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Abstract
1. Introduction
Nano-spaces around active sites of enzymes play (q) Vi g

Active site
. . . . . - tivit
important roles in controlling reactions (Figure 1a). ‘/ reaciviy

Inspired by the molecular behaviors, a variety of Confined-space

- selectivity
specificity

reaction nano-spaces with catalytic active sites have
been constructed in coordination cages and porous
materials which provide high specificity, efficiency,

and selectivity of the reactions. However, it is still

challenging to design functional nano-spaces based L . L
Figure 1. (a) Schematic views of active sites in a

on multi-point and site-selective interactions between confined-space of enzyme and metal-macrocycle
framework (MMF). (b) Synthesis of MMF.
substrates and inner surfaces in such a confined space.

A porous molecular crystal, metal-macrocycle framework (MMF), can be constructed from a
macrocyclic hexaamine L and PdCl, (Figure 1b). MMF has one-dimensional nano-channels with a 1.4 x 1.9
nm’ dimension, and five enantio-paired molecular binding sites are arranged on the inner surfaces. Such
confined spaces with inner surfaces in MMF have high potential as catalytic reaction nano-spaces which
allow highly specific, efficient, and selective reactions based on the multi-molecular adsorption with high
site-selectivity.

In this study, I have constructed reaction nano-spaces with catalytic active sites in MMF for the
development of space-specific reactions. Specifically, non-covalent immobilization of p-toluenesulfonic acid
(p-TsOH) in MMF was conducted for a size-specific acid-catalyzed reaction. Moreover, it was found that

photo-activation of the Pd centers on the surfaces of MMF channels provides an excellent platform for olefin

migration reactions.

2. Non-covalent immobilization of an acid catalyst in MMF for a size-specific reaction

In my master course study, in the light of the fact that a W ¢ H:0
©/\0 p-TsOH@MMF @/\OH
variety of substituted benzene molecules site-selectively bindto  *? O CDCL. 20 °C R
1or2 s 20 3or4d
macrocyclic cavity-derived pockets, I found that p-TsOH 80 OR-H@)
. e . . . 70 o
immobilized in MMF can catalyze a size-specific deprotection % o R
c
reaction in a preliminary experiment. Then, in my doctoral g 50 o
o
2 40 0 °
course study, I optimized the reaction condition and § ® L ° xR<
quantitatively analyzed the reaction to examine the effects of 2 o °
10 o
the channel structure of MMF with a given dimension on the 08 8®% xxxxxx XK X
0 5 10
catalytic reactivity and the reusability of MMF as a Time (days)

Figure 2. Time course analysis of hydrolysis
heterogeneous catalyst. reaction with 6 mol% of p-TsOH@MMF.



The acid-catalyst, p-TsSOH@MMEF, which includes approximately 1.6 p-TsOH molecules per a unit-
space, was prepared by soaking MMF crystals in a solution of p-TsOH-H,O in acetonitrile and successive
washing with dichloromethane to remove excess p-TsOH from the channel spaces. There was a concern that
the immobilized p-TsOH would be dissociated from the inner surface of MMF due to the non-covalent
binding. However, the catalyst was stably adsorbed to the surface during the reaction under this condition
and was therefore reusable. The deprotection reactions of the trityl-protected PhCH,OCPh; 1 and Pd-
TPPCH,0OCPh; 2 (Pd-TPP = palladium tetraphenylporphyrinato) were compared in the presence of a catalytic
amount of p-TsOH@MMF possessing channels with a 1.4 x 1.9 nm” dimension. The reaction proceeded with
the smaller 1 in up to 70% yield, whereas no reactions were observed with the larger 2 even after three weeks
(Figure 2). This result indicates that only the substrate incorporated in the channel can be catalyzed in a

highly size-specific manner.

3. Development of photo-induced olefin migration in MMF
Stable coordination bonds often become more labile by

external stimuli such as light, and generate reactive species. In

this study, the Pd centers exposed to the inner space of MMF
were successfully activated by light to catalyze olefin

migration (Figure 3). The mechanism of this reaction was then

examined both experimentally and theoretically. | :
Figure 3. Schematic representation of olefin
migration reaction with photo-activated Pd
species.

The inclusion of 4-allyl anisole 5 in MMF was confirmed
by single-crystal X-ray diffraction and NMR measurements

= hv A
after soaking in a solution of 5 in acetonitrile. MMF crystals Q/\/ SN /(j/\ﬂH
MeO 5 rt MeO 6

including 5 yielded an olefin-migrated product 6 in MMF
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migration was catalyzed by Pd-H species via a well-
Figure 4. Deuterium labelling experiment. The inset
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1,3- and 1,2-H shift mechanisms.

Photo-activation of the Pd centers in MMF was

HQL@H

Ny N\f ~180°C, 2h ’1( N~

Pd” Pd"\

assessed by MS-CASPT2 calculation using a model

complex, a PdCl, complex of N,N'-diethyl-o- o o
phenylenediamine. The vertical excitation spectrum g A g 45 = Salvent or none
suggests the strong absorption bands around 295 and /%\ ;15 % /\ “ : p\..;/( A
457 nm attributable to electron transitions toward ¢* E\Wg g ¢ 5 C;'O o \CHO

orbital of the Pd-CI bond. This orbital was possibly
Figure 5. (a) Enlarged partial structure of MMF. (b)

assigned to an antibonding orbital of the Pd-Cl bond, Direct observation of the Pd-Cl cleavage under photo-
suggesting photo-cleavage by light absorption in the irradiation.
absorption regions. In addition, single-crystal XRD analysis before and after two-hour photo-irradiation at —
180 °C was conducted for the direct observation of the Pd-CI bond cleavage by photo-irradiation. In
comparison of the electron density maps, the significant decrease in the electron density around CI9 indicates
the site-selective photo-cleavage of the Pd5-Cl19 bond (Figure 5).

Taken all together, the photo-cleavage of the Pd-Cl bond of Pd centers in MMF appears to occur in a

site-selective manner leading to successive formation of reactive Pd-H species, which would promote the Pd-

catalyzed olefin migration via the alkyl mechanism.

4. A preferential photoreaction in a confined MMF nano-space

(o) (o]
Photo-reactive substrates were expected to show a H H

different reactivity in a confined MMF nano-space.

8a: 87% (3 min)  8b: 82% (20 min)

N_o
Then, 1,6-dienes 7a and 7b, which normally provide an ©/\Z I YSH

x X~ b
intramolecular [2+2] cycloadduct wunder photo- & 0 e
LA BB 5 H H
SRS Mo o
irradiation, was examined in MMF (Figure 6). 1,6-Diene Sl ek @({A/ @j
. . . . &’M@ N O
7a in MMF was converted into an internal olefin 9a in STTCOTEL 9a:20% (5h)  7b: no reaction (5 h)

20% yield under photo-irradiation, whereas 7a in Figure 6. Comparison of the reactivity of 1,6-dienes,

acetonitrile was converted into a [2+2] cycloadduct 8a 7a and 7b, in solution and MMF.

in 87% yield under photo-irradiation and no olefin migration reactions took place at all. For reference, 7b in
MMF resulted in no reactions due to the presence of two methyl groups on the allylic position, whereas [2+2]
cycloaddition proceeded in acetonitrile. This result indicates that the [2+2] cycloaddition of 7a in MMF was
completely inhibited and the reaction proceeded through a different pathway to form an olefin migration

product.
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A photo-shielding effect of MMF was then H

(0]
considered as a cause of inhibition. However, P
cis/trans  photo-isomerization of  azobenzene 7a
roceeded in MMF, though slowly. From a viewpoint i
P & Y P Entry Conditions Time (min) %;nv;);mozr;
of solvation in a confined space, a suitable
1 in CD3sCN, rt 3 0%, 87%
conformation is required to facilitate the 2 in CDsCN, -78°C 120 87%, 9%
3 inmolecular crystal, rt2 120 98%, 2%
intramolecular [2+2] cycloaddition. As found in the 4 inCDsOD, -78 °C 10 0%, 91%
5 intoluene-ds, -78 °C 10 0%, 92%

model experiments, [2+2] cycloaddition was strongly Scheme 2. [2+2] cycloaddition of 7a in various

suppressed in a frozen solvent (CDsCN, —78 °C) and reaction media.
molecular crystals of 7a, whereas the reaction

proceeded in cooled solvents (CD3;0D and toluene-ds,

—78 °C) (Scheme 2). This result suggests that the

cr

H-bonding

—N{ CHHN-32A
N-H-O=: 2.9 A

mobility of molecules have a large effect on the [2+2]
cycloaddition of 7a. Single-crystal XRD and NMR
analyses suggest that 7a in MMF adsorbed with a high

Figure 7. (a) Binding mode of 7a to the inner surface

occupancy to one of the binding sites through two ©of MMF. (b) Hydrogen-bonded interactions between
7a and the Pd-center.

hydrogen bonds (Figure 7). Therefore, the inhibition

of [2+2] cycloaddition can be well explained by the unfavorable binding conformation of 7a, its restricted

conformation due to the lower mobility of solvating molecules, and, though to a lesser extent, the photo-

shielding effect of MMF.

5. Conclusion

In my doctoral course study, I have established efficient ways to construct catalytic reaction nano-spaces
by introducing active sites into confined MMF nano-spaces. A size-specific reaction depending on the
channel dimension has been achieved by non-covalent immobilization of an acid catalyst to the inner surface
of MMF. Moreover, a Pd-catalyzed olefin migration reaction was realized by the photo-activated Pd centers
in MMF forming reactive Pd-H species. Here, the spatial effects of MMF nano-spaces on the chemical
reactions were discussed from the viewpoints of the molecular mobility as well as the photo-shielding effect
of MMF. Such nano-spaces based on the self-assembly of functional macrocycles would lead to more

precisely designed catalytic reaction centers with a different chemical reactivity from those in bulk solvents.
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Chapter 1

General introduction



1-1. Strategy of enzymes: active sites in confined spaces

One of the ultimate goals of synthetic chemistry is the development of reactions with high and
quantitative efficiency and perfect selectivity. To realize such ideal reactions, various approaches have been
examined by developing new catalysts and unveiling the mechanism of reactions experimentally and
theoretically. Taking into account of the examples in nature, enzymes in biological system have great ability
to control reactions with high efficiency, selectivity, and speciﬁcity,[l] which all scientists hope to realize.

The reactions with perfect specificity catalyzed by enzymes are often compared to "lock-and-key". As if
a lock could be opened only with a corresponding key, only the limited substrates could be catalyzed by the
enzymes. One of the most important factors of this principle is the confined spaces around functional active

sites (Figure 1-1).

Active site
-+ reactivity

Confined space
- selectivity, specificity

Figure 1-1. Schematic image of an enzyme-catalyzed reaction regulated by the confined space around the

active site.

For instance, the thermolysin family is one of the metallopeptidases to hydrolyze a peptide bond. The
structures and functions have been well-studied and revealed that the Zn center works as the active site
(Figure 1-2). In these analogs, thermolysin and vimelysin have common structural features such as a
four-coordinate Zn center with two histidines, one aspartic acid, and one water, and they also show similar
catalytic activities to hydrolyze peptides. However, their substrate specificity is different from each other.
The peptides with a Leu-Gly-Glu sequence is cleaved by vimelysin but not cleaved by thermolysin. On the
other hand, the peptide with a Leu-Gly-Lys sequence is cleaved by thermolysin but not cleaved by vimelysin.
This difference in the reaction specificity is derived from the difference in the three-dimensional structures of

their confined spaces around the active sites.



(b) OH,

His146

Figure 1-2. (a) Crystal structure of thermolysin (PDB 1KEI). (b) Structure of the Zn active site of

thermolysin. (c) Solvent exclusive pore surface of thermolysin around the Zn active site.

As seen in thermolysin and vimelysin, enzymes realize a wide variety of well-regulated reactions owing
to the confined nano-spaces as well as the active sites. This strategy, combination of the active sites and the
surrounding confined spaces, has strongly inspired chemists to create a new type of catalysts, currently called

supramolecular catalysts, toward enzyme-mimic catalysts.



1-2. Artificial catalytic systems inspired by enzymes

Taking into account of the strategy of enzymes, supramolecular catalysts including active sites in
confined spaces have been studied to realize highly controlled reactions like enzyme.m The first and simple
examples of enzyme mimics are chemically-modified cyclodextrins with catalytically active
functionalities.! The cyclodextrin framework has a well-defined cavity and thereby can recognize reaction
substrates with high space-specificity to regulate the reactions. For example, the regio-selective hydrolysis
reaction of a phosphoric ester was realized with a cyclodextrin-based catalyst (Figure 1-3).1! This is an
excellent example of the combination of a molecular recognition site and a catalytically active site, however,
the active sites were out of the nano-space due to the small capacity of the molecular host, which often caused

undesired side reactions.
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Figure 1-3. Cyclodextrin-based catalyst for the regio-selective hydrolysis of a phosphoric ester.[* The
encapsulation of hydrophobic moiety in S-CD to regulate the relative position of each substrate for the

regio-selective reaction.

Interestingly, several reactions were also catalyzed in some confined nano-spaces even without
catalytically active sites.l”! For instance, a ZnH—porphyrin—based molecular host can bring a diene close to a
dienophile through coordination at its Zn centers to catalyze an exo-selective Diels-Alder reaction (Figure
1-4).° 1t clearly indicated that the regulation of the spatial arrangement of reaction substrates in the confined

spaces was important to realize highly selective reactions.



Figure 1-4. Exo-selective Diels-Alder reaction in a porphyrin cage.[Sb] The coordination of reaction
substrates on the Zn centers of the molecular host could regulate the spatial arrangement for the exo-selective

reaction.

The introduction of active sites in artificial nano-spaces has also been examined through encapsulation
derived from electronic interactions and immobilization via coordination and covalent bonding. One of the
unique examples is encapsulation of metal catalysts in nano-spaces, and some of them showed remarkable
effects of confined spaces in terms of the reaction rate, selectivity, and specificity.”” For instance, a Rh
catalyst in a GasLg coordination cage exhibited size-specific reactivity for the isomerization of allyl alcohols
(Figure 1-5).°°" The bulky molecules could not access to the active site in the cage to result in the
size-specific reaction.

As shown in the examples, the concept with respect to the active sites in confined spaces underlies in
artificial catalytic systems, however, it is still challenging to precisely arrange active sites and substrates

simultaneously in a single isolated nano-space.

Figure 1-5. Size-specific reaction catalyzed by a Rh catalyst encapsulated in a Gasl¢ coordination cage.[éb]

Only less bulky substrates underwent an oxidation reaction due to the spatial effect of the cage.



1-3. Metal-Organic Frameworks directed toward enzyme-like catalysts

In these several decades, a new type of porous materials, metal-organic frameworks (MOFs), have been
developed and explosively spread because of the unique features such as gas storage, molecular separation,
and catalysis.”" MOFs are constructed from organic and inorganic components, which can afford a wide
variety of MOFs based on the combination of the components (Figure 1-6). In addition to the construction of
MOFs, the modification methods like post-synthetic modification have been well established.”™ Both the
organic and inorganic parts can be modified to add extra functionalities to the original three-dimensional

frameworks, which afforded tremendously wide platforms for various applications.

Post-synthetic

mod|f|cat|on
v Crystalllzatlon
o
Organic ligands Metal ions Metal-Organic Frameworks (MOFs)

Figure 1-6. Schematic representation of the construction and post-synthetic modification of metal-organic

frameworks (MOFs).

Therefore, a wide variety of MOFs with unique properties have been designed and developed. In
particular, the utilization for catalysis is one of the most attractive targets because MOFs can provide
designed nano-spaces, which play important roles in controlling reactions like enzymes. For instance,
CMOF-1 was constructed from organic ligands with a chiral phosphoric acid, which works as an active site
for an asymmetric catalytic reaction.”’” The enantio- selectivity of the reaction in CMOF-1 became opposite
due to the spatial effect of the rigid framework compared with the ligand-based catalyst (Figure 1-7). This
example could show the possibility to regulate reactions in the nano-space of MOFs based on the strategy of

active sites in confined spaces.
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Figure 1-7. A typical example of the regulation of selectivity in MOF; cavity-induced reversal of

enantio-selectivity in CMOF-1.1%

Regardless of these great achievements in the constructions, modifications and applications,
enzyme-like catalyst based on MOFs has not been realized due to the difficulty in the site-selective
arrangement of the active sites in the nano-spaces, which is essential to realize perfect specificity and
selectivity like enzymes. A few examples of incorporation of multiple functionalities into the MOFs have

been reported, but it is still very difficult to precisely arrange them in a single unit-space (Figure 1-8).1%
1 {
T _ T
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Multi components Random arrangement

Figure 1-8. The random arrangement of multiple components.!'*"

As a new direction, molecular recognition ability was introduced in the nano-space of MOFs using
macrocycle-based 1igands.[”] For example, PSA-MOF-1 composed of a pillar[5]arene-based ligand can
recognize several cationic liner molecules in the pillar[5]arene part (Figure 1-9). However, the simultaneous
introduction of active sites for selective reaction was not achieved due to the difficulty of precise
arrangement of multiple functionalities. Therefore, it is still challenging to construct well-defined

nano-spaces in MOFs toward catalysts comparable to natural enzymes.
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Figure 1-9. Molecular recognition ability based on the pillar[5]arene-based organic ligands.[”d]



1-4. Metal-Macrocycle Framework (MMF)

Recently, a porous molecular crystal, metal-macrocycle framework (MMF), has been developed in our
laboratory. MMF was constructed from four isomers of trinuclear Pd" complexes of macrocyclic hexamine L
(Figure. 1-10)."* The four isomers were divided into two helical isomers, M and P, which were derived from
the direction of intramolecular CH-r interactions, and also divided into two conformational isomers, syn and
anti, which were derived from the position of Pd" centers. In the presence of three equivalents of
PdCI,(CH3CN); in acetonitrile, the four isomers equally formed and assembled by the Pd-Pd interactions,
hydrogen bonding, and CH-= interactions to form porous MMF crystals with nano-channels arranged parallel
to each other. On the other hand, a different solvent system (dichloromethane-DMSO) led to the formation of
different porous crystals composed of only syn- isomers.!"*) In my research, I only focused on the former

MMEF crystals formed in acetonitrile.
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T cHoN | (P-Anti M.
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Metal-Macrocycle Framework

Figure 1-10. Construction of metal-macrocycle framework (MMF) composed of four isomers of trinuclear

Pd" complex with macrocyclic ligand L.

MMEF has one-dimensional nano-channels with a 1.4 x 1.9 nm” dimension, in which five enantio-paired
molecular binding sites are arranged on the inner surface (Figure 1-11 a, b). Three pairs of the binding sites
are derived from the central pockets of macrocyclic complexes (pockets 1, 2, and 3), and the other two sets of
the binding sites are derived from the interstitial void between the complexes (voids 4 and 5). Each binding
site can entrap various guest molecules depending on the interactions between guest molecules and the
frameworks. For example, m- and p-dibromobenzene molecules were shape-selectively adsorbed to different
binding sites, (S)-1-(3-chlorophenyl)-1-ehtanol was diastereo-selectively adsorbed to one of the
enantiomeric pockets, and the three different molecules were simultaneously and cooperatively adsorbed

[1lc

through the interactions with the binding sites (Figure 1-11 c-e). ) In addition, MMF has great potential to

analyze dynamic molecular behaviors of guest molecules in the MMF nano-space by single-crystal XRD



measurement. For instance, the transient molecular adsorption behavior was visualized by an X-ray snapshot
technique (Figure 1-12).M14

Based on these abilities, MMF has an excellent platform as precisely designed reaction nano-spaces and
to analyze molecular behaviors and reactions in the nano-channel. However, the utilization of reaction
nano-spaces had not been achieved because of the lack of catalytically active sites in the MMF nano-channel.
Although there are exposed PdCl, centers, the Pd sites are too inert to catalyze reactions under common

conditions due to its electronic structure and steric environment. Therefore, introduction of active sites was

essential to utilize MMF as catalytic reaction sites.

Figure 1-11. Structure of MMF nano-channel with molecular binding sites and their molecular binding
abilities.""*" (a) Five enantio-paired molecular binding sites in a nano-channel. 1) Upper pocket, 2) side
pocket, 3) bottom pocket, 4) corner void, and 5) tubular void. (b) Solvent exclusive pore surfaces around each
binding site. (¢) Shape-selective adsorption of meta- and para-dibromobenzenes. (d) Diastereo-selective
adsorption of (S)-1-(3-chlorophenyl)-1-ethanol. (e) Cooperative adsorption of hydroxymethyl ferrocene,

tetrathiafluvalene (TTF), and 9-fluorenylmethanol.
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Figure 1-12. X-ray snapshot analysis of transient molecular adsorption in MMF nano-channel.'*"

In the end of this section, I defined a word "unit-space" as a half of the unit-cell with one void space,

which was constructed from one set of four isomers of Pd"-trinuclear complexes (Figure 1-13).

Figure 1-13. Definition of "unit-space". The box indicates a unit-cell of crystal structure, which includes two

void spaces named "unit-space".
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1-5. The aim of this study

The structures of enzymes, which include active sites in confined nano-spaces, have inspired chemists
to develop supramolecular catalysts toward highly efficient and selective reactions as seen in natural
enzymes. Some of the trials based on the strategy realized reactions with high selectivity and specificity. For
example, the nano-space constructed in MOFs achieved a cavity-induced enantio-selective reaction.
However, the enantiomeric excess was moderate because the spatial arrangement of the active sites was not
regulated, and the molecular recognition sites required for highly selective reactions were not introduced in
the framework. Therefore, it is still challenging to precisely design nano-spaces toward enzyme-like catalysts
by the site-selective introduction of catalytically active sites in confined nano-spaces with molecular
recognition ability. In this context, MMF is a promising candidate to develop enzyme-like catalysts based on
the intrinsic multiple and simultaneous molecular recognition ability. However, the utilization of a reaction
nano-space had not been realized because of the lack of active sites in the MMF nano-space. Therefore, it is a
promising way to construct well-defined reaction nano-spaces by the introduction of active sites in the MMF

nano-space for highly efficient and selective reactions (Figure 1-14).

| — Introduction of active sites (;?4
'L | ’

Confined nano-space

Well-defined
reaction nano-space

Figure 1-14. The concept of this study: introduction of active sites in a confined nano-space to construct a

well-defined reaction nano-space for highly efficient and selective reactions.

In this research, I aimed to construct a well-defined reaction nano-space in the MMF channel by
introduction of catalytically active sites. The introduction of active sites was examined in two approaches,
adsorption of catalysts and activation of Pd"Cl, centers in the framework. In addition, the unique reactivity of
the Pd" centers in the nano-space was discussed focusing on the spatial properties of the MMF nano-spaces.

This thesis consists of five chapters as follows (Figure 1-15):

12



Chapter 1 explains the background of the construction of functional nano-spaces, and describes a
concept of the introduction of active sites in confined nano-spaces.

Chapter 2 describes the introduction of active sites by the adsorption of a homogeneous acid catalyst to
realize a size-specific reaction based on the channel size of MMF.

Chapter 3 shows another approach to introduce active sites through the photo-activation of inert pd''Cl,
centers in the framework to realize Pd"-catalyzed olefin migration reactions.

Chapter 4 represents a preferential photoreaction in MMF, photo-induced olefin migration over
intramolecular [2+2] cycloaddition. The spatial effects of the MMF nano-space on the inhibition of [2+2]
cycloaddition are discussed from the viewpoint of molecular mobility as well as photo-shielding effect.

Chapter 5 describes conclusion of this study and future perspectives of precisely designed MMF
nano-spaces to utilize as unique reaction nano-spaces for highly efficient and selective reactions.

Chapter 2 Chapter 3

Swenio 8 - Fwenis¥ ?«@%@
2 Ft

1 o 4

p-TsOH@MMF MMF Photo-activated MMF
Adsorption of catalyst Photo-activation
Chapter 4
H H
hv N__O
———————————————/\ —————————————— >
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Effect of: Effect of:

\ 2 . '/3 Tuee B || Q S Q [erlcvooasaio
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Low molecular mobility ~ Photo-shielding
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Photo-activation
of PdCIz centers
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8b X
Promotion of
olefin migration
Figure 1-15. Schematic representation of each chapter (Chapters 2-4): the construction of reaction

nano-spaces in MMF by two approaches and the discussion about the spatial effects of the MMF nano-space

on the catalytic reactivity.
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Chapter 2

Non-covalent immobilization of an acid catalyst for a size-specific reaction
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2-1. Introduction

Immobilization of homogeneous catalysts to the inner surface of porous materials can provide reaction
spaces to realize efficient and selective reactions based on heterogeneous catalysis. The nanoporous materials
with a uniform structure have great advantages of well-defined space-specific reactions different from

polymer supports or amorphous solids.
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Figure 2-1. Early examples of the introduction of active sites in porous materials. (a) Grafting of titanocene
dichloride in meso-porous silica.” (b) Impregnation of Ga ions and successive incorporation into the

framework of zeolite.’" (c) Post-synthetic modification by organic and inorganic functionalities.’®

In these several decades, the development of porous materials such as zeolite, meso-porous silica,”
and metal-organic frameworks (MOFS)[3] and their derivatives' has prompted us to construct a variety of
confined nano-spaces. In addition, various chemical modification methods of these materials enabled us to
modify the nano-spaces with extra functionalities to utilize for space-specific reactions.”! Typical examples

are as follows; (1) grafting functional molecules by covalent bonding for modification of meso-porous silica
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(Figure 2-1a),! (2) the cation exchange with reactive metal cations and successive incorporation into the
frameworks for zeolite (Figure 2-1b),"” and (3) functionalization of the frameworks by both organic and
inorganic functionalities as active sites for MOFs (Figure 2—lc).[8] In these chemical modifications, the
covalent modification is a powerful tool to construct robust reaction nano-spaces, but non-covalent
modification such as adsorption of a catalyst to the inner space is also an excellent way when the catalyst has
an affinity to a certain molecular recognition site of the inner space in terms of the simple preparation and
exchangeability. Therefore, porous materials with inner molecular recognition sites have great potential to
provide an excellent platform for highly controlled reaction fields.”

A porous molecular crystal, metal-macrocycle framework (MMF), has great potential to serve as
well-defined reaction nano-spaces possessing molecular recognition sites on the inner surfaces.'"” A wide
range of molecules are known to be adsorbed to a certain binding site depending on the preferable
non-covalent interactions between guest molecules and the inner surfaces. Inspired by this molecular binding
ability, I envisioned construction of reaction nano-space with a well-defined dimension that would allow
space-specific reactions based on the site-selective adsorption of a homogeneous catalyst. The simple

operations of soaking and washing could provide a reusable heterogeneous acid catalyst.

19



2-2. Immobilization of p-TsOH in MMF

Introduction of active sites in the MMF nano-space was examined with p-toluenesulfonic acid (p-TsOH)
because this molecule is a typical acid catalyst and its adsorbed structure in MMF has been determined.!""!
However, the adsorption behaviors such as encapsulation kinetics, stability, and solvent tolerance in MMF
have not been investigated, and their studies are essential to optimize stable immobilization of p-TsOH in
MMEF. In this section, the preparation of p-TSOH@MMF, in which p-TsOH is stably immobilized in MMF,
and analyses of encapsulation and desorption of p-TsOH by digestion NMR and single-crystal XRD

experiments are described.

2-2-1. Encapsulation behaviors of p-TsOH into MMF

Encapsulation behaviors of p-TsOH into MMF were assessed by 'H NMR time-course analysis. After
soaking MMF crystals in an acetonitrile solution of p-TsOH-H,O (0.80 M) for a fixed time, the resulting
MMF crystals were collected to conduct digestion NMR experiments (Scheme 2-1), that is 'HNMR analyses
of digested MMF crystals in DCI/DMSO-ds solutions to estimate the number of encapsulated p-TsOH
molecules in a unit-space of MMF. The number of encapsulated molecules was calculated from the integral
ratio of '"H NMR peaks of p-TsOH molecules to those of the protonated macrocyclic ligands [L + n H]"".

p-TSOH'H:0 Filtration Digestion NMR experiment

in DCI/DMSO-ds

v

MMF crystals
CH3CN, rt

Scheme 2-1. Schematic representation of a digestion NMR experiment to determine the number of p-TsOH

molecules in a unit-space of MMF.

The signals of p-TsOH at 7.5, 7.2, and 2.3 ppm became larger as the soaking time advanced, but became
saturated within one hour. This result indicated that the number of encapsulated p-TsOH increased as the
soaking time advanced (Figures 2-2, 2-3), and the molecules were equally dispersed in the whole channel at
the saturated level. Eventually, the MMF crystals including ca. 5 p-TsOH molecules per a unit-space could be

obtained.
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Figure 2-2. 'H NMR spectra of digestion NMR experiments (500 MHz, DCI/DMSO-dg, 300 K). The inset
shows the time-course of encapsulation. The time on the left side of each spectrum indicates the total soaking

time. The estimated numbers of p-TsOH molecules encapsulated in a unit-space of MMF are shown on the
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Figure 2-3. The time-course of the encapsulation of p-TsOH molecules into MMF. The number of p-TsOH

molecules per a unit-space was estimated by the digestion NMR experiments.

Single-crystal X-ray analysis of the resulting MMF crystal including ca. 5 p-TsOH molecules was also

conducted to reveal the adsorbed structure of p-TsOH molecules in the MMF nano-space. As previously

reported, p-TsOH molecules were adsorbed to two binding sites with non-covalent interactions such as CH-nt
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interactions, and the number of adsorbed molecules per a unit-space could be estimated to be approximately
one (Figure 2-4, ca. 50% occupancy % two binding sites). Even after soaking for 1 h, the occupancy of
p-TsOH molecule was not changed so that the adsorption process appeared to reach the equilibrium state
within 1 h. Since the encapsulation of ca. 5 molecules per a unit-space was suggested by digestion NMR
experiments, ca. 4 molecules per a unit-space should be disordered in the void space, but not adsorbed on the
surface of the inner space. Therefore, non-adsorbed p-TsOH should be excluded to eliminate a background

reaction derived from excess p-TsOH.

Figure 2-4. Crystal structure of MMF including ca. 5 p-TsOH molecules. The p-TsOH molecules were
adsorbed onto the corner voids with ca. 50% occupancy. The other ca. 4 p-TsOH molecules should be

disordered in the channel space.

2-2-3. Establishment of washing procedure

With a decrease in the number of molecules in the MMF, adsorbed p-TsOH molecules would be
dissociated from the inner surface, because the adsorption of p-TsOH depends on the concentration of the
molecule. However, if the solvent filled in the nano-space was replaced with a poor solvent for p-TsOH,
desorption of adsorbed molecules could be suppressed due to the change in the equilibrium state. Based on
this idea, MMF crystals including ca. 5 p-TsOH molecules were washed by soaking in pure solvents. Three
kinds of solvents were tested as below; acetonitrile as a good solvent (up to 0.8 M soluble), dichloromethane
as a poor solvent (up to 1 mM), and n-hexane as a insoluble solvent (completely insoluble) for p-TsOH.

p-TsOH-H20 Washing x n

. MMF crystals including
" ca. 5 p-TsOH molecules

Digestion NMR experiment
in DCI/DMSO-ds

MMF crystals
CH3CN, rt solvent, rt
Scheme 2-2. Schematic representation of the protocol for digestion NMR experiments to analyze washing

efficiency. Washing in pure solvent was repeated a few times (n =0 ~ 3).
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After the encapsulation of p-TsOH into MMF, the resulting crystals including ca. 5 molecules per a
unit-space were soaked in each solvent (acetonitrile, dichloromethane, or n-hexane) for 12 h at 20 °C, and
then collected to assess the efficiency of washing procedures. This washing operation was repeated three
times in total. In each washing step, the number of p-TsOH kept in MMF was estimated by a digestion NMR
experiment (Scheme 2-2).

The number of encapsulated p-TsOH molecules per a unit-space completely remained even after
washing three times in n-hexane (Figure 2-5a), indicating no exclusion proceeded with n-hexane. In contrast,
the number decreased to one or less by washing in acetonitrile (Figure 2-5b), which implied even adsorbed
molecules were washed out. On the other hand, the number gradually decreased by washing in
dichloromethane (Figure 2-5c¢), indicating adsorbed p-TsOH remained after washing three times. These

results suggested the high dependence of washing efficiency on the solubility of p-TsOH.
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Figure 2-5. 'H NMR spectra of digestion NMR experiments after each washing step with three types of
solvents (500 MHz, DCI/DMSO-ds, 300 K): washing in (a) n-hexane, (b) acetonitrile and (c)
dichloromethane. The estimated number of p-TsOH molecules in a unit-space of MMF is shown on the right
side for each spectrum. The spectra indicate those before washing, after the first, second, and third washing,

starting from the top.

Based on the experiments, the washing condition in dichloromethane was optimized more precisely to
establish a suitable washing procedure. For instance, the ratio of the volume of washing solvent and the
weight of crystals was fixed to 1 mL/1 mg, and the filtration process was changed to decantation to avoid the
degradation of crystals. After the first and second washing steps, the number of encapsulated molecules
gradually decreased to 1.6 £ 0.1 molecules per a unit-space. However, after the third washing step, the
number was kept 1.7 £ 0.2 molecules per a unit-space (Figure 2-6). This result suggested that only the

adsorbed molecules on the inner surface remained in the MMF channel. Even the fourth washing kept the
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number around 1.5 £ 0.1 molecules per a unit-space, indicating the stable immobilization of p-TsOH
molecules in the MMF channel. Further washing in CDCl; was also examined considering the utilization as a
heterogeneous catalyst in CDCl;. The number of encapsulated molecules was almost unchanged to be 1.6
molecules per a unit-space, supporting the fact that p-TsOH molecules can be stably immobilized also in
CDCl;. The washing procedure was thus optimized, and the resulting heterogeneous acid catalyst including

ca. 1.6 p-TsOH molecules per a unit-space was named p-TsOH@MMF.
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Figure 2-6. (a) 'H NMR spectra of digestion NMR experiments after washing in dichloromethane (500 MHz,
DCI1/DMSO-dg, 300 K). The spectra indicate those before washing, after the first, second, third, and forth
washing, starting from the top. (b) The changes in the number of p-TsOH molecules in a unit-space of MMF

before and after washing in dichloromethane. The data of three samples of the same batch are averaged, and

the error bar represents twice of the standard deviation.

Single-crystal XRD measurement of p-TsOH@MMF was conducted to determine its structure. The
crystallinity was almost maintained, though the quality of crystal was lowered a little judging from less peaks
in the high-angle region. Unfortunately, p-TsOH molecules could not be observed in the crystal structure.
Therefore, it still remains unclear whether it was due to the lower quality of crystal or to the heavy disorder in
the MMF channel that p-TsOH molecules were not observed. Aside from this, it is apparent that excess
p-TsOH molecules in the MMF channel were excluded through the optimized washing procedure, and that
p-TsOH molecules are stably immobilized in CDCl; and can be used for catalytic reactions in

p-TsOH@MMF.
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2-3. Catalytic activity of p-TsOH@MMF

In this section, the catalytic activity of the prepared p-TsOH@MMF is described focusing on the
size-specific hydrolysis reaction. The heterogeneous catalysis based on the stable immobilization of p-TsOH
to the inner surface of MMF was examined in terms of the space-specificity, stability and efficiency of
catalyst, leaching behaviors, and reusability due to the non-covalent immobilization, in comparison with
normal homogeneous catalysis. As a goal of this study, a catalytic reaction with high size-specificity was

realized by the reaction between a smaller Ph\CH,OCPh; 1 and a larger Pd-TPPCH,OCPh; 2.

2-3-1. Hydrolysis of trityl group catalyzed by p-TSOH@MMF

The catalytic activity of p-TSOH@MMF (1.6 p-TsOH molecules per a unit-space) was examined by the
hydrolysis reaction of PhCH,OCPh; 1. To a CDClj; solution of 1 (2.2 mM) was added p-TsOH@MMF (6
mol%) and the time-course analysis of the reaction was performed by '"H NMR measurement. The water
content, which worked as a reagent for this hydrolysis reaction, and the conversion of the reaction were
estimated based on the internal standard C,H,Cly. The reaction was independently repeated three times to
confirm the reproducibility. The encapsulation of 1 in the MMF channel was supported by a digestion NMR
experiment in which ca. 0.2 molecules per a unit-space was encapsulated after one day soaking in a CDClj

solution of 1 (0.5 M).

(a) (b) 90
Ph 80 .
/%Ph Catalyst (6 mol%) 70 o . °
O Ph -_— OH 60 [ ] *
CDCls, 20 °C 9 o
1 3 T 50 °
S o®
Entry Catalyst Time Conversion (%) 5 40 o o°
S 30 o *
1 p-TSOH@MMF 3 weeks 77 S o ! ® Entry1
2 p-TsOH@MMF 3 weeks 71 20 oo * Entry 2
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onnl® L
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Figure 2-7. (a) The hydrolysis of 1 with p-TsOH@MMF in CDCls. (b) Time-course analysis of the reaction.
The number of equivalent of the catalyst was estimated based on the number of p-TsOH molecules in

p-TsOH@MMF. [1]: 2.2 mM. [H,0]: 23 mM.
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In all samples, the hydrolysis reaction did not proceed during the first two days, but then gradually
proceeded for three weeks to produce benzyl alcohol in 77, 71, and 59% yields for the three experiments
(Figures 2-7, 2-8). The shape of reaction profiles is similar in all entries, though there is a little range in yield.
The induction period before the reaction starts and the later slow reaction may be due to the slow diffusion of

1 in the MMF channels to access adsorbed p-TsOH sites due to its large size.
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Figure 2-8. 'H NMR spectra of the hydrolysis reaction with 1 (500 MHz, CDCl3, 300 K) (entry 1 in Figure
2-7). The bottom spectrum indicates the full spectrum after three weeks, and the inset shows the time-course
of the reaction in entry 1 of Figure 2-7a. The time on the left side of each spectrum indicates the total reaction

time. The estimated conversion values are shown on the right side.

2-3-2. Elucidation of the catalytic species of p-TSOH@MMF
The catalytic activity of p-TsOH@MMF was compared with those of its components (p-TsOH-H,0O and
MMF) to clarify the catalytic species of p-TSOH@MMEF. One of the components was added to a CDCl;

solution of 1 (ca. 2.0 mM), and the reaction mixture was analyzed by 'H NMR spectroscopy.
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Scheme 2-3. Comparison of catalytic activities of p-TSOH@MMF and its components. Y The data of three
experiments are averaged. ® The number of equivalent of the catalyst was calculated based on the number of
p-TsOH molecules immobilized in p-TsSOH@MMF. © The number of equivalent of the catalyst was

calculated based on the number of unit-space of MMF. [1]: 1.9-2.2 mM. [H,0]: 23 mM.

When p-TsOH@MMF (6 mol%) was used as a catalyst, the reaction proceeded slowly, but finally
yielded 69% conversion on average after three weeks (Scheme 2-3, entry 1). In the case of p-TsOH-H,O (5
mol%), the hydrolysis smoothly proceeded and yielded 96% conversion in 1.5 h (entry 2). In contrast, MMF
crystals showed no catalytic activity even after three weeks (entry 3). These results clearly indicate that only
p-TsOH molecules work as a catalyst among all the components of p-TsSOH@MMEF. Moreover, a difference
in the catalytic feature of p-TsOH@MMF from the homogeneous catalyst can be well explained by the stably
immobilized p-TsOH in MMEF. The much slower reaction in p-TSOH@MMF compared with the
homogeneous reaction in the presence of p-TsOH-H,O as the catalyst may be due to the slow diffusion of the
reaction substrate in the MMF channel. If this assumption is correct, only the p-TsOH molecules adsorbed in

the channels are the catalytic species in this reaction proceeded in the MMF channel.

2-3-3. Reusability of the catalyst p-TSOH@MMF

Next, the reusability of the heterogeneous catalytic activity of p-TSOH@MMF was assessed. After the
first hydrolysis reaction of 1, decantation and filtration of reaction mixtures were conducted to separate the
solid catalyst, p-TSOH@MMF (used), from the supernatants. To the separated p-TSOH@MMF (used) was
added a CDCl; solution of 1, and the reaction was analyzed by 'H NMR spectroscopy to examine the
reusability (Scheme 2-4). Furthermore, the solid catalyst used twice was subjected to the digestion NMR

experiments to confirm the number of p-TsOH molecules in the reused catalyst.
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Scheme 2-4. Schematic representation of the protocol for reusability test.

The first hydrolysis reactions of 1 were conducted for three weeks at 20 °C and yielded 69% conversion
on average (Scheme 2-5a). However, the second reactions with p-TSOH@MMF (used) did not show any
catalytic activity even after three weeks at 20 °C. After additional three weeks at 50 °C, the reaction systems
yielded 60% conversion on average (Scheme 2-5b). This result supported the reusability of p-TsOH@MMF,
though the reactivity decreased. The decrease in the reactivity of p-TsSOH@MMF (used) may be due to the
slight decomposition of the channel window, which would disturb the diffusion of 1 into the reaction space.

The crystal size became smaller after the reaction, suggesting slight decomposition of the channel window.

(@) Ph h p-TsOH@MMF
p- TsOH@MMF (used)
Ph
o)V OH
CDCI3 CDCI3
1 3
Entry Condition Conversion (%) Entry Condition Conversion (%)
1 20 °C, 3 weeks 69 1 20 °C, 3 weeks 0
+50 °C, 3 weeks 60

Scheme 2-5. (a) The first and (b) second reactions. The data of three batches are averaged. [1]: 2.0-2.2 mM.
[H,O]: 23 mM for (a) and 12 mM for (b). p-TsOH@MMF: 6 mol%. p-TSOH@MMF (used): 6 mol%. The
equivalent of the catalyst was calculated based on the number of p-TsOH molecules immobilized in

p-TsOH@MMF or p-TsOH@MMF (used).

After the second reaction, the reaction mixtures were filtrated, and the residual solid catalysts were
submitted to digestion NMR experiments to assess the number of p-TsOH molecules remained in MMF. The
number of remained p-TsOH molecules per a unit-space of MMF was estimated to 1.4 = 0.2 molecules per a
unit-space (Figure 2-9). This result is almost the same as p-TsOH@MMF as prepared (1.6 £ 0.2 molecules

per a unit-space), which also supported the heterogeneous character of p-TsSOH@MMF.
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Figure 2-9. 'H NMR spectra of digestion NMR experiment of p-TsOH@MMF (500 MHz, DCI/DMSO-dg,
300 K): (a) as prepared and (b) after the second reaction. The numbers on the right sides indicate the average
numbers of remained p-TsOH molecules per a unit-space of p-TsSOH@MMF and twice of the standard

deviation.

2-3-4. Leaching test
The heterogeneous property of p-TsOH@MMF was also assessed by a leaching test. The supernatants
were separated from the reaction mixtures of the first and second reactions, and then a CDCl; solution of 1

was added to each supernatant, followed by 'H NMR measurement (Scheme 2-6).

(@)

separation E 1
First reaction — P TsOI:g)jI)VIMF —— > Second reaction
(u CDCls
1
—— supernatant ——— > First leaching test
CDCls3
(®) separation DCI
Second reaction p-TSOH@MMF — > Digestion NMR experiment
(reused) DMSO-ds
1
—— supernatant —— > Second leaching test
CDCls

Scheme 2-6. Schematic representation of the protocol for the leaching tests. (a) The first leaching test for the

first reaction. (b) The second leaching test for the second reaction.

The supernatants of the first reactions did not show any catalytic activity even after three weeks at 20 °C
and heating at 50 °C (Scheme 2-7a). This result indicates that p-TsOH did not leach away from the channel

during the first hydrolysis reactions. The leaching test was also conducted for the second reaction. The
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supernatants of the second reactions also did not show any catalytic activity even after three weeks at 50 °C

(Scheme 2-7b), indicating no leaching occurred during the second hydrolysis reactions.

(a)

Ph
o/kph Supernatant /ITPh Supernatant on
g P ooon g g " oo
1 3
Entry Condition Conversion (%) Entry Condition Conversion (%)
1 20 °C, 3 weeks <1 1 50 °C, 3 weeks <1
+ 50 °C, 3 weeks <1

Scheme 2-7. (a) The first and (b) the second leaching tests. [H,O]: 25 mM. CDCl; solutions of 1 (2.0 mM)

was added to the supernatants of the hydrolysis reactions. The data of three experiments are averaged.

The heterogeneous property of p-TsSOH@MMF was demonstrated by the reusability and leaching test.
This heterogeneous property suggests that p-TsOH molecules should be stably immobilized in the MMF

channel.

2-3-5. Deactivation of p-TSOH@MMF

A key feature of p-TsOH@MMF is non-covalent immobilization of p-TsOH molecules. This feature
allows us to modify the catalytic activity by a simple method. The deactivation of p-TsOH@MMF was
examined by simple soaking in acetonitrile to wash out the non-covalently immobilized p-TsOH molecules
as below. The prepared p-TsOH@MMF was soaked in acetonitrile for 24 h at 20 °C, separated by decantation
and washing with acetonitrile (ca. 5 mL, three times). The resulting crystals were then collected to obtain
p-TsSOH@MMF (washed) (Scheme 2-8). After each washing step, the number of p-TsOH molecules per a

unit-space was estimated by a digestion NMR experiment.

washing x 4 1
p-TsOH@QMMF ————— > p-TsOH@MMF (washed) ——— > Deactivation test
MeCN CDCl3

Scheme 2-8. Schematic representation of the procedure for the preparation of p-TsOH@MMF (washed) and

its deactivation test.

The double washing by acetonitrile reduced the number of p-TsOH molecules in the MMF channel from
1.6 to 0.76 per a unit-space. However, further decrease was not observed even after the third and fourth

washing (Figure 2-10). This may be the result of slight decomposition of channel window which would
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disturb the diffusion of molecules.
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Figure 2-10. (a) '"H NMR spectra of digestion NMR experiments after each washing step in acetonitrile (500
MHz, DCI/DMSO-dg, 300 K). The spectra show those of each washing step: Before washing, and from first
to fourth washing from the top. (b) The changes in the number of p-TsOH molecules in the MMF channel per

a unit-space before washing and after each washing step (from the left to right).

After this preparation procedure, the resulting crystals p-TsOH@MMF (washed) were immediately
used for the hydrolysis of 1. The reaction did not proceed at all even after six weeks at 20 °C (Scheme 2-9),
whereas the reaction with p-TsOH@MMF yielded 69% conversion after three weeks at 20 °C as described
above. This result indicates the deactivation of p-TSOH@MMF. The reason why the remained p-TsOH
molecules did not work can be explained by the slight decomposition of channel window, which would

inhibit the diffusion of 1 to access the active p-TsOH sites in the MMF channel.

Ph p-TsOH@MMF
(washed)
O/%Ph OH
Ph
CDCls3 ©/\
1 3

Entry Condition Conversion (%)

1 20 °C, 6 weeks 0

Scheme 2-9. Reaction with p-TsSOH@MMF (washed). The data of three experiments are averaged. [1]: 2.0
mM. [H,0]: 16 mM, p-TsOH@MMF (washed): 6 mol%. The number of equivalent of the catalyst was

calculated based on the number of p-TsOH molecules immobilized in p-TsOH@MMF (washed).
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2-3-6. Size-specific reaction

In the final step, size-specificity of the hydrolysis reaction using p-TSOH@MMF as a catalyst was
examined. If the p-TsOH molecules were stably incorporated only in the MMF channel as expected, the
size-specific reaction depending on the channel-size would be realized because the substrates larger than the
channel window could not access the active p-TsOH site. Considering the channel-dimension of MMF (1.4 x
1.9 nmz) and the kinetic diameters (dyy,) of the substrates, PhCH,OCPh; 1 (dyj, = 1.1 nm) and
Pd-TPPCH,0OCPh; 2 (dxin = 1.7 nm) (TPP = tetraphenylporphyryl) were chosen to examine the

size-specificity of the hydrolysis reaction using p-TsOH@MMF (Figure 2-11).

MMF
Channel-dimension PhCH,0CPhs (1) Pd-TPPCH20CPhs (2)
diin =1.1 nm dkin = 1.7 Nm
1.4 x 1.9 nm?

(TPP = tetraphenylporphyryl)

Figure 2-11. Channel-dimension of the MMF and kinetic diameters of the substrates. The kinetic diameters

were briefly estimated by the molecular modeling.[g]

Whereas the hydrolysis reaction with the smaller PhCH,OCPh; 1 gradually proceeded during three
weeks and yielded 69% on average (Scheme. 2-10, entry 1), the larger Pd-TPPCH,OCPh; 2 did not react at
all even after three weeks (entry 3). The reproducibility of this reaction was confirmed by several
independent experiments. On the other hand, homogeneous p-TsOH-H,O hydrolyzed both substrates
quantitatively in the same manner (Entries 2, 4), which excludes a concern about the difference in their
reactivity between the two substrates. These results clearly suggest that the hydrolysis reaction with

p-TsOH@MMF is size-specific, that is, only smaller substrates diffused into the channel can be catalyzed.
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Entry Reactant Catalyst Time Conversion (%)
12 1 p-TsSOH@MMF (6 mol%)° 3 weeks 69
2 p-TsOH-H20 (5 mol%) 1.5h 96
3 2 p-TsOH@MMF (6 mol%)° 3 weeks 0
4 p-TsOH-H20 (4 mol%) 1.5h 94
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Scheme 2-10. Comparison of hydrolysis reactions of the smaller 1 and the larger 2 by p-TsOH@MMF or

homogeneous catalyst. ¥ The data of three experiments are averaged. ® The number of equivalent of the

catalyst was calculated based on the number of p-TsOH molecules immobilized in p-TSOH@MMF. [1]: 2.2

mM, [2]: 2.1 mM. [H,0]: 23 mM.
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Figure 2-12. Time-course of the hydrolysis reaction of 1 and 2 using (a) p-TsOH@MMF (entries 1, 3) or (b)

p-TsOH-H,0 (entries 2, 4) as a catalyst.
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2-4. Conclusion

In this chapter, the stable non-covalent immobilization of an acid catalyst p-TsOH-H,O in the MMF
channel has been demonstrated. The p-TSOH@MMF catalyst showed the size-specific reactivity as well as
typical properties as heterogeneous catalysts (Figure 2-13).

p-TsOH@MMF was easily prepared by soaking MMF crystals in an acetonitrile solution of
p-TsOH-H,0 followed by successive washing in dichloromethane three times. The surface of the resulting
crystals stably entrapped ca. 1.6 p-TsOH molecules per a unit-space. The crystallinity was almost retained,
but the adsorption structure of p-TsOH molecules in p-TSOH@MMF could not be determined.

The catalytic activity of p-TSOH@MMF was examined by the hydrolysis reaction of tritylated
substrates. The comparison with homogeneous systems, leaching and reusability tests, and the digestion
NMR experiment after reaction clearly indicated a heterogeneous character of p-TsSOH@MMF. Moreover,
the easy modification of catalytic activity was achieved by simple washing in acetonitrile. Eventually, the
size-specific reactivity was demonstrated through the reactions with different-sized substrates.

In this work, I have established a novel way to introduce catalytically active sites in the MMF
nano-space and examined the catalytic activity of the resulting catalyst. The stable non-covalent
immobilization of catalytic sites in a confined space of crystals enables to construct a reaction field for
size-specific reaction in a heterogeneous catalyst. This approach would provide a variety of platforms for

space-specific reactions in the MMF nano-space as seen in active sites of natural enzymes.

Figure 2-13. Stable immobilization of acid catalyst and its size-specific reactivity.
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2-5. Experimental

Materials and methods

All chemicals are commercially available and were used without further purification otherwise noted.
Column chromatography was performed using Merck Silica Gel 60 (230-400 mesh). MMF crystals were
prepared according to our procedure previously reported after optimization.[loa] PhCH,0OCPh; 1 and
Pd-TPPCH,0OCPh; 2 were synthesized according to the literatures.'” NMR spectroscopic measurements
were performed using a Bruker AVANCE 500 spectrometer (500 MHz for 'H; 126 MHz for 13C). NMR
spectra were calibrated as below; CDCls: Si(CH3)4 = 0 ppm for 'H, CDCl; = 77.16 ppm for BC. DMSO-dg:
(CD,H)CD3SO = 2.50 ppm for 'H. ESI-TOF mass spectra were recorded ona Waters LCT Premier XE
spectrometers. Melting points were measured using a Yanaco MP-500D apparatus. IR spectra were recorded
on a JASCO FT/IR-4200 spectrometer using ZnSe ATR method. Water contents were estimated by 'H NMR
analyses, and also confirmed by the result using a Mitsubishi CA-21 Karl-Fischer apparatus. Single-crystal
X-ray crystallographic analysis was performed using a Rigaku RAXIS-RAPID imaging plate diffractometer
with MoKa radiation or a Rigaku XtalLAB P200 system with CuK ¢ radiation, and the obtained data were
analyzed using a CrystalStructure crystallographic software package except for refinement, which was
performed using a SHELXL-2013 program suite."®! Solvent and guest molecules that are unbound to the
molecular binding pockets are highly disordered in all crystal structures. Therefore, the contribution of

electron density of their highly-disordered molecules was removed by the SQUEEZE function!""

except for
the crystal structure of p-TSOH@MMEF. Several restraints (bond distances, angles and thermal parameters)
were applied to [Pd;L.Clg] and guest molecules in all crystal structures. Complexes [Pd;L.Clg] were refined
anisotropically except for disordered parts. Solvent and guest molecules were refined isotropically. Hydrogen
atoms were placed at the calculated positions and refined using a riding model. On the other hand, hydrogen
atoms of water molecules could not be located in the difference electron density maps. High thermal factors
of the guest and solvent molecules may be due to large thermal vibration arising from weak non-covalent
interactions between the trapped molecules and the interior surface. The occupancies of guest molecules
were refined based on electron densities using free variables in the SHELXL-2013 program, and the resulting

moderate occupancies indicate that guest molecules are not entirely bound in each pocket and some pockets

should be empty. X-ray structures were displayed using a Mercury program.
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Preparation of MMF crystals

To a hot acetonitrile solution (68 mL) of macrocyclic hexamine L (12.6 mg, 20.0 umol) was added a hot
acetonitrile solution (3.1 mL) of PACI,(CH3CN); (ca. 16.3 mg, 3.1 eq.). The reaction mixture was well stirred
on heating and filtered through membrane disc filter, and the filtrate was stood at room temperature for

several weeks to afford MMF as yellow platelet crystals.

Syntheses of Pd-TPPCH,OCPh; 2

Ph Ph Ph
O a, b c
S TS A vy By SN o Ve ¥o
OMe OH OCPh,
4 2
Ph Ph Ph

Scheme 2-11. Synthetic route for Pd-TPPCH,OCPh; 2. Reagents and conditions: (a) LiAlH4, THF, rt, (b)

Pd(OAc),, CHCI;, reflux, (59% in 2 steps), (¢) Ph3CCl, Et;N, CH,Cl,, rt (41%).

Synthesis of [5-(4-hydroxymethylphenyl)-10,15,20-triphenylporphyrinato] palladium(II) 4

To a stirred suspension of LiAlH, (18.8 mg, 0.495 mmol, 3.6 eq.) in dry THF (5 mL) was added
dropwise a dry THF solution of 5-(4-carboxymethylphenyl)-10,15,20-triphenylporphyrin (92.6 mg, 0.138
mmol, 14 mL) at room temperature under an N, atmosphere. After stirring for 15 min at room temperature,
water (100 mL) was carefully added to the reaction mixture. The separated aqueous layer was extracted with
CH,Cl, twice. The combined organic layer was dried over Na,SQy, filtered and concentrated. The residue
was used for the next step without further purification.

To a stirred dry CHClj; solution of the residue (10 mL) was added Pd(OAc), (61.1 mg, 0.272 mmol, 2.0
eq.) at room temperature under an N, atmosphere. After stirring for 68 h heating at reflux, water (40 ml) was
added to the reaction mixture. The separated aqueous layer was extracted with CHCl; twice. The combined
organic layer was dried over Na,SQy, filtered and concentrated to give a crude product (139 mg). The crude
product was purified by silica-gel column chromatography (eluent: CH,Cl,) to afford 4 as a red solid (60.1
mg, 58.6% in 2 steps, 80.2 umol).

'"H NMR (500 MHz; CDCls, 300 K): 6 = 8.81-8.79 (m, 8H), 8.17-8.14 (m, 8H), 7.77-7.70 (m, 11H), 5.04 (d,

J=5.8 Hz, 2H), 1.95 (t, J = 5.9 Hz, 1H).
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C NMR (126 MHz; CDCls, 300 K): 6 = 141.92, 141.75, 141.73, 141.70, 141.32, 140.45, 134.44, 134.25,
131.18, 131.06, 127.92, 126.87, 125.49, 121.95, 121.92, 121.52, 65.56.

* 7 peaks are overlapped in BC NMR.

IR (ATR): v = 3050.8, 2918.7, 2852.2, 1597.7, 1540.9, 1440.6, 1352.8, 1236.2, 1086.7, 1013.4.

HRMS (EST-TOF): m/z caled for [C4sH3oN4,OPd]™ 748.1471; found: 748.1489.

Mp.: > 300 °C.

Synthesis of [5-(4-triphenylmethoxymethylphenyl)-10,15,20-triphenylporphyrinato]palladium(II) 2

To a stirred dry CH,Cl, solution of [5-(4-hydroxymethyl-phenyl)-10,15,20-triphenylporphyrinato]
palladium(IT) 4 (60.1 mg, 80.2 pmol, 6.0 mL) were added trityl chloride (23.4 mg, 83.9 umol, 1.1 eq.) and
triethylamine (35 pL, 0.25 mmol, 3.1 eq.) at room temperature under an N, atmosphere. After stirring for 20
h at reflux temperature, trityl chloride (20.0 mg, 71.7 umol, 0.90 eq.) and triethylamine (35 pL, 0.25 mmol,
3.1 eq.) were added again to the mixture at room temperature. After stirring for another 8 h at reflux
temperature, saturated aqueous ammonium chloride was added to the reaction mixture. The separated
aqueous layer was extracted with CH,Cl, twice. The combined organic layer was dried over Na,SOy, filtered
and concentrated to give a crude product (124 mg). The crude product was purified by silica-gel column
chromatography (eluent: CH,Cl,) and reprecipitation (CH,Cl,-CH30H) to afford 2 as a red-purple solid
(32.7 mg, 41.1%, 33.0 umol).

'"H NMR (500 MHz; CDCls, 300 K): 6 = 8.84 (d, J = 4.9 Hz, 2H), 8.81 (d, J = 5.0 Hz, 2H), 8.80 (s, 4H), 8.17
(dt,J=17.8, 1.4 Hz, 6H), 8.12 (d, J= 8.0 Hz, 2H), 7.76-7.71 (m, 11H), 7.68 (dt, /= 8.4, 1.6 Hz, 6H) 7.41 (t,J
=7.7 Hz, 6H), 7.32 (tt, J = 7.3, 1.4 Hz, 3H), 4.56 (s, 2H).

C NMR (126 MHz; CDCls, 300 K): 6 = 144.36, 141.96, 141.82, 141.74, 141.72, 140.63, 138.88, 134.27,
134.18, 131.25, 131.13, 131.12, 129.03, 128.15, 127.90, 127.32, 126.86, 125.35, 121.88, 121.86, 87.47,
65.99.

* 7 peaks are overlapped in BC NMR.

IR (ATR): v = 3054.7, 3024.8, 2922.6, 2851.2, 1953.5, 1809.9, 1597.7, 1490.7, 1447.3, 1352.8, 1311.4,
1074.2, 1013 4.

HRMS (ESI-TOF): m/z calcd for [C64H44N40Pd]'+ 990.2571; found: 990.2612.

Mp.: 250 °C (decomp.).

37



Preparation and characterization of p-TsSOH@MMF

Time-course analysis of encapsulation behavior

MMF crystals were soaked in an acetonitrile solution of p-TsOH-H,0 (0.80 M) at room temperature for
a fixed time. The resulting crystals were collected by filtration, washed with a small amount of CH3CN (ca.
200 pL) and air-dried for ten seconds on a filter paper. The crystals were subjected to digestion NMR

experiments to estimate the number of p-TsOH molecules encapsulated in a unit-space of MMF.

Single-crystal XRD analysis of MMF including p-TsOH molecules

MMEF crystals were soaked in an acetonitrile solution of p-TsOH-H,0 (0.80 M) at room temperature for
a given time. One of the resulting crystals was picked up and covered with fluorolube then rapidly cooled to
—180 °C under cold N, flow on a goniometer to subject to a single-crystal X-ray diffraction measurement.
Even after 1 h soaking, the adsorption of p-TsOH molecules appeared saturated (1 h: 46%, 1 day: 49% for the

occupancy).

Crystal data of MMF including p-TsOH molecules (0.80 M, 1 h soaking)
Crystal data for (Pd;LCls)> (C7HsSO3)046'(CoH3sN)281°(H20)s: Cozg4aHi06.11CLiaN148106.38Pd6S0.46, Fuv =
2610.15, crystal dimensions 0.39 x 0.24 x 0.07 mm’, monoclinic, space group P2i/c, a = 19.5719(3), b =
52.1873(10), ¢ = 14.3568(2) A, f=90.6995 (13)°, V'=14663.0(4) A>, Z=4, peajeca=1.182 gcm >, 1= 82.121
cmﬁl, T=93K, A (CuKa)=1.54187 A, 26, = 147.2°, 61323/28280 reflections collected/unique (Rin =
0.0448), R, =0.0997 (I > 20(1)), wR, = 0.2677 (for all data), GOF = 1.033, largest diff. peak and hole 2.27 /-

2.26 eA. The contribution of the electron density in the void was removed by the SQUEESE function.

Crystal data of MMF including p-TsOH molecules (0.80 M, 1 day soaking)
Crystal data for (Pd;LClg), (C7HgSO3)0.49'(C2H3N)248"(H20)s: Cop37H103.33C112N14.480546Pd6S0.49, Fyy =
2583.32, crystal dimensions 0.35 x 0.22 x 0.06 mm’, monoclinic, space group P2¢/c, a = 19.5739(3), b =
52.2519(11), ¢ = 14.3559(2) A, B=90.7164 (11)°, V= 14681.7(4) A, Z=4, pearea=1.169 g em >, 11 =81.953
cmﬁl, T=93K, A (CuKa)=1.54187 A, 26, = 147.2°, 66190/28359 reflections collected/unique (Rin =
0.0508), R, =0.1092 (I > 206([)), wR, = 0.2747 (for all data), GOF = 1.030, largest diff. peak and hole 2.88 /—

2.39 eA . The contribution of the electron density in the void was removed by the SQUEESE function.
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Screening of washing solvents

Established encapsulation procedure was used to prepare MMF crystals including ca. 5 p-TsOH
molecules as below. MMF crystals were soaked in an acetonitrile solution of p-TsOH-H,O (0.75 M) for 20 h
at 20 °C. The resulting crystals were collected by filtration, washed with a small amount of CH;CN (ca. 200
uL) and air-dried for ten seconds on a filter paper to afford MMF crystals including ca. 5 p-TsOH molecules.

The resulting crystals were soaked in each solvent (acetonitrile, dichloromethane or n-hexane) for 12 h
at 20 °C, and then were collected by filtration, washed with a small amount of the solvent (ca. 200 pL) and
air-dried for ten seconds on a filter paper. This washing operation was repeated three times in total.

After each step, the number of p-TsOH per a unit-space was estimated by digestion NMR experiments.

Optimization of washing procedure with dichloromethane

Established encapsulation procedure was used as below. MMF crystals were soaked in an acetonitrile
solution of p-TsOH-H,0 (0.75 M, MMF/acetonitrile = 10 mg/mL) for 20 h at 20 °C. The resulting crystals
were collected by filtration, washed with a small amount of acetonitrile (ca. 200 puL) and air-dried for ten
seconds on a filter paper to afford MMF crystals including 5.2 £ 0.5 p-TsOH molecules.

The resulting crystals were soaked in dichloromethane (MMF/dichloromethane = 1 mg/mL) for one day
at 20 °C, and then were collected by decantation. This washing operation was repeated four times in total.

After each step, the number of p-TsOH per a unit-space was estimated by digestion NMR experiments.
In each measurement, three batches of NMR samples were analyzed to average the numbers with the

standard deviation.

Preparation of p-TsOH@MMF

The established encapsulation procedure was used as below. MMF crystals were soaked in an
acetonitrile solution of p-TsOH-H,O (0.75 M, MMF/acetonitrile = 10 mg/mL) for 20 h at 20 °C. The
resulting crystals were collected by filtration, washed with a small amount of CH3CN (ca. 200 pL) and
air-dried for ten seconds on a filter paper to afford MMF crystals including 5.2 + 0.5 p-TsOH molecules.

The resulting crystals were soaked in dichloromethane (MMF/ dichloromethane = 1 mg/mL) for one
day at 20 °C, and then were collected by decantation. This washing operation was repeated three times in

total to afford p-TsOH@MMF. The number of p-TsOH per a unit-space of p-TsOH@MMF was estimated by
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digestion NMR experiments. After the preparation, this catalyst was immediately used for catalytic reactions.

Characterization of p-TsOH@MMF

The chemical composition of p-TSOH@MMF except for water was estimated to be
(Pd;LClg)4 (p-TsOH), ¢ (CHCl3)g-(H,0), based on the integral ratios in the 'HNMR spectrum. The presence
of water in p-TsSOH@MMF was suggested by the crystal structure. The number of water molecules included
in p-TSOH@MMF was temporarily assumed to be n = 20 (Mw = 6224.8). Because the number of water
molecules included in as-synthesized MMF crystals was estimated to be 36 by previous elemental analysis
((Pd3LC16)4‘(CH3CN)2~(H20)36),[10a] the number n and the molecular weight Mw of p-TsOH@MMF should
fall within 0 = n = 36 and 5864.5 = Mw = 6513.0, respectively. Therefore, the error of catalyst quantity

used here (n =20, Mw = 6224.8) falls within 10% regardless of water contents.

Single-crystal XRD analysis of p-TsOH@MMF

MMF crystals were soaked in an acetonitrile solution of p-TsOH-H,O (0.75 M) for 20 h at 20 °C,
collected by decantation. To wash out the excess amount of p-TsOH-H,O0, the crystals were soaked in CH,Cl,
for 24 h at 20 °C. After soaking, the solvent was removed by decantation and replaced with pure CH,Cl,. This
washing operation was repeated three times in total. After that, a crystal was picked up and mixed with
fluorolube then rapidly cooled to —180 °C under cold N, flow on a goniometer to subject to a single-crystal

X-ray diffraction measurement.

Crystal data for (Pd;LClg), (CH,Cly), (H20)s: CggH104Cli16N120Pds, F, = 2639.49, crystal dimensions 0.29
x 0.23 x 0.07 mm®, monoclinic, space group P2,/c, a = 19.5796(13), b = 52.142(3), ¢ = 14.2469(10) A, B =
91.162(2)°, V'=14542.0(16) A’, Z=4, peatea=1.206 g cm >, 1 =10.607 cm ™', T=93 K, A (MoK ) = 0.71075
A | 264 = 34.0°, 35169/7998 reflections collected/unique (Riy = 0.1001), Ry = 0.1612 (I > 25(I)), wR> =

0.4455 (for all data), GOF = 1.124, largest diff. peak and hole 1.20/-0.78 eA”.
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Figure 2-14. (a) ORTEP drawing of the asymmetric unit of p-TSOH@MMF (50% probability level).
Ellipsoid model (50% probability level) of (b) (P)-syn- and (c) (M)-anti-[Pd;LClg]. Hydrogen atoms are

omitted for clarity. C: black, N: blue, Pd: yellow, Cl: green and O: red.
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Figure 2-15. Crystal structures of TSOH@MMF (MMF: stick model, solvent: space-filling model). (a)
Single nano-channel. (b) Side surface of the nano-channel. C: black, N: blue, Pd: yellow, CI: green and O:

red.
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Hydrolysis reactions of trityl group with p-TSOH@MMF

General remarks

p-TsOH@MMF |—> First reaction —] P -Ts(Oul;Ié@&?AMF —» Second reaction —» Digestion NMR experiment

l l

First leaching test Second leaching test

\4

p-TsOH@MMF
(washed)

— Deactivation test

Scheme 2-12. Schematic representation of the outline of general procedures for catalytic reactions

In this section, we used fresh crystals of p-TsOH@MMF collected from the same synthetic batch. Most
reactions were conducted in three independent batches to confirm the reproducibility. Mole number of the
catalyst was calculated based on that of p-TsOH included in p-TsOH@MMEF. CDCI; was filtered through an
oven-dried alumina (activated basic) column to remove trace amount of acids in prior to use. A small amount
of 1,1,2,2-tetrachloroethane was added as an internal standard (2.0 mM) to estimate the concentrations of
substrates, products and water in 'H NMR analyses. The CDCl; solution prepared as above was soon used as
reaction solvent. The amount of water in a CDCl; solution was estimated from the signal intensity of water in
'H NMR analysis, whose results were comparable to water contents measured by Karl-Fischer method. The
reaction conversions were estimated by the comparison of the integral ratio of the product and internal
standard. Note that the term “0% yield” means that we could not detect the products at all in 'H NMR

analyses.

Size-specific reaction (deprotection of 1 or 2)

Reaction with PhCH,OCPh; 1

In order to confirm the reproducibility of this reaction, independent three samples were prepared as
below. To freshly-prepared p-TsOH@MMEF (0.39, 0.32, and 0.31 mg, 0.094, 0.077, and 0.075 umol as
p-TsOH, respectively) were added CDClj; solutions of PhCH,OCPh; (1) (2.2 mM, 0.78, 0.64, and 0.62 mL,
1.7, 1.4, and 1.4 pmol, respectively). The mixtures were transferred into NMR tubes and stood at 20 °C to

pursue the reaction time-course by '"H NMR measurements. The water contents in the initial states were
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estimated to be 23 mM by 'H NMR analyses.

Reaction with Pd-TPPCH,OCPh; 2

To freshly-prepared p-TsOH@MMF (0.39 mg, 0.094 umol as p-TsOH) was added a CDCl; solution of
Pd-TPPCH,0OCPh; 2 (2.1 mM, 0.78 mL, 1.6 umol). Then, the mixture was transferred into an NMR tube and
stood at 20 °C to pursue this reaction time-course by 'H NMR measurements. As a result, no reaction
proceeded even after three weeks. The water content in the initial state was estimated to be 23 mM by 'H

NMR analyses.

Control experiments

Homogeneous deprotection of 1 with p-TsOH-H,0

A CDClj; solution of PACH,OCPh;3 1 (3.0 mM, 0.40 mL, 1.2 umol) was evaporated in an NMR tube. To
this was added a CDCl; solution of p-TsOH-H,0 (0.10 mM, 0.60 mL, 0.060 pumol, 5 mol%). The mixture
was stood at 20 °C to pursue the reaction time course by 'H NMR measurements. As a result, deprotection
reaction of 1 yielded 96% conversion in 1.5 h. The water content in the initial state was estimated to be 20

mM by 'H NMR analyses.

Control reaction with as-synthesized MMF crystals

To freshly-prepared MMF crystals (1.27 mg, 0.273 pmol as the unit-space of MMF, 20 mol%) was
added a CDCl; solution of PhCH,OCPh; 1 (1.9 mM, 0.70 mL, 1.3 umol). Then, the mixture was transferred
into an NMR tube and stood at 20 °C to pursue the reaction time-course by 'H NMR measurements. As a
result, no reaction proceeded even after three weeks. Note that in the cases of the deprotection of 1 with
p-TsSOH@MMF (6 mol% for p-TsOH), the amount of the unit-space was corresponding to 4 mol%. The

water content of the initial state was estimated to be 29 mM by 'H NMR analyses.

Comparison of acid lability between 1 and 2

To CDCl; solutions of PhCH,OCPh; 1 (2.0 mM, 0.60 mL, 1.2 pmol) and Pd-TPPCH,OCPh; 2 (2.0 mM,
0.60 mL, 1.2 umol), CDClI; suspensions of p-TsOH-H,O (50 pL; 0.06 umol for 1, 0.05 umol for 2) were
added. The mixtures were stood at 20 °C to pursue the reaction time-course by 'H NMR measurements. As a

result, both substrates 1 and 2 showed almost same reactivity (96, 94% conversion after 1.5 h, respectively).
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In addition, dissociation of metal ions of 2 and 4 was not detected under these conditions. The water contents

in the initial states were estimated to be 27 and 35 mM, respectively, by 'H NMR measurements.

Guest uptake of 1 into MMF nano-space

MMF crystals were soaked in a CDClj; solution of PACH,OCPh; 1 (0.5, 0.1, 0.01 M) for one day at
20 °C. The MMF crystals were collected by filtration, washed with a small amount of CDCl; (ca. 200 pL)
and air-dried for ten seconds on a filter paper. The number of 1 encapsulated in a unit-space of MMF was
estimated by digestion NMR experiments. In the case of [1] = 0.5 M (Scheme 2-13, entry 1), 0.20 molecules

of 1 were observed per a unit-space of MMF.

1 (Conc.)
MMF —— > Digestion NMR experiment
CDCls, 20 °C
1d

Entry Conc. Result

1 0.50 M 0.20 molecules / unit-space
2 0.10 M not detected
3 0.010 M not detected

Scheme 2-13. Digestion experiments for MMF crystals soaked in CDCl; solutions of 1.

Demonstration of heterogeneous character of p-TsOH@MMF

Leaching tests with supernatants of the first reactions

After the first reactions, the reaction mixtures were decanted to collect their supernatants. Then the
supernatants containing both 1 and 3 were filtered with cotton. To the filtrates were added CDCl; solutions of
PhCH,0CPh3 1 (6.7 mM, 0.23, 0.19, and 0.19 mL, 1.5, 1.3, and 1.3 umol: entry 1-3, respectively) and these
mixtures were messed up to 0.78, 0.64, and 0.62 mL with CDCl;, respectively. The mixtures were stood at
20 °C to pursue the reaction time-course by 'H NMR measurements. Because the ratios of 1 and 3 did not
change at all even after three weeks, reaction temperature was raised to 50 °C and stood another three weeks
to pursue the reactions by 'H NMR measurements. No further conversion of 1 proceeded even after three
weeks at 50 °C. The water contents of entry 1-3 in initial states were estimated to be 25 mM by 'H NMR

analyses.
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Ph Supernatant
o/F e OH
Ph
CDCl3
1 3

Entry Condition  Conversion (%)

20 °C, 3 weeks <1
+ 50 °C, 3 weeks <1
20 °C, 3 weeks <1
+ 50 °C, 3 weeks <1
20 °C, 3 weeks <1
+ 50 °C, 3 weeks <1

Scheme 2-14. Leaching tests with supernatants of the first reactions (CDCls, 20 °C to 50 °C). [H,O]: 25 mM.

Reusability of p-TsOH@MMF

After the first reactions, the reaction mixtures were decanted to remove supernatants. To the remained
crystals was added pure CDCl; (ca. 100 pL) and the supernatants were removed by careful decantation after
five minutes. This washing operation was repeated again. Then the supernatants were removed by careful
decantation to afford p-TSOH@MMF (used). After the preparation, these catalysts were immediately used
for second reaction.

To freshly-prepared p-TsOH@MMF (reused) (if there was no loss of crystals during preparation of
p-TSOH@MMF (reused); 0.39, 0.32. and 0.31 mg, 0.094, 0.077, and 0.075 pmol as p-TsOH: entries 1, 2, and
3, respectively) were added a CDCl; solutions of PhCH,OCPh; 1 (2.0 mM, 0.78, 0.64, and 0.62 mL, 1.6, 1.3,
and 1.2 umol: entries 1, 2, and 3, respectively). The mixtures were stood at 20 °C to pursue the reactions by
'H NMR measurements. Because the reaction did not proceed at all even after three weeks, temperature was
raised to 50 °C and the mixtures were stood another several weeks to pursue the reactions by 'H NMR
measurements. As a result, deprotection of 1 proceeded to yield 60% on average (24%, 65%, and 91%,
respectively) after three weeks. The water contents of entry 1-3 in initial states were estimated to be 12 mM

by 'H NMR analyses.
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Ph p-TsOH@MMF

(reused)
Ph
O)vPh —_— OH
CDCls
1 3
Entry Condition  Conversion (%)
1 20 °C, 3 weeks 0
+ 50 °C, 3 weeks 24
2 20 °C, 3 weeks 0
+ 50 °C, 3 weeks 65
3 20 °C, 3 weeks 0

+ 50 °C, 3 weeks 91

Scheme 2-15. Second reaction with p-TsSOH@MMF (used) (6 mol%) in CDCl; at 20 °C or 50 °C. [H,O]: 12

mM.

Second leaching tests with supernatants of the second reactions

After the second reactions, the reaction mixtures were decanted to collect their supernatants. Then the
supernatants containing both 1 and 3 were filtered with cotton. To the filtrates were added PhnCH,OCPh; 1
(0.51,0.43,and 0.41 mg, 1.5, 1.2, and 1.2 umol: entries 1-3, respectively) and these mixtures were messed up
to 0.78, 0.64, and 0.62 mL with CDCl;, respectively. The mixtures were stood at 50 °C to pursue the reaction
time-course by 'H NMR measurements. As a result, no further conversion of 1 proceeded even after three
weeks. The water contents of entries 1-3 in the initial states were estimated to be 25 mM by 'H NMR

analyses.

Ph
Supernatant
O/JV Ph OH
Ph
CDCl3 (jA
1 3

Entry Condition  Conversion (%)

1 50 °C, 3 weeks <1
2 50 °C, 3 weeks <1
3 50 °C, 3 weeks <1

Scheme 2-16. Second leaching test with supernatants of the second reactions (CDCls, 50 °C). [H,0]: 25 mM.

Digestion NMR experiments of p-TsOH@MMF after the second reactions
After the second reactions, the reaction mixtures were decanted to remove supernatants. To the
remained crystals was added pure CDCl; (ca. 100 uL) and the mixtures were stood for five minutes and then

decanted to remove supernatants. This washing operation was repeated once more. The resulting crystals
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were dried up in vacuo to subject to digest NMR experiments. Most of p-TsOH molecules encapsulated in the
initial p-TSOH@MMEF crystals (1.6 £ 0.2 molecules/unit-space) were remained in the crystals even after the

second reactions (1.4 + 0.2 molecules/unit-space).

Deactivation of p-TsSOH@MMF by acetonitrile washing

Preparation of p-TsOH@MMF (washed)

As-prepared p-TsOH@MMF crystals were soaked in acetonitrile (MMF/acetonitrile = 1 mg/mL) for
one day at 20 °C, separated by decantation and washed with acetonitrile (ca. 5 mL). This washing operation
was further repeated three times. After that, the resulting crystals were collected by filtration, washed with a
small amount of acetonitrile and air-dried for ten seconds on a filter paper to afford p-TsOH@MMF (washed).
After each washing step, the amount of p-TsOH-H,0 remained in the unit-space was estimated by digestion

NMR experiments. After the preparation, this catalyst was immediately used for deprotection reactions.

Reaction with p-TsSOH@MMF (washed)

To p-TsOH@MMF (washed) freshly prepared (0.82, 0.72, and 0.70 mg, 0.092, 0.081, and 0.079 umol as
p-TsOH: entries 1-3, respectively) were added CDCl; solutions of P\CH,OCPh; 1 (2.0 mM, 0.82, 0.72, and
0.70 mL, 1.6, 1.4, and 1.4 umol: entries 1-3, respectively). The mixtures were stood at 20 °C to pursue the
reaction time-course by '"H NMR measurements. No reaction proceeded even after six weeks. The water

contents of entries 1-3 in the initial states were estimated to be 15 mM by 'H NMR analyses.

Ph p-TsOH@MMF
(washed)
/%Ph
O "pn OH
CDCl3
1 3
Entry Condition  Conversion (%)

1 20 °C, 6 weeks 0
2 20 °C, 6 weeks 0
3 20 °C, 6 weeks 0

Scheme 2-17. Deactivation tests with p-TsSOH@MMF (washed) (6 mol%) in CDCl; at 20 °C. [1]: 2.0 mM.

[H,0]: 15 mM.
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