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General Introduction

Porous frameworks constructed by molecular assembly

Porous materials are of interest not only for academia but also for industry
because of their characteristic properties utilized for adsorbates, separation or
purification of chemicals and heterogeneous catalysts. Among those materials, porous
frameworks constructed by molecular assembly have an advantage in functionalization
compared to other porous materials such as zeolites, carbon-based materials and so on
because the pore structures of molecular porous frameworks are well-defined and
modification of the pore surface at the molecular level can be achieved. Those porous
frameworks can be classified into three categories (Figure 1): metal-organic frameworks
(MOFs) or porous coordination polymers (PCPs), porous organic frameworks (POFs)
including covalent organic frameworks (COFs), and supramolecular organic
frameworks (SOFs).

MOFs or PCPs are constructed by connecting inorganic secondary building units
(SBUs) with organic linker and synthesized under mild conditions compared to zeolites
and carbon-based materials. Due to the infinite combination of them, more than 20,000
different MOFs have been reported for past decades. The network topologies can be
designed by consideration of the geometry of organic linker and inorganic SBUs which
is so called as reticular chemistry.* Since they are crystalline materials, there is one of
the advantages of these materials that atomic level analysis can be achieved by X-ray
diffraction. In addition, MOFs have a characteristic feature for design-ability to afford
functionalization of pore surfaces. Not only inherent porosity, but also incorporation of
Lewis acidic/basic or open metal sites enables MOFs to be applied for broad
applications®® (e.g., gas adsorption/storage,>® sensing,2** drug delivery, *® conductive
materials,?>® magnetic materials, 2" heterogeneous catalysts, 22 etc.).

Recently, POFs have emerged as a new family of porous materials to show
attractive features such as high surface area, design-abilities and high thermal and
chemical stabilities and so on. POFs are synthesized by polymerization of organic
monomer and the properties or structures of POFs are strongly depending on the choice
of monomers and polymerization reactions. The monomers with special geometry, for
example, linear pattern, planar triangle, square, tetrahedron, octahedron, etc. determines



resulting POF structure.® In terms of polymerization reaction, the reversibility decides
the fate of resulting POFs. From the perspective, POFs can be divided in two classes:
amorphous POFs and crystalline POFs. While, for the synthesis of amorphous POFs,
irreversible covalent bonds formation reactions such as coupling reactions are used,
reversible reactions which are thermodynamically controlled reactions are necessary for
the synthesis of crystalline POFs. In 2005, O. M. Yaghi and coworkers achieved a
breakthrough for syntheses of crystalline POFs, so called COFs to change the traditional
concept that POFs are amorphous rather than crystalline.'® Since then, the chemistry of
POFs have developed drastically and special applications of POFs in a wide range of
areas such as gas adsorption/storage,”** catalyst,®*? optical and electronic materials®
have also been reported.

SOFs in this context mean crystalline SOFs formed through non-covalent
interactions such as hydrogen bonds, halogen bonds, n-m interaction, or van der Waals
forces. As well as POFs, SOFs have recently been paid considerable attention as
promising porous materials due to their soft and flexible nature. Additionally, crystalline
nature of those materials enables us not only to determine the precise structures by
X-ray crystallography but also to investigate the relationships between crystal packings
and properties. However, SOFs are mostly not enough robust to maintain their porosity
upon guest removal because non-covalent interaction is relatively weak and the removal
of included guest typically causes phase change to give denser-packed structures.
Therefore, there are relatively few reports of SOF materials possessing permanent
porosity confirmed with gas sorption property.”® In order to avoid such collapse,
judicious choice of organic modules of which packing favors the formation of spatial
voids is important. This field is still challenging but it should be worth exploring as we
can see in several applications of these materials for such as gas adsorption/storage,*®
drug delivery,™ molecular recognition,™ fluorescence sensing,'® separation of toxic

chemical*’” and so on.
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Figure 1. Synthesis of MOF or PCPs, POFs, and SOFs



Porous frameworks with open metal sites

In 2000, O. M. Yaghi and co-workers firstly used the term open metal sites™
(also called as unsaturated metal centers, accessible metal sites, exposed metal sites)
which refers to a metal center with coordinatively unsaturated sites or labile solvent
molecules. Immobilization of open metal sites which can be a molecular recognition
sites is one of the ways to functionalize the pore surfaces of porous frameworks. Porous
frameworks in this context mean MOFs or PCPs because there are relatively few reports
on other porous frameworks with open metal sites*® By incorporating open metal sites, a
diversity of uniqgue MOFs have been developed and resulted in enhanced activity or
giving new functions for example, gas storage/adsorption,? heterogeneous catalysts,*
magnetic properties,?? sensing (Figure 2).° In parallel, methods to incorporate open
metal sites have been also pursued as mentioned in the next section.

Functionalization of porous frameworks by incorporation of open metal sites
should be explored further to develop practically useful porous materials accompanied
with the development of MOFs or PCPs and supramolecular frameworks.
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Figure 2. Applications of MOF or PCPs with open metal sites. Reproduced with permission
from J R. Long let al.,” B. Chen et al.,® X. Wang et al.,** and M. Dinci et al.**



Methods for incorporation of open metal sites into porous frameworks

There seem to be three prominent ways for the incorporation of open metal sites.
As first approach, secondary building units (SBUs) with unsaturated coordination sites
such as paddle-wheel complex [Mo(O,CR)4],*** trigonal prismatic clusters
[M30(O,CR)g]*** are utilized (Figure 3a). In second approach, metal centers mainly as
catalytic sites are directly incorporated into the linker ligands to form metalloligand
before construction of framework (Figure 3b).? Third one is post-synthetic
modification which means incorporation of another metal center into the chelating
ligands after the framework synthesis (Figure 3c).?®

However, in spite of these developments, it is still difficult to obtain
single-crystalline materials and the problem prevents the precise determination of the
local environment around open metal sites.

One of the solutions for the problem is the utilization of non-covalent
interactions (e.g., hydrogen bonds, n-n interactions, van der Waals interactions and
host-guest interactions) which enable to assemble units in ambient condition as
described in the explanation of SOFs of first section.*® This strategy can be one of the
promising tools to construct porous framework as previously reported.*® Compared to
covalent bonding, these forces are weaker and less directional, but increase of
interaction sites can overcome these disadvantages. Self-assembly of metal complexes
via intermolecular interaction should extend unexplored porous materials which are
difficult to construct by coordination-driven self-assembly.
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Arene-perfluoroarene (Ar-Ar") interaction as a tool for controlled
self-assembly

In 1960, Patrick and co-workers reported a co-crystal of benzene and
hexafluorobenzene which comes from firstly observed arene-perfluoroarene interactions.
2" Unlike arene-arene interaction, which can usually exhibit both face-to-face (n-x) and
edge-to-face (CH-m) interactions, face-to-face interaction is dominantly observed
between arene and perfluoroarene due to the van der Waals and quadrupole-quadrupole
interactions.?® By utilization of this interaction as a tool for molecular assembly, several
interesting researches have been reported as shown below.

For the construction of closely arranged metal-metal systems, A. Hori and
co-workers reported co-crystals of two different B-diketonate metal complexes thorough
Ar-Ar" interaction.®® Two different metal complexes in arene- and perfluoroarene-
functionalized ligands successfully arranged alternately to give one-dimentional
structures by columnar stacking.

Compared to rare applications for assembly of metal complexes using Ar-Ar"
interaction,”® there are relatively a large number of examples for assembly of organic
molecules.®*® The applications began with crystal engineering®® possibly due to the
discovery of the interaction in co-crystal of benzene and hexafluorobenzene.
Concomitantly, topochemical polymerization or dimerization has also been developed
by the control of the distance between reactive chemical bonds.*? As other applications,
construction of porous frameworks can be listed. T.-H. Chen and co-workers reported
porous non covalent organic framework by combination of hydrogen bonds and Ar-Ar"
interactions.®® This framework is thermally robust and stable up to 250°C and exhibits
high affinity for the adsorption of hydrocarbons and their halogenated derivatives,
which are potent greenhouse species.

From these reports, it is apparent that Ar-Ar" interaction is definitely an efficient
supramolecular synthon. Considerable broad applications of this interaction might be
attributed to the facility of introducing phenyl and perfluorophenyl ring moiety into
molecules to be assembled. As indicated in recent studies,®**
interaction still knows no boundaries.

utilization of this
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Figure 4. Crystal packing of (a) benzene and (b) co-crystal of benzene and hexafluorobenzene.



Rh(11) paddle-wheel complexes

The first paddle-wheel structure of Rh(Il) complex, Rhy(OAc)4(H,0), has been
reported by A. S. Antsyshkina et al. in 1962,* and since then, the related compounds
obtained by mainly ligand exchange reaction of Rhy(OAc)4(H20), have been
extensively investigated.*® The complexes consists of dinuclear Rh(11) with a Rh- Rh
bond and four bridging ligands and possess D4y, symmetrical structure (Figure 5). Two
axial sites of rhodium center can serve as substrate binding sites or catalytic sites to lead
to numerous applications in many different research fields. They have been extensively
utilized to develop antitumor agents,®” NMR shift agents, *® gas adsorbate,*® sensors*
and catalysts.** Nonetheless, most applications were focused on catalysts which make it
possible to perform a variety range of reactions* (e.g., oxidation, H, production,
hydrogenation, cyclopropanation, C-H insertion, C-H amination, and so on ). In terms
of organic transformations, metal-carbenoid intermediate is important for tuning the
reactivity of the carbene and mechanistic studies have been reported.*?

In spite of the rarity of rhodium metal on the earth, much attention is still paid
due to the unique reactivity of the substitution-labile axial sites and high stability arising
from the substitution-inert bridging ligands which is considered to be very important for
catalytic reaction.
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The aim of this thesis

As mentioned above, porous frameworks composed of organic or organic and
inorganic building units have been developed tremendously so far. These materials can
be functionalized further by the incorporation of open metal sites for many applications
based on metal ions. Although, methodologies for the incorporation of open metal sites
have been pursued, incorporation of open metal sites of substitution-inert complexes are
still difficult and challenging topic.

In this study, a new strategy to assemble substitution-inert Rh(Il) paddle wheel
dimers to construct novel porous frameworks is described. As referred in previous
section, Rh(Il) paddle-wheel complexes has been paid much attention because of their
unique properties and catalytic activities for various reactions. Thus, | aimed to
assemble the complexes by using multipoint Ar-Ar" interaction as a tool for controlled
molecular arrangements. Through the combination of Dg, symmetrical Rh(ll)
paddle-wheel complex and unidirectional multipoint Ar-Ar" interaction, the construction
of porous framework without interfering active sites of Rh(Il) dimer units can be
expected. Moreover, investigation of the porous properties and reactivities of obtained
porous framework should be important for development of a new class of porous
materials.
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Survey of this thesis
Chapter 1 describes utility of Ar-Ar" interactions for self-assembly of

paddle-wheel complexes. | succeeded in controlling the self-assembly of paddlewheel
dimers by intermolecular multipoint arene—perfluoroarene (Ar-Ar") interactions. A
ligand with  multipoint arene-perfluoroarene interaction sites, Hppeb =
4-[(perfluorophenyl)ethynyl]benzoic acid) was newly designed and synthesized. Then,
two types of complexes, I-shaped Rh,(O,CCF3),(ppeb), (3-pentanone), (1) and
cross-shaped Cu,(ppeb)s(THF), (2) were successfully synthesized to afford 1D chain
and 2D square-grid sheet structures, respectively.
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Chapter 2 describes the methodology to organize substitution-inert metal-based
secondary building units (SBUs) with active sites to form porous frameworks. In this
study, I successfully assembled substitution-inert paddle-wheel Rh(Il) dimers to afford
three novel porous frameworks, Rhy(ppeb)s(THF), (3-THF), Rhy(ppeb)4(3-pentanone),
(3-PN) and Rhy(ppeb)4(1-adamantylamine), (3-AD) (ppeb =
4-[(perfluorophenyl)ethynyl]benzoate), by using non-covalent interactions. Multipoint
arene-perfluoroarene  (Ar-Ar") interactions, which allow in the unidirectional
face-to-face interaction mode of aromating rings, were used to assemble
substitution-inert paddle-wheel Rh(Il) dimers. The obtained frameworks were
structurally characterized by single crystal X-ray diffraction, and it is found that all
strucures exhibited a one-dimensional channel with active axial sites exposed to the
pores. The porous properties of the obtained frameworks were also investigated by
thermogravimetric analysis, gas adsorption and powder X-ray diffraction measurements.
Moreover, the ligand substitution reaction at the active axial sites was examined at the
crystalline state and the flexible structural transformation with the change of channel
shapes and sizes was observed.
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Chapter 3 describes an attempt to convert noncovalent linking of porous
framework into covalent linking by the use of [2+2] photodimerization reaction. As a
ligand with Ar-Ar" interaction sites and photo chemically reactive site, (E)-Hppvb was
newly designed and synthesized. By UV-light irradiation to the crystal of (E)-Hppvb
obtained from DMF solution, photodimerization proceeded gquantitatively. Subsequently,
the synthesis of Rh(Il) complex was performed to afford Rhy((E)-ppvb)s. In the crystal
packing structure of Rhy((E)-ppvb)a(X), (X=THF, 2-butanone) obtained from
recrystallization, 1-D channel structure was successfully constructed to show the
effectiveness of Ar-Ar" interaction. However, almost no photo polymerization
proceeded even irradiation of UV-light for 48 hours, possibly due to the deactivation of
the excited state of the ligand by Rh center.
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Chapter 4 describes the reactivity of Rhy(ppeb), with diazo compounds and the
construction of triazole-incorporated porous frameworks. Rhy(ppeb), showed moderate
reactivities for cyclopropanation of styrene and C-H insertion into allyl or benzylic
positions. However, Rh(ppeb), could not be used as heterogeneous catalyst because it
can be dissolved in allyl or aromatic substrates. Then, alternative carbene precursors,
triazoles which shows diazo-azomethine/1,2,3-triazole tautomerism were chosen
because prospective incorporation of triazoles before construction of porous
frameworks was anticipated. While Rhy(ppeb),4 with two
[1,2,3]triazolo[1,5-a]pyridine-3-carboxylate (TR2) showed O dimensional pore due to
interfering multipoint Ar-Ar" interaction by n- = interaction between triazole 2 and
equatorial ligand, adducts of TR3 which has tert-butyl ester afforded 1-D cahnnel
structure as reported in chapter 2.
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Chapter 1

Construction of porous frameworks via Ar-Ar" interaction

CrystEngComm, 2013, 15, 6122-6126.

Introduction

Control over the self-assembling process of metal complexes is of key
importance to construct supramolecular materials in which desirable bulk properties
emerge as a consequence of specific intermolecular orientations." Paddle-wheel
complexes which are described as M,L, (M = metal ion, L = monoanionic bidentate
ligand) attract much attention because of their highly symmetric (Dgp) structures
suitable for the construction of continuous structures. Moreover, the existence of free
coordination sites at the axial positions (open axial sites) and their Lewis acidity play a
crucial role in catalysis or selective guest recognition. For example, Rh(Il) carboxylates
are very efficient catalysts for many reactions®®® and also used for the sensor of toxic
molecules,? and Cu(Il) carboxylates can be utilized for the gas separation.??" Therefore,
the construction of continuous structures of paddle-wheel units with open axial sites is
of significance to develop functional materials. There have been several reports which
succeeded to assemble paddle-wheel units with open axial sites via the combination of
arene-arene® or haloarene-haloarene® moieties. However, the coexistence of more than
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Scheme 1. Schematic illustration of intermolecular interactions.  Multipoint
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two kinds of interaction modes makes intermolecular interactions multidirectional and
the molecular arrangements are hard to predict (Scheme 1a, 1b). Therefore, the
development of paddle-wheel units with unidirectional interaction sites is essential for
the construction of supramolecular architectures with desired topologies.

Here we firstly report the self-assembly of Rh(Il) and Cu(ll) paddle-wheel complexes
with open axial sites controlled via unidirectional interaction (Scheme 2). Two kinds of
paddle-wheel dimers, the I-shaped complex, which has only two unidirectional
interaction sites and is expected to have one-dimensional chain assembly, and the
cross-shaped complex, which has four unidirectional interaction sites in one molecule
and is expected to have two-dimensional sheet structure, are chosen to examine the
molecular arrangements in the crystalline state (Scheme 2).

One of the promising ways to obtain unidirectional interaction is to exploit
multipoint arene-perfluoroarene interaction. Whereas more than two kinds of interaction
modes are exhibited in arene-arene interaction, arene-perfluoroarene interaction
dominantly exhibits face-to-face interaction mode>® arising from the van der Waals and
quadrupole-quadrupole interactions’ (Scheme 1). Moreover, the incorporation of
multipoint interactive sites would inhibit the free rotation of arene rings to afford the
unidirectional arrangement (Scheme 1c). Based on the strategy mentioned above, a
novel ligand, 4-[(perfluorophenyl)ethynyl]benzoic acid (HL, Chart 1) was designed.
Arene and perfluoroarene moieties of HL are bridged by ethyne moiety to keep planar
configuration in the crystalline state,® and thus, robust and multipoint arene-perfluoro
arene interactions can be expected.
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Syntheses of ligand HL and paddle-wheel complexes

The synthesis of HL is summarized in Scheme 3. Methyl 4-
[(perfluorophenyl)ethynyl]benzoate as an ester precursor was synthesized via
Sonogashira cross coupling reaction’ of pentafluoroiodobenzene and methyl
4-ethynylbenzoate.’®** The ester precursor obtained was hydrolyzed by BBr; to give
HL, which was characterized by *H NMR, *F NMR and elemental analysis. The total
synthetic yield for HL was 10%.

The synthesis of I-shaped Rh(Il) complex was carried out by the reaction of
Rh,(O,CCF3)4(acetone), with 8 equivalent of HL at 110 °C in digylme for 2 h. Single
crystals of Rhy(O,CCF3),(L)2(3-pentanone), (1) were obtained by the slow evaporation
of 3-pentanone-Et,O mixed solution and were suitable for X-ray crystallography. The
synthesis of cross-shaped Cu(ll) complex was performed by layering the acetone
solution of HL (5 eq.) on the THF solution of Cu(OAc),-H,0O. Blue solution was
obtained after 2 days and the slow evaporation of solvent afforded single crystals of
Cuy(L)4(THF), (2) suitable for X-ray crystallography. It should be noted that the
suppression of ligand scrambling reaction is essential to obtain the I-shaped complex.
Therefore, Rh(Il) was selected as a metal centre because Rh(Il) paddle-wheel dimer has
relatively strong M-carboxylate bonds and is known to form stable disubstituted
complex.*?

The crystal structure of 1 comprises Rh(Il) paddle-wheels with 3-pentanone
molecules coordinated at the axial sites (Figure 1). In the case of 1, the paddle-wheel
sits on an inversion centre and two L ligands occupy the trans position in the equatorial
plane of each rhodium atom. The Rh1-Rh1’ distance is 2.404(2) A in the range found
for previously reported Rh(Il) paddle-wheel dimers (2.316 to 2.486 A).® Although 1
has two types of carboxylate ligands, there is no significant difference in bond lengths
between Rh and O: Rh1-O1 and Rh1-O2’ distances are 2.041(4) and 2.025(7) A,
respectively, and Rh1-O3 and Rh1-O4’ distances are 2.035(5) and 2.028(7) A,
respectively. The angle between phenylene and perfluorophenyl rings is estimated to be
9.4°. An ORTEP drawing of 2 is shown in Figure 1b. The crystal structure of 2
comprises Cu(ll) paddle-wheels with mirror symmetry and THF molecules are
coordinated at the axial sites. The Cul-Cu2 distance is 2.6131(7) A and is in the range
found for previously reported Cu(ll) paddle-wheel dimers (2.563 to 2.886 A).14 The
averaged angle between phenylene and perfluorophenyl rings is estimated to be 20.0°.
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Figure 1. ORTEP drawings of (a) 1 and (b) 2 (50% probability ellipsoids). Hydrogen atoms,
disordered carbon atoms of THF molecule and crystal solvent molecules are omitted for clarity.
O =red, C = grey F = pale green, Rh = dark green, Cu = dark blue.
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In the crystal packing structures of 1 and 2, intermolecular multipoint
arene-perfluoroarene interactions are observed. As shown in Figure 2, 1 is arranged in
one-dimensional chain due to face-to-face overlap of phenylene and perfluorophenyl
rings. The mean interplanar separation between phenylene and perfluorophenyl rings is
3.48 A, which is comparable to the reported values.8 Interchain stacking are stabilized
by m-m interactions between perfluorophenyl rings to form the two-dimensional sheet
structure. The crystal packing structures of 2 are shown in Figure 3. An infinite
two-dimensional ~ square-grid  sheet  structure is formed via multipoint
arene-perfluoroarene interaction between ligands. The mean interplanar separation
between phenylene and perfluorophenyl rings is 3.56 A. These two dimensional sheets
are stacked though n-m interaction between ligands along the a axis to form columnar
structure of paddle-wheel units.

Figure 2. Crystal packing of 1 along (a) the b axis and (b) one-dimensional chain.
One-dimensional chains formed by multipoint arene-perfluoroarene interactions (blue) are
accumulated via m-m interactions between perfluoroarene rings (pink). Hydrogen atoms and
carbon atoms of 3-pentanone molecules at the axial positions are omitted for clarity. O = red, C

= grey, F = pale green, Rh = dark green.
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Figure 3. Crystal packing structures of 2 (a) parallel to the two-dimensional sheet and (b) along
the ¢ axis. Two-dimensional chains formed by multipoint arene-perfluoroarene interactions
(blue) are accumulated via m-w interactions between ligands (pink). Hydrogen atoms, carbon
atoms of THF at the axial positions and crystal solvent molecules are omitted for clarity. O =
red, C = grey, F = pale green, Cu = dark blue.
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Our approach to control the self-assembly of paddle-wheel complexes paves
the way for a new field of crystal engineering. Self-assembled porous structures of
paddle-wheel complexes with open axial sites are of interest for catalytic reaction or
selective guest recognition. Even though several examples'*° based on coordination
bonding network so called porous coordination polymers (PCPs) or metal-organic
frameworks (MOFs) have been reported, no structures based on substitution-inert
paddle-wheel dimers (e.g. Rhy(O,CR),) are available. This is because substitution-inert
complexes require high temperature to be synthesized and often results in low yield and
low crystallinity of desired products. In contrast, the utilization of arene-perfluoroarene
interactions enables to assemble paddle-wheel units at low temperature, and thus can be
an alternative approach. Indeed, the self-assembly of both Rh(Il) and Cu(ll)
paddle-wheel units, was successfully achieved at room temperature and the
arrangements were controlled by multipoint arene-perfluoroarene interactions as
expected (Figures 2 and 3). Moreover, in the crystal packing of 2, channel structure, in
which THF molecules are accommodated as guest, was formed by the stacking of the
two dimensional sheets via n-m interaction between ligands along the a axis and open
axial sites are oriented to the channel (Figure 4). To the best of our knowledge, there has
been only one example of supramolecular architecture composed of discrete
paddle-wheel dimers where solvent accessible channel and open axial sites are coexist.*°
Furthermore, the channel entrance size of 2 was estimated to be 13.8 x 5.8 A?
considering the van der Waals radii of constituent atoms and is much larger than that of
the structure reported in the previous work (4.2 x 4.5 A?).
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Figure 4. Crystal packing of 2 along the a axis. Hydrogen atoms, carbon atoms of THF at the

axial positions and crystal solvent molecules observed in channels are omitted for clarity. O

grey, F = pale green, Cu = dark blue.

red, C
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Estimation of stabilization energy of Ar-Ar" interaction

As shown in Figure 2 and 3, Ar-Ar™ interactions worked dominantly for the
self-assembly of paddle-wheel complexes and gave anticipated crystal packings.
Therefore, | estimated the stabilization energy of this interaction by using density
functional theory (DFT) calculations. For the estimation, benzene, hexafluorobenzene,
co-crystal of benzene and hexafluorobenzene, pentafluorophenylethynylbenzene as a
derivative of ligand HL and its dimer were employed. The structures of these
compounds were optimized using the Gaussian 09'" programs with the ©B97XD
function'® which is suitable for calculation of long-range interaction, and 6-31+G (d,p)
as basis set.’® As initial configurations for the calculation of optimized structures,
reported crystal structures were used. The optimized structures of co-crystal of benzene
and hexafluorobenzene, and dimer of pentafluorophenylethynylbenzene, and crystal
structures of them®% are shown in Figure 5 and 6. In the case of co-crystal of benzene
and hexafluorobenzene, the parallel displaced configuration and the distance between
them were well reproduced. However, in the case of dimer of
pentafluorophenylethynylbenzene, the optimized structure seemed to be very different
from the crystal structure. In the crystal structure, the angle between phenyl and
perfluorophenyl rings is estimated to be 4.8° but in the optimized structure, the angles
are 13.0° and 17.1°. Moreover, one of the pairs of arene and perfluoroarene rings
interacts each other with not parallel displaced but parallel. Actually, electrostatic
repulsion between arene and perfluoroarene rings is smaller than that between two arene
rings because arene ring and perfluoroarene ring have negative and positive quadrupole
moments, respectively.
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Figure 5. (a) Crystal packing of co-crystal of benzene and hexafluorobenzene (top view). (b)
Optimized structure of benzene and hexafluorobenzene (top view). (c) Crystal packing of
co-crystal of benzene and hexafluorobenzene (side view). (d) Optimized structure of benzene
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Figure 6. (a) Crystal packing of pentafluorophenylethynylbenzene (top view). (b) Optimized
structure of pentafluorophenylethynylbenzene dimer (top view). (c) Crystal packing of
pentafluorophenylethynylbenzene (side view). (d) Optimized structure of

pentafluorophenylethynylbenzene dimer (side view).
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By the comparison of total energies, co-crystal of benzene and hexafluorobenzene, and
the dimer of pentafluorophenylethynylbenzene were estimated to be more stable than
the single components (4E = -7.58 kcal mol™) and the monomer (4E = -16.0 kcal mol™),
respectively (Table 1). Several reported theoretical studies of Ar-Ar" interaction®* have
shown that the estimation of the stabilization energy is still controvertible. At least,
stabilization energy increases in accordance with the increase of the interaction sites.
Therefore, elongation of ligand HL would give more robust framework structure which
can be comparable to MOFs or PCPs even non-covalent interaction is used as a tool for
construction of framework.

Table 1. Comparison of the total energies and estimated stabilization energies.

Compound Total energy (in £) AE/kcal mol-!
CeFe -827.411949460 -
CsHe -232.180774691 -
CF o+ CgH -1059.60480536 -7.58
C4FsC,Ph (monomer) -1035.32515054 -
Ce6FsCaPh (dimer) -2070.67586021 -16.0
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Conclusions
In conclusion, a new approach to construct supramolecular architecture was

successfully developed by utilizing the combination of multipoint arene-perfluoroarene
interaction site and paddle-wheel unit. Both I- and cross-shaped complexes with a novel
ligand, HL, which has arene and perfluoroarene moieties bridged by ethyne linker, were
synthesized by the ligand exchange reaction. In both complexes, molecular
arrangements are determined by multipoint arene-perfluoroarene interaction and
expected one- or two-dimensional structures are constructed at room temperature.
Furthermore, the solvent accessible channel network with open axial sites, which is
rarely obtained in discrete paddle-wheel units, was found in the self-assembly of the
cross-shaped complex. The results presented in this contribution offer a new strategy to
assemble paddle-wheel units of various metal ions with open axial sites at room
temperature regardless of substitution activity. This can be a powerful tool to construct
supramolecular structures applied for heterogeneous catalytic system or sensor.
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Experimental section

General methods

All solvents and reagents are of the highest quality available and used as received
except for diethyl amine and triethylamine. Diethyl amine and triethylamine were dried
by reflux over KOH, distilled under argon, and degassed with a freeze-and-pump thaw.
Rh,(O,CCF3)4(acetone), were prepared by the literature methods. All syntheses were
performed under an atmosphere of dry nitrogen or dry argon unless otherwise indicated.

Measurement apparatus

Elemental analyses were carried out on a J-SCIENCE LAB MICRO CORDER JM10
elemental analyser. 'H NMR spectra were acquired on a JEOL JNM-LAS500
spectrometer, where chemical shifts in (CD3),CO were referenced to internal
tetramethylsilane. *°F NMR spectra were acquired on a JEOL JNM-LA500 spectrometer,
where chemical shifts in (CD3),CO were referenced to external trifluorotoluene.

X-ray crystallography

A crystal of 1 was mounted in a loop. Diffraction data at 123 K were measured on a
Rigaku AFC8 diffractometer using a Rigaku Saturn CCD  system.
Graphite-monochromated Mo-Ka radiation (0.71075 A) was used. Cell parameters were
retrieved using the Crystal Clear-SM 1.4.0 software and refined using Crystal Clear-SM
1.4.0 on all observed reflections. Data reduction and empirical absorption correction
using equivalent reflections and Lorentzian polarization were performed with the
program Crystal Clear-SM 1.4.0. The structure was solved by direct methods using
SIR-97 and refined on F? by the full-matrix least squares techniques with
SHELXL-97.22 All nonhydrogen atoms were refined anisotropically. A crystal of 2 was
mounted in a loop. Diffraction data at 123 K were measured on a RAXIS-RAPID
Imaging Plate diffractometer equipped with confocal monochromated Mo-Ka radiation
and data was processed using RAPID-AUTO (Rigaku). Structures were solved by direct
methods and refined by full-matrix least squares techniques on F? (SHELXL-97).2% All
non-hydrogen atoms were anisotropically refined, while all hydrogen atoms were placed
geometrically and refined with a riding model with Uiso constrained to be 1.2 times
Ueq of the carrier atom. For 2, the diffused electron densities resulting from residual
solvent molecules were removed from the data set using the SQUEEZE routine of
PLATON and refined further using the data generated.
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Syntheses

H = TMS Q K,COj o)
= TMS—— » — H

Pd(PPh3)ZC|2 EtO MeOH MeO

Cul (61%)
F = HNEt,

: = O s v O
—_————
Pd(PPh),Cl, MeO Acetone/HZO HO

Cul
NEt; (79%) (78%)

Scheme 3. Syntheses of HL.

Ethyl  4-(2-trimethylsilylethynyl)benzoate, ethyl  4-ethynylbenzoate, = methyl
4-[(perfluorophenyl)ethynyl]benzoate which are the precursors of HL were prepared by
the literature methods.

Synthesis of 4-[(perfluorophenyl)ethynyl]benzoic acid (HL) :

Methyl 4-[(perfluorophenyl)ethynyl]benzoate (2.15 g, 6.59 mmol) was dissolved in
CH,Cl, and cooled to —60°C. BBr; (2 eq.) was added and the solution was stirred for 30
min. under argon in the cold. Then, the cooling bath was removed and the stirring
continued for another 90 min, while the solution was allowed to reach r.t. The solution
was then washed twice with brine, dried over MgSO, and evaporated in vacuo to afford
the yellow solid. The solid was washed with CH,Cl, to obtain HL as a white solid.
Yield 24%. *H NMR (500 MHz, CDCls) 6 ppm: 7.78 (d, J = 10.0 Hz, 2H), 8.14 (d, J =
10.0, 2H); **F NMR (470.4 MHz, (CD3),CO) & ppm: -164.0 (dt, J = 4.7, 18.8 Hz, 2F),
-154.3 (t, J = 18.8 Hz, 1F), -138. 3 (dd, J = 4.7, 18.8 Hz, 2F); Anal. Calcd. for
CeFsC,CsH4COLH: C, 57.71; H, 1.61; N, 0.00%. Found: C, 57.31; H, 1.77; N, 0.00%.

Synthesis of Rhy(O,CCF3)2(L)2(3-pentanone), (1)

Rh,(O,CCF3)4(acetone), (195 mg, 0.25 mmol) and HL (312 mg, 1.0 mmol) in 5 ml of
diethyleneglycol dimethylether were stirred for 2 h at 100 °C. After evaporation of the
solvent, the residue was purified by silica gel column chromatography (CH,Cl,/AcOMe
1:1). Recrystallization from Et,0/3-pentanone gave green platelet crystals of 1. The
yield of [Rh2(O,CCF3),(L),] was 40 mg (13.3% based on [Rh,(O,CCF3)s(acetone),]).
Anal. Calcd. for Rhy(0,CC¢H4C,CsF5)2(0,CCF3), (Et,0),-H,0: C, 41.33; H, 2.48; N,
0.00%. Found: C, 41.39; H, 2.27; N, 0.14%.
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Synthesis of Cu,(L)4(THF)2 (2)

HL (37.5 mg, 0.12 mmol) was dissolved in acetone (3.5 ml) and layered on top of a
solution of Copper(ll) acetate monohydrate (5.0 mg, 0.025 mmol) in THF (2.5 ml).
After the solution was fully diffused, it was left to evaporate and blue platelet crystals
were obtained. Anal. Calcd. for Cuy(O,CCsH4C,CeFs5)4(H20)2: C, 51.19; H, 1.43; N,
0.00%. Found: C, 51.15; H, 1.72; N, 0.00%.

Crystal data for 1: Cy4H2sF16010Rh,, Mr = 1226.48, triclinic, space group P, (#2), a =
9.5097(53), b = 9.6296(56), ¢ = 13.5971(75) A, « = 103.8571(50), 5 = 100.5433(40), y
=107.0596(77)°, V = 1111.9(1) A%, 2 = 1, T= 123 (2) K, pc = 1.832 gcm™, 12 (Mo-Ka) =
0.868 cm™, 20max = 50.0°, A(Mo-Ka) = 0.71074 A, 7140 reflections measured, 3772
unique (Rint = 0.0278), 3231 (1 > 24(l)) were used to refine 327 parameters, 0 restraints,
WR, = 0.1576 (I > 20(1)), Ry = 0.0587 (I > 24(1)), GOF = 1.225.

Crystal data for 2: CggH32CusF200109, Mr = 1516.02, monoclinic, space group P2;/m,
(#11), a = 9.09040(52), b = 26.70643(172), ¢ =17.9560(84) A, p = 101.50533(141)°, V
= 4271.74(42) A3, 2 =2, T =123 (2) K, pe = 1.166 gcm™, u(Mo-Ka) = 0.586 cm™, 26max
= 50.0°, A(Mo-Ka) = 0.71074 A, 33173 reflections measured, 7682 unique (Rin =
0.071), 6213 (I > 24(l)) were used to refine 475 parameters, 0 restraints, wR, = 0.2415
(I > 20(1)), Ry = 0.0758 (I > 25(1)), GOF = 1.143.
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Chapter 2

Flexible structural transformation of porous frameworks

Dalton Transactions, 2015, 44, 15334—15342.

Introduction

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs)*?
are crystalline materials composed of inorganic building units and organic linkers and
have attracted considerable attention as new types of porous materials. In particular,
MOFs or PCPs with open metal sites are of interest because these sites can strongly
interact with adsorbed molecules to afford specific functionalisation of the pore surfaces
for adsorption/separation,® heterogeneous catalysis,* and sensing.> One of the most
straightforward strategies to construct such materials is to embed open metal sites on
secondary building units (SBUs) of the framework.® The Rh(ll) paddlewheel complex,
which is composed of four substitution-inert carboxylate ligands and two
substitution-labile axial ligands, would be an attractive SBU with D4h symmetry
because the porous frameworks constructed are expected to show high stability arising
from the substitution-inert carboxylate ligands and the high reactivity of the
substitution-labile axial sites known as active centres for many catalytic reactions.’
However, it is hard to construct MOFs or PCPs by linking substitution-inert metal-based
SBUs via covalent linkers (Scheme 1a) because the covalent linking of these SBUs
often prevents the formation of single crystalline materials.® Although there are many
reports on single crystal structures of MOFs and PCPs consisting of substitution- labile
SBUs with active sites (e.g., HKUST-1,* MOF-74,%® and so on%), to the best of our
knowledge, no single crystal structures of MOFs or PCPs constructed by
substitution-inert SBUs with those sites have been reported so far.
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Scheme. 1 Schematic illustration of the self-assembly of substitutioninert SBUs via (a) covalent
linking and (b) non-covalent linking.
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Here, we show an effective approach to construct a porous framework based on
substitution-inert SBUs with active sites. Recently, many reports have proved that
non-covalent interactions (e.g., hydrogen bonds,'® n-x interactions,™* combination of
hydrogen bonds and z-m interactions,"® and van der Waals interaction6®) can be
promising tools for construction of porous materials. In comparison to covalent linking,
these interactions can work in ambient condition to afford comparable well-defined
framework. A key to our success is the usage of this “non-covalent” interaction
(Scheme 1b) for the self-assembly of Rh(Il) paddle-wheel dimers (Scheme 2a). As a
module for non-covalent linking, a monocarboxylate ligand with multipoint
arene-perfluoroarene® (Ar-Ar") interaction sites was designed (Scheme 2b). As we
previously reported that this interaction enabled the unidirectional face-to-face
interaction mode of aromatic rings to work dominantly, and the controlled self-assembly

of molecules can be achieved.
a) Substitution-inert SBU b) Non-covalent interaction
F> P e 0O
, o F F
S =% F
F F
Rh(Il) paddle-wheel Ar-Arf interaction

Scheme 2. Schematic illustration of (a) substitution inert SBU and (b) non-covalent interaction
employed in this study.
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Results and discussion

Syntheses of paddle-wheel complexes

Synthesis of the Rh(ll) complex was performed by the reaction of
Nas[Rh2(CO3)4]-3H20 with 8 eq. of Hppeb at 100 °C in dimethylacetamide/H,0 (3:1)
for 8 h. A four substituted complex, Rhy(ppeb)4(Et,0),, was obtained in 27% yield by
subsequent column chromatography using neutral alumina (Et20 as the eluent). Note
that the use of Nas[Rh,(COs3)4]-3H,0O was crucial, and the reaction of Hppeb with
carboxylate precursors, Rh(ll) acetate or Rh(Il) trifluoroacetate, did not afford the
desired complex possibly due to the slow reaction rate of the di-substituted carboxylate
complex.™ The slow evaporation of the THF/Et,O mixed solution of Rh,(ppeb)4(Et,0),
afforded single crystals of Rhy(ppeb)s(THF), (3-THF) suitable for X-ray
crystallography. 3-PN and 3-AD were also obtained by recrystallization of
Rhy(ppeb)4(Et20),. The recrystallisation of Rhy(ppeb)4(Et,0), from slow evaporation of
the mixed solution of Et,0/3-pentanone afforded Rh,(ppeb)s(3-pentanone), (3-PN). To
obtain Rhy(ppeb)s(1-amantylamine), (3-AD), recrystallisation was performed by
layering Et,O solution of 1-adamantylamine on Et,O solution of Rhy(ppeb)s(Et,0),.
These three compounds were characterised by single-crystal X-ray diffraction (Table 1)
and IR spectroscopy.

Table 1. Crystallographic data and structural refinements for 3-THF, 3-PN and 3-AD

Compound 3 THF 3PN 3-AD
Formula CsHFO1oRby Ci70H135F 1nO26R Iy CopHzF N0 Ry
Formura weight 1594.76 3762.40 1965.32
Temperature ("C) -150 -150 -150

Crystal system Monoclinic Triclinic Triclinic
Space group C2/m (#12) P-1(#2) P-1(#2)
a(h) 18.6449(7) 15.1526(7) 10.8625(8)
b(A) 27.2267(14) 15.3844(4) 13.8827(10)
c(A) 8.8932(4) 19.5087(4) 14.9217(11)
a(deg) 90 99.0550(7) 103.6458(15)
£ (deg) 107.4822(12) 96.0045(7) 03.1519(15)
¥ (deg) 90 112.8590(4) 94.0312(16)
V(A% 4306.0(3) 4069.14(17) 2175.3(3)

Z 2 1 1

D, (g cm) 1.230 1.535 1.500

2 (mm™) 0.471 0.514 0.483
F(000) 1580 1900 994

Ry@ 0.0660 0.0554 0.0511

wR,® 0.1742 0.1875 0.1511
Goodness-of-fiton F? 1.135 1.111 1.089

“Ry = E|F| A F ZIF,|. *WR, = [E(W(F-F )  Zw(F Y12
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Crystal structures

The crystal structure of 3-THF is comprised of a Rh(Il) paddle-wheel with THF
molecules coordinated at the axial sites (Figure 1a). Four ppeb- ligands occupied the
positions in the equatorial plane of each rhodium atom. The Rh1-Rhl’ distance was
2.3875(13) A, which is in the range found for previously reported Rh(ll) paddle-wheel
dimers (2.316 to 2.486 A).18 The angle between the phenylene and perfluorophenyl
rings was estimated to be 18.4°.

In the crystal packing structure of 3-THF, aforementioned multipoint Ar-Ar"
interaction played a key role in stabilising the molecular assembly. As shown in Figure
1b, an infinite two-dimensional (2-D) square-grid sheet structure was formed via
multipoint Ar-Ar" interactions between the ligands. The mean interplanar separation
between the phenylene and perfluorophenyl rings was 3.56(16) A. These 2-D sheets
were stacked through m-m interactions (denoted as blue line in Figure 1b) to form a
columnar structure of paddle-wheel units along the ¢ axis. As a result, a porous structure
with the channel entrance size'® of 13.8 x 12.1 A? was formed (Figure 1c), and THF
molecules were contained in the pores as guests.
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Figure 1. (a) An ORTEP drawing of 3-THF (50% probability ellipsoids). Hydrogen atoms are
omitted for clarity. (b) 2-D sheet structure of 3-THF. Ar-Ar" interactions and m—m interactions
are shown in red and blue lines respectively. Hydrogen atoms and carbon atoms of THF at the
axial positions are omitted for clarity. (¢) Crystal packing of 83-THF along the c axis.

Hydrogen atoms, and carbon atoms of THF at the axial positions are omitted for

clarity. O =red, C = grey, F = pale green, Rh = sea green.
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The recrystallisation of Rhy(ppeb)s(Et,0), from Et,0/3-pentanone afforded a
similar crystal structure composed of a Rh(Il) paddle-wheel complex bearing
3-pentanone at the axial sites, Rhy(ppeb)s(3-pentanone), (3-PN) (Figure 2). In the
crystal structure of 3-PN, the mean interplanar separation between phenylene and
perfluorophenyl rings was 3.49(12) A, and the channel entrance size was estimated to
be 12.9 x 10.5 AZ. It should be noted that the active sites of these complexes were
exposed to the pores in both structures.
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Figure 2. An ORTEP drawing of 3-PN (50% probability ellipsoids). Hydrogen atoms and crystal
solvent molecules are omitted for clarity. (b) 2-D sheet structure of 3-PN. Ar-Ar" interactions
and 7—m interactions are shown in red and blue lines respectively. Hydrogen atoms, carbon atoms
of 3-pentanone at the axial positions and crystal solvent molecules observed in the channels are
omitted for clarity. (c) Crystal packing of 3-PN along the ¢ axis. Hydrogen atoms, and carbon
atoms of 3-pentanone at the axial positions and crystal solvent molecules observed in the

channels are omitted for clarity. O = red, C = grey, F = pale green, Rh = sea green.
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The reaction of Rhy(ppeb)s(Et;0), with 1l-adamantylamine was subsequently
performed to examine the adjustability of the framework to bulky molecules, and the
targeted axial ligand substituted complex, Rhy(ppeb)s(1-adamantylamine), (3-AD,
Figure 3a), was obtained. The distance between two rhodium atoms in 3-AD was
2.4140(7) A, which is comparable to that of 3-THF or 3-PN. For 3-AD, the angles
between the phenylene and perfluorophenyl rings were 16.3° and 5.9°. In the crystal
structure of 3-AD, a 2-D sheet structure stabilised by multipoint Ar-Ar" interactions was
also obtained (Figure 3b). However, n-nt interactions between the 2-D sheets were not
observed because the bulkiness of the axial ligands prevented close contact between
sheets. Alternatively, the ppeb- ligands exhibited a conformation almost perpendicular
to the 2-D sheets, and CF-r interaction®® between the ppeb- ligands formed inter-sheet
stacking. As a result, a 1-D channel structure with an entrance size of 10.1 x 8.2 A% was
obtained (Figure. 3c). The mean interplanar separation between the phenylene and
perfluorophenyl rings was 3.50(16) A. The axial ligands were also exposed to the pores
despite the different stacking mode from 3-THF and 3-PN. The comparison between
the assembling-patterns between these structures is shown in Figure 4. The horizontal
distances between the Rh dimeric nodes in neighbouring 2-D sheets (denoted as d1 and
d,) were found to be d; = d, = 4.96 A for 3-THF, d; = 6.08 A, d, = 5.82 A for 3-PN and
d; = 10.70 A, d; = 6.11 A for 3-AD and were mainly different between the three
structures, reflecting the bulkiness of the axial ligands. These crystallographic
observations indicate that the 2-D sheet structures in these porous frameworks are well
defined by the multipoint Ar-Ar" interactions and that the interlayer stacking structures
are controllable in response to the size and shape of the axial ligands.
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Figure 3. (a) An ORTEP drawing of 3-AD (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) 2-D sheet structure of 3-AD. Ar-Ar"
interactions are shown in red lines. Hydrogen atoms, and carbon atoms of 3-ADamantylamine at
the axial positions and crystal solvent molecules observed in the channels are omitted for clarity.
(c) Crystal packing of 3-AD along the a axis. Hydrogen atoms, and carbon atoms of
1-adamantylamine at the axial positions and crystal solvent molecules observed in the channels

are omitted for clarity. O =red, C = grey, F = pale green, N = blue, Rh = sea green.
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Figure. 4 Side view of the crystal packing (left) and the schematic illustration of the top view of
the interlayer stacking structure (right) for 3-THF (top), 3-PN (middle) and 3-AD (bottom). In
the schematic illustration, the axial ligands are represented as orange circles.
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The effect of the axial ligands on the porous properties

The effect of the axial ligands on the porous properties of the frameworks was
also investigated by several measurements. A TG curve of 3-AD exhibited no weight
loss upon heating up to 284 °C (Figure 5c¢), which indicated the strong coordination
ability of the axial ligands to the metal centres. Upon further heating up to 600 °C, the
degradation of the complex was observed. It should be noted that the removal of the
guest molecules (Et,O) was not observed due to their highly volatile nature. The
removal of the axial ligand was also not observed due to their strong coordination ability.
Furthermore, the CO, adsorption isotherms for 3-AD evacuated at 40 °C (Figure 5f) and
120 °C (Fig 6¢) exhibited almost identical sorption profiles, suggesting the retention of
the porous structure due to the “capping” of active sites with strongly coordinated axial
ligands. In contrast, the TG curves of 3-THF and 3-PN indicated the release of axial
ligands in the temperature range of 100-170 °C with a weight loss of 5.30% (3-THF)
and 5.82% (3-PN), respectively (Figure 5a-b). The degradation of the complexes was
observed in the temperature range of 327-600 °C. In the CO; adsorption isotherms of
3-THF and 3-PN evacuated at 40 °C and 120 °C, the amount of adsorbed CO, gradually
increased as the pressure increased and showed hysteresis during the desorption process
(Figure 5d-e and Figure 6a-b) and the adsorption amount are dependent to the
temperature of pre-treatment, which may be attributed to the transformation of the
interlayer stacking structure arising from the exchange or the loss of the axial ligands.
These results clearly indicate the difference in the lability of the axial ligands between
3-AD and other two structures, 3-THF and 3-PN. Additionally, N, adsorption
measurements at 77 and 195 K were performed and almost no adsorption of N, was
observed for 3-THF and 3-PN (Figure 7a-b and Figure 8a-b), suggesting the selective
CO, adsorption over N, in these frameworks. In contrast to 3-THF and 3-PN, N, was
slightly adsorbed to 3-AD at 77 K (Figure 7c), although no adsorption of N, was
observed at 195 K (Figure 8c).

PXRD measurements of the samples after the removal of guest and the
dissociation of the axial ligands were performed to investigate the structural change in
these processes. The experiments were performed for 3-AD and 3-PN, which have the
unremovable axial ligands and the removable ligands, respectively. Note that the PXRD
patterns for as-synthesized compounds were measured under the vapour of guest
molecules to prevent the loss of guest molecules. In the case of 3-AD, PXRD pattern
changed after the evacuation at 40 ‘C (from A to B in Figure 9), suggesting the
structural change attributed to the removal of guest molecules. Subsequent evacuation
of the sample at 120 °C gave the almost identical PXRD pattern (Figure 9 C), which
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indicates the strong coordination of axial ligands. These results are fully consistent with
the result of TGA and CO; adsorption measurements. In the case of 3-PN, PXRD
pattern changed after evacuation at 40 °C (from D to E in Figure 10) and the structural
transformation accompanied by the removal of guest was observed. In contrast to 3-AD,
the subsequent evacuation at 120 °C caused the significant change of the PXRD pattern
(from E to F in Figure 10) and the structural transformation due to the dissociation of
the axial ligands was indicated. At this stage, we could not determine the structure after
the removal of the guest molecules or the axial ligands, and thus, the detailed discussion
on the CO; adsorption profiles was not allowed. However, the results of CO, adsorption
and PXRD measurements revealed that the crystallinity and porosity of the sample were
maintained throughout the removal of guest molecules and the dissociation of the axial
ligands, and the framework structures transformed flexibly accompanied by these
processes.

Additionally, PXRD patterns before and after the CO, adsorption were also
examined. As shown in Figure 11-14, the samples of 3-PN and 3-AD did not show
significant change in PXRD pattern after the CO, adsorption measurements regardless
of the pre-treatment temperature. These results indicate that our frameworks recover
their initial structures after the CO, adsorption/desorption processes.
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Figure 5. TGA profiles of (a) 3-THF, (b) 3-PN and (c) 3-AD with a heating rate of 20 K min™.
CO, sorption isotherms of (d) 3-THF, () 3-PN and (f) 3-AD at 195 K. Filled shapes:
adsorption. Open shapes: desorption. The samples of 3-THF, 3-PN and 3-AD for the CO,

adsorption were evacuated at 40 °C before the measurements.
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NMJ\MJW&/\,/\J\\,/\;: 1-AD evacuated at 120°C
MJWAD evacuated at 40°C

MM + 1-AD as-synthesized
1-AD simulated

2 4 6 8 10 12 14 16 18 20
20/°

Figure 9. PXRD patterns of (A) 3-AD as-synthesized, (B) 3-AD evacuated at 40°C, and (C)
3-AD evacuated at 120°C.

F : 1-PN evacuated at 120°C

E : 1-PN evacuated at 40°C

D : 1-PN as-synthesized

1-PN simulated

2 4 6 8 10 12 14 16 18 20
20/°

Figure 10. PXRD patterns of (D) 3-PN as-synthesized, (E) 3-PN evacuated at 40°C, and (F)
3-PN evacuated at 120°C.
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B : 1-AD evacuated at 40°C
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Figure 11. PXRD patterns of (B) 3-AD evacuated at 40°C and (B-2) 3-AD after the CO2
adsorption measurement.

C-2 : after CO, adsorption
C : 1-AD evacuated at 120°C

2 4 6 8 10 12 14 16 18 20
20/°

Figure 12. PXRD patterns of (C) 3-AD evacuated at 120°C and (C-2) 3-AD after the CO2
adsorption measurement.

ME-Z : after CO, adsorption
M E : 1-PN evacuated at 40°C

2 4 6 8 1
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Figure 13. PXRD patterns of (E) 3-PN evacuated at 40°C and (E-2) 3-PN after the CO,
adsorption measurement.
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JUL/MM F : 1-PN evacuated at 120°c
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Figure 14. PXRD patterns of (F) 3-PN evacuated at 120°C and (F-2) 3-PN after the CO,
adsorption measurement.

59



Flexible Structural Transformation during the Ligand Exchange
Reaction of the Frameworks

The structural flexibility of 3-THF and 3-PN and the reactivity of the open axial
sites in these frameworks were examined by PXRD measurements. Initially, crystalline
sample of 3-THF was evacuated at room temperature for 1 h and exposed to
3-pentanone vapour for 1 h. PXRD patterns of before and after the treatment suggested
the complete structural transformation from 3-THF to 3-PN (Figure 15c-d, blue and red
lines). Subsequently, obtained powder sample of 3-PN was evacuated at room
temperature for 1 h and exposed to THF vapour for 1 h. PXRD pattern of the sample
treated with THF revealed the regeneration of 3-THF (Figure 15e). These results
indicated that the active sites of the SBUs in our framework effectively worked to
control the structural flexibility of each phase.
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€) re-exposed to THF vapour

d) exposed to 3-pentanone vapour

c) as-synthesised 1-THF

b) simulated 1-PN

a) simulated 1-THF
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’ = THF, AN = 3-pentanone

Figure 15. Simulated XRD patterns of (a) 3-THF and (b) 3-PN and PXRD patterns of
as-synthesised (c) 3-THF, (d) the sample of 3-THF exposed to 3-pentanone vapour, and (e) the
sample re-exposed to THF vapour. Schematic illustration of the structural transformation
between 3-THF and 3-PN induced by the reversible ligand substitution reaction (bottom) (A =
0.79978 A).
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Conclusions

In conclusion, we demonstrated the construction and structural determination of
porous frameworks composed of a substitution-inert complex with active sites. Three
novel Rh(Il) paddle-wheel complexes, Rhy(ppeb)(X). (X = THF (3-THF), 3-pentanone
(3-PN), and 1-adamantylamine (3-AD)), were successfully assembled to form porous
frameworks with a solvent accessible columnar channel by utilizing multipoint Ar-Ar"
interaction. The obtained supramolecular structures possessed active sites exposed to
the channel, and the comparison of crystal packing of the three complexes revealed the
structural difference induced by the size and the structure of the axial ligands.
Furthermore, the porous properties of these frameworks were also examined by several
experiments. Although the axial ligands of 3-AD did not dissociate upon heating and
during the sorption process, the axial ligands of 3-THF and 3-PN were labile to the
axial ligand substitution reaction, and the induced-fit structural transformation in
response to the ligand substitution was observed in the crystalline state. We believe that
our results presented here should be a key example to construct porous materials based
on substitution-inert metal ions with active sites that can be applied for catalytic
reactions and chemical sensors.
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Experimental

General Methods

All solvents and reagents are of the highest quality available and used as received
except for diethylamine and triethylamine. Diethylamine and triethylamine were dried
by reflux over KOH, distilled under argon, and degassed with a freeze-and-pump thaw.
4-[(perfluorophenyl)ethynyl]benzoic acid (Hppeb) and Nas[Rh,(CO3)4] were prepared
by the literature methods.™*® All syntheses were performed under an atmosphere of dry
nitrogen or dry argon unless otherwise indicated. Elemental analysis was carried out on
a J-SCIENCE LAB MICRO CORDER JM10 elemental analyser. *H NMR spectrum
was acquired on a JEOL JNM-LA500 spectrometer, where chemical shifts in DMF-d;
were referenced to internal tetramethylsilane. °F NMR spectrum was acquired on a
JEOL JNM-LA500 spectrometer, where chemical shifts in DMF-d; were referenced to
external trifluorotoluene. Thermogravimetric analyses (TGA) were carried out with a
SHIMADZU DTG-60 under a nitrogen atmosphere. TGA profiles of 3-THF, 3-PN and
3-AD were measured with a heating rate of 20 K min™. Fourier transformed infrared
spectra were measured on a Perkin-Elmer Spectrum 100 FT-IR spectrometer equipped
with an ATR (Attenuated Total Reflectance) accessory.

Synthetic Procedures

Synthesis of Rh,(ppeb)s(Et,0); :

Nas[Rh2(CO3)4]-3H20 (59 mg, 0.10 mmol) and Hppeb (250 mg, 0.80 mmol) in 40 ml of
DMA/H20 mixed solvents were stirred for 8 h at 100 °C. After evaporation of the
solvent, the residue was washed with water and dissolved in Et,O and subsequently
purified by column chromatography using neutral alumina (Et,O as eluent). The yield of
[Rha(ppeb)s] was 44 mg (27% based on Nas[Rhy(CO3)4]-3H,0). *H NMR (500 MHz,
DMF-d;) & ppm: 7.64 (d, J = 10.0 Hz, 2H), 7.98 (d, J = 10.0, 2H); °F NMR (470.4
MHz, DMF-d;) & ppm: -164.3 (dt, J = 4.7, 18.8 Hz, 2F), -154.5 (t, J = 18.8 Hz, 1F),
-138.9 (dd, J = 4.7, 18.8 Hz, 2F); Anal. Calcd. for Rhy(0,CCsH4C,CsFs5)4(Et,0),-2H,0:
C, 49.96; H, 2.60; N, 0.00%. Found: C, 49.79; H, 2.60; N, 0.13%.

Syntheses of 3-THF, 3-PN, 3-AD :

The three kinds of axial ligand substituted complexes were synthesised by the
recrystallization of Rh,(ppeb)4(Et20)s,. Rh,(ppeb)4(THF), (3-THF),
Rh,(ppeb)4(s-pentanone), (3-PN) were obtained by the slow evaporation of the mixed
solution of Et,O/THF and Et,0/3-pentanone containing Rhy(ppeb)4(Et,0),, respectively.

63



For Rhy(ppeb)s(1-adamantylamine), (3-AD), the recrystallisation was performed by
layering the Et20 solution of 1-adamantylamine on the Et,O solution of
Rhy(ppeb)4(Et,0),. FTIR-ATR (cm-1): 441w, 466s, 522s, 583w, 646m, 699m, 761s,
774s, 850m, 861m, 884m, 965s, 988s, 1018w, 1042w, 1113m, 1141w, 1176w, 1286w,
1389s, 1496s, 1523m, 1549w, 1597m (COO0-), 2227w (C=C), 2876w, 2978w (3-THF).
FTIR-ATR (cm-1): 411m, 465s, 522s, 582w, 645m, 699m, 725w, 761s, 774s, 813w,
859m, 964s, 989s, 1020m, 1113m, 1143w, 1178m, 1250w, 1288m, 1305m, 1391s,
1483m, 1496s, 1523m, 1548m, 1596m (COO-), 1677m, 1718w, 2227w (C=C), 2980w
(3-PN). FTIR-ATR (cm-1): 403w, 428w, 463s, 520s, 644m, 698m, 717w, 762s, 773s,
849m, 860m, 924m, 965s, 988s, 1017m, 1061w, 1094w, 1115m, 1141w, 1178w, 1290w,
1311w, 1385s, 1450w, 1496s, 1523m, 1547w, 1600m (COO-), 2228w (C=C), 3275w
(NH2), 3333w(NH2) (3-AD).

X-ray crystallography

Crystals of 3-THF, 3-PN and 3-AD were mounted in a loop. Diffraction data at 123 K
were measured on a RAXIS-RAPID Imaging Plate diffractometer equipped with
confocal monochromated Mo-Ko radiation and data was processed using
RAPID-AUTO (Rigaku). Structures were solved by direct methods and refined by
full-matrix least squares techniques on F? (SHELXL-97)." All of the non-hydrogen
atoms were anisotropically refined, while all of the hydrogen atoms (except for amine
hydrogen atoms of 1-adamantylamine in 3-AD, which were found on a difference
Fourier map and refined isotropically) were placed geometrically and refined with a
riding model with Uiso constrained to be 1.2 times the Ueq of the carrier atom. For
3-THF, the diffused electron densities resulting from residual solvent molecules were
removed from the data set using the SQUEEZE routine of PLATON and refined further
using the data generated. CCDC reference numbers 1049445-1049447 (3-THF, 3-PN
and 3-AD).

Crystal data for Rhy(ppeb)s(THF), (3-THF): CggHsF20010Rh,, Mr = 1594.76,
monoclinic, space group C2/m, (#12), a = 18.6449(7), b = 27.2267(14), ¢ = 8.8932(4) A,
B =107.4822(12)°, V = 4306.0(3) A%, Z = 2, T = 123(2) K, pc = 1.230 g cm >, u(Mo-Ko)
= 0.471 cm™, 20max = 50.0°, A(Mo-Ka) = 0.710747 A, 16 842 reflections measured,
3892 unique (Rint = 0.0312), 3549 (I > 20(l)) were used to refine 238 parameters, 6
restraints, wR, = 0.1742 (I > 26(1)), Ry = 0.0660 (I > 25(1)), GOF = 1.135.
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Crystal data for Rhy(ppeb)s(3-pentanone),; (3-PN):. CizHi32F40026Rhs, Mr =
3762.40, triclinic, space group PT, (#2), a = 15.1526(7), b = 15.3844(4), ¢ = 19.5087(4)
A, a = 99.0550(7)°, # = 96.0045(7)°, y = 112.8590(7)°, V = 4069.14(17) A%, 2 =1, T =
123 (2) K, pc = 1.535 g cm 3, u(Mo-Ka) = 0.514 cm ™, 20ma = 54.96°, A(Mo-Ka) =
0.710747 A, 40 282 reflections measured, 18 528 unique (Riy = 0.0223), 13 311 (I >
20(1)) were used to refine 1081 parameters, 0 restraints, wR, = 0.1875 (I > 24(1)), Ry =
0.0554 (1 > 24(1)), GOF = 1.111.

Crystal data for Rhy(ppeb)s(1-adamantylamine), (3-AD): CgH7oF20N20gRh,, Mr =
1965.32, triclinic, space group PT1, (#2), a = 10.8625(8), b = 13.8827(10), ¢ =
14.9217(11) A, a = 103.6458(15)°, 5 = 93.1519(15)°, y = 94.0312(16)°, V = 2175.3(3)
A3 Z2=1T=123(2) K, pc = 1.500 g cm 3, u(Mo-Ka) = 0.483 cm?, 20max = 54.94°,
A(Mo-Ka) = 0.710747 A, 21 333 reflections measured, 9889 unique (Rin; = 0.031), 8336
(I > 25(1)) were used to refine 602 parameters, 6 restraints, wR, = 0.1511 (I > 2o(1)), Ry
=0.0511 (I > 20(1)), GOF = 1.089.
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Chapter 3

Attempt to construct porous frameworks by utilization of
Ar-Ar" interaction and photodimerization

Introduction

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPSs)
appeared as a new class of porous materials about two decades ago and have developed
dramatically to be applied in many research areas.! Especially, open metal
sites-incorporated MOFs or PCPs are interesting due to the direct interaction between
substrate and metal center.}™" To explore open metal sites-incorporated MOFs or PCPs
with enhanced or advanced activity, synthetic methods have also been developed,® but
there is still one remaining challenge. Since these materials are constructed by
coordination-driven self-assembly, substitution-inert metal based building unit with
open metal sites is difficult to be incorporated. In our group, previously we have
succeeded in construction of porous framework by non-covalent linking of Rh,
paddle-wheel units.®> However, non-covalently linked framework can be affected by the
guest molecules which sometimes disturb the interaction for self-assembly. For instance,
aprotic solvent can interfere in hydrogen bonding and aromatic solvent can interfere in
n-1 interaction. One of the strategies to avoid such kind of problem is linking discrete
molecule or low dimensional coordination polymer by photodimerization reaction. In
the research field of MOFs or PCPs, [2+2] photodimerization of stilbene moiety is one
of the most widely used reactions.*” As previously reported, it is proved that
photodimerization enables us to construct coordination polymer with higher dimension.*
Moreover, conversion accompanied with single crystal to single crystal (SC-SC)
manner®4¢4¢:5 and tuning of pore surface® %" are also expected.

Here in we show an attempt to construct substitution-inert Rh, paddle-wheel
units based MOF by the utilization of self-assembly via non-covalent interaction and
[2+2] photo dimerization reaction. A new Rh(Il) paddle-wheel dimer with non-covalent
interaction sites and photo chemically reactive site was synthesized to examine the
crystal packing and photodimerization reaction.

To achieve [2+2] photodimerization reaction, Schmidt criteria (i.e., two C=C
bonds aligned parallel and distance between them less than 4.2 A)® should be satisfied at
solid state. Several strategies have been developed to control the molecular
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arrangements of stilbene moiety (Scheme 1).° Among the four strategies,
arene-perfulorarene interaction is simplest way because in other cases, we have to
consider some problems such as bulkiness of ligand or couter ion which can obstruct
pores, incorporation of more than one component, and competition between
coordination and intermolecular interaction. Considering strategies mentioned above, a
novel ligand, 4-[(E)-2-(perfluorophenyl)vinyl]benzoic acid ((E)-Hppvb, Chart 1) was
designed. Arene and perfluoroarene moieties of (E)-Hppvb are bridged by C=C bond
which is expected to photo dimerize in the crystalline state.*

(a) Ar-Arf interaction (b) Host-guest interaction
(0] O_S
F. F + 0O
7N NH
o\ - N o ol o—"
F._F FF P
F Q O +/0 A —— Ny
E F X Q @] H3N 0 X "N
0 0
(c) Halogen bonding (d) Hydrogen bonding

C y.  (Coe

Scheme. 1 Schematic illustration of intermolecular interactions. Multipoint arene-
perfluoroarene interaction exhibits unidirectional arrangement, whereas other interactions show
multidirectional arrangements.

Chart 1. Chemical structure of (E)-Hppvb.
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Synthesis and crystal structures of ligand (E)-Hppvb

The synthesis of (E)-Hppvb is summarized in Scheme 2. Firstly,
[4-(Methoxycarbonyl)benzyl](triphenyl)phosphonium bromide was synthesized from
the reaction of methyl4-(bromomethyl)benzoate with PPhs.® Then, Methyl 4-
[(E)-2-(perfluorophenyl)vinyl]benzoate as an ester precursor was synthesized via Wittig
reaction.* Finally, the ester precursor was hydrolyxed by NaOH to give (E)-Hppvb,
which was characterized by *H NMR, °F NMR, elemental analysis and single-crystal
X-ray diffraction. The total synthetic yield was 38%.

K2CO;

>\ < ) e Q 18-crown-6
. —_—
MeO PPh, " Br

Xylene THF/DCM

(o] F, F
o 50
\ O " )
AcetonefHQO
F F

Scheme 2. Synthesis of (E)-Hppvb.
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Crystal structures of (E)-Hppvb

From the recrystallization of (E)-Hppvb with several solvents, we obtained two
types of crystal packing. One of them was obtained from THF and the crystal structure
and packing are shown in Figure 1. In this case, (E)-Hppvb packed in a head-to-head
fashion and two carboxylic acids form a dimer via OH---O hydrogen bond (O1---H2
distance: 1.83 A at -20 °C). The dimers stacked through not Ar-Ar" interaction but 7-
interaction (Figure 1). The C=C bonds separation is 5.01 A at -20 °C (longer than 4.2 A),
so photodimerization is not expected to proceed. It should be noted that this crystal
showed structural transformation with temperature decrease and SC-XRD of the sample
at -150 °C was successfully analysed. While the crystal at -20 °C showed a monoclinic
P 2,/c space group, the crystal at -150 °C exhibited P 2;/n space group and the b axis of
the unit cell drastically changed from 5.97671(19) A to 29.9942(7) A (Table 1). The
crystal packing at lower temperature was similar to that of the crystal at -20 °C, but at
-150 °C, five (E)-Hppvb ligands was observed independently to show disarray crystal
packing in some direction compared to the crystal at higher temperature as shown in
Figure 2. Hydrogen bond between carboxylic acid was 1.82 A at -150 °C. The structural
change caused a sliding of n- &t stacking between carboxylic acids dimer and C=C bonds
separation became shorter to be 4.94 A (Figure 1). However, the separation is still too
far to proceed [2+2] photodimerization (< 4.2 A).

Table 1. Crystallographic data and structural refinements for (E)-Hppvb recrystallized from

THF measured at -20 °C (left) and -150 °C (right).

Formula C15H7F502 Formula C15H7F502

Fw 314.21 Fw 314.21

Color, habit Colorless, stick Color, habit Colorless, stick

Crystal system Monaclinic Crystal system Monaclinic

Space group P 21/c Space group P 21/n

a (A) 5.0074(2) a (A) 4.93490(10)

b (A) 5.97671(19) b (A) 29.9942(7)

c (A) 41.8405(14) » c (A) 41.3917(10)

o (deg) 90 o (deg) 90

B (deg) 92.255(7) B (deg) 93.255(7)
(deg) 90 v (deg) 90

v, A3 1251.23(8) v, A3 5116.85

Zz 4 Z 20

T (K) 253 T (K) 123

R1 0.0440 R1 0.0587

wR2 0.1397 wR2 0.1579

GOF 1.057 GOF 1.009
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at-20°C
5.01A
: : 501A 183A \

at-150 °C ¢ ! : (
S ( 4.94 A ’ ) ;&
L 4.94A 182A i
MW a

Figure 1. Crystal packings of (E)-Hppvb recrystallized from THF measured at -20 °C along the
b axis (top) and -150 °C along the b axis (bottom).

at-20°C \ \ |\ \\ at-150 °C ) j j

RRRR \\\\\

\\\\\

A A\ ~
EERERLA l,",l‘lf! '?’

\ v \ \ \

FREEF §§$§§i§ .

Figure 2. Crystal packings of (E)-Hppvb recrystallized from THF measured at -20 °C (left) and
-150 °C (right).
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Another one was obtained from DMF and the crystal structure and packing are
shown in figure X. In this case, in contrast to that crystallized from THF, (E)-Hppvb
stacked in a head-to-tail fashion and proton of carboxylic acid is hydrogen bonded to
oxygen atom of DMF (0O3---H1 distance: 1.75 A) (Figure 3). That’s why dimerization
of carboxylic acid was not observed and Ar-Ar" interaction could work dominantly for
the stacking of (E)-Hppvb. In addition, C=C bonds lie parallel and separated by 3.68
and 379 A, which are suitable distance for  photodimerization.

,"3.79 A g ©
ﬂ "~ 368 A \\ %
A\ ")
a
c H
b

Figure 3. Crystal packing of (E)-Hppvb recrystallized from DMF.
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Photodimerization of (E)-Hppvb

Next, we examined photodimerization reaction of the crystalline samples. Firstly,
to confirm the maximal absorption wavelength, a UV-Vis absorption spectrum of
(E)-Hppvb was measured. In 30 uM DMF solution, the spectra shows z-* transition in
UV-region with Amax at 315 nm and molar absorptivity of ca. 32500 (Figure 4). For the
irradiation of exact wavelength near the Amax, @ Hg lamp manufactured by Asahibunko,
REX-250 was initially used. The lamp enables us to irradiate emission line with spectral
distribution of 315 nm £ 5nm.

By the irradiation of UV-light to crystalline sample obtained from DMF solution
which is likely to photodimerize, photodimerized product was partially obtained
(Scheme 3) and an isomerized product of (E)-Hppvb, (Z)-Hppvb and unidentified
product were also observed in *H NMR spectra. We also tried photo irradiation with a
different Hg lamp which has wide spectral distribution, C-HGFI manufactured by Nikon.
Interestingly, photo irradiation for 24 hours gave only photo dimerized product without
any side product (Figure 5).

3.5

315 nm

25

15

ex10*/M?1.ecm?

0.5

250 300 350 400 450 500 550 600
Wave length / nm

Figure 4. A UV-Vis absorption spectrum of (E)-Hppvb in DMF at room temperature.
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F, F
F_—o OH 0 FF
FF = % hv Q \ HO
o F, F —_—
HO TN HG Foe ]
FF AN
F
F
(E)-Hppvb (£)-Hppvb

+ unidendifid product

Scheme 3. Photo irradiation to crystalline powder of (E)-Hppvb obtained from DMF solution

by a REX-250 Hg lamp.

Scheme 4. Photo irradiation to crystalline powder of (E)-Hppvb obtained from DMF solution

by a C-HGFI Hg lamp.

Before irradiation

[
—

After irradiation

8

) ﬁ,:Fj
JUILS

Figure 5. *H NMR spectra of crystalline powder of (E)-Hppvb obtained from DMF solution in
DMSO-ds before irradiation (top) and after irradiation (bottom). A singlet peak observed at 7.94

is derived from DMF.
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SC-SC transformation during photodimerization was also examined. At -150°C,
C-HGFI Hg lamp was irradiated to the single crystal obtained from DMF solution for 1
hour or 24 hours, but in both cases, single crystallinity of the sample has lost (Scheme
5).

In contrast with the crystalline sample obtained from DMF solution, photo
irradiation toward the crystalline sample given by THF solution, led to no change
(Scheme 6) possibly due to the long separation between two C=C bond (5.01 A, see
Figure 1). As previously reported, C=C bond separation at solid state is crucial for photo
dimerization reaction.

F— o »>—N
F F \ O-H---0 h hv
N 0---H-0 F F = Lost single crystallinity
N— o "= &_S5—F -150°C, 1 h. or 24 h.
oo F F
Single crystal Light source: Nikon C-HGFI Hg lamp (400 mV

Scheme 5. Photo irradiation to single crystal of (E)-Hppvb obtained from DMF solution.

F<o O-H-—-0, F,F
F g F _F = O---H—OF hv ,
E— No reaction

_H
u
-

¥V
?F
T
:F |
0.0
4

bl
O'ﬂ
1

Scheme 6. Photo irradiation to single crystal of (E)-Hppvb obtained from THF solution.
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Syntheses of Rh paddle-wheel complexes

Synthesis of the Rh(ll) complex was performed by the reaction of
Nas[Rh2(CO3),4] with 8 eq. of Hppeb at 100 °C in DMF/H,0 (3:1) for 10 h. A four
substituted complex, Rhy((E)-ppvb)s(DMF),, was obtained in 70% yield by subsequent
column chromatography using neutral alumina (Et,O/DMF as the eluent). (Z)-ppvb’
which can be formed by isomerization of the ligand was not observed in *H NMR. The
slow evaporation of the THF/Et,0 solution of Rh,((E)-ppvb), (4) afforded two types of
single crystals of Rh,((E)-ppvb)4(THF), (4-THF with space group of C2/m and PT)
suitable for X-ray crystallography. Rh((E)-ppvb)4(2-butanoe), 4-BN was also obtained
by recrystallization of 4 from slow evaporation of the mixed solution of
Et,0/2-butanone. By the slow evaporation of the saturated DMF solution of 4 with few
drops of pyridine, Rhy((E)-ppvb)s(pyridine), (4-PY) was grown.
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Crystal structures of Rh complexes

The crystal structure of 4-THF with space group of C2/m (4-THF-1) is
comprised of a Rh(Il) paddle-wheel with THF molecules coordinated at the axial sites
(Figure 6). Four (E)-ppvb ligands occupied the positions in the equatorial plane of each
rhodium atom. The Rh1-Rh1’ distance was 2.3848(8) A, which is in the range found for
previously reported Rh(l1) paddle-wheel dimers (2.316 to 2.486 A). The angle between
the phenylene and perfluorophenyl rings was estimated to be 16.0°.

In the crystal packing structure of 4-THF-1, as reflected in cell parameters,
similar crystal packing structure compared to 3-THF was obtained. multipoint Ar-Ar"
interactions played a key role in stabilizing the molecular assembly. As shown in Figure
6b, an infinite two-dimensional (2-D) square-grid sheet structure was formed via
multipoint Ar-Ar" interactions between the ligands. The mean interplanar separation
between the phenylene and perfluorophenyl rings was 3.5(2) A. These 2-D sheets were
stacked through n-m interactions (denoted as blue line in Fig. 6b) to form a columnar
structure of paddle-wheel units along the ¢ axis. As a result, a porous structure with the
channel entrance size of 15.3 x 12.0 A? was formed (Fig. 6¢),** and THF molecules
were contained in the pores as guests.

Another crystal structure of 4-THF with space group of PT (4-THF-2) of which
Rh1-Rh1’ distance was 2.3811(9) A also shows an infinite two-dimensional (2-D)
square-grid sheet structure stabilized with multipoint Ar-Ar" interactions, but stacking
pattern of the 2-D sheets was different (Figure 7). The channel shape was not
rhomboidal but parallelogram and the channel entrance size was 14.7 x 14.1 A% The
differences are arising from coordination mode of THF molecules at axial sites. While
in 4-THF-1, THF coordinates with staggered configuration and the five-membered ring
is totally parallel to Rh-Rh bond, THF coordinates with eclipsed-like configuration and
the five-membered ring is not parallel to Rh-Rh bond in 4-THF-2 (Figure 8).
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Figure 6. (a) An ORTEP drawing of 4-THF-1 (50% probability ellipsoids). Hydrogen atoms
are omitted for clarity. (b) 2-D sheet structure of 4-THF-1. Ar-Ar" interactions and 77
interactions are shown in red and blue lines respectively. Hydrogen atoms and carbon atoms of
THEF at the axial positions are omitted for clarity. (c) Crystal packing of 4-THF-1 along the c
axis. Hydrogen atoms, and carbon atoms of THF at the axial positions are omitted for clarity. O

=red, C = grey, F = pale green, Rh = sea green.
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Figure 7. (@) An ORTEP drawing of 4-THF-2 (50% probability ellipsoids). Hydrogen atoms
are omitted for clarity. (b) 2-D sheet structure of 4-THF-2. Ar-Ar" interactions and 77
interactions are shown in red and blue lines respectively. Hydrogen atoms and carbon atoms of
THF at the axial positions are omitted for clarity. (c) Crystal packing of 4-THF-2 along the ¢
axis. Hydrogen atoms, and carbon atoms of THF at the axial positions are omitted for clarity. O

=red, C = grey, F = pale green, Rh = sea green.
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Figure 8. Top view of (a) 4-THF-1 and (b) 4-THF-2.

The recrystallisation of Rhy(ppeb), from Et,O/2-butanone afforded a crystal
structure of Rh(Il) paddle-wheel complex bearing 2-butanone at the axial sites,
Rhy((E)-ppvb)4(2-butanone), (4-BN) which is analogous to 4-THF-1 (Figure 9). In the
crystal structure of 4-BN, the mean interplanar separation between phenylene and
perfluorophenyl rings was 3.34(15) A, and the channel entrance size was estimated to
be 15.0 x 10.8 AZ It should be noted that the active sites of these complexes were
exposed to the pores in these structures.
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Figure 9. (a) An ORTEP drawing of 4-BN (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) 2-D sheet structure of 4-BN. Ar-Ar"
interactions and m—r interactions are shown in red and blue lines respectively. Hydrogen atoms,
carbon atoms of 2-butanone at the axial positions and crystal solvent molecules observed in the
channels are omitted for clarity. (c) Crystal packing of 4-BN along the ¢ axis. Hydrogen atoms,
and carbon atoms of 2-butanone at the axial positions and crystal solvent molecules observed in

the channels are omitted for clarity. O = red, C = grey, F = pale green, Rh = sea green.
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In the crystal structure of 4-PY, rhodium atoms have an octahedral coordination
environment with pyridine at axial position. The equatorial positions are well occupied
by the oxygen atoms of (E)-ppvb™ ligand. The length of Rh-Rh bond is 2.40203(11) A
which is in the common range of rhodium paddle-wheel dimers (2.316 to 2.486 A).*?
The angle between arene and perfluoroarene is estimated to be 12,6°. Crystal packing
showed no 2-D sheets as observed in 4-THF or 4-BN and instead, intermolecular
Ar-Ar" interaction and m-m interaction between perfluorophenyl rings leading to a
0-dimensional porous framework as shown in Figure 10. As regards C=C bond
separation, the distance is less than 4.2 A (3.45 A), but the C=C bonds are in a
criss-cross arrangement and satisfies only one of the Schmidt criteria.

In our lab, we have found that use of high polar solvent for recrystallization, such
as DMF or DMSO prevents the overlap of two ligands to interact each other. It could be
due to the dipole-dipole interaction caused by high polarity of these solvent which
intervene in the process for self-assembly.
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Figure 10. An ORTEP drawing of 4-PY (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) Right: criss cross arrangement of C=C
bonds. The axial ligands are partially omotted for clarity. Left: Ar-Ar" interactions and m—n
interactions between Ar" rings are shown in red and greenish yellow lines respectively.
Hydrogen atoms, carbon atoms of pyridine at the axial positions and crystal solvent molecules
observed are omitted for clarity. (¢) Crystal packing of 4-PY along the ¢ axis. Hydrogen atoms,
and carbon atoms of 2-butanone at the axial positions and crystal solvent molecules observed

are omitted for clarity. O =red, C = grey, F = pale green, N = blue, Rh = sea green.
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Trial for photo polymerization of Rh complexes

For examination of the photodimerization reaction of Rh,((E)-ppvb)s, absorption
spectrum of Rhy((E)-ppvb)s were measured. Rhy((E)-ppvb), in Et,O solution showed
n-* transition in UV-region with Ana at 321 nm and molar absorptivity of ca. 20000
and d-d transition with Amax at 607 nm and molar absorptivity of ca. 400 which is as
well as reported Rh paddle-wheel complexes (Figure 11). Although, complex 4 has four
(E)-ppvb” ligands per one molecule, absorbance in UV region is much lower than
(E)-Hppvb.

To perform the photodimerization reaction at solid state, 4-THF and 4-BN were
employed because C=C bond orientation seemed to be appropriate for [2+2]
photodimerization reaction (two C=C bonds lie parallel and the separation of < 4.2 A).

Firstly, photo irradiation at single crystal state was performed (Scheme 7). After
the irradiation with the Hg lamp (C-HGFI) at -150°C for 24 hours to 4-THF-1 and for
48 hours to 4-BN, both of them exhibited no change in those cell parameters. The
crystal structures of them after the irradiation were analyzed, but any electron density
peak which is corresponding to photo dimerized product, cyclobutane ring, was not
observed in the Fourier maps.
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Figure 11. UV-Vis absorption spectra of (E)-Hppvb and Rhy((E)-ppvb), in Et,O at room
temperature.

hv
4-THF (C2/m) - No reaction
) -150°C , 24 h.
Single crystal
hv
4-BN - No reaction
_ -150°C , 48 h.
Single crystal

Light source: Nikon C-HGFI Hg lamp (400 mW)

Scheme 7. UV-light irradiation to single crystal of 4-THF and 4-BN.
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The photodimerization reaction with crystalline powder of 4-BN was also
performed (Scheme 8). After the irradiation of Hg lamp (C-HGFI) for 84 hours at room
temperature, the sample was dissolved in DMF-d; and *H NMR was measured but
NMR spectra suggested only small change campared to that before irradiation (Figure
12).

These results indicate that excited state of the ligand might be quenched by Rh
center. Quenching by d-d transition makes it difficult to react photo chemically
compared to Zn(ll) or Cd(I1l) complex which has completely ocuupied d orbitals.

hv

|

4-BN Slightly changed

. rt., 84 h.
Crystalline powder

Light source: Nikon C-HGFI Hg lamp (400 mW)
Scheme 8. UV-light irradiation to single crystal of 4-BN.
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Figure 12. '"H NMR spectra of 4-BN in DMSO-ds before irradiation (top) and after irradiation
(bottom). A singlet peak observed at 7.94 is derived from DMF.
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Conclusions

In conclusion, we performed a new attempt to construct porous framework based
on a substitution-inert Rh(Il) paddle-wheel complexes. A novel ligand, (E)-Hppvb,
which has arene and perfluoroarene ring bridged by photochemically active ethene
linker, was synthesized for self-assembly and photo polymerization of the complexes. In
the crystal packing of (E)-Hppvb crystallized from DMF, molecular arrangements were
well-defined by Ar-Ar" interaction and Schmidt criteria were successfully satisfied.
Thus, photo dimerization reaction proceeded quantitatively by irradiation of Hg lamp.
By using of the ligand, three novel Rh(Il) paddle-wheel complexes, Rhy((E)-ppvb)4 (X)2
(X = THF (4-THF), 2-butanone (4-BN), and pyridine (4-PY)), were synthesized. In the
case of 4-THF and 4-BN, as expected, Rh dimers were successfully assembled to form
porous frameworks with a 1-D channel via multipoint Ar-Ar" interaction. However,
UV-light irradiation by Hg lamp didn’t give photo polymerized products of Rh dimers
although C=C bond separation and direction of two C=C bonds were suitable to cause
[2+2] photodimerization of the ligands. The reason seemed to be quenching of excited
state of the ligand by Rh center, so some strategies such as co-crystallizing of Rh dimer
with Zn(I1) complex are needed to overcome this problem.
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Experimental section

General methods

All solvents and reagents are of the highest quality available and used as received.
{[4-(methoxycarbonyl)phenyl]Jmethyl}triphenylphosphonium bromide was prepared by
the literature methods.'® All syntheses were performed under an atmosphere of dry
nitrogen or dry argon unless otherwise indicated.

Measurement apparatus

Elemental analyses were carried out on a J-SCIENCE LAB MICRO CORDER JM10
elemental analyser. 'H NMR spectra were acquired on a JEOL JNM-ECS400
spectrometer, where chemical shifts in CDCl; or DMSO-dg or DMF-d; were referenced
to internal tetramethylsilane.

Syntheses

Synthesis of (E)-Meppvb.

(E)-Meppvb was synthesized via Wittig reaction according to the procedure by C.
Richert and co-workers.™ To a suspension of
{[4-(methoxycarbonyl)phenyl]Jmethyl}triphenylphosphonium bromide (8.29 g, 16.8
mmol) in a mixture of dry THF (250 ml) and dry CH,Cl;, (150 mL) were added K,CO3
(11.6 g, 83.9 mmol) and 18-crown-6 (165.8 mg, 627 umol) inside the glove box. Yellow
mixture was formed and the mixture stirred for 10 minutes. Addition of
2,3,4,5,6-Pentafluorobenzaldehyde (2.4 ml, 19.4 mmol) led to disappearance of the
yellow color. The mixture was refluxed under stirring for 10h. Then, water was added
and extracted with EtOAc (500 x 2 mL). Organic layer was washed twice with brine
and dried over MgSO,. After evaporation of the solvent under vacuum, the crude
product was purified by column chromatography on silica gel (Hexane/EtOAc, step
gradient 1:19 to 1:1). To obtained solid after evaporation of the fractions was added
EtOAc and the solid was dissolved partially. Interestingly, the remaining powder was
analyzed as pure (E)-Meppvb. It means that (E)-Meppvb has lower solubility than
(2)-Meppvb.

'"H NMR (400 MHz, CDCl3) 6 ppm: 3.94 (s, 3H), 7.09 (d, J = 16 Hz, 1H), 7.47 (d, J =
16Hz, 1H), 7.59 (d, J = 8Hz, 2H), 8.06 (d, J = 8Hz, 2H).

Note: This compound is thermally unstable (cis-trans isomerization occurs at room
temperature). It should be stored in the refrigerator. In the case of (E)-Hppvb, such a
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phenomenon was not observed. As soon as (E)-Meppvb is obtained, saponify it quickly.
Since separation of E/Z mixture of Meppvb is sometimes difficult, the Pd-catalyzed
isomerization reaction™* can be utilized to give only (E)-Meppvb as shown in Scheme 9.

0 E = (EtO);SiH
m PACl,(PPha),
MeO F >
THF

Scheme 9. Pd-catalyzed isomerization of Meppvb.

Reaction condition: In a dried 25 mL Schlenk flask, the E/Z mixture of Meppvb (1.0 g,
3.0 mmol) and a magnet bar were introduced. The flask was brought in a glove box and
then PdCI,(PPh;3), was added (21 mg, 0.03 mmol, 1 mol%). After 7 mL of anhydrous
THF was injected, 1 eq of (EtO)sSiH (548 pL, 3.0 mmol, 1eq) was added. The flask was
immersed in a 65 °C oil bath until the complete reaction, around 10 hours. The orange
resulting mixture was quenched with 3 mL of water and extracted by EtOAc (15 x 3
mL). Then organic layers were reassembled and washed with a brine solution (15 x 2
mL), dried over MgSQ, and concentrated under pressure through an evaporator (35 °C,
150 hPa). The residue was purified by column chromatography on silica gel
(Hexane/AcOEt, 19:1) to give the desired product, (E)-Meppvb (404 mg, 40% yield).

Synthesis of (E)-Hppvb.

(E)-Meppvb (100.7 mg, 0.307 mmol) was added in a 50mL round bottom flask as well
as 23 ml of acetone and 5mL of water. After stirring until dissolution of the starting
material, 1eg. of NaOH ag. (91.9 mg of NaOH was dissolved in 10 ml of water, and the
1.33 ml, 0,06 mmol of the solution was taken) was added dropwise. The mixture was
stirred over night at room .temperature. Then, water was added to the solution and the
acetone is removed by evaporator (40°C, 150 hPa). The solution was filtered and
acidified with HCI (10%) at pH = 2. Precipitationof solid was observed. It is collected
by filtration and dried under vacuum (80.9 mg, 84% vyield). '"H NMR (400 MHz,
DMSO-ds) 6 ppm: 7.22 (d, J = 16 Hz, 1H), 7.48 (d, J = 16Hz, 1H), 7.81 (d, J = 8Hz,
2H); 7.97 (d, J = 8Hz, 2H); Anal. Calcd. for C¢FsC,H,CsH4,CO,H: C, 57.34; H, 2.25; N,
0.00%. Found: C, 56.98; H, 2.39; N, 0.00%.

Synthesis of Rh,((E)-ppvb)a.
A 200mL flask was charged with Nas[Rh2(CO3)4]-3H,0 (90 mg, 0.15 mmol, 1 eq.) and
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(E)-Hppvb (375 mg, 1.2 mmol, 8 eq.) previously grounded together for 5 minutes in a
mortar. The flask was connected to a Schlenk line and under argon a mixture of
water/DMF (15 mL of water and 45 mL of DMF) was introduced with needle. The blue
mixture resulting was refluxed for 10 hours to give green suspension. The solvent was
evaporated under vacuum, and then the obtained green solid was washed with water and
air-dried. The obtained solid was then purified by column chromatography (neutral
alumina, Et;,O:DMF = 1:1) and the green fraction was evaporated by heating under
vacuum to obtain 176 mg of green solid. 70% yield based on Nas[Rh,(CO3)4]-3H,0. *H
NMR (400 MHz, DMF-d;) 6 ppm: 7.21 (d, J = 16 Hz, 1H), 7.47 (d, J = 16Hz, 1H), 7.71
(d, J = 8Hz, 2H); 7.93 (d, J = 8Hz, 2H); Anal. Calcd. for Rhy(O,CC¢H4C,H,CsF5)2
(HCONC;Heg).: C, 49.40; H, 2.39; N, 1.75%. Found: C, 49.77; H, 2.71; N, 1.64%.

Note: Instead of evaporation of DMF and water after the reaction, extraction of the
reaction mixture with Et,O is also possible because the complex is soluble in Et,0O.
Starting Rh source also can be removed through this process. Solubility of this complex
is lower than Rh,(ppeb)a.

Syntheses of 4-THF-1, 4-THF-2, 4-BN and 4-PY: The three kinds of axial ligand
substituted complexes were synthesised by the recrystallization of Rh,((E)-ppvb)s
(Et,0)2. Rho((E)-ppvb)4(THF), (4-THF-1, 4-THF-2) and Rhy((E)-ppvb)4(2-butanone),
(1-PN) were obtained by the slow evaporation of the mixed solution of Et,O/THF and
Et,0/2-butanone containing Rhy((E)-ppvb)4(Et,0),, respectively. For Rhy((E)-ppvb)4
(pyridine), (4-PY), the recrystallization was performed by slow evaporation of a
saturated DMF solution of Rh,((E)-ppvb)4 with few drops of pyridine.

X-ray crystallography

All crystals were mounted in a loop. Diffraction data at 123 K except for crystal for
(E)-Hppvb recrystallized from THF were measured on a RAXIS-RAPID Imaging Plate
diffractometer equipped with confocal monochromated Mo-Ka radiation and data was
processed using RAPID-AUTO (Rigaku). Structures were solved by direct methods and
refined by full-matrix least squares techniques on F? (SHELXL-97).%> All non-hydrogen
atoms were anisotropically refined, while all hydrogen atoms were placed geometrically
and refined with a riding model with U;s, constrained to be 1.2 times Ugq of the carrier
atom. For 4-THF-1, 4-THF-2 and 4-BN, the diffused electron densities resulting from
residual solvent molecules were removed from the data set using the SQUEEZE routine
of PLATON and refined further using the data generated.
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Crystal data for (E)-Hppvb recrystallized from DMF: CygH14FsNO3, Mr = 387.3,
triclinic, space group PT, (#2), a = 6.1337(2) A, b = 7.2926(3) A, ¢ = 18.9653(9) A, a =
99.183(2)°, A = 97.2556(13)°, y = 92.5150(10)°, V = 828.97(6) A%, 2 = 2, T = 123 (2) K,
pe = 1.552 gem™®, u(Mo-Ka) = 0.142 cm™, 20max = 54.92, A(Mo-Ka) = 0.710747 A,
8231 reflections measured, 3762 unique (Rin: = 0.0226), 2967 (I > 20(1)) were used to
refine 251 parameters, O restraints, wR, = 0.1813 (I > 24(1)), Ry = 0.0554 (1 > 24(1)),
GOF = 1.176.

Crystal data for (E)-Hppvb recrystallized from THF: See main text.

Crystal data for 4-THF-1: CggHF100sRh, Mr = 801.41, monoclinic, space group
C2/m, (#12), a = 19.059(5) A, b = 27.720(5) A, ¢ = 8.753(2) A, p = 113.044(8)°, V =
4255.3(17) A®, 2 =4, T=123 (2) K, pc = 1.251 gem™, u(Mo-Ka) = 0.0477 cm™, 20 =
54.96, A(Mo-Ka) = 0.710747 A, 19721 reflections measured, 4974 unique (Rin =
0.0349), 4313 (I > 20(l)) were used to refine 235 parameters, 0 restraints, wR, = 0.1086
(I > 20(1)), R; =0.0388 (I > 24(l)), GOF = 1.075.

Crystal data for 4-THF-2: CggHoF100sRh, Mr = 801.41, triclinic, space group PT,
(#2), a = 8.1305(6), b = 15.0984(9), ¢ = 18.8876(12) A, a = 69.737(5)°, S = 80.387(5)°,
y = 85.807(6)°, V = 2144.3(3) A3, 2 = 2, T = 123 (2) K, p = 1.241 gcm™, u(Mo-Ka) =
0.473 cm™, 20max = 54.92, A(Mo-Ka) = 0.710747 A, 20 111 reflections measured, 9715
unique (Rint = 0.0226), 8136 (I > 24(l)) were used to refine 461 parameters, 0 restraints,
WR, = 0.1679 (I > 26(1)), Ry =0.0559 (I > 24(1)), GOF = 1.179.

Crystal data for 4-BN: CsoH15F1006Rh, Mr = 884.43, monoclinic, space group C2/m,
(#12), a = 17.3423(8) A, b = 25.9712(14) A, ¢ = 9.4516(5) A, p = 106.120(8)°, V =
4089.6(4) A’ Z = 4, T =123 (2) K, pc = 1.436 gcm™, u(Mo-Ko) = 0.506 cm™, 26max =
54.96, A(Mo-Ka) = 0.710747 A, 19 008 reflections measured, 4737 unique (Rin =
0.0341), 4297 (1 > 20(l)) were used to refine 238 parameters, 0 restraints, wR, = 0.1509
(1 > 20(1)), Ry = 0.0586 (I > 24(1)), GOF = 1.043.

Crystal data for 4-PY: Cy4H17F10N3OgRh, Mr = 928.48, orthorhombic, space group
Ccmb, (#64), a = 13.8159(5) A, b = 29.5065(11) A, ¢ = 17.0354(6) A, V = 6944.6(5) A3,
Z=8T=123 (2) K, pc = 1.776 gcm™, u(Mo-Ka) = 0.602 cm™, 20max = 54.92,
A(Mo-Ka) = 0.710747 A, 33 164 reflections measured, 4045 unique (Riy = 0.0226),
2382 (I > 20(1)) were used to refine 254 parameters, 0 restraints, wR, = 0.2290 (I >
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25(1)), Ry = 0.0697 (I > 24(1)), GOF = 1.004.
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Chapter 4

Reactivity of complexes with diazo compounds and triazoles

Introduction

Development of facial synthetic method to obtain complicated chemical
structures is still demanded for the areas of total syntheses and pharmaceuticals. One of
the most attractive ways to answer the demand is selective C-H functionalization of
inactivated C-H bonds. In the past several decades, two different strategies to deal with
the demand have been developed.? One is C-H activation via oxidative addition of C-H
bond to a highly reactive metal complex which is difficult to be regenerated for
completion of a catalytic cycle. '*® Another strategy is utilization of metal-carbenoid for
C-H insertion.™ Unlike the former strategy, metal carbenoids doesn’t include
metal/C-H interactions. Moreover, there is an advantage that metal carbenoids generated
form the reaction with diazo compound can be regenerated easily to proceed a catalytic
process. With respect to metal-carbenoid-induced C-H insertion, Rh(I1) complexes have
been emerged as the most effective catalysts'™™ while Cu(l) complexes is also
effective.® That’s why numerous Rh(11) complexes with a variety of ligands have been
developed so far.? However, most of them are homogeneous catalysts and practical
applications is still restricted due to their instability and difficulty of product separation
from the catalysts. To solve the problems, several approaches to produce heterogeneous
catalysts have been developed* (e.g. polymer supported,*® silica supported,* MOFs or
PCPs*). Among them, MOFs or PCPs with catalytic sites so called self-supported
catalyst in this context has advantage over other immobilized catalyst in terms of
highly-dense catalytic sites and controlled arrangement of catalytic sites.

Recently, we have succeeded in construction of porous framework based on
Rh(11) paddle-wheel dimer the catalytic sites of which are exposed to the pores.> Hence,
investigation of the reactivity of the porous framework might be interesting. In order to
examine the reactivity, diazo compounds and [1,2,3]triazolo[1,5-a]pyridine derivatives
were employed in this study. While diazo compounds react with Rh(Il) paddle-wheel
complex rapidly to form Rh carbenoid species,® [1,2,3]triazolo[1,5-a]pyridine
derivatives exhibit diazo-azomethine/1,2,3-triazole tautomerism’ and 1,2,3-triazole can
coordinate at its axial sites before the reaction. Therefore, there is a chance to construct
porous framework with the substrates at axial sites of Rh complexes.
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Reactivity of Rh(ll) complexes with diazo compounds

Preparation of catalyst and diazo compound

Rhy(ppeb)4(THF), (3-THF) was recrystallized from THF/Et,O mixed solution.
The crystals were collected by filtration and dried crystalline powder was used for the
reaction in hexanes or pentane. PXRD pattern after drying of catalyst indicates
structural transformation arising from removal of the solvent molecules (Figure 1). The
crystal packing after transformation is unclear, but as mentioned in chapter 2, at least
the crystalline powder has porosity indicated by regeneration of 3-THF when exposed
to THF and CO, absorption property.” It should be noted that we previously obtained
Rhy(ppeb)4(THF), crystal with C4 symmetrical packing (3-THF-C,) crystallized from
THF solution in globe box and presence of excess amount of
2-diazo-2-(4-methoxyphenyl)acetate (Table 1, Figure 1). But simulated PXRD pattern
of 3-THF-C, is also different from that of dried 3-THF (Figure 2).

As donor/acceptor carbenoid precursors which show good reactivity in
carbenoid mediated reactions,” methyl (4-bromophenyl) diazoacetate and
2,2,2-trichloroethyl  2-(4-bromophenyl)-2-diazoacetate was prepared according to
reported procedure.?

Table 1. Crystallographic data and structural refinements for 3-THF and 3-THF-C,.

Compound 3-THF 3-THF-C,
Formula Rh,019CssH3:F 0 RhO4CsH 6F 19
Formura weight 1594.76 861.42
Temperature ("C) -150 -150

Crystal color, habit green, stick green, platelet
Crystal system monoclinic triclinic
Space group C2/m (#12) P-1(#2)
a(A) 18.6449(7) 11.0168(3)
b(A) 27.2267(14) 12.4821(4)

¢ (A) 8.8932(4) 13.4165(4)

a (deg) 90 105.3108(10)
F (deg) 107.4822(12) 96.3626(9)

¥ (deg) 90 94.8338(10)
¥ (A3) 4306.0(3) 1756.06(9)

VA 2 2

Ry 0.0660 0.0366

Wi, 0.1742 0.1042
Goodness of fit on F? 1.135 1.116

“R, = X|F| | FJ SIFY. *wR, = [EW(F2-F2P) | Tw(F AR,
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a) 3-THF b) 3-THF-c,
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Figure 1. Crystal structural comparison of 3-THF and 3-THF-C,. 2-D sheet structure of 3-THF
(@) and 3-THF-C,4 (b). Hydrogen atoms are omitted for clarity. Crystal packing of 3-THF (c)
and 3-THF-C4 (d) along the ¢ axis. Hydrogen atoms, and carbon atoms of THF at the axial
positions and crystal solvent molecules observed in the channels are omitted for clarity. O = red,

C =grey, F = pale green, Rh = sea green.

— Catalyst
— Simulated 3-THF-C,
—— Simulated 3-THF
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20/°

Figure 2. Simulated XRD patterns of for 3-THF (red) and 3-THF-C, (blue) and PXRD pattern
of 3-THF after drying in a vacuum (green).
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Cyclopropanation of styrene

Firstly, cyclopropanation of styrene was chosen to evaluate catalytic activity of
Rh,(ppeb)4 (Table 1). To check leaching of catalyst, several controlled experiments were
performed. As shown in Figure 3, Rhy(ppeb)s doesn’t dissolve in hexanes, but it can
dissolve in styrene. Therefore, the reaction in hexanes isn’t heterogeneous condition
completely. Between entries 1-3, there are no significant difference. In all entries, good
diastereomeric ratio which was higher than 11:1 was obtained. About enantiomeric
excess, all entries gave racemic mixtures which reflect that the catalyst or its crystal
packing doesn’t have any chirality. About the solubility of the catalyst in 4-ethyltolune,
it can be dissolved in the substrate slightly

Scheme 1. Cyclopropanation of styrene catalysed by Rh,(ppeDb)a.

=
N2 1.5 or 5eq. ©/\
O . MeO,C,, . P-BrCeHy }A_\\ph
0 0.5mol% catalyst p-BrCeHy Ph MeO,C
Br . ‘

DCM or hexanes

major products (racemic)

, PBrCeHs A N MeO,C,, /\ .Ph

MeO,C Ph p-BrCgH,

minor products (racemic)

Entry Solvent styrene Temp. Time(h) dr yield

| DCM 5eq. r.t. 1 50:1 79%
2 Hexanes 5 eq. r.t. 1 100:1 88%
3a Hexanes 1.5eq. r.t. 1 11-50:1 57-84%
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Figure 3. Leaching test of the catalyst into hexanes and styrene.
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C-H functionalization of 4-ethyltoluene

Since Rhy(ppeb)4(THF), has a porous structure, we hypothesized that such a
reaction field could influence the site selectivity of the C-H functionalization. Then C-H
functionalization of 4-ethyltoluene was conducted (Table 3). Rhy(ppeb), catalyzed
reaction of 4-ethyltoluene favors C-H functionalization at the secondary benzylic site
(Scheme 5). From an electronic point of view, tertiary carbon can stabilize positive
charge build-up best in the transition state. Therefore, the tendency of the reactivity
would be 3° > 2° > 1° However, from a steric perspective, reactivity of the substrates is
anticipated to follow the tendency 1° > 2° > 3°.% So, the site selectivity of Rh,(ppeb)s is
moderate. In the case of 2,2,2-trichloroethyl 2-(4-bromophenyl)-2-diazoacetate as
carbene precursor, the yield increased dramatically probably due to the robustness of
TCE ester compared to methyl ester.® 4-Ethyltoluene also dissolves the catalyst like
styrene, so heterogeneous catalytic activity could not be evaluated (Figure 5).

Table 3. C-H insertion into 4-ethyltolune catalysed by Rh,(ppeb)s.

CgHap-Br (_36H4p—Br
Nz 15 eq. CO.R \:,/\cozR
OR 2
> +
0 0.5mol% catalyst
Br

DCM or pentane

1

major products (racemic)

CeH4p Br CsH4p Br

COzR COZR p
+
CO,Me

3 P-BrCgH,

minor products (racemlc)

Entry R Solvent substrate Temp. Time(h) Ratioof1+1’:2 drofl Yield

1 Me DCM 1.5eq. r.t. 8 1 only 3:1 11%
2 Me DCM 1.5eq. reflux 1 1 only 3:1 23%
3 Me Pentane  1.5eq. r.t. 1 1 only 2.6:1 2%
4 CH,Cl, DCM 1.5¢eq. reflux 1 14:1 4.4:1 70%
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Figure 4. Leaching test of the catalyst into 4-ethyltoluene.
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C-H functionalization of (E)-2-hexene

To see whether the same trend would be seen for allylic C-H functionalization, C-H
functionalization of (E)-2-hexene was also conducted (Table 4). As shown in scheme 5,
Rhy(ppeb), catalyst prefers to give the secondary C-H insertion product. In the case of
the reaction in hexanes, the secondary C-H insertion product was also obtained, but
wecouldn’t isolate the product by silica-gel column chromatography probably due to the
similarity of the polarity of side products. Side products can be attributed to C-H
insertion into hexanes by *H NMR spectrum. Regarding solubility of the catalyst in the
substrate, leaching test suggested that not only aromatic substrate but also allylic
substrate can dissolve the catalyst (Figure 5).

Table 4. C-H insertion into (E)-2-hexene catalysed by Rhy(ppeb)s.

1.5eq. A CgHap-Br
N

O CO5;Me
o] 0.5mol% catalyst ~
Br

DCM or hexanes

|

Entry Solvent substrate Temp. Time(th) dr  Yield
1 DCM 1.2 eq. reflux 1.5 1.4:1 54%
2 Hexanes 1.2 eq. 48°C 1.5 - mess

stimed with 1.2 eq. (E)-2-hexene in
hexanes

catalyst in acetone-ds

g B 7k SEEE T
[ \

0 e et NN APA A e e N
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Figure 5. Leaching test of the catalyst into (E)-2-hexene.
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Reactivity of Rh(ll) complexes with triazoles

Syntheses of TR1 and its reactivity with Rh(Il) complex

Rhy(ppeb), can catalyze cyclopropanation or some C-H insertion reactions and
the catalyst gave secondary insertion product mainly to show the moderate reactivity in
the C-H insertion reactions. What is a problem in the reaction of Rh,(ppeb), with diazo
compounds is we cannot utilize the catalyst in heterogeneous condition because of
leaching of the catalyst into substrate. Thereby, we thought if we could construct porous
framework with the carbene precursor incorporated prospectively, reaction in the pore
would be possible. For this strategy, we focused on triazoles as alternative carbene
precursors. As mentioned in the introduction, [1,2,3]triazolo[1,5-a]pyridine derivatives
exhibit diazo-azomethine/1,2,3-triazole tautomerism and diazo-azomethine tautomer
can be more favorable accompanied with several factors such as temperature increase.’
Additionaly, 1,2,3-triazole can coordinate as N-donor ligand at the axial site of Rh
catalyst in priority to other solvent molecules except that with N-donor. Thus, for the
second choice, methyl 7-chloro [1,2,3]triazolo[1,5-a]pyridine-3-carboxylate (TR1)
which shows relatively high reactivity compared to other derivatives due to the chloro
group at C7® was chosen (Scheme 1). As we expected, reaction of TR1 with Et,0
catalyzed by Rhy(ppeb), gave C-H inserted product (scheme 2), but TR1 was found to
be too reactive to form adduct with Rh dimer. Actually, the reaction mixture didn’t
change its color from green to purple although Rh dimer with N-donor axial ligands
show purple color as known as solvatochromic behavior of Rh dimer.’

0
= | \O)ko/ =z ‘ o p-ABSA
N L :
c~ N LDA o N o~ DBU
THF MeCN

Scheme 1. Synthesis of TR1.

o
= ~d
— (0] | > N ATTN | o
= c N o~ © N o~
[——— —b

NN, N I8
CI N 1=

N

Rha(ppeb)y o~
DCM

Scheme 2. C-H insertion into Et,0 catalyzed by Rh,(ppeb)s,.
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Syntheses of TR2 and TR2 adducts of Rh(I1) complex

For the second choice, methyl [1,2,3]triazolo[1,5-a]pyridine-3-carboxylate (TR2) was
chosen because its 1,2,3-triazole tautomer is enough stable to coordinate at the axial
sites of Rh dimer and several carbenoid mediated reactions have been reported.® TR2
was synthesized by following the literature® as shown in scheme 3. Subsequently, TR2
adducts of Rh, (ppeb), were obtained by various recrystallization conditions (Table 5).

| X 0 p-ABSA
B
N o~ DBU
MeCN

Scheme 1. Synthesis of TR2.

Chart 1. Chemical structure and numbering of TR2. Rh,(ppeb)a.

Table 5. Crystllization conditions for TR2 adducts of Rh,(ppeb)s,.

Entry Good solvent for| Good §o|vent for Poor solvent| Crystal color Crystal structure
Rh,ppeb, triazole
1 cyclohexane purple Similar to 3-TR2
2 1,1,2,2- n-hexane purple 3-TR2
3 tetrachloroethane MeOH purple 3-TR2X
4 ELO n-pentane purple Similar to 3-TR2
5 1,1,2- MeQOH green, purple | Not suitable for X-ray analysis
6 trichloroethane 'BuOMe purple Not suitable for X-ray analysis
7 1,2-dichloroethane Pr,0 purple Similar to 3-TR2
8 CHCl3 pentane purple Similar to 3-TR2
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Crystal structures of TR2 adducts of Rh(I1) complex

3-TR2 was obtained from mixed solution of Et,O/n-hexane/1,1,2,2-tetrachloroethane
and in the crystal structure, two TR2 coordinated at the axial sites of Rh,(ppeb), with
nitrogen 1 and hexane was incorporated as crystallization solvent. In the Cambridge
Structure Database,™ [1,2,3]triazolo[1,5-a]pyridine derivatives usually coordinate with
nitrogen 2 and no metal complex which is coordinated with only nitrogen 1 of those
derivatives has been reported so far.

In the crystal packing structure of 3-TR2, four of two ppeb” ligands interacted well with
the ligands of adjacent Rh dimer via Ar-Ar" interaction to form 1-D chain structure
(Figure 6Db), but other two ppeb” ligands interact with perfluorophenyl ring and TR2 via
Ar-ArFinteraction and z-n interaction as described in Figure 6. That’s why we obtained
not channel structure but O-dimentional porous structure. Surprisingly, crystals of
Rhy(ppeb)s with two TR2 at the axial sites obtained from entry 1, 2, 4, 7, 8 (Table 5)
always gave same crystal packing although sometimes crystallization solvents were not
included and disorder of the ligands were observed, instead (Figure 7). Therefore,
interaction between ppeb” ligand and TR2 seems to be highly favored. From these
results, it is suggested that axial ligands with aromaticity and high planarity can
participate in the self-assembly process and the influence is not too small to be
neglected.
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Figure 6. (@) An ORTEP drawing of 3-TR2 (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) 1-D chain structure of 3-TR2 and n-n
interaction between ppeb” and TR2. Ar-Ar" interactions and 77 interactions are shown in red
and blue lines respectively. Hydrogen atoms and crystal solvent molecules observed are omitted

for clarity.

Figure 7. Structural comparison of 3-TR2 crystallized from @)
Et20/n-hexane/1,1,2,2-tetrachloroethane and (b) Et20/n-pentane/1,1,2,2-tetrachloroethane.
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In Entry 3, unsymmetrical structure Rh dimer, Rhy(ppeb)s(TR2)(X) (3-TR2X)
was accidentally obtained as purple crystals. In the crystal structure, Rh dimer had two
different axial ligands (Figure 8a). One is TR2 and another one is unidentified molecule.
Unidentified molecule is possibly decomposed product of acetonitrile in solvent
purification equipment because acetonitrile used for the synthesis of TR2 seems to
contain some impurity judging from strange smell. Interstingly, the crystal packing
structure of 3-TR2X possesses 2-D sheet structure constructed by Ar-Ar" interaction
(Figure 8b). The estimated average angle between the phenylene and perfluorophenyl
rings was 11.5°, which was relatively low compared to 3-THF and 3-PN (18.3° and
14.7° respectively). This resulted in no n-r interaction between 2-D sheets like 1-AD
probably due to the bulkiness of an unidentified axial ligand and 1-D channel structure
was obtained (Figure 8c).
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Figure 8. (a) An ORTEP drawing of 3-TR2X (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) 2-D sheet structure of 3-TR2X. Ar—Ar"
interactions is shown in red and blue lines respectively. Hydrogen atoms, carbon atoms and
nitrogen atoms of TR2 at the axial positions and crystal solvent molecules observed in the
channels are partially omitted for clarity. (c) Crystal packing of 3-TR2X along the a axis.
Hydrogen atoms, carbon atoms and nitrogen atoms of TR2 at the axial positions and crystal
solvent molecules observed in the channels are partially omitted for clarity. O = red, C = grey, F

= pale green, Rh = sea green.
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Consequently, two strategies to construct channel structure were conceived. First
one is introduction of bulky substituent into triazole to disturb m-m interaction between
triazole and ppeb” ligand. The other is construction of unsymmetrical structure by using
two different kinds of axial ligands. For the second strategy, to confirm the possibility to
synthesize unsymmetrical Rh,(ppeb), by design, '"H NMR measurements were
performed. Firstly, *H NMR spectrum of in situ generated TR2 and pyridine adducts by
addition of 2 equivalent of axial ligands were measured (Figure 9, 10) and compared to
Rhy(ppeb), with 1 equivalent of each (Figure 11). As a result, the spectra matched
neither triazole adducts nor pyridine adducts and indicated the formation of Rhy(ppeb),
with one TR2 and one pyridine as axial ligands. We didn’t mention about this part
further in this thesis, but unsymmetrical structure can be obtained in a rational way.
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IH NMR spectrum of Rh,(ppeb), with 2 eq. of pyridine in CDCl,
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Figure 9. "H NMR spectra of (top) Rh,(ppeb), with 2 eq. of TR2 and (bottom) TR2.
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Figure 11. 'H NMR spectra of Rh,(ppeb), with (a) 2 eq. of TR2 (b) 2 eq. of pyridine and (c) 1
eq. of each.
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Syntheses of triazole with bulky substituent

Based on the first strategy, tert-butyl group was chosen as a bulky substituent
and tert-butyl [1,2,3]triazolo[1,5-a]pyridine-3-carboxylate, TR3 was newly designed
(Chart 2). Synthesis of the precursor, tert-butyl pyridin-2-ylacetate was synthesized
according to reported procedure.’? Then, by the diazo transfer reaction, TR3 was
obtained with 17% total synthetic yield (scheme 3).

o O
Sk A I
A o” 0 © S o p-ABSA — o
| P > | P J< > S —
N LDA N O DBU N‘N,,N
THF MeCN

Scheme 3. Synthesis of TR3.
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Crystal structures of TR3 adducts of Rh(I1) complex

3-TR3-1 was obtained from mixed solution of EtZO/l,1,2-trich|or0ethane/iPr20
and in the crystal structure, two TR3 coordinated at the axial sites of Rh,(ppeb), with
nitrogen 2 and nitrogen 1 denoted as A-Rh, and B-Rh, respectively. Very interestingly,
two Rh dimers were observed independently, and one Rhy(ppeb), had a symmetrical
structure, A-Rh,-A, and another one had a unsymmetrical structure, A-Rh,-B as shown
in Figure 12a.

In the crystal packing structure of 3-TR3-1, n-n interaction between TR3 and
ppeb” ligand was successfully inhibited due to the existence of bulky tert-butyl
substituent as anticipated. Consequently, all of ppeb™ ligands interacted well with each
other to form 2-D sheets via Ar-Ar© interactions (Figure 12b). Furthermore, stacking of
2-D sheets resulted in 1-D channel structure like 3-THF or 3-PN (Figure 12 c).’> The
mean interplanar separation between phenylene and perfluorophenyl rings was 3.13(18)
A, and the channel entrance size was estimated to be 13.4 x 12.9 A2!* In the channel,
two facing axial ligands always have A---B or A---A (A = TR3 coordinating with
nitrogen 2, B = TR3 coordinating with nitrogen 1) combination to avoid interference of
two axial ligands (Figure 13). Regarding guest molecules included in the pore, the
diffused Q peaks indicated the existence of 'Pr,O and TR3 although they were removed
from the data set using the SQUEEZE routine of PLATON and refined further using the
data generated to decrease the R value. It should be noted that 3-TR3-1 was also
obtained from mixed solution of Et,0/1,1,2-trichloroethane/'BuOMe and cell
parameters were almost same as when 'Pr,O was used.
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Figure 12. (a) ORTEP drawings of 3-TR3-1 (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) 2-D sheet structure of 3-TR3-1. Ar-Ar
interactions is shown in red and blue lines respectively. Hydrogen atoms, carbon atoms and
nitrogen atoms of TR3 at the axial positions and crystal solvent molecules observed in the
channels are partially omitted for clarity. (c) Crystal packing of 3-TR3-1 along the channel
direction. Hydrogen atoms, carbon atoms and nitrogen atoms of TR3 at the axial positions and
crystal solvent molecules observed in the channels are partially omitted for clarity. O =red, C =

grey, F = pale green, Rh = sea green.
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Figure 13. Facing axial ligands in the channel of 3-TR3-1. Coordinating TR3 with N2 and N1
are denoted as A and B, respectively.
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Crystal structure of 3-TR3-2 which is differ from 3-TR3-1 was obtained from
mixed solution of Et,O/n-pentane/1,1,2-trichloroethane and in this case, TR3
coordinated at the axial sites of Rhy(ppeb), with nitrogen 2 and nitrogen 1 and only
A-Rh,-B type structure was observed (Figure 14a).

In this case, the 1-D channel was also obtained (Figure 14c) and the channel
entrance size was estimated to be 10.5 x 7.2 A% In the channel, inclusion of n-pentane
as guest molecules was observed and two facing axial ligands always have A---B
combination to avoid interference of two axial ligands (Figure 15). 3-TR3-2 was also
obtained from mixed solution of Et,0/1,1,2-trichloroethane/n-hexane and cell
parameters were almost same as when n-hexane was used.
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Figure 14. (a) ORTEP drawings of 3-TR3-2 (50% probability ellipsoids). Hydrogen atoms and
crystal solvent molecules are omitted for clarity. (b) 2-D sheet structure of 3-TR3-2. Ar—Ar"
interactions are shown in red and blue lines respectively. Hydrogen atoms, carbon atoms and
nitrogen atoms of TR3 at the axial positions and crystal solvent molecules observed in the
channels are partially omitted for clarity. (c) Crystal packing of 3-TR3-2 along the channel
direction. Hydrogen atoms, carbon atoms and nitrogen atoms of TR3 at the axial positions and
crystal solvent molecules observed in the channels are partially omitted for clarity. O =red, C =

grey, F = pale green, Rh = sea green.
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Figure 15. Facing axial ligands in the channel of 3-TR3-2. Coordinating TR3 with N2 and N1
are denoted as A and B, respectively.
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Et,O/EtOH/1,1,2-trichloroethane gave unexpected structure 3-TR3-3 which had
B-Rh,-B type structure. What is surprising is that B-Rh,-B type structure still can form
1-D channel structure derived from the stacking of 2-D sheets constructed via Ar-Ar"
interactions. As shown in Figurel6c, n-plane of TR3 is inclined from Rh-Rh bond to
avoid the interference of the two axial ligands. In addition, two facing axial ligands
always have B---B combination as described in Figure 17. The channel entrance size
was estimated to be 13.5 x 10.6 A2 In the channel, inclusion of EtOH and water as
guest molecules was observed and one of EtOH molecules is hydrogen bonded with
TR3 (Figure 16a) 3-TR3-3 was also obtained from a mixed solution of
Et,0/1,1,2-trichloroethane/MeOH and cell parameters were almost same as when EtOH
was used.
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Figure 16. (@) An ORTEP drawing of 3-TR3-3 (50% probability ellipsoids). Hydrogen atoms
and crystal solvent molecules are omitted for clarity. (b) 2-D sheet structure of 3-TR3-3. Ar-Ar"
interactions are shown in red and blue lines respectively. Hydrogen atoms, carbon atoms and
nitrogen atoms of TR3 at the axial positions and crystal solvent molecules observed in the
channels are partially omitted for clarity. (c) Facing axial ligands in the channel. (d) Crystal
packing of 3-TR3-3 along the channel direction. Hydrogen atoms, carbon atoms and nitrogen
atoms of TR3 at the axial positions and crystal solvent molecules observed in the channels are
partially omitted for clarity. O = red, C = grey, F = pale green, Rh = sea green.
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Channel direction

Figure 17. Facing axial ligands in the channel of 3-TR3-2. Coordinating TR3 with N1 are
denoted as B.
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From these results, it is found that crystal packing of Rhy(ppeb), with TR3 as axial
ligands always have 1-D channel structure but there is a tendency for crystal packing to
be determined by crystallization solvent. From the perspective of coordination mode of
TR3, obtained crystal packings can be classified in three types as shown in Figure 18.
3-TR3-1. While the tendency is still controvertible, ethers, alkanes and alcohols give
A-Rhy-A and A-Rh,-B structure, only A-Rh,-B structure and B-Rh,-B structure
respectively. Owing to guest-induced change of coordination mode of TR3, columnar
channel structure which seems to be favorable crystal packing is successfully
constructed in any recrystallization condition.

Rh,(ppeb),(triazole 3),
|
A B
A 8 A A S A
A A B B A B
A e B : A & A
B : B
A A

B A B

3-TR3-1 3-TR3-2
Crystallized from Et,0 / CHCI,CH,Cl/ X
X ='Pr,0, BuOMe X = n-pentane/n-hexane X = EtOH, MeOH

Figure 18. Tendency for crystal packing of 3-TR3 crystallization solvent.
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Conclusions

In conclusion, Rhy(ppeb)s can catalyze cyclopropanation or some C-H insertion
reactions when diazo compounds were used as carbene precursors. In the case of the
C-H insertion reactions, inserted secondary C-H insertion products was mainly obtained
to show the moderate reactivity of the catalyst. Due to the dissolution of the catalyst in
aromatic or allyl substrates, catalytic activity as heterogeneous catalyst could not be
evaluated. In order to construct substrate-incorporated porous framework,
[1,2,3]triazolo[1,5-a]pyridine derivatives which show diazo-azomethine/1,2,3-triazole
tautomerism were chosen as alternative carbene precursors. Rhy(ppeb)4 with one or two
TR2 axial ligands, 3-TR2 and 3-TR2-X were obtained and the crystal packing
structures of 3-TR2 always show same structures to form O-dimensional porous
structure due to 7-m interaction between TR2 and ppeb- ligand To overcome the
problem, TR3 with bulky tert-butyl substituent was synthesized and subsequently TR3
adduct of Rhy(ppeb), were obtained. Interestingly, in some cases TR3 coordinated with
different position to lead three types of crystal packings depend on crystallization
solvent. Furthermore, all of the crystal packings had 1-D channel structure by virtue of
the flexible coordination modes of TR3 and good suppression of =m-m interaction
between triazole and ppeb” ligand. We believe that our results presented here could be
relevant not only for construction of reaction fields by utilization of intermolecular
interactions but also for trapping specific guests molecules. Different reactivities
depending on crystal packing structure™ are also expected. To probe this further, we are
currently investigating the reactivity of Rh dimer with triazole in the frameworks and
solution.
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Experimental section

General Methods

All solvents and reagents are of the highest quality available and used as received.
Rh,(ppeb)s were prepared by the literature methods.® All syntheses were performed
under an atmosphere of dry nitrogen or dry argon unless otherwise indicated. Powder
X-ray diffraction (PXRD) data were collected on a Bruker D8 APEX Il CCD sealed
tube diffractometer with graphite monochromated Cu Ko (A = 1.54178 A) radiation in
transmission mode, since the diffraction was too weak on the powder diffractometer in
reflectance geometry.

Measurement Apparatus

Elemental analyses were carried out on a J-SCIENCE LAB MICRO CORDER JM10
elemental analyser. 'H NMR spectra were acquired on a JEOL JNM-ECS400
spectrometer, where chemical shifts in CDCl; were referenced to internal
tetramethylsilane.

General procedure for cyclopropanation and C-H insertion

An oven- or frame-dried 50 mL round bottom flask containing a Teflon-coated oval stir bar was
fitted with a rubber septum and allowed to cool to room temperature under vacuum. At room
temperature, substrate and rhodium catalyst (4.0 mg, 2.5 umol) were added and the flask
connected with a water condenser when reflux was needed, which is connected to a vacuum line
via a needle inserted through the septum. The flask was evacuated then back-filled with argon (3
times) or flush with argon for one minute to remove the air in the flask. Dichloromethane or
alkane (7.5 mL) is introduced via syringe under a positive argon pressure. Then, diazo
compound (0.5 mmol) in the given solvent (7.5 mL) is added drop-wise via syringe under the
given temperature over 1 hour under argon atmosphere. The diazo residue was rinsed with the
same solvent (0.5 mL) and was transferred into the reaction. The resulting solution was stirred
another 1 hour. The reaction was cooled to room temperature, concentrated in vacuo and the
crude mixture was purified by flash column chromatography (pentane/Et,0) to afford the
product.

Syntheses

Synthesis of tert-butyl [1,2,3]triazolo[1,5-a]pyridine-3-carboxylate (TR3)
To a stirred solution of methyl tert-butyl pyridin-2-ylacetate (1.17 g, 6.05 mmol) and
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DBU (1.0 ml, 6.65 mmol) in 29.3 ml of dry acetonitrile, p-ABSA (1.52 g, 6.01 mmol)
was added at room temperature in small portions. The resulting yellow solution was
stirred overnight and, after removal of solvent dichloromethane was added to the
residue. The resulting solution was washed with water and brine, and dried over sodium
sulfate. Flash Silica chromatography (3:7 EtOAc/n-pentane) gave the product as white
solid. Yield: 888 mg (4.05 mmol, 67%).

Syntheses of 3-TR2, 3-TR2X, 3-TR3-1, 3-TR3-2 and 3-TR3-3: The five kinds of
axial ligand substituted complexes were synthesized by the recrystallization of
Rhy(ppeb)4(Et20),. In all cases, Rhy(ppeb)s(Et,0), was firstly dissolved in Et,O and
subsequently chlorinated solvent solution of TR2 or TR3 was added until the solution
changed its color from green to purple. Rhy(ppeb)s(TR2), (3-TR2) and
Rhy(ppeb)s(TR2)(solvent) (3-TR2X) were obtained by slow vapor diffusion of
n-hexane and MeOH respectively into the solution of Rhy(ppeb)s(Et;0), and TR2 in
Et,0/1,1,2,2-tetrachloroethane. For Rhy(ppeb)4(TR3), (3-TR3-1, 3-TR3-2, 3-TR3-3),
the recrystallization was performed by slow vapor diffusion of 'Pr,O, n-hexane and
EtOH respectively into the solution of Rhy(ppeb)s(Et;0), and TR3 in
Et,0/1,1,2-trichloroethane.

X-ray crystallography

All crystals were mounted in a loop. Diffraction data at 123 K were measured on a
RAXIS-RAPID Imaging Plate diffractometer equipped with confocal monochromated
Mo-Ka radiation and data was processed using RAPID-AUTO (Rigaku). Structures
were solved by direct methods and refined by full-matrix least squares techniques on F>
(SHELXL-97)."> All non-hydrogen atoms were anisotropically refined, while all
hydrogen atoms were placed geometrically and refined with a riding model with Uiso
constrained to be 1.2 times Ueq of the carrier atom. For 3-TR2X and 3-TR3-1, the
diffused electron densities resulting from residual solvent molecules or unidentified
axial ligand were removed from the data set using the SQUEEZE routine of PLATON
and refined further using the data generated.

Crystal data for 3-TR2: CgsH7,F20NsO12Rh,, Mr = 2063.4, monoclinic, space group P
21/, (#14), a = 15.5847(7) A, b = 15.6744(6) A, ¢ = 19.5443(8) A, p = 109.567(8)°, V
4498.6(3) A’ 2 =2, T=123 (2) K, p; = 1.523 gcm™, p(Mo-Ka) = 0.473 cm™, 26max
54.92, M(Mo-Ko) = 0.710747 A, 41925 reflections measured, 10264 unique (Rin
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0.0706), 7598 (I > 24(l)) were used to refine 608 parameters, 0 restraints, wR, = 0.1398
(I > 24(1)), Ry = 0.0535 (I > 25(1)), GOF = 1.011.

Crystal data for 3-TR2X: CgoH2oCl4F20NgO12Rh,, Mr = 2104.74, monoclinic, space
group P 2i/m, (#11), a = 9.9308(16) A, b = 32.969(7) A, ¢ = 13.285(3) A, 4 =
98.423(10)°, V = 4302.7(15) A%,z = 2, T = 123 (2) K, p. = 1.625 gcm™, u(Mo-Ka) =
0.617 cm™, 26max = 52.76, A(Mo-Ka) = 0.710747 A, 41012 reflections measured, 10002
unique (Rint = 0.0271), 8942 (1 > 24(l)) were used to refine 547 parameters, 0 restraints,
WR; = 0.2495 (I > 20(1)), R; = 0.0838 (I > 24(1)), GOF = 1.055.

Crystal data for 3-TR3-1: C123He3F30NgO18Rh3, Mr = 2833.5, triclinic, space group PT,
(#2), a = 16.4775(5) A, b = 16.9552(6) A, ¢ = 28.8487(9) A, a = 102.9854(7)°, S =
95.854(7)°, y = 105.841(7)°, V = 7439.8(6) A®, Z = 2, T = 123 (2) K, p. = 1.265 gcm”>,
w(Mo-Ka) = 0.423 cm™, 20max = 54.96, A(Mo-Ka) = 0.710747 A, 73289 reflections
measured, 33800 unique (Rt = 0.0676), 19855 (I > 20(1)) were used to refine 1645
parameters, O restraints, wR, = 0.3488 (I > 20(1)), Ry = 0.1101 (I > 206(1)), GOF = 1.142.

Crystal data for 3-TR3-2: CgoHssF20NsO12RN2, Mr = 2033.33 monoclinic, space group
P 2i/m, (#2), a = 9.9310(2) A, b = 25.3084(5) A, ¢ = 18.5618(3) A, p = 101.001(7)°, V
= 4579.55(15) A3, 2 =2, T =123 (2) K, pe = 1.475 gcm™®, u(Mo-Ka) = 0.464 cm™, 26max
= 54.88, A(Mo-Ka) = 0.710747 A, 44582 reflections measured, 10656 unique (Rin =
0.0355), 7659 (I > 204(l)) were used to refine 643 parameters, 1 restraints, wR, = 0.1953
(I > 20(1)), Ry = 0.0611 (I > 24(1)), GOF = 1.030.

Crystal data for 3-TR3-3: Cy5H33F10N3OgRh, Mr = 1052.65 triclinic, space PT, (#2), a
=10.2672(2) A, b = 15.6478(4) A, ¢ = 16.0106(3) A, « = 111.348(8)°, S = 101.802(7)°,
y =102.990(7)°, V = 2215.2(2) A%, 2 = 2, T= 123 (2) K, p. = 1.578 gcm™, u(Mo-Ka) =
0.487 cm™, 26max = 54.94, A(Mo-Ka) = 0.710747 A, 21917 reflections measured, 10095
unique (Rint = 0.0214), 9184 (1 > 24(1)) were used to refine 620 parameters, 0 restraints,
WR, = 0.1137 (1 > 24(1)), Ry = 0.0416 (1 > 25(1)), GOF = 1.082.
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Concluding Remarks

In this thesis, we addressed construction of porous frameworks based on Rh(Il)
paddle-wheel complex with reactive sites by usage of Ar-Ar" interaction. For this
subject, Rh(I1) paddle-wheel complexes which have ligands with multipoint Ar-Ar"
interaction sites were synthesized and their crystal packing, structural transformations,
porous properties and reactivities with diazo compounds and triazoles were studied.

In chapter 1, the usability of multipoint Ar-Ar" interactions for the self-assembly
of paddle-wheel unit was studied. I- and cross-shaped complexes with a novel ligand
which has arene and perfluoroarene moieties bridged by C=C bond were synthesized.
Molecular arrangements of them in crystal packing were controlled well by multipoint
Ar-Ar" interactions. As a result, 1- and cross-shaped complexes gave one- or
two-dimensional structures respectively at room temperature as expected. Moreover, in
the case of cross-shaped complex, the solvent accessible channel structure with open
axial sites which is hardly observed in discrete paddle-wheel units was found. The
results presented in this chapter suggested the possibility that Ar-Ar" interactions can be
used to assemble paddle-wheel units of various metal ions with open axial sites at room
temperature regardless of substitution activity.

In chapter 2, the construction of porous frameworks by the self-assembly of
substitution-inert Rh(I1) dimer units with active sites via multipoint Ar-Ar" interactions
and their porous properties were studied. Rh(Il) paddle-wheel complexes with
multipoint Ar-Ar" interaction sites, Rhy(ppeb)s(X), (X = THF (3-THF), 3-pentanone
(3-PN), and 1-adamantylamine (3-AD)), were newly synthesized. In their crystal
packings, porous frameworks with a solvent accessible channel were successfully
obtained by multipoint Ar-Ar" interactions to show the versatility of our strategy for the
self-assembly of paddle-wheel dimer units. Active sites of Rh dimer units were exposed
to the channel, and by the comparison of those three complexes, the size and the
structure of the axial ligands induced structural differences were observed. It was also
found that the porous properties of these frameworks can be affected by the
coordination ability of axial ligands. Besides, 3-THF and 3-PN which have labile axial
ligands showed reversible crystal to crystal structural transformation in response to the
ligand substitution.
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In chapter 3, the construction of porous frameworks with Rh(Il) dimer units with
with (E)-ppvb ligands have both multipoint Ar-Ar" interaction sites and photo
chemically reactive site were studied. Before the synthesis of the Rh(ll) complexes,
photodimerizarion of (E)-Hppvb were examined. The crystal packing of (E)-Hppvb
crystallized from DMF exhibited ideal molecular arrangements for photodimerization
controlled by Ar-Ar™ interaction. As a consequence, [2+2] photo dimerization reaction
proceeded quantitatively at crystalline state by irradiation of UV-light. Then, three
Rh(Il) paddle-wheel complexes, Rhy((E)-ppvb)s(X), (X = THF (4-THF), 2-butanone
(4-BN), and pyridine (4-PY), were synthesized. Among them, the crystal packing
structures of 4-THF and 4-BN were successfully determined by multipoint Ar-Ar”
interactions and arrangements of C=C bond in the ligands seemed to be suitable for
photodimerization. However, photo polymerized products of Rh dimers were not
obtained by UV-light irradiation using Hg lamp probably due to quenching of excited
state of the ligand by Rh center.

In chapter 4, reactivity of Rhy(ppeb), with diazo compounds and incorporation
of triazoles at its axial sites were studied. In terms of the reactivity with diazo
compounds, Rhy(ppeb), showed moderate reactivity and mainly C-H insertion into the
secondary carbon was observed in the case of C-H insertion reactions. Heterogeneous
catalytic activity of porous framework of Rh,(ppeb), could not be appraised because of
the dissolution of the catalyst in aromatic or allyl substrates. Aiming for incorporation
of carbene precursors into axial sites of Rh dimer in porous frameworks,
[1,2,3]triazolo[1,5-a]pyridine derivatives which exhibit diazo-azomethine/1,2,3-triazole
tautomerism were employed. Rh,(ppeb), with two TR2 which has methyl ester moiety
gave 0-dimensional porous structure because multipoint Ar-Ar" interaction of the ligand
was disturbed by n-m interaction between TR2 and ppeb” ligand. This problem was
solved by employing TR3 with bulky tert-butyl substituent. Owing to the bulky
substituent, ©-n interaction between triazole and ppeb- ligand was successfully avoided
to give 1-D columnar channel structure. Additionally, flexible coordination modes of
TR3 was also observed while not observed in the case of TR2.

In conclusion, substitution-inert Rh(Il) dimer units were successfully assembled
to afford porous frameworks with 1-D columnar structure. In those frameworks,
multipoint Ar-Ar" interaction worked effectively as a supramolecular synthon and active
sites of Rh dimer units were exposed to the channel. The crystal packing structures or
porous properties can be affected by the size or coordination ability of axial ligands.
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Furthermore, it is proved that triazoles as carbene precursors can be incorporated into
the axial site of Rh dimers. These survey results would be a new strategy to construct a
new class of porous materials composed of substitution inert metal complexes with

open metal sites.
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