.90 (d, 3H, 3]y = 6.9 Hz, H4B).
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IR (ATR): 7 = 2964 (w), 2875 (w), 1729 (m), 1612 (m), 1554 (m), 1442 (m), 1400
(m), 1365 (s), 1294 (m), 1236 (m), 1108 (m), 1043 (m), 997 (m), 916 (m), 885 (m),
829 (m), 767 (m), 730 (m), 686 (m).
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Figure 4.11 — N, physisorption of UHM-25-Val-Boc (141) after activation
with supercritical CO,.

Sger = 1922 m? g’l (determined for p/py = 0.009-0.020)
Viicropore = 1.00 cm?® g~ ! (determined at p/ py = 0.20)
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Figure 4.12 - TG/MS analysis of UHM-25-Val-Boc (141), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).
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4,44 UHM-25-Leu-Boc (142)

Tetracarboxylic acid 123 (401 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NQO;), - 3H,0,
0.4 mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate

m

the linker for spectroscopic measurements: HRMS (ESI+): 7 = 720.2406 (calc.

- =

for MNa™: 720.2421); opt. rot.: [a]5 = +12.4 (c = 0.56 g/100 mL, MeOH).
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Figure 4.13 — Powder X-ray diffractogram of UHM-25-Leu-Boc (142).

Figure 4.14 - 'H-NMR of digested UHM-25-Leu-Boc

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 8.49-8.40 (m, 2H, H18), 8.39-
8.33 (m, 4H, H16), 7.93-7.67 (m, 8H, H12, H13), 6.65 (s, 1H, H7), 4.45 (d, 1H,
3im = 9.7 Hz, H2), 1.91-1.77 (m, 1H, H4), 1.74-1.59 (m, 1H, H3A), 1.22-1.14 (m,
1Hm H3B), 1.08 (s, 9H, H10), 0.93 (d, 3H, 3.y = 6.3 Hz, H5A), 0.83 (d, 3H,
3Tt = 6.3 Hz, H5B).
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IR (ATR): 7 = 2959 (w), 2931 (w), 2869 (w), 1708 (w), 1635 (m), 1558 (m), 1508
(w), 1444 (m), 1402 (m), 1365 (s), 1296 (m), 1247 (m), 1162 (m), 1049 (m), 912 (m),
887 (m), 831 (m), 771 (m), 729 (s), 684 (m).
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Figure 4.15 — N, physisorption of UHM-25-Leu-Boc (142) after activation
with supercritical CO,.

Sper = 1474m? g~ (determined for p/py = 0.016-0.074)
Viicropore = 0.68 cm?® g~ ! (determined at p/ py = 0.20)
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100 [ LG: mass / % DTA: exo |

0 -
MS: ion current / a.u. AT Am fragments
M C % m/z
25-147 22 18,42
_ 147-242 17 42,44,56
2 miz= 42
242-347 22 18, 44
338-443 25 18, 44
/Aj\ 0.5 miz= 44
/J\ 20 m/z= 56
100 m/z=73

100 200 300 400 500 600 700 800
T/°C

Figure 4.16 — TG/MS analysis of UHM-25-Leu-Boc (142), weight loss

(black) and DTA (grey) are plotted in the upper part and in the lower part

of the diagram the characteristic single ion currents are shown for Z = 18
(H,0), 42 (THEF), 44 (CO,), 56 (isobutene), and 73 (DMF).
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4.45 UHM-25-Phe-Boc (143)

Tetracarboxylic acid 123 (423 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 2 = 754.2284 (calc.

for MNa*: 754.2264); opt. rot.: [a]% = +22.9 (c = 0.28 g/100 mL, MeOH).
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Figure 4.17 — Powder X-ray diffractogram of UHM-25-Phe-Boc (143).

Figure 4.18 - 'H-NMR of digested UHM-25-Phe-Boc

H-NMR (300 MHz, CD;0D): § [ppm] = 8-62-8.60 (m, 1H, H20A), 8.58 (t,
1H, 4Jsg = 1.5 Hz, H20B), 8.49-8.47 (m, 2H, H18A), 8.40 (d, 2H, *Jy.y = 1.5
Hz, H18B), 7-88-7.69 (m, 6H, H14A, H15), 7.62-7.55 (m, 2H, H14B), 7.39-7.12 (m,
5H, H5, H6, H7), 3.23 (dd, 1H, 3]y = 15.2,2.7 Hz, H2), 2.89-2.72 (m, 2H, H3).
1.15 (s, 9H, H11).
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IR (ATR): 7 = 2973 (w), 2939 (w), 2871 (w), 1702 (w), 1631 (m), 1554 (m), 1506
(m), 1442 (m), 1402 (s), 1367 (s), 1292 (m), 1243 (m), 1161 (m), 1047 (m), 914 (m),
887 (m), 833 (m), 767 (m), 727 (s).
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Figure 4.19 — N, physisorption of UHM-25-Phe-Boc (143) after activation

with supercritical CO,.

Sper = 623.2m? g~ ! (determined for p/py = 0.007-0.024)
Viicropore = 0.25 cm?® g~ ! (determined at p/ py = 0.20)
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°C % m/z
25-125 11 18,42
125-227 25  42,44,56
227-337 24 18, 44
337-457 33 18, 44

Figure 4.20 - TG/MS analysis of UHM-25-Phe-Boc (143), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

446 UHM-25-Ala (149)

H,N

IO
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EXPERIMENTAL

Tetracarboxylic acid 129 (388 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THEF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): Z = 556.1599 (calc.

for MH": 556.1602); opt. rot.: [x]% = —17.9 (c = 0.32), MeOH).
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Figure 4.21 — Powder X-ray diffractogram of UHM-25-Ala (149).
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Figure 4.22 — 'TH-NMR of digested UHM-25-Ala-Boc
1H-NMR (300 MHz, CD;0D): § [ppm] = 8.64-8.57 (m, 2H, H13), 8.49-8.39
(m, 4H, H11), 7.90-7.64 (m, 8H, H7, H8), 4.65 (q, 1H, ®Jy.y = 5.9 Hz, H2), 1.42
(d, 3H, 3tz = 5.9 Hz, H3).
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IR (ATR): 7 = 2927 (w), 2987, 1710 (w), 1602 (m), 1556 (s), 1444 (m), 1400 (m),
1359 (s), 1286 (m), 1110 (w), 1037 (w), 916 (m), 833 (m), 765 (s), 721 (s).
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Figure 4.23 — N, physisorption of UHM-25-Ala (149) after activation with
supercritical CO,.

SgeT = 975.7 m? g’l (determined for p/py = 0.010-0.048)
Viicropore = 0.39 cm?® g~ ! (determined at p/ py = 0.20)
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Figure 4.24 — TG/MS analysis of UHM-25-Ala (149), weight loss (black)

and DTA (grey) are plotted in the upper part and in the lower part of the

diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

4.47 UHM-25-Val (150)

H,N
HO

Sh®
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EXPERIMENTAL

Tetracarboxylic acid 130 (405 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THEF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 2 = 584.2027 (calc.

for MH*: 584.1915); opt. rot.: []% = —18.8 (c = 0.34), MeOH).
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Figure 4.25 — Powder X-ray diffractogram of UHM-25-Val (150).
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Figure 4.26 — "H-NMR of digested UHM-25-Val

1H-NMR (300 MHz, CD;0D): § [ppm] = 8.68-8.53 (m, 2H, H14), 8.50-8.39
(m, 4H, H12), 7.91-7.76 (m, 8H, H8, H9), 4.33 (s, 1H, H2), 2.31-2.15 (m, 1H, H3),
1.19 (d, 3H, 3Jyp = 6.6 Hz, H4A), 1.12 (d, 3H, 3 i1 = 6.6 Hz, H4B).
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IR (ATR): 7 = 2962 (w), 2929 (w), 2873 (w), 1706 (m), 1652 (s), 1589 (m), 1506
(m), 1436 (m), 1402 (m), 1365 (s), 1294 (m), 1247 (m), 1159 (m), 1097 (m), 1062
(m), 1016 (m), 916 (m), 833 (m), 769 (s), 729 (s), 688 (m).
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Figure 4.27 — N, physisorption of UHM-25-Val (150) after activation with
supercritical CO,.

Sper = 1286 m? g~ ! (determined for p/py = 0.011-0.049)
Viicropore = 0.51 cm?® g~ ! (determined at p/ py = 0.20)
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Figure 4.28 - TG/MS analysis of UHM-25-Val (150), weight loss (black) and
DTA (grey) are plotted in the upper part and in the lower part of the dia-
gram the characteristic single ion currents are shown for 2 = 18 (H,0), 42

(THF), 44 (CO,), 56 (isobutene), and 73 (DMF).
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4.48 UHM-25-Leu (151)

HoN
HO
X 4

Tetracarboxylic acid 131 (412 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate

m

the linker for spectroscopic measurements: HRMS (ESI+): 7 = 598.2105 (calc.

z =

for MH*: 598.2072); opt. rot.: [¢]% = +15.6 (c = 0.51), MeOH).
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Figure 4.29 — Powder X-ray diffractogram of UHM-25-Leu (151).

Figure 4.30 - 'H-NMR of digested UHM-25-Leu

1H-NMR (300 MHz, CD;0D): § [ppm] = 8.66-8.56 (m, 2H, H15), 7.89-7.66
(m, 4H, H13), 7.89-7.66 (m, 8H, H9, H10), 4.45 (d, 1H, 3]y = 9.6 Hz, H2), 1.84-
1.60 (m, 2H, H3A, H4), 1.59-.144 (m, 1H, H3B), 1.10 (d, 3H, 3Ji.y = 5.7 Hz,
H4A), 0.97 (d, 3H, 3Ji.q = 5.8 Hz, H4B).
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831 (m), 769 (m), 723 (m), 684 (m).
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Figure 4.31 — N, physisorption of UHM-25-Leu (151) after activation with
supercritical CO,.

Sper = 1351 m? g~ ! (determined for p/py = 0.010-0.049)
Vinicropore = 0.53 cm?® g~ ! (determined at p/ py = 0.20)
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Figure 4.32 — TG/MS analysis of UHM-25-Leu (151), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).
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4.49 UHM-25-Phe (152)

HoN
OH

7\
\ 7/

Tetracarboxylic acid 132 (432 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 2 = 632.1975 (calc.

for MH": 632.1915); opt. rot.: [x]% = +20.2 (c = 0.50), MeOH).
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Figure 4.33 — Powder X-ray diffractogram of UHM-25-Phe (152).

Figure 4.34 - 'TH-NMR of digested UHM-25-Phe

TH-NMR (300 MHz, CD;0D): § [ppm] = 8.64-5.54 (m, 2H, H17), 8.48-8.38
(m, 4H, H15), 7.95-7.65 (m, 8H, H11, H12), 7.47-7.24 (m, 5H, H5, H6, H7), 4.80
d, 1H, 3Jin = 9.1 Hz, H2), 3.19 (d, 1H, 2]y = 14.6 Hz, H3A), 3.00-2.84 (m,
1H, H3B).
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(s), 1404 (s), 1365 (s), 1294 (m), 1035 (m), 914 (m), 831 (m), 767 (m), 727 (m).
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Figure 4.35 — N, physisorption of UHM-25-Phe (152) after activation with
supercritical CO,.

SgeT = 469.6 m? g’l (determined for p/py = 0.010-0.048)
Viicropore = 0.15 cm?® g~ ! (determined at p/ py = 0.20)
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Figure 4.36 — TG/MS analysis of UHM-25-Phe (152), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

4.50 UHM-25-Pro (153)
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EXPERIMENTAL

For the synthesis of bulk material, tetracarboxylic acid 128 (358 mg, 0.58 mmol,
leq.) was dissolved in DMF (24mL). To this solution was added nitric acid
(20%, 1.9mL), and then an aqueous solution of copper nitrate trihydrate (c =
100g/L, 8.8 mL, 88 mg Cu(NOj;), - 3H,0O, 0.4mmol, 0.6eq.) The reaction mix-
ture was placed in an oven at 50 °C for three days. The mother liquor was de-
canted and the crystals suspended in fresh DMF. This procedure was repeated
twice after 24 hours each. DMF was then replaced with THF in the same man-
ner. The solvent-exchanged MOF was kept under THF and stored in a closed
container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 7 = 582.1773 (calc.
for MH": 582.1759); opt. rot.: [x]% = +41.0 (c = 0.34), MeOH).
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Figure 4.37 — Powder X-ray diffractogram of UHM-25-Pro (153).

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 8.44 (t, 1H, *Jyy = 1.6 Hz,
H15A), 8.42 (t, 1H, 4Jj.q = 1.7 Hz, H15B), 8.32 (d, 2H, 4]y = 1.6 Hz, H13A),
8.26 (d, 2H, 4]y = 1.7 Hz, H13B), 7.86-7.78 (m, 2H, H9A), 7.75-7.62 (m, 6H,
H9B, H10), 5.07-4.95 (m, 1H, H2), 3.33-3.07 (m, 2H, H5), 2.11-1.72 (m, 4H, H3,
H4).
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(w), 1442 (m), 1402 (m), 1357 (s), 1296 (m), 1105 (w), 1040 (w), 910 (w), 827 (m),
767 (m), 719 (m), 686 (m), 665 (m).
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Figure 4.38 — N, physisorption of UHM-25-Pro (153) after activation with
supercritical CO,.

Sger = 371.5m? g’l (determined for p/py = 0.010-0.048)
Viicropore = 0.15 cm?® g~ ! (determined at p/py = 0.20)

361



EXPERIMENTAL

100 DTA:\exo |
80+
60+
40+

20+

MS: ion current / a.u.
AT  Am fragments

NS e . n me

25-121 7 18

M 121244 22 42,44
30 m/z= 42
244-343 22 18,42,44

337-457 31 18, 44
0.5 m/z= 44

100 m/z= 56

100 miz= 73
100 200 300 400 500 600 700 800
T/°C

Figure 4.39 — TG/MS analysis of UHM-25-Pro (153), weight loss (black)
and DTA (grey) are plotted in the upper part and in the lower part of the
diagram the characteristic single ion currents are shown for 2 = 18 (H,0),
42 (THF), 44 (CO,), 56 (isobutene), and 73 (DMF).

4.50.1 Crystal Structure Determination and Refinement

Single crystals were obtained from a small-scale reaction of a solution of te-
tracarboxylic acid 128 (19 mg, 0.03 mmol, 1eq.) in DMF (0.8 mL) to which was
added nitric acid (20 %, 66 pL),with an aqueous solution of copper nitrate tri-
hydrate (c =100g/L, 0.5mL, 5.0mg Cu(NOy), - 3H,0, 22 umol, 0.6 eq.) The re-
action mixture was placed in a 6 mL test tube which was placed in a 100 mL
screw-capped flask and was heated at 50 °C in an oven for three days. This re-
sulted in light blue, block-shaped crystals that were kept in the mother liquor.
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Figure 4.40 — ORTEP-like plot of the asymmetric unit of UHM-25-Pro (or-
ange: copper, red: oxygen, light blue: nitrogen, grey: carbon, white: hydro-
gen; probability level 15%).

X-ray single crystal diffraction for UHM-25-Pro (153) was collected on an
Oxford Diffraction (Agilent Technologies) SuperNova diffractometer at 100(2) K
with Cu Ka radiation (154.178 pm) by w scanning mode. The program CrysAl-
isPro was used for integration of the diffraction profiles and absorption cor-
rections. The structure was solved by direct methods using the SHELXS pro-
gram of the SHELXTL package and refined by full-matrix least-squares methods
with SHELXL by successive Fourier syntheses against |F|?. All non-hydrogen
atoms —except for the chiral moiety on the linker molecule— were refined with
anisotropic displacement parameters. The location of the hydrogen atoms of the
coordinated water molecules at the copper atoms of the paddle-wheel motif
could not be assigned. A high degree of disorder has been found for the chi-
ral moiety on the organic SBU, which can be ascribed to statistical disorder of
the linker within the framework and the conformational flexibility of the sub-
stituent. Hence, this group cannot be sufficiently located from the difference
Fourier map. Therefore the chiral substituent in UHM-25-Pro has been modeled
as a substituent with chemically reasonable bond lengths and angles but with-
out any conformational disorder. The atomic positions of this group were held
fixed during the refinement.

SQUEEZE/PLATONE2) was used to account for the electron density from
disordered copper atoms and DMF solvent molecules, which could not be re-
solved. The contributions of 5571 electrons were removed from the unit cell con-
tents. In the space group P432 5571 /24 = 232.1 electrons were removed from the
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asymmetric unit. With Z being 12, 2785.5 electrons would be associated with one
formula unit, consistent with 0.5 copper(Il) ions and 76 DMF solvent molecules

per unit cell.

identification code UHM-25-Pro

empirical formula C33 H27 Cu2 N1 011

formular weight 740.63 g/mol

temperature 100(2) K

wavelength 154.178 pm, Cu Ko

crystal system cubic

space group P432

unit cell dimensions a = 2902.61(6) pm a = 90°
b = 2902.61(6) pm g = 90°
c = 2902.61(6) pm 7y = 90°

volume 24454.9(15) A’

V4 12

calculated density 0.603 g/cm?

absorption coefficient #=0.86mm™!

F(000) 4536

crystal size 0.10 x 0.10 x 0.09 mm?

0 range for data collection 3.4t045.0

index ranges

reflections collected

independent reflections
independent reflections (I > 20 (1))
absorption correction

refinement method

data / restraints / parameters
goodness-of-fit on F?

final R indices [I > o(I)]

R indices (all data)

largest diff. peak and hole

h=-14—15k=0—18,1=2 — 26
160315

3326

2055 (Ry¢ = 0.075)

multi-scan

Full-matrix least squares on F?

3326 / 38 / 189

S =1.09

R1=0.121 wR2 =0.311

R1 = 0.149, wR2 = 0.336

Apmax0.76 /A%, Apmin—0.60e/A°
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4.51 UHM-25-Val-Evans (154)

Tetracarboxylic acid 125 (353 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4 mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): Z = 610.1707 (calc.

for MH": 610.1708); opt. rot.: [x]% = —81.5 (c = 0.38), MeOH).

relative intensity

10 20 30 40 50 60 70
26 / degree

Figure 4.41 — Powder X-ray diffractogram of UHM-25-Val-Evans (154).
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Figure 4.42 — '"H-NMR of digested UHM-25-Val-Evans

TH-NMR (300 MHz, DMSO—dy):  [ppm] = 8.50-8.41 (m, 2H, H15), 8.41-5.30
(m, 4H, H13), 8.23 (s, 1H, H1), 7.96-7.60 (m, 8H, H9, H10), 4.56 (s, 1H, H2), 2.08-
1.83 (m, 1H, H6), 0.95 (d, 3H, 3Ji1.11 = 6.8 Hz, H7A), 0.56 (d, 3H, 3J.1s = 6.5 Hz,
H7B).

transmission / %

100 | I\
60;
40;

20

0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
wavenumber / cm”

IR (KB1): 7 [em™] = 3439 (w), 2961 (w), 2932 (w), 2878 (w), 1755 (m), 1661 (s),
1574 (m), 1512 (w), 1497 (w), 1441 (s), 1412 (s), 1387 (s), 1367 (s), 1298 (w), 1254
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(m), 1101 (m), 1063 (w), 1040 (w), 1001 (w), 918 (w), 858 (w), 833 (W), 775 (m),
729 (m), 694 (W), 663 (w).

adsorbed volume / cmag’1

—e— adsorption
600 -

—oc— desorption

oo — ¢

500 -
400
300 -

200 -

100

: : : : :
0.0 0.2 0.4 0.6 0.8 1.0

relative pressure / p/p,

Figure 4.43 — N, physisorption of UHM-25-Val-Evans (154) after thermal
activation at 40 °C.

Sper = 1978 m? g~ ! (determined for p/py = 0.012-0.075)
Viicropore = 0.76 cm?® g~ ! (determined at p/ py = 0.20)
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3 1
adsorbed volume / cm’g —e— adsorption

—o— desorption
400
0"
_ng——’
=.=.=.=Q:‘='='_
300
200
®
i
100 -4
0-s T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

relative pressure / p/p,

Figure 4.44 — N, physisorption of UHM-25-Val-Evans (154) after activation
with supercritical CO,.

Sper = 1454 m? g~ ! (determined for p/py = 0.014-0.075)
Vinicropore = 0.56 cm?® g~ ! (determined at p/ py = 0.20)
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100 | TG: mass / % DTA: exo |

0 -
MS: ion current / a.u. AT Am fragments

M//”\\¥,///’//\\‘J/r\\\\‘gigga‘¥4EKEiJ§7 O(: 96 HI/Z
25-170 15 18, 42
M 170262 17 18, 42
262-337 20 18,42, 44
337-456 31 18, 44

0.5 m/z= 44

100 m/z= 56

100 m/z=73

M
100 200 300 400 500 600 700 800

T/°C

Figure 4.45 — TG/MS analysis of UHM-25-Val-Evans (154), weight loss
(black) and DTA (grey) are plotted in the upper part and in the lower part
of the diagram the characteristic single ion currents are shown for Z = 18
(H,0), 42 (THEF), 44 (CO,), 56 (isobutene), and 73 (DMF).
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4.52 UHM-25-Phe-Evans (155)
i &
T
SA®

Tetracarboxylic acid 126 (381 mg, 0.58 mmol, 1 eq.) was dissolved in DMF (24 mL).
To this solution was added nitric acid (20 %, 1.9mL), then an aqueous solu-
tion of copper nitrate trihydrate (c = 100g/L, 8.8 mL, 88 mg Cu(NO;), - 3H,0,
0.4 mmol, 0.6 eq.) The reaction mixture was placed in an oven at 50 °C for three
days. The mother liquor was decanted and the crystals suspended in fresh DMF.
This procedure was repeated twice after 24 hours each. DMF was then replaced
with THF in the same manner. The solvent-exchanged MOF was kept under
THF and stored in a closed container.

A fraction of the MOF was digested in diluted hydrochloric acid to reisolate
the linker for spectroscopic measurements: HRMS (ESI+): 7 = 658.1697 (calc.

for MH*: 658.1708); opt. rot.: [x]% = —43.8 (c = 0.27), MeOH).
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Figure 4.46 — Powder X-ray diffractogram of UHM-25-Phe-Evans (155).

Figure 4.47 - 'H-NMR of digested UHM-25-Phe-Evans

TH-NMR (300 MHz, DMSO—dg): 6 [ppm] = 8.50-8.45 (m, 2H, H18), 8.48 (d,
2H, 4Jy.u = 1.6 Hz, H16A), 8.38 (d, 2H, *Ji.y = 1.6 Hz, H16B), 8.05 (s, 1H, H1),
7.91-7.72 (m, 6H, H12A, H13), 7.63-7.56 (m, 2H, H12B), 7.29-7.15 (m, 5H, H8, H9,
H10), 4.96 (dd, 1H, 3]y = 9.9,4.5 Hz, H5), 2.68 (dd, 1H, 3Jy.y = 13.6,4.0 Hz,
H6A), 2.35 (dd, 1H, 3.y = 13.8,9.4 Hz, H6B).
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transmission / %
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wavenumber / cm’

IR (KBp): ¥ [em™!] = 3433 (m), 2928 (w), 1757 (s), 1659 (s), 1574 (s), 1512 (w),
1497 (w), 1441 (s), 1412 (s), 1385 (s), 1371 (s), 1296 (m), 1252 (m), 1099 (m), 1063
(w), 1030 (w), 1001 (w), 918 (w), 835 (w), 773 (m), 727 (m), 700 (w), 665 (w), 490
(w).
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Figure 4.48 — N, physisorption of UHM-25-Phe-Evans (155) after activation
with supercritical CO,.

Sper = 728.9m? g~ ! (determined for p/py = 0.022-0.104)
Viicropore = 0.31 cm?® g~ ! (determined at p/py = 0.21)
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100 TGt mass / % DTAjexo |
80
60 |-

40t

20+

MS: ion current / a.u.
AT  Am fragments

N s C % m/z

10 m/z= 42 25-209 15 18, 42

209-314 17 18, 44

314-406 20 18, 44
’f/j\& m/z= 44
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Figure 4.49 — TG/MS analysis of UHM-25-Phe-Evans (155), weight loss
(black) and DTA (grey) are plotted in the upper part and in the lower part
of the diagram the characteristic single ion currents are shown for 2 = 18
(H,0), 42 (THE), 44 (CO,), 56 (isobutene), and 73 (DMF).
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4.53 UHM-20 (156)

1 1 1 1
Zn Zn Zn Zn

3,3',5,5 - Tetracarboxy benzophenone (136, 72.1 mg, 0.20mmol, 1eq.) was dis-
solved in DMA (7.0mL). To this solution was added N-Boc-Valinol (260 mg,
1.3 mmol, 64 eq.) and a solution of zinc nitrate hexahydrate in DMA (c=100g/L,
3.0mL, 300mg Zn(NQOj), - 6H,0, 1.0mmol, 2.0eq.). The reaction mixture was
placed in a screw-capped vial in an oven at 80°C for one day. The reaction
mixture was filtrated and colorless crystals were collected. These crystals were
washed with DMA and dried in air. This material constituted mixture of differ-
ent solid phases. The structure of one of them was solved through single crystal
X-Ray diffraction experiments.

relative intensity

X

Figure 4.50 — Powder X-ray diffractogram of UHM-20 that is contaminated
with unknown solid phases.

T T T T T T T T T T T T 1
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transmission / %
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wavenumber / cm™

IR (ATR): 7 = 2958 (w), 2936 (w), 1664 (m), 1604 (s), 1508 (m), 1420 (m), 1399
(m), 1365 (s), 1315 (m9), 1282 (s), 1192 (m), 1106 (m) 1061 (m), 965 (m), 827 (m).

4.53.1 Crystal Structure Determination and Refinement

Figure 4.51 — ORTEP-like plot of the asymmetric unit of UHM-20 (light
blue: zinc, red: oxygen, grey: carbon, hydrogen atoms omitted for clarity;
probability level 25%).
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identification code UHM-20

empirical formula C16 H16 N4 O8 Zn4

formular weight 653.81 g/mol

temperature 100(0) K

wavelength 70.926 pm, Mo K«

crystal system tetragonal

space group I4/m

unit cell dimensions a= 2675.1(41) pm a = 90°
b= 2675.1(41) pm B = 90°
c = 3570.1(62) pm y = 90°

volume 25549.4(19) A’

V4 42

calculated density 1.785¢g/cm?

absorption coefficient #=394mm™!

F(000) 13608

crystal size 0.10 x 0.03 x 0.3 mm?

6 range for data collection 1.87 to 22.5

index ranges h=-35—35k=-35—351=—46 — 47

reflections collected 97260

independent reflections 8504

independent reflections (I > 20(I)) 5041 (R;,; = 0.070)

absorption correction numerical

refinement method

data / restraints / parameters
goodness-of-fit on F2

final R indices [I > o(I)]

R indices (all data)

largest diff. peak and hole

Full-matrix least squares on F
8504 / 0 / 255

S =2.06

R1=0.177 wR2 = 0.533

R1 = 0.224, wR2 = 0.494

Apmax2.31e/A°, Apmin—0.81e/A°

377



EXPERIMENTAL

4.54 UHM-26 (157)

1 1 1 1
Cu Cu Cu Cu

Single crystals were obtained from a small-scale reaction of a solution of 3,3",5,5’-
tetracarboxy benzophenone (136, 11 mg, 0.03 mmol, 1eq.) in DMF (0.8 mL) to
which was added nitric acid (20 %, 66 pL),and an aqueous solution of copper ni-
trate trihydrate (c = 100g/L, 0.5mL, 5.0 mg Cu(NO3), - 3 H,O, 22 umol, 0.6 eq.).
The reaction mixture was placed in a 6 mL test tube which was placed in a
100 mL screw-capped flask and was heated at 50 °C in an oven for three days.
This resulted in light blue, block-shaped crystals that were kept in the mother
liquor. This material constituted mixture of different solid phases. The structure
of one of them was solved through single crystal X-Ray diffraction experiments.

relative intensity

10 20 30 40 50 60 70
20 / degree

Figure 4.52 — Powder X-ray diffractogram of UHM-26 that is contaminated
with unknown solid phases.
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transmission / %
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wavenumber / cm”

IR (ATR): 7 = 3228 (br), 2966 (w), 2935 (w), 1666 (m), 1604 (s), 1506 (m), 1436
(m), 1402 (m), 1365 (s), 1282 (s), 1147 (m), 1105 (w), 1016 (m), 923 (m), 775 (w),
750 (m).

4.54.1 Crystal Structure Determination and Refinement

Figure 4.53 — ORTEP-like plot of the asymmetric unit of UHM-26 (orange:
copper, red: oxygen, light blue: nitrogen, grey: carbon, white: hydrogen;
probability level 25%).

identification code UHM-26

empirical formula C17 H6 Cu O9
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formular weight
temperature
wavelength

crystal system
space group

unit cell dimensions

volume

V4

calculated density

absorption coefficient

F(000)

crystal size

6 range for data collection
index ranges

reflections collected
independent reflections
independent reflections (I > 20 (1))
absorption correction
refinement method

data / restraints / parameters
goodness-of-fit on F?

final R indices [I > o(I)]

R indices (all data)

largest diff. peak and hole

418.84 g/mol

100(0) K

154.178 pm, Cu K«

monoclinic

C2/c

a = 3202.2(3) pm a = 90°

b = 2147.3(1) pm B = 101.090(7)°
¢ = 9.4652(7) pm y = 90°
6386.8(8) A’

13

1416 g/cm?

#=199mm!

2724

0.10 x 0.50 x 0.3mm?

4.1 to 50.4
h=-32—-32k=-21—-21,1=-9—9
30816

3349

2431 (R, = 0.108)

numerical

Full-matrix least squares on F>
3349 / 0/ 259

§=33

R1 =0.181 wR2 =0.464

R1 = 0.253, wR2 = 0.527

Apmax1.93e/A°, Apmin—2.38¢/A°

4.55 3(S)-1,1-Dimethoxy-3-hydroxy-butane (165)

6

5
oH 07
: 1
4 /3\)\0/

2

The reaction was performed oven-dried glassware under argon. The solvent
was degassed by three freeze-pump-thaw cycles prior to use. UHM-25-Pro (153
was transferred to a schlenk tube, dried in stream of Argon and then weighed in
the closed reaction vessel (220 mg). The MOF was suspended in CH,Cl, (5mL)
and freshly distilled acetaldehyde (0.50mL, 63,5mg, 1.44 mmol) were added.
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After five days, the reaction mixture was filtered and the remaining solid was
washed with CH,Cl, (2mL). The filtrate was collected in a flask containing
MeOH (10mL) and Amberlyst® 15 (200 mg). After 24 hours, the reaction mix-
ture was over celite and the filtrate was concentrated in vacuum. A clear liquid
with a characteristic odour was obtained.

The reaction product was analyzed by GC-MS. The measuremetn was per-
formed on a 50m stationary silica phase modified with heptakis-(2,3-di-O-
methyl-6-O-tert-butyldimethylsilyl)--cyclodextrin with hydrogen as the car-
rier gas. A complete separation of the enantiomers of reaction product on the
column was achieved using a temperature gradient of 1°C/min after keeping
the column heated to 70 °C for five minutes after injection of the sample. The
chromatogram of the separation of the reaction product is shown in [Figure 3.42}
The reaction product was identified by comparison of the mass spectrum (see
with reference spectra of the mass spectral database from the Na-
tional Institute of Standards and Technology.l32!!

total ion count / a.u. OH OMe

OMe

OH OMe

OMe

[ T I T [ T I T I T 1
5 10 15 20 25 30
retention time / minutes

Figure 4.54 — Total ion count of the enantioselective gas chromatographic
separation of the 1,1-Dimethoxy-3-hydroxy-butane (165).

381



EXPERIMENTAL

relative abundance OH 7 O/
OH )\ 'ko/
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Figure 4.55 — Mass spectra for the peaks at retention time 18.4 (top) and
19.2 minutes (bottom) that correspond to the (R)- and the (5)-enantiomer of
35)-1,1-Dimethoxy-3-hydroxy-butane (165.

4.56 N-Propionyl-UHM-25-Val-Evans (187)

The reaction was performed oven-dried glassware under argon. UHM-25-Val-
Evans (154) was transferred to a schlenk tube, dried in stream of Argon and
then weighed in the closed reaction vessel (90 mg, 0.09 mmol). The MOF was
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suspended in THF (0.9mL, 130eq.) and Triethylamine (0.1 mL, 13eq.), a solu-
tion of dimethylaminopyridine in THF (183 m‘i“’l, 0.16 mL, 0.03 mmol, 0.25eq.)
and propionic anhydride (0.16 mL, 1.2 mmol, 13 eq.). After 72 hours, the reac-
tion mixture was filtered and the MOF was washed with THF (10mL) and
dried in vacuum. Prior to powder diffraction measurements, DMF was restored
as the pore-filling solvent by solvent exchange. For characterization purposes,
the MOF was digested in hydrochloric acid (2 M) under ultrasonic irridation.
This resulted in the precipitation of the linker which was washed with water
and dried in vacuum. HRMS (ESI+): 666.1961 (calc. for [C;,H3,NO;, + H]*:
666.1970).

relative intensity

TV RS

10 20 30 40 50 60 70
20 / degree

Figure 4.56 — Powder X-ray diffractogram of UHM-25-Val-Evans-N-
propionyl (187).
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TH-NMR (300 MHz, DMSO—dy): § [ppm] = 14.33-12.70 (s, 4H, H20), 8.47-
8.42 (m, 2H, H18), 8.40-8.33 (m, 4H, H16), 7.80-7.73 (m, 4H, H12, H13), 5.76-5.66
(m, 1H, H5), 2.89 (dq, 1H, 2Jy.py = 17.3 Hz, 3Jiy = 7.3 Hz , H7A), 2.89 (dq, 1H,
2Jy = 175 Hz, 3y = 7.3 Hz , H7B), 2.22-2.04 (m, 1H, H9), 1.01-0.88 (m, 6H,
H6A , H8), 0.68 (d, 3H, 3Jj1.11 = 6.6 Hz, H6B).
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IR (KBr): 7 [em™] = 3437 (m), 2964 (w), 2934 (w), 1786 (s), 1711 (m), 1655 (s),
1620 (s), 1568 (s), 1514 (m), 1441 (s), 1366 (s), 1296 (m), 1231 (m), 1182 (w), 1101
(w), 1070 (w), 1020 (m), 991 (w), 918 (w), 829 (w), 812 (w), 772 (m), 725 (m), 663
(w).

4.57 N-Propionyl-UHM-25-Phe-Evans (188)

The reaction was performed oven-dried glassware under argon. UHM-25-Phe-
Evans (155) was transferred to a schlenk tube, dried in stream of Argon and
then weighed in the closed reaction vessel (70 mg, 0.07 mmol). The MOF was
suspended in THF (0.7 mL, 130 eq.) and Triethylamine (0.75mL, 13 eq.), a solu-
tion of dimethylaminopyridine in THF (183 m‘i“’l, 0.12mlL, 0.02mmol, 0.25eq.)
and propionic anhydride (0.12mL, 0.92mmol, 13eq.). After 72 hours, the re-
action mixture was filtered and the MOF was washed with THF (10 mL) and
dried in vacuum. Prior to powder diffraction measurements, DMF was restored
as the pore-filling solvent by solvent exchange. For characterization purposes,
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the MOF was digested in hydrochloric acid (2 M) under ultrasonic irridation.
This resulted in the precipitation of the linker which was washed with water
and dried in vacuum. HRMS (ESI+): 714.1944 (calc. for [C4H3,NO;, + H]*:
714.1970).

relative intensity
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Figure 4.57 — Powder X-ray diffractogram of UHM-25-Phe-Evans-N-
propionyl (188).

TH-NMR (300 MHz, DMSO—dy): 6 [ppm] = 14.33-12.70 (s, 4H, H20), 8.51-
8.42 (m, 2H, H17), 8.42-8.32 (m, 2H, H15), 7.89-7.76 (m, 4H, H11A, H12B), 7.76-
7-67 (m, 2H, H12B), 7.63-7.55 (m, 2H, H11B), 7.28-7.02 (m, 3H, H7, H9), 6.94-6.81
(m, 2H, H8), 5.64 (t, 1H, 3 [y = 6.3 Hz, H3), 2.96-2.53 (m, 4H, H5, H22), 0.85 (t,
3H, 3 [y = 7.3 Hz, H23).
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IR (KBr): 7 [em™1] = 3441 (m), 2932 (w), 1786 (m), 1709 (m), 1657 (s), 1572
(m), 1514 (m), 1497 (w), 1441 (m), 1410 (m), 1369 (s), 1298 (m), 1248 (m), 1229
(m), 1171 (w), 1101 (m), 1065 (w), 993 (w), 918 (w), 835 (w), 770 (m), 727 (m), 700
(m), 665 (m).

4.58 N-Crotonyl-UHM-25-Val-Evans (189)

The reaction was performed oven-dried glassware under argon. UHM-25-Val-
Evans (154) was transferred to a tube, dried in stream of Argon and then
weighed in the closed reaction vessel (30 mg, 0.03 mmol). The MOF was sus-
pended in THF (5mL, 100 eq.) and a solution of sodium hexamethyldisilazide
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(NaHMDS) in THF (1 mTOI, 0.33mL, 0.33mmol, 13eq.) and crotonic anhydride
(52mg, 0.33 mmol, 13 eq.). After 24 hours, the reaction mixture was filtered and
the MOF was washed with THF and dried in vacuum. For characterization
purposes, the MOF was digested in hydrochloric acid (2M) under ultrasonic
irridation. This resulted in the precipitation of the linker which was washed
with water and dried in vacuum. As determined from the 'H-NMR spectrum
and the ESI-HR mass spectrum only an incomplete conversion was achieved.
HRMS (ESI+): 678.1985 (calc. for [C3gH3,NO,;]*: 678.1970).

Figure 4.58 — 'H-NMR spectrum of the mixture of linkers that were reiso-
lated after the post-synthetic modification of UHM-25-Val-Evans with cro-
tonic acid.
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6.2 Safety

dimethylsulfoxide (DMSO), NaCl, NaHCO;, Na,SO,, Na,5,0;, L-alanine, L-
valine, L-phenylalanine, L-proline and SPhos are not classified as harmful sub-
stances according to EU regulation No 1272/2008. All substances that are not

listed in the following table are not completely audited.

Table 6.1 — Substances used in this work together with the respective safety

informations.
substance pictograms hazard precautionary
statements statements

acetyl chloride @ @ 225,302,314 210, 280,
305+351+338,
310

acetone <¢j> @ 225, 319, 336 210, 261,
305+351+338

acetic acid @ 226, 314 280,
3054351338,
310

n-amyl acetate <&> 226 210

crotonic H314 280,

anhydride 3054351335,
310

ammonium @ 302, 319, 411 273,

chloride 305+351+338

14- @ 315, 319, 335 261,

dibromobenzene 305+351+338

B(OMe), & > 226,312,319 280,
305+351+338

CaCl, @ 319 305+351+338

CaH, <&;> 260 223, 2314232,
370+378, 422

CHCl, @ @ 302,315,351, 281

373
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substance pictograms hazard precautionary
statements statements
CH,CL, @ 351 281
U2
Cu(NOy), - 272,302,315, 220 273 280 305
3H,0 @ 318, 400 351+338
cyclohexane C C ‘ 225,304,315, 210, 261, 273,
@ 336, 410 3014310, 331,
501
1,4-dioxan @ @ 25,319,335, 210, 261, 281,
351 305+351+338
di-tert-butyl @ 226,315,317, 260, 280, 284,
dicarbonate 319, 330, 335 305+351+338
310
DMA @ 3124332,319, 201, 280,
360D 305+351+338,
308+313
DMEF @ @ 226,312,319, 201, 280,
332, 360D 305+351+338,
308+313
EtOAc @ @ 25,319,336 210, 261,
305+351+338
diethyl ether @ @ 224,302,336 210,261
ethanol @ @ 205 210
HCI (37 %) @ 200,314,335 261, 280,
305+351+338,
310
HNO, (65 %) 272,314 220, 251, 280,
305+351+338,
310
H,0, (30 %) @ 302, 318 280,
305+351+338
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substance pictograms hazard precautionary
statements statements
H,S0, (98 %) @ 314 280,
30543514338,
310
diisopropyl- @ @ 225,302, 314, 210, 280,
amine 332 30543514338,
310
K,CO, @ 302,315,319, 261,
335 305+351+338
KI @ 302, 315, 319 305+351+338
KOH @ 290, 302, 314 280,
30543514338,
310
K,CO, @ 302,315,319, 261,
335 305+351+338
KPO, 315,318 280,
30543514338
methanol @ 225,301,311, 210, 260, 280,
331,370 3014310, 311
KOtBu @ 228,318 210, 280,
30343614353,
304+340310
305+351+338
®
n-Buli (2.5M in 225,250,261, 210, 222,
hexanes @ 304,314,336, 2314232, 261,
361f, 373,411 273,422
n-hexane C C ‘ 225,304,315, 210, 261, 273,
336,361,373,  301+310, 331
411
N, @ 280 410+403
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substance pictograms hazard precautionary
statements statements
NaNO, 272,301,319, 220, 273,
400 3014310,
30543514338
NaOH @ 314 280,
30543514338,
310
Na,CO, @ 319 305+351+338
NH; (aq. 25 %) @ @ 302,314,335, 261, 273, 280,
400 30543514338,
310
n-heptane : : I 225, 304, 315, 210, 261, 273,
336, 410 3014310, 331,
501
I, @ @ 312,332,400 273,280
LiCl @ 302,315,319, 261,
335 30543514338
PdCl, 301,317 280, 301+310
PPh, @ 301,317,373 280
iPrMgCl-LiCl C ‘ C 225,314,335, 210, 261, 280,
(1.3M in THF) 351 30543514338,
310
toluene @ @ 225,304,315, 210, 261, 281,
336,361d,373  301+310, 331
Si0, @ 373
s0Cl, 302,314,331 261, 280,
305+351+338,
310
THF @ 225,319,335, 210, 261, 281,
351 305+351+338
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substance pictograms hazard precautionary
statements statements

triethylamine <g> 225,302, 210, 261, 280,

311+331, 314, 303+361+353,

335 305+351+338,
370+378
Zn(NOy), - @ 272,302,319, 220 261
6H,0 335 305+351-338
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6.3 KMR-Stoffe

Table 6.2 - Verwendete KMR-Stoffe der Kategorien 1A /1B (GHS)

CAS- Stoffname (IUPAC)  Verfahren und Kategorie
Nummer eingesetzte Menge (GHS)
106-93-4 1,2-Dibromethan chemische Synthese, K: 1B
25mL
10141-05-  Cobalt(IDnitrat chemische Synthese, K: 1B, Rg: 1B
6 10g
7718-54-9  Nickel(IT)chlorid chemische Synthese, K:1A,Rg: 1B
10g
872:50-4 L MEYIPYITON giens, mi. Rp: 1B
68122 DoNDimethyl g g 1oL Rg: 1B
formamid
67-66-3 Trichlormethan Solvens, 10L K: 1B
865-49-6 Trichlormethan-d Solvens, 800 mL K: 1B
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